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LIGHT-FIELD IMAGING BASED ON TILT-ABERRATION

Field of the mvention

[0001] The present invention relates to a method for obtaining a transverse phase
gradient of a wavefield. The present invention further relates to an imaging system for

carrying out the method, a computer program product, and a use of the method.
Background of the invention

[0002] Quantitatively reconstructing a complex optical wavetield allows prediction
of its temporal evolution and energy flow. This ability has been transformative for
imaging; enabling new experimental realizations (e.g., lensless imaging), enabling
phase to be utilized as contrast due to targeted properties of the medium {eg,
thickness, refractive index, electromagnetic fields, crystallography, etc.}, and enabling
aberrations to be characterized and corrected (e.g, for adaptive optics, light-field

imaging, digital refocusing, ete.).

[0003] Examples of such methods include Differential interference contrast,
Classical ptychography, Fourier ptychography, TIE/defocus imaging, Holography,
Micro lens arrays, Shack-Hartman sensors, (rating phase contrast, and Speckle-

tracking.

[0004] These methods have led to major advances in biology, geology and materials
research, which 1o turn drive the persistent need for new methods that are faster, more

precise and more robust.

[0005]  Specifically, there is a need for a way of retrieving a phase gradient of a light
field which is versatile, robust as well as being simple, fast and inexpensive to

implement.
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summary of the invention

[0006] An aspect of the present invention relates to a method for obtaining a
transverse phase gradient of a wave field from at least a first wavefield intensity map

and a second wave field intensity map, said method comprising the steps of:

- capturing at a first incoherent tilt aberration said first wave field intensity map
of a target, using a first filter having an attenuation profile with a continuous derivative
positioned between a source of electromagnetic radiation and an electromagnetic

radiation detector captuning said first wave field intensity map,

- capturing at a second incoherent tilt aberration said second wave field
intensity map of said target, using a second filter having an attenuation profile with a
continuous derivative positioned between a source of electromagnetic radiation and an
electromagnetic radiation detector capturing said second wave field intensity map,
wherein said second incoherent tilt aberration is different from said first incoherent tilt

aberration,

- determining said transverse phase gradient on the basts of at least a difference
of logarithms of wavefield intensity maps divided by the magnitude of the difference

between said first incoherent tilt aberration and said second incoherent tift aberration.

[0007] Electromagnetic radiation, such as light, is associated with a complex
wavefield W with real (amplitude} and tmaginary (phase) components and may be

represented by a function having the form
W(x,y) = A(x, y)elo&y)

wherein 4 1s the amplitude, ¢ is the phase, and x and y are spatial coordinates in an
associated plane which is transverse to a direction z of propagation of the wavefield.
The z-axis may also be referred to as the optical axis. The optical axis defines a line
along which there 15 some degree of rotational symmetry in an optical system, such as

an optical 1maging system including a camera system or microscope system. The
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optical axis is an imaginary Hine that defines the path along which radiation propagates

through the system, up to first approximation.

[000&] Throughout the present disclosure, the electromagnetic radiation may be
referred to as light, however, it should be appreciated that the discussion related to

light may equally apply to other forms of electromagnetic radiation than light.

[0009] The phase of light contains valuable information about the light, such as
information regarding the propagation of the light. One example is that the phase may
be used to determine a direction of propagation of light. This is the case since

measuring the direction of light is the same as measuring the gradient of the optical

phase:
dg
8, = —
o dx
dg
6. == e
¥y dy

where 8, and 6, denotes angles in directions x and y that are perpendicular to the

optical axis {z-axis).

[0010] The problem in measuring the intensity of light is that the phase information

is lost in the intensity, as is clear from the following formula:

[0,y = W12 = Alx, p)?

This problem relating to loss of information concerning the phase, which typically
occurs when a physical measurement is made, is commonly referred to as the “phase

problem”.

[0011] By the method of the present invention is provided an advantageous way of
obtaining phase information from light intensity where the aforementioned phase
problem is resolved. Thereby is provided a new and advantageous path to light-field

imaging by the present invention. As an example, the method of the present invention
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is particular suitable for microscopy cells and other biological subjects which tend to
be nearly transparent and thus difficult to image using conventional microscopes. Use
of the present method may allow to retrieve structural information about the biological
subject which could otherwise not be retrieved using conventional light microscopy
techniques. The method of the present invention achieves this in a rather
counterintuitive way by specifically exploiting a certain class of imperfections which

are commonly present in imaging systems.

[0012] All physical imaging systems are by nature aberrated meaning that the
(typically two-dimensional) intensity of the output field 1s different from that of the
field input to the imaging system. Optical aberrations can be categorized into two types
of aberrations: coherent aberrations and incoherent aberrations. Coherent aberrations
affect only the phase of the wavefield and are therefore complex, 1.e, of the form
ef ) Examples of coherent aberrations include defocus and spherical aberration.
Incoherent aberrations, of which Gaussian blur and Airy disks are examples, affect
only the amplitude of the wavefield and are therefore real, i.e., of the form /™97 A
particularly common aberration 1s incoherent tilt aberration, in which the aberration
function, f(x,y), is of first order, e.g., ™) Note that, although referred to as
incoherent tilt, this aberration does not require the physical tilting {changing of angle)

of any of the physical components of the optical system.

[0013] Since optical aberrations are present in most imaging systems, these
aberrations are also present in microscopy systems. The instinctive routine of most
microscopist would be to undo the tilt-induced aberrations by either correcting using
aberration balancing techrugues or using digital wavefront corrections based on
iterative-engine procedures. It is however contrary to the norm to exploit microscopic
images that are contaminated with incoherent tilt aberration to perform deterministic
phase retrieval without imposing any assumptions on the imaged target/object.
Nonetheless, this 15 exactly what may be achieved by the method of the present

invention.

[0014] The method according to the present invention is advantageous for a number

of reasons.
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[0015] First, the method 15 usable in a number of applications and devices including
high-speed quantitative phase contrast timaging of cells and other biological subjects,
ptychographic microscopy, computer imaging devices such as in cell phone camera
{especially for refocusing of images), augmented-reality systems {especially for range

finding), and virtual reality video capture systems {(especially depth of field}.

[0016] Second, the method is analytical and therefore does not necessarily rely on
numerical solutions. This makes the method simple and fast, and thus usable in or for

many applications.

[0017] Third, the method does not require prior assumptions regarding the target of
interest/being studied. Thereby 1s provided a method which is potentially rouch faster

and more robust than existing methods for e g, light-field imaging.

[0018] Furthermore, the method is advantageous for the same reasons that other
light-field imaging systems and methods are advantageous. For instance, with the

present invention, it may be possible to re-focus an image after it has been obtained.

[0019] In the context of the present invention, a “wave field” may be understood as
the space in which an electromagnetic wave propagates. By electromagnetic waves is
understood waves including at least microwaves, infrared light, visible light,

ultraviolet light, and X-rays.

[0020] In the context of the present invention, a “wave field intensity map” may be
understood as a two-dimensional mapping of electromagnetic radiation intensity in an
image plan intersecting the direction of propagation of the wavefield. In other words,
the wave ftield intensity map may be regarded as an image depicting radiation intensity.
For example, in the case of the electromagnetic radiation being light, the wave field

intensity map may be an image depicting light intensity.

[0021] Inthe context of the present invention, a “target” is understood as any kind of
physical object/subject which may be subject to incident electromagnetic radiation and
scatter the electromagnetic radiation. For example, if the electromagnetic radiation

comprises light, the target may be an object/subject which have to be studied using the
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fight. Light incident on the target scatters from the target and may be recorded to

provide an image of the target.

[0022] In the context of the present invention, “incoherent tilt aberration” is
understood as any kind of deviation in the wave field induced by e.g, geometrical
changes to components of an imaging system, such as displacements of the source of
electromagnetic radiation, displacement of the target, and displacements of a filter. It
must be readily appreciated that tilt does not necessarily require physical tilting (i.e,
change of angle} of a physical component of an optical system, as the effect of
incoherent tilt aberration may equally be obtained through other geometrical changes

than tilting of a component.

[0023] More specifically, tilt is a first order optical aberration which may be

described as
1 — TF
FOU!I - ylﬂ @ €

where W,,,; describes the wave field after tilt, represented by T {tau), induced to the
incoming field ¥;,,. Note that # = {x, v). Tau is a vector and therefore also denotes a

direction for the tilt aberration in aberration space.

The inventors have discovered that a wave equation for tilt-aberrated wave fields may

be formulated as

FYE D)

= = IV, W

and by utilizing the tollowing two equations (Eikonal equation and Continuity

equation, respectively)

@(j}(ﬁ%) 1 ; = =

——— = EVL In{{ (¥, 1)}
A In[I(#,T) 5
olnli(r Dl _ 2V, p(F 7

g7
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it can be shown that the transverse phase gradient obtained from two intensities {; and

15 are

8 ()

a?7'?1—»2 - 2iTy5] b

wherein {1, denotes the magnitude of the difference in incoherent tilt aberration
between the wavefield intensity map obtained at the first incoberent tilt aberration
and the second wavefield intensity map obtained at the second incoherent tilt
aberration. It should again be noted that owing to logarithmic rules the log of a
fraction, as shown in the above equation, is the same as the logarithm of the
numerator minus the logarithm of the denominator. In other words, the above

equation also includes a difference of logarithm. Note that the operator V | in the

. g 0
Eikonal equation can be expressed as V | = (......, ; ......,>
dx " dy
[0024] In the context of the present invention, a transverse phase gradient is
understood as a phase gradient which is transverse to the optical axis of the imaging

system.

(00251 o the context of the present invention, a “filter having an attenuation profile
with a continuous derivative” is understood as a filter arranged to attenuate
electromagnetic radiation, and wherein the attenwation is described by a profile where
the derivative of the attenuation profile with respect to position s continuous within a
working area of the filter. The continuous derivative may be a variable continuous
derivative or a constant continuous derivative. The use of such filter is a means for

- =
Tr

inducing a dependence of the aberrated wavefield of the form €* 7, or other forms of

dependencies including ™ 2™ e” . The filter may be a discrete physical component,
or it may be inherent in another optical component of an optical systern. For example,
lenses naturally have an attenuation profile that could be equivalently represented by
an attenuating filter capable of inducing a dependence of the aberrated waveform as

mentioned above. In the case of x-ray microscopy in particular, the x-ray lenses have
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without any separate filter at all, since it’s all inherent in the lens itself.

[0026] In the context of the present invention, a “source of electromagnetic
radiation” 15 understood as any kind of source capable of providing electromagnetic
radiation. For example, the source may be a light source, such as a light-emitting diode

{LED), when the electromagnetic radiation comprises visible light.

[0027] The source of electromagnetic radiation may comprise one or more individual
sources of electromagnetic radiation. For exarmple, it may be a single source, or it may
be a plurality of sources distributed in any configuration. The source of
electromagnetic radiation may comprise a first source of electromagnetic radiation and
a second source of electromagnetic radiation, where the two sources are two distinct
entities. As an example, the source of electromagnetic radiation may be alight source
implemented as LEDs on a light plate. Thereby, it becomes possible to alter the angle

of incidence of light on the target by switching between lighting individual LEDs.

[0028] In the context of the present invention, an “electromagnetic radiation
detector” is understood as any kind of device capable of recording/capturing a wave
field intensity map. For example, the electromagnetic radiation detector may be a

Camerd.

[0029] In an embodiment of the invention said first wave field intensity map and said
second wave field intensity map are representative of intensities of light, said light

comprising frequencies in the range of from 400 nanometres to 700 nanometres.

[0030] In alternative embodiments of the invention, said first and second wave field
intensity maps may be representative of intensities of microwave radiation, infrared

radiation, ultraviolet radiation, or X-ray radiation.

[0031] In the context of the present invention, a “difference of logarithms of
wavefield tntensity maps” is understood as a difference between a logarithm of an
intensity {intensity value) of the first wavefield intensity map and a logarithm of an

intensity (intensity value) of the second wavefield intensity map. According to an
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embodiment of the invention, these intensities may correspond to exact same pixels,
i.e., pixel positions, n the two wavefteld intensity maps. A skilled reader will readily
appreciate that a difference of logarithms can also implies a logarithm of a fraction,
ie,loga —logh = Eog%‘ It should be noted that the use of logarithms, according to
methods of the present invention, may also imply use of approxirations of logarithros.
For example, a logarithm may be approximated using e.g., a taylor expansion. Use of
approximations of logarithms, and thereby approximations of differences in
jfogarithms, may be particular for specific implementations of the method, such as
computer implementations where the computational cost of carrying out elementwise
logarithms on large wavefield intensity maps may be significantly reduced by use of

such approximations.

[0032] By the present invention it is contemplated that the source of electromagnetic
radiation used 1o the steps of capturing the first and second wavefield intensity map
may be the same source of electromagnetic radiation, or different sources of
electromagunetic radiation. For example, a first source of electromagnetic radiation may
be used in capturing the first wavefield intensity map and a second source of
electromagnetic radiation, different from the first source of electromagnetic radiation,
may be used in capturing the second wavefield intensity map. In the case where the
sources of electromagnetic radiation are the same it 1s understood that it is the same
physical entity. In a similar manner, a first filter is used in capturing the first wavefield
intensity map and a second filter is used in capturing the second wavefield intensity
map. The first and second filter may be the same filter, 1.¢., they are the same physical
entity, or they may be different filters. Likewise, an electromagnetic radiation detector
is used in capturing the first wavefield intensity map, which may be denoted a first
electromagnetic radiation detector, and an electromagnetic radiation detector is used
in capturing the second wavefield intensity map, which may be denoted a second
electromagnetic radiation detector. The first and second electromagnetic radiation
detector may be the same electromagnetic radiation detector, 1.¢, they are the same
physical entity, or they may be different electromagnetic radiation detectors. It s

contermplated that any combination of sources of electromagnetic radiation, filters, and
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electromagnetic radiation detectors may be used according to the method of' the present

invention.

[0033] As afirst example, a single source of electromagnetic radiation may be used
in conjunction with a first filter a second filter (the two filters being two distinct filters),
and a single electromagnetic radiation detector (a single entity}. As a second example,
a single source of electromagnetic radiation may be used in conjunction with a single
filter {i.e, on physical entity being a filter), and a single electromagnetic radiation
detector (a single entity). As a third example, a first source of electromagnetic radiation
and a second source of electromagnetic radiation (the two sources being two distinet
sources), may be used in conjunction with a first filter and a second filter (the two
filters being two distinet filters), and a single electromagnetic radiation detector (a
single entity). As a fourth example, a first source of electromagnetic radiation and a
second source of electromagnetic radiation (the two sources being two distinct
sources} may be used in conjunction with a single filter (a single entity}, and a single
electromagnetic radiation detector. The above four examples may additionally be
varied by the source(s) of electromagnetic radiation and filter(s) being in conjunction
with a first electromagnetic radiation detector and a second electromagnetic radiation
detector (the two detectors being two distinet detectors), thereby totalling eight
examples of implementations of source(s) of electromagnetic radiation, filter{s) and
electromaguetic radiation detector(s). Thus, a skilled reader will readily appreciate that
the presence {or absence) of prescripts like “first” and “second” does not as such

prescribe that any specific number of a feature should be used.

[0034] According to an embodiment of the invention said difference between said
first incoherent tilt aberration and said second incoherent tilt aberration is achieved by
geometrically changing one or more of said source of electromagnetic radiation, said

target, and said first filter and/or said second filter.

[0035] In the context of the present invention, “geometrically changing” comprises

changing a position and/or an orientation. By geometrically changing one or more of

said source of electromagnetic radiation, said target, and said first filter and/or said
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second filter 18 of course also understood that relative positions and/or orientations

between any of these may be changed.

[0036] Achieving the difference in incoherent tilt aberration by such geometrical
changes is advantageous in that the amount of tilt can be precisely determined and thus

precisely accounted for in the method according to the present invention.

[0037] According to an embodiment of the invention said difference between said
first tilt and said second tilt is achieved by pertorming a geometrical change of said
source of electromagnetic radiation. This geometrical change may include a change in
position and/or orientation of the source of electromagnetic radiation thereby
achieving that the angle of irradiation of the target is changed. The change in position
may be achieved by a transverse displacement of the source of elecitromagnetic
radiation. For example, the source of electromagnetic radiation may be physically
moved in a plane perpendicular to the optical axis. In vet another embodiment of the
invention, the angle of irradiation of the target is achieved by switching from
irradiating the target by a first source of electromagnetic radiation to irradiating the

target by a second source of electromagnetic radiation.

[0038]  According to an embodiment of the invention said difference between said
first tilt and said second tilt is achieved by performing a geometrical change of said
target. This geometrical change may include a change in position and/or orientation of
the target. The change in position may for example be achieved by a transverse

displacement of the target.

[0039] According to an embodiment of the invention said difference between said
first tilt and said second tilt 1s achieved by performing a geometrical change of said
filter having a degree of attenuation with a continuous derivative. This geometrical
change may include a change in position of the filter, such as a change achieved by a

transverse displacement of the filter.

(00401  According to an erobodirnent of the invention said geometrically changing

comprises changing one or more of angle of irradiation of said target, transverse
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displacement of said first filter and/or said second filter, and transverse displacement

of said target.

[0041] Achieving the difference in incoherent tilt aberration by such geometrical
changes is advantageous in that the amount of tilt can be precisely determined and thus

precisely accounted for in the method according to the present invention.

(00421 According to an embodiment of the invention, said geometrical change
comprises a change in angle of irradiation of said target by said source of
electromaguetic radiation. In other words, the source of electromagnetic radiation may
be displaced, such as transversely displaced, to irradiate the target with
electromagnetic radiation from another angle of incidence. Alternatively, a mirror may

be used to steer irradiation on the target.

[0043] According to an embodiment of the invention, said geometrical change

comprises a transverse displacement of said first and/or said second filter.

[0044] According to an embodiment of the invention, said geometrical change

comprises a transverse displacement of said target.

[0045] By a transverse displacement may be understood a displacement which is

transverse to an optical axis.

[0046] According to an embodiment of the invention said source of electromagnetic
radiation used in capturing said first wavefield iotensity map s a first source of
electromagnetic radiation, wherein said socurce of electromagnetic radiation used in
capturing said second wavetield intensity map is a second source of electromagnetic
radiation, and wherein said second source of electromagnetic radiation ts displaced

with respect to said first source of electromagnetic radiation.

[0047] Thereby is achieved an advantageous way of changing between a first
incoherent tilt aberration and a second incoherent tilt aberration. By having two
sources of electromagnetic radiation which are displaced with respect to each other is

achieved that the angle of irradiation of the target may be changed by switching from
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irradiating from the first source of electromagnetic radiation to irradiating from the

second source of electromagnetic radiation.

[0048] If for example the electromagnetic radiation comprises light emitted from
light sources, the two sources of electromagnetic radiation/light may be individual

LEDs.

[0049] According to an embodiment of the invention said first filter and/or said

second filter is a gaussian filter.

[0050] By a gaussian filter is understood a filter having an attenuation protile which

may be described substantially by a gaussian function, 1.e., a function of the form

(x — b)*

OO =a-ep| -

where @, b, and ¢ are constants, and x is a variable, for example a variable related to

position.

Clearly, a gaussian function has a continuous derivative as the derivative of a gaussian
is the gaussian function itself, which is a continuous function. Thus, an attenuation
profile described by a gaussian function is naturally also an attenuation profile having

a continuous derivative. The gaussian function also has a first-order component, 1.e.

xh .. ; .
= and it is thus a tilt aberration.

[0051] According to an embodiment of the invention said first filter and/or said
second filter is positioned in between said target and said electromagnetic radiation

detector.

[0052] According to an alternative embodiment of the invention, said first filter
and/or said second filter is positioned in between said source of electromagnetic
radiation and said target. When referred to as in between it 1s understood that the
filter(s) are placed in between the target and the electromagnetic radiation detector

along an optical axis.
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[0053] According to an alternative embodiment of the invention, said first filter
and/or said second filter is positions in between said source of electromagnetic

radiation and said target.

[0054] According to an embodiment of the invention said first filter and said second

filter are the same filter.

00551 By the same filter 1s understood that the first filter and the second filter refer
to the exact same physical entity and not just two distinet filters of the same type. It
should be noted that the same physical entity may refer to a discrete filter or it may
refer to a filter inherent in another optical component of an optical system, such as a

fens.

[0056]  According to an embodiment of the invention said first filter and said second

filter are different filters.

[0057] By different filters is understood that the first filter and the second filter refer
to two distinct physical entities, however it does not exclude that the two filters are not
simtlar. In fact, the filters may be identical with respect to type, optical properties, and

dimensions.

[0058] According to an embodiment of the invention said step of retrieving said

phase gradient involves using the following term

logll; (1, y1))—log (F{xy,71))
17121

2

wherein [y (x4, y4) 15 an intensity of said first wave field intensity map at a position
(x;, y1), wherein L,{x,, v,) is an intensity of said second wave field intensity map at
aposition (x4, ¥4 ), and wherein |7y, | is said magnitude of said difference between said

first i1t and said second tilt.

[0059] The above term may be used in determining the transverse phase gradient. It
is noted that the term only forms part of a formula for determining the transverse phase

gradient. In other words, there may be correcting factors applied to the term and
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therefore, the transverse phase gradient may only be proportional with the above term.
However, this does not undermine the importance of the above term which is indeed a

main contribution by the present invention.

[0060] As seen in the denominator of the above term, a magnitude 74,1 is used. This
quantity denotes the magnitude of the difference in incoherent tilt aberration between
the two wavefield intensity map, t.e., magnitude of the difference between the first

incoherent tilt aberration and the second incoherent tilt aberration.

[0061] As seen in the numerator of the above term, a difference of logarithms of

wavefield intensity maps s provided by the term

iog(il (X1, 3’1)) - iﬂg(fz (x4, 3"1))

[0062] As seen in this term a difference is taken between two logarithmic
expressions; a logarithmic expression including a first intensity [; and a logarithmic
expression including a second intensity /,. The first intensity is an intensity of a
position referenced by coordinates x; and y, in the first wavetield intensity map, and
the second intensity is an intensity of a corresponding position also referenced by

coordinates x4 and y; 1o the second wavetield intensity map.

[0063] According to an embodiment of the invention said intensity /; and said
intensity [, are representative of intensities of a corresponding pixel in said first wave

field intensity map and said second wave field intensity maps.

[0064] The method according to the present invention involves determining the
transverse phase gradient on the basis of at least a difference of logarithms of wavefield
intensity maps. Specifically, it is logarithms of intensity values of the respective
wavefield intensity maps that are being used. In this embodiment of the invention, the
first wavefield intensity map and the second wavefield intensity map are of similar
dimensions, 1.e., they may be described as having the same pixel number and pixel
distribution, each pixel being described with a pixel intensity value, or pixel intensity,
or in short intensity. For exarmple, the wavefield intensity maps may both comprise

512x512 pixels, 1024x1024 pixels, 1080x1920 pixels, 2048x20438 pixels, or any other
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number of pixels and pixel distributions. Regardless of the number of pixels and the
pixel distribution, the wavefield intensity maps are similar with respect to these. For
each corresponding pair of pixels I and I the transverse phase gradient i1s determined.
Thereby may be obtained a phase image of the target having the same number of pixel

and pixel distribution as the wavefield intensity maps.

[0065] According to an embodiment of the invention said electromagnetic radiation

detector comprises a camera.

[0066] The electromagnetic radiation detector may comprise a camera which is

suitable for capturing incident light and providing an image representation of the light.

[0067] According to an embodiment of the invention said electromagnetic radiation
detector used for capturing said first wave field intensity map and said electromagnetic
radiation detector used for capturing said second wave field intensity map are the same

electromagnetic radiation detector.

[0068] According to an embodiment of the invention, the method further comprises
a step of producing a transverse phase gradient map on and electronically reproducing

said transverse phase gradient map, such as on an electronic display.

[0069] By a transverse phase gradient map is understood an image depicting

transverse phase gradient.

[0070] According to an embodiment of the invention, said step of determining said
transverse phase gradient may comprise using digital registration of said first

wavefield intensity map and said second wavefield intensity map.

(00711 By digital registration is understood a computer implemented process of
transforming different sets of data into one coordinate system. Specifically, in the
context of the present invention, the first and second wavetield intensity may be
different representations of the target due to the introduction of a change tn incoherent
tilt aberration. It may, depending on the circumstances leading to the two wavefield
intensity maps, be necessary to perform a digital registration to ensure that the

wavefield intensity maps can be properly compared, i.e., it is the correct differences in
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fogarithms of intensity that are made. Tn practice, the digital registration may include
shifting the wavefield intensity maps with respect to each other so that they are in
alignment with respect to common features present in both wave field intensity maps.
This may imply that coordinates {xi,y1) in two different wavefield intensity maps

corresponds to a common feature location on a target.

[0072] According to an embodiment of the invention, said attenuation protile of said

first and second filter has a variable continuous derivative.

[0073] In the context of the present invention, a “variable continuous derivative” of
an attenuation profile is understood in the way that the derivative of the atienuation
profile 1s varying in space, not in time. The derivative of the attenuation profile,
referred to 1n the preceding disclosure, 1s a derivative of the attenuation of the filter
with respect to position. In the present embodiment, that derivative is variable in space,
meaning that the derivative takes on different values in space/position. An example of
an attenuation profile exhibiting such behaviour is an attenuation profile of the
gaussian type. The derivative of a gaussian function with respect to its variable (in this
case the variable is position), is also a gaussian function, and a gaussian function is a
continuous function taking on different values depending on the variable. Thus, the

dertvative of such an attenuation profile exhibits a variable continuous behaviour.

[0074] It should be noted that the variable continuous derivative of the attenuation
profile may not be the same vanable continuous derivate in respect of the first and
second filter as the first and second filters may be different filters according o
embodiments of the present invention. Thus, the present embodiment should generally
be understood 1n that the first and second filters have variable continuous derivatives,
and the attenuation profile {and derivative) of the first and second filters may be

different.

[0075] According to another embodiment of the invention, said atienuation profile

of said first and second filter has a constant continuous derivative.

[0076] In the context of the present invention, a “constant continuous derivative” of

an attenuation profile 15 understood in the way that the derivative of the attenuation
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profile 1s constant in space, not in time. The derivative of the attenuation profile,
referred to in the preceding disclosure, is a derivative of the attenuation of the filter
with respect to position. In the present embodiment, that derivative is constant in space,
meaning that the derivative takes on the same value in space/position. An example of
an attenuation profile exhubiting such behaviour is an attenuation profile of linear type,

as the derivative of a linear function is a constant.

[0077] It should be noted that the constant continuous derivative of the attenuation
profile may not be the same constant continuous derivate in respect of the first and
second filter as the first and second filters may be different filters according to
embodiments of the present invention. Thus, the present embodiment should generally
be understood in that the first and second filters have constant continuous denvatives,
and the attenuation profile {and derivative} of the first and second filters may be

different.

[0078] Another aspect of the present invention relates to an imaging system

comprising;
- a source of electromagnetic radiation;
- an electromagnetic radiation detector:

~ one or more filters having a degree of attenuation with a continuous derivative
positioned between said source of electromagnetic radiation and said electromagnetic

radiation detector;
- a computer processor; and

- a4 memory containing computer-implemented instructions that when carried out by
said computer processor executes the steps of the method according to any of the above

provisions,

wherein said imaging system is configured to be adjustable between a first degree of

tilt and a second degree of tilt.
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[0079] Thereby is provided an imaging system having the same advaotages as
mentioned in relation to the method according to the present invention. Specifically,

an imaging system having at least the following advantages is provided:

[0080] First, the imaging system is versatile and usable in a number of applications
and devices including high-speed quantitative phase contrast imaging of cells and
other biological subjects, ptychographic microscopy, computer imaging devices such
as in cell phone camera (gspecially for refocusing of images), augmented-reality
systems {especially for range finding), and virtual reality video capture systems

{especially depth of field).

[0081] Second, the imaging system operates according to an analytical method and
therefore does not rely on numerical solutions. This makes the imaging system simple

and fast, and thus usable in or for many applications.

[0082] Third, the imaging system does not require prior assumptions regarding the
target of interest/being studied. Thereby ts provided an imaging system which s
potentially much faster and more robust than existing systems for eg, light-field

imaging.

[0083] In an embodiment of the invention, the imaging system may further comprise

additional optical components, such as one or more optical lenses.

[0084] In an embodiment of the invention, the imaging system is implemented in a

microscope for performing microscopy, such as light microscopy.

100851 In an embodiment of the invention, the imaging system is implemented in a

handheld electronic device, such as smart phone.

[0086] In an embodiment of the invention, said one or more filters has an attenuation

profile having a variable continuous derivative.

[0087] In an embodiment of the invention, said one or more filters has an attenuation

profile having a constant continuous derivative.
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[0088] Another aspect of the present invention relates to a computer program product
comprising instructions which, when the program is executed by a computer processor
of an imaging system cause the computer processor to carry out the steps of the method

according to any of the above provisions.

[0089] Thereby is provided a computer program product {e.g., a piece of computer
software} which when executed by a computer processor achieves the same advantages

as the method according to the present invention.

[0090] Anocther aspect of the present invention relates to a use of the method
according to any of the above provisions or the imaging system according to any of

the above provisions for contrast enhancement and/or digital refocusing.

[0091] According to other embodiments of the invention, the method and the
imaging system according to the invention may be used for refocusing, contrast

enhancement and/or 3D reconstruction.
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The drawings

[0092] Various embodiments of the invention will in the following be described with

reference to the drawings where

fig. 1 illustrates an overview of a method according to embodiments of the present

invention,

fig. 2 illustrates an optical system and inducement of incoherent tilt aberration therein,

according to an embodiment of the present invention,

fig. 3 illustrates an optical system and inducement of incoherent tilt aberration therein,

according to another embodiment of the present invention,

fig. 4 tllustrates an optical system and inducement of inccoherent tilt aberration therein,

according to another embodiment of the present invention,

fig. S illustrates an optical system and inducement of incoherent tilt aberration therein,

according to another embodiment of the present invention,

fig. 6 illustrates an optical system and inducement of incoherent tilt aberration therein,

according to another embodiment of the present invention,

fig. 7 illustrates an imaging system according to an embodiment of the present

invention, and

fig. 8 illustrates a transverse phase gradient map obtained in accordance with a method

of the present invention.
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Detailed description

[0093] Fig 1 illustrates an overview of a method according to embodiments of the

present invention. The method comprises three steps §1-83.

[0094] The firststep S1 comprises capturing at a first incoherent tilt aberration a first
wave field intensity map 1 of a target 4 at a first degree of incoherent tilt aberration,
using a filter 5 having an attenuation profile with a continuous derivative positioned
between a source of electromagnetic radiation 6 and an electromagnetic radiation

detector 7 capturing the first wave field intensity map 1.

[0095] The second step S2 comprises capturing at a second incoherent tilt aberration
a second wave field intensity map 2 of a target 4 at a second degree of incoherent tilt
aberration, using a filter 5 having an attenuation profile with a continuous derivative
positioned between a source of electromagnetic radiation 6 and an electromagnetic

radiation detector 7 capturing the second wave field intensity map 2.

[0096] The third step S3 comprises using the captured first wave field intensity map
I and the captured second wave field intensity map 2 to determineg a transverse phase
gradient. The two captured wavefield intensity maps are compared point by point {or
pixel by pixel} and the intensities at corresponding ponts/pixels on the two wave field
intensity maps are specifically used to obtain a transverse phase gradient at that
point/pixel. The transverse phase gradient is determined by taking a difference of
logarithms of the intensities and dividing by a magnitude of a difference between the
first incoherent tilt aberration and the second incoherent tilt aberration. Thereby a
transverse phase gradient map 3 may be obtained on the basis of the two wavefield

intensity maps.

[0097] It 1s noted that fig. 1 only serves to conceptually illustrate the underlying
workings of a method according to embodiments of the present invention, and the
presentation of the features on the figure is only illustrative of the functionality of the
features and thus non-limiting to the scope of protection as defined in the claims. For
example, although illustrated as a light bulb, the source of electromagnetic radiation 6

18 not limtted to a light bulb, and other sources of electromagnetic radiation may also



WO 2023/165667 PCT/DK2023/050032

N

10

20

be contemplated by this term. The target 4 is conceptually illustrated (as an abstraction

of a target), and any kind of target may indeed be contemplated by this term.

[0098] Figs. 2a-b illustrates two instances of an optical system according to an
embodiment of the invention that is suitable for carrying out the method according to

embodiments of the present invention,

(00991 To fig 2ais shown a source of electromagnetic radiation 6 which is a source
of hight However, in other embodiments of the invention, the source of
electromagnetic radiation 6 may be other sources of electromagnetic radiation than a
light source. The light source ¢ illuminates a target 4 which in the present embodiment
is a sample to be iovestigated. Examples of such samples may be biological samples
which tend to be nearly transparent, making them difficult to image using conventional
microscopes. Light scattered off the target 4 is collected by an objective lens 8 and
passes through a filter 5. The filter 5 is characterized by having an attenuation profile
where the derivative of the attenuation profile with respect to position is continuous
within a working area of the filter. In this example the filter 5 is a gaussian filter,
however, in other embodiments of the invention, the filter may be described by any
other attenuation profile also characterized by having a continuous derivative with
respect to position within the working area of the filter. The light exiting the filter 5 is
coliected in a tube lens 9 and directed towards an electromagnetic radiation detector 7.
The electromagnetic radiation detector 7 in this embodiment comprises a CCD
{Charged Coupled Device) and is able to image the light striking the detector. Thereby,
the electromagnetic radiation detector 7 is capable of capturing a wavefield intensity

map.

[0100] To better illustrate the method according to the present invention, the
electromagnetic radiation detector 7 captures the first wavefield intensity map 1 in the

system setup shown in fig. 2a.

[0101] Infig 2b is shown the same optical system as in fig. Za, however the filter 5
has been displaced transversely (in the x-y plane defined by the arrows in fig. 2b) with

respect to the optical axis 10. In this specific example, shown in fig. 2b, the filter 5 has
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been transversely displaced in the y-direction with respect to the optical axis (z-
direction, see also fig. 2b). The effect of the transverse displacement of the filter 5 1s
that a change in incoherent tilt aberration is induced, from a first incoherent tilt
aberration at the instance shown in fig. 2a to second incoherent tilt aberration at the
instance shown in fig. 2b. The electromagnetic radiation detector 7 may then capture
the second wavefield intensity map 2 using the configuration of the filter S as shown

in fig. Zb.

[0102] Thereby is captured two different wave field intensity maps (1 and 2}, each
associated with a specific incoherent tilt aberration and thus a specific incoherent tilt
aberration. By utilizing the step S3 shown in fig 1, it is possible to determine
transverse phase gradient(s) using the wavefield intensity maps captured in the

instances shown in fig. 2a-b.

[0103] Although fig. 2b illustrates a transverse displacement in the y-direction, it is
noted that any transverse displacement in the transverse plane (x-y} may be used to

induce a change in incoherent tilt aberration.

[0104] Figs. 3a-b tllustrate two instances of an optical system according to another
embodiment of the invention that is suitable for carrying out the method according to

embodiments of the present invention.

[0105] In fig. 3ais shown an optical system similar to the system shown in fig. 2a.
The electromagnetic radiation detector 7 is equally able to capture a first wavefield

intensity map 1.

[0106] In fig. 3b is shown the same optical system as in fig. 3a, however, the target
4 has been displaced transversely (in the x-y plane defined by the arrows in fig. 3b)
with respect to the optical axis 10. In this specific example, shown in fig. 3b, the target
4 has been transversely displaced in the y-direction with respect to the optical axis (z-
direction, see also fig. 3b). The effect of the transverse displacement of the target 4 is
that a change in incoherent tilt aberration is induced, fror a first incoherent tit
aberration at the instance shown in fig. 3a to second incoherent tilt aberration at the

instance shown in fig. 3b. The electroragnetic radiation detector 7 may then capture
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the second wavefield intensity map 2 using the contfiguration of the target 4 as shown

in fig. 3b.

[0107] Thereby ts captured two different wave field intensity maps (1 and 2), each
associated with a specific incoherent tilt aberration and thus a specific incoherent tilt
aberration. By utilizing the step S3 shown in fig. 1, it is possible to determine
transverse phase gradient(s) using the wavefield intensity maps captured in the
instances shown in fig. 3a-b. The step S3 may be implemented as a digital registration

step.

[0108] Although figs. 3a-b show that a change in incoherent tilt aberration may be
induced by transverse displacement of the target 4, it must be noted that the change in
incoherent tilt aberration may also be induced by rotation of the target 4 in the x-y
plane, i.¢, by rotation in a plane which is transverse, orthogonal to the optical axis (or

Z-2X1$).

[0109] Figs. 4a-b illustrate two instances of an optical system according to yet
another embodiment of the invention that is suitable for carrying out the method

according to embodiments of the present tnvention.

[0110] In fig 4ais shown an optical system similar to the system shown 1n figs. 2a
and 3a. The electromagnetic radiation detector 7 is equally able to capture a first

wavefield itensity map 1.

[0111] Infig 4b is shown the same optical systern as in fig. 4a, however, the source
of electromagnetic radiation 6 has been displaced transversely (in the x-y plane defined
by the arrows in fig. 4b) with respect to the optical axis 10 In this specific example,
shown in fig. 4b, the source of electromagnetic radiation 6 has been transversely
displaced in the y-direction with respect to the optical axas (z-direction, see also fig.
4b). The effect of the transverse displacement of the source of electromagnetic
radiation 6 is that a change in incoherent tilt aberration is induced, from a first
incoherent tilt aberration at the instance shown in fig 4a to second incoherent tiit

aberration at the instance shown in fig. 4b. The electromagnetic radiation detector 7
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may then capture the second wavefield intensity map 2 using the configuration of the

source of electromagnetic radiation as shown in fig. 4b.

[0112] Thereby is captured two different wave field intensity maps (1 and 2}, each
associated with a specific incoherent tilt aberration and thus a specific incoherent tilt
aberration. By utilizing the step S3 shown in fig. 1, it is possible to determine
transverse phase gradient(s) using the wavefield intensity maps captured in the

instances shown in fig. 4a-b.

{01131 Although figs. 4a-b show that a change in incoherent tilt aberration may be
induced by transverse displacement of the source of electromagnetic radiation 0, it
must be noted that the change in incoherent tilt aberration may also be induced by

changing an angle of illumination of the target 4.

[0114] Figs. Sa-b illustrate two instances of an optical system according to yet
another embodiment of the invention that is suitable for carrving out the method

according to embodiments of the present invention.

[0115] In fig. S5a1s shown two sources of electromagnetic radiation 6. a first source
of electromagnetic radiation 5 (upper source & in fig. Sa), and a second source of
electromagnetic radiation 6 (lower source 6 in fig. 5a). Furthermore, the figure shows
two filters 5: a first filter 5 (upper filter in fig. 5a), and a second filter 5 (lower filter in
fig. Sa). Each of the first and second filters 5 is characterized by having an attenuation
profile having a continucus derivative with respect to position, similar to the filters
shown in figs. 2a-4b. As seen in the figure, the first and second filter S are placed in
between the target 4 and the first and second source of electromagnetic radiation 6
respectively. The remaining parts of the setup show in fig. 5a on the right-hand side of

the target 4 are like the setups shown in fig. 2a, fig. 3a, and fig. 4a.

[0116] The electromagnetic radiation detector 7 ts able to capture a first wavefield

intensity map 1 in the configuration shown in fig. 5a.

[0117] In fig. 5b is shown the same optical setup as in fig. 5a, however, now the

electromagnetic radiation 1s provided by the second source of electromagnetic
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radiation O rather than the first source of electromaguetic radiation 6, and the
electromagnetic radiation irradiates the target 4 through the second filter 5. The
electromagnetic radiation detector 7 may then capture the second wavefield intensity

map 2 using the configuration as shown in fig. Sb.

[0118] Thereby is captured two different wave field intensity maps (1 and 2), each
associated with a specific incoherent tilt aberration and thus a specific incoherent tilt
aberration. By utilizing the step 83 shown in fig. 1, it is possible to determine
transverse phase gradient(s) using the wavefield intensity maps captured in the

instances shown in fig. 5a-b.

[0119] This embodiment clearly shows a possible route to changing the angle of the
electromagnetic radiation incident on the target 4, and thereby also the incoherent tilt
aberration, namely by switching from a first source of electromagnetic radiation 6 to a
second (and relatively displaced) scurce of electromagnetic radiation 6. If the
electromagnetic radiation is light, the sources 6 could be individual light sources of an

LED board.

[0120] Figs. 6a-b ilustrate two instances of an optical system according to yet
another embodiment of the invention that is suitable for carrving out the method
according to embodiments of the present invention. The embodiment s similar to the
embodiment shown in figs. 5a-b, however instead of two filters 5 arranged between
the sources of electromagnetic radiation 6 and the target 4, a single filter S is arranged
in between the objective lens § and the tube lens 9. Different incoherent tilt aberrations
may still be achieved in the wavefield intensity maps by changing between irradiating
the target 4 by the first source of electromagnetic radiation 6 and irradiating the target

4 by the second source of electromagnetic radiation 6.

[0121] Fig 7 illustrates an imaging system 11 according to an embodiment of the
present invention. In this embodiment of the invention, the optical system of the
imaging system 11 is illustrated as a light microscope, however, according to other
embodiments of the 1nvention the imaging systemy 11 may take on other forms, such

as handheld electronic devices such as a smartphone.
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[0122] As seen in the figure there 1s one source of electromaguetic radiation 6, which
in this embodiment takes on the form of an LED, and the LED is positioned such that
it illuminates a target 4, received in the light microscope, from underneath. The target
4 may for example comprise a biological sample, such as cells, which may be difficult
to observe using conventional light microscopy. Above the target 4 are the optics of
the microscope which includes an objective lens 8, a tube lens 9, and a filter 5. The
filter 5 is characterized by having an attenuation profile with a continucus derivative
with respect to position. The filter 5 is configured to be translated in a plane (indicated
by x- and-y directions in figure} perpendicular to the optical axis 10 to facilitate
changes of incoherent tilt aberration. The filter 5, which may be a gaussian filter, s
positioned in the infinity plane, i.e, between the objective lens 8 and the tube lens 9.
As seen, the optical components: objective lens 8, tube lens 9, and filter S are arranged
along the common optical axis 10. At the top of the light microscope is an
electromagnetic radiation detector 7 configured to detect light scattered by the target

4 and collected through the optics of the light microscope.

{01231 Comparing fig. 7 to fig. 6, it ts evident that the embodiment of fig. 7 may be
regarded as a specific implementation of the embodiment of fig. 2, and therefore the
imaging system 11 of fig. 7 is also capable of carrying out the steps 81-83 of the

method explained in relation to fig. 1.

[0124] The electromagnetic radiation detector 7 is communicatively associated with
a computer processing arrangement 12, such as a personal computer. The computer
processing arrangement 12 comprises a memory 14 which may store a computer
program product comprising computer readable instructions that when executed by the
computer processor 13 of the computer processing arrangement 12 causes the imaging
system 11 to carry out the steps 81-53 of the method explained in relation to fig. 1.
The computer program product is loaded into the memory 14, however according to
an alternative embodiment of the invention, the computer program product may
already be pre-stored on a mernory 14 which is insertable to the computer processing

arrangement 12.
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[0125] The computer processing arrangernent 12 is furthermore communicatively
associated with a screen 15 for displaying a transverse phase gradient map 3, eg., a
phase image. In this embodiment the display 15 is illustrated as a desktop screen,
however this is not illustrative of the only possible type of display 15, and other types
of displays are indeed conceivable according to other embodiments of the invention.
For example, the display 15 may be a display of a smartphone (not shown in the

figures).

[0126] Although the computer processor 13 is shown together with a light
microscope and a display (in the form of a desktop screen) this is not illustrative of the
only possible configuration of the imaging system 11, and other implementations of
the imaging system 11 are indeed conceivable according to other embodiments of the
invention. For example, the imaging system 11 may form part of a smartphone (not

shown in the figures).

[0127] Fig 8 illustrates actual results obtained by a method according to the present
invention using a microscope. Two wave-tield intensity maps have been captured; a
first wave tield intensity map 1 and a second wave field intensity map 2. The wavefield
intensity maps are each accompanied by an intensity from 0 to 4096. A scale bar of
length 40 micrometers is shown next to the wavefield intensity maps. Each of the wave
field 1ntensity maps, or 1mages, depicts the same clusters of human red blood cells
under a 20X magnification. The first and second wave field intensity maps are obtained
with opposing incoherent tilt aberrations corresponding to a +/-1.5 mm shift of a
Gaussian filter placed in the infinity plane of the microscope (i.e, between the

objective lens and relay/tube lens 9 (not shown on figure).

[0128] Fig 8 also illustrates a transverse phase gradient map 3 which has been
obtained on the basts of the first wave field intensity map 1 and the second wave field
intensity map 2 using the method according to the present invention. Alongside the
transverse phase gradient roap 3 {or transverse phase gradient image) 1s shown a
scalebar indicating the value of the transverse phase gradient, in units of
radians/micrometer, ranging from -pi/4 to pi/4. The transverse phase gradient map

shows as clear phase gradient contrast from the particles. This can either be used as-is
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as an additional contrast mechanism, or numerically integrated to determine a phase

image, and therefore the complex wavefield (allowing e.g., refocusing).

[0129] List of reference signs:

1 First wave field intensity map

2 Second wave field intensity map

3 Transverse phase gradient map

4 Target

5 Filter

§) Source of electromagnetic radiation
7 Electromagnetic radiation detector
& Objective lens

9 Tube lens

10 Optical axis

It Imaging system

12 Computer processing arrangement
13 Computer processor

14 Memory

s Display

$1-53 Method steps
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Clatms

1. A method for obtaining a transverse phase gradient of a wave field trom at least a
first wavetield intensity map (1) and a second wave fileld intensity map (2), said

method comprising the steps of’

- capturing at a first incoherent tilt aberration said first wave field intensity map
(1) of atarget (4), using a first flter (5) having an attenuation profile with a continuous
derivative positioned between a source of electromagnetic radiation (6} and an

electromaguetic radiation detector (7) capturing said first wave field intensity roap (1),

- capturing at a second incoherent tilt aberration said second wave field intensity
map (2} of said target (4), using a second filter (5} having an attenuation profile with
a continuous derivative positioned between a source of electromaguetic radiation and
an electromagnetic radiation detector capturing said second wave field intensity map,
wherein said second incoherent tilt aberration 1s different from said first incoherent tilt

aberration,

- determining said transverse phase gradient on the basis of at least a ditference of
logarithms of wavefield intensity maps divided by the magnitude of the difference

between said first incoherent tilt aberration and said second incoherent tift aberration.

~

2. The method according to claim 1, wherein said difference between said first
incoherent tilt aberration and said second incoherent tilt aberration is achieved by
geometrically changing one or more of said source of electromagnetic radiation, said

target, and said first filter and/or said second filter.

3. The method according to claim 2, wherein said geometrically changing comprises
changing one or more of angle of irradiation of said target, transverse displacement of

said first filter and/or said second filter, and transverse displacement of said target.

4. The method according to claim 1, wherein said source of electromagnetic radiation
used in capturing said first wavefield intensity map is a first source of electromagnetic
radiation, wherein said source of electromagnetic radiation used in capturing said

second wavefield intensity map is a second source of electromagnetic radiation, and
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wherein said second source of electromagnetic radiation s displaced with respect to

said first source of electromagnetic radiation.

5. The method according to any of the preceding claims, wherein said first filter and/or

said second filter 1s a gaussian filter.

6. The method according to any of the preceding claims, wherein said first filter and/or
said second filter is positioned in between said target and said electromagnetic

radiation detector.

7. The method according to any of the preceding claims, wherein said first filter and

said second filter are the same filter.

3. The method according to any of the claims 1-6, wherein said first filter and said

second filter are different filters.

9. The method according to any of the preceding claims, wherein said step of retrieving

said phase gradient involves using the following term

logll; (1, 1)) ~log (I {xy,y1))
17121

2

wherein (x4, y,) 15 an intensity of said first wave field intensity map at a position
{x1,vy), wherein ,{x;, v1) is an intensity of said second wave field intensity map at
a position (x4, y1), and wherein |7;,1} is said magnitude of said difference between said

first tilt and said second tilt.

10. The method according to claim 9, wherein said intensity /; and said intensity [, are
representative of intensities of a corresponding pixel in said first wave field intensity

map and said second wave field intensity maps.

t1. The method according to any of the preceding claims, wherein said

electromagnetic radiation detector comprises a camera.

12. The method according to any of the preceding claims, wherein said

electromagnetic radiation detector used for capturing said first wave field intensity
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map and said electromagnetic radiation detector used for capturing said second wave

field intensity map are the same electromagunetic radiation detector.

13. The method according to any of the preceding claims, wherein said attenuation

profile of said first and second filter has a variable continuous derivative.

14. The method according to any of the claims 1-12, wherein said attenuation profile

of said first and second filter has a constant continuous derivative.
15, An imnaging system comprising:

- a source of electromagnetic radiation;

~ an electromagnetic radiation detector:

~ one or more filters having a degree of attenuation with a continuous derivative
positioned between said source of electromagnetic radiation and said electromagnetic

radiation detector;
- a computer processor; and

- @ memory containing computer-implemented instructions that when carried out by
said computer processor executes the steps of the method according to any of the

claims 1-14

k2

wherein said imaging system is configured to be adjustable between a first degree of

tilt and a second degree of tilt.

16. The timaging system according to claim 15, wherein said one or more filters has an

attenuation profile having a variable continuous derivative.

17. The imaging system according to claim 15, wherein said one or more filters has

an attenuation profile having a coustant continuous derivative.

18. A computer program product comprising instructions which, when the program is
exgcuted by a computer processor of an timaging system cause the computer processor

to carry out the steps of the method according to any of the claims 1-14.
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19. Use of the method according to any of the claims 1-14 or the imaging system

according to any of the claims 15-17 for conirast enhancement and/or digital

refocusing.
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