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Abstract

The research and technology in the �eld of multimodality are becoming mature
enough to let us use multimodal interactions in daily applications and bene�t from
the advantages of a multimodal system, such as increasing ef�ciency, context �ex-
ibility, and improving user satisfaction. But the problem is that there exist design
gaps, like discoverability of the new multimodal interactions on an interface, that
are not comprehensively investigated in the literature. For example, in most stud-
ies, the users have been told about the possibility of multimodal interactions on an
interface and how they can be performed. But the fact is that we are not with the
users in a daily application when they start using this new class of interface. There-
fore, in this thesis, we propose different interface designs to improve the discover-
ability of gaze-speechand touch-speechmultimodal interactions on a map application
to do location-related tasks. Experts helped us to �nd the two most promising in-
terface designs (InteractionMapand Game). We evaluated these two interfaces based
on the discoverability, awareness, and learnability of the two target multimodal in-
teractions. In a between-subject user study with 36 users, a comparison of the two
interfaces with a baseline, which introduces the new interactions using a video,
shows that the two interfaces are not different from the baseline. In fact, Gamewas
better than the other two in touch-speechawareness, and very similar to Baselinein
gaze-speechawareness. The �ndings of this thesis can help future works to enrich
the multimodal interactions in daily applications for novices.
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Conventions

Throughout this thesis we use the following conventions.

Text conventions

This thesis is written in American English. The �rst person
is written in the plural form. Unidenti�ed third persons are
described in female form.
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Chapter 1

Introduction

According to Oviatt [2007] and Sebe [2009], a multimodal
system is a system that processes the combination of more
than one input modality or communication channel. As
Oviatt [2007] mentioned, in the recent multimodal inter-
faces, the input mostly means human-like modalities like
speech, gaze, or gesture. Moreover, Oviatt [2007] named
the recognition technology to recognize each input modal-
ity, and the architecture for semantic integration of the rec-
ognized modalities as parts of the process for �nding the in-
tention of a multimodal interaction in multimodal systems.
In addition to works about the technology and the archi-
tecture of a multimodal system, there are also more HCI-
related works in the literature. Some of these HCI works Human computer

interaction can

bene�t from

multimodal

interactions.

investigate on bene�ts, such as ef�ciency or consistency,
of using multimodal interactions in different applications
[Cohen et al., 2000, Srinivasan et al., 2020]. And as Oviatt
[1999] explained in one of the myth from her ten mythsof
multimodal interactions, the bene�ts of these interactions
are not only ef�ciency, but they can also be context �exibil-
ity or user satisfaction. In addition, according to one other
myth, if a multimodal interaction on an interface does not
feel natural for the users, they would not necessarily inter-
act multimodally. Therefore, some other works in HCI fo-
cus on �nding the natural multimodal interaction for a task
[Schüssel et al., 2013].

However, the users' previous experiences with a system
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could affect their choice of modality. For example, whenUsers are habituated

to touching the

displays even if they

bene�t from other

input modalities.

a display interface is given to the users, the �rst input at-
tempt could be touch [Schüssel et al., 2013, Srinivasan et al.,
2020]. The authors assume that the reason behind these
�ndings is that the users are habituated to interact with a
display interface using touch. If we do not provide clear
signi�ers about the existence of multimodal interaction, es-
pecially in a familiar interface for users, we cannot expect
them to use that interaction. Therefore, the problem is how
users would discover a multimodal interaction on an inter-
face, so they would be aware of it and learn how to perform
it for the tasks that multimodality may have advantages.

In addition, in the works that examine a multimodal inter-Discoverability of a

new multimodal

interaction is done by

an instruction in the

literature.

action for a speci�c context, Srinivasan et al. [2020] gave
users a complete explanation over the new multimodal in-
teraction as part of the study instruction, and Cohen et al.
[2000] continued the instruction with a practice session to
make users experts in the target interaction. Therefore, a
research gap is how to design a multimodal interface that
could make its supported multimodal interactions discov-
erable and take the place of personally given instructions in
the real world.

To our knowledge, discoverability is a design challengeDiscoverability of

multimodal

interactions is a

design research gap.

that is not well investigated for multimodal interactions.
In fact, the design of a multimodal interface, in general, is
not widely explored, and there is no detailed design guide-
line that can be followed. A primary reason for this design
challenge could be different speci�c design decisions that,
according to Reeves et al. [2004], the variety of multimodal
interaction techniques, their context of use, including user,
task, and application, require.

The goal of this thesis is to �nd the approaches that im-
prove the discoverability of two multimodal interaction
techniques (gaze-speechand touch-speech) on a map appli-
cation to do location-related tasks. We got the help of ex-We investigated the

ideas for

discoverability of two

multimodal

interaction

techniques.

perts to �nd the two best approaches among our seven ini-
tial ideas. One approach is about providing a mapping of
the interactions, including real-time feedback on what is
detected and what is possible (InteractionMap). The other
approach introduces the new multimodal interactions in
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a game context at the beginning of the usage (Game). We
compared the discoverability for these two candidate ap-
proaches with a Baseline, which introduces the new interac-
tion techniques at the beginning like an instruction.

1.1 Outline

In the following, we review the related works in Chap-
ter 2. We talk about the human factors for learning new
techniques, and works in the literature on discoverability
of different interaction techniques.

Chapter 3 “Designing Discoverable Multimodal Interfaces”
is about the designs that we proposed to improve the dis-
coverability of gaze-speechand touch-speechmultimodal in-
teractions. We �rst describe the multimodal system of our
focus. After that, we explain the ideas behind the design
of each proposed interfaceand the detail of their appearance
and behavior. In the end, we report the expert study in Sec-
tion 3.3 that we conducted to evaluate these interfaces and
pick the two candidate interfacesfor further evaluation.

In Chapter 4 “A Comparison of Different Interface De-
signs for Better Discoverability”, we describe the evalua-
tion study we conducted to compare the discoverability of
the two multimodal interactions for two candidate interfaces
(InteractionMapand Game), with the Baseline. Furthermore,
we discuss factors in these interfaces that contribute to or
hinder discoverability in Section 4.3.9.

We further discuss general factors that could in�uence the
discoverability of multimodal interactions in Chapter 5
“Discussion”.

In Chapter 6 “Summary and future work”, we summarize
the results of this thesis and suggest future research regard-
ing the discoverability of multimodal interactions.
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Chapter 2

Related work

2.1 Ideas for Discoverability

Based on the psychology literature, Cockburn et al. [2014] Achieving a new skill

includes three

phases: cognitive,

associative, and

autonomous.

talked about the different phases of skill acquisition: cog-
nitive, associative, and autonomous. The cognitive phase is
about awareness of possibilities. Different methods, like in-
struction, clear models, or some feedback, can be used for
this learning phase. In the next phase, the associativephase,
learning continues with �nding how things are done. In
addition, learning many tasks might take many years to
go to the autonomousphase, in which the skill can be per-
formed automatically. Furthermore, they mentioned some
approaches for improving a skill for physical activities that
can be used for improving skill in computer interfaces,
for example, power low of practice[Fitts and Posner, 1967],
motivation, feedback, and guidance. In this thesis, our goal Discoverability is

about �rst two phase

of learning: cognitive

(what) and

associative (how)

is discoverability of an interaction technique. According
to the works of Chueke et al. [2017], Walter et al. [2013],
and Goguey et al. [2018], discoverability of an interaction
mainly aims for two �rst phases of skill acquisition.

Moreover, the main part of the work of Cockburn et al.
[2014] was grouping the works on skill acquisition in com-
puter interfaces into four categories: intramodal improve-
ment, intermodal improvement, vocabulary extension, and task
mapping.
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Works under the intramodal improvementcategory concen-Some approaches

are used for

improving the usage

of a single interaction

technique.

trated on improving the performance of one interaction
technique in the skill acquisition phases. For example, Free-
man et al. [2009], Bau and Mackay [2008] usedfeedforwardas
a guidance, and Kurtenbach and Buxton [1993] provided re-
hearsalto novices for discovering gestural interactions and
passing through the associativelearning phase. In addition,
suggestions from game applications by Dyck et al. [2003] to
have transient text, audio, and animationin a non-distracting
manner were for the cognitivephase of learning in this cat-
egory.

The intermodal improvementcategory included those worksDifferent approaches

can be used to invite

users to a new

alternative

interaction.

that assist users in switching to a more ef�cient interaction
technique. In some cases, the transition to a new interaction
technique was susceptible to dip performance. One approach
to reach intermodal improvementincluded forcingusers to the
new interaction. For example, Grossman et al. [2007] used
dwelling on the old technique to let users observe the hints
for the new technique, which was disruptive. Furthermore,
the other approaches were to give a nonintrusive recommen-
dation on the new interaction [Scarr et al., 2011] or to give
motivation by reporting on users' performance when they
switch to the new interaction [Malacria et al., 2013].

Scarr et al. [2011] worked on the advanced interaction tech-
niques on an interface that are less usual than the routine
interaction techniques. They introduced a framework of
the in�uencing factors in reaching the expert performance
in using an interface. For example, some of these factors
that are helpful for this thesis and should be kept in mind
are: the new interaction should be visible and ready-to-
hand, the vocabulary learning should be incidental, and
users tend to stick to the familiar interactions. They intro-
duce Blur which is a system that follows the framework to
initiate switching from a WIMP interaction to the advanced
command-line interaction. This system includes two parts
calm noti�cation and hot commands. Calm noti�cation (Fig-
ure 2.1) is the introduced approach to take care of the three
above-mentioned factors of the framework and tries to pro-
mote learning and awareness for the hot commands. This
system showed a high performance in switching to the ad-
vanced interaction.
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Figure 2.1: The default state of the Blur system (top). This system aims for initiat-
ing a switch to the command-line interaction. A calm noti�cation appears when an
operation is done by WIMP interaction and it suggests the command name for the
alternative command-line interaction (bottom). Images are taken from [Scarr et al.,
2011].

Works under the vocabulary extensioncategory focused on Recommendations

are a way to extend

users' knowledge

over new

possibilities.

increasing the users' knowledge of available functionali-
ties on the interface. However, some approaches in this
category were similar to previous categories. The ap-
proaches were to provide recommendations and sugges-
tions. Cockburn et al. [2014] concluded that the recommen-
dationsshould be generated and presented according to the
context of use, and they should not disrupt users from the
current task.

The last category, task mapping, included works that try to Gami�cation is

helpful for developing

strategy.

help users to develop strategies for doing a task in the user
interface. Using gami�cationwas one way to provide strate-
gical training [Li et al., 2012].

In addition, there are works on discoverability of speech
commands using different approaches like introducing the
command possibilities as a walkthrough at the beginning
[Feng et al., 2005], or recommending commands based on
the current context of use [Furqan et al., 2017, Srinivasan
et al., 2019].

Srinivasan et al. [2019] suggested three interface designs for
discovering natural language commands in a touch-speech
multimodal photo editing application using a contextual-



8 2 Related work

example recommendation approach. Their suggested ideas
for these three interfaces differed in where, when, and what
contextual-example to suggest. Their �rst idea ( exhaustive)
was showing examples for all the possible operations on a
�xed location when the tap-to-talk button is pressed. How-
ever, the examples for irrelevant operations to the current
state of the application were grayed out. The second idea
(adaptive) was to show the context-relevant examples as an
overlay on the �nger's location when the user long presses
on the application buttons, the canvas, or the objects. The
last idea (embedded) was similar to the previous idea, except
the suggestions were shown alongside the application GUI
instead of overlying on the screen. Furthermore, when an
error occurred, a feedback message on a �xed location was
shown. This feedback included an example command in
addition to the error message. Their results showed that theWhen suggestions

overlay where the

interaction happens,

they are more

encouraging.

adaptiveidea was more encouraging for users to use speech
input, and also, the feedback message could be effective in
improving the discoverability.

2.1.1 Design Principles

Norman [1988], Djajadiningrat et al. [2002], Hartson [2003]Feedback,

feedforward, and

affordance are

helpful design

principles for

discoverability.

and some others de�ned feedback, feedforward, and affordance
in their works. Vermeulen et al. [2013] clari�ed the de�-
nition of these design principles in the literature. Feedfor-
ward tells the user the purpose or the result of an action,
aiming to bridge Norma's Gulf of execution. On the other
hand, affordanceis the prerequisite of the feedforwardand in-
vites users to take the proper action. They introduced four
classes forfeedforward: false, hidden, nested, and sequential. In
nested feedforward, the purpose of action can be conveyed
through a different level. For example, at a high level, the
whole system can tell the purpose of a button. Moreover,
sequential feedforwardis for actions that logically follow each
others; therefore, feedbackof the �rst action turns to feedfor-
ward for the second action. A feedforwardis falseor hidden
when it is incorrect or misleading in expressing a function-
ality in the system.
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Figure 2.2: Design space for feedforward (left) and feedback (right) in learning new
gestural interactions. The pictures show the identi�ed dimensions for feedforward
and feedback and the possible values in each dimension. Images are taken from
[Bau and Mackay, 2008].

Bau and Mackay [2008] identi�ed a design space for feed-
back and feedforward in the research area of learning new
single-touch gestures. They discussedlevel of detailand up-
date rateas the two dimensions for designing feedforward
in this area (Figure 2.2(left)). In addition, recognition value,
�ltering , update rate, and representationwere described as the
different dimensions for feedback in this design space (Fig-
ure 2.2(right)). Freeman et al. [2009] suggested thedegree of
co-locationas an additional dimension for this design space.
They discussed that the the learning of a new gesture can
happened either in-situ or in a separate mode.

Aslan et al. [2018] proposed gaze-triggered affordancefor Gaze interaction can

improve the

application of the

design principles.

graphical user interface elements. Mouseover tooltips was
the inspiration of their approach. By looking at a graph-
ical user interface element, like a switch or a knob, for a
short time, an animation would reveal the possible move-
ment for that element. They compared this gazeoveridea
with the traditional mouseover and found that the gazeover
is more enjoyable than mouseover.

Feedforward, feedback, and affordanceare helpful design prin-
ciples. However, as Norman [1988] mentioned in his book, Mapping and

conceptual model

are good approaches

for creating mental

model in complex

systems.

in complex systems, mappingand conceptual modelare two
ways to convey the purpose of an interface. Mappingshows
the relationship between the control and its effects. A con-
ceptual modelhelps users to understand how things work
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in a preferably simpli�ed way. They both try to create a
helpful mental modal for users to allow them to utilize the
system.

2.2 Discoverability Evaluation

Apart from the ideas and design principles to design for
discoverability, part of the literature review for this thesis
included understanding how to conduct a study to evalu-
ate discoverability.

Walter et al. [2013] designed for discoverability of a mid-
air gesture on public display while playing a game. Us-
ing the location and timing of a hint, they provided three
ideas. The �rst idea was to interrupt the game by showing
the hints (temporal division). The second idea was to dedi-
cate a permanent area of the screen to the hints (spatial di-
vision), and the third idea was to integrate the visual hints
into the game itself ( integration). They differed in how they
provided hints for the �rst and second ideas: text, text plus
icon, and text plus video. In the study design, they gave par-
ticipants time to do the game without providing any infor-
mation on the game and the gesture. The study would end
if participants could perform the gesture or after 2 minutes.
Moreover, they did an interview to �nd answers to their re-
search questions: whether or not participants noticed the
hints, performed the gesture, and understood the gesture
before trying. Their result showed that the percentage of
the users who performed the gesture was highest for tem-
poral division, there is no difference between different types
of hint, and if users understand the gesture, they probably
perform it.

Goguey et al. [2018] introduced two force-sensitive text-
selection techniques and designed visual feedbackfor dis-
coverability of these techniques. They aimed to improve
expert performance ceiling in text-selection tasks. Further-
more, they designed visual cues to ease the discovery of
these techniques for the novices. In the study to evaluate
discoverability, they did not explain the technique to the
participants. However, they explained the possibility of
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force on the touch screen and the registration interactions
like triggering the selection by long press. Then, partici-
pants performed two blocks of nine text-selection tasks af-
ter going through an exploration phase with no time limit.
At the end, they were asked to explain the technique. In this
study, the important variables were the exploration time,
whether the participants could �gure out the technique,
and whether they could explain it.

Hofmeester and Wolfe [2012] used an iterative design pro-
cess to design a discoverable design forswipe to selectges-
ture. In addition, they used the RITE methodology to apply
the necessary changes quickly between sessions of each it-
eration. In the studies they conducted, they �rst gave users
some time to explore the interface, and then without giv-
ing any hint on the interaction, they gave them some re-
lated tasks. The questions they tried to answer were about:
how users use the interaction, how it affects their experi-
ence, how con�dent they feel about it, how fast they dis-
cover and learn it, how they describe it, and can they use
the knowledge they get across the system. However, we
did not follow their design process in this thesis; their eval-
uation questions inspired this thesis.

2.3 Multimodal Interface Design

According to Turk [2014], designing a multimodal interface Design a multimodal

interface differs from

a standard interface.

is challenging since many of of the design guidelines for
standard user interfaces do not apply for them. Moreover,
many of design decisions in a multimodal system would
change depending on the application, tasks, context of use,
and involved multimodal interaction techniques.

Reeves et al. [2004] introduced six categories of guidelines There are some

guidelines for

multimodal interface

design.

for the multimodal interface design: requirement speci�ca-
tions, designing multimodal input and output, adaptivity, con-
sistency, feedback, and error prevention/handling. Some of
the points in these categories are bene�cial for our work.
The guideline says a multimodal interface should not force
users to a speci�c modality or, in general, multimodal in-
teraction. Also, users should be aware of the interaction
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Figure 2.3: Affordance and feedback for multimodal inter-
actions in a visualization application. By pointing at an
axis, the other possibilities, like speech (command box) and
pen interaction (ink pad), are highlighted. Image is taken
from [Srinivasan et al., 2020].

that they are performing and the possible modalities. How-
ever, this should be done using a descriptive form instead
of lengthy instruction that might distract the users from
the task. In addition, con�rmations should not be on each
modality rather on the system's whole interpretation.

Srinivasan et al. [2020] introduced consistent multimodal
interaction techniques using pen, touch, and speech for
data visualization applications. Discoverability of the inter-
actions was not their goal, and users were informed at the
beginning of the study about the multimodal possibilities
and practiced them in an unlimited time frame. However,
their results show that there were still participants who pre-
ferred touch interaction. In addition, they got the help of
affordanceand feedbackto help users correctly perform the
interactions and recover from errors. Based on the user's
�rst action, they highlighted the possibilities that exist, like
the speech command area for speech interaction and ink
pad area for pen interaction, to perform a valid interaction
(Figure 2.3). They also usedfeedbackto communicate the re-
sult of a completed interaction, whether successful, invalid,
or void. They discuss that these design elements were not
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noticeable in most cases.

2.4 Multimodal Interaction Techniques

In order to better design for the discoverability of multi-
modal interactions, it is important to know the characteris-
tics of these interactions.

Oviatt [1999] identi�ed and accurately modi�ed ten myths
for creating a multimodal system and some of them can
help us with our goal for this thesis. Myth: “If you build
a multimodal system, users will interact multimodally.”
However, this behavior towards performing multimodal
interactions depends on the action type. An action type
predictably determines whether users choose multimodal
or unimodal interactions to perform it. Myth: “Multi-
modal input involves simultaneous signals.” These simul-
taneous signals rarely overlap and mostly occur sequen-
tially. For example, in a multimodal interaction using touch
and speech as the input signals, users would mostly per-
form them sequentially.

Oviatt et al. [1997] worked on �nding natural interaction Probability of

switching to

multimodal

interaction depends

on the task type.

patterns in multimodal interactions using pen and speech
on a map application. Their �rst �nding was that the user's
probability of doing a task multimodally depends on the
command type needed for the task. Their results show
that tasks that involved spatial location commands, which in-
cluded specifying spatial location about a point, were per-
formed multimodally more often than tasks with selection
commands. In the latter command type, specifying the ob-
ject was easy in the spoken form, and therefore perform-
ing a gestural interaction to specify the object felt unneces-
sary. As Oviatt [2007] discussed, users would shift to mul-
timodal interaction if the task gets complex and increases
the mental load.
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Chapter 3

Designing Discoverable
Multimodal Interfaces

In this chapter, we describe our journey towards the two
multimodal interfaces ( candidate interfaces) we investigate
in Chapter 4 “A Comparison of Different Interface Designs
for Better Discoverability”. For this, we start with explain-
ing the look and feel of the multimodal base system ( base
system) of our focus. Then, we describe our seven pro-
posed interface designs for improving the discoverability
of multimodal interaction ( proposed interfaces) and their spe-
ci�c appearances and behaviors. In the end, we conduct
an expert study and discuss the �ndings to pick the two
candidate interfacesfrom the proposed interfacesfor the �nal
evaluation.

3.1 Look and Feel of the Multimodal Base
System

Different speci�cations, like tasks, interaction techniques, Description of the

bases system.and underlying logic, de�ne a multimodal system. In the
following, we describe the speci�cations of the base system
for which we try to improve the discoverability of its mul-
timodal interactions in this thesis.
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Figure 3.1: Map application as our base system(a). Menu on the train station which
shows the possible tasks for a location (b).

3.1.1 Multimodal Interaction Techniques, Applica-
tions, and Tasks

Multimodal interaction is a natural behavior of humans,The base system is a

map application

supporting

location-related

tasks.

and they have a lot of multimodal experiences in their
human-human interactions. However, when it comes to
multimodal interaction on a computer interface, the intu-
itiveness of the multimodal interaction for the target con-
text should be examined [Reeves et al., 2004]. Multimodally
interacting with a map application has shown ef�ciency
and naturalness in literature [Cohen et al., 2000, Oviatt
et al., 1997]. As such, we have picked a map as our appli-
cation, and the possible tasks on this map application are
familiar tasks on a location, similar to Google Maps. Fig-
ure 3.1 shows the map application as it is used throughout
this thesis and the six possible tasks for a location, which is
a train station in our application.

Similar to Koons et al. [1998], the multimodal interactionThe base system

supports

gaze-speech and

touch-speech

multimodal

interaction

techniques.

techniques that our map application supports for doing the
tasks are gaze and speech(gaze-speech) and touch and speech
(touch-speech). In these two multimodal interaction tech-
niques, users can select a location (train station) using gaze
or touch and give a speci�c command using speech. In ad-
dition to these two interaction techniques, our map appli-
cation supports touch-onlyinteraction, which is the primary
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interaction technique in all touch interfaces, and speech-
only, which is a fundamental interaction when an interface
supports speech.

Our goal is to improve the discoverability of the two new
multimodal interactions on an interface that still supports
users' habitual interactions. Therefore, all the six location-
related tasks on this map application are possible using all
four supported interactions. Moreover, these tasks are all Using a touch-only

interaction, all tasks

on the map

application are

possible with 2-steps.

integrated into the map application in a way that users can
perform them within 2-steps in a touch-onlyinteraction as
the primary form of interaction on a touch screen. For ex-
ample, to navigate to the train station, users can touch the
train station to open the menu (shown on Figure 3.1(b)) and
then touch the navigate button.

3.1.2 Realization of Multimodal Interaction

Besides the speci�cations mentioned above, our applica- An underlying logic is

needed to realize a

multimodal

interaction.

tion should follow an underlying logic in order to realize
as a comprehensive multimodal system to serve as the base
systemfor the proposed interfaceswe describe in Section 3.2
“Design for Discoverability”. The ways that the underly-
ing logic is de�ed would affect the user experience with the
multimodal interface. Therefore, to minimize the effects of
extraneous factors on the discoverability of our proposed in-
terfaces, we aim to control our base systemby keeping this
system as similar as possible to a touch-only interface. In
the following, we explain the logic behind the base system.

Fusion. A fusion architecture is the background of ev-
ery multimodal system. It de�nes how to process input
modalities, depending on their type, and integrate them
to a complete and meaningful output as the user's inten-
tion. Since our modalities (gaze and speech in gaze-speech In the base system, a

late semantic fusion

architecture is used.

interaction, and touch and speech in touch-speechinterac-
tion) are not temporally coupled, we use the late semantic
fusion approach [Oviatt, 2007]. In this approach, different
input modalities are recognized separately and integrated
with an understanding component. The integration pro-
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cess can be complex. For example, a speech-based multi-
modal system uses context and dialog management infor-
mation and includes alternating lexical candidates to reach
the best interpretation. However, since our focus is not on
the performance of the fusion architecture, we simpli�ed
the integration process for our base system.

The fusion of the base systemstarts with recognizing each
of the three modalities (gaze, touch, and speech) sepa-
rately. To recognize speech input, we used an internal tool
at Mercedes-Benz namedVoiceConnect. This tool uses the
model created in Cerence Studioto recognize the intent of
the speech. To recognize the gaze modality, we used an-
other internal tool named GazeConnect. This tool gets the
gaze data from an eye tracker attached to a display and
converts the data to the valid coordinate points for the dis-
play. Using ProtoPie, a prototyping tool that we used to
create the prototypes of the interfaces, we decide on which
point of interest (POI) the user is looking at. On our map
application, the locations, such as the train station, are the
POIs. Also, for the touch modality, ProtoPiedetects when a
POI is touched. Then, another internal tool, FusionConnect,The understanding

component is

simpli�ed to use a

temporal approach to

integrate different

modalities.

serves as an understanding component to integrate the in-
tents of all the recognized modalities. This tool uses a 2
seconds temporal gap [Oviatt et al., 1997] to combine gaze
with speech or touch with speech. This simpli�ed integra-
tion process is independent of the order that the modalities
are received. In case of successful integration, the output is
sent back to theProtoPieas the user's overall intention, and
ProtoPieacts upon meaningful intentions. Furthermore, if
users open the menu of a POI by touching it and give the
speech command but not within 2 seconds, the temporal
fusion would not occur. However, we consider this interac-
tion a touch-speechmultimodal interaction.

Feedback on inputs. As Reeves et al. [2004] discussed in
their multimodal interface design guideline, all the modal-
ities should be coherently connected to represent the inter-
action state. Therefore, we removed all the feedback onThe input feedback

on the base system

is same as a

touch-only interface.

inputs and design for feedback on individual modalities
as part of the whole design for multimodal discoverability.
For example, we removed the speech wave for the speech
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modality from the base system, and it does not include any
default feedback on gaze.

Another important feedback that needs to be controlled but
cannot be removed is on touch modality. In current map
applications on touch screens, one feedback on touching
a location is immediately opening a menu. In this thesis,
we refer to this feedback by menu open on touch immediately
(MOT). Since MOT is necessary feedback fortouch-onlyin-
teraction, and we do not want to change the look and feel
of a familiar touch-only system, we keep MOT unchanged.
However, the MOT can be misleading for the users that
are discovering the touch-speechinteraction. For example, if
the intention is touch-speech, the MOT as an affordance for
touch-onlyinteraction would be unexpected and can harm
the discoverability of the touch-speech. This challenge re-
sults from an immature fusion architecture to detect the
user's exact intention and act based on that. Despite this
challenge with MOT, we decided to keep this feedback in
our base system.

Modality of system output. As another guideline for
multimodal interface design, a multimodal interface
should not demand users to comprehend different modali-
ties simultaneously to understand the system's output [Ka-
lyuga et al., 1999]. However, the system's output can be The base system

only provides visual

outputs.

provided in different modalities depending on the user's
preferences, the context of use, and system functionality.
Since these interrelations are out of the scope of this work,
we decided to stick with visual-only output, as found in a
touch-onlyinterface.

3.2 Design for Discoverability

In this section, we �rst explain what we want to achieve by
designing a discoverable multimodal interface. After that,
we describe the proposed interfacesby giving details on why
we came up with these designs and how they exactly look
and behave.
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3.2.1 Discoverability

In our work, discoverability refers to the discoverability ofAwareness (what)

and learnability

(how) are the two key

attributes of the

discoverability of an

interaction.

interaction possibilities on an interface. To answer what
contributes to a discoverable interaction, we are inspired by
the discoverability works in gesture interactions. Chueke
et al. [2017], Walter et al. [2013], Goguey et al. [2018] refer
to a discoverable interaction not only when it is performed
successfully by the users but also when they comprehend
it. Since our goal is to improve the discoverability of gaze-
speechand touch-speechinteractions in our multimodal base
system, we de�ne discoverability by two attributes: learn-
ability and awareness. Learnability means the users can
learn the interaction in order to perform it. Awareness
means the users are mindfully aware of the interaction, and
they do not perform it by accident.

3.2.2 Proposed Interfaces

Inspired by literature and doing brain storming, we cameProposed interfaces

are designed to

improve the

discoverability of the

multimodal

interactions in the

base system.

up with seven proposed interfacesfor discoverability of the
two multimodal interactions ( gaze-speechand touch-speech)
on the base system.

Interface 1. The goal of this interface is to minimize the
design for multimodal discoverability to only feedback on
gaze modality because this modality is the only new inter-
action. The gaze feedback is also minimized to only increas-
ing the size of a POI when it is looked at [Miniotas et al.,
2004].Interface 1 and

interface 2 are

minimal interfaces

with only feedback

on gaze. Interface 2. Same as the previous interface, this interface
also minimizes the design for multimodal discoverability
to only feedback on gaze modality, but with constant gaze
feedback.



3.2 Design for Discoverability 21

Interface 3. Inspired by Vermeulen et al. [2013] on feed-
forward and based on Norman [1988] suggestions on using
mapping and conceptual model for discoverability in com-
plex interfaces, we did a brainstorming session to come up Interface 3 uses the

mapping to show the

possible interactions.

with a simple graphical design ( InteractionMap) that mod-
els multimodal interactions. As shown in Figure 3.4(a), the
graphical design is placed in the corner of the interface.

Interface 4. Since multimodal interaction is a natural be- Interface 4 is a

minimal interface that

only provides

awareness of

possible modalities.

havior in human to human interactions [Oviatt, 2007],
in this interface, we aimed at evaluating discoverability
when the users are only aware of the individual supported
modalities on an interface, in our case, gaze, touch, and
speech. Therefore, this interface only shows the available
modalities without any feedback on them.

Interface 5. Based on the work of Vermeulen et al. [2013] Interface 5 uses the

idea of sequential

feedforward and

affordance.

on sequential feedforward and affordance, we designed
this interface. This interface gives users in place hints over
what they should do next based on their �rst action. For ex-
ample, if a user looks at a POI, a speech icon appears on it
to tell the users they can say something about that POI. This
interface favors the sequential approach to multimodal in-
teraction; however, according to Oviatt [2007] people show
two different highly consistent behaviors towards multi-
modal interactions. They are either “simultaneous integra-
tors” or “sequential integrators.” Therefore, this interface
can be dif�cult for “simultaneous integrators”, who tend to
combine all the involved modalities at once.

Interface 6. In the interface, we utilized the playful as- Interface 6 teaches

the multimodal

interactions

throughout a game.

pect of the multimodal interactions. We designed a familiar
game (coloring game) and instructed users to do the game
using the two multimodal interactions. However, our idea
does not fall entirely into gami�cation de�nition by Deter-
ding et al. [2011], we wanted to use the playfulness of a fa-
miliar game to increase users' engagement in learning the
interactions [Cockburn et al., 2014]. Also, according to sur-
vey by Cockburn et al. [2014], this interface provides the
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Figure 3.2: interface 1, the appearance of this interface is same asbase system(a). It
only has additional POI sizegaze feedback (b).

users some practice over the interactions and teaches them
the interactions as a strategy to do tasks in general and not
as a way to do a speci�c task.

Interface 7. One approach to design a discoverable multi-Interface 7

recommends the

multimodal

interactions in case

of detecting an

unimodal interaction.

modal interface is to use the idea of “vocabulary extension”
by Cockburn et al. [2014] and recommend the two new in-
teractions in the cases that users perform the habitual uni-
modal interactions ( touch-onlyand speech-only). Similar to
“calm noti�cation” by Scarr et al. [2011], we have designed
a window that appears temporally on the top of the screen
with information about the two new interactions without
interrupting users from their tasks.

3.2.3 Interfaces Appearances and Behaviors

The ideas ofproposed interfacesare applied to the base system,
explained in Section 3.1 “Look and Feel of the Multimodal
Base System”. Furthermore, these ideas include some de-
tails to create a coherent interface. In Table 3.1, we list these
details for each proposed interfaceincluding pictures of them.
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Proposed Interface Details of Design

interface 1 (Figure 3.2)
• By looking at a POI, its size increases (POI sizegaze feedback). Figure 3.2(b)

• There is no feedback on the states of the voice recognition.

interface 2 (Figure 3.3)
• A cursor constantly moves with the gaze position ( Cursorgaze feedback). Figure 3.3

• There is no feedback on the states of the voice recognition.

interface 3 (Figure 3.4)

• An IntercationMapshows the mapping of the two multimodal interactions on the top-right
corner of the interface. Figure 3.4(a)

• By looking at a POI on the interface, the gaze icon and the arrow get blue ( Blue gaze feed-
back). Figure 3.4(b)

• By touching a POI on the interface, the touch icon and the arrow get blue ( Blue touch feed-
back). Figure 3.4(c)

• By talking, the speech icon and the arrows get blue ( Bluespeech feedback). Figure 3.4(d)

• If a multimodal interaction is detected, the icons and the arrows of the included modalities
in that multimodal interactions get green ( Greenfeedback). Figure 3.4(e)

• This interface also includes POI sizegaze feedback. Figure 3.2(b)

interface 4 (Figure 3.5)

• Three static icons for each modality are on the top-right corner of the interface to show the
supported modalities. (Figure 3.5)

• There is no feedback on the states of the voice recognition and no feedback on gaze.

interface 5 (Figure 3.6)

• By talking, a cursorgaze feedback appears on the interface. Figure 3.6(a)

• By talking, a square blue background ( touch affordance) appears behind the POIs to afford for
touch interaction. Figure 3.6(a)

• By looking at a POI or touching it, a speech bubbleappears on it. Figure 3.6(b)(c)

interface 6 (Figure 3.7)

• On the �rst try of the interface, the user plays a coloring game. The correct color is on each
area as a label. Figure 3.7

• The instruction on the game tells users to “Look at the areas or touch them and call the color.”

• The feel of two multimodal interactions in the coloring gameare similar to the base system.

• The tasks in the coloring gameare 2-step tasks similar to the base system.

• By touching the areas, a color paletteimmediately appears (MOT).Figure 3.7(b)

• By looking at the areas, the shades of their colors change (Gamegaze feedback). Figure 3.7(a)

• If an area is correctly colored, the color palette, the gamegaze feedback, and the label will be
removed from it.

• By coloring all areas correctly, the game �nishes, and the user is directed to the base system
including an additional POI sizegaze feedback. Figure 3.2(b)

• There is no feedback on the states of the voice recognition.

interface 7 (Figure 3.8)

• If a unimodal interaction is detected, a recommendation for the two multimodal interactions
appears on the top of the interface and disappears after 7 seconds. Figure 3.8

• This interface include POI sizegaze feedback. Figure 3.2(b)

• There is no feedback on the states of the voice recognition.

Table 3.1: Details of appearance and behavior of proposed interfaces
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Figure 3.3: Interface 2, the appearance of this interface is
same asbase system. It only has additional cursorgaze feed-
back that moves like a cursor on the interface according to
eye movements.

Figure 3.4: Interface 3, this interface has the idea of interface 1with an addition Inter-
actionMapon top-right corner (a). InteractionMapincludes bluefeedback on individ-
ual modalities (b)(c)(d), and greenfeedback on the detected multimodal interactions
(e).
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