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Estimating peak velocity of rapid eye movements
from video recordings

J. T. ENRIGHT
Scripps Institution ofOceanography, La Jolla, California

Although video offers many advantages for recording human eye orientation, it involves such low
temporal resolution (60 Hz) that it seems an unpromising method for evaluating the dynamics of rapid
(saccadic) eye movements. This study demonstrates, nevertheless, that such measurements can pro
vide surprisingly reliable estimates of the peak velocity of larger saccades. Simulations of 60-Hz sam
pling of eye position during idealized saccades provided replicated estimates of "apparent peak veloc
ity."The results indicate that when saccadic amplitude is about 10°or larger, estimates of peak velocity
would on average be biased downward by less than lOOAJ, with standard deviations due to measurement
timing of less than 5%. Experimental data (from recordings of 10°and 20°saccades with customized
video) demonstrate that these theoretical sources of uncertainty are considerably smaller than the trial
to-trial variability in performance of real saccades. Reliability ofvideo recording, however, rapidly de
teriorates when saccades become smaller than about 10°.

Monitoring ofa subject's eye movements is becoming
an increasingly common component of various kinds of
behavioral research, and for that purpose, a variety of
eye-tracking systems based on video are now available
(Clarke, 1994). Video has a variety of advantages: It is
noninvasive and less expensive than many alternative
methods, and it readily permits simultaneous evaluation
of pupil size and-given adequate iris landmarks-tor
sional orientation (i.e., rotation of the eye around the line
of sight). Furthermore, replay of a videotape permits re
peated visual examination ofactual performance, so that
subtle artifacts can be detected (e.g., miniature eye blinks
that can deflect the eye but do not reach the pupil or lat
eral margins of the cornea). Nevertheless, video also has
its disadvantages. Theoretical analyses of potential arti
facts associated with certain aspects of video eye track
ing have recently been published (Haslwanter & Moore,
1995; Moore, Haslwanter, Curthoys, & Smith, 1996).
There is, in addition, a single previously published eval
uation of the limitations of a video-based system for es
timating critical dynamic properties of saccades, such as
peak velocity (Harris, Abramov, & Hainline, 1984), and
that article painted a very discouraging picture. For ex
ample, it indicated that peak velocity of 10° saccades
would on average be underestimated by about 40%, with
a very large "noise" level; such a conclusion seems intu
itively plausible because ofthe obvious mismatch between
the time course of eye dynamics and the 50- or 60-Hz
sampling rate of video.
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Consider, however, the experimental data presented in
Figure 1: estimates of"apparent peak saccadic velocity"
plotted against saccadic excursion, for adducting and ab
ducting saccades (toward and away from the midline)
with targets separated by 10° and by 20°. The difference
in positions of the two regression lines (derived from cal
culations that used log-transformed data) is conspicuous;
the mean difference in peak velocity for a given excursion
is about 9%, or 25°/sec to 35°/sec, an amount that is highly
significant (p < .001, evaluated by analysis of variance).
The phenomenon involved in those data (abducting sac
cades ofa given excursion being more rapid than adduct
ing) is by no means novel, having been thoroughly docu
mented in several previous publications (e.g., Collewijn,
Erkelens, & Steinman, 1988). The remarkable aspect of
the results in Figure 1 is only that the data were derived
from video recordings, meaning that each estimate ofpeak
velocity was based on position measurements from a rap
idly moving eye, obtained with an extremely coarse sam
pling rate (60 Hz). The objective of this article is to eval
uate some of the potential problems underlying this
methodology and the resulting data. It turns out that the
consistency ofthe measurements shown in Figure 1 is not
as surprising as it may seem to be. The data can readily
be reconciled with the video monitoring method from
which they were derived.

POTENTIAL PROBLEMS WITH
VIDEO RECORDING

The first of three obvious potential problems associ
ated with using video monitoring of eye position to esti
mate eye velocity during a saccade is the image smear that
arises with ordinary video during rapid rotation of the
eye. Modern CCD cameras, however, typically incorpo
rate an electronic shutter that can obviate that problem.
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Figure 1. Estimates of apparent peak saccadic velocity for ab
ducting (temporaUy directed: open circles) and adducting (nasaUy
directed: filled circles) horizontal saccades, together with least
squares regression lines based on logarithmically transformed
data. Plotted data derived from limbus-margin positions mea
sured on 33-cm monitor (Sony, Model CVM 131), during field
by-field playback of 60-Hz video recordings that were made
using a CCD camera with a shutter speed of 1/500 sec (Cohu Elec
tronics, Model 4915-2000); a zoom lens (Sony, 1:1.8, fl2.5, 75 mm,
producing an approximately sevenfold magnification on the mon
itor); and an SVHS video recorder (panasonic, Model AG 1960}
equipment obtainable for about $3,000. The 9% difference in
positions of regression lines was highly significant [F(1,57) =
32.2,p < .001].

A third-order polynomial (cubic) equation was used
as an elementary analytical framework for simulating the
time course of saccadic velocity:

V= at + bt? + ct3, (I)

THE SIMULATIONS

The third and seemingly insuperable problem associ
ated with video recording is its coarse sampling rate,
since true peak velocity is an instantaneous value of a
rapidly changing variable. With recording at 60 Hz, in
dividual measurements of position are separated from
each other by 16.66 msec; the total duration of the sac
cades of Figure 1 was on the order of 50-80 msec, dur
ing which velocity accelerated from zero to its maximum
and returned again to zero; "apparent peak velocity" has
thus been derived from three to no more than five se
quential, widely spaced estimates ofposition during that
entire acceleration and deceleration. On the surface of it,
therefore, it seems surprising indeed that such a coarse
temporal resolution can permit reliable detection of a
less-than-IO% difference in average peak velocities be
tween abduction and adduction. This paper describes an
elementary simulation study addressing that issue. The
influence of coarse temporal resolution on estimates of
peak velocity is examined, both in terms of resulting bi
ases and of expected variability of the estimates.
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The recordings leading to Figure 1 utilized a moderately
priced CCD camera, designed for surveillance, with a
shutter speed of Ysoo sec, meaning that each individual
video field provided a crisp, unblurred image even dur
ing very rapid eye movements.

The second potential problem involves measurement
error, but the imprecision of manual position estimates
from these video recordings also turns out to be a less se
vere problem for such data than one might suspect. Rep
licated "blind" evaluations of eye-movement recordings
(limbus position measured relative to an electronically
superimposed image-splitting line), with sevenfold en
largement of the eye on the monitor screen, have shown
that the precision of single measurements involves a
standard deviation of about 6 arc min (Enright, 1984).
Hence, the difference in two sequential measurements,
from which velocity might be estimated, would be ex
pected to have a standard deviation, due to measurement
imprecision, ofabout 8.4 arc min (i.e., V2 multiplied by
6 arc min). Since the time interval between measure
ments is Y60 sec, the standard deviation of estimates of
velocity resulting from random measurement errors
would be expected to be about 8.4°/sec. The standard de
viations of the single estimates in Figure 1 around the
two regression lines were in fact 14°/sec for abduction
and 17°/sec adduction, indicating that measurement im
precision would have contributed only 25%-35% of the
observed variance.

where t represents time after onset of movement and a,
b, and c are parameters to be assigned. Acceleration dur
ing a saccade is usually somewhat more rapid than de
celeration, meaning that profiles of saccadic velocity typ
ically peak somewhat before midtime of the saccade. The
three forms of Equation 1 that have been considered in
detail are illustrated in Figure 2, distinguished by whether
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Figure 2. Examples ofthird-order polynomial equations for ve
locity as a function of time, t, after saccadic onset (V, = at +
bt? + ctt; with values for a, b, and e chosen to produce peak ve
locity at 33.3%, 40%, and 50% of saccadic duration). When peak
velocity occurs at 50% of duration, e becomes zero and the cubic
equation degenerates into a quadratic.



peak velocity occurred at 33.3%, 40%, or 50% of the to
tal saccadic duration. Figure 3 compares actual velocity
profiles from 10° and 20° saccades (as measured at
500 Hz with the best currently available methodology:
scleral-search-coil data from Collewijn et al., 1988, Fig
ure 2) together with fitted variants of Equation 1 having
peak velocity at 40% and at 50% of total duration. (With
timing of peak velocity appreciably earlier than 40%, a
cubic-equation fit produces a quite narrow high-velocity
peak; the consequence is similar to shortening saccadic
duration because the extended right-hand tail of the ve
locity curve does not affect estimates ofpeak velocity ex
cept for saccades of very short duration-see Figure 2.)
The two fitted equations for each data set in Figure 3,
which peak at 40% and 50% of duration, obviously do
not provide ideal matches with observation. In particu
lar, the pattern of initial acceleration is poorly captured.
Nevertheless, the general shape of real saccades is not
seriously misrepresented at times surrounding peak ve
locity, which is the region of interest here; hence, the
simulation study has emphasized that range of saccadic
shapes. (In order to match the velocity profile of saccades
appreciably larger than 20° in excursion, greater skew
ness would be desirable, with peak velocity somewhat ear
lier than 40% ofduration: See examples in Van Opstal &
Van Gisbergen, 1987, and Collewijn et al., 1988.)

Integration of a chosen velocity equation provides
simulated values for eye position during a saccade. Such
position curves can then be sampled at intervals of
16.66 msec (the time between successive video pictures).
Velocity is then derived from the 2-point difference in
the eye-position data. The questions of interest here in
volve the relationship between sampled estimates ofve
locity and true peak velocity. Therefore, the velocity it-
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Figure 3. Empirical data for 10' and 20' horizontal saccades
(open circles, connected by heavy lines: averages over 4 saccades
each), based on 500-Hz measurements made with scleral search
coils; data derived from Figure 2 in Collewijn, Erkelens, and
Steinman (1988) by superimposing a transparent grid on a much
enlarged photocopy of the continuous velocity curves. Both em
pirical data sets were accompanied by fitted cubic equations that
peak at 40% or 50% of saccadic duration.
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self, in dimensions of deg/sec, need not be directly in
cluded in the calculations, as was done for Figure 3. The
two key aspects of the cubic equations used in the simu
lations then become the duration of the saccade in mil
liseconds; the skewness, as represented by the time at
which peak velocity occurs (here expressed as a fraction
of total duration). In addition, it is evident that the "phas
ing" (i.e., temporal interlacing) ofvideo pictures relative
to the timing of the saccade will playa major role in each
resulting estimate of peak velocity. When a pair of sim
ulated position measurements symmetrically straddles
the time of true peak velocity, the velocity estimate will
clearly differ from (and is likely to be greater than) that
obtained when one of the two position measurements is
made at the peak ofthe velocity curve. Three examples of
this influence ofphasing are shown in Figure 4, with first
intrasaccadic measurement of position made at onset of
the saccade, 6 msec after onset, or 12 msec after onset.

Extensive numerical simulations were undertaken that
incorporated several saccadic durations between 30 and
100 msec and peak timings of40% and 50% ofduration;
all possible timings of the saccade relative to the mea
surements of position were included (rectangular distri
bution of first intrasaccadic pictures, ranging from 0 to
16 msec after saccadic onset). The estimates of peak
velocity resulting from some of those simulations are
summarized in Figure 5, which illustrates both the down
ward biases of the average estimates and the trial-to-trial
variability expected because of variations in temporal
interlacing.

There are two noteworthy aspects of these simulation
results. First, as saccades become smaller (and hence,
have shorter durations), the downward bias in estimates
ofpeak velocity increases, but even with saccades as brief
as 50 msec (excursions of about 10°, with only three po
sition measurements usually made during the saccade it
self), the average bias is considerably smaller than 10%.
Second, the variability to be expected among replicate es
timates of peak velocity from identical saccades is re
markably small, with standard deviations due to adven
titious differences in saccade timing being only 2% to
4% even for 50-msec (l00) saccades.

Although the precise values shown in Figure 5 depend
upon use of a cubic equation to simulate saccadic veloc
ity,very similar values would be expected from fitting re
alistic profiles of saccadic velocity by using other func
tions, such as a higher-order polynomial or the gamma
distribution (which Van Opstal & Van Gisbergen, 1987,
found to give satisfactory fits over a broad range of data).
The critical issue for present purposes is only the general
shape ofthe velocity profile around time of midsaccade,
for which the third-order polynomial seems satisfactory
(Figure 3).

Data from the simulations for saccadic duration of 30
and 40 msec shown in Figure 5 demonstrate that the mag
nitudes of bias and variability due to the low sampling
rate ofvideo become increasingly severe problems. (Dura
tion of 35 msec corresponds to saccadic amplitude of
about 5°.) Nevertheless, for saccades of intermediate to
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standard deviations of well less than 5%. As noted ear
lier, imprecision in the measurement of position can be
expected to have contributed standard deviations of
about 8Ao/sec to the velocity estimates, or about 2% to 4%
ofthe mean values. Even for the smaller saccades ofFig
ure 1, therefore, intrinsic variability in performance be
tween trials would represent the primary source of the
scatter in the data, contributing more than two thirds of
the total variance. It would, of course, require high
frequency information from many high-precision re
cordings to determine whether that residual trial-to-trial
variability primarily represents genuine differences be
tween saccades in peak velocity for a given excursion;
or perhaps it is due to something more subtle, such as
cross-trial differences in duration and skewness of the
velocity profiles (although major variability in skewness
seems unlikely on the basis of the reproducibility ofsac
cadic skewness in the examples presented by Van Opstal
& Van Gisbergen, 1987).

The interpretations reported here stand in stark con
trast to the discouraging results reported by Harris et al.
(1984), but there are conspicuous differences between
the two approaches, which presumably can account for
the discrepancy. Their recording system involved auto
mated evaluation of distance between the center of a
corneal reflection (first Purkinje image) and the pupil
lary margin, rather than direct measurement of limbus
position relative to an electronically imposed reference
line in the pictures. The Purkinje reflection may change
its shape due to altered corneal orientation; the pupil is
photographed with prismatic distortion through the
cornea and can also change in actual size independently
of eye orientation. Their video cameras apparently in-

Figure 5. Summary of estimates of peak velocity of saccades
relative to true peak velocity (average values bracketed by ± 1SD)
from simulations of60-Hz video recordings for saccades with du
rations (D) of 30, 40, 50, 60, and 80 msec having peak velocities
occurring at 40% (filled circles) or 50% (open circles) ofsaccadic
duration. Calculations based on assumption that all phase rela
tionships ("interlacings") between video framing and saccade
timing are equally likely. Real saccades of 5°, 10°, and 20° excur
sion typically have durations of about 35, 50, and 80 msec, re
spectively (Collewijn, Erkelens, & Steinman, 1988).
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Figure 4. Schematic diagram illustrating video-estimated peak
velocity as influenced by phase relationship between simulated
saccade (smooth, heavy-line curve, based on saccadic duration of
80 msec and peak velocity at 40% of duration) and timing of
video measurements (open circles at intervals of 16 msec), Note
that abscissa involves "relative time," with 100 units correspond
ing to the saccadic duration of80 msec. First intrasaccadic video
picture was simulated at 0, 6, or 12 msec after saccadic onset, re
spectively, for three illustrated curves, which have been displaced
along the abscissa for clarity. Estimates of interpicture average
velocity correspond to slopes ofthin straight lines connecting open
circles; segments of a given saccade during which maximum in
terpicture velocity occurred are indicated by short horizontal
bars through position curve, with that velocity given as fraction
of true peak velocity.

large excursion, like those in Figure I, this simulation
study indicates that the coarse temporal resolution of
video recording may well be adequate for estimating "ap
parent peak saccadic velocity," as long as certain limita
tions are recognized,which can now be roughly quantified.

In order to examine the specifics of those limitations,
consider again the data presented in Figure 1. The simu
lations described here confirm, of course, that the indi
vidual empirical estimates of peak velocity in Figure 1
are biased downward; Figure 5 indicates that on average,
the magnitude of this bias is probably in the range be
tween 3% and 8%. Furthermore, because the expected
downward bias in the estimates is greater for briefer (and
hence, for smaller) saccades, the slopes of the regression
lines illustrated in Figure 1 can be assumed to be some
what steeper than would have been found had monitor
ing been undertaken with a higher sampling rate. Per
haps most interesting, however, is that the trial-to-trial
variability in the empirical estimates of peak velocity,
with a standard deviation of 14% to 17% around the cor
responding regression lines in Figure I, can be taken as
being primarily due to genuine between-trial differences
in performance. Ifposition were measured without error,
and if the saccades were otherwise fully comparable,
with a uniquely defined relationship between peak ve
locity and saccadic excursion (as in the simulations), the
coarse sampling rate ofvideo recording would have been
expected to leave residual variability in the estimates with



corporated no equivalent of the very brief shutter speed
available with a CCD camera, meaning that the intrasac
cadic pictures were probably somewhat (if not severely)
blurred. In addition, the nominal single-measurement
precision of their system (manufacturer's claim, presum
ably for a stationary eye), was OS, which is about five
fold poorer than the method used here. And finally, their
theoretical evaluation involved Fourier analysis of the
output obtained with an artificial eye that was mechani
cally rotated-with no demonstration that movement of
the model eye adequately mimicked the behavior of a
real eye.

CAUTIONARY NOTES

The experimental observations considered here (Fig
ure I) were obtained by manual analysis of recordings
obtained with the equipment specified in the legend of
Figure I, equipment that is distinctly different from (and
less expensive than) most commercially available video
systems designed for eye-movement monitoring. The
study described here demonstrates that the 60-Hz tem
poral resolution provided by this system (and many oth
ers) does not represent an insuperable handicap for esti
mation of peak saccadic velocity with reasonably good
accuracy and precision. Although it has thus been demon
strated that equipment of the sort described here can do
the job for larger sized saccades, each individual video
system must be evaluated in terms of shutter speed, image
magnification, measurement precision ("noise" levels),
and playback speed in order to decide whether similar per
formance can be expected. For example, many consumer
grade VCRs designed for home use can provide only 30
Hz single-jrame playback, rather than the 60-Hz single
field playback considered here; 30-Hz measurements
would present much more severe problems.

In some kinds of eye-movement research, it is impor
tant to distinguish between saccades and other, slower
velocity, eye movements, or to have precise estimates of
exactly when a saccade begins; for those purposes, it is
customary to use a preselected velocity-of-movement
threshold to define saccade onset. Clearly this sort ofcri
terion cannot be applied with meaningful precision to
60-Hz video recordings, nor would it be possible to ob
tain reliable profiles ofthe full time course ofvelocity or
to reliably estimate ocular acceleration during a saccade,
based on 60-Hz video. For those problems, far better
temporal resolution is essential.
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CONCLUSIONS

These simulations indicate that although the low tem
poral resolution of video recording introduces both bias
and adventitious variation into derived estimates ofpeak
saccadic velocity, those sources oferror may well be tol
erable for saccades with excursions greater than about
10°, given a suitable video recording system. Certainly
those potential problems need not seriously compromise
the ability to detect treatment-specific differences of,
say, 10% in peak velocity (Figure I). With as large a data
set as available there, even a difference of3% in average
velocity between abducting and adducting saccades would
have been statistically significant at the .05 level. That
conclusion in fact follows from calculations based di
rectly on the data themselves and not from the simulation
study; the simulations, however, serve to demonstrate
that such data can readily be reconciled with the video
monitoring method from which they were derived. Given
suitable equipment, video monitoring can thus provide a
simple, noninvasive, and relatively inexpensive method
for evaluations of peak saccadic velocity with accuracy
and precision that may be adequate for a variety of ap
plications, provided that the saccades are, say, 10° or
larger in excursion.
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