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second color of light and at least one non-illuminated area onto an intra-oral
feature, making a first image of the first area, the second area and the non-
illuminated area differentiating between the first color of light and the second
color of light in the first image of the projected pattern, and determining from
the image of the non-illuminated area at least one of an ambient light level, a
level of scattered light, a level of light absorption and a level of light reflected
from at least one of the first area and the second area. Related apparatus and
methods are also described.



10

15

20

25

30

WO 2019/207588 PCT/IL2019/050464

1
PROPERTIES MEASUREMENT DEVICE

RELATED APPLICATIONS

The present application claims priority from U.S. Provisional Application Number
62/662,558, filed on 25 April 2018.

PCT application PCT/IL2017/051150 discloses “INTRA-ORAL SCANNING
PATTERNS” is incorporated herein by reference.

US Provisional Patent Application 62/528,496 filed 4 July 2017 which is incorporated
herein by reference.

The contents of all of the above applications are incorporated by reference as if fully set

forth herein.

FIELD AND BACKGROUND OF THE DISCLOSURE

The present disclosure, in some embodiments thereof, relates to measurement of optical
properties of a substance combined with 3D modeling, and more particularly, but not exclusively,
to dental measurements and intra-oral scanning.

US Patent number US 7,724,932 B2 to Maurice et al. discloses “A method for creating
three-dimensional models of intra-oral scenes and features. The intra-oral scene is illuminated by
a two-dimensional array of structured illumination points, with anti-aliasing achieved by using
stored two-dimensional patterns of pixels for anti-aliasing. Using a single camera to form images
reduces the amount of apparatus necessary to introduce into the patient’s mouth. Three-
dimensional models are obtained from the single image by triangulation with a stored image of the
structured illumination onto a reference surface such as a plane. Alternative methods include the
use of “bar-coded” one-dimensional patterns.” (Abstract).

Rapid shape acquisition using color structured light and multi-pass dynamic programming”
L Zhang, B Carless, SM Seitz - 3D Data Processing, 2002, appears to present, “a color structured
light technique for recovering object shape from one or more images. The technique works by
projecting a pattern of stripes of alternating colors and matching the projected color transitions
with observed edges in the image. The correspondence problem is solved using a novel, multi-
pass dynamic programming algorithm that eliminates global smoothness assumptions and strict
ordering constraints present in previous formulations. The resulting approach is suitable for
generating both high-speed scans of moving objects when projecting a single stripe pattern and

high-resolution scans of static scenes using a short sequence of time-shifted stripe patterns. In the



10

15

20

25

30

WO 2019/207588 PCT/IL2019/050464

2
latter case, space-time analysis is used at each sensor pixel to obtain inter-frame depth localization.

Results are demonstrated for a variety of complex scenes.”

US Patent No. 9,593,982 apparently discloses, “A smartphone,” “adapted for use as an
imaging spectrometer, by synchronized pulsing of different LED light sources as different image
frames are captured by the phone's CMOS image sensor. A particular implementation employs the
CIE color matching functions, and/or their orthogonally transformed functions, to enable direct
chromaticity capture. A great variety of other features and arrangements are also detailed.”

Lapray et al. Multispectral Filter Arrays: Recent Advances and Practical Implementation,
Sensors 2014, 14(11), 21626-21659; doi:10.3390/s141121626 appears to disclose that, “Thanks
to some technical progress in interference filter design based on different technologies, we can
finally successfully implement the concept of multispectral filter array-based sensors. This article
provides the relevant state-of-the-art for multispectral imaging systems and presents the
characteristics of the elements of our multispectral sensor as a case study. The spectral
characteristics are based on two different spatial arrangements that distribute eight different
bandpass filters in the visible and near-infrared area of the spectrum. We demonstrate that the
system is viable and evaluate its performance through sensor spectral simulation.”

Other references include US patent no. 9,454,846.

All of the above noted patent documents are incorporated herein by reference.

SUMMARY OF THE DISCLOSURE

According to an aspect of some embodiments of the disclosure, there is provided a method
for structured light scanning of an intra-oral scene, comprising projecting onto the intra-oral scene
a color-coded pattern comprising an arrangement of entities having edges between them; each
entity comprising a different narrow band of wavelengths; and detecting the projected pattern as
a plurality of pixels in an acquired image of the scene using at least two narrowband filters, wherein
for each pixel of at least 95% of the pixels of an entity of interest comprising a first band of
wavelengths, a contribution of light from a second band of wavelengths of an adjacent entity is
less than 10%.

In some embodiments, at least 5 narrowband filters are used.

In some embodiments, at least one of the filters comprises an interference filter.

In some embodiments, the pattern entities comprise parallel stripes.

In some embodiments, the pattern comprises at least 5 different wavelength bands.

In some embodiments, the pattern comprises at least 8 different wavelength bands.

In some embodiments, the pattern comprises at least 16 different wavelength bands.
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In some embodiments, the at least 5 wavelength bands are selected from the range of 400-

500 nm.

In some embodiments, the method further comprises restoring the projected pattern by
associating an imaged entity to a projected entity by identifying the different wavelengths.

In some embodiments, the different wavelengths are projected and/or detected
simultaneously.

In some embodiments, the different wavelengths are projected and/or detected sequentially
in time.

In some embodiments, detecting using the filters is effective to reduce optical crosstalk
between the pattern entities, caused as a result of volume scattering of the projected light inside
contents of the intra-oral scene.

According to an aspect of some embodiments of the disclosure, there is provided a scanner
system for imaging an intra-oral scene comprising: an intraoral portion sized and shaped for
insertion into the oral cavity, the intraoral portion including: a light source configured for
projecting a color-coded pattern onto the intra-oral scene; an imager positioned to image the scene,
the imager comprising at least two narrowband filters suitable for detecting at least two different
wavelength bands of the pattern.

In some embodiments, at least one of the filters comprises an interference filter.

In some embodiments, the different wavelength bands are detected by different pixels of
the imager.

In some embodiments, pixels of the imager are covered with interference filters that match
the different wavelength bands of the pattern.

In some embodiments, at least one of the filters is tunable and is configured for detecting
the different wavelength bands sequentially.

In some embodiments, the light source comprises a plurality of LEDs arrayed adjacent
each other, each LED configured for emitting light at one of the different wavelength bands.

In some embodiments, the light source is a wide spectrum light source, and a set of narrowband
filters suitable for transmitting the selected wavelengths are illuminated by the light source for
projecting the color-coded pattern onto the scene.

In some embodiments, the light source is a wide spectrum light source, and a grating that
diffracts light from the wide spectrum light source forms at least one of the components for
projecting the color-coded pattern onto the scene.

In some embodiments, the light source is a variable wavelength source.

In some embodiments, the imager is a hyperspectral imager.
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In some embodiments, the imager is a hyperspectral imager comprising at least 8 spectral

bands.

According to an aspect of some embodiments of the disclosure, there is provided a method
for structured light scanning of an intra-oral scene, comprising projecting onto the intra-oral scene
a color-coded pattern comprising color entities separated from each other by dark regions, wherein
the dark regions are sized to reduce optical crosstalk by being large enough so as to avoid
geometrical overlap between the imaged entities; detecting the projected pattern in an acquired
image of the scene; and determining one or more depths in the scene.

In some embodiments, the projected pattern is imaged using a color imager comprising a
Bayer filter.

In some embodiments, the color imager is an RGB (Red Blue Green) color imager.

In some embodiments, the color imager is an RGBI (Red Blue Green IR) color imager.

In some embodiments, the detecting comprises determining colors in the imaged pattern
using the dark regions as reference.

In some embodiments, the pattern entities comprise parallel stripes.

In some embodiments, the pattern comprises colored stripes separated from each other by
dark regions in the form of stripes.

In some embodiments, determining comprises subtracting the color obtained in a dark
region from the color obtained in a stripe of interest to reduce spectral crosstalk.

In some embodiments, the dark region comprises a non-illuminated area.

In some embodiments, detecting comprises indexing the color entities of the pattern, and
the dark regions define entities of the pattern which can be indexed in addition to the color entities.

According to an aspect of some embodiments of the disclosure, there is provided a method
for structured light scanning of an intra-oral scene, comprising acquiring at least one image of
the intra-oral scene under unstructured lighting; acquiring at least one image of the intra-oral scene
under patterned lighting; and constructing a 3D model of the scene using inner-image information
obtained from the image acquired under unstructured lighting and inner-image information
obtained from the image acquired under the patterned lighting.

In some embodiments, the unstructured lighting comprises uniform lighting.

In some embodiments, the method comprises sequentially interchanging between the
acquiring of a uniform light image and the acquiring of a patterned image.

In some embodiments, constructing comprises identifying borders of smooth patches in
the scene, the borders indicative of depth discontinuities, and the smooth patches are indexed in a

continuous manner.
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In some embodiments, information obtained from the image acquired under unstructured

lighting is used for one or more of: coloring of the reconstructed scene, assessment of a geometry
of the scene, evaluation of reflection characteristics of contents of the scene, and assessment of
locations prone to loss of the projected pattern entities.

In some embodiments, the patterned lighting comprises projecting, onto the intra-oral
scene, a pattern including a recurrent arrangement of parallel stripes.

In some embodiments, the pattern comprises one or more anchors.

In some embodiments, the anchors are in the form of diagonals intersecting the stripes.

In some embodiments, the stripes are of various widths.

In some embodiments, the pattern comprises multiple color zones.

According to an aspect of some embodiments of the disclosure, there is provided a method
for structured light scanning of an intra-oral scene, comprising projecting onto the intra-oral scene
a pattern comprising a recurring arrangement of stripes, the pattern comprising one more anchors
in the form of diagonals intersecting the stripes; and detecting the projected pattern in an acquired
image of the scene.

In some embodiments, the method further comprises constructing a 3D model of the scene,
the constructing comprising restoring the pattern in the acquired image utilizing the one or more
anchors.

In some embodiments, restoring comprises indexing the anchors directly and further
indexing the stripes or portions thereof in accordance with their spatial location relative to the
anchors.

In some embodiments, an amount of anchors incorporated in the pattern is selected in
accordance with the scene variability.

According to an aspect of some embodiments of the disclosure, there is provided a method
for depth imaging using structured light, comprising: projecting onto a scene a color-coded pattern
comprising an arrangement of entities; each entity comprising a different narrow band of
wavelengths; imaging the projected pattern as a plurality of pixels in an acquired image of the
scene, using at least first and second narrowband filters; wherein at least a first portion of the
plurality of pixels is associated with the first narrowband filter and at least a second portion of the
plurality of pixels is associated with the second narrowband filter; and wherein in the first portion
of the plurality of pixels there is less than 10% contribution of the wavelength band transferred by
the second filter; estimating the color of each pixel for associating the pixel with the projected

color-coded pattern; and determining depth in the scene according to the associating.
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In some embodiments, the color coded pattern comprises at least 5 narrowband

wavelengths and wherein each of the pixels of the acquired image is associated with one of 5
matching narrowband filters.

In some embodiments, the pixels associated with narrowband filters are evenly distributed
over an image sensor of an imager configured for acquiring the image.

According to an aspect of some embodiments of the disclosure, there is provided a system
for optical scanning including an intraoral scanning sized and shaped for insertion into a human
mouth including a light projector for projecting a pattern including at least a first area illuminated
by a first color of light and a second area illuminated by a second color of light and at least one
non-illuminated area, an image sensor configured to differentiate between the first color of light
and the second color of light, and a processor programmed to determine perform any of the
methods described herein.

According to an aspect of some embodiments of the disclosure, there is provided a
multispectral light source for intra-oral scanning including a projecting portion configured to fit
into an oral cavity, a light source, a plurality of optical components arranged on a light path
between the light source and the projecting portion, and light absorbing material arranged in spaces
between individual optical components of the plurality of optical components, wherein the optical
components includes components selected from a group consisting of interference filters,
phosphors, fluorescent nano particles, quantum dots, and AMOLEDs.

In some embodiments, further including a light pipe between the light source and at least
one of the plurality of optical components.

In some embodiments, further including a light pipe between at least one of the plurality
of optical components and the projecting portion.

In some embodiments, including light sources directed to a first area and a second area,
separated by a dark area to which no light sources are directed.

In some embodiments, including an array of light sources including light sources with
empty spaces without a light source, the light sources projecting an illuminated pattern and the
empty spaces leaving dark areas in the pattern.

According to an aspect of some embodiments of the disclosure, there is provided a light
source for intra-oral scanning including an array of separately controlled light sources.

According to an aspect of some embodiments of the disclosure, there is provided a method
of producing a pattern of illumination in intra-oral scanning including activating one or more light
sources of the light sources of claim 41 to create light areas of a pattern and keeping some light

sources of claim 41 inactivated to create dark areas of the pattern.
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In some embodiments, the array includes light sources configured to emit more than one

wavelength of light.

In some embodiments, the light source includes at least one light source selected from a
group consisting of LEDs, microLEDs, quantum dots, nano-particles, AMOLEDs and VCSELs.

According to an aspect of some embodiments of the present invention there is provided an
intra-oral optical scanning method for intra-oral optical scanning including projecting a pattern,
the pattern including at least a first area illuminated by a first color of light and a second area
illuminated by a second color of light and at least one non-illuminated area onto an intra-oral
feature, making a first image of the first area, the second area and the non-illuminated area
differentiating between the first color of light and the second color of light in the first image of the
projected pattern, and determining from the image of the non-illuminated area at least one of an
ambient light level, a level of scattered light, a level of light absorption and a level of light reflected
from at least one of the first area and the second area.

According to some embodiments of the invention, further including estimating a color of
the first area from the image of the first area and correcting the estimated color for at least one of
the ambient light and a scattered background light.

According to some embodiments of the invention, the correcting includes subtracting an estimated
value of at least one of the ambient light and a scattered background from a light level of the first
area.

According to some embodiments of the invention, further including estimating a color of
the first area from the first image, illuminating the first area, the second area and the non-
illuminated area under the same illumination conditions, second imaging the first area, the second
area and the non-illuminated area under the same illumination conditions, thereby producing a
second image, and correcting the estimated color based on the second image.

According to some embodiments of the invention, further including correcting an
estimated position of the first area for light scattered from below a surface the first area.

According to some embodiments of the invention, further including correction for at least
one of local reflection, scattering, absorption coefficients, incidence angle of the projected light,
an angle to the imager, distance to projector and distance to the imager.

According to some embodiments of the invention, further including third imaging the first
area under ambient light conditions, wherein the determining a level of scattered light is based on

the third imaging.
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According to some embodiments of the invention, the determining of a level of scattering

includes estimating at least one of a scattering and an absorption coefficient of a material of the
first area.

According to some embodiments of the invention, further including making a depth map
of the first area and correcting the estimated color of the first area based on at least one of a relative
position of the first area with respect to an imager making at least one of the image and a relative
position of the first area with respect to an illumination source.

According to some embodiments of the invention, further including segmenting an image of the
first area based on measured optical properties.

According to some embodiments of the invention, further including estimating an optical
property of an obscured area.

According to some embodiments of the invention, further including estimating an optical property
of two subsurface areas at different depths below a surface.

According to some embodiments of the invention, further including estimating an optical
property of a subsurface area.

According to some embodiments of the invention, further including measuring a
fluorescence of the first area.

According to some embodiments of the invention, the fluorescence is used for estimating
enamel demineralization.

According to some embodiments of the invention, estimating enamel demineralization is
performed by at least one of fluorescence optical absorption and optical scattering.

According to some embodiments of the invention, further including identifying an intra-
oral feature based on estimated optical properties.

According to some embodiments of the invention, further including segmenting an image
of the first area based on estimated optical properties.

According to some embodiments of the invention, further including applying deep learning
configured to improve at least one of the identifying and the segmenting.

According to some embodiments of the invention, the intra-oral feature is a biofilm.

According to some embodiments of the invention, the identifying is based on detecting a
fluorescence.

According to some embodiments of the invention, further including displaying a 3D model
that simulates at least one of measured absorption and scattering.

According to some embodiments of the invention, further including identifying a

manufacturer of a restoration based on optical properties of the first area.
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According to some embodiments of the invention, further including acquiring a new

restoration from the manufacturer.

According to some embodiments of the invention, further including choosing a material
for a restoration to match an optical property of an intraoral object.

According to some embodiments of the invention, further including choosing multiple
materials for a restoration to match an optical property of a plurality of layers of an intraoral object.

According to some embodiments of the invention, further including manufacturing the
restoration.

According to some embodiments of the invention, the manufacturing includes additive
manufacturing.

According to some embodiments of the invention, further including collecting color
information for a plurality of sections, each section illuminated by a plurality of colors, producing
a model to classify an object’s shade information, and using a probe to mark a desired location for
collecting color data of an intra-oral feature.

According to some embodiments of the invention, using the probe includes using the probe
to set a specific distance between the imager and the intra-oral feature.

According to some embodiments of the invention, using the probe includes using the probe
to set a specific angle between an optic axis of the imager and the intra-oral feature.

According to some embodiments of the invention, the plurality of colors is obtained from the
projected pattern.

According to some embodiments of the invention, the producing includes accounting for
at least one of a distance and an angle between a light source and the imager and the each section
in the each image.

According to some embodiments of the invention, the producing includes accounting for
an effect of ambient light in at least one section in the each image.

According to some embodiments of the invention, further including producing an
indication for a user that at least one of distance and/or angle between an Intra Oral Scanner (IOS)
and a measured tooth or position over the measured tooth are at a given tolerance for shade
measurement.

According to an aspect of some embodiments of the present invention there is provided an
Intra-Oral-Scanner (I0S) including a stand-off component defining at least one of a distance and
an angle to an imaged surface.

According to some embodiments of the invention, the stand-off component includes a

probe.
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According to some embodiments of the invention, the probe is shaped as a hollow tube.

According to some embodiments of the invention, the stand-off component includes a
frame for placing on an intra-oral feature.

According to an aspect of some embodiments of the present invention there is provided a
structured light based 3D measurement system including at least one imager, at least one pattern
projector and a processing unit to determine 3D information from image information obtained by
the imager of a pattern projected on scene by the pattern projector, wherein the pattern projector
includes a non-circular aperture.

According to some embodiments of the invention, the projected pattern is aligned to have
lower spatial frequencies at a direction of a long axis of the non-circular aperture.

According to some embodiments of the invention, the projected pattern includes a colored
stripes pattern, and the direction along the stripes is aligned along the long axis of the non-circular
aperture.

According to some embodiments of the invention, dimensions of the non-circular aperture
are configured for providing a different effective F number along major axes of the non-circular
aperture to control Depth-Of-Field (DOF) and power loss of the projected pattern.

According to some embodiments of the invention, the effective F number along a major
axis of the non-circular aperture is between 2.5 and 6 and the effective F number along a minor
axis of the non-circular aperture is between 0.5 and 2.5.

Unless otherwise defined, all technical and/or scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which the various
embodiments of the various inventions disclosed herein pertain. Although methods and materials
similar or equivalent to those described herein can be used in the practice or testing of various
embodiments of the disclosure, exemplary methods and/or materials are described below. In case
of conflict, the patent specification, including definitions, will control. In addition, the materials,
methods, and examples are illustrative only and are not intended to be necessarily limiting.

Implementation of methods and systems of the various embodiments disclosed herein can
involve performing or completing selected tasks manually, automatically, or a combination thereof.
Moreover, according to actual instrumentation and equipment of embodiments of such disclosed
methods and systems disclosed herein, several selected tasks could be implemented by hardware,
by software or by firmware or by a combination thereof using an operating system.

For example, hardware for performing selected tasks according to some embodiments
disclosed herein can be implemented as a chip or a circuit. As software, selected tasks according

to some embodiments disclosed herein could be implemented as a plurality of software instructions
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being executed by a computer using any suitable operating system. In an exemplary embodiment

of the disclosure, one or more tasks can be performed by a data processor, such as a computing
platform for executing a plurality of instructions. Optionally, the data processor includes a volatile
memory for storing instructions and/or data and/or a non-volatile storage, for example, a magnetic
hard-disk and/or removable media, for storing instructions and/or data. Optionally, a network
connection is provided as well. A display and/or a user input device such as a keyboard or mouse

are optionally provided as well.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

Some embodiments of the disclosure are herein described, by way of example only, with
reference to the accompanying drawings. With specific reference now to the drawings in detail, it
is stressed that the particulars shown are by way of example and for purposes of illustrative
discussion of the disclosed embodiments. In this regard, the description taken with the drawings

makes apparent to those skilled in the art how embodiments disclosed herein may be practiced.

FIG.1 is a flowchart of a method for scanning an intra-oral scene by projecting a multi-
wavelength pattern and separating the different wavelengths upon detection of the pattern,
according to some embodiments of the disclosure;

FIG. 2 is a schematic illustration of a 3D intra-oral scanner system, according to some
embodiments of the disclosure;

FIG. 3 schematically illustrates interaction between projected light and the tooth and/or
other oral content, according to some embodiments of the disclosure;

FIGs. 4A-B are an example of a multi-wavelength pattern for projecting onto an intra oral
scene (FIG.4A), and a schematic spectral graph of an exemplary pixel of the image (FIG. 4B),
according to some embodiments of the disclosure;

FIGs. 5A-B schematically illustrate transmission of filters used at detection of the pattern,
according to some embodiments of the disclosure;

FIGs. 6A-Q are various configurations for projecting a multi-wavelength pattern onto an
intra-oral scene, according to some embodiments of the disclosure;

FIG. 7 is a flowchart of a method for scanning an intra-oral scene using a referential color
pattern, according to some embodiments;

FIG. 8 is an example of a referential color pattern, according to some embodiments of the
disclosure;

FIG. 9 is a flowchart of a method for scanning an intra-oral scene using a pattern

comprising one or more anchors, according to some embodiments of the disclosure;
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FIG. 10 is a flowchart of a method for processing an imaged pattern, according to some

embodiments of the disclosure;

FIG. 11 is an example of a monochrome pattern comprising stripes having various widths,
according to some embodiments of the disclosure;

FIG. 12 is an example of a monochrome pattern comprising one or more diagonals,
according to some embodiments of the disclosure;

FIGs. 13A-B are examples of patterns comprising color zones, according to some
embodiments of the disclosure;

FIG. 14 is an example of a pattern comprising one or more calibration elements, according
to some embodiments of the disclosure;

FIG. 15 is an exemplary illustration of color sensitivity bands of a Bayer filer (source US
Patent No. 9,593,982 Figure 2);

FIG. 16 is an exemplary illustration of narrow color bands (source Pierre-Jean Lapray et
al. Multispectral Filter Arrays: Recent Advances and Practical Implementation, Sensors 2014,
14(11), 21626-21659; doi:10.3390/s141121626);

FIG. 17 illustrates an image of referential stripes pattern illuminated over a tooth in
accordance with an embodiment of the present disclosure;

FIGs. 18A and 18B illustrate structures of a sensor array in accordance with embodiments
of the current disclosure;

FIG. 19 illustrates a light intensity along a line crossing two projected stripes after local
subtraction of background ambient and/or scattered illumination according to referential black gap
center illumination in accordance with an embodiment of the current disclosure;

FIGs. 20A-D are schematic illustrations of paths of light interacting with intra-oral objects
in accordance with an embodiment of the current disclosure

FIG. 21 is a flowchart illustration measuring optical properties of an intra dental feature in
accordance with an embodiment of the current disclosure;

FIG. 22 is a flow chart illustration of identifying intra-oral features in accordance with an
embodiment of the current disclosure;

FIG. 23 is a flow chart illustration of producing an object for oral restoration in accordance
with an embodiment of the current disclosure;

FIG. 24 is a schematic illustration of a BSDF (bidirectional scattering distribution function)
diagram of a tooth showing angles of specular reflection in accordance with an embodiment of the

current disclosure;
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FIGs. 25A-C illustrate embodiments of an I0OS with a standoff in accordance with

embodiments of the current disclosure;

FIG. 25D is a schematic illustration of a 3D intra-oral scanner system, according to some
embodiments of the disclosure;

FIG. 26 illustrates a process of measuring a shade in accordance with an embodiment of
the current disclosure; and

FIG. 27 is a simplified illustration of a light projector which includes a non-circular

aperture according to an example embodiment of the invention.

DESCRIPTION OF SOME OF THE EMBODIMENTS

Some embodiments of the present disclosure relate to dental measurements, and more
particularly, but not exclusively, to optical patterns for intra-oral scanning.

Some embodiments of the present disclosure relate to use of structured light for
constructing a 3D model of the intra-oral scene. In some embodiments, scanning is performed
using a hand-held intra oral scanner (I0S) configured for projecting one or more patterns onto the
intra-oral scene, and imaging the scene with at least one imager.

A broad aspect of some embodiments of the present disclosure relates to reducing cross
talk between structured illumination entities in dental imaging. For example spatial crosstalk
and/or miss identification of projected entities may result in inaccurate measurements of structure.
Optionally, spectral differentiation is used to identify projected entities and/or reduce spatial
crosstalk.

In some embodiments, narrow band illumination and/or spectral imaging are used to reduce
spectral crosstalk. Optionally, reducing spectral crosstalk reduces misidentification of a projected
object. In some cases, misidentification of a projected object may lead to an incorrect model of the
structure, geometry of an object. For example, an imager with narrow band filters may be used to
reduce spectral crosstalk.

In some embodiments, crosstalk is caused by properties of the measurement device and/or
the light projector and/or due to ambient light and/or due to properties of the object being imaged.
In some embodiments, use of spectral differentiation may reduce one some or all of these forms
of crosstalk.

An aspect of some embodiment of the current disclosure relates to projecting spectrally
differentiated entities separated by dark areas onto a dental scene. Optionally, the dark areas are

imaged. Optionally, a dark area is imaged. For example, measurements of light imaged in a dark
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area may be used to correct an effect of ambient light and/or to correct an effect of smearing on a

measured light a projected entity.

An aspect of some embodiments of the present disclosure relates to choosing spectral bands
that can produce accurate images on a dental surface. For example, high frequency light may be
used to reduce scattering caused by translucency of teeth. For example, multiple narrow bands of
light may be projected in the blue — violet bands. Narrow spectral filters are optionally used to
differentiate between the narrow illumination bands.

An aspect of some embodiments of present disclosure relates to using both black and white
and spectrally differentiated projected objects and/or detection bands. Optionally, black and white
imaging is used to increase sensitivity. Optionally, spectral differentiation of projected objects is
used to increase sensitivity and/or to reduce crosstalk.

An aspect of some embodiments of the current disclosure relates to adapting a spectral
imager to imaging of a dental scene. For example, a Bayer filter imager may be configured with
additional pixel sensors in high frequency (violet - blue — green bands) and/or fewer sensors in the
low frequency (red) bands. Alternatively or additionally, the sensor may include a mixture of black
and white pixel sensors and color sensors.

A broad aspect of some embodiments of the disclosure relates to spatial coding using a
light pattern. In some embodiments, due to the plurality of tissue types, structures and/or materials
(natural and/or artificially introduced materials) in the intra-oral scene, and/or due to properties
of the optical elements of the IOS, the imaged pattern is smeared relative to the one that was
projected. Some embodiments of the disclosure relate to identifying and separating the projected
pattern entities from each other in an image. For example, the image may be used for
reconstructing the pattern in a model of the scene.

In some embodiments, when choosing a light pattern that can be successfully restored, one
or more restrictions such as the plurality of imaged materials, optical properties of the teeth and
tissues, and/or inherent intra and/or extra-oral movement of the operator (which may limit time
sequencing of the pattern with respect to the IOS’s FPS rate) are taken into consideration.

An aspect of some embodiments relates to projection of a pattern onto an intra-oral scene
and/or detection of the pattern that are suitable to reduce optical crosstalk between adjacent pattern
entities, such as stripes. In some embodiments, crosstalk between the pattern entities is reduced by
utilizing black spaces between adjacent pattern entities. Alternatively or additionally, optical
crosstalk may be reduced by using spectrally differentiated projected entities and spectral
differentiation, for example using an imaging spectrometer (e.g. a color camera and/or a

hyperspectral camera). Optionally, the use of spectral differentiation reduces crosstalk between
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nearby projected entities. For example, increasing the specificity of the spectral differentiation

may facilitate differentiation of projected entities with smaller black spaces and/or without the use
of black spaces. For example, spectral differentiation may by increased by narrowing the width of
a detected spectral band. For example in some embodiments, a hyperspectral camera may increase
spectral differentiation and/or reduce spectral crosstalk compared to a Bayer filter camera.

In some embodiments, crosstalk may be reduced by wavelength coding. For example,
wavelength coding may be advantageous in the case of significant smearing (e.g. as in projecting
pattern over a tooth). For example, wavelength coding may be advantageous, when imaging teeth.
In some embodiments, wavelength coding includes projecting a series of colored lines. For
example, the colored lines be projected in a de Bruijn colored sequence. In some embodiments,
light pattern projection methods and/or image acquiring methods may include techniques and/or
equipment as described, for example, in “Rapid shape acquisition using color structured light and
multi-pass dynamic programming” L Zhang, B Curless, SM Seitz - 3D Data Processing, 2002.

In some cases, optical crosstalk includes spatial crosstalk. For example, spatial crosstalk
may include smearing of a light pattern over space. In some cases, spatial crosstalk may be caused
as by of scattering of the projected light. For example, scattering can be caused by a tooth and/or
other oral contents. For example, some light striking a translucent object may be reflected at the
surface and some of the light may enter the material and be reflected from a location under this
surface. The reflected light may appear as a smeared signal of mixed light from different locations.
This first type of crosstalk, which can be referred to as “spatial crosstalk”, may vary spatially, and
be affected, for example, by one or more of: the scattering coefficients of the tissue and/or other
oral content, the scanner optics modulation transfer function limitations, unwanted movement of
the scanner and/or other factors.

In some cases optical crosstalk includes spectral crosstalk. For example, spectral crosstalk
may be affected by one or more of: the light source spectrum, pattern transparency and/or the
imager’s spectral filters, and/or other factors. In some embodiments, spectral crosstalk may occur
when light in one waveband is detected by a sensor measuring a different waveband. For example,
spectral crosstalk may be constant. In some embodiments known, constant crosstalk is taken into
consideration before and/or during processing of the imaged pattern.

In some embodiments, spatial crosstalk is reduced or eliminated by applying algorithms
designed to remove the crosstalk. In some embodiments, the spectral crosstalk, which, in some
cases, is of known and constant properties, is reduced or eliminated by applying image pre-
processing with pre-calibrated coefficients and/or by using one spectral imager at detection. For

the sake of the current disclosure, a spectral imager configured to detect and differentiate between
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at least two spectral bands. For example, a spectral imager may include filtered camera filtered

camera (for example a conventional color imager including for pixel filters) and/or a hyperspectral
imager. For example, a hyperspectral imager may include a whiskbroom scanner, a push broom
scanner, an integral field spectrograph (and/or a device employing related dimensional
reformatting techniques), a wedge imaging spectrometer, a Fourier transform imaging
spectrometer, a computed tomography imaging spectrometer (CTIS), an image replicating
imaging spectrometer (IRIS), a coded aperture snapshot spectral imager (CASSI), and/or image
mapping spectrometer (IMS).

In some embodiments in which spatial crosstalk is significant, such as in the case of
imaging teeth using structured light, the spatial crosstalk causes smearing of the structured light
pattern. For example, spatial crosstalk may make it difficult to reconstruct the pattern and/or make
it difficult to associate the image of the pattern with the projected pattern. In some embodiments,
the reconstructed pattern is used to produce a depth map. In some cases, a pattern having higher
density of entities is used to reach a higher resolution and/or higher accuracy of the measured
depth. Smearing, for example, due to spatial crosstalk, may in some instance make it difficult to
reconstruct the pattern, reduce the resolution of highly dense patterns. For example, spatial
crosstalk may reduce the resolution and/or accuracy of measurements.

In some cases, in which smear or spatial crosstalk is significant, for example when pattern
is illuminated on a translucent material such as a tooth, the projected stripes may spatially mix
together. In case of spectral crosstalk, stripes of different wavelengths may excite the same
detector. For example, the combination of spatial crosstalk and spatial crosstalk may cause
projected stripes at different locations and/or wavelengths “mix.” For example, lines projected at
different locations and/or wavelengths may mix through the translucent teeth and/or be received
together by the same sensor, making it difficult to reconstruct the color of the stripes and/or the
location of the edge between the stripes.

In some embodiments, spectral differentiation may be used to reduce spatial crosstalk. For
example, adjacent and/or nearby projected entities may have different spectral signatures. Light
mixed between two entities may be removed by spectral methods. For example, spectral
differentiation may produce combined spectral and/or spatial data in the form of a color image
and/or multiple narrow band images and/or hyperspectral data cube. The resulting data is used, for
example, to determine the position of each projected entity with reduced crosstalk from other
entities.

In some embodiments, multi spectral imaging may be used. For example an image may be

acquired with a conventional Bayer filter based color camera and/or a narrow band imager based
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on three, four, or five color differentiation (e.g. narrow band Red, Blue, Green (RGB) filters and/or

an infrared (IR) filter and/or an ultraviolet (IR) filter

In some embodiments, hyperspectral imaging may be used to reduce spectral crosstalk that
may occur when an image is acquired with a multispectral imager. In some embodiments,
hyperspectral imaging may break the spectrum into more than 4 and/or more than 5 and/or more
than 8 and/or more than 20 different bands. Alternatively or additionally, hyperspectral imaging
may break the spectrum into narrow bands. For example, narrow bands may have reduced overlap
over Bayer Filter RGB imaging. For example, a convention magenta filter may allow unintended
green light to leak into an image. Hyperspectral filters may include orthogonal colors and/or reduce
spectral crosstalk. Optionally, a hyperspectral imager may include a camera with an interference
filter. For example, there may be an interference filter on each pixel.

In some embodiments, a hyperspectral imager may be used to detect a signal. Optionally,
a hyperspectral camera comprises one or more narrowband filters. Optionally, a color pattern
comprising a plurality of narrowband colors is projected, and a hyperspectral camera comprising
matching narrowband filters is used for acquiring the image. A potential advantage of separation
between the color channels may include facilitating reconstruction of the color and/or location of
each stripe. In some embodiments, the hyperspectral camera measures the intensity of each color
channel at each hyperspectral pixel, and identifies the strongest color channel as the correct color,
neglecting the contribution of color channels having lower intensities at the pixel. A potential
advantage of using a hyperspectral camera may include facilitating estimating the colors of the
projected color pattern, for example in cases in which the color is altered by spectral reflectance
properties of the object, smear, spatial crosstalk, etc. Factors affecting the received color may
include material type, color of the object, specular reflections, diffuse reflection, bulk scattering
and absorption, translucency, local pigmentation, stain, ambient illumination, light incidence angle
and/or other factors.

An aspect of some embodiments relates to using at least one narrowband filter for detection
of a pattern projected onto an intra-oral scene. In some embodiments, an intra-oral scene is
illuminated using a plurality of wavelengths (or a plurality of different narrow bands of
wavelengths), and a plurality of narrowband filters are used for selectively receiving the plurality
of wavelengths (or narrow bands) at detection.

In some cases non-uniform reflection of light, for example light returning from translucent
tooth bulk portions (e.g. other than an external surface onto which the light was projected) results
in smearing of adjacent pattern stripes. This smearing may lead to crosstalk between the differently

colored stripes, making color reconstruction more difficult. Misidentification of color may lead to
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errors in identifying a relative spatial location in the pattern, which may further result in errors in

constructing the 3D model. In some embodiments, by using a narrowband detector, the effect of
inherent smearing and/or spatial crosstalk of the projected light by the different structures and/or
materials in the intra-oral scene may be mitigated. Optionally the narrowband detector is designed
to capture selected wavelengths of light and/or to reduce spectral crosstalk. Optionally reducing
since spectral crosstalk may increase the system’s sustainability and/or reduce processing errors.
For example, a potential advantage of using a narrowband illumination coding and detectors may
include increasing the system’s sustainability, and/or reducing processing errors, and/or reduce
crosstalk (e.g. including spectral and/or spatial crosstalk).

In some embodiments, one or more interference filters are used for detecting the pattern.
Additionally or alternatively, one or more dichroic filters are used for detecting the pattern. In
some embodiments, liquid crystal based filters may be used.

In some embodiments, spectral crosstalk is reduced at detection such that in any pixel of a
first imaged pattern entity comprising a first wavelength (or narrow band of wavelengths) there is
less than 1% less than 5% less than 10%, less than 20%, less than 30% contribution of a second
wavelength (or narrow band of wavelengths) of an adjacent pattern entity. Reducing crosstalk
may, in some embodiments, reduce risk of misidentifying a color, for example, pattern entity’s
color. For example reducing crosstalk may reduce the probability of mistakenly identifying an
observed color as one of the other colors in a pattern. In some embodiments, the number and/or
order of colors in a pattern is selected for reducing ambiguity. For example increasing the number
of different colors in a pattern and/or decreasing the distance between different colored projections
may increase the precision of determining a position of an illuminated object. Alternatively or
additionally, the number of colors in a pattern may be reduced and/or the distance between
differently colored locations may be increased and/or the order adjusted to reduce the risk
misidentification of a color and/or mistaking one color for another color that exists in the pattern.
Optionally, the number of colors, the order of colors and/or the width of bands may be adjusted
according to the required depth range, the required precision, the baseline distance between the
pattern projector and imager, and/or the pattern density. For example, misidentification of a color
may occur as a result of spectral crosstalk. Misidentification may increase as the spectral overlap
between the different spectral bands increases. For example, spectral overlap may depend on the
spectral range and/or the spectral width of the different pattern colors.

In some cases, spectral misidentification may increase due to spatial overlap and/or
smearing between different colored projections. For example black areas between the different

colored projected entities may be utilized for differentiation of the entities. Optionally the black
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areas may facilitate reconstruction of a size (e.g. width for a color band) of the entities. Optionally

the geometry of black areas separating entities is selected, to provide maximal coverage of the
scene by the pattern entities (e.g. smaller black spaces and/or increased density of entities), and/or
to facilitate crosstalk correction (for example reducing the density of entities and/or increasing the
area of black spaces separating between entities).

In some embodiments, the different wavelengths are detected by different pixels of the
imager (such as in a hyperspectral camera, e.g. IMEC SM4X4-470-630 CMOS), for example by
covering the different pixels with interference filters that match the projected wavelengths.

In some embodiments, the different wavelengths are detected sequentially. Optionally, the
different wavelengths are projected and/or detected sequentially. Optionally, a tunable filter is
used for detecting the wavelengths sequentially.

An aspect of some embodiments relates to incorporating an asymmetric and/or non-circular
aperture in a light projector used for illuminating the oral cavity.

In imaging systems an aperture typically affects an optic rays cone angle and/or brightness

or an image. The optic rays cone angle typically determines the Depth Of Field (DOF). A narrower
optic rays cone angle corresponds to a higher F-number (F#), and a larger DOF, and vice versa.
In some embodiments, a non-circular aperture is optionally used in a light projector.
In some embodiments the non-circular aperture is optionally an elliptic aperture, having a major
axis and a minor axis. The minor axis is associated with a narrower optic rays cone angle, a lower
effective F-number, a lower DOF, and, being smaller, acts to let less light through. The major axis
is associated with a wider optic rays cone angle, a lower effective F-number, a lower DOF, and,
being larger, acts to let more light through.

In some embodiments, the projector projects a pattern of stripes.

In some embodiments the pattern of stripes is aligned so that a direction along the stripes
is parallel to a direction of the major axis. As mentioned above, the direction of the major axis is
associated with a lower effective F-number and a lower DOF, however, even if the pattern of the
stripes is defocused, or smeared, along the direction of the stripes, this does not make a significant
difference in the pattern, since the stripes are optionally uniform along their length, so the smearing
does not affect the pattern. In such a case, the direction of the minor axis is associated with a higher
effective F-number and a larger DOF, which is desirable in the direction across the stripes. A
synergistic effect is that the pattern being projected benefits from the higher effective F-number
and a larger DOF associated with the minor axis in the direction which benefits from image focus,
and benefits from receiving more light, thereby a brighter image, than would be associated with a

circular aperture having a diameter equal to the minor axis.
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In some embodiments, the pattern comprises a plurality of wavelengths or narrow

wavelength bands (e.g. at least 5, at least 7, at least 15 or intermediate, higher or lower number).
Optionally, the wavelengths are selected from a narrow spectral band. In some embodiments,
projection of the narrow wavelength bands is implemented using interference filters applied to
each pixel. In some embodiments, the wavelength range is selected according to available
projection and imager technology (e.g. a range may be selected to fit a sensor for example 400-
850nm may fit a Si CMOS sensitivity). Alternatively or additionally, the range may be chosen
according to properties of illuminated object (for example 400-700nm may fit the visible range
and/or provides higher contrast over the teeth). In some embodiments, the wavelength range is
selected to increase contrast with the scanned teeth, for example a wavelength range selected from
the shorter visible wavelength range (for example between 400-500 nm, 380-450 nm, and or 470-
550 nm or intermediate, larger or smaller ranges). Additionally or alternatively, shorter
wavelengths may be used, for example wavelengths of the ultraviolet range (e.g. shorter than 400
nm) are used.

A potential advantage of a pattern comprising a plurality of short wavelengths (or
wavelength bands) selected from a relatively narrow spectral band may include lowering smearing
of the intraoral features, improving color detection owing to the reduced crosstalk between
wavelength channels. Another potential advantage may include reduced sensitivity for ambient
light, contributing to a more accurate color identification. Accurate color identification may be
effective to reduce ambiguities, which can cause errors in pattern restoration and/or errors in
detection of depth variations in the scene.

Optionally, if the pattern comprises longer wavelengths (including for example non-blue
colors for which there may be lower contrast and/or larger smear over the tooth), the pattern
entities (e.g. stripes) are selected to be wider than those that would be used for the shorter
wavelengths (purple-blue color range).

Various projection configurations and/or methods may be implemented for projecting the
wavelength-coded pattern. For example, in some embodiments, a plurality of light sources (such
as a plurality of LEDS or lasers) each configured for emitting light at a selected wavelength are
arranged adjacent each other. Additionally or alternatively, a set of filters suitable for transmitting
the selected wavelengths is attached to a light source (e.g. LED) for projecting the pattern onto the
scene. Additionally or alternatively, a set of filters suitable for transmitting the selected
wavelengths is attached to a transparent substance illuminated by a light source having a wider
spectrum. Additionally or alternatively, a grating that diffracts light from a light source having a

wider spectrum is used. Additionally or alternatively, a variable wavelength source such as a
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variable wavelength laser is used with a scanning mirror (e.g. MEMS mirror). Additionally or

alternatively, a variable wavelength filter such as a variable interference filter is used for altering
the transmitted wavelengths. Additionally or alternatively, the transmitted wavelength is changed
in accordance with the varying wavelengths that are received in the sensor. Additionally or
alternatively, the transmitted wavelength is modified according to the rolling movement of the
sensor shutter, in a way that the camera detects different wavelengths in different areas of the scene
as the shutter is moved over the scene.

An aspect of some embodiments relates to reducing crosstalk between imaged pattern
entities by utilizing one or more separating regions in the pattern. In some embodiments, the
separating regions comprise non-illuminated regions, defining dark regions between the pattern
entities. In some embodiments, the dark regions enable separation of the pattern entities following
scattering and/or smearing.

In some embodiments, a referential color pattern is projected onto the intra-oral scene. In
some embodiments, the referential color pattern comprises colored entities and separation regions
between entities of different colors. In an example, a referential color pattern comprises an
arrangement of black and colored stripes arranged such that a black stripe separates between two
colored stripes. Alternatively to a non-illuminated area, the separating region comprises a color
which is not transmitted by a filter used at detection. Alternatively, frames with uniform lighting
are acquired between frames with patterned lighting for extraction of color reflection properties of
the scene. Additionally or alternatively, frames with uniform lighting are used for obtaining 3D
information regarding matching features in the scene.

In some embodiments, the dark regions are large enough to avoid a geometrical overlap
between imaged pattern entities. For example, in a pattern comprising dark regions in the form of
stripes, the dark stripes are selected to be wide enough so as to ensure that for imaged pixels of at
least a portion of the dark stripe (e.g. a vertical center thereof) a contribution of light from the
colored entities is substantially nonexistent. Alternatively, a contribution of light from the colored
entities exists, but other features (e.g. anchors) allow for identifying the dark region as such.

In some embodiments, detection of the referential pattern comprises subtracting the imaged
color obtained in the black stripes situated at opposing sides of the colored stripe from the colored
stripe, to reconstruct the colored stripe. Potential advantages of using the referential pattern may
include reducing or preventing spectral crosstalk between the different stripes which may occur
when the pattern light is scattered through the teeth, tissues and/or other oral contents. Scattering
and/or smearing of the pattern entities may occur as a result of the different types of materials

and/or structures in the intra-oral scene, for example teeth, fluids (e.g. saliva, blood), gum, artificial
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prostheses, treatment and/or food residuals, natural defects (e.g. cavities) and/or other. Smearing

of the image can result also from the limited depth of field (DOF) of the projector and the camera
optics, scanner movement during the image and/or projector exposure time and also from the
object local plane slope. The smearing may be increased when the imaged surface is at a high
angle to the sensor and/or when the focus of the sensor is reduced, for example due to parts of the
surface being out of the preferred focus range of a sensor. For example, black areas may be
increased to counteract increased smearing.

In some embodiments, one or more image processing algorithms such as spatial filtering,
adaptive histogram equalization, local thresholding, non-maximum suppression, and/or other
algorithms are applied to an imaged pattern that comprises dark regions for enhancement of the
stripe’s contrast, color, assessment of ridge location and/or other characteristics.

Use of dark separation regions may be especially advantageous when processing areas in
which a distance between the stripes decreases, for example in areas exhibiting steep angles
towards the imager.

An aspect of some embodiments relates to incorporation of one or more anchors in a pattern
projected onto an intra-oral scene, by introducing irregularities in a structured light pattern. In
some embodiments, the pattern comprises a monochromatic uniformly recurrent arrangement of
stripes. In some embodiments, irregularities are introduced into the pattern instead of or in addition
to multi-color information.

In some embodiments, the anchors are spread in the field of view to facilitate restoring the
pattern from the acquired image. In some embodiments, restoring comprises in