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DISTANCE-VARYING ILLUMINATION AND IMAGING TECHNIQUES FOR DEPTH
MAPPING

CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of U.S. Provisional Patent Application
60/944,807, filed June 19, 2007, whose disclosure is incorporated herein by reference.

FIELD OF THE INVENTION
The present invention relates generally to methods and systems for mapping of three-

dimensional (3D) objects, and specifically to optical 3D mapping.

BACKGROUND OF THE INVENTION

Various methods are known in the art for optical 3D mapping, i.e., generating a 3D
profile of the surface of an object by processing an optical image of the object.

Some methods are based on projecting a laser speckle pattern onto the object, and
then analyzing an image of the pattern on the object.l For example, PCT International
Publication WO 2007/043036, whose disclosure is incorporated herein by reference,
describes a system and method for object reconstruction in which a coherent light source and
a generator of a random speckle pattern projects onto the object a coherent random speckle
paitern. An imaging unit detects the light response of the illuminated region and generates
image data.. Shifts of the pattern in the image of the object relative to a reference image of
the pattern are used in real-time reconstruction of a 3D map of the object.

In other methods of optical 3D mapping, different sorts of ﬁattems are projected onto *
the object to be mapped. For example, PCT International Publication WO 93/03579
describes a three-dimensional vision system in which one or two projectors establish
structured light comprising two sets of parallel stripes having different periodicities and
angles. As another example, U.S. Patent 6,751,344 describes a method for optically scanning
a subject in which the sﬁbj ect is illuminated with a matrix of discrete two-dimensional image
objects, such as a grid of dots. Other methods involve projection of a grating pattern, as
described, for example, in U.S. Patent 4,802,759. The disclosures of the above-mentioned

patents and publications are incorporated herein by reference.
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Other methods for 3D mapping and ranging use coded illumination. For example,
Sazbon et al. describe a method of this sort for range estimation in “Qualitative Real-Time
Range Extraction for Preplanned Scene Partitioning Using Laser Beam Coding,” Pattern
Recognition Letters 26 (2005), pages 1772-1781, which is incorporated herein by reference.
A phase-only filter codes the laser beam into M different diffraction patterns, corresponding
to M different range segments in the workspace. Thus, each plane in the illuminated scene is
irradiated with the pattern 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 then be processed to

determine the ranges of objects in the scene.

As another example, PCT International Publication WO 2007/105215 (published

after the priority date of the present patent application), whose disclosure is incorporated

herein by reference, describes a method for mapping in which a pattern of multiple spots is
projected onto an object. The positions of the spots in the pattern are uncorrelated; but the
shapes of the spots share a common characteristic. In some embodiments, the spot shape
characteristic changes with distance from the illumination source. This distance-varying
shape characteristic may be achieved by passing the illumination 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. An image of the spots
on the object is captured and processed so as to derive a 3D map of the object.

' - SUMMARY OF THE INVENTION

Embodiments of the present invention that are described hereinbelow provide
methods and systems for optical 3D mapping of an object. These methods operate by
projection of a light pattern onto the object, capturing an image of the pattern on the object,
and processing the image to detect features of the pattern that vary with distance.

There is therefore provided, in accordance with an embodiment of the present
invention, a method for mapping, including:

projecting a pattern onto an object via an astigmatic optical element having different,
respective focal lengths in different meridional planes of the element;

capturing an image of the pattern on the object; and
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processing the image so as to derive a three-dimensional (3D) map of the object
responsively to the different focal lengths.

In some embodiments, the astigmatic optical element causes the pattern that is
projected on the object to be elongated with a direction of elongation that varies with a
distance from the element, and processing the image includes finding the distance to the
object responsively to the direction of the elongation. The pattern may include multiple
spots, which are projected onto the object by the astigmatic optical element as ellipses,
having respective major axes in the direction of elongation. The ellipses have respective
minor axes, and the major and minor axes of each ellipse have respective lengths, and finding
the distance may include comparing the respective lengths of the major and minor axes.

In one embodiment, the astigmatic optical element includes a combination of at least
two oylindrical lens surfaces in different, respective orientations.  Alternatively or
additionally, the astigmatic optical element may include a diffractive optical element or an
off-axis element.

There is also provided, in accordance with an embodiment of the present invention, a
method for mapping, including:

directing light via an aperture so as to project onto an object a diffraction pattern
characterized by a transition from near-field to far-field diffraction;

capturing an image of the diffraction pattern on the object; and

processing the image so as to derive a three-dimensional (3D) map of the object
responsively to the transition of the diffraction pattern.

In a disclosed embodiment, directing the light includes projecting multiple spots onto
the object, wherein each spot exhibits the diffraction pattern responsively to a distance from
the aperture of a respective location on the object onto which the spot is projected.

There is additionally provided, in accgrdance with an embodiment of the present
invention, a method for mapping, including:

capturing an irﬁage of an object, which has a surface with features having respective
shapes at respective locations on the surface, using an optical objective that is configured to
modify the shapes of the features in the image as a function of a distance of the respective

locations from the objective; and
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processing the image so as to derive a three-dimensional (3D) map of the object
responsively to the modiﬁgd shapes of the features.

In disclésed embodiments, the method includes projecting a pattern of multiple spots
onto the surface of the object, wherein the features in the image include the spots, and
wherein processing the image includes analyzing the shapes of the spots in the image.

In one embodiment, the optical objective includes an astigmatic optical element
having different, respective focal lengths in different meridional planes of the element.
Alternatively or additionally, the objective may include a diffractive optical element.

There is further provided, in accordance with an embodiment of the present
invention, a method for mapping, including:

projecting a pattern having a size characteristic onto an object from an illumination

* assembly at a first distance from the object;

capturing an image of the pattern on the object using an image capture assembly at a
second distance from the object, which is different from the first distance; and

processing the image so as to derive a three-dimensional (3D) map of the object
responsively to the size characteristic of the pattern in the image and to a difference between
the first and second distances.

Typically, the projected pattern includes multiple spots, and the size characteristic is
selected from a set of characteristics consisting of sizes of the spots and distances between
the spots. ‘

There is moreover provided, in accordance with an embodiment of the present
invention, apparatus for mapping, including:

an illumination assembly, which includes an astigmatic optical element having
different, respective focai lengths in different meridional planes of the element and is
configured to project a pattern onto an object via the astigmatic optical element,

an image capture assembly; which is configured to capture an image of the pattern on
the obj ect; and ‘

an image processor, which is configured to process the image so as to derive a three-

dimensional (3D) map of the object responsively to the different focal lengths.
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There is furthermore provided, in accordance with an embodiment of the present
invention, apparatus for mapping, including:

an illumination assembly, which includes an aperture and is configured to direct light
via the aperture so as to project onto an object a diffraction pattern characterized by a
transition from near-field to far-field diffraction;

an image capture assembly, which is configured to capture an image of the diffraction
pattern on the object; and

an image processor, which is configured to process the image so as to derive a three-
dimensional (3D) map of the object responsively to the transition of the diffraction pattern.

There is also provided, in accordance with an embodiment of the present invention,
apparatus for mapping, including:

| an image capture assembly, which is configured to capture an image of an object,

which has a surface with features having respective shapes at respective locations on the
surface, and includes an optical objective that is configured to modify the shapes of the
features in the image as a function of a distance of the respective locations from the
objective; and

an image processor, which is configured to process the image so as to derive a three-
dimensional (3D) map of the object responsively to the modified shapes of the features.

There is additionally provided, in accordance with an embodiment of the present
invention, apparatus for mapping, including: 4

an illumination assembly, which is located at a first distance from an object and is
configured to project a pattern having a size characteristic onto the object;

an image capture assembly, which is located 4t a second distance from the object,
which is different from the first distance, and is configured to captufe an image of the pattern
on the object; and '

an image processor, which is configured to process the image so as to derive a three-
dimensional (3D) map of the object responsively to the size characteristic of the patter in the
image and to a difference between the first and second distances.

The present invention will be more fully understood from the following detailed

description of the embodiments thereof, taken together with the drawings in which:
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. lisa schemétic, pictorial illustration of a system for 3D mapping, in accordance
with an embodiment of the present invention;

Fig. 2 is a schematic top view of an imaging device for use in 3D mapping, in
accordance with an embodiment of the present invention;

Fig. 3 is a schematic, pictorial illustration of an astigmatic optical element, in
accordance with an embodiment of the present invention;

Fig. 4 is a schematic ray diagram showing focal behavior of an astigmatic optical
element, in'accordance with an embodiment of the present invention;

Fig. 5 is a schematic frontal view of a diffractive optical element, in accordance with
an embodiment of the present invention;

Figs. 6A and 6B are schematic intensity plots showing near- and far-field diffraction
patterns, respectively, which are used in 3D mapping in accordance with an embodiment of
the present invention;

Fig. 7 is a schematic top view of an imaging device for use in 3D mapping, in
accordance with another embodiment of the present invention; and

Fig. 8 is a schematic top view of a system for 3D mapping, in accordance with an
alternative embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

SYSTEM OVERVIEW

Fig. 1 is a schematic, pictorial illustrati.on of a system 20 for 3D optical mapping, in
accordance with an embodiment of the present invention. System 20 comprises an imaging
device 22, which generates and projects a pattern onto an object 28 and captures an image of-
the pattern appearing on the object. Details of the design and operation of device 22 are
shown in the figures that follow and are described hereinbelow with reference thereto.

In some embodiments, the pattern that is projected by imaging device 22 comprises a
pattern of spots, which may be either bright or dark and may have any suitable shapes,
including shapes that exhibit random variations. In some embodiments, the pattern
comprises a speckle pattern, meaning a projected pattern of bright spots whose positions are

uncorrelated in planes transverse to the projection beam axis. Speckle patterns of this sort
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may be created by diffusion of a laser beam or by human or computer design, as described,
for example, in the above-mentioned PCT International Publications WO 2007/043036 and
WO 2007/105215. In other embodiments, the spots may be arranged in a regular, non-
random pattérn, such as the type of pattern that may be created by passing the illumination
beam through a Damman grating or a suitable lenslet array.

An image processor 24 processes image data generated by device 22 in order to
determine the distance to one or more points on the surface of object 28 and thus, typically,
to reconstruct a 3D map of the object. 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 herein as “3D mapping” or equivalently, “3D reconstruction.” Image processor
24 computes the 3D coordinates of points on the surface of object 28 based on variations in
the shapes and/or sizes of the spo'ts appearing in the images captured by device 22, as
described hereinbelow. The information provided by the shapes and/or sizes may optionally
be supplemented by triangulation, based on the transverse shifts of the spots in the image
relative to a reference pattern. Methods for this sort of triangulation-based 3D mapping
using a projected laser speckle pattern are described in the above-mentioned PCT
publications. 4

Image processor 24 may comprise a general-purpose computer processor, which is
programmed in software to carry out the functions described hereinbelow. The software may
be downloaded to processor 24 in elecironic 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 custom 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 device or otherwise associated with the imaging device.

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
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comprises 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 create 3D maps of objects of other types, for substantially any application

in which 3D coordinate profiles are used.

PATTERN PROJECTION USING ASTIGMATIC OPTICS

Fig. 2 is a schematic top view of device 22, in accordance with an embodiment of the
present invention. An iﬁumination assembly 30 in device 22 comprises a light source 34 and
a transparency 36, which are used in combination to create a pattern of spots. (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.) Light source 34 may comprise a
point source, typically a coherent source with large angular divergence, such as a laser diode.
Alternatively or additionally, the light source may comprise suitable collimation optics.

The pattern created by light source 34 and transparency 36 is projected by an
astigmatic optical element 38 onto object 28. Although transparency 36 is located in Fig. 2
between source 34 and element 38, the relative locations of transparency 36 and element 38
may alternatively be reversed. Optionally, element 38 may also serve as a collimating optic
in addition to its astigmatic function. Details of some possible implementations of element
38 are shown schematically in the figures that follow. These ﬁgurés, however, are meant to
illustrate only the general principles of operation of this element. In practical applications,
the astigmatism imparted by element 38 will typically be integrated into a more complex
optical projection system in order to give tﬁe desired pattern quality over the region of
interest, as will be apparent to those skilled in the art.

Transparency 36 may be configured to create various sorts of patterns of spots. In .

_some embodiments, the transparency comprises a diffuser, which creates a random speckle

pattern when illuminated by a coherent light source. Altemnatively, the transparency may
contain a pattern of binary (white/black) spots, distributed over the area of the transparency
according to the values of a pseudo-random distribution function. Details of these and other

means for creating random and pseudo-random patterns are described in the above-
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mentioned PCT publications. Further alternatively, transparency 36 may contain a regular,
non-random pattern of spots or possibly other shapes.

An image capture assembly 32 captures an image of the pattern that has been
projected by illumination assembly 30 onto object 28. The image capture assembly
comprises objective optics 40 (also referred to simply as an “objective”), which focus the
image onto an image sensor 42. Typically, sensor 42 comprises an array of detector elements
44, such as a CCD or CMOS-based image sensor array. Assembly 32 may also comprise a
bandpass filter (not shown in the figures), chosen and positioned so that sensor 42 receives
only light in the emission band of light source 34, while filtering out ambient light that might
otherwise reduce the -contrast of the image of the projected pattern that is captured by the
sensor.

In the embodiment shown in Fig. 2, illumination assembly 30 and image capture
assembly 32 are held in a fixed spatial relation at roughly equal distances from object 28.
This configuration and the processing techniques used by image processor 24 make it
possible to perform 3D mapping using the single image capture assembly, without relative
movement between the jllumination and image capture assemblies and without moving parts.
Alternatively, the techniques of illumination and mapping that are described hereinbelow
may be used in conjunction with other sorts of image capture assemblies, in various different
conﬁguratfons. For example, the illuminatioﬁ and image capture assemblies may be at
different distances from the object, as shown below in Fig. 8. Additionally or alternatively,
the image capture assembiy may be movable relative to the illumination assembly. Further
additionally or alternatively, two or more image capture assemblies may be used to capture
images of object 28 from different angles. '

Astigmatic optical element 38 causes the shapes of the spots that are projected on the
object to be elongated with a direction of elongation that varies with distance from element
38. This phenomenon arises because the astigmatic element has different, respective focal

lengths in different meridional planes, as shown below in Fig. 4. Thus, in the example

shown in Fig. 2, spots 46 on object 28 at a distance Zp from element 38 are elongated in one

direction, while spots 48 at another distance Z3 are elongated along the perpendicular
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direction. The spots are projected as ellipses, having respective major axes in the direction of
elongation (although the minor axis of spots 46 is very small, so that the ellipses appear to be
collapsed into lines, which appear on the diagonal in this example). Although all of the spots
at each distance in Fig. 2 are shown, for the sake of simplicity, as having the same direction
of elongation, in practice the spots on different areas of the surface of the object may have
different directions if these areas are at different distances from element 38.

To generate the 3D map of object 28, image processor 24 (Fig. 1) determines the
direction of elongation of each spot 46, 48 in the image of the object that is captured by
assembly 32. The image processor then finds the distance to each point on the object surface
onto Whiéh a spot is projected- based on thé direction of the elongation of that spot.
Furthermore, for finer distance resolution, the image processor may compare the length of the
major and minor axes of the elliptical spots, since this ratio will change gradually as a
function of the distance. This ratio may be determined individually for each spot or
collectively over multiple spots to give a local average distance with increased robustness.

The spot direction calculation may be used by itself or in combination with other
methods of image analysis for distance determination. For example, image processor 24 may
match the group of spots in each area of the captured image to a reference image in order to
find the relative shift between the matching groups of spots. The image processor may then
use this shift to find the Z-coordinate of the corresponding area of the object by triangulation,
as described in the above-mentioned PCT international publications.

Reference is now made to Figs. 3 and 4, which schematically illustrate aspects of
astigmatic optical element 38, in accordance with an embodiment of the present invention.
Fig. 3 is a pictorial illustration showing one possible mode of construction of the element,
while Fig. 4 is ray diagram showing focal behavior of the element.

In the embodiment shown in Fig. 3, element 38 comlg)rises two cylindrical lenses 50
and 52, which have different focal lengths and are oriented at different angles about the
optical axis. Typically (although not necessarily), these elements are oriented with their
planes of symmetry at ﬁght angles to one another. Although lenses 50 and 52 are shown in
the figure, for the sake of simplicity, as separate optical components, element 38 may

equivalently be fabricated as a single component with multiple optical surfaces. For

10
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example, element 38 may have one cylindrical surface with a certain radius and axis of

curvature and another cylindrical surface with a perpendicular axis of curvature and a

different radius. As another alternative, element 38 may comprise multiple cylindrical

segments with different radii and axes of curvature. As noted above, the cylindrical surfaces

5 of element 38 may typically be integrated with other optical components and/or surfaces in
order to project the appropriate pattern onto object 28 with the desired quality.

As illustrated in Fig. 4, lens 50 focuses the light from source 34 in one meridional

plane 54, while lens 52 focuses the light in another meridional plane 56, which in this case is

perpendicular to plane 54. (The term “meridional plane” is used in the present patent

10 application and in the claims in its conventional sense, to mean a plane that contains the

optical axis of element 38.) Lens 50 has its focus at a distance f], at which spot 46 appears

as a line in plane 56, while the focus of lens 52 is at a distance /3, where a spot 60 appears as

a line in plane 54. In between these foci, spots 48, 58, etc., have elliptical shapes, with
varying major and minor axes. The transition of the axes of the ellipses passes through the

15  circular shape of spot 58 at which the major and minor axes are equal.

Assuming lens 50 to have height /] (the dimension in the direction perpendiculaf to
its meridional plane 54), and lens 52 to have height 49, the respective lengths of spots 46 and

60 will be /1 and /9, as given by:

—J;
20 j 24

h

fz—f1

h= h

11
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The major and minor axes of the ellipses between the foci will vary linearly between these
limits and may thus be used by processor 24 in computing the distance to the spot on the
object.

Fig. 5 is a schematic frontal view of a diffractive optical element (DOE) 70, which
may be used in place of element 38 in an alternative embodiment of the present invention.
Although the embodiment of Figs. 3 and 4 uses refractive components to provide the desired
astigmatic behavior, a similar result may be achieved using one or more diffractive
components. In this example, DOE 70 comprises focal zones 72, 74, ..., which focus the
light from a source to linear spots 76 of different orientations at different, respective focal
distances. DOE 70 may thus be used in place of element 38 in illumination assembly 30
(Fig. 2), with a similar effect. Methods for creating diffractive optical elements of this sort,
as well as other types of diffractive optical elements that may be used in a similar manner,

are described in the above-mentioned PCT International Publication WO 2007/105215.

3D MAPPING USING DIFFRACTION PATTERNS

In an alternative embodiment of the present invention, transparency 36 (Fig. 2)
comprises a plate containing an aperture or an array of apertures in illumination assembly 30.
This embodiment may use an astigmatic optfcal element in the illumination assembly, but
more typically, element 38 is removed and may be replaced by a non-astigmatic projection
lens (not shown). By appropriate choice of aperture parameters and optics, the illumination
assembly will then project onto object 28 a sf)ot or array of spots that exhibit a diffraction
pattern arising from the aperture or array of apertures.

Figs. 6A and 6B are schematic intensity plots showing near- and far-field diffraction
patterns 80 and 82, respectively, that are created in this configuration in accordance with an
embodiment of the présent invention. Pattern 80 is a typical Fresnel diffraction pattern,
which is seen at distances near the aperture, while pattern 82 is a typical Fraunhofer
diffraction pattern, seeﬁ at larger distances. In between the near- and far-field distances, the
spot pattern undergoes a well-defined transition from the near- to far-field form. The
characteristics of these diffraction patterns, in terms of width, number of fringes, and depth
of the transition from near- to far-field patterns, depend upon the wavelength of the light and
the size and shape of the aperture, as is known in the art.

12
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In the present embodiment, image capture assembly 32 captures an image of the
diffraction pattern that is projected onto the object. Processor 24 compares the form of the
pattern to the expected forms of the near- and far-field patterns (typically including
intermediate transition patterns) in order to determine the distance of the object from the
illumination assembly. As in the preceding embodiments, when an array of spots is projected
onto the object, the processor typically examines the diffraction pattern exhibited by each
spot in order to determine the 3D coordinates of the corresponding location on the object and
thus create a 3D map of the object. This sort of pattern analysis may similarly be combined

with triangulation-based depth information.

IMAGE CAPTURE USING OBJECTIVE OPTICS WITH NON-UNIFORM RESPONSE

In the preceding embodiments, optical elements with non-uniform response, such as
astigmatic opﬁcs, are used in the illumination assembly to create spots on the object whose
shape changes with distance, and this shape change is used in 3D mapping of the object. (In
the context of the present patent application and in the}claims, terms such as “changes of
shape” and “to modify the shape” refer to changes other than the simple linear increase in
spot size that normally occurs with distance from the illumination source or objective optics.)
In alternative embodiments, on the other hand, objective optics with non-uniform response
may be used to create depth-dependent shapes of features in images of the object. The
features may comprise spots in a pattern that is projected onto the object or any other suitable
type of projected pattern or even inherent features of the object surface itself.

Fig. 7 is a schematic top view of an imaging device 90 for use in this sort of 3D

. mapping, in accordance with an embodiment of the present invention. In this embodiment,

an illumination assembly 92 comprises light source 34 and a transparency 96, which casts a
pattern of épots onto an object (such as object 28 in the preceding figures). The pattern may
be either random or regular. In this embodiment, however, the shapes of the spots need not
change significantly with distance from the illumination assembly over the range of distances
that is of interest. (Alternatively, as noted above, it may be possible to forego projection of a
pattern and use inherent features of the object surface in the technique of 3D mapping that is

described below.)

13
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An image capture assembly 94 comprises an astigmatic optical objective 98, which
forms an image on sensor 42 of the spot pattern that is projected onto the object. In this
simplified example, objective 98 comprises two cylindrical lenses 100 and 102 in different
orientations, like the lenses shown in Fig. 3. (More typically, the objective in assembly 94
may incorporate astigmatic properties as part of its overall imaging design.) As a result of
this design, when objective 98 creates an image on array 42 of the pattern that has been
projected onto the object, the shapes of the spots that appear in the image are modified as a
function of the distance of the locations of the corresponding spots on the object from the
objective. Specifically, the spots in the image are elongated and may be elliptical in shape,
wherein the direction of elongation varies with the distance, in a manner similar to the
elliptical spots that are projected onto object 28 in Figs. 2-4.

Préq'ess',or 24 anaiyzes the spot shapes in order to determine the 3D coordinates of the
spot 1ocatiohs and thus deﬁ*;/e a 3D map of the object. Again, this sort of shape analysis may
be combined with triangulation-based shift analysis, as described above.

In other embodiments, objective 98 may comprise a diffractive optical element
(DOE), which likewise modifies the shapes of the spots in the image as a function of object
distance. The DOE may have an astigmatic response, like the DOE shown above in Fig. 5,
for example, or it may have any other suitable sort of distance-dependent shape-altering
characteristics. The above-mentioned PCT International Publication WO 2007/105215
describes other sorts of diffractive optical elements that may be used for this purpose, mutatis
mutandis.

Alternatively or additionally, objective 98 may comprise other sorts of refractive
optical elements with sufficient astigmatism to create a suitable shape variation of the spots

in the image. For example, an off-axis spherical lens may be used for this purpose.

3D MAPPING USING DISTANCE-BASED VARIATION OF SIZE CHARACTERISTICS

In Athe embodiments shown in the preceding figures, it is convenient that the
illumination and image capture assemblies be located at approximately the same distance
from object 28. As a result, the size characteristics of the projected pattern (such as the sizes
of the spots and distances between the spots) in the image of the pattern that is formed on the

image sensor do not change significantly with distance of the spot locations on the object
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from the imaging assembly. The reason for the constant size characteristics in the image
stems simply from geometrical optics: The projected pattern on the object is magnified
linearly with the distance, and the respective images of this pattern are demagnified linearly
in the same proportion. In other words, the angular extent of any given spot or distance
between spots in both the projected pattern and in the image remains constant regardless of
the distance to which the spots are projected.

Fig. 8 is a schematic top view of a system 110 for 3D mapping, in accordance with an
alternative embodiment of the present invention in which the sizes of the spots in the image

vary with distance. In this embodiment, an illumination assembly 112 projects a pattern of

spots 116, of characteristic size L, onto object 28 from a given distance Z1. An image
capture assembly 114 captures images of the pattern from a different distance Zp, which is
significantly different from Z1. Typically, for good results in this sort of embodiment, Z> is
less than Z1 by at least 30%, and may be less than 50% of Zj. Alternatively, Zp may be

significantly greater than Zj. Although the respective illumination and imaging axes of

assemblies 112 and 114 are shown in Fig. 8 as being angled relative to one another, these
axes may alternatively be made parallel or even collinear, by use of a suitable beamsplitter,
for example.

In order to create a 3D map of object 28, processor 24 (Fig. 1) may store a reference
image capfured by assembly 114 of the pattern projected by assembly 112 onto a reference
plane at a known distance. Spots 116 in this pattern will have a particular size and spacingin
the image, determined by the relative magnifications of the illumination and image capture
assemblies. When the pattern is projected onto the actual object, a spot at a location that is

displaced by a depth A relative to the reference plane will increase in size (assuming A > 0)

by roughly Z1+4 7 while the demagnification by objective 40 will increase by roughly

Zy+4

7y and the distances between spots will vary in like manner. Therefore, assuming

Z1>2Z X the image and spacing of the spots on sensor 42 will undergo a net decrease with
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increasing A (or a net increase in the image spot size and spacing for A < 0). Assuming

distances Z] and Z9 are approximately known in advance, the processor may compute the

- local distance variations and thus derive a 3D map of the object based on the spot sizes

and/or distances between spots in the image.

Although Fig. 8 shows a roughly circular spot, the principles of this embodiment may
likewise be applied to patterns of other types and shapes. Furthermore, this method of
distance determination based on spot size and/or spacing may be combined with the other
techniques that are described above, based on other aspects of the shapes and/or locations of
the spots (or other features) in the image of the projected pattern on the object.

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 particularly shown
and described hereinabove. Rather, the scope of the present invention includes both
combinations and subcoﬁbinations of the various features described hereinabove, as well as
variations and modifications thereof which would occur to persons skilled in the art upon

reading the foregoing description and which are not disclosed in the prior art.
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CLAIMS

1. A niethod for mapping, comprising:
projecting a pattern onto an object via an astigmatic optical element having different,
respective focal lengths in different meridional planes of the element;
capturing an image of the pattern on the object; and ‘
processing the image so as to derive a three-dimensional (3D) map of the object

responsively to the different focal lengths.

2. The method according to claim 1, wherein the astigmatic optical element causes the
pattern that is projected on the object to be elongated with a direction of elongation that
varies with a distance from the element, and wherein processing the image comprises finding

the distance to the object responsively to the direction of the elongation.

3. The method according to claim 2, wherein the pattern comprises multiple spots,
which are projected onto the object by the astigmatic optical element as ellipses, having

respective major axes in the direction of elongation.

4. The method according to claim 3, wherein the ellipses have respective minor axes,
and the major and minor axes of each ellipse have respective lengths, and wherein finding

the distance comprises comparing the respective lengths of the major and minor axes.

5. The method according to any of claims 1-4, wherein the astigmatic optical element
comprises a combination of at least two cylindrical lens surfaces in different, respective

orientations.

6. The method according to any of claims 1-4, wherein the astigmatic optical element

comprises a diffractive optical element.

7. The method according to any of claims 1-4, wherein the astigmatic optical element

comprises an off-axis element.

8. A method for mdpping, comprising:

directing light via an aperture so as to project onto an object a diffraction pattern
characterized by a transition from near-field to far-field diffraction;

capturing an image of the diffraction pattern on the object; and
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processing the image so as to derive a three-dimensional (3D) map of the object

responsively to the transition of the diffraction pattern.

9. The method according to claim 8, wherein directing the light comprises projecting
multiple spots onto the object, wherein each spot exhibits the diffraction pattern responsively
to a distance from the aperture of a respective location on the object onto which the spot is

projected.

10. A method for mapping, comprising:

capturing an image of an object, which has a surface with features having respective
shapes at respective locations on the surface, using an optical objective that is configured to
modify the shapes of the features in the image as a function of a distance of the respective
locations from the objective; and

processing the image so as to derive a three-dimensional (3D) map of the object

responsively to the modified shapes of the features.

11.  The method according to claim 10, and comprising projecting a pattern of multiple
spots onto the surface of the object, wherein the features in the image comprise the spots, and

wherein processing the image comprises analyzing the shapes of the spots in the image.
12, The method according to claim 10 or 11, wherein the optical objective comprises an

astigmatic optical element having different, respective focal lengths in different meridional

planes of the element.

13, The method according to claim 10 or 11, wherein the objective comprises a

diffractive optical element.

14, The method according to claim 10 or 1..1,‘ wherein the optical element objective causes
the shapes of the features in the image to be elongated with a direction of elongation that
varies with the distance of the respective locations of the features from the objective, and
wherein processing the image comprises finding the distance to the respective locations

responsively to the direction of the elongation.

15. A method for mapping, comprising:
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projecting a pattern having a size characteristic onto an object from an illumination
assembly at a first distance from the object;

capturing an image of the pattern on the object using an image capture assembly at a
second distance from the object, which is different from the first distance; and

proéessing the image so as to derive a three-dimensional (3D) map of the object
responsively to the size characteristic of the pattern in the image and to a difference between

the first and second distances.

16.  The method according to claim 15, wherein the projected pattern comprises multiple
spots, and wherein the size characteristic is selected from a set of characteristics consisting of

sizes of the spots and distances between the spots.

17.  Apparatus for mapping, comprising:

an illumination assembly, which comprises an astigmatic optical element having
different, respective focal lengths in different meridional planes of the element and is
configured to project a pattern onto an object via the astigmatic optical element;

an image capture assembly, which is configured to capture an image of the pattern on
the object; and

an image processor, which is configured to process the image so as to derive a three-

dimensional (3D) map of the object responsively to the different focal lengths.

18.  The apparatus according to claim 17, wherein the astigmatic optical element causes
the pattern that is projected on the object to be elongated with a direction of elongation that
varies with a distance from the element, and wherein the image processor is configured to

find the distance to the object responsively to the direction of the elongation.

19.  The apparatus according to claim 18, wherein the pattern comprises multiple spots,
which are projected onto the object by the astigmatic optical element as ellipses, having

respective major axes in the direction of elongation.

20.  The apparatus according to claim 19, wherein the ellipses have respective minor axes,
and the major and minor axes of each ellipse have respective lengths, and wherein the image
processor is configured to find the distance by comparing the respective lengths of the major

and minor axes.
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21.  The apparatus according to any of claims 17-20, wherein the astigmatic optical

element comprises a combination of at least two cylindrical lenses in different, respective

orientations.

22,  The apparatus according to any of claims 17-20, wherein the astigmatic optical

element comprises a diffractive optical element.

23.  The apparatus according to any of claims 17-20, wherein the astigmatic optical

element comprises an off-axis element.

24.  Apparatus for mapping, comprising:

an illumination assembly, which comprises an aperture and is configured to direct
light via the aperture so as to project onto an object a diffraction pattern characterized by a
transition from near-field to far-field diffraction;

an image capture assembly, which is configured to capture an image of the diffraction
pattern on the object; and '

an image processor, which is configured to process the image so as to derive a three-

dimensional (3D) map of the object responsively to the transition of the diffraction pattern.

25.  The apparatus according to claim 24, wherein the illumination assembly is configured
to project multiple spots onto the object, wherein each spot exhibits the diffraction pattern
responsively to a distance from the aperture of a respective location on the object onto which

the spot is projected.

26.  Apparatus for mapping, comprising:

an image capturé assembly, which is configured to capture an image of an object,
which has a surface with features having respective shapes at respective locations on the
surface, and comprises an optical objective that is configured to modify the shapes of the
features in the image as a function of a distance of the respective locations from the
objective; and

an image processor, which is configured to process the image so as to derive a three-

dimensional (3D) map of the object responsively to the modified shapes of the features.

27.  The apparatus according to claim 26, and comprising an illumination assembly,

which is configured to project a pattern of multiple spots onto the surface of the object,
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wherein the features in the image comprise the spots, and wherein the image processor is

configured to derive the 3D map responsively to the shapes of the spots in the image.

28.  The apparatus according to claim 26 or 27, wherein the optical objective comprises

an astigmatic optical element having different, respective focal lengths in different

meridional planes of the element.

29.  The apparatus according to claim 26 or 27, wherein the optical objective comprises a

diffractive optical element.

30.  The apparatus according to claim 26 or 27, wherein the optical objective causes the
shapes of the features in the image to be elongated with a direction of elongation that varies
with the distance of the respective locations of the features from the objective, and wherein
the image processor is configured to find the distance to the respective locations responsively

to the direction of the elongation.

31.  Apparatus for mapping, comprising:

an illumination assembly, which is located at a first distance from an object and is
configured to project a pattern having a size characteristic onto the object;

an image capture assembly, which is located at a second distance from the object,

which is different from the first distance, and is configured to capture an image of the pattern

on the object; and

an image processor, which is configured to process the image so as to derive a three-
dimensional (3D) map of the object responsively to the size characteristic of the patter in the

image and to a difference between the first and second distances.

32.  The apparatus according to claim 31, wherein the projected pattern comprises
multiple spots, and wherein the size characteristic is selected from a set of characteristics

consisting of sizes of the spots and distances between the spots.
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