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Abstract: The face recognition technology has gradually evolved into an essential one in the field of Intelligent Surveillance, biometric
authentication, Access Control and HCI. Most of the traditional face recognition systems suffer from low performance due to illumination
changes, facial expressions, pose and occlusion issues in real-world applications. To overcome these challenges, this paper proposes a
machine learning-based method called Hybrid Adaptive Face Recognition Framework (HAFRF) that combines the following four modules:
(1) YOLOv11 for accurate face detection, (2) FaceNet for discriminative facial feature embedding, (3) Adaptive Principal Component Analysis
(Adaptive PCA) for efficient dimensionality reduction, and (4) support vector machine (SVM) for accurate identity recognition. The proposed
framework incorporates strong feature extraction along with adaptive feature optimization, which will enhance the recognition performance
with minimum computational complexity. The effectiveness of the proposed framework is tested in various facial conditions using publicly
available facial image datasets. Experimental analysis shows that HAFRF is superior to the conventional machine learning techniques in
terms of recognition accuracy, precision, recall, F1_score and processing time. By combining deep feature representation with adaptive
dimensionality reduction, the framework's ability to recognize faces in unconstrained environments is enhanced. The proposed HAFRF is
scalable and reliable for next generation biometric authentication system and can be applied in security, surveillance and smart access control
applications.

Keywords: Face Recognition, Machine Learning, YOLOv11, FaceNet, Adaptive Principal Component Analysis (Adaptive PCA), Support
Vector Machine (SVM), Biometric Authentication.

I. INTRODUCTION

In recent years, face recognition technology has been one of the most prominent biometric technologies, facilitating secure
and intelligent identity verification in a wide range of application areas. Artificial Intelligence and machine learning are rapidly
transforming the scene of face recognition systems, driving their integration into various industries like surveillance, access control,
financial authentication, healthcare, transportation, and smart city infrastructures. Facial recognition is a non-contact, user-friendly
and non-intrusive authentication process, unlike the traditional types of authentications like passwords or identification cards. The
emergence of high-resolution cameras and public face databases has also made it easier to create the real-time automated face
recognition solutions that exist today.

Even with these improvements, face recognition under unconstrained conditions is still a great challenge. In the real world,
facial images often contain changes in lighting, facial expression, head pose, aging, occlusion (e.g., mask and accessories), and
complicated background environments. These differences can affect the discriminating power of the traditional feature extraction
methods, resulting in lower recognition rates and increased misidentifications. Additionally, while traditional approaches to
machine learning make use of hand-crafted features that are sensitive to change in the environment, deep learning approaches can
be more resource-intensive, requiring large-scale training datasets and extensive computational resources, thereby restricting their
use in resource-constrained applications.

This work has shown that incorporating deep feature representation and efficient machine learning classifiers can yield
performance gains in recognition, without sacrificing computational efficiency. YOLOv11 and similar object detection models can
make precise face localization in a fast manner, which minimizes background noise when extracting facial features. Likewise,
FaceNet produces highly discriminative facial embeddings, obtaining facial images in a small space where photos of the same
person are tightly clustered and photos of different people are well separated. Despite the significant enhancement in the
recognition accuracy, the embedding vectors are high dimensional, which can lead to redundant information, high computational
cost, and impact on the recognition accuracy for large-scale face data sets.

To overcome these drawbacks, this paper proposes the Hybrid Adaptive Face Recognition Framework (HAFRF), which is
a machine learning-based framework consisting of accurate face detection, robust feature representation, adaptive dimensionality
reduction, and efficient classification into a single recognition pipeline. In this proposed framework, the YOLOvV11 is used to
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precisely detect the face, FaceNet to identify discriminative facial embeddings, Adaptive Principal Component Analysis (Adaptive
PCA) to reduce redundant features dynamically while preservation facial characteristics, and a Support Vector Machine (SVM)
classifier to predict the identity accurately. The Adaptive PCA strategy automatically determines the number of optimal feature
dimensions by calculating the cumulative explained variance, so that the recognition performance is not sacrificed but has better
computational efficiency than the traditional PCA strategy. Incorporating deep feature extraction combined with the adaptive
feature optimization enhances robustness of proposed architecture in various imaging conditions.

This research seeks to tackle a key challenge of the existing face recognition literature which is that many of the existing
face recognition systems cannot at the same time deliver high recognition accuracy, computational efficiency, and robustness in
unconstrained environments. The conventional machine learning models are not effective to handle complex facial variations, and
the purely deep learning-based models require huge computational resources for training and inference. Further, there can be
multiple representations of the same high dimensional features with a decrease in classification efficiency and processing time.
Hence, an integrated framework which balances recognition performance with computational efficiency while being adaptable to
various real world scenarios is required.

To address these challenges, the proposed HAFRF framework proposes a hybrid machine learning pipeline which brings
complementary advantages of modern object detection, deep feature embedding, adaptive dimensionality reduction, and supervised
classification. The framework aims to enhance the recognition accuracy, avoid redundant feature representation, decrease
computational complexity, and ensure accurate performance in real-world biometric authentication applications.

In this article, a novel Hybrid Adaptive Face Recognition Framework (HAFRF) is proposed, which combines the
YOLOvV11 model, FaceNet model, Adaptive PCA model, and Support Vector Machine model into a single machine learning
pipeline. An adaptive dimensionality reduction strategy is adopted to adaptively select facial feature representations with
discriminative information, thus reducing the computational complexity. The framework is proposed for improving the robustness
of face recognition in the presence of challenging conditions like illumination variations, pose changes, facial expressions and
partial occlusion. The effectiveness of HAFRF is tested using publicly available facial image datasets using a comprehensive
performance analysis of recognition accuracy, precision, recall and F1-score, proving the efficiency of HAFRF in intelligent
biometric authentication systems.

II.LITERATURE REVIEW

The recent developments in biometric recognition have been largely based on deep learning and hybrid machine learning
methods and have contributed to the improvement of biometric authentication, surveillance, and access control systems. However,
the recognition problem is still a difficult task under different illuminations, pose variations, facial expressions and occlusion.
Recent studies have thus been oriented towards better feature representation with the aim of retaining computational efficiency.

The multi-level attention-integrated CNN face recognition network proposed by Aly Khalifa, Ahmed A. Abdelrahman,
Thorsten Hempel, and Ayoub Al-Hamadi (2024) was an attention-integrated multi-level CNN for face recognition, which
improved feature extraction by adopting a hierarchical attention mechanism. They got better recognition accuracy for their model
on benchmark datasets, but the deep convolutional architecture led to high computational complexity which made their model
impractical for real-time applications [1].

Nazar El Fadel (2025) reviewed facial recognition algorithms systematically and accentuated that deep embedding models
are increasingly being applied to boost the effectiveness of facial recognition. The study also highlighted that several practical
challenges, such as computational complexity, redundant feature representations and deployment issues remain, even in the age of
biometric systems [2].

Andisani Nemavhola, Colin Chibaya, and Serestina Viriri (2025) surveyed the recent CNN-based face recognition
architecture, benchmark datasets, and metrics. After analyzing the data, they found that deep feature embeddings gave better
identification accuracy, but high dimensional feature vectors caused the computational cost and the complexity of classification,
especially in large-scale applications [3].

Muhammad Umer Hag, Muhammad Ahsan Javed Sethi, Shahzad Ahmad, et al. (2025) have reviewed existing face
detection and recognition algorithms. In their work, they reported that while recent detection models localize faces well, there are
still existing recognition models that are unable to cope with pose variations, illumination changes, and efficient feature
optimization for classification [4].

From the literature review, it is clear that the current face recognition methods mainly focus on either enhancing the
accuracy of face detection or extracting deep features separately. There has been little focus in the literature so far on combining
together efficient face detection algorithm, powerful feature embedding, adaptive dimensionality reduction and machine learning
classification. To solve this research problem, the proposed Hybrid Adaptive Face Recognition Framework (HAFRF) combines
YOLOv11, FaceNet, Adaptive PCA, and Support Vector Machine (SVM) to improve recognition accuracy, reduce feature
redundancy, and reduce computational complexity.

111.PROPOSED METHODOLOGY
To address these challenges, the proposed Hybrid Adaptive Face Recognition Framework (HAFRF) combines recent
advances in object detection, deep feature embedding, adaptive dimensionality reduction, and machine learning-based
classification to obtain robust and efficient face recognition performance. The proposed framework adds an Adaptive Principal
Component Analysis (Adaptive PCA) stage, which dynamically optimizes the dimensionality of the features prior to their
classification, instead of directly classifying high dimensional feature embeddings like conventional face recognition systems. This
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integration helps to reduce redundant information, computational complexity, and improves the recognition performance in
unconstrained environments.

The HAFRF framework can be summarized as six sequential steps: dataset acquisition, image pre-processing, face
detection using YOLOV11, feature embedding using FaceNet, feature optimization using Adaptive PCA, Support Vector
Machine (SVM) classification. The overall flow of the proposed model is given in figure 2 and the overall architecture of the
HAFRF framework is shown in figure 3. The full pipeline aims at achieving accurate face localization, discriminative feature
extraction, optimized representation of extracted features, and reliable classification of identities. More recent works have also
shown that the YOLO-based detection with the FaceNet embeddings is useful for building powerful recognition pipelines.

3.1Dataset

The proposed framework is tested with one of the most popular benchmark datasets for unconstrained face recognition,
Labeled Faces in the Wild (LFW). There are facial photographs that have been captured in a variety of real-world lighting and
environmental scenarios, with different levels of illumination, facial expression, pose, background noise and image quality.

The diversity allows for extensive testing of the proposed framework when it is actually in use. Before making up the
models, the data is split into training and testing sets. The images are resized to a fixed resolution, normalized and set up for the
next stage of feature extraction. Some examples from the data set are shown in figure 1 and the characteristics of the data set are
summarized in table I.

Fig. 1. Representative facial images from the Labeled Faces in the Wild (LFW) dataset.

Parameter Value
Dataset Name Labeled Faces in the Wild (LFW) —
Deep Funneled
Dataset Source Labeled Faces in the Wild (LFW)
Total Facial Images 13,233
Total Identities (Persons) 5,749
Image Format JPEG (.jpg)
Image Resolution Approximately 250 x 250 pixels
Dataset Characteristics Unconstrained facial images with
variations in pose, illumination, facial
expression, age, occlusion, and
background
Face Detection Model YOLOv11
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Feature Extraction Model FaceNet (512-dimensional
embeddings)
Feature Optimization Adaptive Principal Component
Analysis (Adaptive PCA)
Classifier Support Vector Machine (SVM)
Training Images (80%) 10,586
Testing Images (20%) 2,647

Table 1. Characteristics of the LFW Dataset Used in the Proposed HAFRF Framework

The proposed Hybrid Adaptive Face Recognition Framework (HAFRF) has been tested on the Labeled Faces in the Wild
(LFW) Deepfunneled dataset containing 13233 images of faces of 5749 persons. The images were captured in unconstrained real-
world settings with large variations in facial pose, illumination, expression, occlusion and background. All images are delivered
in JPEG and are approximately 250 x 250 pixels. The data set was split into 80% training (10,586 images) and 20% testing (2,647
images) for experimental evaluation. The images were then passed through the proposed HAFRF pipeline comprising of YOLOv11
for face detection, FaceNet for face feature embedding, Adaptive PCA for dimensionality reduction, and Support Vector Machine
(SVM) for final face classification.

3.2 Image Preprocessing

Pre-processing of images enhances the quality and uniformity of the images of faces prior to feature extraction. Firstly, all
images are resized to input size dimensions of the detection model and intensity normalized to reduce intensity variations. Removal
of noise and normalization of the image's pixels ensures higher image quality while preserving important facial characteristics.
These pre-processing steps minimize unwanted variations resulting from environmental conditions and enhance the reliability of
the face detection and feature extraction process.

3.3 YOLOv11-Based Face Detection

In the first stage of HAFRF, YOLOV11 is used to precisely identify the facial region area of the image provided. In contrast
to YOLOV10, which is a single-stage object detector, YOLOv11 is a two-stage object detector that combines object localization
and classification into one forward pass, allowing for high accuracy of detection in low-inference-time. Compared to traditional
detection methods, YOLOV11 can effectively detect facial regions with different scales, lighting conditions, partial occlusion and
handle them in real-time. The detected facial region is then cropped and passed to the facial alignment and feature embedding
generation. The latest versions have proven the effectiveness of YOLOV11 in real-time face detection applications.

3.4 Face Alignment and Feature Embedding

Face detection is followed by facial alignment to correct for small rotations and translations of each face detected to
normalize the orientation of the faces. The aligned facial image is then processed using FaceNet to obtain compact embedding
vectors of 512 dimensions for each face, which preserve the unique facial features of each. In contrast with handcrafted feature
extraction techniques, FaceNet learns discriminative representations: It represents each class as a cluster of similar faces with
respect to the inter-class difference.

3.5 Adaptive Principal Component Analysis (Adaptive PCA)

The extracted FaceNet embeddings are rich with discriminative information, while high dimensional feature vectors could
have redundant elements that make classification more complex. The proposed HAFRF proposes to overcome this shortcoming
by adding an Adaptive Principal Component Analysis (Adaptive PCA) module. Adaptive PCA adapts the number of principal
components based on the cumulative proportion of variance explained by a subspace of the embedding space, which is not pre-
defined as in conventional PCA.

Principal components are kept up until the desired variance threshold (usually 95-98%) is reached, which means that only
information that is necessary for facial recognition is maintained and other information is removed. This feature reduction
technique provides lower computational burden, lower feature dimension and higher efficiency of the classifiers without
compromising recognition accuracy. The adaptive optimization stage is the major contribution of the proposed HAFRF.

3.6 Support Vector Machine Classification

Finally, an optimized feature vector generated by Adaptive PCA is used to classify the data with a Support Vector Machine
(SVM) classifier. SVM finds the best possible decision boundary that maximizes the separation between the facial identities in the
transformed feature space. SVM has a high degree of generalization and good recognition performance on medium-sized data,
which is also of low computing complexity. The optimised facial embeddings are then used to classify the detected individual
based on the resulting classification output.
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Fig. 2. Overall workflow of the proposed Hybrid Adaptive Face Recognition Framework (HAFRF).

IV.RESULTS AND DISCUSSION
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Fig.3 Performance comparison of the proposed HAFRF with existing face recognition methods.
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The proposed Hybrid Adaptive Face Recognition Framework (HAFRF) was tested on LFW. The framework combines
YOLOv11 (Face Detection), FaceNet (Face Feature Extraction), Adaptive Principal Component Analysis (Adaptive PCA)
(Dimensionality Reduction), and Support Vector Machine (SVM) (Classification). Standard performance metrics like Accuracy,
Precision, Recall and F1-score were used to evaluate the performance. Several popular face recognition techniques were tested
and compared with the proposed framework to validate the effectiveness of the proposed framework.

B. Discussion

Based on the experimental results, the proposed Hybrid Adaptive Face Recognition Framework (HAFRF) is capable of
better performance than the conventional face recognition models. The best accuracy (98.86%), precision (98.74%), recall
(98.63%) and F1-Score (98.68%) were obtained by HAFRF as presented in Table 1. Compared with the other methods, InsightFace
showed the closest result with an accuracy of 98.31%, followed by ArcFace, VGGFace2, FaceNet and MobileFaceNet, with an
accuracy of 98.05%, 97.63%, 97.21% and 96.84% respectively. The proposed framework achieved a 0.55% recognition
accuracy gain over InsightFace, 0.81% over ArcFace, 1.23% over VGGFace2, 1.65% over FaceNet and 2.02% over
MobileFaceNet, which proves its effectiveness on unconstrained facial images.

The enhanced performance is due to the combination of YOLOvV11, FaceNet, Adaptive PCA, and Support Vector Machine
(SVM) in a single recognition system. YOLOv11 accurately localizes facial regions in diverse poses, illumination and partial
occlusions, and FaceNet learns highly discriminative 512 dimensional facial embeddings. In addition, the proposed Adaptive PCA
module further improves the framework by removing redundant feature dimensions and keeping the most informative feature
dimensions, which reduces the computational complexity and feature representation. The optimized feature vectors are then
classified using SVM, which is effective in providing the optimization of decision boundary and improving the reliability of
recognition.

In conclusion, the experimental results show that the proposed HAFRF offers a well-balanced recognition accuracy, feature
optimization and classification. The results are consistently improved in all the evaluation metrics, indicating that the proposed
framework is a promising solution for real-world applications like biometric authentication, intelligent surveillance, secure access
control, and smart city security systems.

V.CONCLUSION AND FUTURE WORK

This paper suggested the Hybrid Adaptive Face Recognition Framework (HAFRF), which is an efficient face recognition
method combining four components: face detection with YOLOv11, deep feature extraction with FaceNet, adaptive feature
optimization with Adaptive Principal Component Analysis (Adaptive PCA) and classification with Support Vector Machine
(SVM). The proposed framework is designed to meet challenges of unconstrained face recognition, such as illumination, facial
expression, pose and partial occlusion, and to achieve high recognition accuracy and low computation complexity. Introducing
Adaptive PCA into the recognition pipeline, redundant features dimensions were removed, but not the important discriminative
information, so as to increase the recognition accuracy.

The proposed framework was tested on the LFTW dataset and compared to other state-of-the-art face recognition models
such as FaceNet, ArcFace, MobileFaceNet, VGGFace2, and InsightFace. The experimental results showed that HAFRF performed
best in terms of accuracy (98.86%), precision (98.74%), recall (98.63%) and F1-Score (98.68%) when compared to the other
compared methods. The findings show that combining effective face detection, feature representation, and powerful machine
learning algorithms for classification improves recognition accuracy and remains efficient in terms of computation.

The proposed framework will be further validated in future with more extensive and varied benchmark sets to assess its
scalability and reliability in various scenarios. In addition, the integration of Vision Transformer (ViT)-based feature extraction,
attention mechanisms, and lightweight edge computing architectures will be explored to further improve recognition accuracy and
real-time performance. The proposed HAFRF has also a great potential for implementation of real world applications, such as
biometric authentication, intelligent surveillance, smart city security, attendance management systems, and secure access control,
which can be used as a solution for next generation face recognition systems.
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