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(57) Abstract: The present disclosure describes a method and apparatus that uses spectral reconstruction of detector sensitivity to solve
the above and other problems. Specifically, light sources (e.g., of visible light, infrared light and/or ultraviolet light) may target the
sensor and emit, in sequence, beams of different wavelength. Spectral output of multiple channels of the sensor is received, the output
including intensity (e.g., peak intensity) for each channel. The output is compared with reference intensities for each of the light sources
and difference values are calculated. Based on the difference values, a calibration matrix is calculated that can be used in calibrating
the specific sensor. In addition, the present disclosure describes an apparatus that includes a plurality of light sources, a receiver for
receiving sensor output, and circuitry configured to generate a calibration matrix using the light sources, the receiver using spectral
reconstruction of detector sensitivity.

[Continued on next page]



WO 20207254438 AT |10} 0000000 VA0 O

SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))




WO 2020/254438 PCT/EP2020/066816

SPECTRAL RECONSTRUCTION OF DETECTOR SENSITIVITY

FIELD OF THE DISCLOSURE

This disclosure relates to sensor calibration.

BACKGROUND

[001] A typical method for calibrating spectral sensors involves target calibration.
Generally, a set of targets or light sources with known spectral and colorimetric values 1s
measured and based on the ratios of the target values to the sensor output a calibration
matrix can be calculated. There is a number of problems with this approach. One
problem is that this type of calibration will be accurate for targets or light sources similar
to the calibration targets or light sources, but for targets that are dissimilar, calibration
will not be nearly as accurate. Another problem is that setup and testing for different

types of sensor will take a long time and is not feasible in some scenarios.

SUMMARY

[002] The present disclosure describes a method and apparatus that uses spectral
reconstruction of detector sensitivity to solve the above and other problems. Specifically,
one or more light sources and/or a configurable light source (e.g., of visible light, infrared
light and/or ultraviolet light) may emit, in sequence, light beams of different wavelength
(e.g., infrared light, visible light, ultraviolet light). Spectral output of multiple channels
of the sensor is received, the output including intensity (e.g., peak intensity) for each
channel. The output is compared with reference intensities for each of the one or more
light sources and/or the configurable light source and difference values are calculated.

Based on the difference values, a calibration matrix is calculated that can be used in
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calibrating the specific sensor. In addition, the present disclosure describes an apparatus
that includes one or more light sources and/or the configurable light source, a receiver for
receiving sensor output, and circuitry configured to generate a calibration matrix using

the light sources, the receiver using spectral reconstruction of detector sensitivity.

[003] The described techniques may be executed, for example, by a hardware device.

In some implementations, the hardware device may be used in combination with software
to execute the actions described in this disclosure. This disclosure will refer to the
hardware and/or software that performs the method of spectral reconstruction of detector
sensitivity as a calibration device. In some implementations, the calibration device
includes memory and control circuitry coupled to the memory. The calibration device
receives, from a sensor, spectral sensitivity data, where the spectral sensitivity data is
generated based on spectral responses of spectral channels of the sensor to emissions
from one or multiple light sources, which may comprise one or more configurable light

sources.

[004] For example, the calibration device may cause a first emission from a first light
source of the multiple light sources, the first light source emitting light of a first
wavelength, and store spectral response from the spectral channels to the first emission.
The calibration device may then cause a second emission from a second light source of
the multiple of light sources, the second light source emitting light of a second
wavelength, and store spectral response from the plurality of channels to the second
emission. These emissions may be performed sequentially and sensor output, responsive

to each emissions, may be stored. The received spectral sensitivity data may be in the
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form of a voltage reading or may be further processed and peak intensity data for each

channel may be received.

[005] In another example, the calibration device may cause a first emission from the
configurable light source, the first emission having a first range of wavelengths, and may
store a spectral response from the spectral channels to the first emission. The calibration
device may then cause a second emission from the configurable light source, the second
emission having a second range of wavelengths, and may store a spectral response from
the plurality of channels to the second emission. These emissions may be performed
sequentially and sensor output, responsive to each emissions, may be stored. The
received spectral sensitivity data may be in the form of a voltage reading or may be
further processed and peak intensity data for each channel may be received. The light
source may be configurable to emit radiation having the first range of wavelengths. The
light source may be configurable to emit radiation having the second range of
wavelengths. The light source may be configured to select a range of wavelengths of

radiation emitted by the light source.

[006] In some implementations, the calibration device converts the spectral sensitivity
data into spectral sensitivity data values, where each spectral sensitivity data value
represents a spectral response of a channel of the multiple spectral channels to an
emission from a light source of the one or more light sources mentioned above. For
example, if the spectral data is received in the form of voltages, that calibration device
converts the voltages into intensity values or peak intensity values. In some
implementations, the calibration device converts the intensity values or the peak intensity

values into scaled values (e.g., on a scale from zero to one or from minus one to one) that
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can be compared with the reference spectral sensitivity values. In some implementations,
other methods of data conversion may be used to convert the spectral response data to a

state where it can be compared with the reference spectral sensitivity data.

[007] The calibration device retrieves, from the memory, reference spectral sensitivity
data values for each of the one or multiple light sources, each spectral sensitivity data
value corresponding to a channel of the spectral channels discussed above. The reference
spectral sensitivity data may be stored in various forms. For example, this data may be
stored as scaled intensity values (e.g., on a scale of zero to one or minus one to one),
unscaled peak intensity values, voltages or other suitable values that can be compared

with sensor spectral channel outputs.

[008] The calibration device compares each of the plurality of spectral sensitivity data
values to a corresponding reference value of the reference spectral sensitivity data values.
For example, the calibration device may compare scaled intensity values, peak intensity
values, voltages or other suitable values. Based on the comparison, the calibration
device calculates, for the spectral sensitivity data values, difference values. In some
implementations, the difference values may be differences in scaled intensity values,
differences in peak intensity values, differences in voltages, differences in percentages, or

other suitable values.

[009] The calibration device generates, based on the difference values, a calibration
matrix for the sensor. For example, the calibration matrix may be a data structure that
stores the difference values for each of the channels of the sensor. Thus, each of the
difference values may correspond to a specific wavelength or wavelength range. In some

implementations, this method may be used to calibrate a sensor in a specific device. In
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those implementations, the calibration device transmits the calibration matrix to a device
that is hosting the sensor. In some implementations, the calibration device stores for each

wavelength (e.g., for each available wavelength point) a corresponding difference value.

[010] In some implementations, the spectral sensitivity data values are peak intensity
values for wavelengths corresponding to the spectral channels. For example, as each
emission from the one or more light sources is detected by the sensor, each channel of the
sensor records a peak voltage corresponding to the emission. In some implementations,
that voltage is converted into a peak intensity value or the voltage is stored as the peak

intensity value.

[011] In some implementations, the calibration device is an apparatus that includes an
illumination source (e.g., a light box) with a multitude of illuminators (lights that may

emit visible light, ultraviolet light, infrared light, or another suitable light).

[012] In some implementations, the calibration device is an apparatus that includes an
illumination source (e.g., a light box) with one or more illuminators (lights that may emit
visible light, ultraviolet light, infrared light, or another suitable light), wherein at least
one of the one or more illuminators is configurable to emit light with selectable

characteristics, such as a selectable wavelength and/or selectable peak intensity.

[013] The apparatus also includes a receiver operable to receive spectral response data
for spectral channels (e.g., of a sensor). In some implementations, the receiver is
operable to receive any kind of spectral sensitivity data. The apparatus also includes
control circuitry (e.g., one or more processors) coupled to the illumination source and the

recelver.
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[014] In some implementations, the control circuitry is configured to cause the
illumination source to initiate each of the plurality of illuminators sequentially. For
example, the processor may transmit a command for each of the lights to tum on and off
in sequence so that the sensor is able to detect the light. The apparatus (e.g., calibration
devices) receives, in the receiver, for each illuminator, spectral sensitivity data from each
of the spectral channels of the sensor. For example, the receiver may receive voltages
associated with peak intensity detected by each channel of the sensor. In some
implementations, the spectral sensitivity data may be received in other formats (e.g., as
scaled peak intensity values). In one example, the sensor may include a channel that
responds to light at wavelength between 400 nanometers and 500 nanometers. The
control circuitry may receive the peak intensity value for that channel for each

tlluminator.

[015] Insome implementations, the processor may transmit a command for an
illuminator, e.g. an illuminator comprising a configurable light source, of the illumination
source to emit radiation having the first range of wavelengths, and subsequently emit
radiation having the second range of wavelengths. In some implementations, the
processor may transmit a command for an illuminator of the illumination source to
sequentially emit radiation having different wavelengths or ranges of wavelengths. The
apparatus (e.g., calibration devices) receives, in the receiver, for each range of
wavelengths from the illuminator, spectral sensitivity data from each of the spectral
channels of the sensor. For example, the receiver may receive voltages associated with
peak intensity detected by each channel of the sensor. In some implementations, the

spectral sensitivity data may be received in other formats (e.g., as scaled peak intensity
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values). In one example, the sensor may include a channel that responds to light at
wavelength between 400 nanometers and 500 nanometers. The control circuitry may
receive the peak intensity value for that channel for each range of wavelengths from the

tlluminator.

[016] In some implementations, the control circuitry converts the spectral sensitivity
data into spectral sensitivity data values, where each of the spectral sensitivity data values
represents a spectral response of a channel of the sensor) to an emission from a particular
illuminator of the calibration device. For example, the spectral sensitivity data may be
received as voltages and converted to scaled data values (e.g., on a scale from zero to one
or on a scale of minus one to one). In some implementations, the control circuitry may
convert differently formatted data into a format that enables comparison to stored

reference data values.

[017] The control circuitry may retrieve reference spectral sensitivity data values for
each of the one or more illuminators and/or for each emission from the one or more
illuminators. Each spectral sensitivity data value may correspond to a channel of the
sensor. For example, each channel may be associated with a specific wavelength range
(e.g., 100 nanometer range between 400 nanometers and 500 nanometers) and the

reference data may have intensity values for those specific wavelength ranges.

[018] At this stage, the control circuitry compares each of the spectral sensitivity data
values to a corresponding reference value of the retrieved reference spectral sensitivity
data values and calculates, for the spectral sensitivity data values and based on the

comparing, corresponding difference values. In some implementations, the difference
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values may be differences in scaled intensity values, differences in peak intensity values,

differences in voltages, differences in percentages, or other suitable values.

[019] The control circuitry generates, based on the difference values, a calibration
matrix for the sensor and transmits the calibration matrix to a device associated with the
sensor to be calibrated. For example, the calibration matrix may be a data structure that
stores the difference values for each of the channels of the sensor. Thus, each of the
difference values may correspond to a specific wavelength or wavelength range. The
calibration device may transmit the calibration matrix to a device that is hosting the

Sensor.

[020] In some implementations, the calibration device stores for each wavelength (e.g.,
for each available wavelength point) a corresponding difference value and generates
other difference values for other wavelengths. For example, if the calibration matrix
includes difference values for a wavelength of five hundred nanometers and a wavelength
of six hundred nanometers, the control circuitry may interpolate a difference value for a
wavelength of five hundred and fifty nanometers (e.g., using spline interpolation and

standard colorimetric calculation).

[021] In some implementations, the illumination source includes multiple illuminators
that emit beams of different wavelengths. The more illuminators of different
wavelengths that are included in the illumination source the better the calibration matrix
accuracy will be. For example, if an illumination source includes thirty five different
illuminators of different wavelength divided between visible light, ultraviolet light and
infrared light, that illumination source will generate more difference values than an

illumination source with only ten illuminators. In some implementations, the
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illumination source may be modified to include illuminators of different wavelength
covering a sensitivity range of the spectral channels of the sensor that is being analyzed.
For example, if the sensor being analyzed has channels that respond to only visible light
wavelengths, the illumination source can be modified (e.g., different illuminators used) to
cover that spectrum. In some implementations, the control circuitry causes beams to be

emitted from illuminators that correspond to the response range of the sensor.

[022] In some implementations, the illumination source includes an illuminator that
emits beams of different wavelengths or ranges of wavelengths and/or different peak
intensities. For example, the illumination source may be configured emit beams of
different wavelengths or ranges of wavelengths covering a sensitivity range of the
spectral channels of the sensor that is being analyzed. For example, if the sensor being
analyzed has channels that respond to only visible light wavelengths, the illumination
source can be modified or configured (e.g., the illuminator is configured) to cover that
spectrum. In some implementations, the control circuitry causes an illuminator to emit

beams that correspond to the response range of the sensor.

[023] In some implementations, the control circuitry is further configured to transmit, to
a device associated with the sensor, a command to calibrate the sensor based on the
calibration matrix. For example, if the calibration device is used to calibrate cameras at
the factory, the control circuitry may transmit the calibration matrix to the camera with a

command to calibrate the camera based on the calibration matrix.

[024] In some implementations, the spectral sensitivity data values include peak
intensity values for wavelengths corresponding to the spectral channels. For example,

each spectral channel may respond to an eighty nanometer spectrum (e.g., for one
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channel the range may be between 480 nanometers and 560 nanometers. Thus, each
channel will respond to light at the channels specific range (for that channel any peak
intensity values will be in the range of 480 to 560 nanometers). Thus, comparing each
spectral sensitivity data value to a corresponding reference value may be performed by
comparing, for each of the plurality of channels, the peak values for corresponding
wavelengths. For example, if there are peak intensity values for 500 nanometers, 520
nanometers and 540 nanometers, those peak intensity values are compared with the
reference values for 500, 520, and 540 nanometers respectively. In addition, if some
sensitivity values or reference values are not received, those values may be interpolated
(e.g. using spline interpolation and standard colorimetric calculation). After the
comparison is performed or in some implementations as the comparison is being
performed, each difference values for a corresponding peak intensity value is stored to
generate a calibration matrix. In some implementations, the values may be modified to a

desired format.

[025] The details of one or more implementations are set forth in the accompanying
drawings and the description below. Other features and advantages will be apparent from

the description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[026] FIG. 1 illustrates a calibration device that may be used in performing the actions

of this disclosure.

[027] FIG. 2 is a block diagram that illustrates actions for generating a calibration

matrix.

10
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[028] FIG. 3 illustrates an example of a matrix and corresponding difference values for

a three-channel sensor.

[029] FIG. 4 illustrates actions that a control circuitry may perform to generate a

calibration matrix for a given sensor.

[030] FIG. 5 illustrates color and spectra sensor for ambient light and target remission

for a three-channel sensor.

[031] FIG. 6 illustrates another example of three-channel sensor calibration matrix

extrapolation.
[032] FIG. 7 illustrate various Y-fit functions for an eight-channel sensor.

[033] Fig. 8 is a block diagram that illustrates a further embodiment of actions for

generating a calibration matrix.

[034] FIG. 9 illustrates a further embodiment of actions that a control circuitry may

perform to generate a calibration matrix for a given sensor.

DETAILED DESCRIPTION

[035] FIG. 1 illustrates a calibration device that may be used in performing the actions
of this disclosure. In an implementation, calibration device 100 is a special purpose
computing device. The special-purpose computing device is hard-wired to perform the
techniques or includes digital electronic devices such as one or more application-specific
integrated circuits (ASICs) or field programmable gate arrays (FPGAs) that are
persistently programmed to perform the techniques, or may include one or more general
purpose hardware processors programmed to perform the techniques pursuant to program

instructions in firmware, memory, other storage, or a combination. Such special-purpose

11
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computing devices may also combine custom hard-wired logic, ASICs, or FPGAs with
custom programming to accomplish the techniques. In various embodiments, the special-
purpose computing devices are desktop computer systems, portable computer systems,
handheld devices, network devices or any other device that incorporates hard-wired

and/or program logic to implement the techniques.

[036] Computer system 100 may include a bus 102 or other communication mechanism
for communicating information, and control circuitry (e.g., hardware processor) 104
coupled with a bus 102 for processing information. The control circuitry 104 is, for
example, a general-purpose microprocessor. Computer system 100 also includes memory
106, such as a random-access memory (RAM) or other dynamic storage device, coupled
to the bus 102 for storing information and instructions to be executed by processor 104.
In one implementation, the memory 106 is used for storing temporary variables or other
intermediate information during execution of instructions to be executed by the processor
104. Such instructions, when stored in non-transitory storage accessible to processor

104, render the computer system 100 into a special-purpose machine that is customized to

perform the operations specified in the instructions.

[037] Computer system 100 further includes a storage device 110 coupled to the bus
102 for storing information and instructions. For example, a storage device may include

one or more of a magnetic disk, optical disk, solid-state drive, or another suitable device.

[038] According to one implementation, the techniques in this disclosure are performed
by computer system 100 in response to the control circuitry 104 executing one or more
sequences of one or more instructions contained in memory 106. Such instructions may

be read into memory 106 from another storage medium, such as the storage device 110.

12
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Execution of the sequences of instructions contained in the main memory 106 causes the
control circuitry 104 to perform the process steps described. In alternative
implementations, hard-wired control circuitry is used in place of or in combination with

software instructions.

[039] In some implementations, computer system 100 also includes a communication
interface 118 coupled to the bus 102. Communication interface 118 provides a two-way
data communication (e.g., with other devices). In some implementations, communication
interface 118 sends and receives electrical, electromagnetic, or optical signals that carry
digital data streams representing various types of information. Communication interface
118 may support a variety of protocols. For example, the communications interface may
support Bluetooth, WiFi, USB, and other suitable protocols for connecting an external

electronic device to computer system 100.

[040] FIG. 2 is a block diagram that illustrates actions for generating a calibration
matrix. In block 202, control circuitry (e.g., control circuitry 104) receives (e.g., via
communications interface 118), from a sensor, spectral sensitivity data, where the
spectral sensitivity data is generated based on spectral responses of spectral channels of a
sensor to emissions from one or more light sources. For example, calibration device may
be connected to a sensor being calibrated or through an intermedia device via
communications interface 118. The communication interface 118 may receive the

spectral sensitivity data and transmit it to the control circuitry 104 through bus 102.

[041] In block 204, the control circuitry (e.g., control circuitry 104) converts the
spectral sensitivity data into a plurality of spectral sensitivity data values, wherein each of

the plurality spectral sensitivity data values represents a spectral response of a channel of

13
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the plurality of spectral channels to an emission from a light source of the plurality of
light sources. For example, the control circuitry may receive the spectral sensitivity

values as voltage or another count that a photodiode generates when it is hit by light.

[042] In block 206, the control circuitry (e.g., control circuitry 104) retrieves, from the
memory (e.g., memory 106), reference spectral sensitivity data values for each light, each
spectral sensitivity data value corresponding to a spectral channel. For example, the
memory may include data corresponding to spectral sensitivity values for various light
sources. The data may be stored together with a corresponding identifier for each light
source. When a light source emits a light, the identifier of the light source is transmitted
to the control circuitry. The control circuitry uses the identifier to retrieve the references

spectra sensitivity data values corresponding to the identifier.

[043] In block 208, the control circuitry (e.g., control circuitry 104) compares each
sensitivity data value to a corresponding reference value of reference spectral sensitivity
data values. For example, each reference spectral sensitivity value may be stored
together with an identifier of a corresponding spectral channel. The identifier may be an
alphanumeric value that was generated when the reference value was generated. In some
implementations, the identifier may be a range of wavelengths that the spectral channel
responds to (e.g., five hundred nanometers to four hundred nanometers). The control
circuitry may iterate through each value (i.e., for each spectral channel) and identify,
based on the spectral channel identifier, a corresponding reference value for a channel
with a matching channel identifier. The control circuitry then compares each matching
pair of values (i.e., the value from the reference data 1s compared to a value received

from the sensor for the matching channel).

14
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[044] In block 210, the control circuitry (e.g., control circuitry 104) calculates, for the
plurality of spectral sensitivity data values and based on the comparing, a plurality of
difference values. For example, the control circuitry may subtract the reference values
from the corresponding (i.e., for corresponding spectral channel) measured spectral
sensitivity values. In block 212, the control circuitry (e.g., control circuitry 104)

generates, based on the plurality of difference values, a calibration matrix for the sensor.

[045] FIG. 3 illustrates an example of a matrix and corresponding difference values for
a three-channel sensor (e.g., RGB). Matrix 300 includes slots C1,1¢ C33. Each slot is
configured to hold a difference value (e.g., one of the difference values calculated as part
of process 200). Matrix example 320 includes calculated values 322 that can be inserted
into slots 302 to create a three by three matrix for a three-channel sensor (e.g., RGB

sensor).

[046] In some implementations, the control circuitry is configured to transmit the
calibration matrix to a device comprising the sensor. For example, if the control circuitry
uses the methods described above to configure a sensor built into an electronic device
(e.g., a camera), the control circuitry may transmit the calibration matrix to that device to

be used by the device.

[047] In some implementations, the control circuitry uses peak intensity values for the
wavelengths that the spectral channels respond to. For example, as a light source emits a
light for a specific period of time, the control circuitry may use the highest intensity value
recorded during that emission. In the implementations, where the control circuitry
calculates and uses highest intensities (e.g., peak received levels), the control circuitry

comparing the peak intensity values for corresponding wavelengths with the reference

15
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data that is also stored as corresponding peak intensity values (e.g., per a spectral channel
where each channel corresponds to a wavelength range that it responds on). In these and
other implementations, the control circuitry may store for each peak intensity value a
corresponding difference value. For example, element 320 of FIG. 3 illustrates an

example of the difference values stored.

[048] In some implementations, the control circuitry may add the intensities for the
period of time that the light is being emitted. In those implementations, the control
circuitry may determine the emission period for the reference data (e.g., one second) and
cause the emission of the light for the same period (e.g., one second) so that the reference
data and the measured data has the same time period for comparison of the corresponding
values. The control circuitry may further store with the matrix the differences together
with the time interval (e.g., one second). So that the calibration matrix can be used

together with the time interval.

[049] In some implementations, the control circuitry causes the receipt of the measuring
data. Specifically, the control circuitry causes a first emission from a first light source of
multiple light sources, the first light source emitting light of a first type. For example, the
first light source may be a halogen light, a fluorescent light, incandescent light or another
type of light. In some implementations, a first light source may be configured to transmit
light of a specific wavelength range. The control circuitry stores (e.g., in memory 106)

spectral response from the plurality of channels to the first emission.

[050] The control circuitry causes a second emission from a second light source of the
multiple light sources, the second light source emitting light of a second wavelength. For

example, the second light source may be a halogen light, a fluorescent light, incandescent

16
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light or another type of light. In some implementations, the second light source may be
configured to transmit light of a specific wavelength range. The control circuitry stores
(e.g., in memory 106) spectral response from the plurality of channels to the second

emission. The control circuitry may repeat the process with every light source available

for the calibration.

[051] In some implementations, a calibration device may be used to calibrate a sensor.
The calibration device includes an illumination source with a number of illuminators.
Each illuminator may be configured to emit light of a specific wavelength range. For
example, each illuminator may be a light emitting diode (LED) light. The illumination
source may include other components. For example, the illumination source may include
power conversion components as well as a command component to receive commands to
start light emissions for a specific illuminator and to stop light emissions for the specific

illuminator.

[052] In some implementations, the control circuitry causes the receipt of the measuring
data. Specifically, the control circuitry causes a first emission from one or more light
sources. For example, the one or more light sources may comprise an apparatus
configurable to separate and/or mix spectra components from one or more light sources,
by using optical components. That is, the one or more light sources may comprise a
configurable light source. In some embodiments, radiation from one or more light sources
may be combined with spectral filters. In some embodiments, radiation from one or more
light sources may be directed through one or more filters of a filter wheel, e.g. a
mechanical device configurable to select and/or change an optical filter through which

radiation from the one or more light sources is directed. In some embodiments, a
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wavelength of radiation from one or more light sources may be tuned. For example a
Full-Width-at-Half-Maximum (FWHM) of the radiation may be defined by the width of
slits, and/or a peak intensity of the radiation may be selected or configurable. In some
embodiments, the one or more light sources may comprise a Digital Micromirror Device
(DMD) based spectrally tunable light source. As such, it will be appreciated that some
embodiments may comprise a multiplicity of different light sources, and other
embodiments may comprise one or more configurable light sources that may be
individually configured and/or combined with one or more other light sources. For
example, in some example embodiments the one or more configurable light sources may
be configured to emit radiation substantially comparable to a halogen light, a fluorescent
light, an incandescent light or another type of light. In some implementations, the one or
more configurable light sources may be configured to emit light of specific wavelength

ranges.

[053] Similarly, in some implementations, a calibration device may be used to calibrate
a sensor. The calibration device may include an illumination source with one or more
light sources. At least one of the one or more light sources may be a configurable light

source, as described above.

[054] The calibration device also includes a receiver operable to receive spectral
response data for a plurality of spectral channels. The receiver may be connected to a
housing that holds the sensor or may be connected to the sensor directly. The calibration
device may also include control circuitry (e.g., a processor) coupled to the illumination
source and the receiver. FIG. 4 illustrates actions that the control circuitry may perform

to generate a calibration matrix for a given sensor.
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[0S5] In block 402, the control circuitry (e.g., control circuitry 104) causes the
illumination source to initiate each of the illuminators sequentially. For example, the
control circuitry may transmit a command to the illumination source to start an
illumination sequence. The illumination source may light up each illuminator in
sequence in response to the command. In some implementations, the control circuitry
may transmit a command to the illumination source to light up specific illuminators. The
control circuitry may transmit with the illumination command an identifier associated

with the specific illuminator.

[056] In block 404, the control circuitry (e.g., control circuitry 104) receives, in the
receiver, for each illuminator, spectral sensitivity data from each of spectral channels of
the sensor. For example, the calibration device may include an interface that connects to
the sensor being calibrated. The receiver may be connected to one side of the interface

and the sensor may be connected to another side of the interface.

[057] In block 406, the control circuitry (e.g., control circuitry 104) converts the
spectral sensitivity data into spectral sensitivity data values, where each of the spectral
sensitivity data values represents a spectral response of a channel an emission from an
illuminator. For example, the spectral sensitivity data may be received as voltages and
converted to scaled data values (e.g., on a scale from zero to one or on a scale of minus
one to one). In some implementations, the control circuitry may convert differently

formatted data into a format that enables comparison to stored reference data values.

[0S8] In block 408, the control circuitry (e.g., control circuitry 104) retrieves reference
spectral sensitivity data values for each of the illuminators, each spectral sensitivity data

value corresponding to a channel. For example, the memory may include data
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corresponding to spectral sensitivity values for various light sources. The data may be
stored together with a corresponding identifier for each light source. When a light source
emits a light, the identifier of the light source is transmitted to the control circuitry. The
control circuitry uses the identifier to retrieve the references spectra sensitivity data

values corresponding to the identifier.

[059] In block 410, the control circuitry (e.g., control circuitry 104) compares each of
the spectral sensitivity data values to a corresponding reference value of reference
spectral sensitivity data values. For example, each reference spectral sensitivity value
may be stored together with an identifier of a corresponding spectral channel. The
identifier may be an alphanumeric value that was generated when the reference value was
generated. In some implementations, the identifier may be a range of wavelengths that
the spectral channel responds to (e.g., five hundred nanometers to four hundred
nanometers). The control circuitry may iterate through each value (i.e., for each spectral
channel) and identify, based on the spectral channel identifier, a corresponding reference
value for a channel with a matching channel identifier. The control circuitry then
compares each matching pair of values (i.e., the value from the reference data is

compared to a value received from the sensor for the matching channel).

[060] In block 412, the control circuitry calculates, for the spectral sensitivity data
values and based on the comparing, corresponding difference values. For example, the
control circuitry may subtract the reference values from the corresponding (i.e., for
corresponding spectral channel) measured spectral sensitivity values. In block 414, the
control circuitry (e.g., control circuitry 104) generates, based on the plurality of

difference values, a calibration matrix for the sensor, and in block 416, the control
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circuitry (e.g., control circuitry 104) transmits the calibration matrix to a device
associated with the sensor to be calibrated. For example, the calibration matrix may be a
data structure based on an illustration of FIG. 3. The data structure may be generated and

transmitted to the device associated with the sensor to be calibrated (e.g., a camera).

[061] In some implementations, each illuminator operable to emit a beam of a certain
wavelength that is different from the wavelength of beams of other illuminators. All or
some of the illuminators combined may cover the wavelength range covering a sensitivity

range of the spectral channels of the sensor being calibrated.

[062] In some implementations, the control circuitry (e.g., control circuitry 104)
transmits, to a device associated with the sensor, a command to calibrate the sensor based

on the calibration matrix.

[063] As discussed above, in some implementations, peak intensity values for a
plurality of wavelengths corresponding to the plurality of spectral channels may be used
in process 400. Thus, the control circuitry compares, for each of the plurality of
channels, the peak intensity values for corresponding wavelengths and stores for each

channel a corresponding peak intensity difference value.

[064] FIG. 5 illustrates color and spectra sensor for ambient light and target remission
for a three-channel sensor (e.g., a sensor responding to the red, green blue (RGB)
spectrum. From the functions drawn, the Y channel is the best fit function. Using a
matrix (e.g., matrix of FIG. 3) the Y channel can be calibrated using the Y-fit function.

Y-fit from three-channel sensor is illustrated in more detail by:

Y(Mgie =RA) xcp1 + G(A) * cp5 + B(A) * ¢33
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Each of the functions is illustrated in FIG. 5. Function 502 corresponds the blue
component of the Y-fit equation. Function 504 corresponds to the green component of
the Y-fit equation and function 506 corresponds to the red component of the Y-fit
equation. In this illustration, the CIE Y has a respectable fit as shown by function 504.
Thus, a calibration matrix can be extrapolated from the relationship of corresponding

points on the function.

[065] FIG. 6 illustrates another example of three-channel sensor calibration matrix
extrapolation. From drawn function 602, the fit for the X function (e.g., one spectral
channel) is somewhat acceptable because there is useful information in the medium
wavelength range (e.g., 680 nanometers to 550 nanometers), but no useful information at
the lower and higher wavelength range. Thus, adjusting the X channel can be

accomplished by the following function:
X(/l)fit =R() xc11 +G(A) x 12+ B(A) * ¢y 3

[066] Where c11corresponds to value 604 and example value 606. Values ciz2andci3
also have corresponding values in the example matrix. Y-fit function 608 and Z-function

610 1llustrative functions for the other two channels in the three-channel sensor.

[067] FIG. 7 illustrate various Y-fit functions for an eight-channel sensor. The
implementation is similar to what is discussed above with regard to a 3-channel sensor.
Functions 702 determine that Y-fit for each sensor based on a matrix (not shown) while

drawn functions 704 illustrate the Y-fit functions for each fit.

[068] FIG. 8 is a block diagram that illustrates another embodiment of actions for

generating a calibration matrix. The embodiment shown in Figure 8 is comparable to that
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shown in Figure 2. However, rather than from a plurality of different light sources, the
emissions are from a configurable light source. As described above, in some
implementations the configurable light source may comprise an apparatus configurable to
separate and/or mix spectra components from one or more light sources, by using optical
components. In some embodiments, radiation from one or more light sources may be
combined with spectral filters. In some embodiments, radiation from one or more light
sources may be directed through one or more filters of a filter wheel, e.g. a mechanical
device configurable to selected and/or change an optical filter through which radiation
from the one or more light sources is directed. In some embodiments, a wavelength of
radiation from one or more light sources may be tuned, for example a FWHM of the
radiation may be defined by the width of slits, and/or a peak intensity of the radiation
may be defined. In some embodiments, the one or more light sources may comprise a

DMD-based spectrally tunable light source.

[069] In block 802, control circuitry (e.g., control circuitry 104) receives (e.g., via
communications interface 118), from a sensor, spectral sensitivity data, where the
spectral sensitivity data is generated based on spectral responses of spectral channels of a
sensor to emissions from the configurable light sources. For example, the calibration
device may be connected to a sensor being calibrated or through an intermedia device via
communications interface 118. The communication interface 118 may receive the

spectral sensitivity data and transmit it to the control circuitry 104 through bus 102.

[070] In block 804, the control circuitry (e.g., control circuitry 104) converts the
spectral sensitivity data into a plurality of spectral sensitivity data values, wherein each of

the plurality spectral sensitivity data values represents a spectral response of a channel of
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the plurality of spectral channels to an emission from the configurable light source. For
example, the control circuitry may receive the spectral sensitivity values as voltage or

another count that a photodiode generates when it is hit by light.

[071] In block 806, the control circuitry (e.g., control circuitry 104) retrieves, from the
memory (e.g., memory 106), reference spectral sensitivity data values for the
configurable light source, e.g. each wavelength range emitted by the configurable light
source, each spectral sensitivity data value corresponding to a spectral channel. For
example, the memory may include data corresponding to spectral sensitivity values for
various light sources. The data may be stored together with a corresponding identifier for
the configurable light source, e.g. for each wavelength range emitted by the configurable
light source. When the configurable light source emits light, e.g. radiation, the identifier
of the light source is transmitted to the control circuitry. The control circuitry uses the
identifier to retrieve the references spectra sensitivity data values corresponding to the

identifier.

[072] In block 808, the control circuitry (e.g., control circuitry 104) compares each
sensitivity data value to a corresponding reference value of reference spectral sensitivity
data values. For example, each reference spectral sensitivity value may be stored
together with an identifier of a corresponding spectral channel. The identifier may be an
alphanumeric value that was generated when the reference value was generated. In some
implementations, the identifier may be a range of wavelengths that the spectral channel
responds to (e.g., five hundred nanometers to four hundred nanometers). The control
circuitry may iterate through each value (i.e., for each spectral channel) and identify,

based on the spectral channel identifier, a corresponding reference value for a channel
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with a matching channel identifier. The control circuitry then compares each matching
pair of values (1.e., the value from the reference data 1s compared to a value received

from the sensor for the matching channel).

[073] In block 810, the control circuitry (e.g., control circuitry 104) calculates, for the
plurality of spectral sensitivity data values and based on the comparing, a plurality of
difference values. For example, the control circuitry may subtract the reference values
from the corresponding (i.e., for corresponding spectral channel) measured spectral
sensitivity values. In block 212, the control circuitry (e.g., control circuitry 104)

generates, based on the plurality of difference values, a calibration matrix for the sensor.

[074] FIG. 9 illustrates another embodiment of actions that the control circuitry may
perform to generate a calibration matrix for a given sensor. The embodiment shown in
Figure 9 1s comparable to that shown in Figure 4. However, rather than a plurality of
different illuminators, the emissions are from an illuminator comprising a configurable

light source. As such, the illuminator is a configurable illuminator.

[075] In block 902, the control circuitry (e.g., control circuitry 104) causes the
illumination source to configure the configurable illuminator to sequentially emit
radiation corresponding to different light sources, e.g. having different ranges of
wavelengths. For example, the control circuitry may transmit a command to the
illumination source to start an illumination sequence. The illumination source configures
the configurable illuminator in response to the command. In some implementations, the
control circuitry may transmit a command to the illumination source to configure the
configurable illuminator in a particular manner, e.g. to emit light corresponding to a

particular light source such as a halogen light source, a fluorescent light source, or the
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like. The control circuitry may transmit with the illumination command an identifier

associated with the specific illuminator.

[076] In block 904, the control circuitry (e.g., control circuitry 104) receives, in the
receiver, for the emitted radiation from the configurable illuminator, e.g. emitted
radiation corresponding to each light source, spectral sensitivity data from each of
spectral channels of the sensor. For example, the calibration device may include an
interface that connects to the sensor being calibrated. The receiver may be connected to

one side of the interface and the sensor may be connected to another side of the interface.

[077] In block 906, the control circuitry (e.g., control circuitry 104) converts the
spectral sensitivity data into spectral sensitivity data values, where each of the spectral
sensitivity data values represents a spectral response of a channel an emission from the
configurable illuminator. For example, the spectral sensitivity data may be received as
voltages and converted to scaled data values (e.g., on a scale from zero to one or on a
scale of minus one to one). In some implementations, the control circuitry may convert
differently formatted data into a format that enables comparison to stored reference data

values.

[078] In block 908, the control circuitry (e.g., control circuitry 104) retrieves reference
spectral sensitivity data values for radiation from the configurable illuminator, e.g. form
each configuration of the configurable illuminator, each spectral sensitivity data value
corresponding to a channel. For example, the memory may include data corresponding to
spectral sensitivity values for various light sources. The data may be stored together with
a corresponding identifier for each light source. When a light source emits a light, the

identifier of the light source is transmitted to the control circuitry. The control circuitry
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uses the identifier to retrieve the references spectra sensitivity data values corresponding

to the identifier.

[079] In block 910, the control circuitry (e.g., control circuitry 104) compares each of
the spectral sensitivity data values to a corresponding reference value of reference
spectral sensitivity data values. For example, each reference spectral sensitivity value
may be stored together with an identifier of a corresponding spectral channel. The
identifier may be an alphanumeric value that was generated when the reference value was
generated. In some implementations, the identifier may be a range of wavelengths that
the spectral channel responds to (e.g., five hundred nanometers to four hundred
nanometers). The control circuitry may iterate through each value (i.e., for each spectral
channel) and identify, based on the spectral channel identifier, a corresponding reference
value for a channel with a matching channel identifier. The control circuitry then
compares each matching pair of values (i.e., the value from the reference data is

compared to a value received from the sensor for the matching channel).

[080] In block 912, the control circuitry calculates, for the spectral sensitivity data
values and based on the comparing, corresponding difference values. For example, the
control circuitry may subtract the reference values from the corresponding (i.e., for
corresponding spectral channel) measured spectral sensitivity values. In block 914, the
control circuitry (e.g., control circuitry 104) generates, based on the plurality of
difference values, a calibration matrix for the sensor, and in block 916, the control
circuitry (e.g., control circuitry 104) transmits the calibration matrix to a device

associated with the sensor to be calibrated. For example, the calibration matrix may be a
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data structure based on an illustration of FIG. 3. The data structure may be generated and

transmitted to the device associated with the sensor to be calibrated (e.g., a camera).

[081] Various aspects of the subject matter and the functional operations described in
this disclosure can be implemented in digital electronic circuitry, or in software,
firmware, or hardware, including the structures disclosed in this specification and their
structural equivalents, or in combinations of one or more of them. The electronic control
unit incorporates digital control circuitry that is configured to perform the actions
required to generate an ambient light measurement. In some embodiments, the electronic
control unit may incorporate one or more of software, firmware, or other hardware to
facilitate the actions of this disclosure. In addition, aspects of the subject matter
described in this disclosure can be implemented as one or more computer program
products, i.e., one or more modules of computer program instructions encoded on a
computer readable medium for execution by, or to control the operation of, data
processing apparatus. The computer readable medium can be a machine-readable storage
device, a machine-readable storage substrate, a memory device, a composition of matter
effecting a machine-readable propagated signal, or a combination of one or more of them.
The apparatus can include, in addition to hardware, code that creates an execution
environment for the computer program in question, e.g., code that constitutes processor

firmware.

[082] A computer program (also known as a program, software, software application,
script, or code) can be written in any form of programming language, including compiled
or interpreted languages, and it can be deployed in any form, including as a stand-alone

program or as a module, component, subroutine, or other unit suitable for use in a
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computing environment. A computer program does not necessarily correspond to a file
in a file system. A program can be stored in a portion of a file that holds other programs
or data (e.g., one or more scripts stored in a markup language document), in a single file
dedicated to the program in question, or in multiple coordinated files (e.g., files that store
one or more modules, sub programs, or portions of code). A computer program can be
deployed to be executed on one computer or on multiple computers that are located at

one site or distributed across multiple sites and interconnected by a communication.

[083] The processes and logic flows described in this specification can be performed by
one or more programmable processors executing one or more computer programs to
perform functions by operating on input data and generating output. The processes and
logic flows can also be performed by, and apparatus can also be implemented as, special
purpose logic circuitry, e.g., an FPGA (field programmable gate array) or an ASIC

(application specific integrated circuit).

[084] Processors suitable for the execution of a computer program include, by way of
example, both general and special purpose microprocessors, and any one or more
processors of any kind of digital computer. Generally, a processor will receive
instructions and data from a read only memory or a random access memory or both. The
essential elements of a computer are a processor for performing instructions and one or
more memory devices for storing instructions and data. Computer readable media
suitable for storing computer program instructions and data include all forms of non
volatile memory, media and memory devices, including by way of example
semiconductor memory devices, e.g., EPROM, EEPROM, and flash memory devices;

magnetic disks, e.g., internal hard disks or removable disks; magneto optical disks; and
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CD ROM and DVD-ROM disks. The processor and the memory can be supplemented

by, or incorporated in, special purpose logic circuitry.

[085] While this specification contains many specifics, these should not be construed as
limitations on the scope of the invention or of what may be claimed, but rather as
descriptions of features specific to particular embodiments of the invention. Certain
features that are described in this specification in the context of separate embodiments
can also be implemented in combination in a single embodiment. Conversely, various
features that are described in the context of a single embodiment can also be implemented
in multiple embodiments separately or in any suitable sub-combination. Moreover,
although features may be described above as acting in certain combinations and even
initially claimed as such, one or more features from a claimed combination can in some
cases be excised from the combination, and the claimed combination may be directed to a

sub-combination or variation of a sub-combination.

[086] Similarly, while operations are depicted in the drawings in a particular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated operations be performed, to

achieve desirable results. In certain circumstances, multi-tasking and parallel processing

may be advantageous.

[087] A number of embodiments have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and
scope of the invention. For example, some of the steps described above may be order

independent, and thus can be performed in an order different from that described.

[088] Other implementations are also within the scope of the following claims.
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What is claimed is:

1. A system comprising:
memory; and
control circuitry coupled to the memory, the control circuitry configured to:
receive, from a sensor, spectral sensitivity data, wherein the spectral
sensitivity data is generated based on spectral responses of a plurality of spectral channels
of the sensor to emissions from a plurality of light sources and/or from a configurable
light source;
convert the spectral sensitivity data into a plurality of spectral sensitivity
data values, wherein each of the plurality spectral sensitivity data values represents a
spectral response of a channel of the plurality of spectral channels to an emission from a
light source of the plurality of light sources and/or from the configurable light source;
retrieve, from the memory, a plurality of reference spectral sensitivity
data values for each of the plurality of lights, each spectral sensitivity data value
corresponding to a channel of the plurality of spectral channels;
compare each of the plurality of spectral sensitivity data values to a
corresponding reference value of the plurality of reference spectral sensitivity data
values;
calculate, for the plurality of spectral sensitivity data values and based on
the comparing, a plurality of difference values; and
generate, based on the plurality of difference values, a calibration matrix

for the sensor.

2. The system of claim 1, wherein the control circuitry is further configured

to transmit the calibration matrix to a device comprising the sensor.
3. The system of claim 1, wherein the spectral sensitivity data values

comprise peak intensity values for a plurality of wavelengths corresponding to the

plurality of spectral channels.
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4, The system of claim 3, wherein the control circuitry is configured to
compare each of the plurality of spectral sensitivity data values to a corresponding
reference value of the plurality of reference spectral sensitivity data values by:

comparing, for each of the plurality of channels, the peak intensity values for

corresponding wavelengths.

5. The system of claim 4, wherein the control circuitry is configured to
generate, the calibration matrix for the sensor by:

storing for each wavelength a corresponding difference value.

6. The system of claim 1, wherein the control circuitry is configured to
receive the spectral sensitivity data by:

causing a first emission from a first light source of the plurality of light sources or
from the configurable light source, the first light source or the configurable light source
emitting light of a first type;

storing spectral response from the plurality of channels to the first emission;

causing a second emission from a second light source of the plurality of light
sources or from the configurable light source, the second light source or the configurable
light source emitting light of a second type; and

storing spectral response from the plurality of channels to the second emission.

7. An apparatus comprising:

an illumination source comprising a plurality of illuminators and/or a configurable
illuminator; and

a receiver operable to receive spectral response data for a plurality of spectral
channels;

control circuitry coupled to the illumination source and the receiver, the control
circuitry configured to:

cause the illumination source to initiate each of the plurality of

illuminators sequentially, or cause the illumination source to configure the configurable

illuminator to sequentially emit radiation corresponding to different light sources;
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receive, in the receiver, for each illuminator and/or for the configurable
illuminator, spectral sensitivity data from each of a plurality of spectral channels of the
Sensor;

convert the spectral sensitivity data into a plurality of spectral sensitivity
data values, wherein each of the plurality spectral sensitivity data values represents a
spectral response of a channel of the plurality of spectral channels to an emission from an
illuminator of the plurality of illuminators and/or from the configurable illuminator;

retrieve a plurality of reference spectral sensitivity data values for each of
the plurality of illuminators and/or for each configuration of the configurable illuminator,
each spectral sensitivity data value corresponding to a channel of the plurality of spectral
channels;

compare each of the plurality of spectral sensitivity data values to a
corresponding reference value of the plurality of reference spectral sensitivity data
values;

calculate, for the plurality of spectral sensitivity data values and based on
the comparing, a plurality of difference values;

generate, based on the plurality of difference values, a calibration matrix
for the sensor; and

transmit the calibration matrix to a device associated with the sensor to be

calibrated.

8. The apparatus of claim 7, wherein the illumination source comprises a first
illuminator and a second illuminator, and wherein the first illuminator is operable to emit
a beam of a first wavelength and the second illuminator is operable to transmit a beam of

a second wavelength.

9. The apparatus of claim 7, wherein the plurality of illuminators comprises

illuminators of different wavelength covering a sensitivity range of the spectral channels.

10. The apparatus of claim 7, wherein the control circuitry is further

configured to:
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transmit, to a device associated with the sensor, a command to calibrate

the sensor based on the calibration matrix.

11. The apparatus of claim 7, wherein the spectral sensitivity data values
comprise peak intensity values for a plurality of wavelengths corresponding to the

plurality of spectral channels.

12. The apparatus of claim 11, wherein the control circuitry is configured to
compare each of the plurality of spectral sensitivity data values to a corresponding
reference value of the plurality of reference spectral sensitivity data values by:

comparing, for each of the plurality of channels, the peak values for

corresponding wavelengths.

13. The apparatus of claim 12, wherein the control circuitry is configured to
generate, the calibration matrix for the sensor by:

storing for each channel a corresponding peak intensity difference value.

14. A method comprising;

receiving, from a sensor, spectral sensitivity data, wherein the spectral sensitivity
data is generated based on spectral responses of a plurality of spectral channels of the
sensor to emissions from a plurality of light sources and/or from a configurable light
source;

converting the spectral sensitivity data into a plurality of spectral sensitivity data
values, wherein each of the plurality spectral sensitivity data values represents a spectral
response of a channel of the plurality of spectral channels to an emission from a light
source of the plurality of light sources and/or from a configurable light source;

retrieving, from a memory, a plurality of reference spectral sensitivity data values
for each of the plurality of lights, each spectral sensitivity data value corresponding to a

channel of the plurality of spectral channels;
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comparing each of the plurality of spectral sensitivity data values to a
corresponding reference value of the plurality of reference spectral sensitivity data
values;

calculating, for the plurality of spectral sensitivity data values and based on the
comparing, a plurality of difference values; and

generating, based on the plurality of difference values, a calibration matrix for the

Sensor.

15. The method of claim 14, further comprising transmitting the calibration

matrix to a device comprising the sensor.

16. The method of claim 14, wherein the spectral sensitivity data values
comprise peak intensity values for a plurality of wavelengths corresponding to the

plurality of spectral channels.

17. The method of claim 16, wherein comparing each of the plurality of
spectral sensitivity data values to a corresponding reference value of the plurality of
reference spectral sensitivity data values comprises comparing, for each of the plurality

of channels, the peak intensity values for corresponding wavelengths.

18. The method of claim 17, wherein generating, the calibration matrix for the

sensor comprises storing for each wavelength a corresponding difference value.

19. The method of claim 14, wherein receiving the spectral sensitivity data
comprises:

causing a first emission from a first light source of the plurality of light sources or
from the configurable light source, the first light source or the configurable light source
emitting light of a first type;

storing spectral response from the plurality of channels to the first emission;
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causing a second emission from a second light source of the plurality of light
sources or from the configurable light source, the second light source or the configurable
light source emitting light of a second type; and

storing spectral response from the plurality of channels to the second emission.

20. A method comprising;

causing an illumination source to initiate each of the plurality of illuminators
sequentially, or cause the illumination source to configure the configurable illuminator to
sequentially emit radiation corresponding to different light sources;

receiving, in a receiver, for each illuminator and/or for the configurable
illuminator, spectral sensitivity data from each of a plurality of spectral channels of the
Sensor;

converting the spectral sensitivity data into a plurality of spectral sensitivity data
values, wherein each of the plurality spectral sensitivity data values represents a spectral
response of a channel of the plurality of spectral channels to an emission from an
illuminator of the plurality of illuminators;

retrieving a plurality of reference spectral sensitivity data values for each of the
plurality of illuminators and/or for each configuration of the configurable illuminator,
each spectral sensitivity data value corresponding to a channel of the plurality of spectral
channels;

comparing each of the plurality of spectral sensitivity data values to a
corresponding reference value of the plurality of reference spectral sensitivity data
values;

calculating, for the plurality of spectral sensitivity data values and based on the
comparing, a plurality of difference values;

generating, based on the plurality of difference values, a calibration matrix for the
sensor; and

transmitting the calibration matrix to a device associated with the sensor to be

calibrated.
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21. The method of claim 20, wherein the illumination source comprises a first
illuminator and a second illuminator, and wherein the first illuminator is operable to emit
a beam of a first wavelength and the second illuminator is operable to transmit a beam of

a second wavelength.

22. The method of claim 20, wherein the plurality of illuminators comprises

illuminators of different wavelength covering a sensitivity range of the spectral channels.

23. The method of claim 20, further comprising transmitting, to a device
associated with the sensor, a command to calibrate the sensor based on the calibration

matrix.

24, The method of claim 20, wherein the spectral sensitivity data values
comprise peak intensity values for a plurality of wavelengths corresponding to the

plurality of spectral channels.

25. The method of claim 24, wherein comparing each of the plurality of
spectral sensitivity data values to a corresponding reference value of the plurality of
reference spectral sensitivity data values comprises comparing, for each of the plurality

of channels, the peak values for corresponding wavelengths.
26. The method of claim 25, wherein generating, the calibration matrix for the

sensor comprises storing for each channel a corresponding peak intensity difference

value.
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200

202

\ Receive, from a sensor, spectral sensitivity data, where the spectral sensitivity data is
generated based on spectral responses of a plurality of spectral channels of a sensor
to emissions from a plurality of light sources

204 Convert the spectral sensitivity data into a plurality of spectral sensitivity data values,

wherein each of the plurality spectral sensitivity data values represents a spectral
response of a channel of the plurality of spectral channels to an emission from a light
source of the plurality of light sources

206

Retrieve, from the memory, a plurality of reference spectral sensitivity data values for
each of the plurality of lights, each spectral sensitivity data value corresponding to a
channel of the plurality of spectral channels

208

Compare each of the plurality of spectral sensitivity data values to a corresponding
reference value of the plurality of reference spectral sensitivity data values

210

Calculate, for the plurality of spectral sensitivity data values and based on the
comparing, a plurality of difference values

212

Generate, based on the plurality of difference values, a calibration matrix for the sensor

Fig. 2

300 320
— 322
AN N matrix example

Ci1  Cip  Cig 1130 0135  -0.028
M= 1  Cpp  Cog 0205 1145  0.068
Cy1 C3p  Cag 0054 0051  1.007

Fig. 3



WO 2020/254438 PCT/EP2020/066816

402

404

406

408

410

412

414

416

3/8

400

Cause the illumination source to initiate each of the plurality of illuminators sequentially

Receive, in the receiver, for each illuminator, spectral sensitivity data from each of a
plurality of spectral channels of the sensor

Convert the spectral sensitivity data into a plurality of spectral sensitivity data values,
wherein each of the plurality spectral sensitivity data values represents a spectral
response of a channel of the plurality of spectral channels to an emission from an

illuminator of the plurality of illuminators

Retrieve a plurality of reference spectral sensitivity data values for each of the plurality
of illuminators, each spectral sensitivity data value corresponding to a channel of the
plurality of spectral channels

Compare each of the plurality of spectral sensitivity data values to a corresponding
reference value of the plurality of reference spectral sensitivity data values

Calculate, for the plurality of spectral sensitivity data values and based on the
comparing, a plurality of difference values

Generate, based on the plurality of difference values, a calibration matrix for the sensor

Transmit the calibration matrix to a device associated with the sensor to be calibrated

Fig. 4
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800

802
Receive, from a sensor, spectral sensitivity data, where the spectral sensor data is

generated based on spectral responses of a plurality of spectral channels of a sensor
to emissions from a configurable light source

804\ Convert the spectral sensitivity data into a plurality of spectral sensitivity data values,

wherein each of the plurality spectral sensitivity data values represents a spectral
response of a channel of the plurality of spectral channels to an emission from the
configurable light source

806
Retrieve, from the memory, a plurality of reference spectral sensitivity data values for
the configurable light source, each spectral sensitivity data value corresponding to a
channel of the plurality of spectral channels
808
Compare each of the plurality of spectral sensitivity data values to a corresponding
reference value of the plurality of reference spectral sensitivity data values
810
Calculate, for the plurality of spectral sensitivity data values and based on the
comparing, a plurality of difference values
812

Generate, based on the plurality of difference values, a calibration matrix for the sensor

Fig. 8
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902

904

906

908

910

912

914

916

8/8

900

Cause the illumination source to configure the configurable illuminator to sequentially
emit radiation corresponding to different light sources

Receive, in the receiver, for emitted radiation from the configurable illuminator,
spectral sensitivity data from each of a plurality of spectral channels of the sensor

Convert the spectral sensitivity data into a plurality of spectral sensitivity data values,
wherein each of the plurality spectral sensitivity data values represents a spectral
response of a channel of the plurality of spectral channels to an emission from the

configurable illuminator

Retrieve a plurality of reference spectral sensitivity data values for radiation
corresponding to each configuration of the configurable illuminator, each spectral
sensitivity data value corresponding to a channel of the plurality of channels

Compare each of the plurality of spectral sensitivity data values to a corresponding
reference value of the plurality of reference spectral sensitivity data values

Calculate, for the plurality of spectral sensitivity data values and based on the
comparing, a plurality of difference values

Generate, based on the plurality of difference values, a calibration matrix for the sensor

Transmit the calibration matrix to a device associated with the sensor to be calibrated

Fig. 9
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