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Description

Technical Field

[0001] The present invention relates to an ultrasonic imaging apparatus for receiving ultrasonic waves which are
reflected or generated in a subject and for imaging the received ultrasonic waves, and more particularly to a digital
ultrasonic imaging apparatus which performs delay correction, according to the ultrasonic propagation time, on signals
obtained from a plurality of receiving elements for forming a receive beam.

Background Art

[0002] Since ultrasonic waves do not cause exposure and are basically non-invasive, ultrasonic image diagnosis is
widely used. Particularly in recent years, the delay time generated for forming an ultrasonic beam can be easily controlled
at high precision because of the advancement of digitization of ultrasonic imaging apparatuses. By this, a high quality
biological tomographic image can be obtained using a compact apparatus, which is used for the diagnosis of each area.
In addition to an ultrasonic echo diagnostic apparatus which irradiates ultrasonic waves onto a subject, receives the
echo and generates an image thereof, a photoacoustic imaging apparatus which irradiates pulsed lights and receives
photoacoustic waves (ultrasonic waves) generated inside the subject, and generates an image thereof, has also been
proposed.
[0003] In conventional ultrasonic imaging apparatuses, delay time control, for forming an ultrasonic beam, is often
performed based on the assumption that an ultrasonic wave propagates through a medium of which sound velocity is
constant. On the other hand, if a material of which sound velocity is different from a biological tissue, that is a subject,
such as a stationary plate for securing an acoustic lens layer on the surface of an ultrasonic probe and the biological
tissue, exists between the biological tissue and a transducer which transmits/receives ultrasonic waves, the ultrasonic
waves are refracted at the boundary of the areas having different sound velocities. As a result, in the case of a conventional
delay time control, a focal point of an ultrasonic beam is not formed well, and image quality deteriorates. When a thick
fat layer exists on the subject surface as well, ultrasonic waves are refracted in the same manner, since the sound
velocities of the fat layer and the biological tissue under the fat layer are different, and as a result, the tissue under the
fat layer is not clearly imaged.
[0004] A quantity of delay when a layer having a different sound velocity exists between a subject and a transducer
can be analytically determined by considering a path of refraction using Snell’s Law. Some methods of correcting the
delay time using Snell’s Law have been proposed.
[0005] US Patent No. 6,607,489 (PTL 1) discloses an ultrasonic apparatus having a stationary plate for securing a
biological tissue, where delay time, due to the difference of the sound velocities between the stationary plate and a target
tissue based on an accurate calculation, is stored in the apparatus in advance for each transducer and each focal point,
and delay of the transmit/receive beam is controlled using this delay time. Calculating the delay time in real-time is also
disclosed, but a concrete numerical computing algorithm is not disclosed.
[0006] WO 01-026555 (PTL 2) discloses an ultrasonic imaging apparatus which corrects the influence on refraction
by an acoustic lens and a fat layer on the surface of a tissue, so as to suppress deterioration on the quality of an image
of the tissue area under the fat layer of the subject. Since the influence on the refraction by a fat layer, which is relatively
thick and which thickness is different depending on the target subject, the delay time in each transducer is determined
by computation using a delay time correction approximate expression based on Snell’s Law. In the method of WO
01-026555, the delay time in the next transducer is calculated using recurrence relation based on the delay time in the
adjacent transducer. Thereby the computing time is reduced.

(PTL 1) US Patent No. 6,607,489
(PTL 2) International Publication No. WO01-026555

[0007] Further prior art is disclosed in non-patent literature H.T. Feldkämper et al., 2000 IEEE Ultrasonics Sym-
posium, vol. 2, 22 October 2000, pages 1763-1766, disclosing low power delay calculation for digital beamforming
in handheld ultrasound systems, and in document US 5 724 972 A.

Summary of Invention

[0008] However in the case of US Patent No. 6,607,489, delay time must be stored for all the transducers on all the
focal points in advance. Therefore a huge memory for storing delay time values is required in order to have a high number
of focal points of dynamic focus during reception to implement high image quality. Generally the resolution improves as
a number of transducer elements increases and as a number of focal points of the dynamic receiving focus increases.
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It is also desired to capture images deep in a subject. In any case, a number of delay time values to store increases,
and the circuit scale become huge.
[0009] Furthermore if the thickness of the stationary plate that intervenes changes, new sets of delay time values are
required accordingly. US Patent No. 6,607,489 also discloses an apparatus including an computing unit which performs
accurate calculation on the ultrasonic wave propagation paths including refraction to determine delay time, and a set of
delay time values can be computed according to the thickness of the stationary plate that intervenes, but a concrete
numerical algorithm of the ultrasonic wave propagation path calculation is not disclosed. Therefore the delay time is
computed using a processor dedicated to numerical operation, such as an MPU, or a CPU of a general purpose PC, for
efficiently performing general numeric operation. However in the dynamic focus during reception, the delay time in each
transducer must be changed at high-speed according to the propagation timing of the transmit ultrasonic pulse. Hence
a huge memory for storing delay time values is required in the digital circuits, also in the case of calculating delay time
values using a general purpose PC for performing control and reading these values into digital circuits for forming
ultrasonic beams. Otherwise a means of transferring data from a PC to digital circuits at high-speed is required. In both
configurations, the circuit scale increases and the apparatus becomes expensive. The MPU dedicated to numerical
operation also causes an increase in scale and cost of the digital circuits for forming ultrasonic beams. In this way
according to US Patent No. 6,607,489, the scale of conventional digital circuits is increased, which makes the size and
cost of the apparatus, and the processing speed and limits on resolution that can be set become inferior to prior art. As
a result, the advantages of a conventional ultrasonic diagnostic apparatus, which are real-time characteristics of image
observation, and flexible diagnosis in a wide range implemented by a compact apparatus configuration, are diminished.
[0010] Advantages of the conventional art disclosed in WO 01-026555 are: an error of an approximated delay time
can be decreased even if the medium having a different sound velocity becomes thicker; and processing can be executed
at a relatively high-speed. However if the dynamic receiving focus for changing the focal point in real-time is performed
according to this method, the following problems remain. That is, the computing processing, which is sequentially per-
formed with a recurrence relation, uses a recurrence relation with respect to the position of the transducer, so the quantity
of delay must be calculated for all the transducers on each focal point. Therefore real-time processing is executed well
if the apparatus has many transducers on a small number of focal points. But in the case of performing dynamic receiving
focus, calculation using the recurrence relation must be performed for each focal point, and processing amount increases,
therefore this method is not appropriate for real-time processing. This problem becomes particularly conspicuous if many
receive focal points are set to make resolution higher.
[0011] On the other hand, in the case of receive processing of a conventional ultrasonic imaging apparatus, high-
speed image generation in real-time is implemented by parallel-processing, such as signal processing for each trans-
ducer, particularly amplifying and digitizing of received signal and delay time control, almost independently for each
channel. However in the case of processing according to WO 01-026555, the recurrence relation processing for resetting
the delay time for all the transducers must be executed every time the receive focal point changes, as mentioned above,
so this parallel processing operation cannot be used effectively. In order to execute the entire processing in which many
receive focal points are set, in real-time, a computing processing circuit to perform delay calculation separately and a
large memory capacity to store the calculation result, are required after all.
[0012] Therefore to perform dynamic receiving focus using the processing according to WO 01-026555, conventional
digital circuits must be dramatically changed, particularly the memory and computing circuits to be used must be increased
or a number of receive focal points must be decreased, so that time for resetting delay time when the focal point is
changed is decreased. As a result, it is difficult to improve resolution at reception by increasing the number of receive
focal points for receive focus.
[0013] Ultrasonic imaging apparatuses based on a photoacoustic imaging method as well have problems stemming
from the above mentioned problems. Particularly in the case of the photoacoustic imaging method for generating three-
dimensional images, the propagation time of the receive ultrasonic wave must be estimated for each depth, just like the
dynamic receiving focus of the ultrasonic pulse echo method. It is preferable that a two-dimensional array is used for
the transducer array, where many transducers are disposed, in order to improve resolution. Therefore in the case of the
ultrasonic image diagnostic apparatus based on the conventional photoacoustic imaging method, the processing amount
for reconstructing the three-dimensional image becomes enormous, and it is difficult to generate and display an image
in real-time. Processing after data is obtained is subsequently performed using a general purpose PC, so diagnosis in
real-time is difficult compared with an ultrasonic image diagnostic apparatus using the conventional ultrasonic pulse
echo method.
[0014] With the foregoing in view, it is an object of the present invention to provide an ultrasonic imaging apparatus
to perform the delay amount calculation processing at high-speed considering the propagation path of ultrasonic waves.
[0015] The present invention presents an ultrasonic imaging apparatus, a method of controlling delay in an ultra-
sonic imaging apparatus, and a delay control program according to the respective claims.
[0016] According to the present invention, propagation time values corresponding to a plurality of focal points are
calculated by recurrence relation for the depth direction of each receive channel, therefore the propagation time values
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can be calculated in parallel for a plurality of channels, and the delay time values can be calculated at high-speed.
[0017] 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 Drawings

[0018]

Fig. 1A is a diagram depicting an ultrasonic imaging apparatus according to Example 1.
Fig. 1B shows an ultrasonic beam used in the ultrasonic imaging apparatus according to Example 1.
Fig. 1C shows image data generated by the ultrasonic imaging apparatus corresponding to the ultrasonic beam
shown in Fig. 1B.
Fig. 2 is a diagram depicting a receive beam former according to Example 1.
Fig. 3 is a diagram depicting a read address calculation unit according to Example 1.
Fig. 4A is a diagram depicting a refraction correction address increment computing block according to Example 1.
Fig. 4B is a diagram depicting a pipeline configuration for refraction correction address increment computation
according to Example 1.
Fig. 5 is a diagram depicting a memory read controller according to Example 1.
Fig. 6 is a flow chart of the memory address calculation processing.
Fig. 7 is a diagram depicting ultrasonic wave propagation time.
Fig. 8A is a diagram depicting the dynamic receiving focus.
Fig. 8B is a diagram depicting the state of storing received signals in a memory.
Fig. 9A is a diagram depicting a voxel data structure for three-dimensional image reconstruction according to the
photoacoustic imaging method of Example 2.
Fig. 9B is a diagram depicting a concept for creating data in the specific voxels in the photoacoustic imaging method
of Example 2.
Fig. 9C is a diagram depicting a processing method according to Example 2.
Fig. 10A is a diagram depicting a configuration of the ultrasonic image diagnostic apparatus based on the photoa-
coustic imaging method according to Example 2.
Fig. 10B is a diagram depicting a processing of the image reconstruction in Example 2.

Description of Embodiments

[0019] The present invention is a technique which can be effectively applied to a diagnostic apparatus, which receives
ultrasonic waves reflected or generated in a subject by a plurality of receiving elements, converts the received ultrasonic
waves into received signals, and performs delay control for each receiving element according to the ultrasonic wave
propagation time to generates receive beam signals. An example of such a diagnostic apparatus is an ultrasonic echo
diagnostic apparatus, which allows ultrasonic pulses to enter a subject from transducers (ultrasonic transmitter/receiver
units), receives ultrasonic echoes reflected from an area inside the subject, and generates an image thereof. Another
example is a photoacoustic imaging apparatus which irradiates pulsed light onto a subject, receives an ultrasonic wave
generated inside by the photoacoustic effect, converts this into a received signal, and generates an image using this
received signal. In this description, apparatuses which receive ultrasonic waves coming from inside the subject and
generate images are generically called "ultrasonic imaging apparatuses".

<Ultrasonic wave propagation time calculation processing>

(Deriving approximate recurrence relation for calculating ultrasonic wave propagation time)

[0020] An example of a calculation method of approximating the propagation time considering refraction of an ultrasonic
wave according to the present invention will now be described. Fig. 7 shows a state of refraction of an ultrasonic wave
propagating from a focal point 21 to a transducer 203. When x is a position of the transducer 203, D is a thickness of a
portion of a medium 26 out of the focal length, that is a thickness of the medium 26, z is a portion of a medium 27 out
of the focal length (depth of focal point), θ is a refractive angle in the medium 26, and θ’ is a refractive angle in the
medium 27, the following relational expressions are established. If z is a negative value, the focal point 21 is in the
medium 26, and in this case, the ultrasonic wave propagation time can be calculated based on the assumption that the
sound velocity is uniform, just like the case of prior art, so the case of z, which is not a negative value, will be described.
Depending on whether z is a negative or a non-negative value, this method may be driven by switching with a conventional
art. Z is called "depth" herein below.
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[Math. 1] 

 where Vtis is a sound velocity in medium 27, Vm is a sound velocity in medium 26, and T is a propagation time for the
ultrasonic wave reflected or generated at a focal point 21 to reach a transducer 203. Eq. 1(a) expresses Snell’s Law of
refraction, Eq. 1(b) expresses a geometric relationship of the focal point 21 and the transducer 203, and Eq. 1(c) expresses
the relationship of the length of the ultrasonic wave propagation path and the sound velocity.
[0021] A focal point 211, which is in a deeper position than the focal point 21 is considered. If the thickness of the
medium 26 does not change, the change of the focal point is only dz, which is a change component of z. Therefore the
following approximate recurrence relation is established with respect to the ultrasonic wave propagation time Ti by
considering an increment of dz when the depth of focal point sequentially changes for each dz.
[Math. 2] 

The change of the ultrasonic wave propagation time dTi when the depth of focal point changes dz, where ξi and ηi are
cosθ’ and cosθ (ξi = cosθ’, ηi = cosθ) in Eq. 1 corresponding to the respective zi, is expressed as follows.
[Math. 3] 
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Here, dξi and dηi are expressed as following using ri.
[Math. 4] 

[0022] γ is a quantity shown below, and is a constant in the recurrence relation calculation if the medium 26 and the
medium 27 are determined. In this way, the increment dTi of the ultrasonic wave propagation time is determined by
parameters ξi and ηi, which are determined by a recurrence relation. A parameter which is for determining dTi, and which
is determined by a recurrence relation, is referred to as a "recurrence parameter" in this description.
[Math. 5] 

[0023] By using the above mentioned relational expression (approximate recurrence relation), ξi+1 and ηi+1 can be
computed at a focal point of which depth is changed by dz can be computed if ξi, ηi and dTi at a depth zi are known.
Using this, the increment dTi of the ultrasonic wave propagation time can be computed, and the ultrasonic wave prop-
agation time Ti+1 can be approximately computed by adding this increment dTi to the calculated ultrasonic wave prop-
agation time Ti.
[0024] By sequentially progressing the calculation in a direction of deeper depth of focal point (dz > 0), or in a direction
of shallower depth of focal point (dz < 0) using this recurrence relation, a string of ultrasonic wave propagation time
values Ti+1 with respect to a plurality of focal points having different depths can be approximately calculated sequentially.
It does not matter which calculation direction is used, but the direction in which depth of focal point sequentially increases
according to the propagation of the transmitted pulse is preferable if this method is applied to the dynamic receiving
focus, for example.
[0025] The accuracy of approximation increases as the absolute value of the interval dz of focal points is smaller. In
particular, the cycle of the clock frequency for sampling the received signals (signal generated (converted) by the receiving
element receiving the ultrasonic wave) to generate digital signals is the limit of the time resolution of the digital received
signals, so it is preferable to select dz corresponding to this cycle. In this case, the smallest interval of the focal points
is a distance for the transmitted ultrasonic pulse to propagate the medium 26 during a cycle of the clock frequency, and
is |dz| = Vtis3Tclk, where Tclk is a cycle of the clock frequency.

(Initial values)

[0026] The parameter γ and the interval dz of the focal points are the same for all the transducers, and if a position x
of each transducer and initial values ξ0, η0, T0 and z0 are given, the ultrasonic propagation time Ti+1 at each interval dz
of the focal points is sequentially computed by the above recurrence relation.
[0027] For the initial values ξ0, η0 and To values which are calculated in advance for each transducer can be used.
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Particularly in the case of sequentially calculating in a direction of deeper depth of focal point, the initial depth z0 can be
set to zero, that is, the initial focal point can be set on the boundary of the medium 26 and medium 27. At this time, the
ultrasonic wave propagates from the focal point to each transducer only in the medium 26, so the initial values To, ξ0
and η0 can be calculated in the same manner as the conventional ultrasonic propagation time based on a same sound
velocity for each transducer, as shown below.
[Math. 6] 

[0028] If the thickness D of the medium 26 does not change, the separately calculated values may be fixed, and if D
changes, the calculated values can be provided as a table. This processing may be included in the calculation at
initialization.

(Error correction)

[0029] Generally, if calculation is recurrently performed using the approximate recurrence relations, errors due to
approximation accumulate, and errors increase as the depth increases. In order to avoid this, the accumulation of errors
may be corrected using reference recurrence parameters ξm and ηm and reference propagation time Tm, which are
highly accurately calculated in advance at a predetermined reference depth zm. By setting a plurality of reference depth
values with an appropriate interval, errors are corrected periodically.
[0030] In order to determine ξm, ηm and Tm at reference depth zm, the following quaternary equation is solved to obtain
h first.
[Math. 7] 

[0031] Using the smallest real-number root satisfying 0 < h < D, out of the roots obtained here, the reference values
ξm, ηm and Tm can be expressed as follows.
[Math. 8] 
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[0032] In this way, high precision values at the reference depth zm are determined in advance by numerical calculation,
and once the depth of focal point reaches the reference depth zm, the recurrence relation calculation is continued
thereafter, using ξm, ηm and Tm as the new initial values. The above mentioned calculations of the reference values,
particularly the calculation of the quaternary equation, are complicated, but do not take much time since calculations
are performed only for a relatively small number of reference depth values.
[0033] The reference propagation time may be determined by actual measurement. In concrete terms, ultrasonic
pulses from a point sound source, such as a hydrophone, which is actually set at reference depth zm, are received by
each transducer using an ultrasonic apparatus. Then the reference propagation time Tm may actually be measured
based on the arrival time of the received pulses, so that the actually measured reference propagation time Tm is used
for correcting approximation errors. In this case, the reference recurrence parameters ξm and ηm are determined by
solving Eq. 8(c) in reverse to determined h, and this h is substituted in Eq. 8(a) and Eq. 8(b).
[0034] The reference propagation time Tm is a quantity used for correction, so the number of the reference propagation
time values Tm can be much smaller than the number of ultrasonic wave propagation time values Ti at each interval dz
of focal points, which are determined by the above mentioned approximate recurrence relations. Particularly when the
value of the ultrasonic wave propagation time Ti at each receive focal point is sequentially determined in the dynamic
focus at reception, a smaller capacity is required for storing the reference propagation time Tm and reference recurrence
parameter values ξm and ηm, compared with storing the ultrasonic wave propagation time values for all the receive focal
points.

(Variations)

[0035] In the case of setting the initial depth z0 to a value that is not zero, the initial values can be determined by the
same method as determining the reference values. In other words, the root is determined for h in Eq. 7 regarding zm as
z0, and this h is used for calculating Eq. 8 or an actual measurement is used instead.
[0036] If the initial depth z0 is set to a value that is not zero, the calculation can be progressed using the recurrence
relation in a direction of the deeper depth of focal point, or in a direction of the shallower depth of focal point. If the
calculation is progressed using the recurrence relation in a direction of the shallower depth of focal point, the calculation
using the recurrence relation is stopped when the depth zi becomes a negative value. If the depth zi becomes a negative
value, this means that the focal point 21 is in the medium 26, and in this case, calculation should be switched to the
calculation of the propagation time used when the sound velocity is uniform, that is the same as conventional art.
[0037] In the above description, the interval dz of the focal points is fixed in each step of the recurrence relation, but
may be changed in each step of the recurrence relation if the interval of the focal points is common for all the transducers.
Particularly as the depth becomes deeper, the change amount dTi of the ultrasonic wave propagation time decreases
and approximation accuracy increases, so more calculation processing can be omitted by increasing the absolute value
of dz as the depth becomes deeper.
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(Advantage of this calculation)

[0038] The above mentioned recurrence relation is described as a rational polynomial of recurrence parameters, and
the calculation thereof includes only four arithmetic operations, and does not include such operations as a transcendental
function and square root extraction, therefore the computing processing can be easily installed as a digital circuit.
Particularly this digital circuit can be easily packaged without installing a general purpose CPU or without using a general
purpose PC. This digital circuit may be packaged using an MPU or GPU.
[0039] The above mentioned recurrence relation can be sequentially calculated using only parameter x and the initial
values ξ0, η0 and To which depend on each transducer, and a parameter γ and interval dz focal points, which are common
for all transducers. In other words, it is not necessary to use the computing results of the other transducers during
recurrence calculation, thus each transducer can execute this calculation in parallel. Therefore image generation exe-
cution processing can be executed at high-speed by applying this calculation to parallel beam forming processing for
each channel, which is performed by a conventional ultrasonic image diagnostic apparatus.
[0040] In the case of determining the ultrasonic propagation time in sequence in the direction of the deeper depth of
focal point, in particular, this configuration are suitable when the focal points of a receive beam is adjusted while se-
quentially moving the receive focal point to the deeper direction corresponding to the propagation timing of the transmitted
ultrasonic pulse.

<Dynamic receiving focus>

[0041] Now a case of performing the dynamic receiving focus using the ultrasonic pulse echo method will be described.
In the ultrasonic pulse echo method, an ultrasonic pulse is transmitted first. The transmitted ultrasonic pulse travels
through the medium. At the same time, an ultrasonic echo, which is reflected at each location as the ultrasonic pulse
travels, propagates through the medium and reaches each transducer as mentioned above. The ultrasonic echo is
received by each transducer appears after elapse of the traveling time of the transmitted ultrasonic pulse from the
transmission of this ultrasonic pulse to each reflection point, and the ultrasonic wave propagation time for the reflected
ultrasonic echo to propagate from each reflection point to each transducer. Therefore each reflection point provides this
delay time, that is a total of the traveling time of the transmitted ultrasonic pulse and the ultrasonic wave propagation
time of the ultrasonic echo, for each received signal of each transducer, and a delay-and-sum signal focused on each
point is obtained by adding these received signal values. A one-dimensional medium reflection intensity distribution in
the depth direction is obtained by arraying the delay-and-sum signal at each point along the traveling direction of the
transmit pulse. Then a two-dimensional reflection intensity image on the reflection intensity of the medium is obtained
by changing (scanning) the transmission position of the transmit pulse and the position of the receive transducer. In this
way, when the dynamic receiving focus is performed, each signal value is delayed according to the ultrasonic wave
propagation time of each transducer, which is determined as above while changing the depth of the receive focal point
21 according to the traveling of the ultrasonic pulse, and the signal values are added. It is preferable that the added
signal value becomes a time series addition signal by being arrayed in a time series according to the position of the
transmitted ultrasonic pulse. This processing will be described next.
[0042] An outline of the dynamic receiving focus will be described first with reference to Fig. 8. Fig. 8A shows a diagram
depicting an outline of the receive focus, and Fig. 8B shows the state of storing received signals in a memory which
stores a received signal of each transducer. To simplify explanation, only three transducers 200, 201 and 202, and two
receive focal points 212 and 213, are considered. A layer having a different sound velocity is omitted here. It is assumed
that the transducers 201 and 202 are located symmetrically with respect to the transducer 200. The received signals
obtained (output) from the transducers 200, 201 and 202 are denoted with 400, 401 and 402 respectively.
[0043] The received signals 400, 401 and 402 obtained from each transducer 200, 201 and 202 are processed as
corresponding receive channels. Hereafter processing on each transducer is also referred to as "processing on each
receive channel".
[0044] The received signals 400, 401 and 402, which were sequentially converted from the ultrasonic waves received
by each transducer, are stored in a memory in time series, at addresses according to the time the ultrasonic wave was
received. The ultrasonic echo depth increases in the sequence of the addresses. The ultrasonic echo signals from the
receive focal point 212 are stored in the address position 40 in the case of the received signal 400, and in the address
position 41 in the case of the received signals 401 and 402. In the same manner, the ultrasonic echo signals from the
receive focal point 213 are stored, in the address position 42 in the case of the received signal 400, and in the address
position 43 in the case of the received signals 401 and 402.
[0045] The address position 40 corresponds to the total of the time when the transmitted ultrasonic pulse propagates
to the focal point 212 along the central axis 20, and the time when the reflected ultrasonic wave propagates from the
focal point 212 to the transducer 200. The address position 41 corresponds to the total of the transmitted ultrasonic
pulse propagates to the focal point 212 along the central axis 20, and the time when the reflected ultrasonic wave
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propagates from the focal point 212 to the transducers 201 and 202. These address positions are determined by adding
the propagation time of the received ultrasonic wave, obtained by computing the above mentioned recurrence relation,
to the propagation time of the transmitted ultrasonic pulse. For the transducers in symmetrical positions, such as the
transducers 201 and 202, an address position can be calculated only for one of these transducers, since the propagation
time of the received ultrasonic wave is the same.
[0046] In concrete terms, the address position Paddr of each receive channel can be expressed as follows.
[Math. 9] 

[0047] Here i is an index to indicate the focal point of the dynamic receiving focus. Ti is a value determined by the
above mentioned approximate recurrence relation. Paddr corresponds to an increment of the address position of the
received signal stored in the memory immediately after transmission. The first term and second term in Eq. 9 correspond
to the propagation time until the transmitted ultrasonic pulse reaches the focal point, and the third term corresponds to
the propagation time when the receive ultrasonic wave reaches from the focal point to the transducer. The total of the
signal values of the address positions for each receive channel concerning a specific i corresponds to a focal point of
the corresponding dynamic receiving focus, that is, the reflection intensity at the transmitted ultrasonic pulse position at
this point. By sequentially increasing the depth of the position of the receive focal point i according to the traveling of
the transmitted ultrasonic pulse, the time series signals corresponding to the reflection intensity can be obtained according
to the traveling of the transmitted ultrasonic pulse along the index i. Particularly in the present invention, Ti is determined
recurrently according to the depth, therefore calculation can be performed sequentially along the index i.
[0048] If the interval dz of focal points is set to a small value (dz = Vtis·Tclk) to match the cycle of the clock frequency,
and the initial value of the depth is set to a boundary of the medium 26 and the medium 27, Paddr becomes as follows.
[Math. 10] 

[0049] By reading the received signal values stored in the memory sequentially according to i for each receive channel
using i as a read number, and adding the received signal values for all the receive channels, a delay-and-sum signal in
the medium 27 at the boundary is obtained. In more concrete terms, the ultrasonic wave propagation time Ti from a focal
point zi is determined for each transducer corresponding to the timing for the transmitted ultrasonic pulse propagates to
the focal point zi, and the address Paddr is calculated. By reading and adding the values of the received signal from the
calculated address positions for the received signals of each transducer, the delay-and-sum signal corresponding to the
focal point zi is obtained. Since the interval dz of focal points matches the clock frequency, time series signals having
high resolution in the depth direction according to the traveling of the transmitted ultrasonic pulse can be obtained with
an interval roughly matching the clock frequency.
[0050] The address position Paddr may be determined by the following recurrence relation, instead of Eq. 10.
[Math. 11] 

[0051] Since the delay-and-sum signal in the medium 26 is obtained by a conventional delay control method, processing
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can be switched at the boundary of the medium 26 and the medium 27. In this case, i can be used as a read number in
an area lower than the boundary.
[0052] It is preferable that the delay-and-sum time series signals of the dynamic receiving focus are arrayed in a time
series according to the propagation timing of the transmission pulse. In order to decrease the time of beam forming
processing, it is preferable to calculate address positions in the sequence of deeper receive focus.
[0053] Particularly the delay-and-sum processing is executed according to the propagation timing of the transmitted
ultrasonic pulse, so the read operation for the delay-and-sum processing can be started after securing a predetermined
time lag according to the processing, while storing the time series received signals in memory. Thereby partial parallel
processing becomes possible, and processing time of the beam forming in general can be decreased.
[0054] If the calculation of address position has been completed by a timing of receiving the ultrasonic signal from a
target focal point, the delay-and-sum processing is executed simultaneously with reading the memory, which further
increases speed. A possible method to implement this is calculating address positions in advance, but a memory to
store the address positions is required. In particular, if a short interval of receive focal points is set in order to obtain high
image resolution, a memory capacity to store many memory addresses is required. Whereas in the case of the present
invention, the propagation time of the received ultrasonic wave is calculated recurrently by computing processing ac-
cording to the depth of the receive focal point, so an address position can be calculated in parallel, synchronizing with
the progress of the delay-and-sum processing. Therefore high-speed beam forming can be implemented without providing
a memory for storing many memory-address values, except that a relatively small number of reference addresses for
error correction are stored. Furthermore, major restrictions on the number of receive focal points due to the memory
capacity to store the memory-address values is eliminated, so the dynamic receiving focus for higher density of receive
focal points can be performed, and this advantage coupled with refraction correction implements high resolution.
[0055] Thus according to the present invention, addresses are sequentially calculated while increasing the depth of
the receive focal point using a series of recurrence operations, whereby good quality images can be generated with a
digital circuit configuration, which has no major additions to a conventional configuration, at high-speed, and with per-
forming refraction correction, just like the prior art.

(Error correction)

[0056] In order to prevent the accumulation of errors in the approximate recurrence relation calculation as mentioned
above, it is also preferable to include correction processing by reference propagation time at the reference focal point
(reference depth). Fig. 6 shows an example of the memory address calculation processing which includes error correction
in the dynamic receiving focus.
[0057] First in step S1, the initial values ξ0, η0 and To of the recurrence relation are computed using Eq. 6, for example,
and set. At the same time, a table comprised of the reference depth zm, reference propagation time Tm, and reference
recurrence parameters ξm and ηm for approximate error correction is read and set. Here the reference propagation time
Tm is written as an address value. The read counter corresponding to the depth is initialized.
[0058] Then it is determined whether the depth is a reference depth (step S2). If not the reference depth (S2: NO), ξi,
ηi and ultrasonic wave propagation time Ti at this depth are computed by calculating the above mentioned recurrence
relation, and the read address value is determined based on the ultrasonic wave propagation time Ti (step S3). If it is
the reference depth (S2: YES), the reference address value is determined based on the corresponding reference prop-
agation time, and this value is set as the address value (step S4). At the same time, parameters of the recurrence relation
are updated to the correction reference values ξm and ηm.
[0059] An address of the actual memory is determined from the address value determined like this, and is used for
the delay-and-sum processing of the receive beam forming (step S5). Then the read counter is incremented, and the
depth is increased for the amount of the interval dz of the focal points (step S6). The address calculation processing is
repeated until reaching the depth at which the read counter ends. Processing ends when the depth at which the read
counter ends is reached.
[0060] In this way, an address position of the memory storing the received signal is determined in each receive channel
each time the read counter increments. The received signal value at the address position determined like this is read,
and these received signal values are added for all the receive channels, whereby the delay-and-sum processing of the
dynamic receiving focus is performed.

<Other calculation scheme>

[0061] In the above description, the recurrence relation is calculated using Eq. 2, Eq. 3, Eq. 4 and Eq. 5. However a
characteristic of the present invention is that the recurrence relation is calculated independently for each receive channel,
which is not necessarily limited to the above mentioned equations. The effect of the above invention can be implemented
if the address can be sequentially calculated by a series of recurrence operations for each receive channel as the receive
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focal point changes.
[0062] In other words, if the increment dTi of the ultrasonic wave propagation time Ti with respect to the depth interval
dz is determined without using the computing result of the other receive channels, like Eq. 3 to Eq. 5, and the result is
recurrently added using Eq. 2, other expressions may be used. Therefore an equation other than Eq. 3, Eq. 4 and Eq.
5 may be used if it is an approximate expression with which each receive channel can independently calculate the
increment dTi of the ultrasonic wave propagation time.

(Variation 1) Fixed increment dTi

[0063] In the case of performing the above mentioned approximate correction, a predetermined increment, between
the reference depth values, can be used for each receive channel. In other words, if the depth zi satisfies zm ≤ zi < zm+1,
dTi may be dTi = Δm. This processing will be described with reference to Fig. 6 again.
[0064] First at initialization (step S1), the initial values ξ0, η0 and T0 are read, and a table comprised of the reference
depth zm, reference propagation time Tm, and reference propagation time increment Δm is read. This reference data is
set for each receive channel.
[0065] To calculate an address value at a location other than the reference depth (step S3), the propagation time Ti
is computed according to Eq. 2 (Ti+1 = Ti + dTi), and the address value is determined from this value. In this case, the
reference propagation time increment Δm at this time is used for the increment dTi. To calculate an address value at
the reference depth (step S4), on the other hand, the address value is determined from the reference propagation time
Tm at the reference depth.
[0066] Processing after this is the same as the above. In other words, the actual read address is calculated from the
address value (step S5), the read counter value is incremented (step S6), and the processing is repeated until reading
ends.
[0067] The reference propagation time increment Δm can be any value which is set for each interval of each reference
depth zm, and for example, an inclination which fits a curve of the highly accurate ultrasonic propagation time calculated
using Eq. 7 and Eq. 8 for each interval between each reference depth zm. The change of the reference propagation time
values Tm and Tm+1 between two adjacent reference depths zm and zm+1 may be utilized. In this case, the reference
propagation time increment Δm can be simply calculated from the adjacent reference propagation time value Tm (Δm =
dz·(Tm+1-Tm)/(zm+1-zm)), so the reference propagation time increment Δm need not be stored in the table.
[0068] In this example, the computing processing to determine the increment dTi can be omitted or simplified, so the
computing processing size is small, and the digital circuits to be implemented can be dramatically omitted. On the other
hand, the approximation accuracy drops compared with the case of using Eq. 3, Eq. 4 and Eq. 5, so the reference
propagation time values Tm at more reference depths zm are required, which increases the memory capacity to store data.
[0069] In the above example, the reference propagation time increment Δm is used since the depth interval dz is
constant, but the increase rate of the propagation time between reference depths should be used if the depth interval
dz changes. In other words, the propagation time is determined by dTi = dzi·(Tm+1-Tm)/(zm+1-zm). In both cases, the
ultrasonic wave propagation time increment between the reference depths is determined based on the change amount
from the reference propagation time value in the adjacent reference depth.

(Variation 2) Approximation of increment dTi based on polynomial of depth

[0070] As a method between calculation using the approximate recurrence relation of Eq. 3 to Eq. 5 and calculation
using linear interpolation, the propagation time increment dTi may be approximated using a polynomial of depth for each
reference depth zm.
[Math. 12] 

[0071] Here dTi
(m) is an ultrasonic wave propagation time increment, which is used between the reference depth zm

and the reference depth zm+1. F(x)(zi-zm) is a polynomial of the difference (zi-zm) between the depth zi and the reference
depth zm, and the coefficients thereof are determined for each receive channel and reference depth. The coefficients
are calculated, for example, by fitting to the values determined using Eq. 7 and Eq. 8. Fitting may be performed based
on the actually measured values of signals when an ultrasonic pulse is received from such a point sound source as a
hydrophone.
[0072] In the processing flow shown in Fig. 6, each coefficient of the polynomial F(x)(zi-zm), in addition to the reference
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depth zm and the reference propagation time Tm must be initialized or updated during initialization (S1) and during an
update at the reference depth (S4). In this method, the coefficients of the polynomial must be stored for each reference
depth, but compared with the case of setting the ultrasonic wave propagation time increment to be constant, approximation
accuracy increases, so an advantage is that a number of reference depths can be low. Even though the approximation
accuracy drops compared with the case of using Eq. 3, Eq. 4 and Eq. 5, an advantage here is that the calculation of the
ultrasonic wave propagation time increment dTi can be simplified.

(Other variations)

[0073] The method for approximating the ultrasonic wave propagation time increment dTi can be any method if the
ultrasonic wave propagation time increment can be expressed with a small number of parameters, and can be simply
represented by numerical values, and if a spline function, wavelet function, various orthogonal function expansions or
the like can be used instead of a polynomial. In any case, parameter fitting is performed for the calculated values using
Eq. 7 and Eq. 8 or actually measured values between adjacent reference depths, and the parameters are updated during
update at a reference depth, in the same manner as mentioned above, and approximate functions specified by parameters
can be used for the recurrence relation expression 2 between the reference depths.
[0074] In the above description, an example of applying the present invention to the memory address calculation for
beam forming during reception was mainly shown, but the present invention may be applied to beam forming during
transmission to control delay.
[0075] The above description, an example of the ultrasonic echo diagnostic apparatus which generates an image by
irradiating an ultrasonic wave onto a subject and receiving a reflected ultrasonic wave (echo) thereof, was mainly shown.
However the present invention can also be applied to a photoacoustic imaging apparatus which generates an image by
irradiating a pulsed light onto a subject and receiving a photoacoustic wave (ultrasonic wave) generated by the photoa-
coustic effect, since similar receive beam forming is required.
[0076] Also in the above description, a case when there is one intervening plate or one layer of which sound velocity
is different was shown, but a number of such layers may be two or more. The present invention can also be applied to
the case when such a layer of which sound velocity is different does not exist.

[Example 1]

[0077] A case of applying the present invention to an ultrasonic image diagnostic apparatus will now be described in
detail using an example.

<General configuration>

[0078] An ultrasonic image diagnostic apparatus (ultrasonic echo diagnostic apparatus) according to this example will
now be described with reference to Fig. 1.
[0079] Fig. 1A shows a configuration of an ultrasonic imaging apparatus according to this example. Fig. 1B shows an
ultrasonic beam used in the ultrasonic imaging apparatus according to this example. Fig. 1C shows an image or image
data generated by the ultrasonic imaging apparatus corresponding to the ultrasonic beam shown in Fig. 1B.
[0080] In Fig. 1A, reference numeral 301 indicates an input unit, 302 indicates a controller, 303 indicates a transmitter,
304 indicates an aperture selection switch, 305 indicates a transducer array, 306 indicates an intervening plate, 307
indicates a subject, and 308 indicates a receive beam former. 309 indicates a signal processor, 310 indicates an image
processor and 311 indicates a display.
[0081] The input unit 301 is for inputting various parameters, based on the conditions to capture an image of the
subject, into the controller 302, and is constituted by standard switches and volumes, or keyboard or the like. The
parameters to be input are the same as a standard ultrasonic image diagnostic apparatus, but the characteristic param-
eters of this example to be input are a thickness and sound velocity of the intervening plate 306, and the sound velocity
of the subject 307. In the case of constructing this ultrasonic imaging apparatus as an ultrasonic mammography, where
a compression plate for securing a breast, which is the subject 307, is used as the intervening plate 306, the thickness
and sound velocity of the intervening plate 306 are already known and fixed in the apparatus. In this case, these
parameters may be stored in advance in a non-volatile memory in the controller 302, for example. For the sound velocity
of the subject 307, a value may be selected out of several types of values stored in advance, or a representative value
stored in advance may be used, depending on the area of the subject 307 to be imaged.
[0082] The controller 302 initializes the ultrasonic imaging apparatus and performs various settings based on the
parameters being input, and then controls each of the other units. The controller 302 first sends a transmission control
signal to the transmitter 303, generates a transmitted ultrasonic drive pulse in which a transmission delay is added, and
uses the aperture selection switch 304 at the same time to select a transmit/receive aperture and to switch it to the
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transmission side. Then immediately after the transmission of the ultrasonic pulse from the transducer array 305 ends,
the controller 302 switches the aperture selection switch 304 to the reception side. Then the controller 302 controls
processing of the receive beam former 308 and signal processor 309, newly selects a transmit/receive aperture using
the aperture selection switch 304, and scans the ultrasonic transmit/receive beam by repeating the above control oper-
ation. When one frame of scanning ends, the controller 302 controls the image processor to create a frame image.
[0083] The transmitter 303 generates a transmission drive pulse for driving each transducer on the transducer array
305 and generating ultrasonic waves, based on the transmission control signal from the controller 302. At the same
time, the transmitter 303 adds delay corresponding to a transmission focal point and a position of each transducer on
the transducer array 305 to the transmission drive pulse of each transducer in order to generate a transmission converged
beam. Also as mentioned later, the transmitter 303 generates a transmission drive pulse and delays this pulse only for
the transducers selected by the aperture selection switch 304, in order to create an aperture for transmission.
[0084] The delay added here is for convergence of the transmission beam. In transmission, a pulsed ultrasonic wave
is instantaneously transmitted, so normally only one focal point can be set. Therefore a number of groups of delay time
values to be set is kept low, and the memory volume does not increase much even if each delay time value is stored in
the controller 302. Hence a pre-calculated refraction correction delay amount can be stored in the controller 302, and
be used for a focal point.
[0085] Convergence of the transmission beam does not influence the image quality compared to convergence of the
receive beam, so conventional delay control processing, which does not correct refraction, may be performed. In this
case, delay can be controlled by simple computing processing, so apparatus configuration is simplified, but the delay
amount calculation using the following average sound velocity approximation is particularly effective.
[Math. 13] 

[0086] Here Vtis is a sound velocity in the subject 307, Vm is a sound velocity in the intervening plate 306, D is a
thickness of the intervening plate 306, and f is a transmission focal distance which is a depth from the transducer array
305 to the transmission focal point. These are either input from the input unit 301 as input parameters, or partially stored
in the controller 302 as predetermined values if these values are unique to the device, such as the case of using the
stationary plate as the intervening plate 306, which is a fixed plate. Symbol x is a position of a transducer on the transducer
array 305 measured from the center of the transmission beam, and is determined by the interval of transducer elements
on the transducer array 305 and the position of the element with respect to the center of the transmission beam. Using
this expression, the delay amount in a desired transmission focal point position can be computed for each transmission
channel corresponding to each transducer forming the aperture.
[0087] The above expression is for determining the delay time considering the difference of sound velocity values
assuming that the ultrasonic waves propagate on the line connecting the transducer and the focal point. The influence
of refraction is not considered, but the respective propagation time value in each medium having a different sound
velocity has been approximately corrected. In particular, this expression, which is similar to the conventional way of
determining delay time under uniform sound velocity conditions and does not generate much of an increase in computing
amount, can be implemented by adding minor changes to a conventional delay calculation digital signal processing
circuit. Performing this computing processing makes it unnecessary to store each delay time amount in advance.
[0088] The transmission drive pulse generated and delayed by the transmitter 303 is input to each transducer forming
the transmission aperture on the transducer array 305 via the aperture selection switch 304, and the ultrasonic pulse is
transmitted from each transducer.
[0089] The transducer array 305 has a plurality of transducers (transmitting/receiving elements). The transducers are
one-dimensionally arrayed and can switch the focal point position of the transmit/receive beam by beam forming process-
ing based on the delay control of the transmit/receive ultrasonic waves. The transducer array is for transmitting and
receiving ultrasonic waves, and serves as both an ultrasonic wave transmitter and ultrasonic wave receiver. The aperture
selection switch 304 switches and connects each transducer on the transducer array 305, each transmit channel of the
transmitter 303, and each receive channel of the receive beam former 308. Simultaneously with switching the transmis-
sion/reception of each transducer, the aperture portion is selected on the transducer array 305, and the aperture is
shifted by switching the transducers to be selected, whereby the ultrasonic transmit/receive beam is scanned. A number
of transducers forming the transmitting/receiving aperture is several tens of units, for example.
[0090] The scanning of the ultrasonic transmit/receive beam will be described with reference to Fig. 1B. To simplify
explanation, the intervening plate 306 is not illustrated. An aperture 312 is formed using a part of the transducers (only
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three transducers are shown in Fig. 1B) on the transducer array 305. Ultrasonic waves transmitted from each transducer
of the aperture 312 are combined, and the ultrasonic transmit beam 313 is formed. For reception, received signals
obtained from each transducer of the aperture 312 are processed, whereby the ultrasonic receive beam 313 is formed
in the same manner. The center of the ultrasonic beam 313 becomes an ultrasonic beam scanning line 314. By this
ultrasonic transmit/receive beam 313, ultrasonic echo signals of the subject tissue 315 in an area along the ultrasonic
beam scanning line 314 are obtained. The ultrasonic echo signal reflects an acoustic structure of the subject in an area
along the ultrasonic beam scanning line 314, and a reflection signal appears in a time/position according to the depth
as the ultrasonic pulse propagates.
[0091] By switching the aperture selection switch 304 and sequentially selecting transducers to constitute the aperture
312, the aperture 312 is shifted in the array direction of the transducer array. Thereby each ultrasonic beam scanning
line 314 is moved in parallel, and cross-sectional data of the reflection signals of the ultrasonic waves, which reflects
the acoustic structure of the subject, can be obtained.
[0092] In this example, the aperture 312 is shifted by switching the aperture selection switch 304 so as to perform
ultrasonic beam scanning. A number of transmit channels which apply the drive pluses in the transmitter 303 and a
number of receive channels which process received signals in the receive beam former 308 can be the same as the
number of transducers constituting the aperture 312. In this way, this example has an advantage that a number of
transmit channels and receive channels can be smaller than the total number of transducers of the transducer array
305, and the circuit configuration can be simplified. However a number of transmit channels of the transmitter 303 and
a number of receive channels of the receive beam former 308 may be higher than the number of transducers of the
aperture 312, or may be the same as the total number of transducers of the transducer array 305.
[0093] In the above description, the number of transducers of the aperture 312 is the same for transmission and
reception, but the size of the aperture 312 may be changed between transmission and reception. In Fig. 1B, the ultrasonic
beams for transmission and reception are commonly shown as the ultrasonic beam 313, but the form of the beam may
be different between transmission and reception.
[0094] The ultrasonic pulses transmitted from the transducer array 305 are transmitted to the subject 307 via the
intervening plate 306. The intervening plate 306 is approximately a plane parallel plate, and any medium can be used
if the thickness and sound velocity thereof are known, and correction is required in delay control upon beam forming
since the sound velocity is different from the subject 307. For example, the intervening plate may be an acoustic lens
which converges ultrasonic waves in the array direction of the transducer array 305 and a direction perpendicular to the
ultrasonic wave transmitting direction, or a matching layer for suppressing reflection of ultrasonic waves due to the
difference of acoustic impedance between the transducer and subject 307. In this way, the intervening plate 306 may
be a thin layer of which sound velocity is different from the subject 307. Alternatively, the intervening plate 306 may be
a thick layer of which sound velocity is different from the subject 307, such as a stationary plate for securing the subject
307 or a standoff which is used when the subject 307 cannot directly contact the transducer array 305 because of the
shape of the subject 307. The intervening plate 306 may also be a fat layer in the subject. In the case of a fat layer, the
thickness of the fat layer is measured first by an image obtained by transmitting/receiving ultrasonic waves using a
normal delay control without refraction correction, or using an average sound velocity of a normal fat layer. By inputting
this data via the input unit 301 as the thickness of the intervening plate 306, a clear image with refraction correction can
be obtained.
[0095] The ultrasonic pulses transmitted to the subject 307 after passing through the intervening plate 306 are reflected
in each area in the subject 307, and the reflected ultrasonic wave is received by the aperture of the transducer array
305 again via the intervening plate 306. Each transducer on the aperture converts the received ultrasonic wave into
electrical received signals, and each received signal is input to the receive beam former 308 by the aperture selection
switch 304 which is switched for reception. The receive beam former 308 generates a delay-and-sum signal corresponding
to the receive beam scanning line by addition, so as to form a receive beam from each received signal which is input,
and outputs it to the signal processor 309. The signal processor 309 performs band filtering processing, phase detection
processing, dynamic range conversion processing or the like, on a delay-and-sum signal, to generate a signal having
brightness (intensity) corresponding to the reflection intensity of the ultrasonic wave, and inputs the signal to the image
processor 310.
[0096] The above mentioned correspondence relationship will be described with reference to Fig. 1B and Fig. 1C. The
reference numeral 317 in Fig. 1C designates a brightness signal sequence obtained from one receive channel. The
brightness signal sequence 317 is generated by the ultrasonic receive beam 313 on the ultrasonic beam scanning line
314 in Fig. 1B via the receive beam former 308 and signal processor 309. The value of the brightness (intensity) on the
brightness signal string corresponds to the reflection intensity of the ultrasonic receive beam 313, and a position on the
brightness signal string corresponds to the depth of the reflected portion of the ultrasonic receive beam 313. One frame
of the image data 316, which is a two-dimensional distribution of the ultrasonic wave reflection intensity on the cross-
section of the subject 307, is constituted by a set of a plurality of brightness signal strings created by scanning of the
transmit/receive beam. Particularly an image distribution 318 corresponding to the ultrasonic wave reflectance of each
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portion of the subject tissue 315 is generated.
[0097] To perform the above operation, the image processor 310 temporarily stores the brightness signal string, which
is arrayed in a time series in a sequence according to the depth values which are input from the signal processor 309.
The signal processor 310 stores a plurality of brightness signal strings according to the ultrasonic beam scanning, and
performs scan conversion processing when one frame of scanning ends. The display 311 displays the image by raster
scan, where the direction of the display scanning line is set in a lateral direction of the image, but the brightness signal
string in a time series arrays in the depth direction, that is, longitudinal direction of the subject 207. Hence the image
processor 310 performs the scan conversion processing so as to match the data array with the display scanning of the
display 311. At the same time, the image processor 310 also performs various interpolation processing, coordinate
transformation processing, and image filtering processing, among other processings, to match the data of the brightness
signal string with pixels of the display unit. Here only the basic operation of the image processor 310 was shown to
simplify description, but various operations for improving image quality may be added, and differences in detail of the
operations should not interfere in applying the present invention.
[0098] In addition to the image display data generated by transmitting/receiving ultrasonic waves, as mentioned above,
the image processor 310 may combine various data and output it to the display 311 as image display data. Examples
of such data are: each parameter stored in the controller 302; various information effective for observing an image of a
subject 307, such as a scale; and display data to assist input.
[0099] The display 311 may be a CRT, a liquid crystal display or the like, which displays images which are output from
the image processor 310.
[0100] By repeating the above operation, a tomographic image of the subject 307 is displayed on the display 311 in
near real-time.

<Receive beam former>

[0101] Now the receive beam former 308, which performs dynamic receiving focus, will be described with reference
to Fig. 2.
[0102] An A/D convertor with amplifier 11 amplifies the received signal output from the aperture selection switch 304,
and digitizes the signals using the clock frequency. A memory 12 stores the output digital signal from the A/D convertor
with amplifier 11. The received signals which were sequentially digitized according to the clock frequency are stored in
the memory 12 as discrete time series signals corresponding to the receive time. A read address calculation unit 13
calculates a read address corresponding to the propagation time at each receive focal point of each received signal to
perform the dynamic receiving focus. A memory read controller 14 reads a digital signal value in the memory 12 using
a read address value from the read address calculation unit 13. This read operation is executed corresponding to the
transmit pulse propagation timing, and received signal amplitude values, focused for each receive depth are output to
each receive channel. An adder 15 adds these signal values, whereby the dynamic receiving focused delay-and-sum
signal is obtained, which is output to the signal processor 309. The A/D converter with amplifier 11, memory 12, read
address calculation unit 13 and memory read controller 14 are provided for a number of receive channels, so that
processings are executed in parallel and images are generated in real-time.
[0103] In Fig. 2, the address calculation unit 13 is provided for all the receive channels. However if the configuration
of the transducer array 305 is such that the transducers are disposed with equal intervals, and the transducers constituting
the receive aperture are disposed symmetrically with respect to the center thereof, the propagation time is the same for
the transducers disposed in symmetric positions. Therefore the address calculation unit 13 may be disposed only for
one of the receive channels disposed in a symmetric positions in the receive aperture, so that the other shares this
output value, then the circuit configuration can be simplified.
[0104] Fig. 2 shows an overview of each block when the receive beam former 308 is constituted by digital circuits.
The read address calculation unit 13 and memory read controller 14 can be implemented using fixed digital circuits or
programmable digital circuits such as FPGA. A computer having a standard processor (CPU) may be used instead. In
the receive beam former 308, each receive channel performs delay processing in parallel, and forms a receive beam.
The present invention can be regarded as such a delay control method. If the receive beam former 308 is constituted
by an FPGA or a CPU, this program can be regarded as the delay control program of the present invention.

<Read address calculation unit>

[0105] Now the read address calculation unit (memory address calculation unit) 13 will be described in detail with
reference to Fig. 3. Fig. 3 shows an overview of each block when the read address calculation unit 13 is constituted by
digital circuits. The configuration in Fig. 3 is an example of process with calibration at a plurality of reference depths
(reference focal points) based on the reference propagation time, as mentioned above, when the read address is recur-
rently calculated. In this example, the receive focal point interval in the dynamic receive beam forming is set corresponding
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to the cycle of the system clock frequency, which is used for synchronizing processings in the ultrasonic image diagnostic
apparatus. The cycle of the system clock frequency corresponds to the time resolution of the digital received signals
stored in the memory 12, and delay-and-sum processing in which focal points are matched in all the depths of the
received signal can be performed by corresponding the interval of the receive focal points of the receive dynamic beam
forming to the cycle of the system clock frequency. Thereby resolution of images generated in the ultrasonic imaging
apparatus improves. Let dz be the interval of the receive focal points, and let Tclk be the cycle of the clock frequency,
then dz is given by dz = Vtis3Tclk. The clock signal is also used for the reference of reading signals for the delay-and-
sum processing.
[0106] The controller 302 outputs a clock signal 6000, reference depth clock value 6001, address calibration value
6002, parameter value for calibration 6003, start/end control signal 6006, and address increment operation parameter
6007 to the read address calculation unit 13. Receiving these inputs from the controller 302, the read address calculation
unit 13 outputs a read address value 6005 corresponding to the ultrasonic wave propagation time to a memory read
controller 14.
[0107] The reference depth clock value 6001 is a reference depth measured at each cycle of the clock frequency. The
clock counter 61 creates a clock cumulative value by accumulating the clock signal 6000, and counts the elapsed time
at each cycle of the clock frequency.
[0108] The address calibration value 6002 is an address value at the reference propagation time corresponding to
each reference depth clock value 6001. The parameter value for calibration 6003 is a parameter value for calibration
corresponding to each reference depth clock value. The parameter values for calibration 6003 are reference recurrence
parameters ξm and ηm if a series of recurrence operations are performed using the above mentioned Eq. 3, Eq. 4 and
Eq. 5. If the reference propagation time increment Δm is used, the parameter value for calibration 6003 is the reference
propagation time increment Δm converted into a clock count. If an approximate polynomial is used, the parameter value
for calibration 6003 is a coefficient of the polynomial. These parameter values for calibration 6003 are stored as a lookup
table, using the reference depth clock value as an index, in the controller 302. Values read from the lookup table of the
controller 302 are stored in temporary memories 601, 602 and 603 respectively. The values read from the lookup table
are updated by the controller 302 when the later mentioned reference depth control signal 6011 is transmitted to the
controller 302. In the beginning of the lookup table, a scanning start clock value, a refraction correction start clock value,
scanning initial address value and refraction correction initial address value are stored. Here the scanning start clock
value is a clock value corresponding to a time to start the dynamic receiving focus. The refraction correction start clock
value is a clock value corresponding to the time when the ultrasonic wave reciprocatively propagates the thickness of
the intervening plate 306. The scanning initial address value is an address value corresponding to a time to start the
dynamic focus, and the refraction correction initial address value is an address value corresponding to a time to start
refraction correction. These address values are determined as a read clock timing and address value of the receive
beam forming when normal delay control is performed with a uniform sound velocity, regarding that a receive focal point
exists in the dynamic receiving focus start point in the intervening plate 306 and the edge of the intervening plate 306.
In this way, clock count values to start the dynamic receiving focus and the refraction correction, and initial address
values thereof can be specified.
[0109] The start/end control signal 6006 is a signal to control the start/end of the operation of the read address
calculation unit 13.
[0110] For an address increment computing parameter 6007, the computing parameters used for computing in the
later mentioned uniform sound velocity address increment computing block 65 and refraction address increment com-
puting block 64 are set in each block in advance by the controller 302. In concrete terms, sound velocities Vtis and Vm,
thickness D of the intervening plate 306, and intervals of the focal points of the dynamic focus or the like are set.
[0111] Now the address values used for this example will be described. An address for reading a signal stored in the
memory 12 is an integer. However if an interval of the focal points of the dynamic receiving focus is set corresponding
to the system clock, as in the case of this example, time corresponding to the ultrasonic wave propagation time is a real
value. In this example, addresses are calculated recurrently, so if an address is written as an integer, a rounding error
is generated in the address value. If a rounding error is generated, accuracy of the delay-and-sum time deteriorates,
and the image resolution drops. To prevent this, according to this example, an address value is calculated in a real
number form, which includes an integer portion and decimal portion. In other words, significant bits of an address value
are used as an integer portion, and insignificant bits thereof are used as a decimal portion. The significant bit integer
portion of the address value is called an "address value integer portion", and the insignificant bit decimal portion of the
address value is called an "address value decimal portion". A number of bits of the address value decimal portion can
be any value as long as the required accuracy is guaranteed, and is preferably 2 to 8 bits, although this depends on the
clock frequency, the depth of the image to be captured, and the frequency of the ultrasonic wave to be used.
[0112] The later mentioned memory read controller 14 performs interpolation using the address value decimal portion
for the received signal values at two addresses generated by rounding real number addresses. Thereby time resolution
corresponding to the cycle of the system clock frequency of the received signals stored in the memory 12 is interpolated,
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and highly accurate delay-and-sum processing can be performed, and resolution is further improved coupling with the
effect of the dynamic receiving focus matching the cycle of the system clock frequency. In this way, an address value
used inside the read address calculation unit 13 is a real number address value including the address calibration value
6002 obtained from the lookup table of the controller 302. This is also true for the address values used in the following
description.
[0113] Now each block of the address calculation unit 13 will be described along with the operation of the entire
(apparatus).
[0114] After the reference depth clock value 6001 and the address calibration value 6002 are transmitted from the
controller 302 and set in the temporary memories 601 and 602, the start/end control signal 6006 is transmitted from the
controller 302 at the timing of the start. When the start/end control signal 6006 is received, a comparator 62 outputs the
increment computing control signal 6010 which instructs the uniform sound velocity address increment computing block
65 to start operation. The comparator 62 sets a switch 66 so as to output the uniform sound velocity address increment
computing block 65 to the temporary memory 604.
[0115] If the clock cumulative value of the clock counter 61 matches the reference depth clock value 6001 (scanning
start clock value in this case) in the temporary memory 601, the comparator 62 outputs the reference depth control signal
6011 to the switches 67 and 68 and the controller 302. The switch 67 stores the address calibration value 6002 (scanning
initial address value at this point) in the temporary memory 605 by the input of the reference depth control signal 6011,
and sets the address calibration value 6002 as the initial address value. Receiving input of the reference depth control
signal 6011, the controller 302 updates the reference depth clock value 6001, address calibration value 6002, and
parameter value for calibration 6003 in the temporary memories 601, 602 and 603. At this time, the refraction correction
start clock value is stored as the reference depth clock value 6001 in the temporary memory 601, and the refraction
correction initial address value is stored as the address calibration value 6002 in the temporary memory 602. The initial
parameter of the refraction address increment computing is stored as the parameter value for calibration 6003 in the
temporary memory 603.
[0116] The uniform sound velocity address increment computing block 65 computes the address increment value
6004 in the intervening plate 306 synchronizing with the clock signal 6000. As mentioned above, when the dynamic
focus processing starts, the address increment value to be output from the uniform sound velocity address increment
computing block 65 is output from the switch 66, and is stored in the temporary memory 604. An adder 69 adds the
address increment value in the temporary memory 604, and the output address value, which was calculated at the
previous clock and stored in the temporary memory 605, so as to calculate the output address value 6005. In this way,
an address value corresponding to the depth of the receive focal point can be calculated recurrently and sequentially
output, synchronizing with the clock signal 6000.
[0117] As time elapses, the receive focal point becomes deeper, and the receive focal point eventually reaches the
boundary of the intervening plate 306 and the subject 307. At this time, the clock cumulative value of the clock counter
62 is a refraction correction start clock value. The comparator 62 outputs the increment computing control signal 6010
if the clock cumulative value matches with the reference depth clock value 6001 (refraction correction start clock value
at this point) in the memory 601. The increment computing control signal 6010 here is for indicating the end of the
operation of the uniform sound velocity address increment computing block 65 and the start of the operation of the
refraction address increment computing block 64. The comparator 62 also is set such that the switch 66 outputs the
output of the refraction address increment computing block 64 to the temporary memory 604. Hereafter the output of
the increment computing control signal 6010 is stopped until the start/end control signal 6006 is input again.
[0118] If the clock cumulative value matches with the refraction correction start clock value, the comparator 62 outputs
the reference depth control signal 6011 to the switches 67 and 68 and the controller 302. By the reference depth control
signal 6011, the switch 67 stores the refraction correction initial address value in the temporary memory 602 to the
temporary memory 605, and inputs the initial parameters of the refraction address increment computing in the temporary
memory 603 to the refraction address increment computing block 64. The controller 302 receives the input of the reference
depth control signal 6011, and updates the reference depth clock signal 6001, address calibration value 6002 and
parameter value for calibration 6003 in the temporary memories 601, 602 and 603 to the next reference values stored
in the lookup table.
[0119] The refraction address increment computing block 64 computes the address increment value with consideration
of refraction due to the intervening plate 306, in synchronization with the clock signal 6000, and stores the value in the
temporary memory 604. However just like the dynamic receiving focus in the intervening plate 306, the calculated address
increment value is sequentially added to the address value in the previous clock, to determine the output address value
6005 as the depth of the receive focal point increases.
[0120] In this way, synchronizing with the clock signal 6000, an address value corresponding to the depth of the receive
focal point can be recurrently calculated and sequentially output. If the clock cumulative value matches the reference
depth clock value 6001 in the temporary memory 601, a temporary memory for correction is updated so that the same
correction can be performed in the next reference depth as well. In other words, the reference depth clock value 6001,
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the address calibration value 6002 and the parameter value for calibration 6003 are updated to the next values stored
in the lookup table of the controller 302. The above operation is repeated and the operation is stopped at a point when
the end signal is received in the start/end control signal 6006.
[0121] The addition of the adder 69 with the output of the uniform sound velocity address increment computing block
65 or the refraction address increment computing block 64, and reading the output address value 6005 in the temporary
memory 605 need not be executed for each increment of the clock, as long as values are in sync with the clock signal.
If it takes time for computing processing in the uniform sound velocity address increment computing block 65 or the
refraction address increment computing block 64, the addition/output operation may be executed every several clocks
of the clock signal according to the computing time and output of each block. In this case, the reference depth clock
value 6001 written in the lookup table in the controller 302 should be written in the timing matching this output operation.
[0122] In the above example of the address calculation unit 13, a case of advancing processing while executing
calibration depending on the reference propagation time based on a plurality of reference depths was described. However
if this correction is not performed, a part of the configuration can be simplified since calculation of ultrasonic wave
propagation time and update of the corresponding address are not required.
[0123] The processing in the uniform sound velocity address increment computing block 65 can be the same as the
conventional art, so description thereof is omitted.

<Refraction address increment computing block>

[0124] Now an example of processing in the refraction address increment computing block 64 will be described with
reference to Fig. 4. This example is for computing the recurrence relation using Eq. 3, Eq. 4 and Eq. 5. Fig. 4A shows
an overview of the blocks for recurrence relation computing processing using Eq. 3, Eq. 4 and Eq. 5. Here a configuration,
in which correspondence with the expressions is relatively easy to understand, is used to simplify explanation, but
embodiments of the present invention are not limited to this configuration.
[0125] This block diagram is generally divided into computing sub-blocks which compute data (indicated by a solid
line), temporary memories for storing values in the middle of calculation (indicated by a dotted line), and temporary
memories for storing parameters which do not change in the middle of calculation (indicated by double lines).
[0126] The temporary memories 701, 702, 703, 704, 705, 706, 707, 708 and 709 store intermediate values in the
middle of computing. These temporary memories are disposed mainly for matching timing of the processings in the
middle of computing. These temporary memories include memories to make explanation easier for each variable of Eq.
3, Eq. 4 and Eq. 5, and particularly the temporary memories 704, 705 and 706, for example, may be omitted.
[0127] The temporary memories 710, 711, 712, 713, 714 and 715 store calculation parameters of which values do
not change in the middle of a series of recurrence computing using the recurrence relations. These calculation parameters
are provided by the controller 302 as the address increment computing parameter 6007 when the computing operation
starts. These temporary memories in particular are hereinafter referred to as "parameter memories".
[0128] The computing sub-blocks 71, 72, 73, 74, 75, 76, 77 and 78 are portions where respective computing is
performed, which are indicated as sub-blocks.
[0129] In the beginning of the recurrence operation, the values given as parameter values for calibration 6003 are
stored in the temporary memories 701, 702 and 703. Using the values stored in the memory 701 and the values stored
in the parameter memory 711, the computer sub-block 71 computes the numerator portion on the right hand side of Eq.
4(b), and outputs the result to the computing sub-block 73. The computing sub-block 72 computes the right hand side
of Eq. 4(a) using the values stored in the temporary memories 701 and 702, and stores the result in the temporary
memory 704. The computing sub-block 73 computes the right hand side of Eq. 4(b) using the output from the computing
sub-block 71, the values stored in the temporary memories 703 and 704, and the value stored in the parameter memory
712, and stores the result in the temporary memory 705. The computing sub-block 74 computes the right hand side of
Eq. 4(c) using the values stored in the temporary memories 704 and 705, and stores the result in the temporary memory
706. The computing sub-block 75 computes the right hand side of Eq. 3(b) using the values stored in the temporary
memories 701 and 705, and stores the result in the temporary memory 707. The computing sub-block 76 computes the
right hand side of Eq. 3(c) using the values stored in the temporary memories 702 and 706, and stores the result in the
temporary memory 708. The computing sub-block 77 computes the right hand side of Eq. 3(d) using the value stored
in the temporary memory 703 and the value stored in the parameter memory 710, and stores the result in the temporary
memory 709.
[0130] The values stored in the temporary memories 707, 708 and 709 at this point are values where the recurrence
calculation in the first step using the recurrence relation has completed. The values stored in the temporary memories
707, 708 and 709 are stored again in the temporary memories 701, 702 and 703, and the recurrent calculation in the
second step are performed. At the same time, the value stored in the temporary memory 707 is input to the computing
sub-block 78, where Eq. 3(a) is computed using the values stored in the parameter memories 714 and 715, to determine
the propagation time increment after refraction correction. The result is then converted into an address by Eq. 11 or the
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like, so that the address increment value 6004 is obtained.
[0131] While sequentially executing the steps of the cyclic recurrence calculation, the address increment value 6004,
when the receive focal point is deepening at the receive focal point interval of the dynamic receiving focus, is sequentially
computed. The determined address increment value 6004 is stored in the temporary memory 604.
[0132] According to this example, if the computing volume in the refraction address increment computing block 64 is
high and this computing is executed synchronizing with the system clock, computing processing may not be completed
within a one clock cycle. In this case, the clock synchronization in each block must be adjusted in the address calculation
unit 13. Furthermore the computing time of the address value becomes several times more than the system clock cycle,
and thus the process slows down. In order to prevent this, the refraction address increment computing block 64 may be
constituted by a pipeline, as shown in Fig. 4B. Fig. 4B shows a pipeline constituted by an FIFO memory 710 and a
plurality of block portions 79, one of which is shown in Fig. 4A. Here the pipeline configuration has four stages, but the
number of stages for the pipeline is set depending on the computing time of the block 79. In the pipeline processing, the
processing starts before the timing required for reading the output of the adder 69, and the address increment value
6004, which was stored once in FIFO memory 710, is read at the processing timing of the adder 69, and is stored in the
temporary memory 604. In this case, the initial values for the recurrence processing are required, so the parameter
values for calibration 6003 in the temporary memory 603 should be read first.
[0133] This example of the refraction address increment computing block 64 is an example of executing the computing
processing algorithm, and is an example in particular for assisting in understanding the description of the processing
according to Eq. 3, Eq. 4 and Eq. 5, therefore the circuit configuration may be simplified by omitting or changing a part
of the processing configuration.
[0134] Instead of using Eq. 3, Eq. 4 and Eq. 5, a reference propagation time increment dTi in which the address
increment is partially constant, or a polynomial approximation may be used to simplify the processing of the refraction
address increment computing block 64.

<Memory read control unit>

[0135] Now an example of the memory read control unit 14 will be described with reference to Fig. 5. In this example,
the memory read address is calculated as a real number, so the receive beam can be focused more accurately than the
prior art. The memory read control to be described below is for utilizing this advantage effectively. In concrete terms,
interpolation corresponding to the decimal address portion of the output address value 6005 is performed using two
received signal values, which are continuous in time, and read from the memory 12. This allows calculation of which
accuracy is finer than the time resolution of the received signals stored in the memory 12. The reading of received signals
using received signal interpolation, which is explained below, is not essential for the present invention, and the interpo-
lation method is also just an example, and actual interpolation computing processing is not limited to the following method,
and two or more signal values may be interpolated, for example.
[0136] The reference numerals 81, 82 and 83 in Fig. 5 indicate temporary memories, where the output address value
6005 from the read address calculation unit 13 and two continuous received signal values which are read from the
memory 12 are stored. The temporary memories 81, 82 and 83 are not essential, but are disposed for synchronizing
processings and for assisting in understanding the description here. The reference numeral 84 indicates a subtracter,
85 indicates a multiplier, and 86 indicates an adder.
[0137] The output address value 6005, which is stored in the temporary memory 81, consists of an address integer
portion 801 which is a significant bit portion, and an address decimal portion 208 which is an insignificant bit portion.
The address integer portion 801 is used for specifying and reading a signal value corresponding to a specific time, out
of a time series digital received signals stored in the memory 12. For explanatory purposes, the address integer portion
stored in the temporary memory 81 is denoted by n, and the address decimal portion is denoted by q herein below.
[0138] The received signal value at an address specified by the address integer portion 801 and a received signal
value of the next address corresponding to the portion which is continuous in time are stored in the temporary memories
82 and 83 respectively from the memory 12. Here a received signal value stored in the temporary memory 82 is denoted
by Sn, and a received signal value stored in the temporary memory 83 is denoted by Sn+1. The subscript n indicates a
memory address specified by the address integer portion 801.
[0139] The subtracter 84 subtracts the received signal value Sn+1 stored in the temporary memory 83 from the received
signal value Sn stored in the temporary memory 82, and inputs the result to the multiplier 85. The multiplier 85 multiplies
the output of the subtracter 84 by the address decimal portion q of the address value stored in the temporary memory
81, and inputs the result to the adder 86. The adder 86 adds the output of the temporary memory 83 and the received
signal values Sn+1 stored in the multiplier 85, and outputs the result to the adder 15.
[0140] By the above computing the following expression is calculated.
[Math. 14] 
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[0141] Thereby a value after interpolating the received signal values Sn and Sn+1, which are adjacent in time, by the
address decimal portion q, is output to the adder 15. In the memory 12, received signals are stored at time intervals
determined by the interval of the system clock, but by this interpolation, a received signal corresponding to an ultrasonic
wave propagation time value there between can be obtained. As a result, delay-and-sum processing can be performed
at high precision without rounding the time accuracy of the target received signal values of the delay-and-sum processing
operation depending on the cycle of the clock frequency.
[0142] Then the delay-and-sum is performed for the received signals of the receive channels by the above mentioned
processing by the adder 15 and the later processing, and the ultrasonic tomographic image is displayed on the display
311 via the signal processor 309 and the image processor 310.
[0143] In this example, the scanning of the ultrasonic transmit/receive bean has been described as related to selecting
a part of the transducers constituting the aperture of the transducer array 305 and the line scanning by shifting the
transducers. This is for simplifying the description, and the entire transducer array 305 may be used as the aperture. In
this case, the present invention may be applied to the ultrasonic image diagnostic apparatus based on a sector scanning
method where the transmit/receive direction of the ultrasonic transmit/receive beam is changed using the transmit/receive
control of each transducer. In this case, the position of the receive focal point can be set on the ultrasonic receive beam
which spreads radially from the center of the transducer array 305, instead of a position directly under the center of the
transducer array 305. The address position of the receive memory is sequentially determined recurrently using the
approximate recurrence relation to determine the ultrasonic wave propagation time for each transducer or receive channel
with respect to one of the ultrasonic wave receive beams in the sequence of depth of receive focal point becoming
deeper. If delay-and-sum is performed for the received signal values of each transducer or receive channel which were
read using this address position, the delay-and-sum converted signal with respect to the ultrasonic beam is obtained.
By changing the direction of the ultrasonic receive beam and scanning the beam, the ultrasonic tomography image can
be created and displayed, as mentioned above.

[Example 2]

[0144] Example 2 of the present invention is an ultrasonic imaging apparatus based on a photoacoustic imaging
method using photoacoustic waves. According to the photoacoustic imaging method, an internal structure of the subject
is imaged by irradiating a pulse layer beam onto a subject, and detecting an ultrasonic wave, which is a photoacoustic
wave induced by thermal expansion.
[0145] A concrete procedure of the photoacoustic imaging method is disclosed as follows, in the Japanese Patent
Application Publication (Translation of PCT Application) No. 2001-507952, for example.

(1) A two-dimensional transducer array (two-dimensional receiving element array) is positioned on the subject
surface, and single pulsed electromagnetic energy is irradiated onto the subject.
(2) A receive photoacoustic signal of each transducer (each receiving element) is sampled and stored immediately
after irradiation of the electromagnetic energy.
(3) Propagation time for the photoacoustic wave to reach a position r, from a point r’ in the subject to be imaged, is
calculated for the point r’, and the signal of each transducer corresponding to the propagation time is added to obtain
the image value of point r’.
(4) Step (3) is repeated for each point r’ to be imaged.

[0146] Japanese Patent Application Laid-Open No. 2005-21380 discloses an apparatus in which both an image based
on the photoacoustic imaging method and a normal ultrasonic echo image are alternately reconstructed using a common
transducers.
[0147] In this way, according to the photoacoustic imaging method as well, it is necessary to calculate the propagation
time of the photoacoustic wave from the photoacoustic wave generation point to each transducer, and add the receive
photoacoustic signals in a time series with matching the phases using this calculated propagation time. Therefore if a
layer in which sound velocity is different exists on the propagation path of the photoacoustic wave and refraction is
generated, the phases of the receive photoacoustic signals do not match, and created image resolution drops, just like
the case of the reception based on the ultrasonic pulse echo method. In this example, correction of the ultrasonic wave
propagation time of this invention is applied to the photoacoustic imaging method, so that a drop in resolution of the
image to be created is suppressed.
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[0148] A three-dimensional image reconstruction method based on the photoacoustic imaging method will be described
in detail with reference to Fig. 9.
[0149] Fig. 9A is a conceptual diagram depicting a voxel data structure for three-dimensional image reconstruction
according to the photoacoustic imaging method. Fig. 9B is a diagram depicting a concept for creating data in the specific
voxels in the photoacoustic imaging method. Fig. 9C is a diagram depicting a processing method according to this
example.
[0150] In Fig. 9, the reference numeral 305 indicates a transducer array. Unlike the above mentioned ultrasonic echo
method, a two-dimensional array is used to reconstruct the three-dimensional image. Further, in the photoacoustic
imaging method, each transducer of the transducer array only receives an ultrasonic wave, which is a photoacoustic
wave generated by laser irradiation.
[0151] In Fig. 9A, the reference numeral 91 indicates a three-dimensional voxel array. The data structure in which the
imaging area in the subject is virtually sectioned in grating is referred to as a "voxel array". The grating structure corre-
sponding to this data structure is called a voxel array, and a unit grating constituting the voxel array is referred to as a
"voxel". The data group stored in the voxel data array is referred to as "voxel array data". In the three-dimensional image
reconstruction based on the photoacoustic imaging method, the intensity of the photoacoustic wave generated in each
voxel is evaluated, and is converted into image brightness as irradiated laser light absorption amount, and is stored in
the voxel data array. Based on the image brightness data (brightness voxel array data) obtained like this, a three-
dimensional image is displayed, or a tomographic image is reconstructed and displayed.
[0152] In Fig. 9B, the reference numeral 91a indicates a specific voxel in the three-dimensional voxel array 91. The
reference numeral 92 indicates a photoacoustic wave propagation path from the voxel 91a to each transducer of the
transducer array 305. The intensity of the photoacoustic wave generated in the voxel 91a is evaluated based on the
receive photoacoustic signals in a time series received by each transducer of the transducer array 305. In other words,
the amplitude value of the received signal in the portion corresponding to the propagation time from the voxel 91a to the
transducer is determined for each transducer and is added, whereby the intensity of the photoacoustic wave generated
in the voxel 91a is determined.
[0153] If the sound velocity of the subject is uniform at this time, the propagation time can be simply determined by
the geometric positional relationship of the voxel 91a, and each transducer and the sound velocity of the subject. On
the other hand, if an intervening plate having different sound velocity exists between the subject and the transducer
array 305, or the surface area of the subject is a layer and the sound velocity thereof is different from the lower layer
portion, then the propagation time, including the refraction effect, is determined by the processing based on the present
invention.
[0154] Here an illustration of the intervening plate is omitted to simply drawings. In order to calibrate the change of
the solid angle estimating a voxel 91a depending on the position of each transducer and the size and direction of the
aperture, and to increase accuracy in an evaluation of the photoacoustic wave intensity generated in the voxel 91a,
weighting may be performed when adding each transducer signal. Weighting considering angular directivity depending
on the sensitivity distribution of the transducer itself may be performed. The details of these issues are secondary in
relation to the present invention, which focuses on refraction correction performed on propagation time, required when
an intervening layer of which sound velocity is different from the subject exists, therefore detailed description is omitted
here.
[0155] An outline of the processing when the present invention is applied to the photoacoustic imaging method will
be described with reference to Fig. 9C. The reference numeral 91b indicates a voxel column arrayed in the subject depth
direction out of the voxel array 91. The reference numeral 93 indicates a central axis of the voxel column 91b. The central
axis 93 of the voxel column stretches in the subject depth direction approximately perpendicular to the array plane of
the two-dimensional transducer array 305.
[0156] The reference numeral 94 is an arbitrary transducer in the transducer array 305. Here it is assumed that the
distance between the central axis 93 of the voxel column and the transducer 94, that is, the length of the perpendicular
drawn from the transducer 94 to the central axis 93 of the voxel column, is x. Hereafter x is referred to as the "transducer-
voxel column distance".
[0157] If the distance between each voxel of the voxel column 91b in the depth direction is regarded as the interval
dz of focal points in the depth direction, and the transducer position x is regarded as the length of the perpendicular,
then the propagation time T of the photoacoustic wave becomes the same as Eq. 1. Therefore if the propagation time
is determined between the intervening plate of which sound velocity is different and the voxel on the interface of the
subject is determined, the propagation time can be determined recurrently in sequence for each voxel of which depth
becomes deeper by dz at a time along the central axis 93 of the voxel column, by determining the photoacoustic wave
propagation time increment recurrently in sequence. In concrete terms, the photoacoustic wave propagation time values
are computed recurrently in sequence using Eq. 2, Eq. 3, Eq. 4 and Eq. 5. Just like the above mentioned apparatus
using the ultrasonic echo method, the initial photoacoustic wave propagation time can be determined as the case of
uniform sound velocity. Using values computed by Eq. 7 and Eq. 8 for a voxel at an arbitrary depth as initial values, a
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photoacoustic wave propagation time value may be computed recurrently in sequence in a direction of shallower depth.
Or in the middle of the recurrence computing, calibration for suppressing accumulation of approximation errors may be
performed. For the approximation of the recurrence relation, polynomial approximation and an orthogonal function system
may be used. These operations can be performed in the same manner as an apparatus using the ultrasonic echo method.
[0158] In this way, using the propagation time of the photoacoustic wave determined recurrently according to the
depth, components of the photoacoustic wave intensity generated from each voxel on the voxel column 91b can be
extracted out of the receive photoacoustic signals in a time series received by the transducer 94. The contribution of the
photoacoustic signals generated from each voxel like this is added to the data of the corresponding voxel data array,
and the result is stored again. Then the voxel string 91b is shifted and the same operation is repeated. By repeating
this, the contribution of the receive photoacoustic signal, which are received by the transducer 94, can be added to each
data of the voxel data array corresponding to the three-dimensional voxel array 91. By executing this operation for each
transducer of the transducer array 305, added value of the receive photoacoustic signals, of which phases are aligned,
can be obtained for each data of the voxel data array corresponding to the three-dimensional voxel array 91.
[0159] In the above description, the photoacoustic wave propagation time is calculated for all the combinations of the
voxels and transducers to simplify explanation. But depending on the setting of the voxel array 91 and the setting of the
interval of the transducers of the transducer array 305, a common propagation time calculation may be used. In other
words, the propagation time is determined by the propagation path of the photoacoustic wave, and is determined by a
geometric positions of each voxel, each transducer and the intervening plate. For example, a propagation time for a set
of a transducer and voxel is the same as a propagation time of a set of the transducer and voxel in positions shifted in
parallel for a same amount. Considering this, it is preferable that the interval of the voxels disposed on a plane in parallel
with the two-dimensional array surface of the transducer and the interval of the transducers are matched or in a ratio of
integers. Then the sequence of the photoacoustic wave propagation time values determined by recurrently calculating
in the depth direction for a combination of a specific transducer and a voxel column 91b can be directly applied to another
combination in a same positional relationship.
[0160] An ultrasonic image diagnostic apparatus based on the photoacoustic imaging method according to this example
will now be described with reference to Fig. 10. Fig. 10A shows a configuration of the ultrasonic image diagnostic
apparatus based on the photoacoustic imaging method according to this example. A composing element the same as
Example 1 is denoted with a same reference numeral, where redundant description is omitted.
[0161] An input unit 301 is for inputting operation settings. A controller 302 controls the entire apparatus. A laser
emission controller 101 controls and drives the pulse irradiation of a laser. A laser beam irradiation unit 102 irradiates
a pulse laser beam onto a subject. A transparent stationary plate 103 is for securing a subject 307 between this transparent
stationary plate 103 and an intervening plate 306, and is made of a material which allows a laser beam to transmit
through. A transducer array 305 comprises two-dimensionally arrayed transducers, for receiving photoacoustic waves.
A receive photoacoustic signal processing unit 104 amplifies a receive photoacoustic signal received by the transducer
array 305 to increase the SNR, and converts the amplified receive photoacoustic signal into a digital signal, and is
constituted by an analog amplifier and A/D converter, among others. To further improve the SNR, frequency filtering
processing may be included. An image reconstruction computing unit 105 reconstructs a three-dimensional image using
the photoacoustic imaging method based on the digitized receive photoacoustic signal, and creates voxel array data in
which the intensity of the photoacoustic wave generated in each voxel is evaluated. An image processor 310 creates
image data to be displayed on a display 311 according to the instruction from a controller 302 using the voxel array data
created by the image reconstruction computing unit 105. The image processor 310 displays three-dimensional image
data, and in particular creates two-dimensional projection data and various tomographic data, such as a maximum
intensity brightness projection image (MIP). The display 311 displays the output of the image processor 310.
[0162] A difference of this example from Example 1 is that a type of data to be displayed on the display 311 can be
specified from the input unit 301 to the controller 302 in order to indicate the configuration of the three-dimensional image
data. By this information, the image processor 310 performs coordinate transformation, interpolation, image filtering and
the like, for creating various projected images and tomographic images based on the three-dimensional voxel array
data. Brightness voxel array data may be created using the data evaluating the intensity of the photoacoustic waves
generated in each voxel. This brightness conversion may be performed by the image reconstruction computing unit 105.
[0163] The transducer array 305 is a two-dimensional array for obtaining three-dimensional data, as mentioned above.
L denotes a number of transducers of the transducer array 305.
[0164] The intervening plate 306 is a plane parallel plate which has a different sound velocity from the subject 307,
and allows ultrasonic waves to transmit through, just like Example 1, but is installed particularly for the purpose of
securing the subject 307 along with the transparent stationary plate 103 in this example. The transparent stationary plate
103 should be transparent in the wavelength range of this laser beam so as to irradiate a pulse laser, but the shape can
be merely a shape suitable for holding and securing the subject 307.
[0165] The biggest difference between this example and Example 1 is that the pulse laser beam is irradiated onto the
subject 307 and ultrasonic waves are not transmitted, since the photoacoustic imaging method is used. The laser
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irradiation unit 102 includes a laser light source which can emit pulses at high power. The wavelength of the laser beam
is a wavelength in a range where transmittance in the subject 307 is relatively high. In particular, when a biological tissue
is the subject 307, it is preferable to emit near infrared light of which wavelength is approximately 800 nm to 1200 nm,
then an SHG converter can be installed for a YAG laser apparatus or titanium-sapphire laser apparatus. A high power
LD array light source can also be used. The laser irradiation unit 102 has various optical apparatuses, such as a beam
expander and diffusing plate, in order to irradiate the emitted laser beam onto the subject 307 uniformly.
[0166] The laser emission control unit 101 irradiates the pulse laser by controlling and driving the laser irradiation unit
102 based on the emission control signal from the controller 302. Then the photoacoustic wave receiving operation is
started by a control signal from the controller 302. The photoacoustic wave generated in the subject 307 by the laser
pulse irradiation is received by the transducer array 305, and is converted into a receive photoacoustic signal, which is
amplified by the receive photoacoustic signal processing unit 104, and is then input to the image reconstruction computing
unit 105 as digital sampling data. The image reconstruction computing unit 105 executes the image reconstruction
processing, and outputs the voxel array data to the image processing unit 310, and the image processor 310 performs
the above mentioned image processing and displays a specified image on the display unit 311.
[0167] Now the processing of the image reconstruction computing unit 105 will be described in detail with reference
to Fig. 10B. In Fig. 10B, the reference numeral 104 designates a receive photoacoustic signal processor, the reference
numeral 12 designates a memory, the reference numeral 13 designates a read address calculation unit, the reference
numeral 14 designates a memory read controller, and the reference numeral 106 designates a voxel array memory for
storing voxel array data. The voxel array memory 106 can be constructed by a random access DRAM, or by a combination
of an FIFO memory and a random access DRAM. In Fig. 10B, the voxel array memory 106 is conceptually illustrated
as a matrix array memory having N rows by M columns in order to simplify description on the operation. Here N is a
total number of divisions on a plane in parallel with the transducer array surface of the voxel array, and M is a total
number of divisions of the voxel array in the depth direction. In other words, to each voxel in the voxel array, each element
of the voxel array memory 106, which is a N by M array memory, corresponds. In terms of correspondence with the
conceptual diagram in Fig. 9, the voxel array 91 has N number of voxel columns 91b, and each voxel column 91b includes
M number of voxels. In this case, each row of the N by M voxel array memory 106 corresponds to the voxel column 91b,
and each memory element in the row corresponds to each voxel of the voxel column 91b. It is particularly preferable
that each voxel corresponding to a memory element of each row of the voxel array memory 106 is disposed in sequence
along the depth of the voxel column 91b.
[0168] According to a preferred configuration of this example, a set of an analog amplifier and an A/D converter is
disposed in the receive photoacoustic signal processor 104 for each transducer of the transducer array 305 respectively.
Thereby the time series data string of the receive photoacoustic signal received by each transducer is digitized, and
stored in the memory 12 by parallel processing. In the memory 12, the time series data string of the digitized receive
photoacoustic signals is stored for each transducer. For example, the memory 12 may be constituted by a one-dimensional
memory, which is individually provided for each transducer. A memory is constructed such that a two-dimensional array
can be accessed for each transducer.
[0169] It is further preferable that N number of memory read controllers 14 are disposed so as to process specific
transducers in parallel. Each of the N number of memory read controllers 14 is disposed corresponding to N rows in the
array memory 106 respectively. Just like Example 1, the memory read controller 14 reads a value of the receive pho-
toacoustic signal at a timing corresponding to the photoacoustic wave propagation time in the memory 12, using the
memory read address which is output by the read address calculation unit 13. The signal value which was read is added
to a predetermined memory element of the array memory 106 (the value in the memory element and the signal value
which was read are added, and the result thereof is stored in the memory element again). Here the memory element to
be referred to in the array memory 106 is on the row corresponding to this memory read controller 14.
[0170] The read address calculation unit 13 calculates an address corresponding to the photoacoustic wave propa-
gation time of a voxel of which depth sequentially changes, just like Example 1, using the transducer-voxel column
distance x and the interval dz of the depths of the voxels. Using this address, the memory read controller 14 sequentially
performs the above mentioned addition processing for the memory element in the corresponding row of the array memory
106.
[0171] A same number of read address calculation units 13 as the memory read controllers 14 may be disposed, but
the address may be calculated by a common read address calculation unit 13 depending on the positional relationship
of this transducer and the corresponding voxel column 91b. For example, addresses of a plurality of memory read
controllers 14 can be calculated by a common read address calculation unit 13 for the transducers having the same
transducer-voxel column distance x. If the voxel array 91 is equally divided vertically and horizontally on the bottom face
thereof, the voxel columns 91b located concentrically around the transducer, as the center, have a same transducer-
voxel column distance x, because of geometric symmetry. In this way, a number of read address calculation units 13
can be less than N.
[0172] Each memory read controller 14 reads a value of the receive photoacoustic signal value using the memory
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read address calculated recurrently by each read address calculation unit 13, whereby values in the memory elements
in each row of the array memory 106 are sequentially updated in parallel. In other words, a column of the array memory
106 is sequentially updated according to the recurrence computing processing by each read address calculation unit
13. The update sequence may be in a direction of the deeper depth or shallower depth, depending on how the initial
value is provided for the recurrence computing.
[0173] To update the data in the array memory 106, the array memory 106 may be constituted only by random access
DRAMs so that the value is directly referred to, added or stored. Or the value may be stored once in a line memory or
FIFO buffer memory, for example, which is disposed for each memory read controller 14, so that addition and update
processing in the random access DRAM is performed after processing ends for all the depths.
[0174] By repeating the above processing for different transducers, voxel array data in which a three-dimensional
image is reconstructed based on the photoacoustic imaging method can be obtained. In concrete terms, after the output
from each transducer is processed by the receive photoacoustic signal processor 104 and the receive photoacoustic
signal is stored in the memory 12, the data in the array memory 106 is updated by N number of memory read controllers
14 corresponding to specific transducers. Or LxN number of memory read controllers 14 may be provided to process
data for all the transducers in parallel. Particularly in a latter case, a common read address calculation unit 13 can
calculate the memory read address for sets of a transducer and voxel column having a same transducer-voxel column
distance x. Recently parallel processing for volume data using many cores in a GPU have become possible, so parallel
processing of this example can be executed by digital circuits including a GPU.
[0175] This example is an apparatus which recurrently determines the propagation time values of an ultrasonic wave,
which is a photoacoustic wave including the effect of refraction due to an intervening plate having a different sound
velocity, sequentially for targets at a different depth, using an approximate recurrence relation, and reconstructs a three-
dimensional image based on the photoacoustic imaging method using the result. By determining propagation time values
recurrently for voxels having different depths in sequence, and performing processing for each transducer and each
voxel column in parallel based on the determined propagation time values, the entire processing time is decreased, and
a three-dimensional image can be reconstructed in real-time. In other words, propagation time values can be recurrently
calculated independently in general, for combinations of a transducer and a voxel column having a different transducer-
voxel column distance x, so parallel processing can be performed easily for these transducers and voxel columns, and
the overall processing time can be decreased. If the read address calculation unit 13 is common for combinations of a
transducer and voxel column of which the transducer-voxel column distance x is the same, an increase in circuit size
can be suppressed.
[0176] Compared with conventional disclosed technologies, the present invention has the following advantages.
[0177] In the case of a three-dimensional image reconstruction based on the photoacoustic imaging method, the
transducer array is a two-dimensional array and the higher the number of voxels in the voxel arrangement the better in
terms of resolution. This means that a number of photoacoustic wave propagation time values required for processing
becomes high. The general calculation for refractive paths shown in US Patent No. 6,607,489, which requires a long
processing time since many types of paths are used, is inappropriate for real-time processing. If the delay time values
are calculated and stored in advance, many delay time values must be stored. In particular, depending on the image
capturing conditions, a new set of delay time values is required each time the voxel array is changed, and it is impractical
to store all of these values assuming all possible cases. Therefore the delay time values must be calculated each time
the voxel array is changed, and as a result, it is unavoidable to increase the apparatus scale.
[0178] In the case of the method disclosed in WO 01-026555, which calculates the delay time recurrently, just like the
present invention, the above mentioned problem is solved, but recurrence calculation is performed in a direction of
changing the transducer-voxel column distance x mentioned in this example. The recurrence calculation basically requires
sequential calculation, so in order to perform parallel processing easily by this method, the recurrence calculation must
be performed in the depth direction. This means that if a number of voxels in the voxel array is Nx in the vertical direction,
Ny in the horizontal direction and Nz in the depth direction, the Nz number of calculations can be performed in parallel.
Whereas in the case of the present invention, parallel processing can be performed for a set of a transducer and a voxel
column, that is, Nx3Ny number of calculations can be performed in parallel. If a uniform voxel array, which is suitable
for generating a three-dimensional image, is used, a number of sections is about the same for Nx, Ny and Nz in each
direction, so the degree of parallel processing (a number of processings that can be processed in parallel) of this example
can be higher than the method disclosed in WO 01-026555. This difference in the degree of parallel processing increases
as a number of sections increases and a number of transducers is more enhanced in order to improve resolution.
[0179] Furthermore, in the case of a standard grating type voxel array or a two-dimensional transducer array arrange-
ment, each transducer-voxel column distance x becomes nonuniform. Therefore in the recurrence relation calculation
in the x direction, approximation accuracy becomes nonuniform, and processing parameters increase. In this example,
approximate recurrence relation processing for uniform intervals can be performed by setting the interval of the depths
of the focal point to be the interval of the depths of the voxel array, hence processing can be simplified.
[0180] Thus if the present invention is used for the photoacoustic imaging method, recurrence processing for delay
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time calculation, which is suitable for parallel processing, can be performed, and an ultrasonic image diagnostic apparatus
based on the photoacoustic imaging method, which can perform the entire processing in real-time, as the case of this
example, can be provided.
[0181] Here the ultrasonic image diagnostic apparatus based on the photoacoustic imaging method was described,
but an image diagnostic apparatus jointly using the ultrasonic echo method can be constructed by integrating the ultrasonic
transmission unit and the aperture selection switch of Example 1, so that a photoacoustic image and ultrasonic image
can be simultaneously displayed.
[0182] While the present invention has been described with reference to exemplary embodiments, it is 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.
[0183] Aspects of the present invention can also be realized by a computer of a system or apparatus (or devices such
as a CPU or MPU) that reads out and executes a program recorded on a memory device to perform the functions of the
above-described embodiment(s), and by a method, the steps of which are performed by a computer of a system or
apparatus by, for example, reading out and executing a program recorded on a memory device to perform the functions
of the above-described embodiment.

Claims

1. An ultrasonic imaging apparatus comprising:

an ultrasonic receiver (305) having a plurality of receiving elements (200-203, 312-314) for receiving ultrasonic
waves reflected or generated inside a subject (307) to generate a respective signal;
a sampling means adapted to sample the respective signal received by at least a part of the receiving elements
by a cycle of a clock to generate respective digital signals;
a receive beam former (308) adapted to form a receive beam signal (400-402) by performing delay control on
the digital signals of receive channels corresponding to the at least part of the receiving elements of the ultrasonic
receiver, according to a propagation time from a focal point position (21, 212, 213) of the receive beam to the
respective receiving element (200-203); and
an image processor (310) adapted to generate an image using the receive beam signal, characterized in that
the receive beam former (308) is adapted to sequentially calculate propagation time values for a plurality of
focal points by repeating processing for adding a change of propagation time value corresponding to a change
of depth of focal point to an already calculated propagation time value to determine a propagation time value
for a next focal point,
to execute the repeat processing independently for each of the receive channels, and to calculate the propagation
time values in parallel for the at least part of the receive channels, wherein
the receive beam former is adapted to determine the change of propagation time value by the change of depth
of focal point and recurrence parameters including at least a quotient of two sound velocities which recurrence
parameters are determined by a recurrence relation according to the change of the depth of focal point.

2. The ultrasonic imaging apparatus according to Claim 1, wherein
the recurrence relation to determine the recurrence parameters is described in a polynomial of values of the recur-
rence parameters at adjacent depths of focal point.

3. The ultrasonic imaging apparatus according to Claim 1, wherein
the receive beam former is adapted to determine the change of propagation time value as a polynomial of the depth
of focal point.

4. The ultrasonic imaging apparatus according to Claim 1, wherein the change of propagation time value is a constant.

5. The ultrasonic imaging apparatus according to any one of Claim 1 to Claim 4, wherein
the receive beam former is adapted to store a reference propagation time value, which is a propagation time value
determined in advance for a specific depth of focal point, and
the receive beam former is adapted to regard, when the depth of focal point reaches the specific depth of focal point
in the repeat processing, the propagation time value at this depth of focal point as the stored reference propagation
time value, and to calculate a propagation time value at a next depth of focal point based on this reference propagation
time value.
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6. The ultrasonic imaging apparatus according to Claim 2, wherein the receive beam former is adapted to store a
reference propagation time value and reference recurrence parameters, which are a propagation time value and
recurrence parameters determined in advance for a specific depth of focal point, and
to regard, when the depth of focal point reaches the specific depth of focal point in the repeat processing, the
propagation time value and recurrence parameters at this depth of focal point as the stored reference propagation
time value and reference recurrence parameters, and to calculate a propagation time value and recurrence param-
eters at a next depth of focal point based on the reference propagation time value and reference recurrence param-
eters.

7. The ultrasonic imaging apparatus according to Claim 3, wherein
the receive beam former is adapted to store a propagation time value determined in advance for a specific depth
of focal point, and coefficients of the polynomial to be used for focal points subsequent to the specific depth of focal
point, and the receive beam former is adapted to regard,
when the depth of focal point reaches the specific depth of focal point in the repeat processing, the propagation
time value at this depth of focal point as a stored reference propagation time value, and to determine the change
of propagation time value by the polynomial using the stored coefficients in subsequent processing.

8. The ultrasonic imaging apparatus according to Claim 4, wherein
the receive beam former is adapted to store propagation time values determined in advance for a plurality of reference
focal points,
to regard, when the focal point reaches any of the reference focal points in the repeat processing, the propagation
time value at this focal point as a stored reference propagation time value, and
to determine a change of propagation time value in subsequent processing by the reference propagation time value
at this depth of focal point and a reference propagation time value at a next depth of focal point.

9. The ultrasonic imaging apparatus according to any one of Claim 1 to Claim 8, wherein
the receive beam former includes for each of the receive channels:

a memory adapted to store, in a time series, the digital signals sequentially received from a receiving element
corresponding to the receive channel;
a memory read controller adapted to control reading from the memory; and
a memory address calculation unit adapted to calculate a read address of the memory, and
the receive beam former is adapted to form the receive beam signal by adding digital signals of each of the
receive channels which are read by the memory read controller from the memory according to the read address
calculated by the memory address calculation unit, and
the memory address calculation unit is adapted to calculate read address positions corresponding to the prop-
agation time values which are sequentially calculated for the plurality of focal points to sequentially calculate
read addresses corresponding to the plurality of focal points.

10. The ultrasonic imaging apparatus according to Claim 9, wherein
the memory address calculation unit is adapted to calculate a read address in a real number form, and
the receive beam former is adapted to interpolate two digital signals stored in an address corresponding to an integer
portion of the calculated read address in the real number form and in a next address thereto, according to a decimal
portion of the read address in the real number form, and to form the receive beam signal using the interpolated
digital signals.

11. The ultrasonic imaging apparatus according to any one of Claim 1 to Claim 10, wherein
the ultrasonic receiver is also adapted to serve as an ultrasonic transmitter for transmitting ultrasonic waves to the
subject, and
the ultrasonic imaging apparatus is adapted to form an image of inside the subject by irradiating ultrasonic waves
onto the subject and receiving reflected ultrasonic waves that have been reflected in the subject.

12. An ultrasonic imaging apparatus, comprising:

an ultrasonic receiver having a plurality of receiving elements for receiving acoustic waves generated from a
subject;
an image reconstruction computing unit adapted to obtain voxel array data evaluating an intensity of an acoustic
wave generated in each voxel based on an ultrasonic wave received by the ultrasonic receiver; and
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an image processor adapted to obtain image data using the voxel array data obtained by the image reconstruction
computing unit, characterized in that
the image reconstruction computing unit is adapted to sequentially calculate propagation time values for a
plurality of voxels by repeating processing for adding a change of propagation time value corresponding to a
change of depth of a voxel to an already calculated propagation time value to determine a propagation time
value for a next voxel, and
the repeat processing can be independently executed for each voxel column, and the image reconstruction
computing unit is adapted to calculate the propagation time values in parallel for at least a part of the voxel
columns, wherein
the receive beam former is adapted to determine the change of propagation time value by the change of depth
of focal point and recurrence parameters including at least a quotient of two sound velocities which recurrence
parameters are determined by a recurrence relation according to the change of the depth of focal point.

13. A method of controlling delay in an ultrasonic imaging apparatus which receives ultrasonic waves reflected or
generated inside a subject (307) by plurality of receiving elements (200-203, 312-314) to generate a respective
signal, samples the respective signal of at least a part of the receiving elements by a cycle of a clock to generate
respective digital signals, and forms a receive beam by performing delay processing on the respective digital signals
according to a propagation time between a focal point position (21, 212, 213) of the receive beam and the respective
receiving element (200-203, 312-314), comprising:

sequentially calculating propagation time values for a plurality of focal points by repeating processing for cal-
culating a change of propagation time value corresponding to a change of depth of focal point, and processing
for adding the calculated change of propagation time value to an already calculated propagation time value to
determine a propagation time value for a next focal point; and
enabling the repeat processing to be independently executed for each receive channel corresponding to a
respective receiving element, and calculating the propagation time values in parallel for at least the part of the
receive channels, wherein
the forming of the receive beam comprises determining the change of propagation time value by the change of
depth of focal point and recurrence parameters including at least a quotient of two sound velocities which
recurrence parameters are determined by a recurrence relation according to the change of the depth of focal
point.

14. A delay control program executed in an ultrasonic imaging apparatus which receives ultrasonic waves reflected or
generated inside a subject, and forms a receive beam by performing delay processing according to a propagation
time between a focal point position of the receive beam and a receiving element, the delay control program causing
a computer to execute the steps according to claim 13.

Patentansprüche

1. Ultraschallabbildungsvorrichtung mit:

einem Ultraschallempfänger (305) mit einer Vielzahl von Empfangselementen (200-203, 312-314) zum Emp-
fangen von Ultraschallwellen, die innerhalb eines Subjekts (307) reflektiert oder erzeugt werden, um ein jewei-
liges Signal zu erzeugen;
einer Abtasteinrichtung, die angepasst ist, das jeweilige Signal, das zumindest von einem Teil der Empfangs-
elemente empfangen wird, mit einem Zyklus eines Taktgebers abzutasten, um jeweilige digitale Signale zu
erzeugen;
einem Empfangsstrahlbildner (308), der angepasst ist, ein Empfangsstrahlsignal (400-402) durch Durchführen
einer Verzögerungssteuerung an den digitalen Signalen der Empfangskanäle entsprechend dem zumindest
einen Teil der Empfangselemente des Ultraschallempfängers gemäß einer Propagationszeit von einer Fokus-
punktposition (21, 212, 213) des Empfangsstrahls zu dem jeweiligen Empfangselement (200-203) zu bilden; und
einem Bildverarbeiter (310), der angepasst ist, ein Bild unter Verwendung des Empfangsstrahlsignals zu er-
zeugen, dadurch gekennzeichnet, dass
der Empfangsstrahlbildner (308) angepasst ist, sequenziell Propagationszeitwerte für eine Vielzahl von Fokus-
punkten durch Wiederholen einer Verarbeitung des Addierens einer Änderung eines Propagationszeitwerts
entsprechend einer Änderung einer Tiefe eines Fokuspunkts zu einem bereits berechneten Propagationszeit-
wert zu berechnen, um einen Propagationszeitwert eines nächsten Fokuspunkts zu bestimmen,
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das wiederholte Durchführen unabhängig für jeden der Empfangskanäle durchzuführen, und die Propagations-
zeitwerte parallel für zumindest einen Teil der Empfangskanäle zu berechnen, wobei
der Empfangsstrahlbildner angepasst ist, die Änderung des Propagationszeitwert durch die Änderung einer
Tiefe des Fokuspunkts und Iterationsparameter, die zumindest einen Quotienten von zwei Schallgeschwindig-
keiten enthalten, zu bestimmen, wobei die Iterationsparameter durch eine Iterationsbeziehung gemäß der Än-
derung der Tiefe des Fokuspunkts bestimmt werden.

2. Ultraschallabbildungsvorrichtung nach Anspruch 1, wobei die Iterationsbeziehung, um die Iterationsparameter zu
bestimmen, in einem Polynom von Werten der Iterationsparameter bei benachbarten Tiefen des Fokuspunkts be-
schrieben werden.

3. Ultraschallabbildungsvorrichtung nach Anspruch 1, wobei
der Empfangsstrahlbildner angepasst ist, die Änderung des Propagationszeitwerts als ein Polynom der Tiefe des
Fokuspunkts zu bestimmen.

4. Ultraschallabbildungsvorrichtung nach Anspruch 1, wobei die Änderung des Propagationszeitwerts eine Konstante
ist.

5. Ultraschallabbildungsvorrichtung nach einem der Ansprüche 1 bis 4, wobei
der Empfangsstrahlbildner angepasst ist, einen Referenzpropagationszeitwert zu speichern, der ein Propagations-
zeitwert ist, der im Voraus für eine spezifische Tiefe eines Fokuspunkts bestimmt wird, und
der Empfangsstrahlbildner angepasst ist, den Propagationszeitwert bei dieser Tiefe des Fokuspunkts als den ge-
speicherten Referenzpropagationszeitwert anzusehen, wenn die Tiefe des Fokuspunkts die spezifische Tiefe des
Fokuspunkts in dem wiederholten Verarbeiten erreicht, und einen Propagationszeitwert an einer nächsten Tiefe
des Fokuspunkts basierend auf diesem Referenzpropagationszeitwert zu berechnen.

6. Ultraschallabbildungsvorrichtung nach Anspruch 2, wobei der Empfangsstrahlbildner angepasst ist, einen Refe-
renzpropagationszeitwert und Referenziterationsparameter zur speichern, die ein Propagationszeitwert und Itera-
tionsparameter sind, die im Voraus für eine spezifische Tiefe des Fokuspunkts bestimmt werden, und
den Propagationszeitwert und die Iterationsparameter bei dieser Tiefe des Fokuspunkts als den gespeicherten
Referenzpropagationszeitwert und Referenziterationsparameter anzusehen, wenn die Tiefe des Fokuspunkts die
spezifische Tiefe des Fokuspunkts in dem wiederholten Verarbeiten erreicht, und einen Propagationszeitwert und
Iterationsparameter an einer nächsten Tiefe eines Fokuspunkts basierend auf dem Referenzpropagationszeitwert
und Referenziterationsparametern zu berechnen.

7. Ultraschallabbildungsvorrichtung nach Anspruch 3, wobei
der Empfangsstrahlbildner angepasst ist, einen Propagationszeitwert, der im Voraus für eine spezifische Tiefe eines
Fokuspunkts bestimmt wird, zu speichern und Koeffizienten des Polynoms, das für die Fokuspunkte zu verwenden
ist, die der spezifischen Tiefe des Fokuspunkts folgen, zu speichern, und wobei
der Empfangsstrahlbildner angepasst ist, den Propagationszeitwert bei dieser Tiefe des Fokuspunkts als einen
gespeicherten Referenzpropagationszeitwert anzusehen, wenn die Tiefe des Fokuspunkts die spezifische Tiefe
des Fokuspunkts in dem wiederholten Verarbeiten erreicht, und die Änderung des Propagationszeitwerts durch das
Polynom unter Verwendung der gespeicherten Koeffizienten im nachfolgenden Verarbeiten zu bestimmen.

8. Ultraschallabbildungsvorrichtung nach Anspruch 4, wobei
der Empfangsstrahlbildner angepasst ist, Propagationszeitwerte, die im Voraus für eine Vielzahl von Referenzfo-
kuspunkten bestimmt sind, zu speichern,
den Propagationszeitwert an diesem Fokuspunkt als einen gespeicherten Referenzpropagationszeitwert anzuse-
hen, wenn der Fokuspunkt irgendeinen der Referenzfokuspunkte in dem wiederholten Verarbeiten erreicht, und
eine Änderung eines Propagationszeitwerts im nachfolgenden Verarbeiten durch den Referenzpropagationszeitwert
bei dieser Tiefe des Fokuspunkts und einem Referenzpropagationszeitwert bei einer nächsten Tiefe des Fokus-
punkts zu bestimmen.

9. Ultraschallabbildungsvorrichtung nach einem der Ansprüche 1 bis 8, wobei
der Empfangsstrahlbildner für jeden der Empfangskanäle enthält:

einen Speicher, der angepasst ist, in einer Zeitserie die digitalen Signale, die nacheinander von einem Emp-
fangselement empfangen werden, entsprechend dem Empfangskanal zu speichern;
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eine Speicherlesesteuerung, die angepasst ist, ein Lesen aus dem Speicher zu steuern; und
eine Speicheradressberechnungseinheit, die angepasst ist, eine Leseadresse des Speichers zu berechnen,
und wobei
der Empfangsstrahlbildner angepasst ist, das Empfangsstrahlsignal durch Addieren von digitalen Signalen von
jedem der Empfangskanäle, die durch die Speicherlesesteuerung aus dem Speicher gemäß der Leseadresse,
die durch die Speicheradressberechnungseinheit berechnet wird, zu bilden, und
die Speicheradressberechnungseinheit angepasst ist, Leseadresspositionen entsprechend den Propagations-
zeitwerten zu berechnen, die nacheinander für die Vielzahl der Fokuspunkte berechnet werden, um nachein-
ander Leseadressen entsprechend der Vielzahl der Fokuspunkte zu berechnen.

10. Ultraschallabbildungsvorrichtung nach Anspruch 9, wobei
die Speicheradressberechnungseinheit angepasst ist, eine Leseadresse in einer Form einer reellen Zahl zu berech-
nen, und
der Empfangsstrahlbildner angepasst ist, zwei digitale Signale, die in einer Adresse entsprechend einem Ganzzahl-
abschnitt der berechneten Leseadresse in der Form einer reellen Zahl und in einer dazu nächsten Adresse gemäß
einem Dezimalabschnitt der Leseadresse in der Form der reellen Zahl zu interpolieren, und das Empfangsstrahlsignal
unter Verwendung der interpolierten digitalen Signale zu bilden.

11. Ultraschallabbildungsvorrichtung nach einem der Ansprüche 1 bis 10, wobei
der Ultraschallempfänger auch angepasst ist, als ein Ultraschalltransmitter zum Transmittieren von Ultraschallwellen
auf das Subjekt zu dienen, und
die Ultraschallabbildungsvorrichtung angepasst ist, ein Bild des Inneren des Subjekts durch Bestrahlen von Ul-
traschwellen auf das Subjekt und Empfangen von reflektierten Ultraschallwellen, die in dem Subjekt reflektiert
wurden, zu bilden.

12. Ultraschallabbildungsvorrichtung mit:

einem Ultraschallempfänger, der eine Vielzahl von Empfangselementen zum Empfangen von akustischen Wel-
len, die von einem Subjekt erzeugt werden, aufweist;
einer Bildrekonstruktionsberechnungseinheit, die angepasst ist, Voxelanordnungsdaten, die eine Intensität einer
akustischen Welle, die in jedem Voxel erzeugt wird, basierend auf einer Ultraschallwelle, die durch den Ultra-
schallempfänger empfangen wird, zu erhalten; und
einem Bildverarbeiter, der angepasst ist, Bilddaten unter Verwendung der Voxelanordnungsdaten, die durch
die Bildrekonstruktionsberechnungseinheit erhalten werden, zu erhalten,
dadurch gekennzeichnet, dass
die Bildrekonstruktionsberechnungseinheit angepasst ist, sequenziell Propagationszeitwerte für eine Vielzahl
von Voxeln durch Wiederholen einer Verarbeitung zum Addieren einer Änderung eines Propagationszeitwerts
entsprechend einer Änderung einer Tiefe eines Voxles zu einem bereits berechneten Propagationszeitwert zu
berechnen, um einen Propagationszeitwert für einen nächsten Voxel zu bestimmen, und
das wiederholte Verarbeiten unabhängig für jede Voxelspalte durchgeführt werden kann, und die Bildrekonst-
ruktionsberechnungseinheit angepasst ist, die Propagationszeitwerte parallel für zumindest einen Teil der Vo-
xelspalten durchzuführen, wobei
der Empfangsstrahlbildner angepasst ist, die Änderung des Propagationszeitwerts durch die Änderung einer
Tiefe eines Fokuspunkts und Iterationsparameter, die zumindest einen Quotienten von zwei Schwallgeschwin-
digkeiten enthalten, zu bestimmen, wobei die Iterationsparameter durch eine Iterationsbeziehung gemäß der
Änderung der Tiefe des Fokuspunkts bestimmt werden.

13. Verfahren zum Steuern einer Verzögerung in einer Ultraschallabbildungsvorrichtung, die Ultraschallwellen, die in-
nerhalb eines Subjekts (307) reflektiert oder erzeugt werden, durch eine Vielzahl von Empfangselementen (200-203,
312-314) empfängt, um ein jeweiliges Signal zu erzeugen, das jeweilige Signal von zumindest einem Teil der
Empfangselemente durch einen Zyklus eines Taktgebers abtastet, um jeweilige digitale Signale zu erzeugen, und
einen Empfangsstrahl durch Durchführen eines Verzögerungsverarbeitens auf den jeweiligen digitalen Signalen
gemäß einer Propagationszeit zwischen einer Fokuspunktposition (21, 212, 213) des Empfangsstrahls und des
jeweiligen Empfangselements (200-203, 312-314) durchführt, das aufweist:

nacheinander Berechnen von Propagationszeitwerten für eine Vielzahl von Fokuspunkten durch Wiederholen
eines Verarbeitens zum Berechnen einer Änderung eines Propagationszeitwerts entsprechend einer Änderung
einer Tiefe eines Fokuspunkts und eines Verarbeitens zum Addieren der berechneten Änderung des Propaga-
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tionszeitwerts zu einem bereits berechneten Propagationszeitwert, um einen Propagationszeitwert für einen
nächsten Fokuspunkt zu bestimmen; und
Ermöglichen, dass das wiederholte Verarbeiten unabhängig für jeden Empfangskanal entsprechend einem
jeweiligen Empfangselement ausgeführt wird, und dass die Propagationszeitwerte parallel für zumindest den
Teil der Empfangskanäle berechnet werden, wobei
das Bilden des Empfangsstrahls ein Bestimmen der Änderung des Propagationszeitwerts durch die Änderung
der Tiefe des Fokuspunkts und Iterationsparameter, die zumindest einen Quotienten von zwei Schallgeschwin-
digkeiten enthalten, aufweist, wobei die Iterationsparameter durch eine Iterationsbeziehung gemäß der Ände-
rung der Tiefe des Fokuspunkts bestimmt werden.

14. Verzögerungssteuerungsprogramm, das in einer Ultraschallabbildungsvorrichtung durchgeführt wird, die Ultra-
schallwellen, die innerhalb eines Subjekts reflektiert oder erzeugt werden, empfängt, und das einen Empfangsstrahl
durch Durchführen einer Verzögerungsverarbeitung gemäß einer Propagationszeit zwischen einer Fokuspunktpo-
sition des Empfangsstrahls und einem Empfangselement bildet, wobei das Verzögerungssteuerungsprogramm
einen Computer veranlasst, die Schritte gemäß Anspruch 13 auszuführen.

Revendications

1. Appareil d’imagerie à ultrasons comprenant :

un récepteur à ultrasons (305) possédant une pluralité d’éléments de réception (200-203, 312-314) pour recevoir
les ondes à ultrasons réfléchies ou générées à l’intérieur d’un sujet (307) pour générer un signal respectif ;
un moyen d’échantillonnage adapté pour échantillonner le signal respectif reçu par au moins une partie des
éléments de réception par un cycle d’une horloge pour générer les signaux numériques respectifs ;
un dispositif de mise en forme d’un faisceau de réception (308), adapté pour mettre en forme un signal de
faisceau de réception (400-402) en réalisant un contrôle de retard sur les signaux numériques des canaux de
réception correspondant à la au moins une partie d’éléments de réception du récepteur à ultrasons, selon une
durée de propagation entre une position de point focal (21, 212, 213) du faisceau de réception et l’élément de
réception respectif (200-203) ; et
un processeur d’images (310) adapté pour générer une image à l’aide du signal de faisceau de réception,
caractérisé en ce que
le dispositif de mise en forme d’un faisceau de réception (308) est adapté pour calculer de manière séquentielle
les valeurs de la durée de propagation pour une pluralité de points focaux en répétant la procédure pour ajouter
un changement de valeur de durée de propagation correspondant à un changement de profondeur de point
focal à une valeur de durée de propagation déjà calculée afin de déterminer une valeur de durée de propagation
pour un prochain point focal,
pour exécuter la procédure de répétition indépendamment de chacun des canaux de réception, et pour calculer
les valeurs de durée de propagation en parallèle pour la au moins une partie des canaux de réception, dans lequel
le dispositif de mise en forme d’un faisceau de réception est adapté pour déterminer le changement de la valeur
de durée de propagation par le changement de profondeur de point focal et les paramètres de récurrence
comprenant au moins un quotient de deux vitesses du son, lesquels paramètres de récurrence sont déterminés
par une relation de récurrence selon le changement de profondeur de point focal.

2. Appareil d’imagerie à ultrasons selon la revendication 1, dans lequel
la relation de récurrence pour déterminer les paramètres de récurrence est décrite dans une forme polynomiale de
valeurs des paramètres de récurrence au niveau des profondeurs adjacentes de point focal.

3. Appareil d’imagerie à ultrasons selon la revendication 1, dans lequel
le dispositif de mise en forme d’un faisceau de réception est adapté pour déterminer le changement de valeur de
durée de propagation sous une forme polynomiale de la profondeur de point focal.

4. Appareil d’imagerie à ultrasons selon la revendication 1, dans lequel le changement de valeur de durée de propa-
gation est une constante.

5. Appareil d’imagerie à ultrasons selon l’une quelconque des revendications 1 à 4, dans lequel
le dispositif de mise en forme d’un faisceau de réception est adapté pour stocker une valeur de durée de propagation
de référence qui correspond à une valeur de durée de propagation déterminée à l’avance pour une profondeur de
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point focal spécifique, et
le dispositif de mise en forme d’un faisceau de réception est adapté pour considérer, lorsque la profondeur de point
focal atteint la profondeur de point focal spécifique au cours de la procédure de répétition, la valeur de durée de
propagation à cette profondeur de point focal comme étant la valeur de durée de propagation de référence stockée,
et pour calculer une valeur de durée de propagation d’une profondeur de point focal suivante en se basant sur cette
valeur de durée de propagation de référence.

6. Appareil d’imagerie à ultrasons selon la revendication 2, dans lequel le dispositif de mise en forme d’un faisceau
de réception est adapté pour stocker une valeur de durée de propagation de référence et les paramètres de récur-
rence de référence qui correspondent à une valeur de durée de propagation et à des paramètres de récurrence
déterminés à l’avance pour une profondeur de point focal spécifique, et
pour considérer, lorsque la profondeur de point focal atteint la profondeur de point focal spécifique au cours de la
procédure de répétition, la valeur de durée de propagation et les paramètres de récurrence à cette profondeur de
point focal comme étant la valeur de durée de propagation de référence et les paramètres de récurrence de référence
stockés, et pour calculer une valeur de durée de propagation et des paramètres de récurrence à une profondeur
de point focal suivante en se basant sur la valeur de durée de propagation de référence et les paramètres de
récurrence de référence.

7. Appareil d’imagerie à ultrasons selon la revendication 3, dans lequel
le dispositif de mise en forme d’un faisceau de réception est adapté pour stocker une valeur de durée de propagation
déterminée à l’avance pour une profondeur de point focal spécifique, et les coefficients de la forme polynomiale à
utiliser pour les points focaux subséquents à la profondeur de point focal spécifique, et le dispositif de mise en forme
d’un faisceau de réception est adapté pour considérer,
lorsque la profondeur de point focal atteint la profondeur de point focal spécifique au cours de la procédure de
répétition, la valeur de durée de propagation à cette profondeur de point focal comme étant la valeur de durée de
propagation de référence stockée, et pour déterminer le changement de valeur de durée de propagation par la
forme polynomiale en utilisant les coefficients stockés dans la procédure subséquente.

8. Appareil d’imagerie à ultrasons selon la revendication 4, dans lequel
le dispositif de mise en forme d’un faisceau de réception est adapté pour stocker des valeurs de durée de propagation
déterminées à l’avance pour une pluralité de points focaux de référence,
pour considérer, lorsque le point focal atteint l’un des points focaux de référence au cours de la procédure de
répétition, la valeur de durée de propagation en ce point focal comme étant une valeur de durée de propagation de
référence stockée, et
pour déterminer un changement de valeur de durée de propagation au cours de la procédure subséquente par la
valeur de durée de propagation de référence à cette profondeur de point focal et par une valeur de durée de
propagation de référence à la profondeur de point focal suivante.

9. Appareil d’imagerie à ultrasons selon l’une quelconque des revendications 1 à 8, dans lequel
le dispositif de mise en forme d’un faisceau de réception comprend pour chacun des canaux de réception :

une mémoire adaptée pour stocker, dans un laps de temps, les signaux numériques reçus de manière séquen-
tielle d’un élément de réception correspondant au canal de réception ;
un contrôleur de lecture de mémoire adapté pour contrôler la lecture de la mémoire ; et
une unité de calcul d’adresse de mémoire adaptée pour calculer une adresse de lecture de la mémoire, et
le dispositif de mise en forme d’un faisceau de réception est adapté pour former le signal de faisceau de réception
en ajoutant les signaux numériques de chacun des canaux de réception qui sont lus par le contrôleur de lecture
de mémoire à partir de la mémoire en fonction de l’adresse de lecture calculée par l’unité de calcul d’adresse
de mémoire, et
l’unité de calcul d’adresse de mémoire est adaptée pour calculer les positions d’adresse de lecture correspondant
aux valeurs de durée de propagation séquentiellement calculées pour la pluralité de points focaux pour calculer
de manière séquentielle les adresses de lecture correspondant à la pluralité de points focaux.

10. Appareil d’imagerie à ultrasons selon la revendication 9, dans lequel
l’unité de calcul d’adresse de mémoire est adaptée pour calculer une adresse de lecture sous la forme d’un nombre
réel, et
le dispositif de mise en forme d’un faisceau de réception est adapté pour interpoler deux signaux numériques stockés
dans une adresse correspondant à une partie entière de l’adresse de lecture calculée sous la forme d’un nombre
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réel et dans une adresse suivante, conformément à une partie décimale de l’adresse de lecture sous la forme d’un
nombre réel, et pour former le signal de faisceau de réception en utilisant les signaux numériques interpolés.

11. Appareil d’imagerie à ultrasons selon l’une quelconque des revendications 1 à 10, dans lequel
le récepteur à ultrasons est également adapté pour servir d’émetteur à ultrasons pour émettre des ondes à ultrasons
vers le sujet, et
l’appareil d’imagerie à ultrasons est adapté pour former une image de l’intérieur du sujet en irradiant des ondes à
ultrasons sur le sujet et en recevant les ondes à ultrasons réfléchies qui ont été réfléchies dans le sujet.

12. Appareil d’imagerie à ultrasons comprenant :

un récepteur à ultrasons possédant une pluralité d’éléments de réception pour recevoir les ondes sonores
générées par un sujet ;
une unité informatique de reconstruction d’images adaptée pour obtenir des données de réseau voxel évaluant
une intensité d’une onde sonore générée dans chaque voxel basé sur une onde à ultrasons reçue par un
récepteur à ultrasons ; et
un processeur d’images adapté pour obtenir des données d’images utilisant les données de réseau voxel
obtenues par l’unité informatique de reconstruction d’images, caractérisé en ce que
l’unité informatique de reconstruction d’images est adaptée pour calculer de manière séquentielle les valeurs
de durée de propagation pour une pluralité de voxels en répétant la procédure pour ajouter un changement de
valeur de durée de propagation correspondant à un changement de profondeur de voxel à une valeur de durée
de propagation déjà calculée afin de déterminer une valeur de durée de propagation pour un prochain voxel, et
la procédure de répétition peut être exécutée de manière indépendante pour chaque colonne de voxel, et l’unité
informatique de reconstruction d’images est adaptée pour calculer les valeurs de durée de propagation en
parallèle pour au moins une partie des colonnes de voxel, dans lequel
le dispositif de mise en forme d’un faisceau de réception est adapté pour déterminer le changement de valeur
de durée de propagation par le changement de profondeur de point focal et des paramètres de récurrence
comprenant au moins un quotient de deux vitesses du son, lesquels paramètres sont déterminés par une relation
de récurrence selon le changement de profondeur de point focal.

13. Procédé de contrôle du retard dans un appareil d’imagerie à ultrasons qui reçoit les ondes à ultrasons réfléchies
ou générées à l’intérieur d’un sujet (307) par une pluralité d’éléments de réception (200-203, 312-314) pour générer
un signal respectif, échantillonne le signal respectif d’au moins une partie des éléments de réception par un cycle
d’une horloge pour générer les signaux numériques respectifs, et forme un faisceau de réception en exécutant la
procédure de retard sur les signaux numériques respectifs selon une durée de propagation entre une position de
point focal (21, 212, 213) du faisceau de réception et l’élément de réception respectif (200-203, 312-314),
comprenant :

le calcul séquentiel des valeurs de durée de propagation pour une pluralité de points focaux en répétant la
procédure pour calculer un changement de valeur de durée de propagation correspondant à un changement
de profondeur de point focal, et la procédure pour ajouter le changement calculé de valeur de durée de propa-
gation à une valeur de durée de propagation déjà calculée afin de déterminer une valeur de durée de propagation
pour le point focal suivant ; et
la faculté d’exécuter de manière indépendante la procédure de répétition pour chaque canal de réception
correspondant à un élément de réception respectif, et le calcul des valeurs de durée de propagation en parallèle
pour au moins la partie des canaux de réception, dans lequel
la formation du faisceau de réception comprend la détermination du changement de valeur de durée de pro-
pagation par le changement de profondeur de point focal et des paramètres de récurrence comprenant au
moins un quotient de deux vitesses du son, lesquels paramètres de récurrence sont déterminés par une relation
de récurrence selon le changement de profondeur de point focal.

14. Programme de contrôle du retard exécuté dans un appareil d’imagerie à ultrasons qui reçoit les ondes à ultrasons
réfléchies ou générées à l’intérieur d’un sujet, et qui forme un faisceau de réception en exécutant la procédure de
retard selon une durée de propagation entre une position du point focal du faisceau de réception et un élément de
réception, le programme de contrôle du retard amenant un ordinateur à exécuter les étapes selon la revendication 13.
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