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Abstract: The paper is on the usefulness of global
optimization for developing variational algorithms of
spectrophotometer calibration. A new nonlinear method for
reconstruction of absorption spectrum, on the basis of
spectrophotometric data, is proposed and wused for
demonstrating that the quality of reconstruction depends on
the ability of the calibration procedure to reach a global
minimum during optimization of the parameters of the
operator of reconstruction. The results obtained using
calibration algorithms based on local and global
optimization are compared in terms of measurement
uncertainty and artefact content.
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Notation:

A — wavelength A e [Amm,ﬂmax];

N  — the number of spectral data in one set;

A4 — the average wavelength step A1 = ma]’;[_ /llmi“ ;
A — A=Ay +(m=1)AA for n=1,.,N;

the spectrum;

X — the vector of spectrum samples;

X —  an estimate of the vector x ;

Y. — the spectrophotometric data;

n — the vector of noise corrupting the data y ;

o#/ — an operator for modeling the data;

P., - the vector of the parameters of the operator o# ;
R — an operator for spectrum reconstruction;

Px — the vector of the parameters of the operator £ .

1. INTRODUCTION

The computer-based interpretation of spectrometric data
¥=[%,... 7y, aimed at identification of the chemical
composition of an analyte, is of great importance for
applications of various kinds of spectroscopy in science,
biomedical engineering, environmental engineering and
industry — ¢f- [1]-[13]. The first step of interpretation usually
consists in estimation of the absorbance spectrum of the
analyte x(1); many methods for solving that problem have

been developed, for example [14]-[25]. The older methods,

whose examples may be found in [14], are based on a
forward model of the data, being a linear or weakly
nonlinear integral operator:

x(2)—>¥ e
which after discretisation takes on the form:
y=ctlx:p.,]+n (2)

T . .
where x= [xl, - xN] , x,=x(4,), o/ is a linear or
weakly nonlinear algebraic operator whose parameters p_,

are to be determined during calibration of the spectrometer,
and n is a vector modelling random noise in the data. In this

case, the spectrum estimation consists in (pseudo)inversion
of the operator o# for each vector of the data y . The more

modern methods, whose examples may be found in [21] and
[24], are based on the inverse model of the data, being a
nonlinear algebraic operator of generalized deconvolution:

X= Q?[y’ P;%] )

whose parameters pg are to be determined during

calibration of the spectrometer. In this case, the spectrum
estimation consists in direct application of the operator R
to the data y .

The above-outlined approaches differ in several
important features: the attainable accuracy and numerical
complexity of spectrum estimation, the numerical
complexity of calibration, and the requirements concerning
the data for calibration.

According to the inverse-model-based approach, the
operator R may be globally optimized using the criteria of
the quality of spectrum estimation (defined in the space of
spectra). The attainable accuracy of spectrum estimation is
higher for this approach than for the forward-model-based
approach since the latter is based on the optimization of the
operator o# using the criteria of the quality of
measurement channel simulation, defined in the space of
vectors of data.

If the use of a linear and stationary forward model of the
measurement channel is sufficient, then the numerical
complexity of its identification, performed during
calibration, is — as a rule — much lower than that of the
identification of the corresponding operator X that must be
nonlinear to warrant the stability of the solution. It increases
quickly, however, when a non-stationary model has to be
used, and becomes comparable if non-linearity must be
introduced. The same reasoning applies to the requirements



concerning the data for calibration.

According to the forward-model-based approach, the
operator R is created during the process of spectrum
estimation by referring to the forward model of the
measurement channel o# . Consequently, the numerical
complexity of the algorithms of spectrum reconstruction
based on this approach is — as a rule — significantly higher
than that of the comparable algorithms based on the inverse-
model-based approach.

2. RESEARCH OBJECTIVE

This paper is devoted to a new operator R and methods
of its identification using tools of global optimization. It is
defined by the formula:

3
%, =F{ valﬂ(in_v)} for n=4,..,N-3 4)
v==3

where Fl(z) and F, (z) are functions in one variable
defined as follows:
Fi(z)=2*+a,z* +az+a, 5)
Fy(z)= iarctan(z)+ 1 (6)
T 2

Thus, the vector of the parameter of the operator R

contains 10 elements, viz.:
P =laga ay by by by byby by by (7

They are to be estimated during calibration via minimization
of the following criterion:

J[p]=0.75%[F; p%]— X

023|702 s, (®)

where x°“ and §°“ are reference data used for calibration,

and 7 is the operator of numerical differentiation.

For the sake of numerical simplicity, the optimization
problems of this type are, as a rule, solved by means of the
methods of local rather than global optimization. The
research to be reported in the paper is aimed at studying the
consequences of this simplification for the measurement
uncertainty.

3. RESEARCH METHODOLOGY

The method of spectrum reconstruction, defined in the
previous section, has been systematically studied using

synthetic data whose noise-free version is shown in Fig. 1

(x““ and y°“ used for calibration ) and Fig.2 (x" and

y'“ used for validation). All experiments have been first

performed for the noise free-data and then repeated for the
data corrupted with additive noise:

ye = yeal L peal for n=1,..., N )
yrab= pral L pral for n=1,..., N (10)
where 7 and 5’ are zero-mean, uniformly distributed,

pseudo-random numbers with a known standard deviation
-4 1030 a7
o, 107,107 f; N =200.
All experiments have been carried out in two ways: by
using a MATLAB procedure of local optimization fininunc

and a TOMLAB procedure of global optimization glbSolve.
The results have been compared using the following
indicators of the uncertainty of spectrum reconstruction:

A,[f]=—=][& -], and Am[§]=||ﬁ—x||x (11)
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Fig. 1. The spectrum (thin line) and the data (bolder lighter line) used for
calibration.
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Fig. 2. The spectrum (thin line) and the data (bolder lighter line) used for
validation.

3. RESULTS OF STUDY

The numerical results of the study are summarized in
Table 1. The difference between the results obtained by
means of TOMLAB and MATLAB my be explained by the
properties of the optimisation criterion defined by Eq.(8). In
Fig. 3, Fig.4 and Fig. 5, selected cross-sections of this
criterion show its multiple minima. Those cross-sections
have been obtained for the noise-free data using the
following formula for defining the wvariability of the
parameters:

a,=a,+s-Aa, for v=0,1,2 (12)

b,=b, +s-Ab, for v=0,+1,+2,+3 (13)
where @, and b, are the values of the parameters obtained

by means of TOMLAB, and se[-1,1] is
characterising the relative detuning from those values.

parameter



Table 1. Summary of numerical experiments

Parameter or indicator
oy Symbol TOMLAB MATLAB
value value

a, -0.212 -0.212

a, 0.924 0.923

a, -1.499 -1.499

b, 1743.2 1716.7
b, -4096.2 -4014.9
b, 5752 487.9
by 3572.7 3635.9
0 b, 575.3 489.0

b, -4096.1 -4010.9

b3 1743.2 1713.5 D-1 -DIE -D.IE -D.‘tl -D.I2 0 D.I2 D.Ifl DIE D.IB 1

J 9.67-107° 8.30-107 s
A, l sz 8.20-10° 535.10 Fig. 3. The cross-section of the squared criterion J , corresponding to
A, [ m,] 318.10° 211107 Aa, =60 and Ab, =60 (other parameters fixed).

AZ[&“"’J 7.14-107 5.93.107*
Ax[”“’] 239-107° 2.87-107

a, -0.209 -0.039

a, 0.917 0.352

a, -1.494 -1.051

b, 1743.2 1788.9

b, -4096.2 -3918.8

b, 575.6 585.1

by 3572.7 3740.8

10 b, 576.4 605.1

b, -4096.1 -3876.3

by 1743.2 1856.5 . . ‘ . . . . .

J 327.10"" 2.04 ) I O R I
Az[i"‘l] 204102 161-10°" -1 -08 06 -04 02 E 02 04 0 08 1
Ax[ﬁ M] 5.04-107 6.24-10"" Fig. 4. The cross-section of the squared criterion J , corresponding to
A ] 2.25-107 1.56-107" Aa, =60 and Ab, =60 (other parameters fixed).

A | 752102 6.23-10""

a, -0.181 -0.797

a, 0.794 1.771 ® oo

a, -1.404 -1.296

b, -67.00 2614.8

b, -61.29 -2048.1

b, 67.26 862.9

by 140.59 5359.1

107 b, 67.26 862.9

b, -61.41 22048.1

by -67.20 2614.7

J 3.90-107" 3.32
A ] 3.16-107 2.91-10™"

Ax[“”’] 1.20-107" 7.97-107" 1 08 406 04 02 0 02 04 0B 08 1
o] 291-107 2.67-107! :
Ax[A m,J 12210 6.79-10"" Fig. 5. The cross-section of the squared criterion J , corresponding to

Aa, =60 and Ab, =60 (other parameters fixed).
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Fig. 6. The result of reconstruction, obtained for the validation data using
the estimates of the reconstruction parameters provided by TOMLAB (thin
black line) compared with the reference spectrum (bolder lighter line).
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Fig. 6. The result of reconstruction, obtained for the validation data using
the estimates of the reconstruction parameters provided by MATLAB (thin
black line) compared with the reference spectrum (bolder lighter line).

4. CONCLUSION

A new inverse-model-based method for spectrum
reconstruction has been proposed and studied using a
TOMLAB procedure of global optimization and a
MATLAB procedure of local optimization. It has been
demonstrated that the use of global optimization for
spectrophotometer calibration provides a significant
reduction of the contents of artefacts, as well as of the
measurement uncertainties expressed in terms of the
indicators defined by Eq.(11). This difference is illustrated
in Fig. 5 and Fig. 6 where the same spectrum from Fig. 2
has been reconstructed using the results of calibration
obtained by means of TOMLAB and MATLAB.
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