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[DESCRIPTION]

[Title of Invention] IMAGING DEVICE AND IMAGING METHOD
[Technical Field]

[0001]

The present disclosure relates to an imaging device and the like
that uses waves to visualize the three-dimensional structure of one
or more scatterers included in an object in a region.

[Background Art]
[0002]

Patent Literature (PTL) 1, PTL 2, PTL 3, PTL 4, and PTL 5
disclose techniques related to imaging devices and the like that use
waves to visualize the three-dimensional structure of each scatterer
included in an object in a region.

[0003]

For example, with the technique disclosed in PTL 1, a beam
transmitted from a microwave transmitter is incident on the object to
be inspected, and the amplitude and phase of the scattered beams
are detected by a microwave detector. The dielectric constant
distribution is then calculated from the output signal of the microwave
detector, and a section of the object is displayed.

[Citation List]

[Patent Literature]

[0004]

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

[PTL 2] International Patent Application Publication No.
W02014/125815

[PTL 3] International Patent Application Publication No.
W02015/136936

[PTL 4] International Patent Application Publication No.
W02021/020387

[PTL 5] International Patent Application Publication No.
W02021/053971

[Summary of Invention]

[Technical Problem]
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[0005]

However, it is not easy to visualize the three-dimensional
structure of each scatterer included in an object in a region using
waves. Specifically, when the state in the region is known, obtaining
the data of the scattered waves radiated from the region relative to
the waves incident on the region is called a forward problem, which
is easy. On the other hand, when the scattered wave data is known,
obtaining the state in the region is called an inverse problem, which
is not easy.

[0006]

In addition, for a single wave transmission, a plurality of
scattering (reflections) may occur in the region. In other words, not
only the first-order scattering corresponding to single scattering, but
also the second-order scattering corresponding to two scattering, the
third-order scattering corresponding to three scattering and the like
may occur. Scattering more than once is also called multiple
scattering. In some cases, data on scattered waves caused by
multiple scattering may be obtained through measurement. An
analytical method that considers only the first-order scattering but
does not consider multiple scattering cannot accurately obtain the
state in the region.

[0007]

In view of the above, the present disclosure provides an
imaging device and the like that is capable of visualizing, with high
accuracy, the three-dimensional structure of one or more scatterers
included in an object in a region, using waves.

[Solution to Problem]
[0008]

An imaging device according to one aspect of the present
disclosure includes: a plurality of transmitters which are disposed on
both sides of a region to be measured, and each of which transmits a
wave to the region; a plurality of receivers which are disposed on the
both sides, and each of which receives the wave; and an information
processing circuit which derives an imaging function corresponding to

a scattering field function related to scattering of the wave according
-2 -
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to a correspondence between (i) measurement data obtained by the
plurality of transmitters and the plurality of receivers and (ii) a
composition of a plurality of functions related to multiple first-order
scattering forming multiple scattering, and visualizes a three-
dimensional structure of a scatterer included in an object in the region,
using the imaging function.

[0009]

General and specific aspects disclosed above may be
implemented using a system, a device, a method, an integrated circuit,
a computer program, or a computer-readable non-transitory
recording medium such as a CD-ROM, or any combination of systems,
devices, methods, integrated circuits, computer programs, or
recording media.

[Advantageous Effects of Invention]
[0010]

According to the present disclosure, it is possible to visualize,
with high accuracy, the three-dimensional structure of one or more
scatterers included in an object in a region, using waves.

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

FIG. 1 is a conceptual diagram illustrating an example of
multiple scattering orders according to an embodiment.
[FIG. 2]

FIG. 2 is a diagram illustrating four types of scattering states
corresponding to four types of fundamental solutions of a scattering
field equation.

[FIG. 3]

FIG. 3 is a conceptual diagram relating to a definition of the
Green'’s function.

[FIG. 4]

FIG. 4 is a conceptual diagram illustrating an application
example of fundamental solutions of a scattering field.
[FIG. 5]

FIG. 5 illustrates wave propagation paths.

-3 -
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[FIG. 6]

FIG. 6 is a conceptual diagram illustrating an application
example of fundamental solutions of a scattering field related to
second-order scattering.

[FIG. 7]

FIG. 7 illustrates four types of scattering models related to
third-order scattering.
[FIG. 8]

FIG. 8 illustrates definitions of four types of measurement data.
[FIG. 9]

FIG. 9 is a block diagram illustrating a basic configuration of an
imaging device according to the embodiment.

[FIG. 10]

FIG. 10 is a conceptual diagram illustrating an example of a
relation between a plurality of transmitters, a plurality of receivers,
and a region.

[FIG. 11]

FIG. 11 is a conceptual diagram illustrating a variation of the
relation between the plurality of transmitters, the plurality of
receivers, and the region.

[FIG. 12]

FIG. 12 is a flowchart illustrating a basic operation of the
imaging device according to the embodiment.
[FIG. 13]

FIG. 13 is a block diagram illustrating a specific configuration
of the imaging device according to the embodiment.
[Description of Embodiment]

[0012]

An imaging device according to one aspect of the present
disclosure includes: a plurality of transmitters which are disposed on
both sides of a region to be measured, and each of which transmits a
wave to the region; a plurality of receivers which are disposed on the
both sides, and each of which receives the wave; and an information
processing circuit which derives an imaging function corresponding to

a scattering field function related to scattering of the wave according
-4 -
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to a correspondence between (i) measurement data obtained by the
plurality of transmitters and the plurality of receivers and (ii) a
composition of a plurality of functions related to multiple first-order
scattering forming multiple scattering, and visualizes a three-
dimensional structure of a scatterer included in an object in the region,
using the imaging function.

[0013]

This allows the imaging device to apply the correspondence
between the measurement data and the composition of a plurality of
functions related to multiple first-order scattering to derive an
imaging function for visualizing the three-dimensional structure of
each scatterer included in an object in a region. Multiple scattering
is assumed to be a combination of multiple first-order scattering.
Hence, the imaging device is capable of analytically solving the
inverse problem of scattering, including multiple scattering, according
to this correspondence. Accordingly, the imaging device is capable
of visualizing, with high accuracy, the three-dimensional structure of
each scatterer included in an object in a region.

[0014]

For example, the information processing circuit derives the
imaging function corresponding to the scattering field function by
solving an equation of the scattering field function based on the
measurement data. The scattering field function is expressed by
[0015]

[Math. 1]

ik ik
A e 23

(X, V153,521, 25, K) :”%
D 1

&(8,n,0)dgdndg

2

where (X, y1, z1) denotes a transmission position of the wave, (X, y2,
z>) denotes a reception position of the wave, k denotes a wave
number of the wave, D denotes the region, (§, n, {) corresponds to a
reflection position of the wave, € corresponds to an unknown
reflectance at the reflection position, p: denotes a distance from the
transmission position to the reflection position, and p. denotes a
distance from the reflection position to the reception position. The
equation is expressed by

- 5 -
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[0016]
[Math. 2]

L o> 1 5. 2 2 2 2
[ZAS —c—zal 0, -0, +0,7 )0, +0_ )}¢:O

where As denotes a Laplace operator related to x, yi1, y2, z1, and z2, C
denotes a propagation velocity of the wave, and t denotes a time
taken from transmission of the wave to reception of the wave.
[0017]

This allows the imaging device to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region, according to the scattering field function associated
with the scattering phenomenon and the equation satisfied by the
scattering field function.

[0018]

Moreover, for example, the information processing circuit
derives an analytical solution of the equation based on the
measurement data, and derives the imaging function based on the
analytical solution, and the analytical solution is expressed by
[0019]

[Math. 3]
(X, Y1, V2021, 25, k)

1 o0 o0 W

J' J' J' e—i(kxx+ky1y1+ky2y2)a(k 7k ,k ,k)eisl(kx,kyl ey )zleis2 (ky ey ey )Zde dk dk
(27[)3 X270 XN T

—00 —00 —00

where kx, ky1, and ky> denote wave numbers related to x, yi1, and y»2
of the scattering field function, a(kx, kyi1, ky2, k) denotes a function
based on kx, kyi, ky2, and k, si(kx, kyi, ky2) denotes a function based
on ky, ky1, and ky2, and s2(kx, ky1, ky2) denotes a function based on ky,
ky1, and kya.

[0020]

This allows the imaging device to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region according to the analytical solution of the equation
satisfied by the scattering field function associated with the scattering
phenomenon.

[0021]
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Moreover, for example, the imaging function is expressed by
[0022]
[Math. 4]

o, y,2)=Lim {L I d(x,y.v,z,z,k)e ™" ’dk}
t—0 27[ bl

where (X, y, z) denotes a position of an imaging target.
[0023]

This allows the imaging device to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region according to the imaging function appropriately
associated with the scattering field function.

[0024]

Moreover, for example, the multiple scattering is expressed
using four functions of a spectral space corresponding to four
fundamental solutions of an equation of the scattering field function,
a relation between the measurement data and the four functions is
expressed by a non-linear integral equation, and the information
processing circuit: derives the four functions from the measurement
data according to the non-linear integral equation; and derives the
imaging function corresponding to the scattering field function, using
the four functions.

[0025]

This allows the imaging device to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region according to a relational expression that expresses
multiple scattering.

[0026]
Moreover, for example, the measurement data is expressed by
[0027]
[Math. 5]
cDij
i,j=1,2
where ®i11, ®12, ®21, and ®> expressed by ®;; correspond to the
measurement data related to four scattering states that include two
-7 -
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forward scattering corresponding to two directions and two back
scattering corresponding to two directions, the information processing
circuit uses

[0028]
[Math. 6]
CI)U a,, m

Lj=L2 o =1,23,4

[nhmépkﬁ

(2 ) myny=1,2,3.4

(2 ) [ml ,,%”Jdkf

+...
fL my Nty amL ka
(2 )LII |:m1m2m3 1234:|d

to derive
[0029]

[Math. 7]

a

i
m=1,2,34

from which an effect of multiple scattering has been removed, where
ai, az, a3, and a4 expressed by ami, am2, ams, ..., amL correspond to
a(kx, ky1, ky2, k) in the analytical solution related to the four scattering
states, f2, f3, ..., fL denote products of 2, 3, ..., L variables in square
brackets corresponding to 2, 3, .., L scattering applied from
transmission of the wave to reception of the wave, respectively,
[0030]

[Math. 8]
k. ky.uky,
denote wave number vectors related to coordinate variables included
in 2, 3, .., L variables in square brackets of fz, f3, .., fi, and the
information processing circuit uses, as the scattering field function,
[0031]

[Math. 9]
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¢m1 (x>y1>y2>z1>zz>k)

1 7% il ek, vk
— X ylyl+ yzyz)
N J. J. J.e aml(kx’k)ﬁ’kh’k)
—o0 —0

Q2r) 47,
.ez'sl(kx,kyl,kyz)zleisz(kx,kn,kyz)zz dkx dkyl dky2
m =1,234
[0032]
to derive, as the imaging function,
[Math. 10]

>0

,O(X, v, Z) =Lim L j ¢m (x) V. V,2,2, k)e—xchdk
2r s

[0033]

This allows the imaging device to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region according to the equation based on the multiple
scattering theory.

[0034]

Moreover, for example, the measurement data is expressed by

[0035]

[Math. 11]

CI)ij

ij=1,2
where ®i11, @12, P21, and P> expressed by ®j; correspond to the
measurement data related to four scattering states that include two
forward scattering corresponding to two directions and two back
scattering corresponding to two directions, the information processing
circuit uses
[0036]

[Math. 12]
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m=1,2,3,4 if=1,2

e [AL N

my.m=1,2
ny iy =1,2

N ﬁj& |:®'”1711®m2n2®m3n3 ]dkgs

ny,m=1,2
ny, 1y=1,2
ny,m3=1,2

1
- W IgL |:(Dmlnl(1)m2r12cbm3;13 o cDanL :Idkgz

my,m=1,2
my,n,=1,2
my.my=1,2

my,np=1,2
[0037]
to derive
[Math. 13]

a

m
m=1,2.3.4

from which an effect of multiple scattering has been removed, where
ai, a2, a3, and a4 expressed by am correspond to a(kx, kyi, ky2, k) in
the analytical solution related to the four scattering states, ®11, @12,
®21, and ®22 expressed by ®Omint, Om2n2, Pm3n3, ..., PmLnL COrrespond
to the measurement data related to the four scattering states, g2, gz,
..., gL denote products of 2, 3, .., L variables in square brackets
corresponding to 2, 3, ..., L scattering applied from transmission of
the wave to reception of the wave, respectively,

[0038]
[Math. 14]
kgz’kgs’“.’k&

denote wave number vectors related to coordinate variables included
in 2, 3, ..., L variables in square brackets of g2, g3, ..., gL, and the
information processing circuit uses, as the scattering field function,
[0039]

[Math. 15]

- 10 -
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B, (X, V1, Y5, 21, 25, k)

l o0 o0

7i(kxx+ky1y1+ky2y2)
[[]e a, (k. k, .k, k)

Qry 2=,
R X
m=1,2,3,4
[0040]
to derive, as the imaging function,
[Math. 16]

p(x, v, z)=Lim i I ¢ (x,, vz, 2,k)e “dk
=0 | 21 -

[0041]

This allows the imaging device to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region according to the equation in which the measurement
data is properly associated based on the multiple scattering theory.
[0042]

Moreover, for example, the measurement data is expressed by
[0043]

[Math. 17]
q)ij
P22
where ®i11, @12, P21, and > expressed by ®j; correspond to the
measurement data related to four scattering states that include two
forward scattering corresponding to two directions and two back
scattering corresponding to two directions, the information processing
circuit uses
[0044]

[Math. 18]

- 11 -
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_a(kx7 o y?k)
mau, oy ak, —k, kO3 (k, + e, — k)
S(5, (ke ) =5, (K, y))dk dk, dk,
(272_) ( xa? yﬂ k)a ( xb 2 77 s k)a (kxcﬂ 2% yik)
Ok +hy 4y kDO (s5,(ky K, k) =5,k Ky k)
5 (s, (kg ey, e, ) =5, K, ,kz))dkxadkwdkxcdkﬂzdk%
(27[) ( xa’ y’ k)a( xb> 77 > k)a (kxw 732 yik)
Ok + g+l =k S (s,(k Ky =k, ) =5,k Ky =k,
5 (8, (ko ki —hy ) =5,k Ky, ,kz))dkmdkwdkxcdkﬂzdk%
(27[) (kxaﬂ v k)a ( xb> 77 A k)a (kxcn 732 y nk)
Ok, +hy 4~k )S(5,(ky kK, ) =5,k K —k,))
5 (s, (ky by ey ) =5, Ky ,kz))dkxadkwdkxcdkﬂzdk%
(2 ) xa’ y’ k)a( xb 779 k)a (kx09 73 y’k)
'§(kxa+kxb+kxc_kx)§( (xb’ 7,2 k ) SZ( xa? y’ kih))
5 (8, (ko ke, ) =5,k kLK) )l ek G, e,
+0(a*)

removed, where & denotes a delta function,
variables corresponding to kx, kq and kn2 are variables corresponding
to kyi1, kn3 is a variable corresponding to ky2, and O(a?%) is a term
and the

to derive a1 from which an effect of multiple scattering has been

corresponding to a fourth or higher order scattering,

information processing circuit uses, as the scattering field function,

[0045

]

[Math. 19]

- 12 -

kxa, kxb, and kxc are



5

10

15

20

¢1(x7y17y27217227k)

o0 o0 GO
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[0046]
to derive, as the imaging function,

[Math. 20]

olx, v, 2) éﬁgz I;zﬁl X0, v,2,2.k)e “dk
[0047]

This allows the imaging device to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region according to the equation in which the scattering
phenomenon is concretely expressed based on the multiple scattering
theory.

[0048]

Moreover, for example, the measurement data is expressed by

[0049]

[Math. 21]
CI)ij

i,j=1,2
where ®i11, @12, ®21, and ®y> expressed by ®j; correspond to the
measurement data related to four scattering states that include two
forward scattering corresponding to two directions and two back
scattering corresponding to two directions, the information processing
circuit uses
[0050]

[Math. 22]

- 13 -
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x>y y7

_q)u(

k)
x° y: y 7k)

(2 )I.[Iq)11( X, ° y’ ﬂ’k)q)Zl(kxb: P y,k)é‘(k +k k)

5 (5, Uk, k) = 5, (ko ke y))dk dk., dk,

k)

11 xa’ y’ k)q)zz( xb > 777 k)q)ll( xc 2 77: y:

(2 )
Oy, +hy vk~ kO (5(k ok, —, )= 5,k ok, k)

(s, 0k by k) =5,k K, ,k))dkmdkxbdkmdkmdk%

”L”QU( wa’ J” k)(bll( xb> f7 > k)(I)Zl( xe 773: A k,,.k)
(27f)

Oy, +hy vk, — kO (5,(k ok, —k, )= 5,k kK, )

5 (8, (ky by~ ) =5,k K, ,ky2))dkxadkxbdkxcdkﬂzdkﬂs

(27:) o 1) R G AR L S U A AN oL RN AN

Ok, +hy ke k)0 (5,(ky ok, k) =5,k by k)
5( 8, (ko ke, ) =5,k ,k2))dkmdkxbdkxcdknzdk%

IIJI ®, (%, y’ k)cblz( b n T k)CDH( oo ,7 , y k)
(275)

Sk, +hy e, —k)O (5,(ky Ky k)= 5,0k, Ky k)

5 (8, Vb ey ey )= 5, (ke ey LK, ) )l el el e,

to derive a1 from which an effect of multiple scattering has been
removed, where 0 denotes a delta function, kxa, kxb, and kxc are
variables corresponding to kx, k, and kn2 are variables corresponding
to kyi, kn3 is a variable corresponding to ky2, and the information
processing circuit uses, as the scattering field function,
[0051]

[Math. 23]

¢l(x y17y27Z]7Z27k)

0 o0 0

(27:) ‘[o'[o‘[o e Tk, ky .k, k)

etsl(k K,k g zsz(k k

e % ik dk, dk,
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[0052]
to derive, as the imaging function,
[Math. 24]

p(X: Y, Z) =Lim L J. ¢1(x’ WY, 2,2, k)efic.hdk
>0 272- o

[0053]

This allows the imaging device to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region according to the equation in which the scattering
phenomenon is concretely expressed based on the multiple scattering
theory and the measurement data is properly associated.

[0054]

Moreover, for example, the measurement data is expressed by

[0055]

[Math. 25]
q)ij
=12
where ®i11, @13, P21, and dy> expressed by ®;; correspond to the
measurement data related to four scattering states that include two
forward scattering corresponding to two directions and two back
scattering corresponding to two directions, the information processing
circuit uses
[0056]

[Math. 26]
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- q)ll (kx

k)
k)

7y7 y7

(2 )”‘J.(D“( %7 y’ nrk)q)m(kxb; e y,k)5(k +k,—k.)

( (kxa7 o )_Sl(kxb7 kf]’ y))dk dk dk

(272') -UJ.”.{CD“( a2 y’ k)CDZZ( xb? 77 T k)q)n(kxc: 732 y k)

+(I)12( xa? y > k)(Dll( xb? 77 > k)(I)Zl(kxc7 72 y 7k)
+q)11( xa? y > k)q)Zl( xb> 77 > k)(DZI(kxca 752 y ak)
+q)12( xa? y 5 k)q)12( xb? 77 5 k)®11( xc? 77 s y :k)}

Sk, +k, +k k)5(s( ok, ) =5y k, k)
8 (8, (kg by Ky ) = 5Kk K))  dk dkydk d, dk,

to derive ai from which an effect of multiple scattering has been
removed, where 0 denotes a delta function, kxa, kxb, and kxc are
variables corresponding to kx, kny and kn2 are variables corresponding
5 to kyi, kg3 is a variable corresponding to ky2, and the information
processing circuit uses, as the scattering field function,
[0057]
[Math. 27]

& (x, yl7y27219227k)

N —i(kxtky k1)
IJ-J- " 1( x’ky 7ky 7k)

—00 —00 —00

(27f)

ezsl(k NN ) zsz(k k

ol % ik dk, dk,

10 [0058]
to derive, as the imaging function,
[Math. 28]

Pl . 2)=Lim| = [ 53,37, Rk
=0 | 271 v

[0059]
15 This allows the imaging device to visualize, with high accuracy,

the three-dimensional structure of each scatterer included in an
- 16 -
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object in a region according to the equation rearranged based on the
multiple scattering theory.
[0060]

Moreover, for example, an imaging method according to one
aspect of the present disclosure includes: transmitting, by each of a
plurality of transmitters disposed on both sides of the region, a wave
to a region to be measured; receiving, by each of a plurality of
receivers disposed on the both sides, the wave from the region; and
deriving an imaging function corresponding to a scattering field
function related to scattering of the wave according to a
correspondence between (i) measurement data obtained by the
plurality of transmitters and the plurality of receivers and a
composition of a plurality of functions related to multiple first-order
scattering forming multiple scattering, and visualizing a three-
dimensional structure of a scatterer included in an object in the region,
using the imaging function.

[0061]

This allows the correspondence between the measurement data
and the composition of a plurality of functions related to multiple first-
order scattering to be applied to derive an imaging function for
visualizing the three-dimensional structure of each scatterer included
in an object in a region. Multiple scattering is assumed to be a
combination of multiple first-order scattering. Accordingly, it is
possible to analytically solve the inverse problem of scattering,
including multiple scattering, according to this correspondence. As
a result, it is possible to visualize, with high accuracy, the three-
dimensional structure of each scatterer included in an object in a
region, using waves.

[0062]

Hereinafter, an embodiment will be described with reference to
the drawings. It should be noted that the embodiment described
below shows a general or specific example. The numerical values,
shapes, materials, structural elements, the arrangement and
connection of the structural elements, steps, the order of steps, etc.,

illustrated in the following embodiment are mere examples, and
- 17 -



10

15

20

25

30

35

therefore do not limit the claims.
[0063]

In the following description, in particular, the techniques and
the like disclosed in PTL 2, PTL 3, PTL 4, and PTL 5 can be referred to
as known techniques. Moreover, in the following description, radio
waves such as microwaves are mainly assumed to be waves, but the
waves are not limited to radio waves such as microwaves. In addition,
imaging based on scattering can be referred to as scattering
tomography. Accordingly, the imaging device and the imaging
method in the following description can also be referred to as a
scattering tomography device and a scattering tomography method,
respectively.

[0064]
[Embodiment]

An imaging device according to the present embodiment uses
waves to visualize the three-dimensional structure of one or more
scatterers included in an object in a region. Hereinafter, the imaging
device according to the present embodiment will be described in detail
including the underlying techniques and theories.

[0065]

<I Outline>

Scattering field theory has been constructed to image the
inside of an object using waves such as microwaves. The scattering
field theory is not only theoretically novel, but also useful in practice.
Since it is possible to instantly calculate an accurate three-
dimensional reconstructed image from measured (measurement) data,
it is expected to be applied to the field of diagnostic imaging, and the
like. In the present disclosure, the scattering field theory is
advanced to solve the difficult inverse scattering problem of multiple
scattering (multiple reflections), and an imaging device and an
imaging method using the advanced scattering field theory are
provided.

[0066]
For example, in the inverse scattering reconstruction theory

where the measurement surface on which a transmission position and
- 18 -
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a reception position are arranged is a curved surface, function ¢ as

shown in (1-1) below is defined.

[0067]
[Math. 29]
ikpy ko,
B0x, 3107020 = [ ep ep £(&.n.O)dEdnd
o e (1 — 1)
[0068]

Here, (X, y1, z1) denotes the coordinates of the wave radiation
position, and (X, y2, z2) denotes the coordinates of the wave reception
position. Radiation may also be referred to as transmission.
Moreover, k denotes the wave number of wave, and D denotes the
region to be measured. ¢€(§, n, ¢) denotes the function of the
dielectric constant at the position (&, n, ), and corresponds to the
wave reflectance at the position (§, n, ). (&, n, ¢) corresponds to
the reflection position of the wave. pi1 denotes the distance from the
transmission position to the reflection position, and p. denotes the
distance from the reflection position to the reception position. Note
that €(§, n, ¢) is unknown.

[0069]

The phenomenon, in which waves are scattered at the point
where the value of the dielectric constant function €(§, n, () is large,
is considered as a function with respect to the wave radiation position
and the wave reception position. By defining the radiation position
and the reception position throughout the region, the above ¢ is used
as a scattering field function that indicates the scattering field. The
scattering field function satisfies the partial differential equation as
shown in (1-2) below.

[0070]
[Math. 30]

1 1
{Z A —c—zafaj - (ayf Jr('ﬁzlz)(('ﬁyz2 + 8222)}& =0

o o (1_2)
[0071]

Here, As denotes the five-dimensional Laplace operator related
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to X, y1, Y2, z1 and z2, @ denotes the partial differential of the variable
indicated by the suffix, c denotes the wave propagation velocity, and
t denotes time. The general solution of the differential equation in
(1-2) is expressed as shown in (1-3) below.
[0072]

[Math. 31]

¢('x>y1> y2>ZI>ZZ;~k)

o0 o0 W

ity ok, Kk, K Kok
J' J' J'e kgt kg + yzyz)a( x’ y’ . ,k) isy (ko kyy yz)21 isy (R Koy » yz)szk dk dk

(272)3 S S0
(1—3)
[0073]

Here, kx, kyi, and ky> denote wave numbers related to x, yi,
and y2 of the scattering field function. Since the solution of a single
fourth-order partial differential equation is completely determined by
the measurement value (radar reflection data) at the region boundary,
a(kx, ky1, ky2, k) that is the kernel function of the general solution is
also found by Fourier transform. Then, by applying the limit values
of y2 ->yi1 and t -> 0 to ¢, an imaging function p is obtained. For
example, the imaging function p is expressed as shown in (1-4) below.
[0074]

[Math. 32]

o, v, z)=Lim {L j d(x, v, v, z,z,k)e " "'dk
>0 | D7 -
- (1—4)

[0075]

In the above process, the scattering field function ¢(x, yi1, y2,
z1, z2, k) is directly connected to the measurement value (radar
reflection data) at the boundary of the region based on the
assumption that there is no multiple scattering. For example, the
shape of the boundary surface is defined by the curve z=f(y) on the
z-y plane. The data obtained by Fourier transforming the radar
reflection data measured at the boundary surface with respect to (x,
t) is expressed by ®(kyx, y1, Y3, k). Under the assumption that there
is no multiple scattering, (1-5) shown below is assumed to hold true.
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[0076]
[Math. 33]

Dk,,y,,y;,k)

1T 7 itk o
:(%ﬂzjje a, (k. k, .k, k)

—00 —00

. eisl(k>kx>ky1 ey, zp eis2 (kg koy oy, 2y dk dk
N Va2
. . ( 1 — 5)

[0077]

However, when multiple scattering is not allowed to be ignored,
second-order, third-order, and fourth-order scattering may be present,
as illustrated in FIG. 1.

[0078]

FIG. 1 is a conceptual diagram illustrating an example of
multiple scattering (multiple reflections) orders according to the
embodiment. In FIG. 1, P: denotes the transmission position and P2
denotes the reception position. A signal is transmitted from P: and
received at P, through a number of reflections corresponding to the
order in the region. A plurality of reflections are referred to as
multiple reflections or multiple scattering.

[0079]

The present disclosure describes a solving method for solving
the inverse problem of scattering including multiple scattering as
described above, and an imaging device and an imaging method using
the solving method.

[0080]

In order to perform the inverse analysis of multiple scattering,
radar reflection data across the boundaries of the region is used.
Multiple scattering of second or higher order is expressed by a
combination (composition) of four types of fundamental solutions, Ei,
E>, E3, and E4 of the partial differential equation of the scattering field.
[0081]

FIG. 2 illustrates four types of scattering states corresponding
to four types of fundamental solutions of a scattering field equation.

The scattering state can also be referred to as a scattering model.
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Multiple scattering is expressed by the composition of these four
fundamental solutions (Ei, E2, E3, E4). The functions of the spectral
space that are ai, az, a3, and a4 are introduced corresponding to Ej,
E>, Ez and E4. In order to determine these from the measurement
data, two back scattering and one forward scattering are measured.
[0082]

Inverse scattering analysis of multiple scattering in the three-
dimensional region is a difficult problem. However, the present
disclosure provides the solution of the inverse scattering problem
using scattering field theory.

[0083]

<II Scattering field theory>

<II-1 Simple propagation function>

The Helmholtz equation of wave propagation is expressed by
(2-1) below.

[0084]
[Math. 34]

(A +kDYP(x—E,y—n,z2-¢,k)=0
- (2—1)

[0085]

Here, ¢ is an unknown function that denotes the vibration
displacement at the position (x, y, z), Az denotes the three-
dimensional Laplacian operator, k denotes the wave number, and (g,
n, ¢) denotes the position of the wave source.

[0086]

The equation obtained by Fourier transforming ¢ with respect
to (x, vy, t) is expressed as shown in (2-2) below.
[0087]

[Math. 35]

Bk k,z—c k)= [edr [Py [ & Dp(x—& y—n,z—¢ 1)dx

s (2—-2)
[0088]
Here, kx denotes the wave number related to x, and Ky denotes
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the wave number related to y. Equation (2-1) is transformed into,
for example, as shown in (2-3) and (2-4) below.
[0089]

[Math. 36]

{0+ =k k) Blk, K, 2. k) =0

- (2—3)
[0090]
[Math. 37]

¢(x_§>y_naz_gak)

W(yﬂ)zkufkm

k, ke NI e e

x’ y>

(277)
-(2—4)
[0091]
Here, 9,2 denotes a second partial differential with respect to
z, and a(kx, ky, k) is a function related to (kx, ky, k).
[0092]
<II-2 Fundamental solution of scattering field>
FIG. 3 is a conceptual diagram relating to the definition of the
Green’s function. Hereinafter, unless otherwise specified, the
transmission position and the reception position have the same x-
coordinate.  When the transmission position and the reception
position are r1 = (X, Y1, z1) and r2 = (X, Y2, z2) respectively, the
Green's function is defined as shown in (2-5) below.

[0093]
[Math. 38]
I, )= m (h—>&—>n, o)k
- (2—5)
[0094]

This integral kernel function denotes the signal strength of the
wave that exits ri, is reflected at point §, and returns to point r..
is the angular frequency. This Green’s function is materialized using
a new function name as shown in (2-6) below. Here, € is a function
of dielectric constant.
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[0095]
[Math. 39]

eikp1 eikp2

&(&.n,8)dEdndg

1 2

¢(x>y1>y2>zl’22):”

P ==&+ —n) +(z ¢
Py = (x=EV + (v, —n) +(z, ()

« +(2—6)
[0096]
5 The above o®(Xx, yi, Y2, z1, z2) is the solution of the partial

differential equation of the scattering field as shown in (2-7) below.
[0097]
[Math. 40]

1 .
[ZAj-{mfaj—(qj+0a6«%2+aaﬁ}¢:o

- (2—7)
10 [0098]

Next, the solution of Equation (2-7) is considered. First, by
performing multiple Fourier transforms on ¢ with respect to t, x, y1,
and y> and performing conversion on Equation (2-7), (2-8) below is
obtained. Here D;: and D;> denote partial derivatives related to z

15 and zp, respectively.

[0099]
[Math. 41]
{(DZI2 +DZZ2 —k’ —kyl2 —kyzz)2 —4k*k? —4(D212 —kylz)(DZz2 —kyzz)}qﬁ =0
«+(2-8)
[0100]
20 Equation (2-8) has four solutions, which are expressed as

shown (2-9) below.
[0101]
[Math. 42]
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E (k. k, .k, ZI,ZZ):eXp{i(S1+S2)Z}
E (k k .k .z Zz):exp{—i(lersz)z}

X3 W 2Ty,
Lk k, k, ,z,,2,) = exp{i(s, —s,)z}
E (kx,ky ,ky2 z, zz):exp{i(—s1 +s2)z}
- (2—9)
[0102]

Here, s1 and s, are expressed as shown in (2-10) below.
[0103]

[Math. 43]
sk, k, K, )—\/kz_kylz\/(‘/kz_kylz+\/k2_ky22)2‘
e &k ek,
Jr -k} \/(\/kz ke )2 _
ok )= kv ek
- (2—10)
[0104]

The scattering corresponding to each of the four fundamental
solutions of Equation (2-9) is as illustrated in FIG. 2. Of these four
fundamental solutions, Ez and Es4 have a temporally retrograde
relationship with each other, and are not independent from each other.
Accordingly, Ei1, E2, and Es are independent fundamental solutions.
The four general solutions of Equation (2-7) corresponding to the four
fundamental solutions are expressed as shown in (2-11) below.
[0105]

[Math. 44]
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¢1(x:yl7y2721722:k)

l o0 o0

e

—00 —00
is;(ky .k, k0o is,(ky .k, .k, )z
LMt n gt b B e ke dlk,

¢2(xay17y27217227k)

. efisl (k, ,ky1 ,ky2 )7 e—isz (k, ,ky1 ,ky2 bER dk dk dk
ron N

¢3(x7y17y27217227k)

l o0 o0

J'J'J'efi(kxerkyllerkyzyz)aS(k ko k)

X25N2 TN

@)

—00 —00 —00

is (k, ,ky1 ,ky2 Vo —isy (ky ,ky1 ,ky2 )z
e e dk dk, dk.,

G (X, ¥, V5, 21525, k)

l o0 o0

e

—00 —00 —00

‘e—isl(kx,k k )zleisz(kx,k k

31>y Ky )22
dk k., d.,

- (2—11)
[0106]

The four general solutions of Equation (2-11) shown above can
be regarded as four scattering field functions corresponding to the
four first-order scattering models illustrated in FIG. 2. The scattering
field function corresponding to multiple scattering is derived based on
the composition of the four scattering field functions.

[0107]

<III Multiple scattering>

<III-1 Multiple scattering orders>

The multiple scattering orders are as illustrated in FIG. 1. The
multiple scattering of each order illustrated in FIG. 1 also includes
different geometrical variations at the positions where the scattering
occurs. The characteristics differ depending on the positive and
negative signs of the z-coordinate component of each directional
vector of incidence and scattering at the position where scattering
occurs. The fact that the characteristics differ depending on the

positive and negative signs of the z-coordinate component of each
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directional vector of incidence and scattering has been described in
the fundamental solution of the scattering field in Chapter II.
[0108]

<III-2 Outline of approach using scattering field theory of
multiple scattering>

FIG. 4 is a conceptual diagram illustrating an application
example of the fundamental solutions of the scattering field.
Specifically, FIG. 4 illustrates a third-order scattering model to which
a plurality of fundamental solutions are applied. For example, in the
third-order scattering model illustrated in FIG. 4, the fundamental
solutions E: and E> of the scattering field are used in the regions
inside the dashed lines. The following (3-1) indicates the relations
between the paths and the fundamental solutions.

[0109]

[Math. 45]
P—>S -8 L
S, =8, -8, E,
S, =S8, >PF K

-+ (3—1)
[0110]

Scattered points Si, Sz, S3 are arbitrary points in the regions,
but the condition that the geometric rules are followed is imposed on
scattered points Si1, Sz, S3, and the like. Specifically, the sign of the
z-coordinate component of the directional vector indicated by the
arrow representing wave propagation in FIG. 4 is maintained.
Moreover, Pi, P2, S2, and Sz move within the measurement plane
under the condition that their x coordinates are identical to each other.
In addition, the z coordinates of P; and P, are identical to each other.
However, it is assumed that there are no restrictions on the x-
coordinate of Sj.

[0111]

FIG. 5 illustrates wave propagation paths. Specifically, FIG. 5
illustrates a plurality of propagation paths for common transmission
position P1 and common reception point P> when the fundamental

solutions E1 and E> are used. These propagation paths conform to
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the above geometric rules.
[0112]
The back scattering amplitude measured on the y-axis is
expressed as shown in (3-2) below.
[0113]
[Math. 46]
®,(P,P,,k)=G,(P, Py, k)
+[[[G(P.8, .k)-G,(S, .8, .k)-G,(S, .P,.k)dS,dS,
e

-+ (3—2)
[0114]
Here, G (specifically, Gi1 and Gz) is a Green’s function, and is
defined as shown in (3-3) below.

[0115]
[Math. 47]
G(r,r, ) = _ngo(rl —E o1, o)k
« +(3-3)
[0116]
Here,
[0117]
[Math. 48]

qo(r1 —>&—> rz,a))

denotes the signal strength of the wave that exits ri, is reflected at
point §, and returns to point ro. Suffixes 1 and 2 given to the Green’s
function correspond to the fundamental solutions E1 and E2. In a
theory that does not consider multiple scattering, the equation in (3-
4) below can be obtained ignoring the second and subsequent terms
from the right side of Equation (3-2).

[0118]

[Math. 49]

Gl(l)laPQ;k) :q)l(]?lip2>k)
-+ - (3—4)
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[0119]

ai(kx, ky1, ky2, k) in Equation (2-11) is obtained from Equation
(3-4) by Fourier transform. By substituting the approximate function
thus obtained into the integral sign on the right side of Equation (3-
3), Gi1(P1, P2, k) that takes into account multiple scattering is obtained,
and more accurate ai(kx, ky1, ky2, k) is obtained.
[0120]

The right side of Equation (3-2) includes a new function G2(Sz-,
S3-, k). In order to obtain this by measurement, the measurement
result on a surface with a different z value than the one described
above is used. When ®>(P1, P2, k) denotes the measurement result
on a surface with a different z value, (3-5) below holds true.
[0121]

[Math. 50]
Gz(PpPz:k):q)z(PpPz:k)
-+ (3—5)

[0122]

With this, more accurate ai(kx, kyi, ky2, k) is obtained from
Equation (3-2).
[0123]

<III-3 Formulation of inverse scattering problem in multiple
scattering>

(1) Second-order scattering

FIG. 6 is a conceptual diagram illustrating an application
example of the fundamental solutions of a scattering field related to
the second-order scattering. The second-order scattering
corresponds to, as illustrated in FIG. 6, the form in which the
fundamental solutions E:1 and E4 of the scattering field equation are
connected by S>-. Sz- is assumed to be as close as possible to S».
The fundamental solutions Ez and Es4 satisfy the condition that no
direct wave propagating directly from S>- to P2 is included.
[0124]

The paths of the second-order scattering are limited to the path
illustrated in FIG. 6 and the path in which P1 and P, in FIG. 6 are

interchanged (symmetrically transformed path). The fundamental
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solutions E1 and E4 are applied as in FIG. 6, and the function names
are given as (3-6) below.
[0125]
[Math. 51]
B =8 =8, s, X 01010,2,6, k)
S, =8, =P ¢ 5p (X0, V.6, ,2,k)
-+ (3—6)
[0126]

Here (X, yi1, z) corresponds to the position of Pi, (X, y2, z)
corresponds to the position of P2, and (x, n2-, {2-) corresponds to the
position of S,.. The specific equation of (3-6) is expressed as shown
in (3-7) below according to Equation (2-11).

[0127]
[Math. 52]
Prss, (6 V17 52,6, 1 k)

l o0 o0 00

J‘J‘J‘efi(kxﬁknyﬁk,,zﬁz,)al(k k k. k)

x? yl 2 772_

27y’

—00 —00 —00
. isy (kyky ko, Dz isy (kg kg ey D6p
e e dlk k., d,
¢SZ,SZP2 (xJ 772— 2 y2 2 gz_a ZJ k)

o0

i (271r)3 [T [emsmma b, k.

'effsl(kx,k,,},kyz )gz,eisz(kx,k,lzi,kyz)z dkx dkh dky2
- - (3—17)
[0128]

The composition of the above functions corresponding to the
second-order multiple scattering path P1 -> S1 -> S>. -> S, -> P2 is
expressed as shown in (3-8) below.

[0129]
[Math. 53]
D, (X, 1, Vo 2 k) = brgs (V1510 2,6, )P 5 p (X1, 5 1,,6, . 2,k)
-+ (3-8)
[0130]

By applying n2--> n and (- -> ¢ to Equation (3-8) and

performing integration with respect to the coordinates (n, {) of point
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S2, (3-9) below is obtained.
[0131]
[Math. 54]

lpz(x’ M- Vs 2, k) = _”¢P151327 (x> M1, 2,6, k)¢52752132 ('x: n.y,.s¢,z, k)dﬂdg
« +(3—-9)

5 [0132]
By substituting Equation (3-7) into Equation (3-9), (3-10)
below is obtained. In order to avoid confusion, suffixes such as a, b,
+ and - are appropriately given to variables in (3-10) below.

[0133]
10 [Math. 55]
\IIZ(nyDyZ’Z’ k)
_ 1 =ik xthy vty m)
CQr) ”j ”I ”e a (ko ko Ky K)
. eisl (kxtkaI ’k”* )zeis2 (km’kyl )km )gdkxadkyl dkﬂ,
. eii(kxbx+kﬂ+77+ky2y2)a4 (kxb 5 k77+ 5 kyz ? k)
. efl's1 (N >ky2 )geiSZ (kap Jey ’ky2 )dexbdkm dky2 dndg
B 1 =il xtky ) —ilkgxtk, ;)
Qo' e e
: §(k777 + kfh )5 (SZ (kxa9 ky1 » kn, ) -5 (kxb ? kfh ’ kyz ))
-a (kxa7 ky1 > kry, » k)a4(kxb ? kfh ? kJ’Z ? k)
iy (kg ey ey )z sy (egp Koy Koy, )2
e e dkxadebdkyl dk » clke, dk”+
««(3—10)
[0134]

Here, d denotes a delta function. &(kn-+kn+) and 8(s2(kxa, ky1,
kn-) - s1(kxb, kn+, ky2)) in Equation (3-10) have the same input and
15 output at the connection point S;.. (3-11) below is obtained by
Fourier transforming Equation (3-10) with respect to (x, yi, y2) at
z=0.
[0135]
[Math. 56]
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xX2N 2

- I” Y. (x,¥,5,,2=0, k)e’k*xeiky’lyleiky’zyzclxa’yldy2
= (2—17[)”jal(kxa Kk K)a,(k, k), k)

Sk, +k,, —kx)é(sz (kpyok, o)) =5,k g, k) ))
-dk, dk, dk,
- (3—11)
[0136]
(2) Third-order scattering
FIG. 4 illustrates an application example of the fundamental
5 solutions of the scattering field related to the third-order scattering.
Referring to FIG. 4, the scattering field functions as shown in (3-12)
below are defined. The suffixes 2- and 3- given to n and ¢ correspond
to just before point Sz and just before point S3, respectively.
[0137]
10 [Math. 57]

BE—=>8 =8, s, (600,26, k)

Sy >8>8 iy o, (G756, .65 k)

Sy >8P iy op (011,565 ,2,K)

-+ (3—12)

[0138]

The functions on the right side in (3-12) correspond to the
general solutions of the scattering field of first-order scattering, and

15 are functions as shown in (3-13) below.

[0139]
[Math. 58]
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i (2717)3 JJfeemtera b,k b
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b 2 s ok b5 il il
x 1 M-
¢527S2537 (x7 7727 ] 7737 2 ng 2 G37 > k)

S [ e ik,
T) Wile

sy (ky ey, gy 06a- sy (ki ey gy D6
e e dk dk, dk,

¢S37S3P2 (x7 773— » yz » G37 » Z7 k)

.eisl(kwkrrsukyz )g37ez's2(kx,k,,37,kyz)zdkxdkiha,ky2
« +(3—-13)
[0140]
The composition of the above equations corresponds to the
third-order multiple scattering path P1 -> S;1 -> Sy -> S3-> P2, which is
5 expressed as shown in (3-14) below.
[0141]
[Math. 59]
D.(x,y,,¥,,2,k)
=Opss, VLI, 2,60 k) o5 (X1, 105,65 .65 ,K)
Ps, s, (5105, 0.65,2,k)
-+ (3—14)
[0142]
10 By applying n2--> nz, n3--> n3, ¢2--> ¢z and (3--> (3 to Equation
(3-14) and performing integration with respect to the coordinates (n2,
(2) and (n3, ¢3) at points S, and Sz, (3-15) below is obtained.
[0143]
[Math. 60]

W, (x, 0,05, 2,k)
= ([ [ s, (5317 26000, (510773062060, 0)
B, sn, (X1, 10,65, 2. k)dn,dg, dndg,
15 -+ (3—15)
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[0144]

The function obtained by the above process denotes the third-
order scattering amplitude as seen from P; and P2. By substituting
(3-13) into (3-15), (3-16) below is obtained. In (3-16) below, + and
- are appropriately given to the suffix of wave number k to avoid
confusion in the integral sign.

[0145]
[Math. 61]
Y.(x,y,¥,,2,k)

1 (Kt 31y 12
G I e b, £, 0

i5) (kxmkypkr/z, )Z iSZ(kxmkypkr,z, )§2
e e dkdk  dk,
—i(kypXthey, 1y +ky i)
‘e g a,(k,.k, .k, k)

—isy (kg ooy, iy 62 —isa (ke gy )3
e e dk ,dk, dk,

‘ e*i(kxcx+k,,3+773+ky2y2)al ( kxc: k% ’ ky27 k)
et s g Cetn S e ik dk, di,d,dn,ds,
-+ (3—16)
[0146]
In the scattering field theory, there is a relational expression
as shown in (3-17) below.
[0147]
[Math. 62]

Sl(kxb’k’hb ’k’hb ) *5 (k’d’ ’k’hb ? k’72b ) - \/(\/kz B k’hb2 + \/kz _k’72b2 )2 _k’d’z
- - (3—-17)

[0148]
By performing integration with respect tonand Cin (3-16), (3-
18) below is obtained.
[0149]
[Math. 63]
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o oy w5k dk dk, dk, dk, dk, dk, dk, dk,

K, (k

xc? 77 2 yz
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,1 (eyothey 3 )e*i(kxbx)e’i(km”kyzyz )

(27r)
Cl( xa> y’ k)a ( xb> 77 > k)Cl (kxc7 730 y ak)
((xb’f]ﬂk)s(mwyi 772))
(SZ( xb > 777 k ) Sl(kxcﬂ 7 yz))
is) (kg ky1 —ky, )z zsz(km k,’3 kyz)z
e dk . dk ,dk dk, dk, dk, dk,
c(3—18)
[0150]
Here, 0 denotes a delta function, which corresponds to the fact
that the input and output match at the connection point. (3-19)
below is obtained by Fourier transforming (3-18) with respect to (x,
y1, y2) at z=0.
[0151]
[Math. 64]
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1 ! !
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Ok, +hy, +h, — k)0 (5(Ky K, K, )= 5, (kK] k)

5 (8, (kg ko e, ) =5,k ey KL) )l eyl e, clle,
-+ (3—-19)
[0152]
The scattering field function W(x, y1, y2, z, k) is expressed as
shown in (3-20) below when multiple scattering is considered.
5 [0153]
[Math. 65]

Yx,y, 05,2,k =Y (X, 01, 55,2, k)
+¥,(x, 31,2, 2,k)
+W¥.(x,3,,¥,,2,k)
e
-+ (3—-20)
[0154]
Here, W, is a scattering field function corresponding to the first-
10 order scattering, W» is a scattering field function corresponding to the
second-order scattering, and W3 is a scattering field function
corresponding to the third-order scattering. Based on Equation (2-
11) and the like, (3-21) below holds true.
[0155]
15 [Math. 66]
Y. (x,¥,¥,,0,k)
=4 (X, %, 0,,0,k)

1 o0 o0 o0

G T bk kb
T

—00 —00 —00

- (3—21)
[0156]
For example, if the second term, and the fourth and subsequent
terms on the right side in Equation (3-20) can be ignored, (3-22)
20 below can be obtained by Fourier transforming the entire Equation (3-
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[0157]
[Math. 67]
A z(kx+k 1+k22
Pk b 00 = s [ [ [t
{ (6, 21,35,0,0) + W (x, 31, 3,0, k) f dxdy,dly,
_a( x° ya y)k)
—k_ .k —k, .k
(2) (xa’y’ n’)az(xbﬂnﬂ 7)
'a(kxcﬂ 732 y’k)é‘(k +kxb+kxc_kx)
(Sl( xb> 77: k ) Sz( xa’ y: knz))
( (xb? 7,7 k) Sl(xc? n? 2))
-dk, dk k. dk, dk,
- (3—22)
[0158]

Using the measurement data ®i(k) at z=0, the left side of
Equation (3-22) can be expressed as shown in (3-23) below.

[0159]
[Math. 68]
1P(x,y,y,()k)‘13(,C,J,,y,k)
- (3—23)
[0160]

The right side of Equation (3-23) is the measurement data on
the boundary surface. Accordingly, the left side of Equation (3-22)
is determined. Equation (3-22) is therefore a usual non-linear
integral equation with respect to ai(kx, kyi, ky2, k) and a2 (kx, ky1, ky2,
k).

[0161]

A similar equation can be obtained on another boundary surface
expressed by z=h. Although this integral equation is nonlinear, the
solution of the integral equation can be found very easily using the
Neumann series expansion. The inverse scattering problem can be

solved as if it were a forward scattering problem.
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[0162]

<III-4 Basic equation of inverse scattering problem with all
models considered>

FIG. 7 illustrates four types of scattering models related to
third-order scattering. Specifically, D1, D2, D3, and D4 in FIG. 7
correspond to four types of scattering models related to the third-
order scattering. A scattering model can also be referred to as a
scattering diagram. In FIG. 7, the regions to which the fundamental
solutions Ei1 to E4 are applied are indicated by broken lines. (3-24),
(3-25), (3-26), (3-27), and (3-28) below denote the scattering field
functions of D1 to D4.
[0163]

[Math. 69]

R —)Sl —)S27 :¢f151527 (x>yl>7727>z>g27>k)
S27 _)Sz_)S37 :¢527152537 (x>n2—>773—>g2—>g3—7k)
S37 —>S3 —>[)2 :¢537S3P2('x77737>y2>g37727k)

- - (3—24)

[0164]
[Math. 70]
[D1]
Prss, (VLT 52,6, ,K)

1 o0 o0 O

J‘J'J'efi(kxﬁkmyﬁk,,zﬂz,)al(k ko k k)

= (2”)3 X232

—00 —00 —00

o (kg ok, K

ot oI ek En 0% e ke dk
x N o
¢S27S2S37 (xa 7727 ” 7737 2 GQ, ” gg, ” k)

_ (21 )3 ]0 T T o ety T )a2 k.. kﬁ} :k;hf k)
) "% o

—isy (koky_Kyy )Ga-  —isaUkodey, Sk )65
e e di dk,, d,

¢S3753P2 (xn 77379y29g§7929k)
1 o0 o0 O

J‘J'J'e—i(kxx+k,,37773,+ky2yz)al(k ko k k)

X2 2Ny

(27)’

—00 —00 —00

. @1 by k)5 s ek ey, )z dk, dk% dkyz

«++(3—25)
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[0165]
[Math. 71]
[D2]

Prss, (V.1 52,6, k)

o0

- (271z)3 [ ] Jersssmsara ek k, b

‘eisl(kx,kn,k”})ze—isz(k ey K )6a

ke % gk dk, dlk,,
¢S2752S37 (x7 7727 b 7737 b ng b G3, b k)

1 o0 00 W0

@) JJJetrtem o, b,k k)
T

—00 —00 —00

. ez'sl(k)C ,k,,27 ,k”} )ngez's2 (ky.kep, Kp )63

B dkxdk%i dkm,
¢S3753P2 (xa ]737 b yz b G3, s Z: k)

U T 1T itk n otk
- (272')3 IJ Ie S a4(kx’k7737’ky2’k)

o ey s iy gy ey )2

Rl dk, dk,
-+ (3—-26)
[0166]
5 [Math. 72]
[D3]

Prss, V.1 52,6, k)

l o0 o0 0

e L R R

—00 —00 —00

. ez’sl(kx,k

Ky )zeisz (g Jey ey )6 dkxdkyl dk,h?
¢SZ—S2S37 (x7 7727 b 7737 b ng ] g37 b k)

l o0 o0 0

S e g b

—00 —00 —00

L, (hy ko Ky Do sy (kg ko, gy )63
e e dkxdknz, dkns,
¢5253P2 (xa 77377.)/274}77 Z: k)

1 o0 oD oD

e

X2 7?37 2 y2 2
—00 —00 —00

‘efisl(kx,k,ni,ky,z)g3_eis2(k k. ok, )z

e Rl dk, dk,,
- (3—27)
[0167]
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[Math. 73]
[D4]

Prss, (X V151-52,6,_,K)

= (2;)3 J' J' J‘ e*i(kaCJrkleﬁJrk,,Zj?zf)aS (kx, kyl ,k% k)

—0 —00 —0

eisl(kx,k K, —isy (ky ko K V6o

ok )2 >R
e dk dk, dk,
¢S2752537 (x7 7727 2 7737 2 Q-zf 2 g37 2 k)

1 o0 o0 oo

—i(kxvk,, my +k, 73)
[ [ e imromak, k, k, k)

—00 —0D —00

@y

5.0k ey ki V6 —is (ke Ky )6y
e e dk dk,, dk,

¢5253Pz (x’ 55026552, k)

ik, k. ke isy (kK J, )z
se T g a'kxa'k%ia’ky2

-+ (3—-28)
[0168]

In the above equations, (n2-, ¢2-) and (ns-, ¢3-) denote the
coordinates of the point immediately before point S, and the point
immediately before point S3, respectively.

[0169]

The composition of the above functions corresponds to the
third-order multiple scattering path P1-> S1 -> S -> S3-> P2, which is
expressed as shown in (3-29) below.

[0170]
[Math. 74]
D, (x, ¥, ¥,,2,k)
=Gpss, VL1, 2,6, )P o (X1, .10 .6, .6, LK)
B s, (M, 0,65, 2, k)
-+ (3-29)
[0171]

By applying n2- -> nz2, n3- -> n3, ¢2-->C> and {3-->(3 to Equation
(3-29) and performing integration with respect to the coordinates (n2,
(2) and (ns3, C3) at points S, and S3, (3-30) below is obtained.

[0172]
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[Math. 75]

?3(x7y17y27zak)
= _”_”.¢P151527 (x: Y- 2, g2’k)¢S27S2S37 (x: 175:13:625535 k)
) ¢S37S3P2 ('x7 77377 y27 G3—7 z, k)dUngZ d773dg3

- (3—30)

[0173]
By performing integration with respect to (n2, ¢2) and (n3, G3)
5 in (3-30) and Fourier transforming the results with respect to (x, yi,
y2) at z=0, (3-31), (3-32), (3-33) and (3-34) below are obtained.
[0174]
[Math. 76]
[D1]
Yk, k, k0, k)

= \If (xjy , y , 7= O, k)eikxxeiky’1y1eik;,2y2dxd d
T vy,

N okl Bay (kg k, —k K)a bk, k)
5(km+kxb+kxc—kx)5( 5k ey, ) =5,k KK, )
8 (s, kg hey ke, ) = 5,k Ky K ) ) dlk, ek clk,
- (3—31)
10 [0175]
[Math. 77]
[D2]

V. (k k' k' ,0,k)

x0Ty o Ny, ot

- ”J"P (6, Y, V5,2 = O,k)e”‘*xeiky’ly 12 *dxdy,dy,

(27[) a (kxa7 y’ k)a( xb > 77 > nsﬂk)aél-(kxc?ki] Jk),/ 7k)
Sk, +hy iy, kS (5, (ks ky ok ) =5k KL )
( 5, (ko k%)—s(kwjh,k;)yﬂ@p%wdhfﬂ%a%%
- (3—32)
[0176]
[Math. 78]
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[D3]
V. (k. k. k. ,0.k)

X272y,

- m W (5, 3 17 = 0, k) iy,

e (27[)2 al(kxa:k; 5 ki] ;k)a4( b ;,7 5 kﬂsjk)a‘l(kxcikﬂ ’k; ,k)
Ok + kg ey k)3 (5 (K g ok )=, Gk )
( (k *? 77 ’ kﬂs)_sl (kxcjkﬂ ’k): ))dkxadkxbdkxcdkﬂzdkﬂs
- (3—33)
[0177]
[Math. 79]
[D4]

P (k, kK ,0,k)

X2y 2y T

= ”I‘P3 (x,¥,¥,,2=0, k)eikxxeik;lheiky’zyzclxdyldyz

l 14
= (27[)2 xa> Yy :_k k)a ( xb» 77 I Us’k)a (kxcﬂkﬂ 7ky ’k)
Sk + iy k=) (5, (ko ki, ) =55 (ko K] L k,))
8 (s ko~ )5,k L))l ke,
- (3—34)
5 [0178]

<III-5 Integral equation of inverse scattering problem in
multiple scattering>
The scattering field function W(x, y1, y2, z, k) is expressed as
shown in (3-35) below when multiple scattering is considered.
10 [0179]
[Math. 80]
Y(x, 00, 9,,2.k)
=W, (.0, 2.+, (0,3, 8, 2,k)+ Y, (v, ¥,, 2, k) + -
- (3—35)
[0180]
By Fourier transforming the entire Equation (3-35) at z=0, (3-
15 36) and (3-37) below are obtained.
[0181]

[Math. 81]
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Pk 0,k)

x’y’y’
0 0 0

z(k x+k y1+k 2y2

(2ﬁ)

-{‘Pl(x,yl,yz,O,k)+‘Pz(x,yl,yz,o,k)+‘1’3(x,yl,yZ,O,k)+---}
'dXdyldyz
-(3—36)
[0182]
[Math. 82]

Pk 0,k)

X2 y) y)

=a(k_k

x>y y:

k)
+(2—7Z'I”a (kx 7k; ,kﬂ,k)a4(kxb, e y ok, +ky —k,)

S (s (m,y,h)—s&hw—kwkh»dhfﬂ%d@

(kg K=k, )ay (k

xa? yJ

ok (k

Xxc? 777 yJ

xb? 777 k)

+
(27)’
Ok 4y 4k kO (5, (ky ke k) =5,k Ky k)
5 (s, Uy ey ke, ) - S(hw,wkzndh}%@dhgﬁmd%

L hak o kya,(k

XxXc? 777 y)

(xa’ no xb> 777 k)

(2 )’
Sk +k, +k, —kr)é(s( ok, k) =5,k K km))

5 (8, Uy ey —hy )= 5, (ks ey LK) )l ek, ke, dlk,

( xa® y’ kry 9k)a4( xb> 77 b kn 7k)a4(kxcn 7y y nk)

Sk, +k, +k. —k)a@(xw,V —k, )5, (k. k, - %»

(2 )

(S ( xb 2 ;7 b k ) s (kxc7 73 7k2))dkxadkxbdkxcdkﬁzdkf73

Ky, k)as(k g, k, =k, K)o (k

xc? 77: yn

k)

xan yn

(2 )
Sk, oy k)6 (5, hy ey oy ) =5,k k)
( (xba 7 k ) S(kxcﬂ 777k2))dkxadkxbdkxcdkﬁzdkf73
+O(a )
-(3—37)
[0183]

Here,
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[0184]
[Math. 83]

Pk 0,k)

X2 y? y?

is @ measurement value of the multistatic radar at z=0. Accordingly,
(3-37) is an integral equation with respect to a: (kx, kyi, ky2, k), a2
(kx, ky1, ky2, k), az (kx, ky1, ky2, k), and as (kx, ky1, ky2, k).

[0185]

In order to solve the integral equation including the multiple
scattering terms, measurement values on two z=const planes are
used. It is extremely easy to solve this integral equation based on
the measurement values. The result is obtained in the form of a
Neumann series. Note that O(a*) in Equation (3-37) is the term
corresponding to the fourth-order or higher-order scattering, and may
be omitted.

[0186]

<III-6 Solution of integral equation of inverse scattering
problem in multiple scattering>

FIG. 8 illustrates definitions of four types of measurement data.
In other words, four types of measurement data of multistatic
scattering tomography are defined as in FIG. 8. From (3-31), (3-32),
(3-33), (3-34), and the like, (3-38) below hold true.

[0187]

[Math. 84]
D, (k,.k, K, b)) ="V, (k,.k, .k, 0.k)
D, (k. k, k, k) =Y, k,.k, .k, .0k
D, (k. k, k, h) =P, (k& k, h,k)
D, (k. k, Kk, )=, (k,.k, k, 0k

- (3-38)
[0188]

The right sides of the four equations in (3-38) express four
types of functions obtained by Fourier transforming the four types of
scattering field functions of multiple scattering corresponding to four

types of measurement methods.
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[0189]

Equation (3-37) vyields ai(kx, kyi1, ky2, k) when multiple
scattering is not considered. In the following, a suffix of 0" is given
to each solution in which multiple scattering is not considered. The

5 results as in (3-39) below are obtained corresponding to the four
types of measurement data in FIG. 8.
[0190]
[Math. 85]

ao(ky kb k) =D (K ky Lk, k)

a, (k. k, .k, k)=Dy(k, k, k, k)

a0k k, k, k) =®,(k k, .k, k)

a, (k. k, .k, .k)=Dy(k k Kk, k)
- (3—39)

10 [0191]

By expanding ai, a2, a3, and a4 to the series corresponding to
the scattering orders, (3-40) below is obtained. Note that a suffix
related to the order of scattering is given to each of a1, a2, as, and aa.
[0192]

15 [Math. 86]

(xa n’ y: )
_q)ll(
a,(k .k

X277y y)

- chz(

x> ya y)
a(kx7 y? y:k)

= D, (ko k, k) +ay, (ko k, k, k)+a,

X2 yJ y? x° ya y)
a,(k.k, .k, k)
=@, (k. .k, .k, k)+a, k. k k k) +a,(k k k, k)+--

X272 Ty 0 x2 V30 V0

k)+a (k. k

x0Vyyo y:

ky+a (k. k

x2Vyo y:

X2 y: y: k)+

k)

k)+a,,(k k) +a,, (k.. k

x>y 0 y:

k)_|_

X2 y: y7

k)_|_

2(x7 3o y7

- (3—40)
[0193]
By substituting the measurement data expressed by (3-38) into
(3-37), (3-41) below can be obtained.
20 [0194]
[Math. 87]
- 45 -



10

(Dll (kx

2 y? y?k)
-a(kw ok )
ma(x, ok R =k, e, KOS, + ey, — k)
(s, (kg e, k) =5, (h y>)dk dk, dk,
(2 ) a( xa’ y’ k)a( xb > 777 k)a(kx07 b2 y7k)
Ok + ey, e, —k)S (5,Gky ke, k) =5,k kK, ))
8 (5, (ko ke, ke, )~ q@%,”jh»ﬂ%ﬂ%ﬂ@ﬂ%ﬂ%
(27[) a(xa’ y7 k)a( xb > 777 k)a (kxw 732 yﬂk)
'5(kxa+kxb+kxc_kx)5( (xb7 7,7 k ) Sz(kxaﬂ o kﬂz))
8 (8, (kK ke, )~ s@%,ﬂ,zﬁﬂ%ﬂ@ﬂ@ﬂ%ﬂ%
(2 ) a(kxaﬂ y’ k)a( xb > 777 k)a4(kx07 f77ky 7k)
TICHED SRS SLICT(IN AR S LN N )
5 (8, kK, =k, )= s@%,ﬂ,zﬁﬂ%ﬂ@ﬂ@ﬂ%ﬂ%
(27[) a(xa’ y7 k)a( xb > 777 k)a(kx07 f72% y7k)
Ok, + ey o, — kO (5,(ky ey k) =5, (ke Ky k)
8 (5, kg ke, e, ) =5,k Ky L))l eyl e, e,
+O(a*)
+(3—41)

From this Equation (3-41), it is possible to express ai1,1(kx, ky1,
ky2, k) related to second-order scattering using only the measurement
Similar equations are also obtained for the other a2, 1, as, 1,

By substituting (3-40) into (3-41) and leaving only the 0t-
order term in the integral sign, (3-42) below is obtained.

[Math. 88]
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a(k_k

x? y? y?

_q)ll(

k)
ook kK, k)
(2 )” Pk, ke Ry R)D, (K ke KD h, +hey — k)

5 (8, (k ke, k) = 5 (K, y))dk dk dk,
”I”QU( xa? y’ k)q)ZZ( b 77 T k)q)n( xe? 77: y k)

Ok +hy, +h, —k)O (5, Ky~ ) = 5,k k, k)

(27f)

5 (8, (kb k) = 5, h g K, ,ky2))dkmdkxbdkxcdknzdkm

(27[) ([ [[ @k by~ D, Gy Ky ke, D, kK, e, )

Sk, +k, +k_ k)5(s( ook, k)= s,k K, k,h))

( ( xb > 77 2 k ) S (kxw 73 7k 2))dkxadkxbdkxcdk772dk773

(27[) ””Jd)n( wrky kO (kK KD, (kK kLK)

Sk, +k, +k_ k)5(s( ook, k) =5,k K k,h))

5 (8, (ko k) =5, (K ,k))dkmdkxbdkxcdk%dk%

(27[) IIIIJqDZ(kxa’ n k)q)z(kb’ o k)cbll(kxc’ 57 y ’k)

Ok +hog o k)0 (5,(k Koy~ ) = 5,k ey )

( ( xb> ;7 E k ) S(kxw 73 7k2))dkxadkxbdkxcdkﬂzdkf73

[0198]

The “+.." in (3-42) expresses terms corresponding to the fourth
or higher order scattering, which may be omitted. By rearranging
(3-42), (3-43) below is obtained.

[0199]
[Math. 89]
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a (k. .k

x2 Vo y7

=@, (k.. k

k)
x>y y 7k)

(27[)”‘.'.@11( X y’ n:k)q)m(kxb; s y,k)§(k +k, —k,)

( (kan 2 )_Sl(k_x:bJ kf?’ y))dk dk dk

(27[) {q)ll( xa> y > k)q)ZZ( xb> 77 > k)®ll(kxcj /2% y Dk)
+q)12( xa> y’ k)q)ll( xb > 77 s k)q)21(kxc: 732 y ak)
+®11( xa 2 y’ k)®21( xb > 77 > k)®21(kxca 72 y ak)
+q)12( xa? y s k)®12( xb? 77 5 k)q)ll( xc? 773) Vs )k)}
Sk, +k, +k, —k)é(s(xb, oy ) =5,k ke, oK)

S (s, (ks ky sy )5,k b))kl ke ke, dlk,
-+ (3—43)
[0200]

In Equation (3-43), a1 corresponds to the first-order scattering,
second-order scattering, and third-order scattering. Specifically, a1
is derived by removing the effects of second-order scattering and
third-order scattering from the measurement data. A same
procedure may be used to derive a: corresponding to the higher-order
scattering. Moreover, a2, a3, and a4 can also be derived by the same
procedure. The general solution of the scattering field equation is
expressed as shown in (3-44) below, using ai.

[0201]
[Math. 90]

¢1(x7y]7y27Z]7Z27k)

o0 o0 O

—i(kyxtk, w+k,, )
J-J-J- " " 1(x7 0 y7k)

—00 —00 —00

(27f)
. zsl(k Ky ky2)21 isy(ky.ky . yz)z2dk dk dk

- (3—44)

[0202]
The imaging function p(x, y, z) is expressed as shown in (3-45)

below, using @1 in (3-44) above.
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[0203]
[Math. 91]

p(X, Y, Z) :le L I ¢1(x, y, y, Z, Z,k)eithdk:|
>0 | Qi .

... (3—45)
[0204]

The imaging function is a function from which the effects of
multiple scattering have been removed, and which gives an explicit
solution to the inverse scattering problem in the non-linear case.
[0205]

Equation (3-41) may be generalized as shown in (3-46) below.
Equation (3-46) may then be used as Equation (3-41).

[0206]
[Math. 92]
cDij =
Lol w1234

1
+ (27[)1 J‘fZ [amlamz ]dkfz

my .y =1,2,3.4

+ ﬁfﬁ [amlamzam3 ]a’]kf3

my,m,y,my=1,2.3.4
+

+#J‘]‘L [amlamzam3 e, ]dkfl

iy, 1y e,y =1,2,3,4

o« . . (3_4 6)
[0207]

Here, ai, a2, a3, and as expressed by ami, am2, ams, ..., ami,
correspond to the a(kx, kyi1, ky2, k) in the analytical solution related
to the four scattering states. Moreover, f3, f3, ..., fL are the products
of 2, 3, ..., L variables in the square brackets corresponding to 2, 3,
..., L scattering, respectively.

[0208]

Moreover,
[0209]

[Math. 93]

kfz’kfs’“"kfz
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denote the wave number vectors related to the coordinate
variables included in 2, 3, ..., L variables in the square brackets of f,
f3, ..., fL.
[0210]

5 Moreover, Equation (3-42) may be generalized as shown in (3-
47) below, and (3-47) may be used as (3-42).
[0211]
[Math. 94]
a =D

m y
m=1,2,3,4 i=1,2

1
B @ .[gz [q)mlnlq)mznz ]dkgz

my . m=1,2
my 1y =12

- ﬁ ,[g3 |:®m1nl(Dm2n2(Dm’3n3 ]dkgs

=12
1y, 1y =1,2
my,3=1,2

1
B ngL |:q)m1n1®m2n2q)m3n3 B .lenl :|dkgl

my,m=1,2
my 1y =1,2
ny,m=1.2

my,ng=1,2

-+ (3—47)

10 [0212]
Here, a1, a2, a3, and as expressed by am correspond to a(kx, kyi,
ky2, k) in the analytical solution related to the four scattering states.
Moreover, ®11, ®12, P21, and P22, expressed by Pmini, Pm2n2, Pm3n3,
..., OmLnL, correspond to the measurement data related to the four
15 scattering states. Moreover, g2, g3, ..., gL are the products of 2, 3, ...,
L variables in the square brackets corresponding to 2, 3, .., L
scattering applied from wave transmission to wave reception,
respectively.
[0213]
20 Moreover,
[0214]
[Math. 95]
kgz’k&"”’k

81
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denote the wave number vectors related to the coordinate variables
included in 2, 3, ..., L variables in the square brackets of g2, g3, ..., gL.
[0215]
The scattering field function may be generalized as shown in

(3-48) below.
[0216]

[Math. 96]

0, (X, %1, 0,21, 25, k)

o0 0D W0

_ 1 J’ J‘ J‘ efi(kxx+kny1+ky2yz)am (kx7 ky1 ; ky2 , k)

(27) 5,27,
R g R e e ik,
m=1,23,4
-+ (3-438)
[0217]
The imaging function may be generalized as shown in (3-49)
below.
[0218]
[Math. 97]

o0

ps, v, )= Lim| == [ 4,53, 2,2 )¢k
>0 | 271 .

-+ (3—49)
[0219]

<IV Configuration and operation of imaging device>

Based on the above description, a configuration and operation
of an imaging device that uses waves to visualize the three-
dimensional structure of each scatterer included in an object in a
region will be described below.

[0220]

Here, waves are, for example, radio waves, and may be
microwaves, millimeter waves, terahertz waves, and the like.
Moreover, light, sound, or the like may be used as the waves. The
object in the region may be a living body, a manufactured object, or
a natural material. In particular, the imaging device may be used for
mammography, and the object may be a breast.

[0221]
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Moreover, each scatterer included in an object in a region
corresponds to a portion that has physical properties different from
those of the surrounding medium. Specifically, this physical property
corresponds to the wave reflectance. When radio waves are used as
waves, the physical property may be dielectric constant. The
scatterer included in the object may be a rebar in reinforced concrete
or a tumor in a breast. The region to be measured may be equivalent
to the region of the object.

[0222]

FIG. 9 illustrates a basic configuration of the imaging device
according to the present embodiment. Imaging device 100
illustrated in FIG. 9 includes a plurality of transmitters 101, a plurality
of receivers 102, and information processing circuit 103. Imaging
device 100 may also include display 104.

[0223]

Each of transmitters 101 is a circuit that transmits a wave.
Specifically, transmitters 101 sequentially transmit waves.
Transmitters 101 are arranged on both sides of the region to be
measured.

[0224]

Each of receivers 102 is a circuit that receives the wave.
Receivers 102 may receive waves simultaneously and in parallel. In
a similar manner to transmitters 101, receivers 102 are arranged on
both sides of the region to be measured. Receivers 102 may be
located in substantially the same position as transmitters 101 or in
the positions different from transmitters 101.

[0225]

Transmitters 101 and receivers 102 may form a multistatic
antenna or a monostatic antenna.
[0226]

Information processing circuit 103 is a circuit that processes
information. Specifically, information processing circuit 103
visualizes the three-dimensional structure of each scatterer included
in an object in a region based on the measurement data obtained by

transmitters 101 and receivers 102. For example, information
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processing circuit 103 performs the arithmetic processing shown in
the theories described above when visualizing the three-dimensional
structure of the scatterer based on the measurement data.

[0227]

Information processing circuit 103 may be a computer or a
computer processor. Information processing circuit 103 may perform
information processing by reading a program from memory and
executing the program. Information processing circuit 103 may also
be a dedicated circuit that visualizes the three-dimensional structure
of the scatterer based on the measurement data.

[0228]

In addition, information processing circuit 103 may generate
an image indicating the three-dimensional structure of the scatterer
in order to visualize the three-dimensional structure of the scatterer.
[0229]

Information processing circuit 103 may visualize the three-
dimensional structure of the scatterer by outputting the image
indicating the three-dimensional structure of the scatterer to display
104 or the like. Alternatively, information processing circuit 103 may
visualize the three-dimensional structure of the scatterer by
outputting the image indicating the three-dimensional structure of the
scatterer to a printer (not illustrated). Alternatively, information
processing circuit 103 may visualize the three-dimensional structure
of the scatterer by transmitting the image as electronic data to
another device (not illustrated) through wired or wireless
communication.

[0230]

Display 104 is a display device, such as a liquid crystal display.
Note that display 104 is an optional structural element, but not an
essential structural element. Display 104 may also be an external
device that does not form imaging device 100.

[0231]

FIG. 10 is a conceptual diagram illustrating an example of a
relation between transmitters 101, receivers 102, and a region. As
illustrated in FIG. 10, transmitters 101 are arranged on both sides of
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the region to be measured. Similarly, receivers 102 are arranged on
both sides of the region to be measured. Transmitters 101 and
receivers 102 may be arranged two-dimensionally on each of the two
measurement surfaces. Alternatively, by causing transmitter 101
and receiver 102 arranged on the two measurement surfaces to move,
transmission at a plurality of transmission positions and reception at
a plurality of reception positions may be performed.

[0232]

FIG. 11 is a conceptual diagram illustrating a variation of the
relation between transmitters 101, receivers 102, and the region. As
illustrated in FIG. 11, transmitters 101 and receivers 102 may be
arranged on curved surfaces on both sides of the region.

[0233]

FIG. 12 is a flowchart illustrating a basic operation of imaging
device 100 illustrated in FIG. 9. Specifically, transmitters 101,
receivers 102, and information processing circuit 103 in imaging
device 100 illustrated in FIG. 9 perform the operations illustrated in
FIG. 10.

[0234]

First, a plurality of transmitters 101 transmit waves to a region
to be measured (S101). For example, transmitters 101 sequentially
transmit waves. A plurality of receivers 102 receive waves from the
region to be measured (S102). For example, receivers 102 receive
waves in parallel. The received waves can also be referred to as
scattered waves. Information processing circuit 103 then visualizes
the three-dimensional structure of each of scatterers included in an
object in a region based on the measurement data obtained by
transmitters 101 and receivers 102 (S103).

[0235]

Specifically, information processing circuit 103 derives an
imaging function corresponding to the scattering field function related
to the scattering of the waves according to the correspondence
between the measurement data and a composition of a plurality of
functions related to multiple first-order scattering that form multiple

scattering. Information processing circuit 103 then visualizes the
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three-dimensional structure of the scatterer included in the object in
the region, using the imaging function.
[0236]

This allows imaging device 100 to apply the correspondence
between the measurement data and the composition of a plurality of
functions related to multiple first-order scattering to derive an
imaging function for visualizing the three-dimensional structure of
each scatterer included in an object in a region. Multiple scattering
is assumed to be a combination of multiple first-order scattering.
Accordingly, imaging device 100 is capable of analytically solving the
inverse problem of scattering, including multiple scattering, according
to this correspondence. Hence, imaging device 100 is capable of
visualizing, with high accuracy, the three-dimensional structure of
each scatterer included in an object in a region.

[0237]

For example, information processing circuit 103 may derive the
imaging function corresponding to the scattering field function by
solving the equation of the scattering field function based on the
measurement data. Moreover, the scattering field function may be
expressed by

[0238]
[Math. 98]
eik,o1 eikp2
#3952, 2.0 = [ £(&.n.0)dEdnd,
D pl p2

[0239]

Here (X, y1, z1) denotes the transmission position of the wave,
(X, y2, z2) denotes the reception position of the wave, k denotes the
wave nhumber of the wave, D denotes the region, (§, n, {) corresponds
to the reflection position of the wave, and € corresponds to an
unknown reflectance at the reflection position. Moreover, p1 denotes
the distance from the transmission position to the reflection position,
and p2 denotes the distance from the reflection position to the
reception position.
[0240]
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Moreover, the equation of the scattering field function may be
expressed by
[0241]

[Math. 99]
1

{ZA; —cl—zafaj - (6y12 +6212)(6y22 + 6222)}6 =0

Here, As denotes the Laplace operator with respect to x, yi1, y2, z1,
and z2, c denotes the propagation velocity of the wave, and t denotes
the time taken from the wave transmission to the wave reception.
[0242]

This allows imaging device 100 to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region, according to the scattering field function associated
with the scattering phenomenon and the equation satisfied by the
scattering field function.

[0243]

For example, information processing circuit 103 may derive an
analytical solution of the equation based on the measurement data.
Information processing circuit 103 may then derive the imaging
function based on the analytical solution. The analytical solution
may be expressed by
[0244]

[Math. 100]
PX, V15 V20215 25, K)

| A S 51 Rk Ky )2 s (ki By )2
_ : J' J‘ J’e iy 31 ,\g.‘f.)a(kwkdk! ’k)elsl( v nm\g)lezs;( oy Ky ) :dk dkdk
(27) » w20 Ky, B

[0245]

Here, kx, ky1, and ky> denote wave numbers related to x, y1 and
y2 of the scattering field function. Moreover, a(kx, ky1, ky2, k) denotes
a function based on kg, kyi, ky2 and k, si(kx, kyi, ky2) denotes a
function based on kx, kyi1 and ky2, and s2(kx, kyi, ky2) denotes a
function based on kyx,kyi, and ky2.

[0246]
This allows imaging device 100 to visualize, with high accuracy,

the three-dimensional structure of each scatterer included in an
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object in a region according to the analytical solution of the equation
satisfied by the scattering field function associated with the scattering

phenomenon.
[0247]
For example, the imaging function may be expressed by
[0248]
[Math. 101]
plx, y,z)=Lim L J' 6(x. 3.y 2.2. k0 ““dk
>0 | 21

Here, (X, vy, z) denotes the position of an imaging target.
[0249]

This allows imaging device 100 to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region according to the imaging function appropriately
associated with the scattering field function.

[0250]

Moreover, for example, multiple scattering may be expressed
using four functions of a spectral space corresponding to the four
fundamental solutions of the scattering field function equation.
Additionally, the relation between the measurement data and the four
functions may be expressed by a nonlinear integral equation.
Information processing circuit 103 may then derive four functions
from the measured data according to the nonlinear integral equation.
Information processing circuit 103 may then use the four functions to
derive the imaging function corresponding to the scattering field
function.

[0251]

This allows imaging device 100 to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region according to relational expression that expresses
multiple scattering.

[0252]
For example, the measurement data may be expressed by

[0253]
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[Math. 102]
ON

)

i,j=1.2

Here, ®11, ®i12, ®21, and ®o> expressed by ®j; correspond to the
measurement data related to four scattering states that include two
forward scattering corresponding to two directions and two back
scattering corresponding to two directions.

[0254]

Information processing circuit 103 then uses
[0255]
[Math. 103]

cDjj = a!m1

ij=1.2 m=1234

w L [0, e,

my .y =1,2.3.4
my o,y 5
(Zﬂ.) |:m] :: =12 3;|1dk
+ vew
1
+ A NI j:L a; am«, an15 o 'aml Rid
(2/7) j. |: i’ﬂ:lin?_,n;s AN L';’.,S;jd]k ’
to derive
[0256]
[Math. 104]
a
!
m=1,2,3,4

from which the effects of multiple scattering have been removed.
[0257]

Here, ai, a2, a3, and as expressed by ami, am2, ams, ..., ami,
correspond to a(kx, kyi, ky2, k) in the analytical solution related to the
four scattering states. Moreover, f, f3, ..., fL denote the products of
2, 3, ..., L variables in the square brackets corresponding to 2, 3,

L scattering applied from wave transmission to wave reception,
respectively.
[0258]
[Math. 105]
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kpokpoonky,
denote the wave number vectors related to the coordinate variables
included in 2, 3, ..., L variables in the square brackets of f;, f3, ..., fL.
[0259]

Information processing circuit 103 may then use, as a
scattering field function,
[0260]

[Math. 106]

¢m1(x7y1>y2721722>k)

o0

o0 o0
J'J'J' —i(kx+k y1+k2y2) ( )
(27T)3 e ook

.ezsl(k Ky s kyz)z1 i85y (ky.key yz)Zde dk dk

m =12734

[0261]
to derive, as an imaging function,
[Math. 107]

p(X’ e Z):le L I¢m ('x>y>y>Z>Z>k)eithdk:|
=0 | Do . 1

[0262]

This allows imaging device 100 to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region according to the equation based on the multiple
scattering theory.

[0263]

For example, the measurement data is expressed by

[0264]
[Math. 108]

P,

i,j=1,2
Here, ®11, ®12, ®21, and ®,> expressed by ®ij correspond to the
measurement data related to four scattering states that include two
forward scattering corresponding to two directions and two back

scattering corresponding to two directions.
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[0265]

Information processing circuit 103 may then use
[0266]
[Math. 109]

a, =D,
m=1234 =12

o fefo,,0, s,

my,m=1,2
My 1y =1,2

1
- W Jgs |:q)mln1q)m2n2q)m3n3 :|dkg3

my,m =12
my, 1y =1,2
g, =1,2

- # _[gL [q)mlnl(bmznzq)msns o CDV”L”L :|dk&

my,m=1,2
My 1y =1,2
my =12
.r'n.L,nL:LZ
to derive
[0267]
[Math. 110]
am
m=1,2,3.4

from which the effects of multiple scattering has been removed.
[0268]

Here ai, a2, a3, and a4, expressed by am correspond to a(kx, kyi,
ky2, k) in the analytical solution related to the four scattering states.
Moreover, ®11, ®12, ®21, and Oz, expressed by Omint, Pm2n2, Pm3n3,
..., ®mLnL, correspond to the measurement data related to the four
scattering states. Moreover, g2, g3, ..., gL denote the products of 2,
3, ..., L variables in the square brackets corresponding to 2, 3, ..., L
scattering applied from wave transmission to wave reception,
respectively.

[0269]
Moreover,
[0270]
[Math. 111]
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kgz’kgs’m’k&
denote wave number vectors related to the coordinate variables
included in 2, 3, ..., L variables in the square brackets of g2, g3, ..., gL.
[0271]

Information processing circuit 103 then may use, as a
scattering field function,
[0272]

[Math. 112]

B, (X, Y1, Y5, 2, 2,,k)
1 o o0 O

J'J'J'efi(kxerkyllerkyzyz)am(k ko k. k)

(27[)3 JI e X250
X
m=1,2,3,4
[0273]
to derive, as an imaging function,
[Math. 113]

Pl v, 2)=Lim| == [ 4,(x, 3,322, 00k
>0 | D .

[0274]

This allows imaging device 100 to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region according to the equation in which the measurement
data is properly associated based on the multiple scattering theory.
[0275]

For example, the measurement data is expressed by
[0276]

[Math. 114]
®U
ij=12
Here, ®11, ®12, P21, and P> expressed by ®;; correspond to the
measurement data related to four scattering states that include two
forward scattering corresponding to two directions and two back
scattering corresponding to two directions.

[0277]
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Information processing circuit 103 may then derive ai from
which the effects of multiple scattering have been removed, using

[0278]
[Math. 115]
D, (k.. k, .k, . k)
=ay(kk, .k, k)

+(2—JTHIal(kxa’kyl’kf?’k)%(kxb’_kf:*kyzvk)é(km +kxb _k_\-)
8 (5,0 ok k) =5, (ks K, )l dlk,
+ﬁf,ﬂ.”al(kx‘”k“ k)a (kxiﬂ ho Ky, ’k)a (kxc, ok ,k)

’ (5(ka + k.nﬁ + kxc B kx )5 (Sl ('kxb 2 krfz ? —kﬁs ) - ‘5‘2 (kxa" kyl ’ _'kqg ))
(s, (k ok k) ) =5, (ko k) )dlk, ke dk dlk, e,

ay(k k, ~k, K)a (g k, —k, Ka, kK, k)

+ l =
(27)”
’ §(kxa +kﬁ: +k ]( )5(9 (kxhﬂ "2 » ;73) 35, (kxa’ 7kr;2 ))

S (8, (k)= 5,(k .k, k) ) dk k. dk, dk,

(M) —— ([ [T e e~k RV g e, ke, )k e, )
kg, +hy k)3 (5, k) =5,k K, k)
5 (5, kyy ey k) =5 (koK ) )elk ok e, dle,

a,(k .k W k)ag( 5 rr k%,k)a](kw k)

xb? r]’ k ) § (k‘ca’ _krgz))
5 (sl ok~ )5, Gk, k) )k k ik dik d,,

’F’J

(2 )’
Ok, +hy + )3 (5, (K

c +0(a")

[0279]

Here, & denotes a delta function, kxa, kxb, and kxc are variables
corresponding to kx, ky and kn2 are variables corresponding to kyi1, ki3
is a variable corresponding to ky2, and O(a*) is a term corresponding

10 to fourth or higher order scattering.
[0280]
Information processing circuit 103 may then use, as a

scattering field function,
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[0281]
[Math. 116]

G, 0, ¥,,2,,2,,k)

1 57T ithek )
:amsfje My (kK KK

o0

is (ke Ky Ky 07 Is (kky kD2,
0 e dc dk, k.,

[0282]
to derive, as an imaging function,
[Math. 117]

o(x, v, z)=Lim 1 j é.(x,y,y,2,z,k)e “dk
>0 | 27 <
[0283]

This allows imaging device 100 to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region according to the equation in which the scattering
phenomenon is concretely expressed based on the multiple scattering

theory.
[0284]
For example, the measurement data is expressed by
[0285]
[Math. 118]
()

ij

=12
Here, ®11, ®12, ®21, and ®> expressed by ®j; correspond to the
measurement data related to four scattering states that include two
forward scattering corresponding to two directions and two back
scattering corresponding to two directions.
[0286]

Information processing circuit 103 may derive ai: from which
the effects of multiple scattering have been removed, using
[0287]

[Math. 119]
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38,k kK, )= 5, (ko kK, ) )k R ek R, dk,
12\ xa > 1’ k)q)ll(kmakr;a k;]nk)q)“](kwn 750 "y, ak)
(2 )
Sk, +hy th, k)3 (s (h ok, k) - s,k k)
38,k kK, )= 5, (ko kK, ) )k b ek dlk, dk,
(2 ) (I)ll(km’ \j k)q)ﬂ(k\:bn 7) k)q)"](km: 752" vy )k)
Sk, oy, —k)O (5,(Kky ke, k) =5,k K, K, )
(s (ky k), )= s,k .k, K 2))dkmdkxbdkxcdk%dk%
(I)l"(k\ao 8%) s k)q)l“(kn‘p 7: k)an(kw, 70 :k)
(2 )
Ok, +hy +h, k) (5,(Kyy ey k)= 5,k Ky k)
(s (ky ki, —k, )= 5,k .k, . 2))dkmdkxbdkxcdkﬁzdkm
[0288]

Here, 0 denotes a delta function, kxa, kxb, and kxc are variables
corresponding to kx, ky and kn2 are variables corresponding to kyi, and

kn3 is a variable corresponding to ky>.
[0289]
Information processing circuit 103 may then use,
scattering field function,
[0290]
[Math. 120]
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[0291]
to derive, as an imaging function,
[Math. 121]

P(X, Y Z) =Lim i J. ¢I(x7 V. ¥z, Z)k)etckrdk:|
t—0 272' c )

[0292]

This allows imaging device 100 to visualize, with high accuracy,
the three-dimensional structure of each scatterer included in an
object in a region according to the equation in which the scattering
phenomenon is concretely expressed based on the multiple scattering
theory and the measurement data is properly associated.

[0293]

For example, the measurement data is expressed by

[0294]

[Math. 122]
i

i.j=1.2 .

Here, ®11, ®12, ®21, and ®> expressed by ®j; correspond to the
measurement data related to four scattering states that include two
forward scattering corresponding to two directions and two back
scattering corresponding to two directions.
[0295]

Information processing circuit 103 may then derive ai from
which the effects of multiple scattering have been removed, using
[0296]

[Math. 123]

- 65 -



a(k, k .k, .k)
_(Dll(kw W ’k)

.‘..”(D“(k’c’ 2 ,,k)q)ql(f( ,4, b ,k)b"(k -I-k —k)

’ ( U, kr) s, (k =k 7 \))dk dk, dk

xa? y?

(271') J‘-UH{(D“( sy Wz’k)(DEE(kxb’kng k)(Dll(kxcﬂ s 2 1 >
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O (s, (kg ke, k)= 5, (K k) ko d, dk,

Here, & denotes a delta function, kxa, kxb, and kxc are variables

corresponding to kx, ky and kn2 are variables corresponding to kyi, and
kn3 is a variable corresponding to ky>.

5 [0297]
as a

Information processing circuit 103 may then use,

scattering field function,

[0298]
[Math. 124]
gé(x Vlﬂ.y‘ Zl,Z« k)
T —i(k kg 3k, )
(2]{)3;['[_[6 ](kw w :k)
10 -eml (ky ke Ky 11€1s (ko kg oy )z dkxdkyldkyz
[0299]
to derive, as an imaging function,
[Math. 125]
px,y,2)= Lzm Jgé](x v, ,2,2,k)e " dk
15 [0300]

This allows imaging device 100 to visualize, with high accuracy,

the three-dimensional structure of a scatterer included in an object in
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a region according to the equations rearranged based on the multiple
scattering theory.
[0301]

For example, the scattering field function may be defined as a
function in which the transmission position of the wave and the
reception position of the wave are input and a value indicating the
wave at the reception position is output. The imaging function may
be defined based on the value output from the scattering field function
by inputting the position of an imaging target as the transmission
position and the reception position to the scattering field function.
Information processing circuit 103 may use the measurement data as
a boundary condition to derive a scattering field function, and may
use the scattering field function to derive an imaging function.
[0302]

For example, other structural elements, equations, expressions,
variables, and the like described in the present embodiment may be
appropriately applied to transmitters 101, receivers 102, information
processing circuit 103, the scattering field functions, the imaging
functions and the like described in the basic configuration and basic
operation above.

[0303]

The scattering field functions, imaging functions, and the like
indicated in the present embodiment may be applied with
modifications as appropriate. For example, other formulas that
include substantially the same content as the formulas described
above may be used, and other formulas that are derived based on the
theories described above may be used.

[0304]

In the description above, the expression of the fundamental
solution and the expression of the analytical solution may be read
interchangeably.

[0305]

FIG. 13 is a block diagram illustrating a specific configuration
of imaging device 100 illustrated in FIG. 9.
[0306]
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Transmitters 101 and receivers 102 in imaging device 100
illustrated in FIG. 9 may be included in multistatic antenna array 1008.
Information processing circuit 103 in imaging device 100 illustrated
in FIG. 9 may correspond to one or more of the structural elements
illustrated in FIG. 13. Specifically, for example, information
processing circuit 103 may correspond to signal processing calculator
1005. Display 104 illustrated in FIG. 9 may correspond to signal
monitoring device 1006.

[0307]

The microwave signal used in imaging 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, the
signal is classified into two types. One type of the signal (local
oscillator signal (LO signal)) is transmitted to an RF detection circuit
(RF detection board 1007) via a delay circuit (digital control board
1003).

[0308]

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

[0309]

The signal to be delayed (LO signal) is delayed by 1/2" times
(n is an integer greater than 2) the amount of time it takes for the
PN code value to change. The detected signal undergoes analog-to-
digital (AD) conversion performed by signal processing calculator
1005 and is stored as an intermediate frequency (IF) signal.
Moreover, information indicating the detected signal may be displayed
on signal monitoring device 1006.

[0310]
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The timing of these series of operations is controlled by the
microcontroller in digital control board 1003 in synchronization with
the signal (distance signal or free run signal) from distance meter
1001. For example, the microprocessor in digital control board 1003
transmits a switch signal, a PN code sweep trigger, and the like.
[0311]

Moreover, signal processing calculator 1005 performs three-
dimensional reconstruction using the stored signals after the AD
conversion, and displays a three-dimensional image. Signal
processing calculator 1005 may also perform signal calibration.
Signal processing calculator 1005 may also perform raw wave display.
For example, signal processing calculator 1005 may store a three-
dimensional image, and the like in memory 1009.

[0312]

The configuration illustrated in FIG. 13 is an example, and the
configuration of imaging device 100 is not limited to the configuration
illustrated in FIG. 13. The configuration illustrated in FIG. 13 may
be partially omitted or changed.

[0313]

(Supplemental information)

Although the aspects of the imaging device have been
described above based on the embodiment, the aspects of the imaging
device are not limited to such an embodiment. Various modifications
conceivable by those skilled in the art may be made to the
embodiment, and a plurality of structural elements in the embodiment
may be combined arbitrarily. For example, a process executed by a
specific structural element in the embodiment may be executed by a
different structural element instead. Moreover, the processing order
of the processes may be changed, and the processes may be
performed in parallel.

[0314]

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

[0315]

The program may be recorded on a non-transitory computer-
readable recording medium.
[0316]

Each of the structural elements of the imaging device may be
configured in the form of dedicated hardware, in the form of general-
purpose hardware that executes the above program or the like, or any
combination thereof. Moreover, 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.

[0317]

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 imaging method described above.
[0318]

Each of the structural elements of the imaging 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]
[0319]

One aspect of the present disclosure is useful for an imaging
device that uses waves to visualize the three-dimensional structure
of each scatterer in an object in a region, and is applicable to, for

example, geophysical exploration or medical diagnosis.
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[Reference Signs List]

[0320]
100
101
102
103
104
1001
1002
1003
1004
1005
1006
1007
1008
1009

imaging device

transmitter

receiver

information processing circuit
display

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]

An imaging device comprising:

a plurality of transmitters which are disposed on both sides of
a region to be measured, and each of which transmits a wave to the
region;

a plurality of receivers which are disposed on the both sides,
and each of which receives the wave; and

an information processing circuit which derives an imaging
function corresponding to a scattering field function related to
scattering of the wave according to a correspondence between (i)
measurement data obtained by the plurality of transmitters and the
plurality of receivers and (ii) a composition of a plurality of functions
related to multiple first-order scattering forming multiple scattering,
and visualizes a three-dimensional structure of a scatterer included
in an object in the region, using the imaging function.

[Claim 2]

The imaging device according to claim 1,

wherein the information processing circuit derives the imaging
function corresponding to the scattering field function by solving an
equation of the scattering field function based on the measurement
data,

the scattering field function is expressed by
[Math. 1]

eS|
D

ik ik 2y
e A e P2

PP
where (X, yi, z1) denotes a transmission position of the wave,

(&, n,¢)dcdndg

(X, y2, z2) denotes a reception position of the wave, k denotes a wave
number of the wave, D denotes the region, (§, n, {) corresponds to a
reflection position of the wave, € corresponds to an unknown
reflectance at the reflection position, p: denotes a distance from the
transmission position to the reflection position, and p> denotes a
distance from the reflection position to the reception position, and

the equation is expressed by
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where As denotes a Laplace operator related to x, yi, y2, zi,
and z», c denotes a propagation velocity of the wave, and t denotes a
time taken from transmission of the wave to reception of the wave.

[Claim 3]
The imaging device according to claim 2,
wherein the information processing circuit derives an analytical
solution of the equation based on the measurement data, and derives
the imaging function based on the analytical solution, and
the analytical solution is expressed by
[Math. 3]
X V1 V021,250 K)

1 o0 o0 o0

J‘ J’ I e*f(klx—knyfrkmyz]a(kﬁ k k }.()efsl(kx:k}1 ,k}: )zlefs2 (kx,kyl ,km )zzdk dk v dk ‘
(27?)3 ’ AR RS

x> 2
where kx, kyi, and ky> denote wave numbers related to x, yi,

—G0 —C0 —0

and y> of the scattering field function, a(kx, kyi, ky2, k) denotes a
function based on kx, ky1, ky2, and k, si(kx, ky1, ky2) denotes a function
based on kx, ky1, and ky2, and s2(kx, ky1, ky2) denotes a function based
on kx, kyi, and kya2.

[Claim 4]

The imaging device according to claim 3,

wherein the information processing circuit derives the imaging
function based on the analytical solution, and

the imaging function is expressed by
[Math. 4]

p<x; V, Z) =Lim |:L j. ¢(x) V.2, Z, k)efickzdk
0 27[{
where (X, y, z) denotes a position of an imaging target.
[Claim 5]

The imaging device according to claim 1,
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wherein the multiple scattering is expressed using four
functions of a spectral space corresponding to four fundamental
solutions of an equation of the scattering field function,
a relation between the measurement data and the four
functions is expressed by a non-linear integral equation, and
the information processing circuit:
derives the four functions from the measurement data
according to the non-linear integral equation; and
derives the imaging function corresponding to the
scattering field function, using the four functions.

[Claim 6]
The imaging device according to claim 4,
wherein the measurement data is expressed by
[Math. 5]

i.j=1.2

where ®i11, ®12, ®21, and ®22 expressed by ®i; correspond to
the measurement data related to four scattering states that include
two forward scattering corresponding to two directions and two back
scattering corresponding to two directions,

the information processing circuit uses
[Math. 6]

D, - am1

Li=L2 m=1,2,3,4

(2 ) Iﬁ[ ml mz]d Ja

ny n,=1,2.3.4
(2 7 [amla a%]dk

my iy, my=1,2,3.4
SN

el oo 0, o,

ny Ny 1m0 =1,2.3.4

to derive
[Math. 7]
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m=1,23.4
from which an effect of multiple scattering has been removed,
where ai, az, a3, and as expressed by ami, am2, ams, ..., amL
correspond to a(kx, ky1, ky2, k) in the analytical solution related to the
four scattering states, f2, f3, .., fL denote products of 2, 3, .., L
variables in square brackets corresponding to 2, 3, .., L scattering
applied from transmission of the wave to reception of the wave,
respectively,
[Math. 8]
kp ko k,
denote wave number vectors related to coordinate variables
included in 2, 3, ..., L variables in square brackets of f, f3, ..., f, and
the information processing circuit uses, as the scattering field
function,

[Math. 9]

¢m1 (4,0, ¥2.2, 25, k)

o0

et

isy Cky k

% ke gk, dk,

. ez'sl (ke ey, Ky D2 e

m, =1,2,3,4

to derive, as the imaging function,
[Math. 10]

p(X, Y, Z) :le |:L j ¢m (_x’ y, y, Z, Z, k)eicktdk:|
=0 | 27 e i

[Claim 7]
The imaging device according to claim 4,
wherein the measurement data is expressed by
[Math. 11]

i,j=12
where ®i11, ®12, ®21, and ®22 expressed by ®i; correspond to

the measurement data related to four scattering states that include
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two forward scattering corresponding to two directions and two back
scattering corresponding to two directions,

the information processing circuit uses
[Math. 12]

a, =Py
m=1,2,3,4 ij=1,2

[0, K,

ny =12
ny 1y=1,2

N ﬁj& |:®mln1®m2n2®m3n3 ]dkgz

my,m=1,2
ny,1n,=1,2
ny,m=1.2

1
G [e.[®,.,,.®,, -, Wk,

ny,m=12
ny,m=1,2
n, =12

my.np=1,2
to derive
[Math. 13]

a

m
m=1,2,3.4

from which an effect of multiple scattering has been removed,

where ai, az, as, and as expressed by am correspond to a(ky,
kyi, ky2, k) in the analytical solution related to the four scattering
states, ®11, P12, P21, and D2 expressed by Pmini, Pm2n2, Pm3n3, ...,
O®OminL correspond to the measurement data related to the four
scattering states, g2, g3, ..., gL denote products of 2, 3, ..., L variables
in square brackets corresponding to 2, 3, ..., L scattering applied from
transmission of the wave to reception of the wave, respectively,
[Math. 14]

kgz’kgs’m’k&

denote wave number vectors related to coordinate variables
included in 2, 3, ..., L variables in square brackets of g2, g3, ..., gL, and

the information processing circuit uses, as the scattering field
function,
[Math. 15]
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3, (X, 1, s, 2,25, k)

1 o0 o0 o

—i(kxerk i +k, y2)
[ [ Je ™ mn"a, (k k, ke, . h)

(27) %, %%
LMt I R e ik ke
m=12,3,4
to derive, as the imaging function,

[Math. 16]

p&»@ﬂ=Lm1QLI¢A&chaakk”W%}
>0 | D -

[Claim 8]

The imaging device according to claim 4,

wherein the measurement data is expressed by
[Math. 17]

¢w

i,j=1,2

where ®i11, ®12, ®21, and ®22 expressed by ®i; correspond to
the measurement data related to four scattering states that include
two forward scattering corresponding to two directions and two back
scattering corresponding to two directions,

the information processing circuit uses
[Math. 18]
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D, (k. by Ky, K)
—a(kx, oKy, k)
m"( ok ok Rayk, <k k, k)S(k, +k, — k)
S (5, kg ey K ) = 5, (k= y))dk d. dk,
(2 % koo —k, K)a, (k. k, kK, K)a(k .k, .k, k)
Ok, +hy e~k DO (s,(ky Ky~ ) =5,k by k)
0 (s, (ky by, ) =5, K, ,kz))dkmdkwdkxcdk”zdk%
(2 ) k. k, .~k K)ak,.k .~k Ka,k,k, k, k)
ﬁ%ﬁ@ﬁ%—@ﬂ(ww,k)%@wwkw)
8(s, ke, ) =5,y ,,,kz))dkmdkxbdkxcdkﬂzdkm
(27,) (kg ke, —k, K)ay(hy kK, K)a,(k,, &, K, k)
Sk by, —k ) (5, K~k ) =5, (K K, k)
5 (5,(k .k, .k, ) =5, (... ,7,kz))dkmdkwdkxcdk”zdkm
(27[) ko k, .k, Kak,. k ,—k, Kak,k, Kk, k)

ﬁ%ﬁ@ﬁ%‘@ﬂ(mawk)SAWya%»
( s,k k, —k, ) =5, (k, K, ,kz))dkmdkwdkxcdk”zdk%

+0(a")

to derive a1 from which an effect of multiple scattering has been
removed,

where & denotes a delta function, kxa, kxb, and kxc are variables
corresponding to kx, ky and kn2 are variables corresponding to kyi, kns
is a variable corresponding to ky2, and O(a*) is a term corresponding
to a fourth or higher order scattering, and

the information processing circuit uses, as the scattering field

function,
[Math. 19]
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ﬁ(xaylayzazlzzzak)

l 0 O 0

(2 )3 II_[eii(kxx%ylyﬁkyzyﬂal(kx’ky1’kyz’k)
T

—00 —00 —0

‘eisl(kx,k k )zleisz(kx,k k

B} > yz)zz
dk dk, dk,
to derive, as the imaging function,
[Math. 20]

P(X, \E Z) =Lim |:L I¢1('x1 V, V.2, 2, k)€1ckfdkj|
i—0 2]1' e

[Claim 9]
The imaging device according to claim 4,
wherein the measurement data is expressed by
[Math. 21]
CDU.
ij=12
where @11, ®12, ®21, and ®22 expressed by ®j; correspond to
the measurement data related to four scattering states that include
two forward scattering corresponding to two directions and two back
scattering corresponding to two directions,
the information processing circuit uses
[Math. 22]
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(@x)

B
(27)*

@)

a(k,k, .k, k)
—(D”(k

x° 17}5k)

(2 )""”.q)“(k’" T ”’k)(bm(kxb’_kﬂ’k}'z’k)é‘(kxa +kxb _kx)

6 (5, ok k) =5,k K ) )l

(M) o | ST SR I 5L S U Y N

Ok, +ky, vk, —k)O (5 (ko K, k) =5,k K, k)
(z(kd), A RN AN ))dk dk,clk .k, dk,

(1] @k, e JOD, ey e,y KV, ey )
Ok, +hy, th, —k)O (5,0 k) =5,k ok, k)

xXa

S (5, (kb o~k ) =5, (K ey K, ) )l ik kK, dl,

kD, (ke kKD (KK, LK)

1A xa> Ty
Ok, +hy, ki, — kS (5,0ky k)~ ) =5,k K, k)
5 (8, (kg k, —k, )= 8 (ko ey e, ))dlkclk i clk, dk,

IIIJ.ICDl'Z(kxa?kyI B _kql 7k)q)12(kxb7 k,h v_kna vk)q)ll(kxc’ kr,13 "kyz ,k)

Ok +hy ey, —k)S (5, k gk k) =5,k koK)
O(s(ky ke, —k, ) =5k, K,k ))dk, dk ,dk dk, dk,

to derive a1 from which an effect of multiple scattering has been
removed,
where d denotes a delta function, kxa, kxb, and kxc are variables
corresponding to kx, ky and kn2 are variables corresponding to kyi, kn3
is a variable corresponding to ky2, and
the information processing circuit uses, as the scattering field
function,

[Math. 23]

¢l(xy] Va5 2y, 2, K)

W W W

—i(k xtk, v+, 1)
L R
J- .‘- je a](kx7k'v.l)k}=27k)

—0 —0 —t0

(271)3
is (ko ky, k, )z is)(k k, Kk, )z
o g Bk e ik dlfe

to derive, as the imaging function,
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IO(X! y, Z):],jln L j ¢1(x,y’ y,z’ Z’k)e—iCdek
27 s,

0

5 [Claim 10]
The imaging device according to claim 4,

wherein the measurement data is expressed by

[Math. 25]

(I)U'
10 /=12
where ®i11, ®12, ®21, and ®22 expressed by ®i; correspond to
the measurement data related to four scattering states that include
two forward scattering corresponding to two directions and two back
scattering corresponding to two directions,
the information processing circuit uses

15
[Math. 26]
ay(k,.k, k, k)
:cpn(k,k_ k, k)
e m(pH(k k, k), (k, ,~k, k K)S(k, +k, —k)
O (s, Uk o) =5, (k= K, ) )k, dlk,
G (@) Gk by =k, VD (K ke, O (K kK, LK)
+ @,k k, kKD, (hy ke, K)D, (kK K k)
+ @, (k. k, ~k, D,k k, —k, KD, (k. k, K, )
+CD12(km" W2 e 5]{)(1) (k\hﬁ i f‘,‘jsk)®]](k_\:[,"kf"j.’k_\':‘ﬂk)}
Sk, +hy, +h, k)5 (s, (k. k,?: k)= 5,0k, K,))
O (s, (kyy oy, =, ) =5,k ok, k,)) ek dk, dlk,
to derive a1 from which an effect of multiple scattering has been
removed,
20 where & denotes a delta function, kxa, kxb, and kxc are variables

corresponding to kx, kn and kn2 are variables corresponding to kyi1, kn3
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is a variable corresponding to ky2, and
the information processing circuit uses, as the scattering field
function,
[Math. 27]
G (X, ¥, ¥, 2,25, k)

- (21 ; J I j ¢ bt o) (ko k, .k, k)

.ezsl(k“kﬂ :k'm'ﬂlel'sz(k}‘k’“ﬁ“"q')zzdkxdkyldkv‘,‘
to derive, as the imaging function,
[Math. 28]

/O(X, Y, Z) =Lim L J gﬁ](’x’ YV, Z,Z,k)eifmdk
t—0 2” o ;

[Claim 11]

An imaging method comprising:

transmitting, by each of a plurality of transmitters disposed on
both sides of the region, a wave to a region to be measured;

receiving, by each of a plurality of receivers disposed on the
both sides, the wave from the region; and

deriving an imaging function corresponding to a scattering field
function related to scattering of the wave according to a
correspondence between (i) measurement data obtained by the
plurality of transmitters and the plurality of receivers and a
composition of a plurality of functions related to multiple first-order
scattering forming multiple scattering, and visualizing a three-
dimensional structure of a scatterer included in an object in the region,
using the imaging function.
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