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important difference between the perception of road signs that requires high visual acuity and eye movements [10], and the ability
to keep a car in a lane by relying on peripheral vision alone [11].
Similarly, visualizations should facilitate peripheral processing
and reduce the load from central vision. Furthermore, the goal is
for the user to be able to ﬁnd the relevant information without
disruption.
2. Information through peripheral vision
2.1. What are the beneﬁts of peripheral vision?
Vision is the most frequently used perceptual modality for representing scientiﬁc information because it provides the highest
information bandwidth for humans [12]. This article encourages
increasing the use of this bandwidth through peripheral vision.
The bandwidth is especially needed with large data quantities
and multidimensionality. Multidimensionality here refers to different types of information needed for decisions or understanding.
These two factors determine when peripheral representations are
most wanted, and the importance of peripheral processing is analyzed brieﬂy in the following.
To begin with, the perceptual processing of peripheral information can reduce later cognitive loading by limiting the extent of required attentive searching. The idea that peripheral information
directs gaze to informative locations is supported by experiments
with gaze-contingent displays [13–15], related modeling [16] and
by observed deﬁcits related to tunnel vision [17]. A gaze-contingent display system concurrently measures the gaze point and removes or degrades the information at peripheral parts of the
display.
Second, before the ﬁrst eye movements (within 100 ms) after
stimulus onset, a gist or semantic categories about the context
(e.g. picnic) can be constructed [18,19]. That is, peripheral processing alone can be enough for some tasks. The peripheral information
can also facilitate recognition of objects or facts on the same time
scale [20–22]. Accordingly, neurophysiological studies indicate
earlier processing of coarse outlines that can prepare processing
of details [23]. This can be observed in psychophysical experiments
when perceptual groups guide perception of details [24–26]. Thus,
peripheral vision generally creates a context in which high-acuity
details are interpreted.
Third, global patterns are often important to visual inferences
with graphs, and without the support of peripheral vision they
need to be constructed from details. The founder of scientiﬁc visualization, William Playfair (1786), stated that ‘‘Men of great rank,
or active business, can only pay attention to general outlines ... And
it is hoped that with assistance of these charts, such information
will be got, without fatigue and trouble of studying the particulars
of which it is composed” [27]. Similarly, modern cognitive psychologists have argued that spatial integration of details from graphs is
difﬁcult, time-consuming, and more essential for users than discrimination of details [28–30]. Spatial separation, especially, increases cognitive load and disturbs learning [31]. Object displays
have been proposed for integration of multi-feature data, but they
will be discussed later (Section 2.4).
2.2. How to represent peripheral information?
The objective of this article is to understand how peripheral vision could be utilized more efﬁciently. The two constraints speciﬁc
to peripheral visual representations are size and spacing. The size
constraint results from lower visual acuity farther in the periphery
[32–34]. For instance, reading this article depends on the perception of small differences in shape and requires central (foveal) vi-

881

sion. The resolution diminishes exponentially with eccentricity
and at about 3° of visual angle the acuity is already much lower
(for simulations see: http://svi.cps.utexas.edu/). The measure of visual angle and eccentricity depends on the size of the object on the
computer display and the distance between the display and the
viewer. The width of the thumb when held at arm’s length is
approximately 2° [35]. The acuity of central vision is limited by optics, but the acuity of peripheral vision is limited by the number of
receptors [36] and neural sampling [37].
The perceptual quality of peripheral vision is not in anyway
worse, when the size is scaled according to eccentricity (exp.  0.8 in [32,38,39]). Experiments have conﬁrmed this in
many different kinds of tasks. For most experiments discussed
in this article, the same is true for visual searching [40] of relevant details. Thus, normal-sized desktop displays serve as good
models for large peripheral displays, if the size is radially scaled.
The problem is that eccentricity is a distance from the point of
ﬁxation to the viewed object (cf. gaze-contingent displays). The
distance changes every time the eyes move. As a result, scaling
is a sufﬁcient compensation only for the ﬁrst eye saccade, but this
is enough for the following experiments. This is also true for
many real applications, because user is likely to ﬁxate at the button that initiates the display.
Scaling, however, is not enough if the visual task involves integration of features corresponding to each object and not detection
of a feature. In that case, large enough spacing is required to eliminate peripheral crowding [41,42]. The sufﬁcient spacing is half the
eccentricity [43]. In some applications, it might be beneﬁcial to
emphasize the similarities between neighboring objects at the expense of discriminating them. For instance, features of textures can
effectively represent large datasets [44–46]. Therefore, the optimal
distance between the objects representing data depends on the
task requirements as well.
The third discussed design parameter, the degree of interruption, should also be selected according to the nature of the task.
So-called peripheral displays are contrasted with interruption displays that draw the user’s attention. Initiated movement or a suddenly appearing object can effectively draw attention to the visual
[47,48] (in realistic tasks: [49,50]). Unfortunately, the user is often
distracted [51–53]. If attention is drawn elsewhere, even salient
events might not be noticed [54–56]. Furthermore, the disturbance
is more pronounced in cases of fast and stimulus-driven search
tasks [57]. The problem of guiding attention is often that users’
interests vary and are not obvious to the designer. By contrast,
the idea of peripheral displays is to increase self-controlled attention and improve timesharing between the tasks [58] (see also
[59]).
2.3. How to locate relevant details?
In visual ‘‘pop-out”, an object with a deviant feature (target) can
be detected independent of the number of other objects present
[44,60,61]. In fact, adding non-targets can even speed up detection
[62,63]. Nevertheless, the irregularity does not draw focused attention in the way that interruption displays do [64]. Since the 1980s,
it has been debated whether this search process is truly parallel for
different locations [63,65–67]. The alternative is rapid and covert
(without eye movements) shifting of attention between the locations [60,68]. However, in natural conditions, covert attention is
observed only preceding eye movements [69], and it cannot be directed elsewhere while a saccadic eye movement is being programmed (e.g., [70]). The debate on neural processing is mostly
irrelevant for application purposes. Therefore, we use the term
‘‘parallel processing” for performance that is independent of the
number of visually processed objects. This property is important
for visualizations of large quantities of data.
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Parallel processing is typically interpreted from reaction times
and more recently from eye movement measures. We used the
reaction time measure in the ﬁrst two experiments and eye movement selectivity in the third and fourth experiments. Processing is
parallel if reaction times do not increase with added non-targets.
Alternatively, subjects should be able to move their eyes immediately to the target location and not elsewhere. The eye movement
measures are discussed in more detail before the related experiments. The task and context of visualization naturally affect both
eye movements and reaction times [71]. In addition, the mentioned peripheral visibility factors are relevant for detecting deviant features [4,5], especially eccentricity [40].
There are many visualization tasks for which detecting and
identifying an outlier is important. With large quantities of data,
this might be problematic. Monitoring tasks in the context of a
stock exchange, ICT (Information and Communication Technology)
trafﬁc, or industrial processes provide examples of such situations.
Especially in the event of an accident, sources need to be identiﬁed
fast. Notice, that the task differs from general attempts to understand patterns of data (data mining). However, identifying an outlier might give an important insight into the structures of data.
2.4. Sector diagram as an example
Peripheral detection and identiﬁcation of outliers from visualizations are examined with sector diagram. A sector diagram is
an object display type originally developed by Florence Nightingale
in the mid 19th century to represent causes of wartime mortality.
We have successfully used it to represent multidimensional data in
several political elections for ﬁrst-time users [72]. (Its success was
indicated by the popularity of the service.) The task of understanding data structures was later analyzed in controlled [73]. According
to the results, the performance levels in both integration and discrimination of details were high. By contrast, object displays typically support integration tasks at the expense of discrimination
[74,75:p. 126,76]. Performance with sector diagrams was consistently better than with bar diagrams.
The integration with object displays is easier because the different features or dimensions are represented by a single object and
not multiple objects [77]. For instance, the shape of a triangle
was superior to the length of three bars [74]. Furthermore, performing two tasks simultaneously on one object rather than two
different objects is easier [78], even if they are overlaid [79]. Thus,
our hypothesis is that users can easily perform two tasks concurrently with sector diagrams: (i) to locate the diagram with a deviant feature and (ii) to identify the deviating dimension. The
beneﬁts of focusing on only one object have been explained by object-based attention, as opposed to spatial attention [80].
The sector diagrams in our earlier experiments were presented
in pairs or groups of three. The following experiments focus on
peripheral detection and identiﬁcation from much larger groups
(up to 60 diagrams). Another difference is that this time simpliﬁed
data are used. Otherwise, the task of identiﬁcation could be
masked by problems of discriminability. Especially, target/non-target similarity and non-target heterogeneity have been shown to
deteriorate performance [66,68,81] related to target saliency [68].
Real data can also be simpliﬁed by ﬁrst normalizing it and then
expanding the extremes. The ﬁrst experiment replicates the ﬁndings from the experimental psychology paradigm of visual search.
We expect to ﬁnd pop-out of a feature in diagrams that can represent multidimensional data. The visual search experiments have
typically been conducted to understand perceptual processes. We
are more interested in decision making and understanding related
to different forms of visualization.
We predict that users will easily locate a sector diagram from a
group of similar representations because (i) they can be perceptu-

Fig. 1. Sector vs. bar diagram. The two columns of diagrams represent the same 20
data values using both bar diagrams (at top) and sector diagrams (at the bottom).
On the sector diagrams, the values are mapped counter-clockwise from the right.
Notice how the gap between two sector diagrams is more conspicuous than the gap
between two bar diagrams when there is equal horizontal spacing.

ally segmented using the conspicuous gap between them (see
example in Fig. 1). Furthermore, (ii) the identities of dimensions
are redundantly represented by orientations of each sector in a polar coordinate system. Orientation is a fundamental visual feature
for which there are specially tuned cells in the brain [82], and its
use could distribute the perceptual neural representation more.
As shown in previous visual search experiments, 6–12 non-target
orientations begin to provide a relative reference frame that affects
perception of the target’s orientation [68,83]. By contrast, data values themselves should not be mapped to orientation differences
[8]. Our hypothesis is that both of the mentioned design features
aid the task of locating deviants from large quantities of data.
3. Experiment 1 – detecting a deviant diagram
In Experiment 1 (Fig. 3), we tested whether a sector diagram
with a deviant sector (Fig. 2C) stood out among distracting diagrams without a deviant sector (Fig. 2B). In serial search, items
must be analyzed one at a time; this means that reaction times will
increase as a function of the number of items. When the search is
parallel, the target can be detected without directing gaze at it, and
the search time can be independent of set size.
3.1. Subjects
There were two subjects with normal or corrected to normal vision: one author and one individual naïve to the purpose of the
experiment. Notice that psychophysical experiments typically test

Fig. 2. Sector diagrams used in Experiment 1. Diagram A has one sector with a
value of 0.25, in diagram B all sectors have value of 0.5, and in diagram C one sector
has a value of 1.0. In the experiments, the target was always a diagram in which one
randomly selected sector had a value of 1.0. The distractors were the same as those
in diagram B.
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allel searches (e.g., [3] or [68]). Thus, a sector diagram with a deviant sector was preattentively detected among distracting diagrams
with no deviant sector.
4. Experiment 2 – detecting deviant sector
In the previous experiment detection of the target diagram was
parallel. Experiment 2 was similar to the previous experiment, but
instead we tested whether the orientation of the deviant sector (up
or down) could be identiﬁed equally efﬁciently. In addition, the
subjects and apparatus were the same.
Fig. 3. Experiment 1 illustrated. The experiment tested whether the detection of a
target diagram occurs in a serial or parallel fashion.

fewer subjects than experimental psychology in general because
simpler visual features (in easy tasks) are assumed to be processed
with qualitatively more similar neural mechanisms than more natural scenes [84]. In a metastudy of 330 independently-rated psychophysical experiments on simple visual or auditory features
(published in 2007 by J. Vis., Vision Res., Perception, and Percept.
Psychophys.) 60% had 6 or fewer subjects and 42% included nonnaïve subjects. From the reviewed 38 eye movement studies with
simple visual features, 71% had had 6 or fewer subjects (the mode
was 2), and 36% included non-naïve subjects.
3.2. Stimuli, apparatus and procedure
In the detection task, subjects searched for a target among 0–59
non-targets. At a viewing distance of 50 cm, the center circle of
each diagram subtended 1° and the whole plot subtended 1.4°.
Items were randomly distributed on four evenly spaced imaginary
circles (diameters 5.5°, 10.8°, 16.2°, and 20.6°). Their locations
were randomly varied by ±0.2°. The whole stimulus area had a
diameter of 22°. Subjects reported whether a target was present
or not. A target was present in half of the 64 trials of a stimulus
block. Each subject performed 1024 trials per experiment. Stimuli
were presented on a 1700 monitor with 75 Hz frame rate and
1024  768 pixel resolution.
3.3. Results and discussion
Search times were almost independent of the number of nontargets when the target was present, and the search was very efﬁcient for both observers (Fig. 4). When the target was absent, RTs
(reaction times) increased by, on average 5 ms for each of the
added non-target. The slope is very shallow compared to most par-

4.1. Stimuli and procedure
The entire setup was similar, except for the subjects’ task. In
this experiment, the target was always present and subjects reported whether the sector of the target diagram was directed upwards or downwards.
4.2. Results and discussion
Reaction times were the same irrespective of whether the deviant sector was oriented upwards or downwards (Fig. 5). Even
though there was a slight increase in reaction times when the set
size was increased from 1 to 4, the slope was quite ﬂat. Therefore,
not only did the sector diagram with a deviant sector stand out
among other diagrams, but subjects could also preattentively identify whether the direction was upwards or downwards.
5. Locating with gaze
Experiments 1 and 2 showed parallel processing with regard to
the latency of keyboard actions for detecting diagram or data
dimensions. However, identiﬁcation from a user interface typically
requires directing spatial attention to that detail. For instance, the
user might need to select an item with the mouse cursor. Such motor actions are typically preceded or accompanied by an eye movement (e.g. [85]). Thus, eye movements are likely to be an
ecologically more valid measure of efﬁcient peripheral processing
than keyboard reactions. These tasks can involve different cognitive and neural processes [86,87], especially in the case of peripheral vision [88]. More speciﬁcally, eye movements might not
require consciousness of object recognition. Sometimes eye saccades remain accurate when the conscious perception is not veridical [89]. These differences have also been observed in speed of
visual searching when the response modality is changed [90].

Fig. 4. Results of Experiment 1. Reaction times did not increase as a function of set size when the target was present but did so when the target was absent.
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Fig. 5. Results of Experiment 2. Reaction times did not increase as a function of set size when the target was oriented upwards or downwards. This indicates that the
orientation of a sector does not inﬂuence the result of a search task. Overall, RT/set size functions were relatively ﬂat.

In visual search experiments, gaze direction is a good indicator
of search efﬁciency because it is highly correlated with focus of
spatial attention [91]. Typically eye movements have been recorded to reveal the serial search path (for review, see [92]). In
addition, eye movement selectivity can measure the ability to discriminate a feature from the visual periphery. Furthermore, even
an efﬁcient design might include serial subtasks, such as locating
a numeric index [13]. Second, searching can be parallel only for a
limited eccentricity range. In that case, eye movements are relevant for more eccentric targets (e.g., over 8.26° in [93]). Eye movements have a large effect on search efﬁciency when peripheral
visibility is poor. As a result, more saccades are made without
awareness [94].
Furthermore, typical presentation time limits (e.g. 100 ms to
exclude eye saccades) are artiﬁcial and might not represent real
use. Excluding eye movements might not always slow down the
detection performance [90], but it still affects the ability to shift
attention or select an item with a pointing device (cf. Fitts’ law;
[95,96]) (predicted by [4]). Fortunately, the visual parameters relevant for keyboard reactions (e.g., [40,44,68,81,97]) are similar to
the parameters inﬂuencing eye movement selectivity (e.g.,
[67,94,97,98,100,102]). Those parameters are grouping, redundancy (in several features), spacing, eccentricity, target/non-target
similarity, and non-target heterogeneity. Even though this metaanalytic comparison has been supported by the recent ﬁndings
[103], it is still rather imprecise. Eye movement selectivity and
latencies of keyboard responses might lead to differing efﬁciency

criteria. Therefore, we extend the ﬁndings from Experiments 1
and 2 to eye movement selectivity in Experiments 3 and 4.
6. Experiment 3 – selective eye movements to deviant diagram
In experiment 3 (Fig. 6), we tested the subjects’ ability to locate
the diagram with a deviant sector. At the beginning of each trial
they looked at a ﬁxation point. After stimulus presentation (100
or 300 ms), they made a saccade to the location of the target. Presentation times were chosen so that the shorter (100 ms) was
clearly below the saccadic reaction time and the longer (300 ms)
clearly above it.
Experiments 3 and 4 measured initial saccadic accuracy (distance to target) which is affected by efﬁciency of parallel processing of peripheral items [91,104] and their visibility [94]. This is not
always true for initial latency [94]. Initial latency is affected by
many other factors as well, for instance, non-targets near a ﬁxation
point [101] and other peripheral processing [105]. However, initial
latency and accuracy interact [99]; longer latencies can increase
saccadic accuracy. For that reason, we controlled the latencies with
limited display durations.
6.1. Subjects
There were three subjects with normal or corrected to normal
vision: one author and two naïve.
6.2. Stimuli and procedure
The stimuli were the same as in previous experiments, but with
60 items (only 18 diagrams are presented here for clarity). Each
trial started with the presentation of a ﬁxation cross (X) for
800 ms and was followed by the stimulus for 100 or 300 ms. After
the stimulus presentation, circles with crosses inside indicated the
places where diagrams were located. The subjects’ task was to
make a saccade toward the place where they saw the target and
ﬁxate it for 1 s. Their eye movements were recorded and analyzed
trial-by-trial from video stream with a concurrently overlaid gazepoint.
6.3. Eye movement recordings

Fig. 6. Experiment 3 illustrated. The same diagrams as in Experiment 1 were used
here but with a setup of 60 items only (only 18 diagrams are presented here for
clarity).

Subjects’ eye movements were recorded using a head-mounted
gaze tracking system (iView from SensoMotoric Instruments
GmbH). It has two small video cameras, one monitoring the scene
in front of the subject’s eyes and the other monitoring the partici-
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Fig. 8. Experiment 4 illustrated. The setup in Experiment 4 was similar to
Experiment 3; only the task was different. The subjects had to detect the orientation
of the deviant sector, make a saccade towards an appropriate response area, and
then ﬁxate it for about 1 s. Each orientation of the deviant sector had its own
response area.

the direction of this sector, (iii) decide on the correct response area
(one out of eight areas), and (iv) make a saccade in its direction.
The subjects and apparatus were the same as in Experiment 3.
Fig. 7. Results of Experiment 3. The task of this experiment was to locate the target
diagram and to direct the gaze to its location. The proportion of the saccades that
were located exactly at the target is represented by the black bar and those located
in the immediate neighborhood by the hatched bar for each subject.

pant’s dominant eye while an infra-red LED illuminated the eye.
Video images of the pupil and corneal reﬂection of the infra-red
LED were captured at a rate of 50 Hz by the eye tracker.
Before each registration, the eye movement system was recalibrated using nine screen locations. During the calibration procedure, the subject’s head was stabilized with a chin rest in order
to improve the accuracy of calibration. The responses were classiﬁed into three categories: (1) within target, (2) immediate neighborhood of target, and (3) all others. The ﬁrst two categories
were considered correct and the third incorrect.
6.4. Results and discussion
In total 88.8% of the saccades were located exactly at the target,
and 97.6% of the saccades were correct when the immediate neighborhood was also included (Fig. 7). Different presentation times
did not inﬂuence the number of correct saccades (v2(1) = 2.149,
p > 0.05): 96.8% (100 ms) and 98.4% (300 ms), respectively. When
the target was located on either of the two outer imaginary circles,
statistically more (v2(1) = 6.923, p < 0.001) incorrect saccades were
observed (11.2% and 10.0%) compared to the two inner circles (0.3%
and 1.1%). Thus, the subjects’ accuracy decline somewhere between the eccentricities of 5.4° and 8.1°. Interestingly, above that
eccentricity Bouma’s crowding limit (half the eccentricity) is exceeded because the spacing between diagrams was almost constant (about 2.8° between midpoints) for all eccentricities. All
together, this experiment shows that subjects could not only detect the diagram with a deviant sector in parallel, but they could
also locate the target with high accuracy.
7. Experiment 4 – selective eye movements to a deviant sector
The subjects’ ability to recognize the orientation of the deviant
sector was studied in Experiment 4. Here the subjects’ task was
more difﬁcult than in the previous experiments; the subject had
to (i) locate the diagram having the deviant sector, (ii) analyze

7.1. Stimuli and procedure
The stimuli were the same as in the previous experiments; only
the task differed. The subjects had to detect the orientation of the
deviant sector, make a saccade toward an appropriate response
area (see Fig. 8), and then ﬁxate it for about one second. To be precise, each orientation of the deviant sector had its own response
area.
7.2. Results and discussion
In total, 87.6% of the saccades were located exactly in the response area of the target and 97.9% of the saccades were correct
when the immediate neighborhood was also included (Fig. 9).
None of the orientations (direction of a deviant sector) differed statistically from the others (v2(21) = 2.358, p > 0.05). One possible
reason for this is that there were no strictly horizontal or vertical
orientations that are biased in graphs [106]. To sum up, this experiment conﬁrms and extends the result of Experiment 2 and further
shows that it is possible to identify the direction of a randomly oriented sector (among at least eight possibilities in a randomly selected diagram) efﬁciently from among 60 diagrams.
8. General discussion
The researchers interested in human visual processes, as opposed to visual representations, have conducted most of the experiments on visual searching. The results of these experiments have
been used in this article to identify the important visual parameters that determine the effectiveness of visual representations.
The properties of peripheral vision were argued to be especially
important. However, the typically stimuli in such experiments
(e.g. Gabor patches) are not representative of object displays or visual representations in general. Therefore, we reported visual
search experiments with sector diagram stimuli that we have earlier used to represent multidimensional information.
The main result of these experiments was that subjects were
able to concurrently detect (Exp. 1–2) and locate (Exp. 3–4) deviant
objects and their dimensions. The concurrent task is comparable to
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research experiments of visual search, we have used the stimuli
for representing multidimensional data in real applications [72].
9. Conclusions

Fig. 9. Results of Experiment 4. The task in this experiment was to detect the
orientation of the deviant sector and to make a saccade toward an appropriate
response area. The proportion of the saccades that were located exactly at the target
is represented by the black bar and those located in the immediate neighborhood
by the hatched bar, for each subject.

conjunction search in experimental psychology, because two visual
features are used for distinguishing targets from non-targets. However, unlike the typical conjunction search experiment, the response for identity was given in two phases. Length (or size), as
visual parameter, represented the identity of a diagram and orientation represented the identity of a dimension. The experimental
protocol excluded the possibility that dimensions would also have
been identiﬁed by location alone. That is, the sectors of Experiment
4 were given new response areas based on the orientations. In previous experiments, consistent surrounding orientations have facilitated the detection of an orientation [68] and its selection with
eye saccades [83]. Therefore, we predicted that orientation is an
efﬁcient feature for representing identities (but not quantities,
see [8]) in large groups of diagrams. The prediction was conﬁrmed
because identiﬁcation performance was relatively independent of
the number of diagrams.
One can say that the effectiveness of the sector diagrams in the
experiments was noteworthy.
The ability to perceive and interpret sector diagrams was very
rapid. The speed of perception is important in context of interactive use of visualizations, because the small differences that might
even occur several times per second can accumulate and generate
signiﬁcant usability problems. Thus, the further research on other
object displays would be informative to show whether the results
reﬂect special nature of sector diagrams or are the other object displays as effective in locating and identiﬁcation tasks. We believe
that the use of orientation, to differentiate the dimensions, contributes to the effectiveness of sector diagrams. Therefore, we predict
that the commonly used bar graphs would not be as effective. Even
though this is yet to be directly tested, our earlier experiments
with much fewer graphs support such conclusion [73].
The task was made difﬁcult by increasing the number of diagrams, not by decreasing the size of the represented difference in
the data. Our earlier experiments with fewer sector or bar diagrams showed that the ability to evaluate the graphs depended linearly on the size of the difference in the represented data [73].
Moreover, the discussed ﬁndings (Sections 2.4 and 5) from other
visual search experiments provide similar predictions. Further research is needed to conﬁrm these predictions about identiﬁcation
performance by manipulating the levels of target/non-target similarity (how different the deviant is) and non-target variability (how
homogenous the background is). When identifying is important,
the size of deviance can be increased by scaling at the expense of
other differences. In interactive use, however, all of the subtle differences need not be represented at once. Our experiments show
that the number of evaluated alternatives can be increased up to
480 (60 diagrams with 8 dimensions) without extra time needed
for perception processes. Unlike the stimuli in typical basic

A deviant object and its critical feature can be identiﬁed rapidly
from crowded object displays. Thus, more information can be provided preattentively and peripheral vision is utilized more efﬁciently. However, the deviance must be large enough. Perception
is limited by visual acuity and the harmful effects of peripheral
crowding. Our results also provide indirect support for the importance of crowding. In many monitoring tasks, rapid identiﬁcation is
crucial. Furthermore, the data mining applications that facilitate
rapid identiﬁcation are often more usable. For instance, an identiﬁable deviant can serve as a reference point. Even very small delays
in the gaze sequence can accumulate and cause a critical usability
problem because eye movements are typically even more frequent
than heart beats. The ability to accurately direct gaze direction is
important because direct gaze provides high-acuity information
about the target (e.g., label [13]) and makes manual selection with
a pointing device possible. This way of representing peripheral
information does not interrupt the user by capturing attention,
freeing the user to focus on task-related details.
Acknowledgments
We would like to thank Lari Kärkkäinen for his help in conducting the experiments. This work has been supported by Academy of
Finland (#210676) and by the foundation of Ella and Georg
Ehrnrooth.
References
[1] A. Aaltonen, A. Hyrskykari, K.-J. Räihä, 101 Spots, or how do users read
menus? in: CHI’98: ACM Conference on Human Factors in Computing
Systems, Los Angeles, CA, 1998, pp. 132–139.
[2] J. Chambers et al., Graphical Methods for Data Analysis, Wadsworth & Brooks,
Paciﬁc Groove, CA, 1983.
[3] J.M. Wolfe, What can 1,000,000 trials tell us about visual search?, Psychol Sci.
9 (1998) 33–39.
[4] W.S. Geisler, K.-L. Chou, Separation of low-level and high-level factors in
complex tasks: visual search, Psychol. Rev. 102 (1995) 356–378.
[5] S. Palmer, P. Vergehese, M. Pavel, The psychophysics of visual search, Vision
Res. 40 (2000) 1227–1268.
[6] M. Tory, T. Moller, Human factors in visualization research, IEEE Trans. Vis.
Comput. Graph 10 (1) (2004) 72–84.
[7] C. Ware, Towards a perceptual theory of ﬂow visualization, IEEE Comput.
Graph. Appl. 28 (2008) 6–11.
[8] R. van den Berg, F.W. Cornelissen, J.B.T.M. Roerdink, Perceptual dependencies
in information visualization assessed by complex visual search, ACM Trans.
Appl. Percept. 4 (2008) 22–41.
[9] J. Gibson, The Ecological Approach to Visual Perception, Houghton Mifﬂin,
Boston, MA, 1979.
[10] K.E. Higgins, J. Wood, A. Tait, Vision and driving: selective effect of optical
blur on different driving tasks, Hum. Factors 40 (1998) 224–232.
[11] H. Summala, T. Nieminen, M. Punto, Maintaining lane position with
peripheral vision during in-vehicle tasks, Hum. Factors 38 (1996) 442–451.
[12] S. Card, J. Mackinlay, B. Shneiderman (Eds.), Readings in Information
Visualization: Using Vision to Think, Morgan Kaufmann Publishers, San
Francisco, CA, 1999.
[13] J.H. Bertera, K. Rayner, Eye movements and span of the effective stimulus in
visual search, Percept. Psychophys. 62 (2000) 576–585.
[14] L.C. Loschky, G.W. McConkie, Investigating spatial vision and dynamic
attention selection using a gaze-contingent multiresolution display, J. Exp.
Psychol. Appl. 8 (2002) 99–117.
[15] W.S. Geisler, J.S. Perry, J. Najemnik, Visual search: the role of peripheral
information measured using gaze-contingent displays, J. Vis. 6 (2006) 858–
873.
[16] J. Najemnik, W.S. Geisler, Optimal eye movement strategies in visual search,
Nature 434 (2005) 387–391.
[17] G. Luo, F. Vargas-Martin, E. Peli, The role of peripheral vision in saccade
planning: learning from people with tunnel vision, J. Vis. 8 (2008) 25.1–25.8.
[18] M. Potter, Meaning in visual search, Science 187 (1975) 965–966.
[19] M. Potter, Very short-term conceptual memory, Mem. Cognit. 21 (1993) 156–
161.
[20] I. Biederman, Perceiving real-world scenes, Science 177 (1972) 77–80.

M. Berg et al. / J. Vis. Commun. Image R. 21 (2010) 880–888
[21] S. Boyce, A. Pollatsek, Identiﬁcation of objects in scenes: the role of scene
background in object naming, J. Exp. Psychol. Learn. Mem. Cogn. 18 (1992)
531–543.
[22] G. Underwood, Eye ﬁxations on pictures of natural scenes: getting the gist
and identifying the components, in: G. Underwood (Ed.), Cognitive Processes
in Eye Guidance, Oxford University Press, Oxford, UK, 2005, pp. 163–187.
[23] J. Bullier, L.G. Nowak, Parallel versus serial processing: new vista on the
distributed organization of visual system, Curr. Opin. Neurobiol. 5 (1995)
497–503.
[24] D. Navon, Forest before trees: the precedence of global features in visual
perception, Cogn. Psychol. 9 (1977) 353–383.
[25] J. Antes, S. Mann, Global-local precedence in picture processing, Psychol. Res.
46 (1984) 247–259.
[26] J.R. Pomerantz, E.A. Pristach, Emergent features, attention, and perceptual
glue in visual form perception, J. Exp. Psychol. Hum. Percept. Perform. 15
(1989) 635–649.
[27] H. Wainer, D. Thissen, Plotting in the modern world: statistics packages and
good graphics, Chance (NY) 1 (1988) 10–20.
[28] J.T. Guthrie, S. Weber, N. Kimmerly, Searching documents: cognitive
processes and deﬁcits in understanding graphs, tables, and illustrations,
Contemp. Educ. Psychol. 18 (1993) 186–221.
[29] M. Gattis, K. Holyoak, Mapping conceptual to spatial relations in visual
reasoning, J. Exp. Psychol. Learn. Mem. Cogn. 22 (1996) 231–239.
[30] P.A. Carpenter, P. Shah, A model of perceptual and conceptual processes in
graph comprehension, J. Exp. Psychol. Appl. 4 (1998) 75–100.
[31] J. Sweller et al., Cognitive load as a factor in the structuring of technical
material, J. Exp. Psychol. Gen. 119 (1990) 176–192.
[32] S. Anstis, Picturing peripheral acuity, Perception 27 (1998) 817–825.
[33] E. Peli, J. Yang, R.B. Goldstein, Image invariance with changes in size: the role
of peripheral contrast thresholds, J. Opt. Soc. Am. 8 (1991) 1762–1774.
[34] E. Peli, G.A. Geri, Discrimination of wide-ﬁeld images as a test of a peripheralvision model, J. Opt. Soc. Am. A 18 (2001) 294–301.
[35] R.P. O’Shea, Thumb’s rule tested: visal angle of thumb’s width is about 2 deg,
Perception 20 (1991) 415–418.
[36] C.A. Curcio et al., Distribution and morphology of human cone photoreceptors
stained with anti-blue opsin, J. Comp. Neurol. 312 (1991) 610–624.
[37] L.N. Thibos, Acuity perimetry and the sampling theory of visual resolution,
Optom. Vis. Sci. 75 (1998) 399–406.
[38] V. Virsu, J. Rovamo, Visual resolution contrast sensitivity, and cortical
magniﬁcation factor, Exp. Brain Res. 37 (1979) 475–494.
[39] R.O. Duncan, G.M. Boynton, Cortical magniﬁcation within human
primary visual cortex correlates with acuity thresholds, Neuron 38 (2003)
659–671.
[40] M. Carrasco et al., Feature asymmetries in visual search: effects of display
duration, target eccentricity, orientation and spatial frequency, Vision Res. 38
(1998) 347–374.
[41] D.G. Pelli, M. Palomares, N.J. Majaj, Crowding is unlike ordinary masking:
distinguishing feature integration from detection, J. Vis. 4 (2004) 1136–1169.
[42] D.M. Levi, Crowding–an essential bottleneck for object recognition: a minireview, Vision Res. 48 (2008) 635–654.
[43] H. Bouma, Interaction effects in parafoveal letter recognition, Nature 226
(1970) 117–178.
[44] B. Julesz, Textons, the elements of texture perception, and their interactions,
Nature 290 (1981) 91–97.
[45] C. Healey, J. Enns, Large datasets at a glance. Combining textures and colors in
scientiﬁc visualization, IEEE Trans. Vis. Comput. Graph. 5 (1999) 145–167.
[46] V. Interrante, Harnessing natural textures for multivariate visualization, IEEE
Comput. Graph Appl. 20 (2000) 6–10.
[47] S. Yantis, J. Jonides, Abrupt visual onsets and selective attention: evidence
from visual search, J. Exp. Psychol. Hum. Percept. Perform. 10 (1984) 601–
621.
[48] A.P. Hillstrom, S. Yantis, Visual motion and attentional capture, Percept.
Psychophys. 55 (1994) 399–411.
[49] P. Faraday, A. Sutcliffe, Designing effective multimedia presentations, in:
SIGCHI ‘97, 1997, pp. 272–278.
[50] D.S. McCrickard, R. Catarambone, J.T. Stasko, Evaluating animation in the
periphery as a mechanism for maintaining awareness, in: INTERACT ‘01,
Tokyo, Japan, 2001, pp. 148–156.
[51] T. Gillie, D. Broadbent, What makes interruptions disruptive? A study of
length, similarity, and complexity, Psychol. Res. 50 (1989) 243–250.
[52] L. Bartram, C. Ware, T. Calvert, Moticons: detection, distraction and task, Int. J.
Hum. Comput. Stud. 58 (2003) 515–545.
[53] A. Oulasvirta, P. Saariluoma, Long-term working memory and interrupting
message in human–computer interaction, Behav. Inf. Technol. 23 (2004) 53–
64.
[54] U. Neisser, The control of information pickup in selective looking, in: A.D. Pick
(Ed.), Perception and its Development. A Tribute to Eleanor J. Gibson,
Lawrence Erlbaum, Hillsdale, NJ, 1979, pp. 201–219.
[55] D. Simons, R. Rensink, Change blindness: past, present, and future, Trends
Cogn. Sci. 9 (2005) 16–20.
[56] A. Mack, I. Rock, Inattentional Blindness, MIT Press, Cambridge, 1998.
[57] M.P. Czerwinski, E. Cutrell, E. Horvitz, Instant messaging and interruption:
inﬂuence of task type on performance, in: OZCHI 2000, 2000.
[58] D.C. McFarlane, Coordinating the interruption of people in human–computer
interaction, in: Human–Computer Interaction – INTERACT’99, IOS Press, The
Netherlands, 1999, pp. 295–303.

887

[59] P.P. Maglio, C.S. Campbell, Tradeoffs in displaying peripheral information, in:
CHI ‘00, New York, 2000, pp. 241–248.
[60] A. Treisman, G. Gelade, A feature-integration theory of attention, Cogn.
Psychol. 12 (1980) 97–136.
[61] D. Sagi, B. Julesz, ‘‘Where” and ‘‘what” in vision, Science 290 (1985) 1217–
1219.
[62] M.J. Bravo, K. Nakayama, The role of attention in different visual-search tasks,
Percept. Psychophys. 51 (1992) 465–472.
[63] T.L. Thornton, D.L. Gilden, Parallel and serial processes in visual search,
Psychol. Rev. 114 (2007) 71–103.
[64] J. Miller, Components of location probability effect in visual search tasks, J.
Exp. Psychol. Hum. Percept. Perform. 14 (1988) 453–471.
[65] J.T. Townsend, Serial vs. parallel processing: sometimes they look like
Tweedledum and Tweedledee but they can (and should) be distinguished,
Psychol. Sci. 1 (1990) 46–54.
[66] B.C. Motter, E.J. Belky, The zone of focal attention during active visual search,
Vision Res. 38 (1998) 1007–1022.
[67] B.C. Motter, J. Holsapple, Saccades and covert shifts of attention during active
visual search: spatial distributions, memory, and items per ﬁxation, Vision
Res. 47 (2007) 1261–1281.
[68] A. Treisman, S. Gormican, Feature analysis in early vision: evidence from
search asymmetries, Psychol. Rev. 95 (1988) 15–48.
[69] J. Findlay, Eye scanning and visual search, in: J.M. Henderson, F. Ferreira
(Eds.), The Interface of Language, Vision and Action: Eye Movements and
Visual World, Psychology Press, New York, 2004, pp. 135–159.
[70] M.S. Peterson, A.F. Kramer, D.E. Irwin, Covert shifts of attention precede
involuntary eye movements, Percept. Psychophys. 66 (2004) 398–405.
[71] M.S. Castelhano, M.L. Mack, J.M. Henderson, Viewing task inﬂuences eye
movement control during active scene perception, J. Vis. 9 (2009) 61–615.
[72] M. Berg et al., Exploring political agendas with advanced visualization and
interface tools, e-Service J. 4 (2006) 47–63.
[73] M. Berg, I. Kojo, Integrating complex information with object displays:
psychophysical evaluation of outlines, Behav. Inf. Technol. (2010).
[74] C.M. Carswell, C.D. Wickens, Information integration and the object display:
an integration of task demands and display superiority, Ergonomics 30 (1987)
511–527.
[75] C. Wickens, J. Hollands, Engineering Psychology and Human Performance,
third ed., Prentice-Hall Inc., New Jersey, 1999.
[76] K.B. Bennet et al., An empirical comparison of alternative methodologies
for the valuation of conﬁgural displays, Hum. Factors 42 (2000)
287–298.
[77] J.S. Lappin, Attention in the identiﬁcation of stimuli in complex visual
displays, J. Exp. Psychol. 75 (1967) 321–328.
[78] A.F. Kramer, C.D. Wickens, E. Donchin, Processing of stimulus properties:
evidence for dual-task integrality, J. Exp. Psychol. Hum. Percept. Perform. 11
(1985) 393–408.
[79] J. Duncan, Selective attention and organization of visual information, J. Exp.
Psychol. Gen. 113 (1984) 501–517.
[80] S. Vecera, M. Farah, Does visual attention select objects or locations?, J Exp.
Psychol. Gen. 123 (1994) 146–160.
[81] J. Duncan, G. Humphreys, Visual search and stimulus similarity, Psychol. Rev.
96 (1989) 433–458.
[82] D. Hubel, T. Wiesel, Receptive ﬁelds and functional architecture of single
neurons in the cat’s striate cortex, J. Physiol. 148 (1959) 574–591.
[83] I.D. Gilchrist, C.A. Heywood, J.M. Findlay, Saccade selection in visual search:
evidence for spatial frequency speciﬁc between-item interaction, Vision. Res.
39 (1999) 1373–1383.
[84] R. Kosara et al., User studies: why, how, and when?, IEEE Comput Graph.
Appl. 23 (2003) 20–25.
[85] M. Land, Eye movements in daily life, in: L.M. Chalupa, J.S. Werner (Eds.), The
Visual Neurosciences, MIT Press, Cambridge, MA, 2004, pp. 1357–1368.
[86] L. Ungerleider, M. Mishkin, Two cortical visual systems, in: D. Ingle, R.
Mansﬁeld, M. Goodale (Eds.), The Analysis of Visual Behaviour, MIT Press,
Cambridge, MA, 1982, pp. 549–586.
[87] A.D. Milner, M.A. Goodale, The Visual Brain in Action, Oxford University Press,
New York, 1995.
[88] J. Norman, Two visual systems and two theories of perception: an attempt to
reconcile the constructivist and ecological approaches, Behav. Brain Sci. 25
(2002) 73–144.
[89] E. Wong, A. Mack, Saccadic programming and perceived location, Acta
Psychol. (Amst) 48 (1981) 123–131.
[90] N. Chmiel, Response effects in the perception of conjunctions of colour and
form, Psychol. Res. 51 (1989) 117–122.
[91] D. Williams et al., Patterns of eye movements during parallel and serial visual
search tasks, Can. J. Exp. Psychol. 51 (1997) 151–164.
[92] K. Rayner, Eye movements in reading and information processing: 20 years of
research, Psychol. Bull. 124 (1998) 372–422.
[93] C.T. Scialfa, K.M. Joffe, Response times and eye movements in feature and
conjunction search as a function of target eccentricity, Percept. Psychophys.
60 (1998) 1067–1082.
[94] A.M. Jacobs, Eye-movement control in visual search: how direct is visual span
control?, Percept Psychophys. 39 (1986) 47–58.
[95] P.M. Fitts, The information capacity of the human motor system in controlling
the amplitude of movement, J. Exp. Psychol. 47 (1954) 381–391.
[96] I.S. MacKenzie, Fitts’ law as a research and design tool in human–computer
interaction, Int. J. Hum. Comput. Interact. 7 (1992) 91–139.

888

M. Berg et al. / J. Vis. Commun. Image R. 21 (2010) 880–888

[97] A. Cohen, R.B. Ivry, Density effects in conjunction search: evidence for a
coarse location mechanism of feature integration, J. Exp. Psychol. Hum.
Percept. Perform. 17 (1991) 891–901.
[98] L.G. Williams, The effect of target speciﬁcation on object ﬁxated during visual
search, Percept. Psychophys. 1 (1966) 315–318.
[99] P. Viviani, R.G. Swensson, Saccadic eye movement to peripherally
discriminated visual targets, J. Exp. Psychol. Hum. Percept. Perform. 8
(1982) 113–126.
[100] J.M. Findlay, Saccade target selection during visual search, Vision Res. 37
(1997) 617–631.
[101] D.E. Williams, E.M. Reingold, Preattentive guidance of eye movements during
triple conjunction search tasks: the effect of feature discriminability and
saccadic amplitude, Psychon. Bull. Rev. 8 (2001) 476–488.

[102] G.J. Zelinsky, D.L. Sheinberg, Eye movements during parallel–serial visual
search, J. Exp. Psychol. Hum. Percept. Perform. 23 (1997) 244–262.
[103] M.P. Eckstein, B.R. Beutter, B.T. Pham, S.S. Shimozaki, L.S. Stone, Similar
neural representations of the target for saccades and perception during
search, J. Neurosci. 27 (2007) 1266–1270.
[104] M.P. Eckstein, B.R. Beutter, L.S. Stone, Quantifying the performance limits of
human saccadic targeting during visual search, Perception 30 (2001) 1389–
1401.
[105] H. Greene, The control of ﬁxation duration in visual search, Perception 35
(2006) 303–315.
[106] B. Tversky, D. Schiano, Perceptual and conceptual factors in distortions in
memory for graphs and maps, J. Exp. Psychol. Gen. 118 (1989) 387–398.

