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Description

FIELD OF THE INVENTION

[0001] The present invention relates generally to meth-
ods and systems for mapping of three-dimensional (3D)
objects, and specifically to 3D optical ranging and map-
ping.

BACKGROUND OF THE INVENTION

[0002] When a coherent beam of light passes through
a diffuser and is projected onto a surface, a primary
speckle pattern can be observed on the surface. The
primary speckle is caused by interference among differ-
ent components of the diffused beam. The term "primary
speckle" is used in this sense in the present patent ap-
plication, in distinction to secondary speckle, which is
caused by diffuse reflection of coherent light from the
rough surface of an object
[0003] Hart describes the use of a speckle pattern in
a high-speed 3D imaging system, in Taiwanese Patent
TW 527528 B and in U.S. Patent Application 09/616,606.
The system includes a single-lens camera subsystem
with an active imaging element and CCD element, and
a correlation processing subsystem. The active imaging
element can be a rotating aperture which allows adjust-
able non-equilateral spacing between defocused images
to achieve greater depth of field and higher sub-pixel dis-
placement accuracy. A speckle pattern is projected onto
an object, and images of the resulting pattern are ac-
quired from multiple angles. The images are locally
cross-correlated using an image correlation technique,
and the surface is resolved by using relative camera po-
sition information to calculate the three-dimensional co-
ordinates of each locally-correlated region.
[0004] Another speckle-based 3D imaging technique
is described by Hunter et al., in U.S. Patent 6,101,268.
A random speckle pattern is projected upon a 3D surface
and is imaged by a plurality of cameras to obtain a plu-
rality of two-dimensional digital images. The two-dimen-
sional images are processed to obtain a three-dimen-
sional characterization of the surface.
[0005] Other methods for 3D mapping and ranging use
structured or coded illumination. For example, Sazbon
et al. describe a method of this sort for range estimation
in "Qualitative Real-Time Range Extraction for Pre-
planned Scene Partitioning Using Laser Beam Coding,"
Pattern Precognition Letters 26 (2005), pages
1772-1781. A phase-only filter codes the laser beam into
M different diffraction patterns, corresponding to M dif-
ferent range segments in the workspace. Thus, each
plane in the illuminated scene is irradiated with the pat-
tern corresponding to the range of the plane from the
light source. A common camera can be used to capture
images of the scene, which may be processed to deter-
mine the ranges of objects in the scene. The authors
describe an iterative procedure for designing the phase-

only filter based on the Gerchberg-Saxton algorithm.
[0006] US patent No. 5,003,166 discloses a range
camera being provided for the determination of range to
an object through the utilization of a system which
projects a limited depth of field light pattern onto an object
and measures the blurring of the pattern on the object.
[0007] French patent application No. FR2842591A1
discloses a device for measuring the relief variations of
an object and/or the deformations of said object in the
direction of the relief thereof.
[0008] US patent No. 6,101,269 discloses a method
and apparatus for rapid three dimensional geometry par-
ametrization of a three dimensional surface.
[0009] International patent application No.
WO0167039A1 discloses a system for measuring the
three-dimensional linear, angular and volumetric charac-
teristics of an animal or carcass, such as a beef animal.
[0010] Japanese patent application No.
JP2001141430A discloses an image pickup device and
an image processing device capable of easily and accu-
rately acquiring information on the depth of a subject.

SUMMARY OF THE INVENTION

[0011] Embodiments of the present invention that are
described hereinbelow provide methods and systems for
3D mapping and ranging using shaped spot illumination
patterns. Such patterns comprise an array of bright spots
having a controlled, identifiable shape. According to the
invention, the relative positions of the spots are uncorre-
lated (for example, in a random or pseudo-random pat-
tern, such as a speckle pattern), but the spots in any case
share a similar, predefined shape characteristic. In cer-
tain embodiments, the spots are elongated in a certain
direction, which is common to all the spots in a given
plane transverse to the illumination beam, but other spot
shapes may alternatively be used. According to the in-
vention, the spot shape characteristic changes with dis-
tance from the illumination source. This distance-varying
shape characteristic may be achieved by passing the il-
lumination beam through one or more optical elements
that are designed to superpose two optical constraints:
one to split the beam into multiple spots, and another to
create the distance-varying shape. This superposition
approach permits a rich variety of distance-varying pat-
terns to be created simply and flexibly. As a result of the
distance-varying shape characteristic, the shapes of the
spots appearing on parts of the surface of an object that
is illuminated by the pattern may be used to determine
the range of those parts from the source.
[0012] In some embodiments, transverse shifts of
parts of the pattern on the surface, relative to a reference
pattern at a known range, are used to reconstruct a 3D
map of the surface. The combination of shape-based
ranging and shift-based mapping can be used to create
an accurate 3D map covering a large range of distance
from the illumination source.
[0013] There is therefore provided, in accordance with
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the present invention and as claimed in claim 1, a method
for mapping, including:

projecting onto an object a pattern of multiple spots
having respective positions and shapes, such that
the positions of the spots in the pattern are uncorre-
lated, while the shapes share a common character-
istic;
capturing an image of the spots on the object; and
processing the image so as to derive a three-dimen-
sional (3D) map of the object, whereby the common
characteristic of the shape varies as a function of
distance from a source of the pattern, and the 3D
map is derived by finding the respective offsets be-
tween the pattern on areas of the object in the image
and the pattern in a reference image and by analyz-
ing the characteristic of the shapes of the spots on
a surface of the object in the image. In one embod-
iment, the pattern of spots includes a random speck-
le pattern.

[0014] In some embodiments, the common character-
istic of the shapes varies as a function of distance from
a source of the pattern, and processing the image in-
cludes analyzing the characteristic of the spots on a sur-
face of the object in the image so as to determine the
distance of the surface from the source. In one embodi-
ment, the spots share an elongate shape, which rotates
as a function of distance from a source of the pattern,
and analyzing the characteristic includes determining a
direction of the spots on the surface of the object. Addi-
tionally, processing the image includes finding respective
offsets between the pattern on multiple areas of the object
in the image and the pattern in a reference image, and
using the offsets together with the distance to derive the
3D map. Finding the respective offsets may include
choosing the reference image from among a plurality of
reference images responsively to the distance of the sur-
face from the source.
[0015] In another embodiment, the spots in the pattern
have an elongate shape, which is aligned in a first direc-
tion, and processing the image includes finding respec-
tive offsets in a second direction, perpendicular to the
first direction, between the pattern on multiple areas of
the object in the image and the pattern in a reference
image so as to derive the 3D map. Projecting the pattern
of spots may include passing a beam of coherent light
through a diffuser, wherein the beam has a profile at the
diffuser that is elongated in the second direction.
[0016] In a disclosed embodiment, capturing the image
includes capturing a succession of images while the ob-
ject is moving, and processing the image includes track-
ing a movement of the object by processing the succes-
sion of the images. In one embodiment, the object is a
part of a human body, and tracking the movement in-
cludes identifying a gesture made by the part of the hu-
man body and providing an input to a computer applica-
tion responsively to the gesture.

[0017] There is also provided, in accordance with an
embodiment of the present invention, a method for im-
aging, including:

defining a first optical constraint such that application
of the first optical constraint to a beam of light splits
the beam into a pattern of multiple spots;
defining a second optical constraint such that appli-
cation of the second optical constraint to the beam
of light causes the beam to form a spot having a
shape characteristic that changes in a predefined
manner as a function of a distance along an axis of
the beam;
designing at least one optical element so as to su-
perpose the first and second optical constraints; and
directing a beam of light through the at least one
optical element so as to project the pattern onto a
surface such that the multiple spots in the pattern
have the shape characteristic.

[0018] In some embodiments, the at least one optical
element includes a first optical element for splitting the
beam into the pattern and a second optical element for
applying the shape characteristic. In one embodiment,
the pattern includes a speckle pattern, and the first optical
element includes a diffuser.
[0019] Alternatively or additionally, the at least one op-
tical element includes a diffractive optical element (DOE).
In one embodiment, the DOE includes at least one zone
plate for imparting an elongate shape to the spots. The
at least one zone plate may include a plurality of super-
posed zone plates, having different, respective periods
and angular orientations so as to cause the elongate
shape of the spots to rotate as a function of the distance.
[0020] Further alternatively or additionally, the at least
one optical element includes a refractive optical element.
[0021] Typically, the pattern defined by the first optical
constraint has a duty cycle that is no greater than 1/4.
[0022] In some embodiments, the pattern defines re-
spective positions of the spots such that the positions are
uncorrelated.
[0023] In a disclosed embodiment, the second optical
constraint causes the spot to have an elongate shape,
which rotates as a function of the distance. In another
embodiment, the second optical constraint causes the
spot to have an annular shape.
[0024] In some embodiments, the method includes
capturing an image of the spots on the surface, and
processing the image so as to determine the distance of
the surface from the at least one optical element.
[0025] There is additionally provided, in accordance
with the present invention, and as claimed in claim 14,
an apparatus for mapping, including:

an illumination assembly, which is configured to
project onto an object a pattern of multiple spots hav-
ing respective positions and shapes, such that the
positions of the spots in the pattern are uncorrelated,
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while the shapes share a common characteristic;
an imaging assembly, which is configured to capture
an image of the spots on the object; and
an image processor, which is coupled to process the
image so as to derive a three-dimensional (3D) map
of the object, whereby the common characteristic of
the shape varies as a function of distance from a
source of the pattern, and whereby the processor is
adapted to derive the 3D map by finding the respec-
tive offsets between the pattern on areas of the object
in the image and the pattern in a reference image,
and by analyzing the characteristic of the shapes of
the spots on a surface of the object in the image.
There is further provided, in accordance with an em-
bodiment of the present invention, apparatus for im-
aging, including:

at least one optical element, which is designed
so as to superpose first and second optical con-
straints, such that application of the first optical
constraint to a beam of light splits the beam into
a pattern of multiple spots, and application of
the second optical constraint to the beam of light
causes the beam to form a spot having a shape
characteristic that changes in a predefined man-
ner as a function of a distance along an axis of
the beam; and
a light source, which is configured to direct a
beam of light through the at least one optical
element so as to project the pattern onto a sur-
face such that the multiple spots in the pattern
have the shape characteristic.

[0026] The present invention will be more fully under-
stood from the following detailed description of the em-
bodiments thereof, taken together with the drawings in
which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0027]

Fig. 1 is a schematic, pictorial illustration of a system
for 3D ranging and mapping, in accordance with an
embodiment of the present invention;
Fig. 2 is a schematic top view of a speckle imaging
device, in accordance with an embodiment of the
present invention;
Fig. 3A is a schematic representation of a speckle
pattern created by projection of a laser beam through
a randomizing optical element, in accordance with
an embodiment of the present invention;
Fig. 3B is a schematic representation of a light pat-
tern created by a diffractive optical element (DOE),
in accordance with an embodiment of the present
invention;
Figs. 3C and 3D are schematic representations of
speckle patterns created by projection of a laser

beam through the optical elements of Figs. 3A and
3B, in accordance with an embodiment of the present
invention;
Fig. 4 is a flow chart that schematically illustrates a
method for 3D ranging and mapping, in accordance
with an embodiment of the present invention;
Figs. 5A-5P are schematic representations of a set
of zone plates at different rotation angles, which are
used in creating a DOE, in accordance with an em-
bodiment of the present invention;
Fig. 5Q is a schematic, frontal view of a DOE created
by superposing the zone plates of Figs. 5A-5P, in
accordance with an embodiment of the present in-
vention;
Fig. 6A is a schematic representation of a speckle
pattern created by projection of a laser beam through
a randomizing optical element, in accordance with
an embodiment of the present invention;
Fig. 6B is a schematic representation of a light pat-
tern created by a diffractive optical element (DOE),
in accordance with an embodiment of the present
invention; and
Figs. 6C and 6D are schematic representations of
speckle patterns created by projection of a laser
beam through the optical elements of Figs. 6A and
6B, in accordance with an embodiment of the present
invention.

DETAILED DESCRIPTION OF EMBODIMENTS

SYSTEM OVERVIEW

[0028] Fig. 1 is a schematic, pictorial illustration of a
system 20 for 3D ranging and mapping, in accordance
with an embodiment of the present invention. System 20
comprises an imaging device 22, which generates and
projects a pattern of spots onto an object 28 and captures
an image of the spot pattern appearing on the object.
Details of the design and operation of device 22 are
shown in the figures that follow and are described here-
inbelow with reference thereto.
[0029] In some embodiments, the pattern of spots that
is projected by imaging device 22 comprises a speckle
pattern. In the context of the present patent application
and in the claims, the term "speckle pattern" refers to a
projected pattern of bright spots whose positions are un-
correlated in planes transverse to the projection beam
axis. The positions are uncorrelated in the sense that the
auto-correlation of the positions of the speckles in the
pattern as a function of transverse shift is insignificant
for any shift larger than the spot size. Random patterns,
such as those created by primary laser speckle (as de-
scribed above), are uncorrelated in this sense. Patterns
created by human or computer design, such as pseudo-
random and quasi-random patterns, may also be uncor-
related. Other aspects of the theory and operation of
speckle-based 3D mapping, which may be implemented
in system 20, are described in PCT Patent Application
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PCT/IL2006/000335, filed March 14, 2006, and in a PCT
patent application entitled, "Three-Dimensional Sensing
Using Speckle Patterns," filed March 8, 2007. Both of
these applications are assigned to the assignee of the
present patent application. For good performance in the
ranging and mapping applications that are described be-
low, it is advantageous that the spot pattern have a low
duty cycle, i.e., that the fraction of the area of the pattern
with above-average brightness be no greater than 1/e,
and desirably less than 1/4 or even 1/10. The low duty
cycle is advantageous in enhancing the signal/noise ratio
of spot shift detection for 3D mapping. It also helps to
avoid interference effects that may result when neigh-
boring spots overlap.
[0030] Even when the positions of the spots (speckles)
are uncorrelated, the shapes of the spots in the patterns
that are used in the present invention are not entirely
random, as in conventional laser speckle patterns, but
rather have a common shape characteristic. For exam-
ple, in some embodiments, as described hereinbelow,
the spots are elongated along a certain axis. Additionally
or alternatively, the spots may have other common shape
characteristics, so long as the shapes are controlled, and
changes in the shapes as a function of distance along
the axis of the illumination beam are identifiable. The
term "changes of shape" in this context means changes
other than the simple linear increase in spot size that
normally occurs with distance from the illumination
source.
[0031] An image processor 24 processes image data
generated by device 22 in order to perform depth ranging
and, optionally, 3D mapping of object 28. The term "rang-
ing," as used in the present patent application and in the
claims, refers to finding a coarse measure of distance
from the imaging device to the object, while the term "3D
map" refers to a set of 3D coordinates representing the
surface of the object. The derivation of such a map based
on image data is referred to as "3D mapping" or equiva-
lently, "3D reconstruction." Both ranging and mapping
may be used together, as coarse and fine phases, in the
process of 3D reconstruction, as described hereinbelow.
Therefore, ranging may also be considered to be a sort
of rough 3D mapping.
[0032] Image processor 24, which performs such rang-
ing and mapping, may comprise a general-purpose com-
puter processor, which is programmed in software to car-
ry out the functions described hereinbelow. The software
may be downloaded to processor 24 in electronic form,
over a network, for example, or it may alternatively be
provided on tangible media, such as optical, magnetic,
or electronic memory media. Alternatively or additionally,
some or all of the functions of the image processor may
be implemented in dedicated hardware, such as a cus-
tom or semi-custom integrated circuit or a programmable
digital signal processor (DSP). Although processor 24 is
shown in Fig. 1, by way of example, as a separate unit
from imaging device 22, some or all of the processing
functions of processor 24 may be performed by suitable

dedicated circuitry within the housing of the imaging de-
vice or otherwise associated with the imaging device.
[0033] The 3D map that is generated by processor 24
may be used for a wide range of different purposes. For
example, the map may be sent to an output device, such
as a display 26, which shows a pseudo-3D image of the
object. In the example shown in Fig. 1, object 28 com-
prises all or a part (such as a hand) of the body of a
subject. In this case, system 20 may be used to provide
a gesture-based user interface, in which user movements
detected by means of device 22 control an interactive
computer application, such as a game, in place of tactile
interface elements such as a mouse, joystick or other
accessory. Alternatively, system 20 may be used to cre-
ate 3D maps of objects of other types, for substantially
any application in which 3D coordinate profiles are need-
ed.
[0034] Fig. 2 is a schematic top view of device 22, in
accordance with an embodiment of the present invention.
An illumination assembly 30 in device 22 comprises a
coherent light source 34, typically a laser, and one or
more optical elements 36, 38, which are typically used
in combination to create a speckle pattern or other pattern
of spots, as described hereinbelow. (The term "light" in
the context of the present patent application refers to any
sort of optical radiation, including infrared and ultraviolet,
as well as visible light.) The beam of light emitted by
source 34 passes through optical elements 36 and 38
and illuminates a target region 46 in which object 28 is
located. An image capture assembly 32 captures an im-
age of the pattern that is projected onto object 28. As-
sembly 32 comprises objective optics 40, which focus
the image onto an image sensor 42. Typically, sensor 40
comprises a rectilinear array of detector elements 44,
such as a CCD or CMOS-based image sensor array.
[0035] In the embodiment shown in Fig. 2, illumination
assembly 30 and image capture assembly 32 are held
in a fixed spatial relation. This configuration and the
processing techniques described hereinbelow make it
possible to perform 3D mapping using the single image
capture assembly, without relative movement between
the illumination and image capture assemblies and with-
out moving parts. Alternatively, the techniques of illumi-
nation, ranging and mapping that are described herein-
below may be used in conjunction with other sorts of im-
age capture assemblies, in various different configura-
tions, such as those described in the Background section
above. For example, the image capture assembly may
be movable relative to the illumination assembly. Addi-
tionally or alternatively, two or more image capture as-
semblies may be used to capture images of object 28
from different angles.
[0036] To simplify the computation of the 3D map and
of changes in the map due to motion of object 28 in the
configuration of Fig. 2, assemblies 30 and 32 may be
mounted so that an axis passing through the centers of
the entrance pupil of image capture assembly 32 and the
spot formed by light source 34 on optical element 36 is
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parallel to one of the axes of sensor 40 (taken for con-
venience to be the X-axis, while the Z-axis corresponds
to distance from device 22). The advantages of this ar-
rangement are explained further in the above-mentioned
PCT patent application entitled, "Three-Dimensional
Sensing Using Speckle Patterns."
[0037] Specifically, by triangulation in this arrange-
ment, a Z-direction shift of a point on the object, δZ, will
engender a concomitant transverse shift δX in the spot
pattern observed in the image. Z-coordinates of points
on the object, as well as shifts in the Z-coordinates over
time, may thus be determined by measuring shifts in the
X-coordinates of the spots in the image captured by as-
sembly 32 relative to a reference image taken at a known
distance Z. Y-direction shifts may be disregarded. This
sort of triangulation approach is appropriate particularly
in 3D mapping using speckle patterns, although aspects
of the approach may be adapted for use with other types
of spot patterns, as well.
[0038] In other words, the group of spots in each area
of the captured image is compared to the reference image
to find the most closely-matching group of spots in the
reference image. The relative shift between the matching
groups of spots in the image gives the Z-direction shift
of the area of the captured image relative to the reference
image. The shift in the spot pattern may be measured
using image correlation or other image matching com-
putation methods that are known in the art. Some exem-
plary methods are described in the above-mentioned
PCT patent applications.

GENERATION OF SPECKLE PATTERNS WITH COM-
MON SHAPE CHARACTERISTICS

[0039] Patterns of spots with a common shape char-
acteristics can be used to enhance the operation of sys-
tem 20 in a number of ways. For example, in the above-
mentioned configuration of device 22, in which only X-
direction shifts are significant in 3D reconstruction of the
object, it may be advantageous to use a pattern of speck-
les that are elongated in the Y-direction. As a result, when
processor 24 computes the correlation between images
for the purpose of detecting Z-direction shifts, the com-
putation will be insensitive to small shifts of the speckles
in the Y-direction. This feature improves the robustness
of the X-direction shift computation (and may make it
possible to use a smaller correlation window in the com-
putation).
[0040] A number of methods may be used to generate
this sort of pattern of speckles, which are elongated in
the Y-direction and whose positions in the X-direction are
uncorrelated. One possibility is to configure optical ele-
ment 36 as a diffuser, with a randomly-arranged array of
grains that are elongated in the X-direction. (Element 38
may not be required in this case.) The grains may be
opaque, for example, or they may alternatively be of dif-
ferent thickness so as to cause phase changes in the
transmitted light. As another alternative, element 36 may

comprise a conventional, isotropic diffuser, while the
beam from light source 34 is elongated in the X-direction.
A cylindrical lens (not shown) between the source and
diffuser may be used for this purpose, for example.
[0041] Yet another option is that element 36 comprise
a diffuser (which may be isotropic) and element 38 com-
prise a diffractive optical element (DOE). To generate
the desired speckles with elongation along the Y-axis,
element 38 may simply comprise a suitable grating or
zone plate with lines oriented parallel to the X-axis.
[0042] Although elements 36 and 38 are shown in Fig.
2, for the sake of conceptual clarity, as separate compo-
nents, the diffuser and DOE are typically in contact with
one another and may be glued together. Alternatively,
elements 36 and 38 may be made as a single piece, by
forming the DOE on one side of an optical blank and
grinding the other side to create the diffuser. Further al-
ternatively, the optical constraints imposed by the diffuser
and grating or zone plate may be combined in a single
DOE, in which the X-oriented lines and a pseudo-random
diffusing pattern are superposed, for example. In all of
these cases, the pattern of speckles in the far field will
be a convolution of the random position distribution pro-
vided by the diffuser with the shape defined by the Fourier
transform of the DOE.
[0043] A similar superposition approach may be used
in generating DOEs that create more complex patterns,
which vary with distance Z. In some embodiments, the
DOE may be designed to create a pattern of spots having
different shapes in different distance ranges. Referring
to Fig. 2, the spots may have one shape at distance Z1,
another at Z2, and so forth. For example, the elongated
shape of the spots may be rotated by 45° from range to
range. As a result, when object 28 is located at ZA, the
spots will have the orientation of the range of Z2, whereas
when the object is at ZB, the spots will have the orientation
of the range of Z3. By detecting the orientation of the
spots, processor 24 (Fig. 1) may then determine the dis-
tance range of the object, independently of the 3D recon-
struction process based on spot position correlation.
Ranging and mapping may be used in combination to
generate 3D maps with enhanced range and/or resolu-
tion, as described further hereinbelow.
[0044] Various methods may be used to design a sin-
gle optical element that creates a pattern of spots with
the desired Z-dependence. One method that may be
used to design optical element 38 so as to give this sort
of range-dependent speckle shaping is to use the itera-
tive Gerchberg-Saxton method, as described in the
above-mentioned article by Sazbon et al. The approach,
however, is computationally costly and is not guaranteed
to converge.
[0045] Alternatively, a set of one or more optical ele-
ments for such purposes may be designed based on a
superposition of constraints. For example, such an ele-
ment or elements for generating speckles with four dif-
ferent orientations in different, respective ranges may be
produced by superposing a splitter (which generates a
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pattern of spots with low duty cycle and uncorrelated po-
sitions) with an element that, taken on its own, imple-
ments a single Z-varying pattern at four orientations in
four predefined ranges. The element creating the single
pattern may be, for instance, a superposition of four zone
plates, each of which focuses light to a line in the proper,
respective direction in one of the ranges.
[0046] Alternatively or additionally, the superposition
may be computed and then implemented in a suitable
computer-generated hologram (CGH) or other DOE. Giv-
en a set of constraints Ri,i = 1,2,...,K that are to be im-
posed on the light intensity (or equivalently, amplitude)
at distances Zi,i = 1,2,...,K, respectively, the optical ele-
ments that are to implement these constraints can be
decomposed into a convolution of two patterns, Ri = S ⊗
Pi, wherein S is the same for R1, R2,...,RK, while Pi is
allowed to vary arbitrarily with i as i = 1,2,...,K. The con-
straints can be implemented using two filters Fs,Fv, cor-
responding to optical elements 36 and 38, as follows:

• Filter FS creates intensity pattern S in the far field,
meaning it is an appropriate inverse Fourier trans-
form of S (which can be computed using techniques
of DOE design that are known in the art).

• Filter Fv creates intensity patterns Pi,i = 1,2,...,K at
distances Zi,i = 1,2,...,K, respectively. Intensity pat-
terns of this sort are generally much simpler to com-
pute than the above-mentioned patterns Ri,i =
1,2,...,K, and may generally be created individually
using methods known in the art.

The combined filter F = Fs · Fv (wherein the multiplication
is performed pointwise in the filter plane) will implement
intensity patterns Ri,i = 1,2,...,K at distances Zi,i =
1,2,...,K, respectively.
[0047] One shortcoming of this approach is that it is
valid only for sets of constraints that can be represented
as the sort of convolution Ri = S ⊗ Pi. This shortcoming
can be alleviated by using the linearity of the Fresnel-
Sommerfeld equations to decompose any set of con-
straints into a sum of convolutions. A filter for each such
convolution can then be created by the technique de-
scribed above, and the filters superposed to give the de-
sired result.
[0048] Figs. 3A-3D are schematic representations of
images created by projecting a laser beam through DOEs
36 and 38 that are designed in accordance with an em-
bodiment of the present invention. The object of this de-
sign is to create a pattern of elongated speckles whose
axis of elongation varies over 180° as a function of Z over
a given range from Z0 to Z0 + ΔZ. Figs. 3A and 3B show
the patterns created by Fs and Fv, respectively, which
are defined as follows:

• Fs creates a far-field pattern of random speckles,
which need not vary in Z. For example, Fs may be
designed to create a pattern of 1000 x 1000 pixels,
comprising 200 x 200 bright speckles 50, randomly

distributed, with the rest of the field dark. Depending
on the sizes of the spots, the duty cycle is typically
roughly between 4% and 25%. Optical element 36
to implement this pattern may comprise a phase-only
DOE, created using techniques that are known in
the art.

• Fv creates N light intensity patterns in the near-field

volume between the planes Z0 and Z0 + ΔZ. Fig. 3B

shows one such pattern at a given

 The pattern comprises V x W

pixels, wherein V and W are typically small - in this
case V = W = 5. For each p, p = 1, ..., N, the pattern
is rotated by an angle θ = 180*p/N relative to the
vertical. Optical element 38 implementing this pat-
tern may be designed using the Gerchberg-Saxton
method described above, by superposing multiple
zone plates as described below, or using any other
suitable method of DOE design that is known in the
art. Because the pattern is small, the computation
required to generate the DOE is relatively simple in
any case.

[0049] Figs. 3C and 3D show the pattern of speckles
that is created by superposing elements 36 and 38, cor-
responding to Fs and Fv, at two different values of Z. The

patterns comprise 200 x 200 elongated speckles 52 and
54, respectively, oriented at different angles depending
on Z. As the distance increases from Z0 to Z0 + ΔZ, the

speckles rotate by 180°. By detecting the angle θ of the
speckles that are projected onto a surface of object 28,
processor 24 is thus able to determine p = Nθ/180, giving

 as the range of the surface from de-

vice 22.
[0050] Fig. 4 is a flow chart that schematically illus-
trates a method for 3D ranging and mapping, in accord-
ance with an embodiment of the present invention. The
method is described hereinbelow, for the sake of clarity,
with reference to system 20, as illustrated in Figs. 1 and
2, using the speckle pattern shown in Figs. 3C and 3D.
This method may similarly be applied, however, in speck-
le-based imaging systems of other sorts, such as those
described in the references cited above. Furthermore,
other sorts of spot patterns and of Z-varying spot shape
characteristics may alternatively be created and used in
place of the rotating linear shape of the speckles shown
in Figs. 3C and 3D.
[0051] In preparation for ranging and imaging of an ob-
ject, imaging device 22 is operated to capture one or
more reference speckle images. For this purpose, for ex-
ample, a planar surface may be placed at one or more
known fiducial distances from the origin along the Z-axis,
such as at Z1, Z2, Z3, .... Imaging assembly 32 captures
a reference image of the speckle pattern that is projected
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onto the surface by illumination assembly 30 at each dis-
tance. Alternatively, since the speckle pattern is essen-
tially a convolution of the small Z-varying pattern of Fv
and the far-field spot pattern of Fs, respective reference
patterns can be determined separately for the two filters
and then convolved to give the combined pattern at each
distance Z. This approach can reduce the amount of
memory required for storing the reference patterns. Fur-
ther alternatively, the design of the entire pattern can be
standardized, thus rendering the capture of the reference
unnecessary.
[0052] Object 28 is introduced into target region 46,
and device 22 captures a test image of the speckle pat-
tern that is projected onto the surface of the object, at a
test capture step 60. Processor 24 then computes the
orientation angle of the speckles, at a ranging step 62.
For this purpose, the processor may, for example, per-
form a spectral analysis of the test image. The shape of
the spectrum (for example, the directions of the major
and minor axes) will correspond to the orientation angle
of the speckles, which will in turn indicate the range of
the object. Alternatively or additionally, the processor
may compute the cross-correlation between the speckle
shape and a number of different reference shapes. Of
course, if the object is sufficiently deep, the speckle angle
may vary over the surface, so that different parts of the
object will have different ranges. Processor 24 may iden-
tify the loci of any abrupt changes in speckle angle as
edges of the object.
[0053] Processor 24 may use the shape-based range
measurement of step 62 by itself in generating a rough
3D map of object 28. In the embodiment shown in Fig.
4, however, the processor uses this range measurement
in conjunction with spot position triangulation in recon-
structing the 3D map of object 28, at a reconstruction
step 64. For this purpose, the processor typically meas-
ures local offsets between the speckle pattern at different
points on the object surface in the test image and corre-
sponding areas of the speckle pattern in the appropriate
reference image. The processor then uses triangulation,
based on the offsets, to determine the Z-coordinates of
these object points. Methods that may be used for these
purposes are described in the above-mentioned PCT
patent applications and in the other references cited
above.
[0054] The combination of ranging at step 62 with 3D
reconstruction at step 64 enables system 20 to perform
3D reconstruction with greater precision and/or lower
computational cost than can generally be achieved by
speckle-based triangulation alone, and may also be used
to increase the range in the Z-direction over which the
measurement is made. For example, if multiple reference
images were captured at different fiducial distances, as
mentioned above, the processor can measure the local
offsets relative to the reference image whose fiducial dis-
tance is closest to the range found at step 62. Even if
only a single reference image is used, the triangulation
accuracy and/or speed at step 64 can be enhanced since

processor 24 can use the ranging result to limit the
number of different local offset values that it has to check
or to compute the offset with greater precision.
[0055] Steps 60-64 may be repeated continually in or-
der to track motion of object 28 within target region 46.
For this purpose, device 22 captures a succession of test
images while the object is moving, and processor 24 re-
peats steps 62 and 64 in order to track the 3D movement
of the object. It may be possible to skip step 62 in some
iterations by assuming that the object has not moved too
far since the previous iteration.
[0056] In an alternative embodiment (not shown in the
figures), triangulation based on shifts of the speckle pat-
tern is used for coarse range measurement, and changes
in the speckle shape characteristic are used for accurate
3D mapping. The accuracy of triangulation depends, inter
alia, on the separation along the X-axis between illumi-
nation assembly 30 and image capture assembly 32. If
only coarse triangulation is required, assemblies 30 and
32 can be positioned close together, thus permitting a
more compact design of device 22.
[0057] Enhanced accuracy of the shape-based Z-di-
rection measurement may be achieved, for example, by
replicating the Z-varying pattern of the speckle shape
over several cycles within target region 46. In other
words, taking the example of the rotating linear speckle
shape described above and the arrangement shown in
Fig. 2, the speckle orientation may vary over 180° be-
tween Z1 and Z2, and then again between Z2 and Z3, and
again between Z3 and Z4. Processor 24 uses the speckle
triangulation result to decide in which of these three rang-
es object 28 is located, and then uses the speckle orien-
tations to construct the precise 3D map of the object with-
in this range. Alternatively, as noted earlier, other Z-var-
ying spot shape characteristics may be used in this con-
text in place of the directional variation illustrated in Figs.
3C and 3D.
[0058] Various methods may be used to replicate the
Z-varying shape over multiple cycles in Z. For example,
the pattern may be focused onto target region 46 using
a suitable multifocal lens (not shown). Such a lens may
comprise, for example, a superposition of several Fresnel
zone plates with different respective focal lengths. Alter-
natively, a suitable multifocal lens may be designed using
techniques described by Ben Eliezer, et al., in "All Optical
Extended Depth of Field Imaging System," Journal of
Optica and Pure Physics - A, 5 (2003), pages S164-S169.
Further alternatively, optical element 38 may be designed
ab initio, using the superposition techniques described
above, to give a speckle shape that repeats over multiple
cycles.
[0059] Figs. 5A-5Q schematically illustrate a method
for producing optical element 38 so as to create a pattern
of shaped spots, in accordance with an embodiment of
the present invention. Figs. 5A-5P are schematic, frontal
views of a set of zone plates 70, while Fig. 5Q is a sche-
matic frontal view of a DOE 72 created by superposing
the zone plates of Figs. 5A-5P. DOE 72 can serve as the
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filter Fv, for use together with a suitable diffuser or other
beam splitting filter Fs, in order to produce the sort of
rotating, linear spots that are shown above in Figs. 3C
and 3D.
[0060] Each of zone plates 70 is a Fresnel zone plate
of focal length fn, n = 1, ..., N (wherein N = 16 in this
example), designed for wavelength λ. The transmission
function of such a zone plate is given by: 

wherein the X-Y axes in each zone plate are rotated by
(n-1)π/N. Alternatively, zone plates 70 may be designed
as transparent, phase-only zone plates. DOE 72 com-
prises a superposition 74 of these N zone plates. This
superposition will produce a line which rotates as a func-
tion of Z at a rate of π/N(fn - fn-1) rad/m.
[0061] Various methods may be used to superpose
zone plates 70. For example, the superposition may be
produced, as shown in Fig. 5Q, as an assemblage of "pie
slices" cut from the sixteen component zone plates. Al-
ternatively, pieces of the different zone plates may be
extracted at random and assembled to create the super-
position. Further alternatively, the component zone
plates may be summed at each point in DOE 72 to create
a single pattern, with appropriate quantization of the
summed transmittance or phase shift at each point.
[0062] Alternatively, optical element 38 may comprise
an array of refractive lenses instead of the zone plates
described above. In this case, a superposition of cylin-
drical lenses (such as micro-lenses) at different orienta-
tions, in pie-slice or random distribution, may be used to
create the desired Z-varying pattern.
[0063] Figs. 6A-6D are schematic representations of
images created by projecting a laser beam through DOEs
that are designed in accordance with another embodi-
ment of the present invention. Although the examples
shown in the preceding embodiments relate specifically
to patterns of speckles with rotating linear shapes, the
principles of the present invention may similarly be ap-
plied in creating Z-varying patterns of other types and in
optical ranging using such patterns. Figs. 6A-6D show
one example, in which speckles 80 and 82 have a com-
mon morphological characteristic, in the form of a circular
or elliptical shape. The radius of the shape of each spot
varies with distance from the illumination assembly at a
different rate from the linear magnification of the pattern
as a whole, thereby providing information on the dis-
tance. Other sorts of shapes and patterns will be apparent
to those skilled in the art and are considered to be within
the scope of the present invention.
[0064] Figs. 6A and 6B show the patterns created by
Fs and Fv, respectively. As in the preceding examples,
Fs creates a pattern of random speckles 50, which need

not vary in Z. Fv creates an annular light intensity pattern
in the target region. The radius of the annulus varies with
Z in such a fashion as to enable ranging based on the
radii of the spots that are observed in the image captured
by image capture assembly 32. As explained above, an
optical element implementing this pattern may be de-
signed using the Gerchberg-Saxton method, or by su-
perposing multiple diffractive optical elements that create
simple circular or elliptical patterns with different size
characteristics, or using any other suitable method of
DOE design that is known in the art.
[0065] Figs. 6C and 6D show images of the pattern of
speckles that is projected onto a surface by passing co-
herent light through elements 36 and 38 (corresponding
to Fs and Fv), with the surface at two different values of
Z. The images are shown as they would be captured by
image capture assembly 32. The patterns comprise el-
liptical speckles 80 and 82, respectively, with different
radii depending on Z. As the distance increases from Z0
to Z0 + ΔZ, the radii of the speckles that are projected
onto the surface of object 28 and imaged onto sensor 42
increase or decrease at a known rate. By measuring the
radii of the speckles, processor 24 is thus able to deter-
mine the range of the surface from device 22. Further-
more, the processor may detect and analyze changes in
the shapes of the speckles in order to determine the an-
gular skew of the surface relative to the X-Y plane.
[0066] Although the embodiments described above re-
late specifically to superposition of two types of patterns,
which are typically implemented using two optical ele-
ments 36 and 38, the design approach that is used in this
embodiments may be extended to superposition of three
or more patterns. The approach is applicable, as noted
above, to a constraint i on the projected light pattern that
can be presented as a convolution of L patterns Ri =

P1i⊗P2i⊗...⊗PLi. In this case, L filters Fl,l = 1,2,...,L are

designed such that filter Fl implements patterns Pli,i =

1,2,...,K at Zi,i = 1,2,...,K respectively. The combined filter

 implements Ri = P1i⊗P2i⊗...⊗PLi on

a Z-scale that is reduced by a factor L. Therefore, at the
design stage, the filters are scaled up by a factor L. It can
be shown, using general scalar diffraction theory, that
the field distribution at z, U(x, y, z), will be given by

 wherein Ul(x,y,z) is the

pattern filter l would create at distance z, and  de-

notes convolution.
[0067] Furthermore, although the embodiments de-
scribed above relate to specifically to speckle shaping
and speckle-based 3D ranging and mapping, the meth-
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ods described above for designing multi-constraint filters
and other optical elements - and particularly elements
that create Z-varying patterns - may also be used to cre-
ate optical elements in other applications in which com-
plex light patterns are needed.
[0068] It will thus be appreciated that the embodiments
described above are cited by way of example, and that
the present invention is not limited to what has been par-
ticularly shown and described hereinabove. Rather, the
scope of the present invention includes both combina-
tions and subcombinations of the various features de-
scribed hereinabove, as well as variations and modifica-
tions thereof which would occur to persons skilled in the
art upon reading the foregoing description and which are
not disclosed in the prior art.

Claims

1. A method for mapping, comprising:

projecting onto an object (28) a pattern of mul-
tiple spots (50, 52, 54, 80, 82) having respective
positions and shapes, such that the positions of
the spots in the pattern are uncorrelated, while
the shapes share a common characteristic;
capturing an image of the spots on the object;
and
processing the image so as to derive a three-
dimensional (3D) map of the object,
characterized in that the common characteris-
tic of the shapes varies as a function of distance
from a source of the pattern, and the 3D map is
derived by finding the respective offsets be-
tween the pattern on areas of the object in the
image and the pattern in a reference image, and
by analyzing the characteristic of the shapes of
the spots on a surface of the object in the image.

2. The method according to claim 1, wherein the pattern
of spots comprises a random speckle pattern.

3. The method according to claim 1, wherein projecting
the pattern comprises passing a beam of coherent
light through at least one optical element, which is
designed to superpose a first optical constraint that
splits the beam into the multiple spots, and a second
optical constraint for applying the common charac-
teristic of the shapes to at least one spot.

4. The method according to claim 3, wherein the at least
one optical element comprises a first optical element
for creating the pattern and a second optical element
for applying the common characteristic.

5. The method according to claim 1, wherein process-
ing the image comprises analyzing the characteristic
of the spots on a surface of the object in the image

so as to determine the distance of the surface from
the source.

6. The method according to claim 5, wherein the spots
share an elongate shape, which rotates as a function
of distance from a source of the pattern, and wherein
analyzing the characteristic comprises determining
a direction of the spots on the surface of the object.

7. The method according to claim 5, wherein process-
ing the image comprises finding respective offsets
between the pattern on multiple areas of the object
in the image and the pattern in a reference image,
and using the offsets together with the distance to
derive the 3D map.

8. The method according to claim 7, wherein finding
the respective offsets comprises choosing the refer-
ence image from among a plurality of reference im-
ages responsively to the distance of the surface from
the source.

9. The method according to any of claims 1-8, wherein
the spots in the pattern have an elongate shape,
which is aligned in a first direction, and wherein
processing the image comprises finding respective
offsets in a second direction, perpendicular to the
first direction, between the pattern on multiple areas
of the object in the image and the pattern in a refer-
ence image so as to derive the 3D map.

10. The method according to claim 9, wherein projecting
the pattern of spots comprises passing a beam of
coherent light through a diffuser, wherein the beam
has a profile at the diffuser that is elongated in the
second direction.

11. The method according to any of claims 1-8, wherein
capturing the image comprises capturing a succes-
sion of images while the object is moving, and where-
in processing the image comprises tracking a move-
ment of the object by processing the succession of
the images.

12. The method according to claim 11, wherein the ob-
ject is a part of a human body, and wherein tracking
the movement comprises identifying a gesture made
by the part of the human body and providing an input
to a computer application responsively to the ges-
ture.

13. The method according to claim 3, wherein projecting
the pattern comprises:

defining the first optical constraint such that ap-
plication of the first optical constraint to a beam
of light splits the beam into the pattern of multiple
spots;
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defining the second optical constraint such that
application of the second optical constraint to
the beam of light causes the beam to form a spot
having the shape characteristic that changes in
the predefined manner as a function of a dis-
tance along an axis of the beam; and
designing the at least one optical element so as
to superpose the first and second optical con-
straints.

14. Apparatus (20) for mapping, comprising:

an illumination assembly (30), which is config-
ured to project onto an object (28) a pattern of
multiple spots (50, 52, 54, 80, 82) having respec-
tive positions and shapes, such that the posi-
tions of the spots in the pattern are uncorrelated,
while the shapes share a common characteris-
tic;
an imaging assembly (32), which is configured
to capture an image of the spots on the object;
and
an image processor (24), which is coupled to
process the image so as to derive a three-di-
mensional (3D) map of the object,
characterized in that the common characteris-
tic of the shapes varies as a function of distance
from a source of the pattern, and the processor
is adapted to derive the 3D map by finding the
respective offsets between the pattern on areas
of the object in the image and the pattern in a
reference image, and by analyzing the charac-
teristic of the shapes of the spots on a surface
of the object in the image.

15. The apparatus according to claim 14, wherein the
illumination assembly comprises:

at least one optical element, which is designed
to superpose a first optical constraint that splits
the beam into the multiple spots, and a second
optical constraint for applying the common char-
acteristic of the shapes to at least one spot; and
a light source, which is configured to direct a
beam of coherent light through the at least one
optical element.

Patentansprüche

1. Verfahren zum Abbilden, umfassend:

Projizieren auf ein Objekt (28) eines Musters
mehrerer Flecken (50, 52, 54, 80, 82), die jewei-
lige Positionen und Formen aufweisen, sodass
die Positionen der Flecken in dem Muster nicht
miteinander korrelieren, während die Formen ei-
ne gemeinsame Eigenschaft aufweisen;

Erfassen eines Bildes der Flecken auf dem Ob-
jekt; und
Verarbeiten des Bildes, um so eine dreidimen-
sionale (3D) Karte des Objekts abzuleiten,
dadurch gekennzeichnet, dass die gemeinsa-
me Eigenschaft der Formen als eine Funktion
der Entfernung von einer Quelle des Musters
variiert und, dass die 3D-Karte abgeleitet wird
durch Finden der jeweiligen Verschiebungen
zwischen dem Muster auf Bereichen des Ob-
jekts in dem Bild und dem Muster in einem Re-
ferenzbild und durch Analysieren der Eigen-
schaft der Formen der Flecken auf einer Ober-
fläche des Objekts in dem Bild.

2. Verfahren nach Anspruch 1, wobei das Muster von
Flecken ein zufälliges Sprenkelmuster umfasst.

3. Verfahren nach Anspruch 1, wobei das Projizieren
des Musters ein Schicken eines Strahls kohärenten
Lichts durch zumindest ein optisches Element um-
fasst, welches entworfen ist, um eine erste optische
Beschränkung, die den Strahl in die mehreren Fle-
cken aufteilt, und eine zweite optische Beschrän-
kung zum Anwenden der gemeinsamen Eigenschaft
der Formen auf den zumindest einen Fleck zu über-
lagern.

4. Verfahren nach Anspruch 3, wobei das zumindest
eine optische Element ein erstes optisches Element
zum Erzeugen des Musters und ein zweites opti-
sches Element zum Anwenden der gemeinsamen
Eigenschaft umfasst.

5. Verfahren nach Anspruch 1, wobei das Verarbeiten
des Bildes ein Analysieren der Eigenschaft der Fle-
cken auf einer Oberfläche des Objekts in dem Bild
umfasst, um so die Entfernung der Oberfläche von
der Quelle zu bestimmen.

6. Verfahren nach Anspruch 5, wobei die Flecken eine
längliche Form teilen, die als eine Funktion der Ent-
fernung von einer Quelle des Musters rotiert, und
wobei das Analysieren der Eigenschaft ein Bestim-
men einer Richtung der Flecken auf der Oberfläche
des Objekts umfasst.

7. Verfahren nach Anspruch 5, wobei das Verarbeiten
des Bildes ein Finden jeweiliger Verschiebungen
zwischen dem Muster auf mehreren Bereichen des
Objekts in dem Bild und dem Muster in einem Refe-
renzbild und ein Verwenden der Verschiebungen zu-
sammen mit der Entfernung zum Ableiten der 3D-
Karte umfasst.

8. Verfahren nach Anspruch 7, wobei das Finden der
jeweiligen Verschiebungen ein Auswählen des Re-
ferenzbildes aus einer Vielzahl von Referenzbildern
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in Antwort auf die Entfernung der Oberfläche von der
Quelle umfasst.

9. Verfahren nach einem der Ansprüche 1 bis 8, wobei
die Flecken in dem Muster eine längliche Form auf-
weisen, die in einer ersten Richtung ausgerichtet ist,
und wobei das Verarbeiten des Bildes ein Finden
jeweiliger Verschiebungen in einer zweiten Rich-
tung, die rechtwinklig zu der ersten Richtung ist, zwi-
schen dem Muster auf mehreren Bereichen des Ob-
jekts in dem Bild und dem Muster in einem Referenz-
bild umfasst, um so die 3D-Karte abzuleiten.

10. Verfahren nach Anspruch 9, wobei das Projizieren
des Musters ein Schicken eines Strahls kohärenten
Lichts durch einen Diffusor umfasst, wobei der Strahl
ein Profil bei dem Diffusor aufweist, das in der zwei-
ten Richtung verlängert ist.

11. Verfahren nach einem der Ansprüche 1 bis 8, wobei
das Erfassen des Bildes ein Erfassen einer Abfolge
von Bildern umfasst während sich das Objekt bewegt
und wobei das Verarbeiten des Bildes ein Verfolgen
einer Bewegung des Objekts durch Verarbeiten der
Abfolge der Bilder umfasst.

12. Verfahren nach Anspruch 11, wobei das Objekt Teil
eines menschlichen Körpers ist und wobei das Ver-
folgen der Bewegung ein Identifizieren einer Geste,
die von dem Teil des menschlichen Körpers vorge-
nommen wird, und ein Bereitstellen einer Eingabe
an eine Computeranwendung in Antwort auf die
Geste umfasst.

13. Verfahren nach Anspruch 3, wobei das Projizieren
des Musters umfasst:

Definieren der ersten optischen Beschränkung,
sodass die Anwendung der ersten optischen
Beschränkung auf einen Lichtstrahl den Licht-
strahl in das Muster aus mehreren Flecken teilt;
Definieren der zweiten optischen Beschrän-
kung, sodass die Anwendung der zweiten opti-
schen Beschränkung auf den Strahl aus Licht
den Strahl veranlasst, einen Fleck zu bilden, der
die Formeigenschaft aufweist, die sich auf die
vordefinierte Weise als eine Funktion der Ent-
fernung entlang einer Achse des Strahls ändert;
und
Entwerfen von zumindest einem optischen Ele-
ment, um die erste und die zweite optische Be-
schränkung zu überlagern.

14. Vorrichtung (20) zum Abbilden, umfassend:

eine Beleuchtungsanordnung (30), die einge-
richtet ist, um auf ein Objekt (28) mehrere Fle-
cken (50, 52, 54, 80, 82) zu projizieren, die je-

weilige Positionen und Formen aufweisen, so-
dass die Positionen der Flecken in dem Muster
nicht miteinander korrelieren, während die For-
men eine gemeinsame Eigenschaft teilen;
eine Bildanordnung (32), die eingerichtet ist, um
ein Bild der Flecken auf dem Objekt zu erfassen;
und
einen Bildprozessor (24), der gekoppelt ist, um
das Bild zu verarbeiten, um so eine dreidimen-
sionale (3D) Karte des Objekts abzuleiten,
dadurch gekennzeichnet, dass die gemeinsa-
me Eigenschaft der Formen als eine Funktion
der Entfernung von einer Quelle des Musters
variiert und, dass der Prozessor eingerichtet ist,
um die 3D-Karte durch Finden der jeweiligen
Verschiebungen zwischen dem Muster auf Be-
reichen des Objekts in dem Bild und dem Muster
in einem Referenzbild zu finden und durch Ana-
lysieren der Eigenschaft der Formen der Fle-
cken auf einer Oberfläche des Objekts in dem
Bild.

15. Vorrichtung gemäß Anspruch 14, wobei die Be-
leuchtungsanordnung umfasst:

zumindest ein optisches Element, welches ent-
worfen ist, um eine erste optische Beschrän-
kung, die den Strahl in die mehreren Flecken
aufteilt, und eine zweite optische Beschränkung
zum Anwenden der gemeinsamen Eigenschaft
der Formen auf den zumindest einen Fleck zu
überlagern; und
eine Lichtquelle, die eingerichtet ist, um einen
Strahl kohärenten Lichts durch das zumindest
eine optische Element zu leiten.

Revendications

1. Un procédé de mappage, comprenant :

la projection sur un objet (28) d’un motif de ta-
ches multiples (50, 52, 54, 80, 82) présentant
des positions et des formes respectives, de sor-
te que les positions des taches dans le motif ne
soient pas corrélées, tandis que les formes par-
tagent une caractéristique commune ;
la capture d’une image des taches sur l’objet ; et
le traitement de l’image de manière à en déduire
une carte tridimensionnelle (3D) de l’objet,
caractérisé en ce que la caractéristique com-
mune des formes varie en fonction de la distan-
ce par rapport à une source du motif, et la carte
3D est déduite par repérage des décalages res-
pectifs entre le motif sur des zones de l’objet
dans l’image et le motif dans une image de ré-
férence, et par analyse de la caractéristique des
formes des taches sur une surface de l’objet
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dans l’image.

2. Le procédé de la revendication 1, dans lequel le motif
de taches comprend un motif de tavelures aléatoire.

3. Le procédé de la revendication 1, dans lequel la pro-
jection du motif comprend le passage d’un faisceau
de lumière cohérente au travers d’au moins un élé-
ment optique, qui est conçu pour superposer un pre-
mier obstacle optique, qui fractionne le faisceau pour
donner les taches multiples, et un second obstacle
optique pour l’application de la caractéristique com-
mune des formes à au moins une tache.

4. Le procédé de la revendication 3, dans lequel le au
moins un élément comprend un premier élément op-
tique pour créer le motif et un second élément opti-
que pour appliquer la caractéristique commune.

5. Le procédé de la revendication 1, dans lequel le trai-
tement de l’image comprend l’analyse de la carac-
téristique des taches sur une surface de l’objet dans
l’image de manière à déterminer la distance de la
surface par rapport à la source.

6. Le procédé de la revendication 5, dans lequel les
taches partagent une forme allongée, qui tourne en
fonction de la distance par rapport à une source du
motif, et dans lequel l’analyse de la caractéristique
comprend la détermination d’une direction des ta-
ches sur la surface de l’objet.

7. Le procédé de la revendication 5, dans lequel le trai-
tement de l’image comprend le repérage de décala-
ges respectifs entre le motif sur des zones multiples
de l’objet dans l’image et le motif dans une image
de référence, et l’utilisation des décalages ensemble
avec la distance pour en déduire la carte 3D.

8. Le procédé de la revendication 7, dans lequel le re-
pérage des décalages respectifs comprend le choix
de l’image de référence parmi une pluralité d’images
de référence en réponse à la distance de la surface
par rapport à la source.

9. Le procédé de l’une des revendications 1 à 8, dans
lequel les taches du motif présentent une forme al-
longée, qui est alignée suivant une première direc-
tion, et dans lequel le traitement de l’image com-
prend le repérage des décalages respectifs dans
une seconde direction, perpendiculaire à la première
direction, entre le motif sur des zones multiples de
l’objet dans l’image et le motif dans une image de
référence de manière à en déduire la carte 3D.

10. Le procédé de la revendication 9, dans lequel la pro-
jection du motif de taches comprend le passage d’un
faisceau de lumière cohérente au travers d’un diffu-

seur, le faisceau présente un profil au niveau du dif-
fuseur qui est allongé dans la seconde direction.

11. Le procédé de l’une des revendications 1 à 8, dans
lequel la capture de l’image comprend la capture
d’une succession d’images pendant que l’objet est
en déplacement, et dans lequel le traitement de
l’image comprend le suivi d’un déplacement de l’ob-
jet par traitement de la succession des images.

12. Le procédé de la revendication 11, dans lequel l’objet
fait partie d’un corps humain, et dans lequel le suivi
du déplacement comprend l’identification d’un geste
fait par la partie du corps humain et la délivrance
d’une entrée à une application informatique en ré-
ponse au geste.

13. Le procédé de la revendication 3, dans lequel la pro-
jection du motif comprend :

la définition du premier obstacle optique de telle
sorte que l’application du premier obstacle op-
tique à un faisceau de lumière fractionne le fais-
ceau pour donner le motif de taches multiples ;
la définition du second obstacle optique de telle
sorte que l’application du second obstacle opti-
que au faisceau de lumière fasse en sorte que
le faisceau forme une tache dont la caractéris-
tique de forme change de la manière prédéfinie
en fonction d’une distance suivant un axe du
faisceau ; et
la conception du au moins un élément optique
de manière à superposer le premier et le second
obstacles optiques.

14. Équipement (20) de mappage, comprenant :

un bloc d’illumination (30), qui est configuré pour
projeter sur un objet (28) un motif de taches mul-
tiples (50, 52, 54, 80, 82) présentant des posi-
tions et des formes respectives, de telle sorte
que les positions des taches dans le motif ne
soient pas corrélées, tandis que les formes par-
tagent une caractéristique commune ;
un bloc d’imagerie (32), qui est configuré pour
capturer une image des taches sur l’objet ; et
un processeur d’image (24), qui est couplé pour
traiter l’image de manière à en déduire une carte
tridimensionnel (3D) de l’objet,
caractérisé en ce que la caractéristique com-
mune des formes varie en fonction de la distan-
ce par rapport à une source du motif, et en ce
que le processeur est apte à déduire la carte
3D par repérage des décalages respectifs entre
le motif sur des zones de l’objet dans l’image et
le motif dans une image de référence, et par
analyse de la caractéristique des formes des ta-
ches sur une surface de l’objet dans l’image.
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15. L’équipement de la revendication 14, dans lequel le
bloc d’illumination comprend :

au moins un élément optique, qui est conçu pour
superposer un premier obstacle optique qui
fractionne le faisceau pour donner les taches
multiples, et un second obstacle optique pour
l’application de la caractéristique commune des
formes à au moins une tache ; et
une source lumineuse, qui est configurée pour
diriger un faisceau de lumière cohérente au tra-
vers du au moins un élément optique.
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