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Abstract: This paper describes an experiment whose goal is to assess the role of temporal and
amplitude variations in sonically simulating the act of walking over a bump or a hole. In particular, it
has been investigated whether the timing between heel and toe and the timing between footsteps, as
well as variations in the amplitude of heel and toe affect the perception of walking on unflat surfaces.
Forty five subjects participated to three between-subjects experiments where they were asked to
interact with a desktop system simulating bumps, holes and flat surfaces by means of auditory cues.
Results show that it is possible to simulate a bump or a hole by only using temporal information in the
auditory modality. Furthermore results show that the proposed amplitude variations are not sufficient
to provide the information concerning uneven surfaces.
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1. INTRODUCTION

Footstep sounds represent important elements in multi-

media productions such as movies and videogames. Chion

et al. write of footstep sounds as being rich in what he

refers to as materializing sound indices — those features

that can lend concreteness and materiality to what is on-

screen, or contrarily, make it seem abstracted and unreal

[1].

In the auditory perception and sound design and

synthesis community, sonic properties of footsteps have

been extensively investigated. From the perceptual point of

view, previous research has shown that it is possible to

recognize the gender of a human walker only by listening

to recorded footsteps [2]. Moreover, footstep sounds of

a person walking on a wooden floor provide information

about the gender, age, size, and emotional intention of the

person, and hardness and material of both shoes and floor

[3]. Other studies demonstrated the possibility of recog-

nizing simulated surfaces subjects are walking upon [4], as

well as emotional intentions of the walker [5,6].

To our knowledge, all previous research on walking

sounds from a simulation point of view has focused on the

act of walking on flat surfaces [7–11].

On the other hand, the human-computer interaction

community has explored the possibility of simulating

bumps and holes, by implementing a so-called pseudo-

haptic simulation [12]. The main idea of such research was

to investigate whether it is possible to simulate a bump or a

hole on a screen by only using visual feedback. This illusion

was achieved by creating a visual interface where the

control-display ratio between the motion of the mouse and

the cursor is not linear. In particular, when simulating a

bump, the cursor on the screen was decelerating until

reaching the top of the bump and then accelerating, while

when simulating a hole the cursor first accelerated and then

decelerated. Experiments showed that subjects could suc-

cessfully recognize a hole or a bump with this system [12].

Such research has recently been extended in [13],

where the authors investigated whether it is possible to

simulate the illusion of walking on a hole or a bump only

by using visual feedback. Three parameters were consid-

ered in such simulation: orientation, velocity and height,

and their combination. The experiments were run both

actively, having users wear an head mounted display, as

well as passively, having users interact with a desktop

simulation. Results showed that such visualization tech-

niques successfully simulate bumps and holes located in

the ground.

It has also been shown that it is possible to simulate a

bump or a hole only by using auditory cues [14]. In this
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case, the auditory cues which create the sensation of

walking on unflat surfaces are given by varying the

temporal distance between footsteps, as well as the distance

between heel and toe events in single footsteps.

Moreover, this work was extended by implementing

a multimodal (audio-visual) simulation of walking on a

bump or a hole [15]. Results in this case show that the

auditory cues reinforce the visual cues when coherent cues

are provided in both modalities. When subjects are exposed

to conflicting cues, for example by simulating visually the

act of walking on a bump and auditory the act of walking

on a hole, usually the visual cues are dominant, apart

from when the velocity effect is the visual parameter

varied. This might be due to the higher temporal resolution

of the auditory system versus the visual system.

In this paper, we are interested in extending the

possibilities offered by implementing such pseudo-haptic

feedback from the sonic point of view. Where most

research until now has focused on the person walking, in

this experiment we are instead addressing the significance

of the surface the person is stepping upon. This is achieved

by investigating whether it is possible to simulate the act

of walking on unflat surfaces by using both temporal

variations among footsteps as well as variations in ampli-

tude. The reason to investigate temporal and amplitude

aspects of our simulations is that the parameters of the

extracted ground reaction force (GRF), described in the

following section, are precisely temporal and amplitude

variations. So our goal is to investigate whether modifica-

tions to the GRF create the perception of walking on unflat

surfaces.

We first describe the sound synthesis engine used, and

we then propose three experiments which assess the role of

temporal and amplitude variations in simulating the act of

walking on unflat surfaces.

2. SYNTHESIS OF FOOTSTEP SOUNDS

In previous research, we proposed a sound synthesis

engine able to simulate footstep sounds on aggregate and

solid surfaces [16]. Such engine is based on physical

models which are driven by a signal, in the audio domain,

expressing the ground reaction force (GRF), i.e., the

reaction force supplied by the ground at every step. In our

simulations the GRF corresponds to the amplitude enve-

lope extracted from an audio signal containing a footstep

sound. The engine can work both offline and in real-time.

The two approaches differ for the way the input GRF is

generated. Concerning the real-time implementation, var-

ious systems for the generation of such input have been

developed and tested [4,16–19]. During the offline work,

the input signal is not detected in real-time, but it consists

of an audio file from which the GRF is extracted. Such file

consists of a recording of a person walking on a real

surface. Better results in terms of the GRF detection can be

found on audio recordings of walking on solid surfaces and

with a small amount of background noise. The different

envelope profiles of each step in the file are extracted and

fed to the engine which produces the synthesized footstep

sounds according to the choice of the surface to be

simulated.

In this particular set of experiments, we adopted the

offline use of the engine. To control the engine, we created

different audio files placing at various temporal patterns the

recording of an unique real footstep sound on concrete.

Such sound was chosen among those available in the

Hollywood Edge sound effects library.� As an example,

Fig. 1 shows the waveform of the chosen footstep on

concrete on top, and its corresponding GRF on the bottom.

Three types of surface profiles have been created starting

from the footstep sound generator: bumps, holes, and flat

surfaces (see Fig. 2). The techniques adopted to render

them at auditory level are illustrated in Sections 4, 5, 6.

For the purpose of these experiments, two types of

surfaces, one solid (wood) and one aggregate (gravel), were

chosen. The reason for choosing two materials was to

assess whether the surface type affected the quality of the

results.

3. EXPERIMENT DESIGN

We conducted three between-subjects experiments

whose goal was to investigate the ability of subjects to

recognize if the sounds they were exposed to corresponded

to walking on a bump, a hole or a flat surface:

(1) Experiment 1: recognition of bumps, holes and flat

surfaces by means of temporal intervals variations
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Fig. 1 Waveform of the used footstep on concrete (top)
and relative extracted GRF (bottom).

�Hollywood Edge sound effects library: www.hollywoodedge.com

Acoust. Sci. & Tech. 33, 5 (2012)

292



(2) Experiment 2: recognition of bumps, holes and flat

surfaces by means of amplitude variations

(3) Experiment 3: recognition of bumps, holes and flat

surfaces by means of combinations of amplitude and

temporal intervals variations

The between-subjects design was preferred to a within-

subject design in order to avoid a possible learning effect.

During experiment 1 the audio files were created

placing at different temporal intervals the footstep sound

generator, keeping unvaried their amplitude. The base idea

is that in a real environment, a person generally walks

slower on ascending slopes, and faster on descending

slopes. We transposed this information in our experiment

by modifying the time intervals both between footsteps

and between the heel and toe information in each footstep

(see Section 4). Conversely in experiment 2 the bumps and

holes were rendered by means of amplitude variations,

keeping fixed the time intervals both between footsteps and

between heel and toe (see Section 5). The chosen mapping

strategy was to progressively decrease the footstep sounds

amplitude during ascending slopes and gradually increase

it during descending slopes. Finally in experiment 3 the

two techniques were combined (see Section 6).

In order to have the integration of the two techniques

for experiment 3, the files of experiment 2 were designed

in reference to those of experiment 1. In particular the

same number of steps (with the same distribution according

to Fig. 2) were used (see Tables 1 and 4). Moreover in oder

to have consistency among experiments the same number

of different surface profiles were designed (specifically 2

flat, 6 bumps and 6 holes).

One of our hypotheses was that the information

provided by means of the temporal variations would have

been more helpful rather the one provided by the amplitude

variations. Another hypothesis was that the recognition

would have improved using both the information rather the

single information alone.

3.1. Participants

Forty-five participants were divided in three groups

(n ¼ 15) to perform the three between-subjects experi-

ments. The three groups were composed respectively of 11

men and 4 women, aged between 20 and 29 (mean = 23.6,

standard deviation = 2.84), 10 men and 5 women, aged

between 20 and 29 (mean = 23.86, standard deviation =

3.04) and 10 men and 5 women, aged between 20 and 28

(mean = 23.6, standard deviation = 2.58). All participants

reported normal hearing conditions. All participants were

naive with respect to the experimental setup and to the

purpose of the experiment.

The participants took on average about 15, 14 and 13

minutes for experiments 1, 2 and 3 respectively.

3.2. Setup

All experiments were carried out in an acoustically

isolated laboratory where the setups for the experiments

were installed. They consisted of a simple graphical user

interface with which the participants were asked to interact,

and a spreadsheet to collect their answers. The interface

was created using the Max/MSP programy and was

composed only by buttons to be pressed. Each button

was numbered, and by pressing it a sound was triggered

and conveyed to the user by means of headphones. Users

were asked to press each button according to their

numerical order, and to write the corresponding answers

on the spreadsheet.

3.3. Task

During all experiments subjects were sitting on a chair,

listening to the sounds through headphones and interacting

with the interface mentioned in Section 3.2. They were

given the list of three different surfaces (bump, hole, flat),

presented as forced alternate choice. The task consisted

of recognizing to which surface the walk corresponded

after the presentation of the stimulus. In addition to the

classification of the surface profiles subjects were also

asked to evaluate the degree of certainty of their choice on

a scale from 1 to 7 (1 = very low certainty, 7 = very high

certainty).

Participants were allowed to listen to the sounds as

much as they wanted before giving an answer. When

moving to the next stimulus they could not change the

answer to the previous stimuli.

4. EXPERIMENT 1

4.1. Description of the Conditions

As mentioned in Section 3, in experiment 1 temporal

intervals variations were used while any amplitude varia-

tion was involved. The amplitudes for the footstep sounds

Fig. 2 The three types of surfaces modelled.

yMax/MSP: www.cycling74.com
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were set to 54 dB (A) and 58 dB (A) for the wood and

gravel surfaces respectively. The temporal patterns used

were designed to simulate 14 different surface profiles.

Specifically 2 flat, 6 bumps and 6 holes were designed.

Such patterns involved three types of temporal distances.

The first was the temporal distance between footsteps (i.e.,

the time interval between the end of the sound generated by

the toe and the beginning of the sound generated by the

heel of the next step), the second was the temporal distance

between heel and toe (i.e., the time interval between the

end of the sound generated by the heel and the beginning of

the sound generated by the toe in the same step), the third

consisted of the combination of the previous two (see

Fig. 3).

The characteristics of the 14 files used to drive the

sound engine are illustrated in Table 1. In such table the

suffixes step, h t and comb indicate the type of temporal

distance used for each file (footsteps distance, heel-toe

distance and their combinations respectively). The equa-

tions in the ‘‘Number of steps’’ column indicate how the

steps where placed in reference to Fig. 2. As an example,

the stimulus bump 2 step was composed by 19 steps, 4

steps to go from point A to point B, 6 steps to go from

point B to point C, 5 steps to go from point C to point D,

and 4 steps to go from point D to point E). In order to

model two different types of bumps and holes, for each

category of surface modeling (by means of the three

temporal distance types), two slopes where chosen. The

heights of the two typologies of bumps were approxima-

tively 5.60 and 2.80 meters. Similarly for the depth of the

two modelled holes types, which were symmetrical to the

bumps. These data were estimated by means of a raw

calculation based on the number of steps and on the

average person’s stride length.

The sound engine was set in order to synthesize

footstep sounds on two different kinds of materials: wood

and gravel. Participants were exposed to 28 trials, where

the 14 surface profiles were presented twice in randomized

order (each surface profile was presented with both wood

and gravel).

4.2. Results of Experiment 1

The results of experiment 1 for wood and gravel are

shown in Tables 2 and 3 respectively. In both tables, the

first column shows the different conditions as described in

Table 1. The second, third and fourth columns illustrate the

choices of the subjects (bump, hole or flat) for the different

conditions they were exposed to. The fifth, sixth and

seventh column report the average certainty expressed by

the subjects after performing their choice; the fifth column

reports the total certaintly in both correct and wrong

Table 1 Features of the 14 files used in experiment 1 as input to the sound engine. For a detailed description, see the text.

Duration
(in sec.)

Number of
steps

Footsteps distance
increment (in ms)

Footsteps distance
range (in ms)

Heel-toe distance
increment (in ms)

Heel-toe distance
range (in ms)

flat 1 12 19 — 550 (fixed) — 69 (fixed)
flat 2 16 19 — 750 (fixed) — 69 (fixed)
bump 1 step 27 31 ¼ 4þ 12þ 11þ 4 50 550 �! 1;150 — 69 (fixed)
bump 2 step 16 19 ¼ 4þ 6þ 5þ 4 100 550 �! 1;150 — 69 (fixed)
hole 1 step 18 31 ¼ 4þ 12þ 11þ 4 �50 750 �! 150 — 69 (fixed)
hole 2 step 11 19 ¼ 4þ 6þ 5þ 4 �100 750 �! 150 — 69 (fixed)
bump 1 h t 24 31 ¼ 4þ 12þ 11þ 4 — 550 (fixed) 30 0 �! 360 (+ 69)
bump 2 h t 14 19 ¼ 4þ 6þ 5þ 4 — 550 (fixed) 60 0 �! 360 (+ 69)
hole 1 h t 24 31 ¼ 4þ 12þ 11þ 4 — 550 (fixed) �20 240 �! 0 (+ 69)
hole 2 h t 13 19 ¼ 4þ 6þ 5þ 4 — 550 (fixed) �40 240 �! 0 (+ 69)
bump 1 comb 32 31 ¼ 4þ 12þ 11þ 4 50 550 �! 1;150 30 0 �! 360 (+ 69)
bump 2 comb 19 19 ¼ 4þ 6þ 5þ 4 100 550 �! 1;150 60 0 �! 360 (+ 69)
hole 1 comb 22 31 ¼ 4þ 12þ 11þ 4 �50 750 �! 150 �20 240 �! 0 (+ 69)
hole 2 comb 15 19 ¼ 4þ 6þ 5þ 4 �100 750 �! 150 �40 240 �! 0 (+ 69)

Fig. 3 Temporal distances between (named ‘‘steps dis-
tance’’ in the Figure), and within (named ‘‘heel-toe
distance’’ in the Figure) footsteps.
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answers, while the sixth and seventh column report the

certainty in correct and uncorrect answers respectively.

Finally, the last column reports the percentage of correct

answers.

As the tables show, subjects could successfully recog-

nize bumps and holes using only the auditory cues

described in the previous section. In fact, as can be seen

in the last column of Tables 2 and 3, the percentage of

correct answers is high for all conditions, reaching also

100% of correct answers in three conditions, and with a

lowest score of 73% which was reached only in one

condition.

Observing columns 6 and 7, morever, it is possible to

notice how subjects are quite certain when they express a

correct answer. In both surfaces, indeed, the mean certainty

for correct answers is always above average. On the other

hand, in situations where the answer was incorrect the

degree of certainty is also extremely low. This is the case,

for example, in the second flat stimulus for the wood

surface and the first hole stimulus in the gravel surface.

An ANOVA was performed to examine whether

significant differences were present in the recognition rate

among the two surfaces and among the different conditions

in the same surface. Overall, no significant differences

were measured in the recognition rate among the two

surfaces. Moreover, no significant differences were mea-

sured in the recognition rate for the different conditions

in the same material. For example, no difference was

measured in the recognition rate of the first simulated bump

footstep versus the second simulated bump footstep. No

significant difference was furthermore measured between

the recognition rate obtained when changing the temporal

information between footsteps versus the one obtained

when changing the temporal information within footsteps.

Also, the combination of the two temporal information did

not significantly enhance the recognition of a bump or a

Table 2 Results of experiment 1 for the wood surface.

Bump Hole Flat
Mean certainty

% Correct answers
Total Correct answers Wrong answers

flat 1 1 14 6 6.1429 4 93.33
flat 2 1 14 5.6667 6 1 93.33
bump 1 step 13 2 5.4286 5.5385 4.5 93.33
bump 2 step 14 1 5.4667 5.5714 4 93.33
hole 1 step 1 14 4.8 4.7857 5 93.33
hole 2 step 2 13 4.9333 5 4.5 86.66
bump 1 h t 13 1 1 5.6 5.8469 4 86.66
bump 2 h t 12 2 1 5.1333 5.4167 4 80
hole 1 h t 15 4.2667 4.2667 100
hole 2 h t 3 12 4.4 4.8182 3.25 80
bump 1 comb 14 1 5.4 5.5 4 93.33
bump 2 comb 14 1 5.1333 5.3571 2 93.33
hole 1 comb 1 14 5.1333 5.2143 4 93.33
hole 2 comb 1 14 4.9333 5 4 93.33

Table 3 Results of experiment 1 for the gravel surface.

Bump Hole Flat
Mean certainty

% Correct answers
Total Correct answers Wrong answers

flat 1 3 12 5.2667 5.6667 3.6667 80
flat 2 1 1 13 5.4667 6 2 86.66
bump 1 step 12 2 1 5.8469 5.75 4.6667 80
bump 2 step 13 1 1 5.4667 5.9231 2.5 86.66
hole 1 step 14 1 5.4667 5.7857 1 93.33
hole 2 step 15 6 6 100
bump 1 h t 14 1 5.5333 5.7857 2 93.33
bump 2 h t 11 2 2 4.5333 4.8182 3.75 73.33
hole 1 h t 1 12 2 4.5333 4.5833 4.3333 80
hole 2 h t 15 4.4 4.4 100
bump 1 comb 13 2 5.3333 5.6667 4 86.66
bump 2 comb 13 1 1 5.2667 5.7692 2 86.66
hole 1 comb 2 12 1 5.2667 5.3333 5 80
hole 2 comb 2 13 5.2667 5.8469 1.5 86.66
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hole. This, however, is also due to the fact that the temporal

informations taken individually already provided a high

recognition rate.

5. EXPERIMENT 2

5.1. Description of the Conditions

In experiment 2, amplitude variations were involved

while the time intervals both between footsteps and

between heel and toe were kept fixed. The amplitudes

patterns used were designed to simulate 14 different

surface profiles. Specifically 2 flat, 6 bumps and 6 holes

were designed. Such patterns involved three types of

amplitude variations: amplitude variation of the toe, of the

heel, and of both of them.

We designed our sounds in such a way that the

amplitude decreased on ascending slopes and increased on

descending slopes. In particular, the ranges of variations for

heel and toe amplitudes were different. More in detail, the

ranges of amplitude variation were chosen in order to reach

the effect that when heel and toe variations were used

together, on ascending slopes the heel amplitude was

bigger than the toe one, while on descending slopes the

heel amplitude was lower than the toe one. For this purpose

the initial amplitude of the toe was normalized to the same

amplitude of the heel (54 dB (A) for the wood and 58 dB

(A) for the gravel), and an equal amplitude of heel and toe

indicated the walk on a flat surface.

The characteristics of the 14 files used to drive the

sound engine are illustrated in Table 4. In such table the

suffixes t, h, and comb indicate the type of amplitude

variation used for each file (toe amplitude constant, heel

amplitude constant, and the combinations of heel and toe

variations respectively). During the variation of the

amplitude of the toe, the amplitude of the heel remained

constant, similarly during the variation of the amplitude of

the heel the amplitude of the toe remained constant. The

equations in the ‘‘Number of steps’’ column indicate how

the steps where placed in reference to Fig. 2.

In order to model two different types of bumps and

holes, for each category of surface modeling two slopes

where chosen. The sound engine was set in order to

synthesize footstep sounds on two different kinds of

materials: wood and gravel. Participants were exposed to

28 trials, where the 14 surface profiles were presented

twice in randomized order (each surface profile was

presented with both wood and gravel).

5.2. Results Experiment 2

Tables 5 and 6 illustrate the results of experiment 2 for

wood and gravel respectively. In both tables, the first

column shows the different conditions as described in

Table 4. The second, third and fourth columns illustrate the

choices of the subjects (bump, hole or flat) for the different

conditions they were exposed to. The fifth, sixth and

seventh column report the average certainty expressed by

the subjects after performing their choice; the fifth column

reports the total certaintly in both correct and wrong

answers, while the sixth and seventh column report the

certainty in correct and uncorrect answers respectively.

Finally, the last column reports the percentage of correct

answers.

As the tables show, subjects could not successfully

recognize bumps and holes using only the auditory cues

described in the previous section. In fact, as can be seen in

Table 4 Features of the 14 files used in experiment 2 as input to the sound engine. For a detailed description, see the text.

Duration
(in sec.)

Number of
steps

Heel/toe amplitude
decrement range

(in dB)

Heel/toe amplitude
decrement

(in dB)

Heel/toe amplitude
increment range

(in dB)

Heel/toe amplitude
increment

(in dB)

flat 1 12 19 — — — —
flat 2 16 19 — — — —
bump 1 t 27 31 ¼ 4þ 12þ 11þ 4 heel: 0 �! �9 heel: 0.75 heel: �9 �! 9 heel: 1.63
bump 2 t 16 19 ¼ 4þ 6þ 5þ 4 heel: 0 �! �9 heel: 1.5 heel: �9 �! 9 heel: 3.6
hole 1 t 18 31 ¼ 4þ 12þ 11þ 4 heel: 9 �! �9 heel: 1.63 heel: 0 �! 9 heel: 0.75
hole 2 t 11 19 ¼ 4þ 6þ 5þ 4 heel: 9 �! �9 heel: 3.6 heel: 0 �! 9 heel: 1.5
bump 1 h 24 31 ¼ 4þ 12þ 11þ 4 toe: 0 �! �15 toe: 1.25 toe: �7:36 �! 15 toe: 2.03
bump 2 h 14 19 ¼ 4þ 6þ 5þ 4 toe: 0 �! �15 toe: 2.5 toe: �7:36 �! 15 toe: 4.08
hole 1 h 24 31 ¼ 4þ 12þ 11þ 4 toe: 7:36 �! �15 toe: 2.03 toe: �15 �! 15 toe: 1.25
hole 2 h 13 19 ¼ 4þ 6þ 5þ 4 toe: 5:4 �! �15 toe: 4.08 toe: �15 �! 15 toe: 2.5
bump 1 comb 32 31 ¼ 4þ 12þ 11þ 4 heel: 0 �! �9 heel: 0.75 heel: �9 �! 9 heel: 1.63

toe: 0 �! �15 toe: 1.25 toe: �7:36 �! 15 toe: 2.03
bump 2 comb 19 19 ¼ 4þ 6þ 5þ 4 heel: 0 �! �9 heel: 1.5 heel: �9 �! 9 heel: 3.6

toe: 0 �! �15 toe: 2.5 toe: �7:36 �! 15 toe: 4.08
hole 1 comb 22 31 ¼ 4þ 12þ 11þ 4 heel: 9 �! �9 heel: 1.63 heel: �15 �! 9 heel: 0.75

toe: 7:36 �! �15 toe: 2.03 toe: �15 �! 15 toe: 1.25
hole 2 comb 15 19 ¼ 4þ 6þ 5þ 4 heel: 9 �! �9 heel: 3.6 heel: �15 �! 9 heel: 1.5

toe: 5:4 �! �15 toe: 4.08 toe: �15 �! 15 toe: 2.5
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the last column of Tables 5 and 6, the percentage of correct

answers is low for all conditions with exception of the flat

surfaces. Indeed when bumps and holes were presented

such percentages never reached the 50%.

An ANOVA was performed to examine whether

significant differences were present in the recognition rate

among the two surfaces and among the different conditions

in the same surface. Overall, no significant differences

were measured in the recognition rate among the two

surfaces. Moreover, no significant differences were mea-

sured in the recognition rate for the different conditions

in the same material. For example, no difference was

measured in the recognition rate between the first and the

second simulated hole.

Furthermore no significant difference was measured

between the recognition rate obtained when changing the

amplitude of the heel versus the one obtained when

changing amplitude of the toe. Moreover, the combination

of the two amplitude variations did not significantly

enhance the recognition of a bump or a hole.

Observing columns 6 and 7, morever, it is possible to

notice how subjects are not very certain when they express

a correct answer or a wrong answer. In both surfaces,

indeed, the mean certainty for both correct and wrong

answers (without taking into account the flat surfaces) is

not high (i.e., it is 4.3). More precisely such means for

wood and gravel concerning the correct answers are 4.2

and 3.9 respectively, while for the wrong answers are

4.6 and 4.7 respectively. It is possible to notice a slight

tendency in giving higher evaluations of the degree of

certainty for wrong answers rather the correct ones,

although all such differences are not statistically significa-

tive.

In addition an analysis performed on the results for

each subject reveal that on average subjects were not

consistent in their choices. Therefore is not possible to

Table 5 Results of experiment 2 for the wood surface. For a detailed description, see the text.

Bump Hole Flat
Mean certainty

% Correct answers
Total Correct answers Wrong answers

flat 1 1 14 6.2 6.2857 5 93.33
flat 2 2 13 5.8667 6.0769 4.5 86.66
bump 1 t 3 8 4 4.8 4 5 20
bump 2 t 5 6 4 4.8 5.3 3.8 33.33
hole 1 t 4 4 7 4.7333 5 4 26.66
hole 2 t 9 5 1 4.6 3.4 5.2 33.33
bump 1 h 6 8 1 4.2667 3.25 4.6364 40
bump 2 h 3 11 1 4.6 4 4.75 20
hole 1 h 8 5 2 4.8 4 5.2 33.33
hole 2 h 7 4 4 4.0667 4.5 3.9091 26.66
bump 1 comb 3 12 5.1333 4.6667 5.25 20
bump 2 comb 7 7 1 4.7333 4.2857 5.125 46.66
hole 1 comb 7 4 4 4.2 4 4.2727 26.66
hole 2 comb 10 5 5 5 5 33.33

Table 6 Results of experiment 2 for the gravel surface. For a detailed description, see the text.

Bump Hole Flat
Mean certainty

% Correct answers
Total Correct answers Wrong answers

flat 1 2 2 11 4.4 4.9091 3 73.33
flat 2 2 13 5.2667 5.5385 3.5 86.66
bump 1 t 7 5 3 4.4667 3.4286 5.375 46.66
bump 2 t 7 7 1 4.1333 3.4286 4.75 46.66
hole 1 t 5 6 4 4.3333 4.8333 4 40
hole 2 t 7 4 4 4.0667 2.5 4.6364 26.66
bump 1 h 5 6 4 4.1333 4.8 3.8 33.33
bump 2 h 5 7 3 4.3333 4 4.4545 33.33
hole 1 h 5 5 5 4.6667 3.6 5.2 33.33
hole 2 h 7 7 1 4.5333 4.2857 4.75 46.66
bump 1 comb 5 9 1 5.4 4.8333 5.7778 33.33
bump 2 comb 7 8 5.3333 4.8571 5.75 46.66
hole 1 comb 11 3 1 4.1333 3.6667 4.25 20
hole 2 comb 9 5 1 4.2 3.4 4.6 33.33
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deduct that they preferred the opposite mapping for the

amplitude variation in rendering bumps and holes (i.e.

increment of the amplitude on ascending slopes and

decrement on descending slopes). This is also confirmed

by the high percentages of flat choices when a bump or a

hole was provided, as the fourth column of both the tables

shows.

These results are very ambiguous, for this reason we

can conclude that the proposed technique is not enough

informative for rendering bumps or holes.

6. EXPERIMENT 3

6.1. Description of the Conditions

As mentioned in Section 3, in experiment 3 both the

temporal intervals variations and the amplitude variations

were involved. Among all the possible combinations of

the stimuli involved in experiments 1 and 2, we chose to

use as temporal patterns the combination of the temporal

distance between footsteps and of the temporal distance

between heel and toe, (i.e. the stimuli with the suffix

comb indicated in Table 1), and as amplitude variations

the ones involved in experiment 2. Like in the experi-

ments 1 and 2, in experiment 3 we simulated 14 different

surface profiles (precisely 2 flat, 6 bumps and 6 holes were

designed). Like in the previous experiments, the sound

engine was set in order to synthesize footstep sounds on

wood and gravel. Participants were exposed to 28 trials,

where the 14 surface profiles were presented twice in

randomized order (each surface profile was presented with

both wood and gravel).

6.2. Results of Experiment 3

The results of experiment 3 for wood and gravel are

shown in Tables 7 and 8 respectively. Such results are very

similar to those of experiment 1. As the tables show,

subjects could successfully recognize bumps and holes

using the auditory cues described in the previous section.

Indeed, the percentage of correct answers is high for all

conditions, reaching also 100% of correct answers in two

conditions (without considering the flat surfaces), and with

a lowest score of 73% which was reached only in one

condition in each table. Results shows that subjects were

quite certain when they expressed a correct answer. In both

surfaces, indeed, the mean certainty for correct answers is

always above average. On the other hand, in situations

where the answer was incorrect the degree of certainty is

on average low.

An ANOVA was performed to examine whether

significant differences were present in the recognition rate

among the two surfaces and among the different conditions

in the same surface. Such analysis brought to the same

considerations made for the results of experiment 1 (see

Section 4.2).

7. GENERAL DISCUSSION

From a comparison between the results of the three

experiments it is possible to notice that the temporal

variations are strongly dominant on the amplitude ones in

providing the information about the simulated surface

profiles. Indeed results of experiment 1 were very clear:

subjects were able to recognize bumps and holes using the

proposed auditory cues with high accuracy, both for gravel

and wood. No significant differences were found in the

recognition rate among the two surfaces nor among the

different conditions in the same surface. No significant

difference was present in the recognition rate for the two

proposed temporal distances, and the combination of the

two temporal information did not significantly enhance

the recognition. This is especially due to the fact that the

temporal informations taken individually already provided

Table 7 Results of experiment 3 for the wood surface with variations of amplitude and temporal distances. For a detailed
description, see the text.

Bump Hole Flat
Mean certainty

% Correct answers
Total Correct answers Wrong answers

flat 1 15 6 6 — 100
flat 2 15 6.1333 6.1333 — 100
bump 1 t 13 2 5.2667 5.4615 4 86.66
bump 2 t 13 2 4.4667 4.5385 4 86.66
hole 1 t 1 14 5.0667 5.2143 3 93.33
hole 2 t 3 12 4.6667 5 3.3333 80
bump 1 h 12 1 2 4.7333 4.8333 4.3333 80
bump 2 h 13 2 4.3333 4.6923 2 86.66
hole 1 h 13 2 5.2 5.3077 4.5 86.66
hole 2 h 1 13 1 4.6667 4.8462 3.5 86.66
bump 1 comb 13 1 1 4.6667 4.6923 4.5 86.66
bump 2 comb 14 1 4.8667 5.0714 2 93.33
hole 1 comb 4 11 4.8 5.2727 3.5 73.33
hole 2 comb 1 14 4.8667 5 3 93.33
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a high recognition rate. Concerning the degree of certainty

of their answers, such evaluations were high for correct

answers and low for the wrong ones, both for gravel and

wood.

Conversely, in experiment 2 results were very ambig-

uous: subjects were not able to recognize bumps and holes

using the proposed volume variations, and their degree of

certainty in expressing an answer was not high, both for

correct and wrong answers. Moreover, on average subjects

were not consistent in their choices, as well as they slightly

tended to answer with a flat choice when a bump or a hole

was provided.

In addition results of experiment 3 show that the

amplitude variations do not improve the recognition neither

in terms of percentages of correct answers nor in terms of

higher evaluations of degree of certainty. All the dif-

ferences between experiments 1 and 3 concerning both the

percentages and the evaluations of degree of certainty of

correct answers, are not statistically significative. Therefore

our hypothesis about an improvement of the recognition

rate (and of higher evaluations of the degree of certainty)

when using both the variations rather the single ones alone,

was not confirmed.

As a consequence, it is possible to conclude that the

proposed amplitude technique is not enough informative

for rendering bumps or holes, while the variations of the

temporal information alone are sufficient. This aspect can

also be noticed in the results of experiment 2, where

subjects frequently thought that the simulation was a flat

surface, even if a bump or a hole was provided, thus

confirming that the fixed temporal distances play an

important role in the perception of walking over a flat

surface.

This can also due to the fact that humans have a very

high temporal resolution when exposed to auditory cues.

On the other hand, distinguishing between variations in

amplitude is not a straightforward task. In all the experi-

ments the flat surfaces were always recognized with high

accuracy and with high evaluations of degree of certainty.

Furthermore in all the experiments no significative dif-

ferences were found in the results concerning the two

simulated materials, wood and gravel. Thus it is evident

that in these types of tasks the use of an aggregate surface

rather than a solid ones is not important, since it does not

influence the recognition.

8. CONCLUSION AND FUTURE WORK

In this paper, we described a between subject experi-

ment whose goal was to assess the role of temporal aspects

and amplitude variations in recognition of some character-

istics of footstep sounds, namely if a person is walking on a

flat surface, a bump or a hole. The first experiment was

performed only varying temporal parameters of footsteps,

such as the distance between heel and toe and the distance

between steps. The second experiment was run only

varying amplitude parameters of footsteps, such as the

amplitude of the heel and of the toe. In experiment 3 both

the temporal and amplitude variations were combined.

Results show that the temporal variations are strongly

dominant on the amplitude ones in providing the informa-

tion about the simulated surface profiles. In particular,

results of experiment 1 show that participants were able to

recognize with high accuracy bumps and holes provided by

means of the proposed temporal variations. Conversely,

results of experiment 2 are ambiguous, showing that

participants were not successful in the recognition task

using the proposed auditory cues. Moreover from a

comparison between results of experiments 1 and 3 it is

possible to notice that the variations of the amplitude did

not improve the recognition neither in terms of percentages

Table 8 Results of experiment 3 for the gravel surface with variations of amplitude and temporal distances. For a detailed
description, see the text.

Bump Hole Flat
Mean certainty

% Correct answers
Total Correct answers Wrong answers

flat 1 1 14 5.4667 5.7143 2 93.33
flat 2 1 14 5.6667 5.9286 2 93.33
bump 1 t 13 1 1 4.6 4.4615 5.5 86.66
bump 2 t 13 2 4.8 5 3.5 86.66
hole 1 t 3 12 4.4667 4.5833 4 80
hole 2 t 15 5.2667 5.2667 — 100
bump 1 h 13 1 1 4.8667 5 4 86.66
bump 2 h 13 1 1 4.8 4.7692 5 86.66
hole 1 h 1 14 4.6667 4.7143 4 93.33
hole 2 h 15 5.4 5.4 — 100
bump 1 comb 12 1 2 4.4 4.75 3 80
bump 2 comb 11 2 2 4.6 5.3636 2.5 73.33
hole 1 comb 2 13 5.0667 5.3846 3 86.66
hole 2 comb 1 14 4.6667 4.8571 2 93.33
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of correct answers nor in terms of higher evaluations of

degree of certainty.

In consequence it is possible to conclude that the

variations of the temporal information alone are sufficient

for rendering bumps or holes, while the proposed ampli-

tude technique is not enough informative.

Furthermore in all the experiments no significative

differences were found in the results concerning the two

simulated materials, and this is an indication that in these

types of tasks the use of an aggregate surface rather than a

solid ones does not influence the recognition.

The results presented in this paper have interesting

applications in the field of navigations in virtual environ-

ments and computer games, where more realistic auditory

feedback can enhance the simulated experience.

In future work we plan to render bumps and holes at

auditory level interactively during the locomotion of a user.
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