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Abstract: Spectroscopic methods have been for years widely used in analytical
laboratories. However, their application in industrial and environmental practice has
been up to now relatively limited because of the high costs of spectrometric instru-
mentation. This is only recently that the advances of micro- and optoelectronics have
made feasible integrated implementation of some spectrometric techniques and the
design of low-cost spectrometers for industrial applications. The integration implies a
significant reduction of instruments precision — mainly due to miniaturisation. This
loss, however, may be partially compensated for by digital signal processing of raw
spectrometric data. An algorithmic basis for a low-cost computer-assisted spectro-
metric system — that can be effectively used for qualitative and quantitative analyses
of multicomponent chemical substances — is proposed in this paper.
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1. INTRODUCTION

Spectroscopy is an analytical technique concerned with measurement characterisation of interac-
tions of radiant energy with matter, including the instruments designed for this purpose, called spec-
trometers, and corresponding means of the interpretation of the interaction both at the fundamental
level and for practical analysis. The distribution of radiant energy, absorbed or emitted by a sample of a
substance under study (an analyte), is called its spectrum. The interpretation of spectra provides fun-
damental information at atomic and molecular energy levels; at the practical level, comparisons of
spectra provide a basis for the determination of qualitative chemical composition and chemical struc-
ture, and for quantitative chemical analysis [1].

Various spectroscopic methods are currently used in analytical practice; however, their use in in-
dustrial laboratories, except pharmaceutical industry, has been up to now relatively limited because of
the high costs of spectrometric instrumentation. This is only recently that the advances of micro- and
optoelectronics have made feasible integrated implementation of some spectrometric techniques, and
— consequently — their industrial applications, e.g. [2 - 7]. The integration implies a significant reduction
of costs of corresponding instrumentation, but at the same time a loss of precision and accuracy
mainly due to miniaturisation — cf. [8 - 10]. This loss, however, may be partially compensated for by
digital signal processing of raw spectrometric data. In [11], a set of algorithms, dedicated to low-cost
low-resolution integrated spectrometers measuring spectra composed of clearly-cut peaks, was pro-
posed. In this paper, an alternative solution dedicated to a computer-assisted spectrometric system,
based on the mini-spectrophotometer SpectraMatch GT (manufactured by CVI Laser Corporation), is
presented.

2. NOTATION AND ASSUMPTIONS
The following notation is used hereinafter in this paper:

I —wavelength; | T I mins! max):
N — the number of data acquired by the spectrometer;
Dl — the step of wavelength discretisation; DI = (I iz - | min)/(N - 2);

| ,— the n-th discrete value of wavelength; | , =1 i, +(n- 1)DI for n=1..,N;
X' (1) - the transmittance spectrum of the analyte;

xAb(I ) — the absorbance spectrum of the analyte; xAb(I ) =-l0ogy [xTr (I )J;
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c — the vector of concentrations to be determined (measured); ¢ = [cl ..Cy ]T ;

c — an estimate of c.
The algorithms for spectrometric data interpretation, described in this paper, are based on the fol-
lowing assumptions:
the absorbance spectrum of a multicomponent substance equals a linear combination of the ab-
sorbance spectra of all its components [12]:

X0 ) =epd®(1 )+ 4 epx3®(1) M

where xfb(l ),...,x?b(l ) are normalised absorbance spectra of the components, and ¢;,...,C; are

the concentrations of those components;
the spectrometric data VnTr| n=1...,Nf may be adequately modelled with the convolution-type

equation:

ATrl_Ja T _

{ynr}—{g(l )*X r(| )||=|n|n—l...,N} @
where @(I ) is an estimate of the apparatus function, determined during calibration of the spec-
trometer;

the analyte is composed of J- DJ (DJ =0,1,...) components out of J components which may
appear in a given application, and whose exact spectra are stored in a reference data library (RD).

3. PROCEDURE FOR INTERPRETATION OF SPECTROMETRIC DATA

The estimation of the concentrations of the components of the analyte, directly from the acquired
spectrometric data, is in many practically important cases problematic due to instrumental imperfec-
tions of the spectrometer, and to some natural phenomena in the analyte. The imperfections of the
spectrometer and some quantum phenomena in the analyte produce blurring in the data representative
of the measured spectrum. Both effects may be eliminated or reduced by means of the algorithms of
deconvolution [13 - 14]. As a rule, the deconvolution algorithms are designed and assessed using the
criteria of the quality of deconvolution, which are not specific of spectrometry; e.g. the root-mean-
square errors of approximation. Consequently, the estimates of the concentrations, determined on the
basis of the results of deconvolution, may turn out to be very poor. On the other hand, the curve-fitting
algorithms, used for estimation of concentrations, may be very inefficient if not provided with a good
initial guess of the sought-for estimates [15]. Both the algorithms for spectrum reconstruction and the
algorithms for estimation of concentrations require some information on the mathematical model of the
spectrometric data; this information is acquired during calibration of the spectrometer.

Numerical algorithms potentially applicable for calibration of spectrometers, reconstruction of spec-
tra and estimation of concentrations are available in many software libraries [16 - 17], e.g. in some
MATLAB Toolboxes [18 - 19], including specialised libraries dedicated to processing of spectrometric
data, e.g. [20]. None of them, however, offers full support for the methodology of spectrometric data
interpretation, mainly due to the fact that there is no closed procedures of such interpretation. The de-
mand for such procedures in the domain of spectroscopy is generated by numerous and wide-
spreading applications of spectroscopic methods and technigues in many important areas of science,
technology and economy, in particular — in chemical, biochemical and pharmaceutical industries, as
well as in environmental monitoring. The procedure described in [11], responding to this demand, is
applicable provided the spectra of the components are composed of clearly-cut peaks; it fails if this as-
sumption is not satisfied. A procedure for estimation of concentrations, proposed in this paper (called
hereinafter selection-based procedure), is free of such limitations. It is based on the least-squares
curve fitting, performed in the domain of absorbance, applied to the spectrometric data corrected by
means of a deconvolution algorithm. The ill-conditioning effects [21] are overcome by introducing a
selection mechanism that involves two actions:

repetitive curve fitting, under various assumptions concerning the absence of the components from

RD in the analyte, and selection of a subset of estimates corresponding to the best fits;

choosing the estimate corresponding to the maximum number of the absent components.

A more formal description of the selection-based procedure, presented below, contains the symbol

J, that denotes a subset of integers belonging to the set {l, J} such that the binary representation
of the index s is S;...S, where:
i1 if jTJ
s =t J s

= . 3
P10 it T Jg )
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The proposed procedure comprises the following steps:
Compute an estimate of the spectrum using the Tikhonov-regularisation-based algorithm of decon-
volution described in [22]:

$AP(1) = TIKH[{?rTr}; a( ), s‘h2] (4)

where SAh2 is an estimate of the variance Sh2 of errors in the spectrometric data {VnTr}.

For s=27 - 1 27 - 2, 27 - 3,... , compute the estimates of concentrations according to the for-

mula:

Cq = arg.inf {Qs(c)| ¢l c} 5)

where:

Q.0)=")- &ox() .
il Js 2

Compute:

Smin =argsinf{Qs(6s)| S:2J-11 2‘]-2,---} @)

Find a subset S, of the values of s that indicate the estimates C producing the smallest values
of the objective function QS(E:S), and such that:

Q6.)- @, 6, ) £DQ,, s, ) for ST Smn ®)
where Dq is tolerance margin that should be adjusted to the level of errors in the data {YrTr}.
Choose §1 S, whose binary representation contains the smallest number of the digits 1.

Set C= 6§.

The above-described procedure is of heuristic nature, and does not guarantee the correct solution,

but — according to the computational experience — it is capable to provide such a solution with high
probability.

4. METHODOLOGY AND RESULTS OF COMPUTATION

The applicability of the proposed procedure for interpretation of the data from a mini-
spectrophotometer SpectraMatch GT, whose optical resolution is 5 nm, was studied in the following
way:

A library RD of exact spectra xfb (I ) x{?b(l ) of 8 real substances containingTh, U, Zr, Hf, Fe,

La, Ho or Ce was compiled — cf. Fig. 1.

04 04 025
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Figure 1. The spectra x°(1 ), ..., x3°(I ) of 8 real substances used for experimentation.
An absorbance spectrum xAb(I ) of a mixture of 5 substances containing U, Zr, Hf, Fe or La,

mixed in a known proportions (¢, =1.0%, ¢;=1.0%, ¢, =1.0%, ¢ =1.0% ¢; =1.0%) was
synthesised according to Eqg. (1), transformed into the domain of transmittance, convolved with the
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estimate of the apparatus function @(I ) of the mini-spectrophotometer SpectraMatch GT (Fig. 2),
and disturbed additively according to the formula:

T b={gr+n n=1 ..} ©
where {h n} is a white sequence of pseudorandom numbers distributed as N (O;s hz) —cf. Fig. 3.
The data were processed using the procedure described in the previous section for
sh2 =140°2,5%0 2,140 3; each experiment was repeated R=20 times, and the resulting esti-
mates of concentrations were averaged.

1.6
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Figure 2. The apparatus function §(I ) of the Figure 3. The spectrum of the mixture x"°(I )
mini-spectrophotometer SpectraMatch GT. and the data representative of this spectrum

{gee}.

The normalised mean-square error of the estimates of concentrations, was used for characterisa-
tion of the measurement uncertainty:

5. v /8,
1, = ah-%)/a% (10)
j=1 j=1

The results obtained for various combinations of concentrations were compared with the corre-
sponding result obtained by means of a commonly used method based on direct fitting of the linear

combination of the data )A/JTrn , simulated for all the components in the RD library ( j =1, ..., 8), to the

raw spectrometric data {ynT r} representative of the analysed mixture.

The intermediate results of computation, obtained for Sh2 =5x0"3, are shown in Table 1. The grey
fields correspond to sl S, defined for Dq=1% . Since the binary representation of s=62 |10, ie.
00111110 |2, contains the smallest number of the digits 1 among the binary representations of

sl S, the final result of estimation is Ce2 - The final results of study are summarised in Table 2.

5. CONCLUSION

The results of numerical experiments described in this paper have demonstrated some essential
advantages of the procedure for spectrometric data interpretation, proposed by the authors, in com-
parison to the currently used procedures for estimation of concentrations based on the least-squares
curve fitting in the domain of raw spectrometric data. When applied to the data acquired by means of
the low-resolution mini-spectrophotometer SpectraMatch GT, the proposed selection-based procedure
provides much more reliable estimates of concentrations: they are subject to 2-20 times less mean-
square errors. If compared to sophisticated statistical methods of estimation, such as Bayesian proce-
dure developed in [23], the selection-based procedure requires much less statistical a priori information
on the concentrations, and less computing time. It seems to be, therefore, an attractive software tool
for computer-aided applications of low-resolution mini-spectrometers in industrial or environmental
monitoring.
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2 -3
. . sy =540 — .
Table 1. The intermediate results of computation, obtained for ~ " (J%=J- DJ is the num-

ber of the digits 1 in the binary representation of S, i.e. the number of components present in the mix-

1 : =10
ture). The grey fields correspond to S| Sin for D :M).

s |3 1, | s |9 1, | s |9l 1, | s [9doe)] 1, | s [ado) 1,
255/8 036 | 059 221/ 6| 0.63 | 0.76 |182|5| 0.38 | 058 |127( 7| 037 | 052 |87 |5( 040 | 0.54
254 71 0.36 | 0.50 |[220( 5| 0.88 | 1.42 |181|5| 059 | 0.56 |126({ 6| 0.37 |1 039 |86 |4 | 041 | 0.55
253171059 0.72 219/ 6| 0.37 | 0.73 |180| 4| 0.72 | 1.11 |125(6 (059 | 066 | 85| 4 | 0.63 | 0.63
25216072 | 1.07 |218| 5| 0.38 | 0.67 |179| 5| 0.84 | 0.87 |124|5( 0.72 |1 109 | 83| 4| 0.84 | 0.93
25171037 0.78 |[217| 5| 0.64 | 0.65 |178| 4| 092 | 1.24 |123|/6( 038 | 0.71 | 79| 5| 0.48 | 0.92
250/ 6037 | 0.73 |216/4| 0.89 | 1.42 |177/4]|1 0.85| 0.88 |[122(5( 038|069 | 784|049 | 1.11
249161061 | 063|215/ 6| 0.39 | 064 |175/6| 043 | 091 |121({5(061 | 052 | 774 | 0.88| 0.91
248/ 51 0.75] 1.01 |214| 5| 040 | 0.57 |174| 5|1 0.44 | 094 |120{4(0.75|1 101 | 75| 4| 0.48 | 0.90
247|171 0.38 |1 0.72 |213| 5| 0.63 | 0.72 |173| 5| 0.75 | 0.75 |119/6 [ 0.38 | 067 | 71 |4 | 0.61 | 0.63
246/ 6 0.38 | 0.67 |212| 4| 0.88 | 1.51 |172|4| 2.31 | 1.19 |118/5( 038 | 058 | 63 |6 | 0.37 | 0.41
245161059 | 0.66 |211|{5]| 0.84 | 0.87 |171|5]| 044 | 092 |117(5( 059|056 | 62 |5 0.37 | 0.03
244151 0.72 |1 1.09 |210( 4| 092 | 1.24 |170| 4| 044 | 095 |116({4 (0721111 |61 (5| 059 | 0.56
243161 0.84 |1 0.89 |209| 4| 0.84 | 0.83 |169| 4| 0.75 ]| 068 |115(5(084 |1 095|604 (072|111
242151092 | 1.20 |207| 6| 0.45 | 0.95 |167| 5| 053 | 0.71 |114{4 (101|154 |59 (5| 0.39| 0.73
241151 0.84 | 0.87 |206| 5| 0.46 | 0.99 |166| 4| 055 | 0.85 |113{4( 084|093 |58 (4| 0.39| 0.65
240141099 | 145 |205/5|0.88 | 093 |165/4| 0.80| 069 |111{6( 043|091 |57|4(0.61|0.30
2391710431092 |204| 4| 3.06 | 2.30 |163| 4| 1.13 | 0.90 |110{5( 0441094 | 55|(5( 0.38 | 0.58
238/ 6 0.44 |1 095 |203| 5] 0.45 | 094 |159( 6| 0.37 | 0.50 |109(5(0.75|10.75 |54 4| 0.38 | 0.41
237/ 6 0.75 ] 0.80 |202| 4| 0.46 | 0.99 |158( 5| 0.37 | 0.31 |108(4 | 2311119534059 | 0.39
236/5(1231 1152014 088|091 |[157|{5| 0.70 | 0.69 |107({5( 044|092 | 514|097 | 0.84
235/ 6044 |1 093 |199|5| 059 | 0.74 |156| 4| 0.88 | 1.48 |106(4 | 044 |1 095 |47 |5 0.43 | 0.89
234151 0.44 |1 0.96 198 4| 0.61 | 0.92 |155/5| 0.38 | 0.68 |105(4 | 0.75|1 068 |46 |4 | 0.44 | 0.92
233/ 51 0.75 1 0.75 |197| 4| 0.93 | 0.97 |154| 4| 0.38 | 0.57 |103[{5( 053 |1 0.71|45(4( 0.75| 0.68
232141231119 (195(4| 1.13 | 090 |153[4| 0.71 | 048 |102({4 (055|085 |43 |4 0.44 | 0.90
23116053 0.77 |191| 7| 0.37 | 0.50 |151| 5| 0.40 | 0.58 |101{4 (080|069 |39 (4| 053 | 0.62
2301510551088 190( 6| 0.37 | 0.35 |[150{ 4040|041 | 9941161092 |31(5(1.04| 0.90
229151080 | 0.77 |189| 6| 0.59 | 0.66 |149/4| 070 | 059 | 956|037 |1 045 |30(4(1.04|0.87
228/ 41 265|108 |188( 5| 0.72 | 1.09 |147/41 0841083 |94(5(038|038|29(4(1.37]0.88
2271511131092 |187| 6| 0.38 | 0.74 |143| 5|1 0451094 |93 (5063|070 |27 (4| 1.05| 1.65
22641165099 |186|5| 0.38 | 0.68 |[142| 4|1 046|099 | 92(4( 089|161 |23|4(1.06 | 1.24
2251411141087 |185/5| 061 | 052 |141{4|1 092|083 |91(5(038|064|15(4(1.04| 1.00
22371037 |1 058 1844 0.75]| 101 |139/4| 0451093 | 904 0.39| 0.66

22216 037 | 0.48 |183| 6| 0.38 | 0.67 |135/4| 059 | 066 |89 |4 | 0.64 | 0.52

Table 2. The summary of the final results of study, obtained for the selection-based procedure for es-
timation of concentrations (PROPOSED PROCEDURE) and for the least-squares curve fitting in the do-
main of raw spectrometric data (REFERENCE PROCEDURE); all estimates in %.

s? |PROCEDURE | ¢ &, & & Cs & & Gy T2

PROPOSED | 0.00 | 1.08 | 142 | 053 | 097 [ 1.02 [ 0.00 | 0.00 | 0.22
REFERENCE | 0.00 | 1.26 | 1.72 | 0.47 | 0.83 | 0.00 | 0.51 | 0.00 | 0.52
PROPOSED | 0.00 | 1.00 [ 0.98 | 1.04 | 093 | 1.01 | 0.00 | 0.00 | 0.03
REFERENCE | 0.00 | 1.24 | 1.92 | 024 | 090 | 0.00 | 0.50 | 0.00 | 0.59
PROPOSED | 0.00 | 1.01 [ 1.06 | 0.95 | 0.97 | 1.00 | 0.00 | 0.00 | 0.03
REFERENCE | 0.00 | 1.23 | 211 | 0.00 | 0.98 | 0.00 | 0.50 | 0.00 | 0.66
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