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TITLE
IMAGE CALIBRATION FOR PROJECTED IMAGES

FIELD OF THE INVENTION

[0001] The present invention relates to the calibration of images projected
onto surfaces and typically surfaces that are non-planar. In particular, but not
exclusively, the present invention relates to methods of calibration of images
projected onto curved surfaces from multiple projectors to create seamless

images and to related systems and apparatus.

BACKGROUND TO THE INVENTION

[0002] In the field of projectors and image projection, a rectangular image is
typically projected from the light source onto a display surface, such as a
screen or a wall. Often, display surfaces are complex non-planar surfaces or
not uniform in shape. For example, the display surface can be curved for
applications such as flight simulators, or the surface can be non-uniform and

comprise irregular shapes for applications such as building projections.

[0003] Conventional systems for projecting images onto complex surfaces
include a projector or projectors, laser levels, measurement devices, such as
a tape measure and/or a laser measure, theodolites, USB cameras, digital

cameras, SLR cameras and/or IP cameras and fiducial markers.

[0004] However, some problems exist with known systems and methods for
projecting images onto display surfaces. For example, for known categories
of image correction, such as geometric correction, image warping and image
blending, multiple projectors are used to create a seamless image across flat,
cylindrical, spherical and non-uniform display surfaces. This can be achieved
manually, or with digital cameras. However, these techniques are typically
performed once in a time period from daily to yearly and often require human
intervention. A separate maintenance or alignment sequence is generally

required.
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[0005] For the display of images where movement within structures are
common, such as vibration, or for applications such as flight simulators
comprising motion platforms, movement of the projectors can occur, resulting
in alignment issues while the display is being used. This results in images

that become misaligned during the general operation of the display system.

[0006] The reference to any prior art in this specification is not, and should
not be taken as, an acknowledgement or any form of suggestion that the prior

art forms part of the common general knowledge.

OBJECT OF THE INVENTION

[0007] It is a preferred object of the present invention to provide a system
and/or a method and/or an apparatus that addresses or at least ameliorates
one or more of the aforementioned problems and/or provides a useful

commercial alternative.

SUMMARY OF THE INVENTION

[0008] Generally, the present invention relates to systems, methods and
apparatus that allow complex display systems comprising one or more
projection devices to be calibrated whilst the display system is in normal
operation, rather than using a calibration sequence as a separate process
outside normal operation of the display system. The methods of the present
invention can be performed during, or outside normal operation of the display

systems as a single process, repeatedly or continually.

[0009] The systems, methods and apparatus of the present invention use
registration devices, such as cameras to align and blend overlapping images
from one or more projection devices to the shape of a planar or non-planar

screen.

[0010] The systems, methods and apparatus determine projected points or
reference markers on the screen and calculate a mapping from the displayed
image to provide a geometrically corrected output image that can be used to

produce a seamless display.
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[0011] The projected points or reference markers can be pre-defined or can
be detected ad hoc, including features detected in arbitrary images. The
systems, methods and apparatus enable repeated or continuous alignment at
runtime, i.e. during display of the images. The systems, methods and
apparatus enable alignment image processing to be embedded in the one or
more projection devices, to be placed in the path between an image generator
and the one or more projections devices, or to be applied by the image

generator itself.

[0012] In one form, although not necessarily the broadest form, the invention
resides in a method to continuously calibrate images projected on a screen or
surface or intermediary viewing surface by during display of the images, the

method comprising:
[0013] defining a plurality of fiducial markers on the screen;

[0014] detecting, by a registration device, such as a camera, the plurality of

fiducial markers in an image of the screen;

[0015] adding a plurality of reference markers to an image projected on the

screen;

[0016] detecting, by the registration device, the plurality of reference markers
in the projected image;

[0017] determining a mapping between positions of the reference markers on
the screen to positions of the reference markers in the projected images;
[0018] calculating an image warp based on the mapping and a layout of the
images to be displayed; and

[0019] applying the image warp to images from an image generator to

produce geometrically corrected images for display on the screen.

[0020] The method may include calculating a first transformation between
positions of the fiducial markers on the screen and respective positions of the

fiducial markers in the images detected by the registration device.

[0021] The method may include detecting a plurality of feature points in the

images detected by the registration device, wherein the feature points are
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known positions in the images projected by the one or more projection

devices.

[0022] Suitably, the method includes calculating a second transformation
between the plurality of reference markers and feature points in the images
displayed on the screen and respective positions of the plurality of reference

markers and feature points in the images detected by the registration device.

[0023] Suitably, the method includes combining the first transformation and
the second transformation to determine the mapping for positions on the

screen to positions in the displayed images.

[0024] Suitably, the method includes defining a description of the screen,
such as a 3D model of the screen, a geometric shape; a mesh of points; an
interpolated point cloud. The description of the screen can be user-defined or
computer generated using methods such as photogrammetry, reconstruction

from LIiDAR data or other measurements, or a depth-based method.

[0025] In some embodiments, the method includes defining a layout of the
images to be displayed on the screen including any overlaps or blend zones

of the images.

[0026] The method may include projecting and positioning the fiducial
markers on the screen. Alternatively, the fiducial markers are physical

markers on the screen.

[0027] Suitably, the feature points are calculated in known positions in the
one or more images. Alternatively, the features points are extracted from a

displayed arbitrary image.

[0028] The method may include applying the image warp to images from an
image generator during runtime using hardware or software image warping

techniques.

[0029] Suitably, adding the plurality of reference markers to the projected
image comprises embedding the reference markers in an operational image
with a higher and/or lower intensity, luminance or chrominance than the

remainder of an operational image.
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[0030] Suitably, adding the plurality of reference markers to the projected
image comprises encoding a registration image into a structured pattern, such
as a structured noise pattern, and combining the structured pattern with an

operational image to produce the projected image.

[0031] The method may include extracting the plurality of reference markers
from the projected image using a background subtraction technique to
subtract the operational image from accumulated frames of the projected

image.

[0032] The method may include tuning the sensitivity of the registration
device based on an average luminance or chrominance of the operational

image.

[0033] Preferably, the plurality of reference markers is imperceptible to a

human.

[0034] The method may include chrominance shifting pixels in the projected
image in a defined pattern, in particular, chrominance shifting a centre pixel in
one direction and chrominance shifting the adjacent pixels in the opposite

direction.

[0035] The method may include detecting one or more features in the
operational image using computer vision analysis before projection of the
operational image and searching for the same one or more features in the

projected image detected by the registration device.

[0036] Suitably, the method includes one or more of the following: a)
amplifying the reference markers embedded in the background of the
operational image while reducing the reference markers embedded in the
foreground of the operational image; b) determining shadow in the operational

image and amplifying the reference markers in shadow.

[0037] Suitably, detecting reference markers in an overlap or blend zone of
images from multiple projection devices comprises detecting the reference

markers in an image from a single projection device at a time.
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[0038] The method may include suppressing the same reference markers in
the overlap or blend zone from the other projection devices until the reference

markers are detected for the first projection device.

[0039] The method may include applying a weighted contribution of the
pixels at the location of the reference markers that is being measured toward

the selected projection device.

[0040] The method may include placing additional reference markers near
the overlap or blend zone and extrapolating into the blend overlap or blend

zone.

[0041] The method may include using a unique pattern of registration

markers for each projection device.

[0042] Suitably, the method comprises projecting alternating image states on

the screen or surface, such as alternating white and black images.

[0043] The method may comprise measuring latency between projection of
the images and when the change in the image states is registered by the

registration device.

[0044] The method may comprise measuring the sensitivity of the registration

device, such as a white / black balance of the registration device.

[0045] The method may comprise receiving each frame of the operational

image in a frame buffer of the image generator during display of the images.

[0046] Suitably, the method comprises one or more of the following: a)
applying an image warping pattern to the frame buffer; b) calculating and
adding the reference markers to the frame buffer; c) displaying the frame

buffer through the projection device.

[0047] The method may comprise determining if the reference markers are
outside a predetermined or specified tolerance, and if so, smoothly
interpolating the image warping pattern over a period of time to a new image

warping pattern.

[0048] In another form, although not necessarily the broadest form, the

invention resides in a system to continuously calibrate images displayed on a
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screen or surface or intermediary viewing surface by one or more projection

devices, the system comprising:
[0049] one or more image generators;

[0050] one or more projection devices to project images generated by the

one or more image generators onto a screen;

[0051] one or more registration devices, such as cameras, to capture images

of the screen; and
[0052] one or more processors configured to:
[0053] define a plurality of fiducial markers on the screen;

[0054] detect, by the registration device, the plurality of fiducial markers in an

image of the screen;

[00565] add a plurality of reference markers to an image projected on the

screen;
[0056] detect the plurality of reference markers in the projected image;

[0057] determine a mapping between positions of the reference markers on

the screen to positions of the reference markers in the projected images;

[0058] calculate an image warp based on the mapping and a layout of the

images to be displayed; and

[0059] apply the image warp to images from one or more image generators

to generate geometrically corrected images for display on the screen.

[0060] In a further form, although not necessarily the broadest form, the
invention resides in an apparatus to continuously calibrate images displayed
on a screen or surface or intermediary viewing surface by one or more
projection devices during display of the images, the apparatus comprising a
non-transitory computer-readable medium have stored thereon programming
instructions executable by a processor which, when executed, perform the

following operations:

[0061] defining a plurality of fiducial markers on the screen;
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[0062] detecting, by a registration device, such as a camera, the plurality of

fiducial markers in an image of the screen;

[0063] adding a plurality of reference markers to an image projected on the

screen;

[0064] detecting, by the registration device, the plurality of reference markers
in the projected image;

[0065] determining a mapping between positions of the reference markers on

the screen to positions of the reference markers in the projected images;

[0066] calculating an image warp based on the mapping and a layout of the

images to be displayed; and

[0067] applying the image warp to images of an image generator to produce

geometrically corrected images for display on the screen.

[0068] Further forms and/or features of the present invention will become

apparent from the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0069] In order that the invention may be readily understood and put into
practical effect, reference will now be made to preferred embodiments of the
present invention with reference to the accompanying drawings, wherein like
reference numbers refer to identical elements. The drawings are provided by

way of example only, wherein:

[0070] FIG. 1is a front view illustrating a screen or surface or intermediary

viewing surface displaying overlapping images from multiple projectors;
[0071] FIG. 2 is a plan view of the screen or surface shown in FIG 1;

[0072] FIG 3 is a schematic diagram illustrating a system according to an

embodiment of the invention;

[0073] FIG 4 is a general flow diagram of methods according to

embodiments of the invention;
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[0074] FIG 5 illustrates the encoding of a registration image into a structured
noise pattern, which is combined with an operational image to produce a

projected image;

[0075] FIG 6 shows the variance of luminance over time for a single pixel for
a first long exposure technique for detecting registration or reference markers

in a projected image;

[0076] FIG 7 shows the variance of luminance over time for a single pixel for
a second long exposure technique for detecting registration or reference

markers in a projected image;

[0077] FIG 8 illustrates the effects of shadows on luminance and the human
perception of colour in relation to the detection of registration or reference

markers; and

[0078] FIG 9 is a general flow diagram of methods according to

embodiments of the invention.

[0079] Skilled addressees will appreciate that the drawings may be
schematic and that elements in the drawings are illustrated for simplicity and
clarity and have not necessarily been drawn to scale. For example, the
relative dimensions of some of the elements in the drawings may be distorted
and/or one or more other features may have been omitted to help improve the

understanding of embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0080] The present invention relates to systems, methods and apparatus that
allow complex display systems comprising one or more projectors to be
repeatedly or continually calibrated whilst the display system is in normal
operation to align and blend overlapping images from the projectors to the
shape of a uniform or non-uniform planar or non-planar screen or surface or
intermediary viewing surface. The methods of the present invention can be
applied as a single process and/or can be applied outside normal operation of
complex display systems. References herein to a screen include a viewing

surface such as a screen, a surface of a structure, such as but not limited to a
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building or object, or an intermediary viewing surface, such as, but not limited

to a collimated display as used in flight simulators.

[0081] FIG. 1is a front view illustrating a screen 100 displaying overlapping
images 102 projected onto the screen from multiple projectors. In this
example, overlapping images 102 comprise images A, B, C and D. Each of
the images overlaps to an extent with each of the other images to produce a
composite image 104 represented by image E in FIG 1. The composite image
104 includes overlaps 106, 108, 110, 112 between images A and B, between
images B and D, between images C and D and between A and C respectively.
In this example, there is also effectively an overlap 114 between all of the

images A to D at the centre of the image.

[0082] FIG. 2 is a plan view of the screen or surface 100 shown in FIG 1,
which shows that the screen 100 is curved in this example. However, in other
examples the screen can be flat or have another shape. The screen 100 may

or may not have a uniform surface.

[0083] It will be appreciated that the shape of the screen 100, the number of
images 102 that make up the composite image 104 and the manner in which
the images 102 overlap as shown in FIGS. 1 and 2 is just one example which
is not limiting to the present invention. It will be appreciated that a wide
variety of screen shapes, sizes and surface configurations are available upon
which various numbers and arrangements of overlapping images can be
projected and it is envisaged that the present invention can be applied to
many such screen shapes, sizes, surface configurations and image
arrangements. Furthermore, the characteristics of the screen or surface need
not be static or constant, but can be dynamic, i.e. the characteristics of the

screen or surface can change over time.

[0084] FIG 3 illustrates a system 120 to calibrate images displayed on a
screen or surface 100 by one or more projection device 122 according to an
embodiment of the present invention. In the example shown in FIG 3, the
system comprises four projection devices 122, P1, P2, P3 and P4, but it will
be appreciated that other numbers of projection devices can be used

depending on the particular application. The projection devices can be, for
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example, lamp-based projectors, lasers, light-emitting diodes (LEDs) or other
types of projection devices. The system 120 comprises one or more image
generators 124, such as a computing device, which generates images for
projection onto the screen 100 by the one or more projection devices 122.
The system 120 comprises one or more registration devices in the form of, for
example, cameras 126 to capture images of the screen 100. In the example
shown in FIG 3, the system comprises four cameras 126, C1, C2, C3 and C4,
but it will be appreciated that other numbers of cameras can be used
depending on the particular application. The cameras 126 can be USB
cameras, digital cameras, SLR cameras, IP cameras and/or other light or

image capturing devices, such as light sensors.

[0085] The system 120 also comprises one or more processors 128
configured to perform the operations of the present invention, or a subset
thereof, as described herein. One or more processors 128 can be part of the
one or more image generators 124 and/or can be part of a separate
computing device 130 in communication with the one or more image
generators 124. In some embodiments, the processor of the image generator
124 can be a master processor and the processor of another one of the image
generators 124 and/or the processor of the separate computing device 130
can be a slave processor. The system 120 also comprises a computer-
readable medium 132 have stored thereon programming instructions 134
executable by one of the processors 128 which, when executed, perform the
operations of the present invention as described herein. The one or more
image generators 124 and the separate computing device 130, if used,

comprise the computer-readable medium 132.

[0086] The one or more image generators 124 produce specific images that
are required to initialize the system. The one or more processors 128 and
associated computer-readable media 132 receive images from the cameras
126, or other registration devices, to enable calculation of the alignment and
blending of the images. Such calculations can be performed on one or more
of the image generators 124 or on the separate computing device 130 in
communication with the one or more image generators 124. The images can

include one or more registration images, one or more operational image and
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one or more projection image. A registration image is a structured pattern that,
when correctly measured, allows the extraction of locations of registration
markers. An operational image is a structured pattern that is used for the
operation of the system. In one use case this is a visual image that appears
seamless and geometrically correct to a human observer. A projection image

is a combination of the registration and operational images.

[0087] The system 120 also comprises or utilises a number of markers or
points, including reference markers or registration markers, fiducial markers
136 and feature points. Reference markers or registration markers are
markers present in the registration image, or embedded in the operational
image that, when correctly measured, determine the location of the markers in
real space. Reference markers or registration markers can be imperceptible to
the human eye, including, but not limited to imperceptible changes in
luminosity and/or chroma in the human visible spectrum or in wavelengths
outside the human visible spectrum, such as infra-red. Fiducial markers 136
are used to identify known physical positions on the screen 100 and are used
to determine a correspondence between a location in the source projection
image and a location in the real-world projected image. This provides a link
from the cameras 126, or other registration devices, to the screen 100 and to
the displayed image. Fiducial markers 136 can be positioned in the projected
image as part of the system initialization. Alternatively, if using automatic
fiducial detection, the fiducial markers 136 are physically placed on the screen
100. In some embodiments of the invention, fiducial markers and reference or
registration markers are co-located, although this is not an essential
requirement. Other methods of continuous measurement can also be
employed. Feature points are existing points in the operational image. The
use of the reference/registration markers, fiducial markers and feature points
in the present invention will be described in the following description of the

method.

[0088] FIG 4 is a general flow diagram illustrating methods 200 to calibrate
images displayed on a screen or surface 100 by one or more projection

devices 122 according to embodiments of the invention.
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[0089] Method 200 comprises at 202 defining a description of the screen,
such as a 3D model of the screen. The screen description is a mathematical
definition of the screen 100 that can be used to map points to and from the 2-
dimensional (2D) surface of the screen to a 3-dimensional (3D) space. The
screen description does not have to have a particular form. It can be a
geometric shape, a mesh of points or an interpolated point cloud. The
description of the screen can be user-defined or computer generated using
methods such as photogrammetry, reconstruction from light detection and

ranging (LIDAR) data or other measurements.

[0090] For non-rigid screens or screens that are difficult to describe
mathematically, the shape of the screen 100 can be determined using depth
based methods (e.g. stereo cameras). Along with continuous alignment, such
depth-based screen shape reconstruction also allows for the alignment of

images on dynamically changing surfaces.

[0091] At 204, the method comprises determining or defining a plurality of
fiducial markers 136 on the screen 100. This can include projecting and
positioning the fiducial markers 136 on the screen 100. Alternatively, the
fiducial markers 136 are physical markers on, or placed on the screen 100.
The fiducial markers 136 can be used as a visible reference points for the
cameras 126 or other registration devices that will be used to position and

scale the screen model so that it corresponds to the camera image.

[0092] At 206, the method optionally comprises defining a layout or
relationship of the images 102 to be displayed on the screen 100 including the
positions of the images 102 on the screen 100 and any overlaps or blend
zones of the images, such as overlaps 106, 108, 110, 112 shown in FIG 1.
The layout can be predefined or calculated when mapping from the screen to

the display, i.e. during calibration.

[0093] At 208, the method comprises calibrating the cameras 126 to remove
image distortion within the camera lens and thus avoid or minimise distortion
in the resulting alignment. It should be appreciated that calibration of the
cameras to remove image distortion within the camera lens can be performed

at any point of the method 200 before detection of the reference markers in



WO 2019/195884 PCT/AU2019/050316
14

the next step. Alternatively, calibration of the cameras to remove image
distortion within the camera lens can be performed as a separate process and

thus not form part of the method of the present invention.

[0094] At 210, the method comprises detecting the plurality of fiducial
markers in one or more images of the screen captured by one or more
registration devices, such as one or more cameras 126. In some
embodiments, for each camera 126, the method includes locating at least four
fiducial markers for a planar screen and at least six fiducial markers for a non-
planar screen. In these embodiments, these are the minimum number of
fiducial markers required to find the camera pose for each camera 126.
However, it will be appreciated that the present invention is not limited to the
particular number of fiducial markers employed and different techniques and
applications may require different numbers of fiducial markers. The
positioning of fiducial markers 136 or obtaining screen dimensions is the only
user interaction that is required when one or more of the projection devices
122 is moved. This step can be removed if the screen 100 has physical
markers that can be detected or other continuous measurement devices are

used.

[0095] At 212, the method comprises calculating a first transformation or
mapping between positions of the plurality of fiducial markers 136 on the
screen 100 and respective positions of the plurality of fiducial markers in the
one or more images of the screen. Hence, the method includes calculating a
screen-to-camera transform, which uses the correlation between the fiducial
markers 136 on the screen 100 of known geometry and the camera image
position to determine the camera pose. With the camera pose determined
there is now a transformation from any point on the screen 100 to the camera

image.

[0096] At 213, the method comprises adding a plurality of reference or
registration markers to the operational image. At 214, the method comprises
detecting or determining the plurality of reference or registration markers in
the images, which can be achieved by a number of techniques. In a long
exposure technique to measure registration marker locations, the registration

or reference markers are embedded in the projected image with slightly higher
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intensity or luminance than the remainder of the image. Through the
accumulation of many images, the consistently higher intensity at the
locations of the registration or reference markers will become detectable.
However, in an individual image the amount of intensity increase is not
noticeable to the operator or viewer and does not interfere with the operation

of the system. This method akin to long exposure photography.

[0097] With reference to FIG 5, in one refinement of the long exposure
method, the registration image can be encoded into a structured pattern, such
as a structured noise pattern, which is combined with an operational image to
produce a projected image to reduce the perceptibility to the viewer. A
structured noise pattern is akin to applying a dither pattern to reduce the
perceptibility of the registration or reference markers. The structure of the
pattern can be temporal or spatial or a combination of both. FIGS 6 and 7
illustrate how a structured noise pattern is applied for a single pixel
accumulating over 10 frames. The operational image in this example is a
constant level 3 intensity. The registration image is structured to reduce
visibility of the pattern. In FIG 6, the projected image is net positive over time,
ranging from levels 3-4 in intensity. In FIG 7, the projected image is net

neutral over time, ranging from 2-4 in intensity.

[0098] In one refinement of this method, knowledge of the operational image
can be used to enhance extraction of the reference marker. For example,
using background subtraction techniques to subtract the operational image
from the accumulator aids in extracting the registration image. Another
example uses the average luminance or chrominance of the operational
image to tune the registration device sensitivity, akin to dynamic exposure in

photography.

[0099] The method can be applied either as an increase in luminance as
described above, or as a decrease in luminance. The method of extraction
and detection are the same but detect the reduced luminance. The system is
more robust when using a combination of increased and decreased luminance
methods. This technique works for standard colour as well as infra-red

applications.
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[0100] In another embodiment, the structured pattern technique can be
applied to chrominance. The human visual system is less adept at discerning
changes in chrominance whilst the registration device, such as a camera or
light sensor, can detect these variations. However, chroma shift is only
available in colour devices, such as RGB projection, and will not work in infra-

red applications.

[0101] In a further embodiment, to better hide the registration or reference
markers, the system can use optical illusions based on the limitations of
human perception. This embodiment relies on the system having knowledge
of the surrounding pixels when embedding the registration or reference

markers in the projected image.

[0102] In the case of luminance, the luminance of the surrounding pixels is
analysed to determine an overall luminance gradient. Where the luminance is
smooth and flat, the system must rely on noise to hide the marker. Where the
luminance has high frequency or variation, such as at the edges, the noise
can be reduced, and the amplitude of the registration or reference marker can

be increased to improve detection of the registration or reference marker.

[0103] The human visual system is particularly insensitive to chromatic
changes. For example, circles of an identical colour can appear to be different
colours where different colours surrounding the circles alter human perception
of the coloured circles. A registration device can measure this whereas to the
human eye the colours of the circles appear different. To use this for the
detection or determination of registration or reference markers, pixels in the
projected image are chroma shifted in a defined pattern, such as a star
pattern. The star pattern shifts a center pixel in one direction and shifts the
adjacent four pixels in the opposite direction. A human eye will integrate the
subtle change to average out the colour making the registration or reference
markers imperceptible, whereas the registration device can detect the
markers. The longer the duration of sampling, the more options exist to make
the registration image comprising the registration or reference markers less

perceptible to the user.
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[0104] During operation there may be features in the operational image that
can be easily detected using computer vision algorithms. A simple example is
a hard edge. Given that the system of the present invention has access to the
operational image before it is projected, it can perform the computer vision
analysis on the operational image and then search for the same feature in the
projected image retrieved from the one or more registration devices, such as
the one or more cameras. This method has the advantage that it does not
require modification of the operational image. This method works best once
the system has been calibrated at least once. This technique becomes even
more powerful when the system has access to 3D data. In this method, the
system collects drawing commands issued to a graphics subsystem. This
allows the computer vision algorithm to separate the background from the
foreground objects, which improves the performance of the feature extraction

algorithm.

[0105] In one refinement of the method, the 3D model is used to amplify the
registration or reference markers that are embedded in the background while
reducing the registration or reference markers that are over foreground
objects. A further refinement of the algorithm uses the 3D model to determine
shadows and amplifies registration or reference markers in shadow. FIG 8
illustrates the effects of shadows on luminance and the human perception of
colour. The luminance at points A and B is identical to the one or more

registration devices, such as one or more cameras or light sensors.

[0106] The areas of overlap of the images from multiple projectors are
sometimes referred to as blend zones. To present a visually seamless image
to the operator, a smooth transition from one projected image to another is
usually used in the blend zones. Detecting registration markers in blend zones
or overlaps typically requires additional consideration because the contribution
of the light comes from different projectors in varying intensity, therefore
blurring the result. For example, in the middle of a blend zone resulting from
images from four projectors, each projector will contribute 25% of the image,
making the detection of a registration marker in an unaligned image difficult.
Various methods to address or at least ameliorate this problem will now be

described.
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[0107] According to one method, the detection or determination of
registration or reference markers is applied to a single projector at a time. The
same registration or reference marker for the overlapping images from the
other projectors is suppressed until an accurate reading is determined for the
first projector. This is repeated for each of the projectors. If it takes one minute
to gain an accurate determination of a registration or reference marker, then it
will take four minutes to determine the registration or reference markers for all

four projectors where the images from four projectors overlap.

[0108] A refinement of this method adjusts the weighted contribution of the
pixels at the location of the registration or reference markers that is being

measured toward the selected projector.

[0109] According to another embodiment, an extrapolation method places
additional registration or reference markers near the blend zone or overlap
and extrapolates the blend from there. This method can be used in addition to
dynamic blend adjustment to reduce the number of registration or reference

markers needed in the blend zone.

[0110] According to a further embodiment, a complex long exposure method
uses a unique registration pattern for each projector such that the registration
points for each projector can be discerned separately. If detection fails, the
pattern may have been affected by interference between the projectors and a
change in pattern is attempted. If changing the patterns continues to not
produce a good result, the aforementioned extrapolation method or dynamic

blend adjustment can be used.

[0111] Once the registration or reference markers have been detected, the
method includes processing the registration or reference markers. The
measured drift between the detected position of the registration or reference
markers and their expected position should be uniform and predictable. If the
difference for a registration or reference marker is discontinuous with the other
registration or reference markers, the registration or reference marker can be
rejected as being falsely detected. The method to implement this includes
maintaining a history or log of detection of all the registration or reference

markers. When a significant movement is detected, it is analysed across two
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dimensions. According to a first dimension, such analysis includes
determining whether most of the other registration or reference markers for a
particular projector also moved. If so, it is likely that the projector and/or the
screen were moved and/or were changed and the registration or reference
marker is considered valid. According to a second dimension, such analysis
includes determining whether the new location of the registration or reference
marker fits with a continuous surface relative to the other registration or
reference markers. If so, it is likely the previous calibration was incorrect and

the registration or reference marker is considered valid.

[0112] According to some embodiments, processing of the registration or
reference markers includes accumulating the registration or reference
markers. This method includes continually collecting data for the registration
or reference markers over a configurable threshold period. If a change is
stable over the threshold period, then the registration or reference marker is
considered valid. Registration or reference markers are not just evaluated on
an average basis, but variance. Registration or reference markers with high
variance are rejected. By increasing the threshold period, the system will
adjust itself less often and remain more stable, at the expense of reacting

slower to sharp changes.

[0113] At 215, the method comprises detecting a plurality of feature points in
the one or more images of the screen. Feature points are known positions in
the operational images projected by the one or more projection devices 122.
The feature points can be calculated in known positions in the one or more
images. In some embodiments, the feature points are computer generated.
Alternatively, the features points are extracted from a displayed arbitrary
image. In some embodiments, the method includes displaying structured light
patterns, such as alternating black and white stripes, to provide a set of
feature points with known positions in the display image which can be easily
located and identified in the camera image. In embodiments of the present
invention including continuous calibration, structured light patterns can be
embedded in the display image. The pattern may be visible to the user or
hidden to resemble noise as described herein. The pattern can be distributed

over a number of frames to reduce the visibility of the pattern. Feature points
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can also come directly from the image. In this case calibration can only
happen when the distribution of feature points is wide enough to cover most of

the displayed image.

[0114] At 216, the method comprises calculating a second transformation or
mapping between positions of the plurality of reference/registration markers
and feature points in the images displayed on the screen 100 and respective
positions of the plurality of reference/registration markers and feature points in
the one or more images of the screen captured by the one or more cameras
126. This provides a transformation or mapping from the display to the
camera image. This mapping requires more points than the camera-to-screen
transform because it does not necessarily conserve linearity. The feature

points can come from multiple images in the case of continuous calibration.

[0115] At 218, the method comprises inverting the second transformation or

mapping to determine a camera-to-display transform.

[0116] At 220, the method comprises combining the first transformation and
the inverted second transformation to determine a mapping for positions on
the screen to positions in the displayed images. In this mapping from the
screen to the display and given a number of feature points in the displayed
image, the same feature points are located in the camera image. The
mapping from the display to the camera space is not likely to be easily
calculated mathematically and so must be approximated. A uniform
interpolation grid can be used if the feature points are arranged in a grid.
Otherwise, a non-uniform interpolation surface can be used, such as a thin-

plate spline.

[0117] At 222, the method comprises calculating an image warp based on

the mapping and the layout of the images to be displayed on the screen.

[0118] At 224, the method comprises applying the image warp to the images
from the image generator 124 to produce geometrically corrected images for
display on the screen 100. Using the given or calculated layout of the
projected images on the screen 100, the method uses the screen-to-camera
transformation and then the camera-to-display transformation to map the

unwarped image on the screen to the warped image at the display. The layout
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is also used to determine overlaps and blending, and can be applied before
warping. The position and overlap of the images can be determined by the
software for the best usage of available pixels. The method may include
applying the image warp to the images from the image generator 124 during

runtime using hardware or software image warping techniques.

[0119] For continuous alignment methods according to the present invention,
the image being output by the image generator 124 must be available and the
image capture can be performed by software or hardware. Continuous

alignment methods include repeating steps 213 to 224.

[0120] In some embodiments, the present invention is in the form of a
preconfigured system. For example, for a known system with automatic
fiducial detection, or where continuous measurement devices are used, the
image generator 124 can be completely configured without access to the
hardware. This means the system can be initialized before installation. The
user can simply run the display system with a supplied system configuration
file. Alternatively, the present invention can be part of an embedded system
with configuration specifics set in firmware. In other embodiments, the
corrected geometry output can be calculated and uploaded to an external

hardware device, or projector with in-built geometric correction functionality.

[0121] The latency from projection to registration must be known or
measured. In a system that has user supplied parts, the preferred method is
to measure the latency. For all latency related techniques, a history of
registration frames is required for analysis. These methods require that

registration images be stored over time.

[0122] One method is to add time stamps to the registration frames. The time
stamps are extracted from the registration images and compared to the time
of detection. This should be applied over multiple successive frames to reduce
time variation due to external factors, such as network issues where the

registration devices are in the form of IP cameras.

[0123] Another method uses one or more transient registration markers used
for timing instead of position, like a "cue mark" in a movie. In one method, the

transient registration marker is shown for a single frame, followed by an
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opposite or inverse pattern for the following frame. This method can be used
where the registration device is sensitive enough to pick up a single frame. In
another method, the registration marker is shown for a period. This period
should be long enough for it to be reliably detected. The registration marker is
then hidden for the same period, before being shown again. By measuring the
phase, the offset from the time the registration point is embedded to the peak
of detection can be determined. In one refinement of the transient registration
marker methods, several measurements are taken and outliers are rejected

as being erroneous readings.

[0124] With reference to FIGS 3 and 9, according to some embodiments, the
present invention resides in a method 900 to calibrate images displayed on a
screen or surface 100 by one or more projection devices 122. The method
900 comprises determining the parameters of the one or more projection
devices 122 and the one or more registration devices, such as one or more
cameras 126. The method comprises, at 902, projecting alternating image
states on the screen or surface 100, such as alternating white and black
images. At 904, the method 900 comprises measuring the latency between
projection of the images and when the change in the images is registered by
the one or more registration devices. At 906, the method comprises
measuring the sensitivity of the one or more registration devices, such as the

white / black balance of the one or more registration devices.

[0125] Whilst in operation, i.e. whilst the images are being projected onto the
screen, the method 900 comprises, for each frame of the projected image, at
908, receiving the operational frame, i.e. the frame of the operational image,
in the frame buffer of the image generator 124. At 910, the method comprises
applying a warping pattern to the frame buffer. At 912, the method 900
comprises calculating and adding registration or reference markers to the
frame buffer. At 914, the method comprises displaying the frame buffer
through the projection device 122. At 916, the method comprises capturing
the result from registration device 126. At 918, the method 900 comprises
extracting the registration markers from the result. At 920, the method
comprises determining if the registration or reference markers are outside a

predetermined or specified tolerance. If so, at 922, the method comprises
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smoothly interpolating the warping pattern over a period of time to a new

warping pattern.

[0126] Embodiments of the present invention also relate to a system and

apparatus for performing the method 900.

[0127] In another example, it is envisaged that embodiments of the present
invention can be used for maintaining calibration of an additive printing device
to determine and correct for any drift or environmental interference without

requiring interruption of printer operation.

[0128] Hence, embodiments of the present invention address or at least
ameliorate at least some of the aforementioned problems. For example, the
present invention enables complex display systems comprising one or more
projection devices to be repeatedly or continually calibrated whilst the display
system is in normal operation, rather than using a single calibration sequence
as a separate process outside normal operation of the display system. Hence,
alignment issues that can occur after conventional calibration, for example,
due to vibration, or movable platforms as with simulators, can be repeatedly or
continually compensated for during normal operation. This results in continual,
accurate alignment of images during normal operation of the display system
and avoids the cost and inconvenience of suspending normal operation to
calibrate the display system. Alternatively, the methods of the present
invention can be performed outside normal operation of the display systems

as a single process, repeatedly or continually.

[0129] In this specification, the terms “comprises”, “comprising” or similar
terms are intended to mean a non-exclusive inclusion, such that an apparatus
that comprises a list of elements does not include those elements solely, but

may well include other elements not listed.

[0130] Throughout the specification the aim has been to describe the invention
without limiting the invention to any one embodiment or specific collection of
features. Persons skilled in the relevant art may realize variations from the
specific embodiments that will nonetheless fall within the scope of the invention.

For example, it is envisaged that one or more features from two or more
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embodiments described herein can be combined to form one or more further

embodiments.
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CLAIMS

1. A method to continuously calibrate images projected on a screen or
surface by one or more projection devices during display of the
images, the method comprising:

defining a plurality of fiducial markers on the screen;

detecting, by a registration device, such as a camera, the plurality of
fiducial markers in an image of the screen;

adding a plurality of reference markers to an image projected on
the screen;

detecting, by the registration device, the plurality of reference
markers in the projected image;,

determining a mapping between positions of the reference markers
on the screen to positions of the reference markers in the projected
images;

calculating an image warp based on the mapping and a layout of
the images to be displayed; and

applying the image warp to images from an image generator to

produce geometrically corrected images for display on the screen.

2. The method of claim 1, comprising calculating a first transformation
between positions of the fiducial markers on the screen and
respective positions of the fiducial markers in the images detected by

the registration device.

3. The method of claim 1 or 2, comprising detecting a plurality of feature
points in the images detected by the registration device, wherein the
feature points are known positions in the images projected by the one

or more projection devices.

4. The method of claim 3, comprising calculating a second
transformation between the plurality of reference markers and feature

points in the images displayed on the screen and respective positions
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of the plurality of reference markers and feature points in the images

detected by the registration device.

. The method of claim 4, comprising combining the first transformation
and the second transformation to determine the mapping for positions

on the screen to positions in the displayed images.

6. The method of any preceding claim, comprising defining a description
of the screen selected from one of the following: a 3D model of the
screen; a geometric shape; a mesh of points; an interpolated point

cloud.

7. The method of claim 6, wherein defining a description of the screen is
based on a user-defined method or a computer-generated method,
selected from one of the following: photogrammetry; reconstruction

from LIDAR data or other measurements; a depth-based method.

8. The method of any preceding claim, comprising defining a layout of
the images to be displayed on the screen including any overlaps or

blend zones of the images.

9. The method of any preceding claim, including one of the following: a)
projecting and positioning the fiducial markers on the screen; b)

positioning physical fiducial markers on the screen.

10. The method of any of claims 3 to 9, wherein: a) the feature points are
calculated in known positions in the one or more images; or b) the

features points are extracted from a displayed arbitrary image.
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11. The method of any preceding claim, comprising applying the image
warp to images from an image generator during runtime using

hardware or software image warping techniques.

12. The method of any preceding claim, wherein adding the plurality of
reference markers to the projected image comprises embedding the
reference markers in an operational image with a higher and/or lower
intensity, luminance or chrominance than the remainder of an

operational image.

13. The method of any preceding claim, wherein adding the plurality of
reference markers to the projected image comprises encoding a
registration image into a structured pattern, such as a structured noise
pattern, and combining the structured pattern with an operational

image to produce the projected image.

14. The method of claim 13, comprising extracting the plurality of
reference markers from the projected image using a background
subtraction technique to subtract the operational image from

accumulated frames of the projected image.

15. The method of claim 13 or 14, comprising tuning the sensitivity of the
registration device based on an average luminance or chrominance of

the operational image.

16. The method of any preceding claim, wherein the plurality of reference

markers is imperceptible to a human.

17. The method of claim 16, comprising chrominance shifting pixels in the

projected image in a defined pattern, in particular, chrominance
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shifting a centre pixel in one direction and chrominance shifting the

adjacent pixels in the opposite direction.

The method of any of claims 12 to 17, comprising detecting one or
more features in the operational image using computer vision analysis
before projection of the operational image and searching for the same
one or more features in the projected image detected by the

registration device.

The method of claim 18, comprising one or more of the following: a)

amplifying the reference markers embedded in the background of the
operational image while reducing the reference markers embedded in
the foreground of the operational image; b) determining shadow in the

operational image and amplifying the reference markers in shadow.

The method of any preceding claim, wherein detecting reference
markers in an overlap or blend zone of images from multiple
projection devices comprises detecting the reference markers in an

image from a single projection device at a time.

The method of claim 20, comprising suppressing the same reference
markers in the overlap or blend zone from the other projection devices

until the reference markers are detected for the first projection device.

The method of claim 20, comprising applying a weighted contribution
of the pixels at the location of the reference markers that is being

measured toward the selected projection device.
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The method of claim 20, comprising placing additional reference
markers near the overlap or blend zone and extrapolating into the

blend overlap or blend zone.

The method of claim 20, comprising using a unique pattern of

registration markers for each projection device.

The method of any preceding claim, comprising projecting alternating
image states on the screen or surface, such as alternating white and

black images.

The method of claim 25, comprising measuring latency between
projection of the images and when the change in the image states is

registered by the registration device.

The method of any preceding claim, comprising measuring the
sensitivity of the registration device, such as a white / black balance of

the registration device.

The method of any preceding claim, comprising receiving each frame
of the operational image in a frame buffer of the image generator

during display of the images.

The method of claim 28, comprising one or more of the following:
a) applying an image warping pattern to the frame buffer;
b) calculating and adding the reference markers to the frame buffer;

c) displaying the frame buffer through the projection device.
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The method of any preceding claim, comprising determining if the
reference markers are outside a predetermined or specified tolerance,
and if so, smoothly interpolating the image warping pattern over a

period of time to a new image warping pattern.

An apparatus to continuously calibrate images displayed on a screen
or surface by one or more projection devices during display of the
images, the apparatus comprising a non-transitory computer-readable
medium having stored thereon programming instructions executable
by a processor which, when executed, perform the following

operations:

defining a plurality of fiducial markers on the screen;
detecting, by a registration device, such as a camera, the
plurality of fiducial markers in an image of the screen;
adding a plurality of reference markers to an image projected

on the screen;

detecting, by the registration device, such as a camera, the

plurality of reference markers in the projected image;

determining a mapping between positions of the reference
markers on the screen to positions of the reference markers in the

projected images;

calculating an image warp based on the mapping and a layout of

the images to be displayed; and

applying the image warp to images from an image
generator to produce geometrically corrected images for display on

the screen.

The apparatus of claim 31, the non-transitory computer-readable
medium having stored thereon programming instructions executable
by the processor which, when executed, perform the operations of

any one of claims 2 to 30.
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33. A system to continuously calibrate images displayed on a screen or
surface by one or more projection devices during display of the

images, the system comprising:
one or more image generators;

one or more projection devices to project images generated by

the one or more image generators onto a screen;

one or more registration devices, such as cameras, to capture

images of the screen; and
one or more processors configured to:
a. define a plurality of fiducial markers on the screen;

b. detect, by a registration device, such as a camera, the plurality

of fiducial markers in an image of the screen;

c. add a plurality of reference markers to an image projected on

the screen;
d. detect the plurality of reference markers in the projected image;

e. determine a mapping between positions of the reference
markers on the screen to positions of the reference markers in
the projected images;

f. calculate an image warp based on the mapping and a layout of

the images to be displayed; and

g. apply the image warp to images from the one or more image
generators to generate geometrically corrected images for

display on the screen.

34. The system of claim 33, wherein the one or more processors are

configured to perform the operations of any one of claims 2 to 30.
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26-36; column 19, lines 16-30)

1-34

WO 2013/121712 A2 (SEIKO EPSON CORPORATION) 22 August 2013

Entire document (see particularly Abstract; figures 1, 2A, 2B, 3A-3C, 4, 5C, 6;
paragraphs 0011, 0019-0022, 0024, 0028, 0029, 0031, 0033-0037, 0039-0042, 0048,
0054)

1-34

US 2011/0216205 Al (FLATT et al.) 08 September 2011
Entire document (see particularly Abstract)
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