Effect of Appearance on Perception of Deformation
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Figure 1: Frames taken from two animations of 64 objects. Both are rendered using the same physically based simulation of deformable
cylinder models. Two appearances (Gastank and Sausage) are used for rendering. Both animations are used as stimuli in the study. High-
level information in these static images hints at a rigid gastank and deformable sausage. In animation, however, low-level cues may allow
deformations in the gastank to be perceived more easily. We study the potential influences using three user studies.

Abstract

We provide an experimental validation that appearance of an ob-
ject can influence the perception of its level of deformation in a 3D
simulation. Our study provides helpful insights in how to improve
visual plausibility of deformation, which may allow artists to adjust
their designs to enhance or minimize the perceived deformation in
a model. We use a physically-based deformation model to simu-
late simple geometric shapes undergoing deformation. We apply a
number of different appearance and rendering parameters to these
objects, and then use two user studies to measure whether appear-
ance used for an object can have a statistically significant effect on
the perception of its deformation. In another study, we adjust the
number of objects simulated and investigate how this can influence
the effect of appearance.

We find that appearance can potentially influence people’s sensi-
tivity to differences of deformation as well as subjective rating of
softness in our studies. Further analysis shows that, in simple sce-
narios, the effect of low-level cues in appearance can be dominant,
even if high-level information delivered by appearance has the op-
posite implication. The third study shows that as the number of
objects in a scenario increases, objects are perceived to be stiffer.
Also, the effect of low-level cues is weaker.
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1 Introduction

3D modeling and texturing are important phases of the 3D anima-
tion production pipeline. They directly determine the appearance
of an object or a character, and the information delivered by the ap-
pearance. They can potentially influence the visual plausibility of
the object or character in rendered animation. In Fig. 2, the same
deformed tetrahedral model of a torus is rendered with two different
embedded rendering meshes and textures. By looking at the static
images separately, one may have the impression of a more rigid rim,
even if it looks plastic and damaged, and a softer tire. Such judg-
ment is based on the high-level information delivered by the ap-
pearance of an object—the overall appearance of the model as in-
terpreted by a viewer’s prior knowledge. Although such high-level
concepts can provide much information, we focus in this study on
its effect on perception of material deformability. Just as the mod-
eling and texturing of an object is used to give a viewer the sense
that they are seeing an object from real life, it is intuitive to think
that such high-level information will also influence perception of
the deformability of the object. However, as we will see from our
studies here, this is not an accurate assumption.

Figure 2: One frame of simulation of a torus model rendered as
rim (left) and tire (right)

In animation, spatial-temporal information is available. Research
on low-level visual cues, such as high-contrast(salient) boundaries
or corner points, has proved the importance of these cues in peo-



ple’s visual cognition since the work of Robson [1966]. Low-level
cues of various amounts and in different forms can have potentially
significant influence on people’s perception of deformation. We
are faced with a question of whether high-level information can
still have a dominant influence on people’s perception. In other
words, does the rim still look more rigid than the tire in animation?
O’Sullivan and her colleagues have investigated people’s sensitivity
to distortion in physically based simulation[O’Sullivan et al. 2003;
Garcia et al. 2010]. However, there is little study on how low-level
cues and high-level information influence people’s perception of
deformation interactively. Our study can potentially help artists to
adjust the design of appearance to balance between faithful high-
level information and specifically tailored low-level cues if they
want to enhance or reduce the deformation perceived by viewers.

Contributions: As a primary study, we try to investigate the ef-
fect of appearance on physically based simulation of deformation.
The low-level cues are represented by intensity and color variation
patterns in all rendered frames in the spatial and temporal domain.
Rendering mesh, texture, even hair of a character model can all con-
tribute to low-level cues. We ignore the source of low-level cues and
only qualitatively compare appearance with scenarios having more
or fewer low-level cues. We perform three psychophysics experi-
ments to study two aspects of people’s perception of deformation:
sensitivity to detectable difference of deformation and subjective
rating of stiffness.

e We validate that appearance can potentially have a statisti-
cally significant effect on people’s sensitivity to difference of
deformation and people’s subjective judgment of softness.

e We discover that low-level cues seem to potentially dominate
the effect of appearance in simple scenarios like free-falling
and colliding of a single object. This indicates that people’s
judgment may be affected more by subjective perception of
low-level cues rather than high-level knowledge.

e We discover that as the number of objects simulated increases,
objects look stiffer to people. The effect of low-level cues is
reduced. The high-level information may begin to have more
effect.

As a first step in this study, we focus on answering the primary
questions above. We leave the quantitative measurement of metrics
on various aspects of appearance (e.g. spatial frequency of low-level
intensity cues) to future work.

2 Background

We refer the reader to [Nealen et al. 2006] for review of concepts
and technologies in the area of deformation modeling in computer
graphics.

Perception of Physically Based Simulation

Although the influence of visual cues on perception has attracted
much attention recently in computer graphics [McDonnell et al.
2008; Held et al. 2010; Bousseau et al. 2013], the influence on
perception of physically based deformation is seldom studied.

Visual information in physically based simulation has been consid-
ered for improving the visual plausibility of simulation[Chenney
and Forsyth 2000; Twigg and James 2007]. O’Sullivan et al. [2003]
evaluates the visual plausibility of simulations where physical pa-
rameters have been distorted or degraded. They find some interest-
ing biases and derive a set of probability functions which can be
used as a metric to evaluate the visual plausibility of simulations.
McDonnell et al. [2006] investigates the effect of cloth deforma-
tion on LOD representation. Reitsma et al. [2009] further examines
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how a realistic environment setting can affect visual plausibility of
physically based simulations. Han et al. [2013] shows that a specific
simplification of large scale rigid body simulation methods does not
significantly influence the visual plausibility. However, few works
have considered deformable objects. Our work addresses this gap
by investigating the influence of visual cues on deformation simu-
lation.

Perception of Elastic Deformation

Many works have studied the impact of visual cues on the haptic
perception of mechanical stiffness in virtual environments. Moody
et al. [2009] demonstrates that a single physical surface can be made
to “feel” both softer and harder than it is in reality by presenting vi-
sual information. These studies tend to indicate that visual feedback
is profitable to haptic perception.

Only a few works have studied visual cues as a sole factor in per-
ception of deformation. Argelaguet et al. [2013] introduces the so-
called Elastic Images, a pseudo-haptic feedback technique which
provides perceivable and exploitable sensation of images without
the need of any haptic device. Elastic local deformation of im-
ages, procedural shadows and creases are used as visual cues. Pejsa
et al. [2012] studies which properties of deforming objects people
perceive, and which vocabulary terms they use to describe these
properties. Garcia et al. [2010] designs a perceptual experiment to
test whether the appeal of deformation simulation was improved by
their method and studies local deformations effect in perception of
contacts. In contrast, we consider the visual cues coming from ap-
pearance and study how such information can influence perception
of deformation.

Perception of Low-level Features

In psychology, an early study by Mannos and Sakrison [1974]
makes use of a Contrast Sensitivity Function (CSF) [Robson 1966]
for measuring the visual fidelity of monochrome still images. CSF
indicates that people are most sensitive to middle frequency grat-
ings. Other work studies the perception of motion using visual
cues [Ullman 1979]. Low-level features like specular highlights
and shading have also been shown to be important in perception of
3D shape [Norman et al. 2004].

In computer graphics, Sweet and Ware[2004] investigates the re-
lationships between view direction, texture orientation and surface
orientation in surface shape perception. Winnemoller et al. [2007]
presents a psychophysical experiment to determine the effective-
ness of various low-level shape cues for rigidly moving objects in
an interactive, highly dynamic task.

Few works have studied the function of low-level cues in perception
of deformation. Also, in real applications, high/low-level informa-
tion may take effect simultaneously. Our work puts more weight on
realistic applications by studying how high/low-information from
appearance interact to influence perception of deformation.

3 Setup

3.1 Physically Based Deformation Model Used

Among the several popular deformation models used in computer
graphics, we choose the Lagrangian mesh based methods, which
are well-developed and widely used. FEM based methods consti-
tute a big part of this class of methods. They are based on a detailed
discretization of traditional mechanics theory. Also, people have
optimized the performance of this class of methods in different as-
pects. Therefore, they are more stable, reliable and accurate. Thus,
they can provide realistic simulations.



Figure 3: All appearances used to render physically based elastic deformation simulations of sphere model. From left to right: Billiard,
Checker-High, Checker-Low, Clay, Concrete, Refraction, Soccer.

In continuum elasticity theory, the undeformed shape of an object is
usually a continuous connected domain M C R®. The coordinates
of an undeformed point m € M is called the material coordinates
of that point. In the deformed configuration, the same point locates
at its world coordinates x(m). The displacement from material
coordinates to world coordinates u(m) = x(m)—m is a vector field
defined on M. The displacement gradient is a simple measurement
of the variation of the displacement field.
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Two commonly used strain tensors in mechanics and computer
graphics are the Green-Saint-Venant strain tensor e and Cauchy’s
strain tensor c.
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To integrate the status of the system to the next time step, we need to
know the internal force given the strain tensor in the entire domain
M. The stress tensor is a fundamental force descriptor from which
we can compute force density and traction. Two commonly used
stress tensors are Cauchy’s stress tensor o and the Piola-Kirchhoff
stress tensor P. A constitutive law builds the connection between
the strain tensors and the stress tensors. Different derivations can
be used for different materials. For elastic materials, Hooke’s law
can be used:

oc=C-¢ “)

For hyperelastic material, the derivative of deformation energy den-
sity with respect to the displacement gradient can be used. For
isotropic materials, this connection is influenced by two indepen-
dent values, Young’s Modulus £ and Poisson’s Ratio v. Between
these two, Young’s Modulus is a measure of material stiffness. The
higher this value, the higher stress is caused for a specific strain. In
our study, we adjust this parameter to achieve different stiffness.

For deformation modeling, we use the VegaFEM [Barbic¢ et al.
2012] implementation of a corotational model and an implicit back-
ward Euler integrator because of their stability in practice. We use
the Bullet physics library for collision detection.

3.2 Animation Creation

We use Blender to create and edit models used in our study. All
surface models are then passed to Tetgen [Si 2013] to generate the
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tetrahedral mesh needed for FEM simulation. We use barycentric
interpolation to embed the secondary rendering mesh. Simulation
and rendering models are adjusted so that most triangles in render-
ing models are very close to elements in simulation models if they
are not contained by any element. We use PovRay to render the
deformed rendering mesh in each simulated frame.

To suppress the interference of other factors that may influence peo-
ple’s perception of deformation, we choose a very simple simula-
tion scenario: free falling of objects. The falling objects collide
with the ground and bounce up or pile up. The ground is in green
and background is black for better observation. Videos are of reso-
lution 1024 x 768. They are displayed with a 23 inch screen. We
designed and displayed the script for both the pilot study and formal
experiment using Psychopy [Peirce 2007].

3.3 Pilot study

We first carried out a pilot study to collect primary data on peo-
ple’s perception of deformation. We choose to measure people’s
sensitivity to deformation in our animations. To do this, we use a
yes-no experiment scheme. In the experiment, eight participants
are asked to report whether they witness any deformation in the
objects in each animation displayed. Each animation is 6 seconds
long. Four simulation models are used: sphere, cylinder, cube and
torus. We simulate each model with 32 different Young’s Modu-
lus levels ranging from 9e4 to 8e7. Thirteen appearances including
seven shapes are then used to render these simulation results. We
generate animations beforehand at fixed discrete Young’s Modulus
levels to gain better rendering quality. We then take advantage of
the randomly interleaved staircase scheme [Cornsweet 1962]. To
determine the next stimuli to display for each appearance, we fol-
low the method in interleaved staircase to compute the next stimuli
level, but choose the closest Young’s Modulus level among the 32
instead. This scheme converges to psychometric thresholds fast.
For each appearance, we use Psignifit tools to fit a logistic psy-
chometric curve for each participant [Friind et al. 2011]. Point of
Subjective Equality (PSE), which represents stimuli parameter level
corresponding to 50% probability that an object is perceived as de-
formable, is an important index in this result.

The result of our pilot study shows a great variance in people’s PSE.
However, people’s answer on stimuli with Young’s Modulus level
near the two ends (9e4 and 8e7) are very consistent. There are
differences in PSE for different appearances in most people’s data.
Based on the pilot study, in our formal study, we choose a range
for Young’s Modulus that covers most people’s PSE and extends
to the ends where people’s answer is consistent. Another observa-
tion from the study is that once they get used to the experimental
scheme, people can give an answer after viewing a small fraction of
video. Thus shorter stimuli are used in the formal study.



4 Effect of Appearance

In our formal study, we quantitatively measure whether appear-
ance can have a statistically significant effect on people’s per-
ception of deformation in animation of simple scenarios. There
is only one object in each stimulus. We choose to measure peo-
ple’s sensitivity to detectable differences of deformation. We use
a fitted psychometric function and thresholds of Young’s Modulus
corresponding to detectable differences in deformation as a repre-
sentation of people’s perception of deformation. We intentionally
include different high-level information and low-level cues in the
objects’ appearances. Two studies are performed separately. We
further analyze whether high-level information or low-level cues
are dominant in the potential effect.

4.1 Study I: Simulation of Sphere Model

4.1.1 Stimuli Design

We use simulation of a sphere model in this study. To limit vari-
ables, appearance differs only in texture. Figure 4 shows the sim-
ulation and rendering meshes used in this experiment. The low

resolution spherical model is converted to a tetrahedral mesh with
158 elements for simulation.

Figure 4: Spherical model used in simulation(left, 80 triangles)
and the secondary model used for rendering(right, 5120 triangles).

Seven appearances used in this study are given in Figure 3. Obvi-
ously, these appearances have different amounts of low-level cues
as well as completely different high-level information. We use the 2
alternative forced choice (2AFC) protocol [Blackwell 1953] which
is bias free compared to a Yes-No scheme. Each stimulus is paired
with an animation with the highest Young’s Modulus as reference.
The two stimuli are displayed successively in a random order. Par-
ticipants are told that only one of each pair has rigid objects and
they need to choose the one with deformable objects. Simulations at
9 Young’s Modulus levels in the range (9e4, 9e5) with about even
intervals are used. The number of times these animations are dis-
played at these levels are 2,4,6,6,6,6,6,8 and 10. Animations with
the softest object are displayed only twice because these can be eas-
ily distinguished from the hardest one. Each stimulus is 1 second
which is long enough for participants to make a judgment. Sixteen
people participated in this study(11M/5SF), most of which are naive
to physically based elastic deformation simulation and rendering.
Their ages ranged from 21 to 31. We explained each appearance
to participants before the experiment. Full length example videos
were then displayed to allow participants to observe each appear-
ance. Then, the users began watching stimuli.

4.1.2 Result and Analysis

For each appearance, we fit a logistic psychometric curve for each
participant as well as for overall merged data. Figure 5 shows the
fitted curve of every appearance using overall merged data. In a
2AFC experiment, the lower asymptote of a fitted function is equal
to 0.5, which is what one would get by guessing. So, we choose
the Just Noticeable Difference (JND) threshold as a representation
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of people’s perception of deformation. In this study, JND is a rela-
tive modification of Young’s Modulus with respect to the most rigid
level. JND corresponds to 75% of a chance that a stimulus is rec-
ognized correctly as deformable. This threshold indicates people’s
sensitivity to differences in perceived deformation. The point and
interval (95% confidence interval) estimation of JND for each ap-
pearance is listed in Table 1.
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Figure 5: Psychometric curves fitted using accumulated data for
every appearance in study 1.

Table 1: Point estimation and interval estimation(95% confidence,
relative to Point) of JND

\ JND

Texture | Point Interval
Billiard 49.70%  -397% , +3.45%
CheckerBoardH | 51.67%  -5.13% , +4.64%
CheckerBoardL | 42.18%  -4.99% , +4.47%
Clay 59.67%  -3.67% ,+3.71%
Concrete 45.14%  -5.78% , +5.51%
Refraction 5191% -5.14% ,+4.99%
Soccer 40.81% -2.22% ,-10.67%

We further estimate the JND for each participant and each appear-
ance. A one-way repeated measures ANOVA is performed. Ap-
pearance is found to have a significant effect on people’s JND
(Fs,00 = 2.9341,p < 0.015). A Dunn-Sidak post hoc analysis
shows that JND of appearance Clay is significantly different from
the JND of appearance corresponding to the rightmost curves in
Figure 5. This indicates that appearance can have a significant ef-
fect on JND in this study. Further investigation of curves in Figure
5 and estimation of JND for appearances in Table 1 shows a con-
sistent result. Curves for different appearances diverge from each
other in a wide probability range. Point estimation of JND for dif-
ferent appearances spread from 40% to nearly 60%.

Although not every pair of JND for different appearances are sig-
nificantly different, we can still tell the relative order of perceived
stiffness of different appearances. An appearance with higher es-
timated JND generally corresponds to curves on the left in Figure
5. For such appearances, a larger reduction to Young’s Modulus
is necessary for people to perceive detectable deformation with the
same accuracy as for other appearances. On the other hand, people
have lower accuracy in detecting the difference of perceived de-
formation when a stimulus with such an appearance is displayed,
compared to a stimulus with another appearance. In this sense, ap-



pearances with higher JND and curves on the left are perceived as
less deformable. In contrast, lower JND indicates more deformable.

A careful investigation of Figure 5 leads to an interesting obser-
vation. Clay is perceived as the most rigid appearance. Billiard
and Refraction (Glass-like) are all perceived as more deformable
than Clay. Concrete is even closer to be perceived as the most de-
formable appearance. This order of perceived stiffness is not con-
sistent with the order of stiffness simply inferred from the high-
level information in these appearances. On the other hand, Checker-
Low is perceived as one of the most deformable. Checker-High is
closer to Clay. But neither of these two has clear high-level in-
formation since a sphere with such texture is not commonly seen in
real life. All these lead to a positive correlation between the amount
of low-level cues and people’s perceived softness. Soccer, Checker-
Low and Concrete, which are perceived as more deformable, all
have lots of high-contrast local features which are easy to track and
recognize. In contrast, Clay, Refraction and Checker-High, either
have plain color on the surface or have high frequency intensity
variation that is hard for people to track. Comparing to texture with
abundant low-level cues, it can possibly be more difficult for peo-
ple to recognize deformation from these textures. In this sense, the
more easy-to-track low-level cues an appearance has, the more de-
formable an object with such appearance is perceived to be. The
effect of high-level information can be opposite to that of the low-
level cues in this study and may weaken the effect of each other.
This can possibly explain why there is a single pair of significantly
different textures. Eventhough, the order of these textures is more
consistent with the effect of low-level cues. In simple scenarios, the
effect of low-level cues is thus more dominant.

4.2 Study lI: Simulation of Torus Model

4.2.1 Stimuli Design

To further investigate the effect of appearance we perform a sec-
ond study using a torus model. In this study, we further consider
visual information contributed by the rendering mesh. We use two
secondary rendering meshes with similar bounding shapes but dif-
ferent structure and details to create four different appearances.

Figure 6: Torus model used in simulation(left, 310 triangles) and
the secondary models used for rendering: tire(middle, 16416 trian-
gles), rim(right, 11864 triangles).

Figure 6 shows the triangular models we use for simulation and ren-
dering. We use the left model in Figure 6 for simulation. It is a low
resolution approximation of both rendering meshes. This model is
further tessellated into 370 tetrahedral elements for simulation.

Four appearances used in this study are shown in Figure 7. We use
the same experimental design as in study I. We choose simulation
at 10 Young’s Modulus levels in the range (1e5, 3.3e6). The num-
ber of times we display each of the four stimuli at the ten Young’s
Modulus levels are 2,4,6,6,6,6,6,6,8 and 10. Each stimulus is 2 sec-
onds. We recruit another 11 volunteers (3F/8M) in this study. All
of them are naive to the study. Their age ranges from 22 to 31.
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Figure 7: All appearance used to render physically based elastic
deformation simulation of torus model. From left to right: Rim-
Bright, Rim-Dark, Tire-Black, Tire-Checker.

4.2.2 Result and Analysis

Again, we fit logistic psychometric curves for each participant as
well as for overall merged data. The fitted curve for each appear-
ance using the merged data is shown in Figure 8.
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Figure 8: Psychometric curves fitted using accumulated data for
all four appearances used in study I1.

Table 2: Point estimation and interval estimation(95% confidence,
relative to Point) of JND

| IND
Texture | Point Interval
Rim-Bright 45.53% -6.59% , +5.28%
Rim-Dark 46.27%  -5.68% , +3.29%
Tire-Black 51.34% -4.78% , +3.96%
Tire-Checker | 36.16% -7.44% , +6.44%

Estimation of JND for each appearance using overall data is re-
ported in Table 2. One-way repeated measures ANOVA finds ap-
pearance to be a significant factor again (F3,30 = 5.1647,p <
0.006). Post hoc analysis finds the two tire appearances to have
significantly different JND. The curves for the two tire appearances
are on the opposite sides in Figure 8. The estimated JND for these
two appearances have an approximate difference of 15%.

It is interesting to notice that Tire-Black, which should be the most
deformable appearance according to the clear high-level informa-
tion, is perceived as the most rigid one, even comparing to rim ap-
pearance. Tire-Checker has no clear high-level information. But
it is perceived as more rigid than both rim appearance. Obvi-
ously, high-level information does not have significant influence



here. Tire-Checker has the most easy-to-track and recognize low-
level cues. It is thus perceived as the most deformable one. Both
rim appearances do not have colorful texture. But the complex ren-
dering mesh causes more easy-to-track low-level cues in rendered
frames than Tire-Black appearance. Again, the amount of low-level
cues in appearance is positively correlated with the perceived soft-
ness. And this effect is dominant even if high-level information has
opposite influence.

This study confirms the significant effect of low-level cues in ap-
pearance. It further shows that low-level cues can be from both tex-
ture and rendering mesh. Similarly, the amount of low-level cues
can also be controlled in many other ways. When designing the
appearance of an object which will be simulated in 3D animation,
visual reality is important. But if an artist wants to achieve a special
effect by enhancing or reducing the perceived deformation, more at-
tention may need to be paid to design of low-level details to control
the visual cues.

5 Study lll: Influence of complexity of Scene

In the first two studies, we statistically validate the significant effect
of appearance in people’s perception of deformation. Experimen-
tal data indicates that low-level cues have a dominant effect while
high-level information does not. However, people’s perception of
low-level cues rely heavily on tracking of visual features. There
has been study on the limit of people’s ability in tracking multiple
objects [Vul et al. 2009]. Complex scenes may contain too many
low-level cues which are beyond people’s ability to recognize and
process. We designed our third experiment to study how complex-
ity of a scene can influence the effect of appearance in people’s
perception of deformation. We adjust the complexity of the scene
by controlling the number of objects simulated. Furthermore, we
measure people’s perception of deformation by using their subjec-
tive rating of stiffness of objects. Although it may contain higher
variance, it also provides more direct and abundant information.

5.1 Stimuli Design

We use the cylinder model in Figure 9 for simulation. It is tetrahe-
dralized into 258 elements. To reduce the variance among people’s
rating, we display reference animation at the beginning and mid-
dle of the experiment. We use an extra appearance (Checker) in
the reference animation. Only Gastank and Sausage are used as
appearance in formal stimuli.

Figure 9: From left to right: cylinder model used in simulation
(224 triangles) and the secondary rendering models gastank (7102
triangles), sausage (7680 triangles), checker (1344 triangles).

We use simulation at 7 Young’s Modulus levels in the range
(9e4,1.6e6). Five reference animations with different Young’s
Modulus levels evenly sampled in this range are displayed side-
by-side for people to observe. All objects in these animations have
a checker appearance. An integer number (1 to 5) is displayed on
each animation to indicate its level of stiffness. Higher numbers
correspond to stiffer objects. Reference animations are displayed in
a loop until a participant is ready to proceed. For each appearance
at each Young’s Modulus level, we perform simulations of 1, 4, 16,
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Figure 10: All appearance used in study IIl. From left to right:
Gastank, Sausage, Checker (only used in reference animation).

64 and 256 objects. Figure 1 shows example frames of stimuli with
64 objects. Overall, we have 70 distinct stimuli: 2 appearances X
5 Number of Objects (NoO) x 7 Young’s Modulus levels (YM).
Each 2-second stimulus is displayed four times in total. A random
order is used for each participant to display the 280 stimuli. After
watching each stimulus, participants are asked to rate the stiffness
of objects by choosing a number from 1 (most deformable) to 5
(most rigid). We use the average of four ratings of each distinct
stimuli as the final rating. We recruit 11 new volunteers (6M/5F)
for this study. Their ages range from 23 to 40. All of them are
naive to this study.

5.2 Result and Analysis

We first carry out a three way repeated measures ANOVA on the
final rating. The result is reported in Table 3. To help understand the
result, we also fit a function that represents the relationship between
rating and Young’s Modulus for each combination of appearance
and NoO levels. These functions are shown in Figure 11.

One obvious and foreseeable result is the significant effect of YM
in rating. We further apply the Dunn-Sidak post-hoc analysis on
this main effect. We find, as we would expect, that all YM levels
are significantly different from each other, and the rating mean in-
creases as the YM level increases. In Figure 11, rating curves for all
NoO and appearance combinations increase monotonically, which
reflects the same effect. This indicates that people are sensitive
enough to the difference between YM levels used in this study.

We do not find enough support for the significance of appearance
as a main effect. However, the interaction between appearance
and NoO is found to have significant effect (F4 40 = 2.735,p <
0.045). Post-hoc analysis indicates that mean ratings for Gastank
and Sausage are significantly different only when NoO is 1. The
curves for one Gastank object and one Sausage object in Figure 11
are diverged from each other throughout the entire YM range. The
rating for Sausage is uniformly higher than Gastank when there is
only one object. This result for a single object is consistent with
our discovery in the previous two studies. Although the high-level
information in appearance Gastank hints for more rigid material,
there are more low-level cues in the form of high-contrast visual
features in Gastank compared to Sausage. These features may al-
low the recognition of deformation to be easier. Thus Gastank can
be perceived as more deformable. In simple scenarios with one ob-
ject, the effect of the low-level cues obviously dominates the effect
on people’s rating again, even though the high-level information has
the opposite influence. This is not significant when there are more
objects, however.

Another interesting observation is that NoO also has a significant
effect on rating. Post-hoc analysis and fitted curves show that more
objects generally cause higher rating for stiffness. In other words,
as the number of objects under simulation increases, people begin
to feel objects are less deformable, even though both the Young’s
Modulus and appearance of objects are not changed.
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Figure 11: Fitted curves that represent the relationship between people’s rating and Young’s Modulus. From left to right, Curves for objects
with appearance Gastank, Curves for objects with appearance Sausage, Curves for 1 and 256 objects with appearances Gastank and Sausage.

Table 3: Three way repeated measures ANOVA on people’s rating of stiffness - 2 Textures X 5 Number of Objects (NoO) x 7 Young’s Modulus
levels (YM)

Factor | F-value pValue | Post-hoc
NoO Fy 40 = 44.6081 p<de—14 Higher rating for more objects
YM Fe60 =170.0229 p<le—35 Higher rating for higher Young’s Modulus
Appearance X NoO Fy 40 =2.735 p < 0.045 Appearance has significant effect only for single object scenario
NoO x YM Fo4,040 = 8.0001 p < 1.2e —19 | Number of Objects has more effect in Young’s Modulus range (2e5, 8e5)
The study on people’s limit in a multiple objects tracking task [Vul puter generated animation. We validate that appearance can poten-
et al. 2009] can provide a potential explanation of this observation. tially have a significant effect on people’s sensitivity to detectable
As number of objects increase, the amount of low-level cues in- differences of deformation and subjective rating of stiffness of ob-
crease accordingly. Tracking these cues and recognizing relative jects. However, we find this effect to be significant only in simple
deformation is a more difficult task than simply tracking one ob- scenarios with a single object of moderate stiffness. Furthermore,
ject. Thus, the low-level cues in a scene can simply overload peo- the effect of low-level cues in appearance is dominant comparing
ple’s ability to process them. When this happens, people are more to high-level information in our studies. When low-level and high-
likely to be distracted by overloaded cues rather than processing level cues contradict each other, low-level cues will win out. We
them meaningfully. As a result, in complex scenes with lots of ob- further investigate the influence of number of objects in the scene,
jects, people are less likely to recognize deformation and thus give controlling for the complexity of the scene. We discover that in-
higher rating. An experienced viewer may focus on a single ob- creasing the number of objects in stimuli can cause people to feel
ject or local area in animation to avoid distraction. However, in the objects are more rigid. This influence also depresses the effect
entertainment scenarios where people are relaxed, they can easily of appearance on rating. Significant differences between ratings for
be distracted by too many low-level cues when watching unfamiliar one Gastank object and one Sausage object decrease as the num-
scenes for a short period. This also explains why texture does not ber of objects in the stimuli increase. One possible explanation
have a significant effect when NoO is high. Low-level cues in mul- is that redundant low-level cues in complex scenes could simply
tiple Gastank or Sausage objects stimuli can both overload people’s overload people’s perceptual ability, thus causing more distraction
attention. Thus the effect of low-level cues are depressed in both than meaningful influence. This depresses the effect of low-level
cases. cues as well as the overall effect of appearance. However, we have

seen some hints that high-level information could actually assume

With more objects, there is also no significant effect that high-level a dominant role when large numbers of objects are simulated.

information matters. However, in Figure 11, the functions for 64
and 256 Gastank are higher than the corresponding functions of
Sausage in a wide range of YM. This may be a hint that as a per-
ceptual system is overloaded, the high-level information indeed be-
comes important in perceived deformation. More study would be
needed to confirm or refute this, though.

The results provide an important guide to artists in designing ob-
jects for animation. First, our quantitative validation proves that
perception of deformability of an object can be adjusted by the de-
sign of its appearance. Second, our discovery shows that simply
designing the appearance of an object as it is in real life may not
be an optimal choice in controlling the perceived deformability. To
enhance or reduce the perceived deformability, one can balance the
design to include more or fewer low-level cues in various forms
(e.g. rendering mesh, texture, decoration, furs, etc.) or to achieve
more realistic design. In complex scenes, however, more attention
may need to be put on designing appearance that can deliver clearer
high-level hints.

It is also important to notice that the effect of NoO is weaker when
YM is closer to the two ends of selected range. The effect seen in
interaction between NoO and YM is partly caused by this. Intu-
itively, NoO has less influence on very soft and very rigid objects,
which are more obviously soft or rigid.

6 Conclusion and Future Work

As a primary study, we only validate the significance of appearance,
We performed three primary experiments to study the effect of ob- especially that of the low-level cues, in people’s perception of de-
jects’ appearance on people’s perception of deformation in com- formation. We qualitatively distinguish more and fewer low-level
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cues in appearance while ignoring the source. Our three studies are
limited in the number of models and textures tested. More specif-
ically designed experiments are necessary to verify our discovery
in more general scenarios. Our future work will propose quantita-
tive metrics of the amount and form of low-level cues in influencing
people’s perception. To do that, we may study texture, shape, ob-
ject moving speed, environment, etc. separately as a single source
of low-level cues. We need to study typical aspects of these sources
which could be quantitatively measured (e.g. spatial-temporal fre-
quency of intensity variation in texture). By removing the effect of
high-level information, we can propose quantitative metrics which
could be directly used by artists. On the other hand, other quantita-
tive aspects of people’s perception of deformation (e.g. sensitivity
in distinguishing different stiffness levels) could be considered as
important indices. Also, we are interested in discovering exactly
when high-level information could have a more significant effect.
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