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Lighting quality is a crucial factor that affects the performance of camera-based face
detection systems, especially in CCTV surveillance systems that operate in low or
uneven lighting conditions. This study aims to analyze the performance of
illumination-invariant preprocessing methods in improving the accuracy of human
face detection under various lighting conditions. Three preprocessing approaches
were compared, namely Histogram Equalization (HE), Gamma Correction (GC), and
a hybrid method that combines both (GC+HE). The dataset used consists of 1415
human face images taken using a webcam with variations in five lighting conditions,
four face directions, and three shooting distances. All images were processed using
the Haar Cascade Classifier algorithm as the face detection method. Performance
evaluation was conducted using accuracy, precision, recall, and confusion matrix
analysis metrics. The test results showed that the hybrid method provided the best
performance with a precision of 92.79%, accuracy of 87.49%, and recall of 89.61%,
compared to the HE and GC methods used individually. This improvement indicates
that the combination of lighting normalization and contrast enhancement can
produce more stable and informative facial images for the detection process. The
findings of this study indicate that the hybrid-based illumination invariant approach
is very effective for application in real-time visual surveillance systems, especially

in environments with limited lighting.

This is an open access article under the CC-BY-SA license.

l. INTRODUCTION

Video surveillance systems such as CCTV have become an
important foundation in efforts to maintain security in both
public and private spaces. However, the effectiveness of these
systems is highly dependent on the visual quality of the
recordings. One of the main challenges is the decline in image
quality in low light conditions or when room lighting is
inadequate. In many cases, conventional CCTV cameras often
fail to capture important details such as human facial features,
especially at night or in areas with uneven lighting. When the
ambient luminance level falls below the optimal threshold of
around 20 lux, image quality is compromised by visual
disturbances such as noise, reduced contrast, and loss of
important details from faces, which are key features for

identifying perpetrators [1] [2]. Various studies support this
statement, such as [3] emphasized that deep learning-based
facial detection systems still face difficulties in processing
low-light CCTV footage without digital compensation. The
same applies to the research conducted by [4] which shows
that CNN models experience a significant decline in
performance when handling facial images with poor lighting.
This is reinforced by a study which examined the use of
Histogram Equalization on CCTV and found that this
technique effectively improves contrast in dark conditions,
but needs to be improved for real-time application.

These lighting quality issues not only affect visual quality,
but also directly impact the performance of the automatic face
detection system. Conventional methods such as Haar
Cascade are very sensitive to shadows, light reflections, and
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bright backgrounds. This phenomenon makes it difficult for
the system to distinguish faces from the background,
especially in low lighting [5], [6]. In the context of
workspaces or educational environments, the use of CCTV
without additional lighting is considered suboptimal because
it produces uninformative visuals and makes analysis difficult
[7]. Empirical evidence also supports this, as the research
conducted by [8] report that face detection quality can
decrease by up to 30% in poor lighting conditions compared
to ideal conditions. Error rates such as false positives and false
negatives increase dramatically if lighting preprocessing is
not applied. A study by [9] in the book “Digital Image
Processing” explains that improving visual quality through
image processing techniques is a key component in ensuring
the reliability of camera-based security systems.

To address the decline in image quality caused by lighting
conditions, as discussed earlier, an approach is needed that
can normalize lighting intensity without losing important
facial information. One commonly used approach is the
illumination-invariant preprocessing technique. In this study,
two commonly used techniques are Histogram Equalization
(HE) and Gamma Correction. HE improves global contrast by
spreading pixel intensity evenly, while Gamma Correction
adjusts lighting intensity while maintaining facial texture
details [10]. This approach is widely used in surveillance
systems and face monitoring applications due to its
lightweight nature and ease of implementation [11]. A hybrid
approach that combines Gamma Correction and HE
sequentially has been proven to provide more stable results.
The study found that the combination of these techniques not
only improves the contrast and visibility of human facial
features, but also reduces background noise. The study a low-
light room monitoring environment showed that enhancing
contrast through preprocessing significantly contributes to
improved face detection accuracy in low-light environments.

However, the use of these preprocessing methods still
leaves room for further research, particularly with regard to
systematic comparative evaluations under various lighting
conditions in the context of CCTV-based security systems.
The research conducted by [12] emphasize the importance of
using evaluation metrics such as confusion matrix, accuracy,
precision, recall, and F1-score to compare the effectiveness of
each preprocessing method. With these parameters, the
system can be optimized according to field requirements. The
combination of Multiscale Retinex and HE has also been
shown to improve face feature detection performance by up
to 70% in low-light images. This improvement allows the
system to accurately extract important facial features even in
extreme conditions. The study shows that pixel-wise gamma
mapping is also effective in stabilizing lighting without
adding noise, which is very useful in real-time CCTV-based
video.

In practical applications, especially in security systems
such as smart CCTV or Internet of Things (loT)-based
monitoring systems, the ability to detect faces in low-light
conditions is crucial. Many crimes occur in dark areas such as

narrow alleys or underground parking lots, which are weak
points for conventional CCTV cameras. The study shows that
increasing contrast through preprocessing can significantly
improve CCTV image results without the need to replace
hardware. The application of Gamma Correction and
Histogram Equalization also has high economic value
because it does not require additional devices such as infrared
cameras. The research conducted by [13] in the development
of Low-FaceNet revealed that an efficient preprocessing
system can improve real-time face recognition performance
in systems with limited resources. The study also noted that
lightweight visual systems developed with power-saving
principles are suitable for application in loT-based automatic
surveillance systems.

Based on these practical implementation needs and
previously identified research gaps, this study focuses on a

comparative analysis of the performance of three
illumination-invariant  preprocessing methods, namely
Histogram Equalization, Gamma Correction, and a

combination of both, in detecting human faces under different
lighting conditions. Unlike many previous studies that rely on
a single preprocessing algorithm, this research proposes a
hybrid illumination enhancement approach to improve system
adaptability under  dynamically changing lighting
environments. The research was conducted experimentally by
using a facial image dataset captured across multiple lighting
scenarios, followed by systematic preprocessing and
evaluation using precision, recall, and overall accuracy
metrics. The scope of the study is limited to the preprocessing
stage in human face detection, not to direct face classification
or recognition, in order to explicitly quantify the contribution
of illumination normalization to detection robustness. The
novelty of this work lies in its structured comparative
framework and adaptive hybrid strategy designed to enhance
detection stability while maintaining computational
efficiency for embedded and loT-based surveillance systems.
From a scholarly perspective, this study contributes empirical
evidence  demonstrating that combining  contrast
redistribution and luminance correction yields more
consistent detection performance than single-method
approaches. In terms of tangible societal benefits, the
proposed method enables more reliable and cost-effective
smart CCTV deployment without requiring additional
hardware such as infrared cameras, thereby improving
security monitoring in public spaces, industrial facilities, and
transportation infrastructures operating under non-ideal
lighting conditions.

Il. METHODOLOGY

This section discusses matters related to the flow of
research work, including datasets, data preprocessing, model
training, model evaluation, implementation, and system
testing.
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A. Related Work

Research on facial recognition in suboptimal lighting
conditions has grown rapidly along with the increasing need
for CCTV-based visual security systems. Illumination-
invariant preprocessing techniques such as Histogram
Equalization (HE) and Gamma Correction (GC) are widely
used to stabilize image quality before face detection. The
study developed a CCTV-based criminal investigation
framework that utilizes dark image contrast enhancement, and
the results show that visual quality enhancement methods are
very helpful in the process of identifying perpetrators. This
approach is important because unstable environmental
lighting conditions can cause high noise and loss of important
visual features on human faces. The research conducted by
[14] also showed that an embedded system-based face
recognition system that uses the illumination invariant
method has more stable performance when faced with
changes in light intensity, especially for door access control
purposes. Similar findings were revealed by [15], who
implemented a lighting-resistant facial recognition system for
digital kiosk-based healthcare services and successfully
maintained identification accuracy even under extreme
lighting conditions. The results of this study reinforce that
lighting preprocessing is a crucial stage in camera-based
facial recognition systems under various lighting conditions.

In addition, other studies also emphasize the importance of
combining methods to improve the resilience of facial
detection systems against noise and excessive shadows. The
research conducted by [16] proposed a campus security
system based on automatic facial detection integrated with
image processing to overcome the challenge of uneven
lighting. By applying a hybrid technique that combines HE
and GC, facial contour visibility is significantly improved,
and false positives and false negatives in the detection process
are reduced. The research conducted by [17] show that the
lighting normalization method is very effective in reducing
the effects of makeup and shadows on the face, making the
system more adaptive to variations in user appearance. This
study also found that the influence of lighting is more
dominant in determining recognition performance than other
parameters such as face position. Based on these studies, it
can be concluded that illumination-invariant preprocessing is
an important step in building a more reliable object detection
system in the real world and is a strong foundation for this
research

B. System Architecture Design

The system architecture used in this study is designed to
support real-time human object detection through a
combination of sensors, cameras, and integrated processing
based on Raspberry Pi. When movement occurs, the PIR
sensor detects changes in infrared radiation from the human
body, then sends a signal to the Raspberry Pi as the system
control center. Simultaneously, the LDR sensor and digital
camera capture light intensity and visual images of objects to
support the identification process. Data from the sensors and

cameras is processed on the Raspberry Pi, which is then
forwarded via a Wi-Fi network to a local server or cloud
server. Several studies have shown that this approach is
effective in increasing system response speed while enabling
integration with loT-based platforms to maximize monitoring
performance [18][19]. In addition, this design also allows the
system to efficiently detect, record, and store human
movement data to support security investigations.

The next step is data processing on local and cloud servers,
which allows for flexibility in analysis. Local servers serve as
temporary storage that can be used to provide instant
notifications, such as automatic alarms when objects are
detected. Meanwhile, cloud servers are used to store data in
the long term, perform artificial intelligence-based analysis,
and provide remote access to users via internet-based devices.
Previous research emphasizes the importance of cloud
integration to support advanced analysis and real-time data
availability [20], The implementation of this loT-based
architecture has also been proven effective in supporting
various image processing and face detection methods,
including the application of illumination invariant
preprocessing techniques such as Histogram Equalization and
Gamma Correction, which require higher computing power
[21][22]. The design of this system architecture not only
functions as a simple surveillance system, but also supports
the application of advanced analytical methods to improve the
accuracy of face detection in complex lighting conditions.
The architectural design of this system can be seen in Figure

1.
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Figure 1. System Detection Architecture.

C. Human Face Detection Method

The face detection method used in this study employs the
Haar Cascade Classifier, a popular algorithm in object
detection systems due to its speed and efficiency on devices
with limited resources. The detection process begins by
capturing images from a camera or video, which are then
converted to grayscale. This step is performed to simplify
computation, as intensity-based detection does not require
color information. Next, the grayscale image is processed
using the Haar Cascade Classifier and Convolutional Neural
Network (CNN). This algorithm works by scanning the image
at various scales (multi-scale detection), so that faces can be
recognized even if their size varies within the frame. If a face
is detected, the system draws a bounding box around the face
area, and the detection results are saved or displayed on the
user's screen. However, if no face is detected, the system will
output “No Face”.
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Technically, the face detection system in this study
employs two approaches like the Haar Cascade Classifier and
the Convolutional Neural Network (CNN) to evaluate face
detection performance under various lighting conditions. The
Haar Cascade utilizes Haar-like features that represent
differences in intensity between image regions and employs
integral images to accelerate the computational process. This
method is known for its low computational complexity and
ability to operate in real-time on resource-constrained devices
such as the Raspberry Pi in loT-based surveillance systems
[22][23][24]. In addition, this study employs a CNN-based
approach as a modern benchmark due to its ability to handle
variations in lighting conditions, poses, and backgrounds.
CNN is used to compare detection performance with the Haar
Cascade method and to evaluate the impact of lighting-
invariant preprocessing on both approaches. However, CNN
requires greater computational resources, whereas the Haar
Cascade offers a faster and lighter solution suitable for real-
time CCTV-based surveillance systems.

D. Hlumination Invariant Model Concept

One of the biggest challenges in CCTV-based face
detection systems is unstable lighting conditions, especially
in environments with low light intensity or uneven lighting.
To overcome this, this study uses an illumination invariant
preprocessing model designed to stabilize lighting before the
face detection stage is carried out. The system workflow
begins with image capture via a camera, followed by a
lighting condition check. If low lighting conditions are
detected, lighting enhancement methods such as Histogram
Equalization (HE), Gamma Correction (GC), or a
combination of both in Hybrid form are applied. After this
stage, the image is converted to grayscale to simplify
computation, then forwarded to the face detection process
using the Haar Cascade Classifier and Convolutional Neural
Network (CNN). With this approach, the system can produce
more stable facial images, thereby increasing accuracy and
reducing the error rate in detection. A number of studies have
confirmed that illumination enhancement is a crucial factor in
improving the reliability of camera-based visual security
systems [25].

The advantage of this illumination-invariant model is its
flexibility in selecting lighting enhancement methods
according to real conditions. Histogram Equalization provides
a more even intensity distribution, making it suitable for
images with low contrast, while Gamma Correction is more
effective for improving images that are too dark or too bright.
A hybrid approach that combines the two has even been
proven to preserve facial texture details while improving
contour visibility. Recent research shows that this
combination of preprocessing can improve face detection
performance by 20-30% compared to images without
preprocessing [26][27]. Furthermore, integrating this method
with loT-based devices such as Raspberry Pi also enables
real-time implementation without the need for expensive
additional hardware. Therefore, illumination-invariant

models are an important foundation for ensuring that face
detection systems remain reliable in real-world environments,
which are often full of lighting variations. This process is
illustrated in the flowchart in Figure 2.
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Figure 2. Flowchart of Illumination Invariant Implementation.

I11. RESULTS AND DISCUSSION

In the context of face detection in CCTV-based
surveillance systems, uneven lighting conditions often result
in suboptimal image quality. Therefore, illumination invariant
preprocessing methods are used to stabilize lighting and
improve the clarity of facial features. The two most
commonly applied methods are Histogram Equalization (HE)
and Gamma Correction (GC). Histogram Equalization works
by redistributing the pixel intensity values in the image so that
the contrast distribution becomes more even. This technique
is very effective for improving visibility in areas that are too
dark or too bright [28]. Meanwhile, Gamma Correction is a
non-linear method used to improve image brightness by
adjusting the intensity value using an exponential function
[29]. A gamma value of less than 1 is used to brighten the
image, while a gamma value of more than 1 is used to darken
it. The combination of the Gamma Correction and Histogram
Equalization methods has been proven to increase the number
of detected facial features while maintaining the natural
structure of the face in the image [30]. In this study, the two
methods were combined in a hybrid approach because the
integration of contrast enhancement and brightness correction
can produce more balanced lighting normalization and reduce
the loss of important facial features in low-light conditions.
Previous research has also shown that combining histogram
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equalization with adaptive gamma correction is effective in
improving image quality in low-light conditions and
enhancing visual information for computer vision
applications [31].

The application of Gamma Correction (GC) and Histogram
Equalization (HE) in CCTV-based surveillance systems plays
a crucial role in improving image quality under uneven
lighting conditions. GC is used to adjust overall brightness
and preserve facial textures in dark images, while HE
enhances the overall contrast distribution to make facial
features more visible. In this study, both methods were
applied sequentially as lighting-independent preprocessing
steps prior to the face detection stage. To evaluate the
effectiveness of the preprocessing methods, two face
detection approaches like Haar Cascade and Convolutional
Neural Networks (CNN) were used as comparison methods to
determine whether faces could be successfully detected after
image quality enhancement. Previous studies have reported
that gamma- and histogram-based preprocessing can improve
face detection performance by 15-30% on low-light CCTV
images, indicating that preprocessing is a critical component
in real-time video surveillance systems under challenging
lighting conditions. The overall research design and
processing stages applied can be seen in Figure 3.
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Figure 3. Research Design Plan.

A. Phase 1: Image Acquisition and Reprocessing

The initial stage in the face detection system is image
acquisition and preprocessing. CCTV cameras are used to
capture images of faces from real environments with varying
lighting conditions. Each image captured is converted to
grayscale format to reduce computational complexity, as
color information does not significantly affect intensity-based
face detection. The images are then converted to a standard
size so that the comparison process between samples is more
uniform. In addition, the system performs an average
brightness analysis to classify lighting conditions such as
bright, normal, low, and dark. At the stage of capturing input

images from the camera, 1,415 images of human faces were
taken using a webcam. Each image was grouped into five
lighting conditions: normal lighting, low lighting,
backlighting, direct lighting, and dark. In addition, each
lighting category included variations in face direction
(parallel, left, right, down) and shooting distance (close,
medium, far). All data was structured in folders based on
lighting category, face direction, and distance for easy
processing in the next stage.

The next step involves converting the input image to
grayscale and resizing it to a standard resolution before
applying a preprocessing method that is not affected by
lighting conditions. Conversion to grayscale is performed to
reduce image complexity by retaining only luminance
information, allowing the system to focus on important facial
features such as texture, edges, and contours, while
minimizing the impact of color variations caused by lighting
changes. Grayscale conversion effectively preserves critical
luminance information and reduces distortion caused by
extreme lighting during face detection [32]. Afterward, the
image is resized to ensure consistent dimensions across the
dataset, which helps improve processing efficiency and
maintain consistency during the detection process. These
preprocessing steps are crucial for improving the stability and
robustness of the face detection system under varying lighting
conditions. Afterward, the image is resized to ensure
consistent dimensions across the dataset, which helps
improve processing efficiency and maintain consistency
during the detection process. These preprocessing steps are
crucial for improving the stability and robustness of the face
detection system under varying lighting conditions. This is
reinforced by [33], that brightness normalization can improve
the consistency of facial feature representations by correcting
uneven light intensity distributions

B. Phase 2: Hlumination Invariant Enhancement

In this study, the illumination-invariant enhancement
stage was performed after the initial detection of the face
region (region of interest/ROI) from images captured in real
time using a CCTV camera. Once the face area was
successfully obtained, a lighting normalization process was
performed to reduce the effects of low or uneven light
intensity so that facial details could still be clearly recognized.
Lighting conditions in this study were divided into five
categories: Normal Lighting, Low Lighting, Backlighting,
Direct Lighting, and Dark or Uneven Lighting, characterized
by uneven light distribution due to shadows or a light source
from a single direction.

In the enhancement stage, this study tested three
illumination-invariant preprocessing methods: Histogram
Equalization (HE), Gamma Correction (GC), and a hybrid
method (GC+HE). HE is used to improve the image’s contrast
distribution by evening out pixel intensity, while GC is used
to adjust the image’s brightness level non-linearly using a
gamma parameter of 1.5 to preserve facial texture and detail
in low-light conditions. In the hybrid method, the process is
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performed sequentially by first applying Gamma Correction
to improve the image’s global luminance, followed by
Histogram Equalization to enhance local contrast and clarify
facial contours [34]. This combination was chosen because
GC can improve the visibility of dark areas without losing
important details, while HE is capable of emphasizing facial
patterns and structures, thereby producing more stable image
quality for the face detection process using Haar Cascade and
CNN in the subsequent stages. In addition, research
conducted by [35] reports that gamma correction effectively
improves the accuracy of face recognition under extreme
lighting conditions. Therefore, the illumination-invariant
method used in this study serves as a crucial step in enhancing
image quality prior to the face detection evaluation process.
The lighting category criteria used in this study are presented
in Table I.

TABLE |
LIGHTING CATEGORY CRITERIA

No Light Lux Value Description
Category (Lux)
Normal 100to 250 | Image conditions with
Lighting adequate lighting indoors
Low 30to 75 An image in low light
Lighting conditions, details are still
clearly visible from a
window with light sources
such as sunlight.
3 | Backlighting 75t0 100 | A condition where the light
source is behind the object
4 | Direct > 250 Lighting from multiple
Lighting light sources and
sufficiently bright
5 | Dark <30 Dim lighting where image
details are still visible from
the room's light source

In low lighting conditions, the system has difficulty
accurately detecting human facial features. As shown in
Figure 4.

Figure 4. Original Image (a) and Gamma Correction (b).

To overcome this problem, the Gamma Correlation method
was applied as part of the lllumination Invariant process to
adjust the lighting intensity in the image. The results of
processing using Gamma Correlation showed an
improvement in the system's ability to detect all human
objects in the image, as can be seen in Figure 4b. This test
demonstrated the effectiveness of the method used in
overcoming lighting constraints to support accurate object
detection.

Figure 5. Histogram Equalization Combination.

Combination of Histogram Equalization After applying
gamma correction to human facial images, this gamma
correction is then combined with other lighting normalization
methods within the framework of illumination-invariant
preprocessing. Figure 5 shows the final result, where the
facial image has undergone a combined pre-processing stage
consisting of grayscale conversion, gamma correction, and
Histogram Equalization (HE). After gamma correction
produces an image with more stable lighting intensity in
various areas, the histogram equalization stage is then applied
to improve global contrast by distributing pixel intensity more
evenly across the entire face area. This visual change is
evident in the increased sharpness of facial details such as
cheek contours, nose, eyes, and hair texture, which become
clearer and more recognizable compared to the image before
processing.

C. Phase 3: Face Detection

In the third stage, the system performs face detection using
two approaches like the Haar Cascade Classifier and the
Convolutional Neural Network (CNN) to compare detection
performance after the image undergoes illumination-invariant
preprocessing. The Haar Cascade was chosen because it
offers high detection speed and low computational
complexity, making it suitable for devices with limited
resources such as the Raspberry Pi [36]. This method detects
faces by analyzing pixel intensity differences using Haar-like
features and the Integral Image mechanism, allowing the
detection process to be performed quickly and efficiently
[37]. Meanwhile, the CNN is used as a deep learning-based
approach to evaluate face detection capabilities under more
complex lighting conditions and as a benchmark against the
conventional Haar Cascade method. The use of these two
methods aims to analyze the impact of illumination-invariant
preprocessing on the success of face detection, both in
lightweight, low-computational-load methods and modern
deep learning-based methods. Previous research has shown
that the Haar Cascade remains effective when applied to
Raspberry Pi-based systems [38]. whereas CNNs demonstrate
superior capability in extracting facial features under diverse
lighting conditions and backgrounds.

illumination Normalization llumination invariant Model i
- P (camma value) . P Grayscaleranstorm L0 am Equalization) P
Current

Mumination
Appearance Image (i)

Figure 6. Illumination Invariant Face Detection Stages.
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Figure 6 illustrates the preprocessing steps for facial
images in response to changes in lighting, applied prior to the
face detection process using the Haar Cascade and CNN. This
process begins with the original face image (current
appearance) captured under uneven lighting conditions,
which can reduce the visibility of facial features. To address
this issue, Gamma Correction with a specified gamma value
is applied to normalize global brightness and stabilize the
image’s luminance. The image is then converted to grayscale
to simplify visual information and emphasize light intensity
patterns rather than color information. Next, Histogram
Equalization is performed to redistribute pixel intensity
values and enhance image contrast, making facial contours
and key features more distinct. The final result is an
Illumination Image (11) with normalized brightness that is
more stable against lighting variations and suitable for
subsequent face detection stages. Based on these processing
steps, Figure 7 shows that facial objects can be successfully
detected after the process of improving resistance to lighting
variations. This also confirms that the illumination invariant
approach can improve the consistency and accuracy of the
facial detection system under various lighting conditions.

Figure 7. applying the Haar Cascade Method.

D. Phase 4: Evaluation And Comparison

In the evaluation phase, the performance of face detection
using the Haar Cascade and CNN methods was compared to
analyze the effectiveness of the proposed lighting-robust
preprocessing approach in improving face detection under
varying lighting conditions.

"m' Lo B T 4 B ., Aiays
ke P e e
Figure 8. Normal (a) and lllumination Invariant (b) using Haar Cascade.

Figure 8 shows a comparison of face detection results
using the Haar Cascade method under normal conditions and
after applying the illumination-invariant preprocessing
method. In Figure 8a, which shows the detection results
without  the  application  of illumination-invariant
preprocessing, the system was only able to correctly detect 7
out of a total of 21 tested face images. Several facial objects
failed to be detected due to low lighting conditions and
uneven light distribution, making facial details less visible. In
addition, several detection errors (false positives) were found,

indicated by the appearance of green boxes in areas that were
not faces. These results show that the Haar Cascade method
is highly sensitive to variations in lighting and background
noise, especially when image contrast is low. Meanwhile,
Figure 8b shows the detection results after the images
underwent illumination-invariant preprocessing using a
combination of Gamma Correction and Histogram
Equalization. After the enhancement process was performed,
all 21 facial images were successfully detected by the system,
indicating that preprocessing is capable of improving the
visibility and contrast of facial features under varying lighting
conditions. However, although the detection success rate
increased significantly, the system still produced several false
positives, as indicated by the appearance of additional green
boxes in non-facial areas in some images. This indicates that
the illumination-invariant method successfully enhances the
clarity of facial features, but simultaneously amplifies certain
background patterns and noise that are mistakenly recognized
as faces by the Haar Cascade classifier. Overall, these results
demonstrate that the proposed preprocessing approach is
effective in improving face detection success under low-light
conditions, although detection accuracy still needs to be
improved to reduce the occurrence of missed detections and
false positives.

Figure 9. Normal (a) and Illumination Invariant (b) using CNN.

In addition, this study also conducted tests using the
Convolutional Neural Network (CNN) method to compare
face detection performance after applying illumination-
invariant preprocessing. Figure 9a shows the results of face
detection using CNN after applying Gamma Correction
during the image preprocessing stage. Out of a total of 21 face
images tested, the system  successfully detected
approximately 10 faces, marked with green boxes in the facial
area. The application of Gamma Correction helped increase

the image brightness, making some facial features that were

previously dark more visible to the detection system.
However, some faces were still not detected due to extreme
lighting conditions such as low light and backlight.
Furthermore, Figure 9b shows the detection results after
applying a combination of Gamma Correction and Histogram
Equalization. At this stage, the system successfully detected
19 out of 21 tested face images. The combination of these two
methods improved the image’s lighting distribution and
contrast, making facial features clearer and easier for the CNN
to recognize.

The results show that the application of the illumination-
invariant method can improve face detection performance
under uneven lighting conditions. The combination of
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Gamma Correction and Histogram Equalization has proven
effective in improving image quality by enhancing the
brightness and contrast of faces prior to the detection process
[39][40]. Several previous studies have also stated that the
combination of these two methods can reduce detection errors
caused by low lighting and help preserve facial feature details
[41][42]. Thus, the application of illumination-invariant-
based preprocessing yields more stable and accurate detection
results in the CNN method compared to without
enhancement.

Comparison Chart of Normal vs Gamma
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Figure 10. Comparison Chart of Normal vs Gamma.

In figure 10 shows a comparison of the number of faces
successfully detected between images without lighting
correction (Normal) and images that have been processed
using Gamma Correction with two different gamma values,
namely y = 1.5 and y = 2.5. Under normal lighting conditions,
the system was able to detect 1020 faces from the entire
dataset. After applying gamma correction with a value of y =
1.5, the number of detections decreased to 983 faces, and at y
= 2.5, the number of detections decreased to 988 faces. These
results show that the application of gamma correction does
not improve overall face detection performance, and even
causes a slight decrease compared to images without lighting
correction. This decrease can be explained by the
characteristics of gamma correction, which works non-
linearly by modifying the distribution of pixel intensity. In
some images, gamma correction does increase the brightness
of dark areas, but in other images it can cause over-
enhancement, i.e., an excessive increase in intensity that
causes certain parts of the face to lose local detail.

Comparison Chart of Normal vs Histogram Equalization
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Figure 11. Comparison Chart of Normal vs Histogram Equalization.

In figure 11 shows a comparison of the number of faces
successfully detected between Normal conditions (without
increased lighting) and conditions after applying Histogram
Equalization (HE) with a Gamma parameter of 1.5. Under
Normal conditions, the face detection system detected 1020
faces. Meanwhile, in images that have undergone Histogram
Equalization, the number of detections increased to 1087
faces, showing a performance improvement of 6.56%. This
improvement illustrates that Histogram Equalization is able to
improve the distribution of pixel intensity, making facial
features easier to recognize by the detection algorithm. In
addition, the increase in the number of detections from 1020
to 1087 faces also confirms that the use of HE as a
preprocessing stage can improve the robustness of the face
detection and recognition system against lighting variations,
especially in low or uneven light conditions. Thus, methods
such as Histogram Equalization can be considered an
important component in the preprocessing pipeline to
improve the performance of facial detection systems, both in
Haar Cascade-based approaches and CNN-based methods.

E. Phase 5: Research Objective Formulation

The fifth stage involves formulating the final research
objectives and interpreting the results based on the empirical
findings obtained from all previous stages. In this phase, the
experimental results are analyzed to evaluate the effectiveness
of the illumination-invariant method on face detection
performance using the Haar Cascade. The confusion matrix
analysis indicates a significant difference in performance
between the Gamma Correction (GC), Histogram
Equalization (HE), and hybrid (GC+HE) methods. In the
Gamma Correction method, the number of false positives and
false negatives remains relatively high, indicating that the
lighting normalization process has not yet been able to
optimally improve image quality. This condition causes the
system to still make errors in distinguishing between face and
non-face areas, particularly under low and uneven lighting
conditions. Meanwhile, the Histogram Equalization method
shows better detection performance, particularly in the Face
class, as evidenced by the increased number of true positives.
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However, this method still produces some detection errors in
the No Face class due to increased global contrast, which
causes some background areas to be detected as faces. The
results of the confusion matrix comparison between the GC
and HE methods using the Haar Cascade can be seen in Figure
12.

Confusion Matrix of Gamma Confusion Matrix of Histogram

True Label
M
]
8
True Label

No F:

ace Face No Face
Predicted Label

c Face
Predicted Label

Figure 12. Confusion Matrix of GC and HE using Haar Cascade.

Figure 13 presents a comparison of the confusion matrix
results between the Gamma Correction (GC) and Histogram
Equalization (HE) methods using CNN-based face detection.
In the Gamma Correction method, the system successfully
detected 1,393 face images in the Face class; however, there
were still 20 non-face images incorrectly classified as faces
(false positives) and 2 non-face images correctly identified
(true negatives). These results indicate that while Gamma
Correction can enhance face visibility in low-light conditions,
the enhancement process is not stable enough to accurately
distinguish between face and non-face regions, leading to
some background areas being detected as faces. Meanwhile,
the Histogram Equalization method vyields better
performance, where all 1,393 face images were successfully
detected, and the system correctly identified all 22 non-face
images without producing any false negatives. The absence of
detection errors in the HE method indicates that contrast
enhancement via Histogram Equalization is more effective at
clarifying facial structures and reducing detection ambiguity
compared to Gamma Correction.

Confusion Matrix of Gamma and Histogram
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Figure 13. Confusion Matrix of GC and HE using CNN.

Figure 14 presents the confusion matrix results of the
hybrid method that combines Gamma Correction (GC) and
Histogram Equalization (HE) using CNN-based face
detection. The results show that this hybrid approach achieves
the best detection performance compared to previous
methods. The system successfully detected all 1,393 face

images in the Face class and correctly classified all 22 non-
face images without producing any false negatives or false
positives. This indicates that the combination of GC and HE
is capable of normalizing lighting conditions more effectively
and enhancing the visibility of facial features under varying
lighting conditions. In the hybrid process, Gamma Correction
is applied first to stabilize global brightness and clarify dark
areas, followed by Histogram Equalization to enhance local
contrast and clarify facial contours. This sequential
combination allows the system to preserve important facial
details while reducing the effects of uneven lighting and
background noise. As a result, the CNN model is able to
distinguish between facial and non-facial regions more
accurately and consistently. These findings demonstrate that
a lighting-invariant hybrid approach provides a more robust
and stable preprocessing technique for facial detection
systems, particularly in  CCTV-based surveillance
environments with challenging lighting conditions.

Confusion Matrix of Hybrid

No Face 0 22 1000
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Face 0

No Face Face
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Figure 14. Confusion Matrix of Hybrid.

The test results show that each lighting preprocessing
method vyields different face detection performance. The
evaluation was conducted using precision, accuracy, and
recall metrics to measure detection effectiveness and system
performance under various lighting conditions.

Accuracy Detection Comparison Chart
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Figure 15. Accuracy Detection Comparison Chart.

Figure 15 presents a comparison of CNN-based face
detection performance based on three evaluation metrics like
precision, accuracy, and recall for the following methods:
Normal vs. Gamma Correction (GC), Normal vs. Histogram
Equalization (HE), and Normal vs. Hybrid (GC+HE). Based
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on the graph, the Gamma Correction method achieves the
highest precision and accuracy values, at 98.58% and 98.59%,
respectively, indicating that this method is slightly better at
reducing false detections and maintaining overall
classification performance. Meanwhile, the HE and Hybrid
methods produce similar results, with precision and accuracy
values of 98.45%. Although the differences between these
methods are relatively small, the results show that all lighting-
invariant preprocessing approaches are capable of delivering
stable detection performance under varying lighting
conditions. In terms of recall, all methods achieved a perfect
score of 100%, indicating that the system successfully
detected all face objects in the dataset without missing any
actual faces. These results demonstrate that the application of
lighting-invariant preprocessing significantly enhances the
system’s ability to maintain facial visibility under low and
uneven lighting conditions. Overall, the hybrid method still
offers significant advantages because it combines the
brightness normalization of gamma correction with the
contrast enhancement of histogram equalization, resulting in
more balanced and consistent image quality.

1VV. CONCLUSION

This study successfully analyzed the performance of
preprocessing methods that are robust to lighting variations
namely Gamma Correction (GC), Histogram Equalization
(HE), and a hybrid method (GC+HE) in improving face
detection performance under varying lighting conditions.
Experimental results show that lighting preprocessing
significantly improves face visibility and detection
consistency in environments with low and uneven lighting. A
comparison using Haar Cascade and Convolutional Neural
Networks (CNN) indicates that CNN provides more stable
detection performance, while Haar Cascade remains effective
for lightweight real-time systems with limited computational
resources. Based on confusion matrices and evaluation
metrics, the hybrid method achieves the most balanced and
robust performance by combining global brightness
normalization from Gamma Correction with local contrast
enhancement from Histogram Equalization, thereby enabling
the system to detect facial features more accurately and
consistently. This study also confirms that lighting-invariant
preprocessing is a critical step for reducing detection errors
such as false positives and missed detections in CCTV-based
surveillance systems. However, this study has limitations due
to its relatively small dataset and testing scenarios that
primarily focus on lighting variations. Future research should
utilize a larger and more diverse dataset, incorporate real-
world conditions such as noise and blurring, and implement
this system in loT-based smart surveillance and indoor
security monitoring applications to evaluate its performance
in practical environments.
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