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Synopsis 
 
The National Water Act (Act 36 of 1998) (NWA) of South Africa makes provision for a quantity and 
quality of water to be set aside as a Reserve for the provision of basic human needs and for the 
protection of the aquatic ecosystem for sustainable development of the water resource.  An ecological 
risk approach to water management with a view to the Reserve based inter alia on the following: 
�� Ecological risk is explicitly effect oriented.  
�� A risk approach will not only address the stochastic characteristic of the ecosystem, but it will also 

provide a useful tool to address the potential conflict between user and legislator. A risk approach 
is explicitly effect oriented. 

�� The probability component of risk supplies a way to bring diverse stressors to a common basis and 
address the diverse-stressor-multiple source problem. 

This study aims to provide a tool to apportion the ecological effect impact attenuation rationally among 
users.  
 
In order to accomplish this, attention was given to the following: 

1. The end-point required by the NWA must be related to end-points at lower organisational 
levels of the ecosystem. A model is proposed to do this based on the logical relationship 
between ecological phenomena.  Although there is a dearth of information to use in the model, 
it may contribute to the characterisation of uncertainty with this type of projection. 

 
2. The mathematical formulation of the ERA process has apparently not received much attention 

in the technical literature.  A mathematical formulation of the risk of a single stressor is 
proposed in both probability and fuzzy logic terms.  The risk is expressed as the conjunction 
of the likelihood of effect conditioned on the stressor occurrence and a likelihood of stressor 
occurrence. 

 
3. When diverse stressors occur together and no other information is available on their 

interactions, the aggregate stressor risk may be expressed as the disjunction of individual 
stressor risks. The value of this approach is investigated in some hypothetical but realistic case 
studies.  

 
4. The problem of apportionment of impact attenuation burden among multiple dischargers of 

diverse stressors is similar to waste-load allocation (WLA).  Obtaining an equitable 
distribution of the effect attenuation burden that recognises the technological and economic 
limitations in a catchment, is an optimisation problem.  The diverse-stressor-multiple-source 
problem is first formulated as a fuzzy optimisation problem, which is solved using a genetic 
algorithm.  This approach is investigated in a hypothetical (but possibly realistic) case study.  
The objective of the optimisation is the maximisation of the acceptability of the regulated 
situation.  For the regulator this is assumed to mean the minimisation of ecological risk, while 
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for the stressor source manager this might be influenced by technological and economic 
considerations.  The degree of attenuation of the stressor is chosen as the control variable.   

 
Key terms: Ecological risk; Probabilistic risk; water quality management; fuzzy logic; fuzzy risk; 

optimisation; Water Act.; Resource management. 

 

Samevatting 
 
Die Nasionale Waterwet (Wet 36 van 1998) (NWW) bepaal dat ‘n bepaalde hoeveelheid en gehalte 
water opsy gesit word as ‘n Reserwe vir basiese menslike gebruik sowel as vir die beskerming van die 
akwatiese ekostelsel.  Daarbenewens, word die verpligting op die staat geplaas om die waterhulpbron 
volhoubaar te ontwikkel.  Die ontginning van die hulpbron sal kennelik druk plaas op die akwatiese 
ekostelsel.  ‘n Ekologiese risiko benadering in hulpbronbestuur word voorgestel, ondermeer omdat: 
�� Ekologiese risiko is eksplisiet effek georiënteerd.   
�� ‘n Risko benadering tot hulpbronbestuur sal nie net die stogastisiteit en onsekerheid wat die 

ekostelsel kenmerk, kan aanspreek nie, maar voorsien ook ‘n veelsydige stuk gereedskap wat 
gebruik kan word om die potensiële konflik tussen gebruiker en beskermer aan te spreek.   

�� Die waarskynlikheidskomponent van risiko bied ‘n manier om diverse stressors op ‘n 
gemeenskaplike basis te plaas om die diverse-stressor-veelvuldige-bron probleem aan te spreek, 
������� ���� �	
��

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

��
�
� ����
�	��� �
	�� ���	� �
��

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

��
	��
� �����
� �

�� 
�� ��
� �
	

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

	���
�
�
�����������
���
�	���
	���

��

���

�

�
��
���
���
	��
��

���
��
	
����
	����������
�

�������
��
��
��
����
��
��

��� ��
� 
��������  ���� �
��
����	�
��!� ���� �
�	� ��
� "##� �
	
��� �
	�� �

�� ��� �
	����� �
�	����

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

	� �
	�� ��� �
�
��

�

	�
��
�� ���� �
���

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

�
��

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

�
	������
���������	
$
���
���

�

%�� ��
����������
��
	���
	��������&'(��
������������������
�������
	����	��
�	�������# ��������
�

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

	�
��
�� ��� �
��
�

���	��������
����

	��
	���
	����
���
�
��
����� &����)��**���
��+,!��
	���
	��������
�	����
���	�

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

�
�
�����
�

	�
����
���	
��
	��

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

	�
�����

�

-�� #���

	� ���
	�
� ��	
��
	�� ����� �

	�
��� 
�� �

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

	� ����
�

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

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

��
� ���
��
	���
� 	����
.��� ��
� ���	�
� ���� ��
	��
� �
���
	���� �
	�� �
�

�� ���� ��
� ����� ����

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

�

/�� ��
� �	
��

�� ���� �

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

�������
� ��	
��
	�	
��
� ���

�

	��
���� ���� ��
� �����0�
��������

�
�
�����  )����
� �
��� ���
+���
�,!� �	
��

��� � 1�� ���


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

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

���������
������
	�����	
��

����

��
� ���
	�
0��	
��
	0�

�������
0�	
�� �	
��

�� �
	�� 

	�� ��� ��� �
�
�� 
������
	�����	
��

��

�
�
	���

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

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

������	
������
�
!��
����
�����
�
��
	�

������
��

�����



 4 

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

	�
��������
���

2�	���
��
���

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

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

�
	����
	�����������
�

	�
	���
	���
��
��
�����
�
�������������� &�
�
��
�
� 	����
3� ���	��������
���	����
3� ���
	�
����
�
����	3� �
�
��
����3� �
�
�	����
3�

������
	���3����
	�
��3������	
��
����	�
�
�



 5 

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

DEFINITIONS            iii 
����	������ � � � � � � � � ��
�


�������������� �
������	
��������� � � � � � � � � ��
������������ � � � � � � � � � ��
�������������� ����!������� ��	�����	������
���� � � ��

-���4
�
�������
���������
���� � � � � � � -�
-�%�5
����+��������+�
	�����
+
�
��+���	
�
	�
������
�
����� � � /�
-�-��(��	������
��	�������	
�
�	+
������
�
����

���� � � � 6�
-�/��'����1�$
+���
���� � � � � � � � 7�

"�����	!��	����������������������
��� � � � � � #�
/�����
������
��
��	������ � � � � � � � 8�
/�%�&�������
��
��	������ � � � � � � � 8�
/�-�&��0�
�����	
$
+��
���� � � � � � � ���
/�/�(��������	�����
���
����
	�
���	
��
	��������
��
�	+
��	
��
��� � � ���
/�9�(��	
���
�'���� � � � � � � � �%�
/�6��(����������	����
�$
+���
����
����
	�
0��	
��
	0������
0�
�	+
��	
��
�� � �%�

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


�����������
��������������
�
 
Chapter 1: Introduction and Background 
�����������%� � � � � � � � � �&�
������������	����� � � � � � � � �'�
��������������%���	
�������� � � � � � �'�
��-���'
�
�	+
0��	
+�
��:
���	
������4
�	+
0��	
+�
��5
��	
��� � � �7�
��-�%�'
�����
	������+��
����
�'
�
	�
� � � � � � �7�
��-�-���
�)�
�
�
��
�������;	
�
+��
�,����
����� � � � �8�
��"������������	����(�� � � � � � � �)�
��/���<�+�
	������+�����
��
�$
+���
������5	��
	���� � � � %=�
��/�%�>������
	��
	��������������
�
���
�$
+���
������+	��
	��� � � %-�
��$��!���������*��������*�����+��*����	��,����-�+������ � �$�
��&������������ ����!������� ����
����!������%� � � �&�
��6���(�	�������	
�+�� � � � � � � � %6�
��'�������������.�	������ � � � � � � �/�
��?����@
��� � � � � � � � � � %8�
��?�%��1�$
+���
��� � � � � � � � � %8�
 
Chapter 2: Background and Theoretical Considerations 
�����������%� � � � � � � � � �)�
������������	����� � � � � � � � ���
%�%���&+
�
��+���'����(��
���
�������&+
�
��+���'���0���
��:����
�
��� � -��
%�%�%�"
�
��
��+
��
���
����&'(� � � � � � --�
%�%�-�'���0���
�������
�
������
	���
�"#(� � � � � -/�
%�%�/�'����������
���

�� � � � � � � � -6�
�������	�������%���������������%� � � � � � �'�
%�-���2�	��������� � � � � � � � � -?�
%�-�%�A�+
	��������2���
�
����������������� � � � � -8�
��"��������������+��������������!�+�� ������� � � � ")�
%�/�����
�'
��
��
�B��
	
�+
�;	
��
�� � � � � � /=�
%�/�%�&+
�
��+���;�
�
�
��� � � � � � � /%�



 6 

%�/�-�(�+
�+
�������
�
���
	�
��0�
�����+������ � � � � /9�
%�/�/��
	��������	����
C�	
���
���	
����
����
	
������	��
����
� � � /7�
%�/�9�4
�0��

	
��+����
�+	����
��
����
����
	
�+
��	
��
�� � � � /7�
��$��+�����������	� ������������ ��!�����*+������� ����	��
+������ � � � � � � � � � � 9=�
%�9���;	
�����������

�
	�+���(��	
�+�� � � � � � 9=�
2.6  POSSIBILISTIC FORMULATION OF THE END-POINT INFERENCE PROBLEM 
           53 
%�6����>�+��	
�����
���**�����	
�+�� � � � � � 9-�
%�6�%����
�	���
���
��
	�����**�����	
�+���
�	���� � � � � 9/�
%�6�-��;
������������

	
��+������	
�+�� � � � � � 96�
%�6�/��(��	
�+���
�
��
���	�������
	�	
����
�� � � � � 97�
2.7  DERIVING AND INFORMING STRESSOR RESPONSE RELATIONSHIPS 59 
%�?����B��	
��+��
�� � � � � � � � 98�
B��
	������
C�+��������+
�4''.��� � � � � 6��
B��
	�������
����������������	
��
	�4''.�� � � � 6%�
��/��	��	�������� � � � � � � � � &��
�
Chapter 3:  Modelling the Diverse Stressor Problem 
�����������%� � � � � � � � � &$�
�����������������!���������������
�� ������������������0��!��
�����������������+������ � � � � � � � &$�
-�%������
�D
���0'
�0��		��
��
C�	
���
��� � � � � 69�
-�%�%��5
�$��+��
�0���$��+��
��
C�	
���
��� � � � � 6?�
�����+�����������	������������ ���������������������
� � &#�
-�-����>�+��	
���� � � � � � � � 67�
-�-�%��4��
	�����
	�������
�������
�����	
��
	�� � � � � 67�
-�-�-��(����
��
��+���+��
������� � � � � � � 68�
��"��+�����������	������������ ���������������������
� � &/�
-�/������

	
��+�����+��	
���� � � � � � � 68�
-�/�%�����
��
��+���+��
������� � � � � � � ?=�
��$������+�����	��� �+!�������� � � � � � '��
��&��������������������������%� � � � � � '��
�
Chapter 4:  Modelling the Diverse-Stressor Multiple-Source Problem 
"����������%� � � � � � � � � '"�
"������+�	���� ��!���	�����	������
������������+������ � '$�
/�%����>�+��	
���� � � � � � � � ?9�
/�%�%��1���
�������
��������
��4:4��	
��
�� � � � � ?9�
4.3  FORMULATION OF THE DSMS-PROBLEM AS AN OPTIMISATION PROBLEM 
           79 
/�-����>�+��	
���� � � � � � � � ?8�
/�-�%��;
����
���
��	��	
�� � � � � � � 7��
/�-�-��1�$
+���
����+��
������+
���	������ � � � � � 7%�
/�-�/��<
	������
���
���4:40
���������
���	
��
�� � � � 79�
/�-�9��4
��������
�
���������
���	
��
�� � � � � � 78�
"�"�!%+��!���	���	��������%�� � � � � � /)�
/�/����4
�
+�������	
��
	������4''.�� � � � � � 8��
/�/�%��;	
��
������
�
���� � � � � � � 8%�
/�/�-��:
��
�
�
��� � � � � � � � 8/�
/�/�/��'
������ � � � � � � � � �==�
/�/�9�����+����
�� � � � � � � � �=6�
�
Chapter 5:  Conclusion: Application and the Way Forward 
$���������	�� � � � � � � � � �)#�
$������������%� � � � � � � � � �)/�
$�����+���+�	���������!��
��
�+��������� � � � �)/�



 7 

9�-����B��
	����
���

���� � � � � � � �=8�
9�-�%��(++
�
���������+
	������� � � � � � � ��=�
5.4 POSSIBLE APPLICATIONS OF THE METHODOLOGY DESCRIBED IN THIS STUDY 
         110 
9�/����>������
	���	
��
	0��
+���+����
	�E�������+	��
	���� � � � ����
9�/�%����
��
	�����
��
�����
���
��
���0�
�	+
�+	��
	������+��+��
�������
	��
�
�
��
����	
���	
�
� � � � � � � � � ��%�
9�/�-��'
�
�	+
������
�
���+�������+���
��� � � � � ��%�
9�/�/����*�	��	�������� � � � � � � � ��-�
$�$������������!���++��	������� ����
�����!������%�����
9�9������
��
�
�
��
���
�����
��+��
��	�������
���
������������
�
��� � ��-�
9�9�%���
�
�
�����	����
�$
+���
�� � � � � � � ��6�
9�9�/��B�������
���������	���������
�
��������
�'
�
	�
�+
��
C�� � � ��6�
$�&�������	!������0��!��
�%� ��
���� � � � � ��&�
�
Appendix to Chapter 1 
�������������
�� ������+�����������+�	���� ��!������!�� ��	���
���������
������	��,�	���&�� ��//#-�� � � � � ��#�
��������
�����!�1���0�+���������������%���� � � � ����
�
�
Appendix to Chapter 2 
����)����+�	���� ����*+�����+��.�	����� � � � � ����
�����������������!�������������� ���������*���+�����
���������!�+�� � � � � � � � �
� � � ��'�
�
�
Appendix to Chapter 4 
�"����	�������+����������!������������ ��!�������+������ ��%�
������	��������!� ��+������������ � � � � �"$�
�"������������ � � � � � � � � �"&�
�"�����!������	��������!� �	���������������*2����	� � � �$'�
��
�
References 

��
���� ����	�������	��%� � � � � � �'��

��
��	������������������� ����	�������	��%� � � �#��
�
�


������������
������
������

�

+34������F

��
�4�����5�����
��:� %==�!�'���
���
��
	����
+
�
��+���	�������	
�+���
	�
4
����(�	�+������
	�	
�
�	+
������
�
����#��
	�4(���%? -!��%7-0%8%�
�
+34�������F

��
�4� %===!�(��
�
���
�
������
���
��
����
+
�
��+���	���������
�
�����
�
���
�����
	�	
�
�	+
�����$
+���
��������
���	
��
	��������������&� %!���980�66��
�
+34������F

��
�4� %==�!�(��
����������+����	
�+���
����
	�
0��	
��
	�
+
�
��+���	����

�������
��������������'� -!��%8-0-=%�
�
+34���"��F

��
�4� %==�!��&+
�
��+���+
�+
	���������+�
	������
�
����������
�����
��
��
���
	�
���	
��
	��
�	+
���������	
��������	��
�	���

�����"� ?!��%-8�0�%/6� 
 
 
 



 8 

 
 
  



 9 



 i

Acknowledgements 
�
��
�4
����(�	�+����
��	��
���
��#��
	�(����	������<
	
��	���
	���
���+�����
����
���	
���
�����
�
���������+
��
���
�������
��
	�����������
��	��
���
��
+�������	���
�������2��
�������
���
	�
:�+D����
�
;	
���(��;	
�
	����
����
�A���
	�����
��;	
�
	��������	�D
����:�		���
��B�������:
�
������
4
	��+
���
	�	
��
������������+
����+
����������
���
�����
�
��
�
C�
	����
C����
	��;	
���>�		����	��
����
�#��
	�4����
��5
��	
��:
�����A���
	������
(���	���������;	
���F# �>
��
���
����
�(���	������"���
����A���
	������5���
		���
	���
�	�
�
��+��
���	
������
�������+
��
���
����
���
������
�
�
�	��@�
��# �4��
	� BB!�����4+
���<
	�
���
	�������	
��+��
���
�
+
�
��+���	��������������������
���+����
�������
�
�	�����	��
����
��	
$
+���������+
��
���
�:�	����5�����
���	
����
�54B'�
 ;	
�
	��!��
	����
��
�����
�
���+������+����
���
�
4��������������+����
��������0���������+	���+�����	
�����
	
���	
�
�	+�
	����
������;	
�����4�
:�	����0G��
���� A���
	�����
��<�
	
�+
!�����(��	
+���@���+�� 5���	�
��&+
����
������
&���	
��
�����B��
	����+���>	���
���	���
+���+���A���
	����!��
�
(�����
	�
����
���
���	
��
�
	��
���+�
�����+H�
+���+������
	�����;�	��-����
�+
��	����
��
���
���	����������
�	�+	���E�
���
�
�
�
(�
�
������������
�2
���
	��
	�
�+
�	��
�
�������
����������
	�����������
	��������������
����
��
���	�������
��������������
�



 ii 

 
Abbreviations 
 
Λ or L: A likelihood measure (such as probability, possibility or necessity) 
AEL: Acceptable effect level 
AEV: Acute effect value (from the SAWQG) 
ASL: Acceptable stressor level 
BCF: Bio concentration factor 
BEL: Benchmark effect level 
CAP: Continuous assessment paradigm (see Appendix Chapter 1) 
DO: Dissolved oxygen 
DSMS: Diverse-stressor multiple-source 
EQO: Environmental quality objective 
ERA: Ecological risk assessment 
ERBM: Ecological risk-based management 
ESL: Expected stressor level 
GA: Genetic algorithm (for optimisation) 
Inf: Infimum (lowest lower bound) 
LBB: Lethal body burden 
LC50: Median lethal concentration 
Max: Maximum 
Min: Minimum 
MOA: Mode of action 
MOOP: Multiple objective optimisation problem 
NOEC: No observed/observable effect concentration 
NWA: National Water Act (Act 36 of 1998) 
QAP: Quantal assessment paradigm (see Appendix Chapter 1) 
RDM: Resource directed measure (provided for in the National Water Act) 
RO: Risk objective 
SAWQG: South African Water Quality Guidelines (1996 edition) 
SDC: Source directed control (provided for in the National Water Act) 
SRR: Stressor response relationship 
Sup: Supremum (highest upper bound) 
WET: Whole effluent toxicity 
WLA: Waste-load allocation 
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Definitions 
{} denotes a set of discreet values, [ ] denotes a continuous interval, sup{…} is the highest upper 

boundary of the set, and inf{…} denotes the lowest lower boundary of the set. 

Biodiversity:  “The variety of life at all levels of organization, represented by the number and relative 

frequency of items (genes, organisms and ecosystems)”(USEPA, 1997a).  

Degree of membership (µµµµ):  The Zadehian view: The degree of membership of a value x to fuzzy set A 

µA(x) is a function which describes the congruence of the perception of x the qualification(s) 

of A (it expresses the “A-ness of x”).  This view supposes that the datum is vague and 

therefore that µ is the extent to which an observation agrees with the vague concept. The 

epistemic view (Kruse, et al., 1994):  µ is a probability distribution of how well an 

observation coincides with a specific datum which is only known with uncertainty.   It differs 

from probability in that (inter alia) while probabilities sum to 1, in general, membership 

functions do not. 

Ecological risk assessment (ERA): the technique that "evaluates the likelihood that adverse ecological 

effects may occur or are occurring as a result of exposure to one or more stressors"(EPA, 1996). 

In practice it is the application of the science of ecotoxicology to public policy (Suter, 1993). 

Epistemic: Dealing with the nature of knowledge and understanding. 

Fuzzy logic: A branch of logic that deals with an infinite number of truth values.  If x represents the 

truth value of a statement, then in Boolean logic x ∈ {0,1} while in fuzzy logic x ∈ [0,1]. 

Hazard:  The potential  of a substance or situation to cause harm. 

Integrity:  “The state of being unimpaired, sound” (DeLeo and Levin, 1997), “the quality or condition 

of being whole, complete”.  The functional definitions are more diverse: “the interaction of 

the physical, chemical and biological elements of an ecosystem in a manner that ensures the 

long term health and sustainability of the ecosystem” (USEPA, 1997a), or “the ability to 

support and maintain a balanced, integrated, adaptive community of organisms having a full 

range of elements (genes, species and assemblages) and processes (mutation, demography, 

biotic interactions, nutrient and energy dynamics, and metapopulation processes) expected in 

the natural habitat of a region” (Karr, 1996). Other definitions appear to be subsets of these 

definitions (Cairns, 1977, Karr and Dudley, 1981, Noss, 1990, Rapport et al., 1996). 

Likelihood:  An expression of the sense of expectation of an observer about an event whether based on 

repeated observation of identical or morphologically similar events.  Can be expressed in 

terms of probability or possibility (fuzzy) theoretical terms. 

Necessity measure: The necessity measure Necπ(A) = inf{1 - π(ω) | ω ∈ Ω\A} ∈ [0,1].  The necessity 

measure is related to the possibility that the uncertain event ω0 belongs to the universal set Ω 

without the set A and is therefore a stonger measure indicating that ω ∈ A than the possibility 

measure. 

P(AB) : The probability of A conditional on B. 

P(AB) or P(A∧∧∧∧B): The probability of A and B; or the probability of A in conjunction with B. 

Phenomenon: That which appears real to the senses regardless of whether the underlying existence is 

proved or its nature understood. 



 iv 

Possibility measure : A measure of the possibility that an event may occur.  The possibility measure 

for event A, Ππ(A) = sup{π(ω) | ω ∈ A} ∈ [0,1].  If the possibility of an event is 1 it is entirely 

possible, while 0 indicates that the event is not possible. The possibility measure does not give 

any indication of the probability of an event. 

Resilience:   “The ability of an ecosystem to adapt to change (or stress)” (USEPA, 1997a), or, “the 

ability to maintain integrity when subject to disturbance” (Holling 1973). 

Risk:  "the objectified uncertainty regarding the occurrence of an undesired event" (Willet, 1901, The 

Economic Theory of Risk and Insurance quoted by Suter, 1993) or the probability of observing a 

specified (unacceptable) effect as a result of a toxic chemical exposure (Bartell, et al, 1992).  

In essence, whether explicitly or implicitly, risk contains elements of: a) likelihood, b) target 

and c) unacceptable effect.  The manner in which the likelihood is expressed introduces 

gradations to the concept: when a situation allows for Aristotelian (binary) logic and 

likelihood can be expressed as a probability, then the common form of risk assessment is 

recovered.  However, when fuzzy logic is required and likelihood is expressed in possibilistic 

terms then fuzzy risk assessment is called for.   

Sustainability :  “the ability of an ecosystem to support itself despite continued harvest, removal, or 

loss of some sort” (USEPA, 1997a).  Implicit in this definition is the assumption that 

sustainability is time and stressor dependent. 

t-norm and t-conorm:  Used to define generalised intersection and union operators respectively for 

fuzzy sets. 

Truth value:  The truth value of a proposition is the degree to which the content of the proposition 

agrees with the assessors perception of reality.  The truth value can be calculated as the 

compatibility of the possibility distribution representing the proposition with the possibility 

distribution representing the state of knowledge (Du Bois and Prade, 1988, p126) 
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Structure 
This document is presented in three Parts:  
 
Part 1: Presents the background and an overview of the work done as well as the main 
conclusions.   
 
Part 2: Presents the more detailed technical aspects of the work, such as the background to 
the papers and supplementary information pertaining to the methodology and results reported 
in the papers. 
 
Part 3: Presents some of the papers that have been published in peer reviewed literature and 
that are included for quick reference. 
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Is risk really conceptually useful in water resource management with the aim 

to ensure sustainability? 
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Is there a mathematical construct that could be used for risk calculation in 

ecological risk assessment in the NWA context? 

�
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How could risk be applied in a multiple stressor multiple source 

environment?  
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Effect-based Effluent ControlsTechnology-based Effluent Controls

Direct Dischargers

BPT - Best Practicable
TechnologyAvailable

BCT - Best Conventional
Control Technology

BAT - Best Available
technology

Indirect
Dischargers

PS - Pretreatment
standards

Resource Reserve
Requirements

Select
paradigm

- Develop appropriate
criteria
-Integrate resource-
based and source-based
measures

Calculate discharge
allocation

Select most stringent limits

Integrate into management
strategy
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VALUES
- Social
- Political
- Economic

RISK POLICY

RISK GUIDELINES

RISK CRITERIA
- Receiving water 
risk objectives

RESOURCE 
RESERVE 
CLASSIFICATION

BIOCRITERIA

PROBLEM FORMULATION
- Valued components 
identified

ENVIRONMENTAL 
DESCRIPTION
- Conceptualize
- Define boundries

DEFINE END-POINTS

DERIVE NUMERIC 
VALUES

STRESSOR 
MAGNITUDE 
PROFILING

EFFECT 
ASSESSMENT
- Epidemiology
- Ecotoxicology

EXPOSURE 
ASSESSMENT
- Exposure routes
- Fate and transport
- Background

RISK CHARACTERIZATION
- Spatio-temporal scaling
- Probability calculation
- Risk estimation

MONITORING
- Chemical
- Biological
- Water quantity

MANAGEMENT ACTION
- Prioritization
- Cost/risk analysis
- Stressor release allocation

RISK COMMUNICATION
- De manifestis/ minimis risk
- Risk ranking
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Stressors

Toxics [T],  Nutrients [N],  System drivers [S],  Flow [Q],  Habitat [H]

 Sustainability  [Su]

Integrity [Int]

Biodeversity [Div]

Structure [Str]
Physical organisation
or pattern

Composition [Cmp]
Identity and variety of
elements e.g. species

Function [Fct]
Ecological processes
e.g. gene flow, nutrient
cycling

Levels [l]Duration [d] Exposure [e]

Temporal pattern
of natural events
[TPat]

Biotic stress
[B]
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Optimisation Algorithm: Simplex

Create simplex with n+1 vertices
(Vertex vector composed of n
control parameter values)

Evaluate objective function
at each vertex

Test for convergence
Use best vertex
vector as
optimal  control
parameters

Project worst vertex through
centre of gravity of
remaining vertices

Evaluate projected vertex in
relation to remaining vertices and
expand, contract or invert as
necessary

yes

no
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Node 1

Node 2

Node 3

Node 4

Q0 ~ LNORM(1.5, 1.1)
T0 ~ NORM(0.9, 1.1)

Q1~LNORM(1.1, 1.3)
T1~NORM(0.9, 0.6)

Q2~LNORM(1.5, 1.2)
T2~NORM(1.0, 0.8)

Q3~LNORM(1.5, 0.6)

Q4~LNORM(1.1, 0.8)
T4~NORM(0.8, 0.5)

H1~NORM(20, 8)

H2~NORM(15, 3)

H3~NORM(15, 4)

H4~NORM(15, 5)
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Data input

Stressor raw data
� Upstream
� Sources

Stressor effect data
� Stressor response data OR
� Negligible effect data
� Certain effect data

Environmental interaction
data
� Natural

attenuation/degradation
� Dilution
� Partitioning
� Etc.

Exposure distributionEffect distribution

Situation specific data
� Stressor

composition
� Control parameter

selection
� Control parameter

acceptability
� Effect likelihood

acceptability

Effect likelihood estimation

Satisfaction level

Control parameter
adjustment

Control parameter satisfaction
� Source specific
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Objective function
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Optimisation procedure
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Optimisation Algorithm: Genetic algorithm

Initialise control parameters: select two parameter sets that
perform better than a preselected threshold value

Convert decimal to binary

Concatenate to produce
gene

Evaluate objective
function

Create initial population of p
individuals

Arrange individual performance from best to worst

Select two parents from exponential distribution

Produce offspring by random exchange
of copying of parent genetic material

Repeat
p-5
times

Random mutations
(exchange 0 and 1 when
copying genetic material):
probability m

Complete tournament population by including 5 best
performing individuals from parent generation

Reconstitute control parameters: convert binary to
decimal

Perform focussing after every g1 generations – narrow parameter
interval in the direction of most successful parameters, and re-initialise

Perform “hill climbing” heuristic shift in control parameter
domain after g2 generations and re-initialise control
parameters from new interval

Repeat e
generations
per epoch

Repeat
s times
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The aim of this study is to provide a tool to be used in water resource management with a view to the 

protection of the aquatic ecological Reserve as defined in the National Water Act in South Africa.  

While the application of the approach may be much wider than the aquatic system, this study must be 

seen against this backdrop. 

 

In its preamble, the rationale for the Act comes from recognising that: 

(a) “water is a scarce and unevenly distributed resource”,  

(b) “the ultimate aim of water resource management is to achieve the sustainable use of water for the 

benefit of all users”,  

(c) “the protection of the quality of water resources is necessary to ensure sustainability of the nation’s 

water resources” and  

(d) there is a “need for the integrated management of all aspects of water resources”. 

 

Section 2 of the Act states that ‘the purpose of this Act is to ensure that the nation’s water resources are 

protected, used, developed, conserved, managed and controlled in ways which take into account 

amongst other factors- 

(a) meeting the basic human needs of present and future generations; 

(b) promoting equitable access to water; 

(c) … 

(d) promoting the efficient, sustainable and beneficial use of water in the public interest; 

(e) facilitating social and economic development; 

(f) …; 

(g) protecting aquatic and associated ecosystems and their biological diversity 

(h) reducing and preventing pollution and degradation of  water resources; … 
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Some of the pertinent definitions that will be used here will be used in a manner similar that in the Act: 

” …….  

(iii) ‘catchment’ in relation to a water course …. means the area from which any rainfall will drain 

into the watercourse…. Through surface flow to a common point or points. 

(xi) ‘in stream habitat’ includes the physical structure of the watercourse and the associated 

vegetation in relation to the bed of the watercourse; 

(xv) ‘pollution’ means the direct or indirect alteration of the physical, chemical or biological properties 

of the water so as to make it- ….;  

(b) harmful or potentially harmful-  

(aa) to the welfare health or safety of human beings;  

(bb) to any aquatic or non-aquatic organisms;  

(cc) to the resource quality; or …; 

(xvii) ‘protection’ in relation to a water resource, means- (a) maintenance of the quality of the water 

resource to the extent that the water resource may be used in an ecologically sustainable way; 

(b) prevention of the degradation of the water resource; and (c) rehabilitation of the water 

resource; 

(xviii) ‘Reserve’ means the quantity and quality of water required-  

(a) to satisfy basic human needs….; and  

(b) to protect aquatic ecosystems in order to secure ecologically sustainable development and use 

of the relevant water resource 

(xix) ‘resource quality’ means the quality of all aspects of a water resource, including-  

(a) the quantity, pattern, timing, water level and assurance of in stream flow; 

(b) the water quality , including the physical, chemical and biological characteristics of 

the water; 

(c) the characteristics and condition of the in stream and riparian habitat; and 

(d) the  characteristics, condition and distribution of aquatic biota; 

(xxii) ‘waste’ includes any…material that is suspended, dissolved or transported in water (including 

sediment) and which is … deposited … into a water resource in such volume, composition or 

manner as to cause … the water resource to be polluted; 

(xxiv) ‘watercourse’ means … a river ... [or] a natural channel in which water flows regularly or 

intermittently … and … includes, where relevant, its bed and banks; 

(xxvii) ‘water resource’ includes [inter alia] watercourse [and] surface water. 

……”. 

 

Section 6 of the Acts requires that the water resource strategy (which may be phased) should (6 (b) (i)) 

provide for the requirements of the Reserve and (6 (i)) state the water quality objectives for the water 

resource. 
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Sections 12 and 13 make provision for the classification of the water resource, although it does not 

specify the basis for classification.  This classification system must also serve as the basis for setting 

the resource water quality objectives.  The objectives may relate to: 

(a) the Reserve 

(b) the in stream flow 

(c) the water level 

(d) the presence and concentration of particular substances in water 

(e) the characteristics and quality of the water resource and the in stream and riparian habitat 

(f) the characteristics and distribution of aquatic biota 

(g) the regulation of in stream or land-based activities 

(h) any other characteristics 

of the water resource.   

 

The impact of the Reserve on water use and water management can be seen by considering that: 

 

• Section 15 makes it mandatory that any action that follows from the Act must give effect to this 

class and its associated water resource quality objectives while Section 18 demands that such 

actions must also give effect to the Reserve.  Section 16 determines that the Reserve must also be 

set in accordance with the class.  This places the Reserve central to water resource management. 

 

• Under Section 22. (7)(b)(i) compensation which is payable on the reduction of lawful use of water 

does not apply to reduction of water use to make provision for the Reserve. 

 

• Section 56 makes provision for establishing a pricing strategy which may contain a strategy for 

water use charges for funding water resource management to protect the resource, including the 

discharge of waste and the protection of the Reserve (55.(2)(a)(iv)). 

 

In making regulations on water use, besides giving effect to the Reserve and the resource classification 

system, Section 26 requires that, inter alia, consideration be given to promoting economic and 

sustainable use of water and to conserve and protect the water resource and the in stream and riparian 

habitat.  Water use regulation must take into account factors such as (Section 27. (1)): 

1. The socio-economic impact of water use or curtailment of use (d) 

2. The catchment management strategy applicable to the resource (e) 

3. The likely effect of the water use on the resource and other users (f) 

4. The class and resource quality objectives (g) 

5. The investment already made and to be made by the water user (h) 

6. The quality needs of the Reserve and to meet international obligations (j) 
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Given that monitoring and assessment are essential components of any management strategy, the 

assessment paradigm is crucial to the expectations and format of the assessment of management goal 

attainment. The assessment may take the form of either a quantal or a continuous metric.  The quantal 

assessment paradigm (QAP) and continuous assessment paradigm (CAP) are referred to as hazard and 

risk assessment paradigms (Figure A1.1) respectively by Suter, (1993).  The characteristics of these 

paradigms are summarized in Table A1.1 and the progress of an assessment according to these 

paradigms is illustrated in Figure A1.1. 
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Characteristic Hazard Assessment Risk Assessment 

Type of result Deterministic Probabilistic 

Scale of result Dichotomous (quantal) Continuous 

Regulatory basis Scientific judgment Risk management 

Risk/benefit/cost balancing Very difficult Possible 

Assessment endpoints Not explicit Explicit 

Expression of contamination Concentration Exposure 

Tiered assessment Necessary Unnecessary 

Type of models used Deterministic Stochastic 
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A comparison between the QAP and CAP paradigms reveals: 

1. Both QAP and CAP assume that the environmental safety of a substance should be based on the 

relationship between the degree of toxicity and the extent of exposure.  This differs in principle 

from technology-based assessment. 

 

2. The QAP is analogous to the judicial model of pronouncing a person guilty or not guilty.  The QAP has 

the following characteristics: 

 

a) Reliance on scientific judgement or "expert opinion" of what constitutes “acceptable” or 

“unacceptable”. The expert opinion may be either explicitly stated or encapsulated in a criterion value 

(CV).  

 

b) ANOVA techniques and statistical hypothesis testing play an important role in the QAP in deciding 

whether the expected (or measured) environmental concentration (EC) differs from the CV. 

 

c) A fundamental assumption of the QAP is that, given enough time and effort, the situation where the 

EC, for example, cannot be confidently fit into either category, can be resolved (i.e. it can in principle 

always be assigned a unique outcome).  In a situation where no clear, unequivocal answer is 

available in assessing the status of an observation relative to the criterion, the hazard paradigm 

demands tiered iterative data gathering (testing and measurement) procedure until a definitive 

answer can be given.  This gives rise to a tiered assessment.  As more iterations are added to the 

process the confidence in the distinction between acceptability and unacceptability grows.  

Confidence here does not necessarily refer to statistical confidence, but more so to institutional or 

personal confidence (Suter, 1990). 

 

d) Formally, there is not necessarily an explicit decision ab initio as to which end-points that are being 

addressed; it does not intend to identify what is specifically expected to occur (Bartell, et al, 1992) 

since these are implicit in the criteria.  Both the process by which the expert selects the end-point 

(i.e. what might be expected to occur) and the extent to which this is possible is subjective to a 

degree even though it may be internally coherent.  This aspect of the QAP makes the process 

inherently less transparent. 

 

3. The continuous assessment paradigm (CAP) is characterised by: 

 

a) Acceptance, a priori, that some uncertainties are practically irreducible and that a definite decision on 

yielding acceptable/unacceptable may be logically impossible. Consequently, there are decisions that 

may never (within the time frame of the decision making process) have a deterministic answer and 

therefore relies more heavily on probabilistic expression. 
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b) Accepting a continuum “grey scale” in assessment outcome.  This results from its use of probabilistic 

assessment methods to accommodate uncertainty explicitly.  

 

c) Because of its probabilistic expression, the object and end-point appears explicitly in the assessment 

(the probability of what could happen to whom). 

 

d) In most environmental assessment situations, the risk paradigm would appear to be more objective 

means of decision-making. It must however be accepted that some form of human judgement can never 

be completely removed from the risk paradigm. For example, what constitutes a large or a small risk is 

often a matter of subjective judgement or policy. 
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DECLARE SUB climb (t%, m%, x!(), fs!(), pmin!(), pmax!()) 
DECLARE SUB datainput (infil$, s%, c%, s0!(), f!(), k!(), tau!(), z%(), qm!(), e!(), user!(), regl!()) 
DECLARE SUB ftox (s%, c%, f!(), x!()) 
DECLARE SUB findvalue (f!, x!(), t%) 
DECLARE SUB initialize (x!(), pmin!(), pmax!(), fs!(), t%, m%) 
DECLARE SUB QuickSort (ndim%, SList!(), PList!(), Left%, Right%) 
DECLARE SUB encode (x!(), t%, chrom$) 
DECLARE SUB offspring (m%, gen%, ch$()) 
DECLARE SUB decode (chrom$, t%, y!()) 
DECLARE SUB binadd (x$, y$, z$) 
DECLARE SUB binneg (a$, c2$) 
DECLARE SUB cvbin (x!, a$) 
DECLARE SUB cvdec (y$, y!) 
DECLARE SUB Partition (ndim%, SList!(), PList!(), Left%, Right%, part%) 
DECLARE SUB calcrisk (i%, j%, muef!(), mus!(), rsk!()) 
DECLARE SUB value (lamda!, x!()) 
DECLARE SUB intadd (x!(), y!(), z!()) 
DECLARE SUB intdiv (x!(), y!(), z!()) 
DECLARE SUB intinv (x!(), z!()) 
DECLARE SUB intmult (x!(), y!(), z!()) 
DECLARE SUB linv (y!, mu!, s!, x!()) 
DECLARE SUB mueff (i%, j%, e!(), s!(), muef!()) 
DECLARE SUB mustres (i%, j%, a!, qm!(), st!(), mus!(), poss!) 
DECLARE SUB ninv (y!, mu!, s!, x!()) 
DECLARE SUB satisfy (s%, c%, user!(), regl!(), maxr!, f!(), lamda!) 
DECLARE SUB stresdist (a%, s%, c%, p!(), k!(), f!(), tau!(), z%(), s!(), a!) 
DECLARE SUB tfnalfa (a!(), alfa!, a1!, a2!) 
DECLARE SUB xtof (s%, c%, f!(), x!()) 
CONST pi = 3.1415926536# 
s% = 3   'Number of stressors 
c% = 4  'Number of sources 
n% = 20 'Number of confidence levels 
p% = 10                 'epoch number 
eps = .0001 
CLS 
RANDOMIZE TIMER 
DIM s0(s%, c% + 1, 3), f(s%, c%), e(s%, 2), k(s%, c%), tau(c% + 1), qm(c%, 2), user(s%, c%, 2), 
regl(2), z%(c% + 1), xf(s% * c%) 
DEF fnmustepup (min, max, x) 
 IF x <= min THEN 
  fnmustepup = 0 
 ELSEIF x >= max THEN 
  fnmustepup = 1 
 ELSE 
  fnmustepup = (x - min) / (max - min) 
 END IF 
END DEF 
DEF fnmustepdown (min, max, x) 
 IF x <= min THEN 
  fnmustepdown = 1 
 ELSEIF x >= max THEN 
  fnmustepdown = 0 
 ELSE 
  fnmustepdown = (max - x) / (max - min) 
 END IF 
END DEF 
DEF fnsatisfy (x1, x2, x) 
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y1 = .99 
y2 = .01 
k = LOG(y2 * (1 - y1) / ((1 - y2) * y1)) / (x1 - x2) 
ax = EXP(LOG(y1 / (1 - y1)) + k * x1) 

  fnsatisfy = ax * EXP(-k * x) / (1 + ax * EXP(-k * x)) 
END DEF 
DEF fntriang (a, b, c, x) 
 IF x < a OR x > c THEN 
  fntriang = 0 
 ELSEIF x <= b THEN 
  fntriang = (x - a) / (b - a) 
 ELSE 
  fntriang = (c - x) / (c - b) 
 END IF 
END DEF 
 
DEF fnmin (a, b) 
 IF a <= b THEN fnmin = a ELSE fnmin = b 
END DEF 
DEF fnmax (a, b) 
 IF a <= b THEN fnmax = b ELSE fnmax = a 
END DEF 
DEF fnnorm (x, mu, s) 
 fnnorm = EXP(-(x - mu) ^ 2 / (2 * s ^ 2)) / (2 * SQR(2 * pi)) 
END DEF 
DEF fnlognorm (x, mu, s) 
 fnlognorm = EXP(-(LOG(x) - mu) ^ 2 / (2 * s * SQR(2 * pi))) / (x * s * SQR(2 * pi)) 
END DEF 
'------------Inputs--------------------------- 
t% = 8: m% = 2 * t% 
DIM x(m%, t%), xi(t%), y(m%, t%), yi(t%), ch$(m%), fs(m%), xb(n%, t%) 
DIM oldx(2, t%), lr(m%), lx(m%) 
DIM sumxb(t%), xbmax(t%), xbmin(t%), oldxbmax(t%), oldxbmin(t%) 
DIM SList(m%), PList(m%, t%) 
fil$ = "g1a": f$ = "f.txt": x$ = "x.txt" 
idir$ = "c:\data\optin": iex$ = ".dat" 
odir$ = "c:\data\" 
FOR filecount% = 1 TO 3 
 c$ = RIGHT$(STR$(filecount% + 1), 1) 
 infil$ = idir$ + c$ + iex$ 
 outfil1$ = odir$ + fil$ + c$ + f$ 
 outfil2$ = odir$ + fil$ + c$ + x$ 
 CALL datainput(infil$, s%, c%, s0(), f!(), k!(), tau!(), z%(), qm(), e!(), user!(), regl()) 
 CALL ftox(s%, c%, f(), xf()) 
 m% = 2 * t% 
 FOR i% = 1 TO t% 
  vbestx(i%) = 0 
 NEXT 
 REDIM x(m%, t%), xi(t%), y(m%, t%), yi(t%), ch$(m%), fs(m%), xb(n%, t%) 
 REDIM oldx(2, t%), lr(m%), lx(m%) 
 REDIM sumxb(t%), xbmax(t%), xbmin(t%), oldxbmax(t%), oldxbmin(t%) 
 REDIM SList(m%), PList(m%, t%) 
 OPEN outfil1$ FOR OUTPUT AS #5 
 OPEN outfil2$ FOR APPEND AS #6 
'======================OPTIMIZATION BY GENETIC LGORITHM================= 
‘                            ==============MAIN PROGRAMME===================== 
 try% = 0: scount% = 0 
 DO 
 try% = try% + 1 
 PRINT try%; 
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 outloop% = 0 
 vbestf = 1000 
 FOR j% = 1 TO 2     '--Find 1st two suitable values as parents 
  DO 
   FOR i% = 1 TO t% 
    xi(i%) = RND 
    x(j%, i%) = xi(i%) 
   NEXT 
   CALL findvalue(f, xi(), t%) 
   fs(j%) = f 
  LOOP UNTIL f < 1 
 NEXT                                 '--Arrange 1st 2 values-- 
 IF fs(2) < fs(1) THEN 
  SWAP fs(1), fs(2) 
  FOR i% = 1 TO t% 
   SWAP x(1, i%), x(2, i%) 
  NEXT 
 END IF              '---------------------------- 
 DO 
  FOR i% = 1 TO t% 
   pmin(i%) = 0 
   pmax(i%) = 1 
   shift(i%) = 0 
   bestx(i%) = 0 
  NEXT 
  outloop% = outloop% + 1             '--Prepare for epoch--- 
  count% = 0: gen% = 0: bestf = 100000 
  sgen% = 0 
  FOR i% = 1 TO t% 
   sumxb(i%) = 0 
   xbmax(i%) = 0 
   xbmin(i%) = 9999 
  NEXT 
  CALL initialize(x(), pmin(), pmax(), fs(), t%, m%)'----------------------- 
  CALL QuickSort(t%, fs(), x(), 1, m%) 
  FOR i% = 1 TO t% 
   x0(i%) = x(1, i%) 
  NEXT 
  CALL findvalue(f, x0(), t%) 
  PRINT #5, scount%; 
  FOR i% = 1 TO t% 
   PRINT #5, x(1, i%); 
  NEXT 
  PRINT #5, fs(1); lamdar; lamdax 
  DO                                  '--Start epoch---------------- 
   sgen% = sgen% + 1 
   count% = count% + 1 
   scount% = scount% + 1 
   bestf1 = fnmin(bestf, fs(1)) 
   IF bestf1 < bestf THEN 
    FOR i% = 1 TO t% 
     bestx(i%) = x(1, i%) 
    NEXT 
    bestf = bestf1 
   END IF 
   FOR i% = 1 TO m%            '---produce chromosomes--- 
    FOR j% = 1 TO t% 
     xi(j%) = x(i%, j%) 
    NEXT 
    c$ = "" 
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    CALL encode(xi(), t%, c$) 
    ch$(i%) = c$ 
   NEXT 
   CALL offspring(m%, gen%, ch$())  '---do genetic manipulations 
   FOR i% = 1 TO m% 
    c$ = ch$(i%) 
    CALL decode(c$, t%, xi()) 
    FOR j% = 1 TO t% 
     x(i%, j%) = xi(j%) 
    NEXT 
    CALL findvalue(f, xi(), t%) 
    fs(i%) = f 
   NEXT 
   CALL QuickSort(t%, fs(), x(), 1, m%) 
   FOR i% = 1 TO t% 
    x0(i%) = x(1, i%) 
   NEXT 
   CALL findvalue(f, x0(), t%) 
   PRINT #5, scount%; 
   FOR i% = 1 TO t% 
    PRINT #5, x(1, i%); 
   NEXT 
   PRINT #5, fs(1); lamdar; lamdax 
   IF count% = 1 THEN                 '---prepare for next epoch 
    FOR i% = 1 TO t%               '--initialise max-min calc params 
     oldxbmax(i%) = x(1, i%) 
     oldxbmin(i%) = x(1, i%) 
    NEXT 
   ELSE 
    FOR i% = 1 TO t% 
     oldxbmax(i%) = xbmax(i%) 
     oldxbmin(i%) = xbmin(i%) 
    NEXT 
   END IF 
   IF sgen% < 5 THEN 
    FOR i% = 1 TO t% 
     sumxb(i%) = sumxb(i%) + x(1, i%) 
     newxb = x(1, i%) 
     oldxbmax = oldxbmax(i%): oldxbmin = oldxbmin(i%) 
     xbmax(i%) = fnmax(oldxbmax, newxb) 
     xbmin(i%) = fnmin(oldxbmin, newxb) 
    NEXT 
   ELSE 
    FOR i% = 1 TO t% 
     sumxb(i%) = sumxb(i%) + x(1, i%) 
     rl = 2 * (xbmax(i%) - xbmin(i%)) 
     IF rl < .4 THEN 
      rl = .4 
     ELSEIF rl > .5 THEN 
      rl = .5 
     END IF 
     pmax(i%) = x(1, i%) + rl * (pmax(i%) - pmin(i%)) 
     pmin(i%) = x(1, i%) - rl * (pmax(i%) - pmin(i%)) 
     shift(i%) = ((sumxb(i%) / sgen%) - .5 * (pmax(i%) + pmin(i%))) / 
(pmax(i%) - pmin(i%)) 
     pmax(i%) = pmax(i%) + shift(i%) * (pmax(i%) - pmin(i%)) 
     IF pmax(i%) >= 1 THEN pmax(i%) = .99999 
     pmin(i%) = pmin(i%) + shift(i%) * (pmax(i%) - pmin(i%)) 
     IF pmin(i%) <= 0 THEN pmin(i%) = .00001 
    NEXT 
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    CALL climb(t%, m%, x(), fs(), pmin(), pmax()) 
    sgen% = 0 
    FOR i% = 1 TO t% 
     sumxb(i%) = 0 
    NEXT 
   END IF 
   CALL QuickSort(t%, fs(), x(), 1, m%) 
  LOOP UNTIL count% = 40 
  IF bestf < vbestf THEN 
   FOR i% = 1 TO t% 
    vbestx(i%) = bestx(i%) 
   NEXT 
   vbestf = bestf 
   vbestlr = bestlr: vbestlx = bestlx 
  END IF 
  FOR i% = 1 TO t% 
   x(1, i%) = bestx(i%) 
  NEXT 
 LOOP UNTIL outloop% = p% 
 PRINT 
 FOR i% = 1 TO t% 
  PRINT vbestx(i%); 
  PRINT #6, vbestx(i%); 
 NEXT 
 PRINT #6, vbestf 
 PRINT vbestf 
 LOOP UNTIL try% = 10 
 CLOSE #5: CLOSE #6 
NEXT 'filecount% 
'========================END OF MAIN PROGRAMME========================= 
 
SUB binadd (x$, y$, z$) 
z$ = "": co = 0 
FOR i% = 16 TO 1 STEP -1 
 a = VAL(MID$(x$, i%, 1)): b = VAL(MID$(y$, i%, 1)) 
 c = a + b + co 
 IF c >= 2 THEN 
  d = 2 - c 
  co = 1 
 ELSE 
  d = c 
  co = 0 
 END IF 
 z$ = RIGHT$(STR$(d), 1) + z$ 
NEXT 
END SUB 
 
SUB binneg (a$, c2$) 
CALL cvbin(1, one$) 
FOR i% = 1 TO 15 
 one$ = "0" + one$ 
NEXT 
c$ = "" 
FOR i% = 1 TO 16 
 IF MID$(a$, i%, 1) = "1" THEN 
  c$ = c$ + "0" 
 ELSEIF MID$(a$, i%, 1) = "0" THEN 
  c$ = c$ + "1" 
 END IF 
NEXT 
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CALL binadd(c$, one$, c2$) 
END SUB 
 
SUB calcrisk (i%, j%, muef(), mus(), rsk()) 
 maxr = 0: mx = 0 
 muef1 = muef(i%, j%, 1): muef2 = muef(i%, j%, 2) 
 mus1 = mus(i%, j%, 1): mus2 = mus(i%, j%, 2) 
 rsk(i%, j%, 1) = fnmin(muef1, mus1) 
 rsk(i%, j%, 2) = fnmin(muef2, mus2) 
END SUB 
 
SUB climb (t%, m%, x(), fs(), pmin(), pmax()) 
DIM range(t%), xi(t%) 
 FOR i% = 1 TO t% 
  range(i%) = pmax(i%) - pmin(i%) 
 NEXT 
 FOR i% = 3 TO m% 
  FOR j% = 1 TO t% 
   x(i%, j%) = RND * range(j%) + pmin(j%) 
   xi(j%) = x(i%, j%) 
  NEXT 
  CALL findvalue(f, xi(), t%) 
  fs(i%) = f 
 NEXT 
END SUB 
 
SUB cvbin (x, a$) 
a$ = "" 
IF x >= 0 THEN 
 xa = x 
 FOR i% = 16 TO 1 STEP -1 
  a = 2 ^ (i% - 1) 
  IF a > xa THEN 
   p$ = "0" 
  ELSE 
   p$ = "1" 
   xa = xa - a 
  END IF 
  a$ = a$ + p$ 
 NEXT 
ELSE 
 y = -x 
 ya = y 
 FOR i% = 16 TO 1 STEP -1 
  a = 2 ^ (i% - 1) 
  IF a > ya THEN 
   p$ = "0" 
  ELSE 
   p$ = "1" 
   ya = ya - a 
  END IF 
  a$ = a$ + p$ 
 NEXT 
 CALL binneg(a$, c$) 
 a$ = c$ 
END IF 
END SUB 
 
SUB cvdec (y$, y) 
 y = 0 
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 FOR i% = 1 TO 16 
  y = y + VAL(MID$(y$, i%, 1)) * 2 ^ (16 - i%) 
 NEXT 
END SUB 
 
SUB datainput (infil$, s%, c%, s0!(), f!(), k!(), tau!(), z%(), qm(), e!(), user!(), regl()) 
OPEN infil$ FOR INPUT AS #1 
ct% = 0 
FOR i% = 1 TO s% 
 FOR k% = 1 TO 3 
  FOR j% = 0 TO c% 
   INPUT #1, s0(i%, j%, k%): ct% = ct% + 1 
  NEXT 
 NEXT 
NEXT 
FOR j% = 1 TO 2 
 FOR i% = 1 TO c% 
  INPUT #1, qm(i%, j%): ct% = ct% + 1 
 NEXT 
NEXT 
FOR i% = 1 TO s% 
 FOR k% = 1 TO 2 
  FOR j% = 1 TO c% 
   INPUT #1, e(i%, k%): ct% = ct% + 1 
  NEXT 
 NEXT 
NEXT 
FOR j% = 1 TO s% 
 FOR i% = 1 TO c% 
  INPUT #1, f(j%, i%): ct% = ct% + 1 
 NEXT 
NEXT 
FOR i% = 1 TO c% 
 INPUT #1, z%(i%): ct% = ct% + 1 
NEXT 
FOR j% = 1 TO s% 
 FOR i% = 1 TO c% 
  INPUT #1, k(j%, i%): ct% = ct% + 1 
 NEXT 
NEXT 
FOR i% = 1 TO c% 
 INPUT #1, tau(i%): ct% = ct% + 1 
NEXT 
FOR k% = 1 TO s% 
FOR j% = 1 TO 2 
 FOR i% = 1 TO c% 
  INPUT #1, user(k%, i%, j%): ct% = ct% + 1 
 NEXT 
NEXT 
NEXT 
INPUT #1, regl(1) 
INPUT #1, regl(2) 
CLOSE #1 
END SUB 
 
SUB decode (chrom$, t%, y()) 
'------------------------------Decode chromosome----------------- 
DIM y$(t%) 
FOR i% = 1 TO t% 
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 p% = 1 + 16 * (i% - 1) 
 y$(i%) = MID$(chrom$, p%, 16) 
 y$ = y$(i%) 
 IF VAL(LEFT$(y$, 1)) = 1 THEN 
  CALL binneg(y$, y1$) 
  CALL cvdec(y1$, y) 
  y = -y 
 ELSE 
  CALL cvdec(y$, y) 
 END IF 
 y(i%) = y / 1000 
NEXT 
END SUB 
 
SUB discrete (snum%, num%, xlow, xup, x()) 
FOR i% = 1 TO num% 
 x(snum%, i%) = xlow + (i% - 1) * (xup - xlow) / (num% - 1) 
NEXT 
END SUB 
 
SUB encode (x(), t%, chrom$) 
'-----------------------------Encode chromosome; 3 decimal accuracy--- 
chrom$ = "" 
FOR i% = 1 TO t% 
 x = x(i%) * 1000 
 CALL cvbin(x, a$) 
 chrom$ = chrom$ + a$ 
NEXT 
END SUB 
 
SUB findvalue (f, x(), t%) 
 SHARED s%, c% 
 er% = 0 
 FOR i% = 1 TO t% 
  IF x(i%) < 0 OR x(i%) > 1 THEN er% = 1 
 NEXT 
 IF er% = 0 THEN 
  CALL value(lamda, x()) 
  f = 1 - lamda 
 ELSE 
  f = 101010 
 END IF 
END SUB 
 
SUB ftox (s%, c%, f(), x()) 
SHARED z%(), t% 
k% = 0 
FOR i% = 1 TO s% 
 FOR j% = 1 TO c% 
  IF (i% = 1 AND z%(j%) = 1) OR (i% > 1 AND i% < s% AND z%(j%) = 0) OR i% = s% 
THEN 
  k% = k% + 1 
  x(k%) = f(i%, j%) 
  END IF 
 NEXT 
NEXT 
IF t% <> k% THEN t% = k% 
END SUB 
 
SUB initialize (x(), pmin(), pmax(), fs(), t%, m%) 
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'-------------------------------------Initialize variables----- 
 DIM xi(t%) 
 FOR i% = 3 TO m% 
  FOR j% = 1 TO t% 
   pwr% = INT(RND * 2) + 1 
   x(i%, j%) = x(1, j%) + (-1) ^ pwr% * RND * .5 * (pmax(j%) - pmin(j%)) 
   xi(j%) = x(i%, j%) 
  NEXT 
   CALL findvalue(f, xi(), t%) 
   fs(i%) = f 
 NEXT 
END SUB 
 
SUB intadd (x(), y(), z()) 
z(1) = x(1) + y(1) 
z(2) = x(2) + y(2) 
END SUB 
 
SUB intdiv (x(), y(), z()) 
DIM a(2) 
CALL intinv(y(), a()) 
temp = a(1) 
a(1) = a(2) 
a(2) = temp 
CALL intmult(x(), a(), z()) 
END SUB 
 
SUB intinv (x(), z()) 
z(1) = 1 / x(2): z(2) = 1 / x(1) 
END SUB 
 
SUB intmult (x(), y(), z()) 
'a = x(1) * y(1): b = x(1) * y(2): c = x(2) * y(1): d = x(2) * y(2) 
z(1) = x(1) * y(1)'fnmin(d, fnmin(c, fnmin(a, b))) 
z(2) = x(2) * y(2)'fnmax(d, fnmax(c, fnmax(a, b))) 
END SUB 
 
SUB intsub (x(), y(), z()) 
z(1) = x(1) - y(2) 
z(2) = x(2) - y(1) 
END SUB 
 
SUB linv (y, mu, s, x()) 
 y1 = y * .99999 / SQR(2 * pi) 
 zpos = SQR(-2 * LOG(ABS(SQR(2 * pi) * y1))) 
 zneg = -SQR(-2 * LOG(ABS(SQR(2 * pi) * y1))) 
 x(1) = EXP(mu1 + s * zneg): x(2) = EXP(mu1 + s * zpos) 
END SUB 
 
SUB mueff (i%, j%, e(), s(), muef()) 
 IF i% = 1 THEN 
  a = .2: b = .8 
  q01 = s(1, 0, 1): IF q01 = 0 THEN q01 = .0001 
  q02 = s(1, 0, 2): IF q02 = 0 THEN q02 = .0001 
  x1 = (q01 - s(1, j%, 1)) / q01: x2 = (q02 - s(1, j%, 2)) / q02 
 ELSE 
  a = e(i%, 1): b = e(i%, 2) 
  x1 = s(i%, j%, 1): x2 = s(i%, j%, 2) 
 END IF 
 e1 = fnmustepup(a, b, x1) 
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 e2 = fnmustepup(a, b, x2) 
 muef(i%, j%, 1) = e1 
 muef(i%, j%, 2) = e2 
END SUB 
 
SUB mustres (i%, j%, a, qm(), st(), mus(), poss) 
  mus(i%, j%, 1) = a: mus(i%, j%, 2) = a: poss = a 
END SUB 
 
SUB ninv (y, mu, s, x()) 
 y1 = y / SQR(2 * pi) 
 zpos = SQR(-2 * s ^ 2 * LOG(y)) 
 zneg = -SQR(-2 * s ^ 2 * LOG(y)) 
 x(1) = mu + s * zneg: x(2) = mu + s * zpos 
END SUB 
 
SUB offspring (m%, gen%, ch$()) 
'-----------------Produce offspring----- 
SHARED t% 
DIM f2$(m%) 
lamda = 1 
'---select parents 
FOR i% = 5 TO m% 
DO 
 pno1% = INT(-LOG(1 - RND) / lamda + 1) 
 pno2% = INT(-LOG(1 - RND) / lamda + 1) 
LOOP UNTIL pno1% <> pno2% AND pno1% < m% AND pno2% < m% 
 f2$(i%) = "" 
 dch$ = "" 
 FOR j% = 1 TO t% 
  gen% = gen% + 1 
  byte% = 16 * (j% - 1) + 1 
  slct% = INT(RND * 2)     'randomly select parent 1 or 2 
    IF slct% = 1 THEN 
   a$ = MID$(ch$(pno1%), byte%, 16) 
  ELSE 
   a$ = MID$(ch$(pno2%), byte%, 16) 
  END IF 
  IF gen% = 10 THEN 
   mubit1% = INT(RND * 16) + 1: mubit2% = INT(RND * 16) + 1 
   dummy$ = "" 
   FOR k% = 1 TO 16 
    IF k% <> mubit1% OR k% <> mubit2% THEN 
     dummy$ = dummy$ + MID$(a$, k%, 1) 
    ELSE 
    IF MID$(a$, k%, 1) = "1" THEN 
     dummy$ = dummy$ + "0" 
    ELSE 
     dummy$ = dummy$ + "1" 
    END IF 
    END IF 
   NEXT 
   gen% = 0 
   a$ = dummy$ 
  END IF 
  dch$ = dch$ + a$ 
 NEXT 'j% 
 f2$(i%) = dch$ 
NEXT 'i% 
FOR i% = 5 TO m% 
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 ch$(i%) = f2$(i%) 
NEXT 
END SUB 
 
SUB Partition (ndim%, SList(), PList(), Left%, Right%, part%) 

DIM temp(ndim%) 
v = SList(Right%) 
indx% = Left% - 1 
Jndx% = Right% 
  DO 
 DO 
   indx% = indx% + 1 
 LOOP UNTIL SList(indx%) >= v 
 DO 
   Jndx% = Jndx% - 1 
 LOOP UNTIL SList(Jndx%) <= v 
 temp = SList(indx%) 
 SList(indx%) = SList(Jndx%) 
 SList(Jndx%) = temp 
 FOR i% = 1 TO ndim% 
 temp(i%) = PList(indx%, i%) 
 PList(indx%, i%) = PList(Jndx%, i%) 
 PList(Jndx%, i%) = temp(i%) 
 NEXT 
  LOOP UNTIL Jndx% <= indx% 
SList(Jndx%) = SList(indx%) 
SList(indx%) = SList(Right%) 
SList(Right%) = temp 
  FOR i% = 1 TO ndim% 
 PList(Jndx%, i%) = PList(indx%, i%) 
 PList(indx%, i%) = PList(Right%, i%) 
 PList(Right%, i%) = temp(i%) 
  NEXT 
  part% = indx% 

END SUB 
 
SUB QuickSort (ndim%, SList(), PList(), Left%, Right%) 

IF Left% <= Right% THEN 
 CALL Partition(ndim%, SList(), PList(), Left%, Right%, indx%) 
 CALL QuickSort(ndim%, SList(), PList(), Left%, indx% - 1) 
 CALL QuickSort(ndim%, SList(), PList(), indx% + 1, Right%) 
END IF 

END SUB 
 
SUB satisfy (s%, c%, user(), regl(), maxr, f(), lamda) 
SHARED t%, z%(), lamdar, lamdax 
min = regl(1): max = regl(2) 
lamdar = fnsatisfy(min, max, maxr) 
'---calculate user satisfaction--- 
lmdx = 0 
FOR i% = 1 TO c% 
 lamdai = 1 
 FOR j% = 1 TO s% 

IF (j% = 1 AND z%(i%) = 1) OR (j% > 1 AND j% < s% AND z%(i%) = 0) OR j% = s% 
THEN 
 min = user(j%, i%, 1): max = user(j%, i%, 2) 
 v = f(j%, i%) 
 lx = fnsatisfy(min, max, v) 
 lamdai = fnmin(lx, lamdai) 

 END IF 
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NEXT 
 lmdx = lmdx + lamdai 
NEXT 
lamdax = lmdx / c% 
lamda = fnmin(lamdar, lamdax) 
'PRINT lamdar; lamdax, 
END SUB 
 
SUB stresdist (a%, s%, c%, p(), k(), f(), tau(), z%(), s(), a) 

SHARED n% 
DIM s0(s%, c%, 2), s1(s%, c%, 2), sv(2), qu(2), qi(2), z(2) 
DIM su(2), si(2), lu(2), li(2), qt(2), lt(2), tri(3) 
tau(0) = 0 
tau = 0 
IF a = 0 THEN a = .01 
FOR j% = 1 TO s% - 1 
 mu = p(j%, 0, 1): s = p(j%, 0, 2) 
 IF j% = 1 THEN 
  mu = LOG(mu) 
  CALL linv(a, mu, s, sv()) 
 ELSE 
  CALL ninv(a, mu, s, sv()) 
 END IF 
 s(j%, 0, 1) = sv(1): s(j%, 0, 2) = sv(2) 
 s0(j%, 0, 1) = sv(1): s0(j%, 0, 2) = sv(2) 
 s1(j%, 0, 1) = sv(1): s1(j%, 0, 2) = sv(2) 
NEXT 
FOR src% = 1 TO c% 
 mu = p(1, src%, 1): s = p(1, src%, 2) 
 CALL linv(a, mu, s, sv()) 
 s0(1, src%, 1) = sv(1) 
 s0(1, src%, 2) = sv(2) 
 tau = tau(src%) + tau 
 f = (1 - f(1, src%)) 
 s1(1, src%, 1) = s0(1, src%, 1) * (-f) ^ z%(src%) 
 s1(1, src%, 2) = s0(1, src%, 2) * (-f) ^ z%(src%) 
 qu(1) = s(1, src% - 1, 1) 
 qu(2) = s(1, src% - 1, 2) 
 qi(1) = s1(1, src%, 1) 
 qi(2) = s1(1, src%, 2) 
 FOR stres% = 2 TO s% - 1 
  degfactor = EXP(-k(stres%, src%) * tau) 
  mu = p(stres%, src%, 1): s = p(stres%, src%, 2) 
  CALL ninv(a, mu, s, sv()) 
  s0(stres%, src%, 1) = sv(1) 
  s0(stres%, src%, 2) = sv(2) 
  f = (1 - f(stres%, src%)) 
  s1(stres%, src%, 1) = f * (1 - z%(src%)) * s0(stres%, src%, 1) + z%(src%) * 
degfactor * s(stres%, src% - 1, 1) 
  s1(stres%, src%, 2) = f * (1 - z%(src%)) * s0(stres%, src%, 2) + z%(src%) * 
degfactor * s(stres%, src% - 1, 2) 
  su(1) = s(stres%, src% - 1, 1) * degfactor 
  su(2) = s(stres%, src% - 1, 2) * degfactor 
  si(1) = s1(stres%, src%, 1) 
  si(2) = s1(stres%, src%, 2) 
  CALL intmult(su(), qu(), lu()) 
  CALL intmult(si(), qi(), li()) 
  CALL intadd(lu(), li(), lt()) 
  CALL intadd(qu(), qi(), qt()) 
  CALL intdiv(lt(), qt(), z()) 
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  IF z%(src%) = 0 THEN 
   s(stres%, src%, 1) = z(1): s(stres%, src%, 2) = z(2) 
  ELSE 
   s(stres%, src%, 1) = su(1): s(stres%, src%, 2) = su(2) 
  END IF 
  s(1, src%, 1) = qt(1): s(1, src%, 2) = qt(2) 
 NEXT 'stressor 
NEXT  'source 
FOR src% = 1 TO c% 
 f = (1 - f(3, src%)) 
 tri(1) = p(3, src%, 1) * f 
 tri(2) = p(3, src%, 2) * f 
 tri(3) = p(3, src%, 3) * f 
 CALL tfnalfa(tri(), a, a1, a2) 
 s(s%, src%, 1) = a1 
 s(s%, src%, 2) = a2 
NEXT 

END SUB 
 
SUB tfnalfa (a(), alfa, a1, a2) 

a1 = a(1) + alfa * (a(2) - a(1)) 
a2 = a(3) - alfa * (a(3) - a(2)) 

END SUB 
 
SUB trinv (alpha, a, b, c, x()) 

x(1) = alpha * (b - a) - a 
x(2) = c - alpha * (c - b) 

END SUB 
 
SUB value (lamda, x()) 

SHARED s%, c%, n%, a%, s0!(), f(), k!(), tau!(), z%(), qm(), e!(), user!(), regl() 
DIM min(s%), max(s%), st(s%, c% + 1, 3), mus(s%, c%, 2), muef(s%, c%, 2) 
DIM r(s%, c%, 2) 
CALL xtof(s%, c%, f(), x()) 
FOR a% = 0 TO n% 
 a = a% / n% 
 'PRINT #2, a; : PRINT #3, a; : PRINT #4, a; 
 CALL stresdist(a%, s%, c%, s0(), k(), f(), tau(), z%(), st(), a) 
 maxr = 0: minr = 0 
 FOR j% = 1 TO c% 
  mxr = 0: mnr = 0 
  FOR i% = 1 TO s% 
   CALL mustres(i%, j%, a, qm(), st(), mus(), poss) 
   CALL mueff(i%, j%, e(), st(), muef()) 
   CALL calcrisk(i%, j%, muef(), mus(), r()) 
   hrsk = r(i%, j%, 2) 
   lrsk = r(i%, j%, 1) 
   mxr = fnmax(mxr, hrsk): mnr = fnmax(mnr, lrsk) 
  NEXT 
  maxr = fnmax(maxr, fnmax(mxr, mnr)) 
 NEXT 
 'PRINT #2, " ": PRINT #3, " ": PRINT #4, " " 
NEXT 
CALL satisfy(s%, c%, user(), regl(), maxr, f(), lamda) 
CALL ftox(s%, c%, f(), x()) 

END SUB 
 
SUB xtof (s%, c%, f(), x()) 
SHARED z%() 
k% = 0 
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FOR i% = 1 TO s% 
 FOR j% = 1 TO c% 
  IF (i% = 1 AND z%(j%) = 1) OR (i% > 1 AND i% < s% AND z%(j%) = 0) OR i% = s% 
THEN 
   k% = k% + 1 
   f(i%, j%) = x(k%) 
  ELSE 
   f(i%, j%) = 0 
  END IF 
 NEXT 
NEXT 
END SUB 
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SUB initialize (x(), pmin(), pmax(), fs(), t%, m%) 
'--------------Initialize variables (EXP distr)----- 
 DIM xi(t%) 
 FOR i% = 3 TO m% 
  FOR j% = 1 TO t% 
   a = pmin(j%): b = pmax(j%) 
   mu = .5 * (b - a) 
   l = .69314718# / mu 
   x(i%, j%) = -LOG(1 - RND * (b - a)) / l 
   xi(j%) = x(i%, j%) 
  NEXT 
   CALL findvalue(f, xi(), t%) 
   fs(i%) = f 
 NEXT 
END SUB 
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SUB findvalue (f, x(), t%) 
 SHARED s%, c%, z%(), leqmin 
 er% = 0 
 FOR i% = 1 TO t% 
  IF x(i%) < 0 OR x(i%) > 1 THEN er% = 1 
 NEXT 
 IF er% = 0 THEN 
  CALL value(lamda, x()) 
  k% = 0 
  leqmin = 10 
  FOR i% = 1 TO s% 
   min = 10: max = 0 
   FOR j% = 1 TO c% 
    IF (i% = 1 AND z%(j%) = 1) OR (i% > 1 AND i% < s% AND z%(j%) = 
0) OR i% = s% THEN 
     k% = k% + 1 
     x1 = x(k%) 
     min = fnmin(x1, min): max = fnmax(x1, max) 
    END IF 
   NEXT 
   IF min + max > 0 AND min < 1 AND max < 1 THEN 
    dx = ABS(min - max) * 2 / (min + max) 
    leq = fnsatisfy(.01, .2, dx) 
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   ELSE 
    leq = 0 
   END IF 
   leqmin = fnmin(leqmin, leq) 
  NEXT 
  lamda = fnmin(lamda, leqmin) 
  f = 1 - lamda 
 ELSE 
  f = 101010 
 END IF 
END SUB 
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SUB satisfy (s%, c%, user(), regl(), maxr, f(), lamda) 
SHARED t%, z%(), lamdax, lamdar 
min = regl(1): max = regl(2) 
lamdar = fnsatisfy(min, max, maxr) 
'---calculate user satisfaction--- 
lmdx = 0 
FOR i% = 1 TO c% 
 lamdai = 100: lamdax = 100 
 FOR j% = 1 TO s% 
  IF (j% = 1 AND z%(i%) = 1) OR (j% > 1 AND j% < s% AND z%(i%) = 0) OR j% 
= s% THEN 
   min = user(j%, i%, 1): max = user(j%, i%, 2) 
   v = f(j%, i%) 
   lx = fnsatisfy(min, max, v) 
   lamdai = fnmin(lx, lamdai) 
  END IF 
 NEXT 
 lamdax = fnmin(lamdax, lamdai) 
NEXT 
lamda = fnmin(lamdar, lamdax) 
END SUB 
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