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ABSTRACT

This paper explores architectural support for interface
ensembles comprising pens, paper, agsl We show how

the eventbased approach common Guls can appl to
augmented paper, and describe additions to address pap:
distinguishing characteristics. Most notably, we introduce
techniques for integrating interactive and batched inpu
handling, coddinating interactions across devices, ana
rapidly debugging applications that integrate paper ant
computation. To understand the developer experience c

this architecture, we deployed the toolkit to 17 teams aM/g g (@)
another university for six weeks. Static bsés of the X4 == ]
¥ Web Design o _ ! Music Composition

participantsd code provide TAENCSOMBS, pri ate
of events for papefe.g, programmers relied on debugging Figure 1. PaperTooII_(it provides support throug_h an event-driven
output to track event flowWe also distilled usage patteyns Medel. output to devices, and debugging techniques. Users have

. . created tools for many tasks, including web design (left) and music
revealing th_aiprogrammers composed S_'mple QeSthB'ha composition (right). Going beyond the retrieval and form-filling tasks
dlers from ink measurements. iEhdesire for informal shown in prior paper + digital work, these apps explore real-time
interactionsinspired us to includabstractions for recogn control of screen elements and recognition of informal input.

tion. This study has implications beyond papelesigners \njesalé for creaing these paper applicatichslow do
of graphical tods can provide visualizations for event flow, gitterences ininteractng with eachdomain suggest the
andexamineAp! usage to iform toolkit revisions. need for distinct approaches to tool§Mmally, what kinds
ACM Classification Keywords of applications are developers interested in creating, and
H.5.2. [Information Interfaces]: User Interfadegput what do theydo in practic€ This paper aiméo provide
devices and strategies; prototyping; usentered design insights into these questions; we hope #pproach and
D.2.2 [Software Engineering]: Design Tools and frec fmdm_gs_we present/w_ll also provide value for other areas
nique® User interfaces of ubiquitous computing.
Augmented paper interactions provide a quiet, flexible
input interface for documenting information irordains
from biology €.9, [27, 44) to design and music (s&ég-
INTRODUCTION ure 1). In describing augmented paper interactions, it can be
Recent research has introduced techniques for augmentingseful to delineate two distinct approaches. One takes as its
paper with computation and interaction. A primary &tra starting point the kinds of drawingid writing that users
tion of designing augmented paper interactions is theirhave traditionally engaged in with paper, building intera
embrace okxisting practices, particularly in mobile, imfo  tive functionality on top of this. The other begins by
mal, and collaborative settings.¢, [18, 41). However, we regarding the pe as primarily a comandspecification
do not knowwhich techniquesvill help developers create device, exploring paper widgets, gestures, and asynchro
these systemsThis raises severajuestionsWhat aspects  ously exeated behaviorsin reality, most research and
of graphicalul architectures can be adopedr borrowed  commercial systems draw from both of these approaches.
Examples that draw more on the former include techniques
for temporally coordinating multiple mediasuch as Audio
Not ebaokld s i v angrationboé Briten notes
with captured audig25, 38] Adapxds systenggedi :
for captuing field notes[2], A-b 0 0 ksédf aPDA to help
organize laboratory notg27],and Butter fal y Net ¢
tion of field obsevations and photograptid4]. Work that
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Figure 2. In PaperToolkit, input arrives from pens (left) and is sent to
handlers (middle). Output is displayed on the local machine or routed
to devices (bottom). The architecture unifies real-time and batched
input by injecting synched data into the event stream. Event dispatch
and Ul construction are modeled after GUI architectures, to help
programmers create paper + digital applications faster.

exemplifiesthe commanetentric approach provides @it
ractions ranging fromtaps of the pen €.g, to retrieve
scientific citations[32]), through gesturs for annotaing
and ediing printed documentse(g, [12, 23), to gestures
for creating and playing papbased gamg2].

Third, the paper contributes a method for usamtered
toolkit design through statisourcecode analysis. Our
findings providedideas forarchitecture andpPI revisions,

such as support for asynchronous event handling. The

findings alsooffer insight intohow programmers approach
new took, such as cojilyg example code to learn how to
constructnitial working programs

The paper is organized as follows. We first idtice the

PaperToolkit architecture and describe how applications are
created with it. We then describe findings about thé-too
evolved
and additional design implications. We next describe this

kitds wusage, how it
p aper @msshiprwith pridr work, and close by sugges

ing opportunities for future research.
THE PAPERTOOLKIT ARCHITECTURE

PaperToolkit addresses the problem of creating, debugging,

and deploying papewdigital applications In theseinterfac-
es one or morgeopleuse digital pesand paper to capture
and organize informationand issue commands to anto

There are many enabling technologies for integrating papePUter Viapen gestures angaper widgets. Visual or audio

and computatione(g, [10, 13, 16, 38, 4}] Paperoolkit,

our implementation of the ideas described in this paper, i

built on top of Anot® E3]; chosen for itseliability, mobili-
ty, high-resolution cafure, and ability to distinguish pages.
This technology employs a cameraounted inside the pen
and pointed at the tip, to tracken motion across paper
(printed with a dot-patterr). This visionbased tracking

feedback is presented to the user on a neacbyr hard-

Jeld device (se€igure?2). Alternatively, a user may work
without a PC nearby; his pen input is batched for later
processing. Paper interfaces come in many forms, including

datasheets for sciests, notebooks for designeemdlarge
maps and posters for engineérbe question is howeve-
opers progranhe inputhandlingandfeedback fotheul.

provides the location, force, and time of each stroke, eithePaperToolkit helps programmeascomplish thiby provid-

in real time (via Bluetooth) or indtiched mode (via a wired
dock). However, most aspects of PaperTodkgrchite-
ture apply to alteratepentechnologies.

This paper explores evehased architectures for paper
digital interactionsand introduce®aperToolkit, a margf
station ofthe ideasThis workoffersthreecontributions

First, this research builds on prior augmented paybetr

ing methods to create pap#arms, abstractiongo handle
multi-device evens, and technique$o develop anddebug

faster The abstractions ardistributed across seven main

conceptssummarized in the following table

forms[12, 36]that have abstracted development pragmatics

such as producing Anotenhanced paper, acquiring pen

data, and rendering captured ink. PaperToolkit is similar to

this prior work in its bookkeeping of the correspondence

betweeninteractivepaper elements arttleir location in the
Anoto coordinate space.

cHowever,

Paper Tool ki tds

ture is more flexible than these prior systems, introducing

techniques for integrated retilne and batched input ha

While all seven areas address augmented paper applic

dling, coordinated interactions across devices, and ricHions, several arealuablein otherareas;iese are noted on

debuwgging of augmented paper.

Second, this gzer reports on the usage of PaperToolkit,

and howit has evolved in responde our findings We
provided the toolkit to a semesfeng undergraduateCl

the righthand side of the table. For example, an application
that uses a device ensemble but not augmented paper may

use theActionsarchitecture to coordinatg@sual and audio
feedback across devices.

class at another university. The class comprised 69 student3ceénario: Designing a Paper-Based Blog
in 17 groups, mostly computer science juniors and seniorsKaren isbuilding a paperbasedblogging systemA user

The usage patternwe present werglistilled through -
cussions with students and souomele analysis.For
example, wdearnedthat nuch timewas spentlebugging,
so weintroducedeventreplay tostreamline the workflow

writes blog entries with a digital pen, and sefeat paper
button to wirelessly transmithe entries to a handheld
device, which uploads them to a web site.

archite



