
 

TABLE OF CONTENTS 

ABSTRACT....................................................................................................................................1 
PLAGIARISM STATEMENT...................................................................................................... 2 
CHAPTER I - INTRODUCTION............................................................................................................ 3 

1.1. Research Background......................................................................................................... 3 
1.2. Problem Formulation.......................................................................................................... 5 
1.3. Research Objectives............................................................................................................6 
1.4. Research Scope................................................................................................................... 6 
1.5. Research Significance.........................................................................................................8 
1.6. Systematic Writing Structure.............................................................................................. 8 

CHAPTER II - LITERATURE REVIEW.............................................................................................11 
CHAPTER III - THEORETICAL FRAMEWORK............................................................................ 17 

3.1. Eye Tracking..................................................................................................................... 17 
3.2. Computer Vision............................................................................................................... 18 
3.3. Feature-Based Tracking.................................................................................................... 18 
3.4. MobileNet V3 - Mobile Optimized Convolutional Neural Network (CNN)....................19 
3.5. Facial Landmark Detection...............................................................................................21 
3.6. EyeNet Architecture..........................................................................................................23 
3.7. Huber Loss Function.........................................................................................................25 
3.8. Adam Optimizer................................................................................................................26 
3.9. Multi-Branch Neural Network Fusion.............................................................................. 26 
3.10. Polynomial Calibration................................................................................................... 28 
3.11. Evaluation Metric............................................................................................................29 

CHAPTER IV - RESEARCH METHODOLOGY...............................................................................33 
4.1. General Description of the Research................................................................................ 33 
4.2. Data Collection................................................................................................................. 34 

4.2.1. Dataset Description..................................................................................................35 
4.2.2. Data Quantity........................................................................................................................ 36 

4.3. Dataset Preprocessing....................................................................................................... 37 
4.3.1. Facial Landmark Detection...................................................................................................38 
4.3.2. Geometric Feature Extraction.................................................................................. 38 
4.3.3. Eye Crop Extraction.................................................................................................38 
4.3.4. Coordinate Normalization........................................................................................39 

4.4. Gaze Point Detection........................................................................................................ 40 
4.4.1. Input Processing.............................................................................................................40 
4.4.2. Multi-Branch Feature Extraction................................................................................... 41 

4.4.3. Feature Fusion and Gaze Prediction........................................................................ 43 
4.5. Evaluation......................................................................................................................... 44 

3 

FEATURE-BASED EYE TRACKING FOR HANDHELD DEVICES USING MOBILE-OPTIMIZED
CONVOLUTIONAL NEURAL NETWORK
Albert Cristianto Halim, Arif Nurwidyantoro, S.Kom., M.Cs., Ph.D.
Universitas Gadjah Mada, 2026 | Diunduh dari http://etd.repository.ugm.ac.id/



 

4.5.1. Evaluation Metric.....................................................................................................44 
4.5.2. Validation Dataset................................................................................................................. 44 
4.5.3. Calibration Evaluation.......................................................................................................... 44 
4.5.4. Testing Scenarios.................................................................................................................. 45 
4.5.5. Testing Configuration............................................................................................................46 

CHAPTER V - IMPLEMENTATION...................................................................................................48 
5.1. Implementation Overview................................................................................................ 48 
5.2. Research Environment...................................................................................................... 49 
5.3. Library Imports................................................................................................................. 50 
5.4. Eye Crop Extraction..........................................................................................................52 

5.4.1. Landmark Configuration..........................................................................................52 
5.4.2. Extraction Process....................................................................................................53 

5.5. Dataset Loader Implementation........................................................................................56 
5.5.1. Data Partitioning Strategy........................................................................................57 
5.5.2. Coordinate Space Normalization............................................................................. 58 
5.5.3. Chunk Management................................................................................................. 59 
5.5.4. Adaptive Shuffle Buffer...........................................................................................62 

5.6. Model Training Implementation....................................................................................... 63 
5.6.1. Loss Function and Optimizer...................................................................................69 
5.6.2. Data Augmentation.................................................................................................. 72 
5.6.3. Training Loop and Checkpointing........................................................................... 74 

CHAPTER VI - RESULT AND DISCUSSION.................................................................................... 77 
6.1. System Evaluation............................................................................................................ 77 

6.1.1. Model Accuracy Results.......................................................................................... 77 
6.2. Error Distribution Analysis...............................................................................................81 

6.2.1. Bias Diagnosis......................................................................................................... 81 
6.2.2. X-Coordinate Error Distribution..............................................................................82 
6.2.3. Y-Coordinate Error Distribution.............................................................................. 83 
6.2.4. Euclidean Error Distribution....................................................................................84 
6.2.5. Cumulative Distribution Function Analysis............................................................ 86 

6.3. Spatial Error Analysis....................................................................................................... 88 
6.3.1. Error Heatmap Analysis...........................................................................................88 
6.3.2. Regional Performance..............................................................................................91 

6.4. Per-User Calibration Effectiveness...................................................................................93 
6.4.1. Uncalibrated Error Characteristics...........................................................................94 
6.4.2. Calibrated Error Characteristics...............................................................................94 
6.4.3. Analysis of Improvement Variability.......................................................................94 

6.5. Analysis & Comparison with Prior Research................................................................... 95 

4 

FEATURE-BASED EYE TRACKING FOR HANDHELD DEVICES USING MOBILE-OPTIMIZED
CONVOLUTIONAL NEURAL NETWORK
Albert Cristianto Halim, Arif Nurwidyantoro, S.Kom., M.Cs., Ph.D.
Universitas Gadjah Mada, 2026 | Diunduh dari http://etd.repository.ugm.ac.id/



 

6.5.1. Summary of Key Findings.......................................................................................95 
6.5.2. Comparison with Prior Research............................................................................. 98 

1. Comparison with The iTracker system.................................................................... 99 
2. Comparison with GazeHFR...................................................................................100 
3. Comparison with EasyGaze...................................................................................101 

6.6. Limitations....................................................................................................................................102 
CHAPTER VII - CONCLUSION........................................................................................................ 104 

7.1. Summary of Findings......................................................................................................104 
7.1.1. Development of Multi-Branch Neural Network Architecture............................................ 104 
7.1.2. Evaluation of Gaze Estimation Accuracy........................................................................... 104 
7.1.3. Effectiveness of Per-User Polynomial Calibration............................................................. 104 
7.1.4. Comparison with Prior Work.............................................................................................. 105 

7.2. Future Work.................................................................................................................... 105 
REFERENCE.............................................................................................................................107 

 

 

5 

FEATURE-BASED EYE TRACKING FOR HANDHELD DEVICES USING MOBILE-OPTIMIZED
CONVOLUTIONAL NEURAL NETWORK
Albert Cristianto Halim, Arif Nurwidyantoro, S.Kom., M.Cs., Ph.D.
Universitas Gadjah Mada, 2026 | Diunduh dari http://etd.repository.ugm.ac.id/



 

LIST OF TABLES 

Table 2.1. Research comparisons...................................................................................................15 
Table 3.1 EyeNet layer-by-layer architecture specification...........................................................23 
Table 4.1 Model Parameter Distribution........................................................................................41 
Table 4.2 EyeNet Layer Architecture............................................................................................ 42 
Table 4.3 Model Parameter Distribution........................................................................................43 
Table 4.4 Evaluation Scenarios......................................................................................................45 
Table 5.1 Personal Computer Specifications................................................................................. 49 
Table 6.1 Model accuracy comparison.......................................................................................... 78 
Table 6.2 Component-wise MAE comparison for X and Y coordinates....................................... 78 
Table 6.3 Bias diagnostics for uncalibrated predictions................................................................ 81 
Table 6.4 Percentile analysis of Euclidean error distribution........................................................ 87 
Table 6.5 Dataset composition.......................................................................................................96 
Table 6.6 Primary accuracy results................................................................................................ 96 
Table 6.7 Component-wise accuracy results..................................................................................97 
Table 6.8 Percentile accuracy results............................................................................................. 97 
Table 6.9 Regional accuracy summary.......................................................................................... 98 
Table 6.10 Overview of compared gaze estimation methods........................................................ 98 
Table 6.11 Performance comparison with iTracker....................................................................... 99 
Table 6.12 Performance comparison with GazeHFR.................................................................. 101 
Table 6.13 Performance comparison with EasyGaze.................................................................. 102 
 

6 

FEATURE-BASED EYE TRACKING FOR HANDHELD DEVICES USING MOBILE-OPTIMIZED
CONVOLUTIONAL NEURAL NETWORK
Albert Cristianto Halim, Arif Nurwidyantoro, S.Kom., M.Cs., Ph.D.
Universitas Gadjah Mada, 2026 | Diunduh dari http://etd.repository.ugm.ac.id/



 

TABLE OF FIGURES 

Figure 3.1  MediaPipe Face Landmark..........................................................................................21 
Figure 3.2  MediaPipe Face Landmark, Used for training............................................................ 22 
Figure 3.3  Eye Crop Implemented 20% Padding......................................................................... 22 
Figure 3.4 Architecture of the Shared-Weight EyeNet Feature Fusion......................................... 24 
Figure 3.5 Multi-Branch Architecture for Gaze Estimation.......................................................... 29 
Figure 4.1 Research Stages............................................................................................................ 34 
Figure 4.2 (a) Front Face Image Dataset....................................................................................... 36 
Figure 4.2 (b) Gaze Point Sample..................................................................................................36 
Figure 4.3 Dataset Preprocess Pipeline..........................................................................................38 
Figure 4.4 MediaPipe Labeled Dataset..........................................................................................35 
Figure 4.5 Multi-Branch Architecture for Gaze Estimation.......................................................... 39 
Figure 5.1 Imports list 50...............................................................................................................40 
Figure 5.2 MediaPipe Landmark Indices for Eye Regions............................................................52 
Figure 5.3 Eye Crop Extraction Configuration Parameters........................................................... 53 
Figure 5.4 Eye Crop Extraction Function Implementation............................................................55 
Figure 5.5 Subject-Level Train/Validation Split Function.............................................................57 
Figure 5.6 Coordinate Space Normalization Functions.................................................................58 
Figure 5.7 Chunk Selector with Quality Tracking.........................................................................59 
Figure 5.8 Eye Crop Extraction Configuration Parameters........................................................... 62 
Figure 5.9 Multi-Branch Model Architecture................................................................................64 
Figure 5.10 EyeNet Architecture Implementation.........................................................................67 
Figure 5.11 Geometric Branch Implementation............................................................................ 68 
Figure 5.12 Huber Loss Implementation....................................................................................... 69 
Figure 5.13 Optimizer and Learning Rate Schedule Configuration.............................................. 71 
Figure 5.14 Face Image Augmentation Function.......................................................................... 72 
Figure 5.15 Synchronized Eye Augmentation Function................................................................73 
Figure 5.16 Training Loop Structure............................................................................................. 74 
Figure 6.1 Scatter Plot Evaluation & Comparison.........................................................................79 
Figure 6.2 X-Axis Error Distribution.............................................................................................82 
Figure 6.3 Y-Axis Error Distribution.............................................................................................83 
Figure 6.4 Euclidean Error Distribution........................................................................................ 85 
Figure 6.5 Cumulative Distribution Function Graph.....................................................................86 
Figure 6.6 Heat Map Diagram....................................................................................................... 89 
Figure 6.7 Gaze Accuracy Regional Performance.........................................................................91 
Figure 6.8 Error Vectors Comparison............................................................................................ 93 
 

7 

FEATURE-BASED EYE TRACKING FOR HANDHELD DEVICES USING MOBILE-OPTIMIZED
CONVOLUTIONAL NEURAL NETWORK
Albert Cristianto Halim, Arif Nurwidyantoro, S.Kom., M.Cs., Ph.D.
Universitas Gadjah Mada, 2026 | Diunduh dari http://etd.repository.ugm.ac.id/


	THESIS 
	COMPUTER SCIENCE STUDY PROGRAM 
	DEPARTMENT OF COMPUTER SCIENCE AND ELECTRONICS 
	FACULTY OF MATHEMATICS AND NATURAL SCIENCES 
	UNIVERSITAS GADJAH MADA 
	2025 
	ABSTRACT 
	PLAGIARISM STATEMENT 
	 
	TABLE OF CONTENTS 
	LIST OF TABLES 
	TABLE OF FIGURES 
	CHAPTER I  
	INTRODUCTION 
	1.1.​ Research Background 
	1.2.​ Problem Formulation 
	1.3.​ Research Objectives 
	1.4.​ Research Scope 
	1.5.​ Research Significance 
	1.6.​ Systematic Writing Structure 

	CHAPTER II  
	LITERATURE REVIEW 
	CHAPTER III  
	THEORETICAL FRAMEWORK 
	3.1.​ Eye Tracking 
	3.2.​ Computer Vision 
	3.3.​ Feature-Based Tracking 
	3.4.​ MobileNet V3 - Mobile Optimized Convolutional Neural Network (CNN) 
	3.5.​ Facial Landmark Detection 
	3.6.​ EyeNet Architecture 
	3.7.​ Huber Loss Function 
	3.8.​ Adam Optimizer 
	3.9.​ Polynomial Calibration 
	3.10.​ Evaluation Metric 

	CHAPTER IV  
	RESEARCH METHODOLOGY 
	4.1.​ General Description of the Research 
	4.2.​ Data Collection 
	4.2.1.​Dataset Description 
	4.2.2.​Data Quantity 

	4.3.​ Dataset Preprocessing 
	4.3.1.​Facial Landmark Detection 
	4.3.2.​Geometric Feature Extraction 
	4.3.3.​Eye Crop Extraction 
	4.3.4.​Coordinate Normalization 

	4.4.​ Multi-Branch Neural Network Fusion 
	  
	4.5.​Gaze Point Detection 
	4.4.1.​Input Processing 
	4.4.2.​Multi-Branch Feature Extraction 
	4.4.3.​Feature Fusion and Gaze Prediction 

	4.6.​ Evaluation 
	4.5.1.​Evaluation Metric 
	4.5.2.​Validation Dataset 
	4.5.3.​Calibration Evaluation 
	4.5.4.​Testing Scenarios 
	4.5.5.​Testing Configuration 


	CHAPTER V  
	IMPLEMENTATION 
	5.1.​ Implementation Overview 
	5.2.​ Research Environment 
	5.3.​ Library Imports 
	5.4.​ Eye Crop Extraction 
	5.4.1.​Landmark Configuration 
	5.4.2.​Extraction Process 

	5.5.​ Dataset Loader Implementation 
	5.5.1.​Data Partitioning Strategy 
	5.5.2.​Coordinate Space Normalization 
	5.5.3.​Chunk Management 
	5.5.4.​Adaptive Shuffle Buffer 

	 
	5.6.​ Model Training Implementation 
	5.6.1.​Loss Function and Optimizer 
	5.6.2.​Data Augmentation 
	5.6.3.​Training Loop and Checkpointing 


	CHAPTER VI  
	RESULT AND DISCUSSION 
	6.1.​ System Evaluation 
	6.1.1.​Model Accuracy Results 

	6.2.​ Error Distribution Analysis 
	6.2.1.​Bias Diagnosis 
	6.2.2.​X-Coordinate Error Distribution 
	6.2.3.​Y-Coordinate Error Distribution 
	6.2.4.​Euclidean Error Distribution 
	6.2.5.​Cumulative Distribution Function Analysis 

	6.3.​ Spatial Error Analysis 
	6.3.1.​Error Heatmap Analysis 
	6.3.2.​Regional Performance 

	6.4.​ Per-User Calibration Effectiveness 
	6.4.1.​Uncalibrated Error Characteristics 
	6.4.2.​Calibrated Error Characteristics 
	6.4.3.​Analysis of Improvement Variability 

	6.5.​ Analysis & Comparison with Prior Research 
	6.5.1.​Summary of Key Findings 
	6.5.2.​Comparison with Prior Research 
	1.​Comparison with The iTracker system 
	2.​Comparison with GazeHFR 
	3.​Comparison with EasyGaze  


	6.6.​ Limitations 

	CHAPTER VII  
	CONCLUSION 
	7.1.​ Summary of Findings 
	7.1.1.​Development of Multi-Branch Neural Network Architecture 
	7.1.2.​Evaluation of Gaze Estimation Accuracy 
	7.1.3.​Effectiveness of Per-User Polynomial Calibration 
	7.1.4.​Comparison with Prior Work 

	7.2.​ Future Work 

	REFERENCE 
	THESIS 
	COMPUTER SCIENCE STUDY PROGRAM 
	DEPARTMENT OF COMPUTER SCIENCE AND ELECTRONICS 
	FACULTY OF MATHEMATICS AND NATURAL SCIENCES 
	UNIVERSITAS GADJAH MADA 
	2025 
	ABSTRACT 
	PLAGIARISM STATEMENT 
	 
	TABLE OF CONTENTS 
	LIST OF TABLES 
	TABLE OF FIGURES 
	CHAPTER I  
	INTRODUCTION 
	1.1.​ Research Background 
	1.2.​ Problem Formulation 
	1.3.​ Research Objectives 
	1.4.​ Research Scope 
	1.5.​ Research Significance 
	1.6.​ Systematic Writing Structure 

	CHAPTER II  
	LITERATURE REVIEW 
	CHAPTER III  
	THEORETICAL FRAMEWORK 
	3.1.​ Eye Tracking 
	3.2.​ Computer Vision 
	3.3.​ Feature-Based Tracking 
	3.4.​ MobileNet V3 - Mobile Optimized Convolutional Neural Network (CNN) 
	3.5.​ Facial Landmark Detection 
	3.6.​ EyeNet Architecture 
	3.7.​ Huber Loss Function 
	3.8.​ Adam Optimizer 
	3.9.​ Polynomial Calibration 
	3.10.​ Evaluation Metric 

	CHAPTER IV  
	RESEARCH METHODOLOGY 
	4.1.​ General Description of the Research 
	4.2.​ Data Collection 
	4.2.1.​Dataset Description 
	4.2.2.​Data Quantity 

	4.3.​ Dataset Preprocessing 
	4.3.1.​Facial Landmark Detection 
	4.3.2.​Geometric Feature Extraction 
	4.3.3.​Eye Crop Extraction 
	4.3.4.​Coordinate Normalization 

	4.4.​ Multi-Branch Neural Network Fusion 
	  
	4.5.​Gaze Point Detection 
	4.4.1.​Input Processing 
	4.4.2.​Multi-Branch Feature Extraction 
	4.4.3.​Feature Fusion and Gaze Prediction 

	4.6.​ Evaluation 
	4.5.1.​Evaluation Metric 
	4.5.2.​Validation Dataset 
	4.5.3.​Calibration Evaluation 
	4.5.4.​Testing Scenarios 
	4.5.5.​Testing Configuration 


	CHAPTER V  
	IMPLEMENTATION 
	5.1.​ Implementation Overview 
	5.2.​ Research Environment 
	5.3.​ Library Imports 
	5.4.​ Eye Crop Extraction 
	5.4.1.​Landmark Configuration 
	5.4.2.​Extraction Process 

	5.5.​ Dataset Loader Implementation 
	5.5.1.​Data Partitioning Strategy 
	5.5.2.​Coordinate Space Normalization 
	5.5.3.​Chunk Management 
	5.5.4.​Adaptive Shuffle Buffer 

	 
	5.6.​ Model Training Implementation 
	5.6.1.​Loss Function and Optimizer 
	5.6.2.​Data Augmentation 
	5.6.3.​Training Loop and Checkpointing 


	CHAPTER VI  
	RESULT AND DISCUSSION 
	6.1.​ System Evaluation 
	6.1.1.​Model Accuracy Results 

	6.2.​ Error Distribution Analysis 
	6.2.1.​Bias Diagnosis 
	6.2.2.​X-Coordinate Error Distribution 
	6.2.3.​Y-Coordinate Error Distribution 
	6.2.4.​Euclidean Error Distribution 
	6.2.5.​Cumulative Distribution Function Analysis 

	6.3.​ Spatial Error Analysis 
	6.3.1.​Error Heatmap Analysis 
	6.3.2.​Regional Performance 

	6.4.​ Per-User Calibration Effectiveness 
	6.4.1.​Uncalibrated Error Characteristics 
	6.4.2.​Calibrated Error Characteristics 
	6.4.3.​Analysis of Improvement Variability 

	6.5.​ Analysis & Comparison with Prior Research 
	6.5.1.​Summary of Key Findings 
	6.5.2.​Comparison with Prior Research 
	1.​Comparison with The iTracker system 
	2.​Comparison with GazeHFR 
	3.​Comparison with EasyGaze  


	6.6.​ Limitations 

	CHAPTER VII  
	CONCLUSION 
	7.1.​ Summary of Findings 
	7.1.1.​Development of Multi-Branch Neural Network Architecture 
	7.1.2.​Evaluation of Gaze Estimation Accuracy 
	7.1.3.​Effectiveness of Per-User Polynomial Calibration 
	7.1.4.​Comparison with Prior Work 

	7.2.​ Future Work 

	REFERENCE 

