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Sammanfattning
För att skapa stora skärmar för statiska användare brukar man använda välvda
skärmar eller så kallade domer för att skapa större djup och en mer uppslukande
upplevelse av en simulation eller annan visuell media, utan att behöva öka
skärmstorleken. Men när man projicerar med projektorer på sådan ytor kommer
bilden bli förvrängd.
I denna rapport behandlas ett koncept som kallas bildwarping. Syftet med
detta är att transformera (warpa) en bild så den blir fri från de förvrängningar
som uppstår när man projicerar bild på en välvd yta. Metoden som användes
innan detta exjobb utgår från manuell uppmätning av ytan vilket är tidsödande
och oprecist.
Rapporten beskriver ett sätt att automatiskt beräkna och mäta de data som
behövs för warping. Dessutom hanteras flera projektorer som kan bli sammanfogade till en enhet utan att överlapp mellan projektorerna syns (sk blending)
för att på så sätt skapa en stor enhetlig yta.
Uppmätningen sker med en kamera positionerad i betraktarens position som
används för att mäta upp alla projektorpixlars position. Pixlarnas position
mäts med hjälp av projicerade mönster, vilka registrerades av kameran. De
uppmätta positionerna interpoleras med hjälp av så kallad splineinterpolation
som använder sig av minstakvadratanpassing för att hitta en splineyta som
approximerar mätvärdena. Flera mätningar i olika orientationer kan användas
för att sammanfogas till en gemensam mätning i de fall då en enskild mätning
inte kan täcka hela skärmen.
Det färdiga programmet warpar bilder med hög kvalitet och kan hantera
blending mellan projektorer. Detta gör programmet genom att automatiskt
inhämta och analysera data med hjälp av en kamera. Det kan kalibrera en
uppsättning bestående av en skärm på ca 5 min med en äldre dator. Resultat
från en färdig kalibrering finns i avsnittet “Result” i rapporten. Programmet har
ett tydligt gränssnitt och kan utan större modifikationer sättas in en simulator
eller för hemmaanvändaren och skapa en realistisk upplevelse även när böjda
skärmar används.
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1

Introduction

In this report an algorithm for automatic seamless multiple projector calibration
is presented and evaluated. The algorithm handles a smooth screen that can
cover more than a single camera view by being able to stitch images together.
The algorithm can handle unlimited number of projectors and unlimited number
of camera views. The requirements are to have a static camera in space that can
rotate arbitrary (if multiple views are used) and the calibration is only made for
a viewer at this location. A controlled projector environment is also required
for the calibration (i.e we can show arbitrary images on the screen).
The previous work on this subject is presented in Section 2 and the required
theory behind it is presented in Section 3. The algorithm is presented in Section
4, Method and Section 5, measures using the algorithm is presented along with
the performance.

1.1

Background

Flight simulators and other simulators often use multiple projectors to project
information onto a curved screen sometimes stretching over more than 180 degrees field of view. When projecting on such curved surfaces some measures are
required to avoid unwanted distortions in the image. This is usually done by
warping/distorting the image before it is sent to the projector to be projected
on the surface. Such immersive displays is not limited to simulators and can
be used in many different fields. They can be used everywhere from hospitals,museums and universities[1, 2] to home cinema applications[3]. Distortion
free images can also be seen in daily life in art and the effects of a such an image
can be quite striking (see Figure 1).
The problem with making a display distortion free is a problem of detecting
how to warp an image. Possible solutions consists of manually moving control
points in a spline surface until it looks good or measure with laser devices.
Other solutions are using cameras to calculate the 3D geometry of the surface
using features projected from the projector and some methods only finds the 2D
map/warping using a camera ignoring the 3D geometry of the surface. Common
for these methods are that they are very time consuming and will not be useful
in the long run.
Usage of multiple projectors also give rise to the problem of double intensity
where the projectors overlap. The most common way to handle this is done by
blending. Blending lowers the intensity of the projectors in the area of overlap to
reduce the intensity. Blending functions is used to avoid artefacts in the image
and gradually lowers the intensity for the overlapping pixels while increasing
in the other while keeping the total intensity constant. The creation of such
functions often require handmade solutions since the shape of the overlap varies
much. However a handmade solution is not wanted since this increases the time
consumption, especial man hours.
The final step to warp an image is to get the image before it sent to the
screen but after it is rendered by the graphic card (to get the image in the post
1

Figure 1: A distortion free image commonly known as street art.
Copyright: Edgar Mueller, URL: http://www.metanamorph.com/
rendering phase). There exists several different techniques to do this. Some
depending on hardware built into the projector that intercepts the signal, warps
it and then projects it. Other solutions modifies the source code generating the
content to be able to warp the image before it is sent to the screen.
The automated versions of the warping often require a bit of computation
and image processing. Computer vision is the computational/graphical field for
image processing as well as image capturing and image analysis. The field is
rather new and used in many other fields such e.g. artificial intelligence and
camera optics. In these fields it is used in text recognition and in the creation of
digital cameras. The field is often computational expensive and this is a reason
why the field is growing fast with increasing computer power.

1.2

Purpose

Propose a method to automatically measure needed data to be able to warp an
image and project it corrected onto a screen. Evaluate the method in terms of
function and performance.

2

1.3

Aim

• Map an entire surface area to be able to warp an image
– Handle surface area consisting of several projectors
– Handle stitching of multiple camera views of the surface area
– Keep complexity of the method to a minimum to have an easy explainable method
• Automatically create blending masks to avoid double intensities where
projectors overlap
• Grabbing an image form existing programs
• Resulting software should have clear interface for extension and few external dependencies

1.4

Definitions

Here is a listing of some terminology that will be sued throughout the report.
Expression

Definition

FOV, Field of view

The angle in horizontal/vertical/
diagonal direction that a view covers

Warping

Remove or add distortions to an image.
In this report almost exclusively used
in meaning of removing distortions

Pre- and post-rendering warping

Specifies when the warping is done.
Either before (pre) or after (post) the
rendering of the image. Also know as
onepass or twopass rendering.

Multiple viewpoints

In this report will be used as
stereoscopic view of a geometry i.e. 2
or more images. This can be used to
calculate 3D features of the geometry.

Single viewpoint

In this report will be used for single
viewpoint of a geometry. Although it
can use several images all of them are
from the same vantage point in
possible different orientations.

altitude/pitch/elevation/latitude

This is different names for the angle
around the right axis in a coordinate
system.

3

This is different names for the angle
around the up axis in a coordinate
system.

azimuthal/yaw/heading/longitude

4

2

Previous Work

This section is about what have already been done in this research. Including
everything from complete systems to parts of the system required to warp an
image. Some previous work is also presented in the Theory Section (Section 3).

2.1

Complete Systems

There exists many solutions that sets up such immersive multi projector systems,
most notable is the CAVE[1, 2] and systems that is developed with this as base.
CAVE is an abbreviation for CAVE Automatic Virtual Reality and is nowadays
associated with the virtual reality systems rather than the first CAVE system
developed in University of Illinois Chicago. The CAVE consists of a number
of backlit walls used to project images while a head tracking device tracks the
viewer to allow him to move around while the image and sound perspective are
retained for him.
To do this, warping is required. The warping can be done in several different
ways but the most common is to calculate a mapping from the projected pixel
to which image pixel it should correspond to, this is called post render warping. Another possibility is so called pre rendering warping where the image is
warped before it is created from a 3D scene. Most CAVE systems calculates
the projection matrix with the known positions of the viewer and the walls and
probably does pre rendering warping (in other words the less common way).
There exists some other cases where the warping is done by modifying the frustum in the rendering[4, 5] but all known pre rendering methods are limited
to planar surfaces. To be able to handle non linear distortions post rendering
warping is required. Most of the research since year 2000 does this. However
the CAVE does not specify any special way of detecting non linear distortions
due to projector lenses or projector surfaces and is therefore limited to planar
surfaces and ocular investigation. This limits the use of these systems in this
report.
One other such system is the Illumiroom[3] but this is more focused on
enhancing game experience rather than creating an immersive display. And
even though it can handle non linear distortions it is only a proof of concept.

2.2

Projector Calibration

In the cases where more advanced warping is required, also more measurements
are required. The measurements about a screen can vary between the full knowledge of the screens position and shape in 3D or only how the projector surface
is mapped via the screen to the camera (2D). The 3D positions can then be
used to calculate the 2D mapping as a second step as it is the 2D mapping that
is the goal for the calibration. The 2D version already have this information
but it is therefore limited to only one vantage point. Different methods doing
the measurements have different requirements. Some methods require special
equipment such as Zhou et al [6] and Raskar et al.[7] that requires a modified
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camera projector couple and Yamasaki et al [8] that uses special hardware to
do the post rendering processing. Common for all of these is the missing focus
on keeping the field of view when projecting the images which is essential when
projecting multiple images from a 3D content. Many good projector calibration
methods are mentioned in a synthesis article by Brown et al.[9] that is a survey
over several existing calibration methods. Many of the methods are also limited
to flat projector surfaces.
More recent reports found were a master thesis from Jordan[10] detecting a
2D surface using gray coded structured light to view relation using a calibrated
camera. This however does not take the field of view into account and can not
handle field of views bigger than the cameras field of view. Yamazaki et al.[11]
uses a similar registration technique as Jordan[10] however an other registration
method is used to increase the accuracy. In contrast to Jordan they use it
to calculate the 3D scene registering the scene depth and is not interested in
distortion free projections. They also do the camera calibration simultaneous as
the 3D registration. These techniques goes under the name of time multiplexing
methods since they use multiple projected images.
Chen et al.[12] implemented an other method to calibrate multiple projector
set-up by trying to fit a straight line over the projectors. POktanaki[13] uses a
single image of a structured light pattern projected by the projector. Common
for these methods is that it is done with an un-calibrated camera but is limited
to flat surfaces. Surati[14] projects dots and uses these to calculate the correspondences. This method is more focused on how to create a seamless display
than mapping the display and it is also limited to flat surfaces.
Sajadi et al.[15] uses projected Gaussian blobs to calculate the screen surface
in 3D. The 3D correspondences are used to calculate a 2D mapping. This
yields unnecessary many error sources in the case of a static viewer since 3D
measurements require some more calculations.
Fiala[16] does a similar technique using ARTags. ARTags are binary codes
consisting of number of pixels in a square. The shapes are projected by the
projector and detected with a camera. This gives a robust way of detecting
some projector-camera correspondences but is limited in resolution. A similar
technique developed by Audet et al.[17] using BCH codes instead of ARTags.
This method handles both camera and projector calibration at once.

2.3

Computer Vision

The computer vision field have created a number of different techniques and operations used in image processing. This have led to the development of source
packages that contains these operations, a so called Application Program Interface (API). One such package is called OpenCV[18] (Open source Computer
Vision) and is commonly used both in the industry and research.
OpenCV includes many different parts ranging from the most simple image representation as matrices, linear operations and other operations on such
matrices to more advanced image manipulation and analysis. It also contains
other features such as video analysis and machine learning as well as a simple
6

functionality to create a GUI. OpenCV is actively being developed and is available to many different programming languages and platforms such as C++ and
python on Windows, Linux and Android.
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3

Theory

In this section more previous work will be presented. The work here is more of
an established theory rather than previous work. The theory here is referenced
during the rest of the report so this section can be used as a quick reference
before going to the literature. Some of the sections will only bring up concepts
that will be used throughout the report that is of importance.

3.1

Camera Model

The most simple and most commonly used camera model is the pinhole camera
model[19]. It models the camera as a projection through a image plane or
projection plane towards a camera centre. The model projects a 3D scene onto
a 2D image surface.
The camera projection is modelled as a 3x4 matrix and is usually divided in
an intrinsic part and an extrinsic part. The intrinsic part models the projection
while the extrinsic models the orientation and position of the camera. The
intrinsic camera projection is modelled as a 3x3 matrix. The intrinsic camera
projection matrix looks like,


fx s x0



¯ =
(1)
K̄
 0 fy y0 


0 0 1
where fx and fy is the focal length in the x and y direction in the image. The
ratio between fy and fx is usually denoted by a. x0 and y0 is the center of the
CCD or the principal point. s is a skew parameter that is used when the x and
y direction not is orthogonal.
A most basic pinhole camera keeping aspect ratio to one and skew parameter
to zero can be seen in Figure 2. The focal length is equal to the distance between
the center point (x0 , y0 ) and the focus point.
The full projection matrix is in turn equal to
h
i
¯ R̄
¯ I¯ | − C
(2)
P̄¯ = K̄
¯ is the orientation (in form of a rotation matrix) and C is the position
where R̄
of the camera. I¯ is the identity 3x3 matrix.
Further on additional non linear distortion parameters can be used. The
most common are called radial and tangential distortion. Radial distortion
is modelled as a polynomial depending on the distance from a center point.
The degree of the polynomial is free to choose and associated with each degree
are a parameter that is calculated via a calibration method. The number of
parameters are usually lesser than 5. Tangential distortion is modelled in the
same way but instead of distorting in the radial direction it does it in the
tangential direction. Tangential distortion is not as common as radial distortion.
8

Figure 2: A sketch of a pinhole camera projecting world coordinates (X, Y, Z)
to image coordinates (x, y) with no radial or tangential distortion and skew
parameter and aspect ratio set to zero and one respectively.
A world coordinate is projected on the image plane is done by simply multiplying it with the projection matrix from the left like this.
 
 
X
 
x0


 
Y 
 0
¯

(3)
y  = K̄  

 
Z 
 
1
1
Where X,Y and Z is the world coordinates and x0 and y 0 is the coordinates in
the image plane (see Figure 2). If radial distortion is present
       
x
x̃
x0
x̃
  =  0  +   −  0  L(r)
(4)
0
y
ỹ0
y
ỹ0
where x̃0 and ỹ0 is the center of radial distortion. This is most often the same
or close to the same as the principal point from the projection matrix, x0 and
y0 .
L(r) = 1 + K1 r2 + K2 r4 + ...
(5)
where
r=

p
(x0 − x̃0 )2 + (y 0 − ỹ0 )2

and K1 ,K2 ,... are the distortion parameters.
9

(6)

Figure 3: A sketch of the gnomic projection. The gnomic projection projects
a point S on the positive half sphere upon an image plane to P away from the
center point C.

3.2

Gnomic Projection

Gnomic projection is a map projection where the earth’s surface is projected to
a plane similar to how a pin hole camera projectors the 3D world to its image
plane[20](see Figure 3). This can be used to calculate the yaw and pitch for all
pixels in the camera image. The angles and their inverse can be calculated with
the following equations,
cos φ sin λ
x=
(7)
cos c
sin φ
y=
(8)
cos c
where
cos c = cos φ cos λ
(9)
and the inverse
−1



φ = sin

y sin c
ρ

λ = tan−1 x


(10)
(11)

here
ρ=

p

x2 + y 2
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(12)

and
c = tan−1 ρ

(13)

Here λ is the longitude(yaw), φ is the latitude(pitch), x and y is the coordinates
in the projection plane. Angles in an image can then equally be expressed in
angles as gnomic coordinates since these are one-to-one.

3.3

Quaternion

Quaternions are 4 dimensional vectors and is viewed as an extension to the
ordinary complex space. The quaternion multiplication is non commuting but
linear in its components[21]. Quaternions were discovered by William Rowan
Hamilton in 1843. When discovered it was mostly a theoretical work, later
however quaternion was used for 3D vector notation before the usual 3D vector
notation took over. Nowadays they are mostly used to handle 3D rotations in
SO(3)(rotations in 3 dimensions). The math is very similar to vector notation
with operations such as rotation built into the notation and quaternions can be
used instead of vector notation in 3D. Quaternion algebra mostly use multiplication although addition and subtraction is defined. The inverse and conjugate
are also defined and used when using the quaternions as rotations. The advantages with quaternion notation versus matrix notation is that it requires less
operation to preform a rotation and it only have 4 numbers instead of 9.
To use quaternions to change the rotation reference frame from q1 to q2 is
done as,
q1→2 = q1−1 q2
(14)
where q1−1 is the inverse of q1 .
The relation between 3D vectors and quaternions gives a simple way to
transform a image position in gnomic projection coordinates to a quaternion.
This is done as follows,


p
(15)
q = 1 + 1 + x2 + y 2 , 0, x, y
The inverse from quaternion to gnomic coordinates
x

=

y

=

qs · qz + qx · qy
qs · qs + q.x · qx − qy · qy − qz · qz
−qs · qy + qx · qz
2
qs · qs + qx · qx − qy · qy − qz · qz
2

(16)
(17)

where qs ,qx ,qy and qz is the first,second,third and forth element for the quaternion respectively.

3.4

Mathematical Morphology

Mathematical morphology is a group of operations that is widely used in image
processing, mainly to segment an image[22]. The most common operations are
erosion, dilation, opening and closing. Erosion simply erodes the edge of the
11

segments. Dilation does the opposite and increase the area by increase the
segments at the edges. These operations are not commutative and are not each
others inverse. The opening and closing operations are defined as one of these
operations followed by the other. The closing operation is done by first a dilation
and then an erosion. A opening operation is done by first doing an erosion and
then a dilation. All of the operations need a structuring element often a matrix
of how the erosion and dilation is done. The operations are used to reduce noise
and decrease complexity of segments. Examples of these operations can be seen
in Figure 4.

3.5

Splines

Splines are a mathematical model used for creating smooth curves and to interpolate data[23]. Splines consists of a number of control points. In the case
of data interpolation the data are often the same as the control points. Splines
can also be used to represent a surface. Such surfaces are called spline patches.
Several connected spline patches can be called a spline.
Splines are usually connected polynomials. Most application uses cubic polynomials where the border between two such splines is continuous and has continuous derivative. There are many different cubic splines depending on how
to handle the endpoints and which weighting functions for the control points
should be used. The most common cubic splines are the Bézier splines using
Bernstien polynomials and the Hermite splines uses Hermite Polynomials. Both
of them having different versions on how to handle the endpoints.

12

(a)

(b)

(c)

(d)

(e)

Figure 4: A image showing the effects of erosion,dilation, opening and closing.
The original image is shown in a. Erosion is shown in b. If an erosion is followed
by a dilation it creates an opening of the original image. This is shown in c.
Dilation of the original image is shown in d. If a dilation is followed by an
erosion it creates a closing of the original image. This is shown in f.
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4

Method

In this section a general method on how to map the entire projector surface and
then to project upon it, will be presented. The section will cover the choice of
multiple viewpoints versus single viewpoint in the build of a 3D map or a 2D
map of the projector surface. Followed by the camera and projector calibration.
Finally the algorithm to create a blending mask and some different ways of
capturing an image from the existing 3D content is investigated.

4.1

Multiple View vs Single View Calibration

Calibrating multiple projectors can be done using a single camera or two cameras
giving a stereoscopic images and thus giving a depth to the image. The single
camera method simply registers the angles. There are some pros and cons with
the different approaches and these are shown in Table 1.
Multi Viewpoints
Cons

Pros

General

Knowledge of the camera transform

No need for camera in ”sweet spot”

Less resolution
Increased memory consumption during
setup and possibly to store
The position of the viewer relative to
the camera most be known

Single Viewpoint
Pros

Cons

Straight forward and easy to understand

Knowledge of the camera transform

Better result. Less error propagation

Need to be in the ”sweet spot”

Table 1: A table that shows the pros and cons with the different approaches,
multiple viewpoints and single viewpoint
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This report investigates the use of a single camera. The single viewpoint
approach is chosen because the straighter work flow from what we can get and
what we want. First creating a 3D surface of the area may introduce some extra
errors reducing the performance of the method. Since the only information
needed is the 2D information about the scene from a single vantage point, the
simplest way is chosen.
A big advantage with the multiple viewpoint approach is that it can be used
to calculate the distortions one the fly. This can be used to have a immersive
display where the viewer may move around in a distortion free environment
similar to a CAVE system[1].

4.2

Single Viewpoint Approach

The approach used to achieve the projector to camera transformations for all
projectors is building on 3 fundamental parts.
• First the camera transform is needed. This is necessary to keep the field
of view of the original image as well as taking care of camera distortions.
• Secondly the transform from camera space to projector space is needed,
the so called projector calibration. This information can be used to create
a texture coordinate map for the whole or parts of the projector space.
• Thirdly, multiple projectors needs to be calibrated in sync so the relative
angle between them is known.
All this is used to output the 3D content generated from a 3D program onto
the surface while using the information about angles to create a true view of
the 3D content or a distortion free projection surface.
Furthermore if blending is going to be taken into account information about
where and how the projectors overlap on the surface is needed. Wherever they
overlap some measures are going to be taken to decrease the intensity at those
pixels to create a seamless display.

4.3

Camera Calibration

The model used for the camera is the one described in Section 3.1. To calibrate the parameters used in the model for a camera , multiple images are
taken from different poses. The object that the camera is focusing on is a large
chessboard image. OpenCV[18] is then used to calculate the corners in the chessboard. These points is the used in the camera calibration function implemented
in OpenCV to calculate the model parameters. The function implemented in
OpenCV doing this uses the algorithm developed by Zhang[24].
OpenCV API is used to capture the images from a camera device. An other
OpenCV function is also used that increases accuracy of the positioning for the
corners in the chessboard.
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Figure 5: This figure shows the general process of the calibration. The green
and purple surfaces are the projectors projections onto the screen. The blue box
is the cameras view. First the projectors are mark in the cameras space. After
that the corresponding projector pixels are marked in the projectors space.

4.4

Projector Calibration

This section explains how the projector calibration is done i.e. the transformation between camera space and projector space. All images captured during this
algorithm is first undistorted with the previous calculated distortion parameters according to Section 4.3. The images produced with the camera are also
created by forming a mean of a number of captured images to avoid interference
between the camera and the projector and reduce noise.
The projector calibration is done by first calculating a mask in the camera
space to see which camera pixels sees which projectors. This is done by highlighting each projector by projecting white light with it and capture an image.
After that a similar image is capture when the projector is black. The difference
between the images is filtered with a threshold operator to remove secondary
light artefacts from the projector. The biggest blob in the image is then used as
a mask for that projector. An erosion is also done to remove spurious data from
for instance when the projector was outside of the camera scope. The mask is
saved to create the blending mask later.
An overview of the process can be seen in Figure 5.
4.4.1

Gray Coding

By taking several images of the projector space while projecting different patterns on the screen all pixels uniquely can be detected, so called time multiplexing. Gray coded patterns used to encode each pixels in the screen to string of
bits similar to how Jordan,Raskar and Zhang did[7, 10, 25].
The advantage of gray codes versus binary codes lies in that only one bit
changes as the number increases one step. This means that only one edge
separates two adjacent pixels. Compare with binary coded where some pixels
have edge at all levels. (see Figure 6). When there is a edge the possibility of
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(a)

(b)

Figure 6: This figure shows the advantages for gray code versus binary code.
The gray and binary codes resolve all eight pixels and the different patterns for
doing this is shown in a (gray coded) and b (binary coded). As seen the number
edges between dark and light areas are much fewer for the gray coded version.
false reading exists. If the number of edges are minimal then the number of
erroneous reads will be fewer also. Secondly a possible false reading in binary
coded are in general much more fatal than for gray coded numbers due to ripple
(in binary code when not all bit values shift at ones, see Gray code).
Each gray coded pattern is followed by its inverse and the pixels bit is marked
with a one only if the first intensity is greater than the intensity in the other
image plus some threshold. If the second intensity is greater than the first plus
the same threshold the pixel will be marked as zero. When the pixel intensity is
too alike in both the images i.e. that neither image pixel is a threshold greater
than the other pixel. Then the pixel is set to be in the middle of the so far
discovered interval. This is done since the case of equal intensities are most
probable at the edges in the gray pattern which appear at the center of the
previous detected interval. After that the pixel is not further resolved, however
the pattern continues to resolve since other pixels is not completely classified.
This gives us a way to classify and assign a projector pixel for each camera
pixel (in side the projectors mask created earlier) using all gray code levels both
vertically and horizontally. This means that the maximum number of detected
pixels in the screen is dependent only on the resolution of the camera and is
not a parameter to be chosen in the program. The limiting fact comes from
the Nyquist Theorem[26] where the spatial resolution in the camera can not
resolve the projectors further. However when the Nyquist frequency is reached
the errors introduced will not be biased towards any direction. The increased
accuracy is an improvement that Jordan suggested in his discussion. But due to
introduced errors another interpolation technique is required (see Section 4.4.2).
The bits created this way is saved into two strings, one for the horizontal and
one for the vertical. Figure 7 shows two patterns during the calibration.
The pixels’ values are decoded to binary numbers. The corresponding decoded pixels are then marked in a matrix containing all projector pixels and a
corresponding data field is set to the camera pixel that found that pixel i.e. the
pixel coordinate in the camera image. This camera pixel coordinate can be used
to calculate the angle in the camera view that detected the pixel.
The saved values are then transformed from camera pixels to gnomic projection coordinates using the principal point of the camera and the focal length
17

(a)

(b)

Figure 7: An example image during the calibration. A gray pattern followed by
its inverse.
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where xg and yg is the coordinates in gnomic projection coordinates. x0 , y0 and
f is taken from the camera model in Section 3.1 expressed in pixels and finally
xm and ym was the measured image pixels.
The saved values from a single view is called a camera view. One such camera
view contains all visible projectors pixels and the gnomic projection coordinates
in the camera space that detected that projector pixel. If a projector pixel is not
seen (because the resolution is not enough or because it simply not is visible)
no data is stored.
The measured data from camera space to projector space (i.e. the inverse of
the previous data field) is also saved in the camera view for use in the blending.
4.4.2

Spline Interpolation

To interpolate the measurements two Catmull–Rom spline surfaces is fitted to
the data (see Section 3.5). The spline works as a transform from the projector
space to the measured gnomic coordinate space. The control points are placed
equidistant in the projector space. Since the parameters of the spline surface
are linear, a linear regression can calculate the control points(parameters). The
spline surface covers the AABB(Axis Aligned Boundary Box) of an interpolation mask. The mask is created by preforming the mathematical morphology
operation closing (see Section 3.4) on the camera views detected pixels. This
mask is also used to avoid extrapolation. In Figure 8 the process is described
in other words and with images.

18

(a)

(b)

(c)

(d)

(e)

(f)

Figure 8: This figure explains the interpolation method in images. The camera
pixels are shown in Figure a. The values measured for these pixels in the
projector is shown in Figure b. These values are used to create the interpolation
mask shown in Figure c which is used to create Axis Aligned Boundary Box
(AABB) for the interpolation, see Figure d. A number of control points are
placed symmetrically inside the AABB in projector space as seen in Figure
e. The corresponding control points in camera space are calculated by linear
regression, using the correspondence between camera space and projector space.
The control points in camera space is shown in Figure f.
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4.5

Camera View Relation

When the screen is to big, meaning that the field of view is to great to cover
with one camera view, multiple camera views are needed. The relations between
such views are then also needed. Using the relations measures from different
camera views can be added together to increase the area covered. In this section
this relation is described by a quaternion(see Section 3.3).
To calculate the relation between two intersecting views all the known pixels
in one of the camera views are matched with the corresponding interpolated
pixels from the other camera view (i.e. they correspond to the same projector
pixel). The pixels from the second view is then transformed to the first camera
view using a test quaternion, qt . We want to find the qt that minimizes the
error. The error is calculated through the following equation,
X
|f (q1i ) − f (qt q2i )|2
(19)
i

where q1i is the quaternion to the first measurement in the first views reference
frame, q2i is the quaternion to the second measurement in the second view’s
reference frame. f is a function that removes the roll from the quaternions i.e
it gives values that corresponds to pitch and yaw or x and y coordinates after
a gnomic projection. Due to the non linearity of f , it is not possible to solve
this easily with linear regression. The relation between the different variables
are also explained with an image in Figure 9.
The testing quaternion is generated in two different algorithms. The first
chooses a random quaternion in close vicinity to the last by doing a random small
step. After that it iterates over decreasing step sizes, to increase the possibility
of a better match. When sufficient number of iteration is done it exits. The
other solution chooses the new test quaternions with a method similar method
but is deterministic. The test quaternion is modified with a step in one of
the principal direction. If one of these gives a lesser error it is accepted and
the reiterates. If none of the directions yields a better result the step size is
halved and the algorithm runs again. When the step size is sufficient small the
algorithm finishes.
The second of the algorithms is a little bit faster and can use all the measuring points which the other method have problem handling keeping runtime
low.However the second algorithm have a higher chance of getting stuck in suboptima (although never experienced). Therefore the first algorithm is used to
create a good guess for the second algorithm.

4.6

Projector Arrangement

When the relations between all connected camera views are known an algorithm
finds the way between all unconnected camera views through connected views
that gives the least error. The error is assumed to be related to the number of
measuring points in the overlap as 1/n where n is the number of measurement
points. A master camera view is also chosen, usually the first camera view.
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Figure 9: P is the projector surface and C1 and C2 is the two camera views
between which the relation is requested. One of the measures in the overlap is
chosen and marked with a blue dot. The relation between the camera views are
marked denoted with qt and is more precise the relation between the camera
views center. The relation to the measure in the camera views are denoted with
q1 and q2 respectively. Note that the quaternions are only representations since
they actually point in SO(3) and not in R(2).
This view defines a forward and an up direction but these can be altered later.
All projectors center points is expressed with this as base. And then all stored
camera view pixels are converted using their respective projector center point.
This is done so that all projector pixels have the same transform and can be
represented from a single viewport in a 3D graphics environment.
The data points for each projector are collected and interpolated with the
same method mentioned in the Projector Calibration section (Section 4.4). After
this the projector pixels gnomic projection coordinate measures are saved to disk
along with the quaternion direction at which the center is located at.

4.7

Blending

To avoid double intensities where the projectors overlap a blending mask is
required. A method that automatically creates such a blending map is described
here.
For each projector a weight map is created. The weight map describes how
much weight of the total weight a projector should have when adding up to
100% intensity. The weights decreases from the center of the map and increases
from the map edges having zero weight at the edge. More precise, the weight is
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Figure 10: This figure shows an example on the projector arrangement calculation. The camera views used to cover the projector surface are C1 ...C4 . The
route to connect C1 with C4 is through C3 since this has bigger overlap with
C1 and C4 than C2 has.
calculated as,
w(x, y) =

1
1
1
f (x, y)
2
2
c + (x − x0 ) c + (y − y0 ) c + |(x − x0 )(y − y0 )|

(20)

where c is a parameter and f (x, y) is the L2 distance to the closest zero pixel
(i.e. the distance to the edge) in the interpolation mask created for Spline
Interpolation in Section 4.4.2.
For each camera pixel in the camera view the corresponding projectors pixels
seen in that pixel is compared. The intensity in each projector is then calculated
as,
Ii (x, y) = wi (x, y)/S(x, y)
(21)
where
S(x, y) =

X

wi (x, y)

(22)

i

and the subscript i is for the different projectors and x and y is the camera pixel
coordinates. Ii (x, y) is the the intensity in the projector pixel corresponding to
the camera pixel (x, y). This is done and added together for all views and
interpolated using Gaussian interpolation.

4.8

Image Warping

This section presents an algorithm for warping any image. It is not tested
and not implemented but the research done suggests and the conclusion made
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suggests that this is a good approach. This can be used to warp content in real
time with almost no delay.
Before an image is warped the matrix containing the angles for all projector
pixels are converted to pixel coordinates using the field of view of the image
being transformed. This creates a lookup table for each projector pixel to get a
image pixel.
A problem that arises when generated from an arbitrary program is to get our
hands on the image to be warped before it is projected. However in Windows
there is a feature called hooking that is frequently used to intercept calls in
existing software. If the image is rendered using OpenGL, it is possible to
hook into the swapBuffers call to warp the image right before it is written to
the screen/projector. Similar functionality exists in DirectX. Even though it
is possible to hook any software, an insertion into the source code is preferred
when available. Some existing software uses this capability for screenshots and
recording the screen such as Fraps[27].
The warping is then easiest done using a shader with the lookup table created
earlier in form of a texture unit. Both the image to be warped and the look
up table are uploaded to the graphic card, and the pixel shader checks the
correct pixel it correspond to in the lookup table image. Additionally the alpha
blending mask can be uploaded also to create the blending effects.
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Figure 11: A checker board image with 12x16 squares used for testing.

5

Result

This section covers the experimental setup, what was studied and the result in
terms of performance, accuracy and visual result.

5.1

Experimental Set-up

The calculation unit is an Intel pentium Core 2 Duo 2.4 GHz with 4GB RAM
memory. The camera used is a Logitech C920, which is a common consumer web
camera with capability to capture full HD images at a rate of up to 30 frames
per second. However when used in our rather dark environment it is only able
to capture about 15 frames per second due to higher shutter time. The software
connected to the camera makes it possible to turn off automatic focusing and
shutter control to avoid weird behaviour when taking multiple images under
different conditions. This made it possible to compare the intensities between
the images.
The projector screen is a simple paper composite sheet. The sheet can be
bent to different degrees of curvature for more complex screens. Several ordinary
consumer projector of different brands and models are tested but when creating
the blending method two projectors of the same model (DELL 1610HD) are
used (still ordinary consumer projectors).
As test images a checker board image and a photograph of the view from
the study window are used (see Figures 11 and 12).
The distance between the projectors and the screen is approximately 2 me-
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Figure 12: A picture used for testing
ters and the curvature of the screen is approximately 3 meters. The distance
between the screen and the camera is approximately 2 meters. Finally the screen
is about 3 meters wide along the curve and 1.5 meters high. Figure 13 shows a
sketch of the set-up together with the distances.

5.2

Camera Calibration

The camera calibration is done according to Section 4.3. The first and second
order radial distortion parameters is used together with the tangential distortion set zero. The aspect ratio is set to one and the skew parameter is set to
zero. 10 to 20 images from different orientations are taken of a checker board
image consisting of 6x8 squares. These images are then used in the calibration
algorithm. To have an easy portable solution the checker board is projected
onto a LCD screen and the camera captures the images of the screen. Two runs
are tested to see how much the results varies under the same circumstances and
the result is less than 1% difference.
¯ used is
The calibration matrix K̄


1388
0
970



¯ =
K̄
(23)
 0
1388 553


0
0
1
expressed in pixels. The image size is 1920x1080 pixels, in other words full HD.
The first and second radial distortion parameters where found to be, K1 = 0.102
and K2 = −0.170.
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Figure 13: A sketch of the projector and camera set-up. P1 and P2 is the
projectors and C is the camera.

(a)

(b)

Figure 14: Shows the test images shown before the correction is made.
This together with the distance described in Section 5.1 gives a camera pixel
to projector pixel ratio of about 1.6. Due to the non matching shape of the
projection with the camera projection and the greater FOV of the camera this
reduces to about 1.

5.3

Single Projector Curved Screen

This section contains the result using a single projector and a camera, more
precise the left projector of the two mentioned in Section 5.1.
Before correction the projected image is very distorted. As can be seen in
Figure 14.
The resulting corrected images depended on how many patches used in when
doing the interpolation even though a difference is hard to notice in common
images. In Figure 16 the corrected images are shown using a spline surface
consisting of 1x1 patches for the spline interpolation yielding a total of 16 parameters for the x and y coordinates respectively.
Figure 16 shows the corrected images using a spline surface with 10x10
patches for interpolation. 10x10 patches gives a total of 144 parameters for the
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(a)

(b)

Figure 15: Shows the test images after correction where 1x1 patches have been
used for interpolation.

(a)

(b)

Figure 16: The test images after correction where 10x10 spline patches have
been used for interpolation.
x and y coordinates respectively. The total error is in order of 10−3 calculated
as the error after the mean square fit.
As reference to the images taken from the correct vantage point two other
images where taken from a different vantage point after the images is corrected.
This can be seen in Figure 17.
To visualize the error other images are created on the topic of 1x1 versus
10x10 patches where a measure of error in the interpolation is shown. In Figure 18 the images is color coded where red means atleast one camera pixel
displacement between the measured value and the least square fitted value.
A second measure of error was also investigated using the same technique
as Jordan[10] did. Using OpenCV[18] to detect the corners in the images of the
checker boards from Figures 15a and 16a. The detected corners are marked in
Figure 19. Figure 14a where no correction is done is also analysed as a reference
for the measures during really bad circumstances.
The corners are analysed regarding the size of the squares and the error in
the calculation. The orthogonality of the mean checker square is also measured.
The orthogonality is simply the dot product between the direction vectors of
the mean checker square. The measured values are presented in Table 2.
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(a)

(b)

Figure 17: The test images after correction but the images taken from another
vantage point than for which the calibration was done.

(a)

(b)

Figure 18: The error in the interpolation with 1x1 patches in 18a and 10x10
patches in 18a. Red means an error of greater than 1 pixel during the interpolation.

28

(a)

(b)

Figure 19: The detected corners in figures 15a and 16a respectively.
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Mean width

Mean height

Orthogonality

1x1 patches

37.6 ± 0.8

37.5 ± 0.6

0.0023

10x10 patches

37.8 ± 0.6

37.8 ± 0.6

0.00029

Uncalibrated

58.7 ± 5.4

42.6 ± 4.2

0.188

Table 2: The measure values of the mean width and height of the squares in
18a (1x1 patches), 18a (10x10 patches) and 14a (before correction)

(a)

(b)

Figure 20: The test images when multiple projectors, with 10x10 patches in
each are used. Notice the great intensity difference.

5.4
5.4.1

Multiple Projectors Curved Screen
Without Blending

This section describes the result when using two projectors during the set-up
described in Section 5.1 but using projectors of different brands.
The result is presented using the same test images as in Section 5.3. Figure 20
shows the result when blending is off and two different brands of projectors are
used. 10x10 patches are used for each projector during the spline interpolation.
Notice the big intensity difference where the projectors overlap and the intensity
difference between the projectors.
5.4.2

With Blending

This section treats the same set-up as Section 5.4.1 but using projectors of the
same brand to minimize light discrepancy. Here blending is taken into account
to get a smooth overlap between the projectors. A third test image is also used,
a completely white image, to see the blending effect.
The result from the blending is shown in Figure 21. A dark border is seen in
the center where the projectors overlap due to the non-linearity of the projectors.
To remove this, the transparency or equally the intensity for a completely white
image, is compensated for the non-linearities. The compensation is done with
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(a)

(b)

Figure 21: The new test images when using multiple projectors with blending.
Notice the dark borders in the middle of the image.

(a)

(b)

Figure 22: The new test images when using multiple projectors with blending.
Here the non-linearities are compensated for.
a function having one parameter on the form
q
x
αcompensated = 1 − x 1 − αoriginal

(24)

where x is that parameter. This compensation parameter is approximately 0.7
when creating the images for the compensated blending shown in Figure 22. A
parameter value of zero gives linear dependency.
The images sent to the projectors can be seen in Figure 24 and 25. These
are the compensated images used to make the images in Figure 22.
5.4.3

Error Measure

Additionally the same error measure as for single projector is used to calculate
the size of the squares in Figure 20a and 23. The measured values are presented
in Table 3.

5.5

Multiple Camera Views

In this section the result when using several images to cover the whole projector
area is presented. In Figure 26 the error described in Equation 19 is visualized.
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Figure 23: The checker board test image when using compensated blending and
multiple projectors.

(a)

(b)

Figure 24: The images sent to the projectors when creating 22a.

(a)

(b)

Figure 25: The images sent to the projectors when creating 22b.
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Mean width

Mean height

Orthogonality

Without blending

49.0 ± 0.7

49.2 ± 1.3

−0.0007

With blending

41.4 ± 0.8

41.4 ± 0.9

−0.0022

Uncalibrated

58.7 ± 5.4

42.6 ± 4.2

0.188

Table 3: The same measures as in Table 2 but here for the multi projectors
images in Figures 20a and 23. The uncalibrated in Figure 14a is used as a
reference.
Each mark is a vector pointing from the a point in the first view to the corresponding point in the second view after the transformation. This figure shows
some of these measures when a minimum is found.
The error in the relation is less than 0.000001 radians per measurement
calculated with Equation 19 during the camera view relation calculation.

5.6

Time Consumption

The time consumption for the program is approximately 1 min per projector
and image taken for the capturing part. The calculations requires between 10
s and 1 min per projector and view depending on the number of patches used.
A typical projector set-up with two projectors takes approximately 5 min to
calibrate with this set-up.
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Figure 26: The errors vectors that are minimized when finding the relation
between to camera views. The green dots simply represents the vectors which
are shorter than 1 pixel.
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6

Discussion

In this report a single viewpoint method have been used over a multiple viewpoint method. This is due to the decreased error propagation when fewer steps
are needed and because of the decreased complexity compared to multiple viewpoints. However, if the camera is unable to be in the sweet spot, a multiple
viewpoint version is required and should be possible to use without to many
alterations. Although if immersive displays of CAVE-type where distortions are
calculated on the fly is requested, bigger alterations are required.
Even though this report does not include an algorithm on how to receive
the image from a external source, such as an other program, some thought have
been put in this matter. This is required to warp a video feed (Simulator game
or ordinary video) in real time. The possibility of hooking into existing software
together with shaders should be a simple way to achieve and warp an image. A
texture for the shader can then be used as a lookup table. However an insertion
into the source code would be preferred for better performance and control.
The type of data created from the algorithm also opens up for ray tracing
methods for rendering. Since we have the direction for each pixel which in ray
tracing algorithms is used as the ray tracing direction. A ray tracing algorithm
also gives higher resolution in the final image without unnecessary calculations
as the pixels get their correct value without interpolation.
The interpolation method presented in this report is rather slow with irregular performance. It will preform badly for lumpy or discontinuities surfaces.
Due to the patches nature it also hard to do local refinement of the surface
which would be required handle discontinuities and smaller details. However,
for smooth surfaces, the method preforms very well. The reason to use a least
square method, for doing the interpolation, is simply to remove the erroneous
data that appear when resolving all levels in the gray code pattern. Other interpolation methods where also tested, such as Gaussian blur. But they all created
artefacts and did not preform good enough. Spline surfaces, on the contrary,
have the great advantage of approximating smooth surfaces.
The time requirements for the algorithm scales as O(N P ) where N is the
number of images required to cover the surface and P is the number of projectors
(also depending on the number of projector pixels but here assuming constant
number of pixels). However, the time consumption used for the program can
probably be reduced significantly. The projector calibration with gray codes
creates one of the problems. The time difference between when an image was
sent to the screen and the camera detects a difference in its image can go up
to 1s. This should not take more than 100ms. The cause of this is probably
old hardware along with non optimized software in OpenCV (for this purpose).
The biggest time consumer however is the spline interpolation, but it can also
be vastly improved. The algorithm is almost 100% parallelizable and also suffers
from weird performance bottlenecks which can be optimized away.
The biggest reason for bad blending performance and the reason that a
compensated blending is needed, is the non-linearities of the projector. The
non linearities appear when two projectors on 50% intensities does not add up
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to 100% intensity for a single projector. This gives rise to the dark border
shown in Figure 22. To handle this the lower intensities must be increased towards 100% until the border vanishes. Finding this function for how to increase
the intensities, or rather the non-linearity of the projector, is not trivial. The
method implemented here is simply trial and error. The function used only have
one degree of freedom, yielding a crude result and clearly does not match the
projectors perfectly.
In Figure 18 the errors during interpolation is presented. There are 4 green
bands in the figure to the left. These comes from the fact that there are 4
parameters that can vary in the x-direction. When the number of parameters
are increased the bands disappear. There is also a small patch of red in top
right corner in the figure, which probably is due to the projector being out of
focus there. Even though, the figure to the right shows rather bad results the
resulting image is pretty good (see Figure 15). This is probably due to how the
human eye works. The human eye measures distortion in a point by comparing
with the vicinity of the point, but since the distortion changes so slowly it is
hard to perceive.
The weighting function (Equation 20) for blending is chosen to decrease the
weight the further from the center a point is. Additionally, the function is zero
at the edge to avoid discontinuities. The function is developed just as a proof
of concept and should probably be more elaborated with the only constraint of
being zero at the edges.
Colour coded gray coding was also investigated. Dut since the colors were
not orthogonal in the camera and some overshoot effects highlighting the edges
even though it should not proved it insufficient.
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7

Conclusion

In this report an algorithm for automatic calibration of a projector set-up is
presented. It uses graycode patterns to map the projector surfaces as Jordan
have described[10]. However an improvement compared with Jordan is made to
decrease human intervention. This also requires a new way of interpolating the
data using linear regression to calculate an approximating spline surface.
This report also presents a freshly made algorithm for find the rotation relation between several views. The algorithm can handle and calculate the relation
between two images using about 20000 correspondences in a few seconds with a
total residue of less than 0.01 radians or 0.000001 radians per correspondence.
An own developed method for automatic blending mask creation is also
presented. It only uses the measurements used for the projector calibration
and does not require any additionally data to be collected. The resulting mask
proves to be very good but due to the inlinearity of the projector colors it
requires some human intervention to create a seamless overlap.
The algorithm includes a description on how to do the actual warping as
well as the image grabbing. However it is not implemented yet.
By keeping to single view and not using stereoscopic view the complexity of
the method is kept low and the algorithm should be fairly easy to understand.
Finally the external dependencies have been kept to a minimum and it is
only dependent on the external library OpenCV.

7.1

Further Work

It should be possible to do the camera calibration along with the camera view
relation calculation similar to how Yamazaki et al.[11] did it. This would be a
great improvement, removing the need for a calibrated camera.
Another improvement is to replace the interpolation method. The requirements for the method should be that it is error safe, can handle spurious data
and creates a mean of the values. One idea should be to use a Clough-Toucher
mesh instead of a spline surface. This mesh have the advantage that it can
locally refine the resolution and is still C1 continuous. Another idea is to use
Fourier transformation of the measures, removing the highest frequencies and
inverse transform and calculate every value. However, this can probably not
handle discontinuities either.
Photometric compensation i.e. light intensity compensation should also be
possible to calculate similar to how Jordan[10] did. The area of a pixel can
be found by calculating the derivative of the coordinate field. This can then
be used to calculate how much the intensity should decrease for every pixel to
compensate distance and angle of attack on the screen.
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