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• Why do we move our eyes?
• Why do we tend to study fixations?
• Why should we look at eye-movements? [15]

• scene and task: saccade amplitude dynamics

• decision-making: saccade and smooth pursuit

• user state: eye-movement planning

• Should we and how do we start studying eye-
movements?

Overview



Why do I study eye-movements?
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Visual information is physiological limited

 

  

 
(a) (b) 

 
(c) (d) 

Figure 10.  (a) Section of standard New York city subway map.  (b) Approximately the same section of an abstract schematic map 
designed by Vignelli, 2008.  When fixating (a) and (b), what information is available?  (c) Full-field mongrel of (a), fixation at City 
Hall (near green patch slightly above center).  Near fixation, the information is fairly veridical, but it becomes confusing further away.  
(d) Full-field mongrel of (b), fixation at City Hall (pair of black dots near the center).  Other than unreadable text and some loss of 
resolution of the different tracks, our model predicts that the information available in a glance is very nearly the information available 
in the original map. 

 
(a) (b) (c) (d) 

   
(e) (f) (g) (h) 

Figure 11. (a),(c) Natural scenes, such as might be used for a task in which observers judge scene gist or animal/no-animal.  (b),(d) The 
corresponding full-field mongrels, assuming fixation at the upper right corner of each original image.  The animal/no-animal task 
should be quite easy from this representation.  (e),(g) Scenes out a car windshield.  (f),(h) Full-field mongrels, fixation (as typical for 
driving) on the car ahead.  The driver should, without even moving his eyes, be able to follow the road, tell whether the road is wet, 
determine that he is approaching a curve or intersection, and spot a stop sign.  Summary statistics may capture enough information to 
support “zombie behaviors”43 like driving on a familiar road. 

Rosenholtz, R. (2011). What your visual system sees where you are not looking. Proc SPIE Human Vision and Electronic Imaging, 7(1), 
786510-786510–14. http://doi.org/10.1117/12.876659



Eye-movements 
control the rate of information sampling

Korte W (1923). Über die Gestaltauffassung im indirekten Sehen. Zeitschrift für Psychologie, 93, 17–82. In Walton H.N. (1957)

Walton, H. N. (1957). Vision & Rapid Reading*. Optometry & Vision Science, 34(2), 73-82.



Eye-tracking 
reveals(?) information sampling

Subtasks:
• Observe oncoming 

traffic
• Drive curve
• Read traffic signs
• Search pedestrian
• Mirror check
• Check speed
• Regulate distance

Credit: SMI



Why do we study fixations?



Fixations indicate Cognition
Yarbus, 1967

"It is easy to determine from these records which elements 
attract the observer's eye (and, consequently, his thought), in 
what order, and how often.”

Yarbus, A. L. (1967) Eye movements and vision 
(B. Haigh, Trans.), New York: Plenum Press.



Do Fixations indicate Cognition?
2012-present

1. Determine the decade in which the picture was taken (decade).
2. Determine the wealth of the people in the picture (wealth).
3. Memorize the picture (memory). 
4. Determine how well the people in the picture know each other (people). 

Greene, M. R., Liu, T., & Wolfe, J. M. (2012). Reconsidering Yarbus: A failure to predict observers’ task from eye movement patterns. 
Vision research, 62, 1-8.
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Do Fixations indicate Cognition?
2012-present

1. Determine the decade in which the picture was taken (decade).
2. Determine the wealth of the people in the picture (wealth).
3. Memorize the picture (memory). 
4. Determine how well the people in the picture know each other (people). 

[1] Greene, M. R., Liu, T., & Wolfe, J. M. (2012). Reconsidering Yarbus: A failure to predict observers’ task from eye movement patterns. 
Vision research, 62, 1-8.(42% correct), and memory had the least (18% correct). In fact, a set

of eye patterns from a participant performing the memory task was
more likely to be classified as one of the other three tasks than to
be correctly classified as memory.

Why did the classifier fail? As the perception of a scene’s cate-
gory is incredibly rapid (Potter, 1976), as is the perception of a
scene’s emotional context (Maljkovic & Martini, 2005), perhaps
the most diagnostic task information came from the earliest
epochs, with idiosyncratic eye movements following. To test this
hypothesis, we trained and tested the classifier on the same eye
movement features, but restricted analysis to the first 1 or 2 s of
each trial.

We found that the classifier was still at chance performance at
predicting task using either 1 (26.9% correct, 95% CI = 24–30%),3 or
2 s (24.5% correct, 95% CI = 22–27%)4 of information, suggesting that
the failure of the classifier to predict observers’ task is not due to the
lengthy viewing duration of the images.

Alternatively, perhaps the earliest fixations are driven by sal-
iency or general interest, and task-related fixations are made later
in viewing (e.g. Ballard, Hayhoe, & Pelz, 1995; Mannan, Ruddock, &
Wooding, 1997). To test this idea, we trained and tested the classi-
fier on the last 8 s of viewing (excluding the first 2 s). This did not
improve performance. Again, the classifier was at chance when
predicting task (27.4% correct, 95% CI = 24–30%).5

Perhaps eye movement patterns reliably differ across tasks, but
not in the same way across images. This could account for the

striking difference between the Yarbus result and our own. To test
this account, we trained and tested the classifier on each image
individually. If image variability explains our poor classification
performance, then performance should be above chance in this
analysis. This was not the case – the classifier was not able to clas-
sify the tasks of any of the 64 images at an above-chance level
(range 13–38%).6

Despite the compelling nature of the Yarbus (1967) figure, our
results indicate that an observer’s task cannot be predicted from
summary statistics of eye movement patterns from viewing an im-
age for 10 s. This negative result is not due to the insufficiency of
these features for classification, or to the inadequacy of the classi-
fier since this technique could successfully predict which image
was being viewed and which observer was viewing an image.
Nor is the classification failure due to the observers being given
too long a glance at the images as reducing the analyzed time from
10 to 1 or 2 s did not ameliorate the performance. Last, classifica-
tion failure was not due to image variability as testing each image
individually yielded the same pattern. Although task prediction for
all images was at chance, some images were trending towards sig-
nificant classification performance. In Experiment 2, we examine
the extent to which participant agreement about the information
being obtained in the tasks influences classification performance.

3. Experiment 2

In Experiment 1, our pattern classifier failed to predict the
observers’ tasks from their patterns of eye movements. Perhaps
not all of the 64 images used in Experiment 1 contained useful
information for each of the four tasks. Conceivably observers have

Fig. 5. Confusion matrices between the four experimental tasks for classifiers (left) and human observers (right), for 10 s viewing (top) and 60 s viewing (bottom).

3 SVM results: 26.9% correct (95% CI = 24–30%, p = 0.15). Correlation results: 23.5%
correct (95% CI = 21–26%, p = 0.30).

4 SVM results: 24.8% correct (95%CI = 22–28%%, p = 0.91). Correlation results: 24.2%
correct (95% CI = 22–27%%, p = 0.59).

5 SVM results: 23.9% correct (95% CI = 21–27%, p = 0.43). Correlation results: 24.5%
correct (95% CI = 22–27%, p = 0.77).

6 There was not enough data to test LD classifier. We are reporting SVM results for
this analysis.

M.R. Greene et al. / Vision Research 62 (2012) 1–8 5

[2] Borji, A., & Itti, L. (2014). Defending Yarbus: Eye movements reveal observers’ task. Journal of Vision, 14(3), 29–29. http://doi.org/10.1167/14.3.29
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[2] Borji, A., & Itti, L. (2014). Defending Yarbus: Eye movements reveal observers’ task. Journal of Vision, 14(3), 29–29. http://doi.org/10.1167/14.3.29

that are popular and powerful machine learning tools
nowadays. The basic idea underlying boosting algo-
rithms is learning several weak classifiers (i.e., a
classifier that works slightly better than chance) and
combing their outputs to form a strong classifier (i.e., a
meta-algorithm). The learning is done in an iterative
manner. After adding a weak learner, the data is
reweighted to emphasize mistakes. Misclassified exem-
plars gain higher weight while correctly classified
exemplars lose weight. Here, we employ the RUSBoost
(random undersampling boost) algorithm (Seiffert,
Khoshgoftaar, Van Hülse, & Napolitano, 2010), which
uses a hybrid sampling/boosting strategy to handle

class imbalance problem in data with discrete class
labels. To better model the minority class, this
algorithm randomly removes examples from the
majority class until all classes have balanced number of
examples (i.e., undersampling). Due to the random
sampling, different runs of this algorithm may yield
different results. While the class imbalance (only one
task has five subjects) is not a big issue in our data, we
believe it is the ensemble of weak classifiers (here
decision trees) that makes good prediction possible.6

With respect to the third factor, we conduct the
following two analyses: (a) pooling data from all
observers over all images and tasks (i.e., 17 · 20 scan
paths) and (b) treating each image separately. These
analyses help disentangle the effects of image and
observer parameters on task decoding.

Task decoding over all data

We trained multiclass classifiers to recover task (one
out of four possible) from eye-movement patterns. We
follow a leave-one-out cross validation procedure
similar to Greene et al. (2012). Each time we set one
data point aside and train a classifier over the rest of

Figure 2. Results of Experiment 1: (A) Top: A sample image along with saliency maps using ITTI98 and GBVS models and its
corresponding smoothed fixation maps (using Gaussian sigma 33 subtending about 0.858 · 0.858 of visual angle). Matlab code for
generating the smoothed fixation map: imresize(conv2(map, fspecial(‘gaussian’, 200, 33)), [100 100], ‘nearest’). Numbers on top of
fixation maps in the bottom panel show the observer’s number (see Table 1). (B) Top: Task decoding accuracy using individual features
and their combination over all data. Stars indicate statistical significance versus chance using binomial test. Bottom: Effect of number
of kNN neighbors on task decoding accuracy. (C) Top: Average decoding accuracies over 50 runs of the RUSBoost classifier over
individual images using Feature Type 3 (see Appendix 1). Error bars indicate standard deviations over 50 runs. Bottom: Average
confusion matrix (over 50 RUSBoost runs) averaged over all images.

Images 1–5 6–10 11–15

3 O · T 1 3 O · T 2 3 O · T 3
3 O · T 2 3 O · T 3 3 O · T 4
3 O · T 3 3 O · T 4 3 O · T 5
3 O · T 4 3 O · T 5 . . .
3 O · T 5 . . . . . .
3 O · T 6 . . . . . .
3 O · T 7 3 O · T 1 3 O · T 2

Table 2. Arrangement of observers over tasks in Experiment 2. O
and T stand for observer and task, respectively.

Journal of Vision (2014) 14(3):29, 1–22 Borji & Itti 6

Downloaded From: http://jov.arvojournals.org/pdfaccess.ashx?url=/data/Journals/JOV/932817/ on 09/01/2016

Feature Type 1: fixation positions
Feature Type 2: saliency of fixated regions

Feature Type 3
• number of fixations
• mean fixation duration 
• mean saccade amplitude 
• percent of the image area covered by fixations



Do Fixations indicate Cognition?
2012-present

[1] Kardan, O., Berman, M. G., Yourganov, G., Schmidt, J., & Henderson, J. M. (2015). Classifying mental states from eye movements during scene 
viewing. Journal of Experimental Psychology: Human Perception and Performance, 41(6), 1502–1514. http://doi.org/10.1037/a0039673

Figure 3. Performance of the four classifiers in within-participant classification. (Top) Accuracy of each
classifier when predicting the task. From left to right, LD ! linear discriminant, QD ! quadratic discriminant,
LGNB ! linear Gaussian naive Bayes, NLGNB ! nonlinear Gaussian naive Bayes classifiers. The dot
represents the median classification performance of all participants. The box represents the middle two quartiles
of classification performance, and the whiskers represent the full range of classification performance (outliers are
marked with a "). The dashed line indicates the level of chance classification (0.333 . . .). The horizontal lines
marked with an asterisk indicate a significant difference in performance between pairs of classifiers. (Bottom)
The corresponding confusion matrices. The tasks are visual search (VS), scene memorization (SM), and aesthetic
preference (AP). See the online article for the color version of this figure.
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7PREDICTING TASK FROM EYE MOVEMENTS

Figure 4. Performance of the four classifiers in across-participant classification. (Top) Accuracy of each
classifier when predicting the task. The dot represents the median classification performance across participants.
The box represents the middle two quartiles of classification performance, and the whiskers represent the full
range of classification performance. From left to right, LD ! linear discriminant, QD ! quadratic discriminant,
LGNB ! linear Gaussian naive Bayes, NLGNB ! nonlinear Gaussian naive Bayes classifiers. The dashed line
indicates the level of chance. The horizontal lines marked with an asterisk indicate a significant difference in
performance between pairs of classifiers. (Bottom) The corresponding confusion matrices. The tasks are visual
search (VS), scene memorization (SM), and aesthetic preference (AP). See the online article for the color version
of this figure.

T
hi

s
do

cu
m

en
t

is
co

py
ri

gh
te

d
by

th
e

A
m

er
ic

an
Ps

yc
ho

lo
gi

ca
l

A
ss

oc
ia

tio
n

or
on

e
of

its
al

lie
d

pu
bl

is
he

rs
.

T
hi

s
ar

tic
le

is
in

te
nd

ed
so

le
ly

fo
r

th
e

pe
rs

on
al

us
e

of
th

e
in

di
vi

du
al

us
er

an
d

is
no

t
to

be
di

ss
em

in
at

ed
br

oa
dl

y.

8 KARDAN, BERMAN, YOURGANOV, SCHMIDT, AND HENDERSON

within participants

across participants

Figure 1. Comparison of the shapes of the probability distributions of fixation durations (top) and saccade
amplitudes (bottom) for visual search, scene memorization, and aesthetic preference tasks. (Top) Greater
standard deviation of fixation durations and skewness of fixation durations are observed in the visual search task
compared with the scene memorization and the aesthetic preference tasks. Greater standard deviation of fixation
durations is also observed in the scene memorization task compared with the aesthetic preference task. (Bottom)
Mean saccade amplitudes for the visual search task are smaller than those for both scene memorization and
aesthetic preference tasks. Mean saccade amplitude is also smaller in the scene memorization task compared with
the aesthetic preference task. The standard deviation of saccade amplitudes and the skewness of saccade amplitudes
in the visual search task are larger than those in both the scene memorization and aesthetic preference tasks. See the
online article for the color version of this figure.
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5PREDICTING TASK FROM EYE MOVEMENTS



• Fixations/Dwells
• measurable by 30Hz cameras
• algorithms discard all movement (blinks, saccades...)

I’m sorry, but...
fixations are not eye-movements



Task and Scene properties
influence saccade amplitude dynamics



Bottom-up visual saliency

Itti, L., & Koch, C. (2000). A saliency-based search mechanism for overt and covert shifts of visual 
attention. Vision Research, 40(10–12), 1489–1506. http://doi.org/10.1016/S0042-6989(99)00163-7

Borji, A., & Itti, L. (2013). State-of-the-art in visual attention modeling. IEEE transactions on pattern analysis and 
machine intelligence, 35(1), 185-207.



Vincent, Baddeley, Correani, Troscianko & Leonards, 2009. 

Do we look at lights?

b) central bias
c) foreground (ie., objects)
d) lights
e) around lights
f) sky
g) contrast (high spat. freq.)
h) contrast (low spat. freq.)
i) edges (high spat. freq.)
j) edges (low spat. freq.)
k) contrast (high spat. freq.)
l) contrast (low spat. freq.)

Quick word about saliency models



Vincent, Baddeley, Correani, Troscianko & Leonards, 2009. 

Do we look at lights?
24.6%

0.0%

3.96%

0.0%

56.8%

1.73%0.39%

4.01% 3.61%

1.62% 0.0%

b) central bias
c) foreground (ie., objects)
d) lights
e) around lights
f) sky
g) contrast (high spat. freq.)
h) contrast (low spat. freq.)
i) edges (high spat. freq.)
j) edges (low spat. freq.)
k) contrast (high spat. freq.)
l) contrast (low spat. freq.)

Quick word about saliency models



Central Bias

[1] Bahill, A. T., Adler, D., & Stark, L. (1975). Most naturally occurring human saccades have magnitudes of 15 
degrees or less. Investigative Ophthalmology, 14, 468–469.

[2] Bonev, B., Chuang, L. L., & Escolano, F. (2013). How do image complexity, task demands and looking biases influence human gaze 
behavior? Pattern Recognition Letters, 34(7), 723–730. http://doi.org/10.1016/j.patrec.2012.05.007

larger saccades. We mathematically model the process of changing
between short and long saccades as a random process. More pre-
cisely, it is considered a Markov process with two hidden states (S
and L, that is, saccades with small or large amplitudes respectively).

Considering the sequence of saccades X1, X2, . . . ,Xn, Xn+1, they are
said to be a first order Markov process or Markov chain if for n = 1,
2, . . . , the conditional probability of a saccade given the sequence of
previous saccades is equal to the conditional probability given the
last saccade:

P Xnþ1 ¼ xnþ1jXn ¼ xn;Xn#1 ¼ xn#1; . . . ;X1 ¼ x1ð Þ
¼ P Xnþ1 ¼ xnþ1jXn ¼ xnð Þ

In our case x1, x2, . . . ,xn, xn+1 2 {S,L}. This means that the process is
‘‘memoryless’’ and each state (each saccade) depends only on the
previous one. Evidence from previous studies shows that this is
not the case of human saccades, which should be considered to
be a higher order Markov process. A Markov process of order m,
with n >m, satisfies

Fig. 1. Sample images with the sequence of saccades (white lines) and fixations (black dots) for one participant. Left: Free viewing; Right: Visual search.
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Fig. 2. The 2D distributions of the saccade’s dx and dy movements from one fixation to the next: free-viewing task (left) and visual-search task (right).

4 B. Bonev et al. / Pattern Recognition Letters xxx (2012) xxx–xxx

Please cite this article in press as: Bonev, B., et al. How do image complexity, task demands and looking biases influence human gaze behavior? Pattern
Recognition Lett. (2012), http://dx.doi.org/10.1016/j.patrec.2012.05.007



Ambient mode (look): short fixations and long saccades
processes scene gist and spatial orientation

Focal mode (see): long fixations and short saccades
processes object identities and memory encoding

Model for two modes of Looking

Pannasch, S., & Velichkovsky, B. M. (2009). Distractor effect and saccade amplitudes: Further evidence on different modes of processing in free 
exploration of visual images. Visual Cognition, 17(6-7), 1109-1131.
Eisenberg, M. L., & Zacks, J. M. (2016). Ambient and focal visual processing of naturalistic activity. Journal of Vision, 16(2), 5.

Buswell, G. T. G. T. (1935). How people look at pictures. Social Science Research (1st ed.). Chicago, Illinois: The University of Chicago Press.
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Modes of looking (ambient & focal; Pannasch & Velichovsky, 2009):
• In general: patterns of a long saccade after several short saccades.

Model the short (S) and long (L) saccades (xi ) as a Markov process of
• P(L|S,S,...,S)
• Estimate the likelihood of a long saccade after n short saccades 

Looking modes and Scene complexity

Bonev, B., Chuang, L. L., & Escolano, F. (2013). How do image complexity, task demands and looking biases influence human gaze behavior? 
Pattern Recognition Letters, 34(7), 723–730. http://doi.org/10.1016/j.patrec.2012.05.007
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• P(L|S,S,...,S)
• Estimate the likelihood of a long saccade after n short saccades 
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Describing a scene in terms of gaze behavior

Bonev, B., Chuang, L. L., & Escolano, F. (2013). How do image complexity, task demands and looking biases influence human gaze behavior? 
Pattern Recognition Letters, 34(7), 723–730. http://doi.org/10.1016/j.patrec.2012.05.007

Describing a scene in terms of looking modes



Four-connected grid graph 
• Fixed node positions (1650 nodes per image)
• Characterize node regions R of diameter 2 deg 
• Edges weighted by I(R(vi),R(vj))

”Information" within region
• Feature vector for each pixel p
• fm(p): R,G,B, ∇x ,∇y , ∇2xx , ∇2yy
• Assuming d-dimensional Gaussianity with mean Φi and covariance ΣΦi

Edge-weights
• I(R(vi),R(vj)) = 0.5*log2(|ΣΦi|| ΣΦj|)/|ΣΦ|)

Describing a scene in terms of gaze behavior



Random Walk
• Pij : probability to go from vi to an adjacent node vj , 
proportional to the edge weight

• Weights for n nodes, Wij = I(R(vi),R(vj)) with Wij = Wji (undirected graph)
• Convergence to a Markov chain’s stationary distribution μ which has to satisfy μP = μ

μ1P11+μ2P21+···+μnPn1=μ1

···
μ1P1j +μ2P2j +···+μnPnj =μj

Describing a scene in terms of gaze behavior



Describing a scene in terms of gaze behavior



Scene complexity as information search

• probabilistic distribution of long saccades, given short saccades, describe 
modes of looking

• this also depends on the scene
• a computational metric for scene complexity can be developed, based on 

search behavior for visual information



• Fixations/Dwells
• measurable by 30Hz cameras
• algorithms discard all movement (blinks, saccades...)

• Saccades
• ~300°/s

• Smooth-Pursuits
• ~< 30°/s

Classes of Eye-Movement Behavior

THE MAIN SEQUENCE 195 

thousandfold range (from 3 minutes of arc to 50 degrees); data scatter is 
extremely small. It is important to realize that a linear system would have 
constant duration, and thus even a straight line relationship is indicative of 
a strongly nonlinear controller policy. 

1 : :::::::: w::: 
0.1 ,wGNITI;DE, DEG. 

IO 100 

FIG. 3. Peak velocity versus magnitude of human saccadic eye movements. 

The peak velocity is similarly related in a quasi-linear manner to 
saccadic amplitude up to about 15 or 20 degrees, as shown in Fig. 3, where 
it reaches a soft saturation limit and thereafter does not increase as rapidly. 

The points shown in Figs. 2 and 3 exhibit the extreme values for 
duration and peak velocity for each saccadic magnitude shown. They are 
not of selected saccades except when, due to the subject being fatigued, the 
saccades changed in form and showed widely differing parameters and 
were, therefore, rejected. Upon questioning, the subject was aware of his 
fatigue. These changes, beyond the scope of the present paper, will be 
reported in a subsequent paper. The data are from one particular subject on 
more than a dozen different days, over a period of one year; however, 
intensive data were taken on five subjects and much less careful measure- 
ments on about 160 subjects. The general shapes of the curves are the same, 
although the exact values and the amount of data scatter varied. 

Purves D, Augustine GJ, Fitzpatrick D, et al., editors. Sunderland (MA): Sinauer Associates; 2001.
Bahill, A. T. T., Clark, M. R., & Stark, L. (1975). The main sequence, a tool for studying human eye movements. Mathematical Biosciences, 24(3–4), 

191–204. http://doi.org/10.1016/0025-5564(75)90075-9



Top-down decisions that underlie 
saccade and smooth pursuit



Looking and Seeing
Saccade response times are earlier for seeing

spread of RTs in both conditions, which could be evidence for
fatigue. The data of this participant was therefore excluded
from further analyses (this was also the only dataset that
exhibited longer RTs in the discriminate condition, see Fig. 1
B).
Average predicted distributions and parameter values are shown

in Fig. 3 C. The theoretical distribution during the discriminate
condition is characterized by a negative shift of the mode and
decreased variability, which is evident from the shorter tail.
Comparison of model parameters showed a significantly higher
rate (t(10)~3:2, pv0:01, 95% confidence interval of difference:
0:2{1, D~0:53) and only a small difference in threshold, which
is not statistically significant (t(10)~0:8, p~0:4). This suggests

that the primary difference of RT data between both conditions
was due to a change of the rate of rise of the decision signal, similar
to previous findings which related changes in RT to a change in
the rate of information supply [20] or effects of perceptual urgency
[13].
Overall, the results clearly illustrate a fundamental difference

between target-elicited and task-related saccades. In line with our
hypothesis, task-related saccades exhibited shorter RTs and higher
peak velocities. These findings are similar to those previously
attributed to the effects of motor coordination [8,10]. In addition,
a comparison of saccade RT distributions using LATER model fits
shows differences in the rate parameter – a finding which was
previously attributed to effects of perceptual urgency [13].

Figure 1. Experimental task and results (exp. 1). A. Schematic of the discriminate task. Participants fixated a central cross. This was followed by
target onset either to the left or right of the fixation cross. Then, participants looked at the target and identified the location of the gap in the square.
After this, the target disappeared and participants responded with the appropriate button press on a button box. Feedback was then presented
depending on the response and actual gap location. The sequence of events was similar in the look condition except that no discrimination had to be
carried out and participants were instructed to look at the target as quickly as possible. Here, participants confirmed trial completion by pressing the
up button on the button box. Positive feedback was presented if a correct saccade was performed and the button response was given within the
time window. B. Scatterplots of saccade properties with participant means, standard deviation (cross), and 95% confidence intervals (diamond) show
shorter RTs and faster velocities in the discriminate condition. Data from participant S07 exhibits a potentially abnormal RT distribution (see text).
doi:10.1371/journal.pone.0045445.g001

Figure 2. Changes in saccade parameters over time (exp. 1). Best linear fits across mean data. The data was binned in blocks of 10 trials. Data
points show mean and variance for saccades performed in the look (L) and discriminate (D) condition. These trends suggest that the differences in
saccade RT decreased over time while the difference in velocity increased.
doi:10.1371/journal.pone.0045445.g002
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spread of RTs in both conditions, which could be evidence for
fatigue. The data of this participant was therefore excluded
from further analyses (this was also the only dataset that
exhibited longer RTs in the discriminate condition, see Fig. 1
B).
Average predicted distributions and parameter values are shown

in Fig. 3 C. The theoretical distribution during the discriminate
condition is characterized by a negative shift of the mode and
decreased variability, which is evident from the shorter tail.
Comparison of model parameters showed a significantly higher
rate (t(10)~3:2, pv0:01, 95% confidence interval of difference:
0:2{1, D~0:53) and only a small difference in threshold, which
is not statistically significant (t(10)~0:8, p~0:4). This suggests

that the primary difference of RT data between both conditions
was due to a change of the rate of rise of the decision signal, similar
to previous findings which related changes in RT to a change in
the rate of information supply [20] or effects of perceptual urgency
[13].
Overall, the results clearly illustrate a fundamental difference

between target-elicited and task-related saccades. In line with our
hypothesis, task-related saccades exhibited shorter RTs and higher
peak velocities. These findings are similar to those previously
attributed to the effects of motor coordination [8,10]. In addition,
a comparison of saccade RT distributions using LATER model fits
shows differences in the rate parameter – a finding which was
previously attributed to effects of perceptual urgency [13].

Figure 1. Experimental task and results (exp. 1). A. Schematic of the discriminate task. Participants fixated a central cross. This was followed by
target onset either to the left or right of the fixation cross. Then, participants looked at the target and identified the location of the gap in the square.
After this, the target disappeared and participants responded with the appropriate button press on a button box. Feedback was then presented
depending on the response and actual gap location. The sequence of events was similar in the look condition except that no discrimination had to be
carried out and participants were instructed to look at the target as quickly as possible. Here, participants confirmed trial completion by pressing the
up button on the button box. Positive feedback was presented if a correct saccade was performed and the button response was given within the
time window. B. Scatterplots of saccade properties with participant means, standard deviation (cross), and 95% confidence intervals (diamond) show
shorter RTs and faster velocities in the discriminate condition. Data from participant S07 exhibits a potentially abnormal RT distribution (see text).
doi:10.1371/journal.pone.0045445.g001

Figure 2. Changes in saccade parameters over time (exp. 1). Best linear fits across mean data. The data was binned in blocks of 10 trials. Data
points show mean and variance for saccades performed in the look (L) and discriminate (D) condition. These trends suggest that the differences in
saccade RT decreased over time while the difference in velocity increased.
doi:10.1371/journal.pone.0045445.g002
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Tasks
Look at stimulus

Discriminate up/down

Bieg, H.-J., Bresciani, J.-P., Bülthoff, H. H., & Chuang, L. L. (2012). Looking for Discriminating Is Different from Looking for Looking’s Sake. 
PLoS ONE, 7(9), 1–9. article. http://doi.org/10.1371/journal.pone.0045445

(194,163)



Looking and Seeing
Saccade response time reflects decision-making

Experiment 2: Saccade Main Sequence
Saccade velocity and duration is strongly related to the

amplitude of the required saccade. This relationship has been
referred to as the saccade main sequence [9,23]. Existing models
explain this dependency as a result of duration-accuracy optimi-
zations, which lead to optimal trajectories for any given target
eccentricity [24,25]. In addition, previous work suggests that
saccade kinematics are also influenced by a variety of other
aspects, for instance, the need to carry out an arm movement in
coordination with an eye movement [8,10].

Such modulations may not necessarily be the result of
coordinated motor actions. The results from our first experiment
suggest that task-related saccades in general, even in the absence of
oculomanual actions, might have higher peak velocity than target-
elicited saccades. In experiment 2, we extend this finding by
examining saccade velocities across a range of amplitudes. With
regard to the results of previous studies on motor coordination
[8,10], we expected main sequences of task-related saccades to
show different properties (e.g., a steeper rise in velocity or higher
saturation velocity) than target-elicited saccades.

To analyze changes in peak velocity across amplitudes, an
exponential main sequence function of the form
V~Vmax|½1{ exp ({A=C)" was fitted to individual peak
velocity data [8,23]. Here, Vmax denotes the saturation velocity
and A the saccade amplitude. The time constant C represents the
amplitude at which 63% of the saturation velocity is reached and
thus describes how quickly saturation is attained. Posterior
amplitudes were used for fitting, i.e., the amplitudes that were
actually performed, which were sometimes slightly longer or
shorter than the required amplitudes.

Fig. 4 A shows a typical distribution of peak velocity data points
and the resulting fit of the theoretical model (black line). Fig. 4 C
shows the theoretical main sequences and parameters for both
conditions following parameter averaging. On average, saccade
duration was predicted best by 523 ½1{ exp ({A=6:8)" in the
discriminate condition and by 496 ½1{ exp ({A=6:9)" in the look
condition. A statistical comparison of model parameters shows a
significant difference in the saturation velocity Vmax (t(11)~5:3,
pv0:01, 95% confidence interval of difference: 18{38, D~0:38)
but not in the time constant C (t(11)~0:45, p~0:66).

A linear relationship between saccade duration and amplitude
was assumed for saccades larger than four degrees [18,26]. On
average, saccade duration was predicted best by 2:18Az31:9 in
the discriminate condition and by 2:33Az31:5 in the look
condition. A comparison of parameter averages shows a significant
difference in the slope parameter (t(11)~2:6, pv0:05, 95%
confidence interval of difference: 0:03{0:24, D~0:46) and an
insignificant difference in the intercept parameter (t(11)~0:6,
p~0:59).

An additional ad hoc analysis was performed for the data of
participant S3, which showed a distinctive scatter of data points
below the main sequence curve in the look condition. This
resulted in a large difference in the time constant parameter
(Fig. 4 B). Scatter below the main sequence curve is known to
indicate fatigue [27]. To analyze this, we identified all data
points outside a 95% prediction interval around the obtained
main sequence. Further separation according to trial number
showed that the majority of these outliers (34 of 37 points,
w90%) occurred in the second half of the experimental session

(x2~25, pv0:01). This suggests that, at least for this participant,

Figure 3. RT model, observed and theoretical RT distributions (exp. 1). A. Schematic of the LATER model. The model assumes that saccades
are initiated once a decision signal rises from its baseline level S0 to a threshold ST after target onset. The rate of rise r exhibits trial-to-trial variability,
which is modeled by a normal distribution. The distribution of RTs resulting from this process is shown above. B. Observed RT distributions for two
participants. Filled histograms show data for the look condition, outlines show data for the discriminate condition. Left: One of the observed bimodal
distributions. For these, distribution parameters were estimated from the non-express part of the distribution (right mode). Right: Example for a more
commonly observed unimodal distribution. C. Left: Theoretical RT distribution as predicted by the LATER model for RT data in the look (L) and
discriminate (D) condition. Middle and right: Model parameters (threshold and rate) with 95% confidence intervals and scatterplots of the parameter
distributions with mean, standard deviation (cross), and 95% confidence intervals (diamond) showing that the likely explanation for differences in the
distributions is a change in the rate of rise.
doi:10.1371/journal.pone.0045445.g003
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amplitude at which 63% of the saturation velocity is reached and
thus describes how quickly saturation is attained. Posterior
amplitudes were used for fitting, i.e., the amplitudes that were
actually performed, which were sometimes slightly longer or
shorter than the required amplitudes.

Fig. 4 A shows a typical distribution of peak velocity data points
and the resulting fit of the theoretical model (black line). Fig. 4 C
shows the theoretical main sequences and parameters for both
conditions following parameter averaging. On average, saccade
duration was predicted best by 523 ½1{ exp ({A=6:8)" in the
discriminate condition and by 496 ½1{ exp ({A=6:9)" in the look
condition. A statistical comparison of model parameters shows a
significant difference in the saturation velocity Vmax (t(11)~5:3,
pv0:01, 95% confidence interval of difference: 18{38, D~0:38)
but not in the time constant C (t(11)~0:45, p~0:66).

A linear relationship between saccade duration and amplitude
was assumed for saccades larger than four degrees [18,26]. On
average, saccade duration was predicted best by 2:18Az31:9 in
the discriminate condition and by 2:33Az31:5 in the look
condition. A comparison of parameter averages shows a significant
difference in the slope parameter (t(11)~2:6, pv0:05, 95%
confidence interval of difference: 0:03{0:24, D~0:46) and an
insignificant difference in the intercept parameter (t(11)~0:6,
p~0:59).

An additional ad hoc analysis was performed for the data of
participant S3, which showed a distinctive scatter of data points
below the main sequence curve in the look condition. This
resulted in a large difference in the time constant parameter
(Fig. 4 B). Scatter below the main sequence curve is known to
indicate fatigue [27]. To analyze this, we identified all data
points outside a 95% prediction interval around the obtained
main sequence. Further separation according to trial number
showed that the majority of these outliers (34 of 37 points,
w90%) occurred in the second half of the experimental session

(x2~25, pv0:01). This suggests that, at least for this participant,

Figure 3. RT model, observed and theoretical RT distributions (exp. 1). A. Schematic of the LATER model. The model assumes that saccades
are initiated once a decision signal rises from its baseline level S0 to a threshold ST after target onset. The rate of rise r exhibits trial-to-trial variability,
which is modeled by a normal distribution. The distribution of RTs resulting from this process is shown above. B. Observed RT distributions for two
participants. Filled histograms show data for the look condition, outlines show data for the discriminate condition. Left: One of the observed bimodal
distributions. For these, distribution parameters were estimated from the non-express part of the distribution (right mode). Right: Example for a more
commonly observed unimodal distribution. C. Left: Theoretical RT distribution as predicted by the LATER model for RT data in the look (L) and
discriminate (D) condition. Middle and right: Model parameters (threshold and rate) with 95% confidence intervals and scatterplots of the parameter
distributions with mean, standard deviation (cross), and 95% confidence intervals (diamond) showing that the likely explanation for differences in the
distributions is a change in the rate of rise.
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Data from one participant

Bieg, H.-J., Bresciani, J.-P., Bülthoff, H. H., & Chuang, L. L. (2012). Looking for Discriminating Is Different from Looking for Looking’s Sake. 
PLoS ONE, 7(9), 1–9. article. http://doi.org/10.1371/journal.pone.0045445

Experiment 2: Saccade Main Sequence
Saccade velocity and duration is strongly related to the

amplitude of the required saccade. This relationship has been
referred to as the saccade main sequence [9,23]. Existing models
explain this dependency as a result of duration-accuracy optimi-
zations, which lead to optimal trajectories for any given target
eccentricity [24,25]. In addition, previous work suggests that
saccade kinematics are also influenced by a variety of other
aspects, for instance, the need to carry out an arm movement in
coordination with an eye movement [8,10].

Such modulations may not necessarily be the result of
coordinated motor actions. The results from our first experiment
suggest that task-related saccades in general, even in the absence of
oculomanual actions, might have higher peak velocity than target-
elicited saccades. In experiment 2, we extend this finding by
examining saccade velocities across a range of amplitudes. With
regard to the results of previous studies on motor coordination
[8,10], we expected main sequences of task-related saccades to
show different properties (e.g., a steeper rise in velocity or higher
saturation velocity) than target-elicited saccades.

To analyze changes in peak velocity across amplitudes, an
exponential main sequence function of the form
V~Vmax|½1{ exp ({A=C)" was fitted to individual peak
velocity data [8,23]. Here, Vmax denotes the saturation velocity
and A the saccade amplitude. The time constant C represents the
amplitude at which 63% of the saturation velocity is reached and
thus describes how quickly saturation is attained. Posterior
amplitudes were used for fitting, i.e., the amplitudes that were
actually performed, which were sometimes slightly longer or
shorter than the required amplitudes.

Fig. 4 A shows a typical distribution of peak velocity data points
and the resulting fit of the theoretical model (black line). Fig. 4 C
shows the theoretical main sequences and parameters for both
conditions following parameter averaging. On average, saccade
duration was predicted best by 523 ½1{ exp ({A=6:8)" in the
discriminate condition and by 496 ½1{ exp ({A=6:9)" in the look
condition. A statistical comparison of model parameters shows a
significant difference in the saturation velocity Vmax (t(11)~5:3,
pv0:01, 95% confidence interval of difference: 18{38, D~0:38)
but not in the time constant C (t(11)~0:45, p~0:66).

A linear relationship between saccade duration and amplitude
was assumed for saccades larger than four degrees [18,26]. On
average, saccade duration was predicted best by 2:18Az31:9 in
the discriminate condition and by 2:33Az31:5 in the look
condition. A comparison of parameter averages shows a significant
difference in the slope parameter (t(11)~2:6, pv0:05, 95%
confidence interval of difference: 0:03{0:24, D~0:46) and an
insignificant difference in the intercept parameter (t(11)~0:6,
p~0:59).

An additional ad hoc analysis was performed for the data of
participant S3, which showed a distinctive scatter of data points
below the main sequence curve in the look condition. This
resulted in a large difference in the time constant parameter
(Fig. 4 B). Scatter below the main sequence curve is known to
indicate fatigue [27]. To analyze this, we identified all data
points outside a 95% prediction interval around the obtained
main sequence. Further separation according to trial number
showed that the majority of these outliers (34 of 37 points,
w90%) occurred in the second half of the experimental session

(x2~25, pv0:01). This suggests that, at least for this participant,

Figure 3. RT model, observed and theoretical RT distributions (exp. 1). A. Schematic of the LATER model. The model assumes that saccades
are initiated once a decision signal rises from its baseline level S0 to a threshold ST after target onset. The rate of rise r exhibits trial-to-trial variability,
which is modeled by a normal distribution. The distribution of RTs resulting from this process is shown above. B. Observed RT distributions for two
participants. Filled histograms show data for the look condition, outlines show data for the discriminate condition. Left: One of the observed bimodal
distributions. For these, distribution parameters were estimated from the non-express part of the distribution (right mode). Right: Example for a more
commonly observed unimodal distribution. C. Left: Theoretical RT distribution as predicted by the LATER model for RT data in the look (L) and
discriminate (D) condition. Middle and right: Model parameters (threshold and rate) with 95% confidence intervals and scatterplots of the parameter
distributions with mean, standard deviation (cross), and 95% confidence intervals (diamond) showing that the likely explanation for differences in the
distributions is a change in the rate of rise.
doi:10.1371/journal.pone.0045445.g003
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actually performed, which were sometimes slightly longer or
shorter than the required amplitudes.

Fig. 4 A shows a typical distribution of peak velocity data points
and the resulting fit of the theoretical model (black line). Fig. 4 C
shows the theoretical main sequences and parameters for both
conditions following parameter averaging. On average, saccade
duration was predicted best by 523 ½1{ exp ({A=6:8)" in the
discriminate condition and by 496 ½1{ exp ({A=6:9)" in the look
condition. A statistical comparison of model parameters shows a
significant difference in the saturation velocity Vmax (t(11)~5:3,
pv0:01, 95% confidence interval of difference: 18{38, D~0:38)
but not in the time constant C (t(11)~0:45, p~0:66).

A linear relationship between saccade duration and amplitude
was assumed for saccades larger than four degrees [18,26]. On
average, saccade duration was predicted best by 2:18Az31:9 in
the discriminate condition and by 2:33Az31:5 in the look
condition. A comparison of parameter averages shows a significant
difference in the slope parameter (t(11)~2:6, pv0:05, 95%
confidence interval of difference: 0:03{0:24, D~0:46) and an
insignificant difference in the intercept parameter (t(11)~0:6,
p~0:59).

An additional ad hoc analysis was performed for the data of
participant S3, which showed a distinctive scatter of data points
below the main sequence curve in the look condition. This
resulted in a large difference in the time constant parameter
(Fig. 4 B). Scatter below the main sequence curve is known to
indicate fatigue [27]. To analyze this, we identified all data
points outside a 95% prediction interval around the obtained
main sequence. Further separation according to trial number
showed that the majority of these outliers (34 of 37 points,
w90%) occurred in the second half of the experimental session

(x2~25, pv0:01). This suggests that, at least for this participant,

Figure 3. RT model, observed and theoretical RT distributions (exp. 1). A. Schematic of the LATER model. The model assumes that saccades
are initiated once a decision signal rises from its baseline level S0 to a threshold ST after target onset. The rate of rise r exhibits trial-to-trial variability,
which is modeled by a normal distribution. The distribution of RTs resulting from this process is shown above. B. Observed RT distributions for two
participants. Filled histograms show data for the look condition, outlines show data for the discriminate condition. Left: One of the observed bimodal
distributions. For these, distribution parameters were estimated from the non-express part of the distribution (right mode). Right: Example for a more
commonly observed unimodal distribution. C. Left: Theoretical RT distribution as predicted by the LATER model for RT data in the look (L) and
discriminate (D) condition. Middle and right: Model parameters (threshold and rate) with 95% confidence intervals and scatterplots of the parameter
distributions with mean, standard deviation (cross), and 95% confidence intervals (diamond) showing that the likely explanation for differences in the
distributions is a change in the rate of rise.
doi:10.1371/journal.pone.0045445.g003
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and A the saccade amplitude. The time constant C represents the
amplitude at which 63% of the saturation velocity is reached and
thus describes how quickly saturation is attained. Posterior
amplitudes were used for fitting, i.e., the amplitudes that were
actually performed, which were sometimes slightly longer or
shorter than the required amplitudes.

Fig. 4 A shows a typical distribution of peak velocity data points
and the resulting fit of the theoretical model (black line). Fig. 4 C
shows the theoretical main sequences and parameters for both
conditions following parameter averaging. On average, saccade
duration was predicted best by 523 ½1{ exp ({A=6:8)" in the
discriminate condition and by 496 ½1{ exp ({A=6:9)" in the look
condition. A statistical comparison of model parameters shows a
significant difference in the saturation velocity Vmax (t(11)~5:3,
pv0:01, 95% confidence interval of difference: 18{38, D~0:38)
but not in the time constant C (t(11)~0:45, p~0:66).

A linear relationship between saccade duration and amplitude
was assumed for saccades larger than four degrees [18,26]. On
average, saccade duration was predicted best by 2:18Az31:9 in
the discriminate condition and by 2:33Az31:5 in the look
condition. A comparison of parameter averages shows a significant
difference in the slope parameter (t(11)~2:6, pv0:05, 95%
confidence interval of difference: 0:03{0:24, D~0:46) and an
insignificant difference in the intercept parameter (t(11)~0:6,
p~0:59).

An additional ad hoc analysis was performed for the data of
participant S3, which showed a distinctive scatter of data points
below the main sequence curve in the look condition. This
resulted in a large difference in the time constant parameter
(Fig. 4 B). Scatter below the main sequence curve is known to
indicate fatigue [27]. To analyze this, we identified all data
points outside a 95% prediction interval around the obtained
main sequence. Further separation according to trial number
showed that the majority of these outliers (34 of 37 points,
w90%) occurred in the second half of the experimental session

(x2~25, pv0:01). This suggests that, at least for this participant,

Figure 3. RT model, observed and theoretical RT distributions (exp. 1). A. Schematic of the LATER model. The model assumes that saccades
are initiated once a decision signal rises from its baseline level S0 to a threshold ST after target onset. The rate of rise r exhibits trial-to-trial variability,
which is modeled by a normal distribution. The distribution of RTs resulting from this process is shown above. B. Observed RT distributions for two
participants. Filled histograms show data for the look condition, outlines show data for the discriminate condition. Left: One of the observed bimodal
distributions. For these, distribution parameters were estimated from the non-express part of the distribution (right mode). Right: Example for a more
commonly observed unimodal distribution. C. Left: Theoretical RT distribution as predicted by the LATER model for RT data in the look (L) and
discriminate (D) condition. Middle and right: Model parameters (threshold and rate) with 95% confidence intervals and scatterplots of the parameter
distributions with mean, standard deviation (cross), and 95% confidence intervals (diamond) showing that the likely explanation for differences in the
distributions is a change in the rate of rise.
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Looking and Seeing
Saccade velocity are higher for seeing

spread of RTs in both conditions, which could be evidence for
fatigue. The data of this participant was therefore excluded
from further analyses (this was also the only dataset that
exhibited longer RTs in the discriminate condition, see Fig. 1
B).

Average predicted distributions and parameter values are shown
in Fig. 3 C. The theoretical distribution during the discriminate
condition is characterized by a negative shift of the mode and
decreased variability, which is evident from the shorter tail.
Comparison of model parameters showed a significantly higher
rate (t(10)~3:2, pv0:01, 95% confidence interval of difference:
0:2{1, D~0:53) and only a small difference in threshold, which
is not statistically significant (t(10)~0:8, p~0:4). This suggests

that the primary difference of RT data between both conditions
was due to a change of the rate of rise of the decision signal, similar
to previous findings which related changes in RT to a change in
the rate of information supply [20] or effects of perceptual urgency
[13].

Overall, the results clearly illustrate a fundamental difference
between target-elicited and task-related saccades. In line with our
hypothesis, task-related saccades exhibited shorter RTs and higher
peak velocities. These findings are similar to those previously
attributed to the effects of motor coordination [8,10]. In addition,
a comparison of saccade RT distributions using LATER model fits
shows differences in the rate parameter – a finding which was
previously attributed to effects of perceptual urgency [13].

Figure 1. Experimental task and results (exp. 1). A. Schematic of the discriminate task. Participants fixated a central cross. This was followed by
target onset either to the left or right of the fixation cross. Then, participants looked at the target and identified the location of the gap in the square.
After this, the target disappeared and participants responded with the appropriate button press on a button box. Feedback was then presented
depending on the response and actual gap location. The sequence of events was similar in the look condition except that no discrimination had to be
carried out and participants were instructed to look at the target as quickly as possible. Here, participants confirmed trial completion by pressing the
up button on the button box. Positive feedback was presented if a correct saccade was performed and the button response was given within the
time window. B. Scatterplots of saccade properties with participant means, standard deviation (cross), and 95% confidence intervals (diamond) show
shorter RTs and faster velocities in the discriminate condition. Data from participant S07 exhibits a potentially abnormal RT distribution (see text).
doi:10.1371/journal.pone.0045445.g001

Figure 2. Changes in saccade parameters over time (exp. 1). Best linear fits across mean data. The data was binned in blocks of 10 trials. Data
points show mean and variance for saccades performed in the look (L) and discriminate (D) condition. These trends suggest that the differences in
saccade RT decreased over time while the difference in velocity increased.
doi:10.1371/journal.pone.0045445.g002
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spread of RTs in both conditions, which could be evidence for
fatigue. The data of this participant was therefore excluded
from further analyses (this was also the only dataset that
exhibited longer RTs in the discriminate condition, see Fig. 1
B).
Average predicted distributions and parameter values are shown

in Fig. 3 C. The theoretical distribution during the discriminate
condition is characterized by a negative shift of the mode and
decreased variability, which is evident from the shorter tail.
Comparison of model parameters showed a significantly higher
rate (t(10)~3:2, pv0:01, 95% confidence interval of difference:
0:2{1, D~0:53) and only a small difference in threshold, which
is not statistically significant (t(10)~0:8, p~0:4). This suggests

that the primary difference of RT data between both conditions
was due to a change of the rate of rise of the decision signal, similar
to previous findings which related changes in RT to a change in
the rate of information supply [20] or effects of perceptual urgency
[13].
Overall, the results clearly illustrate a fundamental difference

between target-elicited and task-related saccades. In line with our
hypothesis, task-related saccades exhibited shorter RTs and higher
peak velocities. These findings are similar to those previously
attributed to the effects of motor coordination [8,10]. In addition,
a comparison of saccade RT distributions using LATER model fits
shows differences in the rate parameter – a finding which was
previously attributed to effects of perceptual urgency [13].

Figure 1. Experimental task and results (exp. 1). A. Schematic of the discriminate task. Participants fixated a central cross. This was followed by
target onset either to the left or right of the fixation cross. Then, participants looked at the target and identified the location of the gap in the square.
After this, the target disappeared and participants responded with the appropriate button press on a button box. Feedback was then presented
depending on the response and actual gap location. The sequence of events was similar in the look condition except that no discrimination had to be
carried out and participants were instructed to look at the target as quickly as possible. Here, participants confirmed trial completion by pressing the
up button on the button box. Positive feedback was presented if a correct saccade was performed and the button response was given within the
time window. B. Scatterplots of saccade properties with participant means, standard deviation (cross), and 95% confidence intervals (diamond) show
shorter RTs and faster velocities in the discriminate condition. Data from participant S07 exhibits a potentially abnormal RT distribution (see text).
doi:10.1371/journal.pone.0045445.g001

Figure 2. Changes in saccade parameters over time (exp. 1). Best linear fits across mean data. The data was binned in blocks of 10 trials. Data
points show mean and variance for saccades performed in the look (L) and discriminate (D) condition. These trends suggest that the differences in
saccade RT decreased over time while the difference in velocity increased.
doi:10.1371/journal.pone.0045445.g002
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Looking and Seeing
Saccade velocity are higher for seeing

Main sequence

V=Vmax . [1- exp (-AMPgaze/C)]

Vmax : saturation velocity 
AMPgaze : saccade amplitude
C : constant amplitude (63% Vmax)

Bahill, A. T. T., Clark, M. R., & Stark, L. (1975). The main sequence, a tool for studying human eye movements. 
Mathematical Biosciences, 24(3–4), 191–204. http://doi.org/10.1016/0025-5564(75)90075-9
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Bahill, A. T. T., Clark, M. R., & Stark, L. (1975). The main sequence, a tool for studying human eye movements. 
Mathematical Biosciences, 24(3–4), 191–204. http://doi.org/10.1016/0025-5564(75)90075-9

V=Vmax . [1- exp (-AMPgaze/C)]

Vmax : saturation velocity 
AMPgaze : saccade amplitude
C : constant amplitude (63% Vmax)

fatigue due to repetitions might be one important factor which
could explain the main sequence parameter differences, specif-
ically, the difference in the saturation time constant. Overall,
however, the results indicate that task-related saccades exhibit an
increase in the saturation velocity of the velocity main sequence
and a decrease in the slope of the duration main sequence in
comparison to target-elicited saccades.

Discussion

The present study compared the characteristics of task-related
saccades, which supported a visual discrimination task, and classical
target-elicited saccades, which were not followed by such a task.
Experiment 1 showed that task-related saccades exhibit shorter
reaction times, higher peak velocities, and shorter durations than
target-elicited saccades. This is even more surprising since
participants were instructed to perform target-elicited saccades
as quickly as possible whereas emphasis was put on (task) accuracy
when performing task-related saccades. The LATER sequential-
sampling model [19] was used to model saccade RT distributions.
An analysis of model fits revealed that differences between RT
distributions of both saccade types could be explained by assuming
a steeper rate of rise in the decision signal. Experiment 2 tested
how the need to perform a discrimination task at the saccade
endpoint affected the saccade main sequence, the relationship
between saccade peak velocity, duration, and amplitude. Our
results show an increase in the saturation velocity of the velocity

main sequence and a decrease in the slope of the duration main
sequence for task-related saccades.

Three basic explanations for the general differences in saccade
RT and velocity can be excluded. First, it is well known that
fundamental stimulus properties (e.g., luminance contrast) exert an
influence on behavioral response characteristics and could have
generated faster responses in one condition [2,28–30]. Consider-
ing the small differences between the two targets, this explanation
is unlikely. Second, the change in peak velocity could have been a
concomitant of increased saccade gain. We dismiss this explana-
tion by noting that the measured differences in gain were very
small and not statistically significant. Third, an explanation in
terms of dual-task effects on saccade RT, which were previously
reported in saccade and discrimination tasks [31–33], is not
applicable, since the location of the saccade target and discrim-
ination target was not dissociated experimentally.

Previous studies which examined the functional variability of
saccade properties obtained similar results, for example, higher
saccade velocities and shorter reaction times during oculomanual
actions such as pointing or grasping [8,10] or object identification
under time pressure [13]. How do these results relate to our
findings and how can our findings be explained without invoking
mechanisms of motor coordination or time pressure?

We speculate that differences between task-related and target-
elicited saccades could be related to repetitions and motivation.
Previous work has shown that massed repetitions of target-elicited
saccades can result in a decrease in peak velocity [27,34–37]. One

Figure 4. Saccade velocity main sequence (exp. 2). A. Example for a commonly observed distribution of saccade velocities as a function of
amplitude. The figure shows the data for one participant in the look condition. The solid line shows the best fit of V~Vmax|½1{ exp ({A=C)".
Dotted lines show 95% prediction intervals. B. The data from one participant in the look condition shows a significant number of datapoints below
the main sequence curve (outside the prediction interval). This could indicate fatigue. C. Left: Theoretical main sequence curves for average
parameters in the look (L) and discriminate (D) condition. Middle and right: Mean model parameters with 95% confidence intervals and scatterplots of
the parameter distributions with mean, standard deviation (cross), and 95% confidence intervals (diamond). This shows a significant difference in
saturation velocity Vmax.
doi:10.1371/journal.pone.0045445.g004
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Looking and Seeing

Eye-movement properties are influenced by 
the observer’s motivations.

Fixations are a noisy read-out of the observer’s 
mind. 

They include relevant and irrelevant information, 
which have to be subjectively deciphered, which 
does not necessarily reflect a user’s decision to 
fixate them in the first place.



Moving window of attention
attention anticipates eye-movement

Seeing is influenced by cognition
not hard-coded variables

Tanaka, M., Yoshida, T., & Fukushima, K. (1998). Latency of saccades during smooth-pursuit eye movement in man: Directional asymmetries. 
Experimental Brain Research, 121(1), 92-98.
Seya, Y., & Mori, S. (2012). Spatial attention and reaction times during smooth pursuit eye movement. Attention, Perception, & 
Psychophysics, 74(3), 493-509.



Seeing is influenced by cognition
cognition mode results in different characteristics
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Fig. 1 A. Schematic of the experimental task. Each block started with an auditory warning signal and a fixation cross. This
was followed by a continuous tracking block lasting 128 seconds. Here, participants controlled the horizontal speed of an on-
screen cursor by moving the joystick to the left or right. They were instructed to follow the pursuit target as closely as possible,
which moved horizontally on a sinusoidal path. The pursuit task was interrupted by a secondary task. This was an object
discrimination task in which participants had to recognize the opening of a square optotype. B. The pursuit target performed
two full cycles every 8 seconds (one epoch). During each epoch the discrimination object was presented randomly either 1.6
or 3.6 s into the epoch on the left or right side of the screen. The time and location defined whether the discrimination object
was presented while the pursuit target was moving to the location of the discrimination object or while it was moving away.

cal time period shortly before or after the target onset,
missed trials (no saccade or RT greater than 800ms),
anticipatory saccades (RT smaller than 50ms), inac-
curate saccades with errors larger 2 � visual angle, and
trials with blinks shortly before or after the inward sac-
cade. Based on this method, 102 data points of 1998
were removed (5.1%). The median number of data points
remaining per participant and condition was 39 (min.
30).

For the frequency domain analysis, Fourier trans-
forms were computed from whole 128 s blocks. Periods
during which the eye moved to the discrimination ob-
ject were removed by linearly interpolating between the
eye position shortly before the outward and shortly af-
ter the inward saccade. The phase shift between signals
was computed by subtracting the phase of the eye from
the phase of the target signal at the fundamental fre-
quency of 0.25Hz (see also Vercher and Gauthier 1992).

If not indicated otherwise, data plots show Cousineau-
Morey confidence intervals (see Baguley 2012; Morey
2008).

3 Results

A
::::::::
Separate

:
repeated-measures ANOVA was employed

to compare
::::::::
ANOVAs

:::::
were

:::::::::
employed

:::
to

:::::::
analyze

:
out-

ward and inward saccades. The primary dependent vari-
able was saccade reaction time (SRT). In addition, sac-
cade amplitude, gain, and endpoint error were com-
puted to test whether di↵erences in SRTs could be
attributed to di↵erences in the saccade magnitude or
accuracy. The primary factors under investigation were

the pursuit target movement direction (to or away from
the discrimination object) and the type of tracking (oc-
ular and oculomanual). The onset time of the discrimi-
nation object during the tracking epoch was treated as
a third factor since the predictability of target onsets
by the observers potentially di↵ered between both on-
set times (onsets occured either early during the epoch
at 1.3 s or late during the epoch at 3.6 s).

3.1 Outward Saccades

On average, saccades to the discrimination object (out-
ward) were initiated after 232ms. In both pursuit con-
ditions, saccades that were initiated while the pursuit
target moved to the discrimination object exhibited
shorter RTs (222ms) compared to saccades that started
when the pursuit target moved away (240ms, F (1, 11) =
13.5, p < 0.01, see also Fig. 3). The analysis of the dis-
crimination object onset times showed shorter RTs for
late (225ms) and longer RTs for early onsets (237ms,
F (1, 11) = 5.9, p < 0.05). Interactions between all fac-
tors were not significant. This suggests that the influ-
ence of the motion direction was independent from the
e↵ect of onset time.

The eccentricity of the target at saccade onset may
a↵ect the saccade RT (Kalesnykas and Hallett 1994). To
consider this possibility, we compared the amplitudes of
the saccades. This showed that saccades were slightly
larger when the pursuit target moved to the discrimi-
nation object (13.1 �) and smaller when it moved away
from the object (11.8 �, F (1, 11) = 128.3, p < 0.01).

276 Exp Brain Res (2013) 230:271–281
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Inward saccades

Unlike saccades to the discrimination object, saccades back 
to the pursuit target from the discrimination object (inward) 
were not triggered by an experimental signal (i.e., go signal 
or stimulus onset), but on participants own initiative fol-
lowing the discrimination task. Since we were interested 
in influences of the movement direction of the pursuit tar-
get on saccade performance, we first verified whether our 
ex-ante classification of movement direction (to/away) 
was valid also for inward saccades. This was necessary to 
test whether participants waited to saccade back after the 
pursuit target reached its maximal amplitude and changed 
direction. The analysis of inward saccade onsets showed 
that this was not the case. On average, and for the major-
ity of trials (99.7 %), saccades back to the pursuit target 
were initiated before the pursuit signal changed its direc-
tion (825 ms after discrimination object onset on average). 
This means that the classification, which was based on the 
experimental manipulation into saccades that were initiated 
while the pursuit target moved to or away from the discrim-
ination object, was correct for the majority of trials.

Saccades back to the pursuit target from the discrimina-
tion object (inward) took much longer than outward sac-
cades (overall mean SRT 525 ms). Note that this time was 
measured from fixation onset on the discrimination object 
and therefore also comprised the discrimination time. 

Reaction times of inward and outward saccades can there-
fore not be compared directly. The ANOVA results show a 
statistically significant difference in SRTs for the pursuit 
task type (F(1, 11) = 13.9,  p < 0.01) and the motion direc-
tion of the pursuit target (F(1, 11) = 24.0,  p < 0.01). Sac-
cades back to the pursuit target were initiated earlier during 
oculomanual pursuit (460 ms) compared to ocular pursuit 
(589 ms). SRTs were shorter when the pursuit target moved 
away from the discrimination object (503 ms) and longer 
when the pursuit target moved to the discrimination object 
(541 ms).

Amplitudes of inward saccades showed a significant main 
effect of motion direction (F(1, 11) = 169.0,  p < 0.01). 
Saccades were shorter when the pursuit target moved to 
the discrimination object (12.5°) and longer when it moved 
away (14.4°). The analysis of inward saccade gain showed 
no significant differences (average gain 0.992).

Discrimination task performance did not differ signifi-
cantly between the pursuit conditions and also not between 
motion directions (on average 88 % correct).

Pursuit eye movements

The quality of smooth pursuit eye movements was meas-
ured by counting the number of saccades per second and 
in the form of the RMS error and phase shift between 
the eye and pursuit target. Periods during which the 
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Fig. 1 A. Schematic of the experimental task. Each block started with an auditory warning signal and a fixation cross. This
was followed by a continuous tracking block lasting 128 seconds. Here, participants controlled the horizontal speed of an on-
screen cursor by moving the joystick to the left or right. They were instructed to follow the pursuit target as closely as possible,
which moved horizontally on a sinusoidal path. The pursuit task was interrupted by a secondary task. This was an object
discrimination task in which participants had to recognize the opening of a square optotype. B. The pursuit target performed
two full cycles every 8 seconds (one epoch). During each epoch the discrimination object was presented randomly either 1.6
or 3.6 s into the epoch on the left or right side of the screen. The time and location defined whether the discrimination object
was presented while the pursuit target was moving to the location of the discrimination object or while it was moving away.

cal time period shortly before or after the target onset,
missed trials (no saccade or RT greater than 800ms),
anticipatory saccades (RT smaller than 50ms), inac-
curate saccades with errors larger 2 � visual angle, and
trials with blinks shortly before or after the inward sac-
cade. Based on this method, 102 data points of 1998
were removed (5.1%). The median number of data points
remaining per participant and condition was 39 (min.
30).

For the frequency domain analysis, Fourier trans-
forms were computed from whole 128 s blocks. Periods
during which the eye moved to the discrimination ob-
ject were removed by linearly interpolating between the
eye position shortly before the outward and shortly af-
ter the inward saccade. The phase shift between signals
was computed by subtracting the phase of the eye from
the phase of the target signal at the fundamental fre-
quency of 0.25Hz (see also Vercher and Gauthier 1992).

If not indicated otherwise, data plots show Cousineau-
Morey confidence intervals (see Baguley 2012; Morey
2008).

3 Results

A
::::::::
Separate

:
repeated-measures ANOVA was employed

to compare
::::::::
ANOVAs

:::::
were

:::::::::
employed

:::
to

:::::::
analyze

:
out-

ward and inward saccades. The primary dependent vari-
able was saccade reaction time (SRT). In addition, sac-
cade amplitude, gain, and endpoint error were com-
puted to test whether di↵erences in SRTs could be
attributed to di↵erences in the saccade magnitude or
accuracy. The primary factors under investigation were

the pursuit target movement direction (to or away from
the discrimination object) and the type of tracking (oc-
ular and oculomanual). The onset time of the discrimi-
nation object during the tracking epoch was treated as
a third factor since the predictability of target onsets
by the observers potentially di↵ered between both on-
set times (onsets occured either early during the epoch
at 1.3 s or late during the epoch at 3.6 s).

3.1 Outward Saccades

On average, saccades to the discrimination object (out-
ward) were initiated after 232ms. In both pursuit con-
ditions, saccades that were initiated while the pursuit
target moved to the discrimination object exhibited
shorter RTs (222ms) compared to saccades that started
when the pursuit target moved away (240ms, F (1, 11) =
13.5, p < 0.01, see also Fig. 3). The analysis of the dis-
crimination object onset times showed shorter RTs for
late (225ms) and longer RTs for early onsets (237ms,
F (1, 11) = 5.9, p < 0.05). Interactions between all fac-
tors were not significant. This suggests that the influ-
ence of the motion direction was independent from the
e↵ect of onset time.

The eccentricity of the target at saccade onset may
a↵ect the saccade RT (Kalesnykas and Hallett 1994). To
consider this possibility, we compared the amplitudes of
the saccades. This showed that saccades were slightly
larger when the pursuit target moved to the discrimi-
nation object (13.1 �) and smaller when it moved away
from the object (11.8 �, F (1, 11) = 128.3, p < 0.01).
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predictability of target onsets by the observers potentially 
differed between both onset times (onsets occurred either 
early during the epoch at 1.3 s or late during the epoch at 
3.6 s).

Outward Saccades

On average, saccades to the discrimination object (outward) 
were initiated after 232 ms. In both pursuit conditions, sac-
cades that were initiated while the pursuit target moved to 
the discrimination object exhibited shorter RTs (222 ms) 
compared to saccades that started when the pursuit target 
moved away (240 ms,  F(1, 11) = 13.5, p < 0.01, see also 
Fig. 3). The analysis of the discrimination object onset 
times showed shorter RTs for late (225 ms) and longer 
RTs for early onsets (237 ms,  F(1, 11) = 5.9, p < 0.05).  
Interactions between all factors were not significant. This 
suggests that the influence of the motion direction was 
independent from the effect of onset time.

The eccentricity of the target at saccade onset may affect 
the saccade RT (Kalesnykas and Hallett 1994). To con-
sider this possibility, we compared the amplitudes of the 
saccades. This showed that saccades were slightly larger 
when the pursuit target moved to the discrimination object 
(13.1°) and smaller when it moved away from the object 
(11.8°,  F(1, 11) = 128.3, p < 0.01).

A reduction in SRTs may be accompanied by a reduc-
tion in the accuracy of the saccades (Fischer et al. 1993). 
Our results show a difference in saccade gain between both 
motion conditions. Saccades that were initiated while the 
discrimination object appeared in motion direction (to condi-
tion) exhibited a lower gain (0.99) than saccades to discrimi-
nation objects at the opposite location (away condition, 1.02
,  F(1, 11) = 6.2,  p < 0.05). A gain greater than one indicates 
overshoot, whereas a gain smaller than one indicates under-
shoot. To examine how this difference in saccade gain trans-
lates to fixation accuracy, we compared the magnitude of the 
error between the saccade end point and the discrimination 
target’s location. The results show no significant difference 
between both conditions (average absolute error 0.45°).

Depending on the SRT after onset of the discrimination 
object, outward saccades were either initiated before or after 
the eye crossed the display midline. An analysis of the start-
ing position of outward saccades showed that saccades were 
initiated before the eye crossed the midline in the majority 
of cases (83 %). Average SRTs between both motion condi-
tions were compared for SRTs shorter than 400 ms (before 
midline crossing). The main SRT results also hold for this 
subset: saccades that were initiated while the pursuit target 
moved to the discrimination object exhibited shorter RTs 
(210 ms) compared to saccades that started when the pursuit 
target moved away (238 ms,  t(11) = 3.5,  p < 0.01).
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Fig. 3  Saccade RTs and amplitudes of saccades after onset of 
the discrimination object (outward) and back to the pursuit target 
(inward) depending on task (oculomanual or ocular pursuit) and 
motion of the pursuit target relative to the discrimination object (to 
or away). Plots show task and motion means with standard deviations 
(centered on participant means). Bar charts show means of individual 
factors with 95 % confidence intervals. a Outward saccade RTs were 

shorter when the discrimination object was presented in the direc-
tion of the pursuit target’s motion. Amplitudes were larger when the 
pursuit target moved to the discrimination object. b Inward saccades 
were initiated earlier during the oculomanual condition and were 
shorter when the pursuit target moved away. Amplitudes were larger 
in the away condition
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Fig. 1 A. Schematic of the experimental task. Each block started with an auditory warning signal and a fixation cross. This
was followed by a continuous tracking block lasting 128 seconds. Here, participants controlled the horizontal speed of an on-
screen cursor by moving the joystick to the left or right. They were instructed to follow the pursuit target as closely as possible,
which moved horizontally on a sinusoidal path. The pursuit task was interrupted by a secondary task. This was an object
discrimination task in which participants had to recognize the opening of a square optotype. B. The pursuit target performed
two full cycles every 8 seconds (one epoch). During each epoch the discrimination object was presented randomly either 1.6
or 3.6 s into the epoch on the left or right side of the screen. The time and location defined whether the discrimination object
was presented while the pursuit target was moving to the location of the discrimination object or while it was moving away.

cal time period shortly before or after the target onset,
missed trials (no saccade or RT greater than 800ms),
anticipatory saccades (RT smaller than 50ms), inac-
curate saccades with errors larger 2 � visual angle, and
trials with blinks shortly before or after the inward sac-
cade. Based on this method, 102 data points of 1998
were removed (5.1%). The median number of data points
remaining per participant and condition was 39 (min.
30).

For the frequency domain analysis, Fourier trans-
forms were computed from whole 128 s blocks. Periods
during which the eye moved to the discrimination ob-
ject were removed by linearly interpolating between the
eye position shortly before the outward and shortly af-
ter the inward saccade. The phase shift between signals
was computed by subtracting the phase of the eye from
the phase of the target signal at the fundamental fre-
quency of 0.25Hz (see also Vercher and Gauthier 1992).

If not indicated otherwise, data plots show Cousineau-
Morey confidence intervals (see Baguley 2012; Morey
2008).

3 Results

A
::::::::
Separate

:
repeated-measures ANOVA was employed

to compare
::::::::
ANOVAs

:::::
were

:::::::::
employed

:::
to

:::::::
analyze

:
out-

ward and inward saccades. The primary dependent vari-
able was saccade reaction time (SRT). In addition, sac-
cade amplitude, gain, and endpoint error were com-
puted to test whether di↵erences in SRTs could be
attributed to di↵erences in the saccade magnitude or
accuracy. The primary factors under investigation were

the pursuit target movement direction (to or away from
the discrimination object) and the type of tracking (oc-
ular and oculomanual). The onset time of the discrimi-
nation object during the tracking epoch was treated as
a third factor since the predictability of target onsets
by the observers potentially di↵ered between both on-
set times (onsets occured either early during the epoch
at 1.3 s or late during the epoch at 3.6 s).

3.1 Outward Saccades

On average, saccades to the discrimination object (out-
ward) were initiated after 232ms. In both pursuit con-
ditions, saccades that were initiated while the pursuit
target moved to the discrimination object exhibited
shorter RTs (222ms) compared to saccades that started
when the pursuit target moved away (240ms, F (1, 11) =
13.5, p < 0.01, see also Fig. 3). The analysis of the dis-
crimination object onset times showed shorter RTs for
late (225ms) and longer RTs for early onsets (237ms,
F (1, 11) = 5.9, p < 0.05). Interactions between all fac-
tors were not significant. This suggests that the influ-
ence of the motion direction was independent from the
e↵ect of onset time.

The eccentricity of the target at saccade onset may
a↵ect the saccade RT (Kalesnykas and Hallett 1994). To
consider this possibility, we compared the amplitudes of
the saccades. This showed that saccades were slightly
larger when the pursuit target moved to the discrimi-
nation object (13.1 �) and smaller when it moved away
from the object (11.8 �, F (1, 11) = 128.3, p < 0.01).
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predictability of target onsets by the observers potentially 
differed between both onset times (onsets occurred either 
early during the epoch at 1.3 s or late during the epoch at 
3.6 s).

Outward Saccades

On average, saccades to the discrimination object (outward) 
were initiated after 232 ms. In both pursuit conditions, sac-
cades that were initiated while the pursuit target moved to 
the discrimination object exhibited shorter RTs (222 ms) 
compared to saccades that started when the pursuit target 
moved away (240 ms,  F(1, 11) = 13.5, p < 0.01, see also 
Fig. 3). The analysis of the discrimination object onset 
times showed shorter RTs for late (225 ms) and longer 
RTs for early onsets (237 ms,  F(1, 11) = 5.9, p < 0.05).  
Interactions between all factors were not significant. This 
suggests that the influence of the motion direction was 
independent from the effect of onset time.

The eccentricity of the target at saccade onset may affect 
the saccade RT (Kalesnykas and Hallett 1994). To con-
sider this possibility, we compared the amplitudes of the 
saccades. This showed that saccades were slightly larger 
when the pursuit target moved to the discrimination object 
(13.1°) and smaller when it moved away from the object 
(11.8°,  F(1, 11) = 128.3, p < 0.01).

A reduction in SRTs may be accompanied by a reduc-
tion in the accuracy of the saccades (Fischer et al. 1993). 
Our results show a difference in saccade gain between both 
motion conditions. Saccades that were initiated while the 
discrimination object appeared in motion direction (to condi-
tion) exhibited a lower gain (0.99) than saccades to discrimi-
nation objects at the opposite location (away condition, 1.02
,  F(1, 11) = 6.2,  p < 0.05). A gain greater than one indicates 
overshoot, whereas a gain smaller than one indicates under-
shoot. To examine how this difference in saccade gain trans-
lates to fixation accuracy, we compared the magnitude of the 
error between the saccade end point and the discrimination 
target’s location. The results show no significant difference 
between both conditions (average absolute error 0.45°).

Depending on the SRT after onset of the discrimination 
object, outward saccades were either initiated before or after 
the eye crossed the display midline. An analysis of the start-
ing position of outward saccades showed that saccades were 
initiated before the eye crossed the midline in the majority 
of cases (83 %). Average SRTs between both motion condi-
tions were compared for SRTs shorter than 400 ms (before 
midline crossing). The main SRT results also hold for this 
subset: saccades that were initiated while the pursuit target 
moved to the discrimination object exhibited shorter RTs 
(210 ms) compared to saccades that started when the pursuit 
target moved away (238 ms,  t(11) = 3.5,  p < 0.01).
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Fig. 3  Saccade RTs and amplitudes of saccades after onset of 
the discrimination object (outward) and back to the pursuit target 
(inward) depending on task (oculomanual or ocular pursuit) and 
motion of the pursuit target relative to the discrimination object (to 
or away). Plots show task and motion means with standard deviations 
(centered on participant means). Bar charts show means of individual 
factors with 95 % confidence intervals. a Outward saccade RTs were 

shorter when the discrimination object was presented in the direc-
tion of the pursuit target’s motion. Amplitudes were larger when the 
pursuit target moved to the discrimination object. b Inward saccades 
were initiated earlier during the oculomanual condition and were 
shorter when the pursuit target moved away. Amplitudes were larger 
in the away condition
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to foveopetal targets but not for saccades to foveofugal 
targets.

For trials in the 10°/s condition, the range of step ampli-
tudes that were considered in the analysis was extended 
from 4° to 12° (Fig. 2b, right). Again, these were the step 
amplitudes where the predominant response was an initial 
saccade in foveopetal trials. A 2 × 5 repeated-measures 
ANOVA shows significantly longer SRTs in saccades to 
foveopetal targets (209ms) in comparison with saccades to 
foveofugal targets [186ms, F(1, 15) = 50.7, p < 0.01]. The 
analysis also shows a significant main effect of step ampli-
tude [F(4, 60) = 7.4, p < 0.01] and a significant interac-
tion between both factors [F(4, 60) = 16.7, p < 0.01].

A linear regression of step amplitude and SRT shows 
a negative relationship for saccades to foveopetal targets 
(−3.8 ms/°, t(15) = 3.6, p < 0.01, average r2 = 0.66) but 
not for saccades to foveofugal targets.

Post hoc comparisons of both motion directions (petal, 
fugal) were performed for each step amplitude. This com-
parison shows significant differences in both speed condi-
tions for the relevant step amplitudes (8°–12° in 20°/s tri-
als, 4°–12° in 10°/s trials, p < 0.01, Bonferroni corrected).

Saccade amplitudes

Previous research has shown that the displacement of the 
target during the saccade preparation period is taken into 
account by the saccade planning process (Guan et al. 
2005): For example, after the initial step, as the target trav-
els further into the periphery during foveofugal trials, sac-
cade amplitudes become larger. The current data show that 

saccade amplitudes are predicted by the target displace-
ment of the initial step and the target’s motion during the 
SRT (see also Fig. 3a): For trials in the 20°/s condition, the 
average difference between predicted and actual amplitude 
was 0.08°. For trials in the 10°/s condition, the average dif-
ference between predicted and actual amplitude was 0.03°.

A linear regression analysis of saccade amplitude and 
SRT was conducted to examine the relationship between 
saccade amplitude and SRT in greater detail (see also 
Fig. 3b). Linear regression slopes were computed per par-
ticipant and condition. Repeated-measures ANOVA was 
employed to analyze the slope parameters (same conditions 
as in “Saccade reaction times” section). In line with pre-
vious results (Guan et al. 2005), this analysis shows that 
saccade amplitudes incorporate the displacement of the tar-
get during the saccade preparation period: For trials in the 
20°/s condition, the analysis shows a negative relationship 
for saccades in foveopetal trials [−16°/s, F(1, 15) = 240,  
p < 0.01] and a positive relationship for saccades in 
foveofugal trials (26°/s). For trials in the 10°/s condition, 
the analysis also shows a negative relationship for saccades 
in foveopetal trials [−7°/s, F(1, 15) = 367, p < 0.01] and 
a positive relationship for saccades in foveofugal trials 
(15°/s). For both target speed conditions, the results neither 
showed a main effect of step amplitude nor an interaction 
between motion direction and step amplitude (p > 0.1).

Eccentricity-matched SRTs

The differences in saccade amplitudes between both motion 
direction conditions suggest one potential explanation for 

Fig. 2  a Proportion of response 
types in foveopetal trials. 
Responses either exhibited an 
initial saccade or were entirely 
smooth or smooth with a correc-
tive saccade (other responses). 
Error bars show standard devia-
tions. b Average SRT for initial 
saccades per step and motion 
condition. Data points for 
conditions where the proportion 
of initial saccades in foveopetal 
trials was <50 % are omitted. 
Connected data points show 
conditions that were subjected 
to an analysis of variance. Bar 
charts to the right of each graph 
show the average SRTs for each 
motion condition. Error bars 
show standard deviations (line 
charts) and 95% Cousineau–
Morey CIs (bar charts)
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from 2° to 12° (in steps of 2°) were presented. After 
the step, the disk moved with a constant velocity of 20 
or 10°/s either toward the observer’s fixation location 
(foveopetal) or away from it (foveofugal). One out of 25 
trials was randomly designated a catch trial in which no 
target step occurred.

Design and procedure

Target speed was varied between subjects. The experi-
ment was run with target speeds of 20°/s for 16 participants 
and 10°/s for 16 participants. Within-subject factors were 
the movement direction after the target step (foveopetal, 
foveofugal) and the target step amplitude (six amplitudes, 
see above).

In foveopetal trials, this resulted in different zero-
crossing times. This is the time that the target requires to 
reach its original (zero) position after the step. The pre-
sented step amplitudes resulted in zero-crossing times 
from 100 to 600ms (in steps of 100) for target speeds 
of 20°/s and 200 to 1200ms (in steps of 200) for target 
speeds of 10°/s.

During a session, tasks were presented in several runs. 
Each run took ca. 15 min including setup and calibration of 
the eye-tracker. During a run, participants performed five 
blocks of the experimental task with 25 trials each. Each 
participant performed four or five runs (in total: 500 and 
625 trials, respectively, including catch trials), as condi-
tions permitted. Regular breaks were provided after each 
run, during which the eye-tracker was removed. The entire 
experimental session lasted ca. 120 min.
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Fig. 1  a Schematic of the experimental task. Participants fixated a 
disk at the center of the screen. The disk randomly stepped to the left 
or right of the display. After the step, the disk moved at a constant 
velocity either away from the center (foveofugal) or toward the center 
(foveopetal). b Observed responses. In foveofugal trials, participants 
always performed a saccade in the direction of motion to catch up 
with the target. In foveopetal trials, observers either performed a sac-
cade against the motion direction before the target crossed the fixa-

tion point or directly initiated a smooth pursuit movement. In some 
instances, a small corrective saccade occurred after smooth pursuit 
onset to compensate for inaccurate pursuit (right graph). c Example 
position (left) and velocity plot (right) in a foveofugal trial. A small 
increase in eye velocity shortly before saccade onset can be measured 
(pre-saccadic velocity, PSV). The shaded area in the velocity plot 
shows the PSV averaging window (see “Pre-saccadic pursuit” sec-
tion), the saccade is omitted in this plot
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trials was randomly designated a catch trial in which no 
target step occurred.

Design and procedure

Target speed was varied between subjects. The experi-
ment was run with target speeds of 20°/s for 16 participants 
and 10°/s for 16 participants. Within-subject factors were 
the movement direction after the target step (foveopetal, 
foveofugal) and the target step amplitude (six amplitudes, 
see above).

In foveopetal trials, this resulted in different zero-
crossing times. This is the time that the target requires to 
reach its original (zero) position after the step. The pre-
sented step amplitudes resulted in zero-crossing times 
from 100 to 600ms (in steps of 100) for target speeds 
of 20°/s and 200 to 1200ms (in steps of 200) for target 
speeds of 10°/s.

During a session, tasks were presented in several runs. 
Each run took ca. 15 min including setup and calibration of 
the eye-tracker. During a run, participants performed five 
blocks of the experimental task with 25 trials each. Each 
participant performed four or five runs (in total: 500 and 
625 trials, respectively, including catch trials), as condi-
tions permitted. Regular breaks were provided after each 
run, during which the eye-tracker was removed. The entire 
experimental session lasted ca. 120 min.
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Fig. 1  a Schematic of the experimental task. Participants fixated a 
disk at the center of the screen. The disk randomly stepped to the left 
or right of the display. After the step, the disk moved at a constant 
velocity either away from the center (foveofugal) or toward the center 
(foveopetal). b Observed responses. In foveofugal trials, participants 
always performed a saccade in the direction of motion to catch up 
with the target. In foveopetal trials, observers either performed a sac-
cade against the motion direction before the target crossed the fixa-

tion point or directly initiated a smooth pursuit movement. In some 
instances, a small corrective saccade occurred after smooth pursuit 
onset to compensate for inaccurate pursuit (right graph). c Example 
position (left) and velocity plot (right) in a foveofugal trial. A small 
increase in eye velocity shortly before saccade onset can be measured 
(pre-saccadic velocity, PSV). The shaded area in the velocity plot 
shows the PSV averaging window (see “Pre-saccadic pursuit” sec-
tion), the saccade is omitted in this plot
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the step, the disk moved with a constant velocity of 20 
or 10°/s either toward the observer’s fixation location 
(foveopetal) or away from it (foveofugal). One out of 25 
trials was randomly designated a catch trial in which no 
target step occurred.

Design and procedure

Target speed was varied between subjects. The experi-
ment was run with target speeds of 20°/s for 16 participants 
and 10°/s for 16 participants. Within-subject factors were 
the movement direction after the target step (foveopetal, 
foveofugal) and the target step amplitude (six amplitudes, 
see above).

In foveopetal trials, this resulted in different zero-
crossing times. This is the time that the target requires to 
reach its original (zero) position after the step. The pre-
sented step amplitudes resulted in zero-crossing times 
from 100 to 600ms (in steps of 100) for target speeds 
of 20°/s and 200 to 1200ms (in steps of 200) for target 
speeds of 10°/s.

During a session, tasks were presented in several runs. 
Each run took ca. 15 min including setup and calibration of 
the eye-tracker. During a run, participants performed five 
blocks of the experimental task with 25 trials each. Each 
participant performed four or five runs (in total: 500 and 
625 trials, respectively, including catch trials), as condi-
tions permitted. Regular breaks were provided after each 
run, during which the eye-tracker was removed. The entire 
experimental session lasted ca. 120 min.
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Fig. 1  a Schematic of the experimental task. Participants fixated a 
disk at the center of the screen. The disk randomly stepped to the left 
or right of the display. After the step, the disk moved at a constant 
velocity either away from the center (foveofugal) or toward the center 
(foveopetal). b Observed responses. In foveofugal trials, participants 
always performed a saccade in the direction of motion to catch up 
with the target. In foveopetal trials, observers either performed a sac-
cade against the motion direction before the target crossed the fixa-

tion point or directly initiated a smooth pursuit movement. In some 
instances, a small corrective saccade occurred after smooth pursuit 
onset to compensate for inaccurate pursuit (right graph). c Example 
position (left) and velocity plot (right) in a foveofugal trial. A small 
increase in eye velocity shortly before saccade onset can be measured 
(pre-saccadic velocity, PSV). The shaded area in the velocity plot 
shows the PSV averaging window (see “Pre-saccadic pursuit” sec-
tion), the saccade is omitted in this plot
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from 2° to 12° (in steps of 2°) were presented. After 
the step, the disk moved with a constant velocity of 20 
or 10°/s either toward the observer’s fixation location 
(foveopetal) or away from it (foveofugal). One out of 25 
trials was randomly designated a catch trial in which no 
target step occurred.

Design and procedure

Target speed was varied between subjects. The experi-
ment was run with target speeds of 20°/s for 16 participants 
and 10°/s for 16 participants. Within-subject factors were 
the movement direction after the target step (foveopetal, 
foveofugal) and the target step amplitude (six amplitudes, 
see above).

In foveopetal trials, this resulted in different zero-
crossing times. This is the time that the target requires to 
reach its original (zero) position after the step. The pre-
sented step amplitudes resulted in zero-crossing times 
from 100 to 600ms (in steps of 100) for target speeds 
of 20°/s and 200 to 1200ms (in steps of 200) for target 
speeds of 10°/s.

During a session, tasks were presented in several runs. 
Each run took ca. 15 min including setup and calibration of 
the eye-tracker. During a run, participants performed five 
blocks of the experimental task with 25 trials each. Each 
participant performed four or five runs (in total: 500 and 
625 trials, respectively, including catch trials), as condi-
tions permitted. Regular breaks were provided after each 
run, during which the eye-tracker was removed. The entire 
experimental session lasted ca. 120 min.
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Fig. 1  a Schematic of the experimental task. Participants fixated a 
disk at the center of the screen. The disk randomly stepped to the left 
or right of the display. After the step, the disk moved at a constant 
velocity either away from the center (foveofugal) or toward the center 
(foveopetal). b Observed responses. In foveofugal trials, participants 
always performed a saccade in the direction of motion to catch up 
with the target. In foveopetal trials, observers either performed a sac-
cade against the motion direction before the target crossed the fixa-

tion point or directly initiated a smooth pursuit movement. In some 
instances, a small corrective saccade occurred after smooth pursuit 
onset to compensate for inaccurate pursuit (right graph). c Example 
position (left) and velocity plot (right) in a foveofugal trial. A small 
increase in eye velocity shortly before saccade onset can be measured 
(pre-saccadic velocity, PSV). The shaded area in the velocity plot 
shows the PSV averaging window (see “Pre-saccadic pursuit” sec-
tion), the saccade is omitted in this plot

Eye-movements are based on 
predicted variables, not sensed variables



User-state influences
eye-movement planning



Eye-movement Planning
for instrument scanning

Light-weight rotorcraft, BO105 Light-weight fixed-wing aircraft, Cessna



Chuang, L. L., Nieuwenhuizen, F. M., & Bülthoff, H. H. (2013). A fixed-based flight simulator study: the interdependence of flight control performance 
and gaze efficiency. In Engineering Psychology and Cognitive Ergonomics. Applications and Services (pp. 95-104). Springer Berlin Heidelberg.

Instrument scanning & Control Performance
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Fixation data can be interpreted in two ways
• good pilots have attentional tunneling, or
• good pilots know where to look

Transition-matrix is unambiguous
• good pilots have consistent scan-pattern



Anxiety imbalances two attentional subsystems
• Goal-directed system (Endogenous)
• Stimulus-driven system (Exogenous)

Instrument Scanning
performance, anxiety, cognitive load

Goal-Directed

Anxiety

Stimulus-Driven Stimulus-DrivenGoal-Directed

Attentional Control Theory (ACT) 
(Eysenck et al., 2007)



Hypothesis: Eye-movement planning involves executive functions
• anxiety reduces ”goal-directed resources”
• executive functions require ”goal-directed resources”

n-Back delayed-matching task
0-back
- updating

2-back 
- updating, shifting, inhibition

Goal-directed resources
Executive functions: Updating, Shifting, Inhibition

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, a H., Howerter, A., & Wager, T. D. (2000). The unity and diversity of executive functions and their 
contributions to complex “Frontal Lobe” tasks: a latent variable analysis. Cognitive Psychology, 41(1), 49–100. http://doi.org/10.1006/cogp.1999.0734

Tanji, J., & Eiji, H. (2008). Role of the Lateral Prefrontal Cortex in Executive Behavioral Control. Physiological Reviews, 88(140), 37–57. 
http://doi.org/10.1152/physrev.00014.2007.



Dual axis tracking task

Lateral Control - Track 
Runway Centreline

Fixed-wing Landing Task

Not to scale



Dual axis tracking task

Vertical Control - Track 
Glideslope

3°
3nm

Ideal 
Path

(Not to scale)

Fixed-wing Landing Task



ACT predicts that…

Pre-test Anxiety

Representative participant

... anxiety should reduce goal-directed resources, 
which should reduce the efficiency of goal-directed behavior

– Instructions
– Monetary incentives – 50€
– Video camera
– VATSIM



Anxiety manipulation validated
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Visual scanning entropy (Stark & Ellis, 1986)

• Predictability of next dwell location
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ACT predicts that…

... anxiety should reduce goal-directed resources, 
which should reduce the efficiency of goal-directed behavior
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Summary: Eye-movement planning

The transition probability of dwells reflects 
eye-movement planning and executive functions.

• Eye-movement planning relies on executive functions
(shifting, updating, inhibition).

• Anxiety reduces the role of executive functions on 
eye-movements.

• Increasing executive functions’ load can further reduce 
its influence on eye-movements.



Conclusions
What you see is what you get(?)



Queen’s Road, Edinburgh, Google Maps

How to develop a steering model
wear a silly contraption and perform a dangerous task

Land, M. F., & Lee, D. N. (1994). Where we look when we steer. Nature, 369(6483), 742–744.

Image: Land M, Mennie N, Rusted J (1999)



Queen’s Road, Edinburgh, Google Maps

How to develop a steering model
Infer what information/error is

Land, M. F., & Lee, D. N. (1994). Where we look when we steer. Nature, 369(6483), 742–744.



Queen’s Road, Edinburgh, Google Maps

How to develop a steering model
Infer what information/error is

Land, M. F., & Lee, D. N. (1994). Where we look when we steer. Nature, 369(6483), 742–744.
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Two point steering model
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How to develop a steering model
draw the rest of the fantastic owl

Land, M. F., & Lee, D. N. (1994). Where we look when we steer. Nature, 369(6483), 742–744.

Salvucci, D. D., & Gray, R. (2004). A two-point visual control model of steering. 
Perception, 33(10), 1233–1248. 



Simple models of human-machine interactions
could help us interpret eye-movement data

Caird, J. K., S. L. Chisholm, and J. Lockhart. "Do in-vehicle advanced signs enhance older and younger drivers’ intersection 
performance? Driving simulation and eye movement results." International Journal of Human-Computer Studies 66.3 (2008): 132-144.

1. Fixation count (HUD): Young > Old
2. Fixation summed duration (HUD): Young > Old
3. Vertical spread: Young > Old
4. Horizontal spread: Old > Young



We have known since Helmholtz...
Fixation is not (covert) attention

Hermann von Helmholtz
Credit: Orienting of Attention (Wright, 2008)



• worthwhile challenge to track eye-movements, not just 
fixations

• top-down influences eye-movements, not fixations

• fixations indicate information that may or may not be task-
relevant

• some measures of eye-movement:
ü saccade response time

ü probability distributions of saccade length

ü probability distributions of AOI transitions

• models of human behavior allow for meaningful measures of 
eye-movement

To conclude



Thank you for your attention

A process cannot be understood by stopping it. Understanding 
must move with the flow of the process, must join and flow with it.

Frank Herbert

Credit: Phil H. Weber
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