Analysis of Deep Embeddings for Facial Recognition Using
Vector Databases and Synthetic Data Generation

Abstract

Deep learning—based facial recognition has experienced significant advances in recent years due to the
development of models capable of generating highly discriminative vector representations of human
faces. These representations, known as deep embeddings, allow identities to be compared through
similarity metrics within high-dimensional vector spaces.

Modern facial recognition frameworks such as DeepFace generate embeddings from facial images.
These embeddings can later be stored and searched using vector similarity engines such as FAISS,
enabling efficient similarity search among large numbers of facial representations.

This project proposes the development of an experimental prototype to analyze the geometric structure
of facial embedding spaces. The main objective is to evaluate how synthetic data generation influences
the distribution of vectors and the separability between identities within the representation space.

The methodology involves extracting embeddings from facial images, generating synthetic samples
through image transformations, storing embeddings in a vector database, and analyzing intra-class and
inter-class distances between embeddings.

The expected results aim to demonstrate that synthetic data improves identity separability and increases
the robustness of facial recognition systems. Additionally, the project evaluates the use of vector
databases as efficient infrastructures for storing and querying high-dimensional representations in
artificial intelligence applications.

1. Introduction

Facial recognition is one of the most relevant applications in computer vision and artificial intelligence.
In recent years, the development of deep learning techniques has significantly improved the
performance of recognition systems.

Modern facial recognition systems use deep neural networks capable of learning complex
representations directly from images. Instead of relying on handcrafted features, these systems generate
vector representations known as embeddings, which encode the relevant facial characteristics of an
individual.

These embeddings are high-dimensional vectors that allow comparison between faces using
mathematical distance metrics. If two embeddings are close in the vector space, the corresponding
faces likely belong to the same person.

With the growth of large-scale artificial intelligence systems, new database technologies have emerged
to efficiently manage vector representations. Vector databases allow efficient similarity searches across
large collections of embeddings.



This research proposes the study of the geometric structure of facial embeddings and evaluates how
synthetic data generation affects the separability between identities in the embedding space.

2. Problem Statement

The performance of facial recognition systems strongly depends on the diversity and quality of the
training datasets.

However, many datasets present limitations such as:
* limited number of samples
* lack of variability in lighting conditions
* restricted pose variations
* limited facial expressions
These limitations may reduce the generalization capability of deep learning models.

One common solution is data augmentation, which generates synthetic variations of existing images
through transformations such as rotation, scaling, or illumination changes.

Although these techniques improve training datasets, there is still a need to understand how synthetic
data affects the structure of the embedding space.

Therefore, the main research question is:

How does synthetic data generation influence the distribution and separability of facial
embeddings in high-dimensional vector spaces?

3. Justification

The analysis of deep embeddings contributes to both scientific research and technological
development.

From a scientific perspective, the study of embedding spaces involves mathematical concepts such as:
* vector spaces
* distance metrics
* clustering analysis
* high-dimensional data representation

From a technological perspective, vector databases represent an emerging infrastructure for artificial
intelligence applications that rely on similarity search.

Furthermore, synthetic data generation provides an alternative approach for improving model
robustness when access to large real datasets is limited due to privacy or availability constraints.



4. General Objective

To analyze the vector space structure of facial embeddings generated by deep learning models, using
synthetic data generation and vector databases to evaluate identity separability.

5. Specific Objectives

1. Design a prototype facial recognition system based on deep embeddings.
. Implement an embedding extraction process using deep learning models.

. Store the generated embeddings in a vector database.
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4. Generate synthetic facial data through image transformations.
5. Analyze intra-class and inter-class distance metrics.
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. Compare the embedding space behavior before and after incorporating synthetic data.

6. Background

Recent advances in facial recognition are largely due to deep learning architectures capable of learning
complex visual representations.

Models such as FaceNet, DeepFace, and OpenFace have demonstrated high performance in identity
recognition tasks.

These systems map facial images into embedding spaces where similar identities cluster together while
different identities remain separated.

Recent studies also highlight the importance of synthetic data in improving deep learning models. Data
augmentation techniques help increase dataset diversity and improve model generalization.

Additionally, recent research explores manipulating latent embedding spaces to improve classification
and clustering performance.

7. Theoretical Framework

7.1 Facial Recognition

Facial recognition is a biometric technology that identifies individuals based on facial characteristics.
Typical facial recognition systems include the following steps:

1. Face detection

2. Face alignment

3. Feature extraction

4. Identity comparison



7.2 Deep Embeddings

A deep embedding is a vector representation that encodes important information about an image.
Each face can be represented as a vector:
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where d represents the dimensionality of the embedding space.

Embeddings enable similarity comparison using mathematical distance metrics.

7.3 Similarity Metrics

Two common metrics used to compare embeddings are:

Euclidean Distance

d(x,y) =V Z(xi — yi)?

Cosine Similarity

(Insert image of formula here in Word)

cos(x,y) = (x - y) / (IXI[ lyl)

7.4 Synthetic Data Generation

Synthetic data generation refers to the creation of new samples derived from existing data.
Common techniques include:

* image rotation

* scaling

* lighting variation

* geometric transformations

These techniques increase dataset diversity and improve model robustness.

7.5 Vector Databases
Vector databases are specialized systems designed to store and query high-dimensional vectors

efficiently.

They enable similarity search using nearest-neighbor algorithms and are widely used in modern Al
applications.



8. Methodology

The research will follow an experimental approach with the following steps:
1. Selection of a facial image dataset.
2. Extraction of facial embeddings using a deep learning model.
3. Generation of synthetic facial images.
4. Storage of embeddings in a vector database.
5. Calculation of similarity metrics.

6. Comparative analysis of embedding distributions.

9. Expected Results

The project expects to demonstrate that synthetic data generation improves the distribution of
embeddings within the vector space and increases identity separability.

Additionally, the project will produce a functional prototype capable of performing similarity searches
among facial embeddings.
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