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Our poor understanding of the connection between haptic effect engineering — using controllable parameters
like frequency, amplitude and rhythm — and how sensations are comprehended by end-users hinders effective
design. Haptic facets (categories of attributes that characterize collection items in different ways) are a way to
describe, navigate and analyze the cognitive frameworks by which users make sense of qualitative and affective
characteristics of haptic sensations. Embedded in tools, they will provide designers and end-users interested in
customization with a road-mapped perceptual and cognitive design space. We previously compiled five haptic
facets based on how people describe vibrations: physical, sensory, emotional, metaphoric, and usage examples.

Here, we report a study in which we deployed these facets to identify underlying dimensions and cross-linkages
in participants’ perception of a 120-item vibration library. We show that the facets are crosslinked in people’s
minds, and discuss three scenarios where the facet-based organizational schemes, their linkages and consequent
redundancies can support design, evaluation and personalization of expressive vibrotactile effects. Finally, we
report between-subject variation (individual differences) and within-subject consistency (reliability) in partici-
pants’ rating and tagging patterns to inform future progress on haptic evaluation. This facet-based approach is also
applicable to other kinds of haptic sensations and even other modalities, and can inform multimodal experience

design through a descriptive design language shared between different modalities.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Despite growing interest in and availability of haptic technology in
consumer markets, even its most common manifestation of vibrotactile
feedback is still limited in everyday use, generally appearing as a dull,
undifferentiated and often annoying buzz. While a dearth of expressive
hardware is one obvious cause, there are comparable difficulties in de-
signing with even the hardware we already have for both vibrotactile
and other haptic display modalities (MacLean et al., 2017).

Design is difficult for many reasons, not least due to large vari-
ances in individuals’ preference and interpretation of how vibrations
feel and what they suggest (Lo et al., 1984; Hollins et al., 2000; Peck
and Childers, 2003; Levesque et al., 2012; Seifi and MacLean, 2013).
Here we highlight two gaps in support which we propose are central.

A Lack of Guidelines and Tools: When making (sketching, refin-
ing) and evaluating sensations, designers often identify requirements in
terms of usage examples (e.g., allowing presenters to track time during
their presentations), intended emotions (sadness, surprise), or accompa-
nying media (a racing car in a game) (Chan et al., 2008; Tam et al., 2013;
Carbon and Jakesch, 2013; Zhao et al., 2014; Swindells et al., 2014; Is-

* Corresponding author.
E-mail addresses: seifi@cs.ubc.ca (H. Seifi), maclean@cs.ubc.ca (K.E. MacLean).

http://dx.doi.org/10.1016/j.ijhcs.2017.04.003

Received 2 August 2016; Received in revised form 29 March 2017; Accepted 23 April 2017

Available online 26 April 2017
1071-5819/© 2017 Elsevier Ltd. All rights reserved.

rar et al., 2014), but are forced to design with engineering parameters
(Scenario 1, Fig. 1a). In other cases, designers have a set of vibrations
(whether newly created or accessed within an existing collection) and
wish to evaluate their aesthetic and qualitative characteristics (Scenario
2, Fig. 1b). The ability to use low-level engineering parameters to con-
struct or evaluate in other idioms is tacit knowledge that haptic design-
ers build over years and through extensive contact with users. It is hard
to communicate, incorporate in tools or transfer to others.

Perception is Personal but Personalization is Unsupported: Past studies
of vibrotactile applications in real-world contexts indicate the neces-
sity of end-user personalization (Tam et al., 2013; Seifi et al., 2014;
Israr et al., 2014). However, there is a dearth even of effective expert
tools for far more accessible and perceptually understood engineering
parameters like vibrotactile amplitude and frequency; easy and practical
mechanisms that would make sense to end-users are rare indeed. Unsur-
prisingly, previous work suggests that personalizing based on engineer-
ing parameters is beyond end-user capacity and willingness. However,
when given tools in their own language domain, users can quickly access
and modify their desired vibrotactile notifications (Scenario 3, Fig. 1c)
(Seifi et al., 2015, 2014).
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Fig. 1. Three scenarios in vibrotactile design, evaluation, and personalization that facets can support when fully instantiated in design tools.

1.1. Facets: aligning content access with mental frameworks

People unconsciously use a multiplicity of cognitive frameworks or
schemas to describe qualitative and aesthetic attributes of vibrations
(Obrist et al., 2013; Schneider and MacLean, 2014; Seifi et al., 2015).
Sometimes people describe a vibration based on its similarity to some-
thing they have experienced before (this is like a cat purring), on emotions
and feelings (this is boring), or intended usage (this tells me to speed up).
These schemas, themselves composed of many attributes (Fig. 2a) are in
users’ minds: shaped by their past experiences and training, they provide
a cognitive scaffolding on which people rely for sense-making.

Facets, a design concept originating from the information retrieval
domain (Yee et al., 2003; Smith et al., 2006; Hearst, 2006, 2008; Fagan,
2010), capture the multiplicity and flexibility of users’ sense-making
schemas for physical and virtual items. A facet encapsulates the proper-
ties or labels related to one aspect of or perspective on an item and offers
a categorization mechanism. For example, examples of alternative facets
for a collection of architectural images are people (such as designer,
agency, historical figure), time periods, geographical location (GPS co-
ordinates, province, neighborhood), and structure types (function, ar-
chitectural elements). For a collection of clothing items they might be
garment type (top, bottom, inner, outer, accessories), color, brand, for-
mality, season (Yee et al., 2003; Hearst, 2006). A given facet may be
composed of a single property (e.g., brand) or a set of diverse elements
that reflect that perspective — e.g., lists of descriptive words (tags), nu-
merical scales, binary or multicategory attributes (e.g., province). The
facet characterization varies by domain and relies on a user’s knowledge
and conceptual mapping of that domain. Multiple facets can be used
flexibly together to describe or examine different aspects of a given item
in a collection, or alternatively, explore those aspects in light of other
collection items.

In a previous work, we identified five facets for vibrations based
on the literature (Table 1) which captured: 1) physical attributes of
vibrations that can be objectively measured such as duration, rhythm
structure, etc. 2) sensoryy properties such as roughness, 3) emotionalf
connotations, 4) metaphorsf that relate the vibration’s feel to familiar
examples (e.g., a continuous rampup vibration can be perceived as if it
was a speeding car engine), and 5) usage examples; or events where a
vibration fits (e.g., speed up).
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Here, we revise these into four facets: sensationf, emotionf,
metaphory, and usage examples, (Table 1). For consistency with past
haptic literature (Ternes, 2007), we now refer to dimensional attributes
that can be objectively measured (e.g. duration, frequency) as engineer-
ing space. The sensation ; facet now includes the subjective dimensional
attributes energy and tempo, previously in the physical facet.

These facets provide unique ways to assign a familiar meaning to
a haptic sensation. For example, the metaphor; and usage, facets rely
on previously experienced sensations and usage contexts to make sense
of vibrations (see Seifi et al. (2015) for more details). We implemented
these facets in an interactive graphical visualization and navigation tool,
VibViz (Seifi et al., 2015), and denote them and related concepts here
with a special font and subscripts (as explained in Fig. 2).

While not meant to be a unique or complete delineation of the pos-
sible vibrotactile facet space, this set does provide a practical sense of
what facets can offer to design. Because a given vibration can be located
in the context of any and all, each highlighting a particular aspect, they
can organize a messy hodgepodge of inconsistent language and mixed
models into a powerful tool that leverages perception and analogy. The
interactive visualization tool VibViz (Seifi et al., 2015) allows untrained
users to peruse a large vibrotactile collection by viewing items in mul-
tiple facets simultaneously and dynamically.

These multi-facet views thereby become rich, layered descriptions
which inform design. For example, VibViz’s linked facets show how an
individual item may have different perceptual near-neighbors and con-
trasts in the different facets.

From Browsing to Manipulating in Facet Space: In its primary form, a
facet is just a flat list of attributes like tags and ratings (Fig. 2b). Thus,
it only allows us to browse existing, defined elements (as VibViz does).
What if a designer or user wants to change an element, or find points
in between existing library items (Fig. 1 scenarios)? A semantic dimen-
sion offers a structure for the facet; it provides a continuous perceptual
parameter along which one can move vibrations or characterize them
(Fig. 2¢). Imagine a slider that makes a vibration more or less “excit-
ing”, “alluring” or “bell-like” — in contrast to ones that change its base
frequency or amplitude. Such sliders would allow both trained designers
and untrained end-users to manipulate (sketch, ideate, personalize) vi-
brotactile signals more directly by offering handles in a language frame-
work relevant to their purpose.
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Fig. 2. Concept sketch showing haptic facets, dimensions and their linkages. Central elements (denoted throughout paper with a special font and subscripts) include (1) tag: a label/word
that people use to describe an attribute of a haptic sensation (e.g., soft, exciting); (2) facetf: a framework that binds related attributes of haptic sensations into a descriptive category; (3)
dimension,: a continuous parameter that delineates variations in a facet; and (4) factory,: a conceptual construct underlying linkages among different facets (deduced here using factor

analysis).

However, to allow continuous movement along cognitively useful di-
mensions, a tool must do far more than locate discrete sensations within
facet space: it must identify and present a topologically continuous mapping
between the facets and engineering spaces, so that every point of the slider’s
range can be rendered.

Further, VibViz already hints at considerable redundancy between
facets — when a dimension in one facet is very similar to that of another,
but goes by a different name. Facets are not independent spaces, but
alternative views of the same thing. Mapping connections specifically
will enable designers to translate or formulate requirements from one
facet space (e.g., emotional or application-driven constraints) into more
actionable sensory and engineering spaces (Scenario 1, Fig. 1a) or eval-
uate aesthetic characteristics of a set of vibrations given their sensory
properties (Scenario 2, Fig. 1b).

1.2. Research questions

A major objective of this research is to establish a means of finding
such mappings. As a first step, we have pursued three questions:

(Q1) Within-facet substructure: what are the underlying dimensions of
the facets that dominate users’ reaction to vibrations? For example, for
the emotion, facet one could then design or identify the most emotion-
ally distinct vibrations. These dimensions are the first step towards per-
ceptually salient continuous “sliders”, such as roughness;.

(Q2) Between-facet linkages: how are attributes and dimensions in dif-
ferent facets linked with each other? A specific mapping will allow for
translation of requirements from one facet to another (e.g., emotionf
to sensation; and vice versa) and provide the basis for a topologically
continuous mapping between the facet dimensions and engineering pa-
rameters. Designing a “surprising” sensation is much simpler if one can
access its sensoryy characteristics to be irregular, ramping up, and rough.
Our format convention for vibration tags or attributes highlights points
in a facet space, as opposed to dimensions.

(Q3) Individual differences (I.D.) in facets: to what extent do people
coincide or differ in their assessment of vibration attributes? Facets are based
on frameworks in users’ mind which can vary greatly, for example due
to past experiences and culture. Understanding this variation can shed
light on individual differences in preferences and meaning-mappings,
and inform development of robust haptic evaluation instruments.

40
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Vibration facets used here, taken with minor alterations (f) from (Seifi et al., 2015). These facet properties are combinations of ratings
(quantitative attributes such as i, ii, iii for sensation facet) and tags (list of words iv). For example, in the sensation, facet, i, ii and iii are
single attributes on which an item can be rated, while iv is a list of descriptive tag words that might apply to sensations when considered
from this viewpoint. Modifications: (1) Omitted the physical, facet. For consistency with past haptic literature, we now refer to dimensional
attributes that can be objectively measured (e.g., durationy, frequency,) as engineering space. (2) The sensation, facet now includes the
subjective dimensional attributes energy, and tempoy, previously in the physical, facet (NounProject, 2016).

Facet Attributes

1. Sensationy i) energyt

Perceptual properties of
vibration. iii) roughness

2011).

ii) tempo or speedf

iv) Sensory words: 24 adjectives from touch dictionary (Guest et al.,

i) pleasantness
ii) arousal

2. Emotionj
Emotional interpretations

of vibration.

iii) Emotion words: 26 adjectives from touch dictionary (Guest
et al., 2011).

3. Metaphor ¢
Familiar examples resem-
bling the vibration’s feel.

Metaphor words: We collected a set of /5 metaphors for our
list of usage examples, asked colleagues and friends to provide
metaphors for our vibrotactile effects, and used the NounProject
website (NounProject, 2016) for brainstorming on metaphors.

4. Usage Examples
Types of events which a

Usage example words: We collected and consolidated a set of 2/
usage examples for presentation timing and exercise tracking (Tam

vibration fits. et al., 2013).

1.3. Scope

We used the VibViz vibration library and the concept of facets to
investigate these questions. We first collected an extensive set of user
annotations (selections of adjective ratings and tags) for library elements
to situate the vibrations within the four facets (Seifi et al., 2015). We
obtained this data in a two-step process adapted from data collection
methods in the music domain (Turnbull et al., 2008), first with three
experts and then with 44 lay users.

In our subsequent analysis we derived semantic dimensions of each
facet through Multidimensional Scaling (MDS) analysis (Cox and Cox,
2000), and investigated between-facet linkages using factor analysis
(Thompson, 2004). With this data, we updated and further populated
Table 1’s descriptions to include our derived facet dimensions and their
linkages. Our analysis occurred at multiple levels: we examined low-
level properties and linkages of individual tags (tag level), and then se-
mantic facet dimensions obtained from MDS analysis (dimensional level),
and finally compared these across the four facets (facet level). Thus, our
novel contributions include:

1. Empirically derived semantic dimensions of four vibrotactile facets;
2. Between-facet linkages at dimensional and individual tag levels, and
discussion of their implications for vibrotactile design and tools;

3. Analysis of individual variations in rating and annotating vibrations;
4. A two-step methodology for annotating large sets of vibrotactile ef-

fects, and data on its validity and reliability; and
5. A publicly available dataset of 120 vibrations and their annotations
and dimensions — the VibViz Dataset (2016).

In the remainder of the paper, we present the related literature on
tool development, perceptual dimensions of vibrations, and haptic eval-
uation methodology (Section 2), and highlight important aspects of our
approach (3) followed by data collection details (4) and analysis proce-
dure and results (5). In Section 6, we describe how our results support
the design and evaluation scenarios outlined above (Fig. 1) and com-
pare our facet dimensions and linkages to any existing dimensions in
the literature. We finish by reviewing our data collection and analysis
methodology and presenting interesting directions for future work.
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2. Related work

The design process for haptic sensations will inevitably vary substan-
tially depending on designers and use cases, but it usually involves sev-
eral rounds of design, evaluation, and fine tuning of the stimuli and us-
age scenarios (Chan et al., 2008; Brunet et al., 2013; Zheng et al., 2013;
MacLean et al., 2017). To support this process better, we need effective
authoring tools, design knowledge and guidelines, as well as evaluation
methodology and metrics. Below we describe progress in these areas
and how our work builds on them.

2.1. Tools for vibrotactile design and personalization

With their crucial role in the design process, haptic authoring tools
have received increasing attention in the last decade. Design tools by
nature facilitate use of some parameters and approaches while limiting
access to others; e.g., pre-designed themed color sets vs. full-spectrum
palettes — an example of parameter-limiting; or fine tuning and precision
vs. rapid prototyping and creative flow, i.e., approach-limiting. Existing
haptic tools are built around the most important design parameters and
approaches identified in the literature or by practitioners. For example,
to support design around rhythm or temporal pattern, the tools facil-
itate precise modification and referencing of vibrations on a timeline
(Ryu and Choi, 2008; Swindells et al., 2014; Schneider and MacLean,
2016). Recent instances promote use of examples and design by demon-
stration as well as rapid prototyping by allowing easy modification of
design parameters (Hong et al., 2013; Schneider et al., 2015; Schnei-
der and MacLean, 2016). However, to our knowledge these tools cur-
rently provide access only to low-level engineering parameters. Percep-
tual and affective controls over vibrations are missing, and this slows
design.

Content design and manipulation are no longer done only by a spe-
cific group of users (Lieberman et al., 2006). In several other domains
(e.g., photo and video editing, music mixing, configuring software), a
spectrum of tools exist for various expertise levels (Saul et al., 2011;
Evening, 2013; Harrower and Brewer, 2013). Haptic design tools are
catching up: while past tools have mostly focused on experts, recent
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trends have targeted end-user haptic content creation and personaliza-
tion (Israr et al., 2014; Zhao et al., 2014; Seifi et al., 2014, 2015).

Our work informs design of higher level controls, which can be
thought of as tuning sliders or knobs and might be implemented as such
in a design interface. These will benefit both expert design tools and
end-user personalization interfaces.

2.2. Knowledge of perceptual and qualitative attributes of vibrations

A body of work has investigated perceptual dimensions of natural
(e.g., textures) and synthetic haptic stimuli (e.g., vibrations), and users’
language for touch (Hollins et al., 2000; van Erp and Spapé, 2003;
MacLean and Enriquez, 2003; Chen et al., 2009; Guest et al., 2011;
Okamoto et al., 2013; Obrist et al., 2013; Doizaki et al., 2014). In our
own previous work, VibViz, we compiled five vibrotactile facets based
on dimensions and properties known in the literature for vibrations and
users’ language (Seifi et al., 2015).

Several tactile perceptual studies exist on natural textures (e.g., fab-
rics, fluids and various surface materials) due to their higher avail-
ability and wider range of sensations (see Okamoto et al. (2013) for
a survey). However, the resulting dimensions (such as warm/cold,
sticky/slippery) are not easily translated to synthetic sensations. Oth-
ers examine prominent vibrotactile attributes based on users’ similarity
groupings or ratings for small to large sets of vibrations. They report
energy, roughness and rhythm as the most important design parame-
ters (van Erp and Spapé, 2003; Brown et al., 2006; Ternes, 2007; Hog-
gan and Brewster, 2007a). While these studies give insights into vibra-
tion perception, they tend to be organized in terms of engineering or
sensory parameters and are not linked to language attributes in users’
minds.

Recent studies examine users’ tactile language and descriptions as
a window onto understanding prominent properties of touch. Notable
among these is Guest et al’s collection of touch-related English vocab-
ulary (Guest et al., 2011): based on MDS analysis of word similarities,
the authors propose three dimensions for sensory words (roughness, dry-
ness and warmness), and three for emotional words (comfort, arousal and
sensual quality). We use this collection of sensation and emotion words
in our facets; however, the identified dimensions are not validated for
synthetic haptic sensations. Further, other aspects of users’ languages
such as metaphors and usage examples are not examined.

Our own facets were previously constructed based in part on this lit-
erature; here, we further confirm, refine and add to these dimensions
and attributes by analyzing users’ perception of a large library of vibra-
tions collected through the facets.

2.3. Methodology for evaluating qualitative attributes of vibrations

Previous research in related areas typically adapts methodology from
other domains for haptic studies, or refines existing haptic evaluation
methodology to be more time- and cost-effective. For example, MDS
studies in haptics were originally adapted from the auditory domain to
investigate perceptual distances between tactile sensations (Grey 1977;
Hollins et al., 2000; Cox and Cox, 2000). Other researchers use phe-
nomenology to obtain richer language-based descriptions of haptic sen-
sations (Obrist et al., 2013; Schneider and MacLean, 2014). However,
phenomenological studies are time-consuming and thus are only prac-
tical with few participants and small sets of sensations. Recently, a
project examined the feasibility of using crowdsourcing platforms (e.g.,
Amazon’s Mechanical Turk) for vibration evaluation (Schneider et al.,
2016). Despite promising results, the methodology is mainly tested for
Likert scale evaluation and is not yet verified for richer, language and
annotation-based haptic studies.

Despite some progress in haptic evaluation approaches, it remains
singularly difficult for a researcher to collect rich feedback from lay
users in a manner that scales to large stimuli sets. Our data collection
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methodology, adapted from the music domain, by necessity has had to
fill this gap. Here, we report its execution details and examine its validity
and reliability.

2.4. Instruments for evaluating haptic sensations

As haptic effects are designed for a wide variety of use cases and
requirements, researchers frequently must devise a custom evaluation
instrument for every study. Recent investigations have laid the foun-
dations for devising a standard yet flexible instrument for vibrations
through examining users’ language and compiling important vibration
properties and common metrics across past studies.

Most relevantly, Guest et al. provide a linguistic instrument for tac-
tile sensations called the “touch perception task” (TPT) (Guest et al.,
2011). TPT is composed of 26 sensory ratings and 14 emotional ratings
and was tested by its authors on natural textures.

Here, we have re-used the annotation instrument we previously
developed for validating and populating VibViz, built around lan-
guage and metrics found in the literature. Specifically, (a) four of our
five Likert scale ratings (strength/energy,, roughness;, pleasantnessg,
and arousaly) are commonly used metrics; while (b) our sensationy
and emotiony tag lists are based on Guest et al.’s sensation and emotion
vocabulary (Guest et al., 2011). We introduced the tempoy rating scale
as well as the metaphory and usage example, tag lists in our previous
work on VibViz (Seifi et al., 2015). When used to annotate a large vi-
brotactile library, this more comprehensive annotation instrument can
generate results that will inform future vibrotactile evaluation instru-
ments by identifying the redundant facet attributes and providing an
estimate of users’ reliability and variation in responses.

3. Approach

To investigate the semantic dimensions of these facets and their link-
ages, we began with VibViz’s source vibrations and its comprehensive
but efficient evaluation instrument (Seifi et al., 2015). We report the
scalable and robust methodology that allowed a comprehensive annota-
tion of our vibration library and use standard dimensionality reduction
methods to analyze the resulting dataset. Below, we describe each aspect
of our approach in more detail.

3.1. Rich source vibrations

To identify underlying dimensions and linkages of facets, we used a
large and varied set of vibrations. In (Seifi et al., 2015), we described our
various tools and inspirations including systematically changing vibra-
tion parameters (e.g., rhythm, frequency), modifying audio files to serve
as vibrations or using audio files as reference for designing vibrations,
and running pilot design studies where our lab colleagues designed vi-
brations for a given set of metaphors (see Seifi et al. (2015) for more de-
tails on our library design process). Our design process was intertwined
with developing the four facets and their annotation instrument and re-
sulted in 120 vibrations with a wide range of qualitative and affective
characteristics.

3.2. Inclusive and concise annotation instrument, for a flat descriptor set

For an accurate picture of the vibrations, we needed an inclusive and
non-redundant annotation instrument. If an important rating or tag is
not included, we would be unable to identify the corresponding dimen-
sion (exclusion risk). In contrast, redundant ratings or tags can intro-
duce noise. As the set of ratings and tags grows, users’ (even experts’)
ability to consistently characterize a vibration decreases (redundancy
risk).

We developed our ratings and tags to reduce both risks. We
included quantitative rating scales that are frequently utilized in
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vibrotactile studies, and incorporated as many relevant tags as pos-
sible in our evaluation’s first step with experts (mitigating exclusion
risk). After the expert annotation phase, we removed and consolidated
redundant items in a discussion session (mitigating redundancy risk).
The ratings capture users’ perception of attributes that are previously
identified to be salient for vibrations, while the tags allow us to de-
rive other salient dimensions not known before. The list of tags for
the sensation; and emotion; facets were derived from the literature
whereas the metaphory and usage; tags were the result of our pilot data
collection with our lab colleagues. We limited the usage context to time
tracking contexts (e.g., presentation timing and exercise tracking) as
this accounted for a reasonable range of existing vibrotactile applica-
tions. Therefore, the list of usage tags was tractable. For the metaphor ;
facet, imposing such a limit in a reasonable way was a challenge. As a
result, the variety of people’s past experiences and metaphors applicable
to the vibrations led to a larger number of metaphor tags compared to
the other facets. The results of the process are five bipolar 7-point Likert
scale ratings, a form frequently used in the literature, and four lists of
candidate tags (see Table 1 for an overview, and Appendix A for a full
list of tags proposed for each facet).

3.3. Scalable and robust data collection methodology

We needed a comprehensive ‘gold truth’ annotation set that covered
the full VibViz library. Ideally, annotations would be applied by individ-
uals who rated the entire facet space for all the items. This would require
individuals to rate and tag 120 vibrations, each according to five scales
and 121 candidate tags. In piloting, we found this was too mentally and
physically demanding to be suitable for lay users with varying levels of
commitment, confirmed by poor signal-to-noise properties of that pilot
data. We therefore devised a new collection method that could be spread
across multiple participants (scalable) and would be robust to outliers,
i.e., the occasional low-commitment participant — or at least, to clearly
identify these.

Music annotation literature provides interesting alternative ap-
proaches for data collection, such as a panel of experts: Pandora Internet
Radio uses experts to annotate its music dataset, constructing a “gene
sequence” for each music piece that is used for music recommendations
(Pandora, 2016; Turnbull et al., 2008). Alternatively, services such as
Last.fm crowdsource the annotation task, incenting end-users to add free-
form textual tags to songs from which it derives music “folksonomies”
(Jaschke et al., 2007; Turnbull et al., 2008; Last.fm, 2016). However,
our access to haptic experts is limited and the literature lacks a set of
standard attributes for vibrations. Furthermore, we can not yet fully
crowdsource vibration annotations, in large part due to hardware limi-
tations and lack of a validated methodology (Schneider et al., 2016).

We therefore adapted these two approaches into a two-stage evalu-
ation system. In the first expert annotation stage, three haptic designers
rated and tagged the vibrations employing initial rating scales and tag
lists, with encouragement to be liberal in application of tags to stim-
uli. In the lay user validation stage, a larger number of participants with
no haptic background adjusted the experts’ ratings and tags for sub-
sets of the library — principally by removing tags which they felt did
not apply, since this proved to be mentally easier than applying new
ones; although tag addition was also allowed. The first stage resulted
in consistent annotations across the library that were relatively free of
the noise introduced by participants’ fatigue and lack of commitment,
but reflected only a small number of subjective opinions. In the second
stage, we pruned the potentially overpopulated annotation dataset by
bringing in additional, but potentially less committed, perspectives. We
fully detail the process in Section 4.

This methodology does have a bias risk: participant perceptions of
vibrations in the second stage can be influenced by the rating values
and tag assignments that they are shown. We devised mechanisms in
our experiment design to mitigate this bias, and evaluated its impact on
our final dataset.
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3.4. Data analysis methods

We used Multidimensional Scaling to identify the underlying dimen-
sions for the tags (but not the rating scales or values) in each facet, and
factor analysis to investigate constructs that link dimensions (including
rating scale data) between various facets.

Multidimensional Scaling is a dimensionality reduction technique
that is commonly used to derive and visualize a low-dimensional per-
ceptual space from a high-dimensional dataset (Cox and Cox, 2000). We
used Matlab’s classical MDS implementation (a.k.a. Principal Compo-
nent Analysis or PCA) where the distances among the items (vibrations
or tags) are Euclidean — as opposed to ordinal, as in a non-metric MDS
(Matlab, 2016).

Factor analysis is typically used to identify underlying variables
(a.k.a. factors) that connect and describe a set of observed but corre-
lated quantitative variables (Thompson, 2004; Yong and Pearce, 2013).
For example, factor analysis is usually applied to surveys with several
Likert-scale questions to find connected questions. We applied factor
analysis to our derived facet dimensions, and the ratings collected for
our five scales.

4. Data collection and pre-processing

Here, we detail the collection of ratings and tags for the vibrations in
two stages described above — expert annotation, and novice validation;
then describe dataset pre-processing and define the metrics with which
we analyzed its tags and ratings.

4.1. Stage 1: annotation by haptic experts

We required expert annotators who had experience with a wide
range of haptic and/or vibrotactile sensations, were familiar with our
vibrotactile library and facets, and could commit to annotate all or a
large subset of the vibrotactile library within a short time span of a few
days. Within-subject annotation of the entire vibration set would pro-
duce consistency and breadth in our initial annotation dataset; however
it did impose a substantial cognitive load on the expert annotators, and
thus we utilized experts with some commitment to the research and
group. Given the nature of the task, we did not feel this closeness to the
research could bias the results, but leveraged it for motivation.

Expert backgrounds: Three haptic researchers including the first au-
thor provided expert annotations. The first author, a vibrotactile re-
searcher who developed the vibration library and annotation instru-
ment, rated and tagged all the vibrations while the second and third
experts each annotated half of the vibrations (randomly assigned to
them). The second annotator is a haptic researcher at University of
British Columbia with extensive experience in designing and evaluat-
ing vibrotactile sensations and haptic design tools, The last annota-
tor is a Human-Computer-Interaction researcher who co-designed Vib-
Viz (Seifi et al., 2015) with the authors and had extensive exposure
to all the vibrations in the library before participating in this study.
The second and third annotators received a $50 honorarium for their
participation.

Initial dataset: 120 vibrations from VibViz library were randomly di-
vided into 10 groups with 12 vibrations in each group. These groups
remained fixed for all three expert annotators.

Apparatus and procedure: The annotation interface was a web-based
wizard that gradually disclosed the available ratings and tags for the
vibrations on subsequent tabs. The first tab disclosed five rating scales
(7-point Likert scales) for the vibrations (Fig. 3b, Table 1). The four
other tabs had the list of tags for the sensationy, emotiony, metaphorf,
and usage example; facets plus a textbox for any additional tags from
the experts (Fig. 3b). In each session, the experts first played a fixed
set of representative vibrations for calibration purposes, then proceeded
to annotate a group of 12 vibrations (presentation order random-
ized). During the annotation process, the experts could play a vibration
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Click on the play button to feel the vibration.

Ratings

Please rate the vibration on the following scales:

Weak -3 ) -1 0 +1 +2 +3 Strong
Slow -3 -2 -1 0 +1 +2 +3 Fast
Smooth -3 -2 -1 0 +1 +2 +3 Rough
Unpleasant -3 -2 -1 0 +1 +2 +3 Pleasant
Low High
& -2 1 0 +1 +2 +3
arousal arousal
(a) The first tab shows all the five rating scales.
Click on the play button to feel the vibration.
Ratings Sensation Emotion Metaphor Usage Examples
How would you describe the
sensation of this vibration?
Here are some example sensation words:
smooth rough, harsh jaggy, grainy pointy, spiky sharp dull
ramping up ramping down flat bumpy ticklish painful
irregular regular simple complex changing constant
short long discontinuous continuous hard soft

(b) The other four tabs show a list of potential tags in each facet and a textbox at the

top for extra tags.

Fig. 3. Expert annotation interface — one can play a vibration many times and move between the tabs representing the required ratings and tags for the vibration, but they cannot go

back to previous vibration(s).

several times and move between different tabs for one vibration, but
they could not go back to previous vibration(s), even within that group.
At the end of each group, a review page showed all the expert’s ratings
and tags for the vibrations which could be further edited. This procedure
encouraged the experts to focus on the demanding task of annotating
each vibration individually but also allowed for cross comparisons and
consistency adjustments afterwards.

Annotating a group took about 45-60 minutes. Experts were given
the choice of annotating their groups in a single session or spread over
several sessions, but were not permitted to interrupt a single group’s an-
notation. Expert 1, the first author, evaluated 10 groups over 5 sessions
within 6 days, while Experts 2 and 3 evaluated their 5 groups over 3/8
and 4/4 sessions/days, respectively. The experts were allowed to revisit
their previously annotated groups (but never did request to do so). The
total time spent by each expert was approximately 8 hours for Expert 1,
and 4-5 hours for Experts 2 and 3.

Pre-processing and tag consensus and consolidation: After collecting all
the annotations, the first author examined all the tags for each vibra-
tion and highlighted conflicting tags (e.g., smooth tag by one expert
and rough by another one, or angry vs. happy). In a follow-up session,
all three experts played and felt vibrations with contradictory tags again
and came to consensus on one of the conflicting tags or on removing
both. Further, they could and did adjust wording (e.g., dynamic instead
of changing), and combined tags under one wording (e.g., jaggy and
grainy were replaced by grainy).
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4.2. Stage 2: validation of the dataset by lay users

Our sole requirement for our Stage 2 participants was to have no
background in haptics beyond normal everyday exposure to vibration
sensations (e.g., via cellphone usage).

Participants and compensation: We recruited 44 participants (24 fe-
male, 19-60 years old, with 40 of the participants under 36 years old)
through advertising on a North American university campus. All partici-
pants were university students except for three who did not declare their
occupation. Participants were permitted to participate in more than one
session but tag different vibrations in each session (up to a maximum
of 4 sessions covering all 120 vibrations) and six participants did so.
Participants were compensated $10 for a one-hour session.

Initial dataset: Our dataset was composed of the 120 vibrations with
the average expert ratings and the combined and consolidated tags for
each vibration, randomly divided into 12 groups of 10 vibrations. This
grouping remained fixed for all the participants.

Mitigating bias and noise in the validation stage: We anticipated that
the existing ratings and tags could bias participants’ perception of the
vibrations and/or suggest a lower need for their attention. Following
literature guidelines on detecting invalid responses (Huang et al., 2012;
Curran, 2016), we mitigated this by making additions to the database
which would expose non-diligent participants, and warned participants
of the possibility of inconsistencies to encourage diligence, while intro-
ducing minimal additional cognitive load to the annotation task.
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Specifically, we included intentional errors in the dataset, duplicated
some of the vibrations, and presented the existing annotations to the
participants as “data from other users that can include noise”. To iden-
tify the highly-biased participants or those who did not pay close at-
tention to the experimental task, we included two intentional errors,
one in the ratings and one in the tags, in each vibration group. For the
rating error, we modified the energy, rating for one of the vibrations
from very high (43 on a 7-point likert scale) to very low (—3) or vice
versa. For the tags, we added an invalid tag to one of the vibrations
in each group (e.g., added “long” to a vibration with the short tag) re-
sulting in two clearly contradicting tags for the vibration. These changes
were clearly in contradiction with the vibrations’ content and with other
ratings and tags, and thus were easy to note after thoughtfully feeling
the vibrations. Further, the number of errors in each vibration group
was low; there was exactly one tag error and one rating error in each
group of 11 vibrations (including 55 ratings, and 44 lists of tags). Ad-
ditionally, we duplicated one of the 10 vibrations in each group (for
a total of 11 vibrations) to assess the participants’ rating and tagging
reliability.

Finally, as part of the experiment instructions, we told the partici-
pants that the existing ratings and tags were provided by other people
and we were running this study to remove the noise in that data.

Apparatus and procedure: The validation interface was composed
of two web pages, for calibration and annotation pages respectively
(Fig. 4). An experiment session took about 1 hour and the partici-
pants went over 2-3 vibration groups (22-33 vibrations) depending on
their annotation speed. After the initial instructions, participants went
through all the calibration vibrations for that session (33 vibrations).
Then, they proceeded to the annotation page where they could see all
the 11 vibrations for one group (order randomized). They could change
the ratings, remove tags, or add additional tags; the initial ratings and
tags were visible at all times. After completing a group, the experimenter
loaded the next group of vibrations and the participant went through
the calibration and annotation pages for that group. At the end of the
session, participants filled a short post-questionnaire for demographic
information and any other relevant comments.

4.3. Pre-processing of the dataset

Prior to full analysis, we handled outliers and then averaged and
incorporated our Stage 2 annotators’ input to prune tags as planned.

Outlier removal: We used participants’ performance on intentional
rating and tag errors to identify outliers with high bias or low attention
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to the experimental task. For this purpose, we wrote a short program
to extract participants’ responses on the intentional errors from the rest
of the annotations and counted the number of errors that participants
corrected. If a participant only modified the rating errors, we removed
their tagging data and if they adjusted less than 1/3 of both the rating
and tag errors, we removed all their data from the dataset. As a result,
for each vibration the dataset contains data from 9 taggers and 9-13
raters (5 rating outliers, and 13 tagging outliers).

Constructing the validated dataset: To derive the validated ratings for
a vibration, we averaged all the participants’ ratings for that vibration.
We eliminated tags removed by more than 1/3 of the participants (> 4
out of 9). In this way, we removed tags that were commonly marked as
irrelevant, yet did not excessively limit the dataset (to the tags approved
by everyone) to allow for more interesting analysis and results.

4.4. Definition of analysis metrics

To address our research questions, we devised a set of metrics that
are applicable to ratings and free-form tags and used them as the ba-
sis for our analysis. Table 2 summarizes all the metrics with mathe-
matical formulas. Below, V;,V;, denote the ith vibration and its replica
respectively. T; refers to the jth tag, Fy to one of the four facets, and
Njems to the number of items (e.g., tags, vibrations, participants). N,©
denote the intersection and symmetric difference respectively of two
tag sets.

5. Analysis and results

We provide our analysis procedure and results, focusing on our three
research questions in turn followed by a summary of our dataset char-
acteristics.

5.1. [Q1] Facet substructure: what are the underlying facet dimensions
that dominate user reactions to vibrations?

To interpret and verify the underlying dimensions for the facets, we
analyzed the data in four steps:

1. Ran a first MDS analysis on these vibration distances in each facet
to determine the number of underlying dimensions for the facet;

2. Determined an initial interpretation of the dimension semantics
based on frequent and contrasting tags at the ends of each dimension
(Table 3);

(O FE il Extra tags: + T0D0
Weak 3 o2 of 0 & Strong Sensation tags: |discontinuous | complex | |smooth | long
+1 + +3
continuous | | soft | dynamic
Slow -3 -2 -0 1 42 43 Fast Emotion tags: unique comfortable | strange || surprising
funny
s - .8 "
mooth 3 2 0 p p 3 Rough ! v : v
Metaphor tags: | explosion | gun | engine  |pawing | animal
Unpleasant 3l 1 0 #1 ' ia Pleasant Usage Example tags: one minute left encouragement
. milestone | | reminder above intended threshold
Low . High
arousal -3 -2 # 0 M o2 3 arousal below intended threshold | | resume
[ONEI Il Extra tags: « TODO
Weak 3 2 <@ 0 Strong Sensation tags: |irregular || grainy || dynamic | |flat| bumpy
+1 +2 43
Emotion tags:  mechanical || annoying | strange | boring | predictable

Fig. 4. The validation interface gave access to all 11 vibrations at the same time, and allowed users to remove tags and adjust ratings. Participants could see the existing (expert) ratings
in blue, and their own adjusted ratings in green. They could remove a tag by clicking on it (graying it out), and re-add it by clicking it again. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Definition of our analysis metrics.

Int. J. Human-Computer Studies 107 (2017) 38-61

Tag removal threshold: The number of participants that must remove a tag from a vibration before we eliminate the tag in our validated dataset. For example, we use a tag
removal threshold of 4, meaning that every tag that is removed by 4 or more participants from a vibration’s list of tags is eliminated from the validated dataset.

Vibration distance: The extent that two vibrations are described differently according to a given metric. In our study, the metrics are our facets. We calculate the distance
between two vibrations in a facet (F;) as the number of tags (N,) that are different between the two vibrations divided by their total number of tags in the given facet. We use this

metric in our MDS analysis of the vibrations.

N[V, F) © (V. F)]
Noags Vi F) + Noggs V, F)

Distance(V;, V;, F) =

@

Tag co-occurrence and tag distance: Co-occurrence is the number of times two tags are used together to describe the vibrations in our dataset. We calculate this value for two
tags by counting the number of vibrations that have both tags in our dataset and dividing it by their total frequency in our dataset.

Noivrations (Ti N T})
(T)+ N,

Co — occurrence(T;, Ti) =1-2x
N itrations vibrations(T})

2)

Tag distance: We define distance between the two tags (“tag distance”) as one minus their co-occurrence value. We use these tag distances in our MDS analysis on the tags.

Distance(T;,T;) = 1 — Co — occurrence(T;,T;)

3)

Tag disagreement score: An estimate of the amount of controversy among the participants in keeping or removing a tag. We measure it based on the number participants that
disagree with the majority of taggers (about removing or keeping a tag for a vibration) divided by the total number of times the tag is presented to the participants in our dataset.
For example, if for all the occurrences of a tag in our dataset only one of the participant have a different opinion from the rest, the formula results in a disagreement score of
0.11. The highest disagreement is 0.44 (the lowest is 0) meaning that for all the vibrations, the tag is approved by half of the participants and removed by the other half.

N stinorityparticipants (Vi Ti)
Noivrations(T1) X N parsicipants(V;)

Disagreement(T;) = Z
J

“@

Vibration disagreement score: The amount of difference in the participants’ descriptions of a vibration according to a criteria. In our study, we calculate vibration disagreement
per rating and per facet. For the ratings, we use the standard deviation of the ratings by the participants. For each facet (i.e., tag set), we define our metric to be similar to the
standard deviation but applicable to the tags. Specifically, for a vibration, we count the number of tags that are different between a participant’s approved tags and the validated
tag list for the vibration and divide it by total number of tags the experts provided for that vibration. We average the value over all taggers for that vibration.

Nyoos[(V;, P)) © (V;, V alidated))
Niggs Vi

Disagreement(V;) = Z

7 Experts)

5)

Unreliability score: Rating unreliability is the absolute difference in the ratings for a vibration and its duplicated version (for example, for energy ratings, the reliability is
defined as R(V;, energy) = |energy(V;) — energy(V1,)|). Tag unreliability is the percentage of removed tags that are different between a vibration and its replica. Specifically, it is the
number of tags removed from a vibration or its replica (but not from both) divided by the total number of tags removed from each.

N Removedtags|(Vis Fi) © (V1. Fy)l

TagUnreliability(V;, F,) =
i N gemovearags(Vis Fi) + N gemovearags Vi Fi)

(6)

3. Visualized distribution of the vibrations along each MDS dimension,
color-coded based on the existence (or lack) of related tags, to verify
our interpretation of the dimension (Figs. 6-9);

4. Examined results of a separate MDS analysis on tag (in contrast to
vibration) distances as a test of convergent and discriminant validity
(Appendix D)

Together, these analyses reinforced our interpretation of the semantics
of the dimensions and revealed the distribution of vibrations and tags
in each facet. Below, we separately describe the analysis steps in detail,
then present results for each facet.

[Step 1] Deriving dimensions from vibration distances: We calculated
quantitative values for vibration distances, in each facet, based on the
number of shared and different tags in the validated tag lists for each
two vibrations in the library (Table 2). Then, we ran an MDS analysis
on these vibration distance values for each facet. From this data, we
determined the number of MDS dimensions using the eigenvalue plots
as well as dimension interpretability. In Fig. 5, eigenvalue contributions
are normalized to that of the first eigenvalue. Since these plots do not
have an obvious “knee” (vertical gap), for each we first chose an initial
set of dimensions based on the highest-contributing eigenvalues; then,
considered dimension interpretability before arriving at a final number
(Guest et al., 2011). We thereby found between one and four dimensions
for each facet (Table 3).

[Step 2] Determine semantic descriptors for each MDS-produced dimen-
sion: We listed the validated tags and their rate of occurrence for the 10
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farthest vibrations at each end of an MDS dimension. The most frequent,
yet still contrasting tags for the two ends of a dimension provided us
with an initial interpretation of dimension semantics. We found one to
several such high-frequency tags (descriptive terms) bounding each end
of each dimension found in Step 1 (Table 3).

[Step 3] Verifying dimension semantics by visualizing vibration distribu-
tions: We visualized spatial distribution of vibrations along the identified
MDS dimensions from Step 1 and color-coded them based on existence
(red, green) or lack (gray) of high-frequency tags from Step 2 (Figs. 6—
9). As explained more fully in the first caption, vertical bars encode
MDS position of the vibrations along each dimension, while bar color
denotes whether a vibration’s validated tag list has one of that dimen-
sion’s high-frequency tags. Red and green bars that are grouped at the
opposite ends of the dimension with gray mostly in the middle signify
that the identified tags adequately represent the semantics of the dimen-
sion; substantial mixing of colors does not.

[Step 4] Investigating tag distances: We ran a second MDS analysis on
our derived tag distances (Table 2) and examined word positions in the
resulting MDS map as a measure of convergent and discriminant validity
of our interpretations (Guest et al., 2011), as follows. Convergent valid-
ity is supported when the words that have similar meanings in relation
to a dimension are spatially close in the MDS solution. Discriminant va-
lidity is supported if the words with contrasting meanings are located
far from each other in the MDS solution. Thus, we examined whether
the contrasting tags for each dimension are far away from each other
while the relevant tags for the dimensions are in the same area. Since
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Table

3
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Final facet dimensions (derived in Table 4) and their most frequent tags: the left column presents the number of dimensions identified from MDS
analysis on the vibration distances and our interpretation of their semantics. Middle and right columns show the most frequent tags and their
rates of occurrence for the 10 vibrations at the negative and positive ends of each dimension respectively.

Dimension Seman-
tics

Negative End of Scale

Positive End of Scale

Sensation; Facet
SensationD1:complexity 4

SensationD2: continuityy
SensationD3: roughnessg

SensationD4: durationg

simple (8), regular (7), soft (7)
discontinuous (10), regular (9)

smooth (10), soft (7), regular (7)
discontinuous (7), simple (7), short (6)

dynamic (10), irregular (9), complex (7)
continuous (10), simple (7)

rough (8), short (6), discontinuous (6)
grainy (8), regular (7), long (6), rough
(6), ramping up (6)

Emotion; Facet
EmotionD1: agitationg

EmotionD2: livelinessy

EmotionD3: strangenessy

comfortable (10), calm (10), pleasant (8)

predictable (10), boring (9), mechanical
(9)
rhythmic (10), lively (9), mechanical (8)

annoying (10), mechanical (9), agitating
(9), urgent (9), angry (8)

lively (10), unique (9), interesting (8),
rhythmic (8)

strange (10)

Metaphor; Facet

MetaphorD1: on-off, nu-
anced/ongoing, repetitivey
MetaphorD2: natural/

mechanicaly

tapping (10)

tapping (9), heartbeat (5)

engine (10)

alarm (10), game (7)

Usage; Facet

UsageD1: urgency, pause (10), battery low (9), get ready (8), | alarm (10), overtime (9), running out of
attention-demandy resume (7) time (9), above intended threshold (8)
1
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Fig. 5. Eigenvalue plots for the four facets. In each, the horizontal axis represents number of dimensions and the vertical axis indicates a dimension’s contribution to reconstructing the
vibration distances. If there is a large vertical gap between the nth and (n+1)th dimensions, the first n dimensions have much larger contributions than the following ones and describe
most of the variation in a facet. Thus, we use those first n dimensions in our analysis. The red dotted line highlights the number of dimensions we select for each facet. The eigenvalue
contributions are normalized based on the first (largest) eigenvalue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

(¢) Metaphor; facet
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(d) Usage; facet
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Fig. 6. Distribution of vibrations across the four MDS dimensions identified for the sensation, facet. All vibrations are shown. Position coding: thin vertical bars project each vibration’s
MDS-derived location onto this dimension. Color coding: bar color indicates whether the validated tag list for the vibration contains one of the frequent tags identified in Step 2 (red or
green, with red indicating the left end of the dimension, and green the right end) or not (gray). For SensationD1,, a red bar denotes that a vibration has a simple or a flat tag, while a
green bar represents a vibration with a complex or dynamic tag and gray bars show vibrations with no related tag. SensationD2;: (red: discontinuous, green: continuous), SensationD3;:
(red: smooth or soft, green: rough), SensationD4,: (red: short, green: long). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig.7. Distribution of all the vibrations across the three MDS dimensions for the emotion, facet. EmotionD1: (red: calm, comfortable, or pleasant, green: urgent, annoying), EmotionD2,:
(red: boring, green: interesting, lively), EmotionD3,: (red: predictable, familiar, green: strange, creepy, surprising). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 8. Vibration distribution across the two MDS dimensions for the metaphor; facet. Tags for MetaphorD1,: (red: tapping, green: engine), MetaphorD2;: (red: heartbeat, green: alarm
or game). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

W Awareness
¥ None
W High Urgency

L0 TEIIm
0.5 -04 03

[T
Q0.2

0.1

0.0 0.1
Usage D1

05 06 07

Fig. 9. Vibration distribution for the usage; facet. We color all vibrations with high urgency and attention tags (alarm, running out of time, overtime, or above intended threshold)
with green marks; use red for those with awareness notifications (pause, battery low, resume, or get ready); and gray for those with none of those tags or with a mix of both types. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

this step mainly confirms the results of the above steps, we report the
results in Appendix D.

In Table 4, we step through this process to interpret the dimension-
ality of each of our facets specifically.

5.1.1. Our five rating scales

To determine if our rating scales are orthogonal, we ran a Pearson
correlation on the ratings for the five Likert-scale parameters across the
120 vibrations.

Results show significant medium to high correlation for all five
parameters, except for pleasantness; and tempoy (low correlation,
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r=—0.22). Energy,, arousal; and roughness; have the highest cor-
relations (r=0.74-0.92), followed by pleasantness; and roughnessy
(r=-0.61), tempoy with arousal; (r=0.56), and roughness;(r=0.52),
and pleasantness; with arousal; (r=-0.53) (full correlation table in
Appendix C).

5.2. [RQ2] Between-facet linkages: how are attributes and dimensions
linked across facets?

We address this question by examining linkages among our identified
dimensions as well as linkages among the tags between various facets.
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Table 4
Facet dimension analysis.

Sensation facet

Dimensions from vibration distances: Fig. 5a’s eigenvalue plot suggests that after 4 primary dimensions, additional dimensions contribute little more (< .1 apart). The identities of
the most frequent tags at dimension extremes suggest that these four dimensions could be defined by their endpoints as: 1) simple/flat to complex/dynamic, 2) continuous
to discontinuous, 3) smooth to rough, and 4) short to long (Table 3).

Color-coded vibration distributions: Fig. 6 shows spatial distribution of the vibrations along the above four dimensions. All four have similar ranges (0.5 to +0.7), indicating
comparable variations along the dimensions. For the first three, the associated tags explain the dimension semantics well: green and red bars are well-separated at the two ends
of the dimensions and the gray bars are around the central, neutral position. For the fourth dimension, the colored bars are less well separated, suggesting that these tags can at
least partially explain this variation. We include it as the last interpretable dimension for the sensation, facet. These dimensions were further confirmed by our MDS analysis on
tag distances (Appendix D).

Final dimensions (also in Table 3): 1) simple—complex,, 2) discontinuous—continuous,, 3) smooth—rough,, and 4) short—long,. The overlap in the frequent tags for different
dimensions (Table 3) and their spatial configuration (Fig. D.13) suggest the above dimension properties are not completely orthogonal.

Emotion facet

Dimensions from vibration distances: Fig. 5b’s eigenvalues suggest 3—4 underlying dimensions; we opt for three due to higher interpretability. The most frequent tags in Table 3
suggest 1) comfortable and calm vs. annoying and urgent, 2) boring and predictable vs. lively and interesting, 3) strange and surprising vs. rhythmic and mechanical.

Color-coded vibration distributions: Fig. 7 shows the distribution of the vibrations along each emotion; dimension. For the first and second, color distribution follows our
interpretation. For the last, green bars are mostly grouped at the right (strange and surprising) but red and gray bars are randomly dispersed on the left, suggesting the need for
a better description for this end of the dimension.

Final dimensions:1) comfortable—urgent, agitating,, 2) boring—lively, interesting,, 3) creepy, strange—rhythmic, predictable,.

Metaphor facet

Dimensions from vibration distances: We removed 13 of 45 metaphor; tags that were applied with low frequency (to < 2 vibrations) to avoid unrepresentative distortions in the
MDS result. Metaphory’s eigenvalue plot then has a large number of dimensions with similar contributions; however, the first two slightly more than others. Tag frequencies
suggest that these two are differentiated in 1) tapping vs. engine, and 2) tapping and heartbeat vs. game or alarm. Further tag analysis (Appendix D) indicated that along
dimension 1, tags are divided into ongoing/repetitive or pulse-like/nuanced. For dimension 2, tags tend to be natural and calm; or mechanical, synthetic and annoying (see
Appendix D for the spatial configuration of tags).

Color-coded vibration distribution: Tag distributions for both dimensions show a separation of green and red bars at the two ends of the dimensions with gray bars lying mostly in
the middle (Fig. 8).

Final dimensions: 1) on-off, nuanced—ongoing and repetitive; metaphors, and 2) natural, calm (mostly pulsing)—mechanical and annoying; metaphors.

Usage facet

Dimensions from vibration distances: Eigenvalues suggest that the first dimension has a dominant contribution (Fig. 5d). According to the most frequent tags, this dimension
represents urgency and attention-demand of notifications. On one end, usage, tags suggest time urgency while on the other, notifications require little attention and are mostly
for users’ awareness (Table 3).

Color-coded vibration distribution: In Fig. 9, red, gray, and green bars are fairly well separated and gradually change from the left to the right of the dimension, supporting our
one-dimension interpretation for the usage, facet.

Final dimension: 1) Low-demand awareness—urgent and attention-demanding, notifications.

5.2.1. Dimension level: are there linkages or correlations among the derived facet structures to one another as well as to the rating metrics

identified dimensions of various facets? What factors can describe these frequently used in the literature. Thus, our variables are the five rating

correlations? scales and the 10 dimensions identified for all the facets (a total of 15

To address this question, we use factor analysis. Here, we include variables). We use the values of the 120 vibrations on those 15 variables

both ratings and facet dimensions in our analysis to further link our as our samples. This results in a ratio of 8:1 for our analysis (8 samples
Table 5

Factor analysis outcome. The left-most column shows the initial rating scales T and new facet dimensions after MDS analysis. The next four
columns present the factors upon which we have found some degree of cross-facet correlation, in terms of facet ratings and dimensions.
For each factor column, boldfaced numbers highlight facet variables with the highest contributions to that factor (> .45); empty cells
indicate very low contributions (< .3). Facet properties that have high values on the same factor column (e.g., energy, arousal, UsageD1,
in the Urgency, factor) are correlated: the columns/factors are a point of linkages between the respective facets.

Revised facet properties Urgency Liveliness | Roughness| Novelty
(Factor 1) | (Factor 2) | (Factor 3) (Factor 4)

1. Sensationg:

energyq T 0.89

tempo/speed T 0.43 0.45 0.34

roughness T 0.75 0.48

SensationD1 - Complexity 4 0.45 0.55

SensationD2 - Continuity g -0.38 0.31

SensationD3 - Roughness 0.89

SensationD4 - Durationg 0.36 -0.48

2. Emotiong:

pleasantness T -0.64 0.33 -0.34 -0.31

arousalgt 0.95

EmotionD1 - Agitationg 0.82

EmotionD2 - Livelinessy 0.89

EmotionD3 - Strangenessg 0.60

3. Metaphor:

MetaphorD1 - On/off vs. ongoingg -0.32 0.44

MetaphorD2 - Natural vs. Mechanicaly 0.45

4. Usage;:

UsageD1-Attention-demand 0.80
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Sensation tags

bumpy |complex cont. discont. dynamic firm flat  grainy irregular long pointy rampdwnrampup regular rough short simple smooth soft spiky springy ticklish wavy
agitating 0.16 0.36 0.16 0.46 0.39 0.21 0.04 0.29 0.36 0.2 0 0 0.23 03 ' 0.3 0.08 0.06 0 0.32 0 0.24 0
angry 0.11 0.1 0.14 0.26 0.25 0.21 0 0.16 0.17 0.15 0 0.07 0.19 0.04 0 0 0.26 0 0.09 0
annoying 0.16 0.24 0.34 0.35 0.42 0.22 0.09 0.39 0.25 0.21 0 0.09 0.37 0.11 0.03 0.03 0.22 0 0.15 0
boring 0.14 0 037 0.13 0.14 0.14 0.47 0.36 0.04 0.24 0 0.2 0.09 0.39 0.28 0.27 0.05 0 0 0.1
calm 0.23 0.06 0.22 0.39 0.15 0.08 0.43 0.2 0.09 0.32 0.05 0.27 0.13 054 062 058 0.1 0 0 0.05
(7, comfortable 0.5 0.21 0.26 0.52 0.37 0.03 0.22 0.26 0.27 0.21 0.04 0.19 0.16 04 055  0.56 0.08 0.04 0 0.07
bn creepy 0 0.13 0.13 0.02 0.07 0 0.12 0.11 0.06 0.07 0 0 013 0.05 0 0 0 0 0.2 0
(] energetic 0.44 0.1 0 0.29 0.11 0.08 0 0.13 0.04 0.1 0 0 0.1 0.26 0 0.1 0.28 013 0 0
d familiar 0.29 0 0.19 0.31 0.05 0.1 0.2 0.17 0 031 0 0.2 0.08 0.6 0.37 0.48 0.12 0 0 0
fear 0.04 0.16 0.11 0.18 0.21 0.17 0.08 0.23 0.29 0.17 0 0 0.16 0.04 0 0 0.12 0 0.35 0
: funny 0.08 03 0.06 0.12 0.19 0 0 0.15 0.21 0 0 0 0.06 0.04 0.05 0.06 0.14 0.22 0.15 0.2
o happy 0.41 0.18 0.05 0.31 0.21 0 0.06 0.2 0.12 0.14 0 0 0.05 0.21 0.2 0.22 0.15 0.1 0 0.1
.; interesting 0.48 0.46 0.14 0.45 0.46 0.05 0 0.16 0.33 0.15 0 0 0.21 0.23 0.22 0.14 0.23 0.06 0.06 0
o lively 0.54 033 0.03 0.58 0.39 0.12 0 0.16 0.34 0.18 0 0.04 0.18 03 0.22 0.18 0.32 0.05 0.04 0.05
mechanical 0.24 0.32 0.36 0.58 0.51 0.2 0.1 0.44 0.4 0.26 0.03 0.17 0.4 0.28 0.16 0.08 0.24 0 0.08 0
E natural 0.3 0.09 0.09 0.27 0.13 0.06 0.13 0.12 0.08 0.14 0 0.13 0 0.34 0.46 0.43 0.1 0 0 0.09
m pleasant 0.51 0.18 0.11 0.38 0.18 0 0.14 0.25 0.1 0.15 0 0.05 0.07 0.49 0.44 0.56 0.15 0.06 0 0.12
predictable 0.22 0.03 0.41 0.23 0.22 0.09 0.36 0.37 0.06 0.32 0 0.13 0.24 0.5 0.4 0.37 0.07 0 0 0.06
rhythmic 0.55 034 0.03 0.54 0.29 0.2 0.04 0.08 0.34 0.25 0.05 0.08 0.03 0.28 0.22 0.21 0.26 0.05 0.04 0
sad 0.04 0.06 0.24 0.08 0.09 0.11 0.5 0.05 0 0.31 0 0.4 0.18 0.26 03 0.24 0 0 0 0
strange 0.22 0.39 0.28 0.33 0.43 0.05 0.14 0.28 0.45 0.14 0 0.23 0.28 0.2 0.16 0.1 0.15 0 0.05 0
|surErIslng 0.13 0.48 0.26 0.29 0.47 0.19 0 0.15 0.43 0.04 0 0.18 0.35 B 5 0.03 0.11 0.04 0.14 0.09 0.15 0 |
uncomfortablg 0 0.29 0.21 0.27 0.28 035 0.06 0.25 0.15 0.21 0 0.17 0.42 0.13 0.45 0.25 0.1 0.04 0 0.14 0 0.21 0
unique 0.28 '&a:,—l 0.18 0.41 0.55 0.05 0.05 0.16 0.52 0.18 0 0.09 0.14 0.11 0.22 0.11 0.27 0.06 0.11 0
urgent 0.19 0.37 0.29 0.49 0.46 0.25 0.04 0.34 0.35 0.23 0 0.11 0.34 0.17 0.08 0 0.27 0 0.16 0

Fig. 10. Co-occurrence of the sensation, tags with the emotion; tags in our vibration library. For each emotion, tag (rows), we see the most (and least) associated sensation; tags (encoded
as darker and lighter cells respectively). For example, highlighted with red boxes, to design a surprising vibration, one should make an irregular, dynamic, ramping up, and rough sensation
(design scenario in Fig. 1a). Similarly, looking down on each column, one can see how a particular sensation, tag is perceived emotionally. Bumpy vibrations mostly invoke positive
emotional response such as comfortable, energetic, happy, lively, etc. (evaluation scenario in Fig. 1b). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

per variable), satisfying the minimum suggested ratio in the literature
(5:1) (Yong and Pearce, 2013).

According to our results, four perceptual factors can describe cor-
relations among the dimensions in various facets (the four right-most
columns on Table 5 ). Table 5 shows the vibration properties (ratings
and facet dimensions) with loadings >0.3 for each factor and highlights
the ones with higher loadings (>4.5) in boldface.

Factor 1 (Urgencyy,,): UsageD1; and emotionD1, are highly con-
nected to the same underlying factor as energy,, arousaly, roughness,,
and pleasantness;. SensationD1 - complexity; and metaphorD2 -
natural/mechanical; are also connected to this factor but with lower
loadings.

Factor 2 (Liveliness/interestingness,,): EmotionD2 - boring/lively, is
connected with sensationD4 — durationg, and tempo, on the second fac-
tor. SensationD2 - continuity, is also partially loaded onto this factor.

Factor 3 (Roughnessg,,): This factor presents the link between sensa-
tionD3 - roughness; with roughness; and pleasantness, ratings.

Factor 4 (Noveltyg,): SensationD1 - complexity, and emotionD3 -
strangenessy are connected on the fourth factor. MetaphorD1, also par-
tially loads onto this factor.

5.2.2. Tag level: how do tags in the different facets correlate?

We used our tag co-occurrence metric (Section 2) as a measure of
correlation between tags in various facets. We report co-occurrence of
the sensation, facet’s tags with emotion,, metaphory, and usage, tags,
since sensation, tags more directly relate to engineering parameters
(Fig. 10) but are also hardware independent. Fig. 10 presents links
among the emotion, and sensation, tags (see Appendix F for the tag
co-occurrence tables of the metaphory and usage, facets).

5.3. [RQ3] Individual differences: to what extent do people coincide or
differ in their assessment of vibration attributes?

We examined variation in the participants’ ratings and tags as a mea-
sure of individual differences in their perceptions and opinions. Here,
we report these individual differences on various levels including the
extent of variation (disagreement) across the facets, ratings, and tags as
well as the amount of disagreement per vibration.
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5.3.1. Per facet

We measured overall individual differences in the facets based on
percentage of facet tags that were approved by everyone (100% of the
annotators), as well as percentage of tags that caused a split between
the participants (defined as when half of participants removed a tag and
the other half kept it as an appropriate tag for a vibration). Sensationg
had the lowest L.D.;, with the highest number of tags kept by everyone
(21% compared to 7-12% for the other facets), and the lowest number
of tags that caused a split (18% compared to 32-37%). Usagey elicited
slightly more individuated responses than emotion, and metaphory, with
7% tags approved by everyone and 37% tags resulting in a split in the
participants’ opinions.

5.3.2. Per rating

For each of the five rating scales, we used standard deviation of the
values provided by all the annotators for a vibration as a measure of I.D.
in that rating. Averaged across all vibrations and on a 7-point scale, these

A Story
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: 30 Funny Start 0.3
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0
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o . Short g _ Pulsing
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Fig. 11. A stacked bar chart showing tag disagreement scores in each facet. The height of
each bar indicates total number of tags in a facet. More saturated parts of the bar indicate
tags with higher disagreement scores. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)
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Energy Tempo Roughness Valence Arousal Sensation Emotion Metaphor Usage
v-09-10-3-56 0.44 0.62 0.59 091 0.79 0.02 033 0.29
v-09-10-4-25 0.35 oss [[T126 " o9 0.81 03 0.07 0.28
v-09-10-6-46 0.4 0.4 0.67 0.91 0.84 027
v-09-12-1-0 0.46 0.86 1.07 0.83 027 ; ]
v-10-28-7-35 0.99 116 119 | 053 0.16 031 041 04
v-09-09-8-11 1.08 0.54 0.59 0.63 05 0.15 0.22 0.22 0.27
v-09-09-8-20 0.92 0.65 11 091 0.76 0.22 017 0.19 03
v-09-09-8-20-cpy  0.85 0.36 0.85 0.76 0.69 0.22 0.19 021
v-09-09-8-24 0.89 11 11 EEE oo 0.2 0 033
v-09-10-11-55 0.47 0.96 11 1.01 0.83 0.09 017 0.22 023
v-09-10-12-11 0.57 0.53 0.28 0.99 0.59 015 0.09 0.11 0.06
v-09-10-12-13 0.28 0.58 0.65 0.38 0.09 0.26 0.14 0.26
v-09-10-12-16 0.4 111 0.79 0.44 017 027 024
v-09-10-12-2 0.79 0.36 0.52 0.86 0.28 0.16 0.2 0.22 0.22
v-09-10-12-6 0.77 0.62 0.46 0.93 1.01 0.03 0.17 0.16 027
v-09-10-12-9 0.53 0.5 0.66 0.88 0.18 0.21 0.26 0.27 0.28
v-09-10-12-9-cpy  0.68 0.33 073 g 0.66 0.24 0.19
v-09-10-3-52 0.14 0.26 0.57 0.83 0.64 0.2 0.28 0.24 022

Fig. 12. Disagreement scores for the ratings and facets for a subset of the vibrations, calculated based on Table 2. Disagreement scores are within [1-7] (ratings), and [0-1] (facets). A
vibration can have a low disagreement score on one rating or tag set but a high disagreement score on another.

are 1.0, 0.8,0.7,0.7, 0.7 for pleasantness,, roughness;, energy,, tempo,
and arousal, respectively.

5.3.3. Per tag

Stage 2 participants approved or removed some tags in consistent
ways (e.g., short, irregular, agitating) whereas the participants showed
differing opinions about the appropriateness of some others (e.g., tick-
lish, fear, start). Tag disagreement score represents the amount of con-
troversy among the participants in keeping or removing a tag (Section
4.4). The highest possible score is 0.5, denoting a full split in participant
opinions.

Fig. 11 shows a bar chart of the number of tags in each facet, color-
coded based on their disagreement score (higher color saturation denote
higher disagreement scores). The figure also lists examples of tags with
low and high disagreement scores: e.g., in sensationy, short and smooth
transition tags had the lowest disagreement while ticklish had the high-

Table 6

est. Overall, usage, tags had higher disagreement compared to the other
facets, with no tag showing very low (< .2) disagreement.

5.3.4. Per vibration

We computed disagreement among the ratings and tags assigned to
each vibration (vibration disagreement score is defined in Section 4.4).
Fig. 12 presents a heatmap of a subset of vibrations and their disagree-
ment scores for the ratings and tags (see disagreement values for all
the vibrations in Appendix E.17). Interestingly, the vibrations were not
always consistently disagreed or agreed upon. For example, vibration
“v-09-10-3-56” had low disagreement on sensatiorny tags but higher dis-
agreement on emotiony, metaphory, and usagey tags. The vibrations also
differed in the facet(s) that had the lowest controversy for them: “v-09-
10-6-46” was mostly agreed upon in the emotion, facet but had high
disagreement in the metaphory facet. This pattern was reversed for an-
other vibration (e.g., “v-09-10-4-25").

Summary of our annotation dataset after the two stages of expert annotation and lay user validation (i.e., pruning). The left column indicates:
the average difference in values provided on the five rating scales originally used to define the facets (top section); overlap in the tag sets for
each of the facets (middle section); and the overall tag count for these facets (bottom section). Values in the experts and lay user columns in
Table 6 cannot be directly compared due to differences in the tasks in these collection stages: experts applied annotations (each vibration
was annotated by two of three experts), while lay users were asked to confirm them, and largely removed rather than adding tags.

Experts

Average difference among experts

Lay Users
Average deviation from experts

Rating difference
Energyq

Tempog

Roughness,
Pleasantness

Arousaly

(Range, 7-point scale)
1.15
1.26
1.6
1.64
1.5

(Range, 7-point scale)
0.45
0.54
0.64
0.84
0.5

Tag overlap
Sensation ¢
Emotiony
Metaphor ¢
Usage s

Tags applied by both experts
25%
17%
14.5%
12.5%

Tags approved by > 4 lay users
86%
72%
76%
69%

Dataset tag count
Sensation s

Emotiony

Metaphor ¢

Usage

Following expert annotation
744
988
584
1234

Following lay-user validation
635
716
442
857
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5.4. Methodology: how does staged data collection impact annotation
quality?

The goal of our two-stage data collection was to reduce noise from
outliers and improve dataset convergence and reliability by facilitat-
ing the annotation task for the lay users, but at the cost of an addi-
tional round of data collection. Below, we summarize how well this new
method achieves these goals by examining dataset characteristics after
the two rounds of annotations and reliability of the final dataset.

Expert and Lay User Annotations: Table 6 summarizes characteristics
of our dataset after expert and lay user annotation stages.

Reliability of the final annotation set: To assess reliability, we measured
absolute rating difference and percentage of tag difference between a
vibration and its replica (Section 4.4) for each individual participant as
well as for the final aggregated dataset. On average, the ratings were ~ .7
apart (on a 7-point scale) for individual participants but this difference
was reduced to ~ .2 for the final aggregated dataset. Further, ~ 33% of
the tags removed by an individual were different between a vibration
and its replica which was further reduced to ~ 7% difference on the final
aggregated set.

6. Discussion

We start by looking at how these results apply to the three design,
evaluation, and personalization scenarios we proposed in the introduc-
tion (Fig. 1): have we indeed found evidence for perceptually continu-
ous dimensions within individual facets, along which users would presum-
ably find it logical to “move” individual haptic elements as an act of de-
sign? Do we have a mapping among the facets that enables translation
of design requirements, or evaluation of aesthetic properties of haptic
elements?

We then compare our facet dimensions with the perceptual vibro-
tactile properties in the literature and draw insights into findings on in-
dividual differences and annotation reliability. We finish by reviewing
the validity and effectiveness of our methodological choices.

6.1. Within-facet perceptual continuity: scenarios

Scenario 1 — design guidelines and manipulations (Fig. 1a): In making
haptic sensations, designers commonly have a set of requirements in
the usage;, metaphory, or emotion, facets (e.g., surprise or racing car
engine) and require guidelines prescribing important sensation, or en-
gineering parameters for meeting those requirements. The linkages be-
tween the facets can provide such guidelines: the designer can look
along the rows of Fig. 10 and find the highly correlated sensation,
tags. For example, using Fig. 10, the task of designing a surprise vi-
bration is broken into designing a sensation that is irregular, complex,
ramping up, and rough (sensation, tags with high co-occurrence with
surprise).

On the dimensional level, between-facet linkages provide a more
continuous mapping for design. For example, a designer might want
to create a palette of sensations that vary in liveliness. Using the cor-
relation among the boring—lively; dimension and the dimensions from
the sensation, facet, the designer can vary continuityy and tempog of
the vibrotactile rhythm in sketching alternative palettes for further in-
vestigation.

Here, we link usagey, metaphorf, or emotionf facets to the sensationf
attributes, rather than engineering parameters of vibrations, to provide
concrete yet hardware-independent design guidelines. The specific en-
gineering parameters for the facet descriptions could vary depending
on the hardware and form factor of a target device and are not gener-
alizable. In contrast, sensory properties of vibrations (e.g., roughness,
continuity, and duration) are hardware-independent descriptions, well-
studied in the literature (e.g., roughness), or straightforward to imple-
ment (e.g., continuity). For example, the designer can add discontinuity
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by including silence or pause in a vibration while ensuring that the du-
ration of silence is perceptible to people (Ternes, 2007).

Scenario 2 — evaluation (Fig. 1b): Alternatively, for cases where a
designer has a set of vibrations and is interested to know their emo-
tional connotations, proper metaphors or usage examples, he/she can
look them up along the columns of Fig. 10. For example, a bumpy sen-
sation usually has positive emotional connotations such as happy, inter-
esting, lively and rhythmic, while ramping up sensations are usually an-
noying, mechanical, and uncomfortable.

Scenario 3 — personalization (Fig. 1c): Facet dimensions and their
linkages provide the theoretical grounding for designers to build tun-
ing and stylization tools for end-users who may wish to personalize their
vibration notifications. First, the dimensions we found in this work
are good candidates for being the basis of tuning sliders, as they cap-
ture the dominant spectrums along which a vibration can vary in a
facet. For example, one can imagine a tuning slider that moves a vi-
bration along the emotion dimension of boring—lively,. Then, even
more practically, the linkages identified in our results from a dimen-
sion in the emotion;, metaphory, or usage; facets to the sensationg
dimensions inform us about the mechanics of building these sliders.
For example, the boring—lively; dimension is correlated with the sig-
nal’s tempo, duration; (sensationD4) and continuity; (sensationD2).
Thus, a designer can use these three sensation, attributes in develop-
ing an automated algorithm for a liveliness slider, which is ultimately
controlled by end-users to modify a vibration’s liveliness for their per-
sonal taste. Our future work focuses on using our results to build a set
of tuning sliders for vibrations.

6.2. Facet dimensions and linkages

Here, we discuss the unique insights and challenges for the facet di-
mensions and present implications for future research and design when
applicable.

Sensation ¢ provides designers with a practical translation platform be-
tween the facet space and engineering parameters like frequency and wave-
form. Sensation; dimensions reflect important perceptual and engineer-
ing parameters identified in past studies. Specifically, rhythm and en-
velope, two parameters found to be influential and manipulable in ex-
pressive vibrotactile design (MacLean, 2008; Ternes, 2007), are di-
rectly linked to continuity; and complexity,; (sensationD2, D1 respec-
tively). Roughness; and duration, are also known to impact users’ per-
ception (Hoggan and Brewster, 2007a, 2007b; MacLean, 2008). Thus,
translating the emotiony, metaphory, and usage, dimensions and tags to
the sensationy facet offers a practical and hardware-independent means
for design.

Emotional perceptions of vibrations do not follow theoretical dimen-
sions of pleasantness ; and arousal 4. Correlation of the pleasantness
and arousal; ratings (Section 5.1.1) as well as our MDS results on
the emotion, tags suggest that these two dimensions are not orthogo-
nal for our vibrotactile collection. As a result, not all four quadrants
of the pleasantness (valence)-arousal grid are covered by the vibrotac-
tile sensations in our library. Specifically, none were marked as either
very pleasant and alarming (positive valence-positive arousal), or very
calm but unpleasant (negative valence-negative arousal).

While it is possible that such examples exist but our library does
not contain them, we note that two recent studies found a similar cor-
relation and also the same gap for different vibrotactile actuators and
vibration sets (Seifi and MacLean, 2013; Yoo et al., 2015). Yoo et al.
examined several sets of vibrations (24-36 items each) on a voice coil
actuator (Haptuator — TactileLabs, 2016) and none covered the negative
valence-negative arousal or very high valence-high arousal quadrants
(Yoo et al., 2015). Our own previous study reports a similar correlation
for a small subset of 14 vibrations on an Electro-Active Polymer (EAP)
actuator (Seifi and MacLean, 2013).

We propose that for vibrations, the theoretical dimensions of
pleasantness; and arousal; in the literature are not good representa-



H. Seifi, K.E. MacLean

tives for the 2-D affect grid. There, sad and boring have negative va-
lence and negative arousal while vibrations with sad and boring tags
do not fall in that area; they are not necessarily unpleasant and quiet
and this difference is reflected in our dataset. Instead, our MDS analysis
on the emotion tags suggest that people perceive and rate vibrations
according to three other dimensions: 1) agitationg, 2) liveliness;, and
3) strangeness,.

This result impacts future research and design in at least three ways.
First, further studies are needed to confirm or reject this pattern, and
compare emotion; dimensions for vibrations with other haptic stim-
uli (such as natural textures, force feedback and variable friction) and
other modalities such as vision and audition. Second, the three dimen-
sions provide new directions for vibration design. Agitationy, livelinessg,
and strangenessy explain large variations in emotiony, have low correla-
tion, and provide a more accessible design space for current vibrotactile
technology. They may be promising targets for affective design. Finally,
once further validated, these dimensions offer good candidates for de-
vising a standard evaluation instrument for vibrations.

Metaphor ¢ dimensions are the most difficult to interpret. Our results sug-
gest two dimensions for metaphor; tags that vary on continuity, novelty,
and urgency. However, the spatial configuration of tags in Fig. D.15 does
not completely follow this definition (see the report of outlier tags in
Appendix D). Also, these two dimensions are partially linked to the other
facets in our factor analysis. One reason could be that our metaphory
tag set is larger but also sparser: there are fewer common metaphor,
tags among the vibrations (Table 3) compared to sensationf, emotionf,
and usage, tags. While this trend can reflect an inherent characteris-
tic of metaphors for describing vibrations, future studies are needed
to validate and expand on the above dimensions and further develop
the metaphory vocabulary for vibrotactile effects by studying a broader
list of initial metaphor tags collected from diverse participants.

Users’ interpretation of vibration meaning in usage contexts is mainly
dictated by their energy (or urgency). According to our MDS results, vi-
bration energyy or urgencyy is the most important dimension for usagey
tags. While energy is an important design parameter, we are not aware
of previous work that empirically connects a vibration’s energy to its
application. Our vibration library is designed to include a wide range of
sensations but our tag list for usagey is developed for a specific context:
applications where time tracking is an important component (e.g., giv-
ing presentations and exercising). We anticipate this finding to extend
to other application contexts but future studies are needed to confirm
or reject the importance of energy for other types of applications.

Emotional connotations of vibrations play an important role in users’
perception of vibrations, regardless of facet. The three dimensions found
for emotion; have substantially high loadings on three of the four fac-
tors in Table 5: urgencyy,, livelinessg,, and novelty,,. This suggests
that the underlying constructs, describing the variations and linkages
between the facets, are mainly emotional. In the absence of other strong
criteria, the emotion, facet can serve as the best default for end-user tools
and interfaces.

6.3. Individuals’ annotation reliability and variation

Reliability of individuals’ tagging is surprisingly low. In our Stage 2 study
component, we placed a duplicate vibration in each vibration set - i.e.,
two out of the 11 were identical (Section 4.2). However, about 33%
of individuals’ removed tags differed for these duplicates (Section 5.4).
This number is unexpectedly high: participants had access to all the vi-
brations and their tags via the experiment interface. Although the vari-
ation may be partially due to varying commitment and focus, it also
suggests that people’s memory of vibrations quickly fades. In contrast
to auditory and visual icons, sensations in this unfamiliar modality are
not always immediately memorable, and users commonly play a vibra-
tion several times to form an opinion about it or to compare it with
another vibrotactile sensation. This negatively impacts reliability, but
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in some cases can simplify study design when one stimulus is presented
in multiple experimental conditions.

Data on individual differences in ratings and tags inform haptic evalua-
tion. Disagreement scores for the tags and ratings suggest that a notable
portion of annotation variation is due to differences among users’ def-
initions of the language terms and its manifestation in a tactile signal.
This is evidenced by lower individual difference values for sensation
tags and the five rating scales. To mitigate this in the long run, we need
to devise and consistently use a set of standard rating scales; the facet
dimensions are promising candidates for such an endeavor. In the mean-
time, our tag disagreement scores can inform haptic researchers in se-
lecting less controversial tags or estimating the number of participants
required for their evaluation.

6.4. Review of our methodology

We contribute a data collection and analysis methodology, based on
existing practices in the music annotation domain, that allows for com-
prehensive evaluation of a large vibration collection. Here, we discuss
the validity and effectiveness of our methodological choices according
to our results to support future uses and adaptations of our approach.

6.4.1. Method validity

Bias in validation stage: Seeing existing annotations did not override par-
ticipant perceptions. Participants made large adjustments (~4.3 on a 7-
point scale) to the intentional energy rating errors applied in the valida-
tion stage to identify outliers — (Section 4.2). Also, a notable percentage
of the tags (~14-31%) are removed by 4 or more (out of 9) participants,
demonstrating some degree of inter-participant consistency as well as
willingness to respond with initiative. We also guarded against bias by
describing the existing annotations to the participants as “noisy data
from other users;” and by eliminating the participants with few anno-
tation adjustments as outliers, on presumption that this indicated low
engagement with the task. Finally, our validation task resembles practi-
cal scenarios where users start from a proposed set of notifications and
their intended perception and usage (e.g., list of alarm tones on a phone,
game sounds, etc.) and adopt or reject notifications depending on their
perceptual match. Thus, although we expect some degree of conformity
among the participants to the existing tags and ratings which were their
(nonzero) starting point, it appears this did not override their choices
and our validated dataset reflects their accepted annotations among the
proposed ones.

Annotation instrument: Quality of our ratings and tag lists are reflected
in our results. We included five Likert-type ratings to link our results to
the most prominent vibration properties in the literature. Alternatively,
these properties could be represented as tags in our instrument. While
the latter would result in a uniform instrument with only tags, the former
enabled us to capture users’ perception of these properties with more
precision and informed design of the VibViz interface (Seifi et al., 2015).
Further, since factor analysis is robust to metrics with different scales
(Yong and Pearce, 2013), we could include both MDS dimensions and
ratings in one analysis, complementing our picture of users’ perception
of vibrations.

While developing the tag sets, our goal was to include as many
relevant tags as possible, yet avoid redundant tags. For sensations
and emotiony, our tag lists were built on existing adjective lists in the
literature, were inclusive and were independent of the context. Thus, for
these facets we could identify several dimensions with stronger linkages
in the factor analysis. In contrast, the metaphor; and usage, tag lists were
use-case dependent and could not be inclusive in nature. Further, it was
more difficult to identify tag redundancy and conflicts for them. Thus,
they resulted in fewer dominant dimensions which were harder to in-
terpret (metaphorf) and dependent on use case (usagef). The attributes
and dimensions for these facets can be further refined and validated
over time, through follow-up studies that examine a broader range of
use cases and metaphors with diverse participants.
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Future work can further refine our metaphory and usage attributes
and dimensions by studying other use cases and participant groups.

Analysis methods: We triangulate our analysis to guard against the subjec-
tivity in our interpretations. For both MDS and factor analysis, researchers
determine number and semantics of dimensions and factors. Although
this interpretation is based on evidence in the data, the resulting seman-
tics are subject to the researchers’ bias and pre-conceptions. To guard
against this, we use three different analyses on the tags to interpret se-
mantics of the facet dimensions and provide data on between-facet link-
ages on both dimensional and tag level.

Analysis methods: Factors with low loadings must be interpreted with cau-
tion. Our factor analysis has a ratio of 8:1 for data points (120 vibration
ratings and MDS positions) and variables (15 ratings and facet dimen-
sions; Section 5.2.1). While this meets the minimum ratio proposed in
the literature (5:1), higher ratios (10:1 or more) are recommended for
more stable results (Yong and Pearce, 2013). With our data, the vari-
ables with low factor loadings may not be stable if more data is added,
thus they must be regarded with caution. This is especially true for the
two metaphorf dimensions and for continuity, (sensationD2).

6.4.2. Method effectiveness

Recruitment benefits: the staged approach increases efficiency of data
collection and improves convergence. Practically speaking, we found that
validating existing ratings and tags can be done more quickly than anno-
tating a vibration. In our study, validation sessions include about three
times more vibrations than our pilot and expert annotation sessions (33
vibrations compared to 12 vibrations). This means the same amount of
data can be collected with fewer participants. Further, we found that the
between-subject variations in the validation stage were reduced to val-
ues equal to within-subject variations (reliability) in the ratings, leading
to better convergence. In Sections 5.4, and 5.3.2, all values are < 1 on
a 7-point Likert scale. Finally, having expert ratings on the vibrations
allowed for quick detection of outliers in the data and adjusting the re-
cruitment plan accordingly.

Value added by end-user validation: second stage is crucial for validating
expert tags. On average, the lay-user-validated ratings are about 0.5 (7-
point scale) different from the expert ratings, and the lay-user-validated
set of tags include 14-31% fewer tags than the expert tag set. These
results suggest that experts’ ratings provide a fairly accurate estimate
of users’ ratings; while for the tags, experts’ and lay participants’ opin-
ions deviate more, justifying the need for the validation stage. If further
studies confirm this pattern, then this approach can provide a discount
evaluation method for vibrotactile design similar to heuristic evaluation
in user interface design (Nielsen and Molich, 1990).

7. Conclusion

Our work investigates four vibration facets, their underlying di-
mensions and their linkages and mappings based on ratings and tags
collected for a library of 120 vibrations; Fig. 2 illustrates the emer-
gent landscape we have exposed and described with tags, facets, di-
mensions and facet-linking factors. Our data and analysis confirm defi-
nite cross-facet linkages between certain facet dimensions. We describe
these linkages on a discrete level between tags (descriptive words ap-
plied to specific vibrations, which themselves we have empirically lo-
cated within facet dimensional space) and on a continuous level be-
tween dimensions; (wherein dimensions provide perceptual delineation
of the facets). For the latter, the linkages can be described according to
four factors (perceptual constructs underlying facet linkages): a vibra-
tion’s urgencyy,, livelinessg,,, roughnessg,, and novelty,.

The linkages between the sensationf facet and the other facets (on
both tag and dimension levels) offer guidelines for vibration design,
evaluation, and personalization. However, we still lack a continuous
mapping between most facet parameters (user’s cognitive schemas) and
the engineering parameters, by which these sensations are constructed.
Applying machine learning techniques to the vibratory signals and their
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associated disposition within the facet space (such as the ratings, tags
and MDS positions on the facet dimensions) is one approach towards
identifying such a mapping. To this end, we have released our vibration
dataset (vibration.wav files, their annotations and MDS characteriza-
tion) for use by other researchers (VibViz Dataset, 2016).

Further, our lab continues to examine this mapping in the use case
of developing a set of tuning sliders that can move a vibration along the
semantic facet dimensions - that is, Scenario 3.

Will underlying facet dimensions and linkages apply to sensa-
tions produced with other haptic technologies? We anticipate that to
a large extent they will, although specific labels and properties for
the facets might vary. The literature includes evidence that people
use sensationg, emotiony, and metaphor; descriptions for many kinds of
haptic sensations, ranging from ultrahaptics effects (non-contact stimuli
produced with acoustic waves (Obrist et al., 2013)) to movements of a
furry touch-based social robot (Yohanan and MacLean, 2011; Yohanan
et al., 2005). Confirming this requires future studies that examine the
facet dimensions for other types of haptic sensations, such as force feed-
back, texture displays, variable friction and ultrahaptics, and compar-
ing their findings with our results. Such an endeavor can lead to a more
holistic and technology-independent model of user haptic perception.

Beyond haptics, facets can facilitate multimodal experience design.
First, they support design of rich haptic experiences, which in turn
enhances multimodal applications and media involving haptics. Sec-
ond, they provide a shared cognitive grounding for design in different
modalities. Past research has shown that users can associate stimuli,
in different modalities, designed for shared perceptual or cognitive at-
tributes (Hoggan and Brewster, 2007a). Facets encapsulate and struc-
ture users’ cognitive schemas and are shared (or overlap considerably)
among different modalities (e.g., emotionf attributes). Visual and au-
ditory design already utilize a body of guidelines and cultural conno-
tations established for affective design. Our results support haptic de-
signers in creating sensations that are congruent with their visual and
auditory analogs in their perceptual and affective attributes. The other,
less-utilized senses in HCI (e.g., olfactory) can benefit by following a
facet-based approach to design. In fact, the olfactory sense already has
a basis for a faceted language. For example, Fragrantica, ! an online
perfume review website, presents perfumes according to their top, mid-
dle, and base notes as well as their longevity, sillage, usage context (e.g.,
day, summer), and user group (e.g., female > 25). These modalities can
benefit from our procedure in developing their facets and characterizing
their semantic structures for design.

We close by noting that rarely have the many challenges inherent
in haptic evaluation (MacLean et al., 2017) been approached through
the development of new, haptic-specific methodologies and evaluation
instruments. Here, we offer a novel, scalable data collection approach
to mapping users’ comprehension of large sets of haptic signals; and
report between- and within-subject data variation that can inform future
instrument development.
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Tables A.7-A.10
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Table A.7

Sensation, tags and disagreement scores. Table A.9

Metaphory, tags and disagreement scores.

Index Tag Disagreement Index Tag DS e
Score Score
1 short 0.08 :
2 smooth transition 0.09 ; gi?s(;i?gg 811
3 1rrfegular 0.11 3 getting close 0.11
. pointy 0-11 4 cymbal 0.11
5 ramping up 0.12 5 alarm 0.15
6 grainy 0.12 6 - 0.15
; l?:lllg o gﬁ 7 morse code 0.16
P ’ 8 heart beat 0.17
9 firm 0.17 9 509 0.18
10 rough 0.17 10 buzz 0:18
1 wavy 0.17 11 engine 0.19
12 continuous 0.17 12 dlidin 0.2
13 discontinuous 0.17 5 i 01
14 bumpy 0.17 L gaill’e & 099
12 lculg/r;al:;lc 83 15 going away 0.22
" . ?k 091 16 shaking 0.22
18 sf))ft y 0'22 17 a door closing 0.22
. ’ 18 stopping 0.22
19 springy 0.22 19 rowl 0.22
20 smooth 0.22 %0 i 099
21 ramping down 0.24 21 p(())léisng 0'23
22 ORI 0.28 22 coming or going 0.23
23 flat 0.28
24 ticklish 0.31 23 beep 0.24
) 24 horn 0.25
25 jumping 0.25
26 snoring 0.27
Table A8 27 riding 0.28
Emotion, tags and disagreement scores. 28 clock 0.28
29 drums 0.28
Index Tag Disagreement 30 breathing 0.3
Score 31 electric shock 0.3
1 rhythmic 0.14 32 musical instruments 0.3
2 attention-getting 0.16 33 nature 0.31
3 agitating 0.18 34 bell 0.31
4 unique 0.18 35 gun 031
5 energetic 0.18 36 pawing 0.31
6 mec.h.amcal U1y 37 celebration 0.31
7 familiar 0.2 .
. 38 walking 0.33
8 surprising 0.21
9 s 0.22 39 echo 0.33
10 natural 0.22 40 explosion 0.33
11 strange 0.23 41 cha.minsaw 0.33
12 predictable 0.24 42 animal 0.34
13 uncomfortable 0.25 43 a spring 0.44
14 lively 0.25 44 footsteps 0.44
15 calm 0.26 45 a story 0.44
16 interesting 0.26
17 annoying 0.27
18 comfortable 0.27
19 pleasant 0.31
20 happy 0.31
21 angry 0.32
22 boring 0.32
23 creepy 0.32
24 sad 0.34
25 fear 0.36
26 funny 0.36
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Table A.10
Usage; tags and disagreement scores.
Index Tag Disagreement
Score

1 alarm 0.21
2 halfway 0.21
3 reminder 0.22
4 warning 0.22
5 running out of time 0.23
6 confirmation 0.23
7 speed up 0.24
8 overtime 0.24
9 slow down 0.25
10 interval/rep 0.25
11 above intended threshold 0.26
12 resume 0.26
13 one minute left 0.27
14 finish 0.27
15 incoming message 0.28
16 congratulations 0.28
17 get ready 0.3
18 milestone 0.3
19 encouragement 0.3
20 battery low 0.3
21 pause 0.3
22 warm up 0.31
23 cool down 0.31
24 below intended threshold 0.33
25 start 0.36

Appendix B. Tag removal summary

Table B.11

Table B.11

Percentage of tags removed by lay users. Each row represents the percentages of tags that are removed by at least x people (x=1 for > 1
label) in each facet (columns).

Number of Sensation ¢ Emotion Metaphor ¢ Usagey
participants removing
a tag

(%) (%) (%) (%)
>1 79 88 87 92
>2 51 69 67 74
>3 27 46 43 53
>4 14 28 24 31
>5 8 14 10 15
>6 4 6 3 7
>7 2 2 1 2
>8 1 0 0 0
>9 1 0 0 0
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Table C.12
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Table C.12
Results of Pearson correlation of the five rating scales. The correlation is applied on all participants’ ratings for the 120 vibrations.
Energy, Tempoy Roughness,; Pleasantnessy Arousal,
Energygy 1.00 0.48 0.74 -0.46 0.92
Tempoy 0.48 1.00 0.52 -0.22 0.56
Roughnessy 0.74 0.52 1.00 -0.61 0.79
Pleasantness; -0.46 -0.22 -0.61 1.00 -0.53
Arousaly 0.92 0.56 0.79 -0.53 1.00
Appendix D. Multidimensional scaling graphs on tag distances
Figs. D.13-D.16
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continuous/continuous)
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Fig. D.13. Spatial configuration of the tags for the sensation, facet confirms the four identified dimensions. Specifically, contrasting tags according to each dimension are well-separated,
and the semantically-related tags are close together along each dimension (supporting convergent and discriminant validity). For example, simple, regular, flat, smooth and soft are far

from irregular, complex, and rough.
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Fig. D.14. Spatial configuration of the tags for the emotion, facet confirms the three identified dimensions and supports convergent and discriminant validity.
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0.5 heartbeat
0.4 clock
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Fig. D.15. Spatial configurations of tags for the metaphor; facet. Dimension 1 (on-off—ongoing,) vs. dimension 2 (natural—mechanical,). Semantically-related tags, according to a
dimension, are close along the dimension (e.g., drums, celebration, alarm) and contrasting tags are far from each other (e.g., heartbeat vs. engine or alarm). This definition leaves a few
tags, such as clock (among the natural, calm sensations) and snoring (with mechanical, annoying and ongoing tags).
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Fig. D.16. Spatial configurations of tags for the usage, facets. Dimension 1 (urgent- awareness notifications). Dimension 2 is not used in our analysis. Along Dimension 1, tags have
increasing urgency and attention demand from left to right, supporting convergent and discriminant validity for the semantics of the dimension.
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Appendix E. Individual differences in vibrations

Fig. E.17
Energy  Tempo Roughness Valence Arousal Sensation Emotion Metaphor Usage Emergy | Tempo | Roughness| Valenos | Arousal | Sensation| Emotion | Metaphor | Usage
0.44 0.62 0.59 091 0.79 0.02 0.39 033 029 118 104 14 [ 0.04 0. 04 0.32
0.35 059 126 0.81 03 | 043 007 0.28 0.93 103 1.01 0.84 0.09 0.19
0.4 0.4 0.84 027 02 [ 04 037 0.62 119 126 0.69 0.06 039
0.99 149 0.53 0.16 X 04 0.93 06 0.2 0.39
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v-09-10-12-13 0.28 0.58 0.38 0.09 0.14 0.26 059 0.52 0.4 0.26 0.26 033
v-09-10-12-16 0.4 (X1} 0.44 017 0 0.24 0.74 0.95 017 0.24 032
v-09-10-12-2 079 0.36 0.28 016 022 0.22 v-09-18-4-18 0.77 057 0.06 0.18 0.14 0.15
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v-09-10-12-9 0.53 05 0.18 0.21 0.27 0.28 v-09-18-4-56 0.94 136 0.32 0.39 0.38 0.26
v-09-10-12-9-cpy 0.68 0.33 0.66 0.24 038 039 v-09-23-6-24 1 0.89 0.22 0.29 0.3 0.35
v-09-10-3-52 0.14 0.26 0.64 0.2 0.24 0.22 v-09-23-6-24-cpy 116 0.59 0.28 0.25 0.26 04
v-09-10-4-2 06 o 0.66 0.25 0.29 0.32 v-09-26-1-39 | 0.99 0.91 0.14 0.19 0.1 0.17
v-09-10-4-20 0.91 121 0.66 037 0.27 0.37 v-10-09-1-1 0.98 1.09 0.24 0.36 0.26
v-09-10-4-23 0.49 0.59 0.79 0.16 0.31 0.31 ©-10-09-1-11 0.67 0.74 0.89 0.19 0.19 0.36
v-09-10.4-6 072 0.62 0.98 0.07 015 0.13 -10-09-1-12 0.58 0.92 131 0.15 0.22 0.22
v-09-10-6-16 0.86 0.35 0.91 0.3 0.26 04 0.54 0.93 0.66 0.07 0.0 0.2 027
v-09-10-6-22 047 0.72 116 0.26 017 o 9.72 0.77 0.63 0.1 0.22 o 028
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v-09-1-4-3 0.31 0.5 0.67 0.09 0.24 1.03 103 0.92 0.19
v-09-11-4-41 1 0.79 0.76 032 036 059 0.86 0.52 0.2
v-09-11-4-41-cpy [k 093 121 037 E 0.44 IR 0.35 0.2
v-09-11-4-54 119 0.45 0.17 0.2 0.85 0.86 0.91 017
v-09-11-4-8 122 0.45 0.74 0.19 046 | |v-10-231-23 0.81 0.98 053 022
v-09-12-1-19 0.69 0.49 0.67 0.33 0.33 v-10-23-1-24 0.58 0.69 0.65 0.06
v-09-12-1-23 071 0.65 117 0.13 0.1 0.07 0.19 v-10-28.7-22 104 138 0.44 0.15
v-09-12-1-29 0.89 0.85 1.03 017 0.27 0.15 0.17 v-10-28-7-22-cpy 0.69 133 044 on
v-09-12-1-39 129 152 107 02 0.17 038 035 v-10-28-7-23 075 0.82 053 0
v-09-12-1-48 05 039 0.43 0.19 0.38 0.28 0.23 v-10-28-7-26 05 083 0.67 on
v-09-12-1-53 0.81 0.44 0.81 0.15 0.24 0.32 v-10-28-7-29 101 114 1.06 0.29
v-09-12-2-17 0.81 m 0.17 0.17 035 ¥-10-28-7-31 0.79 133 0.94 on
v-09-12-2-20 0.5¢ 0.83 [Xl 0.14 0.32 0.2 v-10-28-7-33 1.06 0.42 0.99 018
v-09-12-2-23 0.92 0.58 0.75 0.13 0.3 0.23 v-10-28-7-36 o 0.42 0.96 067 0.7
v-09-12-2-40 0.58 0.89 14 02 | 042 v-10-29-4-20 081 113 083 | 163 126 0.16
¥-09-12-8-10 0 122 0.53 0.22 0.37 0.38 v:10-29-4:22 9.91 0.62 104 9.62 9.72 8.07

Fig. E.17. Vibration disagreement scores for the five rating scales and the four facets. High color saturation denotes high disagreement scores. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Apl'aendix F. Between-facet tag linkages

Figs. F.18-F.20

bumpy complex cont. discont. dynamic firm flat  grainy irregular long pointy rampdwnrampup regular rough short simple smooth soft spiky springy ticklish wavy
agitating 0.16 0.36 0.16 0.46 0.39 0.21 0.04 0.29 0.36 0.2 0 0 0.23 0.3 0.67 0.3 0.08 0.06 0 0.32 0 0.24 0
angry 0.11 0.1 0.14 0.26 0.25 0.21 0 0.16 0.17 0.15 0 0.07 0.19 0.19 0.5 0.19 0.04 0 0 0.26 0 0.09 0
annoying 016 024 034 035 0.42 022 0.09 039 0.25 0.21 0 0.09 037 024 [066 031 011 003 003 022 0 0.15 0
boring 0.14 0 037 013 0.14 014 047 036 0.04 0.24 0 0.2 009 024 011 019 039 028 027 0.05 0 0 0.1
calm 023 006 022 039 0.15 0.08 = 043 0.2 0.09 032 0.05 0.27 013 048 005 025 054 062 058 0.1 0 0 0.05
comfortable 0.5 0.21 0.26 0.52 0.37 0.03 0.22 0.26 0.27 0.21 0.04 0.19 0.16 0.4 0.09 0.26 0.4 0.55 0.56 0.08 0.04 0 0.07
creepy 0 0.13 0.13 0.02 0.07 0 0.12 0.11 0.06 0.07 0 0 0.13 0 0.05 0.07 0.05 0 0 0 0 0.2 0
energetic 0.44 0.1 0 0.29 0.11 0.08 0 0.13 0.04 0.1 0 0 0.1 031 0.04 0.2 0.26 0 0.1 028 0.13 0 0
familiar 0.29 0 0.19 0.31 0.05 0.1 0.2 0.17 0 0.31 0 0.2 0.08 0.45 0.06 0.26 0.6 0.37 0.48 0.12 0 0 0
fear 0.04 0.16 0.11 0.18 0.21 0.17 0.08 0.23 0.29 0.17 0 0 0.16 0.12 0.27 0.22 0.04 0 0 0.12 0 0.35 0
funny 0.08 0.3 0.06 0.12 0.19 0 0 0.15 0.21 0 0 0 0.06 0 013 012 004 005 006 014 022 015 0.2
happy 0.41 0.18 0.05 0.31 0.21 0 0.06 0.2 0.12 0.14 0 0 0.05 034 0.1 0.09 0.21 0.2 0.22 0.15 0.1 0 0.1
interesting 0.48 046._ 0.14 0.45 0.46 0.05 0 0.16 033 0.15 0 0 0.21 0.23 0.2 0.21 0.23 0.22 0.14 0.23 0.06 0.06 0
lively 054 033" 003 | 058 039 0.12 0 0.16 0.34 0.18 0 0.04 018 041 0.2 0.24 0.3 022 018 032 005 0.04 005
mechanical 024 032 036 058 051 0.2 0.1 0.44 0.4 026 0.03 0.17 0.4 041 061 028 028 016 0.08 0.24 0 0.08 0
natural 0.3 0.09 0.09 0.27 0.13 0.06 0.13 0.12 0.08 0.14 0 0.13 0 0.34 0 0.18 0.34 0.46 0.43 0.1 0 0 0.09
pleasant 0.51 0.18 0.11 0.38 0.18 0 0.14 0.25 0.1 0.15 0 0.05 0.07 0.41 0.03 0.25 0.49 0.44 0.56 0.15 0.06 0 0.12
predictable 0.22 0.03 0.41 0.23 0.22 0.09 0.36 0.37 0.06 0.32 0 0.13 0.24 0.44 0.19 0.14 0.5 0.4 0.37 0.07 0 0 0.06
rhythmic 0.55 034 0.03 0.54 0.29 0.2 0.04 0.08 0.34 0.25 0.05 0.08 0.03 0.43 0.12 0.28 0.22 0.21 0.26 0.05 0.04 0
sad 0.04 0.06 0.24 0.08 0.09 0.11 05 0.05 0 031 0 0.4 0.18 0.15 0.06 0.26 03 0.24 0 0 0 0
strange 0.22 OSSN 028 5033 0.43 0.05 014 028 045 0.14 0 0.23 028 0.11 0.25 0.2 0.16 0.1 0.15 0 0.05 0
surprising 0.13 0.48 0.26 0.29 0.47 0.19 0 0.15 0.43 0.04 0 0.18 0.35 0.03 0.17 0.03 0.11 0.04 0.14 0.09 0.15 0
uncomfortable 0 02308 021 027 0.28 035 006 0.25 0.15 0.21 0 0.17 042 013 0.25 0.1 0.04 0 0.14 0 0.21 0
unique 0.28 0.68 0.18 0.41 0.55 0.05 0.05 0.16 0.52 0.18 0 0.09 0.14 0.14 0.14 0.11 0.22 0.11 0.27 0.06 0.11 0
urgent 019 037 029 049 0.46 025 0.04 034 0.35 0.23 0 0.11 034 031 026 017 0.8 0 0.27 0 0.16 0

Figure F.18: Co-occurrence of sensation; and emotion; tags

Fig. F.18. Co-occurrence of sensation,; and emotion, tags.
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bumpy complex cont. discont.dynamic firm  flat grainy irregular long
phone 018 024 0.1 028 003 029 007 004 013 02
walking 0.05 0.07 0 0.06 0.16 0 0.27 0.06 0.06 0.07
jumping 013 019 0 0.14 0 0 0 005 011 0.6
going away 0.1 0 0 0.02 0.03 0 0 0 0 0.15
breathing 0 0 0 0.02 0.16 0 0 0.06 0 0.08
horn 004 013 013 0.1 011 033 011 005 016 013
poking 0.22 0.1 0.1 0.23 0.28 0.16 0.08 0.09 0.14 0
beep 023 022 019 EOSEE 0.15 0.2 015 0.13 WE2AW 015
pulsing 0.24 0 0 018 012 0 009 014 0 0.06
snoring 0.12 0 0.28 0.08 0.25 0.09 035 0.23 0 0.29
sliding 016 018 029 0.06 0.09 0 0 0.05 0 0.12
nature 0.08 0 0.12 0.08 0.07 0 0.3 0.15 0.11 0.06
morse code 013 013 0 011 013 013 0 0 0.06 0
riding 021 006 006 006 0.11 0 0 015 011 013
buzz 0.11 0.1 035 011 0.27 0 022° 021 013 O3
animal 015 012 035 024 043 0 016 028 014 032
engine 019 029 049 014 003 006 006 043 022 017
clock 0.13 0 006 0.1 022 024 022 005 0 0.07
musical instrume 0.14 024 005 026 006 021 0 008 021 015
pawing 0.09 0.06 0.06 0.12 0.24 0 0 0 0.05 0.06
game 032 026 011 042 022 015 0 013 034 0.04
drums 014 028 005 028 009 021 0 008 025 024
gun 0.08 0.06 0.12 0.12 0.03 0.11 0 03 0.11 0
getting close 0.05 0.07 0.15 0 0.03 0 0 0 0 0
bell 0.04 0 0.18 0.06 04 0 0.2 0.05 0.05 0.06
alarm 023 028 019 | 048 011 0.2 004 011 | 035 022
heartbeat 031 0 0 031 0.1 0.14 0 0.04 0 0.29
SOS 0 0.11 = 038 013 0 0 011 014
tapping o 0.03 03 018 007 021 019 023
coming or going 029 015 0.06 014 007 024 009 0.2
celebration 0.04 0.13 0 0.1 0.03 0 0 0 0 0.2
electric shock 0.04 0 018 0.1 0.2 0.1 0.29 0.1 0.12
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Fig. F.19. Co-occurrence of sensation, and metaphor; tags.

bumpy complex cont. discont.dynamic firm flat  grainy irregular long
encouragement 044 042 016 = 047 045 0.04 0 0.2 0.36 0.1
reminder 0.53 0.24 0.2 053 032 0.11 0.07 0.16 0.22 0.15
congratulations 0.05 0.07 0.07 0 0.03 0 0.14 0 0.06 0.07
cooldown 036 0.17 013 027 021 0 0.12 H0:198 0,16 K022
runningoutof time. 046 028 02 | 061 052 015 0 032 033 018
pause 0.13 0.08 0.16 0.3 0.13 0.12 0.23 0.18 0.11 0.13
milestone 0.54 0.24 033 0.08 0.19 0.23 0.06
speed up 0898 0.25 0.14 0 025 031 016
confirmation 0.17 0.05 0.18 0.2 0.08 0.08 0
halfway 0.2 0.06 0.16 0 0.09 0.05 0.06
above threshold 039 028 0.08 0 015 026 022
slow down 0.14 0.1 0.19 029 0.8 0 0.29
interval/rep 028 014 0.17 023 016 013 011
warmup 036 T.12 0.15 0.1 0.27 0.18 0.12
incoming msg 0.31 0.16 0.22 0.25 0.18 0.24
one minute left 0.46 0.24 004 032 027 0.9
finish 0.3 0.34 0.12 [EUSHN 023 E0:2Y
resume 0.29 0.07 0.1 016 014 0.04
alarm 0.34 033 0.03 031 0.34 031
get ready 046 029 016 024 017 034
start 0.28 0.11 0 0.05 0.05 0.06
battery low 0.23  0.04 02900238 0.13 011
warning 0.5 0.22 008 033 026 016
overtime 0.36 0.16 0.07 0.28 0.28 0.33
below threshold 0.46 0.15 007 014 014 039

Fig. F.20.
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