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cessor (101; 201; 301) is configured to determine residual
projection data (I) by cancelling reference projection data (II)
from measured projection data (IIT). The measured projection
data (III) represents a measured projection of a test object
under examination obtained by an imaging modality. The
reference projection data (II) represents a projection of a ret-
erence object. The image reconstruction unit (102; 202; 302)
is configured to reconstruct a resulting residual image (IV)
on the basis of the residual projection data (I) by solving an
inverse projection transformation problem that links the re-
sidual projection data (I) to the resulting residual image (IV).
The resulting residual image (IV) represents differences
between the reference object and the test object under exam-
ination. A corresponding method is also described.
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Exploiting Residual Projection Data and Reference Data for Processing Data
Produced by Imaging Modality

Description

The present invention relates, in at least some aspects, to an apparatus for
processing projection data that has been obtained by an imaging modality to
obtain image data by solving an inverse projection transformation problem. The
present invention also relates, in at least some aspects, to a method for obtaining
a resulting residual image showing differences between a reference object and a
test object. The present invention also relates, in at least some aspects, to a
method to exploit a priori information in tomographic imaging applications, to a
corresponding computer program or computer program product, and to a
corresponding apparatus.

The object of the present invention is to provide improved concepts for processing
projection data that has been obtained by means of an imaging modality, such as
a computed tomography (CT), magnetic resonance imaging (MRI), positron
emission tomography (PET), ultrasound imaging (echography), etc. . In particular,
at least some implementations of the present invention may provide improved
concepts when some reference data for a test object under examination is
available, and wherein the differences between the test object and a reference
object described by the reference data are relatively small when compared to the
entire volume of the test object. The object of the present invention is solved by an
apparatus according to claim 1, by a method according to claim 8 and by a
computer program according to claim 15.

An apparatus that addresses the above mentioned objects comprises a residual
projection data processor configured to determine residual projection data by
cancelling reference projection data from measured projection data. The
measured projection data represents a measured projection of a test object under
examination obtained by an imaging modality, and wherein the reference
projection data represents a projection of a reference object. The apparatus further
comprises an image reconstruction unit configured to reconstruct a resulting
residual image on the basis of the residual projection data by solving an inverse
projection transformation problem that links the residual projection data to the
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resulting residual image. The resulting residual image represents differences
between the reference object and the test object under examination.

A method for obtaining a resulting residual image showing differences between a
reference object and a test object comprises determining residual projection data
by cancelling reference projection data from measured projection data. The
measured projection data represents a measured projection of the test object
under examination obtained by an imaging modality. The reference projection data
represents a projection of the reference object. The method further comprises
reconstructing the resulting residual image on the basis of the residual projection
data by solving an inverse projection transformation problem that links the residual
projection data to the resulting residual image, the resulting residual image
representing differences between the reference object and the test object under
examination.

Moreover, a computer program for implementing the above-described method
when being executed on a computer or signal processor is provided.

The reference projection data can be obtained by scanning a known physically
existing reference object and taking projections from different angles. The
reference object is a physically existing model of the test object under examination
preferably comprising the same outer dimensions and the same material, or at
least a different material comprising the same density as the material of the test
object under examination. The reference object is preferably substantially free of
any flaws.

The reference projection data can be obtained by taking projections from different
angles covering a total angular range of substantially 360 degrees around an axis
of the measured object. The axis can be a longitudinal axis, a transverse axis, a
lateral axis, or any other suitable geometrical axis of the respective measured
object. The measured object can be at least one of the test object under
examination and the physically existing reference object, respectively.
Furthermore, the projections of the measured object can be obtained along
different paths, such as linear paths, spiral or helical paths or any other suitable
paths as long as a total angular range of substantially 360 degrees around an axis
of the measured object is covered. Thus, the entire measured object is scanned.
This is advantageous as the several projections taken within the total angular
range of substantially 360 degrees can be backprojected in order to achieve a
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complete 360 degree model of the scanned object. Accordingly, a high resolution
360 degree model of the resulting residual image can be obtained in short time
intervals.

In the following, embodiments of the present invention are described in more detail
with reference to the figures, in which:

Fig. 1A is a schematic block diagram that illustrates how residual image data
can be reconstructed by using residual projection data that has been
determined in the projection domain;

Fig. 1B schematically illustrates an application of the proposed apparatus
and/or method in a context of computed tomography (CT) as the
imaging modality;

Fig. 1C schematically illustrates an example for obtaining the residual
projection data;

Fig. 2 is a schematic block diagram of an arrangement in which an image
reconstruction device or algorithm which only permits positive-valued
input data can be used to process the possibly negative-valued
residual projection data;

Fig. 3 is a schematic block diagram illustrating an example of
implementation that takes into account prior knowledge about a
misalignment between the reference and the test object;

Fig. 4 graphically illustrates an explanation for a proposed processing of the
reference image based on misalignment information between the
reference object and the test object in order to obtain a difference
image; and

Fig. 5 is a schematic block diagram illustrating a further example of
implementation that takes into account prior knowledge about a
misalignment between the reference and the test object, wherein
said a priori knowledge is exploited in the projection domain so that
the residual projection data is substantially corrected from
misalignment-related deviations.
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Definitions:

The below definitions are provided in order to help the reader to understand the
present invention by providing illustrative examples, but are by no means to be
construed as limiting. Indeed, the method and apparatus may also be employed in
different applications, employ different input data (i.e., not necessarily projection
data), and/or produce different types of result data.

image
one-dimensional (1D), two-dimensional (2D), or three-dimensional (3D)
sampled representation of a physically existing object such that each
element (e.g. a pixel or a voxel) represents some physically interpretable
feature of the object. For instance, in the case of 3D X-ray tomography,
each voxel may represent the absorption coefficient.

reconstruction
The computation of an estimate of the image from the measured projection
data of the physical object.

measured projection data
A signal usually expressed as a vector or a matrix which represents the
data acquired by the scanning system.

object scan
The procedure through which the measured projection data is acquired.

reference projection data
A signal usually expressed as a vector or a matrix that represents the
reference data containing the a priori knowledge about the object, e.g., a
scan of a known reference object or an earlier recording of the same object

residual projection data
A signal usually expressed as a vector or a matrix representing the
information left in the measured projection data once the a priori information
contained in the reference projection data has been removed.
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registration
An approach to estimate and correct the misalignment of the test object with
respect to the reference object.

projection intensity
The X-ray intensity, i.e. the number of photons per detector pixel, which is
measured by the detector after the photons have traversed the physically
existing object.

projection line integral

A reconstruction algorithm typically needs the line integral of the attenuation
coefficients of the object which you get by applying the inversion of Lambert
Beer's Law (see [1, chapter 2.3, 2.4]) to the measured intensities. This is
essentially the negative logarithm of the ratio of the incoming and outgoing
number of photons (i.e. the observed intensity by a certain detector pixel).
In order to improve the image quality other approaches, e.g. adapted look-
up-table (see [1, chapter 9.6] are possible for calculate the projection line
integral.

The field of this invention is imaging from measured projection data such as the
one obtained by X-ray tomographic scans. Possible applications could be in the
field of medical diagnostics as well as industrial non-destructive testing, e.qg.
localizing defects in manufactured goods on a production line or assessing
whether the goods fulfill certain quality standards.

In computed tomography (CT), the object to be scanned is placed between an
X-ray source and a detector, which features an array of sensors sensible to the
X-ray radiation. With this, the detector captures 2D pictures of the 3D object, which
we call projections in this document. By rotating the object relative to the source
and detector, it is possible to capture several views (i.e., projections) at different
angles of the 3D object. Alternatively, this can be achieved by rotating the detector
and the X-ray source around the object, which is mostly done in medical
diagnostics. In this document we reference to [1] for the fundamentals on how
computed tomography works.

Several techniques exist to acquire the measured projection data. In some
applications, to minimize artifacts due to scattering, a line detector is used. In this
case, the detector features pixels aligned on a one dimensional line and typically
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the X-ray source is designed to emit a narrow fan beam. The detector and X-ray
source are then moved synchronously to cover the full size of the object. In other
applications, the detector features pixels aligned on an arc of a circle. The detector
and a fan beam source are rotated around the object while the object is
continuously translated in order to cover its full size. Such a setup is usually
referred to as helical CT. Helical CT is possible not only in fan-beam geometry, but
also in cone-beam geometry, i.e., using a multi-row or flat panel detector instead
of a line detector.

No matter how the measured projections have been obtained, in all tomographic
applications it is possible to compute an image of the 3D object showing its inner
structure by solving an analytical inverse problem. This computation is often
referred to as reconstruction. Variations of this technique include the computation
of 2D images showing an arbitrary cut of the 3D object (very much used in medical
applications to visualize several slices of e.g. a human head), or the so-called 4D
tomography, in which an image is reconstructed for different time instants to
visualize how the inner structure of the object changes in time. The most widely
utilized reconstruction algorithms are based on filtered back projection (FBP)
approaches as for instance the well-known Feldkamp method (e.g. see [1, chapter
5and 7]).

In many applications a short measurement time is required, limiting the number of
projections which can be acquired. This is possible, compared to the traditional
tomographic approaches, by exploiting a priori information. Such a scheme has
been proposed in [6], in which only a certain Region of Interest (Rol) is scanned,
i.e., a specific region of an otherwise larger object. Assuming that the composition
of the object outside the Rol is known, [6] describes how an image of the Rol can
be reconstructed. Following a traditional reconstruction approach (i.e., without the
modifications presented in [6]), the part of the object outside of the Rol would lead
to strong artifacts in the reconstructed image. The method bears the severe
drawback that the spatial support of the region of the object which we need to
scan (i.e., the Rol) must be known a priori. For instance, when looking for defects
in a manufactured specimen one would have to know already where the defects
might appear or be forced to scan the full object. Additionally, the defects would
have to be concentrated in a certain region, to once more avoid the need of
scanning the full object.
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Recently, a new framework for image reconstruction called compressed sensing
(CS) has been proposed [4, 2]. Thanks to highly non-linear methods, this theory
allows to exploit a different kind of a priori information, namely the knowledge of
sparsity. In fact, for certain classes of images it is possible to express the
reconstructed image by simple manipulations such that it exhibits sparsity in a
proper domain, meaning that a proper transformation of the image is a signal
which features very few non-zero elements. This fact has been exploited by [5] in
which the reconstructed image is obtained by forcing its total variation to be
minimized, which, in other words, forces the reconstructed image to be block-wise
homogeneous. The exploitation of this a priori information on the reconstructed
image have allowed the authors of [5] to reduce greatly the amount of acquired
projection data needed.

This method (and the many other deviations which are based on the computation
of the total variation) bear the drawback of necessitating a block-wise
homogeneous object, which in many applications is not given. As an example,
when aiming at finding small defects in an otherwise fairly homogeneous object,
this assumption is violated. Therefore, these methods may implicitly consider smaill
defects as artifacts or noise and hence remove them in the reconstructed image,
making them unreliable for such applications.

The authors in [7] exploit the a priori information on the spatial support of the
scanned object, since it is known or is fairly easy to estimate in many applications.
The drawback of this method is that the degree of reduction in the amount of
projection data to be measured is very limited.

In [3], which addressed medical applications, it is assumed that a priori information
is available in the form of an image of the subject acquired previously e.g., from a
scan of the same subject by means of a traditional tomographic method applied to
a large amount of acquired projections. Please note that [3] uses the term
“acquired image data” for what we call “measured projection data” while the high
quality image is termed “prior image”. The a priori information contained in the
prior image is exploited during the reconstruction by forcing the sparsity of the
difference between the reconstructed image (originating from a second scan
featuring much less acquired image data compared to the one from which the prior
image has been computed) and the prior image. If the subject has not changed
much between the two scans, the aforementioned difference will be indeed
sparse, i.e., the signal will exhibit only very few non-zero elements.
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This invention provides an image reconstruction method for, for example, X-ray
tomographic scans with applications to e.g. non-destructive testing or medical
diagnostics. Compared to traditional image reconstruction methods, the proposed
image reconstruction method allows to reduce the number of measurements (e.g.,
the number of projections and/or the number of pixels per projection) while
achieving the same reconstruction quality or to achieve a superior reconstruction
quality using the same number of measurements. Alternatively, any trade-off
between the two extremes can be achieved.

With the goal of reducing the amount of measured projection data that has to be
acquired, similarly to existing methods, the proposed invention exploits available a
priori information about the object in the reconstruction. The invention differs from
the state of the art in at least one of two main aspects. Firstly, the goal of the
proposed invention is not to reconstruct a full image of the test object but instead a
residual image where the information of a known reference has been removed and
only the residual information of the current test object that is not already contained
in the known reference is preserved. For instance, in non-destructive material
testing, the residual image may be the difference between a reference object and
the test object which then primarily only contains the regions where defects have
occurred.

The reference projection data can be obtained with a high reliability by precisely
measuring the reference object, in particular a physically existing reference object.
Low-frequency or low-energy based artefacts can be reduced by using correction
methods such as suitable compensation algorithms, for instance. In particular, it is
advantageous to detect the influence of radiation scattering or beam hardening
such that unwanted artefacts in the reference projection data can be reliably
reduced or even eliminated. High quality reference projection data can thus be
obtained.

Using such high quality projection data helps in subsequently obtaining the
measured projection data from the object under examination. By using the
previously gathered information regarding any artefacts of the reference object,
corresponding artefacts in the object under examination are known or can at least
be predicted. Therefore, these artefacts can be removed or at least be reduced
when the measured projection data will be back-projected into the image domain.
Thus, the measurements of the object under examination in the projection domain
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and the back-projection into the image domain, i.e. the reconstruction of the
residual image of the object under examination, can be executed in a fast but
reliable way. Furthermore, the reconstruction of the residual image is of high
quality without substantially showing any artefacts.

Furthermore, regions of interest and regions of less interest can be reliably
detected and handled as desired and as described before. For example, if a
physically existing reference object is measured, parts of the environment and any
mounting devices such as clamps, clips, brackets or the like are typically also part
of the measured structures. Projections of such mounting devices are usually of
less interest and can therefore also be regarded as artefacts. Since the projections
of the mounting devices are known in the projection domain, these artefacts
resulting from the mounting devices can be eliminated or at least reduced in the
image domain when the resulting residual image is reconstructed.

Summarizing, it may be preferable to measure a physically existing reference
object when obtaining the reference projection data. The measurements can be
executed in a precise way comprising a high resolution. Thus, high quality
projections and images of the measured object can be obtained which helps in
detecting artefacts and in determining regions of interest and regions of less
interest. In particular, artefacts resulting from low-frequency or low-energy
disturbances may be reliably detected. With the knowledge of these artefacts and
the high quality measures, these detected artefacts can be eliminated or at least
reduced in the reconstruction process of the resulting residual image. This leads to
a fast, reliable and high image quality reconstruction of the residual image.

Sometimes it may not be desired to entirely remove the detected artefacts. For
example, if the user wants to check those portions that have been detected as
artefacts and that might have been removed, it is possible to show or display these
measured artefacts or even use them in the reconstruction process, if desired.
However, if the amount of artefacts contained in the projection data is high, then
the reliability of the reconstructed image might be low, and vice versa.

The second fundamental difference between the proposed invention and the state
of the art is in the type of a priori information that is available and, most
importantly, in the way this a priori information is exploited. The invention
comprises two fundamental approaches that differ in which type of a priori
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information is used and how it is applied. We now describe these two approaches
in separate sections.

The first approach that is covered by the proposed invention is schematically
illustrated in Figure 1A. This first approach differs from the state of the art in that
instead of requiring and exploiting the knowledge of a prior image in the
reconstruction process (e.g., as done in [3]), the first approach of the proposed
invention relies only on the availability of prior knowledge in form of reference
projection data, i.e., reference data is evaluated in the projection domain
(measurement domain), rather than in the image domain (result or solution
domain). This is advantageous since the reference projection data can itself be
undersampled, i.e., no densely sampled reference scan is needed at all. The
reference projection data can be obtained by scanning a known reference object,
or by using the earlier frame of the same object in a 4D-CT setting.

The proposed invention extracts the available a priori information directly from the
observed projection data, before starting the reconstruction process. Note that it is
advantageous to consider the difference between the measurement and the
reference directly in the projection data domain since in this way systematic errors
in the imaging process that deviate from the assumed linear mapping (e.g.,
calibration errors) are not enhanced while incorporating the a priori knowledge in
the reconstruction process. This is in contrast to [3], where the prior image is
directly incorporated in the reconstruction process.

Additionally, a superior accuracy can be achieved as the difference image is
directly reconstructed.

The main idea of the first approach is schematically shown in Figure 1A. There are
two main steps in our approach. In the first step, labeled as 101 in Figure 1A, the
residual projection data is obtained by comparing the measured projection data
with the reference projection data. It takes two inputs: the measured projection
data 110, represented as a vector gops and the reference projection data 111,
represented as a vector grer . It produces the residual projection data 112,
represented as a vector Ag with the goal to remove the information from the
measured projection data goss that is already contained in the reference projection
data grer.
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The main advantage of step 101 compared to the state of the art is that we already
extract the available a priori information in the projection data domain before
entering into the reconstruction step (whereas [3] takes a difference in the image
domain, during the reconstruction process). Therefore, the reconstruction step
does not have to cope with the contribution of the known reference object to the
projection data or the reconstructed image and can therefore focus entirely on the
residual information. This is advantageous since it makes the reconstruction
process faster and the result more accurate.

In one embodiment of step 101, the reference projection data is obtained by
scanning a known reference object and taking projections from different angles.
The measured projection data is obtained by scanning the test object using the
same angles, such that the relative orientation of source, detector and object are
fairly identical for the reference and the test objects. In this case, the residual
projection data is found by directly relating the measured projection data with the
reference projection data, e.g. by taking the ratio of the intensities or the difference
of the projection line integral data. In addition, the reference projection data can
also be weighted and then related to the measured projection data for allowing the
reconstruction of specific regions of the image as well that are known to be
different to the reference. In an alternative embodiment, a weighted difference can
be considered to give more weight to a priori known regions of interest and
disregard regions that are known to be less important, e.g., the surrounding air or
the mounting device that holds the object in place.

The second step, labeled as 102 in Figure 1A, performs the reconstruction of the
residual image. More precisely, it takes the residual projection data 112 as an
input and transforms them into an estimated residual image 113 (resulting residual
image), which we represent with a vector Af.

Note that the residual reconstructed image may be interpreted as the difference
between the reference image and the image of the test object when the residual
projection data computation 101 is realized by a simple difference. There are two
main differences between the residual image reconstruction 102 and a classical
CT reconstruction technique such as SART (Simultaneous Algebraic
Reconstruction Technique): Firstly, due to the fact that the residual projection data
112 only contains the residual projection data with respect to the reference
projection data, we expect 113 to contain only little information, e.g., a sparse
vector with only a few non-zero positions coinciding with the difference of the test
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object relative to the reference object. This is also exploited by [3], however, in a
different manner that requires a reference image to be available. As discussed
above, [3] takes the difference in the image domain, i.e., a difference between the
known reference image and the estimated image, during the reconstruction
process. In contrast, we remove the a priori information in the projection domain,
before entering the reconstruction step, which leads to a faster and more accurate
reconstruction of the residual image. Secondly, while in a classical CT context, the
projection data as well as the reconstructed image have non-negative values
(since negative values have no physical meaning), for 102 both positive as well as
negative values can occur.

The task of the block 102 can be precisely defined as a method to solve a
minimization problem defined as

arg min (e )+ a-anr - aglt) (™)

where A is the linear sensing (projection) operator, i.e., the mapping from the
residual image that we want to reconstruct to the residual projection data that is
used as input. Moreover, h(Af) maps the residual image Af to a scalar number
which quantifies the sparsity of Af. In this way, by minimizing h(Af) sparse
solutions are promoted. For instance, h(Af) could be a p-norm of Af which is
known to promote sparse solutions for certain values of p, e.g., p = 1. Finally, A is
a positive scalar that controls the trade-off between the sparsity-promoting term

2
h(Af) and the data fidelity term“AN“Agﬁz (which measures how well the

projection of the reconstructed residual image Af matches the residual projection
data Ag).

The cost function (1) can be solved by a person skilled in numerical optimization.
In particular, the optimization problem (1) can be solved by iterative methods such
as a gradient descent method.

The gradient of (1) contains a weighted sum of the gradient of the sparsity-
promoting term and the gradient of the data fidelity term. To improve the
convergence, the weighting term can be adapted over iterations. In addition to the
state-of-the-art, the convergence of this iterative procedure can be further
improved by modifying the gradient of the sparsity-promoting term. In the simplest
form, it is given by the sign function (the gradient of the 1-norm), however, we can
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use a more aggressive strategy (e.g., gradients of p-norms for p < 1), an adaptive
strategy (e.g., enforcing sparsity more aggressively first and then gradually
relaxing it), or a ROl-based strategy (e.g., taking into account different regions of
the image that are known to be more or less prone to smaller or larger errors). In
computer graphics this concept is known as level of detail (LOD) and these
techniques can also be used in the CT reconstruction process, as described in, for
example, [8] and [9].

Figure 1B schematically illustrates a usage scenario for the proposed apparatus
and method. A test object 20 is examined using an imaging modality 30. The test
object 20 may be a manufactured piece, for example a cast piece or a forged
piece. The imaging modality may be computed tomography (CT) that is used on
the test object in order to determine whether the test object 20 has any defects,
such as cavities, cracks or the like. The imaging modality 30 comprises a radiation
source 31, such as an X-ray tube, and typically a detector arrangement 32. The
radiation source 31 and the detector arrangement 32 typically rotate around the
test object 20 in order to produce a plurality of projections at different angles.
Alternatively, the test object 20 may be rotated and/or translated itself.

A reference object 10 is also considered. The reference object 10 may be a
physically existing object or it may be a model, for example a CAD model of the
test object 20. The reference object 10 is typically substantially ideal and error-
free. In case the reference object 10 is a physically existing object, it may be
scanned using the imaging modality 30 in order to produce reference projection
data 111. This may have been done some time before the scan of the test object
20 and the reference projection data 111 may have been stored for later usage
when scanning the test object 20. Furthermore, it is possible that the reference
projection data 111 has been acquired with substantially the same resolution as
the measured projection data 110, so that a direct comparison between the
reference projection data 111 and the measured projection data 110 is possible.
However, it may also be possible that the reference object 10 has been scanned
at a higher resolution (e.g., angle resolution and z-axis resolution in the case of a
helical CT scan). When comparing the reference projection data 111 with the
measured projection data 110 only those samples within the high-resolution
reference projection data 111 might be used that geometrically correspond best to
one of the samples in the measured projection data 110 having a lower resolution.
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In case the reference object 10 is not a physically existing object but rather a
model, for example a CAD model, the imaging modality 30 may be simulated by
means of a simulation 35. The simulation 35 generates the reference projection
data 111.

The test object 20 may differ from the reference object 10 by a difference 21,
which may be a cavity, a crack, a piece of material having another density than the
surrounding material, or other possible differences. After the measured projection
data 110 and the reference projection data 110 have been processed by the
proposed apparatus or method, the resulting residual image 113 is obtained in
which only the difference(s) 21 between the test object 20 and the reference object
10 are contained. As the reference object 10 is known anyway, it can be overlaid
on the resulting residual image 113 in order to be able to locate the difference(s)
21.

Figure 1C illustrates the determination of the residual reference data Ag 112.
When scanning the reference object 10 with the imaging modality a specific profile
of the reference projection data g is obtained. Likewise, when scanning the test
object 20 with the imaging modality a specific profile of the measured projection
data gops is obtained. The difference 21 in the test object 20 results in different
values for two samples in the measured projection data go»s because the rays that
are picked up by two detector elements of the detector arrangement 32 have
traversed the difference 21. In the depicted example the two affected samples
110a and 110b are slightly smaller than the corresponding samples 111a, 111b of
the reference projection data grr 111, which may hint at the difference 21 having a
higher absorption coefficient than the original material of the reference object 10.

When comparing the measured projection data gons With the reference projection
data g, the residual projection data Ag 112 is obtained. It can be seen that the
residual projection data Ag 112 contains mostly zero elements and only two
sample values 112a, 112b are actually non-zero, i.e., the residual projection data
Ag 112 is relatively sparse. Typically, the test object will also be scanned at further
angles and the measured projection data gops Will be compared with corresponding
reference projection data g for the same or approximately the same projection
angle. The same procedure may be repeated for different translations of the test
object with respect to the imaging modality along an axis that is substantially
perpendicular to the projection plane. The residual projection data is then provided
to the image reconstruction unit 102 to reconstruct the residual image Af 113
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which typically only contains a representation of the difference 21. The image of
the reference object 10 may be overlaid in order to localize the difference 21 within
the object. The difference 21 may represent a defect of the test object 20.

Figure 2 introduces a sub-optimal strategy to solve (1) using existing
reconstruction strategies. This may be advantageous when we want to exploit
highly-optimized implementations of well-known CT reconstruction techniques
such as SART. To take into account the existence of negative values, we use two
branches. The lower branch passes the residual projection data directly into a
classical CT reconstruction technique. These techniques may typically include a
clipping of negative values in the projection data as well as the reconstructed
volumes, which is done because negative values do not have a physical meaning
(such as intensity for the projections or absorption coefficients (for the
reconstructed image) in traditional imaging. Consequently, the negative values are
lost in the lower branch. The upper branch negates the projection data before
passing them into the classical CT reconstruction techniques. Therefore, the
opposite happens and the values that were originally positive are lost due to the
inherent clipping in the reconstruction algorithms. After both reconstructions have
been completed, the residual image may be computed by subtracting the
reconstructed image in the upper branch from the reconstructed image in the
lower branch.

In accordance with Figure 2, the apparatus may comprise a residual projection
data converter configured to modify the residual projection data so that at least a
portion of the modified residual projection data comprises positive values only,
wherein said portion of the modified residual projection data is provided to the
image reconstruction unit (102; 202; 302). In Figure 2, the residual projection data
converter comprises the multiplier (inverter) at the input of the upper residual
image reconstruction unit 103 (“classical reconstruction”). This multiplier or inverter
inverts the entire residual projection data Ag, and the residual image
reconstruction unit 103 clips any negative values. The schematic block diagram
shown in Figure 2 further shows a residual image data back-converter which
comprises the multiplier at the output of the upper residual image reconstruction
unit 103. The back-converter compensates for the modification of the input data
(projection data) by inverting the partial resulting residual image that has been
determined by the upper residual image reconstruction unit 103.
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According to some examples of implementation, the portion of the modified
residual projection data which exclusively comprises positive values may be
provided to a first image reconstruction unit 102, 202, 302. The apparatus may
further comprise a second image reconstruction unit 102, 202, 302 to which the
unmodified residual projection data, or a positive-valued portion thereof, may be
provided. In particular, the residual data converter may be configured to invert the
residual projection data so that negative values become positive, and vice versa.
Furthermore, the first and second image reconstruction units may be configured to
perform themselves a clipping of negative values, or such clipping may be
performed by dedicated elements before the residual projection data are provided
to the first or second image reconstruction units 102, 202, 302. Once the first
image reconstruction unit has determined an intermediate resulting residual image
on the basis of the originally negative values within the residual projection data,
this intermediate resulting residual image is inverted back again in order to be
combined with a second intermediate resulting residual image generated by the
second residual image reconstruction unit on the basis of the unmodified, originally
positive-valued portion of the residual projection data Ag.

In addition or in the alternative, the apparatus may further comprise a residual
image data back-converter configured to modify the resulting residual image Af so
that a distortion of the resulting residual image Af caused by the previous
modification of the residual projection data Ag is reduced or substantially
compensated for.

Referring now to Figures 3 to 5, a second approach is described. In particular, in
scenarios where the current test object 20 is typically not aligned to the object data
contained in the a priori known reference image, the reconstruction algorithm in
Figure 1 may not appropriately recover the residual image. In this section, we
propose a second approach which explicitly addresses this issue by taking into
account the misalignment between the current test object 20 and the reference
image. The main difference of the second approach with respect to the first
approach is that the second approach assumes additional information to be
available. Firstly, we assume that the information about the object misalignment is
known. Secondly, we assume that a reference image frr is available, which is not
needed in Approach |. In other words, while the first approach described in
connection with Figure 1A does not use the reference image as input (which is
required in, for example, the method according to reference [3]), the second
approach (which does use the reference image) according to Figures 3 to 5
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exploits the registration information (which is not at all used in, for example, the
method according to reference [3]).

Note that [3] also explicitly uses a reference image fer for reconstruction. However,
in [3], it is assumed that the test object 20 and the reference object 10 are aligned
so that the difference between the target image of the test object 20 and the
reference image can be taken directly with the goal to obtain a sparse image. In
contrast, the second approach according Figures 3 to 5 uses the reference image
and the known misalignment in order to recover a sparse residual image, obtained
e.g. by subtracting the image of our test object 20 and the reference image,
implicitly correcting the known misalignment during the reconstruction (variant 1 of
the second approach) or before the reconstruction (variant 2 of the second
approach). The information about the misalignment is not addressed in detail in
the method proposed by [3].

The second approach can be further subdivided into two different methods which
differ in the way that the known reference image and the known misalignment is
taken into account. The two different methods or variants are shown in Figure 3
and 4 and are discussed in below.

Figure 3 shows the first method/variant that takes into account prior knowledge
about the misalignment between the reference object 10 and the test object 20 in
the reconstruction process. Prior information is assumed to be available in the
form of the reference projection data grer 211, the reference image f,ef 214 and the
misalignment of the test object 20 with the reference image. The reference image
214 of the proposed method can in principle be obtained from traditional image
reconstruction of a densely sampled version of the reference projection data if
available or, alternatively, directly from synthesized image data (e.g., a CAD
reference (CAD: Computer Aided Design)). In a first step, labeled as 201 in Figure
3, the residual projection data Ag 212 is calculated by using the measured
projection data g,,s 210 and the reference projection data g,er 211. This step is
similar to step 101 in Figure 1 and aims at removing the prior knowledge about the
test object 20 from the measured projection data 210 (g,,s). However, note that at
this step the information about the misalignment between the reference and the
test object 20 is still contained in the residual projection data 212 (Ag).

The information about the misalignment between the reference and the current
test object 20 is used in box 203 to align (e.g. rotate and/or translate) the
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reference image 214 with respect to the test object 20. The modified reference
image frer 215, which is now aligned to the current test object 20, is then
subtracted from the reference image 214 yielding the difference image fmis 216.
The difference image 216 is then fed to the reconstruction box 202.

In a second step, the reconstruction of the residual image is performed in 202
using as inputs the residual projection data 212 (Ag) and the difference image 216
(Fmis) . The reconstruction step 202 is a block that solves an optimization problem
to find the sparse residual image Af, taking into account the misalignment s in
the data fidelity term (which measures how well the projection of the reconstructed
residual image matches the residual projection data Ag. In the special case that
201 finds g via a simple difference grer = gobs, the cost function solved by 202
takes the following form

arg;nin (h(Af J+ A HA(Af + [ ) A@f“i) , @)

On the other hand, if 201 incorporates a weighted difference, these weights must
be considered in (2) as well. Note that (2) is similar to the reconstruction 102 in
Figure 1 which solves the optimization problem or cost function (1). However, in
(2), the signal fs is additionally contained in the data fidelity term to correct the
misalignment between the current test object 20 and the object data contained in
the reference image 214. The cost function (2) can be solved by a person skilled in
numerical optimization. In particular, it can be solved by iterative methods such as
a gradient descent method.

Figure 4 further illustrates the signals frer | frep, and fmis. The known reference

image frer is shown in the top-left corner of Figure 4. We assume that our test
object 20 (whose image we call F1est, Shown in the top-right corner of Figure 4)is
given by a rotated version of the known reference image (which we call f,y,
shown in the middle of Figure 4) from which the desired residual image Af is
subtracted so that fi.. = frer - Af. The difference between the reference image
f..r and the misaligned version f,., is called fumis = frer - frep It is shown in the
bottomleft corner of Figure 4, where vertically hatched and horizontally hatched
shapes indicate positive and negative values, respectively. In the cost function (2)
that is solved by step 202, we optimize over the sparse residual image Af,
enforcing its sparsity via the term h(Af). At the same time, our residual projections
Ag, which are found from the difference grer — Gobs correspond to frer - (f,e,—
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Af) = fmis + Af in the image domain. This explains why s + Af is used in the data
fidelity term in (2).

An alternative to the first method/variant to incorporate the known misalignment is
shown in Figure 5. For this second method/variant to realize the second approach
(second approach takes into account misalignment information), it is assumed that
we only know the reference image f.r 314 as well as the misalignment of the test
object 20 with the reference image. From these, the step labeled 303 synthesizes
a virtual reference projection data set g,., 311, which emulates a scan of our
reference object 10 aligned in such a way that it matches the alignment of the
current test object 20. In order to synthesize g,., in step 303, there are at least two
options. The first option is to first change the alignment of fr (by directly rotating
and/or shifting the image) and then using a forward model of the scanner (imaging
modality) that emulates the process of taking projections of the re-aligned
reference image. The second option is to incorporate the misalignment into the
forward model and applying it directly to f.r, e.g., virtually rotating the light source
and the detector such that the projections are taken in such a way as if the
reference object 10 itself was misaligned.

The step 301 compares the synthesized reference projection data 311 with the
measured projection data 310 with the goal to remove all the information about the
reference that is included in the measured projection data 310. It may use for
example the same mechanism as applied in step 101 in Figure 1.

The output Ag (312) of box 301 corresponds to a residual projection data set that
would be obtained for a reference projection data set that is aligned to our current
test object 20. It is input into step 302 which performs the reconstruction of the
residual projection data set into an estimated residual image Af (313). Step 302
operates similar to step 102 in Figure 1: it solves the optimization problem

argmin  (B(Af)+ 4 -||AAf - Agl|) )

AF , 3)
The cost function (3) can be solved by a person skilled in numerical optimization.
In particular, it can be solved by iterative methods such as a gradient descent
methods. Note that the reconstructed residual image Af (313) is aligned such that
it matches with the test object 20 and therefore differs from our original reference



10

15

20

25

30

35

20
WO 2015/140177 PCT/EP2015/055576

image fer. Therefore, the known misalignment must be taken into account when
we localize possible defects from Af.

The two approaches may be expressed as lists, as follows:

Approach [:

1. Acquire the reference projection data

2. Acquire the measured projection data by scanning the object under study

3. Compute the residual projection data from the measured projection data and the
reference projection data

4. Select a first estimate for the reconstructed residual image

5. Obtain the reconstructed residual image from the estimate for the reconstructed
residual image and the residual projection data

Approach Il — Method/Variant 1:

1. Acquire the reference projection data. The reference projection data are
obtained from a scan of the reference object or calculated from a synthesized
reference image.

2. Acquire the measured projection data by scanning the object under study

3. Compute the residual projection data from the measured projection data and the
reference projection data

4. Align (e.g. rotate and translate) the reference image to the test object

5. Calculate the difference reference image from the reference and the aligned
reference image

6. Select a first estimate for the reconstructed residual image

7. Obtain the reconstructed residual image from the estimate for the reconstructed
residual image, the residual projection data and the difference reference image

Approach Il — Method/Variant 2:

1. Acquire the measured projection data by scanning the object under study

2. Calculate the reference projection data directly from the reference image data
- (Option 1: Change the alignment of the reference image data with respect
to the alignment of the current test object and then calculate the reference
projection data from the aligned reference image.
- Option 2: Incorporate the misalignment between the current test object
and the reference image into the forward model of the scanner and apply it
directly to the reference image.)
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3. Compute the residual projection data from the measured projection data and the
reference projection data

4. Select a first estimate for the reconstructed residual image

5. Obtain the reconstructed residual image from the estimate for the reconstructed
residual image, the residual projection data and the difference reference image

Although some aspects have been described in the context of an apparatus, it is
clear that these aspects also represent a description of the corresponding method,
where a block or device corresponds to a method step or a feature of a method
step. Analogously, aspects described in the context of a method step also
represent a description of a corresponding block or item or feature of a
corresponding apparatus.

Depending on certain implementation requirements, embodiments of the invention
can be implemented in hardware or in software. The implementation can be
performed using a digital storage medium, for example a floppy disk, a DVD, a
CD, a ROM, a PROM, an EPROM, an EEPROM or a FLASH memory, having
electronically readable control signals stored thereon, which cooperate (or are
capable of cooperating) with a programmable computer system such that the
respective method is performed.

Some embodiments according to the invention comprise a non-transitory data
carrier having electronically readable control signals, which are capable of
cooperating with a programmable computer system, such that one of the methods
described herein is performed.

Generally, embodiments of the present invention can be implemented as a
computer program product with a program code, the program code being
operative for performing one of the methods when the computer program product
runs on a computer. The program code may for example be stored on a machine
readable carrier.

Other embodiments comprise the computer program for performing one of the
methods described herein, stored on a machine readable carrier.
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In other words, an embodiment of the inventive method is, therefore, a computer
program having a program code for performing one of the methods described
herein, when the computer program runs on a computer.

A further embodiment of the inventive methods is, therefore, a data carrier (or a
digital storage medium, or a computer-readable medium) comprising, recorded
thereon, the computer program for performing one of the methods described
herein.

A further embodiment of the inventive method is, therefore, a data stream or a
sequence of signals representing the computer program for performing one of the
methods described herein. The data stream or the sequence of signals may for
example be configured to be transferred via a data communication connection, for
example via the Internet.

A further embodiment comprises a processing means, for example a computer, or
a programmable logic device, configured to or adapted to perform one of the
methods described herein.

A further embodiment comprises a computer having installed thereon the
computer program for performing one of the methods described herein.

In some embodiments, a programmable logic device (for example a field
programmable gate array) may be used to perform some or all of the
functionalities of the methods described herein. In some embodiments, a field
programmable gate array may cooperate with a microprocessor in order to
perform one of the methods described herein. Generally, the methods are
preferably performed by any hardware apparatus.

The above described embodiments are merely illustrative for the principles of the
present invention. It is understood that modifications and variations of the
arrangements and the details described herein will be apparent to others skilled in
the art. It is the intent, therefore, to be limited only by the scope of the impending
patent claims and not by the specific details presented by way of description and
explanation of the embodiments herein.
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Claims

Apparatus comprising

a residual projection data processor (101; 201; 301) configured to
determine residual projection data (Ag; Ag; Ag) by cancelling reference
projection data (grer; Jrey) from measured projection data (gops; Jobs):
wherein the measured projection data (g,ps; Jops) represents a measured
projection of a test object under examination obtained by an imaging
modality, and wherein the reference projection data (g,.s; gr.y) represents

a projection of a reference object; and

an image reconstruction unit (102; 202; 302) configured to
reconstruct a resulting residual image (Af; Af; Af) on the basis of the
residual projection data (Ag; Ag;Ag) by solving an inverse projection
transformation problem that links the residual projection data (Ag; Ag; Ag) to
the resulting residual image (Af; Af; Af), the resulting residual image (Af;
Af; Af) representing differences between the reference object and the test
object under examination.

Apparatus according to claim 1, wherein the reference projection data
(grer: Grer) is oObtained by scanning a known physically existing reference

object and taking projections from different angles.

Apparatus according to claim 1 or 2, wherein the reference projection data
(gref; Jrer) is Obtained by taking projections from different angles covering a

total angular range of substantially 360 degrees around an axis of the
measured object.

Apparatus according to one of the preceding claims, wherein the residual

projection data processor is configured to compare the reference projection
data (g,cr; Jrey) With the measured projection data (g,ps; Jops) and to set

the residual projection data (Ag; Ag; AJ) to zero when corresponding data
samples of the reference projection data (g,.r; Jrer) and the measured

projection data (g,s; Jops) are substantially equal.

Apparatus according to one of the preceding claims, wherein the inverse
projection problem is defined as
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arg min (1 Af )+ 1-| 487 - gl

where A is an operator that describes a projection process performed
by the imaging modality and maps an image in an image domain to
corresponding projection data in a projection domain;

h(Af) is a sparsity-promoting term that maps the residual image Af to
a scalar number which quantifies a sparsity of Af,
A is a parameter that controls a trade-off between the sparsity-promoting
term and a data fidelity term |4Af - Agﬂi .

Apparatus according to any one of the preceding claims, further comprising
a residual projection data converter configured to modify the residual
projection data so that at least a portion of the modified residual projection
data comprises positive values only, wherein said portion  of the modified
residual projection data is provided to the image reconstruction unit (102;
202; 302).

Apparatus according to any one of the preceding claims, further comprising
a reference data alignment (203; 303) configured to align reference data to
object data on the basis of a misalignment information that describes a
misalignment of the test object with respect to the reference object.

Apparatus according to claim 7, wherein the reference alignment (203) is
configured to align a reference image (f.;) to the test object using the
misalignment information to obtain an aligned reference image ; wherein the
apparatus further comprises a reference image processor (217) configured
to generate a difference image (fiis) between the reference image (fr, 214)
and the aligned reference image (fref); and wherein the residual image
reconstruction is configured to use the difference image (fxis) for correcting
the misalignment between the test object and the reference image (fer,
214).

Apparatus according to claim 7, wherein the reference alignment (303) is
configured to generate aligned reference projection data (g,.r, 311) on the

basis of the reference image (fr, 214) and the misalignment information;
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10.

11.

12.

13.

and wherein the residual projection data processor (301) is configured to
use the aligned reference projection data (g,.r, 311) as the reference

projection data (grer, 211).

Method for obtaining a resulting residual image showing differences
between a reference object and a test object, the method comprising:

determining residual projection data (Ag; Ag;Ag) by cancelling
reference projection data (g,.r; Jrer) from measured projection data (g,ps;
Gops), Wherein the measured projection data (g,ps; Jops) represents a
measured projection of the test object under examination obtained by an
imaging modality, and wherein the reference projection data (g,er; Grer)

represents a projection of the reference object; and

reconstructing the resulting residual image (Af; Af; Af) on the basis
of the residual projection data (Ag; Ag; Ag) by solving an inverse projection
transformation problem that links the residual projection data (Ag; Ag; Ag) to
the resulting residual image (Af; Af; Af), the resulting residual image (Af;
Af: Af) representing differences between the reference object and the test
object under examination.

Method according to claim 10, further comprising the step of obtaining the
reference projection data (gr.;; Grer) by scanning a known physically

existing reference object and taking projections from different angles.

Method according to claim 10 or 11, further comprising the step of obtaining
the reference projection data (g,.r; gr.r) by taking projections from different

angles covering a total angular range of substantially 360 degrees around
an axis of the measured object.

Method according to one of claims 10 to 12, wherein determining the
residual projection data comprises:

comparing the reference projection data (g,er; Grer) With the
measured projection data (g.,s; Jops) @nd setting the residual projection

data (Ag; Ag;Ag) to zero when corresponding data samples of the
reference projection data (gr.r; Jrey) and the measured projection data

(obs: Gops) are substantially equal.
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14.

15.

16.

17.

Method according to one of claims 10 to 13, wherein the inverse projection
problem is defined as

arg min (h(Af) +4 'HAAf - Ag“i)
A

where A is an operator that describes a projection process performed
by the imaging modality and maps an image in an image domain to
corresponding projection data in a projection domain;

h(Af) is a sparsity-promoting term that maps the residual image Af to
a scalar number which quantifies a sparsity of Af,
A is a parameter that controls a trade-off between the sparsity-promoting
term and a data fidelity term HAAf—AgHz .

Method according to any one of claims 10 to 14, further comprising:

modifying the residual projection data so that at least a portion of the
modified residual projection data comprises positive values only, wherein
said portion of the modified residual projection data is provided to the image
reconstruction unit (102; 202; 302).

Method according to any one of claims 10 to 15, further comprising:

aligning reference data to object data on the basis of a misalignment
information that describes a misalignment of the test object with respect to
the reference object.

Method according to claim 16, wherein aligning reference data to object
data comprises aligning a reference image (fs) to the test object using the
misalignment information to obtain an aligned reference image; wherein the
method further comprises generating a difference image (fnis) between the
reference image (fer, 214) and the aligned reference image (fref); and
reconstructing the resulting residual image is based on the difference image
(f.is) for correcting the misalignment between the test object and the
reference image (frer, 214).
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18.

19.

Method according to claim 16, wherein aligning reference data to object
data comprises generating aligned reference projection data (g,.s, 311) on
the basis of the reference image (fr, 214) and the misalignment
information; and wherein determining the residual projection data (Ag;
Ag; Ag) is based on the aligned reference projection data (g,.;, 311) as the

reference projection data (grer, 211).

A computer program for implementing the method of any one of claims 10
to 18 when being executed on a computer, processor, or signal processor.
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