










 

 
 
 

 

Summary 

Humanity generates enormous amounts of digital data through its activities, the size of 
which is increasing rapidly from year to year. Most of this data is now stored in specialized data 
center facilities that house computer systems used to share applications and data. Magnetic 
disks are primarily used for data storage, with about 90% of the total amount of data stored, 
while the remaining 10% of the data is stored on semiconductor disks. The main advantage of 
magnetic disks is their large capacity and low cost of stored data, which makes them ideal for 
general data storage and data backup. The electromechanical design of magnetic disks makes 
them more susceptible to failure than other components of a computer system. The failure of a 
magnetic disk most often leads to the permanent loss of user data, the economic value of which 
significantly exceeds the cost of the magnetic disk itself.  

Using SMART (Self-Monitoring, Analysis and Reporting Technology) technology, a 
computer system can alert the user if any of the disk's operating parameters deviate from a 
predefined threshold value. Machine learning methods take advantage of the dependencies 
between multiple SMART attributes to improve the disk failure prediction rate. This doctoral 
dissertation presents a disk failure prediction model based on the anomaly detection method. 
The operation of a disk can be presented in a multidimensional space with a series of points 
whose positions are defined by the values of its SMART attributes. Data points describing 
regular disk operation will tend to cluster around a certain point defined as the mean value or 
center of mass, while data points from failed disks will usually be scattered further around this 
center of mass. Using the Mahalanobis distance, it is possible to measure the distance of data 
points in a multidimensional space from a point representing the center of mass expressed in 
standard deviations, thereby removing the influence of scaling and correlation between 
attributes. Using an adjustable decision boundary, an anomaly detection model was trained to 
predict failures with the highest possible detection rate, while minimizing the number of false 
detections.  

The implemented model was tested on the CMRR dataset by creating an optimal set of the 
seven most significant attributes using the recursive attribute elimination method. On the 
aforementioned dataset, an average failure detection rate of 96.11% was achieved in ten random 
tests, with no false detections of failures. The proposed model predicted more than 80% of 
failures 24 hours before their actual occurrence, which allows for timely data backup, which 
justifies its application in practice. The anomaly detection model was also tested on 
semiconductor disks, where it also achieved a high level of predictive performance.  

Keywords: magnetic disks, SMART attributes, anomaly detection, failure prediction, 
Mahalanobis distance 
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�f�Z�]�g�_�l�g�b�o�� �^�b�k�d�h�\�Z�����K�\�_�h�[�m�o�\�Z�l�g�h�f�� �Z�g�Z�e�b�a�h�f�� �k�Z�]�e�_�^�Z�g�Z�� �k�m�� �^�h�k�Z�^�Z�r�ƒ�Z�� �b�k�l�j�Z�`�b�\�Z�ƒ�Z��
�\�_�a�Z�g�Z���a�Z���h�\�m���i�j�h�[�e�_�f�Z�l�b�d�m���g�Z���h�k�g�h�\�m���d�h�•�_���•�_���m�h�q�_�g���i�j�h�k�l�h�j �a�Z���^�Z�‚�Z���b�k�l�j�Z�`�b�\�Z�ƒ�Z, �d�h�•�Z��
�[�b�� �i�h�[�h�‚�r�Z�e�Z�� �k�l�h�i�m�� �i�j�_�^�b�d�p�b�•�_�� �h�l�d�Z�a�Z�� �f�Z�]�g�_�l�g�b�o�� �^�b�k�d�h�\�Z�� �m�� �h�^�g�h�k�m�� �g�Z�� �j�_�a�m�e�l�Z�l�_��
�i�j�_�l�o�h�^�g�b�o�� �b�k�l�j�Z�`�b�\�Z�ƒ�Z�� �H�[�e�Z�k�l�� �b�k�l�j�Z�`�b�\�Z�ƒ�Z�� �i�j�_�^�b�d�p�b�•�_�� �h�l�d�Z�a�Z�� �^�b�k�d�h�\�Z�� �b�� �^�Z�‚�_�� �•�_��
�Z�d�l�m�_�e�g�Z�����Z���l�h�f�_���^�h�i�j�b�g�h�k�b���k�\�_���\�_�„�Z���^�h�k�l�m�i�g�h�k�l���h�l�\�h�j�_�g�b�o���k�d�m�i�h�\�Z���i�h�^�Z�l�Z�d�Z���d�h�•�b���i�h�l�b�q�m��
�b�a���p�_�g�l�Z�j�Z���i�h�^�Z�l�Z�d�Z�����r�l�h���g�b�•�_���[�b�h���k�e�m�q�Z�•���m���i�j�_�l�o�h�^�g�h�f���i�_�j�b�h�^�m�� 

�M���h�\�h�•���^�h�d�l�h�j�k�d�h�•���^�b�k�_�j�l�Z�p�b�•�b���i�j�_�^�k�l�Z�\�‚�_�g���•�_���f�h�^�_�e���a�Z���i�j�_�^�b�d�p�b�•�m���h�l�d�Z�a�Z���f�Z�]�g�_�l�g�b�o��
�^�b�k�d�h�\�Z�� �a�Z�k�g�h�\�Z�g�� �g�Z�� �^�_�l�_�d�p�b�•�b�� �Z�g�h�f�Z�e�b�•�Z���� �K�� �h�[�a�b�j�h�f�� �^�Z�� �k�m�� �f�Z�]�g�_�l�g�b�� �^�b�k�d�h�\�b�� �\�b�k�d�h��
�i�h�m�a�^�Z�g�_�� �j�Z�q�m�g�Z�j�k�d�_�� �d�h�f�i�h�g�_�g�l�_�� �h�l�d�Z�a�b�� �^�b�k�d�h�\�Z�� �k�m�� �j�_�l�d�_�� �i�h�•�Z�\�_�� �d�h�•�_�� �k�_�� �m���h�\�h�f��
�b�k�l�j�Z�`�b�\�Z�ƒ�m���i�h�k�f�Z�l�j�Z�•�m�� �d�Z�h�� �Z�g�h�f�Z�e�b�•�_���� �h�^�g�h�k�g�h�� �h�^�k�l�m�i�Z�ƒ�Z�� �h�^�� �g�h�j�f�Z�e�g�b�o�� �j�Z�^�g�b�o��
�i�Z�j�Z�f�_�l�Z�j�Z�� �J�Z�a�\�h�•�_�f���f�h�^�_�e�Z���a�Z���^�_�l�_�d�p�b�•�m���Z�g�h�f�Z�e�b�•�Z���a�Z�k�g�h�\�Z�g�h�]���g�Z���f�_�j�_�ƒ�m���m�^�Z�‚�_�g�h�k�l�b, 
�h�f�h�]�m�„�_�g�h�� �•�_�� �^�Z�� �k�_�� �i�j�_�i�h�a�g�Z�•�m�� �h�l�d�Z�a�b���^�b�k�d�h�\�Z���g�Z�� �h�k�g�h�\�m�� �f�_�j�_�ƒ�Z�� �F�Z�o�Z�e�Z�g�h�[�b�k�h�\�h�]��
�j�Z�k�l�h�•�Z�ƒ�Z���m���h�^�g�h�k�m���g�Z���p�_�g�l�Z�j���^�b�k�l�j�b�[�m�p�b�•�_���d�h�•�b���q�b�g�_���b�k�i�j�Z�\�g�b���^�b�k�d�h�\�b���� 

�D�j�h�a���i�j�_�l�o�h�^�g�Z���i�h�]�e�Z�\�‚�Z���i�j�_�^�k�l�Z�\�‚�_�g�_���k�m���f�_�l�h�^�_���d�h�j�b�r�„�_�g�_���a�Z���j�Z�a�\�h�•���i�j�_�^�e�h�`�_�g�h�]��
�f�h�^�_�e�Z���i�j�_�^�b�d�p�b�•�_���h�l�d�Z�a�Z���d�h�•�b���•�_���i�h�l�h�f���j�_�Z�e�b�a�h�\�Z�g���b���l�_�k�l�b�j�Z�g���g�Z���&�0�5�5���k�d�m�i�m���i�h�^�Z�l�Z�d�Z��
�b�� �m�i�h�j�_�{�_�g�b�� �k�m�� �h�k�l�\�Z�j�_�g�b�� �j�_�a�m�e�l�Z�l�b�� �k�Z�� �i�j�_�l�o�h�^�g�b�f�� �b�k�l�j�Z�`�b�\�Z�ƒ�b�f�Z�� �M�� �m�\�h�^�g�h�f��
�i�h�]�e�Z�\�‚�m�� �^�b�k�_�j�l�Z�p�b�•�_�� �h�i�b�k�Z�g�� �•�_�� �i�j�_�^�f�_�l�� �b�k�l�j�Z�`�b�\�Z�ƒ�Z�� �m�� �h�[�e�Z�k�l�b�� �i�j�_�^�b�d�p�b�•�_�� �h�l�d�Z�a�Z��
�f�Z�]�g�_�l�g�b�o���^�b�k�d�h�\�Z���b���^�_�n�b�g�b�k�Z�g���•�_���p�b�‚�� �^�b�k�_�j�l�Z�p�b�•�_���d�Z�h���b���h�k�g�h�\�g�_ �o�b�i�h�l�_�a�_�����L�Z�d�h�{�_���� �m��
�g�Z�k�l�Z�\�d�m�� �i�h�]�e�Z�\�‚�Z�� �i�j�_�^�k�l�Z�\�‚�_�g�Z�� �•�_�� �^�_�l�Z�‚�g�Z�� �Z�g�Z�e�b�a�Z�� �^�h�k�Z�^�Z�r�ƒ�b�o�� �b�k�l�j�Z�`�b�\�Z�ƒ�Z�� �m��
�h�[�e�Z�k�l�b�� �i�j�_�^�b�d�p�b�•�_�� �h�l�d�Z�a�Z�� �f�Z�]�g�_�l�g�b�o�� �^�b�k�d�h�\�Z�����K�l�j�m�d�l�m�j�Z�� �b���i�j�b�g�p�b�i�� �j�Z�^�Z�� �f�Z�]�g�_�l�g�b�o��
�^�b�k�d�h�\�Z���b���Z�g�Z�e�b�a�Z �m�a�j�h�d�Z �d�h�•�b���^�h�\�h�^�_���^�h���ƒ�b�o�h�\�b�o���h�l�d�Z�a�Z �^�_�l�Z�‚�g�h���•�_���h�i�b�k�Z�g�Z���m���^�j�m�]�h�f��
�i�h�]�e�Z�\�‚�m�����M���g�Z�k�l�Z�\�d�m���•�_���^�Z�l���i�j�_�]�e�_�^���d�e�Z�k�b�n�b�d�Z�p�b�•�_���Z�e�]�h�j�b�l�Z�f�Z���f�Z�r�b�g�k�d�h�]���m�q�_�ƒ�Z���d�Z�h���b��
�n�Z�a�_�� �l�h�d�Z�� �d�j�_�b�j�Z�ƒ�Z�� �i�j�_�^�b�d�l�b�\�g�h�]�� �f�h�^�_�e�Z���� �G�Z�� �d�j�Z�•�m�� �i�h�]�e�Z�\�‚�Z�� �i�j�b�d�Z�a�Z�g�b�� �k�m�� �Z�e�]�h�j�b�l�f�b��
�d�h�•�b���k�m���g�Z�•�q�_�r�„�_���d�h�j�b�r�„�_�g�b���m���^�h�k�Z�^�Z�r�ƒ�b�f���b�k�l�j�Z�`�b�\�Z�ƒ�b�f�Z���m���h�[�e�Z�k�l�b �i�j�_�^�b�d�p�b�•�_ �h�l�d�Z�a�Z��
�f�Z�]�g�_�l�g�b�o�� �^�b�k�d�h�\�Z�����:�e�]�h�j�b�l�f�b�� �f�Z�r�b�g�k�d�h�]�� �m�q�_�ƒ�Z���d�h�j�b�k�l�_���k�d�m�i�h�\�_ �i�h�^�Z�l�Z�d�Z���d�h�•�b�� �k�m��
�h�i�b�k�Z�g�b���m���l�j�_�„�_�f���i�h�]�e�Z�\�‚�m�����I�h�k�_�[�g�Z���i�Z�`�ƒ�Z���m���h�\�h�f���i�h�]�e�Z�\�‚�m�����i�h�k�\�_�„�_�g�Z���•�_���&�0�5�5���k�d�m�i�m��
�i�h�^�Z�l�Z�d�Z���d�h�•�b���•�_���m���h�\�h�•���^�b�k�_�j�l�Z�p�b�•�b���d�h�j�b�r�„�_�g���m���i�j�h�p�_�k�m���h�[�m�d�_���b���l�_�k�l�b�j�Z�ƒ�Z���j�_�Z�e�b�a�h�\�Z�g�h�]��
�f�h�^�_�e�Z�� 

�K�d�m�i�h�\�b�� �i�h�^�Z�l�Z�d�Z�� �k�Z�k�l�h�•�_�� �k�_�� �b�a�� �g�b�a�Z�� �Z�l�j�b�[�m�l�Z�� �d�h�•�b�� �k�\�h�•�b�f�� �\�j�_�^�g�h�k�l�b�f�Z�� �h�i�b�k�m�•�m��
�b�g�k�l�Z�g�p�_�� �i�h�^�Z�l�Z�d�Z���� �b�� �h�g�b�� �g�Z�� �j�Z�a�e�b�q�b�l�b�� �g�Z�q�b�g�� �^�h�i�j�b�g�h�k�_�� �i�j�_�^�b�d�p�b�•�b�� �h�l�d�Z�a�Z�� �^�b�k�d�Z���� �M��
�q�_�l�\�j�l�h�f���i�h�]�e�Z�\�‚�m���i�j�b�d�Z�a�Z�g���•�_���i�j�h�p�_�k���k�_�e�_�d�p�b�•�_���Z�l�j�b�[�m�l�Z �d�h�•�h�f���k�_���d�Z�h���j�_�a�m�e�l�Z�l���^�h�[�b�•�Z��
�e�b�k�l�Z���g�Z�•�a�g�Z�q�Z�•�g�b�•�b�o���Z�l�j�b�[�m�l�Z���d�h�•�b���b�f�Z�•�m���g�Z�•�\�_�„�b���m�l�b�p�Z�•���g�Z���i�j�_�^�b�d�p�b�•�m���h�l�d�Z�a�Z�����A�Z���i�h�l�j�_�[�_��
�h�\�h�]�� �b�k�l�j�Z�`�b�\�Z�ƒ�Z�� �i�j�b�f�_�ƒ�_�g�� �•�_�� �Z�e�]�h�j�b�l�Z�f�� �j�_�d�m�j�a�b�\�g�_�� �k�_�e�_�d�p�b�•�_�� �Z�l�j�b�[�m�l�Z�� �d�h�•�b�� �•�_��
�]�_�g�_�j�b�k�Z�h�� �m�j�_�{�_�g�m�� �e�b�k�l�m�� �m�� �d�h�•�h�•�� �k�m�� �j�Z�g�]�b�j�Z�g�b�� �g�Z�•�a�g�Z�q�Z�•�g�b�•�b�� �Z�l�j�b�[�m�l�b�� �&�0�5�5�� �k�d�m�i�Z��
�i�h�^�Z�l�Z�d�Z�� �H�\�Z�•���i�h�k�l�m�i�Z�d���h�f�h�]�m�„�b�h���•�_ �h�[�m�d�m���f�h�^�_�e�Z���k�Z���i�h�^�k�d�m�i�h�f���g�Z�•�a�g�Z�q�Z�•�g�b�•�b�o���Z�l�j�b�[�m�l�Z��
�q�b�f�_�� �k�_���a�g�Z�q�Z�•�g�h���i�h�[�h�‚�r�Z�e�_ �i�j�_�^�b�d�l�b�\�g�_�� �i�_�j�n�h�j�f�Z�g�k�_���� �Z�� �k�Z�f�b�f�� �l�b�f�� �k�_�� �b�� �b�a�[�_�]�Z�\�Z��
�i�j�h�[�e�_�f���i�j�_�l�_�j�Z�g�h�]���m�d�e�Z�i�Z�ƒ�Z���f�h�^�_�e�Z�� �G�Z���h�k�g�h�\�m���i�j�_�l�o�h�^�g�h���g�Z�\�_�^�_�g�h�], �f�h�`�_���k�_���k�f�Z�l�j�Z�l�b��
�^�Z���k�m �i�j�\�Z���b���^�j�m�]�Z���o�b�i�h�l�_�a�Z �^�h�d�l�h�j�k�d�_���^�b�k�_�j�l�Z�p�b�•�_���i�h�l�\�j�{�_�g�_�� 

�B�g�k�l�Z�g�p�_���i�h�^�Z�l�Z�d�Z���k�Z���\�j�_�^�g�h�k�l�b�f�Z���k�\�h�•�b�o���Z�l�j�b�[�m�l�Z���h�i�b�k�m�•�m���j�Z�^�g�h���k�l�Z�ƒ�_���f�Z�]�g�_�l�g�h�]��
�^�b�k�d�Z�� �m�� �\�b�r�_�^�b�f�_�g�a�b�h�g�Z�e�g�h�f�� �i�j�h�k�l�h�j�m�����D�Z�d�h�� �[�b�� �k�_�� �b�a�f�_�j�b�e�h�� �j�Z�k�l�h�•�Z�ƒ�_�� �b�a�f�_�{�m��
�g�h�j�f�Z�e�g�h�]�� �b���l�j�_�g�m�l�g�h�] �j�Z�^�g�h�]�� �k�l�Z�ƒ�Z �^�b�k�d�Z �m�� �i�j�h�k�l�h�j�m, �g�_�h�i�o�h�^�g�h�� �•�_�� �d�h�j�b�r�„�_�ƒ�_��
�h�^�]�h�\�Z�j�Z�•�m�„�_�� �f�_�l�j�b�d�_�� �a�Z�� �f�_�j�_�ƒ�_�� �m�^�Z�‚�_�g�h�k�l�b���� �K�� �h�[�a�b�j�h�f�� �^�Z�� �6�0�$�5�7�� �Z�l�j�b�[�m�l�b��
�i�j�_�^�k�l�Z�\�‚�Z�•�m�� �\�j�_�^�g�h�k�l�b�� �i�Z�j�Z�f�_�l�Z�j�Z�� �j�Z�a�e�b�q�b�l�b�o�� �i�h�� �l�b�i�m�� �b�� �k�d�Z�e�b, �i�j�b�f�_�g�Z��
�l�j�Z�^�b�p�b�h�g�Z�e�g�b�o�� �f�_�l�j�b�d�Z�� �g�b�•�_�� �i�h�]�h�^�g�Z�� �m�� �h�\�h�•�� �h�[�e�Z�k�l�b�� �b�k�l�j�Z�`�b�\�Z�ƒ�Z�����G�Z�� �h�k�g�h�\�m��
�g�Z�\�_�^�_�g�h�]���� �m���i�_�l�h�f�� �i�h�]�e�Z�\�‚�m���i�j�_�^�k�l�Z�\�‚�_�g�Z���•�_���f�_�l�j�b�d�Z���a�Z�k�g�h�\�Z�g�Z���g�Z���F�Z�o�Z�e�Z�g�h�[�b�k�h�\�h�f��
�j�Z�k�l�h�•�Z�ƒ�m�� �d�h�•�Z�� �•�_�� �i�h�]�h�^�g�Z�� �a�Z�� �f�_�j�_�ƒ�_�� �m�^�Z�‚�_�g�h�k�l�b�� �m�� �f�m�e�l�b�\�Z�j�b�•�Z�[�b�e�g�h�f�� �i�j�h�k�l�h�j�m����
�I�j�b�f�_�g�Z���h�\�_���f�_�l�j�b�d�_���a�Z�o�l�_�\�Z���^�Z���\�j�_�^�g�h�k�l�b���Z�l�j�b�[�m�l�Z���i�j�Z�l�_���g�h�j�f�Z�e�g�m���j�Z�k�i�h�^�_�e�m�����r�l�h���•�_��
�j�_�^�Z�d �k�e�m�q�Z�•�� �d�h�^�� �\�j�_�^�g�h�k�l�b�� �6�0�$�5�7 �Z�l�j�b�[�m�l�Z���� �B�a�� �l�h�]�� �j�Z�a�e�h�]�Z�� �[�b�e�h�� �•�_�� �g�_�h�i�o�h�^�g�h��
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�l�j�Z�g�k�n�h�j�f�b�k�Z�l�b�� �i�h�^�Z�l�d�_�� �i�h�f�h�„�m��Box-Cox �l�j�Z�g�k�n�h�j�f�Z�p�b�•�_ �d�Z�d�h�� �[�b�� �\�j�_�^�g�h�k�l�b�� �Z�l�j�b�[�m�l�Z��
�k�d�m�i�Z���i�h�^�Z�l�Z�d�Z���b�f�Z�e�_���i�j�b�[�e�b�`�g�h���g�h�j�f�Z�e�g�m���j�Z�k�i�h�^�_�e�m�� 

�:�g�h�f�Z�e�b�•�_���i�j�_�^�k�l�Z�\�‚�Z�•�m���h�i�Z�`�Z�ƒ�Z���d�h�•�Z���a�g�Z�q�Z�•�g�h���h�^�k�l�m�i�Z�•�m���h�^���h�q�_�d�b�\�Z�g�b�o���\�j�_�^�g�h�k�l�b����
�M�� �r�_�k�l�h�f�� �i�h�]�e�Z�\�‚�m�� �i�j�b�d�Z�a�Z�g�Z�� �•�_�� �d�e�Z�k�b�n�b�d�Z�p�b�•�Z�� �Z�g�h�f�Z�e�b�•�Z�� �b�� �i�j�b�d�Z�a�Z�g�b�� �k�m�� �Z�e�]�h�j�b�l�f�b��
�d�h�•�b�� �k�_�� �d�h�j�b�k�l�_�� �a�Z�� �ƒ�b�o�h�\�h�� �^�_�l�_�d�l�h�\�Z�ƒ�_���� �M�� �g�Z�j�_�^�g�h�f�� �i�h�]�e�Z�\�‚�m�� �^�b�k�_�j�l�Z�p�b�•�_�� �^�_�l�Z�‚�g�h�� �•�_��
�i�j�_�^�k�l�Z�\�‚�_�g���j�_�Z�e�b�a�h�\�Z�g�b���f�h�^�_�e���a�Z���i�j�_�^�b�d�p�b�•�m���h�l�d�Z�a�Z���a�Z�k�g�h�\�Z�g�h�]���g�Z���^�_�l�_�d�p�b�•�b���Z�g�h�f�Z�e�b�•�Z��
�g�Z���h�k�g�h�\�m���f�_�j�_�ƒ�Z���F�Z�o�Z�e�Z�g�h�[�b�k�h�\�h�]���j�Z�k�l�h�•�Z�ƒ�Z�����F�h�^�_�e���•�_���i�j�_�^�k�l�Z�\�‚�_�g���m���\�b�^�m���Z�e�]�h�j�b�l�f�Z��
�i�j�b�� �q�_�f�m�� �k�m�� �^�_�l�Z�‚�g�h�� �h�i�b�k�Z�g�_�� �k�\�_�� �n�Z�a�_�� �j�Z�a�\�h�•�Z�� �f�h�^�_�e�Z���� �I�h�j�_�^�� �h�k�g�h�\�g�_�� �g�Z�f�_�g�_�� �f�h�^�_�e�Z����
�Z�g�Z�e�b�a�b�j�Z�g�Z���•�_���b���f�h�]�m�„�g�h�k�l�� �i�j�b�f�_�g�_���f�h�^�_�e�Z���a�Z���i�j�_�^�b�d�p�b�•�m���h�l�d�Z�a�Z �a�Z���i�h�e�m�i�j�h�\�h�^�g�b�q�d�_ 
�6�6�'�� �^�b�k�d�h�\�_�� �b�� �i�j�_�^�k�l�Z�\�‚�_�g�� �•�_���j�_�Z�e�b�a�h�\�Z�g�b�� �f�h�^�_�e���� �L�Z�d�h�{�_���� �^�Z�l�� �•�_�� �i�j�_�^�e�h�]��
�b�f�i�e�_�f�_�g�l�Z�p�b�•�_���j�_�Z�e�b�a�h�\�Z�g�h�]���f�h�^�_�e�Z���a�Z���i�j�_�^�b�d�p�b�•�m���h�l�d�Z�a�Z���^�b�k�d�h�\�Z���m���p�_�g�l�j�b�f�Z���i�h�^�Z�l�Z�d�Z�� 

�M�� �a�Z�\�j�r�g�h�f�� �^�_�e�m�� �^�b�k�_�j�l�Z�p�b�•�_�� �i�j�b�d�Z�a�Z�g�b�� �k�m�� �j�_�a�m�e�l�Z�l�b�� �h�[�m�d�_�� �b�� �l�_�k�l�b�j�Z�ƒ�Z��
�j�_�Z�e�b�a�h�\�Z�g�h�]���f�h�^�_�e�Z���g�Z���&�0�5�5���k�d�m�i�m���i�h�^�Z�l�Z�d�Z�����J�_�Z�e�b�a�h�\�Z�g�b���f�h�^�_�e���i�h�k�l�b�]�Z�h���•�_���i�j�h�k�_�q�g�m��
�k�l�h�i�m���i�j�_�^�b�d�p�b�•�_�� �h�l�d�Z�a�Z���h�^�� ����.���������� �k�Z�� ������ �e�Z�`�g�b�o�� �Z�e�Z�j�f�Z���� �q�b�f�_�� �•�_�� �i�h�l�\�j�{�_�g�Z���l�j�_�„�Z��
�o�b�i�h�l�_�a�Z �^�h�d�l�h�j�k�d�_���^�b�k�_�j�l�Z�p�b�•�_�����J�_�a�m�e�l�Z�l�b���l�_�k�l�b�j�Z�ƒ�Z���i�h�d�Z�a�Z�e�b���k�m���^�Z���•�_ �f�h�^�_�e���h�k�l�\�Z�j�b�h��
�[�h�‚�_���i�_�j�n�h�j�f�Z�g�k�_���g�Z���b�^�_�g�l�b�q�g�h�f���&�0�5�5���k�d�m�i�m���i�h�^�Z�l�Z�d�Z�����m���i�h�j�_�{�_�ƒ�m���k�Z��GMFD �f�h�^�_�e�h�f 
�d�h�•�b���•�_���h�k�l�\�Z�j�b�h���k�l�h�i�m���^�_�l�_�d�p�b�•�_ �h�^��92.21% FDR�����d�Z�h���b��TSP �b��FSDM �f�h�^�_�e�b�f�Z �d�h�•�b���k�m��
�i�h�k�l�b�]�e�b �k�l�h�i�m�� �^�_�l�_�d�p�b�•�_�� �h�^��68.42% FDR �b�� ����.02% FDR���� �j�_�k�i�_�d�l�b�\�g�h�����I�h�j�_�^�� �l�h�]�Z, 
�j�_�Z�e�b�a�h�\�Z�g�b���f�h�^�_�e���d�h�j�b�k�l�b���k�Z�f�h���k�_�^�Z�f �6�0�$�5�7���Z�l�j�b�[�m�l�Z�����r�l�h���•�_���m���^�\�h�k�l�j�m�d�h �f�Z�ƒ�b���[�j�h�•��
�Z�l�j�b�[�m�l�Z���d�h�•�_�� �a�Z�o�l�_�\�Z��GMFD �f�h�^�_�e�� �b�� �q�_�l�b�j�b�� �i�m�l�Z�� �f�Z�ƒ�_ �Z�l�j�b�[�m�l�Z �d�h�•�_ �d�h�j�b�k�l�_��TSP �b��
FSDM �f�h�^�_�e�b�����F�Z�ƒ�b�� �[�j�h�•�� �Z�l�j�b�[�m�l�Z�� �h�e�Z�d�r�Z�\�Z�� �h�[�m�d�m���� �b�f�i�e�_�f�_�g�l�Z�p�b�•�m�� �b�� �d�h�j�b�r�„�_�ƒ�_��
�f�h�^�_�e�Z�����Z���k�Z�f�b�f���l�b�f���b���a�g�Z�q�Z�•�g�h���k�f�Z�ƒ�m�•�_ �j�Z�q�m�g�Z�j�k�d�m���d�h�f�i�e�_�d�k�g�h�k�l �m���i�h�j�_�{�_�ƒ�m���k�Z���^�j�m�]�b�f��
�f�h�^�_�e�b�f�Z�� �J�_�Z�e�b�a�h�\�Z�g�b���f�h�^�_�e���•�_���m�k�i�_�h���^�Z���i�j�_�^�\�b�^�b�����������������h�l�d�Z�a�Z�����g�Z�•�f�Z�ƒ�_���������k�Z�l�b���i�j�_��
�g�Z�k�l�m�i�Z�� �k�l�\�Z�j�g�h�]�� �h�l�d�Z�a�Z�� �f�Z�]�g�_�l�g�h�]�� �^�b�k�d�Z. �I �j�h�k�_�q�g�h�� �\�j�_�f�_ �i�j�_�^�\�b�{�Z�ƒ�Z �h�l�d�Z�a�Z 
�j�_�Z�e�b�a�h�\�Z�g�h�]���f�h�^�_�e�Z���•�_���r�_�k�l���^�Z�g�Z���m�g�Z�i�j�_�^�����q�b�f�_���•�_���i�h�l�\�j�{�_�g�Z���b���q�_�l�\�j�l�Z���o�b�i�h�l�_�a�Z �h�\�_��
�^�h�d�l�h�j�k�d�_���^�b�k�_�j�l�Z�p�b�•�_�� 

�G�Z�� �h�k�g�h�\�m�� �^�h�[�b�•�_�g�b�o�� �j�_�a�m�e�l�Z�l�Z�� �i�j�_�^�k�l�Z�\�‚�_�g�b�o�� �m�� �h�\�h�•�� �^�h�d�l�h�j�k�d�h�•�� �^�b�k�_�j�l�Z�p�b�•�b�� �b��
�g�Z�\�_�^�_�g�b�f�� �m�� �a�Z�d�‚�m�q�g�h�f�� �j�Z�a�f�Z�l�j�Z�ƒ�m�� �f�h�`�_�� �k�_���d�h�g�k�l�Z�l�h�\�Z�l�b �^�Z�� �•�_�� �j�_�Z�e�b�a�h�\�Z�g�b�� �f�h�^�_�e��
�b�k�i�m�g�b�h�� �^�_�n�b�g�b�k�Z�g�_�� �p�b�‚�_�\�_�� �b�k�l�j�Z�`�b�\�Z�ƒ�Z�� �b�� �h�k�l�\�Z�j�b�h�� �a�g�Z�q�Z�•�g�b�� �g�Z�m�q�g�b�� �^�h�i�j�b�g�h�k��
�i�h�k�l�b�]�Z�\�r�b���\�b�k�h�d���g�b�\�h���i�j�_�^�b�d�l�b�\�g�b�o���i�_�j�n�h�j�f�Z�g�k�b�� 

�G�Z�k�l�Z�\�Z�d�� �b�k�l�j�Z�`�b�\�Z�ƒ�Z�� �[�b�„�_�� �m�k�f�_�j�_�g���g�Z�� �b�f�i�e�_�f�_�g�l�Z�p�b�•�m�� �i�j�_�^�e�h�`�_�g�h�]�� �f�h�^�_�e�Z�� �a�Z��
�i�j�_�^�b�d�p�b�•�m���h�l�d�Z�a�Z���m���j�_�Z�e�g�h�f���\�j�_�f�_�g�m���m���p�_�g�l�j�b�f�Z���i�h�^�Z�l�Z�d�Z�����I�e�Z�g�b�j�Z�g���•�_���j�Z�a�\�h�•���f�h�^�_�e�Z���a�Z��
NVMe �i�h�e�m�i�j�h�\�h�^�g�b�q�d�_���^�b�k�d�h�\�_�����d�Z�h���b���i�j�b�f�_�g�Z���f�h�^�_�e�Z���m���5�$�,�'���g�b�a�h�\�b�f�Z���^�b�k�d�h�\�Z��  
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