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MODIFICATION OF THE SPECTRAL SENSITIVITY ANALYSIS METHOD
IN PARAMETRIC SYNTHESIS PROBLEMS

The subject of the study is methods for analyzing the spectral sensitivity of parameters in parametric synthesis problems related
to the reconstruction of medium characteristics from spectral data. The aim of the work is to develop a modification
and investigate the applicability of the spectral sensitivity analysis method to improve the stability and identifiability of parameters
in parametric synthesis problems. To achieve this goal, the following tasks were addressed: analysis of the causes of instability
in parametric synthesis problems; investigation of approaches for evaluating spectral sensitivity of parameters; conducting
numerical experiments to study the influence of parameters on the spectral response; and assessment of parameter
informativeness using appropriate quantitative metrics. The research methods are based on the use of an analytical model
of the spectral response, differential analysis of sensitivity functions, and numerical methods for computing integral characteristics
and eigenvalues of the spectral sensitivity matrix. The obtained results demonstrate that the parameters have significantly
different impacts on the spectral shape, which is confirmed both by the visual analysis of sensitivity functions and
by numerical evaluation of their integral measures. It is established that the dominance of certain parameters leads
to substantial differences in influence scales and results in the presence of poorly identifiable parameters. The spectrum of eigenvalues
of the sensitivity matrix is analyzed, revealing features indicating the proximity of the problem to a degenerate case. Additionally,
the condition number is evaluated, confirming the potential instability of the solution. It is concluded that spectral sensitivity
analysis is an effective tool for preliminary assessment of parameter informativeness and can be used to improve the stability
of parametric synthesis problems. The obtained results can be applied in the development of more complex spectral analysis models

and in improving parameter identification methods.
Keywords: spectral sensitivity; parametric synthesis;

parameter identifiability; problem stability; spectral analysis;

numerical experiment; analytical model; parameter informativeness; information technologies.

1. Introduction

Parametric synthesis in spectroscopy is a key
component of analyzing complex physical systems,
in which the parameters of the medium are determined
based on  experimentally = measured  spectral
characteristics. Such problems arise in various fields,
including optics, materials science, laser diagnostics,
and biomedical research, where spectral data serve
as the primary source of information about the properties
of the objects under study. Traditionally, parametric
synthesis is formulated as the problem of minimizing
the functional difference between the experimental and
model spectra. However, in practice, such problems are
often characterized by solution instability, which is
caused by the limited nature of spectral data, the presence
of noise, and the complex interdependence of model
parameters. As a result, even small changes in the input
data can lead to significant deviations in the recovered
parameters, complicating their physical interpretation.

One of the key causes of instability is the
non-uniform spectral sensitivity of the parameters, i.e.,
the varying degree of influence that individual parameters
have on the shape of the spectrum within a given spectral

range. In cases where a change in a parameter has
practically no effect on the spectral response, or can be
compensated for by other parameters, the problem of
their weak identifiability arises. This, in turn, leads to the
degeneracy of the parametric synthesis problem and
the emergence of non-physical or unstable estimates.
In this regard, it is important to apply methods that allow
for the analysis of the informativeness of spectral data
regarding model parameters even before the stage
of their numerical reconstruction. One such method is
the spectral sensitivity analysis method, which is based
on the study of changes in the spectral response as
parameters vary. This method allows one to assess the
contribution of each parameter to the formation of the
spectrum, identify weakly sensitive or interdependent
parameters, and determine the conditions under which
the synthesis problem is well-posed.

This scientific article investigates the possibilities of
applying the spectral sensitivity analysis method to
improve the stability of parametric synthesis problems.
The main focus is on evaluating the identifiability
of parameters based on their influence on the spectral
signal and the analysis of corresponding numerical
characteristics. To illustrate the advantages, model
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spectral  dependencies are used, which clearly
demonstrate the peculiarities of parameter behavior
in cases of full and partial identifiability. The results
obtained can be used for preliminary analysis of
parametric synthesis problems, improving their robustness,
and making a well-founded selection of parameters to be
estimated, which creates the prerequisites for a more
reliable application of numerical and neural network
methods for processing spectroscopic data in practical
problems. From the perspective of information
technology, the modified method can be viewed as
a component of the spectral data processing and decision
support process in parametric synthesis problems.
In particular, the analysis of spectral sensitivity enables
the formation of informative features, the evaluation
of the parametric space, and the selection of an effective
configuration of parameters, which are characteristic
tasks of modern information-analytical systems.

2. Literature Review and Problem Statement

The problems of parametric synthesis and parameter
recovery based on spectral characteristics belong to the
class of inverse problems, for which solutions are
typically unstable, the formulation is ill-posed, and
results are highly dependent on errors in the input data.
Fundamental works on the theory of inverse problems
have shown that even minor noise in spectral
measurements can significantly affect the accuracy of
parameter recovery, especially when there is strong
correlation between them or the experimental data are
insufficiently informative [1-3]. Furthermore, for complex
multiparameter models, the problem is complicated by
the limited amount of available information and the
possibility of multiple close solutions [4].

Parameter identifiability analysis plays a crucial
role in ensuring the correctness of parametric synthesis.
In [5, 6], methods were developed based on the analysis
of the profile likelihood function and the study of
parametric dependencies, which allow for the determination
of parameters that cannot be unambiguously estimated
from the available data. However, most of these methods
were developed primarily for biological or dynamic
models, so when applied to spectroscopic problems
with a large number of parameters, they often prove
computationally complex.

The study [7] examines the relationship between
spectral sensitivity and parameter identifiability in
inverse uncertainty estimation problems. The authors
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demonstrated that parameters with a weak influence
on the spectral signal are significantly more difficult
to recover correctly. A similar approach is used in [8],
where the Fisher information matrix is applied to assess
the informativeness of parameters. At the same time, such
methods are primarily focused on statistical analysis of
the model and do not always provide a sufficiently
clear explanation of exactly how individual parameters
influence the shape of the spectral dependence.

The problem of instability is particularly noticeable
in modern spectroscopic problems, where spectral models
are characterized by complex structures and a significant
number of interrelated parameters. For example, in [9],
a paper on photoacoustic tomography, the high sensitivity
of the results to noise and prior model assumptions is
emphasized. Similar difficulties are described in [10]
for optical coherence tomography problems, where even
high-quality spectral data do not guarantee the uniqueness
of parameter recovery due to the possibility of multiple
equivalent solutions.

A separate area of current research involves the use
of neural network and hybrid methods for solving
spectral parameter synthesis problems. In [11], a neural
network model for analyzing diffuse reflection spectra
is presented, which enables rapid parameter estimation.
However, the authors note that the accuracy of such
models depends significantly on the quality and
representativeness of the training sample, and in cases
of weak parameter identifiability, the effectiveness
decreases noticeably. In [12], machine learning is applied
with consideration of physical laws for spectral
reconstruction; however, the problem of instability and
insufficient informativeness of the parameters remains
relevant. Thus, even modern neural network methods
do not completely eliminate the problem of degeneracy
in the parametric space, but only partially compensate
for it due to the approximation properties of the models.

Regularization methods are traditionally used to
stabilize solutions to inverse problems. In [13], a modern
interpretation of Tikhonov regularization is presented
as a tool for reducing the influence of noise and
stabilizing ill-posed problems. However, regularization
alone does not eliminate the problem of weak parameter
informativeness. If the parameters have similar or nearly
linearly dependent sensitivity functions, even regularized
solutions may remain unstable or physically ambiguous.

In recent years, considerable attention has been paid
to the use of automatic differentiation and methods
based on partial differential equations in parametric
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reconstruction problems. In [14], the effectiveness of
automatic differentiation for the reconstruction of spectral
functions is demonstrated, while in [15], the problem of
parameter identifiability in PDE models is investigated.
However, these methods focus primarily on the numerical
aspect of solving problems and take into account, to
a lesser extent, the preliminary analysis of parameter
informativeness based on their spectral sensitivity.

In [16-18], methods for adaptive parametric
synthesis and the creation of hybrid systems for analyzing
the spectral characteristics of multilayer structures were
developed. In particular, [16] considers the use of
an adaptive informative subset of parameters to improve
the stability of spectral synthesis. In the studies [17, 18],
hybrid models of inverse analysis and the concept of
a digital spectral twin of thin-film structures are
presented. The obtained results confirm the promise
of adaptive parameter space restriction; however, the
issues of analyzing the spectral sensitivity of parameters
and its impact on the degeneracy of the problem remain
insufficiently studied.

Thus, the above analysis of current scientific works
indicates that most existing methods of parametric
synthesis are primarily focused on the numerical solution
of inverse problems or the stabilization of results
using regularization or machine learning. In contrast,
insufficient attention is paid to the preliminary analysis of
spectral sensitivity of parameters, which allows for the
assessment of their informativeness and identifiability
even before the synthesis stage. This is precisely why it is
relevant to study methods of spectral sensitivity analysis
to identify poorly informative parameters, evaluate
the structure of the parametric space, and improve the
stability of parametric synthesis problems.

3. Research Objectives and Tasks
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To achieve this goal, the following tasks
must be solved:

Analyze the characteristics and causes of instability
in parametric synthesis problems in spectroscopy and
examine methods for analyzing the spectral sensitivity
of parameters based on the differential characteristics
of the spectral model.

Investigate the influence of spectral sensitivity on
the identifiability of parameters and the correctness
of their recovery, and develop a modified method for
spectral sensitivity analysis.

Develop and formalize the structure of the
information technology for spectral sensitivity analysis
of parameters in parametric synthesis problems.

To conduct a numerical experiment to evaluate
the behavior of parameters in cases of full and
partial identifiability.

To analyze the possibility of using the results
of spectral sensitivity analysis to improve the stability
of parametric synthesis.

4, Materials and Methods

The object of the study is the process of parametric
synthesis of multilayer thin films.

The subject of the study is the information
technology for analyzing the spectral sensitivity of
parameters in parametric synthesis problems based on
spectral data and the corresponding methods for
evaluating their informativeness and identifiability.

The aim of the work is to develop a modified
method for analyzing spectral sensitivity and to
formalize the information technology for its application
to improve the stability of solutions to parametric
synthesis problems.

Research hypothesis, accepted assumptions, and
simplifications. The hypothesis of the research conducted
in this scientific work is that the use of a modified
method for analyzing the spectral sensitivity of
parameters, which includes the normalization of
sensitivity functions and spectral analysis of the
sensitivity matrix, makes it possible to improve the
identifiability of parameters and the stability of
parametric synthesis problems as early as the stage
of their preliminary analysis.

A number of assumptions and simplifications are
made in this work. The spectral response is a continuous
and differentiable function of the parameters, while the
parameters affect the spectrum independently or are
weakly correlated in a local region. The study is
conducted in a fixed spectral range with sufficient
discretization, and the influence of noise in the data is not
taken into account, which allows us to focus on the
internal properties of the model. Another simplification is
the use of a generalized analytical model of the spectrum
instead of a complete physical model. A local (linear)
approximation via sensitivity functions is considered, and
continuous integral relations are replaced with their
discrete counterparts. Additionally, normalization of
sensitivity functions is applied to eliminate the influence
of different parameter scales, which allows for a correct
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comparison of their contributions to the formation of the
spectral response.

Presentation of the main material

This paper presents a modified method for
analyzing the spectral sensitivity of parameters in
parametric synthesis problems. The method is based on
classical methods of sensitivity analysis and parameter
informativeness estimation, which are widely used in
inverse modeling and spectroscopy problems [1, 19].
The developed modification involves the use of
normalization of sensitivity functions, as well as spectral
analysis of the sensitivity matrix to evaluate the stability
of the synthesis problem.

The spectral response of the system is defined
as a mapping

S=S(4p), @
where A is a spectral variable, and p=(p,, p,,.... Py)

is a parameter vector.

To investigate the influence of the parameters,
the spectral sensitivity functions are defined as
3S(4,p)

op, '

To analyze sensitivity, the partial derivatives of
the spectrum with respect to the parameters that
determine the spectral sensitivity functions are
considered. These functions characterize the change
in the spectrum as the corresponding parameter varies
and allow us to evaluate its contribution to the formation
of the spectral signal. The integral estimate of the
parameter’s influence is determined as follows

- os(4.p)f
I\ e D
which characterizes the total contribution of the
parameter to the formation of the spectrum.

To account for differences in scale, it is proposed
to use normalized sensitivity functions

(1) = ”Z (ﬂ)" (4)

@,(2)= @

dz:jAch(z)dz, @)

where||®; ()| is the norm of the function, defined as the

square root of the integral of the square of the sensitivity
function over the spectral range:

o= ] @ (2)d2. (5)
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In addition, to analyze the interdependence
of parameters, a spectral sensitivity matrix is formed
using the formula:

oS 68 _[

Y

This matrix allows us to assess the linear
independence of the parameters and determine the
effective dimension of the parameter space. In the case
where the rank of the matrix decreases, i.e.,

rank(M)<n, )

the parametric synthesis problem becomes degenerate,
leading to unstable solutions (n is the number of
spectrally independent model parameters).
In normalized form, the matrix takes the form
M; = @7 (2) @ (2)d7. ®)
To analyze the identifiability of the parameters,
spectral decomposition is used
My, =4, 9)

A4 (6)

where A, —eigenvalues, v, — eigenvectors.

The condition number is defined as
k(M ):ﬂ’max/ﬂ“min ' (10)
The effective rank of the matrix is estimated using
the following condition

e =[{ 4 4 > €}, (11)
where ¢ is the threshold value.

To demonstrate the effectiveness of the modified
method, a test analytical model of the spectrum

S(A)=p. exp( Ao A"jﬂoz(i A)+p,, (12

which reproduces the typical features of spectral
dependencies (amplitude component, slope, offset).

For this test model, the corresponding sensitivity
functions take the form:

®,(1)= exp(— ”“2;_’}0) , (13)
D, (2)=A- 4, (14)
®,(4)=1. (15)

A numerical experiment was conducted on synthetic
data in the range 1 e[400, 600]. Sensitivity functions,

integral indices |;, the matrix M, and its eigenvalues

were computed. The results showed that without
normalization of the sensitivity functions, certain
parameters dominate, leading to a loss of information
from others. The developed modification, which includes
normalization and analysis of the spectral characteristics
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of the matrix, allows this effect to be eliminated, ensures
a correct interpretation of the influence of parameters,
and increases the stability of the parametric synthesis
problem. Thus, the theoretical framework described
above can be regarded as a modification of the spectral
sensitivity analysis method, oriented toward practical
application in spectroscopy and related fields.

For the practical implementation of the modified
method, a discrete representation of spectral data is used.
Let the spectral variable be given as a discrete set
of values 4,, k=1...,N. In this case, the integral

relations (3), (5)—(8) are replaced by the corresponding
discrete  sums, which enables the numerical
implementation of the algorithm. In particular, the
integral sensitivity index is calculated as the sum of
the squares of the values of the sensitivity function
on a discrete grid, and the norm of the function is defined
as the square root of this sum. This method allows
one to transition from a continuous formulation of the
problem to a computationally efficient discrete model
without loss of information. The spectral sensitivity
matrix in the discrete case is formed as a matrix of
scalar products of discrete sensitivity vectors, which
ensures convenient implementation in the form of
matrix operations and allows for the effective use of
standard numerical methods of linear algebra to find
eigenvalues and estimate rank.

The numerical implementation was carried out
using the Python programming language with standard
scientific computing libraries. Sensitivity functions were
computed analytically and numerically. To evaluate the
properties of the problem, the eigenvalues of the matrix,
its rank, and the diagonal elements of the inverse matrix
were analyzed as indicators of the stability of parameter
estimation. It is precisely this implementation that allows
us to investigate the influence of spectral sensitivity
on the stability of parametric synthesis, as well as to
justify the feasibility of restricting the parametric space
to parameters with a sufficient level of informativeness.

The developed modification can also be interpreted
from the perspective of inverse modeling problems.
In particular, the spectral sensitivity matrix is analogous
to the sensitivity matrix or Jacobian used in least-squares
methods. In this context, the analysis of its spectral
characteristics allows one to assess the conditionedness
of the problem and predict the behavior of numerical
optimization methods. The algorithm for applying the
method includes the following main steps: forming
a spectral response model, computing spectral sensitivity
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functions, normalizing the functions, constructing the
sensitivity matrix, performing spectral analysis of the
matrix, and evaluating integral indices, the condition
number, and the effective rank. It is precisely this
sequence of algorithmic steps that allows for
a preliminary diagnosis of the parametric synthesis
problem prior to the stage of solving the inverse problem.

The method modified by the author of this article
can be used as a tool for the preliminary analysis of
parametric synthesis problems. Its practical application
involves the following sequence of steps: spectral
sensitivity functions of the parameters are computed
based on a given spectral response model, after which
they are normalized to eliminate the influence of scales.
Next, a spectral sensitivity matrix is formed and its
eigenvalues are computed. In the final stage, integral
sensitivity indices and the condition number are
determined. Based on the obtained characteristics,
the informativeness of the parameters is evaluated.
Parameters with low integral sensitivity values or those
corresponding to small eigenvalues of the matrix can be
excluded or fixed to improve the stability of the
problem. Additionally, the method can be integrated
into optimization procedures as a preliminary stage
of parameter selection. Thus, the method allows for
a justified reduction in the dimensionality of the parameter
space even before the numerical synthesis stage.

As a component of information technology, the
modified method can be implemented as a sequence of
computational procedures, including the processing of
input spectral data, the construction of sensitivity
functions, the formation of a matrix of characteristics,
and their spectral analysis. It is precisely this structure
that corresponds to the typical stages of information
technology for data processing and can be integrated
into spectral analysis software packages as a module
for the preliminary diagnosis of parametric models.

The formalized structure of the information
technology takes the form of an ordered set of components:

IT=(D,M, A S, U,R), (16)
where D is the input spectral data, M is the spectral
response model, A={Al A2 A3} is the set of procedures

for calculating and analyzing spectral sensitivity
functions, S is the parameter informativeness evaluation
block, U — the decision-making block for their selection,
R — the resulting parametric model. Figure 1 presents
the developed scheme of the information technology
for analyzing the spectral sensitivity of parameters.
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This information technology implements a sequence of
spectral data processing from the model-building stage
to the evaluation of parameter informativeness and
decision-making regarding their selection, which
ensures an increase in the robustness of parametric
synthesis tasks. The obtained characteristics are used
to evaluate the informativeness of parameters and
make decisions regarding their selection, which in turn
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ensures an increase in the robustness of parametric
synthesis tasks. It should be noted that the modified
method can be implemented as a software module or
framework that integrates into spectral analysis systems
and provides automated assessment of parameter
informativeness and support for decision-making
regarding their selection.

- spectral range 1

INPUT DATA D
- experimental or synthetic spectra S{1)

SPECTRAL RESPONSE MODEL M
- analytical or numerical model S(4, p)

r——=-=- === == = + __________ e |

SENSITIVITY CALCULATION A4,

O(1y-05/0p,

SENSITIVITY NORMALIZATION A4,

- matnx M
- cigenvalues A,
- covanance matnx k

|
|
|
|
|
|
|
|
|
| - scale removal
|
|
|
|
|
|
|
|

SENSITIVITY MATRIX FORMULATION
AND ANALYSIS 4,

INIWINIIAY FALIVIALI

Are the parameters sufficiently
informative
I<€, kacceptable
DECISION MAKING
_ stable RESeIhI:;TmR odel PARAB_:IETER SELECTION U
_ pa for hesis - e{(clumfm of weal_( parameters
preparation - dimension reduction

Fig. 1. Block diagram of the information technology for analyzing the spectral sensitivity of parameters

5. Research Results

To investigate the effect of spectral sensitivity on
the stability of parametric synthesis, a numerical
experiment was conducted based on the analytical
spectral model described by formula (12). The use of
synthetic data allows us to control the behavior of
parameters, vary the conditions of identifiability, and
clearly demonstrate the key properties of the problem

without the influence of experimental noise and errors.
This model reproduces the generalized features of
spectral dependencies characteristic of optical systems, in
particular multilayer thin films, where the spectrum is
formed as a result of interference and resonance effects.
In particular, the localized spectral component models
resonant transmission or reflection peaks, the linear
trend accounts for background variations associated
with the dispersion properties of the medium, and the
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additive offset accounts for the baseline signal level.
Furthermore, this choice of model is not intended
to reproduce a specific physical structure but is used
as a test bed for investigating general patterns of how
parameters affect the spectral response, allowing us to
focus on analyzing spectral sensitivity and parameter
identifiability, which are universal characteristics of
parametric synthesis problems.

The spectral dependence was defined as
a superposition of three components: a localized resonant
component (Gaussian peak), a linear trend, and
an additive offset. Accordingly, these parameters have

1.8 —
—— p1 variation

p2 variation

L6+ —— p3 variation

1.4 4

1.2

S(h)

1.0+

0.8 4

0.6

0.4 1

460 42‘5 450 4}:5 5[50 52|5 SSIO 53:5 6[|)0
Fig. 2. The influence of parameters on the spectrum

Fig. 2A shows the effect of parameters on the
spectral dependence in its original form. In this case, the

slope parameter p, and the shift parameter p, are

visually weak due to the use of an uncentered spectral
variable and relatively small variations in the parameters.

In Fig. 2B, the spectral variable is centered (1-4,), and
the parameter variations are increased, which allowed the
effects to be clearly distinguished: parameter p, is
responsible for the change in the spectral slope, while p,

is responsible for its vertical shift.

Fig. 3A shows the spectral sensitivity functions
on the original scale. Due to a significant difference
in orders of magnitude, the linear function ®,(A)

dominates the others, with the result that ®,(1) and
®,(4) are virtually indistinguishable visually. The linear
function ®,(A) increases in the range of A values

(400-600) and significantly exceeds the other functions
in magnitude. As a result, the localized function @, (1)
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different physical interpretations: parameter p,

determines the amplitude of the spectral line, p, is
responsible for the background slope, and p, for the

overall signal level. A model constructed in this way
allows for the investigation of both local and global
effects in the spectrum.

Figures 2-4 show the results of a numerical
experiment in two visualization variants: (A) — the initial
representation without additional data processing, (B) —
an improved representation that accounts for scaling and
normalization to enhance the clarity of the results.

34— p1t

p2 t
— p3 1t
——- base

S(A)
)

T T T T T T T T T
400 425 450 475 500 525 550 575 600
A

B

has a significantly smaller amplitude and visually
"merges” with the axis, while the constant function

®, (1) practically overlaps the lower part of the graph.

Thus, all three functions are actually present, but their
simultaneous display without normalization leads to
a loss of visual distinctiveness.

Fig. 3B shows the normalized sensitivity functions,
which allowed them to be brought to a comparable
scale and clearly distinguished all three components:

localized (@, ), linear (@, ), and constant (®,).

Fig. 4A shows the eigenvalues of the spectral
sensitivity matrix on a linear scale. In this case, a single
dominant peak is observed, while the other values
are practically imperceptible, creating the impression
of degeneracy without a quantitative assessment.
Fig. 4B uses a logarithmic scale, which allows us to
visualize the entire spectrum of eigenvalues and assess
their relative magnitudes. The rank of the matrix,
which characterizes the effective dimension of the
parametric space, is 3 in our case.
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Fig. 3. Spectral sensitivity functions

Eigenvalue

1.0 1.5 2.0 2.5
Index

A
Fig. 4. Eigenvalues of the sensitivity matrix

The results shown in Figure 4 indicate a significant
difference in the informativeness of the parameters:
one direction in the parametric space is determined
much better than the others. This situation is typical
for problems with sensitivities of varying scales and
can be interpreted as an approximation to a degenerate
case. Smaller eigenvalues correspond to poorly
identified parameters, which potentially leads to
instability in their estimation.

Thus, the transition from option (A) to (B) makes
it possible to eliminate the effects of dominance of
individual components, increase the informativeness of
the graphs, and ensure the correct interpretation of the
results of spectral sensitivity analysis. Additionally,
the obtained results confirm that spectral sensitivity
analysis allows for the identification of parameters with
varying levels of informativeness even before the
synthesis problem is solved. Visualization of the
sensitivity functions and the eigenvalue spectrum of the
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—0.025 4
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Liyenvaius uy sveie)

6x 1071

4%1071

Index

matrix allows one to interpret the structure of the
problem, explain the causes of instability, and justify
the need to restrict the parameter space. Meanwhile, to
improve visualization, it is advisable to use normalization
of spectral sensitivity functions or plotting on
a logarithmic scale, which will help avoid the dominance
of individual components and allow for a more intuitive
comparison of the parameters’ contributions.

To quantitatively assess the contribution of
parameters to the formation of the spectral response,
integral indices of spectral sensitivity were calculated,
defined as the integral of the square of the corresponding
sensitivity  functions, and which are |, =354,

I2z1.67><105, I,~200. This confirms a significant

difference in the magnitude of the parameters’ influence
on the spectral response, with the slope parameter (p,)

being dominant. Additionally, the condition number
of the spectral sensitivity matrix M was determined,
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which for the case under consideration is of the order
of 10°-10*, indicating the potential instability of the
parametric synthesis problem. Furthermore, the effective
rank of the spectral sensitivity matrix is estimated,
defined as the number of significant (non-zero, taking
into account the threshold value) eigenvalues. The result
obtained demonstrates that the effective rank is smaller
than the formal number of parameters, which indicates
the presence of weakly identified parameters and
confirms the problem’s approximation to a degenerate
case. The obtained estimates are consistent with the shape
of the eigenvalue spectrum (Fig. 4) and confirm
the presence of significant non-uniformity in the
informativeness of the parameters.

6. Discussion of Results

The obtained results confirm the general provisions
of the theory of inverse problems regarding their
instability and dependence on data informativeness [1-3].
In the present study, this manifests itself through
significant non-uniformity in the spectral sensitivity of
the parameters, as seen in the form of the functions
®,(4) (Fig. 3) and the integral indices |; (Equation (3)).

The dominance of certain parameters leads to a decrease
in the identifiability of others, which is consistent with
the conclusions regarding the possibility of the existence
of close solutions [4]. Unlike identifiability analysis
methods based on complex numerical procedures [5],
the developed modification of the method allows for
a visual assessment of parameter informativeness based
on sensitivity functions (Equation (2)) and their
normalization (Equations (4)—(5)), which in turn ensures
better interpretability of results in spectral analysis
problems. Analysis of the eigenvalue spectrum of the
sensitivity matrix (Fig. 4) reveals the presence of
dominant components, confirming the non-uniformity of
the parameters’ influence. A large value of the condition

number k(M) (Equation (9)) indicates the potential

instability of the problem, which is consistent with the
results of studies in spectroscopy [9]. Compared to
methods based on statistical estimates, in particular the
information matrix [8], the developed modification
allows for the direct analysis of the contribution of
parameters to the formation of the spectrum.
Furthermore, unlike regularization methods [12], it also
allows for the identification of the causes of instability
even before the problem is solved. Thus, the results
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obtained demonstrate that the modified spectral
sensitivity analysis method is an effective tool for the
preliminary assessment of parameter identifiability
and can be used to improve the stability of parametric
synthesis problems.

The scientific novelty of this work lies in the
modification of the spectral sensitivity analysis method
for evaluating parameter identifiability and improving
the stability of parametric synthesis problems in
spectroscopy, as well as in the development of a method
for its implementation as an information technology that
includes the stages of spectral data processing, sensitivity
analysis, and decision support for parameter selection.

The uniqueness of the method lies in the
combination of the simplicity of the analytical model
with the possibility of quantitative analysis of parameter
informativeness through sensitivity functions and the
eigenvalue spectrum of the corresponding matrix, which
ensures a clear interpretation of the problem’s properties.

An important advantage of the developed
modification is its invariance to parameter scales,
achieved through the normalization of sensitivity
functions. It is this invariance that allows avoiding the
dominance of parameters with large derivative values
and ensures a more accurate comparison of their effects.
Despite its advantages, the developed method has
a number of limitations that should be taken into account
when applying it. First, the use of an analytical model of
spectral response simplifies real physical processes,
which may limit the accuracy of parameter estimation in
complex systems. Second, the results of the spectral
sensitivity analysis depend on the choice of the spectral
variable range and discretization, which can affect the
values of integral indices and the spectral characteristics
of the sensitivity matrix. Third, the method is based on
local analysis, since sensitivity functions are defined as
derivatives with respect to parameters, which assumes
small variations in parameters in the vicinity of the
selected point. In the case of highly nonlinear
dependencies, this can lead to a loss of adequacy in the
estimates. Furthermore, while normalizing the sensitivity
functions eliminates scaling effects, it may partially
reduce information about the absolute contribution
of the parameters. It should also be noted that the
analysis of the spectral sensitivity matrix does not
account for noise in the data, which is characteristic
of real experimental conditions. In such cases, it is
necessary to additionally account for the statistical
characteristics of the measurements and apply
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regularization methods. Thus, the modified method is
suitable for use as a tool for preliminary analysis
and diagnosis of parametric synthesis problems, with
subsequent refinement of the results based on more
complex models and experimental data.

The results obtained can be used as a basis for
developing information technology for spectral data
analysis, in which the modified method performs the
functions of processing, evaluating, and selecting
parameters, opening up opportunities for its integration
into spectral analysis software systems and intelligent
decision support systems. The results of spectral
sensitivity analysis obtained in this work are of practical
significance for parametric identification problems in
complex physical systems. The modified method allows
for the identification of poorly identified parameters and
the assessment of the stability of computational
procedures at the problem formulation stage, which is
critically important for improving the reliability of
numerical modeling. In an industrial context, the method
can be applied in spectroscopic material analysis,
optoelectronics, non-destructive testing, and thin-film
research technologies, where it is necessary to estimate
medium parameters based on experimental spectral data.
Furthermore, the method is relevant for automated
process monitoring systems, where ensuring the stability
of synthesis algorithms in the presence of noise
and limited data is crucial. Thus, the spectral sensitivity
method can be integrated into modern information
technologies as a tool for preliminary diagnosis of the
correctness of parametric synthesis and for improving
its computational stability.

7. Conclusions
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can be used to improve the stability of parametric
synthesis problems. The developed modification of the
method has been implemented as a component of
an information technology for spectral data processing
and decision support in parametric synthesis problems.

Based on a numerical experiment using synthetic
spectral data, it has been demonstrated that parameters
have varying degrees of influence on the spectral
response, as confirmed by the form of the sensitivity
functions and the eigenvalue spectrum of the
corresponding matrix. It has been established that the
presence of dominant eigenvalues of the spectral
sensitivity matrix indicates the proximity of the problem
to a degenerate case and points to the presence of weakly
identified parameters. It is shown that the use of
normalization and scaling allows for increasing the
informativeness of the visualization and ensuring
the correct interpretation of the results of spectral
sensitivity analysis.

Prospects for further research include extending
the method to more complex physical models, in
particular multilayer thin-film structures, integration
with numerical methods (TMM, RCWA), and use within
hybrid and neural network architectures for solving
parametric ~ synthesis  problems in  spectroscopy.
Furthermore, the obtained results can be used for
preliminary analysis of parametric synthesis problems,
the justified selection of parameters, and improving
the stability of numerical methods for their recovery.
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TH®OPMAIIMHA TEXHOJIOI'TSA AHAJII3Y CHHEKTPAJIBHOI YYTJMBOCTI
B 3AJAYAX TAPAMETPUYHOTI'O CUHTE3Y

IIpeamerom BuBYeHHsI € iHMOpMaLilfHa TEXHOJOTISA aHANi3y CIEKTPalIbHOI YyTJUBOCTI MapaMeTpiB y 3ajadax MapaMeTpU4YHOTO
CHHTE3y 3a CHCKTPAJbHHMH JaHMMH ¥ BINNOBIHI METOAM OIIHIOBAHHA 1X IH(GOPMATHBHOCTI Ta iJCHTHU(IKOBAHOCTI.
Merta nociimkennst — po3poOiaeHHs MOAN(IKOBAHOTO METOLY aHaNi3y CHEKTpaJbHOI YyTiauBoCTi Ta (opmainizamis iHdopmariiHol
TEXHOJIOTil #Oro 3acTocyBaHHsS JUIs IJIBMINEHHS CTIHKOCTI pO3B’S3KIB 3aJay MapaMeTpHYHOro CuHTe3y. s JOCSTHeHHS
MOCTABJICHOT METH PO3B’S3aHO TaKi 3aBJAHHSA: MPOAHATII30BaHO MPHYMHU HECTIMKOCTI 33/1a4 MapaMETPUYHOTO CHHTE3Y; JOCIIIKEHO
Croci0 OI[HIOBAHHS CHEKTPaIbHOI YyTJIMBOCTI MapaMeTpiB; MPOBEACHO YHCENbHUN SKCIIePHMEHT IS aHaji3y BIUIHBY MapaMeTpiB
Ha CHEKTPaJbHUH BIATYK; OLIHEHO  iH(OPMATHUBHICTH IapaMeTpPiB 3a JOINOMOTOI0 BIAMOBIAHMX KUIBKICHUX IOKA3HHKIB.
Kpim Toro, copmoBaHO i 0OTpYHTOBAHO CTPYKTYpY 1H(DOPMALIHHOT TEXHOJOTIi aHaANi3y CHEKTPaIbHOI YyTIUBOCTI, siKa 3a0e3neuye
MOCITIIOBHE OIPALIOBAHHS CIEKTPAIFHUX MAaHUX, OLIHIOBaHHSA iH(GOPMATHUBHOCTI MapaMeTpiB 1 MiATPUMKY NPHHAHATTS pPilIeHb
y 3ajadax MapaMeTpuyHOro cHUHTe3y. MeTOoAM HOCHiXKeHHsI OCHOBaHI Ha BUKOPWUCTaHHI aHATITUYHOI MOJEi CHEKTPabHOTO
BIATYKY, IH(epeHIiiHOro aHamily (QyHKIIH YyTIMBOCTI Ta YHCENbHUX METOMIB OOYMCIIEHHS IHTErpalbHHX XapaKTEepHUCTHK
i BIACHMX 3HA4YeHb MATPHUIl CIEKTPAIbHOI YyTIMBOCTi. JIOCATHYTI pe3yJbTaTH JEMOHCTPYIOTh, L0 MapaMeTPH MAalOTh CYTTEBO
pi3HUMA BIIMB Ha (GOpPMY CHEKTpa, L0 MiATBEPIKYEThCA SK Bi3yaJlbHUM aHANi30M (YHKIIH YyTIMBOCTI, TaK i YUCEIbHUMH
OLIIHKaMH IX IHTerpaJbHUX MOKA3HWKIB. BCTaHOBIEHO, 1[0 AOMiHYBaHHS OKPEMHX MapaMeTpiB MPHU3BOIUTH A0 3HAYHOI Pi3HHII
MacmTabiB BIUIMBY W 3yMOBIIOE IOSBY claOKko ineHTH(iKOoBaHMX mapamerpiB. IIpoaHamizoBaHO CHEKTp BIACHHX 3HA4YEeHb
MaTpHIL CIEKTPaJbHOI YyTIHBOCTI, [0 Jal0 3MOTY BHSIBUTH O3HAKU HAOJWKEHHs 3a/adi 0 BUPOKEHOrO BHIAJIKY. Jl0JaTKOBO
OILIIHEHO YHCIIO 0OYMOBIIEHOCTI, SIKE MATBEPKY€E MOTCHIIHHY HECTIHKICTh PO3B’sA3KiB. BUCHOBKH: aHANI3 CIIEKTPAIFHOI Yy TIUBOCTL
€ e(peKTUBHUM IHCTPYMEHTOM MONEPEIHBOr0 OLIHIOBaHHs iH(GOPMATHBHOCTI MapaMeTpiB Ta MOXE BHUKOPHUCTOBYBATHCS
JUISL TABUINEHHs CTiMKOCTI 3a7a4 mapaMeTpHUYHOro cuHredy. JloCATHYTI pe3yibTaTH MOXKYTh OyTH 3acTOCOBaHi Ul MOOYZOBH
OLITBIII CKJIQJIHUX MOJEJEH CIIEKTPAIFHOTO aHANI3Y Ta BIOCKOHAJICHHS METOMIB iMeHTH(]iKaLlii TapaMeTpiB.

KiiouoBi ciioBa: criexTpajbHa YyTJHMBICTH; MapaMETPUYHHMI CHHTe3; ineHTH(IKOBaHICTh MapaMeTpiB; CTIHKICTh 3aj1ady;
CIEKTPAJILHUH aHai3; YUCENbHUI eKCIIEPUMEHT; aHAJIITHYHA MOJIeIIb; iHPOPMATHBHICTh apaMeTpiB; iHpopMaIiiiHi TeXHOJIOT1.
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