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Rendering improvement for 3D display

The present invention is directed towards a method for rendering images representing a
three-dimensional scene. In embodiments of the present invention, the images will
reproduce a three-dimensional scene when shown with an autostereoscopic display

apparatus.
Background

A well proven method for creating a 3D image is to cause a viewer to see different
perspective views of a scene with each eye. One way to do this is to display two
differently polarized images on a screen, and for the viewer to wear corresponding

polarizing filters on each eye.

An autostereoscopic display or a three dimensional (3D) display may be implemented
using an aperture or slit array in conjunction with a two dimensional (2D) display to
display a 3D image. The principle of the device is that when looking at a-2D image
through a slit array, the slit array separated from the screen by a distance, the viewer sees
a different part of the 2D image with each eye. If an appropriate image is rendered and
displayed on the 2D display, then a different perspective image can be displayed to each

eye of the viewer without necessitating them to wear filters over each eye.

One important parameter which governs quality in most 3D display technologies is the
number of perspectives that can be presented by a 3D display. This leads to challenges in
calculating image information to give sufficient animation rate. The system cost may be

reduced if calculations can be performed using standard graphics processing units.

Further, autostereoscopic displays give rise to image distortions for virtual scenes that
extend in front or behind a central display plane. These are the result of a number of

factors, many related to the fact that a continuous scene is represented with a device
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which is discrete. Examples of image distortions include lines becoming jagged, which
may be referred to as tearing, and thin vertical features or other small features

disappearing.

Embodiments of the invention demonstrate ways in which image data may be calculated

to give high image quality and real-time performance.

Known rendering methods do not minimise image distortions in an effective way. They

~ may optimize the rendering for a set number of viewing positions. This means that image

distortions will accumulate in certain observation positions. Viewers of a display will

move freely so it may be advantageous if discontinuities are spread evenly.

Known rendering methods require significant hardware resources, typically graphics
processing units, and may give rise to slow image update. This may be overcome by

using additional hardware resources, which in turn leads to higher cost.

The invention disclosed herein may be implemented in the scanning slit time-multiplexed
system described in PCT application PCT/IB2005/001480, incorporated herein by
reference. However, the invention may also be used in conjunction with other display
systems. For example, a similar system where the scanning slit in a shutter in front of the
display is replaced with a device that creates a slit shaped scanning backlight to give the
same effect may be used. In this case the scanning backlight may be treated as the shutter.
The aperture in the shutter and the shape of the backlight may have a shape other than a
slit.

The scanning slit system creates the 3D effect by showing different pictures to different
locations in front of the display at high speed. It achieves this by combining a high frame
rate 2D display with a shutter. The shutter is synchronised with the display and ensures
that different portions of the 2D display are visible only from specific locations. The left
image in Figure 1 shows how a viewer looking through a narrow slit will see two distinct

regions, one for each eye. To create a 3D display from this simple slit system, the slit
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must shift laterally sufficiently quickly so that a viewer sees the scanning shutter as a
transparent window. If all the slits are updated quickly enough to be perceived as flicker-
free, a viewer will see the full resolution of the underlying 2D display from any position.
The 2D display shows different images synchronised with the opening of slits in the

shutter, as shown in the right image in Figure 1.

Summary

In view of the above identified problems, the following methods and apparatus are

disclosed herein.

There is provided a method of creating image data, the image data suitable for use with
an autostereoscopic display, the method comprising taking a plurality of samples of a 3D
scene, each sample taken for the combination of a pixel on a 2D display and an aperture
of the autostereoscopic display, wherein the centre line of projection for all samples for a

particular aperture pass through substantially the same point of the aperture.

Further, there is provided a method of creating image data, the image data suitable for use
with an autostereoscopic display arranged to display parallax in one dimension only
wherein each aperture of the autostereoscopic display is a slit, the method comprising
taking a plurality of samples of a 3D scene, each sample taken for the combination of a
pixel on a 2D display and an aperture of the autostereoscopic display, wherein the centre
line of projection for all samples for a particular aperture substantially pass through a
centre line of the aperture, said centre line of the aperture aligned with the long axis of

the aperture.

The centre line of projection for all samples may substantially pass through a viewing
line. The viewing line may be arranged substantially perpendicular to the centre line of

the aperture.
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The centre line of projection for all samples for a particular pixel may pass through
substantially the same point of the pixel. The centre line of projection for all samples for
a particular pixel may pass through substantially the same point of the pixel, but different

apertures.

The plurality of samples may be substantially evenly distributed. The plurality of samples
for a particular aperture may be substantially evenly distributed in at least one of: the
display plane and the viewing plane. The plurality of samples for a particular pixel are

substantially evenly distributed in at least one of: the shutter plane and the viewing plane.

The plurality of samples may be obtained by assuming an aperture width that is narrower

than the physical aperture width.

Each sample may comprise a centre sample, each centre sample taken along the centre
line of projection. Each sample may comprise an average of a plurality of off-centre
samples, where the off-centre samples are distributed around the centre line of projection.
The off-centre samples may be taken along lines parallel to the centre line of projection.
The off-centre samples may be taken along lines that are at an angle to the centre line of
projection, in which case the off-centre sample lines may intersect the centre line of
projection. The intersection point may be in the plane of the aperture array. Each sample
may comprise an average of a centre sample and a plurality of off-centre samples,
wherein each centre sample is taken along the centre line of projection, and the off-centre
samples are distributed around the centre line of projection. Each off-centre sample may
be offset from the centre line of projection in at least one of a vertical distance and a
horizontal distance. The off-centre samples may be evenly distributed around the centre

line of projection.

The off-centre samples may be distributed by stochastic jittering. Stochasting jittering is a
technique that may be used to hide artifacts, in which small offsets may be added to the

sampling positions. The sampling positions are offset by different random factors. A
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maximum offset distance may be defined, which may be equivalent to the distance
between samples. The offsets may have any probability distribution function. This
function may be a Gaussian distribution. The offsets may also be governed by a look-up

table to provide a pseudo random distribution.

The average may be a weighted average.

There is also provided a method further comprising: generating at least one full
perspective image and an associated depth map, the depth map defining the z-direction
for each pixel of the full perspective image; determining how pixels would be translated
for a pre-defined perspective change using the depth map; and using image interpolation
to create a new perspective from which at least one of the plurality of samples can be

taken.

There is also provided a method further comprising: calculating a first perspective view of
the 3D scene from a first position, calculating a second perspective view of the 3D
scene from a second position, interpolating a third perspective view of the 3D scene from
a third position, the third position being closer to the first position than the second
position, the interpolation comprising: transforming the second perspective view to
correspond to a view from the third position and storing said transformed second
perspective view in a buffer, transforming the first perspective view to correspond to a
view from the third position and storing said transformed first perspective view in the
buffer such that the pixel values of the transformed second perspective view are
overwritten unless no information for that pixe] value is provided by the transformed first

perspective view.

The method may further comprise taking a sample from at least one of the first, second
and third perspective views. Any pixel not defined in an interpolated view may be given

a value equal to the nearest calculated pixel value.
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A sample for a particular combination of pixel of the 2D display and aperture of the
autostereoscopic display may be only calculated if that sample is determined to be used
for determining the value for a pixel that will be viewable on the autostereoscopic
display. The known way of performing interpolation would result in calculation of a
number of pixel values corresponding to shutter positions that do not exist. Thus pixel

values are calculated that will not be shown on the display, wasting processing capacity.

A sample may be taken such that the centre line of projection passes through both the
centre point or line on the aperture and the centre of the pixel on the 2D display. A
sample or off-centre sample may be taken such that the centre line of projection passes
through both the centre point or line on the aperture and any point of the pixel on the 2D
display. Each sample may be taken such that the centre line of projection passes through
the centre of the aperture. Each sample may be taken such that the centre line of
projection passes through a point or line on the aperture which is offset from the centre of
the aperture. The point or line on the aperture which is offset from the centre of the
aperture may be at least one of: an edge of the virtual aperture and the midpoint between

two adjacent virtual apertures.

The method may further comprise applying a low pass filter to the 3D scene prior to a
sample being taken. The low pass filter has a low pass frequency dependent on a z-value
of the 3D scene. The low pass filter may have a low pass frequency dependent on z-value
of the 3D scene and on the width of the 3D pixel for that z-value. The dependence of the

low pass frequency may be identified by use of a lookup table.

The method may further comprise applying tessellation to the 3D scene prior to a sample .
being taken. The method may further comprise tessellating triangles larger than a
threshold value into smaller triangles. The threshold value for tessellation may be

dependent on the z-value of the vertices of the triangle.
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Volumetric data of the 3D scene may be stored in a 3D data structure such that any voxel
value can be found through a read operation. At least one sample may be taken using ray

tracing. At least one sample may be taken using rasterization.

The method may further comprise taking at least one sample by performing a
transformation and a projection, wherein the transformation comprises calculating a
transformation dependent on the geometry of the autostereoscopic display and the

projection comprises calculating a projection dependent on a projection plane.

The method may further comprise taking a plurality of samples of the 3D scene for at
least one further aperture of the autostereoscopic display. The method may further
comprise taking a plurality of samples of the 3D scene for all apertures of the

autostereoscopic display.

The group of pixel and aperture combinations for which samples are taken may be
optimized for at least one of: a particular viewing line, a particular viewing area, a
particular viewing volume a particular volume of the 3D scene, and a characteristic of the
autostereoscopic display. The viewing line, viewing area or viewing volume is the line,
area or volume for which the displayed image is optimized. Such optimization may be
arranged so as to give a correct perspective view when the display is viewed from the

viewing line, area or volume.

There is also provided an autostereoscopic display apparatus arranged to perform the

method disclosed herein.

There is also provided a graphics processing apparatus for use in a computer system
having an autostereoscopic display, the graphics processing apparatus arranged to

perform the method disclosed herein.
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There is also provided a graphics processing apparatus for use in an autostereoscopic
display, the graphics processing apparatus arranged to perform the method disclosed

herein.

There is also provided a computer program product comprising code means stored on a

computer readable medium for performing the method disclosed herein.

There is also provided a method of creating image data, the image data suitable for use
with an autostereoscopic display, the image data reproducing a 3D scene when shown on
an autostereoscopic display, the autostereoscopic display device comprising a switchable
aperture array and a screen, the method comprising: generating an image from a number
of perspective samples, the number of perspective samples being higher than the number
of independent viewing positions that the display can provide. The display may have
horizontal parallax only and the defined range of viewer positions may be a line. The
perspective samples may have either zero spacing or equal spacing in the aperture plane.
The perspective samples may have either zero spacing or equal spacing in the display
plane. The perspective samples may have either zero spacing or equal spacing in the
observation plane. The perspective samples may have either zero spacing or equal
spacing on both the display plane and the aperture plane. The perspective samples may
also have equal spacing in the observation plane. The rendering method may reduce

image artefacts for an observer positioned along the line of observation.

Brief Description of the Drawings

Non-limiting embodiments of the present invention will be described by way of example
with reference to the accompanying drawings, in which:

Figure 1 describes the operation of a scanning slit system

Figure 2 shows a 2D display frustum

Figure 3 shows a number of view positions for a scanning slit system

Figure 4 shows a number of view positions for a specific shutter slit

Figure 5 shows intermediary view positions for a specific shutter slit
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Figure 6 shows how the perspective information changes as the viewer moves
Figure 7 shows a number of light rays from two points in space

Figure 8 shows how two points may define a light ray

Figure 9 shows the boundaries for all light rays passing through the same 3D pixel
Figure 10 shows a 3D pixel from above

Figure 11 shows the centre line for a adjacent 3D pixels

Figure 12 shows where a pixel is fully and partially visible

Figure 13 shows how a pqint appears to move as the viewer changes position
Figure 14 shows how different 3D pixels represent the same point

Figure 15 shows other 3D pixels representing the same point as in Figure 14
Figure 16 shows the same frustum in scaled and pre-scaled space

Figure 17 shows frustums for two different functions either side of the shutter plane
Figure 18 shows pixel frustums in pre-scaled space

Figure 19 shows pixel frustums for two adjacent shutter slits in pre-scaled space
Figure 20 shows how a line is scaled using the general rendering method

Figure 21 shows a known rendering method

Figure 22 shows a known rendering method compared to 3D pixel centre lines
Figure 23 shows a known rendering method compared to 3D pixel centre lines
Figure 24 shows a rendering method assuming a narrower slit

Figure 25 shows how the camera position depends on the projected point
Figure 26 shows how the camera position depends on the projected point
Figure 27 shows the depth of field method

Figure 28 shows a multiple perspective method, and

Figure 29 shows a camera view being interpolated between two original cameras.

Detailed Description of the Drawings

3D display scene representation
In order to describe how a 3D display can represent a scene one may consider a moving

observer. This is because understanding a 3D display for a moving observer is more
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challenging than a stationary observer. At least for a scanning slit system, a stationary
observer could have the display reproduce the scene with the same accuracy for a given
depth as a 2D display. As one can see in Figure 2, the pixels in a 2D display can be seen
to represent cones from the point of the observer. These will be wider the further away
from the observer one goes in the scene. For simplicity only three pixels that are all seen

through the same slit are shown.

One way to describe a 3D display is that it is a directional display that can show different
perspectives for different viewer positions. There are many different ways to achieve this
effect. Figure 3 illustrates an example of how a scanning slit system may display nine
distinct viewing positions. A shutter filters the information on the display such that
different images are seen from each of the nine viewing positions. This is based on an
example where the 3D display has horizontal parallax only, and one may then optimise
the rendering for viewing along a line at a given distance from the display. The distance,
height and width of the line may vary according to viewer preferences. Note that the case
where the shutter is placed in front of the display will be used for this description. The
same methods will also apply to a solution where the shutter is behind the display by

means of a stripe or point light source.

Figure 4 shows an image of the partial frustums for the nine viewing positions for one
shutter slit. In this example only one pixel is visible behind each shutter slit and a
different pixel is seen from each of the nine viewing positions. In order to achieve this,
the display shows nine different 2D frames, each synchronised with the relevant shutter
slit. In this example there is no overlap between the images seen from each of the nine
viewing positions. The images could simply be different images or TV channels or they
could represent different perspectives of a 3D scene. In this example the observer needs
to move a distance m in order to see a new image where no elements of the previous

image are seen. By equal triangles one may show that this distance is given by:
Equation 1
. P(D-S5)

S
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The above example is a simplification of a real viewer situation in a number of aspects.
First, a viewer may in many instances be positioned in between the nine view positions
indicated. In this example the viewer will see part of the two adjacent positions from such
intermediate positions. For a viewer moving freely there is nothing unique about the nine
viewing positions, so he or she will be just as likely to be positioned at any intermediate
position. At the intermediary positions the image may be considered to be an interpolated
image between two adjacent numbered positions. Even though the nine numbered
positions may have no significance for the viewer, the distance m is relevant in that it
represents the rate at which new perspective information can be presented when moving
from one extreme viewing position to the other, e.g. from position 1 to 9 in this example.
Figure 5 shows that if the different perspectives would represent points sampled along a
line from the numbered view positions through the centre of the shutter slit, the spacing
between samples would be different for a given distance from the shutter plane. This

spacing, indicated by the letter a, may be described according to:

Equation 2
L_PS-2)
S

Choosing to sample along those lines or frustums is somewhat arbitrary since the
observer is just as likely to be positioned at an intermediary view position, exemplified by
observer position 4.5 and 5.5. One may instead sample with lines or frustums going from
these intermediary positions and give the pixels a value based on an average or weighted
average between the two, e.g. the pixel centred with view position 5 may be given the

average value from intermediary positions 4.5 and 5.5.

The above example represents a special case in that exactly the width of a pixel in the
display plane is seen through the shutter slit. From equal triangles it can be shown that

this is only the case when the following specific conditions are met

Equation 3

r__ D
Ae D-S
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where Ae is the shutter slit width and S, D and P defined as above.

There may be situations where one would like to use the display where these conditions
are not met. This gives rise to additional considerations when rendering data. Figure 6
shows an example where the width of three pixels is seen through a single shutter slit. In
this case Ae>P, but a similar analysis may be made for P>Ae. An arbitrary observer
position is chosen to represent an original perspective. As the observer moves away from
this position, new parts of the display will be seen through the slit. These parts may show
new perspective information. Nevertheless, part of the original perspective may still be
seen until the observer moves sufficiently far away from the original observer position.

By equal triangles the distance may be shown to be:
Equation 4

m':Dx—AE

The proportion of new and original perspective information changes linearly with n and
may be described as:
Equation §

New n nS

Total m B AeD

Equation 1 governs how far the viewer needs to move to see a full new pixel. Substituting
this value into Equation 5 one gets:

Equation 6
New m P D-S§

== —X

Total m' Ae D

This may be seen as the ratio between the rate at which new perspective information can
be added to the rate at which old perspective information remains present, as an observer
moves along the line of observation. Combining Equation 3 and Equation 6 one will get a
ratio of 1, which is what one would expect for the situation where exactly one pixel is

seen through each shutter slit.
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Both the new and original perspective information may be correct for one particular
observation position. However, one could then define this as the original perspective
position and make the same analysis again. What this shows is merely that unless the
display knows exactly where the observer will be positioned, it will introduce an error for
most observer positions. The error may be thought of as an imprecision in the

representation of a scene.

Because the position of the viewer may be arbitrary and unknown it may at this point be
helpful to use a different model to describe the 3D display. A 3D display may be
described as a display that can reproduce different light rays, which may also be called
light vectors, going through a selected plane in space. Figure 7 shows selected light rays
from two arbitrary points in space that go through a display plane. The description below
will mainly be based on views where the y-direction of the light rays is not seen, which is
most significant for a horizontal parallax system. The analysis can be extended to also

include vertical parallax using the same methods.

Although light in many cases can be treated as rays (geometrical optics) there are cases
where the wave properties of light must be considered, e.g. with interference/diffraction.
However, in the following analysis diffraction will be ignored and a pure geometrical

approach will be used.

A light ray’s unique direction can be determined by two points in space which the ray
passes through. By tracing this ray back to the object and assuming the light has travelled
through air, the radiance can be determined. Although this is a simplified model of a true
light field it simplifies the ray tracing analysis considerably. The light ray L(s,t,u,v) is
thus uniquely determined by two points, or 4 variables in a 4D space, as shown in Figure

8. However, for a more detailed analysis on light fields a 5D plenoptic function could be

. considered or even a more sophisticated approach that considers dimensions such as time,

light wavelength, etc. In the 4D space analysis light rays will have a constant radiance

and colour as it travels through space.
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One may select the display plane as one of two planes that are used to define the two
points in space. In order to perfectly reproduce a real scene one would need to reproduce
an infinite number of light rays. This would mean that each point on one plane would
have light rays going through an infinite number of points on the other plane and vice

versa. In effect the light rays will make up a continuous light field.

A real display will deviate from the perfect situation in that it cannot set the value of each
light ray independently. A 3D display pixel will be defined as the range of light rays that
the display can only address jointly. The case where this range of light rays takes on the
same value will be considered here, even though there may be cases where the light rays
may take on different but not independent values. A real display may also be limited in

the overall range of light rays that can be represented, i.e. it has limited viewing angles.

In a scanning slit system one may regard the combination of a display pixel and shutter
aperture to define a 3D pixel. In fact, one may model any autostereoscopic display in this
way. In the most common implementation of the system the 3D pixel may only take on
one value in terms of colour and intensity. In terms of defining light rays it simplifies the
analysis to choose the display plane and the shutter plane as the two parallel planes. The
3D pixel represents a range of light rays, as shown in Figure 9. This range can be defined
as all the light rays that go through the same display pixel and the same shutter aperture.
The case where pixels are square and shutter apertures are vertical slits will be described
in detail, while a similar analysis can be extended to any shape of pixels and apertures.
Because this particular system does not have vertical parallax a line of observation may
be chosen and only the light rays going through this line are considered relevant. It
should also be noted that there may be black areas both on the display and the shutter that
cannot be addressed, which would introduce 3D pixel gaps. One example of this would

be black gaps between pixels, which many 2D displays have.

If all light rays were to have equal weighting for the value of the 3D pixel then the value
of the 3D pixel may be determined by a double integral. The first integral would integrate

the intensity function for all light rays passing through the area of the slit for a single
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point on the display pixel. The second integral would integrate the first integral over the
area of the display pixel. For the case where only the light rays passing through the line
of observation are considered relevant the values to integrate over becomes slightly more
complex. The first integral would then integrate the intensity function for all light rays
passing through the area of the slit and the line of observation for a single point on the
display pixel. In effect this means that one integrates over a horizontal line on the shutter
slit for a given point on the display pixel. The second integral would still integrate the
first integral over the area of the display pixel. With the intensity function being L(s,t,u,v)

one may express the double integral as:

Equation 7
3Dpix=L L L(s,t,u,v)
ixel Sl

In a more advanced model one may introduce a transfer function a(s,t,%,v), which
effectively gives a weighting of the different light rays. In this case one would integrate

the product of the L and a functions.

Figure 10 shows a cross section of the two planes from above looking down the y-axis.

For this particular cross section the integral in Equation 7 may be written as:

Equation 8
Pl2 Ael2

3Dpix = j _[L(s,t,u,v)asau , where P is the pixel width and Ae the shutter slit width
-P/2-Ae/2

In order to determine the full 3D pixel value one would need to integrate Equation 8 in
the y direction over the height of the pixel. In a discrete system Equation 8 may be

described as a sum:

Equation 9

Pi2 Ae/2

3Dpix = Z ZL(s,t,u, v), where P is the pixel width and Ae the shutter slit width

~P/2-Ae/2
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By drawing the boundary light rays from the edges of the display pixel and the shutter slit
one may define the area that the light rays from the 3D pixel sweeps. One may observe
that the area is bounded by the light rays going from opposite edges of the shutter slit and
the pixel everywhere except in the region between the shutter and the display. In this
region the area is bounded by the light rays going from the same edge on the shutter slit
and pixel. The width of the area swept by the light rays will be called w and will vary

with z according to:

Equation 10
we Ae x abs(z) N Pxabs(S - z)
S S

Figure 11 shows the centre lines for a number of adjacent 3D pixels. It shows that these
centre lines intersect both in the display plane and the shutter plane. Because of this there
are two alternative ways of describing these centre line light rays. One may either
describe them as groups of light rays going through the centre of the pixels with a certain
angular spacing, or as groups of light rays going through the centre of the shutter slits
with another angular spacing. In the examplé in Figure 11 the shutter slits are wider than
the display pixels. Hence, the groups of centre lines will be more closely spaced in the
display plane than in the shutter plane, but on the other hand the angular spacing will be

larger within the groups in the display plane than in the shutter plane.

One thing to note is that the angular spacing will in this example not be uniform within a

group of light rays. Instead it becomes smaller with larger viewing angles.

To fully understand the situation one may introduce the viewer to the analysis again.
Figure 12 shows a viewer positioned at a distance D from the display plane. It shows the
viewing positions from which a 2D pixel will be wholly or partially visible. The width of
this viewing zone can be obtained by substituting z=D into Equation 10, i.e. the area
defining the 3D pixel. One may also see that it relates to the distances defined by

Equation 1 and Equation 4. It is noted that for some viewing positions the 2D pixel is
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fully visible and for some viewing positions it is only partially visiblé. Another thing to
note is that if one selects a point somewhere along the z-direction it will be fully visible,
i.e. visible through all points on the pixel in some areas, whereas it will only be partially
visible, i.e. visible only through part of the pixel in some areas. This may be relevant if
several samples are taken to determine the value of the 3D pixel and one wishes to put

different weighting on these samples.

In a 3D display the 3D pixel may represent an object anywhere in the z-direction. It will
be other references that determine where an observer perceives the object to be. Figure
13 shows the viewing cones for a 2D pixel that is seen through the same slit for both
viewing positions. Both cones therefore represent a range of light rays that form part of
the same 3D pixel. Hence, they are forced to have the same colour and intensity. Other
references make the viewer perceive a point at depth z, for position 1 in this example. As
the observer moves from position 1 to position 2 the point will appear to move. The
further away from the display plane it is, the more it will move. It will depend on other
references exactly how the point seems to move. It may move both within the z-plane and
along the z-axis. This effect is similar to the effect experienced when an observer moves
the head in a goggle based stereo system without head tracking. The scene will appear to
change even though the same perspectives are still shown. For a scanning slit system this
will give rise to a local perspective error. The 3D pixel defined in Figure 10 may be seen
as a measure of the maximum amount a point may appear to move and hence the amount

of error.

The references that determine how a point appears to move may typically be the
perspective seen by the observer’s other eye and the parallax experienced from

movements of the head.

Figure 14 shows a point behind the display plane. It is assumed that a rendering method is
used such that the point will set the value of three pixels behind each shutter slit. The
narrow grey cones going from the point show the range of light rays that go through the

point and these pixels. However, by setting the value of these pixels, one is also forced to



10

15

20

25

30

WO 2009/027691 PCT/GB2008/002933
18

set the value for the 3D pixel representing the selected 2D pixel and shutter slit
combinations. The image shows three such 3D pixels for head position 1 and head
position 2. One can see that the area where all 3D pixels overlap is relatively large and it
may be seen to represent the uncertainty as to where the point is located. From Equation
10 one may deduce that the area of uncertainty will depend on the pixel size, slit size,

shutter display separation and the distance away from the display plane.

Figure 15 shows an example where the shutter slit width is reduced. The area of

uncertainty is significantly reduced.
3D image generation

An image generation scheme will produce one or a number of 2D images that reproduce a
3D scene when shown on a 3D display. One may do so by sampling a vector or light ray
that goes through the virtual scene in order to determine the value of a pixel for a certain
slit position. This is the method used in ray tracing. The line along which the sample is
taken, i.e. the sampling vector or light ray, may be referred to as a centre line of
projection. When 2D anti-aliasing is used in ray tracing, sampling is performed along
more than one line and then a pixel is given a value based on these samples. These other
sample lines may be distributed around the centre line of projection. In rasterization one
does not sample along a line in the same way as in ray tracing, instead the algorithm
checks if an object falls within the frustum for a particular pixel and camera position and
then each pixel is given a value based on this. The centre of this frustum may be referred
to as the centre line of projection. When 2D anti-aliasing is used in rasterization each
pixel is typically divided into a number of sub-pixels and then the original pixel is given a
value based on the value of these sub-pixels. The following analysis will give similar
conclusions for both ray tracing and rasterization. Where one method may be used for the

description a similar description could be made using the other method.

As the above analysis shows, each pixel and shutter slit combination (i.e each 3D pixel)

represents an infinite number of light rays within a certain range. Hence, there are many
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different ways to generate the 2D images for display at the display plane. Different

methods will produce a different visual result for the observer.

Two known methods will be analysed in relation to the display scene representation

described above. Methods to improve the visual result will be presented.

1. General rendering method (GRM)

A general rendering method (GRM) was described in patent application
PCT/IB2005/001480. The GRM provides a good benchmark for rendering of an idealised
display with very thin slits and very fine details in the scene. In this regard, a very thin
slit is a slit having width substantially equal to pixel width, and very fine detail is scene

detail having an angular diameter substantially equal to one pixel resolution.

Equation 11 is one of the key equations for GRM. The GRM transforms the scene such
that all perspectives for one shutter slit can be captured through a standard perspective
rendering operation. It provides the transformation for the x-coordinate that may be
performed before or after the normal perspective rendering step. It should be noted that in
a practical implementation they need not be two separate steps, and they may be
implemented in a single equation. Nevertheless, it is useful to separate the two steps

when trying to understand the problems involved.

Equation 11

One may start by considering the ideal case. In the ideal case the GRM transformation
does not change the information in a way that gives rise to any distortions when the
standard perspective rendering operation is performed. This is the case if all triangles

have constant z-values or if each element in the scene is sufficiently small.
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In order to understand how this rendering method takes samples of the 3D scene one can
translate the rendering operation, which performs the sampling, in the transformed or
scaled space to the pre-scaled space, i.e. the original scene space. In the scaled space a
normal camera is set up with a given frustum. Figure 16 shows a camera positioned at
z=100, the shutter at z=10 and the display at z=0. For the slit centred around x=0 the
frustum intersects the display at x=100 and x=-100.

By inserting the scaled values in Equation 11 one can calculate the pre-scaled frustum.
Figure 16 also shows the pre-scaled space that the camera captures. The shape makes
sense. At z=100 it covers the line of observation, it crosses in the shutter plane z=10
where the equation assumes an infinitely narrow slit, and intersects the display plane at

the same points in both pre-scaled and scaled space.

The actual samples that are taken will be when a pixel is given a value in the scaled
space. If there are 200 pixels in the display plane for the frustum in question, the pixels
will have a pitch of 1 in the display plane. In the base example, using the ray tracing
analogy, the camera will take samples along lines going from the camera position through
the centre of each pixel in the scaled space. Figure 18 shows the lines for a number of
adjacent pixels converted to the pre-scaled space. Comparing to Figure 11 one will see
that this is the same as sampling along the centre line for all the 3D pixels going through
the shutter slit in question. There may be small features or other high frequency elements
in the original scene, which may call for sampling along even more lines. If 2D anti-
aliasing is used for the standard projection step this may be equivalent to adding one or
more lines in between the lines shown in Figure 18 and sample along these. The final
pixel value may then be determined by taking an average or weighted average between
adjacent lines. Using rasterization one would instead say that the pixels are divided into
sub-pixels and then the original pixel would be given a value based on these. By using
this method one may reduce image artefacts experienced by the viewer. This method will
increase the number of light rays sampled going through the centre of the slit. However, it

ignores taking samples for light rays that go through other parts of the slit.
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The centre lines for the 3D pixels exemplified in Figure 11 also intersect at the display
plane. GRM handles this through the different samples taken when rendering the image
for other slit positions. For a basic case this will involve shifting the pre-scaled frustum
one slit width sideways. The camera shift gives rise to a slightly different transformation
of the scene since e takes a different value in Equation 11. Figure 19 shows two adjacent
frustums in the pre-scaled space. An interesting thing to note is that there is a space
shaped as a rhombus, between the two frustums close to the shutter pleine, which will not
be captured by any of the frustums. In or near the shutter plane samples will be closely
spaced within the frustums, but then there will be a jump in the rhombus space where the
distance between samples is large. What this shows is that the distance between samples
in or near the shutter plane in the pre-scaled space will not decrease if the 2D anti-

aliasing method described above is used.

In order to reduce sample spacing near the shutter plane one may sample for additional
virtual slit positions with a smaller slit spacing and then take an average or weighted
average. One example may be to take samples both at the slit centre and the slit
intersections and give the centre sample a weighting of 0.5 and the intersection samples a
weighting of 0.25. One may also apply a low pass filter prior to the rendering step. Such a
filter may have a different low pass frequency depending on the z-value. The wave length
of this frequency may be related to the distance w as defined in Equation 10. If this filter
is applied after the transformation step it is important that the frequency is adjusted for

the transformation.

Another way to reduce the distance between samples near the shutter plane is to have two
different scaling functions either side of the shutter plane. One example would be to have
two versions of Equation 11, where S is replaced with (S+a) for zy<S and S replaced with
(S-b) for zy>S. In this example a and b are constants that may be given any value,
positive or negative. For zy=S one may define a special case or one may choose to use
one of the two equations. a and b may be set such that pixel frustums are equally spaced
in the shutter plane. Figure 17 shows one example. In this example a is determined by the

intersection between lines from the end of the frustum in the display plane through the slit
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boundaries in the shutter plane. b is determined by the intersection between lines from the
end of the line of observation through the slit boundaries. Equal triangles for this example
gives:
Equation 12
_ SAe b= (D-3S8)Ae

T-Ae W —Ae

a

where T = frustum width in the display plane, W = width of the line of observation,  4e
= shutter slit width, S = shutter and display separation, D = display and line of

observation separation.

Another method would be to define a lookup table rather than a function. The table would
define the scaling as a function of z. This could be split into one table defining the x-
dependent scaling and one table defining the e-dependent scaling as defined in Equation
11. It could be made to trace the standard curve until the area where parts of the scene are
not captured. In this area the shift can be reduced. The table may also trace one of the

other scaling functions described above.

Minimum tessellation

One of the challenges with the GRM is that graphics cards tend to make extensive use of
linear interpolation. For a triangle with constant z for all points on the triangle this is not
a problem since the scaling and shift factor in the equation above are linear. Such a
triangle has a normal that is parallel to the normal of the shutter. For a triangle with the
vertices at different z values linear interpolation will give rise to errors. Figure 20 shows
what a straight horizontal line in the pre-scaled space will look like in the scaled space. If
a triangle had an end point with z=-30 and one with z=30 a linear interpolation would
give a straight line with x-values going from 0.33 to -0.35. However, the correct curve is
highly non-linear with asymptotes around z=10. One way to overcome this problem is to
divide the triangle into several smaller triangles. This is referred to as tessellation. This

effectively improves the sampling frequency of the GRM.
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Figure 18 can be thought of as representing the frustums for adjacent pixels in the pre-
scaled space. A triangle based within only one of these frustums will only be captured by
one pixel in the scaled space. If a large triangle is tessellated sﬁch that at least one of the
new triangles is based within only one frustum then one can ensure that the vertices of
that triangle are scaled correctly. From the image below one can see that this minimum
triangle size is highly dependent on z and x positions of the vertices. It is possible to
create a general rule that ensures that sufficient tessellation is performed. Such a scheme
may tessellate into triangles smaller in the x-direction and y-direction the closer the z-
values are to the z-value of the shutter plane (S). It would also tessellate into smaller
triangles in the z-direction the higher the x-value. Figure 18 only shows the frustums for
one slit position. One may wish to perform the tessellation on the entire scene for all slit
positions. In that case the tessellation in the z-direction may take account for the worst
case x-values since the move to a new slit position is equivalent to shifting the x-axis.
Instead it will be the maximum allowed viewing angle that will determine the tessellation

in the z-direction.

GRM substituting shutter plane with display plane

As an alternative one may choose to transform the scene such that all perspectives for one
display pixel or pixel column can be captured through a standard perspective rendering
operation. This transformation may use the normal GRM transformation described in
Equation 11 provided that the shutter is treated as the display and the display is treated as
the shutter both for the transformation and the standard projection operation. The output
for one perspective render will be all the pixel values for all shutter slit positions for a
single pixel column. This output can subsequently be read into memory in such a way
that the full frames for particular shutter positions are assembled. In a base case lines are
sampled going through the centre of the pixel and through the centre of each shutter slit.
This sampling is identical to the base case for the normal GRM sampling. However, the
introduction of 2D anti-aliasing in the scaled space will have a different effect. In this
case the additional samples will be taken through additional lines all going through the
centres of the pixels, rather than the shutter slits. The rhombus shape will appear near the

display plane rather than the shutter plane. The same improvement methods may be used
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for this GRM variation as in the standard GRM, e.g. assuming additional virtual pixel

positions.

Warping implementation for volumetric data
Volumetric data is based on points in space, voxels, rather than polygons. A common
way to represent these points is through a number of parallel planes, each of which has a

texture representing all the voxels in the plane.

Equation 11 describes the shift for the x-coordinate, from x, to x;, of a particular point
using GRM, when a camera shifts by e. For a constant z, the equation can be split into
two components, first a linear scaling factor of the x-coordinate and a shift independent of
the x-coordinate. By doing so one will note that the scaling factor is independent of e,
which means that the scaling can bAe performed once for all camera positions. Both the

scaling factor and the shift are dependent on the z-coordinate.

Based on this observation one may construct the following implementation for rendering

of volumetric data:

1. Make a representation of the scene where the normals of the texture planes are
parallel to the normal of the shutter plane, i.e. z is constant in the texture plane

2. Choose a first camera position for a particular slit position

3. Stretch the texture planes in the x-direction with the factor from the equation above
by inserting the z-coordinate and setting e = 0. Note that for zy > S the stretching will
change sign, which effectively constitutes a flip of the texture.

4. Make a standard projection of the scene based on the frustum coordinates for the
chosen slit position

5. Choose a new slit position and the corresponding camera position

6. Shift the texture planes in the x direction by inserting the correct camera shift e for the
new camera position compared with the original position. The shift is given by
Equation 11. This shift will be different for each texture plane since it is dependent on
the z-value.

7. Repeat step 4 — 6 until all slit positions have been rendered.
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For anti-aliasing purposes one may apply a low pass filter for each texture plane between
step 1 and 2 above. This may be done with different filters depending on the z-coordinate.
The minimum feature size or the wavelength of the low pass filter may be set to match w,
the width swept by a 3D pixel, described by Equation 10 for a given z-value. Other

alternatives and methods are described later in this document.

Due to precision problems for very large stretching factors a special case may be required
for texture planes in or near the shutter plane. One way to do this would be to do the
stretching after the shift for these planes. Another way would be to use different
equations for stretching on either side of the shutter plane. Yet another way would be to
use a look-up table rather than the normal scaling and shifting equation as described
above. Such a look-up table may put a cap on the scale and shift factor. These alternatives

were described in more detail in a previous section.

Prior to the stretching one may also determine which parts, if any, of the texture planes
that will not be seen in any of the slit positions and remove those parts.

The above method is not limited to the case where voxels are represented by texture
planes. For a particular viewing angle voxels could first be stretched and/or shifted
individually or as a group and then shifted as a group for a particular depth for each new

slit camera position.

One way to improve performance and quality may be to pre-calculate planes for a
number of viewing angles. In between those angles it may in some instances be sufficient
to perform an approximation of the non-linear z-dependent transformations.

2. Multiple perspectives

Figure 21 is an example of a known rendering method. It is an example of a 3-view (3

independent viewing positions as defined below) system where the shutter slits are three
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times the width of the pixel pitch. For each shutter position three perspectives are
rendered. They are taken from positions so that three frustums are generated that are non-
overlapping in the display/diffuser plane. They are also taken such that frustums span a
shutter slit in the shutter plane. They may also be taken such that the same camera can be
used for a particular perspective for all slits. Typically it is described such that views are
generated in a manner such that one records what would be seen in the real/virtual world

through that slit.

With this method the samples are unevenly distributed compared with the 3D pixel centre
lines described in Figure 11. This means that from some viewer positions the image may
have low errors while from other positions the error may be large. As mentioned
previously one may wish to have samples as evenly distributed as possible when there is
no information on the exact eye position of the viewer. In the description for Figure 11 it
was stated that the 3D pixel centre lines could either be viewed as groups of centre lines
going through the centre of the 2D pixels or groups of centre lines going through the
centre of the shutter slits. Figure 22 compares the samples taken using the known method
with a group of centre lines for a particular shutter slit, while Figure 23 compares the
samples with a group of centre lines for a particular display pixel. The numbers and
letters indicate which samples relate to which 3D pixel centre line. In Figure 23 the
distance between the samples taken and the centre lines is relatively small and relatively
uniform for different 3D pixels. In Figure 22 the situation is different. In this case the
distance between the centre line and sample is very small for some 3D pixels, e.g. 3D
pixel 5, while for others it is much larger, e.g. 3D pixel 3 and 4. Also for 3D pixel 4 the
sample is taken with anti-clockwise rotation from the centre line while for 3D pixel 3 it is
taken wifh clockwise rotation. One may express this as the angular spacing between
samples being uneven. Hence, the worst case sample spacing is worse than if the samples
were uniformly distributed. This may lead to poorer representation of a range of high

image frequency elements in the original scene.

The result of the non-uniform distance from the centre lines is that from the intersection

of the centre line of 3D pixel 5 and the line of observation, eye position V, the error is
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relatively small. Indeed the three pixels that are visible from this position (4, 5 and 6)
were rendered taking samples from this viewing position, i.e. they represent the
perspective that the viewer should see from this position. In contrast, when viewing from
the intersection of the centre line of 3D pixel 4 and the line of observation, eye position
V>, the error is relatively large. Here the pixels that are visible are rendered taking

samples from eye positions ¥;and V3 and not from 7, where they are viewed.

The above findings are reflected in the visual appearance for this rendering method. The
difference in jumps between perspectives is more or less the same, but discontinuities
within an image for a specific slit are marked. However, in order to improve the image

quality the number of samples taken may be increased.

Known methods assume that the number of perspective positions used for rendering the
image equal the number of independent viewing positions. For clarity these two terms
will be defined as follows:

The number of perspective positions is here defined as the number of positions on the
line or plane of observation from which one or more pixels are rendered for a particular
shutter slit or aperture, i.e. the number of positions used for recording the image.

The number of independent viewing positions is here defined as the maximum number
of positions where a viewer may be presented with a full image that does not contain
information from any of the other independent viewing positions. These may be the
positions described in Figure 3. It should be noted that this definition assumes perfect
properties of the system components. In a real system there may for example be
information from other viewing positions due to the fact that the shutter cannot block
light completely. In many instances the number of independent viewing positions will
equal the number of unique frames that the display can provide. This may also be the
number of slits through which a pixel may take a unique value. In a lenticular display

system it may be the number of pixels behind each lens that represent different views.

Because the perspective positions may be somewhat arbitrary one may improve quality

by generating the image from perspectives or samples taken from more perspective
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positions than there are independent viewing positions. In a first instance of the invention
a method is used where the number of perspective positions for a given shutter slit or
display pixel equal the number 3D pixels for a given shutter slit or display pixel. In that
case only one perspective or sample will be taken for each 3D pixel. In a second instance
of the invention more than one perspective or sample may be taken for each 3D pixel and
the 3D pixel may be given an average or weighted average of those perspectives or
samples. In a further aspect of the invention the perspectives or samples are evenly
distributed in the shutter plane or evenly distributed in the'display plane or evenly
distributed in both of these planes. One purpose of increasing the number of perspectives
or samples is to reduce image artefacts, some of which may be referred to as 3D aliasing

effects.

One rendering scheme provides more perspective positions by assuming a narrower
shutter slit than the actual shutter slit, and then implementing a multiple perspective
method, as shown in Figure 24. In this example nine perspective positions, one for each
pixel within a sub-slice behind the shutter slit, are used compared to only three in the
previously described known method. The sublice may be a portion of screen available for
display of images for an open slit. The display may still only provide three independent
viewing positions. The bandwidth remains the same but the perspectives or samples are
more uniformly distributed and with more uniform separation from the centre lines of the
3D display pixels. It should be noted that for one special case where one and only one full
pixel may be seen through an open slit this method and the known method will be the
same. Even in this special case one may however benefit from taking perspectives or

samples from additional perspective positions in-between the positions shown in Figure
24,

If one takes one perspective per pixel and assume that the scene is sampled along a line,
using ray tracing, with no 2D anti-aliasing the method will be mathematically the same as
the standard GRM method with the same assumptions. 2D anti-aliasing will have
different effect on the two methods however. As described above, 2D anti-aliasing in the

scaled space for GRM provided additional intermediate sample lines going through the
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same point in the shutter plane as the original sampling lines. For this method 2D anti-
aliasing would give additional sampling within the same narrow pixel frustum shown in
Figure 24, i.e. it does not increase the number of perspective samples since they are taken

from the same camera position.

Assuming that the camera is positioned such that the centre line of the projection goes
through the centre of the slit and the centre of the pixel one may determine the camera
positions as shown in Figure 25. Once a slit position is set by the slit spacing e, and a
camera position is fixed the projected point x, is given. This means any point in the scene
that lies on the line from the camera to the slit position will be projected to the point x,, .

Using equal triangles it can be shown that the point x, is given by:

_CS-eD

P S-D

For a point located at (xq, zg) as indicated in Figure 26 the projected point x, for a camera
a positioned at (C, D) will be given by:
Dx, - DC
x,=——+
D-z,

Combining these two equations and rearranging yields:

C

Equation 13

_e(D—-2z)+x(S-D)
S -z,

C

These equations determine where a camera should be located to correctly capture the
point (x4, zg) to achieve the correct perspective for that slit in that direction. Therefore
to capture a fan of “rays” through the slit the camera must be moved according to the
equation for C. In reality this is an infinite number of locations since a small change in
either x or z gives a new location for C. However, in a quantized system, like a computer

screen, there are finite locations. Say for example that 200 pixels where visible
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through/behind the slit. In this case 200 different C-values may be computed, since 200 x,,
values exist. This 1s the case where the number of perspective positions for a given
shutter slit equal the number 3D pixels for that shutter slit. One may take more samples
by using a higher number of values and then perform an averaging or weighted averaging
operation, thereby taking more than one perspective or sample for each 3D pixel. One

example would be to define additional values mid way in-between each 2D pixel.

Like the GRM the above method has the same blind rhombus shape in the shutter plane
and may benefit from additional samples taken along lines or frustums going through
other parts than the centre of the shutter slit or the centre of the display pixel. This can be
achieved through having more virtual shutter positions than there are actual shutter
positions. This becomes a method in which more than one sample or perspective is taken
for the same 3D pixel and the 3D pixel is given a value based on an average or weighted

average of these.

One way to render for additional virtual slit positions is to use a depth of field method. In
relation to a lens, depth of field is the relationship between and the distance of an object
point from the lens’ plane of focus and the sharpness of that image on the lens’ focal
plane. The image of such a point is called a circle of confusion. Depth of field is
regulated by the effective diameter of the lens, or more specifically the numerical
aperture. The depth of field method in computer graphics will in effect take the average
of a number of different perspectives where one plane will remain unchanged. If one
chooses this plane to be the pixel plane this will be equivalent to taking additional
samples for other virtual slit positions. Figure 27 shows two such depth of field
perspectives for the centre perspective. By making the camera move by a sufficient
distance along the line of observation one may sample in the space that otherwise gives
rise to the rhombus shape. In one aspect of the present invention this distance may be
such that the frustum moves up to half the width of a shutter slit in the shutter plane. In
another aspect the distance is chosen so that the camera positions are evenly spaced in the

line of observation.
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The depth of field method may also provide additional samples in the vertical direction as
well as the horizontal direction. It has been shown through experiments that this vertical
smoothing may in some instance improve the visual appearance of the scene. The depth
of field method is only one example of how this vertical smoothing can be achieved. Any
method providing additional samples that are then combined through an average or
weighted average operation may be used. Other smoothing operations may also be used.
What one may aim to achieve is to implement a method which is the equivalent of
Equation 8 sampling light rays that have equal spacing both in the shutter plane and the
display plane.

Another way to achieve this result is to render images of what is seen through an open slit
as described in Figure 21, but with several additional camera positions. A number of
extra perspectives are taken and the pixels are given an average or weighted average of
those perspectives. Figure 28 describes such a method. With camera perspectives going

to infinity the method would be equal to using the display in reverse to act as a camera.

Implementation for ray casting of volumetric data

Ray casting is a common method for displaying volumetric data. Ray casting may also
be used for data other than volumetric data too, i.e. surface models. It is based on sending
rays from the eye through the scene in a similar way as ray tracing. The following method
is also valid for ray tracing applications. In computer graphics ray casting means sending
one or more rays from a virtual camera through each pixel in the image plane and adding
colour contributions along the rays. The below example is based on a horizontal parallax

system, but can be extended to both horizontal and vertical parallax.

Using the multiple perspectives analogy it is possible to generate images for a 3D display
by tracing rays from the calculated camera positions. For a given multiple perspectives
image as sent to the 3D display, the calculated camera positions are calculated for each
pixel in the image. The calculated camera for a given pixel in the multiple perspectives
image is found based on the slit that pixel is to be seen through. Rays are traced from the

pixel centre, through the horizontal centre of the slit and to the defined view line. Where
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the ray intersects the view line is the calculated camera position for that pixel viewed

from the current slit according to Equation 13. The basic algorithm may look as follows:

1. Have the volumetric data stored in a 3D data structure/texture which makes it possible
to look up any voxel value through a simple read operation.

2. Generate a lookup table/texture which stores the calculated camera positions for all
columns of pixels in the output frames (assuming that slits are column based).

3. Send rays from the calculated camera position through the corresponding pixel in the
image plane - adding contribution from the volume while iterating. The final result is
stored in the corresponding pixel location. Different composition methods could be
used, e.g. Maximum Intensity Projection (MIP), MultiPlanar Reconstruction (MPR),

Over operator, Under operator, etc.

The method does not put any restrictions on blending method, ray increments through
the scene or optimization methods like empty space leaping or early ray termination
while rendering a high quality view for the 3D display due to the per pixel/subpixel
mapping. To increase visual quality jittering of the rays could also be performed as a
supersampling/antialiasing technique. Other methods outlined in this document may also

be used. For example both pixels and shutter slits may be divided into subpixels.

Another method of ray casting a volume using the multiple perspectives analogy is by
iterating through the volume using view aligned slices. These view aligned slices do not
have to be uniformly spaced. Since texture lookup is such a resource demanding action
on modern graphics hardware, the idea is to reduce the texture lookups by iterating
through the volume data only once in a slice by slice manner instead of iterating through
the volume for each frame sent to the 3D display. For each slice the corresponding
volume data for that slice is transformed to the correct location in all of the other 3D
display frames.

1. Have the volumetric data stored in a 3D data structure/texture which makes it

possible to look up any voxel value through a simple read operation.
2. Ray cast the central view from front to back by iterating in view aligned slices

through the volume. Le. z is constant in the sampling plane.
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3. For each view aligned slice interpolate out to the multiple perspective frames.

Additional perspectives or samples through interpolation

It has been described that many perspective positions or samples may improve image
quality. Typically there is a computational cost attached to increasing the number of
perspective positions. The way existing graphics processing units (GPU) work this means
that the full geometry of the 3D scene needs to be processed for each perspective position

making it difficult to achieve real-time performance.

One way to overcome this is to first generate one or more full perspectives, original
perspectives, along with associated depth maps. The depth maps describe where in the z-
direction each pixel is positioned. The depth map can be translated into a disparity map
which describes how the pixel would move based on a pre-defined camera movement.

Through image interpolation new perspectives can be generatéd.

One method that can be used to interpolate views at other positions than the original

camera positions is described below.

The main input to the interpolation function is one image and the corresponding depth
map or more than one image and the corresponding depth or disparity maps. A depth map
tells the depth of each pixel in the image, a disparity map tells how two pixels differs in
two images (assumed that the images are captured on the same motive, with an arbitrary

camera separation).

The interpolated view is calculated as follows

1 1 -1
T=V'_'p'Pmod-'(V'_'P'Pmod)
z. i T

Z
i r

where
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r V = viewport matrix

W = width of viewport in pixels
H = height of viewport in pixels
P = projection matrix
n = near plane distance
f = far plane distance
$ w = distance between left and right clip planes
h = distance between bottom and top clip planes
D = focal plane distance

Proa, = translation and shearing matrix of interpolated view

mod
P, .z, = translation and shearing matrix of original view
e, = distance from central view to interpolated view
\ e, = distance from central view to original view
-1
=>T=V-P-Py (V- PP,)
wW(f —-n) w(D —n)
10 T(gi —e.) -T(ei —e,)
=10 1 0 0
0 0 1 0
0 O 0 1

The interpolated pixel position, x, ,, , is then calculated as

W(f —n) W(D —n)
Xipix = Xrpix T T (e, —e) z— —TD—— (e; —e,)
where x, , is the position of the pixel in the original image and z is the depth of the pixel.

The original image is in other words read synchronously, one pixel at a time and the

pixels are written to the position in the interpolated image as calculated above.
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The quality of the interpolated image decreases as |x, — x,| , the distance from the original

to the wanted view, increases. One problem with this interpolation method is that empty
surfaces can occur, especially at positions where the depth varies much between adjacent
pixels. To create many perspectives from wide angles, more than one input image may be
used. The information from these images can be combined in different ways to create a

better interpolation.

Figure 29 shows a camera setup with two input images. If a third view at position

x, < 0.5 is wanted, one way to combine the information from the two input images is to

first calculate the view from image R and store the result into a buffer and then calculate

the view from image L and store the result into the same buffer. Since L should be the
dominating image, |x,. - xLI < |xi - xRI when x; < 0.5, the interpolated image will basically

consist of information from image L, but with gaps filled with information from image R.

This may increase the image quality drastically but still not give a perfect result.

One way to further enhance the interpolation quality is to consider a number of
surrounding pixels in the output image. If the pixels have not been written earlier, write
the current pixel to these positions but do not mark the pixels as written. This will cause

some extra writing but small gaps will be filled with the nearest pixel value.

This is only one example of interpolation methods that may be used. Interpolation may be
used to produce the multiple perspective operations mentioned above or it may use

additional transformation steps to produce images according to GRM.

In some instances it may be possible to improve performance if not all pixel values are
calculated for all camera positions. An analogy can be made to the ray casting method
described above. If a full frame with all pixels was to be created through interpolation for
each calculated camera position (the position where a line between the centre of a pixel,
the horizontal centre of a slit intersects the viewing line) many pixels would be rendered

that are never displayed. One may therefore create a scheme where only those pixels for a
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given camera position are calculated that will be shown on the 3D display. Another way
to achieve the same thing is that one selects the relevant camera position for a given pixel
in an output frame to the 3D display, and interpolate the pixel value based on this camera
position. These methods may also be used when pixels are divided into sub-pixels as

described in other parts of this document.

The original images may be produced using a depth of field or other pre-filtering
technique. Thereby one may limit the frequency elements at different depths prior to
creating the multiple perspectives. In one aspect of the invention this pre-filtering is
related to the width of the 3D pixel as defined by w in Equation 10, or a multiple thereof.
This width may be seen as the maximum wavelength allowed for the image frequency at

a given depth.

There could be an instruction offered to applications that allows the depth properties of
the display to change from frame to frame. For example, the display may reduce bit depth
and increase the number of displayed perspectives in a scene where additional depth is
required. If the perspectives are rendered by interpolation the same output can be
produced by the application and / or graphics driver, while the number of perspectives
generated is changed. In the case where the image bit depth is reduced the speed of
interpolation may be similar between different settings, because additional perspectives

are compensated by fewer colour bits.

Changing feature size and image frequency of the scene

The above methods assume that the scene is given and aim to optimise the perceived
image quality for the viewer based on that. In virtual 3D scenes one may be able to adapt
the scene in a way that image artefacts for a given 3D display and rendering method may

be reduced.

One way is to ensure that the minimum feature size is appropriate for a given depth in the

scene. In one aspect of the invention this feature size should be related to the width w
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defined in Equation 10. The minimum feature size could equal w or a w multiplied with a
constant factor. The advantage of setting such a minimum feature size is that one may
avoid certain features not being visible from certain observation positions, one may also
reduce the relative image error. In other words, the error in the image may be smaller in
relation to the size of a feature if the feature is bigger. For example, if the edge of a line is
jagged, this jaggedness may be smaller in relation to the width of the line if the line is

wider.

Sometimes feature size may not be a meaningful term and one may instead limit the
maximum frequency element in the scene. In this case the wave length of the maximum
frequency may be related to the width w defined in Equation 10 in a similar way as the

minimum feature size.

Standard methods used in computer graphics may be used to ensure a minimum feature
size. Examples of such methods are level of detail and MIP maps. In level of detail the
complexity of a 3D object and hence the minimum feature size may be changed
depending on the position of the object. MIP maps are pre-calculated versions of a texture

with different levels of detail or image frequency.

The minimum feature size only relates to the spatial sampling rate at a given depth. A 3D
display also has a limited angular sampling rate for a given depth. The scene may also be

pre-filtered to reduce the angular frequency or angular level of detail of an object.
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Claims

1. A method of creating image data, the image data suitable for use with an
autostereoscopic display, the

method comprising taking a plurality of samples of a 3D scene, each sample taken for the
combination of a pixel on a 2D display and an aperture of the autostereoscopic display,
wherein the centre line of projection for all samples for a particular aperture pass through

substantially the same point of the aperture.

2. A method of creating image data, the image data suitable for use with an
autostereoscopic display arranged to display parallax in one dimension only wherein each
aperture of the autostereoscopic display is a slit, the method comprising taking a plurality
of samples of a 3D scene, each sample taken for the combination of a pixel on a 2D
display and an aperture of the autostereoscopic display, wherein the centre line of
projection for all samples for a particular aperture substantially pass through a centre line

of the aperture, said centre line of the aperture aligned with the long axis of the aperture.

3. A method as claimed in claim 2, wherein the centre line of projection for all

samples substantially pass through a viewing line.

4. A method as claimed in any preceding claim, wherein the centre line of projection
for all samples for a particular pixel pass through substantially the same point of the

pixel.

5. A method as claimed in any preceding claim, wherein the plurality of samples are

substantially evenly distributed.

6. A method as claimed in any of claims 1 to 4, wherein the plurality of samples for
a particular aperture are substantially evenly distributed in at least one of: the display

plane and the viewing plane.
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7. A method as claimed in any of claims 1 to 4, wherein the plurality of samples for
a particular pixel are substantially evenly distributed in at least one of: the shutter plane

and the viewing plane.

8. A method as claimed in any preceding claim, wherein the plurality of samples are

obtained by assuming an aperture width that is narrower than the physical aperture width.

9. A method as claimed in any preceding claim, wherein each sample comprises a

centre sample, each centre sample taken along the centre line of projection.

10. A method as claimed in any one of claims 1 to 8, wherein each sample comprises
an average of a plurality of off-centre samples, where the off-centre samples are

distributed around the centre line of projection.

11. A method as claimed in any one of claims 1 to 8, wherein each sample comprises
an average of a centre sample and a plurality of off-centre samples, wherein each centre
sample is taken along the centre line of projection, and the off-centre samples are

distributed around the centre line of projection.

12. A method as claimed in claim 10 or 11, wherein each off-centre sample is offset
from the centre line of projection in at least one of a vertical distance and a horizontal

distance.

13. A method as claimed in claim 10, 11 or 12, wherein the off-centre samples are

evenly distributed around the centre line of projection.

14. A method as claimed in claim 10, 11 or 12, wherein the off-centre samples are

distributed by stochastic jittering.

15. A method as claimed in any one of claims 10 to 14, wherein the average is a

weighted average.
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16. A method as claimed in any preceding claim, the method further comprising:
generating at least one full perspective image and an associated depth map, the
depth map defining the z-direction for each pixel of the full perspective image;
determining how pixels would be translated for a pre-defined perspective change
using the depth map; and
using image interpolation to create a new perspective from which at least one of

the plurality of samples can be taken.

17. A method as claimed in any preceding claim, the method further comprising:
calculating a first perspective view of the 3D scene from a ﬁrst position,
calculating a second perspective view of the 3D scene from a second position,
interpolating a third perspective view of the 3D scene from a third position, the

third position being closer to the first position than the second position, the interpolation

comprising:
transforming the second perspective view to correspond to a view from the
third position and storing said transformed second perspective view in a buffer,
transforming the first perspective view to correspond to a view from the
third position and storing said transformed first perspective view in the buffer such that
the pixel values of the transformed second perspective view are overwritten unless no

information for that pixel value is provided by the transformed first perspective view.

18. A method as claimed in claim 17, further comprising taking a sample from at least

one of the first, second and third perspective views.

19. A method as claimed in claim 16, 17 or 18, wherein any pixel not defined in an

interpolated view is given a value equal to the nearest calculated pixel value.

20. A method as claimed in any preceding claim, wherein a sample for a particular

combination of pixel of the 2D display and aperture of the autostereoscopic display is
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only calculated if that sample is determined to be used for determining the value for a

pixel that will be viewable on the autostereoscopic display.

21. A method as claimed in any preceding claim, wherein a sample is taken such that
the centre line of projection passes through both the centre point or line on the aperture

and the centre of the pixel on the 2D display.

22. A method as claimed in any preceding claim, wherein a sample or off-centre
sample is taken such that the centre line of projection passes through both the centre point

or line on the aperture and any point of the pixel on the 2D display.

23. A method as claimed in any preceding claim wherein each sample is taken such

that the centre line of projection passes through the centre of the aperture.

24. A method as claimed in any preceding claim wherein each sample is taken such
that the centre line of projection passes through a point or line on the aperture which is

offset from the centre of the aperture.

25. A method as claimed in claim 24, wherein the point or line on the aperture which
is offset from the centre of the aperture is at least one of: an edge of the virtual aperture

and the midpoint between two adjacent virtual apertures.

26. A method as claimed in any preceding claim, further comprising applying a low

pass filter to the 3D scene prior to a sample being taken.

27. A method as claimed in claim 26, wherein the low pass filter has a low pass

frequency dependent on z-value of the 3D scene.

28. A method as claimed in claim 26, wherein the low pass filter has a low pass
frequency dependent on z-value of the 3D scene and on the width of the 3D pixel for that

z-value.
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29. A method as claimed in claim 27 or 28, wherein the dependence of the low pass

frequency is identified by use of a lookup table.

30. A method as claimed in any preceding claim, further comprising applying

tessellation to the 3D scene prior to a sample being taken.

31. A method as claimed in claim 30, further comprising tessellating triangles larger

than a threshold value into smaller triangles.

32. A method as claimed in claim 31, wherein the threshold value for tessellation is

dependent on the z value of the vertices of the triangle.

33. A method as claimed in any preceding claim, wherein volumetric data of the 3D
scene is stored in a 3D data structure such that any voxel value can be found through a

read operation.

34. A method as claimed in any preceding claim, wherein at least one sample is taken

using ray tracing.

35. A method as claimed in any one of claims 1 to 33, wherein at least one sample is

taken using rasterization.

36. A method as claimed in any one of claims 1 to 33, the method further comprising
taking at least one sample by performing a transformation and a projection, wherein the
transformation comprises calculating a transformation dependent on the geometry of the
autostereoscopic display and the projection comprises calculating a projection dependent

on a projection plane.
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37. A method as claimed in any preceding claim, the method further comprising
taking a plurality of samples of the 3D scene for at least one further aperture of the

autostereoscopic display.

38. A method as claimed in any preceding claim, the method further comprising
taking a plurality of samples of the 3D scene for all apertures of the autostereoscopic

display.

39. A method as claimed in any preceding claim, wherein the group of pixel and
aperture combinations for which samples are taken is optimized for at least one of: a
particular viewing line, a particular viewing area, a particular viewing volume a particular

volume of the 3D scene, and a characteristic of the autostereoscopic display.

40.  An autostereoscopic display apparatus arranged to perform the method of any one

of claims 1 to 39.

41. A graphics processing apparatus for use in a computer system having an
autostereoscopic dispiay, the graphics processing apparatus arranged to perform the

method of any one of claims 1 to 39.

42. A graphics processing apparatus for use in an autostereoscopic display, the
graphics processing apparatus arranged to perform the method of any one of claims 1 to

39.

43. A computer program product comprising code means stored on a computer

readable medium for performing the method of any one of claims 1 to 39.
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