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Abstract
We studied the mechanism causing the fluttering-heart illusion in which the motion of an inner figure appears unsynchronized 
compared with that of the outer figure surrounding it although the motion of both figures is objectively synchronized in 
reality. Experiment 1 examined the effect of edges’ luminance contrasts. The illusion was measured under conditions where 
the luminance contrasts of the outer and inner figures’ edges were varied. The results indicated that the illusion occurred 
when the outer figure’s edge had a high luminance contrast and the inner figure’s edge had a low luminance contrast and that 
the illusion was reversed when the outer figure’s edge had a low luminance contrast and the inner figure’s edge had a high 
luminance contrast. Experiment 2 examined the effect of the first- and second-order edges. The illusion was measured under 
conditions where the first- and second-order edges coexisted or only the first-order edges existed. The results indicated that 
the illusion occurred when the outer figure had the first-order edge and the inner figure had the second-order edge, and that 
the illusion was reversed when the outer figure had the second-order edge and the inner figure had the first-order edge. These 
findings supported the hypothesis that the different latencies of edge detection cause the fluttering-heart illusion.

Keywords Fluttering-heart illusion · Optical illusion · Edge detection · Luminance contrast · First-order edge · Second-
order edge

1 Introduction

The fluttering-heart illusion is a phenomenon where the 
movements of inner figures appear unsynchronized with 
those outer figures surrounding them although the move-
ments of both figures are objectively synchronized in reality 
[1–3]. Figure 1 shows a typical stimulus of the fluttering-
heart illusion; the background is a piece of white paper, the 
outer figure is a blue disk, and the inner figure is red and 
heart-shaped. When an observer moves the paper with his/
her hand, the outer blue disk’s motion appears synchronized 
with the hand movement; however, in comparison, the inner 
red heart-shaped figure’s motion appears delayed. In this 
study, we examined the mechanism causing the fluttering-
heart illusion.

Most previous studies have argued that the mechanism 
causing the fluttering-heart illusion is related to color infor-
mation processing. Initial studies argued that the latencies of 
color information processing differ between colors and that 
these differences cause the fluttering-heart illusion [1–3]. 
Some studies indicated that the different latencies between 
colors that cause the fluttering-heart illusion are related to 
rod and cone cell characteristics [4–8]. Other studies showed 
that motion defined by color is perceived more slowly com-
pared to motion defined by luminance, arguing that the flut-
tering-heart illusion can be explained based on differently 
perceived velocities between inner and outer figures [9]. 
Thus, the fluttering-heart illusion has been considered a phe-
nomenon that occurs based on color information processing.

However, other previous studies reported phenomena that 
cannot be explained based on color information processing 
[10]. In the phenomena, the movements of monochrome fig-
ures with a texture whose luminance contrast is low appear 
delayed against the movements of monochrome figures with 
a texture whose luminance contrast is high. Although such 
phenomena can be explained based on the fast latency of 
texture with high luminance contrast and the slow latency of 
texture with low luminance contrast, this explanation does 
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not meet the phenomenon that can be explained based on 
color information processing, e.g., the fluttering-heart illu-
sion that occurs when presented with a typical stimulus (see 
Fig. 1).

Extending these previous studies, we propose a new 
hypothesis to explain a series of phenomena. This hypothesis 
focuses on the edges of outer and inner figures. For example, 
in a typical stimulus (see Fig. 1), the outer figure’s edge 
comprises a white background which is a piece of paper and 
the blue disk which is painted on the paper. On the other 
hand, the inner figure’s edge comprises the blue disk and 
the red heart-shaped figure which are painted on the paper. 
That is, the luminance contrast of the outer figure’s edge is 
high and that of the inner figure’s edge is low. According to 
previous studies, the latencies of detection of edges with low 
luminance contrasts are slow, and the latencies of detection 
of edges with high luminance contrasts are fast [11–17]. 
Therefore, we can hypothesize that the differing latencies 
of edge detection between the outer and inner figures cause 
the fluttering-heart illusion even when a typical stimulus is 
observed (Fig. 2a, b). Moreover, we can hypothesize that the 
fluttering-heart illusion occurs because of differing laten-
cies of texture detection between the outer and inner figures 
when their edges have the same luminance contrasts. Thus, a 
series of phenomena can be explained based on this hypoth-
esis. We call it the edge detection hypothesis.

To examine the edge detection hypothesis, we use the 
working hypothesis that edges’ luminance contrast deter-
mines the direction and amount of the fluttering-heart 
illusion (Fig. 2a–d). That is, differences in edge detection 
latencies between the outer and inner figures cause the flut-
tering-heart illusion even when an achromatic stimulus is 
observed. The movements of figures whose edges have low 
luminance contrasts appear delayed against the movements 
of figures whose edges have high luminance contrasts. The 
amount of the fluttering-heart illusion decreases when the 
luminance contrasts of the outer and inner figures’ edges 
are similar. We can evaluate this working hypothesis by 

examining the effect of the edges’ luminance contrasts on 
the fluttering-heart illusion.

We also use another working hypothesis, namely, the 
fluttering-heart illusion occurs when first- and second-order 
edges coexist (Fig. 2e, f). According to previous studies, 
second-order edges are detected by using a higher process 
than the detection of first-order edges [18–23], which indi-
cates that the latencies of detection of second-order edges 
are slower than the latencies of detection of first-order edges. 
Therefore, differences in the latencies of detection of first- 
and second-order edges cause the fluttering-heart illusion. 
We can evaluate this working hypothesis by examining the 
effect of first- and second-order edges on the fluttering-heart 
illusion.

Therefore, this paper describes two experiments. In 
Experiment 1, the effect of edges’ luminance contrasts on 
the fluttering-heart illusion is examined to evaluate the first 
working hypothesis. In Experiment 2, the effect of first- and 
second-order edges on the fluttering-heart illusion is exam-
ined to evaluate the second working hypothesis. Thus, the 
edge detection hypothesis is evaluated by examining these 
two working hypotheses.

2  Experiment 1: effect of edges’ luminance 
contrasts

2.1  Purpose

We examine the effect of edges’ luminance contrasts on the 
fluttering-heart illusion to evaluate the first working hypoth-
esis: edges’ luminance contrasts determine the direction and 
amount of the fluttering-heart illusion. In this experiment, 
the stimuli’s background has a high luminance, inner figures 
have a low luminance, and outer figures have some condi-
tions of luminance (Fig. 3). Under conditions in which the 
outer figure’s luminance is close to the background but far 
from the inner figure, the outer figure’s edges have a low 
luminance contrast and the inner figure’s edges have a high 
luminance contrast (Fig. 3a, c). Under conditions in which 
the outer figure’s luminance is far from the background but 
close to the inner figure, the outer figure’s edges have a 
high luminance contrast and the inner figure’s edges have a 
low luminance contrast (Fig. 3b, d). We measure the direc-
tion and amount of the fluttering-heart illusion under these 
conditions.

We also have two conditions of color in stimuli (Fig. 3). 
Under the chromatic condition, the background is white, the 
outer figure is blue, and the inner figure is red (Fig. 3a, b). 
This coloring is the same as the typical stimulus presented 
in Fig. 1. Under the achromatic condition, the background is 
white, the outer figure is gray, and the inner figure is black 
(Fig. 3c, d). To examine the effect of the luminance contrasts 

 

Fig. 1  Typical stimulus of the fluttering-heart illusion
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of edges on the fluttering-heart illusion, we combine these 
color and luminance conditions.

2.2  Method

2.2.1  Apparatus

The experiment was conducted in a dark room. Stimuli 

Fig. 2  Illustration showing how 
different latencies of edge detec-
tion cause the fluttering-heart 
illusion. a The outer figure’s 
edge has a high luminance 
contrast, and the inner figure’s 
edge has a low luminance con-
trast; therefore, the inner figure 
has a slower latency of edge 
detection than the outer figure. 
b When the outer and inner 
figures move, the inner figure’s 
perceived position is delayed 
against its actual position due to 
a slower latency, although the 
outer figure’s perceived position 
is not delayed. c The outer fig-
ure’s edge has a low luminance 
contrast, and the inner figure’s 
edge has a high luminance con-
trast; therefore, the outer figure 
has a slower latency of edge 
detection than the inner figure. 
d When the outer and inner 
figures move, the outer figure’s 
perceived position is delayed 
against its actual position due to 
a slower latency, although the 
inner figure’s perceived position 
is not. e The outer figure’s edge 
is defined by luminance, i.e., the 
first-order edge, and the inner 
figure is given a temporally 
modulated luminance that the 
mean luminance is the same as 
the outer figure’s luminance, 
i.e. the inner figure’s edge is the 
second-order edge. f When the 
outer and inner figures move, 
the inner figure’s perceived 
position is delayed against its 
actual position, although the 
outer figure’s perceived position 
is not
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were generated with a workstation (Precision 390, Dell, 
Round Rock, TX) and a 23-inch liquid–crystal display 
(RDT233WX-3D, Mitsubishi Electric, Tokyo, Japan). 
The refresh rate of the workstation’s video card was 
60 Hz. The display was positioned in front of an observer 
whose head was secured with a chin rest and a forehead 
rest. The viewing distance was 57.3 cm. The observer’s 
response was input into the workstation using a numerical 
keypad in the observer’s hand.

2.2.2  Stimuli

Figure 3 shows the schematic of the stimuli used in Experi-
ment 1. The stimuli comprised a background, an outer disk, 
and an inner disk. The background was a luminance of 
10.0 cd/m2, the outer disk was 0.50, 3.00, 5.50, or 8.00 cd/
m2, and the inner disk was 0.30 cd/m2. Under the chromatic 
condition, the background was 0.33 of x and 0.33 of y in the 
International Commission on Illumination (CIE) xyY color 
space; the outer disk was 0.14 of x and 0.07 of y; and the 
inner disk was 0.50 of x and 0.30 of y. Under the achro-
matic condition, the background, outer disk, and inner disk 
were 0.33 of x and 0.33 of y. The outer disk’s diameter was 
10.0°, and the inner disk’s diameter was 5.00°. The cent-
ers of the disks were 0.50° from the screen’s center, and 
the disks were moved clockwise in keeping with this eccen-
tricity. The velocity of the disks’ movements was 4π, 6π, 
8π, or 10π rad/s. The phase difference between the disks’ 
movements was changed by keypad inputs. The step size of 
changing the phase difference was π/180 rad. No fixation 
point was presented.

2.2.3  Observers

Five employees and one undergraduate student from the 
Kanagawa Institute of Technology participated in Experi-
ment 1. Two of them were the authors and the rest were 
naive to the purpose of the experiment. All observers had 
normal or corrected-to-normal visual acuity and normal 
color vision.

2.2.4  Procedure

Before beginning the trials, candidates for observers were 
asked to orally report their experience of the test for vis-
ual acuity or color vision deficiency. The candidates who 
reported that they had normal or corrected-to-normal visual 
acuity and normal color vision were then asked to partici-
pate in the experiment. Informed consent was obtained for 
experimentation with human subjects. The work was con-
ducted in accordance with the Code of Ethics of the World 
Medical Association (Declaration of Helsinki).

Observers were asked to gaze at the moving disks and to 
adjust the phase difference until they observed the inner and 
outer disks’ movements as synchronized. For each trial, the 
experimenter randomly adjusted the phase difference until 
the disks’ movements were clearly unsynchronized, and then 
the observers initiated their adjustments. When pressing the 
“4” and “6” keys of the keypad, the phase difference was 
changed by shifting the inner disk’s phase counterclockwise 
and clockwise, respectively. The observers were informed 
which key should be pressed first to decrease the disks’ 
unsynchronized movements at the start of each trial. During 

Fig. 3  Schematic of stimuli used in Experiment 1. a Chromatic con-
dition with the outer disk’s low luminance. b Chromatic condition 
with the outer disk’s high luminance. c Achromatic condition with 
the outer disk’s low luminance. d Achromatic condition with the 
outer disk’s high luminance
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this trial, the observers pressed the keys to decrease the 
disks’ unsynchronized movements and, when they observed 
the disks’ synchronized movements, they pressed the “enter” 
key of the keypad to complete the trial. For each trial, the 
final phase difference was recorded as the point of subjec-
tive equality (PSE). Each observer performed ten trials for 
each condition.

2.3  Results

Each observer’s mean PSE was first calculated based on 10 
trials for each condition, and the six observers’ mean PSE 
and 95% confidence interval were then calculated accord-
ing to each observer’s mean PSE for each condition. Fig-
ure 4 shows the six observers’ mean PSE plus/minus 95% 

Fig. 4  Six observers’ mean PSE plus/minus 95% confidence inter-
val as a function of the outer disk’s luminance. The horizontal axis 
is the outer disk’s luminance, and the vertical axis is PSE. A posi-
tive PSE indicates that the phase of the inner disk’s movement dif-
fers from that of the outer disk’s movement in the same direction as 
the disks’ movements. That is, the inner disk’s movement appears 
delayed against the outer disk’s movement. A negative PSE indicates 

that the phase of the inner disk’s movement differs from that of the 
outer disk’s movement in the opposite direction to the disks’ move-
ments. That is, the outer disk’s movement appears delayed against the 
inner disk’s movement. The triangles and squares represent results 
under chromatic and achromatic conditions, respectively. The error 
bar represents the 95% confidence interval
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confidence interval as a function of the outer disks’ lumi-
nance. The 95% confidence interval did not include 0π rad 
of PSE under the chromatic conditions of 0.50 and 3.00 cd/
m2 of all the velocity conditions, and the PSE had a positive 
value. The 95% confidence interval also did not include 0π 
rad of PSE under the achromatic conditions of 0.50, 3.00, 
and 5.50 cd/m2 of all the velocity conditions, and the PSE 
had a positive value. These results indicate that the inner 
disk’s movement appears delayed against the outer disk’s 
movement. The 95% confidence interval did not include 0π 
rad of PSE under the chromatic conditions of 8.00 cd/m2 
of all the velocity conditions, but the PSE had a negative 
value. These results indicate that the outer disk’s movement 
appears delayed against the inner disk’s movement. Thus, 
the fluttering-heart illusion occurs under these conditions, 
but the direction of illusion is reversed under the chromatic 
conditions of 8.00 cd/m2 of all the velocity conditions.

A three-way (outer disk’s luminance × color × velocity of 
disks’ movements) analysis of variance (ANOVA) was con-
ducted using Huynh–Feldt ε because Mauchly’s sphericity 
test rejected the sphericity assumption. Tables 1 and 2 show 
the results of those statistical tests. The second-order inter-
action was insignificant. The interactions between the outer 
disk’s luminance and color, and between the outer disk’s 
luminance and the velocity of the disks’ movements were 
significant. The interaction between the color and the veloc-
ity of the disks’ movements was insignificant. The effects 
of the outer disk’s luminance and the velocity of the disks’ 
movements were significant. The effect of color was insig-
nificant. These results indicate that the effect of the outer 
disk’s luminance interacts with color or with the velocity of 
the disks’ movements.

Multiple comparisons using Bonferroni’s method were 
conducted to further examine the interaction between the 
outer disk’s luminance and color. Table 3 shows the results 
of those statistical tests. Under the chromatic condition, 
except for the pair in the 3.00- and 5.50-cd/m2 conditions 
and the pair in the 5.50- and 8.00-cd/m2 conditions, all 
pairs of the outer disk’s luminance had significant differ-
ences. Under the achromatic condition, except for the pair 
in the 5.50- and 8.00-cd/m2 conditions, all pairs of the 
outer disk’s luminance had significant differences. These 
results indicate that the luminance contrasts of the outer 
and inner disks’ edges affect the fluttering-heart illusion 

and such effects differ between chromatic and achromatic 
conditions.

Multiple comparisons using Bonferroni’s method were 
also conducted to further examine the interaction between 
the outer disk’s luminance and the velocity of the disks’ 
movements. Table 4 shows the results of those statisti-
cal tests. Under the condition of 4π rad/s, except for the 
pair in the 3.00- and 8.00-cd/m2 conditions and the pair 
in the 5.50- and 8.00-cd/m2 conditions, all pairs of the 
outer disk’s luminance had significant differences. Under 
the conditions of 6π, 8π, and 10π rad/s, except for the 
pair in the 3.00- and 5.50-cd/m2 conditions and the pair in 
the 5.50- and 8.00-cd/m2 conditions, all pairs of the outer 
disk’s luminance had significant differences. These results 
indicate that the luminance contrasts of the outer and inner 
disks’ edges affect the fluttering-heart illusion and such 
effects depend on the velocity of the disks’ movements.

Table 1  Results of the Mauchly’s sphericity test in Experiment 1

Factor W χ2 df P

Outer disk’s luminance .056 10.7 5 .066
Velocity of disks’ movements .007 18.4 5 .003
Outer disk’s luminance × Color .076 9.60 5 .097
Color × Velocity of disks’ movements .083 9.26 5 .109

Table 2  Results of the three-way ANOVA in Experiment 1

Factor F df MSE p ηp
2

Outer disk’s lumi-
nance × Color × Velocity of 
disks’ movements

2.56 4.97, 24.8 0.02 .054 .338

Outer disk’s luminance × Color 25.9 2.40, 12.0 0.01 .000 .838
Outer disk’s luminance × Veloc-

ity of disks’ movements
24.6 7.09, 35.5 0.01 .000 .831

Color × Velocity of disks’ move-
ments

2.87 2.91, 14.5 0.01 .074 .365

Outer disk’s luminance 103 1.88, 9.38 0.04 .000 .954
Color 0.86 1.00, 5.00 0.03 .397 .146
Velocity of disks’ movements 17.1 1.12, 5.61 0.06 .006 .774

Table 3  Results of the multiple comparisons to examine the interac-
tion between the outer disk’s luminance and color in Experiment 1

Color Outer disk’s luminance Significance

Chromatic 0.50 cd/m2 vs. 3.00 cd/m2 p < .05
0.50 cd/m2 vs. 5.50 cd/m2 p < .05
0.50 cd/m2 vs. 8.00 cd/m2 p < .05
3.00 cd/m2 vs. 5.50 cd/m2 n.s
3.00 cd/m2 vs. 8.00 cd/m2 p < .05
5.50 cd/m2 vs. 8.00 cd/m2 n.s

Achromatic 0.50 cd/m2 vs. 3.00 cd/m2 p < .05
0.50 cd/m2 vs. 5.50 cd/m2 p < .05
0.50 cd/m2 vs. 8.00 cd/m2 p < .05
3.00 cd/m2 vs. 5.50 cd/m2 p < .05
3.00 cd/m2 vs. 8.00 cd/m2 p < .05
5.50 cd/m2 vs. 8.00 cd/m2 n.s
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2.4  Discussion

The results from Experiment 1 support the first working 
hypothesis that the edges’ luminance contrasts determine the 
direction and amount of the fluttering-heart illusion. When 
the outer disk’s edge had a high luminance contrast and the 
inner disk’s edge had a low luminance contrast, i.e., under 
the 0.50- and 3.00-cd/m2 conditions, the fluttering-heart illu-
sion occurred even when the stimuli were achromatic. The 
direction of the fluttering-heart illusion was reversed when 
the outer disk’s edge had a low luminance contrast and the 
inner disk’s edge had a high luminance contrast, i.e., under 
the chromatic conditions of 8.00 cd/m2. The amount of illu-
sion decreased when the luminance contrasts of the outer 
and inner disks’ edges were similar, i.e., under the chromatic 
and achromatic conditions of 3.00 cd/m2. Thus, under these 
conditions, the luminance contrasts of the outer and inner 
disks’ edges determined the direction and amount of the 
fluttering-heart illusion.

Although the results under the achromatic conditions 
of 5.50 and 8.00 cd/m2 seem inexplicable in terms of the 
effect of the luminance contrasts of the outer and inner 

disks’ edges, they are explicable by observing the interac-
tion with mean luminance (Fig. 5). Under these conditions, 
the outer disk’s edge had a low luminance contrast, and the 
inner disk’s edge had a high luminance contrast. However, 
the mean luminance of the outer disk’s edge, i.e., the back-
ground and outer disk’s mean luminance, was high, and the 
mean luminance of the inner disk’s edge, i.e., the outer and 
inner disks’ mean luminance, was low. Therefore, the edge 
with a low luminance contrast and high mean luminance was 
quickly detected compared to the edge with a high luminance 
contrast and low mean luminance because brighter stimuli 
are detected faster compared to darker stimuli [24–27]. In 
future, we intend to examine this explanation further.

Differences between the chromatic and achromatic condi-
tions indicate that color information processing contributes 
to the mechanism of the fluttering-heart illusion. Note that, 
in terms of color information processing, the fluttering-heart 
illusion under the achromatic condition is inexplicable, and 
this seems to indicate that the mechanism is independent 
of color information processing. However, one could not 
explain the results under the chromatic condition, especially 
differences from the results under the achromatic condition, 
without the contribution of color information processing. 
Thus, although it is not the primary mechanism, color infor-
mation processing contributes to the mechanism causing the 
fluttering-heart illusion.

The results that the amount of the fluttering-heart illusion 
depended on the velocity of the disks’ movements support 
the edge detection hypothesis. Figure 6 shows the explana-
tion based on the edge detection hypothesis. In Fig. 6, the 
outer disk’s edge has a high luminance contrast, and the 
inner disk’s edge has a low luminance contrast. Movements 
are slow in Fig. 6a and fast in Fig. 6b. The slower latencies 
of the low contrast edges compared with the high contrast 
edges are the same in Fig. 6a, b. Note that the difference 
between the actual and perceived positions of the inner 
disk’s edge is greater in Fig. 6b compared to that in Fig. 6a. 
That is, the amount of the fluttering-heart illusion increases 
with the increased velocity of the disks’ movements. Thus, 
the mechanism that the amount of the fluttering-heart illu-
sion depends on the velocity of the disks’ movements is 
explained by the edge detection hypothesis.

3  Experiment 2: effect of first‑ 
and second‑order edges

3.1  Purpose

We examine the effect of the first- and second-order edges 
on the fluttering-heart illusion to evaluate the second work-
ing hypothesis: the fluttering-heart illusion occurs when 
first- and second-order edges coexist. In this experiment, 

Table 4  Results of the multiple comparisons to examine the interac-
tion between the outer disk’s luminance and the velocity of the disks’ 
movements in Experiment 1

Velocity of disks’ 
movements

Outer disk’s luminance Significance

4π rad/s 0.50 cd/m2 vs. 3.00 cd/m2 p < .05
0.50 cd/m2 vs. 5.50 cd/m2 p < .05
0.50 cd/m2 vs. 8.00 cd/m2 p < .05
3.00 cd/m2 vs. 5.50 cd/m2 p < .05
3.00 cd/m2 vs. 8.00 cd/m2 n.s
5.50 cd/m2 vs. 8.00 cd/m2 n.s

6π rad/s 0.50 cd/m2 vs. 3.00 cd/m2 p < .05
0.50 cd/m2 vs. 5.50 cd/m2 p < .05
0.50 cd/m2 vs. 8.00 cd/m2 p < .05
3.00 cd/m2 vs. 5.50 cd/m2 n.s
3.00 cd/m2 vs. 8.00 cd/m2 p < .05
5.50 cd/m2 vs. 8.00 cd/m2 n.s

8π rad/s 0.50 cd/m2 vs. 3.00 cd/m2 p < .05
0.50 cd/m2 vs. 5.50 cd/m2 p < .05
0.50 cd/m2 vs. 8.00 cd/m2 p < .05
3.00 cd/m2 vs. 5.50 cd/m2 n.s
3.00 cd/m2 vs. 8.00 cd/m2 p < .05
5.50 cd/m2 vs. 8.00 cd/m2 n.s

10π rad/s 0.50 cd/m2 vs. 3.00 cd/m2 p < .05
0.50 cd/m2 vs. 5.50 cd/m2 p < .05
0.50 cd/m2 vs. 8.00 cd/m2 p < .05
3.00 cd/m2 vs. 5.50 cd/m2 n.s
3.00 cd/m2 vs. 8.00 cd/m2 p < .05
5.50 cd/m2 vs. 8.00 cd/m2 n.s
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the stimuli’s background have a high luminance, the outer 
figures have a temporally modulated luminance, and the 
inner figures have a low luminance (Fig. 7). Under condi-
tions in which the outer figures’ mean luminance is the same 
as the background’s luminance, the outer figures have sec-
ond-order edges and the inner figures have first-order edges 
(Fig. 7a). Under conditions in which the outer figures’ mean 
luminance is the same as the inner figures’ luminance, the 
outer figures have first-order edges and the inner figures 
have second-order edges (Fig. 7b). We measure the direc-
tion and amount of the fluttering-heart illusion under these 
conditions.

3.2  Method

The stimuli and observers in Experiment 2 differed from 
those in Experiment 1, but the other methods in Experiment 
2 were the same as those in Experiment 1. The details of the 
stimuli and observers are as follows.

Figure 7 shows a schematic of the stimuli used in Experi-
ment 2. The background was the same as in Experiment 1. 
The outer and inner disks had the same sizes and movements 
as in Experiment 1. The outer disk comprised dots, and each 
dot was 3 min arc wide and 3 min arc high. The outer disk 

had a temporally modulated luminance. Each dot’s lumi-
nance was 3.00 or 8.00 cd/m2 under the 5.50-cd/m2 condi-
tion of the outer disk’s mean luminance, 4.50 or 9.50 cd/
m2 under the 7.00-cd/m2 condition of the outer disk’s mean 
luminance, 6.00 or 11.0 cd/m2 under the 8.50-cd/m2 condi-
tion of the outer disk’s mean luminance, or 7.50 or 12.5 cd/
m2 under the 10.0-cd/m2 condition of the outer disk’s mean 
luminance, and was randomly determined with 50% prob-
ability every 16 ms. The outer disk’s mean luminance of 
10.0 cd/m2 was the same luminance as the background; 
therefore, the outer disk had the second-order edge under 
this condition (Fig. 7a). The outer disk’s mean luminance 
of 5.50 cd/m2 was the same luminance as the inner disk that 
had a homogeneous luminance of 5.50 cd/m2; therefore, the 
inner disk had the second-order edge under this condition 
(Fig. 7b). Thus, the outer disk had the first-order edge and 
the inner disk had the second-order edge under the 5.50-cd/
m2 condition of the outer disk’s mean luminance, and the 
outer disk had the second-order edge and the inner disk had 
the first-order edge under the 10.0-cd/m2 condition of the 
outer disk’s mean luminance.

One employee who had participated in Experiment 1 and 
six undergraduate students from Tokiwa University par-
ticipated in Experiment 2. One of them was the author and 

Fig. 5  Illustration showing the interaction between luminance con-
trast and mean luminance. a The low mean luminance with the high 
luminance contrast has a slower latency than the high mean lumi-
nance with the low luminance contrast. b The slower latency of the 

low mean luminance with high luminance contrast causes the delay 
of the perceived position against the actual position when the figure 
moves
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the rest were naive to the purpose of the experiment. All 
observers had normal or corrected-to-normal visual acuity 
and normal color vision.

3.3  Results

Each observer’s mean PSE was first calculated based on 10 
trials for each condition, and the seven observers’ mean PSE 
and 95% confidence interval were then calculated accord-
ing to each observer’s mean PSE for each condition. Fig-
ure 8 shows the seven observers’ mean PSE plus/minus 95% 
confidence interval as a function of the outer disk’s mean 
luminance. The 95% confidence interval did not include 0π 
rad of PSE under 5.50 cd/m2 of all the velocity conditions, 
and the PSE had a positive value. These results indicate 
that the inner disk’s movement appears delayed against the 
outer disk’s movement. The 95% confidence interval did not 
include 0π rad of PSE under 10.0 cd/m2 of all the velocity 
conditions, and the PSE had a negative value. These results 
indicate that the outer disk’s movement appears delayed 
against the inner disk’s movement. Thus, the fluttering-heart 
illusion occurs under these conditions, but the direction of 
illusion is reversed under 10.0 cd/m2 of all the velocity 
conditions.

A two-way (outer disk’s mean luminance × velocity of 
disks’ movements) ANOVA was conducted because Mauch-
ly’s sphericity test did not reject the sphericity assumption. 
Tables 5 and 6 show the results of those statistical tests. 
The interaction between the outer disk’s mean luminance 
and the velocity of the disks’ movements was significant. 
The effect of the outer disk’s mean luminance was signifi-
cant. The effect of the velocity of the disk’s movements was 
insignificant. These results indicate that the effect of the 
outer disk’s mean luminance interacts with the velocity of 
the disks’ movements.

Multiple comparisons using Bonferroni’s method were 
conducted to further examine the interaction between the 
outer disk’s mean luminance and the velocity of the disks’ 
movements. Table 7 shows the results of those statistical 
tests. Under the condition of 4π rad/s, the pair in the 5.50- 
and 8.50-cd/m2 conditions, the pair in the 5.50- and 10.0-cd/
m2 conditions, the pair in the 7.00- and 10.0-cd/m2 condi-
tions, and the pair in the 8.50- and 10.0-cd/m2 conditions 
had significant differences. Under the conditions of 6π, 8π, 
and 10π rad/s, except for the pair in the 7.00- and 8.50-cd/
m2 conditions, all pairs of the outer disk’s mean luminance 
had significant differences. These results indicated that the 
luminance contrasts of the outer and inner disks’ edges affect 

Fig. 6  Illustration showing the explanation of the effect of the velocity of disks’ movements. a Case where movement is slow. b Case where 
movement is fast
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the fluttering-heart illusion and such effects depend on the 
velocity of the disks’ movements.

3.4  Discussion

The results that the fluttering-heart illusion occurred under 
the 5.50 cm/m2 conditions support the second working 
hypothesis. Under these conditions, the outer disk had the 
first-order edge, and the inner disk had the second-order 
edge. That is, the latency of detecting the inner disk’s edge 
was slower than the latency of detecting the outer disk’s 
edge. This caused the inner disk’s movement that appeared 
delayed against the outer disk’s movement. Thus, the flutter-
ing-heart illusion occurred when the first- and second-order 
edges coexisted.

The results that the fluttering-heart illusion was reversed 
under the 10.0-cd/m2 conditions also support the second 
working hypothesis. Under these conditions, the outer disk 
had the second-order edge, and the inner disk had the first-
order edge. That is, the latency of detecting the outer disk’s 
edge was slower than the latency of detecting the inner 

disk’s edge. This caused the outer disk’s movement that 
appeared delayed against the inner disk’s movement. Thus, 
the fluttering-heart illusion was reversed even when the first- 
and second-order edges coexisted.

We need to further examine the fluttering-heart illusion 
under conditions in which the first- and second-order edges 
coexist. In Experiment 2, second-order edges were defined 
by a temporal modulation in luminance. However, features 
that can define second-order edges are not only temporal 
modulation in luminance. For example, differences in tex-
ture or color can define second-order edges [18–23]. Exami-
nation under conditions in which second-order edges are 
defined by such features is necessary, and this is our future 
work.

The results that the amount of the fluttering-heart illu-
sion depended on the velocity of the disks’ movements sup-
port the edge detection hypothesis. The explanation in the 
last paragraph of Sect. 2.3 can apply to conditions where 
the first- and second-order edges coexist (Fig. 9). In Fig. 9, 
outer disks have first-order edges, and inner disks have sec-
ond-order edges. Movements are slow in Fig. 9a and fast in 

Fig. 7  Schematic of stimuli used in Experiment 2. a Condition where the outer disk’s mean luminance is the same as the background’s lumi-
nance. b Condition where the outer disk’s mean luminance is the same as the inner disk’s luminance
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Fig. 9b. The slower latencies of the second-order edges com-
pared with first-order edges are the same in Fig. 9a, b. Note 
that the difference between the actual and perceived posi-
tions of the inner disk’s edge is greater in Fig. 9a compared 

Fig. 8  Seven observers’ mean PSE plus/minus 95% confidence interval as a function of the outer disk’s mean luminance. The positive or nega-
tive PSE indicates the same as Fig. 7. The error bar represents the 95% confidence interval

Table 5  Results of the Mauchly’s sphericity test in Experiment 2

Factor W χ2 df p

Outer disk’s mean luminance .100 10.9 5 .058
Velocity of disks’ movements .210 7.38 5 .202

Table 6  Results of the two-way ANOVA in Experiment 2

Factor F df MSE p ηp
2

Outer disk’s mean luminance × 
Velocity of disks’ movements

9.37 9, 54 0.02 .000 .610

Outer disk’s mean luminance 81.3 3, 18 0.05 .000 .931
Velocity of disks’ movements 0.39 3, 18 0.02 .759 .061
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to that in Fig. 9a. That is, the amount of the fluttering-heart 
illusion increases with the increased velocity of the disks’ 
movements. Thus, the edge detection hypothesis can explain 
that the amount of the fluttering-heart illusion depends on 
the velocity of the disks’ movements when first- and second-
order edges coexist.

The amount of the fluttering-heart illusion in Experiment 
2 was larger than that in Experiment 1, and this is explicable 
based on the edge detection hypothesis. In Experiment 1, the 
slower latency of detecting the low luminance contrast edge 
than the latency of detecting the high luminance contrast 
edge caused the illusion. Note that both low luminance con-
trast edge and high luminance contrast edge were the first-
order edges. That is, the first-order edge detection mecha-
nism detected them. In Experiment 2, the slower latency of 
detecting the second-order edge compared with the latency 
of detecting the first-order edge caused the illusion. Note 
that detecting the second-order edge was after detecting the 
first-order edge. That is, the differences in the latencies of 
edge detection were larger in Experiment 2 than in Experi-
ment 1, and this caused the larger amount of the illusion in 
Experiment 2 than in Experiment 1 (see Fig. 2). Thus, the 

edge detection hypothesis can explain the results that the 
amount of the illusion became larger in Experiment 2 than 
in Experiment 1.

The variance of the amount of the fluttering-heart illusion 
in Experiment 2 was also larger than that in Experiment 1, 
and this is explicable based on individual differences in the 
perception of luminance. In Experiment 2, we defined the 
second-order edge as the outer disk’s edge under the condi-
tions where the background and the outer disk had equilu-
minance, or as the inner disk’s edge under the conditions 
where the outer disk and the inner disk had equiluminance. 
These equiluminances were not based on each observer’s 
perception of luminance. The observers who perceived equi-
luminance and the second-order edges had a large amount 
of the illusion, whereas the observers who did not perceive 
equiluminance and perceived the first-order edges had a 
small amount of the illusion. Such differences between the 
observers caused the larger variance of the amount of the 
illusion in Experiment 2 than in Experiment 1. We intend to 
examine by using equiluminance based on each observer’s 
perception of luminance in the near future.

4  General discussion

As described in Sects. 2 and 3, the results obtained from 
Experiments 1 and 2 supported the first and second work-
ing hypotheses, respectively; therefore, these results support 
the edge detection hypothesis. Edges’ luminance contrasts 
determined the direction and amount of the fluttering-heart 
illusion in Experiment 1. Differences in latencies of detec-
tion between the first- and second-order edges caused the 
fluttering-heart illusion in Experiment 2. These results and 
a series of phenomena reported in previous studies [1–10] 
were explicable by the edge detection hypothesis. Thus, we 
can conclude that the edge detection hypothesis is a valid 
hypothesis for explaining the mechanism causing the flut-
tering-heart illusion.

Note that supporting the edge detection hypothesis does 
not controvert other hypotheses on the mechanism causing 
the fluttering-heart illusion. For example, color informa-
tion processing contributed to the mechanism causing the 
fluttering-heart illusion in Experiment 1, although it was not 
the main mechanism (see the eighth paragraph in Sect. 2.3). 
The fluttering-heart illusion would occur based on only color 
information processing if the luminance contrasts of the 
outer and inner figures’ edges were the same. Thus, other 
hypotheses should examine them under conditions where the 
luminance contrasts of the outer and inner figures’ edges are 
the same, and this is our future work.

Additionally, we need to further examine the edge detec-
tion hypothesis to display the mechanism causing the flut-
tering-heart illusion. The interaction between the edges’ 

Table 7  Results of the multiple comparisons to examine the interac-
tion between the outer disk’s mean luminance and the velocity of the 
disks’ movements in Experiment 2

Velocity of disks’ 
movements

Outer disk’s mean luminance Significance

4π rad/s 5.50 cd/m2 vs. 7.00 cd/m2 n.s
5.50 cd/m2 vs. 8.50 cd/m2 p < .05
5.50 cd/m2 vs. 10.0 cd/m2 p < .05
7.00 cd/m2 vs. 8.50 cd/m2 n.s
7.00 cd/m2 vs. 10.0 cd/m2 p < .05
8.50 cd/m2 vs. 10.0 cd/m2 p < .05

6π rad/s 5.50 cd/m2 vs. 7.00 cd/m2 p < .05
5.50 cd/m2 vs. 8.50 cd/m2 p < .05
5.50 cd/m2 vs. 10.0 cd/m2 p < .05
7.00 cd/m2 vs. 8.50 cd/m2 n.s
7.00 cd/m2 vs. 10.0 cd/m2 p < .05
8.50 cd/m2 vs. 10.0 cd/m2 p < .05

8π rad/s 5.50 cd/m2 vs. 7.00 cd/m2 p < .05
5.50 cd/m2 vs. 8.50 cd/m2 p < .05
5.50 cd/m2 vs. 10.0 cd/m2 p < .05
7.00 cd/m2 vs. 8.50 cd/m2 n.s
7.00 cd/m2 vs. 10.0 cd/m2 p < .05
8.50 cd/m2 vs. 10.0 cd/m2 p < .05

10π rad/s 5.50 cd/m2 vs. 7.00 cd/m2 p < .05
5.50 cd/m2 vs. 8.50 cd/m2 p < .05
5.50 cd/m2 vs. 10.0 cd/m2 p < .05
7.00 cd/m2 vs. 8.50 cd/m2 n.s
7.00 cd/m2 vs. 10.0 cd/m2 p < .05
8.50 cd/m2 vs. 10.0 cd/m2 p < .05
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luminance contrasts and the edges’ mean luminance was 
unclear in Experiment 1 (see the sixth and seventh para-
graphs in Sect. 2.3). Examination under conditions where 
the second-order edges were defined by differences in lumi-
nance or color was necessary for Experiment 2 (see the fifth 
paragraph in Sect. 3.3). Furthermore, we must examine other 
working hypotheses to evaluate the edge detection hypoth-
esis. We intend to conduct such examinations in the near 
future.

4.1  Fluttering‑heart illusion in mesopic 
and photopic vision

Some studies have reported that the fluttering-heart illusion 
more easily occurs in mesopic than in photopic vision [1–3]. 
For example, the fluttering-heart illusion occurs in dim light, 
but not in bright light when the same stimulus is observed. 
Such findings suggest that the mechanism causing the flut-
tering-heart illusion is strongly related to mesopic vision.

However, several studies have reported that the fluttering-
heart illusion also occurs in photopic vision [9, 10], and 
the reason for this inconsistency has yet to be clarified. In 
fact, this study’s experiments were conducted in photopic 
vision, and the results indicated that the fluttering-heart illu-
sion occurred. Clearly, photopic vision is also related to the 
mechanism causing the fluttering-heart illusion. We need 

to explain why the fluttering-heart illusion did not occur in 
photopic vision in some studies [1–3].

The edge detection hypothesis could explain this incon-
sistency on the basis of light reflectance. In studies which 
reported that the fluttering-heart illusion occurred only in 
mesopic vision, objects that reflected light but did not emit 
light were used for stimuli [1–3]. For instance, a piece of 
white paper is used for the stimulus, and the outer and inner 
figures are painted on the paper. The light reflectance of the 
paper, i.e. the background, is 80.0%, that of the outer figure 
is 35.0%, and that of the inner figure is 25.0%. When the 
light source under which the luminance of a perfect reflect-
ing diffuser (100% reflecting white) is 4.00 cd/m2 illumi-
nates the background and figures, the luminance of the back-
ground is 3.20 cd/m2, and the luminances of the outer and 
inner figures are 1.40 and 1.00 cd/m2, respectively. Note 
that this luminance condition accords with mesopic vision. 
Although the outer edge’s luminance contrast is not high, 
the inner edge’s luminance contrast is very low. The latency 
of detection of the inner edge is very slow—slower than the 
latency of detection of the outer edge. Therefore, the flutter-
ing-heart illusion occurs in mesopic vision. When the light 
source under which the luminance of a perfect reflecting 
diffuser (100% reflecting white) is 100 cd/m2 illuminates the 
background and figures, the luminance of the background 
is 80.0 cd/m2, and the luminances of the outer and inner 
figures are 35.0 and 25.0 cd/m2, respectively. Note that the 

Fig. 9  Illustration presenting the explanation of the effect of the velocity of disks’ movements. a Case where movement is slow. b Case where 
movement is fast
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luminance condition accords with photopic vision. Although 
the inner edge’s luminance contrast is lower than the outer 
edge’s luminance contrast, it is sufficiently high to detect the 
inner edge as fast as to detect the outer edge. Therefore, the 
fluttering-heart illusion does not occur in photopic vision. 
Thus, the edge detection hypothesis could explain the reason 
for the inconsistency, and we intend to examine this explana-
tion in the near future.

4.2  Edge detection hypothesis and motion 
detection mechanism

Although the edge detection hypothesis is valid for explain-
ing the mechanism causing the fluttering-heart illusion, its 
relation to the motion detection mechanism is not clear. In 
the edge detection hypothesis, the mechanism causing the 
fluttering-heart illusion is explained without the motion 
detection mechanism (see Fig. 2). However, the fluttering-
heart illusion is a phenomenon of motion perception; there-
fore, the mechanism causing it is obviously related to the 
motion detection mechanism. We need to relate the edge 
detection hypothesis to motion detection mechanism.

The effect of luminance contrast on motion perception 
would be important for clarifying the relation between the 
edge detection hypothesis and the motion detection mecha-
nism. In particular, the effect on the perception of global 
motion would be crucial because the perceived motion in the 
fluttering-heart illusion is global motion. According to previ-
ous studies, the increment of luminance contrast facilitates 
the perception of global motion [28]. In other words, the 
perception of global motion is made difficult with decreasing 
luminance contrast. Such phenomena are explained based on 
the characteristics of the motion detection mechanism [28]. 
That is, when luminance contrast is low, local motion detec-
tors generate weak motion signals, and these weak motion 
signals are input into global motion detectors. As the results, 
the perception of global motion is made difficult. We could 
relate the edge detection hypothesis to the motion detection 
mechanism if the slow latencies of edge detection were rel-
evant to generating weak motion signals. This is our future 
work.

4.3  Effects of physical afterimages caused 
by characteristics of liquid crystal displays 
(LCDs)

Although no observers reported any afterimages of the 
stimuli in Experiments 1 and 2, there were physical after-
images caused by the characteristics of LCDs. According 
to previous studies, actual exposure duration of stimuli 
presented with LCDs becomes longer than exposure dura-
tion calculated from the refresh rate of video cards [29]. 
Response time of LCDs causes such phenomena. When 

the actual exposure duration of one video frame is longer 
than the exposure duration calculated from the refresh rate, 
motion stimuli are with physical afterimages. Thus, we 
need to discuss the effects of such physical afterimages on 
the results obtained from Experiments 1 and 2.

The results obtained from Experiments 1 and 2 would 
be inexplainable based on physical afterimages caused 
by the characteristics of LCDs. To explain the results 
of Experiment 1, we need assuming that the effect of 
physical afterimages on edge detection differs between 
conditions of luminance contrast. For instance, physical 
afterimages facilitate high luminance contrast edge detec-
tion and obstruct low luminance contrast edge detection. 
Similarly, the assumption that the effect of physical after-
images differs between the first- and second-order edges 
is necessary for explaining the results of Experiment 2. 
For instance, physical afterimages facilitate detecting the 
first-order edges and obstruct detecting the second-order 
edges. However, such assumptions seem to unreasonable 
because physical afterimages would work as noise in the 
edge detection mechanism. It seems reasonable to assume 
physical afterimages obstruct detecting any edges. This 
assumption means that the results of Experiments 1 and 
2 are inexplainable based on physical afterimages. We 
intend to examine these assumptions in the near future.

5  Conclusion

This paper described two experiments examining the 
mechanism causing the fluttering-heart illusion. In Experi-
ment 1, the effect of edges’ luminance contrasts on the 
fluttering-heart illusion was examined, and edges’ lumi-
nance contrasts determined the direction and amount of 
the illusion. Experiment 2 examined the first- and second-
order edges’ effect on the fluttering-heart illusion and dif-
ferences in the latencies of detection between the first- and 
second-order edges were observed to cause the illusion. 
The results obtained from Experiments 1 and 2 indicated 
that differences in the latencies of edge detection caused 
the fluttering-heart illusion.
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