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sensor is configured to capture image data, the image data including spectral intensities measured within a plurality of spectral bands,
and wherein the method comprises the steps of: providing a reference object; moving the reference object and hyperspectral image
sensor relative to each other; capturing a plurality of reference images within a field of view of the hyperspectral image sensor, such
that in each reference image the reference object covers a different partial portion of the field of view, selecting a plurality of pixel
locations from the field of view; generating a composite reference; and calibrating the pixel sensitivity of the pixels of the hyperspectral
image sensor using the composite reference;, wherein generating the composite reference comprises, for each of the plurality of pixel
locations: selecting, from each image in the plurality of images, image data corresponding to the pixel location; generating, from the
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selected image data, an intensity profile for the pixel location; and identifying within the intensity profile a segment corresponding to
the reference object being observed at the pixel location; and combining the selected segments.
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A METHOD AND APARATUS FOR CALIBRATING PIXEL SENSITIVITY FOR
PIXELS OF A HYPERSPECTRAL IMAGE SENSOR

BACKGROUND TO THE INVENTION

Hyperspectral imaging (HSI), also referred to as multispectral imaging or simply
spectral imaging, is becoming increasingly common in a wide range of applications. In
conventional photography, the optical spectrum is typically only captured through
three broad wavelengths bands in the visible range (red, green and blue (RGB)). RGB
images appear realistic to the human eye only because the human eye also captures
the optical spectrum through 3 similar wavelength bands. However, an RGB image
provides insufficient data to reconstruct the optical spectrum of a target. By contrast,
HSI imaging systems capture the optical spectrum through many wavelength bands
(typically at least 10), allowing the optical spectrum to be accurately calculated.

HSI provides multi-channel spectral imaging data across a field of view, where each
channel represents a narrow spectral measurement centred around a given
wavelength, i.e. a spectral band. The diffusely reflected light is measured across at
least one spectral band for any given pixel of an image and all spectral bands are
captured across the spatial field of view. The diffuse reflection is mostly determined
by the scattering properties and absorbing or emitting species in the target being
examined. HSI therefore provides the opportunity for non-invasive, quantitative

analysis of a target to investigate relevant parameters.

To enable parameter extraction from HSI images, accurate spectra must typically be
extracted from the images. This requires white balancing the HSI system for the
particular target/imaging geometry and environment as an initial step. White balancing
typically uses a white and dark reference to account for the lighting conditions in the
environment (including light source and illumination distribution), the positioning of
the target object with respect to the camera, vignetting, optical transmission through
the HSI system, exposure time of the camera, quantum efficiency of the sensors,
inherent background sensor noise and the like. It is known that improper white
balancing leads to increases in all quantitative and qualitative errors. Typical methods
for white balancing involve taking a white reference image at the appropriate distance
using a reference plate, which is a well characterized, uniform, highly reflective,
Lambertian surface. The reference plate is positioned at the same distance from the
camera as the target object will be and sized so as to fill the whole field of view at this
position. The reference plate is held in place while the HSI system captures an image.
The white reference image capture may take much longer than camera single image,
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because of the requirement for appropriate positioning, the need to minimise noise
which often leads to using frame averaging, and the overall complexity of introducing
the reference plate in the scene of interest.

Existing HSI systems relying on standard white balancing face limitations in certain
applications. It is difficult to perform white balance calibration in confined spaces,
because there may be inadequate space for inserting the reference plate and holding
it in place in front of the HSI system’s lens. It is also difficult to impose that the same
camera to object distance and lighting conditions is kept across the white reference
and the target image. It can also be difficult to hold the reference plate in place relative
to the lens as an image is captured, particularly (as is often required for imaging a
confined space) where the lens is mounted on the distal end of some kind of flexible
or handheld mount such as an exoscope or laparoscope. In some cases, there is simply
insufficient space to perform white balancing in situ, and an alternative method must
be used for calibration (for example, using a preset calibration profile which appears
to be similar to the current environment). These alternative methods provide less
accurate white balancing, reducing the accuracy of the parameters extracted from the
HSI images.

Accordingly, there is a need for systems and methods which enable accurate HSI

imaging in confined spaces.

SUMMARY OF THE INVENTION

According to a first example, there comprises a method for calibrating pixel sensitivity
for pixels of a hyperspectral image sensor, wherein the hyperspectral image sensor is
configured to capture image data, the image data including spectral intensities
measured within a plurality of spectral bands, and wherein the method comprises the
steps of: providing a reference object; moving the reference object and hyperspectral
image sensor relative to each other; capturing a plurality of reference images within a
field of view of the hyperspectral image sensor, such that in each reference image the
reference object covers a different partial portion of the field of view; selecting plurality
of pixel locations from the field of view; generating a composite reference; and
calibrating the pixel sensitivity of the pixels of the hyperspectral image sensor using
the composite reference; wherein generating the composite reference comprises, for
each of the plurality of pixel locations: selecting, from each image in the plurality of
images, image data corresponding to the pixel location; generating, from the selected
image data, an intensity profile for the pixel location; and identifying within the
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intensity profile a segment corresponding to the reference object being observed at
the pixel location; and combining the selected segments.

One potential application of the method is in pre-clinical and clinical studies to non-
invasively provide information for disease diagnosis and surgical guidance. EXisting
methods are limited in their capability to provide absolute, quantitative pixel calibration
matching the acquisition setup used for the target object of interest. By providing
correctly calibrated images of a tissue, an HSI system can be used to measure
physiologically relevant parameters such as tissue oxygen saturation. In some
embodiments, the method may be used to calibrate the pixels of an HSI system which
has a lens located in the surgical field (that is, the environment surrounding and
including the patient in which sterilisation is maintained) of an open surgery or inserted
inside a patient’s body (either through a surgical incision, or through a patient’s orifice
such as the mouth, ear, or anus). A small, sterile reference object can be inserted in
the surgical field near the HSI lens and used to perform the calibration. Such a
reference object is significantly easier to insert and manipulate than the reference
plates known in the art, which must be sufficiently large and positioned sufficiently
close to the lens to cover the entire field of view while a conventional white balancing

procedure is carried out.

Moreover, conventional reference plates, such as 95% reflective Spectralon tiles,
cannot be sterilized and are very sensitive, making them challenging to integrate in a
surgical environment. This necessitates that white balancing is acquired outside of the
surgical field, resulting in different imaging conditions relative to the subject. Ideally,
a new white reference should be acquired whenever the imaging conditions are altered
which, at best, disrupts the clinical workflow and, at worst, is impossible. This forces
the settings to be kept constant throughout a surgical procedure, thereby limiting the
HSI system’s use, or risks losing the ability to acquire quantitative spectral data. The
method can use a wider range of objects as the reference object, including standard
sterile objects typically used. This enables calibration in situ inside the body under the
correct imaging conditions, as well as re-calibration during the procedure if the lighting

conditions change.

In an example, a segment for a selected pixel location comprises a portion of the
intensity profile in which an intensity value is between an upper and lower reference
object threshold, the upper and lower reference object threshold being higher intensity

than a background value.
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In an example the upper reference cobject threshold is lower than a saturation or

specular reflection value.

In an example, generating a segment for a selected pixel location comprises:
calculating a derivative profile of the intensity profile; and identifying a positive peak
and a negative peak in the derivative profile, the positive and negative peak each
having an absolute value greater than a derivative threshold, and the segment
comprises a period defined between the positive and negative peaks;

In an example, generating a segment for a selected pixel location comprises: applying
an image segmentation method for each image in the plurality of images to locate the
reference object in the image; and considering an image data point at the selected
pixel location to be part of the segment if it falls within the detected reference object.

In an example, identifying a segment further comprises calculating an average
intensity of the intensity profile within the reference object observation period, and in
another example wherein the average is a median, a M-estimator-based average, or

any other form of robust averaging.

In an example, the method further comprises correcting a reflectivity of the generated
composite reference using a reflectivity for the reference cbject, the reflectivity
comprising a correction factor corresponding to at least one spectral band of the

composite reference.

In an example, combining the selected segments further comprises the steps of:
generating a parametric white reference model; and applying the white reference

model to the composite reference to generate a synthetic reference.

In an example, the synthetic reference is generated by extrapolating the white
reference model from the composite reference so as to cover substantially all pixel
locations in the field of view.

In an example, the white reference model comprises a product of a spectral sensitivity
function and a spatial vignetting function.

In an example, the spectral sensitivity function is parametrically modelled as a scalar

value per spectral band and calculating the spectral sensitivity function includes
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calculating a spatial average of the composite reference for at least one spectral band
of the composite reference.

In an example, calculating the spatial vignetting function includes fitting a two-

dimensional parametric function to a spectral average of composite reference.

In an example, the two-dimensional parametric function is an isotropic Gaussian
function.

In an example, the method further comprises pre-processing each of the intensity

profiles using a threshold or smoothing filter.

In an example, calibrating the sensitivity of the pixels composing the hyperspectral
image sensor is performed by using only the calculated spectral sensitivity function.
This means that relative data can be acquired with spectral sensitivities alone using
values that can be pre-calculated for a given configuration or calculated in situ. While
spectral sensitivities are mostly independent of the distance to the imaged object, this
is not the case for the spatial function. It is thus significantly harder or even impossible
to calculate a spatial function if the distance to the imaged object cannot be maintained
and so it is likely that in many situations it would be advantageous to only use

precalculated spectral sensitivities.

In an example, the pixel locations selected from the field of view, and from which
segments are selected to generate the composite reference, collectively cover between
10% and 100% of the total field of view.

In an example, the field of view is automatically determined by a segmentation method
for content area detection.

In an example, the reference object has a reproducible reflectivity. In an example, the
reference object is white.

In an example, the reference object has a matte reflectance spectrum. That is, the
reference object has a diffuse reflectivity.

In an example, calibrating pixel sensitivity involves calibrating the white balance of the
pixels.
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In an example, each pixel of the hyperspectral image sensor is configured for
measuring photometric intensity corresponding to a single spectral band.

In a second example, there comprises an apparatus for calibrating an HSI image sensor

using a method according to any preceding example.

In an example, the HSI image sensor is configured to capture images in a snapshot

mode.

In an example, pixels of the HSI image sensor are configured to capture images such

that spectral bands are arranged in a mosaic pattern.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1(a) is a flowchart illustrating an exemplary method 100 for calibrating pixel
sensitivity. Figure 1(b) is a sub-flowchart of Figure 1(a), showing the process for

generating composite reference images.

Figure 2 is a graph showing exemplary intensity profiles calculated for a pixel at a
particular spectral band.

Figure 3 shows a sterile ruler 300 for use as an exemplary reference object.

Figure 4 shows an exemplary HSI imaging system.

Figure 5 shows an exemplary reference image taken by a HSI imaging system.

Figure 6 shows a computer readable medium

DETAILED DESCRIPTION

An exemplary HSI system is configured to capture image data, by measuring spectral
intensities at each pixel of an I by Jimage sensor. The image data captures information
across space, wavelength, and time. Each pixel measures the spectral intensity of light
at N distinct wavelengths in the optical spectrum. That is, the image data captured by
the HSI imaging system at an imaging time 7 can be represented as an I xJ x N array,

with each I x J layer of the array representing the spectral intensity of each pixel for a
particular wavelength. In some embodiments, N is at least 9. In some embodiments,
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N is at least 16. In some examples, each pixel of the HSI sensor is configured for
measuring photometric intensity corresponding to a single spectral band with the N
spectral bands being scattered across all the pixel locations. An interpolation strategy
is then used to form an HSI system able to reconstruct all N spectral bands at each

pixel location, that is the creation of an I x J x N array.

The HSI system captures images in a field of view through a lens. The lens may be
positioned distally from the rest of the HSI system, in a difficult-to-access environment.
For example, the lens may be positioned inside a confined space such as a patient’s
body cavity. In another example, the lens is positioned outside of the body but still in

the surgical field, thereby requiring careful manipulation.

An exemplary method 100 for calibrating pixel sensitivity is described in relation to
Figure 1. The method 100 for calibrating pixel sensitivity involves providing 101 a
reference object (also referred to as a partial reference). The reference object is
provided in the sense that it can be positioned within the environment of interest (that

is, the environment for which the HSI imaging system is being white-balanced).

The reference object has a known reflectance spectrum, allowing calibration to be
performed. In some embodiments, the pixel calibration method is sufficiently robust
to allow a wide range of objects to be used as a reference object. In some
embodiments, the reference object is white or close to white, ensuring that it reflects
light equally well across at least the optical spectrum. In some examples, the reference
object is diffusively reflective. This ensures that the reference object can be easily
seen in low-light conditions, but does not direct bright, localised specular reflections
into the lens of the HSI system. In other words, the reference object is matte rather
than mirror-like or shiny. In some embodiments, the reference object has a consistent
surface texture across the majority of its surface, ensuring that the reflectance
spectrum of the reference object does not change substantially when viewed from
different orientations. Similarly, in some embodiments the reference object has a
primarily flat or convex geometry, to ensure that the reference object does not cast
shadows or reflections on itself when lit, which would cause the reference object to
have an inconsistent brightness. In some embodiments, a reference object is selected
such that the spectral profile of the reference differs significantly from that of the
background. This enables the reference object to be more easily distinguished from
the background.
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The reference object is moved 102 relative to the lens of the HSI imaging system over
a time period. This may be done by manually manipulating the reference object or the
HSI imaging system. Alternatively, a mechanical actuator (such as a robotic arm or
mechanical mount) may be used to manipulate the reference object or HSI imaging
system. In some embodiments, the HSI imaging system is held steady relative to the
environment. This means that only the reference object is moving relative to the HSI
imaging system, avoiding motion blurring of the environment. In alternative
embodiments, it may be easier to move the lens of the HSI system while the reference
object is held steady relative to the environment.

The HSI imaging system is configured to capture a plurality of images of the
environment. In some embodiments, the HSI imaging system captures a video of the
environment over a given time period, with each frame of the video comprising an
image.

The HSI imaging system captures images within a field of view, the field of view being
defined by the lens, optical pathways, sensor, and other components of the HSI
imaging system. In some embodiments, the field of view is a cone with a fixed internal
angle typically between 5 and 65 degrees. It will be understood that the field of view
does not necessarily refer to a specific viewpoint within the environment. For example,
the viewpoint of the HSI imaging system can be changed without changing the field of
view, by moving the lens of the HSI imaging system to point towards a different part
of the environment.

The HSI imaging system captures 103 a plurality of reference images within the field
of view, such that in each reference image the reference object covers a different
partial portion of the field of view. That is, at the start of the acquisition, the reference
object is positioned at a first location relative to the lens, such that the reference object
partially covers a first portion of the field of view. During the acquisition, the reference
object is moved to a second portion relative to the lens, such that the reference object
covers at least a second portion of the field of view. While the reference object is
moved, the HSI imaging system captures a plurality of reference images. In capturing
the reference images, the HSI imaging system may record spectral intensities at each
pixel of the imaging sensor, and any other typical metadata such as time of acquisition.
The intensities measured by the HSI imaging system represent the reflectance
intensities of the objects within the field of view but are confounded by the sensitivity

of the imaging setup which our calibration seeks to compensate.
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In some embodiments, the HSI imaging system is configurable to perform a main
imaging procedure, in which the HSI imaging system captures imagery of the
environment or subject for analysis. In some embodiments, the pixel calibration
method 100 is carried out prior to or after the main imaging procedure. Alternatively,
the pixel calibration method 100 may be carried out alongside the main imaging
procedure. That is, the reference images could be a sub-set taken from the images
captured during the main imaging procedure. For example, the period of the main
imaging procedure could begin with, or include as an intermediate step, passing a
reference object around the field of view of the HSI imaging system. In some
examples, the pixel calibration method 100 comprises a method for white balancing
the HSI system, but it will be understood that the pixel calibration method 100 is not
limited only to white balancing.

The reference images may be a sub-set of the images captured by the HSI imaging
system over a given time period. For example, the reference object may be moved
through the field of view slowly so that the reference object covers substantially the
same portion of the field of view in two successive frames. Only one of these two
frames may be used as a reference image, with the other image discarded. Each
reference image can be arranged as an array of spatiospectral pixels, that is, each pixel
has an associated location (i, j) and at least one measured spectral intensity.

In some embodiments, the reference images are arranged to form a hypercube where
an additional axis is included to index the collection of reference images. For clarity we
refer to this additional dimension as time but it should be clear that reference images
may not necessarily need to be acquired consecutively. For example, the image data
in the reference images may be arranged to form an I x J x N x T hypercube, where T
is the number of steps at which a reference image was captured during the time period.
This hypercube has two spatial axes with lengths I and J, corresponding to the two-
dimensional sensor array. The hypercube has one spectral wavelength axes with
length NV, corresponding to the wavelength bands captured. Finally, the hypercube has
one temporal axis with length T, corresponding to the time period over which the data
was captured. The intensity profile of each spatiospectral pixel or plurality of pixels
can be easily generated from the hypercube, as each row of the hypercube along the
temporal axis comprises the intensity profile for an individual spatiospectral pixel. That
is, each intensity profile may be a temporal intensity profile for an individual
spatiospectral pixel.
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A composite reference is then generated 104 using the reference images. A plurality
of pixel locations from the field of view are selected 1041. Since each pixel in the
sensor array captures a section of the field of view, in some embodiments selecting a
plurality of pixel locations in the field of view involves selecting a plurality of pixels
corresponding with that location in the field of view from the reference images. For
example, pixel (i,j) and spectral band n could be selected from each I x J x N reference
image. Corresponding image data is selected 1042 corresponding to the location and
spectral band.

The selected 1042 image data and/or parameters are used to generate 1043 an
intensity profile for the selected image data for a selected spectral band. The intensity
profile represents the spectral intensity in a given spectral band over time at a
particular location. That is, the intensity profile can be graphically displayed as a graph
of spectral intensity against time (as will be discussed in relation to Figure 2).

Due to the relative motion of the reference object and the lens, and the different
spectral profiles of the background environment and reference object, the intensity of
the intensity profile changes as the reference object passes through the location. That
is, for each spatiospectral pixel in the image plane, there is a temporal distribution of
measured intensities, which alternates between background and reference intensities
over time. This allows a segment of the intensity profile to be identified 1044,
corresponding to the period of time in which the reference object was observed in a
particular location in the field of view. In some embodiments, the segment is identified
from one or more intensity profiles corresponding to one set of wavelength bands, and
image data is extracted from intensity profiles corresponding to a second set of
wavelength bands. For example, the reference intensity may differ from the
background intensity most significantly at the band centred around 550 nm wavelength
if this is the most sensitive spectral band for the selected imaging setup. The segment
is identified from the intensity profile for this wavelength band at a location. Image
data is then extracted at the corresponding segments from intensity profiles for other
wavelength bands at that location. Exemplary methods for identifying the segments

will be discussed in relation to Figure 2.

Once the segment is identified, the corresponding image data is extracted. The
extracted image data for the segment at that spatiospectral location is combined with
image data for segments at other locations. In the embodiment shown, the method
comprises processing the locations in the field of view in parallel, generating 1043 an
intensity profile for each location and identifying and extracting a segment. In other
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examples, the method may comprise looping iteratively through locations in the field
of view. In some embodiments, an intensity profile is generated for every pixel of the
HSI sensor array.

Once all available locations of interest have been processed 1046, a composite
reference can be outputted. In some embodiments, an average intensity is calculated
from the segments at each location, and the composite reference is an image which
combines these average intensities. In other words, the composite reference
represents the measured reflectance intensity of the reference object at each
spatiospectral location within the field of view.

The composite reference is then compared against the a priori known reflectivity of the
reference object. The reflectivity of an object is a measure of reflectance averaged
over the spectral bands of interest. That is, we integrate the reflectance of the object
over the spectral band of the imaging setup as disclosed in detail hereafter. The
reflectance of an object, as given by its reflectance spectrum, is generally only a
property of the surface material of the object, and therefore, the reflectivity only
depends on the object properties and the spectral bands of the imaging system but
does not otherwise depend on the imaging configuration (distance to target, vignetting,
etc.). The composite reference can be corrected 105 using the known reflectivity. In
some embodiments, the reflectivity is less than 100%, and varies across the spectral
bands of interest. As such, the reflectivity correction 104 may be referred to as a
bandwise reflectivity correction.

In some embodiments, variation in spectrum due to small angle changes is small, and
the images of the reference object appear matte with few specular reflections. Thus,
the reference object can be approximated as having a Lambertian surface. The ideal
imaging condition is fronto-parallel imaging, so angle deviations from this are
considered sufficiently small as to have negligible effect. In other words, the
reflectivity does not vary significantly with small angle deviations. From there, an a
priori reflectivity correction factor pg is calculated per wavelength band n:

. Jtb,(Dda (1)
o T T dA

where t(1) is the known reflectance spectrum of the reference object for a wavelength
4, and b,(1) is the band response as obtained 110 experimentally or from the HSI

imaging sensor manufacturer. Each pixel of the initial composite reference W¢(, j,n)
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may then be divided by the a priori correction factor p¢ for the appropriate band to
form the corrected composite reference: W<(,j,n) = W°(i,j,n)/p2. The reflectance
spectrum of the reference object is measured 111. That is, an a priori measurement
111 of the reference object’s reflectance spectrum is made.

The reflectivity correction factors per band can be calculated 112 separately to the
main imaging procedure. In some embodiments, the reflectivity correction factors are
calculated 112 a priori, that is, prior to capturing 103 the reference images. In other
embodiments, the reference images are captured first 103, and then the reflectivity
correction factors are calculated 112.

In some embodiments, the reflectance spectrum of the reference object is measured
111 using a calibrated measurement device such as a spectrophotometer. The
reflectivity correction factors may then be calculated from the reflectance spectrum
measured by the calibrated measurement device.

Alternatively, the reference object can be imaged with the HSI imaging system and
compared with an HSI image of a calibration object with a known reflectance spectrum.
One example of a calibration object is a Spectralon 95% reflective tile. Spectralon is
a material which acts as a highly reflective Lambertian surface using a specific
formulation, but it will be understood that other reflectance standards are also available
and could be used. In some embodiments, the calibration object has a uniform
reflectance spectrum across its whole surface. In some embodiments, the calibration
object is positioned relative to the HSI imaging system such that the whole field of
view of the HSI imaging system is covered by the calibration object.

The reflectivity correction factors may be calculated 112 by taking a reflectivity profile
(i.e. a well calibrated reflectance spectrum t(1)) of the calibration object and using
equation (1) with the band responses b,(1) of the HSI imaging system. In other
examples, the reflectivity correction factors are calculated by using the HSI imaging
system to capture HSI images of both the calibration object and of a known reference
(such as a Spectralon) and dividing the former by the latter.

In some embodiments, the reflectance spectrum of the reference object and/or
calibration object are measured under known lighting conditions, that is, when they
are lit by a light source with a known spectral profile.
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In some embodiments, a dark balancing step is performed to account for any bias in
sensor noise. A dark reference may be obtained by covering the lens with an opaque
object (such as the lens cap), such that no light is transmitted into the sensor. One or
more dark images are then captured in this configuration. The dark image (or an
average of the dark images) is then subtracted from the reference and/or*/ composite

reference images to account for the sensor noise bias.

In some embodiments, a mathematical model may be used to estimate a synthetic
dark image based on exposure time, temperature of the sensor or any other known

parameter of influence.

The images may also be corrected for exposure time using methods known in the art.

A synthetic reference can then be constructed 108. In some embodiments, the
synthetic reference is simply the composite reference or the reflectivity-corrected 105
composite reference. However, the composite references may still retain imperfections
from the input video. It may also be incomplete in the sense that not all correction
factors for all spatiospectral locations in the field of view may have been calculated.
These imperfections may be removed by applying a white reference mathematical
model fit to the composite reference. The white reference model is applied to the

composite reference to construct 108 a synthetic reference.

In some embodiments, the white reference is modelled as the separable product of a
spatially dependent vignetting, spectrally dependent spectral sensitivities, and a scalar
multiplicative factor with noise treated as negligible. That is, the white reference model
is a product of a spectral sensitivity function and a spatial vignetting function. The

white reference model may be modelled by the formula:

Wi, jn) =MS@V(Ej) + NG jn) (2)

Where i and j are the spatial co-ordinates in the images, n is the spectral co-ordinate
(i.e. the wavelength band index), V(i,j) is the spatial vignetting function, S(n) is the
spectral sensitivity function, and M is a scalar factor to account for the overall light
intensity. A noise function N(i,j,n) accounts for noise in both the spatial and spectral

domains.

The spectral sensitivity function may be calculated 106 by calculating a spatial average
of the reflectivity-corrected 105 composite reference for at least one spectral band of
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the composite reference. Alternatively, any other standard reference can be used
instead of the reflectivity-corrected composite reference 105. A normalisation step
may be applied to ensure that the spectral sensitivities sum up to one. As detailed
earlier, if a mosaic HSI sensor is used, a demosaicking algorithm may be applied before

calculating 106 the spatial average(s).

The spatial vignetting function may be calculated 107 by fitting a two-dimensional
parametric function to a spectral average of the reflectivity-corrected composite
reference. In some embodiments, a weighted spectral average may be used, for
example by compensating for spectral sensitivities. In some embodiments, a single
spectral band may be used for the fit. In some embodiments, the two-dimensional
parametric function is an isotropic Gaussian function. In some embodiments, the

Gaussian function is represented by the equation:

2

- G-w)? (-u))
V(i) = exp <— T 03
where y; and p; represent the co-ordinates of the centre of the Gaussian in the i and j

directions respectively and ¢ represents the standard deviation.

To achieve a well-posed decomposition, in some embodiments the constraints

maxV(i,j) =1 and %ZnS(n) =1 are applied. These constraints ensure that: spatial
L

vignetting only accounts for variations in light intensity and optical transmission across
the image; spectral sensitivities only account for relative efficiency of the different
bands on the sensor and the spectral shape of the light source; and the scalar factor
only accounts for electronic gain, exposure, and overall light intensity settings.
Applying these constraints to the white reference model given above, the following

equations for the spatial vignetting and spectral sensitivity functions can be obtained:

1
M = n}’?x(ﬁzn:W(i,j,n)> (4)

1 .
X W3, jn)
VG, ~—2LN - (5)
max (N oW @), n))
L

Zi,jW @i,j,n) (6)

St ~ 7 »
NZi,j,n’ w (i j,n)
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In some embodiments, the white reference model is fitted to the composite reference
using a joint least squares approach. In other examples a different normalisation choice
could be used.

In some embodiments, the HSI imaging system includes a circular field of view as may
be resulting from coupling an exoscope or laparoscope to a rectangular HSI imaging
sensor. Thus, the content area and field of view is circular while the sensor area is
rectangular. This may be accounted for when constructing 108 the synthetic reference.
The field of view is automatically detected 113 by a segmentation method for content
area detection or may be known beforehand through a calibration step. In the
embodiment, a content area disk is detected 113 from a single image of the reference
images. This may be performed using any method known in the art from simple
methods such as thresholding to more advanced approaches such as a pre-trained
neural network. To discount edge effects at the border of the content area, the radius
of the content area disk is reduced 114 to a percentage of its original radius such as a
proportion between 90% and 98%. In some examples, the radius of the content area
disk is reduced 114 beyond 90%. The reduced-radius disk is then used to mask the
content area as a step in constructing 113 the synthetic white reference. In other
examples, the radius of the content area disk is not reduced, thereby utilizing all of the

information from the content area disk.

Figure 2 shows an unfiltered intensity profile 201. Note that since in this example the
time interval between image frames is consistent, the frame number can be used as a
substitute for the time on the x-axis. In some embodiments, the intensity profile is
pre-processed before the segment is identified 1044, to remove noise and allow the
reference and background intensities to be distinguished from each other more easily.
The pre-processing may comprise a smoothing filter and/or a threshold filter. In the
embodiment shown, the filtered temporal profile 202 is generated using a smoothing
filter and a threshold filter, wherein the threshold is set well below the average
reference intensity and well above the average background intensity. The threshold
filter discards all intensity values whose intensity lie below a lower threshold. This
suppresses the impact of background intensity values. In some embodiments, the
lower threshold is calculated using a classical parameter-free Otsu’s method. In some
embodiments, the threshold filter also discards all intensity values with an intensity
above an upper threshold. This mitigates the impact of specular reflections, which can
saturate the HSI imaging sensor. In some embodiments, the smoothing filter is a

Savitsky-Golay filter, with window size 15 and order 2.
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Note that in some embodiments, the reference object may pass multiple times through
the location. As such, multiple segments 206 can be identified 1044.

In some embodiments, a segment 206 is identified 1044 by calculating a temporal
gradient of the intensity profile, that is, the time derivative of the intensity profile. In
the embodiment shown, the temporal gradient 203 is the time derivative of the filtered
intensity profile 202. As the reference object enters or leaves the location (i.e. comes
into and out of view) the intensity in one or more wavelengths will change quickly over
time. Specifically, if the reference object has a higher reflectance intensity than the
background (as shown in Figure 2), the temporal gradient 203 will have a large positive
peak 203p when the reference object comes into view, and a large negative peak 203n
when the reference object goes out of view. A positive peak 203p followed by a
negative peak 203n, which can be detected using a peak picking algorithm, identify a
segment 206. In some embodiments, the positive and negative peak are only
identified if they each have an absolute value greater than a threshold value. This
ensures that small peaks in the temporal gradient (e.g. a gradual change in intensity
caused by shadowing on the reference object) are not mis-identified as the start or
end of a segment 206.

In some embodiments, a segment 206 is identified 1044 by identifying a portion of the
intensity profile in which the intensity is between an upper 207a and lower 207b
reference object threshold. The upper 207a and lower 207b reference object threshold
may be higher intensity than the background threshold 208. The datapoints 205 with
intensities between the upper 207a and lower 207b reference object threshold are
selected for the segment 206. The upper 207a may be lower intensity than the
expected or measured saturation/specular reflection intensity from the environment.
This ensures that specular reflections from the environment are not mistaken for the

reference object.

The highlighted datapoints 205 comprise image data in the segments 206. An average
of the datapoints 205, such as a median, M-estimator-based average, or any other
form of robust averaging (that is, any averaging method not easily swayed by outliers),
can be utilised to give an intensity for the reference object at that location. In some
embodiments, the segments 206 are located from the filtered (e.g. by smoothing and
thresholding) intensity profile, but the image data for the segments 206 is taken from
the unfiltered raw intensity profile.
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In the examples discussed above, a temporal intensity profile is generated for a
plurality of pixel locations, and then the temporal location of the reference object is
identified for each intensity profile. That is, the time at which a reference object passes
through a particular pixel location is identified. In other examples, a segment 206 is
identified 1044 by applying an image segmentation method for each image in the
plurality of images to locate the reference object in the image. In other words, rather
than finding the time a reference object passes through a location, the location of the
reference object is found for a particular time. The pixel locations are selected if the
reference object is detected within them using the image segmentation method, and
the corresponding image data for those locations at the timestamp of the image is
selected for the segments 206. In some embodiments, a method known in the art
such as based on deep learning is used to spatially segment the area corresponding to
the reference object in the reference images. In some embodiments, the segmented
spatial areas may be reduced to a percentage of their original size so as to discount
edge effects.

The synthetic white reference may be used to apply 109 pixel calibration on the images
of the target object. Pixel calibration may be performed according to the following

formula:
P (I(i.j. n) —2£D(M.j, n)) )
D

RG,j,n) =
:—V’VW(i,j,n) —_:—;D(i,j,n)

where W is the synthetic white reference in any of the disclosed embodiment (e.g.
composite white reference or white reference model), D is a dark image, and R is the
white-balanced reflectance estimation of the target object of interest. 7;, 7w, and 1,
describe the exposure time used for acquisition of each of the above, and p, is the
bandwise reflectivity of the white reference used when the white reference has not
been pre-emptively compensated for it.

In some embodiments, relative pixel calibration may be sufficient. In such instances,
normalization is performed only based on the estimated spectral sensitivity function
with no influence from the vignetting function.

In some examples, the composite reference is generated for only a partial portion of
the field of view. For example, the partial reference may only pass through a subset
of the field of view, and the composite reference may be generated corresponding only
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for that subset. Computation of a synthetic white reference may be performed by
calculating the white reference model from to the composite reference, and then
applying the white reference model to the whole field of view by means of
extrapolation.

Figure 3 shows a sterile ruler 300, which may be used as a reference object in some
embodiments. Sterile rulers are widely available in surgical theatres and can be placed
on tissue in the surgical field. Furthermore, it has been found that the spectral profile
of mass-produced sterile rulers is generally consistent across individual units. Thus,
in some embodiments the spectral profile of a first sterile ruler can be measured as
previously described. A second sterile ruler of the same design can be used as the
reference object. This ensures that the second sterile ruler can remain in a sealed
sterile container until just before insertion into a patient.

In some embodiments, the unmarked side 300b of the sterile ruler 300 is faced towards
the lens, rather than the marked side 300a. The unmarked side 300b of many mass-
produced sterile rulers has a more consistent spectral profile, because it has a more
matte aspect than the marked side across its whole surface.

In some embodiments, the reflectivity of one or more reference objects are stored
onboard the HSI system. An operator then selects the reflectivity corresponding with
the reference object provided. For example, the reflectivity of various designs of
commercially available sterile rulers and may be measured. The user then selects the
reflectivity corresponding to the particular design of sterile ruler which is provided. In
some embodiments, the reflectivity of one reference object may be used to calculate
112 the reflectivity correction factors for a different reference object. This is because
the same reflectance spectrum can generally be used for any reference object made of
a particular material, so long as the geometry of the reference object is not so extreme
as to distort the reflectance spectrum of the object.

Referring to Figure 4, the HSI imaging system 400 comprises an exoscope or
laparoscope 401, operating as a lens located at a distal end of the HSI system. The
exoscope or laparoscope is optically coupled via an adapter 404 to an HSI imaging
sensor 402. The HSI imaging sensor 402 is connected to a processor 405, either
directly through a cable 403 as shown, or through a wireless communications interface.
The processor is configured to generate images for a display 409.
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The HSI imaging system 400 is configured to capture images within an environment
407. A reference object 408 is provided within the environment, so that a pixel
calibration method as previously described can be carried out. The reference object
408 is moved relative to the field of view 410 of the HSI imaging system 410. The
exoscope or laparoscope 401 is optically connected to a light source 406, providing

illumination within the environment 407.

There are three broad categories of HSI image sensors 402: spatial scan including
linescan, spectral scan, and snapshot. Linescan cameras acquire data for all
wavelengths simultaneously for each line of pixels sequentially, whereas spectral scan
cameras collect all pixels at each wavelength in turn using band pass filters. These
methods both measure complete hypercubes. These HSI approaches are however not
able to provide real-time data as their respective scanning mechanisms result in long
acquisition times that are prone to motion artefacts. In contrast, snapshot mosaic
cameras utilize sensors where each pixel has a dedicated band pass filter. This
provides information on one band per pixel but captures all pixels in a single shot. This
allows highly time resolved data to be obtained, at the cost of lower spatial and spectral
resolution. To obtain a full hypercube from a snapshot mosaic camera, the data must
be demosaicked with the remaining information inferred using classical or learning-
based interpolation. The increased temporal resolution given by effective snapshot
mosaic image demosaicking provides the opportunity for more accurate image
analysis.

Referring to Figure 5, a reference image 500 has a field of view 501 defined by a
circular lens and exoscope or laparoscope. The reference object 502 partially covers
the field of view 501, in the sense that the reference object covers a partial portion of
the field of view. The rest of the field of view 501 is taken up by the background
environment 503. The reference object 502 is more reflective than the environment
503 across the visual spectrum, meaning that the reference object 502 appears
generally whiter and brighter to the HSI imaging system than the environment 503

(excluding the specular reflections 504 from the background environment).

Figure 6 shows a computer readable medium 600 comprising computer program code
configured to cause a controller comprising a processor and a memory to operate as
described herein. It will be understood that in some embodiments, processing
operations which have been described as being carried out sequentially may be carried
out in parallel. Other optimisations for computational efficiency are also envisioned.
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CLAIMS

1. A method for calibrating pixel sensitivity for pixels of a hyperspectral image
sensor, wherein the hyperspectral image sensor is configured to capture image data,
the image data including spectral intensities measured within a plurality of spectral
bands, and wherein the method comprises the steps of:

providing a reference object;

moving the reference object and hyperspectral image sensor relative to each
other;

capturing a plurality of reference images within a field of view of the
hyperspectral image sensor, such that in each reference image the reference object
covers a different partial portion of the field of view;

selecting a plurality of pixel locations from the field of view;

generating a composite reference; and

calibrating the pixel sensitivity of the pixels of the hyperspectral image sensor
using the composite reference;

wherein generating the composite reference comprises, for each of the plurality
of pixel locations:

selecting, from each image in the plurality of images, image data corresponding
to the pixel location;

generating, from the selected image data, an intensity profile for the pixel
location; and

identifying within the intensity profile a segment corresponding to the reference
object being observed at the pixel location; and

combining the selected segments.

2. The method of claim 1, wherein a segment for a selected pixel location
comprises a portion of the intensity profile in which an intensity value is between an
upper and lower reference object threshold, the upper and lower reference object
threshold being higher intensity than a background value.

3. The method of claim 2, wherein the upper reference object threshold is lower

than a saturation or specular reflection value.

4, The method of any preceding claim, wherein generating a segment for a
selected pixel location comprises:

calculating a derivative profile of the intensity profile; and
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identifying a positive peak and a negative peak in the derivative profile, the
positive and negative peak each having an absolute value greater than a derivative
threshold, and the segment comprises a period defined between the positive and
negative peaks.

5. The method of any preceding claim, wherein generating a segment for a
selected pixel location comprises:

applying an image segmentation method for each image in the plurality of
images to locate the reference object in the image; and

considering an image data point at the selected pixel location to be part of the
segment if it falls within the detected reference object.

6. The method of any preceding claim, wherein identifying a segment further
comprises calculating an average intensity of the intensity profile within the reference
object observation period, and preferably wherein the average is a median, a M-

estimator-based average, or any other form of robust averaging.

7. The method of any preceding claim, wherein the method further comprises
correcting the generated composite reference using a reflectivity for the reference
object, the reflectivity correction comprising a correction factor corresponding to at

least one spectral band of the composite reference.

8. The method of any preceding claim, wherein combining the selected segments
further comprises the steps of:

generating a parametric white reference model; and

applying the white reference model to the composite reference to generate a
synthetic reference.

9. The method of claim 8, wherein the synthetic reference is generated by
extrapolating the white reference model from the composite reference so as to cover
substantially all pixel locations in the field of view.

10. The method of claims 8 or 9, wherein the white reference model comprises a
product of a spectral sensitivity function and a spatial vignetting function.

11, The method of claim 10, wherein the spectral sensitivity function is
parametrically modelled as a scalar value per spectral band and calculating the spectral
sensitivity function includes calculating a spatial average of the composite reference
for at least one spectral band of the composite reference.
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12, The method of claim 10 or 11, wherein calculating the spatial vignetting function
includes fitting a two-dimensional parametric function to a spectral average of

composite reference.

13. The method of claim 12, wherein the two-dimensional parametric function is an

isotropic Gaussian function.

14, The method of any preceding claim, wherein the method further comprises pre-
processing each of the intensity profiles using a threshold or smoothing filter.

15, The method of any preceding claim, wherein calibrating the sensitivity of the
pixels composing the hyperspectral image sensor is performed by using only the
calculated spectral sensitivity function.

16. The method of any preceding claim, wherein the pixel locations selected from
the field of view, and from which segments are selected to generate the composite
reference, collectively cover between 10% and 100% of the total field of view.

17. The method of any preceding claim, wherein the field of view is automatically

determined by a segmentation method for content area detection.

18. The method of any preceding claim, wherein the reference object has a
reproducible reflectivity.

19. The method of any preceding claim, wherein the reference object is white.

20. The method of any preceding claim, wherein the reference object has a matte

reflectance spectrum.

21. The method of any preceding claim, wherein calibrating pixel sensitivity involves
calibrating the white balance of the pixels.

22. The method of any preceding claim, wherein each pixel of the hyperspectral
image sensor is configured for measuring photometric intensity corresponding to a

single spectral band.

23. An apparatus for calibrating an HSI image sensor using a method according to
any preceding claim.
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24. The apparatus of claim 23, wherein the HSI image sensor is configured to

capture images in a snapshot mode.

25. The apparatus of claim 23 or 24, wherein pixels of the HSI image sensor are
configured to capture images such that spectral bands are arranged in a mosaic

pattern.
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