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Abstract

This study developed and empirically evaluated a quantitative remote sensing-based framework for integrity
assessment of infrastructure corridors by integrating spectral anomaly detection, material degradation
signature engineering, multisensor fusion, and time-series change analytics. Corridor integrity was
operationalized as a continuous, segment-level outcome derived from multispectral, thermal, and synthetic
aperture radar observations constrained to corridor footprints. The analytical dataset consisted of 480 corridor
segments, retained after quality screening from an initial extraction of 520 segments, and stratified across land-
cover adjacency, terrain class, and exposure conditions. Spatially blocked partitions were applied to reduce
spatial dependence bias, producing 336 development segments and 144 testing segments with comparable
contextual and condition distributions. Descriptive analysis showed moderate right-skew in spectral anomaly
intensity (mean = 0.42, SD = 0.21) and wider dispersion in degradation signatures (mean = 0.55, SD = 0.27),
while fused integrity scores exhibited reduced variance (mean = 0.48, SD = 0.18), indicating stabilization
through multisensor integration. Reliability analysis confirmed strong internal consistency for composite
constructs, with Cronbach’s alpha values ranging from 0.79 to 0.88 across exposure strata. Multiple regression
modeling demonstrated substantial explanatory power, with the final model achieving R? = 0.62 and remaining
statistically significant (F = 153.4, p < 0.001). Material degradation signatures showed the strongest
standardized effect on corridor integrity (f = 0.42, p < 0.001), followed by spectral anomaly intensity (f = 0.31,
p < 0.001) and temporal change constructs (f = 0.19, p < 0.001), while contextual controls exhibited smaller
but significant contributions. Diagnostic checks indicated low multicollinearity (maximum VIF = 2.14) and
minimal residual autocorrelation after spatial blocking (Durbin-Watson = 1.96). Hypothesis testing results
remained stable under conservative multiple-testing adjustment, confirming robustness of inferential
conclusions. Overall, the findings demonstrated that physically interpretable, multisensor-derived indicators
can be transformed into reliable and statistically defensible measures of corridor integrity, supporting
quantitative monitoring across heterogeneous and spatially extensive infrastructure systems.
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INTRODUCTION

Remote sensing-based integrity assessment is defined as the quantitative evaluation of the physical
condition, stability, and degradation characteristics of infrastructure assets using data acquired from
satellite, airborne, and unmanned sensing platforms. Integrity, within this context, denotes the ability
of an infrastructure system to perform its intended function safely and reliably under operational and
environmental stresses (Tomsett & Leyland, 2019). Infrastructure corridors refer to spatially continuous
linear systems such as transportation networks, energy transmission lines, pipelines, and
communication routes that extend across large geographic regions and interact dynamically with
natural and built environments. Spectral anomaly detection represents a class of quantitative
techniques that identify statistically significant deviations in electromagnetic response relative to a
defined background condition. Material degradation signatures describe measurable changes in
spectral, thermal, or radar responses associated with physical deterioration processes such as cracking,
corrosion, settlement, moisture intrusion, or surface weathering. These definitions collectively establish
a scientific basis for interpreting remotely sensed data as quantitative indicators of infrastructure
condition (Beifsler & Hack, 2019). Within a measurement-oriented research paradigm, spectral values
are treated as numerical observations governed by physical laws and probabilistic behavior rather than
subjective visual interpretations. This framing enables infrastructure monitoring to be formalized as a
data-driven analytical process where degradation is inferred indirectly through changes in
electromagnetic interaction with materials. The extended spatial coverage and temporal consistency of
remote sensing further position it as a scalable integrity assessment approach capable of supporting
statistically robust analysis across corridor-scale systems of international relevance (Li et al., 2019).

Figure 1: Remote Sensing-Based Infrastructure Integrity Framework
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Infrastructure corridors constitute critical components of national and transnational systems that
support economic integration, mobility, energy distribution, and public safety. Their uninterrupted
operation is essential for global supply chains, regional development, and disaster response
coordination. Corridor failures can propagate across borders, disrupting trade flows, energy
availability, and essential services at international scale (Gilvear et al., 2016). Quantitative integrity
assessment of such systems is therefore not only an engineering concern but also a matter of economic
stability and societal resilience. Traditional inspection methods, which rely heavily on localized field
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surveys and manual assessment, face limitations when applied to corridors spanning thousands of
kilometers or traversing remote and politically sensitive regions. Remote sensing offers a systematic
alternative by enabling consistent observation across jurisdictions without direct physical access. From
an international perspective, the ability to apply standardized analytical models to heterogeneous
corridor environments supports comparability and harmonization of infrastructure condition metrics.
This capability aligns with global infrastructure governance frameworks that emphasize transparency,
risk-based prioritization, and evidence-driven decision-making (Sluijs et al., 2018). Remote sensing-
based approaches provide quantitative indicators that can be integrated into asset management
systems used by international agencies, multinational operators, and cross-border regulators. By
enabling continuous monitoring of degradation patterns and structural anomalies, remote sensing
contributes to a globally scalable methodology for safeguarding critical infrastructure corridors under
diverse environmental and operational conditions (Wang et al., 2019).

Spectral anomaly detection is grounded in the quantitative representation of surface materials and
structural elements as multidimensional spectral vectors. Each observation within a remote sensing
image encodes reflectance, emissivity, or backscatter values across multiple wavelength bands, forming
a numerical signature that reflects material composition and physical state. Anomalies are
mathematically defined as observations that diverge significantly from the statistical characteristics of
the surrounding background (Zhao et al., 2019). In infrastructure corridors, background conditions
may correspond to intact construction materials, stable soils, or nominal vegetation cover, while
anomalous observations indicate localized changes associated with stress, damage, or environmental
interaction. Detection logic relies on probability distributions, distance metrics, and subspace modeling
to quantify deviation magnitude. These methods operate without requiring exhaustive prior labeling,
making them well suited to large-scale corridor environments where ground truth data may be sparse.
Quantitative evaluation of anomaly detection performance employs objective metrics such as detection
probability, false alarm rate, and statistical confidence intervals (Bizzi et al., 2016). The analytical rigor
of these techniques enables reproducible assessment across different sensor types and spatial
resolutions. When applied to corridor integrity analysis, spectral anomaly detection functions as an
early-warning mechanism that highlights spatial segments requiring further investigation based on
statistically defensible criteria (Touzi et al., 2019).

Material degradation within infrastructure corridors arises from cumulative mechanical, chemical, and
environmental processes that alter physical properties over time. Pavement fatigue, concrete
carbonation, metal oxidation, thermal expansion, and soil consolidation modify surface texture,
moisture content, and structural composition. These changes influence how materials interact with
incoming electromagnetic energy, producing detectable variations in spectral reflectance, thermal
emission, and radar scattering behavior (Scaioni et al., 2018). Quantitative remote sensing analysis
translates these variations into numerical indicators of degradation intensity. For example, increased
surface roughness affects radar backscatter, moisture accumulation alters shortwave infrared response,
and thermal inertia changes are observable in thermal infrared data. Material degradation signatures
are therefore not abstract constructs but measurable outcomes of physical processes. Corridor
environments often exhibit spatially heterogeneous degradation driven by load distribution, drainage
patterns, and microclimatic variability (Jin et al., 2019). Spectral analysis captures this heterogeneity
continuously, enabling spatial statistics to characterize degradation gradients and clustering patterns.
By linking electromagnetic response to material condition through quantitative descriptors, remote
sensing establishes a physically interpretable basis for integrity assessment without direct contact with
the infrastructure asset (Tormos et al., 2014).

Quantitative integrity assessment frameworks integrate spectral anomaly outputs and degradation
indicators into formal modeling architectures designed to estimate infrastructure condition states.
These architectures commonly combine statistical learning, regression analysis, probabilistic inference,
and classification algorithms to transform raw spectral data into condition metrics. Model inputs may
include spectral features, textural measures, temporal change indicators, and contextual variables such
as terrain or land cover (Liu et al., 2019).
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Figure 2: Remote Sensing-Based Integrity Assessment
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The objective of this quantitative study is to develop and evaluate a remote sensing-driven integrity
assessment framework for infrastructure corridors by combining spectral anomaly detection with
material degradation signature analysis in a statistically measurable and reproducible manner. The
primary objective is to operationalize corridor integrity as a set of quantitative indicators derived from
multispectral, hyperspectral, thermal, and/or radar observations, where each indicator represents a
measurable deviation from expected baseline conditions across the corridor environment. A central
objective is to design a spectral anomaly detection workflow capable of identifying spatial segments
exhibiting statistically significant departures from background spectral distributions, using numeric
decision rules that can be tuned and tested across different acquisition conditions. Another objective is
to extract and formalize material degradation signatures as feature vectors that reflect physical
deterioration processes observable in remotely sensed measurements, including variations linked to
moisture presence, surface roughness, oxidation behavior, thermal response, and spectral absorption
characteristics. The study further aims to integrate anomaly outputs and degradation features into
quantitative modeling structures that generate corridor-level integrity scores or categorical condition
classes, with defined thresholds, uncertainty measures, and performance metrics. A related objective is
to validate model performance using objective statistical evaluation criteria, including detection
probability, false alarm rate, precision, recall, F1-score, and area-under-curve measures, supported by
spatially referenced reference data such as inspection logs, maintenance records, instrumented
monitoring outputs, or verified field observations where available. The study also sets an objective to
quantify spatial and temporal stability of detected anomalies by applying time-series comparisons and
change detection metrics that separate persistent degradation-related signals from short-duration
environmental variability. In addition, the research targets the objective of assessing scale sensitivity
by testing how spatial resolution, sensor modality, and corridor heterogeneity influence anomaly
detectability and degradation discrimination. Collectively, these objectives establish a measurement-
centered pathway for converting raw remote sensing observations into statistically defensible integrity
assessment outputs that are suitable for corridor-scale monitoring and comparative analysis across
varied geographic and operational contexts.

335



American Journal of Interdisciplinary Studies, December 2022, 332-364

LITERATURE REVIEW

This literature review synthesizes quantitative research that supports remote sensing-based integrity
assessment of infrastructure corridors through two measurable pillars: (1) spectral anomaly detection
as a statistical mechanism for identifying abnormal spectral behavior along linear assets, and (2)
material degradation signature modeling as a feature-based approach for linking electromagnetic
responses to deterioration states (HHamada et al., 2016). The section is structured to align prior work
with quantitative requirements such as definable variables, repeatable detection logic,
calibration/validation pathways, performance metrics, uncertainty representation, and scale
sensitivity. Emphasis is placed on how studies convert remotely sensed observations (multispectral,
hyperspectral, thermal, and radar) into numerical descriptors, how anomalies are defined relative to
background distributions, and how degradation is quantified through spectral features, indices,
unmixing fractions, textural measures, and temporal change statistics (Maroschek et al., 2015). The
review also consolidates evidence on corridor-specific constraints —linear geometry, mixed land cover,
adjacency effects, and spatial autocorrelation —because these factors shape model design and error
behavior. Instead of presenting narrative discussions, the synthesis prioritizes measurable constructs:
detection thresholds, probability models, feature importance, classification performance, and
reproducibility across sensors and regions (Shi et al., 2018). The objective of this section is to map the
quantitative foundations that justify using spectral deviations and degradation signatures as
statistically defensible indicators of integrity state for large-scale corridor monitoring.

Corridor Integrity

The quantitative definition of corridor integrity in remote sensing-based infrastructure assessment has
evolved from qualitative condition descriptions toward structured constructs composed of measurable
variables. In the literature, integrity is consistently framed as a multidimensional state reflecting
structural soundness, material condition, and environmental interaction across linear assets.
Researchers operationalize this construct by decomposing corridor integrity into observable variables
derived from remotely sensed data, including spectral reflectance values, thermal responses, radar
backscatter intensity, textural heterogeneity, and temporal variability indicators (Bhola et al., 2018).
These variables are treated as proxies for physical phenomena such as stress accumulation, surface
degradation, moisture penetration, and subsurface instability. The literature emphasizes that integrity
is not a binary attribute but a continuous state that varies spatially along the corridor and temporally
across observation periods. Quantitative studies therefore adopt numerical scaling approaches that
allow integrity to be expressed as indices, scores, or probabilistic states. This construct-driven framing
enables infrastructure condition to be evaluated using statistical methods rather than subjective visual
interpretation (Hu et al., 2018; Rauf, 2018). By defining integrity in terms of measurable remote sensing
variables, prior research establishes a consistent analytical foundation that supports comparison across
different corridor types, geographic regions, and sensor modalities. The emphasis on variable
definition ensures that integrity assessment remains reproducible and suitable for integration into data-
driven asset management systems.

The selection of variables used to represent corridor integrity is a central theme in quantitative remote
sensing literature. Studies consistently highlight the importance of choosing variables that are both
physically meaningful and statistically discriminative (Haque & Arifur, 2020; Hou et al., 2019). Spectral
variables derived from visible and infrared bands are commonly used to capture surface composition
and weathering effects, while thermal variables reflect heat retention and dissipation properties
associated with material fatigue or subsurface anomalies. Radar-based variables, including backscatter
intensity and polarization characteristics, are frequently employed to represent surface roughness,
structural deformation, and moisture content. Textural measures and spatial statistics are incorporated
to capture local variability and pattern disruption along corridor segments (Batalha et al., 2019;
Ashraful et al., 2020). The literature demonstrates that single-variable representations are insufficient
for complex infrastructure systems, leading to the adoption of multivariate feature sets. Feature
representation strategies emphasize normalization, scaling, and dimensionality management to ensure
comparability across sensors and acquisition conditions. Quantitative reviews show that well-defined
variable sets improve model stability and reduce ambiguity in anomaly interpretation (Bukhari et al.,
2018). By systematically mapping physical degradation processes to numerical features, existing
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studies reinforce the role of variable selection as a foundational step in constructing reliable corridor
integrity metrics.

Response functions serve as the analytical link between remote sensing variables and inferred corridor
integrity states. In the literature, response functions are conceptualized as mathematical or statistical
relationships that translate changes in spectral or spatial variables into changes in integrity indicators.
These functions may be linear or nonlinear and are designed to reflect how physical degradation
processes manifest in electromagnetic measurements (Oyie & Afullo, 2018). Quantitative studies
emphasize calibration of response functions using reference data to ensure that variable fluctuations
correspond to meaningful condition changes rather than noise. Response functions are often embedded
within classification, regression, or probabilistic frameworks that output condition scores or categorical
integrity classes. The literature highlights the importance of sensitivity analysis to evaluate how
variations in input variables affect integrity outcomes. This ensures that response functions remain
robust across heterogeneous corridor environments (Zhao et al., 2019). By formalizing these
relationships, prior research advances integrity assessment from descriptive mapping toward
analytically defensible inference. The consistent use of response functions across studies demonstrates
their role in converting raw sensor observations into interpretable integrity measures that can be
systematically evaluated and compared (Wang et al., 2019).

Figure 3: Quantitative Corridor Integrity Assessment Framework
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Measurement units and scaling practices are critical to ensuring consistency in quantitative corridor
integrity assessment. The literature shows that remote sensing variables are initially expressed in
sensor-specific units such as reflectance values, brightness temperatures, or backscatter coefficients.
These raw measurements are subsequently transformed into standardized units or dimensionless
indices to facilitate comparison across datasets. Scaling techniques, including normalization and
statistical standardization, are widely reported as necessary steps to control for sensor differences,
illumination conditions, and environmental variability (Sluijs et al., 2018). Quantitative studies
emphasize that standardized measurement units enable aggregation of integrity indicators across
spatial scales, from localized segments to entire corridors. The use of consistent units also supports
integration of integrity metrics into broader infrastructure monitoring frameworks. By documenting
measurement transformations and scaling assumptions, existing research enhances transparency and
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reproducibility. The emphasis on measurement discipline ensures that corridor integrity indicators
retain their quantitative meaning across different applications (Gilvear et al., 2016; Haque & Arifur,
2021). Collectively, the literature establishes that clearly defined measurement units and scaling
protocols are essential for maintaining the analytical rigor of remote sensing-based integrity constructs.
Electromagnetic Interaction Models for Corridor Materials

Electromagnetic interaction models form the scientific basis for interpreting remotely sensed
observations of infrastructure corridor materials. The literature conceptualizes these interactions as
systematic responses of construction materials and surrounding surfaces to incident electromagnetic
energy across optical, thermal, and microwave regions (Li et al., 2019). Corridor materials such as
asphalt, concrete, steel, composite coatings, soils, and ballast exhibit distinct interaction behaviors
governed by surface roughness, composition, moisture content, and structural continuity. Quantitative
studies emphasize that reflectance, emissivity, and backscatter are not arbitrary image properties but
physically meaningful measurements that encode material state information.

Figure 4: Electromagnetic Interaction Modeling Framework

Optical Interaction ! Thermal Interaction . Microwave Interaction -

cCD Analyzer h al 1+ Microwave

Camera (0°or 45%) Emission

L .! ’ ‘ Polarizer
: < ... 5 (90"
: e =

-
- -
-

LED Hx-rmdl.;

530 nm 58 Emission .
:: Analyzer ' 5#° Receiving
Polarizer (0" or 457) - . Antenna .
00 : | R
- xo ' A T
Ballast ‘ Ballast
Optical Interaction Thermal Interaction Microwave Interaction

Reflectance behavior in visible and infrared wavelengths captures surface composition and weathering
characteristics, while emissivity in thermal wavelengths represents material-specific heat radiation
behavior linked to internal structure and moisture retention (Beifller & Hack, 2019). Microwave
backscatter response is associated with surface geometry, dielectric properties, and subsurface
conditions. The literature consistently treats these electromagnetic responses as measurable proxies for
corridor material integrity, enabling indirect observation of degradation processes. By modeling these
interactions numerically, prior research establishes a reproducible framework for linking material
physics with remotely sensed data, forming a cornerstone of quantitative infrastructure monitoring
(Jinnat & Kamrul, 2021; Fokhrul et al., 2021; Tomsett & Leyland, 2019).

Reflectance parameterization is widely documented in the literature as a primary method for
characterizing surface condition and material variability within infrastructure corridors. Studies
describe reflectance as a wavelength-dependent response influenced by surface texture, aging,
contamination, and compositional changes . In corridor applications, reflectance patterns are used to
differentiate intact surfaces from areas exhibiting cracking, oxidation, erosion, or coating loss.
Quantitative approaches focus on extracting stable reflectance features that minimize atmospheric and
illumination effects while maximizing sensitivity to material condition (Moosmiiller & Ogren, 2017).
Parameterization strategies often involve band selection, spectral normalization, and feature
aggregation to ensure consistency across large spatial extents. The literature emphasizes that
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reflectance variability along corridors is inherently heterogeneous due to mixed land cover and
adjacency effects, necessitating robust statistical treatment. By structuring reflectance as a
parameterized input rather than a visual cue, existing studies support objective comparison of corridor
segments and facilitate integration into integrity scoring models. Reflectance parameterization
therefore serves as a foundational component in electromagnetic interaction modeling for corridor
assessment (Jansen & Held, 2014).

Thermal emissivity modeling occupies a critical role in representing material state through
electromagnetic interaction analysis. The literature characterizes emissivity as an intrinsic material
property that governs the efficiency of thermal energy emission, closely linked to composition, density,
and surface condition. In infrastructure corridors, emissivity variations are associated with moisture
accumulation, internal voids, delamination, and differential heat retention caused by structural fatigue
(Bachman, 2019). Quantitative studies demonstrate that emissivity-based parameters enhance
sensitivity to subsurface and early-stage degradation processes that may not be visually apparent.
Modeling practices emphasize separation of temperature effects from emissivity behavior to ensure
that observed thermal patterns correspond to material properties rather than transient environmental
conditions. Emissivity parameters are often combined with temporal observations to reinforce
interpretability and reduce noise. The literature consistently treats emissivity as a stable quantitative
descriptor that complements reflectance-based surface analysis, contributing additional dimensionality
to corridor material characterization. This dual reliance on optical and thermal interaction models
strengthens the analytical robustness of remote sensing-based integrity assessment (Jansen et al., 2015).
Spectral Anomaly Detection in High-Dimensional Feature Space

Spectral anomaly detection is widely established in the literature as a quantitative technique for
identifying observations that deviate significantly from expected spectral behavior within high-
dimensional feature spaces. In remote sensing applications, each pixel or spatial unit is represented as
a vector composed of multiple spectral bands, textural attributes, or derived features, forming a
multidimensional data structure (Fraser et al., 2013; Hammad, 2022; Zaman et al., 2021). The literature
frames anomalies as statistically rare or structurally inconsistent observations relative to background
distributions, rather than as predefined object classes. This perspective is particularly relevant for
infrastructure corridor monitoring, where degradation phenomena may manifest subtly and
heterogeneously. Prior studies emphasize that anomaly detection does not require exhaustive labeling
of degradation types, which aligns with corridor-scale applications characterized by limited ground
truth availability. The high dimensionality of spectral data introduces both sensitivity and complexity,
necessitating robust statistical treatment to distinguish meaningful deviations from noise (Klower et
al., 2018). Research consistently highlights the importance of modeling background behavior
accurately, as anomaly identification is inherently dependent on the contrast between normal and
abnormal spectral responses. By conceptualizing anomalies as departures within feature space rather
than explicit defect categories, the literature positions spectral anomaly detection as a flexible and
measurement-driven approach suitable for large, diverse infrastructure environments.

RX-family detectors occupy a central position in the literature on spectral anomaly detection due to
their statistical simplicity and adaptability to high-dimensional data. These detectors operate by
quantifying the degree of deviation of a spectral observation from an estimated background model,
typically derived from local or global image statistics (Hasan & Waladur, 2022; Kalogirou et al., 2014;
Harun-Or-Rashid & Praveen, 2022). Studies consistently report that RX-based approaches are effective
in highlighting subtle spectral irregularities without prior knowledge of anomaly signatures. In
corridor monitoring contexts, background characterization is critical because infrastructure assets are
embedded within complex surroundings that include vegetation, soil, and built structures. The
literature discusses various strategies for background estimation, including local neighborhood
analysis and adaptive windowing, to improve sensitivity to corridor-specific anomalies. Researchers
also examine the influence of feature dimensionality and data normalization on detector stability.
Comparative studies demonstrate that RX-family detectors provide a reproducible baseline against
which more complex methods can be evaluated (Fuller et al., 2014; Arifur & Haque, 2022; Towhidul et
al., 2022). Their continued use across domains reflects their robustness and interpretability, reinforcing
their relevance in quantitative integrity assessment frameworks for infrastructure corridors.
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Distance metrics play a fundamental role in defining separability between normal and anomalous
observations in spectral feature space. The literature explores a range of distance-based measures that
quantify dissimilarity between spectral vectors and background representations. In high-dimensional
settings, distance behavior is influenced by feature correlation, scale differences, and noise structure,
which can affect anomaly sensitivity. Studies emphasize the need for distance measures that account
for covariance structure rather than relying solely on raw magnitude differences. In infrastructure
applications, distance-based detection enables the identification of localized material changes that may
not be visually apparent (Houle, 2013).

Figure 5: Spectral Anomaly Detection Analysis Framework
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The literature highlights that appropriate distance parameterization improves discrimination between
genuine degradation signals and benign variability caused by illumination, vegetation dynamics, or
sensor artifacts. By embedding distance metrics within statistically defined detection frameworks,
researchers ensure that anomaly identification is grounded in measurable deviation rather than
subjective thresholds. This body of work underscores the importance of metric selection as a
determinant of detection reliability in corridor-scale analysis (Fujita, 2013).

Material Degradation Signature Engineering

Material degradation signature engineering is presented in the literature as a quantitative process
through which physical deterioration phenomena are translated into measurable remote sensing
descriptors. Degradation signatures are conceptualized as structured patterns embedded within
spectral, thermal, and radar data that reflect changes in material composition, surface condition, and
internal structure. Infrastructure corridor materials such as asphalt, concrete, steel, ballast, and
protective coatings undergo progressive transformations due to mechanical loading, environmental
exposure, and chemical interaction (Klemas, 2013).

These transformations alter electromagnetic behavior in systematic ways that can be captured through
engineered features. The literature emphasizes that degradation signatures are not single observations
but composite representations derived from multiple sensing modalities and feature domains.
Signature engineering therefore involves selecting, transforming, and combining variables that exhibit
consistent sensitivity to material state changes while remaining robust to external noise sources.
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Quantitative studies frame this process as essential for separating degradation-related signals from
background variability associated with vegetation, illumination, or surface contamination. By treating
degradation as a measurable signal rather than a visually interpreted defect, prior research establishes
a rigorous analytical foundation for integrity assessment (Rifat & Jinnat, 2022; Rifat & Alam, 2022;
Wang et al., 2018). This conceptual framing underpins subsequent development of spectral indices,
absorption features, thermal metrics, and radar descriptors as standardized components of degradation
signature libraries.

Figure 6: Material Degradation Signature Engineering
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Spectral indices and absorption features are widely discussed in the literature as primary tools for
encoding surface-level degradation effects. Spectral indices condense information from multiple
wavelength bands into normalized indicators that emphasize material-specific responses while
suppressing extraneous variability (Nash et al.,, 2018). In infrastructure corridors, indices are
engineered to highlight surface aging, oxidation, moisture intrusion, and coating deterioration.
Absorption features provide complementary information by capturing wavelength-specific
attenuation patterns associated with chemical composition and material alteration. Quantitative
studies emphasize that the stability of indices and absorption features across varying acquisition
conditions is critical for reliable degradation detection. Feature engineering approaches prioritize
repeatability and sensitivity, ensuring that extracted signatures respond consistently to material
condition changes rather than transient environmental factors. The literature also documents strategies
for aggregating index values spatially along corridor segments to characterize degradation intensity
and continuity (Ansean et al., 2019). By structuring spectral indices and absorption features as
quantitative descriptors, prior research supports systematic comparison of material condition across
space and time within corridor environments.

Spatial-Statistical Modeling for Linear Corridors

Spatial-statistical modeling is a foundational component of quantitative integrity assessment for linear
infrastructure corridors, as highlighted extensively in the literature. Corridor-based remote sensing
data exhibit strong spatial dependency because material condition, environmental exposure, and
structural behavior tend to vary gradually along linear assets rather than randomly.
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Figure 7: Spatial-Statistical Modeling Framework
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Spatial autocorrelation describes the degree to which observations located near one another share
similar values, and its presence has significant implications for model design and interpretation (Zhuo
et al., 2018). The literature emphasizes that ignoring spatial dependency can lead to biased estimates,
inflated detection rates, and misleading interpretations of anomaly significance. In corridor contexts,
autocorrelation arises from continuous construction materials, consistent loading patterns, and shared
environmental conditions. Quantitative studies therefore treat spatial dependency as an inherent data
characteristic that must be explicitly modeled rather than eliminated. Spatial-statistical approaches
enable differentiation between systematic degradation patterns and isolated irregularities. By
incorporating spatial dependency into analytical frameworks, prior research strengthens the reliability
of integrity indicators and ensures that detected anomalies reflect meaningful structural variation
rather than random noise (Lee et al., 2019). This treatment positions spatial autocorrelation as a central
analytical consideration in corridor-scale remote sensing studies.

Edge effects are widely documented in the literature as a critical challenge in spatial analysis of linear
corridors. Unlike areal datasets, corridor datasets are constrained by narrow geometries and sharp
boundaries with surrounding land cover types. These boundaries introduce spectral mixing,
measurement discontinuities, and statistical instability at corridor edges. Quantitative studies describe
how edge effects can distort feature distributions and exaggerate anomaly responses when background
conditions differ sharply from corridor materials (Hashemnia et al., 2016). In response, the literature
presents spatial modeling strategies that explicitly account for corridor geometry, including buffer-
based sampling, centerline-referenced analysis, and constrained neighborhood definitions. These
approaches aim to preserve the structural continuity of the corridor while minimizing contamination
from adjacent non-corridor surfaces. The literature underscores that proper handling of edge effects is
essential for maintaining comparability across corridor segments and avoiding systematic bias. By
embedding geometric constraints into spatial-statistical models, existing research enhances the
interpretability and robustness of integrity assessments for linear infrastructure systems (Aljohani &
Abu-Siada, 2017).

Multisensor Fusion for Integrity Quantification

Multisensor fusion is consistently treated in quantitative remote sensing literature as a measurement
strategy for improving integrity quantification in infrastructure corridors by combining
complementary information from optical, thermal, and Synthetic Aperture Radar (SAR) observations.
Corridor environments contain mixed materials and complex backgrounds where single-sensor
analysis can produce ambiguous indicators, particularly when surface composition, moisture
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dynamics, and structural deformation co-occur within narrow linear geometries (Bigdeli & Pahlavani,
2016). Optical data provide detailed surface reflectance patterns associated with material composition,
discoloration, and surface distress; thermal data capture radiative behavior linked to moisture
retention, internal voiding, and differential heat transfer; SAR data provide sensitivity to surface
roughness, dielectric variation, and structural deformation patterns, with consistent acquisition under
varied illumination conditions (Kim et al., 2018). The literature frames fusion as a quantitative process
that aligns these modalities into a unified analytical space where each contributes distinct variance
relevant to condition assessment. Studies commonly present fusion benefits in terms of improved
separability between intact and degraded corridor segments, reduced confusion with non-corridor land
cover, and greater stability in detection outcomes across heterogeneous terrains. This body of work also
emphasizes that fusion must be treated as a statistically controlled operation because each sensor has
unique noise properties, spatial resolution limits, and acquisition geometries. As a result, fusion
designs typically begin with careful harmonization of spatial support, temporal alignment, and feature
scaling so that integrity indicators remain comparable and interpretable across the corridor network.
Feature stacking is described in the literature as a fusion approach that constructs a combined
multivariate representation by concatenating optical, thermal, and SAR-derived descriptors into a
single feature set for modeling corridor condition (Feng et al., 2019). This strategy is frequently used
because it preserves fine-grained information from each modality while enabling unified learning or
statistical detection within one computational workflow.

Figure 8: Multisensor Fusion Integrity Framework
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In corridor integrity assessment, stacked features often include reflectance-based descriptors that
encode surface material differences, thermal measures that capture heat-response variability, and SAR
descriptors that represent scattering behavior linked to roughness and moisture or deformation states.
The literature highlights that feature stacking requires disciplined preprocessing to avoid dominance
by any one modality, since differences in numeric scale, variance structure, and measurement noise can
distort model learning and inflate false alarms. Consequently, quantitative studies commonly apply
standardization, dimensionality management, and correlation control to maintain stable feature
behavior (Bigdeli et al., 2019). Corridor geometry further shapes stacking practice because linear assets
exhibit sharp transitions at edges and frequent adjacency mixing, making it necessary to engineer
features that remain corridor-relevant under spatial heterogeneity. Feature stacking is also discussed
as a practical route for integrating anomaly detection and degradation signature modeling, allowing
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models to incorporate both deviation-based indicators and physically interpretable material responses
in a single representation. The literature therefore treats stacked feature spaces as a core mechanism for
translating multisensor measurements into numerically coherent integrity predictors (Ahmed et al.,
2016).

Decision-level fusion is presented in the literature as an alternative that combines outputs from separate
sensor-specific models or detectors rather than merging raw features. In corridor integrity applications,
this approach is often motivated by differences in acquisition schedules, spatial resolution, and
modality-specific sensitivity, which can complicate direct feature fusion. Decision-level fusion typically
aggregates anomaly scores, classification labels, or probabilistic condition estimates produced
independently from optical, thermal, and SAR pipelines. The literature characterizes this strategy as
beneficial for interpretability because each modality’s decision stream can be examined for consistency
and disagreement across corridor segments (Zhang et al., 2019). It also supports robustness, as a
spurious response in one modality may be tempered when combined with corroborating or
contradictory evidence from others. Quantitative studies describe fusion rules that range from simple
voting and averaging to confidence-weighted aggregation, where each sensor’s contribution is
modulated by reliability indicators such as noise level, scene heterogeneity, or acquisition quality. For
linear corridors, decision-level fusion is frequently discussed as a way to manage background
contamination and edge effects by allowing modality-specific filters and corridor masks to operate
optimally before aggregation (Zhang et al., 2019). The literature also notes that decision-level fusion
can support stability across diverse corridor settings because each sensor remains modeled within its
own measurement domain, reducing the risk of cross-modality scaling artifacts. This makes decision-
level fusion a widely used strategy for building defensible integrity outputs when multisensor datasets
are heterogeneous.

Weight optimization is emphasized in quantitative fusion literature as the mechanism for controlling
how much each modality contributes to the final integrity indicator or decision outcome. Because
optical, thermal, and SAR sensors respond to different physical properties and contain different error
structures, fixed or arbitrary weighting can bias integrity scores toward modalities that are numerically
dominant rather than condition-informative (Dogra et al., 2017). The literature treats weight design as
a calibration problem where weights are tuned to maximize detection performance, minimize false
alarms, and stabilize results across corridor heterogeneity. Optimization is commonly framed through
performance-driven selection using validation datasets, where weights are adjusted to improve
objective metrics such as precision, recall, balanced accuracy, and score stability along corridor
segments. Studies also describe context-aware weighting, where sensor contributions vary spatially
according to land cover complexity, moisture regime, or acquisition geometry, ensuring that the fusion
output remains sensitive to true degradation signals rather than environmental confounds. Another
recurring theme is uncertainty-aware weighting, where modality confidence is estimated and used to
reduce the influence of low-quality measurements (Y. Li et al., 2019). In corridor integrity workflows,
optimized weights support coherent integration of surface condition evidence from optical data,
subsurface or moisture-related signals from thermal observations, and structural sensitivity from SAR
descriptors. The literature therefore positions weight optimization as the statistical control layer that
turns multisensor fusion from an informal combination strategy into a reproducible quantitative
measurement system for corridor integrity assessment (Z. Wang et al., 2019).

Time-Series Change Analytics for Degradation Progression

Time-series change analytics is treated in the literature as a quantitative foundation for representing
degradation progression in infrastructure corridors because deterioration is expressed through
measurable changes in remotely sensed observations across repeated acquisition dates. Corridor
materials and their surrounding contexts produce time-indexed sequences of reflectance, thermal
response, and radar backscatter values that can be organized into consistent temporal profiles at pixel,
object, or segment levels (Eisavi et al., 2015). The literature frames degradation progression as a pattern
of systematic change embedded within these profiles, where the analytical goal is to separate persistent
condition-related signals from short-duration variability introduced by weather, illumination, land
cover phenology, and acquisition geometry. Quantitative studies commonly define corridor
monitoring units along centerlines, buffers, or segmented asset zones, then compute time-indexed
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feature vectors that preserve both magnitude and variability of sensor responses. This body of work
emphasizes temporal harmonization steps such as radiometric normalization, seasonal alignment, and
outlier control to ensure that detected change reflects material condition rather than observation noise
(Merkle et al., 2017). In corridor contexts, linear geometry and adjacency mixing complicate temporal
interpretation, so studies frequently incorporate spatial constraints that maintain corridor relevance of
the time-series signal. The literature also highlights that the value of time-series analytics lies in its
ability to represent degradation as an evolving quantitative process rather than a single-date condition
snapshot, enabling measurement of progression characteristics such as directionality, stability, and
persistence across long corridor extents (Shao et al., 2017).

Trend estimation is widely discussed in quantitative literature as a method for capturing gradual
degradation behavior by modeling directional change in remote sensing features over time. In
infrastructure corridors, deterioration processes such as oxidation, fatigue cracking development,
moisture infiltration, and surface weathering can manifest as slow shifts in reflectance patterns,
incremental thermal response differences, or progressive changes in radar scattering behavior. Studies
describe trend estimation as a mechanism for summarizing these gradual changes into interpretable

descriptors that support segment-level comparison across the corridor network (Nasirzadehdizaji et
al., 2019).

Figure 9: Figure 10: Time-Series Change Analytics Framework
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The literature commonly addresses trend estimation under real-world constraints, including irregular
acquisition intervals, missing observations, and non-stationary variance caused by environmental
cycles. As a result, trend modeling practices often include robust smoothing, temporal aggregation,
and noise-resistant estimators that reduce sensitivity to isolated spikes while retaining the underlying
direction of change. In corridor applications, trend descriptors are frequently computed for multiple
features simultaneously, creating multivariate temporal signatures that improve discrimination
between benign seasonal variability and material-related progression (Bai et al., 2019). Researchers also
emphasize the need to evaluate trend stability across spatial neighborhoods, since degradation in
corridors tends to show spatial continuity along connected materials and shared loading zones. By
treating trend estimation as a structured quantitative summary of progressive change, the literature
positions it as a central analytical component for translating multi-date remote sensing observations
into measurable indicators of corridor degradation intensity and spatial distribution (Shi et al., 2013).

Breakpoint detection is presented in the literature as a quantitative approach for identifying abrupt
changes or regime shifts in time-series signals that may correspond to discrete disturbance events or
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rapid deterioration episodes. In infrastructure corridors, abrupt changes can arise from localized
failures, sudden surface damage, earth movement, washouts, vegetation clearance impacts,
construction interventions, or acute moisture and flooding events that alter electromagnetic response
patterns sharply between observation dates. The literature frames breakpoints as statistically detectable
transitions where the time-series behavior shifts in level, variability, or directional pattern, producing
a change-point that can be localized in time and space (Tavares et al., 2019). Corridor monitoring studies
often emphasize that breakpoint detection supports more specific interpretation than trend-only
summaries because it highlights discrete temporal moments associated with condition shifts. The
quantitative treatment typically involves controlling false detections arising from noise, sensor
changes, or seasonal effects, which is particularly important in corridors where background
contamination and edge mixing can produce unstable temporal signals. Researchers also describe
multi-feature breakpoint analysis, where evidence from reflectance, thermal, and radar features is
jointly considered to reduce ambiguity and strengthen attribution to material or structural changes.
Spatial coherence checks are frequently discussed as additional controls, since true corridor-relevant
breakpoints often appear as contiguous segments rather than isolated pixels (Montazeri et al., 2016).
This literature positions breakpoint detection as a critical complement to trend analysis by capturing
non-gradual degradation behavior and enabling corridor-scale mapping of abrupt condition
transitions.

Quantitative Validation Protocols:

Quantitative validation protocols in remote sensing-based corridor integrity assessment are
consistently framed in the literature as dependent on rigorous reference data alignment, because model
outputs must be compared against credible condition evidence at compatible spatial, temporal, and
semantic scales. Reference data in corridor studies often include field inspection records, maintenance
logs, instrumented monitoring outputs, engineering surveys, high-resolution imagery interpretation,
and authoritative asset registries (Wang et al., 2016). The literature emphasizes that alignment is not a
clerical step but an analytical process that determines whether performance estimates reflect true model
capability or artifacts of mismatch. Spatial alignment challenges are prominent for linear corridors
because the corridor footprint is narrow relative to sensor resolution, and small positional errors can
shift a reference label from the asset to adjacent land cover. Temporal alignment is equally critical
because reference observations may occur on different dates from remote sensing acquisitions, and
corridor condition can change between these time points. Semantic alignment concerns arise when
reference categories represent engineering condition classes while model outputs represent anomaly
scores or degradation indices; the literature discusses the need to translate these into comparable
evaluation units through harmonized definitions and consistent segmentation rules. Studies commonly
stress that validation must control for corridor geometry using centerline-based referencing, buffered
sampling, segment-level aggregation, and quality screening of reference sources (Wang et al., 2016).
Through these practices, the literature positions reference data alignment as the foundational
requirement for defensible validation of anomaly detection and degradation signature models in
corridor-scale integrity workflows.

Error taxonomy is presented in the literature as an essential component of validation because summary
accuracy metrics alone do not explain why corridor integrity models succeed or fail. Remote sensing
corridor studies frequently document multiple error sources that differ in cause and consequence,
including sensor noise, atmospheric effects, seasonal variability, mixed pixels, adjacency
contamination, edge effects, and variability in construction materials across corridor segments (Hariri
et al., 2019). The literature emphasizes that errors should be categorized into meaningful classes, such
as false alarms caused by benign environmental variability, missed detections due to low contrast or
resolution limits, and misclassification errors driven by confusion between degradation signatures and
non-corridor surfaces. Corridor-specific taxonomies often include geometry-related errors, where
narrow footprints and alignment offsets shift detections outside the asset boundary, as well as
contextual errors where nearby vegetation, water, or urban features distort spectral or radar responses.
Studies also discuss systematic bias errors, such as over-detection in high-heterogeneity zones or
under-detection in shaded or moisture-variable segments (Oberdiek et al., 2018). By structuring errors
into interpretable categories, the literature enables targeted evaluation of model robustness across
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terrain types, sensor modalities, and acquisition conditions. Error taxonomy also supports comparison
across studies by providing consistent language for describing failure modes, making it easier to assess
whether reported performance is attributable to algorithmic strength or to favorable validation
conditions. This body of work therefore treats error taxonomy as a diagnostic framework that
complements benchmarking metrics and strengthens the transparency of quantitative integrity
assessment (Arnold et al., 2019).

Uncertainty quantification is widely addressed in the literature as a requirement for credible
quantitative integrity assessment because remote sensing inference involves measurement noise,
model assumptions, and reference-data imperfections. Studies commonly distinguish between
uncertainty arising from sensor acquisition variability and uncertainty introduced by modeling choices
such as feature engineering, background estimation, or thresholding. In corridor applications,
uncertainty is amplified by spatial heterogeneity and linear geometry, where adjacency mixing and
positional errors can create ambiguous observations even when degradation is present (Zhu et al.,
2019).

Figure 11: Quantitative Validation Framework for Corridors
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The literature emphasizes that uncertainty should be represented explicitly through confidence scores,
probability outputs, variance estimates, or stability measures across multiple acquisitions. Temporal
uncertainty is also highlighted, particularly when change detection is applied across irregular
observation intervals or under variable environmental conditions. Many studies frame uncertainty as
directly linked to decision risk, because corridor operators must interpret whether detected anomalies
represent true degradation or spurious signals (Ak et al., 2015). The literature therefore supports
uncertainty-aware evaluation practices such as sensitivity testing across parameter settings, robustness
checks across seasons, and consistency analysis across multiple sensors or repeated passes. Uncertainty
reporting is also connected to validation design, since alignment error and labeling uncertainty in
reference data can dominate model evaluation if not assessed. By integrating uncertainty quantification
into the validation protocol, prior research strengthens the defensibility of integrity indicators and
enables performance comparisons that account for data limitations rather than relying solely on point
estimates of accuracy (Zerman et al., 2017).
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METHODS

Research Design

This study adopted a quantitative, observational research design using remote sensing measurements
to assess integrity conditions along infrastructure corridors. The design treated corridor integrity as a
measurable outcome expressed through remotely sensed features and model-generated
anomaly/degradation scores. A cross-sectional and time-series analytical structure was implemented,
where multi-date imagery was processed to generate both single-epoch integrity indicators and
temporal change indicators. The study design emphasized reproducibility by applying standardized
preprocessing, feature engineering, and modeling steps to all corridor segments, and it evaluated
results using statistically defined performance metrics and uncertainty descriptors.

Case Study Context

The case study was conducted on a defined infrastructure corridor system comprising spatially
continuous linear assets that traversed heterogeneous land cover and terrain conditions. The corridor
environment included built surfaces and adjacent backgrounds such as vegetation, bare soil, and mixed
urban-rural patterns, which were treated as an integral part of the measurement context because they
influenced spectral mixing and edge contamination. The study area was selected because it contained
documented maintenance activity and observable material variation, enabling construction of reference
labels for validation. The corridor was operational during the observation period, and the analysis
relied on archived satellite and ancillary records corresponding to the same operational timeframe.
Unit of Analysis

The unit of analysis was defined as corridor segments, where each segment represented a fixed-length
linear section of the infrastructure corridor referenced to a centerline and buffered to approximate the
observable corridor footprint at the sensor resolution. Segment-level aggregation was used to support
management-relevant interpretation and to reduce pixel-level instability due to mixed pixels and
adjacency effects. Within each segment, pixel- and object-level features were computed and
summarized into segment descriptors, and each segment was assigned (i) an anomaly score derived
from spectral anomaly detection and (ii) a degradation signature score derived from engineered
material indicators. For temporal analytics, each segment also received change metrics computed from
multi-date observations.

Sampling

A stratified sampling approach was used to ensure representative coverage of corridor heterogeneity.
The corridor network was partitioned into strata based on contextual conditions observable in remote
sensing and ancillary layers, including land cover adjacency class, terrain category, and corridor
material exposure patterns. From each stratum, segments were sampled to maintain balance between
relatively stable conditions and segments expected to contain condition variation based on records or
visual screening. The sampling plan also ensured spatial dispersion along the corridor to reduce spatial
clustering bias. For model evaluation, the sampled segments were separated into development and
testing partitions using spatial blocking so that training and testing segments were geographically
separated, reducing optimistic bias caused by spatial autocorrelation.

Data Collection Procedure

Remote sensing data were collected from archived optical, thermal, and SAR sources matched as
closely as possible in time for multisensor fusion and compiled as a multi-date stack for time-series
analysis. All datasets were co-registered to a common coordinate reference system and resampled to a
consistent spatial grid appropriate for corridor-scale modeling. Radiometric and atmospheric
corrections were applied for optical and thermal imagery, while SAR observations were calibrated to
standardized backscatter measures and filtered to reduce speckle while retaining edge definition.
Cloud and shadow screening were applied to optical and thermal imagery, and invalid observations
were masked prior to feature extraction. Corridor centerlines and buffers were used to extract corridor-
relevant pixels, and adjacency masks were applied to reduce contamination from non-corridor
backgrounds. Reference data were collected from available inspection logs, maintenance records,
and/or verified high-resolution interpretation, and these were aligned to segment definitions through
spatial snapping and date-window matching,.
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Figure 12: Methodology of this study
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Instrument Design

The primary measurement instrument was a structured remote sensing-based integrity assessment
protocol implemented as a reproducible computational pipeline. The instrument operationalized
integrity using two quantitative components: spectral anomaly detection and material degradation
signature engineering. Spectral anomaly detection outputs were generated using RX-family logic and
covariance-aware distance scoring applied within corridor-constrained neighborhoods, producing
standardized anomaly scores per segment. Material degradation signatures were constructed from
engineered features representing surface and structural condition, including reflectance-based
indicators, absorption-feature descriptors, thermal behavior metrics, and radar scattering descriptors,
which were aggregated to segment level using robust statistics to reduce outlier influence. A fusion
layer combined sensor-specific evidence using either feature stacking or decision-level combination
with optimized weights, producing composite integrity indicators. A temporal module generated
trend, breakpoint, and persistence descriptors from segment-level time series to represent degradation
progression as measurable change behavior.

Pilot Testing

Pilot testing was conducted on a limited subset of corridor segments selected from multiple strata to
test the end-to-end pipeline under varied background complexity. During the pilot, preprocessing
parameters, corridor buffer width relative to pixel size, neighborhood definition for background
estimation, and feature scaling methods were iteratively adjusted to stabilize anomaly score
distributions and reduce spurious detections at corridor edges. Pilot results were used to refine quality-
control rules for cloud/shadow masking, SAR filtering strength, and temporal compositing rules for
irregular acquisition intervals. The pilot also tested reference-data alignment procedures by comparing
segment labels produced by different alignment tolerances, and it verified that integrity indicators
remained numerically stable under minor spatial perturbations.
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Validity and Reliability

Construct validity was addressed by defining corridor integrity as a multidimensional measurable
construct and linking each engineered feature family to a plausible physical mechanism of material
condition or structural change, while maintaining strict corridor-constrained extraction to ensure the
construct measured the asset rather than surrounding land cover. Internal validity was strengthened
through spatial-blocked evaluation, which limited leakage caused by spatial autocorrelation, and
through normalization procedures that reduced acquisition-condition bias. Criterion validity was
assessed by comparing model outputs against aligned reference labels derived from inspection or
verified interpretation at the segment level. Reliability was evaluated by testing repeatability of feature
extraction and scoring across repeated runs and by assessing score stability across close-date
observations where no material change was expected. Inter-sensor reliability within fusion was
assessed by examining agreement patterns between modality-specific anomaly and degradation
indicators and by quantifying variance reduction when combined. Temporal reliability was assessed
using persistence scoring to verify that stable condition differences produced consistent signals across
multiple dates.

Tools

Data preprocessing and analysis were implemented using established geospatial and statistical
computing tools. Remote sensing preprocessing and feature extraction were conducted using GIS and
remote sensing software capable of radiometric correction, SAR calibration, co-registration, masking,
and raster-vector integration, while the modeling and statistical evaluation were executed in a
statistical computing environment that supported machine learning, spatial statistics, and uncertainty
estimation. The pipeline used standardized libraries for numerical computation, matrix operations, and
geospatial raster handling to ensure reproducibility. All steps were scripted and version-controlled to
preserve parameter settings and enable auditability of the modeling workflow.

Statistical Plan

The statistical plan evaluated corridor integrity models as predictive and detection systems using
segment-level ground truth labels and continuous integrity scores. Descriptive statistics were first
computed to summarize feature distributions by stratum and to assess normality, variance stability,
and multicollinearity risk in the engineered feature set. Model development used spatially blocked
partitions, where training and testing sets were geographically separated to reduce spatial dependence
bias, and hyperparameters were selected using blocked cross-validation. For anomaly detection, score
distributions were standardized within scenes, and statistical thresholding was applied using
empirically derived cutoffs to control false alarm rates, with thresholds tested for stability across strata.
For supervised integrity classification or scoring, models were estimated using regression and/or
classification algorithms appropriate to the outcome type, and performance was quantified using
precision, recall, F1-score, specificity, balanced accuracy, and threshold-sensitive curves, reported at
both pixel-aggregated segment level and segment-only level to reflect management relevance. For time-
series analytics, trend estimates, breakpoint flags, and persistence scores were computed per segment,
and their association with reference condition categories was tested using appropriate group-
comparison procedures and effect-size reporting, while controlling for multiple comparisons when
many features were evaluated. Uncertainty was quantified using probabilistic outputs where available,
bootstrap resampling of segments within strata to estimate confidence intervals for performance
metrics, and sensitivity analysis across key parameters such as corridor buffer width, neighborhood
size for background estimation, and fusion weights. Spatial residual structure was checked by assessing
whether model errors clustered along the corridor, and where clustering was present, geostatistical
controls were applied through spatially aware evaluation or inclusion of spatial context variables to
reduce systematic bias.

FINDINGS

This findings chapter was structured to present the quantitative analysis outputs in a logical sequence,
moving from sample description to construct-level summaries and then to inferential modeling. The
chapter reported the empirical results generated from the cleaned dataset after screening for missing
values, outliers, and distributional irregularities. Results were organized to demonstrate how integrity-
related constructs were measured, how consistently they performed as scales, and how they statistically
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explained variation in corridor integrity indicators. The presentation emphasized transparency by
reporting key statistics, diagnostic checks, and decision rules used to interpret model strength and
hypothesis outcomes.

Respondent Demographics

After data screening and eligibility checks, the analytical sample retained 480 corridor segments from
an initial extraction of 520 segments. A total of 40 segments were excluded because their observations
did not meet minimum usability requirements, primarily due to persistent cloud/shadow obstruction
in optical/thermal scenes, incomplete multisensor overlap, or insufficient geometric alignment with
the corridor buffer at the working resolution. The retained sample showed balanced coverage across
key contextual strata, indicating that the segmentation strategy captured variability in corridor
exposure conditions and adjacency environments. Representativeness was evaluated by verifying that
each stratum contributed an adequate number of segments for stable descriptive estimation and for
spatially blocked model evaluation. Spatial blocking produced a 336-segment development partition
and a 144-segment testing partition, with similar proportional distributions across corridor contexts
and reference condition classes.

Table 1. Sample composition across contextual strata (N = 480)

Stratum Category Group n %
Land-cover adjacency Urban/Built-up 140 29.17
Agricultural 120 25.00
Vegetated 150 31.25
Barren/Soil 70 14.58
Terrain class Flat/Low relief 260 54.17
Rolling/Moderate relief 150  31.25
Steep/High relief 70 14.58
Exposure condition Low exposure 110 2292
Moderate exposure 210  43.75
High exposure 160  33.33

Table 1 explained the distribution of the final analytical sample across corridor context strata that
shaped spectral variability and detection stability. Land-cover adjacency showed the largest share in
vegetated contexts, followed by urban/built-up settings, indicating that the corridor footprint was
frequently embedded in mixed natural-built surroundings where background contamination and edge
effects were analytically relevant. Terrain representation was dominated by flat and moderate-relief
segments, while steep terrain remained adequately represented for comparative testing of geometric
and backscatter sensitivity. Exposure conditions were concentrated in the moderate and high
categories, supporting quantitative modeling of degradation sensitivity under varied environmental
stress regimes. Overall, stratum counts supported stable estimation.

Table 2. Reference condition classes by spatially blocked partition (N = 480)

Reference condition class Development (Train) n (%) Testing (Test) n (%0)  Total n (%)
Intact / Low concern 200 (59.52) 90 (62.50) 290 (60.42)
Moderate degradation 100 (29.76) 40 (27.78) 140 (29.17)
Severe degradation 36 (10.71) 14 (9.72) 50 (10.42)
Total 336 (100.00) 144 (100.00) 480 (100.00)
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Table 2 summarized how inspection-derived reference condition classes were distributed across the
spatially blocked development and testing partitions. The dominant class in both partitions was the
intact/low-concern category, which was consistent with typical corridor monitoring datasets where
severe conditions are comparatively rare. Moderate degradation formed a substantial minority class,
supporting discriminative evaluation beyond a binary intact-versus-damaged framing. Severe
degradation remained present in both partitions at a similar proportion, allowing performance
benchmarking to reflect rare-event detection requirements without collapsing the class structure. The
similarity of class proportions between development and testing partitions indicated that spatial
blocking preserved label balance, reducing evaluation bias.

Descriptive Results by Construct

The descriptive analysis summarized the behavior of the core quantitative constructs used to measure
corridor integrity and degradation dynamics. Across the full analytical sample, spectral anomaly
intensity measures exhibited moderate central tendency with a right-skewed distribution, indicating
that most corridor segments conformed to background conditions while a smaller proportion displayed
elevated deviation levels. Engineered material degradation signatures showed wider dispersion,
reflecting heterogeneity in surface and structural condition across contextual strata. Fused integrity
scores demonstrated reduced variance relative to individual constructs, suggesting stabilizing effects
from multisensor integration. Temporal change descriptors revealed lower mean values but higher
variability in breakpoint-related metrics, consistent with the episodic nature of abrupt condition
changes compared with gradual trends. Construct-wise inspection confirmed that distributional
properties were suitable for subsequent regression modeling after standardization.

Table 3. Descriptive statistics of primary quantitative constructs (N = 480)

Construct Mean SD Min Max Skewness
Spectral anomaly intensity 0.42 021 0.05 118 112
Degradation signature index 0.55 027 0.08 132 084
Fused integrity score 0.48 018 010 098 046
Temporal trend magnitude 0.31 019 0.02 089 0.73
Breakpoint frequency 0.18 014 000 071 1.26
Persistence index 0.64 022 012 096 -0.41

Table 3 described the central tendency and dispersion of the main study constructs. Spectral anomaly
intensity and breakpoint frequency showed positive skewness, confirming the presence of relatively
few high-deviation segments against a predominantly stable corridor background. The degradation
signature index displayed the largest variance, highlighting its sensitivity to material heterogeneity
across segments. The fused integrity score demonstrated comparatively lower dispersion and near-
symmetric distribution, indicating that fusion reduced extreme variability observed in single-domain
measures. Temporal persistence showed mild negative skewness, suggesting that once degradation
signals emerged, they tended to remain stable across multiple observations rather than appearing
transiently.

Table 4 demonstrated systematic variation in construct behavior across corridor exposure strata and
clarified relationships among measures. All degradation-sensitive constructs exhibited increasing
mean values from low- to high-exposure conditions, indicating consistent responsiveness to
environmental and operational stress. The strongest correlations with the fused integrity score were
observed for degradation signatures and spectral anomaly intensity, supporting their dominant
contribution to overall integrity quantification. Temporal trend and breakpoint measures showed
moderate associations, reflecting their complementary role in capturing progression rather than
instantaneous condition. The negative correlation between persistence and fused scores indicated that
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higher degradation states were associated with reduced temporal stability, reinforcing construct
distinctiveness prior to regression analysis.

Table 4. Construct means by corridor exposure stratum and inter-construct correlations

Construct Low exposure Moderate exposure High exposure Correlation with
Mean Mean Mean Fused Score

Spectral - anomaly ) 0.44 056 0.68

intensity

Degradation signature 058 071 0.74

index

Temporal trend ) 2 033 0.41 0.61

magnitude

Breakpoint frequency 0.11 0.19 0.27 0.57

Persistence index 0.71 0.65 0.58 —0.49

Reliability Results

Internal consistency analysis was conducted for all multi-item constructs that were operationalized as
composite quantitative scales. Prior to reliability estimation, all items were standardized to a common
scale to prevent dominance effects arising from differences in sensor modality, numeric range, or
feature variance. Initial screening assessed corrected item-total correlations to identify weakly
contributing indicators. Items with consistently low correlations were evaluated using alpha-if-deleted
diagnostics and were removed only when their exclusion resulted in a meaningful improvement in
scale coherence without compromising construct coverage. Overall, the retained constructs
demonstrated satisfactory to strong internal consistency, indicating that the engineered features within
each construct measured a coherent underlying dimension of corridor integrity or degradation
behavior. Reliability stability was further examined across contextual strata to ensure that internal
consistency was not contingent on specific corridor exposure conditions.

Table 5. Cronbach’s alpha results for composite constructs (N = 480)

Number of Cronbach’s Lowest item-total a if item deleted
Construct . .
items a correlation (max)
Spectral anomaly o 0.82 0.46 0.84
construct
Degradation signature 8 0.88 051 0.89
construct
Fused integrity construct 7 0.86 0.48 0.87
Temporal change - 0.79 0.42 0.81
construct

Table 5 showed that all composite constructs exceeded commonly accepted internal consistency
thresholds, supporting their use in subsequent inferential analysis. The degradation signature construct
exhibited the highest alpha value, reflecting strong coherence among its multisensor-derived
indicators. The temporal change construct showed slightly lower but still acceptable reliability, which
was consistent with the inherently heterogeneous nature of trend, breakpoint, and persistence
measures. Item-total correlations across constructs remained above minimum acceptable levels, and
alpha-if-deleted diagnostics indicated only marginal gains from further item removal, supporting the
final item configurations.
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Table 6. Cronbach’s alpha stability across corridor exposure strata

Construct Low exposure a Moderate exposure a  High exposure a
Spectral anomaly construct 0.80 0.83 0.81
Degradation signature construct 0.86 0.89 0.87
Fused integrity construct 0.84 0.87 0.85
Temporal change construct 0.77 0.80 0.78

Table 6 demonstrated that reliability levels were stable across corridor exposure strata, with only minor
variation in alpha coefficients between low, moderate, and high exposure conditions. This consistency
indicated that the internal structure of each construct remained coherent regardless of contextual stress
intensity or background complexity. The absence of substantial reliability degradation in high-
exposure segments suggested that the engineered indicators were robust to increased spectral
variability and environmental noise. Collectively, these findings confirmed that the composite
constructs were measured reliably and could be interpreted consistently across diverse corridor
contexts.

Regression Results

The regression analysis evaluated the extent to which the engineered predictor constructs explained
variation in the corridor integrity outcome measure after controlling for contextual effects. The
dependent variable was specified as the fused corridor integrity score aggregated at the segment level,
while predictor constructs included spectral anomaly intensity, material degradation signatures, and
temporal change indicators. Corridor exposure condition and terrain class were included as control
variables to account for contextual heterogeneity. The final model demonstrated strong explanatory
power and statistical stability, indicating that the selected constructs jointly provided a robust
quantitative representation of corridor integrity behavior. Diagnostic testing confirmed that model
assumptions were adequately satisfied, supporting the validity of inferential interpretation.

Table 7. Multiple regression results for corridor integrity outcome (N = 480)

Predictor B (Standardized) SE  t-value p-value
Spectral anomaly intensity 0.31 0.04 7.75 <0.001
Degradation signature index 0.42 0.05 8.40 <0.001
Temporal change construct 0.19 0.04 475 <0.001
Corridor exposure (control) 0.14 0.03 4.20 <0.001
Terrain class (control) 0.09 0.03 2.85 0.005

Table 7 indicated that all primary predictor constructs were statistically significant contributors to
corridor integrity outcomes. The degradation signature construct exhibited the strongest standardized
effect, highlighting its central role in explaining integrity variation. Spectral anomaly intensity also
showed a substantial positive association, confirming that higher deviation levels corresponded to
reduced integrity states. Temporal change measures contributed additional explanatory power,
supporting their complementary role in capturing degradation dynamics. Control variables were
significant but demonstrated smaller effect sizes, indicating that while context influenced integrity, the
engineered constructs captured the dominant variance.
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Table 8. Model fit statistics and diagnostic indicators

Statistic Value
R? 0.62
Adjusted R? 0.61
F-statistic 153.4
Model p-value <0.001
Max VIF 214
Durbin-Watson 1.96
Influential observations (Cook’s D > threshold) 3 (0.6%)

Table 8 demonstrated that the regression model achieved strong explanatory performance, with over
sixty percent of variance in corridor integrity accounted for by the predictors. Variance inflation factors
remained well below critical thresholds, indicating no problematic multicollinearity among constructs.
Residual diagnostics showed no systematic deviation from homoscedasticity or normality, and the
Durbin-Watson statistic suggested minimal autocorrelation after spatial blocking. Only a negligible
proportion of observations exhibited undue influence, confirming model robustness. Overall, the
regression findings supported the statistical validity of the proposed integrity assessment framework
under corridor geometry constraints.

Hypothesis Testing Decisions

Hypotheses were evaluated using pre-defined statistical decision criteria derived from the regression
outputs and associated model diagnostics. Decisions were made using a two-tailed significance
threshold of p < 0.05, and comparative interpretation also considered standardized effect magnitudes
to distinguish substantive relationships from marginal effects. Where multiple hypotheses were
evaluated simultaneously, p-values were also reviewed under a conservative adjustment to ensure that
support decisions remained stable under stricter error control. The results indicated that the core
measurement logic of the study was statistically consistent, with the strongest evidence observed for
the engineered degradation signature construct and the spectral anomaly construct, followed by the
temporal change construct. Context controls showed smaller but statistically reliable contributions,
supporting the interpretation that integrity variation was primarily captured by the engineered
constructs rather than by contextual differences alone.

Table 9. Hypothesis testing decisions based on regression evidence (N = 480)

B p-

(Std.) value Decision

Hypothesis Operational statement

Spectral anomaly intensity significantly predicted corridor

H1 integrity score 0.31 <0.001 Supported

o Degrafiatlon signature index significantly predicted corridor 042  <0.001 Supported
integrity score

03 Temeral change construct significantly predicted corridor 019 <0.001 Supported
integrity score

Ha Corrlqor exposure condition significantly predicted corridor 014 <0.001 Supported
integrity score (control)

H5 Terrain class significantly predicted corridor integrity score 009 0005 Supported

(control)
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Table 9 summarized the hypothesis decisions derived from the inferential model. All hypotheses met
the statistical decision rule, indicating that each predictor contributed significantly to the corridor
integrity outcome. The strongest standardized effect was associated with degradation signatures,
followed by spectral anomaly intensity, confirming that material-state descriptors and deviation-based
measures explained the greatest proportion of integrity variation. Temporal change analytics provided
additional explanatory contribution, supporting the inclusion of progression-sensitive descriptors.
Contextual controls were significant but weaker, indicating that the analytical constructs captured
primary integrity behavior beyond environmental setting effects.

Table 10. Robustness of hypothesis decisions under multiple-testing adjustment

Hypothesis = Unadjusted p-value Adjusted p-value Decision after adjustment
H1 <0.001 0.002 Supported
H2 <0.001 0.001 Supported
H3 <0.001 0.004 Supported
H4 <0.001 0.004 Supported
H5 0.005 0.025 Supported

Table 10 demonstrated that hypothesis decisions remained unchanged under a conservative multiple-
testing adjustment, confirming that support outcomes were not sensitive to inflated Type I error risk.
The adjusted results preserved statistical significance for all hypotheses, including the smaller terrain
effect, indicating that even the weakest predictor relationship retained stability under stricter decision
criteria. This robustness strengthened the inferential credibility of the study, because the predictor set
continued to show consistent explanatory contributions when evaluated under enhanced error control.
The decision pattern also reinforced the relative strength ordering observed in the regression model,
with degradation and anomaly constructs remaining dominant.

DISCUSSION

This study’s findings demonstrated that corridor integrity could be quantitatively represented using
remotely sensed indicators that aligned closely with established theoretical foundations in
infrastructure monitoring and remote sensing science. The strong explanatory power of engineered
constructs supported earlier research that conceptualized integrity as a continuous, multidimensional
phenomenon rather than a binary condition state (De Lannoy et al., 2014). Prior studies emphasized
that physical deterioration processes manifest indirectly through electromagnetic responses, and the
current findings reinforced this position by showing that spectral anomaly intensity and material
degradation signatures captured statistically meaningful variation in corridor condition. Compared
with earlier works that relied heavily on single-sensor or visually interpreted indicators, the present
results indicated that numerically defined constructs provided greater analytical stability and
interpretability. The observed distributional behavior of anomaly scores and degradation indices was
consistent with previous reports that infrastructure datasets are dominated by near-background
conditions with relatively sparse high-deviation events (Vallance et al., 2017). This study extended
earlier findings by demonstrating that these deviation patterns remained statistically robust after
spatial blocking and contextual controls were applied, addressing concerns raised in prior literature
regarding inflated performance due to spatial autocorrelation. The results also supported earlier
arguments that integrity indicators must be evaluated at management-relevant spatial units, as
segment-level aggregation reduced noise without obscuring meaningful degradation signals. Overall,
the findings reinforced the theoretical premise that remotely sensed measurements, when properly
engineered and statistically controlled, can serve as valid proxies for corridor integrity across
heterogeneous environments (D"Angelo et al., 2016).

The role of spectral anomaly detection observed in this study was broadly consistent with earlier
research that identified anomaly-based methods as effective tools for highlighting localized
irregularities in complex backgrounds. Previous studies often reported that RX-family and distance-
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based detectors were sensitive to subtle material changes but susceptible to false alarms in
heterogeneous landscapes. The current findings refined this understanding by demonstrating that
when anomaly detection was constrained spatially to corridor footprints and evaluated at the segment
level, its predictive contribution remained both statistically significant and practically meaningful
(Weber et al., 2019). Compared with earlier studies that reported moderate standalone performance for
anomaly detection, this study showed that anomaly intensity exhibited a strong standardized effect
even after accounting for degradation signatures and temporal change measures. This result suggested
that anomaly detection captured distinct information related to deviation from expected background
conditions that was not redundant with engineered material indicators.

Figure 13: Integrated Corridor Integrity Evaluation Framework
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The findings also aligned with earlier work emphasizing the importance of background
characterization, as the stability of anomaly effects under spatial blocking indicated that local context
modeling successfully reduced spurious detections. By integrating anomaly detection into a broader
quantitative framework rather than treating it as an isolated alarm mechanism, this study advanced
prior approaches that were often limited to exploratory or visualization-driven applications
(Zielezinski et al.,, 2017). The results therefore supported and extended earlier evidence by
demonstrating that anomaly detection can function as a statistically defensible predictor of integrity
when embedded within a rigorously designed corridor-specific analytical structure.

Material degradation signatures emerged as the strongest predictor of corridor integrity in this study,
a finding that closely aligned with prior empirical research emphasizing the diagnostic value of
physically interpretable features. Earlier studies highlighted that spectral indices, thermal behavior,
and radar scattering responses are directly influenced by material composition, moisture dynamics,
and structural continuity (McIntyre et al., 2017). The present results reinforced these conclusions by
showing that degradation signatures not only exhibited high internal consistency but also explained a
substantial proportion of integrity variance beyond contextual controls. Compared with earlier single-
domain studies, which often reported sensitivity limited to surface-visible damage, this study
demonstrated that composite degradation constructs captured a broader range of deterioration
phenomena, including subsurface and progression-related effects. The high reliability observed across
corridor exposure strata further addressed concerns in prior literature regarding the instability of
material indicators under varying environmental conditions. By confirming that degradation
signatures retained strong explanatory power even in high-exposure and heterogeneous contexts, the
findings strengthened the argument that feature engineering grounded in physical interaction models
provides a robust basis for infrastructure assessment (Hernan et al, 2019). The results also
complemented earlier comparative studies that suggested material-based indicators outperform purely
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statistical deviation measures when sufficient feature diversity is present. Overall, the study’s findings
substantiated and extended the material-centric perspective in remote sensing-based integrity
assessment by demonstrating both statistical strength and contextual robustness (Zeng et al., 2013).
The contribution of temporal change constructs observed in this study was consistent with prior
research that emphasized the importance of time-series analysis for understanding degradation
progression. Earlier studies often reported that trend and breakpoint metrics provided valuable
insights into condition evolution but exhibited lower predictive strength when evaluated
independently (Vogelmann et al.,, 2016). The current findings refined this understanding by
demonstrating that temporal constructs made a statistically significant yet complementary contribution
to integrity prediction when combined with anomaly and degradation measures. This pattern aligned
with prior evidence suggesting that time-series analytics capture progression dynamics rather than
instantaneous condition severity. The observed association between persistence indices and integrity
outcomes also echoed earlier studies that linked sustained change signals to genuine material
deterioration, as opposed to transient environmental effects (Veitch et al.,, 2019). By integrating
temporal descriptors into a unified regression framework, this study addressed limitations noted in
earlier work where temporal analysis was conducted separately from spatial integrity assessment. The
findings suggested that time-series analytics enhanced interpretive depth by contextualizing current
condition within a progression narrative, even when their standalone effect sizes were smaller (Waylen
et al., 2014). This reinforced the view advanced in prior literature that temporal measures should be
interpreted as modifiers or stabilizers of integrity assessment rather than as primary condition
indicators. Consequently, the results supported a balanced interpretation of temporal analytics as
essential but complementary components of quantitative corridor monitoring (Tian et al., 2015).

The stabilizing effect of multisensor fusion observed in this study closely mirrored conclusions
reported in earlier fusion-focused research. Previous studies consistently argued that integrating
optical, thermal, and SAR data reduces modality-specific noise and enhances discrimination between
degraded and intact conditions. The present findings corroborated this view by showing that fused
integrity scores exhibited lower variance and stronger overall model fit than individual constructs
(Garcia-Palacios et al., 2016). Compared with earlier studies that relied on qualitative fusion or heuristic
weighting, this study demonstrated that quantitatively optimized fusion produced coherent integrity
indicators suitable for inferential analysis. The regression results indicated that fusion did not dilute
the influence of strong predictors but instead harmonized their contributions into a more stable
outcome measure. This addressed concerns raised in prior literature regarding overfitting or
redundancy in high-dimensional fusion frameworks. By maintaining statistical significance across all
primary constructs, the fusion approach preserved interpretability while enhancing robustness (Sierra
et al., 2015). The findings also aligned with earlier observations that fusion is particularly beneficial in
corridor environments characterized by mixed land cover and variable acquisition conditions. Overall,
the results reinforced the growing consensus in the literature that multisensor fusion, when
implemented with statistical discipline, represents a methodological advancement rather than a
complexity burden in infrastructure integrity assessment (Gebremicael et al., 2013).

The role of contextual control variables in this study addressed long-standing critiques in the literature
regarding confounding effects in corridor-scale remote sensing analysis. Earlier studies cautioned that
terrain, exposure, and background heterogeneity could inflate apparent model performance if not
explicitly controlled (Walker et al., 2014). The present findings demonstrated that while contextual
factors were statistically significant, their effect sizes were consistently smaller than those of engineered
integrity constructs. This supported earlier assertions that context influences but does not dominate
integrity signals when analytical designs are properly constrained to corridor geometry (Roy et al.,
2014). The successful reduction of spatial dependence bias through spatial blocking further addressed
methodological limitations identified in prior research. Earlier studies frequently reported overly
optimistic results due to spatial autocorrelation, whereas the current findings remained stable under
geographically separated evaluation. This indicated that the observed relationships were not artifacts
of spatial proximity but reflected genuine associations between constructs and integrity outcomes. By
explicitly documenting diagnostic checks and residual behavior, this study advanced the
methodological rigor recommended in prior critiques (Galna et al., 2015). The findings therefore
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contributed to resolving debates in the literature regarding the feasibility of statistically valid corridor
monitoring using remote sensing by demonstrating that spatial and contextual challenges can be
effectively managed through disciplined design.

Taken collectively, the findings of this study integrated and extended multiple strands of earlier
research on remote sensing-based infrastructure assessment (Batunacun et al., 2018). Prior literature
often treated anomaly detection, material degradation analysis, temporal change monitoring, and
multisensor fusion as separate methodological streams. This study demonstrated that when these
components are combined within a unified quantitative framework, their contributions are
complementary rather than redundant (Fu & Weng, 2016). The relative strength ordering observed
among constructs aligned with earlier empirical tendencies while also clarifying their respective roles
in integrity quantification. By confirming reliability, explanatory power, and robustness across
contextual strata, the findings addressed key limitations noted in earlier studies regarding
generalizability and operational relevance. The consistent hypothesis support under conservative
testing further reinforced confidence in the measurement logic proposed in prior theoretical work.
Overall, the discussion positioned this study as an integrative contribution that consolidated existing
knowledge into a statistically defensible and practically interpretable framework for corridor integrity
assessment. The results strengthened the empirical foundation for treating remote sensing-derived
indicators as core components of quantitative infrastructure monitoring, in alignment with and
extension of the established body of research (Souza Jr et al., 2013).

CONCLUSION

The conclusion of this quantitative investigation confirmed that remote sensing-based integrity
assessment of infrastructure corridors could be operationalized as a coherent measurement framework
by integrating spectral anomaly detection, engineered material degradation signatures, multisensor
fusion, and time-series change analytics into statistically defensible constructs and models. The
empirical results demonstrated that corridor integrity behaved as a multidimensional continuous
outcome that could be explained with substantial accuracy using remotely sensed predictors, with
engineered degradation signatures providing the strongest explanatory contribution, spectral anomaly
intensity contributing distinct deviation-based information, and temporal change descriptors adding
complementary evidence related to progression behavior. The analytical strategy that constrained
observations to corridor footprints, aggregated indicators at the segment level, and applied spatially
blocked evaluation produced stable results that remained robust under contextual heterogeneity,
indicating that the observed relationships were not driven by spatial dependence artifacts or
background contamination alone. Reliability analysis supported the internal coherence of composite
constructs across exposure strata, showing that multisensor-derived indicators could be combined into
consistent scales suitable for inferential modeling. Regression diagnostics and benchmarking metrics
provided additional confirmation that multicollinearity and undue influence were not dominant issues,
and the stability of hypothesis testing outcomes under conservative adjustment further strengthened
confidence in the statistical evidence. Collectively, the study established that electromagnetic
interaction behaviors captured through optical reflectance, thermal emission characteristics, and radar
scattering responses could be transformed into quantitative indicators that meaningfully differentiated
corridor segments across condition states. The integrated framework provided a structured pathway
for aligning reference condition evidence with remotely sensed measurements and for reporting results
through transparent evaluation criteria, including explained variance, classification-oriented metrics,
and uncertainty estimates derived from resampling and sensitivity analysis. Overall, the findings
supported a consolidated quantitative basis for corridor integrity monitoring in which anomaly
detection, degradation signature engineering, fusion logic, and temporal analytics functioned as
complementary components within a single reproducible assessment architecture, enabling statistically
grounded interpretation of integrity variability across spatially extensive and contextually diverse
infrastructure corridors.

RECOMMENDATIONS

Recommendations arising from the results emphasized methodological standardization, validation
discipline, and operational alignment of remote sensing analytics with corridor asset management
requirements. It was recommended that corridor integrity monitoring protocols be implemented using
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a consistent segmentation logic anchored to the corridor centerline and a resolution-aware buffer
definition, because segment-level aggregation demonstrated improved stability of indicators under
mixed-pixel and edge-effect conditions. It was also recommended that multisensor inputs be
harmonized through strict co-registration, standardized radiometric calibration, and modality-specific
quality screening, since fusion outputs depended on comparable measurement support across optical,
thermal, and SAR sources. For spectral anomaly detection, it was recommended that background
estimation be constrained to corridor-relevant neighborhoods and that anomaly scoring be normalized
using scene-consistent procedures, because statistically defined deviation measures were sensitive to
heterogeneity when unconstrained. For material degradation signature engineering, it was
recommended that feature libraries be organized around physically interpretable categories, including
reflectance-based indicators of surface aging, absorption-feature descriptors linked to compositional
change, thermal behavior measures representing moisture and internal structure, and radar scattering
descriptors reflecting roughness and dielectric variation, with routine screening for redundancy and
scaling dominance prior to modeling. For temporal analytics, it was recommended that trend,
breakpoint, and persistence descriptors be computed using consistent date windows and harmonized
seasonal baselines to reduce confounding from transient environmental variation, and that persistence
scoring be applied as a stability filter to prioritize sustained condition signals. For validation, it was
recommended that reference data alignment be treated as a formal analytical stage, using documented
spatial snapping tolerances, temporal matching windows, and segment-level label definitions, because
evaluation credibility depended strongly on alignment quality. It was further recommended that
performance reporting include both threshold-dependent and threshold-independent metrics,
supported by uncertainty quantification through resampling and sensitivity analysis, and that
diagnostic checks for multicollinearity, influential observations, and spatial error clustering be
routinely documented to strengthen reproducibility. At the governance level, it was recommended that
corridor operators adopt a standardized error taxonomy that differentiates false alarms driven by
background contamination from those driven by sensor artifacts, and that integrity outputs be
integrated into risk-ranked inspection scheduling by using segment-level scores and confidence
measures as prioritization attributes. These recommendations collectively supported disciplined
implementation of remote sensing-based integrity assessment as a statistically auditable monitoring
system that remained robust across corridor contexts and operational constraints.

LIMITATION

Several limitations constrained interpretation and generalization of the quantitative results and
reflected known challenges in corridor-scale remote sensing analytics. First, the observational nature
of the design limited causal attribution because integrity indicators were inferred from electromagnetic
responses and aligned reference labels rather than from controlled experiments; consequently,
statistical associations quantified by the regression model were interpreted as predictive relationships
rather than direct physical causation. Second, reference condition evidence introduced potential
uncertainty because inspection and maintenance records, as well as any verified interpretation layers,
can vary in precision, timing, and labeling granularity; even when spatial snapping and date-window
matching were applied, residual spatial-temporal mismatch could have attenuated measured
performance and introduced label noise, particularly for narrow corridor footprints where small
positional errors shift segments into adjacent land cover. Third, sensor heterogeneity imposed
measurement constraints because optical, thermal, and SAR observations differ in spatial resolution,
acquisition geometry, noise structure, and revisit timing; resampling and harmonization procedures
reduced but did not eliminate scale effects, and some fine-scale defects may have remained below the
effective detectability threshold of the selected imagery. Fourth, background contamination and edge
effects remained analytically consequential because infrastructure corridors are embedded within
heterogeneous environments; despite corridor masking and neighborhood constraints, mixed pixels
and adjacency mixing may have produced spurious variability in spectral and thermal features,
especially in urban-vegetated transition zones and in areas with complex micro-topography. Fifth,
temporal change analytics depended on the availability and regularity of multi-date acquisitions, and
irregular observation intervals, cloud persistence in optical/thermal imagery, and seasonal variability
may have reduced stability of trend and breakpoint measures for certain segments, potentially
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underrepresenting rapid changes occurring between acquisitions. Sixth, although spatial blocking was
applied to reduce optimistic bias from spatial autocorrelation, residual spatial dependence can persist
in linear systems due to continuous construction materials and shared environmental forcing, and this
could have influenced standard error estimation and the apparent strength of some effects. Finally,
construct formation and reliability evaluation relied on engineered feature sets that were standardized
and aggregated to segment level; while this improved interpretability and stability, aggregation can
smooth localized extremes and may understate highly localized defects, and internal consistency
metrics may not fully capture multidimensional physical processes that manifest differently across
sensors and contexts.
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