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Abstract

One of the central goals of design is the creation of experiences that are rated
favorably in the intended application context. User expectations play an inte-
gral role in tactile product quality and tactile plausibility judgments alike. In
the vibrotactile authoring process for virtual environments, vibration is cre-
ated to match the user’s expectations of the presented situational context.
Currently, inefficient trial and error approaches attempt to match expectations
implicitly. A more efficient, model-driven procedure based explicitly on tac-
tile user expectations would thus be beneficial for authoring vibrations. In
everyday life, we are frequently exposed to various whole-body vibrations.
Depending on their temporal and spectral properties we intuitively associate
specific perceptual properties such as “tingling”. This suggests a systematic
relationship between physical parameters and perceptual properties. To com-
municate with potential users about such elicited or expected tactile proper-
ties, a standardized design language is proposed. It contains a set of sensory
tactile perceptual attributes, which are sufficient to characterize the percep-
tual space of vibration encountered in everyday life. This design language
enables the assessment of quantitative tactile perceptual specifications by lay-
persons that are elicited in situational contexts such as auditory-visual-tactile
vehicle scenes. However, such specifications can also be assessed by provid-
ing only verbal descriptions of the content of these scenes. Quasi identical
ratings observed for both presentation modes suggest that tactile user expec-
tations can be quantified even before any vibration is presented. Such ex-
pected perceptual specifications are the prerequisite for a subsequent transla-
tion into physical vibration parameters. Plausibility can be understood as a
similarity judgment between elicited features and expected features. Thus,
plausible vibration can be synthesized by maximizing the similarity of the
elicited perceptual properties to the expected perceptual properties. Based on
the observed relationships between vibration parameters and sensory tactile
perceptual attributes, a 1-nearest-neighbor model and a regression model
were built. The plausibility of the vibrations synthesized by these models in
the context of virtual auditory-visual-tactile vehicle scenes was validated in
aperceptual study. The results demonstrated that the perceptual specifications
obtained with the design language are sufficient to synthesize vibrations,
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which are perceived as equally plausible as recorded vibrations in a given
situational context. Overall, the demonstrated design method can be a new,
more efficient tool for designers authoring vibrations for virtual environments
or creating tactile feedback. The method enables further automation of the
design process and thus potential time and cost reductions.
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Zusammenfassung

Eines der zentralen Ziele des Designs von Produkten oder virtuellen Umge-
bungen ist die Schaffung von Erfahrungen, die im beabsichtigten Anwen-
dungskontext die Erwartungen der Benutzer erfiillen. Gegenwirtig versucht
man im vibrotaktilen Authoring-Prozess mit ineffizienten Trial-and-Error-
Verfahren, die Erwartungen an den dargestellten, virtuellen Situationskontext
implizit zu erfiillen. Ein effizienteres, modellgetriebenes Verfahren, das ex-
plizit auf den taktilen Benutzererwartungen basiert, wére daher von Vorteil.
Im Alltag sind wir héufig verschiedenen Ganzkdrperschwingungen ausge-
setzt. Abhéngig von ihren zeitlichen und spektralen Eigenschaften assoziie-
ren wir intuitiv bestimmte Wahrnehmungsmerkmale wie z.B. “kribbeln”.
Dies legt eine systematische Beziehung zwischen physikalischen Parametern
und Wahrnehmungsmerkmalen nahe. Um mit potentiellen Nutzern iiber her-
vorgerufene oder erwartete taktile Eigenschaften zu kommunizieren, wird
eine standardisierte Designsprache vorgeschlagen. Sie enthilt eine Menge
von sensorisch-taktilen Wahrnehmungsmerkmalen, die hinreichend den
Wahrnehmungsraum der im Alltag auftretenden Vibrationen charakterisieren.
Diese Entwurfssprache ermoglicht die quantitative Beurteilung taktiler Wahr-
nehmungsmerkmale, die in Situationskontexten wie z.B. auditiv-visuell-tak-
tilen Fahrzeugszenen hervorgerufen werden. Solche Wahrnehmungsspezifi-
kationen konnen jedoch auch bewertet werden, indem der Inhalt dieser Sze-
nen verbal beschrieben wird. Quasi identische Bewertungen fiir beide Pré-
sentationsmodi deuten darauf hin, dass die taktilen Benutzererwartungen
quantifiziert werden kdnnen, noch bevor eine Vibration prasentiert wird. Die
erwarteten Wahrnehmungsspezifikationen sind die Voraussetzung fiir eine
anschlieBende Ubersetzung in physikalische Schwingungsparameter. Plau-
sible Vibrationen konnen synthetisiert werden, indem die erwarteten Wahr-
nehmungsmerkmale hervorgerufen werden. Auf der Grundlage der beobach-
teten Beziehungen zwischen Schwingungsparametern und sensorisch-takti-
len Wahrnehmungsmerkmalen wurden ein 1-Nearest-Neighbor-Modell und
ein Regressionsmodell erstellt. Die Plausibilitdt der von diesen Modellen syn-
thetisierten Schwingungen im Kontext virtueller, auditorisch-visuell-taktiler
Fahrzeugszenen wurde in einer Wahrnehmungsstudie validiert. Die Ergeb-
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nisse zeigten, dass die mit der Designsprache gewonnenen Wahrnehmungs-
spezifikationen ausreichen, um Schwingungen zu synthetisieren, die in einem
gegebenen Situationskontext als ebenso plausibel empfunden werden wie
aufgezeichnete Schwingungen. Die demonstrierte Entwurfsmethode stellt ein
neues, effizienteres Werkzeug fiir Designer dar, die Schwingungen fiir virtu-
elle Umgebungen erstellen oder taktiles Feedback fiir Produkte erzeugen.
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Chapter 1 - Introduction

1 Introduction

1.1 General Introduction

One of the central goals of design is the creation of experiences that are
judged favorably in the intended application context [1]. Tactile design strat-
egies are applied in many fields. In vibrotactile product design, the intrinsic
device vibration or additional feedback vibration is being perceptually opti-
mized until the user expectations are sufficiently fulfilled. For example, in
the vehicle industry, the noise vibration harshness departments are occupied
with controlling perceptual properties of whole-body vibration (WBV) intrin-
sically produced by various excitations required for the cars' functionality.
The goal is to meet user expectations on the vibration quality regarding com-
fort or sportiveness. Vibrotactile feedback is frequently utilized in vehicles to
convey feedback to the user, e. g. for driving assistance systems. The design
of such feedback should match the expected tactile properties for the appli-
cation context enabling preferably intuitive communication of the desired in-
formation about the vehicle's state. Vibrotactile design is also utilized for
other devices such as handhelds.

In the vibrotactile authoring process for virtual reality like applications, vi-
bration is created to match the expectations on the situational context pre-
sented. In the last decade, there has been remarkable progress in reproduction
technologies for virtual reality. Besides high-resolution head-mounted dis-
play, also tracking technologies or tactile reproduction devices as well as per-
formant computing systems for rendering the virtual environment have been
seeing increasing adoption. The technological progress has led to broader uti-
lization of virtual reality in many fields [2]. Virtual environments offer many
advantages. A user can be immersed safely into an arbitrary environment,
whose properties can be precisely controlled. These properties made virtual
reality ideal for the field of research and development, which was among its
first users. This includes virtual reality applications with WBYV i.e. vibration
presented via a seat. Virtual reality enables simulators for flight training or
vehicle driving without exposing the user to real danger. Furthermore, they
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are being utilized in e-commerce [3] e. g. in the form of virtual test drives as
offered by AUDI car brand or for online shopping enabling tactile interaction
with products such as clothing. Virtual environments are being utilized in the
health sector in the form of virtual therapy [4] as for exposure therapy treat-
ment of phobias. In entertainment virtual environments that included vi-
brotactile elements were first limited to amusement parks. Now, vibration re-
production is increasingly applied to cinemas for example by DBox Technol-
ogies, providing a more immersive experience due to the added tactile mo-
dality [5]. Affordable head-mounted displays brought virtual environments
even to the homes of many consumers sometimes accompanied by vibration
reproduction.

With tactile virtual reality technology becoming ubiquitous, creating tactile
virtual environments that users interact with like real environments comes
into focus. Mel Slater [6] suggests that two illusions are contributing to this
goal: the place illusion and the plausibility illusion. The place illusion refers
to the users' sense of presence in the virtual environment and is influenced by
the degree to which the technical capabilities as display resolution or latency
enable immersion. The plausibility illusion is created by the content of the
depicted environment matching the user expectations. While the place illu-
sion received much interest from researchers, the plausibility illusion has at-
tracted much less attention.

Obviously, user expectations play an integral role in product quality and plau-
sibility judgments alike. However, their role is often implicit, e. g. when users
check design proposals or prototypes for agreement with their expectations
without explicitly stating their expectations first. Thus, content needs to be
created by anticipating the vibration expected from the user. Attempting to
transfer vibration from a real environment to virtual environments would re-
quire the creation of enormous databases of each situation. This is inflexible,
inefficient, and only possible for virtual environments with a real counterpart.
Producing vibration with complex models of the physical excitation process
is more flexible, but requires modeling of each process. Both methods assume
accurate playback of the vibration signals potentially requiring cost-intensive
reproduction systems.

The main shortcoming of these approaches is the assumption that user expec-
tations resemble the vibration occurring in the specific real environment, de-
spite users potentially never having experienced it. It is often assumed that

2
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sound and vibration are physically coupled and thus also perceptually cou-
pled. However, simply generating WBV from the LFE audio channel of a
DVD is perceived as much less realistic than manually authoring a suitable
vibration signal [5]. When presenting a basketball game in a virtual environ-
ment, [7] vibration for each ball impact was presented to the audience despite
it not being present in the auditorium. The experience was judged more real-
istic than without the vibration. The results from [8] indicate that the recorded
vibration is not necessarily the most plausible. It has been shown that the
perception of contradictory stimuli in different modalities is dominated by
the most convincing cue for the context [9]. Thus, the elicited tactile percep-
tual properties of vibration can differ from the expected perceptual properties
in the virtual environment. This suggests that the composition of the tactile
user expectations is more complex than previously assumed. This explains
the necessity of design experts anticipating user expectations or of trial and
error approaches iteratively approximating user expectations. A systematic,
explicit approach to determine the expected tactile properties of a situational
context simulated in the virtual environment which would elicit the plausibil-
ity illusion is still missing.

Tactile user expectations are rarely explicitly assessed in free elicitation tasks.
Furthermore, they are mostly accompanied by hands-on evaluations. Layper-
sons cannot communicate about vibration utilizing engineering terms such as
level or frequency directly. Instead, they communicate with associations such
as “tingling”. Such assessments of free associations are mostly non-standard-
ized, complicating their analysis. Unfortunately, there is no universally
agreed tactile design language available yet [10] that enables standardized
communication with future users about their tactile experiences. To generate
vibration susequently, it is furthermore necessary to obtain suitable vibration
parameters from such perceptual assessments. However, this semantic gap
between the physical engineering space of vibration and the perceptual space
has not been bridged yet.
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1.1  Objectives of the Thesis

The shortcomings discussed above are an obstacle impeding a universally
valid, efficient tactile design process that ensures the fulfillment of user ex-
pectations. The lack of a systematic approach prevents further automatization
and thus potential time and cost reductions. A standardized vibrotactile design
language could enable the communication about vibrotactile experiences and
expectations in a systematic way. This could allow the quantification of vi-
brotactile perceptual properties. A systematic relationship between the ele-
ments of the vibrotactile design language and vibration parameters would en-
able the generation of vibrations with expected perceptual properties. This
would be beneficial for both the tactile design of products and virtual envi-
ronments. This vision defines the objectives of this thesis. Therefore, this
work investigates the feasibility of quantifying user expectations on WBVs
directly in laypersons terms. The goal is to explicitly assess vibrotactile user
expectations on WBYV with the help of a tactile design language, enabling the
translation into plausible vibration. To achieve this vision, three main obsta-
cles need to be overcome. First, a set of tactile perceptual attributes, which
sufficiently characterize the perceivable variation of WBYV and their direct
relationship to physical vibration parameters need to be identified. Second, it
needs to be demonstrated that the expected perceptual property profile of a
context can be quantified utilizing this tactile design language. Third, it needs
to be shown that the model-based synthesis produces plausible vibrations for
this context from the expected perceptual profile.

1.2  Structure of the Thesis

In this chapter, the motivation and the goal of this work were elaborated.
Chapter 2 will outline the findings, which are relevant to the thesis. The dif-
ferent levels of the tactile perceptual process are presented. Furthermore, the
perception of virtual environments is discussed. Chapter 3 attempts to join
previous findings to derive a research concept for the stated goal. Chapter 4
describes the virtual environment reproduction system with a focus on the
development of the WBYV reproduction system. Furthermore, the test setup

4
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for the perceptual studies to be conducted in this work is documented. In
Chapter 5 the first main objective of assessing a tactile design language con-
sisting of a set of tactile sensory-perceptual attributes will be investigated.
Subsequently, the relationship between physical vibration parameters and
these sensory tactile perceptual attributes will be examined. Chapter 6 builds
onto Chapter 5 by utilizing the tactile design language for the quantification
of tactile expectations on a set of vehicle contexts. In Chapter 7 models will
be built from the relationships uncovered in Chapter 5 that can translate ex-
pected tactile perceptual profiles, as quantified in Chapter 6, into vibration
parameters. Subsequently, the synthesized vibrations will be compared to rec-
orded vibrations regarding the perceived plausibility in their multimodal con-
text. Chapter 8 will summarize the thesis with an overview of the results, a
description regarding their novelty, and an outlook on further research ques-
tions suggested by the findings.
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2. Tactile Perception in Real and
Virtual Environments

In the previous section, the aim of this work was set to the creation of a model
that enables the translation of tactile expectations of a situational context into
plausible vibration. This aim requires an explicit assessment of expected tac-
tile sensations. Furthermore, it requires knowledge about the controlled elic-
itation of the illusion of plausibility. Therefore, it is necessary to analyze prior
research for understanding on how to approach this goal. In the first section
of this chapter, an overview of tactile perception as a multilayered process
will be provided with a focus on WBVs i.e. vibrations introduced to seated
subjects. The second section will present a summary of the perception of vir-
tual environments with an emphasis on the illusion of plausibility. The third
section will discuss different authoring approaches that attempt to elicit the
plausibility illusion.

2.1  Tactile Perception as a Multilayered Process

As humans, we perceive our everyday life environment through our five
senses. The encountered stimuli form a base layer on which a multilayered
tactile perceptual process occurs. The somatosensory system enables us to
judge the qualities of physical contact with the environment [11], e.g. vibra-
tion. The temperature of the touched object can be perceived by thermore-
ceptors. Pain can be registered by the nociceptors. The position of the body
and the limbs is perceived by the proprioceptors. The mechanoreceptors are
sensitive to stretching, pressure, and vibration and are thus most relevant for
the given focus. The neural excitation patterns produced by the receptors in
response to the stimuli encountered in the environment subsequently elicit a
percept. The capabilities of the receptors, as investigated by psychophysics,
determine e. g. the perception threshold and difference thresholds and thus
the potential range and resolution of the percepts elicited by vibrations. This
can be interpreted as a second layer of abstraction that represents the theoret-
ical capability of conveying tactile information. In everyday life, some types

7
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of vibration are encountered frequently and thus we have learned to intui-
tively associate specific attributes, e.g. “tingling” to them. Such sensory tac-
tile perceptual attributes [12] can be seen as a third layer of abstraction rep-
resenting the interpretation of the percept directly elicited by vibration. De-
pending on sensory tactile perceptual properties, an emotional response, e.g.
arousal or pleasantness can be produced [12], [13]. This can be interpreted as
a fourth layer of abstraction, the affective layer. Each of the four layers and
their relevance to the goal of this work will be discussed in detail in this sec-
tion.

2.1.1 Physical Layer

Technological developments have greatly influenced our everyday lives.
Starting from ships, to horse carriages, proceeding to trains, planes, and ulti-
mately to automobiles, we experience WBVs directly in the vehicle or indi-
rectly by transmission into buildings. Today, several million people in the
Federal Republic of Germany are exposed to vibrations through transport in
occupational and non-occupational settings. Furthermore, vehicles (e. g.
trains) as well as stationary machines (e.g. generators) can also produce vi-
bration transmitted into buildings thus resulting in more human exposure
[14]. On the physical layer, vibrations have been investigated intensively, and
thus well-established measures for characterizing vibrations from an objec-
tive perspective are available. Griffin [15] classifies vibration typically en-
countered into six classes of excitation patterns (see Figure 2.1.).

One of the most frequently used measures of characterization is the magni-
tude of the oscillatory motion. The magnitude can be either quantified as dis-
placement, velocity, or acceleration with acceleration being the preferred unit
as it is most convenient to measure with widely available measurement in-
strumentation [15]. As the acceleration of oscillatory motion is varying over
time, the root mean square acceleration provides an average measure of the
vibration magnitude that humans are exposed to. Since perceivable vibrations
can vary by orders of magnitude, the level of vibrations is a more convenient
measure of magnitude. The reference for the vibration level is | um/s>. How-
ever, besides a magnitude dependence, human response to vibration is also
frequency-dependent [15]. Therefore, spectra or spectrograms are utilized to
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| vibration |

deterministic random

- Lo stationa .
| periodic | non-periodic | eréogiéy |

multi-
sinusoidal

sinusoidal

| shock || transient

Figure 2.1.
Classification of vibration according to Griffin (adopted from [15]).

characterize vibration regarding their frequency content on the physical layer.
From a workplace safety perspective, it is obvious that also the direction of
vibration can influence the human response to vibration. This is evidenced by
different thresholds for fore-and-aft, lateral, and vertical vibration [16].

The information about vibration available on the physical layer is usually
only understandable by experts with prior knowledge in this field. If human
response to vibration is not of interest, this layer offers an objective descrip-
tion of vibrations as a basis for analysis. However, for the perceptual quality
of a product or the perceived realism of a virtual environment the human re-
sponse obviously does play a role and thus no inference can be drawn from
the information available on this layer. The design of vibration for virtual
environments on the physical layer would need to rely on mappings from
discrete scene type to vibrations and thus have to omit perceptual aspects that
include preferences of users.

2.1.2 Mechanoreceptor Layer

Most research on the human response to vibration has focused on understand-
ing tactile perception from a psychophysical perspective. The psychophysical
approach attempts to identify the joint capabilities and limits of the soma-
tosensory system that mediate the perception of vibration. The goal of psy-
chophysical studies lies in the identification of vibration properties which
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make them perceivable by humans. Furthermore, it investigates the capability
of humans to discriminate vibration varying in certain physical vibration
properties. The somatosensory system comprises cutaneous receptors, i.e. the
sense of touch as well as proprioception, i.e. the sense of position and move-
ment [17].

2.1.2.1 Anatomy and Physiology of Mechanoreception

The anatomy of the glabrous skin suggests four mechanoreceptors types and
their associated afferent nerve fibers forming four psychophysical channels
[18] through which humans can perceive touch and vibration. These mecha-
noreceptors are Merkel's Receptors (slowly adapting (SA)-I fiber, Non-Pa-
cinian (NP) III channel), Ruffini corpuscle (SA-II fiber, NP II channel),
Meissner’s corpuscles (rapidly adapting (RA)-I fiber, NP I channel), and Pa-
cinian corpuscle (Pacini channel (PC) fiber, P channel). Each receptor signals
over its associated afferent nerve fiber type, thus mediating four psychophys-
ical channels detecting and encoding information about the vibration stimulus
and ultimately resulting in a sensory event at the somatosensory cortex in the
perceiver's brain [11]. An overview of the different capabilities of the four
channels is provided in Table 2.1.

The properties relevant to vibration perception of the channels caused by their
underlying functional mechanisms are described by [11] and summarized in
the following. The NP III channel is mediated by Merkel neurite complexes
and SA-I afferent nerve fibers. This channel is more sensitive than the other
channels in the frequency range of 0.2 Hz to 2 Hz. Stimulation of this channel

Table 2.1.

Vibrotactile psychophysical channels mediated by their underlying mechanoreceptors and asso-
ciated afferent nerve fiber types determining the frequency range at perception threshold level
and the characteristic sensations produced according to [11].

afferent nerve  frequency range at  associated

channel receptor type fiber type threshold sensation
NP IIT Merkel receptor SA-I 0.4-2 Hz “pressure”
NP II Ruffini corpuscles SA-II 100-500 Hz  “buzz-like”
NP I Meissner corpuscles RA-I 2-40 Hz “flutter”
P Pacini corpuscles PC 40-500 Hz “vibration”
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elicits the sensation of “pressure”. The NP II channel is mediated by Ruffini
end organs and the associated SA-II afferent nerve fibers. This channel is less
sensitive than the other channels. It produces a “buzz-like” sensation in the
frequency range of 100 Hz to 500 Hz. The NP I channel is mediated by Meiss-
ner corpuscles and RA I afferent nerve fibers. This channel is dominating the
perception threshold in the frequency range of 2 Hz to 40 Hz. Stimulation of
this channel is associated with the sensation of “flutter”. Finally, the P channel
is mediated by Pacinian corpuscles and the associated rapidly adapting PC
fibers. The perception threshold in the frequency range from 40 Hz to 500 Hz
is dominated by this channel. Stimulation of this channel elicits the sensation
of “vibration”. Each channel is characterized by a different neural code in
response to stimulation of different frequencies or magnitudes. While each of
the four channels dominates the perceptual threshold in a specific frequency
range, the total range of each of the channels mostly exceeds this range, as
shown by [18]. The four channels are typically stimulated simultaneously and
thus the information mediated by these channels is ultimately integrated into
a unified percept. Therefore, only the combination of the four channels can
explain the entire perceptual capabilities [11].

While cutaneous receptors are most relevant for receiving information in the
intermediate to the high-frequency range [15], WBVs i.e. vibrations per-
ceived by seated subjects often include low-frequency vibrations that can e.g.
cause movement of the limbs. In such cases proprioception, which is medi-
ated by receptors in the muscles (muscle spindles), joints, or tendons (Golgi
tendon organ) can contribute to the perception of oscillatory motion [15].
Therefore, proprioception also likely contributes to the entirety of the vi-
brotactile perceptual capabilities. The joint capabilities are reflected in the
model proposed by [11] and shown in Figure 2.2. Since it is difficult to stim-
ulate one of the channels in isolation, usually the joint capabilities of vibrotac-
tile perception are studied in psychophysical research. Thus, the effect of
changes in vibration stimulation on changes in the elicited percept can only
be studied for joint stimulation.

11
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2.1.2.2 Assessment of the Tactile Perceptual Dimensions on the
Mechanoreceptor Layer

The limited capabilities of vibrotactile perception define the boundaries of
the perceptual space in which percepts can be elicited by vibration, e.g. the
perceivable vibration level range is determined by the perceptual threshold.
Furthermore, the dimensions of the perceptual space are influenced by the
limited capabilities of vibrotactile perception to resolve changes in physical
vibration properties (e. g. level) through changes in the elicited percept (e.g.
perceived intensity).

There are three general experimental approaches to investigating the percep-
tual space of vibration: the classification of vibration, the semantic differen-
tial method, and the similarity estimation method [19]. Of the three methods,
only the classification method and the related similarity estimation method
remains on the mechanoreceptor layer to reveal underlying perceptual dimen-
sions according to which vibration can be discriminated. In contrast to the
semantic differential approach, no explicit rating criteria in the form of per-
ceptual attributes are required for these approaches, since the vibration stim-
uli are only rated for their similarity or dissimilarity. By applying a multidi-
mensional scaling (MDS) the perceptual dimensions underlying these ratings
can be identified. However, the dimensions of the perceptual space of vibra-
tion acquired by this method need to be interpreted as being implicit, since
the approach does not reveal, why subjects perceive specific stimuli as being
similar. Therefore, it is often attempted by researchers to map explicitly in-
terpretable labels manually onto the uncovered dimensions. In the following
an overview is given over prior research conducted according to this method.
The perceptual space of sinusoidal vibration was investigated by [20]. They
presented vibrations in the frequency range from 40 Hz to 250 Hz and a level
range from 30 dB to 40 dB sensation level (SL) to subjects at the hand. An
MBDS based on dissimilarity judgments revealed two perceptual dimensions:
a dimension associated with low vibration frequency and a dimension asso-
ciated with high vibration frequency.

The perceptual space of amplitude-modulated (AM) sinusoidal vibration pre-
sented at the hand was examined by [21]. For this study, the level was kept
constant at 30 dB (SL) as well as the carrier frequency at 150 Hz while the
modulation frequency was varied from 0 Hz to 80 Hz. Participants judged the

12
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Figure 2.2.
Integration of low-level psychophysical channels as well as proprioception into an unified high-
level percept of a vibration stimulus S with frequency f and intensity I (adapted from [11]).

dissimilarity and again an MDS was applied, revealing two perceptual di-
mensions. One dimension is associated with modulation i.e. dissimilarity
from unmodulated sinusoidal vibration, while the other dimension is associ-
ated with envelope frequency. They hypothesize that amplitude-modulated
sinusoidals with modulation frequencies from 2 Hz to 160 Hz likely elicit
similar percepts as pure sinusoidals with a comparable frequency.

Another study by this group [22] presented two superimposed sinusoidal sig-
nals of different frequencies. The frequency range of the sinusoids was 50 Hz
to 320 Hz. Again, MDS was applied to dissimilarity judgments confirming a
perceptual dimension associated with low-frequency vibration and a percep-
tual dimension associated with high-frequency vibration. The low-frequency
component was more salient, i.e. it dominated the resulting percept in com-
parison to the high-frequency component.

Besides sinusoidal vibration, also sawtooth and square vibrations presented
over a knob stimulating fingers were investigated by [23]. Vibration signal
frequency vas varied over the range from 3 Hz to 25 Hz and vibration level

13



Chapter 2.1 - Tactile Perception as a Multilayered Process

at two magnitudes with about 6 dB difference. MDS revealed two dimen-
sions: one associated with frequency and one with signal shape. Sinusoidal,
sawtooth, and square vibration presented with three different actuators at the
finger were also investigated by [24]. The device utilized did not change the
uncovered perceptual dimensions as the vibration introduced to the finger
was similar across the three devices.

Also, the perceptual space of regular and irregular rhythmic patterns of suc-
cessive impulses was investigated [25]. The resonance frequency of the
pulses presented over a piezo-mounted hand-held touch screen was 200 Hz
or 300 Hz. An MDS based on dissimilarity judgments revealed two percep-
tual dimensions explaining the perceived difference in these stimuli: “even”
— “uneven” and “low amplitude” — “high amplitude”. Vibration Frequency
was not associated with an additional dimension possibly due to the small
frequency range.

Overall each of these studies uncovered a fraction of the potential tactile per-
ceptual dimensions due to only varying few parameters of the utilized vibra-
tion and not representing the range of vibrations encountered in everyday life.
However, the required pairwise comparisons of this method grow rapidly
with an increasing number of stimuli, thus limiting the practical feasibility of
this approach [19].

The advantage of investigating the perceptual space on the mechanoreceptor
layer with the similarity approach is that no rating criterion besides similarity
is necessary for the rating of the stimuli. This facilitates the task [19] because
the researcher does not need to define relevant attributes in advance. Such
investigations can enable the assessment of the perceived relative difference
between two stimuli by the designer of tactile feedback. However, this ad-
vantage is also inherently tied to the disadvantage of this approach. It only
shows that changes in vibration effect changes in the percept, but it does not
hint at the semantic meaning associated with the revealed perceptual dimen-
sion of vibration, requiring the researcher to interpret them [19], [23]. Thus,
the approach does not uncover what has been labeled explicitly verbalizable
subjective sensations [26], useable for laypersons to communicate about vi-
brations. Therefore, it cannot reveal the intuitively conveyed perceptual prop-
erties elicited by vibration [23].
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2.1.2.3 Investigations on the Tactile Perceptual Dimensions of Whole-
body Vibration on the Mechanoreceptor Layer

Many of the especially salient percepts depending on vibration level or fre-
quency have been investigated in detail by various psychophysical methods
[27]. Such properties are e.g. the perceptual threshold and the just noticeable
difference thresholds for level as well as frequency or perceived intensity
[26]. Some of these characteristic properties for WBV's are summarized due
to their relevance to the goals of this work.

The lower end of the perceivable level range of vibrations is limited by the
perceptual threshold. The perceptual threshold differs depending on the loca-
tion of the vibration introduction [16], which might be explained by the re-
ceptor density varying across different parts of the skin. Similarly, to the au-
ditory threshold [28], it is frequency-dependent, as the sensitivity of the psy-
chophysical channels is also frequency-dependent [18]. The perceptual
threshold of vertical WBVs was investigated by several studies. For recum-
bent i.e. lying subjects the perceptual threshold of vertical vibration exposure
was determined to fall into the level range from 60 dB to 70 dB in a frequency
range from 1 to 100 Hz [29]. For seated subjects, the perceptual threshold of
vertical vibration in the frequency range of 5 Hz to 200 Hz was measured by
[30]. For rigid seats, a threshold between 83 dB and 88 dB was found. An
extended frequency range from 2 Hz to 315 Hz of vertical WBV presented at
a contoured, rigid seat was examined by [16]. They found the perceptual
threshold rising from 83 dB at 2 Hz to 95 dB at 315 Hz. The perceptual thresh-
old of high-frequency vertical WBV from 100 Hz to 500 Hz was investigated
by [31] for subjects seated on a rigid plate. Their data suggests that the per-
ceptual threshold rises steeply from 85 dB at 100 Hz to 122 dB at 500 Hz.
The perceptual threshold according to [16] and [31] is shown in Figure 2.3.
The influence of acceleration level on perceived intensity has been one of the
most investigated physical vibration parameters, e.g. by [15]. The majority of
these studies utilize the method of magnitude estimation. In this method, a
stimulus with a fixed level is provided as an anchor against which the per-
ceived intensity is to be rated. Thus, the resulting intensity curves are a meas-
ure of relative intensity. The experimental design of magnitude estimation
was also applied by [32] for the investigation of the perceived intensity of
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The perceptual threshold of vertical WBV according to [16] and [31].

vertical sinusoidal WBYV in the frequency range of 10 Hz to 200 Hz. Based
on these results equivalent perceived intensity contours were calculated in
steps that correspond to a doubling in perceived intensity each. The almost
constant distance between all the equal intensity contour pairs suggests a lin-
ear relationship between acceleration level and perceived intensity. Further-
more, the equal intensity contours are approximately parallel to the percep-
tual threshold. These equal intensity contours are shown in Figure 2.4.
Bandlimited white Gaussian noise (WGN) vibration seems to be perceived
with a similar intensity compared to sinusoidal vibration, if they have an
equal root mean square (RMS) acceleration level and are in a similar fre-
quency range judging by the similar discomfort they elicit [33].

Another important property of tactile perception of intensity is the capability
to distinguish two vibration stimuli differing only in level. Investigations of
the just noticeable difference in level (JNDL) of vertical WBV have been
conducted by multiple researchers. The INDL reported by [34] at frequencies
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Contours with equivalent perceived intensity of vertical WBV (black) based on magnitude esti-
mation data and two part linear fit of the perception threshold (grey). An upward shift to the next
equal intensity contour corresponds to a doubling in perceived intensity (adapted from [32]).

of 5 Hz and 20 Hz at vibration levels of 100 dB and 114 dB is approximately
1 dB providing a lower bound for the ability of subjects to distinguish level
increments. A slight decrease of INDL with increasing vibration levels was
observed. An extended frequency range of 5 Hz to 50 Hz was examined by
[30], revealing a JNDL of 1.5 dB, which was approximately constant over
frequency.

Besides the investigations of the influence of frequency on the perceptual
threshold, the just noticeable difference in frequency (JNDF) for vertical
WBYV also received some attention. The INDF in the frequency range of 5 Hz
to 40 Hz was investigated by [30]. The results suggest that the positive JNDF
can be approximated depending on the reference frequency by
34 fref — 1.25 Hz in the direction of increasing frequency. A higher fre-
quency range of 20 Hz to 90 Hz was examined by [32]. The positive JNDF
as a fraction of the reference frequency was found to increase from approxi-
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mately 35 % at 20 Hz to 80 % at 90 Hz. Overall, this implies that the capa-
bility of tactile perception of WBV to discriminate sinusoidal stimuli with
different frequencies, i.e. the frequency selectivity depends highly on the fre-
quency range. The frequency selectivity might be further reduced by masking
effects, i.e. low frequency components leading to an increase in the percep-
tual threshold for high frequency vibration [35].

2.1.2.4 Advantages and Disadvantages of Investigations on the
Mechanoreceptor Layer

While the physical layer provides an objective description of physical vibra-
tion properties, the mechanoreceptor layer provides insight into the limited
capabilities of vibrotactile perception in resolving these properties. This
might be interpreted as the theoretical limits for conveying information via
vibration. A transfer rate of around 6 bits per second is suggested as a quan-
tification of information transfer capability [36]. Similarly, to the physical
layer such information is mostly valuable to experts e. g. for the selection of
discriminable i.e. non-redundant vibration feedback. However, it provides no
information about the intuitively conveyed information and thus explicit
communication with laypersons about the sensations is not possible on this
layer.

2.1.2.5 Applications enabled by Investigations on the
Mechanoreceptor Layer

This layer of abstraction is most suitable for encoding new information to be
delivered as tactile icons, or tactons [37] via tactile feedback e.g. in vehicles
[38]. However, the intended mapping between vibration and newly encoded
information about the meaning of the feedback needs to be learned by users,
especially if the tactons are arbitrarily assigned to the information that are to
be conveyed. Furthermore, it has been suggested by [37] for the auditory do-
main that relying on paired comparisons for judging the ability to differentiate
of two stimuli might lead to on overestimation of the reliably achievable per-
formance in absolute identification of the feedback. One application that re-
lies on this abstraction layer is tactile hearing aids that utilize the tactile chan-
nel for conveying information to persons with hearing loss [39], [40]. Another
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application enabled by this layer of abstraction is tactile codecs [26]. Since
indiscriminable stimulus variation is redundant from a perceptual point of
view, the codec can reduce the required amount of bandwidth for the trans-
mission of vibration. However, in contrast to e.g. mp3 for the auditory mo-
dality, there is no established perceptual codec for vibration, yet [41]. For the
goal of designing vibration for virtual environments, this layer of abstraction
does not enable the communication with laypersons about their preferences.
Therefore, designing vibrations on this layer would likely also rely on map-
pings from discrete scene type to vibration. The only difference might be a
reduction in stimulus set size, due the elimination of perceptually indiscrimi-
nable, i.e. redundant stimuli pairs.

2.1.3 Sensory Layer

On the mechanoreceptor layer, perception is understood as a bottom up pro-
cess, i.e. vibration excites our tactile receptors that convert the stimulus into
neural signals that are processed in the somatosensory cortex. While this view
enables the investigation of the theoretically transferred information, it can-
not explain how that information might be interpreted by the perceiver, i.e.
the intuitive semantic meaning. In agreement with this assessment, [26] sug-
gest that psychophysical properties do not cover every aspect of tactile per-
ception. On the sensory layer of abstraction, vibrations encountered fre-
quently in everyday life are seen as a carrier of information about the envi-
ronment, in the form of verbalizable sensory-perceptual attributes associated
to the percepts [42]. Thus, this layer focusses on the relationship between
vibrations and their elicited sensory-perceptual attributes such as “tingling”,
which are directly related to the physical properties of the vibration signal.

2.1.3.1 Ecological Approach to Perception

For the visual domain, Gibson argued that visual perception can not only be
understood from the physics of light, the anatomy and physiology of the eye
as well as the brain [43]. He argues that perception is not only a bottom up
process, i.e. a processing of sensory inputs in response to stimuli. Instead it
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is rather a top down process that extracts invariants from the stimuli. Simi-
larly, Gaver argues for the auditory domain that bottom up processing, as un-
derstood by psychoacoustics, does not capture every aspect of auditory per-
ception [44], [45]. He divides the perception of sound into two strategies:
musical listening (listener focusses on the experience of the sounds them-
selves) and everyday listening (listener focusses on the information conveyed
by the sound producing event). He suggests that everyday life sounds are in-
terpreted by laypersons as a carrier of information about the environment,
especially in open ended description tasks. He refers to this as the ecological
approach to auditory perception. The physical properties of the sound pro-
ducing event influence the spectral temporal properties of the sound and thus
its audible source attributes. For example, an approaching car's engine emits
a sound with specific temporal and spectral properties. These properties will
elicit specific sensory-perceptual attributes such as “humming” that convey
information about the sound source. This implies an intuitive relationship be-
tween physical sound properties and elicited sensory-perceptual attributes ac-
quired from experiences in everyday life. Based on this relationship it is pos-
sible to synthesize sounds with specific sensory-perceptual properties and or
analyze sounds for their elicited properties [45]. The synthesis needs to be
only accurate enough, to elicit the relevant perceptual attributes.

2.1.3.2 Perceptual Categorization

Gaver describes ecological perception as being an interdisciplinary approach
between psychophysics and cognitive science [44]. A topic at the center of
cognitive science is the perceptual process of categorization [46]. A free ver-
bal elicitation task to find sensory-perceptual attributes might indeed be in-
terpreted as a categorization task. Rosch [47] provides the following defini-
tion for categorization:

“The world consists of a virtually infinite number of discriminably
different stimuli. One of the most basic functions of all organisms is
the cutting up of the environment into classifications by which noni-
dentical stimuli can be treated as equivalent."
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This suggests a generalization process in which two stimuli, despite being
discriminable in a paired comparison, might be perceptually equivalent be-
cause they are assigned to the same category. Harnard argues that categoriza-
tion may be a general principle of perception, which might be explained by
neural networks representing categories in the human brain [48]. Further-
more, these semantic categories can be interpreted as a bridge between indi-
vidual sensory experiences and collective representations through a shared
language [49]. Thus, sensory-perceptual attributes are suitable as a means of
communicating with laypersons about their percepts.

It is well known that categorization can occur at different levels of abstraction
depending on the inclusiveness of the category [47]. At the most commonly
used level of categorization, the basic level, the conveyed information is max-
imized while the number of categories is minimized. Categories at the super-
ordinate level share less common properties and should thus be too general
to cover all the perceptual differences of interest. Categories at the subordi-
nate level share more common properties and should thus be too correlated
or more redundant than desired. Categories of vibration elicited in [50] obvi-
ously seem to be part of different levels of categorization: “cobblestone-like”,
“shaking”, “vibrating”, with “shaking” likely being a compromise between
explanatory power and generalizability. In contrast to laypersons, experts
have been shown to use the subordinate level as frequently as the basic level
[51]. This emphasizes the necessity of using laypersons for the elicitation of
perceptual attributes, if their perspective is of interest.

In linguistic categorization, nouns are typically understood as entities belong-
ing to a category, while adjectives are understood as qualities of these entities.
Sensory properties refer to a specific value of such a quality [52]. However,
as far as sensory properties are concerned this general statement may be re-
evaluated since nouns may refer to general qualities (operating as categorical
membership criteria) and adjectives may therefore refer to a certain value or
quantification of a given quality, property or criteria. Membership in catego-
ries of natural language can be misunderstood as being dichotomous, but [53]
provide a list of evidence that it is rather continuous. Furthermore, they
demonstrate that adjectives such as sensory-perceptual attributes also show

this property.
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2.1.3.3 Assessment of the Tactile Perceptual Dimensions on the
Sensory Layer

The ecological approach to perception might also be applied to the tactile
modality. In our everyday lives, we are frequently exposed to all kinds of
vibrations such as at the seat of a moving vehicle. These vibrations convey
information about the environment, e. g. the operating mode of the vehicle,
or the condition of the road. Depending on the temporal and spectral proper-
ties of the encountered vibration, specific sensory-perceptual attributes are
elicited, such as “tingling” or “shaking”. In comparison to psychophysical
investigation of vibrotactile perception, an ecological perspective was rarely
followed in previous studies. While language might be a promising way to
assess vibration properties, a systematic analysis of laypersons communica-
tion about the sensory-perceptual space of vibration using natural language is
lacking and thus no set of sensory-perceptual attributes sufficiently describ-
ing the perceptual space has been agreed upon [10], [54].

Besides investigating the perceptual space on the mechanoreceptor layer of
abstraction, the perceptual space can also be investigated on the sensory layer
of abstraction. However, in contrast to the former investigations, the latter
investigations utilized explicit verbal labels for the characterization of the
sensory tactile perceptual properties. The semantic differential approach ap-
plied to investigate the perceptual space on the sensory layer of abstraction is
also described by [19]. In a first step, a set of sensory-perceptual attributes is
selected either by an expert from a dictionary or by conducting free elicitation
tasks with subjects while presenting vibration. In a second step, a set of stim-
uli is defined that should be rated according to the selected attributes. On the
mechanoreceptor layer, only a relative rating of vibrations for their similarity
is utilized. In contrast, on the sensory layer, the attributes are absolutely rated
on a Likert scale for their suitability in describing vibrations in a second step.
In a final step, a factor analysis or principal component analysis (PCA) can
be conducted to identify fully or partially redundant attributes. In the follow-
ing an overview is given over prior research conducted also according to this
method.

A simple approach to assess the perception of vibration on the sensory layer
is to simply map physical event labels or situation labels to their specific vi-
bration [55], [56]. However, this has the disadvantage that such labels are not
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necessarily generalizable across different situational contexts. Therefore, it is
more meaningful to investigate the perceptual space according to the elicited
sensory-perceptual attributes.

When touching textures, the mechanoreceptors might be stimulated similarly
as they are stimulated when exposed to vibration. In [57] 33 tactile sensory-
perceptual attributes were assembled from a dictionary. A small stimulus set
of five texture stimuli was presented to subjects' forearms and all 33 attributes
were rated on a five-point scale. The results suggest four dimensions of the
sensory-perceptual space of textures: roughness, slip, firmness and pile. The
dimensions of the perceptual space of textures found by many studies were
aggregated by [19]. He suggests four dimensions: “rough” - “smooth”, “hard”
- “soft”, “cold” - “warm” and “friction”.

Also vibration stimuli produced directly by various active principles were
studied. While the first part of the study described in the previous section on
sinusoidal vibration presented at the hand [20], was conducted without any
explicit verbal labels, the second part involved the rating of 13 adjective pairs
in Korean language. These sensory-perceptual attribute pairs were mapped
onto the two-dimensional perceptual space. They suggest to label the low fre-
quency dimension “slow” - “fast” or “vague” - “distinct” and the high fre-
quency dimensions “thick” - “thin” or “heavy” - “light”.

A free elicitation task was conducted by [58] with sinusoidal vibration of 16
Hz and 250 Hz reproduced with an ultrasound transducer array causing
acoustic radiation pressures at subjects hands. They manually summarized
the descriptions of test subjects experiences to 14 categories depending on
the stimulus frequency (16 Hz Stimulus/250 Hz Stimulus): “puffs” -
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“breeze”, “pulsing” - “flowing”, “soft” - “dense”, “coming and going” - “con-
stant”, “pointed” - “dispersed”, “weak” - “strong”, “prickly” - “tingling”.

A library of 120 vibrotactile effects was assembled by [59] with the goal of
aiding designers in the selection of feedback with controlled perceptual prop-
erties. These effects varying mostly in signal envelope were presented over a
wristband actuator with a frequency range from 200 Hz to 300 Hz. Subjects
rated emotional and sensory tactile perceptual attributes relevant to vibration
extracted from the touch dictionary presented by [57]. The resulting database
consisted of mappings from each stimulus to ratings of each attribute. In their

subsequent study [60], they investigated these mappings for underlying per-
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ceptual dimensions. They suggested 4 dimensions of sensory-perceptual at-
tributes for their stimulus space: complexity (e.g. “regular”), continuity (e.g.
“continuous”), roughness (e.g. “smooth”), and duration (e.g. “long”). How-
ever, due to their mostly non-systematic variation of vibrations they did only
identify a discrete mapping between their vibration effects in their database
and the sensation associated with them. In order to overcome the constraint
of having to rely on a limited set of vibration items from a database and their
discrete, manually rated perceptual profiles, [12] suggested to tune the vibra-
tion items according to physical tuning parameters to continuously shift the
perceptual attributes ratings. They selected 10 basis rthythmic vibration pat-
terns from their database and modified their tempo or energy. However, a
different relationship between the physical vibration parameters and elicited
attributes depending on the basis vibration was observed. This suggests that
the relationship observed for one vibration cannot be generalized to all vibra-
tions.

2.1.3.4 Investigations on the Relationship between Whole-body
Vibration and Sensory-perceptual Attributes

A generalized relationship between physical vibration parameters and per-
ceptual attributes would enable a more flexible selection of vibration from
perceptual attribute ratings. Therefore, some studies systematically varied vi-
bration parameters while investigating the ratings of the elicited sensory-per-
ceptual attributes. In [50] sinusoidal stimuli from 1 Hz to 50 Hz were pre-
sented to subjects as WBYV at an individually selected level and associations
were collected. These associations ranged from specific terms such as “cob-
blestone road” to attributes as “shaking” to very general terms as “vibration”.
Some attributes were rated in a semantic differential. A factor analysis iden-
tified three components: attributes describing uniform vibration, attributes
describing low frequency vibration and attributes which are independent
from frequency. In [61] a wider frequency range of 8 to 200 Hz was presented.
Stimuli were not limited to sinusoidal vibrations. However, parameter varia-
tion in amplitude modulated sinusoidal vibrations and in bandlimited WGN
vibrations was very limited. All stimuli were presented at 10 dB above SL.
After a free elicitation task, the suitability of all found perceptual attributes
was rated. Instead of identifying perceptual dimensions by a factor analysis,
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eight attributes were manually selected to represent the perceptual space:
“rattle”, “beating”, “bumpy”, “shaky”, “humming”, “ticking”, “wavy”, and
“booming”. [62] presented vibrations recorded from 14 cars in idle mode. 22
perceptual attributes were elicited by those stimuli. Factor analysis revealed
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3 components: “comfort”, “regularity” - “impulsiveness”, “tonality”.

2.1.3.5 Advantages and Disadvantages of Investigations on the
Sensory Layer

In comparison to the investigations of tactile perceptual dimensions on the
mechanoreceptor layer where the implicit dimensions need to be interpreted,
the investigation on the sensory layer offers direct interpretability of the re-
vealed dimension due to the loadings of explicit sensory attributes on the
components of a PCA or the factors of a factor analysis. In addition to the
mechanoreceptor layer of abstraction, which provides insights on the capa-
bilities of the tactile perceptual system in resolving variation in physical vi-
bration parameters, the sensory layer of abstraction provides insights on the
explicit interpretation of these variations in the form of sensory tactile per-
ceptual attributes. Furthermore, it enables communication with laypersons
about their percepts elicited by vibration. Vibration designers are ultimately
interested in the judgments of future users which are typically non-experts.
In contrast to the physical and the mechanoreceptor layer of abstraction, com-
munication about the sensory layer of abstraction requires no prior training,
because laypersons should be familiar with sensory-perceptual attributes
from their everyday life experiences.

As for the mechanoreceptor layer, the utilized stimulus set determines the
revealed dimensions of the perceptual space. Each of the presented studies
investigated only a fraction of the range of vibrations encountered in every-
day life. Thus, it is unclear, whether all relevant perceptual dimensions have
been identified yet. Identification of all relevant sensory-perceptual attributes
in the vast amount of verbal descriptions of vibration is difficult, since the
required effort in rating the attributes rises with each additional attribute. If
none of the attributes loading onto a potential dimension are included in the
semantic differential, this dimensions will not emerge from the factor analy-
sis. Unsurprisingly, the attributes rated in the semantic differentials of the
previous studies are often arbitrarily limited.
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Identification of tactile sensory-perceptual attributes, representing the dimen-
sions of the tactile perceptual space is the prerequisite of investigating the
relationship between physical vibration parameters and these attributes.
However, by arbitrarily choosing vibration instead of systematically varying
their parameters, it is difficult to draw inferences regarding a universal rela-
tionship between physical vibration parameters and their elicited attribute rat-
ings. Databases of discrete vibration items and their associated absolute at-
tribute ratings, might be a tool for designers and engineers for the selection
of vibration by their sensory-perceptual rating profiles. However, the utility
of such databases is limited because only the discrete vibration items in the
database can be selected. Studying the relationship between physical vibra-
tion parameters and the ratings of the sensory-perceptual attributes might pro-
duce models, which would enable a much more flexible selection of vibration
with known sensory-perceptual properties. They might enable a translation
of perceptual specifications consisting of sensory tactile perceptual attribute
ratings into physical vibration parameters.

2.1.3.6 Applications enabled by Investigations on the Sensory Layer

This layer is suitable to design feedback, intuitively conveying sensory tactile
perceptual properties intrinsically encoded in vibration. With the help of
models, an automatic translation of perceptual specifications collected from
laypersons might become feasible. Selecting vibration according to such a
procedure would ensure the controlled elicitation of the desired perceptual
properties by the vibration of a product or a virtual reality application. Thus,
this layer of abstraction seems promising regarding the goal set out for this
work.

2.1.4 Affective Layer

While the sensory layer of abstraction provides an interindividually shared
and thus mostly objective description of perceptual properties of vibration
applicable across situational contexts, the designer ultimately wants to effect
the emotional response to the potential users. The user should perceive the
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product or virtual environment as e. g. “exciting” or “pleasurable”. The emo-
tional response to the elicited sensory tactile perceptual properties! is indeed
suggested by [12], [13] to be a superordinate layer of abstraction.

2.1.4.1 Assessment of the Tactile Perceptual Dimensions on the
Affective Layer

The assessment of the dimensions of the emotional perceptual space of vibra-
tion is conducted in a similar method compared to the sensory-perceptual
space. Besides investigating the sensory tactile perceptual space, the emo-
tional perceptual space of textures was also investigated by [57]. They assem-
bled 14 emotional attributes from a dictionary. Again, a small stimulus set of
five texture stimuli was presented to subjects' forearms and all 14 attributes
were rated on a five-point scale. The results suggest two emotional dimen-
sions of perceptual space of textures: comfort and arousal. Similarly, [60] also
investigated the emotional perceptual dimensions of vibration besides sen-
sory-perceptual dimensions for their stimulus set. They suggested three di-
mensions of emotional perceptual attributes for their stimulus space: agitation
(e.g. “urgent”), liveliness (e.g. “lively”), and strangeness (e.g. “strange”).

2.1.4.2 Investigations on the Tactile Perceptual Dimensions of Whole-
body Vibration on the Affective Layer

The mapping from physical parameters of vibration to these emotional di-
mensions was also investigated. Starting from 10 basis rhythmic vibration
patterns from their database, [12] modified their tempo or energy to study the
effect on emotional attributes “agitation”, “liveliness” and “strangeness” de-
pending on the presented vibration. A linear relationship between actuator
output energy and agitation and liveliness is suggested. Similar to the sensory
attributes rated in their study, a different relationship between the physical
vibration parameters and elicited attributes depending on the basis vibration
was observed. This suggests that the relationships for the basic vibration can-
not be generalized to all vibrations.

The relationship between amplitude modulated sinusoidal vibration in a fre-
quency range from 60 Hz to 300 Hz, five amplitude steps over a range of
approximately 6 dB and a duration form 50 ms to 2000 ms was investigated
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by [63]. The emotional attributes valence and arousal were rated by subjects
on a -100 to +100-point scale for each stimulus. The arousal rating increased
mostly on stimulus duration and amplitude, varying across two thirds of the
arousal scale range. Valence increased from about -25 points to 25 points with
increasing frequency. This suggests, the stimuli were neither perceived as
very positive or negative. One possible explanation might be found in the
context dependency of valence i.e. preference judgments. No situational con-
text for subjects was provided beyond the laboratory context, possibly hinting
at the neutral ratings.

From the domain of sound quality judgments, it is indeed known that prefer-
ence judgments are influenced by the situational context [64]. This may be
obvious from the example of ocean waves and tire noise of cars being spec-
trally and temporally quite similar on the physical layer of abstraction. How-
ever, their “pleasurable” ratings are likely very different, with ocean waves
being perceived as much more pleasant than tire noise. Such an example
might also be found for the tactile domain, with the touch of a loved one being
perceived as surely more pleasant than the touch of stranger. Overall, this
implies that a universal mapping between physical vibration parameters and
affective perceptual attributes is likely difficult to obtain, because they de-
pend on the situational context.

2.1.4.3 Advantages and Disadvantages of Investigations on the
Affective Layer

Compared to the sensory layer of abstraction, the affective layer of abstrac-
tion offers mostly similar advantages and disadvantages. Explicit communi-
cation is also possible on this level. But the affective perceptual dimensions
depend on the initial attributes and stimuli utilized for the investigation. If the
stimulus set is not representative of everyday life experiences with vibrations,
it would be unclear whether all relevant dimensions have been uncovered yet.
However, while the sensory layer might be useful to provide a context inde-
pendent description of perceptual properties of vibration, a description on the
affective layer would also be dependent on the situational context.
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2.1.4.4 Applications enabled by Investigations on the Affective Layer

As a consequence of the context dependency, a tactile designer relying solely
on affective attribute ratings would have to utilize different models for differ-
ent situational contexts, increasing the effort to create such models enor-
mously. Thus, for the goal of this work, i.e. synthesizing vibration fulfilling
user expectation, the affective layer is likely not preferable.

2.2 Perception of Virtual Environments

Virtual reality has been fascinating humans by enabling the interaction with
a seemingly endless range of environments, in and out of reach of everyday
life experience. They offer the advantage of immersing the user safely into
an arbitrary environment, whose properties can be precisely controlled. The
generation of virtual environments has been enabled by increasingly capable
rendering, tracking, and reproduction systems. This technological progress
has facilitated broader utilization of virtual reality in many fields [2]. Such
applications include research and development, training, shopping [3], ther-
apy [4], and entertainment [5].

Eventually, understanding and thus controlling the involved illusions ena-
bling virtual realities became a topic of research interest. What are the illu-
sions that lead to the user perceiving the virtual environment and interacting
with it just like with real environments? Slater suggests the separation into
the two orthogonal factors place illusion and plausibility illusion to explain
different aspects of the illusions [6]. The place illusion explains the sense of
presence perceived by the user immersed in to the virtual environment. The
plausibility illusions explain the overall credibility of the experienced envi-
ronment. Both illusions will be discussed in detail in the following two sec-
tions.

2.2.1 The Place Illusion

Slater [6] provides definitions for immersion, presence and the place illusion
which are all related to the qualia of the “sense of being there”, as defined by
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[65]. A qualia cannot be communicated and can only apprehended by direct
experience [66]. These terms will be summarized below.

2.2.1.1 Definition of Place illusion and Related Terms

The technical capabilities of the virtual environment such as display (e. g.
resolution, field of view), the tracking technology (e. g. latency), and render-
ing (e. g. framerate) determine the quality of the virtual reality experience.
These capabilities constrain the sensorimotor contingencies [67], i.e. the ac-
tions that can result in a meaningful change in stimuli presented to the differ-
ent modalities. For example, a head movement shifting the field of view by a
specific angle can exceed the boundaries of the display breaking immersion.
Thus the stimuli from the real instead of the environment would be perceived.
Slater suggests to delineate this “system immersion” referring to valid actions
enabled by the technical capabilities of the virtual environment from the “im-
mersion response” from a user i.e. the qualia of being there [68].

The term presence is applied to wide range of phenomena in an often ambig-
uous way [69], but it generally includes the qualia of the sense of being there
[65]. This qualia simply happens and requires no deliberate attention as e. g.
in desktop computer games [6].

In order to avoid confusion, the term place illusion is defined as strictly relat-
ing to the “sense of being there” by [6]. Place illusion can only arise in the
boundaries of system immersion and depends on the behavior of the user test-
ing these boundaries. Thus it is likely binary, i.e. the boundaries are encoun-
tered or they are not encountered [6]. Interindividual differences can be ex-
plained by user behavior. One user might be moving more carefully and thus
never run into any system immersion limits. Another user might extensively
probe the boundaries and would thus encounter the system immersion limits
much more frequently, i.e. he would perceive stimuli from outside the virtual
reality breaking the place illusion [70].

2.2.1.2 Measurement of the Place Illusion
The investigations of the place illusion often necessitate the quantification
i.e. measurement of the place illusion occurring in users of the virtual envi-

ronments. Slater argues that place illusion is a qualia and thus it has to be
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measured indirectly via questionnaires or behavioral observation in order to
compare the interaction with the virtual environment to the interaction with
the real environment [6]. A presence questionnaire is presented by [71] in
order to quantify individual differences as well as differences in characteris-
tics of different virtual environments. Another questionnaire was presented
by [72]. However, [72] obtained similar ratings of presence for real environ-
ment and a virtual environment with a low-resolution head-mounted display.
They argue that the qualia of being there is specific to the system immersion
enabled by a specific virtual reality system and are thus not comparable via
questionnaires between different system immersions. The validity of pres-
ence questionnaires is further questioned by [73], because there is no meth-
odological proof that the questionnaire assesses the mental state of the user
experienced place illusion. Instead, it is suggested to observe the behavior
and physiology of users in the virtual environment, e. g. if they avoid virtual
obstacles [6].

2.2.2 The Plausibility Illusion

In contrast to the place illusion, the plausibility illusion has received much
less attention. If the place illusion is concerned with how the virtual environ-
ment is perceived, the plausibility illusion would be concerned with what is
perceived, i.e. the content of the virtual environment [6]. This illusion is dis-
cussed in detail below, too.

2.2.2.1 Definition of the Plausibility Illusion

The term plausibility illusion refers to the illusion of the events, over which
the user has no direct control, in the virtual environment perceived as being
real [6]. Slater suggests that the illusion arises from the events occurring in
the scene and the corresponding sensations felt by the users having a high
correlation, without physically correct reproduction being necessary. How-
ever, the question about the correctness of the judgement, regarding the sen-
sation felt during the event, arises. He hypothesizes that prior experience of
such events would likely shape the expectations of the sensation. For exam-
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ple, if visual stimuli in virtual environment depict a person driving on a cob-
blestone road, the tactile stimuli should match the expected tactile properties
typically experienced in such a situation. The mechanisms underlying the il-
lusion of plausibility or verisimilitude have not received much attention yet.
The definition of [6] suggests it can be understood as a measure of coherence
of the stimuli encountered dependent on the expectations of the depicted vir-
tual environment.

2.2.2.2 Authenticity and Plausibility

Eliciting the place illusion seems relatively easy in the light of technological
advances facilitating virtual realities. But how can the content of a virtual
environment be designed in a way that the encountered stimuli match ex-
pected properties? There are two general approaches to the generation of such
stimuli: the authentic approach and the plausible approach.

The authentic approach attempts to elicit percepts in a specific virtual envi-
ronment which are identical to percepts elicited in the corresponding specific
real environment [74]. Often this naive approach attempts a complex, physi-
cally accurate reproduction of the real environment that cannot be differenti-
ated in an A/B comparison. The implicit assumption of the approach is that
the properties of the percepts elicited by stimuli encountered in the real envi-
ronment are a heuristic of the properties expected in the real environment.
Furthermore, it is assumed that e.g. sound and vibration are physically cou-
pled that auditory and tactile perception should by coupled as well. However,
it is unclear, whether this assumption holds. It is often the case that humans
are confronted with conflicting cues perceived in different modalities. In the
real environment the multimodal percept of specific situational contexts
might be dominated by one modality [9], thus dominating the experience and
ultimately the expectations of such contexts. If the stimuli of the different
modalities in the virtual environment are based on recordings of the real en-
vironment, a mismatch between expected perceptual properties and the elic-
ited perceptual properties would occur. This would likely impair the plausi-
bility illusion. There are hints that such effects might also involve the tactile
modality. For example, in a basketball game, the guests in the stadium can
perceive ball impacts visually and auditorily. However, the vibration caused
by the ball impacts is attenuated below the tactile perceptual threshold of the
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guests in the stadium. The authentic reproduction of vibrations would thus
not include any tactile stimuli. When transferring the basketball game into a
multimodal, virtual environment, [7] added vibration for each ball impact,
resulting in a much more plausible experience than without vibration. Fur-
thermore, the results from [8] indicate that the recorded vibration is not nec-
essarily the most plausible vibration.

The plausible approach attempts to elicit percepts that are perceived as having
occurred in a comparable environment. Thus it focusses directly on the ex-
pectations of such an environment. In comparison to the authentic approach,
the plausible approach has many advantages. The scope of this definition also
includes environments unknown to the user, since it is sufficient to hold ex-
pectations on such an environment, for the plausibility illusion to occur. Ex-
pectations might also be influenced by media exposure. It seems to be gener-
ally accepted by laypersons that spaceships should emit a sound in vacuum,
despite them never having experienced space flight. It has indeed been
demonstrated that expectations on bang-like sounds are shaped by media ex-
posure [75]. If such a bang does not include an audible decay as ubiquitous
in movies, it will not be perceived as being bang-like. Therefore, the plausible
approach can also aid in vibration design, where no corresponding real envi-
ronment exists and thus vibration recording is impossible. Furthermore, if it
is sufficient to elicit the expected perceptual properties, the requirements on
the properties of the reproduction system might be lower. The plausible ap-
proach is likely to avoid the case of conflicting sensory cues, since it builds
directly onto the expectations of a situational context. This suggests that the
plausible approach to authoring vibration might be preferable to elicit the
plausibility illusion. However, this requires understanding mechanisms un-
derlying the plausibility illusion, especially regarding the contribution of ex-
pectations.

2.2.2.3 Investigations on the Plausibility Illusion

The plausibility illusion was investigated conceptually and practically by [76]
in a series of experiments. He introduces the term coherence as measure rea-
sonable circumstances, i.e. how well the encountered virtual environment
agrees with prior knowledge about such an environment, e.g. regarding envi-
ronmental coherence of physical interaction with objects, or regarding the
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own body. Subsequently, the coherence factors behavior of other humans, be-
havior of the own body, physical behavior of objects, and appearance of the
environment, were reduced in complexity over three levels each. Participants
started at the lowest level for each factor could improve each coherence factor
one level of a time. The experiment assessed, which factors subjects priori-
tized. The results suggest that body coherence has the highest contribution to
overall plausibility, followed by scenario coherence and finally by physical
coherence and human behavior coherence. However, the properties relevant
to the coherence factors are not investigated quantitatively, offering little cues
for the design of these factors.

The mechanisms underlying the plausibility illusion were also analyzed und
investigated by [77] for the auditory perception of room properties. He di-
vides perceptual measurements into sensory measurements, evaluation meas-
urements, and proprioceptive measurements. Sensory measurements refer to
psychophysical measurements to characterize the functional qualities of per-
ception. Evaluation measurements such as quality or plausibility judgments
are driven by top down perceptual processes, since the elicited percept is
compared to an inner reference. Proprioceptive measurements refer to the
perception of the self, e. g. the qualia of “being there”, i.e. the place illusion.
The perceptual quality of a product is a measure of the match between the
elicited characteristics and the expected characteristics with respect to the to-
tality of relevant perceptual features [1]. Accordingly, [77] hypothesizes that
also the plausibility illusion arises from a perceptual process measuring the
adequacy of the elicited perceptual object against an inner reference. The in-
ner reference is formed by expectations which are based on prior experiences.
The prior experience arises from the perceptual objects encountered in eve-
ryday life, which are aggregated into a system of abstract classes with similar
perceptual properties, likely related to the perceptual process of categoriza-
tion. The inner reference for a situational context presented in a virtual envi-
ronment is inferred from these systems of classes. Thus, a plausibility judg-
ment is a search in this system of classes for a class whose properties are
similar to the properties of the perceptual object elicited in the situational
context. However, he assumes that the elicited perceptual object and the inner
reference are difficult to investigate separately, because the assessment of a
plausibility judgment in response to a stimulus would always involve both.
Providing an example for the tactile domain, the perceptual properties (e.g.
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“tingling”) elicited by car vibration in a virtual environment would be com-
pared to the perceptual properties of multiple classes (e.g. driving over cob-
blestone, driving over tarmac). The more similar the elicited perceptual prop-
erties are to the properties of one of these classes, the more plausible the vi-
bration would be perceived.

Based on his analysis of the mechanisms of the plausibility illusion, [77] sug-
gested that the plausibility can be interpreted as a similarity judgment be-
tween the properties of the elicited perceptual object and the properties of the
inner reference. Thus he generalized this similarity judgment into a distance
measure between the elicited perceptual object and the inner reference in a
perceptual space, created by the relevant perceptual properties. In order to
test this hypothesis, [77] conducted a series of experiments regarding the au-
ditory perception of room acoustical properties. Participants rated the plausi-
bility of a speech sample folded with 30 room impulse response of four room
classes according to their plausibility for the verbally communicated room
classes (small chamber, medium room, hall, and cathedral), resulting in 30
plausibility judgments for each room class. Subsequently, also similarity
judgments were collected for all combinations of the 30 stimuli on a 10-point
scale. A MDS was utilized, extracting two dimension of the perceptual space
underlying these similarity judgments. Each stimulus is represented by a
point in the resulting two-dimensional perceptual space. This enabled the cal-
culation of four room class centroids from the stimuli associated with each
room class. Subsequently, the Euclidean distance between the stimuli and
each class centroid was calculated in the two-dimensional perceptual space.
Finally, for each room class, the Euclidean distance was compared to the
plausibility rating of each stimulus. The results suggest that the plausibility
of an elicited perceptual object (depending on the room reflections and decay)
decreases with increasing Euclidean distance from the expected room class
centroid in the perceptual space. From their results it can be concluded that
plausibility seems to be proportional to the inverse Euclidean distance be-
tween an elicited perceptual object and an expected perceptual object in the
perceptual space.
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2.2.2.4 Measurement of the Plausibility Illusion

There is no established measure for plausibility yet. Similarly, to the place
illusion, physiological as well as psychological metrics have been investi-
gated for the assessment of the plausibility illusion. Heart rate, skin conduc-
tivity and skin temperature were investigated as a predictor for the plausibil-
ity illusion and the place illusion by [76]. For this purpose, the system im-
mersion (associated with place illusion) and the coherence (associated with
plausibility illusion) were varied on two levels each for an interactive virtual
environment were participants threw balls. System immersion was varied by
reducing or increasing the field of view and by adding or removing tactile
feedback. Coherence was varied, by adding or removing the law of physics
for the simulation of the ball. Furthermore, it was varied by providing sub-
jects a narrative prior to the experiment and subsequently adhering to it or
violating it. While the first experiment failed to show any differences in the
physical metric, the second experiment with larger differences in coherence
showed a negative correlation of heart rate with coherence (Bayesian poste-
rior probability 87.1 %). Skin temperature and conductivity demonstrated in-
conclusive results. However, these results suggest that physiological
measures have a large variance, making it difficult to detect smaller signifi-
cant changes.

An alternative forced choice method to detect whether a virtual stimulus is
less plausible than an original stimulus was suggested by [78]. The method
requires the successive presentation of a real stimulus and a simulated stim-
ulus. Participants are forced to select the stimulus that they perceive to be the
real stimulus. By evaluating the ratio between correct and incorrect choices,
the threshold for plausibility can be determined. They utilize this method for
evaluating which of two binaural simulation methods has a better perfor-
mance. However, this method has the disadvantage that the simulation needs
to be fairly close to reality, since subjects would always be able to detect the
difference otherwise. Furthermore, such a method is not necessarily repre-
sentative for a real world application scenario, where the reference of the real
stimulus is rarely available for comparison. In the framework of authenticity
and plausibility laid out in [74], it seems that the method of [78] is rather
assessing authenticity, since it compares a specific percept elicited by the real
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environment to a specific percept elicited by the virtual environment. How-
ever, in a judgment of plausibility the percept elicited in the virtual environ-
ment is rather compared to the expectations of the user, without any concrete
reference being available for comparison.

Besides physiological measures, [76] also investigated questionnaires for the
measurement of the plausibility illusion with the experimental setup de-
scribed previously. The Wittmer-Singer presence questionnaire (PQ) [71] as
well as the Slater-Usoh-Steed presence score (SUS) [72] were utilized. These
questionnaires were originally intended to be used for measuring the place
illusion. Unsurprisingly, there was little evidence (Bayesian posterior proba-
bility of SUS 61.7 % and PQ 71.3 %) for differences in overall ratings of
these questionnaires caused by the large differences in coherence of the vir-
tual reality scenario. But when only the single item “naturalness” contained
in these questionnaires was analyzed, good evidence (Bayesian posterior
probability 86.9 %) was found.

However, [77] argues that “natural”, as well as “realistic” or “authentic”, refer
to a specific outer reference, i.e. the percept elicited in the specific real envi-
ronment should be identical to the percept elicited in the specific virtual en-
vironment. He suggests that plausibility extends this definition by referring
to a percept elicited in the virtual environment, which could have believably
been elicited in any comparable real environment. Therefore, he suggests to
utilize “plausible” instead of “natural” for questioning subjects about the
plausibility illusion. In an experiment, where subjects rated the plausibility of
room reflections regarding a specific room size on a 100-point scale. The par-
ticipant's judgments reach almost 100 for reflections matching room size and
decline towards zero for reflections not matching room size. These results
suggest that the method is suitable in identifying small to large differences in
the elicited plausibility illusion.

The plausibility illusion was assessed by rating the attribute “plausible” by
only a few studies. The attribute “plausible” was utilized to assess the plau-
sibility illusion of virtual handshakes by [79]. The attribute “verisimilitude”,
which is a synonym for plausibility, was rated on a 6 point Likert scale for
WBVs of passing trains by [80]. When the level of these vibrations was re-
duced from the level encountered in the real environment below the percep-
tual threshold, the plausibility ratings declined. Furthermore, when the audio-
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visual to tactile delay was increased or decreased, the plausibility ratings de-
clined, too. Similar observations were assessed by [81], when applying low
pass or high pass filters to WBVs encountered in vehicles. However, the va-
lidity of such assessments of plausibility can also be inferred from the con-
ceptual similarity between quality and plausibility [77]. Both are a measure
of the match between the elicited characteristics and the expected character-
istics with respect to the totality of relevant perceptual features [1]. Rating
scales are very frequently utilized to assess the perceptual quality of products
[82], suggesting an agreement on the validity of such an approach. This sug-
gests that measuring the plausibility with ratings scales is likely also a valid
method for measuring plausibility.

2.3  Approaches for the Authoring of Vibrations

In the vibrotactile authoring process for virtual reality like applications, vi-
bration is created with the goal of feeling “realistic” in the situational context
presented. There are multiple approaches to the problem, which will be clas-
sified, according to the layers of tactile perception suggested in section 2.1.

2.3.1 Approaches on the Physical Layer

Vibration authoring on the physical layer can be mostly classified as the au-
thentic approach. This can be realized by recording the vibration in a real
environment and reproducing it in a physically accurate way in the real envi-
ronment. However, this requires access to the real environment and measure-
ment hardware such as acceleration sensors for recording the vibration, which
is not always easy or even possible. The theoretically infinite variations of
vibration encountered in scenes, quickly increases the required effort for re-
cording vibration for a larger domain of scenarios to a practically infeasible
level. An alternative to recording is the physical modeling of the excitation
processes as well as the transfer functions. While this might be feasible for
simple structures, models of increasingly complex real structures are often
decreasingly accurate while requiring an increasing amount of computational
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resources for e.g. boundary element or finite element simulations. This im-
pedes the real time performance for the simulator.

If only optical or acoustical recordings were conducted, vibration might be
reconstructed from the signals of the other modalities with an algorithm. This
was attempted by [83] for optical recordings of helmet cameras e.g. for driv-
ing on a bicycle or motorcycle. However, the question is whether sufficient
information for vibration synthesis is even contained in the video signal. For
example, such an approach is limited by the low framerate of the video, de-
termining the sampling frequency of vibration and thus the maximum fre-
quency to be reconstructed. Furthermore, such an approach is dependent on
the positioning of the camera. This also implies that the transfer function of
camera mount will influence the vibration introduced into the camera and
thus contained in the optical recording. This transfer function might be dif-
ferent from the transfer function of the shoulder neck section [30]. Apart from
that, pitch of the head might lead to the same shift in video images as vertical
movement. Indeed, [83] suggests that not all parameters can be estimated
from the video alone, requiring additional heuristics. The results of the optical
reconstruction algorithm suggest little improvement in the perceived realism
of visual-tactile compared to visual only. Subjects remarked that they ex-
pected high frequency vibration for the motor cycle, which was not extracted
by the algorithm. Based on the content potentially benefitting from vibration,
[84] suggests the division into slow and fast point of view movement, discrete
and continuous object movement, impulses and vibration from e.g. explo-
sions, and context movement, e.g. vibration following a step on the gas pedal
of car. While reconstruction is especially suitable for slow motion, the other
classes likely require understanding of the semantic and spatiotemporal con-
tent of the scene. [85] suggests that such reconstruction can work for scenes
with simple semantics but are difficult for more complex semantics.
Vibration may also be reconstructed from acoustical recordings. For example,
vibration was reconstructed from the LFE channel of concert DVDs by [5].
Again, the sample frequency of the LFE channel is limited to 240 Hz and thus
the maximum extractable vibration frequency is 120 Hz. Furthermore, fre-
quencies below 20 Hz are inaudible and thus likely not included in the LFE
channel. The results from this study suggest that reconstructed vibration is
perceived as much less realistic than manually coded vibration.
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Overall, the approaches on the physical layer are oblivious to the semantics
of the scene and to the expectations of the users. Furthermore, without incor-
porating knowledge from the perceptual domain, the potential of such ap-
proaches for eliciting the plausibility illusion needs to validated. The general
aim of approaches on the physical layer of abstraction is an authentic repro-
duction. The advantages and disadvantages of such an approach were dis-
cussed in section 2.2.2. Authentic reproduction that does not take into account
tactile receptor capabilities would require physically accurate reproduction,
which is likely to be difficult to achieve with simple reproduction systems.
For many virtual environments, such as situations depicted in movies, no cor-
responding real environment is available as a reference and thus the “correct”
vibration is unknown. Furthermore, an authentic reproduction is not neces-
sarily the most plausible reproduction.

2.3.2 Approaches on the Mechanoreceptor Layer

Approaches to authoring content for virtual environments on the mechanore-
ceptor layer are mostly not feasible. If a perceptual codec would exist, it
might be used to eliminate perceptually identical vibration of a database with
recorded vibration. However, it might be suitable for augmented reality,
where new information might be encoded in vibration, which requires taking
into account receptor capabilities for encoding such vibration. In contrast, for
authoring vibration for virtual environments the information intuitively en-
coded in vibration, i.e. the conveyed perceptual properties need to be known
in order to incorporate them into the authoring process.

2.3.3 Approaches on the Sensory Layer

The sensory layer abstraction enables the incorporation of the user's percep-
tion into the authoring process, since vibration is interpreted as a carrier of
intuitively elicited information. On this layer of abstraction users can com-
municate about the perceptual attributes anticipated to be elicited in a situa-

40



Chapter 2 - Tactile Perception in Real and Virtual Environments

tional context presented in a virtual environment. However, the difficulty en-
countered on this layer, is the translation from the perceptual space into the
engineering space.

The simplest method is a manual trial and error approach. The designer gen-
erates a vibration, assesses the perception in the situational context and iter-
atively improves the vibration signal. Such an approach is usually done in the
auditory domain by Foley artists. With increasing experience, the designer
will learn the underlying relationship between vibration and the elicited per-
ceptual properties. Such an approach typically ensures favorable user judg-
ments, as confirmed by the manual authoring of vibration for movies [5]. Un-
fortunately, this method is not very efficient requiring substantial time and
thus cost for each new virtual environment.

In order to avoid repeating the manual vibration authoring process for similar
situational contexts, it has been suggested to create databases with vibration
effects [55]. The designer might use such a tool by simply querying the data-
base of a suitable situation. For each situation, a e.g. rain drops falling or a
buzzing motor, a vibration effect is created. However, this is still quite inef-
ficient, since a new effect needs to be added for each new situational context.
Furthermore, it is inflexible, since it does not take into account nuances in
these situational contexts.

If the database does not characterize vibrations by scene descriptions, but by
sensory-perceptual attributes elicited by the vibration, the efficiency may be
greatly increased. Since vibration encountered in similar situational contexts
would likely elicit similar attribute ratings, redundant assessment of vibration
can be avoided. A designer can utilize such databases by querying a sensory-
perceptual profile consisting of attribute ratings of each relevant sensory tac-
tile perceptual attribute. Such an approach is presented by [60] for wrist vi-
brations with the intention of aiding product designers, who have similar
goals. However, for each discrete vibration item entered into the database, a
perceptual profile needs to be obtained by having users rate the new vibration.
Furthermore, it is important to compensate the transfer function of the vibra-
tion reproduction utilized for the ratings, to ensure that the discrete mapping
can be generalized to other vibration reproduction system.

Similar to the selection of vibration from databases on the physical layer of
abstraction, the utility of selecting discrete vibration items by their discrete
tactile sensory-perceptual profiles is limited. Ideally, the designer would like
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to define tactile sensory-perceptual profiles on a continuous scale and to
translate them into continuous vibration parameters. However, such a tool
would require models of the relationship between physical vibration param-
eters and tactile sensory-perceptual attributes. The formalization of the plau-
sibility illusion as a similarity judgment between the elicited perceptual ob-
ject and the expected perceptual object in the sensory-perceptual feature
space [77] offers a theoretical basis for such models. If users are able to reflect
about the expected sensory tactile perceptual properties, it might even be pos-
sible to crowdsource the assessment of user expectations on the web by
simply providing, e.g. verbal scene descriptions of the scenes for which vi-
bration is to be synthesized. The designer might use the tool as following. For
example, the vibration anticipated for a car driving over a cobblestone road
would be rated by potential users as feeling very shaking. Subsequently, the
model translates the sensation into engineering parameters. Since such a syn-
thesis approach based on user expectations incorporates the semantic infor-
mation of the scene, it would ensure the elicitation of the plausibility illusion.
Unfortunately, models taking into account all relevant sensory tactile percep-
tual properties describing the range of everyday life vibration do not exist yet.
The approach most similar to this authoring category was presented by [86].
For dual frequency sinusoidal vibration, they determined the relationship be-
tween amplitude of each frequency component and perceived intensity as
well as perceived roughness. Based on this relationship, vibration with con-
trolled sensory tactile perceptually properties were generated. Instead of as-
sessing the intensity and roughness anticipated by the users for a specific sit-
uational context, they based their synthesis on auditory loudness and rough-
ness extracted from an audio signal of that context. However, the plausibility
(vibration matching audio-visual content) performance of the perception
level vibration synthesis was worse than the direct audio signal synthesis for
movies and music. Furthermore, the necessity of using different models for
different situational context types (games vs. music) demonstrates that find-
ing a universal relationship for the translation from the auditory to the tactile
domain is difficult. Overall, this highlights the fact that the expected sensory
tactile perceptual properties need to be explicitly assessed to avoid mismatch-
ing sensory cues and thus to benefit fully from such perceptual models.
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2.3.4 Approaches on the Affective Layer

Theoretically, vibration authoring might be conducted on the affective layer,
since the ultimate goal is often to affect the emotions of potential users. Such
a method has been attempted by [12]. Their results suggested that the identi-
fied mappings between the physical tuning parameters and the affective at-
tributes are dependent on the base vibration. Since especially the pleasurable
dimension is likely context dependent as argued for the auditory domain by
[64], it would require situational context specific models, limiting their prac-
tical usability of such authoring.

2.4  Summary

In the introduction chapter it was laid out that plausibility judgments as well
as quality judgments compare the elicited properties to the expected proper-
ties. The goal of this work was defined as systematically fulfilling user ex-
pectations on WBYV in virtual environments. Thus, it is necessary to com-
municate with users about their perception or expectations of vibration. First,
tactile perception was interpreted as multi-layered process. Each layer was
examined according to prior research for its potential in facilitating this goal.
On the physical layer, a fully objective description of vibration can be ob-
tained. However, communication about physical vibration properties requires
expert knowledge. Laypersons rather rely on their perception of vibration to
communicate about vibration. but the physical layer ignores perceptual fac-
tors. Thus, this layer of abstraction is impractical for communication with
laypersons about the perception and expectation of vibrations.

On the mechanoreceptor layer, the capabilities of tactile receptors in resolv-
ing changes in vibration are taken into account. On this layer of abstraction
the perceptual space of vibration was examined, providing insights into po-
tentially important perceptual dimensions. However, no interpretation of
these dimensions by laypersons is provided by such studies. Therefore, this
layer of abstraction is impractical for communication with laypersons about
the perception and expectation of vibrations as well.
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On the sensory layer, the interpretation of these perceptual dimensions by
users is taken into account. Thus, this layer of abstraction is promising for the
defined goal of this work, as it enables explicit and quantitative communica-
tion with laypersons about elicited and expected perceptual vibration proper-
ties (e. g. “tingling”). However, prior studies on this layer of abstraction each
only mapped a fraction of the perceptual space, due the utilized stimulus sets
covering only a fraction of everyday life exposure to vibrations. Especially
for WBVs, these dimensions have not been identified yet. The disadvantage
of communication with users in free association tasks are the often disparate
descriptions about the perceptual dimensions. In order to efficiently com-
municate with laypersons on this layer, it is necessary to standardize the uti-
lized attributes in a way that they sufficiently represent all relevant perceptual
dimensions.

On the affective layer, the affective dimensions of vibrations such as arousal
or comfort are in focus. While communication about affective properties with
laypersons is surely possible, such ratings are likely context dependent. Thus,
identical vibration may elicit different affective ratings in different situational
contexts. When attempting to find physical vibration parameters that elicit
specific perceptual attributes, a separate model would be required for each
situational context Therefore, this layer is also impractical for the scope of
this work.

Subsequently, perception of virtual environments was examined and two fac-
tors place illusion and plausibility illusion were outlined. Ignoring intraindi-
vidual differences, place illusion mainly depends on how the virtual environ-
ment is perceived, which is directly influenced by the technical capabilities
of the reproduction, tracking and rendering, etc. The plausibility illusion is
created by the content of the depicted environment matching the user expec-
tations. The plausibility illusion was formalized as a similarity judgment be-
tween elicited perceptual object and an inner reference, i.e. an expected per-
ceptual object in a n-dimensions perceptual space. By minimizing the Euclid-
ean distance between the elicited and the expected perceptual object it is pos-
sible to maximize the plausibility illusion [77].

Previous approaches of authoring tactile content for virtual environments
have mostly ignored user expectations. Such approaches either attempted to
build huge inflexible databases of vibrations for each situational context of
interest or to extract a suitable vibration signal from the optical or acoustical
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signal. However, since the semantics of the scene is not taken into account,
these approaches cannot guarantee that a plausible vibration is produced. Fur-
thermore, it was shown that the expected tactile perceptual object of a situa-
tional context can be different from the elicited tactile perceptual object, e.g.
in the case of a virtual basketball game.

An universal approach to authoring plausible vibration that is centered on
user expectations is still lacking. The formalization of plausibility by [77]
might enable such an approach. However, the implicit dimensions of the per-
ceptual space extracted with an MDS offer no insights on their interpretation
by laypersons, as argued in section 2.1.2. Without perceptual attributes asso-
ciated with these dimensions, no communication about the inner reference
from the system of classes involved in the plausibility judgment according to
[77] is possible. Thus, the position of the inner reference in the perceptual
space cannot be assessed and the abstraction of plausibility as a distance
measure by [77] offers little practical benefit. Finding suitable perceptual
properties e.g. by semantic differentials, which are a reasonable abstraction
of classes shared across individuals, is an open topic of research according to
[77].

In order to utilize this abstraction of plausibility for vibration design, it is
therefore necessary to identify relevant tactile perceptual properties, which
are interindividually shared across classes (i.e. situational contexts) and
across individuals. However, the ecological approach to perception suggests
that everyday life vibration intuitively elicits perceptual properties, which are
explicitly verbalizable. It is very likely that prior experience of vibration en-
countered in everyday life across many situational contexts is indeed shared
by the population to a large extent, and thus similar classes as well as percep-
tual properties. Based on the sensory layer of tactile perception and the for-
malization of plausibility, a research concept will be laid out in the following.
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3. Research Concept

3.1 Research Questions

In the course of the first chapter, the importance of a systematic approach to
fulfilling user expectations for tactile product design as well as for creating
plausible vibration for virtual environments was elaborated. In the second
chapter existing approaches were analyzed. It was expounded that each ap-
proach has specific limitations. Generating vibration from audio or video sig-
nals is not universally possible. Creating vibration databases of all existing
situations is inefficient. Furthermore, it only works if there is a corresponding
real environment, and if expected vibration properties of the virtual environ-
ment do not differ from vibration properties in the real environment. Various
findings of research fields with relevance to the goal of vibration design were
analyzed in chapter two. By combining these conceptually related findings to
understanding perception, a research concept for the creation of a systematic,
user-centered approach to tactile design for plausible vibration in virtual en-
vironments is developed in the following section.

3.1.1 Foundations of the Research Concept

Mel Slater suggested that two factors contribute to users interacting with vir-
tual environments like real environments: the place illusion and the plausible
illusion [6]. While the place illusion and the related concept of immersion
rather depends on the presentation of the stimuli, the plausibility illusion de-
pends on the content of the scene matching the user expectations. There are
two general approaches to matching user expectations: the authentic ap-
proach and the plausible approach [74]. The authentic approach attempts to
elicit a perceptual object in the virtual environment which is perceived to be
identical to the perceptual object elicited in the real environment. Thus, in a
paired comparison test, where users can rely on their tactile working memory,
they would not perceive a difference. However, in most applications, the real
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environment cannot be presented in a short succession after the virtual envi-
ronment or it cannot be presented at all. Thus, the plausible approach only
attempts to elicit a perceptual object which might have occurred in a compa-
rable real environment. Therefore, the user needs to rely only on his expecta-
tions, formed by previous experiences retrieved from long term memory, to
decide whether the presented vibration is plausible or not.

Kuhn-Rahloff [77] argues that such a plausibility judgment can be interpreted
as a similarity judgment. The elicited perceptual object is compared to the
recalled inner reference defined by expectations on a specific context i.e., a
scene in an n-dimensional perceptual feature space. However, utilizing the
proposed relationship for plausible vibration design requires perceptual prop-
erties that are valid across contexts and individuals. The properties need to be
valid across situational contexts i.e. scenarios to provide a benefit compared
to the database approach i.e. assessing the vibration of the scenario individu-
ally. The properties need to be valid across individuals to enable an objec-
tively valid assessment. Such perceptual properties represent a shared mean-
ingful level of abstraction of intraindividual inner references that makes the
interindividually comparable. However, he only hypothesized about such
properties in the domain of sounds.

It seems likely that verbalizable perceptual properties enable communication
about them and thus make them interindividually shared. To build upon this
hypothesis, the verbalizable perceptual properties of the tactile perceptual
space need to be identified. Most studies that investigated the vibrotactile
perceptual space aimed at assessing the potential of the tactile modality for
encoding and transmitting arbitrarily defined new information (see applica-
tions in section 2.1.2). Therefore, they focused on the tactile ability to distin-
guish vibrations differing in various physical parameters. The ecological ap-
proach contrasts this by assuming information to already be encoded in eve-
ryday life stimuli. The ecological approach to perception might be useful to
take on this task. This ecological approach to perception was first described
by Gibson for the visual modality [43]. It was applied to the auditory modality
by Gaver [44], [45]. He argues that in everyday life sounds are a carrier of
information about the environment.

In many everyday life situations, as e. g. in vehicles also vibration occurs.
The driver of a vehicle is exposed to specific vibration depending on road
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conditions (tarmac road, cobblestone road, ...) or properties of the car (accel-
erating, idling, ...). Depending on the vibration properties, certain perceptual
attributes like “bumpy” or “tingling” are elicited. Therefore, the ecological
approach might also be applied to the tactile modality in which vibration is
interpreted as a carrier of information about the environment. The approach
implies the existence of a set of verbalizeable perceptual attributes. It also
implies that these attributes are intuitively associated with everyday life vi-
bration excitation patterns suggesting a direct relationship to physical vibra-
tion parameters. An exhaustive investigation of the vibrotactile perceptual
space from the ecological perspective as well as on the the relationship be-
tween physical vibration parameters and tactile perceptual attribute ratings is
still missing (see section 2.1.3).

3.1.2 Research Concept

Combining these findings, a research concept was developed. The goal is to
demonstrate that plausible whole-body vibration can be universally synthe-
sized from expected tactile perceptual properties. To achieve this goal three
main problems had to be solved. The interplay of these tasks is shown in
Figure 3.1.

First, a set of tactile perceptual attributes needs to be identified that are inter-
individually shared and that can sufficiently represent the tactile perceptual
space. Furthermore, it is necessary to assess whether there is a systematic
relationship between physical vibration parameters and the suitability of
these perceptual attributes in describing vibrations.

Second, the perceptual attribute set needs to be utilized to quantitatively rate
tactile vibration properties of the provided situational context. It needs to be
demonstrated that the expected tactile perceptual attribute profile of the inner
reference of a context can be quantified by presenting a multimodal scene of
this context with vibration. If the situational context is communicated without
presenting vibration it should result in a similar attribute profile of the inner
reference for this context.

Third, utilizing the previously identified relationship between vibration and
the elicited perceptual attributes, a model can be created. This model should
be able to translate an expected perceptual attribute profile of a context into
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Figure 3.1.
Overview on the Research Concept

vibration parameters. Finally, it needs to be demonstrated that by eliciting the
expected tactile perceptual attributes, the synthesized vibration will be per-
ceived as plausible, thus validating the approach.

3.2 Limitations

The scope of this work will be clarified here to delimit investigations to be
conducted in the course of this work. The research will focus on the haptic
modality. The auditory and visual modality will only be utilized to communi-
cate the situational context in the virtual environment. Furthermore, it will
concentrate only on the vibrotactile subset of the haptic modality. The per-
ception of vibration is often subdivided depending on the location of the in-
troduction [15]. The focus will be set on subjects seated on vibrating surfaces
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i.e. WBV in contrast to hand-arm, feet, or finger vibration. Thus, spatial pa-
rameter variation will be excluded and only spectral and temporal parameters
of the vibrations will be examined. The division into different locations of
introduction is partly motivated by work safety research, which is not relevant
due to vibration levels utilized in this work being below exposure limits [87].
However, the location of introduction also defines the reproduction system to
be used since there exisits no single reproduction system for all locations of
excitation.

In everyday life, WBV is most frequently encountered in situations involving
vehicles. Therefore, the model validation will be conducted with scenes in-
volving various vehicle situations. However, the relationship between per-
ceptual attribute ratings and vibration parameters will be explored from a
more general point of view, facilitating the transfer to other domains. WBVs
can be subdivided into vertical, lateral, and fore-aft vibration, depending on
the direction of excitation [87]. The perceptual threshold for vertical WBV is
lower than for lateral and fore-aft vibration [16]. Apart from the static accel-
eration of vehicles in curves or of vehicles gaining and reducing speed, ver-
tical vibration is more dominant due to the vehicle traveling orthogonally
over surface irregularities. Indeed, [14] suggests for moving vehicles that vi-
bration intensity of fore-aft and lateral vibration only amount to 50 % to 70
% of the value of vertical vibration. Due to the heightened sensitivity and the
higher amplitudes usually observed, vertical WBV can be considered as po-
tentially more relevant compared to lateral or fore-aft vibration and were thus
selected as the focus of this study.

Due to the novel approach to tactile design, the emphasis was put on its gen-
eral feasibility. Thus only segments of scenes were selected that would elicit
quasi constant perceptual attribute ratings. Longer scenes with larger changes
in perceptual attribute ratings over time would require corresponding changes
in vibration parameters throughout the scene. Such scenes would need to be
treated as a set of successive segments with constant perceptual attribute rat-
ings. From these profiles, a set of vibrations could be synthesized. Subse-
quently, the transitions would need to be treated e. g. by applying crossfading
to eliminate artifacts. Thus, longer scenes with dynamically changing percep-
tual attribute ratings as e. g. required for interactive simulations would be
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potentially feasible. However, the optimization of this scenario should be in-
vestigated in a successive study after the general feasibility of the approach
is demonstrated by this study.

Furthermore, only vibration at and above 1 Hz will be considered. Constant
acceleration is produced by motion. When acceleration frequency increases
above 0 Hz, vibration occurs. Vibration below 0.5 Hz can lead to motion sick-
ness [15], especially when not presented synchronously with vibration. Thus,
exact synchronization of movement with the visual stimuli would be required
in that case.
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4. Development of the Experimental
Setup

The investigations conducted in this work required a suitable WBYV reproduc-
tion system. Furthermore, it required additional capabilities in presenting
acoustic and optic stimuli for conveying auditory and visual context in the
virtual environment. The multi-modal measurement laboratory [88] of the
Chair of Acoustic and Haptic Engineering provides such capabilities (see Fig-
ure 4.1). It consists of a separate control room and a visually and auditorily
neutral room with concealed reproduction systems to facilitate immersion
into the virtual environment. In section 4.1 the optic, acoustic, and vibration
reproduction systems are described in detail. The software required for pre-
senting multimodal stimuli and for conducting perceptual studies is outlined
in section 4.2.

4.1 Hardware

4.1.1 Optical Reproduction System

The optical reproduction system provided a visual context for the tactile stim-
uli. Visual stimuli were presented with an Epson EMP-TW980 projector. It
supports 1080p Full-HD resolution with 1920 x 1080 pixels and a brightness
of 1200 ANSI-Lumen. For acoustical reasons, the device is encapsulated in a
sound proof housing. Thus, the projector noise does not interfere with the
audio reproduction. The image is projected onto an acoustically transparent
screen with a width of 260 cm resulting in a diagonal of 118 inches at an
aspect ratio of 16:9. The distance between the subjects seated on the motion
platform and the screen is 340 cm. The image is centered on the visual axis
of the test subject.
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Figure 4.1.
Simulator for the presentation of visual, auditory, and tactile virtual environments.

4.1.2 Acoustical Reproduction System

The acoustic reproduction system provided auditory context for the tactile
stimuli. The auditory stimuli were presented with a wave field synthesis sys-
tem. Wavefield synthesis is an optimal reproduction system for virtual envi-
ronments compared to classical reproduction systems such as stereo systems
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or headphones. In contrast to headphones reproduction, it does not require
wearing a foreign object and thus there is no susceptibility of in head locali-
zation of sound sources potentially breaking immersion. Stereo or 5.1 setups
rely on the phantom source effect to convey sound source direction. The
phantom source effect is only stable in a relatively small listening position,
thus requiring tracking of the listener position. Wavefield synthesis system
recreates the wave field emitted by a sound source, thus enabling localization
mostly independent from the listener position. Furthermore, it enables the re-
production of focused sound sources that can be positioned in front of the
speaker plane.

The utilized wave field synthesis system was produced by ISONO (Barco).
The system can be controlled from a MATLAB interface. Audio signals and
sound source position streams of up to 32 sources can be provided to this
interface. Audio signals are transferred from an RME HDSP MADI sound
card and position streams are transferred over Ethernet to the IOSONO ren-
derer. The renderer calculates the signals sent over 464 channels to the 10-
SONO amplifiers and subsequently to the 464 loudspeakers. The 464 speak-
ers consist of 4 subwoofers, 116 mid-range, and 348 high range speakers with
a distance of 6 cm. The mid-range and high range speakers are placed circu-
larly at ear height on each wall. They are hidden from the view of the subject
behind acoustically transparent panels to facilitate immersion. The superim-
position of the speaker sound sources as provided by the renderer creates a
virtual focused sound source at the desired position.

The wave field synthesis system was utilized for the presentation of scenes
containing auditory stimuli in chapter 6 and chapter 7. The auditory stimuli
were obtained in the process of recording the vehicle scenes with two inte-
grated circuit piezo (ICP) microphones placed on-ear axis of the driver ap-
proximately 30 cm to the ears (see section 6.1.2). To reflect the recording
setup in the vehicle, the recorded signals were presented as focused sound
sources placed on-ear axis of the subjects in 30 cm distance. The reproduction
system was calibrated at the subjects position on the seat on the motion plat-
form. The transfer function was equalized to a flat frequency response. The
reproduced sound pressure level was calibrated to the recorded sound pres-
sure level.
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4.1.3 Whole-Body Vibration Reproduction System

4.1.3.1 Requirements on the Reproduction System

The investigations conducted in this work attempt to cover the perceivable
frequency and level range of WBYV occurring in everyday life. Constant ac-
celeration is produced by motion. When acceleration frequency increases
above 0 Hz, vibration occurs. Vibration below 0.5 Hz can lead to motion sick-
ness [15], especially when not synchronous with visual stimuli. Thus, a fre-
quency of 1 Hz was selected as a lower frequency limit, clearly separating
static motion from oscillatory motion i.e. vibration. The perceptual threshold
is rising steeply above 300 Hz as shown in section 2.1.2. Very high-frequency
WBYV above 500 Hz can theoretically be perceived. However, vibration oc-
curring in everyday life is unlikely to reach above the perceptual threshold
over 500 Hz, as confirmed by the vehicle measurements in section 6.1.3.
Therefore, a frequency of 500 Hz was selected as the upper-frequency limit
for the investigations. The lower limit of the level range is determined by the
perceptual threshold for vertical WBV (see section 2.1.2). The upper-level
range is determined by the exposure limits for one-hour exposure to vibration
[87] conforming to acceptable vibration levels. The reproduction system
needed to cover this large frequency and level range. Unfortunately, no single
reproduction system was available for this purpose. Thus, a reproduction sys-
tem was created by combining a hydraulic motion platform suitable for low-
frequency reproduction with an electrodynamic shaker for high-frequency re-
production. This system is shown in Figure 4.2.

4.1.3.2 Electrodynamic Shaker Subsystem

Electrodynamic shakers are well suited for vibration reproduction because of
their favorable frequency response especially in the required mid to high-fre-
quency range up to 500 Hz. Vibration signals are transferred from an RME
HDSP MADI sound card to an RME M-32 digital-analog converter. Subse-
quently, the signal is amplified by an Alesis RA 150 amplifier. The analog
signal is reproduced by an RFT Messelektronik ESE201 Type 11075 electro-
dynamic shaker, which is placed below the Recaro Pole Position seat made
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Figure 4.2.
Schematic of the combined reproduction system for the presentation of vertical WBVs consisting
of a motion platform and an electrodynamic shaker.

of glass-fiber reinforced plastic. The voice coil of the shaker is attached rig-
idly to the horizontal seat surface enabling vertical vibration reproduction.
The default foam rubber on seat surface was replaced by a thin piece of fabric
to avoid vibration attenuation in the higher frequency range. The shaker
placement is shown in Figure 4.3.

For each of the experiments, participants were instructed to sit comfortably
in the seat with their thighs resting on the seat surface and to keep their sitting
posture for the duration of the experiment. It is well known that interindivid-
ual differences in body parameters such as weight and height influence the
dynamic interaction of the excitation system with the participant. [89]
stressed the need to calibrate vibration reproduction systems in the actual tac-
tile experiment condition. Differences of up to 10 dB have been measured in
the body related transfer function for different persons as documented by
[90]. Thus, it was necessary to compensate these interindividual differences
to ensure controlled vibration presentation for the experiments conducted in
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\

Figure 4.3.
Electrodynamic shaker placed below a glass-fiber reinforced plastic seat with a voice coil actu-
ator coupled to the seat surface.

the course of this work. The transfer function between the input voltage and
acceleration occurring at the seat surface was measured with a B&K 4515B
seat pad accelerometer. The sensor was connected to a Zodiac DataRec 4
measurement frontend. The measurements were conducted in the application
HEAD Recorder and were imported into MATLAB. From the measurements,
inverse finite impulse response (FIR) filters were constructed. Each vibration
signal was filtered using the filtfilt command for zero-phase filtering, thus
compensating the interindividual differences in the transfer functions within
a 2 dB range, which amounts to approximately the JINDL of WBVs (see sec-
tion 2.1.2).

The shaker can be operated at a maximum RMS current of 4 amperes which
limits the maximum acceleration. The acceleration level for the maximum
current was measured with a sweep signal at each frequency. The resulting
maximum acceleration curve is shown in Figure 4.4. It is obvious that the
output is not sufficient for the low-frequency range, exceeding the sensation
threshold only by 10 dB at 7 Hz and above. The transfer function of the shaker
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Figure 4.4.
Maximum output of the electrodynamic shaker and linearity limits for the motion platform with
perceptual threshold and exposure limits for orientation.

is linear in the level range from the perceptual threshold to the maximum
output level with a maximum deviation of 2 dB.

Due to the vertical stiffness of the seats' surface being much higher than the
horizontal stiffness crosstalk of the vertical excitation to the lateral or trans-
versal axis was negligible. Only slight harmonic distortion at the second har-
monic was observed for sinusoidal excitation, which was at least 25 dB below
the base frequency level. When interpreting the potential impact of the cross-
talk, it should be noted that the perceptual threshold is approximately 10 dB
lower for vertical WBV compared to lateral or transversal WBV [16]. Fur-
thermore, a 10 dB reduction in vibration level is perceived to be less than half
as intensive [32].

4.1.3.3 Hydraulic Motion Platform Subsystem

Due to their high elongations, hydraulic motion platforms are especially suit-
able for the low-frequency range. Therefore, a hydraulic Stewart motion plat-
form was utilized for this range. The platform was manufactured by Oelhy-
draulik Hagenbuch. It is driven by six hydraulic actuators that are powered
by a pump. The pump is placed in a separate room, which is acoustically
insulated from the laboratory to attenuate the operating noise. The platform
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can present motion and vibration in six degrees of freedom. It supports a max-
imum vertical elongation of 407.6 mm. The peak acceleration is limited to
one g. The platform has an active control system, which is interfaced over a
NET API. Position values can be sent over Ethernet to the active control sys-
tem, which renders the position to the six hydraulic actuators.

Many valve controlled actuators have a small dead zone, i.e. the actuator po-
sition output remains constant for very small input position changes. This
property needs to be taken into account when reproducing low amplitude nar-
rowband i.e. sinusoidal vibration, for which a superimposition of multiple
frequency components doesn't produce a total position change which is rela-
tively large in comparison to the dead zone. Controlling this property for the
utilized motion platform, the transfer function was determined with sweep
signals in 6 dB steps in the acceleration level range from the exposure limits
to the perceptual threshold. The same measurement setup as for the shaker
was utilized but with a Kistler 8305B10 capacitive acceleration sensor placed
on the seat’s surface. A nonlinearity threshold was defined for each level step
at the frequency, where the deviation from the transfer function of the highest
input level step was more than 2 dB (approximately the JNDF of vibration)
below the expected value. The nonlinearity threshold curve is obtained from
these thresholds (see Figure 4.4 ). The frequency and level range above this
threshold can be presented by the motion platform system while the range
below this threshold should be presented by the electrodynamic shaker.

In the utilized frequency range of the motion platform, interindividual differ-
ences in the transfer function were below 1 dB due to the active control sys-
tem compensating weights of persons varying interindividually. Therefore,
no transfer function compensation was necessary for this subsystem.

For near-threshold vertical vibration crosstalk to lateral and transversal accel-
eration was observed, which was close to the acceleration level of the vertical
excitation. However, this property can be avoided by utilizing the shaker for
near-threshold vibration level except for the frequency range below 5 Hz.
Only slight harmonic distortion at the third and fourth harmonic was observed
for sinusoidal excitation, which was at least 15 dB below the base frequency
level. Restating the points brought up in the discussion of the electrodynamic
shaker, a 10 dB reduction in vibration level is perceived to be less than half
as intensive [32]. Furthermore, the perceptual threshold is approximately 10
dB lower for vertical WBV compared to lateral or transversal WBV with the
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difference decreasing towards low frequencies [16]. When interpreting the
results for the low frequency and low-level range, crosstalk should potentially
be taken into account.

For the electrodynamic shaker, it was possible to input the acceleration signal
directly. However, the motion platform required an elongation i.e. position
signal instead of an acceleration signal. Since the acceleration is the second
derivative of the elongation, it is possible to obtain the elongation signal by
double integration of the acceleration signal. Double numeric integration was
implemented utilizing the Simpson's rule of integration. Potentially present
static acceleration needed to be removed for the acceleration signal to be re-
producible in the limited movement space of the platform. A Chebyshev Type
I high pass filter with a passband frequency of 1 Hz, a passband ripple below
1 dB, and 60 dB attenuation was applied to the acceleration signal using the
MATLAB filtfilt command for zero-phase filtering. Chebyshev Type II filters
were selected due to their steep edges and smooth passband at the cost of
stopband ripple.

4.1.3.4 Properties of the Aggregate System

The maximum output of the electrodynamic shaker and the nonlinearity
threshold of the hydraulic motion platform define the lower frequency and
upper frequency limit of each subsystem. These limits are both dependent on
the acceleration level as visible in Figure 4.4. Due to the negligible crosstalk
of the electrodynamic shaker, this reproduction system was always utilized if
possible, and the motion platform was utilized to cover the remaining level
and frequency range.

For a defined narrowband stimulus level and frequency the reproduction sys-
tem was selected depending on the maximum output of the electrodynamic
shaker. Thus, for vibrations at 10 dB above the perceptual threshold, the mo-
tion platform was utilized below 4 Hz. For vibrations at 36 dB above the
perceptual threshold the electrodynamic shaker was utilized above 15 Hz. For
broadband stimuli such as bandlimited WGN or recorded vehicle accelera-
tion, simultaneous utilization of both reproduction systems was necessary.
The separation frequency between both systems was assessed by determining
the fraction of the stimulus acceleration spectrum below the maximum output
of the shaker. Subsequently, the separation frequency defined the passband
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frequency of an infinite impulse response (IIR) high pass filter and an IIR
low pass filter with 60 dB attenuation and below 1 dB passband ripple. By
utilizing the MATLAB filtfilt command the acceleration signal was split into
a low-frequency component reproduced by the motion platform and a high-
frequency component reproduced by the electrodynamic shaker using zero-
phase filtering. The superimposition of both reproduction systems resulted in
the desired acceleration signal.

In the previous section, the reproduction accuracy was described from a gen-
eral perspective for each reproduction system that can easily be applied to
e.g. sinusoidal signals. More complex signals based on vibration measure-
ments were reproduced on both systems simultaneously. In addition to that,
they needed to be prepared for playback on the motion platform. The con-
trolled reproduction of each vehicle vibration scene utilized in this work was
important and therefore reproduction was individually verified. For station-
ary scenes, the maximum spectral differences between suprathreshold rec-
orded vibration and reproduced vibration were always below 6 dB in each
frequency sub-band (see Figure 4.5). For scenes with impulse-like vibration
the maximum difference between recorded peak vibration and reproduced
peak vibration was at or below 4 dB (see Figure 4.6).
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Figure 4.5.
Spectrum of the recorded and reproduced acceleration of driving on a cobblestone road at 30 kph
with perceptual threshold and exposure limits for orientation.
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Figure 4.6.
Time signal of the recorded and reproduced acceleration of driving over a manhole at 30 kph.
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4.2 Software

4.2.1 Combination of Reproduction Systems for
Unimodal and Multimodal Presentation

For conducting the perceptual studies, it was necessary to present tactile as
well as multimodal (auditory, visual, tactile) stimuli. No standard software
was available for this purpose due to the non-standard reproduction systems.
Therefore, a multimodal scene player was required that enabled the creation
of multimodal virtual environments utilizing the hardware described in the
previous section. Due to the scope of this work being on non-interactive
scenes the simulation was limited to passive playback. At first, a multimodal
scene format was defined as a MATLAB struct data type, which contained
links to individual files for each modality. Optical signals were stored as
MPEG-4 video files. Acoustical signals were stored as 32-bit stereo wave
files. Vibratory signals were stored as comma-separated value files separately
for the motion platform and the electrodynamic shaker.

Subsequently, a multimodal scene player was implemented in MATLAB to
playback the scene format. It provided a central control to all reproduction
systems enabling a synchronous reproduction of the signals. Facilitating this
task, the player was split into two main functions: loading the signals associ-
ated with the various modalities and starting of the reproduction systems syn-
chronously. The loading of the signal files preceded the playback to avoid
relative delays being introduced by the loading itself. Optical signals were
loaded to a windows media player ActiveX element. Acoustical signals were
uploaded to the wave field synthesis server. Shaker signals were simply
loaded into the working memory to be available for playback via the sound-
card. Motion platform signals were uploaded to its control server.

After all the separate signal files finished loading, a callback was triggered to
initiate the actual playback. The video and shaker reproduction were started
on the control PC, the motion platform reproduction was started on its corre-
sponding control server and the wave field synthesis reproduction was started
on its corresponding control server as well. The main task of this method was
to ensure that the playback is perceived to be synchronous. The auditory tac-
tile asynchrony threshold was determined by [91]. For complex car stimuli
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consisting of WBYV and sound recordings, audio delays within the range of -
47 ms to 63 ms are perceived to be synchronous. For the auditory visual-
tactile scene to be perceived as synchronous these limits need to be adhered
to. The auditory-visual asynchrony threshold was determined by [92]. For
complex speech stimuli, an audio delay within the range of -131 ms to 258
ms is perceived to be synchronous.

Three potential sources for delays were identified. Due to the distributed ar-
chitecture of the reproduction system, the playback on the motion platform
server might run out of synchronization with the playback on the wavefield
server. The remaining total delay between the first reproduction system start
and the last reproduction system start was below 20 ms. However, the stimuli
utilized in this thesis had a duration of approximately 10 seconds only. There-
fore, a delay spread beyond the synchronicity thresholds was not an issue.
Static delays were measured and subsequently compensated. Small dynamic
delays, i.e. delays varying from playback to playback were also observed.
The preemptive scheduling of the windows 7 operating system was identified
as the main source of dynamic delays. The problem was reduced by setting
the process priority of the player to real-time before the starting procedure
was initiated.

4.2.2 Conducting Perceptual Studies

One of the core tasks of this thesis was the assessment of perceptual judg-
ments of the various experiments. Therefore, a framework was implemented
in MATLAB, enabling efficient handling of perceptual studies. A brief over-
view of the core features is provided. First, an experiment configuration is set
up. Various experiment types as free association task or semantic differential
can be selected. Furthermore, a set of scenes (in the previously defined scene
format) is provided, which will be presented in the experiment. At the begin-
ning of each experiment, the experiment configuration is loaded. Subse-
quently, the participant is registered for the experiment configuration and his
or her age and sex are collected and an individual stimulus randomization is
generated. As mentioned before, the transfer function of each subject was as-
sessed, an inverse filter of the individual transfer function generated and ap-
plied to all vibration stimuli. In the evaluation phase, one stimulus was rated
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per trial. First, the participant played back the stimulus at least one time. Sub-
sequently, the perception of the subject was assessed. For the free interview
experiment, associations could be entered as a comma-separated list. A se-
mantic differential was used to assess selected perceptual properties on rating
scales. The chosen quasi-continuous Rohrmann scale [93] (see Figure 5.11)
was implemented as a slider attached to a scale image to rate the suitability
of each perceptual property in describing the presented stimulus. The slider
knob was only shown after a click on the slider to avoid a rating bias towards
the initial knob position. At the beginning of each trial, the slider knob was
hidden again.
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S. Assessment of a Sensory Tactile
Design Language for
Characterizing Vibration

The goal of this thesis is to demonstrate that plausible whole-body vibration
can be universally synthesized from expected tactile perceptual properties.
The basis for the proposed approach is a vibrotactile design language that
enables communication about the relevant tactile perceptual properties. !

5.1.1 Design Language Requirements

No universally agreed upon tactile design language exists yet [10]. There are
several requirements for a vibrotactile design language that could facilitate
the synthesis of vibration. Vibrotactile design would be far simpler if non-
experts could communicate in engineering terms such as level or frequency
directly. Only relying on expert judgments does not necessarily result in per-
ceptual properties preferred by the majority of future users. However, poten-
tial users are mostly laypersons which are not able to communicate these en-
gineering parameters without prior training [99]. Thus, vibrations need to be
described with a vocabulary understandable to laypersons. According to the
ecological approach to perception, vibration occurring in everyday life are a
carrier of information about the environment. Therefore, there should be as-
sociations intuitively and frequently elicited by vibration by all persons in-
cluding laypersons. Only such perceptual attributes would enable laypersons
to explicitly and efficiently communicate about their vibrotactile experiences
since no prior explanation is required.

If different laypersons use different associations, then it becomes difficult to
generalize the perceptual properties into properties preferred on average. Fre-
quently used, attributes maximize the potential to be interindividually under-
standable. However, they should not only be understandable across different

! Parts of this work were presented in [93], [94], [95], [96], [97] and [98] by Rosenkranz et al.
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individuals but also across different situational contexts while still maximiz-
ing conveyed information (see section 2.1.3). Therefore, the perceptual prop-
erties should be mostly independent of the situational context i.e. applicable
for describing a wide range of scenes with vibration while still accounting for
differences between vibrations of different scenes. On the one hand, very spe-
cific associations or metaphors (e. g. “cobblestone road”) have only a narrow
applicable domain and would not offer much insights about most situations
outside their domain. On the other hand, if such attributes are too general (e.g.
“vibration”), they would be unsuitable for describing specific perceptual
properties.

Another requirement is the attribute's suitability in enabling translation into
physical vibration parameters. Attributes relating exclusively to other, non-
vibrotactile modalities provide little information about vibration parameters.
It has been suggested by [13] and [12] that tactile perceptual attributes can be
understood as a multilayer structure with engineering parameters mapping
onto sensory-perceptual attributes mapping onto affective attributes. Affec-
tive attributes in general and e. g. “pleasantness” in particular are likely in-
fluenced by the situational context. Sound quality is known to be influenced
by situational context [64]. This suggests that identical vibration might be
judged as pleasant in one context and as unpleasant in another context. Fur-
thermore, affective attributes might differ between groups of users as e. g.
indicated by different preferences of sports car drivers and limousine drivers
with regards to sound level judged as pleasant. For such attributes, it is there-
fore difficult to find universal relationships to physical vibration parameters
independent from situational context. Affective attributes can be regarded as
an emergent property of lower-level sensory-perceptual attributes and the sit-
uational context. Sensory-perceptual attributes such as “tingling” have a di-
rect relationship to the perceptual properties elicited by vibration and are thus
more likely independent from the situational context and of user group pref-
erence. Thus, they are more suitable for forming a tactile design language
from which vibration parameters can be derived universally i.e. in the form
of models.

To translate physical vibration parameters, the design language needs to ena-
ble explicit, quantitative communication about vibrotactile perceptual prop-
erties. Therefore, psychophysical knowledge about how similar a stimulus is
to a chosen reference is not sufficient since it reflects only implicit perceptual
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dimension (see section 2.1.2). The ecological approach to perception (see
section 2.1.3) implies that from our everyday life experiences we have
learned to associate specific explicitly verbalizeable tactile perceptual prop-
erties (e. g. “tingling”) with specific vibration intuitively. It also implies that
the range of everyday life experiences of laypersons with vibration provides
an inner reference against which the perceptual properties elicited by vibra-
tion can be absolutely quantified.

Furthermore, the tactile design language should enable efficient and effective
communication about sensory-perceptual properties. Therefore, it should not
contain redundant attributes while still explaining the majority of variance in
sensory-perceptual properties. The effectiveness of the design language de-
pends on whether its elements sufficiently explain all prominent sensory tac-
tile perceptual properties. The efficiency of the design language depends on
whether it contains only necessary elements for explaining all prominent sen-
sory tactile perceptual properties. Since the required effort of profiling per-
ceptual properties rises with the number of attributes to be rated synonymous,
redundant attributes should be avoided. Thus, the set of sensory-perceptual
attributes should be compact to minimize the required effort of profiling per-
ceptual properties.

5.1.2 Method to Assess the Design Language

There are three approaches to investigating the tactile sensory-perceptual
space according to [19]. In the classification method, subjects categorize a set
of stimuli into perceptually similar groups, with each stimulus belonging to
one group without explicit attributes attached. The result is only nominal
scaled judgements, i.e. non-nuanced judgments of each stimulus about im-
plicit properties. Thus the requirement of finding a set of attributes which
does enable explicit quantification of sensory tactile properties cannot be
achieved with this method.

In the similarity estimation method, participants rate the pairwise similarity
of the stimulus set. Based on these similarity judgments MDS can reveal the
underlying, implicit perceptual dimensions (see section 2.1.3). However, la-
bels need to be manually and subjectively attached to the implicit dimensions
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[23]. Thus, this approach does not produce attributes for explicit communi-
cation with laypersons. The inherently relative similarity judgments can also
not be directly transformed to mappings between vibration and absolute at-
tribute ratings. Thus, this approach is not suitable for finding a tactile design
language fulfilling the stated requirements.

Based on the semantic differential method an approach was developed by
[99] for the auditory domain for finding attributes with relevance to quality
judgments of vehicle sounds. The approach adopted to the tactile domain by
[62] for finding quality attributes for vehicle idle mode vibration. They
named the approach "multi-sequential systematic approach". The first step is
a free association task to collect the subject’s associations on a set of stimuli.
Subsequently, individually elicited attributes are checked for interindividual
understandability. The subset of understandable attributes is reduced by the
attributes that subjects judge to be unsuitable for describing the stimuli in
general. Afterward, ratings of the remaining attributes are obtained for each
stimulus. A PCA aids in the elimination of redundant attributes. Finally, the
completeness of the attribute set is validated by comparing similarity judg-
ments of stimulus pairs to rating differences of stimulus pairs. If attribute rat-
ings can explain all the differences, the attribute set is complete.

5.1.3 Goals of this Chapter

This chapter will assess a sensory tactile design language according to the
stated requirements for representing the domain of WBYV with a focus on ve-
hicle vibration. It will adapt the approach suggested by [62] to the goals of
this thesis. In Figure 5.1 an overview of the single steps is shown, which are
described below in detail. Previous studies have not investigated a WBV
stimulus set sufficiently representing everyday life experience with vibration.
Thus, the first step will be the selection of a stimulus set of WBV representing
the variation encountered in everyday life, suitable for eliciting all relevant
sensory-perceptual attributes. Due to potentially infinite vibration stimuli, a
method needs to be developed to reduce the necessary number of stimuli to
elicit all relevant perceptual attributes.
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Free verbalization interview
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Aggregation and prioritization (maximizing understandability)
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Rating of remaining attributes in semantic differential
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Suitability check of attributes

-

Redundancy reduction by PCA-aided feature selection

-

Sensory tactile design language

Y

Completeness check (Chapter 7)

Figure 5.1.
Overview over the successive steps to assess the sensory tactile design language.

Since it is not only interesting which attributes are elicited by specific vibra-
tions but also how well the attributes describe these vibrations, each attribute
will be rated for each stimulus. The results can be utilized for three tasks.
First, an implicit suitability check can be conducted for each attribute by ex-
amining rating differences between stimuli. If an attribute does not show dif-
ferences between stimuli, it is not suitable for deriving vibration parameters.
Second, the attribute ratings enable a PCA to eliminate redundant attributes
and thus to determine a compact sensory-perceptual attribute set forming the
design language. Third, the attribute ratings provide the basis for building the
synthesis model in chapter 7.
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A completeness check similar to [62] would require the assessment of simi-
larity ratings of all stimuli pairings, requiring an enormous number of simi-
larity judgments. However, completeness can also be validated in the course
of the synthesis model validation in chapter 7. If the attribute set is complete,
then it should be possible to obtain ratings only of these attributes for a vi-
bration of any situational context and translate the ratings into a vibration. If
synthesized vibration and recorded vibration both elicit the same perceptual
attribute ratings and if they are perceived as equally plausible, then the attrib-
ute set is complete with regards to describing the sensory-perceptual proper-
ties of vibration.

5.2 Tactile Stimuli

As argued about the shortcoming of the semantic differential method in the
previous section, the coverage of the stimuli set will affect the attributes elic-
ited. If the goal is to elicit a sufficient set of attributes that can explain the
perceptual properties of WBY, then potentially the majority of WBVs occur-
ring in everyday life needs to be presented. Obviously, it is difficult if not
outright impossible to record vibration of potentially infinite variations.
Therefore, the first section of this chapter will develop a method to reduce
the infinite amount of stimuli to a finite stimulus set while ensuring all sen-
sory-perceptual properties are reflected by the elicited attribute set.

5.2.1 Generalization into Excitation Patterns

In everyday life, WBYV i.e. vibration perceived by seated subjects is predom-
inantly encountered in situations involving vehicles i.e. ships, aircraft, trains,
and cars. However, recording all potential variations of vibration encountered
in such situations would require tremendous effort which makes this strategy
infeasible. According to the ecological approach to tactile perception, vibra-
tion is a carrier of information about the environment. Therefore, vibration
with certain temporal spectral properties will elicit certain perceptual proper-
ties verbalizable in the form of sensory tactile perceptual attributes. Gaver
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[44] argues that the ecological approach to perception falls into the intersec-
tion of psychophysics and cognitive psychology. One of the major research
areas of cognitive psychology that is concerned with the associations elicited
by stimuli, is the process of categorization. Rosch [47] provides a definition
of this perceptual process:

“The world consists of a virtually infinite number of discriminably
different stimuli. One of the most basic functions of all organisms is
the cutting up of the environment into classifications by which noni-
dentical stimuli can be treated as equivalent.”

This suggests that it is not necessary to assess all WBVs potentially occurring
in everyday life. Instead only one vibration signal for each sensory attribute
that needs to be elicited to enable description of all sensory-perceptual prop-
erties is required. Furthermore, the vibration presented does not need to be
perceptually identical and thus not physically identical to vibration encoun-
tered in everyday life. Especially for an elicitation task the presented vibra-
tion only needs to be sufficiently similar to elicit the sensory-perceptual prop-
erty, since laypersons can likely only come up with intuitive associations for
vibrations similar to vibrations previously encountered in everyday life.
Gaver [44] suggests to generalize ecological stimuli according to their exci-
tation process for the investigation of the elicited perceptual attributes. Grif-
fin [15] classifies vibration typically encountered in seven classes (see Figure
5.2 in section 2.1.1). The focus of this work lies in vibration segments that
would elicit quasi constant sensory-perceptual attribute ratings (see sec-
tion 3.2). Four of the seven categories fit into the scope of this thesis: sinus-
oidal, multi-sinusoidal, shock, and stationary ergodic. Arguably in our every-
day lives, we most frequently encounter WBYV in cars. The four categories
can be found in car vibration indeed as evident from Figure 5.2.

Sinusoidal vibration is produced by periodic mechanical processes e. g. reg-
ular road structures such as cobblestones with the same diameter. Multiple
correlated periodic excitation processes produce acceleration signals with an
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Figure 5.2.

Spectrograms (short-time Fourier transforms (STFT): 8,192 samples, 50 % overlapping Hann
windows) of the vertical acceleration of four different vehicle scenes exhibiting four excitations
process: sinusoidal, AM-sinusoidal, bandlimited WGN and impulse-like vibration.

envelope that shows regular temporal variation i.e. modulation, e.g. motor
orders of combustion engines. Thus, this excitation process can be repre-
sented by amplitude modulated (AM) vibration. Broadband vibration such as
stationary stochastic vibration is caused by a superimposition of uncorrelated
sources. Impulse-like vibration is caused by shocks when e.g. driving across
singular road irregularities such as manholes. If the single event is considered
in isolation, it can also potentially be described by a quasi-constant perceptual
profile.

It was considered to also include the superimposition of multiple vibration
signals. The frequency selectivity of tactile receptors with a JNDF of about
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30 % or more [30], [100] and masking effects [35], [101] limit the ability of
subjects to resolve spectrally more complex structured vibration. However, if
two vibration components are separated further in frequency, it would need
to be considered to include superimpositions of multiple vibration signals.
[22] investigated such a superimposed excitation pattern consisting of a low
frequency and a high-frequency sinusoidal vibration. They demonstrated that
the low-frequency component dominates the overall perception. This might
suggest a saliency effect, in which the percept elicited by one vibration com-
ponent dominates the overall percept of a superimposed component. There-
fore, no superimpositions of multiple vibration signals were included.

The required stimulus set should cover scenes with vibrations of each of the
four categories. Simply recording one scene of each of the four categories
will not ensure to elicit all perceptual properties, since also the variation in
these categories needs to be taken into account. However, the abstraction of
vibration into excitation processes enables the systematic variation of the pa-
rameters defining the excitation process.

5.2.2 Definition of Parameter Values of the Excitation
Patterns

Previously assessed psychophysical properties of tactile perception enable
the definition of parameter ranges of perceivable WBYV ranges encountered
in everyday life for each of the four excitation process. Therefore, a finite
stimulus set can be constructed while ensuring all sensory-perceptual proper-
ties are reflected by the attribute set elicited by these stimuli.

5.2.2.1 Sinusoidal Excitation Pattern

The sinusoidal excitation pattern shown in Figure 5.2 can be generalized ac-
cording to the formula:

a(t) = Asin(2rft) 5.1

SL(f)+3dB
20dB

a(t) =107°10 sin(2mft) 5.2
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Figure 5.3.
Sinusoidal excitation pattern.

The resulting signal (see Figure 5.3) is characterized by the peak acceleration
amplitude A represented by RMS sensation level SL and frequency f.

Figure 5.4 provides an overview of the sinusoidal stimuli. The level range is
limited by the perceptual threshold [16] towards lower acceleration levels
The exposure limits [86] for one-hour exposure with one hour being a typical
session duration for participants to provide a reasonable upper boundary for
everyday life WBV. The perceptual threshold of vertical WBYV is frequency-
dependent which is comparable to the auditory threshold [28]. Equal intensity
curves of vertical WBYV are approximately parallel to the perceptual threshold
[102]. To enable comparisons of attribute ratings at different frequencies but
the same perceived intensity in section 5.3, it is reasonable to define the vi-
bration level relative to the perceptual threshold. Indeed, many psychoacous-
tic studies define the stimulus level as sensation level (SL) [28] relative to the
threshold of hearing. The perceptual threshold of vertical WBV was approx-
imated as a two-part linear regression based on the data of [16] for frequen-
cies below 315 Hz and on [31] for frequencies above 315 Hz to account for a
steeper rise towards higher frequencies beginning at 315 Hz.

The utilization of average perceptual thresholds for the definition of stimulus
levels has the advantage of presenting identical stimuli for each participant.
The disadvantage lies in the perceptual threshold varying across participants
which potentially leads to some stimuli being below the perceptual threshold
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Figure 5.4.
Selected parameter value combinations for the sinusoidal excitation pattern.

for some of the participants. Therefore, 10 dB (SL) were selected as a com-
promise between covering the lower level range and stimuli being below the
perceptual threshold for only a small fraction of participants. A level of 36 dB
(SL) which was just below the one-hour exposure limits [86] was chosen. The
JNDL for vertical WBV of about 1 dB provides a lower bound for meaningful
level increments for the stimuli [34]. However, filling the interval between
10 dB (SL) and 36 dB (SL) in twice the JNDL increments for clearly distin-
guishable stimuli would have produced very many stimuli. Previous studies
for WBV only presented one level [50], [61]. In combination with insights
gained from a small preliminary test, it was concluded that small level differ-
ences would not likely change whether an attribute is elicited at all. There-
fore, only two levels were selected with 10 dB (SL) representing a low per-
ceived intensity and 36 dB (SL) representing a high perceived intensity.

The lower limit of the frequency range for vibration is about one Hz, since
below this frequency oscillator motion will converge to non-oscillatory mo-
tion. The upper limit is determined by the perception threshold rising steeply
above 315 Hz [31]. Thus, it is reasonable to select an upper limit of 500 Hz,
above which everyday life WBYV is likely below the threshold, as confirmed
by the vehicle measurements in section 6.1.3. The JNDF for vertical WBV of
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approximately 30 % provides a lower bound for meaningful frequency incre-
ments for the stimuli [30], [100]. For frequencies below 20 Hz, the JNDF is
lower than 30 % suggesting a higher resolution than above 20 Hz. To create
clearly distinguishable stimuli frequency intervals of about double the JNDF
were selected. The frequencies of the stimuli were selected in such a way that
they extended the stimuli range of the study [61]. Since reproduction in the
limits defined in section 4.1.3 could not be achieved for the combinations 7
Hz and 9 Hz with 10 dB (SL) as well as 500 Hz at 36 dB (SL), they were
omitted.

5.2.2.2 Amplitude Modulated Sinusoidal Excitation Pattern

The multi-sinusoidal category shown in Figure 5.2 can be represented by an
AM-sinusoidal excitation pattern according to the formula:

a(t) = A (1 + mcos(2nf,,t))cos(2nft) 53
SL(f)+3dB
a(t) =107°10" 208 (1 + mcos(2nf,t)) cos(2mft) 5.4

The resulting signal (see Figure 5.5) is characterized by the peak acceleration
amplitude A represented by RMS sensation level SL, carrier frequency f,
modulation frequency fi,, and modulation index m.

To enable comparisons to the stimuli of the sinusoidal excitation pattern, pa-
rameter values of the AM-sinusoidal stimuli were selected accordingly. The
RMS levels of the AM-sinusoidal stimuli were selected to be identical to the
levels of sinusoidal stimuli with the same frequency. The carrier frequency
values were selected to be identical to the frequency of the sinusoidal stimuli.
AM-sinusoidal excitation patterns are characterized by a carrier frequency
modulated with a relatively lower modulation frequency. Therefore, the mod-
ulation frequency values were not identical for all carrier frequencies but in-
stead were chosen to always be a fraction of the carrier frequency. As a con-
sequence, the carrier frequencies of 1 Hz, 2 Hz, 5 Hz, and 7 Hz were dropped.
2 Hz was selected as the lower limit for a modulation frequency to be clearly
distinguishable from unmodulated vibration. With increasing modulation fre-
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Figure 5.5.
AM-Sinusoidal excitation pattern.

quency, AM-sinusoidal stimuli will also become increasingly similar to si-
nusoidal stimuli [21]. Therefore, 26 Hz was selected as the upper limit for a
modulation frequency to be clearly distinguishable from unmodulated vibra-
tion. In general modulation frequency values were selected to be identical to
the carrier frequency values, but with modulation frequency being a fraction
of carrier frequency in particular. As argued for the modulation frequency, a
modulation depth of 0 would be equivalent to sinusoidal excitation. For AM-
sinusoidal stimuli to be clearly distinguishable from sinusoidal stimuli a mod-
ulation depth value of one was chosen.

Figure 5.6 provides an overview of the AM-sinusoidal stimuli for the high
SL. In a preliminary experiment, all combinations of carrier and modulation
frequency were assessed for their similarity. To keep the stimulus set com-
pact, the stimuli with carrier frequencies of 55 Hz, 275 Hz, and 500 Hz were
omitted since they were perceived to be very similar to the remaining stimuli
with the carrier frequencies of 9 Hz, 15 Hz, 26 Hz, 90 Hz, and 155 Hz.
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Selected parameter value combinations for the AM-sinusoidal excitation pattern for 36 dB (SL).

5.2.2.3 Bandlimited White Gaussian Noise Excitation Pattern

The stationary ergodic stochastic excitation pattern shown in Figure 5.2 can
be represented by bandlimited WGN. The resulting signal (see Figure 5.7) is
characterized by the RMS sensation level SL, center frequency f., and band-
width fi,. To enable comparisons of RMS acceleration level to the stimuli of
the sinusoidal excitation pattern, parameter values of the narrowband noise
stimuli were selected to 10 dB (SL) and 36 dB (SL) accordingly. Most studies
on perception thresholds were conducted with sinusoidal vibration, but no
data was available for bandlimited noise. A study investigating perceived dis-
comfort [33] suggests that the perceived intensity of sinusoidal vibration is
comparable to the perceived intensity of band-limited noise with the same
RMS level with both vibrations falling into the same frequency range. There-
fore, the perception threshold at the center frequency of the bandlimited noise
vibration was inferred from the perception threshold of sinusoidal vibration.

The bandwidth and the center frequency were varied in combination. The
frequency range of sinusoidal signals was selected from 1 Hz to 500 Hz, im-
plying that the maximum bandwidth should be about 500 Hz to span the per-
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Bandlimited WGN excitation pattern.

ceivable range. However, the perception threshold rises steeply above ap-
proximately 315 Hz would likely results in the high-frequency components
falling below the perception threshold above 315 Hz. Therefore, 400 Hz was
selected as the maximum bandwidth at a center frequency of 201 Hz as a
compromise between covering the whole frequency range and not falling
partly below the perception threshold. The bandwidth was halved four times
to 200 Hz, 100 Hz, 50 Hz, and 25 Hz while with noise with 25 Hz bandwidth
still being clearly distinguishable from sinusoidal stimuli in the respective
frequency range. For a chosen bandwidth, the center frequency was deter-
mined in such a way that the resulting stimuli would not overlap. The RMS
SL was kept constant for the different bandwidths.

Figure 5.8 provides an overview of the bandlimited WGN stimuli for the high
SL. Also for this excitation pattern, a preliminary experiment with all param-
eter combinations of center frequency and bandwidth was conducted to assess
the stimuli for their similarity. To keep the stimulus set compact, the stimuli
with center frequencies of 100 Hz and below in the frequency range above
200 Hz were omitted since they were perceived to be very similar to the 200
Hz bandwidth stimulus in the frequency range above 200 Hz in a preliminary
study.
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Figure 5.8.
Selected parameter value combinations for the bandlimited WGN excitation pattern for 36 dB
(SL).

5.2.2.4 Impulse-like Excitation Pattern

The fourth excitation pattern is shock excitation. In the domain of vehicles
encountering transient excitation in everyday life, such excitation can be pro-
duced by the vehicle driving over road irregularities such as manholes. How-
ever, the impulse like excitation is not transmitted directly to the driver. The
suspension of the vehicle can be considered as a mass-spring-damper system.
Such a system produces damped oscillation as a response to a transient exci-
tation. According to [103] it is possible to generalize this behavior as a sudden
onset of a sinusoidal vibration with a decay:

0 ift<0

a(t) = {Aoe—“tsin(ant) ift >0 5.5
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The resulting signal (see Figure 5.9) is characterized by the peak acceleration
amplitude A represented by RMS sensation level SL, resonance frequency f,
and decay rate o. The peak acceleration A can be determined from the initial
acceleration Ay with the following equation [103]:

~ —iarctan(ﬂ)

Apeax = Age 2f @ sin(arctan(?)) 5.6

To facilitate comparisons to sinusoidal excitation with the same frequency as
the resonance frequency, the RMS SL was defined as if the impulse was a
non-decaying sinusoidal signal with a peak acceleration A corresponding to
the peak acceleration A of the impulse. Thus, the impulse-like signal can be
generated from RMS SL with:

a(t)
0 ift<O0
m  SL(f)+3dB e~ sin(2rft) .
= 10—55—210 20dB - 7 5 ift=>0
e‘m‘““a“(T) sin <arctan (%))
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Figure 5.9.
Impulse-like excitation pattern.
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The impulse-like stimulus also required a short linear fade in for half of a
period of the resonance frequency of the stimulus to enable correct presenta-
tion on the reproduction system.

Figure 5.10 provides an overview of the impulse-like signal for the high SL.
The resonance frequency values were selected to be identical to the frequency
of the sinusoidal stimuli to enable comparison to sinusoidal stimuli. However,
the resonance frequencies of 1 Hz and 2 Hz could not be reproduced for the
high SL so 3 Hz was introduced as the lowest resonance frequency instead.
The initial peak acceleration instead of the total signal RMS was selected to
characterize the vibration, because of the decaying characteristic of this exci-
tation pattern. Due to the decay, the signals were intrinsically limited in du-
ration. Tactile receptors are integrating the energy over a short period [29]. If
the vibration duration is below about one second, then the perception thresh-
old rises and the perceived intensity decreases. Therefore, 30 dB (SL) was
selected as the lower peak level of the stimuli to remain clearly perceivable.
The upper level was shifted to 42 dB (SL).

The WBYV recordings of impulse-like events in section 6.1.3 were analyzed
for typical decay constants. The observed decay constant a range was in-
creased from 2 s! to 8 s! to include the behavior of a highly damped (a. = 8
s") and a weakly damped (a = 2 s!) resonance system. Multiple successive
Impulses separated by a fixed duration pause were also included in the exper-
iment since such vibration can be encountered on certain road types such as
motorways with concrete plates. The beginning of the pause was determined
from the decaying sinusoidal falling below the perception threshold. The end
of the pause corresponded to the beginning of the next impulse. The pause
was varied from zero seconds to one second. Longer pauses can be consid-
ered as a succession of multiple impulse-like events instead of an aggregate
event.

In a preliminary experiment, all combinations of resonance frequency with
decay constants were assessed for their similarity. To keep the stimulus set
compact for this excitation pattern as well, the stimuli with the resonance
frequencies of 7 Hz, 15 Hz, 55 Hz, 155 Hz, and 500 Hz were omitted also
here since they were perceived to be very similar to the remaining stimuli
with the resonance frequencies of 9 Hz, 26 Hz, 90 Hz, 275 Hz in a preliminary
experiment (see 5.2.2.2). Due to limitations of the reproduction system, the
decay constant of the impulse-like stimulus with a resonance frequency was

84



Chapter 5 - Assessment of a Sensory Tactile Design Language for Characterizing Vibration

(o} [sine; L =36 dB (SL)]
A [impulse; L =42 dB (SL)]

T T T L LR | T T L B | T T T
8 I A A A A A E
'_"m
3
2
5
24 A 4
]
]
2 F A A A A A A —
0 1 i n PR, N . . | 1 " n | I . | 1 n n 1
1 2 5 10 20 50 100 200 500
frequency (Hz)
Figure 5.10.

Selected parameter value combinations for the shock excitation pattern for 42 dB (SL).

reduced from 8 s to 4 s”!. The goal was to investigate the difference between
multiple impulses and single impulses in general. Thus, not all resonance fre-
quencies were investigated, but only 5 Hz and 90 Hz.

5.2.3 Generation of the Stimuli

All stimuli were generated in MATLAB according to the formulas and pa-
rameter value combinations documented in the previous section. The
bandlimited WGN stimuli were generated with the randn function in
MATLAB. Subsequently, a Chebyshev Type II bandpass filter with passband
frequencies according to the bandwidth and center frequency of the stimulus,
a passband ripple below 1 dB and 60 dB attenuation was applied to the accel-
eration signal using the MATLAB filtfilt command for zero-phase filtering.
Chebyshev Type 11 filters were selected due to their steep edges and smooth
passband at the cost of stopband ripple. Finally, the RMS of the stationary
stochastic vibration was scaled to the defined SL RMS. To enable smooth
reproduction, the non-transient scenes were faded in linearly at the beginning
of the stimulus and faded out linearly at the end of the stimuli for 300 ms.
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The transient stimuli also required a short linear fade in for half of a period
of the resonance frequency of the stimulus. No fade-out was required due to
the decaying characteristic. The stimulus duration for the non-transient exci-
tation patterns was 9 seconds to 10 seconds. The stimulus duration for the
transient excitation pattern was 2 seconds to 3 seconds. While duration was
suggested to be a perceptual dimension of vibration [60], it is often externally
constrained by the duration of the scene for which vibration is to be synthe-
sized in chapter 7. Thus, the parameter duration was not varied for this inves-
tigation.

5.2.4 Summary

By generalizing the WBYV occurring in everyday life into excitations patterns,
it is possible to systematically vary their parameters in the limits of the tactile
receptors. Since the generalized vibration will be perceptually equivalent i.e.
perceptually very similar to WBV actually encountered, all relevant sensory-
perceptual properties should potentially be elicitable by the representative
stimulus set. The final stimulus set including all four selected excitations pat-
terns consisted of a total of 99 WBYV stimuli. The structure of the stimulus set
needs to be balanced if missing out characteristics of underrepresented, less
dense data should be avoided [19]. In the representative stimulus are 21 si-
nusoidal stimuli, 30 AM-sinusoidal stimuli, 22 bandlimited noise stimuli, and
26 impulse-like stimuli. Since the number of potential parameter combina-
tions is not the same across the four excitation patterns there is some small
variation in the total amount of stimuli per excitation pattern. But overall no
excitation pattern is dominating the stimuli structure which can thus be inter-
preted as sufficiently balanced.

5.3  Assessment of the most relevant Sensory
Tactile Perceptual Attributes

After the definition of the representative stimulus set in the previous section,
the first step was to conduct a free association task to find attributes elicited
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by these stimuli. The goal was to extend the findings of [50], [61] gained by
investigating a small stimulus set consisting mostly of periodic WBV with
only one SL with the representative stimulus. Therefore, all stimuli were pre-
sented to laypersons and each association mentioned was collected. The vast
amount of elicited attributes requires the identification of a representative at-
tribute subset suitable for enabling the subsequent semantic differential anal-
ysis for accurately assessing redundancy of attributes. An alternative but less
precise method of aggregating redundant attributes is developed based on a
thesaurus containing synonyms and antonyms. Selection of the most fre-
quently mentioned attributes will maximize understandability and maximize
the likelihood of including all relevant attributes in the sensory tactile design
language while minimizing the attribute set further.

5.3.1 Experimental Design

All stimuli consisting of four excitation pattern subsets described in sec-
tion 5.2 were presented randomized in separate blocks. Due to their similar-
ity, sinusoidal and AM-sinusoidal stimuli were aggregated in the first block.
The bandlimited WGN stimuli were presented in the second block. The third
block consisted of impulse-like stimuli. All tactile stimuli were presented in
the auditory-visual-tactile virtual environment described in chapter 4.

The general instruction for the free association task was to mention all attrib-
utes characterizing the presented vibration. According to the stated require-
ments on the sensory tactile design language (see section 5.1.1) participants
were further instructed not to describe specific situations e. g. “cobblestone
road” in which they encountered similar vibrations, since such descriptions
would be difficult to transfer across different situational contexts. Similarly,
they were instructed to avoid general descriptions matching all oscillating
motion such as “vibrating”. Another instruction derived from the require-
ments was to avoid affective terms such as “annoying” and attributes relating
exclusively to other modalities.

Such a free association task is often difficult and [54] argues that this is also
the case for tactile perceptual properties. Indeed, in a preliminary test, some
subjects reported difficulties. It has been shown that productive vocabulary
size is often smaller than receptive vocabulary size [104]. Thus, providing a
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list with potentially suitable words can facilitate the task, since subjects do
not need to rely exclusively on their receptive vocabulary. Attributes men-
tioned in previous studies with similar goals [50], [61], [105] were candidates
for inclusion in such a list. However, handing a list of attributes can bias the
results towards terms included in the list. Since the occurrence of attributes
in the previous study can be understood as evidence for their relevance in
describing vibration, a potential bias towards attributes on the list was
deemed acceptable. Therefore, after coming up with associations themselves,
subjects were optionally handed a list that consisted of potential attributes
found by the previous studies. The time to think about associations for one
stimulus was not limited and varied by participant. Typically, it did not exceed
one minute. Participants could play the stimulus again as often as necessary.
The experiment was split into two sessions of approximately one hour each
in order to maintain participants’ attention.

5.3.2 Participants

Sample sizes comparable to the sample size of 17 for the successful elicitation
study by [99] were selected for the free association task. All subjects were
German native speaking laypersons. The study was conducted with the un-
derstanding and written consent of each participant. For the (AM-)sine stim-
uli 19 subjects (12 male, 7 female) with an average age of 35 years (23 to 71
years) took part in the experiment. For the noise stimuli, 18 subjects (12 male,
6 female) with an average age of 35 years (23 to 71 years) took part. For the
impulse stimuli, 18 subjects (12 male, 6 female) with an average age of 35
years (23 to 71 years) participated in the experiment.

5.3.3 Results

The total numbers of attributes found per block are displayed in Table 5.1
depending on the filtering or aggregation applied. In the first block, a total of
117 unique German attributes were mentioned for sinusoidal and AM-sinus-
oidal stimuli. The second block produced 102 unique attributes for bandlim-
ited WGN stimuli. In the third block, 88 attributes were found for impulse-
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Table 5.1.
The number of occurrences for each excitation pattern group before and after each successive
reduction step.

Number of Occurrences

Cumulative Filtering Step (AM)-Sine Bar;\(]l(l)lirsnéted Impulse-like

none 117 102 88

affective, connotative, non-tactile removed 98 87 80
attributes with same word-stem removed 93 80 72
less frequent synonyms and antonyms merged 39 35 42
infrequent attributes discarded 17 14 19

like stimuli. A lot of the associations were found for more than one excitation
pattern. Associations which were not in the focus of the study according to
section 5.1.1 were removed. Therefore, affective terms, scene content de-
scriptions, general indications of the presence of oscillating motion were dis-
carded. This resulted in 98, 87 and 80 unique attributes for the three blocks
(see Table 5.1).

5.3.4 Aggregation and Prioritization

It is obvious that a large number of sensory tactile perceptual attributes would
not represent a useful tool for communication efficiently about the perceptual
properties of WBV. The goal of the followed multistep method (see sec-
tion 5.1.2) is to explain relevant variance in the perceptual space with a min-
imum number of perceptual dimensions represented by potentially redundant
perceptual attributes. To reduce the attributes elicited by the free association
task for the semantic differential without impairing its outcome, two ap-
proaches might be followed. First, if attributes were mentioned very rarely,
they would likely not refer to a salient perceptual property shared by all lay-
persons and thus would likely be less relevant for explaining variance in the
perceptual space. Second, as evident by consulting a thesaurus, natural lan-
guage contains many synonyms and antonyms i.e. redundancy. Thus, such
redundant attributes might be removed. For each of the three excitation pat-
tern groups, these steps were applied separately. The order, in which such
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reductions are conducted can potentially affect the final set of perceptual at-
tributes. If two low frequently occurring attributes e.g. “even” and “uneven”
referring to the same perceptual dimension would simply be omitted due to
their low occurrence, it would potentially lead to a failure to identify this di-
mension in the semantic differential stage. Therefore, the thesaurus aggrega-
tion was conducted before the omission of low frequently occurring percep-
tual attributes.

The core step of the identification of the elements of the sensory tactile design
language is identifying the perceptual dimension of the vibrotactile percep-
tual space with the semantic differential method. The purpose of the semantic
differential is to accurately assess redundant attributes by investigating cor-
relations between ratings of the attributes directly in the perceptual domain.
As evident by consulting a thesaurus, natural language contains many syno-
nyms and antonyms i.e. redundancy. However, the required number of ratings
across all stimuli for each attribute is linearly dependent on the number of
attributes. If an attribute is listed as synonym or antonym in the thesaurus, it
would be an indication of approximate, heuristic redundancy indirectly in the
language domain. However, the semantic differential method is likely more
accurate in identifying redundant attributes than the heuristic thesaurus ap-
proach. Thus, reduction in the language domain should not be applied if two
attributes are not clearly redundant or if an attribute is among the most fre-
quently mentioned attributes suggesting high relevance. Therefore, it was
only applied to reduce the number of attributes to a small enough set making
the semantic differential stage feasible.

In the first step of the aggregation, synonymous attributes with the same word
stem were aggregated by e.g. by replacing “tingle” with “tingling” in the da-
taset. In the second step synonyms and antonyms were aggregated. To enable
this step all attributes occurrences were counted. Subsequently, the algorithm
iterated through the attributes by ascending order. For the attribute selected
in the iteration step, the synonyms or antonyms were extracted from the ma-
chine-generated thesaurus provided by the online database Wortschatz [106].
The synonyms and antonyms were then searched in the list of attributes oc-
curring more frequently than the selected attribute selected in the current it-
eration step. If a match was found, the occurrences of the selected attributes
were replaced by the synonymous or antonymous attribute occurring more
frequently. For example, if “intense” had occurred 10 times and “weak” 20
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times, then the occurrence of “intense” would have been replaced by “weak”
in the dataset. This resulted in 39, 35, and 42 attributes for the three excitation
pattern groups (see Table 5.1).

After aggregating the attributes, their overall relevance for explaining the tac-
tile perceptual objects elicited by the stimuli was analyzed. An attribute's low
global occurrence might have suggested its irrelevance, but it could have been
very relevant for only a few stimuli. Therefore, the relevance was analyzed
locally i.e. per stimulus and globally i.e. over all stimuli. The local per stim-
ulus relevance threshold was set to 15 %. If an attribute was not mentioned
by at least 15 % of the participants for at least one stimulus, it fell below this
threshold. The global relevance threshold was set to 2 %. If an attribute was
not mentioned in at least 2 % of the total judgments assessed in the experi-
ment (number of participants times the number of stimuli), it fell below this
threshold. If an attribute fell below any or both of the thresholds, it was dis-
carded. The omission of rarely occurring attributes also maximizes the un-
derstandability of the tactile design language by laypersons by only including
the remaining high frequently mentioned attributes. This resulted in 17, 14,
and 19 attributes for the three excitation pattern groups (see Table 5.1).

5.3.5 Summary

A free association task conducted on the selected stimulus set elicited a great
number of attributes. After discarding synonyms and antonyms identified by
a thesaurus and low frequently occurring attributes for each excitation pattern
group, only a fraction of the attributes remained. Since the attributes were
largely overlapping for the excitation pattern groups, the intersection of the
attributes of the three groups was created. This resulted in 21 attributes which
are shown in Table 5.2.

To translate the German attributes into corresponding English attributes, an
English native speaker who is a professional bilingual language expert was
consulted. The suggested translations of each attribute were validated to-
gether with the expert by demonstrating him live vibrations that were previ-
ously rated low or high by subjects of the semantic differential experiment
(see section 5.4). The thesaurus aggregated and occurrence prioritized attrib-
ute set enabled the subsequent semantic differential stage. The omissions
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Table 5.2.

Overview of the thesaurus aggregated and occurrence prioritized attributes for each of the three
excitation pattern groups. Attribute numbers below the occurrence thresholds are displayed in
brackets.

Number of Occurrences

Attribute Attribute o
(Translation) (German) (AM)-Sine Bandlimited 1 e like
Noise

weak schwach 178 102 100
trembling wackelnd 143 49 176
jolting schlagend 136 32 243
bumpy holprig 124 70 85
buzzing summend 113 14 102
pulsating pulsierend 108 4 104
tingling kribbelnd 108 48 103
calm ruhig 101 10 41
humming brummend 99 17 54
rattling ratternd 92 18 18
grinding rauschend 78 22 0)
shaky riittelnd 70 27 161
shuddering zittrig 54 19 26
throbbing wummernd 47 (6) 77
up and down aufund ab 32 11 72
uniform gleichméaBig 30 33 0)
decaying abklingend 0) 0) 40
fading nachschwingend 0) 0) 35
soft weich 17 (16) 30
ticking tickend (17) 1) 17
repetitive wiederholend %) 3) 14

maximized understandability and minimized the likelihood of excluding rel-
evant attributes for the sensory tactile design language.

5.4 Identification of the Attributes forming the
Design Language

The thesaurus aggregated and occurrence prioritized attribute set was con-
structed in the previous section, to contain relevant attributes for sufficiently

92



Chapter 5 - Assessment of a Sensory Tactile Design Language for Characterizing Vibration

but possibly redundantly explaining variance in perceptual space of WBV. To
eliminate the remaining redundancy, a semantic differential analysis was con-
ducted. In this analysis, all remaining 21 perceptual attributes were rated for
each stimulus. An analysis of variance (ANOVA) was conducted for each at-
tribute to identify attributes explaining no differences in the representative
stimulus set and which would thus be redundant. Finally, a PCA was con-
ducted to identify the remaining redundancy and to enable feature selection
to represent the sensory tactile perceptual dimensions. These steps were nec-
essary to ensure the fulfillment of the compactness requirement on the tactile
design language by producing a minimal set of perceptual attributes.

5.4.1 Experimental Design

The representative stimulus set was presented again to laypersons to rate each
of the 21 attributes for each of the 99 stimuli in a semantic differential test.
The enormous amount of required judgments necessitated the split into two
times two blocks of approximately one hour each to keep participant’s atten-
tion. The 21 perceptual attributes were split into groups of three attribute tri-
ples which were shown simultaneously on the semantic differential graphical
user interface (see section 4.2.2). A repeated measures design was chosen i.e.
each subject rated each stimulus and each attribute to facilitate the compari-
son between the ratings. All tactile stimuli described in section 0 were pre-
sented in the tactile virtual environment described in section 4.1.3 again.
According to the ecological approach to perception (see section 2.1.3) we
have learned to intuitively associate specific explicitly verbalizeable tactile
perceptual properties (e. g. “tingling”) with specific vibration. Therefore, in-
stead of providing an external anchor against which perceptual attributes
were to be rated against, participants were assumed to be able to rate the at-
tribute against their inner reference formed by their previous everyday life
experiences with WBV. Thus, they were explicitly instructed to compare the
presented vibration against the range of their experiences with WBV from
everyday life according to the provided perceptual attribute.

A quasi-continuous 100-point rating scale was utilized on which subjects
could indicate their judgments for the semantic differential. The scale was
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chosen to be unipolar, since no clear antonyms existed for many of the attrib-
utes such as “up and down” or “tingling”. A verbal rating scale with equidis-
tant verbal labels at five tick marks was used to facilitate the rating of the
perceptual attribute relative to the range of previous experiences [92]. De-
pending on the rating task the verbal labels on such a scale differ. There are
different verbal anchors for judgments of probability, quality, agreement, and
intensity. For attribute ratings, the intensity anchors are most suitable. Select-
ing the endpoint labels of the scale will influence how often the extremes are
selected [92]. Since the goal of the task was to reflect the intensity of the
perceptual attributes in relation to the range of everyday life experiences, ex-
treme endpoints were preferred. The verbal anchors (translated from German)
“not at all” (“nicht”) was displayed at 0, “slightly” (“wenig”) at 25, “moder-
ately” (“mittel”) at 50, “very” (“ziemlich”) at 75, and “extremely” (“sehr”) at
100 as suggested by [107]. The rating scale is shown in Figure 5.11.

As argued in section 5.2.2 the selection of SL in combination with individu-
ally varying perception thresholds might lead to some stimuli falling below
the individual perceptual threshold for a small fraction of participants. In or-
der not to confuse subjects, they could skip the attribute rating, if they could
not perceive the vibration. A short training phase preceded the experiment in
which participants were familiarized with the rating scale by providing some
example stimuli from the subsequent test. Participants were allowed to repeat
the stimulus, but rarely did so. The rating time of an attribute triple per stim-
ulus was not limited, but typically took 10 seconds. The large number of trials

Please indicate the suitability of the shown attribute for
describing the presented vibrations!

tingling
< ! >
| I I I
notatall  slightly  moderately very  extremely

Figure 5.11.
A verbal rating scale with verbal anchors at 0, 25, 50, 75, and 100 points was utilized to assess
the attribute ratings for each stimulus.
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required the splitting of the rating task into four separate sessions of one hour
each to maintain participants’ attention.

5.4.2 Participants

For each session 28 to 30 German native speakers (70 % male, 30 % female)
with an average age of 35 years (16 to 74 years) took part. The study was
conducted with the understanding and written consent of each participant.

5.4.3 Results

In section 5.2.2 it was expected that some 10 dB (SL) stimuli would fall be-
low the individual perception threshold of some participants. In fact, some
low SL stimuli were not perceivable in up to 8 % of all ratings. However,
simply rejecting the “not perceivable” attribute ratings would introduce a bias
since they still implicitly contain information about perceptual properties. For
example, if a stimulus was rated as “weak” by the majority of participants
and “not perceivable” by one subject, it implies that the stimulus is at the
extreme end of the range of potential everyday life vibration for that subject.
If the implicit extreme judgment of the participant would be dropped, a bias
of the average attribute rating towards the middle of the scale would be intro-
duced. To derive correct conclusions about an attribute's rating on an ecolog-
ical level rather than on an individual level, “not perceivable” should be re-
placed by the extreme values of the scale. Such a replacement had to be con-
ducted at not more frequently than for 8 % of the participants for some of the
10 dB (SL) stimuli. For attributes that are positively correlated with level, a
stimulus converging towards the perception threshold will elicit an attribute
rating converging to zero. Therefore, the small fraction of “not perceivable”
ratings were replaced with “not” i.e. zero ratings for these attributes. For at-
tributes that are anticorrelated with level (“weak”, “soft”, and “calm”), a stim-
ulus converging towards the perception threshold will elicit a rating converg-
ing to one hundred. Therefore, the small fraction of “not perceivable” ratings
were replaced with “extremely” i.e. one hundred ratings for these attributes.
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The experiment resulted in a dataset consisting of ratings of each of the 21
attributes for each of the 99 stimuli for each participant. However, not all 21
attributes are necessarily required to form the design language if e. g. one
attribute is correlated with another attribute. According to the stated require-
ment on the design language of compactness (see section 5.1.1), redundancy
needs to be removed to enable efficient communication. Therefore, a PCA or
factor analysis can be conducted on the matrix of mean ratings of each stim-
ulus for each attribute. A PCA was preferred due to the focus lying on the
selection of explicit non-redundant features i.e. attributes for the design lan-
guage and not necessarily on the extraction of underlying features, i.e. im-
plicit perceptual dimensions. The analysis suggested that four dimensions can
explain 91 % of variance. The first factor explains 46% of the variance, the
second factor explains 23 % of the variance, the third factor explains 12 % of
the variance, and the fourth factor explains 10 % of the variance. Including
an additional factor would only explain 3 % additional variance and was thus
rejected. Table 5.3 shows the attribute loadings onto each factor.

This data set also enabled the investigation of each attribute’s suitability in
describing vibration. An attribute can likely only meaningfully describe vi-
bration if rating differences are observable between stimuli of the representa-
tive stimulus set. Therefore, a repeated-measures ANOVA was conducted
over the 99 stimuli for each of the 21 attributes. It demonstrated a highly
significant effect of stimulus (p < 0.001) for every attribute. If there are dif-
ferences between stimuli for a given attribute it can be concluded that the
attribute can be used to potentially describe differences between WBVs.
Therefore, all 21 attributes are generally suitable as an element of the sensory
tactile design language for WBV.

5.4.3.1 Attributes Describing Vibration Level

The first component consists of two subgroups. The first group had high pos-
itive loadings while the second group had high negative loadings. The per-
ceptual attributes “weak”, “calm”, and “soft” belong to the first subgroup

with highly negative loadings. In Figure 5.12 the mean ratings and 95 % con-
fidence intervals of the attribute “weak” are shown for sinusoidal vibration.
Stimuli with a low level of 10 dB (SL) have a high rating and stimuli with a
high level of 36 dB (SL) have a rating of approximately 50 to 60 scale points
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Table 5.3.
Principal Component Analysis (varimax rotated) for the remaining 21 attributes with attributes
loading higher than 0.6 or lower than -0.6 shown in bold.

Attribute Component Subgroup
Translation German 1 2 3 4
bumpy holprig 0,94 -0,26 0,1 0,09 1b)
buzzing summend -0,19 0,94 0,13 0 2
calm ruhig -0,76 -0,4 -0,23 -0,31 la)
decaying abklingend 0,06 -0,05 0,01 0,96 4a)
fading nachschwingend 0,29 -0,12 0,06 0,91 4a)
grinding rauschend -0,01 0,84 -0,16 -0,38 2
humming brummend 0,24 0,9 0,16 -0,1 2
jolting schlagend 0,58 0,05 0,47 0,6 4a)
pulsating pulsierend 0,47 0,17 0,84 0,1 3
rattling ratternd 0,82 0,42 0,21 -0,2 1b)
repetitive wiederholend 0,18 -0,05 0,89 -0,34 3
shaky riittelnd 0,95 -0,14 0,1 0,14 1b)
shuddering zittrig 0,93 0,13 0,16 -0,04 1b)
smooth weich -0,7 -0,41 -0,19 -0,28 la)
throbbing wummernd 0,73 0,2 0,53 0,21 1b)
ticking tickend 0,14 0,18 0,92 0,19 3
tingling kribbelnd 0,01 0,95 0,19 0,08 2
trembling wackelnd 0,9 -0,33 0,03 0,19 1b)
uniform gleichmaBig -0,15 0,16 0,52 -0,67 4b)
up and down aufund ab 0,8 -0,38 0,03 0,22 1b)
weak schwach -0,82 -0,36 -0,25 -0,25 la)

less. Compared to the influence of level, the stimulus frequency has only
little influence with ratings increasing from low to high frequencies by ap-
proximately 20 points. This might be attributed to the linear approximation
of the perception threshold on which the SL of the stimuli is based on (see
section 2.1.2). Thus, it can be concluded for sinusoidal vibration that this sub-
group is mainly utilized to communicate about the stimulus level.

Applying modulation to the sinusoidal vibration doesn't change the attribute
rating of “weak”. The ratings of “weak” for impulse like vibration with a peak
level of 42 (SL) are similar to sinusoidal vibration with an RMS level of 36
dB (SL) despite their differences in level (see Figure 5.13). This is likely
caused by the decaying characteristic of the impulse-like vibration compared
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Figure 5.12.

Mean ratings and 95 % confidence intervals for the attribute “weak” for sinusoidal vibration with
alevel of 10 dB (SL) and 36 dB (SL).
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Figure 5.13.

Mean ratings and 95 % confidence intervals for the attribute “weak” for sinusoidal vibration with
an RMS level of 36 dB (SL) and impulse like vibration with a peak level 42 dB (SL).

to the constant level of the sinusoidal vibration. When comparing the stimuli
of the stochastic excitation pattern to stimuli with the sinusoidal excitation
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pattern the attribute ratings are also very similar if both stimuli have the same
RMS and are in the same frequency range. However, some small differences
for WGN vibration with a bandwidth of 200 Hz or 400 Hz compared sinus-
oidal vibration in the corresponding frequency range might be caused by the
perception threshold rising over the frequency range of the narrowband noise
(see section 5.2.2). There is a high correlation between the vibration parame-
ter SL and the attribute “weak” (Spearman’s p = -0.739, p<0.01). Summariz-
ing the observations, the first factor is used mainly for describing the vibra-
tion level across the four excitation patterns.

5.4.3.2 Attributes Describing Low Vibration Frequency

The perceptual attributes “up and down”, “bumpy”, “rattling”, “shaky”,
“trembling”, and “shuddering” belong to the second subgroup with highly
positive loadings. The attributes “throbbing” and “jolting” load on this com-
ponent only slightly less than the previously mentioned attributes. The rating
patterns of “throbbing” or “jolting” are also showing similarities to attributes
loading onto the third component or the forth component. In Figure 5.14 the
attribute “up and down” shows the typical ratings patterns demonstrated by

— —O— — "up and down" [L =10 dB (SL)]
—©— "up and down" [L =36 dB (SL)]
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Figure 5.14.

Mean ratings and 95 % confidence intervals for the attribute “up and down” for sinusoidal vi-
bration with a level of 10 dB (SL) and 36 dB (SL).
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Mean rating values and 95 % confidence intervals for the attribute “shaky” for sinusoidal vibra-
tion compared to bandlimited WGN vibrations (represented at their center frequencies) with var-
ying center frequency

attributes in this group. Each attribute of this subgroup has a rating peak at
frequency below 35 Hz that is depending on the attribute. The difference be-
tween peak and off-peak ratings is much more pronounced for the high SL
(solid line) than for the low SL (dashed line). Thus, it can be concluded for
sinusoidal vibration that in contrast to the other subgroup, this group is also
utilized to communicate about stimulus frequency.

As with the previous subgroup, applying modulation to the sinusoidal vibra-
tion doesn't change the attribute rating of “up and down”. Similarly, impulse-
like vibration elicit a rating comparable to sinusoidal vibration, due to the
compensatory effect of level difference and decaying characteristic. Com-
pared to the first subgroup, the stochastic excitation stimuli with small band-
width show similar ratings but stimuli with high bandwidth show rating dif-
ferences. The similarity of 25 Hz bandwidth noise stimuli compared sinusoi-
dal stimuli is more easily observable for the attribute “shaky” displayed in
Figure 5.15 However, for all attributes a general trend can be seen. If a noise
stimulus spans the frequency of a sinusoidal stimulus both will have similar

attribute ratings.

However, for all attributes, a general trend can be seen. If a WGN stimulus
spans the frequency of a sinusoidal stimulus both will have similar attribute
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Figure 5.16.
Mean values and 95 % confidence intervals of attribute “shaky” for bandlimited WGN vibrations
(represented at their center frequencies) with varying bandwidth

ratings. However, increasing the bandwidth leads to increasingly lower suit-
ability ratings as evident from Figure 5.16 The explanation for this observa-
tion is likely to be found in the definition of the stimuli parameters (see sec-
tion 5.2.2). As explained for sinusoidal stimuli, attributes in this group have
a rating peak at a certain frequency. For sinusoidal stimuli, the total signal
energy is concentrated into an infinitely small frequency range. Due to the
constant RMS level of the noise stimuli remaining constant with bandwidth,
the signal energy is distributed over an increasingly higher bandwidth. There-
fore, the energy is shifted away from the frequency range of the rating peak

towards a frequency range with a rating low. The remaining energy would be
equivalent to the total energy of sinusoidal stimulus with a much lower total
RMS level. This behavior is confirmed by the decreasing attribute rating
when the bandwidth is increased. There is a high correlation between the vi-
bration parameter (carrier-, center-, resonance-) frequency and the attribute
“up and down” (Spearman’s p =-0.732, p<0.01). In summary, these attributes
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are used for describing low-frequency vibration in addition to describing vi-
bration level. Their ratings are at their peaks if excitation is concentrated in
the frequency range below 35 Hz.

5.4.3.3 Attributes Describing High Vibration Frequency

9% ¢ 99 ¢

The perceptual attributes “tingling”, “humming”, “buzzing” and “grinding”
show highly positive loadings onto the second component. In Figure 5.17 the
attribute “tingling” shows the typical rating patterns demonstrated by attrib-
utes in this group. The ratting pattern suggests that these attributes are similar
to low frequency describing attributes loading onto the first component e. g.
Figure 5.14. However, in contrast to the rating peak being below 35 Hz for
the former, the latter have a rating peak above 35 Hz varying from attribute
to attribute. This similarity can not only be observed for the sinusoidal exci-
tation pattern, but also the AM-sinusoidal excitation pattern, the WGN exci-
tation pattern, and the impulse-like excitation pattern. There is a high corre-
lation between the vibration parameter (carrier-, center-, resonance-) fre-
quency and the attribute “tingling” (Spearman’s p = 0.568, p<0.01). In sum-
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Figure 5.17.
Mean ratings and 95 % confidence intervals for the attribute “tingling” for sinusoidal vibration
with a level of 10 dB (SL) and 36 dB (SL).
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mary, these attributes are used for describing high frequent vibration in addi-
tion to describing vibration level. Their ratings are at their peaks if excitation
is concentrated in the frequency range above 35 Hz.

5.4.3.4 Attributes Describing Modulation

99 G CLINNT3

The perceptual attributes “pulsating”, “ticking”, “repetitive”, and “throb
bing” show highly positive loadings onto the third component. The attribute
“uniform” loads onto this component only slightly less than the previously
mentioned attributes, but loading higher onto the fourth factor. The rating
pattern of the attribute “repetitive” as depicted in Figure 5.18 suggests that it
is used to distinguish modulated vibration from unmodulated vibration The
rating difference is most pronounced for the modulation frequency of 2 Hz.
With rising modulation frequency it's rating is converging towards the ratings
of sinusoidal vibration.

For the single impulse-like stimuli the rating of “repetitive” is low. Due to the
envelope of multiple successive impulse-like vibration approximating the en-
velope of an AM-sinusoidal vibration, multiple impulse-like vibration also
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Figure 5.18.

Mean ratings and 95 % confidence intervals for the attribute “repetitive” for AM-sinusoidal vi-
bration with varying modulation frequency and a level of 36 dB (SL).
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produces a similar rating for that attribute (see section 7.3). The WGN exci-
tation pattern and the sinusoidal excitation pattern both produce low ratings
for attributes in this group above 20 Hz. However, the sinusoidal excitation
pattern produces higher ratings in the frequency range of 20 Hz than the
WGN excitation pattern. There is a high correlation between the vibration
parameter modulation frequency and the attribute “repetitive” (Spearman’s p
=0.583, p<0.01). In summary, these attributes describe vibration with peri-
odically rising and falling envelope, i.e. modulation.

5.4.3.5 Attributes Distinguishing Transient and Non-Transient
Vibration

The fourth component also consists of two subgroups. The first group had
high positive loadings while the second group had high negative loadings.
The perceptual attributes “decaying”, “fading”, and “jolting” show highly
positive loadings onto the fourth component. The rating pattern of the attrib-

ute “fading” is shown in Figure 5.19. These attributes suggest that they have
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Figure 5.19.

Mean ratings and 95 % confidence intervals for the attribute “fading” for impulse-like vibration
with varying decay rate frequency compared to sinusoidal vibration.
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a high rating for slowly decaying vibration, i.e. impulse-like vibration and a
low rating for non-decaying vibration i.e. sinusoidal vibration.

With increasing decay constants, the rating of “fading” decreases likely be-
cause the vibration is perceived only as a short burst with the decaying char-
acteristic becoming less obvious. WGN vibration also showed ratings as low
as sinusoidal vibration for this attribute. Repeating single impulse-like vibra-
tion to produce multiple successive impulses does not change the rating of
fading if other parameters are kept constant. The similarity between multiple
impulse-like vibration and AM-sinusoidal vibration due to their similar enve-
lopes noted for “repetitive”, can also be found for “fading” (see section 7.3 ).
There is a high correlation between the vibration parameter decay rate and
the attribute “fading” (Spearman’s p = 0.715, p<0.01). In summary, this at-
tribute is used for distinguishing between transient (single impulse and multi
impulse) and non-transient vibration signals.

5.4.3.6 Attributes Distinguishing Periodic and Stochastic Vibration

The perceptual attribute “uniform” shows a highly negative loading onto the
fourth component. For the attribute “uniform” ratings of bandlimited noise
vibration produced low ratings while sinusoidal vibration produced much
higher ratings as shown in Figure 5.20. In comparison to sinusoidal stimuli,
AM-sinusoidal stimuli were rated as slightly more “uniform”. Also for “uni-
form” the similarity of the envelope of AM-sinusoidal vibration and multiple
impulse-like vibration explained similar ratings (see section 7.3). In compar-
ison to multiple impulses, single impulses were rated much lower regarding
the attribute “uniform”. There is a medium correlation between the vibration
parameter bandwidth and the attribute “uniform”, Spearman’s p = -0.355,
p<0.01) In summary, this attribute was utilized to distinguish between sto-
chastic and periodic vibration.
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Figure 5.20.

Mean values and 95 % confidence intervals of attribute “uniform” for bandlimited WGN vibra-
tions (represented at their center frequencies) with varying bandwidth.

5.4.4 Selecting the Elements of the Sensory Tactile Design
Language

The PCA aids in the selection of a necessary and sufficient number of sen-
sory-perceptual attributes forming the sensory tactile design language. There-
fore, a compromise between minimizing redundancy and maximizing explan-
atory power should be selected. One option would be to utilize the four per-
ceptual dimensions suggested by the four principal components directly. This
would imply the extraction of four features based on the 21 attributes that
were entered in the PCA. However, profiling vibration according to the four
features would require to always rate the 21 attributes to determine the feature
scores since underlying implicit dimensions cannot be rated directly. As
stated in the requirements on the tactile design language in section 5.1.1 it
should enable communication with laypersons and contain as few as possible
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attributes. The extractions of four features based on 21 attributes suggests that
redundancy remains in the attribute set.

The resulting components output by the PCA on attribute ratings depends on
the selection of attributes and the selection of stimuli for which the ratings
were assessed in a semantic differential. Therefore, it is more reasonable to
utilize the PCA to guide the selection of features i.e. perceptual attributes ra-
ther than to derive the features. Furthermore, the presence of redundancy im-
plies that multiple subsets can be selected from the 21 attributes that represent
the sensory-perceptual properties of WBV. A minimal subset would facilitate
the efficient profiling of WBV. Since the PCA extracts four features explain-
ing over 91 % of variance it seems reasonable to select one attribute with a
high loading onto each of the four components. It can also be valuable to
consider the subgroups identified in the previous section. For example, the
attribute group one representable by “weak” and the attribute group repre-
sentable by “up and down” both load onto the first factor but with inverse
loadings. However, there is no perfect anticorrelation (Pearson correlation -
.83 <r < -.45) between attributes of the two groups, and thus they are not
completely redundant. These differences are obvious when examining the
different rating patterns associated with the subgroups (see section 5.4.3), es-
pecially for some of the signal classes, such as sinusoidal vibration in the case
of attributes loading onto the first factor. For the first component, “weak” is
rather utilized to describe the overall level of vibration, while “up and down”
is rather utilized to describe low-frequency vibration. For the fourth compo-
nent, “fading” is utilized to distinguish transient from non-transient vibration,
while “uniform” is utilized to distinguish periodic from stochastic vibration.
Including one attribute for each of the two subgroups of a component is a
reasonable compromise between explanatory power and compactness of the
attribute set.

Previously suggested sensory dimensions of tactile perception of WBV and
other locations of introduction can also aid with the selection of a set of sen-
sory-perceptual attributes. One of the most investigated sensory-perceptual
dimension is perceived intensity. The perceived intensity of WBV was inves-
tigated by [32]. However, due to the psychophysical focus, an expert unit
“VIP” is defined for the perceived intensity instead of an attribute intuitively
understandable by laypersons. The findings of [25] suggest that intensity is
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an important perceptual dimensions for distinguishing vibration. Therefore,
one attribute should be selected reflecting this dimension e. g. “weak”.

A low-frequency perceptual dimension and a high-frequency perceptual di-
mension were suggested by [20], [21], [58]. Thus, one attribute should be
selected to represent the low-frequency dimension e.g. “up and down” and
one attribute to represent the high-frequency dimension e. g. “tingling”.

A temporal irregularity dimension (“even” — “uneven”) was found by [25]
when presenting stimuli with simple and complex rhythms. Therefore, also
one attribute should be selected reflecting this dimension e. g. “uniform”.
The authors of [21] investigate AM-sinusoidal vibration with a carrier fre-
quency of 150 Hz and a modulation frequency from 2 Hz to 80 Hz. They
hypothesize that modulation is not a separate perceptual dimension but simi-
lar to the low-frequency perceptual dimension without presenting unmodu-
lated, low-frequency vibration. In contrast to this study, the findings of [58]
suggest a “pulsing” flowing dimension. Since a component was identified
also in this study that the attributes “pulsating” and “repetitive” loaded on,
but also a component for low-frequency vibration, one attribute should reflect
the modulation property e. g. “repetitive”.

No previous study suggested a perceptual dimension reflecting transient im-
pulse-like vibration. However, the attributes of the sixth subgroup had a very
high suitability rating for impulse-like vibration compared to stationary vi-
bration. Thus, it is reasonable to also include an attribute representing the
transient vs. non-transient dimension as e.g. represented by “fading”.
Summarizing the findings, it is reasonable to represent the six perceptual di-
mensions by six sensory-perceptual attributes. The attribute “weak” was
amongst the most frequently mentioned attributes and is thus selected to rep-
resent the level related perceptual dimension. The high frequency related per-
ceptual dimension is represented by “tingling” since it has the highest loading
on its component. Since the frequency-dependent attributes are characterized
by having a rating peak at a specific frequency, it is reasonable to choose the
attribute whose rating peak has the greatest frequency difference. Thus “up
and down” is selected to represent the low frequency related perceptual di-
mension. The attribute “uniform” was the only attribute loading onto its com-
ponent and is thus selected to represent the temporal irregularity dimension.
The modulation related perceptual dimension is represented by “repetitive”
since it has the highest loading on its component, too. The attribute “fading”
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has a stronger tactile connotation in German language (“nachschwingend”)
than “decaying” (“abklingend”) which has a more auditory connotation.
Thus, the attribute “fading” was selected for the transient vs. non-transient

CEINNY3

dimension. The six sensory tactile perceptual attributes “weak”, “tingling”,
“up and down”, “uniform”, “repetitive”, and “fading” are chosen as the ele-
ments of the sensory tactile design language. They represent a compromise

between minimal redundancy and maximal explanatory power.

5.4.5 Summary

Starting with the thesaurus aggregated and occurrence prioritized set of 21
attributes, ratings were obtained for all attributes for all stimuli in a semantic
differential. An ANOVA for each attribute, revealed stimulus as a significant
factor influencing all attributes and thus their general suitability for describ-
ing perceptual differences of WBYV. Based on the mean attribute ratings, a
PCA was conducted which revealed six groups of attributes loading onto four
components. In agreement with the perceptual dimensions suggested by pre-
vious studies, these groups of attributes represent a level related, low fre-
quency related, high frequency related, modulation related, temporal irregu-
larities related dimension. In addition, a transient vs. non-transient dimension
is suggested by the results of this study. The six attributes “weak”, “up and
down”, “tingling”, “repetitive”, “uniform”, and “fading” were selected to rep-
resent these dimensions for explicit communication, thus forming the sensory
tactile design language.

5.5 Summary and Discussion

5.5.1 Summary

This chapter aimed to assess a sensory tactile design language for WBV. First,
the requirements for such a design language were determined. It was sug-
gested that it needs to be understandable by laypersons and enable explicit
communication across individuals and situational contexts. Furthermore, it
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needs to enable efficient quantitative communication and the translation into
physical vibration parameters. Inspired by previous studies a multistep pro-
cedure was adapted to this task.

According to the ecological approach to perception, in everyday life, WBV
is a carrier of verbalizeable, information about the environment. Associating
verbal labels to vibration is a categorization task, which groups perceptually
non-identical vibration into a finite set of perceptually equivalent classes.
Thus, instead of recording WBYV of all potential situations, it is sufficient to
construct a set of vibration that is similar to everyday life vibrations. There-
fore, everyday life vibration was divided into four generalized excitation pat-
terns. By systematically varying parameters of these excitation patterns, it
was possible to cover all the perceivable range of vibration occurring in eve-
ryday life. This stimulus set enabled the elicitation of all relevant classes i.e.
perceptual attributes.

In the first step, attributes mentioned by laypersons were collected in a free
association task. They were instructed to come up with sensory tactile per-
ceptual attributes relating directly to the vibration. In contrast to affective at-
tributes, they are mostly independent from personal preference and situa-
tional context. Their direct relationship to vibration potentially enables the
translation into physical vibration parameters. A subsequent thesaurus aggre-
gation of the vast amount of non-frequent attributes shrunk the attribute set
to the most relevant attributes by reducing redundancy on a language level.
By prioritization of the most frequent and thus most understandable attrib-
utes, likely irrelevant attributes could be omitted. This made the subsequent
semantic differential feasible. In the semantic differential, absolute ratings of
all remaining 21 attributes were rated for each stimulus. A significant influ-
ence of stimulus on each attribute's ratings suggests their general suitability
for describing perceivable differences of vibration. Based on the mean attrib-
ute ratings a PCA was conducted. It revealed six groups of attributes loading
onto four underlying components explaining 91 % of the variance observed.
An attribute was selected to represent each group thus forming the standard-
ized design language.
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5.5.2 Discussion

Compared to the previous studies discussed in section 2.1.3 that utilized stim-
ulus sets with limited vibration parameter variation, e.g. only frequency var-
iation, this study utilized a much larger stimulus set with variation represent-
ing everyday life vibration. However, the utilized stimulus set determines the
identified perceptual dimensions. Thus previous studies identified only a sub-
set of the suggests six perceptual dimensions each. A perceptual dimension
related to vibration level was suggested by [25]. This perceptual dimension
was confirmed in this study by the observed first attribute group represented
by “weak” demonstrating a highly negative correlation to SL. A perceptual
dimension related to high-frequency vibration and a perceptual dimension re-
lated to low-frequency vibration was observed by [20], [21], [88]. A low-fre-
quency dimension was confirmed in this study by the emergence of the sec-
ond attribute group represented by “up and down” showing a highly negative
correlation to frequency. Also, a high-frequency dimension was confirmed in
this study by the emergence of the third attribute group represented by “tin-
gling” showing a highly positive correlation to frequency.

A perceptual dimension related to amplitude modulation was observed by
[21] but due to a lack of low-frequency unmodulated vibration in their stim-
ulus set, they hypothesized that no separate perceptual dimension exists for
low-frequency vibration. In this study, a separate perceptual dimension for
amplitude modulated vibration was observed in the form of the fourth attrib-
ute group represented by “repetitive” which is highly correlated to modula-
tion frequency and which is distinct from the attribute group represented by
“up and down”. Another perceptual dimension related to the temporal struc-
ture of vibration as described by “even - uneven” was suggested by [25] This
dimensions was also confirmed by this study in the form of sixths attribute
group represented by “uniform”, which has a medium correlation to the pa-
rameter bandwidth. This attribute can be used for distinguishing between
broadband stochastic (noise) and narrowband periodic vibration.

Due to the inclusion of the majority of excitation patterns encountered in eve-
ryday life in the stimulus set of this study, the five previously found dimen-
sions were observed simultaneously. This suggests that they are indeed non-
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redundant. Other locations of vibration introduction were utilized in the pre-
vious studies, such as the finger [25], [88], the hand [20], [21], or the wrist
[59]. while the current study presented vibration at the thighs. The emergence
of these perceptual dimensions also for vibration introduced at the thighs sug-
gests they are independent from the location of introduction and thus univer-
sal for vibrotactile perception. Since also impulse-like stimuli were included
in this study in addition to the other excitation patterns, another perceptual
dimension emerged in the form of the fifths attribute group represented by
“fading”. By simultaneously including impulse-like stimuli. the existence of
a sixth dimension related to transient changes represented by “fading” is sug-
gested which is highly correlated to decay rate. These attributes can be used
for distinguishing between instationary (impulse) and stationary vibration
signals. To enable vibration synthesis for a wide range of situations, all rele-
vant dimensions should be included. But also for the domain of product de-
sign, the inclusion of more perceptually distinguishable dimensions can fa-
cilitate the creation of tactons which are better distinguishable [88].

A disadvantage of most previous studies [20], [21], [25], [88] is that they are
based on similarity judgments and thus could only show the existence of these
underlying perceptual dimensions. These findings mostly enable the selection
feedback vibration which maximizes perceivable differences. However, they
did not show the explicit interpretation of these dimensions by laypersons,
which is the prerequisite for explicit communication. Previously, explicit
communication with laypersons about sensory tactile perceptual properties
often resulted in different but often synonymous or antonymous attributes.
Such qualitative user interview feedback is difficult to directly utilize for vi-
bration design. The 21 investigated attributes are candidates for explicit, in-
terindividually understandable communication about the six perceptual di-
mensions.

To enable efficient explicit communication, extracting four new features out
of 21 attributes is not suitable. Instead, the PCA guided the selection of fea-
tures i.e. attributes representing these four components. The results suggest
six sensory-perceptual dimensions: a level related, low frequency related,
high frequency related, modulation related, temporal irregularities related,
and a transient vs. non-transient dimension. The six attributes “weak”, “up
and down”, “tingling”, “repetitive”, “uniform”, and “fading” were selected to
represent these dimensions for explicit communication. This set of attributes
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forms the sensory tactile design language that is a compromise between com-
pactness and explanatory power.

The absolute ratings of these attributes show small confidence intervals im-
plying a reasonable degree of interindividual agreement. Thus, such ratings
are not necessarily a subjective, but rather an interindividually shared percep-
tual representation of vibration. The design language containing these attrib-
utes enables standardized, quantitative communication about sensory tactile
perceptual properties. Laypersons can efficiently profile sensory-perceptual
properties of WBYV by rating each element of the tactile design language
providing the design engineer with a perceptual specification of vibration.
The tactile design language will be utilized for this task in chapter 6. Each of
the six sensory-perceptual attributes explains important aspects of the physi-
cal vibration properties as suggested by their rating vs parameter curves and
the observed correlations. However, whether a translation of a rating profile
consisting of the attributes contained in the design language into vibration is
possible, cannot be confirmed or rejected based only on insights in this chap-
ter. The attribute ratings profile vibration parameter set pairs obtained in this
chapter will be the basis to attempt to build a model in chapter 7 that can
translate a rating profile into vibration. If a recorded vibration can be percep-
tually profiled and translated back into a vibration that is perceptually equiv-
alent to the recorded vibration, then the six attributes are complete i.e. suffi-
ciently describing the sensory-perceptual properties of WBV.
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6. Quantification of Expected
Properties with the Sensory Tactile
Design Language

In the previous chapter, everyday life WBYV was generalized into abstract vi-
bration patterns which cover the perceivable frequency range and the mostly
encountered level range and temporal variations. Subsequently, a sensory tac-
tile design language was extracted from the most frequently mentioned asso-
ciations elicited by these vibration patterns. This tactile design language con-
tains a set of six perceptual attributes explaining the majority of the variance
observed for the most commonly mentioned associations. This chapter will
build onto chapter 5 by utilizing the design language to quantify the sensory-
perceptual properties of real, recorded WBV.

In the first step, a representative set of vehicle scenes will be selected. Multi-
modal recordings of all the scenes will be conducted to enable a simultaneous
and reproducible presentation of optic, acoustic, and vibration stimuli. The
first task is to confirm that the tactile design language can be meaningfully
transferred from the abstract stimulus domain of the previous chapter to the
complex vehicle stimuli domain for communicating about the sensory-per-
ceptual properties. Therefore, a free association task is conducted to collect
the most frequently mentioned associations elicited by this vehicle stimulus
set. If communication with the sensory tactile perceptual design language is
possible, then it's capability for quantifying the perceptual properties needs
to be investigated. The sensory-perceptual attributes should enable the differ-
entiation of the vibration in the representative stimulus set. Therefore, each
multimodal scene is presented to participants in an experiment. They will rate
each sensory-perceptual attribute of the tactile design language, thus quanti-
fying the sensory-perceptual properties elicited by the vibration. Quantifying
perceptual properties of presented vibration to translate them back into vibra-
tion would be of limited use. Therefore, it needs to be demonstrated that a
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meaningful rating of the perceptual properties anticipated in a certain situa-
tional context, is possible without presenting vibration. 2

6.1 Multimodal Stimuli

6.1.1 Selection of the Scenes

As argued in section 2.1.2, in our everyday lives we most frequently encoun-
ter WBYV in vehicles. Therefore, vehicle scenes are optimal for selecting a
representative set of scenes with WBV. Such a set is necessary to generalize
the findings uncovered in this chapter and for the model validation in chap-
ter 7. Inspired by the classification of vibration of [15], everyday life WBV
can be categorized into seven classes based on the excitations processes in
vehicles (see section 5.2.1). The focus of this work lies on vibration segments
that would elicit quasi constant perceptual attribute ratings (see section 3.2.).
Therefore, a subset of four categories relevant to this work were chosen: si-
nusoidal, AM-sinusoidal, stochastic, and impulse-like. The required set
should contain scenes with vibrations of each of the four categories. An over-
view of the selected scenes can be seen in Table 6.1.

Twelve scenes were selected to cover non-transient vibration. Road condition
is one major factor influencing the vibrations perceived by the driver. Two
tarmac road types, concrete motorway, fine cobblestone, and rough cobble-
stone were included to cover a wide range of road roughness resulting in pe-
riodic as well as stochastic excitation. Vehicle speed was varied in the typical
operating range of vehicles from 5 kph to 100 kph. Due to the focus on scenes
that would elicit a constant perceptual profile (see section 3.2) mostly con-
stant speed conditions were assessed. However, acceleration scenes were se-
lected to include high engine load contribution to vibration, even though road
contribution was changing with speed. Seven scenes were selected to cover
transient vibration. Frequently encountered road irregularities such as exten-
sion joints, road surface changes, manhole covers, and tram tracks were in

2 Some parts of this work were presented in [97] by Rosenkranz et al.

116



Chapter 6 - Quantification of Expected Properties with the Sensory Tactile Design Language

Table 6.1.
Overview of the selected scenes and their parameters.
No. Category Speed  Surface
1 non-transient 5t0o 50 small cobblestone
2 non-transient 30 small cobblestone
3 non-transient 50 small cobblestone
4 non-transient 5t0 50 cobblestone
5 non-transient 30 cobblestone
6 non-transient 50 cobblestone
7 non-transient 50 tarmac (A-Road)
8 non-transient 70 tarmac (A-Road)
9 non-transient 5t0 50 Tarmac
10  non-transient 30 Tarmac
11  non-transient 50 Tarmac
12 non-transient 100 concrete motorway
13 transient 100 surface change
14  transient 40 tram tracks
15 transient 50 expansion joint
16  transient 100 expansion joint
17  transient 30 manhole cover cobblestone
18  transient 30 manhole cover tarmac
19  transient 50 manhole cover tarmac

cluded to cover transient, shock events. Middle-class vehicles have the high-
est market share and are thus the most frequently encountered car type. There-
fore, a middle-class vehicle (second-generation Renault Scenic) was selected
for the scenes. The vehicle has a 1.6-liter engine with 112 hp, a mass of 1400
kg, and standard 205 R15 tires. All scenes were recorded on public roads in
and around the city of Dresden.

6.1.2 Recording of the Scenes

The selected scenes were recorded to enable a controlled and reproducible
presentation to the participants. The goal was to capture the stimuli perceived
by the driver in all scenarios. The recording setup is shown in Figure 6.1.
Optical stimuli were recorded with a Canon EOS 600D Camera at a resolu-
tion of 1080p and a framerate of 30 frames per second. The camera was
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camera with optical image stabilizer ICP microphones

seat pad ICP acceleration sensor capacitive acceleration sensor

Figure 6.1.
Vehicle scenes were recorded with a seat pad accelerometer, a capacitive acceleration sensor,
two microphones, and a camera.

mounted onto a tripod attached to the center console of the vehicle. The field
of view was directed in the direction of driving with the front window frame
excluded. The shoulder-neck section has a resonance frequency of about 4 to
5 Hz [30] and thus shows low pass characteristic for higher frequencies.
Therefore, a mechanical motion stabilizer was used to eliminate motion in
the video recordings that would not have been visually perceived by the
driver in the vehicle.

Sound and vibration recordings were conducted with the software HEAD Re-
corder and a Zodiac DataRec 4 measurement frontend. Acoustical stimuli
were recorded with two B&K 4188 microphones with B&K 2671 ICP ampli-
fiers at 48 kHz sampling frequency. They were mounted at ear height on the
headrest. Due to the utilization of a wave field synthesis reproduction system
instead of headphones, in-ear recordings or dummy head recordings would
have been unsuitable.

Vertical vibrotactile stimuli were recorded at the driver's seat with two triaxial
sensors at a sampling frequency of 16 kHz. An ICP B&K 4515B seat pad
acceleration sensor was placed between the driver and the seat's surface to
record vibration above 4 Hz. A capacitive Kistler 8305B10 acceleration sen-
sor was placed at the edge between the seat surface and the backrest to record
vibration below 4 Hz.
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6.1.3 Recorded Stimuli

The stimuli were created by choosing appropriate segments of the recordings
that represented the scene types selected in section 6.1.1. The wide range of
different scenes resulted in the duration varying between 4 s and 17 s provid-
ing enough time to get an impression of the scene while ensuring participants
would focus on the same time segment of the scene. Stimuli were prepared
for accurate reproduction according to the procedure described in chapter 4.
The vertical recordings of the capacitive sensor were utilized for preparing
the motion platform playback. The vertical recordings of the ICP sensor were
utilized for preparing the electrodynamic shaker playback. For the seven im-
pulse-like scenes, the beginning and the end of each impulse event was iden-
tified manually from the time signal. The beginning and the end were defined
as the signal envelope rising and falling above the ambient envelope. How-
ever, these impulse like events lasted only from about 0.5 s to about 0.8 s. In
a preliminary test, this short scene duration made it difficult for participants
to immerse themselves in the multimodal scenes and it's auditory and visual
context. Thus, the total duration was extended to at least 4 s, providing more
time to gain an impression in each modality. A “rate now” subtitle was in-
serted into videos of the seven impulse-like scenes, to communicate to the
participants the time span of the event to be rated.

Four of the 21 scenes are discussed in detail to provide a general idea about
the range and properties of the vibrations contained in these scenes. The first
scene was recorded on a cobblestone road at a constant speed of 30 kph. The
acceleration signal obtained from the seat pad acceleration sensor is shown
in Figure 6.2. The minimum frequency displayed here is 4 Hz, since vibration
below 4 Hz were recorded with the capacitive sensor. There is broadband
stochastic structural excitation as well as periodic excitation at about 60 Hz
due to the cobblestone regularities. The total RMS acceleration level Ly was
at 130 dB, which is well above the perception threshold. The majority of the
signal energy is in the frequency range of up to 200 Hz. Vibration components
above 200 Hz are likely below the perception threshold, which is at about 90
dB for 200 Hz.
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The second scene was recorded on a tarmac road at a constant speed of 70
kph. The acceleration signal of this scene is shown in Figure 6.3. The vibra-
tion of this scene consists of mostly broadband stochastic structural excita-
tion. The total RMS acceleration level Lq.c was at 111 dB, which is slightly
above the perception threshold. The majority of the signal energy is in the
frequency range up to 200 Hz for this scene as well.

The third scene was recorded on a tarmac road. Since the car was accelerat-
ing, the speed ranged from about 5 kph to about 50 kph. The vibration ob-
tained from the accelerating vehicle is shown in Figure 6.4. As for the previ-
ous scene, the vibration of this scene consists of broadband stochastic struc-
tural excitation. However, there is also a periodic vibration component in the
70 Hz to 100 Hz range. This component is caused by the second motor order
of the engine under high load. Since the JNDF of WBYV is 30 % and higher
[100] this component can still be considered as quasi non-transient from a
perceptual perspective. The total RMS acceleration level Ly was similar to
the previously discussed scene at 110 dB. Again, the majority of the signal
energy is in the frequency range up to 200 Hz.

The fourth scene was recorded on a tarmac road at a constant speed of 50
kph. The vehicle is passing over an extension joint of a bridge. The accelera-
tion signal of the impulse-like event is shown in Figure 6.5. The vibration of
this scene consists of broadband stochastic structural excitation with a shock
event embedded in the middle of the scene. The peak acceleration level of the
shock L, was at 135 dB, which is far above the perception threshold. The
majority of the signal energy is in the frequency range up to 200 Hz also in
this scene.
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Figure 6.2.
Spectrogram (STFTs: 8,192 samples, 50 % overlapping Hann windows) of the vertical acceler-
ation of the cobblestone road scene at 30 kph.
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Figure 6.3.
Spectrogram (STFTs: 8,192 samples, 50 % overlapping Hann windows) of the vertical acceler-
ation of the tarmac road scene at 70 kph.
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Figure 6.4.

Spectrogram (STFTs: 8,192 samples, 50 % overlapping Hann windows) of the vertical acceler-
ation of the tarmac road scene from 5 kph to 50 kph.
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Figure 6.5.

Spectrogram (STFTs: 8,192 samples, 50 % overlapping Hann windows) of the vertical acceler-
ation of driving over an extension joint on a tarmac road at 50 kph.
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6.2  Qualitative Communication in the Presence
of Vibration

In chapter 5 the sensory tactile design language was assessed with general-
ized vibration. The first investigation of this chapter is concerned with con-
firming that it can be meaningfully applied to complex vehicle stimuli. That
implies that the tactile design language should be sufficient to capture the
perceived variation of the representative stimulus set. However, the suffi-
ciency could not be assessed directly at this stage of the overall investigation
and will be assessed in chapter 7. Instead, it is possible to search for evidence
contradicting this requirement. Such evidence might be observed in the form
of additional attributes mentioned frequently for describing the representative
stimulus set in comparison to the abstract stimulus set in chapter 5.

6.2.1 Experimental Design

Therefore, a free association task was conducted to determine the most fre-
quently elicited sensory-perceptual attributes for describing the vibration of
the 19 scenes. To enable comparison to the free association task conducted in
section 5.3, the experiment design was identical, except for the stimuli. All
multimodal stimuli described in section 6.1 were presented in the auditory-
visual-tactile virtual environment described in chapter 4. All stimuli were
randomized. For the non-transient scenes, participants were asked to come up
with associations referring to the overall scene. For the transient scenes, par-
ticipants were asked to come up with association referring only to the im-
pulse-like event marked by the video subtitle “rate now”.

In section 5.3 an optional list with potential attributes, found by previous
studies [50], [61], [105] was provided to participants to facilitate the associ-
ation task. Since the occurrence of attributes in the previous study can be
understood as evidence for their relevance in describing vibration, a potential
bias towards attributes on the list was acceptable. Therefore, after coming up
with associations themselves, subjects were handed a list that consisted of the
attributes of the previous studies. As for section 5.3, the time to think about
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associations for one stimulus was not limited and varied by participant. Typ-
ically, it did not exceed one minute. Participants could play the stimulus again
as often as necessary. Due to the comparably lower number of scenes, one
session of one hour was more than sufficient to solve this task.

6.2.2 Participants

A total of 20 German native laypersons (15 male, 5 female) with an average
age of 25 years (18 to 52 years) took part in the experiment. The study was
conducted with the understanding and written consent of each participant.

6.2.3 Results

For the twelve non-transient scenes a total of 90 unique sensory-perceptual
attributes were mentioned at least once. For the seven transient scenes, a total
of 81 unique sensory-perceptual attributes were mentioned at least once. To
identify a redundancy reduced set of most commonly used sensory-percep-
tual attributes, the same reduction steps were applied as in section 5.3.4 to the
twelve non-transient and the seven transient scenes. First, low frequently
mentioned attributes were merged to reduce redundancy. Attributes with the
same word stem were merged, omitting the less frequent attribute and sum-
ming its occurrences to the more frequent attribute. This merge was also con-
ducted for synonyms and antonyms according to the machine-generated
Openthesaurus [106], but only the replacements utilized in section 5.3.4 were
used. Second, low frequently mentioned attributes were omitted. Attributes
not occurring more than 15 % for at least one stimulus were removed. Attrib-
utes mentioned in less than 2 % of the judgments (number of participants
times the number of stimuli) were also removed. For the abstract stimulus set,
the reduction steps resulted in 21 attributes. The list of the most frequently
occurring attributes for the vehicle stimulus set is shown in Table 6.2.

When comparing the found attributes to the attributes identified in Table 5.2
of section 5.3.3, it is obvious that all attributes except the attribute “billow-
ing” (“wabern”) are among the set of the 21 attributes found for the abstract
stimulus set. However, when consulting OpenThesaurus [106], “billowing”
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Table 6.2.
The most frequently mentioned attributes for the vehicle scenes and their number of occurrences
across all subjects and scenes. Attributes were translated from German to English.

Number of Oc-  Number of Oc- Observed for

Attribute Attribute . .
(Translation) (German) currences Non- currences Tran- generah;ed vi-
Transient sient bration

decaying abklingend 0 0 yes
up and down auf und ab 25 14 yes
humming brummend 13 0 yes
uniform gleichmaBig 19 0 yes
bumpy holprig 114 59 yes
tingling kribbelnd 27 8 yes
fading nachschwingend 0 0 yes
pulsating pulsierend 0 0 yes
rattling ratternd 76 36 yes
grinding rauschend 20 8 yes
calm ruhig 67 15 yes
shaky riittelnd 45 19 yes
jolting schlagend 24 43 yes
weak schwach 43 27 yes
buzzing summend 34 6 yes
ticking tickend 0 0 yes
trembling wackelnd 71 35 yes
soft weich 24 22 yes
repetitive wiederholend 0 0 yes
throbbing wummernd 17 8 yes
shuddering zittrig 29 8 yes
billowing wabernd 14 0 no

(“wabernd”) is associated with waving (“wogend”), which is associated with
“raise and sink” (“heben und senken”) it becomes obvious that this is simply
a synonym for the percept associated with “up and down”. In line with the
merging of synonyms and antonyms in section 5.3.4 simply merging the at-
tribute “billowing” (“wabernd”) to “up and down” will remove the only ad-
ditional attribute. It seems likely that participants of this experiment simply
utilized a synonym to “up and down” to communicate about the similar per-
cept.
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6.2.4 Summary

The results of this study provide first tentative evidence that no other attrib-
utes than the 21 attributes identified in section 5.3 are required to describe the
sensory properties of the representative stimulus set. Thus, all the sensory
properties elicited by everyday life WBV are sufficiently represented by the
21 sensory attributes. The findings of section 5.4.4 suggest that the variation
of these 21 attributes can be reasonably represented by only the six attributes
forming the sensory tactile design language. Therefore, we can conclude that
the sensory tactile design language can likely be used to communicate about
the sensory-perceptual properties of complex everyday life stimuli.

6.3 Quantitative Communication in the
Presence of Vibration

In the previous section, it was concluded that qualitative communication with
the tactile design language about the sensory tactile perceptual properties is
possible. However, this communication should not only happen qualitatively.
It should also enable the quantification of the sensory tactile perceptual prop-
erties in rating scores. The scenes were selected to represent the range of eve-
ryday life encounters to WBV. It is obvious that there should be some per-
ceivable differences. Thus, the six sensory-perceptual attributes of the tactile
design language should reflect these differences by scenes influencing the
rating score. Furthermore, the factor attribute should influence the rating
score, to confirm that attributes are not completely redundant. However, the
meaningfulness of these sensory-perceptual attribute ratings, i.e. how well
they represent the perceptual properties, will be investigated in chapter 7. The
assessment of ratings of the six sensory tactile perceptual attributes for each
scene will be required for this step.

126



Chapter 6 - Quantification of Expected Properties with the Sensory Tactile Design Language

6.3.1 Experimental Design

The experimental design of this experiment was identical to section 5.4, ex-
cept for the stimuli. All multimodal stimuli described in section 6.1 were pre-
sented in the auditory-visual-tactile virtual environment described in chap-
ter 4. All stimuli were randomized. For the non-transient scenes, participants
were asked to rate the overall scene according to the attributes shown. For the
transient scenes, participants were asked to rate the impulse-like event
marked by the video subtitle “rate now” according to the attributes shown.
Each of the six selected German attributes “up and down” (“Auf und ab”),
“tingling” (“kribbelnd”), “weak” (“schwach”), “repetitive” (“wiederho-
lend”), “uniform” (“gleichméBig”), and “fading” (“nachschwingend”) were
rated for each scene. The attributes were grouped into two attribute triples.
Attribute ratings were conducted on the quasi-continuous Rohrmann rating
scale with verbal anchors [92] (see section 4.2). As for section 5.4, partici-
pants were allowed to repeat the stimulus, but rarely did so. The rating time
of each attribute triple per stimulus was not limited, but typically took ap-
proximately 10 seconds. The experiment was conducted in one session of
about 15 minutes.

6.3.2 Participants

A total of 31 German native laypersons (10 male, 21 female) with an average
age of 26 years (18 to 61 years) took part in the experiment. The study was
conducted with the understanding and written consent of each participant.

6.3.3 Results

The rating profiles for each of the 19 scenes consisting of judgments for each
of the six perceptual attributes are shown in Figure 6.6. The range of the con-
fidence intervals for the attribute ratings is 4 to 13 points, suggesting reason-
ably accurate quantifications. At first glance, the attribute ratings explain ob-
vious differences between the scenes. The cobblestone road scenes contained
vibration with a higher acceleration level compared to the tarmac scenes. For

127



Chapter 6.3 - Quantitative Communication in the Presence of Vibration

extremely 100
very 75F
moderately 50}

4 e B

extremely 100
very 75F

modeyately 50k H H H H ﬂ H up and down
xfcl:tg:tﬂayllzf)- HHH (=, M ﬂﬂ

extremely 100
very 75F

g 2 e L e T e

extremely 100
very 75F

mdlf‘t‘:gllgg Hmﬂﬂﬂﬂﬂﬁﬁﬁﬁﬁﬁﬂﬂmﬂﬂﬂ fading
extremely 100}
very 75F o
g in=Ea DA E=Swnal S
I e

extremely 100
very 75F -
moderately 50
slightly 25
5% ,,,}Q ‘760(,?0%%05% 5% ,\QOQ)QO%QQL)Q \QQ \QQQBQQSQ QQ ,,}Q n}Q %Q
O O O L OO O PO @ @ PO o OO ®
SRR DT R R D D AR D ST R @R A

suitability (%)

notatall 0

Q
PR D D & O o >N R Nelo
%‘Q‘\ & & e@\ & o“’b c:""b & q’&& & & f:y&'@?\‘\\ &F T
WA NWAEAE T FFE F DS PE
F L LR i\ O SO PS SS
O LN O @ @ & @
PO E PP O SFEFE O NS
> F & RO S SRS
& &P F& < & TR @ e
NSy & & TS O
S w & &
& & &
& S
&
scene
Figure 6.6.

Rating profiles for each of the six perceptual attributes consisting of mean ratings and 95 %
confidence intervals for each of the 19 scenes.

the former, the attribute “weak’” shows much lower ratings than for the latter.

The attribute “up and down” shows higher ratings for the cobblestone scenes
than for the tarmac scenes, while this difference is inverted for the attribute
“tingling”. The cobblestone road is considered to be more uneven than the
tarmac road. This difference was quantified by higher ratings of the attribute
“uniform” for cobblestone scenes compared to tarmac scenes. Thus, there are
obvious rating differences between different scenes and also between attrib-
utes.
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To evaluate this finding from a statistical point of view, a two-way within-
subjects repeated-measures ANOVA was conducted with the software IBM
SPSS with factor scene and attribute. The factor scene shows a highly signif-
icant effect (F(6.147,184.396) = 9.434, p < 0.001), confirming that the sen-
sory tactile attributes can explain perceptual differences of vibration. The fac-
tor attribute also shows a highly significant effect (F(2.876,86.281) = 16.267,
p < 0.001) for the multimodal mode, confirming that not all attributes are
redundant. The interaction of both factors is also highly significant
(F(16.215,486.458) = 35.041, p < 0.001). The Greenhouse—Geisser adjust-
ment was used to correct for violations of sphericity for both factors and the
interaction.

6.3.4 Summary

It can be concluded that attribute ratings can likely reflect differences in per-
ceptual properties of different scenes. Thus, there is a tentative evidence that
the sensory tactile design language is not only sufficient for communicating
qualitatively about the elicited percepts. It is also possible to utilize the lan-
guage for communicating quantitatively about the sensory-perceptual prop-
erties of WBV.

6.4 Quantitative Communication in the Absence
of Vibration

In the previous section, it was concluded that not only qualitative communi-
cation with the tactile design language about the sensory tactile perceptual
properties is possible, but also quantitative communication. This scenario is
useful for analyzing existing vibration, but not optimal for synthesizing new
vibration based on expected properties. By rating one vibration out of many
potentially occurring vibrations in a situational context, only elicited proper-
ties and not necessarily expected properties are assessed. This assumes that
these properties are likely similar to the expected sensory-perceptual proper-
ties. However, it would be much more beneficial to quantify the expected
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properties directly since it would enable refraining from presenting any vi-
bration at all.

But why are expectations of such importance with regards to quality judg-
ments and plausibility judgments alike? For both domains, it would be bene-
ficial to assess the expected features of a situational context since they are the
inner reference against which the elicited perceptual properties are compared.
Such a comparison requires that the elicited perceptual object and the inner
reference share the same features. According to [108] quality judgments can
be defined as the comparison of the perceived composition of an entity to its
desired composition. The perceived composition refers to the totality of the
features of the entity, while the desired composition refers to the totality of
expected features. In the domain of virtual environments [77] argues that
plausibility judgments can be defined as a comparison between a perceptual
object and inner reference, which is shaped by expectations and previous ex-
periences. This comparison can be understood as a similarity judgment with
respect to all relevant perceptual features.

Thus, it should be possible to assess the sensory tactile perceptual attributes
of the inner reference, i.e. the expected sensory tactile perceptual properties.
The findings of [109] suggest that it is possible to associate tactile stimuli to
perceptual attributes conveyed in the auditory modality. The research ques-
tion of this section is determined by this supposition. It will be investigated
whether the anticipated sensory tactile perceptual attribute ratings of the inner
reference of a situation context are reasonably similar to ratings of vibration
experienced live in this situational context.

6.4.1 Experimental Design

The experimental design was similar to section 6.3, but the representative
scene set was rated in two presentation modes. The first mode was auditory-
visual-tactile scene presentation (multimodal), in which scenes were pre-
sented in the auditory-visual-tactile virtual environment identical to sec-
tion 6.3. The multimodal scenes were preferred over tactile only scenes for
two reasons. First, the inner references were likely formed by multimodal
experiences of the situational contexts. Therefore, potential multimodal inter-
action or integration effects should also be included in the attribute ratings of
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vibration occurring in a situational context. Second, the vibration generated
by the suggested approach will nearly always be embedded into an audio-
visual situational context. The task of the multi-modal condition was to rate
the tactile properties elicited by the vibration of the scene. For the non-tran-
sient scenes, participants were asked to rate the overall scene according to the
attributes shown. For the non-transient scenes, participants were asked to rate
the impulse-like event marked by the video subtitle “rate now” according to
the attributes shown.

To enable the rating of the expected perceptual attributes for a situational
context, the situational context needed to be communicated to the partici-
pants. Therefore, verbal descriptions of the scene content consisting of vehi-
cle type, speed, operating condition (constant speed, accelerating), road sur-
face as described in section 6.1.1 were created. The stimuli of the anticipated
mode consisted only of these descriptions without any audio, visual or tactile
reproduction. The task of this mode was to imagine the sensory tactile per-
ceptual properties of the vibration from the written description of the scene,
e.g. “Imagine you are driving with a middle-class vehicle over a rough cob-
blestone road at a constant speed of 30 kph. What would the vibration feel
like?”.

The stimuli of the two presentation modes were presented in separate blocks.
The anticipated mode was always presented as the first block to avoid the
multimodal mode influencing the anticipated mode. All stimuli were pre-
sented in random order per block. Each of the six selected German attributes
“up and down” (“Auf und ab”), “tingling” (“kribbelnd”), ‘“weak”
(“schwach”), “repetitive” (“wiederholend”), “uniform” (“gleichmafig”), and
“fading” (“nachschwingend”) was rated for each of the 19 scenes in each of
the two presentation modes. Attribute ratings were conducted on the quasi-
continuous Rohrmann rating scale with verbal anchors [92] (see section 4.2)
again. A repeated-measures design was chosen i.e. each subject rated each
scene and attribute in each presentation mode to facilitate the comparison be-
tween the ratings of the two modes. As for the ratings of the multimodal only
experiment, participants were allowed to repeat the stimulus, but rarely did
so. The experiment was conducted in two sessions of approximately 15
minutes each.
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6.4.2 Participants

A total of 22 German native laypersons (13 male, 9 female) with an average
age of 30 years (19 to 61 years) took part in the experiment. Participants were
unfamiliar with the scenes of the multimodal presentation mode before the
experiment to avoid influencing the ratings of the anticipated presentation
mode. The study was conducted with the understanding and written consent
of each participant.

6.4.3 Results

The rating profiles of the two presentation modes for each of the 19 scenes
consisting of judgments for each of the six perceptual attributes are shown in
Figure 6.7. Surprisingly, the confidence intervals for the sensory tactile per-
ceptual attribute ratings of the anticipated mode exhibit a similar range from
4 to 16 scale points compared to the multimodal mode with a range from 4 to
15 points. This suggests that there is similar agreement across individual
judgment of a presented scene (multimodal mode) and individual judgments
of'an imagined scene (anticipated mode) for a specific situational context. As
for the previous experiment, the factor attribute and the factor scene clearly
show an influence on the rating averages of both presentation modes. Fur-
thermore, the factor presentation mode seems to have a much smaller influ-
ence. The rating difference based on estimated marginal means between an-
ticipated mode and multimodal mode across all scenes and attributes is at
only 2 points on the 100-point scale. The differences for the single attributes
across all scenes is 2 for “up and down”, 4 for “uniform”, -1 for “tingling”, 3
for “fading”, 6 for “weak”, and -3 for “repetitive”.

These findings were assessed with a three-way within-subjects repeated
measures ANOVA with factor scene, attribute, and presentation mode (mul-
timodal vs. anticipated) to allow for statistical inferences. As for the multi-
modal mode only study (see section 6.2), the factor scene shows a highly sig-
nificant effect (F(6.213,130.467) =20.594, p < 0.001). Also the factor attrib-
ute shows a highly significant effect (F(3.234,67.924) = 10.720, p < 0.001).
The Greenhouse—Geisser adjustment was used to correct for violations of
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Figure 6.7.

Rating profiles of the anticipated presentation mode (white) and for the multimodal mode (black)
for each of the six perceptual attributes consisting of mean ratings and 95 % confidence intervals
for each of the 19 scenes.

sphericity for both factors. Contrary to these two factors, the factor presenta-
tion mode has no significant effect (F(1,21) = 1.895, p = 0.183) on mean at-
tribute ratings overall attributes and all scenes. The interaction of factors
scene and attribute is also highly significant (Greenhouse-Geisser corrected
degrees of freedom F(11.877,596.865) = 36.457, p < 0.001). The interaction
of factors scene and presentation mode is also significant (Greenhouse-
Geisser corrected degrees of freedom F(6.316,132.626) = 3.850, p < 0.01).
The interaction of factors attribute and presentation mode is not significant
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(Huynh-Feldt correct degrees of freedom F(4.878,102.428) = 4.878, p =
0.054). The interaction of factors scene, attribute, and presentation mode is
also highly significant (Greenhouse-Geisser corrected degrees of freedom
F(13.057,274.200) = 7.719, p < 0.001). However, while this finding suggests
that the presentation modes show similar attribute ratings, they are not nec-
essarily identical. Instead, the effect size of the differences between multi-
modal and anticipated mode provides a basis for inferences about the degree
of similarity between the two modes. A pairwise contrast between multimodal
and anticipated mode shows a mean effect size of 2 points difference. The
95 % confidence interval of the difference ranges from -1 to 4 points. There-
fore, the mean difference between presentation modes is unlikely to exceed a
fifths of the 25-point scale tick interval or one twenty-fifth of the 100-point
scale. Furthermore, the effect sizes of the factors and interactions on the de-
pendent variable for within-subjects repeated measures designs can be esti-
mated from the generalized n? as suggested by [110] and thus their influence
compared. Almost all of the variance is explained by the factors attribute,
scene, and their interaction, further confirming the negligible effect of presen-
tation mode. Overall, this suggests that the difference caused by the different
presentation modes is likely irrelevant for practical purposes.

Although the overall difference between the ratings of the anticipated and
multimodal mode is not significant, differences of about a quarter of the rat-
ing scale could be observed at some of the scenes for some attributes. One
potential explanation might be found in the very general descriptions that
might not account for all of the variance potentially occurring for this scene
category. When participants assess their expectations, they might think of a
typical scene matching the description. If the multimodal scene was not very
typical for the scene category conveyed by verbal description, then subjects
might have e.g. compared the properties of a typical drive over cobblestone
with an atypical. This underlines the necessity of providing accurate verbal
characterizations of the scene to be rated.

6.4.4 Summary

It was demonstrated in this section that presenting the vibration of a situa-
tional context and assessing the expectations of a situational context directly
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result in extremely similar attribute ratings. This implies that the expected
ratings of the attributes of the tactile design language are predictive of the
attribute ratings that would have been elicited by experiencing live vibration
of this situational context.

6.5 Summary and Discussion

First, a representative set of multimodal vehicle with WBV was selected and
subsequently recorded. Subsequently, in a free association task, it was found
that only attributes were elicited by these scenes, which were identical or
synonymous to the attributes found in the process of assessing the sensory
tactile design language in chapter 5. This suggests that the six sensory-per-
ceptual attributes of the language are likely sufficient to qualitatively com-
municate about the perceptual properties of scenes with WBV. The following
experiment demonstrated that absolute ratings of these attributes also reflect
differences in the sensory-perceptual properties of the multimodal scenes.
This suggests that the design language enables quantitative assessment of
sensory-perceptual properties of WBV.

Since perceptual properties elicited by live vibration of a certain context are
compared to the expected properties of that situational context in quality and
plausibility judgments, the anticipated properties of vibration were assessed
directly. Extremely similar sensory-perceptual attribute ratings of verbal de-
scriptions of the scene compared to live vibration of a multimodal scene, sug-
gests that anticipated ratings are predictive of the properties elicited by live
vibration of the described situational context. Thus, the expected sensory-
perceptual properties can likely be assessed directly from expectations with-
out the need of presenting any vibration at all.

However, the question remains, if such quantifications sufficiently reflect the
perceptual properties of vibrations to enable their translation into vibration
matching user expectations. Therefore, attribute rating profiles assessed with
the sensory tactile design language provided the necessary basis for the sub-
sequent vibration synthesis for the scenes in chapter 7 to investigate this ques-
tion.
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7. Synthesis Models for the
Translation of Sensory Tactile
Properties into Vibration

In chapter 5 a sensory tactile design language was assessed which is suitable
for the efficient profiling of sensory tactile perceptual properties of WBV. In
the process of the assessment, the sensory tactile perceptual attributes even-
tually forming the design language were rated for a set of 99 stimuli. The
stimulus set consists of four excitation patterns, whose parameters were sys-
tematically varied to cover the range of perceivable everyday life WBV. Thus,
there is a database of vibration parameter tuples mapping onto rating profiles
of'the six sensory tactile perceptual attributes for each stimulus. This mapping
is the basis to build models in this chapter for synthesizing vibration that will
elicit the desired sensory tactile perceptual properties. The input of such a
model should consist of profiles of the six sensory-perceptual attributes, too.
The expected sensory tactile perceptual properties of a set of 19 scenes rep-
resenting typical exposure to WBV in everyday life were quantified in the
form of such rating profiles in chapter 6.

Building onto chapter 5 and chapter 6 this chapter will focus on creating a
model that enables the systematic evocation of the plausibility illusion for
arbitrary situational contexts. This model needs to translate the expected sen-
sory tactile perceptual properties of a situational context into physical vibra-
tion parameters. From these parameters, WBVs need to be synthesized. These
WBVs should be perceived as similarly plausible as the recorded vibrations
in the situational context, since both should elicit the expected sensory tactile
perceptual properties.

First, the tactile plausibility illusion needs to formalized to enable model
building. Furthermore, while a linear relationship between vibration level and
perceived magnitude has been reported [32] for a magnitude estimation ex-
perimental design, it is unclear if this finding can be transferred to absolute
rating scales utilized in this work. Thus, the influence of vibration level on
perceptual attribute ratings needs to be investigated as a prerequisite to model
creation. Furthermore, in chapter 5 it was shown that AM-sinusoidal vibra-
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tion and multiple successive impulse-like vibration elicit similar attribute rat-
ings if their vibration signals have similar envelopes. If a vibration is to be
generated from attribute ratings, such an ambiguity would be undesirable.
Therefore, attribute ratings of AM-sinusoidal signals should be compared to
successive impulse-like signals with identical RMS and modulation fre-
quency. This would provide a basis for deciding whether to omit or keep the
successive impulse-like vibration pattern.

The formalization of the plausibility illusion suggested a nearest neighbor
model as the direct extension. Thus, such a model will be created in a first
step to enable the translation of sensory tactile perceptual profiles into vibra-
tion. However, a k-nearest-neighbor model does not provide an explicit math-
ematical relationship, i.e. a function of vibration parameters depending on
attribute ratings. To enable continuous predictions of vibration parameters
from attribute ratings, also a regression model will be built. These regression
models will also provide an inferential statistical point of view on the rela-
tionship between physical vibration parameters and perceptual attribute rat-
ings in addition to the descriptive statistical point of view provided in sec-
tion 5.4. Finally, both models need to be validated. Therefore, WBV will be
generated from the attribute rating profiles obtained for the representative
scene set of chapter 5 based on these models. The recorded vibrations of the
19 vehicle scenes will be replaced by the synthesized vibrations. A subse-
quent perceptual study will assess the perceived plausibility of the recoded
vibration and synthesized vibration in the context of the audio-visual scenes.
If the synthesized vibration is not perceived as less plausible than the rec-
orded vibration, than the models are validated. Furtermore, this would also
imply that the tactile design language sufficiently describes the sensory-per-
ceptual properties of WBV. 3

3 Some parts of this work were presented in [81], [8], [97] and [98] by Rosenkranz et al.
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7.1 Formalization of the Tactile Plausibility
Illusion for Models

The basis for the development of a synthesis model that can produce plausible
WBYV is the formalization of the plausibility illusion. Furthermore, the syn-
thesis model’s inputs and outputs for the typical intended use case need to be
defined.

7.1.1 Formalization of Plausibility

Mel Slater distinguishes place illusion and plausibility illusion as influencing
factors for the perception and interaction with the virtual environment as with
a real environment [6]. The place illusion is elicited when the user is im-
mersed in the virtual environment. This illusion depends on the technical im-
plementation of the stimulus presentation, e.g. display resolution or latency.
The plausibility illusion is elicited when the content of the scene matches the
user expectations. There are two approaches for generating content for virtual
environments [74]. In many cases, the authentic approach is implicitly fol-
lowed when attempting to elicit a perceptual object in the virtual environ-
ment, which is identical to the perceptual object elicited in the virtual envi-
ronment. This implies that users can not perceive the difference between the
real and the virtual environment in a paired comparison. However, such a
comparison is impossible in the majority of usage scenarios of virtual envi-
ronments. When a comparison to the real environment is not available, users
need to rely on their expectations to judge the plausibility of the presented
content. Thus, the plausible approach only attempts to elicit any perceptual
object in the virtual which might have occurred in the corresponding real en-
vironment.

To judge whether the perceptual object might have occurred in this real envi-
ronment, the users need to rely on their expectations on this real environment.
Such expectations are necessarily dependent on previous experiences with
such real environments. Therefore, the plausible approach to creating content
relies on the user's ability to judge the conformity of the elicited perceptual
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object with the expected perceptual object. Thus, this ability is not only lim-
ited by the capabilities of the tactile receptors, but rather by the capabilities
of the user to memorize the vibrotactile properties of real environments. Since
the real environment is not available for a direct A-B comparison, the user
cannot judge perceptual identity between virtual and real environment. In-
stead, he can only make judgments about perceptual equivalence since many
similar WBVs might have occurred in the corresponding real environment.
This implies that the plausibility illusion is a measure of agreement between
the perceptual object elicited in the virtual environment and the expected per-
ceptual object.

Indeed [77] argues that a plausibility judgment can be interpreted as a simi-
larity judgment. Their study focused on the plausibility of auditory room sim-
ulations e.g. of reflections and reverberations. An MDS based on similarity
judgments between different virtual rooms demonstrated two implicit dimen-
sions underlying these judgments. Furthermore, plausibility judgments were
obtained for each virtual room for a verbally communicated room type, e.g.
“living room”. For each given room, they compared the Euclidean distance
in this two dimensional to the perceived plausibility. Their results suggest that
the plausibility decreases with increasing Euclidean distance in the two-di-
mensional perceptual space. This suggests that the perceptual object elicited
in the virtual environment is compared to the recalled inner reference defined
by expectations on a specific context i.e., a scene in an n-dimensional percep-
tual feature space.

However, to utilize this relationship, explicit perceptual properties are re-
quired that enable communication about the inner reference, i.e. the expecta-
tions for a specific situational context. Only then, it would be possible to
quantitatively select vibrations by the distance between their elicited percep-
tual objects and the inner reference in the sensory tactile perceptual space,
thus selecting a maximally plausible vibration. The tactile design language
obtained in chapter 5 was assessed precisely to overcome this shortcoming.

EEINNT3

Thus, the six perceptual attributes “weak”, “up and down”, “tingling”, “re-
petitive”, “uniform”, and “fading” contained in the design language are ini-
tially assumed to sufficiently represent the sensory tactile perceptual space.
These sensory tactile perceptual attributes can be quantified in a rating profile

r which consists of ratings of six attribute a;...as:
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a
[a)
as
r= a,
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7.1

Such a rating profile r consists of ry the attribute rating of “weak”, rq the
attribute rating of “up and down”, r; the attribute rating of “tingling”, r; the
attribute rating of “repetitive”, r, the attribute rating of “uniform”, and rr the
attribute rating of “fading”:

7.2

The results from chapter 5 show that presenting multimodal recordings of a
situational context will produce extremely similar sensory tactile perceptual
attribute ratings as communicating the situational context with a verbal de-
scription. This suggests that the properties of the expected perceptual object
i.e. the inner reference can be meaningfully assessed. The properties of the
expected perceptual object e can be represented by the six-dimensional vector
attribute rating profile rexpected:

€ = Toxpected 7.3
When presenting a vibration stimulus, a perceptual object s is elicited that is
characterized by its perceptual properties quantifiable in the rating profile

Felicited:

$ = Telicited 74
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Figure 7.1.

The perceived plausibility of a vibration in a situational context can be interpreted as the distance
between the perceptual object s elicited by this vibration and the perceptual object e expected for
this context in the n-dimensional sensory tactile perceptual space.

The suggested relationship between plausibility p and the inverse Euclidean
distance d between the expected perceptual object e and the elicited percep-
tual object s [77] is initially assumed to also apply to the n-dimensional sen-
sory tactile perceptual space. The perceptual distance is depicted in Figure
7.1. The relationship between plausibility and the distance in the perceptual
space is thus assumed to be formalizable according to the suggested propor-
tional equation:

p 75

~ d(s,e)

1
p~— 7.6

I Do lei—si)?

Since the sensory tactile perceptual space is initially assumed to be represent-
able by six perceptual attributes, the relationship can be reflected by:

1
P~ —— 7.7

Z?=0(€i—5i)2
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To translate the expected sensory tactile perceptual attribute profile e into
plausible vibration, it is necessary to find a vibration, whose elicited attribute
profile s has a minimal distance in the sensory tactile perceptual property
space. Thus, the potential synthesis model needs to provide the vibration pa-
rameters that would ideally elicit an attribute rating profile, which is identical
to the rating profile describing the inner reference, i.e. expected perceptual
object.

7.1.2 Model Boundaries

Such a synthesis model can be integrated into a simulator generating the vir-
tual environment as shown in Figure 7.2. A database is likely to contain the
scene descriptions consisting of a duration of the scene, an expected sensory
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Input and output of the synthesis model and its potential integration into a simulator for virtual
environments.
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tactile attribute rating profile ras well as signals of other modalities. These
attribute ratings provide the input to the actual WBV synthesis model. The
synthesis model needs to output the vibration parameters acceleration level
L, vibration (carrier-, center- or resonance-) frequency f, bandwidth f;,, mod-
ulation frequency fm, and decay constant o. These parameters, in turn, provide
the input for a vibration signal generator. The resulting vibration signal as
well as the signals of other modalities is relayed to the central simulator con-
trol, which is driving the simulator hardware.

As stated in section 3.2, this work focusses on vibration, which is considered
to elicit a quasi-constant perceptual attribute rating profile for the selected
duration. Thus, the synthesis in this work will investigate the general feasi-
bility of the synthesis approach and will only focus on such scene segments
that are represented by one attribute rating profile. However, it is very likely
possible to provide a successive set of rating profiles and durations as an in-
put, if some form of crossfading is added to the vibration signal generator for
the transition between segments.

7.2  Investigation of the Influence of Vibration
Level on Attribute Ratings

For the assessment of the tactile design language in section 5.2, the stimulus
set was selected to cover the range of everyday life situations with WBV.
However, only two acceleration levels were utilized, since small level differ-
ences would unlikely influence whether a perceptual attribute was elicited at
all. For the subsequent absolute attribute ratings in the semantic differential,
the same stimulus set was presented to participants. The two acceleration lev-
els represent the lower boundary of everyday life exposure near the percep-
tion threshold and upper boundary of everyday life exposure near the expo-
sure limits. These two levels would be sufficient to specify a linear model of
the relationship between acceleration level and attribute ratings in the follow-
ing sections. However, two levels are insufficient to decide whether it is nec-
essary to increase model complexity beyond a simple linear model and thus
whether ratings of more than two acceleration levels need to be obtained for
each combination of the remaining vibration signal parameters.
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The relationship between vibration level and perceived intensity has been
studied before utilizing a magnitude estimation approach [32]. These findings
were presented in Figure 2.4 of section 2.1.2. They suggest a linear relation-
ship between acceleration level and perceived intensity. However, it is un-
clear if this finding can be transferred from relative magnitude estimation
data to absolute rating scale data utilized in this work. Therefore, an experi-
ment needs to be conducted to provide evidence that acceleration has a linear
influence on the attribute ratings.

7.2.1 Stimuli

To enable comparisons to the study of [32] sinusoidal excitation was selected.
The frequencies of the vertical WBV of 1 Hz, 15 Hz, and 150 Hz were in the
range of this study as well. Furthermore, the SL was set to four steps in the
range of this study at 10 dB (SL), 20 dB (SL), 30 dB (SL), and 36 dB (SL) to
increase the resolution in the level range in comparison to section 5.2. The
combination of the three frequency steps and the four level steps resulted in
a total of twelve sinusoidal vertical WBV stimuli.

7.2.2 Experimental Design

The experimental design was identical to section 5.4, except for the stimuli.
The twelve stimuli were presented with the tactile reproduction system de-
scribed in chapter 4. Participants were allowed to repeat the stimulus, but
rarely did so. Each of the six German attributes of the sensory tactile design
language “up and down” (“auf und ab”), “tingling” (“kribbelnd”), “weak”
(“schwach”), “repetitive” (“wiederholend”), “uniform” (“gleichmassig”),
and “fading” (“nachschwingend”) was rated for each stimulus. The attributes
were grouped into two attribute triples. Attribute ratings were conducted on
the quasi-continuous Rohrmann rating scale with verbal anchors [92] (see
section 4.2.2). The rating time of each of attribute triple per stimulus was not
limited, but typically took approximately 10 seconds resulting in a total ex-
periment duration of 15 minutes.
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7.2.3 Participants

A total of 31 German native laypersons (10 male, 21 female) with an average
age of 26 years (18 to 61 years) took part in the experiment. The study was
conducted with the understanding and written consent of each participant.

7.2.4 Results

The attributes ratings and 95 % confidence intervals of the six sensory tactile
perceptual attributes are shown in Figure 7.3. The attributes “up and down”,
“tingling”, “fading”, and “weak” clearly demonstrate a linear relationship be-
tween acceleration level and attribute rating for a frequency of 1 Hz, 15 Hz,
and 155 Hz. For the attribute “uniform” there is a slight deviation from a
perfect linear relationship at 155 Hz towards the perception threshold at 10
dB (SL) of less than one rating scale tick. The attribute repetitive demon-
strates a similar deviation from linearity towards the perception threshold for
15 Hz and 155 Hz. Therefore, it should be considered to introduce a more
complex model for high frequency, near-threshold vibration. Over all attrib-
utes, there is no strong evidence against the assumption of a linear relation-
ship between acceleration level and attribute rating for the six sensory tactile
perceptual attributes forming the tactile design language especially in the
range from 20 dB (SL) to 36 dB (SL). Assuming linearity would introduce a
small error only for high frequency, near-threshold vibration for the two at-
tributes “uniform” and “repetitive”. Thus, a linear relationship is a reasonable
overall approximation for modeling the influence of the acceleration level.
It is also interesting to compare the intercept of the linear relationship of this
data with the results from [32]. The attribute “weak’ has a mean rating of 77
points at 10 dB (SL) and a mean rating of 22 points at 36 dB (SL) at 15 Hz.
This would correspond to a 3.5-fold difference in perceived rating of “weak”.
The results from [32] suggest that a level jump from 12 dB (SL) to 34 dB
(SL) corresponds to an 8-fold difference in perceived intensity at 20 Hz. An
explanation for the difference might be found in the susceptibility of ratio
judgments to logarithmic response bias, as argued e.g. by [111] i.e. to an over-
estimation of the increase in perceived intensity with increasing acceleration
level.
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Mean attribute ratings and 95 % confidence intervals vs. acceleration level for the six sensory
tactile perceptual attributes of the tactile design language.
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7.2.5 Summary

Overall these findings suggest that there is an approximately linear relation-
ship between acceleration level and attribute ratings in the level range of 10
dB (SL) to 36 dB (SL). Therefore, the subsequent modeling can be conducted
with acceleration level as a linear term. This implies that only ratings of two
acceleration levels are required for each combination of the remaining vibra-
tion signal parameters.

7.3 Comparison of Modulated Vibration to
Successive Impulse-like Vibration

During the assessment of the tactile design language, both AM stimuli and
multiple successive impulse-like stimuli were selected in 5.2 as excitation
patterns occurring in everyday life situations. Subsequently, the 21 most fre-
quently mentioned attributes were rated for these stimuli on a quasi-continu-
ous scale in section 5.4. The results suggested very similar attribute ratings
of AM stimuli and multiple successive impulse stimuli, for similar accelera-
tion parameter values, i.e. acceleration level, carrier frequency or resonance
frequency, and modulation frequency or effective repetition frequency. As
discussed in section 5.2, the ecological approach to perception suggests that
vibration is a carrier of information about the environment. Associating sen-
sory-perceptual properties to vibration is related to the perceptual process of
categorization in which many perceptually non-identical stimuli map onto
one category and thus are perceptually equivalent. Therefore, different vibra-
tion signals mapping onto the same sensory tactile perceptual profile is to be
expected.

While such a property is not an issue for an analysis model, it would be prob-
lematic for a potential synthesis model, if two vibration signals map onto the
same sensory tactile perceptual profile. Thus, this ambiguous mapping would
not enable the selection of one excitation pattern from a sensory tactile per-
ceptual profile without introducing additional criteria for a synthesis model.
Furthermore, it would needlessly complicate the model, since only one vibra-
tion needs to be output for each sensory tactile perceptual profile. However,
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the parameters RMS acceleration level and modulation frequency or effective
repetition frequency were chosen independently. This complicates a direct
assessment of the degree of similarity. Therefore, in this section, the similar-
ity of AM stimuli and multiple successive impulse-like stimuli with identical
RMS level and modulation frequency or effective repetition frequency will
be compared regarding their ratings of the sensory tactile perceptual attributes
of the tactile design language.

7.3.1 Stimuli

The characteristic parameters of the investigated excitation patterns were de-
fined in section 5.2. Multiple successive impulse-like stimuli are character-
ized by their RMS SL, resonance frequency, decay constant, and repetition
frequency. AM stimuli are characterized by their RMS SL, carrier frequency,
and modulation frequency. To compare both excitation patterns, the parame-
ter values of the AM stimuli need to be defined in such a way that the resulting
vibration signal resembles the multiple successive impulses as closely as pos-
sible. However, the investigation should focus on the subset of the parameter
range encountered in everyday life (see section 5.2), where the highest degree
of dissimilarity between both excitation patterns is to be expected. Only if no
major perceived difference is found in this range, then the multiple successive
impulse excitation pattern could be substituted completely by the AM-sinus-
oidal excitation pattern.

The AM-sinusoidal excitation pattern is characterized by the slow rise and
fall of the vibration signal envelope. The most dissimilar impulse-like exci-
tation pattern should have a fast rise and fall in the vibration signal envelope
shape as produced by a high decay constant. Therefore, the decay constant
was set to the maximum value of 8 s as used in section 5.2. Similarly, for
low modulation frequencies or repetition frequencies, the difference in signal
envelope shape should be maximal. However, when repetition frequency is
very low, i.e. a fraction of one Hz, the resulting signal would increasingly be
perceived as a sequence of independent single impulse events. Thus, the mod-
ulation frequency or repetition frequency was selected to be approximately
1.5 Hz, depending on the resonance frequency of the impulse-like vibration
stimulus. Carrier frequency was selected to be 9 Hz, 15 Hz, and 90 Hz to
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Figure 7.4.
AM sinusoidal signal and multiple successive impulses signal.

cover the range of attribute rating maxima of the frequency-dependent attrib-
utes (see section 5.4). A higher impulse acceleration level also produces
larger differences in vibration signal envelope shape than a low level. There-
fore, 42 dB (SL) level was selected for the multiple successive impulse-like
vibration. Since most attributes are positively correlated to the acceleration
level, the 42 dB (SL) level was selected for the multiple successive impulse-
like vibration to produce high absolute ratings and thus potentially larger dif-
ference between the two excitation patterns. Since the SL for impulse-like
vibration was defined as if the decay constant was zero, the actual RMS SL
of the three multiple successive impulse-like vibration signals was calculated.
The RMS SL of three AM vibration was scaled to these levels: 33 dB (SL)
for 9 Hz, 31 dB (SL) for 15 Hz, and 30 dB (SL) at 90 Hz. This resulted in a
total of three multiple impulse-like vibrations and three AM vibrations. One
example of the time signals of two paired stimuli is shown in Figure 7.4.
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7.3.2 Experimental Design

The experimental design was identical to section 5.4, except for the stimuli.
Participants were allowed to repeat the stimulus, but rarely did so. The six
stimuli described in the previous section were presented with the tactile re-
production system described in chapter 4. Five out of six German attributes
of the sensory tactile design language “up and down” (“auf und ab”), “weak”
“schwach”), “repetitive” (“wiederholend”), “uniform” (“gleichmdfig”), and
“fading” (“nachschwingend”) were rated for each stimulus. Since this exper-
iment was conducted before the selection of the final attribute set, the attrib-
ute “buzzing” (“summend”) highly correlating (Pearson’s r > 0.9) with “tin-
gling” (“kribbelnd”) was investigated instead. The attributes were grouped
into two attribute triples. Attribute ratings were conducted on the quasi-con-
tinuous Rohrmann rating scale with verbal anchors [92] (see section 4.2.2).
The rating time of each of attribute triple per stimulus was not limited, but
typically took approximately 10 seconds resulting in a total experiment dura-
tion of 15 minutes.

7.3.3 Participants

Actotal of 14 German native speakers (10 male, 2 female) with an average age
of 34 years (21 to 61 years) took part in the experiment. The study was con-
ducted with the understanding and written consent of each participant.

7.3.4 Results

The mean attributes ratings and 95 % confidence intervals of these six sen-
sory tactile perceptual attributes are shown in Figure 7.5. The ratings of AM-
sinusoidal vibrations are clearly very similar to the ratings of multiple suc-
cessive impulse-like vibrations. The mean difference is 2 scale points for “up
and down”, 4 scale points for “weak”, 1 scale point for “repetitive”, 5 scale
points for “uniform”, 2 scale points for “fading” and 9 points for “buzzing”.
Only for buzzing the maximum difference exceeds half a tick of the 25-point
scale tick interval.
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(“kribbelnd”) for AM-sinusoidal vibration in comparison to multiple successive impulse-like vi-
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The influence of the signal pattern (AM sinusoidal vs. multiple successive
impulses) was analyzed from a statistical standpoint with a three-way within-
subjects repeated-measures ANOVA with factors stimulus type, carrier fre-
quency, or resonance frequency and attribute. The factor excitation pattern
shows a significant effect (F(1,13) = 9.466, p < 0.05). However, a pairwise
contrast between multiple successive impulse-like vibration and

AM sinusoidal vibration shows that the mean effect size of the factor signal
pattern is only approximately 3 scale points. The 95 % confidence interval of
the effect size ranges from approximately 1 to 6 points. This measure of the
overall similarity between the two signal patterns, suggests that the mean dif-
ference is unlikely to exceed a fourth of the 25-point scale tick interval and
is thus likely irrelevant for practical purposes.

7.3.5 Summary

The comparison between multiple successive impulse-like vibration and AM
sinusoidal vibration shows that these signal patterns produce very similar at-
tribute ratings if their parameter values are identical. There is a small devia-
tion for the attribute “buzzing” only for high frequencies, which is likely to
be observable also for “tingling” due to their high correlation. Overall these
findings suggest the multiple successive impulse-like excitation pattern can
be approximately substituted by the AM sinusoidal excitation pattern without
introducing major gaps in the sensory tactile perceptual profiles elicitable by
the potential synthesis model. Therefore, the 8§ multiple successive impulse-
like vibration were eliminated from 99 vibration-rating profile pairs database
of chapter 5, thus reducing it to 91 elements.

7.4  Synthesis Based on the Discrete Estimates of
a k-Nearest-Neighbor Classifier

In chapter 5 a sensory tactile design language was assessed, which enables
the efficient profiling of sensory tactile perceptual properties of WBV in the
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form of rating profiles. During this assessment, a database of vibration pa-
rameter tuples mapping onto rating profiles r of the six sensory tactile per-
ceptual attributes was obtained for 99 generalized WBV stimuli. Since the 8
multiple successive impulse-like vibrations were eliminated from the data-
base in section 7.3, there are 91 vibration attribute rating profile pairs remain-
ing. Thus, there is a discrete mapping of these vibrations onto sensory-per-
ceptual attributes. Subsequently, sensory tactile perceptual property profiles
were obtained to quantify expectations on a representative set of multimodal
everyday life vehicle scenes with WBYV in chapter 6. It was demonstrated that
not only the properties elicited by vibration of a situational context can be
profiled but also the expectations on that situational context.

The plausibility judgment was formalized as a similarity judgment between
the expected perceptual object and the perceptual object elicited for the situ-
ational context in the sensory tactile perceptual feature space in section 7.1.
Thus, the degree of similarity can be assessed by the Euclidean distance be-
tween the expected perceptual object and the elicited perceptual object in the
six-dimensional sensory tactile perceptual space. The sensory properties of
the expected perceptual object can be quantified in the rating profile e and of
the perceptual objected elicited by a vibration stimulus in the rating profile s.
To translate e into plausible vibration, it is necessary to find a vibration,
whose s has a minimal Euclidean distance in the six-dimensional sensory tac-
tile perceptual space.

Such a formalization of the plausibility illusion bears close resemblance to a
k-nearest-neighbor (k-NN) classifier. Such a classifier attempts to classify an
object into a set of classes according to a distance measure in the n-dimen-
sional feature space. Therefore, the goal in this section is the implementation
of a k-NN classifier based on the discrete mapping of WBV to the sensory
tactile perceptual space, to translate a sensory tactile rating profile into a vi-
bration parameter profile.

7.4.1 Definition of the K-Nearest-Neighbor Classifier

The k-NN is described e.g. by [112]. Ak-NN classifier can be utilized if there
is paired training data, consisting of m pairs of objects x and classes y:
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(X1, ¥1), (X2, ¥2), o) (X Ym) 7.8.

Each object x is defined by its n-dimensional feature vector, so that x € R".
For anorm || - || that assigns a distance measure number in R", the objects of
the training data x4, ..., X,,, can be sorted by their distance to an object x:

ey — || < - < {|xXm) — x|| 7.9.

with x4y having the closest distance to x. This produces the reordered train-
ing data:

(x(l)l )’(1)); ey (x(m)l J’(m)) 7.10.

The object x is classified by determining the most frequent class in amongst
the classes Yy - Ym) of k-nearest neighbors X(1)s e » X(m) of object x.

7.4.2 Analysis Model

This definition is applied to the dataset of 99 vibration attribute rating profile
pairs obtained in chapter 5 and reduced in section 7.3 to 91 pairs. The data-
base consists of m generalized WBYV stimuli v mapping onto rating profiles
of the elicited perceptual objects s of the six sensory tactile perceptual attrib-
utes. Applying the k-NN approach, an analytic classifier can be easily created
for this dataset.

The input objects x are vibrations v. Each of the 91 generalized vibration v
of the database can be described by its features. These features are the vibra-
tion parameters level L, (carrier-, center- or resonance-) frequency f, band-
width fi,, modulation frequency fi,, and decay constant a. However, it should
be noted that not all vibration parameters are defined for each of the four
excitation patterns (sinusoidal vibration, AM sinusoidal vibration, bandlim-
ited WGN vibration, and impulse-like vibration).

The classes y are rating profiles elicited by each vibration stimulus s. Each
elicited perceptual object s is defined by its 6-dimensional feature vector, so
that s € R®. These s are characterized by their 91 rating profiles consisting
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of the attribute rating of “weak” ry, the attribute rating of “up and down” 1q,
the attribute rating of “tingling” r;, the attribute rating of “repetitive” r, the
attribute rating of “uniform” r,, and the attribute rating of “fading” rr.

If two vibrations are perceptually equivalent, i.e. eliciting the same rating
profile, they would map onto the same class. Since vibration eliciting quasi
identical attribute ratings were explicitly excluded in section 7.3, no two vi-
brations are eliciting identical rating profiles. Therefore, there would be 91
rating profile classes. Such a classifier would not provide a model of the con-
tinuous relationship between vibration parameters and the sensory tactile per-
ceptual attribute ratings, but only a mapping of discrete vibration parameters
onto discrete ratings. The prediction performance would thus be dependent
on the intervals between vibration parameter steps.

7.4.3 Synthesis Model

However, the focus of this work is set on the creation of a vibration synthesis
model. Therefore, object and class need to be swapped to create a synthesis
classifier. Thus, the input objects x are perceptual objects elicited by the 91
vibration stimuli s. These perceptual objects are characterized by their fea-
tures. Based on the PCA of chapter 5 six perceptual attributes were suggested
as a compact set of features to represent the sensory tactile perceptual space.
Thus, considering a further feature reduction is not necessary.

Each rating profile s is paired to an output class, which is a vibration v. Since
vibration eliciting quasi identical attribute ratings were explicitly excluded in
section 7.3, there are exactly 91 vibration classes, i.e. one for each of the 91
rating profiles. If there were multiple perceptually equivalent vibrations, i.e.
multiple vibrations with the same rating profiles, it would be necessary to
introduce additional criteria for vibration selection.

Rahloff suggests that the Euclidean distance can be a suitable norm for the
perceptual space of auditory perceived room size [77]. Thus, a Euclidean dis-
tance is also assumed to be a suitable norm for the six-dimensional sensory
tactile perceptual space. For a given rating profile of the expected perceptual
object e, the Euclidean distance to the rating profile elicited by a vibration
stimulus s of the database can be determined according to:
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d(s,e) = | % (e —s)? 7.11.

Based on the Euclidean distance to e, the rating profiles s can be sorted:

sy —el < < |sim) — el 7.12.
This produces the reordered paired training data:

(S v Sy Vi) 7.13.
As suggested by [77], plausibility p is inversely proportional to Euclidean

distance between in the perceptual space the expected perceptual object and
the elicited perceptual object:

1

P~ 7.14.
Thus, it can be concluded that:
p(sy) < < p(Samy) 7.15.

and that vibration vq) paired to sa) would be most plausible.

Finally, the parameter k needs to be chosen to determine the k-nearest neigh-
bors, on which the classifier would base the selection of the vibration class v.
Since there are as many classes of vibration v as there are rating profiles s,
choosing a k > 1 is not meaningful. Furthermore, in the case of two rating
profiles sa) and s2) having the same Euclidean distance to e, they would likely
be equally plausible and thus it would be sufficient to base the classification
exclusively on sqy. Similarly, if the rating profile sa) has a smaller Euclidean
distance to e then se), the perceptual object described by say would be more
plausible and it would thus be sufficient to base the classification exclusively
on s also in that case.

Since the general synthesis approach will be validated in the form of a per-
ceptual study in section 7.6, no separate cross-validation only for the model
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stage is conducted. To enable a meaningful cross-validation of the classifier
itself, a dataset with fewer classes than objects would be required. Since the
investigated problem is structured in such a way that each rating profile s is
associated with at least one class of vibration v a separate cross-validation
step is not possible for a synthesis classifier. It would be possible for the pre-
viously described analysis classifier, since there are potentially multiple per-
ceptually equivalent perceptual objects that have the same rating profile as
suggested by section 7.3.

7.4.4 Interpolation of acceleration level for the vibration
attribute profile pairs

A dataset of 99 vibration attribute rating profile pairs was obtained in chap-
ter 5 and reduced in section 7.3 to 91 pairs. However, for the stimuli selected
in section 5.2 only two SLs of 10 dB (SL) and 36 dB (SL) for non-transient
und 30 dB (SL) and 42 dB (SL) for transient stimuli were utilized, represent-
ing the extremes of the range of everyday life WBV. The INDL for WBV is
approximately 1 dB [34]. This suggests that a much finer discrimination of
vibration than 26 dB or 12 dB is possible and that instead level steps of a
small multiple of the JNDL of about 3 dB are very likely perceivable. It has
been shown by [80] that increasing the acceleration from the original accel-
eration level by 3 dB significantly decreased the perceived plausibility of the
virtual environment of passing train. This suggests that the acceleration res-
olution of the database, on which the k-NN classifier would be built, is likely
insufficient for eliciting a plausibility illusion that is comparable to the plau-
sibility illusion elicited by the original vibration of the situational context.
To obtain a database with a finer acceleration level resolution of about 3 dB
it would theoretically be necessary to repeat the attribute rating experiment
of section 5.4 with an about four times larger stimulus set. However, it was
demonstrated in section 7.2 that the acceleration level has an approximately
linear influence on the ratings of the six attributes of the sensory tactile design
language. Therefore, new vibration rating profile pairs can be obtained by
linear interpolation.

Since reproduction in the limits defined in section 4.1.3 could not be achieved
for the combinations 7 Hz and 9 Hz with 10 dB (SL) and 500 Hz at 36 dB
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(SL) for the sinusoidal excitation pattern, the six attribute ratings needed to
be interpolated between the ratings of 5 Hz at 10 dB (SL) and 15 Hz at 10 dB
(SL) before the level interpolation. Thus, the ratings r(f) of an attribute for a
sinusoidal vibration with the frequency fand 10 dB (SL) were linearly inter-
polated according to the formula:

r(f)=r + %(f - f1) 7.16.

Due to 500 Hz being the highest vibration frequency, a rating for 500 Hz at
36 dB could not be obtained. This interpolation resulted in a database with 92
vibration of pairings with a high acceleration level and a low acceleration
level for each combination of remaining parameters. Similarly, new vibration
rating profile pairs were obtained at the SL by linearly interpolating between
the attribute rating r(SL) of the low SL's profile and the high SL's profile:

2~
SLy—SLy

r(SL) =nr + (SL - SLy) 7.17.

For the non-transient vibration pairs, an SL increment if 3.25 dB was cho-
sen for the interpolation resulting in 9 evenly spaced SLs between 10 dB
(SL) and 36 dB (SL). For the transient vibration pairs, an SL increment of 3
dB was chosen for the interpolation resulting in 5 evenly spaced SLs be-
tween 30 dB (SL) and 42 dB (SL). These interpolation steps produced a da-
tabase of 387 vibration rating profile pairs.

7.4.5 Implementation of the Synthesis

The algorithm for the 1-nearest neighbor classifier outlined in the previous
section was implemented in MATLAB. The dataset on which it operates is
the interpolated database of 387 vibration rating profile pairs. The MATLAB
implementation is structured according to the model boundaries shown in
Figure 7.2 of section 7.1. It consists of three functions for vibration parameter
estimation, vibration signal generation, and multimodal scene construction.
Besides these functions, a GUI was created to facilitate the usage of these
functions.
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7.4.5.1 Input

The input for the synthesis consists of a scene description. Such a description
contains a rating profile of the expected sensory tactile properties as quanti-
fied in section 6.3 for multimodal scenes consisting of the attribute rating of
“weak”, “up and down”, “tingling”, “repetitive”, “uniform”, and “fading”.
Furthermore, it contains the multimodal scene's duration and the optical and
acoustic signals associated with it. For the transient scenes, the beginning and
end of the impulse event is an additional input. Another implicit input for the
vibration parameter estimation is the interpolated database of 387 vibration

rating profile pairs.
7.4.5.2 Translation

For the expected rating profile, the previously described 1-nearest neighbor
classifier calculates the Euclidean distance to the 387 rating profiles of the
vibration-rating profile pairs of the database. The vibration parameters (sen-
sation level SL, vibration (carrier- or resonance-) frequency f, bandwidth f;,
modulation frequency f, and decay constant a) associated to the rating profile
with the smallest distance in the six-dimensional sensory tactile perceptual
space are output by the classifier thus the vibration parameters are estimated.
The vibration associated with this rating profile is perceptually most similar
to the expected vibration and is thus likely the most plausible vibration of the
database. An overview of the vibration parameter estimates output by the 1-
nearest-neighbor (1-NN) synthesis model for the 19 vehicle scenes are shown
in Table 7.1.

Based on the vibration parameter estimation the acceleration signal can be
generated according to the formulas of the four excitation patterns in sec-
tion 5.2. The information defining the specific excitation pattern is implicitly
contained in the estimated parameter values. Impulse-like vibrations have a
non-zero decay constant, bandlimited WGN vibrations have bandwidth
greater or equal to 25 Hz, AM sinusoidal vibrations have a non-zero modula
tion frequency and sinusoidal vibrations have none of the former. The ex-
pected rating profiles of two types of vehicle scenes were obtained in sec-
tion 6.2: non-transient scenes and transient scenes.
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Table 7.1.
Vibration parameter estimates of the 1-nearest neighbor classifier for the 19 vehicle scenes.

L f f, fn

No. Category Speed Surface (B) (Hz) (Hz) (Hz) a
1 non-transient 5 to 50 small cobblestone 112 9
2 non-transient 30 small cobblestone 112 9
3 non-transient 50 small cobblestone 112 9
4  non-transient 5 to 50 cobblestone 124 26 50
5 non-transient 30 cobblestone 121 26 50
6 non-transient 50 cobblestone 124 26 50
7 non-transient 50 tarmac (A-Road) 95 7 2
8 non-transient 70 tarmac (A-Road) 109 155 15
9 non-transient 5 to 50 Tarmac 103 9
10 non-transient 30 Tarmac 97 15
11 non-transient 50 Tarmac 105 155 15
12 non-transient 100 concrete motorway 110 15
13 transient 100 surface change 104 90
14 transient 40 tram tracks 118 26 50
15 transient 50 expansion joint 114 26 50
16 transient 100 expansion joint 108 26
17 transient 30 manhole cover cobblestone 122 9 2
18 transient 30 manhole cover tarmac 109 201 400
19 transient 50 manhole cover tarmac 112 201 400

For the non-transient vehicle scenes, the rating profile relates to the vibration
spanning the total scene duration. Therefore, vibration is generated for the
total scene duration. A linear fade in and fade out of 300 ms was applied to
the signal as in section 5.2.3.

For the non-transient vehicle scenes, the rating profile relates to the vibration
occurring from the beginning to the end of the impulse event. Therefore, vi-
bration is generated for the duration of the impulse event. If an impulse-like
excitation pattern was estimated, a short linear fade in for half period of the
resonance frequency was applied and no fade out due to the decaying char-
acteristics of the excitation pattern as described in section 5.2.3. If another
excitation pattern was estimated, it was necessary to apply a short fade-in of
100 ms at the beginning of the impulse event and a short fade out to the end
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of the impulse event to the signal to enable a correct playback on the repro-
duction system. For the remaining scene duration, the acceleration signal was
padded with zeros. Based on the synthesized vibration a multimodal scene is
constructed in the format specified in section 4.2.1 by replacing the recorded
vibration signal with the synthesized vibration signal.

7.4.53 Output

For the subsequent model validation, 19 audio-visual scenes with the synthe-
sized WBVs were generated based on these estimates. The spectra of these
vibrations in comparison to the the recorded vibrations are shown in Figure
7.6.

7.4.5.4 Examples

The details of the synthesis algorithm are discussed for two examples. The
sensory tactile perceptual attribute ratings of the scene with cobblestone at 30
kph are 20 for “weak”, 70 for “up and down”, 48 for “tingling”, 64 for “re-
petitive”, 29 for “uniform”, and 69 for “fading”. The algorithm determines
the Euclidean distance to all the 387 rating profiles of the vibration-rating
profile pairs of the database. Subsequently, the vibration-rating profile pairs

of the database are sorted by their Euclidean distance to the rating profile of
the cobblestone at 30 kph scene. The vibrations associated with the closest
rating profiles are most similar to the expected vibration of the cobblestone
at 30 kph scene from a sensory-perceptual standpoint and are thus anticipated
to be most plausible in the context of this scene. The algorithm suggests that
a bandlimited WGN vibration with an SL of 36 dB (SL), a center frequency
of 26 Hz and a bandwidth of 50 Hz would elicit sensory-perceptual attribute
ratings most similar to the expected ratings for this scene.

In Figure 7.6 (5) the spectrum of the recorded vibration is shown in compar-
ison to this synthesized vibration. Both spectra are quite similar up to 50 Hz,
while the recorded vibration spans a broader frequency range containing also
components with relevant acceleration level above this frequency. The 9 pro-
files with the smallest distance are bandlimited noise WGN vibration. Their
level is in the range from 29.5 dB (SL) to 36 dB (SL). Their center frequencies
and bandwidths are combined in such a way that their spectra always cover
the 1 Hz to 26 Hz frequency range at least partly. Thus, a bandlimited noise
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Figure 7.6.

Spectra (FFT, 4096 samples, 50 % overlapping Hann windows) of the recorded vibration (grey)
and the vibration generated from the parameter estimates of the 1-nearest-neighbor model (black)
for each of the 19 vehicle scenes.

vibration with a bandwidth of 400 Hz at a center frequency of 201 Hz is per-
ceptually similar to a bandlimited noise vibration with a bandwidth of 25 Hz
and a center frequency of 13.5 Hz. If perceptually similar vibration indeed
elicited similar plausibility in the context of the scene as suggested by the
proposed relationship between plausibility the distance in the sensory-per-
ceptual space this would enable a substitution of broadband vibration by nar-
rowband vibration.
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The sensory tactile perceptual attribute ratings of the scene with tarmac at 30

kph are 78 for “weak”, 14 for “up and down”, 20 for “tingling”, 47 for “re-
petitive”, 74 for “uniform”, and 23 for “fading”. Again, the algorithm deter-
mines the Euclidean distance to all the 387 rating profiles of the vibration-
rating profile pairs of the database. Subsequently, the vibration-rating profile
pairs of the database are sorted by their Euclidean distance to the rating pro-
file of the tarmac at 50 kph scene, too. Again, the vibrations associated with
the closest rating profiles are most similar to the expected vibration of the
tarmac at 30 kph scene from a sensory-perceptual standpoint and are thus
anticipated to be most plausible in the context of this scene. The algorithm
suggests that an AM-sinusoidal vibration with an SL of 10 dB (SL), a fre-
quency of 15 Hz, and a modulation frequency of 5 Hz would elicit sensory-
perceptual attribute ratings most similar to the expected ratings for this scene.
In Figure 7.6 (10) the spectrum of the recorded vibration is shown in compar-
ison to this synthesized vibration. In contrast to the cobblestone scene, the
spectra for the tarmac scene are not very similar. While the recorded vibration
has relevant acceleration levels in a broader frequency range from 1 Hz up to
about 100 Hz, the synthetic vibration consists only narrowband AM-sinusoi-
dal excitation at 15 Hz. Thus, similarly to the cobblestone scene, it might be
possible to substitute a broadband signal for a narrowband signal also for the
tarmac scene, if perceptually similar vibration indeed elicited similar plausi-
bility in the context of this scene.

7.4.6 Advantages and Disadvantages

This simple approach has advantages as well as disadvantages that need to be
discussed in detail. The main advantage of this approach is that it is the direct
extension of plausibility as similarity judgment suggested by [77]. Since
plausibility has been suggested as to be a similarity judgment in the sensory
tactile perceptual space the 1-nearest neighbor classifier follows exactly this
hypothesized relationship by determining the vibration which elicits sensory
tactile properties which are similar to the expected sensory tactile properties.
If the database of the classifier is populated by vibration-rating profile pairs
that cover the range of vibration encountered in everyday life with sufficient
granularity, no explicit modeling is required.
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Thus, no generalization of the relationship between vibration parameters and
sensory tactile attributes is conducted by any modeling procedure, potentially
including deviations from the true underlying relationship and thus leading
to less plausible vibration. Furthermore, a continuous mapping between vi-
bration parameters and sensory tactile attributes is not required for this ap-
proach because the output is discrete, i.e. the vibration eliciting the one rating
profile of the database with the smallest Euclidean distance to the input rating
profile. The consequence of this approach is that the output will always be a
valid set of vibration parameters, from which vibration can be generated.
Another advantage is that the classifier provides a ranking for each vibration
in the database in the form of the Euclidean distance between the input rating
profile and the rating profiles associated with each vibration. This could ena-
ble informed choices on the expected plausibility reduction depending on the
vibration selection. As suggested by the cobblestone and tarmac example,
narrowband vibration was perceptually similar to broadband vibration, i.e.
their rating profile had a similar distance to the expected rating profile. This
might enable the designer to consider trade-offs between reproduction system
capabilities (e.g. cheap narrowband actuator vs. expensive broadband actua-
tor) and plausibility of the vibration in the context of the scenes intended to
be reproduced.

The main disadvantage lies in the discrete, i.e. non-continuous prediction of
the vibration parameters by the 1-nearest neighbor classifier. The vibration
output from the synthesis model depends on the vibrations and their manually
assessed perceptual profiles contained in the database (see disadvantages of
the database approach in 2.3). That implies that if there is insufficient granu-
larity in the database of vibration-rating profile pairs then no close neighbor
might be available impairing prediction performance and ultimately leading
to less plausible vibration. However, this would depend on the actual distance
between the expected rating profile and the elicited profile. [77] suggests that
there is a correlation between plausibility and the inverse Euclidean distance.
The exact relationship is still unknown. Thus, in the close range, in which this
distance in the sensory-perceptual is low. Therefore, there might be multiple
perceptually similar vibrations eliciting rating profiles with increasing dis-
tance to the expected rating profile only showing an influence above a certain
threshold.
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Another disadvantage inherent to the nearest neighbor approach is that it does
not produce an explicitly interpretable model because any relationship is im-
plicitly contained in the database with vibration-rating profile pairs. Such an
explicit relationship might facilitate design choices for the tactile designer by
providing e.g. an analytic Formula that can predict vibration parameter
changes from sensory tactile perceptual attribute rating changes. However,
such a relationship is likely more beneficial for an analysis model predicting
the attribute ratings from vibration properties. Since the nearest neighbor
classifier only does lazy learning, i.e. it stores the training data and does not
create a classifier function [112] it needs to compare the input rating profile
to all the rating profiles in the database. Thus, simply interpolating an increas-
ing number of vibration-rating profile pairs would thus decrease prediction
performance from a computational load standpoint. However, this is unlikely
to impact prediction runtime performance problems because even the utilized
interpolated database only contains 387 items.

For a continuous prediction, it seems a good idea to extend the nearest neigh-
bor classifier into a nearest neighbor regression model. However, in sec-
tion 5.2.1 four discrete excitation patterns (sinusoidal vibration, AM sinusoi-
dal vibration, bandlimited WGN vibration, and impulse-like vibration) were
defined to represent everyday life WBV which cannot be reflected by a single
generation formula, since some parameters are only valid for some excitation
patterns. Finally, since a validation of the nearest neighbor classifier perfor-
mance separately from the plausibility of the vibrations produced by it were
not possible, no cues about the model error can be obtained.

7.5 Synthesis Based on the Quasi-Continuous
Estimates of Regression Models

In chapter 5 a stimulus set was created that contains 99 generalized vibra-
tions. Since the 8 multiple successive impulse-like vibrations were eliminated
from the database in section 7.3, there are 91 vibration attribute rating profile
pairs remaining. Each vibration was profiled with the sensory tactile design
language to obtain rating profiles. This resulted in a database of discrete map-
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pings of vibration onto sensory-perceptual attributes. The plausibility judg-
ment was formalized as the Euclidean distance between the expected percep-
tual object and the elicited perceptual object in the six-dimensional sensory
tactile perceptual space in section 7.1. Based on this relationship a 1-NN clas-
sifier was constructed, which can determine the vibration in the database
whose rating profile has a minimal distance to the expected rating profiles of
vehicle scenes obtained in chapter 6. The vibration associated with the rating
profile pair with the minimum distance is output by the classifier.

The main disadvantage of such an approach is the discrete prediction limited
to the vibration items and their manually profiled sensory tactile perceptual
properties. The performance of this synthesis model is thus limited by the
range and resolution of rating profiles and their associated vibration. Since
the vibration stimuli of chapter 5 were systematically constructed by varying
the parameters of the four excitation patterns, not only discrete mappings be-
tween vibration and rating profiles could be observed but continuous map-
pings, i.e. systematic relationships in the form of physical parameter vs. rat-
ing curves. E.g. for the vibration level a linear influence could be observed
on attribute ratings in section 7.2. The observed relationships enable infer-
ences not possible from discrete mappings. To partially rectify the shortcom-
ing of the 1-NN model, new vibration rating profile pairs were obtained at
the intermediate SLs by linearly interpolating between the attribute rating of
the low SL's profile and the high SL's profile. This potentially decreased the
distance to the most similar attribute ratings profile and thus should enable a
more plausible vibration synthesis.

However, instead of utilizing the observed relationships to interpolate more
vibration-rating profile pairs, it would be more efficient to create models from
these relationships to enable a continuous vibration prediction from attribute
rating profiles. The modeling conducted in this section will incorporate as-
pects of explanatory modeling as well as predictive modeling (see [113] for
comparison of these two modeling goals). For the aim of explanatory model-
ing, it is attempted to keep the bias of the model with respect to the true un-
derlying relationship between physical parameters and attribute ratings min-
imal. This will provide a statistical assessment of the observed relationships
(see section 5.4). For the aim of predictive modeling, it is attempted to mini-
mize the prediction error of the models. This will provide a second synthesis
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model, based on the vibration parameter vs. attribute ratings curves observed
in section 5.4. The modeling procedure will consist of three steps.

In section 5.2.1 everyday life vibration was generalized into four discrete ex-
citation patterns (sinusoidal vibration, AM sinusoidal vibration, bandlimited
WGN vibration, and impulse-like vibration). However, not all characteristic
vibration parameters of each excitation pattern are defined for the other exci-
tation patterns. Therefore, the synthesis model needs to be split into four sub-
models. For each excitation pattern regression models will be built predicting
ratings of the relevant attributes of tactile design language from vibration pa-
rameters. In this step, the relationships between vibration parameters and at-
tribute ratings observed in section 5.4 will also be analyzed from an inferen-
tial statistical point of view. However, since there is no established theoretical
framework for sensory tactile perceptual attributes yet, the modeling is not
solely driven by explanatory aspects but also needs to include exploratory
aspects. Subsequently, for each excitation pattern, an equation system formed
by the regression model equations will be solved. This will produce a set of
synthesis equations predicting the vibration parameters from attribute ratings.

7.5.1 Overall Model Structure

The model boundaries shown in Figure 7.2 of section 7.1 are identical to the
1-NN model to facilitate a switch between the two synthesis models. As for
the 1-NN model, the model input is an expected perceptual object in the sen-
sory tactile perceptual space characterized by its rating profile e. The rating
profiles consist of the attribute rating of “weak” r., the attribute rating of “up
and down” rq, the attribute rating of “tingling” r, the attribute rating of “re-
petitive” 1y, the attribute rating of “uniform” r,, the attribute rating of “fading”
re. Again, the model output is a vibration v characterized by its parameters
level L, (carrier- or resonance-) frequency f, bandwidth f,, modulation fre-
quency fn, and decay constant o.

In contrast to the previous model, the translation from an attribute rating pro-
file to vibration parameters is not a discrete prediction but will be a quasi-
continuous prediction. The dataset on which the modeling will be conducted
contains vibrations of four discrete generalized excitation patterns (see sec-
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tion 5.2) that are each characterized by a different set of parameters. The si-
nusoidal excitation pattern is characterized by RMS sensation level SL and
frequency f. The AM-sinusoidal excitation pattern is characterized by RMS
sensation level SL, carrier frequency f, modulation frequency fn, and modu-
lation index m. The bandlimited WGN excitation pattern is characterized by
the RMS sensation level SL, center frequency f;, and bandwidth f;,. The im-
pulse-like excitation pattern is characterized by RMS sensation level SL (de-
fined as if the impulse was a non-decaying sinusoidal), resonance frequency
f, and decay rate a.

It is obvious that all four excitation patterns only share SL as a common pa-
rameter. Since the bandlimited WGN excitation pattern is generated from a
stochastic process and not from a periodic process as the other excitation pat-
terns, it is not possible to define a single formula that can generate vibration
of all four excitation patterns. Theoretically, it would be possible to create a
single formula for three of the four excitation patterns (sinusoidal, AM-sinus-
oidal, impulse like) since they also share a periodic component characterized
by (carrier- or resonance-) frequency. However, combining the models of
these excitation patterns would likely require additional investigations of the
interaction of the remaining parameters modulation frequency, modulation
index, and decay rate in comparisons to the parameter variation investigated
in section 5.2. Due to the enormous resources required to obtain such a large
amount of ratings, it is indicated to investigate a simpler model first. Such a
simple model could be created by dividing the overall model into four dis-
crete submodels for each excitation pattern.

If the sensory tactile perceptual attribute profiles elicited by everyday life vi-
bration cluster around the range of rating profiles elicited by the vibration of
the four excitation patterns but not of the superimposition of the excitation
patterns, such an abstraction would likely be meaningful. Furthermore, if the
rating profiles elicited by vibrations of two excitation patterns overlap, a vi-
bration could be generated according to either of the two excitation patterns.
If the rating profile of two vibrations are identical they could be considered
to be perceptually equivalent and would likely elicit identical plausibility rat-
ings. Therefore, this synthesis model will be split into four submodels for the
four excitation patterns. Whether the vibration synthesized with such an ag-
gregate model can achieve satisfying performance regarding the perceived
plausibility will be investigated in the subsequent model validation section.
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Since the synthesis model will be split into four submodels for the four exci-
tation patterns, it is necessary to determine the submodel for the synthesis
based on the expected rating profile input into the model. Before the submod-
els can be utilized for a synthesis, the most suitable submodel needs to be
selected and thus the general excitation pattern generating the vibration. The
four excitation patterns can be considered as classes that need to be selected
according to the input expected perceptual object characterized by its rating
profile.

After building a classifier that determines the most suitable excitation pattern,
the submodels for each excitation pattern need to be built. The dataset ob-
tained in section 5.4 contains pairs of vibration parameters and attribute rat-
ing profiles. The physical parameters vs. rating curves suggest obvious sys-
tematic relationships to sensory tactile perceptual attributes to which regres-
sion models can be fit. The naive solution would be to model the physical
vibration parameters depending on the observed sample mean perceptual at-
tribute ratings of the stimuli. However, the physical vibration parameters
were set in a controlled way and are thus practically without error. In contrast,
the population mean perceptual attribute ratings could only be observed as
the sample mean perceptual attribute ratings superimposed with measurement
error caused by the variance in ratings of participants. Linear regression mod-
els estimated by ordinary least squares assume weak endogeneity of regres-
sors, i.e. that errors can be present in the dependent variable but the independ-
ent variable should be uncorrelated to the error term [114].

There are two solutions to solve this problem: reversing dependent and inde-
pendent variables or modeling the inverse relationship and subsequent inver-
sion of the resulting equation [115]. The reverse approach would violate the
assumption of weak endogenity of regressors would thus introduce attenua-
tion bias or regression dilution into the estimated coefficients of the regres-
sion model [116]. Unsurprisingly, the inverse approach produces a greater
bias than the reverse modeling approach [115]. Further complications can
arise with this method as data transformations and the introduction of addi-
tional predictors magnify the bias [117]. While correction of such bias is
sometimes possible, for the case of multivariate prediction, regression coef-
ficients can be overestimated or underestimated, and thus such correction
should be avoided in favor of improved study designs, if possible [118]. In
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contrast to classical linear regression, this method is far less established in
statistical literature [115].

The inversion approach suggests to treat the observed variable as the depend-
ent variable as in the case of classical linear regression and subsequently in-
vert the identified equation for prediction. Thus, the physical parameters
should be considered as the independent variable i.e. the regressor and the
sample mean perceptual attribute ratings as the dependent variable i.e. the
regressand. In contrast to the previous approach, no problems with multiple
predictors or data transformations are introduced. Only regression models
built this way enable unbiased statistical inferences about the relationships
between physical vibration parameters and population mean attribute ratings
from the investigated sample. However, the goal of the synthesis model is to
predict physical vibration parameters from perceptual attribute ratings. Thus,
the equations of the analysis regression models need to be inverted. For each
excitation pattern, one equation for each characteristic parameter needs to be
included in an equation system. By solving the equation system by the phys-
ical vibration parameters the synthesis equations can be determined.

7.5.2 Classification of the Excitation Pattern with a
Support Vector Machine

7.5.2.1 Selection of a Classification Algorithm

To determine the correct excitation pattern for the synthesis, a classifier needs
to be built, which classifies a given expected attribute rating profile into one
of the four excitation patterns. Important classification algorithms can be
grouped into four categories: probabilistic, linear, prototype-based, and hier-
archical [112]. The applicability of the presented classifiers belonging to each
category to the problem at hand is discussed in the following.

The naive Bayes classifier falls in the probabilistic category. This method is
preferable for discrete input features and is less suitable for continuous data
such as the continuous attribute ratings contained in the acquired rating pro-
files.
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The nearest neighbor classifier belongs to the prototype-based category. The
disadvantage of this classifier is that no explicit classification function is de-
signed. Since this was argued to be one of the major disadvantages of the 1-
NN synthesis model, this classifier will not be utilized again to overcome this
shortcoming.

Decision trees fall into the hierarchical category. They can be utilized if not
all features need to be considered at a time. For example, feature A can be
only relevant for classification on the top level of the decision tree and feature
B only relevant for the sublevel. Indeed, observations gained in section 5.4
shows that the difference between excitation patterns is communicated by
different attributes. The impulse-like excitation pattern in contrast to the non-
transient excitation patterns is characterized by high ratings of the attribute
“fading” as evident from Figure 5.19. In the subgroup of non-transient exci-
tation patterns, the bandlimited WGN excitation pattern can be discriminated
from periodic excitation patterns by low ratings of the attribute “uniform” as
obvious from Figure 5.20. Furthermore, in the subgroup of periodic excita-
tion patterns, the sinusoidal excitation pattern can be distinguished from the
AM-sinusoidal excitation pattern by low ratings of “repetitive” as evident
from Figure 5.18. However, similar to the naive Bayes classifier, the decision
tree is mostly restricted to discrete input features. If the input features are
treated as continuous, then the class borders are necessarily parallel to coor-
dinate axes, preventing modeling of more complex class borders.

The support vector machine (SVM) classifier falls into the linear category.
The advantage is that it is suitable for continuous features and produces an
explicit classification function. The disadvantage lies in the fact that it is most
suitable for the classification of two classes, but four classes are required for
the problem at hand. However, this can be overcome by simply building a set
of multiple binary classifiers.

Given the advantages and disadvantages of the different classification ap-
proaches, a combination of the decision tree approach and the SVM approach
will be utilized. Therefore, three SVM classifiers will be utilized that distin-
guish between the excitation patterns in a hierarchical decision tree. The rat-
ings of the perceptual attribute “fading” demonstrated the largest observed
differences between excitation patterns (see Figure 5.19). Thus, the tree will
first discriminate transient from non-transient excitation patterns with a first
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SVM. For the ratings of the perceptual attribute “uniform” also large differ-
ences between excitation patterns could be observed (see Figure 5.20). There-
fore, in the subgroup of non-transient excitation patterns, the bandlimited
WGN excitation pattern will be discriminated from periodical excitation with
a second SVM. Finally, a third SVM will discriminate between the sinusoidal
excitation pattern and the AM-sinusoidal excitation pattern. The ratings of the
perceptual attribute “repetitive” show differences between these two excita-
tion patterns (see Figure 5.18).

7.5.2.2 Classifier for the Discrimination of the Transient Excitation
Pattern from the Non-Transient Excitation Patterns

The dataset with 91 vibration-rating profile pairs was partitioned according
to the excitation patterns. The transient excitation pattern contains the 18 im-
pulse-like stimuli, while the non-transient excitation pattern group contains
the 21 sinusoidal stimuli, 30 AM-sinusoidal stimuli, and 22 bandlimited
WGN stimuli. As observed in Figure 5.19 the attribute “fading” is likely a
useful feature for the classification of vibration into transient and non-transi-
ent excitation patterns. Unfortunately, the two excitation pattern groups are
not linearly separable. Classification failure is an especially unfavorable
property for these two excitation pattern groups. The duration of impulse-like
vibration is constrained by the decay rate, while the duration of the other ex-
citation pattern is externally constrained by the defined duration.

However, the PCA conducted in section 5.4 suggests that the attribute “uni-
form” is also loading highly onto the component. Impulse-like vibration is
usually perceived as having low “uniform” ratings, but bandlimited WGN
vibration is also perceived as having low “uniform” ratings in contrast to pe-
riodic vibration (see Figure 5.20). Thus, the attribute “uniform” alone is in-
sufficient for separation of transient from non-transient vibration requiring
the introduction of another attribute of the sensory tactile design language to
the classifier. The impulse-like vibrations are rated “not at all repetitive”
while bandlimited WGN is rated “slightly to moderately repetitive”. But re-
petitive alone would also be insufficient since high-frequency sinusoidal vi-
bration is also rated as “not repetitive” (see Figure 5.18). Therefore, another
SVM was built with the both attributes “uniform” and “repetitive”.
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The binary linear SVM is built by finding the hyperplane that maximizes the
margin between the two classes in the n-dimensional feature space [112]. It
is possible to find non-linear class borders by introducing a kernel function.
Many libraries have implemented algorithms for the construction of SVMs.
MATLAB offers the fitcsvm function for low dimensional datasets, which
was utilized for SVM building. A linear kernel function was utilized at first
to examine whether the vibration a linearly separable into the two excitation
pattern groups.

The resulting improved hyperplane and its support vectors for the classifica-
tion of vibration into transient and non-transient excitation patterns by the
attribute ratings of “uniform” r, and “repetitive” r; is shown in Figure 7.7.
The hyperplane in the two-dimensional feature space enabling the discrimi-
nation of transient from non-transient vibration has the following equation:

S {0‘ if n, > —3.957. 4+ 100.7 718
isTransient = 1,if r, < —3.95r, + 100.7 .

The improved classifier has a much wider margin around the hyperplane and
thus enables the classification of the training data with 0 % error.
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Figure 7.7.

Classification of vibration into transient and non-transient excitation patterns by the attributes
“uniform” and “repetitive” according to the hyperplane of a linear SVM and its support vectors.
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7.5.2.3 Classifier for the Discrimination of the Stochastic Excitation
Pattern from the Periodic Excitation Patterns

The remaining dataset of non-transient vibration with 73 vibration-rating pro-
file pairs was again partitioned into stochastic excitation containing 22
bandlimited WGN vibrations and periodic excitation containing 30 AM-si-
nusoidal vibrations and 21 sinusoidal vibrations. Also for this classifier, an
obvious choice was suggested from the ratings of the attribute “uniform” ob-
served in Figure 5.20. Since periodic vibration was observed to be rated less
“uniform” with increasing ratings of the attribute “weak”, the attribute was
also included as an input feature for the classifier. In Figure 7.8 the resulting
hyperplane and its support vectors for the classification of vibration into sto-
chastic and periodic excitation patterns by the attribute ratings of “uniform”
1y and “weak” ry is shown.

The hyperplane in the two-dimensional feature space that can be utilized to
distinguish periodic from stochastic excitation has the following equation:

 Period; {0, if n, > —0.1r, + 60.27 1o
1SEeriodic = . 19.
1,if n, < —0.1r, + 60.27
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Figure 7.8.

Classification of vibration into stochastic and periodic excitation patterns by the attributes “uni-
form” and “weak” according to the hyperplane of a linear SVM and its support vectors.
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Overall, the classifier has a good performance with a classification error of
only 7 %. Such misclassification occurs mostly for bandlimited WGN vibra-
tion, which does not have low-frequency components. Such bandlimited
noise is tending towards uniform ratings of sinusoidal vibration (see Figure
5.20). Thus, such misclassification is likely intrinsic to the problem at hand
and not caused by a suboptimal classifier. If a misclassification results in a
signal of the other excitation pattern being synthesized but which elicits sim-
ilar attribute ratings as a vibration that is synthesized to the correctly classi-
fied excitation pattern, it will likely not negatively affect plausibility.

7.5.2.4 Classifier for the Discrimination of the AM-Sinusoidal
Excitation Pattern from the Sinusoidal Excitation Pattern

Again the remaining dataset of periodic vibration with 51 vibration-rating
profile pairs was partitioned into 30 AM-sinusoidal vibrations and into 21
sinusoidal vibrations. The attribute “repetitive” is a reasonable predictor for
amplitude modulation as suggested by the high ratings observed for AM-si-
nusoidal vibration in contrast to sinusoidal vibration in Figure 5.18. However,
it is problematic that low-frequency sinusoidal vibration can also be per-
ceived as very “repetitive”. The attribute “up and down” can be utilized to
separate these cases as it is rated high for low-frequency sinusoidal vibration
but low for amplitude modulated vibration. Therefore, the attributes “repeti-
tive” and “up and down” were utilized as input features for the classifier.
Again, the resulting hyperplane and its support vectors for the classification
of vibration into AM-sinusoidal and sinusoidal excitation patterns by the rat-
ings of attributes “repetitive” r; and “up and down” rq is shown in Figure 7.9.
The hyperplane in the two-dimensional feature space enabling the discrimi-
nation of AM-sinusoidal from sinusoidal vibration has the following equa-
tion:

0,if ry < 1.237, — 46.75

1,if r, > 1.23r, — 46.75 7.20-

isModulated = {

Overall, also this classifier has a good performance with a classification error
of approximately 18 %. Introducing a polynomial kernel function or more
attributes does not produce lower errors. As argued for the previous classifier,
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Classification of vibration into AM-sinusoidal and sinusoidal excitation patterns by the attributes
“repetitive” and “up & down” according to the hyperplane of a linear SVM and its support vec-
tors.

some misclassification can likely be attributed to the vibration of two excita-
tion patterns eliciting similar rating profiles and thus is not likely to lead to a
decrease in plausibility ratings.

7.5.2.5 Decision Tree Based on the three Classifier

The three classifiers were joined to the decision tree shown in Figure 7.10.
Often SVM classifiers are cross-validated with a separate dataset not utilized
for the training to avoid overfitting. Theoretically, the recorded vehicle scenes
might be utilized for such validation. Practically, the recorded vehicle scenes
were not synthesized according to one of the four excitation patterns and thus
the true excitation pattern is not defined. Therefore, the formal correctness of
the classification cannot be assessed with this dataset. However, the overall
synthesis model will be validated in the form of a perceptual study in sec-
tion 7.6 with this dataset which will provide an overall measure of perfor-
mance.
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Figure 7.10.
Decision tree for classifying an attribute rating profile into one of the four excitation patterns.

7.5.3 General Approach to the Regression Models of each
Excitation Pattern

After the excitation pattern for the synthesis is determined by the decision
tree, it's physical vibration parameters need to be estimated for the synthesis.
Thus, for each of the four excitation patterns synthesis equations need to be
determined for their defining physical vibration parameters. The dataset with
91 vibration-rating profile pairs was partitioned into four excitation pattern
groups of 18 impulse-like pairs, 22 bandlimited WGN pairs, 30 AM-sinusoi-
dal pairs, and 21 sinusoidal pairs. Since the physical vibration parameters
were set without error but the population sensory tactile perceptual attribute
ratings were obtained with error, regression functions for the inverse problem
need to be fitted.

The regressors are vibration parameters level L, (carrier-, center- or reso-
nance-) frequency f, bandwidth f,, modulation frequency f.,, and decay con-
stant a. However, only a subset is relevant for each excitation pattern. The
acceleration level was already log-transformed from acceleration. Such trans-
formation is frequently applied to physical parameters to approximate linear

178



Chapter 7 - Synthesis Models for the Translation of Sensory Tactile Properties into Vibration

relationships to perceptual quantities e.g. in psychoacoustics [28] and is also
useful for acceleration as log-transformed acceleration shows an approxi-
mately linear relationship to perceived vibration intensity [32]. Similar to the
JNDL being an approximately constant fraction of the reference level, the
JNDEF is an approximately constant fraction of reference frequency and not a
constant offset. Therefore, a log-transform was also applied to (carrier-, cen-
ter- or resonance-) frequency f, bandwidth f;,, and modulation frequency fi.
Since the modulation frequency might be zero for the unmodulated case, an
offset of 1 was applied before the log-transform. The regressands are the at-
tribute ratings of “weak” rw, “up and down” r4, “tingling” r, “repetitive” r,
“uniform” r,, and “fading” rr of the expected rating profile.

In section 5.4 for each attribute of the tactile design language correlations
were assessed. The attribute “weak” is highly negatively correlated with the
vibration level. The attribute “up and down” is highly negatively correlated
with (carrier-, center- or resonance-) frequency. The attribute “tingling” is
highly positively correlated with (carrier-, center- or resonance-) frequency.
The attribute “repetitive” is highly correlated to the modulation frequency.
The attribute “uniform” has a moderate correlation to the bandwidth param-
eter. The attribute “fading” is highly correlated to the decay rate. For each
physical vibration parameter, the most predictive regressand can be selected
accordingly. However, the non-perfect correlations suggest that multiple re-
gressors are likely necessary for sufficient explanatory power.

Subsequently, these regression functions need to be inverted. On the one
hand, there is not necessarily an analytical solution to the inversion problem
and thus the complexity of the regression models is constrained. On the other
hand, the model fit is likely to be higher for increasing complexity. Therefore,
a compromise between model complexity and resolvability needs to be found
that still enables the identification of an analytical solution to the inversion
problem. Thus, additional terms of physical vibration parameters for the pre-
diction of the attribute ratings can only be added to the regression model, if
an analytical solution to the inversion problem can be found. If only the pre-
diction of attribute ratings from physical parameters were the goal of the re-
gression models, more explanatory terms would potentially be included in the
regressions.

The linear regression model cannot simply be applied to the pooled attribute
ratings for all stimuli and test subjects. Since there is a hierarchical clustering

179



Chapter 7.5 - Synthesis Based on the Quasi-Continuous Estimates of Regression Models

of ratings of vibration within test subjects due to the repeated measures this
would violate the assumption of independence of observations and thus lead
to inflated type I error in estimated coefficients. There are two solutions to
this problem: aggregation of observations of each vibration or accounting of
hierarchical clustering in a multilevel model i.e. linear mixed-effects model.

First, the repeatedly measured ratings can be aggregated across subjects by
calculating the mean rating for each stimulus. Linear multiple regression
models were fitted on the mean attribute ratings with the MATLAB function
fitlm. Such a model is sufficient if the prediction of attribute ratings on the
individual level is not of interest but rather the prediction on the population
level. Since the goal of the synthesis is to provide vibration which will be
perceived as maximally plausible on average, modeling the relationship be-
tween physical vibration parameters and attribute ratings on a population
level is required. The R? of the population average models offers a measure
of model performance directly relevant to the use case. The disadvantage of
aggregating repeated measures ratings is the loss of statistical power due to
the reduced number of observations.

Second, a linear mixed-effects multiple regression model can be extended
from the linear model by adding subjects as random effects to the fixed effects
of predictors of the simple linear model and thus enabling the fitting of the
model directly to repeated measures of subjects for one vibration. For the goal
of confirmatory hypothesis testing for data with one single observation per
treatment level per unit, a by-unit intercept only random effect is recom-
mended [119]. For the data obtained in section 5.4, there is indeed only one
observation of a stimulus for each participant and thus a by-subject random
intercept was included in the linear mixed-effects regression models. The
subsequent models were estimated with the MATLAB function fitlme. Since
continuous data was observed and the sample size is not very high, the linear
mixed-effects model was estimated with restricted maximum likelihood
[120]. The disadvantage of this type of model is that the conditional R? of the
mixed-effects model is a measure of explained variance by fixed effects and
random effects i.e. a measure of model fit on both the individual level and the
population level and thus offers no measure of model performance directly
relevant to the use case. However, for a balanced design, where each partici-
pant rated each vibration as in the case of the present data set, the coefficient
estimates of the fixed effects are identical to the estimates of linear model.
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Due to the higher number of observations the standard deviation of the esti-
mates is potentially lower enabling more accurate inferences about the esti-
mates.

7.5.4 Synthesis for the Impulse-like Excitation Pattern

For the impulse-like excitation pattern, there are 18 vibration-attribute rating
profile pairs. The physical vibration parameters level L, resonance frequency
f, and decay constant a need to be estimated for the synthesis of vibrations of
this excitation pattern. The attributes “fading”, “weak”, and “up and down”
or “tingling” are thus relevant predictors for the synthesis. For each of the

four attributes, a multiple regression needs to be fitted to the dataset.
7.5.4.1 Regression for “Fading”

Obviously, the decay rate is an important predictor of the perceptual attribute

“fading”. Indeed, a highly positive correlation with the decay rate was found
in section 5.4 for all 99 vibration-attribute rating pairs. Furthermore, vibra-
tion level and resonance frequency seem to influence the rating of “fading”
as suggested by Figure 7.3 in section 7.2. First, a simple linear regression
model was fitted to the dataset of by-stimulus averages with the previously
selected features. The model is shown in Table 7.2. R? was 0.954 suggesting
a very good model fit. The terms decay rate and resonance frequency are
highly significant, and the term level and intercept are also significant. There-
fore, the null hypothesis can be rejected for the reported model. Second, a
linear mixed-effects model was fitted to the dataset of 28 subjects with the
selected features as fixed effects and by-subject random intercepts. The fixed
effects of the model are shown in Table 7.3. The linear mixed-effects model
demonstrated a similar standard deviation as the linear model.

7.5.4.2 Regression for “Weak”
The semantics of the attribute “weak” suggests level as a highly relevant pre-

dictor. Furthermore, some frequency dependence was observed in Figure 5.12
of section 5.4 with high-frequency vibration being perceived as slightly more
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Table 7.2.

Effects in the linear regression model of the attribute “fading” as dependent variable (* : p <
0.05; ** : p<0.01; *** : p <0.001). Reported are the regression coefficient estimates, standard
errors, t-values, and p-values. Adjusted R? of the model: R? = 0.954.

Estimate Std. error t-value p-value
Intercept 43.731 14.638 2.987 0.010 *
L 0.448 0.124 3.613 0.003 **
logo(f) -9.539 1.560 -6.117 0.000 ***
o -4.968 0.299 -16.602 0.000 ***

Table 7.3.

Fixed effects in the linear mixed effects regression model of the attribute “fading” as dependent
variable (* : p < 0.05; ** : p <0.01; *** : p <0.001). Reported are the regression coefficient
estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the model: R? =
0.515. SD of the residual is 19.174. SD for the random effect of participant is 12.359.

Estimate Std. error t-value p-value
Intercept 43.731 15.328 2.853 0.005 **
L 0.448 0.128 3.491 0.001 **
logio(f) -9.539 1.614 -5.911 0.000 ***
o -4.968 0.310 -16.042 0.000 ***

“weak” than low-frequency vibration. The decay rate determines how fast the
envelope approaches the perception threshold and thus is also likely to affect
perceived intensity as communicated with the attribute “weak”. Again, a sim-
ple linear regression model was fitted to the dataset of by-stimulus averages
with the selected regressors. In Table 7.4 the model is reported. R? was 0.949
also suggesting a very good model fit. The terms resonance frequency, level,
and intercept are highly significant, and the decay rate is also significant.
Thus, the null hypothesis for the model can be rejected. Furthermore, a linear
mixed-effects model was also fitted to this dataset of 29 subjects with the
selected features as fixed effects and by-subject random intercepts. The fixed
effects of the model are shown in Table 7.5. Due to the higher number of
observations, the standard errors for the fixed effect terms intercept, decay
rate, level, and resonance frequency decreased by almost half relative to the
linear model. All the reported terms are highly significant for the linear
mixed-effects regression.
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Table 7.4.

Effects in the linear regression model of the attribute “weak” as dependent variable (* : p <0.05;
**:p<0.01; ¥**: p<0.001). Reported are the regression coefficient estimates, standard errors,
t-values, and p-values. Adjusted R? of the model: R? = 0.949.

Estimate Std. error t-value p-value
Intercept 354.494 20.942 16.927 0.000 ok
L -2.879 0.177 -16.242 0.000 ik
logio(f) 31.429 2.231 14.087 0.000 ***
o 1.610 0.428 3.761 0.002 **

Table 7.5.

Fixed effects in the linear mixed effects regression model of the attribute “weak” as dependent
variable (* : p < 0.05; ** : p < 0.01; *** : p <0.001). Reported are the regression coefficient
estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the model: R? =
0.680. SD of the residual is 15.930. SD for the random effect of participant is 9.304.

Estimate Std. error t-value p-value
Intercept 354.494 12.487 28.390 0.000 ***
L -2.879 0.105 -27.504 0.000 ***
logio(f) 31.429 1.317 23.855 0.000 ***
o 1.610 0.253 6.369 0.000 ***

7.5.4.3 Regression for “Up and down”

Intuitively, frequency would be associated with the attribute “up and down”
which is confirmed by the highly negative correlation with frequency ob-
tained in section 5.4. However, also vibration level affects the rating of “up
and down” as implied by Figure 5.13. Also for this attribute, a simple linear
regression model was fitted to the dataset of by-stimulus averages with the
selected regressors first. This model is reported in Table 7.6. The R? was
0.886, which suggests a very good model fit. The term resonance frequency
is highly significant, and the level is significant. However, the estimated in-
tercept is not significant implying that when all the predictors equal zero, the
estimate of the intercept is not significantly different from zero. Since the
model will only be utilized above the perception threshold, i.e. in a level
range far away from zero the intercept can remain in the model despite being
non-significant [121] thus enabling predictions. To narrow down the standard
deviation of the intercept, a linear mixed-effects model was fitted to this da-
taset of 29 subjects, which included by-subject random intercepts in addition
to the fixed effects of the linear model. The resulting fixed effects of this
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Table 7.6.

Effects in the linear regression model of the attribute “up and down” as dependent variable (* :
p < 0.05; ** : p <0.01; *** : p < 0.001). Reported are the regression coefficient estimates,
standard errors, t-values, and p-values. Adjusted R? of the model: R? = 0.886.

Estimate Std. error t-value p-value
Intercept -53.574 36.901 -1.452 0.167
L 1.098 0.313 3.511 0.003  **
log;o(f) -42.635 3.893 -10.953 0.000 ***

Table 7.7.

Fixed effects in the linear mixed effects regression model of the attribute “up and down” as
dependent variable (* : p < 0.05; ** : p <0.01; *** : p < 0.001). Reported are the regression
coefficient estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the
model: R2=0.718. SD of the residual is 16.572. SD for the random effect of participant is 10.015.

Estimate Std. error t-value p-value
Intercept -53.574 12.979 -4.128 0.000 ***
L 1.098 0.109 10.086 0.000  H***
logio(f) -42.635 1.355 -31.465 0.000  H***

model are shown in Table 7.7. The higher number of observations leads to a
decrease in the standard errors of the fixed effects in comparison to the linear
model. All the reported terms are highly significant for the linear mixed-ef-
fects regression. Thus, the null hypothesis for all the fixed effects terms of
the model can be rejected.

7.5.4.4 Regression for “Tingling”

Intuitively, frequency would also be associated with the attribute “tingling”
which is confirmed by the highly positive correlation with frequency obtained
in section 5.4. As argued for the attribute “weak” the decay rate determines
how fast the envelope approaches the perception threshold. For longer de-
cays, there is more time available for the energy integration of the high-fre-
quency oscillations associated with “tingling”. Therefore, the decay rate also
needs to be included as a regressor. Again, for “tingling” a simple linear re-
gression model was fitted to the dataset of by-stimulus averages with the se-
lected regressors. This model is shown in Table 7.8. Again, a very good model
fit is implied by the R? of 0.870. The term resonance frequency is highly sig-
nificant, and the decay rate is significant. As for “up and down” the intercept
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Table 7.8.

Effects in the linear regression model of the attribute “tingling” as dependent variable (* : p <
0.05; ** : p<0.01; *** : p <0.001). Reported are the regression coefficient estimates, standard
errors, t-values, and p-values. Adjusted R? of the model: R? = 0.870.

Estimate Std. error t-value p-value
Intercept -2.894 4.259 -0.679 0.507
logio(f) 27.332 2.566 10.653 0.000  ***
o -2.190 0.609 -3.595 0.003  **

Table 7.9.

Fixed effects in the linear mixed effects regression model of the attribute “tingling” as dependent
variable (* : p < 0.05; ** : p < 0.01; *** : p < 0.001). Reported are the regression coefficient
estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the model: R? =
0.550. SD of the residual is 18.671. SD for the random effect of participant is 9.949.

Estimate Std. error t-value p-value
Intercept -2.894 2.825 -1.024 0.306
logio(f) 27.332 1.270 21.520 0.000 ***
o -2.190 0.302 -7.262 0.000 ***

is not significantly different from zero for this model. To also narrow down
the standard deviation of the intercept for this attribute, a linear mixed-effects
model was fitted to this dataset of 28 subjects, which included by-subject
random intercepts besides the fixed effects of the linear model. The resulting
fixed effects of the model are shown in Table 7.9. The higher number of ob-
servations leads to a large decrease in the standard errors of the fixed effects.
The terms are resonance frequency and decay rate are highly significant for
this linear mixed-effects regression. However, the intercept is still not signif-
icantly different from zero. Therefore, the null hypothesis can only be re-
jected for the decay rate and the resonance frequency. Since the model will
not be utilized for a decay rate close to zero, the intercept can remain in the
model despite being non-significant [121] enabling more accurate predic-
tions.

7.5.4.5 Synthesis Equations

The linear models provide the regression equations for the prediction of the
attribute ratings of “fading” rr, “weak” ry, “up and down” r4, and tingling r:.
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Since the frequency was log-transformed before the regression, the logarithm
of frequency instead of frequency is present in the equations. These equations
are forming the following equation system:

7 = —4968a +0.448L —9.53%9log;,(f) +43731 (I)

n, = 16la —2879L +31429l0gy(f) +354494 ()
ra = 1.098L —42.635log,o(f) —53.574 ()"
r = -219 +27.332log,o(f) —2.894  (IV)

However, there are four equations but only the three unknowns level L, res-
onance frequency f, and decay rate o, thus producing an overdetermined
equation system. The decay rate has the largest influence on the attribute
“fading”, the level on the attribute “weak”, and the frequency on the attributes
“up and down” or “tingling”. Since both “up and down” and “tingling” are
highly correlated to frequency, they are most likely redundant for this excita-
tion pattern. Therefore, it is reasonable to omit one equation from the over-
determined equation system to find an analytical solution and to avoid nu-
meric approximation. Therefore, two subsets can be selected from the four
equations that both include equation the equations I and II for “fading” and
“weak” but either the equation III or IV for “up and down” or “tingling”.
These two equation systems can be solved analytically in MATLAB by the
physical vibration parameters using the so/ve command.

Two solutions of synthesis equations were obtained from the equation sys-
tems. The physical parameters of the impulse-like excitation pattern can be
estimated from the ratings of “fading”, “weak”, and “up and down” with the
following equations for the first equation system:

L = —0162r, —0.499;, —0332r, +166.0
logio(f) = —0.00417r, —0.01297, —0.032r, +3.02 722,
a = —0208r, —0.02035, +0.0316r, +18.0

The R? of the synthesis equations for the 18 vibration-attribute rating profile
pairs of the impulse-like excitation pattern can be calculated, by comparing
the defined vibration parameters to the vibration parameters estimated from
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the rating profiles by the synthesis equations. The vibration level can be pre-
dicted with an R? of 0.84, the frequency with an R? of 0.87, and the decay rate
with an R? 0f 0.92.

Similarly, the physical parameters of the impulse like-excitation pattern can

be estimated from the ratings of “fading”, “weak”, and “tingling” with the
following equations for the second equation system:

L = —0.282r;, —0391x,  +0351r, +152.0
logio(f) = —0.0157r; —0.002457, +0.0339r, +1.65 7.3,
a = —0.196r, —0.0305;, —0.0334r, +19.3

The vibration level can be predicted with an R? of 0.9, the resonance fre-
quency with an R? of 0.9, and the decay rate with an R? of 0.94. Since the R?
of the synthesis equations was higher for this solution, they were chosen for
the synthesis model.

7.5.5 Synthesis for the Bandlimited White Gaussian
Noise Excitation Pattern

For the bandlimited WGN excitation pattern, there are 22 vibration-attribute
rating profile pairs. The physical vibration parameters level L, carrier fre-
quency f, and bandwidth f;, need to be estimated for the synthesis of vibration
of this excitation pattern. The attributes “uniform”, “weak”, and “up and
down” or “tingling” are thus relevant predictors for the synthesis. For each of
the four attributes, a multiple regression needs to be fitted to the dataset.

7.5.5.1 Regression for “Uniform”

For the attribute “uniform” a negative correlation to bandwidth was found in
section 5.4 for all 99 vibration-attribute rating pairs. While this attribute is
suitable to distinguish stochastic from periodic vibration, it demonstrates lit-
tle variation depending on the bandwidth for the subdomain of bandlimited
white noise vibration. In contrast, the center frequency seems to be positively
correlated to “uniform” as observed in Figure 5.20. Apart from this predictor,
vibration level seems to slightly influence it's rating as suggested by Figure
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Table 7.10.

Effects in the linear regression model of the attribute “uniform” as dependent variable (* : p <
0.05; ** : p <0.01; *** : p<0.001). Reported are the regression coefficient estimates, standard
errors, t-values, and p-values. Adjusted R? of the model: R? = 0.743.

Estimate Std. error t-value p-value
Intercept 50.472 14.213 3.551 0.002 **
L -0.629 0.120 -5.227 0.000 ***
logio(f) 31.402 4.432 7.086 0.000 ***

Table 7.11.

Fixed effects in the linear mixed effects regression model of the attribute “uniform” as dependent
variable (* : p < 0.05; ** : p <0.01; *** : p <0.001). Reported are the regression coefficient
estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the model: R? =
0.315. SD of the residual is 24.697. SD for the random effect of participant is 11.707.

Estimate Std. error t-value p-value
Intercept 50.472 9.083 5.557 0.000 ***
L -0.629 0.075 -8.433 0.000 ***
log;o(f) 31.402 2.747 11.432 0.000 ***

7.3 in section 7.2. First, a simple linear regression model was again fitted to
the dataset of by-stimulus averages with the previously selected features. The
model is shown in Table 7.10. The R? of 0.743 suggested a good model fit.
The terms level and center frequency are highly significant, and the term in-
tercept is also significant. The null hypothesis can thus be rejected for the
reported model. Second, also a linear mixed-effects model was fitted to the
dataset of 28 subjects with the selected features as fixed effects and by-sub-
ject random intercepts. The model's fixed effects are shown in Table 7.11.
The linear mixed-effects model narrowed down the standard deviation of the
coefficients in comparison to the linear model, too. All the reported terms are
highly significant for the linear mixed-effects model.

7.5.5.2 Regression for “Weak”

Again, the semantics of the attribute “weak” suggest level as a highly relevant
predictor. Similar to impulse-like vibration, frequency might be an additional
predictor. Again, a simple linear regression model was fitted to the dataset of
by-stimulus averages with the selected regressors. The model consisting of

188



Chapter 7 - Synthesis Models for the Translation of Sensory Tactile Properties into Vibration

Table 7.12.

Effects in the linear regression model of the attribute “weak” as dependent variable (* : p <0.05;
**:p<0.01; ¥**: p<0.001). Reported are the regression coefficient estimates, standard errors,
t-values, and p-values. Adjusted R? of the model: R2=0.761.

Estimate Std. error t-value p-value
Intercept 246.671 24.597 10.028 0.000  ***
L -1.764 0.214 -8.247 0.000  ***

Table 7.13.

Fixed effects in the linear mixed effects regression model of the attribute “weak” as dependent
variable (* : p < 0.05; ** : p < 0.01; *** : p <0.001). Reported are the regression coefficient
estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the model: R? =
0.570. SD of the residual is 23.136. SD for the random effect of participant is 10.783.

Estimate Std. error t-value p-value
Intercept 246.671 7.898 31.234 0.000  ***
L -1.764 0.066 -26.553 0.000 ***

intercept, level, and center frequency had an R? of 0.908. However, the inclu-
sion of center frequency as a predictor ultimately led to worse performance
for the bandwidth parameter for the subsequent synthesis equation. There-
fore, the term center frequency was dropped from the model. In Table 7.12
the reduced model is reported. R? was 0.761, also suggesting still a good re-
duced model fit. The terms level and intercept are highly significant. Thus,
the null hypothesis for the model can be rejected. Furthermore, a linear
mixed-effects model was also fitted to this dataset of 29 subjects with the
selected features as fixed effects and by-subject random intercepts. The fixed
effects of the model are shown in Table 7.13. Due to the higher number of
observations, the standard errors for both fixed-effect terms intercept and
level decreased to about a third of standard errors of the linear model. Both
terms are highly significant for the linear mixed-effects regression.

7.5.5.3 Regression for “Up and down”

In section 5.4 it was argued that the ratings of low frequency describing at-
tributes such as “up and down” have a rating peak at a specific frequency
below 35 Hz and falling ratings above that frequency for sinusoidal vibration.
Similarly, for bandlimited noise, the rating is high, if energy is falling into the
frequency band where the maximum rating can be observed, as suggested by
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Table 7.14.

Effects in the linear regression model of the attribute “up and down” as dependent variable (* :
p < 0.05; ** : p <0.01; *** : p <0.001). Reported are the regression coefficient estimates,
standard errors, t-values, and p-values. Adjusted R? of the model: R = 0.628.

Estimate Std. error t-value p-value
Intercept -43.187 28.860 -1.496 0.152
L 0.888 0.242 3.675 0.002 **
logio(f) -67.379 12.419 -5.425 0.000 ***
logo(fy) 47.794 11.060 4.321 0.000 ***

Table 7.15.

Fixed effects in the linear mixed effects regression model of the attribute “up and down” as
dependent variable (* : p < 0.05; ** : p <0.01; *** : p <0.001). Reported are the regression
coefficient estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the
model: R?=0.595. SD of the residual is 17.494. SD for the random effect of participant is 6.974.

Estimate Std. error t-value p-value
Intercept -43.187 6.229 -6.933 0.000 ***
L 0.888 0.051 17.393 0.000 ***
logio(f) -67.379 2.624 -25.678 0.000 ***
log;o(fy) 47.794 2.337 20.452 0.000 ***

Figure 5.16. Whether energy does fall into the range of maximum suitability
depends on the center frequency and bandwidth of the bandlimited noise.
Furthermore, also vibration level affects the rating of “up and down” as im-
plied by Figure 5.14. Also for this attribute, a simple linear regression model
was fitted to the dataset of by-stimulus averages with the selected regressors
first. This model is reported in Table 7.14. The R? was 0.628, which suggests
a reasonable model fit. The terms frequency and bandwidth are highly signif-
icant, and the level is significant. Similarly, to the “up and down” model for
the transient excitation pattern, the estimated intercept is not significant.

To narrow down the standard deviation of the intercept, a linear mixed-effects
model was fitted to this dataset of 30 subjects, which included by-subject
random intercepts in addition to the fixed effects of the linear model. The
resulting fixed effects of this model are shown in Table 7.15. The higher num-
ber of observations lead to a decrease in the standard errors of the fixed ef-
fects in comparison to the linear model. All the reported terms are highly sig-
nificant for the linear mixed-effects regression model. Thus, the null hypoth-
esis for all the fixed effects terms of this model can be rejected.
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7.5.5.4 Regression for “Tingling”

The argument for predictors for “tingling” is identical to “up and down”.
Therefore, frequency, bandwidth, and level were included as regressors ini-
tially. For “tingling” a simple linear regression model was fitted to the dataset
of by-stimulus averages with the selected regressors. However, in a model
with the predictors intercept, center frequency, level, and bandwidth, the es-
timate for bandwidth had a very large p-value and was thus not significant.
Therefore, the term bandwidth was dropped from final the model. This model
is shown in Table 7.16. Again, a good model fit is implied by the R? of 0.773.
The terms level and intercept are highly significant, but the center frequency
is above the significance threshold for the linear model. To also narrow down
the standard deviation of the center frequency for this attribute, a linear
mixed-effects model was fitted to this dataset of 28 subjects, which included
by-subject random intercepts besides the fixed effects of the linear model.
The resulting fixed effects of the model are shown in Table 7.17. The higher
number of observations lead to a large decrease in the standard errors of the
fixed effects. The terms level and intercept are highly significant, and the term
center frequency is significant for this linear mixed-effects regression model.

Table 7.16.

Effects in the linear regression model of the attribute “tingling” as dependent variable (* : p <
0.05; ** : p < 0.01; *** : p < 0.001). Reported are the regression coefficient estimates, standard
errors, t-values, and p-values. Adjusted R? of the model: R? = 0.773.

Estimate Std. error t-value p-value
Intercept -111,863 16,363 -6,836 0,000 ***
L 1,098 0,139 7,923 0,000 ***
logo(f) 6,065 5,102 1,189 0,249

Table 7.17.

Fixed effects in the linear mixed effects regression model of the attribute “tingling” as dependent
variable (* : p < 0.05; ** : p <0.01; *** : p <0.001). Reported are the regression coefficient
estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the model: R? =
0.509. SD of the residual is 17.756. SD for the random effect of participant is 8.822.

Estimate Std. error t-value p-value
Intercept -111.863 6.549 -17.080 0.000 ***
L 1.098 0.054 20.469 0.000 ***
log;o(f) 6.065 1.975 3.071 0.002 **
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7.5.5.5 Synthesis Equations

Again, the linear models provide the regression equations for the prediction
of the attribute ratings of “uniform” r,, “weak” ry, “up and down” r4, and
tingling ;. Since the frequency and the bandwidth were log-transformed be-
fore the regression, the logarithm of frequency and the logarithm of band-
width instead of frequency and bandwidth are present in the equations. These
equations are forming the following equation system:

n, = —0.629L +31.402log,o(f) +50.472 (I)
T, = —1.764L +246.671 (II)
ra = +47.794log,0(f,) 0.888L —67.379l0g,,(f) —43.187 (III)
r = 1.098L  +6.065log,o(f) —111.863 (IV)

7.24.

Again, there are four equations but only the three unknowns Level L, center
frequency f, and bandwidth f;, thus producing an overdetermined equation
system. Since the bandwidth is only contained in the equation of the attribute
“up and down”, it needs to be included in the equation system. Furthermore,
level has the largest influence on the attribute “weak” and is thus also in-
cluded. However, “up and down” and “tingling” are both correlated to fre-
quency, but “up and down” is already included in the equation system. There-
fore, it is reasonable to omit the equation of “tingling” from the overdeter-
mined equation system to find an analytical solution for the equation system.
This equation system was again solved analytically in MATLAB by the phys-
ical vibration parameters. One solution of synthesis equations was obtained
from the equation system. The physical parameters of the bandlimited WGN
excitation pattern can be estimated from the ratings of “uniform”, “weak”,
and “up and down” with the following equations:

L = —0.567r,  +140.0
logo(f) = 0.0318r, —0.0114r,  +1.19 7.25.
logio(f,) = 0.0449r, +0.02097, —0.005487, —0.0109
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However, the bandwidth is not independent from the center frequency. The
bandlimited WGN excitation pattern is only well defined for a center fre-
quency which is larger than double the bandwidth. Furthermore, the resulting
signal should not contain components below one Hz, to not introduce a static
component into the acceleration signal. Therefore, the following constraint
was introduced to the synthesis equation of the bandwidth:

fo = min(fy, 2(f — 1 Hz)) 7.26.

Again, the R? of the synthesis equations for the 22 vibration-attribute rating
profile pairs of the bandlimited WGN excitation pattern can be calculated, by
comparing the defined vibration parameters to the vibration parameters esti-
mated from the rating profiles by the synthesis equations. The vibration level
can be predicted with an R? of 0.71, the center frequency with an R? of 0.68,
and the constraint bandwidth with an R? of 0.5.

7.5.6  Synthesis for the Amplitude Modulated Sinusoidal
Excitation Pattern

For the AM-sinusoidal excitation pattern, there are 30 vibration-attribute rat-
ing profile pairs. The physical vibration parameters level L and frequency f
need to be estimated for the synthesis of vibration of this excitation pattern.
The attributes “weak” and “up and down” or “tingling” are thus relevant pre-
dictors for the synthesis. For each of the three attributes, a multiple regression
needs to be fitted to the dataset.

7.5.6.1 Regression for “Repetitive”

Modulation frequency is an obvious predictor of the perceptual attribute “re-
petitive”, which is evident from the highly positive correlation with modula-
tion frequency found in section 5.4. Furthermore, the vibration level seems
to influence the rating of “repetitive” as suggested by Figure 7.3 of sec-
tion 7.2. First, a simple linear regression model was again fitted to the dataset
of by-stimulus averages with the previously selected features. The model is
shown in Table 7.18. The R? of 0.848 suggested a good model fit. The terms
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Table 7.18.

Effects in the linear regression model of the attribute “repetitive " as dependent variable (* : p <
0.05; ** : p <0.01; *** : p<0.001). Reported are the regression coefficient estimates, standard
errors, t-values, and p-values. Adjusted R? of the model: R? = 0.848.

Estimate Std. error t-value p-value
Intercept 6.061 11.609 0.522 0.606
L 0.902 0.100 9.051 0.000 ***
logo(fmt1) -43.631 4.494 -9.709 0.000 ***

Table 7.19.

Fixed effects in the linear mixed effects regression model of the attribute “repetitive " as depend-
ent variable (* : p <0.05; ** : p<0.01; *** : p <0.001). Reported are the regression coefficient
estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the model: R? =
0.512. SD of the residual is 21.720. SD for the random effect of participant is 14.946.

Estimate Std. error t-value p-value
Intercept 6.061 7.097 0.854 0.393
L 0.902 0.056 16.086 0.000 ***
logo(fut1) -43.631 2.529 -17.255 0.000 ***

level and modulation frequency are highly significant. Similarly, to the “up
and down” model for the transient and stochastic excitation pattern, the esti-
mated intercept is not significant. To narrow down the standard deviation of
the intercept, a linear mixed-effects model was fitted to the dataset of “repet-
itive” of 29 subjects, which included by-subject random intercepts in addition
to the fixed effects of the linear model. The model's fixed effects are shown
in Table 7.19. The linear mixed-effects model narrowed down the standard
deviation of the coefficients in comparison to the linear model, too. The re-
ported terms level and modulation frequency are highly significant for the
linear mixed-effects model. Similar to the “tingling” model for the transient
excitation pattern, the intercept is still not significantly different from zero.
Therefore, the null hypothesis can only be rejected for the modulation fre-
quency and the level. Again, since the model will not be utilized for a level
close to zero, the intercept can remain in the model despite being non-signif-
icant [121] enabling more accurate predictions.
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7.5.6.2 Regression for “Weak”

As for the transient and the stochastic excitation pattern, the semantics of the
attribute suggest vibration level as a highly relevant predictor. Similarly, car-
rier frequency might be an additional predictor as observed in Figure 5.12 of
section 5.4. Again, a simple linear regression model was fitted to the dataset
of by-stimulus averages with the selected regressors. In Table 7.20 the model
is reported. R? was 0.976 also suggesting a very good model fit. All the terms
are highly significant for the linear model. Thus, the null hypothesis for the
model can be rejected. Furthermore, a linear mixed-effects model was also
fitted to this dataset of 29 subjects with the selected features as fixed effects
and by-subject random intercepts. The fixed effects of the model are shown
in Table 7.21. All the reported terms are also highly significant for the linear
mixed-effects regression. The linear mixed-effects model demonstrated sim-
ilar standard deviation as the linear model.

Table 7.20.

Effects in the linear regression model of the attribute “weak” as dependent variable (* : p <0.05;
**:p<0.01; ¥** :p<0.001). Reported are the regression coefficient estimates, standard errors,
t-values, and p-values. Adjusted R? of the model: R? =0.976.

Estimate Std. error t-value p-value
Intercept 228.866 6.950 32.931 0.000 ***
L -1.994 0.059 -33.730 0.000 ***
logio(f) 23.757 1.814 13.093 0.000 ***

Table 7.21.

Fixed effects in the linear mixed effects regression model of the attribute “weak” as dependent
variable (* : p < 0.05; ** : p <0.01; *** : p <0.001). Reported are the regression coefficient
estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the model: R? =
0.698. SD of the residual is 19.287. SD for the random effect of participant is 11.933.

Estimate Std. error t-value p-value
Intercept 228.866 6.315 36.243 0.000 ***
L -1.994 0.050 -39.643 0.000 ***
logio(f) 23.757 1.544 15.388 0.000 ***
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Table 7.22.

Effects in the linear regression model of the attribute “up and down” as dependent variable (* :
p < 0.05; ** : p <0.01; *** : p < 0.001). Reported are the regression coefficient estimates,
standard errors, t-values, and p-values. Adjusted R? of the model: R? = 0.667.

Estimate Std. error t-value p-value
Intercept 101.302 31.855 3.180 0.004 **
L 0.393 0.110 3.565 0.001 **
logio() -146.993 38.099 -3.858 0.001 **
log;o(f)? 37.734 11.492 3.284 0.003 **

Table 7.23.

Fixed effects in the linear mixed effects regression model of the attribute “up and down” as
dependent variable (* : p < 0.05; ** : p <0.01; *** : p <0.001). Reported are the regression
coefficient estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the
model: R?=0.553. SD of the residual is 12.549. SD for the random effect of participant is 8.439.

Estimate Std. error t-value p-value
Intercept 101.302 31.855 3.180 0.004 **
L 0.393 0.110 3.565 0.001 **
logio(f) -146.993 38.099 -3.858 0.001 **
logio(f)? 37.734 11.492 3.284 0.003 **

7.5.6.3 Regression for “Up and down”

As for the transient excitation pattern, the frequency would be intuitively as-
sociated with the attribute “up and down” which is confirmed by the highly
negative correlation with frequency obtained in section 5.4. Similarly, also
vibration level affects the rating of “up and down” as implied by Figure 5.14.
A simple linear regression model was fitted to the dataset of by-stimulus av-
erages with the selected regressors first. However, the R? of only 0.543 for
the linear model with the terms intercept, frequency, and level suggested only
a mediocre fit. For sinusoidal vibration, the rating curve of “up and down”
(see Figure 5.14) shows a parabola shape for frequencies above 9 Hz, as con-
tained in the AM-sinusoidal dataset. Therefore, a quadratic term for fre-
quency was introduced to the model to increase the model fit. The improved
model is reported in Table 7.22. The R? was 0.667, which suggests a reason-
able model fit. All the terms of the model are significant. Thus, the null hy-
pothesis for all the terms of the model can be rejected. To narrow down the
standard deviation of the estimates, also a linear mixed-effects model was
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fitted to this dataset of 30 subjects, which included by-subject random inter-
cepts in addition to the fixed effects of the linear model. The resulting fixed
effects of this model are shown in Table 7.23. The higher number of observa-
tions lead to a decrease in the standard errors of the fixed effects in compari-
son to the linear model. All the reported terms are highly significant for the
linear mixed-effects regression.

7.5.6.4 Regression for “Tingling”

As for the stochastic excitation pattern, the frequency would be intuitively
associated with the attribute “tingling” which is confirmed by the highly neg-
ative correlation with frequency obtained in section 5.4. Again, also vibration
level affects the rating of “tingling” as implied by Figure 5.17. Again, for
“tingling” a simple linear regression model was fitted to the dataset of by-
stimulus averages with the selected regressors. This model is shown in Table
7.24. Again, a good model fit is implied by the R? of 0.775. The terms level
and intercept are highly significant, and the carrier frequency is significant.
Thus, the null hypothesis for all the three terms of the model can be rejected.
To also narrow down the standard deviation of the estimates, a linear mixed-
effects model was fitted to this dataset of 28 subjects, which included by-
subject random intercepts besides the fixed effects of the linear model. The
resulting fixed effects of the model are shown in Table 7.25. The higher num-
ber of observations lead to a large decrease in the standard errors of the fixed
effects. Thus, the all terms are highly significant for this linear mixed-effects
regression model.

7.5.6.5 Synthesis Equations

The linear models provide the regression equations for the prediction of the
attribute ratings of “repetitive” r;, “weak” ry, “up and down” rq, and tingling
1. Since the frequency and the modulation frequency were log-transformed
before the regression, the logarithm of frequency and the logarithm of mod-
ulation frequency instead of frequency and modulation frequency are present
in the equations. These equations are forming the following equation system:
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Table 7.24.

Effects in the linear regression model of the attribute “tingling” as dependent variable (* : p <
0.05; ** : p <0.01; *** : p<0.001). Reported are the regression coefficient estimates, standard
errors, t-values, and p-values. Adjusted R? of the model: R? = 0.775.

Estimate Std. error t-value p-value
Intercept -132.244 15.941 -8.296 0.000 ***
L 1.210 0.136 8.925 0.000 ***
logio() 13.227 4.162 3.178 0.004 **

Table 7.25.

Fixed effects in the linear mixed effects regression model of the attribute “tingling” as dependent
variable (* : p < 0.05; ** : p <0.01; *** : p <0.001). Reported are the regression coefficient
estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the model: R? =
0.536. SD of the residual is 19.021. SD for the random effect of participant is 10.239.

Estimate Std. error t-value p-value
Intercept -132.244 6.243 -21.184 0.000  ***
L 1.210 0.050 23.971 0.000 ***
logio(f) 13.227 1.550 8.536 0.000 ***
1, =+0.902L —43.631logo(f, + 1) +6.061 (1)

fw=—1.994L +23.757log,o(f) +228.866 (II)
ra= 0393L  +37.734log,o(f)? —146.993log,,(f)+101.302 (/1)
r= 121L +13.227log, o (f) —132.244 (IV)

7.27.

Again, there are four equations but only the three unknowns Level L, carrier
frequency f, and modulation frequency fn, thus producing an overdetermined
equation system. The modulation frequency has the largest influence on the
attribute “repetitive” and the level on the attribute “weak”. As mentioned for
the previous excitation patterns, both “up and down” and “tingling” are
highly correlated to frequency and are thus most likely redundant also for this
excitation pattern. For the AM-sinusoidal excitation pattern, the carrier fre-
quency is usually higher than the modulation frequency. For higher carrier
frequencies the attribute “tingling” is utilized for describing vibration percep-
tion. Furthermore, the adjusted R? of the tingling model is 0.775 while the
adjusted R? of the “up and down” model is smaller with only 0.667 for the
AM-sinusoidal excitation pattern. Therefore, it is reasonable to omit the “up
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and down” equation from the overdetermined equation system to find an an-
alytical solution. MATLAB was again utilized to solve the resulting equation
system.

One solution of synthesis equations was obtained from the equation system
for the AM-sinusoidal excitation pattern. The physical parameters of this ex-

citation pattern can be estimated from the ratings of “repetitive”, “weak” and
“tingling” with the following equations:

L = 0.431r, —-0.24r,,  +112.0
logio(f) = 0.0362r,  +0.022r, —0.241
logo(fn+1) = —0.02297 +0.00891r, —0.004967, +2.45
7.28.

The vibration level can be predicted with an R? of 0.9, the carrier frequency
with an R? of 0.39, and the modulation frequency with an R? of 0.43.

7.5.7 Synthesis for the Sinusoidal Excitation Pattern

For the sinusoidal excitation pattern, there are 21 vibration-attribute rating
profile pairs. The physical vibration parameters level L and resonance fre-
quency f need to be estimated for the synthesis of vibration of this excitation
pattern. The attributes “weak” and “up and down” or “tingling” are thus rel-
evant predictors for the synthesis. For each of the four attributes, a multiple
regression needs to be fitted to the dataset.

7.5.7.1 Regression for “Weak”

As for the transient pattern, the stochastic and the AM-sinusoidal excitation
pattern, the semantics of the attribute “weak” suggests vibration level as a
highly relevant predictor. Again, the frequency might be an additional predic-
tor as observed in Figure 5.12 of section 5.4. A simple linear regression model
was fitted to the dataset of by-stimulus averages with the selected regressors.
In Table 7.26 the model is reported. R? was 0.892 also suggesting a very good
model fit. All the terms are highly significant also for this linear model. Thus,
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Table 7.26.

Effects in the linear regression model of the attribute “weak” as dependent variable (* : p <0.05;
**:p<0.01; *** : p<0.001). Reported are the regression coefficient estimates, standard errors,
t-values, and p-values. Adjusted R? of the model: R? = 0.892.

Estimate Std. error t-value p-value
Intercept 243.078 18.583 13.081 0.000 ***
L -2.070 0.172 -12.044 0.000 ***
logio(f) 26.601 2.990 8.896 0.000 ***

Table 7.27.

Fixed effects in the linear mixed effects regression model of the attribute “weak” as dependent
variable (* : p < 0.05; ** : p <0.01; *** : p <0.001). Reported are the regression coefficient
estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the model: R? =
0.663. SD of the residual is 21.807. SD for the random effect of participant is 9.275.

Estimate Std. error t-value p-value
Intercept 243.078 7.558 32.160 0.000 ***
L -2.070 0.068 -30411 0.000  H***
logio(f) 26.601 1.184 22.462 0.000  H***

the null hypothesis for the model can be rejected. Furthermore, the fixed ef-
fects of a linear mixed-effects model are shown in shown in

Table 7.27. It was also fitted to this dataset of 29 subjects with the selected
features as fixed effects and by-subject random intercepts. All the reported
terms are also highly significant for the linear mixed-effects regression. This
linear mixed-effects model demonstrated a similar standard deviation as the
linear model.

7.5.7.2 Regression for “Up and down”

As for the transient and the AM-sinusoidal excitation pattern, frequency is
intuitively associated with the attribute “up and down” as evident from the
highly negative correlation with frequency obtained in section 5.4. Again,
also vibration level affects the rating of “up and down” as implied by Figure
5.14. Also for this attribute, a simple linear regression model was fitted to the
dataset of by-stimulus averages with the selected regressors first. This model
is reported in Table 7.28. The R? was 0.718, which suggests a reasonable
model fit. The term frequency is highly significant while the term level is
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Table 7.28.

Effects in the linear regression model of the attribute “up and down” as dependent variable (* :
p <0.05; ** : p <0.01; *** : p < 0.001). Reported are the regression coefficient estimates,
standard errors, t-values, and p-values. Adjusted R? of the model: R?=0.718.

Estimate Std. error t-value p-value
Intercept -55.276 30.372 -1.820 0.085
L 1.122 0.281 3.993 0.001  **
log;o(f) -34.849 4.887 -7.131 0.000 ***

Table 7.29.

Fixed effects in the linear mixed effects regression model of the attribute “up and down” as
dependent variable (* : p < 0.05; ** : p <0.01; *** : p < 0.001). Reported are the regression
coefficient estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the
model: R2=0.625. SD of the residual is 22.583. SD for the random effect of participant is 13.451.

Estimate Std. error t-value p-value
Intercept -55.276 6.817 -8.326 0.000 ***
L 1.122 0.061 18.494 0.000 ***
logio(f) -34.849 1.055 -33.028 0.000 ***

significant for this model. Similarly, to some of the previous models, the es-
timated intercept is not significant for the linear model. To narrow down the
standard deviation of the estimates, also a linear mixed-effects model was
fitted to this dataset of 30 subjects, which included by-subject random inter-
cepts in addition to the fixed effects of the linear model. The resulting fixed
effects of this model are shown in Table 7.29. The higher number of observa-
tions lead to a decrease in the standard errors of the fixed effects in compari-
son to the linear model. All the reported terms are highly significant for the
linear mixed-effects regression. Thus, the null hypothesis for all the terms of
this model can be rejected.

7.5.7.3 Regression for “Tingling”

As for the stochastic and the AM-sinusoidal excitation pattern, frequency is
intuitively associated with the attribute “tingling” as evident from the highly
negative correlation with frequency obtained in section 5.4. Similarly, also
vibration level affects the rating of “tingling” as implied by Figure 5.17.
Again, for “tingling” a simple linear regression model was fitted to the dataset
of by-stimulus averages with the selected regressors. However, the R? of only
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Table 7.30.

Effects in the linear regression model of the attribute “tingling” as dependent variable (* : p <
0.05; ** : p <0.01; *** : p<0.001). Reported are the regression coefficient estimates, standard
errors, t-values, and p-values. Adjusted R? of the model: R? = 0.588.

Estimate Std. error t-value p-value
Intercept -111.453 25.998 -4.287 0.000 ***
L 1.050 0.230 4.569 0.000 ***
logio() 33.930 13.087 2.593 0.019 *
log;o(f)? -11.767 4.842 -2.430 0.026 *

Table 7.31.

Fixed effects in the linear mixed effects regression model of the attribute “tingling” as dependent
variable (* : p < 0.05; ** : p <0.01; *** : p <0.001). Reported are the regression coefficient
estimates, standard errors, t-values, and p-values. Conditional adjusted R? of the model: R? =
0.439. SD of the residual is 20.877. SD for the random effect of participant is 8.600.

Estimate Std. error t-value p-value
Intercept -111.453 7.746 -14.389 0.000 ***
L 1.050 0.067 15.686 0.000 ***
logio(f) 33.930 3.812 8.900 0.000 ***
log;o(f)? -11.767 1411 -8.342 0.000 ***

0.475 for the linear model with the terms intercept, level, and frequency,
which had a very high p-value, suggested only a mediocre fit. In section 5.4
it was argued that ratings of high frequency describing attributes such as “tin-
gling” have a rating peak at a specific frequency above 35 Hz and falling
ratings below and above that frequency for sinusoidal vibration (see Figure
5.17). Therefore, also a quadratic term for frequency was introduced to the
model to increase the model fit. The improved model is reported in Table
7.30. A reasonable model fit is implied by the R? of 0.588. The terms level
and intercept are highly significant, and the linear and quadratic frequency
terms are significant. Thus, the null hypothesis for all the four terms of the
model can be rejected. To also narrow down the standard deviation of the
estimates, a linear mixed-effects model was fitted to this dataset of 28 sub-
jects, which included by-subject random intercepts besides the fixed effects
of the linear model. The resulting fixed effects of the model are shown in
Table 7.31. The higher number of observations lead to a large decrease in the
standard errors of the fixed effects. Thus, the all terms are highly significant
for this linear mixed-effects regression model.
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7.5.7.4 Synthesis Equations

The linear models provide the regression equations for the prediction of the
attribute ratings of “weak” ryw, “up and down” rq, and tingling r; for the sinus-
oidal excitation pattern. Since the frequency was log-transformed before the
regression, the logarithm of frequency instead of frequency are present in the
equations. These equations are forming the following equation system:

e = —2.07L +26.601log,o(f) +243.078 (I)

r, = 1.122L —34.849l0g,,(f) —55.276 (II)

1, = 1.05L —11.767log,o(f)? +33.93log,o(f) —111.453 (III)
7.29.

For this excitation pattern, there are three equations but only the two un-
knowns Level L and frequency f, thus producing an overdetermined equation
system, too. Three equation systems of two equations each can be formed to
find an analytical solution also for this excitation pattern. MATLAB was
again utilized to solve each resulting equation system.

Four solutions of synthesis equations were obtained from the equation system
for the sinusoidal excitation pattern. The first equation system produces the
following synthesis equations for the physical parameters of the sinusoidal
excitation pattern depending on the ratings of “weak” and “up and down™:

L
logyo(f)

—0.824r, —0.629r, +165.0

—0.02657, —0.0489r, +3.74 7.30-

This synthesis equations predict the vibration level with only an R? of 0.21
and the frequency with only an R? of 0.02 and are thus discarded.

The second equation system produces synthesis equations depending on the
ratings of “weak” and “tingling”. There are two solutions to this equation
system:
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L, =  642,/203 - 0.172r, — 0.34r, —0.483r, +143.0

logio(fi) = 05,/203 - 0.172r, — 0.34r, +2.01

L, = —6.42,/203 - 0.172r,, — 0.34r, —0.483r, +143.0

logio(f,) = —0.5,/203—0.172r, — 0.34r, +2.01
7.31.

However, these synthesis equations are only valid under the following condi-
tion:

20.3 — 01727, — 0.3471; > 0 7.32.

Therefore, the domain of these synthesis equations is limited to approxi-
mately 34 % of the two-dimensional perceptual subspace of the attributes
“weak’ and “tingling”. The calculation of R? was adapted, to include only the
17 of 21 vibration-rating profile pairs which fulfill the condition of the syn-
thesis equations. For the first solution, the synthesis equations predict level
as well as the frequency with an R? below zero, i.e. the synthesis is less accu-
rate than simply utilizing the average level or frequency. Therefore, also these
synthesis equations need to be discarded. For the second solution, the synthe-
sis equations predict level with an R*2 of 0.502 and frequency with an R? of
0.469.

The third equation system produces synthesis equations depending on the rat-
ings of “up and down” and “tingling”:

L
log10(f)

~15.5,/0.318r, — 0.34r, + 11.7 +0.892r, +137.0

-0.5,/0.318r; — 0.34r, + 11.7 +2.83
7.33.

However, again these synthesis equations are only valid under the following
condition:

0.318r; — 0.34r; + 11.7 > 0 7.34.
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Therefore, the domain of these synthesis equations is limited to approxi-
mately 88 % of the two-dimensional perceptual subspace of the attributes “up
and down” and “tingling”. Again, the calculation of R? was adapted, to in-
clude only the 16 of 21 vibration-rating profile pairs which fulfill the condi-
tion of the synthesis equations. The five omitted vibrations are at the upper
end of the frequency range of the upper end of the level range and represent
extrema of vibration exposure that are unlikely to be encountered. For the
second solution, the synthesis equations predict level with an R*2 of 0.406
and frequency with an R? of 0.473. The domain of the synthesis equations
depending on “up and down” and “tingling” is far larger than the domain of
the synthesis equations depending on “weak” and “tingling”. For the former
synthesis equations, almost the complete range of perceptual attribute ratings
can be utilized as a valid input, which makes them preferable.

7.5.8 Implementation of the Synthesis

The algorithm for the regression model based synthesis outlined in this sec-
tion was also implemented in MATLAB. As for the 1-NN model, the
MATLAB implementation is structured according to the model boundaries
shown in Figure 7.2 of section 7.1. It consists of three functions for vibration
parameter estimation, vibration signal generation, and multimodal scene con-
struction. Only the vibration parameter estimation was changed in compari-
son to the 1-NN model, while the vibration signal generation and multimodal
scene construction are identical. The GUI for the synthesis was extended to
allow the switching of the vibration parameter estimation method.

7.5.8.1 Input

The input format of the synthesis is identical to the input format of the syn-
thesis by the 1-NN model described in section 7.4.

7.5.8.2 Translation

After the determination of the excitation pattern, the vibration parameters are
estimated with the syntheses equations from the expected rating profile. For
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Table 7.32.
Vibration parameter estimates of the regression model for the 19 vehicle scenes.
Speed L f fy fn
No. Category (ll:ph) Surface (dB) (Hz) (Hbz) (Hz) a
1 non-transient 5to 50 small cobblestone 117 211 420
2 non-transient 30 small cobblestone 117 12
3 non-transient 50 small cobblestone 117 258 513
4 non-transient 5to 50 cobblestone 131 65 128
5 non-transient 30 cobblestone 129 79 156
6 non-transient 50 cobblestone 130 122 242
7 non-transient 50 tarmac (A-Road) 108 17 2
8 non-transient 70 tarmac (A-Road) 105 179 9
9 non-transient 5t0 50 Tarmac 107 22
10 non-transient 30 Tarmac 106 19
11  non-transient 50 Tarmac 103 21
12 non-transient 100 concrete motorway 110 145 8
13 transient 100 surface change 108 22
14 transient 40 tram tracks 122 50 97
15 transient 50 expansion joint 119 3 9
16 transient 100 expansion joint 113 37
17 transient 30 manhole covercobble- 5 399 754
stone
18 transient 30 manhole cover tarmac 109 11
19 transient 50 manhole cover tarmac 106 119 235

the impulse-like excitation pattern, the synthesis equations are assessed in
7.5.4, for the bandlimited WGN excitation pattern in 7.5.5, for the AM-sinus-
oidal excitation pattern in 7.5.6 and the sinusoidal excitation pattern in 7.5.7.

The attribute ratings elicited by the vibration generated from these equations

will maximize the similarity to the expected attribute ratings and are thus

most likely plausible. An overview of the vibration parameter estimates the

output of the regression synthesis model for the 19 vehicle scenes are shown

in Table 7.32. The subsequent vibration signal generation from the parameter
estimates and the multimodal scene construction are identical to the 1-NN

implementation.
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7.5.8.3 Output

For the subsequent model validation, 19 audio-visual scenes with the synthe-
sized WBYV were generated also based on these estimates. The spectra of these
vibrations in comparison to the the recorded vibrations are shown in Figure
7.11.
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Figure 7.11.

Spectra (FFT, 4096 samples, 50 % overlapping Hann windows) of the recorded vibration (grey)
and the vibration generated from the parameter estimates of the regression model (black) for
each of the 19 vehicle scenes.
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7.5.9 Advantages and Disadvantages of the Approach

The regression model approach has advantages as well as disadvantages, e.
g. compared to the 1-NN approach. One of the main goals of this section was
to improve on the shortcomings of the previously presented 1-NN model. The
1-NN approach only allows for discrete predictions, since it only selects the
perceptually most similar vibration-attribute rating pair amongst a finite set
of vibration items of a previously assembled database. Each new vibration
items need to be manually profiled, to extend the vibration items potentially
output by the synthesis. This is also the shortcoming of the previously stud-
ied, similar approach by [60]. Tuning the vibration items in the database can
only help to partially overcome this shortcoming, since the physical parame-
ters affect the perceptual attributes differently depending on the starting point
vibration for the tuning [12] and thus do not represent a universal mapping
between physical and perceptual domain. In contrast to these approaches, the
presented regression model approach enables a continuous, universal map-
ping between the physical domain and the tactile sensory-perceptual domain.
The model provides quasi-continuous predictions of physical parameters
from perceptual attribute ratings, i.e. continuous predictions for each of the
four generalized excitation patterns. In contrast to database approaches, the
prediction performance is not limited by the range and resolution of rating
profiles and their associated vibrations and thus supports much more flexible
vibration generation.

Another disadvantage of the 1-NN prediction is its reliance on an implicit
relationship between physical vibration parameters and their associated at-
tribute rating profiles that are contained in the vibration-rating profile pairs
in the database. Since the vibration stimuli of chapter 5 were systematically
constructed by varying the characteristic parameters of the four excitation
patterns, it was possible to observe physical parameter vs. rating curves.
Based on these observations the regression models could be created that gen-
eralize the implicit relationship into an explicit relationship. These models
provide insights on the explicit relationship between physical vibration pa-
rameters and sensory tactile perceptual attribute ratings in the form of syn-
thesis equations. Such relationships enable the designer to draw inferences
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about e.g. the required changes in vibration level to match the higher expected
“weak” sensation.

Furthermore, the sample size of subjects providing perceptual attribute rat-
ings is always limited by time and costs, the true population average of at-
tribute ratings elicited by a vibration can only be assessed with limited accu-
racy. The regression models take the measurement error of attribute ratings
into account and thus minimize the bias of predictions. Furthermore, regres-
sion models provided the opportunity for statistical tests of the predictors of
the models. Statistically significant predictors suggest that the coefficient es-
timates of the predictors based on the subjects' ratings of this sample are un-
likely to have arisen by pure chance. Therefore, the utilization of spurious
relationships for the prediction can be avoided.

Finally, the goodness of fit statistics of the regression models provide cues
about the model error and thus would enable comparisons of the performance
of different models. However, the level of acceptable error needs to be judged
in a separate validation study, which assesses the plausibility elicited by the
vibration produced by the regression synthesis model.

One of the main disadvantages of the inverted regression approach is that the
model complexity and thus potentially the model fit is constrained by the an-
alytic resolvability of the inversion problem. Therefore, the fit of the synthe-
sis equations of the model cannot easily be improved while following the
current approach. However, any R? > 0 shows an improvement compared to
the zero model that simply predicts the mean physical parameter value.
Whether the error is acceptable should be evaluated from the plausibility
judgments elicited by the predicted vibration.

Another disadvantage compared to the 1-NN approach is that the domain of
the function might be limited. For the 1-NN synthesis model, any rating pro-
file will lead to the estimation of a valid physical parameter set. Since the
ratings of some attributes are at least partially correlated, contradictory attrib-
ute ratings would be possible from a theoretical standpoint. Thus, extreme
combinations of attribute ratings might fall out of the domain of the synthesis
equation. From a practical standpoint, laypersons should be aware that a vi-
bration perceived as “slightly weak” (or as very intensive) is implicitly usu-
ally either “very up and down” or “very tingling” at the same time

Similarly, the synthesis equations might output parameter estimates, which
do not enable the synthesis of vibrations according to the equations of an
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excitation pattern because of an inherent dependency, e.g. center frequency
and bandwidth for the bandlimited WGN excitation pattern. However, such a
case is likely caused by prediction error and thus it should be possible to cor-
rect the estimates into a valid combination without shifting elicited attribute
ratings away from the expected ratings.

A more general disadvantage lies in abstraction of everyday life vibration into
four separate excitation pattern that are each characterized by a different set
of vibration parameters. A unified definition of excitation patterns might en-
able not only a quasi-continuous vibration parameter prediction but a truly
continuous prediction. However, if vibrations of different excitation patterns
elicit overlapping rating profiles for specific parameter combinations, then a
gradual shift from one excitation pattern to the other excitation pattern would
likely not be clearly perceivable.

7.6  Validation of the Synthesis Models

In section 7.4 and section 7.5 two synthesis models were created. These mod-
els require an input in the form of an expected rating profile consisting of
ratings of the six sensory tactile perceptual attributes representing the sensory
tactile perceptual space (see chapter 5). The expected rating profiles for a set
of scenes representing the range of everyday life exposure to WBV was ob-
tained in chapter 6. Both models can predict a set of vibration parameters
based on which WBYV can be synthesized.

The goal of this section is to validate the two synthesis models and the vibra-
tion which is generated from their estimates based on the ratings of the six
sensory-perceptual attributes forming the design language. Since a complete-
ness of the tactile design language could not be determined in chapter 5 di-
rectly, it will be determined here indirectly. If the attribute set is complete
then it should be possible to obtain ratings only of these attributes for vibra-
tions of any situational context and translate the ratings into vibration. Such
synthesized vibration and recorded vibration should both elicit very similar
perceptual attribute ratings. If they are perceived as similarly plausible, then
the attribute set is complete with regards to describing the sensory-perceptual
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Figure 7.12.

Overview of the model validation procedure.

properties of vibration. Together this would allow inferences on whether the
synthesis approach of this work in suitable in general.

To conduct this validation, the general method shown in Figure 7.12 was fol-
lowed. Obviously, the perceived plausibility of the synthesized vibrations in
the situational context of their audio-visual scenes needs to be obtained in a
perceptual study. To support the interpretation of the plausibility judgments
of the synthesized vibration also plausibility judgments of the recorded vi-
bration in the situational context of their audio-visual scenes should be ob-
tained. By comparing the perceived plausibility of the synthesized vibrations
to the perceived plausibility of the recorded vibrations inferences about the
success or failure of the approach can be derived.
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7.6.1 Stimuli

The stimuli of the validation study were multimodal vehicle scenes according
to section 6.1 consisting of recorded video, recorded audio, and recorded or
synthesized WBYV. Multimodal scenes with synthesized vibration were gen-
erated according to the synthesis models described in the previous sections.
For the 1-NN model, the 19 multimodal vehicle scenes were generated as
described in section 7.4. Similarly, for the regression model, the 19 multi-
modal vehicle scenes were generated as described in section 7.5.

For comparison, 19 multimodal vehicle scenes with recorded vibration were
recorded in a vehicle as described in section 6.1. The recorded vibration of
the 12 non-transient scenes were left unchanged. For the 7 transient scenes, a
rating profile was obtained in section 6.3 for the duration of the single event
contained in these scenes and not before or after the event. Subsequently, vi-
bration was synthesized for the duration of the single event, not for the total
duration of the scene. To make the transient scenes with recorded vibration
comparable to the scenes with synthesized vibration, the recorded vibration
should only be present for the duration of the single event. If recorded vibra-
tion was present for the total duration of the scene but not for the synthesized
vibration, it might bias the results towards the scenes with recorded vibration.
Therefore, the recorded vibration was set to zero and only faded in 300 ms
before the impulse-like event and faded out 300 ms after it for each of the 7
transient scenes. All audio-visual-tactile vehicle scenes were presented with
the multimodal reproduction system described in chapter 4.

7.6.2 Experimental Design

To assess the elicitation of the plausibility illusion, a suitable plausibility
measure needed to be selected. One possibility would be a procedure involv-
ing a paired comparison, i.e. presenting the scene with recorded vibration and
subsequently presenting the scene with synthesized vibration. If the authen-
ticity was to be assessed, this would be a preferred measure, since the per-
ceived similarity between the synthesized vibration and the vibration origi-
nally occurring in the context of the scene is compared [74]. However, in the
majority of use cases for the virtual environment, the original vibration is not
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available for such a comparison. Instead, the user is typically forced to rely
on his expectations on the situational context to judge the plausibility of the
virtual environment [77]. To obtain results that are representative for this use
case, recorded and synthesized vibration should not be presented in short suc-
cession to suppress the possibility of a direct comparison between recorded
and synthesized vibration. Instead, the plausibility of the synthesized and rec-
orded vibrations should be assessed separately requiring absolute plausibility
judgments.

Therefore, the multimodal scenes were split into three separate blocks to im-
pede A/B comparison between recorded and synthesized vibration. The first
block contained the 19 scenes with vibration synthesized from the 1-NN clas-
sifier estimates. The second block contained the 19 scenes with vibration syn-
thesized from the regression model estimates. The 19 scenes with recorded
vibration were presented in the last block to prevent subjects from comparing
them to scenes with synthesized vibration and instead forcing them to rely on
their expectations as a reference. Participants were oblivious to the type of
vibration presented. All stimuli of a block were presented in random order.
Participants were allowed to repeat the stimulus, but rarely did so. The rating
time of the plausibility of each stimulus was not limited, but typically took
only a few seconds resulting in a total block duration of 10 minutes.

In section 2.2.2 it was argued that plausibility can be assessed with question-
naires inquiring the perceived plausibility explicitly. Therefore, the perceived
plausibility of the presented vibration in the context of the audio-visual-tactile
scene was rated on a quasi-continuous Rohrmann scale as in section 5.4 im-
plemented as a MATLAB graphical user interface (see Figure 5.11).

For the non-transient scenes, participants were instructed to rate the plausi-
bility of the presented vibrations in the context of the audio-visual scene. For
the transient scenes, participants were presented the complete audio-visual
scene containing only vibration of the single event as described in the stimuli
section. They were instructed to rate the plausibility of the presented vibra-
tions of the single events. A “rate now” subtitle was shown for the duration
of the single event to prevent misunderstandings about the segment to be
rated.
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7.6.3 Participants

A total of 22 German native laypersons (13 male, 9 female) with an average
age of 30 years (19 to 61 years) took part in the experiment. To avoid inter-
ference to the synthesized vibrations participants were unfamiliar with mul-
timodal scenes before the experiment. The study was conducted with the un-
derstanding and written consent of each participant.

7.6.4 Results

In each of the three blocks, 19 plausibility ratings were obtained for each of
the 22 participants. The ratings of vibrations of the 1-NN model and the re-
gression model are compared to the ratings of the recorded vibration sepa-
rately.

7.6.4.1 1-Nearest-Neighbor Model

The mean plausibility ratings and 95 % confidence intervals of the vibrations
synthesized by the 1-NN model in comparison to the ratings of recorded vi-
brations are shown in Figure 7.13. The plausibility ratings of different scenes
span the range from moderately plausible (44 points) to between very and
extremely plausible (86 points). Scenes with cobblestone roads are rated
slightly higher than scenes with tarmac or concrete road or transient scenes.
It is obvious that if the rating pairs of the scenes are compared that recorded
and synthesized vibrations are perceived as similarly plausible in the context
of their respective audio-visual vehicle scenes. The rating difference based
on estimated marginal means between recorded vibration and synthesized vi-
bration overall scenes is at only 5 points on the 100-point scale. The plausi-
bility difference between recorded and synthesized vibration ranges from -16
points to 18 points on the 100-point plausibility scale, suggesting that some
synthesized vibrations are perceived as more plausible than their recorded
counterparts in the context of the audio-visual scene. Six of the 19 scenes
with synthesized vibrations are rated as slightly more plausible than their cor-
responding counterparts with recorded vibrations. For the driving on coarse
cobblestone at 50 kph scene, the driving on tarmac at 50 kph scene and the
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Figure 7.13.

Mean plausibility ratings and 95 % confidence intervals of recorded vibration vs. vibration syn-
thesized by the 1-NN model in the context of their respective audio-visual vehicle scenes.

crossing of an extension joint at 50 kph differences of up to 16 points can be
found. For 13 scenes the synthesized vibration is less plausible than the rec-
orded vibration. For two of the three scenes, in which the speed is increasing,
this difference is above average.

These findings were assessed with a two-way repeated-measures ANOVA
with factor scene and model (recorded vs. synthesized) to allow for statistical
inferences. The factor scene showed a highly significant effect
(F(7.432,156.070) = 9.818, p < 0.001). The Greenhouse—Geisser adjustment
was used to correct for violations of sphericity. In contrast to the factor scene,
the factor model did not show a significant effect (F(1,21) =2.413, p=0.135)
on plausibility rating. The interaction of factor model and factor scene
showed a highly significant effect (F(8.213,172.480) = 3.758, p < 0.001).
From the lack of a significant effect of the factor model, an absence of any
effect of model for very large sample sizes cannot be inferred. Thus, besides
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the significance of the factor model, the unstandardized effect size of the dif-
ference between recorded and synthesized vibration was also assessed as a
measure of similarity between the plausibility ratings of synthesized and rec-
orded vibration. An unstandardized effect size in the units of measurement
i.e. plausibility rating points was preferred since it provides a direct measure
of difference. A pairwise contrast between recorded vibration and synthesized
vibration revealed a mean difference of 5 points. The 95 % confidence inter-
val of the difference ranges from -2 to 11 points difference. Therefore, the
mean difference between presentation modes is unlikely to exceed half of the
25-point scale tick interval or about 10 % of the 100-point scale. These find-
ings suggest that this plausibility difference is likely irrelevant for practical
purposes.

7.6.4.2 Regression Model

The mean plausibility ratings and 95 % confidence intervals of the vibrations
synthesized by the regression model in comparison to the ratings of recorded
vibrations are shown in Figure 7.14. The plausibility ratings of different
scenes span the range from moderately plausible (37 points) to between very
and extremely plausible (86 points). Again, it is obvious that if the rating pairs
of the scenes are compared that recorded and synthesized vibrations are per-
ceived as similarly plausible in the context of their respective audio-visual
vehicle scenes. The rating difference based on estimated marginal means be-
tween recorded vibrations and synthesized vibrations overall scenes is at 4
points on the 100-point scale, which is slightly lower than for the 1-NN
model.

Also for this model, some synthesized vibrations are perceived as up to 10
points more plausible than their recorded counterparts in the context of the
audio-visual scene. Seven of the 19 scenes with synthesized vibration are
rated as more plausible than their corresponding counterparts with recorded
vibration. Similarly, to the 1-NN model, the synthesized vibrations of the
driving on coarse cobblestone at 50 kph scene and the crossing of an exten-
sion joint at 50 kph differences are perceived as slightly more plausible. For
the remaining 12 scenes, the synthesized vibrations are slightly less plausible
than the recorded vibrations. The driving over a manhole embedded in a cob-
blestone road is one outlier with a 37 points difference between recorded and
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Figure 7.14.
Mean plausibility ratings and 95 % confidence intervals of recorded vibration vs. vibration syn-
thesized by the regression model in the context of their respective audio-visual vehicle scenes.

synthesized vibration, with the next largest difference being 14 points. Also
for this comparison, a two-way repeated-measures ANOVA with factor scene
and model (recorded vs. synthesized) was conducted to enable statistical in-
ferences. The Greenhouse—Geisser adjustment was used to correct for viola-
tions of sphericity. Again, the factor scene showed a highly significant effect
(F(7.729,162.303) = 11.216, p < 0.001). The factor model did not show a
significant effect (F(1,21) = 3.832, p = 0.064) on plausibility rating for the
regression model vs. recorded, too. The interaction of factor model and factor
scene showed a significant effect (F(7.851,164.876) = 3.151, p < 0.05).

A pairwise contrast between recorded vibration and synthesized vibration re-
vealed a mean difference of 4 points. The 95 % confidence interval of the
difference ranges from 0 to 9 points difference. As for the nearest neighbor
model, the mean difference between presentation modes is thus unlikely to
exceed half of the 25-point scale tick interval or about 10 % of the 100-point
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scale. These findings confirm again that this plausibility difference is likely
irrelevant for practical purposes.

Based on the expected sensory tactile perceptual properties of a situational
context quantified with the suggested sensory tactile design language, vibra-
tion parameters can be estimated with the 1-NN model as well as with the
regression model. The results of the study validate that vibrations generated
based on these estimates is perceived as quasi equally plausible as vibrations
originally occurring in this situation in a virtual environment, in which optical
and acoustic recordings of the situation are simultaneously presented. A non-
significant influence of the factor model (recorded vs. synthesized) in com-
bination with a significant interaction effect between model and scene sug-
gests a disordinal or crossover interaction. This type of interaction means that
the effect of model (recorded vs. synthesized) on plausibility in one scene is
different from the effect of model on plausibility in another scene. Thus,
while there is no significant effect of model overall, for some scenes synthe-
sized vibration tends to be more plausible but for other scenes recorded vi-
bration tends to be more plausible.

As argued in section 2.2.2 the perception of contradictory stimuli in different
modalities is dominated by the most convincing cue for the context [9]. This
suggests that the expected sensory tactile perceptual properties of a scene
might be different from the elicited properties Since vibration is synthesized
directly from the expected sensory tactile perceptual properties, the properties
elicited by the synthesized vibration are identical to the expected properties
for an ideal synthesis model. If the perceived plausibility is proportional to
the inverse Euclidean distance between expected sensory tactile perceptual
properties and the elicited properties, it would explain the surprising obser-
vation of synthesized vibration being perceived as more plausible than rec-
orded vibration. E.g. for the case of cobblestone road at 30 kph loud noise
and visually perceived rough road might have influenced the expected sen-
sory tactile perceptual properties from which vibration was synthesized that
was perceived as more plausible than the recorded vibration. This would also
explain why the vibrations in a basketball game were perceived as more plau-
sible [7] despite them not being noticeable from the audience in the real en-
vironment.

For most of the acceleration scenes, the plausibility of the synthesized vibra-
tion was lower than of the recorded vibration. As shown in section 6.1 the
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physical vibration of such scenes is changing slightly. Since only an overall
rating profile was obtained for each scene, it might not be completely repre-
sentative of the expected profile at the beginning and the end of the acceler-
ation scene. Therefore, a vibration is synthesized that does not elicit the ex-
pected sensory tactile perceptual properties which is thus perceived as less
plausible. Such scenes with slow changes of the sensory tactile perceptual
properties, should be split in a set of successive segments with quasi constant
perceptual properties, as discussed in section 3.2. However, the focus of this
study was set on scene segments that can be represented by quasi constant
perceptual properties. The large decrease in the plausibility of the synthesized
vibrations of driving over a manhole embedded in a cobblestone road might
be explainable by the model estimation falling out of the range (f =379 Hz,
f, = 756, see section 5.2.2) for which vibration-rating profile pairs were as-
sessed. Since the focus of the validation study was to produce vibrations
which are maximally plausible, it might be argued that any vibration might
have been as plausible as the presented vibration. However, the findings of
[80] contradict such a hypothesis, since the increase or decrease of the accel-
eration level significantly decreased perceived plausibility.

7.6.5 Summary

It can be concluded that the 1-NN model and the regression model produce
vibration which are overall perceived as almost equally plausible as recorded
vibration. Therefore, both models provide satisfactory performance in pro-
ducing plausible WBYV for virtual environments for the representative scene
set and are thus validated.

7.7 Summary and Discussion

7.7.1 Summary

First, the plausibility judgment was formalized as a similarity judgment in a
perceptual feature space. The six sensory-perceptual attributes of the design
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language (“weak”, “up and down”, “tingling”, “repetitive”, “uniform”, and
“fading”) were assumed to represent the sensory tactile perceptual space. It
was hypothesized that the perceived plausibility of vibration in a situational
context is proportional to the inverse Euclidean distance between the ex-
pected sensory tactile perceptual properties of this context and the sensory
tactile perceptual properties elicited by these vibrations. For example, the bet-
ter the elicited properties (e.g. “up and down’) match the expected properties
of WBYV in a scene (e.g. “driving on a cobblestone road”) the more plausible
it will be perceived. Since the expected properties are quantified in the form
of a rating profile consisting of ratings of the six sensory-perceptual attributes
of the design language, the synthesis model should estimate parameters of
vibration that would elicit a rating profile which has a minimal Euclidean
distance to the expected rating profile and is thus perceived as maximally
plausible in the corresponding situational context. This formalization was the
basis for the subsequent models, which estimate vibration parameters from
the expected sensory tactile perceptual properties thus translating the user ex-
pectations into vibration.

The data basis for the models were the vibration-rating profile pairs assessed
in section 5.4. Only two acceleration levels were utilized in this dataset,
which can be problematic as small deviations in vibration level significantly
affect plausibility. Previous findings with a magnitude estimation experi-
mental design suggested a linear relationship between vibration level and per-
ceived intensity for WBV. An approximately linear influence of vibration
level on the absolute ratings of the six sensory tactile perceptual attributes
was confirmed in the perceptual experiment with four vibration levels. Thus
acceleration level was assumed to have a linear influence on attribute ratings
for the subsequent modeling.

The results of section 5.4 suggested that the AM-sinusoidal excitation pattern
and the multiple successive impulse-like excitation pattern can produce very
similar attribute ratings. Since the utilized RMS acceleration values, modu-
lation frequencies, or repetition rates were not identical for both the excitation
patterns in this previous experiment, AM-sinusoidal vibrations were gener-
ated to match multiple successive impulse-like vibrations according to these
parameters. A perceptual study, in which the six sensory tactile perceptual
attributes were rated, showed that these excitation patterns produce very sim-
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ilar attribute ratings if these parameter values are identical. If one rating pro-
file maps onto multiple excitation patterns, additional criteria for selecting
one excitation pattern would need to be defined for a synthesis model. How-
ever, if two vibrations elicit the same rating profile, they would be perceptu-
ally equivalent under the assumptions of the six sensory-perceptual attributes
sufficiently representing the sensory tactile perceptual space. Thus, the mul-
tiple successive impulse-like excitation pattern was omitted from the subse-
quent modeling since it can be substituted by the AM sinusoidal excitation
pattern.

Building onto the formalization of plausibility as being proportional to the
inverse Euclidean distance in the sensory tactile perceptual space, a 1-NN
classifier was created. For a given rating profile consisting of ratings of the
six sensory-perceptual attributes, the classifier determines the rating profile
with the smallest Euclidean distance in the database of vibration-rating pro-
file pairs obtained in section 5.4 with generalized vibration of four excitation
patterns. This database was extended from 91 pairs to 387 pairs by interpo-
lating additional rating profiles for vibration with levels between the low and
high SL utilized in section 5.4. The parameters (sensation level SL, vibration
(carrier- or resonance-) frequency f, bandwidth fi,, modulation frequency fi,
and decay constant ) of the vibration associated with this perceptually most
similar rating profile represent the estimates of the model. The relevant exci-
tation pattern for the vibration synthesis is implicitly contained in the vibra-
tion parameters.

One of the disadvantages of the 1-NN models is the vibration parameter esti-
mates being discrete. Therefore, also a regression-based model was created,
which produces quasi-continuous estimates. However, due to the abstraction
of everyday life WBV into four distinct excitation patterns (sinusoidal, AM-
sinusoidal, bandlimited WGN, and impulse like, see section 0) without uni-
fied parameters, the creation of one single regression model covering all ex-
citation patterns is not possible. Thus, a set of three SVMs was created based
on the vibration-rating profile pairs obtained in section 5.4 to enable the se-
lection of one excitation pattern based on the input rating profile. For each
excitation pattern the two to three sensory tactile perceptual attributes, which
ratings were most affected by the defining vibration parameters of this exci-
tation pattern, were selected. Subsequently, two to three regression equations
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of the relationships between the defining vibration parameters and each se-
lected attribute was modeled also based on the vibration-rating profile pairs
obtained in section 5.4. The equation system formed by the two to three re-
gression equations was solved by the defining vibration parameters of the
excitation pattern. This produced two to three synthesis equations for esti-
mating the defining vibration parameters of each excitation pattern. Vibration
can be synthesized based on the parameter estimates of both models.
Subsequently, the synthesis models were validated in a user study. In sec-
tion 6.1 a representative set of 19 audio-visual-tactile vehicle scenes with
WBYV was selected and recorded. These scenes were presented in a virtual
environment to obtain the expected rating profiles (see section 6.3), which
formed the input for the synthesis models. Based on the parameter estimates,
output by the two synthesis models, vibration was synthesized. The recorded
vibration of the 19 audio-visual-tactile scenes was replaced by the recorded
vibration of both models, forming three sets of 19 scenes. In a perceptual
study, each set of scenes was presented separately and the perceived plausi-
bility of the WBVs of each scene was rated on a quasi-continuous rating scale.
The results suggested that vibration generated based on these estimates is
perceived as quasi equally plausible as vibration originally occurring in this
situation in a virtual environment, in which optical and acoustic recordings
of'the situation are simultaneously presented. Therefore, the 1-NN model and
the regression model provide satisfactory performance in producing plausible
WBYV for virtual environments for the representative scene set and are thus
validated.

7.7.2 Discussion

In the process of identifying the sensory tactile design language in sec-
tion 5.4, the PCA suggested that six groups of attributes are necessary to ex-
plain the majority of variance in attribute ratings observed. It was left open
whether the six selected sensory tactile perceptual attributes (“weak”, “up and
down”, “tingling”, “repetitive”, “uniform”, and “fading”) selected to repre-
sent these six groups sufficiently represent the sensory tactile perceptual
space. The validation demonstrated that vibration recorded in a situational

context can be perceptually profiled with these six attributes and translated
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back into a vibration that is perceptually quasi equivalent to the recorded vi-
bration in this situational context. Since the validation scenes were selected
to represent typical everyday life WBYV exposure, this likely implies that these
six attributes are completely i.e. sufficiently describing the sensory-percep-
tual properties of WBV.

For the auditory perception of room properties [77] showed that perceived
plausibility of room reflections is proportional to the inverse distance be-
tween expected and elicited properties in the underlying perceptual space.
The distance of two stimuli in the perceptual space was determined by rating
their similarity. However, no explicit attributes were assessed to represent the
auditory perceptual space of room properties. Therefore, the expected per-
ceptual features could not be quantified explicitly and no synthesis of sounds
could be conducted based on the proposed relationship between perceived
plausibility the inverse Euclidean distance in the perceptual space. For the
tactile perception, six sensory tactile perceptual attributes were assessed to
represent the sensory tactile perceptual space. This enabled the explicit quan-
tification of the expected sensory tactile properties of WBVs for a situational
context in the form of rating profiles consisting of the six sensory-perceptual
attributes. The synthesis models synthesize vibration which elicits a rating
profile with minimal Euclidean distance to the rating profile expected in the
situational context. Since the vibration recorded in the situational context and
the synthesized vibration are perceived as quasi equally plausible, the pro-
posed relationship between perceived plausibility and the inverse Euclidean
distance in the perceptual space is likely applicable to the tactile domain. Fur-
thermore, it suggests that this relationship is not only of theoretical value for
the understanding of the plausibility illusion. Instead, it can also be practi-
cally utilized for the synthesis of plausible WBVs for virtual environments.
Overall, this confirms the general method for synthesizing plausible WBV
for virtual environments proposed in this thesis.

Previous approaches to user perception centered tactile design relied on li-
braries of discrete vibration effects [55], [59], [60]. Assembling one vibration
for each potential situational context [55] requires extreme effort due to each
small change in situational context requiring a new vibration effect, resulting
in the necessity to collect a practically infinite number of effects.

However, if two vibrations of two different situational contexts elicit the same
sensory-perceptual properties, then it is only necessary to include one of these
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vibrations and its elicited sensory tactile perceptual properties into the effects
library. This enables the selection of a vibration according to perceptual prop-
erties instead of the selection by situational context, as demonstrated by [59],
[60]. This approach is still inflexible because it only allows the selection of
the perceptually most similar effect amongst a finite set of discrete vibration
effects of a previously assembled into the library. Unfortunately, it requires a
lot of effort because it necessitates manual perceptual profiling of each new
vibration effect. For the design of scenes with continuously changing percep-
tual profiles, it will potentially result in artifacts at the transitions from a pre-
vious effect to a successive effect.

One solution to overcoming this limitation is the tuning of vibration effects
in the library [12]. However, since each vibration effect demonstrated differ-
ent influences of physical vibration tuning parameters onto perceptual attrib-
utes elicited by the vibration effect, a specific tuning curve would need to be
assessed for each vibration effect. Furthermore, if the transfer function of the
reproduction system is not compensated as in [59], [60], the observed map-
pings are difficult to generalize to other reproduction systems.

Instead of investigating the mapping between physical vibration parameters
and changes in perceptual attribute ratings of each vibration effect in a library
as necessary for the tuning approach, it is more efficient to investigate the
relationship between physical vibration parameters and perceptual attribute
ratings. The generalization of vibration into excitation patterns enabled the
controlled variation of physical vibration parameters and thus provided the
basis for obtaining universal and continuous mappings, i.e. systematic rela-
tionships. The created regression models approximate these relationships.
The coefficients of the physical parameters of these models are all significant
and thus the null hypothesis that no relationship exists between physical pa-
rameters and attribute ratings can be rejected. The presented models enable
quasi-continuous predictions, i.e. continuous predictions for each excitation
pattern. Thus, the synthesized vibration is not limited to a pool of discrete
vibration effects contained in a library constrained in range or resolution
which provides a much more flexible vibration generation. This flexibility is
beneficial for a future extension from a synthesis for short scenes of quasi-
constant sensory tactile attribute rating profiles towards a synthesis for longer
scenes containing multiple successive segments with different rating profiles,
since the continuous predictions would minimize artifacts at the transitions
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between segments. By compensating the transfer function of the utilized re-
production system, the presented synthesis equations can be easily utilized
with other calibrated reproduction systems. Thus, design engineers can use
these models to translate expected sensory tactile perceptual attribute ratings
into vibrations that ensure the elicitation of these attribute ratings in users if
exposed to these vibrations.

A shortcoming of linear regression is that it relationships between independ-
ent and dependent variable are approximated as linear predictor functions. In
contrast, artificial neural networks, such as multilayer perceptrons, enable
universal function approximation and could potentially produce a model with
a higher goodness of fit and thus better prediction performance [112]. Multi-
layer perceptrons usually consist of an input layer consisting of n input neu-
rons for each model input and an output layer consisting of m output neurons
for each model output. Between the input layer and the output layer, there are
zero to multiple hidden layers. Neurons from adjacent layers are connected
via directed edges, which have associated weights each.

Multilayer perceptrons require a sufficient sample size for training to produce
a model that properly generalizes the relationship of interest [122]. General-
ization refers to the proper input-output mapping of the trained network being
approximately correct also for new data not used for training. Based on [123],
a recommendation for sufficient sample sizes N is provided by [122] as N >

w . . .
- where W are the total number of input weights and e is the error rate.

Assuming six input neurons for six perceptual attributes each linked to each
of the five output neurons for five physical vibration parameters, the estima-
tion of at least 30 weights for the connections to the output neurons would be
required. This approximation ignores potential additional hidden layers. For
an error rate of 10 %, 300 training cases would be recommended to avoid
overfitting and to enable sufficient generalization of the relationship of inter-
est in the model. However, only 91 training cases were obtained in sec-
tion 5.4. If the training cases are too small, the chance of overfitting the data
is high. In this case, the artificial neural network would memorize the noisy
training data but fail to generalize the relationship of interest [122]. As a con-
sequence, the prediction error would be inflated for new cases that were not
used for training. Unfortunately, acquiring many vibration-rating-profile
pairs is costly, because it relies on a system capable of controlled vibration
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reproduction. Thus, unlike many other problems where neural networks are
utilized, crowdsourcing ratings e.g. with Mechanical Turk is difficult. An-
other disadvantage of artificial neural networks is that they usually do not
offer an interpretable model.

In the course of the synthesis, it was observed that there are major temporal
spectral differences between the synthesized and recorded vibration. Despite
these differences, the vibrations were perceived to be quasi equally plausible.
However, since the perceived plausibility is likely inversely proportional to
the inverse Euclidean distance in the sensory tactile perceptual space and both
vibration elicit the same sensory tactile perceptual attribute ratings this is to
be expected. If two vibration elicit the same sensory tactile perceptual attrib-
ute ratings, they could be considered to be perceptually equivalent. Such per-
ceptual equivalences can guide the simplification of reproduction systems. If
broadband signals are perceptually equivalent to narrowband signals e.g. for
the tarmac road, broadband signals can be substituted by narrowband signals.

226



Chapter 8 - General Discussion and Outlook

8. General Discussion and Outlook

The goal of this thesis was to assess a tactile design language enabling the
quantification of user expectations and subsequently the translation into plau-
sible WBYV (i.e. vibration on seats) for virtual environments. To achieve this
goal three main problems were solved. First, a compact set of sensory tactile
perceptual attributes, which sufficiently characterize the perceivable varia-
tion of WBYV and their direct relationship to the physical vibration parameters
was identified to form a sensory tactile design language. Second, it was
demonstrated that the sensory tactile design language can be utilized to quan-
tify perceptual attributes expected in a situational context, even when this
context is communicated by a verbal description instead of a multimodal
presentation. Third, after the tactile plausibility illusion was formalized as a
Euclidean distance measure in the sensory tactile perceptual space, synthesis
models were created. These models can produce vibration from the expected
sensory tactile perceptual attribute ratings, which are perceived as quasi
equally plausible in a virtual environment as vibration originally occurring in
the situational context.

To enable this study an experimental setup was developed, which enabled the
presentation of WBV covering the frequency- and level range of everyday
life of whole-body exposure. Thus, a reproduction system was created by
combining a hydraulic motion platform suitable for low-frequency reproduc-
tion with an electrodynamic shaker for high-frequency reproduction. To cre-
ate an auditory-visual-tactile virtual environment for validating the perceived
plausibility of the synthesized vibrations acoustic stimuli were presented with
a wave field synthesis system and optical stimuli were presented with a pro-
jector. In the following overview, the main findings of each sub-step will be
summarized.

1) Generalization of WBV encountered in everyday life into of excita-
tion patterns
According to the ecological approach to perception, everyday life
vibrations are a carrier of information about the environment. To as-
sess a tactile design language all tactile perceptual attributes that
might be elicited WBYV needed to be assessed. Since recording each
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vibration potentially occurring in everyday life is infeasible, real vi-
bration was generalized into four excitation patterns (sinusoidal vi-
bration, AM-sinusoidal vibration, bandlimited WGN vibration, and
impulse-like vibration). This abstraction enabled the variation of the
defining parameters of these excitation patterns and thus to produce
a vibration stimulus set covering the level and frequency range re-
solvable by tactile receptors.

Assessment of the most relevant sensory-perceptual attributes elic-
ited by generalized WBV

The generalized vibration stimulus representing everyday life expo-
sure to WBYV was the prerequisite to identify all relevant tactile per-
ceptual attributes. The focus was set on sensory tactile perceptual
attributes (e.g. “tingling”), since they have a direct relationship to
the vibration signal and are thus most suitable for a translation into
physical vibration parameters. In a free association task participants
came up with a very large set of sensory-perceptual attributes. A de-
sign language requires efficient profiling making this set unsuitable
for the direct utilization. However, natural language is full of syno-
nyms and antonyms and each attribute was not mentioned with equal
frequency. By utilizing a machine-generated thesaurus, it was pos-
sible to merge low frequently mentioned attributes with their more
frequently mentioned synonyms or antonyms heuristically reducing
redundancy. The most frequently occurring attributes are most fa-
miliar for laypersons and thus are most relevant as candidates for
inclusion in the tactile design language.

Identification of a compact sensory tactile design language

The main requirement of a tactile design language is that it enables
the efficient and effective profiling of sensory tactile properties. This
implies that the number of sensory tactile perceptual attributes in-
cluded should be as small as possible while ensuring explanatory
power. Therefore, the 21 most relevant sensory-perceptual attributes
were rated absolutely on a quasi-continuous scale. Subsequently, a
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PCA was conducted, revealing six groups of sensory-perceptual at-
tributes. By selecting one attribute for each group (“weak”, “up &
down”, “tingling”, “repetitive”, “uniform” and “fading”) redun-
dancy is further reduced and the majority of the encountered vari-
ance in attribute ratings can be explained. Thus, the tactile sensory-
perceptual space can be represented by these six attributes forming
the sensory tactile design language.

Confirmation of the sufficiency of the sensory tactile design lan-
guage for qualitative communication about sensory tactile proper-
ties of real WBV

However, the design language was assessed using generalized exci-
tation patterns and not real WBV. Thus, it needed to be confirmed
that no other attributes are elicited by such vibration. In everyday
life WBV exposure most often occurs in vehicles. Therefore, a set
of 19 auditory-visual-tactile scenes varying in road surface, vehicle
speed, and operating condition was selected to represent typical ex-
posure. The vibration segments contained in the scenes with a dura-
tion of 4 s to 17 s were either non-transient or contained single tran-
sient events to avoid having to account for temporal changes
throughout the scene. Again, a free association task was conducted
for these multimodal scenes to assess sensory tactile perceptual at-
tributes, and mentions were aggregated and prioritized just like for
the generalized vibration. The results confirm that the sensory tactile
design language can be applied also for qualitative communication
about typical real WBV.

Demonstration of quantitative communication about WBV with the
tactile design language.

However, to enable translation into vibration, also quantitative com-
munication about the elicited sensory tactile perceptual properties of
WBYV is required. Therefore, the sensory tactile design language

2

consisting of the six attributes (“weak”, “up & down”, “tingling”,

“repetitive”, “uniform”, and “fading”) was utilized to obtain rating
profiles of the 19 auditory-visual-tactile scenes in a perceptual study.

229



Chapter 7.7 - Summary and Discussion

230

6)

7)

The selection of a representative scene set suggested that there
should be some obvious, perceivable differences which should be
reflected in differences in ratings of the attributes of the design lan-
guage. Indeed, the attributes showed significant rating differences
between the scenes. This suggests that the design language can be
utilized for efficient profiling of the sensory tactile perceptual prop-
erties.

Demonstration of quantitative communication about expectations in
a situational context with the tactile design language.

The ultimate goal is to utilize profiles consisting of sensory tactile
perceptual attribute ratings for vibration synthesis. Thus, instead of
recording vibration of a situational context and presenting them to
quantify the elicited sensory tactile perceptual properties, it would
be much more efficient to directly quantify sensory tactile percep-
tual properties expected of vibration in this situational context. If the
expected sensory tactile perceptual properties of a situational con-
text were representative of the elicited properties, a vibration syn-
thesis directly from expectations would be possible. To investigate
this hypothesis, verbal scene descriptions of the 19 scenes were cre-
ated, e.g. driving on a cobblestone road at 50 kph constant speed. In
the first block of a perceptual study, participants rated the six sen-
sory tactile perceptual attributes of the verbal description and in a
second block the multimodal scenes. A pairwise contrast between
multimodal and anticipated mode shows a non-significant mean dif-
ference in attribute ratings of 2 points difference with a 95 % confi-
dence interval of the difference ranging from -1 to 4 points. This
suggests that the expected properties of a situational context are rea-
sonably predictive of the elicited properties. This enables the quan-
tification of sensory tactile perceptual properties for scenes where
recording vibration is difficult or impossible.

Formalization of the tactile plausibility illusion enabling model cre-
ation
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The previously defined rating profiles consisting of sensory tactile
perceptual attribute ratings were to be translated into vibration elic-
iting the tactile plausibility illusion. The plausibility illusion is elic-
ited when the content of the scene matches the user expectations. A
previous study for the auditory domain suggested that the perceived
plausibility is proportional to the inverse Euclidean distance be-
tween the expected and elicited properties in the underlying percep-
tual space. Applying this relationship to the tactile domain, it was
assumed that the six perceptual attributes (“weak”, “up & down”,
“tingling”, “repetitive”, “uniform”, and “fading”) forming design
language sufficiently represent the sensory tactile perceptual space.
Thus, it can be concluded that the perceived plausibility of vibration
in a situational context is proportional to the inverse Euclidean dis-
tance between the expected sensory tactile perceptual properties of
this context and the sensory tactile perceptual properties elicited by
these vibrations. For example, the better the elicited properties (e.g.
“up and down”) match the expected properties of WBV in a scene
(e.g. “driving on a cobblestone road”) the more plausible it will be
perceived. Since the expected properties are quantified in the form
of a rating profile consisting of ratings of the six sensory-perceptual
attributes of the design language, the synthesis model should esti-
mate parameters of vibration that would elicit a rating profile which
is has a minimal Euclidean distance to the expected rating profile
and is thus perceived as maximally plausible in the corresponding
situational context. This formalization enables the creation of mod-
els, which estimate vibration parameters from the expected sensory
tactile perceptual properties thus translating the user expectations
into vibration.

Plausible vibration synthesis based on discrete estimates of a 1-NN
classifier

Building onto the formalization of plausibility as being proportional
to the inverse Euclidean distance in the sensory tactile perceptual
space, a 1-NN classifier was created. The classifier operates on the
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database of vibration-rating profile pairs collected during investiga-
tion of the relationship between attribute ratings and vibration gen-
eralized into four excitation patterns (sinusoidal vibration, AM-si-
nusoidal vibration, bandlimited WGN vibration and impulse-like vi-
bration). For a given rating profile consisting of ratings of the six
sensory-perceptual attributes (“weak”, “up & down”, “tingling”,
“repetitive”, “uniform”, and “fading”) the classifier determines the
rating profile with smallest Euclidean distance in the database. The
parameters (sensation level SL, vibration (carrier- or resonance-)
frequency f, bandwidth f;,, modulation frequency fi, and decay con-
stant o) of the vibration associated with this perceptually most sim-
ilar rating profile represent the discrete estimates of the model. The
relevant excitation pattern for the vibration synthesis is implicitly
contained in the vibration parameters.

Plausible vibration synthesis based on quasi-continuous estimates
of a regression model

One of the disadvantages of the 1-NN models is the vibration pa-
rameter estimates being discrete. Therefore, also a regression-based
model was created, which produces quasi-continuous estimates. The
modeling was again based on the investigation of the relationship
between attribute ratings and vibration generalized into four excita-
tion patterns (sinusoidal vibration, AM-sinusoidal vibration,
bandlimited WGN vibration, and impulse-like vibration). However,
due to the abstraction of everyday life WBYV into four distinct exci-
tation patterns without unified parameters, the creation of one single
regression model covering all excitation patterns is not possible.
Thus, a set of three SVMs was created based on the vibration-rating
profile pairs obtained in to enable the selection of one excitation pat-
tern based on the input rating profile. For each excitation pattern the
two to three sensory tactile perceptual attributes, which ratings were
most affected by the defining vibration parameters of this excitation
pattern, were selected. Subsequently, two to three regression equa-
tions of the relationships between the defining vibration parameters
and each selected attribute was modeled. The equation system
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formed by the two to three regression equations was solved by the
defining vibration parameters of the excitation pattern. This pro-
duced two to three synthesis equations for estimating the defining
vibration parameters of each excitation pattern.

Validation of the synthesis models and the design language

The expected rating profiles obtained by presenting 19 audio-visual-
tactile vehicle scenes were input into both models to estimate vibra-
tion parameters and to synthesize vibration for both scenes. The rec-
orded vibration of the 19 audio-visual-tactile scenes was replaced
by the recorded vibration of both models, forming three sets of 19
scenes. In a perceptual study, each set of scenes was presented sep-
arately and the perceived plausibility of the WBV of each scene was
rated on a quasi-continuous rating scale. The results of suggested
that vibration generated based on these estimates is perceived as
quasi equally plausible as vibration originally occurring in this situ-
ation in a virtual environment, in which optical and acoustic record-
ings of the situation are simultaneously presented. Therefore, the 1-
NN model and the regression model provide satisfactory perfor-
mance in producing plausible WBV for virtual environments for the
representative scene set and are thus validated. The validation
demonstrated that vibration recorded in a situational context can be
perceptually profiled with the sensory tactile design language and
translated back into a vibration that is perceptually quasi-equivalent
to the recorded vibration in this situational context. Since the vali-
dation scenes were selected to represent typical everyday life WBV
exposure, this likely implies that the sensory tactile design language
is suitable for completely i.e. sufficiently describing the sensory-
perceptual properties of WBV.

In summary, the sensory tactile design language sufficiently describes the
sensory-perceptual properties of WBV and also enables efficient, standard-
ized, and quantitative communication about these properties. Since expected
sensory properties can be quantified without the presence of vibration it is
possible to assess these properties in advance in user surveys (e.g. web-based)
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by providing a verbal description of the situation. In contrast to physical vi-
bration parameters, the design language is understandable by laypersons. The
regression model suggests that there is a continuous relationship between
physical vibration parameters and sensory-perceptual attributes, which
shrinks the semantic gap. Therefore, a model-driven, i.e. automatic transla-
tion of from a profile quantified with the standardized sensory tactile design
language into WBYV is possible. The translation of user expectations into
WBYV with controlled sensory-perceptual properties enables the systematic
elicitation of the expected sensory tactile attributes and thus of the tactile
plausibility illusion in virtual environments where an authentic reproduction
is not required and the user needs to rely on their expectations. This reduces
or even eliminates the need for trial and error, i.e. iterative user studies with
live vibration presentation. Furthermore, the proposed method offers an al-
ternative to recording vibration, where this is either impossible or difficult, e.
g. because vibrations need to be added to audio-visual recordings in retro-
spect. In some cases, the vibrations synthesized from user expectations tend
to be even more plausible than recorded vibrations. Overall, the demonstrated
method can be a new tool for designers authoring vibration for virtual envi-
ronments and enable further automatization and thus potential time and cost
reductions.

In the course of the synthesis, it was observed that there are major temporal
spectral differences between the synthesized and recorded vibration. Despite
these differences the vibrations were perceived to be quasi equally plausible,
suggesting it is not necessary synthesized vibration to be indistinguishable
from real vibration but that it is rather sufficient if they elicit the same sen-
sory-perceptual properties. If two vibration elicit the same sensory tactile per-
ceptual attribute ratings, they could be considered to be perceptually equiva-
lent. If broadband signals are perceptually equivalent to narrowband signals
e.g. for the tarmac road, broadband signals can be substituted by narrowband
signals. Such perceptual equivalences can guide the simplification of repro-
duction systems, i.e. replacing an expensive system with a flat frequency re-
sponse spanning a wide frequency range with a cheaper narrow-band exciter.
Overall, the success of the proposed approach shows that sensory tactile per-
ceptual attributes are not only arbitrary labels for perceivable vibration prop-
erties. If a set of sensory tactile perceptual attributes can be chosen to repre-
sent the sensory tactile perceptual space sufficiently, it hints at a sensory layer
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of abstraction in tactile perception. The results of the validation study demon-
strated that vibration of a situational context can be perceptually profiled with
the set of six sensory tactile perceptual attributes and translated back into vi-
bration with different temporal and spectral properties but similar sensory
tactile attribute ratings. Since both vibrations are quasi equally plausible, the
information contained in the sensory layer is likely sufficiently characterizing
the perceivable variation in vibration under the condition that no A/B paired
comparison is utilized. Arguably such A/B comparisons are most often uti-
lized in laboratory settings but are less representative of real use cases, where
users mostly have to rely on comparisons to their expectations. Furthermore,
it was demonstrated that the information available on this layer for a situa-
tional context can explicitly assessed and quantified in the form of the sensory
tactile perceptual attributes, possibly suggesting a relationship to the percep-
tual process of categorization. By combining an analysis model that estimates
the sensory-perceptual attribute ratings with a synthesis model, it might be
possible to produce a sensory tactile compression algorithm for the plausible
transmission of vibration.

There are multiple ways to extend this study. The approach should also be
tested for longer scenes with changing perceptual attribute ratings over time.
Such scenes could be treated as a set of successive segments with constant
perceptual attribute ratings. Artifacts at the transitions of segments could be
eliminated by e. g. crossfading. The models could be improved by incorpo-
rating more vibration-rating profile pairs. It would be beneficial to merge the
utilized four excitation patterns with partly separate vibration parameters into
one more general excitation pattern with one unified set of vibration param-
eters. Future studies should confirm the finding for more scenarios with vi-
bration e.g. with scenarios unfamiliar to users. It can be interesting to inves-
tigate whether the general approach can be applied to other locations or di-
rections of vibration introduction. The results from [96] suggest that hand-
arm vibration and WBYV are described with the same sensory tactile percep-
tual attributes and elicit similar ratings for identical vibration signals.
Instead of an iterative design process were user expectations play an implicit
role when a design decision is approximated incrementally by repeated user
validations, the tactile design language could enable an explicit, standardized
assessment of expected sensory tactile perceptual properties by future users
without prior training even before any prototype is available. The suggested
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models can automatically translate these quantifications into vibration param-
eters suitable for engineers, which ensure the desired perceptual properties
will be elicited and thus will likely match tactile user expectations. This might
reduce the reliance on the experience of experts as well as time and cost re-
quirements in the product development process. By acknowledging that spe-
cific vibrations are inherently eliciting specific sensory-perceptual attributes,
a set of intended feedback messages could be purposefully assigned to such
vibration that makes them more intuitively understandable, thus reducing
training. E.g. a confirmation message might be rather linked to a “uniform”
vibration than a warning message.

For many products, vibration is produced by e.g. actuators of limited capa-
bilities or by machines whose excitation cannot be varied arbitrarily by damp-
ening or resonance frequency shifts. By building an analysis model from the
observed relationship between vibration and sensory-perceptual attributes,
the attribute rating range elicited by the constrained vibration could predict.
The degree of discrepancy between sensory tactile perceptual properties of
expected and elicited vibration might provide a metric for tactile quality pre-
diction. Since pleasantness or annoyance in particular and quality, in general,
are dependent on user expectations, which differ from situational context to
context, each context would require a different model. By interpreting the
quantified expected sensory tactile perceptual properties as an additional in-
put, more universally applicable quality models might be possible.
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