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A method of nondestructive ultrasound tomographic imaging employing a rotating transducer
system is proposed. The rotating transducer system increases the number of emitters and detectors
in a tomographic scheme by several times and makes it possible to neutralize image artifacts
resulting from incomplete-data tomography. The inverse problem of tomographic reconstructing
the velocity structure inside the inspected object is considered as a nonlinear coefficient inverse
problem for a scalar wave equation. Scalable iterative algorithms for reconstructing the longitudinal
wave velocity inside the object are discussed. The methods are based on the explicit representation
for the gradient of the residual functional. The algorithms employ parallelizing the computations
over emitter positions. Numerical simulations performed on the “Lomonosov-2” supercomputer
showed that the tomographic methods developed can not only detect boundaries of defects, but
also determine the wave velocity distribution inside the defects with high accuracy provided that
both reflected and transmitted waves are registered.
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Introduction

This paper considers ultrasound tomography methods as applied to nondestructive testing
(NDT). Typical NDT tasks include ultrasonic inspection of welds, non-destructive testing of
concrete structures, products made of plastics and composite materials [4]. However, commonly
used ultrasonic inspection methods are not tomographic, as the object is usually sounded from
a single side. There are many NDT methods that can detect the boundaries of defects inside
the object by measuring reflected ultrasonic waves. One example is “topological imaging” [1, 5].
Synthetic Aperture Focusing Technique (SAFT) [3, 10] is also widely used.

In the practice of NDT, inspected objects often have areas with different acoustic properties,
which can be unknown. An example of such a problem is inspection of a welded joint. The speed
of sound in the joint and in the base metal is different. Topological imaging and SAFT methods
cannot determine the acoustic parameters, such as the sound speed distribution, but correct
application of these methods is possible only if the acoustic properties of the object are known.
The tomographic methods used in this study use both reflected and transmitted waves for image
reconstruction and make it possible not only to detect the boundaries of various regions inside
the object, but also to determine the wave velocity in these regions [7, 9, 11, 12].

In [2], a method of ultrasound tomography for NDT with fixed transducer arrays was inves-
tigated. A rotating transducer system for sounding an object from different angles allows us to
improve the quality of the reconstructed image in this paper. In addition, the use of a rotating
transducer array increases the number of emitter positions by several times, thus compensating
for a small number of detectors in typical linear transducers used in NDT. However, increasing
the number of emitters also increases the computational complexity linearly. Scalable algorithms
for general-purpose multi-CPU supercomputers have been developed to tackle this problem. The

numerical simulations were performed on the “Lomonosov-2” supercomputer [14].
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From the mathematical point of view, inverse problems of ultrasound tomography are com-
plex non-linear coefficient inverse problems. Solving them requires huge computational resources,
and implementation of solution algorithms is not possible without the use of high-performance
computing systems. In recent years, significant progress has been made in developing efficient

numerical methods for solving such inverse problems using supercomputers [6, 13].

1. Inverse Problem and the Solution Method

A distinctive feature of solids is that both longitudinal and transverse waves can propagate
through them. However, the velocities of these waves differ by a factor of two or more, which
allows the separation the longitudinal waves by pulse arrival time. In this study, the inverse
problem is considered in terms of scalar wave model for the longitudinal waves u(r,t)

c(r)ug(r,t) — Au(r,t) =0(r —ro) - g(t), u(r,t=0)=0, w(r,t=0)=0. (1)

Here c(r) = 1/v%(r), v(r) is the velocity of the longitudinal wave in the medium. Computing the
u(r,t) wave field for a given ¢(r) coefficient using the equation (1) constitutes a direct problem.

The inverse problem of ultrasonic tomography under the scalar wave model consists in
reconstructing the unknown wave velocity v(r) inside the region of interest using the measured
wave field u(r,t) at the detectors. This inverse problem is nonlinear, and we formulate it as a
problem of minimizing the residual functional between the measured and computed wave fields.
We use an iterative gradient method to minimize the functional [8, 13].

Figure 1(a) shows the scheme of a tomographic examination with rotating transducer arrays.
We consider the simplest 2D problem, in which the inspected region is a circle R containing an
inhomogeneity Q. Two linear transducer arrays T1, T2 are located on opposite sides of the
region R. Each array consists of 24 elements at a pitch of 0.6 mm which can both emit and
receive ultrasound waves. The transducers can be rotated around the inspected object. The

wave velocity vy in the Q is unknown and differs from the known vg in the surrounding medium.
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Figure 1. A tomographic examination with rotating transducer arrays

The experiment is carried out as follows. Each of the elements of transducers T1 and T2
successively emits a sounding pulse, while all the elements of both transducers act as detectors.
Then the transducers are rotated around the region R by a fixed angle. The process is repeated.

The software was designed for HPC systems under the Linux OS and implemented in C++-.
The MPI was used for inter-process communication. The computing nodes contained Intel
Haswell-EP E5-2697v3 14-core processors at 2.6 GHz, 64 GB of RAM, and Infiniband FDR
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network. The computations were parallelized so that one computing core was allocated for every
emitter position. This method is natural for the problem considered, since the computations
for each emitter are practically independent. This approach was proven to be effective and the
algorithm practically linearly scales up to several hundreds of CPU cores. The data exchange
overhead amounted to ~ 2% of the total computation time. The total of 384 CPU cores were
used. Spatial domain decomposition was not used, since parallelization over emitter showed
much greater efficiency. Single-precision floating point arithmetic was used in computations.

2. Numerical Simulations

The numerical experiment consisted of solving direct and inverse problems. First, for each
emitter position we solve the direct problem of wave propagation in a square computational
domain 2 encompassing the region of interest R (Fig. 1(a)). The transducers T1, T2 are then
rotated along with the computational grid by angle 22.5°. The wave field is registered by the
detectors for each rotation step and used as simulated experimental data for the inverse problem.

The central wavelength of the sounding pulse was 0.466 mm (5 MHz frequency). The beam
width of each element was =~ 50°. A inter-element pitch larger than the wavelength and a narrow
beam resulting from a large element size are a typical case in NDT applications.

Figure 1(b) shows the phantom. The sound speed in the medium was set to vy = 2450
m-s’! (ebonite material), and in the inhomogeneity Q — to v; = 2330 m-s™! (rexolite material).
Figure 1(c) shows the reconstructed sound speed The initial sound speed approximation for
the iterative method was chosen as vy = const = 2450 m-s''. As is evident from Fig. 1(c), a
rotating transducer system allows not only to reconstruct the boundaries of the object, but also
determine the sound speed inside the object with high accuracy. No artifacts, which are typical
for incomplete-data tomographic reconstruction [2], are present in the image.

The size of the computational domain was 20 x 20 mm, the finite difference grid contained
700 x 700 points. The total of 384 emitter positions were used in the simulation. The computing
time for 40 gradient descent iterations on 384 CPU cores in parallel amounted to 30 minutes.

Conclusion

In this paper, we propose a method of ultrasonic tomographic imaging involving a rotating
transducer, and discuss parallel algorithms for reconstructing the longitudinal wave velocity in-
side the inspected object. The use of a rotating transducer system yields reconstructed images
without artifacts typically present in incomplete-data reconstructions. The computational com-
plexity increases several times, however, parallelizing the computations over emitter positions

leads to scalable CPU algorithms on a supercomputer.
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