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M. Tamer Özsu, University of Waterloo

ACM Books is a new series of high-quality books for the computer science community,
published by ACM in collaboration with Morgan & Claypool Publishers. ACM Books
publications are widely distributed in both print and digital formats through booksellers
and to libraries (and library consortia) and individual ACM members via the ACM Digital
Library platform.

The Handbook of Multimodal-Multisensor Interfaces, Volume 1: Foundations,
User Modeling, and Common Modality Combinations
Editors: Sharon Oviatt, Incaa Designs
Björn Schuller, University of Passau and Imperial College London
Philip R. Cohen, VoiceBox Technologies
Daniel Sonntag, German Research Center for Artificial Intelligence (DFKI)
Gerasimos Potamianos, University of Thessaly
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Preface

The content of this handbook would be most appropriate for graduate students,
and of primary interest to students studying computer science and information
technology, human–computer interfaces, mobile and ubiquitous interfaces, and
related multidisciplinary majors. When teaching graduate classes with this book,
whether in quarter or semester classes, we recommend initially requiring that stu-
dents spend two weeks reading the introductory textbook, The Paradigm Shift to
Multimodality in Contemporary Interfaces (Morgan Claypool, Human-Centered In-
terfaces Synthesis Series, 2015). This textbook is suitable for upper-division under-
graduate and graduate students. With this orientation, a graduate class providing
an overview of multimodal-multisensor interfaces then could select chapters from
the handbook distributed across topics in the different sections.

As an example, in a 10-week quarter course the remaining 8 weeks might be al-
located to reading select chapters on: (1) theory, user modeling, common modality
combinations (2 weeks); (2) prototyping and software tools, signal processing and
architectures (2 weeks); (3) language and dialogue processing (1 week); (4) detec-
tion of emotional and cognitive state (2 weeks); and (5) commercialization, future
trends, and societal issues (1 week). In a more extended 16-week semester class, we
would recommend spending an additional week reading and discussing chapters
on each of these five topic areas, as well as an additional week on the introductory
textbook, The Paradigm Shift to Multimodality in Contemporary Interfaces. As an al-
ternative, in a semester course in which students will be conducting a project in
one target area (e.g., designing multimodal dialogue systems for in-vehicle use),
some or all of the additional time in the semester course could be spent: (1) read-
ing a more in-depth collection of handbook chapters on language and dialogue
processing (e.g., 2 weeks) and (2) conducting the hands-on project (e.g., 4 weeks).

For more tailored versions of a course on multimodal-multisensor interfaces,
another approach would be to have students read the handbook chapters in rele-
vant sections, and then follow up with more targeted and in-depth technical papers.
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For example, a course intended for a cognitive science audience might start by
reading The Paradigm Shift to Multimodality in Contemporary Interfaces, followed by
assigning chapters from the handbook sections on: (1) theory, user modeling, and
common modality combinations; (2) multimodal processing of social and emo-
tional information; and (3) multimodal processing of cognition and mental health
status. Afterward, the course could teach students different computational and
statistical analysis techniques related to these chapters, ideally through demon-
stration. Students then might be asked to conduct a hands-on project in which
they apply one or more analysis methods to multimodal data to build user models
or predict mental states. As a second example, a course intended for a computer
science audience might also start by reading The Paradigm Shift to Multimodality
in Contemporary Interfaces, followed by assigning chapters on: (1) prototyping and
software tools; (2) multimodal signal processing and architectures; and (3) lan-
guage and dialogue processing. Afterward, students might engage in a hands-on
project in which they design, build, and evaluate the performance of a multimodal
system.

In all of these teaching scenarios, we anticipate that professors will find this
handbook to be a particularly comprehensive and valuable current resource for
teaching about multimodal-multisensor interfaces.
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Figure 8.14 Adapted from: B. Görer, A. A. Salah, and H. L. Akin. 2016. An autonomous robotic
exercise tutor for elderly people. Autonomous Robots.

Figure 8.14 (video) Courtesy of Binnur Görer.
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Introduction: Scope, Trends, and
Paradigm Shift in the Field of
Computer Interfaces

During the past decade, multimodal-multisensor interfaces have become the dom-
inant computer interface worldwide. They have proliferated especially rapidly in
support of increasingly small mobile devices (for history, see Oviatt and Cohen
[2015]). In that regard, they have contributed to the development of smartphones
and other mobile devices, as well as their rapidly expanding ecosystem of appli-
cations. Business projections estimate that by 2020 smart phones with mobile
broadband will increase in number from two to six billion, resulting in two-to-three
times more smartphones in use than PCs, along with an explosion of related ap-
plications [Evans 2014]. At a deeper level, the co-evolution of mobile devices and
the multimodal-multisensor interfaces that enable using them is transforming the
entire technology industry [Evans 2014].

Why Multimodal-Multisensor Interfaces
Have Become Dominant
One major reason why multimodal-multisensor interfaces have dominated on mo-
bile devices is their flexibility. They support users’ ability to select a suitable in-
put mode, or to shift among modalities as needed during the changing physical
contexts and demands of continuous mobile use. Beyond that, individual mobile
devices like smart phones now require interface support for a large and growing ar-
ray of applications. In this regard as well, the flexibility of multimodal-multisensor
interfaces has successfully supported extremely multifunctional use. These advan-
tages of multimodal interfaces have been well known for over 15 years:
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In the area of mobile computing, multimodal interfaces will promote . . . the
multi-functionality of small devices, in part due to the portability and expressive
power of input modes. [Oviatt and Cohen 2000, p. 52]

Multimodal-multisensor interfaces likewise are ideal for supporting individual dif-
ferences and universal access among users. With the global expansion of smart
phones in third-world countries, this aspect of interface flexibility has contributed
to the adoption of mobile devices by users representing different native languages,
skill levels, ages, and sensory and cognitive impairments. All of the above flexible
attributes have stimulated the paradigm shift toward multimodal-multisensor in-
terfaces on computers today, which often is further enhanced by either multimodal
output or multimedia output. See Glossary for defined terms.

Flexible Multiple-Component Tools as a
Catalyst for Performance
The transition to multimodal-multisensor interfaces has been a particularly semi-
nal one in the design of digital tools. The single keyboard input tool has finally given
way to a variety of input options, which now can be matched more aptly with differ-
ent usage needs. Given human adeptness at developing and using a wide variety of
physical tools, it is surprising that keyboard input (a throwback to the typewriter)
has prevailed for so many decades as a single input option on computers.

Let’s consider for a moment how our present transition in digital input tools
parallels the evolution of multi-component physical tools, which occurred approx-
imately 200,000–400,000 years ago in homo sapiens. The emergence of multi-
component physical tools is considered a major landmark in human cognitive
evolution, which co-occurred with a spurt in brain-to-body ratio and shaped our
modern cognitive abilities [Epstein 2002, Wynn 2002]. During this earlier renais-
sance in the design of physical tools made of stone, bone, wood, and skins, the
emergence of flexible multi-component tools enabled us to adapt tool design (1)
for a variety of different specific purposes, (2) to substantially improve their per-
formance, and (3) to improve their ease of use [Masters and Maxwell 2002]. This
proliferation in the design of multi-component physical tools led homo sapiens
to experience their differential impact, and to begin to recognize how specific de-
sign features contribute to achieving desired effects. For example, a lightweight
wooden handle attached to a pointed stone hand-axe could be thrown a long dis-
tance for spearing large game. In this regard, the proliferation of tools stimulated a
new awareness of the advantages of specific design features, and of the principles
required to achieve a particular impact [Commons and Miller 2002].
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Glossary

Multimedia output refers to system output involving two or more types of information
received as feedback by a user during human-computer interaction, which may
involve different types of technical media within one modality like vision—still
images, virtual reality, video images—or it may involve multimodal output such as
visual, auditory, and tactile feedback to the user.

Multimodal input involves user input and processing of two or more modalities—such as
speech, pen, touch and multi-touch, gestures, gaze, head and body movements, and
virtual keyboard. These input modalities may coexist together on an interface, but
be used either simultaneously or alternately [Oviatt and Cohen 2015]. The input may
involve recognition-based technologies (e.g., speech, gesture), simpler discrete input
(e.g., keyboard, touch), or sensor-based information (e.g., acceleration, pressure).
Some modalities may be capable of expressing semantically rich information and
creating new content (e.g., speech, writing, keyboard), while others are limited
to making discrete selections and controlling the system display (e.g., touching a
URL to open it, pinching gesture to shrink a visual display). These interfaces aim
to support processing of naturally occurring human communication and activity
patterns. They are far more flexible and expressively powerful than past keyboard-
and-mouse interfaces, which are limited to discrete input.

Multimodal interfaces support multimodal input, and they may also include sensor-
based controls. In many cases they may also support either multimodal or multimedia
output.

Multimodal-multisensor interfaces combine one or more user input modalities with
sensor information (e.g., location, acceleration, proximity, tilt). Sensor-based cues
may be used to interpret a user’s physical state, health status, mental status, current
context, engagement in activities, and many other types of information. Users may
engage in intentional actions when deploying sensor controls, such as tilting a screen
to change its orientation. Sensors also can serve as “background" controls, to which
the interface automatically adapts without any intentional user engagement (e.g.,
dimming phone screen after lack of use). Sensor input aims to transparently facilitate
user-system interaction, and adaptation to users’ needs. The type and number
of sensors incorporated into multimodal interfaces has been expanding rapidly,
resulting in explosive growth of multimodal-multisensor interfaces. There are
numerous types of multimodal-multisensor interface with different characteristics,
as will be discussed in this handbook.

Multimodal output involves system output from two or more modalities, such as a visual
display combined with auditory or haptic feedback, which is provided as feedback
to the user. This output is processed by separate human sensory systems and brain
areas.



4 Introduction: Scope, Trends, and Paradigm Shift in the Field of Computer Interfaces

As we now embark upon designing new multimodal-multisensor digital tools
with multiple input and output components, we can likewise expect a major transi-
tion in the functionality and performance of computer interfaces. With experience,
users will learn the advantages of different types of input available on multimodal-
multisensor interfaces, which will enable them to develop better control over their
own performance. For professionals designing new multimodal-multisensor inter-
faces, it is sobering to realize the profound impact that our work potentially could
have on further specialization of the human brain and cognitive abilities [Oviatt
2013].

More Expressively Powerful Tools Are Capable of
Stimulating Cognition
This paradigm shift reflects the evolution of more expressively powerful com-
puter input, which can substantially improve support for human cognition and
performance. Recent findings have revealed that more expressively powerful in-
terfaces (e.g., digital pen, multimodal) can stimulate cognition beyond the level
supported by either keyboard interfaces or analogous non-digital tools. For ex-
ample, the same students working on the same science problems generate substan-
tially more domain appropriate ideas, solve more problems correctly, and en-
gage in more accurate inferential reasoning when using a digital pen, compared
with keyboard input. In different studies, the magnitude of improvement has
ranged from approximately 10–40% [Oviatt 2013]. These results have generalized
widely across different user populations (e.g., ages, ability levels), content do-
mains (e.g., science, math, everyday reasoning), types of thinking and reasoning
(problem solving, inference, idea generation), computer hardware, and evalu-
ation metrics. From a communications perspective, results have demonstrated
that more expressively powerful input modalities, and multimodal combinations
of them, can directly facilitate our ability to think clearly and perform well on
tasks.

Multimodal interfaces also support improved cognition and performance be-
cause they enable users to self-manage and minimize their own cognitive load.
Working memory load is reduced when people express themselves using
multimodal input, for example by combining speech and writing, because their av-
erage utterance length is reduced by conveying spatial information with pointing
and gesturing. When speaking and writing together, people avoid speaking location
descriptions, because they are error prone and increase mental load. Instead, they
use written input (e.g., pointing, encircling) to indicate such content [Oviatt and
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Cohen 2015]. In Chapter 13, experts discuss neuroscience and human-computer
interaction findings on how and why new multimodal-multisensor interfaces can
more effectively stimulate human cognition and learning than previous computer
interfaces.

One Example of How Multimodal-Multisensor Interfaces Are
Changing Today
One of the most rapidly changing areas in multimodal-multisensor interface design
today is the incorporation of a wide variety of new sensors. This is part of the long-
term trend toward expanding the number and type of information sources available
in multimodal-multisensor interfaces, which has been especially noteworthy on
current smartphones. These changes have been coupled with experimentation on
how to use different sensors for potentially valuable functionality, and also how
to design a whole multimodal-multisensor interface in a synergistic and effective
manner. Designers are beginning to grasp the many versatile ways that sensors and
input modalities can be coupled within an interface—including that either can be
used intentionally in the “foreground,” or they can serve in the “background” for
transparent adaptation that minimizes interface complexity and users’ cognitive
load (see Chapter 4). The separate research communities that historically have
focused on multimodal versus ubiquitous sensor-based interfaces have begun to
engage in collaborative cross talk. One outcome will be improved training of future
students, who will be able to design better integrated multimodal-multisensor
interfaces.

As will be discussed in this volume, one goal of multimodal-multisensor inter-
faces is to facilitate user-system interaction that is more human-centered, adaptive,
and transparent. Sensor-based information sources are beginning to interpret a
user’s physical state (e.g., walking), health status (e.g., heart-rate), emotional sta-
tus (e.g., frustrated, happy), cognitive status (e.g., cognitive load, expertise), current
context (e.g., driving car), engagement in activities (e.g., picking up cell phone), and
many other types of information. As these capabilities improve in reliability, sys-
tems will begin to adapt by supporting users’ goal-oriented behavior. One critical
role for sensor input on mobile devices is to transparently preserve users’ focus
of attention on important primary tasks, such as driving, by minimizing distrac-
tion and cognitive load. However, mechanical sensors are not unique avenues for
accomplishing these advances. Paralinguistic information from input modalities
like speech and writing (e.g., volume, rate, pitch, pausing) are becoming increas-
ingly reliable at predicting many aspects of users’ mental status, as will be detailed
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in other handbook chapters [Burzo et al. 2017, Cohn et al. 2017, Oviatt et al. 2017,
Zhou et al. 2017].

Insights in the Chapters Ahead
This handbook presents chapters that summarize basic research and development
of multimodal-multisensor systems, including their status today and rapidly grow-
ing future directions. This initial volume introduces relevant theory and neuro-
science foundations, approaches to design and user modeling, and an in-depth
look at some common modality combinations. The second volume [Oviatt et al.
2017a] summarizes multimodal-multisensor system signal processing, architec-
tures, and the emerging use of these systems for detecting emotional and cognitive
states. The third volume [Oviatt et al. 2017b] presents multimodal language and
dialogue processing, software tools and platforms, commercialization of appli-
cations, and emerging technology trends and societal implications. Collectively,
these handbook chapters address a comprehensive range of central issues in this
rapidly changing field. In addition, each volume includes selected challenge topics,
in which an international panel of experts exchanges their views on some especially
consequential, timely, and controversial problem in the field that is in need of in-
sightful resolution. We hope these challenge topics will stimulate talented students
to tackle these important societal problems, and motivate the rest of us to envision
and plan for our technology future.

Information presented in the handbook is intended to provide a comprehensive
state-of-the-art resource for professionals, business strategists, and technology fun-
ders, interested lay readers, and training of advanced undergraduate and graduate
students in this multidisciplinary computational field. To enhance its pedagogical
value to readers, many chapters include valuable digital resources such as point-
ers to open-source tools, databases, video demonstrations, and case study walk-
throughs to assist in designing, building, and evaluating multimodal-multisensor
systems. Each handbook chapter defines the basic technical terms required to un-
derstand its topic. Educational resources, such as focus questions, are included to
support readers in mastering these newly presented materials.

Theoretical and Neuroscience Foundations
The initial chapters in this volume address foundational issues in multimodal-
multisensor interface design, including theoretical and neuroscience foundations,
user modeling, and the design of interfaces involving rich input modalities and
sensors. In Chapter 1, Oviatt discusses the theoretical foundation of multisensory
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perception and multimodal communication, which provides a basis for under-
standing the performance advantages of multimodal interfaces and how to design
them to reap these advantages. This chapter describes the major theories that have
influenced contemporary views of multimodal interaction and interface design,
including Gestalt theory, Working Memory theory, and Activity theory—which sub-
sume perception-action dynamic theories, and also limited-resource theories with
a focus on attention and short-term memory constraints. Other theoretical per-
spectives covered in this chapter that have influenced multimodal interface design
include Multiple Resource theory, Cognitive Load theory, Embodied Cognition,
Communication Accommodation theory, and Affordance theory. These theories are
emphasized in part because they are supported heavily by neuroscience findings.

In Chapter 2, James et al. discuss the human brain as an inherently multimodal-
multisensory dynamic learning system. Although each sensory modality processes
different signals from the environment in qualitatively different ways (e.g., sound
waves, light waves, pressure, etc.), these signals ultimately are transduced into a
common language and unified percept in the brain. From an Embodied Cognition
viewpoint, humans also act on the world multimodally through hand movements,
locomotion, speech, gestures, etc., and these physical actions directly shape the
multisensory input we perceive. Given recent findings in neuroscience, this chapter
discusses the multisensory-multimodal brain structures (e.g., multisensory neu-
rons, multisensory-multimodal brain circuits) and processes (e.g., convergence, in-
tegration, multisensory enhancement, and depression) that produce human learn-
ing, and how multimodal learning affects brain plasticity in adults and children.
Findings on this topic have direct implications for understanding how multimodal-
multisensor technologies influence us at both the brain and behavioral levels. The
final section of this chapter discusses implications for multimodal-multisensor in-
terface design, which is considered further in Chapter 13 in the exchange among
experts on the challenge topic “Perspectives on Learning with Multimodal Tech-
nology.”

Approaches to Design and User Modeling
In Chapter 3, MacLean et al. discuss multisensory haptic interfaces broadly as any-
thing a user touches or is touched by to control, experience, or receive information
from a computational device—including a wide range of both energetically pas-
sive (e.g. touchscreen input) and energetically active (e.g., vibrotactile feedback)
interface techniques. This chapter delves into both conceptual and pragmatic is-
sues required for designing optimally enriched haptic experiences—especially ones
involving energetically active haptic interfaces, for which technological advances
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from materials to robotics have opened up many new frontiers. In approaching this
topic, MacLean and colleagues describe human’s distributed and multi-parameter
range of haptic sensory capabilities (e.g. temperature, texture, forces), and the indi-
vidual differences associated with designing for them. They walk through scenarios
illustrating multimodal interaction goals, and explain the many roles the haptic
component can play. For example, this may involve notifying and then guiding a
mobile user about an upcoming turn using haptic information that complements
visual. This chapter includes hands-on information about design techniques and
software tools that will be valuable for students and professionals in the field.

From the perspective of multimodal output, in Chapter 7 Freeman et al. discuss
a wide range of alternatives to visual displays, including: (1) haptics, vibrotactile,
thermal, force, and deformable feedback; (2) non-speech auditory icons, earcons,
musicons, sonification, and spatial audio output; and (3) combined multimodal
feedback—which they argue is indispensable in mobile contexts, including in-
vehicle ones, and for users with sensory limitations. Their chapter describes the
relevant mechanical devices, and research findings on how these different forms of
feedback and their combinations affect users’ performance during tasks. In many
cases, the non-visual feedback is providing background interface information to
conserve users’ cognitive load—for example, during a mobile navigation task. In
other cases, combined multimodal feedback is supporting more rapid learning,
more accurate navigation, more efficient information extraction, and more effec-
tive warning systems—for example, during hand-over of control to the driver in
an autonomous car system. This chapter is richly illustrated with digital demon-
strations so readers can concretely experience the haptic and non-speech audio
examples that are discussed.

In the related Chapter 4, Hinckley considers different design perspectives on
how we can combine modalities and sensors synergistically within an interface to
achieve innovative results. The dominant theme is using individual modalities and
sensors flexibly in foreground vs. background interaction roles. Hinckley provides
detailed illustrations of the many ways touch can be combined with sensor input
about proximity, orientation, acceleration, pressure, grip, etc., during common
action patterns—for example, lifting a cell phone to your ear. Such background
information can provide context for predicting and facilitating next steps during
an interaction, like automatically activating your phone before making a call. This
context can guide system processing without necessarily requiring the user’s atten-
tion, which is especially valuable in mobile situations. It also can be used to reduce
technological complexity. However, a major challenge is to achieve reliable activity
recognition without false positives or false alarms that cause unintended system ac-
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tivation (i.e., Midas Touch problem)—such as inadvertently activating URLs when
you scroll through news stories on your cell phone. In the final sections of this
chapter, Hinckley discusses bimanual manipulation that coordinates touch with
pen input, and also leverages a sensor-augmented stylus/tablet combination with
inertial, grip, and other sensors for refined palm rejection. This type of pen and
touch multimodal-multisensor interface is now commercially available on numer-
ous pen-centric systems.

In Chapter 5, Jameson and Kristensson discuss what it means to give users free-
dom to use different input modalities in a flexible way. They argue that modality
choice will vary as a function of user characteristics (e.g., abilities, preferences), the
task (e.g., main multimodal task, any competing tasks), multimodal system char-
acteristics (e.g., recognition accuracy, ease of learning and use), the context of use
(e.g., social and physical environment), and the consequences of selecting certain
modalities for interaction (e.g., expressive adequacy, errors, speed, potential inter-
ference with other modalities, potential for repetitive stress syndrome (RSI), social
acceptability and privacy). Their chapter considers what is known from the existing
literature and psychological models about modality choice, including the degree to
which users’ multimodal interaction actually represents a conscious choice versus
automatic behavior. The aim of the chapter is to understand the limitations of ex-
isting research on modality choice, and to develop system design strategies that
can guide users in selecting input modalities more optimally. In support of the
second objective, Jameson and Kristensson introduce two related models, ASPECT
and ARCADE, which provide conceptual tools that summarize (1) common reasons
for users’ choice patterns, and (2) different concrete strategies for promoting bet-
ter modality choices (e.g., based on trial-and-error, consequences, social feedback).
In summary, this chapter raises unsolved issues at the very heart of how to design
better integrated multimodal-multisensor interfaces.

In Chapter 6, Kopp and Bergmann adopt a simulation-based cognitive model-
ing approach, with a focus on how users’ working memory load influences their
speech, gesturing, and multimodal patterns during linguistic constructions in-
volving spatial descriptions. Their approach involves computational modeling
of communication, informed by substantial cognitive science and linguistics re-
search, which also leverages data-driven processing. They provide a detailed walk-
through of their multimodal speech and gesture production model, which is based
on activation spreading within dynamically shaped multimodal memories. They
argue that semantic coordination across modalities arises from the interplay of
modality-specific representations for speech and gestures under given cognitive
resources. Results from preliminary simulation experiments predict the likelihood
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that multimodal constructions will involve gestures that are redundant vs. com-
plementary with co-occurring speech, which varies when cognitive resources are
less vs. more constrained, respectively. Kopp and Bergmann’s chapter provides a
thoughtful discussion of the role and value of cognitive modeling in developing
multimodal systems, as well as the specific use of multimodal speech and gesture
production models for developing applications like virtual characters and social
robotics.

Multimodal interfaces are well known to be the preferred direction for sup-
porting individual differences and universal access to computing. In Chapter 8,
Munteanu and Salah challenge us to understand the needs of one of the most
rapidly growing and underserved populations in the world—seniors over 65 years.
As a starting point, this chapter summarizes Maslow’s hierarchy of human needs in
order to understand and design valuable technology for seniors. This includes de-
signing for their basic physical needs (e.g., self-feeding, medications), safety and
social-emotional needs (e.g., preventing falls, physical isolation, and loneliness),
and esteem and self-actualization needs (e.g., independence, growth, and mastery
experiences). Among the challenges of designing for this group are the substantial
individual differences they exhibit (i.e., from healthy mobile, to physically and cog-
nitively disabled), and their frequently changing status as they age. Munteanu and
Salah describe examples of especially active application areas, such as socially as-
sistive robotics, communication technologies for connecting and sharing activities
within families, technologies for accessing digital information, personal assistant
technologies, and ambient assistive living smart-home technologies. They high-
light design methods and strategies that are especially valuable for this population,
such as participatory design, adaptive multimodal interfaces that can accommo-
date seniors’ individual differences, balanced multimodal-multisensor interfaces
that preserve seniors’ sense of control and dignity (i.e., vs. simply monitoring them),
and easy-to-use interfaces based on rudimentary speech, touch/haptics, and activity
tracking input.

Common Modality Combinations
Several chapters discussed above already have illustrated common modality com-
binations in multimodal-multisensor interfaces—for example, commercially avail-
able touch and pen input (Chapter 4), and multimodal output incorporating haptic
and non-speech audio (Chapter 7) and speech and manual gesturing (Chapter 6).
The chapters that follow examine common modality combinations in greater tech-
nical detail, with an emphasis on four different types of speech-centric multimodal
input interfaces—incorporating user gaze, pen input, gestures, and visible speech
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movements. These additional modalities exhibit significant differences among
them, most importantly in the sensors used, approach to information extraction
and representation, fusion and integration of the second input modality with the
speech signal, and specific application scenarios. These chapters address the main
challenges posed by each of these modality combinations, and the most prevalent
and successful techniques for building related systems.

In Chapter 9, Qvarfordt outlines the properties of human gaze, its importance
in human communication, methods for capturing and processing it automatically,
and its incorporation in multimodal interfaces. In particular, she reviews basic
human eye movements, and discusses how eye-tracking devices capture gaze in-
formation. This discussion emphasizes gaze signal processing and visualization,
but also practical limitations of the technology. She then provides an overview of
the role that gaze plays when combined with other modalities such as pointing,
touch, and spoken conversation during interaction and communication. As a con-
crete example, this discussion details a study on the utility of gaze in multi-party
conversation over shared visual information. In the final section of this chapter,
Qvarfordt discusses practical systems that include gaze. She presents a design-
space taxonomy of gaze-informed multimodal systems, with two axes representing
gaze as active vs. passive input, and in stationary vs. mobile usage scenarios. A
rich overview then is presented of gaze-based multimodal systems for selection, de-
tecting user activity and interest, supporting conversational interaction, and other
applications.

In Chapter 10, Cohen and Oviatt motivate why writing provides a synergistic
combination with spoken language. Based on the complementarity principle of
multimodal interface design, these input modes have opposite communication
strengths and weaknesses: whereas spoken language excels at describing objects,
time, and events in the past or future, on the other hand, writing is uniquely
able to render precise spatial information including diagrams, symbols, and in-
formation in a specific spatial context. Since error patterns of the component rec-
ognizers also differ, multimodal systems that combine speech and writing can
support mutual disambiguation that yields improved robustness and stability of
performance. In this chapter, the authors describe the main multimodal system
components, language processing techniques, and architectural approaches for
successfully processing users’ speech and writing. In addition, examples are pro-
vided of both research and commercially deployed multimodal systems, with rich
illustrations of the scenarios they are capable of handling. Finally, the performance
characteristics of multimodal pen/voice systems are compared with their unimodal
counterparts.
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The remaining two chapters present more of a signal-processing perspective on
multimodal system development, a topic that will be elaborated in greater detail
in [Oviatt et al. 2017a]. In Chapter 11, Katsamanis et al. discuss the ubiquity of
multimodal speech and gesturing, which co-occur in approximately 90% of com-
munications across cultures. They describe different types of gestures, segmental
phases in their formation, and the function of gestures during spoken communica-
tion. In the second part of the chapter, the authors shift to presenting an overview
of state-of-the-art multimodal gesture and speech recognition, in particular tem-
poral modeling and detailed architectures for fusing these loosely-synchronized
modalities (e.g., Hidden Markov Models, Deep Neural Nets). In order to facilitate
readers’ practical understanding of how multimodal speech and gesture systems
function and perform, the authors present a walk-through example of their recently
developed system, including its methods for capturing data on the bimodal in-
put streams (i.e., using RGB-D sensors like Kinect), feature extraction (i.e., based
on skeletal, hand shape, and audio features), and two-pass multimodal fusion.
They provide a detailed illustration of the system’s multimodal recognition of a
word-gesture sequence, which shows how errors during audio-only and single-pass
processing can be overcome during two-pass multimodal fusion. The comparative
performance accuracy of this multimodal system also is summarized, based on the
well-known ChaLearn dataset and community challenge.

In Chapter 12, Potamianos et al. focus on systems that incorporate visual
speech information from the speaker’s mouth region into the traditional speech-
processing pipeline. They motivate this approach based on the inherently audio-
visual nature of human speech production and perception, and also by providing an
overview of typical scenarios in which these modalities complement one another to
enhance robust recognition of articulated speech (e.g., during noisy conditions). In
the main part of their chapter, the authors offer a detailed review of the basic sen-
sory devices, corpora, and techniques used to develop bimodal speech recognition
systems. They specifically discuss visual feature extraction (e.g., based on facial
landmarks, regions of interest), and audio-visual fusion that leverages the tight
coupling between visible and audible speech. Since many of the algorithmic ap-
proaches presented are not limited to automatic speech recognition, the authors
provide an overview of additional speech processing topics (e.g., speech activity
detection) that can benefit from co-processing of the visual modality. Examples
of different systems are illustrated, which showcase superior multimodal perfor-
mance over audio-only speech systems. The authors note that recent advances in
deep learning, and the availability of multimodal corpora and open-source tools,
now have the potential to advance “in the wild” field applications that previously
were viewed as extremely challenging.
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Expert Exchange on Multidisciplinary Challenge Topic
Chapter 13 presents a multidisciplinary challenge topic, with a discussion among
experts that focuses on how humans learn, and what the implications are for
designing more effective educational technologies. Expert discussants include
Karin James (cognitive neuroscience basis of learning), Dan Schwartz (learning
sciences and educational technologies), Katie Cheng (learning sciences and edu-
cational technologies), James Lester (HCI, AI, and adaptive learning technology),
and Sharon Oviatt (multimodal-multisensor interfaces, educational technologies).
The discussants identify promising new techniques and future research that is
needed to advance work on this topic. This exchange reveals what experts in the
field believe are the main problems, what is needed to solve them, and what
steps they envision for pursuing technology research and development in the near
future.

Based on Chapter 2, which summarizes how complex multimodal action pat-
terns stimulate multisensory comprehension of related content, James begins
by highlighting that multimodal technologies could facilitate learning of more
complex content. She then qualifies this by saying that, to be effective, these
systems should not violate people’s previously learned action-perception contin-
gencies. From an interface design viewpoint, Oviatt emphasizes that multimodal-
multisensor input capabilities need to support rich content creation in order to
help students master complex domain content. Both discussants summarize that
a body of research (i.e., behavioral and brain science studies) has confirmed that
optimal learning cannot be achieved with keyboard-based tools alone. Students
need to expend effort producing complex action patterns, such as manipulating
objects or writing symbols with a pen.

Lester and Oviatt address the issue of what role automation could play in de-
signing adaptive multimodal-multisensor educational technologies to support
maximum learning, rather than undermining it. They point out that multimodal
technologies should not be designed to minimize students’ effort expenditure.
Rather, Lester envisioned adaptive multimodal interfaces that introduce and exer-
cise new sub-skills, followed by an incremental decrease in the level of automation
by fading multimodal scaffolding as students learn. Oviatt mentioned that adap-
tive multimodal-multisensor interfaces could be designed to better focus students’
attention by minimizing the many extraneous interface features that distract them
(e.g., formatting tools). She added that emerging computational methods for pre-
dicting students’ mental state (e.g., cognitive load, domain expertise) could be used
in future multimodal-multisensor systems to tailor what an individual learns and
how they learn it [Oviatt et al. 2017, Zhou et al. 2017]. Given these views, automa-
tion in future educational technologies would conduct temporary adaptations that
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support students’ current activities and mental state in order to facilitate learning
sub-goals, preserve limited working memory resources, and similar objectives that
facilitate integrating new information.

In a final section of Chapter 13, all of the participants discuss emerging com-
putational, neuroimaging, and modeling techniques that are just now becoming
available to examine multimodal interaction patterns during learning, including
predicting students’ motivational and cognitive state. In future research, James and
Oviatt encourage people to research how the process of learning unfolds across
levels, for example by examining the correspondence between behavioral data
(e.g., fine-grained manual actions during writing) and brain activation patterns.
Schwartz and Cheng distinguish students’ perceptual-motor learning from their
ability to provide explanations. They advocate using new techniques to conduct re-
search on students’ ability to learn at the meta-cognitive level, and also to probe
how students learn multimodally. With recent advances, Lester suggested that we
may well be on the verge of a golden era of technology-rich learning, in which
multimodal-multisensor technologies play an invaluable role in both facilitating
and assessing learning.
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1Theoretical Foundations
of Multimodal Interfaces
and Systems
Sharon Oviatt

This chapter discusses the theoretical foundations of multisensory perception
and multimodal communication. It provides a basis for understanding the perfor-
mance advantages of multimodal interfaces, as well as how to design them to reap
these advantages. Historically, the major theories that have influenced contempo-
rary views of multimodal interaction and interface design include Gestalt theory,
Working Memory theory, and Activity theory. They include perception-action dy-
namic theories and also limited resource theories that focus on constraints involving
attention and short-term memory. This chapter emphasizes these theories in part
because they are supported heavily by neuroscience findings. Their predictions also
have been corroborated by studies on multimodal human-computer interaction. In
addition to summarizing these three main theories and their impact, several related
theoretical frameworks will be described that have influenced multimodal inter-
face design, including Multiple Resource theory, Cognitive Load theory, Embodied
Cognition, Communication Accommodation theory, and Affordance theory.

The large and multidisciplinary body of research on multisensory perception,
production, and multimodal interaction confirms many Gestalt, Working Memory,
and Activity theory predictions that will be discussed in this chapter. These theories
provide conceptual anchors. They create a path for understanding how to design
more powerful systems, so we can gain better control over our own future. In spite
of this, it is surprising how many systems are developed from an engineering per-
spective that is sophisticated, yet in a complete theoretical vacuum that Leonardo
da Vinci would have ridiculed:
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Those who fall in love with practice without science are like a sailor who enters a
ship without helm or compass, and who never can be certain whither he is going.
Richter and Wells [2008]

This chapter aims to provide a better basis for motivating and accelerating
future multimodal system design, and the quality of its impact on human users.

For a definition of highlighted terms in this chapter, see the Glossary. For other
related terms and concepts, also see the textbook on multimodal interfaces by
[Oviatt and Cohen 2015]. Focus Questions to aid comprehension are available at
the end of this chapter.

1.1 Gestalt Theory: Understanding Multimodal Coherence,
Stability, and Robustness
In cognitive neuroscience and experimental psychology, a rapidly growing litera-
ture during the past three decades has revealed that brain processing fundamen-
tally involves multisensory perception and integration [Calvert et al. 2004, Stein
2012], which cannot be accounted for by studying the senses in isolation. Mul-
tisensory perception and communication are supported by multimodal neurons
and multisensory convergence regions, which are a basic design feature of the
human brain. As outlined in Section 1.2, it now is understood that multisensory in-
tegration of information exerts extensive control over human perception, attention,
language, memory, learning, and other behaviors [Calvert et al. 2004, Schroeder
and Foxe 2004, Stein and Meredith 1993]. This relatively recent shift from a uni-
modal to multisensory view of human perception reflects movement away from
reductionism toward a perspective compatible with Gestalt theory, which origi-
nated in the late 1800s and early 1900s [for intellectual history, see Smith 1988].
Gestalt theory presents a holistic systems-level view of perception, which empha-
sizes self-organization of perceptual experience into meaningful wholes, rather
than analyzing discrete elements as isolates. It asserts the principle of totality, or
that the whole is a qualitatively different entity than the sum of its parts. A second
overarching belief of Gestalt theory is the principle of psychophysical isomorphism,
which states that conscious perceptual experience corresponds with underlying
neural activity. These Gestalt views substantially predate Stein and Meredith [1993]
pioneering research on multisensory integration and the neurophysiology of the
superior colliculus.

In terms of the principle of totality, a central tenant of Gestalt theory is that when
elements (e.g., lines) are combined into a whole percept (e.g., human figure), emer-
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gent properties arise that transform a perceptual experience qualitatively. Multi-
sensory processing research has demonstrated and investigated many unexpected
perceptual phenomena. Reports abound of perceptual “illusions” once thought to
represent exceptions to unimodal perceptual laws. A classic example is the case
of Wertheimer’s demonstration in 1912 that two lines flashed successively at op-
timal intervals appear to move together, an illusion related to human perception
of motion pictures [Koffka 1935]. In these cases, it is the whole percept that is ap-
prehended first, not the elements composing it. That is, the whole is considered
to have experiential primacy. These integrated percepts typically do not involve
equal weighting of individual stimuli or simple additive functions [Calvert et al.
2004]. Although Gestalt theory’s main contributions historically involved percep-
tion of visual-spatial phenomena, as in the classic Wertheimer example, its laws
also have been applied to the perception of acoustic, haptic, and other sensory
input [Bregman 1990]. They likewise have been applied to the production of mul-
timodal communications, and to human-computer interface design [Oviatt et al.
2003], as will be described further in this chapter.

Gestalt theory describes different laws or principles for perceptual grouping
of information into a coherent whole, including the laws of proximity, symmetry,
area, similarity, closure, continuity, common fate, and others [Koffka 1935, Kohler
1929, Wertheimer 1938]. With respect to perceptual processing, Gestalt theory
claims that the elements of a percept first are grouped rapidly according to its
main principles. In addition, more than one principle can operate at the same time.
Gestalt laws, and the principles they describe, maintain that we organize experience
in a way that is rapid, economical, symmetrical, continuous, and orderly. This is
viewed as economizing mental resources, which permits a person’s focal attention
to be allocated to a primary task.

The Gestalt law of proximity states that spatial or temporal proximity causes
unisensory elements to be perceived as related. This principle has become the
backbone for explaining current multisensory integration of whole percepts, which
is formulated as two related rules. The spatial rule states that the likelihood and
strength of multisensory integration depends on how closely located two unisen-
sory stimuli are to one another [Stein and Meredith 1993]. In parallel, the temporal
rule claims that the likelihood and strength of multisensory integration depends on
the degree of close timing of two unisensory stimuli, which must occur within a cer-
tain window of time [Stein and Meredith 1993]. Multisensory integration research
has confirmed and elaborated the role of these two principles at both the behav-
ioral and neuroscience level. For example, it is now known that there is a relatively



Glossary

Affordances are perceptually based expectations about actions that can be performed
on objects in the world, which derive from people’s beliefs about their properties.
Affordances invite and constrain people to interact with objects, including computer
interfaces, in specific ways. They establish behavioral attunements that transparently
prime people’s use of objects, including their physical and communicative actions,
and they can lead to exploratory learning. Affordances can be analyzed at the
biological, physical, perceptual, and symbolic/cognitive level, and they are influenced
by cultural conventions. The way people use different computer input tools is
influenced heavily by their affordances, which in turn has a substantial impact
on human cognition and performance [Oviatt et al. 2012].

Disequilibrium refers to the Gestalt concept that people are driven to create a balanced,
stable, and meaningful whole perceptual form. When this goal is not achieved or
it is disrupted, then a state of tension or disequilibrium arises that alters human
behavior. For example, if a user encounters a high rate of system errors during
interaction, this will create a state of disequilibrium. Furthermore, human behavioral
adaptation during disequilibrium will differ qualitatively depending on whether a
system is multimodal or unimodal, which is consistent with the Gestalt principle
of totality (see separate entries on multimodal hypertiming and hyperarticulation).
During disequilibrium, behavioral adaptation observed in the user aims to fortify
the organizational principles described in Gestalt laws in order to restore a coherent
whole percept.

Extraneous cognitive load refers to the level of working memory load that a person
experiences due to the properties of materials or computer interfaces they are
using. High levels of extraneous cognitive load can undermine a user’s primary
task performance. Extraneous load is distinguished from (1) intrinsic cognitive load,
or the inherent difficulty level and related working memory load associated with a
user’s primary task, and (2) germane cognitive load, or the level of a student’s effort
and activity compatible with mastering new domain content, which may either be
supported or undermined by interface design (e.g., due to inappropriate automation).

Hyperarticulation involves a stylized and clarified adaptation of a user’s typical
unimodal speech, which she will shift into during disequilibrium—for example, when
accommodating “at risk" listeners (e.g., hearing impaired), adverse communication
environments (e.g., noisy), or interactions involving frequent miscommunication
(e.g., error-prone spoken language systems). A user’s hyperarticulate speech to an
error-prone speech system primarily involves a lengthier and more clearly articulated
speech signal, as summarized in the CHAM model [Oviatt et al. 1998]. This type of
hyper-clear unimodal speech adaptation is distinct from that observed when speech
is combined multimodally, which involves multimodal hypertiming. In general,
speakers hyperarticulate whenever they expect or experience a communication
failure with their listener, which occurs during both interpersonal and human-
computer exchanges. When interacting with spoken dialogue systems, it is a major
cause of system recognition failure, although it can be avoided by designing a
multimodal interface.
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Glossary (continued)

Limited resource theories focus on cognitive constraints, especially ones involving
attention and working memory, that can act as bottlenecks limiting human
processing. Examples of limited resource theories include Working Memory theory,
Multiple Resource theory, and Cognitive Load theory. These and similar theories
address how people adaptively conserve energy and mental resources, while striving
to optimize performance on a task. They have been well supported by both behavioral
and neuroscience data. Currently, Working Memory theory is most actively being
researched and refined.

Maximum-likelihood estimation (MLE) principle applies Bayes rule during multisen-
sory fusion to determine the variance associated with individual input signals,
asymmetry in signal variance, and the degree to which one sensory signal dominates
another in terms of the final multimodal percept. The MLE model also estimates
variance associated with the combined multimodal percept, and the magnitude of
any super-additivity observed in the final multimodal percept (see separate entry on
super-additivity).

Multimodal hypertiming involves adaptation of a user’s typical multimodal construc-
tion, for example when using speech and writing, which she will shift into during
disequilibrium. For example, when interacting with an error-prone multimodal sys-
tem, a user’s input will adapt to accentuate or fortify their habitual pattern of signal
co-timing. Since there is a bimodal distribution of users who either demonstrate a
simultaneous or sequential pattern of multimodal signal co-timing, this means that (1)
simultaneous integrators, whose input signals overlap temporally, will increase their
total signal overlap, but (2) sequential integrators, who complete one signal piece be-
fore starting another with a lag in between, will instead increase the total lag between
signals. This multimodal hypertiming represents a form of entrenchment, or hyper-
clear communication, that is distinct from that observed when communicating
unimodally (see separate entry on hyperarticulation).

Perception-action dynamic theories assert that perception, action, and consciousness
are dynamically interrelated. They provide a holistic systems-level view of interaction
between humans and their environment, including feedback processes as part of
a dynamic loop. Examples of anti-reductionistic perception-action dynamic theo-
ries include Activity meta-theories, Embodied Cognition theory, Communication
Accommodation theory, and Affordance theory. These theories claim that action
may be either physical or communicative. In some cases, such as Communication
Accommodation theory, they involve socially-situated theories. Perception-action dy-
namic theories have been well supported by both behavioral and neuroscience data,
including research on mirror and echo neurons. Currently, Embodied Cognition
theory is most actively being researched and refined, often in the context of human
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Glossary (continued)

learning or neuroscience research. It asserts that representations involve activating
neural processes that recreate a related action-perception experiential loop, which
is based on multisensory perceptual and multimodal motor neural circuits in the
brain [Nakamura et al. 2012]. During this feedback loop, perception of an action
(e.g., writing a letter shape) primes motor neurons (e.g., corresponding finger
movements) in the observer’s brain, which facilitates related comprehension (e.g.,
letter recognition and reading).

Super-additivity refers to multisensory enhancement of the neural firing pattern when
two sensory signals (e.g., auditory and visual) are both activated during a perceptual
event. This can produce a total response larger than the sum of the two sources of
modality-specific input, which improves the reliability of the fused signal. Closer
spatial or temporal proximity can increase super-additivity, and the magnitude
of super-additivity increases in adverse conditions (e.g., noise, darkness). The
maximum-likelihood estimation (MLE) principle has been applied to estimate the
degree and pattern of super-additivity. One objective of multimodal system design is
to support maximum super-additivity.

wide temporal window for perceiving simultaneity between signals during audio-
visual perception [Dixon and Spitz 1980, Spence and Squire 2003].1 A wide temporal
window also has been demonstrated at the cellular level for simple stimuli in the
superior colliculus [King and Palmer 1985, Meredith et al. 1987].

Research on multisensory integration has clarified that there are asymmetries
during fusion in what type of signal input dominates a perceptual interpretation,
and the degree to which it is weighted more heavily. In the temporal ventriloquism
effect, asynchronous auditory and visual input can be fused by effectively binding
an earlier visual stimulus into temporal alignment with a subsequent auditory
one, as long as they occur within a given window of time [Morein-Zamir et al.
2003]. In this case, visual perception is influenced by auditory cues. In contrast,
in the spatial ventriloquism effect the perceived location of a sound can be shifted
toward a corresponding visual cue [Bertelson and deGelder 2004]. The maximum-
likelihood estimation (MLE) principle of multisensory fusion, based on Bayes rule,
has been used to estimate the degree to which one modality dominates another

1. Approximately a 250 ms lag is required between speech and corresponding lip movements
before asynchrony is perceived.
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during signal fusion. This principle describes how signals are integrated in the
brain to minimize variance in their interpretation, which maximizes the accuracy
of the final multimodal interpretation. For example, during visual-haptic fusion,
visual dominance occurs when the variance associated with visual estimation is
lower than that for haptic estimation [Ernst and Banks 2002]. For further details,
see Section 1.3.

Multisensory integration research also has elaborated our understanding of how
spatial and temporal proximity influence the salience of a multisensory percept.
Neurons in the deep superior colliculus now are well known to exhibit multisensory
enhancement in their firing patterns, or super-additivity [Anastasio and Patton
2004]. This can produce responses larger than the sum of the two modality-specific
sources of input [Bernstein and Benoit 1996, Anastasio and Patton 2004]. Closer
proximity of related signals can produce greater super-additivity. This phenomenon
functions to improve the speed and accuracy of human responsiveness to objects
and events, especially in adverse conditions such as noise or darkness [Calvert et al.
2004, Oviatt 2000, Oviatt 2012]. From an evolutionary perspective, these behavioral
adaptations have directly supported human survival in many situations.

In addition to promoting better understanding of multisensory perception,
Gestalt theoretical principles have advanced research on users’ production of mul-
timodal constructions during human-computer interaction. For example, studies
of users’ multimodal spoken and written constructions confirm that integrated
multimodal constructions are qualitatively distinct from their unimodal parts. In
addition, Gestalt principles accurately predict the organizational cues that bind
this type of multimodal construction [Oviatt et al. 2003]. In a pen-voice multi-
modal interface, a user’s speech input is an acoustic modality that is structured
temporally. In contrast, her pen input is structured both temporally and spatially.
Gestalt theory predicts that the common temporal dimension will provide orga-
nizational cues for binding these modalities during multimodal communication.
That is, modality co-timing will serve to indicate and solidify their relatedness
[Oviatt et al. 2003]. Consistent with this prediction, research has confirmed the
following:

. Users adopt consistent co-timing of individual signals in their multimodal
constructions, and their habitual pattern is resistant to change.

. When system errors or problem difficulty increase, users adapt the co-timing
of their individual signals to fortify the whole multimodal construction.
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Figure 1.1 Model of average temporal integration pattern for simultaneous and sequential
integrators’ typical multimodal constructions. (From Oviatt et al. [2005])

From a neuroscience perspective, the general importance of modality co-timing is
highlighted by previous findings showing that greater temporal binding, or syn-
chrony of neuronal oscillations involving different sources of sensory input, is
associated with improved task success. For example, correctly recognizing people
depends on greater neural binding between multisensory regions that represent
their appearance and voice [Hummel and Gerloff 2005].

Studies with over 100 users—children through seniors—have shown that users
adopt one of two types of temporal organizational pattern when forming multi-
modal constructions. They either present simultaneous constructions in which
speech and pen signals are overlapped temporally, or sequential ones in which one
signal ends before the second begins and there is a lag between them [Xiao et al.
2002, 2003]. Figure 1.1 illustrates these two types of temporal integration pattern.
A user’s dominant integration pattern is identifiable almost immediately, typically
on the very first multimodal construction during an interaction. Furthermore, her
habitual temporal integration pattern remains highly consistent (i.e., 88–93%), and
it is resistant to change even after instruction and training.

A second Gestalt law, the principle of area, states that people will tend to group
elements to form the smallest visible figure or briefest temporal interval. In the
context of the above multimodal construction co-timing patterns, this principle
predicts that most people will deliver their signal input simultaneously. Empirical
research has confirmed that 70% of people across the lifespan are indeed simul-
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Figure 1.2 Average increased signal overlap for simultaneous integrators in seconds (left), but
increased lag for sequential integrators (right), as they handle an increased rate of
system errors. (From Oviatt and Cohen [2015])

taneous signal integrators, whereas 30% are sequential integrators [Oviatt et al.
2003].

An important meta-principle underlying all Gestalt tendencies is the creation
of a balanced and stable perceptual form that can maintain its equilibrium, just
as the interplay of internal and external physical forces shape an oil drop [Koffka
1935, Kohler 1929]. Gestalt theory states that any factors that threaten a person’s
ability to achieve a goal create a state of tension, or disequilibrium. Under these
circumstances, it predicts that people will fortify basic organizational phenomena
associated with a percept to restore balance [Koffka 1935, Kohler 1929]. As an ex-
ample, if a person interacts with a multimodal system and it makes a recognition
error so she is not understood, then this creates a state of disequilibrium. When
this occurs, research has confirmed that users fortify, or further accentuate, their
usual pattern of multimodal signal co-timing (i.e., either simultaneous or sequen-
tial) by approximately 50%. This phenomenon is known as multimodal hypertiming
[Oviatt et al. 2003]. Figure 1.2 illustrates increased multimodal signal overlap in si-
multaneous integrators, but increased signal lag in sequential integrators as they
experience more system errors. Multimodal hyper-timing also has been demon-
strated in users’ constructions when problem difficulty level increases [Oviatt et al.
2003].

From a Gestalt viewpoint, this behavior aims to re-establish equilibrium by for-
tifying multimodal signal co-timing, the basic organizational principle of such con-
structions, which results in a more coherent multimodal percept under duress. This
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multimodal hyper-timing contributes to hyper-clear communication that increases
the speed and accuracy of perceptual processing by a listener. This manifestation
of hyper-clear multimodal communication is qualitatively distinct from the hyper-
clear adaptations observed in unimodal components. For example, in a unimodal
spoken construction users increase their speech signal’s total length and degree
of articulatory control as part of hyperarticulation when system errors occur. How-
ever, this unimodal adaptation diminishes or disappears altogether when speech
is part of a multimodal construction [Oviatt et al. 2003].

The Gestalt law of symmetry states that people have a tendency to perceive sym-
metrical elements as part of the same whole. They view objects as symmetrical,
formed around a center point. During multimodal human-computer interaction
involving speech and pen constructions, Gestalt theory would predict that more
symmetrical organization entails closer temporal correspondence or co-timing be-
tween the two signal pieces, and a closer matching of their proportional length.
This would be especially evident in significantly increased co-timing of the com-
ponent signals’ onsets and offsets. Research on multimodal interaction involving
speech and pen constructions has confirmed that users increase the co-timing of
their signal onsets and offsets during disequilibrium, such as when system errors
increase [Oviatt et al. 2003].

In summary, the Gestalt principles outlined above have provided a valuable
framework for understanding how people perceive and organize multisensory in-
formation, as well as multimodal input to a computer interface. These principles
have been used to establish new requirements for multimodal speech and pen in-
terface design [Oviatt et al. 2003]. They also have supported computational analysis
of other types of multimodal system, for example involving pen and image content
[Saund et al. 2003].

One implication of these results is that time-sensitive multimodal systems need
to accurately model users’ multimodal integration patterns, including adaptations
in signal timing that occur during different circumstances. In particular, user-
adaptive multimodal processing is a fertile direction for system development. One
example is the development of new strategies for adapting temporal thresholds
in time-sensitive multimodal architectures during the fusion process, which could
yield substantial improvements in system response speed, robustness, and overall
usability [Huang and Oviatt 2005, Huang et al. 2006].

An additional implication is that Gestalt principles, and the multisensory re-
search findings that have further elaborated them, potentially can provide useful
guidance for designing “well integrated” multimodal interfaces [Reeves et al. 2004].
Researchers have long been interested in defining what it means to be a well-
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integrated multimodal interface, including the circumstances under which super-
additivity effects can be expected rather than interference between modalities. One
particularly salient strategy is to integrate maximally complementary input modes
in a multimodal interface, or ones that produce a highly synergistic blend in which
the strengths of each mode can be capitalized upon and used to overcome weak-
nesses in the other [Cohen et al. 1989, Oviatt and Cohen 2015]. Complementarity
can aim to minimize variance in estimations of individual signal interpretation,
which maximizes the accuracy of the final multimodal interpretation, as discussed
previously. Alternatively, it can aim to expand the functional utility of an interface
for a user.

Further research could leverage theory and multidisciplinary research findings
to determine what it means to be a well-integrated multimodal interface beyond
simply selecting the modalities for inclusion. For further discussion of this topic,
see Section 8.4, “Principles for Strategizing Multimodal Integration,” in Oviatt and
Cohen [2015].

1.2 Working Memory Theory: Performance Advantages of
Distributing Multimodal Processing
In comparison with Gestalt theory, a major theme of Working Memory theory is that
attention and working memory are bottlenecks constricting information process-
ing during cognitive activities. Working memory span is a limited capacity system
that is critical for basic cognitive functions, including planning, problem solving,
inferential reasoning, language comprehension, written composition, and others.
It focuses on goal-oriented task processing, and is susceptible to distraction, es-
pecially from simultaneous processes and closely related information. Working
Memory theory, Multiple Resource theory, and Cognitive Load theory all are lim-
ited resource theories that address the fundamental issue in multimodal interface
design of how to manage input and output modalities in a way that alleviates this
bottleneck in order to optimize human performance. See Kopp et al.’s Chapter 6
in this volume for a related description of recent extensions of Working Memory
Theory, and Zhou and colleagues’ chapter in Volume 2 [Zhou et al. 2017] for current
approaches to real-time assessment of cognitive load based on different modalities
and sensors.

Working memory refers to the ability to store information temporarily in mind,
usually for a matter of seconds without external aids, before it is consolidated into
long-term memory. To be consolidated into long-term memory, information in
working memory requires continual rehearsal or else it becomes unavailable. Loss
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of information from working memory is influenced by cognitive load, which can
be due to task difficulty, dual tasking, interface complexity, and similar factors. It
also can occur when the content of distractors interfere with to-be-remembered
information [Waugh and Norman 1965].

Miller and colleagues originally introduced the term “working memory” over
50 years ago [Miller et al. 1960]. They described the span of working memory as
limited to approximately seven elements or “chunks,” which could involve differ-
ent types of content such as digits or words [Miller 1956]. Expansion of this limit
can be achieved under some circumstances, for example when information con-
tent involves different modalities that are processed in different brain areas. The
development of domain expertise also can effectively expand working memory lim-
its, because it enables a person to perceive and group isolated units of information
into larger organized wholes. As a result, domain experts do not need to retain and
retrieve as many units of information from working memory when completing a
task, which frees up memory reserves for focusing on other or more difficult tasks.

Baddeley and Hitch [1974] proposed a particularly consequential theory of
working memory in the 1970s, which preceded modern neuroscience findings on
multisensory-multimodal brain processing. According to Baddeley’s theory, work-
ing memory consists of multiple semi-independent processors associated with
different modalities [Baddeley 1986, 2003]. A visual-spatial “sketch pad” processes
visual materials such as pictures and diagrams, whereas a separate “phonological
loop” stores auditory-verbal information in a different brain area. These lower-level
modality-specific processing systems are viewed as functioning largely indepen-
dently. They are responsible for constructing and maintaining information in mind
through rehearsal activities. In addition, Baddeley describes a higher-level “central
executive” component that plans actions, directs attention to relevant information
while suppressing irrelevant ones, manages integration of information from the
lower-level modality stores, coordinates processing when two tasks are performed
at a time, initiates retrieval of long-term memories, and manages overall decision-
making processes [Baddeley 1986, 2003].

It is the semi-independence of lower-level modality-specific processing that
enables people to use multiple modalities during a task in a way that circumvents
short-term memory limitations, effectively expanding the size of working memory.
For example, during dual tasking it is easier to maintain digits in mind while
working on a spatial task than another numeric one [Maehara and Saito 2007].
Likewise, it is easier to simultaneously process information presented auditorily
and visually than two auditory tasks. The “expansion” of working memory reserves
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that occurs is especially important as tasks become more difficult, because under
these circumstances more elements of information typically must be integrated
to solve a problem. Two key implications of these theoretical contributions for
interface design are the following:

. Human performance improves when a computer interface combines differ-
ent modalities that can support complementary information processing in
separate brain regions conducted simultaneously. An advantage can accrue
whether simultaneous information processing involves two input streams,
an input and output stream, or two output streams.

. Flexible multimodal interfaces that support these processing advantages
are essential as tasks become more difficult, or whenever users’ processing
abilities are limited.

Multiple Resource theory, which is related to Working Memory theory, di-
rectly addresses the above processing advantages due to modality complementarity
[Wickens et al. 1983, Wickens 2002]. It states that there can be competition between
modalities during tasks, such that attention and processing required during input
and output will result in better human performance if information is distributed
across complementary modalities. For example, verbal input is more compatible
with simultaneous visual than auditory output. This theory states that cross-modal
time-sharing is effectively better than intra-modal time-sharing. The implication of
both Working Memory and Multiple Resource theories is that multimodal interface
design that permits distributing processing across different modality-specific brain
regions can minimize interference and cognitive load, improving performance.

Working memory is a theoretical concept that is actively being researched in
both cognitive psychology and neuroscience. During the past few decades, the neu-
ral basis of memory function has advanced especially rapidly [D’Esposito 2008].
It has confirmed and elaborated our understanding of modality-specific brain re-
gions, the process of multisensory fusion, and circumstances under which interfer-
ence occurs during consolidation of information in memory. Neurological evidence
has confirmed that working memory is lateralized, with the right prefrontal cortex
more engaged in visual-spatial working memory, and the left more active during
verbal-auditory tasks [Owen et al. 2005, Daffner and Searl 2008]. Working Mem-
ory theory is well aligned with Activity Theory (see Section 1.3) in emphasizing the
dynamic processes that construct and actively suppress memories, which are a by-
product of neural activation and inhibition. For example, active forgetting is now
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understood to be an inhibitory process at the neural level that is under conscious
control [Anderson and Green 2001].

Cognitive Load theory, introduced by John Sweller and colleagues, applies work-
ing memory concepts to learning theory [Sweller 1988]. It maintains that during
the learning process, students can acquire new schemas and automate them more
easily if instructional methods or computer interfaces minimize demands on stu-
dents’ attention and working memory, thereby reducing extraneous cognitive load
[Baddeley 1986, Mousavi et al. 1995, Oviatt 2006, Paas et al. 2003, van Merrienboer
and Sweller 2005]. Cognitive load researchers assess the extraneous complexity
associated with instructional methods and tools separately from the intrinsic com-
plexity and load of a student’s main learning task. Assessments typically compare
performance indices of cognitive load as students use different curriculum materi-
als or computer interfaces. Educational researchers then focus on evidence-based
redesign of these materials and tools to decrease students’ extraneous cognitive
load, so their learning progress can be enhanced.

Numerous learning studies have shown that a multimodal presentation format
supports students’ learning more successfully than does unimodal presentation.
For example, presentation of educational information that includes diagrams and
audiotapes improves students’ ability to solve geometry problems, compared with
visual-only presentation of comparable information content [Mousavi et al. 1995].
When using the multimodal format, larger performance advantages have been
demonstrated on more difficult tasks, compared with simpler ones [Tindall-Ford
et al. 1997]. These performance advantages of a multimodal presentation format
have been replicated in different content domains, with different types of instruc-
tional materials (e.g., computer-based multimedia animations), and using differ-
ent dependent measures [Mayer and Moreno 1998, Tindall-Ford et al. 1997]. These
research findings based on educational activities are consistent with the general
literature on multimodal processing advantages.

In recent years, Cognitive Load theory has been applied more broadly to com-
puter interface design [Oviatt 2006]. It has supported the development of multi-
modal interfaces for education, and adaptive interface design tailored to a learner’s
level of domain knowledge. Empirical studies have demonstrated that flexible mul-
timodal interfaces are effective partly because they support students’ ability to
self-manage their own working memory in a way that reduces cognitive load [Oviatt
et al. 2004a]. For example, students prefer to interact unimodally when working on
easy problems. However, they will upshift to interacting multimodally on harder
problems in order to distribute processing, minimize cognitive load, and improve
their performance [Oviatt et al. 2004a].
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One implication of these research findings is that flexible multimodal interfaces
are especially well suited for applications like education, which typically involve
higher levels of load associated with mastering new content. In fact, all applications
that require extended thinking and reasoning potentially could be improved by im-
plementing a flexible and expressively powerful multimodal interface. In addition,
Working Memory theory has direct implications for designing well-integrated mul-
timodal interfaces that can combine complementary modalities to process specific
types of content with minimal interference effects.

1.3 Activity Theory, Embodied Cognition, and
Multisensory-Multimodal Facilitation of Cognition
Activity Theory is a meta-theory with numerous branches. It makes the central claim
that activity and consciousness are dynamically interrelated. Vygotskian Activity
theory states that physical and communicative activity play a major role in mediat-
ing, guiding, and refining mental activities [Luria 1961, Vygotsky 1962, 1978, 1987].

In Vygotsky’s view, the most powerful tools for semiotic meditation are sym-
bolic representational ones such as language. Vygotsky was especially interested in
speech, which he believed serves dual purposes: (1) social communication and (2)
self-regulation during physical and mental activities. He described self-regulatory
language, also known as “self talk” or “private speech,” as a think-aloud process
in which individuals verbalize poorly understood aspects of difficult tasks to as-
sist in guiding their thought [Berk 1994, Duncan and Cheyne 2002, Luria 1961]. In
fact, during human-computer interaction the highest rates of self talk occur dur-
ing more difficult tasks [Xiao et al. 2003]. For example, when using a multimodal
interface during a map task, people typically have the most difficulty with relative
directional information. They may subvocalize, “East, no, west of . . . ” when think-
ing about where to place a landmark on a digital map. As a map task increases in
difficulty, users’ self talk progressively increases, which has been shown to improve
their performance [Xiao et al. 2003].

Since Vygotsky’s original work on the role of speech in self-regulation, further
research has confirmed that activity in all communication modalities mediates
thought, and plays a self-regulatory role in improving performance [Luria 1961,
Vygotsky 1962, 1987]. As tasks become more difficult, speech, gesture, and writ-
ing all increase in frequency, reducing cognitive load and improving performance
[Comblain 1994, Goldin-Meadow et al. 2001, Oviatt et al. 2007, Xiao et al. 2003].
For example, manual gesturing reduces cognitive load and improves memory dur-
ing math tasks, with increased benefit on more difficult tasks [Goldin-Meadow et
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al. 2001]. When writing, students also diagram more as math problems became
harder, which can improve correct solutions by 30–40% [Oviatt 2006, 2007]. In sum-
mary, research across modalities is compatible with Vygotsky’s theoretical view that
communicative activity mediates thought and improves performance [Luria 1961,
Vygotsky 1962].

Activity theory is well supported by neuroscience results on activity- and
experience-dependent neural plasticity. Activity-dependent plasticity adapts the
brain according to the frequency of an activity. Activities have a profound impact
on human brain structure and processing, including changes in the number and
strength of synapses, dendritic branching, myelination, the presence of neuro-
transmitters, and changes in cell responsivity, which are associated with learning
and memory [Markham and Greenough 2004, Sale et al. 2009]. Recent neuroscience
data indicate that physical activity can generate change within minutes in neocorti-
cal dendritic spine growth, and the extent of dendritic spine remodeling correlates
with success of learning [Yang et al. 2009]. Other research has shown that the expe-
rience of using a tool can change the properties of multisensory neurons involved
in their control [Ishibashi et al. 2004].

A major theme uncovered by neuroscience research related to Activity theory is
the following:

. Neural adaptations are most responsive to direct physical activity, rather
than passive viewing or vicarious experience [Ferchmin and Bennett 1975].

One major implication of this finding is that the design of computer input tools
is particularly consequential for eliciting actions that directly stimulate cognition.
This contrasts with the predominant engineering focus on developing system out-
put capabilities.

In addition, neuroscience findings emphasize the following:

. Physical activity that involves novel or complex actions is most effective at
stimulating synaptogenesis, or neural adaptations compatible with learning
and memory. In contrast, familiar and simple actions do not have the same
impact [Black et al. 1990, Kleim et al. 1997].

A further theme revealed by neuroscience research, which focuses specifically
on activity theory and multimodality, is:

. Multisensory and multimodal activity involve more total neural activity
across a range of modalities, more intense bursts of neural activity, more
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widely distributed activity across the brain’s neurological substrates, and
longer distance connections.

Since multimodal interfaces elicit more extensive neural activity across many
dimensions, compared with unimodal interfaces, they can have a greater impact
on stimulating cognition. In particular, they produce deeper and more elaborated
learning, improve long-term memory, and result in higher performance levels
during human-computer interaction [Oviatt 2013].

Embodied Cognition theory, which is related to Activity theory and Situated Cog-
nition theory, asserts that thought is directly shaped by actions in context as part
of an action-perception loop [Beilock et al. 2008, Shapiro 2014, Varela et al. 1991].
For example, specific gestures or hand movements during problem solving can
facilitate an understanding of proportional equivalence and other mathematical
concepts [Goldin-Meadow and Beilock 2010, Howison et al. 2011]. Representations
and meaning are created and interpreted within activity, rather than being stored
as past knowledge structures. More specifically, representation involves activating
neural processes that recreate a related action-perception experiential loop. Two
key findings in the embodied cognition literature are that:

. The action-perception loop is based on multisensory perceptual and multi-
modal motor neural circuits in the brain [Nakamura et al. 2012].

. Complex multisensory or multimodal actions, compared with unimodal or
simpler actions, can have a substantial and broad facilitatory effect on cog-
nition [James 2010, Kersey and James 2013, Oviatt 2013].

As an example, writing complex letter shapes creates a long-term sensory-motor
memory, which is part of an integrated multisensory-multimodal “reading neural
circuit” [Nakamura et al. 2012]. The multisensory experience of writing includes a
combination of haptic, auditory, and visual feedback. In both children and adults,
actively writing letters has been shown in fMRI studies to increase brain activation
to a greater extent than passively viewing, naming, or typing them [James 2010,
James and Engelhardt 2012, James 2010, Kersey and James 2013, Longcamp et al.
2005, 2008]. Compared with simple tapping on keys during typing, constructing
letter shapes also improves the accuracy of subsequent letter recognition, a prereq-
uisite for successful comprehension and reading. Writing letters basically leads to a
more elaborated and durable ability to recognize letter shapes over time. Research
by Berninger and colleagues [Berninger et al. 2009, Hayes and Berninger 2010] has
further documented that the multisensory-multimodal experience of writing letter
shapes, compared with typing, facilitates spelling, written composition, and the



36 Chapter 1 Theoretical Foundations of Multimodal Interfaces and Systems

Figure 1.3 Embodied cognition view of the perception-action loop during multisensory integra-
tion, which utilizes the Maximum Likelihood Estimation (MLE) model and combines
prior knowledge with multisensory sources of information. (From Ernst and Bulthoff
[2004])

content of ideas expressed in a composition. This extensive body of neuroscience
and behavioral findings has direct implications for the broad cognitive advantages
of pen-based and multimodal interfaces.

In research on multisensory integration, Embodied Cognition theory also has
provided a foundation for understanding human interaction with the environment
from a systems perspective. Figure 1.3 illustrates how multisensory signals from the
environment are combined with prior knowledge to form more accurate percepts
[Ernst and Bulthoff 2004]. During multisensory integration, Ernst and colleagues
describe the Maximum Likelihood Estimation (MLE) model, using Bayes’ rule. As
introduced earlier, MLE integrates sensory signal input to minimize variance in the
final estimate under different circumstances. It determines the degree to which
information from one modality will dominate over another [Ernst and Banks 2002,
Ernst and Bulthoff 2004]. For example, the MLE rule predicts that visual capture
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will occur whenever the visual stimulus is relatively noise-free and its estimate of a
property has less variance than the haptic estimate. Conversely, haptic capture will
prevail when the visual stimulus is noisier.

Empirical research has shown that the human nervous system’s multisensory
perceptual integration process is very similar to the MLE integrator model. Ernst
and Banks [2002] demonstrated this in a visual and haptic task. The net effect
is that the final estimate has lower variance than either the visual or the haptic
estimator alone. To support decision-making, prior knowledge is incorporated into
the sensory integration model to further disambiguate sensory information. As
depicted in Figure 1.3, this embodied perception-action process provides a basis
for deciding what goal-oriented action to pursue. Selective action may in turn
recruit further sensory information, alter the environment that is experienced, or
change people’s understanding of their multisensory experience. See James and
colleagues’ Chapter 2 in this volume [James et al. 2017] for an extensive discussion
and empirical evidence supporting Embodied Cognition Theory.

Communication Accommodation theory presents a socially situated perspec-
tive on embodied cognition. It has shown that interactive human dialogue involves
extensive co-adaptation of communication patterns between interlocutors. Inter-
personal conversation is a dynamic adaptive exchange in which speakers’ lexical,
syntactic, and speech signal features all are tailored in a moment-by-moment man-
ner to their conversational partner. In most cases, children and adults adapt all
aspects of their communicative behavior to converge with those of their partner,
including speech amplitude, pitch, rate of articulation, pause structure, response
latency, phonological features, gesturing, drawing, body posture, and other aspects
[Burgoon et al. 1995, Fay et al. 2010, Giles et al. 1987, Welkowitz et al. 1976]. The
impact of these communicative adaptations is to enhance the intelligibility, pre-
dictability, and efficiency of interpersonal communication [Burgoon et al. 1995,
Giles et al. 1987, Welkowitz et al. 1976]. For example, if one speaker uses a partic-
ular lexical term, then their partner has a higher likelihood of adopting it as well.
This mutual shaping of lexical choice facilitates language learning, and also the
comprehension of newly introduced ideas between people.

Communication accommodation occurs not only in interpersonal dialogue, but
also during human-computer interaction [Oviatt et al. 2004b, Zolton-Ford 1991].
These mutual adaptations also occur across different modalities (e.g., handwriting,
manual signing), not just speech. For example, when drawing interlocutors typi-
cally shift from initially sketching a careful likeness of an object to converging with
their partner’s simpler drawing [Fay et al. 2010]. A similar convergence of signed
gestures has been documented between deaf communicators. Within a community
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of previously isolated deaf Nicaraguans who were brought together in a school for
the deaf, a novel sign language became established rapidly and spontaneously. This
new sign language and its lexicon most likely emerged through convergence of the
signed gestures, which then became widely produced among community members
as they formed a new language [Kegl et al. 1999, Goldin-Meadow 2003].

At the level of neurological processing, convergent communication patterns are
controlled by the mirror and echo neuron systems [Kohler et al. 2002, Rizzolatti and
Craighero 2004]. Mirror and echo neurons provide the multimodal neurological
substrate for action understanding, both at the level of physical and communicative
actions. Observation of an action in another person primes an individual to prepare
for action, and also to comprehend the observed action. For example, when partic-
ipating in a dialogue during a cooking class, one student may observe another’s
facial expressions and pointing gesture when she says, “I cut my finger.” In this
context, the listener is primed multimodally to act, comprehend, and perhaps reply
verbally. The listener experiences neurological priming, or activation of their own
brain region and musculature associated with fingers. This prepares the listener to
act, which may involve imitating retraction that they observe with their own fingers.
The same neurological priming enables the listener to comprehend the speaker’s
physical experience and emotional state. This socially situated perception-action
loop provides the evolutionary basis for imitation learning, language learning, and
mutual comprehension of ideas.

This theory and related literature on convergence of multimodal communica-
tion patterns has been applied to designing more effective conversational software
personas and social robots. One direct implication of this work is that the design of
a system’s multimodal output can be used to transparently guide users to provide
input that is more compatible with a system’s processing repertoire, which im-
proves system reliability and performance [Oviatt et al. 2004b]. As examples, users
interacting with a computer have been shown to adopt a more processable volume,
rate, and lexicon [Oviatt et al. 2004b, Zolton-Ford 1991].

Affordance theory presents a systems-theoretic view closely related to Gestalt
theory. It also is a complement to Activity theory, because it specifies the type of
activity that users are most likely to engage in when using different types of com-
puter interface. It states that people have perceptually based expectations about
objects, including computer interfaces, which involve different constraints on how
one can act on them to achieve goals. These affordances of objects establish be-
havioral attunements that transparently but powerfully prime the likelihood that
people will act in specific ways [Gibson 1977, 1979]. Affordance theory has been
widely applied to human interface design, especially the design of input devices
[Gaver 1991, Norman 1988].
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Since object perception is multisensory, people are influenced by an array of
object affordances (e.g., auditory, tactile), not just their visual properties [Gaver
1991, Norman 1988]. For example, the acoustic qualities of an animated computer
persona’s voice can influence a user’s engagement and the content of their dialogue
contributions. In one study, when an animated persona sounded like a master
teacher by speaking with higher amplitude and wider pitch excursions, children
asked more questions about science [Oviatt et al. 2004b]. This example not only
illustrates that affordances can be auditory, but also that they affect the nature of
communicative actions as well as physical ones [Greeno 1994, Oviatt et al. 2012].
Furthermore, this impact on communication patterns involves all modalities, not
just spoken language [Oviatt et al. 2012].

Recent interpretations of Affordance theory, especially as applied to computer
interface design, specify that it is human perception of interface affordances that
elicits specific types of activity, not just the presence of specific physical attributes.
Affordances can be described at different levels, including biological, physical,
perceptual, and symbolic/cognitive [Zhang and Patel 2006]. They are distributed
representations that are the by-product of external representations of an object
(e.g., streetlight color) and internal mental representations that a person maintains
about their action potential (e.g., cultural knowledge that “red” means stop), which
determines the person’s physical response. This example of an internal represen-
tation involves a cognitive affordance, which originates in cultural conventions
mediated by symbolic language (i.e., “red”) that are specific to a person and her
cultural/linguistic group.

Affordance theory emphasizes that interfaces should be designed to facilitate
easy discoverability of the actions they are intended to support. It is important to
note that the behavioral attunements that arise from object affordances depend
on perceived action possibilities that are distinct from specific learned patterns.
As such, they are potentially capable of stimulating human activity in a way that
facilitates learning in contexts never encountered before. For this reason, if in-
terface affordances are well matched with a task domain, they can increase hu-
man activity patterns that stimulate exploratory learning, cognition, and overall
performance.

Motivated by both Affordance theory and Activity theory, research on human-
computer interaction has shown that more expressively powerful interfaces can
substantially stimulate human communicative activity and corresponding cogni-
tion. An expressively powerful computer interface is one that can convey infor-
mation involving multiple modalities, representations, or linguistic codes [Oviatt
2013]. Recent research has shown that different input capabilities, such as a key-
board vs. digital pen, have affordances that prime qualitatively different types of
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communicative content. In one study, students expressed 44% more nonlinguistic
representational content (e.g., numbers, symbols, diagrams) when using a pen in-
terface. In contrast, when the same students worked on the same type of problems
with keyboard input, they switched to expressing 36% more linguistic content (e.g.,
words, abbreviations) [Oviatt et al. 2012].

These differences in communication pattern corresponded with striking
changes in students’ cognition. In particular, when students used a pen interface
and wrote more nonlinguistic content, they also generated 36% more appropriate
biology hypotheses. A regression analysis revealed that knowledge of individual
students’ level of nonlinguistic fluency accounted for a substantial 72% of all the
variance in their ability to produce appropriate science ideas (see Figure 1.4, left;
Oviatt et al. 2012). However, when the same students used the keyboard interface
and communicated more linguistic content, a regression now indicated a substan-
tial decline in science ideation (see Figure 1.4, right). In this case, knowledge of
students’ level of linguistic communication had a negative predictive relation with
their ability to produce appropriate science ideas. That is, it accounted for 62% of
the variation in students’ inability to produce biology hypotheses.
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Figure 1.4 Regression analysis showing positive relation between nonlinguistic communicative
fluency and ideational fluency (left). Regression showing negative relation between
linguistic communicative fluency and ideational fluency (right). (From Oviatt et al.
[2012])
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From an Activity theory perspective, neuroscience, behavioral, and human-
computer interface research all consistently confirm that engaging in more com-
plex and multisensory-multimodal physical actions, such as writing letter shapes,
can stimulate human cognition more effectively than passive viewing, naming, or
tapping on a keyboard. Keyboard interfaces never were designed to be a thinking
tool. They constrict the representations, modalities, and linguistic codes that can
be communicated when using computers, and therefore fail to provide comparable
expressive power [Oviatt 2013].

In addition, research related to Activity theory has highlighted the importance
of communication as a type of activity that directly stimulates and shapes human
cognition. This cognitive facilitation has been demonstrated in a variety of commu-
nication modalities. In summary, multimodal interface design is a fertile direction
for supporting computer applications involving extended thinking and reasoning.

All of the theories presented in this chapter have limitations in scope, but col-
lectively they provide converging perspectives on multisensory perception, multi-
modal communication, and the design of multimodal interfaces that effectively
blend information sources. The focus of this chapter has been to summarize the
strengths of each theory, and to describe how they have been applied to date in the
design of multimodal interfaces. In this regard, the present chapter is by no means
exhaustive. Rather, it highlights examples of how theory has influenced past mul-
timodal interface design, often in rudimentary ways. In the future, new and more
refined theories will be needed that can predict and coherently explain multimodal
research findings, and shed light on how to design truly well-integrated multimodal
interfaces and systems.

Focus Questions
1.1. Describe the two main types of theory that have provided a basis for under-
standing multisensory perception and multimodal communication.

1.2. What neuroscience findings currently support Gestalt theory, Working Mem-
ory theory, Activity theory, Embodied Cognition theory, and Communication Ac-
commodation theory?

1.3. What human-computer interaction research findings support these theories?

1.4. What Gestalt laws have become especially important in recent research on
multisensory integration? And how has the field of multisensory perception sub-
stantially expanded our understanding of multisensory fusion beyond these initial
Gestalt concepts?
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1.5. What Working Memory theory concept has been central to understanding the
performance advantages of multimodal interfaces, as well as how to design them?

1.6. Activity theory and related research asserts that communicative activity in all
modalities mediates thought, and plays a direct role in guiding and improving
human performance. What is the evidence for this in human-computer interaction
studies? And what are the key implications for designing multimodal-multisensor
interfaces?

1.7. How is the action-perception loop, described by Embodied Cognition theory,
relevant to multisensory perception and multimodal actions? Give one or more
specific examples.

1.8. How do multisensory and multimodal activity patterns influence the brain
and its neurological substrates, compared with unimodal activity? What are the
implications for multimodal-multisensor interface design?

1.9. What is the principle of complementarity, and how does it relate to designing
“well-integrated” multimodal-multisensor systems? What are the various ways that
modality complementarity can be defined, as well as measured?

1.10. The field’s understanding of how to design well-integrated multimodal in-
terfaces remains rudimentary, in particular focused on what modalities to include
in a system. What other more fine-grained questions should be asked regarding
how to design a well-integrated system? And how could future human-computer
interaction research and theory be organized to refine our understanding of this
topic?
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Error handling in multimodal systems,

409–410
Esteem issues for seniors, 327
Eucalyptus interface, 424
Eva system, 431–432
Evaluate on behalf of the chooser choice

support strategy
defined, 203
policy-based choice, 225–226
trial-and-error-based choice, 221–223

Evaluations
anticipated consequences, 219–220
ARCADE model, 215
haptic media design, 120
interaction studies criteria, 207

Evocation of gaze-aid mode, 388
Exergames

defined, 322
seniors, 341

Exogenous origins of interaction models,
106–107

Experience
ARCADE model, 213
ASPECT model, 217–218
policy-based choice, 225
trial-and-error-based choice, 222–223

Experience-based choice
ASPECT model, 213
boundaries, 228–229
defined, 203
overview, 226
subpatterns, 226–228

Experience-dependence
defined, 80
multimodal-multisensory body, 54–55
neural plasticity, 34

Exploration strategy in trial-and-error-based
choice, 221

Exploratory analysis in haptic media design,
129–130

Expression recognition in robots, 329
Extraneous cognitive load

defined, 22
reducing, 32

Eye
gazes. See Gaze-informed multimodal

interaction
physiology, 366, 368

Eye movements
basic, 368–369
defined, 366

Eye trackers
activity and interest detection, 391–392
data analysis, 367–369
defined, 366–367
limitations, 373
usage considerations, 370

Eye tracking error, 373

Face-to-face conversations
gaze in, 376–377
simulating, 387–388

Faces and facial landmarks, detecting and
tracking, 500–503
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Facets
defined, 98
haptic media design, 114–115, 123–124

Facial action coding system, 501
Facial recognition by robots, 329
Facial shape estimation, 504
Facial visual information in speech

recognition, 491–494
Facilitatory effects on learning as function

of active interactions
adults, 57
spatial localization, 57–58
symbol understanding, 59–61
three-dimensional object structure,

58–59
Fall detection and prevention for seniors,

324–325
False positives

defined, 146
screen rotation, 171
touch, 148

Feature fusion
GMM-HMM systems, 509–511
speech processing, 508

Feature post-processing in visual speech,
506–507

Feature structures
defined, 405
speech and pen interfaces, 418–422

Features of the Situation contextual variable
in modality choices, 204–205, 207

Feedback
audio. See Audio feedback
crossmodal, 294–299
force. See Force feedback
haptic. See Haptic feedback
HCI, 278
intramodal. See Intramodal feedback
for learning, 560–561
multimodal. See Multimodal feedback
non-speech audio. See Non-speech audio

feedback
seniors, 329
vibrotactile. See Vibrotactile feedback

Feedforward-feedback loops
defined, 80
description, 51

Feeding seniors, 320–323
Feel Effects, 122, 124
FingerFlux device, 285
Fisher discriminants in face detection, 500
Fixations

defined, 366
eye movement, 368–369
eye tracking, 371–372

FlexCase cover, 287–288
Flexibility in smart homes, 333
Flexible multi-component tools, 2
Followup modalities in haptic signals, 108
Force feedback

defined, 98, 279
examples, 97
haptic media, 111
haptics, 281, 285–286
with thermal feedback, 297
with vibrotactile feedback, 297

Foreground/background model of
interaction, defined, 146

Foreground interaction
defined, 146
touch, 144, 150–152

Formulation in speech and gesture
computational models, 254–255

Fovea, 366, 368
Frames

defined, 405
multimodal systems, 420

Free viewing gaze-assisted searches, 388
Freestyle system, 175
Friction in haptics, 286
Friendship issues for seniors, 325–327
Frontline notification to backup detail in

haptic signals, 108
Functional connectivity

assessing, 71
defined, 80

Functional fixedness in ARCADE model,
214
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Functional magnetic resonance imaging
(fMRI)

defined, 80
human neuroimaging, 69–70

Fusiform gyrus
defined, 81
description, 69
symbol processing in children, 78

Fusion architectures for speech and pen
interfaces, 418–420

Future research in modality choices, 231–
232

Galaxy interface, 424
Game Experience Questionnaire (GEQ),

347
Gaming applications, AVASR for, 494
Gather step in haptic media design, 118
Gaussian mixture models (GMMs), 464

audio-visual fusion, 508
face detection, 500

Gaze-assisted visual inspection, 388–390
Gaze estimation, 371
Gaze-informed multimodal interaction

activity and interest detection, 388–392
conclusion and outlook, 392–393
data analysis, 369–373
data processing, 371–373
eye movement modality relationships,

373–382
eye movements, 367–369
eye tracking limitations, 373
face-to-face conversations, 387–388
focus questions, 393–394
glossary, 366–367
introduction, 365–367
multimodal interaction and systems,

382–392
and other sensor data, 382
references, 394–402
shared visual information, 377–382
in speech and conversation, 376–382,

385–387
touch and pointing with, 374–376

Gaze patterns
defined, 366
differences in, 376

General cognitive mechanisms in speech
and gesture production, 250–252

Georal interface, 424
Gerbal interface, 424
Germane cognitive load, 22
Gerontechnology

defined, 322
modalities, 339–340
research, 320

Gestalt theory, 20–29
Gesticulations, 244
Gesture as Simulated Action (GSA), 250
Gesture Formulators, 254–255, 258–259
Gesture recognition

AVASR, 497
conclusions and outlook, 476–477
data resources and challenges, 462–464
experimental results, 474–476
focus questions, 477–478
glossary, 452
HCI, 458–460
introduction, 449–451
multimodal communication, 451–458
multimodal fusion, 466–469, 472–474
overview, 459–460
references, 478–487
single-stream feature extraction and

modeling, 470–472
speech-gesture interplay, 455–458
speech recognition, 464–466
statistical modeling, 460–462
types and phases, 452–455

Gesture recognition models
defined, 452
statistical, 460–462
trends, 459

Gesture stroke phase, 455
Gesture types, defined, 452
Gestures

cognitive models, 264–265
grip sensing, 170
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Gestures (continued)
inertial motion sensing, 166
mobile devices, 303–305
touchscreens, 159–160

GiraffPlus project, 337–338
GMM-HMM systems

audio-visual fusion, 509–511, 514–515
deep neural networks, 512
gesture recognition, 464

Goals in interaction models, 105–106
Google Glass, 384
GoogleLeNet, 501
GpsTunes, 302
Graphical data spatial parameters, 298
Graphical user interfaces (GUIs), haptics

for, 109
Grasping objects, 375
Gravity wells in haptics, 286
Grip sensing

defined, 146
overview, 169–173
touch, 144
touchscreens, 164–165

GripSense system, 168
Ground of interaction in touch, 150
Grounded cognition

defined, 81
symbol understanding, 60

Growth Point theory, 250
Growth points, defined, 242
Guidance targets and constraints for haptic

components, 108–109
Guide goal in interaction models, 105–106
GUIDE platform, 334
Gummi devices, 287

H3D software, 124
Haar-based classifiers, 501
Habit-based choice, 227
Hand-in-hand speech and gesture

production, 247
Handheld devices, AVASR applications for,

494
Hands in bimanual interaction, 173–179

Handshape features in gestures system
detail, 470

Handwriting
children, 67–69
complex letter shapes, 35–36, 563–564
neural systems, 72–74, 77–78
PHANTOM Omni device, 299–300
recognition challenges, 186
symbol understanding, 60–61, 550–551
synchronization with speech, 410–411

HapKit device, 121
Haply device, 121
Haptic Camera tool, 119
Haptic components

guidance targets and constraints, 108–
109

interactions, 108–111
specific performance and general quality,

110–111
Haptic feedback

defined, 99
examples, 97
intramodal, 297
for navigation, 300–302
visual content with, 298–300

Haptic Icon Prototyper tool, 125
Haptic icons

defined, 99
haptic media design, 122

Haptic interactions
design frontiers, 126–131
designing for current, 104
designing for differences, 103–104
focus questions, 131–132
glossary, 98–99
haptic media physical design space,

111–117
haptic media production, 117–126
haptic sense, 100–101
haptic vocabulary, 101–102
introduction, 97, 100
models for multimodal applications,

104–111
references, 132–142
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Haptic interfaces
defined, 99
description, 97

Haptic media
design process, 118–121
experiencing, 102–103
frontiers, 126–131
making, 117–126
novelty of, 101–102
physical design space, 111–117
schemas, 121–124
tools, 124–126

Haptic phonemes, 122
Haptic rendering, 286
Haptic SDK, 124
Haptic sense

description, 97
nature of, 100–101

Haptic signal roles, 107–108
Haptic Sketching, 120
Haptic Touch toolkit, 119, 124
Haptic vocabularies

defined, 99
limitations, 101–102

Hapticon Editor, 125
Haptics

defined, 99, 279
force feedback, 285–286
modalities, 277
multimodal interaction goals, 105–106
overview, 281
pressure-based and deformable

interaction, 287–288
tactons, 281–283
thermal feedback, 284–285

Haptuator tool, 125
Hardware platforms in haptic media design,

124–125
Head-mounted cameras for object

recognition, 391–392
Head-movement boxes for eye tracking, 370
Health issues for seniors, 323–324
Health status in sensor information, 5
Hearing impaired, visual speech for, 493

Hearing loss design issues for seniors, 344
Heat maps in eye tracking, 371
Hebbian learning

defined, 81
multimodal-multisensory body, 55–56

Hidden conditional random fields (HCRFs),
461

Hidden Markov models (HMMs), 460–461,
471–472

audio-visual fusion, 508
deep neural networks, 512–513
visual speech, 506

Hierarchy of basic human needs, 320–321
High-fidelity semi-automatic simulations

defined, 405
speech and pen interfaces, 412–413

High-level manipulations in haptic media
design, 129

High multimodal severity warnings, 297
HIPPER project, 325
Histograms of oriented gradients (HOGs)

gesture recognition, 464
visual speech, 506

Holds phase in gesture formation, 455
Horn Clause logical form expression, 418
Hovering, 179–184
Human-centered interfaces in learning,

548–552
Human performance and brain activation

patterns
children, 61–70
embodied cognition, 79
facilitatory effects on learning as function

of active interactions, 57–61
focus questions, 86–87
glossary, 80–85
implications, 79
introduction, 51–52
multimodal-multisensory body, 52–57
neuroimaging studies in adults, 70–74
neuroimaging studies in developing

populations, 74–78
Human-robot interaction, AVASR

applications for, 495
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Human Support Robot (HSR) system, 338
Hyperarticulation

defined, 22, 405
errors from, 409
Gestalt theory, 28

i-Pot tea-kettle, 326–327
IBM Research datasets, 501
Iconic gestures, 244

defined, 242
description, 453–454
redundant and non-redundant, 245

iDICT application, 391
iGrasp, 170–171
Illusions, 21
Image generators, 254–255, 258–259
ImageNet, 501
Imagistic Description Trees (IDTs), 256
Imitation, learning through, 549
Other task impact studies for modality

choices, 207
Impending touch, 179–184
In-car speech and gesture applications, 253
In situ observational studies in multimodal

assistive robot design, 347
In-sync bimodal data in speech synchrony

detection, 520–521
Inappropriate modality choices, 208–210
Incongruent audio-visual stimuli in speech

recognition, 492–493
Independence challenges for seniors, 327,

345
Individual differences

defined, 99
eye tracking, 373
haptic experience, 102

Ineffective exploration of options in trial-
and-error-based choice, 221

Inertial motion sensing
defined, 146
touch, 165–169

Infants. See Children and infants
Influence diagrams for modality choices,

204–205

Information
ARCADE model, 213
ASPECT model, 217–218
policy-based choice, 225
seniors access, 333–335
trial-and-error-based choice, 222–223

Information distribution in speech and
gesture computational models,
258–259

Information Packaging (IP) hypothesis, 248
Information portioning in speech and

gesture computational models, 259
Information processing in speech and pen

interfaces, 414–416
Initial modalities in haptic signals, 108
Initial phase in gesture formation, 454
InkML standard, 431
Instrumental conditioning in reinforce-

ment-based choice, 227–228
Integration

defined, 81
graphical depiction, 84
modality choices, 209–210
multimodal-multisensory body, 54
speech recognition, 491

Interaction models for multimodal
applications, 104–105

goals, 105–106
haptic signal roles, 107–108
parameters, 106–107

Interactions in haptic components, 108–111
Interactions vs. sensing, 148–149
Interest detection in gaze, 388–392
Intermediate integration in gesture

multimodal fusion, 467
Intermodal feedback in HCI, 278
Intermodal sequential integration for

seniors, 342
Internet of Things, 155
Interpretive schemas and facets in haptic

media, 114–115
Intersensory redundancy

defined, 81
multimodal-multisensory body, 52–54
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InTouch application, 330–331
Intramodal feedback

crossmodal feedback combined with,
294–297

defined, 279
haptic, 297
HCI, 280

Intrinsic cognitive load, 22
Iris, 366
iTourist system, 386–387

James, Karin H.
artificial intelligence and adaptive

computation, 554
background, 548
neuroscience and human-centered

learning, 548–552
new research horizons for multisensory-

multimodal learning, 559, 563–
564

new techniques and models, 556–557
student meta-cognitive awareness, 566–

567
Jeannie system, 425
Jibo robot, 337
Joint activities for seniors, 330

Kernel-based methods for face detection,
502

Keyboard interfaces, 551
Kinect device

AVASR applications, 495
defined, 452
exergames for seniors, 341
gesture recognition, 450
speech activity detection, 517–518
visual sensors, 496–497

Kinesthetic awareness, 97
Kinesthetic sense in haptics, 281
Kinesthetic signals, defined, 99, 279
KQML system, 417

Labio-dental visemes, 494
Landmarks, facial, 500–503

Language learning
gestures in, 457–458
by infants, 557

Language of touch in haptic media design,
123

Late fusion
gestures, 467
speech and pen interfaces, 418–420

Lateral Occipital Complex (LOC)
defined, 81
functional connectivity, 72

Law of proximity, 21, 24
Law of symmetry in Gestalt theory, 28
LDA/MLLT cascades, 509
Learning perspectives

artificial intelligence and adaptive
computation, 552–555

conclusions, 567–568
modeling learners and developing

personalized learning interfaces,
564–565

neuroscience and human-centered
interfaces, 548–552

new research horizons, 558–567
new techniques and models, 555–558
overview, 547–548
references, 568–570
student meta-cognitive awareness, 565–

567
LEDs in mobile devices, 304–305
Leonardo project, 549–550
Lester, James

artificial intelligence and adaptive
computation, 552–553

background, 548
modeling learners and developing

personalized learning interfaces,
564–565

neuroscience and human-centered
learning, 549–550

new techniques and models, 558
Letter learning

children, 67–68, 563–564
neural systems, 72–74
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Letter learning (continued)
PHANTOM Omni device, 299–300

Lexical Retrieval (LR) hypothesis, 248, 457
Light switches, 152–153
Limited resource theories

defined, 23
multimodal interfaces based on, 19

Linear discriminant analysis (LDA), 507
Linguistic skills in multimodal production

simulation, 266–267
Lipreading

defined, 492
description, 489

Living Home Centre application, 331–332
Living labs

defined, 322
HIPPER project, 325

Local binary pattern descriptors (LBPs), 506
Localization information in speech

recognition, 491
Loneliness issues for seniors, 325–327
Long short-term memory (LSTM) variants,

513–514
Looking at People (LAP) ChaLearn

Challenge, 463–464
Love and belonging issues for seniors,

325–327
Low-density information transfer in haptic

sense, 101
Low-level integration of gaze in conversa-

tion, 385–386
Low multimodal severity warnings, 297
LRS database, 499
LRW database, 498–499
LTMC system, 253

Macaron editor, 125–126, 128
Machine learning techniques, 556
MAGIC pointing approach, 384–385
Manner of articulation in speech

recognition, 492
Manual Deskterity system, 177
Maps

eye movement study, 378–382

multimodal systems, 425
Maslow’s hierarchy of basic human needs,

320–321
MATCH system, 425, 428
Math Data Corpus, 414
MATIS interface, 425
Maximum-likelihood estimation (MLE)

principle
defined, 23
description, 24–25
Embodied Cognition theory, 36–37

Maximum likelihood linear transform
(MLLT), 507

McGurk effect, 493
MCube system, 417
Meal-assistance robots, 321–323
Mean-shift tracking in face detection, 502
Meaning in haptic media, 113–117
Mechanical Turk, 127
Medication management for seniors, 335
Medium multimodal severity warnings, 297
Medusa tabletop system, 181–182
Mel frequency cepstral coefficients (MFCCs)

gesture recognition, 470
visual speech, 507

Memory design issues for seniors, 344
Memory representations

speech and gesture computational
models, 256–258, 260

speech and gesture production, 248
Mental rotation

defined, 81
object learning, 58

Mental workload, 240
Message generators in speech and gesture

production, 249–250, 254–255,
258–259

Metallic ball auditory icons, 290
METALOGUE project, 253
Metaphoric gestures

defined, 242
description, 244, 454

Metaphors in haptic media, 115–116
mHIVE, 126
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Micro-mobility of physical artifacts
defined, 146
touch, 172

Microgestures in grip sensing, 170
Midas Touch problem

defined, 146
gaze selection, 384
touchscreens, 160–162

Middle frontal gyrus, 70
Miltalk interface, 424
Minimization of training time for speech

and pen interfaces, 419
Mirror and echo neuron systems, 38
Misclassification error (MCE) in speech

activity detection, 519
MNVR/SHaCeR system, 424
Mobile devices

background interaction, 154–155
multimodal interaction, 302–304
paperweight metaphor, 163

Mobile health (mHealth) technologies, 324
Mobile scenarios in activity and interest

detection, 391–392
Modalities, 147
Modality choices

ARCADE model, 211–216
ASPECT model, 216–220
attribute-based choice, 230
choice-relevant variable relationships,

204–206
defined, 203
experience-based choice, 226–229
focus questions, 232–233
future research, 231–232
glossary, 203
inappropriate, 208–210
introduction, 201–202
policy-based choice, 223–226
references, 233–238
research insights, 206–208
socially based choice, 229–230
trial-and-error-based choice, 220–223
understudied questions, 210–211

Modality co-timing, 26–27

Modality combination, defined, 203
Modality-specific stimulus properties

defined, 81
multimodal-multisensory body, 52

Mode-switching in ambient assisted living,
332

Model-based sonification, 292–293
Moment-of-insight learning phase, 566
Motor pattern data collection, 556
Motor production of symbols, 60
Mouse

doormouse, 149, 151
mouse-eye coordination, 374–375

Mouth movement in speech recognition,
493

Multi-component physical tools evolution,
2

Multi-Dimensional Scaling (MDS), 116
Multi-layer perceptrons in face detection,

500
Multi-Modal-Method interface, 425
Multi-person meetings AVASR for, 494
Multi-person tracking, AVASR for, 497
Multidimensional chart parser, 423
Multimedia in haptic media design, 122–

123
Multimedia output

defined, 3
HCI, 278

Multimodal assistive robot, 346–349
Multimodal coherence, 20
Multimodal concepts (MMCs)

defined, 242
speech and gesture computational

models, 256–257, 260–262
Multimodal feedback

accessibility, 298–301
in cars, 304–306
mobile device interaction, 302–304
overview, 298

Multimodal grammars for speech and pen
interfaces, 422–423

Multimodal hypertiming
defined, 23
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Multimodal hypertiming (continued)
description, 405
Gestalt theory, 27–28

Multimodal input
benefits, 4
defined, 3

Multimodal interaction
seniors, 342–349
speech and pen interfaces, 408–409

Multimodal interfaces
benefits, 1–2
defined, 3

Multimodal map systems
defined, 405
research, 425

Multimodal meaning in cognitive
neuroscience, 81

Multimodal memory for speech and gesture
computational models, 256–259

Multimodal-multisensor interfaces
benefits, 1–2
changing areas, 5–6
for cognition, 4–5
common modality combinations, 10–12
defined, 3
design and user modeling approaches,

7–10
growth, 1
multidisciplinary challenges, 13–14
for performance, 2, 4
theoretical and neuroscience founda-

tions, 6–7
touch, 144–145

Multimodal-multisensory body, 52–57
Multimodal output

defined, 3
HCI, 278

Multimodal systems
error handling, 409–410
speech and pen interfaces, 424–425
studies of use, 202–203

Multimodal Virtual Assistant Systems
(MVA), 425, 428–430

Multimodality scaffolding, 553–554
MULTIPLATFORM Architecture, 417
Multiple modalities for touch, 143–144
Multiple Resource theory, 31, 562
Multiple sensors for touch, 143–144
Multisensory, defined, 82
Multisensory depression

defined, 82
multimodal-multisensory body, 55

Multisensory enhancement
defined, 82
multimodal-multisensory body, 55

Multisensory haptic interactions. See Haptic
interactions

Multisensory neurons
defined, 82
multimodal-multisensory body, 54

Music analogies and metaphors in haptic
media design, 122

Musicons, 277
defined, 279
overview, 291–292

Mutual disambiguation
defined, 406
multimodal systems, 409

Mutual information in speech synchrony
detection, 520

N-best rescoring and re-sorting in gestures
system detail, 472–474

Natural language generation (NLG), 432
Natural language in feature structures, 421
Natural language understanding (NLU), 432
Nature of multimodal task studies in

modality choices, 207
Navigation, haptic and audio feedback for,

300–302
Neocortical dendritic spine growth, 34
Neural adaptation

defined, 82
multimodal-multisensory body, 56

Neural changes as result of active experience
in children, 68–70
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Neural networks in audio-visual fusion,
508

Neural plasticity
defined, 82
multimodal-multisensory body, 55

Neural systems supporting symbol
processing

adults, 71–74
children, 76–78

Neuroimaging studies in adults, 70
effects of action on sensory processing of

objects, 70–71
neural systems supporting symbol

processing, 71–74
Neuroimaging studies in developing

populations, 74
neural systems supporting symbol

processing in children, 76–78
object and verb processing, 75–76

Neuroscience findings in Activity Theory,
34–35

Neuroscience in learning perspectives,
548–552

Newtonian mechanics, 565–566
Noise

AVASR applications, 495
speech recognition, 489–490

Non-contact haptic displays, 307
Non-contact haptic feedback, 306
Non-redundant gestures

defined, 243
iconic, 245

Non-speech audio feedback
auditory icons, 289–290
crossmodal and intramodal feedback,

294–297
Earcons, 290–291
examples, 277
musicons, 291–292
sonification of data, 292–294
spatial audio output, 294
structured and representative sound,

288–294

Non-verbal communication with seniors,
326

Non-visual feedback modalities
combined crossmodal and intramodal

forms, 294–297
haptics, 281–288
non-speech audio feedback, 288–294
overview, 280–281

Nonpreferred hand in touch, 174
Nonverbal Behavior Generator, 245
Notify goal in interaction models, 105–106
NUMACK system, 246

Object and verb processing, 75–76
Object recognition by head-mounted

cameras, 391–392
Object structure, three-dimensional, 58–59,

64–66
Objective aspects of performance studies in

modality choices, 207
Objects, rotating, 65–66
Observed outcomes in trial-and-error-based

choice, 223
Occlusion-aware menus, 163–164
Octopocus system, 217–218
Off-screen gestures for mobile devices,

303–305
Online video chat for seniors, 326
Open Agent Architecture (OAA)

defined, 406
speech and pen interfaces, 416–417

Open Haptics software, 124, 127
OpenCV software package, 501–502
OpenStream system, 430–431
Option decisions in trial-and-error-based

choice, 221–222
Option identification in consequence-based

choice, 217–218
Orthotic technologies, 323
OSX auditory icons, 289–290
OuluVS2 database, 498
Out-of-sync bimodal data in speech

synchrony detection, 520–521
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Oviatt, Sharon
artificial intelligence and adaptive

computation, 553–555
background, 548
neuroscience and human-centered

learning, 549–552
new research horizons for multisensory-

multimodal learning, 558–559,
561–563

new techniques and models, 555–557
student meta-cognitive awareness, 566

Palm detection
defined, 147
touchscreens, 163–164

Palm rejection
defined, 147
touchscreens, 161

Paper auditory icons, 289
PaperPhone, 287
Paperweight metaphor for mobile devices,

163
Parameter-mapping sonification, 293
Parameters in interaction models, 106–107
Paro pet robot, 337
Partiality in feature structures, 421
Participatory Design (PD)

defined, 322
seniors, 325, 344

Passive behaviors
defined, 82
multimodal-multisensory body, 56
object learning, 58

Passive gaze input, 383–384
Passive sensing

defined, 99
haptics, 101

Peltier devices, 284
Pen input

benefits, 552
defined, 406
description, 403
effective, 549
vs. keyboard, 551

with speech. See Speech and pen
interfaces

with touch, 175–178, 180
Penn Haptic Texture toolkit, 119
People in Books multimodal system, 330
Pepper robot, 337
Perception, actions from, 69
Perception-action dynamic theories

defined, 23–24
multimodal interfaces based on, 19

Perceptual illusions, 21
Perceptual-motor studies, 560
Performance, haptics for, 110–111
Personal assistants (PAs) for seniors, 335–

337
Personal haptic perceptions, 101
PHANTOM Omni device, 285–286, 298–300
Phidgets products, 124–125
Phonemes, 494
Phonological loops

speech and gesture production, 251
working memory, 30

Physical connection in haptic media,
112–113

Physical design space of haptic media
interpretive schemas and facets, 114–115
meaning, 113–117
sensation, 111–112
sensation-human connection, 112–113
stimulus complexity and vocabulary

composition, 115–117
Physical properties for haptic media, 115
Physical state in sensor-based information,

5
Physiological needs for seniors, 320–323
Place of articulation in speech recognition,

491
Planar views

defined, 82
graphical depiction, 84
object recognition, 65

Point-and-shoot cameras, 153–154, 157
Point of regard (POR)

defined, 366
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sampling, 371
Pointing and gazes. See Gaze-informed

multimodal interaction
Pokemon Go game, 209
Policy-based choice

defined, 203
identifying and applying policies, 225–

226
overview, 223–225
particular recurrent choices, 225

Post-processing visual speech features,
506–507

posVibEditor tool, 125
PR2 robot, 337
Praat tool, 414
Pre-touch sensing

defined, 147
hover and grip, 179–184
touch, 144

Precision in eye-tracking, 370
Preparation phase in gesture formation,

454
Preservatory coarticulation situations in

speech recognition, 493
Pressure-based interaction in haptics, 281,

287–288
Primary modalities in haptic signals,

107–108
Principal component analysis (PCA)

residuals
face detection, 500
facial shape estimation, 504
visual speech, 506

Principle of area in Gestalt theory, 26–
27

Principle of totality, 20–21
Privacy concerns

seniors, 325, 345
smart homes, 333

Private haptic perceptions, 101
Private speech, 33
Processing advice

ARCADE model, 215
trial-and-error-based choice, 221

Production by hand in symbol understand-
ing, 60–61

Production models in speech and gesture,
246–254

Production process dynamics in speech and
gesture computational models, 258

Property sensed devices
defined, 147
touch, 149

Prospect theory in ASPECT model, 216
Prosthetics, 323
Prototyping environments for speech and

pen interfaces, 412–413
Pseudoletters

defined, 83
graphical depiction, 84
learning, 73–74

Psycholinguistic models in speech and
gesture production, 247–250

Psychophysical studies in haptic media, 116
Pull access in interaction models, 106
Pupils

description, 366
function, 369

Pure alexia
defined, 83
symbol understanding, 60–61

Push access in interaction models, 106
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tactons, 282
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Speaker diarization modules, 516–519
Specific habit challenges for seniors, 345
Speech

gaze in, 376–382, 385–387
robots, 329

Speech activity detection (SAD), 516–519
Speech and gesture

applications, 252–254
computational models, 254–262
general cognitive mechanisms, 250–252
HCI, 245–246



Index 593

interplay, 455–458
multimodal communication, 244–245
production models, 246–254
psycholinguistic models, 247–250
speech recognition, 464–466

Speech and pen interfaces
conclusion and future directions, 435–

436
design prototyping and data collection,

411–414
distributed architectural components,

416–418
empirical research, 404, 407–411
focus questions, 436–437
Gestalt theory, 28
introduction, 403–404
multimodal error handling, 409–410
multimodal grammars, 422–424
multimodal interaction, 408–409
multimodal systems, 424–435
prototyping environments, 412–413
references, 437–447
semantic integration architectures,

418–424
signal flow and information processing,

414–416
Sketch-Thru-Plan system case study,

432–435
temporal synchronization, 410–411

Speech-enabled assistive domestic
environments, 494–495

Speech Formulators, 254–255, 258
Speech inversion, 493
Speech modality for seniors, 336, 340–341
Speech processing applications

audio-visual fusion models and
experimental results, 507–516

AVASR applications and resources,
494–499

bimodality in, 491–494
conclusions and outlook, 522–523
focus questions, 523–525
introduction, 489–491
speech activity detection and speaker

diarization, 516–519

speech synchrony detection, 520–522
visual front-end, 499–507

Speech production, gesture roles in, 456–
457

Speech recognition for seniors, 343
Speech synchrony detection, 520–522
Speechreading

defined, 492
description, 489

Spiral errors
defined, 406
speech systems, 409

SRI International speech and pen interfaces,
404

Stability, 20
Stabilized image phenomenon

defined, 83
multimodal-multisensory body, 56

STAMP tool, 414
Statistical gesture modeling, 460–462
Steering wheel-mounted tablets, 340
Sticky mittens, 65
Stimulus

defined, 366
eye movement, 368
haptic media, 115–117

Stream-dependent CNNs, 461
Structured and representative sound,

288–294
Subjective responses to interaction studies

for modality choices, 207
Submodules in multimodal assistive robot

design, 347
Super-additivity

defined, 24
neuron firing, 25

Superior colliculus (SC)
defined, 83
multimodal-multisensory body, 53–54

Supplementary gestures
defined, 243
speech, 245

Support vector machines (SVMs), 461
audio-visual fusion, 508
face detection, 500



594 Index

Support vector machines (SVMs) (continued)
speech activity detection, 519

Surface perception by children, 62–64
Sustenance for seniors, 320–323
Symbol processing neural system support

adults, 71–74
children, 76–78

Symbol understanding
children, 67–68, 550–551
object learning, 59–61

Symbolic-propositional representation
(SPR)

defined, 243
speech and gesture computational

models, 256–259
Synchronization

eye tracking data streams, 373
speech recognition, 493

Synchrony in speech and pen interfaces,
419

Synergistic systems in gesture multimodal
fusion, 466–467

System development for speech and pen
interfaces, 420

System property studies for modality
choices, 207

System Usability Scale (SUS), 349

Tablets, grip-sensing, 172–173
Tactile acuity variations, 102–103
Tactile Animation, 126
Tactile feedback

defined, 99, 279
haptics, 281
synthetic, 103
touchscreen input, 303

Tactile icons in haptic media design, 125
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Access information and Experience (ARCADE Choice Support Strategy): Help the
user to gain access to information and experience that is relevant to the current
modality choice.

Active [haptic sensing]: On the human side, active sensing entails deliberate and
attentionally focused seeking of information through the haptic sense, usually
combined with motor movement. People use different exploratory procedures
to examine properties of objects (e.g., weight, texture, shape) [Klatzky et al. 2013,
Lederman and Klatzky 1987].

Active behaviors: Overt movements performed by the observer, which are inten-
tional, or goal-directed actions (as opposed to reflexive actions).

Advise About Processing: Encourage user, implicitly or explicitly, to apply a
particular (part of a) modality choice pattern in a particular way.

Affordances are perceptually based expectations about actions that can be per-
formed on objects in the world, which derive from people’s beliefs about their
properties. Affordances invite and constrain people to interact with objects,
including computer interfaces, in specific ways. They establish behavioral at-
tunements that transparently prime people’s use of objects, including their
physical and communicative actions, and they can lead to exploratory learn-
ing. Affordances can be analyzed at the biological, physical, perceptual, and
symbolic/cognitive level, and they are influenced by cultural conventions. The
way people use different computer input tools is influenced heavily by their
affordances, which in turn has a substantial impact on human cognition and
performance [Oviatt et al. 2012].

Alzheimer’s disease is “the most common type of dementia that causes prob-
lems with memory, thinking and behavior” [Alzheimer’s Association 2016].
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Alzheimer’s usually progresses over time and may lead to a patient to become
incapacitated in performing routine activities.

Ambient interfaces: Information displays that operate in the user’s attentional
periphery [Weiser and Brown 1996], only moving into awareness either when
they increase in salience because of urgency, or when the user chooses to focus
on them.

Ambient technology is technology integrated into the environment, to endow it
with sensing and acting capabilities while minimizing user awareness.

Amodal attributes or stimulus properties are properties that occur in multiple
modalities. For example, audio and tactile icons share many of the same design
parameters at the signal level, including frequency, intensity, and rhythm. By
some definitions, amodal also refers to information that is no longer connected
to the sensory modality by which it was encoded.

Assistive living technology encompasses technology to facilitate daily life of older
adults, to improve their independence for longer periods.

Attribute-Based (ASPECT Choice Pattern): A user will evaluate modality choice
options in terms of their attributes.

Audio-visual automatic speech recognition (AVASR): Computer-based conversion
of uttered speech into text, by exploiting visual cues from the speaker’s moving
lips and lower face in addition to the acoustic signal.

Audio-visual fusion (or Audio-visual integration): The process of combining audio
and visual representations that are informative about a particular task, aiming at
improved performance compared to using the audio or visual modalities alone
(a goal also known as achieving “non-catastrophic” fusion). Such approaches
are discussed in Section 12.5, differing in the type and level of information
combination. Some are feasible due to the tight synchrony of the two modalities
in the case of audio-visual speech.

Auditory icons are caricatures of natural sounds occurring in the real world, used
to represent information from a computer interface [Gaver 1986]. One example
is the sound of paper being scrunched up when a document is added to the
“recycle bin” on a desktop computer.

Background interaction takes place “behind” the foreground of conscious atten-
tion, often partially or fully on behalf of the user, in response to sensed context.
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Beat gestures are simple, rhythmic, and repetitive flicks of the hands in a vertical
or horizontal direction. There is no obvious relationship between gesture form
and the semantic content of the accompanying speech for beat gestures.

Bimanual interaction is also known as two-handed input [Buxton and Myers
1986] and refers to any interaction or manipulation that involves both hands.
Manipulative actions, in particular, often exhibit asymmetric roles for the
prefererred vs. nonpreferred hands [Guiard 1987, Kirsh 1995b, Yoon et al. 2015].

Binding problem: Theoretical problem stemming from the required ability of the
brain to bind sensory signals that trigger neuronal firing to the environmental
stimulus from which those signals originate. This also entails the problem of
how the brain combines signals from multiple senses into a unified percept,
given that they detect different features of the stimuli.

Blood-oxygen-level-dependent (BOLD): The primary measure of interest in fMRI.
BOLD computes the ratio of deoxygenated to oxygenated hemoglobin in the
brain. The more oxygen an area is consuming, the more active its neurons.

Calibration (eye tracking) is the process of aligning a person’s gaze estimation to a
scene. Without it, eye tracking would not yield accurate gaze estimation.

Cognitive architectures are generic frameworks that capture generally assumed
modular structures and functional properties of the human mind (e.g., declar-
ative or procedural memories with certain retrieval likelihoods). Important
examples are ACT-R [Anderson et al. 2004] or SOAR [Laird 2012].

Cognitive model: A schematic description of cognitive (mental) processes for the
purposes of understanding or predicting a certain behavior. This description
may be provided in specific computational terms that afford simulation-based
examination and evaluation, often based on an existing cognitive architecture.

Combine and compute (ARCADE Choice Support Strategy): Process available
information computationally in a way that facilitates one or more processing
steps of user when choosing a modality.

Command-and-control (C2) is the process by which a decision maker assigns
tasks to entities or organizations in order to achieve an objective. Military, fire-
fighting, and other similar organizations typically operate via a C2 process, which
has been one common application area for multimodal systems.

Complementarity principle in multimodal interface design refers to the impor-
tance of combining complementary input modes—which entails selecting
modalities based on their strengths, and also their ability to overcome weak-
nesses in the other modality with which it is paired [Cohen et al. 1989]. For
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example, pen input excels at spatial precision, whereas speech input is better
for describing events in the past or future.

Complementary gestures, See non-redundant gestures.

Conflated gestures encode more than one semantic feature. For instance, when
encoding gesturally how a ball rolls down a hill, manner information (“rolling”)
and path information (“downward”) might be conflated in one gesture.

Consequence-Based (ASPECT Choice Pattern): A user will anticipate and evaluate
the consequences of one or more modality choice options.

Constructivism: A broad theoretical approach that considers the organism to be
constructing meaning based on interactions with objects and people in the
world.

Convergence: The unique property of neural connections by which more than one
type of unisensory neuron connects to the same neuron and may independently
evoke neural activity from that neuron. This can be contrasted with integration,
whereby the sensory signals are combined to produce a single response based
on more than one input. Convergence results in multiple separable signals in
a given neuron, whereas integration refers to combining multiple inputs into a
single response (see Figure 2.12).

Co-speech gestures are gestures produced while speaking. Their interplay with
speech and their role in human interaction are discussed in Section 11.2.2.

Crossmodal feedback is when the same information is presented across different
sensory modalities, or redundantly. For example, information (e.g., amplitude)
can be presented using either audio or haptic modalities.

Crowdsourcing: The leveraging of large communities of users to perform compu-
tation, generate ideas, or provide feedback on media [Kittur et al. 2008]. For
example, many researchers and UX designers use online tools such as Amazon’s
Mechanical Turk (http://www.mturk.com) to quickly gather feedback on designs
or questions that can be shared visually.

Cutaneous sensations come from the skin and can include vibration, touch,
pressure, temperature, and texture [Lederman and Klatzky 1987].

Deictic gestures are pointing gestures typically performed with the pointing finger
or with an open hand and fingers outstretched [McNeill 1992]. Deictic gestures
are used to indicate concrete or abstract entities, depending on whether the
target is physically present or not.

http://www.mturk.com
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Design activity: A collection of related tasks performed during media design that
can help when thinking about design. We suggest browse, sketch, refine, and
share as distinct activities or stages of haptic making.

Design the Domain: Change the basic reality about which user is making a modality
choice so as to make the problem easier.

Disequilibrium refers to the Gestalt concept that people are driven to create a
balanced, stable, and meaningful whole perceptual form. When this goal is
not achieved or it is disrupted, then a state of tension or disequilibrium arises
that alters human behavior. For example, if a user encounters a high rate of
system errors during interaction, this will create a state of disequilibrium.
Furthermore, human behavioral adaptation during disequilibrium will differ
qualitatively depending on whether a system is multimodal or unimodal,
which is consistent with the Gestalt principle of totality (see separate entries
on multimodal hypertiming and hyperarticulation). During disequilibrium,
behavioral adaptation observed in the user aims to fortify the organizational
principles described in Gestalt laws in order to restore a coherent whole percept.

Earcons are structured abstract audio messages, made from rhythmic sequences
called motives [Blattner et al. 1989]. Motives are parameterized by audio
properties like rhythm, pitch, timbre, register, and sound dynamics.

Emblems: Emblems are gestures that convey a particular meaning widely accepted
within a specific culture [Efron 1941, Ekman and Friesen 1969]. For example,
the “thumbs up” gesture means “good” in North America. They typically are
stand-alone gestures that do not require accompanying speech to understand.

Energetically active [haptic display]: In contrast to energetically passive displays,
an energetically active display can be nonconservative, depending on its control
law, and has the capacity to pump more energy (sourced from a wall plug or
battery) into the interaction than it takes out. This can manifest as instability
such as jitter and growing oscillations.

Energetically passive [haptic display]: On the machine side, a display is ener-
getically passive if it is “conservative”—i.e., it puts no more energy into the
interaction than it takes out [Colgate and Brown 1994]. A trivial example is a
device without access to external or long-term stored power: for example, when
you compress a spring, the device stores only the energy you place into it, and
when you release the spring, this simple interface restores the same energy back
to your hand that you put into it. Such a device will not be unstable or jittery;
and thus, to say that a haptic display feels “passive” is usually a positive. A brake
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is one kind of (potentially) powered haptic display that cannot, by design, ever
be active: it can only remove energy from the interaction, never add to it, and
thus while it is limited in what it can do, it usually feels steady and stable.

Evaluate on behalf of the user (ARCADE Choice Support Strategy): Take over from
user one or more steps in the processing that involve evaluation or choice among
modalities.

Exergames are computer-based (video) games in which the player’s body acts as a
game controller. They are designed to engage the player in physical activity or
exercise.

Experience-Based (ASPECT Choice Pattern): A user will select a modality or
modality combination that have worked well in the past.

Experience-dependent: Changes in the brain that are caused by experience, which
may involve active or passive interaction with the environment.

Extraneous cognitive load refers to the level of working memory load that a person
experiences due to the properties of materials or computer interfaces they are
using. High levels of extraneous cognitive load can undermine a user’s primary
task performance. Extraneous load is distinguished from (1) intrinsic cognitive
load, or the inherent difficulty level and related working memory load associated
with a user’s primary task, and (2) germane cognitive load, or the level of a
student’s effort and activity compatible with mastering new domain content,
which may either be supported or undermined by interface design (e.g., due to
inappropriate automation).

Eye movements are primarily classified into three types: fixations, when the eye is
relatively still and processing information, saccades, when the eye moves from
one fixation point to another, and smooth pursuits, when the eye is following a
moving target.

Eye tracker is a device for tracking a person’s gaze location. The most common
trackers are camera-based, either wearable or remote. A camera-based eye
tracker can estimate a person’s point of regard (POR), i.e., the point in the
world a person is looking at, by detecting where the pupil is in reference to a
light reflection called glint from a stable infrared (IR) light source. Since the
light source is stable while the eye moves to view different stimuli, it is possible
to perform gaze estimation to find a person’s POR.

Facet: A set of related properties describing an aspect of an object that is relevant
to interface design [Fagan 2010]. In haptics, multiple facets can be used in
combination to capture different cognitive schemas that people unconsciously
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use to describe and make sense of haptic signals. For example, to describe
vibrations, people might at different moments choose to use physical, sensory,
emotional words, metaphors or usage examples.

False positive responses refer to instances where a sensing technique infers a state,
or aspect of context, and triggers a corresponding action when not intended by
the user. Likewise, a false negative occurs when the system should have detected
an action, but fails to do so. The impact of a false positive depends heavily on the
cost-benefit tradeoff of successful detection vs. the consequences of undesired
actions.

Feature structures are a formal representation used in a variety of different
grammatical formalisms including head-driven phrase structure grammars
[Pollard and Sag 1994] and lexical functional grammar [Kaplan and Bresnan
1982]. A feature structure consists of a set of attribute-value pairs. Unlike frames,
the values may be atomic or feature structures themselves. Shared variables in
a feature structure indicate that the values of particular feature paths must be
equal, in the sense that they must be unified (see unification). Feature structures
(sometimes called attribute value matrices) have an underlying interpretation
as directed acyclic graphs, where the arcs are labeled with the features and
the nodes contain the values. Shared variables in feature structure notation
correspond to structure sharing in the underlying directed acyclic graph.

Feedforward-feedback loop (neuroscience): Information travels in at least a bi-
directional manner in the cortex and subcortex. Information affects, and is
affected by, information included in these loops.

Force feedback (haptics) usually involves displays that move, and can push or pull
on part of the body. They generally need to be grounded against something—a
table, a car chassis, or another part of the user’s body—to provide this resistance
or motivate force.

Foreground interaction resides at the forefront of user attention, “in front of”
background activity.

Foreground/background model of interaction refers to a model of context-sensitive
interaction advanced by [Buxton 1995] and refined by others [Hinckley et al.
2005, Ju 2015].

Frame is a data structure that describes an action with labeled “slots”, whose values
can be filled by certain types of entities.

Functional connectivity: Statistical dependencies in time between spatially distinct
neural regions. Used on a BOLD signal from fMRI, this method can result in
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revealing brain regions whose activities are correlated in time, leading to the
inference that they are working together for that given behavior.

Functional magnetic resonance imaging (fMRI): A neuroimaging method broadly
used in medical and psychological sciences to non-invasively observe extremely
small changes in tissue properties, particularly changes in ferromagnetism
associated with changes in the ratio of deoxygenated to oxygenated hemoglobin,
that can be used to make inferences concerning the functioning of cortical
structures.

Fusiform gyrus: A gyrus in the brain that lies on the ventral aspect of the temporal
lobe, spans from the occipital lobe to midway along the temporal lobe and, is
located approximately along the midline of the temporal lobe. In functional
terms, it is associated with object perception and recognition.

Gaze pattern is repeated scan-paths or segments of scan-paths, indicative of
particular activities or cognitive processes, i.e., reading vs. scanning text. Gaze
patterns may be classified manually or by machine-learning methods.

Gerontechnology is a field of research and development concerned with designing
technology and environments to support older adults’ independent living, social
participation, good health, comfort, and safety.

Gesture recognition models are primarily statistical constructs that can be trained
to represent specific gestures based on corresponding data. Traditional hidden
Markov models (HMMs) with Gaussian mixture model (GMM) observation
probabilities are one example (see gesture recognition system detailed in
Section 11.4). Further, a number of models based on deep learning approaches
are overviewed in Section 11.3.1. A more elaborate discussion of deep learning
for multimodal interaction modeling can be found in the second volume of this
Handbook (e.g., [Keren et al. 2017]).

Gesture types: Following the classification scheme of McNeill [1992], there exist
five basic gesture types, namely emblems, icons, metaphors, deictics, and beats.
Their main properties and typical examples are discussed in Section 11.2.1, as
well as in Chapter 6 of this volume [Kopp and Bergmann 2017].

Grip sensing refers to a sensing substrate, often realized through capacitive sensing
pads, that can capture natural human gripping actions such as holding a device.
Often, a grid of sensors are deployed so as to capture a coarse image of the
portions of the hand in contact with the device. Although typically studied
separately, grip sensing is closely related to touch, particularly if viewed through
the lens of background sensing.
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Grounded cognition: A central concept embedded in a range of cognitive theories,
including simulation theory, situated cognition, and embodied cognition
that opposes the existence of abstract knowledge systems. Instead, they
consider knowledge systems to be represented implicitly by sensory and motor
mechanisms during interaction with the world.

Growth point: According to McNeill’s theory [1992], a new idea unit taking form
in the speaker’s mind. This unit is then dynamically “unpacked” into combined
linguistic-gestural surface forms.

Haptic is a term referring to both cutaneous sensations gained from the skin, also
referred to as tactile feedback, and the kinesthetic sense, which involves internal
signals sent from the muscles and tendons about the position and movement
of a limb [Goldstein 1999, Lederman and Klatzky 1997].

Haptic feedback comprises devices that display to either the kinesthetic or
cutaneous senses.

Haptic icons are different terms used to refer to structured abstract messages (tac-
tile or force) that encode information [Maclean and Enriquez 2003, Brewster
and Brown 2004]. More specific terms refer to such encoding in haptic sub-
modalities.

Haptic interfaces are devices that display force feedback or tactile feedback in the
course of an interaction.

Haptic phonemes: See haptic icon.

Haptic vocabulary: A set of haptic signals paired with their meanings, which as
a group convey a set of application-related information elements to users. To
be usable and learnable, a haptic vocabulary will have some kind of structure
or naturally apparent meaning that a user can scaffold to quickly learn more
elements once the first few have been understood [MacLean 2008b].

Hebbian learning: A well-documented neural mechanism of learning in which ax-
onal connections between neurons undergo activity-dependent changes. There
are two basic tenants: (1) when two neurons repeatedly fire in a coordinated
manner, the connections between them are strengthened, effectively increasing
the likelihood of firing together in the future; and (2) when two neurons repeat-
edly fire in an uncoordinated manner, the connections between them weaken,
effectively reducing the likelihood of firing together in the future.

High-fidelity semi-automatic simulations are a relatively sophisticated method-
ology for designing technology that is still in the planning stages, before a
fully functional system ever is built. They support extensive data collection,
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assessment, and iterative design of newly conceived interface prototypes and
their detailed requirements (e.g., speech vocabulary). (From Oviatt and Cohen
[2015].)

Hyperarticulation involves a stylized and clarified adaptation of a user’s typical
unimodal speech, which she will shift into during disequilibrium—for example,
when accommodating “at risk" listeners (e.g., hearing impaired), adverse
communication environments (e.g., noisy), or interactions involving frequent
miscommunication (e.g., error-prone spoken language systems). A user’s
hyperarticulate speech to an error-prone speech system primarily involves
a lengthier and more clearly articulated speech signal, as summarized in
the CHAM model [Oviatt et al. 1998]. This type of hyper-clear unimodal
speech adaptation is distinct from that observed when speech is combined
multimodally, which involves multimodal hypertiming. In general, speakers
hyperarticulate whenever they expect or experience a communication failure
with their listener, which occurs during both interpersonal and human-
computer exchanges. When interacting with spoken dialogue systems, it is
a major cause of system recognition failure, although it can be avoided by
designing a multimodal interface.

Iconic gestures bear a close formal relationship to the semantic content of speech
by depicting some property of the speech referent [McNeill 1992]. For instance,
drawing a circular shape in the air when talking about a window iconically
depicts the circular shape of the window.

Individual differences: Variation among users, as in their sensory or cognitive
abilities. For example, users may vary in sensing, interpreting and valuing a
haptic signal.

Inertial motion sensing refers to motion sensing that combines three-axis ac-
celerometer, three-axis gyroscope, and three-axis magnetometer sensors so as
to capture a nine degree-of-freedom signal that can be fused into a common
inertial reference frame [Premerlani and Bizard 2009]. This is now a standard
sensing package on many devices including handhelds, tablets, wearables, and
so forth. These sensors enable sensing automatic screen rotation, tilt-controlled
games, and step-counting for fitness applications, among many other uses.

Integration: The unique property of some multisensory neurons by which they
combine converging input signals from more than one sensory modality
and output an integrated signal. Input may be from primary sensory organs,
secondary regions, or association areas. The integrated output combines the
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signals into a single output. See also definition for convergence for a comparison
(see Figure 2.12).

Intersensory redundancy: Recent theory of perceptual development that evades the
binding problem by portraying the human perceptual system as a multimodal
system. It does so by responding to unisensory and multisensory inputs with
differential weightings: greater weight on multisensory input and less weight
on unisensory input.

Intramodal feedback is feedback that presents information on different aspects of
the same sensory modality to achieve a goal. For example, vibrotactile and
thermal cues could be combined as intramodal haptic feedback, or force
feedback and vibration output could be combined to render texture information.

Kinect is a multimodal sensing device containing an array of specialized cam-
eras and microphones to facilitate advanced audio-visual scene understand-
ing [Kinect 2016]. It was originally developed as an accessory for a gaming
machine, but has since found numerous applications in HCI research. The
Kinect provides multiple raw data streams, namely traditional planar RGB video,
video frames with depth information of the scene, and five audio channels (one
for each of its four microphones, as well as a single enhanced audio signal).
It is therefore often referred to as an RGB-D-A sensor, or simply as an RGB-D
one, if only the video data are considered. Further, the Kinect provides metadata
streams, for example detailed 3D position, pose, and skeleton joint coordinates
of human subjects in the scene, a facial mesh for nearby subjects in relatively
frontal head pose, detection of a small set of hand gestures, etc.

Kinesthetic signals are sent from muscles and tendons. They include force
production, body position, limb direction, and joint angle [Goldstein 1999,
Lederman and Klatzky 1997].

Lateraloccipital complex (LOC): A broad functional zone encompassing the
anatomical regions of lateral occipital cortex and the ventral and lateral surfaces
of temporal cortex. It is traditionally defined as cortex that is more active when
presented with pictures of intact objects than pictures of textures or of scrambled
objects.

Limited resource theories focus on cognitive constraints, especially ones involving
attention and working memory, that can act as bottlenecks limiting human
processing. Examples of limited resource theories include Working Memory
theory, Multiple Resource theory, and Cognitive Load theory. These and similar
theories address how people adaptively conserve energy and mental resources,
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while striving to optimize performance on a task. They have been well supported
by both behavioral and neuroscience data. Currently, Working Memory theory
is most actively being researched and refined.

Lipreading (or speechreading): Typically used to describe bimodal (audio-visual)
speech perception by humans, as well as unimodal (visual-only) in the cases of
unavailable audio or hearing-impaired subjects, by utilizing visual cues from
the speaker’s moving lips and lower face. When further specified by preceding
words “automatic” or “machine”, the terms refer to computer-based recognition
of speech employing the visual-only or both audio and visual modalities (see also
AVASR).

Living lab is a home-like laboratory environment, equipped with many sensors
and monitoring systems, where subjects actually live during the course of an
experiment.

Maximum-likelihood estimation (MLE) principle applies Bayes rule during mul-
tisensory fusion to determine the variance associated with individual input
signals, asymmetry in signal variance, and the degree to which one sensory sig-
nal dominates another in terms of the final multimodal percept. The MLE model
also estimates variance associated with the combined multimodal percept, and
the magnitude of any super-additivity observed in the final multimodal percept
(see separate entry on super-additivity).

Mental rotation: A form of mental imagery in which an observer rotates imaginary
visual representations of two- or three-dimensional objects in their mind.

Metaphoric gestures are similar to iconics in that they present imagery, but present
an image of an abstract concept that is not physically present [McNeill 1992].
As an example, consider an upward or downward movement of the hands while
talking about the economy rising or falling.

Micro-mobility of physical artifacts refers to oft-subtle motions, such as shifting or
re-orienting a piece of paper (or other object of conversation) during co-present
interaction with a collaborator [Luff and Heath 1998]. Micro-mobility offers one
fascinating instance where touch (in the form of grip) and motion (in terms of
the micro-mobility movements) are clearly interrelated modalities in the course
of natural human activity.

Midas Touch problem refers to false-positive interactions triggered by inadvertent
contact with a touchscreen. Resting a hand on the screen, brushing against the
screen by mistake, or accidentally touching the edge of the screen while gripping
the device are all examples that arise in the normal course of touchscreen
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interaction. Palm rejection attempts to reduce or eliminate one form of Midas
Touch, but keep in mind that “rejecting” certain types of contact with the
screen can make it imposisble for applications to leverage palm detection for
background-sensing techniques.

Modalities are channels (such as speech, handwriting, or touch) whereby sensed
information can be captured for input to computers. As implied by this
definition, sensors (sometimes a plurality of sensors) underlie modalities and
hint at their dual nature.

Modality choice: The selection of a modality or modality combination by a user for
use in a particular situation, which is not necessarily conscious or deliberate.

Modality combination: A set of input modalities that a user employs to perform a
particular (sub)task with a multimodal system.

Modality-specific stimulus properties: Properties of objects that may only be
detected by one sensory system. An example is wavelengths of light, which
are only detectable by the visual system.

Multimedia output refers to system output involving two or more types of
information received as feedback by a user during human-computer interaction,
which may involve different types of technical media within one modality like
vision—still images, virtual reality, video images—or it may involve multimodal
output such as visual, auditory, and tactile feedback to the user.

Multimodal (cognitive neuroscience meaning): Combined sensory and motor
system input to the brain, for example, the interaction of vision and motor
systems during encoding of an event. On the other hand, passive viewing of
visually presented stimuli is not generally considered multimodal, because it
can be accomplished without motor input or input from other sensory systems.

Multimodal concepts are assumed mental representations that can bind visual,
auditory, tactile, or other forms of information to symbolic-propositional
representations of conceptual information [Bergmann and Kopp 2008].

Multimodal gesture recognition refers to the computational task of identifying
characteristic motion patterns of hands and arms (primarily). In the case of
audio-visual gesture recognition, it may involve recognizing accompanying
speech, and combining the available audio-visual information streams to
identify the multimodally communicated message by means of the hand and
arm movements and the uttered speech.

Multimodal hypertiming involves adaptation of a user’s typical multimodal
construction, for example when using speech and writing, which she will shift
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into during disequilibrium. For example, when interacting with an error-prone
multimodal system, a user’s input will adapt to accentuate or fortify their
habitual pattern of signal co-timing. Since there is a bimodal distribution of
users who either demonstrate a simultaneous or sequential pattern of multimodal
signal co-timing, this means that (1) simultaneous integrators, whose input
signals overlap temporally, will increase their total signal overlap, but (2)
sequential integrators, who complete one signal piece before starting another
with a lag in between, will instead increase the total lag between signals. This
multimodal hypertiming represents a form of entrenchment, or hyper-clear
communication, that is distinct from that observed when communicating
unimodally (see separate entry on hyperarticulation).

Multimodal input involves user input and processing of two or more modalities—
such as speech, pen, touch and multi-touch, gestures, gaze, head and body
movements, and virtual keyboard. These input modalities may coexist together
on an interface, but be used either simultaneously or alternately [Oviatt and
Cohen 2015]. The input may involve recognition-based technologies (e.g.,
speech, gesture), simpler discrete input (e.g., keyboard, touch), or sensor-
based information (e.g., acceleration, pressure). Some modalities may be
capable of expressing semantically rich information and creating new content
(e.g., speech, writing, keyboard), while others are limited to making discrete
selections and controlling the system display (e.g., touching a URL to open it,
pinching gesture to shrink a visual display). These interfaces aim to support
processing of naturally occurring human communication and activity patterns.
They are far more flexible and expressively powerful than past keyboard-and-
mouse interfaces, which are limited to discrete input.

Multimodal interfaces support multimodal input, and they may also include
sensor-based controls. In many cases they may also support either multimodal
or multimedia output.

Multimodal map systems are a class of multimodal systems that typically support
speech and pen or gestural input (using pen or finger) with geographical
information. Among the multimodal map systems are QuickSet, Rasa, STP,
QuickTour, MATCH, Speak4It, MVA, and Eva.

Multimodal-multisensor interfaces combine one or more user input modalities
with sensor information (e.g., location, acceleration, proximity, tilt). Sensor-
based cues may be used to interpret a user’s physical state, health status,
mental status, current context, engagement in activities, and many other types
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of information. Users may engage in intentional actions when deploying sensor
controls, such as tilting a screen to change its orientation. Sensors also can serve
as “background" controls, to which the interface automatically adapts without
any intentional user engagement (e.g., dimming phone screen after lack of
use). Sensor input aims to transparently facilitate user-system interaction, and
adaptation to users’ needs. The type and number of sensors incorporated into
multimodal interfaces has been expanding rapidly, resulting in explosive growth
of multimodal-multisensor interfaces. There are numerous types of multimodal-
multisensor interface with different characteristics.

Multimodal-multisensory (cognitive neuroscience meaning): See multimodal and
multisensory definitions.

Multimodal output involves system output from two or more modalities, such as
a visual display combined with auditory or haptic feedback, which is provided
as feedback to the user. This output is processed by separate human sensory
systems and brain areas.

Multisensory: The involvement of at least two sensory modalities in a given process.
For example, vision and haptics are combined and provide multisensory input
to the brain when we see and touch objects. Multisensory processes are most
often multimodal. However, multisensory processes can occur without motor
input. For example, temporally coincident visual and auditory cues need not be
accompanied by head or eye movements.

Multisensory depression: Information about objects and events in the environment
gleaned by relying upon spatiotemporal disparities across more than one
sense (e.g., the visual experience of color is not always coincident with tactile
cues), which leads to a depressed (decreased) neural response. That is, the
neural response to the same multisensory input in the future will be reduced.
This process effectively increases the response to modality-specific stimulus
properties, such as color, because it decreases the physiological response
to multisensory signal combinations, such as simultaneous visual-auditory
stimuli.

Multisensory enhancement: Information about objects and events in the envi-
ronment gleaned by relying upon spatiotemporal coincidence of more than one
sense (e.g., vision and haptics that coincide during visually guided touch), which
leads to an enhanced (increased) neural response. That is, the neural response
to the same multisensory input in the future will be increased. This process
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effectively increases the response to amodal stimulus properties, such as visual-
haptic cues, because it increases the physiological response to amodal stimulus
properties. Multisensory enhancement is distinct from super-additivity which
occurs when a multisensory response is greater than the sum of the unimodal
responses. Multisensory enhancement provides a developmental mechanism
for multisensory perception whereas supper-additivity describes the neural
response of a population of neurons responding to multisensory stimuli.

Multisensory neuron: A neuron that responds to a stimulus from more than one
sensory modality.

Mutual disambiguation involves disambiguation of signal- or semantic-level in-
formation in one error-prone recognition modality by using partial information
supplied by another modality. Mutual disambiguation can occur in a multi-
modal architecture with two or more expressively rich recognition-based input
modes. It leads to recovery from unimodal recognition errors within a multi-
modal architecture, with the impact of suppressing errors that would otherwise
be experienced by the user. (From Oviatt and Cohen [2015].)

Neural adaptation: A change over time of the responses of neurons as a result
of ongoing stimulation. As a stimulus is repeated, neurons sensitive to that
stimulus will decrease their firing rates.

Neural plasticity: The ability of neuronal structures, connections, and processes in
the brain to undergo experience-dependent changes.

Non-redundant gestures add semantically new information to what is said with
accompanying words. Two types of non-redundant gestures are distinguished:
supplementary gestures (e.g., “cake” + gesture depicting a round shape), and
complementary gestures. The latter are constitutive in that a deictic expression
in speech refers to the gesture, e.g., “looks like this” + gesture depicting a shape.

Open Agent Architecture [Cohen et al. 1994, Martin et al. 1999] is a distributed
system built at SRI International in which software processes called “agents”
are described in a common language, such as Horn clauses. The agents
communicate their capabilities, expressed in the interagent communication
language, to a facilitator agent. The facilitator matches request for services from
other agents against the set of capabilities and determines a capable recipient
agent or agents. Agents could be written in many different programming
languages and operate on many different machines anywhere on the Internet.
Multimodal processing components would communicate via this facilitated



Volume 1 Glossary 625

method. The multimodal input processing components would produce a
“logical form” representation of the meaning of what was input, which would be
decomposed by the facilitator into, for example, Horn clauses for execution by
distributed agents capable of resolving them. This plug-and-play infrastructure
was used by many research systems worldwide, and inspired other similar
architectures. The multimodal input to distributed query processing became
the basis for SRI’s and later Apple Computer’s Siri™ virtual assistant.

Palm detection represents the flip side of the palm rejection problem: sometimes
applications or interaction techniques can make use of the palm’s presence,
and location. If low levels of the system reject the touch signal produced by the
palm, then applications have no knowledge of whether or not the user’s hand is
currently resting on the screen. This interferes with background sensing features
that rely on this information, such as laying out the contents of the screen to
avoid occlusion by the hand [Vogel and Balakrishnan 2010].

Palm rejection refers to the elimination or reduction of spurious inputs, often
at the low levels of the firmware, driver, or operating system layers—before
it becomes available to applications. However, it can be extremely difficult
to define precisely what aspects of touch are “spurious,” and to furthermore
distinguish them reliably from intentional actions in a real time, low-latency
manner. See [Annett et al. 2014] for a good discussion of the difficulties inherent
in such techniques.

Participatory design allows the users of a system to provide direct input during the
design of the system.

Passive [haptic sensing]: In contrast to active human sensing, in passive sensing the
recipient feels a touch that has not been sought and may not be anticipated. Its
interpretation is thus not framed by intent or an exploratory purpose, and may
be experienced and interpreted differently. In design terms, active touch may
yield better information transfer, but requires both a higher level of cognitive
engagement and access to the display with a body element that can explore,
such as a finger.

Passive behaviors: The perceiver receives sensory input, although no action has
been performed.

Pen input refers to the use of devices such as styluses, digital pens, light pens,
or tracked laser pointers, and also Anoto-style digital pens that can either
write on paper or a computer screen. The latter type of pen can stream digital
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data to a receiver, or store the data for later docking and download [Anoto
2016]. These devices provide a continuous stream of <x,y> coordinates for
processing, and they usually leave a permanent ink trace. In some systems,
finger input on a touch-screen is used as a simple means of entering the ink
trace. Pen input is considered a rich “content creation” modality, because it can
be used to express all types of representation (linguistic, numeric, symbolic,
diagrammatic).

Perception-action dynamic theories assert that perception, action, and conscious-
ness are dynamically interrelated. They provide a holistic systems-level view
of interaction between humans and their environment, including feedback
processes as part of a dynamic loop. Examples of anti-reductionistic perception-
action dynamic theories include Activity meta-theories, Embodied Cognition
theory, Communication Accommodation theory, and Affordance theory. These
theories claim that action may be either physical or communicative. In some
cases, such as Communication Accommodation theory, they involve socially-
situated theories. Perception-action dynamic theories have been well supported
by both behavioral and neuroscience data, including research on mirror and
echo neurons. Currently, Embodied Cognition theory is most actively being re-
searched and refined, often in the context of human learning or neuroscience
research. It asserts that representations involve activating neural processes
that recreate a related action-perception experiential loop, which is based on
multisensory perceptual and multimodal motor neural circuits in the brain
[Nakamura et al. 2012]. During this feedback loop, perception of an action (e.g.,
writing a letter shape) primes motor neurons (e.g., corresponding finger move-
ments) in the observer’s brain, which facilitates related comprehension (e.g.,
letter recognition and reading).

Planar views: View of an object, often corresponding to a non-canonical view, “in
which the major axis of the object is perpendicular or parallel to the line of
sight” [James et al. 2013]. Planar views are often referred to as “side views” or
“front views” of 3D objects (see Figure 2.13).

Physiology of the eye is depicted below with the most important aspects for eye
tracking. The fovea is a region in the back of the eye where visual acuity is
highest, meaning where we see most sharply. The retina is the layer containing
light-sensitive cells, the rods and cones. The cornea is the surface of the eye. The
pupil is the opening in the iris that controls how much light enters the eye.
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Policy-Based (ASPECT Choice Pattern): A user will apply a general policy for this
type of modality choice.

Pre-touch is an umbrella term that refers (collectively) to the gripping and hovering
(in-air) stages of touch interaction that occur before a finger ever makes contact
with the touchscreen [Hinckley et al. 1994, Ishii and Ullmer 1997, Annett et al.
2011, Freitag et al. 2012, Hinckley et al. 2016]. See also the five-stage model of
touch interaction [Freitag et al. 2012].

Property sensed refers to the underlying physical properties sensed by an input
device. For traditional input devices these properties include position, motion,
or pressure, underscoring that traditional input devices and modalities are
themselves powered by sensors.

Pseudoletters: Written forms that are designed to match features of a particular
written script (e.g., Roman letter). Such constructions often are used to control
for certain dimensions of the written form of interest, such as stroke thickness,
orientation, or size (see Figure 2.14).

Pure alexia: A selective deficit in letter perception associated with lesions in left
ventral-temporal cortex, that results in poor reading ability.

Receptive field: The spatial or temporal range of sensory stimulation that affects
the activity pattern of a neuron, or group of neurons. For example, neurons in
the visual system respond to specific areas in space that are coded on the retina.
Neurons in the auditory system respond to a specific range of sound frequencies.

Recognition models: Statistical constructs that can be trained on available
data under a supervised paradigm using appropriate algorithms in order to
discriminate among various classes of interest, e.g., faces/non-faces, sub-
phonetic units, words, speech/non-speech activity, etc. See examples of models,
such as AdaBoost classifiers and convolutional neural networks (CNNs) in
Section 12.4.1, Gaussian mixture models (GMMs) in Section 12.5.1, deep neural



628 Volume 1 Glossary

networks (DNNs) in Section 12.5.2, and support vector machines (SVMs) in
Section 12.6.1. Incorporating a temporal dimension to allow classification
of data sequences such as speech, some of the above are also considered in
conjunction with hidden Markov models (HMMs) and the long short-term
memory (LSTM) model in Section 12.5.

Redundant speech and gesture encode the same aspect(s) of meaning. For instance,
a speaker describes a cake as being “round” and synchronously performs a
gesture also depicting the roundness of the cake. Although, of course, both
modalities express information in their modality-specific way, this is typically
referred to as redundancy of speech and gesture.

Remote eye tracker Wearable eye tracker

Remote eye trackers are positioned in front of a scene at a fixed distance from it and
the user. Some remote eye trackers are built into the display (e.g., Figure 9.7).
Remote eye trackers can consist of one or more IR cameras (large circles in
the left figure above) with a view larger than a person’s head, to allow for some
movements in front of the display (box around person’s head). Users have to
stay within the optimal field-of-view of the eye tracking (or head-movement) box
to be tracked. The camera has fixed IR lights (small circles in the figure above)
attached to it, to illuminate the eye and create a trackable glint. For contrast see
wearable eye trackers.

Represent the choice situation (ARCADE Choice Support Strategy): Influence the
way in which user perceives the modality choice situation in such a way that
user’s processing is facilitated.

Scan-path is a sequence of fixations and saccades over a stimulus.

Schema: An existing mental structure or set of ideas that can be used to make sense
of, interpret, or frame interface design. For example, perceiving two pulses as a
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heartbeat may provide a schema for a haptic sensation [Fagan 2010, Seifi et al.
2015].

Self-actualization is an individual’s need to achieve their full potential with respect
to their abilities: “even if all needs are satisfied, we may still often (if not always)
expect that a new discontent and restlessness will soon develop, unless the
individual is doing what they are fitted for.” [Maslow 1943]

Semantic multimodal integration is a late fusion method that combines the
meanings of two modalities. Typically, this is achieved through the unification
of typed feature structures that represent those meanings.

Sensors are transducers that capture (digitize) some aspect of the environment
or of the user’s behavior and/or physiological state. Sensors tend to reflect
the background perspective of an interaction, whereas modalities reflect the
foreground. However, these roles can be reversed.

Size constancy: A form of perceptual constancy that refers to the tendency of an
observer to infer a constant object size from different viewing distances, despite
the fact that the different viewing distances project different image sizes onto
the retina (see Figure 2.15).

Smart homes are living accommodations that allow their occupants to interact
with computing technology embedded in the construction of the living space.

Social isolation is “a state in which the individual lacks a sense of belonging socially,
lacks engagement with others, has a minimal number of social contacts and they
are deficient in fulfilling and quality relationships” [Nicholson 2012]. Social
isolation can be measured quantitatively, which is in contrast to “loneliness”—
a state of mind often experienced by older adults, regardless of their social
isolation status [Perissinotto et al. 2012].

Socially Based (ASPECT Choice Pattern): A user will do what relevant other people
do, expect, or recommend when making a modality choice.

Spatial resolution: The number of units (e.g., pixels) per squared area used to
construct an image, which is related to the amount of detail that an image can
convey. Higher resolution images have more units per squared area than lower
resolution images.

Spiral errors refer to repeat recognition errors by the same user on the same
content. For example, a user may attempt to speak “Call Ann” over and over
again, with the speech recognizer failing each time until the user becomes
frustrated and discontinues using the system. Spiral errors occur in part because
users hyperarticulate when they receive a system error, which causes their speech
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to depart further from the recognizer’s model. This produces more errors, rather
than fewer. Spiral errors can be catastrophic for system usability, but multimodal
system design can eliminate them because users typically switch to the alternate
modality when an error occurs.

Stabilized image phenomenon: Phenomenon whereby a percept provided by a
visual stimulus will fade away if the visual stimulus is continually projected
onto the same retinal cells. This phenomenon only occurs when the eyes are
artificially stabilized to prevent movement.

Stimulus (eye tracking): Visual information given to a person to look at, for example
an image, a video clip, or some text.

Super-additivity refers to multisensory enhancement of the neural firing pattern
when two sensory signals (e.g., auditory and visual) are both activated during
a perceptual event. This can produce a total response larger than the sum of
the two sources of modality-specific input, which improves the reliability of the
fused signal. Closer spatial or temporal proximity can increase super-additivity,
and the magnitude of super-additivity increases in adverse conditions (e.g.,
noise, darkness). The maximum-likelihood estimation (MLE) principle has been
applied to estimate the degree and pattern of super-additivity. One objective of
multimodal system design is to support maximum super-additivity.

Superior colliculus: A layered subcortical structure containing multiple classes of
neurons that interconnect with an array of sensory and motor neurons, including
early sensory receptors and later cortical areas.

Supplementary gestures, See non-redundant gestures.

Symbolic-propositional representations encode properties and relationships of
objects using symbolic relational structures. For instance, a bottle on a table
may be conceptualized and represented as “on-top-of (bottle, table).” Such
a representation is assumed to be linguistically shaped, i.e., the relational
concepts correspond to the lexical-grammatical structures of a specific language,
and building it is one of the first steps in language production [Slobin 1996].

Tactile feedback comprises devices that render a percept of the cutaneous sense: for
example, using vibration, temperature, texture, or other material properties to
encode information. This term is often used interchangeably with more specific
types of tactile feedback, e.g., vibrotactile feedback and thermal feedback.

Tactile icon: See haptic icon.

Tacton: See haptic icon.
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Tactons (tactile icons) are structured abstract tactile messages that use properties
of vibration to encode information [Brewster and Brown 2004].

Thermal feedback specifically refers to the use of temperature to encode infor-
maion.

Thermal Icons are structured thermal changes (i.e., change in temperature) that
can convey multidimensional information [Wilson et al. 2012].

Time-locked: Neural signal processing concept that describes the response
behavior of signals to a particular stimulus onset as being inextricably bound
in time. For example, if a ganglion cell in the retina is alternately exposed to
light and dark, the cell will respond during light and rest during dark. That is,
the response of the ganglion cell is time-locked with the onset of changes in the
light stimulus.

Trial-and-Error-Based (ASPECT Choice Pattern): A user will try out one or more
modality options to see what works well.

Typed feature structures are a feature structure representation where each feature
structure is assigned a type within a hierarchical structure of types. When feature
structures are unified, the types are required to be in an ancestor relation in the
hierarchy and the result is the more specific type.

Unavoidable input (sensor processing): One property of touch is that the user
cannot interact with a touchscreen, or grip a device, without coming into
contact with it. Hence, producing a touch signal is unavoidable in the course
of interaction. This can be beneficial for background sensing (as in a situation
where one wants to detect if the user is holding a device), but can be problematic
if such contact might trigger unwanted actions (as in the case of Midas Touch
problems).

Unification is a recursive structure matching and combination operation that
derives from logic programming and theorem-proving. In the context of
multimodal integration, partial meaning representation structures from two
input modes are filtered for inconsistencies and merged into a combined
meaning representation during multimodal language processing.

Unification of typed feature structures is an operation that takes two feature
structures as input and determines whether or not they are compatible with each
other, that is they unify, and—if they do—it returns a feature structure containing
the combination of information from the two input feature structures. This
operation corresponds to graph unification of the two underlying directed
acyclic graphs that the feature structures represent.
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Unisensory neuron: A neuron that receives input from a single sense. For example,
neurons in the primary visual cortex receive input from other neurons that
transduce light waves into neural signal, but not from neurons that transduce
sound waves.

Vibrotactile feedback specifically refers to the use of vibration to encode informa-
tion.

Viewpoint-independent object recognition: The ability of an observer to know
that an object remains the same from different viewpoints, despite potential
variations in shape contour, size, or other features projected onto the retina.

Visual cliff: A psychological assessment tool, often used as a measure of depth
perception development, in which an infant is placed atop an apparatus
and allowed to explore the visually displayed depth difference by crawling
(Figure 2.3).

Visual front-end: The process or module that automatically extracts visual features.
For example, visual speech features may be extracted from video of the speaker’s
face, which are informative about the recognition task of interest (e.g., AVASR),
and which typically are subsequently fed into other recognition system pipeline
modules. It consists of various sub-components, as discussed in detail in
Section 12.4 (see also Figure 12.1).

Visual noise: Any image manipulation that degrades, distorts, or hides aspects of
an underlying visual image. One common perturbation is applying Gaussian
noise to an image (see Figure 2.16).

A Visuo-spatial representation: An analog (structure-preserving) representation of
space and imagery. Modeling approaches range from two- or three-dimensional,
matrix-like structures [Kosslyn 1987] to graph structures that represent a
scene as a tree with geometrical primitives at the leaf nodes and geometrical
transformations (among other properties) at the intermediate nodes [Sowa
and Wachsmuth 2009]. Such a representation is assumed to underlie gesture
production.

Wearable eye trackers often resemble a pair of glasses, but are equipped with at
least two cameras: an IR eye camera, capturing the eye, and a scene camera. The
scene camera is a regular camera, often with a wide-angle lens, that captures
the scene the user is viewing. Some wearable eye trackers can be integrated with
head-mounted displays; these do not need a scene camera.

Wizard-of-Oz (WoZ) methods are ones that use an unseen human assistant to
respond to user input as the fully functional system would. They can be
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incorporated into high-fidelity simulations of planned multimodal systems.
WoZ techniques are frequently used in experiments to collect user data on
complex interactive systems. They can use one or more human assistants,
depending on the complexity of the research or planned system.

Zero activation force is an inherent property of the soft-touch capacitive digitizers
in common use on modern devices. Touch can be detected with essentially zero
force exerted upon the input surface. Note that some older devices (e.g., resistive
touchscreens) require a distinct force to detect touch [Wigdor and Wixon 2011].


