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Abstract ix

Abstract

This thesis describes noy@ocesses in two important areas of huroamputer interaction (HCI) and
demonstrates ways to combine these in appropriate ways.

First, prototyping plays an essential role in the development of complex applications. This is especially true if a
usercentral design process is followed. We describe and compare a set of existing toolkits and frameworks that
support the development of prototypes in the area of pervasive computing. Based on these observations, we
introduce the ElToolkit that allows the quick geation of mobile and pervasive applicatiggausd approaches
manyissues found in previous works. Its application and use is demonstraggkeral projects that base on the
architecture and an implementation of the toolkit.

Second, we presenbvelresuts and extensions in user modellisgecificallyfor predicting time to completion
of tasks We extended established conceqish ashe Keystroke_evel Model to novel types of interaction with
mobiledevices e.g. using optical markeasdgestures. Thdesign, creation, as well as a validation of this
model are presented in some detail in order to show its use and useffoimagking usability predictions

The third part is concerned with the combination of both concepts, i.e. how to integrate delsrinto the

design process of pervasive applications. We first examine current ways of developing and show generic
approaches to this problem. This leads to a concrete implementation of such a solutiovAtiveintegrated
development environment isovidedthat allowsfor quickly developing mobile applications, supports the
automatic generation of user models, and helps in applying these models early in the design procass. This
considerably eagthe process of model creation and can replace sgpes of costly user studies.

Zusammenfassung

Diese Dissertation beschreibt neuartige Verfahren in zwei wichtigen Bereichen der Nassittine
Kommunikation und erlautert Wege, diese geeignet zu verknupfen.

Zum einen spieltié Entwicklung vorPrototypen insbesondere bei der Verwendung von benutzerzentrierten
Entwicklungsverfahren eine besondere Rdlle werden daher auf der einen Seite eine ganze Reihe vorhandener
Arbeiten vorgestellt und verglichen, die die Entwicklung prototypischer Anwegeauspeziell im Bereich des
Pervasive Computing unterstutzen. Ein eigener Satz an Werkzeugen und Komponenpesiseirikertder

viele der herausgearbeiteten Nachteile und Probleme solcher existierender Projekte aufgreift und entsprechende
Lésungen anbtet. MehrereBeispiele und eigene Arbeiten werden beschrieben, die auf dieser Architektur
basieren und entwickelt wurden.

Auf der anderen Seite werdarueForschungsergebnisse prasentiert, die ErweiterungieiMethoden in der
Benutzermodellierung speZién Bereich der Abschatzung von Interaktionszeiten beinhdlfé@rdiesen in der
Dissertation entwickelten Erweiterungen kénnen etablierte Konzepte wie das Keysvaekélodel auf
aktuelle und neuartige Interaktionsmdoglichkeitenmbilen Geratemngevandt werden. Der Entwurf, das
Erstellen sowie eine Validierung der Ergebnisse dieser Erweiterungen werden detaiijestellt

Ein dritter Teil beschaftigt sich mit Méglichkeiten die beiden beschriebenen Konzepteinen
Prototypenentwicklung im Pervasi Computing undum andereBenutzermodellierung, geeignet zu

kombinieren. Vorhandene Ansatze werden untersucht und generische Integrationsmdglichkeiten beschrieben.
Dies fihrt zu konkreten ImplementierwergsolcherLésungen zur Integration in vorhandehkengebungen, als

auchin Form einerigenen Applikation sgzialisiert aufdie Entwicklung vorProgrammen fur mobile Gerate

Sie erlaubt das schnelgstellenvon Prototypenunterstiitzt das automatische Erstefipazialisierter
Benutzermodelleind ermogleht den Einsatz dieser Modelle friih im Entwicklungsprozess. Dies erleidigert
Anwendungsolcher Modelle und kann Aufwand und Kosten fiir entsprechende Benutzersinsemen
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1 Introduction and Structure

The style ofinteractingwith computer systems is about to chadgastically Clearly, the standard scenario
where one person communicates with a single desktop computer through keyboard and mouse will remain
important for the next couple of years. However, in matuations there is a shift towards a less clear boundary
between computers and the world. There has been increasing atiien¢isearch, media and industry to
distributed and mobileomputing in the last years atitkre is strong evidence that this wilnifest itself even
stronger in the near futur€hebasicvision of pervasive computing is thagvdces and environments are getting
smarterandthe possibilities of input and outpuicreaseadrastically.A variety of new applications hawdready
becomepossible withthe introduction ofarge public displays, radio frequency identification, powerful mobile
devices, sensor networks, and a large numbavaifablesoftware components aisérvices.

In this new spacemethods like those for creating useeifilces or evaluating applicatiotiat workedwell for

the desktop settinigave to be checked and often need to be rev3eed widely used way of trying tweate
devices, applications, and environments thatealy accepted bgnduserds totake paential users into

account from the very beginnimg the development procegsd ucsesrrt r e d. Thisénpliegtimideally,

there should be input from users to the idea, design, as well as implementation of aFystécally, his can

be achievd in two wayqwhich are not mutually exclusivelhe first is to dividele development process into
severabhases and for each phdmeld a prototype presented to a sample of potential users. The second
possibility is to integrate models into the d@grhent procesthat represent important aspectaisérs. Since a
model is per definition a simplification, this bears the risk of imprecise or incomplete data. On the other hand, it
can be used whenever needed eattilices the need fopst intensive andmhe consuming user studiad/e will

show advantages and weaknesses of both ways and provide techniques and tools to support both of them.

Such nodels underlying the development of a system can provide characteristics, metrics, and properties that can
be checked. If this can be done automatically, a number of errors and issues can be b\ideer, in

practice, it is still important to generate prototypes of applications and devices in order to assess, communicate,
and evaluate the ideas. Therefore, wavjate a rich set of tools to create applications in the domain of pervasive
computing. We also present ways of combining the power of prototyping with the expressiveness of user
models.One of the prototyping environment® will describe is based grogramming by demonstraticend a

user interaction time model.thusallowsquickly buildingfunctional prototypeand at the same time helps in
identifying issuesn tasksequenceand gives well grounded estimates of the time users will need to perform
thesetaskson theenvisionedarget platform

1.1 Goals and Contributions
Thekey contributiors of this thesisan be found in three areas.

Prototyping

1 Anintroduction and detailed comparison of available hardware and software prototyping tools
1 Thedesign andmplementation othe EIToolkit forrapid prototyping of pervasive applications

I Various examples and case studiegelopedased on that toolkit

Usermodels

1 Anintroductionto the application ofiser model$or usability, e.g. the Keystrokéevel Model KLM)
1 Validated extensions to the Keystrakevel Model for mobile interactions with the real world

1 A demonstration of the use of graph theory methods for user interface and interaction design

Incorporating user models in the development process

1 Anextensible framework for building pervasive applications employing user models

1 Easy to use interfasdo create prototypes and applications basedsaibility input fromuser models

1 Thedesign and implementation BfAKEIT, a prototyping framework faapplicationson mobile devices
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1.2 Structure

After the introductiorof important terms and an overview of pervasive computing, a set of related and own work
is briefly presented that ses/t® show the design space of pervasive computing. Sinegart othis thesis
demonstrates new paths to design and implement pervasive and mobile applications, development processes of
pervasive and mobile applications amnciselydescribedn Chapter2, Developing Pervasive Applications

includinga brief overviewof available methods, tools and frameworks to create tangible prototypes.

User malels and their influences on user interface design play an important role in reachinggboé thial

work. Therefore, existing cognitive anelateduser models are describiedChapter3, User Models for Ul

Design We concentrate on models that allow for making predictions with regard to interaction times of end
users and peentimportantapplicationareasof suchmodels One of those, the Keystrokevel Model (KLM),

is treated in more detaince it is used extensively in the following chaptberorder to be able to use the model

in the new domain of pervasive computingr work provideseveral extensions of the original concept to novel
areassuch agphysical mobile interactions. The measurement and validation of new parameters for the KLM are
describedn conjunctionwith several example®Ve builta variety of develpment tools on top of such models

and can thus fully include their advantages early in the development process of pervasive applications.

Onefurther specific contributiodeveloped in this thesis is the EIToolkit, an open source toolkit designed to
suppat the creation of pervasive applications. Its idea, architecture and implementation are presented in
Chapterd, Tools forRapidApplication DevelopmentThis section also contains a detailed set of requirements
for such toolkis collectedfrom a long list of related work and experiendesfluenceddesign decisions during
the development obur toolsandcan serve to evaluate other toolkitsto pick a specific one for own purposes

The followingChapter5, Prototyping Using EIToolkit and User Modetkescribegnothercentralthemeof this
thesisi.e.the combination of user modelling approaches and prototyping tools. After a description of the
concept, a series oé.g.graphical) tools on top of the ElToolkit is demonstrated. These can be used to quickly
build applications using a variety of virtual and physical input and output components. They are intended to
lower the threshold of buildingush applications while still maintaining a high ceiling, they allow creating
complex applications without requiring more effort than neces$ar/second part of this chapter concentrates
on existing and new approaches to integnatelels like thoseescribed irChapterl into existing and novel
development tooldn order to substantiate these ideas, we presamples of the integration afKLM module

in two existingapplication development environments.

Chapters, Case Studiet Applications Based on the ElToolkihen shows a selection of applications and
scenarios implementagsing the ElToolkit. It distinguishes between two main branches. wWesieveloped
several components that enable theafsome technology or technigwithout having to learn the details of
their use Oneexampleis the Particlenicrocontroller system thatlows developers tquickly build smart,
distributed sensors. Second, devacglapplication specific components are described that connectolké to
specificdevices or applications like remotely controllable power sockedmusic player software.

These theories are then useaonjunction withthe ElToolkitin the following Chapter, Prototyping Mobile
Device Applicationslt provides a working implementation of a standajamegrated development environment
for the creation of mobile phone applications. The chapter begins with a description of current tools to create
applications especially tailored for mobile devices. After a shortrega@n how graph theory can be used in the
domain of user interface design, thlekelT environmentnd its use arpresented in detailt builds on state
graphs andises programming by demonstratiorconjunction with several of theethods and tools described

in previous chapterto easily geneta mobile applications using models such as the KLM and building on
ElToolkit support. Besides the process of creating such applications itself, implications for application design
and several example applications developed using this system are given.

Thefinal Chaptei8, Summaryand Future Workreviewsthe content of the thesirestates the set of
contributions and ends with a treatment of future and open Wathows where the work presented here offers
asolid basis for other developers to add dedicated extensions for specific application needs and where the
research commity can help to exind the systems to reach a furtlesel of generality of the processghich

can only be achieved by wide application, acceptance, and development.
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2 Developing Pervasive Applications

This chapter introduces the research area of peevasimputing, discusses related terms Lnd

fields and shows in which ways this thesis contributes to sesfetadseaspects.

2.1PervasiVe COMPULING.....cuii it e e e e e e e e enenannes 3
2.1.1Brief HiStory and OVEIVIEW. .........ccoiiiiiiiieeeiiceee ittt reene st 3.
2.1.2Applications and Related TerMMIS..........uuiiiiiiiiiiieeeie e 5

2.2 Application DeVElOPMENT PrOCESS.......uuiiiiiiiiiiiieeeee e ettt srmmne e e e e 11
P N e (0] (0] ¥/ o] 1 o AU TP PO PP PP PR PPPPPPPPP 13
2.2.2IMPIEMENTALION. .....ci it r e e bbbt e e eeenrareeee 15
2.2.3DEPIOYMENL. ...t ee ettt ee e e e e e e et e e e e aeereeeeeeeeaes 15
2.2 AEVAIUALION ...ttt ettt ettt e et e e e e e eet ettt e e et e e e e e aaa e e e e e e s e st e e e aaaaeaaaans 16

The two main parts of this chapter are concerned with a description of pervasive computing and related terms
(2.1) and the components of typical application development processes within this 2&d I the course of

those descriptions, we show in which areas the contents of this dhesnost profoundly located and to which
specific aspects it contributes most.

2.1 Pervasive Computing

In order to introduce the topic, place our research in the design space of applications and development, and to
describe important terms and conceptspegin with a concise overview on the topic of pervasive computing.

2.1.1 Brief History and Overview

Pervasive computing and ubiquitous computing are two terms that have caught much attention over the last

years. However, the terms are still not used coherenthi literature. In this work, we use pervasive and
ubiquitous (or &éubi c o mp, though theylare sométiines nsedto carry soenewhdt a n g e
different meaningNiemelaand Latvakoski, for example, descripervasivecomputing as to corentrate on user
interactions withmobile and wireless devicesreation and deployment applicationsandthe use ofibiquitous

servicedo enhance thaser experienciNiemela and Latvakoski 2004However ultimately,they also decided

to follow the general movement in research and condfudenerahot to distinguish between those two terms.

We refer to, e.g[Satyanarayanan 20Q1yho gives aroverviewof the history, some current work, and

proposed research necessary to further tackle requirements of pervasive computing seersridsvhich still

hold even if some years have passed since then

In 1991, Mark Weiser first published his visiof bringing computing beyond the deskfiyeiser 1991]He
deliberately distinguished it from virtual reality which uses a different, virtual, artificial environment which
maps in some sort to the rewbrid. He coined the term ubiquitous computing during his wokeabx PARC

(Xerox Corporabn's research centre in Palo Alto, USMajor concepts of this vision include the seamless
integration of possibly hundreds of computers in the real wibrdd here is no need fahe user to focus on a
(specific) computer, and that any surfaces catutreedinto a displayand show arbitrary information. Two
important concepts are location and scale. This means that a system can use information aboutriloé iscatio
users to adapt information and outpatordingly On the other hand, different situations need different types of
utilities. One of the consequences is that helpful technology must be able to scale. For mobile use, input and
output footprint musbe very small; as soon as several people are involved or the space changes, larger screens
and collaborative input possibilities become interesting.

One category afleas withinubiquitous computing has started with the naalen computingind has laterden
calledambient computingThis subsumes all those types of applications that try to minimise information
overload and convey information in a way that do not need the primary focus of the users. Examples are known
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objects that can be changed accordingome input variable, e.g., connecting the height of water fountains to
the stock market, or colours of buildings or objects to the weather forecast. All of those have in common that
information can be registered peripherally without interrupting a taak

An interesting dilemma that emerges from those ideas is that the (distributed) objects can become very much
specialised. This means that they can potentially be used to efficiently solve a small set of dedicated problems.
However, it also means thame would have to have many of those devices at hand at any time to be prepared for
a variety of applications. This favours devices that incorporate much functionality as we see today with mobile
phones and PDAs. Unfortunately, most of thosénatine deices are less effective in use wragplied to a

specific problemOne example that relates to the scalability issue mentioned above is text input. A desktop
keyboard enables rather comfortable and quick text input. SureNesisisuitable for mobile se or in speitic
environments like the car.

Another issue is that, on the one hand, technology is supposed to disappear (see for example the Disappearing
Computer Initiativé for a range of related projects) so as to be indistinguishable from the object and
environment one is used. tOn the other hand, users often need or want to have comerpivhat happens. On

occasionfeedback or inpurom the users necessary. Morfot en even, as soon as a perso
system does not fit to the systembébs behaviour, this pe
understand what is happening. Thus, the system must either be visible in some waynousterieasthe

some method to gain access of its input and output cap

gains enormous weight here. It defines the way an object or application describes itself and the way it can be

used without pevious knowledge or learning phase. If a user interface element looks like a door handle for
example, it is very |ikely that people will try to pre
the other hand has generahot a cleaaffordance and implies a steep learning curve. One of the aims in

pervasive computing is to exploit the affordances of physical objects and transfer it to other possible

applications.

One way to achieve that is to stick to these physical objects as hartdlggei computational world and

introduce technology such as processors, sensors, actuators, and input / output capabilities directly into such
objects. This enables implicit interactions and context aware applications to be built that do not or ally sligh
change the original behaviour. By adding a set of sensors to a camera, as we did for eXatojésinKranz,

and Schmidt 2005ait is possible to support users in their interactions by automgticaditing pictures and
recording environmental and location information for later classification. Other approaches to generate
applications with high affordance have been to use virtual representations of physical objects that people know
how to operatelte filesandfolders or buttonstabs andform fields. Of course, the indirect manipulation

through mouse and keyboard drastically reduces the similarity effect. One attempt to remedy this situation is to
use physical handles suchas displaycube[Terrenghi et al. 20053r an object with physical knobs and

buttons in combination with larger displays such gslitiges, Baur, and Butz 2007]

Pervasse computing draws from several topics in computer science and other research fields. This is one reason
why several terms and notions have been created and emerged to describe the whole area as well as different
subjects within the design space covengddrresponding applications. The next section gives an overview of
many facets and ideas with which pervasive computing is concerned.

! The Disappearing Computer, an fthded initiative of the Future and Emerging Technologies (FET) activity of the
Information society Technologies (IST) research program; project ptpe/www.disappeang-computer.net


http://www.disappearing-computer.net/
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2.1.2 Applications and Related Terms

As is always the case with an area thasisomplex and steadily changing, there exiahsndefinitions and

ways to describe pervasive computing. For the sake of this thesis, we adopt the one given by the editors of the
Journal of Pervasive and Mobile Computing:

AThe goal of pervasive computing is to c
devices embedded in the environment provide unobtrusive connectivity and services

all the time, thus improving human experience and quality of life without explicit
awareness of the underlying communications and computing technologies. In this
environmentt he wor | d dinergomrected as pérnéa@adive network of

intelligent devices that cooperatively and autonomously collect, process and
transport information, in order to adapt
[Das, Conti, and Shirazi]

It catches the most important aspects of distributed deaicserviced.e. anywhere and anytime access to
information ltalsopr omot es t he adaptation and use of contextu
quicker, or more comfortable in a way that tloeyy notice this support as little as possible. One of the best

ways to put that last part into words ifaaousstaement of Mark Weiser about ubiquitous computing:

AThe most profound technol ogies are thos
into the fabric of everyday I|ife until t
[Weiser 1991]

From that perspective also stem the terms describing very similar concepts diasaygbearing computeand

calm computingWhen the use of real world objects and tangible devices is emphasized, pervasive computing
also sometimes appearsing the nameghysical computingr tangible mediaAnother more recently coined

term by Greenfield ifiGreenfield 2006]s everyware By stressing the fact that sensing, processing, and services
are availake anywhere and anytime, he tries to bring the many facets of pervasive computing into one coherent
paradigm of interaction. This particular process of spreading components, intelligence, and services in the world
has also led to the notion distributedcomputingn conjunction with ubiquitous computing; see for example
[Barbeau 2002jor a treatment of that connection.

With all these different components that make up pervasive applications, it is diffinattimpossibleto

completely classify their design space since nearly all possible applications have some or can be augmented with
some aspects of pervasive computing. In order to give an overview on what kind of applications have

traditionally beerbuilt in the area of pervasive computing, the following presents a list of common categories

and gives examples for eadthis isnotan exhaustive list in the respective area; the given samples denote some
recent, promiant or very typical application as.

The categories are: tangible computing, embedding information, ambient compatitext awarepplications,
wearable computing, augmented and virtual reality, computer suppoapdative work(CSCW)
communicating information, mobile applicatioasd input in pervasive computing.

In our work, we contributed to several of those categories with various prdgetoped in our research group
A selection of these projects is mentioned in the following together with representative examples &bworks
other research groups. Whenever we directly reference our own work, we denoteatisthgte ). Some of
them provideadditional information on some of the topics treatedetail in this thesis andill be elaborated in
appropriate later sectionSome images from our projects arewh to the right of the descriptions.
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Tangible Computing
Even if one of the paradigms followed with pervasive computing is that technolog
should step into the background of any user interface or interaction, one line of
research is concerned with makinfprmation and its manipulation visible and
tangible. As an example, we built a cube with displays as its six Hdaaz,
Schmidt, et al. 2005] One of its many applications can be found in learning, wher
for example multiplechoice tests, image associations, or 3D projection tests can t
performedTerrenghi et al. 2008] The cube allows grasping, playing with, and
passing information (in this case the whole application) tersftopening new
possibilities.

T
AN
This area also includes many works that produce haptic feedback in addition to tA cube with displays as its

. . . . sides[Terrenghi et al. 2005]
mostcommonly used visual and auditory channels. A simple example is the
vibration motor found in most modern phones to convey an almost inaudible sigr
[Sahami et al. 2008As an advanced examptmnsider te Phantom device,
[Salisbury and Srinivasan 199%hich can simulate the forces that apply when

touchingobjects. This can be used, e.g., for training of medical surgery.

The concept of tangible computing is also described by other ternpsakiséve real
world props graspable manipulative andembodied interfacggishkin 2004]

Another very active research area is talgetod surface computing. Applications
range from games (s@dagerkurth et al. 2005pr an overview on computer
augmented entertainment and tabletop games in particular), to music generation
thereacTable[Jorda et al. 2007dnd[Kaltenbrunner and Bencina 200,7fo

computer supported cooperative work (CSCW, see below, and the[Riagis|

Small wireless displays that
can display information abot
Morris 2006]for a good overview on this topic). each ot hidoles,o

Kranz, and Schmidt 2005b]

Embedding Information

As described below, there exist many possibilities to sthreseurrent context of the

user or an application. However, this generates issues in areas such as privacy,

aauracy, power consumption, etc. \#
Embedding information directly places information at the spot where it is of intere
see[Schmidt, Kranz, and Holleis 2004nd[Schmidt, Kranz, and Holleis 2005]

For exampleinformation about the weather is displayed close to where the umbre

or the clothes are locatgilatthews et al. 2004br directly in the umbrelfa As we

argue inHolleis, Rukzio, et al. 2006A)it is not even absolutely necessary to have

such displays fixed at a certain position. It can also be left to the users tdhaove
around and puhemin places suitable for their purpasSee also a more detailed
treatment irSection6.2.1

Publig and especially situated displagse currently very actively studied by many
research groups. The paper§@Hara, Perry, and Churchill 2008ive insight into  Hange for clothes with

. . . . . . embedded sensors and sev
social, technical, and interactional aspects in this area. displays[Schmidt, Kranz, an

Holleis 2004]

2 One of the projects created within the DFG project Embedded Interaction by the author of this thesis and colleagues; home
page of the research grouytp://www.hcilab.org
3 Ambient Devices, Ambient tibrella;product pagehttp://www.ambientdevices.com/products/umbrella.html


http://www.hcilab.org/
http://www.ambientdevices.com/products/umbrella.html
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Ambient Computing

Ambient devices build on the fact that in an arbitrary environment, a human |
concentrates on a sthpart of it at any one time. Besides this area in focus, there i|
alargearea in the periphery whesemeinformation can be registered without being
di sturbed in oneds main task. One ce
switched on, etc. Soenof those even only enter the mind unconsciously like types
of background music. Ambient displays exploit this fact and show information
supposed to be less important than the foreground task but interesting enough tt
user wants to stay tip-date. Awidely known ambient device is the ambient orb, a
spherical lamp that can change the colour of its light with soft transitions. It is, e.
used in[Matthews et al. 20044s an example of an ambient motionnitor that
conveys a notion of remote activity. Extended versions are currently being
developed. One of the first examples of an ambient device is the dangling string
(created long before it was mentionedWeiser and Brown 199%wvhich is a string
dangling from the ceiling that adapts its speed of turning to indicate network flow

Other appliances include applications like ghebientumbrella, or the use of
screensavers. We implemented the latter concept on mobile phones to support )
people in remembering and getting reminded about their personal communicatio = ’

. . . L . Mobile phone scensavers
and location behaviodchmidt, Hakkila, et al. 2006.] Several projects also displaying information about
combine ambient information displays with the possibility to access more detailecommunication behaviour,

. . . , ing pri hmidt,
information through, e.g. a mobile device, see for exaffjsknte et al. 2004] ﬁ{:fﬁ,’;‘”e% 2{“’2%8{5 enm

Context Aware Applications

Applications in the area of embedding information gestad the context they need
from the direct placement in the desired surroundings. Most ambient devices rec
their data input fronfiew specific channels to not overload their complexity. In
contrast to thatontext awarapplications rely on their cabpiity to retrieve context
from the environment to adapt their appearance and behaviour. A simple examp |
described ifHolleis, Kranz, and Schmidt 2005ajvhere context information such
as location and temperature is added to digital pictures the very moment the pict#
were taken. The term context itself has received much attention and many
definitions exist that differ in detail. Dey gives a short discussion on that topic an [
we use his definition here:

fiContext is any information the
characterize the situation of an entity. An entity is a

person, place, or object that is satered relevant to the

interaction between a user and an application, including the

user and applicati o[pbey200lf e msel ve

Much work has been put into location based senfBtsniger, Neun, and

tourist guidegBallagas, Kratz, et al. 2007¢r presace systemfKranz, Holleis,

and Schmidt 2006] However, as statin [Schmidt, Beigl, and Gellersen 1998]
this is not the only type of context to sense. Besides relative or absolute location
they list many additional types of sensors that can senskel@htypes of context, L A

.y . . L. - 1ME1ET 118128 118133
e.g., temperature, humidity, touch, movement, and orientation. This input can be

: : . - . . Holleis, Kranz, and Schmidi
used to infer highelevel context, e.gemotiong mood or activity (sitting/ walking, [20%52? se;"’;’;f b%r:( ang r?iqcltt
reading/ watching, running for the buditness, see for exampllee specialissue of  with corresponding sensor

. . . A data; thickest line is compas
the IEEE Pervasive Computing magaZibavies, Siewiorek, and Sukthankar

data
2008] for additional recent work)
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Wearable Computing
Sensing context as described in the last item often needs special placement of a {
variety of sensors. Sometimes, a single sensor can be enough to get an idea of
movements in a whole house, as for example descrijédiel, Reynolds, and
Abowd 2008] However, most of the time, tlexplicit placement of sensors is vital.
Especially for activity recognition, the ability to have sensors directly on the body
the user can be of much help, see e.gerhoven and Gellersen 2004} a

descripton of detecting motion and pose of a person by using several sensor noc

di stributed in that persono6s clothir m—
wearable computing. Already in 1998, much research has gone into the creationiFr’] ?ggr‘;tt;zgir‘}"’t':]hetggg%ﬁf’”t“
fabric computer intéaces see e.g[Orth, Post, and Cooper 1998flore recently, Prototypefrom [Holleis,
Linz, Kallmayer et al. show ifLinz et al. 2005how to use flexible electronic Paasovaara, et al. 2008

modulesand a way of connecting them with conductive yarn. This can be seen a:
enabling basis for such work Réolleis, Paasovaara, et al. 2008hich looked into
the placement and usability of touch sensors on clothicguld also make it easier
to deploy technology such #te Lilypad Arduino[BuecHey, Eisenberg, et al.

2008] a prototyping platform for applications integrated into clothes. .‘5

Wearable computing also touches other aspects like fashion design and retrievir
energy from body movements to power embedded devices and sesesfiviateu

and Moll 2005] Besides inpdit be it explicit through touch or wearable keypads, o
implicit by collecting and interpreting sensor datearious methods of data output
have also been studied. Famous eplasare video enhanced glasses or goggles, The picture of the bodyelow
headphones, vibration motaet. Many augmented reality applications as describe:,';g:ﬁgtgigggﬁgzcvﬁr}ﬁﬁf 33

next are based on such extended wearable accessories. clothing to be seg[Holleis,
Paasovaara, et al. 2008]

Augmented and Virtual Reality

This subject is concerned with applications that either add to or completely replace how we perceive th
world. The first concept is known as augmented reality (AR), the second as radiitgl (VR). Virtual

reality lets the user completely immerse into a virtual world which can either be realistically modelled us
real places, persons, and textures, or abstract showing for example concepts or data structures. Possit
applications rang from entertainmerjBenford, Magerkurth, and Ljungstrand 200 tourist information
[Diez-Diaz, Gonzélez Rodriguez, and Vidau 20@FJtraining ad simulation scenarios, e.g. in the area of
medical surgery (sg&leubauer 2005for a broad overview as well as technical details on the subject). Ma
of those use head mounted displays and-kigh computing machines to directly process and add
information to the visual channel. Recently, however, mobile devices have caugh¢umpsiot processing
power and graphical capabilities. Applicatiush asn automatic, PD&ased translator for street signs
seen through the builh camergdZhang et al. 2002r mobile, collaboratig gamegwWagner et al. 2005]
have become possible. The high mobility of the user in general imposesdra/iabiproblem on the
implementation of such applications since the discrepancy between the tiesdtamice and the
environment has to be measuxkedly precisely and then computationally eliminated. Some generic work il
the ARToolkif can be used to simplify such processes. As closely as augmented reality and wearable
computing are related, much resgracombines different areas like for instance AR and tangible computin
seg[Bianchi et al. 2006for anexample

4 ARToolkit at HITLab, University of Washingtoproject pagehttp://www.hitl.washington.edu/artoolkit/


http://www.hitl.washington.edu/artoolkit/
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Computer Supported Cooperative Work (CSCW)

Computers have always been built to aid smpport work done by their users. However, the rather fixed
setting and limited input and output capabilities of the standard desktop systems have hindered the
collaborative aspect that is found very important in small and larger teams. The importalocey dristory

of the field of computer supported cooperative work can be seen in the dedicated CSCW conferehce s¢
that started as early as 1986 and its various related conferences and workshops. A variety of smart me
rooms with support for videad audio conferencing and quick and easy transfer and sharing of informati
such as virtual and physical documents has been introduced over the years, see fof &aiamgland
Miyazaki 2005]

This supports collaboration between teams at remote locationse&tifl when team members are
co-located, perhaps in the same room, it is not trivial to find the right infrastructural and interface means
combine physical and virtual information imay that it really improves interaction styles. Tabletop surfaci
suggest themselves as mediator for various types of scenarios where several people can work togethe
commonsubject. A comprehensive overview of recent research and technologicaypes (even though it
mostly focuses on work fromme Stanford University) can be found [iMorris et al. 2006] Of course, these
approaches have strong links to augmented reality and tangibfritiogm

Communicating Information

This is a very broad area and one of those where it shows most prominently that -

pervasive computing includes experts and research from a great variety of fields NFTWORK ALARM CLOCK
Projects dealing with communicational issues can rangevesynlow-level Wake-up alarm when more
networking protocols and hardware cable design to moreléig technologies ; S35 Partner
like VOIP (voice over IPi.e.internet telephony) and video conferencing to 100% up
specialised applications that incorporeégiousinput and output channels. The

project we describe ifHolleis, Kranz, and Schmidt 2005bhcorporates several
small, wirelessly connected, mobile displays without any visible input capabilities
A set of gestures can be used to communicate simple messages to the other dis n—
e.g. forremote voting: four possibilities are shovim;make alecision, the device is 7o i o A
put on the table oriented inspecificway. Then,the position and amount bhes on ' e <

the displayshow the_votes of the other part_lmpan.ts in that particular gmurpihc_er [Schmidt 2005] information
example concentrating on the output sidgsehami et al. 2008yhere we describe  zpout connected alarm clocl
a mobile phone with several haptic actuators. is aggregatedral displayed

Family

=1
i 40% up

A contrasting approach that does not abstract information so much is shtve L 9o For A Drink Torioht
Hug [Gemperle, DiSalvo, et al. 2003yhich manifests the need for types of remote S
communication other than speech. It is a soft form that can comfortably be held i
oneds arms and, whinhcan@rdvide amodimand mossialy p h c
videoconnection, it uses an array of pressure and accelerometer sensors to con' R

the remote party physical actions such as stroking or hugging (see atsovire

Bob:
HugShirf, which remotely sends a hug to anotherparsd s s hi rt t hr i
phones connected with Bluetooth). In fact, much research goes into how to Eg 1

Cinema At 8 0'clock

communi cate onedbdés state of mind, emc
recent project for instance uses a small vibration motor attached to a riogrial r .

. . Denise:
transfer the heartbeat of a friend in reale, [Werner, Wettach, and Hornecker ' e

2008] In a similar project a few years earlier, we describe a standard alarm clock
augmented with internet accdSshmidt 2005). Through its connection to other
alarm clocks, its functionality can addptthe presence and state of remote clocks [Holleis, Kranz, and Schmid

and persons like husband / wife or colleagues. 2005b] a simple, tangible
interface for voting over a

distance

® CSCW Conference Seriec8 SCW6 0 8 ¢ o n fhep/evmccecw20G8.9rg :
® Cute Circuit, HugShirt, 2006; product padp://www.cutecircuit.com/projects/wearables/thehugshirt/


http://www.cscw2008.org/
http://www.cutecircuit.com/projects/wearables/thehugshirt/
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All those projects that focus on communicating information in a different way tha [Zew
by standard telecommunication means have in common that they often need to | = s eums—
includeexpertise in hardware, software, HCI, and many more areas. Surely, mos

applications need to use some form of communication, be it between two people
the same building, between a larger group of people distributed all over the worlc
also simply beteen the user and a computer. This implies that the problem of w
having to congregate diverse expertise arises for many pervasive computing
applications. Fortunately, however, abstractions exist for many of those issues tt i‘mw o
can alleviate such problems. Maprojects, for example, simply use existing ‘ — :%
infrastructure and communicate using HTTP, i.e. simple web access, and thus d¢ || = 1
need to consider the choice and implementation of the concrete type of network |
communication (e.g. whether a device is connelojedAN, WLAN, Bluetooth, DEVICEVIz graphical,
GPRS, etc.). In addition, toolkits exisfor instanceour EIToolkit described in :el::\irboi]sé?r{tc’stgteygggtioﬁ.2.2
more detail in Chapteti that relievedevelopers from the need to know hardware

details of every possible sensor and also abstract from specific implementations.

Mobile Applications, Anywhere / Anytime Access

The success of mobile and pervasive computing applications in the last years ha
largely been driven by techlogical advances that made it possible to communicai
wirelessly acroswide distances, that enabled access to technology and informatic
to a high percentage of the worl dos
amount of effort and money for suapplications for both developers and users. As
examples, @ar is currently equipped with abal@0 networked processdrslish
washers employ processors and logics far beyond their real requirements, and
modern mobile phones are more powerful than stanctamputers have been just a
decade ago. According to analyst Informa Telecoms & Media, the number of mo
phone subscriptions has reached 3.3 billion, i.#6500 f t he wor | dé
2007 with 59 countries actually having more subscriptions thhabitants. Over
one billion phones have been sold in 2087d many of these phones incorporate
additional sensors and actuators such as (@Rbal Positioning System)
accelerometers for orientation and gesture input, compasses, and cameras. This
rencers phones and other mobile devices like PDAs and PocketPCs a very
interesting and powerful platform for pervasive computing applications.

[Holleis, Rukzio, Ottogt al.
] ] 2007} paper prototypes and
As has been mentioned before i n ¢ o0n jadvanced phonateraction

computing builds heavily on the fattat many services can be accessed
independent of time and place. Underlying infrastrucioiréhe mobile web (using
technology like GPRS, UMTS, protocols like WAP, services likeode, etc.) is

now widely available. To overcome the small input and utepeas of mobile
devices, much research has been put into the use of public displays, see, e.g.,
[Tuulos, Scheible, and Nyholm 20031 how to combine the personal, private
screen of a phone with publicsgilays. Interacting with neprivate displays
obviously has implications on privacy as information is potentially displayed that
users do not want to share. Furthermore, interactions in front of a large display
might especially attract interest by pasdgysin[Holleis, Rukzio, Otto, et al. )
2007F, we show that this is especially true if gesture input is used and can be  [Holleis, Huhtala, and Hakkil
exploited in a positive way for advertising purposes. Nevertheless, input to smalligggé f:ffﬁ'gxg S‘fg:g;ﬂ;t
public devices is a difficultqpcessWe will especially concentrate on mobile another input dimension ®
application development in Chaptér phone kepad

Column at Embedded. Com @ Mdipd/wwwrembeddédicdm/coimos/sigrpficaotiite/83600166s 0 :

S News entry fAGlobal Mobile Penetration Hits 50% Todayo, anal
http://www.tekcoms.com/itmgcontent/tcoms/news/articles/20017483752.html

°Ne ws ecalltPhioyeSafesHit 1 Billion Markd, anal ysis from Gartner:
http://news.cnet.com/83a10784_398810227.html


http://www.embedded.com/columns/significantbits/13000166
http://www.telecoms.com/itmgcontent/tcoms/news/articles/20017483752.html
http://news.cnet.com/8301-10784_3-9881022-7.html
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Input in Pervasive Computing ,
Pervasive applications impose two specific problems on the way information can
fed into their systems. First, the user interface and the whole idea that there actu _
is an application running in the background should eanbde explicit to the user.
Thus it is difficult to provide nowbtrusive but still very much intuitive input
modalities. Second, mobile users most often interact with their own mobile devic
with tiny keypads or keyboards which makes text input verybemsome. Besides

for an overview), speedistarner 2002and gestural int [Kranz, Freund, et al.
2006} has been analysetihis applies not only with respect to the melslevices
we carry but also in specific settings such as on the bike or in the car.

Even though the quality of speech recognition is on the increase, it might not be
appropriate in all situations. Whenever the type of information that needs to be
enterednto a pervasive system does not need to be very elaborate, however, ' :
Lo . . Images from a studyith a
specialised methods can be used. For examplegifeis, Kranz, Winter, et al. cushion augmented with
2006F, body movement on a chair is used to control an applicatigHolieis, sensorgHolleis, Kranz,
Paasovaara, et al. 2068)ve analysed various types of touch input controls on Winter, etal. 2006]
clothing and wearable accessories, e.g. to control a music player. The device in
[Kranz, Holleis, and Schmidt 2005js another example of a gadget that only allows
a very restricted type of input, in this case just the distaneesbatthe body and the
device and an additional large button. This makes sense when a highly specialis
scenario constrains the set of interactions that are possible, e.g., when wearing t
gloves. On the other hand, researctonducted to extend thegut capabilities of
existing appliance#\s an example, waugmenéda standard mobile phone keypad

. L. . A Kranz, Freund, et al. 2006
with a capacitive touch sensor on each [kégileis, Huhtala, and Hakkila 2008] getamng gestural input ]

Thismeans that third dimension is available on the phone keypad which enablesmethals a sensocube and

concepts like 3D movement, tooltips, and additional shortcuts in menus. visualisation

A taxonomy of how problems of distributed computing hb@eomemore complicated and accompanied by a

range of additional problems (such as adaptive applications and location dependency) with the emerging area of
mobilecomputing can be found [Satyanarayanan 2004 similar effectappearsvhen introducing issues of
pervasive computing (e.g. invisibility and smart spaces) to mobile computing.

2.2 Application Development Process

Pervasive applications have many requirements in that they need to incorporate many different areas of
computing: distributed software, hardware support, heterogeneity of platforms, operating systems, devices, etc.
Surely, other softwarprograms also need to deal with certain of these aspects, e.g., specialised hardware (grid
computing, robot control), different platforms and devices (web browsers, virtual machines), distributed systems
(data warehouse, stock exchange), or-fmaused aplications (data visualisatioenduserprogramming).

However, a majority of pervasive applications rely on combinifeyge sebf those areas. This is one reason

why framework, toolkit and development support are crucial to push development for pervasive applications.
Besides providing input to several aspects of pervasive computing, one of the major contributions of this thesis i
support for enabling and simplifying the creation of such a diversity of applications, e.g. by providisgitbols

as the ElToolki{seeChapterd) and theMAKEIT programming environmeriseeChapter7).

An important aspect for creating pervasive applications is derived from the fact that the success of many of such
programs relies on their affordance, i.e., simply put, their ability to express their purpose and functionality

without additional explanation or documentation. Many programs are not targeted at experts in a certain area but
on a (fictive) average person whaosteccess to the required technology like for example a mobile phone with

web access. This implies that the user should play an important role at the beginning as well as during the whole
development process.



12 2.2 Application Development Process

A typical proceduré¢hat follows such a useertred design (UCD) processvolvesseveral step#in ISO
standard describesiow to applyusercentred design methods in the developmenidyfele of interactive
applications. However, no exact actions are specified, partly because the scope of thetistaagageneric

and aimed at a broad range of applications. In gerardlbased on the standard, a process following UCD
principles includes, first of alinitial studiesabout relatedvork, interested stakeholders and target groupser
expectatios andprofiles application conditions and scenarias,well adusiness caseand system
requirements. Next, there will be the task of creating design solutions. This can involve several stages from
coarse (lowfidelity) prototypes made from paper to i{sbled applicationsof high-fidelity prototypes) running

on a simulated or even the target platform (see also S&:fdi These products will then be evaluated

results will be fed into potential redesigns as showFigare 1. After the initial requirements have been met, a
first working system can be developed. This can also consist of several stages beginning with a horizontal
implementation, e.g. providing tlréhole menu structure ofwser interface (Ulput without most of the
functionality and then later filling in the necessary semantics. As before, each stage should be tightly
accompanied and followed by an evaluation (see also S&cfiah The results of the evaluation are
subsequently used to refine the implementation. This is most often in the form of small bug fixes, patches, or
small changes. Sometimes, howewmme more fundamental flaws in the design might be discovered and it
might lead to the need of a redesifinmost of these stages, simulation techniques can be employed. They can
help in identifying problems with technology (e.g. scaling or power copsan),resource requirements and
performanceand also usability. The last aspect can be covergdby simulating devices or functionalitguch
asusing the Wizard of Oz techniquénere a human simulates automatic behaviour behind the smethes
ElToolkit which can be used to generate arbitrary system)ingitations and scenarios (e.g. by deploying it to
virtual platforms such as Second Life), or simulating users with user models as described inIChapter

This iterative design is supposed to produce a version that fulfils all initially set requirements and can then
finally be deployed (see also Sect@2.3. There are many similarities to standard software engineering
processes but also some aspects where the development of pervasive applications departs. This includes
involving several areas like hardware eregring and a large focus on Ul design in novel areas. We refer to
[Kranz 2008]for a more detailed comparison of these approaches.

Although the UCD process presented here is rather generic af@hcashould) contain methods from software
engineeringsuch aperformance and stress tests, the-gsetred aspect is most important to keep in mind while
creating (prototypical) versions and planning evaluations. A tight contact with prospectiverubeis o
representatives found through the initial analysis is critical. If this is too expensive in terms of money and time, a
possible solution can be to compare the design against previously found user profiles and personas. Another
possibility, pushed this thesisis to employ user models in order to facilitate this process. Although real
customeistudiesare preferred isomecases, such models can be used to cheaply and quickly replace controlled
lab studies. We will further detail this approachha following Chapted.

Initial Studies Deployment
< S T <4
Create Design —> reate Working
Solutions Version

W

redesign

redesign

Figure 1. A common process based on which a useentred design (UCD) development cycle
can be applied A critical part is to integrate the targetusers into each of the process parts.

In the following sections, we will briefly go into more detail absoiineof the steps in ik development cycle

and show wherand howour approackscan improve the developmteof pervasive applications. We assume

that the initial creative stages of finding ideas and looking for a business case, as well as the analysis of the state
of the art, user expectations, application requirements, etc. have already been performed.

19150 1347:1999 Humarcentred design processes for interactive systemls page (access not free):
http://www.iso.org/iso/iso_catalogue/catalogue_tc/catalogue_detail.htm?csnumber=21197


http://www.iso.org/iso/iso_catalogue/catalogue_tc/catalogue_detail.htm?csnumber=21197
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2.2.1 Prototyping

An important aspect in the development cycle, especially when following-gersteed design process is to be

able to see, try, and convey ideas. This is especially critical when people with different backgrounds are working
together. Designer$or example make use of a totally different vocabulary as computer prograntduetsiey

also often think in different ways and roles. One possibility to alleviate this situation is to produce prototypes
early and repetitively. These can be usecbiovey idas tocolleaguess well ado potential users, tget an idea

of technical feasibilityand to get earlfeedback from userg\nother potential advantage is that customers and
users can be activelgvolved. Prototypes can also often be usethetargetenvironment

Prototypes are used to find out abaspects importaribr the success of an application or product. They can be

used in different types of studies to get an idea of the affordance of a device, the practicality of interactions, the
compreheanibility of tasks, and much more. This ranges from subjective opinions abefunational

prototypes to objective measurements such as task completion time and error rate for more advanced prototypes.
They can also serve as physitaitances fodecidirg between various designs and implementation possibilities.

Several types of prototypes exist, fitting to different stages and requirements. One criterion is fidelity. Low
fidelity prototypes remain sketchy and far from the product but are usually sgopik, and cheap to produce.

We favour higHfidelity prototypessince data gathered from studies can be more directly applied to the
envisioned product. The mobile phone prototyping environment we propGbajier7, for example, allows

quickly generating applications that run on the target platform and thus convey the correct feeling of handling to
users. Developers can still decide whether to produce vertarap{etely implementing one or a few features)

or horizontal prototypes (demonstrating the breadth of available functionality of a device or application but
skipping the implementation of most of those).

Simple versions of a product can be created in softiveag. using GUbuilders, rapid design builders like
AdobeFlash, or toolkits such as those presented in Seétiof Softwarefocused ToolkitsOther types of
prototypes includsketchesshortvideos,andpaper prototping.

2.2.1.1 Methods and Tools to Create (Tangible) Prototypes

One of the main contributions of this thesis is to provide a platform to easily generate prototypes of pervasive
applications. However, there are a number of established ways to generate prdtaigyiesctional prototypes

are often created usimq@per prototymg. With paper, a pair of scissors, some glue, and various pencils, one can
create moclkups of devices and user interfaces. Dynamic contenttheabe simulatedy exchanging the

contents ba screen, replacing parts of it, or erasing, writing, or attaching additionahxfraphicsThe

method is extremely quick, prototypes are easy to adjust, and for many applications it can convey a good enough
impression of the desired product. Imestly employed very earip the development proceséen the focus

of the evaluation is on the idea and style of interadiittetails such as look and fexn also be testett

belongs to the category tfrowawayprototyping since the prototypes dot help in implementing the system.

We used paper prototyping several projects, for examgtegenerate and manifest initial ideas of an Eclipse

plug-in that helps developing pervasive applications. This is presented in Se8ti®mnother application was

tofind outveryearlyabout peopl eds actions and reactions to usi
resultshave been integrateato a frameworkor such interactionfRukzio, Wetzstein, and Schmidt 2005]

which we use iramobile phone application development environntiErgcribed irChapter7. This environment

is also used to leverage such paper prototyping processes using images and storyboards in order to quickly
generate working test applications. The results have also been proven valuable for the genessionaxfel

parameters that allow us to apply interactional daial{ as task completion tinrdormation) to prototypes

without the need for real user studies (see the following chalptert user modellinglin addition, we used

other prototyping techniges such a3D printouts(e.g.[Kranz, Schmidt, et al. 200p]This is still rather

expensive. However, such printers are getting cheaper and it can already pay offdmethigroup$o buy one

of these Often, a cheaper variant is to exploit and augment existing objects as weqSiathimidt, Holleis, and

Kranz 2004] Although we do not currently provide own hardware, the tools we present in Chijot&rs

especially ease the use of thpdrty hardwaren particularif they includes o me sort of G6smartne
toolkits like [Lee et al. 2004and[Greenberg and Fitchett 2001]
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Such toolkits can radically lower the threshold of developing applicatiopef@asive computing. Languages

that base on a set of graphical Ul widgets have helped to generate software user interfaces more quickly and
ensured the adherence to certain standards and guidelines. Besides the two mentioned in the last paragraph, there
exist a variety of hardware toolkits that try to achieve the same goals for physical interfaces. There has yet been

no definite standard. However, those tools can tremendously accelerate development, especially for people
without detailed technical knowlgd. We present, compare, and evaluate several of them in Skdtién

Review of Existing Prototyping Toolkit©f course, the software part is most often at least equally important

and we treat software focused toolkits in the same section. The strengttEdT oolkit framework presented in

Chapterd lies in its ability to abstract and combine software and hardware components and thus simplify the
generation of pervasive applications.

2.2.1.2 Prototyping Issues

Obviously, prototypes play an imagant role for development, especially if a usentred design process should
be followed. It enables developers to present their ideas to colleagues as wellissreriid a more concrete
way than would be possible by sketches alone. However, theaecatgple of drawbacks that have to be taken
into account. Some of those can be alleviated by using concepts presented in this thesis.

1 Prototypes can only test specific aspectsomeproblems ofdeployedfeal products like power
comnsumption, bandwidth, &b, etc.areoftennot treatedDistributed, complex applications or very small or
huge devices as well as those using hardware which is not yet available make it difficult to prototype.

1 High level of abstraction the level of abstraction required by usefrsow-fidelity prototypes can influence
study results. Testers in general succeed differently in interpreting a rough prototype as a finished product.

1 Convey false impressionsusers can get false ideas with respect to the real state and performéece of t
project; e.g. a simulated speech interface will work betterri@sispeech recognising software.

1 Applicability of results. some results from the handling of a prototype cannot be directly transferred to the
envisioned product. Emulating text recogmition a paper prototype feels and works differently than on a
real touch screen with an automatic system.

1 Long way from prototype to product: sincemany prototypes use communication throagientraldevice
(i.e. most often a PC is used to transform, adaptforward communication betwesystem components
these approachese difficult to deploy, e.g. to another site or sell to the public.

1 Consequences of changesince prototypes can often be adapted quickly and easily, it may be difficult to
see the implications on the existing sys&mh as backend.

1 Prototyping tools target a specific audienceprototypingtoolsand environmentareoftenbuilt to support
aspecifictarget group oflevelopers. For example some replace llevel programming with scripting (but
uses hevertheless need programming abilities), some allesignerdo concentrate on visuals (reducing
the potential complexity of applicationgy some use specific abstractions for young developers (which will
often reduce efficiency).

1 Prototypescost the effort in creating prototypes should not be underestimated. In contrast to evolutionary
prototyping where a system is continuously refined, nedrsgch rapidly built systems are throwaway
prototypes anthusdo not contribute directly to the progress of the product since they often neglect aspects
like form factor, weight, etc. Difficulties arisspeople have to use several different ways oetigping,

i.e. paper prototyping, hardwarmd softwareand with eaclof them have taise different types of design
tools, programming languages etc.

However,only few of these issuamply thatprototyping methodshould not be employe@y allowing

prototypes to be built directly on the target platform (e.g. on mobile ptbiadieis and Schmidt 2008kee

Chapter7), prototyping can achieve realistic levels. Thasalsosimplify the transition from prototype to

product Complex algorithms such &mage analysisan for examplepe simulated usinthe Wizard of Oz

technigue Entirely noveldevicesor thosethat are hed to build can be simulated using augmented or virtual

reality. By involving prototyping tightly in the development process, the impact of problems such as
implementationglivergingf r om t he usersd needs can be reduced and
project can be communicated.

co
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In general,dols can aid in keeping development costs down and also help in retrieving objective results. As we
discuss in following chaptera system cafor instancebe prototyped in software aidhrough the use of

existing user models metrics can be generated that are valid for the envisioned target (e.g. hardware) platform.
Advantages of tools such as tekelT environment Chapter7) are that prototypesan be generatesh the

fly, in fact everduring meeting®r user studiesTo immediately counter issues and user feedbackpossible

to quickly change and alt@rototypesAn important aspect is also that tieeshold of creating prototypées

lowered. It is extremely valuable in a heterogeneous team that, for exdegifmers or even enterscan
createsimpleprototypes to try thingjout to store designs, and to explain ideas to colleaguesmbinationof
developing by simply demonstrating tasks and writing code as in Chagtedy allows systems to be used

across groups participating in the development. This combination also provides a low threshold and a high
ceiling and has been one of the requoients of the EIToolkit suitetroduced inChapterd. We also make use of
standard tools such as drawing tablets, (scanned) images, askhovet development environments such as the
Eclipse IDE to enable a broad range of developers to feel comfortable with their tools.

2.2.2 Implementation

One of the most difficult tasks in implementing a pervasive computing application is arguably to cope with the
heteogeneity of the devices involved. Sometimes teams need to employ knowledge in microcontroller
programming (assembler, C), mobile device (restricted C++ or Java), and platform independent software
development including webased services at the same tiffigey also have to tackle other issues of distributed
and mobile systems like various data types, interruptetmunicationsand roaming users.

Even though most emphasis in this thesis is put on rapid prototyping and the quick generation of demonstrators,
much of its work can also be applied to implementing final products. The combination of heterogeneous devices,
the focus on reusability of components, and the support for existing applications, development environments,
and toolkits (hardwaras well asdtware), enables developers to make use of a broad basis on top of which
interesting applications can be built.

It will not be an ntegral part to consider dirdotplementation specific issues. However, we will show several
approaches to implement perwassystemsfocusng on rapid prototyping with graphical tools. We will also
demonstrate the utility of different programming languages, the use of code generators and combinations of
graphical tools with scripting or code writing.

2.2.3 Deployment

Deploying arapplication can happen in various levels and stages. The most general situation is that a system is
made available for public access, will work independently and run unsupervised. Davies and Gellersen draw
from experiences with the deployment of a varidtpervasive applicatiorfPavies and Gellersen 2002lhey
describe that the step from limited prototypes to polished products requires many aspects to be tackled. They
give a list of technical, sociahd legal, as well as economic issues that makes deployment of pervasive
applications difficult even if most standard problems concerned with distributédcasystems such as name
resolution, configuration or error management have already been takesf.caeveral projects created and
deployed in the past serve as illustratiosdbfiectedchallenges that must be treated with ¢darenable or

facilitatethe deployment of pervasive applications.

Although we do nogo into much detail aboueploying sgtemsin this thesiswe adopteananyof these
challenges in the list of requirements that a development framework should comprise.&2cTioolkit
Requirements for Pervasive Applicatiatescribes these prerequisites and also shows which of them are
fulfilled by the current version ajur EIToolkit.

It should also be notetiat it is possible to deploy systems generated with similar tools to those presented here at
least for collaborative and research purposes as has been successfully done with the iRoom and its components,
[Borchers et al. 2002]
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2.2.4 Evaluation

A major part of the development cycle, especialhen following ausercentred design process is governed by
evaluations. Most of the different types of prototypes imply specific types of evaluations. Additionallys vario
methods to evaluate a system have been introduced and proven valuable, dependisgeaifitstage in the
development process, the desired results and the amount ¢atichenoneyjhat is available.

Scholtz and Consolvo describe nine ubiquitounating evaluation areas that they identified to be important

for evaluating pervasive applicatiof&choltz and Consolvo 2004These are abstract values for which an

evaluator has to find ways of measuring. &éhors argue that this process has to be project and

implementation specific and cannot be generaksesily It includes aspects concerning user attention, device
invisibility, and application robustness. However, there is also a set of evaluation techniques that can be used to
find out about many of those issues. In summary of the current situation in evaluategjyeeapplications,

there are stilfew results regardinthe methodologies to use, what kinds of tools and standardised technology
would be needed, and how to evaluate specific aspectxlikext awansess[Neely et al. 2008eport on

several workshops independently organised around the theme of evaluation requirements and systems in
ubiquitous computing. They conclude that although there is strong interest in the subject, most mettadds used
the moment fhow standard methods adopted from general HCI studies, which might not be the perfect solution.
Still, much work has to be done to improve the situation. As one promising area, the combination of evaluation
in the physical and the virtual world is memi&al. We are convinced that the models and integration strategies
described in the following chapters can contribute to this research area in the sense stated in the paper.

Some types of evaluation methofis example focus groups and brainstorming apgreadike the Six

Thinking Hats methofde Bono 1999]are applied very early in the development process where the focus is on
finding ideas, creating concepts, and gathering requirements. Although many neathdesperformed using

early prototypes as well as final products, observational user studies, for instance, are best employed for
functional applications close to finalisation. This ensures that people do not need to employ much imagination to
fill in missing parts or to try to judge how they might evaluate a, say, different input method. The results will be
more reliable if the user interface is as intended. Tbigjective (time, errors) and subjective (paed post

study opinions) aspects can be meaguln between, i.e. for rough prototypes providing more or less

functionality, expert and heuristic evaluations as well as cognitive walkthroughs are often chosen as a quick and
inexpensive method. Domain experts are recruited to check the systenmhitiserg it as an endser would,

by following certain tasks and trying to identify issues, or by comparing the system at hand against guidelines,
usability principles, and other criteria.

Although we do not provide an entirely new evaluation systemntreduce methods based on user models to
simulate user tests of a deployed product far before the system reaches a state mature enough to be evaluated by
endusers. This is not meant as a complete substitute to real user tests, however. As we argupl®mexa

[Schmidt, Terrenghi, and Holleis 20Qdjrect interaction with users in a participatory design process can bring

much insight into users needspecially if a prototype or product can be evaluatednatural environment, e.g.

the home of the users themselvEus, there are sevedthwbacks of using only models for evaluation, e.g.:

1 No direct observation observations and conversations with users that can sometimes lead to further
insights are nadvailable;on the other handhis eliminates some subjectivity on the side of the evaluator

1 Learning effects it is difficult (but possible, see for exampjigrown 1996) to incorporate learning effects
into models; bwever, it is not necessary to treat learning for-fisst or routine tasks

1 Models simplify: by definition, models might not capture all aspects of a system; however, they can
indicate issues that require more attention

1 Modellers influence sometimes, agets not thought of by the modeller do not appear in the evaluation,
too; however, appropriate tools can help reducing this threat and even helgeentb become modellers
themselvesadditionally, the influence of a person designing a user study asti@apnaires should also not
be underestimated
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On thepositive side several difficulties of evaluations with real emskers can be overcorbg employing
objective user models for evaluatjang.:

1 Easy pecification of the target group for user studiest may be difficult to concretely specify the target
user group; models, in contrast, can be generic in some points and can often be quicklyf@addpted

1 Gain of objectivity: it is often hard to tell or find out why exactly an interface posed a prdblensers;
models can directly show where and what the problems aveteften reveal their causes

1 Less ost of recruiting: the cost of recruiting (enough) participants of the target group can be high; models
can often be built quickly and reused in samibr other projects or project stages

1 Less st in time: an evaluation with users takes a considerable amount of time (usually about an hour per
personin addition to the design and preparation of the study and the combination and interpretation of
resulty; thetime to apply aiser modelss negligible the same holds for analysing gathered data

1 Less st of changeschangesuch as in target group attérface / implementatioare costly to
incorporate, and some users simply do not like changes; most models can be easily adnsstgdspects

1 Better control on learning effects learning can largely influence results: if the same person repeats a test
learning might have a higher impact than the changes in the system actually under observation, if another
user is chosen, comparability is reduced; models behaviour does not change unintentionally and some
learning effects can be incorporated

We will gointo some more detail in the next chapters. In general, user models can be applied to incorporate
simulated usef a systenearlier more tightlyand cheapen the development proce®ifferent types of users

can be generated in order to make tests redjard to specific target groups or system tolerance with the use of
personasnduser profilesThis can mcrease the speed of iterative developraetreduceffort and cost for

user studiesHowever, it would be optimistic to hope that an easy to ysters with high affordance that
directly targets the usersd needs can be found with
considerable set of issues can be found without the often subjective and expensive help of user studies which,
alone or not done with appropriate rigour, also cannot guarantee a successful application.
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3 User Models for Ul Design

This chapter introduces the notion of user models and their application to human computer
interaction. Specificallywe provide extensions to the Keystrakevel Model (KLM) for
physical mobile interactions.
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After introducingthe term and application of user models in the sense we @s8 itfe delve into the area of
cognitive usemodels and explain the concepts of specific models such as GOMS and3k) M fis leads to

a discussion on the properties and applicability of these m@&igJdefore we detail an extension we developed
for one of these models in the area of physical mobile intera&idn {Ve then present a summary of this work
and point to additional extensions tikanbring models like the KLM to further application aredas)

3.1 User Models i Overview

In general, a model is a simplified version ofeamity or method; simplified in the sense tleattain details

might beabstracted oignored Within the scope otte model, complex situations or processes can be illustrated
and made easier to understand. It must be kept in mind that models normally imply sseeahassumptions
andsetting,outside of whichno guarantees can be mabat the modestill holds.When simulating complicated
processesr processethat are only partially understood, models are often used to simplify fhe example

that we are going to treat in more detail here is how to model human cognitive and motor behaviour in order to
simulae and make predictions on the interaction of users with pervasive systems.

It should be noted here that we mainly employ user models for prediéctorgrates andhteraction timesln a
broader senseiser models have been usathong otherdo createdialoguesystemgWahlster and Kobsa 1989]
or recommendeand personalaionsystemgResnick and Varian 1997In contrast to personalisati, our goal
is rather to abstract from individual differences (see, e.g., stereotyjftishnl979). We refer tathe conference
series on user modellifgand[Wahister and Kobsa 198%)r a more detailed overview on the involved terms

fiThe aim of research in HCI is not necessarily to develop computer systems that
construct a model of the user. Instead, knowledge aboubusensal models should
enable desigers to build systems that can be more easily understood by users, or at
least to predict learnability and performarice.

[Wahlster and Kobsa 1989]

1Conference on User Modeling, Adapt ahttp/umap094bkel Per sonal i za


http://umap09.fbk.eu/
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Other examplespecific to the domain dfuman computeinteraction include ssistive systems built in line with
simulated user behaviour. Here, user models can improve ceeigsitive help systems by making predictions

on possible goals and subsequent desired steps of thé@segsand Elkerton 1990lser models caalso

replace users (éng as surrogate users). These models are built to include all information necessary to behave
similar to real users and have been given the means to interact syistem. As such, different designs can be
tested and behaviour studied or the models can be used as test engines for if¢rfcest 2000] Although

most of the systems we describe here would allow udifferent types and different purposes of models, we
concentrate on predictive models and use them throughout the prototyping and development process in order to
predict task completion times on the target platforms.

We follow the understanding & MacKenzieandusé he t er m 0 d e romodelg that pravidenrao d e |l s 6

basis for understanding, reflecting, and reasoning about certain facts and intef&wtsnzie 2003]They

provide a conceptuatdmework that simplifies a, potentially real, syst&e contrast that with the term
O6predictive model sd which is used to characterise mode
application or product has been implemeniigds terminolog is not uniformly used in the literature. For

example[Ritter and Young 2001distinguish between descriptive and functional models. In their terminology,

descriptive modelscorporates both types of mels described above whilgnctional models focusn models

that can be used as a replacement for users, i.e. to simulate how people would use an interface.

In the next section, we briefly describe the concept of descriptive mdtelsinclude, for ingince, modelthat

classify devices by a set of properties, e.g., the number of dimensions $¥asefly discuss twaexamples.

The ThreestateModel for graphical input devices gives a concise and useful characterisation of the way input is

realised with graphical devices. 8econce x a mp | e, Gui ardds model of bimanual s
descriptive models can also be used to inspect arordeaystem and make statements about their probable

characteristics. However, they are mpstsed to reflect on a certain subjédte will then further focus on

predictive modelswhich provide analytical metrics about certain characteristithe mod#éed system. They

are most often engineered with more mathematical rigour than descriptive models. We will briefly mention

sever al examples, incl udi ng-HygnancLhw. Addittooallysthee aredassass Fi t t s 6
of such models tharebasel on state transitions or grammars. The focus on that chapter will be, however, on

those models that make predictions about human performance, especially in téretisnaf to completiorof

tasks As such, the GOMS family of models and the Keystio&eel Model will be treated in some detail.

The KLM will then be extended to be able to model advanced interactions with mobile phohes gestures
and visual markersThis will serve as a basis for the effort to combine such models with prototyming a
development tools described in the next chapter

3.1.1 Descriptive Models

Since we do not focus on descriptive models in this work, we only briefly touch on two examples in order to see
differences to predictive models and their possible utility in desigapptications.

The first ex ampdtae Modsl foBguaphical inputsdevitfBuxtenel990] As the name

suggests, iis built aroundhree statesyamelyout-of-range tracking anddragging Figure2. It can thus easily

model such devices as the mouse which is normally in the tracking state and can be brought into dragging mode

by pressing a button when the cursasver an icon. A simple tablet input method the other hand, is

normally in the oubf-range state and can be brought into tracking mode but needs additional means to bring it

into the dragging state. A tablet with a stylus can exploit all three st@esnodel has been employed very

often to characterise and evaluate new|[MaskKenaie t echni que
2003] However, although it has proven to managmbiningseweral input technologies, it has weaknesses in

detail and expressiveness. An interesting extension to the model isrgtherExperiScope project

[Guimbretiére, Dixon, and Hinckley 20Q%}hich uses visuadations builon both, the Threstate Model and

the Keystrokd_evel Model. The latter is a predictive model that we will use extensively throughout the rest of

this work andhat will be introduced n t he f ol |l owi ng sect i onwithaddtenal al so ext
states to include novel technology such as rieNtel buttonsand pressure sensing techniques
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Raise Mouse Button Up

Button Down

out of Range Tracking Dragging
Figure 2: Three-state Model of Buxton[Buxton 1990] Figure taken from [MacKenzie 2003]

The visualisation in the ExperiScope project also includes a separation betwdemimant and neadominant
hand.Our second exampluiardd s  Maf Bimdnual Skil| elaborates exactlynahis distinction between the
different use of the preferred and the fmeferred hand in routine tasiBuiard 1987] Figure3 illustrates and
concretises the differences.

N | NN

Preferred hand
Kollows the non-
preferred hand
Aworks within
established frame of
_ reference set by the
non-preferred hand
Aperforms fine
movements

Non-preferred hand

Aeads the preferred
hand

Asets the spatial frame
of reference for the
preferred hand

Aperforms coarse
movements

Figure3: An il lustration of Gu'farddéds Model of

There are manifold implications that can be drawn ftioat model for the design of user interfaces. As atgue

in [MacKenzie and Guiard 2001the model clearly indicates thhetask of scrolling should be done with the
non-preferred hand. However, in most Kiep settings this is implemented as to be done with keys (e.g. page

up/ down), the mouse (scrollbar), or the mouse wheel which are all actions normally initiated by the preferred
hand. In applications such &eatedn Chapter7 aboutmobile deviceapplications, the nepreferred hand

should be used to hold the mobile device and perform tasks such as mode switching. Another application
model suggests hagrihe nonpreferred hand guide the other one in tasks such as pointing in a direction or at an
object or identifyingroughdirections forcapturingvisual tags.

3.1.2 Predictive Models

This section treats a set of models that allow making predictions about a system. Most of them are used to give
some kind of performance estimate about the projected use of the modelled system. One of the most famous ones
that we will onlybriefly introdue hereincorporates results of studies done by Paul Fitts in 1954 and has later
become known ak i t t stddackhoavedge its importance and applicabilitygiltes timing information about

pointing tasks and can be used to calculate the throughput dffcsdegices We then briefly introduce more

general approaches based on grammars andyssgties that we will reuse in work described later, before we

focus onthe area of cognitive models that will form the foundation of several extensions and apyicati

providedin this thesis.

2 Figure taken fronfi Mo d e Interactiofi What are they?fi, slides for the course
Model s, Met hods, Measur es o, Un i htte/fwen.ds.yta.fis~Ecotfimanmp e r e , Finl


http://www.cs.uta.fi/~scott/mmm/
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Fittsd Law

In 1949,C. E.Shannorprovidedan expressiosubsequentiknown as the Shanndartley theorem that
calculates an upper bound of the capaCitf a communication channel with given bandwiBthnd signato-
noise atio S/N [Shannon 1949]The formuldor C is the firstin Equation(1).

In his work, Fitts came up with an analdgy human targeting tasks involving arm moveméhitts 1954] The
setup of the experiment backing the analogy required test persons to alternately tap on target areas of width
that were placedtdistanceD to each other. Fittspecified the formula to calculate the index of difficulty, as

a metric of the difficulty of a task as given in Equatf@nas|Deits With the units of bits.

o S ~ 02D ~ o D ~
C=B |092%+_8 IDFitts = IogZ%_g lDMacKenzie: |092%+_8 (1)
¢ N-= W = ¢ W-

To improve the analogy to the Shanstdartley theorem above, a slightly different form of the calculationCfor

is given in Equabn (1) asIDuackenzie iIN [MacKenzie 1989]Besides being closer to the formulation on

communication capacity, this has, according to researthebauthorthe advantage that the results correlate

even closer to empirical values than HOicantneléngabei gi nal v
negative. INDkiss, the term2D/W can be smaller than one (and consequentlyotarithm smaller than zero) for

very close or large targets. Such a negative index of difficulty does not fit well to the model. Thé+rddded

Mac Ken z i e @Gssures thatdntthiose cases,Ithapproaches zero instead.

UsingID = IDyackenze; Ot €N r ef erred to as the Shannon notation of F
MT necessary to hit a target at distabcand widthw is expressed by Equati¢B), whereMT is linear iniD.

MT =a+blog, 4+ 3= a+bAD @
C W=

The parameters andb are constants specific to the device used. The simplest method to find particular values
for these parameters is to perform controlled tests with varying values for dibtandavidthw and to fit a
line through the gathered data points, e.g. usinguliregression.

Further detail on Fittsdéd analogy to information proces
importance irhumancomputer interactiohas probably been treated in most detagjMacKenzie1991] In

[MacKenzie 1992]the authorlso describes methods to correctly adjust the width according to the exact

l ocation of wusersd pointing acti onsl|S@stahdagtoremluater at e s . F
pointing device¥. This shows that, although first conceived as a tool to measure and predict pointing times in

one dimension, it holds remarkable well for higher dimensions and more complex ptaskiad still should

not be aken as granted that the formula holds for arbitrary novel types of pointing interaction as some

adjustments have to be made, see for example the treatnaesaarhingly elementary tagk two dimensionsn

[MacKenzie and Buxton 1992We wi | | ref er Sartion3i4.2 Maldl Parametenshegeaaxtn i n

input on mobile phone keypads and pointing tasks using phones witinltailf readers are studied.

Grammar based: Task Action Grammar

Grammars are often used to formalise the syntax of a language or a systenf tiie advantages is that a

grammar can concisely describe the rules along which all elements of a language are generated. For the purpose

of describing interactive systems, the Tégkion-Grammar (TAG) has been definedifayne 1984hnd
[Payne and Green 1986]t hel ps t o formalise a mapping between the
the real app! iThedAG isarcdntexirde granamar thatifarmallgescribes how tasks can be

solved taking sequences of appropriate actions. This helps in identifying the steps needed to complete a task and

is especially useful in grouping tasks with similar functionality.

13150 9241-9:2000, Ergonomic Requirements for Office Work with Visual Display Terminals (Vpas)9 web page
(access not freehttp://www.iso.org/iso/iso_catalogécatalogue_tc/catalogue_detail.htm?csnumber=30030
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As an example consider the task to navigatednament. We base it on the example givelGireen, Schiele,
and Payne 198&ndupdateit to the behaviour in current word processors. We also show how different types
models can work together by applying the deaoe Key-Action-Model developed as a simple example in
[MacKenzie 2003lsing the distinction alsymbol key§ ¢executive keydanddmodifier key$

task[unit, direction] A modifier_key[unit] + executive_key[direction]
modifier_key [unit = letter] A ™

modifier_key [unit = word] A "CTRL"

executive_key [direction = forward] A "cursor right"

executive_key [direction = back] A "cursor left"

Written in this way, one can clearly see the separation of afgptse granularity of the action and the direction.
One could also have slightly different set of rules:

task[unit, direction] A modifier_key [unit] + executive_key [direction]
modifier_key [unit = line] A ™

modifier_key [unit = paragraph] A "CTRL"

executive_key [direction = forward] A "cursor down"
executive_key [direction = back] A "cursor up”

However, it is not sensible to simply combine thiege examplaule sets as this would result in a not
deterministic exeatwvd kefdseetion = foewardd. ,r Ui khieedxaiple, tis can be easily
solved by adding 6downdé and OAHoweder,tiscstill bftereeagiepteadd bl e v a
suchfunctionalityto the modelled systetman toupdatethe model

By attacling time predictions tthe terminal symbols, one can make predictions about the performance for the
entire taskAn example of the use of TAG as an evaluation tool to identify learnability problems in an interface
without having to perform any user testis given in[Brown 1996] Already in 1988Green et alusedthe TAG

in a study about command languages where they compared various formal modelling techniques and design
guidelines in the context of learnabilfigreen, Schiele, and Payne 1988]their comparison to actual results,
they found the predictions of the TAG most accurate. However, they also showed that there is the need for
several extensions to the TAG technigqueenever it is not only used to analyse the consistency of command
languages. Together with the fact that the concept of grammars is not easily grasped by people without
background in computer science or language processing, this approach seems |égs fatmact prototyping

point of view.Sometimes, bwever, behaviour iglreadydefined using grammars, e.g. in Backiasur form

anyway. In such cases, the application of TAG might be advantageous.

State transition based

One way to see a device or an apgian is as aystenreactingto events by transitioning from one state into
anotherWe use this approach ®hapter7, which describes, among other things, an interface for developers to
create a state transition based model of an application using a visual approach and a specific graph data structure.
Stateharts have long been looked at to provide a graphical simplification of larger systems, see for example its
introduction in[Harel 1987]
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Figure 4: User interface (eft) and excerpt of a state graph of a syringe pumpr{ght) from [Thimbleby and
Gow 2007] The device which has a display and 10 buttons generates a graph with 54 states and 157 arcs.
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A formal construct to treat these structures are for instance finite state machines (FSM). Several researchers
argue that FSMs are not appropriate to modelinkadactive systems due to the simplifications they induce and
the large number of states necessary to describe systems of even moderate[fiaigreyge and Paterno

1998] However, it often is exagtlthis power of simplifying complex behaviour that makes it valuable to
understand and assess fundamental issues and properties. Thimbleby argues along simil@hlimsahy,

Cairns, and Jones 200H]though he targets a different implementation using Markov models which offers the
advantage of being better scalable than FSMs.

We do not go into more detail about state transition based systems heii fewisit the approach several
times, e.gwhen treating the d.tools system that heavily bases on a statechart to create its application logic
[Hartmann, Klemmer, et al. 2008hdpostpone aetaileddiscussion to Chapté&t

3.2 Cognitive User Models

In contrast to the approaches described in the last section, we now briefly mention models that cdesentrate
on describing the semantics of a device or applicatiotalggt a formalisation ahe way people think and act.
These models can be summarised using thedegnitive user model§Ve briefly introduce the general concept
and a few formalisms used to describe them before delving deeper into a specific famtly wioslels that we
are using throughout the rest of this work.

Model Human Processor

Most of these models are based on a certain type of understanding of how humans interact with each other and
with systems. We introduce the Model Human Processor (MHE® #ie models we describe afterwards draw
heavily from its concepts.

The starting point of all these attempts to describe how humans interact is the human information processing
model. In its extended version [@farber 1988]it describes that any external input sequentially runs through

four stages: encoding, comparison, response selection, and response execution. These stages are themselves all
influenced bythetwo factors attention and memory. This means thdbatl stages are executed differently,

with different speed, efficiency, priority, error proneness, etc. depending on whether or how much the person is
focused on the task at hand and what and how much information is stored and accessed during each step of
processing.

Memory plays an especially important role in information processing. Already in 1968, Atkinson and Shiffrin
proposed three different types of memory: sensory, working (or-&rar}, and longerm memoryjAtkinson

and Shiffrin 1968]Based orsuch approachethe Model Human Processaras developedh [Card, Newell,

and Moran 1983]its three interactive systems each consist of a processor andtintighedifferent types of
memory. The perceptual processor produces information that is stored in visual and auditory storage; the
cognitive processor outputs into working memory and has access to both, working atedfongemory; and
finally the motorprocessocoordinatesctions.

Of course, this is a very coarse view on human abilities and it does not take into account any connections to the
environment or collaborative actions. However, it proved to be very valuable for tasks where one person

interads with one system, e.g. a computer. Other models have also been developed that look into the relations of
information processing in the presence of several people. Such a distributed cognitive model has, e.g., been
presented bjHutchins 1991]We refer to the extensive literature provided at the ACfroject pag¥ for

recent developments

In order to make use of most of the models and architectures described in the following, tasks have to be defined
thatshouldbe evaluatedbenchmark tasks). There are several formalisms and modalities to describe such tasks.
An overview of those can be found[Paterno 2002]

14 ACT-R cognitive architecture at Carnegie Mellon University; project pltije://actr.psy.cmu.edu/publications/index.php
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Cognitive Architectures

For the rest of this work, we ivfocus on two modelsjamelyGOMS and the Keystrokieevel Model(KLM) .

These have the advantage of being abstract and simple enough to be employed and understood with only little
introduction.They are models to formalise and deschibean behavioufFrameworksvhichimplement such

models of human cognition are callembaitive architectured hesetry to simulate the human brain and possibly
human methods to retrieve inpard manipulate the environmeAithough, ultimately, all those architectures

bas on similar assumptions, they vary in approach, detail, and in {&itisr 2004]providesan introduction

and many pointers to reviews and reports in that area.

We briefly mentiorthreeof the architectures that areusenowadaysin orderto keep the focus oour main
approach followed in this chapter, wél not go intomuchdetail Howeverwe want toacknowledge their
existence sinci might be interestings future worko combne their power (which cannot be fully described
here) with approaches given in this thesis.

The SOAR systenshort forstates,operatorsand reasoning) views all human processes as steps within the task
of solving a problenjLaird, Newell, and Rosenbloom 1987]As often done in logics processing, it builds on a
knowledge baseA main goal (task) is split into sub goals that are solved independently and whose results are
passed into the knowledge base for reuse. Thépiesented as a goal stack in a model of working memory.
Production memory stores all the knowledge necessary to execute tasks. Deciding between several possible
production rules in one state is modelled as a sub goal and based on prefesenct®er ules. A central

concept in SOAR is to use all information available to choose and execute actions. Thus, it cannot properly
model uncertainties, irrational decisions, or forgetting. Decisions are always optimal witt tesime

knowledge available.

The ACT-R systemghort foradaptivecontrol ofthought rational) is also based on production rules and

chooses optimal strategipsnderson 1993]However, this optimality is based on gaihich means that will

choose the method that incurs the least cost while having the highest probability to achieve the current goal. This
implies that, in contrast to SOAR, not all knowledge is necessarily used, e.g. if it would be too expensive to
retrieve this knowlege, andhuscan cope with inaccurate information. In AT cost is implemented using

time and similar toother parameters attached to rules, is adjusted through learning processes during the runtime
of the model. The focus on time also renders AT3uperior to SOAR with respect to time predictions.

The EPIC ¢hort forexecutiveprocessnteractivecontrol) system can be viewadto addéeye®anddhand$dto

a cognitive architecturiMeyer and Kieras 199% It provides various processors in charge for input and output
such as a visual and auditory processarwell as one for manual motor processirgs enables the system to
directly interact with an implementation or a simulation of a user inte(faogided it is implemented in a

certain way to be able to interface with the architecti8hilar properties have been added to other
architectures, see for exampBalvucci, Zuber, et al. 2005r ACT-R in which ex¢nsions are described
enablingthe ACT-R system to observe and control a driving simulator. A further difference to the previously
mentionedarchitectures is that there is no decision making aspect within the system. All processors (e.g.
cognitive and motocontrol) can work andlsoall production rules can fire in parallel. Only if two steps use the
same resource process to decide which of them takes precedeasc®o be provided by tmeodeller. This

offer of parallelism provides flexibility but maké@aplementing constraintsetween different processe®mre
complex. A drawback dEPICis thatthe modedoes not offer means to incorporate learning although it is
generally seen important to have a tight coupling between i