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Abstract. Time-of-Flight Diffraction technique (ToFD) is one of the advanced 
ultrasonic testing methods. It is based on the measurement of time-of-flight of 
ultrasonic waves and not their amplitudes and because of that, it is more precise in 
measuring the location and size of defects. The test is usually carried out by a pair of 
longitudinal angle-beam transducers in pitch-catch mode. Despite the many benefits 
of ToFD, it suffers from a number of shortcomings. One limitation is that the current 
ToFD technique is considered as a two dimensional method which can only evaluate 
the defects in the cross-sectional plane of the specimen. The goal of this paper is to 
propose a technique for measuring the location of a defect in the three dimensional 
space. To this purpose, instead of using a pair of transducers, a combination of one 
single transmitting transducer and multiple receiving transducers, arranged in linear 
or curved patterns, is considered.  Using the data collected by these transducers, the 
3D location of the defect can then be found by solving a nonlinear error minimization 
problem. This method is tested on a specimen with artificially implanted defects and 
the three dimensional location of the defect is found with very good accuracy.  

1 Introduction  

The time-of-flight diffraction technique (ToFD) which is based on the diffraction of 
ultrasonic waves from defect extremities is a well-established technique that has been applied 
successfully for accurate sizing of defects in thick sections [1]. Developed in the seventies in 
UK, ToFD is now a widely accepted NDT technique both in new construction and in-service 
NDT [2]. ToFD is generally known to provide accurate size, but relatively poor location of 
a defect in a weld cross-section. Many researchers have worked on assessing the performance 
of ToFD in terms of detecting, positioning and sizing of defects [3]. So far, most of the 
research conducted on ToFD considers positioning and sizing and little work has been done 
on identification of defect type. Some work has also been done on signal processing of ToFD 
signals [4,5].  
Target positioning as a diffracting or reflecting point has a background in passive radar, 
sonar, acoustic source localization and acoustic emission [6-8]. In these topics, the basic 
parameter is usually the time difference of arrival of a signal diffracted from a point (target). 
In acoustics, the first arrival echo is a time reference for others and they compare with this 
first echo.  
In this study, we intend to introduce a method for calculating the complete spacial position 
of a defect in ultrasonic ToFD testing. Our goal is to find the points of wave diffraction that 
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may be the tips of the defects in a homogenous and nondispersive material. By connecting 
the points of diffraction, the overall shape of the defect can be obtained. In this technique, 
three or more probes are used as transmitter and receiver.  

2 ToFD Limitations 

In ultrasonic time-of-flight technique (ToFD), the tip diffraction signals measured at different 
positions along the weld enable sizing of defect height and length. Diffraction is a general 
phenomenon in wave physics. The tips of internal defects diffract an ultrasonic beam as 
shown in Fig. 1.  

 

 
Fig. 1. ToFD configuration 

 
 

The diffracted waves propagate in all directions and their time-of-flight can be used for 
accurate measurement of arrival time, see Fig. 2. 
 
 
 

 
Fig. 2. A typical ToFD A-scan from our experiments 

 
ToFD can be classified as a pitch-catch ultrasonic technique with probes symmetrically 
placed across the weld line. The probes usually have high frequencies generating low 
wavelength beams that can detect tiny cracks. The wedges are angled in such a way to 
generate wide-angle longitudinal waves. Longitudinal angle-beam probes are usually used in 
ToFD tests and therefore, the received echoes are due to longitudinal waves; however the 
generated shear waves can also be viewed if required by extending the gate. If the defects are 
very small, then it might not be possible to differentiate the top and bottom tip signals. 
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Nonetheless, ToFD has high probability of detection (POD) and is the most accurate method 
in ultrasonic testing because it uses arrival time of echoes instead of their amplitude.  
One of the basic assumptions in ToFD is that the flaw (diffracting points) is in a plane and 
lay symmetrically between the two probes and extends vertically to its depth as shown in 
Fig.3. 

 
  
 

 
 
 
 

 
Fig. 3. General assumption of flaw shape in ToFD technique 

 
By specifying a certain time-of-flight and probe position, the defect depth, d, and defect size, 
a, can be determined through simple equations. However, based on these equations and the 
assumed probe configuration, all defects shown in Fig. 4 would have identical times-of-flight. 
This is because the root locus of all defects that have identical times-of-flight is an ellipse. 
Accordingly, different values may be obtained for a and d. 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Defects with equal time-of-flight for a certain probe configuration 
 

When ToFD is used for weld inspection, probes are usually placed symmetrically on both 
sides of the weld line and the testing area is the zone hatched in Fig. 4. Therefore it is likely 
to locate the defect position and size inaccurately.  

3 Localization Algorithm 

3.1 Problem formulation 

To find the 3D crack position in a specimen by TOFD, we introduce a new method similar 
to the one used in passive radar systems. Malanowski et al. [6] derived a closed form solution 
to the target location problem by using one single receiver and multiple transmitters. They 
minimized the norm of error by three different minimization methods. 
We follow Malanowski’s method but instead of one single receiver and multiple transmitters, 
we use one single transmitter and multiple receivers and rewrite the equations to obtain the 
required formulation. Let’s consider one single transmitter and multiple receivers as shown 
in Fig. 5. 

a 

d 



4 

 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Receivers and transmitter’s positions 
 
where T is the transmitter located at the origin and Di are the receivers, S is the defect (source), 
Dsi , Dti and Ds are the distances between source and ith receiver, transmitter and ith receiver 
and source and transmitter, respectively. We can write, 

 �鎚 = √捲鎚態 + 検鎚態 + 権鎚態 = ‖�鎚‖ (1) 
 
where �鎚岫捲鎚, 検鎚, 権鎚岻 is the source position and, 

 �鎚� = √岫捲� − 捲鎚岻態 + 岫検� − 検鎚岻態 + 岫権� − 権鎚岻態 = ‖岫�� − �鎚岻‖ (2) 
 
where ��岫捲�, 検�, 権�岻 is the ith receiver position. We can also write, 

 �痛� = √捲�態 + 検�態 + 権�態 = ‖��‖ (3) 

 
 

Fig. 6. Define DOF   
 

Considering Fig. 6, we can define the following two parameters. The first parameter is the 
Distance of Flight (DOF) which is equivalent to bistatic range in passive radar systems and 
the second one is Difference of Arrival (DOA), 

 
Ds+ Dsi= Di =DOF     (4) 

 
where, 
 �� = √岫捲� − 捲鎚岻態 + 岫検� − 検鎚岻態 + 岫権� − 権鎚岻態 + √捲�態 + 検�態 + 権�態  
 

(5) 

and, 
 
Dsi+ Ds- Dti=DOA                  (6) 
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  We can also write, 

 
DOF= DOA+ Dti (7) 

 
For N receivers we have N distances of flight: 

 

絞 =
[  
   
�怠�態�戴...��]  

   
�×怠

 (8) 

 
If target (source) position is estimated as  �̂鎚 = [捲̂鎚 , 検̂鎚 , 権̂鎚], we can obtain DOF vector as: 

 絞̂岫�̂鎚岻 = [�̂怠 , �̂態 , �̂戴 , … , �̂�] (9) 
 
We should minimize the norm of error  ‖絞 − 絞̂岫�̂鎚岻‖  by appropriating  �̂鎚 : 

 �̂鎚 = 欠���̂�陳�津‖�−�岫�̂�岻‖
 (10) 

  is the measured DOF. 
 

3.2 Finding a solution 

We can rewrite Di as, 
 �� − √捲�態 + 検�態 + 権�態 = √岫捲� − 捲鎚岻態 + 岫検� − 検鎚岻態 + 岫権� − 権鎚岻態 (11) 

 
then by squaring the two sides of Eq. 11 we obtain, 

 捲�捲鎚 + 検�検鎚 + 権�権鎚 − ��√捲鎚態 + 検鎚態 + 権鎚態 = なに (捲�態 + 検�態 + 権�態 − ��態) (12) 

 
Let’s introduce the following matrix and vector, 
  � = [ 捲怠 検怠 権怠捲態 検態 権態⋮ ⋮ ⋮捲� 検� 権�]�×戴 

 

紘 = なに [  
 捲怠態 + 検怠態 + 権怠態 − �怠態捲態態 + 検態態 + 権態態 − �態態⋮捲�態 + 検�態 + 権�態 − ��態]  

 
�×怠
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Using these two parameters, equation 12 can be written as: 
 ��鎚 = 紘 + 絞�鎚 (13) 

 
There are two unknowns in this equation, �鎚 as source or defect position and �鎚 as origin or 
transmitter-to-source distance. This relation is linear in �鎚 and �鎚. Solving this problem by 
assuming that �鎚 is known gives, 

 �̂鎚 = 岫���岻−怠��紘 + 岫���岻−怠��絞�鎚 (14) 
  

To find �̂鎚, �鎚 should be first determined. There are two methods that have been discussed 
in the literature for calculating �鎚 [6,9]. These two methods are Spherical-Interpolation (SI) 
and Spherical-Intersection (SX). In SI, Ds can be found from a certain quotient, while in SX,  �鎚 is calculated from a quadratic equation. �鎚 can be estimated by equation 15 and 16 in SI 
and SX methods. The estimated �鎚 is, 
 �̂鎚 = −絞��紘絞��絞 (15) 

  
where � = � − ��∗  . Moreover, 

 �̂鎚 = −に欠�決 ∓ √4岫欠�決岻態 − 4岫決�決 − な岻欠�欠に岫決�決 − な岻  (16) 

  
where γ and  決 = 岫���岻−怠��絞. 

When �̂鎚 is found, it can be substituted into Eq. 14 to find an estimate for the position, i.e. �̂鎚. If the discriminant of Eq. 16 is larger than 0, then two real-valued solutions exist for �s. 

4 Experiment 

4.1 Test configuration  

Four transmitters and 15 receivers are considered. In each tests, only one of the four 
transmitters and all 15 receives are involved, see Fig. 7.  
 
 

 
 

Fig. 7. Transducers and defect positions 
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An artificial flaw is machined as a hole in the back wall of the steel test piece. The tip of the 
artificial flaw acts as a wave diffracting point, see Fig. 8. 

 
Each transmiter is placed in front of the 15 recievers. Time-of-flight measeurments  for index 
to index points of probes are carried out on A-scan signals, one of which is shown in Fig. 2. 
The valuse of these time-of-flights is listed in Table 1. For some arrangements of transmitter 
and receiver, the time-of-flight was not measurable and in these cases no value is given in 
Table 1; and example is the combination of transmitter 1 and receiver 5. 

 

Table 1. Time-of-flight data for different combinations of transmitters and receivers  

 T1 

R1 - 

R2 - 

R3 97.84 

R4 116.58 

R5 110.06 

R6 - 

R7 105.55 

R8 131.05 

R9 116.35 

R10 124.293 

R11 120.735 

R12 146.945 

R13 131.646 

R14 - 

R15 - 
 

 T2 

R1 94.17 

R2 99.27 

R3 93.69 

R4 111.48 

R5 - 

R6 - 

R7 100.22 

R8 126.78 

R9 - 

R10 - 

R11 - 

R12 - 

R13 - 

R14 - 

R15 - 
 

 T3 

R1 91.08 

R2 95.12 

R3 89.96 

R4 107.33 

R5 101.40 

R6 108.28 

R7 97.25 

R8 122.63 

R9 107.27 

R10 115.75 

R11 111.8 

R12 137.2 

R13 122.51 

R14 120.14 

R15 - 
 

 T4 

R1 85.21 

R2 89.90 

R3 84.56 

R4 103.30 

R5 96.07 

R6 102.5 

R7 91.91 

R8 116.70 

R9 101.0 

R10 110.42 

R11 106.98 

R12 132.1 

R13 - 

R14 114.21 

R15 - 
 

 
 

  
 

Fig. 8. Probe configuration and artificial defect 

4.2 Test results 

SI and SX methods were applied to these four series of test data. The estimated defect 
locations designated by 捲̂ , 検̂ and 権̂ are given in Table 2. Averaged estimated coordinates for 
each method are given in Table 3 as 捲̅, 検̅ and 権̅. Absolut difference between the real and 
estimated values are also listed in the Table 3 where x, y and z are the coordinated of the 
defect tip. Based on the data given in Table 2 and 3, the largest deviation of the estimated 
and true locations of the defect tip is seen for the z coordinate. The main reason for this is 
that all transducers are laid on a flat surface. We believe that if the transducer distances in 
the z-direction from the defect tip are different, the estimation would become more accurate. 
Comparing the two algorithms, we observe that SI method provides better estimates than SX.  
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Table 2. The location of defect estimated by SI and SX methods 

Method 
Test No.  SI SI average  SX SX average 

Transmitter 1 
捲̂ (mm) 0.521 

x̅(mm)= 0.55 y̅(mm)= 0.48 z̅(mm)= -10.37 

捲̂ (mm) 0.82 

x̅(mm)= 0.79 y̅(mm)= 0.56 z̅(mm)=-9.63 

検̂ (mm) 0.471 検̂ (mm) 0.56 権̂ (mm) -10.45 権̂ (mm) -9.55 

     

Transmitter 2 
捲̂ (mm) 0.62 捲̂ (mm) 0.72 検̂ (mm) 0.50 検̂ (mm) 0.53 権̂ (mm) -10.15 権̂ (mm) -9.85 

     

Transmitter 3 
捲̂ (mm) 0.47 捲̂ (mm) 0.87 検̂ (mm) 0.46 検̂ (mm) 0.58 権̂ (mm) -10.60 権̂ (mm) -9.40 

     

Transmitter 4 
捲̂ (mm) 0.57 捲̂ (mm) 0.77 検̂ (mm) 0.49 検̂ (mm) 0.55 権̂ (mm) -10.30 権̂ (mm) -9.70 

 

Table 3. Average bias measurements [mm] 

method  |姉̂ − 姉| |姿̂ − 姿| |子̂ − 子| Average Bias |姉̅ − 姉| |姿̅ − 姿| |子̅ − 子| 
SI 

Transmitter 1 0.47 0.27 2.55 

0.12 0.28 2.63 
Transmitter 2 0.53 0.30 2.85 
Transmitter 3 0.45 0.25 2.40 
Transmitter 4 0.50 0.28 2.70 

SX 

Transmitter 1 0.64 0.36 3.45 

0.13 0.36 3.37 
Transmitter 2 0.58 0.33 3.15 
Transmitter 3 0.67 0.38 3.60 
Transmitter 4 0.61 0.34 3.30 

 
To examine the effect the number of receivers used in the estimation, we applied the SI 
algorithm to measurement done by incorporation 4-15 receiving transducers. The root mean 
square error for these measurements are calculated as follows and plotted in Fig. 9, 

  Root Mean Squqre Error =  √岫x̅ − x岻態 + 岫y̅ − y岻態 + 岫z̅ − z岻態  (17) 

   

 
 

Fig. 9. Variations in defect location accuracy by changing the number of receiving 
transducers  
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As shown in Fig. 9, by increasing the number of receivers, the estimation error is decreased.  

4 Conclusions 

The ToFD technique is not capable of locating defects in three-dimensional space. We 
proposed an alternative ToFD technique that can located the spacial location of the defect. 
The new technique is based on target localization algorithms commonly used in passive radar 
applications. The new technique incorporated more than one receiving transducer and is 
based on measuring the time difference of arrival. A mathematical model is developed for 
the problem and two non-linear minimization algorithms, SI and SX, are used for solving it. 
Experimental tests were carried out on a steel specimen with an implanted artificial flaw. The 
results are promising and indicate that the new technique can located the flaw tip pretty 
accurately. 
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