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(57) Abstract: The invention relates to a method for measur-
ing a distance between an object of a scene and a Time-Of-
Flight camera system, and providing a depth map of the ob-
ject, the Time-Of-Flight camera system comprising an illu-
mination unit, an imaging sensor having a matrix of pixels
and image processing means, the method being characterized
by the following steps: modifying in a discrete way the illu-
mination of said illumination unit in order to illuminate ele-
mentary areas of the scene with different incident intensities,
respectively, for distinguishing the direct incident light beams
from the indirect incident light beams; receiving onto the
pixels of the matrix of the sensor the beams reflected by said
elementary areas and providing the image processing means
with corresponding data; processing the said corresponding
data for eliminating the influence of the indirect light beams
in the depth map of the object.
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A TOF CAMERA SYSTEM AND A METHOD FOR MEASURING A
DISTANCE WITH THE SYSTEM

Technical field of the invention

The invention relates (i) to a method for measuring a distance between an object
of a scene and a Time-Of-Flight camera system and (ii) to the Time-Of-Flight camera
system associated therewith. In particular, the invention relates to the problem of direct
and indirect reflections of light within a scene and to the errors of depth measurements
induced by these multiple reflections. It should be understood that by scene is meant all
the surfaces surrounding the object onto which a light beam could be directly or
indirectly reflected.

Background of the invention

Time-Of-Flight technology (TOF) is a promising technology for depth perception.
The well-known basic operational principle of a standard TOF camera system 3 is
illustrated in Figure 1. The TOF camera system 3 captures 3D images of a scene 15 by
analysing the time of flight of light from a dedicated illumination unit 18 to an object.
TOF camera system 3 includes a camera, for instance a matrix of pixels 1, and data
processing means 4. The scene 15 is actively illuminated with a modulated light 16 at a
predetermined wavelength using the dedicated illumination unit 18, for instance with
some light pulses of at least one predetermined frequency. The modulated light is
reflected back from objects within the scene. A lens 2 collects the reflected light 17 and
forms an image of the objects onto the imaging sensor 1 of the camera. Depending on
the distance of objects from the camera, a delay is experienced between the emission
of the modulated light, e.g. the so called light pulses, and the reception at the camera of
those reflected light pulses. Distance between reflecting objects and the camera may be
determined as function of the time delay observed and the speed of light constant value.

One of the drawbacks of this technology is illustrated by Figure 2 and is related to
the so-called multipath phenomenon. A standard TOF camera system 9 is represented,

comprising an illumination unit 8 for illuminating a scene 24 in multiple directions, a TOF
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sensor 6 for detecting the reflections of the emitted light and processing means 7 for
processing the data acquired by the TOF sensor 6.

The pixels of TOF sensor 6, not represented, measure direct path 25 from the
ilumination unit 8 to the scene 24 and from the scene 24 back to the pixels. But
secondary reflections 26 or higher order reflections can be captured as well on the
same pixel and distort the perceived delay for the first direct reflection 25. The light
captured by the sensor 6 can originate from both the direct path 25 and the secondary
reflection 26, the depth map 27, representing the depth associated to each point of the

scene, measured is thereby erroneous.

In prior art, several methods have been implemented to recover the direct
component of impinging light. For instance, multiple frequency approaches have been
performed, by acquiring a set of depth measurements with different modulation

frequencies, but the resolution obtained remains low.

Another approach uses a set of different spatial patterns which are generated by,
for example, a Digital Light Processing (DLP) projector. By creating dark and bright
patches in the scene, the direct and indirect components can be separated, as the
depth acquired from the black part of the pattern is created by only indirect signal
originating from multipath. The different patterns are chosen in such a way that each
part of the scene is captured in a black situation. Edge-effects are countered by defining
the patterns with sufficient overlaps. However, the creation of these different patterns is

expensive.

A solution remains to be proposed in order to retrieve only the direct component
of the reflected light in the most cost-effective way, in order to perform more accurate
measurements of the distances between objects of a scene and the TOF camera

system.

Summary of the invention

The present invention relates to a method for measuring a distance between an

object of a scene and a Time-Of-Flight camera system, and providing a depth map of
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the object, the Time-Of-Flight camera system comprising an illumination unit, an
imaging sensor having a matrix of pixels and image processing means, the method

being characterized by the following steps:

- modifying in a discrete way the illumination of said illumination unit in order to
iluminate elementary areas of the scene with different incident intensities, respectively,
for distinguishing the direct incident light beams from the indirect incident light beams;

- receiving onto the pixels of the matrix of the sensor the beams reflected by said

elementary areas and providing the image processing means with corresponding data;

- processing the said corresponding data for eliminating the influence of the indirect light
beams in the depth map of the object.

Advantageously, when processing the data, the method could comprise a step of
identifying, for instance on an intermediary depth maps but not only, peaks associated
to elementary areas on which only indirect incident light beams can impinge. By
identifying such peaks, the data could be processed for eliminating the influence of
indirect light beams and obtaining a final accurate depth map of the scene.

The present invention also relates to a Time-Of-Flight (TOF) camera system for
measuring a distance between an object of a scene and the TOF camera system, and
providing a depth map of the object, the TOF camera system comprising:

- an illumination unit for iluminating the scene with a modulated light;

- an imaging sensor having a matrix of pixels for receiving onto the pixels of the matrix

of the sensor the beams reflected by the scene;

- image processing means for receiving from the imaging sensor, data corresponding to

the reflected beams and for processing the said corresponding data;
characterized in that it further comprises:

- patterning means for modifying in a discrete way the illumination of said illumination
unit in order to illuminate elementary areas of the scene with different incident

intensities, respectively, for distinguishing the direct incident light beams from the
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indirect incident light beams and for eliminating the influence of the indirect light beams
in the depth map of the object in processing the said corresponding data.

Advantageously, the modification of the illumination is performed by masking the
ilumination unit in a discrete way. The patterning means could be for instance a mask

avoiding direct incident light beams to impinge on some elementary areas of the scene.

More advantageously, the patterning means could comprise a series of identical

pattern groups for enabling an easier processing of the data.

Other advantages and novel features of the invention will become more apparent
from the following detailed description when taken in conjunction with the accompanying

drawings.

Brief description of the drawings

The present invention shall be better understood in light of the following

description and the accompanying drawings.

Figure 1 illustrates the basic operational principle of a TOF camera system;

Figure 2 illustrates the multipath phenomenon;

Figure 3 illustrates a TOF camera system according to an embodiment of the invention;
Figure 4 illustrates an example of patterning means;

Figure 5 illustrates an intermediary depth map of a scene and the associated pixels of
the TOF camera system:;

Figure 6 illustrates a scene and a light pattern projected on the scene comprising two

different spatial zones.

Advantages and novel features of the invention will become more apparent from
the following detailed description when taken in conjunction with the accompanying

drawing.
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Description of the invention

Figure 3 illustrates a TOF camera system 10 according to an embodiment of the
invention. The Time-Of-Flight camera system 10 comprises an illumination unit 20 for
iluminating a scene 24 with a modulated light. The light emitted by this illumination unit
20 is arranged for being suitable for measuring distances using the Time-Of-Flight
technology. For instance, the illumination unit 20 may be arranged for emitting light
pulses with an appropriate pulse width. Indeed, when using pulses, the pulse width of
each light pulse determines the camera range. For instance, for a pulse width of 50 ns,
the range is limited to 7.5 m. As a consequence, the illumination of the scene becomes
critical to the operation of a TOF camera system, and the high speed driving frequency
requirements for illumination units necessitate the use of specialised light sources such
as light emitting diodes (LEDs) or lasers to generate such short light pulses. The
illumination unit is arranged for emitting multi-directional light, as represented by the
plurality of emitted light rays 25, 26 and 28 represented in Figure 3.

The TOF camera system further comprises an imaging sensor 21 typically
comprising a matrix array of pixels, for receiving and detecting the reflected beams and
forming an image of the scene 24. For clarity and illustration purposes, only two pixels
22 and 23 have been represented on Figure 3, but the invention should not be limited to
a matrix of two pixels. By pixel, it should be understood the picture element sensitive to
light electromagnetic radiations and its associated electronic circuitry. The output of the
pixels can be used to determine the time of flight of light from the illumination unit 20 to
an object in the scene 24 and reflected back from the object to the imaging TOF sensor
21.

The TOF camera system 10 further comprises patterning means 30 for creating a
light pattern on the scene 24. The light pattern may be a native laser speckle pattern
obtained directly from laser light interferences, or be obtained from patterning means
which may be placed in front of the illumination unit 20, or a combination of both the
laser speckle and a patterning means 30. When using the patterning means 30, the light
emitted by the illumination unit 20 passes through these patterning means, causing the
light to be modified and to form a light pattern on the scene, with delimited elementary

areas 31, 32 of different intensities. Prior to impinging the scene 24, the light emitted by
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the illumination unit 20 may be blocked or its intensity may be reduced on given areas
of the patterning means 30 and not blocked on other areas, resulting in the creation of
areas with low light intensity 31 and high light intensity 32, respectively, on the scene.
For illustration purposes, these areas have been represented by thick lines 31 and 32,
but it should be understood that the light pattern created on the scene is not a solid or a
physical pattern attached on the scene 24, but the result of light effects originated from
the patterning means 30 placed in front of the illumination unit 20. The light pattern is
projected on the scene by the illumination unit 20. The patterning means 30 can be
filtering means, a mask, a grid or any means enabling to modify in a discrete way the
ilumination. Ideally, the patterning means should provide a spatially periodic light
pattern 31, 32, 45, 46 on the scene, for retrieving easily the areas 31 where only
secondary reflections are measured. The patterning means 30 could also comprise a
series of identical pattern groups 50 as represented in Figure 4 or a series of different
pattern groups that can be sequentially used in time in synchrony with a multiple of the
TOF camera frame rate.

It is important to note that the invention does not require a pattern with a contrast
of 100%, and that there is no need to align patterning means to the image sensor.

The TOF camera system 10 further comprises processing means 5 for
determining the time of flight of light emitted by the illumination 20, and thereby, the
distance between an object of the scene 24 and the imaging sensor 21. The processing
means 30 are arranged for receiving data from the pixels of the imaging sensor 21 and
for processing them for eliminating the influence of the indirect light beams in the depth
map of the object. The method for determining this distance, and a final and accurate
depth map of the object, will be described in the following paragraphs. The time of flight
can be calculated in a separate processing unit which may be coupled to the TOF
sensor 21 or may directly be integrated into the TOF sensor itself. In Figure 3, the
processing means 5 have been represented coupled to the illumination unit 20, but the

invention is not limited thereto.

A method for measuring a distance between an object of a scene and the Time-
Of-Flight camera system and providing a depth map of the object, the Time-Of-Flight

camera system 10 comprising an illumination unit 20, an imaging sensor 21 having a
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matrix of pixels 22, 23 and image processing means 30, will be now described, by
referring to Figure 3, Figure 4, Figure 5 and Figure 6.

The method comprises the step of modifying in a discrete way the illumination of
the illumination unit 20 in order to illuminate elementary areas 31, 32 of the scene with
different incident intensities, respectively, for distinguishing the direct incident light beam
25 from the indirect incident light beam 26, 28. This modification can be performed for
instance by creating a light pattern on a scene, the light pattern comprising delimited
elementary areas with high and low light intensity. This light pattern can be created by
placing the patterning means 30 in front of the illumination unit 20, and thus, projecting
a light pattern on the scene.

The pixels of the sensor 21 receive the beams reflected by these elementary
areas 31, 32 and provide the image processing means 30 with corresponding data.

These data are then processed for eliminating the influence of the indirect light
beams and obtaining an accurate depth map of the object.

The light pattern projected on the scene can be retrieved on the intermediary
depth map 29. This is illustrated by Figure 3 and Figure 5. By comparing the depth
maps 27 of Figure 2 and 29 of Figure 3, without and with the use of the patterning
means, respectively, one can notice the apparition of peaks 33. These peaks 33
correspond to areas 31 of the scene 24 where only secondary reflections are measured.
Indeed, in these areas, without secondary reflection, pixels of the imaging sensor 21
should not measured light, or with a small intensity because, by definition, these areas
31 are associated to areas of the patterning means 30 where the light is blocked or
where the light intensity is reduced. The light measured on pixel 23 is more dominated
by the secondary reflection 28, whereas the light measured on pixel 22 corresponds to
both direct and indirect components 25, 26. The fact of identifying, for instance on an
intermediary depth map 29, elementary areas 31 on which no direct incident light beam
can impinge can be used for eliminating the influence of indirect light beams and
obtaining a final and accurate depth map of the object. The complex data obtained by
the time of flight measurement of light dominated by the indirect components in pixel 23
can for example be subtracted from the complex data obtained by both direct and
indirect components in pixel 22 to form a new complex data NC. If the indirect
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component contributions to the complex data are equal in pixel 22 and 23, the resulting
complex data NC only contains information from the direct component. Even if pixel 23
still received a small direct component due to the limited contrast of the patterning
means 30, the resulting complex data NC will have a smaller amplitude but will have the

correct phase representing the time of flight of the direct component.

Figure 5 illustrates an intermediary depth map of an object of the scene 29 and
the associated pixels of the TOF camera system. Pixels 40 measure only indirect
components and are associated to higher depth and peaks 33, whereas pixels 41
measure both direct and indirect components, and are associated to areas 34 of the
depth map 29. The identification of the pixels corresponding to the areas 31 can also be
done using a signal intensity map, where these pixels will have lower intensity due to
the missing direct components. Confidence maps or noise maps can also be used to
identify the pixels associated with the areas 31.

By referring to Figure 3, for determining only the direct component 25 of the
reflected light, for pixel 22 for instance, the complex value measured by the pixel 22 can
be subtracted from the complex value measured by the pixel 23 to form a new complex
value NC.

In an actual system there will be more than 2 pixels, and an indirect component function
can be constructed by the samples taken on the areas 31. This indirect component
function can then be interpolated for all pixels having both direct and indirect

components and subtracted from these pixels, leaving only direct components.

When the scene is quite simple, and the reflectance of the scene ideal, the value
associated to indirect components is a continuous function which can be easily sampled
by all areas 31, because the indirect components originate from a Lambertian
reflectance of the scene 24.

When the scene is more complex, the calculation may be performed differently.
The scene 40 of Figure 6 comprises for instance a first wall 43 with a door and a second
wall 41, on which a cupboard 42, with a given depth, is mounted. In this example,
indirect reflections originating from the reflection of the cupboard 42 or from the wall 43
do not lead to similar measurements. For determining the direct component of the
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reflected light, different spatial zones 45, 46 of light pattern on the scene 40 can be
determined. For illustration purposes, different shapes have been used in Figure 6, but
it should be understood that both light sub-patterns 45 and 46 originate from the same
patterning means 30 placed in front of the illumination unit 20 of the TOF camera
system 10. The scene is now first segmented using the depth data available or any
additional data useful for segmenting the scene. For each segment of the scene, again
an continuous function can be associated with the indirect components, which can be
sampled by the areas 31 belonging to each segment respectively. This indirection
component function linked to each segment can then be used to compensate for the
unwanted indirect components present in the pixels with both direct and indirect

components.
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Claims

1. A method for measuring a distance between an object of a scene (24, 40) and a

Time-Of-Flight camera system (10), and providing a depth map of the object, the
Time-Of-Flight camera system (10) comprising an illumination unit (20), an imaging
sensor (21) having a matrix of pixels (22, 23) and image processing means (30), the
method being characterized by the following steps:

- modifying in a discrete way the illumination of said illumination unit (20) in order to
iluminate elementary areas (31, 32) of the scene with different incident intensities,
respectively, for distinguishing the direct incident light beams (25) from the indirect
incident light beams (26, 28);

- receiving onto the pixels of the matrix of the sensor (21) the beams reflected by
said elementary areas (31, 32) and providing the image processing means (30) with
corresponding data;

- processing the said corresponding data for eliminating the influence of the indirect
light beams in the depth map of the object by subtracting the complex data obtained
by the time of flight measurement of light dominated by the indirect components from
the complex data obtained by both direct and indirect components to form a new
complex data.

. The method of claim 1, wherein the step of modifying the illumination is a step of

masking the illumination unit (20) in a discrete way for creating elementary areas

(31) on the scene on which no direct incident light beam can impinge.

. The method of claim 1 or 2, wherein the step of processing the said corresponding

data comprises the step of identifying elementary areas (31) on which only indirect
incident light beams can impinge.

. The method according to any one of the previous claims, further comprising the step

of determining two different spatial zones (45, 46) of elementary areas on the scene
(24, 40), associated with different sets of pixels of said matrix of pixels (22, 23),

respectively.



10

15

20

25

WO 2015/189311 PCT/EP2015/063015
11

5. A Time-Of-Flight (TOF) camera system (10) for measuring a distance between an

object of a scene (24, 40) and the TOF camera system (10), and providing a depth
map of the object, the TOF camera system comprising:

- an illumination unit (20) for illuminating the scene (24) with a modulated light;

- an imaging sensor (21) having a matrix of pixels (22, 23) for receiving onto the
pixels of the matrix of the sensor (21) the beams reflected by the scene (24, 40);

- image processing means (5) for receiving from the imaging sensor (21), data
corresponding to the reflected beams and for processing the said corresponding
data;

characterized in that

the TOF camera system further comprises patterning means (30) for modifying in a
discrete way the illumination of said illumination unit (20) in order to illuminate
elementary areas (31, 32) of the scene with different incident intensities,
respectively, for distinguishing the direct incident light beams (25) from the indirect
incident light beams (26, 28) and

in that the image processing means (5) are configured for eliminating the influence
of the indirect light beams in the depth map of the object in processing the said
corresponding data by subtracting the complex data obtained by the time of flight
measurement of light dominated by the indirect components from the complex data
obtained by both direct and indirect components to form a new complex data.

. The TOF camera system (10) of claim 5, wherein the patterning means (30) are

placed in front of the illumination unit (20) for projecting a light pattern (31, 32, 45,
46) on the scene.

. The TOF camera system (10) of claim 5 or 6, wherein the patterning means (30)

comprises a series of identical pattern groups (50).
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8. The TOF camera system (10) of any one of claims 5 to 6, wherein the patterning
means (30) includes a mask avoiding direct incident beams to impinge on some
elementary areas (31) of the scene (24,40).
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