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(57) Abstract: A method of determining the mass of an object by scan-
ning the object in a radiographic inspection system, specitically in an
X-ray scanner with the capability to take scan images at a plural num-
ber J of energy levels, has three modes or parts, namely: an initial learn-
ing mode, a normal operating mode, and a learning improvement mode.
An initial learning mode in which reference objects are scanned and
their actual masses weighed and stored as reference values. A normal
operating mode wherein sample objects with unknown mass m are
scanned and analyzed for compatibility with the reference values, and if
found incompatible, the method switches to the learning improvement
mode. A learning improvement mode in which the actual mass of the
sample object found incompatible is determined by weighing and up-
dates the stored reference values.
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METHOD OF DETERMINING THE MASS OF OBJECTS FROM A PLURALITY OF X-RAY

[0001]

[0002]

IMAGES TAKEN AT DIFFERENT ENERGY LEVEL

The invention relates to the field of radiographic inspection systems, for example
scanner systems in which articles or materials under inspection travel through an X-ray
machine, or any other radiographic apparatus in which X-ray images are taken of
individual objects or bulk materials in a moving or stationary state. Applications for
inspection systems of this kind include, among others, the quality control inspections
performed in the food and pharmaceutical industries, for example to detect the
presence of foreign objects in packaged products, or also to verify a specified
composition of products, such as the salt or fat content of sausages, based on the scan
images. As has long been known, it is also possible to determine or at least estimate the
mass of an object based on an X-ray image, and the present invention concerns in
particular an improved method of determining or verifying the mass of an object from
the image obtained with a radiographic inspection system.

An inspection system or scanner system of this type usually has a stationary radiation
source and a stationary linear detector array arranged inside a cabinet-style enclosure
with an entrance and an exit opening, and a conveyor belt for transporting articles
under inspection through the entrance opening, through the space between the
radiation source and the detector array, and out through the exit opening. Typically, the
imaging radiation originates as a fan-shaped planar bundle of rays from a localized
source, e.g. an X-ray tube, and is received by a linear array of photodiodes that are
collectively referred to as a detector, wherein the fan-shaped radiation bundle and the
linear array of photodiodes lie in a common plane, also referred to as the scanning
plane, which runs substantially orthogonal to the travel direction of the conveyor
carrying the articles under inspection. While the articles move through the scanning
plane, the update frequency of the detector is coordinated with the speed of the
conveyor so that the sequence of signals generated by the detector array can be
translated into a pattern of raster dots with different brightness values expressed for
example in terms of an 8- or 16-bit brightness scale, representing a transparent shadow
image of the material bodies between the radiation source and the radiation detector.

If a scanned article contains foreign objects such as metal fragments, which have a lower
transmittance to the scanning rays than the scanned article, the radiographic image will
show such foreign objects as darker areas within the transparent shadow image of the

scanned article.
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[0004]

From the scan image, i.e. the totality of brightness values of the pixels that make up the
image, it is possible to determine or at least estimate the mass of the object, as the
brightness value of each individual pixel dot is representative of the intensity of the ray
received by the respective diode, and the intensity, in turn, is correlated to the
properties of the material and to the distance traversed by the ray inside the object.
With some idealizing assumptions which will be explained below, the brightness or
intensity li(u,d) of an individual pixel i (out of n pixels of the entire scan image) as a
function of the attenuation u and the distance d traveled by the respective ray inside the

material of the scanned object can be expressed by the exponential relationship
li(u.d) = lg; - e (M

wherein i is the absorption coefficient of the material and |, is the full radiation intensity
received by the same diode when the path from the radiation source to the sensor
diode is not interrupted by an inspection object. The dimensionless ratio Ii(u,d)/lo; will
hereinafter also be referred to as the pixel value P, and the entirety of pixel values P; will
be referred to as scan image. Accordingly, the distance d, i.e. the local thickness of the
inspection object at the image pixel i, can be determined from the equation

di = -(1/1) - In{li/lo,;)= -(1/u) - In (P}) @)

and the mass of the inspection object can be determined or at least estimated by the

summation over all of the image pixels

m=-1+3int--1-3np) g
k 5 IO,i k 3

n I
or, by replacing the negative sum —Zm—' with the symbol A,
=t loj

m=="A 3)

wherein k represents an overall mass factor between the total logarithmic absorption A

(represented by the summation) and the mass m of the inspection object.

However, as mentioned above, this estimate of the mass relies on some idealizing
assumptions, primarily that the absorption coefficient is assumed to be constant
throughout the inspection object as well as from one object to the next, and for rays of

all energy levels E within the entire spectrum emitted by the X-ray tube which may
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typically cover a range from a low end of, e.g., 20 keV to a high end of, e.g., 60 to 140
keV. In other words, the radiation Iy emitted by the X-ray tube is not monochromatic,
but is distributed over a spectrum Io(E) =ly-T(E), wherein I is the non-attenuated mean
intensity averaged over the entire energy range and t(E) is the probability density that a
detected photon is at energy E. The absorption coefficient u depends to a significant
degree on the energy level of the radiation, with the lower-energy components of the
spectrum typically being absorbed more, while the higher-energy components of the
spectrum are typically absorbed to a lesser degree. The attenuation p is material-
dependent: the higher the atomic number of a material, the larger will be the ratio of
higher-energy radiation in proportion to the total radiation transmitted, a phenomenon
which is referred to as “beam hardening”. The expression “beam hardening” is
commonly used in connection with shielding measures, because high energy radiation,
such as gamma radiation and X-rays, becomes "harder” as it passes through matter,
meaning that the remaining spectrum after passage contains only higher-energy

photons.

In consequence, the logarithmic relationship (2) between d; and |; represents only an
approximation of the actual situation. In addition, it should also be noted that the
foregoing equations imply the assumption that the radiation traversing the object is
vertical, parallel and non-divergent, a condition which is only loosely approximated by a
fan-shaped radiation bundle.

Summarily speaking, to determine the mass of an object composed of a plurality of
different materials, one would have to know all of the exact spectrum-dependent
absorption coefficients p with the respective material thicknesses, the change of u along
each ray inside a material and the exact number of different materials. The exact
relationship would then be:

wherein:

- lo-T(E) is the non-attenuated X-ray intensity which is emitted by the source and
which would be received by the detector in the absence of any material between the

X-ray source and the detector,

— pis the absorption coefficient which is dependent on the energy level (wavelength)

of the radiation and on the location coordinate s along the ray path, and
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— I(E) is the measured X-ray intensity at the sensor after a ray has traveled through the
test object.

Consequently, the concept of estimating the mass from a radiographic image holds the
most promise in cases where there are no drastic variations in the composition as well
as in the shape and size of the inspection objects, i.e. typically for checking the mass of
nominally equal objects. The mass correlation factor k can be initially determined and
periodically updated if necessary by a “learning” process in which the actual mass m, of
an inspection object is determined by weighing the object on a scale and entering the

value m, into the equation

1.

1 oo |
K=——*» In-=—"A
m, 21 l; m @

a

Compared to conventional checkweighing with an in-line conveyor scale, determining
the mass from an X-ray scan image has the following advantages:

— no delay due to transient oscillations and thus a more precise mass measurement at

faster conveyor speeds,
— the possibility of determining the individual masses of parts of the inspection object

— the possibility to determine the mass of the contents alone and thereby ignoring
fluctuations in the packaging material.

On the other hand the mass correlation factor k is very sensitive to variations in the
proportions of ingredients in the inspection objects. For example a minor change in the
salt content of a food product will cause errors in the masses determined from the scan
images, which can only be detected and corrected through the learning process of
periodically measuring the actual mass m, of an inspection object on a weighing scale
and updating the mass correlation factor k in accordance with equation (4).

In EP 2124024 A1, an X-ray scanning system is described which includes an in-line
conveyor scale. The mass of every inspection object moving through the system is
measured by the inline conveyor scale as well as determined from the scan image. The
proposed use for the system is to continuously compare the two results, to signal any
discrepancies larger than a predetermined value which can indicate a defect in either
the conveyor scale or the X-ray scanning system, and/or to update a correction value
for the mass determination from the scan image, and/or to calculate weight ratios of

components with different specific gravities. As each scanned article is also weighed on
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[0011]

[0012]

[0013]

[0014]

a conveyor scale, the aforementioned speed advantage of “X-ray weighing” is lost with
this system.

A method of estimating the mass of a scanned object which is described in EP 1950527
Al addresses the aforementioned problem of beam hardening. The exponential
relationship (1) is replaced by an empirically measured curve or table of the pixel
brightness I(t) vs. thickness (t) of different calibration samples. The aim of this method is
to reduce errors in estimating the mass from a scan image due to thickness variations in
the inspection objects. Variations due to changes in the composition of the scanned
objects would still have to be corrected through periodic weight checks and adjustments
of the mass correlation factor k as described above.

In US 6,678,396 B2, a method is described for measuring properties of meat with the
use of a so-called dual energy X-ray absorption (DEXA) scanner in which two scan
images (in the form of pixel brightness value arrays) of the inspection object are taken at
different X-ray energy levels. Properties which are mathematically determined based on
the two images include an “effective atomic number”, the “chemical lean percentage”,
and a tenderness factor for the scanned meat. The mass of the sample is also
mentioned as a property whose measurement could be improved with a dual-energy
scanning method, but how this could be accomplished is not described.

US2002/0168046 A1 discloses a method and apparatus for the determination of
properties of a medium of food or feed by X-ray beams having at least two energy
levels. A calibration model is applied to the values generated by dual energy X-rays. The
model is making use of multivariate methods such as Principal Component Regression
(PCR), Multiple Linear Regression (MLR), Partial Least Squares (PLS) regression and
Artificial Neural Networks (ANN}).

In view of the aforementioned shortcomings of methods using only one energy level
and the potential advantages of a mass determination method using two or more
energy levels, the object of the present invention is to propose a mass determination
method which employs a plurality of X-ray scan images at different energy levels and
which can adapt itself automatically to variations in the proportions of different

ingredient substances in the inspection objects.

The term "energy levels” has up to this point been used with a general meaning of
spectral ranges. As mentioned above, the entire spectrum emitted by an X-ray tube in
an inspection system typically covers a range from a low end of, e.g., 20 keV to a high

end of, e.g., 60 to 140 keV. A "multi-energy method” as contemplated by the present
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[0016]

[0017]

[0018]

[0019]

invention is intended to use a plurality of sharply defined energy bands bordering
directly on each other and forming a progression from a lowest to a highest energy, for
example 20-60 keV, 60-100 keV and 100-140 keV in a three-energy system. Accordingly,
the term "energy levels” is used hereinafter with the meaning of such defined energy
bands. The energy bands could (a) originate from different radiation generators, or (b)
could be determined by different spectral sensitivities of the respective detectors used

for the different energy bands, or (c) by a combination of both.

In the first case (a), which could be termed “active multi-energy method”, one could use
for example five generators with, respectively, 40kV, 60kV, 80kV, 100kV, 120kV, each
paired with a detector cell detecting the entire energy range of the associated
generator. The X-ray image for each energy band is obtained by subtraction. For
example, the image in the 60-80kV band is obtained by subtracting the 60kV image
from the 80kV image.

Case (b), which could be termed “passive multi-energy method”, could be realized in
practice by using either direct-conversion energy-resolving X-ray detectors or by using
a plurality of conventional dual-energy detectors, whose energy separation is optimized

by design.

Case (c), the “combined method”, is similar to case (a) in that a plurality of generators
with, e.g. 40kV, 60kV, 80kV, 100kV, 120kV are used. To separate the energy bands, the
40kV generator is paired with a detector having a detection threshold of 20kV, the 60kV

generator is paired with a detector having a detection threshold of 40kV, etc.

The objective which has been stated above is met by the method set forth in the
independent claim 1. Additional facets and details of the invention as well as the specific

case of two energy bands are described in the dependent claims.

The method according to the invention serves to determine or verify the mass m of an
object by scanning the object in a radiographic inspection system, specifically an X-ray
scanner which has the capability to take scan images Sl in the form of pixel value arrays
P’; = (I/IO)J;, wherein i is an integer from 1to n identifying each of n pixels, j is an integer
from 1to J identifying each of J energy bands from a lowest level 1 to a highest level J,
and wherein | represents the reduced radiation intensity of a pixel i due to absorption in
the object and Iy represents the full radiation intensity of the pixel i in the absence of an
object. In the following, the running index i associated with a pixel will be shown as a
subscript index, while the running index j associated with an energy band will be shown

as a superscript index.
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Basically, the method according to the invention has an initial learning mode, a normal

operating mode, and a learning improvement mode.

In the initial learning mode:

a finite number u of reference objects that are of a nominally identical material
composition which is representative of the composition of the objects to undergo
mass determination in the normal operating mode and which varies within a limited
range are individually weighed on a weighing scale to determine their respective

actual masses my..my;

said reference objects are scanned on the radiographic inspection system to

determine their respective scan images Sh...Sl,; and

based on the actual masses my..m, and the scan images Sl....Sl, the scanning system
computes and stores an initial set of parameter values defining a mathematical
relationship through which an unknown mass m of an object can be determined

from the scan image S| of the object.

In the normal operating mode:

sample objects of unknown mass m are scanned to acquire a scan image SI,

for each sample object of unknown mass m, scan image data gained from the scan

image Sl are analyzed for compatibility with the stored parameter values, and

if the scan image data are found compatible, the object mass m is determined from

the scan image S| with the help of the stored parameter values,

if the data are found incompatible, the method switches to the learning

improvement mode.

In the learning improvement mode:

the actual mass m of the sample object whose scan image data were found

incompatible is determined by weighing the object on a weighing scale,

the scanning system updates the stored parameter values based on the scan image

data and the weighed actual mass m of the object.

The method is predicated on the condition that a mathematical relationship exists

between the mass m and the scan image Sl of a scanned object, which can be described
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through the equation

wherein k is defined as mass correlation factor and A stands for a total logarithmic
absorption

n J

A=->>In(P)).

=1 j=1

According to the invention, the finite number u of reference objects in the initial learning
mode preferably equals the number J of energy levels, each individual reference object
being identified by an integer number v = 1...u, the mass of the individual reference
object being identified as m,, and the scan image of the individual reference object
being identified as S,

Accordingly, in the initial learning mode the reference objects v are weighed and
scanned sequentially for v = 1..u until the total number u of reference objects has been
reached

After each reference object v has been weighed and scanned, a mass correlation factor

is calculated, wherein A, stands for a total logarithmic absorption

A, =3I,

i=1 j=1
The mass correlation factors k, of all reference objects v are stored in a reference file M,.

After the mass correlation factor k, has been determined for the reference object v,
beam hardening ratios (h’i)V = (P’i/Pf)V for said reference object v are determined for each
pixel i at each energy level j<J. Alternatively, the beam hardening ratios could also be

defined as (h’;)V = (P{/P{'“)V for each pixel i at each energy level j<J.

Next, an overall beam hardening ratio H, for each energy level j<J is calculated for the
reference object v, with H, representing the centroid of a frequency histogram of the
beam hardening ratios (h)),. The overall beam hardening ratios H, are stored together
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[0030]

[0031]

[0032]

[0033]

with the mass correlation factors k, in the reference file M,.

The method according to the invention is further predicated on the condition that for a
scanned object, the mass correlation factor k is a linear function of the overall beam
hardening ratios Hi = H'..H*" as determined from the scanned image SI of the object,

wherein the linear function is of the form
k=c+aH +a’H2 + ... + al HOD,

Thus, after the mass correlation factors k, and overall beam hardening ratios H, have
been stored in the memory file M, for all of the reference objects v =1... u, a system of

linear equations
c+alHl +a2H + ..+ at D HYY = kg

c+alHy +aHs + .. +al M HYY =k,

c+aH +aH2 + .. +at " HYD =k,

can be established and solved for the unknowns ¢, a', ... a’?, which are subsequently
stored in a coefficient file M..

The determination of the overall beam hardening ratios for the energy channels j = 1..J-
1in the method according to the invention serves to correct the mass determination
error which is caused by changes in the respective concentrations of specific
components in the product. The concentration changes are determined indirectly
through the overall beam hardening ratios which, in turn, enter into the calculation of
the mass correlation factor k. Consequently, the mass correlation factor k automatically
adjusts itself to changes in the composition of scanned objects.

The determination of the unknown mass m, of a sample object s in the normal

operating mode follows this sequence of steps:

N1  wherein the sample object s of unknown mass m; is scanned in the radiographic
inspection system, whereby pixel value arrays (P’;)S at all of the energy levels j are

acquired;

N2  wherein a total logarithmic absorption
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n J

A, = —ZZIn(Rj)S
=1 j=t
and overall beam hardening ratios HL for the sample object of unknown mass are
calculated in the same way as the total logarithmic absorption A, and the overall beam

hardening ratios H, are calculated in the initial learning mode;

N3  wherein the beam hardening ratios H. are compared to a range defined by all
stored H,-values and I—|jS —values in the reference file M, and wherein, if all beam
hardening ratios I—|jS are found within range, the method continues with step N4 and if
one or more of the beam hardening ratios I—|jS is found out of range, the method

branches to the learning improvement mode;

N4  wherein the mass correlation factor ks for the sample object of unknown mass is
calculated by inserting the beam hardening ratios I—|jS into the equation

ks =C+a'Hi + a2H? + ... + at-IH."
using the coefficients c, a', ... a’™? from the coefficient file M..

N5  wherein the mass of the inspection object is calculated as

However, if in step N3 of the normal operating cycle, the condition is met for branching
into the learning improvement mode, a learning improvement cycle with the following

steps I1to 15 is initiated:

1 weighing the actual mass m, of the sample object s for which an out-of-range

condition was found in step N3;

12 based on mg and A, calculating the mass correlation factor k; for said object and

adding k; to the reference file M;;
13 adding the beam hardening ratios H. for said object to the reference file M;;

14 based on all mass correlation factors and all beam hardening ratios now in the
reference file M,, recalculating updated coefficients ¢, a', ... a¥ using a least-square,
best-fit procedure; and

I5  updating the coefficient file M. with the recalculated coefficients ¢, a', ... a’.
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The concept of performing a learning improvement cycle criterion is based on the
plausible assumption that the calculation of a mass correlation factor k according to the

equation
ke=c+a'H! +a2H? + ... + at I’

may be considered trustworthy only as long as the beam hardening ratios I—|jS lie inside a
range defined by all stored H,-values and HL —values in the reference file M, and that

otherwise the coefficients ¢, a', ... a¥” may have to be adjusted.

A learning improvement cycle needs to be performed only if called for in step N3 of a
normal operating cycle. As long as the beam hardening ratios determined in the
normal operating mode lie within the range established by the beam hardening ratios

recorded in the reference file M,, the mass m can be calculated from the scan image SI.

In the calculation of the total logarithmic absorption A for the case of a multi-energy
scanner system, all energy bands j=1...J are combined into a single energy range, so that
the equation

remains the same as for a single-energy scanner system. What is different in the multi-
energy case is that the mass correlation factor ks can now be calculated as a linear
function of the beam hardening ratios H, which can vary with the material composition
of the sample object s. Consequently, the method of the present invention allows the
mass m; of a sample s to be reliably determined from its scan image SI; as long as the
beam hardening ratios H., are within a range defined by the beam hardening ratios
recorded in the reference file M, in the initial learning cycle and subsequent learning

improvement cycles.

A dual energy X-ray absorption (DEXA) scanner represents the simplest case of a multi-
energy scanner. The individual method steps, which follow directly from the general
case described above by setting J=2, are described in detail in claims 12 to 14.

With two energy bands j=1and j=2, there is only one overall beam hardening ratio H.
The equation k = ¢ + a-H for the mass correlation factor k can be graphically
represented as a straight line in a graph k(H). In the initial learning mode, two reference
objects v=1and v=2 are weighed and scanned. The associated value pairs ki, Hy and ky,
H, represent the two reference points that define the straight line after the initial
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learning mode. As more value pairs ks, Hs, and thus more reference points, are added in
subsequent learning improvement cycles, the straight line is recalculated in every

learning improvement cycle as a best fit through all of the reference points.

Analogously, in the case of a three-energy scanner where J=3, three reference objects
v=1,2,3 are weighed and scanned in the initial learning mode, a value triplet k,, HL H2 is
stored in the reference file M, for each of the three objects, and coefficients ¢, a4, a, are
stored in the coefficient file M.. The three value triplets can be graphically represented
as three points which define a plane in a coordinate system (H', H? k). As more value
triplets ks, Hi, HZ, and thus more reference points, are added in subsequent learning
improvement cycles, the plane is recalculated in every learning improvement cycle as a

best fit through all of the reference points.

In the case of a scanner with more than three energy bands, the relationship between
the mass correlation factor k and the beam hardening ratios H' can be geometrically
described by a so-called hyperplane which, however, can no longer be graphically

visualized.

In cases where a clear correlation can be established between the one or more overall
beam hardening ratios H and the content percentages of specific ingredient substances
such as NaCl, KCl or CaCl,, fat, bone, etc. it is also envisioned to use the inventive
method to determine not only the masses of the scanned objects but also the content
percentages of those ingredients.

In the following, the invention will be explained in more detail through examples and
references to the attached drawings, wherein

Figure 1A illustrates the error of a mass determination with a single-energy X-ray

scanner for an aqueous solution of variable salt content;

Figure 1B illustrates the error of a mass determination with a single-energy X-ray

scanner for a cereal product with a variation in salt content;

Figure 2 represents the linear absorption coefficients of carbon, sodium chloride
and calcium chloride as a function of the X-ray energy level;

Figure 3A illustrates the relationship between the salt content of a cereal product and

the overall beam hardening ratio H for a dual-energy X-ray scanner;
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Figure 3B illustrates the relationship between the salt content of a cereal product and
the overall beam hardening ratios H for a multi-energy X-ray scanner;

Figure 3C illustrates the relationship between the fat content in meat and the overall
beam hardening ratios H for a multi-energy X-ray scanner;

Figure 4 illustrates the “learning phase” of the method according to the invention;

Figure 5 represents a flowchart of the initial learning mode of the method for a
DEXA scanner system;

Figure 6 represents a flowchart of the normal operating mode and the learning

improvement mode of the method for a DEXA scanner system; and

Figure 7 illustrates the error in the mass determination as a function of variable salt
content in a cereal product when measured with a dual-energy X-ray scanner in

contrast to a single-energy X-ray scanner;

Figure 1A serves to illustrate the problem that is to be solved by the invention. As an
experiment, a sample consisting of 1 liter of distilled water, thus having a known actual
mass of m, = 1kg, was examined on a single-energy X-ray scanning system. In the
learning mode, the mass correlation factor k was determined according to equation (4),

as explained previously herein

k= 1 *anln I‘

i
Subsequently, in the “weighing mode”, the salt content of the sample was increased in
steps, from 0% to 10%. At each step, the mass m of the sample was weighed on a scale
as well as determined according to equation (3), using the value for the mass correlation

factor k that was determined in the learning mode

1,8 |
e * N In—
m " an

i=1 0,

As Figure 1A illustrates, the mass amounts determined by X-ray scanning deviate from
the actual mass by an error which is in approximately linear proportion to the salt
content, i.e. the error increases by about 0.9% for each additional percent of salt

content. The observed linearity of the mass error as a function of salt content simply
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reflects the fact that any continuous function f(x) can be approximated in the
neighbourhood of a given point xg by its tangent line f(x) = f(xo)+ '(Xo)(x-Xo).

Figure 1B shows the results of an analogous experiment with cereal packages of 7509
containing different percentages of salt. Compared to the example of Figure 1A, the
error in the mass amounts determined by X-ray scanning is even larger, i.e. about 1.7%
for each additional percent of salt content.

With single-energy X-ray scanning, the only way to avoid the substantial errors in the
measured amounts of mass is by frequently checking the actual mass m, of the
inspected products on a weighing scale and adjusting the mass correlation factor k
when the deviation exceeds a given tolerance limit.

The graphs of Figure 2 illustrate the respective linear absorption coefficients of carbon,
sodium chloride and calcium chloride (for example in cheese and Tofu) as a function of
the X-ray energy level. At about 100 keV, the absorption coefficients begin to converge,
and at 140 keV they are almost identical. The differences between the absorption
coefficients of different substances at different energy levels which, as shown in this
example, are most pronounced at the lower energy levels, provide the basis for the
method of the present invention of determining the mass of objects from a plurality of
X-ray images taken at different energy levels. The energy bands for the different images
can advantageously be selected based on the particular substances that are contained

in the product and have a significant influence on its mass.

Figure 3A relates to a scanning system that operates with two levels of X-ray energy. As
explained earlier in the case of a dual-energy scanning system, a hardening ratio

h; = PF°/P can be determined individually for each pixel i, and an overall beam
hardening ratio H can be calculated as the centroid value in a frequency histogram of
the beam hardening ratios h;. Figure 3A shows how the overall beam hardening ratio H
changes as a linear function of the salt content, using 7509 cereal packages of varying
salt content as in Figure 1B. The beam hardening graph will be different for different
test samples and different ingredients, but the relationship between the beam
hardening ratio H and the percentage concentration of the ingredient that causes the

beam hardening will always be linear.

Figure 3B shows the ten beam hardening ratio curves for a multi-energy inspection
system with eleven energy levels, with E1 representing lowest and E10 the highest of the
energy levels for which the beam hardening ratios were calculated. The energy bins E1

to E10 are equally distributed. The beam hardening ratios were calculated relative to the
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highest energy channel, E11, as this was found to produce the best resolution. The
higher-energy curves > E6 show a flatter slope which indicates that the salt contribution
as the determining factor for the beam hardening ratio is increasingly less represented
in these energy channels. The E10-curve, which runs almost flat, indicates that the salt-

content contribution in this channel is lowest.

Figure 3C illustrates the beam hardening ratios for 8% versus 20% fat content in meat
for 7 energy ranges. It is obvious that all energy channels contribute with information to
the overall fat content. In this case the mass correlation factor is influenced by the fat
content of the meat. The fat content can be directly taken into account by a calibration
of the beam hardening ratios, and the resulting weight is then obtained by assigning the
calculated mass correlation factors of the individual energy channels to the logarithmic

absorption sums of the images.

As shown in Figures 1A and 1B, the change in the mass correlation factor k is in linear
proportion to a change in the concentration of the relevant ingredient. Given that, in
accordance with Figures 3A, 3B and 3C, the overall beam hardening ratio stands likewise
in a linear relationship to the concentration of the same ingredient, it follows that the
mass correlation factor k is a linear function of the beam hardening ratio H, as shown in

Figure 4.

This linear relationship is represented by the graph of Figure 4. The points on the
graph, which are shown as diamond-shaped symbols “#", represent value pairs H, k
which are generated in the initial learning mode (see flowchart Figure 5) and in the
learning improvement mode (see flowchart Figure 6) of the method according to the
invention. In the first learning cycle (Figure 5) of the dual energy scanning system, a first
beam hardening ratio H; and a first mass correlation factor k; are determined for a first
test sample whose actual mass mq has been weighed on a scale. Looping through a
second cycle, a second beam hardening ratio H, and a second mass correlation factor k;
are determined for a second test sample whaose actual mass m; has likewise been
weighed on the scale. These initial two value pairs H, ki and Hy, k; define a straight line
which can be represented by a linear equation k = ¢ + a-H whose coefficients can be
calculated as a = (kp-kq)/(H,-Hq) and ¢ = kq - a-H; = k; - a-H,. In the last step of the initial
learning mode of Figure 5, the initial data set Hy, ki, Hz, k», a, ¢ is stored in the memory
file, whereupon the system can begin to run in its regular operating mode which is

illustrated in Figure 6.
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In the normal operating mode of the DEXA scanning system which is illustrated in Figure
6, samples of unknown mass are scanned, i.e. their pixelated scan images P and pPr°
are recorded, from which the beam hardening ratio H for the sample of unknown mass
is determined. Next, the value H is evaluated as to whether or not it falls within the
range of the stored values for H in the memory file. If this is the case, the mass ratio k =
¢ + a-H is calculated, using the stored values for c and a. In the last step of the normal
operating mode, the mass m is calculated from the scan image PO, using the calculated

value for k.

If the value H is found to be outside the range of the stored values for H in the memory
file, the normal operating mode branches to the learning improvement mode, where
the mass m of the sample is determined by weighing. Based on this actual mass m and
the scan image P-° which has already been recorded for this sample, a new mass
correlation factor k is calculated. The new mass correlation factor k and the overall
beam hardening ratio H which is associated with it are stored in the memory file. The

index N indicates the number of data sets H, k that are now in the memory file

In the last step of the learning improvement mode, new values for the slope a and the
ordinate intercept ¢ of the linear function k(H) are calculated by using the standard

linear regression formula:

wherein:

-H represents the average of the N products k-H
represents the average of the mass correlation factors k
represents the average of the beam hardening ratios H

represents the average of the squares of the ratios H

n] I| ani
N

represents the square of the average of the ratios H

Instead of (or in addition to) branching into the learning improvement mode when a
beam hardening ratio H falls outside the range of the stored beam hardening ratios in
the memory file, the method could also use other criteria to branch into the learning
improvement mode, e.g. after a set time interval or a set number of articles, or based on
statistically determined trends or developments in the acquired data. In practice, about
10 to 20 learning cycles will be sufficient to cover a wide range of variation in the

concentration of the relevant ingredient in the respective food product.
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If any learning improvement cycle leads to a value pair (H, k) with a mass correlation
factor k that differs significantly from the value which would be obtained from the
existing best-fit straight line, the system could be programmed to interpret this as an
implausible result which could indicate a problem in the scanned product or a defect of
the system.

The significant improvement which is achieved as a result of using the mass
determination method according to the invention in a dual-energy scanning system in
comparison to determining the mass of scanned objects with a single-energy system is
documented in Figure 7. Graph G1 represents a duplicate of the graph in Figure 1B for
the weight determination errors in cereal packages of 750g containing different
percentages of salt, using a single-energy scanner system. Within the range of the
graph, i.e. up to 3% salt content, the error in the mass amounts determined by single-
energy X-ray scanning increases by about 1.7% for each additional percent of salt
content. Graph G2, in contrast, represents the weight determination errors for the same
product when the dual-energy method according to the invention is used. The mass
determination error never exceeds 0.3% over the entire range from 0 to 3% salt content.

In this example, the method according to the invention could also be used, in addition
to the mass measurement, to determine the content percentage of sodium chloride (or
other relevant ingredients whose concentration affects the beam hardening ratio H). To
accomplish this, the learning mode would have to be expanded, so that each learning
cycle includes, in addition to weighing the actual mass m,, a measurement of the actual
content percentage CP, of sodium chloride. Analogous to the linear relationship
between the overall hardening ratio H and the mass correlation factor k (see Figure 4),
the correlation between the overall hardening ratio H and the percentage CP can be
established as a best-fit straight-line graph from which the percentage content CP can

be determined based on the hardening ratio.

The method according to the invention also allows identification of object compositions
being significantly different from the object itself, for example those resulting from
foreign materials inside the inspected objects, such as screws made of steel in a food-
product. That kind of relatively large foreign objects has a significant influence on the
beam hardening.

Although the invention has been described through the presentation of a specific
example, it will be evident to the reader that numerous further variant embodiments

could be developed from the teachings of the present invention, for example by
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applying the method of the invention to different food products and different
ingredients as well as to applications outside the food industry. It goes without saying

that any such variant embodiments are considered to be part of the present invention.
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Patent Claims

1. A method of determining the mass of an object by scanning the object in a radiographic
inspection system, specifically an X-ray scanner which has the capability to take scan images
of n pixels in a plural number J of energy bands, wherein a scan image Sl is constituted by a
pixel value array SI, meaning an array PJI = (I/IO)J; wherein i is an integer from 1to n identifying
each of n pixels, j is an integer from 1to J identifying each of J energy bands from a lowest
level 1to a highest level J, and wherein | represents the reduced radiation intensity of a pixel i
due to absorption in the object and I represents the full radiation intensity of the pixel i in
the absence of an object, the method comprising an initial learning mode, a normal

operating mode, and a learning improvement mode,
wherein the initial learning mode comprises

— individually weighing on a weighing scale a finite number u of reference objects that are
of a nominally identical material composition which is representative of the composition
of the objects to undergo mass determination in the normal operating mode and which
varies within a limited range, and thereby determining the respective actual masses

m1..m, of said reference objects,

— scanning said reference objects on the radiographic inspection system to determine their
respective scan images Sh...Sl,, and

— based on the actual masses my..m, and the scan images SI1...Sl,, computing and storing
in the scanning system an initial set of parameter values that define a mathematical

relationship between the mass m of an object and the scan image S| of the object;

wherein the normal operating mode comprises

scanning sample objects of unknown mass m and thereby acquiring a scan image Sl for

each of said sample objects of unknown mass m,

— for each sample object of unknown mass m, determining a set of scan image data from
the scan image SI, analyzing said scan image data for compatibility with the stored

parameter values, and

— if the scan image data are found compatible, determining the object mass m from the

scan image S| with the help of the stored parameter values,

— if the data are found incompatible, switching to the learning improvement mode;
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and wherein the learning improvement mode comprises,

— determining the actual mass m of the sample object whose scan image data were found

incompatible by weighing said sample object on a weighing scale,

— updating the parameter values stored in the scanning system based on the scan image
data and the weighed actual mass m of the object;

wherein in the initial learning mode the finite number u of reference objects equals the
number J of energy levels, each individual reference object being identified by an integer
number v = 1..u, the mass of the individual reference object being identified as m,, and the
scan image of the individual reference object being identified as SI;

characterized in that for each reference object v, a mass correlation factor

is calculated, wherein A, stands for a total logarithmic absorption

n J

Av = _Zzln(Pij)Vl

i=1 =1
and that k, is stored in a reference file M, assigned to the reference objects; and

in that for each scanned reference object v, beam hardening ratios (h’;)V = (P{/Pf)V or

alternatively

beam hardening ratios (h’i)V = (P’i/P}'J’l)V are determined for each pixel i at each energy level

j<J

wherein for each energy level j<J and each reference object v, an overall beam hardening
ratio H), is calculated as the centroid of a frequency histogram of the beam hardening ratios
(h’;)v, and that the overall beam hardening ratios H, are stored together with the mass
correlation factors k, in the reference file M,.

2. The method according to claim 1, characterized in that for a scanned object, the mass
correlation factor k is a linear function of the overall beam hardening ratios H = H'..H" as
determined from the scanned image Sl of said object, wherein said linear function is of the

form
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k=c+aH +a?H + .+ atIHOD,

3. The method according to claims 1 or 2, characterized in that after the mass correlation
factors k, and overall beam hardening ratios H, have been stored in the memory file M, for

reference objects v =1 ... u, a system of linear equations
c+a Hl +a2H? + ..+ atd HIY =

c+alHh+aHZ + ...+ atHYY =k,

c+alH, +a>HS + .. +alPHYY =,

is solved for the unknowns ¢, a', ... a’?, which are subsequently stored in a coefficient file M..

4. The method according to any one of the preceding claims, characterized in that the normal
operating mode comprises the steps:

N1 scanning the sample object s of unknown mass m in the radiographic inspection

system, whereby pixel value arrays (PJ;)S at all of the energy levels j are acquired;

N2 calculating a total logarithmic absorption

n J

As = _Zzln(Pij)s
i=1 j=1
and overall beam hardening ratios I—|jS for the sample object of unknown mass in the same
way as the total logarithmic absorption A, and the overall beam hardening ratios H), are

calculated in the initial learning mode;

N3 comparing the beam hardening ratios I—|jS to a range defined by all stored H}-values and
I—|jS —values in the reference file M, and, if all beam hardening ratios I—|jS are found within
range, continuing the method with step N4 or, if one or more of the beam hardening
ratios I—|jS is found out of range, branching to the learning improvement mode of the
method;

N4 calculating the mass correlation factor ks for the sample object of unknown mass by
inserting the beam hardening ratios I—|jS into the equation



WO 2016/164411 PCT/US2016/026144

ke=c+aHi +a2HZ + ... + alIH}
using the coefficients ¢, a, ... a’? from the coefficient file M;

N5 calculating the mass of the inspection object as

The method according to any one of the preceding claims, characterized in that the learning

improvement mode comprises the steps:

11 weighing the actual mass m; of the sample object s for which an out-of-range condition

was found in step N3;

12 based on m and A, calculating the mass correlation factor ks for said object and adding

k. to the reference file M,
13 adding the beam hardening ratios H, for said object to the reference file M;;

14 based on all mass correlation factors and all beam hardening ratios now in the reference
file M,, recalculating updated coefficients ¢, a', ... a¥V using a least-square, best-fit
procedure; and

I5 updating the coefficient file M. with the recalculated coefficients ¢, a', ... a*.

The method according to any one of the preceding claims, characterized in that in cases
where a clear correlation can be established between one or more overall beam hardening
ratios H and the content percentages of specific ingredient substances, such as NaCl, KCl or
CaCly, fat, bone, etc., the inventive method is also used to determine the content

percentages of those ingredients of the scanned objects.

The method according to any one of the preceding claims, wherein the radiographic
inspection system is a dual-energy X-ray absorption (DEXA) scanner taking scan images at
two energy levels j=1 and j=2, characterized in that the initial learning mode comprises the
steps:
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L1 determining the actual mass m of a first representative reference object v=1by
weighing;

L2 scanning the representative reference object v=1in the radiographic inspection system,
whereby a pixel value array (Pil)vz1 at the lower and a pixel value array (Piz)vz1 at the
higher of the two energy levels are acquired;

L3 based on the first actual mass mq and the pixel value arrays (PH),- and (Piz)vz1, calculating

a first mass correlation factor

and storing said mass correlation factor in a reference file M,, wherein
n 1 5
A1 =—Z(InPi +|nPi )v:1 /

i=1

L4 determining beam hardening ratios (h)y=1 = (P?/P?)M individually for each pixel,
calculating a first overall beam hardening ratio Hy as the centroid of a frequency
histogram of the beam hardening ratios (h;),-1, and storing said first overall beam
hardening ratio H; in the reference file M, together with the first mass correlation factor
ks,

L5 repeating steps L1to L4 once with a second reference object v=2 of a second sample
mass my, thereby determining a second mass correlation factor k, and a second overall
beam hardening ratio H,, and storing said second mass correlation factor k, and second
overall beam hardening ratio H, in the reference file M;

L6 calculating the constants ¢ and a of a linear equation
k=c+aH
based on a system of linear equations
c+aHi=k
c+aH=k

where ¢ and a are the unknowns and Hs, kq, Hy, ko are the values that were stored in the

reference file M, according to steps L3, L5 and L6; and

L7 storing the now known coefficients a and ¢ in a coefficient file M.



WO 2016/164411 PCT/US2016/026144

8. The method of claim 6, characterized in that the normal operating cycle comprises the steps:

N1 scanning a sample object of unknown mass ms in the radiographic inspection system
and thereby acquiring a pixel value array (P}); at the lower and a pixel value array (P?)
at the higher of the two energy levels;

N2 calculating an overall beam hardening ratio H; for said sample object in the same way as
the overall beam hardening ratios Hs, H, were calculated in the initial learning mode;

N3 comparing the overall beam hardening ratio H; to the range defined by all of the H,-
values and Hs-values stored in the reference file M, and, if H; is found within range,
continuing the method with step N4 or, if H, is found out of range, branching to the

learning improvement mode of the method,;

N4 calculating the mass correlation factor ks for the sample object of unknown mass by
inserting the overall beam hardening ratio H; into the equation

ke =c + a-H,
using the coefficients ¢ and a from the coefficient file M; and

N5 calculating the mass m; of the sample object as

where A stands for a total logarithmic absorption calculated from the pixel value arrays
(Ph)s and (P?), acquired in step N1

9. The method claims 6 or 7, characterized in that the learning improvement mode comprises
the steps:

11 weighing the actual mass m; of the sample object for which an out-of-range condition
was found in step N3;
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based on my, calculating the mass correlation factor k; for said object and adding k; to
the reference file M,

adding the beam hardening ratio H; for said sample object to the reference file M;

based on the mass correlation factors ky, k, and overall beam hardening ratios Hsy, H
stored in the reference file M, during the initial learning mode and the mass correlation
factors ks and overall beam hardening ratios Hs added to the reference file M, during
subsequent cycles of the learning improvement mode, recalculating the coefficients ¢
and a using a least-square, best-fit procedure; and

updating the coefficient file M. with the recalculated coefficients ¢ and a.
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Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. I:] Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. Claims Nos.: 4-9

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multipie inventions in this international application, as follows:

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional tees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.

4. E] No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos..

Remark on Protest I:I The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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