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maintaining the target object, are assisted by a veteran operator of the object at a remote support
center. RAC provides effective support for on-site workers by augmenting the communication ability

of the remote support person with robotic functions that people do not have.
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Robots with Projectors:
An Alternative to Anthropomorphic HRI

Jongkyeong Park and Gerard J. Kim
Digital Experience Laboratory
College of Information and Communication
Korea University, Seoul, Korea
82-2-3290-3196

parkjk@korea.ac.kr

ABSTRACT

Current forms of Human Robot Interaction (HRI) pursue mostly
anthropomorphism and direct interaction. That is, the interaction
paradigm is based on imitating how “people” interact with one
another (e.g. using spoken language, gestures, facial expression,
etc.). However, “direct” interaction/contact with the “robot,” often
causes significant inconvenience and usability problems. In this
paper, we present an alternative to the anthropomorphic interface
using a projected display and indirect, yet already familiar GUI
based interaction. That is, the projector (on the moving robot)
projects information on the nearby surface and provides a
relatively large area through which indirect GUI based interaction
can occur. As an instance of such an HRI paradigm, we present a
moving robot kiosk that projects displays around itself and serve
and interact with multiple people at once. We report our on-going
development efforts and a pilot experimental study that compares
it to the typical touch screen based direct HRI.

Categories and Subject Descriptors
H.5.2 [HCI]: User Interfaces —Interaction Style, Input devices and
strategies.

General Terms
Design, Experimentation, Human Factors.

Keywords
Human robot interaction, Anthropomorphism, Indirect/direct
interaction, Projector, Large display.

1. INTRODUCTION

Robots are finding their ways into our everyday environment
[1] and as such their social aspect and interaction with humans
have become a very important issue for their successful
deployment and control. However, the conventional
anthropomorphic and direct interaction with robots has not been
so successful mainly because (1) most robots are not (or perhaps
cannot be) optimized human factor-wise for the diverse users (e.g.
touch screen interface, see Figure 1) and (2) recognition
technologies  (for language, face, etc.) for typical
anthropomorphic interfaces is still limited in many ways. In fact,

Copyright is held by the author/owner(s).
HRI'09, March 11-13, 2009, La Jolla, California, USA.
ACM 978-1-60558-404-1/09/03.
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the problem of anthropomorphic interfaces generating false
expectations of human-like responses and behaviors, and
becoming a source of disappointment and confusion to users, has
been well known [2].

As an alternative, “indirect” interaction mediated through a
large projected display system is proposed. Figure 2 shows one
possible way to employ such a framework where, in this
particular case, the projector on the robot projects onto the floor
around the robot and the interaction is made possible by using the
camera and detection of laser pointers or software markers. We
claim that such an interaction framework can alleviate much of
the human factors problem and enhance the overall experience by
the “enlarged” communication channel and amplified presence of
the robot. The proposed framework is flexible to accommodate
different types of users and tasks, one-to-many interaction, and
even mixing of real and virtual objects. When combined with a
hand-held interaction device, it can be extended to support a
variety of interaction techniques with the consideration of robot’s
mobility.

In this short paper presentation, we report our progress in
realizing the proposed HRI framework and a comparative
experimental study to the conventional touch screen based HRI
for task efficiency, usability and user satisfaction.

Figure 1. Interacting “directly” with robots. Robots cannot
be ergonomically designed for all types of users. This makes
the popular touch screen interface very difficult to use.

2. RELATED WORK

Most current HRI paradigms are anthropomorphic employing
physical or graphical faces and human like behavior and
recognition capabilities [3][4][5][6][7]-
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As an alternative to conventional HRI, the idea of “projector-
on-robot” was partially inspired from the movie “Star Wars”
(holographic display given by R2D2) [8]. Machino et al. [9] also
presented a similar idea but concentrated mostly on how to offer
augmented information on the interested object in the
environment. As already indicated, our framework suggests to
use the projection display (and GUI) as the major mediating
element between the human user and the robot. Figure 3
illustrates the idea. Note that the conventional interfaces may still
be employed but perhaps in a supporting fashion due to their
limited reliability. For instance, the robot can give information
and guidance as it moves through the hall and interact with people
mostly through the display (using hand-held interaction devices)
and also by voice/sound/gestures.

3. IMPLEMENTATION & EXPERIMENT
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Figure 2. Major aspects of the indirect HRI framework.

Figure 2 shows several distinguishing aspects of the proposed
HRI framework. On the part of the robot, aside from basic
autonomy, tracking and recognition capabilities, it needs to have
flexible projection capabilities (e.g. on the wall, floor, etc.),
multiple user detection. In addition, a surface centered interaction
framework needs to be employed for the large moving screen and
to support remote interaction. Figure 3 shows our current
implementation.

We conducted a pilot experimental study, comparing our HRI
framework to a conventional touch screen based one. A group of
subjects were tested for task completion efficiency and user
experience for two different tasks, one requiring minimal amount
of interaction (1~2) and another many (5~6). Contrast to our
hypotheses, the proposed indirect HRI was not superior in terms
of task efficiency due to the strong familiarity of the touch screen
interfaces. However, it showed superiority in approachability and
high satisfaction due to the large sized display. The post
interviews and behavioral observation also indicated promising
aspects of our framework with regards to ergonomics and ways
for further improvements.

4. CONCLUSION

We have proposed a new indirect HRI framework based on the
idea of mediating the interaction through projection from the
robot. Our work is motivated by the lack of usability with the
current mostly direct approach to interaction design for HRI. We
have carried out a preliminary implementation and a comparative
experiment to assess the feasibility of our approach. We are

continuing to implement and complete other aspects of the
proposed framework including basic robotic behaviors,
middleware for multiple user and sensor/IO management, display
surface selection, cursor tracking, and projection distortion
correction. Based on our pilot experiment, a more formal and
large scale experiment will be carried out as well.

Figure 3. The proposed HRI platform with floor projection.
Bottom pictures show marker based interaction using an
UMPC (left) and laser pointer based interaction (right).
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SICE Annual Conference 2007
Sept. 17-20, 2007, Kagawa University, Japan

Spatial Memory for Collaboration Support System in Intelligent Space

— User Identification Based on Spatial Memory —

Mihoko Niitsuma'+? and Hideki Hashimoto'

nstitute of Industrial Science, the University of Tokyo, Tokyo, Japan
(Tel : +81-3-5452-6258; E-mail: niitsuma@hlab.iis.u-tokyo.ac.jp)
2Research Fellow of the Japan Society for the Promotion of Science

Abstract: This paper presents an implementation of the spatial memory system for supporting collaboration activity in
Intelligent Space. In this paper, a design of the new spatial memory system is described based on three requirements for
a collaboration system: (1) sharing information for multi-users and multi-terminals, (2) access privileges for SKTs and
(3) user identification. User identification method is one of the most important functions for sharing information systems.
Therefore, this paper proposes a new user identification method by using the spatial memory system. More specifically,
users create their own key-Spatial-Knowledge-Tags (SKTs) as passwords to use the spatial memory system. The new user
identification method is evaluated through user experiments. Experimental results show high effectiveness of the method.

Keywords: Spatial memory, Intelligent Space, human interface, user identification, collaboration support system

1. INTRODUCTION

This paper presents an implementation of the spatial
memory system for supporting collaboration activity in
Intelligent Space [1]. The spatial memory system en-
ables users to store computerized information into the
real world by assigning a three-dimensional position to
the information. The system also allows them to re-
trieve the information by directly indicating the points
using their own hands [2]. In the spatial memory system,
what associates computerized information with a three-
dimensional position is called “Spatial- Knowledge-Tag
(SKT)”. The user actively creates SK'Ts based on his/her
need. As a result, embedded SKTs in a working environ-
ment correspond to activity histories of the user [3].

When using the spatial memory for collaboration, his-
tory of activities will be useful to check the progress and
facilitate it. In addition, the spatial memory can deliver
useful information based on the spatial feature. The spa-
tial feature means remarkable areas which are obtained
by observation of users’ activities [4]. When using the
spatial memory for remote collaboration, the users, in-
cluding remote users, can share information based on the
real world. It is important and efficient for the users to
share information and the view of a working area as noted
in [5].

In order to realize the services supporting collabora-
tion activity, the spatial memory system is re-designed
based on three requirements: (1) Sharing information
for multi-users and multi-terminals, (2) Access privileges
for SKTs and (3) User identification. User identification
method is one of the most important functions for shar-
ing information systems. Therefore, this paper proposes a
new user identification method by using the spatial mem-
ory system. More specifically, users create their own key-
Spatial-Knowledge-Tags (SKTs) as a password required
to use the spatial memory system.

The rest of the paper is organized as follows: Section
2 introduces the concept of the spatial memory system.

- 3073 -
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Section 3 and 4 describe a design and an implementa-
tion of the new spatial memory. In Section 5, we pro-
pose a new user identification method by using the spa-
tial memory system. The new user identification method
is evaluated through user experiments. The last section
concludes the paper.

2. SPATIAL MEMORY

The spatial memory enables humans to store comput-
erized information such as digital files and commands
into the real world by assigning three-dimensional posi-
tion as the memory address. Humans can retrieve and
store such information by directly indicating the point
using their own body, e.g. user’s hand and user’s head.
That’s why a point on user’s body is called a human in-
dicator. Fig. 1 shows a schematic concept of the spa-
tial memory. The spatial memory system has the follow-
ing advantages to achieve intuitively and instantaneously
access and store computerized information. First, the
users are able to arrange computerized information at a
suitable location using their own eyes and own body ac-
tion. While working in the real world, human can ob-
tain environmental information such as arrangements of
equipment including desks, file cabinets and so on. Con-
sequently, the users can arrange information in a much
easier way and memorize the whereabouts by referring
to such environmental information. Also their spatial
cognition capabilities such as the motion sense, are uti-
lized for memorizing the whereabouts, and will prompt
the users to recall them. Second, the users are able to
store computerized information and get access to stored
information without interrupting their activities to search
for them. The spatial memory adopts an indication of a
human body as “store” and “access” operation methods
in order to achieve an intuitive and instantaneous access
method that anyone can apply.

In Fig. 1, small squares represent virtual tags called
Spatial-Knowledge-Tags (SKT), which associate stored

eDiPAERE%a192:81832007 sice



Fig. 1 Schematic concept of the spatial memory

information with a spatial location. Each SKT has three
important parameters, namely stored computerized infor-
mation, a three-dimensional position as a memory ad-
dress, and a size of an accessible region. An accessi-
ble region is necessary for human to smoothly retrieve an
SKT by using the human indicator, because he/she can
not indicate the exact spatial location. The size of an ac-
cessible region should be determined according to accu-
racy of the human indicator [6] and the type of the human
indicator. We improved the system to utilize it for a wide
variety of situations.

3. DESIGN OF THE SPATIAL MEMORY
SYSTEM AS COLLABORATION
SUPPORT SYSTEM

In this section, a design of the spatial memory system
to apply for collaboration works is described. We focus
on sharing information in collaboration works. Informa-
tion includes not only data and knowledge which are used
for work, but also progress and status of the work. When
using the spatial memory system, workers can share spa-
tially stored information as well as the real environment
as shown in Fig. 2. This kind of information sharing
method for support of remote collaboration has been pro-
posed in [5].

Considering the collaborative situations at office, lab-
oratory, hospital and factory, information to utilize for

demo movies

Proceeding 2000

Robot program
Proceeding 2004

Documents \
of robot

Fig. 2 Illustration of the spatial memory

works involves both of information relating to personal
affairs and relating to group affairs. In order to real-
ize sharing information with security, the spatial memory
system should have three functions as follows:
1. Sharing information for multi-users and multi-
terminals

The spatial memory system should be available to
multi-users and multi-terminals. Multi-terminals means
that users are able to retrieve spatially stored information
by using multiple terminals such as personal computers
and PDAs. SKTs are arranged according to setting of the
environments such as the whereabouts of desks, white-
boards and meeting tables and so on. Therefore, SKTs
depend on the environment, but not on terminals. In order
to retrieve the information independent of the terminals,
the spatial memory system provides a function to share
the information.
2. Access privileges for SKTs

Ensuring security is very important issue of the spatial
memory system. Access privileges for SKTs should be
set so that the users can utilize the system for both of
information relating to the personal affairs and relating to
group affairs.
3. User identification

To set access privileges, user identification is neces-
sary. The spatial memory has been designed to realize
easily and quickly storing and retrieving method. There-
fore, the system should not deteriorate the operability. In
this paper, a method of user identification using the spa-
tial memory is proposed. A set of SKTs as an authenti-
cation key is introduced. By storing and retrieving a set
of SKTs, login authentication is performed. The set of
SKTs is called “key-SKTs”. An arrangement of a set of
key-SKTs depends on users individually. Thus, it is ex-
pected that users other than the owner hardly find his/her
key-SKTs.

In next section, implementation of each function is ex-
plained.

4. IMPLEMENTATION OF THE SPATIAL
MEMORY SYSTEM

The spatial memory system consists of four parts as
follows: (a) Measurement unit of human indicator, (b)
Spatial memory core unit, (¢) Spatial memory input unit
and (d) Spatial memory output unit, as shown in Fig. 3.

4.1 Measurement unit of human indicator

Measurement unit of human indicator is implemented
by using an ultrasonic 3D positioning system [7] as
shown in Fig. 4. The positioning system is able to mea-
sure three-dimensional positions of ultrasonic transmit-
ters. The transmitters are activated based on time division
multiple access method. Therefore, sampling frequency
depends on the number of transmitters. For applying to
the spatial memory, sampling frequency is important to
measure motion of human indicator. From the view point
of the measurement of human indicator motion, the num-
ber of transmitters is fixed to four. The position of trans-
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Fig. 4 Ultrasonic 3D positioning system as the measure-
ment unit of human action

mitters is regarded as human indicator. Based on the ob-
servation of each transmitter, indication action of each
user is obtained [3].

4.2 Spatial memory core unit

The spatial memory core unit implements core func-
tions such as determination of indication action, creating
SKTs, retrieving and delivering SKTs. Therefore, this
unit is the only unit connected with all other units. The
spatial memory core unit allows multiple spatial mem-
ory input/output units to connect with it asynchronously.
When receiving information from the spatial memory in-
put units, the core unit assigns a unique ID number to the
information and creates a new SKT. SKT data structure
is shown in Table. 1.

Table 1 Data structure of SKT
| SKT data |
1))

Spatial memory address (z,y, z)
Path of spatial memory (contents)
Size of accessible region
Number of access times
Type of contents
User name
Time stamp

When delivering an SKT to a spatial memory out-
put unit, the spatial memory core unit chooses the near-
est spatial memory output unit from the human indica-
tor which is used to access the SKT. In addition to dis-
tance, functions of spatial memory output units should be
considered, because different functions are included. For
example, not only computers but also mobile robots are
available as spatial memory output units. In order to dis-
criminate functions of spatial memory output units, each
output unit has a label to describe attribute identifier. The
label is notified by the spatial memory output unit to the
core unit. The core unit chooses a spatial memory out-
put unit to deliver an SKT according to labels of output
units, distance between a user and output units, and file
extensions of information.

Fig. 5 shows principal messages between units and the
sequence. The notations such as “(c1)” or “(c2)” repre-
sent the operation status and the order of processes. For
example, when a spatial memory input unit sends infor-
mation to the spatial memory core unit, firstly the input
unit sends the message (sl1) to the core unit. Then, the
core unit assigns a unique ID number to the information
and creates an SKT. After that, the core unit delivers the
message (s2) to a spatial memory output unit. The spatial
memory output unit obtains the ID number and the in-
formation. The output unit executes the information and
store the information into an SKT database by assigning
the ID number as the process (s3).

Human indicator
measurement
unit

(s1) Store: Dl#path#accesenble region_size#
access_privileges#
PC . (d1) Delete: DEL#

tag, x,y,z
(c1) Connect: CON#tag#movability#(x#y#)
(c2) tag#
(u1) Login: LOGIN#tag#usemame#

Spatial data
input unit

Spatial memory SKT
Core unit list

(s2) Stored: NEW#cmd#pathdid#
(d2) Selected SKT to delete: DEL#id#
(a1) Selected SKT to access: ACC#cmdi#path#id#

Spatial memory
output unit

(d3) Delete the record which is |ndlcated by
(a2) Load contents which is indicated by “id”

SKT
Database

Fig. 5 Connection and messages among all units

4.3 Spatial memory input unit

Fig. 6 shows the interface of the spatial memory input
unit. The interface plays a role of the front-end of the
spatial memory system for users. In addition to the shown
graphical interface, voice input method is also available.

When starting to use the spatial memory, user identi-
fication is required. Users choose a login mode either as
anonymous or as specified user. If a user choose speci-
fied user mode, the user inputs user’s name into the text
field as shown in Fig. 6 (ul) area. Then, the user arranges
three key-SKTs as his or her password. When the user is
able to access all SK'Ts under specific conditions, the spa-
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Fig. 6 Spatial data input unit -main window

tial memory system becomes available. The specific con-
ditions and the user identification method are discussed
later.

By using the interface, a user chooses or draws in-
formation which is stored as the spatial memory. After
preparing the information, the user sets access privileges
for the SKT. If the user sets access privileges as “anony-
mous” for SKTs, the SKTs can be retrieved by any users.
On the other hand, if the user sets access privileges as
“user” for SKTs, the SKTs can be retrieved only by the
user who stored the information. Finally, the input unit
sends the path of the information, accessible region size
and access privileges to the core unit. Multiple input units
are able to connect with the core unit asynchronously.

4.4 Spatial memory output unit

Spatial memory output unit executes the information
of accessed SKTs when receiving it from the core unit.
Also, the output unit operates an SKT database according
to the messages from the core unit as shown in Fig. 5.

To share SKTs which are stored by different users and
different input units, an architecture of sharing SKTs is
needed. Namely, an SKT database which gathers the
stored information (contents of SKTs) is introduced.

Contents of SKTs should be stored after assigned
a unique ID number to an SKT. Therefore, a spatial
memory input unit is not able to store contents into the
database, because the contents have not been assigned ID.

Based on the discussion, two types of the architectures
can be considered as shown in Fig. 7 (a) and (b): (a) the
spatial memory core unit operates the database, (b) each
spatial memory output unit operates the database.

From the view points of communications traffic and
processing time, a desirable architecture is (b). If the ar-
chitecture (a) is applied, input units are required to send

- Spatial memory
core unit

SKT
e /\

‘Spatial memory
outputunit1 outputunit2 outputunit3  output unit 4

Spatial memory

A

Spatial memory  Spatial memory  Spatial memory  Spatial memory.
outputunit 1 outputunit2 outputunit3  output unit4

(a)

Fig. 7 Configuration of the SKT database

not only the path of contents but also data of the contents
to the core unit. It is not efficient for the core unit to op-
erate the database to deliver accessed SKTs to multiple
output units. The functions of determination of human
indicator and retrieving SKTs are more important for the
core unit.

Therefore, if the architecture (b) is applied to share the
information, communication load to retrieve information
can be reduced.

5. EXPERIMENTS

5.1 User identification based on the spatial memory

To set access privileges, user identification is neces-
sary. Requirements for a user identification method are
described as follows:

1. Users are able to use the function easily.

2. The spatial memory system should prevent imper-

sonating a user by someone else.

3. It should not make the operability of the spatial

memory worse.

In order to satisfy the three requirements, this paper
proposes a new user identification method using the spa-
tial memory. The procedure of the method is described
as follows: First of all, users of the spatial memory create
their own “key-SK'Ts” as the password to use the spatial
memory system. Then, when the users are able to access
the all key-SKTs, the spatial memory becomes available
for the users.

The spatial memory is designed to realize easily and
quickly storing and retrieving information, and smoothly
recalling the whereabouts of the information [2]. By us-
ing the same method of the spatial memory, the users can
operate the user identification process in the same way
as when using the usual spatial memory. Therefore, the
method based on the spatial memory is able to satisfy the
two requirements (1 and 3).

What is expected to satisfy the second requirement
is the difference of actual motion among individuals.
The arrangements of key-SKTs deeply depend on users,
because the whereabouts of SKTs are chosen by each
user based on the user’s subjective visual recognition and
kinesthesis. Therefore, we can assume that other people
can hardly find the set of someone’s key-SKTs.

Experiment to verify the assumption is performed.

5.1.1 Purpose of the experiment

The purpose of the experiment is to investigate possi-
bility of the user identification method based on the spa-
tial memory. Namely, we investigate if users are able to
retrieve other’s key-SKTs or not, if specific conditions to
distinguish a target user from others can be set or not.

5.1.2 Experimental setting

The experiment is carried out by three user subjects
(Subject A, Subject B and Subject C). The procedure is
shown as follows:
(1) A subject creates three key-SKTs freely, while other
subjects don’t see the scene.
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(2) The subject tries to access the key-SKTs, while other
subjects see the scene.

(3) The other subjects try to access the stored key-SKTs,
while other two subjects see the scene.

(4) Finally, the subject who created the key-SKTs tries to
access them again.

Conditions for the experiments:

Other subjects can’t see the process (1), but they can
see the process (2). The condition is set on the assump-
tion that the arrangements are visually known.

The process (3) is carried out by one at a time. There-
fore, another subject can see the scene twice.

The process (4) is carried out to confirm that the sub-
ject who arranged key-SKTs can retrieve them correctly.
Conditions for successful access:

When accessing an SKT, an accessible region is set
for each SKT [2]. In this experiment, the size of an ac-
cessible region is defined as a sphere with radius 10 cm.
When the distance between indicated position and a posi-
tion of an SKT is less than 10 cm, the access to the SKT
succeeds.

Time restriction to finish the processes (2) and (3) is
not specified. Subjects can quit the processes when they
want. And if subjects can find the all key-SKTs, each
experiment will be finished.

Time restriction between accesses is also not specified.
Therefore, subjects can try to access again and again.

The only condition for complete successful access is
that subjects have to access all key-SKTs by following
the order arranged. However, it is easy for subjects to
know the order, because they can see the correct order
through the process (2).

5.1.3 Experimental results

Above figure in Fig. 8 shows the experimental envi-
ronment, and figures below depict the arrangements of
key-SKTs which are created by each subject. Table 2
shows the order of subjects’ performances. The first and
last subject creates his key-SKTs, called “target subject”.

Figs. 9-11 present experimental results. Filled squares
(m) show successful accesses by other subjects. Plus-
marks (+) and x-marks (x) represent indication actions
of target subjects and other subjects respectively. Results
of target subjects are shown by using their second (last)
performances respectively.

As shown the results, the number of indication actions
by other subjects is overwhelmingly more than the num-
ber of target subjects’ actions. The case that all key-SKTs

Table 2 The order of subjects’ performances

| ] Order of the subjects’ performances
<1> Subject A — Subject B

— Subject C — Subject A
<2> Subject B — Subject C

— Subject A — Subject B
<3> Subject C — Subject A

— Subject B — Subject C

Experimental environment

key-SKTs of Subject A @ key-SKTs of Subject B .
key-SKTs of Subject C 4

Ad5 145 <
15— — o 14
I I Table L
-1.85- 1 11'35 I O N —
YOI | | o | 13 [ paei .
— I [] I —1.25 &
Et65- NG PRl |
= * I | | =12 l‘
4.7- 1.15 LB |
I | 111-®
.75 - i : |
1.05
18- b |
1857 o Panel T 09 - !1 =
1.0 . . . .
3817 16-15-14131211 1 09 817161514 1312 11 1 09
x[m] x[m]

x-y plane x-z plane

Fig. 8 Arrangements of key-SKTs

were accessed by other subjects was only the case <2>
as shown in Fig. 10. Other than the case <2>, com-
pletely successful accesses were not achieved.

When we focus on time interval between accesses and
total time to complete accesses, time interval took ten
seconds at minimum in the case of Fig. 10 (i), and to-
tal time took twenty seconds in the same case. In other
cases, for example case Fig. 9, both of Subject B and C
were not able to access a key-SKT even though they tried
for more than two minutes. On the other hand, all sub-
jects were able to access their own key-SKTs in total ten
seconds and with less than five indication actions.

Therefore, we can specify limiting conditions for the
user identification by using the parameters such as the
order of access, total accessing time and the number of
indication actions. Interval time can be also included, be-
cause each user will get better with increasing the number
of usage of the spatial memory. Moreover, if users can
indicate positions of SKTs more precisely than 10 cm,
the size of an accessible region can be smaller. Table. 3
shows the distance between indicated positions and each
key-SKT. All results are smaller than 10 cm. Therefore,
the size of an accessible region will also be redefined ac-
cording to the number of access times.

5.1.4 Discussion on the experiment

We discuss the results of the case <2> as shown in
Fig. 10 which is the only case that other subjects were
able to complete the accesses.

The difference between <2> and <1>, <3> is that
the key-SKTs of the case <2> are arranged near objects
such as a table and a laptop computer. Therefore, it would
appear that other subjects could catch the positions eas-
ily by referring to the objects. That’s why the key-SKTs
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(iiy Results of Subject B = Subject Fig. 10 Results of the performance <2>

Fig. 9 Results of the performance <1> Table 4 Subjects’ body height and arms length

Subject | Body height [cm] | Arms length [cm]
Table 3 Distance between indicated position and each Subject A 154.5 67
key-SKT Subject B 169.9 74
. - Subject C 168.3 74
| Subject [ Distance [cm] |
2.7
Subject A 3.7 ) ) )
71 5.1.5 Discussion on comparison with other methods
77 The spatial memory based user identification is com-
Subject B a4 pared with other methods qualitatively.
7.0 o Comparison with character password based user
5.1 identification
Subject C 1.9 Character password based user identification is often
5.7 used for our daily life. Users should memorize each
password and corresponding target systems. There-
fore, when increasing the number of character based
passwords, it is difficult to distinguish correspond-
ing target from others. If, in an effort to avoid con-
were completely accessed. Another possible reason is fusion of his passwords, a user uses only one pass-
considered as subjects’ body size. Table. 4 shows sub- word, he will take risks that other people can imper-
jects” body height and arms length. As shown in the ta- sonate him for corresponding systems when coming
ble, arms length of Subject B and Subject C is the same. out it. On the other hand, key-SKTs as a password
However, Subject B was not able to access key-SKTs of for a system are created by referring to setting of the
Subject C even though Subject C could access key-SKTs real environment. Therefore, users can recall the set
of Subject B. Thus, we can conclude that if other users of key-SKTs according to environments.
can find someone’s key-SKTs depends more on the ar- o Comparison with biometrics based user identifica-
rangement than the difference of body size. tion
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Fig. 11 Results of the performance <3>

Biometrics based user identification methods share
the same problem with the case of using only one
password. However, it is difficult to steal biological
information. Therefore, it is suitable to apply to high
confidential targets. On the other hand, key-SKT is
suitable for episodic use or public spaces, because it
can be easily created and changed.
o Comparison with IC tag based user identification

IC tag based user identification is often used for our
daily life. It is also convenient for storing personal
information. In addition, users don’t need to mem-
orize passwords to enter target systems. However,
users will have several cards when using several sys-
tems. In the case of using the same card for several
systems, the risk of impersonation gets higher. And
it is very easy to impersonate card holders if some-
one gets them. On the other hand, detection of the
set of key-SKTs and complete successful access are
hardly achieved by other people. In addition to the
high secrecy, of course, the spatial memory system
can store personal information associated with the
key-SKTs.

6. CONCLUSION

This paper presented the design and the implementa-
tion of the spatial memory system for supporting collab-

oration activity in Intelligent Space. In this paper, the
requirements for the spatial memory as a collaboration
support system were described as follows: (1) Sharing in-
formation for multi-users and multi-terminals, (2) Access
privileges for SKTs and (3) User identification. Then, a
design of the new spatial memory system based on the re-
quirements and the implementation were explained. This
paper proposed a new user identification method by using
the spatial memory system. More specifically, users cre-
ate their own key-SKTs as the password to use the spatial
memory system, and then access all key-SKTs. The new
user identification method was evaluated through user ex-
periments. The method may appear very simple, but the
results showed high secrecy. The experimental results
demonstrated that other users were not able to complete
accesses to all key-SKTs as well as the owner. Based
on the experimental results, we described a design of the
limiting conditions for the user identification from the
view points of the order of access, total accessing time
and the number of indication actions. The effectiveness
of the limiting conditions will be verified. For future in-
vestigation, effective and practical collaboration activity
to utilize the spatial memory can be considered.
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Ubiquitous Interactive Graphics

Claudio Pinhanez, Rick Kjeldsen, Gopal Pingali, Anthony Levas, Mark Podlaseck, Paul Chou
IBM Research, T.J. Watson

pinhanez@us.ibm.com

Abstract

This paper presents a device that creates ubiquitous interactive
graphics in a real world environment without the need for
pre-wiring surfaces or requiring users to carry or wear any special
devices. Called the Everywhere Displays projector, or
ED-projector, this device employs steerability as the key principle
to achieve the promise of ubiquitous computing and augmented
reality. The ED-projector uses an LCD projector with a steerable
mirror to project graphics onto any pre-calibrated surface, while
warping the projected image to correct for oblique distortion.
Three different methods to determine this warping function are
given. To sense user interaction with the projected image, the
ED-projector employs a pan/tilt/zoom camera and a motion-based
computer vision system to track the user’s hand and touch-like
gestures. We propose a sysem software structure that ties together
steering, display, and sensing. Three implemented applications
demonstrate the notion of ubiquitously “painting” the real world
with interactive graphics, in the context of a futuristic office, an
augmented assembly task, and a ubiquitous computer game. The
observation of hundreds of users performing the assembly task
suggests that the traditional desktop paradigm is inadequate for
ubiquitous interaction and that new conceptual widgets and
interaction paradigms must be developed.

Keywords: ubiquitous computing; augmented reality; gesture
recognition; interactive projections; ubiquitous games.

1 INTRODUCTION

The extraordinary success of computer graphics technology in
recent years has been responsible for the creation of amazing new
worlds in movies, interactive computer games, and virtual reality
(VR) environments. However, this very success poses the question
of when the real world, where we live and work, is going to be as
rich with imagery and information as movies and games today.

This paper describes technology that can be used to
ubiquitously augment, correct, and enhance reality. Although the
ultimate goal is to create interactive pixels anywhere in a space as
seamlessly as it happens in movies (thanks to CG special effects),
this particular work focus on how to “paint” interactive graphics
on the surfaces of an environment without requiring any kind of
fixed display devices, special wiring of surfaces or the use of
encumbering headsets.

The system described here is based on a new device, the
Everywhere Displays projector (ED-projector), composed of a
steerable projection system and a pan/tilt camera. A prototype of
the projection system has been built using a pan/tilt mirror that
directs imagery generated by a standard LCD projector. To capture
user interaction with the projected graphics, the images gathered
by the camera are processed using computer vision techniques. In
the current prototype, it is possible to determine the user’s hand
position in referennce to a surface and to detect simple, touch-like

gestures, effectively mapping the user’s hand gestures into
mouse-like events.

For instance, we have developed a computer game, called
“Fro...og!”, where a computer generated image of a frog initially
appears “sitting” on the side of a file cabinet (see Figure 1). If a
player tries to catch it, the vision system detects the player’s hand
approaching and then shows an image of frog jumping (see
Figure 1). This is followed by moving the image of the frog to
another surface, for instance the top of a table by appropriately
steering the mirror. All this happens in an environment under
normal lighting conditions, ultimately creating the illusion that the
frog jumps around the space to avoid being caught by the player.

Our goals, however, go beyond transforming the real world into
a magical entertaining place. In particular, we envision the
creation of seamless interfaces to devices on surface of walls and
everyday objects such as tables, chairs, couches, doors, cabinets,
and carpets. Currently, only very “special” surfaces such as TVs,
monitors, and projected screens support the creation of computer
graphics, and usually require external devices such as mice and
joysticks to make them interactive. In our paradigm, any surface is
regarded as generic support for interactive graphics. By projecting
imagery and detecting user interaction with a camera, it is possible
to transform every surface into a virtual touch-screen.

These ideas have been explored in three application prototypes

Figure 1. Trying to catch a projected frog.
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described in the paper. The first in an attentive/interactive office
space.The second is in the context of augmenting the environment
of an assembly task by projecting interactive graphics directly
onto the surfaces of the objects involved. Ultimately we aim to
realize Mark Weiser’s paradigm of ubiquitous computing (see [1])
without having to change the fabric of the world by embedding
touch-screens on every surface. The thir application is the
ubiquitous computer game “Fro...og!”.

This paper starts by comparing our approach and solutions with
previous work, followed by a description of the technology used in
the prototypes we have built. Although initial ideas on the
ED-projector have been reported in a previous publication [2], this
paper presents the device comprehensively including mathematical
formulation, computer vision based interaction, and three
implemented applications. Specifically, this paper describes the
mathematical formulation of the method for correcting oblique
distortion and presents two new calibration methods for the first
time. Further, in this paper we describe an integrated, working
computer vision system that we implemented to track hands and
detect touches, as well as a way to structure the interface to
application software. While [2]ellaborates only on conceptual
mock-ups, this paper describes three implemented applications
using the ED-projector, followed by a discussion of how novice
users — in one case, more than 600 of them — have experienced
and interacted with the application prototype. We conclude by
examining other applications that can take special advantage of the
ED-projector and discuss the challenges these new interfaces and
applications create for HCI research.

2 RELATED WORK

In his seminal paper that defined the field of ubiquitous computing,
Weiser [1]  envisioned computers embedded everywhere
— ubiquitous and transparent. In his view, interaction with
computers would be accomplished both through direct
mechanisms linking sensors and actuators and by the widespread
presence of cheap interactive screens (referred as “pads”)
embedded on the surfaces of walls, furniture, and objects. Since
the publication of that paper, different devices and methods to
implement the functionality envisioned for Weiser’s pads have
been proposed. In general, those devices and methods can be
divided into four categories: head-mounted, portable, embedded,
and projection-based.

A good survey of the current research on head-mounted devices
and their uses in ubiquitous computing is provided by Barfield and
Caudell [3], describing both wearable computers and the more
traditional approach of off-body computer power. We see two
main challenges in this approach First, in order to really connect to
the physical world, it is necessary to precisely register the position
and attitude of the head of the user with the environment in real
time. An examination of the state-of-art of the research in the area
shows that this is currently achievable only in very constrained
environments (see, for example, Raskar et al. [4]).

The second challenge with head-mounted methods for
ubiquitous displays is that they do not work well in social contexts
and collaborative tasks. If multiple users are looking at the same
surface (for instance, a whiteboard), it is necessary to render
exactly the same graphics on each user’s head-mounted display
simultaneously. This creates considerable difficulties in terms of
accomodating different resolutions, rendering speeds, etc. of
different brands and models of head-mounted displays. In practice,
it is very hard to guarantee that all participants are seeing exactly
the same images.

The second method being studied to create ubiquitous displays
utilizes portable devices such as laptops, PDAs, and mobile

phones. Like head-mounted displays, portable devices do not work
well in social and collaboration tasks (except in very unusual
conditions such as in multi-player games [4]), and are a nuisance
to carry and power.

The third method involves embedding screens or similar
interaction devices into the objects themselves, as proposed
initially by Weiser [1] and more recently by Ishii [5]. However,
even if screens became extremely cheap, this approach requires a
widespread change in the way everyday objects are manufactured
and installed. Power and network access (or wireless bandwidth)
has to be provided to even the simplest object in a home or
workplace. In other words, this approach requires a drastic change
of the very fabric of the real world.

Our approach follows the fourth method of creating ubiquitous
displays that is based on projection devices. Interestingly, the use
of projectors to change and augment reality was pioneered by
media artists such as Tony Oursler [6] and Michael Naimark [7].
The use of projectors to access computers have been initially
proposed by Bolt [8] and Wellner [9]. Recently, more radical
applications of projectors have been proposed by Morishima et
al. [10] that enhance the face of an actor, and by Raskar et al. [11]
to change the color and texture of real objects such as vases and
architectural models. Although our system does not currently track
moving surfaces as in the former example, or project onto 3D
objects as the latter, it can clearly incorporate both features in
future versions.

Deviceless interaction with projections was pioneered by
Krueger [12], using camera-based systems to detect the users’
hand and body. The fact that most vision techniques put strict
constraints on lighting conditions and on the background surfaces
has restricted the use of these systems to entertainment
applications such as Keays and McNeil’s metaField [13]. To avoid
lighting constraints, Omojola et al. [14], Ju [15], and the RED
project at Xerox Parc [16], among others, embedded sensors on
the surface where the images are projected. As in the embedded
approach described before, the widespread adoption of
sensor-loaded surfaces requires a dramatic change in the objects of
the real world. Underkoffler and Ishii [17] and Rekimoto [18] used
visual tags to detect the position and the identity of the objects on
a surface and to overlay the interaction based on these attributes.
To avoid the need of tagging all objects in an environment as in
those two cases, a possible option is the use of object recognition
techniques (such as those described by Schiele and Crowley [19]).
However, those techniques currently work only in very
constrained situations. We believe, though, that incorporating
object recognition capabilities into our system is an important
direction to follow, and we plan to do so forspecific applications.

Vision-based gesture recognition has received a great deal of
attention in recent years [20], but only a little of that work has
attended to the problems of gesture recognition in the context of a
projected display. Because the projected image drastically changes
the appearance of the hand, most approaches to hand detection are
based on either background subtraction or motion (frame-frame
differencing). Our experience agrees with that of von-Hardenberg
and Berard [21] in that background subtraction does not give
reliable results in the presence of strong projected images.

Gesture-based interaction methods tend to fall into one of two
catagories: either variations of a point-and-click paradigm [21, 22]
or application-specific pose or motion gestures [23]. Both these
approaches have disadvantages. The point-and-click approach is
often not well suited to hand pointing due to limited resolution and
the lack of a natural "click". On the other hand, a proliferation of
application-specific gestures will make for a complex gestural
interface that a user will have to learn and execute largely without
feedback, as discussed by Kjeldsen in [24].
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Figure 2. Diagram of the components of the ED -projector.

Figure 3. Prototype of the ED-projector: a)ED-projector
without the camera mounted; b)a detail of a complete
prototype, including the pan/tilt camera.

A major difference between our approach and the cited work on
the use of projection-based devices to create ubiquitous interactive
displays is steerability. By directing the projection and vision
subsystems to a relevant position, it is possible to create new
“interactive” surfaces in a space without any hardware installation,
addition, or change. Unlike Raskar et al. [25], who use mirrors to
increase the resolution of multiple-projector installations, we steer
the image from a projector to realize interactive displays
everywhere in the workspace. By doing so, we opportunistically
use the surfaces of the objects present in the environment. We
believe that steerability is a key feature that creates a real
alternative to realize the promises of ubiquitous computing.
However, it has constraints and technical challenges of its own,
such as obstruction, oblique distortion, and surface texture
interference. These issues are discussed in the next section where
solutions to some of these problems are proposed.

3 THE ED-PROJECTOR

Our approach to ubiquitous interactive graphics uses a device
— the Everywhere Displays projector (the ED-projector) — that
can steer graphic displays onto any surface and can also sense user
interaction with these steered graphical displays. The ED-projector
is composed of an LCD projector, a computer-controlled pan/tilt
mirror, and a pan/tilt/zoom camera. The projector is connected to
the display output of a host computer that also controls the mirror
and the camera (see Figure 2). The video output of the camera is
sent to a digitizer board in the host computer where the imagery is
processed, as described later.

Figure 3 shows a prototype of the ED-projector built with
off-the-shelf components — a rotating mirror used in
theatrical/discotheque lighting, a standard LCD projector, and a
pan/tilt camera. The projector’s light can be directed anywhere

within a cone defined by approximately 60 degrees in the vertical
axis and 230 degrees in the horizontal axis. The camera has a
maximum vertical viewing range of 88 degrees and a horizontal
range of 249 degrees, and is thus able to view the projected
displays as they are steered around.

In general, a projector needs to be able to project a white
pattern approximately 10 times brighter than its surroundings to
create the illusion of contrast. Our current prototype employs a
3000 lumen projector, which we have found to be sufficiently
bright in typical home and office lighting conditions to provide
good contrast in the projected displays. Of course, the perceived
brightness and constrast is heavily dependent on the color and
material of the projected surface. Although our best results involve
projection on white surfaces, we have also obtained good results
projecting on carpets, black objects, and even translucent backlit
surfaces. However, highly textured surfaces such as natural wood
and surfaces with high reflectance are, in general, less suited for
projected displays.

The three main issues with the ED-projector are 1) correction
of the projected image to compensate for distortion due to oblique
projection and surface characteristics; 2)sensing the user
interactions with the projected displays; and 3) a system software
structure that enables applications to easily define interactive
display surfaces. These issues are discussed in detail in the rest of
this section.

3.1 Correcting the Projected Image

Standard LCD projectors are designed to project light in a
direction orthogonal to the projected surface. In the ED-projector,
the pan/tilt mirror can deflect the light to multiple surfaces in the
room, but most of the times the projected surface is oblique to the
direction of projection. The result is a distorted image.

To correct the oblique projection distortion, we pre-warp the
image to be projected to compensate for the distortion. It is always
possible to correct the projected image, as long as the projected
surface does not have a geometry that occludes the cone of
projection (see [2] for details). However, the process of warping
the image normally uses only a fraction of the projector’s image
plane, causing loss of resolution. We will discuss this issue later;
first, we address the problem of determining the warping function
that corrects the oblique distortion.

Although there are many different ways to determine and
implement the warping function, it is important to use a method
that allows fast computation. We choose to implement it using 3D
computer graphics hardware to texture map the images to be
displayed onto a mesh in 3D space. If the mesh is appropriately
warped and/or positioned in 3D space and the virtual camera
correctly positioned, the projection of the resulting rendered image
is free of distortion.

The basic structure of the problem, in the case of planar
surfaces, is illustrated in Figure 4. We start by defining the
application plane, a coordinate system where images to be
projected are positioned within the area of a rectangular mesh M,
and the projector image plane, the coordinate system associated
with the LCD matrix of the projector. We also define a projected
surface to be the real world surface on to which images are
projected. In addition, we have the camera image plane, the
coordinate system associated with the CCD matrix of the camera.

The goal is to define a transformation H from the application
plane into the projector image plane so the transformation that
maps the support mesh M into the projected surface is the identity
1, and, therefore, appears free of distortion from an observer
orthogonal to the projected surface. Since the process of projecting
the image can be modeled as a projective transformation P (as
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Figure 4. The transformations between the application plane,
the projector’s image plane, the camera’s image plane and the
projected surface.

observed in [26, 27]), we can represent the relationships among
the planes as matrices in planar homogeneous coordinates,
I=PH . Since H and P are projective transformations and
therefore invertible, we obtain:

H=PpP"

Similarly if P is the projective transformation between the
camera image plane ad the projected surface, and H, is the
transformation from the application plane to the camera image
plane, we have [ = P’H, . Although there is no easy direct way to
compute the projection function P, we developed three different
methods to determine the actual value of H for a given surface. Of
course, H and H, are different for each planar surface in an
environment.

1% method: Using an Equivalent 3D Virtual CG World

This method, first @scribed in[2], is based on the fact that,
geometrically, projection is the inverse of camera viewing. So, it is
possible to model the projection by simulating the camera view by
rotating, scaling, and viewing the support mesh M in 3D space.

Given the »n mesh points in 2D projective space,
m,=[m’ m’ 1], 1<i<n,let M be the matrix of all n points,
M =[m{m}...m}]. This mesh can be “positioned” in the XY
plane of the 3D space by multiplying it by the matrix

100 m om, ... m,
_(010 —|m m ...om’
K=looo|  ®M=% ¢ %
001 1.1

We can then simulate the proces of projecting the mesh as the
inverse of the process of “viewing” the appropriately positioned
mesh in 3D space. That is,

P'M=PRRSSTTRKM

where R, R,,R, are rotation matrixes in 3D homogeneous
coordinates, S,,S, are scale matrixes, 7,7, are translation

matrixes, and P, is the 3Xx4 projective matrix with focus
point f. Since H = P, we obtain

H=PRRSSTTRK

Notice that all the matrices that compose H, with the exception
of K, correspond to standard projection parameters of computer
graphics boards. Therefore, to implement this method it is only
necessary to determine these individual parameters, load them into

the hardware, and command the graphics board to render the
scene.

To determine the projection parameters for a given surface we
start by texture mapping a calibration pattern to the mesh M.
Starting off with default values for the projection parameters that
render the mesh on the center of the projector image plane without
warping (i.e, H=1), we iteratively change each of the
projection parameters until the projection of the pattern on the
projected surface is observed to be identical to the original mesh.
We then record these parameters and reload them whenever the
ED-projector is aimed at that surface. Although conceptually
simple, this iterative process of determining the right projection
parameters is typically very time consuming.

2" method: Manual Determination of Corresponding Points

This and the following method are based on the fact that projective
transformations can be completely determined if the
corresponding coordinates of four points in each 2D projective
space are known (as shown by Faugeras [28]).

In this method, four points « =[a] a/ 1], i=1,2,3,4, are
directly rendered on the projector image plane. We then iteratively
move these points over the projector image space with a pointing
device such as a mouse until their projections overlap the location
of four known points on the projected surface, b, =[b" b 1],
i=1,2,3,4. For greater accuracy, we can choose these four points
to be the corners of the mesh M.

It is easy to see that if the projected points are aligned with the
projected  surface  points  then PA=B ,  where
A=[al &l ai aj] and B=[b/ b bl b]. By computing the
pseudo-inverse,

PA=B—> PAA" = BA" — P=BA" (44")"

Since H =P, we obtain H =44 (BA")". To implement
this procedure, we simply construct a warped mesh M’ in 3D
projective space by computing M’ = KHM , texture map the
image to be projected on it, and use the graphics engine to render
it in real time.

As we see, the calibration procedure of this method is quite
simple and fast, requiring only a few minutes for the manual
alignment of the four projected points. Although similar to the
method proposed by [29], here the use of the 3D mesh M and the
computer graphics hardware yields much faster rendering speeds.

3" method: Using a Camera and a Paper Pattern

In this method, we employ the ED-projector camera so we can
avoid any manual calibration procedure. In [30], Yang et al. have
proposed a method to automatically determine the warping
function using a projector/camera pair. Unfortunately, their
approach requires precise 3D calibration of the relative attitude of
the camera to the projector and, in practice, a considerable
baseline distance between them. In particular, it does not work
with the ED projector that aligns the projector and the camera axis
as much as possible to avoid user’s obstruction of the camera’s
view.

Instead, we propose here a method that employs a paper pattern
positioned on the surface to be calibrated so it is aligned with the
desired coordinate system. No relative 3D or 2D calibration is
necessary, although we assume that the camera has been
positioned in such a way that it has a complete view of the
projected surface. Under these conditions, we can define a
projective transformation P between the camera image and the
projected surface (see Figure4). This transformation can be
determined automatically by processing an image of the pattern
and extracting the camera image coordinates of the corners,
¢ =[c ¢ 1], i=1,2,3,4. Assuming the coordinates of the
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Figure 5. Difficulties faced by the vision system: a) the user’s
hand is partially hidden by the strong projection; b) the
interactive surface is occluded by the user’s shoulder as he
moves to gather objects from inside a bucket.

Figure 6. Detecting a touch: a) camera view of an interaction
with a bucket; b) image difference data; c) overlay of search
region (square), button active area (circle), and the fingertip
template shown at the pointing location.

pattern corners to be identical to the mesh M in application space,
b =[b* b’ 1], i=1,2,3,4, we obtain P'C=B8, and computing
the pseudo-inverse,

P =BC"(ccT)’

To complete the computation of the transformation H, it is
necessary to determine the correspondence between the projector
and the camera image planes. This can be done by projecting a
pattern with four non-colinear points rendered on the projector
image plane d,=[d" d} 1], i=1,2,3,4, and obtaining four
points on the projected surface, e, =[e; e 1], i=1,2,3,4. Then,
by image processing the image of the pattern, it is possible to
determining the coordinates of its four corners on the camera
image plane, f =[f" f7 1], i=1,2,3,4.

Since E=p el ej ej] corresponds both to the projection
of D=[d d; di d}] by the projector, PD=E, and to the
captured image of the pattern, P'F=E, we obtain PD = PF .
Computing the pseudo-inverse, we obtain P=PFD"(DD")"
and therefore

H=DD"(PFD")"

As in the previous method, this transformation is implemented by
computing a warped mesh M’ = KHM .

One problem with all these three distortion-correcting methods
is that they project displays with resolution lower than the
projector’s resolution. The distortion-correction process normally
fits an irregular quadrangle into the 4:3 viewing area of typical
displays. A considerable amount of display area, and thus
resolution, is lost in the process. We have employed standard
1024x768 XVGA projectors in our prototypes. Due to the loss of
display area created by the distortion correction process, the final
display resolution has approximately corresponded to VGA, i.e.,
640x480 pixels.

3.2 Sensing Interaction on Any Surface

To support the ability to interact on any surface we use a pan/tilt
camera feeding custom image processing and gesture recognition
engines. This process has been detailed in another publication [31],
but will be outlined here for completeness.

Image processing in this domain is both simplified and made
more difficult by the strong light of the projected image. It is
simplified in the sense that the lighting environment is very
consistent because the dynamic range of the projection swamps all
but mmjor changes in ambient light. It is made more difficult
because the appearance of the user’s hand can be severely
distorted as it passes through the projected image (see Figure 5.a).

Although parts of the hand can be hard to detect in a static
image, by looking at the differences between adjacent images in
the video stream, we can still detect the shape of a moving object
as shown in Figure 6.a and b.The use of motion for segmentation
instead of background subtraction techniques (such as [32]) also
makes it easier to accommodate the variability in the projected
image caused by the texture of the surface it is projected on. This
motion mask forms the basis of subsequent image understanding.

To provide interaction in a flexible and consistent manner we
use the notion of interface widgets. Each widget generates
computer or application events in response to a particular user
motion in a region of the image. We currently use three types of
widgets: buttons that respond to touch-like motions; sliders,
I-dimensional tracking regions, and fouch pads, which are
2-dimensional tracking regions.

These three widget types rely on tracking the user’s fingertip.
Convolution template matching is used to find fingertip candidates
in the motion mask image described above. The candidates are
evaluated using spatial clustering and domain specific heuristics,
such as the distance from the user, to determine the best estimate
of whether there is a fingertip in the image and where it is
currently pointing. The trajectory created by this point over a
sequence of video frames is examined by each widget to determine
when it should trigger an event.

Touch pad widgets smooth the fingertip trajectory and map it
into the touch pad coordinate system. Motion events are only
generated when the fingertip is within the touch pad’s borders.
Sliders are simply a 1-dimensional version of touch pads.

Buttons, however, are more complex widgets. What buttons
attempt to detect is when a surface in the environment is touched.
Inferring the distance of the fingertip to the surface using the
shadow proved to be difficult and unreliable. Fortunately, people
tend to interact with real-life buttons by moving in a characteristic
forward/pause/backward pattern, and this seems to carry over well
to projected buttons. Our implementation of buttons takes
advantage of this movementpattern.

To determine when a user has touched a button we look for a
roughly linear sequence of fingertip locations that persists for
250ms or longer, with speed within a set range, that either ends or
begins with a pause (i.e. the fingertip template did not find a match
in the motion mask). A button generates its event when the pause
in such a trajectory occurs within it (see Figure 6.c). In other
words, we are looking for the user’s fingertip to travel in one
direction for % second and stop within the button, or start moving
from the button and move in a consistent direction for %4 second.
These approximations for the motion of a fingertip in the moments
before and after it touches a button seem to be universal: almost
every button touch either starts or ends that way. Interestingly
though, many button touches only have one or the other of these
motions. Of course, adjustments are needed in the case of people
with tremors or other motor disabilities.
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Figure 7. Process of creating an interactive surface on a table.

One of the interesting problems in this domain occurs when
users occlude buttons as shown in Figure 5.b. Our experiments
with users, even novices, have shown that they naturally avoid
obstructing the projection if they are attending to it, but they are
quite bad at staying out of the way when they are working with the
physical world instead. Buttons have inherent resistance to
triggering in these types of situations because any motion must
pass several tests before it generates an event. It must resemble a
fingertip for several frames; during that time it has to travel with a
consistent direction and velocity and stop within a button. Such a
sequence sometimes occur as a result of a chance combination of
errors, contributing to a somewhat higher false positive rate for
some buttons, particularly those which the user occludesfor a
period of time rather than just passes through.

By using both the shape of the moving region as well as an
analysis of its trajectory, this touch detection method gives far
better accuracy than using ecither one alone. Because it relies
directly on image data, rather than building an explicit model of
the hand, it is computationally efficient enough to run at high
frame rates on standard hardware.

Widgets can be combined in various ways in order to perform a
complete interaction with the user. However, configurations of
widgets are defined independently of the surface where they are
used. That is, if an application interface using a set of buttons is
moved to different surfaces, it is not necessary to define each
button for each surface. Instead, the location of a widget within the

camera image is determined at run time by appropriately mapping
the configuration onto the camera image plane. In this case the
surface refers to a set of camera parameters. These parameters,
like those of the projector, have to be calibrated in advance. In
particular, the calibration process has to determine the
transformation H, between the widget coordinate system and
the camera image (as shown in Figure 4). Calibration of surfaces is
performed using methods analogous to the 2nd and 3rd methods of
projection calibration, although information about the expected
location of the user, and the size of their hand, has to be obtained
during an extra, special calibration step (see [31]for details).

3.3 Integrating Displaying and Sensing

The two preceding sections described the techniques and
subsystems that provide the display (output) and sensing (input)
functionality of the ED-projector. This section discusses the
integration of these separate subsystems in a manner that affords
application development and human interaction. One of our
primary objectives here is to enable a specific user interaction to
occur on any calibrated surface in a room without requiring the
customization of this interaction for every surface. This leads to a
clear separation of the abstract definition of an interaction from the
actual surface upon which it occurs.

Our widgets are constructed using the standard Model View
Controller (MVC) design pattern structure [33]. In our case, the
projector subsystem is resp onsible for rendering the view, while
the vision subsystem provides the controller input events. The
definition layer of Figure 7 shows the separation of the display and
interaction areas that are reponsible for the definition of the view
and the interaction respectively. Display and interaction will often
overlap as shown by the square overlapping buttons on the right of
the display area. Provision is also made, however, for allowing
interaction to occur in a region where nothing is displayed, as
shown in the large rectangular region on the right of the
interaction area. Notice that the display area here corresponds to
the mesh M of the application plane decribed before (see also
Figure 4).

Every interaction surface in a physical space is named and
initially calibrated by the projection and vision subsystems
yielding the transforms H and H, respectively. H corrects the
projected image while H, provides the tansformation to the
camera image, for a specific surface as described in the prior
sections. Figure 7 demonstrates the flow of definitions for display
images and interaction data (widget data) from the definition layer
to the mapping layer. During run-time, the system software
automatically maps (through the warping functions H and H,)
the definition layer data into the projected image and the camera
view associated with the current surface. The result is a projected
image that generates application events when user gestures occur
in the areas defined in the camera view, as shown in the
integration layer of Figure 7.

4 PAINTING WITH INTERACTIVE
GRAPHICS

To better understand how to use projected interactive graphics and
how users relate to them, we have designed and implemented three
application prototypes using the ED-projector. In the first
application, an office space is augmented with dynamic wallpapers,
visual notifications of messages, and computer access from
multiple surfaces. The second prototype explores an assembly task
where the instructions are projected directly onto the surfaces of
the objects involved in the task. The third prototype is the “catch
the frog” game described in the introduction to this paper.
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Figure 8. Uses of the ED-projector in an office application:
a)to create dynamic wallpapers; b)to provide silent
notification of e-mail; and c) to create a computer desktop on
a working surface.

4.1 An Office Application

The first prototype application in which we have deployed the
ED-projector is a futuristic personalized and context-aware
workspace. The workspace has an 8’by 10’ footprint and
incorporates several sensors for measuring ambient lighting,
temperature, humidity and noise level. Users and visitors to the
workspace wear active badges that facilitate presence detection
and identification. The desk chair is equipped with a pressure
sensor connected to a wireless micro-controller, which detects if a
person is sitting in the chair. This environment incorporates an
ED-projector, strategically located to maximize coverage of the
workspace. In this setting, we have used a non-interactive version
of the ED-projector to facilitate greater personalization of the
environment and to free its users from the confines of the desktop
displays.

The presence of an ED-projector in the office tranfigures the
space into an extended graphical display and enables the user to
have a favorite painting on a wall, receive important notifications
on surfaces that catch their attention, or use a tabletop as a display
when collaborating with a colleague (see also the video figure).
Figure 8.a shows an example of a dynamic wallpaper aeated by
the ED-projector. The user can similarly have a virtual window
that is connected to a live webcam looking at her favorite scenery
(effectively making it a window office) or monitoring her child at
home. The ED-projector can automatically switch to a neutral, less
personal image when a co-worker comes to the office, based on
the active badge.

Figure 8.b illustrates an urgent notification to the user
appearing on a surface close to the user’s current location. Here,
the smart office detects that the user is seated at the desk and steers
the notification right to the surface of the desk. By determining the
position of the user, the system is assured that the user will see the
urgent message without having to rely on the traditional sound
alerts which tend to be disruptive to people working in a shared
environment.

Another example of the utility of a steerable display is seen in
Figure 8.c where two colleagues have created a computer desktop
display on the working surface of their choice. Here, interactive
capabilities, provided by a camera system, are planned to be
incorporated to facilitate collaborative work.

4.2 Augmenting an Assembly Task

The ED-projector can be seen as a device for augmenting reality —
a beam of light that can add information on to real world objects
by highlighting them, adding text or images, flashing etc. For
example, the ED-projector can show the user an object they are
searching for, or indicate the procedure for an assembly task, and
even where to place a part in an assembly.

We developed a prototype assembly task to highlight these
themes of augmented reality and interaction anywhere. In this
prototype application, which was experienced by hundreds of
novice users in a major technical exhibition, the object to be
assembled is a picture made of Mé&M’s (multi-colored
sugar-coated chocolates) where each M&M is regarded as a pixel
of the picture.

The theme of interactivity anywhere is demonstrated several
times in this prototype application (see also the video figure).
Figure 9.a shows a white fabric on a table transformed into an
interactive menu for color selection. The user simply touches the
color of his choice to select it. Figure 9.b shows a “clickable”
button appearing on a paint bucket that contains the M&M’s of the
selected color. Figure 9.b and ¢ highlight the augmented reality
and user assistance aspects of the system. In Figure 9.b the system
highlights the bucket that contains the M&M’s of the selected
color, and also provides additional information on how many
M&M’s to pick. In Figure 9.c, the system points the exact places
on the picture board where the M&M’s should be placed.
Figure 9.d shows another combination of interaction and
augmented reality: the user moves her hand over the surface to
interactively reveal the rest of the picture being built.

More than 650 people participated in this augmented assembly
over 6 days and completed 4 different M&M pictures. Considering
that the vision system and the projection system were integrated
for the first time only in the weeks preceding the exhibition, the
combined system worked remarkably well. A sample with 130
consecutive users with 621 button touch events (touching gestures
or false detections) yielded correct detection of touching gestures
in 81% of the events, with 12% false negatives and 7% false
positives. If the bucket events are excluded from the count, the
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Figure 9. The M&M picture assembly task: a) choosing a color; b) “clicking” a bucket after getting the M&Ms; ¢) placing the M&Ms on the

highlighted areas; and d) “finger painting” to reveal the complete picture.

performance exceeds 89%. A detailed account of the reasons why
buckets yielded more errors is given in [31].

The experiment also revealed that users are readily able to
relate to the notion of steerable interactive graphics. We also
observed the value of the projection creating a shared experience
between the users and the people observing the demo: in many
cases, users learned the interaction process by first watching other
users; and frequently, observers helped users suggesting what to
do next. As mentioned before, a major advantage of projection
over goggles is precisely this “social” nature of projection.

An interesting observation is that our users were less hesitant to
interact with the fabric-covered interactive color selection
menu (Figure 9.a) and the M&M placement board (Figure 9.c,d)
than with the paint buckets (Figure 9.b). When they went to a
bucket to pick up M&M’s, many of them did not realize that they
had to click the big “done” button on it (see also Figure 6.a). We
had expected that, since this was the third occasion for touch
interaction in the demo, users would quite naturally press the
button on the bucket as instructed. Most of the time, this was not
the case. To help the users in that situation we often gave them
verbal instructions such as “Click the bucket,” aiming to make
clearer that there was, in fact, a button on the bucket.

4.3 “Fro...og!”

The ED-projector’s unique characteristic of being able to quickly
move the projected image to different surfaces is being explored in
a computer game for young children. In this game, called
“Fro...og!”, an image of a frog is projected on a surface.
Whenever the child tries to touch the frog, the camera detects her
approach, and the frog “jumps” to another surface, that is, the
projector moves the image to a wall or the top a chair.

Figure 1 shows two pictures of a user playing with the current
prototype of “Fro...og!”. The basic idea is to define surfaces in the
environment where the animated frog can jump to. Whenever the
user’s hand approaches the frog, the next surface is randomly
chosen, and an image of the frog jumping in that direction is
briefly shown. After landing on the new surface, a simple
animation of the frog jumping up and down is projected, so it
becomes easier to find the frog in the environment.

In the next development phase of this game we plan to
integrate it to a system that tracks the position of multiple children
in the room, so the frog can jump to surfaces which are far from
most players. Tracking is also particularly important to avoid

projecting the frog directly onto the players which, in this scenario,
can easily break the illusion of the game.

5 DISCUSSION

Having shown how we implemented a working prototype of an
ED-projector and deployed it in three different applications, it is
interesting to explore other possible applications and scenarios,
and discuss how to design efficient interfaces for them.

5.1 Other Applications

We see two classes of applications of the ED-projector to create
ubiquitous interactive graphics. The first involves the creation of
computer interfaces anywhere, while the second deals with
augmented reality in a variety of public and private spaces.

In the first class of applications, we regard the ED-projector as
a generic input/output device that can replace, in many situations,
current displays and interactive devices by creating computer
desktop -like interactive displays on non-tethered surfaces. For
example, a desktop application can be projected directly on any
surface, as previously suggested by Wellner [9] and as
demonstrated in subsection 4.1 . Unlike the interactive whiteboard
described in [34], the projected application can be easily moved
around the room, for instance, from a whiteboard on the wall to
the top of a desk for more detailed reading. Similarly, the
ED-projector can be used © bring information to the physical
location where it is used or needed. For example, a database
application managing reports can be projected on top of the file
cabinet with hard copies of the reports.

In the second class of applications the ED-projector can
augment reality by pointing to physical objects, showing
connections among them, and projecting patterns to indicate
movement or change in the real world. The prototype assembly
task described in subsection 4.2 is a typical example of this class
of applications. Another example applies to a library in which
directions are provided to a user looking for a book by projecting
arrows on the floor, walls and shelves, and finally by highlighting
the desired book.

Steerable graphics produced by the ED-projector can also aid in
collaborative work by providing large displays on convenient
surfaces, and allowing easy reconfiguration of meeting spaces for
different functions and teamwork styles, in similar ways to the
office project described in subsection 4.1 .

The ED-projector can also be used to provide computer and
information access in environments where traditional displays are
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difficult to install, secure, or maybe unsafe to operate, such as
public spaces and areas subject to harsh environmental conditions.
The device also permits an interactive display to be brought to the
proximity of a user, eliminating the need for the user to approach a
traditional, fixed display. In particular, the ED-projector can
facilitate the access and use of computers by people with
locomotive disabilities. For instance, it can project an interactive
display on a hospital bed sheet without requiring the patient to
contact any device.

We also see the ED-projector as a potential enabler of a new
generation of games where interaction happens not in the virtual
world but in the physical world such as the “Fro...og!” game
described above. Unlike games based on phones and portable
computers [4], the wuse of the ED-projector provides
high-resolution displays where characters and fantastic objects can
move from surface to surface, creating a game that surrounds the
players. Using video input, various user actions can be detected
depending on the game needs, for example, hand gestures, body
movements, foot action, and/or facial expressions. Above all, a
single ED-projector installed on the ceiling of a living room or an
arcade, using just software commands, can completely reconfigure
the space to create different games according to the interests, age,
and motor skills of the players.

The scenarios examined so far are chiefly concerned in creating
ways for humans to command computers and/or obtain
information. However, we see the projecting of interactive
graphics ubiquitously as a way to provide computer agents the
ability to “reach and touch” the real world and the people that
inhabit it. By using projected patterns, it is possible to make
computers not only interact with people, but act and coordinate
them. For instance, a computer agent can control people in a line
by projecting red lines and green arrows around the people on the
line. A steerable projector system is, thus, able to create a “body”,
composed of light, for an agent. From this perspective, we may be
creating an interface to the real world for computers.

5.2 Human Interface Issues

As foreseen by Weiser [1], ubiquitous interactive graphics do not
seem to follow the standard paradigm of interaction based on the
desktop metaphor. In our M&M demonstration, we had the
opportunity to observe more than 650 novice users experiencing a
scenario of true ubiquitous computing, in the context of an
assembly task. On one side, we observed that they quite naturally
accepted the idea of augmenting reality with information directly
projected on objects. Moreover, we saw they naturally change
their body’s position to minimize problems like the shadow of
their arms and body over the board. People seemed not only to
accept projected graphics naturally but also to compensate for its
limitations.

However, when trying to click a button, the users almost
always applied pressure onto the projected surface with their
fingers. Also, whenever a button touch was not detected by the
vision system, the most common reaction was to press again with
more pressure and, if still not successful, using the whole hand
instead of a finger. It seems that people expect buttons, even
virtual buttons, to react to pressure and not to touch, and to fail if
enough pressure is not applied on them.

This observation clearly illustrates the limitations of the
hand-as-a-mouse paradigm used in the M&M demo. Although it is
easier for users to relate the ubiquitous experience to their
everyday contact with desktop interfaces, the metaphor proved to
be misleading to the true nature of the interface. Unlike a mouse
that has appropriate haptic feedback for clicking gestures,
touching a projected button is devoid of feedback movement.

Similar observations prompt us to believe that a new paradigm for
interaction with projected screens must be developed, with new
kinds of widgets, tuned for the natural capabilities and limitations
of projection and gesture-based interaction, just as the point and
click paradigm is tuned for the characteristics of a physical mouse.
Touch-screen-like interactions do translate better to the projected
interface domain. Although our widgets are not based on surface
contact, the widgets we have found useful so far (buttons, scroll
bars and touch pads) are all based on motions people naturally
make when touching.

One of the exciting aspects of this work is that it is an excellent
environment to explore more adventurous gesture-based
interaction styles. By giving the user feedback as to what gestural
interactions the system is expecting and where in the environment
they may be peformed, the cognitive load on the user can be
reduced. Without such feedback a user would have to memorize
what amounts to a set of complex dance steps to simply use a
gesture-based interface.

This investigation of new human-computer interface paradigms
is even more important in the case of multi-user interaction.
Unlike desktops, wearable computers, or PDAs, projected
interactive graphics naturally allow many users to simultaneously
interact with an application. Although the applications we have
developed so far are all single-user, it seems clear multi-user
interaction will soon became an important area of research.

Another intriguing question is related to the different degrees of
difficulty experienced by users when interacting with graphics
projected on different supporting objects. Clicking a paint bucket
seems to be harder to accept then clicking a table. Of course the
design of our system and the simplicity of our experiment allow us
neither to definitively state that the phenomenon does happen nor
to draw conclusions about its causes. However, one hypothesis is
that people seem to attribute different interactive capabilities to
projected interactive graphics according to the nature of the
surfaces themselves. Are the paint buckets “functionally fixed”,
that is, if something looks and acts like a paint bucket, is it less
likely to be perceived as something else — namely, a touch-screen?
We are currently preparing a study to determine the validity of this
hypothesis.

Finally, our research so far has addressed only visual input and
output. A promising area of research seems to be the application of
the concept to steerability of other stimuli such as sound, using,
for instance, the audio spotlights described by Pompei [35]. What
kind of interfaces and applications can be created by a full
multimodal steerable system?

6 CONCLUSION

This paper describes a new method and device for creating
ubiquitously interactive graphics on non-tethered surfaces. We
have shown three different methods to determine the warping
function that corrects for oblique projection distortion and a
computer vision system that tracks the user’s hand over the
projected images and detects touch-like gestures. We have also
implemented three applications that realize ubiquitous computing
concepts such as everywhere computer access and augmented
reality. Based on the experience of running the M&M demo with
hundreds of novice users, we have also detected a need to
re-examine the current interaction paradigms, and possibly,
investigate and propose new ones.

We see this work as an important contribution to realize the
vision of ubiquitous computing, without asking people to wear
headsets or wiring the surfaces of everyday objects. However, we
do not advocate projection-based solutions as a panacea for
ubiqutious applications: in many cases, it is more desirable and
efficient to use head-mounted displays. A good analogy is to
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compare headsets and projectors to Walkmans and stereo sound
systems. Walkmans are unsurpassable as a way to provide music
when people are moving around or in public spaces such as trains
and airplanes. They are very effective in creating a personal
experience, albeit not able to create social interaction. Similarly,
we keep loving stereo systems because they render music to a
whole space, nurturing a collective experience that is attached to
the space itself. We see similar advantages and limitations when
comparing headsets and steerable projectors as a way to render
interactive graphics onto the real world.
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Ubiquitous Interactive Graphics

Claudio Pinhanez, Rick Kjeldsen, Gopal Pingali, Anthony Levas, Mark Podlaseck, Paul Chou
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Abstract

This paper presents a device that creates ubiquitous interactive
graphics in a real world environment without the need for
pre-wiring surfaces or requiring users to carry or wear any special
devices. Called the Everywhere Displays projector, or
ED-projector, this device employs steerability as the key principle
to achieve the promise of ubiquitous computing and augmented
reality. The ED-projector uses an LCD projector with a steerable
mirror to project graphics onto any pre-calibrated surface, while
warping the projected image to correct for oblique distortion.
Three different methods to determine this warping function are
given. To sense user interaction with the projected image, the
ED-projector employs a pan/tilt/zoom camera and a motion-based
computer vision system to track the user’s hand and touch-like
gestures. We propose a sysem software structure that ties together
steering, display, and sensing. Three implemented applications
demonstrate the notion of ubiquitously “painting” the real world
with interactive graphics, in the context of a futuristic office, an
augmented assembly task, and a ubiquitous computer game. The
observation of hundreds of users performing the assembly task
suggests that the traditional desktop paradigm is inadequate for
ubiquitous interaction and that new conceptual widgets and
interaction paradigms must be developed.

Keywords: ubiquitous computing; augmented reality; gesture
recognition; interactive projections; ubiquitous games.

1 INTRODUCTION

The extraordinary success of computer graphics technology in
recent years has been responsible for the creation of amazing new
worlds in movies, interactive computer games, and virtual reality
(VR) environments. However, this very success poses the question
of when the real world, where we live and work, is going to be as
rich with imagery and information as movies and games today.

This paper describes technology that can be used to
ubiquitously augment, correct, and enhance reality. Although the
ultimate goal is to create interactive pixels anywhere in a space as
seamlessly as it happens in movies (thanks to CG special effects),
this particular work focus on how to “paint” interactive graphics
on the surfaces of an environment without requiring any kind of
fixed display devices, special wiring of surfaces or the use of
encumbering headsets.

The system described here is based on a new device, the
Everywhere Displays projector (ED-projector), composed of a
steerable projection system and a pan/tilt camera. A prototype of
the projection system has been built using a pan/tilt mirror that
directs imagery generated by a standard LCD projector. To capture
user interaction with the projected graphics, the images gathered
by the camera are processed using computer vision techniques. In
the current prototype, it is possible to determine the user’s hand
position in referennce to a surface and to detect simple, touch-like

gestures, effectively mapping the user’s hand gestures into
mouse-like events.

For instance, we have developed a computer game, called
“Fro...og!”, where a computer generated image of a frog initially
appears “sitting” on the side of a file cabinet (see Figure 1). If a
player tries to catch it, the vision system detects the player’s hand
approaching and then shows an image of frog jumping (see
Figure 1). This is followed by moving the image of the frog to
another surface, for instance the top of a table by appropriately
steering the mirror. All this happens in an environment under
normal lighting conditions, ultimately creating the illusion that the
frog jumps around the space to avoid being caught by the player.

Our goals, however, go beyond transforming the real world into
a magical entertaining place. In particular, we envision the
creation of seamless interfaces to devices on surface of walls and
everyday objects such as tables, chairs, couches, doors, cabinets,
and carpets. Currently, only very “special” surfaces such as TVs,
monitors, and projected screens support the creation of computer
graphics, and usually require external devices such as mice and
joysticks to make them interactive. In our paradigm, any surface is
regarded as generic support for interactive graphics. By projecting
imagery and detecting user interaction with a camera, it is possible
to transform every surface into a virtual touch-screen.

These ideas have been explored in three application prototypes

Figure 1. Trying to catch a projected frog.
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described in the paper. The first in an attentive/interactive office
space.The second is in the context of augmenting the environment
of an assembly task by projecting interactive graphics directly
onto the surfaces of the objects involved. Ultimately we aim to
realize Mark Weiser’s paradigm of ubiquitous computing (see [1])
without having to change the fabric of the world by embedding
touch-screens on every surface. The thir application is the
ubiquitous computer game “Fro...og!”.

This paper starts by comparing our approach and solutions with
previous work, followed by a description of the technology used in
the prototypes we have built. Although initial ideas on the
ED-projector have been reported in a previous publication [2], this
paper presents the device comprehensively including mathematical
formulation, computer vision based interaction, and three
implemented applications. Specifically, this paper describes the
mathematical formulation of the method for correcting oblique
distortion and presents two new calibration methods for the first
time. Further, in this paper we describe an integrated, working
computer vision system that we implemented to track hands and
detect touches, as well as a way to structure the interface to
application software. While [2]ellaborates only on conceptual
mock-ups, this paper describes three implemented applications
using the ED-projector, followed by a discussion of how novice
users — in one case, more than 600 of them — have experienced
and interacted with the application prototype. We conclude by
examining other applications that can take special advantage of the
ED-projector and discuss the challenges these new interfaces and
applications create for HCI research.

2 RELATED WORK

In his seminal paper that defined the field of ubiquitous computing,
Weiser [1]  envisioned computers embedded everywhere
— ubiquitous and transparent. In his view, interaction with
computers would be accomplished both through direct
mechanisms linking sensors and actuators and by the widespread
presence of cheap interactive screens (referred as “pads”)
embedded on the surfaces of walls, furniture, and objects. Since
the publication of that paper, different devices and methods to
implement the functionality envisioned for Weiser’s pads have
been proposed. In general, those devices and methods can be
divided into four categories: head-mounted, portable, embedded,
and projection-based.

A good survey of the current research on head-mounted devices
and their uses in ubiquitous computing is provided by Barfield and
Caudell [3], describing both wearable computers and the more
traditional approach of off-body computer power. We see two
main challenges in this approach First, in order to really connect to
the physical world, it is necessary to precisely register the position
and attitude of the head of the user with the environment in real
time. An examination of the state-of-art of the research in the area
shows that this is currently achievable only in very constrained
environments (see, for example, Raskar et al. [4]).

The second challenge with head-mounted methods for
ubiquitous displays is that they do not work well in social contexts
and collaborative tasks. If multiple users are looking at the same
surface (for instance, a whiteboard), it is necessary to render
exactly the same graphics on each user’s head-mounted display
simultaneously. This creates considerable difficulties in terms of
accomodating different resolutions, rendering speeds, etc. of
different brands and models of head-mounted displays. In practice,
it is very hard to guarantee that all participants are seeing exactly
the same images.

The second method being studied to create ubiquitous displays
utilizes portable devices such as laptops, PDAs, and mobile

phones. Like head-mounted displays, portable devices do not work
well in social and collaboration tasks (except in very unusual
conditions such as in multi-player games [4]), and are a nuisance
to carry and power.

The third method involves embedding screens or similar
interaction devices into the objects themselves, as proposed
initially by Weiser [1] and more recently by Ishii [5]. However,
even if screens became extremely cheap, this approach requires a
widespread change in the way everyday objects are manufactured
and installed. Power and network access (or wireless bandwidth)
has to be provided to even the simplest object in a home or
workplace. In other words, this approach requires a drastic change
of the very fabric of the real world.

Our approach follows the fourth method of creating ubiquitous
displays that is based on projection devices. Interestingly, the use
of projectors to change and augment reality was pioneered by
media artists such as Tony Oursler [6] and Michael Naimark [7].
The use of projectors to access computers have been initially
proposed by Bolt [8] and Wellner [9]. Recently, more radical
applications of projectors have been proposed by Morishima et
al. [10] that enhance the face of an actor, and by Raskar et al. [11]
to change the color and texture of real objects such as vases and
architectural models. Although our system does not currently track
moving surfaces as in the former example, or project onto 3D
objects as the latter, it can clearly incorporate both features in
future versions.

Deviceless interaction with projections was pioneered by
Krueger [12], using camera-based systems to detect the users’
hand and body. The fact that most vision techniques put strict
constraints on lighting conditions and on the background surfaces
has restricted the use of these systems to entertainment
applications such as Keays and McNeil’s metaField [13]. To avoid
lighting constraints, Omojola et al. [14], Ju [15], and the RED
project at Xerox Parc [16], among others, embedded sensors on
the surface where the images are projected. As in the embedded
approach described before, the widespread adoption of
sensor-loaded surfaces requires a dramatic change in the objects of
the real world. Underkoffler and Ishii [17] and Rekimoto [18] used
visual tags to detect the position and the identity of the objects on
a surface and to overlay the interaction based on these attributes.
To avoid the need of tagging all objects in an environment as in
those two cases, a possible option is the use of object recognition
techniques (such as those described by Schiele and Crowley [19]).
However, those techniques currently work only in very
constrained situations. We believe, though, that incorporating
object recognition capabilities into our system is an important
direction to follow, and we plan to do so forspecific applications.

Vision-based gesture recognition has received a great deal of
attention in recent years [20], but only a little of that work has
attended to the problems of gesture recognition in the context of a
projected display. Because the projected image drastically changes
the appearance of the hand, most approaches to hand detection are
based on either background subtraction or motion (frame-frame
differencing). Our experience agrees with that of von-Hardenberg
and Berard [21] in that background subtraction does not give
reliable results in the presence of strong projected images.

Gesture-based interaction methods tend to fall into one of two
catagories: either variations of a point-and-click paradigm [21, 22]
or application-specific pose or motion gestures [23]. Both these
approaches have disadvantages. The point-and-click approach is
often not well suited to hand pointing due to limited resolution and
the lack of a natural "click". On the other hand, a proliferation of
application-specific gestures will make for a complex gestural
interface that a user will have to learn and execute largely without
feedback, as discussed by Kjeldsen in [24].
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Figure 2. Diagram of the components of the ED -projector.

Figure 3. Prototype of the ED-projector: a)ED-projector
without the camera mounted; b)a detail of a complete
prototype, including the pan/tilt camera.

A major difference between our approach and the cited work on
the use of projection-based devices to create ubiquitous interactive
displays is steerability. By directing the projection and vision
subsystems to a relevant position, it is possible to create new
“interactive” surfaces in a space without any hardware installation,
addition, or change. Unlike Raskar et al. [25], who use mirrors to
increase the resolution of multiple-projector installations, we steer
the image from a projector to realize interactive displays
everywhere in the workspace. By doing so, we opportunistically
use the surfaces of the objects present in the environment. We
believe that steerability is a key feature that creates a real
alternative to realize the promises of ubiquitous computing.
However, it has constraints and technical challenges of its own,
such as obstruction, oblique distortion, and surface texture
interference. These issues are discussed in the next section where
solutions to some of these problems are proposed.

3 THE ED-PROJECTOR

Our approach to ubiquitous interactive graphics uses a device
— the Everywhere Displays projector (the ED-projector) — that
can steer graphic displays onto any surface and can also sense user
interaction with these steered graphical displays. The ED-projector
is composed of an LCD projector, a computer-controlled pan/tilt
mirror, and a pan/tilt/zoom camera. The projector is connected to
the display output of a host computer that also controls the mirror
and the camera (see Figure 2). The video output of the camera is
sent to a digitizer board in the host computer where the imagery is
processed, as described later.

Figure 3 shows a prototype of the ED-projector built with
off-the-shelf components — a rotating mirror used in
theatrical/discotheque lighting, a standard LCD projector, and a
pan/tilt camera. The projector’s light can be directed anywhere

within a cone defined by approximately 60 degrees in the vertical
axis and 230 degrees in the horizontal axis. The camera has a
maximum vertical viewing range of 88 degrees and a horizontal
range of 249 degrees, and is thus able to view the projected
displays as they are steered around.

In general, a projector needs to be able to project a white
pattern approximately 10 times brighter than its surroundings to
create the illusion of contrast. Our current prototype employs a
3000 lumen projector, which we have found to be sufficiently
bright in typical home and office lighting conditions to provide
good contrast in the projected displays. Of course, the perceived
brightness and constrast is heavily dependent on the color and
material of the projected surface. Although our best results involve
projection on white surfaces, we have also obtained good results
projecting on carpets, black objects, and even translucent backlit
surfaces. However, highly textured surfaces such as natural wood
and surfaces with high reflectance are, in general, less suited for
projected displays.

The three main issues with the ED-projector are 1) correction
of the projected image to compensate for distortion due to oblique
projection and surface characteristics; 2)sensing the user
interactions with the projected displays; and 3) a system software
structure that enables applications to easily define interactive
display surfaces. These issues are discussed in detail in the rest of
this section.

3.1 Correcting the Projected Image

Standard LCD projectors are designed to project light in a
direction orthogonal to the projected surface. In the ED-projector,
the pan/tilt mirror can deflect the light to multiple surfaces in the
room, but most of the times the projected surface is oblique to the
direction of projection. The result is a distorted image.

To correct the oblique projection distortion, we pre-warp the
image to be projected to compensate for the distortion. It is always
possible to correct the projected image, as long as the projected
surface does not have a geometry that occludes the cone of
projection (see [2] for details). However, the process of warping
the image normally uses only a fraction of the projector’s image
plane, causing loss of resolution. We will discuss this issue later;
first, we address the problem of determining the warping function
that corrects the oblique distortion.

Although there are many different ways to determine and
implement the warping function, it is important to use a method
that allows fast computation. We choose to implement it using 3D
computer graphics hardware to texture map the images to be
displayed onto a mesh in 3D space. If the mesh is appropriately
warped and/or positioned in 3D space and the virtual camera
correctly positioned, the projection of the resulting rendered image
is free of distortion.

The basic structure of the problem, in the case of planar
surfaces, is illustrated in Figure 4. We start by defining the
application plane, a coordinate system where images to be
projected are positioned within the area of a rectangular mesh M,
and the projector image plane, the coordinate system associated
with the LCD matrix of the projector. We also define a projected
surface to be the real world surface on to which images are
projected. In addition, we have the camera image plane, the
coordinate system associated with the CCD matrix of the camera.

The goal is to define a transformation H from the application
plane into the projector image plane so the transformation that
maps the support mesh M into the projected surface is the identity
1, and, therefore, appears free of distortion from an observer
orthogonal to the projected surface. Since the process of projecting
the image can be modeled as a projective transformation P (as
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Figure 4. The transformations between the application plane,
the projector’s image plane, the camera’s image plane and the
projected surface.

observed in [26, 27]), we can represent the relationships among
the planes as matrices in planar homogeneous coordinates,
I=PH . Since H and P are projective transformations and
therefore invertible, we obtain:

H=PpP"

Similarly if P is the projective transformation between the
camera image plane ad the projected surface, and H, is the
transformation from the application plane to the camera image
plane, we have [ = P’H, . Although there is no easy direct way to
compute the projection function P, we developed three different
methods to determine the actual value of H for a given surface. Of
course, H and H, are different for each planar surface in an
environment.

1% method: Using an Equivalent 3D Virtual CG World

This method, first @scribed in[2], is based on the fact that,
geometrically, projection is the inverse of camera viewing. So, it is
possible to model the projection by simulating the camera view by
rotating, scaling, and viewing the support mesh M in 3D space.

Given the »n mesh points in 2D projective space,
m,=[m’ m’ 1], 1<i<n,let M be the matrix of all n points,
M =[m{m}...m}]. This mesh can be “positioned” in the XY
plane of the 3D space by multiplying it by the matrix

100 m om, ... m,
_(010 —|m m ...om’
K=looo|  ®M=% ¢ %
001 1.1

We can then simulate the proces of projecting the mesh as the
inverse of the process of “viewing” the appropriately positioned
mesh in 3D space. That is,

P'M=PRRSSTTRKM

where R, R,,R, are rotation matrixes in 3D homogeneous
coordinates, S,,S, are scale matrixes, 7,7, are translation

matrixes, and P, is the 3Xx4 projective matrix with focus
point f. Since H = P, we obtain

H=PRRSSTTRK

Notice that all the matrices that compose H, with the exception
of K, correspond to standard projection parameters of computer
graphics boards. Therefore, to implement this method it is only
necessary to determine these individual parameters, load them into

the hardware, and command the graphics board to render the
scene.

To determine the projection parameters for a given surface we
start by texture mapping a calibration pattern to the mesh M.
Starting off with default values for the projection parameters that
render the mesh on the center of the projector image plane without
warping (i.e, H=1), we iteratively change each of the
projection parameters until the projection of the pattern on the
projected surface is observed to be identical to the original mesh.
We then record these parameters and reload them whenever the
ED-projector is aimed at that surface. Although conceptually
simple, this iterative process of determining the right projection
parameters is typically very time consuming.

2" method: Manual Determination of Corresponding Points

This and the following method are based on the fact that projective
transformations can be completely determined if the
corresponding coordinates of four points in each 2D projective
space are known (as shown by Faugeras [28]).

In this method, four points « =[a] a/ 1], i=1,2,3,4, are
directly rendered on the projector image plane. We then iteratively
move these points over the projector image space with a pointing
device such as a mouse until their projections overlap the location
of four known points on the projected surface, b, =[b" b 1],
i=1,2,3,4. For greater accuracy, we can choose these four points
to be the corners of the mesh M.

It is easy to see that if the projected points are aligned with the
projected  surface  points  then PA=B ,  where
A=[al &l ai aj] and B=[b/ b bl b]. By computing the
pseudo-inverse,

PA=B—> PAA" = BA" — P=BA" (44")"

Since H =P, we obtain H =44 (BA")". To implement
this procedure, we simply construct a warped mesh M’ in 3D
projective space by computing M’ = KHM , texture map the
image to be projected on it, and use the graphics engine to render
it in real time.

As we see, the calibration procedure of this method is quite
simple and fast, requiring only a few minutes for the manual
alignment of the four projected points. Although similar to the
method proposed by [29], here the use of the 3D mesh M and the
computer graphics hardware yields much faster rendering speeds.

3" method: Using a Camera and a Paper Pattern

In this method, we employ the ED-projector camera so we can
avoid any manual calibration procedure. In [30], Yang et al. have
proposed a method to automatically determine the warping
function using a projector/camera pair. Unfortunately, their
approach requires precise 3D calibration of the relative attitude of
the camera to the projector and, in practice, a considerable
baseline distance between them. In particular, it does not work
with the ED projector that aligns the projector and the camera axis
as much as possible to avoid user’s obstruction of the camera’s
view.

Instead, we propose here a method that employs a paper pattern
positioned on the surface to be calibrated so it is aligned with the
desired coordinate system. No relative 3D or 2D calibration is
necessary, although we assume that the camera has been
positioned in such a way that it has a complete view of the
projected surface. Under these conditions, we can define a
projective transformation P between the camera image and the
projected surface (see Figure4). This transformation can be
determined automatically by processing an image of the pattern
and extracting the camera image coordinates of the corners,
¢ =[c ¢ 1], i=1,2,3,4. Assuming the coordinates of the
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Figure 5. Difficulties faced by the vision system: a) the user’s
hand is partially hidden by the strong projection; b) the
interactive surface is occluded by the user’s shoulder as he
moves to gather objects from inside a bucket.

Figure 6. Detecting a touch: a) camera view of an interaction
with a bucket; b) image difference data; c) overlay of search
region (square), button active area (circle), and the fingertip
template shown at the pointing location.

pattern corners to be identical to the mesh M in application space,
b =[b* b’ 1], i=1,2,3,4, we obtain P'C=B8, and computing
the pseudo-inverse,

P =BC"(ccT)’

To complete the computation of the transformation H, it is
necessary to determine the correspondence between the projector
and the camera image planes. This can be done by projecting a
pattern with four non-colinear points rendered on the projector
image plane d,=[d" d} 1], i=1,2,3,4, and obtaining four
points on the projected surface, e, =[e; e 1], i=1,2,3,4. Then,
by image processing the image of the pattern, it is possible to
determining the coordinates of its four corners on the camera
image plane, f =[f" f7 1], i=1,2,3,4.

Since E=p el ej ej] corresponds both to the projection
of D=[d d; di d}] by the projector, PD=E, and to the
captured image of the pattern, P'F=E, we obtain PD = PF .
Computing the pseudo-inverse, we obtain P=PFD"(DD")"
and therefore

H=DD"(PFD")"

As in the previous method, this transformation is implemented by
computing a warped mesh M’ = KHM .

One problem with all these three distortion-correcting methods
is that they project displays with resolution lower than the
projector’s resolution. The distortion-correction process normally
fits an irregular quadrangle into the 4:3 viewing area of typical
displays. A considerable amount of display area, and thus
resolution, is lost in the process. We have employed standard
1024x768 XVGA projectors in our prototypes. Due to the loss of
display area created by the distortion correction process, the final
display resolution has approximately corresponded to VGA, i.e.,
640x480 pixels.

3.2 Sensing Interaction on Any Surface

To support the ability to interact on any surface we use a pan/tilt
camera feeding custom image processing and gesture recognition
engines. This process has been detailed in another publication [31],
but will be outlined here for completeness.

Image processing in this domain is both simplified and made
more difficult by the strong light of the projected image. It is
simplified in the sense that the lighting environment is very
consistent because the dynamic range of the projection swamps all
but mmjor changes in ambient light. It is made more difficult
because the appearance of the user’s hand can be severely
distorted as it passes through the projected image (see Figure 5.a).

Although parts of the hand can be hard to detect in a static
image, by looking at the differences between adjacent images in
the video stream, we can still detect the shape of a moving object
as shown in Figure 6.a and b.The use of motion for segmentation
instead of background subtraction techniques (such as [32]) also
makes it easier to accommodate the variability in the projected
image caused by the texture of the surface it is projected on. This
motion mask forms the basis of subsequent image understanding.

To provide interaction in a flexible and consistent manner we
use the notion of interface widgets. Each widget generates
computer or application events in response to a particular user
motion in a region of the image. We currently use three types of
widgets: buttons that respond to touch-like motions; sliders,
I-dimensional tracking regions, and fouch pads, which are
2-dimensional tracking regions.

These three widget types rely on tracking the user’s fingertip.
Convolution template matching is used to find fingertip candidates
in the motion mask image described above. The candidates are
evaluated using spatial clustering and domain specific heuristics,
such as the distance from the user, to determine the best estimate
of whether there is a fingertip in the image and where it is
currently pointing. The trajectory created by this point over a
sequence of video frames is examined by each widget to determine
when it should trigger an event.

Touch pad widgets smooth the fingertip trajectory and map it
into the touch pad coordinate system. Motion events are only
generated when the fingertip is within the touch pad’s borders.
Sliders are simply a 1-dimensional version of touch pads.

Buttons, however, are more complex widgets. What buttons
attempt to detect is when a surface in the environment is touched.
Inferring the distance of the fingertip to the surface using the
shadow proved to be difficult and unreliable. Fortunately, people
tend to interact with real-life buttons by moving in a characteristic
forward/pause/backward pattern, and this seems to carry over well
to projected buttons. Our implementation of buttons takes
advantage of this movementpattern.

To determine when a user has touched a button we look for a
roughly linear sequence of fingertip locations that persists for
250ms or longer, with speed within a set range, that either ends or
begins with a pause (i.e. the fingertip template did not find a match
in the motion mask). A button generates its event when the pause
in such a trajectory occurs within it (see Figure 6.c). In other
words, we are looking for the user’s fingertip to travel in one
direction for % second and stop within the button, or start moving
from the button and move in a consistent direction for %4 second.
These approximations for the motion of a fingertip in the moments
before and after it touches a button seem to be universal: almost
every button touch either starts or ends that way. Interestingly
though, many button touches only have one or the other of these
motions. Of course, adjustments are needed in the case of people
with tremors or other motor disabilities.
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Figure 7. Process of creating an interactive surface on a table.

One of the interesting problems in this domain occurs when
users occlude buttons as shown in Figure 5.b. Our experiments
with users, even novices, have shown that they naturally avoid
obstructing the projection if they are attending to it, but they are
quite bad at staying out of the way when they are working with the
physical world instead. Buttons have inherent resistance to
triggering in these types of situations because any motion must
pass several tests before it generates an event. It must resemble a
fingertip for several frames; during that time it has to travel with a
consistent direction and velocity and stop within a button. Such a
sequence sometimes occur as a result of a chance combination of
errors, contributing to a somewhat higher false positive rate for
some buttons, particularly those which the user occludesfor a
period of time rather than just passes through.

By using both the shape of the moving region as well as an
analysis of its trajectory, this touch detection method gives far
better accuracy than using ecither one alone. Because it relies
directly on image data, rather than building an explicit model of
the hand, it is computationally efficient enough to run at high
frame rates on standard hardware.

Widgets can be combined in various ways in order to perform a
complete interaction with the user. However, configurations of
widgets are defined independently of the surface where they are
used. That is, if an application interface using a set of buttons is
moved to different surfaces, it is not necessary to define each
button for each surface. Instead, the location of a widget within the

camera image is determined at run time by appropriately mapping
the configuration onto the camera image plane. In this case the
surface refers to a set of camera parameters. These parameters,
like those of the projector, have to be calibrated in advance. In
particular, the calibration process has to determine the
transformation H, between the widget coordinate system and
the camera image (as shown in Figure 4). Calibration of surfaces is
performed using methods analogous to the 2nd and 3rd methods of
projection calibration, although information about the expected
location of the user, and the size of their hand, has to be obtained
during an extra, special calibration step (see [31]for details).

3.3 Integrating Displaying and Sensing

The two preceding sections described the techniques and
subsystems that provide the display (output) and sensing (input)
functionality of the ED-projector. This section discusses the
integration of these separate subsystems in a manner that affords
application development and human interaction. One of our
primary objectives here is to enable a specific user interaction to
occur on any calibrated surface in a room without requiring the
customization of this interaction for every surface. This leads to a
clear separation of the abstract definition of an interaction from the
actual surface upon which it occurs.

Our widgets are constructed using the standard Model View
Controller (MVC) design pattern structure [33]. In our case, the
projector subsystem is resp onsible for rendering the view, while
the vision subsystem provides the controller input events. The
definition layer of Figure 7 shows the separation of the display and
interaction areas that are reponsible for the definition of the view
and the interaction respectively. Display and interaction will often
overlap as shown by the square overlapping buttons on the right of
the display area. Provision is also made, however, for allowing
interaction to occur in a region where nothing is displayed, as
shown in the large rectangular region on the right of the
interaction area. Notice that the display area here corresponds to
the mesh M of the application plane decribed before (see also
Figure 4).

Every interaction surface in a physical space is named and
initially calibrated by the projection and vision subsystems
yielding the transforms H and H, respectively. H corrects the
projected image while H, provides the tansformation to the
camera image, for a specific surface as described in the prior
sections. Figure 7 demonstrates the flow of definitions for display
images and interaction data (widget data) from the definition layer
to the mapping layer. During run-time, the system software
automatically maps (through the warping functions H and H,)
the definition layer data into the projected image and the camera
view associated with the current surface. The result is a projected
image that generates application events when user gestures occur
in the areas defined in the camera view, as shown in the
integration layer of Figure 7.

4 PAINTING WITH INTERACTIVE
GRAPHICS

To better understand how to use projected interactive graphics and
how users relate to them, we have designed and implemented three
application prototypes using the ED-projector. In the first
application, an office space is augmented with dynamic wallpapers,
visual notifications of messages, and computer access from
multiple surfaces. The second prototype explores an assembly task
where the instructions are projected directly onto the surfaces of
the objects involved in the task. The third prototype is the “catch
the frog” game described in the introduction to this paper.
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Figure 8. Uses of the ED-projector in an office application:
a)to create dynamic wallpapers; b)to provide silent
notification of e-mail; and c) to create a computer desktop on
a working surface.

4.1 An Office Application

The first prototype application in which we have deployed the
ED-projector is a futuristic personalized and context-aware
workspace. The workspace has an 8’by 10’ footprint and
incorporates several sensors for measuring ambient lighting,
temperature, humidity and noise level. Users and visitors to the
workspace wear active badges that facilitate presence detection
and identification. The desk chair is equipped with a pressure
sensor connected to a wireless micro-controller, which detects if a
person is sitting in the chair. This environment incorporates an
ED-projector, strategically located to maximize coverage of the
workspace. In this setting, we have used a non-interactive version
of the ED-projector to facilitate greater personalization of the
environment and to free its users from the confines of the desktop
displays.

The presence of an ED-projector in the office tranfigures the
space into an extended graphical display and enables the user to
have a favorite painting on a wall, receive important notifications
on surfaces that catch their attention, or use a tabletop as a display
when collaborating with a colleague (see also the video figure).
Figure 8.a shows an example of a dynamic wallpaper aeated by
the ED-projector. The user can similarly have a virtual window
that is connected to a live webcam looking at her favorite scenery
(effectively making it a window office) or monitoring her child at
home. The ED-projector can automatically switch to a neutral, less
personal image when a co-worker comes to the office, based on
the active badge.

Figure 8.b illustrates an urgent notification to the user
appearing on a surface close to the user’s current location. Here,
the smart office detects that the user is seated at the desk and steers
the notification right to the surface of the desk. By determining the
position of the user, the system is assured that the user will see the
urgent message without having to rely on the traditional sound
alerts which tend to be disruptive to people working in a shared
environment.

Another example of the utility of a steerable display is seen in
Figure 8.c where two colleagues have created a computer desktop
display on the working surface of their choice. Here, interactive
capabilities, provided by a camera system, are planned to be
incorporated to facilitate collaborative work.

4.2 Augmenting an Assembly Task

The ED-projector can be seen as a device for augmenting reality —
a beam of light that can add information on to real world objects
by highlighting them, adding text or images, flashing etc. For
example, the ED-projector can show the user an object they are
searching for, or indicate the procedure for an assembly task, and
even where to place a part in an assembly.

We developed a prototype assembly task to highlight these
themes of augmented reality and interaction anywhere. In this
prototype application, which was experienced by hundreds of
novice users in a major technical exhibition, the object to be
assembled is a picture made of Mé&M’s (multi-colored
sugar-coated chocolates) where each M&M is regarded as a pixel
of the picture.

The theme of interactivity anywhere is demonstrated several
times in this prototype application (see also the video figure).
Figure 9.a shows a white fabric on a table transformed into an
interactive menu for color selection. The user simply touches the
color of his choice to select it. Figure 9.b shows a “clickable”
button appearing on a paint bucket that contains the M&M’s of the
selected color. Figure 9.b and ¢ highlight the augmented reality
and user assistance aspects of the system. In Figure 9.b the system
highlights the bucket that contains the M&M’s of the selected
color, and also provides additional information on how many
M&M’s to pick. In Figure 9.c, the system points the exact places
on the picture board where the M&M’s should be placed.
Figure 9.d shows another combination of interaction and
augmented reality: the user moves her hand over the surface to
interactively reveal the rest of the picture being built.

More than 650 people participated in this augmented assembly
over 6 days and completed 4 different M&M pictures. Considering
that the vision system and the projection system were integrated
for the first time only in the weeks preceding the exhibition, the
combined system worked remarkably well. A sample with 130
consecutive users with 621 button touch events (touching gestures
or false detections) yielded correct detection of touching gestures
in 81% of the events, with 12% false negatives and 7% false
positives. If the bucket events are excluded from the count, the
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Figure 9. The M&M picture assembly task: a) choosing a color; b) “clicking” a bucket after getting the M&Ms; ¢) placing the M&Ms on the

highlighted areas; and d) “finger painting” to reveal the complete picture.

performance exceeds 89%. A detailed account of the reasons why
buckets yielded more errors is given in [31].

The experiment also revealed that users are readily able to
relate to the notion of steerable interactive graphics. We also
observed the value of the projection creating a shared experience
between the users and the people observing the demo: in many
cases, users learned the interaction process by first watching other
users; and frequently, observers helped users suggesting what to
do next. As mentioned before, a major advantage of projection
over goggles is precisely this “social” nature of projection.

An interesting observation is that our users were less hesitant to
interact with the fabric-covered interactive color selection
menu (Figure 9.a) and the M&M placement board (Figure 9.c,d)
than with the paint buckets (Figure 9.b). When they went to a
bucket to pick up M&M’s, many of them did not realize that they
had to click the big “done” button on it (see also Figure 6.a). We
had expected that, since this was the third occasion for touch
interaction in the demo, users would quite naturally press the
button on the bucket as instructed. Most of the time, this was not
the case. To help the users in that situation we often gave them
verbal instructions such as “Click the bucket,” aiming to make
clearer that there was, in fact, a button on the bucket.

4.3 “Fro...og!”

The ED-projector’s unique characteristic of being able to quickly
move the projected image to different surfaces is being explored in
a computer game for young children. In this game, called
“Fro...og!”, an image of a frog is projected on a surface.
Whenever the child tries to touch the frog, the camera detects her
approach, and the frog “jumps” to another surface, that is, the
projector moves the image to a wall or the top a chair.

Figure 1 shows two pictures of a user playing with the current
prototype of “Fro...og!”. The basic idea is to define surfaces in the
environment where the animated frog can jump to. Whenever the
user’s hand approaches the frog, the next surface is randomly
chosen, and an image of the frog jumping in that direction is
briefly shown. After landing on the new surface, a simple
animation of the frog jumping up and down is projected, so it
becomes easier to find the frog in the environment.

In the next development phase of this game we plan to
integrate it to a system that tracks the position of multiple children
in the room, so the frog can jump to surfaces which are far from
most players. Tracking is also particularly important to avoid

projecting the frog directly onto the players which, in this scenario,
can easily break the illusion of the game.

5 DISCUSSION

Having shown how we implemented a working prototype of an
ED-projector and deployed it in three different applications, it is
interesting to explore other possible applications and scenarios,
and discuss how to design efficient interfaces for them.

5.1 Other Applications

We see two classes of applications of the ED-projector to create
ubiquitous interactive graphics. The first involves the creation of
computer interfaces anywhere, while the second deals with
augmented reality in a variety of public and private spaces.

In the first class of applications, we regard the ED-projector as
a generic input/output device that can replace, in many situations,
current displays and interactive devices by creating computer
desktop -like interactive displays on non-tethered surfaces. For
example, a desktop application can be projected directly on any
surface, as previously suggested by Wellner [9] and as
demonstrated in subsection 4.1 . Unlike the interactive whiteboard
described in [34], the projected application can be easily moved
around the room, for instance, from a whiteboard on the wall to
the top of a desk for more detailed reading. Similarly, the
ED-projector can be used © bring information to the physical
location where it is used or needed. For example, a database
application managing reports can be projected on top of the file
cabinet with hard copies of the reports.

In the second class of applications the ED-projector can
augment reality by pointing to physical objects, showing
connections among them, and projecting patterns to indicate
movement or change in the real world. The prototype assembly
task described in subsection 4.2 is a typical example of this class
of applications. Another example applies to a library in which
directions are provided to a user looking for a book by projecting
arrows on the floor, walls and shelves, and finally by highlighting
the desired book.

Steerable graphics produced by the ED-projector can also aid in
collaborative work by providing large displays on convenient
surfaces, and allowing easy reconfiguration of meeting spaces for
different functions and teamwork styles, in similar ways to the
office project described in subsection 4.1 .

The ED-projector can also be used to provide computer and
information access in environments where traditional displays are
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difficult to install, secure, or maybe unsafe to operate, such as
public spaces and areas subject to harsh environmental conditions.
The device also permits an interactive display to be brought to the
proximity of a user, eliminating the need for the user to approach a
traditional, fixed display. In particular, the ED-projector can
facilitate the access and use of computers by people with
locomotive disabilities. For instance, it can project an interactive
display on a hospital bed sheet without requiring the patient to
contact any device.

We also see the ED-projector as a potential enabler of a new
generation of games where interaction happens not in the virtual
world but in the physical world such as the “Fro...og!” game
described above. Unlike games based on phones and portable
computers [4], the wuse of the ED-projector provides
high-resolution displays where characters and fantastic objects can
move from surface to surface, creating a game that surrounds the
players. Using video input, various user actions can be detected
depending on the game needs, for example, hand gestures, body
movements, foot action, and/or facial expressions. Above all, a
single ED-projector installed on the ceiling of a living room or an
arcade, using just software commands, can completely reconfigure
the space to create different games according to the interests, age,
and motor skills of the players.

The scenarios examined so far are chiefly concerned in creating
ways for humans to command computers and/or obtain
information. However, we see the projecting of interactive
graphics ubiquitously as a way to provide computer agents the
ability to “reach and touch” the real world and the people that
inhabit it. By using projected patterns, it is possible to make
computers not only interact with people, but act and coordinate
them. For instance, a computer agent can control people in a line
by projecting red lines and green arrows around the people on the
line. A steerable projector system is, thus, able to create a “body”,
composed of light, for an agent. From this perspective, we may be
creating an interface to the real world for computers.

5.2 Human Interface Issues

As foreseen by Weiser [1], ubiquitous interactive graphics do not
seem to follow the standard paradigm of interaction based on the
desktop metaphor. In our M&M demonstration, we had the
opportunity to observe more than 650 novice users experiencing a
scenario of true ubiquitous computing, in the context of an
assembly task. On one side, we observed that they quite naturally
accepted the idea of augmenting reality with information directly
projected on objects. Moreover, we saw they naturally change
their body’s position to minimize problems like the shadow of
their arms and body over the board. People seemed not only to
accept projected graphics naturally but also to compensate for its
limitations.

However, when trying to click a button, the users almost
always applied pressure onto the projected surface with their
fingers. Also, whenever a button touch was not detected by the
vision system, the most common reaction was to press again with
more pressure and, if still not successful, using the whole hand
instead of a finger. It seems that people expect buttons, even
virtual buttons, to react to pressure and not to touch, and to fail if
enough pressure is not applied on them.

This observation clearly illustrates the limitations of the
hand-as-a-mouse paradigm used in the M&M demo. Although it is
easier for users to relate the ubiquitous experience to their
everyday contact with desktop interfaces, the metaphor proved to
be misleading to the true nature of the interface. Unlike a mouse
that has appropriate haptic feedback for clicking gestures,
touching a projected button is devoid of feedback movement.

Similar observations prompt us to believe that a new paradigm for
interaction with projected screens must be developed, with new
kinds of widgets, tuned for the natural capabilities and limitations
of projection and gesture-based interaction, just as the point and
click paradigm is tuned for the characteristics of a physical mouse.
Touch-screen-like interactions do translate better to the projected
interface domain. Although our widgets are not based on surface
contact, the widgets we have found useful so far (buttons, scroll
bars and touch pads) are all based on motions people naturally
make when touching.

One of the exciting aspects of this work is that it is an excellent
environment to explore more adventurous gesture-based
interaction styles. By giving the user feedback as to what gestural
interactions the system is expecting and where in the environment
they may be peformed, the cognitive load on the user can be
reduced. Without such feedback a user would have to memorize
what amounts to a set of complex dance steps to simply use a
gesture-based interface.

This investigation of new human-computer interface paradigms
is even more important in the case of multi-user interaction.
Unlike desktops, wearable computers, or PDAs, projected
interactive graphics naturally allow many users to simultaneously
interact with an application. Although the applications we have
developed so far are all single-user, it seems clear multi-user
interaction will soon became an important area of research.

Another intriguing question is related to the different degrees of
difficulty experienced by users when interacting with graphics
projected on different supporting objects. Clicking a paint bucket
seems to be harder to accept then clicking a table. Of course the
design of our system and the simplicity of our experiment allow us
neither to definitively state that the phenomenon does happen nor
to draw conclusions about its causes. However, one hypothesis is
that people seem to attribute different interactive capabilities to
projected interactive graphics according to the nature of the
surfaces themselves. Are the paint buckets “functionally fixed”,
that is, if something looks and acts like a paint bucket, is it less
likely to be perceived as something else — namely, a touch-screen?
We are currently preparing a study to determine the validity of this
hypothesis.

Finally, our research so far has addressed only visual input and
output. A promising area of research seems to be the application of
the concept to steerability of other stimuli such as sound, using,
for instance, the audio spotlights described by Pompei [35]. What
kind of interfaces and applications can be created by a full
multimodal steerable system?

6 CONCLUSION

This paper describes a new method and device for creating
ubiquitously interactive graphics on non-tethered surfaces. We
have shown three different methods to determine the warping
function that corrects for oblique projection distortion and a
computer vision system that tracks the user’s hand over the
projected images and detects touch-like gestures. We have also
implemented three applications that realize ubiquitous computing
concepts such as everywhere computer access and augmented
reality. Based on the experience of running the M&M demo with
hundreds of novice users, we have also detected a need to
re-examine the current interaction paradigms, and possibly,
investigate and propose new ones.

We see this work as an important contribution to realize the
vision of ubiquitous computing, without asking people to wear
headsets or wiring the surfaces of everyday objects. However, we
do not advocate projection-based solutions as a panacea for
ubiqutious applications: in many cases, it is more desirable and
efficient to use head-mounted displays. A good analogy is to
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compare headsets and projectors to Walkmans and stereo sound
systems. Walkmans are unsurpassable as a way to provide music
when people are moving around or in public spaces such as trains
and airplanes. They are very effective in creating a personal
experience, albeit not able to create social interaction. Similarly,
we keep loving stereo systems because they render music to a
whole space, nurturing a collective experience that is attached to
the space itself. We see similar advantages and limitations when
comparing headsets and steerable projectors as a way to render
interactive graphics onto the real world.
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Projector-Guided Painting

Matthew Flagg and James M. Rehg
GVU Center, College of Computing,
Georgia Institute of Technology, Atlanta, GA
{mflagg,rehg}@cc.gatech.edu

ABSTRACT

This paper presents a novel interactive system for guiding
artists to paint using traditional media and tools. The en-
abling technology is a multi-projector display capable of con-
trolling the appearance of an artist’s canvas. This display-on-
canvas guides the artist to construct the painting as a series
of layers. Our process model for painting is based on classi-
cal techniques and was designed to address three main issues
which are challenging to novices: (1) positioning and siz-
ing elements on the canvas, (2) executing the brushstrokes to
achieve a desired texture and (3) mixing pigments to make
a target color. These challenges are addressed through a set
of interaction modes. Preview and color selection modes en-
able the artist to focus on the current target layer by high-
lighting the areas of the canvas to be painted. Orientation
mode displays brushstroke guidelines for the creation of de-
sired brush texture. Color mixing mode guides the artist
through the color mixing process with a user interface simi-
lar to a color wheel. These interaction modes allow a novice
artist to focus on a series of manageable subtasks in execut-
ing a complex painting. Our system covers the gamut of the
painting process from overall composition down to detailed
brushwork. We present the results from a user study which
quantify the benefit that our system can provide to a novice
painter.

ACM Classification H5.2 [Information interfaces and pre-
sentation]: User Interfaces. - Graphical user interfaces.

General Terms Design, Human Factors, Algorithms

INTRODUCTION

In this paper, we present an interactive painting system to
support novice artists in the creation of paintings using tra-
ditional media and tools. In contrast with other computer
painting systems that provide tools for digital image synthe-
sis, this work focuses on guiding users to paint according to
classical techniques for creating paintings as objects, not just
images. By employing multiple projectors to create an inter-
active display on the artist’s canvas, our system is capable of
augmenting a painting in progress with visualization features
to assist with technical details such as brushstroke position,
orientation and color mixing. We present a set of interaction
modes designed to address common challenges for novices.

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.

UIST 06, October 15-18, 2006, Montreux, Switzerland..

Copyright 2006 ACM 1-59593-313-1/06/0010 ...$5.00.
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(@) (b)

© (d)

Figure 1: (a) Painting studio setup (b) Viewing a layer
in preview mode (c) Painting the black regions of a
layer in color selection mode (d) Final painting created
using our system

Our system is part of a long history of tools for reflecting and
capturing the perspective and shading of a scene as a first step
in establishing the structure of a painting. Perhaps the most
well-known of such tools is the camera obscura [22]. The
modern descendant of the camera obscura is the art projec-
tor, a projector sold in most major art stores. The art pro-
jector is commonly used by professional painters to make
accurate perspective sketches as a first step in copying origi-
nals. By replacing the art projector with video projectors and
a camera, we propose using visual feedback to guide the user
through the steps that follow toward creating a final desired
painting.

Our system employs a multi-projector adaptive display for
minimal intrusion on the traditional painter’s environment in
order to assist with painting technique. The display is formed
on the canvas by aligning multiple overlapping front projec-
tors. As shown in Figure 1(a), projectors are positioned on
both sides of the artist to minimize the occlusion of the pro-
jected light by the artist’s body. The design of our system is
based on our previous work on shadow removal using redun-
dant projection [23, 7]. Following a geometric calibration
step, each pixel on the display may be illuminated by two
rays of light. In addition to reducing shadows, this redun-
dancy facilitates adaptation to the painted canvas.
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An issue that arises in projecting onto a painted canvas is the
need to photometrically adapt the projected image to com-
pensate for the varying reflectance properties of the paint.
We use visual feedback to incrementally adjust the projected
light for each canvas pixel so as to minimize the difference
between the observed and desired display color. This visual
feedback approach has the advantage of avoiding the need
for an explicit model of paint reflectance. Our domain is
a challenging one for adaptation because the canvas is con-
tinuously changing throughout the painting process and the
presence of wet paint results in specular surfaces. We note
that projecting onto the canvas from behind is not an option
when opaque paints such as oil and acrylic are used.

This paper makes the following contributions:

e A novel interactive system for guiding artists to paint using
traditional methods and tools.

e A set of interaction modes for a canvas-centric interface
which supports a traditional layer-based approach to paint-
ing.

e A novel method for creating virtual paint on a previously
painted canvas, which allows artists to paint each layer
without being distracted by the layers underneath.

We have conducted a user study which quantifies the benefits
provided by our system over a standard art projector in assist-
ing novice painters. We show that our system provides a sig-
nificantly greater improvement in the confidence of novice
painters and enables them to produce higher quality artifacts
as measured by a panel of experts.

Related Work

While there is a long line of work in painterly rendering for
digital images [11, 15, 8, 20, 13, 12] and the simulation of
traditional media and tools for art [4, 3], to our knowledge
there have only been a few systems for creating art as ob-
jects using physical tools. A robotic painting system named
AARON [14] has been actively developed for three decades
and its paintings have been featured in several museums and
art galleries. The Everywhere Display (ED) demonstration at
Siggraph in 2001 [17] guided users to create “paintings” on a
table out of a collection of M&Ms. In contrast, our system is
designed to support a fundamentally creative process within
the framework of traditional painting practice.

Other researchers have used projector-camera systems to sup-
port spatially augmented reality [18]. Shader lamps [19],
for example, used multiple projectors to illuminate complex
models, such as the Taj Mahal, or animate static objects,
such as toy cars. As an application of real painting aug-
mentation, [24] use projectors for restoring colors in dam-
aged paintings. In the work of [5], a film was applied to a
painting to make the surface more amenable to displaying
visualization information, such as x-ray images, directly on
the canvas for display in art museums. A system described
in [1] used a single portable projector to create displays that
spanned multiple non-coplanar surfaces. Multiple projectors
were used in [6] to boost the dynamic range of projected light
in a view-dependent stercoscopic display that featured pho-
tometric adaptation to the projection surface. In contrast to
these applications, the goal of our system is to support a cre-
ative process through the construction of a dynamic display
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on the work of art as it is being developed. Our compensation
approach is based on the method of [16], which addressed
the problem of projecting onto photometrically non-uniform
surfaces using feedback.

MOTIVATION AND GOALS

Existing tools that support the creation of works of art in-
clude books and manuals, demonstration videos, and art pro-
jectors. These tools have many deficiencies which limit their
effectiveness. While books and manuals can demonstrate
technique and illustrate the elements of painting style, it is
difficult for the novice painter to bridge the gap between the
printed page and the canvas. For example, painting manuals
such as [2] demonstrate how to decompose a complex paint-
ing into a sequence of layers, but do not provide any direct
support for the execution of each layer on the canvas. The
execution of individual layers affects the overall composi-
tion in ways that are difficult for a novice painter to predict.
It is also hard for novices to detect deviations between the
painted layer and a reference picture.

In contrast to books and manuals, art projectors do provide
direct support for the execution of the initial stages of a paint-
ing through their ability to project light directly onto the can-
vas. Art projectors are commonly used to trace or sketch
onto the canvas the rough geometric forms that comprise a
painting. Unfortunately, art projectors are unable to provide
support to the artist throughout the entire painting process.
They are also cumbersome to work with, as they lack the
ability to calibrate and adapt automatically to the canvas and
its contents.

The motivation for this work is the opportunity to leverage
recent advances in projection and camera-based sensing tech-
nologies which make it possible to create a new projector-
based painting aid. Our painting system has a number of
novel features: it supports interaction directly on the canvas,
it incorporates a model of the painting process, and it sup-
ports adaptation to an evolving painting through sensing and
analysis of the painted content.

The target audience for our system is novices who would like
to have an enjoyable painting experience while creating a
high-quality work of art. Our system is designed to enable
people who have never painted before to create a piece of
artwork that they can be proud of. We accomplish this task
by addressing, in the design of our system, the primary dif-
ficulties and pitfalls which novices encounter when working
with oil paints. Note that we are not claiming to teach people
how to paint or to provide a substitute for formal art instruc-
tion. Our system is part of a spectrum of painting aids which
include traditional art projectors as well as instruction books
and videos. Unlike these passive aids, however, our system
is interactive and adaptive and incorporates a computational
model of the painting process.

LAYER-BASED PROCESS MODEL FOR PAINTING

The versatility of oil and acrylic paint as an artistic medium
has led to the development of highly refined processes and
techniques for expressing a wide variety of artistic styles.
These processes range from the quick freeform application of
paint in impressionist styles to the painstaking 7-layer Flem-
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ish method, a classically realist style with drying periods of
months between each layer [21]. Coupled to these wide vari-
ations in the strategy for building up a painting is an equally
wide range of methods for applying paint to canvas, from
precisely controlled strokes or dots to the ’drip and splash’
approach that characterized Jackson Pollock’s work.

The design of our system is based on the following two as-
sumptions about the process of painting in acrylics and oils:

e We assume that paintings will be planned out in advance of
execution and decomposed into a series of layers that can
be applied to the canvas in linear order (back to front).

When painting each layer, we assume that the artist will
want to apply paint to the canvas in an orderly, sequential
manner and will base their palette on the color scheme for

the layer and the desired amount of manipulation.

Under these assumptions, a painting consists of the execu-
tion of a series of layers. Therefore, our system adapts a
layer-based representation. In painting each layer we assume
that the artist will mix one or more desired paint colors, se-
lect an appropriate brush or knife, and load it with paint.
The artist then chooses a region of the layer corresponding
to the selected color, applies the paint, and manipulates it
until the desired effect has been achieved. Thus a layer is
painted region-by-region until it is complete. The interaction
modes described on the next page are designed to support
each of these tasks. While our approach can apply equally to
acrylic paints with minimal modification, for the purpose of
our discussion and experiments we will confine ourselves to
painting in oil.

Our model of the painting process is consistent with a num-
ber of classical and popular painting styles. Traditional layer-
based oil painting methods are characterized by long drying
times, which can be accelerated by thinning the paint heav-
ily with turpentine, as in the “fat over lean” approach [10].
In these layer-based methods, wet paint is applied on top of
existing layers of dry paint. An alternative is the Alla Prima
method of wet-into-wet, which was popularized by Impres-
sionist painters like Edouard Manet. In this approach paints
are applied in rapid succession without intervening drying
times. The goal is to achieve decisive, clean strokes which
remain visible in the final painting. Although the Alla Prima
method is not limited to a layer-based painting approach, it
is compatible with our layer-based computational represen-
tation. Brushstrokes will often follow a progression in both
size and color as early layers tend to consist of broad gen-
eral strokes, followed by a progression of detail. Cézanne’s
advice, cited in [10], was to “start with the broom and end
with the needle!”. Similarly, the more opaque light paints
are frequently applied after the darks. For the purpose of
testing and evaluating our painting system, we have adopted
the Alla Prima method, as the shorter drying times facilitate
experimentation and the immediacy of the technique is ap-
pealing to beginners.

The layers which our painting model requires can come from
a variety of sources. One possibility is to capture the paint-
ing process of an experienced artist. In addition, layers can
be scanned in from painting manuals and registered. We can
also use painterly rendering techniques to create layers auto-
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matically from photographs or 3-D models. One of the exam-
ple paintings from our video submission uses the method of
Hays and Essa [12] to generate layers from an input photo-
graph, by rendering brushstrokes along contours which are
generated by a multi-scale edge detector. Low frequency
edges are rendered with wider brushstrokes and high fre-
quencies are rendered with narrower ones.

CHALLENGES FACED BY NOVICE PAINTERS

Novice painters face a variety of challenges in executing a
complex painting, including the difficulty of positioning and
sizing the elements of the composition on the canvas, the
challenge of executing the required brushstrokes, and the com-
plexity of mixing paints to achieve the desired colors. For
example, as described in [10], inexperienced painters often
make the mistake of working on one small area of a painting
until it is finished and then move on to the next area. This can
result in a “confused and disjointed image because each area
of tone and colour is separate and unrelated to its neighbors.”
Our adoption of a layer-based approach and the development
of interaction modes which support the execution of individ-
ual layers addresses this concern.

The desired look of the painting is achieved through careful
control of the brush, by regulating the pressure, movement,
speed, and distance of each stroke. Impasto, for example,
is a technique for producing a “fresh, vigorously textured
look™ [21] using thick, expressive brushstrokes. Smith [21]
recognizes the difficulty of applying brushstrokes to gener-
ate the characteristic impasto texture in a uniform manner
throughout a layer. This is an example of the larger class
of problems novices may face at the brushstroke application
level. Our system can provide guidance in the application of
brushstrokes to create a desired effect.

Color mixing is one of the most difficult tasks faced by a
novice painter. The proportions of paints which must be
combined will vary dramatically from one shade of color
to the next, and most beginning painters are unfamiliar with
the subtleties of the subtractive color space that governs the
paint mixing process [9]. In our observations, users can eas-
ily spend 20 minutes or longer in an attempt to reproduce
a specified color for a particular painting. These long de-
lays are a source of frustration, particularly when users must
re-mix a given color after running out of it. Our system in-
cludes support for color mixing by automatically identifying
the components that are required for a particular color and
adaptively guiding the mixing process.

INTERACTION MODES

Our system is designed around a set of interaction modes
that assist the artist in painting the ordered set of layers that
comprise a finished painting. We support hands-free switch-
ing between interaction modes using a foot pedal (see the
included video for example usage). Each interaction mode is
realized by projecting light onto the surface of the painting
itself and adapting the projection to existing paint on the can-
vas in creating the desired display. We describe our adaptive
projected display in the following section. Our system pro-
vides five interaction modes to support the painting process:

e Preview Mode to display layers
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Figure 2: (a) Layer 4 out of 4 in preview mode, with highlighted region around lips. (b) Closeup of lip region. (c) Lip region
following color selection. Note that all images are photographs of the actual canvas under compensation.

Color Selection Mode to paint with specific colors
Blank Mode to assess the state of the painting
Orientation Mode to display brushstroke guidelines
Color Mixing Mode to aid in creating the desired colors

Preview Mode: A visual guide for painting a given layer is
provided by preview mode, which creates an overlay on the
canvas that displays the current layer in progress while com-
pensating for the underlying paint. The use of this mode is
depicted in Figs. 1(b) and 2(a). In preview mode, areas of
the canvas that are not to be painted in the current layer are
hidden from the artist using a checkered pattern. This pattern
is easily distinguished from the foreground elements of the
layer. This reduces the chance that regions outside the cur-
rent layer will distract the artist from a particular execution
step.

Furthermore, the clear visibility of all layer regions and “in-
visibility” of off-layer regions provided in preview mode helps
the artist devise a strategy for selecting a color palette and
set of brushes that are used to paint the layer. For example,
it may be the case that each layer corresponds naturally to
one specific brush size. It is easy to select a brush in preview
mode by physically comparing brushes to their previewed
strokes on the canvas.

Color selection mode: Another challenge in executing a par-
ticular layer is the efficient use of paint. An artist with a
loaded brush would like to quickly identify regions of the
canvas that need that particular color. To address this need,
we designed a color selection mode that highlights all strokes
of a chosen color in the current layer. The artist uses a Wa-
com tablet with a pen attached to the opposite end of the
paintbrush to select a specific color in the layer. Figs. 1(c)
and 2 illustrate the use of this mode. The white cross in
Fig. 2(b) indicates the selection of a particular shade of red
in the layer containing the girl’s lips. We employ a user-
specified tolerance parameter to determine which parts of the
layer match the selected color. The tolerance is adjusted in-
teractively via the foot pedal, to expand or contract the color
region of interest.

Following color selection, all other colors are hidden from
view so that the artist can apply the color where it is needed.
A comparison between Fig. 2(b) and 2(c) demonstrates that
color selection mode effectively masks out regions in the
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layer which do not correspond to the selected color. For areas
like these where it is difficult to distinguish between various
shades of red, the color selection tool is useful for clearly
marking where paint should be added.

Blank mode: The artist can systematically complete each
layer through the use of the preview and color selection modes.
In order to assess the progress made in painting a layer, along
with the current state of the painting, the artist may switch the
projectors off at any time using blank mode. The included
video shows the utilization of preview, color selection, and
blank mode in completing a layer.

Orientation mode: While preview and color selection modes
show the artist where to apply paint, orientation mode shows
the artist sow to apply it. A set of guidelines overlaid on
the layer indicate the orientation, width, and extent of brush-
strokes that should be applied to achieve a desired brush-
stroke texture. For example, long, linear guidelines would
indicate the need for bold, expressive strokes, while a short
hatching pattern would indicate the use of a dabbing tech-
nique. Guidelines can also be used to indicate directions for
blending paints, as depicted in Figures 4(b) and 4(c). Ori-
entation guidelines must be generated along with their as-
sociated layer images. We note that one benefit of using the
painterly rendering method of Hays and Essa [12] to produce
layers is that it automatically generates contours that can be
used as orientation guidelines.

Color mixing mode:  Support for the task of combining paints
to achieve a desired color is provided by color mixing mode.
Fig. 3 shows the interface, which depicts a standard color
wheel along with a camera view of the artist’s palette. Using
the Wacom tablet, the user identifies an area on the palette
where paint is to be mixed. A desired color from the current
layer can be specified via color selection mode. A precali-
brated table maps the target color to a specific location on the
color wheel, known as the target point. Labeled source points
on the color wheel correspond to fully-saturated source pig-
ments (labeled “18” and “24” in Figure 3).

The first step in mixing the target color is to identify the fully
saturated colors that may be combined to make the target
color. For any point on the color wheel, the system selects
the two colors that lie on both the outer boundary of the color
wheel and on a line connecting the center of the wheel to the
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Figure 3: Interface for color mixing mode, which em-
ploys automated capture of and localization of palette
colors on a color wheel to guide the paint mixing
process. The blue arrow illustrates the movement of
the current mixture color, which is the selected region
in the camera image, to the desired target.

target color’s location on the wheel. These two fully satu-
rated components of the target color are complementary col-
ors. Following identification of these two ingredient colors,
the user may put a sample of the color on the palette directly
from the tube or by means of another mixture process. The
interface may be used to help mix these source ingredients if
needed. After both ingredient colors have been placed on the
palette, one color is gradually mixed with the other. Follow-
ing each step of paint addition, the camera image is analyzed
to identify the point on the model color wheel which corre-
sponds to the mixture in progress. Estimation of the mix-
ture point is accomplished using a pre-calibrated set of his-
tograms obtained for a representative set of pigments. These
points chart the geometric progress of moving the color along
a gradient on the color wheel. The system guides the user to
slowly add one ingredient color to the other to achieve the
desired target point.

CREATING A DISPLAY ON A PAINTED CANVAS

We employ a system of two projectors and one camera to cre-
ate an adaptive display directly on the canvas. The projector
outputs and camera input can be automatically warped and
aligned with the surface of the canvas using standard calibra-
tion methods [7].

Multi-Projector Adaptive Display: By placing the two pro-
jectors at an oblique angle to the canvas and overlapping and
aligning their outputs, we gain the ability to illuminate each
pixel on the canvas with two distinct sources of light. This
has two benefits. First, by projecting simultaneously from
both projectors we gain robustness to shadows and occlu-
sions, as described in [7]. Second, by adapting with both pro-
jectors during compensation, we can increase the dynamic
range of the display on the canvas. This is particularly useful
in trying to adapt dark colors to make them lighter.

Photometric Adaptation: In order to control the appearance
of the canvas, our system must account for the spatially vary-
ing reflectance of a painted canvas. Any image projected
onto the canvas will be modulated by the reflectance of the
paint and therefore create an undesired appearance as shown
in Fig. 5(d). To achieve a desired appearance, we adapt a
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Figure 4: Painting a sphere using orientation mode. (a)
Sphere with highlight and shadow; (b) Coarse blending
with bristle brush in orientation mode; (c) Fine blending
with fan brush in orientation mode; (d) Finished resuilt.

feedback approach in which a captured camera image of the
canvas is analyzed to create a compensation image for each
projector to output.

Our compensation approach is based on the method of Nayar
et. al. [16] for adapting the output of a single projector to a
surface with varying reflectance. Our system employs mul-
tiple projectors to increase the dynamic range of the com-
pensation method and supports the positioning of the pro-
jectors beside the artist instead of directly in front of the can-
vas. The algorithm works by projecting an initial input image
and iteratively adjusting image intensities using visual feed-
back. Starting with all projectors projecting black, each pro-
jector iteratively reduces compensation error, the difference
between desired and measured intensities for each pixel and
channel independently, according to the proportional feed-
back law P = k(I — C;) + P, where P, is the compensation
image for iteration i, / is the desired appearance image, C; is
the surface-aligned camera image for iteration 7, and & is the
gain. Once the error has dropped below a threshold tolerance,
a completion mask is toggled for the finished pixel to avoid
further adjustment of its compensation intensity. Adaptation
halts after the change in error for all pixels has stabilized or
a maximum number of iterations have occurred. Following
adaptation, the compensation image for the current projector
is fixed and adaptation begins for the next projector. Each
subsequent projector reduces error for the remaining pixels
that have not met the target intensities for each channel. Fig-
ure 5 illustrates the compensation process for 2 projectors
positioned as in Figure 1(a). Clearly, the appearance of the
canvas is closer to the desired image with two projectors than
with one. These results establish the effectiveness of com-
pensation in the case of oil paints.
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Figure 6: 3 paintings made using our system by 3 painters who had never painted before.

RESULTS

We present the results of a formal user study of novice painters
along with informal observations on the usage of our system
by several subjects.

User Study

We conducted a formal user study to quantify the benefit that
our system can provide to a novice painter, relative to a stan-
dard art projector. The study had two components. In the
first component, a population of twenty subjects was asked
to paint copies of the model painting illustrated in Fig. 8(b).!
Each of the subjects was given a canvas containing an ini-
tial sketch of the desired shape (as produced by a standard
art projector) and printouts of the model painting. Ten of the
subjects served as a control group and produced their paint-
ings without the use of our system. The other ten subjects
had full access to our system.

Prior to their painting experience, each subject filled out a
questionnaire in which they were asked to rate their confi-
dence in their ability, on a scale of 1 to 5 where 1 means “not
confident at all” and 5 means “very confident”, to paint a set
of three paintings which were identified by an art expert to be
of low, medium, and high difficulty.> The questionnaire also
contained questions to assess whether the subject had any
previous painting experience.’ (Subjects with prior experi-
ence were allowed to complete their paintings but one was
dropped from the analysis due to experience.) Each subject
was then given a brief orientation session and then asked to
paint a short warm-up painting which took approximately 15
minutes.* Each subject then completed the model painting,
which took three hours on average.

Following their painting experience, the subjects filled out
a second survey which again asked them to rate their abil-
ity to execute a different set of three paintings of equivalent
levels of difficulty. In addition, subjects were asked to rate

! An experienced artist created the barn image in two layers with associated
orientation mode guidelines. The captured layers and guidelines were used
by our system.

2The paintings used in our survey were as follows: Before painting, diffi-
culty Low “Composition with Red, Blue, and Yellow” (Mondrian), Medium
“The Lemon” (Manet), and High “Floor Scrapers” (Caillebotte). After
painting, difficulty Low “Number 10” (Rothko), Medium “Dusk” (Monet),
and High “The Music Lesson” (Vermeer).

3All questionnaires and raw data are
http://www.cc.gatech.edu/cpl/projects/painting

4The warm-up session was conducted to help eliminate any negative effects
of using basic painting tools for the first time.

available at
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their level of frustration, level of boredom, likelihood to paint
again, assessment of the quality of their painting, and overall
satisfaction with the experience, on a scale of 1 to 5.

We conducted an analysis of the self-assessed ability rat-
ings for each subject population before and after their paint-
ing experience. The average prior confidence rating for the
painting of Medium difficulty was 2.2 for the control group
and 2.3 for the group that used our system. Following their
painting experience, the average rating for the Medium diffi-
culty painting dropped to 1.6 for the control group, and rose
slightly to 2.5 for the group that used our system. We ran
a t-test and Mann-Whitney-U nonparametric test for the null
hypothesis that there was no significant difference in the de-
pendent variables between the two groups. The difference
in assessed ratings was found to be statistically significant
(at level p < 0.05) using both tests. We conclude that our
system has a quantifiable, positive benefit over what an art
projector alone can provide in improving the confidence of
novice users.

In the second component of the study, a group of three ex-
perienced painting professors filled out two questionnaires
to evaluate each of the twenty paintings completed by the
novice users (see Fig. 8). The first questionnaire asked re-
spondents to rate 6 attributes of painting quality on a scale
of 1 to 7 and the second questionnaire asked the professors
to rank their top ten paintings in terms of overall quality and
overall similarity to the model painting.® Fig. 7 reports the
sum of the ranks of expert ratings for six survey attributes
over the two populations of paintings, where 1 = “poor qual-
ity”, 4 = “medium quality” and 7 = “high quality.” The p-
values for the Mann-Whitney-U test are shown for each at-
tribute. A statistically significant difference (at p < 0.05) was
observed for every attribute except “quality of color match-
ing to original painting.” Furthermore, a majority of the top
10 paintings ranked by each professor were painted with the
use of our system. These results serve to further validate our

SThe average confidence ratings for the Low and High difficulty paintings
did not show a statistically significant variation between the two groups.
However the mean ratings for both attributes were higher for the group that
used our system. Note that the model painting was designed to be of medium
difficulty.

®In addition to ranking the paintings, the second questionnaire asked for
open comments on standard attributes they have used in the classroom for
comparing paintings and assessing their relative quality. These comments
were found to validate our choice of survey attributes for the quality of the
painting and its similarity to the model.
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Figure 5: (a) Canvas before compensation; (b) Desired
appearance; (c) Projector 1 compensation image; (d)
Compensation result for projector 1 alone; (e) Projector
2 compensation image; (f) Final canvas appearance
under the combination of projectors 1 and 2.

claim that our system can help novice painters to produce
higher-quality artifacts than an art projector alone.

Usage Trends

Figure 6 shows three paintings created using our system by
three novice artists who had never painted in oils before.
Each painting took an average of 5 hours to create using our
system. We observed the painting process for these artists
and identified the following trends:

First, two of the subjects exhibited initial hesitation in apply-
ing the brushstrokes directly on top of the displayed virtual
brushstrokes. For the two impressionist style paintings in
Figure 6, for example, both artists applied the paint in very
small and slow brushstrokes despite the implicit instruction
to paint with quicker and more sweeping brushstrokes as vi-
sually suggested in preview, color selection and orientation
modes.
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Expert Ratings of Paintings

Quality of Brushwork

Quality of Color Matching
to Original Painting

Quality of Perspective

Quality of Shading

*statistically significant difference

Overall Quality

Overall Similarity to Painting

160
m With System
@ Without System

Sum of Ranks of
Attribute Ratings on 1-7 Scale

Figure 7: Aggregate quality ratings reported by three
painting professors, for the two sets of paintings shown
in Fig. 8.

Second, as the novices’ hesitations faded and they switched
between interaction modes more frequently, task execution
speed increased. This indicates that they learned how to ap-
ply regions of color in a layer in a more effective manner and,
as a result, became more confident in their ability to accom-
plish painting goals.

Third, as the paintings progressed, all three users switched to
color selection mode more frequently. In one case, the artist
repeatedly re-adjusted the color similarity tolerance for each
color selection before applying a new color to the canvas.
This enabled him to grow or shrink the layer segmentation
until it appeared to conform to contiguous brushstroke ar-
eas as opposed to pieces of brushstrokes resulting from color
variation across the brushstroke. This behavior suggests the
need for a more sophisticated means of detecting and seg-
menting brushstrokes for color selection mode.

We were initially concerned about the potential negative ef-
fects of glare and shadows on the subjects in our experiment.
Glare caused by projecting light onto wet oil paint could both
hinder the ability to control the appearance of the canvas us-
ing photometric compensation and annoy users of our sys-
tem. Shadowing on the display due to projector occlusions
by the artist could prevent the effective use of interaction
modes for painting guidance at the color application and ma-
nipulation level. We found that by positioning our projectors
at oblique angles, we were able to reduce both of these ef-
fects in practice. None of the artists reported any discomfort
caused by glare or shadows.

CONCLUSION AND FUTURE WORK

We have described a novel interactive system for guiding
novice artists to paint using traditional methods and tools.
We have demonstrated how a multi-projector adaptive dis-
play can support artistic painting by guiding users according
to traditional painting techniques taught in artist’s manuals.
Furthermore, we presented a set of five interaction modes for
a canvas-centric interface which supports a traditional layer-
based approach to painting. We evaluated the effectiveness
of our system in meeting the goals of improved quality of ex-
perience and high quality of output. The results of our user
study indicate that these goals were met.
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Figure 8: (a): Top two rows: Paintings made with the system. Lower two rows: Corresponding zoomed-in regions for the
paintings in the top rows. (b): Model painting all subjects in the user study were told to copy (¢): Top two rows. Paintings

made without the system. Lower two rows: Corresponding zoomed-in regions for the paintings in the top rows. Notice
the larger deviation in shading from the model for the zoomed in portion between the two groups.
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Our system has the flexibility to handle a wide range of paint-
ing styles and approaches. Portraiture, still life, and land-
scape paintings are examples of domains that are supported
by our process model. However, Jackson Pollock’s paintings
provide an example of a less traditional means of applying
paint that does not fall within the range of techniques that we
currently support.

In future work, we are considering extending the painting
interaction techniques presented in this paper to other areas
of the fine arts. Multiple projectors could guide a sculptor
in subtracting material from a block of marble, for exam-
ple. Just as layers were used to build up the composition of
a painting in the current system, a sculpting system could
guide an artist in a hierarchical broad-to-fine chiseling ap-
proach.
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Registration Techniques for Using Imperfect and Partially
Calibrated Devices in Planar Multi-Projector Displays

Ezekiel Bhasker, Ray Juang, Student, IEEE, and Aditi Majumder, Member, IEEE

Abstract— Multi-projector displays today are automatically registered, both geometrically and photometrically, using cameras. Exist-
ing registration techniques assume pre-calibrated projectors and cameras that are devoid of imperfections such as lens distortion. In
practice, however, these devices are usually imperfect and uncalibrated. Registration of each of these devices is often more challeng-
ing than the multi-projector display registration itself. To make tiled projection-based displays accessible to a layman user we should
allow the use of uncalibrated inexpensive devices that are prone to imperfections. In this paper, we make two important advances
in this direction. First, we present a new geometric registration technique that can achieve geometric alignment in the presence of
severe projector lens distortion using a relatively inexpensive low-resolution camera. This is achieved via a closed-form model that
relates the projectors to cameras, in planar multi-projector displays, using rational Bezier patches. This enables us to geometrically
calibrate a 3000 x 2500 resolution planar multi-projector display made of 3 x 3 array of nine severely distorted projectors using a low
resolution (640 x 480) VGA camera. Second, we present a photometric self-calibration technique for a projector-camera pair. This
allows us to photometrically calibrate the same display made of nine projectors using a photometrically uncalibrated camera. To the
best of our knowledge, this is the first work that allows geometrically imperfect projectors and photometrically uncalibrated cameras

in calibrating multi-projector displays.

Index Terms—Geometric calibration, photometric calibration, tiled displays.

1 INTRODUCTION

Multi-projector displays are popular today for many applications such
as visualization, entertainment, training, and simulation. Contem-
porary researchers envision future workspaces with ubiquitous pixels
rendered by multi-projector displays of various scales and forms aid-
ing users in collaboration, interface, and visualization [9, 12, 16, 17,
24,25, 30, 33, 36].

To enable such readily accessible multi-projector displays, auto-
mated camera-based registration techniques that register the imagery
coming from multiple projectors, both geometrically and photomet-
rically, have been proposed [5, 6, 13, 19, 20, 21, 23, 26, 27, 28, 29,
34, 37, 38]. More recently, Bhasker, et al. [2], proposed a distributed
network of compact projector-camera units that can self-register with-
out any user input, relieving the user of installation and maintenance
responsibilities. However, all these methods do not handle imperfec-
tions, such as lens distortions, that are common in inexpensive com-
modity devices. They assume pre-calibrated devices (i.e., devices
whose geometric and photometric parameters are known) leaving the
responsibility of device calibration to the user. Device calibration is of-
ten more challenging than multi-projector display registration and de-
mands a very educated user. This difficulty in deployment has quaran-
tined tiled projection-based displays to national laboratories and uni-
versities despite huge advances in automated camera-based registra-
tion techniques.

The work in this paper makes initial advances by developing ge-
ometric and photometric registration techniques that allow imperfect
uncalibrated devices to be used for the most common cases of planar
displays. The ultimate goal would be to allow the use of projectors
with severe geometric and photometric distortion and still achieve ac-
ceptable geometric and photometric registration. We achieve this goal
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using cameras that are neither geometrically nor photometrically reg-
istered. The paper by Majumder and Stevens [21] is the only work
to date in this direction and presents initial methods to handle large
spatial variation in intensity within and across projectors. In this pa-
per, we make further advances to these unexplored domains. These
are: (a) achieving geometric registration while using projectors that
have considerable geometric imperfections (e.g., lens distortions); (b)
achieving photometric registration with a photometrically uncalibrated
camera.

1.1 Using Geometrically Imperfect Projectors

We present a new geometric registration technique that can correct for
severe lens distortion using a relatively low-resolution camera for pla-
nar multi-projector displays. This method relies on a new parametric
geometric model relating the projector to the camera used for register-
ing the display. The relationship is modeled in a compact and efficient
manner using a rational Bezier patch.

Projection technology is advancing at a tremendous pace. Pocket
projectors that can fit on one’s palm are no longer a myth but a re-
ality [1]. Industry initiatives are finding ways to build short-throw,
unbreakable projectors that use LEDs as light sources so that they can
be embedded in cell phones. It is evident that lens distortion will be
significant in such low-cost projectors. Our method will enable the use
of such low-cost projectors to build commodity tiled displays.

Further, in designing a compact multi-projector display or changing
an existing setup to increase space utility, a short-throw lens is required
to decrease the throw distance of the projectors. These lenses currently
require several optical elements to reverse the high lens distortion cre-
ated by short focal lengths. Hence, they are cost-prohibitive (around
$2000 - $6000) and at least 5-6 times the cost of regular projectors
(around $800 - $1500). Our work handles severe lens distortions, thus
paving the way for using inexpensive lenses on projectors, just as they
are used on cameras today. This allows for even more compact multi-
projector display designs.

1.2 Using Photometrically Uncalibrated Cameras

Existing methods for photometric calibration of a multi-projector dis-
play often use a camera that is first calibrated using high dynamic
range images [8, 26]. This involves taking images in an outdoor envi-
ronment where one does not have control of motion, illumination, etc.
This calibrated camera is then used to recover the photometric proper-
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ties of the projectors which are then modified appropriately to achieve
a photometrically seamless multi-projector display [21, 26].

In this paper, we present a photometric self-calibration technique
for a projector-camera pair that allows us to register a multi-projector
display photometrically using an uncalibrated camera. To the best of
our knowledge, this is the first work that estimates both the intensity
transfer function and the spatial variation in intensity of projectors si-
multaneously using a photometrically uncalibrated camera.

2 RELATED WORK

In this section, we review existing geometric and photometric regis-
tration techniques and relate them to the techniques we present in this

paper.
2.1 Geometric Registration

Geometric registration of planar multi-projector displays entails re-
constructing two functions: (a) the function that relates the individual
projector coordinates to the camera coordinates; and (b) the function
that relates the camera coordinates to the global screen coordinates.
Most geometric registration techniques devised for planar displays so
far fall into the following categories.

Linear methods assume linear models for cameras and projectors.
They relate the projector, camera, and the screen coordinates by lin-
ear matrices called homographies [5, 34]. However, linear models do
not account for geometric non-linearities, such as lens distortion, and
cannot achieve accurate alignment in their presence. To achieve ac-
ceptable alignment in such cases, projectors are manually adjusted to
the ‘sweet-spot’ in zoom level where the non-linear distortions become
negligible.

Piecewise linear methods address these geometric non-linearities
by using a piecewise linear function, essentially a triangulation, to
relate the projector, camera and screen coordinates to each other.
Though this achieves reasonable geometric accuracy, a dense trian-
gulation is required to sample the parameter space adequately [37].
Thus, a high-resolution (5-6 Megapixel) camera is required to register
even relatively small displays made of 4-6 projectors.

Hereld, et. al. [13], use a non-linear model where a closed-form
cubic function handles some of the geometric non-linearities. This
method has two limitations. First, a simple cubic polynomial cannot
capture the perspective projection between the projector and the cam-
era adequately. As aresult, this method assumes a close-to-rectangular
array of projectors resulting from on-axis projection. Such an arrange-
ment is relatively easy to achieve manually in a rear-projection system,
but not in front-projection system where the projector is on the ceiling
projecting on a screen placed on the ground. Second, this work is not
motivated by accurate analysis of the kind of non-linearities seen in
projectors and hence cannot handle higher order non-linearities.

Our method incorporates the non-linear distortions of the projec-
tor into the function that relates the projector to other entities, such as
the camera and screen, using a single accurate closed-form function
— the rational Bezier patch. This allows combination of distortions
arising from completely different reasons (e.g., lens distortion and key-
stoning) into a single unified representation. Further, it results in an ef-
ficient camera-based geometric registration for planar, multi-projector
displays, that can handle significant lens distortion.

2.2 Photometric Registration

Photometric properties of a camera/projector involve its intensity
transfer function, or ITF (more commonly called the gamma function),
and the spatial intensity fall-off in its field-of-view (more commonly
called the vignetting effect). Photometric registration of projection-
based displays requires estimation of the photometric properties of the
projectors using a camera. To do this, the camera is first photometri-
cally registered. The high dynamic range imaging technique [8, 22]
can be used to estimate the camera’s ITF by taking images outdoors.
Currently, there is no simple automated way of estimating the cam-
era’s vignetting effect. The registered camera is usually set to a nar-
row aperture when using it to estimate the photometric properties of
the projectors in a tiled display. The techniques in the work by Raij,

et al. [26], are then applied to estimate the projectors’ ITF using the
registered camera. Using the projectors with known ITF, the tech-
niques described in the papers by Majumder and Stevens [20, 21] are
then used to estimate the spatial intensity fall-off of the projector, and
to register the multiple projectors photometrically using the estimated
photometric properties. No method currently exists that can use a pho-
tometrically uncalibrated camera and recover both the ITF and the spa-
tial intensity fall-off of the projectors simultaneously. Our method in
this paper estimates all the different photometric parameters of both
devices in a photometrically uncalibrated projector-camera pair. It is
accomplished in a controlled indoor setting without using any other
physical props. Photometric registration techniques that use these pa-
rameters [20, 21, 38] can then be utilized to achieve photometric seam-
lessness in the multi-projector display.

3 USING GEOMETRICALLY IMPERFECT PROJECTORS

In this section, we present our geometric registration technique that
corrects for projector geometric imperfections, such as lens distortion.
We use a camera that is corrected for lens distortion [3]. First, we de-
velop a new model that relates a single projector to the camera in a
planar multi-projector display using a rational Bezier patch. The pro-
jector lens distortion is modeled by an affine-invariant non-rational
Bezier patch. For a projector-camera setup with a planar display, this
function is followed by a homography that relates the projector to the
camera and to the screen linearly. We use a perspective-invariant ratio-
nal Bezier patch to model the combination of these non-linear and lin-
ear functions. Thus, all the different distortions in a planar projection-
based display (e.g., key-stoning, radial, and tangential distortions) are
combined into a single closed-form function. To the best of our knowl-
edge, this is the first work that models both linear and non-linear dis-
tortions of a projector-camera system in a unified manner.

To geometrically register multiple distorted projectors, we sparsely
sample the rational Bezier function relating the projector coordinates
with the camera and screen coordinates, and estimate the function pa-
rameters. These parameters are then used to warp the input image to
the projector appropriately resulting in a geometrically aligned image.
The sparse sampling proves adequate for acceptable geometric regis-
tration since the rational Bezier offers a piecewise curve representa-
tion (which is more suited for lens distortions that transform lines to
curves), rather than a piecewise linear representation. This sparse sam-
pling allows us to use a low-resolution camera to achieve geometric
registration for even medium sized displays made of 6-16 projectors.

3.1 Model for Single Projector

We first consider the simple case of a single projector projecting onto
a planar screen and being observed by a single camera corrected for
lens distortion. Our goal is to design an accurate parametric function
Z that defines the relationship between the projector pixels (x,y) and
the camera pixels (u,v), i.e., (u,v) = .%(x,y). Ideally, the function
Z has two components. The first is the lens distortion function %
that relates the undistorted projector coordinates (x,y) to the distorted
coordinates on the display screen (x4,y;). The second component is
the well-known homography ¢ that relates the distorted coordinates
to camera coordinates (u,v).

(,v) = A (xa,ya) = K (R (x,y)) = F (x,y) M

We would like to model .% by a single compact parametric function
that accurately captures the effect of the concatenation of these two
functions, 7 and Z#, and is amenable to efficient data fitting compu-
tation.

Modeling % with Non-rational Bezier Patches: The classic lens
distortion model [4, 10] consists of two independent distortions: radial
distortion (e.g., barrel or pin-cushion) and rangential distortion.

Radial distortion is usually modeled by

x4 (x—xp) (ki? +hor* + k3r®) = x+ py, 2)
v+ —yp) (kir? +kor* +k3%) =y + py, 3)
120229

Xd =

Ya =
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Case No. Lens Distortion Parameters % Error For
Center Radial Tangential Bezier of degree
(Xe,¥e) (ki ko, k3) (P1,p2) 2 [ 3] 4 ] 5 | 6 [7
(a) (0.5,0.5) (—0.35,0,0) (0,0) 5.78 €
(b) (0.5,0.5) (0,0,0) (0.1,0.1) £
(¢) (0.5,0.5) (—0.35,-0.35,0) (0,0) 9.00 | 0.91 | 0.56 €
(d) (0.6,0.55) (—0.35,—0.13,0) (0.05,0.05) 1.9 [ 0.14 | 0.03 €
(e) (0.6,0.55) | (—0.35,—0.13,—0.016) | (0.05,0.05) | 2.0 | 0.17 | 0.038 | 0.0012 | 0.00022 | €

Table 1. This table shows the accuracy of our fit for lens distortion functions using non-rational Bezier patches of different degree. Due to the large
number of lower degree terms, note that in case (e) distortion of higher degrees (e.g., degree 7) can be fitted to reasonable accuracy by a lower
degree Bezier (e.g., degree 4). € represents the convergence threshold used which is strictly less than 107!,

(a) (b) (©)

Fig. 1. Images showing the fives cases of distortion mentioned in Table 1.

where (x4,y,) and (x,y) are the distorted and undistorted image coor-

dinates respectively, r = \/ (x—xp)2+ (y—yp)? is the radial distance

from the principal center (x,,y,) in the undistorted image, and &;,
1 <i < 3 are the radial distortion coefficients. Negative values of k; re-
sult in barrel distortion while positive values result in pin-cushioning.
The principal center is a point in the image that is unchanged by radial
distortion. In general, the principal center (x,,y,) need not be at the
center of the image but is usually close to the center.

The tangential distortion is modeled by

4
&)

Xg = x+2pixy+part +2paxt =x+ 1y,

Yo = Y+2paxy+pirt+2piyt =y+7,

where r = \/(x—xp)2+(y—y,,)2 and p; and p, are the tangential

distortion parameters.

Radial and tangential distortion are independent of each other and
hence their effects can be combined into a comprehensive lens distor-
tion equation, as

(Xa,ya) = (6)

Estimating the unknown radial and tangential distortion coefficients
involves solving complex non-linear optimization problems. Hence,
several simplifying assumptions are usually made which are often not
true in a real system. The most common simplifications are to assume
that the principal point coincides with the center of the image and to
ignore the higher degree terms [3, 7, 15, 32, 35, 39].

We model this lens distortion by non-rational Bezier patches in-
stead. A non-rational Bezier patch of degree k and dimension d is de-
fined by (k4 1)? control points in a d-dimensional space. In our case,
we consider a two-dimensional patch where d = 2. The Bezier patch
is a tensor product patch where the control points, P;;, are weighted by
blending functions that are products of independent one-dimensional
Bernstein polynomials. There are k 4 1 Bernstein polynomials of de-
gree k given by

(X +Px + Te,y + Py + Ty).

k!
n!(k—n)!

where 0 <n < kand 0 <t < 1. The non-rational Bezier patch can then
be defined from these polynomials as

k
Z Zl)l]blk )

bu(t) = (1 =)k @)

N B ®)

(d) (©)

k
Z Bijk(x,y), ©9)

Il
i M»

where B;j is the tensor product of the Bernstein polynomials b;; and
b ik and 0 < (x,y) < 1. Hence, in the context of the single projector-
camera pair for planar displays, the projector lens distortion function
2 (x,y) is represented by
(xa,ya) = R (x,y) = N B(x,y) (10)
Our choice of using a non-rational Bezier patch is guided by the

following rationale.

1. The non-rational Bezier patch provides a unified framework to
represent a large range of lens distortions. More severe lens dis-
tortions can be included by increasing the degree of the Bezier
patch. For example, a bicubic Bezier patch may be sufficient for
standard narrow FOV lenses, but a Bezier patch of degree 4 may
be required for the more severe distortions of wide FOV lenses.
All of these are handled by the non-rational Bezier patch without
affecting the underlying computational framework.

2. When Equation 10 is expanded and compared with Equation
6, one finds that the non-rational Bezier patch has many more
higher-order cross terms, making it a more flexible model. For
example, it is possible for short-throw lens projectors to have
a mix of both barrel and pin-cushion distortions. Such cases are
better handled by a more flexible model such as the Bezier patch.

3. The principal center creates a particular nuisance in traditional
lens distortion estimation techniques, and forces most practical
systems to assume it to be at the center of the image. When
using a non-rational Bezier patch, the principle center is encoded
within the control points themselves, and need not be estimated
seperately.

4. Like lens distortion, non-rational Bezier patches are also affine-
invariant and hence provide an accurate model.

Table 1 and Figure 1 present results on the accuracy of our Bezier
patch model. We consider a dense sampling of the (x,y) space, distort
it using various traditional lens distortion parameters, and fit a non-
rational Bezier patch to the distorted points. To evaluate the accuracy
of the fitted Bezier, we find the average Euclidian distance error be-
tween fitted and the distorted data as a percentage of the distance from
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(@) (b) (©

(@ (e) ®

Fig. 2. Results of geometric registration shown on our display which is a 3 x 3 array of nine projectors. The geometric registration is achieved using
bicubic rational Bezier patches with sparse correspondences (8 x 6 for a 1024 x 768 projector). (a, b, c) Before registration; (d, e, f) After registration.
The grid image in the last column is made of lines that are one pixel wide. To retain clarity of the grids in the overlap region, photometric registration

is not applied to the grid image in (c) when generating the registered image (f).

the principal center. Note that even when higher order distortions are
present (e.g., x'), lower degree Bezier patches (e.g., bicubic) can pro-
vide a good fit. This is due to the presence of a large number of lower-
order cross-terms, which are absent in the traditional lens distortion
model.

Modeling 7% with Rational Bezier Patches: Non-rational
Bezier patches are affine-invariant but not perspective-invariant. Re-
lating the projector to the camera not only involves a lens distortion
but also a perspective projection. In the case of planar displays, this
is a homography .77, a simpler 3 x 3 transformation induced by the
planar display screen. So, to model the combined effects of .7 and
Z in Equation 1, we desire a function that retains all the properties
of the Bezier and is also perspective-invariant. Retaining all the prop-
erties of Bezier patch assures retaining the accurate model of non-
linearities due to distortion. Invariance under perspective projection
assures the additional modeling of the perspective projection between
the projector and the camera. To our advantage, a generalized form of
Bezier patches called rational Bezier patches offer us a function that
has all the properties of a non-rational Bezier and is also perspective-
invariant. In addition to the 2D control points of Bezier patches, ratio-
nal Bezier patches have a scalar weight associated with each control
point, and the patch is defined as a weighted sum of the blended con-
trol points:

X5, ):];':0 PijwijBijk(x,y)
Zf‘(:() ZI;‘:O WijBijk(xv)’)

The weights provide this function with the capability to sample the

parameter space in a non-uniform (but controlled) manner. This makes

it perspective-invariant. Hence, we propose the use of a rational Bezier
patch to estimate the function .% = #%.

PB(x.y) = (11)

3.2 Geometric Registration of Multiple Projectors

Geometric registration of a multi-projector display requires estimating
two functions. The first function maps the projector coordinates (x,y)
to the camera coordinates (u,v). We use a rational Bezier patch 4 for

this purpose. The second function maps the camera coordinates (u,v)
to the normalized screen coordinates (p,q). The presence of a planar
screen allows us to use a homography .75 for this mapping. These
functions are estimated as follows.

Parameter Estimation: To estimate .75, we require four corre-
spondences between the camera and screen coordinates, (u,v) and
(p,q). The four correspondences result in a system of linear equa-
tions that can be solved to recover the homography matrix. To find
the correspondences, we identify four points in the camera image that
correspond to the four corners of the screen. This can be done au-
tomatically by attaching fiducials to the display. Since our display
is nearly rectangular, we set all the projectors to display white light
and use simple image processing to detect the extreme corners of the
lighted regions to find the camera coordinates that correspond to the
four corners of the normalized screen space.

To estimate the parameters of the rational Bezier patch, %, we
find correspondences between projector pixels (x,y) and camera pixels
(u,v). Let us assume N correspondences, i.e., (x¢,y.) corresponding
to (u¢,ve), 0 < ¢ < N — 1. The unknowns are the control points in the
camera’s space, P;; = (u;},v;;), and their scalar weights w; ;. From the
known correspondences, Equation 11 can be written for each corre-
spondence as follows:

(ue,ve Z ZWU ijk (XesYe)

k k
Z Z ulj7vlj Wij z;k(xm)’L) =0.
i=0;j=0 i=0;=0
(12)
Assuming U;; = u;jw;j and V;; = v;jw;;, Equation 12 yields two equa-

tions for each correspondence, as follows:

e Z Z wijBije(xe, ye) Z Z UijBiji(xc,ye) = 0. (13)
i=0j=0 i=0 /=0
k k k k
Z ZWU zjk(xu)’c Z ZVzJBUk (xc,ye) = 0. (14)
i=0j=0 i=0 j=0
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(c) (d

(€9) ()

Fig. 3. Geometric registration of projectors with severe barrel distortion: using a linear piecewise method with sparse - 48 samples (a) and
dense - 432 samples (b) correspondences; using rational bicubic Bezier patches with sparse - 48 samples (c) and dense - 432 samples (d)
correspondences. (e,f,g,h) provides a zoomed in view of the projector overlap regions in (a,b,c,d) respectively. It is evident that piecewise linear
methods with sparse correspondences lead to severe mismatches. The results using rational Bezier are similar, even when the sampling is reduced
by an order of magnitude. In fact, at places, the results from using rational Bezier patches with sparse sampling is better than the results from using
a dense sampling for the piecewise linear method. This is evident as the grid lines are thicker in the overlap region in (b) due to slight errors.

The unknowns for estimating a two-dimensional rational Bezier patch
of degree k are (k+ 1)2 control points and weights, which result in a
total of 3(k -+ 1)% unknowns. The weights are variables that depend
on the control points in a non-linear fashion. So, the above equations
result in a non-linear least-squares fitting problem that can be solved
efficiently using the Levenberg-Marquardt gradient descent optimiza-
tion technique [31]. As an initial guess to this optimization, we fit the
control polygon tightly around the set of correspondences (uc,v.) in
the camera space and constrain the weights to be strictly greater than
0.

To find the correspondences between projector and camera coordi-
nates, (x,y) and (u,v), we display a rectangular grid of Gaussian blobs
with known coordinates on each projector. These are captured by a
calibrated camera in a series of non-overlapping images. We use a 2D-
stepping procedure that depends on a user to identify the top-left blob
and its immediate right and bottom neighbors in camera space. With
this minimal three point user input, we can design a stepping proce-
dure that (a) estimates the rough position of the next blob in scan-line
order, and (b) searches for the correct blob position using the nearest
windowed center-of-mass technique [11]. If this is not possible for
more extreme projector distortions, one can binary-encode the blobs
and project them in a time sequential manner to recover the exact ids
of the detected blobs and find the correspondences [28, 37].

Image Correction: To create a geometrically seamless and undis-
torted display, we warp the image for each projector as follows: For
each projector coordinate (x,y), we first compute the corresponding
camera coordinate (u,v) using the rational Bezier patch 2. Next, we
compute the corresponding normalized screen coordinates (p,q) us-
ing the homography 7. The generated coordinates (p,q) are used
as indices into the image being rendered on the tiled display. Bilinear
interpolation is used to assign the final value of each projector pixel.
Thus, the correction is achieved by the mapping

(p.q) = Hs(u,v) = A5(B(x.y))-

3.3 Implementation and Results

We have applied our method on our 8 x 6-foot display made of 3 x 3
array of nine projectors. Our projectors have relatively large throw ra-

s)

tios and hence do not reveal major lens distortions. Instead of choosing
the cost prohibitive option of buying nine short-throw lenses, we chose
to simulate the distortion digitally by distorting the input images to the
projectors.

The registration is done offline and takes a couple of minutes. This
generates the parameters of the rational Bezier for each projector,
which are then stored to be used during image correction. We have
implemented the image correction in real-time using modern GPUs
through Chromium — an open-source distributed rendering engine for
PC clusters [14]. A module for Chromium is written that first pre-
computes the coordinate-mappings of all pixel coordinates using the
stored parameters of the rational Bezier. This results in a per-pixel
projector to screen lookup table. A fragment program for the pixel
shader quickly maps pixels from the projector coordinate space to the
screen coordinate space during rendering.

Figure 2 shows the results. The advantage of using an appro-
priate parametric function lies in an accurate alignment even with a
sparse sampling of the function. We can achieve accurate alignment
of our relatively high resolution display (3000 x 2100) by using a low-
resolution VGA (640 x 480) camera. Notice that even with a low-
resolution camera we get sub-pixel accuracy for fine grids (one pixel
wide lines) and text. Figure 3 shows that we can achieve accuracy
comparable to existing methods (that use much higher resolution cam-
eras) even when our sampling is sparser by an order of magnitude.
To achieve perceptual photometric seamlessness, we used the work by
Majumder, et al. [21]. To make the quality of the geometric regis-
tration visible in the grid images, we did not register the display pho-
tometrically for Figure 2(c) and Figure 3. So, these images, though
geometrically aligned, still show photometric seams. The real-time
rendering is demonstrated in the submitted video. However the video,
being in VGA resolution, cannot capture the high resolution details.

4 USING PHOTOMETRICALLY UNCALIBRATED CAMERAS

In this section, we present a method for photometric registration of
multi-projector displays using a photometrically uncalibrated camera.
Projector photometric parameters that include its ITF and spatial inten-
sity variation, need to be estimated to instrument existing photometric
registration techniques [21]. We use an uncalibrated camera (whose
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Fig. 4. The transformation process of an image as it passes through a projector-camera system.

ITF is unknown) to extract these projector photometric parameters. In
the process, we also recover the camera ITF and hence calibrate the
camera photometrically. To suppress the spatial intensity variation,
such as vignetting effect, of the camera, like most previous work in
scene reconstruction [8, 23], we operate the camera at a narrow aper-
ture setting where it approaches the ideal pinhole model.

4.1 Model for a Single Projector

We assume a geometrically calibrated projector-camera system where
a pixel (u,v) in the camera coordinate system is related to a pixel
(x,y) in the projector coordinate system by a linear or non-linear warp
G(x,y) = (u,v). G can be determined by any geometric calibration
method, including the one presented in the previous section [38].
Consider a spatially uniform grayscale input to the projector. Let
the grayscale level be denoted by i. As per the model presented in the
paper by Majumder and Gopi [18], the uniform image is first trans-
formed by a spatially invariant input transfer function of the projec-
tor, fp, to create a spatially uniform output, f,(i). Next, the pro-
jector optics introduce a spatially-dependent but input-independent
intensity variation. This is further modulated by the screen re-
flectance/transmittance function. We denote this combined spatially
dependent attenuation factor due to projector lens and screen as L(x, y).
Thus, the image produced after passing through the projector lens and
screen is f;,(i)L(x,y). The light from the screen then reaches the cam-
era. The amount of light accepted by the camera is scaled by its ex-
posure time ¢;, where j indexes different exposure times. The differ-
ent exposures are instrumented by changing the shutter speed of the
camera. This produces an image f,,(i)L(x,y)t; that passes through the
camera optics. Assuming negligible camera vignetting at narrow aper-
tures, the image is transformed only by the input transfer function of
the camera, f, to generate the grayscale value recorded by the camera
Z. Thus, Z is a function of the input i, the exposure time index j, and
the spatial coordinates (x,y). This is illustrated in Figure 4. The final

equation is
Z(i7j7x7y) = fC(fP(l)L(xvy)t])

For cameras, the intensity transfer function is monotonic [8], and
hence invertible. Note that the same is not true for projectors [20].
Assuming invertible f., the above equation becomes

(16)

fN (20, j.x.3)) = fp() L)t (17
Taking the natural logarithm of both sides we get,
Inf (200, j,x,y)) = Infp (D) +In(L(x,y) +In(t;).  (18)

To simplify the notation, we define h. = Inf." I and hp = Infp, The
above equation then becomes

he(Z(i, j,x,y)) = hp(i) +In(L(x,y)) + In(z))

where i ranges over the grayscale inputs, j ranges over the exposure
times, and (x,y) ranges over the spatial coordinates of the projector.
In this equation, Z and ¢; are known while %, i and L are unknown.
Varying i and 7; results in different values of Z for each pixel (x,y).
We can use this to setup a system of linear equations. We recover
hp, he and L that best satisfy Equation 19 in a least-squares sense.
Note that recovering h, and h. involves solving the functions for a

19)

finite number of samples in the complete range of input values. The
recovered parameters are illustrated in Figure 5.

Improving Efficiency: The system of linear equations achieved by
Equation 19 is very large. Let R; and Rz each be the cardinality of the
set of input samples for %, and k. respectively, P be the total number
of projector pixels, and T be the number of exposures. This results in
PTR; equations and P + R; + Rz unknown variables for the system of
equations defined by Equation 19. Typically R; = Rz =256 and P =
1,000,000 (assuming common XVGA projector resolution). Since
there are multiple exposures for each input in the range R;, the size of
the linear system is on the order of at least a few million equations and
cannot be solved efficiently.

To address this inefficiency we use a limited number of pixels in the
projector space to solve for &, and h,. This is possible since /), and h,
are both spatially constant. To ensure a sufficiently over-determined
system, the criteria PTR; > P + R; + R; should be satisfied. For R; =
Rz =256 and T = 6, a choice of 100 for P is more than adequate. So,
we first subsample L to a resolution of 10 x 10 pixel and use this to
setup a smaller linear system of equations to solve for 4, and A..

With the estimated /1, and &, we substitute these into Equation 19
and quickly solve for L(x,y) at the various projector coordinates, by
rewriting Equation 19 as

In(L(x,y)) = he(Z(i, j,x,¥)) — hp(i) — In(t;)

Handling Noise: Our system does exhibit considerable random
noise arising not only from the devices (camera and projector) but
also from the screen. In particular, we use a rear projection screen
with relatively high gain which has been shown to generate consider-
able random noise [20]. This has an adverse effect on the signal to
noise ratio, especially for low projector input i or low camera output
Z. Thus, estimating hj, and A, directly from Equation 19 and L from
Equation 20 results in noisy parameter estimation. We take several
measures to reduce the effect of this random noise.

To assure smooth &, and k. while solving the system of equations,
we minimize the error function

E=Y Y Y lh(2Z)=hy(i) = In(L(x.y)) = In(t;)]?

JjeT (x,y)ePiER,'

(20)

(21)

+A < Y nl(z)?+Y hg(i)z) )

ZERy IER;

The first term assures that the solution arises from the set of equations
given by Equation 19 in a least-squares sense. The second term is a
smoothing constraint on the curvature of &, and /., given by their sec-
ond derivatives. In the discrete domain, we use the Laplacian operator
to find the curvature of %, and he, i.e., (i) = hp(i —1) —2h,(i) +
hp(i+1). The scale factor A weights the smoothness term relative
to the data fitting term and should be chosen based on the amount of
noise in Z. We choose A = 10.

However, note that the first term in Equation 22 gives equal weights
to all recorded camera values Z, and the second term gives equal
weights to all i and Z. For the first term, we want to emphasize im-
ages with higher signal to noise ratio i.e. images for higher i with
higher recorded values Z. For the second term, we want to emphasize
smoothing of /4, and h. in the lower ranges of i and Z respectively
where low signal to noise ratio would result in a noisier estimate. To
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Fig. 5. (a) The estimated camera input transfer function f.. (b) The estimated projector input transfer function f,. (c) The estimated spatial intensity

variation due to projector, screen, and camera L.

achieve this, we weight the first and second term of the error function
in Equation 22 as follows,

E=Y Y Y we(2)(he(Z)—hy(i) — In(L(x,y)) — In(1;)]* (23)

JeET (x,_v)EP I€ER;

+A (ZZI:Q [(Zmux *Wc(Z))h/c,(Z)]z + Z [(imax Wp(i))hg(i)F) . (24

i€R;

where w, and w, are the weighting functions corresponding to the
projector input and the recorded camera values, respectively, and Z,,,
and 7,4, are the maximum camera output and projector input respec-
tively. To give the higher intensities greater confidence we use linear
weighting functions, w¢(Z) = Z and w, (i) = i.

Similarly, noise can have adverse effects when estimating L using
Equation 20 after &, and h. are recovered. Usually the image cap-
tured for input i at a particular exposure does not yield unsaturated
outputs at all spatial pixel locations (x,y). So, we need to use differ-
ent images for reconstruction of L at different spatial locations. This
will yield an L with different signal to noise ratio at different spatial
regions depending on the image that was used to reconstruct L in any
spatial region. Even if a rare situation occurs when one finds a single
image (at a particular input and exposure) where all the pixels are un-
saturated, L will still be noisy due to the inherent random noise of the
projector-screen-camera system.

Averaging multiple observations is the standard way to reduce ran-
dom noise significantly [11]. Using this fact, we reduce noise in L
at any pixel (x,y) by solving it from multiple images and finding
a weighted mean of the multiple solutions. The weighting function
should emphasize higher i and Z to reduce the effect of random noise.
We achieve this by a weighting function wy (Z,i) = w¢(Z)w),(i). The
solution can now be derived by modifying Equation 20 as

_ Yjer Xicr; wi(Z,i)[he(Z) — hp(i) — In(t))]
Yjer Lier, WL(Z, i) ’

resulting in clean estimated parameters as illustrated in Figure 5.

In(L(x,y))

(25)

4.2 Photometric Registration of Multiple Projectors

For photometric registration of a multi-projector display, we estimate
the f,, and L(x,y) of each projector independently using the same cam-
era. Note that in order to recover the relative intensity levels of the pro-
jectors, we use the unnormalized L(x,y) estimated independently from
each projector. Using the extracted parameters from each projector,
we use the photometric registration method proposed by Majumder
and Stevens [21] to generate a perceptually seamless display.

4.3 Implementation and Results

We used a Kodak DCS ProSLR/n camera and projected 32 flat
grayscale fields with intensity levels uniformly sampled from O to 255.
For each intensity level, 15 exposures were taken. The camera was set
to a narrow aperture, f/32. The data collection took 25 minutes. To

reduce the collection time, we tried reducing the number of exposures.
Empirically, the minimum number of exposures needed before quanti-
zation effects became visible was eight. The exposures used, however,
need to be well distributed amongst the range of available camera ex-
posures. The program was written in C++ and utilizes Matlab and the
OpenCV library. It takes about 11-15 minutes to register each projec-
tor on a Pentium 4, 2.8 GHz PC.

The photometric registration in Figure 2 (d) and (e) are achieved by
using a photometrically uncalibrated camera. Additional results with
projectors that do not exhibit lens distortion are shown in Figure 6.
Here a linear geometric registration method is used [5]. These results
show that a photometrically uncalibrated camera can be used irrespec-
tive of the kind of geometric registration method being used. When
using the photometric registration technique of Majumder and Stevens
[21] we use a low photometric uniformity parameter to retain the high
contrast of the display as much as possible. This results in some per-
ceivable seams near the boundaries of the bottom left and right projec-
tors, which are significantly dimmer than the other projectors in our
display. However, these seams exist even when the photometric reg-
istration is carried out with a calibrated camera, showing that they are
artifacts of the photometric registration method itself and are not due
to imperfect projector parameter estimation.

5 CONCLUSION

This paper presents new registration techniques to handle imperfect
and uncalibrated devices in planar multi-projector displays. The four
relevant cases include allowing (a) photometrically imperfect projec-
tors, (b) geometrically imperfect projectors, (c) a photometrically un-
calibrated camera, and (d) a geometrically uncalibrated camera. Our
work addresses (b) and (c¢) in particular, while (a) is addressed by ex-
isting literature [21]. Our work allows severely distorted projectors to
be used which opens up the possibility of mounting inexpensive lenses
on projectors, just as with cameras, leading to very short-throw projec-
tors. Using a photometrically uncalibrated camera allows the photo-
metric registration to be conducted within a controlled indoor environ-
ment. Further, we have proposed the first method that estimates all
projector/camera photometric parameters simultaneously. However,
case (d) above of achieving geometric registration in multi-projector
displays using a geometrically uncalibrated camera is still a challeng-
ing problem.

Further, our methods are within the realm of centralized architec-
ture. Current distributed architectures [2] are very amenable to easy
deployment, simple maintenance and hence more affordable multi-
projector displays. Our goal is to extend our developed methodologies
in this paper to the distributed framework of a network of projector-
camera systems [2]. This poses a significant challenge which, if re-
solved, can be instrumental in realizing commodity tiled projection-
based displays. All of these methodologies are stepping stones towards
the vision of ubiquitous pixels in future workspaces.
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Fig. 6. Images of our 3 x 3 array of nine projectors. (a,c) The geometrically registered display without any photometric registration. (b,d) Photometric
registration achieved by using an uncalibrated camera.
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Abstract

Despite great promise of vision-based user interfaces,
commercial employment of such systems remains marginal.
Most vision-based interactive systems are one-time, “proof
of concept” prototypes that demonstrate the interest of a
particular image treatment applied to interaction. In gen-
eral, vision systems require parameter tuning, both during
setup and at runtime, and are thus difficult to handle by non-
experts in computer vision. In this paper, we present a prag-
matic, developer-centric, service-oriented framework for
the construction of vision-based interactive systems. QOur
framework is designed to allow developers unfamiliar with
vision to use computer vision as an interaction modality.
To achieve this goal, we address specific developer- and
interaction-centric requirements during the design of our
system. We validate our approach with an implementa-
tion of standard GUI widgets (buttons and sliders) based
on computer vision.

1. Introduction

Computer vision has the potential to provide a rich
modality for user input in interactive systems. Numerous
examples from the literature illustrate the diversity of appli-
cation domains and interaction styles created using vision
as input modality [7, 11, 9, 14, 2, 12, 10]. Yet, there are sur-
prisingly few examples of commercially available vision-
based interactive systems.

Human-computer interface (HCI) developers are used to
hardware-based input devices that provide data “out of the
box” with little or no off-line or runtime tuning. In contrast,
vision-based input systems can only be integrated by HCI
developers with great difficulty: they require vision exper-
tise for setup, as well as execution conditions incompatible
with typical HCI requirements. In this sense, most current
computer vision systems do not just work.

§CLIPS — IMAG
HCI group
BP 53
38041 Grenoble Cedex 9 — France
francois.berard @imag.fr

We believe that to popularize vision-based interfaces,
computer vision systems must be made more developer-
friendly as well as more user-friendly. To accomplish this,
it is necessary that vision system developers adopt a dif-
ferent perspective. In this paper, we present an approach
to vision system design that aims at minimizing the diffi-
culties related to the deployment of vision-based interactive
systems by: (a) encapsulating vision components in isolated
services, (b) imposing these services to meet specific usabil-
ity requirements, and (c¢) limiting communications between
the services and the interactive applications to a minimum.
We describe our approach in section 3.

In section 4, we design a system for vision-based interac-
tive widgets for augmented surfaces, and propose a break-
down into atomic services. In this context, we identify the
necessary information exchange between services and with
the application. Meeting the requirements detailed in sec-
tion 3 influences the choices of the image processing algo-
rithms used; in particular, they require little or no setup and
tuning and feature usability-grade latency. Our implemen-
tation is robust to light changes and is moderate in CPU
usage. Finally, in section 5 we detail an implementation of
a simple vision-based calculator built using the described
vision system.

In this paper, we consider the requirements of developers
and end-users. By “developers”, we refer to the developers
of the interactive systems aimed at “‘end-users”. In particu-
lar, these are not the developers of the vision system and we
do not expect them to have computer vision expertise. By
“end-users”, we refer to the users of the final system, who
are assumed to have neither developer nor computer vision
expertise.

2. Related work

Much work has been done in vision-based gesture recog-
nition and novel interaction styles research, but the problem

Proceedings of the Fourth IEEE International Conference on Computer Vision Systems (ICVS 2006)
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of integrating vision to standard development has only re-
cently received attention. Kjeldsen et al.[S] present an ar-
chitecture for dynamically reconfigurable vision-based user
interfaces (VB-Uls). They propose to separate the applica-
tion from the vision engine. The core application controls
the vision engine by sending XML messages specifying the
current interface configuration. The interface is composed
of interaction widgets defined at the level of functional core
by their function and position in the interface. As end-users
actuate widgets, the image processing engine sends mes-
sages that correspond to interaction events to the applica-
tion’s functional core.

The modular decomposition of vision components, as
well as the separation of image treatment from the func-
tional core of applications are important steps toward
“developer-usable” VB-UI components. However, as pre-
sented, the VB-UI approach requires its developer to define
sets of parameters and calibration data for the vision treat-
ment engine for each interface configuration and location.
Setting parameters for particular conditions allows fine tun-
ing of the vision system. On the other hand, it requires the
user of the vision system (the developer) to understand the
underlying image processing algorithms, which is contra-
dictory with the idea of VB-UI deployment by developers
unfamiliar with vision.

In [13] Ye et al. present a framework for vision-based in-
teractive components design. Both Kjeldsen et al. and Ye et
al. propose to analyze camera input only in regions of inter-
est around interactive “zones” of the interface, thus making
the vision engine more economic in CPU usage. However
Ye et al. go a step further, and instead of applying one vi-
sion algorithm per widget type, they propose to use a set of
different detection techniques to obtain visual events called
Visual Interface Cues (VIC). Each VIC detector called also
selector examines a small part of the camera image for vi-
sual events that can be of different nature, like color, tex-
ture, motion or object geometry. Selectors are structured
into hierarchies, and each selector can trigger one or more
other selectors. Interaction events are detected based on se-
quences of selectors output. For instance, a touch sensitive
button uses only motion detection at first. Once motion is
detected, a VIC-based button switches to color-based im-
age segmentation and to segmentation-based gesture recog-
nition.

While the VIC paradigm presented in [13] is appealing
for widget-oriented interface design, it lacks the analysis
of VIC selectors suitability for interactive systems. Indeed,
the VICs framework is presented from the perspective of an
expert in computer vision. It does not consider setup and
maintenance issues related to each selector such as thresh-
old setting or lighting requirements. In section 4 we present
a VIC-based implementation of basic interactive widgets
that was conceived to respect the requirements identified in

section 3.

Finally, the Papier-Maché [6] toolkit features a frame-
work for the creation of multimodal interactive applications,
in particular using computer vision. The toolkit design is
based on a detailed user study, and offers an abstract, event-
based model to work with multiple modalities. The vision
part allows object recognition and tracking to be used as ap-
plication input. While the design seems to be well-thought
from the HCI perspective, it has several architectural short-
comings; in particular typical problems linked to object
recognition (such as the aspect variations due to lighting
changes) are not dealt with, and several thresholds must be
set manually, on-line, by the developer using the toolkit.

3. Service-oriented design

Vision-based user interfaces rely on vision processes that
extract high-level, abstract information from streams of im-
ages. This information is what is relevant for the interaction
task. Except for “proof of concept” demonstrations created
by computer vision researchers, this information is to be
used by interactive application developers who have little to
no expertise in the computer vision. This implies that a vi-
sion system that aims to be used outside the laboratory must
be designed from a developer-centric point of view. In ad-
dition, all interactive systems, including vision based once,
must consider end-user requirements. In this section, we de-
scribe how user-centric and developer-centric requirements
influence both the structure of a VB system and its applica-
tion programming interface (API).

Our goal is to provide a set of computer vision services to
developers of interactive systems. We aim at offering these
services at different levels of abstraction. At the highest
level, a service is an autonomous ‘“black-box” application
that, once launched, provides abstract information through
some communication channel (a network socket, or a shared
memory for examples). Developers should not need any
knowledge of the vision processes. They simply connect to
the black-box application and receive abstract events such
as the position of the fingers in the case of a finger tracker
service, or activation of striplets in the case of the SPOD
service that we describe later. We facilitate the communi-
cation between the vision application and the developer’s
application by using a very simple communication proto-
col. This approach is developer-centric in the sense that we
only expose and make easy to access what matters to the
developer: the high-level events.

3.1. Non-functional requirements

Typical user-centric criteria against which an interactive
system is evaluated include overall latency, reliability and
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autonomy [7]. Here, we shortly describe these criteria and
how they constrain the architecture of vision systems.

Latency. Interactive systems generally require a con-
straint on latency. For user input systems latency is mea-
sured as the time between the user action and the notifica-
tion of the application. Typically, when using a vision-based
finger tracker or a mouse to drag projected objects on a sur-
face, the latency must be under 50 ms to optimize usability
[8]. On the other hand, for a system that monitors the num-
ber of persons present in a room, a latency of 1 second may
be acceptable. In consequence, a general architecture for
vision services must be able to respect strict latency limits
in communicating information to the application.

Autonomy. Vision-based systems usually require opera-
tor intervention for initial setup and maintenance. While ac-
ceptable in a laboratory setting, such intervention is poorly
suited for deployment. Our “black-box” approach reduces
the possibility of operator maintenance by reducing com-
munication between the vision service and the developer’s
application to a minimum.

Ideally, vision system developers should devise auto-
matic maintenance solutions without offering a mainte-
nance API. However, we acknowledge that designing fully
autonomous vision system is a difficult goal that will not
be reached in the short run for many services. When oper-
ator intervention is mandatory, one must take into account
that the calibration task will be performed by a non-expert.
Therefore, the maintenance procedure must be designed ap-
propriately to minimize disrupting the end-user from her/his
primary tasks.

Reliability. In most cases, information needs to be reli-
ably conveyed between the input system and the applica-
tion. For instance, an application that receives events when
a person enters or exits an augmented room cannot afford
to “miss” an event because its state would become incoher-
ent. Losing some events from a tracking system, on the
other hand, would not necessarily break the interaction, but
would deteriorate the end-user experience. Therefore, our
architecture must include reliable transport for interactive
events.

3.2 Functional requirements

We propose a number of developer-centric requirements
for our system in order to successfully address the target au-
dience. These requirements include abstraction, isolation,
and contract. Together they form the notion of a service.

Abstraction. To HCI developers, “abstracting the input
[is] the most time consuming and challenging piece of ap-
plication development” [6]. Since we assume the user of
our vision system (the application developer) has no vision
expertise, vision-specific information should not be made
visible.

Even though coupling processing results with a confi-
dence factor might be richer, this information is, in most
cases, of no interest to developers. For instance, optical
mice use normalized cross-correlation to determine the di-
rection and speed of the movement. As long as the corre-
lation coefficient is above a threshold they send positional
data to the computer, otherwise they remain silent. The cor-
relation coefficient is not sent to the system. The services
internal data, such as the confidence factor, should not be
considered as first-class output of services and should not
be made visible by default. However, in cases where devel-
opers need to access this information, it should be available
by explicit request from the developer.

End-user input should be abstracted to interaction events
that are the same for a given class of input. For example,
a finger tracker should produce “motion” events compatible
with mouse “motion” events so that developers can, as a first
step, quickly substitute vision-based input to existing event
processing code. In other words, the abstracted data from
the vision service should be in a form that is easily con-
nectable to existing graphical user interface code. Conse-
quently, the API of a VB input system for interaction should
(a) render the vision aspects invisible, and (b) generalize the
input used for a given task.

Isolation. Input subsystems like a VB-UI may need to
be used by multiple applications, possibly running on dif-
ferent machines — for performance or geographic reasons.
For instance, a video capture service might be used concur-
rently by a surveillance system located on a remote server,
by a video-conference application, and by a motion cap-
ture service, both co-located to the camera. Since “a par-
ticular piece of input can be used for many different types
of output” [6], information generated by a vision system
must be shareable, and both remotely and locally accessi-
ble. Moreover, any input system for interaction should be
easily extensible (for instance using output adapters, aggre-
gators, or supervisor patterns) and embeddable in other ser-
vices or in applications. Designing a VB input system as a
federation of “black box” components therefore appears to
be adequate.

Contract. Developers of toolkits or input devices usually
establish a contract with the Ul developer, in terms of HCI-
centric, non-functional criteria. For instance, for positional
or tracking input (mice, trackpads, laser trackers, etc.), the
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relevant criteria are latency, precision, robustness, and au-
tonomy.

e Jatency is implicitly under a usability threshold for
standard tracking input devices (the textbook value [8]
is around 50 ms);

e precision is also implicitly defined for a
mouse/trackpad (under 1 display pixel, scaled
with respect to the device gain)

e robustness is generally “absolute”. In other words the
device or system either works or doesn’t. For instance
an optical mouse “just works” as long as used on an
adequate surface, and stops emitting positional events
as soon as the contact stops.

e autonomy, or the lack of setup and maintenance, is also
tacit for traditional devices.

In the case of VB input systems, these criteria are dif-
ficult to meet. Therefore, it is the role of the vision sys-
tem designer to explicitly state in contract form the limita-
tions with respect to these criteria. For instance, the system
should notify the client application about robustness-related
failures rather than provide incorrect or distorted informa-
tion along with a (low) confidence factor. This corresponds
to a binary quality of service evaluation and requires the
system to perform introspection.

3.3. A pragmatic approach

Our approach is to generally isolate as much as possi-
ble the VB input system from the application that uses it,
and minimize the communications between them. We pro-
pose to encapsulate the relevant services into independent,
“black-box” processes that use only serialized communica-
tions.

To allow for low latency while preserving reliabil-
ity, we propose to use traditional socket-based (TCP and
UDP) communications. We use the TCP link to guar-
antee the connection between services or with the appli-
cation, and to allow for reliable, high-latency communi-
cations, and the UDP link for low-latency communica-
tions. This constitutes the base of the “BIP/1.0” protocol
we use for communications between services (draft spec-
ification at http://www—prima.inrialpes.fr/
prima/pub/Publications/index.php).

System autonomy cannot be enforced at the architec-
tural level. Nevertheless, not providing support for syn-
chronous communications (thus making it difficult to im-
plement transactions between the application and a service)
limits the possibility of implementing setup mechanisms
where automatic setup can be devised.

Finally, since the contract offered by a VB input system
cannot be expressed simply as a part of an API, we propose
to document it explicitly. This means that the developer
of the system must evaluate it against the criteria presented
above in order to circumscribe conditions of use for the vi-
sion system.

4. Basic services for vision-based UI design

To illustrate our service-oriented approach with an im-
plementation, we choose to study vision systems applied
to traditional interfaces. Typically, we investigate the use
of graphical WIMP-like interfaces projected on surfaces of
mundane objects. We assume that end-users are free to in-
teract with projected images without wearing markers or ac-
tuating any hardware.

We break down our VB input system into three services:
(1) the widget service, which the client will interoperate
with; (2) the image capture service, which abstracts the
camera, allowing it to be used by other systems eventually;
and (3) the calibration service, which establishes the geo-
metrical mapping between the camera view and the display.

4.1. Simple Pattern Occlusion Detectors

In [3] we presented an appearance-based implementation
of touch sensitive projected buttons which we called “Sen-
sitive widgets”. The presence of an object over a button on
the interaction surface is detected by observing the change
of perceived luminance over the button center area with re-
spect to a reference area. By defining the reference area
around the central-one, the button is made robust to com-
plete occlusion, and sensitive to appearance changes made
by elongated objects. Very simple image processing allows
this system to maintain several dozens of sensitive widgets
at camera frame rate (PAL-size images at 25 Hz) on a typ-
ical desktop computer. Moreover, this approach is robust
to lighting changes, and thus suitable for configurations in
which the interface is projected frontally from a video pro-
jector.

Implementation and evaluation of several interface pro-
totypes based on sensitive widgets demonstrated that, from
the end-user’s perspective, robustness to partial occlusions
is also necessary. Indeed, a user pointing at a far-part of the
interface would likely hover her/his arm over projected but-
tons, thus triggering partially occluded widgets. A partial,
unsatisfactory solution was obtained by deactivating partly
occluded widgets based on the input from widgets placed
further away from the user. The idea of combining inputs
from several sensitive widgets led us to re-think the touch
detection approach.

We now choose to assemble atomic occlusion detectors,
which are to be placed within and around widgets, in a way
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that allows the system to distinguish some simple occlusion
patterns. The geometry of the detectors (called “striplets™)
is simplified to a rectangular strip. These detectors are as-
sembled into a federation to provide the SPOD (Simple
Pattern Occlusion Detectors) service. The SPOD service
is internally divided into two separated layers: the image
processing layer called the Striplet Engine (SE), in charge
of image processing, and the Vision Events Interpretation
Layer (VEIL), in charge of input abstraction. Both of these
layers were designed to meet the requirements described in
section 3.

Striplets are defined as sensitive patches on the interface.
Their response is calculated as the integral of the perceived
luminance multiplied by a gain function over the surface
of the striplet. The gain function has to be chosen so that
the integral equals zero when the luminance over the whole
striplet is constant. In current implementation the gain func-
tion is a symmetric step function with positive value over
the central part of the striplet and negative value at both
ends of the striplet (Figure 1).

— _I_ —

Figure 1. Striplet geometry and the gain func-
tion.

Striplets are designed to detect occlusion by elongated
objects. Each striplet is 40 millimeters long and 10 millime-
ters wide on the projected interface. These dimensions are
chosen to ensure a maximal response to occlusions made
by finger-sized objects occluding the striplet’s central area.
Occlusions of any extremity of a striplet are intentionally
ignored.

The camera coordinates of a striplet are calculated based
on its position in the interface as given by the VEIL ser-
vice and the camera-interface mapping. The event trigger
threshold, on the other hand, is estimated individually for
each striplet by the SE without any control from the client
application. This threshold is automatically set to half of
the maximal positive response of a striplet during interac-
tion. The only assumption is that fingers contrast with the
interface, which is true in most setups.

The VEIL is the “brain” of the SPOD service. The VEIL
(a) translates widgets coordinates defined by the client ap-
plication to a set of striplets coordinates, and (b) analyses
the occlusion events generated by the SE and issues inter-
action events when appropriate.

Currently two types of interactive widgets are imple-
mented: touch buttons and sliders. This allows a designer to
build simple WIMP-like user interfaces. The button widget
is composed of six striplets: two crossed in the center and
four other surrounding the button center (Figure 2). Touch
events are issued only if occlusion is detected by at least
one of the center striplets and no more than one surrounding
striplets. Sliders are simply obtained by assembling multi-
ple partially overlapping buttons.

Finger

Projected button
i
Stripltes sending
4/// occlusion event

Figure 2. Button widget made of six striplets.

Since monocular vision systems cannot detect when a
finger actually touches the interface, interaction events are
generated only after detecting a short pause of the finger
over a widget. The dwelling period, set to 250 ms, cor-
responds to the button-down event for mouse-based inter-
action. To move a slider, the end-user has to first “press” it
and then drag it. This is coherent with existing WIMP inter-
face behavior. In contrast, the dragging task requires from
the end-user 2D movement coordination. If user’s finger
exits the SPOD slider area, dragging is stopped.

By assembling striplet detectors in more sophisticated
ways, it is also possible to develop different types of inter-
active widgets, for instance crossing-based menus [1]. An
extreme case would cover the whole interface surface with
SPOD-button-like structures, thus making a SPOD-based
finger tracker.

Service API. The SPOD service requires the client appli-
cation to specify the position of each interactive widget in a
normalized coordinate frame of the interface. Additionally,
the SPOD service needs to know the mapping between the
camera view and the interface, as well as a rough estimate
of the number of pixels per unit length of the interface in the
scene. Both the mapping and the scale, are provided by a
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calibration service (discussed below). The communication
between SPOD service and calibration service is invisible to
the client application. The SPOD service exclusively sends
to the client application a stream of interaction events. All
communication occurs via TCP/IP connections, using the
BIP protocol described in section 3.3.

Inter-layer API. Both the SE and the VEIL are imple-
mented as independent services, running in independent
processes. Their communication also is asynchronous and
event-driven, using BIP. For a given interface configuration,
the VEIL sends to the SE coordinates of all striplets together
with the interface-camera mapping matrix. The SE layer
sends back to VEIL striplets state-change events that result
from end-user interaction with the system.

Contract for the SPOD service. The initial SPOD ser-
vice implementation can handle up to 300 striplets at cam-
era frame rate (30 Hz) with images of 320x240 pixels size
on a 2.8 GHz Pentium IV processor. In terms of widgets,
this means the system can handle roughly 50 SPOD buttons
simultaneously.

Because actuating buttons is not close coupled interac-
tion, the latency is less of an issue. In fact, the VEIL
makes the distinction between accidental occlusions and in-
tentional actions based on a dwell time. On the other hand,
the SE service is implemented to minimize latency.

Striplets only provide coarse resolution for finger posi-
tions. The resolution can be enhanced by averaging the
position of several striplets detecting the same finger. Our
implementation of a slider widget achieves a resolution of
about 5 millimeters.

The SPOD service is made autonomous (i.e. exept for
the Ul-camera mapping and scale there are no parameters
to set), at the expense of robustness to certain condition
changes. In particular, the SE layer would fail to detect oc-
clusion from a finger on a dark background, it would also
fail if the image contrast decreases due to a change in cam-
era setting.

While the SPOD service was designed to respect the
developer-centric requirements, it does not fully meet user-
centric requirements. In particular, the simplistic auto-
matic threshold estimation results in occasional false pos-
itive touch detections. However, the SPOD service can be
described within the Visual Interface Cues (VICs) frame-
work [13], with local luminance changes as the only visual
cue. Using a similar approach for spacio-temporal gesture
recognition like in [13], we can hope to alleviate the need of
setting an occlusion threshold. Instead, striplets responses
would be fed to a neural network based VEIL.

4.2. Support Services

Calibration consists in the geometrical coupling of the
camera view (what the vision system percieves) and the dis-
played interface (what the application developer controls).
The calibration service clients need to access the mapping
information to transform vision information (e.g. positions
in camera coordinates) into application-relevant data (e.g.
positions in interface coordinates). This is achieved by pro-
viding the associated projective transformation in matrix
form. Because the calibration service needs information
from both the camera and the application, two approaches
are possible: (a) If it controls the graphical output, it can
work without interaction with the application. This is the
case in the PDS example [3], where the interactive surface
itself is tracked by the service. (b) In the general case, it
must negotiate with the client application the display of a
calibration grid [7].

Image acquisition service creates an abstraction of the
camera. It allows concurrent access to the camera by multi-
ple services. In our case, both the calibration service and the
SE require access to the image stream. Low latency video
sharing is implemented using shared memory buffers.

5. Application

Using the widget implementation described above, we
have implemented a simple calculator application. The cal-
culator interface can be projected and manipulated directly
with fingers on the top of a desk. This interface allows a
user to perform basic calculations such as addition, subtrac-
tion, division and multiplication. Numbers can be either
typed on the calculator keyboard or chosen from the history
buffer containing results of previous operations. The his-
tory buffer can be browsed using a slider on the left side of
the calculator.

An informal evaluation of the calculator application,
made by volunteers from our laboratory, showed that
SPOD-widgets are easy to use and allow fast interface
prototyping. A video showing the application working is
available in the demo section of http://www—prima.
inrialpes.fr/

6. Conclusions

This paper presents a developer oriented design approach
for vision-based interactive systems. Inspired by [5], we de-
compose the vision-based applications to isolated processes
of vision components and functional core of the applica-
tion. The implementation of the vision-components draws
on the VICs framework presented by Ye et. al in [13].
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We believe that extending these two design approaches by
an HCl-centric requirements analysis allows to build vision
systems that can be used for interactive systems designed by
developers unfamiliar with vision. Following the guidelines
of the developer-centric and end-user-centric requirements
analysis we implemented vision-based interactive widgets:
buttons and sliders. We illustrate the feasibility of our ap-
proach with an implementation of a simple calculator for
projection-augmented surfaces.
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Unlimited/Teacher Ideas Press, 2009. (a monograph publication of the combined proceedings of the
KIT/CLIR proceedings).

“Bringing Librarianship to e-Science,” College and Research Libraries. vol. 70, no. 3, May 2009,
editorial.

“The Librarian’s Role in e-Science” Joho Kanri (Journal on Information Processing and Management),
Japan Science and Technology Agency (formerly Japan Information Center of Science and
Technology), Tokyo, Japan. Translated into Japanese by Taeko Kato. March 2008.

The Challenge of e-Science Data-set Management to Domain Sciences and Engineering: a Role for
Academic Libraries and Librarians,” KIT (Kanazawa Institute of Technology)/CLIR (Council of
Library and Information Resources) International Roundtable for Library and Information Science, July

5-6, 2007. Developments in e-science status quo and the challenge, The Japan Foundation, 2007.

“An Administrative Perspective,” Chapter 14, Proven Strategies for Building an Information Literacy
Program, Susan Curzon and Lynn Lampert, editors, Neal-Schuman Publishers, Inc., New York, 2007.
pp. 229-237.

Library Management and Marketing in a Multicultural World, proceedings of the IFLA Management
and Marketing (M&M) Section, Shanghai, China, August 16-17, 2006, edited. K.G. Saur, Munchen,
Germany, June 2007. 390 pp.

Top Ten Assumptions for the Future of Academic Libraries and Librarians: a report from the ACRL
Research Committee, with Frank R. Allen and Jon R. Hufford. College & Research Libraries, April
2007, vol.68, no.4. pp.240-241, 246.

To Stand the Test of Time: Long-term Stewardship of Digital Data Sets in Science and Engineering. A
report to the National Science Foundation from the ARL Workshop on New Collaborative
Relationships: the Role of Academic Libraries in the Digital Data Universe. September 26-27, 2006,
Arlington, VA. p.141. http://www.arl.org/bm~doc/digdatarpt.pdf
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“Enabling Interaction and Quality in a Distributed Data DRIS,” Enabling Interaction and Quality:
Beyond the Hanseatic League. 8" International Conference on Current Research Information Systems,
with D. Scott Brandt and Michael Witt. Promoted by euro CRIS. Leuven University Press, 2006. pp.55-
62. Editors: Anne Garns Steine Asserson and Eduard J. Simons.

"Standards for College Libraries, the final version approved January 2000," prepared by the ACRL
College Libraries Standards Committee (member), C&RL News, March 2000, p.175-182.

"Standards for College Libraries: a draft," prepared by the ACRL College Libraries Section, Standards
Committee (member), C&RL News, May 1999, p. 375-381.

"Statistical Measures of Usage of Web-based Resources," The Serials Librarian, vol. 36, no. 1-2 (1999)
p. 207-10.

"An Opportunity: Cooperation between the Library and Computer Services," in Building Partnerships:
Computing and Library Professionals. Edited by Anne G. Lipow and Sheila D. Creth. Berkeley and San
Carlos, CA, Library Solutions Press, 1995. p. 69-70.

"Faculty Status of Librarians: A Comparative Study of Two Universities in the United Kingdom and
How They Compare to the Association of College and Research Libraries Standards, " in Academic
Librarianship, Past, Present, and Future: a Festschrift in Honor of David Kaser. Englewood, Colorado;
Libraries Unlimited, 1989. p. 67-78. Review in: College & Research Libraries, vol. 51, no. 6. November
1990, p. 573-574.

Presentations: (Representative)

“How Long the Odyssey? Transitioning the Library and Librarians to Meet the Needs and Expectations
of the 21" Century University,” David Kaser Lecture, School of Informatics & Computing, Indiana
University, Bloomington, IN, November 16, 2015.

Presentation at University of Cape Town, Cape Town, South Africa, August 20, 2015.

“The Challenge of Discovering Science and Technology Information,” Moderator, International
Federation of Library Associations (IFLA) Science and Technological Libraries Section Program, Cape
Town, South Africa, August 18, 2015.

“An Odyssey in Data Management: Purdue University,” International Federation of Library
Associations (IFLA) Research Data Management: Finding Our Role — A program of the Research Data
Alliance, Cape Town, South Africa, August 17, 2015.

Presentation at University of Pretoria, Pretoria, South Africa, August 11, 2015.
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Co-Convener with Sarah Thomas, Harvard University, at the Harvard Purdue Symposium on Data
Management, Harvard University, Cambridge, MA, June 15-18, 2015.

“Strategic Communication,” panel discussion on the Director's role and perspective on library
communications at Committee on Institutional Cooperation (CIC) Center for Library Initiatives (CLI)
Annual Conference, University of Illinois Urbana-Champaign, May 20, 2015.

“Issues in Data Management,” panel discussion moderated by Catherine Woteki, United States
Undersecretary for Research, Education & Economics at 20" Agriculture Network Information
Collaborative (AgNIC) Annual Meeting in the National Agricultural Library, Beltsville, MD, May 6,
2015.

“Active learning/IMPACT & the Active Learning Center at Purdue University,” Florida Institute of
Technology, Melbourne, FL, February 11, 2015.

“Sciencetart=creativity: libraries and the new collaborative thinking,” panel moderator, International
Federation of Library Associations (IFLA) 80" General Conference and Assembly, Lyon, France,
August 19, 2014.

“Purdue University The Active Learning Center—A new concept for a library,” Association of
University Architects 59" Annual National Conference, University of Notre Dame, South Bend, IN,
June 23, 2014.

“Big Data & Implications for Academic Libraries,” keynote speaker, Greater Western Library Alliance
(GWLA) Cyber-infrastructure Conference, Kansas City, MO, May 28, 2014.

“Research Infrastructure,” panel moderator, Association of Research Libraries (ARL) 164" Membership
Meeting, Ohio State University, Columbus, OH, May 7, 2014.

“An Eight Year Odyssey in Data Management: Purdue University,” International Association of
Scientific and Technological University Libraries (IATUL) 2013 Workshop Research Data
Management: Finding Our Role, University of Oxford, UK, December 2013.

“Purdue University Libraries & Press: from collaboration to integration,” Ithaka Sustainable
Scholarship, The Evolving Digital Landscape: New Roles and Responsibilities in Higher Education,
libraries as publishers, New York, New York, October 2013.

“Tsinghua and Purdue: Research Libraries for the 21 Century,” Tsinghua University, Tsinghua, China,
August 2013.
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“Purdue Publishing Experience in the Libraries Publishing Coalition,” Association of American
University Presses Annual Meeting, Press-Library Coalition Panel, Boston, Massachusetts, June 21,
2013.

“Indiana University Librarians Day: Purdue University Libraries Ready for the 21% Century,” Indiana
University Purdue University Indianapolis (IUPUI), June 7, 2013.

“Purdue University Libraries and Open Access; CNI Project Update,” Coalition for Networked
Information, San Antonio, TX, April 5, 2013.

Memorial Resolution, honoring Joseph Brannon, to the Board of the Association of College & Research
Libraries, Seattle, WA, January 2013.

“An overview of sustaining e-Science collaboration in an Academic Research Library—the Purdue
experience,” Duraspace e-Science Institute webcast, October 17, 2012.

“The Role of Libraries in Data Curation, Access, and Preservation: an International Perspective, “ Panel
Moderator, 78" General Conference and Assembly, International Federation of Library Associations,
Helsinki, Finland, August 15, 2012.

“21% Century Libraries,” moderator of First Plenary Session, International Association of Technological
University Libraries 33" Annual Conference, Singapore, June 4, 2012.

“Planning for New Buildings on Campus,” panel presenter, University of Calgary Building Symposium
on Designing Libraries for the 21% Century, Calgary, Alberta, Canada, May 17, 2012.

“Data Management and e-Science, the Purdue Response.” Wiley-Blackwell Executive Seminar-2012,
Washington, DC, March 23, 2012.

“An overview of Sustaining e-Science Collaboration in Academic Research Libraries and the Purdue
Experience.” Leadership & Career Development Program Institute, Association of Research Libraries
(ARL). Houston, TX, March 21, 2012.

“An overview of Data Activities at Purdue University in response to Data Management Requirements.”
Coalition for Academic Scientific Computation (CASC). Arlington, VA, September 8, 2011.

“Getting on Track with Tenure,” Association of College and Research Libraries (ACRL) Research
Program Committee. Washington, DC, June 26, 2011.

“Integration of the Press and Libraries Collaboration to Promote Scholarly Communication,”
Association of Library Collections & Technical Services (ALCTS) Scholarly Communication Interest

Group — American Library Association, New Orleans, Louisiana, June 25, 2011.
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“Cooperation for improving access to scholarly communication,” with N. Lossau (Germany), C.
Mazurek (Poland), J. Stokker (Australia), panel moderator and presenter, Second Plenary Session,
International Association of Scientific and Technological University Libraries (IATUL) 32" Conference
2011, Warsaw, Poland. May 29-June 2, 2011.

“Riding the Wave of Data,” STM Annual Spring Conference 2011. Trailblazing & transforming
scholarly publishing 2011. Washington, D.C., April 28, 2011.

“Confronting old assumptions to assume new roles: physical and operational integration of the Press and
Libraries at Purdue University,” keynote speaker, 2011 BioOne Publishers & Partners Meeting.
Washington, D. C., April 22, 2011.

“Are MLS Graduates Being Prepared for the Changing and Emerging Roles that Librarians must now
assume within Research Libraries?” University of Oklahoma Libraries Seminar, March 4, 2011,
Oklahoma City, Oklahoma.

“The Future Role of University Librarians,” the University of Cape Town, South Africa, February 25,
2011.

“New Roles for Librarians: the Application of Library Science to Scientific/Technical Research —
Purdue University — a case study. International Council for Science and Technology (ICSTI); Ottawa,
Canada. June 9, 2009.

“Reinventing Science Librarianship: Models for the Future,” Association of Research Libraries /
Coalition for Networked Information. October 16-17%, 2008, Arlington, VA. Moderator and convener of
Data Curation: Issues and Challenges.

“Practical Implementation and Opportunities Created at Purdue University,” African Digital Curation
Conference, Pretoria, South Africa, (live video transmission), February 12, 2008.

Keynote speaker. “Scholarly Communication & Academe: The Winter of Our Discontent,” XXVII
Charleston Conference on Issues in Book and Serial Acquisition, Charleston, South Carolina. November
8,2007.

Keynote speaker. “Enabling Access to Scientific & Technical Data-sets in e-Science: a role for Library
and Archival Sciences,” Greater Western Library Alliance (GWLA), Tucson, Arizona. September 17,
2007. A meeting of library directors and vice presidents for research of member institutions.

“The Challenge of e-Science Data-set Management to Domain Sciences and Engineering: a Role for

Academic Libraries and Librarians,” KIT (Kanazawa Institute of Technology)/CLIR (Council of
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Library and Information Resources) International Roundtable for Library and Information Science, July
5-6, 2007. Invited to participate by the Deputy Librarian of Congress.

International Association of Technological University Libraries (IATUL), Stockholm, Sweden. June 8,
2007. Invited paper, Enabling International Access to Scientific Data-sets: creation of the Distributed
Data Curation Center (D2C2).

“A New Collaboration for Librarians: The Principles of Library and Archival Sciences Applied to the
Curation of Datasets,” Symposium of the Libraries and the College of Engineering, University of
Louisville, April 6, 2007.

“Purdue University Libraries: Through Pre-eminent Innovation and Creativity, Meeting the Challenges
of the Information Age,” Board of Trustees, Purdue University, February 15, 2007.

ARL Workshop on New Collaborative Relationships: The Role of Academic Libraries in the Digital
Data Universe, September 26-27, 2006, Arlington, VA. Invited participant.

NARA and SDSC: A partnership. A panel before the National Science Foundation, June 27, 2006.
Arlington, VA. Invited participant.

“Kaleidoscope of Scientific Literacy: fusing new connections,” with Diane Rein, American Library
Association, Association of College and Research Libraries, Science & Technology Section, Annual
Conference, New Orleans, June 26™, 2006.

“Leadership for Learning: Building a Culture of Teaching in Academic Libraries — an administrative
perspective,” American Library Association, Association of College and Research Libraries, Instruction
Section, Annual Conference, New Orleans, June 25™, 2006.

“Building an interdisciplinary research program in an academic library:

how the Libraries’associate dean for research makes a difference at Purdue University,” International
Association of Technological University Libraries (IATUL), Porto, Portugal, May 23rd, 2006.
“Enabling Interaction and Quality in a Distributed Data DRIS,” Enabling Interaction and Quality:
Beyond the Hanseatic League. 8" International Conference on Current Research Information Systems,
with D. Scott Brandt and Michael Witt. Promoted by euro CRIS, Bergen, Norway, May 12th, 2006,
Brandt, and Witt presented in person

“Interdisciplinary Research,” with D. Scott Brandt, Coalition for Networked Information (CNI) Spring
Meeting: Project Briefing, Washington, D.C., April 3™, 2006.

“An Interview with Purdue’s James Mullins,” a podcast submitted by Matt Pasiewicz, on Educause

Connect, http://connect.educause.edu/James L. Mullins Interview CNI 2005
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“Managing Long-Lived Digital Data-sets and their Curation: Interdisciplinary Policy Issues,” Managing
Digital Assets Forum, Association of Research Libraries (ARL), Washington, D.C., October 28", 2005.
“The Odyssey of a Librarian.” Indiana Library Federation (ILF), District 2 Meeting, South Bend,
Indiana. October 4th, 2005.

"New College Library Standards," Standards Committee Presentation, ALA, Chicago, July 7, 2000.
SUNY Library Directors, Lake George, New York. “The College Library Standards: a Tool for
Assessment.” April 5, 2000.

Tri-State College Library Association, Finding You Have Talents You Never Knew You Had, Penn State
Great Valley, March 25, 2000.

Using Web Statistics, American Library Association, New Orleans, June 24, 1999.

Keynote speaker at the JSTOR Workshop, January 29, 30, 1999. University of Pennsylvania,
Philadelphia, PA.

"The New Standards for Electronic Resources Statistics," Society of Scholarly Publishers, Washington,
D.C., September 17, 1998.

"Evaluating Online Resources: Now that you've got them what do you do?," joint presenter with Chuck
Hamaker, LSU, at the NASIG Conference, Boulder, Colorado. June 1998.

"What Employers Are Looking for in New Librarians?" Pennsylvania Library Association, Philadelphia.
September 26, 1997.

"The Theory of Matrix Management" panel presentation of the Comparative Library Organization
Committee of the Library Organization and Management Section of the Library Administration and
Management Association, a division of the American Library Association, Annual Meeting, Chicago,
June 24, 1990.

Professional Involvement: (summary of recent emphasis)

The focus for my professional involvement and research has moved recently toward managing massive
data-sets. This has resulted in working with faculty in the sciences and technology to determine how
librarians can collaborate in managing, curating, and preserving data-sets for future access and
documentation. This has included various speaking opportunities as well as participation in planning
with the National Science Foundation (NSF) on ways in which librarians can be integrated more
completely into the funded research process. Participation in the Kanazawa Institute of
Technology/Council of Library Resources Roundtable was particularly rewarding and provided new

opportunities to share with international colleagues the issues surrounding data-set management. I was
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the champion for the creation of the Distributed Data Curation Center (D2C2) at Purdue University
(http://d2c2.1ib.purdue.edu/)

Throughout my career, beginning with my dissertation, I have been actively involved with assessing and
evaluating libraries. In the fall of 1999, I contacted twenty-two academic library directors to determine
whether the need was also felt by others. The response was overwhelmingly affirmative. This resulted in
a meeting at ALA Midwinter, January 2000. A formal meeting followed at Villanova University in April
2000. As convener, I helped to form the University Libraries Group (ULG), modeled after the Oberlin
Group for college libraries. The ULG is made up of university libraries that support diverse wide-
ranging programs through doctoral level and have a level of support that places them in the top tier of
academic institutions. A few of the member libraries, along with Villanova, are William and Mary,
Wake Forest, Lehigh, Carnegie-Mellon, Tufts, Marquette, Miami of Ohio, and Southern Methodist.

In 1994 appointed to the Standards Committee, College Section, Association of College and Research
Libraries. During the next six years, the Committee concentrated on changing the focus of the standards
from quantitative analysis of input and output factors to emphasis on assessment of the outcome.
Culmination of the work was a re-issue of the Standards for College Libraries in 2000. The knowledge
gained through my work experience enabled me to formulate the changes needed in the standards. This
work allowed for close collaboration with accrediting agencies, both professional and regional.

During this same time another focus emerged, the impact of digital resources. Through my work on the
JSTOR Statistics Task Force, standards were developed on the collection of use of electronic databases.
This Standard was later adopted in 1998 by the International Consortium of Library Consortia (ICOLC).
In 2002, the American Library Association appointed me to serve as the liaison to the Marketing and
Management Section of the International Federation of Library Associations (IFLA).

Professional Service: (representative list)

Nominations Committee, Association of Research Libraries (ARL), 2016.

Steering Committee, Scholarly Publishing and Academic Resources Coalition (SPARC), 2016 — 2017.
“Excellence in Library Services,” Chair, Review Team, University of Hong Kong, Hong Kong, August
24-27,2015.

Chair, Management Advisory Board, 2015-2017; Member, Scientific Advisory Board, arXiv, Cornell
University, 1/1/2013 — present.

Advisory Board for the Wayne State University School of Library and Information Science, July 2012 —

present.
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Advisory Board for Microsoft Academic Search, 2012 — 2015. Redmond, WA.

Transforming Research Libraries, a Strategic Direction Steering Committee of the Association of
Research Libraries (ARL), 2012-2015.

Science and Technology section, representing ARL, International Federation of Library Associations
(IFLA), Chair, 2013 —2017; Member, 2011 to present.

Member of University of Pretoria, South Africa, Library Review Committee. August 2013.

Co-chair, Local Arrangements Planning Committee for 2013 Conference, Association of College and
Research Libraries (ACRL), a division of the American Library Association (ALA).

Association of Research Libraries Leadership & Career Development Program Mentor, 2011-2017.
e-Science Task Force, Association of Research Libraries. July 2006 — present. Chair, October 2011 —
October 2012.

Board of Directors, International Association of Technological University Libraries (IATUL). January
2008 — December 2014.

Midwest Collaborative for Library Services (MCLS); Board Member, October 2010 — December 2012.
Chair, Library Directors, Committee on Institutional Cooperation (CIC), July 2010 — June 2012.
Board of Directors, Association of Research Libraries (ARL); October 2008 — October 2011.
Scholarly Communication Steering Committee, Association of Research Libraries (ARL)

2008-2011.

Editorial Board, College and Research Libraries, Association of College and Research Libraries,
American Library Association. January 2008 — December 2014.

Chair, Organizing Committee for IATUL Conference 2010, June 21-24, 2010, Purdue University, West
Lafayette, Indiana/Chicago, Illinois.

Conference Planning Committee for National Conference of the Association of College and Research
Libraries, 2009, Seattle, Washington.

Research Committee, Association of College and Research Libraries, ACRL, division of ALA. 2002-
2007, chair, 2005-2007.

Association of Research Libraries, Search and Screen Committee, Executive Director. March — January
2008.

Center for Research Libraries, Board of Directors. April 2006 — April 2012.

Academic Libraries of Indiana, Board of Directors, 2004 — present. Vice-president, 2005-2007.
President, 2007- 2009.
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ALA Representative to the International Federation of Library Associations (IFLA), Marketing and
Management (M&M) Section, initial term 2003-2007, re-appointed for second term, 2007-2011.
Invited to represent Research Libraries at the ACRL/3M Wonewok Retreat to assess Marketing of
Academic Libraries, October 2002.

Hugh A. Atkinson Award Committee, LAMA Representative, ALA, 2001-2005.

Program Committee, Library Administrators and Management Association (LAMA), a division of ALA.
1996-2001.

ACRL, Standards and Accreditation Committee, a division of ALA. Liaison to RBMS Section of
ACRL. 1997-2002.

Elected to the Executive Committee of LAMA, LOMS, a division of the American Library Association,
1998-2000. Nominated as Chair/Elect for 2003 — 2005.

Columbia University Press Advisory Committee. 1996 - 2000.

LITA/LAMA Conference Evaluation Committee, Pittsburgh, Pennsylvania, October 1996.

"New Learning Communities," Coalition for Networked Information, Indianapolis. November 19-21,
1995. Facilitator for invitational, national conference committed to developing collaborative learning
and teaching techniques, involving librarians.

Planning Committee-Evaluation. LITA/LAMA 1996 Conference, Pittsburgh. This first conference, to be
held jointly between two divisions of ALA, will focus on new technologies within libraries.

Indiana Cooperative Library Services Authority (InCoLSA), elected to Executive Committee, April
1991, served as President in 1993-94. InCoLSA is a statewide network of academic, public, school, and
special libraries that supports library cooperation for cataloging, interlibrary loan, collection
development and application of new technologies.

Governor’s Conference on Libraries and Information Services. Served on Planning Committee,
Academic Libraries Representative, appointed by the Governor to represent academic libraries in
Indiana, Chair, Finance Committee, April 1989-July 1991.

Indiana Library Endowment Foundation Board, 1984-92. Charter Member, 1984, President, 1988-1992.
2004-2005.

University Service: (Summary)

Served on search and screen committees for senior positions including chancellor, dean, and directors;
most recently I have been asked to serve on the search committee for the provost of Purdue University.

At MIT service included the Library Council & appointment to the Administrative Council by President
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Vest, 2001-2003 & Member of the Faculty Committee on the Library System. At Purdue appointed by
the President to the Search Committee for the Provost, October 2007 to May 2008; member of the
Capital Projects Committee, and IT Operational Oversight Committee as senior academic dean, 2008-
2014.

Global Council, Global Policy Institute, 2012 — 2016.

Academic Program Excellence and Rankings (APER) project team, 2014.

Representative of the Academic Deans on the Re-engineering Business Operations, Purdue University,
2016 —

Academic Deans Council chaired by Provost — 2004 —2017.

University Promotion and Tenure Committee — 2006 — 2017.

"Outstanding Team Award, Electronic Reserve Project," served as Chair, recognition awarded by the
President of Villanova University to one team who made an outstanding contribution to the operations
of the University, selected by a committee of administrators, faculty, and staff. Awarded September 9,
1999.

Nominated for the [IUSB Lundquist Award, 1995 & 1996. The Lundquist award is given to faculty who
have "exhibited excellence in teaching, scholarly or artistic achievement, and diversified relevant

service..."
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