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Abstract—The article describes a videooculographic method to detect functional state disorders in operators
in the target tracking test. The method is an improved version of the smooth pursuit test and can be used to
detect and to estimate the effects of various adverse factors on operators in laboratory experiments. The
method is noninvasive, allows a continuous data recording for a long period of time with the subject in comfortable conditions, and may employ various videooculographic devices (including portable and low-cost
models). As an example, a series of experiments was performed to detect the negative effects of alcohol intoxication. A linear relationship was observed between changes in parameters of oculomotor reactions and
changes in reaction time to the target stimulus.
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INTRODUCTION
Studies of oculomotor reactions during operations
have been among the most in-demand areas in terms
of their applied significance over the past 15 years.
Particular interest focuses on the oculomotor activity
parameters that are suitable for continuously monitoring and checking the state of operators and drivers in
the course of their activities [1–3]. However, in spite
of ample studies and findings, there is still no oculographic criterion that would report abnormalities of
the operator’s state and would allow automated realtime diagnosis of the operator’s state [3, 4].
The smooth pursuit test and its versions have been
widely employed in diagnosing various diseases and
abnormal conditions unrelated to organic pathology
for many years. The smooth pursuit test has provided
a basis for developing methods to diagnose schizophrenia [5–9], manic depressive disorder [10], certain
psychoses [11], epilepsy [12], autism [13], Alzheimer’s
disease [14], and Parkinson’s disease [15–18].
Attempts have been made to adapt the test for studying
monotonous activity and falling asleep [19]. Further
modification of the smooth pursuit test is necessary
because the methodical opportunities of videooculography are still not used in full (in particular, this is so
with the opportunities to record the data for a long
period of time or to perform experiments in conditions

maximally close to those of real activities). In addition, ergonomics of the experimental procedure has
substantial drawbacks (e.g., ophthalmological devices
are used to fix the subject’s head position). The conventional method to estimate the accuracy of target
tracking is questionable: the discrepancy between the
gaze and target trajectories and its changes with time
usually serve to characterize the tracking accuracy; the
distance is measured between each point of the gaze
trajectory and the respective point of the target trajectory, and changes in distance are used to infer the
tracking accuracy. The question as to whether the
method is correct arises because the gaze coordinates
are impossible to align with the display coordinates to
accuracy higher than ±0.5 angular degrees. A substantial part of the effects conventionally employed in
diagnosis (jerk patterns, tracking delays, anticipatory
saccades, saccades directed away from the trajectory,
etc.) consequently fall in a range of ±0.5 angular
degrees of gaze coordinate measurements and are
interpreted as recording noise.
The objective of this work was to develop a method
for assessing the operator’s function state such that has
all advantages of the smooth pursuit test and makes it
possible to record oculographic data in conditions
similar to those of real activities. The method should
additionally allow experiments of various durations,
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and the algorithm used to assess the subject’s state
should be low sensitive to micromovements of the subject’s head during the test.
Modified smooth pursue test can be used in a laboratory setting to diagnose the effects of various factors on an operator’s performance. Several basic
changes were made to the conventional smooth pursuit test to modify both the test procedure and data
treatment methods.
(1) We rejected head fixation with an ophthalmological head restraint system.
The head position is fixed from behind by using a
headrest. This approach allowed us to greatly increase
the record duration (from 3–5 to 15 min and further)
and thereby to avoid the warm-up effect in early testing (the first 1–2 min) and to substantially reduce the
effect of the experimental situation on test performance (because the subject is in comfortable conditions close to a natural situation).
(2) We evaluate how smoothly, rather than how accurately, the target is pursued with the gaze.
When eye tracking is carried out for more than 2–
3 min, the recording accuracy appreciably decreases
because of micromovements of the subject’s head
(even when the head is fixed with a head restrain
device). If the tracking accuracy is used to evaluate the
subject’s state, the calibration error can increases so
dramatically after 2–3 min that the experiment has to
be terminated. The maximal record duration is therefore restricted to few minutes. If smoothness, rather
than accuracy, of tracking is estimated, the calibration
error has absolutely no effect on the parameter under
study because aligning the gaze coordinates with the
display coordinates is not critical for estimating how
smooth the tracking is. Thus, the experiment can continue as long as necessary and without rigid fixation of
the subject’s head (that is, in conditions that are natural to the subject). In addition, our approach abolishes
the effect of recording errors due to micromovements
of the subject’s head in the course of the experiment.
(3) A circular target trajectory is used in place of the
conventional sinusoid trajectory.
The change makes the target trajectory uniform.
This simplifies data analysis and interpretation and
abolishes the oculomotor effects associated with target
tracking at the extrema of a sinusoid trajectory. In
addition, our psychomotor test allows the testing conditions to be maximally close to the conditions of the
operator’s actual activity.
To demonstrate the efficiency of our method in
diagnosing and evaluating abnormal states in operators, here we report the testing results obtained for
22 subjects before and after alcohol drinking.
METHODS
The study involved 22 male volunteers aged from
20 to 36 years. All subjects were physically healthy and
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denied alcohol abuse. The first selection step was performed through the Internet and included providing
information about the test procedures and instructions
(to have enough sleep; not to take alcohol, coffee, and
drugs on the day of testing and one day before testing;
to have a meal 2 hours before testing). The subjects
received payment for their participation. All subjects
agreeing to participate in the experiment had sufficient
experience in working with a computer and a mouse
and were motivated enough to perform the test tasks.
The second selection step was carried out on the day of
testing and included providing information about the
test task and recording a pilot videooculogram.
Experimental model of alcohol intoxication. In an
experimental model of alcohol intoxication, the subjects took alcohol at 0.8 g of 96% alcohol per 1 kg body
weight; the alcohol amount was expressed in terms of
40% vodka. The alcohol content in expired air was
measured with an AL-7000 breath alcohol tester at an
accuracy of ±15% of the measurement (prior to, in the
middle, and at the end of an experimental series). With
due regard to the time course of alcohol assimilation,
the subject conversed with the investigator on irrelevant topics for 1 hour after drinking alcohol, and then
the test started.
Physiological data recording. Oculomotor reactions
of the subjects were the main physiological parameter
in our study. A gaze trajectory was recorded with an
Eyegaze Analysis System (hereafter referred to as an
eye-tracker), which allows video-based detection of
eye movements in a contactless manner and utilizes
the infrared light reflection from the cornea, and
NYAN 2 softwar (Interactive Minds). Data were
recorded in a binocular mode with a sampling rate of
120 Hz, a distance to the display of 60 cm, display resolution of 1280 × 1024 pixels, and a pixel size of
0.265 mm (an angular displacement of a target on the
display by 1 pixel approximately corresponded to a
displacement by 0.0246° relative to the subject’s eye in
this experiment). The subject’s head was fixed from
behind with a headrest.
Psychomotor test. To simulate target-tracking
activity of an operator, we designed a psychomotor test
(Fig. 1). The software of this test allows to perform a
visual and a visual-motor target tracking and can register the parameters of the moving target and visuomotor reactions. The test was presented in a darkened
room, using a Samsung 17'' liquid-crystal display
(340 × 27 mm, resolution 1280 × 1024 pixels). We
recorded the trajectory of mouse cursor movements
on the display, all clicks of mouse buttons, and related
actions on the display (appearance, movement, and
disappearance of test stimuli). The sampling interval
was 8 ms (125 Hz).
In the test, a main target (a green circle with a
diameter of 8 mm) moved along a circular trajectory of
75 mm in diameter with an angular velocity of 28°/s
relative to the center of the display. Once in 3–7 s, an
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RESULTS
To evaluate how smoothly the target is tracked
visually, we analyzed the gaze trajectories recorded in
the psychomotor test prior to and after alcohol intake.
Specifics of the gaze trajectories are clearly seen on
their images (Fig. 2). In the control test (Fig. 2a), the
target was tracked smoothly, there were almost no
jerks and prolonged fixations, and only minor deviations (usually no greater than 1–1.5 angular degrees)
from the target trajectory were observed. After alcohol
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additional target (a red circle of 12 mm in diameter)
appeared on the outer side of the trajectory. The additional target started orbiting around the main target
with an angular velocity of 29°/s. The orbiting radius
of the additional target was 60 mm. The subject was
instructed to track the main target with the mouse cursor and to keep the cursor within its boundaries. When
the additional target appeared, the subject had to click
on the main target (which he was tracking). The additional target served to provide a signal and disappeared
after a click on the main target. A total of 150–
180 additional targets were presented in the course of
the test; the interval between additional target presentations varied from 3 to 7 s at random.
Procedure of the study (experiment). The study procedure included two, control and experimental, tests.
The control test was performed first. The subject sat
down in a chair; the eye-tracker was calibrated; and
the subject performed the psychomotor test for
15 min. Then the subject moved to another room, took
alcohol, and conversed with the investigator on irrelevant topics for 1 hour (an interval between the control
and experimental tests was made to allow alcohol to
assimilate and to avoid the stimulating effect). One
hour after alcohol drinking, the alcohol content in
expired air was measured and the experimental test
was performed exactly as above.
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Fig. 1. Pychomotor test: trajectories of (a) the main and
(b) additional targets. Both targets move clockwise. The
trajectories are not displayed when testing a subject.
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Fig. 2. Changes in the pattern of target tracking with gaze
after alcohol intake. Subject 20; time interval from second
59 to second 66 of the experiment. The target trajectory is
shown gray; the gaze trajectory, black. Target tracking was
performed (a) before and (b) after taking alcohol.

intake (Fig. 2b), the gaze trajectory was no longer
smooth, prolonged fixations and jerks were seen
(including those perpendicular to the target trajectory) along with backward movements, and saccades
and rapid drift events increased in number.
The following algorithm was used to quantitatively
estimate the smoothness of a gaze trajectory.
(1) The gaze trajectory was smoothed using a digital filter (to remove the high-frequency component of
more than 0.2 Hz) and adjusted by phase. The procedure yielded a smoothed gaze trajectory, which is an
approximating curve (Fig. 3).
(2) The distance in pixels was calculated for each
point of the actual (unsmoothed) gaze trajectory and
the corresponding point of the smoothed trajectory. A
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Fig. 3. Approximating curves (a) before and (b) after alcohol intake. The gaze trajectory is shown gray; the approximating curve,
black.

sequence of deviations from the approximating curve
was thus obtained with each point of the trajectory1.
(3) The resulting sequence of deviations was visualized (Fig. 4) and analyzed statistically.
The algorithm is based on the idea that a deficiency
in target tracking would increase the mean deviation
from the approximating curve. If the trajectory
becomes less smooth indeed after alcohol intake,
while the data set size remains the same, then differences should be clearly seen in a histogram of deviations (Fig. 4a).
A typical distribution (15 out of the 22 subjects) of
deviations between the actual trajectory and the
approximating curve is shown in Fig. 4a. Substantial
changes in distribution shape were seen after alcohol
intake, i.e., the mode was slightly shifted toward
higher values, the mode amplitude decreased greatly,
the peak was less sharp, and the right part of the distribution showed a lower slope. The changes were characteristic of the subjects who displayed tracking deficiency after taking alcohol.
Atypical shapes of the deviation distribution are
shown in Figs. 4c and 4d. In one case, the distribution
remained almost unchanged (Fig. 4c), suggesting no
change in the smoothness of target tracking. In the
other case (Fig. 4d), the changes were opposite to
those observed typically; i.e., the smoothness slightly
increased. The atypical distributions had low frequencies each (3 and 4 out of the 22 subjects, respectively),
but together accounted for one-third of the sample.
As is well seen from the histograms, the mode
amplitude changed most distinctly after alcohol
intake. The normalized mode amplitude was used as a
main parameter in a quantitative analysis of the
1 Calculating the distances between each point of the unsmoothed

gaze trajectory to the corresponding point of the approximating
curve is essentially similar to eliminating the low-frequency data
component (trend), which is uninformative and has no effect on
the tracking smoothness estimate.
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smoothness of target tracking. To calculate this
parameter, the histogram data was first smoothed by
the simple moving average method with a period of 3.
Smoothing was carried out in two steps: from the start
to the end of the variation series and then from the end
to the start. This approach provides for high quality of
smoothing and helps to avoid a phase displacement
(Fig. 4b). Then we did the normalization of the mode
amplitude for both sets of data: prior to and after alcohol intake. To normalize, the mode amplitude was
divided by the number of measurements (data rows) in
the data set. The normalized mode amplitude can be
used as a quantitative parameter that shows how
smooth the tracking is. The normalized mode amplitude values obtained prior to and after alcohol intake
were compared in all subjects by the sign test and the
Wilcoxon matched pairs tests. The normalized mode
amplitude values was found to decrease at a high probability (р = 0.001384 in the sign test and р = 0.003302
in the Wilcoxon matched pairs test). Thus, smoothness of the gaze tracking of the target typically
decreased after alcohol intake.
Time to hitting a target was the only behavioral
parameter that was assessed in the psychomotor test.
Alcohol intake significantly increased the response
time (the time to hitting a target), the significance of
changes being extremely high (p = 0.000014 in Student’s paired sample t-test).
DISCUSSION
As our results show, our method is highly efficient
in detecting the effect of an adverse factor (alcohol
intoxication in our case) on an operator’s performance. To demonstrate that the intensity of the effect
is also possible to evaluate, we compared the changes
in smooth target tracking (as inferred from the normalized mode amplitude) with the decrease in operator performance (as inferred from the response time to
an additional stimulus in the psychomotor test).
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Fig. 4. Alcohol-induced changes in the deviation of the actual trajectory from the approximating curve. Data were collected
before (dark gray histogram) and after (light gray histogram) alcohol intake. (a) The most typical distribution shape (15 out of the
22 subjects); (b) envelope curve fitting to calculate the mode amplitude; (c, d) atypical distribution shapes (4 and 3 out of the
22 subjects, respectively).

A relationship between the response time of an
operator (abscissa) and the change in smooth tracking
(normalized mode amplitude, ordinate) is shown in
Fig. 5. It should be noted that the plot shows the difference between two measurements (prior to alcohol
taking – before alcohol taking) rather than the measurements themselves. Each point shows the data
obtained for one subject. The area where responses
were atypical for the sample and might be considered
artefactual is shown gray.
The distribution of points in open area (responses
typical for the sample) can be interpreted as follows.
Separation is clearly seen for a group of subjects that
displayed a strong correlation between an increase in
reaction time and a decrease in smooth target tracking
(inferred from normalized mode amplitude). The
group is shown with an oval. The coefficient of correlation between the two parameters was high, –0.88
at р < 0.00005 for Pearson rank correlation and –0.84
at p < 0.0001 for Spearman rank correlation. The effect
of alcohol on these subjects was typical of the sample;
the dependence between a decrease in smooth tracking and an increase in reaction time is described by a
simple linear function. The subjects not included in
this group displayed a minor decrease in smooth
tracking (normalized mode amplitude). We think that
the effect of alcohol in these subjects was not strong

enough to distort their ability to perform simple motor
operations. A presumable smoothness threshold below
which behavioral alterations start to be detectable is
shown with line b in Fig. 5.
Thus, our method makes it possible to detect alterations in operator performance and to quantitatively
evaluate their intensity by analyzing the smooth pursuit test data. The time of a continuous recording of
oculomotor reactions can be increased to at least
15 min with our method, and testing can be performed
in conditions maximally similar to actual operation
conditions. The procedure does not involve any discomfort to the subject, nor does it require an ophthalmological head restrain device.
CONCLUSIONS
(1) The dependence between a decrease in tracking
smoothness and an increase in reaction time after taking alcohol is linear, but is seen only when alcohol substantially affects the subject’s state and the subject is
inadequate.
(2) A change in the smoothness of target tracking
with gaze is a marker of a decrease in operator performance and can be used to predict operator performance disorders.
HUMAN PHYSIOLOGY

Vol. 43

No. 2

2017

METHOD FOR NONINVASIVE DIAGNOSIS

189

Change in normalized mode amplitude

0.03
0.02
0.01
0
а
b

–0.01
–0.02
–0.03
–0.04
–100

–50

0

50
100
150
Change in reaction time

200

250

300

Fig. 5. Alcohol-induced changes in tracking smoothness and reaction time. Abscissa, change in average reaction time (ms), that
is, the difference between the reaction times obtained after and prior to alcohol uptake. Ordinate, change in normalized mode
amplitude (tracking smoothness). The parameter is dimensionless and is obtained as a difference between the mode amplitudes
obtained after and prior to alcohol intake. Gray area, reactions atypical for the sample; a, presumable threshold for a decrease in
tracking smoothness at which the subject still preserves the normal operation performance; b, outlier.
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