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Figure 3.3 Chosen parameter values for the snow simulation.

visual quality. Optimizations that improved upon Zeng’s implementation included storing

the terrain data in video memory and using the programmable GPU’s stream processing

architecture to perform dynamic lighting. 4

Height-field approaches do not compute the collisions between particles of the entire

volume of material. The only particles of interest are the ones visible to the user, which

exist at the top of the volume. A height-field based surface is defined by a grid of vertices

that are displaced vertically according to values stored in a texture, H . Because the vertices

and the texture are both stored in video memory, real-time computation of lighting can be

performed. Our initial height texture was simply a grey-scale image of clouds. The varying

lightness values created a natural wavy snow field as seen in Figure 3.5.

Deformation of the height-field occurs by comparing the volume between a virtual foot

4. Because the pipeline shader programs were written specifically for nVidia graphics cards, the current
implementation is limited to work only with GeForce 8000 and above models. Previous generation GeForce
cards did not have programmable shaders.
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Figure 3.4 Signal analysis of synthesized feedback with snow parameter set-
tings resulting from one step. Above: Vibration waveform. Below: Associated
spectrogram.



3.2 Snow Simulation 45

Figure 3.5 The interactive snow field.
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and the current height-field texture, H0. A 3D model of a boot with a hiking tread was

created for this purpose. The height of the virtual foot compared to the height-field is

determined by the FSR readings. If the force exceeds a predefined threshold, the depth

values of the foot are rendered to a texture, F . A subsection of the height-field around the

contacting foot,Hlocal, is created to keep the computation time independent of the size ofH .

F is then compared to Hlocal and a collision map, C, is generated. The difference between

C and the original height-field texture, H0, creates the next frame, H1, for rendering. The

result is the indentation of a foot shaped volume, including details of the tread, in the snow

field.

During interaction, the user is unable to see the indentation develop during a step as the

visuals occur underneath the shoe. We wanted the graphics to provide mid-step feedback

and thus added two Gaussian blurs that were applied to the difference map. A radially

symmetric Gaussian blur simulated the mounding of snow at the sides of the footprint and

a tangential velocity proportional Gaussian blur simulated the mounding of snow due to

horizontal sliding. The mounding effects are seen in Figure 3.6. The rendering procedure

is described in full detail by Law et al. [34].

Figure 3.6 Left : Simple footsteps. Middle: A foot drag. Right : A foot
swipe.
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3.2.3 Motion Capture

Exact foot position and orientation were necessary due to the detailed intersection

volumes between the foot model and the snow terrain. We would have preferred to keep

the interaction free from on-body equipment, but interpolating foot orientation data from

the grid of FSRs was insufficiently reliable. An infrared (IR) motion capture system (Vicon

or Natural Point Optitrack) supplemented the sensed pressure with the exact position and

orientation of each foot. The only equipment worn was an elastic Velcro strap incorporating

four IR reflective markers arranged uniquely for each foot. The markers for one foot are

seen in Figure 3.7. The user remained uninhibited by cumbersome attachments and was

not tethered to any electronics.

Figure 3.7 Vicon markers are attached to the user’s feet using an elastic
Velcro strap.

Localized deformation for two feet

At each iteration, the values for all 144 FSRs are sent via OSC from the MacMini array

to the graphics computer for deformation depth calculations. To relate each FSR value

to the correct foot, a set of distance calculations are performed. The task is simple if the
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feet are spread far apart, but in many cases, parts of each foot can overlap the same tile.

This led to problems when the user moves one foot in the air, such as in mid-stride, and

deformations would occur under the moving foot. To reduce this, we introduced a toe and

heel position for each foot. FSR values that passed a set threshold are associated with the

closest of the four toe and heel positions.

3.2.4 Results

The graphics were rendered on an nVidia Geforce 8800GT card and obtained interactive

frame rates of over 75 Hz. The graphical simulation was programmed in Java using the

JOGL OpenGL package. 5 Real-time multimodal interaction was achieved allowing users

to create a trail of footprints, seen in Figure 3.8, and shoe swipes using both feet. Most

participants expressed surprise at the level of realism produced by the simulation. There

were some instances of subjects being caught off-guard and in a state of suspended belief,

checking to see if their shoe tread matched that of the virtual footprint.

3.3 Ice Simulation

Another scenario that involves numerous characteristic sensory cues is walking on a sheet

of ice that is fragile and sensitive to weight changes. The following paragraph describes a

possible experience one might have while walking on a real frozen pond.

Imagine approaching a body of water that has frozen over. You are unsure whether the

ice is thick enough to support a person’s weight, but disregarding all safety concerns, you

walk onto the ice in an effort to get to the other side. Your first step is taken cautiously and

you find that ice can indeed bear your weight. Looking down, you can see a school of fish

5. jogl.dev.java.net
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Figure 3.8 A trail of footsteps is left behind by the walker.

swimming underneath the translucent ice. With confidence, you take the next few steps

more quickly and all of sudden, you feel a shock against your stepping foot and hear an

abrupt snapping sound. You can also see thin white cracks extending from your stepping

foot as the ice fractures under the weight of your body. In an attempt to return to the

edge, you step back, but cause a second crack. Frightened again and panicking, you leap

towards the edge, but fall just short. The landing shatters the immediate area of ice and

the surface shakes violently causing the fish to dart away. Fortunately, you make it back

to land alive and well.

The virtual ice environment attempts to capture all of the above-mentioned phenomena.

This interaction can be quite enjoyable when there is no danger of falling through the ice.
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3.3.1 Haptic-Audio Rendering of Ice

An overview of the mechanics of ice fracture under stress is presented by Schulson [35].

Ice fractures propagate in seemingly random directions due to point defects in its crystal

structure during the forming process. Under uni-axial pressure, such as a footstep, the

stresses incurred cause inelastic crack events. Separation along a series of grain boundaries

occurs at the closest point defect. Ice can undergo both ductile and brittle behaviour. At

low rates of increasing pressure application, ductile behaviour occurs allowing the ice to

increase its load bearing capacity through strain-rate hardening and thermal softening to

relax its internal stresses. Ductile behaviour is the reason that an ice sheet, which would

normally fail under the weight of a human, can remain intact if the changes in pressure

are gradual. However, high speed changes in pressure can cause ice to become brittle and

suffer shear failure.

The auditory and tactile feedback can be modelled using the same crumpling stochastic

process as the snow simulation. Large-sized cracks are a superposition of many smaller

brittle fractures, each with its own grain of vibration. The synthesis parameters chosen for

ice fracture are shown in Figure 3.9. The main differences from the can crushing settings

are the object size, global decay and resonant frequencies. Fracturing materials have a short

snapping sound associated with each failure, thus, the decay parameter was increased to

muffle each sound grain almost immediately. The object size parameter was increased

to allow for many crack events per step since an ice sheet is not limited to a maximum

number of failures unlike can crushing. Lastly, the resonant frequencies were adjusted to

match each other to create a thin, hollow sound. The spectrogram of the synthesized

feedback in Figure 3.10 shows the short bursts of sound associated with each crumpling

event.
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Figure 3.9 Chosen parameter values for the ice simulation.

3.3.2 Visual Crack Rendering

Visual representation of crack propagation due to brittle fracture was developed. The

animation must render in real-time and correspond to the audio and haptic feedback.

Fracturing of crystalline objects has been studied for computer graphics and has achieved

near-photorealistic results [36] [37]. However, the algorithms that exist required consid-

erable computation time and the resulting quality exceeded the amount of realism that

seemed necessary for our prototype. Therefore, we developed our own simplified version

inspired from those methods.

The cracks should propagate at the same rate as the haptic and audio vibrations being

generated to be perceived as simultaneous. Therefore, the animation is triggered every

time the program receives a crumpling event – the same event that activates each vibration

grain. This approach ensures correlation between all three modalities.

We start by displaying a translucent texture of an ice sheet as shown in Figure 3.11.
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Figure 3.10 Signal analysis of synthesized feedback with ice parameter set-
tings resulting from one step. Above: Vibration waveform. Below: Associated
spectrogram.
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Thin white lines represent the crack boundaries and are rendered over top of the ice texture

using the following algorithm.

Figure 3.11 The interactive frozen pond surface.

Algorithm

We begin by analyzing the behaviour of a single crack arm or crack front originating

from a point c0. When initiated, the crack arm a has a zero energy value, E = 0, associated

with it. Each time the arm receives a crumpling event, it increases E by one and creates a

new node point cE such that a mature crack arm is a collection of nodes,

a = (c0, c1, c2, . . . , cE). (3.3)

The arm is visualized by rendering white lines that connect the nodes. The equation

governing the position of newly generated nodes is:

ci = c0 + iD(n̂+ r̂) (3.4)
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where D is the growth distance, or how large to graphically represent each crumpling

event. This material constant is defined perceptually. n̂ is the arm’s propagation direction

and r̂ is a random direction vector with a Gaussian Normal distribution N(0, σ). Adjusting

σ controls the amount of jaggedness that occurs. The cracks seen in the figures use σ = 1

degree.

A crack, C, is initialized at a seed point c0 with many crack arms such that they share

the same origin,

C = (a0, . . . , aj), (3.5)

where j is uniformly sampled from two to six. Each crack arm’s direction vector n̂j is

distributed around a unit circle.

Figure 3.12 Left : Nodes of one crack arm and its direction vector. Right :
Multiple arms of a crack object.

The full rendering of the graphics is the display of all existing cracks over top of the ice

texture.
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When a crumpling event is received, an FSR identifier value, mapped previously to a

location in the projected area, is associated with it. From the knowledge of this location,

the program first checks if there are any existing crack seeds within a specified distance

�d. If there are none, a new crack Ck will be generated. Otherwise, the events will add

energy to the nearest Ck, propagating its crack arms akj outwards.

Animation is perceived because all the nodes are preserved. At the instance of a crum-

pling event, a new furthest point, and thus a new connection line, is generated and the user

sees the result as crack propagation. Figure 3.13 shows three successive frames to illustrate

the applied algorithm.

Figure 3.13 The crack arms propagate outwards from the foot. The lines
have been enhanced in the photographs to show the effect.

Branching

The phenomena of branching occurs when a crack front encounters a defect. This

is modelled by using a branching percentage variable, B ∈ (0.0 − 1.0). We set B =

0.1 to achieve perceptually acceptable results. For any crack Ck, on average, every 1/B

propagation events it receives creates a new branch arm aB, as follows.

First, a random arm akj is selected. Its halfway node cjE/2 and direction vector n̂k
j forms

the basis for the branch arm. Branch arm aB has the initial starting point of cjE/2, a zero

energy EB and a direction vector of n̂k
jB where
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n̂k
jB = n̂k

j ± π/4. (3.6)

The addition of a 45 ◦ angle offset ensures that the new branches propagate in the

same general direction as the parent branch, but not directly over top of it. Subsequent

branchings can occur from both the original arms or existing branch arms.

Figure 3.14 Branching occurring on the right crack arm.

3.3.3 Position Sensing

Because footprints are not captured by ice in general, foot orientation is not needed

and the interaction could proceed without the aid of a motion capture system. Unlike the

snow simulation, which required attaching reflective markers, users could interact with the

virtual ice immediately – a feature that could prove important if the simulation were to

become an unsupervised installation.
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3.3.4 Results

In our initial testing with the snow simulation, we found that users were quickly bored,

even though the multimodal experience was highly accurate and conveyed detailed visual,

auditory and haptic feedback. We speculated that this was due in large part to the lack of

any surprising events. To make the ice simulation more engaging, a few extra features were

added. A model of a fish was created and instantiated many times to swim in randomized,

straight paths adding a sense of life and movement to the simulation. Some fish can be

seen in Figure 3.15, though they are quite difficult to notice in still photographs. They

were intentionally made to look faint so as not to distract users from their main activity of

cracking ice.

Figure 3.15 The cracking pattern is rendered over top of the ice texture.
Circles indicate a few instances of fish.

The ice surface itself holds a surprise for users who extend a crack past a set threshold.

First, the tile closest to the crack will be actuated by a sound file that imitates an ice
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shatter. The user feels the floor beneath shake violently and hears a sound similar to an

explosion. Graphically, as seen in Figure 3.16, a shatter pattern appears at the crack seed

point and the fish vacate the area. All fish instances are triggered to triple their speeds and

reverse their initial directions. This animation adds to the participants’ sense that they are

affecting the entire VE. We have seen some startled reactions from participants who were

not warned what to expect. After the initial shock, some users wanted to shatter every

available crack and enjoyed scaring the fish away.

Figure 3.16 A shatter occurs at one of the crack seed points.

3.4 Haptic Icons Underfoot

Brief tangible stimuli, also known as haptic icons, are vibration patterns that have as-

sociated meanings. Receiving information through the haptic modality is practical because

it is complementary to our senses of sight and sound, which can often be overloaded. On a
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busy street, an important message delivered via beeps or a flashing light could become lost

within car noises and crowds of pedestrians. The “vibrate” alert feature on cellular phones

is a common example of haptic icons, though its vocabulary is quite limited – a short

vibration for text messages, repeated long vibrations for a phone call. Visual or hearing

impairment adds to the necessity of supplemental feedback modalities. Haptic messages

can also be delivered in a discrete manner. Localized on-body vibrations ensure that the

information is delivered solely to a single user.

Ground-based haptic feedback can be found in everyday environments. Passive indica-

tors already exist in the form of raised reflective lane markers that cause cars to vibrate

violently and textured tiles that demarcate the border of subway platforms. Although

passive markers are effective for a singular purpose, “active” haptic markers could modify

their feedback to match the current situation and deliver even more information. The type

of vibration perceived could, for example, indicate the distance to the next rest stop or the

waiting time for an upcoming train.

3.4.1 Motivation

In addition to VEs, the floor interface can serve as a platform for testing systematic

information delivery in the form of haptic icons. Unlike ecological surface terrain, these

artificial meanings must be specified by the designer and learned by the users. They

hold potential in information delivery due to their customization and artificial feel versus

terrain. These signals could be embedded in existing ground surfaces and when delivered,

the pedestrian would instantly know a vibration is being sent and would interpret it.

A common problem with haptic messages in general is that designers are unsure of

how their icons will be perceived under various contexts and end-user scenarios. Users

could be under stress or distracted by events around them making it difficult to quickly
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recall semantic information. The difference between sitting, standing, and walking could

be influential in the interpretation of a message. It would be beneficial for the designers to

test their tactile feedback in a controlled virtual simulation.

Our system provides a testing platform well-suited for haptic icons underfoot. The

CAVE screens can display images pertaining to a given situation while the floor device

mimics a relevent terrain. Haptic icons can be situated anywhere on the floor by specifying

those tiles. For example, a simple subway platform scenario could be simulated. Videos of

an underground station are projected onto the CAVE screens and a virtual train arrives at

predefined intervals. The front two rows of the floor act as the subway tracks and appear

black. The back two rows act as the platform and appear grey. The middle rows act as

the border and appear yellow. When the border is stepped on, the haptic icons delivered

inform the subject to be cautious and that a train is arriving in n minutes. The whole

floor rumbles as the train draws close and we can determine the degree that it affects the

vibrotactile message. A range of varying conditions can be quickly tested in this manner.

Before attempting such a particular scenario, however, we proposed a simpler experi-

ment that uses the constructed platform to determine whether or not it is indeed possible

to recognize a set of ground-based vibrotactile icons. This was motivated in large part to

verify that the feet are able to perceive hand-based haptic icon characteristics considering

their similar sensory physiologies [38].

3.4.2 Background

The size of the stimuli set recognizable by humans depends on many variables. Location

on the body, amount of attention diverted to other tasks, experience and numerous other

factors all affect the recognition rate. Studies by MacLean et al. [39] and van Erp et

al. [40] have shown useable sets of 36 and 59 icons respectively through use of musical
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metaphors. In these experiments, the vibrations were delivered to the fingers and hands.

Recognition rates for arbitrary stimuli delivered to the feet have been less studied, although

are predicted to be reduced due to the lower sensitivity of the feet.

3.4.3 Design of Stimulus Set

The multitude of parameters involved in stimulus design is the subject of many studies.

Details of the icon design process and icon creation software used for this experiment are

described by Visell et al. [41]. A total of eight unique stimuli were constructed using a

musical paradigm. A single note was created using adjustable parameters and repeated

following a distinct rhythmic pattern. The icon design software allowed specification of

rhythm, individual note amplitude, repetition of rhythmic pattern, phrase duration, rough-

ness, fundamental frequency, and an overall amplitude envelope. Duration of icons ranged

between 1.4 and 2.4 seconds.

3.4.4 Methodology

Setup

Users were asked to wear men’s hard-soled shoes provided in various sizes by the ex-

perimenters. This was done to reduce the effect of varying footwear between subjects. The

platform on which users stood consisted of four tiles that vibrated uniformly. A podium

elevated a computer screen and a mouse to a height comfortable for use by a standing

person. Closed-form headphones playing pink noise were worn to mask potential auditory

cues. The user would initiate stimulus delivery by clicking on selected buttons seen on the

experiment program GUI. Although not used in this experiment, the force sensors could

be implemented to trigger such signals.
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Procedure

The procedure for every participant consisted of six test sessions, each with sixteen

identification trials. All eight signals, identified by a number, were presented twice per

session in randomized order. Participants were given only five minutes to learn the as-

sociations through self-guided selection and feedback. Each identification trial involved a

single stimulus presented up to four times depending on the participant. They would select

the assumed correct stimulus number and then be shown the answer. This was done to

facilitate learning of the associations. An optional one minute break was given to sub-

jects between sessions in case of fatigue during the 20 to 25 minute experiment. Pre-test,

post-test questionnaires and the consent form are found in Appendix A.

Subjects

Twelve subjects between the ages of 20 and 39 took part in the experiment. Of those,

seven were male and five were female. Nine subjects reported prior musical training. All

participants used the same stimulus set, but as noted before, received them in a random

order. They were paid $5 each for their participation with a motivational bonus of $50 to

the one who achieved the highest recognition rate.

3.4.5 Results

The average identification rate across all testing sessions is summarized in Figure 3.17.

The highest identification rate was 68% and the lowest was 28%. The average over all ses-

sions and all participants was 49% with a standard deviation of 12%. Chance performance

would correspond to 12.5%. Participant 2 achieved a 94 % recognition rate during the last

test session.
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Figure 3.17 Average correct identification rates across all sessions for each
subject.

Figure 3.18 presents the overall recognition rate for each stimulus. Stimulus 6 was most

easily identified but not by a large margin. Stimulus number 3 and 8 performed the worst,

although still higher than chance. From Figure 3.19, we can see the potential for error

between pairs of stimuli. Icon number 2 was often confused with number 8. Examining

these stimuli, it seems that participants prioritized rhythm as a key identifier. There was

also a high number of errors between icons 3 and 4. We suspect that duration was also

a major factor. These two stimuli were the longest signals of the set at over two seconds

each – other signals were between 1.4 and 2 seconds each.

The rate of learning with standard deviations is shown in Figure 3.20. We see that

the peak performance occurred during session four with a recognition rate of 58%. From

subject comments, the plateau effect in sessions five and six seemed to be caused by fatigue.

Almost all subjects attempted to complete the entire experiment without a break, fearing
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Figure 3.18 Average correct identification rates across all subjects for each
stimulus.

Figure 3.19 Confusion matrix for all subjects indicating number of re-
sponses by the darkness of the cell.
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loss of learned associations.

Figure 3.20 Mean recognition rates averaged across all subjects for each
session.

This preliminary set of experiments showed that recognizing haptic vibrational icons

through the feet was possible given a small stimulus set and a minimal amount of learning.

The increasing learning curve indicated that our mental and physical capabilities can adapt

to such an interface. All participants were unfamiliar with this type of information transfer

but expressed that it did not feel unnatural. On a scale of one (uncomfortable) to five

(comfortable), participants rated the interaction at 3.4 with a standard deviation of 1.22.
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Chapter 4

Conclusions and Future Work

4.1 Conclusions

An important step in the realization of a multimodal floor interface for virtual envi-

ronments has been achieved with this project. We began with the aim of improving on

available floor-interface designs by adding localized haptic, auditory, and visual feedback

presented directly from the ground. Tactile feedback was the key novelty in this project

and we wanted to show that it makes a considerable difference in the way a user experiences

a VE. We feel that a majority of simulation systems, including ones that use HMDs, can

benefit from incorporating a vibrotactile floor. Our design choices in keeping all sensing

and actuation embedded into a raised flooring promotes unobtrusive integration into ex-

isting systems. When not in use, it blends into the surroundings behaving no differently

from common floor tiles.

Each aspect of the hardware for this project went through careful consideration and

decisions were made based on a combination of ease of integration, durability, performance

and cost. The physical platform, constructed out of affordable housing lumber, provided

2010/09/26
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a reasonably stable foundation for the sensors and actuators. For future iterations, higher

quality lumber should be used as the housing beams exhibited some curvature that compli-

cated the construction phase. Because constant removal of the tiles during the prototyping

stage would repeatedly shift the sensors, we temporarily used an average calibration curve

for all FSRs. Even so, the sensing proved adequate for providing accurate force readings –

at least for our existing applications.

The choice of Clark Synthesis TST vibrotactile actuators, and thus, 30 cm × 30 cm

tiles, created an acceptable vibration resolution while keeping the interactive area a usable

size. We noticed, however, that the haptic signal was received differently dependent on

the location of the user’s foot on the tile. There seemed to be a decline in amplitude

as the foot moves towards the edges. This is problematic in that it creates an uneven

tactile response over the haptic floor. A stiffer tile material, better actuator coupling, and

stronger tile constraints could help minimize this effect. With respect to evaluating the

role of haptics compared to graphics and sound, this actuator has difficulty in completely

decoupling vibrations that pertain to haptics from vibrations that are audible. Even for

low frequency levels below the hearing threshold for most people, 20 Hz, resonances from

the tiles and surrounding support can be heard. For experiments that need to isolate single

modalities, alternative solutions can be employed. Playing pink noise through headphones

can reduce the amount of sound heard and attaching a compliant material, e.g., soft foam,

on the underside of shoes can absorb vibrotactile feedback.

Two immersive virtual terrains, snow and ice, were created to provide ecological inter-

actions previously unachievable through conventional systems. These environments were

showcased at the largest computer graphics and interactive techniques exhibition, Emerg-

ing Technologies of ACM SIGGRAPH 2009 [42]. This event lasted five days with hundreds

of people walking on our virtual surfaces and experiencing the potential value of adding an
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augmented floor into existing VEs.

Comments from the general public indicated that the level of attainable realism sur-

passed their expectations. Prior to stepping on the platform, several spectators commented

on being intrigued, though puzzled, by the level of amusement expressed by the active par-

ticipants. There were no buttons to press and no objects to grasp, yet the behaviour of the

system was strictly reliant on interaction. We like to stress the simplicity of achieving a

successful human-machine feedback loop i.e., perceiving the correct response from an input

action, with our simulations. There exist many “haptic” devices that claim to be realistic

when they, in fact, require users to concentrate and repeat the action several times in order

to interpret what the system is trying to convey. Any extra cognitive load that the user

devotes to interpretation detracts from the realism of the system. While using our system,

very few participants commented that they had difficulty associating the feedback with the

given terrain, although they could be biased from prior descriptions of the VEs. The ice

surface emerged as the more popular of the two scenarios; in particular, users were greatly

entertained by the shattering event. The ice simulation was also enjoyed by a group of

children from a local day-care centre.

Our system also serves as a VR testing platform for ground-based haptic icons. A pre-

liminary perceptual haptic icon experiment was performed to gauge the ability of partici-

pants to learn and identify vibration patterns delivered to their feet. Recognition rates were

clearly above chance, but our empirical analysis failed to clarify adequately which aspect

of the signal needed improvement. However, we were able to show that every participant

had the ability to distinguish between the vibrations irrespective of musical training, and

observed that they were all comfortable with the interaction. Ground vibrations, provided

within context, rather than with arbitrary numerical associations, could prove useful as

an alternative channel for information delivery. We have confidence that a scenario merg-
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ing both haptic icons and terrain simulation will provide further insight into locomotive

interaction.

4.2 Future Work

Many improvements can be made to further enhance the capabilities of our floor plat-

form. More surfaces, such as sand, grass, and gravel, should be implemented in addition

to scenarios where the type of terrain and thus, the feedback, vary over time or are mod-

ified by the user. A seashore, where the underlying material could change between sand

and water due to periodic waves, would demonstrate the adaptability of our VR system.

Abstract scenarios such as a floor covered with virtual bubble wrap would be interesting as

well. The simulation system, thus far, lacks an integrated development environment and

VR features must be programmed from scratch. We have yet to define a standard approach

for the graphics software to interface with the haptic-audio synthesis software.

Another improvement would be to discard motion tracking in favour of purely ground-

based sensing. We encountered many situations in which the motion capture cameras would

lose sight of the markers for a few frames because it was occluded by the user’s legs during

locomotion. With additional participants, the frequency of dropped tracking is likely to

increase. The need for detailed footprints in environments such as snow and mud would

require algorithms to predict the exact position and orientation of the feet from force data.

Preliminary work from the lab indicates that there are several constraints from the human

body and the FSR configuration that can be exploited for accurate prediction.

Shadows remain a slight distraction in our VR setting. Since the projectors overlap, it

is possible to generate two separate video signals. One could modify the graphics so that

the projectors compensate for shadows by reducing the brightness in overlapping areas.
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One approach to predicting the shape and location of shadows uses cameras to capture

the position and size of the occlusion. In our setup, the approximate position of the user

is already tracked with the embedded force sensors. Using a generic set of dimensions for

a human body, shadows can be predicted and compensated. Audet and Cooperstock [43]

have already shown success in this regard with a moving occluding object in front of a

video projection.

The floor interface can be extended to domains beyond environment simulation to take

advantage of its ability to display tactile icons. Floor-based interaction techniques such

as StepWIM [44] and WisdomWell [17] can benefit from additional auditory and haptic

feedback. Beyond games, the device can be used in the study of virtualized floor controls.

Many operations in dentistry, surgery, and automotive guidance require blind foot control

because both the hands and the eyes are occupied. In these cases, active haptic and

auditory feedback could be prototyped through virtualization to improve functionality,

operation speed, and reliability.
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Appendix A

User Testing Documents
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CONSENT FORM 

You are being invited to participate in an experiment run by Yon Visell and Alvin Law, 
and supervised by Dr. Jeremy Cooperstock of the Centre for Intelligent Machines. The 
study evaluates the identifiability, of different sensations you will feel as you step onto a 
vibrating, but otherwise stationary, tile.  You will be asked to wear headphones playing 
noise to mask any sound cues and wear dress shoes that we provide. 

The safety concerns of this study are minimal. The device will not feel much stronger 
than the sensation of stepping onto everyday ground surfaces in your shoes. The 
researcher that designed this study has used this device extensively and has encountered 
nothing of concern.  Every effort has been made to prepare safe and comfortable 
experimental conditions for you.    

The experiment will last between 30 minutes and an hour, depending on the pace you set. 
You will have adequate breaks to rest while the bumping device is adjusted twice. You 
will be paid for your participation. For analysis purposes, we will ask you for information 
including your age, sex, level of musical training, and dominant foot. This information 
and your identity will remain completely confidential in any report(s) pertaining to the 
results of this study.  Please note that you are free to withdraw from this study at any 
time, and that you are entitled to have the researcher explain to you the purpose of the 
study after you have completed it.  

Finally, should you have any comments or concerns about this study, you may contact 
Yon Visell at 555-555-5555 (email@email.com), Alvin Law at 555-555-5555 
(email@email.com) or Professor Cooperstock at (email@email.com).  

I have read and understood this consent form. I have agreed to participate voluntarily in 
this study.  

Participant’s name and signature: _________________________________  

Today’s date: _________________  
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Pre-Test Questionnaire

Participant #: ______________ Occupation:
_________________________ 

Age: ________ Gender:   M    /    F 

Dominant Foot: L  /  R Shoe-size: ________  

Do you have any musical experience?     
Please describe (which instrument, including dancing, and for how many years): 

_____________________________________________________________________________

_____________________________________________________________________________

______________ 

How sensitive would you rate your feet? 

Very sensitive 

   Average 

   Insensitive (e.g. from calluses due to barefoot activities) 

How much time would you expect you would require to learn a set of 8 arbitrary pair-
associations (e.g. number to letter)? 

Under a minute 
A few minutes 
Ten minutes 
Longer 

Thank You! 
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Post-Test Questionnaire

Subject #: ______________     

How hard did you find the first run? 

Very easy  1 2 3 4 5  Very Hard 

How hard did you find the last run? 

Very easy  1 2 3 4 5  Very Hard 

How did you find the vibrations? 

 Uncomfortable  1 2 3 4 5  Comfortable 

How unusual did the vibrations feel? 

 Very Unusual  1 2 3 4 5  Not Unusual At All 

Did you close your eyes when feeling the vibrations?  Yes     No 

Was there a strategy you used to remember the vibrations? 

____________________________________________________________________________

____________________________________________________________________________ 

Were there any vibrations that you thought were especially easy or hard to distinguish? 

____________________________________________________________________________

____________________________________________________________________________ 

Do you have any final comments or suggestions for improvement? 

____________________________________________________________________________

____________________________________________________________________________ 

We appreciate your participation! 
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