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Abstract

This report focuses on the initial signal processing stages of an automatic bright-
ness control system for vehicle displays, specifically ambient light sensing, filter-
ing, and perceptual brightness mapping, guided by principles of human visual per-
ception. The system replaces fixed day/night behavior with a dynamic, context-
aware approach that balances responsiveness and visual comfort.

Key techniques include adaptive filtering, hysteresis logic and perceptual map-
ping based on Stevens’ Power Law. The system applies asymmetric ramping to
handle rapidly changing lighting conditions, reacting faster to brightness increases
and more gradually when dimming. Manual user adjustments are supported with-
out overriding adaptive behavior.

Simulation results indicate smooth and perceptually aligned brightness tran-
sitions with reduced output variability compared to conventional methods. Al-
though part of a larger system, this work concentrates on the foundational signal
handling and control logic. Further research and real-world testing are recom-
mended before vehicle deployment.

Keywords Automatic brightness control, Perceptual mapping, PWM, Stevens’
Power Law, Hysteresis, Temporal ramping, Low-pass filtering, Ambient light sens-
ing, Automotive displays, Human perception
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Sammanfattning

Denna rapport behandlar utvecklingen och simuleringen av ett automatiskt ljusstyrn-
ingssystem för fordonsdisplayer med fokus på de inledande signalbehandlingsste-
gen. Arbetet omfattar omgivningsljusavkänning, signalfiltrering och perceptuell
ljusstyrkemappning baserat på principer från den mänskliga ljusuppfattningen.
Målet är att uppnå en dynamisk och kontextmedveten styrning som ersätter tradi-
tionellt statiska dag-/nattlägen samtidigt som visuell komfort och systemrespons
optimeras.

Systemet använder centrala tekniker såsom adaptiv filtrering, hystereslogik
och en logaritmisk mappningsfunktion enligt Stevens lag. För att hantera snabba
förändringar i ljusmiljön tillämpas asymmetrisk rampning där ökningar i ljusstyrka
behandlas snabbare än minskningar. Det finns även stöd för manuell justering
utan att den adaptiva funktionen inaktiveras.

Simuleringsresultat visar att systemet genererar mjuka och perceptuellt an-
passade ljusstyrkeövergångar med minskad variation jämfört med konventionella
metoder. Även om arbetet utgör en del av ett större projekt, ligger fokus i denna
rapport på den grundläggande signalhanteringen och styrlogiken. Vidare forskn-
ing och tester i verkliga fordonsmiljöer rekommenderas inför praktisk utveckling
och implementering.

Nyckelord Automatisk ljusstyrning, Perceptuell mappning, PWM, Stevens’ lag,
Hysteres, Rampning, Lågpassfilter, Ljussensor, Fordonsdisplay, Mänsklig percep-
tion
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Chapter 1

Introduction

1.1 Background

In modern vehicles, safety is a primary concern in the design of advanced info-
tainment systems. One critical factor affecting road safety is the management of
display brightness and interior illumination under varying ambient lighting condi-
tions from full daylight to nighttime or tunnel transitions. Poorly regulated bright-
ness can reduce visibility, cause distraction, or delay visual adaptation, impairing
the driver’s ability to respond to changing traffic conditions.

As infotainment systems and interior lighting technologies continue to evolve,
the demand for intelligent, adaptive brightness control has increased. A well-
designed control system enhances comfort and usability and contributes to safer
driving by ensuring that visual information remains clear and non-distracting in
all conditions [1].

1.2 Problem Statement

A primary challenge of many existing brightness regulation systems is their re-
liance on binary "day" and "night" modes. These fixed-state transitions often result
in abrupt or poorly timed brightness changes, reducing screen visibility and driver
discomfort, particularly in dynamic lighting environments such as tunnel entry or
exit.

If the brightness shifts too rapidly, it may distract the driver or momentarily
impair visual adaptation. Conversely, when adaptation is delayed due to static
threshold logic, the display may remain too bright or dim for several seconds.
These shortcomings illustrate a trade-off between implementation simplicity and
perceptual comfort that conventional solutions fail to address.

This project seeks to develop a more refined and adaptive brightness con-
trol system that operates responsively under real-world conditions. By enabling
smoother transitions and adequate adjustment the system aims to improve display
readability, reduce distraction and enhance driver comfort and road safety.
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1.3 Purpose

This bachelor’s thesis aims to enhance road safety by designing an automatic
display brightness adjustment system that maintains optimal screen readability
across all ambient lighting conditions. Sudden shifts in illumination can momen-
tarily hinder the driver’s ability to perceive critical display information. Proactively
regulating brightness, the proposed system seeks to reduce distraction and sup-
port safer driving behavior.

In addition to prioritizing safety, the project also focuses on improving the
overall user experience. By ensuring consistent brightness levels and minimizing
sudden shifts in illumination, the system contributes to a visually comfortable
interior environment that supports driver focus and intuitive system interaction.

Sustainability also plays a key role in the system’s design. The system reduces
unnecessary energy consumption by adjusting backlight intensity dynamically and
only when necessary. This not only improves the operational efficiency and ex-
tends the lifespan of the display system but also aligns with broader goals in
energy-conscious and environmentally responsible vehicle design [2].

Beyond functional performance, the thesis focuses on system architecture and
engineering development. It investigates how to build a reliable and perceptually
consistent control system from processing sensor data to implementing a mathe-
matically modeled ramp-up function for the Pulse Width Modulation (PWM) sig-
nal. Emphasis is placed on justifying architectural choices and control strategies
that govern the system’s behavior under real-world operating conditions.

1.4 Goals

The primary goals of this project are:

• System Architecture Design: Develop a structured brightness control sys-
tem that transforms ambient light sensor input into a perceptually consistent
and gradually adjusted PWM signal. The system architecture encompasses
signal processing, brightness level computation, and applying a mathemat-
ically defined ramping function to achieve visually smooth transitions.

• Simulation, Evaluation and Visual Demonstration: Integrate the system
into a simulation environment to evaluate its performance under realis-
tic ambient light scenarios, focusing on transition smoothness using a User
Comfort Index. A web-based tool will be developed to visually demonstrate
system behavior, supporting perceptual validation and aiding understand-
ing across technical and non-technical stakeholders.

• Comparison with Current Systems: Perform a comparative analysis be-
tween the developed system and the existing brightness adjustment mech-
anisms used in competitor vehicles. The evaluation will emphasize key per-
formance factors, such as transition smoothness, aiming to highlight both
the advantages and potential improvement areas of the proposed solution
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compared to current industry practices.
• Test Procedure for System Evaluation: Design a structured test method-

ology for evaluating the brightness control system in a real vehicle envi-
ronment. The procedure will specify relevant driving scenarios, define mea-
surable parameters, and establish evaluation criteria to ensure consistent
performance under diverse ambient lighting conditions. This test protocol
will support future validation efforts and facilitate potential integration into
production-level systems.

1.5 Requirements

Functional Requirements:

• The system must automatically adjust display brightness in real-time based
on ambient lighting conditions detected by onboard sensors.

• Brightness transitions must be smooth, ensuring a rate of change to prevent
abrupt shifts that could distract the driver.

• The solution must integrate with existing vehicle infotainment and dash-
board display interfaces using standard communication protocols.

Non-functional Requirements:

• The system must function without requiring additional or specialized sensor
installations, ensuring compatibility with current vehicle hardware.

• The system must compensate for sensor inaccuracies and external lighting
variations.

1.6 Demarcations

To maintain focus on core functionality and system behavior, no physical test rig
will be developed, and the system will not be integrated into a real vehicle within
this project’s scope. Instead, all testing and validation will be conducted in a sim-
ulation environment using MATLAB, which allows controlled evaluation under
realistic lighting scenarios.

Nevertheless, the system has been designed with real-world implementation
in mind. A structured test procedure has been outlined to support future in-vehicle
evaluation, providing a clear path toward integration and validation in a physical
automotive context should further development continue beyond this project.

1.7 Related Work

Research on automatic brightness adjustment in vehicle infotainment systems and
interior lighting highlights two primary design considerations: functional per-
formance and user comfort. Broadly, existing solutions can be categorized into
sensor-driven control systems and user-adaptive systems.
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Sensor-based approaches rely on real-time data from ambient light sensors,
which are typically processed through filtering algorithms to reduce noise be-
fore being passed to a control module [3]. Many implementations use threshold-
based logic or PID controllers to adjust the display backlight in response to light
changes [4]. For example, a PID-controlled system continuously calculates the er-
ror between desired and actual brightness, applying proportional, integral, and
derivative adjustments to modulate the PWM signal. While this offers real-time
Adaptability, it often requires precise tuning and can be sensitive to abrupt illumi-
nation changes, sometimes leading to over- or undershooting.

User-centered systems expand on sensor inputs by incorporating contextual
information such as time of day, driving location, and personal preferences [5–
7]. These systems may apply based logic or machine learning to modify bright-
ness behavior, for instance, by dimming the display more aggressively at night or
in urban areas. Some systems offer manual override and basic preference recall,
allowing the display to adapt based on the driver’s recent adjustments.

A recurring challenge in the literature is the need for smoother transitions
between brightness levels. Rapid changes in illumination or the encounter of on-
coming headlights can result in visual discomfort if brightness is adjusted too
abruptly. Several studies propose predictive filtering methods, such as Kalman fil-
tering, that anticipate changes and hysteresis mechanisms that prevent frequent
updates by introducing a threshold band [7]. These techniques reduce flickering
and create a more stable visual experience. While promising, they are often paired
with ramping or interpolation logic to ensure perceptually smooth transitions over
time.

In summary, although current approaches demonstrate a range of strategies,
there remains a trade-off between responsiveness, stability, and comfort. Most so-
lutions favor either fast reaction at the cost of stability or conservative adjustment
that may lag behind environmental changes. This project seeks to bridge that gap
through a perceptually informed, zone-based architecture with controllable ramp-
ing behavior.

1.7.1 Competitor Vehicle Assessment

A comparative evaluation was conducted on selected competitor vehicles to gain
insight into current market standards regarding automatic brightness adjustment
in automotive displays and interior illumination. Test vehicles were requested
through the company’s fleet management representative, who randomly selected
available fully electric cars equipped with centrally located displays suitable for
the study. Evaluations were performed through controlled driving tests along a
predetermined route, including diverse lighting conditions such as tunnels, un-
derpasses, urban environments, and forested areas. Each test session involved two
persons, one driving and one monitoring display performance and adjusting rele-
vant settings when applicable. After the initial test run was completed, roles were
swapped, and the same evaluations were repeated to minimize bias introduced
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by individual driving style and observation.
Performance parameters were assessed independently by each participant im-

mediately following each test run, focusing on Response Time, Transition smooth-
ness, Adaptability to varying ambient lighting conditions, and the presence of a
Manual Override function. Ratings were assigned using a subjective scale from 1
(poor) to 5 (excellent). Individual ratings were then aggregated, averaged, and
rounded to the nearest integer to represent the final score for each parameter.

Tests were consistently performed during daylight hours under varied cloud
conditions, explicitly excluding adverse weather scenarios such as rain, snow, or
fog. While acknowledging inherent limitations, including the subjective nature of
assessments, limited sample size, and variability of ambient lighting, the adopted
methodology was deemed adequate for the intended comparative overview. It
provided valuable preliminary insights into the competitive landscape.

The results The subjective evaluation of competitor vehicles is summarized in
Table 1.1. Evaluated parameters include Response Time, Transition smoothness,
Adaptability to varying ambient lighting conditions, and the availability of a Man-
ual Override function.

Table 1.1: Subjective evaluation of adaptive brightness control in competitor ve-
hicles (1 = Poor, 5 = Excellent).

Brand/Model Response Time Transition Adaptability Manual Override
Volvo EX40 4 2 3 Yes
NIO ET5 3 5 5 Yes
BYD Seal 2 4 2 Yes
Mercedes EQE 3 3 4 No
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Technical Background

2.1 System Architecture

An ambient light sensor measures the surrounding illumination in lux and inter-
nally converts the analog signal into a digital value using an integrated analog-to-
digital converter. The resulting digital signal is then processed through a low-pass
filter and a moving average filter to suppress high-frequency noise and short-term
fluctuations.

Following the filtering stage, a delay stabilizes the signal before evaluating
any lighting condition change. Hysteresis is then applied through defined upper
and lower thresholds. A transition is triggered if the signal crosses one of these
thresholds and remains beyond it for at least two seconds.

Based on the detected lighting mode (day or night), the system retrieves the
corresponding PWM output value from a rheostat-indexed lookup table. This PWM
value serves as the new target value of brightness, and the system gradually ad-
justs the PWM signal over a few hundred milliseconds, continuously updating it
as the signal converges toward the target. If no lighting mode transition occurs,
the current PWM output remains unchanged regardless of variations in ambient
light.

2.2 Light Measurement and Sensor Technology

Reliable measurement of ambient light is essential for any system aiming to adapt
display brightness dynamically and perceptually. The core requirement is to con-
vert varying light conditions into electrical signals that the control system can in-
terpret and act upon. This is typically achieved using optoelectronic components
such as photodiodes, Light Dependent Resistors (LDRs), or integrated Ambient
Light Sensors (ALS).

ALS devices are particularly suited for embedded applications due to their
compact design and built-in signal processing capabilities. They often combine
light detection, amplification, filtering, and analog-to-digital conversion in a sin-

7
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gle package, providing calibrated lux values directly to the system via digital in-
terfaces.

In automotive contexts, ALS modules must handle rapid and sometimes ex-
treme changes in illumination. Therefore, their robustness, speed, and spectral ac-
curacy are critical to maintaining smooth brightness transitions. Post-processing,
including filtering techniques such as low-pass or moving average filters, is typi-
cally applied to enhance signal stability further and suppress noise.

The processed output from the sensor serves as the primary input to the bright-
ness control logic, making its performance foundational to the overall system.

Ambient Light Sensor ADC
Signal

Processing
Brightness
Mapping

Figure 2.1: Simplified signal flow illustrating the initial stages of the system, from
ambient light sensing through ADC and filtering to brightness-level computation.

2.2.1 Electro-Optical Principles of Ambient Light Sensing

This section explores the underlying photoelectric principles and associated ana-
log signal chain better to understand the internal signal transformation within ALS
devices. At the core of ambient light measurement lies the photoelectric conver-
sion process, whereby incident photons generate charge carriers in a semiconduc-
tor junction. Most ambient light sensors are based on reverse-bias photodiodes,
which create a photocurrent directly proportional to the illuminance received at
the sensor surface.

When exposed to light, a photodiode generates a current Iph given by:

Iph = η · q ·
Pλ

h · f
(2.1)

where:

• η is the quantum efficiency (electrons per photon),
• q is the elementary charge (1.602× 10−19 C),
• Pλ is the optical power received at wavelength λ,
• h is Planck’s constant, and
• f is the frequency of the incoming light.

The generated photocurrent is extremely small in practical sensor modules
and must be amplified before digitization. A common solution is using a tran-
simpedance amplifier that converts the current to a voltage using a feedback re-
sistor R f . The output voltage is then:

Vout = −Iph · R f (2.2)

This voltage signal may be further conditioned via low-pass filtering and is
then sampled using an ADC.
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In systems relying on such sensors, the accuracy and responsiveness of the
photoelectric front-end define the lower bound of system latency and noise ro-
bustness. As a result, both the analog design and signal conditioning stages play
a central role in the overall performance of the brightness control algorithm.

2.2.2 Low-pass Filtering

A low-pass filter (LPF) could be an electronic circuit that attenuates high-frequency
components of a signal while allowing low-frequency components to pass through.
One of the most common implementations is the passive RC (resistor–capacitor)
low-pass filter, which leverages the frequency-dependent impedance of the capac-
itor.

The capacitive reactance is high at low frequencies, resulting in a significant
voltage drop across the capacitor and a correspondingly high output voltage. Con-
versely, the capacitive reactance decreases at high frequencies, allowing more cur-
rent to bypass the output node through the capacitor to ground. This results in
a lower output voltage, effectively attenuating the high-frequency components of
the input signal.

The RC low-pass filter operates as a frequency-dependent voltage divider, tak-
ing the output across the capacitor. The voltage across the capacitor vout is given
by:

vout = vin ·
XC
q

R2 + X 2
C

(2.3)

Where XC is the capacitive reactance, defined by:

XC =
1

2π f C
(2.4)

As frequency f increases, XC decreases, which reduces the fraction XC
q

R2+X 2
C

,

leading to a lower output voltage.
The cutoff frequency fc , at which the output signal is reduced to approximately

−3 dB of the input is given by:

fc =
1

2πRC
(2.5)

The analog filter’s performance is typically characterized by its cutoff frequency,
roll-off rate (e.g., −20 dB/decade for a first-order filter), and phase shift. These
properties determine the suitability of the filter for applications such as noise re-
duction, signal smoothing, and preconditioning for analog-to-digital conversion.
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R

Cvin vout

Figure 2.2: Schematic of an RC low-pass filter. The input signal vin is applied
to a series connection of a resistor R and a capacitor C . The output voltage vout
is measured across the capacitor. The capacitor presents high reactance at low
frequencies and preserves the signal; at high frequencies, it shunts the signal to
ground, resulting in attenuation.

2.2.3 Moving Average Filtering

The moving average filter is a simple yet effective method for reducing sensor
noise. This technique smooths fluctuations in raw sensor data by averaging the
most recent sensor readings over a fixed window size. The moving average for a
window of N samples is given by:

x̄k =
1
N

N−1
∑

i=0

xk−i (2.6)

Where:

• x̄k is the filtered sensor value at time step k.
• N is the window size (e.g., five most recent samples).
• xk−i are the last N raw sensor readings.

The system averages the last five sensor readings by setting N = 5 to produce
a smoothed output. This method effectively reduces short-term fluctuations but
may introduce a slight delay in response time.

2.2.4 Principles of Hysteresis in Control Systems

Hysteresis is a critical principle in designing automatic brightness control systems
for automotive displays and interior lighting. Its primary purpose is to prevent
rapid toggling between brightness levels in response to minor or short-lived fluc-
tuations in ambient light intensity. Without hysteresis, the system may oscillate
around threshold values, resulting in visible flicker that can compromise display
readability and distract the driver, constituting safety concerns in a vehicular con-
text.

Hysteresis is typically implemented through software-defined thresholds to
ensure stable and predictable behavior. Specifically, separate trigger points are
established for increasing (Thigh) and decreasing (Tlow) brightness levels, forming
a hysteresis band. This band serves as a buffer zone that filters out insignificant
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variations in sensor input, enhancing the system’s robustness against noise and
environmental transients.

Input(Lux)

Output(PWM)

ThighTlow

Mhigh

Mlow

← ←

←

↓

↓

↓

→

→→

↑

↑

↑

Figure 2.3: Classic hysteresis loop with input-output transition behavior. The sys-
tem switches output at thresholds with a predefined magnitude value.

The hysteresis width ∆T = Thigh − Tlow is a tunable design parameter. A nar-
rower hysteresis band increases system responsiveness but may lead to instability
due to noise and signal fluctuations. Conversely, a wider band enhances robustness
by suppressing unnecessary toggling, though it may delay legitimate brightness
adjustments during rapid changes in ambient light.

2.3 The Human Eye and Perception of Brightness

2.3.1 Weber–Fechner Law of Sensory Perception

The Weber–Fechner Law [8] is a foundational model in psychophysics that de-
scribes the relationship between the magnitude of a physical stimulus and its per-
ceived intensity. While not a strict physical law, it provides a widely used approx-
imation of how human perception scales with changes in stimulus strength.

The model states that the just-noticeable difference in a stimulus is propor-
tional to the initial intensity of that stimulus. This means that the stronger the
baseline stimulus, the greater the change required for a person to perceive a dif-
ference. Mathematically, the perceived sensation S is expressed as:
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S = k · log
�

I
I0

�

(2.7)

Here, I is the current stimulus intensity, I0 is the minimum perceptible inten-
sity, and k is a modality-specific constant. In the context of light, I and I0 corre-
spond to luminance levels (e.g., in lux), and the equation suggests that perceived
brightness increases logarithmically with physical light intensity.

This model helps explain why changes in brightness are more noticeable in
low-light environments than in well-lit ones. This property also supports using
logarithmic transformations when designing brightness control systems that aim
to align display output with human visual perception in mind.

2.3.2 Stevens’ Power Law and Brightness Sensitivity

Stevens’ Power Law [9] is a psychophysical model that describes how the per-
ceived intensity of a stimulus relates to its actual physical magnitude. Unlike the
logarithmic Weber–Fechner model, Stevens’ law uses a power function to repre-
sent sensory response more flexibly:

P = k · In (2.8)

In this equation, P is the perceived intensity, I is the physical stimulus intensity,
n is an experimentally determined exponent specific to the type of stimulus, and
k is a scaling constant.

For brightness perception, studies suggest that the exponent n is approxi-
mately 0.33 [9], indicating a compressive nonlinearity as physical light inten-
sity increases, the perceived brightness increases more slowly. This characteristic
aligns with the human visual system, which is highly sensitive to small changes in
low-light conditions, but less under bright illumination.

This model supports nonlinear transformations, such as logarithmic scaling or
gamma correction, when mapping ambient light to display brightness. In display
systems, gamma correction refers to raising the input signal to a power less than
1 (e.g., I0.33) to achieve perceptually uniform changes in brightness.

2.3.3 Implications for Display Brightness Control

Due to the nonlinear nature of human visual perception, adjusting screen bright-
ness in a strictly linear fashion based on raw sensor data does not produce a visu-
ally uniform experience. Instead, a nonlinear mapping must be applied to ensure
that changes in brightness appear consistent to the user.

By applying perceptual scaling models to brightness control, the system can:

• Maintain perceptually uniform brightness adjustments.
• Avoid abrupt jumps in luminance that may cause discomfort or distraction.
• Optimize power efficiency by avoiding unnecessarily high brightness.
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2.3.4 Visual Comparison of Scaling Methods

To make the theoretical models of perceptual brightness more tangible, two graphs
were generated in MATLAB to illustrate the difference between linear and percep-
tually scaled brightness control, which can be seen in Figure 2.4.

Figure 2.4: Comparison between linear PWM control and perceived brightness
response, based on an inverted form of Stevens’ Power Law (Equation 2.8) with an
exponent n= 0.33. The left plot shows how linear increases in PWM do not result
in perceptually uniform brightness steps. The right plot illustrates how applying
a nonlinear scaling function, derived from the inverse of Stevens’ model, yields a
perceptually linear brightness experience.

2.4 Pulse Width Modulation for Brightness Control

Pulse Width Modulation (PWM) is a widely used and efficient method for control-
ling the brightness of displays in vehicles. Rather than adjusting the voltage level
continuously, PWM controls brightness by rapidly switching the display’s back-
light on and off at a high frequency. The human eye cannot perceive this rapid
flickering and instead interprets the result as a steady brightness level.

The perceived brightness is determined by the duty cycle D, which represents
the time the signal remains in the "on" state during each cycle. It is mathematically
defined as:
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D =
Ton

Ton + Toff
× 100% (2.9)

Where Ton is the time the signal is high (backlight is on), and Toff is the time
the signal is low (backlight is off). A higher duty cycle corresponds to a longer
"on" time per cycle and therefore a brighter display. Conversely, a lower duty cycle
results in a dimmer output.

PWM offers several advantages that make it particularly suitable for automo-
tive applications:

• Energy efficiency: Because the backlight is either entirely on or fully off,
power is only consumed during the "on" phases. This reduces heat genera-
tion and energy loss compared to analog dimming methods [10].

• High precision and control: PWM allows for fine brightness-level granu-
larity. Small changes in the duty cycle can produce perceptible changes in
output, making it ideal for smooth transitions in dynamic environments.

• Compatibility: Most modern vehicle displays and lighting drivers are de-
signed to work with PWM input signals, enabling seamless integration with
existing hardware.

In the context of this project, PWM is the final actuator stage of the brightness
adjustment system. Based on ambient light conditions and user preferences, the
system calculates a target brightness level, which is then translated into a specific
duty cycle. This duty cycle is ramped over time using a logarithmic function to
ensure a perceptually smooth transition.

Figure 2.5 illustrates the relationship between the PWM signal and perceived
brightness. A higher duty cycle increases brightness, while a lower duty cycle re-
duces it.

2.5 Logarithmic Ramp-Up and Dimming

Although the primary focus of this report lies in signal processing and perceptual
mapping, the final brightness output is handled by a separate ramping module.
This component uses a logarithmic ramp-up and dimming function to ensure that
brightness transitions occur smoothly and are perceived by human visual percep-
tion. The implementation and performance of this ramping strategy are described
in another report focusing on output behavior and transition dynamics [11].

2.6 Consideration of PID Control Method

At an early stage of development, a Proportional–Integral–Derivative (PID) con-
trol strategy was considered a potential approach for regulating display brightness
in response to ambient light variations. However, this method was unsuccessful
due to practical constraints and system limitations.
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Figure 2.5: Example of PWM signals with different duty cycles. The bottom signal
has a high duty cycle (bright), while the top has a low duty cycle (dim).

Implementing a PID controller would have required an accurate system dy-
namic behavior model. Specifically, a transfer function describing how the display
responds over time to changes in input, typically derived from step-response mea-
surements of output luminance (in candela), would need to be established. This
process involves injecting controlled test signals into the system and capturing its
temporal response using calibrated photometric equipment.

Due to limited access to measurement instruments capable of quantifying ab-
solute display luminance and latency, creating a reliable system model was not
feasible. Without such characterization, tuning a PID controller would have been
speculative and could lead to instability or poor performance under real-world
conditions.

As an alternative, the project adopts a direct mapping approach, where ambi-
ent light sensor readings are used to determine the appropriate display brightness
without relying on feedback from the output.
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Method

3.1 System Design

This system for adaptive brightness control has been developed to deliver im-
proved perceptual quality and faster reaction to changes in ambient light com-
pared to traditional implementations. It retains a single ambient light sensor but
introduces a more advanced control logic and refined signal processing.

An overview of the complete system structure is illustrated in Figure 3.1.

3.1.1 Sensor Filtering and State Classification

The ambient light sensor continuously monitors illuminance, measured in lux. To
minimize the influence of noise and brief anomalies, the raw sensor data is first
processed through a filtering stage consisting of a low-pass filter and a moving
average filter. The resulting stabilized signal is then used to determine whether the
current environment corresponds to day or night mode. To avoid rapid switching
between these states, a hysteresis mechanism is applied where the transition to
day mode occurs once the lux level exceeds an upper threshold and remains above
it for at least two seconds, while the switch back to night mode requires the lux to
drop significantly below a lower threshold and stay there for the same duration.

3.1.2 Lux Interval Segmentation with Hysteresis

Once the lighting condition has been identified, the system evaluates the filtered
lux value against a series of predefined intervals. Each of these intervals corre-
sponds to a distinct range of ambient brightness, such as:

• 0–180 lux→ Interval 1
• 150–360 lux→ Interval 2
• 290–540 lux→ Interval 3

The interval mapping also incorporates hysteresis to suppress transitions. In
night mode, the system defines a higher-resolution set of narrower intervals to

17



18

achieve finer control, as precise brightness adjustment is more critical under low-
light conditions. Conversely, fewer and broader intervals are sufficient in day
mode due to the reduced perceptual sensitivity to brightness variations in well-lit
environments.

3.1.3 Rheostat Mapping

A rheostat is used to adjust the preferred brightness level manually. The system
utilizes two lookup tables, one tailored for daytime and one for nighttime, that
associate each rheostat setting with a predefined range of PWM output values.
Higher rheostat levels correspond to wider or stronger brightness output, while
lower settings produce dimmer results. These mapped ranges form the basis for
computing the final target PWM value.

3.1.4 Target Value Computation

With both the lux interval and rheostat setting identified, the system computes
the target PWM value using a linear interpolation formula:

PWMtarget =
�

PWMmax − PWMmin

N − 1

�

· (interval− 1) + PWMmin (3.1)

Here, N represents the number of intervals defined for the active lighting
mode.
Example: Assume night mode with N = 4 brightness intervals. The selected PWM
range is from 160 to 200 for a given rheostat setting. If the current lux value
corresponds to interval 3, the target value is calculated as:

PWMtarget =
�

200− 160
4− 1

�

· (3− 1)+ 160=
�

40
3

�

·2+ 160= 26.6+ 160= 186.6

The resulting PWM target value is approximately 187.

3.1.5 Transient Light Event Handling

Before applying the PWM value, the system checks if the vehicle is emerging from
a tunnel. If this is the case, it initiates a faster transition and reduces the delay
time, ensuring visibility is restored quickly. Otherwise, a longer validation delay
confirms that the detected interval reflects a sustained change rather than a tran-
sient light variation.

3.1.6 Brightness Transition Execution

Finally, after tunnel and delay processing, the system gradually adjusts the current
PWM output toward the target value. This ramping or dimming is done smoothly,
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based on the developed logarithmic formula [11] to avoid sudden changes that
could distract the driver, ensuring a consistent and comfortable visual experience.

The output PWM is updated incrementally over time according to a basic rate-
of-change relation:

∆PWM
∆t

=
PWMtarget − PWMcurrent

∆t
(3.2)

Figure 3.1 illustrates the system’s modular structure and signal flow.

Figure 3.1: Block diagram of the current adaptive brightness control system ar-
chitecture.

3.2 Development Process

The design of the brightness adjustment system was shaped through an iterative
decision-making process, where early design concepts were evaluated and revised
in response to both practical observations and performance targets. The objective
was to balance system simplicity, user comfort, and adaptability to varying lighting
conditions.

In the initial development phase, a uniform mapping strategy was adopted.
A single brightness curve was defined for the highest rheostat setting to serve
both day and night operation. Lower rheostat levels were then generated by pro-
portionally scaling down this reference curve. This method was favored for its
minimal configuration effort as it reduced the need to define multiple parameter
sets.

Testing showed that the scaling approach worked reliably under daytime con-
ditions where a proportionally reduced brightness output offered adequate differ-
entiation and perceptual contrast. The system preserved a usable dynamic range,
and transitions felt natural to the user.

However, in night mode, the method proved insufficient. Because the maxi-
mum brightness permissible at night is significantly lower, typically only 5–10%
of the daytime maximum, further scaling led to excessively narrow brightness
ranges. This caused multiple rheostat settings to produce nearly identical outputs,
effectively negating the benefit of user control and limiting the system’s ability to
adapt to ambient changes.
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As a result, the approach was revised. Rather than relying on global scaling,
separate PWM output ranges were manually defined for each rheostat level with
distinct mappings for day and night modes. This shift enabled more fine-grained
control, with each setting tuned to provide meaningful brightness variation within
the perceptual thresholds relevant to the given lighting environment.

While this solution introduced additional complexity, in terms of parameter
tuning and calibration effort, it significantly improves the flexibility and effective-
ness of the system.

3.3 Sensor Characterization

Understanding the behavior of the ambient light sensor began with a detailed
analysis of its signal characteristics, resolution, and dynamic response. Testing was
conducted indoors in a controlled office environment using artificial lighting to
simulate varying light conditions. The CANoe platform, a vector-based simulation
and measurement tool, interfered with the sensor via the vehicle’s CAN bus. This
setup enabled real-time observation of the sensor’s output and calibration using
the manufacturer’s predefined parameter sets.

The signal was monitored under various lighting conditions to assess its sta-
bility, responsiveness, and susceptibility to noise. Observations informed the con-
figuration of filtering techniques required to produce a stable yet reactive signal
suitable for downstream brightness control logic. Filtering strategies aimed to bal-
ance noise suppression with minimal signal delay.

To establish baseline values for screen brightness, a series of tests were con-
ducted in a controlled darkroom environment using the vehicle’s display. At the
lowest rheostat level, brightness was incrementally increased until the minimum
readable level was achieved. At the highest rheostat level, the maximum accept-
able brightness was determined. These two boundary values define the upper and
lower limits for the PWM output range.

The brightness range was then segmented into intervals following a logarith-
mic distribution. Higher precision with narrower intervals was applied during
night mode to ensure fine-grained control under low-light conditions. In contrast,
daytime operation utilized broader intervals with fewer steps, reflecting the lower
perceptual sensitivity to brightness changes in well-lit environments.

All interval mappings and PWM values derived in this process are initial cal-
ibration parameters, intended for future refinement through system testing and
validation.

3.4 Output Transition Handling

After the filtered and mapped PWM target value has been determined, the system
must apply it visually comfortably. To avoid abrupt changes in screen brightness,
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which could distract the driver or reduce perceptual quality, the system uses a
ramping mechanism that gradually adjusts the output over time.

This ramp-up function’s detailed design and implementation, including per-
ceptual scaling based on Stevens’ Power Law and simulation in Simulink, is pre-
sented in a separate study [11].

3.5 Test Procedure

A structured test procedure has been outlined to support future in-vehicle vali-
dation of the proposed brightness control system. While the tests have not been
executed within this thesis, they serve as a forward-looking framework for eval-
uating system performance under realistic driving conditions. The methodology
is designed in alignment with common automotive validation practices [12] and
emphasizes key aspects such as signal integrity, control responsiveness, and per-
ceptual comfort.

The test plan is structured into three categories:

1. Brightness adaptation under daylight conditions
2. Brightness adaptation under nighttime conditions
3. Manual rheostat input evaluation

Each scenario assesses whether the system correctly interprets ambient light
variations, applies the mapped zone and ramp response, and maintains perceptual
stability without introducing flicker or overshoot.

3.5.1 Evaluation Metrics

The following parameters will be recorded during each test:

• Activation Validity: Whether the system should have responded based on
sensor data

• Control Accuracy: Whether the output matches the expected PWM value
based on interval mapping

• Response Latency: Time between ambient light change and start of ramp
transition

• Rise Time: Time required for PWM to reach steady-state value
• Subjective Rating: Driver comfort and visibility feedback (optional)

These metrics are selected to capture both the signal-level performance (rel-
evant to sensor handling and filtering) and perceptual output (applicable to user
experience). Unlike the primarily subjective competitor evaluations, this plan in-
cludes quantifiable timing and signal tracking measurements for technical valida-
tion.
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3.5.2 Daylight Conditions

Test cases will replicate daytime scenarios known to induce rapid or partial light
variation:

• Entry and exit from tunnels
• Intermittent shadows from tree-lined roads or buildings
• Weather conditions such as overcast, snowfall, or rain
• Passing under bridges or signage structures
• Natural morning light transitions

These tests will evaluate the filtering algorithm’s ability to suppress irrelevant
transients while allowing genuine light transitions to trigger a response.

3.5.3 Nighttime Conditions

The system must operate with greater precision at night due to the human eye’s
increased sensitivity to light. Testing will include:

• Tunnel transitions at night
• Driving through areas with uneven street lighting
• Headlight exposure from oncoming traffic
• Light variation caused by precipitation
• Gradual shift from dusk to darkness

Special attention will be given to ensuring that the hysteresis and ramp logic
suppress overreaction to minor lux variations.

3.5.4 Manual Adjustment via Rheostat

Although the system is primarily automatic, it supports user-controlled adjust-
ments via a rheostat interface. To verify correct integration, manual adjustments
will be tested under both lighting conditions:

• Incremental adjustments across small steps
• Rapid changes between extreme values

In each case, the system must compute a new PWM target within the allowed
range for the selected rheostat level and maintain smooth transitions using the
ramping function.

3.5.5 Technical Traceability

Each test should be logged with ambient light sensor values, mapped zone indices,
rheostat input state, and real-time PWM output. These signals are directly trace-
able through the signal chain and provide a basis for verifying filtering accuracy,
hysteresis behavior, and ramp execution. Although this test plan remains concep-
tual, it is designed to be directly applicable in a future embedded prototype or HIL
(hardware-in-the-loop) setup.
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3.6 Demonstration Tool

To support visual interpretation of the system’s behavior, a web-based simulation
tool was developed using HTML, CSS and JavaScript, implemented in Visual Stu-
dio Code. The simulator includes a user-controlled slider that emulates changes
in ambient light (lux) which indirectly triggers adjustments in display brightness
according to the control logic designed in this project.

Internally, the slider value is interpreted as a proxy for ambient light inten-
sity and passed into a function that mimics the system’s hysteresis logic and zone
mapping. The resulting brightness level is applied to a graphical overlay using CSS
filter operations allowing smooth transitions over time to replicate the ramping
effect. This is achieved using a delayed fade-in/fade-out animation with config-
urable speed parameters, corresponding to the asymmetric timing strategy used
in the actual control implementation.

Visually, the simulator combines a semi-transparent dashboard overlay with
background map tiles styled in light and dark mode, derived from the Google
Maps Styling API [13] and OpenStreetMap tile data [14]. The dashboard image
was sourced from the company’s internal design material [15], giving the interface
a realistic vehicle-like appearance.
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Results

4.1 Sensor Signal After Calibration

The result, presented in Figure 4.1, shows the ambient light sensor behavior dur-
ing a test scenario recorded in CANoe after calibration and filtering were applied.
The blue curve represents the raw sensor data, which includes visible noise and
high-frequency fluctuations caused by ambient conditions or electronic interfer-
ence.

The black curve, in contrast, shows a processed version of the signal used by
the brightness control system. This signal has undergone filtering and has been
digitized to a specific bit resolution. It represents the internal system value used
for mapping brightness zones and PWM calculation.

Figure 4.1: Sensor output after filtering and calibration. Raw signal (blue) with
visible noise and fluctuation. The filtered signal (black) acts as a representation
used for brightness control. The horizontal axis indicates time in seconds, while
the vertical axis shows ambient light level in raw sensor units (lower) and digital
system value (upper).
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4.2 Discrete Mapping with Hysteresis

Figure 4.2 illustrates an example when the system responds to a fluctuating am-
bient light signal using a discrete zone-based mapping strategy combined with
hysteresis. The red curve represents the simulated ambient light level in lux, and
the blue dashed line shows the corresponding PWM output that controls display
brightness.

The background is divided into three color-coded zones, each labeled Inter-
vall 1, Intervall 2, and Intervall 3, representing specific lux intervals. Each zone
overlaps and is defined by an upper entry threshold and a lower exit threshold to
implement hysteresis.

The figure shows that the PWM signal remains constant within each interval,
even when the input lux signal exhibits short-term variation—the PWM output
changes only when the lux value crosses a hysteresis threshold.

Figure 4.2: Simulated lux signal (red) and corresponding PWM output (blue
dashed) across three defined zones. Each zone includes separate entry and exit
thresholds to apply hysteresis.

4.3 System Behavior in Simulated Transitions

The brightness control system’s dynamic behavior was evaluated by simulating
four key transition scenarios in MATLAB. These scenarios replicate different am-
bient light changes typically encountered during tunnel entry and exit, sunrise
and cloud cover where timing precision and perceptual smoothness are critical
for maintaining readability and reducing visual strain. The simulation tests the
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system’s ability to respond appropriately under demanding real-world conditions
by focusing on these edge cases.

4.3.1 Tunnel Entry

Figure 4.3 illustrates system behavior when ambient light intensity drops sharply.
Upon detecting this change, the system computes a new lower target PWM value.
A one-second fixed delay is applied to avoid responding to transient shading arti-
facts, such as bridges or overhead structures.

Following the delay, the PWM output (red curve) is gradually reduced accord-
ing to the configured logarithmic ramp function. This prevents abrupt dimming
and supports a visually comfortable transition aligned with human perceptual re-
sponse.

Figure 4.3: Simulated tunnel entry scenario where ambient light drops highlight-
ing the system response compared to the legacy system.

4.3.2 Tunnel Exit

In the tunnel exit scenario (Figure 4.4), the ambient light increases rapidly, prompt-
ing the system to compute a higher target PWM value. In this case, a shorter delay
of one second is applied before brightness adaptation begins, reflecting the safety-
critical need for immediate visibility in bright environments.

The PWM output then ramps smoothly to the target level using the same per-
ceptual interpolation logic.
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Figure 4.4: Simulated tunnel exit scenario where ambient light rapidly increases.

4.3.3 Sunrise

Figure 4.5 presents a simulated sunrise scenario, where the ambient light level
gradually increases over a 200-second interval. The updated system’s response
consists of discrete PWM increments triggered when the input light crosses pre-
defined threshold levels. These transitions are subject to a built-in delay. Mean-
while, the legacy system remains almost unresponsive, maintaining a constant
PWM output until the single upper threshold is crossed.

4.3.4 Rapid Cloud Cover

Figure 4.6 illustrates a simulated scenario involving rapid cloud coverage, where
the ambient light level experiences a sharp decline in a few seconds. The up-
dated control system detects the change and, after a two-second delay, responds
by gradually reducing the PWM output via a ramp-down mechanism. As ambi-
ent light recovers, the system restores the PWM level accordingly. In contrast, the
legacy system fails to react to the lighting disturbance and maintains a fixed PWM
output throughout the event.

4.3.5 Perceptual Alignment

Figure 4.7 compares the brightness transition characteristics of the legacy and
new system focusing on their perceptual impact. The upper plot presents the raw
PWM output over time: the legacy system (red) initiates a linear increase 1 sec-
ond after stimulus onset, completing the transition within 0.4 seconds, whereas
the new system (blue) executes a smooth, nonlinear ramp over 2 seconds, also
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Figure 4.5: Simulated sunrise scenario where ambient light gradually increases.

starting after a 1 second delay. The lower plot illustrates the corresponding per-
ceived brightness, derived from Stevens’ Power Law (P = PWM0.33). The legacy
system produces a rapid, perceptually abrupt change, while the new system yields
a perceptual response that progresses linearly, aligning more closely with the char-
acteristics of human visual perception.

4.3.6 Summary of results from scenarios

Table 4.1: Rate of Change Comparison Between New and Legacy System

Scenario System ∆PWM ∆t (s) Rate of Change (PWM/s)

Tunnel Entry
New 50 2.0 25.0
Legacy 50 0.4 125.0

Tunnel Exit
New 50 1.0 50.0
Legacy 50 0.4 125.0

Sunrise
New 10 5.0 2.0
Legacy 50 0.4 125.0

Rapid Cloud Cover
New 20 2.0 10.0
Legacy 0 – 0.0

Table 4.1 presents the measured rate of change in PWM output, defined as∆PWM/∆t,
for the new and legacy systems across four representative scenarios. In the tunnel
entry and exit conditions, both systems exhibit identical PWM amplitude transi-
tions (∆PWM = 50), but the legacy system applies these changes significantly
faster, with rates of 125.0 PWM/s, compared to the new system’s 25.0 PWM/s
and 50.0 PWM/s, respectively.
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Figure 4.6: Simulated cloud cover scenario where ambient light changes abruptly.

In the sunrise scenario, where ambient light increases gradually, the new sys-
tem employs a slower, multi-step adaptation strategy, completing a smaller adjust-
ment (∆PWM = 10) over 5 seconds, resulting in a rate of 2.0 PWM/s. In contrast,
the legacy system performs a sharp transition of 50 PWM units in just 0.4 seconds,
yielding a rate of 125.0 PWM/s.

Lastly, under the rapid cloud cover event, the new system applies a moderate
downward correction of 20 PWM units at a controlled rate of 10.0 PWM/s, while
the legacy system remains static due to its threshold-based activation logic.

4.4 Interactive Simulation Output

The interface in Figure 4.8 enables users to simulate changes in ambient light
using a slider, which triggers display brightness adjustments according to the im-
plemented hysteresis and mapping logic in this project.
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Figure 4.7

Figure 4.8: Web-based simulator illustrating automatic brightness control behav-
ior. Background map styling based on Google Maps Styling API [13] and Open-
StreetMap [14]. Dashboard overlay image sourced from Volvo Cars Media [15].
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Discussion

5.1 Evaluations of Simulation Results

5.1.1 Sensor Signal and Filtering Strategy

The sensor signal presented in Figure 4.1 highlights the importance of robust
signal processing at the input stage. While generally following environmental
changes, the raw ambient light signal exhibits evident high-frequency noise and
quantization effects. Without adequate filtering, such fluctuations could propa-
gate into the brightness control logic, resulting in unstable or flickering screen
behavior.

The applied filtering strategy, combining a low-pass filter and a moving av-
erage, reduces this noise significantly. The filtered signal provides a more stable
basis for downstream processing such as day/night classification, lux zone seg-
mentation, and PWM mapping. This stability is critical for achieving perceptually
smooth transitions, as abrupt or frequent changes, even in small magnitudes, can
be visually disruptive to the user.

Moreover, the filtered signal defines the operating limits of the entire system.
Since all brightness decisions stem from this input, its resolution and temporal
behavior determine how finely and confidently the system can respond to real
ambient light conditions. A poorly filtered or noisy signal would require overly
aggressive hysteresis or delay mechanisms, reducing responsiveness. Conversely,
a well-conditioned input enables tighter hysteresis zones and more responsive yet
stable brightness adjustments.

In this context, the sensor filtering and calibration stage is not an auxiliary
step, but a structural component that directly constrains and shapes the perfor-
mance of all subsequent system modules.

5.1.2 Simulation-Based Validation of Mapping Behavior

The simulated results in Figure 4.2 illustrate how the implemented zone-based
mapping, in combination with hysteresis logic, leads to a stable and predictable
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PWM output. Although the input lux signal varies continuously and contains syn-
thetic noise, the system output changes only when the signal crosses well-defined
zone boundaries. This behavior demonstrates that the hysteresis mechanism ef-
fectively suppresses unnecessary transitions near thresholds.

The PWM output remains constant within each interval, despite short-term
fluctuations in the lux signal. This confirms that combining overlapping entry
and exit thresholds introduces temporal stability and eliminates rapid toggling
between brightness levels. The mapping strategy mimics a perception-oriented
response without requiring overly aggressive signal filtering.

While the simulation is based on synthetic input rather than real vehicle data,
the results validate the intended function of the hysteresis design. The zone defini-
tions and threshold spacing were selected to reflect expected use cases, especially
under transitional lighting conditions. In practice, the observed behavior suggests
that the system avoids perceptual flicker and ensures smooth transitions under
comparable real-world conditions.

5.1.3 Perceptual Zoning and Control Precision

The mapping of lux values to PWM output was deliberately designed to align with
perceptual needs. The visualization shows that zone density is greater in lower
light levels. This allows for finer regulation where human sensitivity to brightness
is highest. During daylight conditions, fewer and wider zones suffice, since the
eye is less sensitive to small changes at higher luminance.

This design balances implementation simplicity with perceptual granularity.
Rather than using a high-resolution linear mapping, which would increase sys-
tem complexity without perceptible benefit, the discrete zones achieve adequate
resolution where it matters most, particularly under night and tunnel conditions.

5.2 System Response Comparison

5.2.1 Evaluation of Brightness Transition Behavior

The simulation results presented in Chapter 4 confirm that the newly implemented
ramp function facilitates smoother and more adaptive brightness transitions com-
pared to the legacy system. Each scenario highlights key differences in system
behavior, with the new implementation exhibiting controlled, context-sensitive
responses, whereas the legacy system relies on abrupt or static threshold-based
changes.

In the tunnel entry scenario (Figure 4.3), the new system delays its reaction
briefly before applying a perceptually-aligned dimming curve. This mitigates un-
necessary responses to short-term shadows (e.g., bridges or overpasses) and en-
sures a comfortable adaptation to darkness. The legacy system, in contrast, per-
forms a fixed and rapid change when a threshold is crossed, or otherwise remains
inactive.
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Similarly, during tunnel exit (Figure 4.4), the new system ramps up brightness
with a shorter delay to restore visibility promptly, maintaining perceptual comfort.
The legacy approach once again applies a binary logic: either switching abruptly
or not at all.

In the sunrise scenario (Figure 4.5), the difference becomes more pronounced.
The new system incrementally increases brightness through discrete levels spaced
over time, offering high granularity in its output. This strategy allows it to follow
the slow increase in ambient light in a perceptually seamless manner. The legacy
system, however, exhibits a single-step response once a predefined lux threshold
is exceeded, resulting in a sudden jump in perceived brightness.

For rapid cloud cover (Figure 4.6), the new system responds with a controlled
dimming and subsequent restoration, effectively smoothing over temporary dis-
turbances. The legacy system fails to react, as the lux level remains within the
hysteresis band.

These qualitative observations are quantitatively supported by the results in
Table 4.1, which reports the measured rate of PWM change (∆PWM/∆t) for each
case. The new system consistently demonstrates lower transition rates—such as
25.0 PWM/s in tunnel entry and 2.0 PWM/s during sunrise—compared to the
legacy system’s uniform rate of 125.0 PWM/s in active cases. This measurable
difference provides direct evidence of smoother transitions.

In addition to reduced rate of change, the new system also demonstrates
greater granularity, reflected by a higher number of discrete brightness levels dur-
ing longer transitions. This enables improved adaptability and responsiveness to
ambient conditions.

This dual benefit of smoother dynamics and finer resolution aligns well with
human perceptual characteristics, particularly when interpreted through Stevens’
Power Law as illustrated in Figure 4.7.

5.2.2 Comparison of Competitor Vehicle Systems

To contextualize the proposed system within current automotive practices, a con-
ceptual comparison was conducted against competitor available solutions as pre-
sented in Table 1.1. While the assessment is primarily qualitative, it highlights key
implementation trade-offs and architectural limitations observed in the field.

BYD’s system demonstrates a highly reactive behavior to changes in ambient
light, exhibiting minimal signal conditioning. This leads to visible flickering, espe-
cially in environments with transient lighting, such as passing under bridges. The
underlying cause is likely the absence of hysteresis and insufficient delay filtering,
allowing short-term fluctuations to trigger unnecessary brightness changes.

In contrast, the Mercedes approach relies on user interface color inversion
rather than direct modulation of the display backlight. While this technique may
improve perceived contrast in moderate lighting, it is ineffective in high-glare con-
ditions where physical luminance control is required to maintain readability and
driver comfort. Additionally, dynamically altering pixel color configurations, espe-
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cially under bright settings, can lead to increased power consumption compared
to adjusting the global backlight level, reducing overall energy efficiency.

The proposed design in this thesis aims to balance responsiveness and stability
by integrating a logarithmic ramp function based on human brightness perception,
a configurable delay mechanism to suppress transient responses, and zone-based
hysteresis to prevent oscillation at threshold boundaries. This layered control ar-
chitecture enables smooth brightness transitions while minimizing visual distur-
bance in dynamic lighting environments.

Future work should include in-vehicle implementation and structured user
studies under real driving conditions to validate the system’s effectiveness relative
to industry benchmarks fully.

5.2.3 Comparison to Scientific Work

The proposed brightness control system aligns with and extends current research
in adaptive display technologies, particularly within automotive contexts. While
prior studies have explored various techniques for display adaptation, our ap-
proach integrates perceptual modeling, signal conditioning, and control hystere-
sis into a unified framework, maintaining physiological comfort and compatibility
with the computational constraints of embedded platforms.

Nadernejad et al. [16] introduced an adaptive local backlight dimming algo-
rithm based on local histogram statistics and image characteristics. Their method
optimizes power efficiency and image fidelity for multimedia displays. Yet, it pri-
marily targets content-aware systems and lacks explicit modeling for external am-
bient light, a critical factor in automotive applications.

Boyce [17] emphasizes the importance of human-centric illumination design
and the nonlinear nature of visual comfort across varying brightness conditions.
Our system addresses these findings by applying a ramp function inspired by
Stevens’ Power Law to ensure that transitions follow perceptual expectations, par-
ticularly during tunnel entry or exit, where abrupt luminance changes are com-
mon.

Other works, such as those by Zhang et al. [18], propose edge-preserving dim-
ming algorithms and current compensation strategies to improve visual contrast.
However, these often depend on computationally expensive methods or scene
analysis, which limits their applicability in real-time automotive contexts. Our
solution maintains low complexity and real-time responsiveness while delivering
perceptually tuned transitions through delay filtering and hysteresis.

In summary, the system presented in this thesis prioritizes perceptual coher-
ence and low latency by translating well-established theoretical insights into a
deployable architecture. This makes it suitable for automotive systems where re-
sponsiveness and robustness are essential.
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5.3 Limitations of Open-Loop Control

The implemented system adopts an open-loop control strategy, whereby display
brightness is modulated solely based on ambient light measurements, without
any feedback on actual screen luminance or user-perceived brightness. While
this approach simplifies the hardware architecture and avoids the need for ad-
ditional sensors, it introduces inherent limitations in terms of stability and adapt-
ability—particularly under noisy or rapidly changing input conditions.

A known drawback of open-loop control is the absence of self-correction: inac-
curacies in the sensor signal, mapping function, or system latency can propagate
unmitigated, leading to erratic or suboptimal output behavior. In traditional open-
loop systems, this can manifest as PWM oscillations near threshold boundaries,
resulting in perceptible flicker or instability. A more robust approach would in-
volve a closed-loop control architecture—such as a proportional-integral (PI) or
proportional-integral-derivative (PID) controller—which dynamically adjusts the
output based on real-time feedback from screen luminance sensors or perceptual
metrics. Such systems inherently offer greater stability, robustness to sensor noise,
and improved perceptual alignment.

However, a fundamental project constraint prohibited the integration of new
hardware. The existing vehicle platform does not include sensors capable of mea-
suring screen luminance or perceived brightness. Adding such components would
have required extensive hardware redesign, cost increases, and platform integra-
tion work, all of which lay outside the project scope. As a result, the system was
designed to maximize the robustness of the open-loop approach using software-
level strategies.

One potential instability in open-loop systems is toggling between brightness
levels due to noisy sensor input. However, as shown in Figure 4.2, the system
effectively prevents this through a combination of zone-based brightness segmen-
tation and hysteresis. The figure illustrates a fluctuating lux input signal hovering
around zone boundaries. Despite the noise, the PWM output (blue dashed curve)
remains stable within each defined interval, due to the application of separate
entry and exit thresholds. This demonstrates that the system is not only aware of
this potential edge case, but is explicitly designed to suppress it.

5.3.1 Fault Handling and Flicker Suppression

To further enhance robustness, the system incorporates additional fault handling
and anti-flicker mechanisms. The ambient light sensor signal is continuously mon-
itored for validity. If an invalid or unreadable signal is detected, the control logic
enforces a predefined fallback PWM value corresponding to nighttime brightness.
This ensures that the screen does not remain at full brightness under failure con-
ditions, thereby reducing driver distraction or discomfort.

Moreover, all brightness zone transitions implement hysteresis by separating
entry and exit criteria. This design prevents rapid toggling across thresholds due
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to minor fluctuations, thereby reducing flicker and stabilizing the visual output.
These enhancements improve the perceptual consistency of the open-loop system
and help compensate for the absence of feedback control.

5.4 Design Decisions and Trade-Offs

Several key trade-offs were made during the design of the brightness control
system to balance responsiveness, perceptual quality, system complexity, and re-
source constraints.

A central architectural decision was to combine discrete interval mapping with
hysteresis rather than relying solely on continuous low-pass filtering. This hybrid
strategy enables prompt reactions to significant changes in ambient light while
avoiding instability from minor fluctuations near zone boundaries.

PWM output levels were manually tuned for each ambient zone and rheo-
stat setting to achieve perceptually comfortable transitions. While this increased
the number of parameters requiring calibration, it allowed for fine-grained con-
trol aligned with human readability thresholds under varying lighting conditions.
This design prioritizes user experience, accepting increased calibration effort for
improved perceived quality.

More than in previous implementations, the use of multiple lookup tables in-
troduced an increase in memory usage. However, since the mappings operate over
a constrained 10-bit range (0–1023), the total memory footprint remains minimal.
In modern embedded systems, such lookup-based designs are considered efficient
and well within typical memory budgets [19]. The enhanced control precision was
deemed to outweigh the negligible memory overhead.

An additional design consideration involved a potential dual-sensor configu-
ration. While using two ambient light sensors with differing orientations could
have improved spatial coverage, redundancy, and control fidelity, the secondary
sensor was excluded due to its lower resolution and slower response. Moreover,
integrating a second sensor would have introduced unnecessary system complex-
ity regarding signal fusion, calibration, and fault handling. The final architecture
thus favors deterministic behavior and simplicity by relying on a single, high-
performance sensor deemed sufficient for the operational context.

5.5 Limitations

While the developed brightness control system demonstrates robust behavior in
simulation, several limitations must be acknowledged before considering real-
world deployment.

First, the mapping between ambient light levels and perceived display bright-
ness is based on an idealized, open-loop model. It assumes a consistent and linear
relationship between the PWM signal and screen luminance, which may not hold
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under real-world conditions. Display aging, temperature variation, reflective sur-
faces, and viewing angles can significantly affect perceived brightness.

Furthermore, the defined lux intervals and hysteresis thresholds were estab-
lished based on synthetic test signals and subjective perceptual tuning. While ef-
fective for initial validation, they may not fully capture the diversity of lighting
dynamics encountered in everyday driving. Ambient light behavior inside a vehi-
cle can vary considerably depending on dashboard design, window tinting, sun
position, and even the driver’s physical position.

Although including a rheostat allows manual brightness adjustment, the sys-
tem does not account for user-specific preferences beyond this fixed input scale.
In practice, individuals may have varying comfort thresholds for brightness under
identical lighting conditions due to differences in visual sensitivity, age, or driving
habits.

Sensor limitations must also be considered. Signal conditioning has been shown
to suppress noise effectively, but the overall system accuracy still depends on sen-
sor placement, optical shielding, and alignment relative to the driver’s line of sight.
Additionally, sensor latency, resolution, and low sampling frequency can reduce
the system’s responsiveness in fast-changing conditions.

5.6 Future Work

Several areas are proposed for future development to address the identified limi-
tations and enhance the system’s applicability in real-world scenarios. One crucial
step is the introduction of closed-loop calibration using actual luminance measure-
ments taken directly from the display surface rather than relying solely on PWM
assumptions.

Additionally, collecting ambient light data under realistic driving conditions,
across different vehicle types, geographies, and weather scenarios, would enable
more accurate tuning of zone boundaries and hysteresis thresholds.

Another promising direction is the integration of ambient light classification,
allowing the system to distinguish between lighting conditions such as overcast
skies, tunnel entry, or direct sunlight. This could improve context-awareness and
transition handling.

Furthermore, incorporating user-adaptive models that learn from individual
driver preferences over time could enable personalized brightness behavior, im-
proving comfort and perceived system quality.

Lastly, evaluating the impact of sensor placement, orientation, and angular
sensitivity under real-world conditions would help ensure reliable input data and
consistent system performance across different vehicle architectures.

Implementing these improvements could increase the system’s adaptability
and robustness, leading to a more consistent, comfortable, and user-aligned bright-
ness control strategy across different vehicles, drivers, and environments.
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5.7 Social Considerations

Implementing automatic brightness control directly impacts functional safety and
user well-being. The system reduces driver distraction and visual discomfort by
mitigating sudden changes in display luminance during dynamic lighting transi-
tions. This aligns with the objectives of ISO 26262, which highlights the impor-
tance of safe human-machine interaction in automotive environments [12].

From a broader perspective, adaptive brightness control also supports both
environmental sustainability and long-term cost efficiency. By adjusting the screen
output based on ambient light levels, the system avoids overdriving the display
backlight in low-light conditions, thereby reducing overall energy consumption.
In addition to lowering the vehicle’s power demand, this also decreases thermal
output from the display system.

Reduced thermal stress helps extend the operational lifetime of display hard-
ware and surrounding electronics, which is particularly important in the automo-
tive domain where thermal cycling is a known reliability factor [20]. Prolonged
component lifespan results in fewer replacements, lower lifecycle costs, and re-
duced material waste. These aspects support the broader environmental goals de-
fined in the United Nations Sustainable Development Goals, particularly SDG 12:
Responsible Consumption and Production [21].

The system improves perceptual ergonomics and driving safety, and supports
principles of environmental responsibility and resource efficiency, aligning with
societal expectations in modern vehicle design.



Chapter 6

Conclusion

This thesis has presented the design, implementation, and simulation of a per-
ceptually guided system for automatic display brightness control in vehicles. The
proposed solution addresses key limitations of legacy strategies—namely abrupt
transitions, poor noise tolerance, and lack of alignment with human visual percep-
tion—by integrating calibrated ambient light sensing, multi-stage filtering, zone-
based hysteresis, and nonlinear ramping based on Stevens’ Power Law.

A key innovation lies in replacing binary day/night behavior with a dynamic,
threshold-driven segmentation strategy. This enables finer control, especially un-
der slowly varying conditions like sunrise or partial cloud cover, and allows the
system to modulate its response speed depending on context. Simulation results
confirm that the new system achieves significantly lower transition rates compared
to the legacy implementation (e.g., 2.0 vs. 125.0 PWM/s), resulting in smoother
and less intrusive brightness changes.

In addition to smoother dynamics, the system demonstrates improved out-
put granularity—manifested as more discrete brightness steps over time—which
enhances its adaptability to continuous ambient changes. Furthermore, the per-
ceived brightness response, as modeled by Stevens’ Law, confirms that the system
achieves near-linear progression in perceptual terms despite the nonlinear PWM
output. These outcomes align well with human comfort requirements and help
reduce potential issues such as flicker or glare.

The implementation is modular and tunable, making it well-suited for em-
bedded deployment and future extensions, such as user-specific adaptation. The
inclusion of a visual simulation tool has further supported both validation and
stakeholder communication, serving as a bridge between technical performance
and experiential impact.

While the system has not yet been validated in a physical vehicle, the sim-
ulation framework provides a robust conceptual and analytical foundation. Fu-
ture work should include in-vehicle prototyping, sensor placement evaluation,
and user studies to fully verify the system’s effectiveness in real-world driving
scenarios.
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