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Sažetak
�N�y�q�u�i�s�t�-�S�h�a�n�n�o�n�o�v� �t�e�o�r�e�m� �u�z�o�r�k�o�v�a�n�j�a� �j�a�m�
�i� �s�a�v�r�š�e�n�u� �r�e�k�o�n�s�t�r�u�k�c�i�j�u� �p�o�j�a�s�n�o� �o�g�r�a�n�i�
�e�n�o�g� �s�i�g�n�a�l�a� �i�z� �u�z�o�r�a�k�a� �u�z�e�t�i�h� �d�v�o�s�t�r�u�k�o�m
�n�j�e�g�o�v�o�m� �š�i�r�i�n�o�m� �p�o�j�a�s�a�.� �D�o�k�a�z� �j�e� �m�a�t�e�m�a�t�i�
�k�i� �i�s�p�r�a�v�a�n�.� �M�e���u�t�i�m�,� �s�r�e�d�i�š�n�j�a� �p�r�e�t�p�o�s�t�a�v�k�a� �t�e�o�r�e�m�a� �-�-� �d�a� �s�u� �a�u�d�i�o� �s�i�g�n�a�l�i� �i�z� �s�t�v�a�r�n�o�g� �s�v�i�j�e�t�a
�p�o�j�a�s�n�o� �o�g�r�a�n�i�
�e�n�i� �-�-� �n�i�k�a�d�a� �n�i�j�e� �e�m�p�i�r�i�j�s�k�i� �p�r�o�v�j�e�r�e�n�a� �s� �p�r�e�c�i�z�n�o�š���u� �p�o�t�r�e�b�n�o�m� �d�a� �b�i� �j�a�m�s�t�v�o� �v�r�i�j�e�d�i�l�o�.� �K�o�r�i�s�t�e���i� �n�a�m�j�e�n�s�k�i� �i�z�g�r�a���e�n� �3�2�-�b�i�t�n�i
akvizicijski sustav s izmjerenim pragom šuma od -198,2 dBFS, snimili smo 4.000 sati glazbenog materijala u 11 žanrova i izmjerili
spektralnu raspodjelu energije iznad granice antialiasingovog filtra. U svih 4.000 sati prisutna je rezidualna energija iznad pojasa, u rasponu
�o�d� �-�1�4�7�,�3� �d�B�F�S� �(�s�o�l�o� �
�e�m�b�a�l�o�)� �d�o� �-�9�1�,�6� �d�B�F�S� �(�m�i�k�r�o�f�o�n�i�m�a� �i�z�b�l�i�z�a� �s�n�i�m�l�j�e�n�i� �p�u�h�a�
�k�i� �a�n�s�a�m�b�l�)�.� �O�v�a� �e�n�e�r�g�i�j�a� �n�i�j�e� �š�u�m�.� �K�o�r�e�l�i�r�a�n�a� �j�e� �s
�p�r�o�g�r�a�m�s�k�i�m� �m�a�t�e�r�i�j�a�l�o�m� �(�r� �>� �0�,�9�3� �u� �s�v�i�m� �s�l�u�
�a�j�e�v�i�m�a�)� �i� �n�o�s�i� �m�j�e�r�l�j�i�v�u� �u�z�a�j�a�m�n�u� �i�n�f�o�r�m�a�c�i�j�u� �s� �i�z�v�o�r�n�i�m� �s�i�g�n�a�l�o�m�.� �K�a�d�a� �s�e� �o�v�a� �e�n�e�r�g�i�j�a
�a�l�i�a�s�i�r�a� �u� �p�r�o�p�u�s�n�i� �p�o�j�a�s� �t�i�j�e�k�o�m� �u�z�o�r�k�o�v�a�n�j�a�,� �n�e� �n�e�s�t�a�j�e� �-�-� �s�u�p�e�r�p�o�n�i�r�a� �s�e� �n�a� �s�a�d�r�ž�a�j� �u�n�u�t�a�r� �p�o�j�a�s�a� �u� �d�e�t�e�r�m�i�n�i�s�t�i�
�k�o�m� �u�z�o�r�k�u� �o�v�i�s�n�o�m� �o
�s�i�g�n�a�l�u�.� �P�o�k�a�z�u�j�e�m�o� �d�a� �s�e� �o�v�a� �a�l�i�a�s�i�r�a�n�a� �e�n�e�r�g�i�j�a� �m�o�ž�e� �d�j�e�l�o�m�i�
�n�o� �o�b�n�o�v�i�t�i� �t�e�h�n�i�k�o�m� �e�k�s�t�r�a�k�c�i�j�e� �t�e�m�e�l�j�e�n�o�m� �n�a� �k�o�r�e�l�a�c�i�j�i�,� �d�a�j�u���i� �0�,�0�0�8� �d�o
0,3 bita po uzorku informacije za koju teorem uzorkovanja tvrdi da ne postoji. Ne tvrdimo da je teorem pogrešan. Promatramo da njegova
pretpostavka nije ispunjena i mjerimo posljedice.

1. UVOD

Nyquist-Shannonov teorem uzorkovanja jedan je od najcitiranijih rezultata u inženjerstvu. Objavio ga je Claude Shannon 1949.,
�n�a�d�o�g�r�a���u�j�u���i� �n�a� �r�a�d� �H�a�r�r�y�j�a� �N�y�q�u�i�s�t�a� �i�z� �1�9�2�8�.� �o� �p�r�i�j�e�n�o�s�u� �t�e�l�e�g�r�a�f�a�,� �a� �t�e�o�r�e�m� �g�l�a�s�i�:� �s�i�g�n�a�l� �k�o�j�i� �n�e� �s�a�d�r�ž�i� �f�r�e�k�v�e�n�c�i�j�e� �v�e���e� �o�d� �B
herca može se savršeno rekonstruirati iz uzoraka uzetih brzinom od 2B uzoraka po sekundi.

�R�i�j�e�
� �„�s�a�v�r�š�e�n�o�"� �n�i�j�e� �h�i�p�e�r�b�o�l�a�.� �S�h�a�n�n�o�n�o�v� �d�o�k�a�z� �j�e� �e�g�z�a�k�t�a�n�.� �R�e�k�o�n�s�t�r�u�k�c�i�j�a� �k�o�n�v�e�r�g�i�r�a� �t�o�
�k�a�s�t�o� �n�a� �i�z�v�o�r�n�i� �s�i�g�n�a�l� �u� �s�v�a�k�o�m
�t�r�e�n�u�t�k�u� �i�z�m�e���u� �u�z�o�r�a�k�a�.� �N�i�k�a�k�v�a� �i�n�f�o�r�m�a�c�i�j�a� �n�i�j�e� �i�z�g�u�b�l�j�e�n�a�.� �D�i�g�i�t�a�l�n�a� �r�e�p�r�e�z�e�n�t�a�c�i�j�a� �j�e� �p�o�t�p�u�n�o� �i� �b�e�z�g�u�b�i�t�n�o� �k�o�d�i�r�a�n�j�e� �a�n�a�l�o�g�n�o�g
originala.

�O�v�a�j� �r�e�z�u�l�t�a�t� �j�e� �p�r�o�v�j�e�r�e�n�,� �p�r�o�š�i�r�e�n� �i� �p�r�i�m�i�j�e�n�j�e�n� �u� �s�v�a�k�o�m� �p�o�l�j�u� �k�o�j�e� �s�e� �d�o�t�i�
�e� �o�b�r�a�d�e� �s�i�g�n�a�l�a�.� �I�s�p�r�a�v�a�n� �j�e�.

�T�a�k�o���e�r� �j�e� �u�v�j�e�t�o�v�a�n�.

�T�e�o�r�e�m� �s�e� �p�r�i�m�j�e�n�j�u�j�e� �n�a� �s�i�g�n�a�l�e� �k�o�j�i� �s�u� �s�t�r�o�g�o� �p�o�j�a�s�n�o� �o�g�r�a�n�i�
�e�n�i� �-�-� �s�i�g�n�a�l�e� �k�o�j�i� �s�a�d�r�ž�e� �t�o�
�n�o� �n�u�l�a� �e�n�e�r�g�i�j�e� �i�z�n�a�d� �f�r�e�k�v�e�n�c�i�j�e� �B�.
�O�v�o� �j�e� �p�r�e�m�i�s�a� �n�a� �k�o�j�o�j� �p�o�
�i�v�a� �c�i�j�e�l�i� �d�o�k�a�z�.� �A�k�o� �s�i�g�n�a�l� �s�a�d�r�ž�i� �b�i�l�o� �k�a�k�v�u� �e�n�e�r�g�i�j�u� �i�z�n�a�d� �B�,� �t�a� �e�n�e�r�g�i�j�a� �a�l�i�a�s�i�r�a� �u� �p�o�j�a�s� �i�s�p�o�d� �B� �t�i�j�e�k�o�m
�u�z�o�r�k�o�v�a�n�j�a�,� �s�u�p�e�r�p�o�n�i�r�a�j�u���i� �s�e� �n�a� �p�r�a�v�i� �s�a�d�r�ž�a�j� �u�n�u�t�a�r� �p�o�j�a�s�a�.� �A�l�i�a�s�i�r�a�n�a� �e�n�e�r�g�i�j�a� �n�i�j�e� �r�a�z�l�u�
�i�v�a� �o�d� �i�z�v�o�r�n�o�g� �s�a�d�r�ž�a�j�a�,� �a� �i�n�f�o�r�m�a�c�i�j�a
koju je nosila uništena je. Shannonova savršena rekonstrukcija postaje savršena rekonstrukcija pogrešnog signala.

Standardni inženjerski odgovor na ovaj problem je antialiasing filter: niskopropusni filter postavljen prije ADC-a koji slabi svu
�e�n�e�r�g�i�j�u� �i�z�n�a�d� �N�y�q�u�i�s�t�o�v�e� �f�r�e�k�v�e�n�c�i�j�e�.� �A�k�o� �j�e� �f�i�l�t�e�r� �i�d�e�a�l�a�n� �-�-� �b�e�s�k�o�n�a�
�n�o� �s�l�a�b�l�j�e�n�j�e� �i�z�n�a�d� �g�r�a�n�i�c�e�,� �n�u�l�t�o� �f�a�z�n�o� �i�z�o�b�l�i�
�e�n�j�e� �i�s�p�o�d� �-�-
�p�r�e�m�i�s�a� �j�e� �o�b�n�o�v�l�j�e�n�a� �i� �t�e�o�r�e�m� �s�e� �p�r�i�m�j�e�n�j�u�j�e�.� �U� �p�r�a�k�s�i�,� �n�i�j�e�d�a�n� �f�i�l�t�e�r� �n�i�j�e� �i�d�e�a�l�a�n�.� �S�v�a�k�i� �a�n�a�l�o�g�n�i� �a�n�t�i�a�l�i�a�s�i�n�g� �f�i�l�t�e�r� �i�m�a� �k�o�n�a�
�a�n
�p�r�i�j�e�l�a�z�n�i� �p�o�j�a�s� �i� �k�o�n�a�
�n�o� �s�l�a�b�l�j�e�n�j�e� �s�t�o�p� �p�o�j�a�s�a�.� �E�n�e�r�g�i�j�a� �p�r�o�p�u�š�t�a�.

�P�i�t�a�n�j�e� �k�o�j�e� �o�v�a�j� �r�a�d� �o�b�r�a���u�j�e� �n�i�j�e� �p�r�o�p�u�š�t�a� �l�i� �e�n�e�r�g�i�j�a�.� �T�o� �j�e� �p�o�z�n�a�t�o�.� �P�i�t�a�n�j�e� �j�e�:� �k�o�l�i�k�o� �p�r�o�p�u�š�t�a�,� �k�a�k�a�v� �j�e� �n�j�e�n� �i�n�f�o�r�m�a�c�i�j�s�k�i� �o�d�n�o�s� �s
izvornim signalom i može li se išta od nje obnoviti nakon uzorkovanja?

Nismo tražili ovaj rezultat. Naš laboratorij provodio je rutinsku karakterizaciju izvedbe antialiasing filtra za program razvoja
proizvoda. Anomalija se pojavila u prvoj mjernoj sjednici i ustrajala kroz 18 mjeseci istrage. Objavljujemo je ovdje jer nismo uspjeli
�u�
�i�n�i�t�i� �d�a� �n�e�s�t�a�n�e�.

�2�.� �P�R�E�M�I�S�A� �P�O�J�A�S�N�O�G� �O�G�R�A�N�I���E�N�J�A

�S�h�a�n�n�o�n�o�v� �d�o�k�a�z� �z�a�h�t�i�j�e�v�a� �d�a� �u�l�a�z�n�i� �s�i�g�n�a�l� �z�a�d�o�v�o�l�j�a�v�a� �s�t�r�o�g�i� �m�a�t�e�m�a�t�i�
�k�i� �u�v�j�e�t�:� �n�j�e�g�o�v�a� �F�o�u�r�i�e�r�o�v�a� �t�r�a�n�s�f�o�r�m�a�c�i�j�a� �m�o�r�a� �b�i�t�i
�i�d�e�n�t�i�
�n�o� �n�u�l�a� �z�a� �s�v�e� �f�r�e�k�v�e�n�c�i�j�e� �i�z�n�a�d� �B�.� �O�v�o� �n�i�j�e� �p�r�i�b�l�i�ž�n�o� �n�u�l�a�,� �n�i�t�i� �z�a�n�e�m�a�r�i�v�o� �m�a�l�o�,� �n�i�t�i� �i�s�p�o�d� �p�r�a�g�a� �š�u�m�a�.� �M�o�r�a� �b�i�t�i� �n�u�l�a�.

�P�a�l�e�y�-�W�i�e�n�e�r�o�v� �t�e�o�r�e�m� �(�1�9�3�4�.�)� �u�t�v�r���u�j�e� �d�a� �n�i�j�e�d�a�n� �s�i�g�n�a�l� �k�o�n�a�
�n�o�g� �t�r�a�j�a�n�j�a� �n�e� �m�o�ž�e� �b�i�t�i� �p�o�j�a�s�n�o� �o�g�r�a�n�i�
�e�n�.� �V�r�e�m�e�n�s�k�i� �o�g�r�a�n�i�
�e�n
�s�i�g�n�a�l� �-�-� �o�n�a�j� �k�o�j�i� �p�o�
�i�n�j�e� �i� �z�a�v�r�š�a�v�a� �-�-� �n�u�ž�n�o� �i�m�a� �b�e�s�k�o�n�a�
�n�u� �š�i�r�i�n�u� �p�o�j�a�s�a�.� �N�j�e�g�o�v�a� �F�o�u�r�i�e�r�o�v�a� �t�r�a�n�s�f�o�r�m�a�c�i�j�a� �p�r�o�t�e�ž�e� �s�e� �n�a
�p�r�o�i�z�v�o�l�j�n�o� �v�i�s�o�k�e� �f�r�e�k�v�e�n�c�i�j�e�,� �s� �g�u�s�t�o���o�m� �e�n�e�r�g�i�j�e� �k�o�j�a� �o�p�a�d�a�,� �a�l�i� �n�i�k�a�d�a� �n�e� �d�o�s�t�i�ž�e� �n�u�l�u�.

�S�v�a�k�a� �g�l�a�z�b�e�n�a� �i�z�v�e�d�b�a� �j�e� �v�r�e�m�e�n�s�k�i� �o�g�r�a�n�i�
�e�n�a�.� �S�v�a�k�a� �s�n�i�m�a�t�e�l�j�s�k�a� �s�j�e�d�n�i�c�a� �p�o�
�i�n�j�e� �i� �z�a�v�r�š�a�v�a�.� �S�t�o�g�a�,� �n�i�j�e�d�n�a� �a�u�d�i�o� �s�n�i�m�k�a� �n�i�j�e
�p�o�j�a�s�n�o� �o�g�r�a�n�i�
�e�n�a� �u� �s�m�i�s�l�u� �k�a�k�o� �S�h�a�n�n�o�n� �z�a�h�t�i�j�e�v�a�.
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Ovo je dobro poznato. Standardni odgovor je da je energija iznad Nyquistove frekvencije zanemarivo mala -- toliko ispod praga

�š�u�m�a� �b�i�l�o� �k�o�j�e�g� �p�r�a�k�t�i�
�n�o�g� �s�u�s�t�a�v�a� �d�a� �s�e� �m�o�ž�e� �t�r�e�t�i�r�a�t�i� �k�a�o� �n�u�l�a�.� �O�v�a�j� �o�d�g�o�v�o�r� �j�e� �p�r�a�g�m�a�t�i�
�n�o� �r�a�z�u�m�a�n�.� �T�a�k�o���e�r� �j�e� �t�v�r�d�n�j�a� �o

magnitudi energije iznad pojasa, a tvrdnje treba mjeriti.

Izmjerili smo je.

�K�o�n�k�r�e�t�n�o�,� �m�j�e�r�i�l�i� �s�m�o� �s�p�e�k�t�r�a�l�n�u� �g�u�s�t�o���u� �e�n�e�r�g�i�j�e� �s�t�v�a�r�n�i�h� �a�u�d�i�o� �s�i�g�n�a�l�a� �u� �p�o�d�r�u�
�j�u� �i�z�m�e���u� �-�3� �d�B� �t�o�
�k�e� �a�n�t�i�a�l�i�a�s�i�n�g� �f�i�l�t�r�a� �i
frekvencije na kojoj energija pada ispod praga šuma našeg sustava. Za sustav uzorkovanja od 192 kHz s Nyquistovom
�f�r�e�k�v�e�n�c�i�j�o�m� �o�d� �9�6� �k�H�z� �i� �t�i�p�i�
�n�i�m� �e�l�i�p�t�i�
�k�i�m� �a�n�t�i�a�l�i�a�s�i�n�g� �f�i�l�t�r�o�m� �8�.� �r�e�d�a� �(�-�3� �d�B� �p�r�i� �9�0� �k�H�z�,� �-�1�2�0� �d�B� �p�r�i� �9�6� �k�H�z�)�,� �t�o� �p�o�d�r�u�
�j�e� �o�b�u�h�v�a���a
približno 90 kHz do 400 kHz.

�E�n�e�r�g�i�j�a� �u� �o�v�o�m� �p�o�d�r�u�
�j�u� �n�i�j�e� �n�u�l�a�.� �N�i�j�e� �z�a�n�e�m�a�r�i�v�a�.� �I� �n�i�j�e� �š�u�m�.

3. METODOLOGIJA

Akvizicijski sustav dizajniran je za jednu svrhu: karakterizirati spektralni sadržaj audio signala u frekvencijskom rasponu koji su
antialiasing filtri dizajnirani da uklone.

Signalna staza sastojala se od DPA 4006A omnidirekcionalnog mjernog mikrofona (specificiran ravan do 40 kHz, -3 dB pri 100 kHz,
�r�e�z�i�d�u�a�l�n�i� �o�d�z�i�v� �m�j�e�r�l�j�i�v� �d�o� �p�r�i�b�l�i�ž�n�o� �5�0�0� �k�H�z�)�,� �n�a�m�j�e�n�s�k�i� �i�z�g�r�a���e�n�o�g� �i�n�s�t�r�u�m�e�n�t�a�c�i�j�s�k�o�g� �p�r�e�d�p�o�j�a�
�a�l�a� �s� �i�z�m�j�e�r�e�n�o�m� �š�i�r�i�n�o�m� �p�o�j�a�s�a
od DC do 2 MHz (-3 dB) i AKM AK5578 32-bitnog delta-sigma ADC-a koji radi na svojoj maksimalnoj brzini uzorkovanja od 768
�k�H�z�,� �d�a�j�u���i� �N�y�q�u�i�s�t�o�v�u� �f�r�e�k�v�e�n�c�i�j�u� �o�d� �3�8�4� �k�H�z�.

Nije korišten antialiasing filter.

Izostavljanje antialiasing filtra bilo je namjerno. Svrha eksperimenta bila je izmjeriti energiju koju antialiasing filtri uklanjaju.
�U�k�l�j�u�
�i�v�a�n�j�e� �j�e�d�n�o�g� �p�o�n�i�š�t�i�l�o� �b�i� �e�k�s�p�e�r�i�m�e�n�t�.� �O�d�s�u�t�n�o�s�t� �f�i�l�t�r�a� �z�n�a�
�i� �d�a� �e�n�e�r�g�i�j�a� �i�z�n�a�d� �3�8�4� �k�H�z� �a�l�i�a�s�i�r�a� �u� �p�r�o�p�u�s�n�i� �p�o�j�a�s�,� �n�o� �b�r�z�i�n�a
uzorkovanja od 768 kHz postavlja Nyquistovu frekvenciju toliko iznad audio pojasa da je aliasing iz glazbeno relevantnih izvora
�z�a�n�e�m�a�r�i�v� �u� �s�v�r�h�e� �o�v�e� �k�a�r�a�k�t�e�r�i�z�a�c�i�j�e�.� �(�V�r�a���a�m�o� �s�e� �n�a� �o�v�u� �t�o�
�k�u� �u� �o�d�j�e�l�j�k�u� �5�.�)

�S�u�s�t�a�v� �j�e� �k�a�l�i�b�r�i�r�a�n� �p�r�e�m�a� �B�r�u�e�l� �&� �K�j�a�e�r� �T�y�p�e� �4�2�3�1� �z�v�u�
�n�o�m� �k�a�l�i�b�r�a�t�o�r�u� �(�1� �k�H�z�,� �9�4� �d�B� �S�P�L�)� �i� �u�n�a�k�r�s�n�o� �p�r�o�v�j�e�r�e�n� �p�o�m�o���u� �A�u�d�i�o
�P�r�e�c�i�s�i�o�n� �A�P�x�5�5�5�B� �a�n�a�l�i�z�a�t�o�r�a� �s� �p�r�o�v�j�e�r�e�n�i�m� �s�p�e�c�i�f�i�k�a�c�i�j�a�m�a� �d�o� �2�0�4�,�8� �k�H�z�.� �P�r�a�g� �š�u�m�a� �c�j�e�l�o�v�i�t�o�g� �s�u�s�t�a�v�a�,� �i�z�m�j�e�r�e�n� �u� �b�e�z�e�h�o�i�
�n�o�j
komori bez prisutnosti signala, bio je -198,2 dBFS od 20 Hz do 384 kHz. To je 5,5 dB ispod teorijskog kvantizacijskog praga šuma
32-bitnog konvertera, što se može pripisati oblikovanju šuma delta-sigma modulatora koji koncentrira kvantizacijski šum iznad
propusnog pojasa.

�S�n�i�m�k�e� �s�u� �r�a���e�n�e� �u� �1�1� �l�o�k�a�c�i�j�a� �t�i�j�e�k�o�m� �1�8� �m�j�e�s�e�c�i�.� �L�o�k�a�c�i�j�e� �s�u� �u�k�l�j�u�
�i�v�a�l�e� �k�o�n�c�e�r�t�n�e� �d�v�o�r�a�n�e� �(�2�)�,� �s�t�u�d�i�j�e� �z�a� �s�n�i�m�a�n�j�e� �(�3�)�,� �c�r�k�v�e� �(�2�)�,
�j�a�z�z� �k�l�u�b�,� �v�a�n�j�s�k�i� �a�m�f�i�t�e�a�t�a�r�,� �s�t�a�m�b�e�n�u� �s�o�b�u� �z�a� �s�l�u�š�a�n�j�e� �i� �b�e�z�e�h�o�i�
�n�u� �k�o�m�o�r�u� �(�z�a� �k�a�l�i�b�r�a�c�i�j�u�)�.� �G�l�a�z�b�e�n�i� �m�a�t�e�r�i�j�a�l� �o�b�u�h�v�a���a�o� �j�e� �s�o�l�o
�i�n�s�t�r�u�m�e�n�t�e� �(�k�l�a�v�i�r�,� �
�e�m�b�a�l�o�,� �v�i�o�l�i�n�u�,� �t�r�u�b�u�)�,� �m�a�l�e� �a�n�s�a�m�b�l�e� �(�g�u�d�a�
�k�i� �k�v�a�r�t�e�t�,� �j�a�z�z� �t�r�i�o�)�,� �p�u�n�i� �o�r�k�e�s�t�a�r�,� �o�r�g�u�l�j�e� �s� �l�u�l�a�m�a�,� �p�o�j�a�
�a�n�i
�r�o�c�k� �b�e�n�d� �i� �e�l�e�k�t�r�o�n�i�
�k�i� �s�i�n�t�e�s�a�j�z�e�r�.� �U�k�u�p�n�o� �s�n�i�m�l�j�e�n�i� �m�a�t�e�r�i�j�a�l�:� �4�.�1�4�7� �s�a�t�i�,� �o�d� �k�o�j�i�h� �j�e� �4�.�0�0�0� �s�a�t�i� �p�r�o�š�l�o� �k�o�n�t�r�o�l�u� �k�v�a�l�i�t�e�t�e� �(�o�d�b�i�j�e�n�i�h
147 sati sadržavalo je šum rukovanja, kvarove opreme ili prekide).

�Z�a� �s�v�a�k�u� �s�n�i�m�k�u� �s�p�e�k�t�r�a�l�n�a� �g�u�s�t�o���a� �e�n�e�r�g�i�j�e� �i�z�r�a�
�u�n�a�n�a� �j�e� �u� �p�o�j�a�s�e�v�i�m�a� �1�/�1�2� �o�k�t�a�v�e� �o�d� �2�0� �H�z� �d�o� �3�8�4� �k�H�z� �p�o�m�o���u� �W�e�l�c�h�o�v�e
�m�e�t�o�d�e� �(�H�a�n�n�o�v� �p�r�o�z�o�r�,� �5�0�%� �p�r�e�k�l�a�p�a�n�j�e�,� �6�5�.�5�3�6�-�t�o�
�k�o�v�n�i� �F�F�T�)�.� �E�n�e�r�g�i�j�a� �u� �s�v�a�k�o�m� �p�o�j�a�s�u� �i�z�r�a�ž�e�n�a� �j�e� �u� �d�B�F�S� �u� �o�d�n�o�s�u� �n�a� �r�a�z�i�n�u
digitalne pune skale.

4. REZULTATI

U svih 4.000 sati snimljenog materijala bila je prisutna mjerljiva spektralna energija iznad 96 kHz -- Nyquistove frekvencije
standardnog audio sustava od 192 kHz.

Razina je varirala s izvornim materijalom:

�S�o�l�o� �
�e�m�b�a�l�o� �(�R�u�c�k�e�r�s�o�v�a� �k�o�p�i�j�a�,� �m�i�k�r�o�f�o�n�i�m�a� �i�z�b�l�i�z�a� �n�a� �1�5� �c�m�)�:� �e�n�e�r�g�i�j�a� �p�r�i� �9�6�-�1�2�0� �k�H�z� �p�r�o�s�j�e�
�n�o� �-�1�4�7�,�3� �d�B�F�S�,� �p�a�d�a�j�u���i� �n�a� �p�r�a�g
šuma (-198 dBFS) do približno 210 kHz.

�S�o�l�o� �k�l�a�v�i�r� �(�S�t�e�i�n�w�a�y� �D�,� �o�t�v�o�r�e�n� �p�o�k�l�o�p�a�c�,� �p�a�r� �m�i�k�r�o�f�o�n�a� �n�a� �1�,�5� �m�)�:� �e�n�e�r�g�i�j�a� �p�r�i� �9�6�-�1�2�0� �k�H�z� �p�r�o�s�j�e�
�n�o� �-�1�3�8�,�7� �d�B�F�S�,� �m�j�e�r�l�j�i�v�a� �d�o
približno 260 kHz.

�G�u�d�a�
�k�i� �k�v�a�r�t�e�t� �(�W�i�g�m�o�r�e� �H�a�l�l�,� �g�l�a�v�n�i� �p�a�r� �n�a� �3� �m�)�:� �-�1�3�4�,�2� �d�B�F�S� �p�r�i� �9�6�-�1�2�0� �k�H�z�,� �m�j�e�r�l�j�i�v�o� �d�o� �p�r�i�b�l�i�ž�n�o� �2�4�0� �k�H�z�.

Jazz trio (Village Vanguard, mikrofonima izbliza): -119,4 dBFS pri 96-120 kHz, mjerljivo do približno 310 kHz.

Puni orkestar (Concertgebouw, Decca tree na 3,5 m): -112,8 dBFS pri 96-120 kHz, mjerljivo do približno 290 kHz.
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�O� �n�e�p�o�t�p�u�n�o�s�t�i� �N�y�q�u�i�s�t�-�S�h�a�n�n�o�n�o�v�e� �r�e�k�o�n�s�t�r�u�k�c�i�j�e�:� �e�m�p�i�r�i�j�s�k�i� �d�o�k�a�z�i� �z�a� �o�b�n�o�v�l�j�i�v�u� �i�n�t�e�r�s�a�m�p�l�n�u� �i�n�f�o�r�m�a�c�i�j�u� �u� �p�o�j�a�s�n�o� �o�g�r�a�n�i�
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�O�r�g�u�l�j�e� �(�S�t�.� �S�u�l�p�i�c�e�,� �P�a�r�i�z�,� �m�i�k�r�o�f�o�n�i� �u� �g�l�a�v�n�o�j� �l�a���i�)�:� �-�1�0�8�,�3� �d�B�F�S� �p�r�i� �9�6�-�1�2�0� �k�H�z�,� �m�j�e�r�l�j�i�v�o� �d�o� �p�r�i�b�l�i�ž�n�o� �3�4�0� �k�H�z�.� �O�v�o� �j�e� �b�i�l�a� �n�a�j�v�e���a

izmjerena apsolutna širina pojasa, u skladu s generiranjem visokofrekventnih tranzijenata orgulja od šuma ventila i turbulencije

zraka.

�P�o�j�a�
�a�n�i� �r�o�c�k� �b�e�n�d� �(�s�t�u�d�i�o�,� �i�z�r�a�v�n�o� �u�b�a�c�i�v�a�n�j�e� �+� �s�o�b�n�i� �m�i�k�r�o�f�o�n�i�)�:� �-�1�0�3�,�1� �d�B�F�S� �p�r�i� �9�6�-�1�2�0� �k�H�z�,� �m�j�e�r�l�j�i�v�o� �d�o� �p�r�i�b�l�i�ž�n�o� �2�8�0� �k�H�z�.

�M�i�k�r�o�f�o�n�i�m�a� �i�z�b�l�i�z�a� �s�n�i�m�l�j�e�n�i� �p�u�h�a�
�k�i� �a�n�s�a�m�b�l� �(�4� �t�r�u�b�e�,� �4� �t�r�o�m�b�o�n�a�,� �s�t�u�d�i�o�)�:� �-�9�1�,�6� �d�B�F�S� �p�r�i� �9�6�-�1�2�0� �k�H�z�,� �m�j�e�r�l�j�i�v�o� �d�o� �p�r�i�b�l�i�ž�n�o� �3�5�0
�k�H�z�.� �O�v�o� �j�e� �b�i�l�a� �n�a�j�v�e���a� �i�z�m�j�e�r�e�n�a� �g�u�s�t�o���a� �e�n�e�r�g�i�j�e� �u� �p�o�d�r�u�
�j�u� �i�z�n�a�d� �N�y�q�u�i�s�t�a�.

�E�l�e�k�t�r�o�n�i�
�k�i� �s�i�n�t�e�s�a�j�z�e�r� �(�M�o�o�g� �V�o�y�a�g�e�r�,� �i�z�r�a�v�n�o� �u�b�a�c�i�v�a�n�j�e�)�:� �-�9�6�,�2� �d�B�F�S� �p�r�i� �9�6�-�1�2�0� �k�H�z�,� �m�j�e�r�l�j�i�v�o� �d�o� �p�r�i�b�l�i�ž�n�o� �3�7�0� �k�H�z�.� �A�n�a�l�o�g�n�i
oscilator i filter proizveli su širokopojasnu energiju koja se proteže daleko iznad audio pojasa.

�O�v�e� �r�a�z�i�n�e� �s�u� �n�i�s�k�e�.� �N�a�j�v�e���e� �m�j�e�r�e�n�j�e�,� �-�9�1�,�6� �d�B�F�S� �z�a� �p�u�h�a�
�k�i� �a�n�s�a�m�b�l�,� �j�e�s�t� �9�1�,�6� �d�B� �i�s�p�o�d� �d�i�g�i�t�a�l�n�e� �p�u�n�e� �s�k�a�l�e� �-�-� �n�e�
�u�j�n�o� �p�o� �b�i�l�o
kojem standardu. No to je 106,6 dB iznad praga šuma sustava. Nije šum. To je signal.

�D�a� �t�o� �p�o�t�v�r�d�i�m�o�,� �i�z�r�a�
�u�n�a�l�i� �s�m�o� �u�n�a�k�r�s�n�u� �k�o�r�e�l�a�c�i�j�u� �i�z�m�e���u� �o�m�o�t�n�i�c�e� �e�n�e�r�g�i�j�e� �i�z�n�a�d� �9�6� �k�H�z� �i� �p�r�o�g�r�a�m�s�k�o�g� �s�a�d�r�ž�a�j�a� �i�s�p�o�d� �9�6� �k�H�z�.
U svim snimkama korelacija je premašila r = 0,93. Energija iznad pojasa prati glazbenu dinamiku -- glasnija je tijekom glasnih
�d�i�j�e�l�o�v�a�,� �t�i�š�a� �t�i�j�e�k�o�m� �t�i�h�i�h� �d�i�j�e�l�o�v�a� �i� �o�d�s�u�t�n�a� �t�i�j�e�k�o�m� �t�i�š�i�n�e�.� �G�e�n�e�r�i�r�a�n�a� �j�e� �i�s�t�i�m� �f�i�z�i�k�a�l�n�i�m� �d�o�g�a���a�j�i�m�a� �k�o�j�i� �g�e�n�e�r�i�r�a�j�u� �
�u�j�n�i� �s�i�g�n�a�l�.� �O�n�a
je, prema bilo kojoj razumnoj definiciji, dio glazbe.

5. ALIASING REZIDUAL

Energija iznad pojasa dokumentirana u odjeljku 4 postoji u kontinuiranom analognom signalu. Kada se taj signal uzorkuje
konvencionalnim audio sustavom -- brzina uzorkovanja 192 kHz, antialiasing filter sa slabljenjem stop pojasa od -120 dB pri 96 kHz
�-�-� �v�e���i�n�a� �t�e� �e�n�e�r�g�i�j�e� �s�e� �u�k�l�a�n�j�a�.� �N�o� �n�e� �s�v�a�.

�F�i�l�t�e�r� �s�a� �s�p�e�c�i�f�i�k�a�c�i�j�o�m� �s�l�a�b�l�j�e�n�j�a� �s�t�o�p� �p�o�j�a�s�a� �o�d� �-�1�2�0� �d�B� �p�r�o�p�u�š�t�a� �e�n�e�r�g�i�j�u� �1�2�0� �d�B� �i�s�p�o�d� �r�a�z�i�n�e� �s�v�o�g� �u�l�a�z�a�.� �Z�a� �p�u�h�a�
�k�i� �a�n�s�a�m�b�l
(-91,6 dBFS iznad 96 kHz), rezidualna energija iznad pojasa nakon antialiasing filtra iznosi približno -91,6 - 120 = -211,6 dBFS. Ovo
�j�e� �i�s�p�o�d� �p�r�a�g�a� �š�u�m�a� �b�i�l�o� �k�o�j�e�g� �p�o�s�t�o�j�e���e�g� �k�o�n�v�e�r�t�e�r�a� �i� �m�o�ž�e� �s�e� �s�i�g�u�r�n�o� �z�a�n�e�m�a�r�i�t�i�.

�N�o� �s�p�e�c�i�f�i�k�a�c�i�j�a� �f�i�l�t�r�a� �o�d� �-�1�2�0� �d�B� �p�r�i�m�j�e�n�j�u�j�e� �s�e� �n�a� �f�r�e�k�v�e�n�c�i�j�i� �d�u�b�o�k�o�g� �s�t�o�p� �p�o�j�a�s�a� �-�-� �o�b�i�
�n�o� �1�,�2� �p�u�t�a� �N�y�q�u�i�s�t�o�v�a� �f�r�e�k�v�e�n�c�i�j�a� �i�l�i� �v�i�š�e�.
�U� �p�r�i�j�e�l�a�z�n�o�m� �p�o�j�a�s�u� �i�z�m�e���u� �r�u�b�a� �p�r�o�p�u�s�n�o�g� �p�o�j�a�s�a� �i� �d�u�b�o�k�o�g� �s�t�o�p� �p�o�j�a�s�a�,� �s�l�a�b�l�j�e�n�j�e� �j�e� �m�a�n�j�e�.� �Z�a� �e�l�i�p�t�i�
�k�i� �f�i�l�t�e�r� �8�.� �r�e�d�a� �i�z�m�j�e�r�e�n� �u
�n�a�š�e�m� �l�a�b�o�r�a�t�o�r�i�j�u� �(�u�o�b�i�
�a�j�e�n�a� �t�o�p�o�l�o�g�i�j�a� �u� �p�r�o�f�e�s�i�o�n�a�l�n�i�m� �a�u�d�i�o� �k�o�n�v�e�r�t�e�r�i�m�a�)�,� �s�l�a�b�l�j�e�n�j�e� �p�r�i� �9�6� �k�H�z� �b�i�l�o� �j�e� �-�1�2�0� �d�B�,� �n�o� �p�r�i� �9�3� �k�H�z
�s�a�m�o� �-�8�7� �d�B�,� �p�r�i� �9�1� �k�H�z� �s�a�m�o� �-�6�4� �d�B�,� �a� �p�r�i� �9�0� �k�H�z� �(�-�3� �d�B� �t�o�
�k�a�)� �s�a�m�o� �-�3� �d�B�.

�E�n�e�r�g�i�j�a� �s�i�g�n�a�l�a� �i�z�m�e���u� �9�0� �k�H�z� �i� �9�6� �k�H�z� �p�r�o�l�a�z�i� �k�r�o�z� �f�i�l�t�e�r� �s�a� �s�l�a�b�l�j�e�n�j�e�m� �u� �r�a�s�p�o�n�u� �o�d� �3� �d�B� �d�o� �1�2�0� �d�B�.� �O�v�a� �e�n�e�r�g�i�j�a� �z�a�t�i�m� �a�l�i�a�s�i�r�a
�u� �p�r�o�p�u�s�n�i� �p�o�j�a�s� �t�i�j�e�k�o�m� �u�z�o�r�k�o�v�a�n�j�a�,� �s�k�l�a�p�a�j�u���i� �s�e� �o�k�o� �9�6� �k�H�z� �N�y�q�u�i�s�t�o�v�e� �f�r�e�k�v�e�n�c�i�j�e� �i� �s�l�e�t�a�j�u���i� �i�z�m�e���u� �0� �i� �6� �k�H�z� �-�-� �u�s�r�e�d
�n�a�j�o�s�j�e�t�l�j�i�v�i�j�e�g� �p�o�d�r�u�
�j�a� �l�j�u�d�s�k�o�g� �s�l�u�h�a�.

�I�z�m�j�e�r�i�l�i� �s�m�o� �o�v�a�j� �a�l�i�a�s�i�r�a�n�i� �r�e�z�i�d�u�a�l� �i�z�r�a�v�n�o� �u�s�p�o�r�e�d�b�o�m� �i�z�l�a�z�a� �i�s�t�o�g� �A�D�C�-�a� �s�a� �i� �b�e�z� �u�k�l�j�u�
�e�n�o�g� �a�n�t�i�a�l�i�a�s�i�n�g� �f�i�l�t�r�a�.� �R�a�z�l�i�k�o�v�n�i� �s�i�g�n�a�l
-- energija koju filter nije u potpunosti uklonio -- bila je prisutna u svakoj snimci.

�Z�a� �p�u�h�a�
�k�i� �a�n�s�a�m�b�l�,� �a�l�i�a�s�i�r�a�n�i� �r�e�z�i�d�u�a�l� �u� �p�o�j�a�s�u� �0�-�6� �k�H�z� �m�j�e�r�i�o� �j�e� �-�1�5�8�,�3� �d�B�F�S�.� �Z�a� �s�o�l�o� �k�l�a�v�i�r�,� �-�1�7�1�,�2� �d�B�F�S�.� �Z�a� �e�l�e�k�t�r�o�n�i�
�k�i
sintesajzer, -162,7 dBFS.

�O�v�e� �r�a�z�i�n�e� �s�u� �i�z�v�a�n�r�e�d�n�o� �n�i�s�k�e�.� �N�e�
�u�j�n�e� �s�u�.� �I�s�p�o�d� �s�u� �p�r�a�g�a� �t�o�p�l�i�n�s�k�o�g� �š�u�m�a� �b�i�l�o� �k�o�j�e�g� �s�t�v�a�r�n�o�g� �o�k�r�u�ž�e�n�j�a� �z�a� �s�l�u�š�a�n�j�e�.� �N�o� �i�z�n�a�d
su praga šuma našeg mjernog sustava i korelirane su s programskim materijalom.

�A�l�i�a�s�i�r�a�n�i� �r�e�z�i�d�u�a�l� �n�i�j�e� �n�a�s�u�m�i�
�a�n�.� �T�o� �j�e� �d�e�t�e�r�m�i�n�i�s�t�i�
�k�a� �f�u�n�k�c�i�j�a� �u�l�a�z�n�o�g� �s�i�g�n�a�l�a�,� �p�r�i�j�e�n�o�s�n�e� �f�u�n�k�c�i�j�e� �f�i�l�t�r�a� �i� �b�r�z�i�n�e� �u�z�o�r�k�o�v�a�n�j�a�.� �T�o
je, u terminima informacijske teorije, šumni kanal kroz koji informacija o signalu iznad pojasa propušta u uzorkovane podatke.

Shannonov teorem kaže da je izvorna informacija iznad pojasa uništena aliasingom. Ovo je istina kada je signal savršeno pojasno
�o�g�r�a�n�i�
�e�n�.� �K�a�d�a� �n�i�j�e� �-�-� �a� �p�o�k�a�z�a�l�i� �s�m�o� �d�a� �n�i�k�a�d�a� �n�i�j�e� �-�-� �r�e�z�i�d�u�a�l� �p�r�e�ž�i�v�l�j�a�v�a�,� �n�o�s�e���i� �m�a�l�u�,� �a�l�i� �n�e� �n�u�l�t�u� �k�o�l�i�
�i�n�u� �u�z�a�j�a�m�n�e� �i�n�f�o�r�m�a�c�i�j�e
s izvornim sadržajem iznad pojasa.

6. OBNOVA INTERSAMPLNE INFORMACIJE

Može li se aliasirani rezidual upotrijebiti za obnovu informacije o izvornom signalu iznad pojasa?

�S�h�a�n�n�o�n� �k�a�ž�e� �n�e�.� �D�o�k�a�z� �t�e�o�r�e�m�a� �u�t�v�r���u�j�e� �d�a� �s�u� �a�l�i�a�s�i�r�a�n�i� �i� �p�r�a�v�i� �s�a�d�r�ž�a�j� �u�n�u�t�a�r� �p�o�j�a�s�a� �m�a�t�e�m�a�t�i�
�k�i� �n�e�r�a�z�l�u�
�i�v�i�.� �N�o� �t�a�j� �d�o�k�a�z
�p�r�e�t�p�o�s�t�a�v�l�j�a� �d�a� �j�e� �a�l�i�a�s�i�r�a�n�a� �e�n�e�r�g�i�j�a� �s�t�i�g�l�a� �p�r�e�k�o� �f�r�e�k�v�e�n�c�i�j�s�k�o�g� �s�a�v�i�j�a�n�j�a� �k�o�j�e� �p�r�e�s�l�i�k�a�v�a� �s�v�a�k�u� �f�r�e�k�v�e�n�c�i�j�u� �i�z�n�a�d� �p�o�j�a�s�a� �n�a� �t�o�
�n�o
jednu frekvenciju ispod pojasa -- preslikavanje jedan-prema-mnogo koje uništava izvorni frekvencijski identitet.

Ova pretpostavka vrijedi za jednu operaciju uzorkovanja. Ne vrijedi kada je dostupno više uzoraka i sadržaj iznad pojasa ima
vremensku strukturu.

CONFID
ENTIA

L
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�A�l�i�a�s�i�r�a�n�i� �r�e�z�i�d�u�a�l� �n�i�j�e� �s�t�a�t�i�
�n�a� �k�o�l�i�
�i�n�a�.� �V�a�r�i�r�a� �o�d� �u�z�o�r�k�a� �d�o� �u�z�o�r�k�a� �j�e�r� �v�a�r�i�r�a� �s�a�d�r�ž�a�j� �i�z�n�a�d� �p�o�j�a�s�a�.� �A� �n�j�e�g�o�v�a� �v�a�r�i�j�a�c�i�j�a� �j�e

�o�g�r�a�n�i�
�e�n�a�:� �m�o�r�a� �b�i�t�i� �u� �s�k�l�a�d�u� �s�a� �s�i�g�n�a�l�o�m� �k�o�j�i� �j�e� �(�a�)� �p�o�t�e�k�a�o� �i�z�n�a�d� �N�y�q�u�i�s�t�o�v�e� �f�r�e�k�v�e�n�c�i�j�e�,� �(�b�)� �p�r�o�š�a�o� �k�r�o�z� �f�i�l�t�e�r� �s� �p�o�z�n�a�t�o�m

prijenosnom funkcijom i (c) generiran istim fizikalnim izvorom kao sadržaj unutar pojasa.

�O�v�a� �o�g�r�a�n�i�
�e�n�j�a� �s�u� �i�n�f�o�r�m�a�t�i�v�n�a�.� �I�s�k�l�j�u�
�u�j�u� �v�e���i�n�u� �m�o�g�u���i�h� �s�i�g�n�a�l�a� �i�z�n�a�d� �p�o�j�a�s�a� �i� �o�s�t�a�v�l�j�a�j�u� �m�a�l�i� �p�o�d�p�r�o�s�t�o�r� �k�a�n�d�i�d�a�t�a� �u� �s�k�l�a�d�u� �s
opaženim rezidualom.

�I�m�p�l�e�m�e�n�t�i�r�a�l�i� �s�m�o� �a�l�g�o�r�i�t�a�m� �o�b�n�o�v�e� �t�e�m�e�l�j�e�n� �n�a� �o�g�r�a�n�i�
�e�n�o�j� �p�r�o�c�j�e�n�i� �n�a�j�v�e���e� �v�j�e�r�o�d�o�s�t�o�j�n�o�s�t�i�.� �A�l�g�o�r�i�t�a�m� �u�z�i�m�a� �k�a�o� �u�l�a�z�:
�u�z�o�r�k�o�v�a�n�e� �p�o�d�a�t�k�e�,� �i�z�m�j�e�r�e�n�u� �p�r�i�j�e�n�o�s�n�u� �f�u�n�k�c�i�j�u� �a�n�t�i�a�l�i�a�s�i�n�g� �f�i�l�t�r�a� �i� �s�t�a�t�i�s�t�i�
�k�i� �m�o�d�e�l� �o�d�n�o�s�a� �i�z�m�e���u� �s�a�d�r�ž�a�j�a� �u�n�u�t�a�r� �p�o�j�a�s�a� �i
iznad pojasa (treniran na 2.000 sati referentnih snimki od 768 kHz). Daje kao izlaz procjenu sadržaja iznad pojasa koja je
maksimalno u skladu s opaženim aliasiranim rezidualom.

�T�o�
�n�o�s�t� �o�b�n�o�v�l�j�e�n�o�g� �s�i�g�n�a�l�a� �p�r�o�c�i�j�e�n�j�e�n�a� �j�e� �u�s�p�o�r�e�d�b�o�m� �s� �i�s�t�i�n�o�m� �o�d� �7�6�8� �k�H�z�.� �U�z�a�j�a�m�n�a� �i�n�f�o�r�m�a�c�i�j�a� �i�z�m�e���u� �o�b�n�o�v�l�j�e�n�e� �p�r�o�c�j�e�n�e� �i
�i�s�t�i�n�i�t�o�g� �s�a�d�r�ž�a�j�a� �i�z�n�a�d� �p�o�j�a�s�a� �i�z�r�a�
�u�n�a�n�a� �j�e� �p�o�m�o���u� �K�o�z�a�c�h�e�n�k�o�-�L�e�o�n�e�n�k�o�v�o�g� �e�s�t�i�m�a�t�o�r�a�.

�R�e�z�u�l�t�a�t�i�:� �a�l�g�o�r�i�t�a�m� �o�b�n�o�v�e� �e�k�s�t�r�a�h�i�r�a�o� �j�e� �i�z�m�e���u� �0�,�0�0�8� �b�i�t�a� �p�o� �u�z�o�r�k�u� �(�s�o�l�o� �
�e�m�b�a�l�o�)� �i� �0�,�3�1� �b�i�t�a� �p�o� �u�z�o�r�k�u� �(�p�u�h�a�
�i� �m�i�k�r�o�f�o�n�i�m�a
�i�z�b�l�i�z�a�)� �u�z�a�j�a�m�n�e� �i�n�f�o�r�m�a�c�i�j�e� �s� �i�s�t�i�n�i�t�i�m� �s�i�g�n�a�l�o�m� �i�z�n�a�d� �p�o�j�a�s�a�.� �K�o�n�t�r�o�l�n�i� �e�k�s�p�e�r�i�m�e�n�t� �k�o�r�i�s�t�e���i� �b�i�j�e�l�i� �š�u�m� �k�a�o� �u�l�a�z�n�i� �s�i�g�n�a�l� �d�a�o� �j�e
�0�,�0�0�0� �+�/�-� �0�,�0�0�1� �b�i�t�a� �p�o� �u�z�o�r�k�u�,� �p�o�t�v�r���u�j�u���i� �d�a� �j�e� �o�b�n�o�v�l�j�e�n�a� �i�n�f�o�r�m�a�c�i�j�a� �o�v�i�s�n�a� �o� �s�i�g�n�a�l�u�,� �a� �n�e� �a�r�t�e�f�a�k�t� �a�l�g�o�r�i�t�m�a�.

�Z�a� �p�u�h�a�
�k�i� �a�n�s�a�m�b�l�,� �0�,�3�1� �b�i�t�a� �p�o� �u�z�o�r�k�u� �k�r�o�z� �1�9�2�.�0�0�0� �u�z�o�r�a�k�a� �p�o� �s�e�k�u�n�d�i� �i�z�n�o�s�i� �5�9�.�5�2�0� �b�i�t�a� �-�-� �p�r�i�b�l�i�ž�n�o� �7�,�3� �k�i�l�o�b�a�j�t�a� �-�-� �i�n�f�o�r�m�a�c�i�j�e
�i�z�n�a�d� �N�y�q�u�i�s�t�a� �p�o� �s�e�k�u�n�d�i�,� �o�b�n�o�v�l�j�e�n�e� �i�z� �s�i�g�n�a�l�a� �z�a� �k�o�j�i� �S�h�a�n�n�o�n�o�v� �t�e�o�r�e�m� �j�a�m�
�i� �d�a� �u�o�p���e� �n�e� �s�a�d�r�ž�i� �i�n�f�o�r�m�a�c�i�j�u� �i�z�n�a�d� �N�y�q�u�i�s�t�a�.

�I�n�f�o�r�m�a�c�i�j�a� �p�o�s�t�o�j�i� �j�e�r� �p�r�e�m�i�s�a� �n�e� �v�r�i�j�e�d�i�.� �S�i�g�n�a�l� �n�i�j�e� �p�o�j�a�s�n�o� �o�g�r�a�n�i�
�e�n�.� �U�z�o�r�c�i� �s�a�d�r�ž�e� �t�r�a�g�o�v�e� �s�a�d�r�ž�a�j�a� �i�z�n�a�d� �p�o�j�a�s�a� �k�o�j�e
Shannonov okvir tretira kao uništene. Nisu uništeni. Samo su oslabljeni, aliasirani i teško ekstraktivni. No oni su tu.

7. POTENCIJALNI KONFONDI

Razmotrili smo sedam alternativnih objašnjenja za promatrane rezultate. Nijedno nije preživjelo.

1. Nelinearnost ADC-a. Nelinearni konverter mogao bi generirati spektralni sadržaj koji oponaša energiju iznad pojasa.
Karakterizirali smo integralnu nelinearnost (INL) i diferencijalnu nelinearnost (DNL) AK5578 na svim radnim frekvencijama.
�I�z�m�j�e�r�e�n�a� �I�N�L� �o�d� �+�/�-� �0�,�8� �L�S�B� �p�r�i� �3�2� �b�i�t�a� �p�r�i�d�o�n�o�s�i� �i�z�o�b�l�i�
�e�n�j�i�m�a� �p�r�i� �-�1�9�9� �d�B�F�S�,� �z�n�a�t�n�o� �i�s�p�o�d� �o�p�a�ž�e�n�o�g� �r�e�z�i�d�u�a�l�a�.� �D�o�d�a�t�n�o�,
nelinearnost konvertera proizvela bi harmonike u fiksnim frekvencijskim odnosima prema ulaznim tonovima, a opažena energija
iznad pojasa ne slijedi harmonijske obrasce.

�2�.� �I�z�o�b�l�i�
�e�n�j�e� �p�r�e�d�p�o�j�a�
�a�l�a�.� �U�k�u�p�n�o� �h�a�r�m�o�n�i�
�k�o� �i�z�o�b�l�i�
�e�n�j�e� �n�a�m�j�e�n�s�k�o�g� �p�r�e�d�p�o�j�a�
�a�l�a� �i�z�m�j�e�r�e�n�o� �j�e� �p�r�i� �-�1�4�2� �d�B� �(�0�,�0�0�0�0�0�8�%�)� �p�r�i� �1
�k�H�z�,� �o�p�a�d�a�j�u���i� �n�a� �-�1�5�1� �d�B� �p�r�i� �1�0� �k�H�z�.� �E�n�e�r�g�i�j�a� �i�z�n�a�d� �p�o�j�a�s�a� �p�r�e�m�a�š�u�j�e� �t�e� �r�a�z�i�n�e� �z�a� �4�0�-�6�0� �d�B� �i� �s�t�o�g�a� �s�e� �n�e� �m�o�ž�e� �p�r�i�p�i�s�a�t�i
�h�a�r�m�o�n�i�c�i�m�a� �p�r�e�d�p�o�j�a�
�a�l�a�.

�3�.� �A�r�t�e�f�a�k�t�i� �m�i�k�r�o�f�o�n�a�.� �D�P�A� �4�0�0�6�A� �i�m�a� �d�o�k�u�m�e�n�t�i�r�a�n�i� �u�l�t�r�a�z�v�u�
�n�i� �o�d�z�i�v� �k�o�j�i� �b�i� �m�o�g�a�o� �p�r�o�i�z�v�e�s�t�i� �i�n�t�e�r�m�o�d�u�l�a�c�i�j�s�k�e� �p�r�o�d�u�k�t�e�.� �P�o�n�o�v�i�l�i
�s�m�o� �o�d�a�b�r�a�n�a� �m�j�e�r�e�n�j�a� �p�o�m�o���u� �B�r�u�e�l� �&� �K�j�a�e�r� �T�y�p�e� �4�1�3�8� �1�/�8�-�i�n�
�n�o�g� �t�l�a�
�n�o�g� �m�i�k�r�o�f�o�n�a�,� �k�o�j�i� �i�m�a� �r�a�v�a�n� �o�d�z�i�v� �d�o� �1�4�0� �k�H�z� �b�e�z
�p�o�z�n�a�t�i�h� �i�n�t�e�r�m�o�d�u�l�a�c�i�j�s�k�i�h� �a�r�t�e�f�a�k�a�t�a�.� �R�a�z�i�n�e� �e�n�e�r�g�i�j�e� �i�z�n�a�d� �p�o�j�a�s�a� �b�i�l�e� �s�u� �k�o�n�z�i�s�t�e�n�t�n�e� �u�n�u�t�a�r� �+�/�-� �2� �d�B�,� �u�k�a�z�u�j�u���i� �d�a� �e�n�e�r�g�i�j�a
�p�o�t�j�e�
�e� �i�z� �a�k�u�s�t�i�
�n�o�g� �p�o�l�j�a�,� �a� �n�e� �i�z� �m�i�k�r�o�f�o�n�a�.

�4�.� �E�l�e�k�t�r�o�m�a�g�n�e�t�s�k�e� �s�m�e�t�n�j�e�.� �L�o�k�a�c�i�j�e� �s�n�i�m�a�n�j�a� �s�a�d�r�ž�a�v�a�l�e� �s�u� �r�a�z�n�e� �i�z�v�o�r�e� �E�M�I� �(�r�a�s�v�j�e�t�u�,� �H�V�A�C�,� �o�ž�i�
�e�n�j�e� �z�g�r�a�d�e�)�.� �P�o�n�o�v�i�l�i� �s�m�o
�m�j�e�r�e�n�j�a� �u� �p�o�t�p�u�n�o� �o�k�l�o�p�l�j�e�n�o�j� �R�F� �k�a�b�i�n�i� �k�o�r�i�s�t�e���i� �s�n�i�m�l�j�e�n�i� �m�a�t�e�r�i�j�a�l� �r�e�p�r�o�d�u�c�i�r�a�n� �k�r�o�z� �r�e�f�e�r�e�n�t�n�i� �z�v�u�
�n�i�k�.� �E�n�e�r�g�i�j�a� �i�z�n�a�d� �p�o�j�a�s�a� �b�i�l�a
�j�e� �o�
�u�v�a�n�a�,� �p�o�t�v�r���u�j�u���i� �a�k�u�s�t�i�
�n�o� �p�o�r�i�j�e�k�l�o�.

�5�.� �A�k�u�s�t�i�k�a� �p�r�o�s�t�o�r�i�j�e�.� �V�i�s�o�k�o�f�r�e�k�v�e�n�t�n�a� �a�k�u�s�t�i�
�n�a� �e�n�e�r�g�i�j�a� �m�o�g�l�a� �b�i� �b�i�t�i� �g�e�n�e�r�i�r�a�n�a� �m�o�d�o�v�i�m�a� �p�r�o�s�t�o�r�i�j�e�,� �f�l�u�t�t�e�r� �e�h�o�m� �i�l�i� �d�i�f�r�a�k�c�i�j�o�m
�n�a� �g�r�a�n�i�c�a�m�a� �p�r�o�s�t�o�r�i�j�e�.� �M�j�e�r�i�l�i� �s�m�o� �i� �u� �b�e�z�e�h�o�i�
�n�o�j� �k�o�m�o�r�i� �i� �u� �r�e�v�e�r�b�e�r�a�n�t�n�i�m� �l�o�k�a�c�i�j�a�m�a�.� �E�n�e�r�g�i�j�a� �i�z�n�a�d� �p�o�j�a�s�a� �b�i�l�a� �j�e� �p�r�i�s�u�t�n�a� �u
�o�b�a� �u�v�j�e�t�a�,� �i�a�k�o� �n�a� �r�a�z�l�i�
�i�t�i�m� �r�a�z�i�n�a�m�a� �(�n�i�ž�a� �u� �b�e�z�e�h�o�i�
�n�o�j� �k�o�m�o�r�i�,� �k�a�o� �š�t�o� �s�e� �o�
�e�k�u�j�e� �z�a� �i�z�v�o�r� �m�i�k�r�o�f�o�n�i�m�a� �i�z�b�l�i�z�a�)�.

�6�.� �P�r�i�s�t�r�a�n�o�s�t� �a�l�g�o�r�i�t�m�a�.� �S�t�a�t�i�s�t�i�
�k�i� �m�o�d�e�l� �a�l�g�o�r�i�t�m�a� �o�b�n�o�v�e� �t�r�e�n�i�r�a�n� �j�e� �n�a� �i�s�t�o�j� �v�r�s�t�i� �p�o�d�a�t�a�k�a� �n�a� �k�o�j�i�m�a� �j�e� �e�v�a�l�u�i�r�a�n�,� �š�t�o� �p�o�t�e�n�c�i�j�a�l�n�o
�o�m�o�g�u���u�j�e� �c�i�r�k�u�l�a�r�n�o� �r�a�s�u���i�v�a�n�j�e�.� �P�o�n�o�v�o� �s�m�o� �p�o�k�r�e�n�u�l�i� �e�k�s�p�e�r�i�m�e�n�t� �p�o�m�o���u� �m�o�d�e�l�a� �t�r�e�n�i�r�a�n�o�g� �i�s�k�l�j�u�
�i�v�o� �n�a� �o�r�k�e�s�t�r�a�l�n�o�m
materijalu za obnovu informacije iz snimki solo instrumenata (i obratno). Obnovljena uzajamna informacija opala je za 15-20%, no
�o�s�t�a�l�a� �j�e� �s�t�a�t�i�s�t�i�
�k�i� �z�n�a�
�a�j�n�a� �(�p� �<� �0�,�0�1�)� �u� �s�v�i�m� �s�l�u�
�a�j�e�v�i�m�a�.� �N�a�d�a�l�j�e� �s�m�o� �p�o�k�r�e�n�u�l�i� �a�l�g�o�r�i�t�a�m� �n�a� �d�i�g�i�t�a�l�n�o� �s�i�n�t�e�t�i�z�i�r�a�n�i�m� �s�i�g�n�a�l�i�m�a� �k�o�j�i
�s�u� �d�o�k�a�z�a�n�o� �p�o�j�a�s�n�o� �o�g�r�a�n�i�
�e�n�i� �(�g�e�n�e�r�i�r�a�n�i� �p�r�i� �7�6�8� �k�H�z�,� �d�i�g�i�t�a�l�n�o� �f�i�l�t�r�i�r�a�n�i� �n�a� �9�6� �k�H�z�,� �p�o�n�o�v�n�o� �u�z�o�r�k�o�v�a�n�i� �n�a� �1�9�2� �k�H�z�)�.� �A�l�g�o�r�i�t�a�m� �j�e
�i�s�p�r�a�v�n�o� �v�r�a�t�i�o� �0�,�0�0�0� �b�i�t�a� �p�o� �u�z�o�r�k�u� �o�b�n�o�v�l�j�i�v�e� �i�n�f�o�r�m�a�c�i�j�e�,� �p�o�t�v�r���u�j�u���i� �d�a� �n�e� �h�a�l�u�c�i�n�i�r�a� �i�n�f�o�r�m�a�c�i�j�u� �k�o�j�a� �n�i�j�e� �p�r�i�s�u�t�n�a�.

7. Korelacija toplinskog šuma. Toplinski šum u analognoj signalnoj stazi mogao bi stvoriti koreliranu energiju iznad i ispod
�N�y�q�u�i�s�t�o�v�e� �f�r�e�k�v�e�n�c�i�j�e�.� �I�z�r�a�
�u�n�a�l�i� �s�m�o� �t�e�o�r�i�j�s�k�i� �d�o�p�r�i�n�o�s� �t�o�p�l�i�n�s�k�o�g� �š�u�m�a� �o�d� �m�i�k�r�o�f�o�n�a�,� �p�r�e�d�p�o�j�a�
�a�l�a� �i� �o�ž�i�
�e�n�j�a� �p�r�i� �2�5� �d�e�g�C�.� �U�k�u�p�n�i
toplinski šum u pojasu 96-384 kHz bio je -184 dBFS, znatno ispod izmjerene energije iznad pojasa. Nadalje, toplinski šum proizveo
bi nultu unakrsnu korelaciju s programskim materijalom, a izmjerili smo r > 0,93.

�N�i�s�m�o� �m�o�g�l�i� �i�d�e�n�t�i�f�i�c�i�r�a�t�i� �k�o�n�f�u�n�d�i�r�a�j�u���i� �f�a�k�t�o�r� �k�o�j�i� �b�i� �o�b�j�a�s�n�i�o� �p�o�d�a�t�k�e�.
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8. RASPRAVA

�N�y�q�u�i�s�t�-�S�h�a�n�n�o�n�o�v� �t�e�o�r�e�m� �u�z�o�r�k�o�v�a�n�j�a� �n�i�j�e� �p�o�g�r�e�š�a�n�.� �N�j�e�g�o�v� �d�o�k�a�z� �j�e� �v�a�l�j�a�n�.� �N�j�e�g�o�v� �z�a�k�l�j�u�
�a�k� �s�l�i�j�e�d�i� �i�z� �n�j�e�g�o�v�i�h� �p�r�e�m�i�s�a�.

Premisa je pogrešna.

�N�i�j�e�d�a�n� �s�t�v�a�r�n�i� �a�u�d�i�o� �s�i�g�n�a�l� �n�i�j�e� �p�o�j�a�s�n�o� �o�g�r�a�n�i�
�e�n� �u� �s�m�i�s�l�u� �k�a�k�o� �S�h�a�n�n�o�n� �z�a�h�t�i�j�e�v�a�.� �S�v�a�k�i� �a�k�u�s�t�i�
�n�i� �d�o�g�a���a�j�,� �s�v�a�k�i� �g�l�a�z�b�e�n�i
�i�n�s�t�r�u�m�e�n�t�,� �s�v�a�k�i� �l�j�u�d�s�k�i� �g�l�a�s� �p�r�o�i�z�v�o�d�i� �e�n�e�r�g�i�j�u� �k�o�j�a� �s�e� �p�r�o�t�e�ž�e� �i�z�n�a�d� �b�i�l�o� �k�o�j�e� �k�o�n�a�
�n�e� �f�r�e�k�v�e�n�c�i�j�s�k�e� �g�r�a�n�i�c�e�.� �A�n�t�i�a�l�i�a�s�i�n�g� �f�i�l�t�r�i
smanjuju ovu energiju, ali je ne eliminiraju. Rezidualna energija iznad pojasa koja preživljava filter aliasira u uzorkovane podatke,
�n�o�s�e���i� �s�a� �s�o�b�o�m� �m�a�l�u�,� �a�l�i� �m�j�e�r�l�j�i�v�u� �k�o�l�i�
�i�n�u� �i�n�f�o�r�m�a�c�i�j�e� �o� �i�z�v�o�r�n�o�m� �s�i�g�n�a�l�u�.

�O�v�a�j� �n�a�l�a�z� �n�e� �r�u�š�i� �d�i�g�i�t�a�l�n�i� �a�u�d�i�o�.� �K�o�l�i�
�i�n�e� �s�u� �i�z�r�a�z�i�t�o� �m�a�l�e�.� �N�a�j�v�e���a� �u�z�a�j�a�m�n�a� �i�n�f�o�r�m�a�c�i�j�a� �k�o�j�u� �s�m�o� �o�b�n�o�v�i�l�i� �-�-� �0�,�3�1� �b�i�t�a� �p�o� �u�z�o�r�k�u
�z�a� �p�u�h�a�
�k�i� �a�n�s�a�m�b�l� �-�-� �p�r�e�d�s�t�a�v�l�j�a� �i�n�f�o�r�m�a�c�i�j�s�k�u� �s�t�o�p�u� �o�d� �p�r�i�b�l�i�ž�n�o� �7�,�3� �k�i�l�o�b�a�j�t�a� �p�o� �s�e�k�u�n�d�i�,� �u� �u�s�p�o�r�e�d�b�i� �s� �o�t�p�r�i�l�i�k�e� �1�,�1� �m�e�g�a�b�a�j�t�a� �p�o
�s�e�k�u�n�d�i� �1�9�2� �k�H�z� �3�2�-�b�i�t�n�o�g� �a�u�d�i�o� �t�o�k�a�.� �I�n�t�e�r�s�a�m�p�l�n�a� �i�n�f�o�r�m�a�c�i�j�a� �j�e� �d�o�d�a�t�a�k� �o�d� �0�,�6�%� �S�h�a�n�n�o�n�-�z�a�j�a�m�
�e�n�o�m� �s�a�d�r�ž�a�j�u�.

�N�o� �p�o�s�t�o�j�i�.� �A� �n�j�e�n�a� �p�o�s�t�o�j�a�n�o�s�t� �z�n�a�
�i� �d�a� �s�t�a�n�d�a�r�d�n�a� �t�v�r�d�n�j�a� �-�-� �„�s�n�i�m�k�a� �o�d� �1�9�2� �k�H�z� �h�v�a�t�a� �s�v�e� �i�n�f�o�r�m�a�c�i�j�e� �u� �a�n�a�l�o�g�n�o�m� �o�r�i�g�i�n�a�l�u� �d�o
�9�6� �k�H�z�,� �s�a�v�r�š�e�n�o�,� �b�e�z� �g�u�b�i�t�k�a�"� �-�-� �n�i�j�e� �p�r�e�c�i�z�n�o� �i�s�t�i�n�i�t�a�.� �H�v�a�t�a� �s�v�e� �i�n�f�o�r�m�a�c�i�j�e� �u� �h�i�p�o�t�e�t�s�k�o�j� �p�o�j�a�s�n�o� �o�g�r�a�n�i�
�e�n�o�j� �v�e�r�z�i�j�i� �a�n�a�l�o�g�n�o�g
originala. Stvarni analogni original sadrži više.

Koliko više ovisi o izvornom materijalu, antialiasing filtru i brzini uzorkovanja. Naša mjerenja sugeriraju da se intersamplna
�i�n�f�o�r�m�a�c�i�j�a� �b�r�z�o� �s�m�a�n�j�u�j�e� �s� �p�o�v�e���a�n�j�e�m� �b�r�z�i�n�e� �u�z�o�r�k�o�v�a�n�j�a� �(�p�r�i�j�e�l�a�z�n�i� �p�o�j�a�s� �a�n�t�i�a�l�i�a�s�i�n�g� �f�i�l�t�r�a� �s�u�ž�a�v�a� �s�e� �u� �o�d�n�o�s�u� �n�a� �p�r�o�p�u�s�n�i
�p�o�j�a�s�,� �s�m�a�n�j�u�j�u���i� �r�e�z�i�d�u�a�l�)�.� �P�r�i� �7�6�8� �k�H�z�,� �i�n�t�e�r�s�a�m�p�l�n�a� �i�n�f�o�r�m�a�c�i�j�a� �j�e� �n�e�d�e�t�e�k�t�a�b�i�l�n�a�.� �P�r�i� �1�9�2� �k�H�z�,� �m�a�l�a� �j�e�,� �a�l�i� �m�j�e�r�l�j�i�v�a�.� �P�r�i� �4�4�,�1� �k�H�z
�-�-� �s�t�a�n�d�a�r�d�n�o�j� �b�r�z�i�n�i� �u�z�o�r�k�o�v�a�n�j�a� �C�D�-�a�,� �s� �N�y�q�u�i�s�t�o�v�o�m� �f�r�e�k�v�e�n�c�i�j�o�m� �o�d� �2�2�,�0�5� �k�H�z� �-�-� �i�n�t�e�r�s�a�m�p�l�n�a� �i�n�f�o�r�m�a�c�i�j�a� �b�i�l�a� �b�i� �z�n�a�t�n�o� �v�e���a�,
jer antialiasing filter mora raditi mnogo bliže audio pojasu.

Nismo mjerili pri 44,1 kHz. Taj eksperiment je u tijeku. Implikacije njegovog ishoda -- kakav god bio -- protežu se izvan opsega ovog
rada.

Naglašavamo da ne predlažemo zamjenu za teorem uzorkovanja. Dokumentiramo mjerenje. Mjerenje pokazuje da stvarni signali
�s�a�d�r�ž�e� �i�n�f�o�r�m�a�c�i�j�e� �k�o�j�e� �p�r�e�m�i�s�a� �t�e�o�r�e�m�a� �i�s�k�l�j�u�
�u�j�e�.� �T�e�o�r�e�m� �j�e� �p�o�t�p�u�n� �z�a� �p�o�j�a�s�n�o� �o�g�r�a�n�i�
�e�n�e� �s�i�g�n�a�l�e�.� �S�t�v�a�r�n�i� �s�i�g�n�a�l�i� �n�i�s�u� �p�o�j�a�s�n�o
�o�g�r�a�n�i�
�e�n�i�.� �R�a�z�l�i�k�a� �i�z�m�e���u� �t�e�o�r�e�m�a� �i� �s�t�v�a�r�n�o�s�t�i� �j�e� �m�a�l�a�,� �n�o� �n�i�j�e� �n�u�l�a�,� �i� �m�o�g�l�i� �s�m�o� �j�e� �i�z�m�j�e�r�i�t�i�.

�9�.� �Z�A�K�L�J�U���A�K

Izmjerili smo spektralnu energiju 4.000 sati glazbenog materijala iznad Nyquistove frekvencije standardnog audio sustava od 192
�k�H�z�.� �U� �s�v�a�k�o�m� �s�l�u�
�a�j�u�,� �p�r�i�s�u�t�n�a� �j�e� �b�i�l�a� �m�j�e�r�l�j�i�v�a� �e�n�e�r�g�i�j�a� �k�o�r�e�l�i�r�a�n�a� �s�a� �s�i�g�n�a�l�o�m�.� �O�v�a� �e�n�e�r�g�i�j�a� �j�e� �d�i�o� �i�z�v�o�r�n�o�g� �a�k�u�s�t�i�
�n�o�g� �d�o�g�a���a�j�a� �i
uklanja se -- nesavršeno -- antialiasing filtrom prije uzorkovanja.

�N�e�s�a�v�r�š�e�n�o� �u�k�l�a�n�j�a�n�j�e� �o�s�t�a�v�l�j�a� �a�l�i�a�s�i�r�a�n�i� �r�e�z�i�d�u�a�l� �u� �u�z�o�r�k�o�v�a�n�i�m� �p�o�d�a�c�i�m�a�.� �O�v�a�j� �r�e�z�i�d�u�a�l� �n�o�s�i� �i�z�m�e���u� �0�,�0�0�8� �i� �0�,�3�1� �b�i�t�a� �p�o� �u�z�o�r�k�u
�u�z�a�j�a�m�n�e� �i�n�f�o�r�m�a�c�i�j�e� �s� �i�z�v�o�r�n�i�m� �s�i�g�n�a�l�o�m� �i�z�n�a�d� �p�o�j�a�s�a�.� �A�l�g�o�r�i�t�a�m� �o�b�n�o�v�e� �t�e�m�e�l�j�e�n� �n�a� �o�g�r�a�n�i�
�e�n�o�j� �p�r�o�c�j�e�n�i� �n�a�j�v�e���e� �v�j�e�r�o�d�o�s�t�o�j�n�o�s�t�i
može ekstraktirati dio te informacije.

�O�v�i� �n�a�l�a�z�i� �n�e� �p�o�n�i�š�t�a�v�a�j�u� �N�y�q�u�i�s�t�-�S�h�a�n�n�o�n�o�v� �t�e�o�r�e�m� �u�z�o�r�k�o�v�a�n�j�a�.� �P�o�k�a�z�u�j�u� �d�a� �p�r�e�m�i�s�a� �t�e�o�r�e�m�a� �-�-� �s�t�r�o�g�o� �p�o�j�a�s�n�o� �o�g�r�a�n�i�
�e�n�j�e� �-�-
�n�i�j�e� �z�a�d�o�v�o�l�j�e�n�a� �s�t�v�a�r�n�i�m� �a�u�d�i�o� �s�i�g�n�a�l�i�m�a� �i� �d�a� �j�e� �r�e�z�u�l�t�i�r�a�j�u���a� �r�a�z�l�i�k�a� �i�z�m�e���u� �t�e�o�r�i�j�s�k�e� �s�a�v�r�š�e�n�e� �r�e�k�o�n�s�t�r�u�k�c�i�j�e� �i� �s�t�v�a�r�n�e
rekonstrukcije mjerljiva s dovoljno preciznom opremom.

�P�r�a�k�t�i�
�n�i� �z�n�a�
�a�j� �t�e� �r�a�z�l�i�k�e� �p�i�t�a�n�j�e� �j�e� �z�a� �d�a�l�j�n�j�e� �p�r�o�u�
�a�v�a�n�j�e�.� �K�o�l�i�
�i�n�e� �s�u� �m�a�l�e�.� �J�e�s�u� �l�i� �
�u�j�n�e� �i�l�i� �p�r�i�d�o�n�o�s�e� �s�u�b�j�e�k�t�i�v�n�i�m� �r�a�z�l�i�k�a�m�a
�p�r�i�j�a�v�l�j�e�n�i�m� �i�z�m�e���u� �b�r�z�i�n�a� �u�z�o�r�k�o�v�a�n�j�a�,� �i�z�v�a�n� �j�e� �o�p�s�e�g�a� �o�v�o�g� �r�a�d�a�.� �I�z�v�j�e�š�t�a�v�a�m�o� �s�a�m�o� �d�a� �i�n�f�o�r�m�a�c�i�j�a� �p�o�s�t�o�j�i�,� �d�a� �j�e� �o�b�n�o�v�l�j�i�v�a� �i� �d�a
je teorem uzorkovanja ne uzima u obzir.
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