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COLOR IMAGING BY DISCRETE
NARROW-BAND SYNCHRONIZED
ILLUMINATION

FIELD OF THE INVENTION

[0001] The present disclosure generally relates to methods
for obtaining information about dark hollow environments,
and more specifically to endoscopy and robotic surgery.

BACKGROUND

[0002] Color images are commonly captured using natural
broadband light (“white light”) and a set of three filters
applied over the imaging sensor. A color image usually
contains three different color layers (Red, Green, and Blue)
mimicking the spectral sensitivities of the human eye cone
cell. The different color layers are combined to create a color
image were each pixel in color image is represented by those
three values or one of their derivatives. Some known endos-
copy methods use a light source and a plurality of filters for
separation of colors, thus losing a major portion of the light
intensity. This requires extended exposure time of the image
sensors and/or utilization of very strong and cumbersome
illumination sources in the input of the endoscope.

[0003] Additionally, some imaging methods aim to record
spectral information, for example multi spectral or hyper
spectral information, and/or use a large amount of spectral
channels for generation of a high quality color image. Some
methods use large sets of images of a known spectrum to
estimate the reflectance spectra out of color images in order
to enhance hard to see features in the image.

SUMMARY

[0004] According to an aspect of some embodiments of
the present invention, there is provided a color imaging
method including, for a plurality of predetermined wave-
length bands of illumination, calculating weight coefficients
representing the contribution of each of the wavelength
bands to a specific color space, individually controlling
illumination intervals of each of a plurality of illumination
sources, wherein each of the illumination sources is config-
ured to provide illumination via a waveguide in a different
predetermined narrow band of wavelengths, controlling an
image sensor to capture a set of monochromatic image
frames synchronously with the illumination intervals,
receiving a set of the captured monochromatic image
frames, and generating color image data by calculating a
combination of the set of image frames, each weighted by
the corresponding coeflicient.

[0005] Optionally, the method includes controlling expo-
sure times of the monochromatic image sensor synchro-
nously with illumination transmitted via at least one of the
illumination sources.

[0006] Optionally, the method includes operating the illu-
mination sources according to one or more pre-programmed
operation protocol of illumination.

[0007] Optionally, the illumination protocol comprises
multiple illumination intervals, wherein in each illumination
interval another illumination source of another respective
illumination wavelength band is operated.

[0008] Optionally, the illumination protocol comprises
multiple illumination intervals, wherein at least two of the
illumination intervals have different durations.
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[0009] Optionally, the illumination protocol comprises
multiple illumination intervals, wherein a certain illumina-
tion band is operated in more than one illumination interval.
[0010] Optionally, the illumination protocol comprises
multiple illumination intervals, wherein more than one illu-
mination band are operated simultaneously during at least
one illumination interval.

[0011] Optionally, the method includes detecting a base
illumination level by controlling the illumination sources to
provide no illumination during a certain interval and cap-
turing image data by the image sensor when no illumination
is provided by the sources, and calibrating the image sensor
and/or generated color image based on the detected base
illumination level.

[0012] Optionally, the method includes extracting from
the received frames information about at least one of a list
consisting of: fluorescence, auto-fluorescence, speckle pat-
terns and structured light.

[0013] Optionally, the method includes illumination in
wavelengths which are outside the human visible range but
are still in the sensing range of the image sensor.

[0014] Optionally, the method includes extracting infor-
mation from coherence of sensed reflected light included in
the received frames.

[0015] Optionally, the method includes extraction of depth
information from deformation of a structured light pattern.
[0016] Optionally, the method includes extraction of the
temporal changes in the standard deviation of the image
intensity in speckle patterns identified in some of the cap-
tured light bands, while a coherent illumination is applied
during the illumination interval.

[0017] According to an aspect of some embodiments Or
the present invention, there is provided a color imaging
system including a plurality of illumination sources, each
configured to provide illumination via a waveguide in a
different predetermined narrow band of wavelengths, and a
processor configured to execute code, the code comprising
instructions for individually controlling illumination inter-
vals of each of the plurality of illumination sources, con-
trolling an image sensor to capture a set of monochromatic
image frames synchronously with the illumination intervals,
receiving a set of the captured monochromatic image
frames, and generating, color image data from the received
captured image frames.

[0018] Optionally, the system includes a sensing module
comprising: one or more waveguides configured to transmit
illumination from the different illumination sources, respec-
tively, and a monochromatic image sensor.

[0019] Optionally, the processor is configured to operate
the illumination sources according to a pre-programmed
operation protocol of illumination.

[0020] Optionally, the processor is configured to operate
the illumination sources according to a dynamically con-
trolled operation protocol of illumination.

[0021] Optionally, the illumination protocol comprises
multiple illumination intervals, wherein in each illumination
interval another illumination source of another respective
illumination wavelength band is operated.

[0022] Optionally, the illumination protocol comprises
multiple illumination intervals, wherein at least two of the
illumination intervals have different durations.

[0023] Optionally, the illumination protocol comprises
multiple illumination intervals, wherein a certain illumina-
tion band is operated in more than one illumination interval.
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[0024] Optionally, the illumination protocol comprises
multiple illumination intervals, wherein more than one illu-
mination band is operated during at least one illumination
interval.

[0025] Optionally, the processor is configured to detect a
base illumination level by controlling the illumination
sources to provide no illumination during a certain interval
and capturing image data by the image sensor when no
illumination is provided by the sources, and to calibrate the
image sensor and/or the generated color image based on the
detected base illumination level.

[0026] Optionally, processor is configured to extract from
the received frames information about at least one of a list
consisting of: fluorescence, auto-fluorescence, speckle pat-
terns and structured light.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] Some non-limiting exemplary embodiments or fea-
tures of the disclosed subject matter are illustrated in the
following drawings.

[0028] In the drawings:

[0029] FIG.1is a schematic illustration of a color imaging
system, according to some embodiments of the present
invention;

[0030] FIGS. 2A and 2B are schematic time tables illus-
trating exemplary operation protocols 201 and 202, respec-
tively, according to some embodiments of the present inven-
tion;

[0031] FIG. 3 is a schematic graph illustrating calculation
of R, G and B coeflicients based of XYZ color space,
according to some embodiments of the present invention;
and

[0032] FIG. 4 is a schematic flowchart illustrating a
method for calculating a high fidelity RGB color image,
according to some embodiments of the present invention.
[0033] 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
embodiments of the invention. In this regard, the description
taken with the drawings makes apparent to those skilled in
the art how embodiments of the invention may be practiced.
[0034] Identical or duplicate or equivalent or similar struc-
tures, elements, or parts that appear in one or more drawings
ate generally labeled with the same reference numeral,
optionally with an additional letter or letters to distinguish
between similar entities or variants of entities, and may not
be repeatedly labeled and/or described. References to pre-
viously presented elements are implied without necessarily
further citing the drawing or description in which they
appear.

[0035] Dimensions of components and features shown in
the figures are chosen for convenience or clarity of presen-
tation and are not necessarily shown to scale or true per-
spective. For convenience or clarity, some elements or
structures are not shown or shown only partially and/or with
different perspective or from different point of views.

DETAILED DESCRIPTION

[0036] Some embodiments of the present, invention pro-
vide a system, and method for color imaging of dark,
non-illuminated environments where there is no spatial
light, for example inside a human body and/or another
closed hollow space.
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[0037] Some exemplary embodiments of the present
invention are applicable in gastrointestinal endoscopy and/
or in imaging of any other interior body lumen. However,
the invention is not limited in this respect and may have
other suitable applications.

[0038] There are imaging methods that enable a limited
efficiency of capturing and transmission of information, for
example due to the use of filters for separation of colors
and/or the use of a large amount of color channels for
generation of a high quality color image. As mentioned
above, some imaging methods aim to record spectral infor-
mation, for example multi spectral or hyper spectral infor-
mation. However, in order to capture the spectral informa-
tion, these methods are forced to lose imaging information,
for example spatial or temporal imaging dimensions. Addi-
tionally, such methods usually provide image and/or other
data with a low frame rate and/or degraded spatial resolu-
tion, making them unsuitable for real-time applications,
and/or may require examination of a specific region at a time
or alternately scanning of the field of view by the image
Sensor.

[0039] Some embodiments of the present invention solve
the efficiency problem and provide enhanced information
content captured in dark environments by the imaging
device while simultaneously presenting a high fidelity color
image, with low latency, and high resolution. The solution
includes a monochromatic image sensor that captures
images in synchronization with illumination intervals of
various spectral bands, with no color filters involved. In
some embodiments, monochromatic images are captured
while illuminating in each of a set of predefined distinct
spectral bands, in a different interval for each spectral band.
Additionally, some of the captured spectral data is used, in
some embodiments, for obtaining additional information
content from reflectance spectrum of objects, for example
information which is not expressed in the conventional color
space Red, Green and Blue (RGB) image.

[0040] Some embodiments of the present invention may
include a system, a method, and/or a computer program
product. The computer program product may include a
tangible non transitory computer readable storage medium
(or media) having computer readable program instructions
thereon for causing a processor to carry out aspects of the
present invention. Computer readable program instructions
for carrying out operations of the present invention may be
assembler instructions, instruction-set-architecture (ISA)
instructions, machine instructions, machine dependent
instructions, microcode, firmware instructions, state-setting
data, or either source code or object code written in any
combination of one or more programming languages,
including any object oriented programming language and/or
conventional procedural programming languages.

[0041] Before explaining at least one embodiment of the
invention in detail, it is to be understood that the invention
is not necessarily limited in its application to the details of
construction and the arrangement of the components and/or
methods set forth in the following description and/or illus-
trated in the drawings and/or the Examples. The invention is
capable of other embodiments or of being practiced or
carried out in various ways.

[0042] Reference is now made to FIG. 1, which is a
schematic illustration of a color imaging system 100,
according to some embodiments of the present invention.
System 100 may include an illumination module 10, a
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sensing module 11, such as an endoscope, and at least one
hardware processor 12. Processor 12 may include and/or
communicate with a hardware non-transitory memory 14.
Memory 14 may store code instructions executable by
processor 12. In some embodiments, executing the stored
instructions causes processor 12 to carry out the methods
described herein.

[0043] Illumination module 10 may include a controller 13
and a plurality of illumination sources, for example illumi-
nation sources 10a-10f. The invention is not limited to any
specific number of illumination sources. In some embodi-
ments, the number of illumination sources is between 4 and
50. Controller 13 may receive instructions from processor
12 and/or operate by executing a set of code instructions
stored in controller 13 and/or in memory 14. Controller 13
may control illumination sources 10a-10f" separately, for
example to illuminate in different spectral bands in respec-
tive different intervals, for example according to a pre-
defined illumination pattern. In some embodiments, control-
ler 13 may be configured to illuminate in each interval with
a combination of one or more sources, each controlled to
illuminate for a certain period and/or at a certain intensity.
[0044] Illumination sources 10a-10f may each provide
illumination in a different narrow band of wavelengths, for
example of less than 20 nanometer (nm) spanning over a
predefined range of wavelengths. For example, the range of
wavelengths is defined according to a sensitivity range of a
light sensor appointed to capture light reflected from objects
illuminated by sources 10a-10f. For example, the range may
span from Ultra Violet A (UVA) to Near Infra-Red (NIR)
light, e.g. from 300 nm to 1100 nm. Illumination sources
104-10f may include Light Emitting Diodes (LED), lasers,
laser diodes, or any other suitable narrow-band illumination
source. As described in more detail herein, in some embodi-
ments, illumination sources 10a-10f are suitable in size and
shape for coupling each with a corresponding waveguide of
waveguides 11a-11f; respectively, of sensing module 11. For
example, a waveguide may be made of glass optical fiber a
few meters long and may have a width of about 10-600
micrometer. For example, seven optical fibers of a diameter
of about 200 micrometer may be bundled in a hexagonal
shape having a diameter of about 600 micrometer. Similarly,
nineteen identical fibers in a similar hexagonal shape bundle
may have a diameter of about 1 millimeter.

[0045] Sensing module 11 may include a plurality of
waveguides, for example waveguides 11a-11f; and a mono-
chromatic light sensor 18. The invention is not limited to any
specific number of waveguides. For example, the number of
waveguides 11a-11f may correspond to the number of illu-
mination sources 10a-10f; wherein each illumination
sources may be coupled to a respective waveguide. Wave-
guides 11a-11f may include, for example, optical fibers
and/or any other suitable optical waveguides. In some
embodiments, waveguides 11a-11f may be arranged in a
bundle of waveguides or multiple bundles of waveguides to
facilitate passing of the waveguides together, e.g. in parallel,
into body lumens and/or other dark hollow voids.

[0046] In some exemplary embodiments, at least some of
the waveguides is merged into a smaller and/or split into a
larger number of waveguides in the way from sources
104-10f'to a tip of sensing module 11. For example, wave-
guides may be merged in order to save space at the tip of
sensing module 11 and/or to simplify the operation of
connecting and disconnecting the sensing module 11 and the
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illumination module 10. For example, waveguides may be
split in order to reduce the amount of energy passing through
a waveguide, or to create a plurality of illumination sources
at different locations at a tip of sensing module 11.

[0047] Monochromatic sensor 18 may include, for
example, a Charged Coupled Device (CCD), a Complemen-
tary Metal-Oxide-Semiconductor (CMOS), a N-type Metal-
Oxide-Semiconductor (NMOS), and/or any other suitable
type of image sensor. Monochromatic sensor 18 may be
controlled by processor 12 and/or by controller 13 to capture
a digital monochromatic image, i.e. to capture the light
reflected from illuminated objects in synchronization with
illumination emitted from each of light sources 10a-10fvia
the corresponding waveguides 11a-11f. For example, sensor
18 may include a shutter, for example electronic shutter,
controllable by processor 12 and/or controller 13, configured
to open and close synchronously with operation of light
sources 10a-10f. For example, sensor 18 may include an
electronic switch controllable by processor 12 and/or con-
troller 13, configured to turn the sensor on and off synchro-
nously with operation of light sources 10a-10f.

[0048] In some embodiments of the present invention,
processor 12 sends synchronization signals to controller 13
to initiate an illumination protocol. In some embodiments of
the present invention, controller 13 may send a synchroni-
zation signal to processor 12 and/or image sensor 18 upon
activation of an illumination source, thus inducing synchro-
nized operation of image sensor 18 in response to the
received synchronization signal. In some other embodiments
of the present invention, the synchronization signal may
alternatively be originated by the image sensor 18 or by at
least one of the illumination sources 10a-10f; thus ensuring
the synchronized operation between the image sensor and
the illumination intervals.

[0049] Processor 12 may operate monochromatic sensor
18, for example directly or by controller 13, in a high frame
rate, for example above 80 frames per second (fps). Proces-
sor 12 may generate and/or provide instructions to controller
13 to operate light sources 10a-10f'in the same rate as the
frame rate of sensor 18. Based on the received instruction,
for example, in each illumination interval, controller 13
operates another light source or group of light sources to
illuminate via waveguides 11a-11f; while sensor 18 captures
the light reflected back from illuminated objects. For
example, processor 12 stores data about which illumination
spectral band(s) are operated in each illumination interval,
and matches between a monochromatic image captured by
sensor 18 in a certain illumination interval and the data about
the respective illumination spectral bands operated in the
same certain illumination interval. Therefore, each mono-
chromatic image is associated with a known illumination
spectral band, i.e. a known narrow wavelength band, or
several concurrent illumination spectral bands, in which it
was captured.

[0050] In some embodiments of the present invention,
processor 12 may operate sensor 18 and/or illumination
sources 10a-10f according to a pre-programmed operation
protocol of illumination and light capturing designated for a
certain type of information that may be extracted from the
captured images. In some embodiments, processor 12 may
receive commands, for example via a user interface, and
operate according to the received commands, to execute one
of several pre-programmed operation protocols of illumina-
tion and capturing stored, for example, in memory 14. For
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example, each of the preprogrammed protocols is designated
for another type of information that may be extracted from
the captured images.

[0051] Reference is now made to FIGS. 2A and 2B, which
are schematic time tables illustrating exemplary operation
protocols 201 and 202, respectively, according to some
embodiments of the present invention. For example, as
shown in FIG. 2A, one cycle of a repetitive illumination
protocol may include illumination intervals T1-T5, wherein
in each interval another illumination source of another
respective illumination spectral band is operated. During
each of illumination intervals T1-T5, monochromatic sensor
18 captures an image by capturing reflected light within that
illumination interval. In some embodiments of the present
invention, illumination intervals T1-T5 and/or the capturing
times within these illumination intervals may have different
durations. For example, some illumination spectral bands
may require longer exposure of sensor 18, for example to
adapt the brightness of a certain spectral band to properties
of the human eye and/or of specific equipment, such as a
display device.

[0052] For example, as shown in FIG. 2B, a cycle of a
repetitive illumination protocol may further include more
than one illumination interval for a certain illumination
spectral band. For example, an illumination source 3 may be
operated in both illumination intervals T2 and T6. Addition-
ally or alternatively, the cycle may include illumination
intervals during which more than one illumination source is
operated, such as illumination interval T7, for example for
extraction of certain types of information.

[0053] In some embodiments of the present invention,
controller 13 may control the illumination sources to provide
no illumination during a certain interval, and processor 12
may detect a base illumination level by capturing image data
by the image sensor when no illumination is provided by the
sources. Processor 12 may calibrate the image sensor and/or
the generated color image based on the detected base
illumination level.

[0054] According to some embodiments of the present
invention, processor 12 may calculate an RCM color image,
for example a high fidelity RGB color image, by combining
a set of the captured digital monochromatic images associ-
ated with respective different illumination spectral bands, in
which the images are captured. In some embodiments,
processor 12 calculates the RGB image and outputs the
image to a display with latency of less than 100 millisec-
onds, for example from the time of capturing the last image
in the set.

[0055] For example, processor 12 may combine the set of
digital monochromatic images by allocating a weight coef-
ficient to each illumination spectral band, so that each image
is weighted according to its associated illumination spectral
band or bands. For example, the coeflicients are calculated
by taking into account the perceived intensity by a human
eye of each spectral band. For example, a spectral band
perceived as less bright may be given a lower weight
coeflicient, so as to reflect the lower perceived luminance. In
some embodiments, the coeflicients are calculated according
to a certain color space, such as the XYZ color space (the
CIE 1931 XYZ color space) or any other suitable color
space.

[0056] Reference is now made to FIG. 3, which is a
schematic graph 300 illustrating calculation of R, G and B
coeflicients based on XYZ color space, according to some
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embodiments of the present invention. Graph 300 illustrates
an estimation of the relative response of each of the Red,
Green and Blue eye receptors to illumination of different
wavelengths. For each wavelength x, the Red coeflicient Rx,
Green coeflicient Gr and Blue coefficient Bx are Red, Green
and Blue color values, determined according to the relative
response of each of the Red, Green and Blue eye receptors
to illumination in wavelength x, respectively. For example,
as shown in FIG. 3, for illumination of 450 nm the coeffi-
cients are R,s,, G450 and B, 5q; for illumination of 470 nm
the coefficients are R,,,, G,,, and B,,; for illumination of
530 nm the coeflicients are Ry, G5z and Bss,; for illumi-
nation of 590 nm the coefficients are R, Gsq, and Bs,;
and for illumination of 630 nm the coeflicients are Rg;,
Gso and Bg,,. Thus, in some embodiments, the coeflicients
may include additional scalar factor to compensate for the
non-uniform sampling between adjacent spectral bands.

[0057] Reference is now made to FIG. 4, which is a
schematic flowchart illustrating a method 400 for calculating
a high fidelity RGB color image, according to some embodi-
ments of the present invention. As indicated in block 410,
processor 12 may receive data captured by image sensor 18.
As indicated in block 420, for each illumination color in
which a monochromatic image is captured, processor 12
may calculate an R, G, and B weight coeflicients, represent-
ing the response to this illumination color of each of the Red,
Green and Blue human eye color receptors, respectively.

[0058] As indicated in block 430, processor 12 may cal-
culate Red image data by calculating a combination of the
set of images, each weighted by the corresponding R coef-
ficient, Green image data by calculating a combination of the
set of images, each weighted by the corresponding G coef-
ficient, and Blue image data by calculating a combination of
the set of images, each weighted by the corresponding B
coeflicient. As in in block 440, processor 12 may output the
resulting Red, Green and Blue image data as high fidelity
RGB image data. For example, for five narrow wavelength
bands of illumination centered at 450 nm, 470 nm, 530 nm,
590 nm and 630 nm. The RGB image data may be calculated
according to the transformation:

Gasolaso + Gurolazo + Gszolszo + Gsoolsen + Gesolezo

R
G
B

[ Rasolaso + Razolazo + Rs3ols30 + Rsoolsgo + Resnleso

Busolaso + Bazolazo + Bssolsso + Bsoolseo + Besolsso

[0059] Wherein R, G and B are matrices representing the
Red, Green and Blue image data and Ix is a matrix repre-
senting the monochromatic image captured during illumi-
nation at wavelength x. Thus, in some embodiments, the
coeflicients may include additional scalar factor to compen-
sate for the nom-uniform sampling between adjacent spec-
tral bands or and the spectral responsivity of the imaging
Sensor.

[0060] It will be appreciated that in some embodiments of
the present invention, processor 12 may output the RGB data
in a frame rate dependent on the spectral density, e.g. the
number of different wavelength bands of illumination that
should be included in the image data calculation. In some
embodiments of the present invention, it is possible to adapt
the frame rate by adapting the operation protocol, for
example changing the number of illumination wavelength
bands operated and/or included in the calculation, or
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improving the colors of the RBG image while providing a
slower frame rate, as needed. Generally, the RGB image data
is calculated by:

Rxli
Gl
B

wly

R
G
B

=

Wherein R, G and B are matrices representing the Red,
Green and Blue image data, the R,, G, and B, coeflicients are
the R, G, and B coeflicients for illumination at wavelength
1, and I, is a matrix representing the monochromatic image
captured during illumination at wavelength i.

[0061] It will be noted that the present invention is not
limited to generation of RGB image data and similar meth-
ods may be carried out in order to generate other color space
image date, such as Hue, Saturation and Lightness (HSL);
Hue, Saturation and Value (HSV), XYZ, Lab, and the like.
[0062] The system and method provided by some embodi-
ments of the present invention, as described herein, enable
acquisition of high fidelity color images with the use of
narrow band illumination sources, discretely covering the
effective spectrum with the imaging sensor. This method
improves the image resolution, the imaging system effi-
ciency, and enables accessibility to multithyper spectral data
at high frame, rate without compromising the spatial reso-
lution and without the introduction of mechanical scanning.
[0063] As indicated in block 450, in some embodiments of
the present invention, processor 12 extract auxiliary infor-
mation from data captured by image sensor 18 images
captured by sensor 18 of light reflected from objects may be
used for extraction of information besides RGB image data,
such as fluorescence, auto-fluorescence, speckle patterns,
structured light, and any other suitable data obtainable by
spectral analysis of the reflected light. In some embodi-
ments, information is extracted by illumination in wave-
lengths which are outside the human visible range (i.e.
400-680 nanometer) but are still in the sensing range of
sensor 18, e.g. between 300 nm to 1150 nm.

[0064] For example, information may be extracted from
coherence or other spectral properties of the sensed reflected
light. The extracted information may be used for analysis of
the color image, enhancement of the color image, and/or for
providing additional information in parallel to the color
image. For example, processor 12 may identify in the
captured reflected light spectral patterns and/or properties
which may be invisible and/or difficult to recognize by a
human eye and/or brain and/or perception. For example, the
identified spectral properties may include depth interpreta-
tion and/or estimation, which may be identified from defor-
mation of a structured light pattern. For example, the iden-
tified spectral properties may include standard divination in
speckle patterns, which may be identified in some of the
captured image layers, e.g. some of the illumination bands.
[0065] The identified patterns may be displayed by an
overlay on the corresponding displayed color image and/or
besides the corresponding displayed color image, and/or
may be used by processor 12 as additional information
layers for further processing and/or classification of the
color image data, and/or may be stored in the system or by
any other method of digital data storage (e.g. in a cloud), as
raw data or after partial processing, for future processing.
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[0066] In some embodiments of the present invention, in
order to acquire some kinds of spectral information, sensing
module 11 may include diffractive elements and/or other
form of optical lenses covering the distal end of at least some
of waveguides 11a¢-11f. The diffractive elements and/or
lenses may be configured for diffraction in pre-determined
angles and/or according to pre-determined diffraction func-
tions and/or diffraction patterns, for example according to
corresponding specific spectral analysis performed on cap-
tured reflected light in the corresponding wavelengths. Thus,
some embodiments provide a pre-determined diffraction
structure to illumination in a specific wavelength. For
example, in some embodiments, processor 12 may extract
depth information about the captured image from deforma-
tion of known light pattern illuminated with over the sample
with a known diversion angle relative to the image plane
normal.

[0067] In some embodiments of the present invention,
processor 12 may identify, resolve and/or quantify dynamics
in the sensed environment, such as a moving object and/or
flow of blood, by detecting and/or analyzing a speckle
pattern, e.g. constrictive and destructive interference pat-
terns in the sensed reflected light. For example, processor 12
may extract temporal changes in the standard deviation of
the image intensity in speckle patterns identified in some of
the captured light bands, while a coherent illumination is
applied during the illumination interval.

[0068] In some cases, some illuminated objects from
which captured light is reflected may undergo a process of
energy transfer which changes the wavelength of the
reflected light. In some cases, an object may undergo auto-
fluorescence or some kind of induced fluorescence. Proces-
sor 12 may synchronize illumination and light capturing to
capture an image during the illumination and an additional
image with a delay between the illumination and the cap-
turing, and may compare the immediately reflected light to
the fluorescence light, thus creating an additional informa-
tion layer of the change in wavelength due to fluorescence.
In some embodiments, processor 12 may identify fluores-
cence and/or calculate the temporal response of the fluores-
cence, for example, by time modulation of the reflected light
and according to the sensitivity of light sensor 18.

[0069] In the context of some embodiments of the present
disclosure, by way of example and without limiting, terms
such as ‘operating’ or ‘executing’ imply also capabilities,
such as ‘operable’ or ‘executable’, respectively.

[0070] Conjugated terms such as, by way of example, ‘a
thing property’ implies a property of the thing, unless
otherwise clearly evident from the context thereof.

[0071] The terms ‘processor’ or ‘computer’, or system
thereof, are used herein as ordinary context of the art, such
as a general purpose processor, or a portable device such as
a smart phone or a tablet computer, or a micro-processor, or
a RISC processor, or a DSP, possibly comprising additional
elements such as memory or communication ports. Option-
ally or additionally, the terms ‘processor’ or ‘computer’ or
derivatives thereof denote an apparatus that is capable of
carrying out a provided or an incorporated program and/or
is capable of controlling and/or accessing data storage
apparatus and/or other apparatus such as input and output
ports. The terms ‘processor’ or ‘computer’ denote also a
plurality of processors or computers connected, and/or
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linked and/or otherwise communicating, possibly sharing
one or more other resources such as a memory and/or
cloud-based storage.

[0072] The terms ‘software’, ‘program’, ‘software proce-
dure’ or ‘procedure’ or ‘software code’ or ‘code’ or ‘appli-
cation” may be used interchangeably according to the con-
text thereof, and denote one or more instructions or
directives or electronic circuitry for performing a sequence
of operations that generally represent an algorithm and/or
other process or method. The program is stored in or on a
medium such as RAM, ROM, or disk, and/or cloud storage
or semiconductor based disk-like storage or any kind of
RAID storage, or embedded in a circuitry accessible and
executable by an apparatus such as a processor or other
circuitry. The processor and program may constitute the
same apparatus, at least partially, such as an array of
electronic gates, such as FPGA or ASIC, designed to per-
form a programmed sequence of operations, optionally
comprising or linked with a processor or other circuitry.
[0073] The term ‘configuring’ and/or ‘adapting’ for an
objective, or a variation thereof, implies using at least a
software and/or electronic circuit and/or auxiliary apparatus
designed and/or implemented and/or operable or operative
to achieve the objective.

[0074] A device storing and/or comprising a program
and/or data constitutes an article of manufacture. Unless
otherwise specified, the program and/or data are stored in or
on a non-transitory medium.

[0075] In case electrical or electronic equipment is dis-
closed it is assumed that an appropriate power supply is used
for the operation thereof.

[0076] The flowchart and block diagrams illustrate archi-
tecture, functionality or an operation of possible implemen-
tations of systems, methods and computer program products
according to various embodiments of the present disclosed
subject matter. In this regard, each block in the flowchart or
block diagrams may represent a module, segment, or portion
of program code, which comprises one or more executable
instructions for implementing the specified logical function
(s). It should also be noted that, in some alternative imple-
mentations, illustrated or described operations may occur in
a different order or in combination or as concurrent opera-
tions instead of sequential operations to achieve the same or
equivalent effect.

[0077] The corresponding structures, materials, acts, and
equivalents of all means or step plus function elements in the
claims below are intended to include any structure, material,
or act for performing the function in combination with other
claimed elements as specifically claimed. As used herein, the
singular forms “a”, “an” and “the” are intended to include
the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms
“comprising”, “including” and/or “having” and other con-
jugations of these terms, when used in this specification,
specify the presence of stated features, integers, steps,
operations, elements, and/or components, but do not pre-
clude the presence or addition of one or more other features,
integers, steps, operations, elements, components, and/or
groups thereof.

[0078] The terminology used herein should not be under-
stood as limiting, unless otherwise specified, and is for the
purpose of describing particular embodiments only and is
not intended to be limiting of the disclosed subject matter.
While certain embodiments of the disclosed subject matter
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have been illustrated and described, it will be clear that the
disclosure is not limited to the embodiments described
herein. Numerous modifications, changes, variations, sub-
stitutions and equivalents are not precluded,

1. A color imaging method, the method comprising:

illuminating a lumen by using a plurality of predeter-
mined series of between four and twenty independent
narrow band illumination sources to carry out an illu-
mination protocol cycle;

capturing individual narrow band image frames of the
lumen by a monochromatic image sensor synchro-
nously with said illuminating;

using predetermined weight coeflicients representing the
contribution of each of the narrow band image frames
to a specific color space to generate

a corresponding high color fidelity image as a weighted
sum of the different image frames using the said weight
coeflicients; and

displaying in real-time said high color fidelity image,

wherein each weight coeflicient represents contribution of
each captured individual narrow band image frame to
said generated high color fidelity image, in said illu-
mination protocol cycle.

2. The method according to claim 1, the method further

comptrising:

using said individual narrow band image frames and
additional frames that were captured by using illumi-
nation sources different from those of said illumination
protocol cycle;

extracting information by post-processing said individual
narrow band image frames and said additional frames,

wherein said extracted information is additional to infor-
mation used to calculate the corresponding high color
fidelity image,

wherein said individual narrow band image frames and
said illumination protocol cycle data are maintained
together with high color fidelity image.

3. The method according to claim 1, wherein said illumi-
nation sources are, narrow band illumination sources having
spectral power distribution of less than 20 nm.

4. The method according to claim 3, the method further
comprising a dynamic control by a system controller over
attributes of said illumination protocol cycle according to an
external command or a predefined response,

wherein said dynamic control comprises at least one of
following attributes:

(1) selecting narrow band illumination wavelengths in the
illumination protocol cycle;

(i1) changing order of illumination of said narrow band
illumination sources;

(iii) controlling individual exposure times of said mono-
chromatic image sensor frames in the illumination
protocol cycle;

(iv) controlling individual intensity levels of said illumi-
nation sources; and

(v) controlling individual illumination intervals of said
illumination sources,

wherein said illumination protocol cycle yields data for
composition of a single-color image frame, thus the
illumination protocol cycle is operated in a continuous
cycle mode to perform real time high color fidelity
imaging, alongside additional extracted information.
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5. The method according to claim 3,

using said individual narrow band frames and said addi-
tional frames that were captured by using illumination
sources different from those of said illumination pro-
tocol cycle, to carry out an extraction of information by
post-processing said individual narrow band image
frames, while maintaining individual narrow band
image frames and data of the illumination protocol
cycle with a corresponding processed high color fidel-
ity image.

6. The method according to claim 5, wherein said
extracted information includes at least one of: (i) fluores-
cence; (ii) auto-fluorescence; (iii) flow pattern spatial dis-
tribution; (iv) flow pattern dynamics; (v) oximetry and (vi)
scene depth.

7. The method according to claim 5, the method further
comprising narrow band illumination frames in wavelengths
outside the human visible range,

wherein said narrow band wavelengths are outside the

human visible range, said illumination spectrum is
within the spectral responsivity of said monochromatic
image sensor.

8. The system according to claim 3, wherein the processor
is configured to detect a base illumination level by control-
ling the illumination sources to provide no illumination
during a certain interval and capturing image frame by the
image sensor when no illumination is provided by the
sources, the said frame determine illumination background
level for: calibration, correction or real time image quality
validity.

9-13. (canceled)

14. A color imaging system comprising:

a plurality of at least four illumination sources, each

configured to provide illumination via a waveguide in
a different predetermined narrow band of wavelengths;
and a processor configured to execute code, the code
comprising instructions for:
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individually controlling illumination intervals of each
of the plurality of illumination sources;

controlling a monochromatic image sensor to capture a
set of image frames synchronously with the illumi-
nation intervals;

receiving a set of the captured image frames; and
generating high color fidelity image data from the
received captured image frames.

15. The system according to claim 14, the system further
comprising a sensing module said sensing module compris-
ing:

géne or more waveguides configured to transmit illumina-

tion from the different illumination sources, respec-
tively; and

a monochromatic image sensor.

16. The system according to claim 14, wherein the pro-
cessor is configured to operate the illumination sources
according to at least one of:

(i) a pre-programmed operation protocol of illumination;

(i1) a dynamically controlled operation protocol of illu-

mination,

wherein the processor independently controls each of
the illumination sources and the monochromatic
image sensor, for at least one of: (i), used illumina-
tion source; (ii) source illumination duration; (iii)
source intensity; (iv) source modulation duty cycle:
(v) source modulation frequency; (vi) source modu-
lation mode; (vii) sensor exposure duration; and
(viii) sensor frame rate and

wherein said modulation mode is analog or digital.

17-23. (canceled)

24. The method according to claim 5, wherein the illu-
mination protocol cycle constructs of simultaneously oper-
ating at least two narrow band illuminations; or said illu-
mination protocol cycle constructing multiple image frames
generated by illuminating in the same narrow band wave-

length.
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