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Introduction: Blinks, saccades, and pupil diameter changes are stud-
ied for their application as tools to unobtrusively monitor aspects of
performance. Metheds: Subjects performed a running memory task for a
60-min period. To evaluate changes in the relationship of blinks to
saccades as a function of time on task, the ratio of blinks occurring with
and without saccade was calculated for the second following stimulus
termination plus the last 0.2 s of stimulus presentation, and also the
second preceding stimulus onset plus the initial 0.2 s of stimulus pre-
sentation. Changes in pupil diameter following blinks with and without
saccades were measured at the beginning, middle, and late in the
experiment. Results: Blink frequency increased during both periods as a
function of time on task (p < 0.0001). The ratio of blinks concurrent with
saccades during the post-stimulus period increased as a function of time
on task (p < 0.0001). Pupil diameter increased following blink termi-
nation (p < 0.05), regardless of time on task, blink duration, or the
presence of a saccade during the blink. Cenclusion: Our results suggest
that the increase in blinking associated with saccades as a function of
time on task, and the pupillary dilation following a blink are associated
with aspects of information processing. These results provide a frame-
work for future studies assessing higher-order cognitive function in
operational environments based on measurements of blink, pupil, and
saccades.
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LARIFYING THE relationship between blinks, eye
movements, and pupillary diameter changes as
they relate to aspects of information processing is im-
portant for the application of oculometrics to monitor
and possibly predict components of cognitive function.
Many studies have demonstrated that blinks are inhib-
ited during information acquisition, and facilitated
following the termination of such processing
(1,6,7,9,14,15,19,21), and that blink frequency increases
as a function of time on task (19). The basis for this
increase is unknown. We suspect that it is attributable
to a decrease in the ability to inhibit blinking as a
function of variables such as fatigue. There is reason-
able evidence in the literature suggesting decay in in-
hibitory control as a function of time on task. The
increase in blinking, increase in extraneous motor ac-
tivity, and the occurrence of overflow movements as a
function of time on task are all evidence for a reduction
in such inhibitory control.
Pupil diameter is also affected by information pro-
cessing. The pupil dilates during information process-

ing (2/4,12), with increasing task difficulty mirrored by
increasing pupil dilation. With respect to eye move-
ments, it is obvious that when performing a visual task,
the eyes have to move to the target location to acquire
relevant information and that variables such as eye
movement latency, accuracy, and duration reflect im-
portance of the task for the subject (23).

Blinks, pupil characteristics, and eye movements
have generally been evaluated independently. Blinks
interfere with the recording of the electroencephalo-
gram (EEG), and also interfere with eye movements
and pupillary movements. Thus, subjects are generally
instructed to inhibit blinking during task performance
(16) in studies where the focus is on eye movements,
pupil diameter, and EEG measures. We believe that the
results of studies where subjects are instructed to in-
hibit blinking cannot be directly generalized to the “real
world” because in the absence of blinks, reaction times
are significantly longer than when the response occurs
in the presence of a blink.

Although blink frequency has been shown to increase
as a function of time on task (19,21), the time-on-task
effect involving the relationship between blinking and
eye movements has been minimally investigated.
Fogarty and Stern (5) reported that blinks are signifi-
cantly more likely to occur concurrent with gaze shifts
returning the eyes to a central location than when gaze
shifts toward a target location to acquire information. In
vigilance tasks such as driving an automobile, blinking
frequently co-occurs with an eye movement. For exam-
ple, eye movements returning gaze from a rear-view
mirror back to the driving scenario are frequently ac-
companied by a blink. However, moving the eyes to the
mirror is seldom accompanied by a blink (20). The
absence of blinks associated with toward-the-mirror
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eye movements may represent an involuntarily sup-
pression of blinks in anticipation of acquisition of crit-
ical visual information.

With the increase in blinking associated with time on
task, one may ask whether such blinks continue to be
associated with “return” saccades, or whether the in-
crease is a reflection of poorer inhibitory control over
blinking. In the example given above, this would in-
volve the occurrence of blinks as gaze shifts to the
rear-view mirror. Thus, in a vigilance task where the
operator has to acquire peripherally presented informa-
tion and then return gaze to a central location in antic-
ipation of the next peripherally presented stimulus, one
would expect most blinks to occur in association with
the saccade returning gaze to the central location.
Equally important is the inhibition of blinking associ-
ated with the occurrence of a temporally predictable
stimulus. Decreases in such inhibitory control should be
reflected in an increase in blink frequency during the
period preceding stimulus presentation, when a stimu-
lus is predicted not to occur. If blink frequencies thus
change, this would suggest higher-order central control
(that is, either a conscious or unconscious decision) over
the occurrence, as well as the inhibition of blinking. The
co-occurrence of blinks with saccades makes ecological
sense. Saccadic eye movements, as well as blinks, re-
duce the ability of the operator to take in and process
visual information (saccade suppression and blink sup-
pression) (11); therefore, it is reasonable that the two
occur concurrently. Since there is an increase in blink-
ing as a function of time on task, we were interested in
determining whether the ratio of blinks associated with
saccades changed as a function of time on task.

Unpublished research from our laboratory suggested
that changes in pupil diameter associated with blinking
were surprisingly small, while those associated with
momentary blackout of the display for 150 ms or longer
produced significant constriction associated with the
increase in light falling on the eye (Tanida K, Stern JA.
Unpublished communication; 1996). If for a restricted
area of a display the number of pixels lighted is not
altered, then pupil diameter should not change. When
one enacts a saccade under such conditions, pupil di-
ameter should not change because the brightness of the
display is not changed. However, blinking changes the
amount of light falling on the retina. Since retinal lumi-
nance is reduced on closing of the eye and increased
following reopening, the pupil should dilate during
blinking and then should constrict after blink termina-
tion. If the pupil dilates following a blink when it
should be constricting immediately after the eye opens

and the only determinant is changing light, it is neces- -

sary to consider other variables to account for the
change. In such a case, we need to compare the pupil
diameter changes following a blink associated with in-
formation processing to blinks where there are no, or
minimal, information processing requirements.

Four research questions are addressed in this manu-
script in order to determine the relationships among
blinks, eye movements, pupil diameter, and active cog-
nition: 1) Is there a relationship between blinks and
saccadic eye movements with regard to time-on-task
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effects? 2) Is there a relationship between blinks and
changes in pupil diameter, and a relationship between
blink duration and degree of pupil diameter change? 3)
Does the occurrence of a saccade concurrent with a
blink significantly affect pupil diameter change? 4) Do
pupil diameter changes that occur following a blink
differ when the blink is, or is not, temporally close to a
stimulus requiring information processing? This last
question focuses on the temporal relationship between
blinks, pupil changes, and active cognitive processes.

METHODS
Subjects

Eight undergraduate students (four men, four
women, mean age: 20 * 2 yr) from Washington Uni-
versity in St. Louis, MO, participated in the study. All
were physically healthy with 20/20 vision, corrected or
uncorrected. The study protocol was approved in ad-
vance by the Institutional Review Board, Washington
University. Each subject provided written informed
consent before participating. Subjects were paid for
their participation in the study.

Apparatus

The experiment was conducted in a dimly lit room
(approximately 200 Ix). Participants were tested indi-
vidually, seated in a chair with the back of the head
comfortably cradled. The headrest contacted the head
at two points and allowed for rotational head move-
ments. Stimuli were presented on a computer-con-
trolled display located approximately 57 cm in front of
the subject. The 57-cm viewing distance provided a full
and comfortable view of the stimuli at the focal distance
of the camera.

A touch pad was used to record manual responses to
the occurrence of specific patterns of characters. The
subject was instructed to rest the right index finger on
the response pad. A response was made by lifting and
then replacing the right index finger as quickly as pos-
sible. Reaction time was defined as the time between
stimulus onset and finger lift initiation.

Electrooculogram (EOG) was used to measure hori-
zontal eye movements and blinks. Electrodes for EOG
recording were applied to the left and right outer canthi
to measure horizontal eye position, above and below
the right eye to measure vertical eye position and
blinks. EOG signals were DC amplified, low-pass fil-
tered at 100 Hz, and notch filtered at 60 Hz. Detailed
information about apparatus can be found in Wang and
Stern (23).

A video camera located under the CRT display and
directed at the subject’s right eye recorded eye position,
pupil diameter, and pupil occlusion time associated
with blinking (LC Technology Eyegaze Development
System, Alexandria, VA). The video camera system
sampled data at 60 Hz. Eye movements, blinks, pupil-
lary movements, stimulus presentation, and manual
responses were digitized at a sampling rate of 1000 Hz
using Advanced Technologies Data Acquisition System
(AT CODAS, DATAQ Instruments, Inc., Akron, OH). A
graphic data reduction system, BBDRS (Bio-Behavior
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Fig. 1. Identification of A) blink-saccade and B) blink-only events during the post-stimulus and pre-stimulus periods.

Data Reduction System, St. Louis, MO) was used for
data analysis (3).

Running Memory Task

Stimuli consisted of a series of 1500 single-digit inte-
gers bracketed by Xs (X6X). The central fixation location
consisted of three Xs (XXX). Stimuli were presented at
eccentricities of 10° to the left and right of center in line
with the central fixation stimulus. An integer value
between 0 and 9 (zero was defined as an even number)
was semi-randomly assigned to each stimulus. Subjects
were required to make a manual response following a
sequence of two odd integers. A sequence of two odd
integers occurred 90 times during the experiment, with
30 presentations of a single odd integer. Thus, only 8%
of stimuli were odd integers.

To avoid changes in brightness of the display associated
with replacement of stimuli, such changes occurred with-
out either overlap or delay. “XXX” was presented at the
central fixation point for 2000 ms (control display). This
was followed by a 400-ms presentation of either an odd or
an even integer bracketed by Xs, such as “X5X” or “X8X"”
10° to the left or right of the fixation area (stimulus dis-
play). Following termination of the peripheral stimulus,
the central fixation control display reappeared.

When a current integer was even, it was not relevant.
When it was odd, the probability that the next integer
would also be odd and requiring a response was 0.75.
Thus the first odd integer was expected to generate a
high level of expectancy that the next stimulus would
be an odd integer requiring a response. Subjects were
instructed that there would never be a sequence of more
than two odd integers.

Procedures

After the participant entered the recording chamber
and over a 10-min period, instructions about the task
were given, electrodes for EOG were attached, and the
EyeGaze system was calibrated. Participants practiced
the task for approximately 2 min, until it was per-
formed correctly. After a rest period of up to 2 min,
actual duration determined by the subject, the 60-min
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experiment began. We selected 60 min as the shortest
length of time in which statistically significant differ-
ences would reliably be found for ocular fatigue effects
related to time on task. The same order of stimulus
presentation was used for every subject. Interstimulus
intervals were 2000 ms and stimulus duration 400 ms
throughout the experiment.

Data Processing

Eye movements, blinks, pupillary movements, stim-
ulus timing, and manual responses were simulta-
neously acquired and analyzed offline. Criteria identi-
fied by the experimenter that maximized identification
of saccades and minimized identification of noise as
saccades were applied. Blinks are defined as total oc-
clusion of the pupil by the eyelid. Blink data were
visually screened and those events not achieving these
criteria were not included in the data analysis. Data
were then entered into the Bio-Behavioral Data Reduc-
tion System (BBDRS). Further information about the
BBDRS algorithms used to identify and analyze blinks
and saccades can be obtained online (3).

The relationship between blinks and saccades: A blink
associated with a saccade was identified when the post-
blink data in the horizontal EOG differed from the
pre-blink data by more than the noise level, and/or the
camera-based data identified a shift in gaze position
between the points in time where there was signal loss
and signal recovery. Blinks without saccades were iden-
tified when the A/D (analog/digital) value in the hor-
izontal EOG differed less than the noise level between
samples taken immediately preceding and immediately
following a blink, and/or there was no change between
pre- and post-data loss in the camera-based horizontal
gaze position tracing. The pre- and post-blink eye mea-
sures were generally in agreement with each other.
Blinks collected during the 1 s following stimulus ter-
mination and the last 0.2 s of stimulus presentation are
identified as post-stimulus blinks, and those occurring
during the 1 s preceding stimulus onset and the initial
0.2 s of stimulus presentation are identified as pre-
stimulus blinks (Fig. 1). The reason for dividing the
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stimulus presentation period into two equal segments
of 0.2 s each and identifying the initial 0.2-s period with
the pre-stimulus period was based on the fact that the
saccade moving the eyes to the target location occurred
approximately 0.2 s after stimulus onset. Thus the pre-
stimulus period might equally well be referred to as the
rest plus pre-stimulus identification period. Data were
grouped into six consecutive 10-min intervals.

The relationship between blink and pupil diameter: Pupil
diameter was calculated from an assessment of the
vertical dimension of the ellipse that best describes the
configuration of the pupil (EyeGaze system algorithm).
Blink duration was based on the period of time for
which the pupil was occluded. Pupil diameter was
sampled every 100 ms starting 300 ms prior to data loss
associated with the blink and for 1000 ms following
signal recovery. There were 20 blinks sampled at the
beginning, middle, and end of the experiment (Fig. 2).
Pupil diameter, measured at the onset and termination
of a blink, were excluded because these two data points
do not reliably reflect pupil diameter (10).

RESULTS
Time-on-Task Effects on Blinks Associated with a Saccade

The right-most column in Table I shows changes in
the average number of blinks as a function of time on
task. A 6 (six successive time periods) within subject
analysis of variance (ANOVA) for the number of blinks
revealed a main effect of time period [F (5,35) = 3.23,
p < 0.05]. Multiple comparison (MSe = 18.35, p < 0.05,
LSD = 4.37) demonstrated that blink frequency in-
creased as function of time on task (see also Fig. 3).

’ l Horizontal EOG (Saccade)

Vertical ECG (Blink)

A \\[
Camera based data (Pupil)
-:;% W

0. ,, Blink duration

Horizontal EOG (Saccade)

Vertical EOG (Blink)

B Vv
Camera based data (Pupil)

o
S804 S0-evTog,
a4 g
v
Vo
HEH

«rs} fe--- Blirk duration
Fig. 2. Identification of pupil data associated with eye blink A) with

and B) without saccade. Dots on the pupil line means that pupil data
were sampled every 100 ms before and after the blink.
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TABLE L. RATIO OF BLINK/SACCADE AND BLINK-ONLY

EVENTS.
Post-stimulus* Pre-stimulust
Blink Blink Blink Blink Average
Timein  Saccade  Only  Saccade Only  Number of
Minutes % % % % Blinks
1-10 34.2 51.4 0.7 13.7 253
11-20 46.0 36.9 0.9 16.3 261
21-30 50.8 291 20 18.2 307
3140 52.9 26.4 26 18.1 300
41-50 54.5 23.8 27 19.2 317
51-60 534 23.3 43 19.1 333
Mean 48.6 31.8 22 17.4 295.2

*Post-stimulus—during the 1 s following stimulus termination and
the last 0.2 s of stimulus presentation.

tPre-stimulus—during the 1 s preceding stimulus onset and the
initial 0.2 s of stimulus presentation.

A 2 (pre- vs. post-stimulus) X 2 (with vs. without
saccade) X 6 (six successive time periods) within subject
ANOVA was calculated on the ratio of blinks for each
condition. Since a significant three-way interaction [F
(5,35) = 9.04, p < 0.0001] was found, further analyses
were conducted, one each for the post-stimulus, the
pre-stimulus, and the blink-saccade vs. blink-only con-
dition.

In the post-stimulus condition, a significant interac-
tion between saccade and a time-on-task effect [F
(5,35) = 8.87, p < 0.0001] was obtained. Comparing
blink-saccades with blink-only events, significant dif-
ferences were obtained for the last two periods [1-10
min: F (1,7) = 1.04, ns; 11-20 min: F (1,7) < 1, ns; 21-30
min: F (1,7) = 2.81, ns; 31-40 min: F (1,7) = 4.63, p < 0.1;
41-50 min: F (1,7) = 10.61, p < 0.05; 51-60 min: F (1,7) =
11.96, p < 0.05]. A significant time- on-task effect for
percent of blink-saccades was obtained [F (5,35) = 6.00,
p < 0.0001] as well as a significant time-on-task effect
for the blink-only [F (5,35) = 11.59, p < 0.0001] condi-
tion. These results revealed that the difference between
the ratios of the blink-saccade and blink-only diverged
as a function of time on task with a significant change
for the last two periods.

In the pre-stimulus condition, the main effect of sac-
cade was significant [F (1,7) = 20.87, p < 0.01] as well as
the main effect of time on task [F (5,35) = 7.82, p <
0.0001]. Multiple comparison (MSe = 5.32, p < 0.05,
LSD = 1.69) revealed that both the ratio of blinks-only
and blink-saccade increased as a function of time on
task. Thus, during this period, relatively few blinks
occurred concurrent with a saccade, and the frequency
of occurrence of both types of pre-stimulus blinks in-
creased as a function of time on task.

In the blink-saccade condition, a significant interac-
tion between the pre/post effect and time-on-task effect
[F (5,35) = 4.13, p < 0.01] was obtained. A significant
pre-stimulus vs. post-stimulus effect was obtained for
all time periods [F (1,7) > 20.35, p < 0.01], with a larger
percentage of blinks occurring in the post-stimulus pe-
riod. A significant time-on-task effect in the post-stim-
ulus condition [F (5,35) = 6.00, p < 0.0001], and a
significant time-on-task effect in the pre-stimulus con-
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Fig. 3. A) Ratio of blink-saccade and blink-only events during the
second following stimulus termination and the last 0.2 s of stimulus
presentation (post-stimulus), and during the second preceding stimulus
onset and the initial 0.2 s of stimulus presentation (pre-stimulus). B) The
average number of blinks in each successive time pericd for the data
shown in Fig. 3A.

dition [F (5,35) = 4.35, p < 0.01], were obtained. Mul-
tiple comparison (MSe = 78.27, p < 0.05, LSD = 9.03 in
post-stimulus condition; MSe = 3.09, p < 0.05, LSD =
1.79 in pre-stimulus condition) revealed that the ratio of
the blink-saccade in both post- and pre-stimulus in-
creased as a function of time on task.

In the blink-only condition, a significant interaction
between the pre/post stimulus period and time-on-task
effect [F (5,35) = 12.84, p < 0.0001] was obtained. A
significant pre/post effect was obtained in the time
period of 1-10 min only [F (1,7) = 10.13, p < 0.05]. A
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significant time-on-task effect in the pre-stimulus con-
dition [F (5,35) = 3.82, p < 0.01] and a significant
time-on-task effect in the post-stimulus condition [F
(5,35) = 11.59, p < 0.0001] was obtained. Multiple com-
parison (MSe = 9.29, p < 0.05, LSD = 3.11 in pre-
stimulus condition; MSe = 80.55, p < 0.05, LSD = 9.17
in post-stimulus condition) revealed that the difference
between the ratio of the blink-only in the pre- and
post-stimulus conditions became smaller as a function
of time on task. That is, in the post-stimulus period the
percent of blinks without saccades decreased over time,
while in the pre-stimulus period they increased.

In summary, we find an increase in blinking as a
function of time on task. Dividing blinks into those that
occur in conjunction with and those occurring indepen-
dently of saccades, as well as during the time period
following and preceding information acquisition and
processing, we find:

In the pre-stimulus period:

1. The pattern of percentage of blinks associated with
vs. without saccades is the reverse of that seen in the
post-stimulus period with a significantly larger percent-
age of blinks occurring independent of saccades.

2. There is a significant increase in the percent of
pre-stimulus blinks as a function of time on task.

In the post-stimulus period:

1. There is a rapid shift in percent of blinks occurring
independently of saccades to blinks occurring concur-
rently with saccades (blink-saccades). In the initial 10
min, more blinks occurred independently of, and fol-
lowing, saccades (51%) as compared with blink-sac-
cades (34%). By the second 10-min period those per-
centages had shifted to 37% and 46%, respectively.

2. There is a significant increase in percent of blink-
saccades as a function of time on task, and a concurrent
decrease in percent of blink-only events.

Blink Duration—Camera-Based Data

Blink duration was defined as the time between the
camera losing pupil information and reacquiring it un-
der conditions where the vertical EOG signal identified
a blink (Fig. 2). A 3 (period in experiment: early, mid-
dle, and late) X 2 (with vs. without saccade) within
subject ANOVA was calculated on the mean blink du-
ration for each condition. A significant main effect was
found for the association with saccade (F (1,7) = 10.76,
p < 0.05). No significant effects of period (F (2,24) =
2.44, n.s.) or interaction (F (2,24) < 0) were obtained. In
the presence of a saccade, blink closure duration was
longer than when the blink occurred independently of a
saccade (Table II).

Pupil Diameter Changes Associated with Blinks

Fig. 4 shows the changes in pupil diameter associated
with blinks with and without saccade in early, middle,

TABLE II. MEAN EYE BLINK DURATION.

Early Middle Late
With Saccade 199 * 61 ms 208 += 39 ms 207 = 50 ms
Without Saccade 171 = 54 ms 192 + 55 ms 196 = 43 ms
C79
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Fig. 4. Changes in pupil diameter with eye blink associated with and

without saccade during the early, middle, and late period in the exper-
iment.

and late segments of the experiment. A 3 (period of
experiment: early, middle, and late) X 2 (with vs. with-
out saccade) X 13 (time course: from 300 ms before the
blink onset to 1000 ms after the blink termination)
within subjects ANOVA was calculated on the mean
pupillary response for each condition. A significant
main effect was obtained for the time course [F
(12,84) = 2.38, p < 0.05]. There was no significant main
time-on-task effect [F (2,14) = 1.14, n.s.] and interaction
(F < 1) for any other conditions. These results revealed
pupil diameter increases following an eye blink, regard-
less of whether the blink occurred concurrently with a
saccade.

The post hoc multiple comparisons (MSe = 0.025, p <
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0.05, LSD = 0.06) revealed that pupil dilation reached
its peak between 200 ms and 400 ms following a blink
(Table III). Thus, the pupil dilates following blink ter-
mination with peak dilation occurring approximately
300 ms following blink termination. No evidence for
pupillary constriction following blink termination was
observed.

Relationship Between Pupil Diameter and Blink Duration

If the post-blink pupillary measure was affected by
the decrease in light falling on the retina during a blink,
and if lid closure was accompanied by an increase in
pupil diameter, then pupil diameter should have con-
stricted following blink termination. No constriction
was observed. Mean blink duration was calculated for
each participant. Blink duration longer than the mean
was identified as “long,” and those shorter than the
mean as “short.” No difference in the pupil dilation
response was obtained between “long” and “short”
duration blinks. Pupillary constriction was identified
when minimum pupil diameter between 100 ms and
1000 ms after blink termination was smaller than the
mean pupil diameter between 100 ms and 300 ms before
blink onset. Pupil dilation was identified when a max-
imum pupil diameter between 100 ms and 1000 ms
following blink termination was greater than mean pu-
pil diameter between 100 ms and 300 ms before blink
onset. Within subject ¢-tests were calculated for the
mean pupil diameter associated with short vs. long
duration blinks. No significant effect for either pupil
constriction [t (7) < 1] or pupil dilation [t (7) = 2.10] was
obtained. Correlations between blink duration and pu-
pil dilation were calculated for each of eight partici-
pants. Five of the eight correlations were negative and
smaller than 0.10. Three correlations were relatively
large, —0.41, —0.26, and 0.20; with an N of 60 these were
statistically significant [t (58) > 11.84, p < 0.001]. How-
ever, removal of two outlier values reduced the —0.41
correlation to —0.20. Both analyses thus lead to the
conclusion that blink closure duration has little effect on
the observed pupil dilation response.

Pupil Diameter Changes, Blinks, and Information
Processing

Comparing the pupil diameter changes incidental to
blinks associated with an information processing re-
quirement and blinks not associated with information
processing, we categorized the stimuli into two types:
those beginning with an odd and those beginning with
an even integer. An odd integer could be followed by a
second odd integer, or by an even integer. The presen-
tation of an odd integer, independent of what followed,
would trigger anticipation of a possible response re-
quirement. An even integer could be followed by an
even or odd integer. An even integer would not result
in anticipation of a response requirement. Even integers
were stimuli that did not have to be remembered.

Of the 60 blinks evaluated for each subject, 15.4% fell
into the category “requires stimulus processing” and
84.6% into the non-processed category. Since blinks are
generally tightly coupled with saccades when returning
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TABLE [I. MULTIPLE COMPARISONS OF PUPIL DIAMETER MEASURES OVER TIME.

—=300ms -200ms -100ms 100ms 200ms 300ms 400ms 500ms 600ms 700ms 800ms S00ms  1000ms
—300ms ns. ns. ns. ns. p<005 ns. n.s. n.s. ns. n.s. n.s. n.s.
—200ms ns. ns. ns. p<005 ns. n.s. n.s. n.s. n.s. ns. n.s.
—100ms ns. ns. p<005 p<0.05 ns. n.s. ns. ns. n.s. n.s.
100ms ns. p<0.05 ns. ns. n.s. n.s. n.s. n.s. ns.
200ms ns. n.s. ns. n.s. p<005 p<005 p<0.05 ns.
300ms n.s. p<005 p<005 p<005 p<005 p<005 p<005
400ms ns. p<005 p<005 p<005 p<005 p<005
500ms n.s. n.s. n.s. ns. n.s.
600ms n.s. ns. ns. n.s.
700ms ns. n.s. ns.
800ms n.s. n.s.
900ms n.s.
1000ms

the eyes to the central location in anticipation of the
next peripheral stimulus, we were able to evaluate pu-
pil diameter changes associated with the requirement to
retain information (i.e., following presentation of an
odd integer) in anticipation of having to make a re-
sponse (following presentation of a second odd inte-
ger), as compared with the situation where no informa-
tion had to be retained (i.e., following presentation of an
even integer) and where no response requirement was
likely to occur for at least the next two stimuli. We did
not consider the effect of period of experiment (early,
middle, and late), because it had no significant effect in
the previous analysis.

Fig. 5 shows the change in pupil diameter associated
with blinking with and without information processing,.
A 2 (with vs. without information processing) X 13
(time course: 300 ms before the blink onset to 1000 ms
after the blink termination) within subjects ANOVA
was calculated on the mean pupillary response. A sig-
nificant interaction [F (12,84) = 2.51, p < 0.01] revealed
that the pupil diameter changes associated with blink-
ing following odd integers was larger than those fol-
lowing even integer presentations. Comparing the pu-
pil diameter changes associated with the two conditions
(in each of 13 time courses from 300 ms before the blink
onset to 1000 ms after the blink termination), significant
differences were obtained for all but four time periods
(—300 ms and —200 ms before blink onset, and +800 ms
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without information processing.
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and +1000 ms after a blink termination). A subordinate
statistical test revealed significant main effects for both
conditions [F (12,84) = 2.40, p < 0.05 for the minimal
information processing condition; F (12,84) = 3.42, p <
0.001 for the condition involving information process-
ing]. The post hoc multiple comparisons (MSe = 0.004,
p < 0.05, LSD = 0.065 for the minimal information
processing; MSe = 0.007, p < 0.05, LSD = 0.084 for the
condition involving information processing) revealed a
tonic effect, with the pupil consistently larger under the
condition where information had to be retained and
expectation of having to respond was present (Table
V).

Running Memory Task Performance

There was no significant time-on-task effect for re-
sponse latency [F (5,35) = 1.52, ns]. There was an in-
crease in the number of missed signals and false alarms
over time with most such errors occurring between
minutes 30 and 50 of task performance. However, be-
cause of the small sample size and few misses and false
alarms, these effects were not reliable.

Summary

Blinks increased in frequency as a function of time on
task. This was true for blinks associated with respond-
ing, as well as for blinks occurring in the period pre-
ceding stimulus onset. There was no change in blink
duration as a function of time on task. Most blinks
occurred concurrently with saccades, though in the first
10 min of task performance approximately 50% of
blinks occurred independently of saccades. By the sec-
ond 10 min the percent of blinks occurring concurrently
with saccades had been reduced to 37% and that pattern
persisted for the remainder of the experiment. Blinks
concurrent with saccades were of longer duration than
blinks occurring independently of saccades. Blinks oc-
curring during the period preceding stimulus presen-
tation also increased in frequency over the experimental
period.

Pupil diameter increases were associated with blink-
ing. The effect, though significant, was modest. Peak
dilation occurred approximately 300 ms following eye-
lid reopening. This dilation was neither affected by
blink duration or whether the blink occurred concur-
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TABLE IV. MULTIPLE COMPARISONS OF PUPIL DIAMETER MEASURES OVER TIME.

Without Information Processing

=300 -200 -100 100 200
ms ms ms ms ms 300ms 400 ms 500 ms 600 ms 700 ms 800 ms 900 ms 1600 ms
—300 ms ns. ns. ns. ns. ns. n.s. ns. n.s. n.s. ns. ns. n.s.
—200 ms ns. ns. ns. p <005 ns. ns. ns. ns. ns. ns. n.s.
—100 ms ns. ns. p <005 n.s. ns. n.s. n.s. n.s. ns. ns.
100 ms ns. p <005 n.s. ns. n.s. ns. n.s. ns. n.s.
200 ms ns. n.s. ns. p<005 p<005 p<005 p<005 p<005
300 ms ns. p<005 p<005 p<005 p<005 p<005 p<005
400 ms ns. p<005 p<005 p<005 p<005 p<005
560 ms n.s. ns. n.s. ns. ns.
600 ms ns. ns. n.s. n.s.
760 ms n.s. ns. n.s.
800 ms n.s. n.s.
900 ms n.s.
1000 ms
With Information Processing
-300 -200 -100
ms ms ms 100ms 200ms 300ms 400ms 500ms 600ms 700ms 800ms 900ms 1000 ms
—300 ms ns. ns. p<005 p<005 p<005 p<005 p<005 p<005 ns. ns. n.s. p < 0.05
—200 ms n.s. n.s. p<005 p<005 p<005 n.s. n.s. n.s. n.s. ns. ns.
~100 ms ns. p<005 p<005 p<005 p<005 ns. ns. n.s. ns. ns.
100 ms ns. ns. ns. n.s, n.s. ns. ns. ns. ns.
200 ms ns. n.s. n.s. n.s. ns. p <0.05 ns. ns.
300 ms n.s. n.s. p<005 p<005 p<005 p<005 p<005
400 ms ns. p<005 p<005 p<005 p<005 p<005
500 ms n.s. ns. ns. n.s. n.s.
600 ms ns. ns. n.s. n.s.
700 ms n.s. n.s. n.s.
800 ms ns. ns.
900 ms n.s.
1000 ms

rently with, or independently of, a saccade. The effect
also was independent of information processing re-
quirements. Pupil diameters associated with stimuli not
requiring cognitive processing were smaller than pupil
diameters associated with stimuli that required process-
ing.

DISCUSSION

The results of this experiment provided the following
answers to the four questions raised in the Introduction.
For the first question regarding whether there is a time-
on-task effect on blinks and eye movements, we noted
that there is a significant increase in blinking as a func-
tion of time on task. There is also a significant increase
in the number of blinks occurring in the period imme-
diately before stimulus presentation as a function of
time on task. The co-occurrence of blinks and saccades
increases in the first 10 min of task performance and

then becomes asymptotic. Questions two and three -

dealt with the effects on pupil diameter of blinking and
eye movements occurring during a blink. We demon-
strated that the pupil dilates, peaking approximately
300 ms following blink termination, and that this effect
is independent of both blink duration and the occur-
rence of a saccade during a blink. The last question
asked whether pupil diameter associated with blinking
is affected by information processing demands, and we
observed that the pupillary response associated with
the blink is not affected by information processing. We
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found, however, a tonic increase in pupil diameter that
is associated with information processing.

Blinks and Eye Movements (Saccades)

The most important findings with respect to the re-
lationship between cognition and oculomotor variables
were as follows:

1. The majority of blinks occur in conjunction with
eye movements returning gaze to the central location,
supporting our hypothesis that many (though not all)
blinks terminate during a period of information acqui-
sition and processing. These blinks are thus associated
with the knowledge that the next stimulus will not
occur for some time.

2. Blinks following the presentation and response to a
stimulus occur after gaze has returned to the central
location early in task performance. However, by minute
10 of task performance, the majority of the blinks fol-
lowing stimulus presentation co-occur with the return
of gaze to the central location. We suspect that there is
no awareness on the part of the operator of this change
in blink/eye-movement pattern. We also suspect that
there is no awareness that return gaze shifts are accom-
panied by a blink, nor is there awareness that saccade
duration is adjusting to blink duration.

3. Pupil diameter changes associated with blinks are
not affected by time on task nor by whether the blink is
associated with, or independent of, information pro-
cessing activity. Information processing demands are
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associated with larger amplitude pupils before as well
as following a blink. Anticipating a second odd integer
requiring a response leads to an increase in pupil di-
ameter. The effects of information processing require-
ments on pupil diameter are planned for presentation
in a future publication.

The significant difference in blink frequency as a
function of time on task found in the present study
confirms what has been previously well documented
(19). We suspect that the relatively high blink frequency
found in this experiment is in part a function of both the
frequency with which stimuli were presented and the
constant inter-stimulus interval. By knowing when to
expect the next stimulus, subjects could time their
blinks to a non-stimulus period. To investigate changes
in the timing of blinks, the inter-stimulus interval was
divided into two segments, each of 1.2 s in length.
Again, we suspect that this is not voluntary, and the
operator is probably unaware of these relationships.
These time periods were selected because we and oth-
ers have demonstrated that blinks are most likely to
occur after termination of information intake and pro-
cessing than at other points in time (1,6,7,9,14,15,19,21).

Because of the increase in blink frequency as a func-
tion of time on task and also to “normalize” the data
(because of large individual differences in blink rate),
we converted the total number of blinks for each 10-min
period into two categories. The first category was based
on the timing of blinks (pre- vs. post-stimulus period),
and the second on whether a blink was independent of
or co-occurred with an eye movement. We predicted (5)
and found that most blinks occurred during the post-
stimulus period (80.5% vs. 19.5%).

Thus, blinks are inhibited during periods where in-
formation is expected, presented, and processed. This
inhibition is as true of “real world” situations as labo-
ratory experiments. In a study associated with rear-
view mirror gazes where truck drivers drove a truck
simulator for extended periods of time, we (20) demon-
strated drivers seldom blinked as the eyes moved to the
rear view mirror. Most return eye movements to the
driving scenario were accompanied by blinks, again
suggesting that when information abstraction is impor-
tant, we inhibit blinking,.

We divided blink data into those that co-occurred
with and those that occurred independently of sac-
cades. When considering the post-stimulus period, we
found that during the initial 10 min of task perfor-
mance, more blinks occurred independently of saccades
than in conjunction with them. Most of these blinks
occurred following the saccade returning the eyes to the
central location. There were marked individual differ-
ences in the speed with which the shift to blinks co-
occurring with saccades evolved; by 10 min into the
task all subjects were so responding on the majority of
trials.

Consistent with our hypothesis that blinks identify
the termination of information acquisition and process-
ing, we suggest that early in task performance subjects
were still processing aspects of the task while the eyes
were returning to the central location in anticipation of
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the next stimulus. Later in task performance such pro-
cessing was completed earlier.

Because we seldom saw examples of a blink preced-
ing the return saccade, we believe that initiation of a
blink may be a more robust identifier of the termination
of information processing than the return of gaze to the
central location. The return saccade may index termi-
nation of acquisition of the stimulus itself; in this case,
numerals. The blink may index the acquisition of addi-
tional information about the experiment, such as the
predictability of stimulus occurrence, the fixed loca-
tions of the stimuli, the requirement to memorize or not
abstract information about the integer based on
whether it is odd or even, and the preparation of a
response.

The relatively high frequency of blinks independent
of saccades during both the pre- and post-stimulus
periods were, in part, produced by subjects who were
“double blinkers”; i.e., they demonstrated a pattern of
paired blinks with the first one associated with the gaze
shift.

The ratio of blinks independent of saccades and
blinks with saccades occurring during the pre-stimulus
period showed a pattern opposite to that seen in the
post-stimulus period. During the pre-stimulus period,
most blinks occurred independently of saccades (17.4%
vs. 2.2%). With regard to saccades moving the eyes to
the target location, in the present experiment that sac-
cade latency was of the order of 150 ms. These prosac-
cades, that is, saccades directed toward the target of
interest, were not expected to be accompanied by blinks
since this is a period of information intake.

The increase in blink-saccades observed as a function
of time on task (from 0.7% to 4.3%) is interpreted by us
as evidence for a breakdown in the inhibition of blink-
ing normally associated with information intake.
Though the increase in all pre-stimulus blinks as a
function of time on task is not large (first 10 min 14.4%,
last 10 min 23.4%), we believe it to be important. We
hypothesize that blinks occurring close in time to an
expected stimulus are evidence of a momentary lapse in
alertness, suggesting a breakdown in inhibitory control.

Interestingly, we observed a sentinel appearance of
micro-blinks in those subjects who shortly thereafter
demonstrated blinks occurring closely to an expected
stimulus. Micro-blinks, also referred to as lid jerks in
the literature, are blinks that do not infringe on the
pupil. We would like to suggest that the increase in
micro-blinks as a function of time on task may prove to
be a sensitive indicator of momentary lapses in atten-
tion to task performance. We hope to test this “hypoth-
esis” by the on-line monitoring of such blinks, and by
linking a requirement for the performance of a second-
ary task to the occurrence of a micro-blink. Our predic-
tion is that errors in task performance will be signifi-
cantly higher under the micro-blink condition than
when the secondary task is introduced at random
points in time.

Is there a difference in the nature of the blink associ-
ated with a saccade as compared with blinks indepen-
dent of saccades? Blink duration here was measured by
identifying the period during which the camera lost the
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pupil during an EOG identified blink. We found that
blink duration was significantly longer in the presence
of a saccade, though the difference was small. Revers-
ing the question, we may ask if there are differences in
saccades associated with blinks as compared with sac-
cades independent of blink? There is little disagreement
that saccades occurring during a blink can be slower
than “normal” and frequently mirror blink duration
(13). Saccades are not invariably lengthened during a
blink, however, and one can identify normal saccades
though the vast majority “adapt” to blink duration. It is
apparent that the programming of saccades, although
remaining an unconscious process, is mediated by higher-
level central nervous system mechanisms.

Pupil Activity in Conjunction with Blinks

We controlled for pupil diameter changes associated
with stimulus intensity by illuminating approximately
the same number of pixels independent of stimulus
location. Since there also might be changes in pupil
illumination as a function of movements to the right or
left of the central location, we assured ourselves that
approximately the same number of events were pre-
sented at each location. Thus, changes in pupil diameter
could not be attributed to display brightness or stimu-
lus location. We obtained a significant change in pupil
diameter following blink occurrence. Following a blink
pupil diameter increased, reaching its peak somewhere
around 300 ms. This dilation effect was independent of
blink duration and independent of time on task. No
difference in either latency or amplitude of the dilation
effect was identified when blinks were partitioned into
those below and those above average duration. The
amplitude of the post-blink dilation effect was quite
constant, although the absolute change in pupil diam-
eter was small, of the order of 0.02 mm. Though there
was no difference in the amplitude of these pupil dila-
tion responses as a function of processing requirement,
there was a significant difference in tonic pupil diame-
ter between the two conditions, with pupils signifi-
cantly larger where information processing was re-
quired.

Pupil dilation following blink termination was iden-
tified in the present study. Obscuring of the retina by a
blink produced dilation peaking approximately 300 ms
following recapture of the eye by the camera. One
might presume that this dilation is associated with the
duration for which light falling on the pupil is reduced.
If that were the case, one would expect a difference in
either or both the amplitude as well as time-to-peak
dilation as a function of blink duration. No such effect
was observed. Both amplitude and time to peak were
comparable for short vs. longer duration blinks. Frac-
tionating the data into blinks in conjunction with a
saccade vs. blinks in the absence of a saccade also did
not identify any difference in these two parameters.
Rather, the pupil dilated after blinking. We thus con-
clude that changes in light intensity, differences in blink
duration, or the presence or absence of a saccade during
the blink are not responsible for the pupil dilation re-
sponse observed immediately following recapture of
the pupil following a blink.
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Two hypotheses to account for the obtained response
are considered. First is lack of awareness on the part of
the subject of the blackout of stimulus information dur-
ing a blink or saccade. One might ask, is awareness of
stimulus change a requirement for a pupillary re-
sponse? Several authors have reported that visual input
to the brain, especially the occipital cortex, is inhibited
during blinking and saccade occurrence (8,10,17,22).
Although this inhibition might account for the lack of
constriction following a blink, it does not account for
the observed dilation. Second is the finding that the
pupil dilates during information processing (2,4,12),
and that blinks generally occur following termination of
information processing (1,6,7,9,14,15). We suggest that
the dilation response observed here is associated with a
shift from a brief period of non-processing of informa-
tion during a blink to a readiness to acquire new visual
information.

In addition to its corneal preservation component,
blinking may be a mechanism for facilitating synaptic
or neuronal cognitive and restorative processes. The
blink may assist with modulating the size of the visual
information stream. The brief period of darkness may
allow for synaptic neuromodulatory processes to ready
themselves for a new information stream. Evidence for
a relationship between blink rate and cognitive perfor-
mance exists in the fact that fatigue, extended wakeful-
ness, anxiety, and stress all impact inter-blink intervals.
When an individual is well rested and alert, inter-blink
intervals are far longer than when the same individual
is fatigued or sleepy. When an individual is even mod-
erately sleepy, visual information processing becomes
impaired (18). The shortening of the inter-blink interval
may positively correlate with an impaired ability to
acquire and process new visual information.

The lack of changes in the Running Memory task
could be due to the insensitivity of the task and/or the
short duration of the task. With regard to task duration,
the length of administration was long enough to pro-
duce significant changes in eye movement, pupil, and
blink variables, so one might speculate that changes in
these ocular-related variables could have preceded
changes in Running Memory performance, suggesting
that ocular variables may be predictive of future task
performance impairments.

CONCLUSION

The present experiment suggests that the interactions
among blink, pupil dilation, and saccades are related to
each other and to information processing. During per-
formance of a vigilance task involving a memory and
decision-making component, we demonstrated an
adaptive pattern linking blink, pupil, and saccades to
task performance. We demonstrated the time-on-task
effect of the relationship between eye blink and saccade,
and the time-locked pupillary response occurring in
conjunction with an eye blink. With respect to the time-
on-task effect, a most interesting finding is that blinks
occur predominately during the post-stimulus period,
and that there is a rapid conjunction of blinking to-
gether with the saccade returning gaze to the central
location. With respect to the pupillary response associ-
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ated with an eye blink, we found that the pupil dilated
following an eye blink even though experimentally ap-
plied (non-blink-related) darkness for similar durations
produced pupil constriction. This finding suggests that
the pupillary dilation following an eye blink is associ-
ated with higher-order aspects of information process-
ing, those that might occur in the fronto-parietal brain
regions, rather than purely primary perception, as
would be associated with occipital brain regions. The
results of the current study contribute to the possibility
that pupillary measures, blinks, and eye movements
assessed together may be used to track aspects of alert-
ness and active information processing. Currently,
progress is being made on the real-time capture of these
ocular measures insofar as that they need to be rela-
tively simple, unobtrusive, and transparent to the mon-
itored individual. These findings represent a significant
advance in the study of the relationship between ocu-
lometrics and cognition, and provide the basis for fur-
ther study of ocular movements for their potential use-
fulness as neurophysiologic indicators and predictors of
alertness and cognitive performance in operational en-
vironments.
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