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Figure E.3: The differences between the observed and calculated traveltimes found 
using the velocity models derived from a) DD b) DLS c) SVS d) CG with 30 
iterations and e) CG with 250 iterations. 

 DD DLS SVD CG 30 iter CG 250 iter 
Average (ms) 1.594 1.594 1.594 1.628 1.595 

Standard 
Deviation (ms) 

2.296 2.296 2.296 2.338 2.297 

Table E.1: The standard deviation and average of the differences between the 
observed and calculated traveltimes for the lower 2D survey. 
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 The next statistic that was examined was the number of unphysical values. Both 

negative values and velocities greater than 3000 m/s were considered unphysical based 

on the rock properties and the velocity model results. Once again all the results appear 

very similar except for those given by the CG method with 30 iterations (Figure E.4). The 

30-iteration CG method contains fewer unphysical values than all the other methods. The 

total number of low and high unphysical values for the lower 2D survey can be seen in 

Table E.2. The CG method using 30 iterations has a significantly lower number of 

unphysical values. This gives an indication that the CG method may be the best method 

to use. When using 250 iterations the CG method produces a very similar amount of 

unphysical values to the other methods; however, is still 1 value lower. 

Looking at both the differences and the unphysical values there is still no clear 

method that has a significant advantage over the others. While the three direct approaches 

gave better results when looking at the traveltime difference the CG method produced 

fewer unphysical values. A final statistic that may be able to determine the most 

appropriate method to use is the computation time. All four methods were solved in 

Matlab using the same Pentium 4 2.4 GHz computer with 512mb RAM. Each method 

was run a total of five times and averaged to reduce any error in times. The results for the 

lower 2D survey can be seen in Table E.3. The CG method with 30 iterations produces 

the fastest run times followed by the CG with 250 iterations and then the DLS method. A 

surprising feature is that even when using 250 iterations the CG method remains faster 

than the other three methods. The SVD method produces significantly slower times than 

the other methods with times 10 times slower than the 250-iteration CG and the DLS. 
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However, since the survey consists of a relatively small number of shots and receivers all 

the times remain relatively quick. 

    
a)       b) 

   
c)      d) 

 
e) 

Figure E.4: The unphysical velocity locations found using a) DD b) DLS c) SVD d) 
CG with 30 iterations and e) CG with 250 iterations. Negative velocities shown in 
blue with velocities greater than 3000 m/s shown in red. 
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Velocities DD DLS SVD CG (30 iter) CG (250 iter) 
Negatives  21 21 21 17 22 
>3000m/s 15 15 15 5 13 
Total 36 36 36 22 35 
Table E.2: The number of unphysical values in the velocity models of the lower 2D 
surveys. 

Run # DD DLS SVD CG (30 iter) CG (250 iter)
1 14.93 11.39 105.12 3.80 11.13 
2 14.96 11.12 126.27 3.76 10.85 
3 14.96 10.81 121.85 3.73 10.95 
4 15.36 13.97 119.22 3.71 11.53 
5 15.03 9.50 114.91 3.78 10.88 

Average 15.05 11.36 117.47 3.75 11.07 
Table E.3: The run times in seconds of the inversion techniques for the lower 2D 
survey. 

For the lower 2D survey there is no inversion method that produces a significant 

advantage over the other methods. The three direct methods produced the lowest 

traveltime differences while the CG methods produced fewer unphysical values. Due to 

the size of this survey all the run times were relatively short with CG using 30 iterations 

having the quickest run time. To find if one method is advantageous over the other 

methods other surveys have to be considered. 

E.1.2. Upper 2D Survey 

A similar comparison of the different straight ray methods was undertaken on the 

upper 2D survey. When examining the differences between the observed and calculated 

traveltimes all methods again produced a similar graph. Figure E.5 shows the graph of the 

differences for the singular value decomposition method. Using the differences in 

traveltimes the average and standard deviations were found (Table E.4). Once again the 

three direct methods have the same values with the conjugate gradient method with 250 

iterations being very similar. The 30-iteration CG once again has the highest values. 

However, the difference from the other methods remains small. 
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Figure E.5: The differences between the observed and calculated traveltimes found 
using the velocity model derived from SVD. 

 DD DLS SVD CG (30 iter) CG (250 iter) 
Average (ms) 1.625 1.625 1.625 1.650 1.625 
Standard 
Deviation (ms) 

2.108 2.108 2.108 2.139 2.109 

Table E.4: The standard deviation and average of the differences between the 
observed and calculated traveltimes for the lower 2D survey. 

 
 The next comparison made on the upper 2D survey was the amount of unphysical 

values. Unphysical values were determined to be any velocity less than zero or greater 

than 3000 m/s. Figure E.6 shows the location of all the unphysical values for all five 

methods. Similar to the traveltime differences DD, DLS and SVD all show the same 

amount of unphysical values. As seen in Table E.5, both the 30- and 250-iteration CG 

method show a fewer amount of non-physical values. The 30-iteration CG shows a 

significantly fewer amount of both the unphysical high and low velocity values. 
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a)    b)    c) 

Figure E.6: The unphysical velocity locations found using a) DD, DLS, SVD b) CG 
with 30 iterations and c) CG with 250 iterations for the upper 2D survey. Negative 
velocities shown in blue with velocities greater than 3000 m/s shown in red. 

 
Velocities DD DLS SVD CG (30 iter) CG (250 iter) 
Negatives 48 48 48 15 42 
> 3000m/s 4 4 4 1 5 
Total 52 52 52 16 47 
Table E.5: The number of unphysical values in the velocity models of the lower 2D 
surveys. 
 The next statistic examined for all the different straight ray traveltime methods 

was the computation time. Table E.6 shows that CG with 30 iterations once again has the 

fastest computation time. The second fastest method is the DLS with the 250 iteration CG 

following shortly after. Again, SVD is significantly slower than the other methods.  

Run # DD DLS SVD CG (30 iter) CG (250 iter) 
1 4.19 1.65 12.32 0.785 2.09 
2 4.21 1.64 12.37 0.808 2.21 
3 4.24 1.60 12.23 0.806 2.18 
4 4.18 1.59 12.26 0.810 2.17 
5 4.18 1.63 12.42 0.760 2.22 
Average 4.20 1.62 12.32 0.794 2.17 
Table E.6: The run times in seconds of the inversion techniques for the upper 2D 
survey. 

 With the upper 2D survey there is once again no method that has a significant 

advantage over the other methods. The three direct methods remain the most accurate 

when considering traveltime differences whereas CG has fewer unphysical values. The 
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CG and DLS methods appear to have the fastest computation time but all methods are 

solved within a reasonable amount of time.  

E.1.3. Lower 3D survey 

The lower 3D survey gives the first chance to compare the different methods on a 

larger survey. The lower 3D survey has a much larger area of coverage as well as a larger 

amount of rays. A look at the differences between the measured and calculated 

traveltimes starts to show a separation in the average and standard deviation (Table E.7). 

The three direct methods remain very close with DD having a slightly lower average 

difference than the other two. The CG method with 250 iterations shows the lowest 

standard deviation value for the differences with an average that is only slightly above 

those of the direct methods. 

 DD DLS SVD CG (30 iter) CG (250 iter) 
Average (ms) 2.033 2.038 2.035 2.121 2.042 
Standard 
Deviation (ms) 

2.762 2.772 2.763 2.836 2.760 

Table E.7: The standard deviation and average of the differences between the 
observed and calculated traveltimes for the lower 3D survey. 
 The number of unphysical values shows the same trend as the 2D surveys (Table 

E.8). The lowest number of unphysical values is seen in the CG methods. One difference 

from the 2D surveys is that the DLS method is producing more unphysical values than 

DD or SVD. The computation times of the lower 3D survey follow the same trend as the 

2D surveys. Table E.9 displays all the computational times with CG having the quickest 

times with both the 30 and 250 iterations. With the increase in survey size the difference 

in computational time is now starting to become significant with a large difference in 

time separating the fastest (CG) and the slowest (SVD). This makes the CG method more 
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attractive as it has similar results in the traveltime differences whereas it has superior 

results in both unphysical values and computation time. 

 DD DLS SVD CG (30 iter) CG (250 iter) 
Negative 157 161 155 32 123 
> 3000m/s 13 14 15 62 26 
Total 170 175 170 94 149 
Table E.8: The number of unphysical values in the velocity models of the lower 2D 
surveys. 

Run # DD DLS SVD CG (30 iter) CG (250 iter) 
1 186.19 209.26 7778.29 52.89 108.04 
2 192.04 205.69 7582.52 55.93 104.73 
3 189.40 276.62 7874.46 54.90 108.45 
4 190.67 257.15 7719.01 51.05 105.31 
5 187.10 220.34 7938.72 52.20 108.79 
Average 189.08 233.81 7778.60 53.39 107.06 
Table E.9: The run times in seconds of the inversion techniques for the lower 3D 
survey. 

E.1.4. Upper 3D Survey 

The upper 3D survey displays some interesting results when looking at the 

standard deviation and average of the differences between the observed and calculated 

traveltimes (Table E.10). The DD method was found to produce the most accurate results. 

For the first time the 250-iteration CG method is producing more accurate results than the 

DLS and SVD methods, which are close behind, while the 30-iteration CG once again 

produced the least accurate model. When looking at both the upper and lower 3D surveys 

the 250 iteration CG method has improved from the 2D surveys with the standard 

deviation being near the lowest value in both surveys and the average being the second 

lowest in the upper 3D survey. This may be an indication that as the survey size increases 

the CG gradient method should become the method of choice.  
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 The amount of unphysical values (Table E.11) again shows a similar trend to 

those in the other surveys. The lowest amounts of unphysical values appear in the CG 

methods with 30 iterations producing the fewest number. The three direct methods once 

again produce very similar distributions of negative and high velocity values. With the 

CG method producing the fewest amounts of unphysical values it appears that it is 

establishing itself as the preferred method for this survey.  

 DD DLS SVD CG (30 iter) CG (250 iter) 
Average (ms) 2.640 2.651 2.651 2.711 2.646 
Standard 
Deviation (ms) 

3.522 3.528 3.528 3.586 3.527 

Table E.10: The standard deviation and average of the differences between the 
observed and calculated traveltimes for the upper 3D survey. 

 DD DLS SVD CG (30 iter) CG (250 iter) 
Negatives 74 74 74 28 69 
> 3000m/s 17 17 16 34 16 
Total 91 91 90 62 85 
Table E.11: The number of unphysical values in the velocity models of the upper 3D 
survey. 
 The computation time (Table E.12) once again shows a significant advantage for 

the conjugate gradient method. The next fastest method was DD with an increased time 

of 50 seconds. The SVD once again is significantly slower than the other methods and 

may not be advantageous to use with the extra time. The CG again shows a clear 

advantage as the 250-iteration CG method has the second lowest average traveltime 

difference and the CG methods display the least amount of unphysical values and 

smallest computation times. 

E.2. GPR Survey 

By examining the results of the four different methods on the GPR surveys, an 

indication of which method works the best on a very small survey can be determined. The 
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GPR surveys contain only approximately a quarter of the rays of the 2D seismic surveys 

and therefore can be representative of the smaller sized surveys. Since the 2D and 3D 

GPR surveys were very similar the results of both will be examined at the same time. 

Run # DD DLS SVD CG (30 iter) CG (250 iter) 
1 161.92 288.79 6040.15 47.79 99.48 
2 151.40 247.38 6151.17 44.84 100.83 
3 154.66 257.93 6100.20 46.72 99.98 
4 141.75 238.75 6149.75 44.62 98.92 
5 153.22 260.59 6098.89 44.59 109.21 

Average 152.59 258.69 6108.03 45.71 101.68 
Table E.12: The run times in seconds of the inversion techniques for the lower 3D 
survey. 

Unlike the seismic surveys, the GPR survey produces significantly different 

velocity models depending on the method used (Figure E.7). The CG method appears to 

provide the most accurate velocity model based on greater appearance of velocity 

structure in the areas of low coverage. The three direct approaches produce few 

distinguishable velocities in these regions. To help determine whether this visual 

assessment is correct differences between the observed and calculated traveltimes were 

solved. 

The standard deviation and average of the differences between the observed and 

calculated traveltimes were solved and displayed in Table E.13. The results show some 

interesting features. The DD method produces the best average value for the 3D and 

second best for the 2D survey. The lowest standard deviations are found using the DD 

and SVD method. All methods with the exception of the 30 iteration CG method showed 

improvement from the 2D to 3D. It is difficult to choose the most accurate method based 

solely on this data as the different methods produced similar but varied statistics with no 

single method dominating all categories. 



201 

 

 
 

Figure E.7: The derived velocity structures of the 2D GPR survey found using a) 
DD, b) DLS, c) SVD d) CG with 30 iterations and e) CG with 250 iterations. All 
values greater than 0.2m/ns and less than 0 m/ns are set equal to 0.2 m/ns and 0 
m/ns respectively. 
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  DD DLS SVD CG (30 iter) CG (250 iter) 
2D Average (ns) 1.568 1.650 1.567 1.710 1.602 
2D Standard 
Deviation (ns) 

2.314 2.362 2.314 2.412 2.329 

3D Average (ns) 1.562 1.609 1.563 1.714 1.594 
3D Standard 
Deviation (ns) 

2.308 2.322 2.309 2.411 2.322 

Table E.13: The standard deviation and average of the differences between the 
observed and calculated traveltimes for the GPR 2D and 3D survey. 

The unphysical values also show a few interesting features (Table E.14). The 

three direct approaches showed improvement with the move from 2D to 3D. This is to be 

expected as the ray path becomes closer to its actual length. The CG gradient does not 

show this expected improvement. The values remain close between the 2D and 3D 

surveys; however, there is a slight increase in the 3D survey for the CG method.  For the 

first time the DD method is producing fewer unphysical values than the 250 iteration CG 

method. The 30-iteration CG method remains the best method producing the fewest 

number of unphysical values. One interesting feature that has been observed throughout 

the different surveys is the distribution of the unphysical values between high and low 

values. The CG method has consistently produced fewer negative velocities and a greater 

number of high values. The larger number of high velocity values is the preferred 

distribution as there is no possibility a negative velocity could be physical while it is 

possible that there would be a region of unexpectedly high velocity in the pyramid 

allowing for the possibility that a small percentage of the high values may in fact be 

physical. 

 The 3D and 2D GPR surveys showed very comparable traveltimes therefore only 

the traveltimes of the 2D survey are displayed in Table E.15. The CG method with 30 

iterations again provides the fastest times. The second fastest method was found to be 
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DD. The SVD method is significantly slower than those of the other methods. The DD 

method appears to have established itself as the most accurate method on the GPR 

surveys. The DD and CG methods both provide evidence that they may be the most 

appropriate method to use on the GPR surveys. The 30-iteration CG method provided the 

fewest unphysical values, the quickest computation times and the second lowest standard 

deviation behind the 250 iteration CG method. The CG method also showed 

improvement when the survey became 3D, which could be an indication that CG is more 

versatile. The DD provided better results in the average traveltime differences and 

followed closely behind the 30-iteration CG method in both unphysical values and 

computation time. 

 DD DLS SVD CG (30 iter) CG (250 iter) 
2D Negatives 62 78 76 7 46 
2D >0.2m/ns 20 22 22 61 35 
2D Total 82 100 98 68 81 
3D Negatives 62 78 74 7 43 
3D > 0.2 m/ns 20 20 22 62 42 
3D Total 82 98 96 69 85 
Table E.14: The number of unphysical values in the velocity models of the 2D and 
3D GPR surveys. 

Run # DD DLS SVD CG (30 iter) CG (250 iter) 
1 1.81 2.73 36.32 1.11 4.50 
2 1.81 2.64 36.32 1.12 4.47 
3 1.80 2.63 36.34 1.13 4.47 
4 1.84 2.68 36.38 1.11 4.45 
5 1.81 2.61 36.95 1.11 4.45 

Average 1.81 2.66 36.46 1.12 4.47 
Table E.15: The run times in seconds of the inversion techniques for the 2D GPR 
survey. 

E.3. Summary 

Three different statistics were examined when comparing the different straight ray 

traveltime inversion techniques. The first statistic was the differences between the 
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observed and calculated traveltimes found using the derived velocity models. The 

standard deviation and average of these traveltime differences were solved and compared. 

The three direct methods (DD, DLS, SVD) provided similar results that tended to be 

more accurate than those of the 30- and 250-iteration CG for the 2D seismic surveys. 

When increasing the survey size to those of the 3D seismic surveys the 250-iteration CG 

found a smaller standard deviation for both the upper and lower and also found the 

smallest average for the upper survey. These trends changed once again when decreasing 

the survey size as in the GPR surveys. In the case of both the 2D and 3D GPR surveys the 

DD and SVD found the lowest averages and smallest standard deviations. The GPR 

survey did not provide any clearly advantageous method based on traveltime differences. 

When considering the number of unphysical values the CG method consistently 

produced the fewest amount in all the different surveys with the one exception being DD 

having fewer than the 250 iteration CG method in the GPR surveys. This provides 

credibility to the fact that the CG method may be the best method to use to provide the 

most accurate result despite the higher averages in traveltime differences. This may be 

the case as the calculated traveltimes were found using the velocity models with the 

unphysical values included. The exception may once again be in very small surveys like 

the GPR survey where the DD method provided fewer unphysical values than the 250 

iteration CG method as well as a lower average traveltime difference. 

The computation time was the final feature considered in deciding which method 

was the most advantageous to use. The 30-iteration CG method consistently provided the 

fastest results. In the smaller GPR and 2D seismic surveys the computation times 

remained small for all methods with the exception of the SVD method. When the survey 
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size increased the CG method provided significantly faster result using both 30 and 250 

iterations.  

Despite the small increase in the average difference between the observed and 

calculated traveltimes the CG remains the most beneficial method. It was also seen that if 

the average differences are a concern the amount of iterations could be increased 

resulting in a better average while maintaining its advantage in unphysical values and 

computation time in larger surveys. In smaller surveys the computation time was less of 

an issue resulting in DD also being considered. DD provided low averages while 

maintaining a relatively low computation time and number of unphysical values. If the 

survey being undertaken has a very large fold where unphysical values are not an issue 

and is small enough that computation times remain short the DD may provide better 

results. 

 

 




