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Abstract

A steerable projector is a digital projector whose beam can
be moved under computer control to illuminate different ob-
jects in its environment. Various projects have explored the
possibilities of steerable projectors but they have not ad-
dressed the calibration of a generalized optical and me-
chanical system. We present a method for calibrating a de-
vice comprised of a projector and a pan-tilt mirror. It starts
by obtaining the internal parameters of a camera and the
projector, then the pan-tilt mirror is placed in a series of
positions and for each one the reflected projector position
is calculated from a pattern projected onto a planar sur-
face. From those readings a coarse version of the steerable
projector parameters is obtained, which is then iteratively
refined. We describe real results from our physical setup
and a range of results from simulated data to characterize
the performance of our algorithm.

1. Introduction
Digital projectors have been put to various novel uses in re-
cent years, but the most fundamental of these must be the
ones in which normal objects in the environment are aug-
mented with projected graphics since these are not possible
with any other display hardware. This type of augmentation
allows, for instance, the computer to answer queries over
physical objects by highlighting their actual location [3].
To augment objects spread around a normal indoor en-
vironment one needs a digital projector whose beam can
be moved under computer control to illuminate different
objects—that is, a steerable projector.

There are two types of steerable projector: ones in which
the projector rotates, and ones in which the projector re-
mains stationary and a moving mirror directs the beam. The
former type has the advantage of a wider range of projec-
tion angles. The latter should allow the physical device to be
smaller, and because the mirror is much smaller and lighter
than the projector the movement of the beam will be faster
and its dynamics will be easier to model, which will be
important when switching between projection surfaces or
tracking moving objects.

Figure 1. Steerable projector incorporating a pan-tilt mirror dis-
playing a calibration pattern on a checkered surface.

Here we deal with the second type of steerable projector
that incorporates a moving mirror (Figure 1), and present
the first method for calibrating this type of device which
recovers the full optical and physical configuration of the
projector and mirror.

We start by reviewing some previous work (Section 2),
we describe the model we use to represent the system (Sec-
tion 3), then the main part of the paper explains how we
calibrate the steerable projector (Section 4), we then report
on the performance in speed and accuracy (Section 5), and
finish with conclusions and directions for future work (Sec-
tion 6.)

2. Previous Work
If a projector is used to display graphics on anything other
than an flat surface aligned with the projector axes geomet-
ric calibration is necessary, and much work has been per-
formed in recent years on this subject for fixed and portable
projectors. Assuming a planar surface and pin-hole optics a
projector can be calibrated using a planar homography [14],
or a tree of homographies for a multi-projector display [4].
Non-planar surfaces can be augmented with graphics if the
3D configuration is known [12], and this configuration can
be quickly measured with the help of the projector if ob-
jects in the environment contain RFID devices with light
sensors [11].
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The Everywhere Displays Project [9] at IBM Research
has involved much work on applications for steerable pro-
jectors [13] and on modular computer-vision based inter-
faces for controlling the projected displays, but calibration
for steerable projectors is less advanced. The Everywhere
Displays system requires manual setting of the steerable
projector parameters—pan, tilt, zoom, focus, and projector-
to-surface transformation—for each of a fixed set of projec-
tion surfaces [8]. It can also utilize a 3D model of the envi-
ronment to automatically select a projection surface based
on the position of a tracked user. Automatic selection of
projection surfaces has been demonstrated using a combina-
tion of scanning with laser and optical devices [15]. Okatani
and Deguchi [7] give an algorithm related to steerable pro-
jectors which is used to calibrate a camera pointed at a
featureless wall. Instead of a projector they use four laser
pointers in a fixed configuration which produce four points
on the wall that are captured by the camera. They manually
move the device around and use the detected points in the
camera to calculate a planar homography between camera
and wall. Raij and Pollefeys [10] calibrate a multi-projector
display wall using only the positions of projected points on
a featureless wall. They make some simplifying assump-
tions about the projector parameters—pin-hole optics and
just two internal parameters for each projector. Although
this technique was designed for a static arrangement of pro-
jectors it could be combined with our technique for calibrat-
ing a steerable projector to avoid the need for feature points
on the projection surface.

Recently a steerable projector designed to follow mov-
ing objects has been presented [5], although the calibration
is mainly focused on the real-time constraints and dynamics
of the movement to ensure registration with a moving tar-
get can be maintained, rather than on precise calibration of
the projector-camera system. Borkowski et al [2] demon-
strated a pan-tilt projector that rotates about its optical cen-
tre. Assuming that a moving projector rotates about its opti-
cal centre greatly simplifies the problem of calibration, but
places precise constraints on the physical configuration and
requires the centre point to be known in advance. The po-
sition of the optical centre relative to the plastic box that
houses the electronics of the projector must be found via a
calibration step, and it will change when the zoom and fo-
cus of the projector are changed [1]. Similar simplifying
assumptions could be made for a steerable projector with
a mirror, to constrain the relative pose of the projector and
mirror and constrain the design of the pan-tilt mirror. How-
ever we would like to use a very general model to support
any type of hardware that might be created, and in future
to allow the zoom and focus of the projector to be changed
during operation. Also we would like to allow for displace-
ments between the pan and tilt axes, and between the tilt
axis and the mirror, to allow compact pan-tilt mirrors to be

created such as the one used in the PixelFlex project [16].

3. Steerable Projector Model
We have created our steerable projector my combining a
standard digital projector with a mirror attached to a pan-
tilt unit (Figure 1). Our current device is 105 cm tall and
weighs about 50 kg. With readily available projector and
pan-tilt components a more compact version could be made
that is around 60 cm long and weighs around 8 kg, although
a projector that must illuminate distant objects under normal
lighting conditions requires high brightness and there is a
tradeoff between the size and weight of the projector and
its output in lumens. A more compact pan-tilt mirror could
be made by allowing a non-zero displacement between the
axes and between axis and mirror.

Our model of the system contains the internal parame-
ters of the projector (eight parameters), the projector pose
(six parameters), the pose of the pan-tilt mirror system (six
parameters), and the internal details of the mirror system
(three parameters), for a total of 23 parameters.

The model for the pan-tilt mirror is shown in Figure 2.
The mirror is moved by changing the pan and tilt angles φ
and θ which cause it to rotate about the pan and tilt axes
respectively. The pan axis remains stationary while the tilt
axis rotates around it. The pose of the mirror system in
world co-ordinates is represented by a rigid transform W,
the displacements from the two axes are t1 and t2, and the
offset angle around the tilt axis is α. During calibration
we also calculate an offset angle around the pan axis (Sec-
tion 4.6) but in the final result this extra rotation is included
in W. We assume that t1 and t2 are known before calibra-
tion starts—these will be dependent only on the measure-
ments of the pan-tilt unit, which should be specified pre-
cisely by the manufacturer, and the thickness of the mirror,
which should be known accurately.

Figure 2. In our pan-tilt mirror model the unit is positioned with a
rigid transform W and also has parameters t1, t2, and α. The mirror
is moved by changing the pan and tilt angles φ and θ.

In homogeneous co-ordinates a reflection D of three-
dimensional points in a mirror in the x-y plane is given by

D =

⎡
⎢⎢⎣

1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 1

⎤
⎥⎥⎦ . (1)
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For a mirror that is not in the x-y plane, but on the end of a
pan-tilt unit, we use D as part of a function M(θ, φ) which is
dependent on the pan and tilt angles and is defined as

M(θ, φ) = Trans(θ, φ) D Trans−1(θ, φ) , (2)

where

Trans(θ, φ) = WRy(φ)Tz(t2)Rx(α + θ)Tz(t1) , (3)

and Rx, Ry , and Tz respectively are rotations about the x
and y axes and a translation in the z direction. As described
above, W transforms the mirror system from the origin to
its actual pose in world co-ordinates. The transformation
Trans is simply a rigid transformation, dependent on the
pan and tilt angles φ and θ, that takes the mirror from the
x-y plane to its final pose, and Trans−1 is its inverse.

Of the 23 parameters of the full system two, t1 and t2,
are given, so calibration consists of estimating the other 21.
The next section describes the stages of our algorithm to
obtain the parameter values.

4. Calibration
This section describes our calibration algorithm which cal-
culates the parameters of the projector and the pan-tilt mir-
ror. The output of the various stages is combined to generate
the final result.

4.1. Stages of the Algorithm
Calibration consists of obtaining values for the 21 param-
eters described in Section 3. The stages of the calibration
algorithm are shown in Figure 3. The camera is calibrated,
which then allows the internal parameters of the projector
to be obtained (Section 4.2.) Images of projected patterns
from a series of mirror positions are then used to obtain a
reflected projector pose for each pair of θ and φ values (Sec-
tion 4.3.) Those reflected projector poses are the input to a
stage in which repeated searches followed by clustering are
used to obtain the projector pose (Section 4.4.) The pose of
the tilt axis is found for each value of φ (Section 4.5), then
the position of the pan axis is found (Section 4.6.) Now the
the complete set of parameters for the system can be calcu-
lated. For the final stage iterative refinement is used on the
parameters of the pan-tilt mirror (Section 4.7.)

We use a Directed Perception PTU-46-17 pan-tilt unit.
The real data we have captured uses six values of θ and six
values of φ to give a total of 36 mirror positions. For each
of those an image of the projected pattern is taken by the
camera.

The parameters we obtain during calibration contain one
rigid transform to place the projector in space and another
to place the pan-tilt mirror. If the steerable projector is to

Figure 3. The stages of the calibration algorithm. Corresponding
section numbers are shown in parenthesis.

be moved after calibration to a better position for illuminat-
ing the whole room this information can be split into two
parts: we can define the pan-tilt mirror pose relative to that
of the projector, then the information is split into an exter-
nal rigid transform the specifies the pose of the steerable
projector device, and a set of internal parameters that will
remain fixed if that device is moved.

4.2. Camera and Projector Intrinsics
The camera is calibrated using the Camera Calibration Tool-
box for Matlab.1 We use the default settings for the tool
box, for which calibration consists of obtaining eight inter-
nal parameters: focal length, aspect ratio, two parameters
for the principle point, and four radial and tangential dis-
tortion coefficients. We assume zero pixel skew. We use
a surface with a printed checkered pattern, and take about
25 images of it in different poses. The surface has 17×12
70-millimetre squares giving a total of 171 internal cor-
ner points. We then use the correspondences between the
printed corner points and their images in the camera as in-
put to the algorithm.

The same method can be used to calibrate the projector
once we have a set of point correspondences between 2D
points on the surface and 2D points in the projector. When
projecting a calibration pattern the 2D location of points in

1http://www.vision.caltech.edu/bouguetj/calib_
doc/
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Original image Blue channel Red Channel

Figure 4. We use the blue and red channels of a colour image to simultaneously capture points from the projected pattern, and from the
underlying surface.

the projector will be known in advance but those on the sur-
face must be measured.

To simultaneously capture an image of the printed points
and the projected points for a moving board we project a
blue checkered pattern onto a cyan and white checkered
surface (Figure 4 (left)). We use an 8×8 projected pattern,
which has 49 internal corner points. In the blue channel
the blue projected pattern is clearly visible and the printed
pattern is faint because the cyan and white squares under
white ambient illumination have similar—ideally identical–
blue components (Figure 4 (centre)). In the red channel
the projected pattern virtually disappears, leaving only the
checkered surface underneath which appears dark because
the cyan squares absorb most of the red component of the
ambient light (Figure 4 (right)).

The known positions of the points on the surface and
the points in the red channel image, compensated for dis-
tortion using the previously obtained camera parameters,
are used to obtain a planar homography from normalized
camera points to surface points. That homography is then
used to map the points detected in the blue channel im-
age to the surface, thus obtaining a surface point for each
known projector point. We use these point correspondences
in the camera calibration routine, treating the projector just
like a camera, to obtain the same eight parameters for focal
length, aspect ratio, principle point, and distortion, thus ob-
taining the first eight of the 21 parameters of the steerable
projector system.

This method of projector calibration works without any
alteration if the projector image is first reflected in a mirror,
as we have verified with simulated data, so the presence
of the pan-tilt mirror can be ignored for this stage. From
now on we will assume that camera and projector points are
corrected for distortion so that we can use pin-hole optics.

4.3. Reflected Projector Poses
Before calculating the projector pose in Section 4.4 we cal-
culate a set of reflected projector poses, one for each mirror
pose. If there is a mirror between the projector and the sur-
face, and the pose of the mirror is not known, the pose of

the projector cannot be calculated from the projected points
on the surface. However, the pose of a reflected version of
the projector can be calculated (Figure 5.) Each pair of θ
and φ values produces a different mirror pose and thus a
different set of projected corner points on the surface. For
each of those mirror poses we calculate a reflected projector
position as described below.

Figure 5. From the projected pattern we can retrieve the pose of
the reflected projector but not the pose of the real projector or the
mirror.

The internal parameters of the projector are obtained
as described in Section 4.2 and placed in a 3×3 upper-
triangular matrix K [6, page 157]. For a projector with-
out a mirror, homogeneous 3D points X = (X, Y, Z, 1)�

and their corresponding homogeneous 2D projector points
x = (x, y, w)� are related by the equation x = K[R t]X
just as for a camera, where R and t determine the orien-
tation and position of the projector—the orientation of the
projector is R and its centre is −R−1t [6, page 156]. If the
3D points are on a plane, such as the checkered surface onto
which we project, that can be defined to be the Z = 0 plane.
Then X has the form (X, Y, 0, 1)� and points on the two 2D
planes of the surface and the projector are related by a pla-
nar homography H = K[r1, r2, t] where r1 and r2 are the
first two columns of R. We can calculate H from point cor-
respondences between the two planes [6, chapter 4], and K
is known. We can therefore calculate K−1H, normalize it so
that the length of the first column is unity, then calculate R
as [r1, r2, r1 × r2] since the rotation matrix R must be or-
thogonal, and obtain t as the last column of the normalized
matrix. Given a set of projected points on the surface this
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allows us to calculate the pose of a calibrated projector in
world co-ordinates, which are relative to the surface.

When a planar mirror used to direct the projector beam
onto the surface the projection equation becomes,

x = K[R t]
[

I − 2nn� 2dn
0 1

]
X , (4)

where the extra matrix performs a reflection in some plane
with normal vector n and distance from the origin d. We
express this new projection matrix as K[R′ t′] where R′ can
be shown to be orthogonal. From point correspondences
between surface and projector we calculate R′ and t′ in the
same way as R and t above. Now they give the position and
orientation of the reflected projector, except that a change
is necessary to R′. We define the projector to use a right-
handed co-ordinate system, so the reflected projector will
have a left-handed system which cannot be represented by
a rotation matrix. To obtain the actual basis vectors for the
reflected projector pose we simply reverse the z-axis, that
is, we negate the final column of R′.

To calculate the reflected projector pose a set of point
correspondences between projector and surface is required.
The points in the projector are known, and those on the
surface are obtained in the same way as for projector cal-
ibration (Section 4.2.) Because the surface and camera re-
main stationary just a single image is required to calculate
the camera-to-surface homography, and this homography is
also used to calculate the pose of the camera which is useful
in the final calibration stage (Section 4.7) when the whole
system of projector, mirror, surface, and camera is simu-
lated to obtain predicted camera points to compare with
the measured points. As θ and φ are varied the resultant
projector-to-surface homographies are used to obtain a se-
ries of reflected projector poses.

4.4. Projector Pose
We have found that the calibration process is more stable
if we obtain an estimate for the projector pose before cal-
culating the mirror parameters, rather than attempting to
find both simultaneously. Therefore, after obtaining the re-
flected projector poses in Section 4.3 we obtain an estimate
for the real projector pose—the next six of the 21 steerable
projector parameters. To find these parameters we perform
an iterative minimization over projector positions:

min
p

(errq(p)) . (5)

Using Levenberg-Marquardt iteration we perform a min-
imization over 3D projector positions p with the error errq
for each position being calculated in the following way.
First, for each reflected pose assume there is a mirror half
way between p and the reflected position and reflect the

orientation in that mirror. This results in a set of projec-
tor orientations around p (Figure 6) which in the ideal case,
when there is no error in the data, will all be identical. We
convert these projector orientations to quaternions and use
the average distance from their mean as the error value errq.

Figure 6. Iterative search for projector pose. The reflected poses
are known and the error for a projector position p is calculated as
the spread of the reflected orientations around that position.

As with any iterative minimization this method is sen-
sitive to the starting position that is used, so we use some
knowledge of the likely vicinity of the projector position in
world co-ordinates to choose the set of randomized starting
points. By observation of the steerable projector hardware
and its position relative to the checkered surface that de-
fines the world co-ordinate system we have created a simple
function to roughly estimate the projector centre from the
the reflected projector positions. This function would need
to be updated if the hardware configuration was changed.

We use a randomized starting point for the iteration
which is within about 150 mm of the true projector centre,
and which is kept away from the reflected projector posi-
tions. We run the iterative minimization several times (cur-
rently 30 times) and perform clustering on the resultant po-
sitions to the reject outliers that sometimes occur when the
iteration converges to a false minimum. The final projector
orientation is then the mean of the reflected quaternions.

4.5. Rotation Using Theta
At this stage estimates of 14 of the full 21 parameters have
been calculated, and the remaining seven are those of the
pan-tilt mirror (Figure 2) excluding t1 and t2 which are
given. We approach the estimation of these parameters in
two stages: this section deals with subsets of the input data
in which φ is kept constant to obtain a series of poses for
the moving tilt axis, then those are used in next section in
which the pose of the pan axis is calculated.

If φ is kept constant the tilt axis remains stationary and
the mirror rotates about it as θ changes. This situation con-
sists of a mirror rotating about a single axis in 3D which can
be represented by a simplified version of equation 2 with-
out the translation of t2 or rotation of φ. An estimate for the
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projector pose has already been obtained and the value of
t1 is given. The aim is now to find the line about which the
mirror rotates and the angular offset of that rotation. This
process is repeated to get a pose in world co-ordinates for
the tilt axis corresponding to each value of φ.

Figure 7. For a fixed value of φ the reflected projector positions lie
in a plane. The pan and tilt axes (arrows) are shown in their home
positions.

As θ changes and the mirror rotates about the tilt axis
the reflected projector centre will appear at points in a plane
which also contains the real projector centre (Figure 7), so
we start by fitting a plane to a set of points containing the
real and reflected projector centres. This plane will be de-
fined by normal vector n and distance from the origin d.
The direction of the tilt axis should be parallel to n. We
then create a virtual mirror between the projector and each
reflected point as in Figure 8—each of these planes will be
defined by normal vector mi and distance di, where the in-
dex i selects each of the tilt angles θi in turn.

Figure 8. We calculate the position of the tilt axis, which passes
through point u, for a fixed pan angle φ.

Next we define a 3D point u through which the axis
should pass. Mathematically a reflection transformation
makes no distinction between points on the two sides of the
reflection plane, but in reality the pan-tilt mirror is single-
sided and the projector position must be in front of the mir-
ror, not behind it. We therefore define u to be a distance
t1 behind the mirror, that is, on the opposite side from the
projector position. In the perfect case u will be precisely t1

behind each of the mirror planes in a direction perpendicu-
lar to n, which is expressed as,

mi · u − d2

||n × mi|| = −t1 . (6)

This is linear in the three co-ordinates of u so we combine
the constraints from the different values of θ and find the
least-squares solution.

The full details of a 3D mirror system with a single axis
of rotation have now been calculated so predicted positions
in the camera of the projected corner points can be calcu-
lated. We iteratively refine the tilt axis position and direc-
tion using Levenberg-Marquardt iteration to minimize the
sum of the Euclidean distances between predicted and mea-
sured corner points in the camera image.

4.6. Rotation Using Phi
The technique from Section 4.5 is used to get a position for
the tilt axis for each value of φ. In the zero-error case these
will lie in a plane, so we fit a plane to them and assume that
pan axis is perpendicular to that plane. The aim is now to
calculate the intersection point of the axis with the plane,
and the angular offset of rotations about the axis. Figure 9
shows the situation. The pan angles φi are known, the dis-
tance t2 is given, and the positions of the tilt axis were pre-
viously calculated. The aim is to find the three unknowns:
the position of the pan axis v and the offset angle β. These
are not explicit parameters of the mirror model (Section 3)
but will be used to calculate the transform W that fixes the
pose of the mirror system in world co-ordinates.

Figure 9. The tilt axis rotates in a plane around the pan axis v at a
distance t2 using angles φi with offset angle β.

For each pan angle φi there is a corresponding previously
computed tilt axis line which can be expressed in 2D in the
form li = (ai, bi, ci)�. We normalize so that a2

i + b2
i = 1,

then (ai, bi)� is the normal vector to the line [6]. In the
perfect case each normal vector (ai, bi)� will have an ori-
entation angle equal to the fixed angular offset β, which is
common to all the vectors, plus an angle φi. We estimate
the offset angle as the mean difference between the φi val-
ues and the orientation angles of their corresponding normal
vectors.
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For a homogeneous 2D point x the signed distance from
the line li is given by l�i x, and for the pan axis position this
distance should be t2, so the constraint on the co-ordinates
(vx, vy) of v is,

[
ai bi ci

]
⎡
⎣ vx

vy

1

⎤
⎦ = −t2 . (7)

We stack these linear constraints from the set of lines and
compute a least-squares solution for the axis position v.

4.7. Final Solution
The final 7 parameter values are used to calculate the trans-
form W (six values) and angular offset α (Section 3.) The re-
sults from the previous two sections (Sections 4.5 and 4.6)
provide the pose in world co-ordinates of the pan axis and
of the tilt axis for each value of φ. These are combined
to calculate W which fixes the pose of the mirror system in
world co-ordinates. Finally α is calculated from the results
of Section 4.5.

A complete set of parameter values for the steerable pro-
jector has now been calculated and the camera’s internal
parameters (Section 4.2) and pose (Section 4.3) are known,
so the whole system for projecting and capturing calibration
patterns can be simulated to obtain a set of predicted points
in the camera corresponding to any pair of θ and φ values.
We run an iterative minimization over the mirror parameters
and projector pose where the error metric is the sum of Eu-
clidean distances between predicted and measured camera
points. We use normalized camera points in the minimiza-
tion process to avoid repeatedly applying radial and tangen-
tial distortion functions, but for the accuracy measurements
below we have converted these distances into actual pixel
measurements in the camera.

5. Performance
We used the algorithm described in Section 4 to calibrate
our steerable projector. The projector we used is a Sanyo
PLC-XP55 which has XGA resolution (1024×768 pixels)
and outputs 4500 lumens, although we reduce the output by
50% during calibration to avoid saturating the camera. Our
camera is a Nikon D1x with a resolution of 2000×1312 pix-
els. The actual setup is shown in Figure 1. The checkered
surface pattern is printed on an A0 sheet of paper (approxi-
mately 4×3 feet) and the steerable projector is 1 metre from
surface. We used six pan angles covering 30 degrees, and 6
tilt angles covering 10 degrees, giving a total of 36 pan-tilt
positions.

The calibration procedure for camera and projector inter-
nal parameters from Section 4.2 resulted in a mean error for
the camera of 0.25 camera pixels which is a typical value,
and a mean error for the projector of 0.47 projector pixels

which is quite accurate considering that errors in the camera
calibration, the printed corner points, and the projected cor-
ner points will all adversely affect the projector calibration.
The mean error for the calibration of the whole steerable
projector system after iterative refinement was 9.4 camera
pixels, which corresponds to approximately 8 millimetres
on the surface.

We have found that maintaining reasonable focus of the
projected image on the surface is important, particularly
during the projector calibration stage when care must be
taken to avoid the surface getting too close to the projec-
tor.

The calibration system is written in Matlab and we run it
on a Pentium 4 3GHz PC. With 36 pan-tilt positions it takes
around one minute to iteratively find the projector location
using 30 runs of the method from Section 4.4. Because of
the use of randomized starting positions this method pro-
duces varying results so we repeat it several times for higher
accuracy. It then takes around 30 seconds to calculate the
rest of the coarse result, and a further 1.5 minutes to obtain
the refined result.

To test the algorithm on a range of input data we created
a simulated calibration scenario similar to the real one used
above, with randomized camera, projector, and mirror pa-
rameters. Camera points were generated corresponding to
the corner points of the printed pattern and corresponding
to the projected points for the set of pan-tilt positions. Uni-
form random noise of varying levels was added to the x and
y co-ordinates of the camera points. We ran the simulation
10 times for each of 10 error levels from 0.0 to 0.9 camera
pixels, and used two conditions: the one used in the experi-
mental setup above with 30 degrees and 10 degrees for pan
and tilt respectively and 36 positions, and one with 60 de-
grees and 20 degrees respectively and 64 pan-tilt positions.
The results are shown in Figure 10.
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Figure 10. Error in the final calibration result against error added
to input images. Narrow range is 30 and 10 degrees for pan and
tilt, wide range is 60 and 20 degrees respectively.
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6. Discussion
We used the narrower range of angles for the real calibration
because it allows the set of projected patterns to fit within
the A0 surface while also keeping the projector at a suffi-
cient distance from the surface so focus changes across the
surface are not too large. Figure 10 shows that using a larger
range of angles and more mirror positions improves the ac-
curacy of the calibration. The wider range would require a
surface approximately 1.8×1.4 metres which is within the
range of a normal office wall. Using our current method
we would still need a homography from camera to surface,
but rather than covering the whole wall with a checkered
pattern this could be achieved by placing at least four cyan
and white fiducial markers at known positions on the wall.
Using more mirror positions would require more effort for
capturing images so we would like to automate that process.

A calibrated pan-tilt system allows a steerable projector
to project images in different directions, but we would also
like to be able to change the zoom and focus of the pro-
jector to accommodate the size and distance of objects in
the environment. Calibration for zoom and focus has been
performed for cameras, essentially by calibrating the cam-
era many times and treating each of the relevant internal and
external parameters as a second-degree polynomial function
of the zoom and focus settings, the parameters of which are
obtained via a least-squares fitting [1]. The same approach
should be possible for a projector with motorized zoom and
focus, and as discussed above, it should be possible to auto-
mate the process so that the projector is calibrated for each
zoom-focus setting without human assistance.

We have described a method of calibrating a steerable
projector that uses a mirror to move a projected image
around the environment. First we calibrate the camera and
projector parameters using a board with a checkered pat-
tern, then we use images of a projected pattern for different
positions of the pan-tilt mirror to obtain a coarse calibration
for the steerable projector which we then refine via iterative
minimization. This technique could be combined with other
techniques for camera and projector calibration to create a
steerable projector that can augment surfaces and objects in
a 3D environment without prior calibration to those targets,
and follow moving objects.
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