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Engagement and Fun: exploring the relationship to enhance user experience

Abstract

The primarily focus of this study isto explore the relationship of engaging and fun to enhance user experience. The study was
preceded with an understanding of the terms engagement and fun, in the context of experience. We then carried out the study
by adhering to the four categories of engaging and fun experience which we have identified. The categories are; engaging and
fun, not engaging and fun, not engaging and not fun, and fun and not engaging. From our analysis, we discovered that the
category of one experience could mutate or transform into other category of experience. We have also unleashed some few
issues that related to mutation process. The findings from the examples given then were used in seeking the critical points
that indicates the actual point where the mutation occurs. From here, a set of heuristics on how to make experience more
engaging and fun is outlined.

1. Introduction

In today’'s world, technology has become more pervasive, to the extent that we sometimes don't realise we are actually
interacting with a piece of technology when dealing with everyday tasks. Therefore, it is true to say that our ‘relationship’
with technology is not just about interaction, but, it has leaped into somewhere beyond that scope. We are in fact
experiencing with technology! As Wright and McCarthy put it, we are now living with technology, which it in reality
involves us emotionally, intellectually and sensually [10].

When the user is experiencing something, an engagement is presumed to exist in order for it to develop the experience. In
addition, the element of fun is essential to hold the engagement in one’s experience. Whether these hold any truth, we shall
soon find out. We precede the exploration with the definitions of the terms engagement and fun.

Many descriptions of engagement have been brought forward. Brenda Laurel [7] describes engagement as user’s feeling of
being in control of interaction. Another description of engagement is what Csikszentmihalyi [5] defined as flow. During the
flow, “theindividual experiences a sense of control, attention focus, curiosity, and intrinsic interest” [6].

In the light of exploring the relationship, we also ought to know the interpretation of fun. The words fun, pleasure,
enjoyment, and enchantment, as we often find from our reading, are used interchangeably when it comes to describing fun
experience. There is nothing wrong with this, as the definition given in Cambridge Dictionary of fun is pleasure, enjoyment,
amusement [3], and throughout this paper, we will adhere to these definitions. In the mean time, there have been some
studies that try to give a clear definitions of fun, and pleasure by distinguishing them two [1], and a study of enchantment in
itsown right [8].

By understanding these terms, we can now embark the exploration of the engagement and fun relationship in respect of user
experience. From there, we take a step further to find the critical points by referring to the results found. The final results
depict a set of heuristic that can be used to enhance the user experience.

2. Exploring therelationship

This study enables us to find out how fun is related to engagement in the nature of experience. A similar study to this one had
been carried out by Brandtzaeg et aln, in which they propose a model to understand the nature of fun [2]. In our discussion,
we have given very much attention in the examples of engaging and fun experiences. The examples cover the four important
aspects of the relationship: engaging and fun, engaging and not fun, not engaging and fun, and not engaging and not fun. The
Venn-diagram below illustrates this.

Engaging and Fun

Figure 1: Venn-diagram



2.1 Thefour statesof experience

i. Engaging and fun

Experience of this category consists of both engaging and fun elements. From our discussion, we came up with quite
a number of examples for this category. For instance, children playing in the playground, singing karaoke with
friends, girls do their shopping spree in the shopping mall, a boy playing video games on Play Station 11, a mother
baking a birthday cake for her son, spectators watching a spectacular fireworks, teenagers having a slumber party,
and school children playing bumper cars.

ii. Engaging and not fun

In this category, the fun element is absent from the experience. Amongst the examples that we found of this category
are; an artist painting on a canvas, a student revising his notes, a group of teenager watching a horror movie, an act
of praying or performing any similar spiritual prayers, a man driving in his new car in the midst of heavy rain, a
contester cycling with all his might to win arace and students answering maths questions in examination hall.

iii. Not fun and not engaging

The type of experience of this category is an experience without the existing of fun and engaging elements. Some of
the examples of this category are, waiting for a kettle to boil; queuing to get to the counter desk, trap in atraffic jam,
atraveller got stranded in a desert, and a frequent flyer sitting on the plane to get to the destination.

iv. Not engaging and fun

This category refers to the type of experience, which is not engaging, yet fun. From our discussion, we found it
difficult to come up with examples of this category, comparing to the three previous categories. One example that
we able to come up with is an experience on a thrilled ride at a theme park. There are a few numbers of people
whom when they are on this kind of ride, try to deviate their attention to something else to overcome their fear.
Hence, the engaging experience of that ride is not happening, but the fun experience of riding that thrilled ride does
definitely exist.

Further analysis is carried out onto the identified categories, whereby we tried to move the category of one experience to
another. We did this by undergoing the transformation process.

2.2 Transformation

By undergoing transformation, we have made some alterations on the experience, and as a result we could see the experience
has moved from its own category to another. Below are some of the examples of experiences that have undergone
transformation.

Waiting for the kettle to boil

Thisis amundane experience. As we aready know, people normally turn their kettle on and leave them to boil,
rather than waiting. Here, we are not trying to persuade people to wait for the water to boil, yet, we are
attempting to transform this particular experience to something that is more engaging and fun.

Now, let’s us imagine there is a little bird sitting inside the kettle. When the water starts to boail, the pressure of
the water slowly raises the bird to the top of the kettle. The bird then appears from a small lid in the middle of
the kettle and starts chirping and dancing, until the water finishes boiling. This adds fun to the experience of
boiling water in a kettle. Although the moment of engaging (when the bird is singing) is brief, it has indeed
successfully transformed the experience to engaging and fun. The engaging experience can be made longer if
this transformation is done on transparent kettle.

Queuing in the post office

Imagine we are stuck in along queue just to get our parcel posted. This experience somehow or rather does test
our patience, and sometimes it could get worse if the pace of the queue is very ow. Thisis certainly neither
engaging nor fun experience. We transformed the experience to engaging by providing them interactive devices
that are available along the queue. What we are doing is basically applying the definition of engagement
described earlier (see section 1) in order to transform the experience to somewhat engaging.

A 10-year-old kid playing Gameboy



Transformation of experience also includes the transformation from engaging and fun experience to engaging
and not fun. By looking at the example given, we can see that the 10-year-old boy is enjoying himself playing
with Gameboy. But, what if, while he was really engaging and having fun, his mother asking him to stop
playing the game so that he can do his homework. This definitely creates a transformation of the previous
experience. Although engagement is still exist, the experience of having fun has changed. He is now feeling
anxious to finish off the game and a little tense when remembering that the reason of him terminating the game
is his school homework.

From the examples above, we have learnt that mutation of experiences, i.e. the transformation of experiences from one
category to another, is not an impossible thing to do. This process is possible to take place providing that we understand the
experience and able to identify the salient features that can mutate the experience. Nevertheless, there are several issues that
are associated with this process of mutation that are worth pointing out. The following section elaborates further.

2.3 Issues

Here, we will discuss the issues related to mutation process, which is applied onto experiences. There are three major points
that we would like to bring forward.

Fun in an experience

As we can see and understand from the examples given in section 2.1, engaging is a hecessity in an experience.
This is not the same with fun. In section 2.1(ii), we could see that engaging experience can also exist without
the presence of fun. For instance, there are also some other kind of experience like sad experience, horror
experience, pleasure, enchanted, wonderful and so on. Therefore, fun in an experience is not an essential entity,
whereas, on the contrary, engaging has to be part of the experience.

Internal and external motivations

In the given example of section 2.2(iii), the experience of fun of 10-year-old kid who is playing Gameboy, has
mutated to not fun when his mother interferes his concentration on the game. This is an example of an external
factor that influences negatively towards the experience, which this we refer to as external motivation.

Now, let’s us look at an example of internal motivation. Most of the students didlike sitting for Maths exams.
They obviously see this as not fun, yet thisis an engaging experience. But this experience is about to change if,
he himself could set in his mind that Math is easy, as long as he knows how to apply the concepts in the
guestions. This particular internal motivation could lead to a change in the experience.

Henceforth, the internal and external, both positive and negative, motivations have such influences in the
process of transformation or mutation.

Multi-experiences

Another issue that we would like to highlight is the scenario of when there is more than one experience
happening at the same time. In the section of engaging and not fun, there is an example of a person driving his
new car in the midst of heavy rain. This example shows that the person is fully engaging in hisdriving and he is
driving carefully (not with fun) to make sure that his new car won't get into an accident. If we look closely, this
example consists of two experiences; one is driving a new car, which is supposed to be fun, and second is
driving in the midst of heavy rain. The driver could only be in one experience due to what is called as ‘ selective
attention’ [9]. During this phenomenon, the ability of conscious attention is limited, which means, one can
focuses on one thing and reduce one attention to others.

The same phenomenon occurs when there are two young girls playing swings in the playground, and they both
have a chat at the same time. The fun experience of playing the swing is less or absent because the attention is
given to the conversation. The experience is then said to be engaging, yet not fun (in reference to playing swing
experience).

The three issues discussed above, certainly have given us more insight towards the relationship of engaging and fun. From
this point we now know that engaging experience can exist even without the presence of fun, internal and externa
motivations have the ability to mutate experiences and human can only experiencing one experience at one time due to
‘selective attention’.



Having known the four states and understood the process of transformation or mutations, and the highlighted issues, have
triggered us to also explore how exactly the experiences mutate to become another type of experience. For instance, at which
point exactly does the experience of engaging and not fun becomes engaging and fun. The section below discusses further.

3. Critical Points

As previoudly stated, we are also interested in exploring the points at where the mutation or transformation of experiences
occurs. Comparing to the process of mutation or transformation, this exploration is not discrete in the sense that the boundary
is not as distinctive as the former. The points where these changes occur are what we described as the critical points.

The examples of experiences are once again used to assist usin exploring and seeking the critical points.

Boiling-water-in-a-kettle experience

Aswe aready know, this particular experience is a mundane experience. It's neither engaging nor fun. Now we
are about to see how this experience mutates. Let’s add a feature or an element to the kettle. We decided to add
a cute little bird to it. So, how exactly can we mutate the experience from not engaging and not fun by adding
this new element? This time, we inserted the little bird into the kettle, and designed in such a way that when the
water boils, the pressure of the steam pushes the little bird towards the lid. These make the cute little bird pops
up and begin to sing and twirl.

Although the engaging experience only occurs at perhaps the moment the bird pops up, the new design of the
little bird has successfully added the fun element to the original experience. In this case, the critical point would
be the aliveness design of the little bird, which mutated the experiences.

Engaging Fun
' A

Figure 2: A mutated to B

Interacting with atechnological device experience

From the example found in 2.2(ii), we mentioned that the particular experience could be mutated providing
there is an interactive device for the customers to interact with while waiting, which this lets them to have
engaging experience. Now, we would like to see at which point the experience mutates to fun experience.

We believe that by adding a variety of functionality into the device would make it more fun. This is due to the
facts that a selection of functionality that is of different levels would produce challenges, and according to
Brandtzaeg [2] and Blythe [1], once said that some people found pleasure and fun from challenges. In addition,
users are of different abilities and skills. Therefore, the challenge of many different levels in the device is the
critical point in this particular scenario. Some may find fun when encountering higher level of difficulty of
challenges, and some may find fun by doing things that are of easy and simple, as long as both eventually reach

their satisfaction level.
Engagin ﬂ Fun
3

Figure 3: A isfirst mutated to B thento C

Playing games on Play Station Il experience

In this case we have a 10-year-old boy who is really engaging to the games he is playing and having much fun
with it. This is the same example taken from 2.2(iii). As we aready understand from 2.3(ii), the internal and
external motivations could influence one’ s engaging experience.



Now let’'s us imagine a situation in which the boy is currently at level 8 and is trying to cheat to get to upper
level. Normally, cheating the game would be an easy thing to do. But this time, the game does not allow him to
cheat. That boy is now furious, yet is still engaging to the game as he is trying to find a way to get around it.
The experience of fun that he initially had has now mutated into annoyance.

So, what exactly has changed his experience of fun to less or no fun at all? The critical point of this mutation
would be the interference of factor(s) that does not support or concur to what one interprets fun experienceis. If
the interference continues, and one cannot overcome the interference, the fun element, or even the experience, is
not possible to exist.

Engaging Fun

Figure 4: A mutated to B

The critical points that we have discovered have given us some insight towards how to make the both experience more
engaging or less, and/or more or less fun. The following section describes how we can actually benefits from the critical
points.

4. Heurigtics

Having discovered and understood the transformation process, issues and critical points, we would like to outline a heuristics
on how to make experience more engaging and fun. We in particular used the results of the critical points for the heuristics as
the points are mainly derived from the mutation process and entails issues related to the process.

The heuristics would be beneficial and essential especially in the manufacturing sector. The design department could use the
heuristics in the development of everyday things to enhance the users engaging and fun experience. In addition, by following
the heuristics, the designers are able to cater the experience of a device according to the user requirements.

Following are the heuristics:
i Aliveness
Jack-in-a-box, which has the element of surprise and a ballet dancer in a musical box, which has an excellent
influence to enchant people, are among of the examples that have the aliveness characteristics presence in them.
It is the nature of human being that liked and wanted to see things that are physically moving, which this would
leads to engaging. In the case of the musical box, the longer the ballet dancer dances, the longer the person got
engaged to it. The element of surprise of an aliveness object leads to fun experience.

ii. Interactions
When interaction takes place, it would exist at least a two-way action, and it also could lead to engaging
experience. Feedback plays an important role in interactions. Feedback, as Norman [9] once emphasised in one
of his chapter, The Principle of Feedback, is very important factor, which must exist when the user is interacting
with something. By providing feedback in an interaction, the user can get to know what is happening, and this
gradually develops engagement.

It is worth mentioning here that interaction does not necessarily mean that the user has to interact much with the
medium or device. Aslong as the user perceive and understand what is taking place from the feedback that is al
that matters. This is owing to the fact that there is a study on web-entertainment of video streaming, which
shows engaging can take place by less clicking and more watching [4].

iii. Challenges
By providing challenges of different levels, the users can experience fun, especially when they able to overcome
the challenge. Demands as fun, which include challenges, as what has been described in [9], stated that people
take pleasure in contesting intellectuality and variation. As challenges are of different levels, we can provide
certain settings to either make it more fun, or less fun. This, of course, are varies on different individuals.



iv. Motivations
There is no doubt that internal and external motivations have such influence on leading where the experience
might heads. We have seen the proofs from the examples previoudy given. By knowing the positive
motivations that can be integrated into the medium or device, we are able to make the experience more fun. At
the same time, we can make the opposite experience by identifying the negative motivations.

5. Conclusion

This paper focuses on discovering the relationship of engaging and fun experience in order to enhance to user experience. We
have answered the question of whether engaging and fun always has to be associated to each other to make engaging
experience a success. By now, we already know that engaging experience can exist even without the element of fun. In
addition, we have discovered that experience can mutate and transform to become another type of experience, for example,
from engaging and fun experience, it can mutates to engaging and not fun experience.

The critical points indicate the factors that enable the process of mutation. Besides that, the critical points have led us to
understand that a characteristic can be flexibly changed to something better (engaging and fun), if not worse (not engaging
and not fun). The heuristics, which were derived from the critical points, are outlined to assist especially the designer, to
enhance the user experience in the respect of engaging and fun.
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User Engaging Experience:
A Study of Personal and M obile Computing Environments

Introduction:

This preliminary study compares the user engaging experience in two different environments: the personal computer (PC)
and mobile computing (PDA). There are four people involved in this study :

Four people (2 males and 2 females)
o0 For PC experiment, all four participants are characterised as | nter mediate.
o For PDA experiment, the participants are divided into two groups: Novice and Expert users.
o For each group, thereis 1 male and 1 female participant.

To help us understand this project even better, we first defined engagement. There are many definitions of engagement from
different perspectives such as Human-Computer Interaction (HCI), cognitive psychology, learning theory, etc. What we have
come up with is what we aready derived from these perspectives. Therefore, we defined engagement as a process that
involves any or all of the following :

holds on€e’s attention

oneis committed with or involved in
one who is curious about

onewho isinterested in

We believe that engagement should be experienced so that |earning can happen.
Objectives:
The purposes of this study are to determine:

the differences in engaging experience in both systems (PDA and PC)
the differences in engagement experienced by novice and expert users
the elements that support engagement

the differences in behaviours of novices and experts in engagement
whether engagement supports learning, hence increasing performance

gD

M ethods:

This study employs a combination of methods to gather data on user engaging experience in the two different environments.
The methods are:

Methods Objective / Purpose How
Observation Observe users as they interact with the mobile | - by observing the participants
and PC applications closely the way they interact
with the devices




- facial expression/ speed /
other behaviours

Interview (open Gather more insight data on user engagement | - by asking questions such as
and structured what, why, how, where and
guestions) when (5 Ws)

The Participants:

This experiment involves four participants : two male and two female participants. Based on the background information, all
the four participants have been using the computers (PCs) for at least 10 years, where two of them have actually used for
almost 15 years.

Although they have been using the PC quite long enough, they still consider themselves as intermediate users as they till
don't fully explore and use many other functions and features of the PC. Thisis because they have only explored and used
functions and features needed by their tasks. All other functions are till left unexplored. Moreover, they perceive the PC asa
big machine that houses alot of complex programs. Therefore, it isimpossible for them to master all the skillsand
knowledge about the PC.

The participants were later asked about PDA knowledge. From here, we divided the participants into two groups: experts and
novices. We label novices because they didn’t have any experience with the PDA at all. Nevertheless, they knew general
information of the PDA. When asked about their perception of PDA, the answers were : PDA is (1) asmall version of PC and
(2) apersonal organising tool.

The other group is expert users. Both of the users have 1Y% years of experience with the PDA. One user has been using SONY
CLIE PDA and the other one has been using Compag iPAQ PDA. The choice of the PDA is more towards personal /
individual preference such as type of work done on the PDA, choice of programs and the design.

Initially, we planned to have both groups: novices and experts, for both environments: PC and PDA. Unfortunately, we
couldn’t get any PC novice users because it is more difficult to find someone who is totally inexperienced or new with the
computers (PC) nowadays than someone who is inexperienced with the PDA. PDA is still quite relatively new to alot of
people. Because of these reasons, we could not gather data on novices and expertsin the PC environment.

The Experiment :
For the experiment, we setup atask dealing with aword processor on both systems. PC and PDA.

For the PC experiment, tools involved were:
hardware
o0 notebook computer — Fujitsu C2010, attached with:
input devices— built-in QWERTY keyboard and touchpad; and external optical mouse
output devices — a built-in 14" display monitor and two external speakers
software
0 operating system — Windows X P Home Edition
o word processor — MS Word 2002 Office XP version

Reasons for choosing the above tools are;

1. all the participants are very familiar with the Microsoft programs (Windows operating system and M S Office products)
2. notebook computer isvery much similar to desktop computers such as QWERTY keyboard and external mouse,
therefore, it won't affect participants’ performance.

For the PDA experiment, tools involved were:
hardware
0o PDA —Compag IPAQ H3850



software
0 Operating system — Pocket PC 2002
o Word processor — Pocket Word

Reasons for choosing the above tools are:

1. Compaq IPAQ isusing Microsoft operating system and has all the Microsoft Office programs which all the participants
are familiar with.

2. The PDA interface design is very much similar to that of the PC such as Start button and desktop shortcuts, thus, making
learning is easier for the novices.

Because of these reasons, the novices didn’t really need any training session before the experiment. Even so, they were still
briefly instructed about the PDA and given about 5-10 minutes with the PDA so that they had some ideas about the PDA.

The tasks were the same for both environments (PC and PDA):

Participants:

1. typing ashort paragraph on ablank document using the word processor
2. editing and formatting the paragraph

3. saving the document

4. rename the document

Experimenters:

1. observe participants’ behaviours

2. record interaction activities and behaviours

3. ask questions and do follow-ups for further clarification
Results (Discussion):

The experiment was carried out to investigate the following project objectives:

1. Thedifferencein engaging experiencein PC and PDA systems

Personal Computer (PC) Personal Digital Assistant (PDA)
It is quite difficult to record/notice the As mentioned earlier, the participants were
‘engagement’ because; divided into novices and experts.

Participants are very familiar with the PC For the expert users, the results are amost the
and have been using it for at least 10 years. same as those of the PC experiment.
Therefore, PC is not something new to them. - They did the tasks quite more easily and

The tasks assigned are the common, routine quickly than the novices.
tasks for the participants. They managed to - They used quite alot of the ‘ short-cuts’
perform them quickly and easily. Their actions available and known to them such asicons
were seen to be more general. They used alot and toolbars.

of ‘short-cuts’ available and known to them
such asicons and tool bars on the screen, and For the novice users, we could see noticeable

also short-cuts on mouse and keyboard. engagement in the interaction.
- Therefore, they were seen less engaged in - They spent more time performing tasks.
the tasks. o PDA isnew to them. They

need more time to explore
and learn its capability.

0 Theyrelied alot on their
experience with the PC.




0 They werevery careful in
almost everything they did
asto avoid or minimise
errors (based on previous
experience)
They were also noticed using some ‘ short-
cuts' which were known and available to
them.

2. Thedifferencesin engagement experienced by novice and expert usersin PDA environment

Since we couldn’t find any novice users for the PC, we could only carryout this experiment for the PDA environment.
From our experiment, we are still not very sure whether the different computing environment plays a role in engagement.

Expert users

Novice users

They were seen less engaged in the tasks.
Reasons for this:

They can easily carryout the tasks because
they are familiar with both functions and
features of the PDA. Their actions were seen
as ‘swift and genera’.

They can quickly complete the tasks because
(2) they know location of functions, for
example, to save a document, they look under
NEW menu, (2) they use shortcuts known and
available to them such asicons and buttons on
the screen. One of the expert users put some
icons on the screen that might be used
repeatedly or frequently as the shortcuts.

They felt indifferent.

They could be seen more engaged when they
were:

(1) trying to explore other features that they
didn't know (ie. Advanced features) or

(2) trying to do things that they couldn’t do
before

(3) trying something challenging

They were noticeable seen as ‘engaged’ in the
tasks because :

They were trying to find out the functions
available to carryout and complete the
tasks.

0 Theyrelied alot on their
PC experience.

They were curious and interested to find
out more about the PDA features and
capabilities.

o ThePDA GUI design aso
helped them alot in
exploration when they
could no longer use their
PC experience to locate
functions and features on
the PDA.

Their feelings changed from (1) anxious
to morein control and (2) eager to
excitement.

3. Theelementsthat support engagement

Good Feelings In the experiment, we recorded feelings that the participants had
before, during and after the experiment. We found out that the good
change in feelings did help the participants engage in their tasks.

One novice user reported that she was very nervous as she didn’t
know whether she would do something stupid and what to expect from
the PDA. But once she tried using it, she felt much better and morein
control. Good feelings like excited, eager and | fedl better, certainly
play important role in engagement.




Contrary to what the novices experience, both expert users reported to
have indifferent feelings towards the use of the PDA as they have been
using it for most of the time. Therefore, it is quite difficult to identify
whether they were engaged in the tasks.

Beside good feelings, the interface design also plays an important role.
If the program is badly designed, the users won't be able to explore
much. The users will only use basic and common features. Hence,
there will be no or less engagement in the tasks.

Good Interface design

PDA is purposely designed similar to that in the PC so that the users
can apply their PC experience to the PDA environment. If they can’t
apply their experiences, the PDA design helpsthem alot in searching
for certain functions and exploring other features.

One novice user reported to have accidentally closed a document. He
was afraid that he would lose his file because he didn’t save it at all.
Then, he went through alist of Pocket Word document files and found
out that the document was there. Only then he knew that the document
was automatically saved once the document was closed. Later, he was
seen more eager to discover and learn other new features on the PDA.

The participants were only assigned with the common, routine tasks
for both environments. As aresult, the tasks were very easy to be
completed by the expert and intermittent usersin both PDA and PC
environments, respectively. Again, it is quite difficult to identify
whether these participants engaged in the tasks.

Tasks and computing
device

Whereas for the novices, although the tasks were routine, the
computing device (that is PDA) was new to them, therefore, they were
seen engaged as they spent some time exploring and learning the
features and functions of the PDA.

4. Thedifferencesin behaviours of novices and expertsin the engagement in the PDA environment

Expert users Novice users

During typing:

They were seen using alot of the onscreen
keyboard to type data on the PDA. The
reasons for this option are :

They were seen using both the handwriting
program and onscreen keyboard to type data on
the PDA. From our observation, we can
conclude that they already mastered the
handwriting rules and skills as to avoid or
minimise the errors.

They are already familiar with the PC
keyboard — the PDA onscreen layout design
isvery similar to the PC's keyboard, except

Actually the primary reason for using the
handwriting program is the speed of
performance. They usually use this program
whenever they are in the meeting and record any
spontaneous thoughts or ideas. They are not
worried about making mistakes in writing since
these mistakes can be corrected later. In fact,
PDA has afunction where the users can retain or
save their handwriting without being translated
into block letters, which may produce wrong
results.

the fact that the onscreen keyboard keys are
very closely placed next to each other.
Therefore, they have to be very careful
during typing / data entry.

They are afraid of making any errors or
mistakes. So, they didn’t want to risk losing
data or get errors on the PDA. One novice
user said that since she was very new to the
PDA, she didn’'t want to take arisk by
trying another method that she was not




confident with.

Their primary reason for choosing the
onscreen keyboard is the data accuracy.
Because of this option, it slowed them during
the typing process.

I nteracting with the program:

They were seen to know and use shortcuts more

than the novices. For example, to rename a When they carried out the tasks, they looked
filename, they just pointed to that file with the for familiar functions and features by
stylus pen and pressed and held it gently until recalling their experience with the PC, which

PDA opened up asmall tasks window. They just | helped them alot. For example, to underline a
selected RENAM E option from the list in that word, they first looked for an Underline icon
window. on the screen. If they couldn’t find it, they
would look under FORMAT menu.

In fact, they were seen to have identified some
common functions which might be used
repeatedly or frequently and have them saved on
the screen for easy access to the functions.

5. Whether engagement supportslearning, hence increasing performance.

For this objective, we produced a separate evaluation for different type of user:
Novices — carryout the same tasks again
Experts — try out new PDA features and functions, so that they become more engaged (refer to results on Table 2

on page 5)

What we observed were:

Novices could simplify their actions by using some short-cut methods and encountered no or few errors compared to first
trial
Experts were focused while trying out new features of PDA

Later they were asked to explain the steps to carryout the above tasks. As predicted, al of them were able to carryout the
tasks successfully and with understanding.

Findings (Analysis) :
There are some notable results gathered from this experiment:

1. Novices are more engaged than experts in the same computing environment.
a. High engagement occurs when:
1. usersaredealing with a new computing device
2. tasksassigned are new and/or challenging
3. usersare exploring other than common features
4, users have good feelings towards the tasks

2. The elements or components that support engagement:
a. good feelings— bad feelings or indifferent can prevent engagement from happening
b. good interface designs — help users use their previous experience and explore safely
c. new, challenging tasks—thisistrue for expert users
d. new computing device — true for novices although the tasks assigned are basic and routine

3. If engagement occurs, the users will be in control and learning will take place. Thus, it can increase/improve the
performance.



Significance of the findings

1. Toconfirmthat:
a. Engagement leadsto learning
b. Engagement is ableto put user in control

2. Understanding the usersis essential in the design process:
a. Their background — level of expertise, knowledge, skills
b. Experience —how long they have been using the computers, how they deal with the computers, their tasks
c. Perception —how they perceive computers, expectation, tasks they are able to do with the computers, tasks the
computers are able to do

3. Results help in designing mobile learning interface:
a.  Kind of learning material
b. Presentation of learning material
c. Interaction design
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ABSTRACT

The vision of ubiquitous and tangible computing is a world
filled with a plethora of objects beneath which lie vast
amounts of computational power. This poses new design
challenges in the attempt to bridge the physical and digital
worlds. This paper describes a study of day-to-day
electronic devices in order to understand what makes
physical interactions and physical— ogical mappings natural
and comprehensible. In particular we articulate the design
issues, which enable physical devices to exploit their
physical form to assist user interaction with the logical
functions they support. Our aim is to exploit the design
knowledge embodied in these existing devices in order to
reapply it to novel device design. We demonstrate this by
using the derived concepts in the analysis of “Cubicles’ —
novel cube-shaped devices developed for wearable and
tangible interfaces.
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INTRODUCTION

Every day we interact with physical artifacts. Devices and
consumer appliances are used in order for usto get our jobs
donein our daily activities. Sometimes, we have trouble
understanding how to manipul ate these devices and
appliances. We need to read the manual before we can
actually use them. But other devices and appliances have
been designed in away that enables the user to interact
naturally. It isthis naturalness is what we are after both
from these mundane devices and from novel devices.
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In this paper, we study real physical controls on really-used
artifactsin order to understand the features of physical
interaction and of the physical-logical mapping that make
them comprehensible and natural .

Our aim isto use the rich knowledge implicit in the design
of day-to-day artifacts to uncover principles that can be
used in the design of novel tangible interfaces.

This naturalness of physical interaction is related to both
Gibson’s notion of natural affordance, as well as the more
culturally informed aspects of affordance brought into HCI
by Norman and Gaver [11]. Dix et . [5] describesthis
natural ness of interaction as fluidity, which is “the extent to
which the physical structure and manipulation of the
device, naturally, relate to the logical functionsit supports’.
Our own work builds particularly on this notion of fluidity.
Some studies of day-to-day artifacts. notably much of
Norman’s work [13], focus primarily on the failings of
design and the way appropriate use of cognitive or other
design principles might have avoided these design mistakes.
The lesson from these is mostly about what to avoid! In
contrast, we are looking particularly for the positive lessons
from day-to-day devices, in particular how the tangible
nature of these can harness innate human abilities.

The next section of this paper describes the rationale behind
this study. The following section analyses mundane devices
looking at the factors that determine their success. This
analysisisthen applied to anovel device, the Cubicle [17].
We will conclude by looking at related work and future
directions.

Rationale

Consider the ubiquitous vision, introduced by Weiser [20],
adopted by the ubicomp community and recently
popularised in Minority Report. At first it seems as though
the future envisaged by thisisfar from the devices we see
today, but perhaps they are not so different after all ...

The Vision ...

Ubiquitous computing paints a world where the day-to-day
activities of our lives are suffused with computation. Each
item from briefcase to breakfast cereal packet becomes a
locus for interaction. Some of thisisincidental to the
activities we are doing [5]: the briefcase keeps track of its
contents and talks to the wall calendar so that it can warn if



an important document for today®meeting is missing. But
other actions require more intentional although still implicit
interactions [15]: tipping the breakfast place-mat from side
to side to turn the pages of the morning paper displayed on
it. Othersare more explicit till, the magic wand that acts
as universal control [8].

We are focusing in this paper on the latter two categories:
the intentional but implicit and the more explicit
interactions. Both involve physical objects or controls.
However, as the world fills with physical objectsthat have
meaning in the electronic world, then how do we
understand those meanings? How do we turn the device
that is a wonderful demonstration when you know how it
works into an object that is"pick up and use"? And even
when you know how it works, what are the affordances of
the object and the properties of the physical-ogical
relationship that allow the use to become natural ?

... And The Mundane

In the current world our lives are suffused with
computation. Many items from Walkman to washing
machine are alocus for interaction. Some of thisis
incidental to the activities we are doing: the set-top box that
monitors your watching habits and consults the electronic
TV guide so that it can pre-record the programmes you may
want to see later. But other actions require more intentional
although still implicit interactions: the volume control on
the phone that naturally sits under your thumb. Othersare
more explicit still: the dial and switches on the washing
machine control panel.

Focusing again on the latter two categories, designers of
day-to-day products are constantly faced with the issue of
how to make these devices comprehensible to ordinary
people. A mini-disk controller that makes a wonderful
demo to agroup of fellow designers ... or even computer
scientists ... could win you a design award, but will be a
market flop if people cannot pick it up and useit. A 27
page manual is not acceptable whilst jogging.

Designing Physical Interaction

So, we can see that the novel interactions envisaged in
ubiquitous computing, although different in detail, do share
much with more mundane day-to-day appliances! By
studying these appliances we can learn much that would be
hard or impossible to learn by extensive experimentation
with novel devices.

First we al have an extensive first and second hand
knowledge of these devices and their use. Of course we
have to be careful as researchers and designers when
generalizing from our own anecdotal experiences, however,
neither should we ignore thisrich resource.

Second these devices are only popular if they ‘work’ for
people. Although little-used controls may not be optimal it
will generally be the case that the more heavily-used
aspects will have designs that have been found to be usable
otherwise the products would not sell. Obvioudly this
second argument does not hold where there is an effective

monopoly, asisthe case with certain software goods, but
for most consumer appliances there is considerable
competition and also consumers will have seen themin
friends’ houses, or for personal products perhaps borrowed
them and tried them out.

Finally these products embody the knowledge of their
designers. Some are successful because they happen to be,
but many are successful because they are designed to be.
Because of the different styles of the disciplines, much of
this design knowledge is communicated through exemplars
rather than abstracted principles. However, this community
knowledge as well asindividual skills are evidenced in the
products we find.

Of course not all appliances are well designed, in particular,
aesthetics may dominate usability. Indeed, the failings of
such devices are the constant topic of after-dinner
conversation in HCI conferences and are often lampooned
in books and publications (e.g. Norman [13]). However,
this should not detract from the overall ease with which we
conduct most of our technological use of artefacts.

Natural Interaction

It is also hard to distinguish those aspects of devices that
work because of cultural norms developed due to exposure
to technology, which can thus be expected to change (albeit
slowly) over time, as opposed to more innate
understandings of the physical world. Whilst it is not
essential for many purposes to separate these we do try to
make this distinction based on the properties of natural
physical objects such as stones. These properties (often
violated by electronic, and even mechanical devices)
include:
- directness of effect — A small push makes a small
movement, a large push makes a large movement; a
push in one direction followed by an equal push in the
opposite direction gets something approximately back
where it started.

locality of effect — When you do something it has an
effect here and now. If you push a stone you do not
expect it to move 5 seconds later.

visibility of state — The fixed appearance, shape and
other properties may be very rich, but the changeable
ones are relatively simple (location, orientation,
velocity) and immediately visible.

If aphysical object is constructed to violate these
properties, for example, a beach ball part-filled with water,
the behaviour appears ‘magic’ or ‘alive’ asthe ball appears
to move of its own volition. Part of the complexity of
computer systems is that they violate these smple
principles of physicality.

mundane device success

In this study, we have chosen a selection of day-to-day
devices and consumer appliances including washing
machine and speaker control to represent some of the rich



physical interactions available on these mundane
appliances.

In most of these, the explicit design of the physical object
enables the user to understand how to manipulate the device
asthey exhibit strong affordances. However, we see that
there are additional aspects of these devices that exploit the
physical form of the device to inform the users' interaction
with the logical function they control. In some cases we
will see that thisis not the case and then the devices employ
various ‘recovery’ strategies to make the non-physical
aspects more obvious.

Exposed State

Some controls, such as simple on-off switches for lights,
expose the underlying logical state of the system by their
physical state. The interaction potential and feedback for
the user isthusimmediate as there is a direct mapping
between the physical appearance and logical state. Thus, the
interaction appears to be natural, and the user can
immediately apprehend how to control the device.

The directness of this mapping is obvious if we draw the
state diagrams corresponding to the controlling device and
the underlying system. Figure 1 shows the state of a kettle
switch and also of the kettle itself. Thereisaone-to-one
mapping between the states of the switch and kettle.

state of state of

switch i i ket tle
°

userpushes ..-*

switchup 7, ..

and down
o) ¢4 (=)

Figurel. Statesfor simple switch (UK conventions)

Of course, the ability to apprehend the state of the system
from that of the device only holds so long as the user knows
what aspect of the state is connected with the physical
device and also the mapping.

Sometimes the corresponding state is obvious because of
locality — the switch is on the kettle and there is only one
thing to control. Where thisis not the case naturalness
breaks down, for example British people visiting the US
often become confused when electrical outlets are not
working — this is because the switches that control them
may be wall mounted a long way off.

The mapping is often more difficult. Conventions can help
... but of course often differ between cultures (e.g. USvs.
UK light switches—isup on or off?). However, for
devices such as kettles both up=on and down=on may be
found at which point additional decoration is often applied
—for example ared colour that is only visible when the
switchison.

The washing machine dial is a more complex example of
visible state (see Figure 4). The dial shows the chosen

program (indicated by written legends) and when awash is
in progress it also shows the current state of the wash cycle.
This device displays the internal washer state as well
allowing the user to set it (we will discuss this dual role
later under Compliant Interaction).

Obviously, the visible state of a control can only be used
when there is a corresponding number of internal states.
Thisisasimple but very powerful design heuristic. This
sounds almost too simple to be worth stating, but some
years ago afriend of one of the authors was tasked with
producing the software for a car audio system where the
number of volume levelsin the tuner and the number of
LCD cellsin the display were both fixed ... and different!

Hidden State

In contrast to exposed state, there are controls where the
physical appearance does not expose the logical state. An
example isthe twist control of the speaker in figure 2,
which has no intrinsic on/off position given by its physical
shape. The naturalness hardly exists for the user to know
how exactly to manipulate the device. Therefore, thistype
of device requires additional features to provide further
information. Sometimes this can be supplied by physical
markings, for example adot on the dia. In this case there
is no such marking and the marks behind the control serve
only to clarify which direction to increase or reduce the
volume.

Figure 2. Speaker control.

Hidden state can expose in two conditions, pre-use and
while-using. The pre- level is when the additional features
like text, signs, pictures, and lights that can be found around
or close to physical controls give suggestions or instructions
to the user of how to manipulate the device control. The
marks are pre-use in the sense that before actually
manipulating the device the user can begin to builds a
mental model [13] of the hidden physical-ogical mapping
Some physical controls provide the natural ness of
interaction by embedding a sense of feltness when
manipulating the controls. Thisisthe while- condition. In
the earlier example of speaker control, the physical control
has a pal pable bump so that the user can fedl it go past the
on/off position. This does not give the user a knowledge of
the current state, but whilst manipulating the device, the
user is made aware of critical transitions.

The latter effect has been emulated in the iDrive haptic
controller for the BMW series 7 [9]. The controller itself is



asmall knob with no specific markings and is used to
control avariety of functions though a menu interface.
Electronic haptic feedback means that as the user twists the
knob to move through menu options a small bump is felt for
each menu transition. This can alow the user to perform
frequent selections without needing to look continuously at
the screen — very important whilst driving!

In older devices the physical control was often connected
directly to the internal mechanism. As controls have
become el ectronic this connection is often lost and this
becomes apparent in hidden state. Particularly problematic
are ‘touch’ buttons. For example, old tape recorders have
buttons that stay depressed while the corresponding activity
is occurring (play, record etc.) — strong exposed state. In
contrast, touch controls initiate the change of state but have
no apparent state themselves. In the case of mechanical
push buttons there is at least some intrinsic haptic feedback
that the press has occurred whereas capacitative or low
travel buttons may have no physical feedback whatsoever.
In such cases one sees the sure sign of poor exposed state —
an additional on/off light or other soft visual display!

Inverse Actions

Aswith any dial, turning the rotary knob clockwise
increases volume, turning it anti-clockwise decreases
volume (see Figure 2). In many of these controls, these
inverse effects, like the dial, exploit natural physical inverse
actions — if you push a cup across the table, unlessit falls

off the edge, you can push it back in the opposite direction.
</ r‘ e
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Figure 3. Volume control — linked buttons.
Just asin graphical user interfaces, the existence of an undo
reduces the risk of exploration. However with physical
devicesit isnot just that an inverse exists but that the
inverse exploits a natural physical inverse such as
push/pull, twist clockwise/anti-clockwise, or push up/down.
In the best casesthisisintrinsic to the device (asin the
speaker’s rotary knob), but may also be made apparent
using visual or tactile decoration. Figure 3 givesan
example of the latter where two buttons are clearly linked
by being ‘yoked' together.
Inverse action is especially important if the user does not
have a perfect knowledge of the physical-logical mapping.
This allows the user to experiment with the physical control
and find out the logical functions the control supports, by
reducing the chances of getting the actions wrong.
A particular case of thisis when aphysical control may
manipulate more than one logical function. The user can
discover the different logical functionsthat lie under the
physical appearance by inversing the actions. For
example, some mobile phones have a small ‘scroll’ button
which can be pressed up or downwards. This may control

volume whilst in the middle of a call or scroll through lists
when searching the address book. Although this sounds
very confusing it does not proveto bein practice. Thereis
an immediate visual or audible feedback of the effect of the
control and if the effect is not as desired the natural inverse
makes it easy to correct.

In some cases, inverse actions adopt the hidden state's
additional featuresin order to provide additional
information of the logical function that the physical form
supports. The speaker control, which has been described
earlier, has around it painted dots of different sizes that
increase from one end to another, indicating to the user that
the volume increases as he/she turns the knob clockwise
and reduce the volume in opposite direction. This additional
feature with the volume of sound coming from the speaker,
provide some sense of coherence between the physical state
and the logical function.

Inverse actions, in some other cases, work together with
exposed state to deliver natural interaction, the tuning
frequency of an old radio for example. Besides the
manipulation of tuning the frequency by rotating the knob
clockwise and anti-clockwise, it also exposed the position
of the frequency that is pointed by a vertical line from a
display asthe user rotates the knob.

The naturalness of inverse actions' interaction may only be
achieved when the user gets immediate feedback — for
example, the sound of the speaker increasing and
decreasing. Under certain circumstances, feedback may be
delayed, for example in an electric cooker thereisalag due
to thetime it takes to heat the metal in the cooker’srings.
Aswe discussed, temporal locality is one of the features of
physical interaction, and not surprisingly these delays are
not dealt with naturally. For example, many people will
adjust central heating beyond the desired temperature to
‘heat the room more quickly’. So strong isthis effect it
even applies to those who understand the system well and
know it will not have the desired effect!

Compliant Interaction

The rotary knob on the washing machine (see Figure 4) is
not just a good example of exposed state, but also exhibits a
symmetry of interaction. The user sets the program by
turning the dial, but the system also turnsthe dial itself as
the program advances.

Figure 4. Washing machine and its control.



The simpler exposed state and compliant interaction differ
in that the compliant interaction shows some kind of
mechanical movement that advances as the same way as the
system when the program advances. A simpler exampleis
the on/off switch on some electric kettles, which can be
moved up and down by hand, but when the kettle boils
flicks to the off position. Old tape recorders also did this
and the ‘play’ button would bounce back up when the tape
reached the end.

Note how the kettle’s on/off switch differs from asimple
on/off switch such asalight switch. Inthelatter thereisno
control involved from the system, it solely depends on the
user’sinteraction.

The state diagram in Figure 5 illustrates a simplified
version of the washing machine control. Because it hasan
exposed state the internal and visible states coincide, so
these are not distinguished asthey arein Figure 1. The
plain and dashed arrows show the user and system control
of the device respectively. It isclear how these coincide
except in that the system cannot turn the washing machine
on from the stop state!

T User
. v rotates the knob

__Theknob

; rotates as the
' same way as
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the program
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Figureb5. State diagram of washing machine.

Compliant interaction means that the user can easily learn
the relationship between the state of the control and the
state of the device. The naturalness of compliant interaction
enables expert users to use the device to exert fine control
over the system’s action. Thisis evident in expert washing
machine users who can intervene in the washing program,
such as skipping parts of the program, and start in
unconventional places, asthey learn how to fine tune the
device.

In principle this control could give rise to confusion as
turning the dial does not complete the wash cycle that the
system has been programmed to do. In practice this does
not seem to occur with washing machine use or the electric
kettle (switching it off is not assumed to have magically
boiled the kettle). However, this does appear to be a
potential danger for less well understood applications.
Note that compliant interaction is named from compliant
motion as used in robotics. Thisrefersto thingslike a
tapered screw where the action of putting it into the hole is
guided by the physical resistance of the screw. If the screw
is placed dlightly to one side there is a natural force pushing
it into the right place. In contrast without the taper a dight

miss means it just doesn’'t go in. The physical properties of
the screw makes automatic assembly easy.

fluidity of novel interactions

We will now consider how these concepts of physical—
digital interaction can be applied to novel input devices.
Note that whereas the previous discussion has been about
analysing an existing device with a given physical-ogical
mapping, here we are considering a novel device and using
the conceptual categories to suggest appropriate mappings.

Cubicles

Cubicles are cubes of various sizes that are instrumented
with different kinds of sensors so that properties such as
orientation, location etc. can be detected. These sensed
attributes can then be used to control various devices.
Cubicles are being developed as part of the EQUATOR
project investigating the integration of digital and physical
life and use Smart-It technology to allow rapid prototyping
of sensor-based systems[18].

One example of a Cubicleis of asmall cube with sides
approximately 3 in (7.5 cm) that is used to control the feed
into alarge situated display in the seating area of the
Lancaster Innovative Interactions Laboratory. Each of the
sidesislabelled with one of the possible feedsinto the
display: TV tuner, laptop cable, fixed computer, etc. The
cube sits on the coffee table and is ssmply turned over to
select a particular feed. Inside the cube is a standard Smart-
Its main board with micro controller and wireless
communications. A small Smart-Its plug-in module has
accel erometers to detect orientation.

Other Cubicle designs have included much smaller or larger
cubes and also cubes with different physical properties: soft
ones that can be squeezed, furry ones that can be stroked.
Separate work has investigated how these factors affect the
way people choose to interact with Cubicles[17].

Visible State

In the screen-control Cubicle thereisavery clear one-to-
one mapping between the visible state of the Cubicle (the
uppermost face) and the logical state of the situated display.
However, like an on-off switch, this only allows the control
of six-state applications. Also the unique labelling of the
sides mean that it islargely a single purpose device. Itis
interesting to note however how subtle changesin the
decoration of the Cubicle change the number of visible
states and the way they can be used in interaction.

If alabelled Cubicleis placed on aflat surface and thereis
no preferred direction on the surface, then there are only 6
states corresponding to the uppermost face. In asituation
like the communal coffee table thisis exactly what we
have.

If, however, there is a preferred direction, perhaps the
direction of the display, then we can also distinguish the
orientation of the cube. In principle, there are 360 degrees
of orientation that could be detected, and if the Cubicle
were aflat plate with an arrow inscribed on top, then these
would all be potentially usable.



In fact, the strong rectilinear visual affordance of the cube
suggests that states with a face or possibly corner facing
towards the screen are preferred., so, for illustrative
purposes we® consider the cube as @ormally@n aligned
face positions which means that strictly there are 24 states:
6 possibilities for the uppermost face and 4 further
orientations.

In the case of the screen controller the fact that the faces are
labelled with text (which suggests a single €@ght©
orientation) and the lack of relation between the sides
meant that this was effectively reduced to 6. An alternative
decoration of the sides, for example, a squared-off globe
would suggest treating the orientation as significant and
hence allow all 24 states to be used.

Both the text labels and globe decoration are very much
single purpose. One of the goals of Cubiclesisalso to use
them as generic controllers, so we also consider more open
decorations.

One extreme isafully labelled cube, for example with each
side a different colour, or asin the case of anormal die, a
number. Here all 24 states are in principle available,
although in the case of the die there are strong cultural
suggestions that one should consider it a 6 state device.

v,

Figure 6. Coloured Cubicles

More minimal labellings include colouring one half of the
cube so that one side becomes significant or painting one
corner only (see Figure 6). Inthe former case there are 6
states (painted side down or up and 4 @dewaysGtates)
although there are strong visual suggestions to regard these
as 3 mgjor states. face up, face down and sideways, with 4
orientation @ub-states@vhen sideways. When the corner is
painted there are 8 possible states although there is some
suggestion that the corner could be used as a pointer, so
possibly this may be used as 360-degree controller.

Notice that some of the visible states of the Cubicle are
given by its physical properties, but others depend on
cultural or contextual factors.

Inverse Action

The simplest decoration of all isan entirely unlabelled
cube, which has no distinguishable states whatsoever.
Although this sounds not very useful it meansthat it can be
used in the same way as a mouse or joystick can, where the
absolute location is not important: it isthe relative
movements (rotating, twisting) that are significant.

For example, given a menu structure, tipping the cube from
side-to-side can be used to cycle through options and
tipping it forward can be used to select an option.
Depending on the sensors in the Cubicle, slowly tipping in
adirection can be distinguished from a quick &ick@n a
direction or actually turning in the same direction. The
desire to return to the @atural @rientation of the cube with
flat face up, suggests that the tipping action, rather like a
sprung joystick, affords more continuous velocity effects,
whereas aflick or turning of the face is adiscrete action,
more like cursor keys.

Whilst movements like this can be used to make a Cubicle
into auniversal controller, there are problems of
registration. Which way is @rwards®@ For the usersthis
would probably be tipping the cube away from them, but if
the Cubicle does not have any absolute location or
orientation sensors (which are more difficult than tilt
sensors) then this may not agree with the Cubicle® @wn©
idea of @rward®© Also a new user coming to the Cubicle,
perhaps finding it on a coffee table, would need to learn the
interactions.

Just as in the appliances we have studied, these are exactly
the situations where natural inverse actions can help. The
use of opposing directions for moving in different
directions through a menu list means that tipping the cube
in one direction can be undone by the opposite movement.
Similarly if tipping forward is selection of an alternative,
tipping backward should be the @o back@ction. Solong as
thisisthe case a user picking up the Cubicle in the @rong©
direction can learn up the effectsand if desired then re-
orientate the Cubicle. Where the inverse action breaks
down, for example when selecting an option has an
irreversible effect, then some sort of orientation
independent action, such as a sharp tap of the Cubicle, will
be necessary.

Compliant Action and Haptic Feedback

As we have seen compliant action is comparatively rare, but
very powerful when used appropriately asin the washing
machine dial, or on-off buttons on electric kettles.

Cubicles are predominantly passive and untethered input
devices, so do not naturally suggest control back from the
application. However, some potential designs have a small
display on each side. Thiswould allow interactions where
the user could rotate a particular face upwards, but this
could then change over time under the applications control.
For example, if the Cubicle is used to control a menu
system, then the system could gradually &all back@nto a
standard state after a period of inaction.

Haptic feedback is even more problematic although a heavy
gyroscope could be used to give controllable resistance to
rotation or even used to autonomously flip the cube!

More practically a ball-bearing moving within aface-
centred octahedral void within the Cubicle would enhance
the @ystick@ffect — as one tipped the cube, evenin mid
air, it would be trying to get back to aface down state.
Alternatively having a ball bearing roll within the cube



itself would tend to suggest holding to with a corner
pointing down and hence radically change its interaction
affordances.

Related Work

Interfaces to consumer products, like those we have
considered here, are also studied closely in an industrial
design setting. Overbeeke et all [14], discuss 10 rules
(guidelines) focused particularly on making engaging
products, for example “don’t think beauty in appearance
think beauty ininteraction”. Whilst our aim has been more
to understand the visceral qualities of mundane interaction,
their more aesthetic and our more articulatory approaches
have common features. For example, the quoted rule,
which they relate to Dunne’ s “ aesthetics of use” [7],
concerns the naturalness of physical interaction. In addition,
they take as a starting point the observation that modern
devices often hide their functionality behind buttons and
icons and propose designs that expose functionality,
echoing the issues of exposed state and compliant
interaction we have discussed.

Our study and incipient set of physical—ogical design
principles complements other work in tangible interfaces
and augmented reality. For example, Ullmer and Ishii®
MCRpd interaction model exposes various aspects of the
physical—digital mapping [19] and Kolevaet a. discuss a
variety of attributes of tangible interfaces that contribute to
a sense of @oherence@etween the physical and digital
representations [10]. Benford et a’s sensible/sensable/
desirable framework focuses more on the affordances of a
ubiquitous device and how this can suggest opportunities
for extending the physical—digital mapping [1].

Looking at the conventional interface literature, it is
interesting to consider Shneiderman®direct manipulation
principles. continuous representation, physical actions
instead of syntax and rapid incremental and reversible
operations [16], and also other early work on understanding
direct manipulation [12]. These, and indeed the whole GUI
endeavour, are effectively about trying to harness the
naturalness of physical interactionsin the digital domain.
We can see the connections between these related areas if
we consider a simple 2x2 matrix looking at the controlling
devices and the functionality controlled; both of which may
be physical or virtual. Of course no deviceis completely
virtual, some physical interaction with the user is always
necessary, with the possible exception of direct brain
sensing! By virtual, we mean devices such as on-screen
buttons which have no direct tangible properties.

In the real world we have physical devices with an
immediate physical effect (the thing itself!), in direct
manipulation we have logical devices and logical effects,
and in our studies, tangible and some ubiquitous computing
we have physical devices with logical effects. All exploit
our innate abilitiesto live and act in the physical world.

functionality

physical virtual
devices the real world, tangibles,
physical exposed consumer
mechanisms devices
virtual industrial control, GUl and
heads-up direct
displays manipulation

The reason these different techniques work so well is that
we have deep-seated mental and physical abilities attuned
to the physical world. We are not far from Neanderthal s!
Thereis strong evidence that we reason differently with
different kinds of experience, for example, physical vs.
social situations [6]; [2]; [3]. Whilst we can reason
explicitly about most types of situation thisis both slower
than more innately driven responses and requires conscious
attention. Thisiswhy the ‘M’ (mental processing) operator
in Card, Moran and Newell’ s keystroke-level model was
always so problematic [4]. Interfacesthat break the natural
properties of physical interaction may be difficult to learn,
difficult to use or lead to various kinds of superstitious
interpretative models [5].

conclusion

In this paper we have presented a study to understand what
makes physical interaction and physical— ogical mappings
natural and comprehensible. Analysing mundane devices
and consumer appliances, such as speaker controls and
washing machines, has enabled usto identify four aspects
of design success that influence naturalness in interaction:
exposed state, hidden state, inverse actions and compliant
interaction.

We suggest that these four conceptual categories can be
used to suggest appropriate mappings of physical—digital
interaction and we have applied these in exploring aspects
of anovel input device: the Cubicle.

We do not believe we have an exhaustive set of critical
aspects and intend to elaborate these further, including
working with industrial designers. Also we plan to work
with colleagues devel oping novel tangible devices applying
the existing and any further principlesin order to validate
these in novel settings.

In short, this study offers new ways to understand natural
interaction with tangible controls. We believe that this will
allow the experience embodied in existing mundane
appliances to be applied to the design of novel ubiquitious
devices.
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ABSTRACT

Whilst seamless integration of physical and digital worlds seemslike avision of the future, in fact it is day-
to-day experience: knobs, dials, switches are everywhere. This paper examines mundane devices to
uncover design principles for physical interaction. We are looking particularly at how these exploit our
innate human understanding of the physical world to allow fluid, natural interaction. Aninitial collection
of principlesis presented and used to explore in detail the interaction potential of a particular tangible
device, the Cubicle. A wider range of tangible interfaces are then examined in the context of atangible
user interface framework.

Author Keywords

Tangible user interface, ubiquitous computing, consumer appliances, physical interaction, fluidity,
affordances

INTRODUCTION

Every day we interact with physical artifacts. Devices and consumer appliances are used in order for usto
get our hob done in our daily activities. Sometimes, we have trouble understanding how to manipul ate these
devices and appliances. We need to read the manual before we can actually use them. But other devices and
appliances have been designed in a way that enables the user to interact naturally. This naturalness is what
we would like both from these mundane devices and also from novel devices.

In this paper, we study real physical controls on really-used artifacts in order to understand the features of
physical interaction and of the physical-logical mapping that make them comprehensible and natural.

Our aimisto use rich knowledge implicit in the design of day-to-day artifacts to uncover principles that can
be used in the design of novel tangible interfaces.

This naturalness of physical interaction is related to both Gibson’s notion of natural affordance, as well as
the more culturally informed aspects of affordance brought into HCI by Norman and Gaver (McGrenere
and Ho, 2000), Dix et a. (2004a) describes this naturalness of interaction as fluidity, which is “the extent to
which the physical structure and manipulation of the device, naturally, relate to the logical functions it
supports’. This paper expands on this notion of fluidity and relatesit to Koleva et al.”s conceptual mapping
of the tangible interaction space (Koleva et al., 2003).

Many of the studies of day-to-day artifactsin HCI, notably much of Norman’s work (e.g. Norman, 1988),
focus primarily on the failings of design and the way appropriate use of cognitive or other design principles
might have avoided these design mistakes. The lesson from these is mostly about what to avoid! In
contrast, we are looking particularly for the positive lessons from day-to-day devices, in particular how the
tangible nature of these can harness innate human abilities.

We begin this paper with arationale as to why we believe it is productive to study mundane devices and
appliances when our eventual aimis to understand the design of novel tangible and ubiquitous devices. We
will then look at related work set within a model of physical-logical interaction. Day-to-day devices,
traditional GUI interfaces, augmented reality and tangible interfaces all draw on innate human
understanding of physical interaction, and so we will look at some of the properties of ‘real world’
interaction with physical objects.

The paper will then move on the results of studying arange of consumer appliances and the waysin which
they exploit natural physical interactions. Thisis used to produce a set of principles and issues of physical
interaction. Finally, these principles are applied to anovel tangible interface device, the Cubicle and also



examined against a broader range of tangible interfaces within the context of Kolevaet al.’s TUI
framework.

Motivation

Why are we considering day-to-day devices at all? These are typically independent devices with low
computational power and very traditional technologies. In contrast research in tangible and ubiquitous
technologies seems to be technologically far removed. Thisradical view of the future has captured the
media’ s imagination, for example ubicomp researchers contributed strongly to the film Minority Report
which has popularized the ubiquitous vision of the future first articulated by Weiser (1993). This science
fiction world seems far removed from the devices we see today, but perhaps they are not so different after
al ...

TheVision ...

Ubiquitous computing paints a world where the day-to-day activities of our lives are suffused with
computation. Each item from briefcase to breakfast-cereal packet becomes alocus for interaction. Some of
thisisincidental to the activities we are doing (Dix et a. 2004b): the briefcase keeps track of its contents
and talks to the wall calendar so that it can warn if an important document for today® meeting is missing.
But other actions require more intentional although still implicit interactions (Schmidt, 2000): tipping the
breakfast place-mat from side to side to turn the pages of the morning paper displayed onit. Othersare
more explicit still, the magic wand that acts as universal control (Fails and Olsen, 2003).

We are focusing in this paper on the latter two categories: the intentional but implicit and the more explicit
interactions. Both involve physical objects or controls. However, as the world fills with physical objects
that have meaning in the electronic world, then how do we understand those meanings? How do we turn
the device that is a wonderful demonstration when you know how it works into an object that is "pick up
and use"? And even when you know how it works, what are the affordances of the object and the
properties of the physical-ogical relationship that allow the use to become natural ?

... And The Mundane

In the current world our lives are suffused with computation. Many items from Walkman to washing
machine are alocus for interaction. Some of thisisincidental to the activities we are doing: the set-top box
that monitors your watching habits and consults the electronic TV guide so that it can pre-record the
programmes you may want to see later. But other actions require more intentional athough still implicit
interactions: the volume control on the phone that naturally sits under your thumb. Others are more explicit
still: the dial and switches on the washing machine control panel.

Focusing again on the latter two categories, designers of day-to-day products are constantly faced with the
issue of how to make these devices comprehensible to ordinary people. A MiniDisc controller that makes a
wonderful demo to a group of fellow designers ... or even computer scientists ... could win you adesign
award, but will be a market flop if people cannot pick it up and useit. A 27 page manual is not acceptable
whilst jogging.

Harvesting the Experiencein the Ordinary

So, we can see that the novel interactions envisaged in ubiquitous computing, although different in detail,
do share much with more mundane day-to-day appliances! By studying these appliances we can learn
much that would be hard or impossible to learn by extensive experimentation with novel devices.

First we all have an extensive first and second hand knowledge of these devices and their use. Of course
we have to be careful as researchers and designers when generalizing from our own anecdotal experiences;
however, neither should we ignore thisrich resource.

Second these devices are only popular if they ‘work’ for people. Although little-used controls may not be
optimal it will generally be the case that the more heavily-used aspects will have designs that have been
found to be usable otherwise the products would not sell. Obviously this second argument does not hold
where there is an effective monopoly, asis the case with certain software goods, but for most consumer
appliances there is considerable competition and also consumers will have seen them in friends' houses, or
for personal products perhaps borrowed them and tried them out.

Finally these products embody the knowledge of their designers. Some are successful because they happen
to be, but many are successful because they are designed to be. Because of the different styles of the
disciplines, much of this design knowledge is communicated through exemplars rather than abstracted



principles. However, this community knowledge as well asindividual skills are evidenced in the products
we find.

Of course not al appliances are well designed; in particular, aesthetics may dominate usability. Indeed, the
failings of such devices are the constant topic of after-dinner conversation in HCI conferences and are often
lampooned in books and publications (e.g. Norman, 1988). However, this should not detract from the
overall ease with which we conduct most of our technological use of artefacts.

Related Work

Interfaces to consumer products are also studied closely in an industrial design setting. Overbeeke et al.
(2003), discuss 10 rules (guidelines) focused particularly on making engaging products, for example “don’t
think beauty in appearance think beauty in interaction”. Whilst our aim has been more to understand the
visceral qualities of mundane interaction, their more aesthetic and our more articulatory approaches have
common features. For example, the quoted rule, which they relate to Dunne's “ aesthetics of use” (Dunne,
1999), concerns the naturalness of physical interaction. In addition, they take as a starting point the
observation that modern devices often hide their functionality behind buttons and icons, and propose
designs that expose functionality, echoing the issues of exposed state and compliant interaction we will
discuss.

This paper and its set of physical-ogical design principles complements other work in tangible interfaces
and augmented reality. For example, Ullmer and Ishii® M CRpd interaction model exposes various aspects
of the physical—digital mapping (Ullmer and Ishii, 2000). and Benford et a’s sensible/ sensable/ desirable
(SSD) framework focuses more on the affordances of a ubiquitous device and how this can suggest
opportunities for extending the physical—digital mapping (Benford et al., 2003). In order to help see how
our principlesfit into the current state of tangible interfaces we use Koleva et a.’ s framework which
analyses the attributes of tangible interfaces that contribute to a sense of @oherence@etween the physical
and digital representations (Kolevaet a., 2003).

Looking at the conventional interface literature, it isinteresting to consider Shneiderman®direct
manipulation principles. continuous representation, physical actions instead of syntax and rapid incremental
and reversible operations (Shneiderman, 1988), and also other early work on understanding direct
manipulation (Norman and Draper, 1986). These, and indeed the whole GUI endeavour, are effectively
about trying to harness the naturalness of physical interactionsin the digital domain.

We can see the connections between these related areas if we consider a simple 2x2 matrix looking at the
controlling devices and the functionality controlled; both of which may be physical or virtual. Of course no
deviceis completely virtual, some physical interaction with the user is always necessary, with the possible
exception of direct brain sensing! By virtual, we mean devices such as on-screen buttons, which have no
direct tangible properties.

functionality (logical state)

physical virtual
_ the real world, tangibles,
_ physical exposed mechanisms consumer devices,
devices augmented reality
virtual industrial control, GUI and direct
heads-up displays manipulation

Tablel. stylesof physical-virtual interaction

In the real world we have physical devices with an immediate physical effect (the thing itself!), in direct
manipulation and graphical user interfaces we have logical devices and logical effects, and in our studies,
tangible and some ubiquitous computing we have physical deviceswith logical effects. All exploit our
innate abilitiesto live and act in the physical world.

In the bottom left corner of table 1 we have placed industrial ‘glass’ controllers and similar kinds of
controls such as heads-up controlsin an aircraft cockpit. These are effectively some form of virtual control
of aphysical process (the operation of the factory, or movement of the plane).

Infact, industrial controllers remind us that the world is alittle more complex than a simple diagram can
show! The focus of the control is aremote physical process, but the control panel itself may include very
physical knobs and dials. However, thisis equally true of some of the devices we will analyse where the
‘logical’ system controlled isin fact an important physical process. cooking food in a microwave, washing



clothes. Aswe noted, even a GUI is controlled by a physical device, the mouse, and often produces
physical outputs on paper. Infact virtually all computer related interactions are at some level of the
physical—virtua—physical kind, but do differ in terms of the focus, the directness of the relationship
between control device and controlled process and the extent to which we receive feedback directly through
the device or indirectly through the controlled process.

Figure 1 shows some of the manipulation and feedback paths between the user and logical system (physical
or virtual). The control deviceis central to this both for its effects on the underlying logical system and
also the nature of its physical manipulation and visual and haptic effects. The user—device interactions are
labeled with lower case letters (a)—(d), the system—device interactions with roman numerals (i)—(iii) and the
feedback |oops using uppercase (A)—C).

physicalSlogical
mappings
device l logical
(a) physical manipulation phyS|caI aspects (i) sensed inputs > system
turn knob, press button knobs, dials,
buttons, location,
’ orientation
(b) perceived state (i) physical effects @
(c) felt feedback K motors, effectors
resistance, virtual aspects L
2 physical sounds ? (iii) virtual effects ¢
5 screens, show message,
(d) electronicGeedback lights, turn light on
see message on screen buzzers, speakers effects on
logical objects

Figurel. Physical-ogical feedback loops

Loop (A) represents the immediate physical effects of the user on the object. Thisincludes, the springiness
or resistance of a button or knob, the fact that an on—off switch isvisibly in the on position, the (physical)
click of abutton being pressed. In an augmented reality application such as the Augurscope (Kolevaet al.,
2002), this would include the interactions with the tangible aspects of the system, for example the
orientation of the Augurscope screen.

Loop (B) isfor haptic interfaces where the system creates some physical effect that can be felt by the user.
There aretwo sub-cases. Thefirst (B.1) is when the physical aspects controlled by the system and
perceived by the user are independent of those controlled by the user; for example, the turning of thetub in
awashing machine. In this case the user can see that the tub is turning through the glass door. The second
(B.2) iswhere the same physical devices are being affected by both user and system; for example, the dial
of the washing machine, which both acts as control device and isaso avisible indication to the user of the
system’ s state.

Finally, loop (C) represents deep semantic feedback from the underlying logical state of the system. Thisis
often via some soft display (LCD panel, screen). Asthis depends on computation or physical processes
there may be longer delays compared with loops (A) or (B). Direct manipulation attempts to elide the
difference between device actions and virtual effect and so often relies on the semantic feedback (e.g.
dragging an icon). However, where there are delays, this can then lead to problems. Where this may occur,
it isimportant to recognize that thisisin fact an indirect manipulation and supply immediate feedback (Dix,
1994). However, we shall see that even where there is some instant semantic feedback, the directness of
actual physical feedback from the device can be very powerful.

Often several of the feedback paths are significant in asingle interaction. In the case of the washing
machine the noise and appearance of the tub as well as the location of the dial. Also in traditional
interaction with a desktop PC there are multiple feedback paths: the sound and feel of the key being pressed
(loop A) and the result on screen of the key press (loop C). In a membrane keyboard the first of these



feedback loopsis not naturally present; instead such systems typically generate ssmulated key clicks that
for the user are very like the physical sound of areal key (loop B).

When looking at a simple physical object, such as acup, thereis no separate logical state and smple
affordances are about the physical manipulations that are possible (a) in figure 1) and the level to which
these are understood by the user: Norman's ‘real’ and perceived affordances (Norman, 1999). For amore
complex, mediated interface the effect on the logical state becomes critical: the speaker dial affords turning
but at another level affords changing the volume. Hartson (2003) introduces a rich vocabulary of different
kinds of affordances to deal with some of these mediated interactions.

Benford et a.’s SSD framework (2003) deals with this relationship between the physical device and logical
state. It considers three aspects of the relationship: sensable — the aspects of the physical device can be
sensed or monitored by the system, sensible — the actions that the user might reasonably do to the device,
and desirable — the attributes and functionality of the logical system that the user might need to control.
These can be used to explore the design space and in particular mismatches between the sensible, sensable
and desirable can be used to suggest directions for re-design. In terms of figure 1, the sensable aspects
correspond to (i), whilst the sensible ones refer to those possible actions (‘real’ affordances) of the device
(@) that the user might reasonably perform. The desirable part of the framework refers to the internal
possibilities of the logical state.

Note that what is sensible to do with a device depends partly on its perceived affordances and partly on the
user’s mental model of the relationship between the device and the logical state.

The concept of fluidity introduced in Dix et al. (2004a) and expanded in this paper is focused on the way in
which this mapping is naturally related to the physical properties of the device. Whereas the SSD
framework is primarily concerned with what it is possible to achieve, fluidity is focused on what is natural
to achieve.

Under standing physical interaction

As we have noted direct manipulation, augmented reality and tangible interfaces all emulate or use
interaction with real physical objects. The reason these different techniques work so well isthat we have
deep-seated mental and physical abilities attuned to the physical world. We are not far from Neanderthals!
There is strong evidence that we reason differently with different kinds of experience, for example,
physical vs. social situations (Barkow et al., 1993; Bownds, 1999; Donald, 1991). Whilst we can reason
explicitly about most types of situation thisis both slower than more innately driven responses and requires
conscious attention. Thisiswhy the ‘M’ (mental processing) operator in Card, Moran and Newell’s
keystroke-level model was always so problematic (Card et al., 1980). Interfaces that break the natural
properties of physical interaction may be difficult to learn, difficult to use or lead to various kinds of
superstitious interpretative models (Dix et al. 2004b).

Furthermore, at the lowest level, motor activities involve neurological feedback loops within our bodies
that do not involve conscious thought at all. These loops operate in time scales far faster than can be
controlled using more cognitive processes and are hard to train. For example, learning new fingering
patterns for a musical instrument or physical actions during sports. Low-level hand-eye coordination, such
asthose used in Fitts' law tasks, are also largely unconscious. Where systems emul ate aspects of the
physical world they can take advantage of existing low-level responses rather than requiring new ones.

Natural Interaction

It is often hard to distinguish those aspects of devices that work because of cultural norms developed due to
exposure to technology, which can thus be expected to change (albeit slowly) over time, as opposed to
more innate understandings of the physical world. Whilst it is hot essential for many purposes to separate
these we can try to make this distinction based on the properties of natural physical objects such as stones.
These properties (often violated by electronic, and even mechanical devices) include:
directness of effect — A small push makes a small movement, alarge push makes alarge movement; a
push in one direction followed by an equal push in the opposite direction gets something approximately
back where it started.
locality of effect — When you do something it has an effect here and now. If you push a stone you do
not expect it to move 5 seconds later.
visihility of state — The fixed appearance, shape and other properties may be very rich, but the
changeable ones are relatively simple (location, orientation, velocity) and immediately visible.
If aphysical object is constructed to violate these properties, for example, a beach ball part-filled with
water, the behaviour appears ‘magic’ or ‘alive’ asthe ball appears to move of its own volition. Part of the



complexity of computer systems s that they violate these ssimple principles of physicality.

mundane device success

In order to understand how these natural interactions can be used effectively in design, we have studied a
selection of day-to-day devices and consumer appliances including a washing machine and speaker volume
control. We have sought to analyse and represent some of the rich physical interactions available on these
mundane appliances.

In most of these, the explicit design of the physical object enables the user to understand how to manipulate
the device as they exhibit strong affordances. However, we see that there are additional aspects of these
devicesthat exploit the physical form of the device to inform the users’ interaction with the logical function
they control. In some cases we will see that thisis not the case and then the devices employ various
‘recovery’ strategies to make the non-physical aspects more obvious.

One of the techniques we have used is to represent separately the states of the device and of the underlying
logical state (the left and right hand sides of figure 1). For each we have produced a simple state transition
network and then examined the relationship between the two. However, we shall see that for certain types
of physical interaction we find we need to extend normal state transition notation to deal with ‘bounce-
back’ controls.

Exposed State

Some controls, such as simple on-off switches for lights, expose the underlying logical state of the system
by their physical state. The interaction potential and feedback for the user is thusimmediate as thereisa
direct mapping between the physical appearance and logical state. Thus, the interaction appearsto be
natural, and the user can immediately apprehend how to control the device.

The directness of this mapping is obvious if we draw the state diagrams corresponding to the controlling
device and the underlying system. Figure 2 shows the state of a kettle switch and also of the kettle itself.
There is a one-to-one mapping between the states of the switch and kettle.

state of state of

switch i i ket tle
°

userpushes ..-*

switchup 7, ..

and down
o) o= ()

Figure2. Statesfor simple switch (UK conventions)

Of course, the ahility to apprehend the state of the system from that of the device only holds so long as the
user knows what aspect of the state is connected with the physical device and also the mapping.

Sometimes the corresponding state is obvious because of locality — the switch is on the kettle and there is
only one thing to control. Where thisis not the case natural ness breaks down, for example British people
visiting the US often become confused when electrical outlets are not working — thisis because the
switches that control them may be wall mounted along way off.

The mapping is often more difficult. Conventionscan help ... but of course often differ between cultures
(e.g. USvs. UK light switches—isup on or off?). However, for devices such as kettles both up=on and
down=on may be found at which point additional decoration is often applied — for example ared colour that
isonly visible when the switch is on.

The washing machine dial isamore complex example of visible state (see Figure 9). Thedial showsthe
chosen program (indicated by written legends) and when awash isin progressit also shows the current
state of the wash cycle. This device displaysthe internal washer state as well allowing the user to set it (we
will discuss this dua role later under Compliant Interaction).

Obviously, the visible state of a control can only be used when there are a corresponding number of internal
states. Thisisasimple but very powerful design heuristic. This sounds almost too simple to be worth
stating, but some years ago afriend of one of the authors was tasked with producing the software for a car
audio system where the number of volume levelsin the tuner and the number of LCD cells in the display



were both fixed ... and different!

Control of State

In most of the devices we studied, the control devices were under the complete control of the user: an on-
off switch can be moved to both positions, the washing machine dial can be turned to any location.
However, there are occasionally limitations. For example, whilst the washing machine dial can be turned
clockwise to any position it cannot be turned anti-clockwise. If thedial ison 4 and you want programme 3
then you need to turn the machine off (to prevent it starting to do all sorts of things as you go past other
programmes) and then turn it clockwise all the way around. The reason for thisis probably mostly to do
with the mechanical mechanism used, but may also be because clockwise is seen as ‘advancing time'.
Sometimes the control is even more limited. For example, water tapsin public places often have a push-on
action. Y ou push the top down and the water flows for a while and then stops. The intention is to prevent
the tap being left on. Usually these types of tap cannot be explicitly turned off after use, no matter how
hard you pull, the top only rises at its own rate. Electric toasters are often similar. Y ou put the toast in and
then push down the handle. After afixed period or when a sensor thinks the toast is ready it ‘popsup’.
However, if you notice the toast is burning some toasters do not allow you to simply pull the handle up and
instead may have a button, or even force you to wait until the timer isready. Older tape recorders also
behaveinthisway. You can press down the ‘play’ button, but not lift it up; instead you need to press down
the ‘stop’ button and then the ‘play’ button pops back up!

Clearly smple physical objectstend to either be immobile in some way or alow full control. It islargely
mechanical or electronic artefacts that have the strange semi-controlled behaviour like the toaster or water
taps. Not surprisingly it iscommon to see users of these devices attempting to force the controls expecting
that full manipulation should be possible.

Hidden State

In contrast to exposed state, there are controls where the physical appearance does not expose the logical
state. An example is the twist control of the speaker in figure 3, which has no intrinsic on/off position given
by its physical shape. The naturalness hardly exists for the user to know how exactly to manipulate the
device. Therefore, this type of device requires additional featuresto provide further information.
Sometimes this can be supplied by physical markings, for example adot on the dial. In this case there are
marks on the casing that indicate which direction to increase or reduce the volume. However thereisno
mark on the dial itself to see where the current volume setting is. To some extent thisis unnecessary — you
can hear the volume, but without an indicator of the current setting it is hard to see where in the range it is—
can you make it twice as loud, ten times as loud?

Whilst in this case the lack of any decoration to clarify the state is probably an aesthetic rather than
usability decision, there are timeswhen it is essential. For example, if the dial could turn completely round
several times to increase or reduce volume there would be no one-to-one rel ationship between location and
volume. Also if the same control is used to manipulate different aspects of the logical state in different
modes or there are large numbers of internal states, then it may be impossible to have a simple mapping.

Figure 3. Speaker control.

Hidden state can be exposed in two ways, pre-use and while-using. Pre-use exposure is when additional
features like text, signs, pictures, and lights that can be found around or close to physical controls give
suggestions or instructions to the user of how to manipulate the device control. The marks are pre-use in the
sense that before actually manipulating the device the user can begin to build a mental model of the hidden
physical—logical mapping (c.f. Norman, 1988). While-use exposure occurs when the act of manipulating



the device makes the state or changes in the state perceived through haptic, aural or other feedback. We
will return to this later when we discuss tangible transitions.

In older devices the physical control was often connected directly to the internal mechanism. As controls
have become electronic this connection is often lost and this becomes apparent in hidden state. Particularly
problematic are ‘touch’ buttons. For example, old tape recorders have buttons that stay depressed while the
corresponding activity is occurring (play, record etc.) — strong exposed state. In contrast, touch controls
initiate the change of state but have no apparent state themselves. In the case of mechanical push buttons
thereis at least someintrinsic haptic feedback that the press has occurred whereas capacitative or low-
travel buttons may have no physical feedback whatsoever. 1n such cases one sees the sure sign of poor
exposed state — an additional on/off light or other soft visual display!

Tangible Transitions

Some physical controls provide the naturalness of interaction by embedding a sense of feltness when

mani pulating the controls. This may augment exposed state or in the case of hidden state provide while-use
exposure. In the example of the speaker control, the physical control has a pal pable bump so that the user
can feel it go past the on/off position. This does not give the user a knowledge of the current state before
grasping the control, but whilst manipulating the device, the user is made aware of critical transitions.

The latter effect has been emulated in the iDrive haptic controller for the BMW series 7 (Immersion, 2003).
The controller itself isasmall knob with no specific markings and is used to control avariety of functions
though a menu interface. Electronic haptic feedback means that as the user twists the knob to move
through menu options a small bump is felt for each menu transition. This can allow the user to perform
frequent selections without needing to look continuously at the screen — very important whilst driving!
Under certain circumstances, tangible transitions can become critical transitions. For instance, a critical
effect will be the result of the transition the user made, especially in situations where a user is dealing with
crucial operating machines or systemsin laboratories, factories and othersthat are similar to these.
Emphasising the transition of the different states makes the user aware of the changes they are about to
make. It would be even more critical if the user cannot reverse the action (transition) that they just made.

Bounce Back

Some control devices return to their initial position soon after we release our fingers or hands from the
knobs/buttons. For example, the on/off power button on many PCs, and on some models of washing
machines — see figure 4. When we push the button in, the effect of this action starts up the system and the
button returnsto itsinitia position. This particular effect is what we call ‘bounce back’. Other examples
that exploit bounce back include joysticks, mouse buttons, a mobile phone’s volume controller and
MiniDisc controls.
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Figure 4. On/Off control with bounce back —isit on or off now?

The bounce back control in figure 4 has aspects of both exposed and hidden states. It is exposed in that the
user can immediately figure out how to manipulate the physical control, i.e. it exhibits strong affordances.
Also the bounce-back on—off button has two clear states, one while the button is‘out’ and one while the
buttonis‘in’. However, the‘in’ stateisatransient state, it only staysin the state while afinger is actually
pressing it. Assoon asthe pressureis released it bounces back to the ‘out’ state and so thereisonly a
single stable exposed state. Thislack of a meaningful stable exposed state means that bounce-back buttons
typicaly rely on ascreen display or some other sort of indication to show the present state the system is
currently in after the physical manipulation has taken place.



Because of the transient state(s) bounce-back devices have effect either at their transitions or due to the
length of time they are held in the transient state. Where these natural properties are exploited bounce-back
devices can be powerful, where they are used inappropriately they are confusing, even though we are very
used to them.

We will explore the features of bounce back by using state diagrams of three examples that illustrate the
unsymmetrical mapping between the physical and logical states of bounce-back interaction.
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Figure5. dtatesof the bounce-back on/off button

Figure 5 shows the state diagram of the PC on/off power button. The left-hand box shows how the button
bounces back (the spiral arrow) once the pushed-in button is released by the user. The'in’ state isdrawn as
adashed circle to emphasise that it isatransient state. Instead of directly mapping to one particular logical
function during the transient state of ‘push in’, the physical transition mapsto two logical functions. It
could be either turning the system on when the button is being pushed in, or shutting down the system. The
releasing action does not have any impact on the logical function of the system.

Why isthis design used instead of a more clear on—off switch with exposed state? There could be good
reasons. For example, some PCs allow you to turn on the machine using the power button, but only have a
‘soft’ off invoked by software to ensure that datais properly saved. In this case the user would control the
off-to-on transition, but the system would control the on-to-off transition.

In fact, the photographed system does not behave like this, as demonstrated in the state diagram. It appears
to be an unnecessary case of hidden state with a characteristic power light near the button to expose the
hidden state. The real reason for the bounce back seems to be aesthetic, a two state on—off switch would
not look pretty on the front of the PC case!

Figure6. MiniDisc controller

The second exampleisaMiniDisc controller. This has a humber of bounce-back controls. Thereisarow
of five tiny switches, each of which cycles through a different set of options. The small knob at the end is
used to control the track and also volume. If the small buttons had been exposed state buttons there would
not have been room for them all. Devices exploiting bounce back are often more compact and hence
suitable for small devices.

Thetrack controller at the end is even more interesting as the number of tracks depends on what is recorded
onthe MiniDisc. Bounce back is often used where the physical control alows the user to access avariable



number of logical functions.
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Figure7. Statesof the MiniDisctrack control

Figure 7 shows how the physical action of twisting the knob — A, can map to a variable number of

functions, i.e. to various tracks for the different songs. By twisting the knob once, the system skips to the
next song, i.e. from state O to state 1. When releasing the knob, the physical stateis returned toitsinitial

position, and the current state of the system remains there. The bounce-back effect, which does not affect
the logical function, is understood by the user, and hence the user |earns how to get to subsequent states —

in this example, how to skip songs.
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In fact the full pictureisalittle more complex as the user can twist the knob anti-clockwise to step to
previous tracks on the disk. Figure 8 shows the state diagram that corresponds to this behaviour: the knob
can be turned right and left to skip to the next song(s) or to the previous song(s).
What makes this particular diagram significant is that the bounce back does not just map to a various
number of states, but also is able to incorporate different functions by separating them according to the
control’ s direction of movement. In addition to this, there is a strong coupling within the logical state of the




system, i.e. the current state is ‘remembered’ despite the direction that the twisted knob may have taken.
For example, when the knob is twisted to the right twice (0-1-2), and then is twisted to the | eft once, the
current state at the end will be at 1 (2-1). Note that thisis not acomplete ‘undo’ if the playback is part way
through a track; then turning the control right then left restarts the track rather then getting you back to
where you are. We will return to thisinverse action in the next section.
In addition, in figure 8 there are dashed arrows on the ‘left’ and ‘right’ states showing that the track keeps
changing whilst the knob is held in the transient states. It is possible to rapidly skip through the tracks by
twisting the knob and holding it to the right and left. As mentioned previously, when the knob is released, it
instantaneously bounces back to the centre, due to the transient nature of the other states.
This example shows how a bounce back’s mapping of logical and physical can be varied in direction of
movement and velocity. We can see the same in other controls such as a gaming joystick. In some cases
(for example, video fast-forward), the longer the user holds the button/knob down, the slower or faster it
changes the logical state. Where adeviceis being used to control the direction or velocity of the logical
states, it isimportant to know where the ‘stationary’ position is. Note how the bounce back to the neutral
centre position does this. If you simply release the control, movement stops. The bounce back also means
that movement only occurs when the user is applying a positive pressure on the device — the transient state
isalso atension state of the user. This makesit difficult to cause movement or change by accident.
From these three examples, we can summarise that bounce back is good when:

(i) thereis avariable number of logical states

(i) thereis alarge number of logical states

(iii) the physical control isapplied in small devices (size)

(iv) avelocity devicerequires aneutral position
Finally we will look at the interaction of a piece of interactive household furniture called the Drift Table
(Benford et al., 2003). Thisis a coffee table that comes with an aerial view of Great Britain. The movement
of the map of Great Britain depends on the amount of weight put on the table, and its duration. Load
sensors at each corner of the table measure the distribution of weight. If the things on the table are slightly
heavier on the right-hand side the map drifts slowly, like a balloon in a breeze to the right over the aerial
view and vice versa. Thisistherefore a very natural mapping of direction of movement.
Previoudly, we' ve seen how bounce back allows the user to manipulate the physical control and useit to
‘control’ the logical function(s). However, for the Drift Table, the bounce back does not occur in the
physical appearance of the table, but on the load sensors. They do in fact give very dlightly depending on
the weight, but not noticeably. The only way to see whether the weight distribution of objectsis neutral is
to watch the view to seeif it slowly changes. Furthermore, the table does not give the user any direct
control or indication of overall location, just the speed of the movement and its duration. In fact where it
was deployed in a home the user kept atlases nearby in order to work out where the table was!
This appears to suggest the Drift Tableis avery bad example of aphysical control. But in fact the intention
of Drift Tableisnot functional but aesthetic and ludic — it isaform of play! The natural mapping of
direction of pressure to direction of movement while you are explicitly ‘controlling’ allows skillful activity,
but when unattended it ‘drifts’ and gives a sense of happenstance.

Inverse Actions

We return now to the speaker volume dial (figure 3). As with most dials, turning the rotary knob clockwise
increases volume, turning it anti-clockwise decreases volume. Similarly with the MiniDisc control,
twisting the knob right advances the track, twisting it left moves the track back (figure 8). These inverse
effects, like the dial, exploit natural physical inverse actions — if you push a cup across the table you can
also push it back in the opposite direction. Until it falls off the edge, opposite pressures have opposite
effects.
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Figure 9. Volume control — linked buttons.



Just asin graphical user interfaces, the existence of inverse actions acts as an ‘undo’ and so reduces the risk
of exploration (Dix et a., 1995). However with physical devicesit isnot just that an inverse exists but that
the inverse exploits a natural physical inverse such as push/pull, twist clockwise/anti-clockwise, or push
up/down. Inthe best casesthisisintrinsic to the device (asin the speaker’ s rotary knob), but may also be
made apparent using visual or tactile decoration. Figure 9 gives an example of the latter where two buttons
are clearly linked by being ‘yoked' together.

Inverse action is especially important if the user does not have a perfect knowledge of the physical-ogical
mapping. This allows the user to experiment with the physical control and find out the logical functions the
control supports, by reducing the chances of getting the actions wrong.

A particular case of thisis when a physical control may manipulate more than one logical function. The
user can discover the different logical functions that lie under the physical appearance by inversing the
actions. For example, some mobile phones have a small ‘scroll’ button that can be pressed up or
downwards. This may control volume whilst in the middle of a call or scroll through lists when searching
the address book. Although this sounds very confusing it does not prove to be in practice. Thereisan
immediate visual or audible feedback of the effect of the control and if the effect is not as desired the
natural inverse makesit easy to correct.

In some cases, inverse actions adopt the hidden state’ s additional features in order to provide additional
information of the logical function that the physical form supports. The speaker control, which has been
described earlier, has around it painted dots of different sizes that increase from one end to another,
indicating to the user that the volume increases as he/she turns the knob clockwise, and reducesin the
opposite direction. This additional feature with the volume of sound coming from the speaker provides
some sense of coherence between the physical state and the logical function.

Inverse actions, in some other cases, work together with exposed state to deliver natural interaction, the
tuning frequency of an old radio for example. Besides the manipulation of tuning the frequency by rotating
the knob clockwise and anti-clockwise, it also exposes the position of the frequency that is pointed by a
vertical line from adisplay as the user rotates the knob.

The naturalness of inverse actions' interaction may only be achieved when the user getsimmediate
feedback — for example, the sound of the speaker increasing and decreasing. Under certain circumstances,
feedback may be delayed, for example in an electric cooker there is alag due to the time it takes to heat the
metal in the cooker’srings. Aswe discussed, temporal locality is one of the features of physical
interaction, and not surprisingly these delays are not dealt with naturally. For example, many people will
adjust central heating beyond the desired temperature to ‘ heat the room more quickly’. So strong is this
effect it even applies to those who understand the system well and know it will not have the desired effect!

Compliant Interaction

The rotary knob on the washing machine (see Figure 10) is not just a good example of exposed state, but
also exhibits symmetry of interaction. The user sets the program by turning the dial, but the system also
turnsthe dial itself as the program advances.

Figure 10. Washing machine and its control.

Exposed state and compliant interaction differ in that compliant interaction has some kind of mechanical
movement that advances when the program advances in the same way as the user would interact. A simpler
example is the on/off switch on some electric kettles. This can be moved up and down by hand, but when
the kettle boils flicks to the off position. Old tape recorders also did this and the ‘play’ button would
bounce back up when the tape reached the end.

Note how the kettle's on/off switch differs from a simple on/off switch such asalight switch. Inthe latter



there is no control involved from the system, it solely depends on the user’ s interaction.

The state diagram in Figure 10 illustrates a simplified version of the washing machine control. Because it
has an exposed state the internal and visible states coincide, so these are not distinguished asthey arein
Figure 2. The plain and dashed arrows show the user and system control of the device respectively. Itis
clear how these coincide except in that the system cannot turn the washing machine on from the stop state!
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Figure 11. State diagram of washing machine.

Compliant interaction means that the user can easily learn the relationship between the state of the control
and the state of the device. The naturalness of compliant interaction enables expert users to use the device
to exert fine control over the system’ s action. Thisis evident in expert washing machine users who can
intervene in the washing program, such as skipping parts of the program, and start in unconventional
places, as they learn how to fine-tune the device.

In principle this control could give rise to confusion as turning the dial does not complete the wash cycle
that the system has been programmed to do. In practice this does not seem to occur with washing machine
use or the electric kettle (switching it off is not assumed to have magically boiled the kettle). However, this
does appear to be a potential danger for less well-understood applications.

Note that compliant interaction is named from compliant motion as used in robotics. Thisrefersto things
like atapered screw where the action of putting it into the hole is guided by the physical resistance of the
screw. If the screw is placed slightly to one side there is a natural force pushing it into the right place. In
contrast without the taper a slight miss meansit just doesn’t go in. The physical properties of the screw
make automatic assembly easy.

fluidity of novel interactions

We will now consider how these concepts of physical— digital interaction can be applied to a particular
novel input device, the Cubicle, before looking more generally at tangible interfaces in the next major
section.

Note that whereas the previous discussion has been about analysing an existing device with agiven
physical—logical mapping, here we are considering a novel device and using the conceptual categoriesto
suggest appropriate mappings.

Cubicles

Cubicles are cubes of various sizes that are instrumented with different kinds of sensors so that properties
such as orientation, location etc. can be detected (Kortuem et al., 2003). These sensed attributes can then
be used to control various devices.

Cubicles are being developed as part of the EQUATOR project investigating the integration of digital and
physical life and use Smart-It technology to allow rapid prototyping of sensor-based systems (Smart-Its,
2003).

One example of a Cubicleis of asmall cube with sides approximately 3in (7.5 cm) that is used to control
the feed into a large situated display in the seating area of the Lancaster Innovative Interactions Laboratory.
Each of the sidesis labelled with one of the possible feeds into the display: TV tuner, laptop cable, fixed
computer, etc. The cube sits on the coffee table and is simply turned over to select a particular feed. Inside
the cube is a standard Smart-I1ts main board with micro controller and wireless communications. A small
Smart-1ts plug-in module has accelerometers to detect orientation.

Other Cubicle designs have included much smaller or larger cubes and also cubes with different physical
properties. soft ones that can be squeezed, furry ones that can be stroked. Separate work has investigated



how these factors affect the way people choose to interact with Cubicles (Sheridan, 2003).

Visible State

In the screen-control Cubicle there isavery clear one-to-one mapping between the visible state of the
Cubicle (the uppermost face) and the logical state of the situated display. However, like an on-off switch,
this only allows the control of six-state applications. Also the unique labelling of the sides mean that it is
largely a single purpose device. It isinteresting to note however how subtle changes in the decoration of
the Cubicle change the number of visible states and the way they can be used in interaction.

If alabelled Cubicleis placed on aflat surface and there is no preferred direction on the surface, then there
are only 6 states corresponding to the uppermost face. In a situation like the communal coffee table thisis
exactly what we have.

If, however, there is a preferred direction, perhaps the direction of the display, then we can also distinguish
the orientation of the cube. In principle, there are 360 degrees of orientation that could be detected, and if
the Cubicle were aflat plate with an arrow inscribed on top, then these would all be potentially usable.

In fact, the strong rectilinear visual affordance of the cube suggests that states with a face or possibly corner
facing towards the screen are preferred, so, for illustrative purposes we® consider the cube as @ormally@n
aligned face positions which means that strictly there are 24 states: 6 possibilities for the uppermost face
and 4 further orientations.

In the case of the screen controller the fact that the faces were labelled with text (which suggests asingle
‘correct’ orientation) and the lack of relation between the sides meant that this was effectively reduced to 6.
An alternative decoration of the sides, for example, a squared-off globe would suggest treating the
orientation as significant and hence allow all 24 states to be used.

Both the text labels and globe decoration are very much single purpose. One of the goals of Cubiclesis
also to use them as generic controllers, so we also consider more open decorations.

One extremeisafully labelled cube, for example with each side a different colour, or asin the case of a
normal die, anumber. Here all 24 states are in principle available, although in the case of the die there are
strong cultural suggestions that one should consider it a 6 state device.

Figure 12. Coloured Cubicles

More minimal labellings include colouring one half of the cube so that one side becomes significant or
painting one corner only (see Figure 11). In the former case there are 6 states (painted side down or up and
4 @dewaysStates) although there are strong visual suggestions to regard these as 3 major states: face up,
face down and sideways, with 4 orientation @ub-states@vhen sideways. When the corner is painted there
are 8 possible states although there is some suggestion that the corner could be used as a pointer, so
possibly this may be used as a 360-degree controller.

Notice that some of the visible states of the Cubicle are given by its physical properties, but others depend
on cultural or contextual factors.

Inverse Action

The simplest decoration of al isan entirely unlabelled cube, which has no distinguishable states
whatsoever. Although this sounds not very useful it meansthat it can be used in the same way as a mouse
or joystick can, where the absolute location is not important: it is the relative movements (rotating,
twisting) that are significant.

For example, given a menu structure, tipping the cube from side-to-side can be used to cycle through
options and tipping it forward can be used to select an option.

Depending on the sensors in the Cubicle, owly tipping in adirection can be distinguished from a quick
@ick@n adirection or actually turning in the same direction. The desire to return to the @atural @rientation



of the cube with flat face up, suggests that the tipping action, rather like a sprung joystick, affords more
continuous vel ocity effects, whereas aflick or turning of the face is a discrete action, more like cursor keys.
Whilst movements like this can be used to make a Cubicle into a universal controller, there are problems of
registration. Which way is @rwards® For the users this would probably be tipping the cube away from
them, but if the Cubicle does not have any absolute location or orientation sensors (which are more difficult
than tilt sensors) then this may not agree with the Cubicle® ©@wn@dea of @rward® Also a new user coming
to the Cubicle, perhaps finding it on a coffee table, would need to learn the interactions.

Just as in the appliances we have studied, these are exactly the situations where natural inverse actions can
help. The use of opposing directions for moving in different directions through a menu list means that
tipping the cube in one direction can be undone by the opposite movement. Similarly if tipping forward is
selection of an aternative, tipping backward should be the @o back@ction. So long asthisisthe case a
user picking up the Cubicle in the @rong@lirection can learn up the effects and if desired then re-orientate
the Cubicle. Where the inverse action breaks down, for example when selecting an option has an
irreversible effect, then some sort of orientation independent action, such as a sharp tap of the Cubicle, will
be necessary.

Compliant Action and Haptic Feedback

As we have seen compliant action is comparatively rare, but very powerful when used appropriately asin
the washing machine dial, or on-off buttons on electric kettles.

Cubicles are predominantly passive and untethered input devices, so do not naturally suggest control back
from the application. However, some potential designs have a small display on each side. Thiswould
allow interactions where the user could rotate a particular face upwards, but this could then change over
time under the applications control. For example, if the Cubicle is used to control a menu system, then the
system could gradually €all back@nto a standard state after a period of inaction.

Haptic feedback is even more problematic although a heavy gyroscope could be used to give controllable
resistance to rotation or even used to autonomously flip the cube!

More practically a ball-bearing moving within a face-centred octahedral void within the Cubicle would
enhance the @ystick@ffect — as one tipped the cube, even in mid air, it would be trying to get back to a
face down state. Alternatively having aball bearing roll within the cube itself would tend to suggest
holding it with a corner pointing down and hence radically change its interaction affordances.

Tangible Design

Existing tangible devices

It isclear that good design of day-to-day appliances should offer benefits for the design of tangible devices.
Having understood the principles of physical design, we now look at examples of tangible devices that
embody the principles, and look at where in the design space of tangible interaction the principles can
contribute to improving design.

Collaborage (Moran et al., 1999), Marble Telephone Answering Machine (Crampton, 1995) and
Illuminating Light (Underkoffler, 1998) are good examples that exploit the exposed state principle.
Collaborage uses badges, which are the tagged tokens that can be moved between the In/Out columns and
on the InfOut/Away board located in the hallway to trace the users' positions. The changes are tracked by
the system and are updated in the database. In the Marble Telephone Answering Machine, a marbleis used
as the device control to play the message by dropping the marble into an indentation in the machine. The
marble is also used to dial the caller automatically by placing it onto the augmented telephone. Of the three
examples, the llluminating Light exploits the exposed state principle the most. Physical models of optical
elements (prism etc.) are used to create a ssimulated optical layout. The system then simulates the
corresponding light patterns. The simulated optical layout is not just about control and feedback, but isa
direct representation of the actual thing.

Aswe already know, to ensure the natural interaction exists in hidden state, we have to provide additional
information in order to assist the user to understand how to manipulate the device. In tangible devices, the
situation is a bit different; the examples that follow seem to be using hidden state not because of the
constraints of the interface but for specific purposes. The Storytent by Fraser (Fraser, 2003) uses UV light
to reveal the hidden writing on an electronically tagged paper to make the experience of unearthing the
logical functions (digital) more interesting. Rather like the Drift Table usesa‘bad’ neutral state for ludic
effect the Storytent uses hiddenness in an exploratory experience. Super Cilia Skin (Raffle, 2003) is also



focused on the aesthetic. It is a computationally enhanced membrane, which is actuated by electromagnets,
coupling together tactile/kinaesthetic input with tactile/visual output. It attempts to make the tangible-
logical mapping more exciting. Both examples have aspects of natural interaction asthe UV light directly
points onto the surface of the turntable, and the tactile aspects of the membrane draw the users to touch it.
Hartson calls these sensory affordances (Hartson, 2003).

Most tangible devices exploit inverse actions, which allow the users to undo and reverse the actions, for
example, Phicons in metaDesk (Ullmer and Ishii, 1998) and Senseboard (Jacob et a., 2002). At one level
the invertibility isthere by virtue of the physicality of the tokens being used to control the manipulation.
However, it is not a necessary property of the augmented system but depends on there being a functional
relationship between the state of the physical tokens and the state of the logical system. For example,
Senseboard has been used to organise conference paper sessions. It is designed to show conflicts, but an
aternative design might have had the users manipulating just some of the papers physically and others
being reorganised by the system to maintain constraints. When a paper is moved by the user the system
would reorganise the rest, but then it could easily be the case that moving a paper and then moving it back
did not lead to the same overall situation. The same thing occurs with a word processor if you move the
cursor down and then up when at the bottom of the screen. It isrelatively ‘easy’ to make tangible
interfaces obey the inverse action principle, but still needs to be considered explicitly in design.

Although these systems support inverse action, they do not have areal ‘undo’ in that they do not provide or
represent the actual “path” of movements that have been made. Thus the user performs the reverse action(s)
depending solely on what they can remember. One example that actually records and displays the history of
the movement to allow inverse action is Outpost (Everitt et a., 2003), which is about organising
information of Post-it notes that are used as the physical media. Note that this exposes severa purposes of
‘undo’ or invertible actionsin GUI systemsthat are usually elided: (i) to correct slipsimmediately, (ii) to
allow ‘homing’ actions such as mouse movement or rapid cursor movement, (iii) to allow low risk
exploration of aternatives, (iv) to ‘turn back the clock’ when after several actions some problem is found.
InaGUI (iv) requires some form of multi-step undo menu, (ii) and (iii) are typically achieved using
invertible actions, although using an explicit ‘undo’ button for (iii) is possible, and (i) may be achieved
using either invertible actions or undo depending on the erroneous action. However, (iv) is most needed
when there are large amounts of hidden state, or complicated computations so less relevant for TUIs. The
focusin tangible interfacesis less about backward error recovery, restoring a past state, and instead more
about forward error recovery, moving on from where you are towards a goal (Abowd and Dix, 1992).

It was quite difficult to find examples of tangible devices that have al of the properties that make one have
compliant interaction. Most of the existing tangible devices | et the user easily learn the relationship
between the physical and logical states that enable the user to have control over the system actions. Often
these system actions are virtual (e.g. projections asin Illuminating Light), but there are exampl es of
physical effects being produced. For instance, Actuated Workbench (Pangaro et al., 2002) is a device that
uses magnetic forces to move objects on atable in two dimensions. The user controls the graphical output
by manipulating the physical input, which is composed by positions and movements. The input is tracked
and responded to by the workbench. Pinwheels (Dahley et al., 1998) use an ambient display that shows the
presence and state of digital activity within a space through changes in airflow. The speed of Pinwheelsis
based upon their input information source — users’ activities. However it is rare to have the same physical
effect controlled by both user and system. The only example that we have found conforming to compliant
interaction principle is Rototack (Wrensch et al., 2000). Besides allowing the user to have control over the
system’s action, it also exhibits symmetry of interaction. Rototack is a small computationally-enhanced
tack that provides a source of programmable rotational motion provided by a small stepper motor. The user
has control over the tack, i.e. by writing a program for the tack. The tack then in response runs its program.
The user can stop the program at any point; even this means that the tack has not yet completed its cycle.
The above examples show that the physical design principles can be used to analyse existing tangible
devices and expose where they exhibit natural interaction. We now will see how these findings fit more
broadly within atangible user-interface framework.

A TUI framework

The TUI framework by Kolevaet. al. (2003) is based around the degree of coherence between the physical
and digital objects. The framework places TUI objectsinto six proposed categories of TUI types that
depict the relationship of physical and digital objects. These categories are positioned along a ‘ coherence’
scale based on five properties that are used to describe the physical-digital links.



The TUI categories are as follows moving from low coherence to high coherence:

General-purpose tool —atool that gives the user a choice to manipulate any one of many digital objects

and perform different transformations. It establishes the weakest level of coherence

Specialised tool — objects that have a more specialised function, yet still temporarily connect to

potentially various digital objects
Identifier — interface objects that act as bookmarks for retrieving computational artefacts

Proxy — interface objects that are of proxy category are more permanently associated with, and allow a

more extensive manipulation of their digital counterpart

Projection — digital artefact that is seen as a direct representation of some properties of the physical
object. Its existence is dependent on the physical object

Illusion of same objects — this category has the strongest coherence. Objects that fall into this category
give theillusion that the two coupled objects are one and the same

The physical-digital links can also be described in terms of their five properties:

Transformation — this describes whether the effect mediated between linked objects is literal or
transformed

Sensing of interaction — this describes what interactions with the interface object and its surrounding
environment are sensed and transmitted to the destination object

Configurability of transformation — this describes whether the transformation mediated between two

linked objects remains fixed for the lifetime of the link or whether it is configurable over time
Lifetime of link — this describes for how long a physical and a digital object remain linked

Autonomy — this describes to what extent the existence of the destination object is reliant upon the

existence of the link and the source object

Although individual TUI objects and applications exhibit differing spectra of properties, thereis a general
correlation between the scales giving rise to an overall ‘level of coherence’ continuum. Thisisillustrated in
figure 13 and in Kolevaet. al. (2003) arange of TUI applications and devices, including most of those
examined in the last section, are placed into the categories.
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Figure13. TUI categoriesalong the coherence continuum (from Koleva et. al., 2003)

Impact on TUI framework

Just asindividual TUI objectsvary in their spectra of coherence properties, they clearly also differ in the
extent to which they satisfy the various physical design principles. In general, high coherence and

satisfaction of ‘good’ principles are related; however, some of the principles seem particularly related to
particular categories. So, we will explore the findings from the previous sections against the properties and
categories of figure 13.



Exposed State — Collaborage (identifier), Marble Telephone Answering Machine (specialised tool),
Illuminating Light (specialised tool), Actuated Workbench (proxy), Pinwheels (projection) and Rototack
(projection) all exhibit exposed state. However, when we categorise them according to the TUI categories
(see brackets) the categories that exhibit exposed state the most have both strong physical-digital links and
natural interaction and range from the ‘proxy’ category, to ‘illusion of same objects’ category. In addition,
the examples that fall within these categories all have fixed configuration and permanent lifetime. The
stronger the coherence, the more dependent autonomy the objects have (Rototack has dependent autonomy,
whilst Actuated Workbench is autonomous) and of course exposed state is most effective with a fixed
relationship between device state and logical state.

The Cubicle used to control the feed into the situated display in the seating area has each of the sides
labelled with the possible feeds into the display. It thus exhibits the fixed configuration property
suggesting the proxy category. However, this relationship between labels and functions is highly symbolic
and is also malleable in the long term, rather like written labels on function keys on a keyboard. The
Cubiclethushasa‘feel’ more of a specialised tool. Although it has an exposed state the affordances are
exposed linguistically rather than through its intrinsic properties.

Hidden State— Identifier, Specialised tool and Generalised-purpose tool categories tend to exploit the
hidden state principle because they are likely to be mapping the same physical device to different logical
states. The Storytent for example, belongs to ‘ specialised tool’, whilst the Super Cilia Skin belongs to the
‘identifier’ category. The nature of these three categoriesis that the mapping of the representation of the
physical and digital is not that direct, comparing to the proxy categories and beyond. The weak coherence
that the objects exhibit, for example, the Storytent, is also indicated by fixed configuration, temporary
lifetime and autonomous properties.

A different experimental use of the Cubicle as AV controller uses an unlabelled cubicle and gestures to
navigate between feeds and to control options for each feed (e.g. navigate in web browser, adjust volume of
video playback, etc. Thisisclearly an example of hidden state and more clearly belongs to the specialised
tool category asit temporarily connects to many different digital objects, for example, TV tuner and fixed
computer. Being able to consecutively link to different digital objectsin the lifetime of the application
shows that the Cubicle has the temporary lifetime property. The cubicle also embodies the fixed
configuration property.

Note how the Cubicle’s classification depends on its visual decoration and application context. Both the
physical interaction principles and the TUI framework properties are not about a device in isolation, but
about the device in an interaction context.

Inver se Actions — All tangible devices from ‘identifier’ category to ‘illusions of same objects' category
seem to exploit the inverse actions principle. Howver, previously we have seen that most of the tangible
devicesthat fall in these categories do not provide the user with the actual ‘path’ to perform undo/redo
actions, but rather a more local ability to simply ‘move back’. This givesrise to a strong physical-digital
mapping and exhibits natural interaction. For example, Outpost, in particular, has aliteral transformation in
that its physical movement gives an effect of moving the digital object, with permanent lifetime. Aswe
discussed when looking at consumer appliances, the inverse action principle is very important when the
user does not have a clear idea of the effect of the action, allowing exploratory interaction; that is where
configurability is high and lifetime low. Paradoxically inverse effects are exhibited most in high coherence
objects, but perhaps required most in low coherence.

Compliant Interaction — Aswe saw, compliant interaction isrelated to exposed state, which is common in
TUI applications. However, in addition to this, those tangible devices that exploit this principle show a
strong and symmetric coupling of the physical and digital link. The examples that most closely exhibit this,
the Actuated Workbench, Pinwheels and Rototack, are of the ‘proxy’ and ‘projection’ categories. In
general, the tangible devicesthat fall in ‘proxy’ category to ‘illusion of same object’ category are most
likely to exhibit compliant interaction. However, as we have seen few of the tangible devices exhibit really
symmetric interactions, due partly to the difficulty of engineering haptic feedback on untethered devices.
Figure 14 shows the property settings and level of coherence from figure 13 amended based on the impacts
made by the physical design principles. From the diagram, we can conclude that the stronger the coupling
of the physical and digital, the more natural the interaction.
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Figure 14. principlesof naturalness and levels of coherence

Discussion

In this paper we have explored the thesis that the design features of current day-to-day appliances can be
used to inform next generation interfaces. We have focused on the aspects of the physical controls that
correspond to natural physical interactionsin the world. Studying these day-to-day devices hasled to a
number of principles and issues of physical interaction. This has enabled usto examine a particular novel
interaction device, the Cubicle, and also to see how these principles correspond to generic categories of
tangible interface object.

Table 2 summarises some of the broad guidelines that emerge from this discussion although we would not
regard these as definitive. These guidelines emerged from examining the day-to-day artefacts and were
largely followed by many of the tangible interfaces. Amongst the issues that arose afew are worth noting
especialy.

Exposed state and inverse action seem to almost follow by course from the physicality of tangible interface
objects. However, this only follows for their own physical state and not the logical functions and state
influenced by them. These need to be explicitly considered during TUI design not left to chance.
Compliant interaction seems to be extremely powerful where it is employed in consumer devices leading to
clear state, ease of discovery and natural control. It effectively emulates the symmetry when we as people
collaboratively manipulate an object with each other. However, the difficulty of symmetric haptic feedback
means that few current interfaces make use of this powerful technique.

Although some of the principles are generally ‘good’ ones: exposed state, inverse action, compliant
interaction; there are circumstances where they are and should be broken. For example, if there are many
states or a variable mapping then exposed state is not possible. Furthermore, we saw that ‘bad’ interaction
is sometimes good interaction for ludic purposes!

Some broader methodological issues also emerge from this work.

We have seen that many of the physical design principles and the TUI coherence properties relate not just
to adeviceinisolation, but instead to a device with an associated physical-logical mapping. Because of
the experimental nature of tangible interfaces and more broadly ubiquitous computing, it is frequently the
case that adeviceis used in one application only. It istherefore easy to elide the intrinsic properties of a
device or mode of interaction with the application for which it is used.

Our investigative approach has combined what can be thought of as an epidemiological study of devices
that are extant, more psychological analysis of device use, common knowledge about good and bad design
and detailed formal analysis. Most of the devices we have studied exhibit several ‘good’ and *‘bad’
properties and the effectiveness is a combination of designed and accidental properties of the device
combined with skilled human behaviours arising from cultural, learnt and innate causes. To attempt to
disentangle completely all these issues would not be productive for design purposes and our multi-
paradigm approach has allowed a broad analysis. However, attempting to obtain some purchase on the
complex interactions and trade-offs of physical design does lead not only to insight but also potential
directions for more detailed experimental studies of individual effects.



We intend to continue to explore these issues and hope that this paper will also inspire othersto look more
closely at the everyday world around them to inform and inspire the effective design of novel interaction.

Exposed State Theideal design
to provide simpleinteraction, i.e. one-to-one mapping of logical-physical
to provide more complex interaction (c.f. compliant interaction)

Hidden State when there is some kind of constraints — limited space / restricted interface
must supplement the device controls with additional information
making interaction interesting/exciting

Inverse Action

to allow undo, or backward action to recover immediate mistakes

to allow exploration of the device, esp. when the physical-Hogical mapping is
variable

to allow overshootsin ‘*homing’ or rapid target selection tasks

Compliant Interaction

to express the meaning of the states of a control (because it shows current state)
to expose the physical control’s movement (because it shows changes)

to allow the expert users to have control over the system (e.g. intervene in the
programme)

Bounce Back

to map to a variable number of states
to map to large number of states
when there is limitation of space

with a neutral position for direction of movement or velocity control

Tangible Transition

when designing haptic interaction
to make the users aware of the transition that they are making

when the user can only glance when manipulating the control

ACKNOWLEDGMENTS

Table2. guidelinesfor tangible control

The study described in this paper was supported by the UK EPSRC funded Equator IRC
(www.equator.ac.uk) and by a Malaysian Public Services Department and University Putra Malaysia PhD

Studentship.
REFERENCES

Abowd, G. and Dix, A. (1992). Giving undo attention. Interacting with Computers, 4(3): 317-342.

Benford, S., Schnadelbach, H., Koleva B., Gaver, B., Schmidt, A., Boucher, A., Steed, A., Anastasi, R.,
Greenhalgh, C., Rodden, T., and Gellersen, H. (2003). Sensible, Sensable and Desirable: A
Framework for Designing Physical Interfaces. Technical Report Equator-03-003, Equator

(www.equator.ac.uk).

Barkow, J., Cosmides, L. and Tooby, J. (1992). The Adapted Mind: Evolutionary Psychology and the
Generation of Culture. Oxford University Press.




Bownds, M.D. (1999). The Biology of Mind. Fitzgerald Science Press.

Card, S., Moran, T. and Newell, A. (1980). The Keystroke-level Model for User Performance with
Interactive Systems. Communications of the ACM, 23:396-410.

Crampton, S.G. (1995). The Hand that Rocksthe Cradle, 1.D., May/June 1995, pp. 60-65.

Dahley, A., Wisneski, C., and Ishii, H. (1998). Water Lamp and Pinwheels: Ambient Projection of Digital
Information into Architectural Space, Short paper in Conference on Human Factors in Computing
Systems, CHI 98, Los Angeles, April 1998, ACM Press, pp. 269 270.

Dix, A. (1994). Que sera sera - The problem of the future perfect in open and cooperative systems.
Proceedings of HCI®4: People and Computers X, Eds. G. Cockton, S. W. Draper and G. R. S. Weir.
Glasgow, Cambridge University Press. 397-408.

Dix, A., Mancini, R. and Levialdi, S. (1996). Alas| am undone - Reducing the risk of interaction? HCI©6
Adjunct Proceedings, . Imperial College, London, pp. 51-56

Dix, A., Finlay J. Abowd, G. and Beale R. (2004). Human-Computer Interaction. Third Edition. Prentice
Hall. (a. fluidity —ch. 3:p.158, b. low intention interaction — ch, 18)

Donald, M. (1991). Origins of the Modern Mind. Harvard University Press.

Dunne, A. (1999). Hertziian Tales: Electronic Products, Aesthetic Experience and Critical Design. CRD
Research Publications. Royal College of Arts, London.

Everitt, K., Klemmer, S, Lee, R. and Landay, J. (2003). Two World Apart: bridging the gap between
physical and virtual media for distributed design collaboration. Proceedings of CHI 2003. ACM
Press. pp. 553-560.

Fails, J. and Olsen Jr., D. (2003). Magic Wand: The True Universal Remote Control. URL accessed July
2003. http://icie.cs.byu.edu/| CE/L abPapers/M agicWand.pdf

Fraser, M., Stanton, D., Ng, K., Benford, S. D., O®alley, C., Bowers, J., Taxn, G., Ferris, K., Hindmarsh,
J. (2003). "Assembling History: Achieving Coherent Experiences with Diverse Technologies',
Proceedings of ECSCW 2003 Helsinki, Finland, Kluwer

Hartson, H.R. (2003). “Cognitive, Physical, Sensory, and Functional Affordances in Interaction Design”,
Behaviour & Information Technology, September-October 2003, Taylor & Francis Ltd, pp. 322

Immersion Corp. (2003). BMW iDrive Controller. URL accessed 2003.
http://www.immersion.com/automotive/

Jacob, R., Ishii, H. Pangaro, G. and Patten, J. (2002). A Tangible Interface for Organizing Information
Using aGrid. Proceedings of CHI 2002. ACM Press. pp. 339-346.

Koleva, B., Schnadelbach, H, Flintham, et al., The Augurscope: A Mixed Reality Interface for Outdoors,
CHI 02, Minneapolis, ACM Press.

Koleva, B., Benford, S., Kher Hui Ng and Rodden, T. (2003). A Framework for Tangible User Interfaces.
Physical Interaction (PI03) - Workshop on Real World User Interfaces, a workshop at the Mobile
HCI Conference 2003. Udine (Italy).

Kortuem, G. et al. (2003). Cubicle — tangible cuboid interfaces. Lancaster UbiComp Group.
http://ubicomp.lancs.ac.uk/cubicle/

McGrenere, J., and Ho, W. (2000). Affordances: Clarifying and Evolving a Concept. Proceedings of
Graphic Interface. Montreal .

Moran, T.P., Saund, E., Melle, W.V., Gujar, A.U., Fishkin, K.P., and Harrison, B.L. (1999). Design and
Technology for Collaborage: Collaborative Collages of Information on Physical Walls, UIST 99,
North Carolina, USA, 1999.

Norman, D. and Draper, S. editors (1986). User-Centred System Design: New Perspectives on Human-
Computer Interaction. Lawrence Erlbaum.

Norman, D. (1988). The Psychology of Everyday Things. Basic Books, New Y ork.
Norman, D. (1999). Affordances, Conventions and Design. Interactions May/June 1999..



Pangaro, D., Maynes-Aminzade, D., and Ishii, H. (2002). The Actuated Workbench: Computer-Controlled
Actuation in Tabletop Tangible Interfaces, Proceedings of UIST 02, Oct. 27 30, 2002.

Overbeeke, K., Djgjadiniingrat, T., Hummels, C., Wensveen, S. and Frens, J. (2003). Let's Make Things
Engaging. In Funology: From Usability to Enjoyment. M. Blythe, K. Overbeeke, A. Monk and P.
Wright (eds.) Dordrecht, the Netherlands: Kluwer. pp. 7-17.

Raffle, H., Joachim, M.W., and Tichenor, J. (2003). Super Cilia Skin: An interactive membrane,
Proceedings of CHI 2003, April 5-10, 2003, Florida, USA.

Schmidt, A. (2000). Implicit Human Computer Interaction through Context. Personal Technologies
Volume 4 (2& 3).

Shneiderman, B. (1998). Designing the User Interface: Strategies for effective Human—Computer
Interaction. Addison-Wesley.

Sheridan, J.G., Short B.W., Kortuem, G., Van-Laerhoven K., Villar, N. Exploring Cube Affordance:
Towards A Classification Of Non-Verbal Dynamics Of Physical Interfaces For Wearable Computing.
Proceedings of EuroWearable 2003, HP Labs, Bristol.

Smart-Its Project. URL accessed Oct 2003. http://www.smart-its.com/

Ullmer, B. and Ishii, H. (2000). Emerging Frameworks for Tangible User Interfaces. IBM System Journal,
Volume 39, Numbers 3 & 4, 2000. p. 915.

Underkoffler, J., and Ishii, H. (1998). Illuminating Light: An Optical Design Tool with a Luminous
Tangible Interface, Proceedings of CHI 98, Los Angeles, USA, April 1998, pp. 542 549.

Weiser, M. (1993). Some Computer Science Issues in Ubiquitous Computing, in Communications of the
ACM, Vol. 36, No.7, pp. 75-84.

Wrensch, T., Blauvelt, G. and Eisenberg, M., (2000). The Rototack: Designing a Computationally-
Enhanced Craft Item, DARE 2000, April 2000, Elsinore, Denmark, pp. 93 101.



