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Figure 1. Arrangement of the data in a three-way structure.
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Figure 2. Illustration of the inadequate use of PARAFAC for fluorescence emission below the excitation
wavelength. Top plots show the emission and excitation spectrum of tyrosine. The left middle plots show the
emission spectra measured at several excitation wavelengths with emission below excitation set to missing.
A smaller fraction indicated by the circle is shown blown up below. The right middle and bottom plots show
the same but with emission below excitation set to zero. As can be seen at bottom-right, a rank-one
approximation is not valid when zeros are present because the different emission spectra no longer have
the same shape owing to the incorporated zeros.
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Figure 3. Examples of fluorescence excitation–emission landscapes. Emission spectra were collected from 280 to
600 nm after excitation from 250 to 370 nm. Note that triangular parts of the landscapes have been set to missing.

Table I. Explained variance as a percentage vs the number of
components for PARAFAC models of the fluorescence data with

1 –5 components
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Figure 4. Emission and excitation loadings of two- and three-component PARAFAC
models. The lines indicate component one (solid), component two (dotted) and
component three (dashed).

)	������� � 
��� �	�� '���� G /	��! .��" �� �
�
�
�����	 
���� 15= 
��0
�2

(�����) 
	������ 	 M�	�������� �&������	�0�
����	� ���� 
�2



	 
������ ������" 1� 	���� �	 ��� $�� ��� ���- �������! ���

���������� ��������� �� �	
�	����� 	�� ��� �$	 	 ���

�����%�	
�	���� 
	��� ��� ����������  �	
 ��� 	�������

����" ,���! 	��� �	��� ��� ��� ��������� ��������� �� ���

����� �	
�	���� ��
���� �� ����� ��������� ��� �����

���������� ��� �������	� ���� �	
�	���� ����� �� ���-��� �	

�&�����" >������6��� ���� ���� 	 ��� ���� ��� ���� �� �����%

�������� $�� ��� ����
���� �
����	� ��	N�� �� ��������"

������ 73�4 ��	$� �� �&�
��� 	 ����� ��������� ������������

��� ���- ������ �� � ���
���� ����	
��	� �	�����	�����

�	 ��� ��	�� ���- 	 �	
�	���� �����" ,�� ���� ��� ����	$

���- ��	��� �
����	�� �� ��� �
 �� �	� �������� ����������"

1� ������	�! ��� 	���� ��	���� 	 ��� �
����	� ��� �&������	�

�	������ 	 �	
�	���� ����� �� ����� 3������ 73�44" ,�� 	����

��	���� ��	����� �  ��� ��������� ��� � ��� 
������ ���
����

�� ��� ���� ��� ��� �	 
������ �� ��� �	
�	���� �����

���������! ������ 73�4 �� 	�������" ,�� ���� ��� ����	$ ���-

�� ��� �
����	� �	������ ������ � ����	$ ���- �� ���  ���

��������� �	����	��� �� � ���� $���� ����� ��� �	 
������%


����" ,�� ���- ������ ������� �� �� ���������� � �
���

��
������ ������� ���- �� ��� 	������� ��������� �� ��� �	$

�&������	� ���� 3������ �� ������ 73�44" H$��� �	 ��� ������� 	 


������ ������! ��� ��6� 	 ���� �
��� ���- �������� �	 ���

����� ���
���� ���- �� ������� ���������" ,���! ��� 
��������

	 ��� �$	 ���-� �� �	
�	���� ����� ����	� �� �	
�����

��������" ,�� �������� ����� ����� ���- �� �� ���� ��� ����

������� 	$��� �	 ��� �	
����� �  ��� 	 ��� �
��� �
	��� 	 

�������� ������� �� � ��� ��� 
������ ����" �� ���� ��� ���-

�� �	����� ��� ��� ���������� ���� 
�������� �� ����������  �	


�� �&��	���	�� �	��� 	 ���$" � ��
���� �&�������	� 	 ���

�� ���	� ���������� 	 ��� �	������ 	 �	
�	���� �$	 ��� ��

����� ���� ��	��� ��� ���������� 	 �	
�	���� �$	 ��  ���

 �	
 ���� 	 �	
�	���� �����"

,�� ��	�� ��������� ���� 
	�� ���� ���
���� ���� �	 �� ���

�	 
������ ������� ����� ��� ����� ����� �� ������� �� �������"

#	$����! ������� 
	�� ���
���� �	 
������ $	��� 
��� ����

����� 	 ��� ����������� ���
���� �������	� ��� ���	 ���
�%

�����! ������� �	 � �	$�� �� 	�
���	� �����! $���� �� �	�

 �������" ,���� ��� ������� ����������� $��� 	 ������� $���

���� ��	���
 *�!
�!
8+" I��	$ �� $��� �� ��	$� �	$ ���

���������	� 	 �	��������� 	� ��� ����
����� ��� �� ���� �� �	

���� ���" 1� �� �
�����6��! �	$����! ���� ��� ����������

���� ������ ���-� ��� �	� ���	����� ��
�������� ��� 
�����

���	���� �� ������ ������������	� 	 ��� ����
�����" I� 	��

�������� �	��������� �� ������� �		- �� ��� ��������� 	�������

��	�� ������ �� ��� 	�
�� �	 ����-  	� �&���
� 	�������"

Figure 6. (a) Example of an excitation–emission matrix after removing components one and two
obtained from the three-component PARAFAC model; (b) outer products of emission and excitation
loadings of component three of the three-component PARAFAC model; (c) as in (b) with the wavelength
areas corresponding to missing values in the original data set to missing.

Figure 5. Standard errors of the loadings of the three-component
PARAFAC model (Figure 4) obtained by jack-knife validation.
Jack-knife is performed by leaving one sample out at a time. The
lines indicate component one (solid), component two (dotted) and
component three (dashed).
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Figure 7. Scatter plot of the score values obtained for the three-component PARAFAC model.
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Figure 8. Emission and excitation loadings of two- and three-component PARAFAC
models constrained with non-negativity in mode one and non-negativity and
unimodality in modes two and three. The lines indicate component one (solid),
component two (dotted) and component three (dashed).

Figure 9. Fit values and number of iterations as a function of the
number of components, all data included (top) and low excitation
and emission removed (bottom).
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Figure 10. Residuals of sample one from a five-component
PARAFAC model.

Figure 11. A four-component PARAFAC model on all calibration samples with low excitations
removed, emission mode loadings (left) and excitation mode loadings (right). The lines indicate
component one (black solid), component two (black dotted), component three (gray solid) and
component four (gray dotted).
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Figure 12. Top plots: identity match plots of the scores from the constrained three-component PARAFAC
model. Bottom-left plot: fluorescence excitation–matrix of sample 42. Bottom-right plot: residuals of sample
42 for a three-component PARAFAC model.

Figure 13. Plots illustrating possible outliers in a constrained three-component
PARAFAC model where sample 42 is removed. Sum of squared residuals for all samples
and distribution of residuals for samples 14, 37 and 82 are shown.
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Figure 14. Emission (left) and excitation (right) loadings for constrained three-
component PARAFAC models with sample 42 left out (black solid) and samples 14, 37,
42 and 82 left out (gray dashed).

Figure 15. Influence plot of four-component PARAFAC model.
The sum-of-squared residuals summed within the same mode
are plotted against the leverage of the first mode components.
Each sample is labeled by number.
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Figure 16. Results from a split-half analysis. The split-half is performed by dividing the samples into
groups depending on the storage temperature. Solid lines show samples stored at �30°C and
dotted lines show samples stored at �20°C.

Figure 17. Results from split-half analysis, emission mode loadings (left) and excitation mode loadings
(right).
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Figure 18. (a) Emission and (b) excitation loadings for a three-component PARAFAC model made on
fluorescence spectra of cod extracts added with tryptophan (solid) and excitation and emission loadings for a
three-component PARAFAC model made on fluorescence spectra of the pure cod extracts (dotted). (c)
Relation between the score values of component 1 and the concentration of added tryptophan.

Figure 19. Relation between chill storage time and scores of the constrained three-component
PARAFAC model. Scores are corrected for the different weights of fish muscle used for making the
extracts. The lines indicate different freeze storage time: 3 months (solid black), 6 months (dotted
black), 9 months (solid gray) and 12 months (dotted gray).
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Figure 20. Predicted versus reference concentration of
tryptophan. Test samples are shown with solid circles.
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