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Abstract
Usability methodology has matured into a well-defined, industrially relevant field with its own
findings, theories, and tools, with roots in applying information technology to user interfaces
ranging from control rooms to computers, and more recently to mobile communications devices.
The purpose is regularly to find out the users’ goals and to test whether a design fulfils the usability
criteria. Properly applied, usability methods provide reliable and repeatable results, and are
excellent tools in fine-tuning existing solutions. 

The challenges of usability methodologies are in finding new concepts and predicting their
characteristics before testing, especially when it comes to the relatively young field of mobile user
interfaces. Current usability methods concentrate on utilising available user-interface
technologies. They do not provide means to clearly identify, e.g., the potential of auditory or haptic
output, or gestural input. Consequently, these new interaction techniques are rarely used, and the
long-envisioned useful multimodal user interfaces are yet to appear, despite their assumed and
existing potential in mobile devices. 

Even the most advocated and well-known multimodal interaction concepts, such as combined
manual pointing and natural language processing, have not materialised in applications. An
apparent problem is the lack of a way to utilise a usage environment analysis in finding out user
requirements that could be met with multimodal user interfaces. To harness the full potential of
multimodality, tools to identify both little or unused and overloaded modalities in current usage
contexts are needed. Such tools would also help in putting possibly existing novel interaction
paradigms in context and pointing out possible deficiencies in them. 

In this thesis, a novel framework for analysing the usage environment from a user-centric
perspective is presented. Based on the findings, a designer can decide between offering a set of
multiple devices utilising various user-interface modalities, or a single device that offers relevant
modalities, perhaps by adapting to the usage environment. Furthermore, new techniques for
creating mobile user interfaces utilising various modalities are proposed. 

The framework has evolved from the experiences gathered from the designs of experimental
and actual product-level uni- and multimodal user interface solutions for mobile devices. It has
generated novel multimodal interaction and interface techniques that can be used as building
blocks in system designs. 

Keywords: body user interface, mobile device, multimodal interaction, sound design,
usability, user interface, user-centered design
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1 Introduction 

The mobile devices of today are better described as portable than truly mobile. 

Typically using them requires the user to stop his current activity, dig the device 

up from its storage location, and start using his hands and eyes to use it. Some 

functionalities, such as alerts of incoming calls or messages, can take place when 

the device is still in its storage. The alert happens through the auditory or tactile 

modalities. However, even reacting to the alert typically requires manual and 

visual activity. 

The amount of functionalities embedded in mobile devices has increased 

rapidly, and is likely to keep increasing. The available computing power has 

grown to enable adding new functionalities such as mobile gaming or navigation. 

Perhaps even more importantly, the number of services available through mobile 

devices is growing. The networking and data-processing capabilities in mobile 

devices are approaching the level that traditionally has only been possible to 

computers. It has lately become easy, e.g., to follow up the events on one's 

favourite social networking Web sites, or to receive up-to-date local weather 

forecasts. Many of these tasks have effects on the user's plans and behaviour, so it 

will become more and more important to be able to use them while on the move. 

Navigation is a clear example of such a task; the mobile application guides the 

user in moving towards a location. But other tasks have similar effects. The 

calendar application may tell a busy worker where he should be. For a youngster, 

the social networking applications or messaging applications can be important for 

finding out what everyone else is doing and where to should one head next.  

As a result, the number of times when a user would like to use a function in a 

truly mobile usage context is likely to increase. At the same time, the wide 

variation of other activities that take place in such contexts can lead to problems 

with interacting with the device. It would be desirable if one could perform some 

activities on the device, without having to stop what one is currently doing, and to 

switch completely to device use. 

User interface design has not kept up very well with the increasing amount of 

interaction while on the move. Posting a comment to one's Twitter account while 

walking could be desirable, but is currently quite difficult. In fact, presently even 

talking to the remote participant of a phone call currently requires the user to hold 

one of his hands up against the ear. This seems ridiculous. We do not do this when 

speaking to a person next to us, so it would seem natural that this would not be 

required of telephone communication either. The headset has been introduced as a 



 16

solution, but also it has disadvantages. It is uncomfortable to wear one all the time. 

If the headset is in a pocket when a call comes in, it requires manual interaction to 

put it onto the ear and answer the call. The headset introduces new aspects to the 

call handling task, which need to be taken into account when evaluating its 

usefulness. 

Holding a device and operating it is not necessarily even a trivial task. E.g. 

walking through traffic and carrying a bag poses several restrictions to what one 

can do with a handheld device. One's eyes and much of the concentration is 

required for navigating through traffic. The carried items may prevent using the 

hands for operating a mobile device. Moreover, the weather conditions may 

require the user, e.g., to wear gloves, which makes it difficult to press small 

buttons or to operate a touch screen. 

In Figure 1, an example of a user in a typical mobile usage context is 

presented. The environment has a certain illumination level, certain background 

noise exists (possibly some of which consists of people speaking, affecting the 

user's cognitive abilities and the performance of a possible speech recognition 

system), the mobile device is carried in a bag or pocket and so on. The weather 

may affect what the user is wearing, and the social situation affects what kind of 

mobile device usage the user considers to be appropriate. 
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Fig. 1. User in an ultra-mobile usage environment (image from Microsoft Word 2003 

clip art © Microsoft). 

If, for instance, the mobile phone of the user pictured in Figure 1 suddenly rang, it 

is clear that reacting to it would require rather drastic operations with traditional 

user interfaces. The user would have to find the device and pick it up in order to 

press a button to silence the ringtone. The bags she is carrying would have to be 

laid down, which might be undesirable if the user fears that they may become 

dirty as a result. Nevertheless, the pictured usage situation is far from being 

uncommon today. 

The challenges in designing user interfaces for varying mobile usage contexts 

with limited input/output (I/O) capabilities have already been seen as an 

important trend in future research (Dunlop & Brewster 2002, Wobbrock 2006, 

Lumsden & Brewster 2003). Schmidt et al. (1999b) define a term, ultra-mobile 
computing, as follows: “Ultra-mobile devices are a new class of small mobile 
computers, defined as computing devices that are operational and operated while 
on the move.” The definition is originally aimed at context-aware computing, but 

it is useful also for general purpose: an ultra-mobile device is one that is designed 

to interfere as little as possible with the user's activities in the mobile usage 

context. The term “ultra-mobile” has been largely overtaken by the ultra-mobile 
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personal computer (UMPC) concept promoted by Microsoft and Intel (Microsoft 

2006). However, it has also been used to describe small, mobile devices in 

general (Wagner & Schmalstieg 2003, Tarasewich et al. 2004, Adipat & Chang 

2005) and is suitable for describing the problem space that is the focus of this 

thesis. Interestingly, the UMPC in fact is just a miniaturized personal computer, 

not at all following the definition of Schmidt et al.  
As a solution for designing user interfaces for such ultra-mobile devices, 

multimodal user interfaces have been suggested. For instance, Oviatt et al. (2000) 

claim the following: “They have the potential to expand computing to more 

challenging applications, be used by a broader spectrum of everyday people, and 

accommodate more adverse usage conditions than in the past.”  

A multimodal system can offer the user a way to utilise a combination of 

modalities simultaneously, or to switch between modalities depending on the 

requirements of the task or the environment (Oviatt et al. 2000). The utilisation of 

other interaction techniques than the visual sense and the manual input method is 

still quite limited in mobile devices. Auditory and tactile modalities are typically 

used only in situations where the device is alerting the user of, e.g., an incoming 

phone call. Utilising them, e.g., for augmenting the small graphical display to 

improve its usability is still quite limited. The biggest advances seem to be made 

in the field of accessibility, where applications are available for reading the screen 

contents, allowing eyes-free usage. However, these originate from the needs of 

people with impairments – not from the demands of the mobile context of use. 

Why has multimodality not been utilised more widely in commercial 

products? The benefits seem intuitively obvious. If one's eyes are occupied, e.g., 

due to walking in a crowd, then it would seem intuitive that other senses such as 

hearing could still be used for presenting information. But perhaps it is less clear 

which modalities should be utilised in which contexts, and how the presentation 

should be made. 

Many of the current multimodal user interface concepts concentrate on 

enhancing the naturalness of the interaction. A classic example is the “put-that-

there” concept, as described by Bolt (1980). Oviatt et al. (2000) describe five 

systems that combine simultaneous spatial pointing and spoken input. Martin et al. 
(1998) have analysed ten multimodal user interfaces, six of which combined 

spoken input with pointing. Further two of the remaining four combined 

keyboard-based language input with pointing. It has been shown that in spatial 

domain, people do prefer to interact multimodally when given the free choice to 

use either speech or pen input (Oviatt 1997). However, as pointed out by Oviatt 
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(1999), this kind of interaction is inherited from desktop-like systems, where 

pointing and object selection are common. 

In ultra-mobile computing with today's technology, combined speech and 

pointing is not necessarily a very good user-interface candidate. Pointing today 

typically means pointing an object on a touch screen, which requires the usage of 

the eyes and often both of the user's hands (one to hold the device, the other for 

pointing). The used speech recognition technology also needs to be quite robust in 

order to work in the often noisy mobile environments. Obviously pointing can 

also mean using the handheld device to point to a physical world object 

(Fitzmaurice 1993), in which case the situation resembles the one described by 

Bolt (1980) – but this kind of technology is not in everyday use yet. 

Wexelblat (1997) points out that utilising hand gestures alone, without speech, 

has not emerged as an interaction technique either. This is largely true even today, 

more than ten years after Wexelblat's paper. Wexelblat argues that utilising 

discrete (as opposed to continuous) gestures is pointless since they are unnatural 

and their functionality is no more powerful than using a simple button. He then 

continues to point out further open issues preventing the wide utilisation of 

gestures in user interfaces. 

Technical advances enable designers to create many kinds of interaction 

concepts using various modalities. Creating and integrating them to commercial 

products requires money and effort, so there need to be ways to show their 

benefits. The sheer novelty of a certain concept may support it for a while, but in 

order to become widely accepted, it has to solve existing usability problems. One 

must ask: “what is this good for?” in order to avoid a concept from becoming a 

mere niche. Wexelblat (1997) points out this issue as one problem preventing the 

wider use of gesture input. It is interesting that in Wexelblat's paper, the lack of a 

method for analysing the utility of gestures is not pointed out as a problem. 

Instead, the utility of a discrete gesture is simply labeled as low; Wexelblat argues 

that it would be all the same to replace the gesture input with a button press. 

However, a method for analysing interaction problems might reveal that the 

button press actually requires finger precision that may not be available in the 

situation. If the user is wearing thick gloves, the ease of grabbing a device and 

performing a gesture may be a benefit over using a button. Furthermore, with 

certain technologies, gestures can be recognised without the user having to pick 

the device up to use it. An accelerometer can detect a gesture being performed on 

a device sitting in a pocket. A camera can be mounted on a desktop (or a mobile 



 20

device sitting on the desk) so that it can detect hand or head gestures. It is just a 

question of finding sensible uses for the gestures. 

Sometimes the benefits of the new interaction methods can be easily found. 

For instance, making a phone call while driving is such a clear concept that 

speech-recognition based systems have become mainstream in mobile devices. 

However, in order to come up with new useful concepts, or to test the value of 

newly invented ones, a method is needed for revealing the current problems in the 

interaction and the potential solutions for them. Furthermore, there is a need to 

evaluate whether the new concepts bring new problems into the interaction while 

solving old ones.  

A comprehensive method for evaluating mobile contexts of use by focusing 

on the available interaction modalities is currently missing. The ISO13407 

standard (ISO/IEC 1999) mentions that relevant characteristics of the physical 

and social environment should be described when specifying the context of use. 

The question of relevance remains open in the standard. It is not specified how 

the relevance should be measured or studied.  

The majority of HCI literature discusses the problems of user groups and user 

tasks – fitting the tool to the task. The context of use is often analysed only in 

reflection to the current task. As an example, the Contextual Design method 

(Beyer & Holzblatt 1997) describes a work model called physical model, which 

consists of a set of observations of how the physical environment reflects the 

user’s task. It also describes a cultural model, which again describes how the task 

is affected by the attitudes and other cultural aspects. A problem with this kind of 

an approach is that it is difficult to describe the ever-changing mobile usage 

contexts, and how exactly they, and the changes in them, affect the use. 

Hackos and Redish (1998) describe a process for user and task analysis, 
where the user environment is analysed in more detail. They list variables, such as 

the existence of noise and dirt, or the typical lighting conditions and temperature 

in the study context. Those seem to be constructed by everyday experiences – 

Hackos and Redish mention that the list is not exhaustive but is aimed to be food 

for thought. The list obviously stems from analysing a workspace environment 

and places that people have arranged to their needs – just like in the contextual 

design process. 

In ultra-mobile computing, the usage environment can change constantly, and 

the user rarely has had a chance to arrange the environment according to his needs. 

Therefore, it is not sufficient to analyse the usage environment only as a reflection 
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of the user’s task. There is a need for a deep and detailed analysis of how the 

different aspects of the environment affect the user or the device he is using. 

Tamminen et al. (2003) have pointed out the same problem. In their study, the 

mobile usage context has been analysed by observing people using public 

transportation. Some of the findings are likely to be common for other mobile 

contexts as well, but in general the study is concentrated on urban navigation only. 

It is difficult to tell whether one would in other mobile contexts get similar results 

that could perhaps be generalized into more common rules. 

Pascoe et al. (2000) present a way to use tables for describing characteristics 

of interaction modes in a mobile usage context of field workers studying the 

behavior of giraffes. In their work, two important principles were found. The first 

one, of a minimal attention interface means that in a real-life context, all the 

cognitive abilities of the user may not be available for using a mobile device. The 

second principle, context awareness, means that the mobile device is aware of its 

surroundings. The research, however, concentrates completely on studying field 

workers. It is probable that many of the findings could be extended to general use 

of mobile devices, but currently it is unclear how widely that extension could be 

done. Furthermore, there are aspects in general mobile device use that obviously 

are not revealed by the study of Pascoe et al. For example, the social context was 

not analysed as it is mostly irrelevant when studying wild animals in the African 

savanna. 

Sears et al. (2003) present a framework for describing a context of use from 

the viewpoints of the user, the environment, and the application that is to be used 

in the environment. They present the notion of situationally-induced impairments 

and disabilities (SIID), meaning that due to some restrictions in the context, the 

user is not able to use all of his resources to use an application. In a similar 

manner, the application may be designed so that not all the available user 

resources can be used since, e.g., only unimodal input and output has been made 

possible. The framework presented by Sears et al. appears rather complete in the 

way that all of the different parts related to the context of use have been listed and 

their meaning has been analysed. However, the practical steps for showing what 

is relevant for the user and how, are not described. 

In a similar manner to Sears et al., Obrenović et al. (2007) point out that the 

usage environment can induce temporary restrictions to device use. They describe 

human-computer interaction (HCI) as a set of channels based on different 

interaction modalities, and the features of the device, the environment, the user 

and the social situation as filters constraining the usage of these channels. They 
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present some example modalities, for example textual presentation, and which 

capabilities those require – e.g. visual sensory processing or grouping of lines by 

proximity. They also provide examples of how the environment affects these 

modalities. For example, rainy weather causes the user to become more focused 

and stressed. Obrenović et al. present a generic model for interaction constraints. 

However, what is still lacking is a way to analyse in detail how those restrictions 

emerge from the usage environment. For instance, Obrenović's model does not 

reveal what exactly restricts the usage of a textual presentation in the context of, 

e.g., walking on a street. 

Lemmelä et al. (2008) present a method for designing multimodal interaction 

concepts for mobile environments. The method is based on the design team 

observing target users and analysing the restrictions that the everyday usage 

contexts place on the HCI. In the presented method, restrictions are classified into 

five classes where the environment is considered to affect the interaction. The 

classes are “aural”, “visual”, “physical”, “cognitive” and “social”. The physical 

class includes all issues affecting on one hand the physical – typically manual – 

interaction with the device, as well as the possible tactile output the device 

produces. The method describes how taxing the analysed environments are, with 

respect to different classes, on a four-point scale. However, the method does not 

describe in detail from where the restrictions originate in each environment, as the 

findings are based on the researchers' individual experiences in the studied 

environments. There is no systematic way of making records of the environment's 

characteristics and how they cause restrictions to the user's resources. 

On the other hand, also usability testing should reveal problems related to 

how the mobile usage context affects HCI. It has been pointed out that the 

usability testing of mobile devices should be performed in the real environment 

(Goodman et al. 2004, Nielsen et al. 2006, Duh et al. 2006) or at least in 

simulated conditions that are close enough to the intended usage environment 

(Kjeldskov et al. 2004). In a literature review by Kjeldskov and Graham (2003), 

most of the usability testing of mobile devices and applications presented in the 

papers they analysed was still conducted in laboratory conditions. The user 

interfaces of currently available commercial products are quite limited in the way 

that they utilise all the available resources of the mobile user. Creating and testing 

a user interface mostly in laboratory conditions is not likely to reveal the cost of 

interaction in the real world. However, as will be shown later in Chapter 2 of this 

thesis, mobile-specific usability measures do exist. Perhaps they are not used 

widely enough when creating commercial products and the lack of rich usage of 
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various modalities results from that. On the other hand, testing reveals problems 

in interaction but does not necessarily suggest solutions. When usability problems 

are found, ideas for solving them would benefit from as rich as possible 

description of the whole context of use.  

Thirty years after Bolt (1980) presented the put-that-there concept, 

multimodal user-interface concepts aimed at ultra-mobile usage contexts are still 

only emerging. Such concepts could allow the user to switch between modalities 

at will, and the offered modalities would be selected so that they would be 

efficient with respect to the characteristics of the ultra-mobile usage contexts. An 

example of such a system is the Shoogle, presented by Williamson et al. (2007). 

In the system, the user can check, e.g., the state of the device battery by shaking it 

and feeling or listening to the output, or simply by looking at the device display.  

Alternatively, modalities could be used for augmenting each other so that 

when one modality would be more loaded in a certain usage context, the same 

information would be provided for the user through other, less burdened 

modalities. This would also allow switching some modalities off according, e.g., 

to the social context of the situation. Brewster presents such a system, where both 

visual and auditory output is used for presenting the state of a graphical button 

(Brewster et al. 1995). In practice, this kind of multimodality exists in today's 

mobile devices. On a mobile phone, alerting of an incoming call can happen 

simultaneously through the visual, auditory and tactile modalities. A different set 

of visual, auditory and tactile alert patterns can be used when a user-defined 

calendar alert goes off. When the user switches the phone to silent mode, the 

auditory pattern is omitted from the alert, but the visual and tactile patterns can 

stay the same. 

When designing such systems, a question of how to present the same piece of 

information on different modalities in a user-understandable manner rises. This 

kind of cross-modal design has been discussed, e.g., by Hoggan and Brewster 

(2007) on designing icons that present the same information in the auditory and 

tactile modalities. The definition of 'crossmodal' in the work of Hoggan and 

Brewster is related to the presentation of the same information through different 

modalities. In neuroscience, the same word is used to describe the ways in which 

stimuli through different senses affect the overall perception of a single event (see, 

e.g., Driver and Spence (1998) for a discussion of crossmodal attention). This 

thesis follows the practice in which Hoggan and Brewster use the word. 

Crease (2001) has described the design of multimodal widgets, concentrating 

on presenting the same information using auditory and visual modalities. In the 
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field of auditory interfaces, two design concepts prevail. Especially the concept of 

earcons (Blattner et al. 1989) has emerged from the idea of presenting similar 

information using sound as traditionally was presented by using graphics. Blattner 

et al. state: “Earcons, then, are the aural counterparts of icons.” The other prevailing 

design paradigm is that of auditory icons (Gaver 1986). It, too, originates from the 

idea of using an auditory presentation for things traditionally presented using 

graphics. However, Gaver discusses ways of using the qualities of the perceived 

source of a sound, for mapping the sound to its meaning. Blattner et al. concentrate 

on sounds created using an abstract structure, even though they also mention that 

representational earcons could be created in a similar manner as in Gaver did. 

For commercial products, it is not enough to present information over 

different modalities in a user-understandable manner. It is equally important to 

take into account the various aspects that users relate to the products they own 

and use. Han et al. (2001) have presented a set of criteria for product usability 

evaluation – half of which emerge from the image/impression people want to 

convey. In the case of mobile user interfaces, especially sound has the quality of 

conveying information – wanted or not – to people around the user. This has been 

seen as an obstacle for the auditory user interfaces becoming more popular, and 

the need for design quality in user interface sound design has been pointed out 

(Leplâtre & McGregor 2004). Special attention must therefore be paid to the 

aesthetics of sounds when utilising them in commercial mobile user interfaces. 

Furthermore, the identity of sounds is extremely important for the brand of the 

product and the company that built it. These issues limit the ways for creating 

user-interface sounds. The resulting sounds must carry usability value while 

simultaneously fulfilling the requirements on product aesthetics and the brand 

identity. 

1.1 Novel contributions of the thesis 

This thesis handles the dilemma of finding out obstacles that the ultra-mobile 

usage context places on the HCI, and finding commercially applicable solutions 

for overcoming those. The author believes that the lack of wide usage of 

multimodal mobile user interfaces is that their benefits are not clear. This results 

at least partially from the lack of a comprehensive and practical tool for analysing 

the requirements for interaction in various mobile contexts. In this thesis, it is 

shown that no such tool currently exists, and an analysis framework is presented 

as a candidate for such a tool. New concepts are presented as possible solutions to 
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certain selected interaction problems. These problems were revealed when 

performing the study on which the analysis framework is based. Details related to 

UI sound design and utilising a time-out as an interaction component are 

presented as tools for creating such concepts. A case study of creating UI sounds 

for a commercial device is presented. The novel contributions of this thesis are 

the following: 

– A framework for systematically analysing and modeling the mobile usage 

environment, to reveal which aspects of the environment restrict mobile 

interaction and how. Based on the analysis, clear design requirements can be 

created, pointing out how different modalities can be utilised to overcome the 

restrictions (Publication I) 

– New interaction concepts for ultra-mobile usage contexts. A technique 

utilising graphics and speech as output modalities for entering text in visually 

demanding situations (Publication II). Comparison of techniques utilising 

accelerometer-based gesture recognition in different social contexts, as well 

as a more detailed study of the accelerometer-based double tap gesture. 

(Publication IV) 

– Studies of interaction techniques to be utilised in interaction concepts. 

Special attention is paid to the commercial utility of techniques. A study on 

short and long term learning of system time-out lengths and different 

feedback schemes for the time-out occurrences. (Publication III). A 

comparison of feedback sounds to touch-screen interactions based on 

different aesthetic principles. (Publication V). New methods of altering 

sounds to present different levels of event importance (Publication VI) 

– A case study analysing how user interface sounds could be better utilised in 

commercial handheld products (Publication VII). 

Finally, the research done in the context of this thesis has contributed to several 

experimental and product-level designs. 

1.2 Contributions of the author 

This thesis is based on seven original publications. The contributions of the 

publications and the author of this thesis are as follows.  

Publication I presents a novel framework for analysing different 

environments and illustrating how they affect the user's capability to operate a 

device in each environment. A novelty in the framework is that no previous 
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research shows a systematic and formal way to analyse the usage environment 

starting from the viewpoint of the user's senses and capabilities. Another novelty 

in the framework is that it offers a way to model the restrictions caused by the 

environment. This way it is possible to compare the restrictions in several 

environments. If similarities are found, a single interaction concept can prove out 

to be useful in several environments. This is an important aspect when designing 

commercial devices. The framework also provides a way to create a mapping 

between characteristics of the environment and the restrictions they cause to the 

user's capabilities. This information can be used to illustrate how a detected 

feature of a context is relevant for HCI. This has been a major open question also 

in context-aware computing. 

The contribution of the current author in Publication I is that the author 

participated in the designing and performing the environment analysis on which 

the framework is based. The author participated in developing the idea of 

analysing environments from the perspective of each modality separately. The 

author also created the idea of the resource space in Publication I. The author was 

the main responsible for creating the framework and writing the publication. 

The second author (Koskinen) of Publication I was responsible for 

developing and testing of one of the interaction concepts presented in the 

publication, namely that of the touch screen augmented with haptic feedback. The 

third author (Liu) of Publication I participated to the environment analysis, 

especially what comes to analysing the context of bicycling in Beijing. The fourth 

author (Korhonen) of Publication I was the project manager responsible for the 

environment analysis project with the analysis framework and results. He 

prepared the first version of the framework and the publication together with the 

current author. 

Publication II describes a system aimed at enabling almost or completely 

eyes-free text entry on a mobile device, by utilising both spoken output and non-

speech sounds as user feedback for keypad-based text entry. A comparison of 

laboratory-based and mobile testing of the system was conducted. No previous 

concepts exist that would have combined manual input with audiovisual output in 

the same manner in mobile text entry. 

The contribution of the current author in Publication II was generating the 

original concept to be tested, as well as the technical implementation of the test 

system. The author also conducted the user testing and analysis of the results in 

co-operation with the first co-author (Häkkilä) of the publication. The current 

author was the main responsible for writing the Publication II. The co-authors 
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(Häkkilä and Hexel) of Publication II participated in writing the publication and 

interpreting the results of the user testing. 

Publication III presents a study on using a time-out as an input method, with 

the specific example of studying its effect on multi-tap mobile text entry on an 

ITU-T keypad. The study consisted of testing various lengths for the time until a 

cursor reappears after entering a single character, with presenting the cursor using 

different modalities. 

The contribution of the current author in Publication III was developing the 

original idea for the study, preparing the demonstrators used in the test and 

conducting the tests in co-operation with the first author (Marila) of the paper. 

The current author also participated in preparing the publication. 

The first author (Marila) of Publication III was mostly responsible for 

arranging the user tests and analysing the results, and had the main responsibility 

of preparing the publication. 

Publication IV is a study on an eyes-free input technology, namely that of 

accelerometer-based gestures performed on a mobile device. The study consisted 

of finding out the acceptance of gesture input in public, and the usability of the 

best accepted gestures. Gesture input, while not being a completely novel input 

paradigm, is still very rarely used in commercial products and the question of how 

well different gestures will be accepted among users has been open. The study 

utilised a Web-based questionnaire containing video representations of different 

gestures in different mobile environments. So far the public acceptance of 

gesture-based input had not been studied before. The results showed that a simple 

and discreet gesture of the user tapping the mobile device with his fingers was the 

best accepted one. This gesture was studied further by arranging usability tests 

where it was utilised to control various features. The results have also been used 

in productization of the gesture in Nokia mobile devices. 

The contribution of the current author in Publication IV was preparing the 

Web-based test and analysing the results, as well as participating to the design of 

the studied gestures and the usability testing of the tap input feature. The current 

author was also the main responsible for preparing Publication IV.  

The co-authors (Häkkilä, Kaleva, Colley and Linjama) of Publication IV created 

the demonstrators used in the usability testing, and were mostly responsible for 

arranging the usability tests of the tap input feature. The co-authors also 

participated in preparing the publication. 

Publication V presents a study where a concept of adding auditory feedback 

to graphical buttons was added, to aid in recovering from input errors, was tested 
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with varying designs for the auditory output. The concept is a replication of an 

earlier study (Brewster et al. 1995) that proved the benefits of the auditory output, 

but the sounds used in the test were unsuitable for a commercial product. The aim 

of the study presented in Publication V was to create an aesthetically more 

pleasing, potentially less audible set of sounds, and verify that the users can gain 

the same usability benefit from them, and to study whether the new design would 

be perceived as more pleasing among the users. The novel findings in the study 

were that the usability benefit remained even with much smaller sounds as in 

previous studies, and that users almost unanimously preferred the most discreet 

sound design over a more obtrusive one, and also over complete silence. 

The contribution of the current author in Publication V was developing the 

original idea for the test, as well as designing the new set of sounds and preparing 

the simulation to be used in the test. The author also conducted the user tests in 

co-operation with the second author. The current author was also the main 

responsible for creating Publication V. 

The second author (Häkkilä) was the main responsible for arranging the user 

tests, and also participated in preparing Publication V. The third author (Pasanen) 

was responsible for the mathematical analysis of the results. 

Publication VI presents a study where new parameters affecting the 

perceived importance of sounds were studied. In the existing literature certain 

well-known and rigorously studied parameters exist for varying the perceived 

urgency people relate to a sound. However, sounds generated with those 

parameters are typically unsuitable for commercial products, as they are often 

aesthetically unpleasing in nature. The parameters also set strict restrictions on a 

sound designer, providing only very constrained ways for designing interaction 

sounds. The aim of the study presented in Publication VI was to find new 

parameters that would be more easily applicable to product sound design. This 

approach has not been presented in existing research. The findings revealed some 

new parameters whose usefulness for this purpose had not been known before. 

The contribution of the current author in Publication VI was developing the 

overall idea of finding new parameters affecting the perceived importance of a 

sound, and preparing the sounds used in the testing. Planning and conducting the 

user tests as well as analysing the results were conducted in co-operation with the 

second author. 

The first author (Häkkilä) was the main responsible for preparing Publication 

VI. Planning and conducting the user tests were done in co-operation with the 

current author. 
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Publication VII presents a synthesis of product sound design for commercial 

handheld devices. The publication presents a new formulation of information 

from existing knowledge on things affecting sound design and usage of sound, 

and suggests solutions to the current problems. The publication also points out 

some new relevant research problems related to the field. As an example, the 

publication describes the sound design process for a commercial handheld 

product. 
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2 Usability research of ultra-mobile devices 

The history of ergonomics is probably as old as mankind. When conducting 

everyday work, humans strive for ease of use, leading to development of better 

tools. Moreover, work processes can also be improved according to the movement, 

dimensions and other human characteristics. The word “ergonomics” was defined 

by Jastrzebowski (1857). 

The usability profession emerged in the 1980s with the history of product 

ergonomics and human factors engineering (Dumas 2007). With the explosion of 

computer applications, a specific field of human-computer interaction was 

identified. The first meeting of the ACM HCI special interest group (SIGCHI) 

was held in Gaithersburg, USA, on March 15–17, 1982. The fact that the work 

done on computers mostly strains the mind of the user – not the body – led to the 

definition of “cognitive ergonomics”, emphasizing the difference to traditional 

ergonomics. 

In the 1980s, HCI typically meant interacting with desktop computers or 

computer terminals. Laptop computers were yet to be invented. Commercial 

mobile devices were yet to become widely used, even though the first commercial 

cellular telecommunications systems had been launched in Japan in 1979 and in 

the Nordic countries in 1981. Information work was done in offices. This 

background can still be seen in today's usability methods. 

The definition of usability as stated by the ISO 9241-11 standard (ISO/IEC 

1998) is: 

“the extent to which a product can be used by specified users to achieve 

specified goals with effectiveness, efficiency and satisfaction in a specified 

context of use.” 

The standard further defines effectiveness as “accuracy and completeness with 

which users achieve specified goals”, efficiency as “resources expended in 

relation to the accuracy and completeness with which users achieve goals” and 

satisfaction as “freedom from discomfort, and positive attitudes to the use of the 

product”. 

As can be seen, the definitions do not yet contain methods or metrics related 

to measuring the usability. Preece et al. (1994) present various methods in the 

Interaction Design: Evaluation chapter of their book “Human Computer 

Interaction”. These include the thinking-aloud method, which was originally 

described by Lewis and Rieman (1994). The method requires that the test 
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participants speak constantly aloud what they are thinking when using the tested 

UI. In this way, the method should reveal if something is misunderstood, not 

noticed or causes usability problems for some other reason. Preece et al. list also 

quantitative methods such as logging the user's actions in the tested software or 

performing traditional, empirical experiments with well-defined dependent and 

independent variables. As other methods, Preece et al. describe predictive 

evaluations such as inspections against specified standards or heuristics or 

performing expert walkthroughs. 

Ecological validity has been pointed out as a problem with usability testing 

also in traditional HCI (Preece et al. 1994). The problem is that the test setup and 

the environment in which the test is performed affect the results. This problem is 

emphasized in the field of ultra-mobile computing, since the traditional laboratory 

setup may be considerably different from walking on a crowded street or riding a 

bicycle. Usability problems originating from the mobile context of use are not 

revealed if both the design and testing of the user interfaces are conducted in 

typical laboratory conditions where the user is sitting down. Intuitively it would 

seem obvious that mobile-specific usability measures would be needed. 

2.1 Comparing mobile and laboratory testing 

There has been some debate over whether it pays off to perform usability tests in 

the field or whether it would be enough to conduct the tests in laboratory settings. 

A question has been raised whether testing in the field reveals more usability 

problems than testing in the laboratory. The argument for not testing in the field 

has been that well designed simulations of conditions resembling the real mobile 

context may provide relevant results with the benefit of the test conditions being 

controlled and repeatable. 

Kjeldskov and Graham (2003) analysed 102 research papers on mobile HCI, 

published in the top-level conferences of the field. The study revealed that 71% of 

testing of mobile devices and applications presented in the analysed papers took 

place in a laboratory environment. This number includes also the cases where a 

mobile usage context was simulated in an indoors environment. The authors 

speculate that this may be because laboratory experiments are easier to set up and 

conduct than field studies. Another reason seen by the authors is that mobile HCI 

has roots in computer science and HCI. As a result, the research has concentrated 

on product functionality instead of revealing issues related to the mobile usage 
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context. It is as if the researchers in the field assumed that problems specific to 

mobile user interfaces are already well known. 

Consequently, much of the potential of available user interface technologies 

are missed today. The majority of mobile user interfaces is built under the 

assumption that the user's visual, manual and cognitive resources are available for 

product use – just as they typically are in a laboratory setting. Kjeldskov and 

Graham point out the same by saying that it appears that a mobile computer is 

widely seen as a generally applicable system for a mobile context of use. 

Kjeldskov et al. (2004) have also compared a PDA-based system for nurses 

both in a real hospital setting and a laboratory setup resembling the hospital. In 

their study they found few benefits in testing in the real hospital, except for the 

fact that automatic actions taken by the device were less understandable in the 

hospital. The conclusion of testing in the field having no benefits over laboratory 

testing has been criticised (Nielsen et al. 2006, Roto & Oulasvirta 2005) about the 

laboratory environment being too similar to the hospital environment. Nielsen et 
al. (2006) performed a study where the same tasks were performed on the same 

equipment both when sitting down in a traditional usability laboratory and by 

working in an environment similar to a construction site. In their study, they did 

find significant differences in the number of usability problems found. Moreover, 

problems related to the user's cognitive load and the interaction style were only 

found in the field setting. 

In a study by Kaikkonen et al. (2005) testing a mobile application in a 

laboratory setting was compared to testing in a mobile usage context. In the study, 

no significant differences were found between the methods in the number or 

nature of usability problems found, or task times, or the user's performance. The 

application used in the study was one running on a Nokia mobile phone with the 

Series 60 user interface. The test method used in the study was the think-aloud 

protocol, which reveals high-level usability problems but does not measure low-

level performance of the users. Nevertheless, some issues related to the mobile 

usage context were revealed – e.g. the users sometimes stopped walking and went 

to a quieter spot at certain times when the task was cognitively demanding. 

The possible problems of the think-aloud protocol when used in a field test 

have been pointed out by Kjeldskov and Stage (2004). In their study, 116 research 

papers were analysed for usability testing methods of mobile devices. Kjeldskov 

and Stage present six different methods for laboratory testing and compare the 

results to those found from testing in a real pedestrian street. The number of 

usability problems found was not significantly greater in the simulated mobile 
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contexts or the real street context, compared to a situation, where the user was 

sitting down when using the system. In fact, most usability problems were found 

in the sitting down condition. The authors expect this to be caused by the think-

aloud method that was used to detect usability problems. In a relaxed condition 

the user can put all his effort to the device use and thinking aloud while in more 

demanding contexts it was more difficult to think aloud while using the device. In 

the study, tasks involving motion and navigation led to more errors found related 

to the user interface layout, and the placement and size of the UI elements, 

compared to when the user was stationary or walking at a constant speed. Errors 

in this category include hitting a wrong button or missing a button altogether. 

Duh et al. (2006) performed a similar comparison on performing usability 

tests on typical tasks performed on a mobile phone, both in the laboratory and in a 

train. They used the think-aloud method for collecting usability problems. In their 

study, testing in the mobile context revealed significantly more usability problems 

than what could be found in the laboratory. Prominent sources for usability 

problems in the train setting were the overall noise level, the fact that the train 

was moving, and the lack of privacy in the train. 

Baillie and Schatz (2005) describe the design of a mobile messaging system 

that utilises both visual and spoken I/O. After testing the system in a laboratory 

setting, users reported that they did not see much value in the multimodal output, 

but once having tested the system in the field, the opinions were reversed. In the 

study, even the performance of the users was better in the field than in the 

laboratory. It must be noted, though, that apparently the system was not really 

running on a speech recognition system but the test facilitators listened the spoken 

commands. Recognition errors therefore did not exist in the performance data. 

Another interesting finding in the study was that in the laboratory, users tended to 

stay within one modality of using a device while in the field they mixed and 

switched modalities. 

It seems that traditional usability measures such as the think aloud method 

have problems when utilised in the ultra-mobile usage context. Kjeldskov and 

Stage (2004) make a reasonable claim that that the mobile context may be so 

demanding that simultaneously performing a task on a mobile device and thinking 

aloud while also, e.g., navigating through traffic is simply too much for the test 

user. When using traditional usability measures in a mobile setting, there may be 

interesting findings on the side. Examples of these are the tendency to switch 

between modalities, as shown by Baillie and Schatz (2005) or the tendency to 

stop walking when the task gets too demanding, as shown by Kaikkonen et al. 
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(2005). However, finding the causes for the problems may still be speculative. 

More specific measures are needed for detecting what causes the errors and how 

severe the effects are. 

2.2 Mobile-specific usability measures 

The usability of mobile devices and applications is a two-level issue. On one hand, 

one cannot argue that the application logic and the provided features need to 

match the expectations and the mental model of the user. This part of the picture 

can be revealed in traditional, laboratory-based usability testing. But on the other 

hand, the restrictions caused by the mobile environment may prevent the usage of 

the application or the device completely. Or they can make the interaction so 

difficult that the user chooses not to use the device at that time. Or, the 

environment may cause interrupts to the task flow. Because of those, the user may 

forget which parts of the task have already been conducted, and it becomes an 

issue to create the UI so that the current task step is easily recognised. Interrupts 

may also disturb the usage of certain turn-based interaction methods such as 

speech recognition. These effects caused by the mobile environment are not 

revealed in the traditional usability test setup where the user is sitting down, 

talking aloud.  

In a mobile context, thinking aloud may not reveal where the interaction 

problems originate from. Interacting with the mobile device may disturb the other 

tasks the user is performing in the context, such as riding a bicycle. This is, of 

course, a problem that should be revealed by usability testing. However, a user 

may be able to perform a task equally efficiently both in the laboratory and in the 

mobile context, but at the cost of an increased workload. These issues will be 

reflected in the effectiveness, efficiency and satisfaction scores of tested user 

interfaces, but revealing the underlying reasons for the observed problems require 

usability measures tailored for the ultra-mobile usage context. 

Goodman et al. (2004) point out the lack of testing in the field and propose a 

systematical method for conducting field experiments on mobile applications, in 

order to remove some of the obstacles researchers typically see for field testing. 

They point out that in some cases, such as when studying location-based 

applications, testing in the real environment is necessary to obtain reliable results. 

Goodman et al. also present a set of usability measures relevant for 

evaluating location-sensitive applications. Most of these are relevant for other 
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mobile applications, too. Some of the measures are specific to the mobile context 

of use – for instance, the “percentage of the preferred walking speed” (PPWS). 

MacKay et al. (2005) compared three different methods for a very basic user 

interaction: that of navigating through a larger-than-screen document using a 

touch-screen device. These were compared in three different levels of user 

mobility: sitting down, walking but stopping to use the device, and using the 

device while walking. The results showed significantly better performance when 

sitting than when walking. The performance measure used was the time needed 

for target selection. There were also significant differences in the user preference 

between the interaction methods while walking.  

In a similar manner, Barnard et al. (2007) studied the effects of different 

lighting conditions and levels of user mobility (sitting and walking) on the user's 

performance when conducting simple tasks (reading comprehension and word 

search). The results showed that both variables (lighting level, user mobility) had 

significant effects on the performance in certain areas, such as the task time or 

how taxing the users evaluated the tasks to be. The measure used for the 

perceived task load was the NASA Task Load Index (TLX) (Hart & Staveland 

1988). 

Price et al. (2006) studied the effect of different levels of user mobility 

(sitting vs. walking) on the performance of a speech-recognition based system. 

Price et al. found that the walking condition increased the error rates. The 

increase was not due to increased noise level when walking, since the walking 

condition of the test was conducted on a treadmill (and the treadmill noise was 

compensated for in the sitting condition). In the walking condition the users were 

breathing more heavily, which the authors believe to be the cause of more 

insertion-type recognition errors occurring in the walking condition than in the 

sitting condition. 

Lin et al. (2007) studied the usage of stylus-based user interface in different 

mobility settings (sitting, walking on a treadmill, walking through an obstacle 

course). Target selection times did not differ between different conditions, but 

overall task times, error rates and several measures for workload did. This 

indicates that people are able to perform even in difficult conditions, but at the 

cost of increased cognitive load. The increased overall task time without increases 

in the individual target selections suggests that people are able to multitask 

effectively by switching between the mobile task and the task related to the 

mobile environment. 
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This assumption is backed up by the results of a study by Oulasvirta et al. 
(2005). The user's attention and cognitive resources have been shown to switch 

rapidly between the used device and the environment in a mobile context. This 

was measured by constantly monitoring the user's gaze and his surroundings 

using a multi-camera system. In some cases, there was a tenfold increase in the 

attention dwelling in the user's environment in a mobile context compared to a 

laboratory condition. During a download of a Web page, users spent on average  

5% of their time attending the environment instead of the mobile device, 

compared to the figure of 51% for a busy street context. 

Crossan et al. (2008) point out the problems related to mobile usability 

testing and propose an objective method of utilising an accelerometer built into 

the device to detect the user's context. Timestamped context information is then 

compared to the user's performance during tasks of text entry and hitting 

toucscreen objects. The results show that new information of the details of 

interaction can be obtained with the method. For instance, the method revealed 

that tapping touch-screen objects is correlated with the phase of the user's gait. 

Preferred gait phase angles were found, and the users' accuracy when tapping at 

those angles was shown to be higher than in other phases. The walking speed was 

also analysed in the study. However, walking speed was found to be relatively 

constant for all users. The authors assume this to follow from the rather quiet path 

that the participants traversed in the test. 

The usefulness of the percentage of the preferred walking speed (PPWS) 

measure is still under debate. Pirhonen et al. (2002) found consistent results 

between the PPWS and other usability measures of tested mobile music players, 

but Mizobuchi et al. (2005) only found a text entry task to only slow down the 

PPWS in general – no differences were found in the PPWS between text entry 

tasks of varying difficulty (proven with other usability methods). Furthermore, in 

the study by Mizobuchi et al. walking speed did not affect the text entry 

performance of each individual user. The result of Mizobuchi et al. has also been 

criticised (Lin et al. 2007) for the walking task being too easy. 

A widely studied mobile environment is that of driving a car. In addition to 

studying the driving task itself, the performance of the driver while 

simultaneously operating a mobile device has been examined. The direction of the 

user's gaze and the duration of fixations have been used as one measure (Sodhi et 
al. 2002, Nunes & Recarte 2002). Variations in the lateral position of the car on 

the lane have been used as a measure for the driving performance (Salvucci 2001). 
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Measuring the workload of the user during a task has also been used as a 

usability measure. In her book “Human Performance, Workload and Situational 

Awareness Measures Handbook”, Gawron (2008) presents over 100 different 

measurement methods. Not many of these have been applied to analysing mobile 

user interfaces, but many of them certainly could. As an example, the Nasa Task 

Load Index (Hart & Staveland 1988) is described in Gawron's book, and has also 

been widely used when testing mobile user interfaces.  

To summarize, the different measures that have been seen relevant for mobile 

usability testing in the described literature (Goodman et al. 2004, Kjeldskov & 

Stage 2004, MacKay et al. 2005, Oulasvirta et al. 2005, Sodhi et al. 2002, Nunes 

& Recarte 2002, Salvucci 2001) are presented in Table 1. 

Table 1. Mobile usability measures (adapted from Goodman et al. (2004), published by 

permission of authors. By request, parts added by the current author are emphasized 

with italics) 

Measure What does it tell us?  How is it measured? 

Timings  Performance. 

In some conditions, difficulty of 

interaction (e.g. Fitts's Law for 

pointing). 

By the experimenter via a watch or 

stopwatch. Automatically by the 

device. 

Errors  Performance. 

Particular sticking points in a task 

or design. 

By success in completing the tasks 

or answering questions correctly, 

through experimenter observation, 

examining the route walked and 

the buttons pressed. 

Performance (CPS, tapping 

accuracyt) linked to walking 

movement 

Details of how the user's 

performance is affected by his or 

her movement. 

Using an accelerometer to record 

movement, and analysis 

algorithms for showing the details 

of the user's gait, or classifying 

movement into contexts such as 

“sitting”. Analysing timestamped 

information of performance and 

movement. 

Perceived workload  Effort invested. User satisfaction.  Through NASA TLX scales and 

other questionnaires and 

interviews. 

Distance travelled and route 

taken 

Depending on the application, 

these can be used to pinpoint 

errors and to indicate 

performance. 

Using a pedometer, GPS or other 

location-sensing system. By 

experimenter observation. 
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Measure What does it tell us?  How is it measured? 

Percentage preferred walking 

speed (PPWS)  

Performance – but limitations may 

exist on reliability of this measure. 

By dividing distance travelled by 

time to obtain walking speed, 

which is then compared with 

normal walking speed. 

Comfort  User satisfaction. Device 

acceptability. 

Using the Comfort Rating Scale 

and other questionnaires and 

interviews. 

User comments and preferences User satisfaction and preferences. 

Particular sticking points in a task 

or design. 

Through questionnaires, interviews 

and think-alouds. Using open-

ended questions and forced 

choice. 

Experimenter observations  Many different aspects, 

depending on the experimenter 

and on the observations. 

Through observation and note-

taking by the experimenter. 

Glance direction, duration, 

variability 

Where the user's attention is 

focused. How much the user's 

eyes can be occupied with device 

use. 

Using a gaze-tracking system or 

manually by recording a video 

stream of the user's face. 

Driving performance Difficulty of in-car applications. Measuring average lateral 

deviation and average lateral 

speed. 

As can be seen, usability methods relevant for the mobile context of use exist, 

even though they may not be as widely used as they should (Kjeldskov & Graham 

2003).  

2.3 Cognitive models for testing mobile user interfaces 

Another way to study the usability of a user interface is to use cognitive models. 

The philosophy behind cognitive models is to create a detailed enough model of 

the human perception and information processing systems, and to analyse how 

various aspects of the task affect those. In a multitasking concept, the task must 

be considered to be a combination of the overlapping tasks. 

Preece et al. present the Keystroke Level Model as an example of a cognitive 

model. It can be used when the user interface is based on manual interaction, as it 

depends on giving cost values to atomic interactions related to manual use, and 

calculating the total cost of specified tasks. The Keystroke Level Model is a 

special case of the generic Goals, Operators, Methods and Selection rules (GOMS) 

model, described by Card et al. (1983). The GOMS is one of the most widely 
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known theoretical concepts in HCI (John & Kieras 1996). Especially its variant 

CPM-GOMS (where CPM can stand for both the Cognitive-Perceptual-Motor to 

describe its level of analysis, or Critical-Path Method to describe how it is used to 

predict a total task time) has been created to describe the parallel activities taking 

place when a user performs a task. The parallelism of activities is highly relevant 

to the ultra-mobile usage contexts where many of the usability problems root 

from the user having to conduct several tasks simultaneously. 

GOMS is based on the human-processor model (MHP, Model Human 

Processor) described by Card et al. (1983). It models how human information 

processing works based on a set of perceptual and motor processors and a central 

cognitive processor. A newer architecture called EPIC (Executive Process – 

Interactive Control) has been proposed (Kieras & Meyer 1997) and its usefulness 

in modelling multimodal interaction has been evaluated (Kieras et al. 1997). 

Multimodality is an aspect that is very relevant for ultra-mobile usage contexts, as 

certain modalities such as vision is likely to become easily overloaded. Kieras et 
al. created a number of different models and compared their ability to predict the 

performance of a human telephone operator. At best, the prediction power of the 

models was very good. The smallest average absolute error of prediction was only 

6.6% in the study. 

The work of Baber and Mellor (2001) also concentrates on modelling 

multimodal interaction. Baber and Mellor use critical path analysis to determine 

the overall user performance when using different types of multimodal user 

interfaces. They point out how bottlenecks in the interaction can have many 

different roots. Certain steps in a task may have to be performed in a serial 

manner. Certain tasks may require the usage of the same modality and therefore 

cannot be performed simultaneously. There can also be technical limitations to 

performing the tasks. 

Brumby et al. (2007a) have utilised cognitive modelling especially in the 

field of mobile user interfaces. They have described a cognitive constraint model 

to predict user performance in performing a secondary task while driving. 

Variations in the user behaviour can be modelled and predictions for the upper 

and lower boundaries for the duration of the dual task can be calculated. The 

cognitive constraint model has been used for modelling a task of dialling a phone 

number while driving (Brumby et al. 2007a) and a task of using the Apple iPod 

rotating wheel UI for making selections in lists while driving (Brumby et al. 
2007b). 
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Salvucci (2001) presents a study where cognitive architecture models were 

prepared for a driving task and different dialling tasks. These were used to predict 

the user's performance in the driving task and the predictions were compared to 

the results from actual user testing. In other words, the user's performance in the 

driving task reflected the difficulty of each dialling task. 

Cognitive models have been shown to be able to predict the performance of a 

user with a well-known and well-described task. They can be exploited as 

surrogate users, enabling quick iterations of changing the user interface and 

testing the effect of the change (Ritter et al. 2000). However, the problem with 

cognitive models is that they root from task analysis. There must be a well-

defined task conducted using a well-defined user interface in order to conduct the 

analysis. Hence, their use is restricted to analysing and comparing existing user 

interfaces or user interface concepts. 

The same problem also exists when applying workload analysis or usability 

testing. There first needs to be something to test. What is more, the analysis or 

test methods should be able to point out not only problems in the interaction but 

their causes. In order to point out solutions to the problems, the methods should 

also be able to point out less strained resources of the user. 

Currently, mobile-specific usability methods provide measures for comparing 

different interaction methods in a mobile context of use. As such they do not 

provide tools for creating new concepts otherwise than pointing out problems 

with current ones. A cognitive model may reveal that at some stage in the 

interaction one of the user's senses becomes overloaded. However, it will not 

directly offer choices for solving the problem. A more generic method for 

describing the user's overall situation can help the designer to see where there is 

room for potential solutions and which ideas are more likely to just lead into 

further problems. In other words, the user's context must be analysed and 

presented in enough detail to help new ideas to emerge. 
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3 Analysing ultra-mobile usage contexts 

With good user-interface design that would take into account the challenges 

related to the ultra-mobile usage contexts, many of the interaction problems could 

perhaps be solved. However, if most of the usability testing of mobile user 

interfaces is done in the laboratory, all of the true requirements of the ultra-mobile 

usage context do not get revealed. As a result, they do not affect the user-interface 

design. Besides, as pointed out by Cockton (2008), usability testing is often done 

at a late phase of product design and most of the major selections for the used 

technology and for the product concept have already been made. Therefore it 

would not be enough even if usability testing were mostly done in the field. It is 

much more important to include the requirements related to the mobile usage 

context in the definition of the product concept as early as possible. 

The ISO13407 standard (ISO/IEC 1999) proposes that the human-centred 

design process should start at the earliest stage of the project. The process 

includes four human-centred design activities. These activities are to understand 

and specify the context of use, to specify the user and organizational requirements, 

to produce design solutions, and to evaluate designs against requirements. The 

first two activities are about specifying the requirements for the design solution to 

be created. The standard states that relevant characteristics of the physical and 

social environment should be described. The workplace and its furniture are given 

as examples of the physical environment. Temperature and humidity are listed as 

examples as the ambient environment. Work practices, organizational structure 

and attitudes are listed as examples of the social and cultural environment. Tools 

for analysing these are discussed next. 

3.1 Gathering user requirements 

Methods for analysing the users and their needs in general, are abundant. Often 

they are qualitative in nature, collecting information that is interpreted by the 

researchers. A common way of collecting user requirements is to go and observe 

users in their natural environment. Patton (2002) lists examples of this kind of 

field-based observation methods such as participant observation, fieldwork, 
qualitative observation, direct observation and field research. Millen (2000) 

presents a method called Rapid Ethnography, concentrating on the issue of 

conducting the ethnographic study in a timely yet effective manner. Beyer and 

Holzblatt (1997) present a formal ethnographic method called the Contextual 
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Inquiry. Ethnographic methods are so widely used in finding out user 

requirements that in fact, Hughes et al. (1992) claim that there is no one method 

of ethnographic analysis. 

Another qualitative method for collecting user data is to collect a 

representative set of potential users and conduct interviews with them. Patton 

(2002) lists interview-based methods such as the informal conversational 
interview, the general interview guide approach and the standardized open-ended 
interview. Interviews can be conducted on a one-to-one basis, especially when 

they are used as a part of field studies. Perhaps more commonly, interviews are 

arranged as group interviews. Structured group interviews are often called focus 
group interviews (Morgan 1997). 

The main goal in using these tools is to clarify the needs of the intended user 

of a product, in order to clarify the problems to be solved by the product designers. 

Typically the resulting product is an application or a device that enables the users 

to carry out certain tasks – for instance, an application for following the results of 

the user's favorite sport (Holzblatt 2005) or a mobile device specially aimed at 

teenage users (Berg et al. 2003).  

However, as the research methods stem from the background of workspace 

analysis, the tools are inadequate for analysing the ever-changing ultra-mobile 

usage contexts. More specifically, the analysis of the usage environment has been 

defined in a superficial manner. There is no systematic way to illustrate precisely 

how the environment affects, e.g., the availability of the user's senses or cognitive 

resources. The handbook of qualitative design written by Patton (2002) mentions 

that the physical environment in which a field study takes place, should be 

described. But the book does not go on to describe exactly why and how the 

description should be done. It is left to the researcher to notice if and how the 

environment affects, e.g., device use – or how it would affect it, if a person were 

to use a device. 

As a result, the design solutions typically are inherited from the world of 

computers. For example, the mobile sports application design, described by 

Holzblatt (2005) utilising the Contextual Inquiry method, does not include at all a 

design phase, where other modalities than vision and manual use would have 

been considered. As a result, the paper states: “How could we display all that 

information on such a small screen and make it readily available and readable at a 

glance” – with no consideration that all the information would not necessarily 

have to be presented on the small screen, but perhaps as sound or a tactile pattern. 
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3.2 Research of ultra-mobile usage contexts 

Currently, context-aware computing is an active field of research studying mobile 

usage contexts. Several attempts to provide frameworks for analysing and 

modeling the mobile context have been proposed. Within the field of HCI, 

analysing the role of the ever-changing ultra-mobile context of use is still just 

taking shape. This is probably due to the history of usability research being in 

HCI which traditionally took place in a controlled working environment. Lately 

the fields of context-aware computing and HCI have been approaching each other. 

On one hand, more applications are being available through mobile devices, and 

on the other hand, researchers of context-aware computing becoming more aware 

of that measuring and modeling the context is rather irrelevant unless one can 

show how the user can benefit from it. 

Mobile usage contexts are often so demanding that solutions are not obvious 

when problems are spotted. For instance, it is not straightforward to replace 

manual input with spoken input, even if the accuracy and the vocabulary of the 

speech recognition system were adequate. The mobile device is typically in the 

user's pocket or purse, so some manual interaction would be required to access its 

microphone. Social restrictions may prevent the usage of a speech recognition 

system in mobile contexts. Environmental noise can disturb speech recognition. 

In an office context, the microphone can be more easily arranged to be constantly 

near the user. The level and quality of noise is often rather constant, so the speech 

recognition system can be tuned to compensate for it or noise level can be 

reduced with room structures. In offices, adequate sound insulation can be 

arranged, and the social situation in the workplace is more tolerant to work-

related interaction. In other words, in an office context, problems related to 

manual input may more easily point towards utilising speech recognition. In a 

mobile usage context, problems related to speech recognition may point towards 

considering also other methods, such as modifying the manual input to require 

less accuracy by utilising gesture recognition. Another reason for a different 

selection of modalities is the typically available user interface technologies. 

Paternò (2005) points out that the differences in the available screen sizes have an 

effect on selecting modalities for presenting information on an office PC or on a 

mobile device. Currently the Tablet PC form factor combines the large screen 

with at least some level of mobility. However, it is still questionable how much 

one would use a Tablet PC while walking. A good method for analysing the ultra-

mobile usage context would reveal the possible problems in digging up and using 
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the device in an ultra-mobile usage context. Those findings would then enable the 

designer to evaluate whether usage of such a device is realistic or whether, e.g., a 

wearable accessory providing control for the PC would be more useful. Such an 

analysis method would fulfil at least the following requirements:  

– It would have to be simple enough to be used in practical product design. The 

results should be easy to interpret and their implications on product design 

should be clear. In other words, the effects that the environment has on the 

interaction should be well illustrated by the method. 

– It should be as complete as possible. It should take into account all the user 

resources that can be practically considered to be utilised in the user interface. 

– It should also be complete in the sense of pointing out all the relevant 

environmental factors related to user interaction. For instance, there can be 

several factors disturbing the usage of visual displays. One aspect is that the 

user's vision may have to be occupied elsewhere. Another aspect may be that 

the user is unable to hold the device so that he can see it. Yet another aspect 

may be that the environment is so bright that it is difficult to present 

information adequately using current display technologies. 

– In order to fulfil the previous requirement, the method should be able to point 

out what kind of relevance environmental factors have on the user interaction. 

This would be a benefit also for context-aware computing systems, since the 

environmental factors are issues that can be sensed by the system, and by 

knowing their effects on the user interaction, the sensed data could be utilised 

to modify the interaction.  

The requirement for practicality roots from the fact that product design is often 

hectic and there is little time for interpreting results and turning them into product 

requirements. The requirement for completeness aims at pointing out 

opportunities related to all of the user's resources that in practice can be 

considered to be utilised in the user interface. It is the available UI technologies 

and interaction techniques that define what is practically useful. The 

completeness also means that no issues causing restrictions to a resource are 

missed in the analysis. It is obvious that when considering the utilisation of a 

certain resource, all things affecting it need to be taken into account.  

The relevance of the environmental aspects gets defined as a side-effect when 

considering all things affecting each resource. When analysing how restricted the 

usage of a certain resource is, one needs to define where the restrictions come 

from and how. This information can be used for enriching the description of the 
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environment, making it more clear how the environment affects use and how the 

restrictions could perhaps be overcome. If an analysis method does not make a 

point of describing how an aspect of the environment affects interaction, there is a 

risk that analysis is done in a superficial manner. For instance, if one lists only 

“bright sunlight” as an aspect affecting the sense of vision, it is left for the 

designer to estimate how that affects device use. Often it is the designer's own, 

previous experience that then defines how the illumination is taken into account 

in the device design. 

Current proposals for analysing the context of use either only touch the 

relations between the environment and the user, or when going more deeply into 

the analysis, still fail to describe those relationships adequately. In context-aware 

computing, the aim typically is to recognise a context based on sensor readings 

and the internal state of a device. A good overview of existing research on 

describing contexts is presented in the PhD thesis of Korpipää (2005). It can be 

seen that the focus of the research is recognising the user's context, but the next 

step of describing how the device should react to the context is typically left open.  

In the field of user interface research, few studies exist that would concentrate 

on describing how the environment affects the human-device interaction. None of 

the existing studies takes a systematic approach in describing the effects of the 

environment. Context-aware computing provides tools for recognising contexts 

and different characteristics of them. User studies should reveal what the effects 

of these characteristics are and how user interface solutions could overcome them.  

3.2.1 Existing user research methods and ultra-mobile context of 

use 

Let us now analyse some of the current user research tools with respect to how 

they propose the usage environment to be studied, and how well that fits to the 

ultra-mobile usage contexts and the situationally-induced impairments in them. 

Table 2 presents a list of existing research on studying usage contexts and the 

variables proposed to be analysed in the presented methods. 

The Contextual Design method (Beyer & Holzblatt 1997) - part of which is 

the Contextual Inquiry - aims at conducting field studies and building models of 

the intended users' usage contexts. The work models are the following: 

– The flow model 

– The sequence model 
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– The artifact model 

– The cultural model 

– The physical model. 

Of these, the physical model aims at describing the physical environment in 

which the intended product is to be used; a description of the space where the 

work takes place. Beyer and Holzblatt state: “The physical environment is the 

world people live in: the rooms, cars, buildings, and highways they move about 

and work in; how each of these spaces is laid out so that it supports work; and 

how they use these spaces in the process of working.” 

The key phrase in the description is “is laid out” – in other words, the model 

assumes that the environment has been constructed to aid the work. While this 

principle makes great sense when building office applications, it is far less useful 

when designing mobile devices. Mobile devices are often used in situations where 

the user has had no chance of affecting the environment – for instance, when 

walking on a street.  

Furthermore, the physical environment in an office building has typically 

been arranged so that there are no great limitations to using the human senses. It 

is therefore no surprise that the physical model in the Contextual Design method 

makes no explicit point of describing how the environment affects the user's 

senses and abilities to operate devices.  

The Contextual Design method has been designed as a tool for aiding 

everyday product design. It is very practical and aims at generating clear 

requirements and ideas for product design. However, it does not aim at utilising 

all possible resources of the user. It is incomplete both in analysing all practically 

possible user resources or things affecting them. Hence, it is far less useful for 

analysing the challenges of the ever-changing mobile environment. Problems 

caused by the environment can be pointed out in the different work models of the 

method, but there is no model explicitly describing the environmental effects, 

their causes or effects. 

Hackos and Redish (1998) present a method for user and task analysis. Its 

aim is similar to that of the Contextual Design in that it starts from doing field 

research among the intended user, and utilising data gathered from there in 

designing systems and applications. Hackos and Redish describe the phase in 

which the user's physical environment is to be studied in more detail than Beyer 

and Holzblatt.  
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These factors (and others that have been observed) are to be used when 

creating Environment profiles that describe the place where the intended product 

is to be used. Hackos and Redish mention that the list is not exhaustive. However, 

expanding the list would most likely happen by studying how the environment 

currently disturbs the tasks the user is performing, using the current devices. The 

method therefore would be unlikely to reveal possible problems with future user 

interfaces. This would, however, be important as when designing a solution for a 

current problem, one can easily create an equally problematic solution. For 

example, a current problem of difficult initiation of phone calls when cycling (due 

to the user's hands and vision being mostly needed for the cycling task) could be 

solved by a speech recognition system. In practice, though, the wind noise picked 

by the device microphone could easily render this solution useless. Therefore it 

would be important to make a note that there is wind noise in the environment, 

even though it does not necessarily pose a great problem for current usage. 

Like the Contextual Inquiry, also the method of Hackos and Redish is suitable 

for practical product design. In a similar manner, it also lacks a systematic way of 

analysing how the environment affects the user's resources. It does not provide a 

method for going through all the available resources in a context to see which 

ones of them would best suit the situation. Hence, it is mostly useful for analysing 

contexts with relatively few or obvious restrictions. 

A more complex framework for creating mobile scenarios has been presented 

by de Sá and Carriço (2008). Their aim is to analyse mobile usage contexts, and 

utilise the data in creating scenario descriptions that aid in designing mobile 

devices and applications. The framework consists of three parts: Contextual 

scenarios, Scenario transitions and Scenario variables. The Scenario variables are 

used as building blocks when building definitions of the Contextual scenarios. 

The framework described by de Sá and Carriço has a practical approach, as it 

defines easily understandable variables such as whether the user is sitting or 

standing. However, it is incomplete in many respects. For instance, the framework 

lists “movement and posture” as one scenario variable. As another variable, 

affecting the user's workload, the framework mentions “activities”. However, if 

the activity of the user is, e.g., bicycling, and the posture is related to the 

bicycling task, the framework provides little means for describing exactly how 

those affect the usage of a mobile device. The framework does not describe a 

comprehensive way to analyse how all of the factors of the environment affect 

each resource of the user. It is left for the researcher to spot or miss these effects. 
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Kim et al. (2002) present a framework for analysing mobile usage contexts 

and how they affect the usage of mobile Internet. The context variables presented 

by Kim et al. are rather limited and it is questionable whether they are enough to 

describe a usage context. For instance, the cognitive load implied on the user by 

the different tasks in the context has not been listed among the context variables 

at all. Furthermore, the study by Kim et al. relied on users reporting their context 

while using current mobile Internet services with the currently available user 

interfaces. So, possibilities for future user interfaces were not logged at all – for 

instance, cases where a system is currently not used due to some restrictions in 

the environment. Nevertheless, Kim et al. do present some realistic parameters of 

a context – e.g. by studying whether the user is walking or stopped when using a 

mobile device. The method of Kim et al. has a practical starting point – analysing 

a concrete task of using the Internet with a mobile phone. Its underlying 

principles certainly could be used for analysing also other kind of mobile device 

usage. However, it too is far from being complete in describing how the 

environment affects device use. For instance, the method mentions “visual and 

auditory disturbances in the environment” but leaves it to the researcher to define 

what the effects are. As a result, the method does not generate very practical 

requirements for the user interface. 

In the field of context aware computing, Sears et al. (2003) have pointed out 

the lack of analysis methods for mobile usage contexts. In a previous article Sears 

& Young (2003) have defined the term “situationally induced impairments and 

disabilities” (SIID), pointing out that depending on the usage situation, any user 

can have similar disabilities to use a mobile device as those with permanent 

physical conditions such as a vision or hearing impairment. This definition 

certainly is useful in any analysis of mobile device use in an ultra-mobile usage 

context. The philosophy is, in fact, the basis for any analysis technique that 

concentrates on studying how the environment restricts the usage of certain user 

resources. The context model defined by Sears et al. (2003) mentions that the 

available I/O channels should be taken into account when analysing an 

environment. In practice that means the available UI technologies, so from this 

respect the framework is very practical. However, the framework apparently does 

not even aim to provide a complete method for analysing mobile environments 

but rather points out what all can have effects, and presents some examples. 

Obrenović et al. (2007) take a similar approach, pointing out that there are 

several layers of constraints between the device and the user. A message to be 

conveyed is constrained by the characteristics of the device, the environment, the 
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social context and the user. Some of the user's characteristics may be static; for 

instance, one may be blind. The device constraints can be affected by designing 

new devices. The rest are dynamic and depend on the context of use. Obrenović et 
al. provide examples of what the constraints may be and where they originate 

from, but these are provided in an ad-hoc manner. No formal way of collecting 

the constraints and analysing their effects is provided. However, the model does 

aim at pointing out the restrictions of the environment (or the user's 

characteristics), so from this respect its underlying philosophy is very pragmatic. 

What is still missing is the systematic approach of listing which resources of the 

user could be utilised in the user interface, and in which possible manners the 

environment affects them. The study of Obrenović et al. only provides examples 

of whence the restrictions generally could stem. 

Lemmelä et al. (2008) present a method for designing mobile user interfaces 

by observing users in mobile environments and making records of how the 

environment affects human-device interaction. One viewpoint in their method is 

to list restrictions according to what they affect. Lemmelä et al. classify the 

findings into groups of aural, visual, physical, cognitive and social restrictions. 

This information is then used for building storyboards describing the contexts. 

The findings are used as food for thought when creating the storyboards. This is a 

very practical approach and the findings should be useful in product creation. 

However, it is still easy to miss opportunities with the method. It does not include 

an explicit step where each resource of the user would be analysed according to 

how the environment affects it. The effects are also listed on an implicit level only. 

The method is not complete in the sense of analysing all available resources or on 

the other hand in the sense of analysing everything in the environment that has 

effects on certain resource. 

Sears et al. (2003) present an analysis of proposed descriptions of the notion 

of 'context' in context-aware computing, and point out that many of them have 

good high-level descriptions, but the relation of the characteristics of a context 

and their relevance to the user is often left vague. Sears et al. present a 

combination of how the notion of 'context' has been defined by Dey et al.(2001) 

and Schmidt et al. (1999a), adapting their selection of context variables from 

those publications. 

In another paper Schmidt et al. (1999b) have provided a model for context 

that is a bit more thorough than in the one (Schmidt et al. 1999a) used by Sears et 
al. It, as well, is intended to be used in context aware computing, but like the 
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paper by Sears & Young (2003), it includes considerations that are relevant for 

any analysis of the mobile usage context.  

Table 2. Previously proposed environment analysis variables (I, reprinted by 

permission of Taylor & Francis). 

Originator Human Environment Application/ activity 

Hackos& Redish 

(1998) 

- User (background 

knowledge, mental 

models, vocabulary) 

- Individual differences 

(personal characteristics, 

physical differences, 

cultural differences, 

motivational differences) 

- The working environment 

(home, office, laboratory) 

- The working space 

- Noise 

- Dirt 

- Lighting 

- Temperature 

- Speed 

- Power sources 

- Proximity to information  

sources 

- Danger 

-Task flow (workflow 

analysis, job analysis) 

- Frequency 

- Criticality 

- Time to complete 

- Difficulty 

- Division of responsibility 

de Sá & Carriço 

(2008) 

- Sitting 

- Standing 

- Walking 

- Movement impaired 

(sic!) 

- Visually impaired 

- Heterogeneity 

- Lighting 

- Noise 

- Weather 

- Obstacles 

- Social environment 

- Cognitive distractions 

- Physical distractions 

- Criticality 

- Activities 

- Single-handed 

- Dual-handed 

- Stylus/ Finger/ Keyboard/  

Numeric pad 

Kim et al. (2002) - Internal context; goal 

and emotion during 

system usage 

- Physical context; visual 

and auditory disturbances in 

the environment 

- Social context; number of 

people around the user and 

the amount the user 

interacts with them 

- External context; usage of 

hands and legs while using 

a system 

Sears et al. (2003) - User; identity, 

preference, 

biophysiological 

conditions, emotional 

state  

- Social environment; 

existence of other people, 

social interactions 

- Location 

- Physical conditions; e.g. 

lighting, noise, temperature, 

speed 

- Infrastructure; embedded 

- Activities; walking, filling 

out a form, looking for a 

phone number, following a 

map 

- Functions; e.g. backlight 

control, font size 

adjustment, zoom 

- I/O channels; e.g. touch 
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Originator Human Environment Application/ activity 

devices, sensors, 

communication protocols 

screen, voice command, 

gesture recognition, audio 

output, vibration 

Schmidt et al. 

(1999b) 

- User - Social Environment 

- Light 

- Pressure 

- Acceleration 

- Audio 

- Temperature 

- Infrastructure 

- Location 

- Task 

Obrenović et al. 

(2007) 

- Disability (an extensive 

list, e.g. blindness, poor 

acuity, clouded vision) 

- User's current state 

(emotional context) 

(Lists issues related to a 

driving context as an 

example) 

- Traffic situation 

- Noise level 

- Visual conditions 

- Weather condition 

- Social context 

- Driving (listed as an 

example) 

Lemmelä et al. 

(2008) 

- User's long and short-

term abilities 

- Aural restrictions (e.g. 

traffic, conversation, 

footsteps) 

- Visual restrictions (e.g. 

amount of natural light, 

artificial lighting) 

- Physical restrictions (e.g. 

clothing) 

- Cognitive restrictions 

(social situation, amount 

and type of traffic, walking 

surface) 

- Social restrictions 

- Aural restrictions (e.g. 

conversation) 

- Visual restrictions (e.g. 

following the environment) 

- Physical restrictions (e.g. 

person's plan and schedule, 

pace of walk) 

Pascoe et al. 

(2000) 

- User (with possible 

impairments) 

- Visual / Auditory / Tactile 

restrictions based on 

environment 

- Visual / auditory / tactile 

restrictions based on 

current task  

- Available I/O techniques 

(display, microphone, 

loudspeaker, buttons) 
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All of the methods presented above aim at practical findings that can be used to 

guide product development. However, none of them aim at completeness in 

addressing either all the potentially available user's resources or all factors that 

affect them. When this approach is lacking, there is a risk that the solutions which 

designers create are not fully utilising the available resources of the user, as there 

is no systematic way to analyse each potential resource at a time. Furthermore, 

when creating new solutions, there is a risk that the solutions themselves create 

problems in the target environment. Speech recognition may enable eyes-free 

interaction, but for example wind noise because the user is moving while 

bicycling may prevent its use in practice. As another example, a designer might 

compare the benefits of auditory and tactile output for eyes-free presentation of 

information. If the environment analysis has not been conducted thoroughly, it is 

easy to miss things such as the environment causing vibrations that mask the 

tactile output of the device. 

One important factor lacking in all of the presented methods is that of 

modelling how the environment affects interaction. Instead, they present 

examples, and in the case of Lemmelä et al. (2008) the findings are used for 

creating storyboards. For designing commercial products, it is important to 

evaluate how widely useful an interaction concept would be. In order to do that, 

similarities between different environments must be analysed. It is noteworthy 

that the similarities should exist in the restrictions the environments cause for the 

interaction. It is not necessary for the environments to be physically similar; a 

restriction may in one environment originate from the physical characteristics of 

the environment, and in another from a typical task the user is performing. 

Therefore it is important to model the restrictions that the different environments 

cause, not necessarily the physical characteristics of the environments. The 

importance of recording the physical – and other – characteristics is in keeping 

track of what causes the restrictions. 

3.2.2 Using models in analysing ultra-mobile usage contexts 

If cognitive models can be used to analyse the usability of user interfaces, a 

question rises whether they can also be used for analysing the effects of the 

environment.  

A benefit in cognitive models over other environment analysis methods is the 

capability to model cognitive constraints. At some point, performing several tasks 

such as walking and operating a mobile device becomes simply too difficult, 
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regardless of which UI technologies are used. To a great extent, the restrictions in 

current usage of mobile devices are related to the environment causing 

restrictions to the same resources that the mobile user interfaces utilise. These can 

be pointed out by using the environment analysis methods described in the 

previous chapter. However, showing when the cognitive effort becomes too great 

requires a way to model the human information-processing system. Sigman and 

Dehaene (2005) present a simple but effective model for characterising the 

“mind’s bottleneck” and analysing which components of a mental operation can 

be run in parallel and which must be run serially. 

This is the field where cognitive models become important. With those, it can 

be shown how taxing a certain interaction concept is likely to be, and problematic 

steps in the interaction can be pointed out. Baber and Mellor (2001) use critical 

path analysis to show dependencies between different resources of the user. They 

present a number of simulations of concurrent tasks utilising various resources 

and show that the user's performance predicted by those simulations is quite 

accurate when compared to real performance of users.  

However, as a generic analysis tool, cognitive models are too constrained. 

They are based on well-defined tasks and user interfaces that can be analysed 

down to the last detail. When concepting new interfaces for mobile usage 

contexts, the user interfaces have not yet been created. 

Sutcliffe and Faraday (1994) present a model-based approach for designing 

multimodal multimedia user interfaces. They start by building a task model 

representing a task of handling emergency situations on a shipboard. They then 

proceed into selecting presentation modalities based on the type and time of 

information to be presented. However, selecting modalities based on which user 

resources are available, is missing from the study. This surely results from the fact 

that the shipboard environment is relatively static and the available resources 

remain constant for the most of the time. Choosing the best presentation modality 

based on the information type is definitely important when designing multimodal 

user interfaces. However, if the user's context prevents or disturbs the usage of the 

needed modality, it should be considered whether the presentation would be 

changed. The amount of presented information can perhaps be changed, or 

perhaps the second best modality for the presentation should be chosen. The 

model-based design method presented by Sutcliffe and Faraday supports finding 

the best modalities for presenting information and receiving user input. It starts 

from abstract models representing the user's task and on the other hand the 
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information types and media offered by the computer. What is still lacking is a 

way to include the aspects of the user's environment that affect interaction. 

3.3 Analysis framework for usage environment 

Publication I describes a novel framework for analysing and modelling the usage 

environment, taking the user's senses and capabilities as a starting point. User's 

senses are typically related to the output modalities provided by the device, and 

the capabilities to the input modalities. A capability can, for example, be the 

ability to manually operate the device. Each capability can be affected by many 

different aspects of the environment. Therefore the framework separates features 

of the environment (naming them “environment variables”) and capabilities of the 

user (naming them “resource variables”). There can be a many to many mapping 

between the two variable sets. One resource can be affected by many aspects of 

the environment, and one aspect of the environment can affect several resources. 

The framework in Publication I defines a space called the “resource space” 

with the user's senses and capabilities (jointly called as “resources” in the 

publication) as axes. The capabilities and senses are analysed not only from the 

point of view of the environment itself, but also through typical activities in the 

environment. For instance, one could define an axis of how well the user can use 

his vision, and place the zero value to, e.g., a situation where it is completely dark, 

or when the user's vision is completely required for some other task than mobile 

device use.  

The resource space affects both the input and output modalities that could be 

used for operating a device in the studied context. The number of possible output 

modalities for the device is rather fixed, as it is related to the five senses and the 

cognitive capabilities of the user. Currently, mobile user interfaces utilise the 

senses of sight, hearing and touch, but even the senses of smell (Brewster et al. 
2006) and taste (Maynes-Aminzade 2005) have been suggested as output 

modalities. The number of resources related to input modalities of the mobile 

device is even more limited today. In Publication I, only manual input and speech 

recognition have been considered. However, this simply reveals a lack of 

currently existing input technologies. While manual input is a rather large area, 

covering things like gesture recognition in addition to pressing buttons, hands are 

still not the only body part that could be used for device operation. For instance, 

the user could use head movements or blink his eyes to control a device. Since 

these technologies were not practically available when the study presented in 
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Publication I was conducted, they were omitted from the studied capabilities of 

the user. The framework itself does not restrict the number of studied modalities 

in any way. 

Another space that is mentioned in Publication I is called the “environment 

space”. It describes the physical (and more abstract such as social or cognitive) 

aspects of an analysed environment. It is simply built from the different measured 

(or observed) pieces of data in the different environments. A measurement could 

be, e.g., the average background noise level, or the average number of people 

around the user, or the amount of interaction the user has with the other people 

around. In many cases, these values would not be direct measurements but 

classifications. For instance, one variable that has been proposed in Publication I 

for describing a certain aspect of the user's environment is that of how demanding 

the situation is socially. If the user is alone, the situation is not socially demanding 

at all while in a meeting where, e.g., disturbing others would be not be looked 

kindly upon, the situation can be considered to be socially very demanding. In 

practice, it is somewhat subjective how socially demanding a person considers a 

situation to be. This aspect of the environment is therefore best described by just 

classifying the situation roughly, e.g., on a three-step scale varying from “not 

demanding at all” to “very demanding”. In a similar manner, the cognitive 

demands were collected mostly by self-evaluation and simple reaction time tests. 

As has been discussed above, in contexts where there is a clear primary task (such 

as cycling or driving), a cognitive model could have been used to model the 

cognitive demands of the task. However, in the study described by Publication I, 

this depth of analysis was not taken. Nevertheless, for the sake of completeness 

both social and cognitive demands of the environment should be taken into 

account in the environment analysis, even though in the future this analysis can be 

done in more detail than in Publication I. 

The key to using the framework is in the mapping between the environment 

space and the resource space. This mapping tells us how different resources are 

affected by different aspects of the environment. The measured or observed 

values of the environment variables then tell how loaded a certain resource is in 

the studied context. Selecting the modalities to be used in that context then 

depends on which resources are less burdened. The type of information to be 

transferred between the user and the device also affects that selection (Sutcliffe & 

Faraday 1994, Lemmelä 2008) - but that is beyond the scope of Publication I. 

In context-aware computing, efforts have been made to model the context of 

use, but so far the relevance of different characteristics for the HCI has been 
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mostly shown implicitly. It has been pointed out by Barnard et al. (2007) that 

currently it is becoming possible to measure many kinds of potentially relevant 

data, but so far the research community has been unable to define how to use it in 

a manner relevant for the user. Barnard et al. state: “what is missing is an 

understanding of how changes in context affect the user.” 

In the framework described in Publication I, relevance of the characteristics 

of the environment is explicit. The connections between a characteristic of the 

environment and the available capabilities of the user define how that 

characteristic is relevant for user interaction. In other words, the mapping from 

the environment space to the resource space defines this relevance. For example, 

a characteristic of the environment can be that there is background noise, mostly 

caused by people speaking. This characteristic can have several links to the 

capabilities of the user and the mobile device. The noise can prevent the user 

from hearing sounds that the device may play. It can also affect the user's ability 

to concentrate on device usage. Moreover, it can disturb the speech recognition 

capability of the mobile device. If the definitions of these links are valid then the 

findings are always relevant. They started from real capabilities of the user, 

affecting device use. This approach has two benefits. First, the analysis can be 

reasonably complete. There is a limited set of capabilities that are taken as the 

starting point for the analysis. The number of analysed characteristics of the 

environment can be limited to those affecting the selected capabilities. Second, 

the findings can be easily interpreted as user interface requirements, leading to 

design ideas. If the system were to concentrate on recognising, e.g., that the user 

is walking, then the question of how the walking affects his capability to operate a 

mobile device would still remain open. 

Another novel approach in Publication I is that by clustering different 

environments according to how they affect the user, it may be possible to find 

environments that are not similar at first sight, but pose similar restrictions on the 

user. Flanagan et al. (2002) have proposed unsupervised clustering of 

environment data. However, their concept is based on clustering similar sensor 

data together – not cases where similar restrictions would be placed upon the 

user's resources. These two can be the same, but not necessarily. For instance, 

restrictions on the usage of sight can be caused by lighting conditions (which can 

be detected easily with sensor technology) or typical tasks in the context (which is 

difficult to detect by using sensors). Publication I presents a novel approach of 

clustering environments based on their effects on the user's resources, not based 
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on the characteristics of the environments themselves. This information can then 

be used for creating products that would serve the user in several environments.  

Finally, Publication I presents an example of analysis conducted by using the 

framework. Five different usage contexts were analysed and an example of 

clustering three of them is presented. Publication I provides an example mapping 

– that can still be expanded – from the points in the environment space, related to 

the analysed environment, into the resource space related to the user. Publication I 

also presents three user interaction concepts that have their roots in the analysis 

described in Publication I. Two of these are presented in more detail in 

Publications II and IV of this thesis. 

So far no previous research has taken the approach of systematically listing 

the resources of the user where corresponding UI technologies are available, and 

analysing one by one what in the environment affects those resources and how. 

The work by Lemmelä et al. (2008) has a similar underlying philosophy, but the 

method does not systematically analyse all the relevant capabilities and senses. 

What is more, the idea of clustering environments based on similar effects on the 

user's resources is novel in Publication I. 

As the framework presented in Publication I starts from the viewpoint of the 

user's senses and capabilities, it provides means for a much more complete 

analysis of a context than previous efforts. It is, after all, those senses and 

capabilities that define what the user can do in a certain context. Previous 

approaches of starting by trying to describe the user's context as accurately as 

possible have run into the problem described by Sears et al. (2003). The relation 

between a characteristic of a context, and what kind of a situational impairment it 

leads to, has been implicit. In some cases it can be obvious – for instance in very 

noisy environments the user can't hear the device sounds unless those are played 

through headphones. But even in those cases it has been easy to miss, e.g., the 

fact that the noise also has other effects such as disturbing the user's concentration. 

Or, the background sounds as such might not make device sounds inaudible, but 

the user needs to concentrate on the sounds, which makes the auditory channel 

overloaded. Starting separately by listing on one hand what the user is able to 

hear and on the other hand what he is able to concentrate on reveals these 

problems. 

Let us now compare the framework of Publication I against the requirements 

listed in Section 3.2. The framework has originated from practical purposes of 

product design, so it aims at creating easily understandable and practical 

descriptions of how the environment affects mobile device use. The mapping 
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between the environment space and the resource space provides a clear way of 

describing the effects of the environment. The framework starts by thinking of the 

foreseeable UI techniques, and listing the resources needed for utilising those. In 

Publication I it is presumed that no UI technologies utilising the senses of taste 

and smell will be available in the near future, so those are also left out of the 

design. From this point of view, the framework is complete – all the resources that 

are presumed to be relevant are analysed. 

The completeness of the analysis in the sense of going through everything 

that affects a resource, is always debatable. The underlying philosophy of the 

framework is aimed at completeness, but in practice it was limited how far this 

analysis could be taken. Especially in the case of the cognitive resources and the 

social situation the study described in Publication I takes a rather shallow 

approach. For certain environments, things like dual task performance were 

measured. In practice, cognitive models could have provided more detailed 

analyses of where interaction becomes too difficult, regardless of the available UI 

technologies. Especially when evaluating the newly created interaction concepts, 

cognitive models can provide valuable tools for evaluating their usefulness based 

on their cognitive demands. 
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4 User interface design for ultra-mobile usage 
contexts 

In previous chapters, pointing out and analysing situationally-induced 

impairments has been discussed. This chapter concentrates on ways for building 

out solutions for them. Special emphasis is put to designing solutions that would 

be feasible and acceptable on consumer devices. User interface designs presented 

in Publications II – VII will be discussed, and evaluated against the analysis 

framework described in Publication I. 

Multimodal user interfaces have often been proposed as a solution for 

enabling system use in varying mobile usage contexts (Brewster et al. 2003, 

Kernchen et al. 2005, Lumsden & Brewster 2003, Oviatt 1999, Roessler et al. 
2001, Sears et al. 2003, Serrano et al. 2006, W3C 2010). However, there are 

several kinds of multimodality, some of which are better suited for ultra-mobile 

usage contexts. Multimodality has been argued to lead into more natural user 

interfaces (Turk & Robertson 2000, Martin et al. 2001). While this may be true, it 

is a long-term goal. On short term, there are pressing issues in that the 

situationally-induced impairments often prevent usage of a mobile device at all in 

many usage contexts. 

Therefore, the most beneficial types of multimodality for ultra-mobile use are 

those that allow using which ever modalities are available at a certain time. 

Systems that aim at increased user interfaces efficiency by allowing the user e.g. 

to point and speak simultaneously are probably better suited to office 

environments. In ultra-mobile situations neither pointing nor speaking is often 

suitable. Pointing typically requires the use of two hands (one to hold a device, 

another to point) and the typical background noise in mobile contexts can 

decrease the accuracy of the speech recognition system. 

4.1 Multimodal UI in ultra-mobile usage contexts 

In this thesis, the human-centred definition of multimodality (Baber & Mellor 

2001) in user interfaces is used. The definition is based on the five sensory 

modalities through which people can receive information, and the at least two 

response modalities through which they can provide information. Multimodality 

can also be approached from the viewpoint of multisensory processing (Patton et 
al. 2002) where the emphasis is on studying the brain mechanisms behind 
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simultaneous use of the human senses. However, that is beyond the scope of this 

thesis. 

The human-centred definition (Baber & Mellor 2001) of multimodal HCI is 

based on the five sensory modalities through which people can receive 

information, and the at least two response modalities through which the user can 

present information. A modality can be seen as an information channel between 

the device and the user. The sensory modalities are related to the user's five senses. 

Response modalities are related to ways through which the device can sense 

user's input. In this thesis, input modalities are generalised into the manual and 

spoken inputs. These can be further divided. Means of manual input can include 

the usage of buttons, gestures or a touch screen. Means of spoken input can 

include speaking, but also whistling or making other non-speech sounds. Baber 

and Mellor also describe a technology-centred definition of multimodality, which 

is based on the different modes (e.g., a visual display or sound) through which a 

system can present information and the interaction devices (e.g., a keypad) 

through which it can receive user input. In practice there is a clear link between 

the two. A system can only interact through its different input and output modes. 

When designing a new device, there must be some knowledge of the technologies 

that are feasible to use. It is therefore fruitful to concentrate on those modalities of 

the user that can exploit the available technology. Typically the senses of smell 

and taste can be omitted from the design since technologies capable of producing 

those sensations are not available for mainstream product design. 

Nigay and Coutaz (1993) define multimodality as follows: “Multimodality is 

the capacity of the system to communicate with a user along different types of 

communication channels and to extract and convey meaning automatically.” The 

definition emphasizes that the presentation of information in different channels 

contains semantic meaning in the interaction – as opposed, e.g., to watching a 

movie where the presentation clearly is multimodal, but the contents of the movie 

do not mean anything to the device presenting it.  

However, multimodal interaction can be implemented in many ways. The 

modalities may be combined into a single communication act, as in the famous 

“put that there” problem. On the other hand, the system can allow inputs from 

several modalities to mean the same, leaving it to the user to decide which 

modality to use. In a similar manner, device output can be provided using 

multiple modalities either simultaneously (as when a visual note is accompanied 

by a sound) or separately (as when an incoming call is alerted either by a sound or 

as a tactile pattern, depending on the current mode of the device). 
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4.1.1 Types of multimodality 

Nigay and Coutaz (1993) present a classification of different types of multimodal 

systems, concentrating on whether the input from different modalities happen 

simultaneously or in sequence, and whether they need to be combined in order to 

produce a single communication act (as in the “put that there” case) or not. The 

four classes they present, related to how events from different modalities are 

related to each other temporally and semantically, are as follows. 

– Alternate (sequential use of modalities, combined into a single 

communication act) 

– Synergistic (parallel use of modalities, combined into a single communication 

act) 

– Exclusive (sequential use of modalities, events separate from each other) 

– Concurrent (parallel use of modalities, events separate from each other). 

In the paper, Nigay and Coutaz also present a software architecture for creating 

synergistic systems. 

The classification presented by Nigay and Coutaz does not explicitly take 

into account the case where two events from separate modalities may both carry 

the same information. For example, a person might perform a hand gesture for 

“Stop” and say “stop” simultaneously. These could belong into the “synergistic” 

class, but on the other hand, in this example either modality could be left out of 

the communication act without changing its meaning, so not both are needed to 

comprise a communication act. The “concurrent” class could incorporate these 

cases as well. However, also cases where a user would, e.g., say “switch the light 

on” to a smart room while simultaneously adjusting the room temperature with a 

turn knob – i.e. the events would be completely unrelated – would belong to that 

class. 

Martin (1997) presents a different classification that takes this issue into 

account. The classification, presenting various ways of different modalities 

cooperating, is as follows. 

– Transfer (an event from one modality is used by another modality; e.g., a 

spoken search command leads to a presentation of a visual image) 

– Equivalence (events from different modalities mean the same communication 

act; e.g., choosing a command in a drawing program either by clicking on an 

icon, or saying its name) 
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– Specialization (certain information is always presented through a certain 

modality, or a certain modality is used only to present certain type of 

information) 

– Redundancy (events from different modalities occur simultaneously, and 

present the same information; e.g., clicking on a town's name on a map and 

simultaneously saying its name) 

– Complementarity (events from different modalities need to be combined to 

form a single communication act; e.g., saying “put that there” while pointing 

to what is referred to as “that” and “there”). 

When considering an ultra-mobile usage context, it is clear that the user's 

resources are typically limited by the environment. The user may have to observe 

the behaviour of other people, vehicles, animals etc. in the environment. The 

background noise level may restrict the amount of sounds the user will hear from 

a mobile device carried in the pocket. The hands may be occupied, e.g., with 

carrying things, or the clothing required by the weather conditions restricts the 

natural movement of the body, limbs and most importantly, fingers. 

If a multimodal user interface in this context requires that at least two of the 

user's available modalities are used simultaneously for operating it, the 

probability of these being available for use is reduced, compared to a unimodal 

system. This is contrary to what the user would need, and what has been claimed 

as a benefit with a multimodal user interface.  

From the classification or Martin, the classes Equivalence and Redundancy 

would seem to have most potential for ultra-mobile use. In those, the user can 

perform a same action by using several modalities, or receive the same 

information through different modalities. They may also be somewhat easier in 

implementation, as they may not require as strict synchronization between the 

interpretations of inputs from different modalities. 

4.1.2 Multimodal output 

Research on multimodal interaction often concentrates on combining several 

input modalities. Multimodality has been seen as a way to enhance the 

naturalness of interaction (Turk & Robertson 2000). Multimodal output has often 

been seen as somewhat separate from multimodal input. Martin et al. (1998) point 

it out and list some potential benefits.  
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In practice, multimodal output is far more widely used in today's mobile 

devices than multimodal input. Practical design problems have led mobile device 

designers, e.g., to use vibration patterns for silent alerting of ringtones. In many 

cases a mobile device needs to catch the user's attention in order to inform of 

some event. The social situation may restrict the usage of some output modalities, 

so, e.g., a call alert needs to be performed with vibration instead of sound even 

though it is more difficult to present detailed information through the tactile 

channel. Sometimes it can also be the mobile context itself that requires using 

multimodal output. As Roto and Oulasvirta (2005) point out, non-visual output 

may need to be used just because the user's visual attention cannot be trusted to 

stay on the mobile device. Therefore, the field of multimodal output is at least 

equally important as that of the multimodal input. Especially in a divided-

attention situation – as is often the case in ultra-mobile usage context – 

multimodal feedback from the user's actions has been proven beneficial (Lee & 

Spence 2008). Lee and Spence compared different feedback concepts related to a 

touch-screen-based mobile phone used in a simulated driving situation. The 

results showed that bi- and trimodal feedback showed significant benefits in both 

the driving task and the tasks performed with the mobile phone. 

Solutions for the situationally-induced impairments of course need not be 

multimodal. For instance, a headset of a mobile phone is intended to solve call 

handling problems in eyes-free situations. Currently the output of a typical 

headset is unimodal, but it is not the visual but the auditory modality that is used. 

In practice, these cases still lead to a need for multimodal designs. The tasks the 

user can conduct using a headset using a manual/auditory UI, can obviously also 

be performed on the handset, using a manual/visual UI. Both must be designed so 

that the user understands what he is doing. This typically leads to questions of 

cross-modal presentations, i.e. how the same piece of information in the 

interaction flow should be presented in the visual and the auditory cases. 

This notion has implicitly been presented when naming the auditory and 

tactile equivalents of visual icons. Blattner et al. (1989) presented the idea of 

earcons, i.e. short auditory patterns in which information could be encoded. 

Earcons are typically short musical themes that can be easily arranged into a 

hierarchy. For example, a melody played with a piano sound may represent the 

arrival of a new email message while the same melody played with a violin sound 

may represent a new multimedia message. The name “earcon” is derived from the 

word “icon” in a pun-like fashion. Gaver (1986) has presented the idea of 

auditory icons which are based on everyday listening. Gaver utilises the idea that 
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when hearing a sound, humans typically think of its source rather than its acoustic 

parameters. This approach allows the generation of multimodal metaphors. For 

example, a data storage may be presented as a container that can look fuller or 

emptier. When interacting with the container, the system may produce a sound 

that in a similar manner resembles hitting a fuller or emptier container. 

For the tactile modality, Brewster and Brown (2004) have presented a way to 

present information as tactile patterns. In their paper, they have named these 

patterns as tactons. In her PhD thesis, Brown (2007) presents the construction of 

tactons in a similar manner as earcons. 

 Hoggan and Brewster (2007) have studied the learnability of crossmodal 

icons by having users learn the meaning of tactons and equivalent earcons. In a 

similar fashion, Hoggan et al. (2008) have also studied the congruence between 

the visual style of touch-screen buttons and the tactile feedback from pressing 

them. Pirhonen (2007) has studied how the semantics of earcons and visual 

images are related. 

Tuuri et al. (2007) present a hierarchical scheme of listening modes. The 

scheme starts from the very basic perceptional level – i.e. the reflexive mode of 

listening where a sound causes an affective reaction. For instance, a loud sound 

causes the listener to startle. The next, connotative mode is related to what kind of 

connotations the listener relates to the sound. The scheme lists listening modes in 

a rising order of abstraction level. The third, causal mode is related to what the 

listener suspects the cause of the sound to be. The scheme contains functional and 

semantic listening modes, where the listener has had some time to analyse the 

sound and its possible meaning. The highest, most abstract listening mode in the 

hierarchy is the reduced mode where the listener thinks of the properties of the 

sound itself. 

In sound design, methods exist that utilise the listening modes proposed by 

Tuuri et al. (2007). The design paradigm described by Patterson (1982) - where 

sounds are designed to present a varying level of urgency – most probably relies 

on the reflexive and connotative listening modes. Earcon design – where the 

sound's properties such as the timbre or the rhythm are related to its meaning – 

work on the functional, semantic and even reduced modes. The auditory icons 

presented by Gaver rely mostly on the connotative and causal listening modes. 

Tuuri et al. (2007) and later Mustonen (2008) point out that the earcon and 

auditory icon paradigms for sound design should not be seen as different types of 

UI sounds but as just design paradigms. One should not pick a paradigm first, and 

then continue to design sounds, but rather use different paradigms, mixing them 



67 

whenever appropriate. However, in currently existing auditory UI concepts the 

different paradigms are hardly ever mixed. The roots of the auditory icons design 

paradigm are in the everyday listening, which allows finding familiar metaphors 

for sound design. Something that sounds empty can be used to represent 

emptiness. However, the structured nature of earcons is not easily applicable to 

auditory icon design. Furthermore, what is known of parameters related to the 

perceived urgency of sounds is rarely utilised in either earcon or auditory icon 

design.  

Publication VI of this thesis addresses this issue. The aim in the publication 

was to find out sound parameters that would be associated with lower or higher 

importance of the event causing the sound. The parameters were selected so that 

they could be applied onto any sound. The sounds could first be created, e.g., by 

using the auditory icon or earcon paradigms, and the sounds could then be treated 

with the parameters related to the importance of the event.  

It is interesting that a scheme similar to the listening modes presented by 

Tuuri et al. (2007) has not been proposed for the tactile modality. Currently, 

tacton design seems to be still concentrated on building tactons utilising multiple 

dimensions (e.g. rhythm and roughness), maintaining good recognition rates. In 

her PhD thesis, Brown (2007) mentions the semiotics of touch as one future 

research direction. Benali-Khoudja et al. (2005) present an attempt to create a 

tactile language where different tactile patterns are used for presenting different 

emotions. However, they do not analyse the factors why certain patterns and 

certain emotions would be linked. 

4.1.3 Existing concepts for mobile multimodality 

It has been shown that under increased cognitive load people tend to start utilising 

multiple modalities in a user interface, if they are given a free choice (Oviatt et al. 
2004). For the ultra-mobile usage context this is an important fact since the 

context often increases the cognitive load, compared to a situation where the user 

is sitting down, fully concentrating on device use. It has also been shown that 

multimodal input can improve the performance of recognition-based systems – 

such as speech and gesture recognition – by allowing the system to mutually 

disambiguate the possible results of different recognition engines (Oviatt 2000). 

As has been mentioned, the most potential use for multimodality in ultra-

mobile usage contexts would be to build enablers for interaction; to create ways 

for interacting with devices in situations where it is difficult or impossible with 
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today's visual-manual user interfaces. Examples of such situations are listed in 

Publication I. 

It seems, however, that current research on multimodal systems has 

concentrated on building technical enablers for flexible multimodal interaction. 

Less research has been conducted on what should be possible and what the user 

benefit of a multimodal system would be in certain contexts of use. 

Several architecture proposals exist for implementing flexible user interfaces 

that allow switching between modalities according to varying mobile usage 

situations and the user's preferences. A term called 'plasticity of user interfaces' 

has been proposed by Thevenin and Coutaz (1999) to describe model-based user 

interfaces that can be distributed over several SW platforms and devices and 

whose presentation can vary depending on the available devices and/or the user's 

context. 

Bouchet and Nigay (2004) present a component-based framework for 

designing flexible, multimodal user interfaces. The framework has also been 

utilised in the mobile domain (Serrano et al. 2006). However, no evaluation is 

presented for what kind of situations would most benefit from the concepts 

created by the framework. 

Roessler et al. (2001) describe a system aimed at offering multimodal Web-

based services in mobile environments. They propose requirements for a 

multimodal mark-up language, MML, which would combine the advantages of 

visual-manual I/O typically used with HTML, and spoken I/O as used with 

VoiceXML. The paper addresses problems with synchronizing input from 

different modalities – solving the ambiguity in the “put that there” problem as 

described by Bolt (1980). 

Kernchen et al. (2005) describe a concept where the system utilises the 

different devices that exist in the user's context, to create a representation of a 

multimodal user interface. In a similar manner, Eisenstein et al. (2000) have 

created a model and a modeling language for multimodal, multi-device user 

interfaces. 

Mueller et al. (2004) compares various UI description languages (UIML, 

InkXML and VoiceXML) and considers their poor suitability for describing 

flexible, multimodal user interfaces. The paper presents the MMI (Multimodal 

Interaction) framework that was established in the W3C (World Wide Web 

Consortium), and proposes a new markup language called DISL for creation of 

general, platform-independent multimodal user interfaces. 
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The W3C multimodal interaction activity (W3C 2010) has resulted in yet 

another markup language for describing multimodal interfaces: EMMA 

(Extensible MultiModal Annotation markup language).  

A stereotypical multimodal user-interface concept is that concentrating on 

combining manual input – typically pointing – and speech. Other modalities are 

often mentioned as requirements for future extensions, but in practice they are 

seldom utilised. This can be seen, e.g., in the W3C multimodal interaction use 

cases (W3C 2002), all of which concentrate on manual pointing and speaking. 

The same phenomenon can be seen also in studies where existing multimodal user 

interface concepts have been analysed (Oviatt et al. 2000, Martin et al. 1998). 

There is nothing wrong in defining flexible systems that enable plasticity in 

the UI. However, it seems that the ways of, and motivation for, utilising them are 

still unclear. Commercial applications of multimodal user interfaces combining 

speech with pointing are rare, especially what comes to mobile applications. In 

fact, the design of an ultra-mobile system as described by Holzman (1999) shows 

an evolution away from the initial pointing-based interface into a system utilising 

spoken input and auditory output. It has also been mentioned that pointing and 

speaking works well within a user interface that is inherited from the world of 

computers, with windows and mice (Oviatt 1999). In the user interfaces of 

handheld devices, this is typically not the case. Furthermore, pointing often 

requires the use of two hands (one to hold the device, the other to point) which is 

often undesirable in a mobile context. The performance of speech recognition 

alone has been shown to degrade from an error rate of less than one percent to 

tens of percents when the background noise has been changed from a quiet 

position into a cafeteria (Das et al. 1993), which can be considered to be a quite 

normal mobile use case. So, especially if the inputs from two modalities are used 

independently so that mutual disambiguation is not possible, the poor 

performance of the speech recogniser and the requirement for two-hand use cause 

the combined speaking and pointing paradigm to be quite poor for mobile use!  

In an ultra-mobile usage context, it is especially the visual channel that is 

often overloaded. Both the mobile device and the user's surroundings require the 

use of vision. Therefore, providing means for eyes-free interaction are an obvious 

choice for improving the mobile user interface. Concepts that utilise manual input 

combined with multimodal output exist. Brewster et al. (1995) has presented a 

system that provides both visual and auditory feedback from using touch-screen 

buttons. Brewster et al. (2007) present a system where touch-screen feedback is 

provided through the tactile and visual modalities. Lee and Spence (2008) have 
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presented a system where feedback from touch-screen buttons is provided through 

a combination of visual, auditory and tactile modalities. Such concepts have also 

been recently introduced into commercial devices. At least Nokia, Samsung and 

LG have introduced touch-screen-based mobile phones that provide visual, 

auditory and tactile feedback from using the touch-screen objects. 

Roto and Oulasvirta (2005) point out that the need for eyes-free usage can 

originate from the user's attention switching away from the mobile device during 

time-consuming operations such as when downloading a Web page. As a solution, 

they suggest multimodal output to be utilised for informing the user that the 

device is again ready for input. Tactile feedback is mentioned as an example of 

such output. 

As an example of a hands- and eyes-free system, Brewster et al. (2003) 

present a system where the output is generated with sound, and detecting the user 

nodding his head is used as input. In the same publication, Brewster et al. also 

looked into a system where the user could draw 2-dimensional strokes on a touch-

screen surface, receiving auditory feedback from the stroke.  

One problem of manual input is indeed that manual input is typically 

manual/visual interaction. The desirable size of a mobile device is very small for 

easy portability. This leads into the used input techniques to be small as well. 

Hitting small buttons therefore becomes not only a problem for manual input, but 

also a search problem; the user often needs his vision to find where the buttons 

are and to read the button printings. On touch-screen user interfaces the problem 

is even clearer since the user cannot even feel around the keypad but the vision 

needs to be used just to find the buttons.  

Pirhonen et al. (2002) compared users' performance on a stroke-based 

interface to a (virtual) button-based one. In the study, a user interface based on 

touch-screen gestures and auditory output for controlling a music player was 

studied and compared to a traditional user interface that offered virtual buttons to 

be pressed on screen. The study revealed significant improvement in the 

perceived workload and the task performance when the users were walking. 

Raman and Chen (2009) present a similar system for text entry, aimed at 

eyes-free interaction. They point out that with stroke-based interaction the 

requirement of absolute pointing turns into that of where there is a fixed target the 

user must be able to hit, turns into that of relative pointing where the finger stroke 

can start almost on any point of the screen. The system of Raman and Chen 

originates from the world of universal accessibility, providing interaction methods 

for the visually impaired. Another example of such a system is the screen reader, 
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which speaks out a description of the object the user is pointing at. Examples of 

screen readers are the Nuance TALKS (Nuance 2010) for the Symbian S60-based 

devices, and the VoiceOver for the Apple iPhone (Apple 2009). Raman and Chen 

point out that the same concept also works when the mobile usage context 

requires the user to look elsewhere than the mobile device. Arguably, the demands 

of a sighted user may be higher since the screen reader is not the only way to 

access the device. But nevertheless, Raman and Chen point out the same 

phenomenon – the situationally induced impairments and disabilities - as has been 

described by Sears and Young (2003). 

Hand gestures can also be performed by holding the whole device and 

detecting its movement, e.g., by the use of an accelerometer. An example of such 

a system is the Shoogle concept (Williamson et al. 2007) where the user shakes 

the whole device to obtain information of its state. Presentation happens through 

auditory and tactile channels. The system still requires some level of manual input, 

but finger precision is not needed, nor any visual contact required to use the 

device. Other examples are the Sony Ericsson W910i phone which the user can 

shake in order to randomize the list of currently playing music, or the Samsung 

SCH-310 phone where the user can, e.g., draw digits in the air in order to dial a 

phone number. In a similar manner, on the Nokia 8800 Arte phone the user can 

silence an incoming call by turning the phone face down. A double tap gesture on 

the phone's surface can be used to switch on the display backlight and display a 

clock. On the Nokia 5500 Sport phone the double tap can be used, e.g., to make 

the phone read out a received text message or information about the current sports 

activity, by using speech synthesis. The same can be activated also by pressing 

and holding one of the hardware buttons on the UI. This feature has also been 

implemented into other Nokia phone models so that after receiving a text message 

the user can hold down a button to make the phone read the message out using 

synthetic speech. 

Hand movement can be also recognised by using a camera embedded in the 

device. The Sony Ericsson W380 phone on the other hand uses its camera to 

detect a hand moving near the phone. The user can silence a ringtone or snooze an 

alarm by waving his hand by a phone lying, e.g., on a table.  

Other commercial multimodal mobile user interfaces include the YapMe 

service (YapMe 2008) where the user can input text in a visual application by 

using speech recognition. Spoken commands have also been widely used in 

mobile phones to initiate phone calls in an eyes-free manner. Some phone models 
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also allow using spoken commands as shortcuts to certain activities such as 

switching the phone's Bluetooth functionality on or off. 

The OpenStream corporation has published a multimodal browser called 

CueMe (OpenStream 2008). The browser allows spoken and/or manual input and 

spoken/visual output. Based on the demo video at the OpenStream website 

(www.openstream.com/demo/cueme_demo.swf) it also allows simultaneous 

manual and spoken input, implementing the “point and speak” paradigm. 

As multimodal output, many mobile phones offer the use of vibrotactile 

output in addition or replacing auditory alerts. For instance, an incoming phone 

call may be presented by using a tactile and/or auditory alert in addition to the 

visual presentation. 

As mentioned, vibration has also been used to augment the visual display. On 

certain devices, vibration is also used as feedback from pressing hardware buttons. 

On the Nokia N95 (and most of the newer models) the device produces a short 

vibration pulse as feedback for switching the device on. A rather long keypress is 

required to switch the device on, so producing the feedback through the tactile 

modality allows the user to hold the device and, e.g., continue to walk without 

having to stare at the screen to know when the button can be released. 

The auditory modality is in mobile devices typically used for catching the 

user's attention. Feedback sounds during use have been proposed,, e.g., by 

Leplâtre and Brewster (2000) for assisting in menu navigation, but so far the 

practical implementations are rare. Immediate feedback from pressing a button or 

interacting with the touch screen is common, as are sounds related to various 

notes such as warnings or error messages. For example dynamic interaction 

sounds similar to the SonicFinder concept presented by Gaver (1989) have so far 

not been utilised in commercial mobile devices. The SonicFinder augmented the 

Finder user interface existing in Apple computers at the time. Typically it would 

produce an auditory equivalent of visual feedback – e.g., a sound from tapping 

objects of different materials depending on what kind of an object the mouse click 

occurred. However, sometimes the auditory icons provided information only 

available through the auditory modality. For example, clicking on a file or an 

application sounded different even though the visual icons were the same for both. 

Speech recognition is today a common way to initiate phone calls on mobile 

phones. It can replace the usage of manual input and visual feedback (although 

there typically is a button press required to initiate the speech recognition) with 

spoken input and output. 
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Table 3 presents the concepts and products described above, and lists which 

class in the classification by Martin (1997) they belong to. As can be seen, only 

the CueMe multimodal browser belongs to the Complementarity class., i.e. the 

one including the often studied “point and speak” paradigm. The SonicFinder 

includes some cases of the Complementarity class, such as the abovementioned 

example of the auditory icon providing more feedback from clicking on an object 

than what can be obtained from the visual presentation. However, the vast 

majority of the presented concepts belong to the Redundancy / Equivalence 

classes. The same information is presented through one or several modalities, or a 

same input can be provided through alternative modalities. Major causes for this 

may be that the currently existing systems for context awareness are not yet 

mature enough so that they would offer only the suitable modalities at a time. 

Instead, everything is made available simultaneously and it is left for the user's 

discretion which modalities to use. Another cause may be that the benefits from 

the Complementarity class are not clear. 

Table 3. Existing mobile multimodal concepts and their type according to Martin's 

classification. 

Device/concept Feature Martin's classification 

Brewster et al. (1995) Touch-screen input, auditory & visual 

output 

Redundancy 

Brewster et al. (2007) Touch-screen input, tactile & visual 

output 

Redundancy 

Lee and Spence (2008) Touch-screen input, tactile, auditory 

& visual output 

Redundancy 

Nokia 5800 XpressMusic, 

Samsung SCH-W559, LG Prada 

(and other touch-screen phones) 

Touch-screen input, tactile, auditory 

& visual output 

Equivalence/Redundancy 

(depending on user settings) 

Roto and Oulasvirta (2005) Visual & tactile output when a time-

consuming task ends 

Equivalence 

Brewster et al. (2003) Head & hand gesture input, auditory 

output 

Specialization 

Pirhonen et al. (2002) Button or stroke input to control 

music player, auditory & visual output 

Equivalence 

Williamson et al. (2007) Gesture input, auditory and/or tactile 

output 

Equivalence / Redundancy 

SonyEricsson w910i Button or gesture to control music 

player 

Equivalence 

Samsung SCH-310 Button or gesture to input numbers Equivalence 

Nokia 5500 Button or gesture to initiate speech Equivalence 
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Device/concept Feature Martin's classification 

synthesis 

Nokia 8800 Arte Button or gesture to silence ringtone Equivalence 

Nokia message reader Button input, spoken and/or visual 

output to present message contents 

Equivalence 

Sony Ericsson W380 Gesture or button input to silence 

ringtone 

Equivalence 

YapMe (YapMe 2008) Speech or button input to enter text, 

visual output 

Equivalence 

CueMe (OpenStream 2008) Speech & manual input, Auditory & 

visual output for browsing 

Equivalence / 

Complementarity 

Nokia N95 power key vibra Button input, tactile & visual output Equivalence / Redundancy 

Mobile phone alerts and 

notifications 

Visual, auditory and/or tactile output 

for alerts and notifications 

Equivalence / Redundancy 

(depending on user settings) 

Audio-enhanced menu navigation 

(Leplâtre & Brewster 2000) 

Button input, visual and auditory 

output 

Redundancy 

SonicFinder (Gaver 1989) Mouse input, visual and auditory 

output 

Specialization & Redundancy 

& Complementarity (depending 

on UI event) 

Mobile phone (voice-enabled) 

dialing 

Button or speech input, auditory 

and/or visual output 

Equivalence 

4.2 Specific designs for ultra-mobile usage contexts 

In this section, specific designs from Publications II – VII are presented. The 

designs aim at augmenting a graphical user interface with sounds (Publications II, 

V, VI and VII) in order to enable eyes-free operation or to create practical and 

industrially useful methods to use sound as an output technique in a user interface. 

The study presented in Publication III aims at revealing limits for utilising a time-

out for automatically changing the state of the device. Such a time-out based user 

interface could be made very simple because the user would only need to provide 

an input at the correct time. However, a wrong timing could lead into error 

situations that are difficult to recover from. Publication IV studies various ways to 

use accelerometer-based input on the device which would relieve the user from 

having to be able to operate buttons that may be difficult to find when the eyes are 

occupied, or difficult to press when the hands are otherwise occupied or the 

device is not held in hand at all. 
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4.2.1 Speech assisted text entry 

Publication II describes a system where the user can enter text using a handheld 

devices using multi-tap input, with little or no need to use his eyes. The system 

concentrates especially on multimodal output with no changes to the existing 

input modalities. 

Multi-tap input is widely used in mobile devices. Its principle is that certain 

characters are entered by pressing a button multiple times within a time limit. For 

instance, in order to enter a letter 'c' on an ITU-T compatible (ITU 2001) keypad, 

the user needs to press the button '2' three times in a row. If the user waits too 

long between the keypresses, a so-called multi-tap time-out occurs and the next 

successive keypress is interpreted as the user wanting to enter a new character 

from the choice of characters associated to that button. For instance, if the user 

presses the button '2' twice, and waits for a longer period than what the device 

manufacturer has defined for the multi-tap time-out, the character entered is 'b' 

and the next press of the same button will bring a new character ('a' if no further 

button presses are made) onto the screen. The occurrence of the multi-tap time-

out is typically presented with a visual cursor appearing on the screen again (after 

being hidden during the multi-tap entry of a character). The behaviour of the 

system is presented in Figure 2. 

 

Fig. 2. Speech-assisted text entry concept (I, published by permission of Taylor & 

Francis). 
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As can be seen from the description above, text entry using multi-tap input is 

a very visual task. The time-out associated with the text entry requires the user to 

constantly follow the characters on screen so that errors due to waiting too long 

between the button presses can be avoided. Especially if there is a simultaneous 

visual task (such as walking in a crowded place), it can easily happen that the 

user's visual attention is drawn elsewhere and the device state is no longer clear. 

On the other hand, for accessibility reasons of mobile devices state that the 

middle button (button '5') in the ITU-T compatible keypad is marked with tactile 

cues so that it can be found without having to look at the keypad (ITU 2001). The 

rest of the keys are expected to be found by the user feeling around the keypad. 

Therefore, the manual input does not necessarily require the usage of the eyes. It 

is only the visual output of the system that requires the constant visual attention to 

be on the device. 

Publication II describes a concept where the visual output of the system is 

augmented with auditory output. Each keypress causes the letter currently on 

screen to be spoken out by the device. The cursor appearing after the multi-tap 

time-out is presented by a small non-speech sound. The concept therefore allows 

eyes-free text entry. In the classification by Martin (1997) the concept belongs in 

the Equivalence class, since the user can freely decide whether to utilise the 

auditory or visual output of the system. 

A possible downside in the system that was identified is that the spoken 

output from the system may disturb the user when trying to formulate one's 

thoughts into text, and when keeping simultaneously in mind which characters of 

the current word have been entered, and what the next character should be. 

However, the extent of this problem was unknown before testing the application. 

The application was tested both in the laboratory and in the field, in an office 

building where doors and staircases had to be taken into account when walking. 

The test was conducted in daytime conditions, with good illumination and 

negligible noise levels. The variables measured in the test were: Typing speed, 

Percentage of errors made, Percentage of uncorrected errors, Walking time and 

Glances away from the display. The latter two were only measured in the field 

condition. The walking times were also converted into percentages of the 

preferred walking speed for each user, as the absolute walking times could 

obviously vary between each user due to natural differences.  

Table 4 presents the results from the walking conditions. The nominal 

performance in the typing speed mentioned in the table was obtained from the 

regular typing speed (with a visual/manual interface) in the laboratory condition. 
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In other words, the 100% typing speed for each user was the speed he could reach 

when sitting down in a laboratory, using the traditional UI for text entry. The 

nominal walking speed for each user was simply measured in the walking 

condition without any simultaneous typing tasks. 

Table 4. Findings (% of nominal performance, or error % in case of typing errors) in 

different feedback (FB) types. 

FB type Typing speed (%) Rem. Errors (%) Tot. Errors (%) Walk time (%) Glances away 

from display 

Silent 87.0 0.99 7.8 149.5 5 

Speech 88.2 0.55 7.1 150.2 6.7 

The results showed that in the laboratory setting, the spoken output from the 

system clearly did disturb text entry. For comparison, one expert user tried the 

system in the laboratory after the test, and did reach the same performance with 

and without the spoken output – but at the cost of greatly increased cognitive load. 

Interestingly, in the field condition, there was an effect that the text typing 

speed did not differ between the audio-augmented and pure visual conditions. In 

other words, the disturbance caused by the mobile usage environment itself was 

evident in the users' performance (as the typing speed was slower than in the lab) 

but the effect caused by the speaking system did not further disturb the 

performance. The possible differences in the cognitive load were not measured. 

The system, however, did not bring a clear benefit for text entry either, at least 

with novice users. Two users (out of 12) tried if the system would enable them to 

spend more time looking at the environment than at the mobile device, which 

showed as a clear difference in the variable “Number of glances away from the 

display”. One of the users glanced away from the display 11 times when typing 

without the auditory feedback, and three times when the auditory feedback was 

active. For the other user, the number of glances away from the display was 12 

times and one time, respectively. 

The different feedback schemes did not lead to different walking times either. 

A similar finding has later been discovered by Mizobuchi et al. (2005). In their 

test, text entry as such slowed down walking, but text entry tasks differing in their 

cognitive and motoric demands did not lead to differences in the walking speed. 

When evaluating this user interface concept against the framework of 

Publication I, one can see that the environments where the framework-based 

analysis shows that the user has limited (e.g., one-handed) but existing capability 
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for manual operation, and very limited possibilities to use the vision, this concept 

could be useful. However, in its current form the problems with the cognitive load 

probably would not make it very useful in a real product. Even in the relaxed 

laboratory environment using the system clearly increases the cognitive load. 

Spoken input during the multi-tap text entry of each character would probably 

need to be removed, or, e.g., replaced with non-speech sound. Perhaps a more 

suitable place for providing spoken feedback would be after each typed word (i.e. 

whenever a space is entered) where it would still be possible to check for possible 

typing errors. Furthermore, the spoken word might even help the user to 

formulate the whole sentence. 

The probable reason for why the system did not perform well was that the 

speech output it produces disturbs the inner speech of the user. This brings up an 

interesting point that a suitable cognitive model could have predicted this problem. 

However, expertise for creating and using such a model was not available during 

the study. 

4.2.2 Time-out in user interface – case: mobile text input 

Publication III handles the same subject area as Publication II, namely that of 

mobile text entry. However, the viewpoint in Publication III is completely 

different. The multi-tap time-out is studied from the point of view of how useful 

the concept of a time-out is in user interfaces. In small devices with restricted 

hardware capabilities (often simply due to the physical size of the device) the 

time-out is sometimes used as one user interface technology. For instance, the 

number of buttons that can be fit on a small device is dictated by the device size 

and by the ergonomic sizing and layout of the buttons. Therefore, it is sometimes 

lucrative to assign different modes to the buttons, i.e. that their meaning changes 

depending on the state of the UI. A similar approach is used also in traditional 

keyboards where holding the Shift key makes the keys to produce upper case 

letters. A Caps Lock key can be used to switch between permanent upper case and 

lower case modes. 

In mobile user interfaces, using multiple keys to switch modes is typically 

unattractive because of the limited number of available buttons, and because of 

demands for one-handed use. Pressing two buttons simultaneously typically 

requires the usage of two hands. Therefore, the mode is sometimes changed by 

using timings; when a pre-set time-out occurs, the system changes the UI mode 

automatically. 
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Examples of such an automatic mode change are the time-out in multi-tap 

text entry as described earlier, or in the case of locking and unlocking the keypad 

in Nokia phones. Time-out is used also in desktop systems, e.g., for deciding how 

two successive mouse clicks shall be interpreted – as a double click, or two 

successive single clicks. 

The research questions in Publication III were about whether the users 

remember the length of a time-out they are used to, and whether they are able to 

learn the length of a new one during usage. Three different feedback types were 

compared (visual feedback, auditory feedback and indirect feedback where the 

user's typing errors inferred that the time-out is different from what he thought). 

Ideas behind the study were that it could be possible to adapt the time-out for 

a user, if learning effects would not be too strong. For instance, multi-tap text 

entry could be sped up by shortening the time-out length automatically, if the user 

would seem like a fast typist. But if a user would have learned the original length 

so well that any changes to it would disturb his performance, then this obviously 

could not be done. 

Another use for the study would be when a device utilises different time-out 

values in different places of the UI. For instance, during text entry a relatively 

short time-out for a long-press could be used when the user holds down the 

'Delete' key to erase the whole text. On the other hand, when the device is locked, 

a long-press of a certain key combination could be used to wake it up. In order to 

prevent accidental opening of the keys, a longer press could be required in this 

case. Now, if the user would have learned the shorter length during text entry, he 

might be inclined to release the press after the shorter duration when unlocking 

the device. It might then become irritating if the keys would not open when 

expected. 

Another aspect that is shown in Publication III is the extent to which users 

rely on the feedback from the device, with regard to time-outs. If the users would 

clearly learn the time-out well, then it would not be so important to present the 

occurrence of the time-out. In environments where the user's senses are loaded, it 

could be a benefit if the user did not necessarily have to be explicitly informed 

about the occurrence of the time-out. Different modalities (auditory and visual) 

for presenting the time-out occurrence are also compared in Publication III. If the 

time-out length was learned more easily, e.g., when using an auditory feedback, 

then obviously this information could be used in user interface design. 

The results in Publication III show that the users clearly do rely on the 

feedback they receive. This can be seen, e.g., in the fact that they reacted more 
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quickly to auditory feedback than to visual feedback. This is congruent with 

results of simple reaction time tests where an auditory stimulus provides a quicker 

response on the average (Woodson et al. 1992: 630–631). 

The results did not show evidence of long-term learning of the time-out 

length. This was evident at the beginning of the test where the used time-out 

length was the same as in the participants' own phones, but the feedback was of 

the indirect type – i.e. no visual or auditory presentation was made at the moment 

when the time-out expired. The users' estimation of when the time-out had 

occurred was far off the real length. 

Results did show short-time learning results. When the time-out was kept 

constant for a while and users got feedback from its occurrence, removing the 

feedback again led to clearly better estimations of the time-out than at the 

beginning of the test. This can be seen in Figure 3 where the conditions labeled 

“none” are those where no direct feedback was given from the time-out 

occurrence. 

 

Fig. 3. Mean response times by condition (III, published by permission of Springer). 
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The feedback in the first text block typed in the test was simply the possible 

mistakes the users made when typing too late. No visual or auditory feedback was 

given from the occurrence of the time-out. The length of the time-out (1.5s) was 

familiar for the test participants, as it was the same as in their own mobile phones.  

The response time was measured from the occurrence of the time-out, i.e. the 

time when the user could have typed the next successive character from the same 

button, to the time the user actually entered the next character. One can see that 

with feedback (text block 2) this time decreased dramatically. This is no surprise, 

but it does tell us that users had not learned to estimate the familiar time-out 

length accurately. However, in the next block where no visual or auditory 

feedback was presented (block 4) one can see that the response times are faster 

than in the first one (block 1). This suggests that short-term learning had occurred 

during the text blocks where feedback had been available. 

When the users are presented with a new, increased time-out length in text 

block 5, it appears as if the users would react almost as quickly to the new time-

out as to the previous one. However, this is a byproduct of the used measurement 

method. If a user presses a key before the time-out occurs, it is not registered as a 

reaction to the time-out but as a so-called anticipation error. Therefore we must 

look at both the reaction times and anticipation errors in order to understand the 

results of the test. 

Figure 4 presents error percentages related to all conditions. The errors 

consist of anticipation errors, i.e. the user pressing a key before the time-out has 

occurred. The percentages are related to the number of successive same-key 

characters being entered (e.g., an 'a' followed by an 'a', 'b' or 'c') – not to the 

overall amount of entered text. In other words, in the first text block, where no 

feedback was provided, more than half of the successive same-key characters led 

to the user pressing the key too early for the latter character. 

In text block 5, the users made significantly more errors than in block 4. In 

other words, the real time-out length was longer than they expected, but since 

there was no feedback from the time-out occurring, the users simply pressed too 

early. This backs up the finding that users indeed had learned the shorter time-out 

length in the previous text blocks. 
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Fig. 4. Mean error rate ratio to typed SSK characters in each condition (III, published 

by permission of Springer). 

Another interesting finding is that in text block 6 the error rate dropped, staying in 
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4.2.3 Gesture input in ultra-mobile usage contexts 

Publication IV discusses the concept of utilising hand gestures that the user 

performs by moving the mobile device, either by holding it in hand or by tapping 

it with fingers when the device is in its storage location such as a pocket. 

Typically these gestures can be recognised by utilising an accelerometer or a 

camera embedded in the mobile device, detecting its movement. Possible uses for 

this kind of interaction are illustrated by the analysis framework when situations 

for limited manual and visual use are encountered. A hand gesture allows device 

manipulation without requiring the delicate accuracy of finger operation. Instead, 

the user can, e.g., hold the device and wave it, shake it, or move it in a circular 

motion. One hand obviously must be available for device use (at least for the 

duration of the gesture) but the user need not, e.g., be able to locate the buttons on 

the device surface or to press them. 

With a new technology whose usage is potentially visible to the other people 

in the usage environment, the question of public acceptance is very relevant. This 

issue was addressed in Publication IV. A number of gestures were performed by 

actors in public places, and these were videotaped. The short videos of gesture 

usage were then placed on a Web page with a questionnaire about how likely a 

person answering the questions would see him using the gesture, and why. The 

choices in the questionnaire were deliberately aimed to reflect the social 

acceptance (“No, it looks silly”) or overall utility of the feature (“No, it is not 

useful”). However, in practice it was often difficult to say exactly what the reason 

for using or not using a certain gesture was. Hence, the authors did not try to 

utilise statistical methods for analysing the questionnaire. 

The results showed that only rather discreet gestures were accepted among 

the participants of the questionnaire. In fact, tapping the device cover to silence a 

ringing phone was the only one clearly leading to positive answers among the 

participants. Using the same gesture for controlling in-call volume led to users not 

objecting the feature because of its social acceptance, but almost 40% of the 

participants simply would not see value in using it. 

Drawing patterns in the air was unacceptable – the most objected features 

because of the social context were drawing an 'X' or an 'O' in the air with the 

device. The results are presented in Figure 5.  
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Fig. 5. Positive/negative answers for each video (IV, published by permission of ACM). 

The gestures presented in each video were as follows: 

1. User enters a café. Phone rings. User taps the phone through the pocket to 

silence the ringtone. 

2. User enters a library. When walking, she draws an 'X' in the air with the 

device, to make it enter the silent mode. 

3. User is cycling. He shakes the phone to initiate a call to a pre-defined number. 

4. User is walking on a quiet street. She receives a text message. She swings the 

phone from side to side in front of her, to cause the message to be displayed. 

5. User is walking on a crowded street. She draws an 'O' in the air with the 

device in order to open the calendar application. 

6. User is talking on the phone. She taps the sides of the phone to adjust the in-

call volume. 

Other discreet gestures than tapping the device cover appeared to be acceptable 

for the users, but the applications they were used for, were not seen valuable. 

Neither shaking or swinging the device were objected because of the social 

context, but the features they were controlling (shaking the device to initiate a call 

to a predefined number, swinging the device sideways to see the contents of a 

received text message) did not gain very positive remarks among the participants. 

A discreet gesture, namely that of tap input, was selected for further 

development. Two user tests were arranged in order to study the usability of 

certain features being controlled by tap input, and to study the way the users 

would prefer to tap the device cover, given no strict instructions for how to do it. 
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Perhaps the most interesting finding in the test was that the force, with which 

the users tapped the device cover, varied a lot, which should be taken into account 

when designing a user interface relying on tap input. Another interesting finding 

was that the feedback from the tap gesture needs to be immediate, confirming that 

the gesture was recognised. Yet another finding was that single taps and double 

taps were not useful as separate interaction methods, as users had difficulties 

remembering the meaning of each in cases where both were used in a single 

application. 

The findings presented in Publication IV influenced the Nokia product 

creation. The double tap has been used, e.g., in the 5500 and the 8800 Arte 

models. In each, it can be used, e.g., to silence a ringtone, which was the most 

widely accepted gesture in the questionnaire presented in Publication IV. 

Some of the concepts in Publication IV were direct results from applying the 

environment analysis framework of Publication I. In the study presented in 

Publication I, certain usage contexts such as when doing outdoor activities in 

winter, were found to be problematic from the point of view of the manual input. 

The mobile device is often buried in a pocket, and there are constraints to using 

the hands, because of things being carried or because handwear to be worn 

because of the weather conditions. The analysis also revealed that there are 

certain contexts, such as when commuting in a train in Tokyo, where social 

restrictions are high and the user would benefit from a quick way of silencing the 

phone when it rings. The double tap gesture was found to be useful in this kind of 

situations, as it can be quickly performed while keeping the phone in its storage 

location. 

4.2.4 Aesthetics of audio-enhanced graphical buttons 

When considering multimodal output in a user interface, sound is one natural 

candidate. In Publication V, results of a test concerning the usage of sound for 

augmenting a graphical touch-screen-based UI are presented. The study 

originated from the fact that auditory augmentation of the graphical feedback in 

pressing touch-screen buttons (successfully or unsuccessfully) proved out to 

improve usability in an earlier study (Brewster et al. 1995). However, the actual 

sounds used in the earlier study – even though the test participants did not find 

them irritating – appeared rather intrusive for a commercial device.  

In the earlier study, the enhanced usability probably affected the acceptance 

of auditory user interfaces. Furthermore, as the sounds were only heard in a test 
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setting, it was unclear how well the same sounds would be accepted in real 

products. Therefore, a repeat of the original test was conducted so that the sound 

design from the original test was compared against a new design with the only 

difference being that the new sounds were much shorter, quieter and overall more 

discreet than the original ones. The results were published in Publication V. The 

research questions were whether the users would be able to gain the same 

usability benefit also from the smaller sounds, and which of the three compared 

systems (quiet/original sounds/new sounds) they would prefer. 

The results showed that the usability benefit did not disappear when the 

sounds were made more discreet. Furthermore, the preference was clear – 9 users 

out of 10 preferred the new sound design over the original one, and over the quiet 

situation. 

The results of Publication V fit into the field of social requirements in the 

environment analysis framework presented in Publication I. It has already been 

shown by Brewster et al. that enhancing graphical buttons with sound improves 

the overall usability of small touch-screen buttons. However, the social context 

often requires the sounds to be used to be as small as possible, while still 

maintaining the usability benefit. The results presented in Publication V show that 

it is possible to make the sounds less intrusive, yet equally useful as more 

prominent sounds.  

4.2.5 Perceived importance of sounds 

In addition to enhancing direct feedback from the UI with sounds, sounds are 

often used to catch the user's attention and draw it to a certain event. The loudness 

of sound has traditionally been considered as a way to control how strongly the 

sound catches the user's attention. However, it has been pointed out (Patterson 

1982) that this is in the long run not a good approach. If many devices are trying 

to compete for the user's attention, the overall noise level would rise. Furthermore, 

at some level the sounds will become irritating just because of their loudness. In 

the study by Patterson (1982) concerning the alert sounds used in aircraft, it was 

found that some alert sounds are even so loud that they disturb communication 

inside the cockpit. A further problem pointed out in the study was that a loud 

sound can easily draw the pilot's attention to shutting the sound off instead of 

concentrating on the problem that caused the sound. Too loud sounds are also 

annoying and disrupt thought and communication. 
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Therefore, alternative methods have been suggested for designing sound so 

that the perceived urgency of the event related to the sound is correct. Patterson 

developed a way to design sounds that consist of bursts of pulses so that the 

perceived urgency related to the sound can be controlled. Control is implemented 

by altering various characteristics of the single pulses in a burst, and the 

characteristics of the burst. In Patterson's original work (Patterson 1982) the 

urgency levels were discussed, but the relationship between the acoustic 

characteristics of a pulse burst and the perceived urgency of it were not tested. 

This work has later been continued by Edworthy et al. (1991) and Hellier et al. 
(1993) who have found out that certain characteristics indeed do correlate 

between the perceived urgency in a predictable manner. These characteristics 

were the rate of the pulses in the burst, the pitch of the pulses and the irregularity 

of the harmonics within a pulse. This design paradigm has also been used in 

hospital settings (Haas & Edworthy 1996), and it appears to be the only widely 

enough studied way to affect the perceived urgency. 

However, it is difficult to apply sounds consisting of pulse bursts widely in a 

product user interface. As pointed out earlier in the Multimodal Output section, it 

is often necessary to present a same piece of information through different 

modalities. Crossmodal design - in the sense described by Hoggan and Brewster 

(2007) - is needed so that the user understands that, e.g., a visual icon is related to 

the same UI object as, e.g., a sound. The design method presented by Patterson 

does not support designing icons that way, as it requires that the sounds consist of 

bursts of pulses. If a sound designer wants to use a visual icon representing a trash 

can, it is easy to use a clanking sound for events related to the same object. 

However, presenting urgency using Patterson's method cannot be easily applied to 

the clanking sound. 

Furthermore, pulse bursts are hardly ever aesthetically pleasing. It is difficult 

to utilise them in household products. It is also difficult for a product 

manufacturer, e.g., to build a brand around sounds consisting of pulse bursts. 

There is not enough freedom in the sound design to enable creation of a common 

sonic identity for a product.  

In order to tackle these problems, a set of new variables for altering the 

perceived urgency of a sound has been subjected to user tests and published in 

Publication VI. The publication uses the word “importance” instead of “urgency” 

in the title, as that was the one the test participants were instructed to evaluate. 

However, it is discussed in the publication that in practice it most likely was the 

urgency that the participants were evaluating. 
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The sound parameters were selected so that they could be used to modify an 

existing sound, instead of creating a new one from scratch. This would leave 

more space for a sound designer as the urgency parameters could be 

“superimposed” on an existing sound. For instance, one could design a sound for 

alerting the user of an upcoming event in his calendar relatively freely. Changing 

the way how the alert is played could then be used for showing how soon the 

upcoming event is going to occur. 

Two new parameters were found in the test. Altering the cutoff frequency of a 

low-pass filter used for filtering the sound was found to affect the perceived 

urgency of the sound in a statistically significant manner. The speed of a vibrato 

effect applied on a sound was also found to do the same. Furthermore, it was also 

interesting (but obviously inconclusive) that varying sound length did not have a 

clear effect, nor did altering the amount of reverberation applied to the sound. 

The idea in Publication VI has been continued by Guillaume et al. (2007) by 

utilising the perceived distance of a sound source as a method for controlling the 

importance of the event the sound relates to. Moreover, Nicol (2005) has 

presented a way to modify the perceived urgency without using the pulse burst 

paradigm. In his study, the timbre of a sound was modified based on the effect of 

harmonics on the perceived urgency. This effect was first pointed out by 

Edworthy et al. (1991). Nicol's method could also prove useful when creating 

sounds for commercial devices, as it is based on modifying an existing sound. 

4.2.6 Sound design for commercial handheld products 

Publication VII presents a summary of the author's experiences in sound design 

for commercial handheld products. It draws together findings of the author's 

earlier publications. The publication focuses on the acceptance of sound use and 

things affecting it. Three basic principles for sound design are presented: Utility 

and Usability, Disturbance to the Environment, and Aesthetics.  

Han et al. (2001) point out the importance of the impression that a user 

carrying a mobile device presents to people around him. Sounds can easily draw 

the attention of others, so it is important that the sounds are not disturbing for 

others, and the style of them matches with what the user wants to express to 

others.  

Leplâtre and McGregor (2004) have pointed out that auditory displays, even 

though they have been studied for decades, still have not become widely used. 

One reason that Leplâtre and McGregor present is the lack of design quality in 
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auditory displays. They also point out that design quality in practice is often 

related to the aesthetic quality. 

Utility and usability related to usage of sound can greatly affect its 

acceptance. This issue has been pointed out both in Publication V and in the 

original study by Brewster et al. (1995). When a sound improves the usability of a 

system in a user-perceivable manner, the acceptance of the sound will be better. 

In Publication VII, issues related to catching the user's attention are discussed 

as well. Often a sound draws the user's attention to it, and if this is done for a 

thing that the user already knew about, then the sound is less likely to be accepted. 

The sound is also typically heard by the people around the user. It can draw their 

attention to it, which can be even more irritating since the event makes no sense 

to the passers-by. This can then cause the user to feel embarrassment. One 

proposed solution (Brewster 2002) has been to rely on the user wearing 

headphones. Headset and headphone usage has become more common with the 

legislation in many countries requiring hands-free kits to be worn when driving 

and speaking on the phone, and with the increasing memory sizes in mobile 

phones having enabled the storage of a larger music library to be carried on the 

user. However, in Publication VII the current author argues that that the sounds 

themselves should be designed to be comparable to the sounds naturally heard in 

the environment. People do make sounds, e.g., by body movements and talking, 

so device sounds whose attention catching qualities would not be much higher 

than those, would be more likely to be accepted also by others. It is suggested that 

the principle of minimalism is utilised when designing product sounds. However, 

it is pointed out that it is currently unknown what the limits for making the sounds 

as small as possible while maintaining their usability benefits are. 

The aesthetics of sounds in a commercial product is also discussed in 

Publication VII. It is pointed out that since people naturally relate qualities of the 

imagined sound source to a sound they hear, it would be possible this in creating 

the overall identity of a product. The contradiction of keeping the sounds small 

and simple, and on the other hand enabling the user to hear qualities – such as the 

material – of a sound source is discussed.  

As a real world case study, the sound design process for the Nokia Internet 

Tablet product family is presented in Publication VII. The three sound design 

principles are discussed in relation to the issues in real world product creation and 

design decisions are explained. Some research problems are raised that have 

become evident during the sound design process of the Internet Tablets. The 
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publication also discusses the relation of research of auditory user interfaces in 

relation to how real world product sounds are created. 

The publication discusses several issues related to utilisation of sound in the 

user interface of a real, commercial mobile product. When analysing a usage 

environment according to the analysis framework of Publication I, these should 

be taken into account. The framework provides means to analyse the usage of 

sound specifically in a certain environment, and also to analyse the indirect 

effects that the typical social demands cause in it. 
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5 Discussion 

When looking at today’s mobile user interfaces, one cannot help but feel that they 

have not come very far from being just miniaturized computers. Based on Apple's 

iPhone OS, Google's Android, Nokia's Symbian or MeeGo or any other modern 

mobile phone OS, a common denominator in mobile devices is that their output is 

mostly restricted to using small screens with amazingly high pixel densities. 

Content can be presented in high resolution, but user input is restricted to finger-

size objects. Simple speech input may be possible, but no natural language 

dialogue can be held with the device. Some server-based dictation services exist, 

but they are not very common yet. Visual output can be augmented with haptic 

feedback from the touch screen. Sounds and haptics are used to draw the user’s 

attention to alerts. But it seems that everything more elaborate is still waiting in 

research laboratories.  

In this thesis, it has been proposed that a major cause for not utilising all the 

possible modalities available in mobile contexts is that their benefits are not clear. 

Concepts that have been implemented are the most obvious ones. Voice dialing 

while driving is a clear example. Usability testing in mobile environments may 

reveal usability problems related to the mobile context of use, but testing as such 

does not suggest solutions to the problems. The solutions therefore tend to be the 

obvious ones. What is needed is a tool for performing a more comprehensive 

analysis of the situation, to help the designer think more broadly of what the 

solutions could be. 

In this thesis it has been shown that currently no comprehensive analysis 

tools exist that would clearly and systematically show which of the users 

capabilities are overloaded in a certain context, and which could be exploited 

more than they are today. An analysis framework has been proposed as one 

solution to the problem. The starting point in the framework is indeed in going 

through the user’s capabilities one by one, and analysing how the environment 

around the user affects them. 

The presented framework has been used to analyse several mobile usage 

environments. During the analysis, new interaction concepts have been created 

and their usefulness has been tested. The double tap gesture was identified in the 

analysis. Its usefulness as well as social acceptance was also studied in more 

detail in this thesis, and the study was extended to cover other gestures performed 

using the whole device as well. Another concept resulting from the analysis was 

using spoken output to augment the visual feedback in a text entry task. This 
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concept has also been analysed in more detail in this thesis. The framework has 

also been used for evaluating an existing concept, namely that of haptic feedback 

from touchscreen interaction. The concept was known at the time, but the 

framework helped in showing the contexts where the concept would be most 

useful. This served as a trigger to study the concept more thoroughly. 

In order to build new interaction concepts, one often needs also new 

interaction techniques. In this thesis, a concept of utilising a time-out to change 

the system state has been studied. If users were able to remember accurately the 

time-out length, it would have the effect that the length should remain constant, 

and that it would be difficult to adapt it dynamically. On the other hand, the time-

out could then be safely used for changing modes in the UI since users could be 

trusted to have learned the pace of the system. If short-term learning would occur 

during use, it would cause an effect that variance in the time-out length should be 

small. However, dynamic adaptation of the feedback length could be utilised if 

the provided feedback would be enough to teach the users the development of the 

time-out. The results showed no evidence of long-term learning. However, 

evidence of short-term learning was found. Furthermore, it was seen that a new 

time-out length could quickly be learned based on the provided feedback. 

Adaptation therefore seems to be possible without ruining the usability.  

Another interaction technique studied in this thesis is that of UI sounds. 

Details of UI sounds have been studied so that they would be both useful and 

commercially viable. The results showed that it is possible to bring the same 

usability benefit in touch screen interaction by using quite small sounds instead of 

longer ones. Another study revealed two new methods of modifying UI sounds to 

control the perceived importance of the event related to them. Existing studies 

had concentrated on creating new sounds by controlling the parameters used to 

synthesize them, which restricts the creativity of the sound designer and is 

problematic for maintaining a consistent audio brand of a company. The new 

methods found in this thesis were filtering out the high frequencies in a sound, 

and modifying the speed of a vibrato effect applied to the sound. These can be 

more easily applied over sounds synthesized using which ever means suitable for 

product sound design. 

The last part of the thesis presents an analysis and a case study of applying 

sound design techniques into commercial handheld products. The study presents a 

synthesis of how different sound design paradigms can in practice be applied to 

the UI sounds of a commercial device. It also presents ways of combining the UI 

sound design with the visual style of the product. The study discusses the 
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practical problems of utilising sound in user interaction, and points out several 

currently unresolved key questions for the academic community. 

Why are multimodal user interfaces for ultra-mobile contexts important right 

now? An old and often repeated caricature of a mobile phone is presenting it as a 

modern Swiss army knife, with all imaginable functionalities being embedded 

into a single device. A mobile phone could have a razor, a cigarette lighter, a 

bottle opener, and so on. A common factor for those functionalities typically is 

that they are all local and it is the user who starts using them. 

The number of applications used in today’s mobile phones is currently 

exploding. The mobile phone of today is no longer a stand-alone device with 

mainly local applications running on it, with the capacity of communicating 

through messages and phone calls. Instead, it is developing into a device 

connecting the user to online communities and services. The one-to-one 

communication is vastly expanded by things happening in the community, which 

are then communicated to everyone in it. One user may upload a video to an 

online service while another writes a new chapter to his blog. The weather 

forecast can updated regularly during a day, and a news service can keep feeding 

news to the world. 

This change leads to a situation where the user is no longer always personally 

contacted when there is something interesting happening. In contrast to friends 

sending text messages to each other, an updated blog entry will not be personally 

informed to the user. But the mobile device can keep track of what is happening 

and inform the user. The online communities also increase the number of times 

when the user wants to communicate something to the outside world. Furthermore, 

the increasing number of available services leads into more frequent situations 

when the user wants to access some information on the mobile device. 

The mobile device must in the future be capable of informing much more and 

more complex information for the user even when it is being stored away from 

the user’s sight. This causes new requirements for utilising other senses than the 

user’s sight for presenting this information. Another cause for a need of more 

multimodal output is that many internet services have been designed for PC-size 

screens. Rendering the same content onto a small screen of the mobile device 

obviously works, but can lead to an excessive amount of scrolling and difficulties 

to get an overview of where everything is. Placing more information into a 

screenful on the other hand leads to difficulties to see what is on the screen, and 

especially on a touch-screen device the touchable targets may become too small 

to be hit comfortably. Multimodality could be used to present some of the 
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information, e.g., as sound instead of placing it on screen, as discussed by 

Brewster et al. (2003). On the other hand, multimodality can aid the user in 

interacting with small objects on a touch screen as presented by Brewster et al. 
(1995) and discussed also in Publication V. 

In multimodal input, a clear benefit would be gained with systems that do not 

require finger operation, or even hand operation in ultra-mobile usage contexts. 

The hands are often occupied with activities related to the context, and the device 

can be stored inside a pocket. Recognition of head movements as presented by 

Brewster et al. (2003), finger taps through the pocket as discussed in Publication 

IV, wrist movements as described by Fallman (2002) or maybe even eyeblinks 

could be used as input methods in the future. Using the whole device as an input 

method as described by Williamson et al. (2007) would relieve the user from 

precise operation of device buttons or the visual search problem related to finding 

the correct button to press. Camera-based recognition of the user’s hand or head 

gestures could also be used in contexts where the device is placed so that its 

camera can see the user. 

Open research questions for multimodal user interfaces clearly still remain. 

Presenting a same piece of information will be important when creating alerts and 

notifications that can be presented through different modalities. In the case of 

using multimodal output to save screen space, the same piece of information 

needs to be presented sometimes using graphics, sometimes using haptics or 

sound. Hoggan and Brewster (2007) show that often it would be beneficial to be 

able to switch between different unimodal interaction methods. They also show 

that in order to, e.g., present an alert through several possible modalities, it is 

important to design the presentations so that people recognise them as 

representing the same event. In order to do this, research on crossmodal 

perception is needed. Hoggan et al. (2008) have also shown that crossmodal 

congruence is important also in the case of providing tactile feedback from visual 

buttons – where the user does not have to guess or learn what the tactile feedback 

means. In their study, users expected a certain look of a button also would have a 

certain feel.  

Typically with new interaction concepts come issues related to acceptance of 

new interaction methods. The visual sense is still very strong when the user needs 

to search for a piece of information or when the information to be presented is 

itself visual. Furthermore, people are used to visual displays. Therefore, the 

question remains whether people would rather just stop what they are currently 

doing and start operating a mobile device, or whether excellent new interaction 
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methods would lead them into using devices while moving. It can be assumed, 

though, that the more always active online services will be used through mobile 

devices, the greater will become the likelihood of the user wanting to receive a 

piece of information and to react to it even in ultra-mobile usage contexts.  

More research is therefore needed on the requirements for interaction in ultra-

mobile usage contexts. The framework presented in Publication I provides a tool 

for doing this research – but the research obviously needs to be conducted.  

This research and the methods for multimodal interaction would probably 

first be in the interest of manufacturers of mobile devices or mobile software 

platforms. After all, the tools typically need to be there first: only then can 

application developers start using them. This work has started already with 

software platforms offering application programming interfaces for auditory and 

haptic output as well as accelerometer-based motion input. 

Optimally, a software platform would offer the tools for multimodal 

interaction automatically based on the user’s context, without an application 

developer having to be an expert on multimodality. Eisenstein claims: “We 

believe that user interface modeling will be an essential component of any 

effective long term approach to developing UIs for mobile computing” 

(Eisenstein et al. 2000). This may well be true for future mobile software 

platforms. 
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6 Conclusions 

In this thesis, user-interface design for ultra-mobile usage contexts is discussed. It 

is pointed out that current usability testing methods are not always adequate for 

finding out usability problems in ultra-mobile usage contexts. Furthermore, those 

methods that are still lack the capability of suggesting the use of alternative 

modalities for solving the problems caused by the mobile environment. It is 

shown that ways to analyse mobile contexts to come up with detailed 

requirements for ultra-mobile use have currently been lacking. As a solution, an 

analysis framework that takes the senses and capabilities of the user as well as 

possible recognition capabilities of the mobile device as a starting point is 

proposed. Two novel interaction concepts are proposed for solving certain 

interaction problems in ultra-mobile contexts. Three interaction techniques are 

studied for using as building blocks when creating new interaction concepts. 

Finally, a case study of applying design methods for creating the UI sounds for 

commercial handheld devices is presented.  
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