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Abstract. Drowsy driving is a serious global traffic hazard, with particularly high fatality rates 

in South Korea, exposing flaws in current prevention strategies. This paper examines five key 

areas to combat the issue: (1) real-time detection via machine learning, (2) environmental factors 

like PM2.5, (3) behavioral influences such as road monotony, (4) physiological effects of sleep 

deprivation, and (5) demographic and policy data. Machine learning enables personalized 

monitoring of eyelid closure, steering patterns, and breathing irregularities. Environmental and 

behavioral analyses identify external contributors, while sleep deprivation research highlights 

cognitive impairments, emphasizing the need for integrated health measures. Demographic 

trends and policy gaps reveal systemic weaknesses. By merging technology-based detection, 

public health interventions, and infrastructure reform, this study proposes a unified framework 

to reduce drowsy driving crashes. The findings call for multidisciplinary collaboration and 

advanced vehicle safety systems to address one of the most underestimated causes of preventable 

road fatalities. 
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1.   Introduction 

Drowsy driving is a critical and multifactorial hazard contributing significantly to global 

traffic accidents. In South Korea, persistently high fatality rates from drowsiness-induced 

crashes indicate systemic flaws in prevention strategies. This paper presents a comprehensive 

analysis across five key areas: real-time detection via machine learning, environmental risk 

factors such as PM2.5, behavioral influences like road monotony, the physiological impacts of 

sleep deprivation, and national demographic and policy data. Together, these methods offer a 

holistic framework to combat the drowsy driving epidemic. By integrating technological 

innovations with evidence-based public health strategies and infrastructure reform, the study 

calls for a unified, multidisciplinary response to one of the most underestimated causes of 

preventable traffic fatalities. 
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Methods 

Method 1: Real-Time Behavioral Detection Through Machine Learning 

Machine learning (ML)–based systems are revolutionizing the detection and prevention 

of drowsy driving by enabling real-time monitoring of key physiological and behavioral 

patterns [8,9]. These systems do not rely on a universal standard but adapt to individual drivers 

over time. The first variable, Y₁ = a·x (Fig. 1),, represents the frequency and duration of eyelid 

closure, a primary indicator of fatigue [8]. Frequent blinking and prolonged closures suggest 

microsleeps or severe fatigue onset. The second variable, Y₂ = b·x (Fig. 2), measures hand 

detachment from the steering wheel, signaling lapses in motor coordination or attention [9]. The 

third variable, Y₃ = c·x (Fig. 3),, reflects micro-corrections and steering tremors that often 

precede full lapses in attention. The fourth, Y₄ = d·x (Fig. 4),, captures anomalies in breathing 

patterns—such as shallow breathing or breath-holding—which are linked to stress and fatigue 

[12]. 

These inputs are fed into a composite drowsiness model calibrated to each driver’s 

historical data. The system dynamically recalibrates its thresholds to accommodate different 

physiological baselines (e.g., athletes vs. elderly drivers). As a result, when the composite score 

breaches a calculated threshold, the system triggers multi-sensory alerts—ranging from 

vibrations to auditory warnings [9]. In advanced versions, it may also activate automated 

braking or suggest rest stops. This adaptive capability positions ML-based detection systems at 

the forefront of next-generation vehicle safety frameworks. 

 

 

Figure 1  

Method 2: Cognitive Impacts of PM2.5 on Driving Ability 

Fine particulate matter (PM2.5), due to its minuscule size (<2.5 micrometers), poses a 

significant threat to neurological and cardiovascular health [3,4,6,15]. Once inhaled, PM2.5 

particles can bypass the body’s natural filtration systems, infiltrate the bloodstream, and 

penetrate the blood-brain barrier [3,4]. Upon reaching the brain, they activate microglia—the 

resident immune cells—resulting in neuroinflammation. This process leads to the release of 
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pro-inflammatory cytokines like IL-1β, TNF-α, and IL-6, which interfere with synaptic 

transmission, suppress prefrontal cortex activity, and reduce executive function [4]. 

Drivers experiencing this kind of cognitive degradation face multiple deficits: impaired 

vigilance, delayed reaction times, weakened motor control, and reduced emotional regulation 

[6,15]. In the context of real-world driving, this manifests as a higher likelihood of lane drifting, 

failure to notice hazards, and an inability to make rapid decisions. Studies in Seoul have shown 

that even short-term spikes in PM2.5 levels are correlated with increased accident rates and 

reduced performance on cognitive tests [14]. 

Policy responses must be multilayered. In-vehicle HEPA filtration systems should 

become standard, especially for public transport, commercial freight, and high-risk zones [6]. 

Government advisories should recommend limiting non-essential travel on high-pollution days 

[6]. Additionally, integrating pollution data into navigation apps can help drivers plan safer 

routes with lower exposure [14,15]. 

 

 

Figure 2 

 

Method 3: Road Monotony and Microsleep Risk (Fig. 3) 

The structure of road networks plays an underappreciated role in fatigue-related 

accidents [13,16]. Monotonous environments—characterized by long, unbroken stretches of 

asphalt with little variation—are shown to reduce cortical arousal [9]. Studies using EEG 

monitoring reveal that within as little as 20 to 30 minutes, brainwave activity can shift toward 

patterns consistent with early sleep stages [9]. In this state, drivers become vulnerable to 

microsleep episodes lasting between 1 to 10 seconds. At highway speeds, even a 3-second lapse 

can result in 100 meters of uncontrolled travel [16]. 

In South Korea, major expressways such as the Seohaean and Jungbu expressways 

exemplify this risk [13,16]. Despite only accounting for half of the expressway network, straight 

segments account for nearly 90% of drowsy driving crashes [16]. The United States reports 

similar figures through the National Highway Traffic Safety Administration and the Federal 

Highway Administration, reinforcing the global scope of the issue [9]. 
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Mitigation strategies must prioritize visual and cognitive stimulation [9,13]. Mild road 

curvature every 15 kilometers, textured pavement, visual landscaping (such as trees or reflective 

markers), and dynamic road signs have all been shown to reduce fatigue [9]. Moreover, 

expanding and upgrading highway rest areas—with amenities like cafes, shade, and fitness 

equipment—can provide effective micro-breaks that reinvigorate drivers [13]. 

 

 

Figure 3 

Method 4: Acute and Chronic Sleep Deprivation Effects (Fig. 4) 

Sleep is not merely restorative—it is fundamental to human survival and cognition. 

Acute sleep deprivation (e.g., pulling an all-nighter) is associated with impairments equivalent 

to being legally intoxicated [1,7]. Williamson and Feyer (2000) demonstrated that 17–19 hours 

of sustained wakefulness causes a cognitive decline similar to a 0.05% blood alcohol level [1]. 

At 24 hours without sleep, the impairment is more severe than a 0.10% BAC [1]. 

Equally troubling is chronic sleep restriction. When individuals consistently receive 

fewer than six hours of sleep per night, performance deficits accumulate. Van Dongen et al. 

(2003) found that after two weeks of partial sleep deprivation, participants' reaction times and 

memory retention were nearly indistinguishable from those who had not slept at all for 48 hours 

[2]. These findings are especially relevant to South Korean teens and office workers, many of 

whom chronically undersleep due to academic and professional pressures [7,10]. 

Biologically, sleep deprivation disrupts the prefrontal cortex—critical for judgment, 

impulse control, and attention—and overstimulates the amygdala, leading to heightened 

emotional responses and poor decision-making [1,2]. Physiologically, it reduces heart rate 

variability, weakens immune responses, and decreases the body's resilience to stress [1]. Drivers 

experiencing these effects are less able to anticipate hazards, react appropriately, or even 

maintain consistent speed and direction on the road [1,2]. 
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Figure 4  

Method 5: Statistical Trends and Policy Responses in South Korea 

The epidemiology of drowsy driving in South Korea reveals a growing crisis [13,16]. 

Between 2019 and 2023, over 10,000 incidents were officially recorded, but experts suggest the 

actual number is much higher due to underreporting and misclassification [16]. The fatality 

rate—2.7 deaths per 100 cases—remains more than double the rate for general traffic accidents 

[16]. These patterns show clear demographic trends. Older drivers (50+) are more prone to 

drowsy crashes in the early afternoon, likely due to circadian rhythm dips following lunch [16]. 

Younger drivers, particularly those under 30, are disproportionately represented in early 

morning accidents [16]. 

Male drivers are statistically more likely to be involved in fatigue-related crashes, a 

trend attributed to occupational driving frequency and higher exposure [16]. However, women 

are more susceptible to dawn-time accidents, especially under poor lighting conditions [11]. 

Research indicates that female drivers rely more heavily on color vision and contrast, which are 

compromised during twilight hours [11]. 

Although over 230 highway rest areas have been constructed in recent years, their 

distribution is inconsistent and often lacks essential facilities [13]. Legal measures such as 

increased fines, point deductions, and criminal penalties under the Special Crime Act have 

yielded modest results [16]. Educational campaigns, while well-intentioned, have failed to 

resonate with high-risk demographics [10,13]. 

Future policy must be driven by data. Investment in driver fatigue monitoring 

infrastructure, mandatory breaks for commercial drivers, real-time fatigue alert systems, and 

enhanced driver education programs are vital [13,16]. Public campaigns should frame sleep not 

as a luxury but as a public safety obligation [7,10]. 
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Figure 5 

Conclusion 

Drowsy driving is not simply the result of being tired—it is a multifaceted and deeply 

systemic risk rooted in biological, environmental, behavioral, and structural systems. The 

findings presented in this paper, supported by Figs. 1–5, reveal that multiple interacting 

factors—fine particulate matter (PM2.5) exposure, road monotony, microsleep episodes, 

impaired vigilance, and time-of-day variations—jointly contribute to a significantly higher 

likelihood of accidents. Each factor operates not in isolation, but in a network of influences that 

amplify risk. For instance, elevated PM2.5 levels (Fig. 1) not only impair respiratory health but 

also induce neuroinflammation, which slows reaction time and diminishes executive function. 

When coupled with monotonous road conditions (Fig. 3) or late-night driving (Fig. 5), the 

combined effects create a dangerous environment where even skilled drivers are vulnerable. 

The data indicate that short-term spikes in PM2.5 concentration (Fig. 2) can raise 

accident risk by over 50%, a finding that underscores the urgency of air quality interventions in 

transportation safety policy. Similarly, reaction time deterioration with reduced vigilance (Fig. 

4) demonstrates that driver fatigue is not merely about subjective tiredness—it is a measurable 

neurocognitive decline that can be predicted and, importantly, prevented with the right systems 

in place. These results reinforce the principle that traffic safety cannot be separated from 

environmental and physiological health. 

To address this crisis, governments must adopt an integrated, multi-sector strategy. 

Public health agencies should collaborate with transportation departments to implement real-

time air quality monitoring, integrating this data into navigation systems so that drivers can plan 

routes with minimal exposure to harmful pollutants. Vehicle manufacturers must be 

incentivized—through regulation, subsidies, or both—to include AI-based fatigue detection as 
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standard equipment, not as premium add-ons. Such systems should utilize multimodal data, 

combining camera-based eye closure detection, steering input analysis, and even in-cabin air 

quality sensors to assess risk in real time. 

Urban and rural road planners must consider the cognitive impact of road design. 

Monotonous stretches of highway should be interrupted with subtle design cues—changes in 

scenery, road texture, or lane markings—to maintain driver engagement. Educational systems 

should embed sleep science and fatigue awareness into both driver’s education programs and 

general school curricula. This would build a generation of drivers who understand that rest is a 

safety requirement, not a sign of laziness. In workplaces, especially for commercial drivers, 

policies should encourage regulated rest periods and actively discourage unsafe scheduling 

practices. 

The policy dimension is equally critical. Governments should establish legal thresholds 

for in-cabin air quality in commercial vehicles, mirroring standards already applied to building 

interiors. In high-risk regions, temporary driving advisories or even traffic restrictions should 

be issued during severe pollution episodes. Navigation apps and mapping platforms should 

integrate accident risk models that factor in time-of-day, air quality, and historical accident 

patterns, giving drivers not just the fastest route, but the safest one. 

Ultimately, solving the epidemic of drowsy driving will not come from one solution 

alone. It requires a paradigm shift in how societies view driver fatigue—not as an individual 

failing, but as a systemic, preventable public health issue. The evidence presented here demands 

empathy toward those affected, scientific rigor in developing countermeasures, and long-term 

commitment from every level of society—governments, industries, communities, and 

individuals alike. We face a choice: to continue treating fatigue-related crashes as isolated 

accidents, or to recognize them as the predictable outcome of neglecting interconnected risk 

factors. The data make the path forward clear; what remains is the will to act decisively, 

comprehensively, and without delay. 
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