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Abstract Unconscious attention shift triggered by a subliminal cue has been shown to be
automatic; however, whether it can be brought into effect for images of real-world scenes
remains to be investigated. We present a subliminal cueing method that flashes briefly a visual
cue before presenting a real-world image to the viewer. The effectiveness of the method is
verified by experiments using three types of cues (spatial cue, face cue, and object cue) of
varied durations. Results show that depending on the cue type, the viewer’s visual attention is
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directed to the cued visual hemifield or the cued location without engaging the viewer’s
awareness. The experiments demonstrate that a brief subliminal cue presented prior to the
color image of a real-world complex scene can attract human visual attention. The method is
useful for many applications that require efficient, unresisting attention shift to a target image
area.

Keywords Visualattention.Eyemovements .Eyetrackingexperiment.Subliminalcue .Human
visual system

1 Introduction

Visual attention is an important characteristic of the human visual system (HVS). It helps
our brain to filter out excessive visual information and enables us to focus on a particular
object or region of interest [13, 14]. Many biologically inspired algorithms attempt to
mimic this fascinating characteristic of HVS for applications in image processing [30,
57], video coding [50], biomedical imaging [24], and video quality assessment [11], to
name a few.

While considerable efforts have been directed towards predicting the focus of human visual
attention in the image processing community [21, 29], little about how to actively direct
human visual attention to a target area has been investigated. In practice, it is extremely easy to
arouse viewer’s attention by deliberately changing, for example, the color of the target region,
but in many applications such explicit guidance is prohibited because it would ruin the
aesthetic appeal of the image and spoil the viewing experience. Moreover, an explicit change
in the visual display may instead drive the human visual attention away from the planned
region [27].

To avoid the problems mentioned above, implicit or nearly implicit attention guidance is
preferred. In this work, we are concerned with the guidance of human visual attention without
involving the viewer’s awareness. Such a technique can make, for example, a digital signage
advertisement more effective because it pulls and holds the viewers’ attention while avoiding
top-down controlled resistance in human perception as discovered in scientific research [31,
37, 53]. Media design and other applications such as digital art and education may also benefit
from the technique [44]. For example, it has been shown that implicit cues can enhance the
learner’s inductive reasoning abilities and increase learner’s performance and intuition in logic-
based problem-solving tasks [6]. It has also been shown that athletes perform better when
exposed to subliminal cues [3] and that human computer interaction can be more pleasing and
effective when subliminal cues are involved [45]. It is our interest to investigate an effective
presentation of implicit cues for real-world applications.

Implicit information is known to massively affect human perception and behavior [32].
Although a weak visual input may not lead to conscious perception, it affects the visual
response. It has been shown that subliminal stimuli, though not consciously perceived, can
affect human's conscious perception and behavior [8, 9, 18, 38]. For example, Karremans et al.
found that subliminal presentation of a brand name of drink can affect thirsty participants’
choice of that brand [31], Yang et al. and Yeh et al. found that semantic information can be
extracted from invisible or unrecognizable words [62, 64], and Chou et al. showed that an
invisible object can guide viewer’s visual attention just as a visible object does [9]. The
burgeoning evidence of the powerful influence of subliminal stimuli in psychology studies
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motivates us to develop a subliminal cueing method to bring implicit human visual attention
guidance to life.

Based on our previous work [20], which shows that a flashed visual cue can subliminally
direct human visual attention, we further explore implicit visual attention guidance for real-
world applications and investigate the temporal and spatial efficiency of local, face, and object
cues for implicit visual attention guidance in this work.

The remainder of the paper is organized as follows. Section 2 provides a brief literature
review on visual attention guidance. Section 3 describes a system for generating attention-
guiding images and the design considerations of the system. Section 4 describes the eye
tracking apparatus used in our experiments to collect visual attention data and the details of
four performance evaluation experiments. A further discussion of the experimental results is
given in Section 5. Finally, the concluding remarks are drawn in Section 6.

2 Review

It is well recognized in psychology that visual attention can be oriented in two
different ways: voluntary and involuntary. Voluntary attention refers to orienting
towards stimuli relevant to the behavioral goal of a viewer. For example, a driver
would attend to pedestrians, cars, traffic lights, etc., while driving since these stimuli
are relevant to the behavioral goal (i.e., safe driving) of the driver. Involuntary
attention refers to orienting towards stimuli that are irrelevant to the behavioral goal
of a viewer but are irresistible to the viewer. For example, a flying mosquito captures
our attention while reading even though we try to ignore it and concentrate on
reading.

Posner invented a spatial cueing paradigm that measures the effectiveness of attentional
orienting by reaction time [42], in which the participants pressed a key instantly upon the
discovery of a target appearing in the right or left visual hemifield. Before the presentation of
the target, a flash cue was presented in one of the two hemifields. The target detection was
found to be faster when the target was presented in the same hemifield as the flash cue. The
result suggests that visual attention can be drawn to the cued location, and such attentional
orienting helps target detection.

Both voluntary and involuntary attentional orienting can be effected by various spatial cues.
Jonides used a central cue (an arrow pointing to a particular location) to elicit voluntary
orienting and a peripheral cue (a flash appearing in the peripheral of the target location) to elicit
involuntary orienting [25]. It was found that the central cue is susceptible to the participants’
expectation, task difficulty, and cue validity (the probability that the cue and the target appear
in the same location). In contrast, the peripheral cue can draw attention more automatically and
is relatively more robust with respect to the cueing effect than the central cue. Müller et al.
examined the temporal characteristics of voluntary and involuntary attention guidance [40] by
delaying the presence of the target relative to the cue. The cueing effect was found to be
maximal for the central cue when the delay was 300 ms. In contrast, the maximal cueing effect
for the peripheral cue occurred when the delay was 175 ms. The result suggests that we may
use a peripheral cue with instant cue-led time to elicit involuntary orienting [39]. This is
preferred in our work because, as mentioned in Section 1, a visible cue irrelevant to the task at
hand is distracting and may annoy the viewer and because attention guidance by invisible
stimulus is more automatic and resistant to participants’ intention than visible stimulus [8, 37].
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McCormick found that visible and invisible cues demonstrate dissociated effects on
attention guidance [56]. When the cue was visible (high contrast), participants voluntarily
used the cue validity information and responded faster when the target was presented in the
visual hemifield opposite to the cue (because where the probability of the target presence was
higher) than in the same visual hemifield as the cue. In contrast, when the cue was invisible
(low contrast), participants were involuntarily captured by the cue and it was found that
participants responded faster when the target appeared in the same visual field as the cue
(even though it had a lower probability of target presence) than in the opposite visual field.
This interesting result suggests that a visible cue can guide voluntary attention, whereas an
invisible cue can guide involuntary attention.

Common techniques used to create invisible stimuli include the following: limiting the
presentation time, making a low contrast presentation, leveraging inter-ocular suppression, and
forward/backward masking. For example, Tsuchiya et al. invented a method called “continu-
ous flash suppression” that presented a visual stimulus to one eye and continuously flashes
color masks to the other eye [22]. This discrepancy in visual input to the two eyes resulted in
inter-ocular suppression where the strong dynamic masks for one eye masks the weak, low
contrast visual stimulus from the other eye. As a result, the overriding mask is visible and the
weak visual stimulus is invisible. Although this method is successful in making stimulus
invisible even for complex visual stimulus [56, 62], it does not work in real-world applications
since one cannot project discrepant visual inputs to two eyes in a natural environment. Further,
the dynamic color masks may cause undesirable image quality degradation. Mulckhuyse et al.
used limited presentation time and backward masking to make visual stimuli invisible [38, 39].
Location masks were presented immediately after the cue. It was found that the participants
detected the target better when the target appeared at the cued location, suggesting that an
invisible cue can guide attention to the cued location and that backward masking can make the
cue invisible without causing undesirable distraction to the viewer. However, since only the
left and the right visual hemifields were considered, it is unclear how the precision of this
approach can be further enhanced.

3 System description

Our subliminal cueing system directs the visual attention of a viewer to a specific part of a real-
world color image without engaging the viewer’s awareness by briefly flashing a cueing image
before displaying the real-world image. The block diagram of the system is depicted in Fig. 1a.
Given the real-world image and the position that visual attention is to be directed to, this
system automatically generates the cueing image (referred to as “cue” in the remainder of the
paper) through a cue generator. The binary precision parameter is input to the cue generator to
select the cue type. As shown in the flow chart in Fig. 1b, if low precision is selected, the
system generates a blob cue centered at the cue location (Section 4.2). If high precision is
selected, the system first detects if the cue location is inside an object and, if yes, generates an
object cue (Section 4.4); otherwise, it generates a blob cue. A two-step process is adopted to
generate a blob or an object cue. In the first step, we generate a blob image with black
background. For a blob cue, the center of the blob would locate at the input position of the
system. On the other hand, for an object cue, the center of the blob would locate at the center of
the minimum circumscribed circle of the object which is at the input position of the system.
After the blob image is generated, the cue generator blends it with the input real-world image
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to create the cueing image. The display duration of the cueing image is determined by a cue
duration controller. Finally, the display controller sends the images and the display duration
information to a display.

Although subliminal cueing has been studied intensely, which type of cue is more effective
for practical applications is still an open issue. There is no common objective metric for
evaluating the performance of a cue. To address this, we develop four experiments (Section 4)
for subjective performance evaluation of the proposed blob cue and object cue and for
investigating the precision of each kind of cue. Since human face is the most seen object in
images, we separate the evaluation of face cue (Section 4.3) from that of other object cues.

All the approaches discussed in Section 2 use simple uniform gray-scale images for visual
guidance. Whether these approaches work for color images of complex scenes in the real
world should be addressed as well. For this purpose, these experiments are set up in a real-
world environment, not in an idealized lab environment. The design considerations of these
experiments are described in subsequent sections.

3.1 Competition for attention

As described earlier, psychology studies [22, 56] have shown that a short-duration cue
displayed before an image can unconsciously guide the visual attention of a viewer to a certain
targeted image location or area. In this context, the short-duration cue is an attention attractor.
Likewise, image regions with high contrast in color, luminance, or orientation are attention
attractors as well. Personal experience, which also affects visual attention, is another attention
attractor. For example, most observers tend to pay attention to the middle part rather than the
periphery of an image because experience has taught that attention attracting regions are
usually located in the center of an image [51]. These attention attractors are segregated in most

Fig. 1 a Block diagram of the subliminal cueing system, and b flow chart of the cue generator
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psychological studies through a proper control to ensure that only one attention attractor is in
effect. In the real world, however, more than one attractor may exist at the same time and
compete for attention.

Normally, a person can only attend to a limited number of stimuli at any time [61],
and only strong attention attractors have an impact on the final deployment of visual
attention. Therefore, we need to test the strength of the short-duration cue as an
attention attractor against others. Since tracking eye movements is considered a
reliable means for studying human visual attention [63], we use an eye tracker
(Section 4.1) to record eye movements and evaluate the impact of short-duration cues
on visual attention in the presence of other attention attractors. We try to cover as
many competing attractors as possible in our experiments. Test images of various
scenes and from various public websites, including Flickr [10], Free Stock Photos
[16], Waterloo [15], Kodak [28], and SIPI [52], are used in these experiments as
stimuli (Sections 4.2–4.4).

3.2 Visual cues

Visual attention is a selection process in the human brain to decide where or what to focus on
within the visual field. Previous studies in psychology suggest two complementary modes of
the selection process: space-based mode and object-based mode [7, 35, 47]. In the space-based
mode, a location in the visual field is selected, whereas in the object-based mode, an organized
chunk of visual information in the form of an object is selected. Accordingly, we use a blob
cue (Section 4.2) to trigger space-based attention and a face or object cue (Sections 4.3–4.4) to
trigger object-based attention. The blob is chosen because it is small enough to be placed at
any location of an image. The face is chosen because it is often the object of interest in an
image.

The threshold in subliminal stimuli research is the level at which the participant is not aware
of the stimulus being presented [23], and the way to make the stimuli invisible depends on the
type of the stimulus. For the blob cue used in this work, the duration of 50 ms is chosen for the
following two reasons. First, according to the findings in previous studies [4, 5, 17, 46], a
duration below 50 ms is usually used for a spatial cue with similar size and contrast as the blob
cue. Second, the real-world complex image considered in our design would introduce back-
ward masking effect, which allows us to select a cue duration close to the upper limit in the
literature, i.e., 50 ms. For the face and object cues, since the cue is partly overlapping with the
image, the effect of backward masking is excepted to be stronger than the case of blob cue.
Since both of the cues are newly proposed, we select the duration of the cues based on
subjective experiments (Sections 4.3–4.4), where the cue duration being tested are 50, 100, and
200 ms. The durations were empirically chosen by the authors.

3.3 Performance measures

Most psychological studies of short-duration cues primarily focus on their capability
in directing human visual attention. For real-world applications, there is a need to
measure the performance of a visual cue in terms of accuracy (how precisely a visual
cue can draw human attention to the cued location) and efficiency (how fast a visual
cue can draw human attention). These performance measures are used in our exper-
iments and discussed in Sections 4.2–4.4.
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4 Evaluation

The performance of the subliminal cueing system described in Section 3 is evaluated using an
eye tracker and images of real-world scene s. This section describes the experimental setup of
four experiments and the eye tracker.

4.1 Eye tracking apparatus

As visual attention and eye movements are correlated [12, 19, 54], we use an eye
tracking device to locate the image regions of interest in our experiments. An eye
tracker can record various eye movement events, including fixation, saccade, and
blink. The eyes initially fixate on a specific location then jump to another location,
fixate for a while, and jump to another location. They undergo a jump-and-rest scan
pattern. Each jump is called a saccade, and there are about three saccades per second.
When the visual attention is attracted to a particular area or object in the image, most
saccades point toward it. The degree of attention varies from region to region. The
higher the fixation density, the more attractive a region is. An example is shown in
Fig. 2, where the waterfall is the most attended region since it has the highest fixation
density relative to the other regions (e.g., trees) in the image.

The eye tracking system (EyeLink 2000, SR Research Ltd) used in our experiments
consists of an infrared camera, a host PC, a display PC, and a chin-and-forehead rest
as shown in Fig. 3. The infrared camera tracks the eye movements of the viewer, the
host PC records the eye movement data, and the display PC presents the stimuli to
the viewers. The system uses monocular recording, with a resolution of 0.02° RMS.
The eye movement-recording rate is 1000 Hz, and the refresh rate of the display is
60 Hz. At the beginning of each experiment, a calibration procedure with a nine-point
pattern as shown in Fig. 3c is performed to register the eye position with the pixel
location on the monitor.

Fig. 2 An example of human fixation data: a The original image and b the fixation points collected from 16
subjects
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4.2 Experiment 1 (blob cue)

This experiment examined whether a short-duration spatial cue (a blob) presented before the
display of a real-world image attracts an observer's attention. We invited twelve students from
18 to 22 years old at our university to participate in this experiment. All had normal or
corrected-to-normal vision and were naïve about the purpose of this experiment.

The stimuli were displayed on a 22-in. ViewSonic P225f CRT monitor (1024×768
resolution with 60 Hz refresh rate) controlled by an IBM compatible personal computer with
the Psychophysics Toolbox of Matlab software. In the experiment, which consists of a number
of trials, the tracking system described in Section 4.1 recorded eye movements of each subject
and a gray blob (50 pixels in radius) with Weber contrast value of 10 % was used as the spatial
cue. In each trial, the spatial cue was presented for 50 ms at a randomly assigned location,
followed by the presentation of an image (1024×768 pixels) for 3000 ms. A set of 240 images
obtained from the Kodak image database and a number of other public websites were used as
test images. These images were originally taken from various natural scenes, cities, creatures,
and other scenes.

The procedure of this experiment is depicted in Fig. 4. Each participant sat at a viewing
distance 60 cm from the display and fixed his or her head on a chin-and-head rest. A drift
correction was conducted prior to each trial, in which each participant had to fixate on a central
white point of 5×5 pixels and concurrently pressed the space bar on the keyboard to initialize
the trial. The purpose of this calibration step was to make sure that the eyes fixated at the same
location at the beginning of each trial to avoid bias towards particular visual field. This step
was also necessary for obtaining accurate eye movement data over trials. After the trial started,
participants were allowed to view the images freely. Note that we made the gray blob very low
contrast (10 % in Weber’s contrast) and its presentation time very brief (50 ms).

A characteristic of HVS is that the left and right hemifields have independent attentional
object tracking mechanisms [2]. Therefore, if the short-duration blob cue can attract partici-
pants’ visual attention, the fixation is very likely to be directed toward the cued left or right
hemifield. To probe if such attentional guidance exists, we calculate Pe, the probability of “eye
on cued visual field”, for the first and the second fixations. If the “location of cue” is
independent of the “location of fixation”, Pe should be 0.5 because the blob cue is randomly
presented in left and right visual fields. If Pe is higher than 0.5, it means that the location of cue
has an effect on the location of fixation, and a larger value of (Pe-0.5) indicates a stronger
effect of cue location that attracted fixation. The results shown in Fig. 5 indicate that the
second fixation is significantly biased toward the cued hemifield, (t(11)=3.93, p<0.01). Here
3.93 is the t-test coefficient (t-value), and the degree of freedom is 11 because there are 12

Fig. 3 The eye tracking system used in our experiments: a The setup of the eye tracking experiment, b The chin-
and-forehead rest, and c The nine-point calibration pattern
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participants in this experiment. The proportion of the t-distribution beyond the t-value (p-
value) is smaller than 0.01, which means that the probability of the sampled second fixation
points which comes from the same sampling distribution with the mean as 0.5 (i.e., the chance
level) is smaller than 0.01. Therefore, it is concluded that at a 99 % confidence level [59], the
second fixation is dependent on the location of cue. However, no such effect was found for the
first fixation.

To further examine whether the short-duration spatial cue attracts attention to the exact
location, we computed the probability that the first and second fixations were in the cued
quadrant. The chance level now became 0.25 because there were four different cued quadrants.
The results shown in Fig. 6 indicate that neither the first nor the second fixation is biased
toward the cued quadrant (for the first fixation, t(11)=0.88, p<0.3, and for the second fixation,
t(11)=0.96, p<0.3). Together with the above cued hemifield analysis, we conclude that a low
contrast blob cue presented for a short duration is able to attract visual attention to the cued

Fig. 4 The procedure of Experiment 1. Each trial begins with a drift correction, in which the participant has to
fixate on a central white point and concurrently press the space bar on the keyboard to continue the trial. Next, a
randomly located gray blob is presented for 50 ms. Finally, a test image is presented for 3000 ms

Fig. 5 Mean probability distribution of the first and second fixations being directed to the cued hemifield in
Experiment 1. An error bar indicates the standard deviation of the probability distribution of each fixation. The
results show that the second fixation is biased towards the cued hemifield, but no such bias is found for the first
fixation
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hemifield, but the precision is not enough to direct visual attention to the cued quadrant (or
cued location).

4.3 Experiment 2 (face cue)

The lack of cueing precision for a blob cue may be due to the fact that the cue is only a simple
geometric shape. The purpose of this experiment is to verify that an object cue such as a face
leads to a higher cueing precision.

Another group of 24 students aging from 18 to 22 at our university was invited to
participate in this experiment. The apparatus and design of this experiment were the same as
Experiment 1 described in Section 4.2 except for the following. First, we used 20 images from
Flickr with a Creative Commons license [10], each image (1024×768 pixels) containing four
faces. Each face was cued with equal probability and for three different cue durations, 50, 100,
and 200 ms. A between-subjects design [60] that randomly and equally divided the partici-
pants into three groups was used, each group with a different cue duration. The test images
were displayed in random order to remove the effect of presentation order on visual attention.
Second, the face cue was generated from the face image to be displayed so that the difference
between the cue and the displayed image was small and hardly to be noticed during the short
cuing duration. To make an object cue from a face image, we first applied the face detector
developed by Nilsson et al. [41] and circumscribed each detected face by a circle. Then we
gradually attenuated the luminance of the cued face region from the center of the circle to the
boundary. The luminance of the remaining region was also attenuated to avoid any visible
edge at the boundary of the face region. Let I(x, y) denote the displayed image and (xf, yf) and
rf, respectively, denote the center coordinates and the radius of the cued face region. The cue
image C(x, y) is obtained by

C x; yð Þ I x; yð Þe−r2=r2f ; r2 < r2f
I x; yð Þ e−1 ; otherwise

:

(
ð1Þ

where x and y, respectively, denote the horizontal and vertical coordinates of a pixel, and

Fig. 6 Mean probability distribution of the first and second fixations being directed to the cued quadrant in
Experiment 1. The results show that neither the first nor the second fixation is biased toward the cued quadrant.
An error bar indicates the standard deviation of the probability distribution of each fixation

Multimed Tools Appl



r2=(x–xf)
2+(y–yf)

2. An example image and its corresponding face cue thus generated are
shown in Fig. 7.

To examine whether the face cue can guide visual attention to the cued hemifield, we
computed the probability of the first and the second fixation points in the cued hemifield and
compared them with the chance level 0.5. The results shown in Fig. 8 indicate that the second
fixation is biased toward the cued hemifield when the cue duration is 200 ms (t(7)=3.33,
p<0.02), but such gaze bias is not found in the other cases. To further examine whether the
face cue has a higher precision in location, we computed the conditional probabilities of the
first and second fixations being guided (biased) by the cued face given that each of the first and
second fixations was on a face. If a fixation point was indeed directed to the cued face, the
conditional probability should be greater than the chance level 0.25. We can see from the
results in Fig. 9 that the second fixation is biased towards the cued face when the cue duration
is 200 ms (t(7)=3.57, p<0.01), but no such gaze bias was found in the other cases. This
analysis, in conjunction with the cued hemifield analysis in the experiment described in
Section 4.2, indicates that directing the visual attention to a cued location (and hence the cued
hemifield) can be effected by using a face cue with 200 ms cue duration.

Fig. 7 a An image and b its corresponding face cue. In this example, the face of the first person from right is
selected as the cue

Fig. 8 Mean probability distribution of the first and second fixations being directed to the cued hemifield in
Experiment 2. The results show that the second fixation is biased towards the cued hemifield when the cue
duration is 200 ms. An error bar indicates the standard deviation of each probability distribution
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To understand more about how the cue duration affects attentional guidance, we performed
an analysis of variance (ANOVA) test [58] at 99.5 % confidence level [60] to determine the
reliability of the conditional probability differences between different cue durations for the
second fixation. A highly significant simple main effect [48] was found. That is, the face cue
with longer duration led to a more effective attentional guidance. This also suggests that it
takes time for the face cue to bring attentional guidance into effect and that to be most
effective, the cue duration should be as close as possible to the subliminal threshold.

To quantify how the longer cue duration affects attention guidance, we computed the
increase of fixation points inside the cued face region when the cue duration increased from
50 to 200 ms. The results listed in Table 1 show that the increment rate is 80 % for the first
fixation, 143 % for the second fixation, and 130 % for all the fixations within the 3000 ms
presentation duration of the test images. The results show that the attentional guidance of the
face cue can last for at least 3000 ms and that the attentional guidance is strongest at the second
fixation and decreases over time. Figures 10 and 11 show the fixation data of 50 and 200 ms
cue durations for one test image. As we can see, the attention guidance becomes stronger as the
cue duration increases. Moreover, since the attention guidance of the 50 ms cue is not
statistically significant as described earlier in this section, the attention guidance power of
the 200 ms cue (which scores 730 in the second fixation) can be considered to be 243 % of the
uncued case.

To find out if a short-duration face cue has an additional effect on the distribution of focal
points, we compared the fixation density map (which is the probability density map of the
fixation points) of the cued face regions with that of the uncued face regions. Since the cued
face regions were at different locations and had different sizes from trial to trial, a normaliza-
tion of the fixation data was needed. Considering that each cued face region was described by a

Fig. 9 Mean probability distribution of the first and second fixations being directed to the cued face. The results
show that second fixation is biased towards the cued face when the cue duration is 200 ms. An error bar indicates
the standard deviation of each probability distribution i

Table 1 The total number of fixation points inside of the cued face

1st fixation 2nd fixation Fixations within 3000 ms

50 ms 153 300 2239

200 ms 276 730 5150

Ratioa 1.80 2.43 2.3

a The ratio of the number of fixation points inside of the cued face between the two cue durations
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circumscribing circle centered at (xf, yf) with radius rf, we mapped each fixation point (xp, yp)
inside the circle to a point (xn, yn) inside a normalized circle centered at (0, 0) and with radius
rm, the average radius of the cued face regions, by the following formula:

xn; ynð Þ ¼ xp−x f
� �rm

r f
; yp−y f
� �rm

r f

� �
: ð2Þ

In other words, the centers of the circles were aligned first. Then the distance of each
fixation point to the center was proportionally scaled. Fixation data was convolved with
a Gaussian filter to produce the final fixation density map of the cued face regions [29].
The same procedure was applied to generate the fixation density map of the uncued face
regions. The results are shown in Fig. 12. A Student’s T test [55] of the normalized
fixation data yielded a p-value of 0.95, which indicates that the distribution of the
fixation data is statistically indifferent between the cued and uncued images. In other
words, the face cue brings the viewer’s attention to the cued face but it does not affect
the distribution of attention within the face region.

Fig. 10 Fixation data for a test image: a 50 ms cue duration and b 200 ms cue duration. The red dots are the
fixation points inside the cued face (the third face from left) in the second fixation. This example illustrates that
the attention guidance becomes stronger as the cue duration increased from 50 ms to 200 ms

Fig. 11 Fixation data for a test image: a 50 ms cue duration and b 200 ms cue duration. The red dots are the
fixation points inside the cued face (the fourth face from left) in the second fixation. This example illustrates that
the attention guidance becomes stronger as the cue duration increased from 50 ms to 200 ms
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4.4 Experiment 3 (object cue)

The goal of this experiment was to examine if a generalized object cue can subliminally attract
human visual attention. This experiment can tell us the range of applications for object cues. A
positive result means that the proposed attention guiding method may be effective for images
of any objects. If the result is negative, the proposed method is only effective for images of
face. The details of the experiment are described in this section.

4.4.1 Stimuli selection

Theoretically, the proposed attention guiding method should be tested on all kinds of
object cues for performance evaluation. In practice, however, this would result in an
extremely long experiment and is also an extremely large subjective load on participants.
To efficiently evaluate the performance of object cues, we adopted a divide-and-conquer
method by randomly sampling object cues from seven representative object categories. If
these seven object categories were selected in a psychologically meaningful manner, then
our findings from the sampled object cues can be generalized to different kinds of object
cues.

An object categorization method based on brain activity analysis [1] is adopted in this
experiment for picking out representative object cues. This method is chosen because it
categorizes objects based on aspects of psychological signals instead of synonyms because
the latter may not be strongly correlated with human visual attention. In detail, in the
categorization method, Alexander et al. [1] analyzed the relation between fMRI measurement
of the Blood-oxygen-level dependent (BOLD) and humans’ ability to name thousands of
distinct objects through principal components analysis (PCA). Their results show that with the
first to the fourth principle components (PCs), the fMRI measurement can be effectively
related to more than 49 % of the testing objects. Moreover, the four PCs have semantic
interpretations. The first PC distinguishes between moving and still objects, the second PC
distinguishes between indoor social interaction and outdoor activities, the third PC distin-
guishes between nature and civilization, and the fourth PC distinguishes between living and
non-living objects.

Fig. 12 Normalized distribution of fixation points of the second fixation for a cued face region and b uncued
face region
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The second to the fourth PCs were adopted in this experiment for stimuli selection. The first
PC was not adopted because the stimuli used in this experiment were mainly still images, and
it is hard to tell if an object is going to move from a still image. With the second to the fourth
PCs, we categorized the testing objects used in [1] into 8 groups, each of which represented a
combination of the three PCs. The results are shown in Table 2. Since there is no object
corresponding to (−, +, +) from the 1705 objects used in [1], the stimuli used in this experiment
were eventually selected from the rest of the groups (person, plant and animal, structure, craft,
text, vehicle, furniture).

4.4.2 Experiment design and results

Another group of 17 students aging from 18 to 22 at our university was invited to participate in
this experiment. The apparatus and design of this experiment were the same as those of the
experiment described in Section 4.3 except that all of the object cues were presented for
100 ms.

Images from the seven object categories mentioned above were used as the stimuli. For
each category, four test images that contained at least two objects that belonged to it were
selected. All of the images were picked from Scene Understanding database (SUN) [49],
which contains a comprehensive collection of annotated images covering a large variety of
environmental scenes, places and the objects.

To make an object region into an object cue, we decreased the luminance of the image
except for this object region. Specifically, we first detected the object regions in the
image, and each of the detected objects was described by its circumscribing circle. Then
we gradually attenuated the luminance of the cued object region from the center toward
the boundary. We also attenuated the luminance of the other regions to avoid visible
edges in the boundary of the object region. Let I denote the displayed image, (xf, yf) and
rf, respectively, denote the central coordinates and the radius of the circle corresponding
to the cued object region.

The formula for generating a cue image C is as follows:

C x; yð Þ ¼ I x; yð Þe−r2=r2f ; r2 < r2f ;

C x; yð Þ ¼ I x; yð Þ e−1 ; otherwise:
ð3Þ

where x and y, respectively, denote the horizontal and vertical positions of a pixel, and r2=(x−
xf)

2+(y−yf)2.

Table 2 Object categorization
based on PCA analysis (2nd PC, 3rd PC, 4th PC) Object category

(+, +, +) Text

(+, +, −) Plant and animal

(+, −, +) Craft

(+, −, −) Vehicle

(−, −, +) Structure

(−, +, −) Person

(−, −, −) Furniture
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To explore whether the object cue drew participants’ attention to a specific object, the
conditional probability was computed for the following three conditions:

& Cue: The first or second fixations was located at the cued object given that an object cue
was used

& Un-cue: The first or second fixations was located at another object that is the same
category as the cued object given that an object cue was used

& No-cue: The first or second fixations was located at the cued object given that no object
cue was used

The results are shown in Figs. 13 and 14. According to ANOVA statistics, there were
statistically significant differences between “cue” and “no cue” situation and between “cue”
and “un-cue” situations with the second saccade. However, there were no statistically signif-
icant differences between “un-cue” and “no cue” situation. The results indicate that the object
cue can direct human attention to the exact object we cued. Other objects in same categories
should not be affected.

4.5 Experiment 4 (subliminality test)

This experiment was conducted to examine whether the short duration cues used in the
previous experiments were subliminal. We invited another 18 students aging from 18 to
22 at our university to participate in this experiment. All had normal or corrected-to-normal
vision and were naïve about the purpose of this experiment.

Participants’ visual attention allocation can be different from their natural viewing situation
when they were aware of the goal of the experiment. For example, if we explicitly ask the
participants if they see anything presented before an image, it is likely that they would
concentrate on finding something presented before the image instead of viewing the image.
Therefore, the procedure of this experiment is carefully designed to avoid affecting the
attention allocation of the participants.

This experiment had 3 sessions. One for the 50-ms blob cue, another one for the 200-ms
face cue, and the third one for the 100-ms object cue. All sessions contained 20 trials. In each
trial, we showed the participant a cue embedded image and asked them to tell us their first
impression of the image. There were two options for them: positive or negative. The purpose
of this question was to make the participants concentrate on the image viewing task. At the end

Fig. 13 Conditional probabilities of the cue, un-cue, and no-cue objects for the first fixation. The results show
that the first fixation is not biased toward any object in the displayed image
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of the experiment, we asked the participants to tell us if they saw anything abnormal between
the trials and asked them to rate how confident they were in a 5-point Likert scale [33]. The
purpose of this question was to test if the cues were detected.

The experimental results are shown in Table 3, where the detection rate refers to the
percentage of the participants’ seeing the cue, and the average confidence level refers to the
average score in the 5-point Likert scale. The results show that none of the participants
detected the 50-ms blob cue and the 100-ms object cue, and only 5.6 % (1 out of 18) of the
participants detected the 200-ms face cue. The only participant who detected the cue reported
that she saw a flash before the image but she was not sure what was flashed. The average
confidence levels are both higher than 4, which indicated that the participants were confident
about their answers.

5 Discussion

It has been shown that short-duration subliminal cues can attract human visual attention in
simple displays in the laboratory such as in random-dot images or images consisting of simple
geometric figures [36], [43], however it remains unknown about the effect of subliminal cues
in real-world images. Experiment 1 showed that a blob cue presented for 50 ms attracted
human gaze to the cued hemifield but not to the cued quadrant. Experiments 2 and 3 showed
that a 200-ms face cue and a 100-ms object cue attracted human gaze to the cued location.
Experiment 4 confirmed that the short-duration cues which direct human visual attention in the
real-world image did not engage the viewer’s awareness. A statistical analysis of the results of
all experiments showed that the gaze bias predominantly occurred in the second fixation but
not the first one.

These results have two important implications. First, that three kinds of short-duration cues
(blob, face, and object) can direct human visual attention suggests that visual attention can be
deployed before the perception of scene content is formed. Second, the attentional guidance
effect of the short-duration visual cues is not negligible even when they do not engage human
awareness. That is, despite the fact that in the test images there are other high contrast regions,
including faces, which are attention attractors as well [29], the short-duration cues used in our
experiments are able to affect attentional orienting.

The results of the four experiments are helpful in the understanding of the processing
sequence of human visual attention. Recall that a 50-ms duration is sufficient for a blob cue to

Fig. 14 Conditional probabilities of the cue, un-cue, and no-cue objects for the second fixation. The conditional
probabilities show that cue object is more likely to be seen, meaning that the second fixation is biased towards the
cue object
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attract human attention, a 100-ms duration is sufficient for an object cue, whereas a 200-ms
duration is needed for a face cue. The longer cue duration required by the face and object cue
implies that HVS needs more time to process a brightening cue than an added cue, and this can
all happen before the deployment of spatial attention to the cue. Lo et al. observed a similar
phenomenon [34]. Their results show that it takes time for HVS to process a still image even
before spatial attention is deployed to it. Our experiments extend their observation to flashed
images. Also, our results show that the extra processing time for the face cue facilitates the
direction of attention to a more specific location―the cued face.

The results of Experiments 2 and 3 showed that different durations were needed
for different types of cues: 100 ms was sufficient for object cues but 200 ms was
necessary for face cues. As a human face has higher ecological meaning and is
processed more automatically than a nature scene, it is interesting to discuss the
reason why faces require more time for attentional orienting than other objects. One
possibility is due to the content of images we used in different experiments. There
were always four faces in the face cue condition, and it is possible that some un-cued
faces also attracted attention [26] and thus diluted the cueing effect. Therefore, longer
time was needed for each face to attract attention.

Someone might argue that the durations we used for each type of cues were too
long to be subliminal. Indeed, in our study, the duration is much longer than what has
been found in the simple display situation [38]. However, the cue that was used in
their study had sharp boundaries (solid circle on a white background) and was always
presented in the same location, which would induce high contrast and predictable
spatial information. In this work, we used the blob with smooth boundary and it was
randomly presented in the whole visual field. In addition, our method introduces an
interaction between the cue and the color image of the complex natural scene. This
interaction makes the color image a backward masking pattern for the cue and
prolongs the subliminal processing.

It is interesting to find that the gaze bias as an effect of subliminal cuing
predominantly occurs in the second fixation, not the first one. A possible reason of
the phenomenon is that there may be some influence of the calibration procedure on
the first fixation, or that the human tends to first look at the center of a displayed
image, which is known as the central bias tendency [26]. If such a tendency is strong,
it confines the visual attention of the first fixation to the central area of an image.
Thus, unless the cued location happens to be near the image center, our eyes will not
fixate on it in the first fixation. To examine whether the central bias tendency exists
in our experiments, we plotted the fixation data of all test images. The results
confirmed that the central tendency does exist and that it is stronger in the first
fixation than the second and the third fixations. For illustration purposes, the results
for two example images are shown in Fig. 15. In each example, the left image

Table 3 The detection rate of the
subliminal cues 50-ms blob

cue
200-ms face
cue

100-ms object
cue

Detection rate 0 % 5.6 % 0 %

Average confidence
level

4.05 4 4.36
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contains the fixation points of the first fixation, and the right image contains the
fixation points of the second and the third fixations. We can see clearly that the
distribution of fixation points is indeed in accordance with the central bias tendency.

From the results of our experiments, it is reasonable to expect that the proposed object-
based cuing method can be applied to a wide range of objects of interest in practice. The results
of Experiment 3 are directly supportive of this statement, and the results of Experiments 1 and
2 can be viewed as the performance of object cues for corner cases. Specifically, the blob used
in Experiment 1 can be considered an object with little details and the face used in Experiment
2 can be considered an object with great details. It is reasonable to expect that objects with
richness of detailed information in between a blob and a face should be able to direct human
visual attention as well, and the valid cue duration is expected to be between 50 and 200 ms.

Further extensions of this work can be pursued. One possibility is to examine,
from the attention guidance point of view, the interaction between the proposed short-
duration cues and other attention attractors described in Section 3. Another possible
direction of future work is the generalization of the short-duration cuing method to
video sequences. It is anticipated that issues such as the arrangement of cued frames
and the balance between viewing quality and attention guidance performance are
worth studying further.

Fig. 15 Illustration of the central tendency of visual attention to displayed images. The fixation points of the first
fixation of all subjects are shown on the left image, and those of the second and third fixations are shown on the
right image. We can see that most fixation points of the first fixation are located in the central region of the
image―an evidence of the central bias tendancy
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6 Conclusion

We have described a subliminal cuing method that directs human visual attention to real-world
images. Our method contains three types of cues, which have different properties. One is a
spatial cue that could be used with all kinds of images by just flashing a dim blob for 50 ms.
The cue is able to direct attention to the cued hemifield. The other two types of cues require
face/object detectors processing of the image, and they can direct attention to the precise cued
location. However, the cues require more time to guide attention—that is, 200 ms for face cue,
and 100 ms for object cue. Since the cues we discussed here can attract viewer’s attention
unconsciously, the non-intrusive attentional guidance technique described in this paper is
useful for many multimedia applications such as digital signage, advertisement media design,
digital art, and education.
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