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(57) Abstract: Embodiments of the invention provide a method of determining one or
more characteristics of a target object, comprising determining a first phase map for at
least a region of a target object based on radiation directed toward the target object, de-
termining one or more further phase maps for a sub-region of the region of the target ob -
ject, determining a number of phase wraps for the sub-region based on a plurality of phase
maps for the sub-region, and determining a characteristic of the region of the target object
based on the number of phase wraps for sub-region and the first phase map. Embodiments
of the invention also relate to a method of determining one or more characteristics of a tar-
get object, comprising determining a phase map for at least a region of a target object
based on one or more ditfraction patterns, determining a wavefront at a plane of the object
based upon the phase map, and determining a refractive property of the object based on
the wavefront.
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Method and Apparatus for Determining Object Characteristics

Embodiments of the present invention relate to methods and apparatus for

determining one or more characteristics of an object.

Background

It is often desired to determine one or more characteristics of an object. An example
of an object for which it may be desired to determine the characteristics is a contact
lens. It is often desired to determine one or more characteristics of the contact lens,
such thickness and/or optical power of the contact lens. Thickness measurements are
often made using a contact measuring device such as a Rehder-style dial gauge or
following an invasive procedure performed on the lens, such as sectioning. However
prior art methods often have drawbacks such as a requirement to be performed by a
skilled user, and/or the lens to be removed from a native saline environment for

measurement.

It is an object of embodiments of the invention to at least mitigate one or more of the

problems of the prior art.

Summary of the Invention

In particular, although not exclusively, embodiments of the present invention relate to
methods and apparatus for determining properties of an object including one or more

of thickness or refractive power.
The object may be a phase object which is an object which is at least partially
transparent and exhibits a phase structure. However embodiments of the invention are

applicable to at least partially reflective objects.

Brief Description of the Drawings

Embodiments of the invention will now be described by way of example only, with

reference to the accompanying figures, in which:
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Figure 1 shows an apparatus according to an embodiment of the invention;

Figure 2 shows a method according to an embodiment of the invention;

Figure 3 shows a phase map produced by the method of Figure 2;

Figure 4 shows a schematic illustration of an embodiment of the invention;

Figure 5 shows a method according to an embodiment of the invention;

Figure 6 shows an operation of an embodiment of the invention;

Figure 7 shows an operation of an embodiment of the invention;

Figure 8 shows an operation of an embodiment of the invention;

Figure 9 shows a method according to an embodiment of the invention;

Figure 10 shows an operation of an embodiment of the invention; and

Figure 11 shows a method according to a further embodiment of the invention.

Detailed Description of Embodiments of the Invention

Embodiments of the present invention determine one or more characteristics of an
object. Embodiments of the invention will be described with reference to, by way of
an example, determining a thickness of an object. However it will be realised that
other characteristics of the object may be determined. These other characteristics
include refractive index. In a reflection mode of operation, the characteristics include
height and/or material variations. Embodiments of the invention are not limited to

optical radiation. Embodiments of the invention applicable to other types of radiation

2
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may determine magnetic and/or electric fields, sample thickness and mean inner

potential (the volume-average of the electrostatic part of a crystal potential).

Embodiments of the invention will be described with reference to determining the
characteristics of a lens, such as a contact lens, although it will be realised that the
characteristics of other objects may be determined. Such other objects include
aqueous materials, gels, hydro-gels and other essentially transparent materials such as

gels for use with cells such as CyGEL ™ available from Biostatus Ltd.

Figure 1 illustrates an apparatus 100 according to an embodiment of the invention.

The apparatus 100 includes a source (not shown) of radiation 110 which is directed

toward an object 120.

In the example shown in Figure 1, the object 120 comprises a contact lens 121 which
is immersed within a saline solution 123 contained within an object holder in the form
of a cuvette 122. The object 120 is at least partially transparent in that radiation 110
is able to pass through the object 120. However other apparatus may be envisaged
based on Figure 1 which operate in a reflective mode. Whilst embodiments of the
present invention will be described with reference to the object 120 including a
contact lens 121 it will be realised that embodiments of the present invention are not
restricted in this respect and that embodiments of the invention may be used with any
at least partially transparent object to determine one or more characteristics of the
object. Embodiments of the invention aim to determine one or more characteristics of
the contact lens 121. Advantageously, the characteristics of the lens 121 may be

determined whilst the lens 121 1s immersed in the saline solution 123.

Although not shown, the object 120 is mounted upon a translation stage capable of
moving the object 120 in two dimensions. A microscope 130 (or equivalent optical
arrangement) is used to produce a magnified image at an image plane. The
microscope comprises an objective lens 131 arranged above the object 120 and a tube
lens 132. The objective lens 131 may be exchanged to provide different

magnifications and numerical apertures (NA) for the microscope 130, as will be

3
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appreciated. An aperture 140 is positioned in the image plane of the apparatus 100.
In some embodiments of the invention, the aperture 140 defines a “probe” region for a
ptychographic algorithm, as will be explained. A diffuser 150 is arranged
immediately downstream of the aperture 140 to decrease a dynamic range of a
diffraction pattern measured at a detector 170. The detector 170 may be an array or
pixelated detector such as a CCD detector. The diffuser 150 may be arranged as close
as is practical to the aperture 140. Downstream of the diffuser 150 an optional
auxiliary lens 160 is arranged to reduce the phase curvature of the wavefront at the
detector 170 i.e. bring the Fraunhofer plane closer to the aperture 140. The detector
170 is positioned downstream from the auxiliary lens 160 at a known distance from
the aperture 140. Preferably the location of the detector 170 is chosen such that it
coincides with the Fourier plane of the optical system; however this is not essential

for the functioning of the apparatus 100.

The term radiation 110 is understood to be broadly construed as energy from a
radiation source. This will include electromagnetic radiation including X-rays,
emitted particles such as electrons and/or acoustic waves. Radiation also includes
sound waves. In described embodiments, the radiation is light 110 emitted from a
light source (not shown) to illuminate the object 120, although it will be realised that

embodiments of the invention are not limited in this respect.

A method 200 according to an embodiment of the invention which may be associated

with the apparatus 100 of Figure 1 is illustrated in Figure 2.

The method includes a step 210 of determining a phase map over at least a region of
the object 120. The phase map indicates a phase shift introduced into the radiation
110 by the object 120 at each of a plurality of spatial locations within the object. The
spatial locations may be two-dimensional locations indicated by x, y co-ordinates.
Thus ¢(x,y) is a phase shift at the location x, y. It will be appreciated from the use of
X, y co-ordinates that the map is a 2D structure, such as a matrix, which stores phase

values at a plurality of spatial locations.
The phase map may be produced by a coherent diffractive imaging technique such as

a phychographic technique.

4
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WO 2005/106531 by the present Applicant, which is herein incorporated by reference,
discloses a method for providing image data which may be used to construct an image
of an object based on a measured intensity of a plurality of diffraction patterns. This
method is known as a ptychographical iterative engine (PIE). In PIE an iterative
phase-retrieval method is used to determine an estimate of the absorption and phase-
change caused by the object to a wave field as it passes through or is reflected by the
object. This method uses redundancy in the plurality of diffraction patterns to

determine the estimate.

WO 2010/064051 by the present Applicant, which is incorporated herein by reference
for all purposes, discloses an enhanced PIE (¢PIE) method wherein it is not necessary
to know or estimate a probe illumination function. Instead a process is disclosed in
which the probe function is iteratively calculated step by step with a running estimate
of the probe function being utilised to determine running estimates of an object
function associated with a target object. It will be realised that other ptychographical

methods are known which may also be used.

The present Applicant has also disclosed a characteristic determination method in WO
2011/131981 in which two or more wavelengths of radiation are reflected from a
target surface. However this method does not account for “missing wraps”, as will be

appreciated from the following description.

The apparatus shown in Figure 1 may be set up as described in the incorporated PIE
and/or ePIE references. In order to determine the phase map (a spatial map of the
phase shift imparted by the object on transmitted radiation) the object 120 is moved
amongst a plurality of positions relative to the radiation 110, aperture 140 and
detector 170. In some embodiments, such as that described with reference to Figure
1, the object 120 is moved upon the translation stage in x and y directions amongst the
plurality of positions. However it will be realised that in other embodiments the
object 121 may be stationary whilst the radiation 110, aperture 140 and detector 170

are moved relative to the object 120.

5
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As explained in the PIE and ePIE references, an object function O(r) is determined as
a result of an iterative process based upon the diffraction patterns measured at the
plurality of positions. The object function O(r) represents the phase and amplitude
alteration introduced into an incident wave as a result of passing through the object
120 of interest. In the ¢ePIE method, the probe function P(r) may also be determined
alongside the object function O(r). By maintaining a fixed positional relationship
between the radiation 110, aperture 140 and detector 170 any phase curvature present
in the radiation 110 is factored into the probe function P(r) as it is the same at every
probe position. In this way, the phase change induced in the radiation by the object
120 may be determined which results in a better approximation of the object function
O(r). The object function O(r) may be represented as a two-dimensional matrix
wherein each of the matrix positions stores a complex value representing the phase
and modulus transfer function of the object 120 at a spatial location of the object 120.
Thus the object function O(r) can provide the phase map which indicates the phase

change imparted by the object at each spatial location.

In the described example where the object 120 is comprised of one or more additional
components such as the cuvette 122, which support or contain the object desired for
analysis i.e. the contact lens 121, it may be desired to determine the phase shift
imparted by the those additional components, i.e. the cuvette 122, without the lens
121 or saline 123 and to subtract the phase shift imparted by the cuvette 122 as a
background measurement. Embodiments of the invention will be described where the
phase shift imparted by the cuvette 122 has been removed in this way and further
discussion regarding the cuvette 122 will be omitted and the object will be assumed to

comprise the lens 121 and saline solution 123.

It has been noted that as the object becomes closer to a pure phase object, i.e. an
object which only introduces a change in phase and not in amplitude, such as a lens,
particularly where variations only occur at low spatial frequencies, such objects can
represent a challenge for ptychographical methods. During the iterative
reconstruction process of determining the object function O(r) artificial phase vortices
may be introduced which have no physical origin. Once introduced these phase

vortices can offer a sufficiently consistent solution to cause the process to stagnate.
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Embodiments of the present invention include changes to the PIE and ePIE methods

and apparatus referred to above which may minimise this problem.

The auxiliary lens 160 is arranged to cause the detector 170 to be located in, or closer
to, the far field Fraunhofer regime rather than the Fresnel regime. Location of the
detector 170 in the Fresnel regime may introduce an additional phase curvature in the
probe function. An increased likelihood of additional phase vortices exists with the

detector 170 located in the Fresnel regime.

In some embodiments of the invention, diffraction patterns measured at respective
probe positions are gradually introduced into the iterative method to determine the
object function O(r) (the iterative method may also determine the probe function
P(r)). The diffraction patterns may be gradually introduced based upon their position
with respect to the object 121. In some embodiments, diffraction patterns are
introduced generally outward with respect to a centre of the object 121 as the iterative
method progresses. The diffraction patterns may be introduced after one or more
iterations of the ptychographical method are performed with an initial set of
diffraction patterns. Subsequently, further diffraction patterns may be introduced.
For example, the initial set of diffraction patterns may be 100 diffraction patterns,
although it will be realised that other numbers of diffraction patterns may be
considered. The 100 diffraction patterns may be generally centrally located with
respect to the object 121. After a predetermined number of iterations have been
performed, one or more further diffraction patterns may be introduced. The one or
more further diffraction patterns may be generally outwardly located from the initial
set of diffraction patterns. After a predetermined further number of iterations, one or
more still further diffraction patterns may be introduced, and so on. Eventually,
iterations of the method may be performed with all diffraction patterns. It has been
observed that the gradual introduction of diffraction patterns in an outwardly
progressing manner may reduce a probability of obtaining artificial phase vortices in
the reconstruction as the vortices tend to collect at an edge of a central region, thus the
vortices are “‘pushed” outward by the introduction of diffraction patterns in an

outwardly expanding manner as reconstruction progresses.

7
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Figure 3 illustrates a phase map produced by an embodiment of step 210. As noted
previously, the phase map is based on the determined object function O(r). The phase
map produced in step 210 may be denoted as a low resolution phase map, as will be
appreciated from the following description. The low resolution phase map may be
determined using a first wavelength of radiation and a microscope having an
appropriate NA. The first wavelength may be any wavelength at which the refractive
index of the object is known. The first wavelength may be 635nm. The microscope

may have a first NA.

In step 220, a first approximation of one or more characteristics of the object may be
determined. Step 220 is a first approximation of the one or more characteristics since,
as will be explained, due to possible under-sampling of phase wraps introduced by the
object 120, the first approximation may be an underestimate of the characteristic. As
noted above, in the described example, the characteristic of the object to be

determined is the thickness of the object or lens 121.

Contact lenses are manufactured from materials with well characterised and
controlled properties. One material parameter that is particularly carefully controlled
is a refractive index of the lens 121, which may be known to 4 significant figures,
although this is merely exemplary. When the contact lens 121 is immersed in saline
solution 123 the combination will impart a phase shift relative to the phase shift
through an equal thickness of saline, ¢(x,y), on light of wavelength Apassing through

it according to Equation 1

_ 2mt(x, 3’) (nlens - nsaline)

qb(x,y) — y

Equation 1
Where t(x,y) is the thickness of the contact lens 121 along the optical path at spatial
location x,y, and n;.,s and ngyne are refractive indices of the lens 121 and saline

solution 123 respectively.

8
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Given known saline and lens refractive indices, the thickness of the lens 121 may be
calculated at any point based upon the phase shift at that point according to Equation

2:

Ap(x,y)

2T (Niens—MNsaline)

t(x,y) =

Equation 2

However, the phase shift determined from the phase map may be a modulo 27
“wrapped” representation of the phase introduced by the object 121 wherein a phase
shift of ¢ is indistinguishable from a phase shift of ¢ + 2zN where N is an integer. It
may therefore be necessary to unwrap the phase change across the lens 121 to
determine the true phase change introduced by the lens 121. The phase may be
unwrapped by a suitable algorithm, such as that disclosed by Goldstein ez al, Radio
Science, 23, 713-720 (1988) which is herein incorporated by reference. Equation 2

now becomes Equation 3:

A(Pp+27N)

2T(Miens—Nsaline)

Equation 3

where 0 < ¢p < 2m and N is an integer.

For some objects, particularly objects including at least one region where one or more
characteristics of the object, such as thickness, change rapidly the phase map
produced by step 210 will be under-sampled. That is, it will not be possible to
determine the phase of the radiation in this region as there will be more than one

phase wrap per pixel of the detector 170.

In the case of the contact lens 121, the under-sampled region may exist around a
periphery or outer edge of the lens 121 where a thickness of the lens 121 rapidly
decreases. The missing phase-wraps in this areca may lead to an underestimate in the

total thickness of the lens 121.

9
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In some embodiments of step 230 prior knowledge of an expected shape of the object
121 may be used to improve the identification of the under-sampled region. In the
case of the exemplary contact lens 121, the under-sampled region will be expected to
exist around the periphery of the lens 121. The periphery of the lens 121 may be
determined by a shape-fitting algorithm. A geometric centre of the lens 121 and a
diameter of the lens 121 may be determined from the modulus of the object function.
The under-sampled region may be denoted as a dark region present in an image of the
modulus, such as a dark ring around the periphery of the lens 121. The dark region is
caused by the steep gradient in the thickness of the lens 121 causing light to fall
outside of the NA of the apparatus 100 optics. Where the phase gradient G:

2nTNA

G >
A

Equation 4
then the region may be under-sampled.

The determination of the centre and diameter may be performed by fitting a shape,
such as a circle or ellipse, to the modulus image using a least squares fitting

technique.

In some embodiments, the determination of the under-sampled region may be
enhanced by Fourier low-pass filtering the complex object function. This may be
achieved by truncating a Fourier transform of the complex image and then applying

an inverse Fourler transform.

In embodiments where it is desired to display an image of the object 121 the phase
map outside of the periphery lens 121, i.e. beyond the dark ring, may be set to 0 in

order to eliminate noise outside of the periphery of the lens 121 from the display.

As a result of step 230 one or more regions whose phase is under-sampled are
identified. As explained above, for a contact lens 121 the under-sampled region is

around the periphery of the lens 121.

10
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To ameliorate the under-sampling problem, in step 240 at least one further phase map
is produced. In embodiments of the invention the further phase map is produced for a
sub-region of the object. The sub-region at least partially intersects the under-
sampled region identified in step 230. However in some embodiments the at least one
further phase map may be for cover the whole of the region of the first phase map.
The at least one further phase map is determined using radiation having a different
wavelength from that used to determine the wavelength in step 210. However, in
some embodiments where the further sub-maps are determined at a higher resolution
than the phase map determined in step 210, radiation having the same wavelength as
used in step 210 may be used to determine one of the further phase maps for the sub-
region. It will be realised that one or more further sub-maps may be produced for a

plurality of sub-regions of the object 121.

An embodiment of the invention will be described where a plurality of high resolution
phase sub-maps are determined for at least some of the under-sampled region 420
using a plurality of different wavelengths of illumination. In some embodiments, two
phase sub-maps are determined using two different wavelengths of illumination,
although it will be realised that further wavelengths may be used to determine further
sub-maps. The sub-maps are considered to be “high resolution” due to their
determination using a higher magnification and numerical aperture (NA) detection
configuration than the phase map determined in step 210. The high NA arrangement
may be achieved by replacing the microscope objective lens 131. In this sense the
phase map produced in step 210 is considered to be “low resolution”. However it will
be realised that the relative resolution of the phase maps is optional i.e. all phase
maps may be produced at the same resolution using optics of the same magnification

and NA.

Figure 4 illustrates a contact lens 121 in relation to a low resolution region 410 for
which the low resolution phase map is determined in step 210, an under-sampled
region of under-sampled phase 420 (identified in black) and a region 431 for which at
least one high-resolution phase sub-map is produced. It will be realised that the phase
sub-map(s) may be produced for one or more i.c. a plurality of regions of the object

121. It will be noted that further regions may be sampled at high resolution using

11
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multiple wavelengths, such as those indicated in Figure 4 without reference numerals.

The regions may or may not intersect the under-sampled region 420.

In the exemplary embodiment described two further phase sub-maps will be produced
5  for the region 431. In some embodiments more than two further phase sub-maps are

produced for the region 431.

The phase sub-maps 431 are cach determined based upon a different radiation
wavelength such that they can be combined to eliminate the phase ambiguity for the

10  phase map determined step 210. For a given wavelength A,,1,,..., 4, the phase shift
introduced by the lens 121 is given by Equations 5a-c:

2mt (nlens - nsaline)
A4

¢1 + 27TN1 =

Eqn. 5a
¢2 4 27TN2 _ 2”t(nlens — nsaline)
A,
15 Eqn. 5b
(.bn 4 ann _ 27Tt(nlens _ nsaline)
An
Eqn. 5c¢

Assuming that the saline and lens refractive indices are either known or constant for
cach wavelength, the above equations form a set of simultancous equations such that

20  the synthetic thickness t; may be determined as:

A(p1+2mNy) A (pa+2mNy)  Ap(Ppp+2mNy)

2T (Niens—MNsaline) 2t (Niens—Nsaline) 2T (Miens—Nsaline)

S

Eqn. 6
25

12
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Solving the simultancous Equation 6 will provide ratios for the various integer N,
values. In most cases, two wavelengths with suitably chosen different wavelengths
(e.g. 635 and 675nm) provide sufficient unambiguous range for contact lens 121
measurement applications. However the wavelengths may be chosen suitable for the

object of interest.

For two wavelengths, a synthetic wavelength A; can be defined as a solution to Eqn.

6:

_ AsPs
tS -
2 (Niens—MNsaline)
Eqn. 7a
Where:
A _ 3'1)'2
s =T —
|A2— 24l
Eqn. 7b
and the synthetic phase ¢y is given by:
s = o1 — P2
Eqn. 7c

Thus, in some embodiments of step 240 an object function O(r) is determined for
region 431 at each of the plurality wavelengths. Based on each of the object functions
the high resolution phase sub-maps may be determined for the respective

wavelengths.

In step 250 the phase sub-maps are combined. Various sub-steps forming step 250

are illustrated in more detail in Figure 5.

In step 251 a mean phase profile of the lens in the respective region 431 is determined
at ecach wavelength. In this sense, the profile is a one dimensional structure indicating

phase against linear distance.

13
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Figure 6(a) schematically illustrates in plan-view a first region 431 subject to phase

sub-mapping in relation to the contact lens’ 121 edge.

As previously explained, the region 431 may extend across an edge of the lens 121
where a rapid change in lens thickness occurs. Average phase values are determined
for spatial locations parallel to the edge of the lens 121. Figure 6 illustrates with
dotted lines first 610 and second 620 rows of phase data points parallel to the lens 121
edge. The phase values in each of the first and second rows 610, 620 are averaged to
produce an average phase value at a respective distance from the lens edge 121.
Whilst first and second rows 610 620 are shown it is realised that this is merely
exemplary and that further average phase values may be determined. In some
embodiments, an average phase value may be determined for each row of phase
values present in the matrix storing the object function inwardly extending from the
edge of the lens 121 i.e. parallel to the line A-A. A mean phase profile for the region

431 is determined at cach wavelength.

It will be appreciated that each wavelength will have a different data point spacing as

the spacing is a function of radiation wavelength in a ptychographic method.

The mean phase profiles determined in step 251 are unwrapped in step 252. The

unwrapping may be performed as previously in step 210.

In step 253 a background phase gradient is removed from each respective phase
profile. The phase profile for each wavelength is determined based upon phase values
parallel to the lens edge, which may be generally transverse to an elongate orientation
of the region 431, any background phase gradient i.c. from outside the lens 121 may
affect the mean phase profile. In order to remove the background phase gradient, a
region 630 outside of the periphery of the lens 121 is selected. The region 630 may
be a row of phase values parallel to the lens 121 edge. A phase gradient for each
wavelength is determined by taking a linear fit to the unwrapped phase in the region
630 outside the lens 121 edge. Determining the phase gradient in the region 630
beyond the periphery of the lens 121 is preferable to performing, for example, a
background scan of the cuvette 122 as the position at which the phase gradient is

determined may vary with the size and shape of the object 121.
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In step 254 a thickness profile at each wavelength is determined. The thickness
profile is determined based upon the phase profile output from step 253 and Equation
2.

Figure 6(b) illustrates an example schematic thickness profile 640 of the region 431

shown in Figure 6(a) along the line A-A which intersects the lens 121.

As can be appreciated, the thickness profile 640 through the lens 121 shown in Figure
6(b) may be divided into three regions. A first region 641 intersects a generally
convex interior portion of the lens 121 within the lens’ edge; a second region 642
intersects the edge of the lens 121 wherein the thickness of the lens rapidly decreases;
and a third region 643 is external to the lens’ edge. It may be assumed that the
thickness profile at each wavelength for the first region 641 is consistent since the
thickness of the lens’ interior does not vary significantly and therefore phase
wrapping does not pose a significant problem for this region 641. However for the
second region 642 intersecting the edge of the lens 121 where the lens’ thickness
varies significantly, a number of phase wraps may be missing or underestimated,

which would lead to an underestimate in the lens’ thickness.

In step 255 the thickness profiles at each wavelength are aligned. In some
embodiments of step 255 one of the thickness profiles is selected as a reference
profile to which the other thickness profiles are aligned. For example, the thickness
profile determined at the first wavelength may be the reference profile, to which the
thickness profile determined at the second wavelength is aligned. It will be realised
that in some embodiments the thickness profiles at more than one wavelength may be
aligned to the reference profile. In order to align the profiles, a region of the
reference profile is selected as a reference region. In this exemplary embodiment, the
reference region of the lens 121 is chosen to be the first region 641 interior to the lens’
edge which is expected to be relatively consistent between all thickness profiles as it
contains no undersampled data. However it will be realised that for other objects an
appropriate reference region may be selected. The reference region(s) 651 of the at
least one further thickness profile(s) 650 at respective different wavelengths are then

aligned 255 to the reference region 641 of the reference profile 640. In order to align
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the profiles 640, 650, the at least one further thickness profile(s) may be shifted
laterally i.e. spatially moved and a thickness offset may be added (or subtracted) in
order to find a best match to the reference profile. It will be noted that whilst the
position values in the at least one further thickness profile(s) 650 may be changed to
find the best match to the reference profile, the original phase values at cach spatial

position or data point are preserved.

In step 256 the plurality of aligned thickness profiles are matched such that a synthetic
phase profile may be determined, as explained previously with reference to Equations
7a-7c. In some embodiments of step 256, matching the plurality of thickness profiles
may include truncating one or more of the profiles. In this sense, truncating means to
remove any data points which extend beyond the range of data points in the other
profiles. For example, as a result of the alignment performed in step 255, one or more
of the profiles 651 spatially shifted with respect to the reference profile may include
data points at positions which extend beyond that of the reference profile 641. These
“overhanging” data points may be truncated i.e. removed in step 256 such that all of
the profiles have the same spatial range of data points. In some embodiments, step
256 comprises interpolating the data points in one or more profiles such that each
profile includes data points at the same spatial positions. As previously explained, the
data point spacing in each profile may differ due to the different wavelength for each
profile. Therefore the data points in one or more profiles may be interpolated such
that cach profile has spatially aligned data points. In some embodiments, the data
points for the one or more further profiles 651 may be interpolated to match the data

point positions of the reference profile 641.

In step 257 synthetic attributes are determined based upon the profiles determined in
step 256. In some embodiments, the synthetic attributes are a synthetic phase and

synthetic wavelength. As explained previously with reference to Equations 7b and
7c, the synthetic wavelength A may be determined between the wavelengths of

radiation used for each of the sub-maps and the synthetic phase g may be

determined between the phase values at each spatial location for each of the respective

phase profiles.
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In step 258 a synthetic thickness £ of the lens 121 may be determined. The synthetic
thickness is determined based upon the synthetic wavelength and phase profile
determined in step 257. A synthetic thickness profile may be determined or the

synthetic thickness at one or a plurality of points may be determined.

In some embodiments, step 258 contains a validity check to ensure that the
determined thickness is valid. Since the thickness gradient at the edge of the lens 121
is relatively steep, and due to the possible presence of noise in the measured data, the
determination of thickness based upon the synthetic attributes in step 257 may still
result in a missing wrap. The validity check may include comparing the determined
thickness against one or more predetermined criteria. The predetermined criteria may

be based upon the thickness determined in step 220.

In some embodiments, the synthetic thickness determined in step 258 is checked
against the thickness of the lens 121 determined in step 220 to ensure that the
synthetic thickness is greater. It will be recalled that for the thickness determined in
step 220 the potential problem was missing phase wraps, thus the synthetic thickness

should be equal to or greater than the thickness determined in step 220.

In some embodiments, step 258 optionally further includes checking that the synthetic

thickness is within a predetermined tolerance of the thickness determined in step 220.
In some embodiments, the tolerance is less than 27Tt i.e. one wrap at the synthetic

wavelength from the thickness determined in step 220. If the synthetic thickness is
greater than one synthetic thickness wrap from the thickness determined in step 220

then the synthetic thickness may be inaccurate.

In step 259 a number of missing phase wraps is determined. Step 259 comprises
determining the number of missing wraps for two or more of the phase sub-maps at
the different wavelengths. In the example embodiment step 259 comprises
determining the number of phase wraps for each of the two wavelength phase profiles.
Step 259 comprises determining a number of complete phase wraps for an interior of

the lens 121 i.e. for the first region 641. The number of complete phase wraps is
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compared against the phase profiles at each of the plurality of wavelengths to

determine the number of missing wraps comprised in each profile.

In some embodiments, step 259 contains a validity check to ensure that the
determined number of missing phase wraps is valid. The consistency check may be
advantageous since noise present in the synthetic phase may be comparable to one

phase wrap of the wavelength used in step 210.

The validity check in step 259 may comprise comparing the number of missing wraps
in each wavelength phase profile. Initially, the number of missing wraps in each
phase profile is allowed to vary by £2 wraps. Any combination of numbers of
missing wraps which results in one of the phase maps having a negative number of
missing wraps is ignored. For each possible combination of numbers of missing
wraps at cach wavelength, the calculated thickness values are compared. The
combination of values of missing wraps which provides the most consistent thickness
value amongst the plurality of wavelengths is selected as the correct number of
missing wraps. That is, the combination of missing wraps for the plurality of
wavelengths which results in a lowest difference in thickness values amongst the
plurality of wavelengths is determined to be the correct number of missing phase

wraps.

The determined number of missing phase wraps is added to one of the phase profiles
such as the unwrapped reference phase profile to provide an accurate measure of the

thickness of the lens 121.

Returning to Figure 2, step 260 comprises determining a characteristic of the lens 121.
In the described example, the characteristic is the thickness of the lens 121. In order
to determine the thickness of the lens 121 accurately even in the presence of phase
wraps which may lead to an underestimate in the thickness. In step 260 a thickness of
a point in the reference phase profile resulting from step 259 is compared against the
thickness of the lens 121 determined at the corresponding point in step 220. A
difference between the two thicknesses is determined. If phase wraps are missing

from the phase map determined in step 210 then the thickness determined in step 220
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will be expected to be less than the thickness at the corresponding point of the
reference profile. The thickness difference is added to the whole of the lens thickness
map determined in step 220 to correct for the underestimate resulting from missing
phase wraps. Once the underestimate in thickness difference has been added to the
thickness map determined in step 220, this thickness map may be used to determine
the thickness of the lens 121 at any point. For example, a representation of the lens
121 thickness may be displayed on a display or the thickness map may be compared
against an expected thickness map i.e. based on a design for the lens 121, such that

quality a control measure can be implemented.

A cross section of an object may be produced by embodiments of the invention from
the thickness map produced in step 260. In the case that a phase sub-map has been
produced for only one region 431 of the object, such as an edge region of the lens 121,
the cross section may be produced in one embodiment by assuming that the opposing
edge region has the same profile. However a more accurate cross section may be
produced based upon high resolution phase sub-maps 431 of opposing edges, as

shown in Figure 7 and the thickness map resulting from step 260.

It may also be desired to determine a cross section of the object at other radial
positions i.e. not interposing the high resolution sub-maps 431, 432. Further

cross-sections may be determined using the map produced in step 260.

In order to produce a further cross section of the object 121, a pair of further low
resolution sub-maps 710, 720 spanning the region of phase under-sampling i.e. the
edge region of the lens 121 are recorded. A location of each of these sub-maps, i.c.
with respect to the object 121, is recorded. The phase of cach of these sub-maps may
be unwrapped as explained previously with reference to step 220 to produce a phase
profile of each region 710, 720. Based on the unwrapped phase profiles a thickness

profile may be determined based upon Equation 3 for each sub-region 710, 720.

However, as explained previously, due to phase under-sampling the thickness profiles
determined for the sub-regions 710, 720 may not be correct. In order to correct for
the under-sampling, at least one pixel is identified in each thickness profile for the

sub-regions 710, 720. These pixels may be referred to as thickness reference points.
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The thickness reference points may be a point furthest inside the lens 121 i.e. closest
to the geometric centre, although it will be realised that other points may be chosen.
Based upon the location of the thickness reference points, a corresponding pixel is
identified in the thickness map determined in step 260 i.e. which has been corrected
for phase under-sampling. A difference in thickness may be determined between the
pixels in the thickness map from step 260 and each of the sub-region profiles at the
thickness reference points. This difference in thickness may be added to each sub-
region 710, 720 thickness profile to compensate for the phase under-sampling. The
thickness cross section may then be determined based upon the thickness profiles for
cach sub-region 710, 720 and the profile produced in step 260 by determining
thickness values along a line intersecting each sub-region 710, 720. The thickness
cross section may be determined at a lower resolution than the data stored in the
thickness profiles i.e. not each data point or matrix value along the cross section may
be considered. Instead thickness values may be selected from data points at periodic
intervals along the cross-section. The data points are selected from a combination of

the thickness profiles for each sub region 710, 720 and that determined in step 260.

As explained above, embodiments of the present invention allow the thickness of an
object, such as a lens, to be determined. The determined thickness t, represents the
optical thickness of the lens. With a priori knowledge of the shape of the object it is
possible to determine other thickness characteristics of the object. For example, in the
case of the lens 121 axial or radial thickness of the lens may be determined. The
axial or radial thickness of the lens 121 may be determined based upon the optical
thickness t, and a back face curvature value of the lens 121. The back face curvature
is a curvature value for the interior face of the lens 121 normally adjacent to the
surface of the eye in use. Referring to Figure 7, the radial thickness t. is defined as
the thickness perpendicular to the back face of the lens 121 and axial thickness t, is
defined as that parallel to the optical axis of the lens 121.

Knowing the base curvature of the lens 121, for any given position on the lens 121 the
angle o between the optical axis and the normal to the back (interior) curve can be
calculated. Snell’s law states: ng sin(a) = n,sin(pf) where n; and n, are the

refractive indices of the saline 123 and lens 121 respectively, o is the angle between
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the incident ray and the normal to the back surface, and 3 is the angle between the
refracted ray and the normal to the back surface. Given the measured optical
thickness, t,, geometric estimates for the radial, t., and axial, t,, thickness are given

by Equation &:

€
tr = to cos(Blandt, = —— —

Eqn. 8

A further well-defined physical property of a contact lens 121 material is its oxygen
permeability, Dk. Since the rate of oxygen transmission to the cornea is critical for
the health of the eye, a spatial map of oxygen transmissibility is a crucial measure of a
contact lens’ clinical performance. Such maps are conventionally displayed as Dk/t
where Dk is the oxygen permeability of the lens material, and ¢ is the thickness.
Given the value of Dk, such a map is may be calculated from the calculated radial

thickness described above.

Embodiments of the present invention determine optical properties of an object such
as a lens. The optical properties of the lens may be an optical power of the lens or
optical characteristics of the lens such as aberrations of the lens. The aberrations may
be expressed in the form of polynomials such as Zernike polynomials. The optical
properties may be determined in the form of a map which characterises the optical
properties against spatial position for the object. In embodiments of the invention the
optical properties may be determined based upon a wavefront position estimated to
emanate from the lens based upon a ptychographic method such as PIE or ePIE. As
noted above, in some ptychographic methods such as PIE or ePIE an object function
for an object is determined based upon a plurality of diffraction patterns recorded at
respective different probe locations wherein an object function represents an estimate
of the absorption and phase-change caused by the object to a wave field as it passes

through or is reflected by the object.

A method according to an embodiment of the invention will now be described with

reference to Figure 9.
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In step 910 a phase map for the object, such as the contact lens 121, is determined.
The phase map may be produced by an embodiment of step 210 as described with
reference to the apparatus shown in Figure 1. As noted previously, the phase map is
based on the determined object function O(r). An example phase map for a contact

lens is shown in Figure 3 as previously discussed.

In step 920 the determined phase map is unwrapped. The unwrapping may be
performed as previously explained with reference to step 220 of Figure 2. The
unwrapped phase is determined for each spatial location of the object function O(r).
That is, in some embodiments for each position within a two-dimensional matrix used
to store the object function. In some embodiments of step 920 the phase map may
also be filtered to reduce noise present in the phase map. The filter may be a
Hamming Fourier filter, although it will be realised that other filters may be used. It
may be useful to filter the phase map since following steps may amplify noise present

in the phase map, particularly near a centre of the lens 121.

In step 930 the unwrapped phase map is converted to wavefront position. The

unwrapped phase may be converted to wavefront position by Equation 9:

¢

Y=o

Eqn. 9
Where i is the wavefront position and A is the radiation wavelength used to determine
the phase map in step 910 and ¢ 1is the unwrapped phase determined in step 920.
In step 940 the wavefront is fitted to a sphere. In step 940 only a portion of interest of
the wavefront may be fitted to the sphere. The portion may be the portion of the
wavefront within an optically active region which, for a contact lens, is a portion
within a predetermined radius of a geometric centre of the lens 121. The geometric
centre of the lens 121 may be determined by shape-fitting as previously explained.
The portion of the wavefront within the predetermined radius is then fitted to the
sphere. A centre of the sphere is used to define an optic axis of the lens 121.

Advantageously, determining the optic axis in this way based upon the sphere may be
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more accurate than selecting the geometric centre of the lens 121 as the optic axis.
For a contact lens, the radius may be 4mm although it will be realised that other radii

may be chosen appropriately.

In step 950 a phase gradient is determined for cach position within the portion of
interest. The phase gradient may be determined by fitting a tile of predetermined
dimensions to a window of data points surrounding each data point in question. In
some embodiments the window is 3x3 data points, although it will be realised that this
is merely exemplary. The tile may be fitted to the data points within the window such
that the phase gradient may be determined in the x and y axes. The x and y gradients
for each data point may then, in some embodiments, be converted to a radial gradient
calculated based upon the optic axis determined in step 940. The radial gradient may
be calculated by the dot product of the unit vector in the radial direction with the
phase gradient vector. The unit vector is determined based upon the location of the

point relative to the optic axis and the magnitude of the point.

In step 960 an axial power of the lens 121 is determined. As explained previously
with reference to Figure 1, the lens 121 may be immersed in a solution such as saline
123. Therefore the calculated power may be that in the solution. The axial power

may be calculated according to Equation 10:

10z
Poyiai = 3

Eqn. 10

Where Pgyiq; is the axial power in the medium, r is the distance from the optical axis

and% 1s the radial wavefront gradient at that point.

In some embodiments, in order to prevent a spike in the calculated radial power owing
to 1/r tending toward infinity toward the optic axis, a power of a region around the

optic axis is adjusted. The adjustment may be fitting the wavefront to a sphere, giving
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a constant power equal to 1/radius of the sphere, or the power of the region can be

smoothed.

In step 970 the calculated power in the medium, such as saline, is converted to a

power in air.

In a first embodiment of step 970 the power of the lens in air is calculated according

to, for example, Optom Vis Sci. 2008 September; 85(9) using Equations 11 and 12:

Pyet + (n; — )y

C1=
n, —n +(i)c (n, —ny)?
2 1 ) C2 (2 1

Eqn. 11

Pgir=(nz — 1)(c1 — ¢3) + (n_z)cz (ny —ny)?

Eqn. 12

Where n, is the refractive index of the saline, n, is the refractive index of the lens, d
is the centre thickness and ¢, is 1/(lens base curve radius). P, is the power in the

liquid medium, such as saline, and P,;, is the power in air.

In a second embodiment of step 970 the power in air is calculated based upon a virtual
position of the lens in the liquid medium resulting from refraction of light rays at the

air-liquid interface.

Figure 10 illustrates a path 980 of light leaving the actual position of the lens 121 in
the saline solution 123. As can be appreciated, refraction occurring at the saline-air
interface causes a change in the path 980 of light leaving the lens 121. A measured
focal length 991 would thus correspond to a virtual lens 990 at a different location to a
focal length 992 completely in the saline solution. Based on the differing intersection
angles o, B of the light rays the power of the lens 121 in air may be calculated by
Equations 13 and 14 as:
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r
tan(ﬁ) = —— =71Psqine
saline
Eqn. 13
r
tan (C{) — — Tpmeasured
f measured
Eqn. 14

5  Where ris a distance between the optical axis and a point on the lens 121, Pyeqsureq 18
a measured optical power, Pygpine 1S @ power in saline solution (or other liquid medium),
fmeasurea 18 @ measured focal length and f;;;. 1s @ focal length in saline (or other liquid

medium).

10 From Snell’s Law:

Ngaline Sin(ﬁ) — Sin(a)
Eqn. 15

Combining these gives Equation 16:

15
1
Ngaline 2 B /2
— o} 2 2
Psaline - Slgn(Pmeasured) (P ) tr (ns o 1)
measured
Eqn. 16
By considering the contact lens as a thick lens, the power in air can then be calculated using
Equation 17:
_ PsalineNsaline (nlens - 1)d Psalinensaline 1
Pair - (nlens - 1) + + ==
Niens — Nsaline NjensBC Nens — Nsaline  BC
20 Eqn. 17

Where d is the centre thickness of the lens and BC is the back curvature of the lens.

Thus the power of the lens in air may be calculated.
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In some embodiments of the invention Zernike polynomials are fitted to the wavefront
determined as in step 930 shown in Figure 9. The Zernike polynomials may characterise
aberrations of the lens 121. From the fitted data a clinical prescription power of the lens 121

may also be determined.

In order to determine the Zernike polynomials, the phase map of the lens is determined, the
determined phase is unwrapped and may be smoothed, and the wavefront position determined
as in steps 910-930 of Figure 9 and explained above. A portion of the wavefront may then be
considered, such as a portion of the wavefront within a predetermined radius of the geometric

centre of the lens as previously described with reference to step 940.

The first 15 Zernike polynomials; this is everything from the Oth order (offset) through to the
4th order polynomials. Using Equations 18a and 18b:

Zy' = Ry (p) cos(mo)
Z;™ = Ry (p) sin(md)

Eqn. 18a,b
Where
(n-m)/2
Rmp) = |21 n+1 z (—1D)X(n — kK)! ok
SN O T NP A ] N Ty =B T
2

Eqn. 19

Here 8,0 1s theKronecker delta function such that:

m,0 0,if m=#0

Eqn. 20

And p is the radial distance from the geometric centre of the lens, normalised such that p=1 at

the edge of the optic region, and, ¢, is the azimuthal angle of the position within the image.

Fit the calculated polynomials to the ‘cut-out’ of the lens from step 940 i.e. the central region

using a least squares fitting method.
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Use the calculated coefficients to calculate the J45, JO and M components of the Power vector

using Equation 21:

_2V/6Cy?
5 rzone
5
2v/6C2
Jo=-——
rzone
4+/3CY
M=—2=
rzone

Eqn. 21

Where, Ty, is the radius of the optic zone, and Cnmis the fitted coefficient for the Znm

10 Zernike polynomial.

Convert the [J45 M JO] into the [SphCyl Axis] power format using Equation 22:

Cyl = _2\/(]452 +Jo%)

Cyl
Sph=M—7y

C—l atan (Jii)
Axis = abs| atan | — | — Jo
ci 2

15 Eqn. 22

These then represent the powers of the lens in saline.
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In one embodiment, the calculated power in saline from Equation 22 is converted to the

power in air using Equation 23:

Pyet + (N —1ny)cCy

C1 - d )
n, —ng + (n_z)Cz (n; —ny)

5 Eqn. 23

d
Pair=(nz — 1)(c; —¢3) + (n_z)cz (ny —ny)?

Where n; is the refractive index of the saline, n- is the refractive index of the lens, d is the
10 centre thickness and ¢, is 1/(lens base curve radius). Py is the power in saline and P is

power in air.

However in a further embodiment the power in air can then be calculated using Equation 17
as described above:

15

Pair _ (nlens _ 1) Psalinensaline n (rllens - 1)d< Psalinensaline N 1 )l

Niens — Ngaline Njens BC Nieps — Nggline  BC

Eqn. 17

Figure 11 illustrates a method of determining a refractive index for an object, such as the
contact lens 121. Embodiments of the invention may determine a refractive index

20  map for the object.

The method comprises a step of determining 1110 a phase map for the object. Step
1110 may be performed in the same way as step 910 previously described in
connection with Figure 9.

25
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The method further comprises a step of unwrapping 1120 the phase map for the
object. Step 1120 may be performed as previously described step 920. However,

unlike in step 920 it may not be necessary to smooth or filter the phase map.

In step 930 a refractive index for the object is determined for at least one position
within the object. In some embodiments a refractive index for the object may be
determined. Step 930 may be performed based upon two, three or four or more

wavelengths of radiation, as will be explained.

As noted above, for a single wavelength of light, the thickness of the contact lens can

be determined as:
2mhA

Niens — Nsaline

Eqn. 24

In order to make a map of refractive index (RI) » for the object from radiation of a
single wavelength, the thickness is required to be known. To overcome this,
embodiments of the invention use radiation of multiple wavelengths, thereby allowing
relationships to be derived that do not require the thickness of the object to be known

as in Equation 25:

Niens 1 — Nsaline1 P14

Niens 2 — Nsaline 2 ¢2/12
Eqn. 25

As will be appreciated, Equation 25 only provides a relationship between the
refractive index » at two different wavelengths. In order for this to be useful, an
additional relationship is required. A well-known relationship between refractive
index and wavelength within the visible spectrum is Cauchy’s equation (Cauchy

1836):
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b c

Tl(/l) =a+—= FP '/1—4

Eqn. 26
where a, b and ¢ are coefficients. niens1 and niens2 can be replaced in equation 25 with
Equation 26 (ngaine; and ngyinez Will be replaced with n; and n; for ease) resulting in

Equation 27:

a+z +——n1 D1

a+ +——n2 $212

5 Eqn. 27

which can be rearranged to give:
514 514 5192 5192
a(¢2/12)~1 — P74 ) + b(qbzl1 Al — ¢1A1/12)
5 5 5194 —
+ (@223 — $123) + (013451, — 2 23210,) = 0
Eqn. 28
A third wavelength can be introduced to provide two similar equations giving a

10 comparison with the third wavelength and each of the two wavelengths already used,

as in Equations 29 and 30:

a(ps 347 — 1 232%) + b(p32325 — 91 A323)
+c(323 — 0143) + (P2 3245n3 — P2 321n;) = 0
Eqn. 29

a($22325 — $32323) + b(p24345 — $32343)
+ (223 — ¢343) + (343430, — p22325n3) = 0
15 Eqn. 30
As the only unknowns in Equations 28-30 are the coefficients a, b and c, these three
equations can be solved simultaneously to determine the values of the coefficients a, b
and ¢. A map of the value of cach of these coefficients may be determined which can
then be used, in conjunction with Equation 26, to create a map of the RI of the contact

20  lens at any wavelength of radiation.

30
SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

WO 2013/110941 PCT/GB2013/050155

The radiation used in step 1130 may be visible radiation or may include radiation in
the invisible spectrum such as infrared or ultraviolet radiation. Although the Cauchy
equation is most accurate at visible wavelengths, those skilled in the art will
appreciate that an alternative dispersion fit could be used for alternative wavelengths,
such as the Sellmeier equation. It will also be appreciated that the above teaching
may be extended to utilise more than three wavelengths of radiation. Embodiments of
the invention may utilise two or more wavelengths, three wavelengths as described

above, or at least four wavelengths of radiation.

It will be appreciated that embodiments of the present invention can be realised in the
form of hardware, software or a combination of hardware and software. Any such
software may be stored in the form of volatile or non-volatile storage such as, for
example, a storage device like a ROM, whether erasable or rewritable or not, or in the
form of memory such as, for example, RAM, memory chips, device or integrated
circuits or on an optically or magnetically readable medium such as, for example, a
CD, DVD, magnetic disk or magnetic tape. It will be appreciated that the storage
devices and storage media are embodiments of machine-readable storage that are
suitable for storing a program or programs that, when executed, implement
embodiments of the present invention. Accordingly, embodiments provide a program
comprising code for implementing a system or method as claimed in any preceding
claim and a machine readable storage storing such a program. Still further,
embodiments of the present invention may be conveyed electronically via any
medium such as a communication signal carried over a wired or wireless connection

and embodiments suitably encompass the same.

All of the features disclosed in this specification (including any accompanying claims,
abstract and drawings), and/or all of the steps of any method or process so disclosed,
may be combined in any combination, except combinations where at least some of

such features and/or steps are mutually exclusive.

Each feature disclosed in this specification (including any accompanying claims,
abstract and drawings), may be replaced by alternative features serving the same,

equivalent or similar purpose, unless expressly stated otherwise. Thus, unless
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expressly stated otherwise, each feature disclosed is one example only of a generic

series of equivalent or similar features.

The invention is not restricted to the details of any foregoing embodiments. The
invention extends to any novel one, or any novel combination, of the features
disclosed in this specification (including any accompanying claims, abstract and
drawings), or to any novel one, or any novel combination, of the steps of any method
or process so disclosed. The claims should not be construed to cover merely the
foregoing embodiments, but also any embodiments which fall within the scope of the

claims.
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CLAIMS

A method of determining one or more characteristics of a target object,

comprising:

determining a first phase map for at least a region of a target object

based on radiation directed toward the target object;

determining one or more further phase maps for a sub-region of the

region of the target object;

determining a number of phase wraps for the sub-region based on a

plurality of phase maps for the sub-region; and

determining a characteristic of the region of the target object based on

the number of phase wraps for sub-region and the first phase map.

The method of claim 1, wherein the radiation directed toward the target object
has a first wavelength, at least some of the further phase maps being based on
radiation directed toward the target object having a wavelength different from

the first wavelength.

The method of claim 1 or 2, wherein the further phase maps are determined at

a higher resolution than the first phase map.

The method of any preceding claim, wherein the one or more further phase
maps for the sub-region are based on radiation measured at a detector having a

higher resolution than for the first phase map.

The method of any preceding claim, wherein the one or more further phase
maps are measured at a detector having an optical arrangement with a higher

numerical aperture (NA) than for the first phase map.
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10.

11.

12.

13.

14.

15.

The method of any preceding claim, comprising determining a characteristic

of the object in the sub-region based on the plurality of the phase maps.

The method of any preceding claim, wherein the step of determining one or
more further phase maps for the sub-region of the region of the target object

comprises determining a plurality of further phase maps for the sub-region.

The method of any preceding claim, wherein the characteristic of the sub-

region is determined based upon a synthetic phase change.

The method of any preceding claim, comprising determining an average
characteristic for the sub-region based upon the plurality of phase maps for the

sub-region.

The method of claim 7 or any claim dependent thereon, comprising
determining a number of phase wraps for each of the plurality of further phase

maps.

The method of claim 8, wherein the number of phase wraps for the sub-region
is determined based upon the number of phase wraps for each phase map for

the sub-region and one or more predetermined criteria.

The method of any preceding claim, comprising determining a background

characteristic based upon the plurality of phase maps.

The method of claim 10, wherein a portion of the plurality of phase maps
extend beyond a periphery of the object and the background characteristic is

determined based the portion.

The method of claim 9 or any claim dependent thereon, wherein the average
characteristic is determined based upon characteristics of a plurality of points

within the sub region.

The method of any preceding claim comprising determining a characteristic

profile of the sub- region.
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16.

17.

18.

19.

20.

21.

22.

23.

24.

The method of claim 15 wherein the characteristic profile of the sub-region is

determining for each of the plurality of phase maps for the sub-region.

The method of any preceding claim wherein the first and further phase maps

are determined based on a coherent diffractive imaging (CDI) process.

The method of claim 15, wherein the CDI process is based upon a plurality of

diffraction patterns at respective probe locations.

A method of determining one or more characteristics of a target object,

comprising:

determining a phase map for at least a region of a target object based

on one or more diffraction patterns; and

determining a refractive property of the object based on the phase map.

The method of claim 19, comprising :

determining a wavefront at a plane of the object based upon the phase

map;

wherein the refractive property of the object is based upon the wavefront.

The method of claim 19, wherein the refractive property is a refractive power.

The method of claim 19, wherein the refractive property is a refractive index.

The method of any of claims 19 to 22 wherein the refractive property is a

refractive property map.

The method of any of claims 20 to 23, comprising:

fitting a three-dimensional shape to the wavefront;

2
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25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

determining a focal axis of the object corresponding to an axis of the shape.

The method of claim 24 wherein the three-dimensional shape is a sphere.

The method of claim 24 or 25, wherein the three-dimensional shape is fitted to

portion of the wavefront associated with a predetermined region of the object.

The method of claim 26 wherein the predetermined region is a region of the

object within a predetermined radius of a centre of the object.

The method of any of claims 19 to 27 comprising determining a first phase

gradient for at least a portion of the phase map.

The method of claim 28 wherein the first phase gradient is determined in

linear directions.

The method of claim 28 or 29, wherein the first phase gradient is determined
at each of a plurality of points based upon a phase of a plurality of adjoining

points.

The method of claim 28, 29 or 30, comprising determining a radial phase

gradient based on the first phase gradient.

The method of claim 31 when dependent upon claim 24 or any claim
dependent thereon, wherein the radial phase gradient is based upon the focal

axis.

The method of claim 31 or any claim dependent thereon, wherein the

refractive power map is based upon the radial phase gradient.

The method of claim 33 wherein the refractive power map is a liquid-

immersed focal power map for the object immersed in a liquid medium

The method of claim 34 comprising converting the liquid-immersed focal

power map to an air-based focal power map.
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36.

37.

38.

39.

40.

41.

42.

43.

The method of claim 35, wherein the converting comprises determining a

location of a virtual object in the liquid medium.

The method of claim 34, 35 or 36, wherein the liquid-immersed focal power

map is determined based upon an angle or refraction at a liquid-air interface.

The method of any of claims 19 to 37 comprising smoothing the phase map.

The method of claim 38 wherein the smoothing comprising filtering the phase

map.

The method of claim 39 wherein the filtering is performed using a Hamming

Fourier filter.

An apparatus arranged to perform a method of any preceding claim.

A computer program which, when executed by a processor, is arranged to

perform a method of any of claims 1 to 40.

The computer program of claim 42 stored on a computer-readable medium.
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