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[DESCRIPTION]

[Title of Invention] SCATTERING TOMOGRAPHY DEVICE AND
SCATTERING TOMOGRAPHY METHOD

[Technical Field]

[0001]

The present disclosure relates to a scattering tomography
device and the like that generates a reconstructed image showing
elements inside an object using scattered waves of radio waves.
[Background Art]

[0002]

Patent Literature (PTL) 1, PTL 2, and PTL 3 disclose techniques
related to a scattering tomography device and the like that generates
a reconstructed image showing elements inside an object using
scattered waves of radio waves.

[0003]

For example, with the technique described in PTL 1, a beam
transmitted out from a microwave transmitter is incident on an
inspection target, and the amplitude and phase of scattered beams
are detected by a microwave detector. A distribution of the
dielectric constant is then computed from the output signal of the
microwave detector, and a section of the inspection object is imaged.
[Citation List]

[Patent Literature]

[0004]

[PTL 1] Japanese Unexamined Patent Application Publication No.
S62-66145

[PTL 2] WO 2014/125815

[PTL 3] WO 2015/136936

[Summary of Invention]

[Technical Problem]

[0005]

Unfortunately, it is not easy to generate a reconstructed image
showing elements inside an object using scattered waves of radio
waves such as microwaves. More specifically, when the state of the

interior of an object is known, calculating data measured as
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scattered waves relative to radio waves incident on the object is easy
as it is a forward problem. However, calculating the state of the
interior of an object when it is the measurement data that is known
is difficult as it is an inverse problem.

[0006]

Even if the presence of an element inside an object can be
identified using scattered waves, it is not easy to identify the
characteristics of the element, for example, whether the element is
persistent in the object or not. More specifically, if a persistent
malignant tumor and other cells that randomly appear and disappear
reflect radio waves in the same way, it is not easy to identify whether
an element inside the human body is a malignant tumor or another
cell using scattered waves.

[0007]

In view of this, embodiments of the present disclosure provide
a scattering tomography device and the like that can generate a
reconstructed image showing persistent elements in an object using

scattered waves of radio waves.

[Solution to Problem]
[0008]

According to a first aspect of the present disclosure, there is
provided a scattering tomography device including: a transmitting
antenna that transmits radio waves into an interior of an object from
outside the object; a receiving antenna that receives, outside the
object, scattered waves of the radio waves transmitted into the
interior of the object by the transmitting antenna; and an
information processing circuit that obtains a measurement result of
the scattered waves on each of a plurality of days to obtain
measurement results over a plurality of days, and generates a
reconstructed image showing a persistent element inside the object
based on the measurement results. The information processing
circuit: calculates, for each of the measurement results and using the



measurement result as a boundary condition, a scattering field
function that takes a transmission position of the radio waves and a
reception position of the scattered waves as inputs and outputs an
amount of the scattered waves at the reception position; calculates,
for each of the measurement results, a visualization function that
takes a location to be visualized as an input and outputs an image
intensity at the location to be visualized, and is defined based on the
amount output from the scattering field function in response to
inputting the location to be visualized into the scattering field
function as the transmission position and the reception position;
generates an intermediate image for each of the measurement
results based on the visualization function to generate intermediate
images for the measurement results; and generates the
reconstructed image by calculating a minimum value of the image
intensity at each position in the intermediate images using a logical
conjunction.

[0008a]

According to a second aspect of the present disclosure, there
is provided a scattering tomography method including: transmitting,
by a transmitting antenna, radio waves into an interior of an object
from outside the object; receiving outside the object, by a receiving
antenna, scattered waves of the radio waves transmitted into the
interior of the object by the transmitting antenna; and obtaining a
measurement result of the scattered waves on each of a plurality of
days to obtain measurement results over a plurality of days, and
generating a reconstructed image showing a persistent element
inside the object based on the measurement results, wherein the
obtaining of measurement results and generating of a reconstructed
image includes: calculating, for each of the measurement results and
using the measurement result as a boundary condition, a scattering
field function that takes a transmission position of the radio waves
and a reception position of the scattered waves as inputs and outputs
an amount of the scattered waves at the reception position;
calculating, for each of the measurement results, a visualization
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function that takes a location to be visualized as an input and outputs
an image intensity at the location to be visualized, and is defined
based on the amount output from the scattering field function in
response to inputting the location to be visualized into the scattering
field function as the transmission position and the reception position;
generating an intermediate image for each of the measurement
results based on the visualization function to generate intermediate
images for the measurement results; and generating the
reconstructed image by calculating a minimum value of the image
intensity at each position in the intermediate images using a logical
conjunction.

[0009]

These general or specific aspects may be implemented as a
system, a device or apparatus, a method, an integrated circuit, a
computer program, or a non-transitory computer-readable recording
medium such a CD-ROM, or any combination thereof.

[Advantageous Effects of Invention]
[0010]

According to embodiments of the present disclosure, it is
possible to generate a reconstructed image showing persistent
elements in an object using scattered waves of radio waves.

[Brief Description of Drawings]
[0011]
[FIG. 1]

FIG. 1 is a graph illustrating the secretion of progesterone and
other hormones during the menstrual cycle.
[FIG. 2A]

FIG. 2A is a graph illustrating the frequency of cell
multiplication (mitosis) of the lobules plotted against day of the
menstrual cycle.

[FIG. 2B]

FIG. 2B is a graph illustrating the frequency of cell deletion
(apoptosis) plotted against day of the menstrual cycle.

[FIG. 3]
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FIG. 3 is a schematic diagram illustrating lobules and
lactiferous ducts.
[FIG. 4]

FIG. 4 is a schematic diagram illustrating an example of an
antenna array scanning on a curved surface to measure scattered
data according to an embodiment of the present disclosure.

[FIG. 5]

FIG. 5 is a schematic diagram illustrating time series
measurements performed using microwave mammography according
to an embodiment of the present disclosure.

[FIG. 6]

FIG. 6 is a graph illustrating time series data of image intensity
according to an embodiment of the present disclosure.
[FIG. 7]

FIG. 7 is a schematic diagram illustrating a shift in the
measurement area according to an embodiment of the present
disclosure.

[FIG. 8A]

FIG. 8A illustrates a display example of an image according to
an embodiment of the present disclosure.
[FIG. 8B]

FIG. 8B illustrates a display example of a translucent
fluoroscopic image of the interior of a breast viewed in a direction
from the bottom of the subject to the top of the subject according to
an embodiment of the present disclosure.

[FIG. 8C]

FIG. 8C illustrates a display example of a translucent
fluoroscopic image of the interior of a breast viewed from the front of
the subject according to an embodiment of the present disclosure.
[FIG. 9A]

FIG. 9A illustrates a display example according to Example 1 of
a reconstructed image obtained from measurement data from
January 11.

[FIG. 9B]

FIG. 9B illustrates a display example according to Example 1 of
- 4 -
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a reconstructed image obtained from measurement data from
January 18.
[FIG. 9C]

FIG. 9C illustrates a display example according to Example 1 of
a reconstructed image obtained from measurement data from
January 25.

[FIG. 9D]

FIG. 9D illustrates a display example according to Example 1
of a reconstructed image obtained from measurement data from
February 1.

[FIG. 9E]

FIG. 9E illustrates a display example according to Example 1 of
a tumor probability image.

[FIG. 10A]

FIG. 10A illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
1.

[FIG. 10B]

FIG. 10B illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
5.

[FIG. 10C]

FIG. 10C illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
8.

[FIG. 10D]

FIG. 10D illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
12.

[FIG. 10E]

FIG. 10E illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
15.

[FIG. 10F]
FIG. 10F illustrates a display example according to Example 2
- 5 -
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of a reconstructed image obtained from measurement data from June
19.
[FIG. 10G]

FIG. 10G illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
22.

[FIG. 10H]

FIG. 10H illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
26.

[FIG. 10I]

FIG. 10I illustrates a display example according to Example 2
of a tumor probability image.
[FIG. 11A]

FIG. 11A illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
October 23.

[FIG. 11B]

FIG. 11B illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
October 30.

[FIG. 11C]

FIG. 11C illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
November 6.

[FIG. 11D]

FIG. 11D illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
November 13.

[FIG. 11E]

FIG. 11E illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
November 20.

[FIG. 11F]

FIG. 11F illustrates a display example according to Example 3
-6 -
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of a reconstructed image obtained from measurement data from
November 27.
[FIG. 11G]

FIG. 11G illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
December 4.

[FIG. 11H]

FIG. 11H illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
December 11.

[FIG. 111I]

FIG. 111 illustrates a display example according to Example 3
of a tumor probability image.
[FIG. 12A]

FIG. 12A illustrates a display example according to Example 4
of a reconstructed image obtained from the composite data of the
measurement data of the cancer patient and the measurement data
of the healthy patient from February 26.

[FIG. 12B]

FIG. 12B illustrates a display example according to Example 4
of a reconstructed image obtained from the composite data of the
measurement data of the cancer patient and the measurement data
of the healthy patient from February 5.

[FIG. 12C]

FIG. 12C illustrates a display example according to Example 4
of a reconstructed image obtained from the composite data of the
measurement data of the cancer patient and the measurement data
of the healthy patient from February 12.

[FIG. 12D]

FIG. 12D illustrates a display example according to Example 4
of a reconstructed image obtained from the composite data of the
measurement data of the cancer patient and the measurement data
of the healthy patient from February 19.

[FIG. 12E]

FIG. 12E illustrates a display example according to Example 4
- 7 -
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of a tumor probability image.
[FIG. 13]

FIG. 13 is a block diagram of the basic configuration of the
scattering tomography device according to an embodiment of the
present disclosure.

[FIG. 14]

FIG. 14 is a flowchart illustrating the basic operation of the
scattering tomography device according to an embodiment of the
present disclosure.

[FIG. 15]

FIG. 15 is a schematic diagram illustrating a detailed
configuration of the scattering tomography device according to an
embodiment of the present disclosure.

[Description of Embodiments]
[0012]

A scattering tomography device according to one aspect of the
present disclosure includes: a transmitting antenna that transmits
radio waves into an interior of an object from outside the object; a
receiving antenna that receives, outside the object, scattered waves
of the radio waves transmitted into the interior of the object by the
transmitting antenna; and an information processing circuit that
obtains a measurement result of the scattered waves on each of a
plurality of days to obtain measurement results over a plurality of
days, and generates a reconstructed image showing a persistent
element inside the object based on the measurement results. The
information processing circuit: calculates, for each of the
measurement results and using the measurement result as a
boundary condition, a scattering field function that takes a
transmission position of the radio waves and a reception position of
the scattered waves as inputs and outputs an amount of the
scattered waves at the reception position; calculates, for each of the
measurement results, a visualization function that takes a location to
be visualized as an input and outputs an image intensity at the
location to be visualized, and is defined based on the amount output
from the scattering field function in response to inputting the
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location to be visualized into the scattering field function as the
transmission position and the reception position; generates an
intermediate image for each of the measurement results based on
the visualization function to generate intermediate images for the
measurement results; and generates the reconstructed image by
calculating a minimum value of the image intensity at each position
in the intermediate images using a logical conjunction.

[0013]

This enables the scattering tomography device to calculate an
intermediate image that can show elements inside the object, based
on the scattering field functions calculated using the measurement
results of the scattered waves as boundary conditions. The
scattering tomography device can then generate a reconstructed
image showing persistent elements inside the object from a plurality
of intermediate images obtained using the plurality of measurements
taken over a plurality of days.

[0014]

Accordingly, the scattering tomography device can generate a
reconstructed image showing persistent elements in the object using
scattered waves of radio waves. This makes it possible to identify,
for example, whether an element inside the human body is a
persistent malignant tumor or other cells that randomly appear and
disappear using scattered waves.

[0015]

For example, the information processing circuit generates the
reconstructed image using Pn(r) = bi(r) A ba2(r) A ... A bn(r), where
Pn(r) is the reconstructed image, r is a position, N is a total number
of the intermediate images, bi is the visualization function where i is
1 to N, and A is the logical conjunction.

[0016]

This enables the scattering tomography device to simply
generate the reconstructed image by logical conjunctions of the
intermediate images corresponding to the outputs of the
visualization functions.

[0017]
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For example, the information processing circuit: generates the
intermediate image based on the visualization function and a
diffusion coefficient; and when generating the intermediate image,
increases a spatial scope of diffusion of the image intensity at the
location to be visualized in the intermediate image as the diffusion
coefficient increases.

[0018]

This enables the scattering tomography device to diffuse the
image intensity using a diffusion coefficient. Accordingly, using the
diffusion coefficient, the scattering tomography device can inhibit
persistent elements from disappearing from the reconstructed image
due to a shift in the measurement of the scattered waves.

[0019]

For example, the information processing circuit generates the
reconstructed image using Pn(r) = eV2bi(r) A e¥2ba(r) A ... A eVibn(r),
where Pn(r) is the reconstructed image, r is a position, N is a total
number of the intermediate images, bi is the visualization function
where iis 1 to N, ev2bi(r) is the intermediate image whereiis 1 to N,
v is the diffusion coefficient, A is a two-dimensional Laplace operator
corresponding to two directions in which a shift occurs in the
measurement of the scattered waves, and A is the logical
conjunction.

[0020]

This enables the scattering tomography device to properly
diffuse the image intensity using a relational expression based on a
probability theory method.

[0021]

For example, the information processing circuit calculates
eV2bi(r) by calculating a Fourier transform of bi(r), multiplying a
result of the Fourier transform by exp(—v(kx? + ky?)), and calculating
an inverse Fourier transform of a result of the multiplication of
exp(—v(kx? + ky?)), where kx and ky in exp(—v(kx? + ky?)) are two
wavenumbers corresponding to the two directions of bi.

[0022]

This enables the scattering tomography device to rapidly and
- 10 -
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properly diffuse the image intensity.
[0023]

For example, the diffusion coefficient is defined as a value
proportional to a mean squared error of measurement positions of
the scattered waves.

[0024]

This enables the diffusion coefficient to be defined based on
the magnitude of the error in the measurement position. The
scattering tomography device can then appropriately diffuse the
image intensity based on the magnitude of the error in the
measurement position.

[0025]

For example, the diffusion coefficient is defined as a value
equal to a mean squared error of measurement positions of the
scattered waves.

[0026]

This enables the diffusion coefficient to be simply defined
based on the magnitude of the error in the measurement position.
The scattering tomography device can then appropriately diffuse the
image intensity based on the magnitude of the error in the
measurement position.

[0027]

For example, the diffusion coefficient is defined as zero.
[0028]

This enables the scattering tomography device to simply
generate the reconstructed image by logical conjunctions of the
intermediate images corresponding to the outputs of the
visualization functions, just like when a diffusion coefficient is not
used.

[0029]

For example, the diffusion coefficient is defined as a value
greater than zero.
[0030]

This enables the scattering tomography device to diffuse the
image intensity more reliably using a diffusion coefficient greater
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than zero. Accordingly, by using a diffusion coefficient greater than
zero, the scattering tomography device can more reliably inhibit
persistent elements from disappearing from the reconstructed image
due to a shift in the measurement of the scattered waves.

[0031]

For example, in a three-dimensional space of X coordinates, Y
coordinates, and Z coordinates, an X coordinate and a Z coordinate
of a position of the transmitting antenna are identical to an X
coordinate and a Z coordinate of a position of the receiving antenna,
respectively,

the scattering field function is defined as:

[Math. 1]
(X, 01, 12,2, k)

1 o 00 00

J‘ J‘ J'efi(kxerknlerkyzyz)a k .k .k z)ei{‘l(\lkzkn”\lkzkyzz)zk"”z k. dkyl dky2

X271y

(2x)’

where x is an X coordinate of the transmission position and the

—0 —00 —20

reception position, yi1 is a Y coordinate of the transmission position,
y2 is a Y coordinate of the reception position, z is a Z coordinate of
the transmission position and the reception position, k is a
wavenumber of the radio waves, and kx, ky1, and ky2 in the scattering
field function are wavenumbers related to x, yi, and y2 in the
scattering field function, respectively,
a(kx, ky1, ky2) is defined as:
[Math. 2]

Xx? ylj

Cl(k k kyz) — Zeikxx] e—l{J(\/k _kyl +\/k —km Y-k, }Zl(i(xjjkyl jkyzjk)
I

where I is an index of the transmission position and the
reception position at which the transmitting antenna and the
receiving antenna are present, x;i is an X coordinate of the
transmission position and the reception position at which the
transmitting antenna and the receiving antenna are present, and z: is
a Z coordinate of the transmission position and the reception position
at which the transmitting antenna and the receiving antenna are

present,
- 12 -



10

15

20

25

30

[Math. 3]
DO(x,k, .k, ,k)

expresses a Fourier transform image related to yi1, y2, and tin
®(x, y1, Y2, t) expressing a measurement result at x, yi, y2, and t,
and

the visualization function is defined as:
[Math. 4]

p(r) = p(x,3,2) = [ p(x,y, 1, 2, k)dk

1
2z)

where x, y, and z in the visualization function are an X

0
—ilkyxthy, vk, ) i{\/(\jszkyf +Jk2—ky22 k232
[1]7Te atk, .k, .k, e d dk, dk, dk
0 —o0 —0 —mw

coordinate, a Y coordinate, and a Z coordinate of the location to be
visualized, respectively.
[0032]

This enables the scattering tomography device to properly
generate intermediate images based on the above scattering field
function and the above visualization function which are defined
based on the fact that the X coordinate and the Z coordinate of the
position of the transmitting antenna are the same as the X coordinate
and the Z coordinate of the position of the receiving antenna.
[0033]

A scattering tomography method according to one aspect of
the present disclosure includes: transmitting, by a transmitting
antenna, radio waves into an interior of an object from outside the
object; receiving outside the object, by a receiving antenna,
scattered waves of the radio waves transmitted into the interior of
the object by the transmitting antenna; and obtaining a
measurement result of the scattered waves on each of a plurality of
days to obtain measurement results over a plurality of days, and
generating a reconstructed image showing a persistent element
inside the object based on the measurement results. The obtaining
of measurement results and generating of a reconstructed image

includes: calculating, for each of the measurement results and using
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the measurement result as a boundary condition, a scattering field
function that takes a transmission position of the radio waves and a
reception position of the scattered waves as inputs and outputs an
amount of the scattered waves at the reception position; calculating,
for each of the measurement results, a visualization function that
takes a location to be visualized as an input and outputs an image
intensity at the location to be visualized, and is defined based on the
amount output from the scattering field function in response to
inputting the location to be visualized into the scattering field
function as the transmission position and the reception position;
generating an intermediate image for each of the measurement
results based on the visualization function to generate intermediate
images for the measurement results; and generating the
reconstructed image by calculating a minimum value of the image
intensity at each position in the intermediate images using a logical
conjunction.

[0034]

This makes it possible to calculate an intermediate image that
can show elements inside the object, based on the scattering field
functions calculated using the measurement results of the scattered
waves as boundary conditions. It is then possible to generate a
reconstructed image showing persistent elements inside the object
from a plurality of intermediate images obtained using a plurality of
measurements taken over a plurality of days.

[0035]

Accordingly, it is possible to generate a reconstructed image
showing persistent elements in the object using scattered waves of
radio waves. This makes it possible to identify, for example,
whether an element inside the human body is a persistent malignant
tumor or other cells that randomly appear and disappear using
scattered waves.

[0036]

Hereinafter, embodiments will be described with reference to

the drawings. Each of the following embodiments describes a

general or specific example. The numerical values, shapes,
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materials, elements, the arrangement and connection of the
elements, steps, the order of the steps etc., presented in the
following embodiments are mere examples, and do not limit the
scope of the claims.

[0037]

[Embodiment]

The scattering tomography device according to the present
embodiment generates a reconstructed image showing persistent
elements in the object using scattered waves of radio waves.
Hereinafter, the scattering tomography device according to the
present embodiment will be described in detail, including the
underlying techniques and theories. Hereinafter, the techniques will
be described using microwave mammography as a main example,
where the radio waves are exemplified as microwaves, and the object
is exemplified as a breast, but the field of application is not limited to
microwave mammography; radio waves other than microwaves and
objects other than a breast may be used.

[0038]
<I. Outline>

The present disclosure provides a method of identifying a
malignant tumor or the like using time series probability theory, or a
method of confirming the absence of a tumor or the like using time
series probability theory.

[0039]

For example, measurement is performed a plurality of times
on a person with a menstrual cycle. Then, using a time series
probability theory method, images showing a long-term or mid-term
stable element in a breast are extracted from the results of the plural
measurements. More specifically, for example, a three-dimensional
(3D) image showing an element in a breast is obtained from a single
measurement result based on scattering field theory. A plurality of
3D images are obtained from the plural measurement results. A
final reconstructed image is obtained from the time series data of
these images using a stochastic partial differential equation (also
called a time series stochastic partial differential equation).
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[0040]

The time series probability theory method in the present
disclosure is an analytical method based on a stochastic partial
differential equation. The time series probability theory method
may be combined with a known scattering field theory. More
specifically, the time series probability theory method in the present
disclosure may be combined with the scattering field theory
described in PTL 2 or PTL 3 listed above.

[0041]

To date, the inventors have conducted clinical experiments
based on a combination of scattering field theory and the time series
probability theory method on a total of five individuals ranging in age
from the early 20s to the late 40s. Some of the 3D images obtained
by performing a single measurement on each individual showed
some sort of element in the breast, but all were completely free of
malignancy.

[0042]

Microwave mammography based on scattering field theory
produces high resolution and high contrast images of the element to
be visualized. Typically, this element to be visualized is a cell that
appears and disappears in a short period of time, or a tumor that
remains stable over the long and medium term (or a monotonically
growing tumor). The combination of scattering field theory and the
time series probability theory method is particularly effective in
simple situations where the element to be visualized is one of the
above, and forms a powerful diagnostic technique in practice.
[0043]
<II. Underlying Physiological Background Knowledge and
Considerations>

FIG. 1 is a graph illustrating the secretion of progesterone and
other hormones during the menstrual cycle.

[0044]

Cell multiplication (mitosis) and cell deletion (apoptosis) occur

inside the human breast. Cell multiplication (mitosis) and cell

deletion (apoptosis) are assumed to be dependent on the hormonal
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environment associated with the menstrual cycle, i.e., the amount of
estrogen and progesterone secreted.
[0045]

FIG. 2A is a graph illustrating the frequency of cell
multiplication (mitosis) of the lobules plotted against day of the
menstrual cycle. FIG. 2B is a graph illustrating the frequency of cell
deletion (apoptosis) plotted against day of the menstrual cycle.
[0046]

FIG. 2A and FIG. 2B are based on D.J.P. Ferguson and T.J.
Anderson (1981), “Morphological evaluation of cell turnover in
relation to the menstrual cycle in the “resting” human breast”, Br. J.
Cancer 44:177 (Non Patent Literature).

[0047]

FIG. 3 is a schematic diagram illustrating lobules and
lactiferous ducts. A mammary gland includes multiple mammary
lobes. The mammary lobes further include lobules and lactiferous
ducts. The lobules produce milk, and the lactiferous ducts carry the
milk to the nipple.

[0048]

As illustrated in FIG. 2A, the frequency of cell multiplication in
the lobules increases as the days progress toward the end of the
menstrual cycle in particular. The frequency of cell multiplication in
the lobules is high on the 25th day of the 28-day menstrual cycle.
This higher number is associated with an increase in the number of
lobules.

[0049]

Lobular cell multiplication also affects measurement results
obtained by microwave mammography. An increase in the number
of lobules with high dielectric constant is an obvious obstacle in the
detection of malignancy. On the other hand, as FIG. 2A illustrates,
cell multiplication is not as active on days 4 to 19 of the menstrual
cycle, making this period more suitable for measurement via
microwave mammography. In practice, however, some signal
reflection from the lobule is still observed during this period, and this

signal reflection is an obstacle to the detection of small tumors.
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[0050]

Moreover, cell multiplication (mitosis) and cell deletion
(apoptosis) occur in short periods of time during the menstrual cycle,
and the phenomenon can occur anywhere in a fairly large area of the
breast. The lobules produced by such phenomena appear as rather
strong, localized signals in the measurement results obtained by
microwave mammography.

[0051]

There is randomness in where lobular cell multiplication occurs,
and lobular cell multiplication is a localized (discrete) phenomenon
rather than a phenomenon that occurs uniformly throughout the
breast. Stated differently, lobule cells are assumed to appear and
disappear locally and randomly.

[0052]

The elements to be visualized by microwave mammography
are assumed to be lobular cells that randomly appear and disappear,
or tumors that do not die for a long period of time once they form
(including benign tumors such as fibroadenomas). With the time
series probability theory method according to the present disclosure,
tumors and the like are extracted by taking full advantage of these
differences.

[0053]

The time series probability theory method is a powerful
method that greatly outperforms the methods described above that
target specific periods in the menstrual cycle. With regard to young
people with a menstrual cycle, the experiments reliably determined
whether they were healthy or not, even with only a few time series
measurements.

[0054]

It is difficult to apply this time series probability theory
method to intra-mammary measurement techniques other than
microwave mammography, because collagen and other factors are
strongly and stably visualized over the long term in the images of
X-ray mammography. In ultrasound echo devices, measurements
are made by manually matching mechanical impedances, which
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makes it extremely difficult to improve reproducibility, and there are
many reflections from the long-term stable layer boundaries in the
breast. Application is difficult also because the layer boundaries in
the breast change shape freely during measurement.

[0055]

There are also many challenges in applying the time series
probability theory method to magnetic resonance imaging (MRI) or
positron emission tomography (PET) measurements.

[0056]
<III. Scattering Field Theory Outline (Theory of Multistatic Inverse
Scattering on Curved Surfaces)>

In this section, a scattering field theory for analyzing
measurement results and obtaining 3D images will be presented.
The 3D images obtained by the scattering field theory are analyzed
using a stochastic partial differential equation in the next step. The
scattering field theory disclosed in PTL 2 or PTL 3 may be applied as
appropriate.

[0057]

FIG. 4 is a schematic diagram illustrating an example of an
antenna array scanning on a curved surface to measure scattered
data. Antenna array 401 is a multistatic antenna array that scans
on a curved surface and includes transmitting antenna T and
receiving antennas R. There are many variations of scattering field
theory corresponding to multistatic antenna arrays that scan on a
curved surface (also called theory of multistatic inverse scattering on
curved surfaces).

[0058]

The surface used as an example here in scattering field theory
is a relatively simple surface with finite curvature in the x direction
and zero curvature in the y direction. In this example, antenna
array 401 is arranged in a straight line in the y direction and scans
along the curve in the x direction.

[0059]

Antenna arrays 401 are arranged in a straight line with the

same X coordinate. Of the two orthogonal principal curvature
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directions on the curved surface with zero Gaussian curvature, the y
direction with zero curvature is the direction in which transmitting
antenna T and receiving antennas R of antenna array 401 are aligned,
and the x direction is the antenna scanning direction. This example
is quite generic and practical in its application to microwave
mammography. Note that antenna array 401 may include a plurality
of transmitting antennas T and may include a plurality of receiving
antennas R.

[0060]

The radio wave emitted from point Pi(x, y1, z) is reflected at
point P(§, n, ) and received at point P2(X, y2, z). When point P is
located at any position in the entire domain D, the signal received at
point P> is expressed as shown in (3-1) below.

[0061]
[Math. 5]

ezkpl ezk

0% 31, 0,2,0) = || e dgdndg

P =X =+ ) +(z=¢)’

Py =X =&+, =) +(z=¢)’

« o o (3 — 1 )
[0062]
In (3-1), the time factor is assumed to be proportional to

exp(—iwt). Here, w is the angular frequency of the radio wave, k is
the frequency of the radio wave, €(§, n, () is the reflectivity at P(§, n,
(). Moreover, w = ck holds true. Here, c is the propagation speed
of the radio wave. The function in (3-1) can also be expressed as a
scattering field function. As long as €(§, n, ¢) is unknown, the
scattering field function in (3-1) is unknown.
[0063]

The scattering field function in (3-1) can be interpreted as a
function that takes an arbitrary transmission position and an
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arbitrary reception position having the same x and z coordinates as
inputs and outputs the amount of scattered waves at the reception
position. If the transmission position and the reception position
input into the scattering field function respectively match the
position of transmitting antenna T and the position of receiving
antenna R, the output of the scattering field function will match the
measurement data obtained from receiving antenna R.

[0064]

Whent—-0,x—>Xx,yl -y2 (=vYy), and z — z are applied to the
scattering field function, after transmitting radio waves, the
scattering field function is assumed to indicate the amount of
scattered waves that are instantaneously received at (x, vy, z), i.e.,
the amount of reflection at (x, y, z).

[0065]

More specifically, for example, the value output as the amount
of scattered waves from the scattering field function by inputting the
same arbitrary position for the transmission and reception positions
into the scattering field function is assumed to be larger for larger
reflections at that position. In other words, by inputting the same
arbitrary position for the transmission and reception positions into
the scattering field function, the value output from the scattering
field function can indicate the amount of reflection at that position.
A visualization function for generating an image of the interior of an
object is derived as a function indicating such a quantity as follows.
[0066]

The equation in (3-2) shown below is an equation that the
scattering field function in (3-1) satisfies.

[0067]
[Math. 6]

4
(A - C—z(é’fﬁf +6,67)-46,76, }p=0
A=0+8"+8,°+0;

e (3—2)
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[0068]

The equation shown in (3-3) is obtained as a general solution
to the equation shown in (3-2). Stated differently, the equation in
(3-3) is obtained as the scattering field function.

[0069]
[Math. 7]

(ﬂ('xaylay27z k)

_ T T Te,(k Ktk ey, vs) ( - ,k )ei{‘/(‘lkl,khu\lktkyzz)kaz}zdkxdk dk
(272.) g hsl Va2 Rl Y

(3—3)
[0070]
Here, kx, ky1, and ky> are wavenumbers of the scattering field

function for x, yi1, and yz, respectively. When the scattered data
(i.e., the measurement result) measured on the boundary of the
region to be measured is expressed as ®(Xx, yi1, Y2, t), and the Fourier
transform image of ®(x, yi1, y2, t) for yi, y2, and t is expressed as:
[Math. 8]

d(x, k, .k, k)

, the equation in (3-4) shown below is obtained as a(kx, kyi, ky2) in
(3-3).

[0071]

[Math. 9]

(x!' yD

_ . 7, 2 2
z)zzezkxxge l{\/(\]k kyy +\lk ) —k,* }ZI(I)( X, y & ,k)
I

. (3—4)

[0072]

In the above equation, x; represented by x: is the common X
coordinate of transmitting antenna T and receiving antenna R, and z;
represented by z; is the common Z coordinate of transmitting
antenna T and receiving antenna R. Xj and z; satisfy the relationship
shown in (3-5) below. The function fin (3-5) is the function for the
shape of the boundary surface.

[0073]
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[Math. 10]
ZJ' :f(xj)

++ +(3—5)
[0074]

The equations in (3-3) and (3-4) constitute the scattering field
function calculated using the measurement result as a boundary
condition. Stated differently, (3-6) shown below is obtained as the
final visualization function.

[0075]
[Math. 11]

p(r) = p(x,,2) = [ olx, v, y, 2, k)dk

1
Q2zy
.« . (3—6)
[0076]
p(r) is the image. More specifically, r is the location to be

0
ik xty vy, v) i{\l(\/szkylz I AR E
[1]1]e a(k,,k, k, Je dk dk, dk, dk
0 —o0 —o0 —00

visualized, and p(r) is the image intensity at that location to be
visualized. The image intensity at the location to be visualized
corresponds to the output of the scattering field function for the
location to be visualized, i.e., the magnitude of the reflection at the
location to be visualized. For example, because elements in the
breast reflect radio waves, a high image intensity is obtained at the
location of an element in the breast.

[0077]

p(r) in (3-6) constitutes the random field described in the next
section. Moreover, p(r) at t = t;i that corresponds to the i-th
measurement is written as bi(r).

[0078]
<IV. Stochastic Partial Differential Equation>
<IV-1. Time Series Measurement>

FIG. 5 is a schematic diagram illustrating time series
measurements (also referred to as time series 3D measurements)

performed using microwave mammography on the same region of
- 23 -



10

15

20

25

the same person.
[0079]

The most standard method of time series measurement is to
take one measurement every week for a total of four or five
measurements over a period of four or five weeks, assuming that 28
days, which corresponds to the menstrual cycle, is equivalent to four
weeks. The 3D image p(r) obtained in this manner is defined as
bi(r) (e.g.,i=1, 2, ..., 5).

[0080]
<IV-2. Fundamental Equation>

Temporal and spatial changes in image intensity are described
by a stochastic partial differential equation such as shown in (4-1)
below, where tis time, r = (X, y, z) is a three-dimensional vector, and
p(t, r) is image intensity (specifically, time series stochastic image

intensity).
[0081]
[Math. 12]
N
8/0;, r) =vAp(t,r)+ 25(1‘— r_j){a’ by p(t_,v)—pl(t,_, r)}
i=]
2 2
A= g =+ 0 -
ox~ Oy
s (4—1)
[0082]

Here, v is the diffusion coefficient and corresponds to
incoming noise at each measurement. The noise is assumed to be
random and is caused by the measurement area shifting due to a
shift in the scale position and/or a shift in the probe scanning. &
denotes the delta function. A is the symbol for logical conjunction,
meaning the minimum value as shown in (4-2) below.

[0083]
[Math. 13]
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anb=min{a, b}

o« s e (4 — 2)
[0084]
p(ti-, r) in the equation in (4-1) implies a lower limit like that
in (4-3) below.
[0085]
[Math. 14]

p(tif:v r) — 1]];]:10 p(z-:v r)

o« o o (4 — 3)
[0086]

a is a constant that is dependent on v and At = ti—ti-1, and may
bea = 1. bi(r) denotes the stochastic image intensity at the position
of spatial coordinate r at time ti.

[0087]

Stated differently, the first term on the right-hand side of the
equation in (4-1) corresponds to a shift in the measurement area.
The second term on the right-hand side of the equation in (4-1)
corresponds to a change in image intensity during measurement, and
corresponds to the difference (amount of change) between the fixed
amount and total amount of image intensity. Temporal and spatial
changes in image intensity correspond to the sum of these.

[0088]

FIG. 6 is a graph illustrating time series data of stochastic
image intensity at r = ro and discrete bj(ro)(j =1, 2, 3, ..., N) atr =
ro. bi(r) is the image obtained from the i-th measurement in
microwave mammography. In the scattering field theory described
above, bi(r) is written as p(r). Stated differently, bi is the
visualization function and bi(r) is the image obtained by the
visualization function.

[0089]

Integrating the stochastic partial differential equation given in
(4-1) in the vicinity of t = t; yields the (4-4) shown below.

[0090]
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[Math. 15]

i { op(t,r)

vn| ot
e (4—4)

+vAp(t,r)+ ié(r —tl.){abl. (r)y~ p(t_,r)— p(tl,r)}}i =0

[0091]

Performing the integration of (4-4) yields (4-5) shown below.
[0092]
[Math. 16]

—plt, 1)+ ot~ ALY+ [ vAp( )t +{ab () A plt, )= plt, 1)} =0

. s (4_5)
[0093]
If At = ti-ti-1, (4-6) shown below holds true in the limit of
At->0.
[0094]
[Math. 17]

hm p(tz _ At: r) — p(tz'— > r)

At—0
. 4
Iim
At—0 oAl
e o o (4 — 6 )
[0095]
According to equation (4-5) and equation (4-6), the equation

vAp(t,r)di =0

in (4-7) shown below holds true.

[0096]

[Math. 18]

p(t,,r)=ab,(r) A plt,_,T)
e o o (4 — 7)

[0097]

When t is not in the vicinity of ti, according to equation (4-1),
the equation in (4-8) shown below holds true.
[0098]

[Math. 19]
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op(t,r)
ot
- (4—8)
[0099]
<IV-3. Solution to Stochastic Partial Differential Equation>

=vAp(L,r) (1, <t<t)

The solution to the stochastic partial differential equation in
(4-1) at singular points other than t = t;, that is, the solution to (4-8)
is obtained using the Fourier transform as shown in (4-9) below.

[0100]
[Math. 20]
. r —ik x—ik,y—ik_z
O, K) = pt. k. k, k) = (2%)3 j j j e p(t, x, y, 2)dxdydz
- (4—9)
[0101]

Here, Q(t, k) is the Fourier transform image of p(t, r).
[0102]
[Math. 21]

Pk, k. k)

Math. 21 is the Fourier transform image of p(t, X, y, z). Kkx, ky,
and k; are the wavenumbers of x, y, and z, respectively. As shown
in (4-9), k in Q(t, k) corresponds to (kx, ky, kz). The differential
equation shown in (4-10) below is obtained based on (4-8) and
(4-9).

[0103]
[Math. 22]

% O, kK)+v(k’+ kyz)Q(t, k)=0

v+ (4—-10)
[0104]
The differential equation in (4-10) can be easily solved to

obtain a solution like that in (4-11) below. Here, c(kx, ky, kz)
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corresponds to the value of Q(t, k) at t = tj=>t;, that is, at Q(t;, k) at
the limit of tj>ti.

[0105]

[Math. 23]

Q(t? k) — C(kxD ky: kz )eV(kx2+ky2 )(Ifri)
clk,ky k)= I I I e "N ab (r) A plt,1)dixdydz

.« s e (4 — 1 1)
[0106]
(4-12) shown below is obtained as a solution to the stochastic
partial differential equation in (4-1) at singular points other than t =
ti, based on (4-11).

[0107]
[Math. 24]
p(t,x’ y, Z) J‘ J' Jeiik"‘xiik“.yiik:ZQ(l,k)dkxdkydkz

I I e T g b () A p(tz,_,r)dxdydz}

dk dk dk,

o0 o0 o0
_ I J' J‘e—ikx.\‘—z'kb‘.y—ik__z -v(k, +/ 21— 1)
—00 —00 —Q0

ag'—h?ﬁ

Applicable scope fi <t< ti+1 (l = 1,2,3,"',N—1)
- (4—12)

[0108]
<V. Physical Meaning of Diffusion Term v>

FIG. 7 is a schematic diagram illustrating a shift in the
measurement area. For example, a thin, single-sided adhesive
sticker is adhered to the specimen, and the measurement is
performed on the surface of the adhered sticker. In other words, the
area of the adhered sticker is used as the measurement area. For
example, the sticker is made of a transparent or translucent material
(specifically, a synthetic resin or the like) through which radio waves
can pass. For example, a 32 x 32 grid is printed on the sticker, and

the sticker is adhered so that the specimen's nipple or mole is
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positioned in the same square in the time series measurement.
[0109]

Here, the measurement area in the time series measurement
is expressed as Di(i=1, 2, 3, ..., N). Even when a sticker with a grid
like described above is used, it is difficult to keep each Diin the same
place on the specimen. There will be a shift every time. This shift
is assumed to be random and is represented as a diffusion term.
[0110]

For example, every At, the measurement area randomly shifts
Ao in the (%, y)-plane. Ao may be expressed as Ao = (Ax, Ay). Ao
may also correspond to a combination of rotation and a parallel
displacement.

[0111]

Since a shift in a two-dimensional plane occurs like described
above, the Laplacian A in (4-8) is a two-dimensional operator. The
fundamental solution of (4-8) regarding the shift of the
measurement area is expressed as shown in (5-1) below.

[0112]
[Math. 25]
1 eyt
pt,x,y,z)= e
dvt
« o . (5 —1 )
[0113]

The shift of the measurement area does not include a
characteristic whereby the shift increases with the number of
measurements. The measurement area shifts randomly with
positional errors near approximately the same location. If we
assume that the shift of the measurement area follows a normal
distribution, it is similar to the well-known Brownian motion, so the
distribution function of the shift of the measurement area is
represented by a diffusion equation. If the reference position is
expressed as ro and the particle position of the Brownian motion is
expressed as r, the mean squared error of these is proportional to vt.

This relationship can be expressed as shown in (5-2) below.
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[0114]

[Math. 26]
<(r—r0)2>ocvz‘
o o . (5_2)
[0115]

As this shows, the shift of the measurement area does not
include a characteristic whereby the shift increases with the number
of measurements. Accordingly, t in (5-2) can be interpreted as
representing the time from one measurement to the next. For
example, it can be determined that one measurement time ist =0
and the next measurement time ist = 1. 1In this case, (5-3) below
is obtained from (5-2).

[0116]

[Math. 27]
((r—r0)2>ocv
. o . (5._.3)
[0117]

For example, it is possible to estimate diffusion coefficient v as
the amount of shift of the measurement area between two
measurements.

[0118]
<VI. Method for Discriminating between Tumor and Lobular Cells>

The solution to (4-8) is formally determined as shown in (6-1)
below.
[0119]
[Math. 28]

plt,r) ="V p(0,r)

ce s (6—1)
[0120]

The hypothetical time interval between each measurement in
time series measurement is defined as 6t = 1 (i.e., ti — ti-1 = 1).

Then, when the time series measurement image is expressed as bi(r)
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(i=1,2, 3, ..., N), (6-2) shown below represents a time series
measurement image that takes the error in the measurement area
during measurement into consideration. Stated differently, (6-2)
shown below represents a time series measurement image in which
the image intensity at each position is diffused to its surroundings to
account for errors in the measurement area during measurement.

[0121]
[Math. 29]

eVAbl (l‘), eVAbZ (r)a eVAb3 (l‘), Tt eVAbN (l‘)
- (6—2)

[0122]

eV2bi(r) is obtained by calculating the Fourier transform of bi(r)
for x, y, and z based on (4-12), multiplying that by exp(—v(kx? + ky?)),
and then calculating the inverse Fourier transform. In other words,
eV2bi(r) is obtained by (6-3) shown below.

[0123]

[Math. 30]

evai ()C, y, Z) _ J" J‘ J"ez‘kxxﬂ'kyyﬂkzz {e—V(kﬂJrkyl)gi (kxakyakz )} dkxdkydkz
~ R ik ik, y—ik,2

bi(kxakyakz) - (27[)3 :[O:!;:!;e bi(xayazwdydz

e (6—3)

[0124]

The final tumor probability image is obtained by (6-4) shown
below based on (4-7).
[0125]
[Math. 31]

oMy =e" b (ryne b, (r)ne b (r) An---- ne" b, (r)
v=(r-r)’)

« -+ (6—4)
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[0126]

In (6-4), in order to clearly define v, equality is used for the
proportionality relation of v in (5-3).

[0127]

By calculating the minimum image intensity at each position in
the time series measurement image, temporary lobules disappear
and permanent tumors remain in the tumor probability image.
However, if there is a shift in the measurement area, the tumor may
also disappear from the tumor probability image due to the position
shifting. This sort of disappearance is inhibited, even when there is
a shift in the measurement area, by diffusing the image intensity at
each position in the time series measurement image to its
surroundings.

[0128]
<VII. Validation using Actual Data>

The effectiveness above theories will be validated using
clinical experiment data and composite data based on clinical
experiment data. Next, four examples, Example 1 through Example
4, will be given.

[0129]

The subjects in Examples 1 through 3 are all young adults who
are considered to be healthy. In the time series clinical experiments,
the measurement frequency is 4 to 8 times per person, taking into
account the menstrual cycle. All of the data for each person is
organized with the same image intensity. Stated differently, the
scale of the image intensity is alighed across images, and the
maximum and minimum values of image intensity are aligned across
images. In the analysis, v = 0, which is the most ideal value, is
used.

[0130]

Example 4 is an example of a simulation when there is cancer.
Composite data generated based on clinical experiment data from
two patients, one with cancer and the other healthy, were used for
validation. More specifically, composite data created by

superimposing one clinical experiment data of a cancer patient on
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each of four experiments worth of time series clinical experiment
data of a healthy patient is used.
[0131]

For example, an image such as the image illustrated in FIG. 8A,
FIG. 8B, or FIG. 8C is obtained from clinical data from a single
experiment.

[0132]

FIG. 8A illustrates a display example of an image showing the
interior of a breast. As illustrated in FIG. 8A, the interior of the
breast is displayed translucently and in three dimensions. The top
of the image corresponds to the top of the subject, and the bottom of
the image corresponds to the bottom of the subject. The left side of
the image corresponds to the right side of the subject, and the right
side of the image corresponds to the left side of the subject.

[0133]

FIG. 8B illustrates a display example of a translucent
fluoroscopic image of the interior of a breast viewed in a direction
from the bottom of the subject to the top of the subject. The left
side of the image corresponds to the right side of the subject, and the
right side of the image corresponds to the left side of the subject.
[0134]

FIG. 8C illustrates a display example of a translucent
fluoroscopic image of the interior of a breast viewed from the front of
the subject. The left side of the image corresponds to the right side
of the subject, and the right side of the image corresponds to the left
side of the subject.

[0135]

A time series of a plurality of images are obtained by obtaining
an image like the image illustrated in FIG. 8A, FIG. 8B or FIG. 8C for
each measurement. A tumor probability image for identifying
tumors and the like is then generated from the time series of the
plurality of images.

[0136]
<VII-1. Example 1>
FIG. 9A illustrates a display example according to Example 1 of
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a reconstructed image obtained from measurement data from
January 11. This image corresponds to bi(r) described above.
[0137]

FIG. 9B illustrates a display example according to Example 1 of
a reconstructed image obtained from measurement data from
January 18. This image corresponds to bz(r) described above.
[0138]

FIG. 9C illustrates a display example according to Example 1 of
a reconstructed image obtained from measurement data from
January 25. This image corresponds to bs(r) described above.
[0139]

FIG. 9D illustrates a display example according to Example 1
of a reconstructed image obtained from measurement data from
February 1. This image corresponds to bs4(r) described above. In
Example 1, February 1 corresponds to the start date of the menstrual
cycle.

[0140]

FIG. 9E illustrates a display example according to Example 1 of
a tumor probability image. This image corresponds to pa(r)
described above. In Example 1, the tumor probability image
identifies that no tumor or the like is seen.

[0141]
<VII-2. Example 2>

FIG. 10A illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
1. Thisimage corresponds to bi(r) described above. In Example 2,
June 1 corresponds to the start date of the menstrual cycle.

[0142]

FIG. 10B illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
5. This image corresponds to bz(r) described above.

[0143]

FIG. 10C illustrates a display example according to Example 2

of a reconstructed image obtained from measurement data from June

8. This image corresponds to b3(r) described above.
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[0144]

FIG. 10D illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
12. This image corresponds to bs(r) described above.

[0145]

FIG. 10E illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
15. This image corresponds to bs(r) described above.

[0146]

FIG. 10F illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
19. This image corresponds to be(r) described above.

[0147]

FIG. 10G illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
22. This image corresponds to b7(r) described above.

[0148]

FIG. 10H illustrates a display example according to Example 2
of a reconstructed image obtained from measurement data from June
26. This image corresponds to bsg(r) described above.

[0149]

FIG. 10I illustrates a display example according to Example 2
of a tumor probability image. This image corresponds to ps(r)
described above. In Example 2, the tumor probability image
identifies that no tumor or the like is seen.

[0150]
<VII-3. Example 3>

FIG. 11A illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
October 23. This image corresponds to bi(r) described above.
[0151]

FIG. 11B illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
October 30. This image corresponds to bz(r) described above.

[0152]
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FIG. 11C illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
November 6. This image corresponds to bs(r) described above.
[0153]

FIG. 11D illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
November 13. This image corresponds to b4(r) described above.
[0154]

FIG. 11E illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
November 20. This image corresponds to bs(r) described above.
[0155]

FIG. 11F illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
November 27. This image corresponds to be(r) described above.
[0156]

FIG. 11G illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
December 4. This image corresponds to b7(r) described above.
[0157]

FIG. 11H illustrates a display example according to Example 3
of a reconstructed image obtained from measurement data from
December 11. This image corresponds to bg(r) described above.
[0158]

FIG. 111 illustrates a display example according to Example 3
of a tumor probability image. This image corresponds to ps(r)
described above. In Example 3, the tumor probability image
identifies that no tumor or the like is seen.

[0159]
<VII-4. Example 4>

FIG. 12A illustrates a display example according to Example 4
of a reconstructed image obtained from the composite data of the
measurement data of the cancer patient and the measurement data
of the healthy patient from February 26. This image corresponds to
bi(r) described above.
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[0160]

FIG. 12B illustrates a display example according to Example 4
of a reconstructed image obtained from the composite data of the
measurement data of the cancer patient and the measurement data
of the healthy patient from February 5. This image corresponds to
b>(r) described above.

[0161]

FIG. 12C illustrates a display example according to Example 4
of a reconstructed image obtained from the composite data of the
measurement data of the cancer patient and the measurement data
of the healthy patient from February 12. This image corresponds to
bs(r) described above.

[0162]

FIG. 12D illustrates a display example according to Example 4
of a reconstructed image obtained from the composite data of the
measurement data of the cancer patient and the measurement data
of the healthy patient from February 19. This image corresponds to
ba(r) described above. In Example 4, February 19 corresponds to a
day that is within 10 days of the start date of the menstrual cycle.
[0163]

FIG. 12E illustrates a display example according to Example 4
of a tumor probability image. This image corresponds to pa(r)
described above. In Example 4, the tumor probability image
identifies that there is tumor on the right side of the breast.

[0164]
<VIII. Configuration and Operation of Scattering Tomography
Device>

The following is a brief description, based on what has been
described above, of the configuration and operation of a scattering
tomography device that uses scattered waves of radio waves to
generate a reconstructed image showing persistent elements inside
an object. Here, a persistent element is an element that does not
disappear in a given period of time, for example, four weeks.
[0165]

FIG. 13 is diagram of the basic configuration of the scattering
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tomography device according to the present embodiment.
Scattering tomography device 100 illustrated in FIG. 13 includes
transmitting antenna 101, receiving antenna 102, and information
processing circuit 103. Scattering tomography device 100 may also
include display 104.

[0166]

Transmitting antenna 101 is a circuit that transmits radio
waves. More specifically, transmitting antenna 101 transmits radio
waves into the interior of an object from outside the object. For
example, the radio waves may be microwaves, millimeter waves, or
terahertz waves. For example, the living body may be a
manufactured object or a natural material. In particular, the object
may be a breast. Scattering tomography device 100 may include a
plurality of transmitting antenna 101.

[0167]

Receiving antenna 102 is a circuit that receives radio waves
which are, for example, scattered waves of radio waves. More
specifically, receiving antenna 102 receives, outside the object,
scattered waves of the radio waves transmitted into the interior of
the object. Scattering tomography device 100 may include a
plurality of receiving antennas 102. Receiving antenna 102 may be
disposed in essentially the same position as transmitting antenna
101, and, alternatively, may be disposed in a different position than
transmitting antenna 101.

[0168]

Transmitting antenna 101 and receiving antenna 102 may
constitute a multistatic antenna, and, alternatively, may constitute a
monostatic antenna.

[0169]

Information processing circuit 103 is a circuit that performs
information processing. More specifically, information processing
circuit 103 generates a reconstructed image showing persistent
elements inside an object based on a plurality of measurement
results obtained by transmitting antenna 101 and receiving antenna
102 on a plurality of days. For example, information processing
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circuit 103 performs the arithmetic operations indicated in the theory
described above when generating a reconstructed image based on
the measurement results.

[0170]

Information processing circuit 103 may be a computer or a
processor included in a computer. Information processing circuit
103 may perform the information processing by reading a program
from memory and executing the program. Information processing
circuit 103 may be a dedicated circuit that generates a reconstructed
image showing persistent elements inside the object based on the
results of a plurality of measurements taken over a plurality of days.
[0171]

Information processing circuit 103 may output the generated
reconstructed image to display 104 or the like. For example,
information processing circuit 103 may display the reconstructed
image on display 104 by outputting the reconstructed image to
display 104. Alternatively, information processing circuit 103 may
output the reconstructed image to a printer (not illustrated in the
drawings) and print the reconstructed image via the printer.
Alternatively, information processing circuit 103 may transmit the
reconstructed image as electronic data to another device (not
illustrated in the drawings) via wired or wireless communication.
[0172]

Display 104 is a display device such as a liquid crystal display.
Note that display 104 is an optional element and not a required
element. Moreover, display 104 may be an external device that is
not included in scattering tomography device 100.

[0173]

FIG. 14 is a flowchart illustrating the basic operation of
scattering tomography device 100 illustrated in FIG. 13. Specifically,
transmitting antenna 101, receiving antenna 102, and information
processing circuit 103 included in scattering tomography device 100
illustrated in FIG. 13 operate as shown in FIG. 14.

[0174]
First, transmitting antenna 101 transmits radio waves into the
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interior of an object from outside the object (S201). Next, receiving
antenna 102 receives, outside the object, scattered waves of the
radio waves transmitted into the interior of the object (S5202).
Information processing circuit 103 then generates a reconstructed
image showing persistent elements inside an object based on a
plurality of measurement results obtained by transmitting antenna
101 and receiving antenna 102 on a plurality of days (S203).
[0175]

When generating a reconstructed image based on a plurality of
measurement results, information processing circuit 103 first
calculates a scattering field function for each of the plurality of
measurement results using the measurement result as a boundary
condition. Inputs of the scattering field function are a reception
position of the scattered waves and a transmission position of the
radio waves, and an output of the scattering field function is an
amount of the scattered waves at the reception position. Stated
differently, the scattering field function is a function that indicates
the amount of scattered waves at the reception position for
discretionarily defined transmission and reception positions.

[0176]

Then, information processing circuit 103 calculates the
visualization function based on the scattering field functions
calculated for the plurality of measurement results. The
visualization function is a function that takes a location to be
visualized as an input and outputs an image intensity at the location
to be visualized, and is a function defined based on a quantity output
from the scattering field function in response to inputting the
location to be visualized into the scattering field function as the
transmission and reception positions.

[0177]

Next, information processing circuit 103 generates an
intermediate image for each of the measurement results based on
the corresponding calculated \visualization function, thereby
generating a plurality of intermediate images for the plurality of

measurement results. Information processing circuit 103 then
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generates the reconstructed image by calculating the minimum value
of the image intensity at each position in the plurality of intermediate
images by logical conjunction. Information processing circuit 103
may output the generated reconstructed image to display 104 or the
like.

[0178]

This enables scattering tomography device 100 to calculate an
intermediate image that can show elements inside the object, based
on the scattering field functions calculated using the measurement
results of the scattered waves as boundary conditions. Scattering
tomography device 100 can then generate a reconstructed image
showing persistent elements inside the object from a plurality of
intermediate images obtained using the plurality of measurements
taken over a plurality of days.

[0179]

Accordingly, scattering tomography device 100 can generate a
reconstructed image showing persistent elements in the object using
scattered waves of radio waves. This makes it possible to identify,
for example, whether an element inside the human body is a
persistent malignant tumor or other cells that randomly appear and
disappear using scattered waves.

[0180]

For example, information processing circuit 103 may generate
the reconstructed image using Pn(r) = bi(r) A b2(r) A ... Abn(r), where
Pn(r) is the reconstructed image, r is a position, N is a total number
of the intermediate images, bi is the visualization function where i is
1 to N, and A is the logical conjunction.

[0181]

This enables scattering tomography device 100 to simply
generate the reconstructed image by logical conjunctions of the
intermediate images corresponding to the outputs of the
visualization functions.

[0182]
Moreover, for example, information processing circuit 103

generates the intermediate image based on the visualization function
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and a diffusion coefficient, and when generating the intermediate
image, increases a spatial scope of diffusion of the image intensity at
the location to be visualized in the intermediate image as the
diffusion coefficient increases.

[0183]

This enables scattering tomography device 100 to diffuse the
image intensity using a diffusion coefficient. Accordingly, using the
diffusion coefficient, scattering tomography device 100 can inhibit
persistent elements from disappearing from the reconstructed image
due to a shift in the measurement of the scattered waves.

[0184]

Moreover, for example, information processing circuit 103 may
generate the reconstructed image using Pn(r) = e¥2bi(r) A evV2ba(r) A
... AevY2bn(r), where Pn(r) is the reconstructed image, r is a position,
N is a total number of the intermediate images, bi is the visualization
function where iis 1 to N, eV2bi(r) is the intermediate image where i
is1to N, visthe diffusion coefficient, A is a two-dimensional Laplace
operator corresponding to two directions in which a shift occurs in
the measurement of the scattered waves, and A is the logical
conjunction.

[0185]

This enables scattering tomography device 100 to properly
diffuse the image intensity using a relational expression based on a
probability theory method.

[0186]

Moreover, for example, information processing circuit 103 may
calculate ev2bi(r) by calculating a Fourier transform of bi(r),
multiplying a result of the Fourier transform by exp(—v(kx? + ky?)),
and calculating an inverse Fourier transform of a result of the
multiplication of exp(—v(kx? + ky2)), where, kx and ky in exp(—v(kx? +
ky2)) are two wavenumbers corresponding to the two directions of b.
[0187]

This enables scattering tomography device 100 to rapidly and
properly diffuse the image intensity.

[0188]
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Moreover, for example, the diffusion coefficient may be
defined as a value proportional to a mean squared error of
measurement positions of the scattered waves. This enables the
diffusion coefficient to be defined based on the magnitude of the
error in the measurement position. Scattering tomography device
100 can then appropriately diffuse the image intensity based on the
magnitude of the error in the measurement position.

[0189]

Moreover, for example, the diffusion coefficient may be
defined as a value equal to a mean squared error of measurement
positions of the scattered waves. This enables the diffusion
coefficient to be simply defined based on the magnitude of the error
in the measurement position. Scattering tomography device 100
can then appropriately diffuse the image intensity based on the
magnitude of the error in the measurement position.

[0190]

Moreover, for example, the diffusion coefficient may be
defined as zero. This enables scattering tomography device 100 to
simply generate the reconstructed image by logical conjunctions of
the intermediate images corresponding to the outputs of the
visualization functions, just like when a diffusion coefficient is not
used.

[0191]

Moreover, for example, the diffusion coefficient may be
defined as a value greater than zero. This enables scattering
tomography device 100 to diffuse the image intensity more reliably
using a diffusion coefficient greater than zero. Accordingly, by using
a diffusion coefficient greater than zero, scattering tomography
device 100 can more reliably inhibit persistent elements from
disappearing from the reconstructed image due to a shift in the
measurement of the scattered waves.

[0192]

Moreover, for example, in a three-dimensional space of X
coordinates, Y coordinates, and Z coordinates, an X coordinate and a
Z coordinate of a position of transmitting antenna 101 may be
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identical to an X coordinate and a Z coordinate of a position of
receiving antenna 102, respectively.
[0193]
The scattering field function may be defined as:
[Math. 32]
(X, Y1 ¥, 2,k)
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[0194]
Here, x is an X coordinate of the transmission position and the

00 —00 —00

reception position, yi1 is a Y coordinate of the transmission position,
y2 is a Y coordinate of the reception position, z is a Z coordinate of
the transmission position and the reception position, k is a
wavenumber of the radio waves, and ky, ky1, and ky2 in the scattering
field function are wavenumbers related to x, yi, and y2 in the
scattering field function, respectively.
[0195]

Moreover, a(kx, ky1, ky2) is defined as:
[Math. 33]

a(k k kyz) — Zeikxxje—i{\/(\/k _k}"l +Jk —kyz )=k} (~I)(xljky1 ’kyzj k)
I

x? ylﬂ

[0196]

Here, I is an index of the transmission position and the
reception position at which transmitting antenna 101 and receiving
antenna 102 are present, x1 is an X coordinate of the transmission
position and the reception position at which transmitting antenna
101 and receiving antenna 102 are present, and z: is a Z coordinate
of the transmission position and the reception position at which
transmitting antenna 101 and receiving antenna 102 are present.
[0197]

Moreover,

[Math. 34]
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expresses a Fourier transform image related to y1, y2, and tin ®(x, yi,
y2, t) expressing a measurement result at x, yi1, y2, and t.
[0198]
The visualization function may be defined as:
[Math. 35]

p(r) = p(x,y,2) = [ o(x, y,y, 2, k)dk
0

B 1 0w o o ik k) i (‘lkz,knbr‘lszkyzz)z,kxz}z
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where x, y, and z in the visualization function are an X coordinate, a
Y coordinate, and a Z coordinate of the location to be visualized,
respectively.

[0199]

This enables scattering tomography device 100 to properly
generate intermediate images based on the above scattering field
function and the above visualization function. The above scattering
field function and the above visualization function can be properly
defined based on the fact that the X coordinate and the Z coordinate
of the position of transmitting antenna 101 are the same as the X
coordinate and the Z coordinate of the position of receiving antenna
102, respectively.

[0200]

For example, the elements, equations, variables and the like
presented in the present embodiment may be applied to transmitting
antenna 101, receiving antenna 102, information processing circuit
103, the scattering field functions, the visualization functions, and
the parameters and the like presented in the above basic
configuration and basic operation.

[0201]

The scattering field functions and the visualization function
and the like presented in the present embodiment may be applied in
a modified form as appropriate. For example, other formulas that

include substantially the same content as the formulas described
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above may be used, and other formulas that are derived based on the
theories described above may be used.
[0202]

FIG. 15 is a schematic diagram illustrating a detailed
configuration of scattering tomography device 100 illustrated in FIG.
13.

[0203]

Transmitting antenna 101 and receiving antenna 102 of
scattering tomography device 100 illustrated in FIG. 13 may be
included in multistatic antenna array 1008. Information processing
circuitry 103 of scattering tomography device 100 illustrated in FIG.
13 may correspond to one or more of the plurality of elements
illustrated in FIG. 15. More specifically, for example, information
processing circuit 103 may correspond to signal processing
calculator 1005. Display 104 illustrated in FIG. 13 may correspond
to signal monitoring device 1006.

[0204]

The microwave signal used in scattering tomography device
100 is a pseudo-random time-series signal (pseudo noise code (PN
code)) with a frequency component of DC to 20 GHz. This signal is
output from FPGA board 1002 for PN code generation. More
specifically, there are two types of this signal. One type of the
signal (local oscillator signal (LO signal)) is transmitted to an RF
detection circuit (RF detection board 1007) through a delay circuit
(digital control board 1003).

[0205]

The other type of the signal (radio frequency signal (RF
signal)) is transmitted to and radiated from a transmitting microwave
UWB antenna of multistatic antenna array 1008. Scattered signals
of the microwaves are received by the receiving UWB antenna of
multistatic antenna array 1008 and transmitted to the RF detection
circuit (RF detection board 1007). Here, the signals to be
transmitted and received pass through an antenna element selection
switch (UWB antenna RF switch 1004).

[0206]
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The signal to be delayed (the LO signal) is delayed by 1/2" (n
is an integer greater than 2) times the amount of time it takes for the
PN code value to change. The detected signal is A/D converted by
signal processing calculator 1005 as an intermediate frequency
signal (IF signal) and stored. The information indicating the
detected signal may be displayed on signal monitoring device 1006.
[0207]

The timing of these series of operations is controlled by a
microprocessor in digital control board 1003 so as to synchronize
with a signal (distance signal or free run signal) from distance meter
1001. For example, the microprocessor in digital control board
1003 transmits a switch signal and a PN code sweep trigger and the
like.

[0208]

Signal processing calculator 1005 performs three-dimensional
reconstruction using the A/D converted and stored signals, and
displays three-dimensional images. Signal processing calculator
1005 may also perform signal calibration. Signal processing
calculator 1005 may also display the raw waveform.

[0209]

For example, signal processing calculator 1005 stores a
plurality of three-dimensional images in memory 1009 by storing the
three-dimensional image obtained by each measurement in memory
1009. These three-dimensional images correspond to the time
series measurement images described above. Signal processing
calculator 1005 uses these three-dimensional images to generate a
final tumor probability image and displays the generated tumor
probability image on signal monitoring device 1006 or the like.
[0210]

Note that the configuration illustrated in FIG. 15 is merely one
example; the configuration of scattering tomography device 100 is
not limited to the configuration illustrated in FIG. 15. Some
elements in the configuration illustrated in FIG. 15 may be omitted or
modified.

[0211]
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Supplemental Information

Hereinbefore, an aspect of the scattering tomography device
has been described based on an embodiment, but aspects of the
scattering tomography device are not limited to the embodiment.
Various modifications conceivable by those skilled in the art may be
made to the embodiment, and elements in the embodiment may be
combined discretionarily. For example, a process executed by a
specific element in the embodiment may be executed by a different
element instead. Moreover, the processing order of the processes
may be changed, and the processes may be performed in parallel.
[0212]

Although the above description presents an example of
discriminating between lobules and tumors in the breast in
microwave mammography, the application of the scattering
tomography device presented in the embodiment is not limited to
this example. Scattering tomography devices can extract persistent
elements in an object without destroying the object, and can be
applied with respect to other objects and other elements that have a
relationship similar to the relationship between a breast and a tumor.
[0213]

A scattering tomography method including steps performed by
the elements included in the scattering tomography device may be
executed by an arbitrary device or system. For example, part or all
of the scattering tomography method may be executed by a
computer including, for example, a processor, memory, and an
input/output circuit. In such cases, the scattering tomography
method may be executed by a program for causing a computer to
execute the scattering tomography method being executed by the
computer.

[0214]

The program may be recorded on a non-transitory

computer-readable recording medium.
[0215]
Each of the elements of the scattering tomography device may

be configured in the form of dedicated hardware, in the form of
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general-purpose hardware that executes the above program or the
like, or any combination thereof. For example, the general-purpose
hardware may be configured in the form of memory on which a
program is recorded and a general-purpose processor that reads the
program from the memory and executes the program. Here, the
memory may be semiconductor memory or a hard disk, and the
general-purpose processor may be a central processing unit (CPU) or
the like.

[0216]

The dedicated hardware may be configured in the form of
memory and a dedicated processor or the like. For example, the
dedicated processor may reference the memory for recording the
measurement data and execute the scattering tomography method
described above.

[0217]

Each of the elements of the scattering tomography device may
be an electrical circuit. The electrical circuits may collectively form
a single electrical circuit and, alternatively, may form individual
electrical circuits. These electrical circuits may correspond to
dedicated hardware or general-purpose hardware that executes the
above program, for example.

[Industrial Applicability]
[0218]

One aspect of the present disclosure useful as a scattering
tomography device and the like that generates an image of the
interior of an object using scattered waves of radio waves, and is
applicable in, for example, geophysical prospecting or medical
diagnosis.

[Reference Signs List]
[0219]

100 scattering tomography device

101 transmitting antenna

102 receiving antenna

103 information processing circuit

104 display
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1001
1002
1003
1004
1005
1006
1007
1008
1009

antenna array

distance meter

FPGA board for PN code generation
digital control board

UWB antenna RF switch

signal processing calculator

signal monitoring device

RF detection board

multistatic antenna array

memory
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[CLAIMS]
[Claim 1]

A scattering tomography device comprising:

a transmitting antenna that transmits radio waves into an
interior of an object from outside the object;

a receiving antenna that receives, outside the object,
scattered waves of the radio waves transmitted into the interior of
the object by the transmitting antenna; and

an information processing circuit that obtains a measurement
result of the scattered waves on each of a plurality of days to obtain
measurement results over a plurality of days, and generates a
reconstructed image showing a persistent element inside the object
based on the measurement results,

wherein the information processing circuit:

calculates, for each of the measurement results and
using the measurement result as a boundary condition, a scattering
field function that takes a transmission position of the radio waves
and a reception position of the scattered waves as inputs and outputs
an amount of the scattered waves at the reception position;

calculates, for each of the measurement results, a
visualization function that takes a location to be visualized as an
input and outputs an image intensity at the location to be visualized,
and is defined based on the amount output from the scattering field
function in response to inputting the location to be visualized into the
scattering field function as the transmission position and the
reception position;

generates an intermediate image for each of the
measurement results based on the visualization function to generate
intermediate images for the measurement results; and

generates the reconstructed image by calculating a
minimum value of the image intensity at each position in the
intermediate images using a logical conjunction.

[Claim 2]
The scattering tomography device according to claim 1,
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wherein the information processing circuit generates the
reconstructed image using Pn(r) = bi(r) A ba2(r) A ... A bn(r), where
Pn(r) is the reconstructed image, r is a position, N is a total number
of the intermediate images, bi is the visualization function where i is
1 to N, and A is the logical conjunction.

[Claim 3]
The scattering tomography device according to claim 1,
wherein the information processing circuit:
generates the intermediate image based on the
visualization function and a diffusion coefficient; and
when generating the intermediate image, increases a
spatial scope of diffusion of the image intensity at the location to be
visualized in the intermediate image as the diffusion coefficient
increases.

[Claim 4]

The scattering tomography device according to claim 3,

wherein the information processing circuit generates the
reconstructed image using Pn(r) = ev2bi(r) A eV2ba(r) A ... A eVlbn(r),
where Pn(r) is the reconstructed image, r is a position, N is a total
number of the intermediate images, bi is the visualization function
where iis 1 to N, ev2bi(r) is the intermediate image whereiis 1 to N,
v is the diffusion coefficient, A is a two-dimensional Laplace operator
corresponding to two directions in which a shift occurs in the
measurement of the scattered waves, and A is the logical
conjunction.

[Claim 5]
The scattering tomography device according to claim 4,
wherein the information processing circuit calculates ev2bi(r)
by calculating a Fourier transform of bi(r), multiplying a result of the
Fourier transform by exp(—v(kx? + ky?)), and calculating an inverse
Fourier transform of a result of the multiplication of exp(—v(kx? +

ky2)), where kx and ky in exp(—v(kx? + ky?)) are two wavenumbers
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corresponding to the two directions of bi.

[Claim 6]

The scattering tomography device according to any one of
claims 3 to 5,

wherein the diffusion coefficient is defined as a value
proportional to a mean squared error of measurement positions of
the scattered waves.

[Claim 7]

The scattering tomography device according to any one of
claims 3 to 5,

wherein the diffusion coefficient is defined as a value equal to
a mean squared error of measurement positions of the scattered
waves.

[Claim 8]

The scattering tomography device according to any one of
claims 3 to 5,

wherein the diffusion coefficient is defined as zero.

[Claim 9]

The scattering tomography device according to any one of
claims 3 to 7,

wherein the diffusion coefficient is defined as a value greater
than zero.

[Claim 10]

The scattering tomography device according to any one of
claims 1 to 9,

wherein in a three-dimensional space of X coordinates, Y
coordinates, and Z coordinates, an X coordinate and a Z coordinate
of a position of the transmitting antenna are identical to an X
coordinate and a Z coordinate of a position of the receiving antenna,

respectively,
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the scattering field function is defined as:
[Math. 1]
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where x is an X coordinate of the transmission position and the
reception position, yi1 is a Y coordinate of the transmission position,
y2 is a Y coordinate of the reception position, z is a Z coordinate of
the transmission position and the reception position, k is a
wavenumber of the radio waves, and kx, ky1, and ky2 in the scattering
field function are wavenumbers related to x, yi, and y2 in the
scattering field function, respectively,

a(kx, ky1, ky2) is defined as:
[Math. 2]
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where I is an index of the transmission position and the
reception position at which the transmitting antenna and the
receiving antenna are present, x; is an X coordinate of the
transmission position and the reception position at which the
transmitting antenna and the receiving antenna are present, and z1 is
a Z coordinate of the transmission position and the reception position
at which the transmitting antenna and the receiving antenna are
present,
[Math. 3]

S(x,k, k, k)

expresses a Fourier transform image related to yi1, y2, and tin
®(x, y1, Y2, t) expressing a measurement result at x, yi1, y2, and t,
and

the visualization function is defined as:
[Math. 4]
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where x, y, and z in the visualization function are an X

coordinate, a Y coordinate, and a Z coordinate of the location to be
visualized, respectively.

[Claim 11]
A scattering tomography method comprising:
transmitting, by a transmitting antenna, radio waves into an
interior of an object from outside the object;
receiving outside the object, by a receiving antenna, scattered
waves of the radio waves transmitted into the interior of the object
by the transmitting antenna; and
obtaining a measurement result of the scattered waves on
each of a plurality of days to obtain measurement results over a
plurality of days, and generating a reconstructed image showing a
persistent element inside the object based on the measurement
results,
wherein the obtaining of measurement results and generating
of a reconstructed image includes:
calculating, for each of the measurement results and
using the measurement result as a boundary condition, a scattering
field function that takes a transmission position of the radio waves
and a reception position of the scattered waves as inputs and outputs
an amount of the scattered waves at the reception position;
calculating, for each of the measurement results, a
visualization function that takes a location to be visualized as an
input and outputs an image intensity at the location to be visualized,
and is defined based on the amount output from the scattering field
function in response to inputting the location to be visualized into the
scattering field function as the transmission position and the
reception position;
generating an intermediate image for each of the
- 55 -



measurement results based on the visualization function to generate
intermediate images for the measurement results; and

generating the reconstructed image by calculating a
minimum value of the image intensity at each position in the
intermediate images using a logical conjunction.
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