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Table 2. Results of differential evolution algorithm in different SNR.

X Ty (RIL P25 AR, [R] SR [20].

To1/ms  The/ms  Thg/ms  Tos/ms T»5/ms f f2 f3 fa f5
Exact 1 10 60 400 3000 1 2 4 3 2
DE1 0.998 9.993 59.982 399.898 2999.355 1.000 2.000 4.000 3.000 2.000
SNR = 80
DE2 0.998 9.993 59.982 399.898 2999.355 1.000 2.000 4.000 3.000 2.000
DE1 0.877 9.655 59.503 396.139 2963.063 0.970 2.007 4.019 2.993 2.018
SNR = 60
DE2 0.989 10.046 60.086 400.844 3009.841 1.004 2.001 3.997 3.002 1.995
DE1 1.497 13.000 60.273 392.926 2958.564 1.383 1.754 3.856 3.010 2.022
SNR = 40
DE2 1.283 10.785 58.632  387.904  2922.618  1.125  1.826  3.965  3.016  2.041
DE1 2.403 18.946 71.571 484.726 4040.514 1.775 1.931 3.567 3.097 1.643
SNR = 20
DE2 0.500 7.987 59.643 446.815 3671.550 1.013 2.068 4.168 3.158 1.754
4| SNR=80 = o3 .
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Iteration Number

(b)

K2
Fig. 2. (color online) Results of differential evolution algorithm in different SNR: (a) Results of T5 spectrum;

(TR ) ARG LU 22 0 SR A RS EE (a) To WSS IR ELES (b) SEIRISIuR fE L

(b) convergence rate of algorithm.
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Table 3. Results of experiment data.

T>1/ms f1 Tao /ms f2 T>3/ms f3

Reference values 33.9 — 291.4 — 1036 —
Together LM2 35.75 24.82 278.87 17.21 858.97 27.14
4 scans DE2 35.75 24.82 278.91 17.21 859.02 27.13
Together LM2 35.72 23.48 240.80 17.76 891.69 28.31
8 scans DE2 35.72 23.48 240.79 17.79 891.68 28.31
Together LM2 35.44 22.78 267.73 20.44 979.96 26.08
32 scans DE2 35.44 22.78 269.73 20.44 979.96 26.08
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Fig. 3. (color online) Experiment data of 4 scans and inversion results: (a) Signal of samples together;

(b) result of CONTIN; (c) result of LM2; (d) result of DE2. The dashed red line in (b), (c), (d) denote

reference values of T» calculated by Minispec.
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Fig. 4. (color online) Experiment data of 8 scans and inversion results: (a) Signal of samples together;
(b) result of CONTIN; (c) result of LM2; (d) result of DE2. The dashed red line in (b), (c), (d) denote

reference values of Ty calculated by Minispec.
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Fig. 5.

(color online) Experiment data of 32 scans and inversion results: (a) Signal of samples together;

(b) result of CONTIN; (c) result of LM2; (d) result of DE2. The dashed red line in (b), (c), (d) denote

reference values of Ty calculated by Minispec.
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Table A1l. Results of experiment data.

T>1/ms fi T2 /ms f2

ZH{H 33.9 — 1189.1 —
LM2 — — 1189.12 77.79

iz

I DE2 — — 1189.12 77.79
U2 IR + B4R KV LM2 38.80 38.24 1260.80 46.95
IR DE2 38.80 38.24 1260.80 46.95
WUZS TR -+ B R /K 7T LM2 35.11 41.99 1213.22 47.24
TR E DE2 35.11 41.99 1213.22 47.24

5B AT U SR SRR AR R K IR 23 550 B A S A Minispec A TN 2B H.
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Fig. Al. (color online) Experiment data of kerosene+copper sulphate solution (separate together) and

inversion results: (a) Signal; (b) result of CONTIN; (c) result of LM2; (d) result of DE2. The dashed red

line in (b), (c), (d) denote reference values of T> calculated by Minispec.
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Fig. A2. (color online) Experiment data of kerosene+copper sulphate solution (mixed together) and inversion
results: (a) Signal; (b) result of CONTIN; (c) result of LM2; (d) result of DE2. The dashed red line in (b),

(c), (d) denote reference values of T calculated by Minispec.
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Abstract

Multi-exponential inversion algorithm of nuclear magnetic resonance (NMR) T5 spectrum is an important math-
ematical tool for the NMR relaxation study of complicated samples. The popular algorithm usually obtains the T5
spectrum by linear fitting under the prescribed distribution of 75. When the T spectrum is dispersed, such a procedure
is inaccurate because of the lack of adaptive prescription and the limit of linear method. Nonlinear fitting method
does not fix the T, distribution, and it provides the positions and the weights of T» simultaneously via the nonlinear
fitting of multi-exponential function. In this case, the problem of multi-exponential inversion is transformed into a
nonlinear optimization problem with non-negative constraints. The optimization objective function is the residual sum
of squares (or residual sum of squares with regularization). The nonlinear optimization problem can usually be solved
by Levenberg-Marquardt algorithm and evolutionary algorithm. But the results of Levenberg-Marquardt algorithm are
dependent on initial values, and the calculation of evolutionary algorithm is complicated. We provide an optimal model
for the nonlinear fitting in the inversion of dispersed 7> spectrum based on the linear regression and least-squares. The
key idea is that the optimal weights of T3 can be calculated by least square when the positions of Ts are fixed, although
the positions of 75 are adjusted adaptively. So we can relate the positions to weights appropriately to improve the
popular nonlinear fitting algorithms. Such an improvement can reduce the searching inversion parameters, speed up its
convergence and reduce the dependence on initial value. Incorporating it into the Levenberg-Marquardt algorithm or
evolutionary algorithm can improve the inversion accuracy and make the algorithm more robust. The validity of our
improvement is demonstrated by the inversions of simulation data and practical NMR data by combining Levenberg-
Marquardt algorithm and differential evolution algorithm with our improvement. The inversion results of simulation
data show that for dispersed 7% spectrum, the algorithm using this improvement can obtain more accurate T> spectrum
than previous ones, especially in the case of low signal-to-noise ratio (SNR) cases. The inversion results also indicate
that the improvement can reduce the dependence on initial value of Levenberg-Marquardt algorithm, and can accelerate
the convergence of differential evolution algorithm. The inversion results of practical NMR, data show that the algorithm
using the improvement can obtain more accurate T spectrum than the widely used CONTIN program in the case of
low signal-to-noise ratio (SNR). The inversion results of oil-water mixture sample NMR data also demonstrate that the

relaxation time T3 is independent of dispersion degree of immiscible system components.

Keywords: nuclear magnetic resonance, multi-exponential inversion, nonlinear fitting, differential

evolution
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