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Method of recording an image and obtaining 3D information from the image, camera system

FIELD OF THE INVENTION
The invention relates to a method for recording an image and to a method for

obtaining 3D information from the image. The invention also relates to a camera system.

BACKGROUND OF THE INVENTION

One of the hot topics in modern day imaging techniques is 3D imaging.

The most straightforward way of obtaining 3D images is by means of taking
two or more images from different viewpoints and constructing from the two or more images
a 3D image. Such techniques basically mimic the human vision system.

The disadvantage of such techniques are that one needs two camera’s and one
needs to know the distance between the two camera’s, their focal lengths and the lens
distortions, and combine the images taken to produce 3D information.

There is a need for imaging techniques that allow 3D information to be
obtained using a single camera, or at least a single lens.

A number of methods are known which use only a single camera, or a camera
assisted with a static pattern projector. The methods can be divided in three groups:
triangulation based, de-focus based and time-of-flight.

In triangulation based methods the depth is estimated from the local disparities
between a projected pattern and an acquired pattern, i.e. the image the projected pattern gives
on the objects in the images. The distortions of such patterns provide for an estimate of the
distance. The disadvantage is that a pattern is to be projected and that at best an estimate is
made that provides for some sort of indirect estimate providing a probabilistic estimate, nor a
real estimate.

In depth-of-focus method a camera is focused at a certain distance, and the
depth map can be estimated by computing locally an amount of de-focus caused by
deviations of the actual distances to the object from the distance of perfect focus. Again a
probabilistic estimate is provided and in principle there is a duality in the outcome since there
is no way of distinguishing with any certainty whether the out-of-depth focus is due to an

object being in front of or further away than the plane of focus.
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In contrast to this, time-of-flight methods do provide a realistic estimate of the
distance to the camera. In ‘time of flight” method the object is illuminated with 5-50ns light
pulses. The special camera sensor then measures the delay between the emitted and reflected
pulses which grows with the distance to the object. An example of such a camera system is
described in “A 3-D time of flight camera for object detection” by Ringbeck et al, Optical 3D
measurement techniques 09-12.07.2007 ETH, plenary session 1: Range Imaging 1. However
the method requires sophisticated techniques and is not suited for all distances, the range is

typically a few meters to 60 meters, small distances are difficult to measure.

SUMMARY OF THE INVENTION

Therefore there is a need for an alternative method for recording an image and
obtaining 3D information.

To this end the method of the invention is characterized in that first and
second image data are taken in which during the image taking a focal sweep is made over a
focal range, whereby the exposure intensity is, during the focal sweep, differently modulated
for the first and second image.

The exposure is the amount of light that is captured per shot. Modulating the
exposure intensity during the focal sweep has as a consequence that, since the position of best
focus corresponds to the maximal concentration of spatial high frequencies, the spatial high
frequencies are modulated with the actual object-camera distance. Therefore, the depth
information is watermarked in high-frequencies of the acquired image. By differently
modulating, the depth information is watermarked differently in both images. By comparing
the high-frequency information, the depth information is obtainable, and a 3D depth map can
be calculated.

For one of the images the exposure may be non-modulated. The difference in
modulating would then be that one of the images has a modulated exposure whereas the other
has not.

Preferably, however, the exposure in both images is modulated in such manner
that the modulation in one image is reversed with respect to the modulation in the other
image. E.g. in one image the modulation is from high to low exposure going from a near
focus to a distant focus, while in the other image it is the reverse.

This allows accurate 3D information to be obtained.

In embodiments the sum of the exposure for both images is a constant.

Modulation of the exposure intensity can be performed in various ways:
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The light captured from a scene can be modulated, by modulating the intensity
of a light source.

The light captured can be modulated by a time modulated dimmer in front of
the lens or in front of a sensor of the camera.

The first and second image can be taken simultaneously as well as
consecutively.

More than two images can be taken. This may be interesting in those
circumstances where there is relatively little light and noise reduction is important.

The method for providing images provided the raw data i.e. the two images
from which 3D information can be calculated.

The invention is also embodied in a method of obtaining 3D information from
the images taken by any of the above mentioned methods of recording images, by comparing
the high-frequency information in the first and second image, and calculate depth information
from such comparison.

The two methods, the method for providing images and the method for
obtaining 3D image information can be integrated into a single method, but the method for
obtaining image information itself also provides for an embodiment of an aspect the
invention.

It provides the data from which the 3D image information is obtained. It
provides for a set of images obtained in a manner that is unknown from the prior art.

The preparation stage, i.c. the taking of the first and second image can for
instance be taken at one position by a camera, stored on a storage medium inside the camera.
The image data is later transferred to a central processing unit which analyses the data and
obtains the 3D information. The image data can also be directly transferred, for instance
wireless via the internet, to a central processing unit, which can be associated with a site, in
which central processing unit, located in another country, the 3D information is obtained. So
both methods, the method for providing the images and the method for obtaining 3D
information from the images taken are aspects of the invention.

The invention is also embodied in a camera system wherein the camera system
comprises a lens and a sensor and means to perform a focal sweep, wherein the camera
system comprises means to modulate the exposure intensity during the focal sweep.

These and further aspects of the invention will be explained in greater detail

by way of example and with reference to the accompanying drawings, in which
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates a sweeping focus via changing the distance between the
sensor and the lens.

Figure 2 illustrates sweeping focus via changing the focal length of the lens L.

Figure 3 illustrates a blurring kernel as the sensor plane sweeps through the
image plane wherein the image plane is situated in the middle of the sweep range.

Figure 4 illustrates the effective system blurring kernel for figure 3.

Figure 5 illustrates a blurring kernel as the sensor plane sweeps through the
image plane wherein the image plane is situated near one end of the sweep range.

Figure 6 illustrates the effective system blurring kernel for figure 5.

Figure 7 illustrates acquiring two images with differently modulated exposure

intensity.

Figure 8 illustrates a camera system according to the invention.

Figure 9 illustrated acquiring two images with differently modulated exposure
intensity.

Figure 10 illustrates a further example of a camera system according to the
invention.

Figures 11 and 12 illustrate further examples of camera system according to
the invention.

Figures 13 A and 13B illustrate the frequency distribution of the amplitude
over spatial frequencies for increasing respectively decreasing exposure intensity during the
focal sweep.

Figure 14A illustrate the ratio of the amplitudes as a function of spatial
frequency.

Figure 14B illustrates the ratio of the amplitudes as a function of position in
the focal sweep.

Figure 15 illustrates schematically calculating distances from image data taken

for two images with differently modulated exposure intensity during the focal sweep.

DETAILED DESCRIPTION OF THE DRAWINGS

The present invention will be described with respect to particular
embodiments and with reference to certain drawings but the invention is not limited thereto
but only by the claims. The drawings described are only schematic and are non-limiting. In

the drawings, the size of some of the elements may be exaggerated and not drawn on scale



WO 2012/104759 PCT/IB2012/050384
5

for illustrative purposes. Where the term “comprising” is used in the present description and
claims, it does not exclude other elements or steps. Where an indefinite or definite article is
used when referring to a singular noun e.g. "a" or "an", "the", this includes a plural of that
noun unless something else is specifically stated.

The term “comprising”, used in the claims, should not be interpreted as being
restricted to the means listed thereafter; it does not exclude other elements or steps. Thus, the
scope of the expression “a device comprising means A and B” should not be limited to
devices consisting only of components A and B. It means that with respect to the present
invention, the only relevant components of the device are A and B.

Furthermore, the terms first, second, third and the like in the description and in
the claims, are used for distinguishing between similar elements and not necessarily for
describing a sequential or chronological order. It is to be understood that the terms so used
are interchangeable under appropriate circumstances and that the embodiments of the
invention described herein are capable of operation in other sequences than described or
illustrated herein.

The invention provides a novel concept of range image computation from two
shots of a sweeping focus camera. The sweeping focus camera is a camera which changes the
focusing distance during the image acquisition. This can be done either by translation of the
sensor or the lens along the optical axis, as shown on Fig. 1 for a translation of the sensor, or
by changing the lens focal number as shown on Fig. 2.

Figure 1 illustrates a sweeping focus by changing the distance between the
sensor S and the lens L. The sensor is moved from a position in front of the image plane to a
position behind the image plane, thus sweeping through the Image Plane IP. Of course,
instead of moving the sensor as shown in figure 1, one can also move the lens L.

Figure 2 illustrates sweeping focus via changing the focal length of the lens L,
the sensor lane SP stays at one position but, by changing the focal length of the lens L the
image plane is moved from a position in front of to a position behind the sensor plane. IP
stands for the image plane. SP stands for the position of the object. Please note that a focal
sweep also corresponds to a sweep in the position of objects that are in focus at positions in
front of the lens and there is a one-on-one relation between the two.

In traditional imaging, the position of the sensor is fixed so that only the
objects at certain nominal distance appear sharply on the sensor. Objects at other distances
will appear de-focused on the sensor, where the amount of de-focus blur is proportional to the

distance between the sensor and the nominal image plane.
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In a ‘sweeping focus’ camera, the sensor plane sweeps through a range of
image planes during the exposure (figure 1) or alternatively the image plane sweeps through
a range of positions around the sensor plane (figure 2).

In contrast to a traditional camera there is no single distance to the camera at
which an object appears sharply in focus on the sensor. Instead, the captured images are
always blurred.

In both implementations, the sensor sweeps through the image plane where the
object is perfectly in focus. Thus, the object stays in focus only one instant of time and for the
remaining acquisition time it is more of less defocused. The amount of de-focus is directly
proportional to the distance between the sensor and the image plane. Instant blurring can be
represented as a convolution of the sharp image with a uniform kernel that has the shape of
the lens aperture, which is in most cases has a geometry close to disk geometry. When the
sensor sweeps through the image plane, the blur kernel is scaled spatially. The radius of the
kernel first decreases to (virtually) zero, at the position where the sensor plane and the image
plane coincide, and then increases again. In the following a linear focus sweep is considered
wherein the radius R of the blurring kernel K changes linearly with time t and where the
starting and the ending blurring radiuses are equal. This is illustrated in Figure 3. By looking
at Figure 3 one can find the blurring diagram has the shape of two cones pointing towards the
image plane. As stated before a sweep in time corresponds to a sweep through positions in
front of the lens, i.e. through the focal sweep range, therefore the vertical axis is given as t
(time) as well as d (position in focal sweep range). The total blurring which the system
produces on the sensor is a temporal integral over the disk kernels with linearly increasing
radiuses. An illustration of this system kernel is given in figure 4 showing the effective
system blurring kernel. One can see that the shape of the system kernel is in-between the
Dirac delta, corresponding to the sharply focused image, and the flat disk de-focus kernel of
the traditional camera. The vertical axis is the intensity of the blur kernel, the x and y axis
denote in arbitrary units the extent of the blur kernel in an x and y direction.

As an example the following set-up can be described:

Consider a system with a moving sensor where the lens has focal length
f=12mm, and F-number F=1.4 which gives a={/(2*F)=12/(1.4*2) is approximately 4.3mm
aperture radius. Suppose that the sweeping focus range is 250-750 mm from the lens.

Since the object at distance x from the lens is sharply focused at distance
y=fx/(x-f) behind the lens, we compute that the sweeping focus range corresponds to the

range 12.6-12.2 mm of the sensor-lens distances. For 10ms exposure time the sweeping speed
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should be (12.6-12.2)/0.01=40 mmn/s. For an object image at the middle of the sweeping
distance, (i.e. at 12.4 mm behind the lens), the maximal blurring radius (for the focusing at
the beginning of the sweeping interval) will be (12.4-12.2)*a/12.2=0.0705 mm or 11.7 pixels
on the sensor with 6 um pixels and twice as much for pixels half the size. Of course for larger
sweep ranges the kernel size will change.

For a traditional camera, the amount of de-focus increases linearly with the
distance to the image plane. Objects at one particular distance to the camera will be sharply
imaged, but as the objects are further away or closer to the camera the blurring increases.
Below we will show that the amount of blur in the sweeping focus camera design is much
less sensitive to the variations in the object-camera distance, or in other words the blur is
more or less the same for any object, whatever its distance from the lens.

Consider the case when the distance to the object is different from the nominal
but it is still covered by the sweeping range (i.e. the camera crosses through the objects image
plane during the sweep, albeit not precisely half-way, but the image plane is near one end of
the focal sweep). This will lead to a temporal offset of the moment when the sensor will cross
the actual image plane. Thus the shape of the dual-cone blurring diagram around the actual
image plane will stay the same, but the starting and the ending blurring radiuses will be
different, see Figure 5. Figure 6 is similar to figure 5 above showing the system kernel.

The system kernel as illustrated in figure 4 and 6 is the blurred image provided
by a point source, thus function is also called the point spread function, i.e. how a point is
spread out over the compound image.

We see that each object, regardless its distance to the camera, as long as the
position of the object lies within the range corresponding to the focal sweep, will appear at
certain moment of time sharply focused and moreover, around this time, it will experience
the same blurring effect. Note that the energy of the blurring kernels for each moment in time
is constant. When the object is close to its image plane, the filter energy is highly
concentrated such that the moment of a sharp focus corresponds to a Dirac delta kernel. This
part of the spatio-temporal integration area dominates the outcome of the temporal integral.
Hence the object is blurred similarly on the sensor, almost irrespective of its distance to the
camera.

One of the greatest advantages of the sweeping focus kernel is that its response
has no ‘zeros’ in the frequency response such that its inverse operation exists for all spatial

frequencies, the sweeping kernel thus allowing a well-defined and compact inverse filter. For
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a standard kernel this is not possible. This allows making an image that is in focus all over
the sweep range.

However, one cannot with any accuracy estimate depth from an almost depth-
invariant blurring kernel from a single sweep. In fact the sweeping focus approach is first and
foremost developed to provide the possibility to extract from the image an image that is in
focus at every depth. Thus, using a sweeping focus camera does not seem to offer much hope
of obtaining reliable depth information, since it is in fact a goal that is opposite to the very
basic reason for using a sweeping focus approach.

However, the inventors have realized that by modulating the exposure during
the focal sweep it is possible to use the focal sweep approach to watermark the high
frequency in the acquired image. By differently modulating the exposure intensity in two
images taken with a sweeping focus camera is it possible to abstract depth information. Yet
an all-in focus image is still also possible to reconstruct. So the best off two worlds can be
achieved, an image that is in focus at all distances can be made, and, in addition, depth
information at all distance within the focal sweep distances can be obtained.

The modulated exposure can be implemented in a number of different ways of
which as examples the following may be given:

1) using an exponential or constant acceleration instead of constant speed focal
sweep (the focusing distance changing as exponential function of time), for an exponential
acceleration to focal sweep speed increases and decreases exponentially as function of time,
for a constant acceleration the focal sweep increases and decreases linearly with time.

2) by modulating the aperture along with the focal sweep of constant sweep
speed,

3) by modulating the ambient illumination along with the focal sweep of
constant sweep speed

4) by modulating the transmission of light along with the focal sweep of
constant sweep speed.

5) any combination of the above

Below we describe a number of embodiments for the camera system, and an
embodiment for the extraction of the depth map.

In all embodiments the image brightness i.e. exposure per focus position is
modified — either directly by controlling the light source or shutter, or by changing the time
the system is focused on a position. The brightness may also be modulated in a limited set of

wavelengths (watermarking in colour).
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Figure 7 illustrates taking two images. In steps 71, 72 the acquisition of the
first image is started. In figure 1 this is done by pressing the shut button. Of course other
means then pressing a button can be used to initiate the acquisition process. For instance the
detection of movement for taking the image of an animal in the wild, or the detection of a car
speeding for taking images of tracking violation may initiate the acquisition. In step 73 the
focus is swept in for the acquisition of image 1 from beginning to end of the sweep with an
exponential acceleration. An exponential acceleration will lead to a sweep speed that is
exponentially increasing from some value to an end value over the sweep. The system will
then spend, during the exposure, most of its time near the beginning of the focal sweep,
where the sweep speed is small. However, it is not simply a reproduction of figure 5, since
actually the time scale t, d is altered. The image acquisition is ended (step 74) and the image
is saved (step 75). The same procedure is repeated in a mirror facing (i.e. by sweeping the
focus from end to start position with exponential acceleration) in steps 76 to 80. The system
will spend, during the second part of the process, most of its time near the end of the focal
sweep, where, in acquiring image 2, the sweep speed is small. Two images are so acquired.
In this example an exponential acceleration is used, in other examples a constant acceleration
may be used.

Thus, during the acquiring of images 1 and 2 the exposure is modulated, for
one image the most of the exposure is done before crossing the image plane, in the other it is
the other way around. In this example the focal sweep is done with an exponential
acceleration. This will lead to a sweep speed that is not constant but varies in an exponential
manner with time. Of course the sweep speed may also be a different function of time. One
such variation is to use a constant acceleration of the sweep speed, in that case the sweep
speed increases and decreases linearly with time. Preferably, in whatever variation, the sweep
speed increases from one end to the other end of a sweep for one image and the reverse for
the other.

An alternative for controlling the sweep speed is to use a set-up in which a
constant sweep speed is used for taking both image, but in which the illumination is different.

Figure 8 and 9 illustrate such an embodiment. In figure 9 the sweep speed is
the same and constant for the acquisition of images 1 and 2. Apart from renumbering the
steps, the only difference with the scheme of figure 7 is that the focus is swept with a
constant speed. Taking two images with a constant sweep speed will not, unless something

special is done offer the possibility to extract depth information.
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However, as figure 8 illustrates the system has a camera C, a lens L of which
the focal length can be regulated to sweep the focus. The system has means 81 to regulate the
focal length of the lens. In fact, cameras with auto/focus already have means to sweep the
focus to find the right focal distance. The system also regulates via, means 82, the
illumination of the image through lamp 83. The strength of illumination is regulated such that
it is differently modulated during step 93 than during step 98. For instance, the illumination is
regulated such that it increases, for instance exponentially, but could also be a different
function of time, from beginning to end of a sweep. The result is that, for step 93, and thus
for image 1, the illumination is most pronounced near the end position of the sweep, while
for step 98, and thus for image 2, the illumination is most pronounced near the start position.

To state it differently, if the start position corresponds to nearby objects being
in focus, and the end position to far away objects being in focus, in image 1 far away objects
will be more highlighted, while in image 2 near objects will be more highlighted.

Fig. 10 illustrates a variation on the scheme of figure 8. In front of the lamp
103 a means 104 is provided to impart a pattern to the illumination.

Figure 11 shows a variation on the scheme of figure 8. Instead of regulating
the illumination, the light falling into the lens L is regulated by means of a plate 113 with a
transparency that can be changed. Such a set-up can for instance be used for outdoor scenes
in which the illumination is due to sources that cannot be controlled, such as the sun.

Such means with controllable transparency may also be used between the lens
and the sensor, in figure 12 schematically illustrated by means 123 in front of sensor S.

The previous examples have all shown examples in which the two images are
taken consecutively. Although many preferred embodiments operate in such manner, it is not
the only way of performing the invention.

The system of figure 12 can be arranged to allow the two images to be taken
simultaneously by using means with controllable transparency wherein the transparency for
each pixel or line or part of the image can be controlled and the transparency is controlled
such that for, ¢.g. odd and even lines the transparency goes from low to high during the focal
sweep for one of the set of lines and from high to low during the focal sweep for the other set
of lines. Of course, this scheme can be further refined by for instance a checker board
approach wherein the pixels are divided into two groups where the two groups form a
checker board over the sensor.

The two images are than taken simultaneously.
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A variation on this scheme is to use a single lens and a splitting mirror which
splits the image into two images, which images are sent to different sensors, whereby for
cach of the sensor a means with controlled transparency is provided and the transparency of
the plates is modulated during the focal sweep, for one of the sensors decreasing during the
focal sweep, for the other increasing during the focal sweep.

Taking two images one after the other is advantages in case the change in the
image between the images is small. The advantage is that the two images can be correlated
very accurately. Taking two images simultaneously provides for an additional step of making
sure that the positions on the sensors correspond. However, such a set-up is advantageous in
case an image is to be taken of a relatively fast moving object.

Having taken the two images with differently modulated exposure during the
focus sweep, the next step is to be taken and that is to distract the depth information from the
two images.

The scene depth map can be calculated from a pair of differently modulated
focus sweep images. Moreover the depth map (and its error bound) can be calculated, by
means of a calibration, directly from the pair of images, which is an advantage over
commonly used ‘probabilistic’ methods, such as estimating depth by depth of focus, which
can give completely wrong depth maps or even cannot make distinguish between two
different depths.

To illustrate this, figures 13A and 13B give measurements of the spatial
frequency components, i.¢. a spectrum plot, for a number of situations wherein for figure 13A
an increasing exposure is used, and for figure 13B a decreasing exposure is used. An
increasing exposure means that, at the end of the sweep the exposure is highest, whereas at
the beginning of the sweep the exposure is lowest, a decreasing exposure means the opposite.

The lines give the distribution for images taken of an object. The legend
provides for the position of the object. The denotation “middle” means that the object was,
during the sweep, situated at the middle of the sweep range. If the object is in the middle
position and in focus an object at either end of the focal sweep range experiences
approximately 100% of the maximal blurring effect. A number 0.8 means that the object was
situated at a position near the end of the focal sweep where, when said object is in focus an
object at the “middle” position experiences 80 percent of the maximal blurring effect , a
number -0.8 corresponds to an object being positioned symmetrically near the beginning of

the focal sweep.
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Figure 13A shows that for increasing exposure intensity during the focal
sweep, the high spatial frequency components are largest for objects that are positioned near
the end of the sweep range, and lowest for objects positioned at the other end of the focal
sweep. At the beginning of the focal sweep the intensity is low, so objects positioned near the
beginning of the focal sweep have only limited high frequency components (they receive
only a limited amount of light), near the end of the focal sweep the exposure intensity is high
and the objects have large high frequency components.

Figure 13B shows that the opposite is true for a decreasing exposure during
the focal sweep.

Dividing the outcome of graph 13 A by the outcome of graph 13B provides a
graph as shown in figure 14A. As a function of the spatial frequency (given on the horizontal
axis) the log of the ratio of absolute amplitude varies significantly for small spatial
frequencies, but is, for spatial frequencies higher than the ones schematically indicated by the
vertical dotted line, more or less, within relatively small margins, a constant. One can see that
in high-frequency part this ratio is almost frequency invariant, i.e. it depends only on the
position in the focal sweep range and thus on the distance of the lens to the object. The shape
of the sweeping focus kernel is scale invariant.

Figure 14A roughly provides an indication of the frequency percentage, at
which the ratio becomes flat. High spatial frequencies correspond to spatial frequencies with
a spatial wavelength smaller than approximately 10% of the blur kernel size. Thus, if the blur
kernel has, on the sensor a size of 60 pixels, a highest spatial frequency is 60 cycles/kernel,
1.e. details with a spatial wavelength of one pixel, the lowest is an overall detail, i.e. 1
cycle/kernel. The cut-off between high spatial and low spatial frequency lies, in this example,
around 10% of the blur kernel size, i.c. around 6 cycles/kernel, details of around 6 to 10
pixels and smaller. As stated above the blur kernel itself is scale invariant, so all measures
scale with the effective blur kernel size. The cut-off lies, somewhat dependent on the used
modulation, approximately around 6 to 10% of the blur kernel size. It is remarked that for a
particular camera system the graph of fig 14A can be calculated to find the transition between
high and low spatial frequencies, i.e. the frequency range above which the ratio is a good
measure for the depth.

Figure 14B plots the log of this spatial frequency invariant ratio R on the
vertical axis as a function of the position P of the object in the focal sweep on the horizontal

axis.
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It is seen that this ratio is a function of the position of the object in the focal
sweep range, i.¢. of the distance d to the lens.

The high frequency energy of the image obtained with a sweeping focus
camera with, for this example, exponentially increasing exposure can be approximated,

according to Parseval equality, as

: 2
HF(Imagel) ~ f (FH((U)FSM((U) (Ffmage (W) + Fyq (w))) dw

where Fu() is the Fourier transform of the high-pass filter, Fspi(®) is the Fourier transform
of sweeping focus blurring kernel, corresponding to increasing exposure Fimage(®) 18 the
Fourier transform of texture and Fxi(®) is the Fourier transform of the additive noise in
image 1. The high frequent energy of the image obtained with a sweeping focus camera with

exponentially decreasing exposure can be approximated, similarly, as

2
HF (Image2) ~ f (FH(cu)FSFZ(w) (Fmge(m) +Fm(m))) dw

2

where Fsr(m) 1s the Fourier transform of sweeping focus blurring kernel, corresponding to
decreasing exposure and Fxz(®) is the Fourier transform of the additive noise in image 2.

As shown in figure 14A, for high frequencies, we have

(Fsp (a)))z ~ F(d)(Fspy (ﬂ-’))z,

where F(d) is the ratio between the instant illumination intensities at distance d. Note that
F(d) is a function which depends on the object-camera distance, and it does not depend on
frequency . If the sweep is exponential then F(d) is also exponential and the Log(F(d)) is a
linear function of d, as shown in figure 14B. Thus for the ratio between the high frequent

energies of the image we will have
‘ _ 2
[ (FH(f:))FSFl(m) (mege(m) + Fm(m))) dew

HF (Imagetl) _ | s
— = Fid —— x FA(d)———
HF (Image2) () : (d)— ;

Where S is the high-frequent energy of the texture, and n; ,n, are the noise
energies at first and the second acquisition. If the signal from the texture is much higher the

noise level, i.e. S>> 1z, or if the energy of the noise in both images are approximately
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equal, then
HF (Imagel N o/ 2,

‘ (Imag ,_) ~ FHd)—— L F*(d)
HF (Image?2) S+

Thus taking the ratios of the high frequency components provides a reliable
estimate of distance to objects. Experiments ID shows that the proposed method also works
for objects with variable distance to the camera when the convolutions are limited to a small
window around specific image coordinate. The above example is given for an exponentially
changing sweep speed. However, approximately the same results are obtained for linearly
changing sweep speeds.

Preferably the sum of the two exposures is a constant.

If this condition holds the two images can be summed to provide (by filtering
with a reverse point spread function) an image is an all-in-focus image wherein all parts of
the image are sharp.

So taking the middle of the sweep range to be x=0, it preferably holds that
f(x)+f(-x)=constant, where f(x) and (f(-x)) are the exposure intensities at either side of the
middle of the sweep range.

This can relatively easily be obtained if one uses a constant sweep speed and
changes the illumination or transparency during the sweep.

For exponential sweep one will get the amplitude of high frequencies which
follows

exp(Ax)+exp(-Ax) where x=0 corresponds to the middle of the sweeping
range.

exp(Ax)+exp(-Ax) is close to a constant only for the small range of x,
depending alos on the exponential behaviour, i.c. the value of A.

In the filtered summed image of two exponential exposures there will be a
slight over-sharpening of the objects at the boundaries of the sweeping range, in other words
objects in the foreground and background will be somewhat sharper than objects in the
middle of the sweeping range.

Both exponential and linear exposure modulations are close to the equation at
x=0, but none of them is optimal, for the complete range, albeit linear modulations providing

generally a more constant sharpening than exponential exposure modulations.
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Since the exposure is inversely proportional to the sweeping speed, the linear
or exponential exposure preferably starts at low value>0 corresponding to the maximal
possible sweeping speed. In other embodiments (modulated light source of global shutter) the
exposure can start with 0.

Figure 15 illustrates this schematically. Each image, image 1 and image 2, is
convoluted with a spatial high pass filter in steps 151, 152, the so filtered values are squared
(or taken the absolute values thereof) in steps 153 and 154, these values are low pass filtered
in steps 155 and 156. The outcome are the high frequencies energies el (for image 1) and ¢2
(for image 2). These are used to make a depth map DM in step 159. In an example
corresponding to figures 14A, 14B, 15A and 15B, the log of the ratio e1/e2 is taken, this is
used to look up a depth value in step 158 in a look up table LUT, and this provides the
distance to the lens and thus the depth map. Observe that for exponential sweeps the log of
the ratio el/e2 gives a linear function of the object distance d, and therefore the LUT can be
simplified to a linear mapping. It will be clear that, where the depth map are a function of the
ratio of the high frequency energies, various methods may be used, such as for instance using
a LUT to directly find the depth map DM from the ratio el/e2, of, where the sweep is
different from the exponential, and where the distance can be expressed as a function of
el/e2, directly calculate the depth map from the ratios el/e2.

The present invention also includes a computer program product which
provides the functionality of any of the methods according to the present invention when
executed on a computing device.

Such a computer program product can be tangibly embodied in a carrier
medium carrying machine-readable code for execution by a programmable processor. The
present invention thus relates to a carrier medium carrying a computer program product that,
when executed on computing means, provides instructions for executing any of the methods
as described above. The term “carrier medium” refers to any medium that participates in
providing instructions to a processor for execution such as any machine readable signal
storage medium. Such a medium may take many forms, including but not limited to, non-
volatile media, and transmission media. Non-volatile media includes, for example, optical or
magnetic disks, such as a storage device which is part of mass storage. Common forms of
computer readable media include, a CD-ROM, a DVD, a flexible disk or floppy disk, a tape,
a memory chip or cartridge or any other medium from which a computer can read. Various
forms of computer readable media may be involved in carrying one or more sequences of one

or more instructions to a processor for execution. The computer program product can also be
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transmitted via a carrier wave in a network, such as a LAN, a WAN or the Internet.
Transmission media can take the form of acoustic or light waves, such as those generated
during radio wave and infrared data communications. Transmission media include coaxial
cables, copper wire and fibre optics, including the wires that comprise a bus within a
computer. The computer may be integrated in an image taking device, such as a camera, or
the camera may take images and store them tyo be processed later or transmit the image data,
by wire or wireless to a computer in which computer the image data is processed to extract a
depth map.

Other variations can be envisaged within the claims.

For instance, in the example the difference in modulation of exposure is that in
one of the images the exposure increases, whereas in the other it decreases. This is a
preferred embodiment, since this allows a high accuracy by taking the ratio of the high
frequency components. However, one could also modulate one image and not modulate the
other. If one then takes the ratio, similar to what is schematically illustrated in figure 14B,
one would still get the same outcome, i.¢. the ratio is dependent on the distance only, but with
only half the value, and thus reduced accuracy.

In the embodiments only two images are taken. This is not a restriction on the
invention in its broadest sense, more than two images, each with different modulation, can be
taken. For instance, one could use two images with modulated exposure and one with
constant exposure. Or, one could take four images, two with decreasing and two with
increasing exposure, but with different rates of increase. This would add redundancy to the
system, enabling meaningful depth data to be obtained, even if one of the data taking
channels would fail.

In short the various aspects of the invention can be described by:

Two or more images are taken wherein during the image taking a focal sweep
is performed. The exposure intensity is modulated during the focal sweep and done so
differently for the images. This modulation provides for a watermarking of depth information
in the images. The difference in exposure during the sweep watermarks the depth information
differently in the images. This is one aspect of the invention. By comparing the images a
depth map for the images can be calculated. This is another aspect of the invention. A camera
system of the invention has a lens and a sensor and a means for performing a focal sweep and
means for modulating the exposure intensity during the focal sweep. Modulating the
exposure intensity can be done by modulating a light source or the focal sweep or by

modulating the transparency of a transparent medium in the light path.
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The camera system according to the invention is, in preferred embodiments,
provided with means to set the middle of the sweep range and to set the extent of the sweep
range. This allows to gather more efficiently 3D information for a particular range of depths

around a particular distance from the lens.
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CLAIMS:

1. Method of recording images, wherein at least a first and second image are
taken in which during the image taking a focal sweep is made over a focal range, wherein the
exposure intensity is, during the focal sweep, differently modulated for the first and second

image.

2. Method of recording images as claimed in claim 1, wherein the exposure

intensity is modulated by modulating the speed of the focal sweep.

3. Method of recording images as claimed in claim 1, wherein the exposure

intensity is modulated by modulation of a light source (83, 103) during the focal sweep.

4. Method of recording images as claimed in claim 1, wherein the exposure
intensity is modulated by modulation the transparency of a transparent means (113, 123) in

the light path during the focal sweep.

5. Method of recording images as claimed in claim 4, wherein the image is taken

through a lens (L) and the transparent means (113) is provided in front of the lens.

6. Method of recording images as claimed in claim 4, wherein the image is taken
through a lens (L) and recorded by a sensor (S) and the transparent means (123) is provided
in the light path between the lens (L) and the sensor (S).

7. Method of recording as claimed in any of the preceding claims, wherein the
exposure in both images is modulated in such manner that the modulation in one image is
reversed with respect to the modulation in the other image, the exposure for the sum of the

two images being substantially constant over the focal sweep.

8. Method of obtaining 3D information from the images (image 1, image 2) taken

by any of the above methods of recording images, by comparing the high-frequency
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information (e1, €2) in the first and second image, and calculating depth information from

such comparison.

9. Computer program product comprising program code means stored on a
computer readable medium for performing a method as claimed in any one of claims 1 to 8

when run on a computer.

10. Computer program product to be loaded by a computer arrangement, for a
method as claimed in any of the claims 1 to 8, when run on a computer, the computer

arrangement comprising processing means.

11. Camera system comprising a lens (L) and a sensor (S) and means (81, 101,
111, 121) to perform a focal sweep, wherein the camera system comprises means to modulate

(82, 102, 112, 122) the exposure intensity during the focal sweep.

12. Camera system as claimed in claim 11, wherein the camera system comprises
a light source (83, 103) and the means to modulate are means (82, 102) to modulate the

intensity of the light source.

13. Camera system as claimed in claim 11, wherein the camera system comprises
a transparent plate (113, 123) in front of the lens or between the lens and the sensor wherein
the means for modulating are means (112, 122) for modulating the transparency of the

transparent plate.

14. Camera system as claimed in claim 11, wherein the camera system is arranged
to take a first and second image simultaneously during a single focal sweep and the means for

modulating modulate the exposure intensity differently for the first and second image.

15. Camera system as claimed in claim 11, wherein the camera system is arranged
to take a first and second image sequentially during sequential focal sweeps, the means for

modulating modulate the exposure intensity differently for the first and second image.
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