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Figure 1: Projection result

A BSTRACT
We propose a three dimensional position measurement method employing planar photo detectors to calibrate a Spatial Augmented Reality system of unknown geometry. In Spatial Augmented Reality,
projectors overlay images onto an object in the physical environment. For this purpose, the alignment of the images and physical
objects is required. Traditional camera based 3D position tracking systems, such as multi-camera motion capture systems, detect
the positions of optical markers in two-dimensional image plane of
each camera device, so those systems require multiple camera devices at known locations to obtain 3D position of the markers. We
introduce a detection method of 3D position of a planar photo detector by projecting gradient patterns. The main contribution of our
method is to realize an alignment of the projected images with the
physical objects and measuring the geometry of the objects simultaneously for Spatial Augmented Reality applications.
Index Terms:
H.5.1 [INFORMATION INTERFACES AND
PRESENTATION (e.g., HCI) (I.7)]: Multimedia Information
Systems—Artificial, augmented, and virtual realities
1

I NTRODUCTION

We propose a projector based measurement method for Spatial
Augmented Reality (SAR) to precisely determine the three dimensional (3D) position of a planar photo detector to calibrate a SAR
projection system. In a SAR system, image display devices such as
projectors projects Computer Graphics (CG) directly onto physical
objects in the environment, and superimposes them as augmented
information [3].
The correct presentation of SAR information requires exact
∗ e-mail:kodera@imlab.ics.keio.ac.jp
† e-mail:sugimoto@ics.keio.ac.jp
‡ e-mail:Ross.Smith@unisa.edu.au
§ e-mail:Bruce.Thomas@unisa.edu.au

IEEE Virtual Reality Conference 2015
23 - 27 March, Arles, France
978-1-4799-1727-3/15/$31.00 ©2015 IEEE

alignment of the position and orientation between CG objects to be
projected and the objects in the physical environment. SAR systems
require intrinsic and extrinsic properties projectors, known surface
geometry of the projection target objects, and CG models that are
to be mapped onto the physical objects. SAR systems measure the
relative geometric position and orientation between a projector and
a projection object in advance or employ sensing technology to determine this relative geometric position and orientation. In order
to correctly align virtual representations of 3D objects with their
physical counterparts, the projector position relative to the surface
geometry of the 3D objects must be measured in the physical environment. Raskar et al. demonstrated correct alignment using singular value decomposition (SVD) to create a manual mapping between a physical object, the pixel coordinates of the projector and
the 3D objects representation [3]. Automatic alignment methods
have also been explored. Bandyopadhyay et al. [2] attached magnetic or retro-reflective markers onto the projection target for 6DOF
tracking its position and orientation. Other approach is using Computer Vision (CV) techniques [1, 4].
When measuring the physical environment by using additional
tracking devices, there are different coordinate systems for the measuring device and output display device, the projector. The relative
position and orientation between measuring device and output display device should be calibrated in advance. When a sensor or a
camera or a projector change relative position or the angle of view
changes of the camera or the projector, the geometric consistency
between real environment and CG environment will not be maintained. Moreover, distortion of the magnetic field caused by external disturbance such as a metal affects the magnetic sensor, or lens
distortions appearing in the image captured by the camera may reduce precision of the alignment. In the case of using CV techniques,
the reflection characteristic of the projection plane, resolution of the
camera, and ambient light in the real environment may all cause
alignment error problems. In order to solve these problems, there
are several methods that use display device itself for measuring the
position and orientation of projection targets directly. These approaches allow avoid calibration errors between coordinate systems
of the measuring devices and the output devices.
SAR system based on measurement by projection have also been

211

explored [5, 6]. The use of photo diodes with projected Gray-code
automates the correlation with the SVD algorithm to find the calibration. A limitation of these approaches is matching virtual 3D
object and physical object with pre-defined points are required to
calculate the 3D positions. To employ SAR with unknown object
geometries that do not have pre-defined points extensions to the current approaches are required to allow the 3D position of each photo
diode to be calculated. Additionally, with SVD at least six locations
are required to for the computation.
To support these measurements, we propose a novel 3D position
measurement method employing a planar photo detector and gradient patterns that captures light intensity for measuring the 3DOF
position. This approach allows the 3DOF position to be capture of
a single photo diode sensor without knowledge of the underlying
geometry. For SAR this is scaleable solution, as all the photo diode
hardware can be attached in a modular form to the physical objects
of arbitrary shape. Figure 1 shows simple augmentation results on
the target object white box. By measuring vertices of a projection
target object relative to the coordinate system of the position of our
new 3D measuring device, we augment the target object to an arbitrary position relative to the projector.
2

G RADIENT F IDUCIAL BASED 3D P OSITION M EASURE MENT

Figure 2 depicts the overall system configuration. Our system employs the following: a planar photo detector, a desktop computer
and a projector as an image display device. The planar photo detector measures the intensity of light from the projector and sends this
intensity data to the computer. The device employed in our investigation is the same as a sub-pixel projector calibration system by
Smith et al. [6].
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Figure 3: Gradient Patterns

but also the integration of the intensity of light information from
surrounding pixels.
Additionally, to measure the distance between the photo detector
and the projector, we use the inverse square law of light. The intensity of the light output from the point light source is proportional
to the inverse square of the distance from the light source. When a
projector projects an image and the distance from the projector is
closer to the projection surface, the projector illuminates a smaller
area at the same luminous flux. If the distance is further, the light
source illuminates a larger area with the same luminous flux. The
light intensity per unit area is proportional to the inverse square of
the distance.
3 C ONCLUSION & F UTURE WORKS
Our new technique allows the measurement of a physical object to
be performed for calibration without knowledge of the shape or predefined points as is needed with SVD in previous SAR calibration
systems. We design the measurement system to support SAR applications that superimpose CG onto a physical object with projected
imagery. We evaluated the performance of our new method through
a set of benchmarking experiments. Our new method operating at
a distance between the projector and photo diode of 1000mm to
1500mm reported position values with a SD of 6.746mm.
One limitation of the current approach is the projector image
plane must be parallel to the surface plane of the planar photo detector to maintain precision. When the image plane and the surface
of the planar photo detector are not parallel, the receiving area is
varied, so the rate of the differential value is affected by not only
the depth but also the degree to the inclination. In future implementations we could extend the detection system to include an orientation sensor to compensate and improve the robustness with respect
to the orientation of the planar photo detector.
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To measure 2D position of the photo detector, we employ fiducial
patterns based on gradient images in which the luminance value of
each pixel is increased or decreased linearly according to the spatial
location in a given direction. We obtain the X-Y coordinate with
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characteristics with respect to the axis shown in Figure 3.
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by the photo detector is dependent on its spatial position. The luminance value of gradient patterns change in certain direction. Our
approach uses this fact to measure the position of the photo detector in image coordinate system. Furthermore, this planar photo
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a fiducial marker from the image display device. We are able to
measure precise Sub-pixel 2D position of the planar photo detector
by using not only the intensity of light information of only 1 pixel
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