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(54)

(57)  An ultrasound imaging apparatus is provided
that includes: a plurality of receiving elements (5) which
receive an acoustic wave (7) that propagates from an
object (Q), and which convert the acoustic wave (7) to a
reception signal; an adaptive beamformer (8 - 13) that
performs adaptive beamforming of adjusting reception
directionality in accordance with the reception signal in
use of the reception signal; a delay-and-sum beamformer

Ultrasound imaging apparatus and method for ultrasound imaging

(8,9, 24) that performs delay-and-sum beamforming hav-
ing preset directionality in use of the reception signal; an
amplitude modulator (25) that uses one output signal of
one of the adaptive beamformer (8 - 13) and the delay-
and-sum beamformer (8, 9, 24), to perform amplitude
modulation on an output signal of the other one of the
beamformers; and a generator (15, 16) that, on the basis
of a signal outputted by the amplitude modulator (25),
generates image data on the interior of the object.
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Description
BACKGROUND OF THE INVENTION
Field of the Invention

[0001] The presentinventionrelates to an object information acquiring apparatus, an information processing apparatus
and an object information acquiring method.

Description of the Related Art

[0002] Ultrasound imaging devices for imaging of three-dimensional structures in the interior of an object, using ultra-
sound waves, are widely used as ultrasound diagnosis devices in the medical field.

The performance of ultrasound diagnosis devices improves rapidly year by year in the wake of advances in ultrasound
imaging technology. Image reconstruction relying on adaptive signal processing is being researched as one technology
aimed at further enhancing that performance. For instance, J. F. Synnevag, et al., "Adaptive Beamforming Applied to
Medical Ultrasound Imaging", IEEE Trans. ULTRASONIC, FERROELECTRICS, AND FREQUENCY CONTROL, VOL.
54,NO. 8, AUGUST 2007, reports an ultrasound wave beamforming technology that relies on adaptive signal processing
in the form of a DCMP (Directionally Constrained Minimization of Power) method.

[0003] The DCMP method is an adaptive signal processing technology developed as one technology in adaptive
antennas. The DCMP method is a reception method that involves adaptively adjusting reception directionality on the
basis of a constraint condition, namely rendering constant the reception gain of arriving waves in a desired direction,
and minimizing the intensity of all reception signals including interfering waves. This method allows minimizing the ratio
of interfering wave intensity with respect to signal intensity, and hence allows receiving signals having good SN ratio.
As is likewise known, this method allows improving resolution and contrast in reconstructed images as compared with
ordinary beamforming methods that are based on delay-and-sum. The DCMP method is also referred to as the CAPON
method.

[0004] The specification of US Patent Application Publication No. 2003/0065262 (Patent Literature 2) and the speci-
fication of US Patent No. 6798380 (Patent Literature 3) disclose calculation methods in instances where the DCMP
method is used in ultrasound imaging. Japanese Patent Application Laid-Open No. 2010-200926 (Patent Literature 1)
discloses a beam signal synthesis method in which an output signal from beamforming based on the DCMP method
and an output signal from delay-and-sum beamforming are compared, and the smaller signal is outputted.

Patent Literature 1: Japanese Patent Application Laid-Open No. 2010-200926
Patent Literature 2: Specification of US Patent Application Publication No. 2003/0065262
Patent Literature 3: Specification of US Patent No. 6798380

[0005] Non PatentLiterature 1: J. F. Synnevag, etal., "Adaptive Beamforming Applied to Medical Ultrasound Imaging",
IEEE Trans. ULTRASONIC, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 54, NO. 8, AUGUST 2007

SUMMARY OF THE INVENTION

[0006] Ultrasound wave beamforming by the DCMP method is advantageous in that this method affords significantly
enhanced resolution in reconstructed images. As is known, however, the DCMP method is problematic in that signal
components from a focus point are cancelled when correlated interference waves, which are correlated with the signal
component arriving from the focus point, are inputted as noise. In the case of ultrasound imaging, one transmission
wave is reflected in various reflecting bodies, and composite signals thereof are received. In principle, therefore, noise
waves from points other than the focus point are all correlated interference waves, which poses a particularly serious
problem.

[0007] Numerous additional processing operations are ordinarily required in order to solve the above problem, for
instance a spatial averaging processing of a correlation matrix, a temporal averaging processing of a correlation matrix,
and/or summation of small positive numbers to the diagonal terms of a correlation matrix, in a case where the DCMP
method is used in ultrasound images. These additional processing operations mitigate the problems of the DCMP method,
and are effective in enhancing the robustness of beamforming for reception signals that include various noise waves.
[0008] However, these additional processing operations detract somewhat from the characteristics of the DCMP meth-
od, and thus the characteristics of the DCMP method were in some instances inferior, depending on the above conditions,
to those of an ordinary delay-and-sum beamforming method. Specifically, circumstances arose readily where the DCMP
method was superior in terms of resolution, but the delay-and-sum method was superior in terms of contrast. That is,
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resolution is good but contrast is unsatisfactory the DCMP method, whereas contrast is good but resolution unsatisfactory
in delay-and-sum beamforming.

[0009] Accordingly, some novel output signal generation means is required that combines the output signals of two
or more beamforming methods having thus dissimilar advantages and shortcomings, and that emphasizes the advan-
tages of the methods.

[0010] In the light of the above, the present invention is developed to provide a device that generates image data on
the interior of an object by performing adaptive signal processing on ultrasound waves that are received from the object,
and to enhance image quality.

[0011] The presentinventioninits first aspect provides an object information acquiring apparatus as specified in claims
1to 11.

[0012] Thepresentinventionin its second aspect provides an information processing apparatus as specified in claim 12.
[0013] The presentinventioninits third aspect provides an object information acquiring method as specified in claim 13.
[0014] The present invention succeeds in providing a device that generates image data on the interior of an object by
performing adaptive signal processing on ultrasound waves that are received from the object, and succeeds in enhancing
image quality.

Further features of the present invention will become apparent from the following description of exemplary embodiments
with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015]

Fig. 1 is a diagram illustrating the configuration of a conventional device that utilizes a DCMP method;

Figs.2Ato 2D are diagramsiillustrating examples of line waveforms by a delay-and-sum method and a DCMP method;
Fig. 3 is a diagram illustrating the configuration of a device according to Example 1;

Figs. 4A to 4E are diagrams for explaining the results in Example 1 using an echo image of a one-point target;
Figs. 5A to 5E are diagrams for explaining the results in Example 1 using an echo image of a two-point target;
Fig. 6 is a diagram illustrating the configuration of a device according to Example 2;

Fig. 7 is a diagram illustrating the configuration of a device according to Example 3;

Fig. 8 is a diagram illustrating the configuration of a device according to Example 4; and

Fig. 9 is a diagram illustrating the configuration of a device according to Example 5.

DESCRIPTION OF THE EMBODIMENTS

[0016] Embodiments of the present invention are explained in detail below with reference to accompanying drawings.
The specific computational expressions, calculation procedures and so forth described below are to be modified, as
appropriate, in accordance with the configuration of the device in which the invention is to be used, and depending on
various conditions. The scope of the invention is thus not limited to the features set forth below.

[0017] Theobjectinformation acquiring apparatus ofthe presentinvention encompasses an ultrasound imaging method
and apparatus that rely on an ultrasound wave echo technology that involves transmitting ultrasound waves to an object,
receiving reflected waves (echo waves) that are reflected in, and that propagate through, the interior of the object, and
acquiring object information in the form of image data. The invention encompasses also a photoacoustic imaging method
and apparatus in which light (electromagnetic waves) is irradiated onto an object, and acoustic waves that are thereupon
generated in and that propagate through the object, on account of the photoacoustic effect, are received, and object
information is acquired in the form of image data.

[0018] In the case of a device that relies on the former ultrasound wave echo technology, the object information that
is acquired is information that reflects differences in the acoustic impedance among tissues in the object interior. In the
case of the latter device that relies on the photoacoustic effect, the object information that is acquired denotes the
distribution of sources of acoustic waves that are generated as a result of light irradiation, the initial sound pressure
distribution inside the object, or the light energy absorption density distribution and/or absorption coefficient distribution
derived from the initial sound pressure distribution, as well as the distribution of the concentration of substances that
make up the tissues. The substance concentration distribution may be, for instance, an oxygen saturation distribution,
an oxyhemoglobin-reduced hemoglobin concentration distribution or the like.

[0019] As used in the present invention, the term acoustic wave encompasses elastic waves referred to as sound
waves, ultrasound waves and acoustic waves, typically ultrasound waves. Acoustic waves generated on account of the
photoacoustic effect are referred to as photoacoustic waves or photo-ultrasound waves. An acoustic detector (for in-
stance, a probe) receives acoustic waves that are generated or reflected in the object and that propagate through the latter.
[0020] The present invention can also be regarded as an object information acquiring method for realizing, through
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control by a computer or the like, the various operations that are performed in the object information acquiring apparatus.
In a case where electric signals resulting from conversion of acoustic waves already acquired by a probe are stored in
a storage device, the present invention can also be regarded as an information processing apparatus in which these
signals are used to construct object information in the form of image data.

[0021] In the disclosure below, the term delay-and-sum denotes processing of working out object information taking
into consideration the positions of a plurality of receiving elements in an ultrasound wave probe, as well as target positions
inside the object. More specifically, there is carried out delaying processing for a plurality of reception signals in accordance
with the direction in which the acoustic waves are transmitted and in accordance with the return positions of the waves
(positions at which acoustic waves are generated, in cases where the photoacoustic effect resorted to). Summation
processing is then performed on the plurality of reception signals after the delaying processing. That is, delay-and-sum
processing is executed herein. Such delay-and-sum processing is processing, based on reception beamforming, of
generating signals corresponding to the sound pressure of acoustic waves from respective positions inside the object.
[0022] Summation in the delay-and-sum processing may be performed after multiplication of the plurality of reception
signals by respective weights. Specifically, the observation position and the conditions of transmission and reception
are known before signal reception, and hence a good image can be obtained by performing the summation processing
by multiplying the reception signals by weights that are established in accordance with these conditions. A method that
utilizes, as such weights, fixed weights that are calculated beforehand in accordance with the observation position and
the transmission and reception conditions may be referred to as fixed-type signal processing that is performed in ordinary
delay-and-sum processing operations.

[0023] Other methods that can be carried out include methods in which the weights used for multiplication vary adap-
tively in accordance with the reception signals, i.e. adaptive signal processing methods. Examples thereof include, for
instance, the above-described DCMP method (CAPON method). In such adaptive beamforming, reception directionality
is adjusted in accordance with reception signals.

[0024] Processing of signal intensities (volume data) thus obtained at each position (pixel or voxel) inside the object
is also referred to as image reconstruction, in the meaning of construction of image data for display.

[0025] Anexample of a conventional DCMP method will be explained before the presentinvention is explained in detail.
Fig. 1 illustrates the configuration of a conventional object information acquiring apparatus that relies on a DCMP method.
In the figure, a transmission signal control circuit 2 generates a transmission signal 3, according to an instruction from
a CPU 16, drives ultrasound wave transmitting and receiving element group 5 of an ultrasound wave probe 1 via a
transmission and reception control circuit 4, and transmits a pulsed ultrasound wave beam 6.

[0026] An ultrasound echo wave 7 generated through reflection of the ultrasound wave beam 6 is converted once
more to electric signals of M channels by the ultrasound wave transmitting and receiving element group 5, and is sent
to a phasing delay circuit 8 via the transmission and reception control circuit 4. The sent electric signals are converted
to digital signals by an AD conversion circuit (not shown). The phasing delay circuit 8 adjusts the delay time of the signals
in such a manner that the arrival times of an echo signal from an arbitrary point Q on the ultrasound wave beam 6 are
equalized.

[0027] A complex transform circuit 9 converts M-channel signals, the delay times whereof have been adjusted, to
respective complex signals. The complex transform processing in the complex transform circuit 9 involves generating
signals in which the phase of each frequency component is shifted by 90°, on the basis of input signals comprising a
real value sequence, and adding the 90° phase-shifted signals as the imaginary parts, to convert thereby the signals to
complex signals. The 90° phase-shifted signals can be calculated using a FIR filter with odd taps and odd-symmetry
coefficients, and hence the complex transform circuit 9 can be realized easily. The M channel output signals at a point
in time t in the complex transform circuit 9 are notated as x[1, t], x[2,1], X[3.1], ..., X[M,t] in the explanation below. In the
figure, M corresponds to 5, and the point in time t is omitted.

[0028] The procedure for calculating a complex correlation matrix A[t] out of the complex reception signals x[1,], x
[2,1], x[3.1], ..., X[M,1] obeys a known spatial averaging method as a method for attenuating the influence of correlated
interference waves. In a spatial averaging method, sub-array signal vectors Xj[t] are defined by taking M complex signals
in L batches, as in Expression (1), and a complex correlation matrix is calculated according to Expression (2). Ordinarily,
a numerical value of about M/2 is used as the numerical value L. In Expression (2), the symbol H in the superscript of
Xj[t] denotes the transpose and complex conjugate of a vector.

[Math 1]
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xl /.11
Xj[1] = ﬂ’fkﬂ =12 M —L+1 (1)
j+L—11]
1 M—-T+1 .
Atl=———- Xilt1 Xt (2)
=37y LA

[0029] In the figure, correlation matrix calculation circuits 10[1], 10[2], 10[3] are circuits that calculate respective cor-
relation matrices of sub-array signal vectors X1[t], X2[t], X3[t]. An averaging circuit 11 summates and averages the
calculated correlation matrices, and outputs the complex correlation matrix A[t] of Expression (2). In the figure, L corre-
sponds to 3.

[0030] A correlation matrix modifying circuit 12 is a calculation circuit that summates ¢ X Trace[A], which is proportional
to Trace[A], to the diagonal terms of the complex correlation matrix At], to yield a modified complex correlation matrix
A’[t]. Herein, E is a small positive number, and Trace[A] is the sum of the diagonal terms of matrix A. The processing of
summating ¢ X Trace[A] to the diagonal terms elicits the effect of stabilizing a subsequent optimal weight calculation
and of enhancing the robustness of the output by the DCMP method. In the computational expression, as given by
Expression (3), | denotes a unit matrix.

[Math 2]

A'[t]= A[t]+ € - Trace[ A[t]]- 1 (3)

[0031] Although not depicted in the example of the figure, the complex correlation matrix A[t] may similarly be temporally
averaged in order to enhance the robustness of the output by the DCMP method.

[0032] A weight vector calculation circuit 13 calculates an optimal weight vector W[t] using the modified complex
correlation matrix A’[t] and a known constraint vector C. According to the DCMP method, the optimal weight vector W
[t]is given as a vector W[t] that minimizes a signal intensity P of Expression (5) under the constraint condition of Expression
(4).

[Math 3]

wt]" C =1 (4)

Plt]=W[]" AW[t] (5)

[0033] The problem of working out the optimal weight vector W that minimizes P, with Expression (4) as the constraint
condition, can be solved analytically. The solution of the optimal weight vector W[t] is given by Expression (6). The
superscript -1 of A’[t] denotes an i matrix of A’[t]. The constraint vector C is a known vector that designates the arrival
direction of the signals to be received, such that ordinarily all the elements of the vector are set to 1 for the phasing delay
output signal. For convenience in the explanation below, the constraint vector used herein has the magnitude thereof
normalized to 1, as in Expression (7). The weight vector calculation circuit 13 calculates Expression (6).

[0034] [Math 4]
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Al C

Wt = ‘
[7] CHA'[I]"C (6)
(1)
1 1
C:f' : (7)
1

[0035] An output signal calculation circuit 14 calculates a complex output signal Y(t) according to Expression (8), on
the basis of the optimal weight vector W[t] and sub-array complex signal vectors X|[t]. A signal intensity calculation circuit
15 calculates an output signal intensity Pow[t] according to Expression (9), on the basis of the output signal Y, and
forwards the result to the CPU 16.

[Math 5]

M-L+1

Yie]= D ] ] (8)

Powlk]=|r1r]" (9)

[0036] The CPU 16 can obtain thereby high-precision echo intensity signals on the transmission beam path. By way
of the transmission signal control circuit 2, the CPU 16 causes the transmission position and direction of an ultrasound
wave beam to be sequentially scanned, gathers the echo intensity signals on the respective ultrasound wave beam
paths, and, on the basis thereof, creates an echo image and displays the echo image on a display device 17.

[0037] The processing operations from Expression (1) to Expression (9) can be calculated using a digital circuit means
or a general-purpose high-speed computer. Accordingly, an object information acquiring apparatus that relies on the
DCMP method can be realized by executing the above procedure.

[0038] An example has been explained in detail of an instance where a conventional DCMP method is applied to
ultrasound wave beamforming. As is known, the echo image that is generated in accordance with the DCMP method
varies substantially depending, for instance, on the small parameter ¢ that is given by Expression (3). If the small
parameter ¢ was set to be very small, the resolution of isolated point targets present inside the object was significantly
enhanced; in some instances, however, the signal intensity was significantly reduced in the case of linear targets or the
like, on account of interference with reflected waves from the surroundings.

[0039] As the small parameter ¢ increases, the echo image asymptotically approaches a delay-and-sum echo image
of sub-array reception signals. The signal number L of the sub-array reception signals is narrowed to about half the
original reception signal number M. Therefore, this means that setting a large small parameter ¢ results in an asymptotic
approach to a delay-and-sum image of poorer resolution than that of an ordinary delay-and-sum image from M element
signals.

[0040] These problems can be avoided to some extent by appropriately selecting the value of the € parameter. Even
upon appropriate selection of the value of the ¢ parameter, however, a possibility remained of decreased image contrast,
compared to that of an ordinary delay-and-sum method, depending on the way in which reflecting bodies were distributed
inside the object.

[0041] Methodswherein acorrelation matrix is temporally smoothed and is used for optimal weight calculation constitute
likewise an effective method for improving the robustness of the DCMP method. In some instances, however, such a
method as well gave rise to decreased image contrast, depending on the conditions. As is characteristic of the DCMP
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method, resolution and image contrast decreased in some instances, similarly to cases where € was set to a large value,
when substantial reception random noise was superposed on the reception signal.

[0042] Fig. 2 illustrates one-line waveforms of an output echo image by the delay-and-sum method and the DCMP
method, under given conditions. Fig. 2A illustrates results of delay-and-sum of an isolated point target, Fig. 2B illustrates
results by the DCMP method, Fig. 2C illustrates results of delay-and-sum of two separated point targets, and Fig. 2D
illustrates results by the DCMP method. The results show that peak width in the echo image by the DCMP method is
narrower than that by the delay-and-sum method, and thus the former is superior in terms of resolution. However, the
echo image by the DCMP method exhibits higher signal level at sites spaced apart from the peaks, which indicates that
the method is inferior in terms of contrast.

[0043] Inview ofthe above, there is a need for combining the outputs of the two beamforming methods having dissimilar
characteristics, to generate a new output signal that brings out the advantages of both methods. In other words, it is
necessary to enhance image quality in devices that generate image data on the interior of an object by subjecting
ultrasound waves received from the object to adaptive signal processing (DCMP method).

Example 1

[0044] Fig. 3 is a diagram illustrating a device according to Example 1. Compared with the conventional example of
Fig. 1, herein blocks 21 to 25 have been added in Example 1 in place of the output signal calculation circuit 14. The
explanation below will focus on this difference.

[0045] A signal intensity calculation circuit 21 calculates, on the basis of Expression (10), an output signal intensity
Pw according to the DCMP method, from the modified correlation matrix A’[t] and the optimal weight vector WI[t].
[Math 6]

Put]=WT[t]" A IW[t] (10)

[0046] A signal intensity calculation circuit 22 calculates, on the basis of Expression (11) a signal intensity Pc in the
direction of arrival of the signals to be received, from the modified correlation matrix A’[t] and the constraint vector C.
[Math 7]

Pdt]=C" A[1]C (11)

[0047] Herein, A’[t] can be approximated by A[t] if the € parameter is a small positive number, and hence the signal
intensity Pc is substantially equal to the average signal intensity from delay-and-sum of sub-array signals as given by
Expression (12). Therefore, the calculation of Pc in Expression (11) can be performed directly on the basis of the average
signal intensity from delay-and-sum of the sub-array signals Xj.

[Math 8]

Pli]= C" A[1]C
Loy i |
-~ .C X117 |
M_L+1 jil
1 M-L+1 ) - P
SV I+l Z}: ‘X][f] C‘ (12)
=

[0048] A modulation ratio calculation circuit 23 calculates a ratio between the two output signal intensities Pw and Pc,
to calculate thereby a modulation ratio vy, as in Expression (13).
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[Math 9]

_Pw[e] W ATAW ]
Pl CPATC

1t]

(13)

[0049] The numerator Pwl[t] in Expression (13) is the minimum intensity calculated on the basis of the constraint
condition of Expression (4). When the constraint vector C is considered as one weight vector, the constraint vector C is
also a weight vector that satisfies the constraint condition of Expression (4). As a result, this ensures that the modulation
ratio y calculated according to Expression (13) holds within the range of Expression (14).

[Math 10]

0<yt]<1 (14)

[0050] A summating circuit 24 summates the input signals, and calculates a beamforming signal Ydas based on a
delay-and-sum method. The calculated delay-and-sum signal Ydas is subjected to amplitude modulation in an amplitude
modulation circuit 25, as in Expression (15), and the modulated delay-and-sum signal Y’[t] is sent to the signal intensity
calculation circuit 15.

[Math 11]

Y'[t] = Ydas(t]- y[¢] (15)

[0051] The signal intensity calculation circuit 15 performs envelope detection and conversion to intensity signals on
the delay-and-sum signal Y’ [t], and forwards the result to the CPU 16. The CPU 16 receives the input of the intensity
signals for each ultrasound wave beam, reconstructs the signals to an echo image, and displays the result on the display
circuit 17.

[0052] Thus, the processing from Expression (10) to Expression (15) can be calculated using a digital circuit means
or a general-purpose high-speed computer, and hence the present invention can be realized in an easy manner.
[0053] Fig. 4 is a diagram for explaining the effect of the present example, using line waveforms of an echo image for
an isolated point target. Fig. 4A is an output line waveform of an ordinary delay-and-sum method corresponding to Ydas,
and Fig. 4B is an output line waveform of a delay-and-sum method of sub-array signals corresponding to Pc. The
waveform (Fig. 4B) of delay-and-sum of sub-array signals has fewer reception signals to be summated than in the case
of a waveform (Fig. 4A) resulting from ordinary delay-and-sum, and hence the spread of the waveform is large and
resolution is poor.

[0054] Fig. 4C is an output signal intensity waveform by the DCMP method corresponding to Pw. A comparison of the
output signal intensity by the DCMP method (Fig. 4C) versus the result of delay-and-sum (Fig. 4A) reveals that although
resolution improves significantly, the spread of the foot of the waveform is larger, and image contrast poorer. Fig. 4D is
a modulation ratio waveform corresponding to y. The modulation ratio vy is a ratio of the attenuation of the delay-and-
sum output of sub-array signals by the DCMP method, and may be regarded as a ratio of characteristic improvement
by the DCMP method. In the present example, output signals from ordinary delay-and-sum are multiplied by the "im-
provement" ratio y of the DCMP method, so as to improve the output characteristic of ordinary delay-and-sum.

[0055] Fig. 4E is an intensity waveform of a resulting modulation output signal Y’. Through multiplication by the "im-
provement" ratio y, the resulting intensity waveform of Y’ (Fig. 4E) boasts the high resolution of a waveform by the DCMP
method (Fig. 4C), and, at the same time, significantly attenuated foot spread, and yet better contrast than a waveform
from delay-and-sum (Fig. 4A). The "improvement" ratio y is no greater than 1, as given by Expression (14), and hence
contrast can be improved beyond the result achievable by delay-and-sum.

[0056] Fig. 5 is a diagram illustrating line waveforms of echo images for two point targets. Similarly to Fig. 4, Fig. 5A
is a line waveform of an echo image corresponding to Ydas, while Fig. 5B corresponds to Pc, Fig. 5C corresponds to
Pw, Fig. 5D corresponds to vy, and Fig. 5E corresponds to Y’. As in the case of the isolated point target of Fig. 4, the
output (Fig. 5E) in the present example is superior to both that of the delay-and-sum method and that of the DCMP
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method in terms of resolution and contrast.

[0057] Thus, the present invention allows combining the outputs of two beamforming methods having dissimilar char-
acteristics, namely the delay-and-sum beamforming method and the DCMP beamforming method. In the present inven-
tion, this is equivalent to adaptive beamforming (DCMP method) being performed by an adaptive beamformer, and
delay-and-sum beamforming being performed by a delay-and-sum beamformer, and is equivalent to performing ampli-
tude modulation, by an amplitude modulator, on the output signal of one from among the adaptive beamformer and the
delay-and-sum beamformer, using the output signal from the other. Image data on the interior of the object is generated
on the basis of the output signal from the amplitude modulator.

[0058] As a result, it becomes possible to generate a beamforming output signal having superior characteristics. The
present invention allows providing a means for realizing both high resolution and high contrast characteristics, which
was hitherto not possible to achieve by resorting to a conventional single beamforming method.

Variations

[0059] The present example may accommodate various modifications in the way it is realized. The amplitude modu-
lation processing is not limited to simple multiplication, such as the one given in Expression (15), and the modulation
ratio may be corrected in an appropriate manner. For instance, a similar effect can be expected to be elicited also in a
variation as in Expression (16), using an arbitrary monotonically increasing function g(x).

[Math 12]

Y'[] = Ydas[t]- g(y[t]) (16)

[0060] A linear interpolation formula such as the one of Expression (17) can be used as a parameter for the temporal
change of o, in order to emphasize the characteristic of an ordinary delay-and-sum processing in accordance with the
depth in the object interior.

[Math 13]

Y'[t]= Ydas[t]- (1 - @) + « - 7[t]) (17)

[0061] In order to facilitate the calculation of signal intensity, delay-and-sum is performed in the present example using,
as an input, the complex output of the complex transform circuit 9. However, the calculation may be realized also through
summation and amplitude modulation of the real values, without modification, of the output of the phasing delay circuit
8, and through envelope detection in the signal intensity calculation circuit 15.

[0062] The calculation of Pc and Pw yields similar results even if the correlation matrix A’ of Expression (10) and
Expression (11) is modified to the output A of an average-calculating circuit.

[0063] Further, amplitude modulation may be carried out not on a delay-and-sum signal, as in the present example,
and a similar effect can be elicited by swapping the positions of the amplitude modulation circuit 25 and the signal
intensity calculation circuit 15, and by performing amplitude modulation after conversion to signal intensity.

[0064] In the calculation processing of the present invention, thus, equivalent or identical effects can be expected to
be achieved by modifying the order of the various calculations, and by replacing the variables in the computational
expression by similar variables. Such variations are however encompassed by the present invention, since the variations
conform to the gist of latter, namely modulation of the output of one beamforming method, from among a first and a
second beamforming method, using an output signal intensity of the other beamforming method.

Example 2

[0065] Fig. 6 is a diagram illustrating a device according to Example 2. Example 2 corresponds to an example of a
simplified version of Example 1. Herein, an output signal Ydas from a direct delay-and-sum beamforming method is
subjected to amplitude modulation using the output signal intensity Pw from a DCMP beamforming method.

[0066] A comparison between Fig. 6 of the present example and Fig. 3 of Example 1 shows that the foregoing differ
in that the signal intensity calculation circuit 22 and the modulation ratio calculation circuit 23 have been omitted, and
the outputted Pw is inputted to the amplitude modulation circuit 25. That is, calculations that utilize the modulation ratio
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y are not carried out.

[0067] Theamplitude modulation circuit25 in the present example may perform, forinstance, the calculation processing
of Expression (18a) or Expression (18b). In these mathematical expressions K is a constant. This way, an output signal
that is an intermediate of the two beamforming methods can be outputted, and a composite signal can be outputted in
which the shortcomings of the two beamforming methods are mitigated, though not as much as in Example 1.

[Math 14]

Y'[t] = Ydas[t]- Pw (18a)

P
Y'[t]=Ydas|t]- i (18b)

‘Ya’as[t]‘2 + K

Example 3

[0068] Fig. 7 is a diagram illustrating a device according to Example 3. Example 3 is an example where, as opposed
to Example 2, amplitude modulation of the output signal by the DCMP beamforming method is performed using an output
intensity signal by the delay-and-sum beamforming method.

[0069] In the figure, the delay-and-sum signal Ydas outputted by the summating circuit 24 is converted to an intensity
signal by an absolute-value circuit 31. An output signal Yw by the DCMP method, outputted by the output signal calculation
circuit 14, is amplitude-modulated using the intensity signal of the delay-and-sum signal Ydas in the amplitude modulation
circuit 32, and the result is inputted to the signal intensity calculation circuit 15.

[0070] For instance, the modulation output signal Y’ outputted by the amplitude modulation circuit 32 is set to be as
given by Expression (19a) or Expression (19b). This way, a composite signal can be outputted in which the shortcomings
of the two beamforming methods are mitigated, though not as much as in Example 1.

[Math 15]
Y'[1] = Yw- |Vdas{t]] (19a)
T Ydasl]|”

‘Yw[t]‘2 + K ( :

Example 4

[0071] Fig. 8 is an example of an instance of a device according to Example 4, where the present invention is used
for two-dimensional beamforming. Two-dimensional scanning of an ultrasound wave beam in the present example is
performed using the one-dimensional probe 1 in which a plurality of transmitting and receiving elements is arrayed in
one dimension. Scanning in the array direction u takes place through electronic scanning by the one-dimensional probe
1, and scanning in a perpendicular direction v is accomplished through mechanical displacement of the one-dimensional
probe 1.

[0072] In order to reduce ordinary calculation processing operations involved in the calculation two-dimensional beam-
forming, one-dimensional beamforming is performed herein in one direction, and, on the basis of the obtained result,
one-dimensional beamforming is performed in a direction perpendicular to that direction. These processing operations
allow acquiring image data of an object in the form of, for instance, a plurality of tomographic images, and allow displaying
the internal structure of the object on a display device or the like. The direction in which the elements are arrayed and
the direction of mechanical displacement are not limited to being perpendicular to each other, and it suffices that the
directions intersect each other.
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[0073] Inthe presentexample, afirststepinvolves, firstly, performing electronic scanningin a u direction and mechanical
scanning in a v direction, and storing the result of one-dimensional beamforming, at each scanning position in two
dimensions, in a storage circuit 40. In the figure, a DCMP beamforming circuit 101 is a circuit that realizes the DCMP
processing function of Example 1, and that outputs a modulation ratio y. One-dimensional beamforming at each position
can be realized in accordance with the method of Example 1, using this DCMP beamforming circuit 101 as well as the
summating circuit 24 and the amplitude modulation circuit 25.

[0074] In a second step, next, the one-dimensional beamforming results, lined up in the v direction on a same u
coordinate, are read parallelly from the storage circuit 40, and there is performed one-dimensional beamforming in the
v direction.

[0075] A DCMP beamforming circuit 102, a summating circuit 41 and an amplitude modulation circuit 42, which are
identical to the circuits denoted by the reference symbol 101, the reference symbol 24 and the reference symbol 25,
perform the beamforming method of the present invention in the v direction, and the result is outputted to the intensity
calculation circuit 15. The intensity calculation circuit 15 converts the output signal of the amplitude modulation circuit
42 to an output intensity signal. The CPU 16 receives the input of the output intensity signal at each position in two
dimensions, from the intensity calculation circuit 15, reconstructs an echo image, and displays the echo image on the
display device 17.

[0076] This way, the present invention can be easily carried out also for a two-dimensional beamforming method, and
it becomes possible to provide a high-quality echo image. A combination of electronic scanning and mechanical scanning
of a one-dimensional probe has been illustrated in the present example as an instance of two-dimensional scanning of
an ultrasound wave beam, but it is evident that similar scanning can be carried out by electronically switching the output
of a two-dimensional probe, and thus the present invention can be used in the latter case as well.

Example 5

[0077] Fig. 9 is an example of an instance where the present invention is used in a photoacoustic imaging device that
acquires images by relying on the photoacoustic effect. In the figure, a light source 51 irradiates electromagnetic waves
to the object interior via a light source control circuit 50 according to an instruction from the CPU 16. The substances to
be inspected that are present in the interior of the object absorb the irradiated electromagnetic waves, and generate
photoacoustic waves in unison on account of thermal expansion. An ultrasound wave receiving element group 52 converts
the arriving acoustic waves to electric signals, and the signals are transmitted to the phasing delay circuit 8 by way of
a selection circuit 54.

[0078] Defining herein an arbitrary scan line 55 in the object interior, and focusing only on photoacoustic waves
generated on the scan line 55, it is found that a generation position Q of a photoacoustic wave 53 received by the
ultrasound wave receiving element group 52 shifts, with the passage of time, from a near position on the scan line 55
to a distant position. Through modification of the delay time in the phasing delay circuit 8 in accordance with the reception
time, therefore, the phasing delay circuit 8 can output, in the form of a signal of uniform phase, the photoacoustic wave
signals generated at all points on one scan line 55.

[0079] This signal is exactly the same as a signal resulting from phasing delay of an echo signal obtained through
transmission of an ultrasound wave beam in the direction of the scan line 55. Therefore, a photoacoustic signal intensity
waveform can be calculated by resorting to the circuit configuration of Fig. 9 that is exactly the same as that of Example
1, for echo signal reception. A DCMP beamforming circuit 101 is a circuit that realizes the DCMP processing function
of Example 1, and that outputs a modulation ratio y. Therefore, a photoacoustic image of an entire surface in the object
interior can be created through repeated irradiation of electromagnetic waves and reception of photoacoustic waves
while the position of the scan line is shifted.

[0080] A configuration is also possible wherein there is provided a storage circuit 56 that stores reception signals, as
in the figure, such that reception signals from an initial electromagnetic wave irradiation are stored in the storage circuit
56, and signals read out from the storage circuit 56 are used for second and subsequent reception signals. The reception
signals by electromagnetic wave irradiation are the same every time, so long as the positions of the light source 51 and
the ultrasound wave receiving element group 52 are not altered. Accordingly, the number of electromagnetic wave
irradiations can be reduced, and a device having good efficiency can be achieved, by storing of reception signals from
one single electromagnetic wave irradiation, and through repeated execution of processing of reading signals from the
storage circuit 56 and calculating a reconstructed image on one scan line 55, while modifying the scan line position.
[0081] Thus, the present invention can also be used in an object information acquiring apparatus that receives photo-
ultrasound waves generated as a result of irradiation of electromagnetic waves, and that reconstructs a photo-ultrasound
image, and it becomes possible to provide a high-quality photo-ultrasound image.

[0082] In the present invention, a DCMP method has been explained as a specific example of adaptive beamforming,
but APES (Amplitude and Phase Estimation) is a similar known method. In APES, the calculation method of the correlation
matrix A upon calculation of the optimal weight vector W differs from Expression (2) in that the calculation method herein
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does not utilize sub-array signal vectors on their own, but difference vectors of the sub-array signal vectors and a mean
vector thereof. Even accounting for the above difference, however, the characteristics of the method as an adaptive
beamforming method are substantially identical to those of the DCMP method, and thus the present invention can be
used in APES as well.

[0083] While the presentinvention has been described with reference to exemplary embodiments, itis to be understood
that the invention is not limited to the disclosed exemplary embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all such modifications and equivalent structures and functions.
An object information acquiring apparatus is provided that includes: a plurality of receiving elements which receive an
acoustic wave that propagates from an object, and which convert the acoustic wave to a reception signal; an adaptive
beamformer that performs adaptive beamforming of adjusting reception directionality in accordance with the reception
signal in use of the reception signal; a delay-and-sum beamformer that performs delay-and-sum beamforming having
preset directionality in use of the reception signal; an amplitude modulator that uses one output signal of one of the
adaptive beamformer and the delay-and-sum beamformer, to perform amplitude modulation on an output signal of the
other one of the beamformers; and a generator that, on the basis of a signal outputted by the amplitude modulator,
generates image data on the interior of the object.

Claims
1. An object information acquiring apparatus, comprising:

a plurality of receiving elements configured to receive an acoustic wave that propagates from an object, and
configured to convert the acoustic wave to a reception signal that is an electric signal;

an adaptive beamformer configured to perform adaptive beamforming of adjusting reception directionality in
accordance with the reception signal in use of the reception signal;

a delay-and-sum beamformer configured to perform delay-and-sum beamforming having preset directionality
in use of the reception signal;

an amplitude modulator configured to use an output signal of one of the adaptive beamformer and the delay-
and-sum beamformer, to perform amplitude modulation on an output signal of the other one of the beamformers;
and

a generator configured to, on the basis of a signal outputted by the amplitude modulator, generate image data
on the interior of the object.

2. Theobjectinformation acquiring apparatus accordingto claim 1, wherein the amplitude modulator performs amplitude
modulation on an output signal from the delay-and-sum beamformer using an output signal from the adaptive
beamformer.

3. The object information acquiring apparatus according to claim 2, further comprising:
a calculation circuit configured to calculate a modulation ratio on the basis of an output signal from the adaptive
beamformer and signal intensity worked out using a constraint vector,
wherein the amplitude modulator performs amplitude modulation on an output signal from the delay-and-sum

beamformer by using the modulation ratio.

4. The object information acquiring apparatus according to claim 3, wherein the amplitude modulator performs the
amplitude modulation using the modulation ratio corrected by a function that changes over time.

5. The object information acquiring apparatus according to claim 4, wherein the amplitude modulator corrects the
modulation ratio by using a monotonically increasing function.

6. The object information acquiring apparatus according to claim 4, wherein the amplitude modulator corrects the
modulation ratio according to a linear interpolation formula that includes a parameter that changes over time.

7. Theobjectinformation acquiring apparatus accordingto claim 1, whereinthe amplitude modulator performs amplitude
modulation on an output signal from the adaptive beamformer by using an output signal from the delay-and-sum

beamformer.

8. The object information acquiring apparatus according to any one of claims 1 to 7, wherein
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the plurality of receiving elements is arrayed in one dimension, and generates the reception signal at respective
positions where the elements have reached due to mechanical displacement thereof in a direction that intersects
the direction of the arraying;

the adaptive beamformer and the delay-and-sum beamformer generate an output signal by performing beamforming
on a reception signal at each of the positions, and the amplitude modulator performs amplitude modulation at each
of the positions; and

beamforming in a direction that intersects the direction of the arraying is performed at a plurality of positions by
using a signal generated and outputted by the amplitude modulator.

The object information acquiring apparatus according to any one of claims 1 to 8, wherein the adaptive beamforming
is a DCMP method.

The object information acquiring apparatus according to any one of claims 1 to 9, wherein the acoustic wave that
propagates from the object is an echo wave of an ultrasound wave that is transmitted to the object.

The object information acquiring apparatus according to any one of claims 1 to 9, wherein the acoustic wave that
propagates from the object is a photoacoustic wave that is generated upon irradiation of an electromagnetic wave
onto the object.

Aninformation processing apparatus that generates image data on the interior of an object on the basis of a reception
signal that is outputted by a plurality of receiving elements that receive an acoustic wave that propagates from the
object, the information processing apparatus comprising:

an adaptive beamformer configured to perform adaptive beamforming of adjusting reception directionality in
accordance with the reception signal in use of the reception signal;

a delay-and-sum beamformer configured to perform delay-and-sum beamforming having preset directionality
in use of the reception signal; and

an amplitude modulator configured to use an output signal of one of the adaptive beamformer and the delay-
and-sum beamformer, in order to perform amplitude modulation on an output signal of the other one of the
beamformers.

An object information acquiring method, comprising:

a step of receiving, by a plurality of receiving elements, an acoustic wave that propagates from an object, and
converting the acoustic wave to a reception signal that is an electric signal;

an adaptive beamforming step of performing adaptive beamforming of adjusting reception directionality in ac-
cordance with the reception signal in use of the reception signal;

a delay-and-sum beamforming step of performing delay-and-sum beamforming having preset directionality in
use of the reception signal;

an amplitude modulation step of performing amplitude modulation in use of an output signal in one of the adaptive
beamforming step and the delay-and-sum beamforming step, in order to perform amplitude modulation on an
output signal of the other; and

a generation step of, on the basis the amplitude-modulated signal, generating image data on the interior of the
object.

13
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