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ABSTRACT

presence of metallic objects, it is extremely expensive
(around $10 000 for the most basic tracking equipment) and
it is tethered.

PespectiveCursor is a new interaction technique for multidisplay environments that significantly improves human
interaction with computer systems. Computer Vision has
the potential to provide a solution for the implementation of
this interaction technique that might be better than the
current ones. A survey of the current state-of-the-art in 2D
and 3D vision shows that there are many techniques that
might be of use in finding the spatial relationships between
the point of view of users and the displays in the
environment, which is the main requirement for an
implementation of PerspectiveCursor.

This paper aims at exploring the different alternatives inside
the Computer Vision field that would allow a cheap and
reliable implementation of PerspectiveCursor. For this, we
consider the minimal requirements of the PCursor
technique and the knowledge of the particular setting to try
to find a match between the different CV techniques and an
acceptable solution.
The rest of the report is organized as follows: first, we
describe PerspectiveCursor and clearly state the
particularities of the Computer Vision problem that we
want to solve, including the constraints, requirements, and
desirable characteristics of a solution. Then we explore
current literature at the same time that we comment on the
benefits and drawbacks of each technology and how these
would be helpful in providing a full or partial solution of
the problem. Finally, we present our conclusions and the
techniques we consider most valuable for this particular
endeavor.

INTRODUCTION

With the advent of cheap cameras and the continuous
increase in computing power of consumer micro-processor
systems, Computer Vision and Image Processing have
moved from being research fields with applications only in
very specialized fields (i.e. medicine, robotics) to being
pervasive in consumer products (i.e. optical mice, video
cameras).
Tracking is one of the technologies that is already being
transformed radically by the substitution of electromagnetic
measurement and ultra-sound methods by computer vision.
Numerous new applications in research (but also
developing towards consumer products) make use of
tracking in some way. The new paradigms of computing
environments and Human-Computer interaction [23, 28, 34]
make extensive use of the position coordinates of users and
objects to provide meaningful and easy to use services.

MOTIVATION & PROBLEM STATEMENT

In trying to find a suitable solution for our problem, we first
need to explain how PCursor works, and then detail what
exactly “suitable” means.
PerspectiveCursor

The technique of PerspectiveCursor is motivated by the
need of accessing several displays using a single cursor in
complex multi-display scenarios. In most current multidisplay settings, users usually work with two displays that
are connected to the same machine and positioned in a very
simple layout, namely, in the same plane and next to each
other (see Figure 1).

Computer Vision Tracking is getting to the point where it
can provide unobtrusive, reasonably precise, reliable
tracking at an affordable price.
The particular application that we are interested in is called
PerspectiveCursor [22]. PerspectiveCursor is an interaction
technique that provides access to a dynamic multi-screen
environment from a single input device. This technique,
which is explained in more detail in the next section,
requires knowledge of the position of the user and the
position of the different displays in order to create an
intuitive input/control translation map.
PerspectiveCursor has the potential of improving singleuser and groupware systems, but the current
implementation, based in electro-magnetic tracking, has
several very important drawbacks: it is very unstable in

1

Figure 1. Simple multi-monitor configuration

Figure 4. The display-input map of the scenario in Figure 3

Simplifying the technique, we can say that Figure 4 depicts
in a flat image which position of the mouse would
correspond to which display in a particular moment (only if
the user stays sitting in the chair to the right). The
coordinates of the image (plain x,y coordinates) represent
the position of the mouse, and for each position of the
mouse we have to find the corresponding point in the
corresponding display.

Figure 2. Input map for the configuration in Figure 1

The standard mapping of input providing by most operating
systems (see Figure 2) is sufficient in these cases because
the layout of screens is very simple. This mapping connects
the contiguous sides of two displays so that moving the
cursor with the mouse across the contiguous side of the
screen makes it appear in the next one.

In this particular example, it means that to move the cursor
from any position in the PDA (represented by the yellow
screen) to the vertical wall display, the cursor would have
to go through the table-top display (purple), until it reaches
the green surface, i.e., we would have to move the mouse
“up”.

However, this approach is not good enough if we have a
setting like the one in Figure 3, in which the different (and
possibly mobile) displays are located in different planes,
with different angles, and possibly occluding each other.

Current implementation

The proof of concept for the technique was created in a
room setting very similar to that in Figure 3. Some of the
displays are fixed, and thus, their positions and orientations
were known a priori, and the system did not have to track
them. However, in order to create the perspective map
shown on Figure 4, the system had to track the user’s head
pose and the position of any other mobile display.
This tracking was done with a commercial electromagnetic
tracking device [25]. Although these kinds of devices
provide good precision and an easy way to access the data
(it provides absolute 6-degrees of freedom information),
they are very expensive and are not compatible with
metallic objects.

Figure 3. A more realistic multi-display setting

A solution to this problem is to calculate the input mapping
of the display dynamically in the way that each user
perceives it. This means that the cursor will not be able to
access points in a screen that she cannot see from her point
of view (for example, because the screen is partially
occluded by another one, or just looking to the opposite
side). The equivalent of Figure 2 for a user sitting in the
chair to the right in the room of Figure 3 is displayed in
Figure 4.

With all the pose information of displays and user, the
system creates a simple 3D model that is updated several
times a second. From the 3D model and with the knowledge
of the position of the user’s head, we make a perspective
projection that represents how the user perceives the
displays from her point of view, and in this way we apply
the control-display mapping (i.e. how the mouse moves the
cursor in and between displays).
Expectations from CV Technologies

So far we have not discussed much about Computer Vision,
but the reader has probably noticed already that there
several aspects of the problem described that could be
satisfactorily solved by a CV solution, in particular:
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•

The use of CV might reduce the cost of the
hardware needed to implement PCursor in one to
two orders of magnitude due to the availability of
commercial inexpensive cameras (a couple of
medium quality cameras are still much cheaper
than a single magnetic tracker or ultrasound
tracking systems).

•

CV is not affected by electromagnetic properties
of the elements of the environment that we need to
track.

•

A CV solution could be made non-obtrusive, and
could provide non-tethered solutions through the
use of existing wireless networks.

•

The perspective/projective nature of the problem
fits perfectly with a solution based on CV from
cameras because cameras perform implicitly the
same geometric transformations that we use
(perspective).

the transformation between the three different
coordinate systems of Figure 7.

Figure 6. The system should be able to identify which display
projection (right) corresponds to which physical display (and
machine).

Requirements
Figure 7. Coordinate systems of the input mapping (x,y), pink
screen (x2,y2) and blue screen (x1,y1).

There are a certain number of requirements that the CV
solution of PCursor must fulfill to be effective. We divided
them into functional and performance/interaction.

Interface/Performance requirements

PerspectiveCursor is an interaction technique, and as such,
it is important that it complies with requirements imposed
by the human side of the interface.

Functional requirements

1.

Projection. From whatever number of input frames
that the system receives as input (it might have
several cameras, and use several frames taken in
different times), the system should be at least able
to determine the projection of the displays in the
user’s image plane for a reasonable angle.
Although the exact angle has not yet been studied,
a good estimate could be above the 50º in the
horizontal plane and 40º in the vertical plane (see
Figure 5).

Figure 5. The angle of operation should be wide enough
(ideally, it would cover all the space around the user)

2.

Identification and mapping. The system must be
able to identify to which display each projection
corresponds (Figure 6), and have at least an
approximate mapping from the points of the
projection into each display’s coordinate system.
This is equivalent to having an approximation of
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3.

Interaction rate. The speed and timeliness of the
analysis of the frames to map the input to the
different screens is fundamental for the users. If
the system is too slow, or cannot actualize the
input mapping enough times per second, the users
will not be able to use the technique efficiently.
Ideally, the system will work a rate higher than 20
processed frames per second and a delay below
100ms, but less restrictive parameters could be
acceptable depending on the application.

4.

Mobility. The user must be able to move around
and change positions at a normal rate, i.e. we
cannot assume that the user is static or has
constricted movements.

5.

Robustness. The system should provide the input
mapping reliably, even in the presence of
occlusion. Although some errors in the mapping
might be acceptable, the quality of the interaction
degrades very fast with an increase of glitches.

6.

Self-configurability. Although some initial
configuration steps might be acceptable at the
beginning of the session, the CV methods that the
system uses must not rely in continuous prompting
on the user (for example, to identify salient
features of an image).

7.

Load. Besides the necessary computations to run
PCursor, the systems that control the different
displays of the multi-display environment will also
need to run other applications; therefore, it is
advisable that the computations don’t overload the
system.

3.

Modification of the environment. In the nonrequirements section we suggested that
modification of the environment may greatly
improve reliability and simplify the CV techniques
used; however, it also restricts the scenarios in
which our solution could be used, and we must
thus be aware of the trade-off.

Non-requirements

When analyzing which CV technologies can be applied to
solve our problem, we must also take into account that
some of the restrictions that previous CV applications
impose on their systems can be relaxed due to the
knowledge of our particular scenario or to the control that
we can exert on the environment. This is just a list of
common restrictions of CV systems that do not necessarily
apply to our setting.
1.

2.

3.

SURVEY

In this section we review the technologies that might be of
value in finding a CV implementation of the PCursor
technique. The survey is built bottom-up, as it analyzes first
pixel-level techniques that might not by themselves provide
a full solution, but might be part of a more complex system.
Throughout this section, we keep increasing the level of
abstraction and we discuss also the drawbacks and tradeoffs that different technologies pose.

Calibration and initialization. Some 3D vision
techniques have been developed lately that do not
depend on the calibration of the camera(s) or that
self-calibrate [non-calibrated]. We can safely
assume that our cameras are calibrated, and that
the intrinsic parameters of the cameras are known
to the system.

Most of the solutions that we propose take advantage of the
particularity of the problem we are trying to solve, that is,
solutions could be viable because they are ad-hoc. This
constitutes an application of the principle that the more
information and assumptions we can make about the
image(s) and the problem space, the easiest it is to provide a
CV solution.

Precision. The real degree of precision required
for PCursor is not very high due to the use of a
relative positioning device. Although a high level
of precision might be beneficial, errors below 5º
might be acceptable.

2D Approaches

As we mentioned earlier, cameras provide us with
perspective projection for free without any need to make
3D inferences by software (requirement 1) [9, 24]. If the
camera is located just in the point of view of the user, or
close enough to it, we would be able to obtain images that
are already very close to the input map that we want to
obtain (see Figure 8).

Modification of the environment. While some
systems have the restriction that they must capture
the world “as is”, we can modify the environment
to make the technique simpler, more reliable or
more efficient. For example, we can use InfraRed
or other kinds of fiducial markers [1, 15, 16]. In
fact, we can also include active elements with their
own sensors that change the image that is
perceived by the camera(s) as in [17].

Desired characteristics

Although not strictly required, there are some
characteristics that would make our solution even better.
1.

2.

Figure 8. A head mounted camera (left) and one of its possible
captures (right).

Non-invasiveness. The less we burden the user
with cables, things to wear or to attach to her
devices,
initialization
or
re-initialization
procedures, the better the solution.

Now our task would be to analyze the image captures to
transform them into input maps that assign regions to
particular displays (requirement 2).

Camera costs. The results and quality of the
implementation may depend strongly on the
quality of the cameras used, but so does the price,
as cameras (and lens) can easily become the most
expensive component of our system. As we stated
in the introduction, the affordability of the system
is one of the main goals, and we should strive to
implement algorithms and techniques that are
robust and can work with the most economical
cameras.

Detecting a screen in an image

From the image in Figure 8 it would be very easy for a
human to find and delimit the screens. However, even
though this particular example is relatively simple (no
occlusion, screens perpendicular to the line-of-view), it is
difficult to provide a generic algorithm that could do it due
to several limitations:
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•

There are many other objects in a frame that share
geometric characteristics with a screen (frame,
mouse pad).

•

Screens are rectangular, but their projections in the
image don’t have to be (see Figure 9). Size and
geometry of the representations varies wildly with
position, distance and orientation.

•

Color and brightness of the screen or the frame are
not constant across different screens and devices,
ruling out simple thresholding methods.

•

Figure 11. A very unrefined example of line detection using
the Hough transform (Matlab)

The content of a screen can be virtually anything,
making it even more difficult to detect the edges.

Using a higher-level approach, it would be possible to
detect geometrical shapes instead of segments in order to
obtain candidates of screen surfaces. This is known to be
possible using the Hough transform [16, 19] and shape
invariants [21]. An intermediate step between both would
be detecting corners and T-junctions, as in [8].

There are multiple techniques that could help us detect
displays in one screen. A simple approach would be to
detect straight lines or segments from the edge detection
map using Regression Analysis [20] or the Hough
Transform [5, 29, 35]. Ideally, this would result in a line
map like that in Figure 10.

A third possible approach in order to identify the displays in
an image would be to use template matching. The idea is
that if we know the content of each screen (which could be
sent over the network to the machine in charge of the image
processing), we can try to find it in the image within certain
limits of deformation, as is done in [13]. However, to our
knowledge, this method has not yet been applied in a
dynamic context with changing templates, and might not be
computationally viable.
Assuming that all the techniques discussed so far are
capable of finding the screens in an image, we still have the
problem of occlusion. If one screen is occluding another,
we still want to be able to detect both of them, but with
occlusion the geometrical shapes of a screen’s
representation of an image could have any number of sides.
Hough-transform is probably more robust for these cases
than the other alternatives because it is known to deal well
with occlusion.

Figure 9. The shapes of the screen representations in the
image are not rectangular, but trapezoidal

Identification and coordinate transformation

Figure 10. Ideal search for screens using line-finding
algorithms.

Once we have found the displays in the image, we must be
able to identify to which physical display they correspond.
This is trivial in the case of template matching (assuming
that the images displayed are different from each other), but
is not trivial for the other techniques, which leads us to
think that the optimal solution might probably be a
combination of active template matching and any of the
other low-level techniques.

Even assuming that the line detection is reliable and robust,
we would still have to find which groups of lines form
closed geometric shapes, and which correspond to actual
displays.
This approach has the advantage that it could find the
corners of the screens with sub-pixel precision, but we are
not sure to what extent the line-detection mechanisms and
segment-grouping algorithms can be fine-tuned to obtain a
reasonable result (Figure 11 is an example of detection for
one of our images).

Markers and active elements

A very simple way of making the detection and
segmentation problem much easier is to modify the
environments to contain markers that are known in some
way by the system. These could be special patterns that the
system is trained to recognize [26, 14, 15], or markers using
a different spectrum of detection, normally infra red [1, 27].
Modifying the environment in this way might limit the
applicability of our system, but it is a relatively easy and
5

cheap method and can improve robustness (requirement 5)
significantly.

which is fundamental to translate points in the images
obtained into real-world 3D coordinates.

Sequences of images

Stereo and Multiple-View Vision

So far we have assumed that we only have one single frame
to analyze. However, the analysis can be made much more
efficiently if we analyze sequences of images that make
more information available, in a similar way to what was
done in [3]. This could also potentially help our
identification problem: a particular screen could be
identified interactively or through pattern matching once at
the beginning of the session (see the Identification and
coordinate transformation section above). After, the system
could just keep track of it through time.

If a camera is static, and we know the camera’s position and
inner parameters (the calibration matrix), each pixel in the
image represents a ray in space. If we have more than one
camera looking at the same scene, and we have identified a
pixel that corresponds to the same object in several images,
then we can determine the position of that object by finding
the intersection of the different rays.
Of course, the difficult part is finding the pixels that
correspond to the same location in several images.
Fortunately, we can use fiducial markers and pretty much
the same shortcuts we have described above in the paper
(active markers, infrared capture).

Movement model estimation and Kalman filtering [12] can
also help to predict the new positions of the screen and
therefore reduce the computational cost of algorithms
(many algorithms can benefit from knowing where to start
looking for screens).

For this approach, the cameras should be in fixed positions,
and this may limit our range of possible applications,
because the tracking becomes room dependent. However,
several commercial products [33, 7, 2] have proven that this
solution is viable (although not yet cheaper than the
electromagnetic tracking counterparts).

Optical Limitations

The projective perspective that we have assumed so far is
fundamental for most of the algorithms that we have
reviewed. However, the image taken by cameras doesn’t
correspond perfectly with a pinhole perspective and are
subject to lens distortion. Moreover, these deviations of the
real images from the idealized model are even more
extreme when the camera is wide angle. The main
consequence of the distortions is that straight lines of the
real world become curves in the image, invalidating many
of the assumptions made in the previous paragraphs [36].

Single Camera

Using multiple cameras is not the only solution to 3D
tracking. In fact, monocular vision 3D tracking is a rapidly
growing field of research that is of particular interest to us.
The field is surveyed in an extraordinary work by Lepetit
and Fua [18].
The main premise in this approach is that if we know some
correspondences of the pixels in our image and the physical
relationships of the corresponding points, we can calculate
pose (position and orientation) of the camera respect to that
object (for example, the calibration object shown in Figure
12). This is the approach taken by the ARToolkit [14, 15],
in which only the relative position of the camera (user) and
the marker are needed.

Fortunately, this kind of trade-off between distortion and
wide-angle can be softened by good calibration and
transformations in the digital representation of the image [6,
36].
3D Approaches

As we have seen in the previous section, putting the camera
in the point of view of the PCursor-user simplifies the
problem, and keeps us from having to compute 3D
calculations of the environment. However, it has two main
drawbacks: it is intrusive to force the user to wear a camera
in her head, no matter how light it is, and in a cooperative
situation where there are several users, the processing made
for one user are useless for others. This results in lots of
redundant computations.

This technique works in a way inverse to camera
calibration; if the internal parameters of the camera are
known and the spatial relationships of several identifiable
points are determined (for example, a marker pattern in a
plane), then we can infer the displacement and rotation of
the camera that captures the actual recorded image.

If, instead, we could form a centralized 3D model of the
users and displays in the environment, all computations
would be performed once taking the data from several
sources of information, and would serve any number of
users, which, in turn, could help improve the accuracy of
the system.
Figure 12. Calibration object for monocular 3D tracking

Building a complete 3D model from what is captured from
one or several cameras is, however, a big challenge. Most
basic text books on computer vision and 3D vision include
chapters that introduce projective geometry [10, 30, 37],

In our solution it is not enough to find the position of the
camera with respect to a single object as in [32]; we need
the position of the camera also with respect to a number of
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other objects (the screens). It is possible to solve such
problem, but there is, to our knowledge, not yet a complete
development that we could apply to our particular situation.
However, Peter Sturm comes very close to it in a paper that
explains how to create a 3D estimation of planar surfaces
taking sequences of images as input [31].

9. Flocon, A. Curvilinear perspective: from visual space to
the constructed image. University of California Press
(1987).
10. Freeman, H., Machine vision for three-dimensional
scenes. Boston Academic Press. (1990)
11. Hartley, R., Zisserman, A., Multiple View Geometry in
Computer Vision. Cambridge University Press. (2000)

CONCLUSIONS AND LESSONS LEARNT

There are many approaches to 3D vision and tracking that
could be of use for solving the problem stated in the first
sections. In this survey we have barely scratched the
surface of a field that is large and very complex, but this
research makes us believe that with the application of
several of the techniques found and the development of adhoc algorithms, a good solution can be found.

12. Harvey, A.C., Forecasting, Structural Time Series
Models and the Kalman Filter. Cambridge University
Press (1989)
13. Jurie, F., Dhome, M., A simple and efficient template
matching algorithm. In Proceedings of the International
Conference on Computer Vision. (2001)
14. Kato, H., Billinghurst, M. Marker Tracking and HMD
Calibration for a Video-based Augmented Reality
Conferencing System. In (IWAR '99) Proceedings of the
2nd IEEE and ACM International Workshop on
Augmented reality 20-21 pp.85 – 94. (1999)

Although it is very difficult to figure out which of the
techniques would actually be of use (due to lack of time, we
couldn’t delve into the details of most of the algorithms
proposed in the literature), We are almost sure that using a
3D approach with mobile cameras, IR fiducial markers and
predictive algorithms we can build a good, precise and
relatively inexpensive PCursor implementation. This
implementation would take some time to be developed, as
the reader can probably tell from the discussions above.

15. Kato, H., Billinghurst, M., Poupyrev, I., Imamoto, K.,
Tachibana, K. Virtual object manipulation on a table-top
AR environment. In International Symposium on
Augmented Reality pp. 111-119. (2000)
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