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Abstract

In order to realize an application of camera-based char-

acter recognition, a character recognition technique which

is (1) ready for real-time processing, (2) robust to perspec-

tive distortion, and (3) free from layout constraints, is re-

quired. In this paper, a camera-based character recognition

method which satisfy the three requirements is proposed. As

a result of a combination of simple but efficient techniques,

the proposed method enables us to execute camera-based

character recognition in real-time even on a laptop PC with

a cheap web camera. Real-time processing is realized us-

ing a principle of geometric invariants in a different manner

than usual. This drastically reduced computational cost and

achieved fast recognition of around 200 to 250 characters

per second on a server.

1. Introduction

Camera-based character recognition has received consid-
erable attention due to a wide variety of possible applica-
tions. One of convincing applications is “translation cam-
era” which is a portable translating device integrated with a
camera and a camera-based OCR [7]. Another possible one
is to find useful words in the scene and tell them to blind
people. The system is achievable by recognizing all charac-
ters captured by a camera and selecting registered words. In
order to achieve the applications above, a character recogni-
tion technique which is (1) ready for real-time processing,
(2) robust to perspective distortion, and (3) free from layout
constraints, is required.

As a method satisfying the requirements (1) and (2), My-
ers proposed a method which extracts text lines from a scene
image, eliminates geometric distortions of the texts and rec-
ognizes them [6]. However, the method cannot recognize a
text shown in Fig. 1 and does not satisfy the requirement
(3) because the text line is not straight and most characters
are not upright. On the other hand, Kusachi et al. [4] and Li
et al. [5] respectively proposed methods to recognize each
deformed character. Although they satisfy the requirements

Figure 1. An example of a designed text.

(2) and (3), do not satisfy the requirement (1). Thus it has
not been proposed any method satisfying the three require-
ments simultaneously.

In this paper, we propose a simple but efficient imple-
mentation of character recognition that satisfies the three
requirements simultaneously. The strategy of the proposed
method is to recognize each deformed character as simi-
lar to Kusachi et al. [4] and Li et al. [5]. In order to real-
ize real-time processing, the configuration of the proposed
method is simple; adaptive binarization and contour extrac-
tion are used for segmentation and an improvement of geo-
metric hashing (GH) like method whose computational cost
is reduced from O(P 4) to O(P 2), where P is the number
of feature points, is used for recognition. With help of new
hashing and voting techniques, the proposed method runs
well in real-time even on a laptop PC with a web camera.

1.1. Problem Definitions and Solutions

Let us confirm the problem definitions. First of all, we
assume black characters are written on a white paper for
simplicity. Since character images are captured by a cam-
era, they can suffer from perspective distortion and be de-
graded by defocus and low resolution. We assume, how-
ever, connected components (CCs) of characters are ex-
tractable. We also assume all characters in the image exists
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Figure 2. An invariant coordinate system of
geometric hashing.

on a flat paper (co-planer).
In the paper, we solve three problems: (i) fast recognition

of extracted CCs, (Ii) Robustness enhancement of recogni-
tion, (iii) recognition of separated characters which consists
of more than one CC such as “i” and “j.” For (i), we de-
scribe a fast recognition method based on GH in Sec. 2.
The method is improved using a principle of geometric in-
variant calculation. For (ii), a simultaneous estimation of
class and pose of a character is presented in Sec. 4.2.4. For
(iii), a method similar to generalized Hough transformation
is given in Sec. 3.

2. Fast Recognition of Connected Components

2.1. Geometric Hashing

GH describes the image which has undergone a cer-
tain geometric transformation, by using invariant coordi-
nate systems. In order to present the proposed recognition
method, GH is presented in the affine transformation case.

2.1.1 Storage

Let us assume that we have feature points extracted from a
reference image. First of all, three of them are rondomly
chosen and two bases are defined as shown in Fig. 2(a).
Then, as shown in Fig. 2(b), all the feature points are pro-
jected to the invariant coordinate system spanned by the
bases. The invariant coordinate system is divided (quan-
tized) into subregions in advance. Thus, the image ID and
basis-set ID are stored into each corresponding subregion.
The storage process finishes after the procedure above is
carried out for all the invariant coordinate systems spanned
by all the sets of bases and for all the reference images to
be stored. The computational cost of storing an image is

O(P 4) where O(P 3) is for creating an affine invariant co-
ordinate system and O(P ) is for referencing the hash table.

2.1.2 Recognition

The initial phase of the process is almost the same as that
of the storage process. Let us assume that we have feature
points extracted from a query image. Three of them are
chosen and two bases are defined (Fig. 2(a)) and all the fea-
ture points are projected to the invariant coordinate system
spanned by the bases (Fig. 2(b)). The invariant coordinate
system is divided into subregions and each of them corre-
sponds to a bin of the hash table. Then, for each projected
feature vector, a vote for the corresponding pairs of the im-
age ID and the basis-set ID is cast. The procedure above
is carried out for all the sets of bases. Finally, the pair of
the image ID and the basis-set ID with the highest vote is
determined. The process can quit when the output image is
obvious. The computational cost of recognizing an image
is the same as the storage process.

2.2. Improvement of Geometric Hashing

2.2.1 Difference in Problem Definition

Before presenting the proposed method of recognizing CCs
based on GH, let us present the difference in problem defi-
nition between GH and our problem.

The problem that GH solves is to identify the object only
with the arrangement of feature points. This means that it
does not take into account from what feature points are ex-
tracted. To the contrary, in our problem, we know feature
points are extracted from a CC and the CC itself is also
given. The additional information enables us to realize fast
recognition.

Since we treat a recognition problem of a CC hereafter,
we call the “image ID” “connected component ID (CC ID).”
We use all pixels on the external contour of a CC as feature
points in principle.

2.2.2 Use of Image Features

In GH, the arrangement of feature points are regarded as
features for an image. To the contrary, the proposed method
uses a feature vector representing the shape of a CC. The
procedure of that is as follows. To begin with creating an
invariant coordinate system as presented in Sec. 2.1. As
the result, a figure of Fig. 3(a) is normalized into Fig. 3(b).
Then, k(= l × l) uniform subregions are defined and a his-
togram of black pixels shown in Fig. 3(c) is created. Finally,
the histogram is normalized to satisfy the sum of bins is 1
and a k-dimensional feature vector is obtained. As long as
the same bases are selected, the vector is affine invariant in
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Figure 3. Calculation of a k-dimensional fea-
ture vector based on values of k subregions.
k = l × l. For convenience’ sake, black pixels
are represented in green.

theory. In this paper, we used l = 4 according to prelimi-
nary experiment results.

The reason why we use a feature vector calculated from
the figure is because it is and can be more descriptive. Al-
though the proposed method in the paper uses the histogram
of black pixels, it is possible to use common features and
normalization methods of characters used for scanner-based
character recognition in the future.

2.2.3 Reduction in Computational Cost

The lack of GH is tremendous computational cost. The
affine invariant version of GH requires O(P 4) for recog-
nition, where P is the number of feature points. This means
that if we have 100 points, it requires O(100, 000, 000)!
Thus GH is never applicable to real-time applications.

The reason why GH requires tremendous computational
cost is that GH cannot determine the corresponding set
of bases in the storage and recognition processes before-
hand, though GH requires the correspondence for success-
ful recognition [2]. This means that GH has to search the
correspondence by examining all (or many) sets of bases.
Thus if we can select the corresponding set of bases, the
computational cost can be reduced. In the proposed method,
we use a principle of geometric invariants in a different
manner than usual.

Before presenting the detail of the proposed method, we
present the principle. As shown in Fig. 4, AB/AC, calcu-
lated from three points A, B and C, is an invariant to affine
transformation. This is usually used. On the other hand, the
position of C is determined by the value of the invariant and
positions of A and B. Assuming A, B and C are on the same
line, C can be the left side of A or the right side of B. If
the order of the points are defined in advance, the position
of C is uniquely determined. In the generalized form of the
principle is that “If we have the value of the invariant and
n−1 points out of n points, we can determine the last point
almost uniquely under a geometric transformation.” Such a

A B C

AC

AB AB

AC

An invariant can be calculated from
the positions of A, B and C

The position of C can be calculated from
an invariant and the positions of A and B

Figure 4. The relationship between the posi-
tions of points and an affine invariant.

1st point

2nd point

S0Area:

(a) A figure with two
points.

1st point

2nd point

3rd point

Trajectory of
3rd point

S1Area:

(b) Determination of 3rd point.

Figure 5. Illustration of unique determination
of the third point with area ratio.

unique determination of the position of a feature point helps
to reduce computational cost.

The procedure of our proposed method is as follows.
Firstly, we determine the first point uniquely using the na-
ture that the center of gravity of a connected component
does not change regardless of affine transformation 1. Sec-
ondly, we have to select one point from the external con-
tour randomly in the same manner as GH. Finally, we can
determine the third point almost uniquely by our proposed
manner of selecting a point described above. This proce-
dure reduces the computational cost from O(P 4) to O(P 2).
since the first and third points are determined uniquely.

However, the procedure above determines three points
on the same line. This is actually useless to calculate lin-
early independent two bases required to create the invariant
coordinate system. Thus we illustrate another method to de-
termine the third point for a figure whose area is S0 shown
in Fig. 5(a).

Let us assume the third feature point is given as Fig. 5(b)
and the area of the triangle determined by the three points is
S1. Then S1/S0 is an affine invariant. Therefore, the third
point is determined so that S1/S0 equals a predetermined
value or S1/S0 takes the maximum value. To determine
uniquely the third point, the order in clockwise or anticlock-

1Although there is no guarantee that the center of gravity is on the ex-
ternal contour, this does not cause anything in the following processes.
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Figure 6. Description of separated character
table. The elements of the table are, from
left, ©1 Shape of the connected component
(CC ID), ©2 original character, ©3 relational po-
sition of the paired CC, ©4 the area of the CC,
©5 the area of the paired CC.

wise is usable. As long as S1 is a constant, the trajectory of
the third point is a line parallel to the line through the first
and second points as shown in Fig. 5(b). Therefore, the third
point is easily determined as the intersection of the line and
the external contour. If there are several intersections, it is
also possible to determine uniquely the third point, for ex-
ample, the furthest point is the one. In this paper, the third
point is determined so that S1/S0 takes the maximum value.

3. Recognition of Separated Characters

In this section, we present a recognition method of sep-
arated characters which consists of more than one CC such
as “i” and “j.”

In order to do that, in the storage process, the number
of CCs in a character is counted. If the number is greater
or equals to two, each CC is stored in the database as if
the CC were a character, and the character is registered into
the separated character table shown in Fig. 6. The table
stores the relative positions and sizes between the CCs of a
character to recognize a separated character.

In the case of Arial font, the bottom CC of “i” has the
same shape of “I (capital ai)” and “l (lowercase el),” and
they are indistinguishable. Thus in order to recognize “i”
correctly, each CC of the same shape such as “I” and “l”
must be checked whether it is a part of “i” or not. Finally,
if the top CC of “i” exists in the right position and size, the
pairs of CCs are recognized as “i.”

In order to realize the process above, all CCs in the same
shape are stored so as to have the same CC ID. That is, stor-
ing reference character images is processed one by one and
each image is checked whether CCs in the same shape are
already registered or not. In further detail, before storing a
reference image, it is recognized using the database in pro-

Table 1. List of similar characters. Characters
in a cell were treated as the same class.
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Figure 7. An overview of the proposed sys-
tem.

cess of creation, and the same CC ID is assigned if CCs in
the same shape are found. Ideally the bottom CC of “i,” “I”
and “l” have the same CC ID. However, the method turned
out not to get along with the generative learning mentioned
below, and some CCs did not have the same CC ID. There-
fore, CC IDs were manually set up according to the similar
character list shown in Table 1.

4. Overview of the Proposed Method

The overview of the proposed system is shown in Fig. 7.
The system consists of storage and retrieval modules.

0
1
2
3

CC ID

In
de

x

Hash Table

Feat. Vec. Coordinates of 3 points

CC ID Feat. Vec. Coordinates of 3 points

Figure 8. Configuration of the hash table.
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Figure 9. Recognition and pose estimation of a connected component.

4.1. Storage module

In the storage module, reference images are stored in the
database. The reference images are binary images in the
paper.

4.1.1 Degraded Image Generation

In order to cope with degradation caused by defocus and
low resolution, degraded images are artificially created by
generative learning [1]. In this paper, nine degraded im-
ages (including the original reference image) are created
from each reference image by applying three kinds of Gaus-
sian blurring (including no degradation) and three kinds of
degradation in resolution (including no degradation). The
created images are binalized and treated as reference im-
ages.

4.1.2 Feature Vector Calculation

Feature vectors are calculated in the manner presented in
Sec. 2.2.2. They are concatenated in the following process.
An invariant coordinate system shown in Fig. 3(b) is cal-
culated from three feature points by regarding one point as
the origin of the coordinate system. By replacing the point
of the origin, three invariant coordinate systems are calcu-
lated. That is, from three points, three k-dimensional fea-
ture vectors are calculated. They are just concatenated and
a 3k-dimensional feature vector is obtained.

4.1.3 Storage into the Database

The proposed method uses the hash table shown in Fig. 8
to store the information of CCs. Each entry which consists
of a CC ID, a feature vector and the coordinates of three
points is stored using the list structure. The coordinates of
three points is used for the pose estimation in the recogni-
tion process. Since the proposed method uses feature vec-
tors, the hash table is a common 1-dimensional one instead
of 2-dimensional one of GH.

The index Hindex of the hash table is calculated as

Hindex =

(
3k∑
i=1

Di−1ri

)
mod Hsize, (1)

where Hsize is the size of the hash table (219 − 1 was used)
and ri is the quantized value of the i-th element into D lev-
els. D = 3 was used according to preliminary experiment
results.

4.2. Recognition module

4.2.1 Image Acquisition

An image to be recognized is captured by a digital camera
or a web camera as a still image or a movie. A movie is de-
composed into frame images. We call each obtained image
“query image.”

4.2.2 Segmentation

CCs are extracted from the query image. The image is adap-
tively thresholded into the binary image and a contour ex-
traction technique is applied.

4.2.3 Feature Vector Calculation

Feature vectors are calculated from a CC. The process is
almost the same as Sec. 4.1.2. The only difference is that
the number of feature vectors is restricted to S for speeding
up. The relationship between S and the recognition perfor-
mance is discussed in Sec. 5.2.

4.2.4 Recognition and Pose Estimation

From the hash table shown in Fig. 8, CC IDs and the coor-
dinates of three feature points are obtained using the feature
vectors. The CC IDs are temporary recognition results and
some of them are wrong. Thus we extract the correct results
by use of a few steps of a voting procedure similar to [3].
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That is, as shown in Fig. 9, pose estimation of the paper is
done first and then recognition and pose estimation of each
CC are done.

Firstly, from the correspondence between feature points
in the query image and a reference image, the pose of the
CC is calculated as an affine transformation matrix. Since
some of them are wrong, they are filtered by weighted vot-
ing of CC ID for each CC as shown in Fig. 9(a). The reason
why the voting is weighted is a CC which has longer exter-
nal contour may have unfairly large number of votes. Let-
ting Ni be the number of feature points (the length of the ex-
ternal contour) of i-th CC, the weight for the i-th CC is de-
fined as 1√

Ni
. Let M be the number of the highest vote, and

characters which have larger number of votes than 0.9M are
grouped in “estimation group” and characters which have
larger number of votes than 0.8M are grouped in “candi-
date group.” These groups are defined for each CC of the
query image.

Secondly, the pose of the paper is estimated. Since we
assume all the characters exists on a paper, all CCs are ex-
pected to share the same parameters of shear and indepen-
dent scaling. Thus, as similar to [3], a pair of plausible
parameters are estimated by using density estimation in the
2D space as shown in Fig. 9(b). That is, affine transforma-
tion matrices of the estimation group are plotted in a 2D
space and the densest point represented by a red star mark
in Fig. 9(b) is selected. In order to increase reliability, only
CCs satisfying Tarea ≤ R/β2 ≤ 1/Tarea are used for the es-
timation, where R is the area ratio of the CC of the query
image and the corresponding CC of the reference image,
and β is the scaling parameter calculated from the affine
transformation matrix. Tarea = 0.7 was used in the paper.
Note that the value of R/β2 far from 1 is incredible because
if the temporary recognition result is correct, R/β2 must be
1.

Thirdly, recognition result of each CC is determined. As
shown in Fig. 9(c), a pair of plausible rotation angle and
recognition result of the CC are estimated by using density
estimation in the 2D space. Affine transformation matri-
ces of the candidates group are used. The difference from
Fig. 9(b) is that the density estimation is carried out in 1D
space since the CC ID is discrete value. Finally, the process
in this section estimates recognition result (CC ID) and pose
(shear, independent scaling and rotation) of the CC.

5. Experiments

In order to confirm the effectiveness of the proposed
method, two experiments were carried out on a server with
Opteron 2.6GHz. In order to reduce the computational cost,
reference images and query images were normalized so that
the largest size of the width and height of an image was 100
pixels and 50 pixels, respectively.

0123ABCDabcd
0123ABCDabcd

0123ABCDabcd
0123ABCDabcd

(a) Arial, Century, Gigi and
Impact from the top.

(b) Pictograms.

Figure 10. Samples of (a) fonts and (b) pic-
tograms.
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Figure 11. A sheet of recognition target.

5.1. Fonts

We evaluated the effectiveness of the proposed method
using characters in various fonts. We employed 62 charac-
ters of numerals and alphabets as shown in Fig. 10(a): 10
figures, 26 lowercase alphabets and 26 capital alphabets. As
mentioned in Sec. 3, some characters are difficult to distin-
guish under affine distortions. Thus the characters in a cell
in Table 1 were treated as the same class in all the experi-
ments. In the recognition process described in Sec. 4.2.4, if
the highest vote was 0 for a CC, the CC was rejected.

As recognition targets, we prepared 62 sheets of letters
as shown in Fig. 11. Each of the sheet contained 108 charac-
ters evenly in nine conditions which were the combinations
of three different sizes (72pt, 48pt and 32pt) and three dif-
ferent rotation angles (0, 30 and 45 deg.). Each sheet was
captured in three different angles (0, 30 and 45 deg.) by a
digital camera with a resolution of 1024×768. The average
size of “A” of 72pt captured in 0 deg. was 40.7 × 44.8 pix-
els. That of “A” of 32pt captured in 45 deg. was 10.0×18.6
pixels. A parameter S presented in Sec. 4.2.3 was 20.

Firstly, the average processing time per character is
shown in Table 2. Since the values were about 4ms, the
recognition speed turned out to be around 200 to 250 char-
acters per second by a simple calculation.

Secondly, the recognition results are shown in Fig. 12.
The figures show that recognition rates decreased as the size
of characters decreased or as the angle of capture increased.
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(b) Century.
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(c) Gigi.
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(d) Impact.

Figure 12. Recognition rates of fonts in various sizes and angles of capture.

Table 2. Average processing time (ms) for
recognition of a letter or a pictogram. Picto
represents pictograms.

Font Arial Century Gigi Impact Picto
proc. time 3.9 3.6 3.7 5.2 4.2

The figures also show that the decrease in recognition rate
was caused by decrease in character size rather than change
in angle of capture.

The detail of the recognition results are discussed below.
(i) For the fonts other than Impact, as recognition rates de-
creased, rejection rates increased by that much and error
rates did not increased so much. The cause was a large D. If
D was large, the hash index changed by a slight fluctuation
of an image. This decreased the number of reliable tempo-
rary results. When D = 2 was used instead of D = 3, the
lowest recognition rate of Arial, in the case of 32pt and 45
deg., the recognition rate increased from 21.54% to 52.73%
though the error rate also increased from 7.57% to 36.31%.

It is up to applications which should be chosen. We chose
D = 3 in this paper because we think lower error rates are
desirable in general.

(ii) For Impact, as recognition rates decreased, error rates
increased by that much and rejection rates did not increased
so much. The cause was that feature vectors got similar and
discrimination ability decreased. This seems to come from
that characters in Impact have thick lines. The average pro-
cessing time in Table 2 shows that Impact required more
time. This implies that many hash collisions occur due to
low discrimination ability of feature vectors. This can be
improved by introducing features and normalization meth-
ods for scanner-based character recognition as mentioned in
Sec. 2.2.2

Finally, in order to investigate recognition ability to fig-
ures, 10 pictograms shown in Fig. 10(b) were also recog-
nized in the same manner of the fonts. As shown in Fig. 13
and Table 2, the recognition results were similar to the fonts
other than Impact.

From the results above, we confirmed that the proposed
method worked fast and achieved low error rates except a
part of fonts.
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Figure 13. Recognition rates of pictograms in
various sizes and angles of capture.

(a) 0 deg. (b) 30 deg. (c) 45 deg.

Figure 14. Camera-captured images of the
designed text in Fig. 1 captured from various
angles.

5.2. Designed text (Fig. 1)

The proposed method was applied to the designed text
shown in Fig. 1. Camera-captured images of it from 0, 30
and 45 deg. are shown in Fig. 14. The sizes of the im-
ages were 2470 × 1746, 2278 × 1746 and 2038 × 1844,
respectively. The figures contained 236 characters except
commas; 168 in Arial, 27 in Arial Black Italic, and 41 in un-
known fonts which existed around the blue logotype. The
characters were recognized after storing Arial and the un-
known fonts into the database.

Processing time and recognition results in S = 200 and
S = 20 are shown in Table 3. Most errors were caused by
misrecognition of “i” (confusion of “i,” “I” and “l”), confu-
sion of “U,” “u” and “n,” and that of “E” and “m.” From
the comparison of S = 200 and S = 20, S = 20 was
about 6 times faster than S = 200. Thus if fast recognition
is desired, smaller S is better. S = 200 achieved higher
recognition rates than S = 20. Thus if higher recognition
rate is desired, larger S is better.

Table 3. Recognition rates and whole pro-
cessing time for designed text in Fig. 1.

S 200 20
Angle (deg.) 0 30 45 0 30 45

Time(ms) 7990 7990 7020 1300 1260 1140
Rec. rate(%) 94.9 90.7 86.4 86.9 81.8 76.3
Rej. Rate(%) 0.4 3.0 6.4 6.4 9.3 16.5
Erro Rate(%) 4.7 6.4 7.2 6.8 8.9 7.2

6. Conclusions

In this paper, a camera-based character recognition
method which satisfies (1) ready for real-time processing,
(2) robust to perspective distortion, and (3) free from layout
constraints, was proposed. The proposed method is exe-
cutable in real-time even on a laptop PC with a cheap web
camera though the result is not shown in the paper.

Future work includes introduction of features and nor-
malization for scanner-based character recognition.
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Abstract

Despite the progress in personal information manage-

ment, the desks of knowledge workers have remained un-

touched, justified by the claim that the paperless office is im-

minent. This led to a huge gap between the electronic world

and the physical world. This paper combines the Semantic

Desktop, methods of desk organization, and user observa-

tion together in order to bridge this gap. It focuses on paper

artifacts and makes use of how knowledge workers organize

them and interact with them. Paper artifacts are automati-

cally observed, identified, and integrated into a model of the

physical world. Moreover, paper documents are introduced

into the personal knowledge space. A history of present and

past desk layouts enables knowledge workers to search for

information that was once present on their desks.

1 Introduction

During the last decades, huge advancements were made
in electronic personal information management. In the
1970s, electronic devices started to mimick ordinary desks
by employing the desktop metaphor as well as the pa-

per paradigm [25, 8]. These advancements in conjunction
with progress in scanning technology and document analy-
sis sparked another trend: the belief that the paperless office

was imminent.
However, the paperless office has not become reality.

Even today, knowledge workers often prefer paper docu-
ments to electronic documents. The reason for that is sim-
ple: paper supports some of their most important daily tasks
better than electronic documents [23]. Paper still excels in
terms of tangibility, flexibility, easy navigation, and free or-
ganization on the desk.

Nowadays, the electronic world provides powerful soft-
ware solutions such as the Semantic Desktop, which enables

knowledge workers to create and maintain an electronic rep-
resentation of their personal knowledge space for personal
information management. However, the physical world,
i.e., the knowledge worker’s desk, has remained largely un-
known and was often brushed aside by the claim that the
paperless office was imminent and paper would disappear
in the near future. However, paper still remains ubiquitous
and the amount of paper documents in offices is even in-
creasing.

In summary, paper has remained indispensable in mod-
ern offices [23]. Thus, the main goal of this paper is to in-
vestigate how both “worlds” can be brought closer together
and how they can support each other in a way that benefits
both. In order to achieve this goal, the paper rests on a par-
ticular workplace setup which yields more possibilities than
an ordinary desk with a personal computer. The primary re-
search question is formulated as follows:

Given an ordinary desktop, observed by a digital

camera, as physical world and a computer with

a Semantic Desktop as electronic world, how can

the electronic world support activities in the phys-

ical world, and vice versa?

The focus of the paper lies on the drawbacks of previous
solutions in this research area. It proposes a system called
PhysicalDesktop that aims at the following goals:

• Extend the personal knowledge space with a model of
the physical world where paper-based information is
stored semantically.

• Automatically extract as much information as possible
from paper documents without any cognitive effort re-
quired of the knowledge worker.

• Make use of the physical desktop layout to support
knowledge work.

• Bridge the gap between the physical and the electronic
world in both directions.
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The paper is organized as follows: the next section intro-
duces the scientific background, including desk organiza-
tion and paper-based activities in knowledge work. The
third section gives a short summary of the external systems
on which PhysicalDesktop is based. Then we present re-
lated work followed by the explanation of the main con-
cepts behind PhysicalDesktop. Finally, the conclusion sums
up the achievements and a comprehensive outlook on future
work is given.

2 Background

There are two topics that contribute prominently to the
physical world, i.e., the knowledge worker’s observable
desk: desk organization and paper-based activities. An ex-
tensive analysis of the scientific background was conducted
in [3].

2.1 Desk Organization

Many publications identified two kinds of paper artifacts
on the desk: documents and piles. While documents repre-
sent pieces of information on the desk, piles convey more
than one meaning. Malone states that piles offer the func-
tion of reminding [14]. Kidd supports Malone’s results and
highlights the connection between the layouts of paper ar-
tifacts on the desk (so-called spatial desk layouts) and task
management respectively (task) context [9].

Bondarenko and Jannsen conclude that knowledge work-
ers change their desk’s layout to reflect changes in their at-
tention towards paper documents [2]. They state that knowl-
edge workers move documents closer to a physical area of
high interest, the so-called focus of work, when the urgency
of the corresponding task increases. According to them, the
distance between the focus of work and a paper artifact is
an applicable measure of urgency for the task the document
belongs to.

2.2 Paper-Based Activities

In the book “the myth of the paperless office” [23],
Sellen and Harper conducted an extensive study about how
office workers spend their work time on activities and how
paper is involved. According to them nearly half of all
document-based activities are solely based on paper doc-
uments.

For the purpose of having a sound and concise model,
Sellen and Harper’s activities of paper-based knowledge
work were condensed to five abstract activities:

• Acquiring Information aims at getting information out
of paper documents. It mainly encompasses different
ways of reading.

• Processing Information is an abstraction of all activi-
ties that involve several sources of known information
in order to produce new pieces of information.

• Composing Documents comprehends all activities that
result in new paper documents.

• Annotating Documents encompasses all activities that
lead to handwritten notes on paper documents.

• Organizing Documents summarizes all activities that
lead to a change in the spatial desk layout.

Processing Information is tightly interwoven with Acquir-
ing Information and in extreme cases, knowledge workers
switch between both activities in short intervals. This is a
strong indication for preemptive information acquisition, to
satisfy information needs which might suddenly occur at a
later date. As composing and annotating documents is al-
ready tackled in other projects [10, 21], the corresponding
activities are left out of further considerations.

The abstract activities also tackle the activities for per-
sonal information management (PIM) [24] transferred to

the physical world:

• Finding & Re-Finding centers around searching for in-
formation that is probably scattered across multiple pa-
per documents and the desk itself. Problems arise if
paper documents are buried deep within a pile. More-
over, it is not clear at first glance if the document is
still available somewhere on the desk. Thus, finding
and re-finding is related to Processing Information and
Organizing Documents.

• Keeping paper documents presents a physical source
of information. Thus, the problem of persistence oc-
curs, especially if paper documents are required to be
stored alongside electronic ones without creating clut-
ter. Keeping is somehow related to all of the abstract
activities. It shows that persistence is a crucial cross-
sectional element in supporting knowledge work.

• Organizing & Maintaining paper documents on the
desk is characterized by intrinsic behavioral patterns
which depend on each individual knowledge worker.
Adapting to these patterns as well as organizing and
maintaining paper documents alongside their elec-
tronic counterparts poses serious problems. Knowl-
edge workers have to be able to choose their preferred
representations. Furthermore, they have to be assisted
in finding the physical representation. Thus, this activ-
ity is clearly related to Organizing Documents.

Besides the activities, it is also of high interest how
knowledge workers interact with paper documents on their
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desks and how these interactions contribute to the spa-
tial desk layout. Several publications agree that knowl-
edge workers place documents on the desk, move them
around and, at some point in time, remove them from the
desk [14, 9, 2, 11]. As far as piles are concerned, knowl-
edge workers create, move, and delete them dynamically,
according to their current needs [14, 9]. The basic docu-
ment operations on piles are additions and removals.

It is worth noting that observing removals with camera-
based desk observation systems poses serious problems. As
the paper artifact leaves the observation system’s sphere of
influence, the removal can be detected indirectly at best, by
recognizing that an artifact that has previously been on the
desk is missing. The consequence of this circumstance is
that desk observation systems can’t claim absolute knowl-
edge about the spatial desk layout. Hence, they can only
give suggestions about artifacts being on the desk, based on
internal reasoning.

Several studies [2, 23] make clear that detecting those
interactions is just the first step in supporting knowledge
workers. Beside the type of interaction, the destination of
document placements and movements is a very useful piece
of information. Additionally, if the desk observation sys-
tem is able to recognize gestures on paper documents, the
location and type of these gestures is also very important
information.

3 External Systems

PhysicalDesktop uses three crucial external systems: the
Semantic Desktop, the Context Service and iDesk.

3.1 NEPOMUK – The Semantic Desktop

The NEPOMUK1 Semantic Desktop [4] focuses on sup-
porting knowledge workers which are receiving, interpret-
ing, and structuring information in their personal knowl-
edge space. In general, the Semantic Desktop aims at
transferring the idea and the technologies of the Seman-
tic Web to desktop computers [19], providing a seman-
tic layer on the distributed desktop information sources
which allows represent and relate concepts and informa-
tion objects across applications, e.g., the address book en-
try from MS Outlook of Heiko Maus with his papers
or homepage. The core of this semantic layer is the Per-

sonal Information Model Ontology (PIMO) which is de-
fined as “a formal representation of parts of the user’s men-
tal model” [20]. Thus, the PIMO allows to represent per-
sons, projects, organizations, topics, etc. and their rela-
tions, e.g., Stefan Dellmuth hasTopic physical
desktop observation, with information objects such

1open source: http://nepomuk.semanticdesktop.org/

as emails, documents, or webpages. As the Semantic Desk-
top provides an API for accessing the PIMO, concepts and
structures that are created within the Semantic Desktop
appear in every application which understands the model.
Thus, the PIMO is a cornerstone for data integration in the
environment of semantic technologies.

3.2 Context Service

The Context Service is the reference implementation of
the user context for knowledge work.2 This context can be
roughly defined as the user’s context with respect to his cur-
rent knowledge work state [22]. The current knowledge
state is described by a set of contextual elements that the
user currently has to deal with. The reference implemen-
tation uses information items from the PIMO as contextual
elements. Information items which are observed contribute
to the creation and enrichment of context threads. A context
thread stands for a goal which the user pursues. The infor-
mation items that are stimulated in the context of such a
thread represent the information which was accessed in the
course of working towards this goal. Naturally, a knowl-
edge worker pursues many goals. Hence, the identification
of the current context thread and context thread switches is
a crucial requirement for the Context Service. Finally, the
information that is represented by a context thread is used to
support knowledge work in various ways, e.g., by providing
input for proactive information delivery (PID) (cf. [16]).

3.3 iDesk

iDesk3 is a desk observation system that has been devel-
oped by the DFKI IUPR department [12]. It consists of a
digital camera and a software application. Its main goals
are to detect paper documents and recognize pointing ges-
tures on paper documents that reside on the user’s desk. The
main advantage of iDesk compared to similar solutions is
that it is applicable in dynamically changing environments,
as it is robust against changes in lighting and background.

4 Related Work

The approaches to combine the strength of the physical
and electronic world are manifold. One approach is to en-

hance paper documents with electronic media. Its aim is
to integrate information from the electronic world into or-
dinary workplace setups while preserving a natural look-
and-feel. An exemplary solution — PaperWindows [6] —
uses a motion capturing and a projection system to project
application windows on real sheets of paper. Interaction is

2http://usercontext.opendfki.de/
3http://ipet.iupr.org/demos.html#iDesk
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possible with a special pen and a set of gestures. The disad-
vantages of this approach include obtrusiveness (originating
from the hardware setup) and the sole support for annotat-
ing documents.

Another approach aims at providing a paper user in-

terface as an additional input method for computers. Re-
cent solutions, like Print-n-Link [18], use Anoto’s Digital
Pen and Paper4 technology. Print-n-Link is able to define
links between user-defined parts of electronic and physical
resources, such as paper and electronic documents, media
resources and even source code. It also considers mobile
scenarios very well. However, by relying on Anoto’s tech-
nology, it loses the ability to perform well on arbitrary paper
documents. This makes it impossible to interact with docu-
ments like (snail) mail, magazines, newspapers, or flyers.

A third approach is based on the idea of integrating
physical and electronic documents into a unified solution.
The main goal is to treat physical and electronic resources
equally and thus combine the strengths of both worlds. Six
years ago, the Paper Augmented Digital Document (PADD)
paradigm was introduced. It centers on “digital documents
that can be manipulated either on a computer screen or on
paper” [5]. Thus, PADDs combine the strength of both
worlds by an intelligent choice of representation. An ex-
emplary solution — PapierCraft [13] — uses gestures to
manipulate electronic documents by using paper documents
as proxies. It extends the PADD infrastructure by introduc-
ing commands that users can trigger by using simple pen
gestures. Another solution — Semantic eInk [21] — ex-
tracts semantic information out of handwritten annotations
on paper documents and integrates them into the Semantic
Desktop. Hence it makes paper documents, which present a
new source of information, searchable, reusable, and share-
able. In summary, the recent solutions to integrating phys-
ical and electronic documents excel at Annotating Docu-
ments. However, they neither support the other abstract
paper-based activities, nor create links from the electronic
to the physical world.

The last approach concentrates on making use of spa-
tial desk layouts. Its goal is to keep track of paper docu-
ments on the desk and to provide links from the electronic
to the physical world. An exemplary system was developed
by Kim et al. [11]. It observes paper documents on a desk
and provides links from the electronic world to the physical
world. It is also worth noting that the system supports the
full spectrum of spatial desk layouts, i.e., single documents
and piles with according interactions. Its biggest disadvan-
tage is the choice of a “scene graph”-like data structure to
store the layout. This poses serious problems if the user ob-
servation misses interactions, e.g., when it was switched off
on purpose.

Concluding, there exist some problems that none of the

4http://www.anoto.com

approaches and solutions tackle in a satisfying way. First,
almost all of the solutions do not use suitable ways of per-
sisting their data. Using the Semantic Desktop as persistent
storage yields lots of new possibilities, e.g., connecting the
acquired data with the knowledge worker’s personal knowl-
edge space. Second, most of the solutions can not cope
with arbitrary or unknown documents. Moreover, they only
support one or two of the abstract paper-based activities at
best. Finally, all systems bridge the gap between the physi-
cal world and the electronic world from only one direction.

5 Concepts

Before the processing pipeline is explained, a few basic
definitions have to be stated. First, the physical desktop is
defined as the sum of all parts of the user’s desk which are
observed. The physical desktop in turn is defined as the
sum of all observed areas. An observed area is a connected
region on the desk which is observed by exactly one desk
observation system.

5.1 Processing Paper Documents

In order to capture paper documents and transfer them to
the electronic world, a processing pipeline was developed.
First, a desk interaction is observed. The comprised pa-
per document is identified. In case of an unknown docu-
ment, the document is created in the PIMO of the Semantic
Desktop. After that, the system is able to notify the user
if the same paper document is already somewhere on the
desk (to reduce redundant documents and clutter). If this
is not the case, the history of interactions and the physical
world model are updated. Finally, external services like the
user’s context are enriched or triggered. Figure 1 shows the
resulting processing pipeline.

Figure 1. Processing Pipeline

The main task of the physical desktop observation is to
capture the user’s interactions with the desk and to send
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them in the form of desk operations, enriched with as much
information as possible, to the pipeline. All operations are
required to provide a location. The location information is
composed of the observed area’s unique identifier and, op-
tionally, the position of the document’s four corner points
relative to the observed area. The documents themselves
are represented as images. If a pile is involved, it has to be
identified and the pile’s unique identifier is provided with
the desk operation. Finally, if a gesture was detected, the
location of the gesture relative to the document and the type
of the gesture are provided. Figure 2 shows the desk inter-
action ontology which was modeled using RDF/S.

Figure 2. Desk Interactions Model

After the observation, the document has to be identified.
It is crucial for the paper document identification to make
as few errors as possible. Its quality has great influence on
overall performance and user experience. Thus the identifi-
cation algorithm is designed with robustness, accuracy, and
error handling in mind. It uses either the Scale-Invariant
Feature Transform (SIFT) or the Locally Likely Arrange-
ment Hashing (LLAH) [17] algorithm. However, both al-
gorithms merely state the best candidate from the database
of known document images, along with a number of votes.
As the number of votes which definitely indicates a known
document is unknown and subject to change, an adaptive
approach based on machine learning is used.

If the observed paper document is unknown, the PIMO
is updated in the next step. For that purpose, the image of
the unknown paper document is sent to an external OCR
service. The result is then instantiated as a new document
in the PIMO. Paper documents can also be linked to other
information items to express an affiliation with a group of
documents, a topic, a project, etc. Finally, they can be
merged into existing documents in order to add the physical
representation to existing electronic ones. This step in the
pipeline also concludes the support for Acquiring Informa-
tion. The remaining steps cover the activities of Processing
Information as well as Organizing Documents.

If the observed paper document is known and already lo-
cated somewhere on the desk, the system provides a link to
its physical representations. The user is then able to choose
whether to use one of the proposals or the recently observed
document. This is useful to reduce clutter on the desk.

After this choice, the desk history is updated. The desk
history is the central data store for all information concern-
ing current and past paper artifacts and spatial desk layouts.
It employs a model of the physical world which is explained
in the next section.

Finally, the personal knowledge space is enriched further
and external services can be triggered. The most important
enrichment is that of the user’s context. It allows to stimu-

late PIMO information items along with a certainty that the
information contributes to the user’s context. As all docu-
ments on the physical desktop are physical representations
of PIMO information items, they can be easily stimulated.
The estimate for the certainty takes into account the loca-
tion of the document relative to the user (the farther away,
the less important) and custom areas, the so-called special

desk regions. Special desk regions are defined as parts of
an observed area for which the normal rules of computing
the certainty do not apply. Besides a custom certainty es-
timator, users are able to define custom rules that trigger
actions upon certain interactions. With these possibilities,
regions like “inboxes” (connect paper artifacts to a certain
information item, e.g., “to read”) and “outboxes” (remove
paper artifacts from the physical desktop) can be defined.
Moreover, this behavior can also be assigned to piles, thus
enhancing their potential beyond passive paper piles.

Further external services are integrated such as a search
service by using DynaQ5. Whenever a pointing gesture is
detected, DynaQ is queried for similar documents to the one
involved in the current interaction. The user can browse the
results and use DynaQ to get detailed information and refine
the query. Furthermore, services for easily annotating paper
documents with PIMO concepts and transferring them into
the Semantic Desktop such as the SCETagTool [15] or the
follow-up iDocument [1] are also applied to support knowl-
edge workers.

5.2 Physical World Model

As mentioned before, the desk history is based on a
model of the physical world and stores all data which con-
cerns current and past paper artifacts as well as spatial desk
layouts. The model revolves around the paper artifacts and
their states. While paper artifacts store all information that
remains constant across all desk interactions, their states
comprise all information that is subject to change. There are
two kinds of paper artifacts: documents and piles. All paper
artifacts have a unique identifier. Documents also contain an

5http://dynaq.opendfki.de
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identifier which points to their image (which was taken by
a desk observation system). Intentionally piles do not con-
tain any additional information. This is due to the fact that
piles have neither a constant representation on the physical
desktop, nor in the PIMO. Thus, all information about them
is stored in their state.

Desk artifact states serve several purposes. First, they
pinpoint the location of a document or pile on the physi-
cal desktop by providing its source identifier and its loca-
tion. The location is given as the paper artifact’s bounding

area. For documents, this is the smallest rectangular area
that fully includes the documents. For piles, it is the union
of the bounding areas of its documents. Second, they also
pinpoint the location of a paper artifact in time. For that
purpose, two timestamps are given, which mark the start
and the end of the state. Finally, paper artifact states also
record the type of interaction that created them as well as
the previous and the next state.

Document states provide some additional information.
First, they contain the exact location of the document, as
recorded by the desk observation. If the desk interaction in-
cluded a pointing gesture, the gesture point is also stored.
Finally, the document’s importance regarding the user’s
context is stored. Pile states contain all information that
is known of a pile, i.e., the pile’s name and a link to an in-
formation item, if one was established.

In order to counter limitations of desk observation sys-
tem, the desk history provides a set of heuristics. They can
be used to find out:

• whether a given location contains a paper artifact.

• if a document is assumed to be on the physical desktop.

The first heuristic is used to emulate most of the desk inter-
actions that involve piles, as it is able to determine whether
a paper document was placed on or moved to the top of
another document or a pile. If either document deletions or
document movements are not observable, the second heuris-
tic is of particular use. By using a machine learning ap-
proach the heuristic decides whether a document is still on
the physical desktop.

5.3 Graphical User Interface

The solution also features a graphical user interface for
navigating the physical desktop. It consists of two applica-
tions: DeskViewer and DeskNavigator. While DeskViewer
is the central interface for browsing current and past spatial
desk layouts, DeskNavigator is used to get detailed infor-
mation about paper artifacts.

Users are able to interact with the DeskViewer in several
ways. For documents, the following actions are available:

• Show detailed information.

• Open its associated PIMO element with NEPOMUK.

• Associate the document with another PIMO element.

• Remove the document from the physical desktop.

While the former two actions deliver more information to
users, the latter two provide fast and intuitive methods to
correct the desk history. To perform the third action, users
can simply drag-and-drop a PIMO element from NEPO-
MUK on the document’s visualization.

DeskViewer also provides actions for piles:

• Show detailed information and browse the documents
which belong to the pile.

• Open its linked PIMO element with NEPOMUK.

• Rename the pile.

• Link the pile to another PIMO element.

• Remove the pile from the physical desktop.

Figure 3. DeskViewer UI

Again, the first two actions deliver more information to
users. The third and fourth action enable users to customize
their user experience by naming the pile and linking a PIMO
element with it, e.g., attaching a topic to the pile. In the case
of linking, users can again drag-and-drop a PIMO element
on the piles’s visualization (see Figure 3).

Whenever users request detailed information of a paper
artifact, the DeskNavigator appears. The application has a
browser-like interface which consists of an “address bar”
and tabbed views. The address bar can be used to search for
paper artifacts by providing a part of their name or unique
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identifier. The tabbed views show a visualization of the pa-
per artifact and a tree view which aggregates all past inter-
actions to time lines. A time line is a set of desk interactions
in chronological order which belong to a particular physical
representation of the document. Selecting a leaf node opens
a view of the physical desktop in the lower left corner. It
shows the corresponding spatial desk layout and points to
the location of the paper artifact.

Figure 4. DeskNavigator UI

In summary, the DeskNavigator shows how paper arti-
fact were represented and used over time. Figure 4 shows a
screenshot of the application.

6 Conclusion

This paper addressed challenges in paper-based knowl-
edge work. Based on the definition of the physical and
the electronic world, it identified properties of paper doc-
uments and piles in desk organization and the set of desk
interactions in paper-based knowledge work. The concept
of PhysicalDesktop was then shaped based on the three ab-
stract activities of Acquiring Information, Processing Infor-
mation and Organizing Documents. Furthermore, a special
focus was put on the ability to provide graded support and
on unobtrusiveness.

PhysicalDesktop is integrated into the Semantic Desk-
top. It maintains a model of the physical world (i.e., the
desk history) and enables paper documents to leave elec-
tronic traces in the personal knowledge space. By making

use of spatial desk layouts, PhysicalDesktop enhances exist-
ing information stores like the PIMO and the user’s context.

Furthermore, PhysicalDesktop employs an automatic in-
formation extraction process. A robust, learning document
identification algorithm as well as external information ex-
traction services aim at creating a rich electronic version
out of paper documents which are observed on the physical
desktop.

The most important result is that PhysicalDesktop

bridges the gap between the physical and the electronic
world from both sides. Paper documents are automati-
cally transferred to the physical world model and the PIMO,
which both are updated in real-time. At the same time
knowledge workers retain full control over the model and its
configuration. Information items can be used to point back
to their physical representations. This allows for services
like desk searches and turns paper documents into active
objects of the personal knowledge space.

At the moment, PhysicalDesktop is available as an al-
most feature-complete research prototype. In order to con-
duct evaluations of the concept, an ideal emulation of the
physical desktop, called VirtualDesk, was developed. Fur-
thermore, a demonstrator was installed in the showroom of
the DFKI (shown in Figure 5).

Figure 5. PhysicalDesktop Demonstrator

7 Future Work

As PhysicalDesktop is mainly a result of conceptual re-
search, there is much room for improvement and enhance-
ment. The bottleneck of the current implementation is the
desk observation. Only a small subset of all proposed desk
interactions and one gesture can be observed. Both the
recognition of more desk interactions as well as gestures
would lead to a substantial improvement. Another inter-
esting thought is the integration of an eye-tracking device
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to recognize which paper documents the user looks at. This
information could be used for real-time stimulation of paper
documents in the user’s context and for triggering real-time
PID services.

Moreover, certain aspects of the solution are suitable to
be supported by organizational structures. As most organi-
zations have a central data store for electronic documents,
the identification of paper documents and the retrieval of
their electronic counterparts could be centralized. Further-
more, such data stores could be enhanced by multi function
printers (MFPs) and automatic information extraction sys-
tems [7, 16]. By realizing these ideas, knowledge workers
would be able to get rich electronic versions of paper doc-
uments by simply scanning them with an MFP and placing
them on the physical desktop thereafter.

Finally, PhysicalDesktop comprises a basic form of error
correction for the desk history. However, decisions by the
desk heuristics and the document identification algorithm
can’t be corrected. A history of those decisions could be
realized with the support to revert and change them.
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