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Abstract
Realistic appearance and complexity in the visual field are known to affect the strength of vection (visually induced self-
motion perception). Although surface properties of materials are, therefore, expected to be visual features that influence 
vection, to date, the results have been mixed. Here, we used computer graphics to simulate self-motion through rendered 3D 
tunnels constructed from nine different materials (bark, ceramic, fabric, fur, glass, leather, metal, stone, and wood). There are 
three ways in which the new stimuli are changed from those found in previous studies: (1) as they move, their appearances 
interactively change with the 3D structures of the simulated world, as do all the lighting effects and 3D geometric appear-
ances, (2) they are colored, (3) and their components covered a large portion of the visual field. The entire inner surface of 
each tunnel was composed from one of the nine materials, and optic flow was evoked when an observer virtually moved 
through the tunnel. Bark, fabric, leather, stone, and wood effectively induced strong vection, whereas, ceramic, glass, fur, 
and metal did not. Regression analyses suggested that low-level image features such as the lighting and amplitude of spatial 
frequency were the main factors that modulated vection strength. Additionally, subjective impressions of the nine surface 
materials showed that the perceived depth, smoothness, and rigidity were related to the perceived vection strength. Overall, 
our results indicate that surface properties of materials do indeed modulate vection strength.

Keywords  Vection · Surface properties · Material · Simulation · Computer graphics · Spatial frequency

Introduction

When a large area of the visual field is stimulated by coher-
ent motion, stationary observers (illusorily) perceive that 
they themselves are moving (typically in the direction oppo-
site the stimulus motion). This type of visually induced illu-
sion of self-motion is called vection (Dichgans and Brandt 
1978; Howard 1982; Palmisano et al. 2015; Hettinger et al. 
2014; Palmisano et al. 2011). Vection is typically measured 
using two metrics: induction and strength. Vection induc-
tion measures whether vection exists (including its latency 
and duration), and vection strength measures the subjective 
intensity of the induced vection, which can range from weak 
to strong.

Past vection studies have at least partially examined how 
the ‘naturalness’ of stimuli affect perceived vection strength 
(i.e., Riecke et al. 2006; Bubka and Bonato 2010; Telford 
et al. 1995; Nakamura 2013). Riecke et al. (2006) showed 
that natural scenes can induce stronger vection than scram-
bled natural scenes and those upright natural scenes produce 
stronger vection than the inverted ones. Bubka and Bonato 
(2010) used video clips that depicted forward travel down a 
corridor from a first-person perspective as a vection stimu-
lus. They found that colored video clips induced stronger 
vection than gray-scale video clips. These results suggest 
that real-life (naturalistic) stimuli can induce stronger vec-
tion than non-naturalistic stimuli. Like Bubka and Bonato 
(2010) and Telford et al. (1995) used real motion and camera 
motion that passed through a real physical environment and 
showed that those naturalistic vection stimuli were effec-
tive for vection induction. Nakamura (2013) recorded a 
video clip using a camera set in front of a moving train. 
After enhancing the color saturation of the original movie 
and adding blur, he found that the natural, unedited ver-
sion induced stronger vection than the modified versions. 
He proposed the “naturalness hypothesis”, which predicts 
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that vection strength is stronger the more natural an image 
is. Additionally, other studies have used the motion of real 
physical rooms and other real environments (Allison et al. 
1999; Klient 1937; Lishman and Lee 1973; Witkin and Asch 
1948). Therefore, determining which visual properties of 
natural objects affect vection induction and strength might 
help us understand why we perceive the strongest vection in 
real-world environments and when watching movies. Kim 
et al. (2016) indicated that the naturalness, or realism, of 
stimuli might be a key factor that contributes to the effect 
that surface properties have on vection. The primary objec-
tive of this study was, therefore, to use modified (more 
realistic) stimuli to determine how surface properties affect 
vection, thus gaining a better understanding of how the natu-
ralness of stimuli can affect vection strength. Towards this 
end, we created realistic and natural vection stimuli with 
surface properties that varied by material.

Real-world environments contain objects made from 
many kinds of materials, such as metal, fabric, wood, and 
liquids. Several reports have indicated that the human vis-
ual system automatically perceives and categorizes differ-
ent materials accurately and rapidly (Sharan 2009; Sharan 
et al. 2014). This ability plays an important role in obtaining 
information about objects and environments, which aids safe 
living in three-dimensional (3D) environments. Our rapid 
visual categorization of materials suggests that a mate-
rial itself could include visual features that affect vection 
strength.

Indeed, several studies have investigated the influence of 
surface properties on vection strength. Ogawa et al. (2014) 
examined whether the surface properties of nine different 
types of materials (bark, ceramic, fabric, fur, glass, leather, 
metal, stone, and wood) that humans encounter in daily 
life influenced vection strength. They reported that surface 
properties had little effect on vection strength. However, the 

stimuli in their study might not have been appropriate for 
examining the effect of surface properties on vection. The 
stimuli in the Ogawa et al. study did not actually simulate 
realistic interactions between lighting and material surface 
properties (so they would only have looked realistic when 
they were not moving) (Fig. 1). The authors also note that 
the each of the Ogawa et al. stimuli always consisted of eight 
individual objects rather than one large continuous ground 
surface or tunnel Fig. 1. By contrast, the stimuli used by Kim 
et al. (2016) did not suffer from either of these serious prob-
lems. Kim et al. found that ‘natural’ interactions between 
lighting and material surface properties were more likely to 
induce vection than inverted and unnatural conditions.

In contrast to Ogawa et al. (2014) and Kim et al. (2016) 
reported that surface properties could modulate vection 
strength. They found that a natural surface with a specular 
component related to the 3D surface could induce stronger 
vection compared with that of an unnatural surface made by 
inverting the specular highlight luminance. They simulated 
continuous 3D surfaces (a ground plane with bumps), light-
ing effects and material properties. The study showed that 
vection strength generated using the luminance inversion 
was impaired relative to that generated by conditions with 
ecologically correct diffuse and/or specular flow. Partici-
pants could not perceive the 3D surface correctly when the 
luminance of the surface was inverted and unnatural. Thus, 
the results indicated that 3D surface perception did have 
some effect on vection induction.

Other studies have also found that realistic/complex 
stimuli can increase vection strength. Nakamura et  al. 
(2010) examined the effect of dynamic lighting on vection 
induction. Their study used an optic flow with dots whose 
luminance alternated coherently at 1 Hz between white and 
gray. The vection magnitude was much weaker under the 
changing luminance conditions than under normal lighting 

Fig. 1   Example of stimuli used 
by Ogawa et al. (2014). Eight 
objects with certain surface 
properties were moved to the 
right at a constant speed. This 
figure was reprinted from 
Ogawa et al. (2014)
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conditions. Seno et al. (2010) reported that the complexity 
of moving patterns could modulate vection strength. When 
horizontal and vertical gratings were superimposed in com-
plex manners, the vection strength was much stronger than 
that induced by stimuli consisting of simpler patterns made 
by a single vertical or horizontal grating. These findings sug-
gest that more natural and complex surface properties might 
induce stronger vection than less natural and simple ones.

In addition to natural lighting and complexity, some 
studies have reported that 3D structure modulates vection 
strength (Riecke et al. 2006; Brandt et al. 1975; Ohmi et al. 
1987; Ohmi and Howard 1988; Howard and Heckman 1989; 
Telford et al. 1992; Ito and Shibata 2005; Nakamura and 
Shimojo 2000; Ito and Fujimoto 2003; Nakamura 2008). 
Vection strength was enhanced by adding depth into 2D 
optic flow (Allison et al. 2014; Palmisano 2002; Palmisano 
et al. 2016; Ito and Shibata 2005). Furthermore, adding a 
3D structure like a static foreground in front of the 2D dot-
motion plane, also modulated vection strength (Nakamura 
and Shimojo 2000; Ito and Fujimoto 2003; Nakamura 2008). 
These findings indicate that adding 3D structure might 
enhance the effect that surface properties have on vection.

These findings motivated us to revisit the issue of 
vection and surface properties by creating natural and 
realistic stimuli using 3D models. In our previous report 
(Ogawa et al. 2014), we failed to demonstrate that sur-
face properties of materials affected vection. However, if 
this failure was related to the unnatural stimuli used in 
the study, we should be able to observe surface property 

effects on vection by changing the stimuli based on the 
subsequent results found in Kim et al. (2016), i.e., the 
increased naturalness, employing 3D effects, using a 
continuous surface. The main problem with the Ogawa 
et al. stimuli was that they were two-dimensional. The 
textures were static and did not incorporate changes in 
lighting that occur in simulated 3D environments. Each 
component had the same statically drawn pattern, which 
did not change with the perceived motion. The stimuli in 
the current study overcome this deficiency; each texture 
lining the inside of the tunnel interacted with the lighting 
and the tunnel geometry, changing appearance depending 
on the positional relationship between the tunnel and the 
viewpoint (camera position) (Fig. 2). Finally, in Kim et al. 
(2016), the stimuli were not colored. In this current study, 
we employed colored stimuli for increasing the naturalness 
of the stimuli. The modified stimuli are the main difference 
between the current and previous our own study. 

Experiment 1

Methods

Ethics statement

The study was pre-approved by the Ethics Committee of 
Kyushu University.

Fig. 2   Schematic of the position 
of the point light source at the 
entrance of the tunnel
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Apparatus

Stimuli were generated and controlled by a computer (Alien-
ware-M18x, Dell, Austin, TX) and presented on a plasma 
display (3D Viera 65-inch, Panasonic, Japan; 1920 × 1080 
resolution, 60-Hz refresh rate). The maximum luminance 
(RGB = [255, 255, 255]) was 43.9 cd/m2. The experiments 
were conducted in a dark chamber. The frame rate was fixed 
at 60 Hz for all nine material surfaces and was not affected 
by the complexity of the stimuli. Each pixel subtended about 
0.06 × 0.06°.

Participants

Thirteen adult volunteers participated in Experiment 1. 
Participants were graduate and undergraduate students 
aged between 21 and 53 years (8 males and 5 females; 
mean age 27.61) who were all naïve regarding the purpose 
of the experiment. All participants were of sound physical 
and mental health, with normal color vision and normal or 
corrected to normal eyesight, and no history of any of the 
following conditions: ear pain or headache when boarding 
aircraft, vestibular system disease, cardiorespiratory disease, 
moderate balance disorder, dizziness, or altitude sickness 
(this information was obtained based on self-report). This 
experiment was conducted using a within-participant design 
and participants experienced all nine conditions.

Visual stimuli

Virtual 3D dynamic images (movies) were generated using 
a rendering algorithm from the Unity game development 
platform (Version 5.6.1f1 Personal), as shown in Fig. 3. Nine 
different types of surfaces were simulated (bark, ceramic, 
fabric, fur, glass, leather, metal, stone, and wood). These 
nine materials have previously been used in functional mag-
netic resonance imaging studies, perceptual studies (Hira-
matsu et al. 2011; Hiramatsu and Fujita 2015), and our pre-
vious vection study (Ogawa et al. 2014).

Except for fur, we applied the built-in Unity shader1 to the 
materials. The standard Unity shader incorporates physically 
based shading, simulating the interactions between materi-
als and light in a way that mimics reality. We also applied 
additional built-in shaders to remove some of the standard 
effects, giving priority to obtaining a realistic appearance. 
Not all simulations were suitable for all materials. For 
example, when we applied the standard shader to the tunnel 
composed of leather, the leather appeared unnaturally blue 
because of the influence of the sky. Therefore, we ascer-
tained whether or not the tunnel appearance resembled the 
intended materials in Experiment 2 and confirmed that the 

Fig. 3   Vection stimuli used 
in Experiment. The surfaces 
covered the large portion of the 
visual field

1  “Shader” is a technical computer-graphics term that refers to the 
whole program that calculates shade, shadows, and lighting. Here, we 
used various shaders for each material, as described in the main text.
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participants did not feel that the stimuli were unnatural or 
unreal. For fur, we applied a custom fur shader that con-
sidered the Lambertian reflectance and the ambient condi-
tions. The fur shader allowed fur length and transparency 
parameters to be specified, which helped simulate realistic 
fur geometry and appearance. We set the fur length, from 
0 to 0.35 m. Please refer to the appendix for more details 
regarding the lighting and material parameters used in Unity.

The tunnel was 290 m long and had a 15-m diameter in 
the 3D virtual space. We simulated forward self-motion at 
2 m/s. The virtual camera used for rendering had a field of 
view (FOV) of 72° (horizontal) × 44° (vertical). The stimuli 
subtended 100.2° × 71° at a viewing distance of 57 cm. Thus, 
the simulated (virtual) FOV and the real size of the viewing 
visual angle were different. The simulated FOV was chosen 
because larger stimuli have been shown to induce stronger 
vection (e.g., Brandt et al. 1973; Berthoz et al. 1975; Held 
et al. 1975). This distortion was not a critical problem, as 
evidenced by the debriefing session in Experiment 2, in 
which the stimuli were presented in the same viewing con-
dition and participants orally reported that they did not feel 
that they were unnatural or unreal. However, it should be 
noted here that this particular display modification (FOV 
distortion) might also have reduced the naturalness of their 
stimuli. This effect should be taken into account when inter-
preting the results.

Sky with the ground was used as the background. The 
virtual 3D scene was simulated in perspective using environ-
ment mapping. The most characteristic feature of perspec-
tive is that objects appear smaller as their distance from the 
observer increases. For lighting, we applied environmental 
mapping (an image-based lighting technique), which approx-
imated the appearance of a reflective surface. Please refer the 
URL (https​://www.docs.unity​3d.com/2018.3/Docum​entat​
ion/Manua​l/class​-Cubem​ap.html) for more details. We also 
included a point-light source at the entrance of the tunnel 
so that participants could observe the materials inside the 
tunnel (Fig. 3). The inside of opaque materials was hardly 
affected by the environmental mapping.

Generally, ceramic, glass, and metal surfaces are 
smooth and have less trackable features than the other six 
surfaces we chose. Here, we define trackable features as 
large differences in local contrast and edges. These track-
able features can be easily extracted using mathematical 
models such as feature or saliency maps (Itti et al. 1998; 
Harel et al. 2007; Ronneberger et al. 2015). Alternatively, 
much simpler high-pass filtering, like the Laplacian filter-
ing described in the result section of Experiment 1, can 
obtain nearly the same results. We believe that the track-
able features defined here are equivalent to perceptually 
salient features and we thus speculated that the degree to 
which an object’s features are trackable strongly affects 
perceived vection strength. To enhance motion perception 

and to induce strong enough vection in all nine condi-
tions, we thus reasoned that the inside of the tunnel should 
include many irregular bumps, which would increase the 
degree of trackability and act as salient features for estab-
lishing clear and strong motion and vection perception.

To make the tunnel geometry very bumpy, we added 
Perlin noise (Perlin 2002), a type of gradient noise that 
enables representation of natural-appearing textures such 
as clouds and smoke. First, we prepared a lattice mesh 
that consisted of 120 × 120 vertices. The mesh was bent 
into a cylindrical shape around the z axis to generate a 
tunnel with a radius of 1 m (minimum radius as the base-
ment). Then, we calculated offsets between 0 and 2 m as 
2D height fields using Perlin noise, which were added 
to the minimum radius (1 m) at each vertex. Therefore, 
the radius became at most 3 m and at least 1 m. Figure 4 
shows how the tunnel geometry was generated. Please 
refer to the appendix for generating the tunnel geometry 
for more details. The tunnel shape was fixed throughout 
the experiment.

While the global tunnel geometry was fixed through-
out the experiments, additional bumps and details were 
rendered as local bumps as follows. Normal mapping was 
applied to render small bumps in the detailed geometries 
of bark, fabric, and the stimuli in Experiment 3. We addi-
tionally applied bump mapping for more realistic appear-
ances. Furthermore, the geometry for fur was generated 
by adding hairs to the basic tunnel geometry. We rendered 
and adjusted such details for realistic natural appearances 
so that the participants did not feel that the stimuli were 
unnatural or unreal. In fact, our test described in Table 1 
showed that the participants felt these stimuli were natural. 
See the appendix for more details about these techniques 
and parameters.

Procedure

Participants observed the stimuli at a 57-cm viewing dis-
tance. There was no fixation point and participants’ heads 
were not fixed with a chin rest. In each trial, one of nine 
stimuli was presented for 40 s. As in our previous studies 
(Seno et al. 2013, 2015, 2017), participants were asked to 
press the space bar whenever they perceived forward self-
motion and to keep the key depressed for its duration. We 
were thus able to record the latency and duration of vection. 
After each trial, participants rated the subjective vection 
strength using a 100-point rating scale where 0 represented 
no vection and 100 represented very strong vection. Each of 
the nine stimulus conditions was repeated four times for a 
total of 36 trials. The order of conditions was pseudorand-
omized such that each condition occurred the same number 
of times.

https://www.docs.unity3d.com/2018.3/Documentation/Manual/class-Cubemap.html
https://www.docs.unity3d.com/2018.3/Documentation/Manual/class-Cubemap.html


2680	 Experimental Brain Research (2019) 237:2675–2690

1 3

Results and discussion

The results of Experiment 1 for the three vection indices are 
shown in Fig. 5. We observed a tendency for vection to have 
shorter latency, longer duration, and greater magnitude when 
the tunnel surface was made from bark, fabric, leather, stone, 

or wood than when it was ceramic, fur, glass, or metal. The 
initial one-way ANOVA revealed a significant main effect 
of surface material on vection magnitude (F(13,104) = 24.23, 
p = 0.000). Post hoc comparisons showed numerous signifi-
cant differences in magnitude, revealing that four materials 
(ceramic, fur, glass, and metal) induced weaker vection than 

Fig. 4   The cross-sectional shape 
of the tunnel used in Experi-
ment 1 and of the tunnel with 
bumps created by Perlin noise

Table 1   The reported perceived materials for nine surface qualities

Significant italic is the correct answer
Significant bold italic is the correct answer in a broad sense

Subject no. Bark Ceramic Fabric Fur Glass Leather Metal Stone Wood

1 Bark Snow, ice Fabric Fur Water Rock Ice Rock Wood
2 Rock with moss Ice, fabric Fabric (jeans) Fur Glass Leather Ice, glass Rock Wood
3 Bark Metal Fabric Fur Aurora Fabric Glass Rock Wood
4 Bark Water Fabric Fur Glass Leather Crystal Rock Wood
5 Bark Water Netted fabric Fur Water Rock Glass Rock Wood
6 Bark (pine) Metal Rough fabric Quicksand Fabric Leather Silk Rock Wood
7 Bark Ice Carbon Fabric Glass Rock Metal Rock Wood
8 Bark Ice Fabric Fur Water Rock Ice Rock Wood
9 Rock Ice Fabric (jeans) Fur Plastic Leather Water Rock Wood
10 Bark Crystal Chain mail Sand Crystal Leather Ice Rock Wood
11 Bark Ceramic Fabric Fur Glass Leather Metal Rock Wood
12 Rock Glass Metal Fur Organdy Leather Glass Rock Wood
13 Rock Metal Fabric Sand storm Silk Sand Metal Rock Rock
14 Bark Silk Fabric (jeans) Fur Syrup Leather Mercury Rock Wood
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the other five (bark, fabric, leather, stone, and wood) (Ryan’s 
method, p < 0.05, see Fig. 6). The same tendencies (main 
effects and post hoc comparison results) were also observed 

for vection latency and duration. The shortest latencies, 
longest durations, and largest magnitudes were observed for 
bark, however, the values did not differ significantly from 

Fig. 5   Results for the three 
vection indices of latency 
(upper), duration (middle), and 
magnitude (lower) for the nine 
material surfaces in Experiment 
1. Error bars represent SEs
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those for the other four materials that evoked strong vection. 
Vection strength was nearly identical for the four materials 
that produced weak vection.

We tried to increase the trackable features (e.g., Lu and 
Sperling 1995) inside the tunnel by making it appear very 
bumpy. Therefore, the simulated ceramic, glass, and metal 
tunnel stimuli should have been trackable enough to induce 
some vection. However, vection was weaker for these sur-
faces than for those made from the other materials. The 
effect of surface material on vection might not be directly 
related to the number of trackable features, or it might not 
be the only contributing factor.

We used an edge detection algorithm to quantitatively 
estimate a trackability index and compared it across stimuli. 
First, we applied Laplacian filtering to static images cap-
tured from each dynamic stimulus at 4-s intervals and con-
verted each image into gray scale. Next, the value for each 
pixel was rounded up to 255 (white) or down to 0 (black). 
Some examples of the images after conducting these calcula-
tions are shown in Fig. 7. The sum for each surface material 
(i.e., number of white pixels) was then calculated. Finally, 
the sum was divided by the total pixel number. The resulting 
trackability index values for the nine different stimuli used 
in Experiment 1 are presented in Fig. 8. The materials that 

Fig. 6   Results of Ryan’s method for magnitude in Experiment 1. 
Red and blue cells in the matrix indicate the significant differences 
between pairs of nine material surfaces at a significance level of 
0.05. Red indicates that the magnitude of the material in the row was 

stronger than that in the column. Blue indicates the opposite results. 
Note that the matrix is diagonally symmetric and black cells indicate 
the pairs of the same materials, which do not have statistical values
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evoked stronger vection tended to have a larger trackability 
index and vice versa, indicating that trackable features play 
a role in modulating vection strength.

These results suggest that vection strength can be strongly 
affected by the surface properties of a material. Ceramic, 
fur, glass, and metal were inefficient at inducing vection. 
Some participants (at least 5 out of 13) stated in the sub-
jective reports after the experiment that these 4 materials 
were perceived as smoother than the other 5. This greater 
perceived smoothness might thus be related to the weaker 
vection. Similarly, some participants reported that they per-
ceived the fur as sand or quicksand (Table 1). The fur was 
also perceived as very smooth, which might account for its 
inability to induce strong vection. Thus, in Experiment 2, 
we examined in more detail how the participants perceived 
these nine surface materials using six subjective measures.

Experiment 2

Experiment 2 asked how the nine different material surfaces 
were perceived. We systematically examined the subjective 
perceptions of the tunnel stimuli and calculated their low-
level image statistics. We then determined what subjective 
characteristics and which low-level visual features affected 
vection strength.

Methods

Apparatus

The apparatus used in Experiment 2 was the same as that in 
Experiment 1.

Participants

The same nine participants who participated in Experiment 
1 also participated in Experiment 2.

Visual stimuli

The same nine materials and 3D tunnel stimuli from Experi-
ment 1 were used in Experiment 2.

Procedure

The nine tunnel stimuli were pseudorandomly presented 
once each to each participant (nine trials). The participants 
observed each stimulus for 10 s and subjectively evaluated 
it for six different characteristics: smoothness, naturalness, 
complexity, reality, rigidity, and depth. Ratings were given 
using visual analog scales (VASs). We translated the lengths 
on the VASs into values between 0 (no smoothness) and 100 

Fig. 7   Examples of images after conversion by Laplacian filtering. The amounts of trackable features might be visible in these images

Fig. 8   Calculated amounts 
of trackable features on each 
surface material
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(ultimately very smooth). No standard stimulus was pro-
vided as a baseline for comparison and participants thus pro-
vided the subjective values as freely as possible. Therefore, 
we think that the absolute values of these subjective impres-
sions are less important than the relative values between the 
nine materials. We did not give any concrete instructions to 
the participants for making these ratings and thus reduced 
the risk of inducing experimenter demands.

Analysis

To examine how low-level image statistics and individ-
ual subjective perceptions of vection stimuli affected the 
strength of vection measured in Experiment 1, we conducted 
regression analyses using linear mixed models (LMMs), 
which enabled individual variations to be handled as ran-
dom effects.

First, we analyzed low-level image statistics using static 
images captured from nine vection stimuli. The display RGB 
primary luminance was measured by a luminance and color 
meter (Konika-Minolta CS100A). We linearized the image 
RGB values by assuming display gamma as 2.2 and calcu-
lated the CIE L*a*b* values of the images on the display. 
This yielded four low-level image statistics: mean, variance, 
skewness, and kurtosis of L* (lightness) histograms. We also 
calculated the amplitude of the spatial frequency (SF) of 
L* values for the static images. First, we conducted 2D fast 
Fourier transform over the central maximum square part of 
the stimuli (1080 × 1080 pixels) and obtained the SF ampli-
tudes for SFs ranging from 0.14 to 7.6 cycles/degree (7.6 is 
the Nyquist frequency). Then we divided the SFs into two 
ranges, low (lower than 1 cycle/degree) and high (higher 
than 1 cycle/degree), and integrated amplitude over the 
low and high ranges. We only divided SFs into two ranges 
because multicollinearity (strong correlation between two 
SFs) appeared if we divided them into three or more ranges. 
We set the border between low and high SFs at 1 cycle/
degree because multicollinearity also appeared if we set the 
border at the middle part of the SFs. All image analyses were 
performed using MATLAB (version R2018a, MathWorks, 
Natick, MA).

We then analyzed the effects of low-level image statistics 
using LMMs in which vection magnitude or latency was the 
response variable. The four low-level image statistics in L* 
histograms and the amplitudes for low and high SF were 
fixed effects, and participant IDs were the random effects. 
Since the different image statistics had varying ranges, we 
used z-scored values of the statistics in the models. We 
examined vection magnitude as a representative vection 
measure after confirming the normality of the data. Latency 
was log transformed in the models because of positively 
skewed raw data. Since latency and duration were nega-
tively correlated (r = − 0.89, Pearson correlation), we did 

not analyze duration. To avoid overfitting by imputing all 
statistics in a model at the same time, we first investigated 
the relative importance of L* histogram and SF by perform-
ing log-likelihood ratio tests to compare the model with both 
L* histogram statistics and SF with the models without L* 
histogram statistics or SF. For model comparison, we used 
maximum likelihood (ML) for the fitting. If model fitting 
significantly decreased by omitting L* histogram statistics 
or SF, then type-III Wald χ2 tests were used to examine the 
significance of each fixed effect specified in a simple model 
with only L* histogram statistics or SF. Restricted maximum 
likelihood (REML) was used for the fitting.

Similarly, we examined the effect of the subjective 
impressions of the tunnels using an LMM in which vection 
magnitude or log-transformed latency was the response vari-
able, the six impression measures (smoothness, naturalness, 
complexity, reality, rigidity, and depth) were fixed effects, 
and participant IDs were again the random effects. We used 
z-scored impressions for this analysis to compare the effects 
of low image statistics on vection measures with those of the 
impressions. For impressions that were found to significantly 
affect vection magnitude or latency, we further conducted 
LMM analyses to investigate which low-level image statis-
tics were related to the impressions (non-z-scored values 
were used for this analysis). All LMM analyses were per-
formed with the lme4 and car packages in R software (ver. 
3.4.0).

Identification task

We also obtained descriptive names that 14 participants (13 
were the same as in Experiment 1) associated with the stim-
uli. Participants were asked what they thought the tunnel was 
made from, and they answered intuitively. We sequentially 
provided the participants with static images of each tunnel 
stimulus. No clues or hints were given as to the name of the 
materials lining the tunnels and everything the participants 
said was recorded. The interviewer did not speak with the 
participants during the response period to avoid introducing 
bias. Participants could describe the stimuli as they wished. 
However, their answers were summarized as a few words. 
The participants were allowed to observe each image for as 
long as they wished.

Results and discussion

Subjective qualities differed across the nine materials. For 
example, bark was perceived to be rough, while glass and 
ceramic were perceived to be smooth. Metal was perceived 
as rigid and fur was perceived to be flexible. The results of 
Experiment 2 are presented in Fig. 9.

Figure 10 shows the variation in low-level image sta-
tistics across the tunnel stimuli. Regarding magnitude, 
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log-likelihood ratio tests showed that both L* histogram 
statistics and SF had significant effects (L* histogram sta-
tistics: χ2 = 31.3, df = 4, p < 0.0001, SF: χ2 = 16.64, df = 2, 
p < 0.001). The simple model with only L* histogram sta-
tistics showed that mean and variance had significant effects 
(L* mean: p < 0.0001, L* variance: p < 0.05, type-III test) 
on the magnitude of vection. This model produced fixed-
effect estimates of − 21.0 and − 11.79 for the mean and vari-
ance, respectively, suggesting that lighter and higher contrast 
stimuli were related to lower vection magnitude. The simple 
model with only SF revealed that high SF had a significant 
effect on vection magnitude (p < 0.0001, type-III test) and 
the estimated high SF was 12.87, suggesting that high SF in 
a tunnel stimulus drives higher vection magnitude.

For latency, log-likelihood ratio tests showed that both 
L* histogram statistics and SF significantly affected vection 
latency (L* histogram statistics: χ2 = 22.49, df = 4, p < 0.001, 

SF: χ2 = 8.26, df = 2, p < 0.05). The simple model with only 
L* histogram statistics showed that mean, variance, and 
kurtosis had significant effects on vection latency (mean: 
p < 0.0001, variance: p < 0.01, kurtosis: p < 0.05, type-III 
test). The model gave fixed-effect estimates of 0.52, 0.46, 
and 0.60 for the mean, variance, and kurtosis, respectively, 
suggesting that lighter and higher contrast stimuli were 
related to longer vection latency. The simple model with 
only SF indicated that high SF had a significant effect on 
vection latency (p < 0.001, type-III test) and that the fixed-
effect estimate of high SF was − 0.22, suggesting that high 
SF in a stimulus leads to shorter vection latency.

The initial results of Experiment 2 indicated that some 
materials were perceived as smooth and that this quality 
might have resulted in weaker vection than what was induced 
by rougher materials. These findings can be explained by the 
subsequent analysis; smoother materials have few high SF 
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Fig. 9   The results (radar plots) of subjective evaluations of six aspects of the surface materials



2686	 Experimental Brain Research (2019) 237:2675–2690

1 3

components, which lead to weaker vection. Furthermore, 
we found a strong correlation between the amplitude of 
high SFs and the trackability indices for the nine stimuli 
(r = 0.99, p < 0.0001, Pearson correlation). This indicates 
that the high SF metric in Experiment 2 and the trackability 
index described in Experiment 1 essentially measured the 
same quality.

The LMM analysis examining the effects of z-scored 
impressions on vection showed that depth, smoothness, and 
rigidity significantly affected vection magnitude (depth: 
p < 0.01, smoothness: p < 0.05, rigidity: p < 0.05, type-III 
test), whereas only rigidity had a significant effect on vection 
latency (rigidity: p < 0.05, type-III test). Estimated values of 
these effects (depth: 5.52; smoothness: − 5.99; rigidity: 5.19 
for magnitude and − 1.6 for log-transformed latency) were 
not as large as the effects estimated from image statistics, 
suggesting that low-level image statistics, rather than sub-
jective impressions, might be the primary factor affecting 
vection strength.

We conducted similar LMM analyses to examine the 
effects of low-level image statistics on the impressions 
of depth, smoothness, and rigidity, because they had sig-
nificant effects on vection magnitude. Depth was greatly 
influenced by the mean of the L* histogram (p < 0.0001, 
type-III test) and was slightly influenced by both SF ranges 
(low SF: p < 0.01, high SF: p < 0.01, type-III test). Esti-
mated values for these fixed effects (L* mean: − 21.72, low 
SF 7.06, high SF: 7.54) suggested that dark stimuli con-
taining considerable texture-enhanced depth perception. 

Rigidity might be related to the mean and skewness of the 
L* histogram (mean: p < 0.0001, skewness: p < 0.01, type-
III test) and was slightly influenced by both SF ranges (low 
SF: p < 0.001, high SF: p < 0.01, type-III test). Estimated 
values for these fixed effects (L* mean: − 24.16, L* skew-
ness: − 19.83, low SF: 10.85, high SF: 8.58) suggested 
that dark and negatively skewed stimuli containing con-
siderable texture were related to the perception of rigidity. 
Smoothness was influenced by the mean and variance of 
L* histograms (mean: p < 0.0001, variance: p < 0.05, type-
III test). High SF also had a significant effect on perceived 
rigidity (p < 0.0001, type-III test). Estimated values for 
these fixed effects (L* mean: 21.15, L* variance: 16.64, 
high SF: − 15.77) suggested that lighter and higher con-
trast stimuli with less texture were related to the percep-
tion of smoothness.

Overall, LMM analyses indicated that vection might be 
influenced by low-level image statistics of stimuli. However, 
the effects that each type of image statistic had on vection 
measures and on the impressions, and the effects that the 
impressions had on vection (estimated by the LMM analy-
ses) might be specific to the stimuli used in this study. Since 
we used only one exemplar stimulus for one material cat-
egory, caution should be taken when generalizing the effects. 
We should note that the sample size was relatively small 
because we could only use the data from participants who 
participated both Experiments 1 and 2. Hence, the statistical 
power was low and further investigations are necessary to 
confirm the current results.

Fig. 10   Z-scored values of low-
level image statistics of L* his-
tograms and spatial frequency 
amplitude of the static images 
of nine vection stimuli plus two 
stimuli (glass with and without 
coherent bumps) used in the 
additional experiment
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The results of the identification task are shown in Table 1. 
The materials identified were almost the same as those we 
intended to represent. In particular, bark, stone, fabric, fur, 
glass, leather, and wood were identified correctly. These data 
partially support the claim that the participants perceived 
the nine stimuli as natural and real. Several participants 
reported that the metal, ceramic, and glass surfaces looked 
like ice or liquid (Table 1). These statements confirmed 
that the surfaces that participants perceived were smooth, 
even if the exact material was not identified as intended, 
and that smooth stimuli induced weaker vection than those 
that were perceived as rough. Approximately one-third of 
participants reported that the glass surface looked like a 
fluid such as water or syrup. The transparent appearance 
of moving glass generated these perceptions (Schmid and 
Doerschner 2018). Vection strength can be attenuated when 
a participant perceives that they are surrounded by a mobile 
fluid and the stimulus itself is moving rather than the par-
ticipant. Perceived rigidity was positively correlated with 
vection strength. Perceived fluidity for transparent materials 
might be related to a lower perceived rigidity. Therefore, the 
weak vection strength observed for glass might be attribut-
able to not only its smoothness but also its lower rigidity, 
i.e., fluid appearance.

Experiment 3

In Experiments 1 and 2, we used nine different materials 
and these materials had different effects on vection. How-
ever, we noted that although each category of material can 
itself have different variations in structure, we only used 
one exemplar in each material category. Therefore, another 
experiment was necessary to examine whether these results 
can be generalized as category-specific effects.

Therefore, we introduced coherent bumps in the glass 
surface and conducted an additional experiment using two 
different conditions: without bumps (the same as the glass 
condition in Experiment 1) and with numerous coherent 
bumps (Fig. 11a). This allowed us to examine the effect that 
material structure within a category has on vection. The 
nine participants who participated in Experiments 1 and 2 
also participated in this additional experiment. We found 
that vection strength increased when bumps were present, 
as evidenced by shorter latencies, longer durations, and 
greater magnitudes (latency: z = 2.67, p = 0.0039; duration: 
z = − 2.67, p = 0.0039; magnitude: z = − 2.67, p = 0.0039; 
Two-sided exact Wilcoxon signed rank test, p = 0.02 for all 
measures after Bonferroni correction was applied; also see 
Fig. 11b).

Image analyses (the same as used in Experiment 2) of the 
smooth and bumpy glass surfaces showed that the high SF 
component of the bumpy surface was about six times larger 

than that of the smooth surface. The variance of the L* histo-
gram for the bumpy glass surface was also five times greater 
and its mean was about 0.75 times lower than what was 
calculated for the smooth glass stimulus. The LMM analyses 
in Experiment 2 estimated that lightness and variance atten-
uated vection magnitude whereas the high SF component 
enhanced vection magnitude. Although directly comparing 
the effects of these image properties on vection between two 
different experiments is difficult, high SF (> 1 cycle/degree) 
seems to be the main factor related to increased vection mag-
nitude for the bumpy glass.

Previous studies have reported that stimuli with low SF 
induce stronger vection than those with high SF (Sauvan and 
Bonnet 1993, 1995). Palmisano and Gillam (1998) reported 
an interaction between the SF of a stimulus and the location 
within the visual field (central vs. peripheral visual fields). 
These findings appear to be inconsistent with our current 
results. However, while the previous studies (Sauvan and 
Bonnet 1993, 1995; Palmisano and Gillam 1998) compared 
single SF moving gratings, we used more natural stimuli 
with a very wide range of SF values. Therefore, this incon-
sistency might have resulted from the different stimuli used 
in the studies. Additionally, the inconsistencies might also 
be related to the different definitions of low and high SF 
that were used. In the current study, we defined high SF as 

(a) 

(b)
0
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Fig. 11   a The pattern used as Glass with bumps condition in the 
additional experiment. b The results of vection latency, duration and 
magnitude. Error bars are SEs. Vertical bar indicates seconds for 
latency and duration and estimated magnitude value
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> 1 cycle/degree. However, Palmisano and Gillam compared 
sinusoidal gratings with SF of about 2 and 1 cycle/degree, 
defining 2 as high SF and 1 as low SF. Thus, our definitions 
of “low” and “high” SF differed from those in the previous 
studies.

After the experiment, participants orally reported their 
perceptions of the surfaces. For the surface with no bumps, 
five of the nine participants reported that they perceived it as 
glass, another three reported it was something transparent, 
and the last participant stated that it was a film. In contrast, 
for the surface with bumps, four of the nine participants 
perceived it as “bubble wrap cushioning material”, another 
three reported it was metal, and the other two though it 
resembled glass. Thus, we could conclude that even though 
adding coherent bumps facilitated vection, the bumpy glass 
was less likely to be perceived as glass than the smooth glass 
surface. In fact, the structure of the material surfaces had 
certain effects on perceived vection. That is, rather than 
being independent, the structure and type of surface material 
interact with each other. Each material has a typical struc-
ture; e.g., glass and ceramics usually have smooth surfaces. 
In the main experiment, we used the most typical structures 
for the nine different material surfaces. Thus, glass was 
smooth and did not have a pattern because this type of glass 
is more natural than that with a pattern of coherent bumps, 
even if it has some larger bumps added by Perlin noise. For 
the material surfaces to be perceived as intended (as the 
correct category), their structures need to be determined 
using a restricted pattern, i.e., glass should be smooth and 
bark should be rough. Thus, we think that this additional 
experiment confirms the value of the main experiment in 
this study. Examining how perception of materials change as 
their inner structures are manipulated is an important future 
topic in vection research.

General discussion

On the basis of positive findings by Kim et al. (2016) in 
which the continuous 3D ground surface (grayscale) with 
the interaction of 3D effects (lighting effects and 3D geo-
metric appearances) was used, here we modified vection 
stimuli for nine different surface materials that were used 
in Ogawa et al. (2014) and which had not affected vection. 
The most important change suggested by Kim et al. was to 
make the vection stimuli more natural and realistic using 3D 
models that allowed changes in appearance and the inter-
action between lighting and the material properties. As a 
result, in Experiment 1, we found that the surface materials 
induced different types of vection. Some materials (glass, 
metal, ceramic and fur) induced weaker vection than the 
others (e.g., bark, and stone). In Experiment 2, the relation-
ship between low-level image statistics and vection strengths 

was analyzed. The results showed that the amount of high 
SF, luminance, and contrast were significantly correlated 
with subjective vection strength. Additionally, we examined 
the influence of subjective impressions of the nine differ-
ent materials on vection strengths. Finally, in Experiment 3, 
we confirmed that the structure of a material could modify 
vection strength, as well as alter the perceived identity of 
materials. Therefore, we can conclude that vection can be 
affected and highly modified by different surface materials.

Various types of material surfaces were used in this study: 
different bumps, contrasts, shapes, and colors. Therefore, 
this experiment inevitably confounded a mixture of numer-
ous factors such as complexity, reality, and colors. For exam-
ple, we cannot distinguish between the effects of realism 
and complexity because they were not varied independently 
in this study. Thus, the effect that the material surfaces had 
on vection might have alternative explanations. However, 
despite the mixture of factors differing between the mate-
rial surfaces, including various changes in contrast, color, 
and luminance, we think that these factors do affect vection 
strength. We also think that including this mixture of factors 
is important for the accurate perception of the surface prop-
erties of materials. If we control these factors independently, 
then the stimuli may no longer be perceived as natural or 
realistic, or as specific material surfaces.

The amount of high SF in the stimuli appeared to explain 
many of our results very simply. The trackability index 
mentioned in Experiment 1 should be also related to the 
perceived strength of vection because the amount of high 
SF and index value were highly correlated (r = 0.99). In this 
study, we did not systematically control the amount of high 
SF or the trackability index. Therefore, in future research, 
manipulating the amount of high SF components systemati-
cally to examine their precise effects on vection strength will 
be interesting.

The results suggested that lightness/luminance and high 
contrast might be related to lower vection magnitude and 
increased latency. This inhibitory effect is relatively coun-
terintuitive because for low-level motion processing, high 
luminance and high contrast of motion stimuli can be facili-
tate motion detection (e.g., motion energy model, Adelson 
and Bergen 1985, and single cell recording in V1, Emerson 
et al. 1992). In fact, vection can be inhibited by contrast-
defined (non-luminance defined) motion stimuli (Gurnsey 
et al. 1998). The luminance and contrast of the stimuli in this 
study might be related to the differences of the nine materi-
als. For example, for glass, metal and ceramic, the contrast 
values tended to be higher because of their very strong high-
lights and vection strengths tended to be much lower in these 
conditions. Additionally, for glass, metal and ceramic, the 
luminance level was higher because of their smoothness (see 
also Fig. 3). Therefore, further studies should include darker 
and lower contrasted glass, metal, and ceramic conditions, 
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as well as brighter and higher contrasted bark and stone 
conditions.

Vection is mediated by both low- and high-level motion 
processing and low- and high-level brain activity (Uesaki 
and Ashida 2015; Wada et al. 2016). Further investigations 
along these lines are needed in the future of vection research. 
To this aim, 3D surface materials can be useful stimuli.

Conclusions

Although their effect was expected, Ogawa et al. (2014) 
had previously failed to find any effect of material surface 
properties on vection induction. In the current study, we 
observed that surface properties did indeed significantly 
affect vection. There were three major differences between 
the two studies that might account for the new results. First, 
stimulus appearance dynamically changed with appropri-
ate lighting as the viewer perceived themselves to move in 
virtual 3D space (similar to the stimuli used by Kim et al. 
2016). Second, we used colored stimuli. Third, the stimu-
lus components covered a large portion of the visual field. 
We predicted that these changes would enable us to observe 
the effect of surface properties on vection strength and 
the results supported this prediction. Overall, we revealed 
that vection can be modified by the surface properties of 
materials.
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