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ABSTRACT 

We describe the implementation and architecture of a system for Synthetic Aperture Focusing Technique reconstruction on 

ultrasonic data acquired by a handheld device. The reconstruction is performed simultaneous to the measurement process and 

instantaneous highly focused visual feedback is provided to the engineer. The implementation is based on the 3D smartInspect 

system that is currently being developed at Fraunhofer IZFP. This system assists engineers by recording, displaying and 

protocolling manually acquired data. We show that it is possible to enhance this system by adding simultaneous Synthetic 

Aperture Focusing Technique processing on top of the existing functionality. This leads to an improved imaging quality of the 

system, increasing its feasibility for difficult measurement tasks and lowering the demands on the measuring engineer even 

further. 
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1. INTRODUCTION — 3D SMARTINSPECT 

Ultrasonic flaw detection is an important modality for ensuring the fitness and quality of components, assemblies and structures. 

Despite an increasing automation of the measurement process, the inspection using handheld scanners remains important for 

difficult measurement tasks in structural health monitoring, inspection of large or complex components (e.g. rotor forgings), or 

when the quantity of the components for inspection is small and the implementation of a specialized automated measurement 

setup is uneconomic. 

Compared to automated measurements, these tests are less reproducible and trackable, depending heavily on the testing 

engineer's experience and personal knowledge. In order to support these engineers and reduce the possible deviation of the 

results, assistance systems have been implemented. At the Fraunhofer Institute for Nondestructive Testing IZFP such a device 

for assisting engineers on manual measurement acquisition is being developed [1]. This system, called 3D smartInspect, allows 

the engineer to collect data using handheld sensors utilizing different inspection modalities like ultrasound or eddy current 

testing. It takes care of the recording, visualization, and automated logging of the measurement process. 

The data is visualized to the engineer simultaneously during the measurement process in the form of augmented reality (AR). 

This AR feedback, which is based on a fusion of the visual camera captured information and the acquired and processed data, 

helps significantly to improve the coverage of the measurement on difficult objects, keep track of the results, and encourages the 

more detailed investigation of spots where actual indications are found. Therefore, both the coverage as well as the reliability of 

the measured data is improved, making the need for carrying out further measurements on the same specimen less likely. The 

position of the sensor probe is being tracked by a camera system. Compared to state of the art encoder based solutions this 

allows not only to track the probe but also record and store the exact visual correspondence of the sampling position to the image 

of the objects surface. The measurements are displayed in an AR fashion, aiding the interpretability and localization of 

indications. 

We develop a specific expansion of the 3D smartInspect system for ultrasonic testing. Precise sizing of the inclusions or cracks 

is essential for many tasks in structural health monitoring and ultrasonic testing in general. One approach to tackle this problem 

is to use unfocused transducers and focus the measurements by spatial superposition in post-processing utilizing an algorithm 

called the Synthetic Aperture Focusing Technique (SAFT). 
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The SAFT is being developed for nondestructive testing since the 1980s [2] and originates from developments in all weather 

radar dating back to the 1950s. It is based on the superposition of measurements taken at different positions on the specimen and 

yields a higher spatial resolution at all observation depths than focused transducers. Regarding the expansion of the 3D 

smartInspect system the main benefits of adding this processing step is that transducers with a wider beam angle can be used for 

the inspection, increasing the coverage of the specimen under test with fewer measurements. Furthermore, due to the increased 

spatial resolution the interpretability of the measurement for the engineer is facilitated. 

While SAFT is a well understood processing modality it is usually applied to data acquired by automated measurement systems, 

equidistantly sampled along the specimen’s surface. In order to allow SAFT processing in a system based on data acquired by a 

handheld scanner, furthermore also incorporating instantaneous visualization, several challenges have to be met: 

 

1. SAFT processing is computationally expensive. From an algorithmic point of view, SAFT can be sped up by 

exploiting symmetry in the geometry of the measurement setup, either by moving the processing to the frequency 

domain or by using look-up-tables in the time-domain [3]. For the given scenario, exploiting these gains inherently 

leads to approximation errors, requiring a suitable tradeoff between computational complexity and accuracy. 

 

2. The reconstruction has to be performed simultaneous to the measurement, since an update of the result is desired 

already when only a few new scans have been recorded. Such continuous updates are not a common scenario in 

SAFT processing and require further specific adjustments of the algorithms. 

 

3. Depending on the specific implementation, the algorithms are not well suited for the application to data that is 

sampled with varying measurement density across the surface. Here, a proper weighting of the impact of a single 

measurement to the reconstruction is required; also, the reconstruction is prone to artifacts due to the non-ideal 

spatial sampling. 

 

4. Machine-collected data is very precisely sampled at known positions and with only systematic variations in contact 

pressure and location. In contrast, manually acquired data is prone to far more factors of influence, like 

inaccuracies in the measurement of the scan position or when the probe is applied to the surface with varying 

pressure. Depending on their severity, these effects have to be accounted for. 

 

We develop an infrastructure and a SAFT processing scheme that is capable of performing the reconstruction simultaneous 

to the measurement process. It realizes a fast feedback to the engineer by the means of C-images, i.e. a top-down 

visualization of the maxima / sum of the focused measurements in depth direction. In Section 2 a brief overview of related 

literature is given. In Section 3 the SAFT algorithm is detailed. Section 4 elaborates the implementation of the processing 

for 3D smartInspect and our solutions to the aforementioned problems. In Section 5 the SAFT reconstruction of 

measurements obtained by a test-setup as well as the 3D smartInspect system are shown. Section 6 concludes the findings. 

2. STATE OF THE ART 

To the best of our knowledge little investigation on the topic of SAFT processing for handheld data has been conducted. In [4] 

intermediate results on the development of a system for the investigation of tendon-ducts in concrete are shown. This system 

uses the SAFT algorithm in combination with manual data acquisition. The authors propose a weighting scheme by a Gaussian 

kernel to account for the varying measurement density. Furthermore, artifacts induced by non-sufficient sampling are visualized 

to the user by performing the reconstruction both on measurement data as well as simulated data in parallel. By subsampling the 

simulated data the same way the measurement data is sampled, the reconstruction of the simulated data shows all the artifacts 

induced by the non-complete sampling. The user is then asked to collect data until the number of artifacts in the reconstruction of 

the simulated data is fairly low. He can then consider the reconstruction of the measurement data feasible as well. No hints 

regarding the algorithmic implementation of the processing as well as the online-capabilities are given in [4]. 

Improving the processing time of the SAFT reconstruction has been a topic of interest since the cradle of the technique. In 

general, runtime optimization is possible by using migration techniques in frequency domain (see e.g. [5, 6]) but these 

techniques are not easily adapted to an on-line processing scenario with non-complete data as required here. Fast time-domain 

processing is often realized using massive parallelization [7, 8] or by the means of precalculation and look-up-tables [3, 9]. 

Regarding the implementation of SAFT on randomly sampled data there exist a large number of publications expanding the 

Total Focusing Method (TFM) on matrix transducers by a random subsampling scheme with the goal of reducing the time 

required for data acquisition. This is equivalent to calculating SAFT on a set of random transmit and/or receive positions. See 

e.g. [10]. A more general inversion scheme of such data is proposed in [11]. These publications provide theoretical and practical 

foundations when the data can be sampled at random spatial positions. As the connected path of the transducer movement by the 

operator strongly differs from a uniform random observation their theoretic bounds and observations only partly apply here. 
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In [12] the spatial measurement density required for SAFT reconstruction on an equispaced grid is set in relation to the artifacts 

induced by the reconstruction. As these findings relate to densely sampled data, these findings are hard to apply here, but provide 

a background for the investigation of non-uniformly sampled data. 

3. THE SYNTHETIC APERTURE FOCUSING TECHNIQUE 

The most common approach to SAFT is the delay and sum formulation which is carried out in time domain [2]. It is often 

denoted as simple summation over hyperboloids derived from the propagation time of the pulse in the medium. 

Consider a pulse-echo ultrasound setup as depicted in Figure 1. We assume the propagation medium to be isotropic and 

homogeneous with speed of sound 0. Each measurement vector is denoted as t; x, y , where t is the time index in the vector 

and x, y are indices denoting the spatial measurement position. The measurements are recorded at the equispaced positions =x  and = y  where  and  denote the step width of the measurement in -direction and -direction, respectively. The 

data is sampled at the sampling frequency ��. The indices are in the range t ∈ [ , Nt[, x ∈ [ , N [ and y ∈ [ , N [. 
For brevity of notation we perform the reconstruction on the same grid. Let z; x, y  denote one vector of the reconstruction. 

Each element corresponds to the reflectivity of the specimen at the point , ,  where = x  and = y  and = −z . 

The step-width along the depth-axis  is given as = 02��. Negative values of  correspond to locations under the specimen 

surface, the transducer resides at = . The index z is in the range z ∈ [ , N [ with N = Nt. 
Delay and Sum SAFT selects each point of interest (in our case, each � = x , y , z ) and sums up all samples in the 

measurement data in which an echo from a point scatterer at that location could have been observed. This sum grows when the 

assumption is true and all measurements show the echo. Therefore, SAFT yields an estimation of the reflectivity inside the 

specimen. 

We denote the angle between an arbitrary observation point and transducer position as ��� = � z, |xr − xt|, |yr − yt|  and their 

Euclidean distance as �� = z, |xr − xt|, |yr − yt| . A single element in a reconstruction vector [z; xr, yr] observed at the 

spatial indices xr, yr is then computed as: 

 

 [z; xr, yr] = ∑ a ��� [round ��0 ; xt, yt]∀ t, t  (1) 

 

where round .  denotes the rounding to the nearest integer and a ���  is the angle dependent apodization function which 

adapts the algorithm to the angle-dependent insonification by the transducer (see e.g. [13]). We limit ourselves to a rectangular 

apodization function throughout this paper. 

4. IMPLEMENTATION 

In the following section we describe our approach to overcome the problems mentioned in Section 1 and our specific steps for 

implementing SAFT for the 3D smartInspect system. 

4.1 ALGORITHMIC APPROACH TO THE SYNTHETIC APERTURE FOCUSING 

TECHNIQUE PROCESSING 

One of the main drawbacks of SAFT processing is it computational expense, which is especially relevant for real-time 

applications. It is our goal to develop a scalable system which can be run on conventional personal computer infrastructure. 

As a first measure we limit ourselves to measurement data where all observation locations are discretized to an equispaced lattice 

or grid, while we do not require all measurements on the grid to be recorded. In other words, we round the position information 

obtained by the tracking system, such that for all observation points fed to the algorithm = x   and = y   with x, y ∈ ℕ 

holds. This introduces a rounding error which affects the reconstruction. As the position tracking system utilized in the 3D 

smartInspect system already applies a rough spatial quantization we limited the grid to the best resolution we can obtain from the 

system. 

When both the reconstruction and the data acquisition reside on the same grid, the computation of ��� and �� in Equation 1 are 

only performed for a limited set of values for z, |xr − xt|, |yr − yt|. As a consequence, look-up-tables for ��� and �� can been 

employed, significantly reducing the computational burden of each SAFT iteration [9]. For more specific details on the 

implementation see [14]. 

The sum in Equation 1 is then evaluated only for these data vectors that have been recorded. With the goal of reducing the 

computational effort even further we consider two setups for consecutive SAFT processing and image formation for 

visualization to the user: 
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1. Equation 1 is only evaluated for all those positions xr, yr at which a data vector has been observed, furthermore, the 

data is grouped along straight lines that are detected while the data is being recorded, each line is processed separately 

2. Equation 1 is evaluated for all xr ∈ [ , N [, yr ∈ [ , N [ 
 

 

 

Fig. 1: Ultrasound pulse-echo setup. 
 

where approach 1 is far more efficient from a computational point of view. 

The image that is shown to the user is computed either as maximum or sum of the absolute values along the depth-axis of the 

reconstruction vectors. This visualization is called the C-image. For approach 1 this also involves a 2D interpolation step after 

the computation of the sum / maxima. 

Exemplary results of both processing methods are displayed in Section 5.1. While approach 1 was considered due to its far 

superior computational performance our investigations show that it is not viable in terms of imaging quality. The SAFT requires 

observation points that align with the scatterer location using this method. It turns out that the method is too sensitive and 

attenuates missed scatterers too strongly. Furthermore, the images are far harder to interpret due to the cluttering caused by the 

2D interpolation, which is induced by the inherent non-optimal choice of the base-points due to the user chosen path and absence 

of data everywhere else. Therefore, approach 1 was considered unfit for deployment. 

We did not consider 3D SAFT reconstruction without the proposed quantization to a spatial grid and employment of look-up-

tables. This would require all distances to be calculated on the fly and deems the computation time, without utilization of 

massive parallel hardware, unfeasible for the application. 

4.2. ON-LINE PROCESSING 

In order to enable the continuous update of the visualization to the user, avoid negative interactions of data acquisition and 

reconstruction and build a robust system, we have decided to separate the data processing from the data acquisition and 

visualization. A data flow diagram of the implemented system is shown in Figure 2. 

The functionality is separated between two systems: one or multiple clients and one server. The server may run on ordinary 

consumer level computing systems and performs the post-processing of the raw measurement data. The client systems are e.g. 

the 3D smartInspect measurement systems which provide single measurement vectors (often referred to as A-Scans) as well as 

the according position information to the server. Also, systems for visualizing the data to the user like tablets, other computers or 

even the computer running the server software itself are clients. These are able to alter settings of the data processing server and 

obtain visualizations like C-Scans or 3D datasets from the server. 

The server runs three separate processes, called P1, P2 and P3, respectively. These have to work in a multiprocessing setting 

independently of each other. Furthermore, there are two important data storages involved in the processing chain, called D1 and 

D2. As the whole system is inherently based on multiprocessing, according strategies for preventing corruption of these shared 

data structures by multi process access have to be implemented. 

The process P1 receives the raw data vectors t; x, y  from the clients. It performs any kind of required preprocessing. This 

incorporate tasks like translating or adding meta-information, amplifying or scaling data, discarding of duplicate observations, 

calculating the envelope or converting data types. It then adds the vectors to the processing input queue D1. 
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Fig. 2: Data flow of the server implementation. 
 

The process P2 is implemented by several computing processes running in parallel. Each of them reads a single measurement 

vector from the queue D1 and calculates a data-driven 3D SAFT, updating all z; x, y  stored in D2 according to Equation 1. 

This task is performed as long as new vectors are found in D1. Furthermore, as the SAFT processing is the computationally most 

expensive task running on the server, it might occur, that the measurement data is acquired faster than the processes P2 can 

compute the reconstructions. This causes the queue D1 to grow. Besides the need to implement according mechanisms that 

avoid an overflow of the data buffer this scenario also requires adequate measures to still compute meaningful SAFT 

reconstructions. Simply reading the top vector from D1 will cause the reconstruction to first update the region where the last data 

was recorded, and then slowly propagate back to the start of the data acquisition. To counter such effects we have chosen to 

implement a scheme where P2 takes either the latest data vector or a vector randomly chosen from the history of the acquisition 

on each iteration. 

The process P3 computes visualizations based on the current state of D2. It was chosen to move that task to the server as the 

network load for communication between clients and server should be kept as low as possible. This incorporates tasks as the 

computation of C-images of the data for 2D visualization or the calculation of according 3D representations. 

By implementing the processing in a framework that benefits from parallelization, the goal of achieving continuous updates to 

the engineer even on slow computing hardware is realized. Furthermore, the system benefits from using parallel multicore 

hardware naturally. By detaching the measurement hardware completely from the processing, the robustness of the overall 

system is increased. 

4.3 VARYING MEASUREMENT DENSITY 

Due to manual measurement, the data is sampled in a non-uniform manner. This has both drawbacks on the resolution (see e.g. 

[12]) as well as the contribution of each single measurement. It is shown exemplarily in Section 5.1 that uniformly distributed 

random spatial sampling yields far better images than when the data is sampled along a connected path by the user. In a 

uniformly sampled scenario approximately the same number of measurement vectors contributes to each reconstruction sample 

and the deviation of the distance between the sampling positions is more uniform, leading to an approximately constant 

resolution of the imaging procedure. 

When sampling non-uniformly, as the ultrasound engineer inherently will, the resolution degrades and artifacts appear in the 

SAFT reconstruction. These effects are hard to model and their in-depth investigation is out of the scope of this paper. It is 

important to guide the measuring engineer accordingly such that there is enough data collected over the complete region of 
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interest. Further research should both deal with the impact on the resolution as well as according feedback mechanisms for the 

engineer. 

Another effect that has to be accounted for is the number of measurement vectors t; x, y  that contributes to each single 

reconstruction voxel [z; x, y]. We denote the SAFT as summation over all contributing t; x, y  in Equation 1, where the 

contribution is limited by the opening angle of the transducers, which is modeled via the apodization � ��� . As a consequence, 

a higher density of measurements will overemphasize scatterers in that region. 

To counter such effects we have chosen to account only for one measurement vector at each grid position. When the transducer 

is being moved slowly and multiple measurements are being taken at the same spot all but one are being discarded. As a 

consequence, the engineer will slowly fill the sampling grid during the measurement. The overestimation of single spots is 

bounded by the spatial sampling steps  and , which can not be arbitrarily small in a real world system. This approximation 

has shown to work well in practice. 

We did also consider other measures as replacing the summation kernel of the SAFT by a mean calculation. This did raise 

additional artifacts in regions with few measurements, as noise contributions, that could not be canceled out by the SAFT 

processing, were strongly emphasized. Further research tackled at finding a good approximation, that is applicable to real world 

systems, should be carried out. While the given approach is sufficient for our application these effects will be more severe for 

systems that sample on a finer spatial grid or with wider angle transducers. 

 

5. RESULTS 

5.1 COMPARISON OF THE PROCESSING STRATEGIES 

For the development of the processing scheme a densely and fully sampled dataset acquired by an automated measurement 

system was used. This measurement is shown here to back-up and illustrate the claims of the last section. Traces emulating the 

manual acquisition are generated in software. 

The measurement was conducted on a reference steel specimen. The data is equidistantly sampled over ×  measurement 

positions. The spatial grid spacing is =  = . ��. The results are displayed in Figure 3. 

In Figure 3a the C-image of the raw measurement data is depicted. The C-image is calculated as the maximum absolute 

amplitude of each vector t; x, y  in time direction. Figure 3b shows a reference SAFT reconstruction of the full dataset. Figure 

3c illustrates the effect on the reconstruction when less than 10% of the data (800 vectors) are used. These are distributed 

uniformly over the grid to illustrate the difference to choosing the samples along a connected path. In Figure 3e a reconstruction 

along a simulated manual acquisition path is shown. The reconstruction was only calculated for those x, y where measurement 

data was provided (i.e. approach 1 from Section 4.1). The sparsely sampled reconstruction was then interpolated to the full 2D 

grid for imaging. In Figure 3d a SAFT reconstruction of the same data is shown, using a SAFT reconstruction from sparsely 

sampled data to the full grid (i.e. approach 2). 

Some interpretation of the results was already given in Section 4. Foremost, Figure 3d shows the strategy that was chosen to be 

the most feasible for implementation in the 3D smartInspect framework. Compared to the reference reconstruction in Figure 3b 

there is a significantly higher amount of artifacts present. 

When comparing to the fully randomly drawn reconstruction in Figure 3c and the reconstruction along a connected path in 

Figure 3d it shows that the level of artifacts for the non-uniformly sampled data appears to be far worse. Both reconstructions are 

calculated on the same number of measurement vectors. This illustrates the impact of non-uniform sampling, which is not 

beneficial for the imaging process. According measures to guide the engineer to an adequate sampling of the specimen are 

required for the application of the processing. 

The results in Figure 3e are hard to interpret at best and are shown here only for completeness. The according processing strategy 

was considered due to its computational benefits. As the imaging suffers strongly from the non-uniform sampling it is 

considered unfit for application. 

5.2 APPLICATION OF THE PROCESSING TO THE 3D SMARTINSPECT SYSTEM 

In Figure 4 preliminary results of the reconstruction of data obtained by the 3D smartInspect system are shown. The dataset 

consists of  measurements of an aluminum reference specimen (U-PA-TypA standard calibration block) manually obtained 

by an ultrasound engineer. The SAFT reconstruction is carried out on the collected dataset. A grid of N =  and N =  

samples is chosen based on the measurement systems specifications. The spatial spacing is =  = . ��. 

The reconstruction is calculated using the envelope of the single measurement vectors t; x, y  rather than the unprocessed data 

with the goal of rendering the reconstruction more robust to variations in amplitude and phase of the data. These can be caused  
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Fig. 3: Comparison of several processing strategies on the example of machine-acquired measurement data of a steel 

reference specimen. 
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Fig. 4: Photography of the used U-PA-TypA calibration specimen, basepoints and 3D SAFT reconstruction of a 

preliminary example measurement obtained with the 3D smartInspect system. 
 

due to variations of contact pressure and orientation of the transducer which might occur in manual data acquisition. Also, 

inaccuracies of the position measurement system might degrade the data. The impact of such effects on the performance of the 

reconstruction should be investigated in more detail, such that better measures for increasing the robustness of the system can be 

employed. 

In the reconstruction all  bottom drillings visible on the reference photography can be distinguished. It is expected that the 

imaging can be further improved by using a less focused transducer. In general, the results show that the proposed scheme is 

capable of computing a SAFT reconstruction of manually acquired ultrasound data. 

6. CONCLUSIONS AND OUTLOOK 

We have proposed and implemented a parallel processing infrastructure for SAFT reconstruction simultaneous to manual 

ultrasound data acquisition on non-densely sampled data. Investigations regarding SAFT processing of non-equidistantly 

sampled data have been carried out and an efficient heuristic for processing such data for the given scenario has been found. An 

exemplary comparison of the processing schemes as well as different spatial sampling schemes (fully sampled, randomly 

subsampled, manual data acquisition path) was shown. These findings suggest that randomly sampling the data is far more 

beneficial than reconstructing along a densely sampled path, opening the question on how to guide measurement engineers to 

collect data appropriately. The processing scheme was then applied to handheld data acquired by the 3D smartInspect system. 

While the feasibility of the approach and proposed infrastructure has been shown, it is not yet fully incorporated in the 3D 

smartInspect system. Further investigations regarding the robustness to deviations in manually acquired data are triggered. A 

more thorough inspection of the non-uniform sampling and appropriate guidance systems for the measurement engineer to 

ensure imaging quality, which was out of the scope of this paper, is planned. 

In the process of manual data acquisition, the measuring engineer will benefit from the increased resolution of the imaging of the 

system. Furthermore, the spatial coverage of each single measurement is increased, as transducers with larger insonification 

angle can be employed for the inspection. This increases the benefits of utilizing the 3D smartInspect system beyond the already 

implemented aspects of automatic logging, real time coverage visualization and measurement visualization in an augmented 

reality setting using a projection to the specimen’s surface. 
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