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8
Conclusions

This thesis set out to investigate the usability and user experience (UX) issues faced when
designing mobile interactions that require minimal visual attention from users when they
interact with smartphones, namely minimal mobile human computer interaction. The two
parts of this thesis address two main themes:

• Context aware solutions to improve usability and UX when users interact with smart-
phones (Part I)

• The usability and UX of using gestural input techniques alongside screen-based in-
teraction (Part II)

For achieving minimal mobile interaction using context-aware solutions (Part I), we in-
vestigated the usability and user experience issues associated with using location-aware
multimedia messaging (LMM Study and Playful LMM Study) and exploration-based route
planners (Route Planner Study) to support urban exploration and playfulness. For achiev-
ing minimal mobile interaction using gestural input techniques (Part II), we investigated
the usability and user experience issues associated with discrete mobile 3D gestural input
in a task-independent setting (Gesture Errors Study), and used 3D gestural interaction to
support playfulness (Playful Gestural Interaction Study) and user authentication (Gestural
Authentication Study). Below, we revisit the research questions we raised in Section 1.2.2,
and summarize the findings.

8.1 Summary

Context-aware solutions, drawing from context-aware computing research, have the goal of
making mobile devices sense, learn from, and adapt to the user and his/her changing con-
text. In addition, non-visual interaction techniques, drawing from multimodal interaction
research, allow users to interact with a system through non-visual means, such as gestures.
In both, the goal is to free users’ attentional resources. In this thesis, we show that both
approaches are suitable for designing and developing usable minimal mobile interactions.

8.1.1 Context-awareness
In Part I of this thesis, we began our investigation into minimal mobile interaction by first
focusing on the contextual factors associated with location-based media production and
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8. Conclusions

consumption (Chapter 2). This allowed us to understand the interaction issues users face in
an urban environment. We asked the following question:

RQ 1: How do users create and interact with urban location-based content,
and how should this impact the design of future Location-aware Multimedia
Messaging (LMM) systems?

To answer this, we conducted a pilot ethnographic study with participants using an
LMM system, and followed up with another longitudinal study using a multimodal di-
ary method (LMM Study). In the pilot study, while users positively perceived the LMM
prototype, they stated explicitly that they needed to spend more time with the system to
test its usefulness. In this followup multimodal diary study, we found that users were in-
deed willing to use a system that supports creating and consuming location-based content,
specifically to document their daily experiences. Upon analysis of the content they created,
we found that the most common tasks our users were interested in were reporting activities
(a form of citizen journalism using mobile devices (Kramer et al., 2008)) and expressing
appreciation over their surroundings, for primarily entertainment and aesthetic purposes.
This gave us data into how users, if they were to use such messaging systems, would use the
supported functionality. Our analysis, based on an episodic memory framework grounded
in Cognitive Science, provided us with insight into the contextual factors governing what,
where, how and why people create and consume location-based user generated content (see
Section 2.7). This provided the initial groundwork for the need of minimal mobile interac-
tions, given the high information load that is expected to be incurred on users when viewing
these messages in urban settings.

Looking more closely at the user interaction with our LMM prototype, we see that it
provided a suitable initial use case for investigating minimal mobile interaction. This was
because the multimedia messages users created were automatically anchored to the location
at which they were created. This allowed for a more restricted, but simpler, form of inter-
action with user generated multimedia content. Additionally, the Augmented Reality (AR)
presentation of messages made interaction easier for users. This was achieved through the
designed input techniques, which involved both touchscreen and gestural movement of the
smartphone to view messages. Together, the findings point to the importance of design-
ing systems that do not require heavy interaction from users. This allowed us to provide
concrete design recommendations (see Section 2.8) for the functionality and interaction
methods that future LMM systems should support. Additionally, it allowed us to arrive at
the concept of minimal mobile interaction, and how it can ease processing costs from users.

While we found that the ease of use of the LMM prototype was positively perceived by
users (particularly when in an urban setting where user attentional resources are limited),
our users also found the system too limited. The primary limitation for our users was that
using the system was no longer enjoyable and fun to play with after the initial phases of
interaction. Given that our users valued that this system should be more engaging and fun,
it posed a challenge: how our LMM prototype, with its designed minimal interaction, can
better support playful interactions among users. This lead to our second research question:

RQ 2: How can location-aware multimedia messaging (LMM) systems be
used to support playful urban interactions?
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8.1. Summary

Using LMM systems as a case study, we answered this question (in Chapter 3) by
presenting an analysis of how fun or playfulness can be studied and designed for in urban
environments (Playful LMM Study). Drawing on the findings of Chapter 2 and an envi-
sioned tourism-based scenario illustrating how LMM can be used (see Section 3.1), we
discussed in detail what playful experiences are and three problems that arise in realizing
the scenario:

1. How playful experiences can be inferred (the inference problem)

2. How interacting with the system can be motivated and maintained (the maintenance
problem)

3. How playful experiences can be measured (the measurement problem)

We responded to each of these problems by distilling three design considerations (see Sec-
tion 3.7) for playful, minimal mobile HCI:

1. User experiences can be approached as information-rich representations or as arising
from the interaction between a user and system

2. Incentive mechanisms can be mediators of fun and engagement under minimal mo-
bile interaction settings

3. Measuring experiences requires a balance in the choice of testing methodology

For playful experiences in mobile interaction, we provided guidelines that facilitate system
designers and developers in integrating playful elements into systems that may not be oth-
erwise initially designed to support playful interactions. In this sense, the experience we
gained in running multiple user studies investigating LMM systems that require minimal
interaction from users, has allowed us to identify the necessary ingredients for a system to
be playful for users. While we did not run another user test iteration on the LMM prototype,
we revisited some of these issues in Chapter 6.

While in the initial two studies (Chapters 2 and 3) we focused on the overall user
experience and elicited playfulness of multimedia messaging behavior at urban locations,
these studies also showed that urban interactions are connected across locations. To study
this (Chapter 4), we designed a system to allow pedestrians to explore a city’s different
locations (Route Planner Study). To maintain the requirement of designing minimal mobile
interactions, we wanted to additionally avoid burdening users in supplying lengthy user
preferences. In this chapter, we asked:

RQ 3: How can we automatically generate routes to support pedestrians in
exploring a city?

To fulfill the minimal mobile interaction requirement, we made use of a smartphone’s
context-aware capabilities (in this case, location sensing using GPS). To do this, we made
use of geotagged data provided by the photo sharing website Flickr.1 Geotagged photos
provided a unique window into city photographers’ experiences, under the assumption that

1http://www.flickr.com/; last retrieved: 01-08-2013

145



8. Conclusions

there must have been something of interest for a photographer to take a photo at a given
location. By borrowing sequence alignment methods from bioinformatics, we designed,
built, and evaluated a simple context-aware city route planner to facilitate city residents
and visitors in exploring a city (where we used the city of Amsterdam, the Netherlands,
as a testbed for experimentation). Applying sequence alignment techniques on 5 years
of geotagged photos allowed us to create walkable city routes based on paths traversed
by multiple photographers (see Section 4.4). Understanding movement behavior of city
pedestrians allowed us to generate off-beat exploration-based routes. We believe our work
opens up opportunities for future data science researchers to make use of quick sequence
alignment methods for analyzing geotagged data, despite that the intended purpose of these
methods applies to a different domain (namely, aligning protein and DNA sequences). Fur-
thermore, our work adds to the body of methods (e.g., Hidden Markov Models) that can
account for the sequential character of human behavior, especially at a coarse level as is the
case with GPS coordinates.

To test whether our generated routes would be desired by users, we conducted a user
study with Amsterdam residents to compare our routes with the most efficient (i.e., short-
est distance between two locations) and popular route variations (where we defined popular
as the volume of geotagged activity at a location in a given a time period). We collected
experience questionnaire data, web survey responses, and user interviews. Our results
showed that our generated routes (which were based on aligning sequences of the locations
where photographers took photos at in a given time period) were perceived as indeed more
stimulating and more suitable for city exploration than the efficient and popular route vari-
ations. Moreover, while digital aids based on photographer paths can potentially aid city
exploration, we found that their acceptance in mainstream route planners depends on their
visualization. These results provided us with insights into which digital information aids
users would like to make use of when exploring a city (see Section 4.5.3), even under a
minimal mobile interaction setting that relies on a data-driven approach. In short, our user-
driven findings into what kinds of digital aids best support users’ city exploration needs can
be used to improve future digital information aids for city exploration.

We believe future researchers and designers can now consider a currently unused in-
formation type obtained from geotagged images to guide exploration-based route planning
in a city, namely, the number of city photographers that took a given route segment over
a certain time period. Furthermore, we show that it is possible to leverage social geo-
tagged data to cater for the hard problem of automatically generating exploration-based
route plans, and that these route plans are desired by users.

8.1.2 Gestural Input Techniques

In Part II of this thesis, we investigated how non-visual input techniques such as 3D gestural
input can aid minimal mobile interaction. We focused on the use of 3D gestural interaction
in three different domains: Task-independent (Chapter 5), Playfulness (Chapter 6), and
User Authentication (Chapter 7). Below, we revisit the research questions we posed for
each of these chapters.

We began our investigation by focusing on the usability and user experience issues
associated with 3D mobile gestural interaction when recognition errors occur. This was
necessary to establish whether users would be willing to adopt such minimal mobile in-

146
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teraction techniques even in the face of errors. In such situations, if a performed gesture
does not get recognized, this would become even more frustrating for users, forcing them
to switch back to standard touchscreen interactions (e.g., Karam and Schraefel (2005)).
Moreover, this would aid in identifying which gesture sets are most robust to recognition
errors. In Chapter 5, we posed the following question:

RQ 4: What are the effects of unrecognized 3D gestures on user experience,
and how do these affect the design of error-tolerant 3D gesture sets?

To answer this question, we ran a primarily qualitative study (Gesture Errors Study)
to investigate how two sets of iconic gestures, mimetic and alphabetic, that vary in famil-
iarity are affected under varying failed recognition error rates (0-20%, 20-40%, 40-60%).
For our investigation, we developed and used an automated Wizard-of-Oz method to em-
ulate 3D gesture recognition. As in Chapter 4, we made use of methods in a seemingly
different field and applied them to evaluate the usability and UX of 3D gestural interaction.
This allows interaction designers to quickly and easily test user frustration and tolerance
to gesture recognition errors. Moreover, given the low cost and rapid development of this
method, it provides a quick and cost effective means for mobile gesture designers to iden-
tify immediately which gesture sets provide the best user experience.

Drawing on experiment logs, video observations, participants feedback, and a subjec-
tive workload assessment questionnaire, our empirical results revealed two main findings
(see Section 5.7): first, mimetic gestures tend to evolve into diverse variations (within the
activities they mimic) under high error rates, while alphabet gestures tend to become more
rigid and structured. Second, mimetic gestures were tolerated (with respect to performance
duration and workload) under recognition error rates of up to 40%, while alphabet gestures
by contrast tend to increase in duration and incur significant overall workload with up to
only 20% error rates. These results show that while alphabet gestures are more robust to
recognition errors with respect to gestural performance (i.e., their signature), mimetic ges-
tures are more robust to recognition errors from a usability and user experience standpoint.
This makes mimetic gestures better suited for inclusion into small, handheld devices that
support 3D gestural interaction. While we have shown that mimetic gestures are better
tolerated by users under recognition errors than alphabet gestures during 3D gesture-based
interaction, our results also demonstrate the need to account for human factors when de-
signing novel interaction techniques. Specifically, to account for errors when interacting
with a system.

The findings in Chapter 5 provide support for using a minimal mobile interaction tech-
nique such as 3D gestural interaction. In our experimental setup, users were given feedback
on a desktop display after performing a gesture, making our results generalizable for mini-
mal mobile interaction, although not eyes-free interaction. Despite that users were willing
to tolerate up to 40% errors, we had so far focused on the usability issues of 3D gestural
interaction in a task-independent interaction. Looking at task-independent interaction was
necessary to avoid any potential confounds with other variables (e.g., urgency of a task)
that may influence gesture performance and preference. Given these promising findings,
we revisited how this form of interaction can be applied in an actual domain. Given the
problematic nature of supporting playful interactions discussed in Chapter 3, in our next
investigation (Chapter 6) we revisited the domain of playful mobile interactions. In this
next chapter, we asked:
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RQ 5: How can 3D gestural interaction be used to support playful music com-
position and gaming on smartphones?

To answer our question, we made use of a recent interaction techniques in HCI known
as magnet-based Around Device Interaction (ADI). This paradigm allows expanding the
interaction space on mobile devices to allow 3D gesture interaction using magnets around
the device. Since the interaction here is based on magnetic fields (which can pass through
the hand or clothes, and not depending on users line of sight), the space at the back and side
of device can also be efficiently used for interaction. This technique does not require extra
sensors on current smartphones – it is only necessary to have a properly shaped magnet as
an extra accessory.

For this study, we focused on the applied use of 3D gestural interaction (employ-
ing magnet-based ADI) in a playful, music-related context. This study (Playful Gestu-
ral Interaction Study) allowed us to look closely at how 3D gesture-based interaction can
be synergistically coupled with minimal touchscreen interaction to facilitate playfulness.
Using three musical applications developed under this magnet-based ADI paradigm (Air
Disc-Jockey, Air Guitar, Air GuitaRhythm), we investigated whether this kind of mini-
mal mobile interaction can be effectively used to support playful music composition and
gaming on smartphones. To test this, we ran a controlled user study, where we collected
usability and user experience questionnaire responses, users’ direct feedback, and video
observations. Our results showed that magnet-based ADI can be effectively used to create
natural, playful and creative music interactions. From this, we distilled magnet-based ADI
design recommendations to optimize the user experience for playful and creative music
interactions in today’s smartphones.

By revisiting the domain of playfulness in this applied ADI setting, some recurring is-
sues surfaced. First, the inference problem (the difficulty in assessing whether or not a given
interaction is playful; Section 3.4, p. 41) applies in this study, as we were able to infer play-
fulness from the responses participants gave in the questionnaires and interviews. However,
it is difficult to quantify the amount of excitement and playfulness they experience without
resorting to physiological measures, which were unavailable at the time, costly, and limited
in what we can infer from the collected signals (van der Zwaag et al., 2010). Nevertheless,
our mixed methods approach of assessing quantitatively through questionnaires and gath-
ering subjective responses provided a lens into the desired user interaction. Second, the
maintenance problem (the problem of ensuring a fun and enjoyable experience over time;
Section 3.5, p. 43) applied to two of the music apps (Air DJ and Air Guitar), since in both
there was no in-built incentive mechanism to continuously gauge users’ interests. For the
Air GuitaRhythm app, embedded gaming elements allowed even the non-musically trained
user to get engaged and experience challenge and flow. This not only provides support to
our design consideration of providing incentive mechanisms (Section 3.7, p. 28) presented
in Chapter 3, but also underscores the need to keep aware of these issues when designing
games in a minimal mobile interaction setting.

Despite that dealing with playful interactions poses a challenge, in this thesis we have
dealt with it in two distinct contexts (namely playfulness of a context-aware system and
how gestural input can support casual play). From this applied use of 3D gestural input,
we provided design recommendations (Section 6.8) for interaction designers who wish to
use 3D gesture-based interaction for creating playful user experiences in the music produc-
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tion domain, and for designing engaging 3D gesture-based games under a minimal mobile
interaction setting where screen estate is limited (e.g., on a mobile screen).

In our final chapter (Chapter 7), we presented an additional example of how mini-
mal mobile interaction can be used, by focusing on a common, daily mobile task: user
authentication. Unlike play and enjoyability, authentication should be performed quickly
and effortlessly without comprising security. In user authentication, a fundamental chal-
lenge is designing and implementing a security method that ensures that the method is both
usable by users, while at the same time providing sufficiently strong security against any
kind of adversarial attack. To stay in line with our minimal mobile interaction require-
ment, we also made use of magnet-based ADI, given that this 3D gestural input technique
is quick to perform and achieves high recognition accuracy (Ketabdar et al., 2010b). Here,
we looked at how 3D gestural input using magnet-based ADI can enable usable and secure
user authentication on small, handheld devices. In this chapter, we asked:

RQ 6: How does 3D gestural interaction affect the usability and security of
mobile gestural user authentication?

While previous work provided an early assessment of the vulnerability of magnetic 3D
gestural authentication under a video-based shoulder surfing attack scenario, the usability
and user experience issues were not addressed. To answer our question, we verified the se-
curity of this method in a controlled lab study, and tested the usability and user experience
issues in another controlled study (Gestural Authentication Study). Our results showed that
this authentication method is indeed secure against video-based shoulder-surfing attacks.
Given the novelty of this user authentication method (i.e., currently not used as a standard
authentication scheme on smartphones), there is little data on whether this authentication
method is secure enough for use in daily mobile interaction. To address this limitation, we
largely replicated prior research (Sahami Shirazi et al., 2012), despite that it is uncommon
in the HCI community to replicate previous research (see for example the CHI 2011 SIG
panel RepliCHI (Wilson et al., 2011)). In our replicated experimental setup, we addition-
ally accounted for a previously untested variable that could influence the security results,
namely, accounting for variation amongst air signatures performed using this gestural au-
thentication method. In so doing, we were able to retrace the steps and rerun the security
analysis presented in prior work, and were able to verify the previous security results for
this magnetic gestural authentication technique.

From a user experience standpoint, our participants found the method to be quite nat-
ural, with easy to recall gestural signatures, and providing low subjective workload. This
allowed us to draw design recommendations (see Section 7.9) that should serve as a starting
point if this kind of authentication method is to be accepted as a standard authentication
scheme on small, handheld devices. This provides support that non-visual input techniques
such as 3D gesture-based interaction can be synergistically coupled with screen-based in-
teraction to improve the UX of interaction. Moreover, given that we dealt with both the
security and usability and UX issues associated with this method that combined both quan-
titative (usability Likert-scale questionnaires, duration analysis) and qualitative methods
(semi-structured interviews), we were able to arrive at a more complete account of how
users perceive and interact with this authentication method. Another main finding here is
that while users found 3D gestural authentication to be natural, easy to perform, and with
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high memorability for performed signatures, around half of our participants did not trust
the security of the system. This was expected given that this form of authentication is not
common on today’s smartphone devices. To address this, one of our design recommenda-
tions suggests that interaction designers ensure transparency of the security results (e.g.,
through summarized fact sheets in the application) to gain user trust, especially for those
users that are early adopters.

In this investigation, the larger lesson is that a combination of both security analysis
and HCI methods to investigate the usability and user experience of a novel authentication
method is necessary to have a better understanding of whether an authentication method
would be adopted. In this sense, security researchers would benefit from adopting a mixed-
methods HCI-driven approach to assess the usability and larger user experience of a given
method.

8.2 Towards Minimal Mobile HCI

We started this thesis by looking at the current state in the fields of mobile HCI, context-
aware computing, and multimodal interaction. We reviewed the benefits that eyes-free
interaction can provide users, particularly when in a crowded, urban setting. There, we
also highlighted that while there has been much work designing and developing such eyes-
free interaction techniques, the usability and user experience (UX) issues associated with
these techniques is an ongoing research effort across HCI communities. Specifically, we
asked whether we can reduce user attentional costs associated with smartphone use, and
ultimately improve the usability and user experience of such interaction. In Table 8.1, we
provide a summary of all the research chapters and how they tie in with minimal mobile
interaction, where we show the different systems and interaction techniques presented, their
domain, input modalities, output modalities, and how minimal interaction is achieved.

System / Technique Domain / Chapter Input Modality Output Modality Minimal Interaction?
Location-aware Urban Exploration (Ch. 2), Touchscreen, Visual Context-awareness,

Multimedia Messaging Playfulness (Ch. 3) 3D Gestures (Augmented Reality) Visuo-gestural Input
Exploration-based Urban Exploration (Ch. 4) Touchscreen Visual Context-awareness

Route Planner (Display)
3D Gestural Task-independent (Ch. 5) 3D gestures Visual Gestural Input
Interaction (Screen Display)

Magnet-based Playfulness (Ch. 6), 3D gestures, Visual (Display), Visuo-gestural Input,
ADI User Authentication (Ch. 7) Touchscreen Non-speech Audio Gestural Input

Table 8.1: Summary of systems/interaction techniques and their domain, input modalities, output
modalities, and how minimal interaction is achieved.

If we take a step back, we can assess the problem in the following way: people are
using their small, handheld personal devices (i.e., their smartphones) for many different
tasks while in an urban setting. This kind of setting is complex and demands high infor-
mation processing efforts (cognitive, perceptual, motor, and social load) from users. This
processing load incurred on users additionally comes largely independent of the mobile
task at hand. Examples of research efforts dedicated to address this range from improving
urban wireless network access and speed to ensure continuous internet access, to making
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8.2. Towards Minimal Mobile HCI

smartphones more responsive to their users’ needs through presenting personalized content
to minimize search behavior.

In the HCI community, large research efforts have focused on designing and devel-
oping so-called eyes-free interaction techniques, so that users need not interact with their
smartphones using their visual sense. However, these efforts have largely remained within
the confines of research laboratories, the adoption of complete eyes-free techniques are
slow, and the techniques demonstrated are limited in use. To address this, this thesis pre-
sented an alternative approach for designing mobile interactions, where we introduced the
concept of minimal mobile HCI. In Chapter 1 (p. 7), we defined minimal mobile HCI
as a subset of eyes-free mobile interaction that allows minimal combination of the visual
modality with other sensory modalities to minimize attentional demand, frustration, and
situational impairments when users interact with smartphones. This minimal interaction
approach focuses on improving the usability and user experience of interacting with
smartphones using a simple heuristic: we should keep designing for (mobile) screens,
but augment the screen-based interaction by either making the system more intelli-
gent using context-awareness solutions, or complementing user interaction with non-
visual interaction techniques such as 3D gestural input. Interaction designers need not
abandon screen-based interaction, nor stop designing for users’ visual modality.

To achieve this kind of minimal mobile interaction, we made use of two developments
in computing that influence mobile HCI: context-aware computing (where contextual in-
formation can be used to make systems more intelligent) and non-visual input techniques,
specifically 3D gestural interaction. For minimal mobile HCI using context-awareness, we
can use context-aware solutions so that a user’s mobile device can sense, learn from, and
adapt to the user to free his or her attentional resources while in an urban setting. In our re-
search, we have primarily made use of a smartphone’s ability to sense location (through the
device’s embedded GPS sensor). We have studied this in two domains: urban exploration
and playfulness. In the urban exploration domain, we found that location information can
be useful for supporting the creation and consumption of location-based multimedia con-
tent (LMM Study). Additionally, it can be used for automatically generating exploration-
based routes in small, touristic cities like Amsterdam (Route Planner Study). In the domain
of playfulness, by further interpreting our findings on how people use LMM systems, we
found that automatic location information can be used to create fun and enjoyable user
experiences. In each of those studies, the automatically inferred location information was
used as a primary source to minimize users’ interaction with the tested system, in particular
minimizing their reliance on their visual modality. While this minimal interaction some-
times came at the cost of user engagement (e.g., in the LMM study), it provided us with
clues on how to increase it by embedding playful elements (Playful LMM Study). It also
raised awareness that other contextual sources can be used, by for example making extra
inferences on what locations may be interesting to visit in a city based on the sequence of
detected photo geotags made by photographers in a city (Route Planner Study).

Taken together, the three context-awareness studies we carried out (in Part I) raised
the question of how to balance minimal mobile interaction while still fulfilling users’ needs
in domains like urban exploration and playfulness. This gives rise to a tradeoff in user
interaction that takes place in an urban setting: on the one hand, visual interaction needs
to be kept at a minimum to ensure safety and minimum distraction when in crowded areas,
and on the other hand, the designed system features to support a desired user task should
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be complete and cater for the best user experience. Under this tradeoff, we believe mini-
mal mobile interaction provides a good compromise, as designers and developers need not
abandon designing for the visual modality, which allows for a bigger design space when
designing system features.

For minimal mobile HCI using gestural input, we can make use of non-visual interac-
tion techniques such as 3D gesture-based interaction to allow the user to interact with his or
her smartphone without relying on the visual sense. In our research, we have mainly looked
at the usability of non-task specific discrete 3D gesture interaction, and at two applied use
cases of how 3D gestural interaction can support user tasks. We have studied this in three
domains: task-independent, playfulness, and user authentication. In the task independent
gestural input domain, we found that 3D gestural interaction is a usable method for users
and still provides an overall positive user experience for failed gesture recognition error
rates up to 40% (Gesture Errors Study). In the playfulness domain, we found that a specific
3D gestural interaction technique using magnets is fun and enjoyable for users who wish
to compose music and play music-related games on their smartphone (Playful Gestural
Interaction Study). In the user authentication domain, we found that the security of the
magnet-based 3D gestural interaction method is strong enough to protect users, and while
users found the method highly usable, they were reluctant to immediately adopt this form
of authentication without full transparency on its security (User Authentication Study).

In each of those studies, the supported 3D gestural input was used as a primary means
to minimize users’ interaction with the tested system, and largely free up their visual modal-
ity. However, in each of those studies, there were recurring issues that needed addressing:

• Performing 3D gestures caused fatigue after continued performance (∼30 min.)

• While some 3D gestures were easy to learn and perform, some were difficult to recall

• Performing 3D gestures was sometimes perceived to be a slower method of input
than touchscreen-based interaction

• Performing some 3D gestures in public places was not perceived to be socially ac-
ceptable

Each of the issues raised are current topics of research in the HCI, Ergonomics, and
Interaction Design communities. The above issues indeed raise the question of to what ex-
tent 3D gestural interaction can become a standard on small, handheld devices. However,
the findings from our studies show that this type of interaction (namely, 3D gestural input),
if these limitations are addressed, generally provide a positive user experience. Concretely,
designers should ensure that the supported smartphone 3D gesture sets are ergonomic, easy
to perform and recall, and can be performed quickly. With respect to social acceptability,
designers can collect data on which gesture sets are more socially acceptable in a given cul-
ture. However, we believe this latter finding to be a minor issue if this mode of interaction
becomes a standard – what was previously socially unacceptable can become acceptable if
adopted by enough users.

Taken together, the three 3D gestural input studies we carried out in the thesis (Part
II) point to the benefits that this kind of non-visual interaction method can reap when aug-
mented with touchscreen interaction. Augmenting touchscreen interaction with 3D gestural
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input not only lowers users’ visual attention costs, but can also be used to support playful-
ness (Playful gestural Interaction Study), as well as give rise to a novel gesture-based secu-
rity method (Gestural Authentication Study). As we showed in our work on context-aware
solutions, the synergistic coupling of 3D gestural input with touchscreen-based interaction
expands the design space for mobile systems and applications, while still minimizing the
processing costs (particularly visual) associated with interaction in an urban setting.

System / Technique Environmental Social Device Personal
Location-aware - + + +

Multimedia Messaging
Exploration-based - + - +

Route Planner
3D Gestural + + + +
Interaction

Magnet-based + + + +
ADI

Table 8.2: Summary of how systems/techniques presented in this thesis fulfill different factors af-
fecting user motivations for using eyes-free mobile interaction (based on Yi et al. (2012)). The ‘+’
sign denotes that a factor is fulfilled, and the ‘-’ sign denotes that a factor is not fulfilled.

In our introduction (Chapter 1, we provided a review of user motivations for why users
would want to use eyes-free interaction (Section 1.1.3, p. 6). All the studies dealt with in
this thesis have made use of minimal mobile interaction in some form, but not completely
eyes-free interaction. However, minimal mobile interaction fulfills many of the same mo-
tivations for why users would want to use eyes-free interaction techniques. The usability
and user experience evaluations of the systems and techniques presented in this thesis, and
how they relate to user motivations for the different factors (Environmental, Social, De-
vice, Personal) associated with using those techniques, are shown in Table 8.2. As can be
seen, the Social and Personal factors are satisfied for all the systems and techniques pre-
sented. As we have not dealt directly with environmental issues in user interaction, nor
safety critical domains, the Environmental factor does not apply for the LMM prototype
and the Exploration-based Route Planner. For Device factors, our route planner work does
not apply as the focus was on generating routes, and not on visualizing routes on smart-
phone screens. Together, our studies provide support that the reasons motivating users to
use completely eyes-free techniques can to a large extent be addressed by minimal mobile
HCI.

To conclude, in our research chapters, we have studied the usability and user expe-
rience issues of exemplary systems and techniques. While there are clear usability and
user experience issues that surround these techniques, we have provided recommendations
to overcome them. This allows improving users’ experience when interacting with these
mobile technologies. Taken together, this thesis provides evidence that minimal mobile in-
teraction, as a design approach, provides a modest, yet effective goal for designing mobile
interactions that are suitable for use in urban settings. Even with limited screen estate, the
use of context-aware solutions or 3D gestural input techniques allows more flexility and
a larger design space for interaction designers to simplify mobile user interfaces and the
resulting user interaction. Specifically:

153



8. Conclusions

Minimal mobile HCI, using context-aware solutions (such as automatic lo-
cation sensing) or 3D gestural input techniques, expands the design space
for designing and developing systems/applications used in urban settings,
while keeping user interaction costs at a minimum.

The work presented on minimal mobile HCI opens opportunities for future research. These
future directions are presented below (Section 8.3).

8.3 Future Directions

Quantitative Modeling of Minimal Mobile Interaction
The minimal mobile interaction concept we introduced was geared towards designing sim-
ple context-aware and multimodal mobile interactions that make minimal use of touch-
screen interactions. The work presented in this thesis has laid the initial groundwork for
validating that a middle ground between full touchscreen interaction and eyes-free interac-
tion is possible.

A clear extension of our work is to provide methods and tools to precisely assess in a
quantitative manner the upper and lower bounds for minimal mobile interaction. In other
words, determining the number of microinteractions (cf., Saffer (2013); Wolf et al. (2011))
a mobile interaction session should have to reduce interaction from users. This would
provide a quantitative basis for such minimal interaction. A relevant step in this direction
is the work by Oulasvirta and Bergstrom-Lehtovirta (2010), where their goal was to arrive
at what they call a multimodal flexibility index (MFI), calculated from changes in users’
performance induced by blocking of sensory modalities. In our case, the aim is not to
block sensory modalities and model the changes in performance, but to arrive at a precise
assessment of the number of microinteractions required from each modality, and to achieve
a balance where drawing resources from the visual modality are kept at a minimum.

Tools that make use of such quantitive measurements can aid HCI researchers and in-
teraction designers in developing new mobile interaction design methods with the goal of
minimizing user attentional costs, especially when in an urban setting. Such a tool could be
realized as a minimal mobile interaction pattern library (cf., design patterns2), where con-
tributions to this library state precisely how methods were combined, under what setting,
and what the resulting effects on usability and user experience were.

Testing Other Interaction Methods
In our work on context-awareness, we have looked closely at how location-awareness (ac-
cessed through location sensors such as GPS) can help minimize interaction from users.
However, there is more to context than location sensing. It is possible to detect nearby
people, devices, lighting, noise level, network availability, and even social situations (Dey
et al., 2001; Dey and Abowd, 1999). For example, with today’s smartphones, we could
detect how close a person is to a device through proximity sensors. A step in this direction
can be found in recent work by Kostakos et al. (2013), where they use proximity sensing

2For example, see the best practices interaction design pattern library offered by Welie.com
(http://www.welie.com/patterns/index.php; last retrieved: 01-08-2013) or by UI Patterns (http://ui-patterns.com;
last retrieved: 01-08-2013).
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using bluetooth sensors to model and understand passenger flow during public transport bus
transits. Another example is detecting whether or not a person is busy by detecting how
many other persons s/he is currently collocated with. For example, again using low-cost
bluetooth sensors, it becomes possible to infer whether a user is in a crowded context or not,
which can be used to minimize interruptions; for example, smartphone push notifications
for less urgent activities (cf., McFarlane and Latorella (2002)).

In our work on gestural interaction techniques, we have looked closely at 3D gestural
input. However, other input techniques could also aid in minimizing interaction. The most
prominent example here is voice-based interfaces (Jain et al., 2011), where a user can issue
a command to his or her device with little to no interaction with the smartphone device.
Other ways to support minimal interaction includes making use of multimodal output, an
area we have briefly touched upon here. How to design and develop effective notification
cues (Mcfarlane and Mcfarlane, 1997) that minimize interruption to a user’s current activity
are also highly relevant to ensuring minimal mobile interaction. These notification cues
can also be tested under different modalities, such as using haptic feedback, speech or non-
speech auditory feedback, and under minimal visual feedback settings (cf., Google Glass).

Considered in light of minimal mobile HCI, (multimodal) output or feedback can be
synergistically coupled with screen-based interaction, without requiring complete removal
of screen-based interaction (c.f., EarPod, an eyes-free menu selection technique for smart-
phones (Zhao et al., 2007)). A relevant step in this direction is to make use of crossmodal
feedback cues (e.g., Hoggan et al. (2009)), where visual information is mapped to other
modalities (such as tactile or auditory cues). In crossmodal interaction, the physical pa-
rameters of feedback cues are to a large extent amodal (e.g., duration, rhythm), so that the
same information can be communicated across modalities, during daily user interaction
(Hoggan and Brewster, 2010). From a minimal mobile interaction perspective, the user
may still draw on her visual modality during interaction, however the visual information
processed is augmented with tactile and/or auditory cues. Testing whether these cues can
effectively reduce attentional costs and improve users’ experience in interacting across a
range of tasks is a promising direction for further work.

Longitudinal, In-the-Wild Testing
We have presented several studies to show how minimal mobile interaction is possible.
In all but the Playful LMM Study, we ran user evaluations to assess usability and user
experience issues that arise from user interaction. While in the LMM Study in Chapter 2
we studied user’s multimedia messaging behavior in the wild by using a multimodal diary
method (El Ali et al., 2010), this kind of in the wild testing was not currently possible for
the other user studies. The breadth of the research carried out in this thesis, using early
prototypes and systems, meant that the systems and techniques required first an evaluation
in the laboratory. This was both a limitation and a necessary aspect of our work. On the one
hand, the early systems and techniques tested (e.g., exploration-based route planner system,
and all the 3D gestural techniques studied) were still in the earlier stages of development,
and therefore not production ready. On the other hand, precisely due to the earlier stages
of these systems, from an experimentation perspective we required maximum control over
the different usability and user experience variables.

Given that our approach in this thesis was to study multiple systems and techniques, it
also meant we were unable to thoroughly follow through with each system and technique
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to the stage of deployment where users can use them in their natural, everyday settings. In
some cases this was an enforced limitation (e.g., the magnet-based ADI music apps and
authentication techniques are patented technologies). In other cases, it was a side effect of
studying multiple systems and techniques at the cost of a full redesign and (re-)evaluation
of a smaller set of systems or techniques in the wild. Our design choices notwithstanding,
to truly validate the use of minimal mobile interaction methods, whether through context-
awareness or gestural interaction techniques, users should be allowed to use these systems
or techniques in their natural, everyday setting. For future researchers interested in tak-
ing the minimal mobile HCI further, testing users in such in-the-wild settings should be a
priority, as it would provide stronger ecological validity for minimal mobile interaction.

8.4 Looking Ahead

The concept of minimal mobile HCI we introduced in this thesis parallels recent debates
on the web amongst HCI researchers and interaction designers on whether the future of
interaction with interfaces rests with Graphical User Interfaces (GUIs) or not. Some argue
that we should do away with GUIs completely to improve users’ experience when interact-
ing with technology,3 others argue that GUIs are here to stay,4 while others find the debate
meaningless as design is about solving problems for a particular user group.5 With mini-
mal mobile HCI, while we have also taken a middle ground on whether we should rely on
screen-based interactions or not, we believe the question of including a GUI (which heav-
ily relies on users’ visual sense) this is highly dependent on the user task and importantly
where the user interaction takes place.

Unlike these GUI vs. no GUI debates, we have proposed two solutions (namely
context-awareness and gestural input techniques) to facilitate the advancement of the HCI
and Interaction Design fields. We have dealt with how each, under a minimal mobile in-
teraction setting, can improve usability and user experience of the studied systems and
techniques in a scientific manner. The proposed minimal mobile HCI does not require
eliminating the GUI, nor keeping it there constantly, it requires first and foremost an as-
sessment of where the anticipated interaction will take place. If the envisioned interaction
with the smartphone is to be used in an urban setting, then the designer should consider
solutions whereby screen-based interaction is augmented, not replaced. While the place
of interaction is paramount, the user task can additionally influence the choice of what
augmentation is used.

We have presented two such augmentations: context-awareness and gestural input
techniques. We studied these in a small set of domains, namely urban exploration (Chapters
2 and 4), playfulness (Chapter 3 and 6), task-independent (Chapter 5), and user authenti-
cation (Chapter 7). Through our studies, we have provided evidence to persuade designers
designers, developers, as well as entrepreneurs to think in terms of reducing user attentional
costs – that a synergestic combination with either context-awareness, 3D gestural input, or
even both, can provide users with a better overall user experience. In short, at least for the
next 10 years, we strongly believe screen-based interaction is here to stay, but to improve

3http://www.cooper.com/2012/08/29/the-best-interface-is-no-interface; last retrieved: 01-08-2013
4http://www.elasticspace.com/2013/03/no-to-no-ui; last retrieved: 01-08-2013
5http://scottberkun.com/2013/the-no-ui-debate-is-rubbish/; last retrieved: 01-08-2013
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the usability and UX of this interaction, we should focus on methods and design approaches
that aim to augment this interaction, not replace it.
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