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Abstract— Active and pulsed thermography are advanced non-
destructive techniques for detecting subsurface defects in
infrastructural, civil, and industrial systems, as well as in medical,
forensics and cultural heritage analyses. These methods rely on
controlled thermal or laser stimulation, enabling identification of
anomalies such as insulation damage, electrical overloads, leaks,
structural weaknesses, and layered material irregularities.
Contemporary approaches incorporate advanced signal
processing, machine learning algorithms, and numerical modeling
of thermal processes. This allows a transition from qualitative
detection to quantitative characterization of defects. The
integration of high-resolution thermographic systems with
advanced data analysis ensures reliable anomaly detection and
enhances result interpretation.

Index Terms— Active thermography, pulsed thermography,
infrared thermography, non-destructive testing (NDT), subsurface
defect detection, quantitative defect characterization

L INTRODUCTION

Within the framework of active thermography, in contrast to
passive infrared thermography, which relies on the detection of
intrinsic thermal radiation without external excitation, the system
is driven into a non-equilibrium thermal state by controlled
external stimulation (e.g., thermal pulses, modulated heating, or
laser excitation), enabling analysis of transient thermal processes
with enhanced information content [1]. Whereas passive
thermography reflects steady or quasi-steady- conditions, active
thermography amplifies structural inhomogeneities, manifested
as localized perturbations in heat diffusion.
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Defect—induced perturbations, induced by defects including
cracks, delaminations, and voids, result in measurable variations
in the material’s thermal response and form the basis for the
application of advanced signal processing techniques. In this
context, methods such as Dynamic Thermal Tomography (DTT),
Principal Component Analysis (PCA), Discrete Fourier
Transform (DFT), and Thermographic Signal Reconstruction
(TSR) constitute the analytical framework of active
thermography [2]-[7].

These methods transform high-dimensional, noise-
contaminated thermal responses into robust spatial, temporal,
and spectral representations. DTT enables depth-resolved
reconstruction of thermal properties [1]; PCA performs
dimensionality reduction and extraction of dominant features
[2]-{4], DFT supports frequency analysis and phase-components
[5], [6]; while TSR reduces noise and stabilizes the response via
polynomial reconstruction of temporal temperature evolution

[7].

Active thermography may be interpreted as a physical-
informational framework that integrates heat diffusion
phenomena with advanced signal processing methodologies,
thereby enabling quantitative reconstruction of subsurface
structures [8]-[10].

Despite recent advances, quantitative and depth-resolved
defect characterization remains challenging due to the
complexity of inverse reconstruction and sensitivity to excitation
conditions. Pulsed infrared thermography is therefore a key
active NDT&E method for subsurface analysis and detection of
inhomogeneities relevant to mechanical and thermophysical
properties [11]-[13], with applications in industrial and civil
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diagnostics and in aerospace inspection of critical components
[14], [15].

Within the spectral-phase approach PPT extracts depth
information from the phase response of thermal diffusion. The
DFT transforms signals into the frequency domain, separating
amplitude and phase components, and enhancing sensitivity to
subsurface anomalies. TSR further reduces noise and stabilizes
the response, while logarithmic transformation improves
dynamic range and detection of weak thermal contrasts [7]. The
integration of these approaches renders PPT as a robust,
quantitatively reliable method for subsurface characterization.

This paper analyzes and compares active thermographic
methods, focusing on pulsed and phase thermography for
quantitative subsurface defect detection. Emphasis is on heat
transfer physics, time—frequency transformations, and the
extraction of internal structural parameters. The contribution of
this work lies in consolidating the fundamentals of active
thermography and its integration with laser-based diagnostic,
thereby establishing a consistent framework for material
characterization, cultural heritage conservation, and structural
diagnostics.

1L PRINCIPLES AND MEASUREMENT CHALLENGES

The physical basis of active and pulsed thermography is
governed by transient heat diffusion in the investigated medium,
described by the heat conduction equation:

O = «v?T(r, ) + Q1 1) (1)

where T(r,t) denotes temperature, o is the thermal diffusivity,
and Q(r.t) represents the thermal source corresponding to the
excitation type (pulsed or modulated). In pulsed thermography,
the excitation is approximated by a Dirac delta function, yielding
a transient surface response directly related to subsurface
structure via the Green’s function. In phase (lock-in)
thermography, the excitation is modeled as a harmonic function:

Q1) = Qosin (wt) 2
resulting in a steady periodic response:
T(t) = Asin (wt + ¢) 3)

where the phase shift ¢ represents a key parameter for depth
reconstruction due to its reduced sensitivity to excitation non-
uniformity and surface emissivity variations.

The detected infrared signal can generally be expressed as:
S(t) = Ts(t) + n(t) 4

where n(t) represents the combined instrumental,
environmental, and reflection noise, introducing fundamental
limitations on inverse problem solutions.

For the physical interpretation, the diffusion model has to be
linked to material thermophysical properties. The key parameters
include thermal conductivity A, density p, specific heat capacity
¢, and thermal diffusivity:

o=— %)
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where o directly governs the propagation rate of thermal
perturbations and depth sensitivity. Additionally, the vapor
diffusion resistance factor p characterizes hygrometric behavior,
while emissivity € affects infrared emission and temperature
measurements accuracy.

Overall, the thermographic signal arises from the coupling of
excitation, boundary conditions, and intrinsic thermophysical
properties. The parameters A, p, c, a, 1, and € jointly define the
sensitivity, resolution, and stability of the inverse parameter
reconstruction.

Fig. 1 illustrates optically stimulated thermography.
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Fig. 1 Optically stimulated thermography.

Key measurement challenges in active thermography
include: (i) non-ideal spatial distribution of excitation, (ii)
limited depth resolution due to diffusion, (iii) surface emissivity,
and (iv) stability of inverse models linking thermal response to
geometric defects and properties.

In parallel with the thermal model, infrared radiometric
measurements are based on total radiation detected by the camera
(Fig. 2), comprising object emission (W), reflected ambient
radiation (W), and atmospheric radiation (Wam):

Wit = Wobj + Ween + Warm (6)

These contributions can be expressed as:

4
Wior = €obj "Tatm " O (Tobj) + (1- sobj) " Tatm "0 "
(Treﬂ)4 + (1 —Tam) "0 (Tatm)4 (7

from which object temperature is reconstructed:

T _ 4 Wiot—(1—€obj)" Tatm 0 (Tref)* + (1 —Tatm) -0-(Tatm)*
obj €obj “Tatm 'O

®)



where & denotes the object emissivity, Tam atmospheric
transmittance, and ¢ is the Stefan—Boltzmann constant.

This radiative model highlights that thermographic accuracy
depends not only on heat diffusion but also on the superposition
of emission, reflection, and atmospheric effects, which further
complicates the associated inverse problem.
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Fig. 2 Radiation received by the infrared camera.

Within the physical and radiative framework defined by (1)
— (8), the thermographic signal constitutes a high-dimensional,
noise-contaminated spatiotemporal system arising from transient
heat diffusion and the superposition of thermal responses. Due to
the instability of direct inversion, advanced signal processing is
required.

The proposed analytical approach establishes a unified
framework integrating statistical analysis, spatial decomposition,
and time—frequency transformation. Statistical moments
(skewness, kurtosis) characterize distribution asymmetry and
concentration, enabling detection of local thermal anomalies.
PCA performs dimensionality reduction and dominant patters
extraction [2]-[4], while DTT enables depth-resolved
reconstruction of thermal property distributions [1].

DFT provides spectral and phase analysis of the
thermographic response [5], [6], TSR further applies poly-
nomial modeling to reduce noise and stabilize temporal
evolution [7].

The integration of these methods yields a robust framework
for extracting physically meaningful information from complex
thermographic data.

III.

Infrared thermography, together with complementary optical
laser-based techniques, is increasingly established as a
fundamental NDT&E tool for multiscale analysis of structural
and material inhomogeneities. Its key advantage lies in
correlating surface-measurable physical quantities with internal
morphology and functional integrity without compromising
structural continuity [8].

APPLICATIONS

A. Applications in Engineering Structure and Technical
System Monitoring

In the monitoring of engineering structures and technical
systems (e.g., load-bearing structures, mechanical and energy
systems, as well as complex industrial assemblies), these
methods enable detection of subtle thermal and mechanical
anomalies. Defects such as cracks, delaminations, and corrosion
are interpreted as perturbations in energy transport through
heterogencous media. In high-risk infrastructure, they support
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continuous structural health monitoring, where the thermal
response serves as a proxy for damage evolution under real
operating conditions [11], [12], [14].

B. Applications in Industrial Environments

In aerospace, energy systems, and advanced composite
manufacturing of structures, thermography is integrated into
predictive maintenance and risk-based inspection frameworks
[13]. Highly complex materials (hybrid composites,
nanostructured systems, multilayer architectures), exhibit
multimodal failure mechanisms detectable only through the
coupled analysis of thermal diffusion and material
inhomogeneities.

C. Applications in Biomedicine

In biomedical applications, infrared imaging enables non-
invasive mapping of surface thermal patterns correlated with
local hemodynamics and metabolic activity, thereby establishing
a functional relationship between the thermal field to tissue
physiology [8]. In forensic applications, thermal and optical
reconstruction of layered structures enables detection of
concealed interventions and discontinuities without sampling

(1], [11]-[14].
D. Applications in Cultural Heritage Conservation

A particularly significant application domain is cultural
heritage conservation, where preservation of material integrity is
strictly constrained by non-invasive requirements [16], [17]. The
combination of active thermography with laser-based optical
techniques enables reconstruction of the layered structure of
artworks through analysis of thermal and deformation responses.
Subsurface anomalies are thereby interpreted as consequences of
material aging, degradation processes, previous restoration
interventions, and physicochemical changes occurring over time
[81-10], [13].

Methodologically, these approaches span a continuum from
thermally driven diffusion fields to deformation—optical
coupling and hybrid multimodal systems, with improved
diagnostic reliability through cross-correlation of independent
observables.

However, applicability is limited by energy transport physics
in heterogeneous media, including diffusion-induced depth
attenuation, excitation sensitivity, and dependence on surface
radiative properties. These factors define fundamental limits of
reverse reconstruction, particularly for quantitative 3D defect
interpretation.

Advanced NDT methods applied in the analysis of the
structural integrity of decorative fagade elements of medieval
structure (Northern portal of the Studenica Monastery) [16]
enable a deeper understanding of the correlation between
complex medieval geometry and thermophysical material
diagnostics. Active pulsed infrared thermography emerges as a
logical extension of prior investigations on such portals,
providing a key NDT&E protocol for future quantitative
identification of internal heterogeneities that directly influence
the mechanical response of marble archivolts. Severe damages
and deterioration of marble elements (Fig.3) appeared during
long period of their existence (original portals are dated to the
12t ¢).



-
v ,‘,_mmr%#’ b

o M,

Fig. 3 Deterioration of the Northern portal in the Studenica Monastery.

The application of the spectral-phase approach through PPT
enables decomposition of the thermal signal into the frequency
domain, where phase-angle analysis enhances sensitivity to
subsurface defects while reducing the influence of optical noise
and emissivity variations in marble. System sensitivity is further
improved by the application of TSR method, which, through
logarithmic transformation and analysis of the temporal
evolution of the thermal response, reduces noise and enables
detection of subtle thermal contrasts in localized regions of
marble blocks and porous limestone (‘siga’ stone).

Such an approach, based on inverse analysis and reinforced
by methods such as PCA and DTT, has the potential to translate
surface thermal responses into reliable reconstructions of internal
discontinuities. The synergy between established architectural
geometry and advanced signal processing forms the basis for the
creation of a high-fidelity digital twin, enabling virtual
assessment of stress states and prediction of the service life of
these culturally significant monuments.

In this manner, the proposed methodology—integrating
previously conducted geometric and Ground Penetrating Radar
(GPR) analyses with inverse algorithms of active
thermography—establishes a new standard in conservation
practice for the objective verification of structural stability of
historical objects or their components [16].

IV. DISCUSSION

Infrared thermography stimulated by optical sources
represents a fundamental active NDT&E technique, whose
applicability in cultural heritage conservation is based on the
accurate detection of transient thermal responses under
controlled excitation. In the case of the Studenica Monastery
portal, its main advantages of this method—non-contact
operation and full-field, high-resolution acquisition—enables
reliable identification of subsurface defects that remain
inaccessible to conventional optical inspection methods. The
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physical basis the method is governed by the transient heat
conduction equation, where the thermophysical properties,
material, primarily thermal diffusivity (o), control depth
sensitivity and the capability for estimating the embedding depth
of features within marble archivolts. Given that medern
heterogeneous stone systems exhibit complex degradation
mechanisms, active thermography constitutes a non - invasive
alternative to destructive inspection methods that could
compromise the integrity of historical materials.

A key limitation in practical implementation lies in the
stability of inverse reconstruction algorithms, as the measured
infrared signal represents a superposition of the thermal response
and noise components arising from instrumental limitations and
environmental  reflections.  Nevertheless,  phase-based
thermography and advanced processing schemes as PPT and
TSR enables the use of phase shift as a robust diagnostic
parameter, with reduced sensitivity to emissivity (€) variations
and surface patina heterogeneity. This increased robustness,
supported by controlled excitation via laser thermography,
mitigates radiometric uncertainties typical of in situ
measurements on cultural heritage objects.

Finally, the integration of these thermographic observables
geometric analysis and GPR measurements provides a step
toward multiphysics characterization of complex material
systems. By jointly exploiting thermal and structural
information, measurement uncertainty is reduced, while the
well-defined geometry of the archivolts and their joints provides
a stabilizing constraint for inverse problems. In this manner,
active thermography not only complements existing information
on subsurface structure and material composition, but, when
integrated with digital reconstruction tools; also enables the
development of a comprehensive structural integrity model
essential for predictive maintenance and a long-term monitoring
of culturally significant architectural heritage [17].

V. CONCLUSION

Active and pulsed thermography represent an efficient non-
destructive approach for the analysis of subsurface
inhomogeneities, based on the exploitation of transient thermal
responses under non-stationary heat transfer conditions. The
application of phase- and frequency-domain signal processing
enables enhanced sensitivity to depth-dependent anomalies in
heterogeneous materials, while simultaneously reducing the
influence of noise and radiometric limitations.

Experimental validation on marble portals of the Studenica
Monastery confirms the capability of reliably detecting structural
discontinuities and delaminations under realistic field
measurement conditions.

The combination of thermographic measurements with
geometric information obtained via GPR enables stabilization of
inverse models and reduction of uncertainty in subsurface
reconstruction, thereby improving interpretative reliability in the
analysis of historical structures.
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