
http://crossmark.crossref.org/dialog/?doi=10.1007/s11071-024-10613-y&domain=pdf













































	�S�e�p�a�r�a�b�l�e� �s�y�n�c�h�r�o�n�o�u�s� �r�e�d�u�n�d�a�n�t� �r�u�l�e�-�b�a�s�e�d� �m�u�l�t�i�-�i�n�n�o�v�a�t�i�o�n� �p�r�e�d�i�c�t�i�v�e� �g�r�a�d�i�e�n�t� �a�l�g�o�r�i�t�h�m�s� �a�n�d� �c�o�n�v�e�r�g�e�n�c�e� �a�n�a�l�y�s�i�s� �f�o�r� �n�o�n�l�i�n�e�a�r� �E�x�p�A�R�X� �m�o�d�e�l�s
	�A�b�s�t�r�a�c�t
	�1� �I�n�t�r�o�d�u�c�t�i�o�n
	�2� �S�y�s�t�e�m� �d�e�s�c�r�i�p�t�i�o�n
	�3� �R�e�d�u�n�d�a�n�t� �r�u�l�e�-�b�a�s�e�d� �m�u�l�t�i�-�i�n�n�o�v�a�t�i�o�n� �p�r�e�d�i�c�t�i�v�e� �g�r�a�d�i�e�n�t� �a�l�g�o�r�i�t�h�m
	�4� �S�e�p�a�r�a�b�l�e� �s�y�n�c�h�r�o�n�o�u�s� �r�e�d�u�n�d�a�n�t� �r�u�l�e�-�b�a�s�e�d� �m�u�l�t�i�-�i�n�n�o�v�a�t�i�o�n� �p�r�e�d�i�c�t�i�v�e� �g�r�a�d�i�e�n�t� �a�l�g�o�r�i�t�h�m
	�5� �T�h�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�a�l� �e�f�f�i�c�i�e�n�c�y
	�6� �T�h�e� �m�a�i�n� �c�o�n�v�e�r�g�e�n�c�e� �r�e�s�u�l�t�s
	�7� �N�u�m�e�r�i�c�a�l� �r�e�s�u�l�t�s
	�7�.�1� �N�u�m�e�r�i�c�a�l� �s�i�m�u�l�a�t�i�o�n
	�7�.�2� �A�p�p�l�i�c�a�t�i�o�n� �t�o� �a� �p�i�e�z�o�e�l�e�c�t�r�i�c� �c�e�r�a�m�i�c� �s�y�s�t�e�m

	�8� �C�o�n�c�l�u�s�i�o�n�s
	�R�e�f�e�r�e�n�c�e�s


