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ABSTRACT

In this paper, we describe the process of using user needs,
collected through case communities, to design concepts that link
print products and digital services. One of the example cases was
an online community, while the other was a traditional off-line
community. Users often, perhaps subconsciously, know the
strengths of print and web and use the media suitable for their
needs accordingly. With a user-centered design approach, it’s
possible to create new and enticing hybrid media products for user
communities with very different backgrounds.

General Terms
Design, Human Factors

Keywords
User-centered design, online communities, hybrid media, user
experience

1. INTRODUCTION

From the consumer point of view, there are no different media
technologies; people just have different needs to carry out certain
communicational tasks or to entertain themselves. The advantages
of web are obvious, but print has properties and characteristics
that digital media can never have, and people value paper-based
media for its physicality and traditions. New media concepts and
hybrid media applications can be created together with user
communities, based on their operational, social and emotional
needs.

Using a user-centered concept design approach, we developed a
few different hybrid media applications, which enable linking the
strengths of web and print. We studied two different case
communities in their context, generated concept ideas together
with the community members and designed prototypes which we
also tested with the users.
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2. STUDIED COMMUNITIES AND
HYBRID MEDIA CONCEPTS

2.1 Visiting cards for a Photo gallery website

IRC-Galleria (IRC Gallery) is a large Finnish online community
and photo-sharing website with over 450,000 registered users and
nearly 850,000 unique visitors each week [5]. Over 60 % of
Finnish teenagers use the site, and the average age of users is just
under 20 [1].

The site has evolved from a photo community into a
communication medium, with people conveying information and
socializing by commenting each others’ pictures. Van House [6]
has said that Flickr, another popular photo-sharing website, is
“mostly about images, not images as adjuncts to text”. In the
study, users had said that Flickr wasn’t where you had
discussions. In contrast, IRC-Galleria—despite its photo-gallery
nature—is maybe more text than picture oriented, and its themed
communities are currently mostly text-based discussion groups.

Based on studies of the preferences and habits of IRC-Galleria
users, collected through interviews [2], observations and a user
workshop, we generated ideas for new concepts in a developer
workshop, arranged together with IRC-Galleria employees.

Altogether, the workshop yielded 25 concepts. Of those, the five
best (ranked by developers) were then submitted for a user review
through a questionnaire posted on the IRC-Galleria website. Some
concepts were focused only on creating new extensions and
features for the existing website, but many ideas also incorporated
a print dimension. Based on questionnaire results, uniqueness and
easy realization, some ideas were then chosen for prototyping.

One of the ideas developed further as a prototype was a visiting
card for IRC-Galleria users. The card contained at least the user’s
screen name in the IRC-Galleria service, a photograph from the
profile and a 2D code for accessing the profile in the mobile
version of the IRC-Galleria service (Figure 1). Several prototype
designs were made with a different number and selection of
information fields on them. These fields included information for
example on the card owner’s real name, title, home address,
phone number and email address. The other side of the prototype
card contained another picture from the user’s profile.



Figure 1. Prototype visiting card being read.

The purpose of the card was to enhance offline communication:
the cards could be given to either old friends or new
acquaintances, making it possible for them to find you online. A
similar idea was introduced by Staples, who started offering
“professional business cards in minutes” that could be used for
instance for sharing online screen names and blog addresses [4].
An alternative design in the form of playing cards was also made
(Figure 2). It was thought that users might want to collect
different cards from their friends, and the purpose of the playing
card design was to encourage people to collect the whole series of
52 cards.

Figure 2. Playing card prototypes.

2.2 User experience of the card prototypes

The two prototypes were tested with five IRC-Galleria users. The
test users were 21- and 22-year-olds, and thus were over the
average IRC-Galleria user age. They felt the cards were meant for
people younger than them. The pictures in the prototype cards
featured teenagers, which might have affected the outcome. The
reaction was also probably due to the fact that the online service
and its extensions are most popular among teenagers. Some users
also would have wanted to use the cards for more official
purposes, but thought the cards looked too informal and had too
much of the look and feel of the IRC-Galleria service.

The test users wanted to have control both over the graphical
appearance of the cards and the information that they contained.
They were ready also to accept advertisements in the card if it

made the cards cheaper and if they were given the possibility to
choose the advertisers.

There were some worries about information getting into the wrong
hands trough the visiting cards. This concern, often related to the
physical nature of the product, was voiced also at other stages of
the study. In the user questionnaire, respondents were worried
about other people printing or ordering their photographs.
Although the same information and the same photographs are
available online for everybody to see, they seemed to become
more real once they are printed. The prospect of information
getting into the wrong hands seemed to become scarier and even
more likely in the users’ minds when a physical product was
involved, even though in reality the potential audience is much
bigger for an item posted online.

There was a difference between the proposed use for cards in the
traditional visiting card format and cards in the playing card
format. Cards in the traditional format were considered suitable
for storing information for a short time, whereas the cards in the
playing card format were seen as a fun thing that could be
collected and stored.

Price was an important issue and affected the users’ opinion on
whether they would order them. They were also concerned of the
costs of connecting to the Internet with their mobile phones when
using the 2D code.

Generally 2D codes were not considered necessary in this context.
It was a common opinion that the process of reading the codes
should be made much easier; otherwise they thought that it didn’t
make sense. It should be noted, however, that the opinions might
have been more favorable if it had been easier to read the code in
the test situation. The demo code contained probably too much
information compared to its size and the lighting conditions were
quite poor in the test setting. There was some initial excitement
because of the codes, because they were a new thing for the test
users. Although the users hadn’t encountered 2D codes before and
didn’t recognize them at first, most of the users would have
approached them by photographing the code.

2.3 Socially produced newsletter for football
club volunteers

The other studied community was a group of volunteer workers of
a Finnish football club Myllykosken Pallo (MyPa). In this case,
there was a mutual need for the enhancement of communication
between the volunteers and the organization. Together with
MyPa, we came up with the solution of a widely available
community newsletter, the content of which was to be created by
the volunteer community itself (Figure 3).



Figure 3. Story board description of the socially produced
newsletter for MyPa volunteers.

We recognized two kinds of important end user groups. On the
one hand, there were the volunteers themselves, who would use
and create the content. The volunteers are a loosely organized
group who lead their duties in smaller groups, in their free time,
without need for professional experience. Technically, their
experience is often limited, restricted usually to mobile phone and
some e-mail use. On the other hand, there is the MyPa
organization, which would like to use some kind of an enhanced
communication medium to strengthen the relationship between
the organization and its volunteer workers.

The 2D code application was added to the concept idea so that
mobile phones could be used to enroll in different kinds of
courses and happenings while reading information on the subject
in the newsletter (Figure 4).

Figure 4. Using the 2D code to check additional information from
the web while reading the newsletter.

From the content creation point of view, the concept of socially
created print product is very fresh. In this case, the motivation for
“volunteers creating content by themselves for themselves”
concerned primarily the strengthening of the existing community.
The organization, obviously, encouraged the volunteers to take

responsibility for this activity because its own resources are
limited, whereas volunteers seemed to be genuinely interested in
social content creation.

From the technical point of view, the smooth combining of a
content creation system and a newsletter publishing process was a
challenge. The interface of the system would be used by the
volunteers to create content, and it should produce the printed
newsletter with as little hassle and cost for the organization as
possible. Without a functioning system, there is no possibility to
create content socially so that it can end up in print “looking like
print as it should be”.

The tested publication system was a piece of open-source
software, which would be relatively cheap for the organization to
tweak, but the system could also be a piece of stand-alone
software, or part of a more complex content management system
executed in the server side. These kinds of systems already exist
[3], but what’s important is that their structure for data does not
easily lend itself to the newsletter’s internal structure, nor do they
usually have a ready interface to print products, but are linked to
specific distribution platforms.

We recognized that transferring traditional print publishers’ duties
to the users themselves doesn’t currently happen as smoothly as
content creation in the digital world. This means the content
created on the Internet will too easily remain there, even if it had
potential cross-media uses in printed form.

2.4 User experience of the publication system
interface and the use of 2D codes

The user tests included both content creation with a prototypical
Internet-based system, and evaluating different newsletter formats
and functionalities applying 2D codes.

Users considered the content creation system usable after some
training and it was perceived to contain more functionalities than
expected. Adding images to the articles and modifying them was
considered a difficult task.

The test persons mainly perceived that the system was easy to use.
Positioning the phone for reading the code was considered to be
difficult. SAM (Self Assessment Manikin) ranking showed that
the emotions connected with the usage of the code were
considered to be mainly positive but not very strong.

This kind of enrolment was considered to be better than making a
phone call or using a computer. It is sometimes difficult to contact
people by phone and to know what the best time for making a call
is. The problem with the computer is that it should first be turned
on and a computer is not always available. Tested users were also
interested in knowing whether it is expensive to use the services.

3. CONCLUSIONS

Although consumers do not make a difference between different
media technologies on a conscious level, the development of a
successful media product by combining different media
technologies is a challenging task. The starting point needs to be
in realizing the known and hidden user needs and developing
product concepts based on them. The cases reported in this paper
prove that user-centric product concept design can and should be



used in developing hybrid media products. And that testing the
new idea early in the design phase with actual users guide the
developers to concentrate on relevant issues from the users’
viewpoint.

One of the strengths of print media is its physical nature. In
communities a socially, together, created magazine can make the
society more coherent and dynamic. There is a hidden creative
potential in different kind of communities that can be taken into
use if only they are given the suitable tools that combine the
advantages of different technologies in the virtual and physical
worlds.
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ABSTRACT

Existing sensor fusion techniques blend data from multiple
sensors to improve the accuracy of object positioning. We
outline a new technique called DriftShift which uses a position
fixing technique as a bridge to transfer drift errors between
different objects’ coordinate systems. Our technique suits
tracking problems in which different physical objects are
intermittently juxtaposed as part of existing real-world
practices, notably pen and paper or paper and table. We
illustrate this technique in paper-based systems by positioning
a pen using a dead reckoning wireless inertial sensor with
respect to a piece of paper marked up with Anoto pattern. We
effectively transfer the inertial drift out of the pen’s coordinate
system and into the paper’s coordinate system. This transfer
uses an Extended Kalmann Filter to differentiate between the
position error introduced by the inertial drift and the user’s
physical movement of the paper. The DriftShift technique
could be further nested to introduce coordinate systems over a
larger scale. For our domain this could introduce driftless
accuracy for off-paper pointing and gesturing to tabletop-scale
shared displays.
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1. INTRODUCTION

Electronic support for paper use traditionally explores
digitizing activities of writing and inscription. Such approaches
tend to encourage technology development which can use
everyday paper-based writing activities whilst exploiting
digital systems alongside. This emphasis on writing tends to
create technologies which are excellent at detecting the relative
relationship between pen and paper during periods of contact
between them. However, existing technologies are typically
poor at detecting activities with pens and paper that are not
related to the specific act of writing, but rather relate to other
uses of these artifacts within the broader social context. There
are many such meaningful and common behaviours around
everyday paper use, for example detecting gestures with pens
to items on paper or elsewhere; showing pieces of paper to
others; demonstrating movement using pens or paper to others;

displaying thinking through tapping or sucking a pen; and
many more.

Our particular interest in keeping track of between-contact pen
and paper use stems from work as part of the MiMeG e-Social
Science node studying and designing for ‘data sessions’. These
sessions are conducted by groups of social scientists analyzing
video sequences, typically around a table together, whilst using
individual paper copies of talk transcripts. Thus they involve
multiple pens and paper in broad tabletop-scale environments.

Our goal is to support such situations across networks for
distributed research teams. However, it has become clear
through earlier studies [2] that supporting distributed data
sessions between two groups of analysts creates disjoint
interactions between local and remote groups [8]. This
character of disjointed distributed work is partly due to the
difficulty of referring to onscreen and on-transcript events for
both co-located and remote participants simultaneously. Yet, at
certain moments, designing actions to be seen by remote
participants becomes critical to supporting coordinated work
between sites in real time. Thus, detecting and preserving the
spatial relationships between collocated groups and distributed
groups in these situations is an interesting prospect.
Nonetheless, supporting everyday movements with pen and
paper locally, whilst capturing and illustrating these
movements remotely, is no small challenge. Key to this
challenge is finding a method of tracking and identifying pen
and paper in groups, particularly in situations where these may
be locally shared, swapped or shown between one another.
Current relative tracking techniques such as Anoto pattern
detection or magnetic sensors on pens are poor at providing
sufficient information about paper and pen use to detect or
represent such activities in isolation. In this paper we outline
an alternate technique for sensing a broad range of pen and
paper uses not specific to writing. We particularly focus on
uses whose identification requires more than a relative
knowledge of pen movement with respect to paper, instead
demanding a sense of the relationships between multiple pens
and multiple pieces of paper across a broader surface such as a
tabletop. Such approaches have corollaries with recent research
looking at new forms of off tabletop interaction techniques [5].



Tracking multiple objects in three dimensional space requires
some positioning technique using one or more sensors. The
primary technical challenge for tracking uses of pen and paper
is detecting movements at the resolution with which pen use
occurs — typically at least of the order of millimeters for
handwriting. Most solutions to digitizing writing overcome this
resolution problem by detecting the relative contact point
between pen and paper, either through pressure on a solid
surface backing the paper (tablet), or special paper (e-Ink,
Anoto). Tracking systems which detect the location of the pen
(e.g. through magnetic fields or image processing) also tend to
focus on the pen-paper contact or else retain little sense of the
location of the paper with respect to the pen over time. It is
difficult to track pens on their own in three dimensional space
because position sensors which work indoors are in isolation
too inaccurate to track at writing resolution due to cumulative
drift errors over time (e.g. inertial sensors) and may also
require significant technical configuration of the environment
(e.g. ultrasound transmitters in the ceiling and a receiver on the
pen [3]). To obtain the necessary accuracy to keep track of
pens and paper in three dimensions we would currently need a
heavyweight solution of multiple sensors fusing data to
improve the accuracy of pen or paper positioning. In other
domains such techniques attempt to ‘cancel out’ dead
reckoning cumulative drift error such as odometry using an
additional position fixing technique such as GPS outdoors or
ultrasound indoors [7].

In this paper we therefore describe a new technique called
DriftShift we have developed which provides a first step
towards table-scale pen and paper tracking. Our technique
operates by displacing tracking error out of a pen’s location
sensor and into the paper and then potentially the table’s
coordinate system, giving accurate positions for the objects of
contextual relevance. In the following section we outline our
generalized technique and then give a brief analysis of its
effectiveness during our initial exploration of the necessary
technologies.

2. DRIFTSHIFT

We outline a new technique called DriftShift which, instead of
canceling or correcting errors with additional sensors, uses a
position fixing technique as a bridge to transfer drift errors
between different objects’ coordinate systems. Our technique
suits tracking problems in which different physical objects are
intermittently juxtaposed as part of existing real-world
practices, notably pen and paper or paper and table. We use the
contact moments between the objects (and their sensors) as an
opportunity to ‘shift’ the accumulating tracking error from the
former object’s coordinate system into the latter object’s
coordinate system. We illustrate this technique in paper-based
systems by positioning a pen using a dead reckoning wireless
inertial sensor with respect to a piece of paper marked up with
Anoto pattern. We effectively transfer the inertial drift out of
the pen’s coordinate system and into the paper’s coordinate
system. We discuss later how it will be equally possible to
further conduct the same process between a piece of paper and
a tabletop, given a positioning and identification technique for
the paper with respect to the table (e.g. using image
processing).

Put formally, the operation of the technique is outlined below:

1. Source object S (pen) is positioned using a local
cumulatively drifting sensor technique (such as spatial
inertia or wheel odometry).

2. Destination object D (paper) is provided with the means
to position S with respect to itself, with a non-drifting
sensor technique (such as image processing or ultrasound)

3. Each time t that S comes into contact with D, a vector
comparison is made between the new position p
(determined using D’s sensor technique at time t) and
with the predicted contact position p’ (determined using
D’s sensor’s previous position determined at time t’ and
adding vector v determined by summing vectors from S’s
sensor technique between times t’ and t). An overall
vector offset O is observed.

4. The scale of cumulative offset O are analysed each time t
to determine whether they are achieved by drift in S’s
sensor accuracy or by physical relocation of object D. For
this step to work well, we require that the scale of
displacement of object D in space between times t’ and t
is of a significantly different order than the scale of
displacement caused by the drift in the sensor.

5. A D-displacement-scale offset is detected, we assume D
has been moved and the position of D is updated. If an S-
displacement-scale offset is detected, we assume S’s
sensor has drifted and the origin of S’s sensor is
recalibrated.

In our example case, the DriftShift error transfer uses a Kalman
Filter to differentiate between the position error introduced by
the inertial drift and the user’s physical movement of the paper.
These positions are sufficiently different if the drift magnitude
during the typical time period between pen-paper contact
contrasts with the magnitude of the user’s physical paper
movement on a surface. At the end of an ‘off paper’ period, if
the location of the pen given by the inertial data is significantly
different from the recently acquired Anoto paper location, we
can assume that the paper has moved. We then take the
difference between the estimated (inertial) and actual (Anoto)
location as the approximate movement vector of the paper (or
the error introduced in the inertial sensor). This can be
summarised by the following two opposing scenarios, although
the Kalman filter will cope with both simultaneously as long as
the paper movement and drift are of different scales.

2.1 Correcting Drift

The pen is picked up from the piece of paper. Its point of
contact in Anoto space is recorded. The inertial sensor attached
to the pen continually updates its position with respect to this
point. Over time it gets more inaccurate — where the pen is
(solid line) differs increasingly from where the sensor positions
it (dashed line). When the pen comes back into contact with
the unmoved paper, the Anoto reading reflects a small
difference from what would be expected by summing the
starting Anoto position with the inertial vector. We use the
Anoto reading to correct for the inertial drift.



Figure 1. Tracking the pen while the paper remains still

2.2 Tracking Paper

The pen is picked up from the piece of paper. Its point of
contact in Anoto space is recorded. The inertial sensor still gets
more inaccurate. The user moves the piece of paper. When the
pen comes back into contact with the paper, the Anoto reading
reflects a large difference from what would be expected by
summing the starting Anoto position with the inertial vector.
The difference is sufficient that the movement is treated as a
paper movement. The stored paper location is corrected by
subtracting the inertial vector over the movement from the
Anoto distance over the movement. Note that this value
includes an error of the magnitude of the pen’s drift. However,
this error is introduced into the paper’s coordinate space not
the pen’s.
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Figure 2. Tracking the paper while it moves

This technique allows us to locate the pen accurately in space
with respect to the paper, supporting absolute tracking of the
pen within the now slightly drifting paper coordinate system,
allowing uses such as tracking mid-air gestures and pointing to
the paper. In the next section we outline our first attempt at
realizing this approach and preliminary difficulties and
opportunities we have encountered in exploring the idea.

3. IMPLEMENTATION

Thus far we have implemented a basic version of our technique
using pen and paper. We have yet to evaluate its effectiveness
at supporting a ‘real’ pen and paper application because there
are a number of enhancements outlined below required to
achieve a fully working system.

Our system operates across the five-point algorithm outlined in
the previous section. We have used an Anoto-enabled pen

(Nokia SU-1B) as the source object S and Anoto-enabled
paper as the destination object D. For S’s drifting sensor, the
Anoto pen has attached to it a small wireless inertial sensor, for
which we use the Wireless Inertiacube 3 from Intersense. The
wireless sensor allows free and relatively unencumbered
movement of the pen whilst offering a good basic accuracy
with an accelerometer, gyro and magnetometer combination for
each of three spatial axes. The data from these sensors is
streamed over a bespoke wireless protocol to the corresponding
receiver which is connected to a laptop. For D’s accurate non-
drifting sensor we used the built-in image processing enabled
by the camera in the Anoto pen nib which detects the pen’s
location on the paper. In order to obtain this data, we had to
adapt the firmware on the pen to allow real-time streaming of
coordinate data over Bluetooth from the pen to the laptop. We
then wrote some software on the laptop to receive data from
these two sources. We also wrote a Kalman Filter to act as the
drift manager, which then uses moments of streamed Anoto
data to differentiate between drift and paper movement. We
made three assumptions to allow immediate exploration of our
technique:

1. The paper does not move during pen contact. It would be
possible to detect this event using a combination of the
Anoto inertial data and correct accordingly, but we have
not implemented this as we have yet to find a situation in
which the paper moves during contact with the pen
(although no doubt there are occasions where marking
paper involves ‘pulling’ paper underneath a pen nib to
make marks).

2. The paper does not rotate, only translate. Again, this is
clearly not the case and is indeed much more likely than
the paper moving during contact. Any changes to the
orientation of the paper are an important part of assessing
the vectors of movement of the pen and paper. However,
rotation is not easily identifiable with the Anoto pens.
There should be a means of extracting the rotation based
on the raw Anoto image processing data which inspects
the unique pattern around the centre. However, this raw
orientation data is not available over the Nokia streaming
firmware API. Thus without the complex step of rewriting
Nokia firmware to obtain this data, in the shorter term
perhaps we might use the inertial compass data from the
top of the pen as an indicator of rotation of the bottom of
the pen.

3. The frequency of pen contact with the paper is relatively
high. If we were to not use the pen on the paper for large
amounts of time with a heavily drifting inertial sensor, the
tracking data would become increasingly inaccurate.
However, informal observations of the situations we are
most interested in indicate that marking up paper during
‘data sessions’ is a frequent occurrence. We are
particularly encouraged by seemingly ‘pointless’ uses of
paper such as ‘doodling’ during use. Such contacts
between pen and paper, whilst ‘off-task’ will nonetheless
improve the accuracy of our tracking.

We lose significant amounts of accuracy in position using
inertial measurements because we need to integrate the
acceleration data twice to obtain positional estimates. Our
initial output from the inertial sensor can be seen below.
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Figure 3. Noise from the inertial sensor when stationary,
showing an approximate maximum magnitude of 0.1m/s’
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Figure 4. Using the inertial sensor to detect movement, the
kind of acceleration data we are able to obtain across three
axes.

It can be seen from Figure 3 that the noise involved in the
inertial sensor is significant at standstill. Furthermore, there are
acceleration biases in the data caused by errors in mapping the
axes of the sensor to the axes of the space. This can be seen
most clearly in the offset from zero of the z-axis data in Figure
3, which displays readings taken after correcting for gravity.
Currently this means that despite obtaining very good velocity
data during movement (Figure 4), our Kalman Filter currently
has too much sensor drift to cope with to be able to distinguish
from paper movement. This is the reason why typical inertial
sensors have time correction information such as independent
ultrasonic and RF beacons to manage their acceleration noise
levels [1], and we anticipate that adapting an ultrasonic
solution to help track the pen will sufficiently support our
approach to be feasible. Thus our explorations indicate that a
wholly ‘infrastructureless’ solution with sufficient accuracy to
achieve our goals is currently not possible, although we believe
we can achieve a solution without also introducing RF signals
into the environment. We have developed a low-cost ultrasonic
beacon system which should suit the purpose well [6].

4. CONCLUSIONS & FUTURE WORK

The example we have outlined will sufficiently track the
location of Anoto paper in space without the need to annotate
it with cumbersome tracking functionality or to constrain its
placement in any way. However, it will not allow us to track
multiple pieces of paper across a surface. We suggest that
nesting the DriftShift technique to further displace the drift
error out of the paper’s coordinate system and into a broader
context could be a future development over a larger scale. For
example, we might use an infrared tracking tabletop surface
such as the recently released Microsoft Surface platform [4] to
position and identify pieces of paper. When the paper as a
source object comes in contact with the destination object of
the table, this will allow the paper’s location within its own
drifting coordinate system (generated originally by the pen’s
sensor fusion with the paper) to be compared against the
table’s positioning sensor and differentiated, shifting the drift
into the table’s coordinate system and accurately positioning
multiple pieces of paper and pens with respect to one another.
For our domain this could introduce driftless accuracy for off-
paper pointing and gesturing to tabletop-scale shared displays.
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ABSTRACT

Many recent approaches for linking paper and digital
information tend to be based on a one-time publishing
of digital information where changes to the printed doc-
ument are isolated from its digital source. Structural
information which is available when authoring a digi-
tal document is lost during the printing process which
makes it difficult to map interactions within the printed
document back to the corresponding elements of the
digital document. We identify the requirements for an
integrated digital and paper-based document lifecycle
and present our solution supporting a seamless transi-
tion between digital and physical document instances.
PaperProof is presented as a paper-based proof-editing
application that exploits our new approach for mapping
pen-based interactions with paper documents to the cor-
responding operations within the digital document.

1. INTRODUCTION

Recent developments in the area of interactive pa-
per in terms of enabling technologies, supporting infras-
tructures and applications have demonstrated the po-
tential benefits of a paper-digital integration. Multiple
projects have focused on paper-based physical interfaces
for digital services where actions on paper documents
are mapped to its digital counterparts.

The paper-digital document integration normally in-
volves two main steps. First, a dedicated digital device
has to bridge the gap between a physical paper docu-
ment and the digital world. Nowadays, there exist sev-
eral technologies that enable the linking from printed
documents to digital information including digital cam-
eras, ultrasound receivers, magnetic field sensors, bar-
code readers, RFID antennas and Anoto’s Digital Pen
and Paper technology [2]. Regardless of the used hard-
ware solution, the main approach is to couple a physi-
cal object with an identifier—a Globally Unique Identi-
fier (GUID) in the case of barcodes and RFID tags or
an (x,y) position for ultrasound positioning technolo-
gies, magnetic receivers and Anoto-based devices—and
transmit that information to a computing device. Sec-
ond, one needs to link a user’s actions on paper to the
corresponding digital services. Information available on
the paper document should therefore be captured and
translated into a digital language.

A variety of research projects and commercial prod-
ucts have investigated how to enable this kind of paper-

driven digital services. Wellner’s Digital Desk [30] is
a camera-based approach, while the Wacom Graphics
Tablets [28] make use of a weak magnetic field applied
to the writing surface and the mimio Xi [13] is a prod-
uct based on ultrasonic positioning. Barcodes have been
used in a range of projects in the past while RFIDs tags
are quite common in more recent ubiquitous computing
applications such as the mediaBlocks [25] project. The
Anoto technology seems to be more flexible and may be
easily integrated into the paper document space since it
is essentially based on regular paper and a digital pen.
In the last few years, multiple projects and applications
have been realised based on Anoto technology includ-
ing PADD [6], ButterflyNet [31], Hitachi iJITinLab [7],
EdFest [15], PaperPoint [24] and Print-n-Link [17].

However, so far, most of the approaches for linking
paper and digital documents tend to be “one-way solu-
tions” which means that they generate interactive paper
documents from a digital instance rather than enabling
continuous bidirectional transactions between a docu-
ment’s digital and paper representations. The main
focus is on the interaction from a paper document to
some sort of digital service, neglecting the information
which was available during the authoring of the digital
document instance. When authoring a digital document
information about the structure of the document as well
as the different elements the document consists of (para-
graphs, images, tables, etc.) is available which is then
transformed into a graphical representation without any
structural metadata at printing time. To give an exam-
ple, this research paper was authored using a TEX ed-
itor and transformed into a PDF document which was
then printed on paper. The important thing to note
is that from the printed document we no longer have
access to the explicit structural information that was
available in the authoring tool.

Therefore, the linking between paper and digital doc-
uments is often bound to the concept of (x,y) coor-
dinates only and does not provide access to elements
within the digital document (e.g. a word or a paragraph)
that a user is interacting with on paper. Such a se-
mantic mapping requires the creation of links based not
only on IDs or the physical (x,y) position of elements
within the printed document but also based on struc-
tural information available in the source document. By
having such a mapping back to the original structural
elements, we could select single logical elements from



a printed document and retrieve information from the
corresponding digital counterpart at a semantic level.

In previous work, we defined a model for the seam-
less mapping between a digital document instance and
its printout [29]. Based on this model, we have imple-
mented the iDoc framework which combines the meta-
data from digital and printed documents, thereby en-
abling a two-way interaction. In this paper, we present
PaperProof, an interactive paper application based on
the open source OpenOffice word processing tool [18].
PaperProof exploits the features of our new model and
represents an application of the iDoc infrastructure. The
PaperProof application addresses the common problem
of automatically integrating corrections and annotations
done during the paper-based proof-reading of a docu-
ment. A generic approach to dynamically map a phys-
ical position on paper to digital elements within the
original digital document instance is proposed and an
infrastructure capable of managing the physical repre-
sentation of digital documents on paper is outlined.

In Section 2, we present existing approaches for paper-
digital document mapping and proof-reading and moti-
vate the use of an integrated paper-digital proof-editing
system. Section 3 introduces the requirements for paper-
digital document representations and interactive proof-
editing systems. Furthermore, we classify existing ap-
proaches based on these requirements. In Section 4 we
present our vision for an integrated paper-digital doc-
ument lifecycle. Sections 5 and 6 outline our approach
for binding a digital document to its paper version and
the mapping back from paper to the digital document.
The PaperProof proof-editing application that validates
our paper-digital mapping solution is presented in Sec-
tion 7 and the underlying interactive paper infrastruc-
ture as well as some details about the implementation
are presented in Section 8. The presented PaperProof
application is compared to existing approaches in Sec-
tion 9 and concluding remarks as well as some comments
about future extensions are provided in Section 10.

2. EXISTING SOLUTIONS

By observing how people work while creating new
documents we can identify three main phases: i) the au-
thoring phase, which normally is normally performed on
a computer and results in a first draft of the digital docu-
ment, ii) the proof-reading phase which is often done on
a printed paper version and iii) the editing phase where
annotations from a printout are transferred back to the
digital source document. The proof-reading phase may
also involve multiple “reviewers” concurrently annotat-
ing different paper copies of the same document. In
this case, the process of inserting annotations and cor-
rections into the digital document becomes even more
difficult since the author has to deal with corrections
from multiple users which may also overlap. There are
cases, especially in a concurrent scenario, where digital
aids such as a change tracking mechanism offered by an
authoring tool might be used. Even if these tools are
only bound to the digital document and have no con-
nection with the paper instances, they share with the
paper-based approach the concept of annotations as a
building block of the proof-reading system.

Document annotations and their role to increase the
value of the source document have been extensively anal-
ysed. As outlined by Marshall [11], different systems
have been implemented to support the annotation pro-
cess of digital information. Sellen and Harper [21] point
out how the process of annotating and marking up is
one of the key affordances which makes paper often the
preferred medium for interacting with a document. Sys-
tem architectures and applications for different types of
paper-based annotations have been described in the past
including, for example, a framework for cross-media an-
notations [4].

In this section, we provide a brief overview of exist-
ing digital and paper-based approaches for annotating
documents. Thereby, we focus on projects using digital
pens or Tablet PCs.

Adobe Acrobat

The prevalence of Portable Document Format (PDF)
documents as a document exchange format in combina-
tion with the possibility to easily read them on any de-
vice and any operating system, places Adobe Acrobat[1]
on a privileged position for the digital proof-reading of
documents. Adobe Acrobat Professional enables a re-
viewer to annotate a document both by means of free-
form annotations as written on a Tablet PC or with
regular textual annotations entered via the keyboard.
The notes are stored as separate metadata and may be
printed together with the document. A highlighting fea-
ture is provided in order to emphasise specific parts of a
document. Other functionality includes text and graph-
ical editing.

The latest version of the Acrobat tool also supports
shared reviews by means of network folders, WebDAV
servers, or Microsoft SharePoint Services and the cor-
responding synchronisation mechanism. Authors of dif-
ferent comments may be identified by their notes’ style
attributes (e.g. colours). If a document was originally
authored in Microsoft Word and exported as a tagged
PDF or if it has been drawn in AutoCAD and then
transformed into a PDF with the AutoCAD PDFMaker,
Acrobat provides the possibility to export the anno-
tations and to import notes, comments and even text
which have been added to the source document. How-
ever, while for simple free-form annotations it is conve-
nient to use the stylus on a Tablet PC, more complex
operations such as deleting a word or changing some
text, require the use of a mouse and keyboard.

Microsoft Ink Annotations

With the Widows XP and Windows Vista Tablet PC
operating, Microsoft introduced the concept of ink an-
notations. Ink annotations were first provided by the
Windows Journal tool which allows a Tablet PC user
to draw on the screen with a stylus and insert free-form
annotations. This feature is now also part of Microsoft
Office tools such as OneNote and Word, where ink anno-
tations can be inserted in different ways as ink drawing,
which is rendered into a dedicated canvas, as ink note
which will be rendered on top of existing content as a
free-form annotation, or as an ink comment consisting
of a side note with the free-form annotation.



Similar to Adobe Acrobat, the widespread use of Mi-
crosoft Office places this tool on a privileged position
for proof-reading digital documents. However, even if
Microsoft Office provides a change tracking mechanism,
this functionality is not integrated with the ink anno-
tation and reviewers who want to collaboratively proof-
read a document still have to use mouse and keyboard
interactions.

XLibris

XLibris [20] is a project that supports the active read-
ing of documents. The system was built for an early
Tablet PC prototype. It proposes an annotation system
based on free-form annotations which tries to mimic the
interaction with regular paper documents. The user is
presented with a scanned version of the paper document
which may be annotated with a pen. The annotations
do not have to conform to any form or structural con-
straints and are inserted into the documents based on
the pen’s (x,y) position without considering any compo-
nents of the anchored elements. The algorithm on which
XLibris is based preserves the position of the annota-
tions based on a reflow mechanism even if the document
is viewed with different fonts, different aspect ratios or
on different devices. The annotation reflow function-
ality anchors the notes at a particular position within
the digital document. Therefore content may be moved
without losing the connection with the annotated ele-
ment. In XLibris each annotation is attached to a pag-
ination independent location. However, the document’s
content is static and may not be changed.

PenMarked

An annotation tool designed for teaching and correct-
ing student assignments is PenMarked [19]. This solu-
tion is an alternative to both, paper-based and paper-
less annotation tools. PenMarked enables a teacher to
annotate computer programming student assignments
with comments and scores. Assignments are regarded as
fixed documents since there is no collaborative author-
ing. Therefore annotation reflowing is not supported.
Marks are processed by means of Optical Character
Recognition (OCR) technology and collected to sum-
marise the results of the assignment. Even if the cor-
rection of programming assignments might be effective
on a fixed paper-like representation, this task often re-
quires interaction with the digital source which is not
supported by the tool.

ProofRite

ProofRite [3] is a word processor developed by Conroy
et al. which supports the merging of annotations that
different users made on a printed document with the
digital source document. After making corrections on
the printed document version users may continue editing
the digital document. ProofRite also supports reflowing
the markings according to user made changes.

The main purpose of ProofRite is to automatically
transfer any paper-based annotations to the correspond-
ing digital document. However, ProofRite does not dis-
tinguish among different types of corrections made on
paper. Also, ProofRite does not provide any change

tracking change functionality within the digital docu-
ment. If the user corrects part of the text on paper,
ProofRite transfers the paper-based marks to the dig-
ital document and may suggest that the text needs to
be corrected also in the digital instance of the document
but does not actually correct it.

3. REQUIREMENTS ANALYSIS

Proof-reading a document is a complex procedure in-
volving multiple tasks. As outlined in Section 2, this
process may include the digital and paper worlds or be a
purely digital operation. The affordances of paper doc-
uments with respect to their digital counterpart have
already been introduced and paper has been identified
as an important medium for proof-reading a document.
However, we should not forget the tools for digital edit-
ing which can be extremely helpful, especially in collab-
orative authoring. For this reason, we introduce propose
a mixed paper-digital proof-reading system and analyse
its requirements.

To be effective, such a system must be fully integrated
with the publishing process. In other words, the paper
document proof-reader should be able to use their stan-
dard tool for authoring the digital document and print
out an interactive paper version without much effort. As
soon as the process of proof-reading is finished, the inte-
gration of the corrections done on paper into the source
digital document should be straightforward. Therefore,
our goal is to have a proof-editing rather than simply a
proof-reading system which only records changes to be
made as annotations without applying them.

The interaction with the system should be as intu-
itive as possible. There exist multiple ways of proof-
reading or copy-editing a document. Standards such as
the BS 5261 proof-reading mark revision [8] proposed
by the British Publisher Association or the ISO stan-
dard 5776 [9] are used by professional publishers and
should be supported. Also open approaches used by
non-professionals should be taken into consideration.
By generalising the idea of these standards, we infer
that all the defined symbols may be grouped under the
same concept of gestures. Therefore we believe that a
gesture-based approach should be supported by every
paper-based proof-editing system. Moreover, the sys-
tem should support the definition of new gestures and
the assignment of operations with the corresponding
gestures. For example an inverted caret (V) might be
interpreted as an insert operation to be executed within
the digital authoring tool.

As soon as the number of operations increases and the
corresponding corrections are executed within the au-
thoring tool, it gets difficult for the users to retrieve and
understand the changes that have taken place within the
digital source document. For this situation we can use
change tracking functionality that is available in most
modern authoring tools.

The tracking of changes within a digital document
gets more difficult if the document has been proof-read
by multiple reviewers, both on paper or in digital form.
Multiple reviewers should be supported by identifying
their corrections and highlighting them in a distinc-
tive manner within the digital document. Again, in
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Table 1: Comparative requirements analysis

most modern authoring tools, this functionality is al-
ready provided and a paper-digital proof-editing system
should also support it when working with paper docu-
ments.

In Section 2, we have outlined the importance of free-
form annotations in the paper-based reviewing process.
A paper-digital system should therefore enable digital
and paper-based free-form annotations. It should be
possible for reviewers to annotate paper documents and
their annotations should be automatically integrated
into the digital source document based on Intelligent
Character Recognition (ICR) technology.

Once annotations have been inserted into the source
document, users should be free to edit and update the
document or to display it in a different format without
losing the semantics of annotations based on annotation
reflow functionality offered by the proof-editing system.

To fully support many of the requirements outlined
above, a semantic mapping from paper back to digital
elements within the digital authoring tool is necessary.
It should be possible to associate logical elements of
a paper document such as paragraphs, words, table en-
tries and images with their digital counterparts at differ-
ent granularity levels. Hence we should be able to select
an entire section, a paragraph within a section, a word
or even a single character and apply an operation to the
corresponding digital document element. Furthermore,
it is important that the paper-digital mapping is based
on structural elements rather than on a simple lookup
of (x,y) positions within the digital document. The ele-
ment based lookup guarantees that the system is robust
and that changes to the digital copy after a document
has been printed will not interfere with the paper-digital
lookup process.

Comparative Analysis

The solutions presented in Section 2 already support
some of the requirements that have just been introduced
as summarised in Table 1. The only real paper-digital
system is ProofRite while the other tools are based on a
paper-like representation of a digital document on a dis-
play. The majority of these tools support the publishing
process since it is reduced to just displaying the docu-
ment. XLibris requires a special transformation of the
source document, while there is currently no support
for the automatic publishing of ProofRite documents.

Some of the requirements such as the insertion of free-
form annotations or the reflow of these notes are sup-
ported by many systems. Note that PenMarked and the
Adobe Acrobat tool do not support annotation reflow
since they are based on static documents.

Even if annotations are supported by most of the men-
tioned systems, there is still very limited support for
handwriting recognition which is currently fully sup-
ported only by Microsoft Ink annotations. As soon
as the interaction becomes complex and multiple au-
thors or reviewers are involved, only Adobe Acrobat and
ProofRite can still handle the proof-reading operations.
The concept of gestures is not supported by any of the
presented systems and only Microsoft Word makes use
of the integrated change tracking, even if there is no way
to interact with the tool through the ink annotations.

Most approaches do not take into account any of the
semantic information provided by the user at author-
ing time. Once a digital document is printed on paper,
it is no longer possible to directly access the seman-
tic “meaning” of the augmented physical element in its
digital counterpart, nor is it possible to programmati-
cally establish a link between the printed elements and
the original objects of the source document. The only
system which partially supports this interaction is the
Adobe Acrobat tool which may export some of the cor-
rections made on the PDF into the source authoring
tool, but only if the PDF has been generated with spe-
cial tools for tag insertion. ProofRite has similar prob-
lems since it tracks the position of annotations on paper
and anchors them to the elements (i.e. words) rendered
at the same position within the digital document. The
created link is based only on the physical positions of
the annotations and anchored elements and not on the
link’s semantic meaning. This implies that if the format
of digital elements is changed after printing (e.g. dif-
ferent font size), the physical (x,y) positions of the el-
ements may differ from the ones recorded at printing
time and ProofRite is no longer able to link the correct
elements. This lack of semantic information is a ma-
jor weakness of most existing systems. The solution for
this problem which in our opinion consists of also stor-
ing the semantic information available in the authoring
phase should therefore be addressed when developing
new applications.



4. THE DOCUMENT LIFE-CYCLE

The requirements analysis already highlighted the ma-
jor steps in the production of interactive paper docu-
ments and stressed the need to support the bidirectional
and continuous transition between paper and digital me-
dia. By analysing the life-cycle of a document in digital
and paper media, we can identify four essential stages
that form a logical and cyclic workflow starting and end-
ing within the authoring tool as shown in Figure 1.

Digital document
instance within the
authoring tool

Dynamic retrieval of
elements within the
original digital document

Semantic analysis of
the digital document

Physical document
instance on paper

Figure 1: Document life-cycle

Nowadays the first stage usually involves a digital au-
thoring tool (e.g. Microsoft Word, OpenOffice). An au-
thor normally uses such a tool to create an initial doc-
ument version. Since we want to support paper-based
proof-editing, the next step is to print out the document.
In order to bridge the semantic gap between paper and
digital media, another important stage must be exe-
cuted before the printing process—the semantic analysis
of the digital document. This step consists of extract-
ing the document’s structural information (e.g. sections,
paragraphs and words) and making it persistent in or-
der to be retrieved at a later stage while interacting
with the physical document instance. For this reason,
we enrich the publishing process in order to store addi-
tional information for single structural elements within
the authoring tool. The third stage is the generation of
the paper document which will be used for the proof-
editing phase. At this point, the fourth stage is executed
and, depending on the user’s actions on paper, the digi-
tal elements are retrieved and the mapping between the
physical and digital document instances is performed.

As shown in Figure 1, the semantic analysis of the
digital document and the dynamic retrieval of the dig-
ital elements are the core elements enabling a full se-
mantic mapping between printed and digital instances
of a document. The design of such a semantic mapping
mainly involves three tasks: (i) the implementation of
a tool which intercepts the publishing flow within the
authoring tool and analyses the structural information
of the document prior to it being printed on paper, (ii)
the design and implementation of an infrastructure that
manages mixed physical and digital information coming
from the two document instances and (iii) the design of

a tool to effectively retrieve a digital element from a
physical (x,y) position, resulting in a continuous and
bidirectional mapping between printed and digital doc-
ument versions.

Our vision of an integrated document life-cycle gives
users the freedom to perform the same type of opera-
tions on a printout or a digital version on screen. In the
remainder of this paper, we will explain how this goal
was achieved and provide more details about the map-
ping between digital and physical document instances.
The semantic mapping approach described in the fol-
lowing sections is based on a specific Page Description
Language (PDL), the Microsoft XML Paper Specifica-
tion (XPS) [12], but is general enough to be used with
other PDLs.

S. FROM DIGITAL TO PAPER

The transition between digital and paper document
instances must preserve the semantic and structural in-
formation available at authoring time. We enable the
persistent storage of this information by applying two
mechanisms that we call structure highlighting and PDL
annotation.

Structure Highlighting

In order to extract the structural information from a
digital document, we introduce the concept of a high-
lighter that uses graphical shapes as semantic contain-
ers. During the publishing process, the document tree
is analysed, information about the document structure
is extracted and shapes are defined for every high-level
object in the tree. These shapes are drawn around the
different objects highlighting them and the document is
transformed into a physical representation through an
XPS virtual printer. Since the highlighting shapes are
part of the document, they are not lost during the print-
ing process and may be retrieved from the XPS file.

We have defined several types of highlighters depend-
ing on the structural elements that they are represent-
ing. The abstract class Highlighter is responsible for
the activation of the connection with the authoring tool
and for the printing of the document to an XPS file. For
highlighting specific elements, several implementations
are provided: section, table, graphics and text. They
all provide a different implementation of the abstract
class, adding specific methods for the execution of the
highlighting process at the different structural levels. In
order to better understand the concept, Figure 2 shows
the result of highlighting a document at paragraph level:
each paragraph of the first section has been enclosed by
a polygon shape responsible for collecting all the words
that are part of the paragraph.

Dynamic Granularity

The document tree may contain structural information
at different granularity levels. The solution of tracking
single elements within a document, from section to char-
acter level, by highlighting them and extracting their
positions is not a feasible solution, since it requires a
large amount of space and computation time. A more
appropriate approach is to make the operation dynamic
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Figure 2: Highlighted paragraphs

by grouping smaller elements into higher level granular-
ity sets (e.g. characters into words or words into para-
graphs) and tracking the subelements only when they
are really needed. Such an approach was first presented
in [29].

The idea behind this approach is to have the possi-
bility to refer to the logical object representation at dif-
ferent levels of granularity. For this reason, the concept
of an element has been defined according to a compos-
ite design pattern [5] as shown in OM notation [14] in
Figure 3.

HasProperties '

0%)

. Ppartition

_mﬂi elemeﬂ [ elemeﬂ
. Atomic Composite
‘ Elements ‘ Elements

Figure 3: Element model

An element belongs to the AtomicElements collec-
tion provided it does not contain any lower-level objects.
Otherwise, it is inserted in the CompositeElements col-
lection and a ComposedBy relation is created for each of
its child elements.

Consequently, the element storage is first defined only
at a high-level granularity, so that a small number of
objects have to be analysed in a first step. For the anal-
ysis of elements at lower-level granularity, a dynamic
approach is taken. Since the composite pattern creates
a hierarchy of elements that also represents important
semantic information, we start from the highest granu-
larity level and, if necessary, compute the subelements
down to the desired granularity in a recursive manner.
Therefore, the system offers a dynamic storage model
for elements that refines the granularity of the stored
semantic information on demand.

PDL Annotation

After the highlighting phase, elements that are seman-
tically linked together are enclosed and presented as a

single shape but the physical representation of the docu-
ment does not yet provide a semantic model. Moreover,
the shapes interfere with the rest of the document con-
tent. In order to remove the shapes and insert structural
information about the enclosed elements, we introduce
the concept of PDL annotations. By using an XPS
snippet extractor, we can track all highlighted shapes,
extract physical information about their position and
retrieve the elements they contain.

To understand how the annotation process works, we
first introduce the structure of an XPS document, fo-
cussing in particular on its <Glyphs/> and <Path/>
elements. Note that a similar approach may be used for
other PDLs.

An XPS file is basically a ZIP archive containing a
set of XML files (one file for each physical page) de-
scribing the structure of the page at a graphical level.
All fonts and images are also part of the ZIP archive.
Glyphs elements are used within XPS to represent a
sequence of uniformly formatted text. The most impor-
tant attributes are the OriginX and OriginY defining
a glyph’s position on a page, the FontUri representing
the font to be used, the Indices representing the dis-
tance between single characters composing a glyph and
the UnicodeString containing the actual text content
of the glyph. An example of and XPS file containing a
Glyphs element is shown in Figure 4.

<Glyphs
Fill="#£f£000000" FontRenderingEmSize="14.7206"
FontUri="/Documents/1/Resources/Fonts/
083FE3E4-5F00-4F2E-85D9-BO82CEBD4FSE . odttf"
StyleSimulations="None" OriginX="96" OriginY="109.92"
Indices="87;258;393;286;396,34;87;396;381;381;296,30;3"
UnicodeString="PaperProof "/>

Figure 4: XML representation of a Glyphs element

Path elements are used to add vector graphics and raw
images to an XPS page. They contain a Data attribute
describing the geometry and position. Figure 5 shows
an example of an XPS file containing two Path elements
rendering a blue rectangle with a black border.

<Path
Fill="#ff0000ff"
Data="F1 M 95.04,131.84 L 224.96,131.84 224.96,
203.84 95.04,203.84 z" />
<Path
Stroke="#ff000000"StrokeThickness="4"
StrokeLineJoin="Miter" StrokeMiterLimit="8"
StrokeStartLineCap="Round" StrokeEndLineCap="Round"
Data="F1 M 95.04,131.84 L 95.04,203.84 224.96,
203.84 224.96,131.84 z" />

Figure 5: XML representation of Path elements

Since an XPS document is simply a ZIP archive, it is
easy to add new content to it without interfering with
the correct display of the paginated format. We store
the information about the structure of the document
retrieved from the highlighted shapes in a separate XML
document, called references.xml, and add it to the



XPS archive. The annotation process consists of the
following steps:

1. Create an XML node (Section, Paragraph, Table
or Graphic) for each highlighted shape and add a
child Shape containing an XML description of the
space covered by the highlighting shape.

2. Extract the physical information for each Glyphs
and Path node of the XPS file and check if it re-
sides within a highlighted shape.

3. If the Glyphs and Path nodes are part of the high-
lighted shape, create an XInclude node as child
of the element representing the highlighted shape
within the references.xml file.

The XInclude element is a link to an external XML
element referenced by an XPath expression in the href
attribute [27]. By using such an approach, we reduce
the amount of redundant information within the XPS
document, since the original XML nodes are not repli-
cated in the references.xml file. An example of an
annotation for a section containing multiple paragraphs
is shown in Figure 6. In this example the XInclude link
refers to the first XPS page 1.fpage.

<section
id="iDoc:Sec:9603a909-66b7-419c-ae3c-4038762161d2"
PageNr="1"secName="Introduction"secRelIndex="1">
<paragraph
id="iDoc:Par:ef39a647-bb4-45c0-bd81-7c42adcdd2fd"
parent="iDoc:Sec:9603a909-66b7-419c-ae3c-4038762161d2"
relativePosition="1" secRelIndex="1">
<xi:include href="1.fpage" parse="xml"
xpointer="element (/1/2)"/>
<xi:include href="1.fpage" parse="xml"
xpointer="element (/1/3)"/>
<shape>
<polygon>
<point><x>74.4</x><y>160.0</y></point>
<point><x>74.4</x><y>144.0</y></point>

</polygon>
</shape>
</paragraph>
<shape>
<rectangle>
<upperLeft>
<point><x>72.96</x><y>140.0</y></point>
</upperLeft>
<size>
<width>648.0</width><height>146.8</height>
</size>
</rectangle>
</shape>
< /section>

Figure 6: Annotation of paragraph elements

By means of these XPS annotations, XPS elements
at any granularity level may be mapped back to the
original digital document in a dynamic way as described
in the next section.

6. FROM PAPER TO DIGITAL

In order to enable mapping back from any physi-
cal document instance to the corresponding digital ele-
ments, we define a semantic mapper exploiting the ad-
vantages of the dynamic granularity process during the
publishing process and an element finder to retrieve the
corresponding digital element within the source author-
ing tool.

Semantic Mapper

Once the PDL annotation has been successfully per-
formed, it is possible to build a hierarchy of elements
which recursively contains other elements as outlined
earlier in Figure 3. We defined all the structural ele-
ments (section, paragraph, word, character) as objects
that extend the base abstract class Element. This class
contains the basic fields and methods common to all el-
ements. Semantically, these element objects build a hi-
erarchical structure defined through the getElements ()
method computing an element’s child elements as shown
in Figure 7.

getElements()
Paragraph
getElements()

Paragraph getElements()

Graphic Glyphs

Table Glyphs Word

Paragraph Glyphs Word

Table Glyphs Word getElements()

Picture Word Character
Character
Character
Character

Figure 7: Element hierarchy

To retrieve a section’s elements, getElements () first
highlights the elements contained within the section in
the authoring tool and produces the highlighted XPS
file. The XPS file is parsed, the XML representations of
the subelements are retrieved and the corresponding ob-
jects are created. Note that for graphical objects there is
no implementation of the getElements() method since
a raw image does not contain other elements.

For Paragraph elements, getElements () returns a list
of Word objects. The method first creates Glyphs ob-
jects according to the glyphs node contained in the XML
representation of the paragraph and calls the method
getElements() for each of the Glyphs objects. The
subelements of a Paragraph are therefore the words
composing it.

To get the position and shapes of a paragraph’s words,
several operations have to be computed locally on the
XPS file. As outlined before, the XPS Glyphs element
stores the physical coordinates of the beginning of the
glyph, the URI of the font used to render the text, the
textual content of the glyph and a list of indices. By
combining all this information, it is possible to access



the dimensions of every single word composing a glyph
and also of all the characters composing a word. This
approach is used in the getElements () implementation
for Paragraph and Word elements.

Element Finder

When printing the document, the highest possible gran-
ularity level is retrieved from the digital document and
an XPS file is created and annotated. In order to re-
trieve a digital element from paper, an element finder
extracts the information about selected elements from
the XPS file and forwards it to a physical-digital adapter
that retrieves the corresponding digital elements in the
source authoring tool.

Depending on the elements selected on paper, the
findElements () method provided by the element finder
returns one or more elements. The system relies on
the gestures that a user performs on paper to under-
stand their intentions. For instance, the system does
not know whether a user wants to select an entire word
or only some of its characters. Therefore, we imple-
mented a simple algorithm for the automatic resolution
of the granularity level.

Starting from the highest element granularity (i.e. sec-
tion), the system first checks how many elements have
been selected by the gesture. If more than one element
is found, we are already at the correct granularity level
and the elements are returned. If only one element is
found, it might be because the desired granularity level
is lower than the current one and the paragraphs, ta-
bles and graphics contained within the section have to
be analysed. This process continues recursively until
the smallest possible granularity level is found. If dur-
ing this process all subelements of a parent node are
selected by the gesture, it means that the gesture has
to be applied at a higher granularity and the system
goes back to the parent level. The resulting algorithm
is outlined in Figure 8.

Input: shape S on paper
Output: selected digital element(s)

Set Granularity level G at the highest possible value

while not at lowest granularity do

search elements within shape S with granularity=G

if all elements at granularity G found then
G = Parent.granularity
return Parent

end

else if only one element E found then

| G = E.granularity

end

else if more elements found then

return all elements found

end
else
no elements found
return nothing
end

end

Figure 8: Dynamic granularity algorithm

Since the retrieval of elements implemented within
the findElements() method has to be general enough
to be adapted to every authoring tool, we decided to
use a very simple method where the relative position of

elements within their parents is taken into considera-
tion. When the elements are published within the XPS
repository, a reference to their parent and their relative
position is inserted along with all the information about
their content and physical position. Figure 9 shows a
snippet of the XML file which semantically annotates
the XPS. It is possible to see the relationship between
a section and its first paragraph.

<section
id=" iDoc:Sec:9603a909-66b7-419c-ae3c-4038762161 "
pageNr="1"secName="Introduction"secRelIndex="1">
<paragraph
id="iDoc:Par:ef39a647-bb4-45c0-bd81-7c42adcdd2fd"
parent=" iDoc:Sec:9603a909-66b7-419c-ae3c-4038762161 "
relativePosition="1" secRellndex="1">

Figure 9: Relative element position

This additional information is used in the retrieval
phase, according to a two phase operation. To better
explain the retrieval process let us have a look at an
example outlined by the sequence diagram in Figure 10.
In this example, a digital pen is used to select a word
in a printed document and we want to get access to the
corresponding digital element within the authoring tool.

| Semantic Mapper ElementFinder Publisher ‘ Phy:(ijc:‘ljg?\la\
Digitd| Pen ‘ ‘ ‘ :
L execute -~ | | |
(op, doclID, - } }
page, =] |_ findE\emenlsv _— ! !
position) (docID, page, position) | i
T L !
! opt [no elements found] 1 1
| | |
; ; |
1 loop J [no elements found and i i
! not at lowest granularity] | '
| | |
! [ publish L |
} (doc, granularity) '
|
| _ . retunlower !
| granularity doc i
| | |
! findElements i i
! (doclD, page, position) | 1
| | |
i | |
| I |
i | |
! | |
| | |
| e Tetum | |
1 physicalEls ' ]
! T ! !
1 W [for each physicalEl] 1 1 :
i i |
i |
| getDigitalObject | !
} (physicalEl) ! '
| | | return
1 1 | digitalObject
1 | i i
} executeOperation 1 | |
I (op, digitalObject) | ' '
! | | i
i I I
| LJ i ; T
i | |
! i l |

Figure 10: Paper-digital sequence diagram

Starting from the physical coordinates received from
the pen, the semantic mapper calls the findElements ()
method of the ElementFinder class. This method re-
trieves from the XPS annotations the physical elements
bound to these coordinates. As explained above, it
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Figure 11: PaperProof

might happen that no elements are bound to this posi-
tion causing the need to analyse the digital document at
a finer granularity level. In this case, the highlighting
process is started and the Publisher generates a new
version of the annotated physical document containing
more detailed structural information. The second phase
runs in the opposite direction. The counting feature
is implemented in the PhysicalDigitalAdapter class
which, given one or more elements retrieved from the
XPS file, gets the corresponding digital elements from
the authoring tool by calling the getDigitalObject ()
method. By using the example above, the section found
in the first phase is retrieved within the authoring tool
and, based on the relative position of its children, the
correct paragraph and word within the paragraph is
found. Once this process is completed, the digital doc-
ument is retrieved and the action defined through the
digital pen on paper may be executed within the source
authoring tool.

The supported semantic mapping opens up a wide
range of possibilities of interaction between digital and
paper documents. In the next section we introduce the
PaperProof proof-editing application that we have de-
veloped based on the presented mapping approach.

7. PAPERPROOF

All major authoring tools provide a way for tracking
changes within a document. Whenever this function-
ality is used, any input to the existing text does not
immediately change the existing content. Changes are
considered as tentative operations that can later be in-
dividually accepted or rejected, either by the same user
or by other document editors in the case of collaborative
authoring.

PaperProof makes use of the OpenOffice change track-
ing functionality in order to translate operations that a
user performs on a printed OpenOffice document with a
digital Anoto-based pen back into the digital document
instance. Since the OpenOffice change tracking feature

supports different authors, our application could easily
be extended into a collaborative proof-editing system.
In this case, a document would be printed several times
and each copy distributed to a different author. Exist-
ing digital pens provide unique IDs enabling the system
to handle corrections from different reviewers.

Figure 11 shows the physical and digital representa-
tions of a text document processed by our system. On
the left-hand side, the marks are done on paper with a
digital pen and, on the right-hand side, they are trans-
ferred into OpenOffice.

Once a document has been printed on paper, the
proof-editing process can start. In order to execute
commands in the PaperProof system the five operations
insert, delete, replace, move and annotate have been de-
fined.

It is possible to apply operations at different granu-
larity levels such as section, paragraph, table, graphics,
word or character. One author might want to delete
a whole paragraph, while another author just wants to
correct a typo at character level. An annotation might
be made for a whole section or just for a particular word.
The different granularity levels are automatically recog-
nised by PaperProof using the approach outlined in Sec-
tion 6.

In order to initiate commands for the desired opera-
tions, PaperProof makes use of gestures. Each operation
is defined by simple or composed gestures recognised by
the iGesture framework [23]. In the case of insert oper-
ations or annotations, an Intelligent Character Recog-
nition software [26] further processes the pen input and
translates the handwritten information into a string to
be added to the digital document. Every operation is
composed by one or more gestures, optionally followed
by some textual input. The different gesture-based op-
erations are illustrated in Figure 12. Please note that
different gestures can be used for the same operation.

Depending on the gesture class, different granularity
levels may be recognised and the system reacts in dif-
ferent ways.



e Section: annotate and delete operations are sup-
ported. The whole content of the section will be
annotated or removed.

e Graphics: the only operation currently supported
for graphic elements is the delete operation which
removes the graphics from the document.

e Table: annotate, delete and move operations are
supported. The annotation is inserted in the first
cell of the table and, in the case of a deletion, only
the content of the table is deleted, but not the
table itself.

e Text: this category involves paragraphs, words
and characters. All operations are supported.

Since users can make multiple corrections, it is im-
portant to ensure that the execution of an operation
does not influence the position of succeeding operations
within the digital document. Therefore, we first collect
all operations with the digital pen and synchronise it
with the OpenOffice source document. Collecting the
operations might also be done in a mobile environment
with the user on the move. In such a case, all infor-
mation would be stored within the pen and the syn-
chronisation would occur when a user returns back to
their computer. However some sort of feedback would
be useful to inform the user about the performed op-
erations. Unfortunately, there is currently no way to
provide feedback on the digital pens. This is a known
issue and there have been solutions proposed to solve
this problem [10]. In PaperProof, we currently only use
the computer screen for feedback.

Delete = or —

Replace = or — + ICR

Insert \/ or \/
Move orI or < +
Free ICR

Annotation
Side | ‘ or l R IcR

Annotation -
Two Point |_or l_or < + > or I or | + ICR
Annotation

Figure 12: PaperProof gestures
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It may happen that a gesture is not recognised or
that the written text is not detected correctly. For that
reason we provide an undo button which can be used
to iteratively undo operations. As shown in Figure 11la
the synchronise and undo buttons are currently printed
in the document header. As soon as the corrections are
transferred to the system, PaperProof makes use of the
approach outlined in Section 6 to retrieve the elements
to be edited and execute the edit operations. Since we
are using the change tracking functionality offered by
OpenOffice, a user may still go through all edits for
accepting or rejecting them.

8. IMPLEMENTATION

The implementation of the PaperProof application is
based on the four main components, iPublish, iDoc,
iPaper and iServer, that have been developed for general
paper-digital integration and interaction. We will first
briefly introduce those four components and then pro-
vide specific implementation details about PaperProof.

The iPublish component consists of a series of plug-
ins defined for different kinds of documents. Depending
on the type of document we are interested in (PDF, Mi-
crosoft Word, OpenOffice, etc.), iPublish allows specific
plug-ins to be defined that either track structured ele-
ments from within an authoring tool or analyse existing
paginated documents. The basic purpose of the iPublish
layer is to identify both the physical and the structural
information of the document. Plug-ins have already
been defined for the automatic authoring and publish-
ing of documents coming from a Content Management
System [15] and for the structural analysis of PDF doc-
uments [17]. During the development of PaperProof, a
new iPublish plug-in for OpenOffice was defined based
on the OpenOffice SDK [18] that allows programmatic
access to all of the features offered by the OpenOffice
authoring suite. By using the SDK API, we could get
access to the structural information of the document
stored within the document in a tree-based model and
define the OpenOffice highlighters outlined in Section 5.
Using the same approach, other authoring-tool plug-
ins, such as a PaperProof plug-in for Microsoft Word
could be defined. The implementation of this specific
iPublish plug-in might be based completely on the ex-
isting infrastructure. However, since the creation of an
XPS file from a Microsoft Office document through the
plug-in for XPS already provides all the structural infor-
mation that our infrastructure needs, the highlighting
phase would be simplified and only a specific snippet
extractor for Microsoft Office needs to be implemented.

The iDoc framework is based on a mixed digital and
physical model, which is able to store metadata about
both the digital and paper instances of a document [29].
This mixed model is based on two distinct parts repre-
senting metadata coming from logical structures, also
referred to as digital documents, and paginated formats
sometimes called physical documents. The idea outlined
in Section 5 to have the possibility to refer to the logical
representation of the objects at every level of granularity
was developed according to the composite design pat-
tern shown earlier in Figure 3 and is one of the building
blocks of the model implemented within iDoc.

The iServer and iPaper components are responsible
for linking paper to digital services [22]. During the
printing process, all information required to identify the
interactive paper documents as well as link definitions
are published into the iServer database. The iPaper
plug-in is then responsible for enabling access to those
links by selecting specific active areas on a paper doc-
ument. Each time a user points to an (x,y) position
within an active area, the iPaper plug-in resolves the
selected shape and its associated links will be activated.
In order to resolve the correct shape, the iPaper plug-in
needs three inputs: a document identifier, a page num-
ber and the (x,y) position within the page.



The design of the semantic mapping from paper back
to OpenOffice and the implementation of PaperProof
mainly involved two tasks: the implementation of an
iPublish plug-in for OpenOffice and the design and im-
plementation of an iDoc extension that uses XPS doc-
uments to retrieve elements within the original digital
document. In the rest of this section we provide more
details about the PaperProof implementation.

After the definition of the digital document within
OpenOffice, the iPublish plug-in enables the publishing
of the interactive document based on Anoto technology.
The structure of the file is analysed and information
about the highest granularity level is extracted. An XPS
file is then generated and annotated and the document
is ready to be edited on paper. In order to support
this interaction, the information about the used Anoto
pattern the location of the OpenOffice document has to
be published to the iPaper plug-in.

As soon as an area on the page is touched with the
pen, a special operation buffer is initialised and the op-
erations, recognised by the combination of iGesture and
ICR as explained in Section 7, will be stored. The entire
application logic is implemented as an active component
within the iPaper framework. An active component is
basically a piece of program code that is loaded at link
activation time and becomes a handler for the informa-
tion from the digital pen [22].

When all annotations and corrections have been col-
lected, the user touches the synchronize button (see
Figure 1la) which activates another active component
to retrieve the corrections from the buffer and send
them to the semantic mapper. In order to do that,
PaperProof provides the Corrections class with the sig-
nature shown in Figure 13. The constructor of this class
requires four parameters: a list of edit operations to be
performed, the path and the version of the OpenOffice
document to be edited and the path of the XPS file that
contains the mixed digital-physical information.

=] Corrections

{&C Corrections(operations: List<Operation>, ooFile: File, version: int, xpsFile: File)

4% execute()

Figure 13: Corrections class

The Corrections class is the connection between the
existing iServer/iPaper infrastructure, the iDoc frame-
work and the PaperProof application. A schematic rep-
resentation of the information flow is outlined in Fig-
ure 14. The execute() method iterates over the re-
ceived edit operations and extracts the (x,y) position
of the corrections from the digital pen. At that stage
the XPSElementFinder class extracts information about
the selected printed elements from the XPS file which
is then forwarded to the AdapterXPS00 class retrieving
the corresponding digital OpenOffice elements.

After the corresponding digital elements have been
retrieved, a ChangeTracker will transform the user op-
erations into OpenOffice annotations and edits. As al-
ready discussed in Section 7 the changes to be applied
in OpenOffice depend on the detected granularity level.

publish()
OO | Semantic Mapper | XPS
4‘ Publisher I’

Element 1

Element2 |¢

getOOEntity() findElements()
| v |
AdapterXPSOO |—| XPSElementFinder |

Figure 14: Information flow in PaperProof

For that reason, there exist four types of ChangeTrack-
ers for sections, tables, graphics and text, respectively.
Moreover, before executing any corrections, we first in-
stantiate the ChangeTrackers needed for the execution
of all the corrections. In the case of several authors,
all their ChangeTrackers get instantiated at the same
time and all the elements of the document that have
to be corrected are properly referenced. Even if they
are moved by a previous operation, the corresponding
ChangeTrackers are still able to retrieve them. In this
way, we ensure a safe execution of all corrections.

9. DISCUSSION

In Section 3 we presented the requirements for paper-
digital proof-editing tools and highlighted some of the
features that are missing in existing systems. After pre-
senting and validating our solution we now put it in
relation to the original requirements.

By analysing existing approaches we notice that they
significantly differ from the solution presented in this
paper. In terms of paper-digital interaction, our proof-
editing application seamlessly integrates paper and digi-
tal document versions in a similar way to ProofRite and
paper-based annotations are automatically transferred
to the original digital document. However, PaperProof
does not only overlay paper-based edits but does an
interpretation of the interaction and applies the corre-
sponding edits to the digital document instance.

In digital-only solutions as well as paper-digital ap-
proaches captured annotations will reflow if the digital
copy is edited. However, the notes are still bound rel-
ative positions within the digital document instead of
referring to semantic elements. ProofRite refers to the
position captured from paper while digital-only systems
retrieve the position returned by the stylus used on a
display. Due to the lack of a semantic binding, exist-
ing systems do not support the automatic integration
of edits and only provide visual clues, based on the an-
notations copied for the paper-based edits, about the
operations still to be manually applied by a user.

On the contrary, annotations and editing operations
are supported by PaperProof at a semantic level. Our
system is unique in analysing paper-based edits and
transforming them into operations and textual anno-
tations based on gesture recognition and ICR technolo-
gies. To the best of our knowledge our system is the



only paper-based editing solution also exploiting change
tracking functionality offered by digital authoring tools.
Note that based on the existing change tracking feature
it also becomes possible to handle edits by multiple re-
viewers.

The automatic publishing of interactive paper docu-
ments is also supported by PaperProof which makes use
of the iDoc Virtual Printer [16] to support the produc-
tion of an augmented document based on Anoto tech-
nology. The virtual printer can be selected from the list
of available devices and the digital document is auto-
matically analysed and augmented with Anoto pattern.
The user just retrieves the paper document from the
printer and can start the proof-editing session.

PaperProof also reveals some issues to be solved in
terms of usability. It is often difficult to understand a
user’s intentions by using only pen-based gestures. The
PaperProof gestures have been selected in a way that
should feel natural to the end user. However, we plan
to do some user studies in order to evaluate the usability
of the paper-digital user interface.

The automatic granularity check presented in Sec-
tion 6 enables a much smoother interaction with the
system, without the user having to explicitly select the
granularity level. However, dealing with precise gestures
may lead to a lack of accuracy on the user side, which
may easily cause unexpected results. For example, if
while deleting a word the pen accidentally touches the
next word, this word gets deleted too. Since the user
intention is not known a priori the system should auto-
matically select the best solution. What does it mean
for example if a users crosses out all the characters ex-
cept the last one? Is there only a lack in precision or
should the last character really not be removed? Our
algorithm for the automatic granularity detection works
fine but the analysis of user intention is still a source of
potential misinterpretations.

The retrieval of digital elements starting from the cor-
responding selections on paper works fine, even though
it is still not optimal in terms of speed. This is probably
due to the current implementation which uses the XPS
file as elements repository. This is costly in terms of per-
formance since parsing an XML file and searching for an
element is a rather slow operation. Moving to the docu-
ment database provided by the iDoc framework should
lead to faster element retrieval.

The lookup of digital PaperProof elements is based
on the relative position of an element with respect to its
parent element. This is a generic approach which can
also be used in the development of different plug-ins,
for example a PaperProof authoring tool for Microsoft
Word. A future Microsoft Word plug-in might be com-
pletely based on the existing infrastructure. The imple-
mentation of the iPublish plug-in would be straightfor-
ward since the XPS documents created from a Microsoft
Word document already contain the semantic informa-
tion required by our infrastructure. Therefore, the only
parts that would have to be changed are the PaperProof
application itself and the iDoc extension with the im-
plementation of a simple SnippetExtractor adapted to
the semantic information stored within the XPS files
generated by Microsoft Word.

From this brief analysis we see how our PaperProof
application and the related technologies go a step fur-
ther in the definition of an effective paper-digital proof-
editing system and provide a solution for some of the
open issues presented in Section 3. The PaperProof ap-
plication further demonstrates the feasibility of a paper-
digital semantic mapping.

10. CONCLUSIONS

We have presented a novel approach for capturing
the structural model of a digital document during the
printing process in order to maintain a logical, bidi-
rectional mapping between the digital and paper doc-
ument instances. Our approach has been validated by
PaperProof, a paper-digital application for document
proof-editing that not only enables comments to be cap-
tured as annotations but also provides digital editing
functionality based on handwritten gesture-based com-
mands.

In the near future we plan to extend PaperProof in
order to fully support multiple simultaneous reviews of
the same document. This requires the definition of a
version model which has to be shared between paper and
the digital document instances. We also plan to carry
out user studies and investigate various issues that may
effect system usability, including feedback mechanisms
and the gesture-based interaction design. Last but not
least we aim at developing an alternative PaperProof
implementation based on Microsoft Word.
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ABSTRACT

We consider the problem of remote review meetings, in which
geographically-separated colleagues review text documents.
We propose remote tabletop interfaces as an approach to
addressing this problem and show that the necessary underlying
technology has now progressed sufficiently to allow
exploration of this new research area. We present a novel
remote tabletop interface that we have created to investigate
this area, and discuss our design in the context of prior work.

1. INTRODUCTION

Many knowledge workers spend a significant proportion of
their time discussing and revising draft documents with their
colleagues. These document review meetings have been well-
studied in the literature, and are predominantly carried out
while sat at meeting tables and using paper documents [8]. As
an example, consider two co-authors of an academic paper,
discussing each other’s draft contributions.

Starting with Freeman and Wellner’s DoubleDigitalDesk [15,
16, 17], researchers have turned their attention to the problem
of remote document review meetings, i.e. document review
meetings in which the participants are geographically-
separated. These research projects seat each participant at his or
her own table and then use video cameras to show each
participant an image of their remote partner’s table. Thus both
participants can see each other’s paper documents, gestures and
actions during the discussion.

However, these systems can be problematic because a given
paper document is only ever tangible for one of the
collaborators. Their partner sees merely a remote image of it,
cannot rearrange it on the table, turn pages or make annotations
and, depending on the system, may not be able to read small
text.

Recently, several researchers in the tabletop community have
investigated the possibility of linking two large interactive
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Figure 1: Remote tabletop interface.

horizontal displays together to support remote collaboration [1,
2, 5, 10, 13]. As shown in Figure 1, this creates a shared
workspace containing “virtual objects” that are not tangible to
either collaborator. These remote tabletop interfaces are largely
unexplored.

In this short paper, we propose remote tabletop interfaces as an
alternative to the DoubleDigitalDesk approach for supporting
remote document review meetings. We begin by contrasting the
two approaches (Section 2). We then present our recent work
on high-resolution remote tabletops as a suitable technology
platform from which to begin exploration, and describe
prototype interfaces (Section 3). Finally, we draw on previous
studies of tabletop collaboration and document review meetings
to discuss design issues that arise in such systems (Section 4).

2. REMOTE TANGIBLE AND REMOTE

TABLETOP INTERFACES

DoubleDigitalDesk [15, 16, 17], Tele-graffiti [9], LivePaper
[6], Agora [4] and various commercial videoconference systems
all address the problem of remote review meetings using what
we shall call a remote tangible approach. A video camera
mounted above each participant’s table captures images of the
paper documents on the table. These images are presented to
the remote partner, either on a screen or projected onto the table
in front of them. The participant with the tangible paper
document is able to annotate it using a conventional pen, turn
the pages and rearrange the document on the desk, whereas
their partner sees merely an image of the document and can do
none of these things. Both participants can see each other’s
hand gestures in the context of the document. Depending on the
resolution of the camera and display, and the size of the text,
the remote participant may or may not be able to see the text
sufficiently legibly to read it. A similar approach has been
adopted elsewhere to support remote collaboration over
physical assembly tasks [3] and board games [18].

Figure 2: Tiled multi-projector display.



By contrast, in systems using a remote tabletop interfaces
approach [1, 2, 5, 10, 13], the objects are tangible to neither
collaborator. Each collaborator sits at his or her own large
interactive horizontal display. The two displays are then linked
together, perhaps via the Internet, to provide a shared
workspace for remote collaboration. The displays show virtual
objects, such as virtual pages of text, that collaborators can
move, reorient, annotate and otherwise manipulate using either
their bare hands or styluses, depending on the technology. The
displays also show the collaborators each other’s arm gestures
as shadows overlaid on the display.

Tabletop interfaces are a promising area of investigation. They
support some of the affordances important for co-located
document review meetings, such as a large horizontal
workspace on which documents can be compared side-by-side
[8]. For design tasks they have also been shown to support
some of the coordination mechanisms observed in collaboration
around conventional physical tables, such as fluid transitioning
between coupling styles [11]. Escritoire [1] and the very recent
C-Slate work [2] are both remote tabletop systems for
document review tasks. However, these projects focus on the
supporting technology, and both remote tabletop interfaces and
remote document review meetings on them are still relatively
under-explored.

I rEp ey v e

v all multi-projector displays [€.g. 4], T3 must |
ng masee to each of these images sent to the
nsate for projector keystone and slight misal
ng. and to create seamless transitions bebue
We perform this warping and blending usit
i OpenGL calls. We achievs 2 frame 1atse g
)le latency, even wher large aiea
arps and blends are configiy
an procedure

» THE TOOLKIT

3. OUR SYSTEM

The reasons for this gap in the research are two-fold. Firstly, it
is necessary to display the documents at a sufficiently small
size that they can be passed around the table between
collaborators, grouped into piles and compared side by side.
This requires the ability to display small text legibly on a
tabletop display but, until recently, the resolution of tabletop
displays used in research labs was too low to support this.
Secondly, it is technically quite challenging to create remote
display systems that support tabletop interaction techniques and
a high display resolution while remaining responsive, because
the combination of requirements was, until recently not
addressed by research tools.

We have recently addressed these issues by creating the T3
toolkit [14], a software library that allows researchers to easily
create high-resolution tabletop interfaces by tiling multiple
projectors together, and to create remote high-resolution
tabletop interfaces, and to rapidly create prototype interfaces
for such systems. We have created two high-resolution tabletop
displays, each using between 4 and 6 projectors in a tiled array
to create a display of area 0.5m” and resolution 60dpi, capable
of displaying legible text at font size 12pt (Figure 2). Such
displays are, of course, too costly and complex for wide-scale
deployment, but allow us to prototype ideas that may
eventually be available to the mass market using the cheap,
thin, flexible “e-paper” displays currently under development.

Figure 3: Documents appear as virtual pages of text on the tabletop (top left). Two pages are visible at once (top
right). Text appears legible at size 12pt, and telepointers allow remote gesturing (bottom left). Thumbnails allow
browsing (bottom right).



The projectors generate sufficiently little heat and noise as to
not distract collaborators.

Using T3 we have created three prototype interfaces. The first
interface (Figure 3) allows multi-page text documents to appear
as virtual pages of text on the tabletop, showing two pages at
once, rather like an open book. Text appears legible at size
12pt, and collaborators can use styluses to annotate, navigate,
move and reorient multiple documents in the workspace. Using
marked control points on the page, collaborators can navigate
either by “turning” from one page to the next, or switching to a
thumbnail view. Collaborators can gesture to each other using
bright telepointer traces that follow the stylus nib, and we are
currently completing an extension to allow gesture using
translucent arm shadows.

Our second and third interfaces are the first steps in an
investigation of tabletop collaboration over web pages (Figure
4). Although web page tasks are likely to be somewhat different
from remote document review meetings, the interfaces offer an
opportunity to explore interaction with multiple documents that
are structured both spatially (in terms of their links to each
other) and also temporally (with respect to their position in the
web browser history tree or stack). The basic interface allows
pages to be freely reoriented and repositioned on the tabletop
by the collaborators, whereas the history tree interface
determines the location and size of the page according to the
time at which it appeared and the page from which it was
opened.

4. DISCUSSION

Our investigation of remote tabletop interfaces to support
remote document review meetings is still at an early stage, and
future work will involve a field study. Nevertheless, even in
this early work we have identified several issues that must be
considered in the design of such systems.

In their investigation of paper documents, Sellen and Harper [8]
emphasise the importance of the affordances of paper for
reading and reviewing:

e FEase and flexibility of navigation.
e Ease and richness of annotation.

e Ability to cross-reference and compare multiple
documents.

e Visibility of actions to colleagues.
e Ease of interweaving of reading and writing.
e Ability to annotate or read, and discuss in parallel.

These were most influential when designing our interface, and
led us to a design based on replicating paper rather than
anything more radical. Of course, because of the constraints of
the system and the approach, we would not claim that our
interface affords these nearly as well as paper does. However,
surpassing paper was not our aim in this project; rather, we set
out to create an effective interface for remote collaboration in
document review meetings.

In reviewing prior work, we contrasted the approaches of
remote tangible systems and remote tabletop systems. We
believe that the two approaches present a tradeoff between
symmetry and effectiveness in the extent to which they afford
the properties identified above. A remote tangible system offers
one of the participants the ability to interact with a document in
a tangible, unconstrained manner, affording effective bimanual
actions for navigating and arranging documents, and rich
annotations, while their ability to read and write is not limited

Figure 4: Basic web-browsing interface (top) and
history tree (bottom).

by a display resolution. However, the other participant cannot
interact at all, and their ability even to read the document is
likely to be severely constrained by the camera resolution and
camera noise. By contrast, remote tabletop systems offer
symmetric but less effective, more constrained interaction.
Bimanual actions, fine-grained annotations and display
resolution are likely to be limited by the capabilities of the
system for both participants.

One exception to this tradeoff is that, because of the constraints
of today’s technology, remote tangible systems tend to offer
small disjoint workspaces, and so our remote tabletop system
may well better support the ability to cross-reference and
compare multiple documents.

It is also interesting to speculate as to whether, even in a co-
located document review meeting, each collaborator asserts a
strong ownership over the documents that he or she has brought
to the meeting, leading the collaborators to naturally partition
their actions between the documents in such a way that the
asymmetric access of remote tangible systems does not present
them with a problem. We are not aware of any studies of this
effect, and we shall investigate it in the field study.

In designing the interface we have adopted and adapted several
design principles from the tabletop community, such as small
virtual objects on a large display, lightweight mechanisms for
moving and reorienting, mimicking tangible objects with
projected light, and aiming to afford the styles of collaboration
observed around conventional physical tables. However, these
principles were derived largely from observations of design
tasks [e.g. 12] rather than document review tasks, and have



been validated in studies of co-located tabletop collaboration
rather than remote collaboration. The extent that they can be
applied to document review tasks and to remote collaboration
remains unclear and we shall investigate this in the field study.

Finally, we observe that remote tabletop interfaces allow both
collaborators to sit at exactly the same location at the edge of
the “virtual table”, a situation which, in co-located tabletop
interaction, is not physically possible unless the collaborators
sit on each other’s knees. Seating arrangements in co-located
tabletop collaboration are governed by proxemics and the
extent to which the task demands that the collaborators share a
common perspective of the workspace [7]. It is unclear as to
how remote collaborators will prefer to arrange themselves, and
again we shall investigate this in the field study.

5. CONCLUSIONS

In this short paper, we discussed remote tabletop interfaces as
an alternative to the remote tangible approach for remote
document review meetings. We showed that, using the T3
library for high-resolution remote tabletops, it is now possible
to begin exploration this area, and we presented three interfaces
that we have created rapidly using T3. Drawing on our early
experiences in designing and implementing these interfaces we
discussed issues that must be considered when designing such
systems.
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