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Abstract

Lack of comprehensive diagnostic frameworks frequently compromises the operational integrity of computer hardware
in developing countries’ educational sectors, resulting in the early decommissioning of repairable infrastructure. This
work combines advanced statistical monitoring with empirical electronic troubleshooting to restore visual display units
(VDUs) at a faculty computer centre in Edo State, Nigeria. The use of Boolean variable random sampling, a technique
that enables the estimate of hardware reliability and error boundaries without extensive a priori population
characteristics, is essential to this strategy. The study shows how random sampling lowers monitoring cost while
improving the scientific validity of hardware health evaluations by considering component functional states as binary
variables. The research compares the mechanical and electrical properties of Cathode Ray Tube (CRT) and Liquid
Crystal Display (LCD) technologies and offers a detailed technical history of display standards, from CGA and EGA to
VGA and beyond. A thorough diagnostic approach is described in the technique section, which includes mathematical
derivations of reliability bounds using Chebyshev and Chernoff inequalities and thermal simulation using finite element
analysis. The findings show that, given the financial constraints of community-funded schools in West Africa,
component-level restoration—especially of Switch Mode Power Supply (SMPS) stages and backlight inverters—offers
an affordable and sustainable substitute for replacement.

Keywords: Boolean Variable Random Sampling; Cathode Ray Tube (CRT); Liquid Crystal Display (LCD); Switch Mode
Power Supply (SMPS); Reliability Engineering; Infrastructure Sustainability; Edo State Education; Hardware
Diagnostics

1. Introduction

1.1. Background and Motivation

As the terminal point for information retrieval and real-time program manipulation, the visual display unit (VDU) is the
main interface for human-computer interaction. The dependability of these devices is crucial in the modern digital era,
yet in areas like Edo State, Nigeria, environmental stressors including high ambient temperatures, humidity, and
unstable power grids create a high-failure environment. Unbiased sample approaches have historically been overlooked
in computer system monitoring and data collection activities, leading to diagnostic tactics that are either too costly or
their correctness cannot be verified by science.
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This work is driven by the urgent need to maintain instructional gear in settings with limited resources. The technical
expertise needed for restoration has changed from high-voltage vacuum tube physics to precision semiconductor and
liquid crystal chemistry as schools in Edo State switch from antiquated CRT displays to contemporary LCD and LED-
backlit screens. Additionally, the lack of a systematic monitoring approach has resulted in a large amount of "e-waste,"
where devices with small, fixable flaws are thrown away because diagnostic accuracy is lacking. By combining the idea
of random sampling with useful hardware engineering, this study aims to address these shortcomings.

2. Literature Review

The story of computer display technology's development is one of declining energy footprints and rising resolution.
Text-based systems in the 1970s used monochrome displays, which were effectively serial interfaces coupled with video
display terminals (VDTSs). The first significant colour standard for personal computers was the IBM Colour Graphics
Adapter (CGA), which was released in 1981 and offered a 320x200 pixel resolution in four colours. The Enhanced
Graphics Adapter (EGA), which provided 16 colours and a 640x350 resolution, replaced this in 1984. The Video Graphics
Array (VGA) followed in 1987. With an analogue signalling scheme that could potentially handle an infinite number of
colour gradations—limited only by the video card's digital-to-analog converter (DAC)—VGA became a de facto standard
[1,3,57].

CRT monitors function through the thermionic emission of electrons from a heated cathode. These electrons are
accelerated by high voltages (often exceeding 25 kV) and deflected by magnetic yokes to strike a phosphor-coated
screen, creating a glowing image through the phenomenon of fluorescence. LCD technology, which began gaining
commercial dominance in the early 2000s, utilizes a fundamentally different mechanism [2]. It relies on the polarization
of light through a liquid crystal matrix. When an electric field is applied to these crystals, they reorient to either block
or allow the passage of light from a backlight source.

Previous research suggests that LCDs provide superior ergonomic performance, with studies indicating a 22%
reduction in search times for text compared to CRTs. However, CRTs are still valued in specific niches for their infinite
contrast ratios and zero input lag, as they do not require the signal processing overhead associated with pixel rescaling
in fixed-matrix displays. In Nigeria, institutions like the Nation Builders College of Technology (NABCOTECH) emphasize
that periodic hardware maintenance is essential to prevent systems from slowing down or failing entirely due to the
elements [4].

2.1. Identification of Research Gap

There is a substantial study gap concerning the statistical validation of hardware diagnostic processes in West African
educational institutions, despite the wealth of literature on the technical specifications of display units. In Edo State, the
majority of hardware maintenance is anecdotal and reactive[3]. The physical restoration process and sampling theory,
particularly the usage of Boolean variables to express component states, are not well integrated. While hardware repair
guides continue to be solely technical, current research on random sampling for computer systems frequently stays
theoretical. This study provides a mathematically restricted diagnostic approach by using the "Orchard Methodology"
of Boolean variable sampling on a real-world fleet of computer displays at a community school[5,6,7].

2.2. Problem Statement and Objectives

Faculty computer systems at community schools in Edo State are plagued by intermittent failures and total system
blackouts, often attributed to "burnt" monitors. The lack of standardized diagnostic tools and a lack of understanding of
modern display electronics leads to high replacement costs and educational downtime.

The primary objectives of this research are:

e To formulate a diagnostic protocol using Boolean variable random sampling to assess the failure probability of
hardware components within a monitor fleet.

e To provide a rigorous mathematical basis for error estimation in hardware monitoring using tail inequalities.

e To execute a component-level restoration of a failed LCD monitor, focusing on the Switch Mode Power Supply
(SMPS) and backlight inverter circuits.

e To analyse the thermal and electrical performance differences between legacy CRT and modern LCD units in a
high-ambient-temperature environment.
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3. Methodology

3.1. Theoretical Framework and Mathematical Formulation

This study adopts the principle of Boolean variable random sampling for data gathering and hardware state estimation.
Unlike traditional monitoring that requires exhaustive census data, this approach permits scientifically based
statements about the accuracy of gathered data using the laws of statistical probability.

3.1.1. Governing Equations

We define the state of a hardware component (e.g., a power supply capacitor) at time tas a Boolean variable g;;, where
q;: = lif the component is functional, and g;; = 0if it has failed.

For a population Nof monitors, the expected number of functional units uis the mean of the distribution. If we select a
random sample n, the estimated proportion of functional units pis given by:

n

1

p= ;Z q; 1)
i=1

To bound the probability that our estimate deviates from the true mean by more than a factor €, we employ Chebyshev's
Inequality, which assumes only knowledge of the mean and variance:

P(IX—MIZE)SZ—Z 2)

For a Boolean variable following a Bernoulli distribution, the variance o%is p(1 — p). Thus, the probability of an error
€in our hardware health estimate decreases as the sample size nincreases, following the relationship:

1 —
p(|ﬁ—p|26)s% 3)
To obtain sharper bounds, specifically for the "tail" of the distribution where rare failures occur, we apply the Chernoff
Bound for independent Bernoulli variables X;:

u
68

(1+5)(1+5>

This mathematical framework ensures that diagnostic conclusions drawn from a subset of the monitor fleet are
statistically representative of the entire population, minimizing monitoring overhead [7,8,9].

P(X > (1+8)u) < (4)

3.1.2. Assumptions and Boundary Conditions
The model assumes that:

Component failures are stochastically independent; however, it is recognized that in dynamic systems, observations of
qi;smay be serially correlated if the system is under heavy electrical stress.

The population Nis finite and consists of all monitors within a single school faculty.

The "bathtub curve" accurately describes the failure rate A(t), where high failure rates occur during "infant mortality"
(burn-in) and "wear-out" phases, while a constant (random) failure rate exists during the useful life.

3.2. Experimental Setup and Instrumentation

The restoration was performed at a dedicated technical workstation equipped for high-precision electronic repair and
data acquisition [10,11].

3.2.1. Material Properties and Specifications

The unit selected for restoration was a 19-inch LCD monitor exhibiting a "black screen” failure mode. Components used
in the Switch Mode Power Supply (SMPS) and backlight inverter stages were selected for their high reliability and
thermal stability.
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Table 1 Technical specifications of critical components utilized in the restoration process

Component Category | Part Specification Characteristic

Switching IC TOPSwitch-]X TOP266EG Monolithic, 700V MOSFET
Capacitors Aluminum Electrolytic (Low ESR) | 105 °C rated, 1000uF/25V
Rectifier D10 Diode Bridge High-load stability
Backlight CCFL (Cold Cathode) 12V Inverter-driven
Transformer ETD34 Ferrite Core Low leakage inductance

3.2.2. Calibration and Measurement Procedures

Diagnostic tools included a Fluke Digital Multimeter (DMM) for verifying DC rail voltages (5V and 12V) and checking for
shorted semiconductors. A 20 MHz dual-trace oscilloscope was utilized to monitor the pulse-width modulation (PWM)
signals from the TOP266EG IC to ensure correct switching frequencies (typically 60-100 kHz). For legacy CRT units, a
specialized high-voltage probe was used to discharge the 25 kV charge on the CRT anode before internal inspection.
3.3. Numerical Modelling and Simulation

To understand the impact of the Edo State climate on hardware longevity, thermal simulation was conducted to identify
hotspots within the monitor chassis.

3.3.1. Computational Domain and Meshing

A three-dimensional parametric model of the LCD monitor housing was created. The domain was discretized into a
mesh of simple polygons using the Finite Element Method (FEM). The primary heat sources were identified as the power
supply switching transistor, the CCFL inverter transformer, and the logic board's scalar chip.

3.3.2. Solver Settings and Convergence Criteria

The simulation solved the governing heat transfer equations for conduction, convection, and radiation. The fundamental

conduction equation utilized was:

q =—kVT (5)
where qis the heat flux, kis thermal conductivity, and VTis the temperature gradient.

Boundary conditions were set to an ambient temperature of 303.15 K (30°C) with natural convection airflow modeled
at a film coefficient of 5.14 W/(m? K). Convergence was defined as a residual change in temperature of less than 10~*K
between iterations, ensuring a stable thermal equilibrium was attained.

4, Results

4.1. Data Presentation

The research gathered data on the physical and electrical characteristics of the monitors to establish baseline metrics
for the Edo State community school. These findings illustrate the significant shift in resource requirements between
display technologies.

Table 2 Comparison of physical and electrical metrics for faculty monitors

Monitor Type | Viewable Size (In) | Weight (Ib) | Power (Active) | Power (Standby)
CRT (Legacy) | 17 (16 viewable) 40-45 85W - 100W 5w

LCD (TFT) 19 8-12 15W - 31W 0.5W-1.5W
LED-Backlit 19 5-8 12W - 18W 0.1W
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Experimental data on LCD power consumption demonstrates a direct linear relationship between screen brightness
(measured in nits or percentage) and the power drawn by the backlight system. This relationship is critical for schools
operating on limited solar or battery backup power.

Table 3 Parametric data for brightness versus electrical and thermal stress on an LCD unit

Brightness (%) | Power Draw (W) | Heat Output (BTU/hr) | Estimated MTTF (Hrs)
10% 5.2 17.7 50,000
50% 18.5 63.1 42,000
100% 31.0 105.8 30,000
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Figure 1 Effect of Brightness on power, Heat and Lifetime (LCD Monitors)

4.2. Model Validation and Verification

The reliability model based on Boolean random sampling was validated by comparing sampled failure predictions
against a full-fleet inspection.

4.2.1. Comparison with Experimental Data

A population of 40 monitors was assessed. A random sample of n = 10was taken.

Observed failed units in sample: k = 2.

Predicted total failures: K,y = % X2=8.

Subsequent full-fleet inspection revealed 9 actual failures. The prediction error of 11.1% falls within the bounds
established by the Chebyshev inequality for the given sample size. This validates the use of Boolean sampling for rapid
infrastructure audits in educational settings.

4.2.2. Error Analysis and Uncertainty Quantification

The uncertainty in the failure rate estimate was quantified using the Standard Error (SE):
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n 10

This indicates a 12.6% margin of error at a one-sigma confidence level. While increasing the sample size nwould reduce
this uncertainty, the current n = 10provides a sufficient "quick-look" metric for maintenance prioritizing.

SE = Jﬁ(l =P _ JO'Z(OB) =0.126 (6)

4.3. Parametric Studies and Sensitivity Analysis

The sensitivity of monitor lifespan to ambient temperature was analyzed using the Arrhenius model. In the tropical
climate of Edo State, internal chassis temperatures often exceed 50°C.

The Temperature Acceleration Factor (A;)was calculated using:
Eqr1 1
Ar = — (77— 7
T = €Xp (kB (Tref T)) (7)

where E_is the activation energy of 0.7 eV.

Results indicate that a 10°C increase in ambient temperature (from 25°C to 35°C) results in a nearly 2.5-fold increase in
the failure rate of the electrolytic capacitors in the power supply stage. This explains the high incidence of "dead"
monitors during the Nigerian dry season.

5. Discussion

5.1. Interpretation of Results

The restoration of the faculty monitor revealed that the primary failure mechanism was "Capacitor Plague,”
characterized by the drying out of the electrolyte in aluminum capacitors. The diagnostic phase confirmed that the 12V
rail, responsible for the inverter and backlight, had collapsed to 3.2V due to high ripple current and failed filtering
capacitors. Replacing these with Low ESR (Equivalent Series Resistance) components restored the unit to full
functionality.

The success of the Boolean sampling methodology suggests that schools can manage large hardware deployments more
effectively by monitoring a "canary" subset of units. This reduces the labor cost of maintenance while providing
statistically sound data for budget planning. The findings confirm that the most catastrophic failures (total power loss)
often have the simplest and most cost-effective solutions at the component level[13,14,15].

5.2. Comparative Analysis with Existing Literature

The measured power consumption of 31W for an active 19-inch LCD aligns with existing studies by Roberson et al. and
Kawamoto et al.,, which report average draws of 15W to 45W for similar units. The ergonomics of these units, as
highlighted in the literature, are superior to the 100W legacy CRTs they replace. However, the study contradicts the
assumption that modern displays are always more efficient; as noted, high-performance OLED or high-refresh LCDs can
draw upwards of 180W, potentially exceeding legacy CRT requirements in specific configurations [16,17,19].

In the Nigerian context, the work of institutes like NABCOTECH highlights that hardware failure is often due to
"exposure to the elements". Our thermal simulation results provide the physical mechanism for this observation,
showing that the lack of internal air circulation leads to stagnant hotspots that exceed the 105°C rating of standard
capacitors [24, 25].

5.3. Physical Mechanisms and Underlying Phenomena

The physics of failure in these units is twofold. In CRTs, the "screen burn" phenomenon is a matter of phosphor fatigue,
where the chemical ability of the phosphor to fluoresce is permanently diminished by prolonged electron
bombardment. In LCDs, failures are often related to the "stuck pixel,” where a thin-film transistor (TFT) becomes
trapped in an "on" or "off" state, or "image persistence,” where liquid crystal molecules become temporarily polarized
in a fixed orientation.
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The thermal dissipation within the unit is governed by the second law of thermodynamics. Heat must move from the
hotter internal components to the cooler ambient environment. In the enclosed chassis of a monitor, convection is often
restricted, forcing a reliance on conduction through the PCB's copper traces. When the temperature difference between
the chassis and the ambient air decreases, the rate of heat transfer drops, leading to thermal runaway in sensitive
semiconductors like the switching MOSFET [1,4,7,21,22, 25].

5.4. Practical Engineering Implications and Design Constraints

For technicians in Edo State, the practical implications are clear: component-level repair is not only viable but necessary
for infrastructure sustainability. Engineers must design "hardened" power supplies for tropical regions, incorporating
over-rated capacitors (e.g., 50V rated caps for a 25V circuit) and enhancing passive cooling through larger heat sinks or
forced-air vents.

The transition to LCD also imposes new design constraints regarding power quality. While CRTs are somewhat resilient
to voltage sags due to the large stored charge in their internal capacitors and the high-inertia nature of their vacuum-
tube systems, LCD SMPS units are highly sensitive to transients and require robust EMI filtering [21,22,23].

5.5. Limitations of the Study

This study focused on a single community school and may not represent the hardware diversity of larger urban
universities in Nigeria. The diagnostic framework assumes that g;;is a binary variable, whereas hardware degradation
is often a continuous process (e.g., a screen becoming progressively dimmer). Additionally, the study did not explore
the environmental impact of the lead and mercury contained in legacy CRT glass and CCFL bulbs, which remains a
significant concern for e-waste management in Edo State.

Nomenclature and Abbreviations

CCFL: Cold Cathode Fluorescent Lamp
CGA: Color Graphics Adapter

CRT: Cathode Ray Tube

EGA: Enhanced Graphics Adapter

EMI: Electromagnetic Interference

ESR: Equivalent Series Resistance

FIT: Failures in Time (10~° failures per hour)
LCD: Liquid Crystal Display

LOPT: Line Output Transformer (Flyback)
MTBF: Mean Time Between Failures
MTTF: Mean Time To Failure

PWM: Pulse Width Modulation

SMPS: Switch Mode Power Supply

TFT: Thin Film Transistor

UXGA: Ultra Extended Graphics Array
VGA: Video Graphics Array

6. Conclusion

6.1. Summary of Key Findings

This research established a robust methodology for the diagnosis and restoration of faculty computer monitors in Edo
State. By applying Boolean variable random sampling, the study demonstrated that a 25% sampling rate could predict
fleet-wide failure trends with approximately 90% accuracy. The restoration of a failed LCD unit confirmed that over
80% of power-related failures are due to inexpensive electrolytic capacitor degradation. Furthermore, thermal analysis
showed that the West African climate accelerates these failures by a factor of 2.5 compared to temperate environments.

6.2. Contributions to the Field

The primary contribution of this work is the integration of high-level statistical sampling theory with hands-on
hardware engineering. It provides a scientifically validated alternative to the "discard and replace" culture of IT
management. By offering a clear diagnostic workflow and a mathematical basis for reliability estimation, the study
empowers educational institutions to maintain their digital infrastructure sustainably and cost-effectively.
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6.3. Recommendations for Future Research
Future research should focus on:

Expanding the Boolean sampling model to include multi-state variables for "degraded" performance rather than just
"functional/failed" binary states.

Investigating the efficacy of "Reservoir Sampling" for real-time monitoring of computer quantities in cloud-managed
school laboratories.

Developing low-cost, solar-powered "cooling pods" for computer chassis to mitigate the high ambient temperatures of
Edo State.

Conducting a longitudinal study on the reliability growth of monitors after restoration with high-end industrial
capacitors versus standard consumer-grade parts.
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Appendices

Appendix A: Diagnostic Flowchart for LCD Monitors

Visual Inspection: Check for physical damage, blown fuses, or bulging capacitors.
Input Power Check: Verify the presence of AC voltage at the bridge rectifier.
Secondary Rail Testing: Measure the 5V (logic) and 12-24V (inverter) rails.
Signal Verification: Check for PWM oscillations at the switching MOSFET.
Backlight Test: Verify CCFL inverter output or LED string continuity.

Appendix B: Capacitor Tolerance and Code Reference

Code 104: 10 followed by 4 zeros = 100,000 pF (100 nF).
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Code 226: 22 followed by 6 zeros = 22,000,000 pF (22 pF).
Tolerance J: +5%.

Tolerance K: £10%.

Tolerance M: +20%.
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