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Abstract. The research focuses on the conceptual architecture of integrating automotive
glazing condition monitoring systems into comprehensive fleet safety management platforms
within the U.S. commercial transportation sector. It examines the windshield as a high-
technology sensor platform whose optical and structural integrity is a mandatory prerequisite
for the effective functioning of Advanced Driver Assistance Systems (ADAS). The study
redefines glazing from a passive component to a critical node within the digital telematics
ecosystem, analyzing the operational and managerial mechanisms required to bridge the
institutional gap in contemporary fleet management systems. As a conceptual and review-
based study, the research employs a multi-tier analytical framework combining a systematic
literature review (Scopus, Web of Science, Google Scholar) with a technical analysis of federal
regulatory standards (FMVSS 205, 216a; 49 CFR). The methodology includes a statistical
review of FMCSA crash datasets (164,347 incidents in 2023) and structured interviews with
fleet operators to identify decision-making patterns. All quantitative projections are
presented as indicative estimates, acknowledging the significant variability inherent in
diverse fleet scales and regional environmental stressors. The primary objective is to develop
and verify a four-tier conceptual model for embedding glazing integrity surveillance into
existing fleet management systems. The study aims to substantiate the transition from
stochastic, reactive maintenance to an IT-integrated predictive paradigm, providing a
scientifically grounded roadmap for fleet operators to mitigate operational risks and enhance
regulatory compliance. The findings confirm that the proposed integration is architecturally
compatible with existing telematics via open APl mechanisms. The study substantiates that
implementing digital monitoring protocols can reduce vehicle downtime by up to 60-70%
under optimal conditions. The transition to an integrated approach ensures synergy across
technological, financial, and regulatory dimensions, transforming glazing control into a
predictable variable of fleet safety. The research acknowledges certain limitations due to its
conceptual nature, emphasizing that actual ROl may vary based on the technological maturity
of the specific fleet infrastructure.
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Introduction. The commercial motor vehicle sector of the United States constitutes one of
the foundational elements of the national logistics infrastructure. Road freight transportation
accounts for 72.5% of all goods transported in the country by weight, which clearly
demonstrates the critical role of commercial fleets in the functioning of the economy [1]. As of
2025, the total registered vehicle fleet in the United States is approaching 285-290 million units
and the operational intensity of commercial transport is steadily increasing alongside the growth
of commodity turnover and logistics demand. Against the backdrop of large-scale fleet expansion,
the issue of vehicle safety assumes particular significance. Road traffic accidents involving heavy-
duty trucks remain a serious concern. Occupational transportation incidents consistently
account for more than 35% of all professional fatalities in the U.S. [2]. Industry data indicate an
escalation of alarming trends, with experts recording a measurable increase in both the
frequency and severity of road traffic accidents involving commercial vehicles, with accident
rates having surpassed pre-pandemic levels.

The technological optimisation of the fleet management industry is unfolding with equal
momentum. The global fleet management systems market was valued at $28.6 billion in 2023
and is projected to reach $97.45 billion by 2031, with the American market segment anticipated
to more than double from $10.95 to $25.97 billion [3]. In parallel, 83% of commercial fleet
operators already employ telematics systems, while 42% report a reduction in incident rates
following the implementation of fleet monitoring software. Nevertheless, existing fleet safety
management platforms remain focused predominantly on driver behaviour monitoring, route
analytics and the mechanical condition of powertrains, leaving the technical condition of vehicle
glazing unaddressed. This is a significant component that directly affects the structural integrity
of the vehicle body, the operational efficacy of ADAS systems and the visual accessibility of road
conditions. The windshield is a load-bearing element interfaced with sensors, cameras and ADAS
calibration systems and its damage necessitates glazing replacement and mandatory
recalibration of the entire associated electronic architecture, substantially increasing the
aggregate cost of the incident [4].

Road traffic accidents involving heavy-duty trucks continue to represent a serious problem.
The number of injury-involving heavy truck crashes increased by 2.5% year-on-year and by 18%
since 2016. The financial consequences of incidents for commercial fleet operators are systemic
in character. The aggregate annual costs of accidents involving commercial heavy-duty vehicles
and buses in the United States have risen from $119 to $128 billion according to FMCSA Embark
Safety data [5]. The average cost of a single commercial truck accident involving one injured
party amounts to $148 279, while fatality-involving incidents reach approximately $7
million according to the Traffic Safety Resource Center. Insurance costs constitute an additional
financial burden, with bodily injury coverage expenditures in truck accidents rising by 40%
between 2018 and 2022, with insurance industry analysts projecting a further increase of 7%.
The phenomenon of so-called “nuclear verdicts” - judicial awards exceeding $10 million -
continues to exert unprecedented pressure on the insurance reserves of transportation
companies, compelling them to increase premiums and revise risk management policies.

The present article is devoted to a conceptual and review-based investigation of integrating
automotive glazing condition monitoring into comprehensive fleet safety management
platforms..

254



GLOBAL PROSPERITY 2026 VOLUME 6 ISSUE 1

Literature review. Systematic literature reviews establish that vehicle fleet management
encompasses a broad spectrum of practices: maintenance, fuel management, vehicle rotation,
safety and driver management, as well as routing [6]. The research interest in this domain is
growing rapidly in terms of both publication volume and thematic diversity. The existing body of
research reveals a substantial deficit of works dedicated to fleet management in the retail and
public sectors, while the transportation, manufacturing and humanitarian sectors remain the
primary sources of scholarly contribution.

A significant body of research from the past decade is concentrated on the synergy of fleet
management systems with telematics and IoT platforms [7]. The academic literature identifies
five key thematic clusters within fleet management: hazardous goods transportation, ecology
and emissions, positioning and navigation technologies, traffic management and fleet operations
optimization. Predictive maintenance, substantially advanced by the proliferation of the Internet
of Things, has signalled a systemic transition from reactive maintenance approaches to proactive,
data-driven solutions - an innovative modification that a number of researchers characterise as
one of the most significant in the history of industry fleet management.

The economic case for predictive maintenance is substantiated by a robust evidentiary
base. The global predictive maintenance market reached $7.2 billion in 2024 and is projected to
grow to $28.2 billion by 2030, while companies record maintenance cost reductions of 25-30%
and can achieve a reduction in vehicle downtime by up to 60-70% under optimal conditions [8].
Leading organisations demonstrate ROI ratios of 10:1 to 30:1 within 12-18 months of
implementation, with 95% of companies employing predictive maintenance reporting positive
returns and 27% achieving full payback within one year. Within the commercial transportation
segment, maintenance and repair expenditures constitute the third largest operational cost item
for fleets - 11% of the total at an average cost of $0.202 per mile, a figure that continues to grow
annually [9]. It is noteworthy that despite the extensive cost-benefit literature on predictive
maintenance of engines, transmissions and braking systems, vehicle glazing as an object of
economic analysis within fleet maintenance remains critically underresearched -
notwithstanding the fact that the aggregate cost of a windshield damage incident integrally
encompasses replacement, ADAS sensor recalibration and associated operational downtime.

In parallel, the research strand examining the role of ADAS systems in vehicle safety is
developing actively. The most prevalent type of ADAS deployed in commercial transport is based
on computer vision and utilises a camera mounted on the windshield that continuously scans the
road ahead of the vehicle [10]. Research in the field of automotive computer vision convincingly
demonstrates that ADAS cameras are positioned predominantly on the windshield as the most
widespread and cost-effective solution constituting the foundation of the simplest ADAS
configurations. A critically important consequence of this architecture is the rigid dependency of
the entire perception system’s accuracy on the optical clarity and structural integrity of the
glazing [11].

In the domain of instrumental methods for glass surface quality control, science is
demonstrating considerable progress. Contemporary research encompasses the development of
specialised datasets for glass defect detection, incorporating mobile screens, automotive,
aeronautical and architectural glazing with classification of up to 12 defect types [12]. Detection
systems based on deep learning achieve high accuracy while maintaining real-time inference
speeds. The emergence of deep learning-based computer vision has fundamentally transformed
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defectoscopy capabilities. Convolutional neural networks trained on extensive image datasets
are capable of identifying micro-scratches, adhesive seam inconsistencies and distinguishing
between harmless surface textures and genuine defects, with adaptive learning models
continuously refining classification accuracy as data accumulates [13]. Machine vision enhances
defect detection efficiency to 90%, achieving 95.6% accuracy in identifying faults on production
lines. However, the transfer of these methodologies from controlled manufacturing
environments to the conditions of an operational vehicle with dynamically changing illumination,
vibration and surface contamination continues to represent an unresolved research challenge.

Nevertheless, despite the extensive literature on predictive maintenance and telematics
monitoring of powertrains, the subject of windshield condition as an autonomous object of fleet
safety management remains virtually unexplored. Contemporary smart fleet management
platforms integrate real-time vehicle location monitoring, driver behaviour, fuel consumption
and maintenance requirements - yet glazing condition monitoring is not, as a rule, included in
this roster. This gap constitutes a pronounced research gap. Given that the role of the windshield
has grown considerably more complex than that of simply ensuring road visibility, it functions as
a structural element affecting the strength of the roof and A-pillar construction [14]. It also
participates in impact energy management and has become an integral component of several
advanced safety systems. The absence of its integration into fleet safety management systems
presents an institutional gap demanding a shift in scientific perception.

Results and discussions. The first result of the study was the verification of the
technological compatibility of the proposed system with the existing ecosystem of fleet
telematics platforms. Leading fleet telematics solutions implement full compatibility via open
APIs with existing fleet management, dispatch and other operational systems, providing
centralised dashboards with driver behaviour data, vehicle location and performance metrics
[18]. This architectural characteristic establishes the technological foundation for the seamless
incorporation of the glazing monitoring module into already-deployed platforms without
necessitating their structural reconfiguration. Glazing monitoring thus functions as an
incremental extension of the existing sensor layer, substantially lowering the implementation
barrier and reducing capital deployment costs.

The structural analysis of the regulatory environment revealed a gap between prevailing
compliance requirements and the actual needs of fleet safety management. Current regulation
confines glazing condition control to discrete inspection procedures within the DVIR framework,
whereas real-world windshield degradation is dynamic and continuous in character. Cracks
propagate, chips expand and optical distortions accumulate as a function of thermal cycling,
vibration loading and debris impact. This discrepancy between the normative logic of periodic
inspections and the physical reality of progressive component degradation generates a systemic
risk that can only be mitigated through continuous monitoring (see: Table 1. Comparative
analysis of conventional regulatory inspections versus continuous glazing monitoring) [19].

Analysis of the synthesized operator feedback suggested a persistent and highly indicative
operational pattern. Decisions regarding windshield replacement or repair are made reactively -
upon the occurrence of evident damage or during a scheduled inspection - without reliance on
objective data concerning degradation dynamics.
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Table 1
Comparative analysis of conventional regulatory inspections versus continuous glazing
monitoring

Regulatory compliance (DVIR
framework)

Proposed continuous glazing

Feature L.
monitoring

Discrete, periodic (pre/post-

Monitoring Frequency trip)

Real-time, dynamic and continuous

Subjective visual assessment by

) Objective sensor-based data capture
driver

Data acquisition

Failure detection

Reactive (identifies existing
damage)

Proactive (predicts degradation
trends)

Risk mitigation

High latency, systemic risk of

Minimal latency, automated

crack propagation maintenance triggers
Architectural ) Full API-based telematics ecosystem
) ) Isolated manual reporting i )
integration integration

This pattern reproduces itself regardless of fleet size and vehicle type, attesting to the
systemic character of the problem. Notably, fleet operators themselves are generally cognisant of
the risks associated with damaged glazing, yet in the absence of instruments for the objective
measurement of degradation severity they are compelled to rely on subjective visual
assessments by drivers - an instrument that is unreliable both by virtue of the human factor and
due to the natural tendency to underestimate gradually escalating risks.

Statistical modeling based on FMCSA accident data, cross-referenced with industry
research on fleet safety, projected the high theoretical potential of proactive approaches to
accident rate reduction. A series of studies conducted in the United States demonstrated that the
implementation of telematics monitoring systems in commercial fleets delivers a reduction in
accident incidents of 20-30% [20]. Documented cases record a 24% decrease in accident rates
within the first 12 months following the introduction of data-driven fleet safety management
approaches. The extrapolation of these results to the glazing monitoring module is well-founded.
The financial dimension of the proposed integration is revealed across several levels. The
aggregate annual losses sustained by US employers from road traffic accidents involving
corporate vehicles amount to $72 billion - an average of $26 000 per incident and $78 000 where
injuries are implemented insurance strategies based on
comprehensive telematics data achieve reductions in insurance premiums of 15-30%, while
documented vehicle technical condition indicators, including glazing condition, form an
evidentiary basis for negotiations with underwriters. Theoretical projections suggest that fleets
deploying comprehensive telematics solutions could achieve an estimated ROI in the range of 3:1
to 6:1 within the first year of operation. Modeled scenarios indicate that the addition of the
glazing monitoring module could incrementally extend this effect, extending the predictive
maintenance logic to a previously unaddressed component [21].

involved. Fleets that have
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Table 2

Economic performance indicators and ROI potential of integrated fleet safety solutions

Metric

Industry benchmark /
estimated value

Impact of integration

Aggregate annual
losses (US)

$72 000 000 000

Targeted reduction via proactive
maintenance

Average cost per

incident

$26 000 (property) / $78
000 (injury)

Significant mitigation of visibility-
related risks

Insurance premium

reduction

15%-30%

Lower premiums through documented
safety data

Accident rate

reduction

20%-24% (documented)

Preventive elimination of impairment
factors

First-year ROI

3:1to 6:1

Incremental extension of predictive
maintenance

The conceptual integration architecture model developed within the present study
describes a four-tier structure encompassing a sensor layer for glazing condition capture via
onboard cameras and specialised sensors, an analytical layer for defect classification employing
computer vision algorithms, a managerial layer for the automated generation of maintenance
triggers upon reaching degradation threshold values and an integration layer for interfacing with
existing fleet telematics platforms via standardised APIs. Validation of the model against the
prevailing architectural standards of fleet management systems confirmed its technical
feasibility within the existing infrastructure without the necessity of developing fundamentally
new hardware solutions (see: Figure 1).
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Figure 1. Four-tier conceptual architecture for the integration of glazing monitoring
into fleet telematics platforms

The findings of the study nonetheless expose a number of debatable aspects requiring
further scholarly examination. The calibration of glazing defect classification threshold values
remains an open question: at what crack length, chip depth or degree of optical distortion should
the system generate a mandatory maintenance trigger? The answer to this question cannot be
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universal - it depends on vehicle type, the degree of ADAS equipment installed, route operating
conditions and applicable regulatory requirements. Establishing the evidentiary basis for this
calibration requires a large-scale pilot study on a representative sample of commercial fleets,
which constitutes a logical direction for the continuation of the present work. It is precisely here
that the conceptual framework must interface with empirical validation. While theoretical
modeling indicates the strategic direction, prospective data from physical fleet deployments will
be required to define the exact operational boundaries between acceptable and unacceptable
degradation.

Integration of windshield integrity surveillance into fleet safety management
frameworks is proposed. The proposed integration of windshield condition monitoring into
fleet safety management systems is grounded in a fundamental reconceptualisation of the role of
glazing within the architecture of the modern commercial vehicle. In the context of the
widespread proliferation of ADAS technologies, the windshield has evolved into a load-bearing
sensor platform, upon whose optical-physical characteristics the correct functioning of the entire
onboard perception system directly depends. Key ADAS components such as cameras, sensors
and radar systems require regular calibration to ensure accuracy and reliability, with even minor
factors capable of displacing sensors from their correct positional alignment [22]. This means
that glazing degradation constitutes a systemic trigger capable of compromising the functionality
of the vehicle's entire active safety complex.

The present study proposes a conceptual integration model that embeds windshield
condition monitoring into the existing fleet safety management infrastructure through a three-
tier architecture. At the first - sensor - level, the function of glazing condition capture is
performed by video telematics cameras already installed on the vehicle. The most prevalent type
of aftermarket ADAS is based on computer vision and employs a camera mounted on the
windshield that continuously scans the road ahead of the vehicle and transmits data via the
telematics control unit to the fleet management platform. This same camera, directed at the glass
surface at the moment of vehicle ignition or during a scheduled diagnostic session, is capable of
detecting the emergence of new damage and tracking the propagation dynamics of existing
defects without any additional hardware equipment (see: Figure 2).

Layer 3:
Managerial Layer (Top)

Glazing Score & \ B
Defect Classification

Layer 2:
Analytical Layer
(Middle)

" U Defect
Classification

Layer 1:
Sensor Layer
(Bottom)

o

Figure 2. Three-tier architectural model for the automated surveillance of windshield
integrity
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At the second - analytical - level, the captured images are processed by computer vision
algorithms that classify identified defects by type, localisation, size and criticality from the
standpoint of both the regulatory requirements of 49 CFR 393.60 and the operational safety of
ADAS systems. The algorithm assigns each vehicle a glazing integrity score - a composite glazing
condition indicator updated in real time and comparable to the analogous scoring metrics
already employed by fleet management platforms for the assessment of driver behaviour and
powertrain technical condition. The integration of ADAS with telematics systems provides
detailed vehicle performance and condition reports, enabling the fleet manager to reduce
maintenance requirements, minimise downtime and extend the vehicle lifecycle. The addition of
the glazing integrity score organically extends this analytical functionality.

At the third - managerial - level, the system generates differentiated response triggers
contingent upon the classification of the identified defect. Damage that does not impair the
driver's field of vision and does not affect the ADAS camera field of view is flagged as scheduled
and incorporated into the nearest scheduled maintenance window. Damage within the critical
zone is classified as priority and initiates an immediate notification to the fleet manager with a
recommendation to withdraw the vehicle from line service. Maintaining ADAS components -
including cameras, sensors and radar systems - in a clean and undamaged condition is a
mandatory prerequisite for their effective operation. Automated glazing monitoring transforms
this requirement from a declarative obligation into an operationally controllable parameter.

A critically important aspect of the proposed integration is its compatibility with the
regulatory logic of NHTSA and FMCSA. Prevailing regulatory requirements stipulate that vehicles
equipped with automated driving systems must possess glazing compliant with FMVSS No. 205
“Glazing Materials” - a standard establishing requirements for the optical characteristics, impact
resistance and light transmittance of glazing. The proposed monitoring system provides
continuous compliance verification against these requirements under operating conditions
rather than solely at the moment of periodic inspection, thereby transforming a static
compliance standard into a dynamically controlled operational parameter. For the fleet manager,
this signifies a qualitatively different level of managerial awareness regarding fleet condition -
one in which no vehicle with critically degraded glazing departs on a route undetected.

Table 3
Alignment of the proposed monitoring system with North American regulatory
frameworks
Regulatory ) ] .. Role of continuous monitoring
Primary compliance objective
standard system
49 CFR 393.60 Obstru_cti_on-free visibility and Al_lto_mate_:q dete_c‘fion of defects
crack limits within critical vision zones
FMVSS No. 205 Glazing.material safety and .Real-ti.me veri.fication of o.pti.cal
transmittance integrity and light transmission
NHTSA/FMCSA Periodic verification of vehicle Transition from static inspection to
Logic roadworthiness dynamic compliance verification

The convergence of technical condition monitoring with operational analytics is
examined. The convergence of technical vehicle condition monitoring with operational analytics
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represents one of the most significant structural shifts in contemporary fleet management.
Telematics has progressed from elementary tracking and data extraction to a fully-fledged Al-
powered phase in which systems are capable of observing, planning, acting and evaluating
outcomes [23].

The integration of OBD-II data with video telematics has created a seamless connection
between vehicle technical condition indicators and driver behaviour data, enabling fleet
managers to correlate these data streams and extract deeper operational insights. This principle
constitutes the methodological foundation upon which the proposed glazing monitoring
integration rests. Windshield degradation indicators, once introduced into this system, cease to
be an isolated technical parameter and become an element of a multidimensional analytical
model. They can be correlated with route data for the identification of road segments with high
debris impact intensity, with driver behaviour data for the detection of correlations between
aggressive driving style and glazing damage frequency and with maintenance history for the
optimisation of inter-service intervals.

Table 4
Multidimensional correlation of glazing integrity data with existing fleet telematics
streams
Data stream Glazing condition | Operational correlation ..
. ] L. Predictive outcome
interaction parameter and insight

Dynamic route re-
Identification of hazardous y

road segments / debris-
prone zones

Geospatial and | Chip frequency and
route analytics impact density

optimization to
minimize glass
damage

Correlation between
Telemetry and Crack propagation | aggressive driving (harsh
driver behavior velocity braking/vibration) and
defect expansion

Targeted driver
training and reduction
in structural failures

Maximized vehicle
uptime through
consolidated service

Alignment of glazing repairs
with scheduled engine
diagnostics

OBD-II and Optical distortion /
maintenance logs |ADAS misalignment

windows

Leading industry experts concur that the next evolutionary step in fleet telematics consists
in the transformation of existing data into automated decisions and seamless actions - a
transition from reaction to orchestration of the entire system rather than its individual
components. The incorporation of glazing integrity data into this orchestration logic means that
the decision to replace a windshield ceases to be made manually by the fleet manager on the
basis of subjective assessment. It is henceforth generated by the system automatically at the
moment of reaching a predictively calculated degradation threshold value and is embedded into
the existing maintenance workflow as a standard work order.

The operational value of this convergence is revealed with particular clarity when
examining the problem of information fragmentation, which fleet managers identify as one of
their primary operational pain points. Fragmented systems and information silos constitute
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critical pain points for many fleets, with managers spending an average of 4-5 hours per week
consolidating data from disparate sources - time that could otherwise be directed towards
analysis and strategic planning. The integration of glazing monitoring into a unified fleet
management platform eliminates a potential source of additional fragmentation. Glazing
condition data becomes part of a single dashboard rather than a separate application requiring
independent administration (see: Figure 7).

Fragmented Silos Unified Ecosystem

Unified Ecosystem

Figure 4. Comparison of fragmented information silos versus a unified telematics

dashboard

Telematics systems enable operators to move beyond fuel economy and vehicle location
data, playing a key role in enhancing safety and reducing accident rates. According to the annual
Webfleet Road Safety Report 2024, commercial transport operators reported a 78% reduction in
road incidents within one year of implementing telematics solutions. This result, achieved
predominantly through driver behaviour and powertrain condition monitoring, serves as the
benchmark reference point for evaluating the potential of glazing monitoring as an additional
predictive instrument.

The global fleet management market, valued at $68 billion in 2025, has evolved from
simple vehicle tracking into a complex ecosystem employing telematics, artificial intelligence and
Big Data for the optimisation of safety, efficiency and regulatory compliance. Within this
ecosystem, glazing condition data occupies a niche that has until now remained unfilled. It closes
the loop of technical vehicle awareness by incorporating a component directly interfaced with
driver safety, ADAS functionality and regulatory compliance. The convergence of technical
monitoring with operational analytics in this context represents a transition from fleet
management in which the windshield remains a blind spot of the safety system to management
in which every significant vehicle component is subject to continuous analytical oversight (see:
Figure 5).

The impact of an integrated approach on the enhancement of commercial vehicle
safety standards is analysed. The analysis of the impact of an integrated glazing monitoring
approach on commercial vehicle safety standards requires examination across several
interrelated dimensions: technological, regulatory, operational and human. It is their collective
interaction that determines the true scale of the potential safety effect - one that is not reducible
to a simple reduction in the number of incidents directly associated with damaged glazing, but is
systemic and multiplicative in character.
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Figure 5. Conceptual model of “Closed-loop” technical awareness with integrated

glazing monitoring

At the technological level, the integration of glazing monitoring directly reinforces the
functional reliability of ADAS systems - a critical component of contemporary fleet safety
architecture. Among large fleets operating 50 or more Class 8 units, 74% already employ ADAS
technologies, with 60% of these reporting significant improvements in safety indicators
following their implementation. The efficacy of these systems is, however, fundamentally
contingent upon the optical and structural integrity of the windshield on which they are
mounted. Even a minor angular displacement of a camera or a sensor calibration deviation is
capable of generating erroneous data, incorrect warnings or complete system failure - entailing
compliance violations, conflicts with warranty obligations and costly operational downtime.
Glazing degradation constitutes precisely such a destabilising factor - gradual, difficult to
diagnose without specialised monitoring yet systemically undermining the integrity of the entire
ADAS infrastructure. Continuous glazing condition monitoring eliminates this latent threat
preventively, preserving the operational integrity of ADAS systems throughout the entire inter-
service interval (see: Figure 6).

CLASS 8 TRUC!( Y\I NDSHIELD 7

/]
Angular
Displacement

Latent Threat: Systemic ADAS Destabilization

e

Figure 6. Technological interaction between glazing integrity and ADAS sensor calibration
accuracy
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At the regulatory level, the proposed integration aligns with the evolving normative logic of
United States federal regulators. FMCSA has initiated a regulatory process to ensure appropriate
performance-based safety requirements in support of the integration of ADS-equipped CMVs into
American fleets, with the agency placing responsibility on operators for the maintenance of
safety management controls ensuring the safe operation of ADS-equipped vehicles in full
compliance with applicable safety requirements. Within this logic, glazing condition monitoring
becomes an organic element of the safety management controls framework that operators are
obliged to maintain. FMCSA coordinates with NHTSA the development and conduct of ADAS
performance tests for CMVs, the purpose of which is to characterise capabilities and
quantitatively assess ADAS system performance under real-world operating conditions - testing
whose results will fundamentally depend on the glazing condition of the vehicle at the time of
evaluation.

At the operational level, the aggregate safety effect of the integrated approach comprises
several components. The first is the elimination of visibility impairment as a contributory
accident factor - windshield damage within the driver's direct field of vision creates optical
distortions that are critically significant under conditions of oncoming illumination, rain or
restricted visibility. The second is the preservation of automatic emergency braking system
functionality - systems which, according to NHTSA estimates, are capable of saving at least 360
lives annually and preventing approximately 24 000 injuries, provided the sensor layer functions
correctly, a condition directly dependent on glazing integrity. The third is the reduction of
compliance risks - companies implementing fleet management technologies record a 43%
reduction in accident rates, while documented monitoring of each vehicle's condition forms an
evidentiary basis for operator due diligence in the event of litigation (see: Figure 7).
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Figure 7. Quantitative projection of safety enhancements through integrated monitoring
and AEB preservation. Generative artificial intelligence was used for creating illustration

The human dimension of the safety effect merits separate consideration. Behind every
statistical unit of accident data stands a living person - a commercial vehicle driver who spends
tens of thousands of miles behind the wheel each year under conditions of professional stress,
the monotony of long-haul routes and the inevitable accumulation of fatigue. For this driver, a
degrading windshield means growing discomfort under oncoming illumination, a distracting
glare at the precise moment when an instantaneous reaction is required and a vague unease
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about a crack that seems to have grown slightly longer. The aggregate effect of the integration on
commercial vehicle safety standards thus manifests simultaneously across three levels. At the
level of the individual vehicle - through the preservation of ADAS system functional integrity and
the elimination of optical risks. At the fleet level - through the systemic reduction of incident
probability associated with glazing degradation. At the industry level - through the establishment
of a new fleet safety management standard in which vehicle glazing occupies its proper place in
the hierarchy of monitored safety parameters alongside braking systems, tyres and driver
behaviour (see: Figure 8. The evolution of fleet safety standards: integrating glazing integrity into
the core hierarchy of monitored parameters).

Glazing
. Integrity
_ Surveillance _

Figure 8. The evolution of fleet safety standards: integrating glazing integrity into the core
hierarchy of monitored parameters

The utilisation of glazing condition data for managerial decision-making is
described. Glazing condition data possess managerial value that substantially exceeds their
obvious applied application - the timely replacement of damaged glazing. When properly
integrated into the fleet management analytical infrastructure, these data are transformed into a
multi-tier instrument of strategic and operational management capable of influencing decisions
of fundamentally different scales. It is precisely this managerial multidimensionality that renders
glazing monitoring a fully-fledged component of data-driven fleet management culture (see:
Figure 9).

HIERARCHY OF GLAZING
DATA MANAGERIAL VALUE
o LAYER 3
STRATEGIC TIER:
Strategic Sourcing & Insurance
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>—o LAYER 1
OPERATIONAL TIER:
Maintenance Optimization

Figure 9. Multi-tiered structure of glazing data management value: from operational to
strategic
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At the operational level, glazing condition data primarily transform the decision-making
logic with respect to maintenance. Contemporary fleet management analytical tools employ
machine learning algorithms and predictive models for the identification of trends and potential
risks. Predictive maintenance algorithms in particular analyse powertrain performance and
repair history to forecast the moment of component failure. The application of an identical
predictive logic to glazing degradation data enables the fleet manager to transition from a
reactive model - replacing glazing upon the occurrence of critical damage - to a proactive one, in
which replacement is scheduled at the optimal moment prior to reaching the degradation
threshold value, within the existing maintenance window and without the emergency
withdrawal of the vehicle from service. The difference between these two models is the
difference between unplanned downtime and a managed service event, between emergency
expenditure and planned costs (see: Figure 10).

b @
@ @ UNPLANNED
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. REPAIR Z — REPAIR

OPTIMIZED i MANAGED
WINDOW U SERVICE EVENT
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Figure 10. Comparing glazing maintenance decision-making models: a reactive vs

proactive based on predictive analytics

In the event of an accident or a compliance audit, the availability of detailed and accurate
data acquires invaluable significance, forming an objective record of events critical for dispute
resolution or the demonstration of regulatory compliance. Applied to glazing condition data, this
principle manifests in the formation of chronological glazing integrity documentation - a
continuous digital record of the windshield condition of each vehicle, complete with timestamps,
identified defect parameters and a history of managerial decisions taken. Within the context of
the American legal system, where the phenomenon of “nuclear verdicts” has become a systemic
financial risk for commercial fleet operators, such documentation serves as an instrument for
demonstrating due diligence - evidence that the operator not only declared a commitment to
safety standards, but ensured their continuous instrumental monitoring.

At the strategic level, accumulated glazing condition datasets open new analytical
possibilities. By analysing trends and performance indicators, fleet managers are able to make
informed decisions regarding fleet expansion, vehicle acquisition and resource allocation,
ensuring the strategic alignment of investments with long-term business objectives. Data
segmented by route, road surface type and seasonal conditions enable the identification of routes
with anomalously high debris impact intensity and the corresponding adjustment of routing
policy. Data segmented by vehicle type and glazing manufacturer enable an objective assessment
of the comparative durability of various glazing solutions, a parameter to be factored into the
subsequent procurement cycle. Data segmented by driver enable the identification of

[ =
D
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correlations between driving style and glazing damage frequency - an insight integrable into
driver coaching programmes (see: Table 5. Strategic segmentation matrix for glazing data and

related management decisions).
Table 5

Strategic segmentation matrix for glazing data and related management decisions

Data
segmentation
stream

Key variables
captured

Managerial action and
insight

Example business
outcome

Geospatial and
route analytics

Route IDs, road
surface type,
seasonal factors

Dynamic routing
adjustments to avoid
high-debris impact
zones

Reduced glass failure
frequency by up to 20%
on hazardous routes

Asset and
procurement
analytics

Glazing
manufacturer,
vehicle type, failure
timestamp

Objective assessment of
component durability
vs cost for procurement
cycles

Shifted purchasing
strategy to specific OEM
with 15% lower lifecycle
cost

Telemetry and
driver behavior

Driving style (harsh
breaking,
acceleration), impact
G-force

Correlation analysis
between aggressive
behavior and glazing
damage frequency

Integration of glazing
damage reduction KPIs
into driver coaching
programs

Chronological
integrity records

Timestamps, defect
criticality score,
maintenance logs

Continuous audit trail
creation for regulatory
compliance verification

Verified compliance
against FMCSA/NHTSA
standards during audit

The insurance dimension of the managerial value of glazing data warrants separate
consideration within the context of the American commercial transportation market. Rising
operational expenditures compel fleet operators to invest in smarter management systems, with
fuel optimisation, predictive maintenance and labour-saving instruments directly improving
bottom-line performance. Documented vehicle maintenance condition indicators, including
continuous glazing integrity monitoring, form an evidentiary basis for negotiations with
underwriters regarding the adjustment of insurance premiums. Insurance companies assessing
the risk profile of a commercial fleet are increasingly oriented towards objective, data-driven
vehicle technical condition indicators, with the availability of systematised glazing monitoring
data becoming a competitive advantage for the operator at the underwriting stage (see: Figure
11).

Real-world implementation cases of integrated data-driven frameworks in commercial and
municipal fleets demonstrate a 30% reduction in unplanned maintenance downtime and
significant improvements in safety indicators - a result achieved through the expansion of the
analytical coverage of fleet management systems. The incorporation of glazing condition data
into this analytical perimeter is a logical continuation of the same managerial philosophy. Every
vehicle component affecting safety and operational reliability must be measurable, monitorable
and embedded within a data-driven decision-making system.
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Figure 11. Scheme for the use of documented chronological data on the condition of
vehicles in the insurance underwriting process

For the fleet manager, this signifies a qualitatively different level of managerial awareness -
a situation in which no decision concerning the glazing condition of the fleet is made on the basis
of subjective assessment or incidental visual inspection, but rather relies on objective, verified
and chronologically structured data.

The efficacy of a comprehensive approach to fleet safety management is
substantiated. The substantiation of the efficacy of a comprehensive fleet safety management
approach that integrates glazing condition monitoring into the existing fleet safety management
infrastructure rests upon the convergence of evidence from several independent sources. It is
grounded in industry statistics, documented implementation cases, regulatory trends and
economic modelling. The totality of this evidence forms a compelling argument in favour of a
systemic rather than fragmented approach to fleet safety - an argument that acquires particular
urgency against the backdrop of mounting pressure from insurers, regulators and the judicial
system on commercial transport operators (see: Figure 12. Convergent evidentiary model
substantiating the efficacy of integrated safety frameworks).

SYSTEMIC SAFETY EFFICACY

Documented Regulatory
Implementation Trends
Cases (FMCSA 2026

Figure 12. Convergent evidentiary model substantiating the efficacy of integrated safety
frameworks
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The evidentiary base in support of comprehensive fleet safety programmes is mature and
consistent. Fleets with comprehensive safety programmes uniting driver training, telematics
coaching, preventive maintenance and digital inspections consistently record accident rate
reductions of 25-40%. Documented cases confirm that the integration of onboard telematics,
real-time driver scoring and automated coaching modules enables a 24% reduction in accident
rates within 12 months, a 32% increase in driver engagement with coaching programmes and
substantial cost savings through a proactive, data-driven approach to safety management. It is
critically important that these results were achieved within systems that did not include glazing
monitoring within their analytical perimeter - attesting to the existence of an unrealised reserve
potential for further accident rate reduction through the coverage of this previously
unmonitored parameter.

The financial efficacy of the comprehensive approach is measurable and reproducible.
Fleets that have implemented fleet tracking systems with enhanced safety and efficiency
functionality consistently achieve ROI in the range of 3:1 to 6:1 within the first year of operation
through substantial reductions in collision costs, fuel optimisation and maintenance cost savings
delivered by predictive analytics. Investments in safety initiatives and technologies reduce
incident frequency and lower insurance premiums - one of the largest financial barriers in the
transportation industry - while a comprehensive safety strategy employing Al-powered
dashcams and driver telematics also assists fleets in countering the industry-wide growth of
nuclear verdicts. The addition of a glazing monitoring module incrementally extends this
financial model's effect.

The regulatory dimension of efficacy is acquiring increasing strategic significance within
the context of the evolving American regulatory and supervisory environment. In 2026, FMCSA is
transitioning to continuous data-driven safety oversight, rendering accurate digital record-
keeping more critical than ever. Regulatory compliance has been transformed from a compliance
burden into a primary business driver, with non-compliance no longer constituting a viable
option and integrated safety technologies becoming a mandatory prerequisite for market
participation. Within this logic, glazing monitoring as a component of a comprehensive fleet
safety programme functions both as an instrument for accident rate reduction and as a
mechanism for the formation of a verifiable evidentiary basis for operator due diligence - one
that, under conditions of data-driven regulatory oversight, acquires the status of an operational
necessity (see: Figure 13).
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Figure 13. Regulatory evolution: transitioning from periodic compliance to continuous
data-driven safety oversight
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Fleets with effective safety programmes maintain high CSA and ISS scores, enabling them to
enhance industry reputation, reduce insurance premiums, gain access to weigh station bypass
programmes and satisfy DOT requirements while potentially reducing the frequency of audit
inspections. The comprehensive fleet safety management approach substantiated in the present
study reflects a fundamental managerial choice. Behind every unpreventable accident, every
“nuclear verdict” and every ADAS system failure precipitated by degraded glazing lies not only
financial damage - there is a human cost. Driver safety remains the primary operational priority
for 48% of fleet managers in the United States and it is precisely this human dimension of fleet
safety management that lends the comprehensive approach its genuine justification as a system
at the centre of which stand the lives and wellbeing of the people who drive commercial vehicles
on American roads every day.

Conclusions. The present study suggests that the integration of automotive glazing
condition monitoring into fleet safety management systems constitutes a technically feasible and
potentially highly beneficial evolution of existing approaches to commercial fleet safety
management. The identified research gap - the systemic absence of windshield condition
monitoring within existing fleet management platforms - represents an institutional gap that
appears to be prevalent across a significant portion of the industry regardless of fleet size and
type. The developed conceptual four-tier integration model, encompassing sensor, analytical,
managerial and integration layers, is designed for architectural compatibility with existing fleet
telematics platforms and theoretically requires no fundamentally new hardware solutions.

The synthesis of technical glazing monitoring with operational analytics has the potential to
create a qualitatively new level of managerial awareness, facilitating the transformation of
glazing maintenance decisions from reactive to predictive and data-driven. Because the proposed
integration relies heavily on open APIs and existing onboard diagnostic structures, the
theoretical barrier to entry for fleet operators is substantially lowered. As commercial fleets
navigate an increasingly complex regulatory and economic landscape, early adoption of such
integrated diagnostic systems could provide a distinct competitive advantage, optimizing both
operational ROI and overall institutional resilience.

The comprehensive effect of the proposed conceptual model is anticipated to manifest
across three dimensions. First, the technological - through the support of ADAS system functional
integrity. Secondly, the financial - through the potential reduction of aggregate incident costs,
insurance premiums and litigation costs. Finally, the regulatory - through the formation of
verifiable due diligence documentation under conditions of increasingly stringent FMCSA
oversight. Underlying each of these dimensions is the primary priority - enhancing the protection
of the lives and safety of the people behind the wheel of commercial vehicles.

The direction for further research is the prospective empirical verification of the proposed
model on a representative sample of United States commercial fleets and the development of a
standardised methodology for the calibration of glazing defect classification threshold values.
Finally, theoretical projections indicate that such integration can potentially reduce vehicle
downtime by up to 60-70% under optimal conditions. Future research should account for the
high variability of these outcomes, treating them as indicative estimates for strategic planning.

In conclusion, while the physical degradation of automotive glazing remains an inevitable
consequence of commercial operation, the strategic integration of continuous condition
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monitoring holds the potential to ensure that such degradation no longer translates into
systemic operational failure.
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