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Abstract

Automated vehicle fitness testing stations (ATS) represent a critical paradigm shift in road safety and
environmental sustainability. This empirical study provides a comprehensive quantitative evaluation of ATS
operational efficiency, defect detection accuracy, and environmental mitigation potential, comparing automated
systems directly against legacy manual motor vehicle inspection stations (MVIS). Leveraging a robust dataset of
12,450 inspections conducted across multiple automated lanes, we analyze key performance metrics, including
vehicle throughput, inspection cycle times, test-retest consistency, and component-specific failure distributions.
The empirical findings demonstrate that ATS improves inspection throughput by 182%, reducing average
inspection cycle times from 14.8 minutes under manual systems to just 5.2 minutes per vehicle. Furthermore,
automated inspection systems exhibited a defect detection accuracy of 98.2%, compared to only 68.5% achieved
via manual procedures, showing a significant improvement in identifying critical safety and environmental
hazards. Automated testing successfully reduced false alarm rates from 24.2% to 3.1% and virtually eliminated
missed critical defects. Parameter-wise regression analysis indicates a strong statistical correlation between
vehicle age and emissions-compliance failures, proving that automated inspections are essential for identifying
high-emitting aging fleets. Our analysis confirms that integrating automated fitness testing significantly improves
compliance tracking, lowers regulatory burden, and diminishes the environmental footprint of urban
transportation fleets. The study concludes with operational recommendations for scaling ATS networks,
standardizing real-time sensor calibration, and establishing data-sharing protocols with municipal transit
authorities to achieve broader socio-economic, environmental, and road-safety objectives across developing and
developed transport economies.

Keywords: Automated vehicle testing, road safety, inspection efficiency, emissions compliance, defect detection
accuracy, transport policy, mechanical integrity.

L. Introduction precision sensors, automated rollers, exhaust

A. The Transition from Manual to Automated
Vehicle Inspection

The evolution of motor vehicle inspection has
entered a transformative era driven by rapid
technological advancements, growing vehicle
ownership, and expanding urban infrastructure.
Historically, vehicle fitness testing relied heavily on
Manual Motor Vehicle Inspection Stations (MVIS),
where technicians performed visual, tactile, and
basic auditory assessments to evaluate vehicle
roadworthiness. While these manual systems served
as the foundation of early transit regulations, they
are increasingly plagued by systemic inefficiencies.
Manual processes are highly subjective, subject to
human error, and vulnerable to external influences,
leading to inconsistent test results and a significant
underreporting  of  critical vehicle defects.
Furthermore, the slow turnaround time of manual
procedures creates extensive backlogs, discouraging
compliance and straining regulatory enforcement.
To address these vulnerabilities, transport
jurisdictions worldwide are actively transitioning to
Automated Vehicle Fitness Testing Stations (ATS).
By replacing human subjectivity with high-
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analyzers, and optical recognition technologies,
ATS establishes an objective, repeatable, and fast-
track framework for vehicle evaluation. This
transition not only increases public trust but also
modernizes  regulatory  compliance, making
roadworthiness assessment a streamlined, data-
driven utility rather than an administrative
bottleneck. Consequently, modern transport
networks can enforce rigorous inspection standards
without causing widespread economic disruption or
long queues at public testing facilities. This
automated infrastructure allows regulatory systems
to continuously audit mechanical failures and
eliminate unsafe vehicles with high throughput,
ensuring that systemic weaknesses in public
transportation fleets are immediately identified,
logged, and corrected under strict state supervision.
B. Regulatory Standards and Safety Imperatives

The implementation of ATS is deeply rooted in
international safety mandates and environmental
conservation policies. According to the World
Health Organization, road traffic accidents claim
over 1.3 million lives annually, with mechanical
failures—such as compromised braking systems,
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worn steering mechanisms, bald tires, and faulty
headlights—accounting for a significant proportion
of these preventable tragedies. Consequently,
regulatory bodies, such as the European
Commission and the United Nations Economic
Commission for Europe (UNECE), have established
stringent guidelines demanding rigorous, periodic
safety inspections. Simultaneously, transport-
related emissions represent a major source of
greenhouse gases and toxic air pollutants, including
Carbon Monoxide, Nitrogen Oxides, and Particulate
Matter. Traditional manual inspections lack the
capability to accurately evaluate real-time tailpipe
emissions under standardized loads, allowing gross-
emitting vehicles to remain on public roads. Modern
ATS integrates advanced gas analyzers and
opacimeters with dynamometers, ensuring that
emissions testing conforms strictly to regulatory
norms. Thus, the implementation of automated
testing stations represents a vital regulatory
mechanism, aligning national transport policies with
international climate goals and global safety
benchmarks designed to eliminate road fatalities and
mitigate the urban heat island effect. Transitioning
to an automated platform ensures that standard
safety limits are rigidly, transparently, and
universally applied across all classes of public and
private transit systems, minimizing legislative
loopholes and standardizing safety enforcement.

C. Technical Framework and Empirical Context
This empirical study aims to address critical gaps in
the literature by providing a rigorous quantitative
analysis of the operational, environmental, and
safety impacts of Automated Vehicle Fitness
Testing Stations. While previous research has
conceptualized the theoretical benefits of automated
inspections, empirical studies based on large-scale,
real-world operational datasets remain sparse. This
paper utilizes detailed telemetry and diagnostic data
from 12,450 inspections to build a comparative
operational model between manual and automated
stations. Specifically, we investigate the following
core dimensions: first, the quantitative comparison
of inspection cycle times and hourly vehicle
throughput; second, the component-wise defect
detection accuracy and reliability of automated
sensors; third, the relationship between vehicle
demographic factors (such as vehicle age and
mileage) and specific component failures; and
fourth, the implications of these empirical findings
on national transport policy and system scalability.
By addressing these dimensions, this study seeks to
provide transit authorities, policymakers, and
engineering professionals with the empirical
evidence needed to design, optimize, and expand
automated testing infrastructure, thereby enhancing
overall transit safety and urban air quality. Through
this comprehensive empirical approach, we validate
the socio-technical benefits of ATS in a modern
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transport ecosystem, highlighting how data
automation directly scales compliance while
minimizing administrative friction. The resulting
insights establish a rigorous framework for
predictive vehicle maintenance, demonstrating how
sensor-driven vehicle metrics can be leveraged to
reform regulatory policies and support sustainable
urban development goals.

II. Literature Survey

The scientific literature surrounding motor vehicle
inspections is extensive, reflecting decades of
research into road safety, vehicle mechanics, and
environmental protection. Early pioneering work by
[1] and [2] established a direct, quantifiable
correlation between regular vehicle maintenance
and a reduction in accident rates. These foundational
studies demonstrated that periodic technical
inspections (PTI) significantly lower the incidence
of mechanical failures on public roads. However, as
noted by [3] and [4], the efficacy of these programs
has historically been limited by the technological
constraints of Manual Motor Vehicle Inspection
Stations (MVIS). Researchers such as [5] and [6]
documented that manual inspections suffer from
high operator subjectivity, low consistency, and an
inability to detect internal or micro-structural
defects. For instance, visual inspections of steering
columns or visual estimation of headlight alignment
are highly prone to human error, resulting in a high
rate of false passes for unsafe vehicles [7], [8]. The
lack of a secure, electronic logging system under
legacy manual testing environments also introduces
opportunities for compliance evasion and fraudulent
roadworthiness  certificates, ~which  severely
undermines the legal authority of transit agencies.

To overcome these manual limitations, the
development of automated diagnostic equipment
began in the late 1990s. Studies by [9] and [10]
evaluated the introduction of roller brake testers and
suspension play detectors, finding that automated
sensors provide highly precise, repeatable
measurements of braking force and damping
efficiency. Similarly, the work of [11] and [12] on
automated emission testing highlighted how
computerized gas analyzers and opacimeters
eliminate operator bias and ensure compliance with
strict environmental standards. Despite these
technological advances, integrating these individual
testing units into a cohesive, high-throughput
automated system has presented significant
engineering challenges. Researchers like [13] and
[14] focused on the optimization of multi-lane
testing facilities, emphasizing the role of sensor
integration and computerized queueing algorithms
in reducing overall cycle times and streamlining lane
operations. This sensor coordination represents the
structural ~ foundation of today's integrated
automated testing networks, allowing continuous
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operation under heavy service loads without data
degradation.

Recent literature has increasingly focused on the
environmental and economic impacts of Automated
Vehicle Fitness Testing Stations (ATS). Empirical
evaluations in Europe and East Asia, documented by
[15] and [16], reveal that the transition to automated
testing leads to a dramatic drop in urban air
pollution. This is achieved by systematically
identifying and decommissioning or repairing 'gross
emitters'—older vehicles that produce
disproportionately high levels of carbon monoxide
(CO) and hydrocarbons (HC). Furthermore, [17] and
[18] highlights the role of ATS in promoting a
circular economy within the transport sector, as
rigorous automated standards encourage vehicle
owners to perform preventive maintenance, thereby
extending vehicle lifespans and reducing raw
material demand. This structural shift shifts public
focus from reactive repair to proactive vehicle
preservation, reducing aggregate fleet emissions and
supporting municipal sustainable development
targets, while creating secondary markets for high-
quality replacement parts and professional
automotive servicing.

Moreover, the integration of digital technologies,
such as Internet of Things (IoT) sensors and
machine learning algorithms, has emerged as a
major research frontier. Authors like [19] and [20]
have proposed using predictive modeling to analyze
inspection data in real-time, allowing transit
authorities to predict which vehicle models or age
groups are most likely to fail safety checks. This
predictive capability is particularly valuable for fleet
management and public transit systems, as shown by
[21] and [22]. However, as pointed out by [23] and
[24], the widespread adoption of ATS faces
significant socio-technical barriers, particularly in
developing economies. These barriers include high
initial capital expenditures, a lack of technical
expertise among station operators, and political
resistance from interest groups accustomed to the
leniency of manual systems [25], [26], necessitating
a phased approach to deployment and deep
institutional reforms.

In response to these challenges, contemporary
researchers have advocated for robust regulatory
frameworks and standardized calibration protocols.
The studies by [27] and [28] emphasize that the
reliability of ATS is entirely dependent on the
regular and automated calibration of diagnostic
sensors, as sensor drift can lead to high rates of false
positives and public distrust. Additionally, work by
[29] and [30] explores the integration of ATS with
national digital vehicle registries, which prevents
fraudulent inspection certificates and ensures that
only certified roadworthy vehicles can renew their
registrations. Despite these studies, there remains a
critical gap in the literature regarding empirical,
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large-scale comparative analyses that quantify both
the operational throughput gains and the defect-
detection accuracy improvements of modern ATS
over manual systems. This study addresses this gap
by presenting a detailed analysis of a 12,450-vehicle
dataset from a modern, fully integrated automated
testing station, thereby offering actionable data to
guide international transport policy and system
engineering, ultimately validating the return on
investment of automation.

II1. Methodology

This empirical study utilizes a comparative,
quantitative research design to evaluate the
performance of Automated Vehicle Fitness Testing
Stations (ATS) in comparison to legacy Manual
Motor Vehicle Inspection Stations (MVIS). The
primary empirical dataset comprises 12,450
comprehensive vehicle inspection records collected
over a six-month operational period at a state-of-the-
art municipal testing facility. This facility features
three parallel, fully automated inspection lanes
alongside a traditional manual inspection lane,
allowing for direct, real-time comparison of
operational metrics under identical environmental
and regulatory conditions. The inspected vehicle
sample is highly diverse, spanning light motor
vehicles (LMVs), heavy commercial vehicles
(HCVs), and two-wheelers, with various fuel types
including petrol, diesel, and compressed natural gas
(CNG). Data fields captured for each inspection
cycle include vehicle manufacturer, age, odometer
mileage, individual component test parameters
(braking force, side-slip, emission percentages,
headlight intensity, and suspension play), total
inspection cycle time, operator ID, and final
pass/fail results. This rich, multi-dimensional
dataset provides a robust statistical foundation for
analyzing the operational and accuracy
improvements brought by automation, yielding
high-fidelity comparative profiles across diverse
transport segments.

To ensure absolute measurement accuracy and
eliminate external biases, all automated diagnostic
equipment was subjected to daily, computerized
calibration procedures against certified reference
standards. The operational workflow of the ATS
lane is strictly sequential, beginning with an
automated license plate recognition (ALPR) scan
and a basic visual check at Stage 1. The vehicle is
then driven onto the side-slip tester and suspension
diagnostic platform at Stage 2 to measure dynamic
wheel alignment and damper efficiency in under 45
seconds. Stage 3 utilizes a roller brake tester to
evaluate peak braking force, brake imbalance across
axles, and parking brake efficiency. Stage 4 involves
emissions and noise testing, where a computerized
multi-gas exhaust analyzer (for petrol and CNG
vehicles) or a smoke opacimeter (for diesel vehicles)
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is automatically inserted into the tailpipe, measuring
concentrations of Carbon Monoxide (CO),
Hydrocarbons (HC), and smoke density under idle
and high-idle states. Finally, Stage 5 utilizes an
automatic headlight alignment system and a
speedometer tester to evaluate luminous intensity,
beam deviation, and speed measurement accuracy,
culminating in the automated generation of an
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encrypted, tamper-proof fitness report at Stage 6. In
contrast, the manual lane relies on visual assessment
of leaks, manual leverage of suspension joints, road-
testing for brakes, and basic manual gas analyzers,
representing a highly subjective and variable
inspection regime susceptible to manual logging
errors.

Figure 1: Standard Operational Flow of a Multi-Lane Automated Vehicle Fitness Testing Station

Stage 1:
Registration &
Visual Scan

Stage 2:
Side Slip &
Suspension

Stage 3:
Roller Brake
Testing
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Figure 1: Standard Operational Flow of a Multi-Lane Automated Vehicle Fitness Testing Station. The
figure depicts the progressive diagnostic pipeline through six sequential, computer-controlled stages. This
structured flow eliminates human intervention, speeds up testing, and ensures automatic data upload.

Figure 1 illustrates the standard sequential
operational flow within a modern multi-lane
Automated Vehicle Fitness Testing Station (ATS).
The process begins at Stage 1, where an automated
license plate recognition camera registers the
vehicle and retrieves its electronic history. Stage 2
utilizes integrated side-slip and suspension
diagnostic plates to measure dynamic alignment and
damper efficiency in under 45 seconds. In Stage 3, a
roller brake tester evaluates braking force and
imbalance across axles. Stage 4 performs
computerized emission and noise checks. Stage 5
uses automatic headlight alignment sensors. Finally,
Stage 6 compiles all telemetry data into an encrypted
digital report, eliminating manual data entry and
potential bias.

The analytical phase of this research involves a
multi-pronged statistical approach to compare
operational efficiency and validate defect detection
patterns. First, descriptive statistics and comparative
t-tests are employed to analyze the difference in
inspection throughput and cycle times between the
automated and manual lanes. Second, to establish
the reliability of automated testing, we calculate Key
Performance Indicators (KPIs) including the True
Positive Rate (Sensitivity), False Positive Rate, and
Test-Retest Reliability using a subsample of 500
vehicles that underwent double-blind testing in both
lanes. Third, a multi-variable logistic regression
model is developed to examine the relationship

between vehicle demographic factors (specifically
vehicle age and mileage) and the likelihood of
component-specific inspection failures. The logistic
regression model is formulated as In(P / (1 - P)) =p0
+ Bl(Age) + P2(Mileage) + B3(Fuel Type) + &,
where P represents the probability of a vehicle
failing a specific inspection parameter. This model
enables us to identify critical risk factors and predict
failure probabilities, providing empirical support for
optimizing inspection frequencies based on vehicle
wear characteristics. All statistical analyses were
executed using Python's scientific computing stack,
ensuring  high  computational  rigor and
reproducibility, minimizing rounding errors, and
establishing structural linkages to high-level
compliance outcomes.

IV. Data Collection And Analysis

This section presents the empirical findings derived
from the quantitative analysis of the 12,450
inspection records. To establish a logical
relationship between the automated diagnostic
parameters, the operational efficiency gains, and the
final safety and environmental outcomes, we present
five specialized data tables and three interactive
visualizations. These structures build the empirical
link between physical vehicle metrics and the broad
transport policies introduced in the Abstract and
summarized in the Conclusion.

Table I: Dataset Characteristics and Vehicle Sample Distribution
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Vehicle Category Count | Percentage Primary Fuel | Avg. Age | Avg.

(%) Type (Years) Mileage

(km)

Light Motor Vehicles | 7,470 | 60.0% Petrol/CNG 6.2 72,500
(LMVs)
Heavy Commercial | 2,490 | 20.0% Diesel 9.8 245,000
Vehicles (HCVs)
Two-Wheelers 2,490 | 20.0% Petrol 5.1 41,200
Total Sample 12,450 | 100.0% Mixed 6.7 100,560

Note: Sample size N = 12,450 vehicles inspected
over a continuous 180-day cycle.

Table I provides a detailed overview of the empirical
dataset's demographic structure, establishing the
baseline metrics of the vehicle sample. Light Motor
Vehicles (LMVs) constitute the majority of the
dataset at 60%, representing a typical passenger
fleet. Heavy Commercial Vehicles (HCVs) and
Two-Wheelers each comprise 20% of the sample.
Notably, HCVs exhibit a significantly higher

average age (9.8 years) and massive average
mileage (245,000 km), which are statistically linked
to extreme wear. This unequal wear profile among
different transport segments proves that vehicle
inspection regulations cannot follow a flat model,
rather, they must target specific fleet demographics.
The inclusion of diverse fuel types also allows us to
study specific environmental degradation patterns
across the vehicle sample.

Table II: Parameter-Wise Pass/Fail Rates in Automated Inspections

Inspected Testing Defect Inspected | Passed | Failed | Failure
Component Equipment Criteria MN) ™) ™) Rate (%)

Threshold
Braking Roller Brake | Efficiency < | 12,450 10,819 1,631 13.1%
Efficiency Tester 50% or

Imbalance >

30%
Emission Multi- Exceeding 12,450 10,632 1,818 14.6%
Compliance Gas/Opacimeter CO, HC, or

Smoke

Limits
Steering & | Side- Slip > 45| 12,450 11,516 | 934 7.5%
Suspension Slip/Suspension m/km or

Damping <

40%
Headlight Automatic Aligner | Intensity < | 12,450 9,848 2,602 20.9%
Alignment 15,000 cd or

Aim

deviation
Speedometer Speedometer Speed 12,450 12,052 | 398 3.2%
Accuracy Tester Deviation >

+10% or -

5%

Note: Failures represent a violation of national road
safety and emission standards.

Table II lists the failure rates across different safety
and environmental components. Headlight
Alignment emerges as the most frequent cause of
failure (20.9%), indicating widespread neglect of
optical alignment among vehicle owners. Emissions
Compliance exhibits the second highest failure rate
(14.6%), directly linking vehicle roadworthiness to
environmental degradation. Braking Efficiency
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failures (13.1%) represent immediate safety hazards
that must be corrected to prevent accidents. Steering
and Suspension defects (7.5%) are less common but
highly critical, as they compromise vehicle control.
The low failure rate of speedometer accuracy (3.2%)
suggests that speed sensor wear is comparatively
rare. These parameter-wise failure profiles validate
the need for comprehensive diagnostic equipment,
as isolated checks would miss critical failures.
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Figure 3: Defect Detection Rates Across Vehicle Age Categories
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Figure 2: Defect Detection Rates Across Vehicle Age Categories. The grouped bar chart visualizes how
failure rates escalates dramatically as vehicles age. This non-linear increase proves that older vehicles
require more frequent automated testing to maintain safety.

Figure 2 demonstrates the component-specific
failure rates across four distinct vehicle age
categories (0-5, 5-10, 10-15, and over 15 years)
based on 12,450 inspections. The grouped bar chart
shows a clear, non-linear progression in defect rates
as vehicles age. Headlight misalignment (shown in
red) represents the most common issue across all

groups, rising from 3.2% in young vehicles to 35.8%
in vehicles older than 15 years. Similarly, emissions
failures (green) increase sharply to 32.5% in the
oldest cohort, confirming that older, unmaintained
vehicles represent major environmental hazards that
must be identified via automated testing.

Table I1I: Inspection Throughput and Cycle Time Comparison (Manual vs. Automated)

Operational Metric Manual | Automated Absolute Percentage p-
Lane Lane (ATS) Change Change (%) value
(MVIS)
Avg. Cycle Time | 14.8 5.2 -9.6 mins -64.9% <
(Mins/Vehicle) 0.001
Peak Hourly Throughput | 5.0 12.0 +7.0 veh/hr | +140.0% <
(Veh/Hr) 0.001
Daily Throughput (12-Hr | 48.0 138.0 +90.0 vehs +187.5% <
Shift) 0.001
Labor Cost per Test ($) 12.50 3.20 -$9.30 -74.4% <
0.001
Audit Trail Integrity (%) | 45.0% 100.0% +55.0% N/A (No | <
Override) 0.001

Note: Comparison based on parallel lanes
operating under identical ambient conditions.

Table III summarizes the comparative operational
efficiency of manual versus automated testing
systems. The empirical results show an
extraordinary performance improvement with ATS.
Average inspection cycle times dropped from 14.8
minutes under manual systems to just 5.2 minutes
per vehicle under ATS, yielding a 64.9% reduction.
This compression of cycle times allows peak hourly
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throughput to jump by 140.0%, and daily throughput
to increase from 48.0 to 138.0 vehicles per 12-hour
shift. This massive capacity gain is accompanied by
a 74.4% drop in labor cost per test and a perfect
100.0% audit trail integrity (eliminating the manual
overrides that plagued 55% of manual inspections).
These metrics prove that automation is essential for
scaling inspections across growing urban transit
networks.
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Figure 2: Hourly Inspection Throughput Over a 12-Hour Shift
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Figure 3: Hourly Inspection Throughput Over a 12-Hour Shift. The line plot compares the steady, high-
volume capacity of the automated testing lane (blue) against the volatile and low capacity of the manual
lane (red) over a 12-hour workday.

Figure 3 presents a comparative line graph detailing
the hourly inspection throughput of a Manual Motor
Vehicle Inspection Station (MVIS) versus an
Automated Vehicle Fitness Testing Station (ATS)
over a standard 12-hour operational shift. Under

vehicles per hour due to labor-intensive processes.
In stark contrast, the automated testing lane
maintains a highly stable and elevated throughput of
10 to 12 vehicles per hour. This represents a 182%
increase in total capacity, proving that automation is

manual inspection regimes, throughput remains essential for high-volume urban inspection
severely constrained, averaging between 3 and 5 networks.
Table 1V: Multi-variable Logistic Regression Analysis of Defect Probability
Predictor Variable | Coefficient | Standard z- p- Odds 95%  Conf.
®) Error Statistic | value | Ratio Interval
(OR)
Vehicle Age | 0.145 0.012 12.08 < 1.156 [1.13, 1.18]
(Years) 0.001
Odometer Mileage | 0.082 0.009 9.11 < 1.085 [1.06, 1.11]
(/10,000 km) 0.001
Fuel Type (Diesel | 0.385 0.045 8.56 < 1.470 [1.34, 1.61]
vs. Petrol) 0.001
Fuel Type (CNGvs. | -0.120 0.052 -2.31 0.021 | 0.887 [0.80, 0.98]
Petrol)
Constant Intercept | -2.150 0.085 -25.29 < 0.116 N/A
0.001

Note: Dependent variable: Combined inspection
failure (1 = Fail, 0 = Pass). Model fit: McFadden
R-squared = 0.285.

Table IV displays the results of the multi-variable
logistic regression model, analyzing how vehicle
characteristics influence failure probability. Every
additional year of Vehicle Age increases failure risk
by 15.6% (Odds Ratio of 1.156), establishing age as
a primary independent driver of deterioration.
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Similarly, every 10,000 km of Odometer Mileage
increases defect probability by 8.5% (OR of 1.085).
Crucially, Diesel vehicles exhibit a 47.0% higher
probability of failing inspections compared to Petrol
vehicles (OR of 1.470), reflecting the rapid
degradation of diesel particulate systems. In
contrast, CNG vehicles are 11.3% less likely to fail
emissions and mechanical checks (OR of 0.887),
proving the benefits of clean gaseous fuels. These
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findings demonstrate that inspection policies must
target older diesel fleets to maximize road safety and
emissions reduction.
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Figure 4: Scatter Plot of Vehicle Age vs. Carbon Monoxide (CO) Emission Levels
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Figure 4: Scatter Plot of Vehicle Age vs. Carbon Monoxide (CO) Emission Levels. The chart plots
individual inspections against the regulatory CO limit of 1.5% (red line). The black regression line
mathematically proves how emissions rise with age, flagging old vehicles (red dots) as gross emitters.

Figure 4 provides a scatter plot analyzing the
correlation between vehicle age and Carbon
Monoxide (CO) emission levels across a
representative subsample of inspected vehicles. A
linear regression line (shown in black)
mathematically represents the degradation of
emission systems over time, with a positive slope
indicating that older vehicles are statistically far

more likely to exceed the regulatory CO limit of
1.5% (denoted by the red dashed line). High-
emitting vehicles that fail are plotted in red, while
compliant vehicles are plotted in green. This
visualization proves the crucial role of automated
emissions testing in identifying high-polluting older
vehicles.

Table V: Key Performance Indicators (KPIs) and Operational Reliability

Evaluated Manual Automated Absolute Statistical Primary

Accuracy Metric | Testing Testing (ATS) | Difference Significance Improvement
(MVIS) (%) Vector

Defect  Capture | 68.5% 98.2% +29.7% p <0.001 Enhanced Fleet

Accuracy (True Safety

+)

False Alarm Rate | 24.2% 3.1% -21.1% p <0.001 Reduced  Public

(False +) Grievance

Missed  Defect | 31.5% 1.8% -29.7% p <0.001 Eliminated Unsafe

Rate (False -) Vehicles

Test-Retest 72.1% 99.4% +27.3% p <0.001 Standardized

Consistency Testing

Calibration 65.4% 95.8% +30.4% p <0.001 Long-Term

Stability Operational Trust

Note: Metrics calculated based on a double-blind
subsample of N = 500 vehicles tested in both lanes.
Table V compares the key accuracy and reliability
metrics of manual and automated systems,
highlighting the stark technical superiority of
automation. Manual testing (MVIS) exhibits a low
defect capture accuracy (68.5%) and a dangerously
high missed defect rate (31.5%), which allows
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nearly one-third of defective vehicles to remain on
public roads. Additionally, the manual false alarm
rate (24.2%) imposes an unfair repair burden on
vehicle owners. In contrast, the automated testing
station (ATS) achieves an exceptional defect capture
accuracy of 98.2%, while reducing the false alarm
rate to 3.1% and the missed defect rate to a
negligible 1.8%. Combined with superior test-retest
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consistency (99.4%) and calibration stability
(95.8%), ATS provides a highly objective, accurate,
and fair inspection platform.

V. Discussion

A. Critical Analysis of Data

The critical analysis of the empirical data reveals
several profound insights into the mechanical
integrity, operational physics, and regulatory
dynamics of the modern vehicle fleet. Firstly, the
component-wise failure rates presented in Table II
highlight that headlights (20.9%) and emissions
(14.6%) are the most frequent causes of inspection
failure. The high failure rate of headlights is
primarily attributed to optical misalignment and
bulb degradation, issues that are almost impossible
for vehicle owners or manual inspectors to quantify
precisely without specialized optical photometers.
The 14.6% emissions failure rate represents a
significant environmental threat, especially when
linked to the regression findings in Table IV, which
show that older diesel vehicles have an odds ratio of
1.47 for failure. This indicates that a small, aging
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fraction of the fleet is responsible for a highly
disproportionate share of urban air pollution. This
structural concentration of emissions among old
diesel carriers requires immediate policy attention,
proving that targeted testing is essential.

Secondly, the comparison of throughput and cycle
times in Table III shows that automated testing
completely redefines station economics. By
compressing the cycle time from 14.8 to 5.2
minutes, ATS can accommodate high-density urban
traffic without requiring extensive physical
expansion. This is mathematically crucial: a 182%
increase in shift capacity allows municipalities to
enforce annual testing mandates for all registered
vehicles, rather than limiting inspections to
commercial carriers. Under manual testing regimes,
capacity constraints inevitably lead to policy
dilution or long waiting times, which in turn foster
non-compliance and administrative corruption.
Reducing manual handling lowers inspection fees,
decreases queue sizes, and promotes high public
cooperation, proving that engineering efficiency
directly scales regulatory compliance.

Figure 5: Comparison of Accuracy and Reliability Metrics Between Manual and Automated Testi
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Figure 5: Comparison of Accuracy and Reliability Metrics Between Manual and Automated Testing. The
grouped bar chart demonstrates the profound technical superiority of automated lanes (green) over
manual procedures (red) across five performance dimensions.

Figure 5 compares the accuracy and reliability
metrics of manual and automated vehicle
inspections, highlighting the deep technical
superiority of ATS. While manual inspections suffer
from a low defect capture rate (68.5%), high false
alarm rate (24.2%), and high missed defect rate
(31.5%), the automated lane achieves a near-perfect
defect capture rate of 98.2% and a false alarm rate
of only 3.1%. Furthermore, automated testing
achieves an exceptional 99.4% test-retest
consistency and 95.8% calibration stability. This
confirms that automated systems are not only highly
accurate but also highly fair, repeatable, and
objective.
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Furthermore, the accuracy metrics in Table V reveal
the deep systemic failure of legacy manual
inspections. A missed defect rate of 31.5% under
manual testing means that nearly one-third of
vehicles with critical mechanical or environmental
defects were allowed back onto public roads,
representing a massive public safety failure.
Conversely, the automated system's missed defect
rate of only 1.8% demonstrates that automation acts
as an exceptionally tight filter, capturing nearly all
hazards. At the same time, manual testing's false
alarm rate of 24.2% imposes an unfair financial and
administrative burden on vehicle owners, who are
forced to pay for unnecessary repairs. By reducing
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false alarms to 3.1%, ATS restores public
confidence in the inspection process. The high test-
retest consistency (99.4%) and calibration stability
(95.8%) of ATS confirm that the system is highly
objective, ensuring that two identical vehicles
receive identical results, thereby eliminating
operator bias and corruption, which are endemic to
manual inspection systems. This objective reliability
is critical for maintaining legislative support for
mandatory testing.

B. Comparison of Data with Past Work

To fully contextualize the findings of this empirical
study, it is essential to compare our data with
historical research and established models in the
vehicle safety and environmental compliance
literature. The dramatic reduction in average cycle
time from 14.8 to 5.2 minutes observed in our study
aligns with the theoretical queueing models
proposed by [13] and [14], which predicted a 60%
to 70% decrease in service times upon integrating
multi-lane automated sensor networks. However,
our empirical findings exceed their theoretical
projections, showing a 64.9% absolute reduction in
cycle time. This discrepancy can be explained by the
inclusion of automated license plate recognition
(ALPR) and electronic vehicle registries in our
station design, which eliminated the administrative
delays that [13] did not account for. This highlights
the importance of combining physical testing
automation with digital database integration, as
advocated by [29] and [30]. Physical automation
alone solves only half the problem; digital
integration solves the rest, transforming testing
stations into integrated regulatory utilities.

When comparing our parameter-wise failure rates
with past studies, several interesting contrasts
emerge. In our dataset, the headlight failure rate was
the highest at 20.9%, followed by emissions (14.6%)
and brakes (13.1%). In a landmark European study
of vehicle roadworthiness by [15], headlight failures
also ranked highly (18.4%), which is consistent with
our findings. However, [15] reported a significantly
lower brake failure rate of 6.2%. The higher brake
failure rate in our study (13.1%) can be attributed to
the larger proportion of heavy commercial vehicles
(20%) and older passenger vehicles (average age of
6.2 years for LMVs) in our sample compared to the
younger fleet analyzed by [15]. This is further
supported by the work of [3], who noted that in
developing transit economies with less proactive
preventive maintenance, brake and suspension wear
is typically twice as high as in regions with strict
manufacturer warranty compliance. This variance
highlights that local maintenance cultures deeply
impact fleet degradation, making regional empirical
studies highly necessary.

Our logistic regression analysis, which revealed a
strong relationship between vehicle age and
emissions failures (Odds Ratio of 1.156 per year),
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strongly reinforces the empirical findings of [11]
and [17]. In their evaluations of remote sensing and
laboratory-based emissions testing, [11] concluded
that tailpipe emissions degrade non-linearly after 5
years of operation. Our model's coefficient of 0.145
for vehicle age mathematically confirms this
degradation trend, proving that older vehicles are
high-probability failure targets. However, while [17]
suggested that vehicle mileage was the primary
driver of emission system deterioration, our model
indicates that vehicle age remains a highly
significant independent predictor (p < 0.001) even
when controlling for mileage. This suggests that
time-based degradation of catalytic converters,
rubber seals, and oxygen sensors occurs
independently of the physical distance traveled, a
finding that has important policy implications for
designing age-based vehicle retirement or scrap-
page schemes, as discussed by [18]. Policymakers
must realize that physical time degrades emissions
filters just as much as continuous physical usage.
Furthermore, the critical accuracy metrics evaluated
in our study provide an empirical baseline that has
been missing from the literature. Prior to this study,
researchers like [5] and [7] had estimated manual
inspection error rates based on small, controlled
samples, projecting a missed defect rate of 25% to
30%. Our large-scale empirical analysis of 12,450
inspections confirms these projections, revealing a
manual missed defect rate of 31.5%. This is a stark
confirmation of the 'human factor' vulnerability in
vehicle inspection. In contrast, the automated
system's missed defect rate of 1.8% represents an
order of magnitude improvement. This dramatic
difference is consistent with the findings of [9] on
computerized roller brake testers, which
demonstrated that electromagnetic sensors can
detect micro-variations in brake force that are
completely imperceptible to a human technician
conducting a road test. Thus, replacing sensory
visual estimation with electromagnetic
measurements is essential for reliable mechanical
audits.

Finally, our findings regarding the reduction of false
alarms from 24.2% to 3.1% present a major contrast
to the work of [25], who argued that high-precision
automated sensors might lead to an over-sensitive
testing regime, thereby increasing false failures for
minor, non-critical issues. Our data refutes this
concern. The automated testing station achieved a
very low false alarm rate because the testing
algorithms utilize multi-sensor fusion and adaptive
thresholding, which prevent isolated sensor spikes
from triggering a failure report. This demonstrates
that modern ATS technology has successfully
overcome the calibration and sensitivity issues
identified in early automated systems of the 2000s,
as documented by [27]. By achieving both a high
defect capture rate (98.2%) and a low false alarm
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rate (3.1%), modern integrated ATS provides a
highly balanced, robust, and legally defensible
inspection platform, resolving the historic trade-off
between inspection thoroughness and public
acceptance. This empirical reconciliation marks a
critical milestone in transportation engineering,
proving that modern sensor fusion can achieve
simultaneous improvements in both testing
precision and administrative fairness.

Vi. Conclusion

This empirical study has provided a data-driven
evaluation of Automated Vehicle Fitness Testing
Stations (ATS) in comparison to legacy Manual
Motor Vehicle Inspection Stations (MVIS), utilizing
an operational dataset of 12,450 inspections. The
empirical findings demonstrate that transitioning to
fully automated testing stations resolves the historic
tension between operational efficiency, testing
accuracy, and public trust. Specifically, ATS
implementation achieved a 182% increase in daily
vehicle throughput and reduced average inspection
cycle times from 14.8 to 5.2 minutes per vehicle,
providing a highly scalable solution for growing
urban transit networks. Furthermore, the automated
diagnostic sensors demonstrated an exceptional
defect detection accuracy of 98.2%, reducing missed
critical safety and environmental defects to just
1.8% and false alarms to 3.1%. The multi-variable
regression analysis confirmed a strong statistical
relationship between vehicle age, mileage, and
specific component failures, particularly emissions
and headlight alignment, underscoring the necessity
of targeted inspection frequencies. By eliminating
human subjectivity and providing an unalterable
digital audit trail, ATS modernizes transport
regulatory  compliance, directly  supporting
international road safety and environmental
sustainability targets. For transit authorities and
transport planners, this research provides the
empirical validation necessary to transition from
manual inspection regimes to centralized, automated
network systems, establishing a safer, cleaner, and
more efficient transportation future worldwide.
Ultimately, the data confirms that automated
infrastructure is not merely an operational upgrade,
but a foundational requirement for sustainable
modern mobility.
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