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Preface

These are the working notes of the workshop on Model-based and Qualitative Reason-

ing in Biomedicine, which was held during the European Conference on Artificial Intelli-

gence in Medicine, AIME’03, on 19th October, 2003, in Protaras, Cyprus. The workshop
brought together various researchers involved in the development and use of model-based and
qualitative reasoning methods in tackling biomedical problems.

Much of the biomedical knowledge is essentially model-based, as it is the understanding
of the structure and function of biomedical systems that researchers wish to achieve, and
this is best done by developing models of these systems. In situations where it may not be
appropriate or possible to use quantitative methods, researchers use qualitative approaches.
Depending on the biomedical problem concerned, such descriptions may involve causal, tem-
poral and spatial knowledge, possibly of an uncertain nature. Also in the medical management
of disorders in patients, qualitative and model-based approaches are being used. For example,
systems used for diagnosing disease rely on explicit models of normal or abnormal structure
and behaviour (often referred to as ’first-principles models’) of the underlying disease pro-
cess. Qualitative knowledge plays a role in the modelling of disease and treatment processes,
including the handling of the uncertainty involved in these processes.

Hence, there is little doubt that model-based and qualitative methods fit the biomedical
domain really well. However, one of the problems with research in the biomedical field is that
researchers applying model-based and qualitative-reasoning methods are often closely linked
to their application field, such as, for example, cell biology or clinical medicine, and find it
difficult to keep in contact with colleagues doing similar research, but working in a different
biomedical application field. This is even more difficult if the techniques used are also dif-
ferent. For example, researchers involved in Bayesian network research and researchers using
qualitative simulation methods hardly exchange views and ideas, despite the fact that their
methods have in common that they emphasise representing qualitative biomedical knowledge.
It was the aim of this workshop to bring together researchers along the entire spectrum of
the biomedical field, from health-care research and clinical medicine to human biology, using
a variety of methods and techniques, from (qualitative) Bayesian networks and symbolic ma-
chine learning, to qualitative simulation. By looking at the table of content of these working
notes, the reader may observe that these aim have indeed been achieved.

I am grateful to my colleagues who served on the programme committee of the work-
shop (Klaus-Peter Adlassnig, Pedro Barahona, Ivan Bratko, George Coghill, Enrico Coiera,
Carlo Combi, Marie-Odile Cordier, Marek Druzdzel, John Fox, Raffaella Guglielmann, Werner
Horn, Liliana Ironi, Hidde de Jong, Elpida Keravnou, Rudibert King, Benjamin Kuipers,
Casimir Kulikowski, Peter Lucas, Simon Parsons, René Quiniou, Silja Renooij, Steffen Schulze-
Kremer, Yuval Shahar, Robert Trelease, and Stefania Tentoni). They carefully read and re-
viewed each submission. Thanks are further due to Ivan Bratko and Linda van der Gaag for
accepting my invitation to give an invited talk at the workshop.

The workshop was organised by the Biomedical Task Group of MONET1, the Network of
Excellence in Model-based Systems and Qualitative Reasoning. Without the commitment of
the task-group members and the generous financial support offered by MONET, it would not
have been possible to reach the same level of coverage of relevant topics as was achieved. I
am grateful to the task-group members who were helpful in making the workshop a success,

1http://monet.aber.ac.uk
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in particular: Liliana Ironi, Raffaella Guglielmann, Stefania Tentoni, Marie-Odile Cordier,
René Quiniou, and Philip Bang. Last but not least, the participants of the workshop made
the effort of organising the workshop worthwhile. Also to them I would like to express my
gratitude.

Peter Lucas, University Nijmegen, The Netherlands

28th September, 2003
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Automated Modelling with Qualitative Representations 

Ivan Bratko 
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2  Learning QDE models  
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Þ�ËJÓ�ÒrÑ�Ì1É#È�Ð�È�×�Ê�ÒMØ;Î1È0ÏZÓ#Þ ��Ú�Ê+Î1Ì2Æ�Ê�Æ�Ì É#È{Í>È9Ç>Ê!É#Ì�Ó�Ú�Ë
Ï�Û�ß�Ð�Ê9Ð
Ê0Ù9Æ
Ú�Ê�Î6Ê9Ø#Ø>Î�Ì�Ù+Ê�Æ�Ì1Ó�Ð>Õ�Ì2Æ7Ì
ÏNÒ&Ó�ËJÈ�Î
Ì ú�È0Î Ö;Õ=Ç�Ó�Ý7È!É�È!Ë*Õ=Æ1Ç�Ê!Æ/Æ�Ç�È
Ó�Í>Ï*È!ËAÉ�È�Ô�Ô�Ê!Æ3ÊqÊ�ËJÈkÐ�Ú�ÒNÈ!ËJÌ�Ù�Ê0Î�Û@ç�Ó#ÏIÆMÓ�ÞMÆ�Ç�È0Ï*ÈkØ�Ë*Ó�Ñ�ËJÊ�ÒOÏ
ËJÈ ��Ú�Ì Ë*È}ÊjÆ�Ë*Ê�Ð�Ï
Þ�Ó�Ë�ÒOÊ9Æ�Ì1Ó�Ð�Ó�ÞZÏAÚ>Ù9Ç�Ð�Ú�ÒOÈ9Ë*Ì1Ù0Ê�Î&Ô#Ê�Æ�Ê�Ì Ð�Æ3Ó
��Ú�Ê�Î�Ì Æ�Ê�Æ�Ì2É#È�Í;È�Ç�Ê!É#Ì�Ó�Ú�Ë*Ï�Û 
>Ó�ÒOÈsÓ#ÞVÆ�Ç�ÈsÊ!Í>Ó�É�ÈsÔ�Ì
Ï*Ù!Ú�Ï
Ï
È�Ô
Ê!Ø�Ø�Ë*Ó�Ê+Ù�Ç�È0ÏNâ?
>ÊoÖ�Ê�Ð>Ô��6Ú�ËAÚ>Õ �������<A 7-Ó�Ñ�Ç>Ì�Î�Î�È�ÆBÊ+Î�ÛYë29�9�ë#ã
Ê0Î�Ï
ÓkÌ Ð�Ù+Î Ú�Ô#ÈPÏAÚ>Ù9ÇQÊ&Æ1Ë*Ê9Ð>Ï
Þ�Ó�Ë�ÒOÊ9Æ�Ì�Ó�Ð�Ûmß�Æ-Ì3Ï/Ð>Ó�Æ�È�Ê+Ï�Ö�Æ3ÓkÔ�Ó
Æ�Ç�Ì
Ï-Ý7È�Î
Î
ÕYÏAØ>È+Ù+Ì1Ê0Î1Î ÖTÝBÇ�È�ÐPÆ
Ç�È9Ë*È�Ì
Ï-Ð�Ó#Ì�Ï
ÈUÌ2ÐOÆ�Ç�È7Ð�Ú�Ò&È�Ë*Ì1Ù0Ê�Î
Ô#Ê�Æ�Ê�Ûté��0È9Ë*Ó#ÏIú�Ì	��Ï÷Ê9Ð�Ô ÜWÓ#Ô�Ó�Ë*Ó�É>ÏAú�Ì	��ÏFâ���������ã �Bç�æ
Ø#ËIÓ�Ñ�ËJÊ�ÒÂÌ3Ï{Ì2Ð�Æ3È!ËIÈ�ÏAÆ�Ì Ð�ÑnÌ Ð�Æ�Ç�Ê�ÆSÌ ÆPÍ�Ú�Ì
Î�Ô#Ï �/é�å£Ò&Ó#Ô�È+Î
Ï
Ô#Ì Ë*È�Ù!Æ3Î Ö Þ3ËJÓ�Ò Ð�Ú�Ò&È�ËJÌ�Ù+Ê+ÎFÔ�Ê�Æ�Ê0Õ�Ê!É#Ó#Ì1Ô#Ì Ð#Ñ ÏAÚ�Ù�Ç�Ê
Ð�Ú�ÒNÈ!ËIÌ
Ù�Ê0Î��3Æ3Ó �@��Ú�Ê+Î�Ì Æ�Ê�Æ�Ì É�È Æ
ËJÊ�Ð>Ï*Þ�Ó�ËAÒNÊ!Æ3Ì�Ó�ÐmÛ 5mËJÓ�Ñ�ËJÊ�Ò

2� �Uß�é�â4�7Ê9ÖOÈ!ÆYÊ+Î�Û�ë:9�9�9�ãWÌ3Ï@Ê�Î
Ï*ÓMË*È�Î�È!É�Ê9Ð�Æ�Ì ÐNÆ1Ç>Ì�ÏvË*È+ÏIØ>È�Ù!ÆAÛ
ß�ÆBÎ
È�Ê!Ë�Ð>ÏNà+Ï*È!ÒNÌ��@��Ú�Ê�Ð�Æ�Ì2Æ3Ê�Æ�Ì2É#È�áTÒ&Ó�Ô#È�Î3Ï�â�ÊSÙ+Ó�ÒMÍ>Ì Ð�Ê�Æ�Ì�Ó�Ð�Ó�Þ
�Bé�å=ÏTÝ�Ì2Æ1Ç�Ð�Ú�Ò&È�ËJÌ�Ù+Ê+ÎUÈ+Î�È�ÒNÈ!Ð�Æ�Ï*ãPÞ3ËJÓ�ÒEÐ�Ú�ÒOÈ9Ë*Ì�Ù+Ê�ÎUÔ�Ê9Æ�Ê�Û
 BÐ�Ó�Æ�Ç�È�Ë=Ì
Ô�È�Ê/Æ�ÓMÇ�Ê�Ð�Ô�Î
ÈRÐ�Ú�Ò&È9Ë*Ì�Ù+Ê�ÎmÔ#Ê�Æ�Ê�Ì�ÏWÆ�ÓNÊ9Ø#Ø>Î Ö � �Uß3æ
Ì2Ð�Ù0Ó�ÒMÍ>Ì2Ð�Ê9Æ�Ì�Ó�ÐUÝ�Ì Æ�Ç �/é�å{Î1È0Ê9ËAÐ�Ì2Ð#Ñ>Û

� /�,mþ �!ü��Pþ+ÿ � ��	���,<, 	1ü �����Aü��#ÿ �

Ü�Ç�È �Bé�åÂÎ1È0Ê9ËAÐ�Ì2Ð#Ñ�Ø#ËJÓ�Ñ�ËJÊ�ÒOÏ�ËJÈ!É#Ì�È�Ý�È+Ô^Ê9Í;Ó�É#È�Ý�È�ËJÈ
Ú�ÏIÚ�Ê+Î�Î Ö^Æ�È+ÏAÆ�È+Ô^Ó�Ð�ÏAÒ&Ê�Î
ÎjÈ�×�Ø>È�Ë*Ì ÒOÈ9Ð�Æ�Ê�ÎjÔ#Ó�ÒOÊ�Ì2Ð>Ï*ÕXÊ9Ð�Ô
ËJÊ�Ë*È�Î ÖVÓ�Ð&Ø#ËJÓ�Í>Î
È9ÒOÏ�Ó#Þ�ËJÈ+Ê+Î�Ì�ÏIÆ3Ì
Ù�Ù0Ó�ÒMØ>Î
È9×�Ì2Æ ÖYÛ 5mËJÓ�Í>Ê!Í>Î Ö&Æ�Ç�È
Ò&Ó#ÏIÆ�Ì Ò�Ø�ËJÈ0Ï
Ï*Ì2É�ÈGÊ�Ø�Ø>Î�Ì
Ù�Ê�Æ�Ì�Ó�Ð�Ó�Ð Ë*È�Ê+Î���Î1Ì�Þ�ÈGÔ�Ê!Æ3ÊGÌ
Ï
Ô#È0Ï*Ù�ËJÌ Í>È0Ô�Í�Ö�æ�Ê�Ú£Ê!Ð�Ô 7-Ó#Ì�È�ËJÊnâ���������ã
ÛOÜ\Ç�È+Ì Ë�Ï�Ö;ÏAÆ�È�Ò
Æ�ËJÊ�Ð>Ï*Þ�Ó�ËAÒOÏsÏ*Ì1Ñ�Ð�Ê�Î3ÏXÒ&È+Ê0ÏAÚ�Ë*È�ÔuÌ Ð�Æ�Ì Ò&ÈnÌ Ð�Æ3Ó ��Ú�Ê0Î1Ì2Æ3Ê�Æ�Ì2É#È
Í>È�Ç�Ê!É#Ì�Ó�Ú�Ë
ÏkÝRÇ>Ì�Ù�Ç�Ê�ËJÈ}Ì Ð�Ø#Ú�ÆTÌ2Ð�Æ�Ó�äBå�æUç�èBé6åWê-Û�Ü\Ç�ÈoÖ
Ê!Ø�Ø>Î�Ì
È�ÔMÆ
Ç�Ì
Ï-Ï�Ö;ÏAÆ�È�ÒnÆ�ÓNÊ+Ù�Æ�Ú�Ê+Î�Î ÖNÒ&È+Ê+ÏIÚ�Ë*È�Ô&Ù�Ê�ËJÔ#Ì�ÓMÉ�Ê+Ï*Ù!Ú�Î�Ê9Ë
Ï
Ì1Ñ�Ð>Ê�Î
ÏZÞ3ËJÓ�Ò ÊQÐ�Ú�Ò�Í�È!ËVÓ#ÞMØ>Ê!Æ3Ì�È�Ð�Æ�ÏSÊ!Ð#ÔsÌ Ð�Ô�Ú�Ù0È�Ô�Õ6Þ
Ë*Ó�Ò
Æ�Ç�È+Ï
ÈSÔ�Ê�Æ�Ê0ÕE��Ú�Ê+Î�Ì2Æ3Ê�Æ3Ì1É#ÈOÒ&Ó�Ô#È+Î�Ï�Ù9Ç>Ê�ËJÊ+Ù9Æ�È9Ë*Ì
Ï*Ì2Ð�ÑQÌ2Ð�Ô#Ì É#Ì�Ô�Ú>Ê�Î
Ø>Ê�Æ�Ì�È�Ð�Æ�Ï!Û  6Ð�Ó�Æ�Ç�È�Ë@Ê9Ò�Í>Ì Æ3Ì
Ó�Ú>Ï@Ê!Ø�Ø>Î�Ì�Ù�Ê!Æ3Ì
Ó�ÐOÓ�Ë*Ì�È�Ð�Æ�È+ÔUÝ7Ó�ËAúOÌ
Ï
çqÓ
��È9Æ�Ì�����Ï&Ø�Ë*Ó�Ñ�ËJÊ!Ò �/Ú�ç  
sâ@�-ËJÊ�Æ�ú>Ó�È!ÆUÊ+Î�Û Õ�Ù!Ç�Ê9Ø#Æ�È�Ë���ã
Ý/Ç�Ì
Ù9Ç�Î
È�Ê!Ë�Ð�È+Ô}ÒNÓ#Ô�È+Î
ÏkÓ�Þ&Æ�Ç�È�È�Î
È�Ù!Æ1Ë*Ì�Ù�Ê+ÎNÏ�Ö;ÏAÆ�È�Ò�Ó�ÞNÆ�Ç�È
Ç�È+Ê9ËAÆ�Ù+Ê�Ø>Ê�Í>Î�ÈuÓ�ÞsÈ�×�Ø>Î�Ê+Ì Ð�Ì Ð#Ñ£ÒOÊ9Ð�Ö%Æ2Ö�Ø>È0Ï�Ó�Þ}Ù0Ê9Ë*Ô�Ì
Ê�Ù
Ê!Ë�ËAÇ�Ö�Æ
Ç�ÒNÌ�Ê0Ï�Û��/Ú�ç  �
�Ô#Ì1ÔXÐ�Ó�Æ7Ú>Ï
È �Bé�å�Ù+Ó�Ð>ÏIÆ1Ë*Ê�Ì2Ð�Æ�ÏVÊ0Ï
Ò&Ó�Ô#È�Î
Î1Ì2Ð#ÑtØ#ËJÌ Ò&Ì Æ�Ì2É#È0Ï
Õ�Í#Ú�ÆjÊuÏ
È�Æ�Ó�ÞjØ#ËIÓ�Í�Î
È9Ò���ÏAØ>È+Ù+Ì�Þ�Ì1Ù
Î
Ó�Ñ�Ì�Ù+Ê+ÎnÔ�È0Ï*Ù�ËJÌ2Ø�Æ�Ì1Ó�Ð�ÏuÚ>Ï*È+ÔEÍ�Ö�ÝBÇ�Ê!Æ�Ý6Ó�Ú#Î�ÔEÐ#Ó�Ý�Í>È
ËJÈ+Ù+Ó�Ñ�Ð�Ì3ÏJÈ0ÔUÊ�ÏWÊ�Ð�ß�ê 5VÎ
È�Ê!Ë�Ð>Ì Ð#ÑNÏ�Ö>ÏIÆ�È�ÒTÛ

� � �
þ�� � �Tþ�ÿ � ��ÿ�ý�� � � � �!þ�� � ���

 �Ð�Ú�ÒMÍ>È!Ë-Ó#ÞvÏ�Ö;ÏAÆ�È9ÒPÏ-È9×�Ì3ÏAÆ\Þ�Ó�Ë@Î
È�Ê�ËAÐ�Ì Ð#Ñ&Ó�ÞE�Bé6å{ÒNÓ#Ô�È+Î
Ï�Û
Ü�Ç�È�Ì2Ë Ô#È!É#È+Î1Ó�Ø�Ò&È9Ð�Æ�Ô�È!ÒNÓ�Ð>ÏAÆ
ËJÊ�Æ�È+Ï¿Ì Ò�Ø�Ë*Ó�É#È�Ò&È�Ð�Æ�ÏFÌ Ð
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ËJÈ0ÏAØ>È+Ù�Æ�Ó#ÞBÏ
È�É#È!ËJÊ+ÎWËJÊ!Æ1Ç�È!Ë6Ì2Ð�Æ�ËJÌ�Ù+Ê�Æ�ÈNØ�Ë*Ó�Í;Î1È!Ò&ÏUÌ Ð�É�Ó�Î1É#È�ÔkÌ Ð
Æ�Ç�ÈZÎ�È�Ê�ËAÐ�Ì Ð#Ñ�Ó�Þ��/é�å�Ò&Ó#Ô�È�Î
Ï�Û�ß�ÐXÑ�È�Ð�È�Ë*Ê�Î
ÕWÇ�Ó�Ý�È!É#È�Ë*ÕWÆ�Ç�È
Ì2ÒUØ;Ê+Ù9Æ7Ó�Þ��Bé�å�Î�È�Ê�ËAÐ�Ì Ð#ÑQÆ�È+Ù9Ç�Ð�Ì ��Ú�È+Ï&Ó�Ð{Æ�Ç�ÈVØ�ËJÊ+Ù�Æ3Ì
Ù�È�Ó�Þ
��Ú�Ê+Î�Ì Æ�Ê9Æ�Ì É�È�Ò&Ó�Ô#È+Î�Î1Ì2Ð#Ñ�Ç>Ê0Ï�Í>È�È!ÐuË*Ê�Æ�Ç�È9Ë�Ï
Î�Ó�ÝMÛVÜ\Ç�Ì
ÏsÌ
Ï
Ø�Ê!Ë�Æ�Ì�Ù�Ú�Î�Ê�Ë*Î Ö�ÏAÚ�ËAØ�Ë*Ì�Ï
Ì Ð�ÑPÌ ÐPÆ�Ç�È�É#Ì�È9ÝnÓ�Þ=È9Ð�Ó�Ë�ÒOÓ�Ú;Ï�Ì Ð�Ù�ËJÈ+Ê0Ï*È
Ì2ÐqÆ1Ç�ÈVØ>Ê+ÏIÆBÔ�È+Ù+Ê+Ô�ÈSÓ�Þ/Ò&Ê+Ù�Ç�Ì2Ð#ÈSÎ�È+Ê�ËAÐ�Ì Ð#ÑqÊ9Ø�Ø;Î�Ì�Ù�Ê!Æ3Ì�Ó�Ð>ÏNÌ Ð
Ó�Æ�Ç�È�Ë-Ê!ËJÈ+Ê+Ï�â�çqÌ�Ù�Ç�Ê�Î3ÏAú�ÌYÈ!Æ\Ê+Î�Û ��������ã
Û�ß�ÆWÏ*È+È9ÒPÏvÆ1Ç>Ê�Æ�Þ3Ú�ËAÆ1Ç�È�Ë
Ø�ËJÓ�Ñ�ËIÈ�Ï*Ï�Ì�Ï�ÏAÆ�Ì�Î�Î�ËJÈ ��Ú�Ì2ËJÈ+Ô£Ì Ð%Ï*È�É�È�ËJÊ+Î�ËJÈ0ÏAØ;È�Ù�Æ�Ï9ÛTÜ\Ç�È0Ï*È
Ì2Ð�Ù�Î2Ú�Ô�È��#Í�È�Æ�Æ�È9Ë@Ò&È�Æ�Ç�Ó�Ô#Ï/Þ�Ó�ËvÆ�Ë*Ê9Ð>Ï
Þ�Ó�ËAÒOÌ Ð#Ñ&Ð�Ú�Ò&È�ËJÌ�Ù+Ê+ÎYÔ�Ê�Æ�Ê
Ì2Ð�Æ3Ó ��Ú�Ê+Î1Ì2Æ�Ê�Æ�Ì É#È�Ô�Ê!Æ3Ê0ÕPÆ3Ê!ËIÑ#È9Æ�È�ÔuÈ!×�Ø>Î�Ì
Ù�Ì Æ�Î ÖpÆ3Ó�Ý�Ê�ËJÔ�ÏjÆ�Ç�È
Ø�Ê!Ë�Æ�Ì�Ù�Ú�Î�Ê�Ë���Ú�Ê+Î�Ì Æ�Ê9Æ�Ì2É#ÈNÒOÓ�Ô#È�Î�Î�Ì Ð#ÑQÎ1Ê!Ð#Ñ�Ú�Ê�Ñ�È
A�Ô�È+È�Ø;È9ËMÏAÆ�Ú�Ô+Ö
Ó�ÞvØ#ËJÌ Ð�Ù�Ì2Ø>Î�È+ÏBÓ�Ë-Ç�È�Ú�Ë*Ì
ÏAÆ�Ì�Ù0Ï/Ê0Ï
Ï
Ó�Ù�Ì�Ê�Æ�È�ÔPÝ�Ì Æ�ÇTÆ�Ç�ÈMÔ�Ì
Ï*Ù0Ó�É#È�Ë�Ö
Ó�ÞXÇ�Ì�Ô�Ô#È�ÐtÉ#Ê�ËJÌ
Ê9Í>Î�È0Ï
ÕSÆ�Ç�È�Ñ#È�Ð�È9Ë*Ê+Î�Ì Æ2Ö%Ê!Ð�ÔuÆ1Ç>È�Ï
Ì �0È�Ó�Þ
Ò&Ó�Ô�È+Î
Ï�A0Ò&Ó�ËJÈBÈ�Þ�Þ�È�Ù!Æ3Ì1É#È�Ú�Ï*ÈBÓ�ÞYÑ�È�Ð�È�Ë*Ê�Î�ß�ê 5PÆ�È�Ù!Ç�Ð�Ì ��Ú�È0Ï�Û

2  Learning qualitative trees  

� �Uß3æ�â8�/Ú�Ê+Î1Ì2Æ3Ê!Æ3Ì2É#È�ß�Ð�Ô�Ú�Ù�Æ�Ì1Ó�Ð#ã=Ì
Ï@Ê�Î�È�Ê�ËAÐ�Ì Ð#ÑMØ�Ë*Ó�Ñ�Ë*Ê9ÒaÆ�Ç#Ê!Æ
Î
Ó�Ó�ú;Ï{Þ�Ó�Ë���Ú�Ê+Î�Ì Æ�Ê9Æ�Ì É�È�Ø>Ê!Æ1Æ�È�ËAÐ>Ï{Ì2Ð�Ð�Ú�Ò&È�Ë*Ì1Ù+Ê+ÎPÔ�Ê�Æ�Ê�â���Ú�Ù
ë:9�9 �$A���Ú�Ù7Ê�Ð�Ô �-Ë*Ê9Æ�ú�ÓNë29�9 ��ã
Û�ß�Ð�Ô�Ú�Ù9Æ�Ì
Ó�ÐPÓ�Þ\Æ1Ç�È7Ï*Ó���Ù+Ê�Î�Î
È�Ô
��Ú�Ê+Î�Ì Æ�Ê9Æ�Ì É�È&Æ
ËJÈ+È+Ï�Ì
Ï�Ï*Ì2ÒNÌ�Î�Ê�Ë�Æ3ÓZÆ
Ç#È&Ý�È+Î�Î �
ú�Ð�Ó�Ý/Ð{Ì Ð>Ô�Ú�Ù!Æ3Ì�Ó�Ð
Ó�Þ{Ô#È�Ù+Ì
Ï*Ì�Ó�Ð�Æ
ËIÈ0È+Ï�â�È�Û Ñ;Û 7  3�Ü=Õ ��ËJÈ+Ì Ò&Ê�Ð�È�Æ�Ê�Î�Û�������� A
7��mÛ ��Õ �/Ú�Ì2Ð�Î�Ê�Ð ������õ�ã
Û�Ü\Ç�È&Ô#Ì�Þ�Þ�È�ËJÈ�Ð�Ù+È&Ì3Ï/Æ1Ç>Ê9Æ-Ì ÐkÔ�È+Ù+Ì
Ï*Ì�Ó�Ð
Æ�ËJÈ+È+Ï�Æ1Ç�ÈVÎ�È�Ê!É�È+ÏMÊ9Ë*ÈOÎ
Ê9Í>È+Î�Î�È�ÔSÝ�Ì2Æ�ÇQÙ�Î�Ê0Ï
Ï6É#Ê0Î Ú�È0Ï
ÕYÝ/Ç�È!ËJÈ+Ê+Ï
Ì2Ð���Ú�Ê�Î
Ì Æ�Ê�Æ�Ì1É#È7Æ�ËJÈ+È0Ï-Æ�Ç�ÈNÎ�È�Ê!É�È+Ï/Ê�ËJÈMÎ�Ê�Í;È�Î�Î�È+Ô&Ý�Ì Æ�ÇOÝBÇ�Ê!ÆYÝ7È
Ù+Ê+Î1Î
	��#Ä�Å ð1ö Ä ö
ð ��î Å � ï�ó���ì�ö�
 Ä ð �>î+ô�ñ � ��ï�ö3ð1ó ��ì â8� 7=ø\Ï%Þ�Ó�Ë
ÏAÇ>Ó�ËAÆ3ã
ÛMÜ�Ç>È+Ï*È�Ê�Ë*ÈsÊ�ú�Ì Ð>ÔnÓ�ÞSÒ&Ó�Ð�Ó�Æ�Ó�Ð>Ì�Ù+Ì Æ2Ö�Ù�Ó�Ð;ÏAÆ�ËJÊ0Ì Ð�Æ�Ï
Ñ�È!Ð�È9Ë*Ê+Î�Ì�Ï
È�Ô¿Æ3ÓFÞ3Ú�Ð>Ù9Æ�Ì�Ó�Ð>Ï%Ó#ÞpÏ*È�É#È9Ë*Ê�ÎaÉ#Ê!ËIÌ
Ê9Í;Î�È0Ï9Ûsø�Ó�Ë
È�×>Ê9Ò�Ø>Î�È+Õ�� ��ç���� � â ��Õ ��ã}Ï*ÊoÖ;Ï�Æ1Ç>Ê�Æ���ÒOÓ�Ð�Ó�Æ3Ó�Ð�Ì�Ù+Ê�Î
Î Ö
Ì2Ð�Ù9Ë*È+Ê0Ï*È+ÏZÌ Ð��EÊ9Ð>Ô}Ô�È0Ù9Ë*È�Ê0Ï*È0ÏSÌ Ð��&Û�ßIÞMÍ>Ó�Æ�Ç!��Ê9Ð�Ô��
Ì2Ð�Ù9Ë*È+Ê0Ï*È+ÕqÆ�Ç�È9Ð�Ê+Ù+Ù�Ó�ËJÔ�Ì2Ð#Ñ�Æ3Ó�Æ
Ç�Ì
Ï�Ù+Ó�Ð>ÏIÆ1Ë*Ê�Ì2Ð�Æ�Õ�� ÒOÊ
Ö
Ì2Ð�Ù9Ë*È+Ê0Ï*È+Õ�Ô�È+Ù�ËJÈ+Ê0Ï*ÈPÓ�Ë7ÏAÆ�Ê
ÖZÚ�Ð�Ù!Ç�Ê9Ð�Ñ�È+Ô;Ûmß�ÐQÏIÚ�Ù9ÇkÊOÙ+Ê+Ï
È+Õ\Ê
� 7=ø�Ù�Ê�Ð�Ð�Ó�ÆNÒOÊ9ú�ÈjÊ!Ð�Ú�Ð>Ê�ÒMÍ>Ì1Ñ�Ú#Ó�Ú>ÏSØ#ËJÈ0Ô�Ì�Ù�Æ�Ì1Ó�Ð�Ó#Þ&Æ�Ç�È
��Ú�Ê+Î�Ì Æ�Ê9Æ�Ì É�È/Ù�Ç�Ê�Ð#Ñ#È/Ì Ð��-Û
� �Uß3æ�Æ�Ê�ú>È+Ï&Ê0ÏNÌ Ð�Ø�Ú�Æ�Ê�ÏJÈ!Æ6Ó�ÞBÐ�Ú�Ò&È9Ë*Ì�Ù+Ê�ÎRÈ!×�Ê9Ò�Ø>Î�È+ÏNÊ�Ð�Ô
Î
Ó�Ó�ú;Ï6Þ�Ó�ËRËJÈ�Ñ�Ì�Ó�Ð>Ï7Ì ÐSÆ�Ç�È&Ô#Ê�Æ�ÊOÏAØ;Ê�Ù+È�Ý/Ç�È�ËJÈMÒ&Ó�Ð>Ó�Æ�Ó�Ð�Ì�Ù�Ì2Æ Ö
Ù+Ó�Ð>ÏAÆ�Ë*Ê�Ì2Ð�Æ�Ï7Ç�Ó#Î1ÔmÛ
 %ÏJÈ�Æ/Ó#Þ�ÏAÚ#Ù!Ç�Ë*È!Ñ�Ì�Ó�Ð>ÏUÊ�ËJÈOËJÈ�Ø�Ë*È+Ï*È!Ð�Æ�È�Ô
Ê0ÏPÊ ��Ú�Ê�Î
Ì Æ3Ê!Æ3Ì2É#ÈVÆ
Ë*È�È�Û  7ÏOÌ ÐjÔ�È+Ù+Ì�Ï
Ì�Ó�ÐqÆ
ËIÈ0È+Ï
Õ=Æ1Ç�ÈkÌ Ð�Æ3È!Ë�Ð#Ê0Î
Ð#Ó#Ô�È0Ï�Ì2Ð�Ê���Ú�Ê0Î1Ì2Æ�Ê9Æ�Ì2É#ÈPÆ
ËJÈ+ÈZÏAØ>È+Ù+Ì�Þ�ÖqÙ+Ó�Ð�Ô�Ì Æ�Ì1Ó�Ð>Ï7Æ1Ç�Ê�ÆBÏAØ;Î1Ì2Æ
Æ�Ç�ÈOÊ!Æ1Æ�ËJÌ2Í�Ú�Æ3ÈTÏAØ>Ê+Ù+ÈPÌ Ð�Æ�ÓZÏIÚ�Í>ÏIØ>Ê�Ù0È+Ï!Û;ß�Ð�Ê���Ú�Ê�Î�Ì2Æ3Ê!Æ3Ì2É#È�Æ�ËJÈ+È0Õ
Ç#Ó�Ý6È�É#È9Ë
Õ�È+Ê+Ù9Ç}Î1È+Ê+Þ�ÏAØ;È�Ù+Ì�Þ�Ì�È0ÏPÊ�� 7@ø�Æ1Ç>Ê�ÆBÇ�Ó�Î�Ô#ÏOÊ�Ò&Ó�Ð#Ñ
Æ�Ç�È/Ì Ð�Ø#Ú�Æ�Ô�Ê�Æ�Ê�Æ1Ç�Ê!ÆmÞ�Ê+Î�Î>Ì Ð�Æ3Ó�Æ�Ç>Ê9Æ�Î1È0Ê�Þ*Û

 MÏ�Ê�Ð�È�×>Ê9Ò�Ø�Î
ÈSÞ
Ë*Ó�Ò%Í;Ì1Ó#Î�Ó�Ñ�Ì1Ù0Ê�Î=Ò&Ó�Ô#È+Î�Î�Ì Ð#Ñ#ÕvÙ+Ó�Ð>ÏJÌ
Ô�È�Ë
Æ�Ç�È�Ñ�Ë*Ó�ÝBÆ�Ç�Ó�Ë6Ô�È�Ù+ÊoÖkÓ�Þ �0Ó�Ó�Ø;Î�Ê�Ð�ú�Æ�Ó�Ð>Õ�Ô�È!Ø>È�Ð�Ô�Ì2Ð�ÑSÊ�Î
Ï*ÓVÓ�Ð
Ø�Ç�Ö�Æ3Ó�Ø>Î�Ê�Ð�ú�Æ�Ó�Ð;Õ�Ì ÐSÊ!ÐVÊ ��Ú#Ê!Æ3Ì�Ù�Ï�Ö;ÏAÆ�È9ÒSÛ�� �Uß3æ�Ò&ÊoÖSÌ Ð�Ô�Ú�Ù+È
Þ3ËJÓ�ÒLÒ&È�Ê0ÏIÚ�ËJÈ+ÔuÙ0Ó�Ð�Ù+È�Ð�Æ�Ë*Ê9Æ�Ì1Ó�Ð>Ï���Ê�Ð�Ô 5�Ó�Þ0�0Ó�ÓuÊ�Ð�Ô
Ø�Ç�Ö�Æ3Ó�Ø>Î�Ê�Ð�ú�Æ�Ó�ÐjÆ�Ç�È{Þ�Ó�Î�Î
Ó�Ý�Ì Ð#Ñ ��Ú�Ê+Î�Ì Æ�Ê9Æ�Ì É�ÈZÆ�Ë*È�È{Ê�Í;Ó�Ú�Æ�Æ�Ç�È
Ù�Ç>Ê9Ð#Ñ�È�Ì Ð�Æ3Ì Ò&Èqé��uÓ�Þ��+Ó�Ó�Ø>Î�Ê�Ð�ú�Æ3Ó�Ð�ÛRÜ\Ç�Ì
ÏPÆ�ËJÈ+È�Ì
ÏTÇ#È�Ë*È
Ý/ËJÌ2Æ1Æ�È�ÐNÊ0ÏvÊ9Ð&Ì1Þ��
Æ
Ç�È9Ð���È+Î
Ï*ÈBÈ9×�Ø#ËJÈ0Ï
Ï
Ì1Ó�Ð �

ü�� 5SÌ
ÏWÎ
Ó�Ý � �mþ+ÿné�� �Pç0� â��WãZþ�	��
þ�é�� �Pç���� �
â45\Õ ��ã

Ü\Ç>Ì�Ï�Ù+Ê�Ð�Í;È�Ì2Ð�Æ�È9ËAØ�Ë*È�Æ�È�Ô�Ê+Ï��7Ø#Ç�Ö�Æ�Ó�Ø>Î�Ê�Ð�ú�Æ3Ó�ÐaÍ;È�Ì2Ð#Ñ�Æ�Ç�È
Þ�Ó#Ó�ÔNÞ�Ó�Ë �0Ó#Ó�Ø>Î�Ê�Ð�ú�Æ3Ó�Ð>Õ#Î1Ó�Ý�5PÒ&È+Ê�Ð>Ï@ÏAÇ�Ó�Ë�Æ�Ê�Ñ#ÈBÓ#Þ�Þ�Ó�Ó#ÔMÊ�Ð�Ô
Æ�Ç�È�Ò&Ê+Ì Ð�È+Þ�Þ�È�Ù!ÆVÌ
Ï �+Ó#Ó�Ø>Î�Ê�Ð�ú�Æ3Ó�Ð�Ô+Ö>Ì2Ð#Ñ<A7Ç�Ì1Ñ�Ç 5�ÒOÈ�Ê!Ð�Ï
Ø�Î
È9Ð�Æ2Ö�Ó�ÞjÞ�Ó#Ó�Ô�Ê9Ð�ÔpÆ�Ç�ÈaÒNÊ+Ì Ð%È+Þ�Þ�È+Ù�ÆXÌ
Ï&�0Ó�Ó�Ø;Î1Ê!Ð�ú�Æ�Ó�Ð

Ñ�Ë*Ó�Ý�Ì2Ð#Ñ#Õ�Ý/Ç�È�Ë*ÈMÆ�Ç�È&Ñ�Ë*Ó�ÝBÆ1Ç�Ì
Ï ��Ú�Ê0Î1Ì2Æ�Ê9Æ�Ì2É#È+Î ÖSØ�Ë*Ó�Ø;Ó�ËAÆ3Ì�Ó�Ð>Ê�Î
Æ�Ó�Í>Ó�Æ�Ç�5SÊ�Ð�Ô���Û

3   Q
 
 learning 

�"! Î
È�Ê�Ë�Ð�Ì2Ð#Ñ â8��Ú�Ê+Î�Ì Æ3Ê!Æ3Ì1É#È+Î Ö Þ�Ê+Ì Æ
Ç�Þ
Ú�Î ��Ú�Ê�Ð�Æ3Ì2Æ3Ê�Æ�Ì2É#È
Ø#ËIÈ0Ô�Ì�Ù�Æ�Ì1Ó�Ð�A#�#Ú�ÙsÈ!ÆSÊ+Î�Û7ë29�9#õ�ã{Ì�Ï{Í>Ê+Ï
È�ÔnÓ�Ð�Ê�ÐaÌ
Ô�È+Ê}Ó�Þ
Ð�Ú�ÒNÈ!ËIÌ
Ù�Ê0Î¢Î1È+Ê�ËAÐ�Ì Ð�Ñ ÝBÇ�Ì�Î�È Ë*È+ÏAØ;È�Ù!Æ3Ì2Ð�Ñ ��Ú�Ê0Î1Ì2Æ3Ê�Æ�Ì2É#È
Ù0Ó�Ð>ÏIÆ1Ë*Ê�Ì2Ð�Æ�Ï�Û�Ü�Ç�Ì
Ï-Ù�Ó�Ë�Ë*È+ÏIØ>Ó�Ð�Ô#Ï�Æ�Ó�Æ
Ç#ÈRË*Ì1Ñ�Ç�Æ;Ç�Ê9Ð�ÔUÍ#ËJÊ�Ð�Ù�Ç&Ì Ð
ø�Ì�Ñ>Û��0Û$�$!�Î�È+Ê9ËAÐ�Ì2Ð#ÑUÙ+Ó�Ð>Ï*Ì
ÏIÆ�ÏvÓ�ÞmÆ�Ý�Ó�ÏAÆ�Ê�Ñ�È0Ï��

��Ûkå=Î�Ì1Ù0Ì Æ�Ì Ð�Ñ ��Ú�Ê�Î
Ì Æ�Ê9Æ�Ì1É#ÈtÙ�Ó�Ð>ÏAÆ
ËJÊ+Ì Ð�Æ�Ï�Æ1Ç�Ê�Æ�Ç�Ó�Î�Ô�Ì2Ð�Æ�Ç�È
Ô�Ó�ÒNÊ0Ì Ð�Ó�ÞZÒNÓ#Ô�È+Î�Î�Ì Ð#ÑmÛ 
�Ú�Ù�Ç�Ù+Ó�Ð�ÏIÆ�Ë*Ê�Ì2Ð�Æ�Ï�Ù0Ê9ÐnÇ�Ê!É#È�Æ�Ç�È
Þ�Ó�Ë�Ò�Ó�Þ*��Ú�Ê0Î1Ì2Æ3Ê�Æ3Ì1É#È�Æ�ËJÈ+È0Ï
ÕNÊ!Ð�ÔnÙ0Ê9ÐnÍ;È�Ø�Ë*Ó�É#Ì
Ô�È+Ô�Í�Ö�Ê
Ô�Ó�ÒNÊ0Ì ÐEÈ�×�Ø>È9ËAÆ�Õ�Ó�Ë�Ó�Í#Æ3Ê+Ì Ð>È�Ô�Ê�Ú�Æ�Ó�Ò&Ê�Æ�Ì�Ù+Ê�Î
Î Ö�Þ
Ë*Ó�Ò Æ�Ç�È
Ó�ÍmÏ*È9ËIÉ#È+ÔMÔ#Ê�Æ�Ê/È�Û Ñ;Û�Í�Ö � �Uß3æPÛ

ë�Û �/ë2� Æ
ËJÊ�Ð>Ï
Þ�Ó�ËAÒ&Ê�Æ�Ì1Ó�ÐGâ	��Ú�Ê�Î�Ì Æ�Ê�Æ�Ì2É#È�Æ3Ó ��Ú�Ê�Ð�Æ3Ì2Æ3Ê�Æ�Ì2É#È
Æ�ËJÊ�Ð;ÏJÞ�Ó�Ë�Ò&Ê�Æ�Ì�Ó�Ð#ãJÕvÝBÇ�Ó#Ï
ÈZÑ�Ó#Ê�ÎBÌ�ÏNÆ3ÓqÆ1Ë*Ê9Ð>Ï
Þ�Ó�Ë�Ò ��Ú�Ê0Î1Ì2Æ3Ê�Æ�Ì2É#È
ÒNÓ�Ð�Ó�Æ�Ó�Ð>Ì1Ù0Ì Æ1Ö�Ù�Ó�Ð>ÏAÆ�Ë*Ê�Ì2Ð�Æ�Ï�â8� 7=øYÏaÌ2Ð�Æ�Ç�ÈtÎ1È+Ê!É#È0ÏaÓ#ÞsÊ
��Ú�Ê+Î�Ì Æ�Ê�Æ�Ì2É#È�Æ
ËJÈ+È!ã-Ì Ð�Æ3Ó&Ð�Ú�Ò&È�ËJÌ�Ù+Ê�Î�Ë*È!Ñ�ËJÈ0Ï
Ï*Ì
Ó�ÐVÞ3Ú�Ð�Ù!Æ3Ì�Ó�Ð>Ï@Æ�Ç>Ê9Æ
ËJÈ0ÏAØ;È�Ù�ÆjÆ
Ç�È+Ï
ÈpÙ+Ó�Ð�ÏIÆ�Ë*Ê�Ì Ð�Æ�ÏnÊ!Ð�Ô^Þ�Ì ÆjÆ�Ç�È£Ó�Í;Ï*È�ËIÉ#È�Ô�Ô�Ê!Æ3Ê
Ð�Ú�ÒOÈ9Ë*Ì1Ù0Ê�Î�Î ÖYÛ

Ü�Ç�È�Ï
ÓsÓ�Í�Æ�Ê+Ì Ð�È+Ô ��Ú�Ê�Ð�Æ3Ì Æ�Ê�Æ�Ì2É#È{Ò&Ó#Ô�È+Î�ÏVÇ�Ê!É#È�Ñ�Ú�Ê!ËJÊ�Ð�Æ�È+È�Ô
à���Ú�Ê�Î
Ì Æ3Ê!Æ3Ì1É#ÈÀÙ�Ó�Ë�Ë*È�Ù!Æ1Ð>È0Ï*Ï*á÷Ý/Ç>Ì�Ù�Ç�Ì
ÏrÌ Ò�Ø>Ó�Ë�Æ�Ê�Ð�Æ�Ý�Ì Æ1Ç
ËJÈ0ÏIØ>È�Ù�ÆNÆ3Ó}Æ�Ç>È�Ì ËZÌ2Ð�Æ�È�ËAØ�Ë*È9Æ�Ê�Í;Ì1Î�Ì Æ2ÖYÛ/ùXÇ�Ì
Î�ÈXÊ!Ð�È�×�Ø�È�ËAÆMÒ&ÊoÖ
Æ�Ó�Î�È�Ë*Ê9Æ�ÈGÐ�Ú�ÒOÈ9Ë*Ì1Ù0Ê�Î�È!Ë�ËJÓ�Ë*ÏÂÌ Ð ÒNÓ#Ô�È+Î	�
Ï Ø#ËJÈ0Ô�Ì�Ù9Æ�Ì1Ó�Ð>Ï
Õ
��Ú�Ê�Î�Ì Æ�Ê�Æ�Ì2É#È�Ì Ð>Ù+Ó�Ð;ÏJÌ3ÏAÆ�È9Ð�Ù0Ì1È0Ï�Ê�Ë*ÈaØ>Ê�ËAÆ�Ì1Ù!Ú�Î1Ê!ËIÎ Ö%Ô#Ì
ÏAÆ�Ú�Ë�Í;Ì Ð#Ñ
Í>È+Ù�Ê!Ú>ÏJÈ�Æ
Ç�È
Ö&Ó�Í;Ï*Ù�Ú�Ë*È-Æ�Ç�ÈBÌ Ð�Æ3È�Ë�Ø#ËJÈ!Æ3Ê�Æ�Ì�Ó�Ð�Û
�Bë2��Æ1Ë*Ê9Ð>Ï
Þ�Ó�Ë�ÒOÊ9Æ�Ì�Ó�Ð�Ù�Ê!Ð}Í>ÈXÔ�Ó�Ð>ÈqÌ Ð}É�Ê9Ë*Ì�Ó�Ú>ÏPÝ7Ê
Ö;Ï�Û

��Ú>Ù÷È!Æ�Ê�Î�Û�â�ë:9�9�õ�ã^Ú>Ï*È+Ô êWù#3 âAÎ�Ó�Ù+Ê+Î1Î ÖGÝ7È�Ì1Ñ�Ç�Æ�È�Ô
ËJÈ�Ñ�Ë*È+ÏoÏ*Ì�Ó�Ð#ãJÕ�Ê Ý7È�Î
Î��3ú�Ð�Ó�ÝBÐ Ð�Ú�ÒOÈ9Ë*Ì�Ù+Ê�Î Ë*È!Ñ�ËJÈ0Ï
Ï*Ì�Ó�Ð
Æ�È�Ù!Ç�Ð�Ì ��Ú�È Æ�Ó Ù+Ó�Ð>ÏIÆ�ËAÚ�Ù9ÆEÊ�Ð�Ú�Ò&È�Ë*Ì1Ù0Ê�Î�Ò&Ó�Ô�È0Î�Þ
Ë*Ó�Ò
Ó�Í>Ï*È!ËAÉ�È�Ô�Ô#Ê9Æ�Ê�Û;êWù#3 �
ÏBØ>Ê�ËJÊ!ÒNÈ!Æ3È�Ë/Ý7Ê+ÏBÆ1Ú�Ð�È+Ô�Ï*ÓVÆ1Ç>Ê9ÆvÆ�Ç�È
Ó�Í�Æ�Ê�Ì2Ð�È�Ô¿Ð�Ú�Ò&È9Ë*Ì
Ù�Ê�ÎaÒ&Ó#Ô�È+Î�Ï*Ê!Æ3Ì
Ï*Þ�Ì1È0Ô Æ
Ç�È ��Ú�Ê0Î1Ì2Æ3Ê�Æ�Ì2É#È
Ù0Ó�Ð>ÏIÆ1Ë*Ê�Ì2Ð�Æ�Ï�Û  6Ð�Ó�Æ1Ç>È�ËOÊ9Ø#Ø�Ë*Ó�Ê+Ù�Ç>Õ-Ù+Ê+Î�Î�È+Ô ��Þ�Ì
Î Æ3È!ËNâ���Ú�ÙkÊ9Ð�Ô
�-ËJÊ�Æ�ú�Ó�ë29�9#õ�ãJÕ�Ê+Î
Ï*ÓnÏAÆ�Ê�ËAÆ�Ï�Ý6Ì2Æ1Ç�ê�ù 3�Ø�Ë*È�Ô�Ì
Ù9Æ�Ì
Ó�Ð>Ï
Õ�Í#Ú�Æ
Æ�Ç�È9Ð{Ù+Ó�ÒMØ�Ú�Æ�È0ÏBÒ&Ì Ð#Ì2Ò&Ê+Î=Ù9Ç�Ê!Ð#Ñ�È+Ï7Ì ÐSÆ
Ç�È+Ï
ÈMØ�Ë*È�Ô#Ì�Ù�Æ3Ì
Ó�Ð;Ï�Ï*Ó
Æ�Ç�Ê9Æ�Æ�Ç�ÈsÒ&Ó�Ô#Ì�Þ�Ì1È+ÔnØ#ËJÈ+Ô�Ì
Ù9Æ�Ì�Ó�Ð>ÏqËJÈ�ÏAØ>È+Ù9ÆSÆ
Ç�È ��Ú>Ê�Î�Ì Æ�Ê�Æ�Ú�É#È
Ù0Ó�Ð>ÏIÆ1Ë*Ê�Ì2Ð�Æ�Ï�Ûmç�Ó�ËJÈ&Ø�Ë*È�Ù0Ì�Ï
È�Î Ö;ÕYÆ
Ç#ÈTÙ�Ç�Ê�Ð�Ñ�È+ÏUÊ�Ë*È�ÒOÌ Ð>Ì Ò&Ì�Ï
È�Ô
Ý�Ì Æ�Ç ËJÈ0ÏAØ;È�Ù�ÆnÆ�Ó�Æ
Ç�È�ÏAÚ�Ò Ó#Þ�Æ
Ç�È+Ì Ë£Ï ��Ú�Ê�ËJÈ0Ï�Û Ü�Ç>Ì
Ï
Ó�Ø�Æ�Ì ÒOÌ�Ï
Ê9Æ�Ì�Ó�Ð{Ì
ÏUÞ�Ó�ËAÒUÚ>Î�Ê�Æ3È0ÔkÊ0Ï7Ê ��Ú�Ê+Ô�Ë*Ê�Æ�Ì1ÙNØ�Ë*Ó�Ñ�ËJÊ�ÒMÒOÌ Ð#Ñ
Ø#ËIÓ�Í�Î
È9ÒVÛ
å�×�Ø�È�Ë*Ì Ò&È�Ð�Æ3Ê0Î�Ë*È+ÏAÚ>Î Æ�Ï%ÏAÇ�Ó�Ý Æ�Ç�Ê�Æ(�"!�Î�È+Ê9ËAÐ�Ì2Ð#Ñ#Õ�Ì Ð

Ê0Ô�Ô�Ì Æ�Ì1Ó�ÐnÓ#ÞSÈ9Ð>ÏIÚ�Ë*Ì Ð#Ñ�Æ�Ç�È!��Ú�Ê+Î�Ì Æ�Ê9Æ
Ú�É#È�Ù+Ó�ËAËIÈ0Ù9Æ
Ð�È+ÏoÏ*Õ�Ê�Î
Ï*Ó
Ï
Ì1Ñ�Ð>Ì1Þ�Ì1Ù0Ê9Ð�Æ�Î ÖÂËIÈ0Ô�Ú�Ù+È0Ï�Ð�Ú�Ò&È�Ë*Ì1Ù+Ê+ÎnØ�ËJÈ+Ô�Ì�Ù�Æ�Ì2É#ÈEÈ!Ë�ËJÓ�Ë%Ì Ð
Ù0Ó�ÒMØ>Ê�Ë*Ì
Ï*Ó�Ð Ý�Ì Æ�ÇFÏAÆ�Ê9Ð�Ô#Ê�ËJÔ�Æ3È0Ù9Ç�Ð>Ì ��Ú�È+ÏtÓ#Þ�Ð�Ú�Ò&È�Ë*Ì1Ù0Ê�Î
Ò&Ê�Ù!Ç�Ì Ð>È�Î1È0Ê9ËAÐ�Ì2Ð#Ñ�Ó�Ë£Ð�Ú�Ò&È�Ë*Ì1Ù+Ê+Î�Ë*È!Ñ�Ë*È+ÏoÏ*Ì�Ó�Ð�Û�ß�ÐFÓ�Ð�È
ÏIÚ�Ë�Ø#ËJÌ �+Ì2Ð�ÑSÊ�Ø#Ø>Î�Ì�Ù+Ê�Æ�Ì1Ó�ÐSÓ#Þ �"!-Î
È�Ê�ËAÐ�Ì Ð#Ñ�Õ�Ì Æ\Ý�Ê0Ï�Ø>Ó#ÏoÏ*Ì Í>Î�ÈUÆ3Ó
Ï
Ì1Ñ�Ð>Ì1Þ�Ì1Ù0Ê9Ð�Æ�Î ÖaÏ*Ì ÒMØ;Î1Ì
Þ1Ö�Ù+Ó�Ò�Ø>Î�È�×�Ù�Ê�ËZÏ*Ì2ÒMÚ�Î�Ê�Æ3Ì
Ó�ÐsÒNÓ#Ô�È+Î
Ï
Õ
Ô#È!É#È+Î�Ó�Ø>È�ÔuÍ�Ö£Æ1Ç�Èaß
æNÜ�åE7¿Ï*Ì Ò�Ú�Î1Ê!Æ3Ì�Ó�Ð�Ù�Ó�Ò�Ø>Ê�Ð�Ö;ÕPÆ
Ç�Ú>Ï
Ô�ËIÊ�ÏAÆ�Ì1Ù0Ê�Î�Î Ö�Ì ÒMØ#ËIÓ�É#Ì2Ð#Ñ~Æ�Ç�ÈÂÆ�Ì Ò&È�È0Þ�Þ�Ì�Ù+Ì�È�Ð�ÙoÖ Ó�Þ^Æ�Ç�È
Ï
Ì ÒMÚ�Î�Ê�Æ�Ó�Ë�Û

 
 



8
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Endosono-mediast

Length
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+
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+ +
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+
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+

+

+

+

+

+

+

+
+

++

+

+ +
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−

?

small
large

small
large

Gastro-length
non-circular

circular

Circumf

non-circular
circular

Gastro-circumf

x ≥ 10%

Weightloss
x < 10%

good
impaired

Passage

non-ulcerating
ulcerating

Shape

non-ulcerating
ulcerating

Gastro-shape

T1-2
T3-4

Invasion-wall

no
yes

Necrosis
no
yes

Gastro-necrosis

no
yes

X-fistula

no
yes

no
yes

CT-organs

no
yes

Bronchoscopy
no

yes

Lapa-diaphragm

no
yes

CT-lungs

no
yes

X-lungs

no
yes

Metas-lungs

no
yes

Fistulano
yes

Invasion-organs

T1-2
T3-4

Endosono-wallno
yes

Haema-metas

no
yes

Metas-liver

no
yes

CT-liver

no
yes

Lapa-liver

no
yes

CT-truncus

early
late

Stage

no
yes

Metas-truncus

Endosono-truncus
no

yes

no
yes

Lapa-truncusno
yes

Endosono-loco
no

yes

CT-loco

no
yes

Metas-loco

upper
lower

Location

upper
lower

Gastro-location

yes

no
yes

Physical-exam

no
yes

Metas-cervix

local
distant

Lymph-metas

no
Sono-cervix
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14

¨�¸�ª0ô�³�»z¦§³�·(®�½�¢¥³3¦§º�«£¢¥¦§­'ªS»�«�¢l°�°'¢¥·lª)®¥½�½Ç®�®�»JÄq»z®�ªS°j³�®¥¨!¢q½Ç¹
½Çª&²+¨)¨�¸�ª�«z­'®�¯£¢�¯�¦�¤§¦§¨¿Æ1»�¦¾°\¨�­�¦§¯�¡z¨�¦§®l³3½Ç®l­)¨�¸�ª�²&¢¥³�²Sª�­&÷ °!°@¨'¢�·�ª�Ä
¢l°r¦§¨�¦±°2¯z¤±®�²
¶�ª&»M½Ç­'®�º ¨�¸£ª�©q¢¥­'¦±¢¥¯�¤§ª�®�½1¦§³l¨'ª�­'ªS°@¨SÁ óµ¸�ª
®l¯�°�ª�­'©W¢¥¨�¦§®�³£°%½Ç®�­�¨@¸�ª2©q¢¥­'¦§¢�¯�¤§ªS°���×qá'Ú`Þ�ß.�¿Ø�Ü�ä n¥ÚT/�Ä ��×qá
ÚUÞ�ß.�
â�ÙÇÞ@âSÖ�-d��Ü�Þ�Ü�ätâ'ÜÉ¢¥³£» ) ×qá'á�×4nlÜ¼¸�¢W©�ª�¢f«t®l°@¦�¨�¦§©lª�Ãk¡£¢¥¤§¦§¨�¢q¹
¨�¦§©lª�³zª�¨1¦�³zÀ�¡�ª�³£²�ªr¢¥¤±°�®�®�³Ê¨�¸zªr©q¢�­@¦¾¢¥¯�¤§ªb+ ��-�Ý / �s-�Ü+Ú¿×Wá+Á
ó9¸£ª�ô£³�»�¦�³�·�®¥½�ª&³z¤¾¢¥­�·�ª&»�¤§Æ�º�«�¸Ë³�®z»zª&°3³�ª&¢¥­1¨�¸�ªr¨@­'¡�³z¹
²S¡£°9²�®�ªS¤�¦¾¢�²�¡£°�Äk¨'¸�¢q¨�¦±°SÄ�¨�¸�ª�®�¯�°@ªS­�©q¢q¨'¦�®l³�½Ç®l­o¨'¸zª%©q¢¥­'¦§¢�¯�¤§ª
� � �¿Ú`Þ
Özä�âSÖ�á'Ä�¸�¢l°�¢a«�®k°\¦§¨@¦±©�ªËÃk¡£¢�¤�¦�¨'¢¥¨�¦§©�ª�¦±³zÀ�¡�ªS³£²+ªË®l³
¨�¸�ªZ©q¢¥­�¦¾¢¥¯�¤§ª2+ �.-�Ý%/��s-�Ü�ÚÐ×qá�¢�°�´µª�¤§¤`Ä9¨�¸zª&­@ª&¯kÆF²+®l³zô£­�º1¹
¦§³�·Z¨�¸�ª�¸�Æk«t®¥¨�¸�ªS°�¦±°1¨�¸£¢q¨�»z¦±°\¨
¢¥³k¨1¤§Æ�º�«�¸¼³�®�»zª&°�¢¥­�ªr¢q½Ç¹
½Çª&²+¨�ªS»JÁ)ó9¸�ª�©q¢�­�¦§®�¡£°0¦§³�À�¡�ª�³£²�ªS°¬®�³�¨@¸�ª�©¥¢¥­�¦±¢�¯z¤§ª���×�Ü�-�×.�
-�ÜSÚÐ×qá'Ä:¦§³�²+®l³k¨�­'¢�°@¨SÄ�¢�­�ª1²+®�³�À£¦§²+¨�¦§³�·£Á(ó9¸�ª%ô�³�»z¦±³z·£Ät½Ç­�®�º
¨�¸�ª�	oóD°@²&¢¥³JÄ)®�½�¢�¨�¡£º�®l¡�­@¹`¤±¦�¶lª�º�¢�°'°3¦§³Ë¨�¸�ª�«£¢q¨�¦§ªS³k¨&÷ °
¤§¡�³z·k°9¸£¢�°9¢�«�®l°�¦Å¨'¦�©lª�¦§³zÀ£¡�ªS³�²Sª�®�³�¨�¸zª�©q¢¥­'¦§¢�¯�¤§ª���×�Ü�-�×.�
-�ÜSÚÐ×qá'Äk¨'¸zªS­�ªS¯�Æ�°\¡£·�·�ª&°\¨'¦�³£·�¨�¸�ª(«�­'ªS°�ª�³£²�ª�®�½4¸£¢¥ªSº�¢q¨�®l·�ª�¹
³�®�¡£°1º�ª�¨�¢l°\¨
¢�°@ª&°SÁ�ó9¸�ª2¤±¢�²
¶�®¥½�ªS©k¦±»zªS³£²+ª�®¥½(°�ªS²�®�³£»�¢�­@Æ
¨�¡�º�®�¡�­'°)¦±³�¨�¸zª�¤�¦±©�ªS­¬¢¥³£»1¨�¸�ª�³�ªS·l¢q¨'¦�©lª9ô£³�»z¦§³�·�½ã­�®�º;¨@¸�ª
­'¢�»�¦�®l·�­
¢¥«�¸JÄ&®�³1¨@¸�ª9®�¨@¸�ª&­�¸£¢¥³£»JÄ�­@ªW°\¡�¤�¨)¦�³�¢�³�ªS·l¢¥¨@¦±©�ªµ³zª�¨
¦§³zÀ�¡£ª�³£²�ª3®�³�¨�¸�ª3©q¢¥­'¦±¢¥¯�¤§ª��3×lÜ�-�×��s-�Ü�Ú¿×Wá
Á\��ª3²+®l³£²+¤±¡�»zª
¨�¸£¢q¨!¨'¸�ªoô£³£»z¦§³�·l°�½Ç®l­�¨�¸�ªµ«£¢¥¨�¦§ª�³k¨)«�®l¦�³k¨!¨�®�º�ª+¨'¢l°\¨'¢�°�ªS°�¦±³
»�¦±°\¨'¢�³l¨)¤§Æ�º�«£¸1³�®z»zª&°�Ä�Æ�ª�¨)¢¥­�ªµ¦§³�²S®�³�²S¤�¡�°@¦§©�ªµ´�¦Å¨'¸1­�ª&°@«tªS²+¨
¨�®�¨�¸�ª�«�­'ªS°�ª�³�²+ª�®¥½)¸�¢¥ª&º�¢q¨�®l·�ªS³�®�¡�°oº�ª�¨'¢�°@¨'¢�°@ª&°SÁ
� Æ�°\¨'¡�»zÆ�¦§³�·�¨�¸�ª�°�¦�·l³£°o¨@¸£¢¥¨9¢�­�ª(«�­�®l«�¢�·l¢q¨'ªS»�®q©lªS­o¨@¸�ª

°�ªS«£¢¥­
¢q¨�ª�²
¸�¢�¦§³�°µ¦±³�¢�Ãk¡£¢�¤�¦§¨�¢�¨@¦±©�ª(³�ª+¨\´µ®�­'¶tÄk¨�¸zª%®l¯�°@ªS­�©q¢¥¹
¨�¦§®l³�°!¨'¸£¢q¨0ª�Ï�ªS­@¨¬¢oí\®l¦�³k¨¬«t®l°@¦�¨�¦§©lª9¦�³zÀ£¡�ª�³£²Sª�®�³�¢�©q¢¥­'¦§¢�¯�¤§ª
®�½4¦§³l¨'ª�­'ªS°@¨9²S¢¥³�¯�ª�»z¦±°\¨�¦§³�·l¡z¦¾°\¸�ª&»�½Ç­'®�ºû¨'¸�ª�®�¯£°�ª�­'©q¢q¨�¦§®�³�°
¨�¸£¢q¨�ª�Ï�ª&­\¨�¢�í¿®�¦±³k¨�³�ªS·l¢¥¨�¦§©�ª�¦�³zÀ�¡zªS³�²Sª�Á ��®l­@ª&®q©�ªS­SÄ�¨@¸�ª
©q¢�­@¦¾¢¥¯�¤§ªS°�¡�«£®l³Z´9¸�¦±²
¸�¨@­'¡�ªS¤�Æ�²�®l³�À£¦±²+¨�¦§³�·�¦§³zÀ�¡£ª�³£²�ª&°(¢¥­'ª
ª�Ïzª�­�¨@ª&»JÄ�¢¥­'ª(­'ªS¢l»z¦§¤§Æ�¦±»zª�³k¨'¦Åô£ª&»:Á
� �aHj�tHj? �f� A�G�B0?��:H �
�0¢�­@¦±®�¡£°j­�ª&°@ª&¢�­�²
¸zª&­�°j¸�¢q©�ªµ°¿¨'¡£»�¦±ªS»3¨�¸�ªµ¨�ªS³�»zªS³£²+Æ1®¥½�Ãk¡£¢�¤Å¹
¦�¨'¢¥¨@¦±©�ª(«�­'®�¯�¢�¯�¦�¤±¦±°\¨�¦±²�³�ª�¨¿´µ®�­'¶z°o¨@®�Æk¦±ª�¤±»2¢¥º3¯£¦�·l¡�®�¡£°SÄ�¡�³z¹
¦§³z½Ç®l­@º�¢¥¨�¦§©lª)­@ªW°\¡£¤�¨'°J¡�«t®�³�­'ªS¢l°@®l³�¦�³£·�Ä&¢�³�»�¸�¢q©lª)«z­�®l«�®k°\ªW»
ª�Ï�¨@ªS³£°@¦±®�³�°(¨�®r¨'¸�ª�¯�¢�°�¦§²3½Ç®�­'º�¢¥¤§¦§°�º�Á��Êª�¯z­'¦§ª�À�Æ�­'ª�©�¦§ªS´
°�®�º�ª�®¥½j¨�¸zª%­�ª&²�ªS³l¨�¢�»z©q¢�³£²+ªW°µ¦§³�¨�¸£ª�ô£ª�¤¾»:Á
 (¡£¢�¤�¦�¨'¢¥¨�¦§©�ª�«�­�®�¯£¢�¯�¦§¤�¦¾°\¨�¦§²�³£ª+¨\´µ®�­'¶k°�²&¢¥«z¨�¡�­'ª2¨�¸�ª�¦±³z¹

À£¡�ª�³£²�ª&°�¯�ª�¨\´oªSªS³2¨�¸£ª�¦±­�©q¢¥­'¦§¢�¯�¤§ª&°�¢¥¨(¢�­�ªS¤±¢¥¨@¦±©�ª�¤§Æ�²S®l¢�­�°�ª
¤§ª�©lªS¤t®¥½!»zª�¨'¢¥¦±¤UÁ0ì�°�¢�²+®�³�°@ª&Ãl¡£ª�³£²�ª�Ä�¦�³�À£¡�ª�³�²+ªS°9º�¢WÆ�¸£¦§»zª
²S®�³k¨@ªSÏ�¨\¹¿°@«tªS²�¦�ô£²¬¦§³�½Ç®�­�º�¢¥¨�¦±®�³JÁP1�®l­jª�Ïz¢�º�«�¤�ªlÄ¥¦Å½�¨@¸�ªµ¦§³zÀ£¡z¹
ªS³£²+ª(®�½�¢3©q¢¥­'¦±¢¥¯�¤§ª(ïd®�³�¢1©q¢�­@¦¾¢¥¯�¤§ª�ñû¦±°µ«�®l°@¦§¨@¦±©�ª(¦§³r®�³�ª
²S®�³k¨@ªSÏ�¨SÄl¨�¸�¢¥¨o¦¾°�Äl½Ç®�­o®�³�ª�°�«tªS²+¦§ô£²(²+®lº1¯z¦±³�¢¥¨�¦§®l³�®¥½:©q¢¥¤±¡zª&°
½Ç®l­j°�®�º�ª0®�¨�¸zª&­J©q¢¥­'¦§¢�¯�¤�ªW°�ÄW¢¥³�»�øSªS­�®9¦±³3¢¥¤§¤�®�¨�¸�ªS­j²S®�³k¨@ªSÏk¨'°SÄ
¨�¸�ª�³�¨�¸�ª�¦±³zÀ�¡£ª�³£²�ª�¦±°¬²S¢�«�¨�¡£­@ªW»�¯kÆ�¢�«t®l°@¦�¨�¦§©lª�°�¦�·l³4Á�ó9¸�¦±°
«�®l°�¦�¨�¦§©�ª�°@¦§·l³�¨�¸zª&³�ª+ý:ªS²+¨�¦§©�ªS¤§Æ�¸�¦±»zªS°0¨�¸�ª�øSª�­'®�¦§³zÀ£¡�ªS³£²+ª&°SÁ
�0ß¥ä£ÚÐÜ��lÚz�ÐáUÝ£Ü'â�Ù 	oâ¬á
ÙZn�ä�á¬¢�¤§¤§®q´Ê½Ç®�­Jº�¢¥¶�¦§³�·�°@¡£²
¸�¸�¦±»�»zª�³�¦±³z¹
½Ç®l­@º�¢�¨@¦±®�³�ªSÏz«z¤§¦±²+¦§¨ ê è ë Á0ó9¸�ª&°@ª�°�¦�·l³£°9¢¥­�ª�ª+Ïz«�¤§®�¦§¨@ªW»�¡£«�®l³
­�ªS¢l°@®l³�¦§³�·r¯�Æ�«�­'®�«£¢¥·l¢¥¨�¦§³�·�¨'¸�ª�º�®l°\¨3°\«tªS²S¦Åô�²�°@¦§·l³Z¨'¸£¢q¨
¦±°�¢q©q¢�¦�¤±¢�¯z¤±ª�½Ç®�­�¨�¸zª�²�¡�­�­'ª�³k¨(²+®l³k¨�ª+Ï�¨&Á 	o¤�®k°@ªS¤�Æ2¤§¦§³�¶lªS»2¨@®
¨�¸�ª�²�®k¢¥­'°@ª(¤�ªS©�ªS¤:®�½j­'ªS«z­'ªS°�ª�³k¨
¢q¨�¦§®�³�»zª+¨
¢¥¦§¤:¦±°µ¨�¸�ª�¦±°�°@¡£ª(®�½
³�®�³z¹Ðº�®�³�®�¨�®�³�¦±²�¦Å¨\ÆlÁ�ì ³�®l³z¹`º�®l³z®¥¨'®�³�¦±²(¦§³�À�¡�ª�³�²+ª%²�¢�³�³�®¥¨
¯�ª�¢�°�°�®�²�¦±¢¥¨@ªW»%´�¦�¨�¸�¢¥³�¡�³�¢�º1¯z¦±·�¡�®l¡�°!°@¦§·�³�®¥½�·�ª&³zªS­'¢¥¤z©q¢q¹
¤§¦±»z¦Å¨\ÆlÁ�ó9¸zª1¦§³zÀ£¡�ª�³£²�ªlÄ�¸�®q´µª�©�ª&­SÄ£¦±°�¡�³£¢�º3¯�¦§·�¡�®l¡£°�¦±³�ªS©l¹
ªS­�Æ�«£¢�­@¨�¦±²�¡�¤§¢�­(°@¨�¢¥¨�ª3®�½)¨�¸�ª�³�ª�¨\´o®l­@¶:Á �tÙ¾ÚUÖ£×¥ÚUÙãß¥ät×qØ�á
Ù�n�ä�á
³�®q´É²S¢¥«z¨'¡z­'ª0¨�¸�ªµ²S¡z­�­'ª�³k¨j°�¦§·�³%®l½�¢�³�®l³�¹`º�®l³�®¥¨'®�³�¦±²)¦§³zÀ£¡z¹
ªS³£²+ª�·l¦�©lªS³�¨�¸�ª�¢W©q¢¥¦§¤±¢�¯�¤§ª�ªS©�¦±»�ª&³�²�ª�ê§çSé¥ëUÁ>��«t®�³�­'ªS¢�°�®�³z¹
¦§³�·£Ä!¨�¸�ª&°@ª2°\¦§¨@¡£¢¥¨�¦§®�³£¢�¤o°@¦§·l³£°3¢�­@ªr¡£°@ª&»É­
¢q¨�¸�ªS­%¨'¸�¢�³¼¨@¸�ª
·lª�³�ªS­'¢�¤�¤§Æ�©q¢�¤�¦¾»Ë¢¥º1¯�¦§·�¡�®l¡£°%°�¦�·l³£°�ÁÊìDº�ª+¨'¸�®�»¼¦±°3¢W©¥¢¥¦§¤Å¹

¢�¯�¤§ª�½Ç®�­o¡�«�»£¢q¨�¦§³�·�°@¦�¨�¡�¢¥¨�¦±®�³�¢�¤�°�¦�·l³£°¬¢l°)½Ç¡z­�¨�¸£ª�­¬ªS©�¦§»zª&³�²�ª
¦±°9ªS³l¨'ª�­'ªS»�¢¥³£»r¨@¸£ª�³�ª�¨¿´µ®�­'¶�²+®l³k©lªS­@¨'°o¨@®�¢�³�®¥¨'¸�ª�­�°\¨'¢¥¨�ª�Á
 �¡£¢�¤§¦�¨'¢¥¨@¦±©�ª�«z­'®�¯£¢�¯�¦§¤�¦¾°¿¨'¦§²�­'ªS¢l°@®l³�¦§³�·�¦�³ÉªW°@°�ª�³£²�ª�»z®�ªS°

³£®¥¨1¢�¤�¤±®q´Í½ã®l­%­�ª&°@®�¤±©k¦§³�·2¨@­
¢�»�ª+¹Ð®¥ý:°%¯£ªS¨\´oªSª�³Ë²+®l³zÀ�¦¾²
¨'¦�³�·
¦§³zÀ£¡£ª�³£²�ªS°&Á�ó9¸�ª1¯£¢�°@¦±²3°@¦§·�³z¹Ð«z­'®�«£¢�·l¢¥¨�¦§®�³�¢¥¤§·�®�­'¦�¨�¸�º�¸�¢�°
¯tª�ªS³fª�Ïk¨�ªS³�»�ª&»¼¨@®�«£­@®q©�¦¾»�ª�½Ç®l­�¨�­'¢l»zª+¹Ð®¥ýa­'ªS°�®�¤§¡z¨�¦§®�³É¯�Æ
©q¢�­�¦§®�¡£°�º�ªS¨�¸z®z»�°�¨'¸£¢q¨3¢�­�ª�¯�¢l°@ª&»�¡z«�®l³Ê¨�¸�ª�¦±»zªS¢�®�½µ­'ª+¹
©lª�­�¨�¦§³�·%¨'®1³�¡�º�ªS­�¦±²�¢�¤�«�­�®�¯�¢¥¯�¦§¤§¦�¨�¦§ªS°µ´�¸�ªS³�ª�©lª�­µ³�ªS²SªS°'°@¢�­�Æ
ê ç�ç ë Áaì�³�®�¨�¸zª&­�º�ª+¨�¸£®k»f½Ç®�­�¨'­�¢l»zª+¹Ð®¥ýM­'ªS°�®�¤§¡z¨�¦§®�³f¦§³k¨@­'®¥¹
»�¡�²�ª&°µ¢1³�®�¨�¦§®�³r®�½j°@¨�­�ªS³z·�¨�¸r¦§³k¨�®1¨�¸zª�¯£¢l°\¦¾²�½Ç®�­'º�¢�¤�¦¾°@ºû®�½
Ãk¡£¢�¤�¦�¨'¢¥¨�¦§©�ª)³�ª�¨\´o®l­�¶z°SÄ�¯�Æ�»�¦±°\¨�¦§³�·l¡�¦§°�¸�¦§³�·9¯tª+¨\´µª�ªS³%°@¨�­�®�³£·
¢�³£»�´µªS¢�¶�Ãl¡£¢�¤§¦Å¨
¢q¨�¦§©�ª�¦§³zÀ�¡�ªS³£²�ª&°(ê§ç&öqëUÁ0õ�ª&°@®l¤�©�¦§³�·3¨�­'¢l»zª+¹
®�ý:°%¨�¸zª&³¼¦±°%¯£¢l°@ª&»É®�³É¨�¸�ªr¦±»zª&¢�¨�¸£¢q¨�°\¨�­'®�³�·�¦�³zÀ�¡�ª�³£²�ªS°
»�®�º�¦�³�¢q¨�ª�®q©lªS­µ²�®�³�À�¦±²+¨�¦§³�·�´oª&¢¥¶�®l³�ªS°&Á�
0ª+¨�¢¥³£®¥¨@¸£ª�­�¢¥«z¹
«£­@®k¢�²
¸�¨'®�¸£¢¥³£»z¤§¦±³z·1¨�¸�ª(¨�­
¢�»�ªS¹`®�ýt°o¦±³�¢�Ãk¡£¢¥¤§¦�¨'¢¥¨�¦§©lª�³�ª�¨@¹
´µ®�­'¶Z¦±°1¨�¢¥¶lªS³É¦§³f¢�³¼¢¥¤§·�®�­'¦�¨�¸�º�¨�¸£¢¥¨1¦±»zª�³k¨'¦Åô£ª&°3¨�¸�ªr¦§³z¹
½Ç®l­�º�¢¥¨�¦§®�³�¨�¸�¢¥¨�´o®l¡�¤±»2°@ªS­�©�ª�¨�®�­�ª&°@®l¤§©�ª(¨'¸zªSº ê ç úqë Áoó9¸�ª
¢�¤�·l®�­'¦�¨�¸�º ¯�¡z¦±¤§»£°�¡�«£®l³Z¨'¸zª�¦±»zª&¢r®�½oøS®k®lº�¦�³�·�¦�³�®�³Z¨�¸�ª
«�¢¥­@¨9®�½j¨�¸�ª�³�ª�¨¿´µ®�­'¶�´�¸zªS­�ª(¨�¸zª%¢�²+¨�¡�¢l¤t¨�­'¢�»zª�¹`®�ý:°µ­�ª&°@¦±»�ª
¢�³£»�²+®�³�°\¨�­�¡£²+¨�¦§³�·�¢�³�¦§³z½Ç®l­�º�¢q¨�¦§©lªo­�ª&°@¡�¤�¨�½Ç®l­�¨�¸zª9©q¢¥­'¦§¢�¯�¤±ª
®�½�¦±³k¨@ª&­@ªW°¿¨�¦§³�¨'ª�­'º�°9®¥½4¨'¸zª%©q¢¥­'¦§¢�¯�¤§ªS°9¦§³k©l®�¤±©�ª&»:Á
� C�Ó¬?(� �@Ô�A�>@?�N�
 �(� HjI�G!B � >¿Óo? �
 �¡�¢¥¤§¦�¨'¢¥¨@¦±©�ª�«�­'®�¯�¢�¯�¦§¤§¦±°\¨'¦§² ³zª�¨\´µ®�­�¶z°Î¢�­�ª Ãk¡£¢¥¤§¦�¨'¢¥¨�¦§©lª
º�®z»zªS¤§°�®¥½)¡�³£²�ª�­�¨'¢¥¦§³k¨\Æ�¨�¸£¢q¨�¸£¢q©�ª%¢�ô£­�ºÎ¯�¢�°�¦§°�¦§³�«�­�®�¯z¹
¢�¯�¦§¤§¦�¨\Æ2¨�¸�ªS®�­'Æ�Á3ó9¸£ª�ÆZ¦§³£²+¤§¡£»zª�¢�³Z¦±³l¨�¡�¦�¨�¦§©�ªS¤§Æ�¢�«z«�ª&¢¥¤±¦�³£·
·l­'¢�«z¸�¦±²S¢�¤9°\¨�­'¡�²�¨@¡�­'ª�¨@¸£¢¥¨�¸£¢�°r¢�°�°@®z²+¦±¢¥¨�ª&»F°\¦±º�«�¤§ª�°@¦±·�³�°
¨'¸�¢¥¨9¢¥¤±¤§®q´f½Ç®l­9­�ª&¢�»zÆ�¦§³l¨'ª�­'«�­@ªS¨'¢¥¨@¦±®�³JÁ!Â)Ïz«tª�­'¦�ªS³£²+ª�°@¸z®¥´�°
¨'¸�¢¥¨&Äl¢l°)¢�­'ªS°�¡�¤�¨SÄk²�®�³£°\¨'­�¡�²�¨@¦±³z·�¢�Ãl¡�¢¥¤§¦�¨'¢q¨�¦§©�ªµ«�­'®�¯�¢�¯�¦±¤�¦±°\¹
¨'¦§²Ê³zªS¨¿´o®l­�¶F´�¦Å¨'¸d»z®�º�¢¥¦±³|ª+Ïz«�ªS­�¨�°�¦§°2¤§ª&°�°�»�ª�º�¢¥³£»�¦�³�·
¯�Æ�½ã¢�­&Ä)¨�¸£¢¥³F¯�¡�¦§¤±»z¦§³�·�¢�³�¡�º�ª�­'¦§²S¢�¤o³�ª�¨¿´µ®�­'¶�­�ª&Ãl¡£¦�­'¦�³£·
¨'¸z®l¡£°�¢�³£»z°1®�½�«�­'®�¯�¢�¯�¦§¤§¦�¨�¦§ªS°&ÁÊì�Ãk¡£¢¥¤§¦§¨�¢q¨'¦�©lª�«�­'®�¯�¢�¯�¦±¤�¦±°\¹
¨'¦§²µ³�ª�¨\´o®l­@¶:Äqº�®�­'ª�®q©lªS­&Ä&¢�¤§¤§®q´�°j½Ç®�­!ª���²�¦§ªS³l¨)«�­�®�¯�¢¥¯�¦§¤�¦¾°\¨�¦±²
­'ªS¢l°@®l³z¦±³�·r¦±³É¢�Ãk¡�¢¥¤±¦Å¨
¢q¨�¦§©lª�´9¢WÆ�Á�ì�¤�¨'¸z®�¡£·�¸ÉÃk¡£¢¥¤§¦�¨'¢¥¨�¦§©lª
«£­@®l¯£¢¥¯�¦§¤±¦§°@¨@¦¾²�­@ªW¢�°@®�³�¦§³�·�º�¢WÆ�³�®¥¨�¢�¤�´9¢WÆz°�Æ�¦�ª&¤§»É²S®�³�²S¤�¡z¹
°�¦§©�ª�­�ª&°@¡�¤�¨'°SÄk°@¨�¡�»�Æk¦§³�·3¨�¸�ª�°@ªS«£¢¥­
¢q¨�ª�¦§³zÀ£¡�ª�³�²+ªS°¬¨�¸£­@®l¡�·�¸z¹
®l¡z¨¬¢(³�ª+¨\´µ®�­'¶�´�¦§¤§¤zÆ�¦§ªS¤±»�»zª+¨
¢¥¦§¤§ª&»3¦±³�°�¦�·l¸l¨0¦±³1¨�¸zª�»z®lº�¢¥¦§³
¡£³�»zªS­1°\¨�¡£»zÆ�Á���ª�¸�®�«�ª�¨�®�¸£¢W©�ª�»zªSº�®l³�°\¨'­�¢¥¨�ª&»Ê¦§³É¨@¸£¦§°
«�¢¥«�ªS­�¨�¸£¢¥¨%Ãk¡�¢�¤§¦Å¨
¢q¨'¦�©lª�«£­�®l¯�¢¥¯�¦§¤±¦§°@¨@¦¾²3³£ª+¨\´µ®�­�¶�°�»zª&°@ªS­�©lª
¢�«£­@®lº�¦§³�ªS³l¨�«�¤±¢l²+ª�¦±³�­�ª&¢¥¤§¹`¤§¦�½Çª�¢�«�«�¤§¦§²&¢q¨@¦±®�³£°�®¥½)¢¥­�¨�¦�ô�²+¦±¢�¤
¦§³k¨�ªS¤§¤§¦�·lªS³�²Sª�¦§³2º�ª&»z¦±²+¦±³zªlÁ
� ����~����2xz}�� !���}�~P{
ó9¸�¦±°�­'ªS°�ªS¢�­'²'¸�´9¢�°�°�¡�«z«t®�­�¨@ª&»Z¯�Æ�¨@¸�ª ù ª+¨�¸£ª�­'¤§¢�³£»z°���­@¹
·k¢¥³�¦±°'¢q¨�¦§®�³�½Ç®l­9ü�²+¦§ªS³k¨@¦§ô£²�õ�ªS°�ªS¢�­'²'¸4Á!óµ¸�ª(«�¢¥«tª�­µ¦±°o¯£¢l°@ª&»
¨'®�¢3¤§¢�­�·lª�ª+Ï�¨'ª�³k¨µ®l³%í\®l¦�³k¨9´o®l­�¶�´9¦�¨�¸2ü�¦§¤ í@¢1õ�ªS³�®�®�¦ í¬¢�³£»
� ¢¥³£³zªS¶lª � ®�¤§¨SÁ)Ì9¢¥º º�®k°\¨9·l­'¢¥¨�ª+½Ç¡£¤:½Ç®�­�¢�¤§¤:¨'¸�ª�¦§­�¸�ª�¤±«JÁ
�aH �
HJI£H4?��tH �
ê�ç+ë �ÉÁ È!ÁR�ÊªS¤�¤±º�¢¥³��\ç&èlè�éa�+ÁH1�¡£³�»�¢¥º�ª&³l¨'¢¥¤µ²�®�³£²�ª�«�¨�°3®�½

Ãl¡£¢¥¤±¦Å¨
¢q¨�¦§©�ª�«�­�®l¯£¢¥¯z¦±¤§¦§°@¨�¦±²�³�ª�¨\´o®l­@¶z°SÁ��(Þ
ÚUÙ 	µâ�Ùã×¥Ø��+ä �
ÚÐÜSØ¾ØÅÙZnkÜ+ä:â�ÜSÄ�©l®�¤`Á � �£Äz«£«JÁ£ö � � � ú é ú Á

ê ö ë �ÉÁ � Á�!�­'¡�øS»zøSª�¤µ¢¥³£» �ËÁ ��ª&³z­'¦�®l³ �@çSèlè ú ��Á4Âl��²S¦�ªS³l¨
­�ª&¢�°@®l³z¦±³z·a¦§³/Ãl¡�¢¥¤§¦�¨'¢q¨�¦§©�ªË«�­�®l¯£¢¥¯z¦±¤§¦§°@¨�¦±²É³�ªS¨¿´o®l­�¶z°SÁ
" Þ�ß&â'Ü
Ü �qÙÇä�n¥á�ßs�3ÚT/�Ü$#9Ø�Ü�ÛqÜ�ä£ÚT/&%3×qÚ`Ùãßqä:×qØ��0ßqä4��Ü�Þ�Ü�ätâ'Ü
ß¥ä'��Þ+ÚUÙ 	oâ�Ùã×¥Ø(�+ä£ÚÐÜSØ¾Ø Ù�nkÜ+ä:â'Ü�ÄZì(ì�ì�Ì¼È0­'ªS°'°�Ä���ªS³�¤�®
È)¢¥­'¶�Äk«�«JÁ ��� ��� � � ú Á



15

ê úqë�� Á 1µÁ 	o®�®l«£ª&­��\ç&èlè�éa�+Á3ó9¸£ª|²�®lº�«£¡�¨'¢¥¨�¦§®�³£¢�¤r²+®lº1¹
«�¤�ªSÏz¦Å¨\ÆÊ®¥½�«�­�®�¯�¢¥¯�¦§¤§¦±°@¨@¦¾²�¦�³�½Çª�­'ª�³£²�ªr¡£°�¦�³£· � ¢WÆ�ª&°@¦¾¢¥³
¯�ªS¤§¦§ª+½2³�ª+¨\´µ®�­'¶�°SÁ��(Þ
ÚUÙ 	µâ+ÙU×¥Ø��+ä£Ú¿Ü+ØÇØÅÙ�nlÜ�ä�â
Ü�Ä�©l®�¤`Á �közÄ
«�«JÁ ú è ú � �ké �kÁ

ê �¥ë � Á�È)ªS¢¥­'¤w�\ç&è � �a�+Á " Þ@ßlà'×là+Ù¾Ø�Ù±á
Ú`Ùãâ��(Ü'×WáSßqä�Ù¾ä�n�ÙÇä �+ä£ÚÐÜSØ �
Ø Ù�nlÜ�ä£Ú � �Wá+ÚÐÜ�-1á���%3ÜSÚUå¬ß¥Þ�æWá�ß � " Ø§×qÖ�á
ÙUà+Ø§Ü(�+ä4��Ü�Þ�Ü+ä:â'Ü�Ä
��®�­'·l¢�³��%¢¥¡z½Çº�¢�³�³�È0¡�¯�¤§¦±°@¸�ªS­'°SÄzÈ)¢¥¤§®�ì�¤�¨�®£Á

ê �Wë ü:Á �¬Á	��¢¥¡z­'¦Å¨'ø�ª&³�¢¥³£» !�Á � Ázü�«z¦±ª�·lª�¤±¸�¢�¤�¨�ªS­��¿çWè � ���
Á
�J®¥¹
²S¢¥¤j²+®�º�«z¡�¨'¢q¨�¦§®l³�°�´�¦�¨�¸�«�­�®l¯£¢¥¯z¦±¤§¦�¨�¦§ª&°�®�³�·l­'¢�«z¸�¦¾²�¢�¤
°\¨'­@¡£²+¨�¡�­'ªS°�¢�³�»L¨�¸zª&¦�­�¢�«z«�¤±¦§²S¢q¨'¦�®l³L¨'®Mª+Ïz«�ªS­@¨Z°�Æz°¿¹
¨�ª�º�°&Á��kß�Ö�Þ+ä�×¥Ø�ß �9ÚT/�Ü
��ß���×¥Ø ��Ú¿×qÚ`Ù±á
Ú`Ùãâ'×¥Ø �:ß&â+ÙãÜSÚ ��� �:Ü��
Þ
ÙUÜ
á ��Ä�©�®l¤UÁ ��ézÄz«�«JÁjç � � ��ö�ö �£Á

ê � ë �ËÁ ��ªS³�­�¦§®l³É¢¥³£» �ÉÁ � Á�!�­�¡�ø&»zø�ªS¤��@çSè�è£ç��+Á! �¡£¢¥¤§¦§¨�¢q¹
¨�¦§©�ªr«£­�®l«�¢¥·k¢q¨�¦§®l³Ë¢�³�»¼°�²�ªS³£¢¥­�¦§®�¹`¯£¢l°@ª&»�¢¥«�«�­�®k¢�²
¸zªW°
¨�®�ª+Ïz«�¤±¢¥³£¢¥¨@¦±®�³3¦§³�«�­�®l¯�¢�¯�¦§¤§¦§°@¨�¦±²o­�ª&¢�°�®�³z¦±³z·£Á&Ì¿³H`!È!Á È!Á
� ®l³�¦±°�°�®�³zªlÄ �¼Á ��ª�³£­@¦±®�³JÄ��¬Á ù Á��%¢¥³�¢�¤UÄ�¢�³£» � Á 1µÁ
�4ª�º�º�ªS­]�Çª&»z¦Å¨'®�­
°���Á " Þ�ßSâ'Ü
Ü[�qÙ¾ä nqá�ß �1ÚV/£Ü���Ù��lÚV/ �0ß¥ä �
�+Ü�Þ@ÜSä�â
Ü�ßqä�������������� �!�"�$#%�&� �'�(�)� 	*���+� , �(�-���.,&, �0/
�(�1�2�.3
465&798;:
<=8�>@?�A�<08;B"A�8 3"CED >GFIHKJ�L D 5=5NMOB"P 3�Q�QSRUT�V$��W	X"R

Y V;Z ? R6[ 8.B D
D < \ 3*�6R�]^R :�MOB_P"8�> � M	MO` 3 MOB-P_? R6a MO>I7 D B-7
b X c	c	X	d�R6a > DOQ MO`	M F2< D B DOe^f�g 5�FI< Q 5=8 D	h 798;>G:iMOFG< D B"7j<NB
kla C 7m>I8�:K<=72<0F28.P R*n Bpo_q R :iMOBrL@MO> f 8�5N8�B b 8;P�<�F D > d(R
" �2s;�I�I��ti�&�K/iu�s9vj�!w"��x	yi�!w #{zK�2s�|����i�~}6s �.v����2�(�1�I��si�
�^���)� �{�(�+�O,���������,&,���/
�����I��3�n2� ? a >I8.7I7 3m�@f 79F28.>IP"M f�3
Q"QUR-�	�	�����	�O�-R

Y � Z��6R�]'R :iM B�P�8.> � MOMO` 3 ? R.[ 8.B D
D < \ 3O]'R �
R ��R.� <0FGF28 f MOB 3
� R ��R a�R*� 508 f M B 3 M B"P�� R �jRE� M	M 5 b XOcOc	X	d�R{a > DOh M J
h <05N<0F2<=8;7 e!D >�M Q > DOh M h <=5=<N79FI<=A�B"8(F9� D >I��o^M%A�MO728�7�F g P��
<=B D 8�7 D	Q H-MO`O8.MO5'A�MOB-A(8;> R��'�(�$� �
�.�+�i, ���-����,&,���/	�.�������&�
� �It �+���&�1�(3 : D 5 R"XO�"3�Q"QURUTiX W$��T�� � R

Y � Z ? R6[ 8.B D
D < \ 3*�6R�]^R :�MOB_P"8�> � M	MO` 3 MOB-P_? R6a MO>I7 D B-7
b X c	c	X	d�R;]*D B
F28��KF9J�7 Q 8;A�<0��A67G<=`OB"J Q > DOQ M `	M F2< D B^<0B�� g MO5�J
<0FIMiF2<N:O8 Q > D	h M h <=5=<N79F2<NA�B�8�F9� D >2��7 R �'�(�$� �*���+�i, ���-����,&,��&�
/	�.������3 : D 5 R1T.�
c�3�Q"QpR�X cKV �mX W	c"R

Y T.c Z� -R L R � D 5=F 3¡�6R ]^R : M B�P�8�> � M	M ` 3 M B"P¢? RE[ 8.B DKD < \
b X c	cOW
d�R£n B	FI> D P g A�<=B"`¤72<0F g M F2< D B-MO5¥<=B�¦ g 8�B-A�8;7§<NB
kla C 7 R*n Bpo �lR !�R C <=8.5=728�B£M B-P C R �6R'¨ H-M B"` b 8.P"<0J
F D >�7 d(Rª©-#i«�¬�si,��+�­�i�1t¯®{z-�i���)�&���i�$�&°i� �*|	|��Gs��O�Iw"�(u���s
�'�I�iu�si���&�
/l±��!�!w²�������(�����i�!�-�)# 3i� 8.A(F g >I8 C D F28;7�<=B � >GJ
F2<0��A�<NM 5 n B
F28.5=50<N`O8.B-A(8 3 : D 5 R�X	V�TOT	3 ? Q >G<NB�`	8.>2J)³68.>25NM ` 3
�*8.>25N<=B 3�Q"QURUT	T;W$��T;Xi��R

Y TOT�Z´]^R J �6R�� < g M B-P ��R aµRµ� 8�5=5 f MOB b T;�O� � d(R�n B�A(>I8 f 8.BKJ
FIM 5�F2>IM	P�8 DO¶ >28;7 D 5 g FG< D Bm<0B%� g M 5N<�F�MiF2<=:	8 Q > DOh M h <N50<N7GF2<NA
B"8(F9� D >I��7 R*n BUo � R q R']*D
D	Q 8.>%MOB-Pr? R{��D >�M 5 b 8.P"<0J
F D >�7 d(R " �2s;�����2t �&�
/ u²s9v��+w��%·psOzK�(���I�.�"�+w�}6si�;v(�.�G�.�����
si�~�����I�������i�&���)#��&� �^���$� �*���+� , �(�"���.,&, �0/	�����I�.3"�¸D >2`
M B
� M g�e!f M B"B 3"a M 5 Dj� 5�F D-3�Q-QUR-WOW � ��WO�
��R

Y T;XiZ ? R*[ 8;B DKD < \�M B-P �6R ]^R :iMOB¹P�8�> � M	M ` b T.�O�	�	d�R 46BKJ
H-M B-A�<=B"` k^a C 7 e!D >¡FG>�MOP�8�J DO¶ >I8.7 D 5 g F2< D B R1n Bpo ��R � R
� MO7G�O8;�¡M B-P�L R	a >�MOP�8 b 8;P�<0F D >�7 d�R " �Gs��I�I�ItO�&�
/ u's9vE�!w"�
·6� v������(���&w²}6si�;v��(�I�(�1�2�jsi�_�S�����������i�&���)#´�&� �^���$� �*���)�i,
�(�"���.,&, �0/	�����I�.3*��D >2`
M B � M g�e!f M B-B 3
a M 5 D²� 5�F D-3{Q�QpR
�O� �����O�	��R

Y T.W Z ? RO[ 8;B D
D < \ 3	�6R ]^R :iMOB�P"8�> � M	M ` 3 ? R !´R	a MO>I7 D B-7 3 M B�P
? R !jR � >I8�8.B b XOcOc	c	d�R1a <=: D FIMO5 Q > g B-<0B"` D e FG>�MOP�8�J DO¶ 7

<0B kla
C 7 R�n BUo � R � DOg F2<=5=<=8.> 3
��R � D 5NP"7Gº f <=P�F b 8.PKJ
<�F D >�7 d�R " �2s;�I���It �&�
/ u_sGv»�!w"�¼©��0�O���I���-�!w½}6si�.v����2�����I�
s �¯�µ�����(�(���i�&���)#��&� �'�(�$� �
�.�+�i,����-����,&,���/	�.������3-��D >2`
M B
� M g�e!f M B-B 3"a M 5 Dj� 50F D-3"Q"QpR-��T����m�	XOX�R



16



17

Papers



18



19

���������
	��
�
���������
�
������������� �!�"�#�%$'&)(%�"�*��&��+�-,!�+��&"�.�/�10
�3254%�3��6
�
78�/�:9
�;01<8�1,�<
�)0%�����=� �.�?>1,@�1&A�A�3�B&�(%�)����&+���*&+�1��C
>D�E4
0%6
�F�/0G�
,H6%��,I���J���)K%�L�)0%�),�<�7M�)0%6N���/�;�*�:0%�"���
���EO
��&=&+���P>%�1410%6%�Q2�$R�E,'�)O
�"�S>
���1TVU.�.�W>
,@�%&��A�Q�!�A�'�",@�
,@��$H��,R,��A6?�+�X���)���"�D�%�;��&�>
�"��(EYZ�)7%�"T\[Z0%6%�",!�����"0
6
�:0
<
�P�"�.�)�
�
�������]���^�:��>D�),��)���_9D�*�.�I�
���%�/�1<E7
2`�.�EO%��&��%���E<E7
�)0%6a�P�+6%�;&A�;0%�A2V�
41����(%�Z0
41���%��,��"0
6a&A�1�^>D�/�)O
�:�;7b�
$
�P�"�.�)�
�
����&I>
�)�/(1Yc�"7
�=�=�"K%�+�=��(%���d�e6
�/$R$R�/&�4%�_�c���+�@K`T
UR0?�141,b>D�">D�",!2#YZ�F�;0E9
�A�H�.�;<
�)������(%�f4
�3���%$a&+�"4D�!�+�
gW�"7
���!���)0h0
�)�/YZ�1,HK
�i���j�*�
6
�+�b��(
�J>
�)��(EYZ��7
�k�
$
7%�+�A�H�ml�n%o�oAp
n
q"rEsutvo�w�lxo+w+q3wAyAz l�z;n
w{�*�������%�%�����@�b|
�@4%&)(e�=0%�"�/YZ�1,HKe&+�)0B�%�a4
�!�+6 ���I61,H�)Y}>1,@�A61��&"�����10
�
�)�
�14E����(
������9D�����#�1$-�P�"���)�
�%�/�:�.�+�#�"0
6a��0
~)71�P�A�#�;0a�
>D�",R����&"4
�/�),F�@>
�+&+�:�P��0VTP�i�A2P>%,��E>D�
�!�?���:�Wr1�.l"�/nA�Vw
sZw+�/p
rE�
r
��r+��tm$R�1,i&A��4D�!�+�X0
����YZ�1,RKD�32X�+��$.�%�/�/�EY^�"T
���:,!�@�a&��10%����,H4%&"�=��&+�)4D�@�A�^0%�)�;YZ�1,HK?$.,H�1���/(
��0
����C
Y^��,�Kj�
$B�*���.���
�%����&�>
����(1Y'�)7
�"TS��(
�k9
�/�)�
�����_�/7j�
$
��(%��� &A�)4
�3���Z0%�"�;YZ�1,RK�6%��>%��0%6%�X��0i��(%�e9
�+�/��6
�:�/7��
$
��(%��&+�"4D�!�+���f�),HK%�E9G&��10
6%�:�����10VT'U�$*��(
���I&A�E0
61�:���/�E0
$R�������32e(%�EYc�"9
��,@2B��(%��>
,@�:0%&+�;>%�����%$���(%�}&+�1�S�P�E0
&+�)4D�@�P�P�E�.�_9
�"���A�\��(%�*�+6
6
�:���/�10X�
$\�S0%�"YN&+�)4
�!�+���),�C
,@��Y}�E,#�S0
�"Y}��(
�/6
6%�)0
�1&)�1�P���10 &���4
�!�^���=��(
�^0
����C
Y^��,�K��������+<
� �F�
$'�/(
�b�*�16%�+�\$.�1,H�P�"�����E0e>
,!�1&+�A�3�3�3T
� �;<
�1,@� ��(
�*�I$.�1, ��6%61�;0%<��),�,@��Y^� �1,=(
�;6%6%�"0k0
�
6%�A�
(%�"9
� �
�+�)0�6
�"9D�����E>
�+6F�3�">D�),��)�����:7F�:0��d014
�S�
�),S�
$
>D�">D�),@�Q2I�)0%6��;0h��(%����>D�">D�),�Y'�j&��1���
�:0%�8��(%�)�*2
�@(%�EY'�/0%< (
�EYM��(%��,@�A�!4
�:���:0%<b>
,@�%&��+6141,@�*&A�"0 �D�*�)>
C
>D�;���A6M���M��(
�?���"�.�"�D�%�;��&L>D�"��(EYZ�"7M>%,@�E�
���"�bT*�#4
,
<
�)0%��,@���-�)>
>%,@�
�+&)(bYZ�A�W���+���.�)6B��0 0
�)41,��A�-&��+���u�P�1,�C
>%(%�%�;�
<�786
�)�.�i�)0%686
���P�E0D�H��,@�����A6?0%�E���;&+�A�"�D�����;��C
>%,��E9
�)�*�"01���d�/0��%�E��(F>%,��+6%��&��.�/�10i��0
6F0
�"��Y'�1,HKi�+&�C
&)41,@�+&"7`T

���`�'�
�`���^�Z�����Q�\�
�V4
0%&)���/�10%�+�'<
�)0%�1�P�/&A�d���*��(
���!�A�",@&)(�$R�E,P4
0%6%�",!�����"0
6
�;0
<��
$
��(%�d$�4
0
&��.���10%�+�/�_��7B�%$#��>D�+&+�/$.��&a<
�)0%�A�32V��(
�+�;,\,@�+���"���/�10
�#�.�X6%���!C
�+�A�3�+�Q2%��(%�+�:,\�A�3�3�
&+�/�"���+6*>
,!�A�.�A�:0
���)0%6*��(%���;,-,@�
���A�\�_0a�%���%���1<%�;C
&+�+�5>1,!�1&+���3�3�A�"T
UR0I$�4
0%&"�.�;�10%�+�u<%�"0
�E�*�/&+��2v�*&��+���5&+�"0 �
�=�@�A�)0
�A�I�F�
�/�%&)(%�)�P�/&+�+�����+&�(%�:0%�f��(%�"�*&A�10%�@41�*�+�e�@�;�S>
�������%����C
&)4
�/�+�����M<
�)0%��,��"�����*�1,��L&��1��>%���)ON�E0
�+���17M&)(%�+�:0%�;0
<?���
C
<
�)��(%�),��
�/�%&)(%�"�*�/&+�+�D,��A�+&������E0D���:0E���*���101<=�!�+ �4
�)0%&+�A�"¡%�:�R�

¢a£ �%C.��4E��(
�E,!�¤�;0*�+�:>%(%�)�
�)���/&��A�V�1,@6
��,

>%,��
&A�+�3�3�+�h�),@��,��+$H��,�,@�+6m���¥�+�js^w��/n
¦
r
��z:oJ§-n%�;p1�#n3tDlE¨�©
ª3T
« �)0%�A��>D�/��7d�)0a�A�3�3�)0E�������`,@�1���^�:0=��(%�A�!�Z0
�)�/YZ�1,HK
���17P>%,��E9
�/6%C
�:0
<I��(%�b�:0%$R�1,R�*�"�.�;�10B���f��710E��(
�+�3�/~+�=��(%�d�)0%~"7
�����W��(%�"�#&+�"���+C
�_7
~A���%���%&"(%�"�=�/&��A�v,!�+�+&"���;�10
�)T%[c0%6%�),@�����)0
6
�:0
<a�*���.�)�
�
�������h���
�)0d�;��>
�1,R���"01�5>1,@�E�
������$R�E,��
���
�/�
<�7
2D>
(
�",H�P�+&+�%�;�
<�7b�R�/0a>
�),@C
����&)4%���",-�.�1O
��&A�
�/�
<�71����0
6a���+6
��&+�;0
�S�
4E����(%���3�;~+�A2V&+�E��>
���"O
�_�/7
�)0%6�4
0%&+�),R���+�/0���7=�
$���(
�W0%�)�/Y^��,�K=�%$�>
�)��(EY^�Q7D�-(%�A�-���+6%�W��(%���
���A�@K*6%�/$.$R��&"4
�_�HT
¬u�Q���"� 7�2��D,H�;�"6+�P�Q0�w)�\n1�_­�4
�@�"6�g��371���@�:��0e01�Q���^���e�^�E61�)��<E��01�
�QO�>1,R�����!�:�A0f61�Q�/��¨:®
2�¯�°AªS��016*±@4
�.���:$��:�)6I�/(1�)� ,c4
�!�a��7I�;(1�)� ,Z,H�_&�(
<A,H�Q>E(1�/&"�)�%�Q016Z>�,��A�1���%�:�:�;�R���_&�,R��>E,H�)����0A���Q���:�A0^�1$D<E��01�\��O�>�,H���@���:�A0
6E�Q�/�a��016d�;(1�"�_,W�Q�%�:�_� �:7d��� ��O�>
�_��� 0b,H���_�Q���_��0
�W�"�^��0E<b<E�Q01�S9
��,R�;C
�Q�%�_����T#�u(E�37?,R��>
��,����)6k���Q0A7L�
�:�E�_�E<E�:&)�"�;� 7�>%�:�Q4
���_�
�;�F&)��01&"� 41C
���/�A01��$/,H�A�?,R�)�"�
��O�>E,R���@�@�:��0^6E�Q���\�E$u²�>
�"�/� �S�Q0Sw)�En1�;­���7^6E��>
�:�+71C
�_0�<J(1��4�,R�/�.�/�/&k���"�",H&Q(G�)�:<E�A,H� �/(������Q0168�R���Q�/�/�.���;&)�"�=&)�A01$��:61�Q01&)�
�^�����R4�,H���^��0A���G¨H¯�³�ª@Td��(1�Q7�>�,��A>1�1����6��"61��>��/�_0E<�&)�A0A��� 0�41�A4
�
9
�Q,H�;���
�_���W���X&)��>��:4E,R�P>E,��"&)�;���*�/�E&"�)��>1,R�A�
�"�
�_�;� ���:�)�'��016 �_�Z>1,R�+9
C
�_0�<��:(1�#(1��4�,R�/�.���;&'���)��,H&�(P�"�:<E�A,R�_�:(��M�)�5���+>
�/&)�-$��A,-$/4�,��/(1��,��.�/416A7AT
U��S�+���ew���n1�:­���>E>
�:�;�"6f�d01��0�C�>
��,H�Q�S�Q�/,R�:&d,H�"<+,��)�@���:��0e����6E�)�\� 0
g\�371�����:�Q0f01�Q�:Y'�A,.K
�*$��A,P&)�+0
�H�:,�41&��/�:0E<e<E��01�Q�/�:&b01�3�;YW��,�K
��$�,R�A�
<E�Q01���QO�>1,R���@�@�:�A0b6E�Q�/�d¨H¯��Eª@T%��(1�Q7d&"�/�"�_�^�)6=�/�=(1�Q9
�S�R41&)&"���@�\� 0
�^�/&Q,H�E��,�,��37a<1��01�S�QO�>1,R���@���;�+0 6������^��016a<E��01�Q,H�)�;�_~)�)6=�S���:(1�E6=�/�
6E�)�"�EYW� �;(c�S��,H��<E�Q01��,H�"�
&��)���)��� 0c�;(1�\$�4A�;4�,R�AT
U�0X�/(1�:�'>%��>
�Q,.2vYc�=6E���S�A0
�.�;,H�Q���*(1�+Y}&)�Q4
�!�)�u01���_Y'��,�K
�Z&)��0X�
�
4
�H��6c���c�S��61�)�%��016c>E,H�"6E�/&3�
7����)�R�
�S�Q�����
�E�:�/�H��Y\(1�
���¤>
�3��(AYW�37
�
�)�!���Q0A���:�"�/� 7X$���,.����&)��4
�H�)��<A,H��>E(
2��+01�P&)�A�^>1��01�Q0A�-�E$¤�P&)��4
���)�
01�3�RT £ �Q4
�@�"�%01�Q���-6E�Q>%��016^��0^�;(1�#&)��4
���"�%�e�",.KE�+9*&)�+016E�_�/�:��0������
>E,H� ��� ��� 9
�'�)�!�H4��Z>��/�;��0P��016ZYW�W>E,H�A>
�1���'�W� �\rA��lQ�_n+�
w#sWw��_p
rA�
rE�_�
r)�"td���=6E�"�)�DY'� �/(a�Q0A7a$��"�/� 4�,H�^��$��;(1�Z&��A0E6E� ���:�A0DT1�V� ,H�H��&)��0
�.�;,.41&Q�
�\&)�Q4
���)�10E�3�V$�,R�E���;(1��01�Q�D�1$D�^�Q���Q�
�1�:�:&�>
�Q�/(+Y'�Q7
�Q¡E���"&"��016Z�)� ����,
�/(E�Q�D01�Q�
�/���Q0
�R4�,H�¤��(1�\&"��4
���)�
�e�Q,.K1�A9S&"��0161� ���_�A0S�/�5�@�Q���;��$��;�"6c�E7
�"616E� 0E<d01�QYM&)��4
���)�u�Q,R,.�AY'�'�A,�01�3Yj�;(1�;6E6E�Q01�
&)�A�Z�^��0b&)�"41�@���3T
U�0����)&Q���:��0F�%2-Y'�e�_�/� 4
�R�;,H�Q�/�e�:�3�R41���a� 0F�S�Q���"�
�E�_�;&X>
�Q�;(�YW�Q7�� 0
71�"���R�^6E���H&�,H� �
��6F�_0�´'µ «#« T¤U�0�����&3���;�A0�¶12-Y'� ,H�39
�:�QY·&)��4
���)�
g\�371�����:�Q0�01�Q�:Y'�A,.K
�P�Q016e>E,R������0A�'� &)��4
���"�-g\�Q71�)�@�:�Q0e01�Q�;YW�A,�K
�^�16E�)�;� 0E<J�Q0L��,��A�S�3���;&����^�_01�L�)&)�_6L>1�Q�;(�YW�Q7L�E$=71�"�)�H��l3n1o"�
o"p1nEqHr�s�tDo)w�lao"w)qRw"y�z l�z_nEw�TuU�0�����&3�/�;�A0f©f��016f¸E2uYW�b6E�:�!&�41�!�c�;(1�
&"�����=Y#(1��,H�*�/(E�X&"��41�����-�e�Q,.K1�A9�&��A016E� ���_��0e$��)�;�:�S��016I>E,R��>
�1���
�A4�,u�:YW�ECR�.�/�"<E���P�Q�:(1�E6Z���^61�)�"�1Y'� �/(Z�;(1�#>E,R�A�%�:�Q�=TAU�0*���)&Q�/�/�A0S¹12
Y'�d�:�:�_4
�.�:,��Q�/�*��(��b�"$�$��"&Q��� 91��01�)�!�^�E$W�)6�61�_0E< (1�:6E61�Q0I01�E6����^� 0B�
,H�"�"�¤�
�:�E�:��<E�;&)�"�¤6E���S�"�:0DT`U�0f�@�"&��/�:��0B³X��016fºA2�YW�a6E�/��&Q4
�@�^�A4�,
�Q>1>E,R�E��&Q(^�Q016^�;�@�R41�����/�Z�1�#�.�;416E�;�)6Z� 0c�/(1�¤01�"��,�$/4��/4�,R�AT

Two-Stage Bayesian Networks for Metabolic Network Prediction 
»�¼5½5¾V¿@ÀÂÁVÁ�ÃfÄZÅ�½�¾vÆ!ÇaÈaÉvÊ5ËuÉ`Ì1Í-Î*ËuÉ`Í.Ì1Ï.Í�Ð�ÇcÉvÑuÒ*Ó�Ô`ÑeÕÂÏRÍ�Í.Ï�ÉvÖ�×)Ô�ÑvØ"Ç

Ù;Ú-Û�ÜZÝEÞAß�àQß�á;ÛAâ1à)ã1ä�á:ÛEá:â1å�ÛAæ�Ü�à3ß�á;ç)è5é\æRÛ�Þ�Ý%êAë�ÜSÝ1ìQæ�á:à"ã%Ú�Û1ã;ã:ì�í1ì¤îuÛAâ1ïEÛ�â
ê)ðcñ
ò@ó�ß;æRÞ�çQß/Þ�æHà"ãEä�á/ÛEá â1å.ÛAæ�Ü�àQß/á;ç)èué\æHÛ�ÞAÝ%ê�ë�Ü^Ý
ì�æRá:à)ã%Ú-Û1ã_ã:ì"íEì�îuÛAâ1ïEÛAâ
ê+ðWñ

ô.õ ì"Ý
ß�ö1Û
å�÷`ø%á�ã�Û
è@Û1Ý
øEù
ê
ñ^á;â
íVú�è¤Ú�Û
ã�ã�ì)í%ìWî�ÛEâ
ï1Û1â
ê1ðZñ



20

� �������	��
	��
�����������
������
� ìQß�à��1ÛEã;á:èHÜ á/è*àBè@ì3ß^ÛEå^çQø1ì"Ü^á;ç)à"ã�æHì)à"çQß�á_ÛEâ
è�ê¤Þ
èHì+ï���ù�ã;á  
á âEí
Û�æ.íEà�â1á/èRÜ�è#ß�Û ÝEæRÛEç�ì)è@ècçQø1ì"Ü^á;ç)à"ã�ç"Û�Ü^Ý
Û+Þ�â1ï1èZá_âIÛAæHïEìQæ\ß�Ûdß�à"!1ì
ì�â1ì�æRí+ù1êZì�#Aß/æRà)çQß$�EÞ1á:ã;ï1á â1í%�%ã_ÛEç�!
èBàQâ1ï?ì)ã_á_ÜSá_â1à3ß�ì�ß�Û&#1á;çFç"Û�Ü('
Ý1Û�Þ�â1ï1èQö � Û1è.ß ÛEådß�øEì)è@ì�æ�ì)à"çQß�á_ÛAâ
è�)'Û+Þ1ã/ï?â1Û+ß*�
ì�ì�#1ì"ç�ÞAß�ì)ï
)Wá ß:ø1Û�ÞAß�èHÝ
ì)ç"á:à)ã:á,+)ì)ï^ÝEæHÛ+ß�ì)á â
è¤ç"à)ã:ã_ì)ïPì"â�+QùAÜ�ì)è@ê�)\ø1Û1è@ìWå�Þ�â1çQß/á;ÛAâ
á/èvß�Ûcç�à3ß/à)ã ù-+)ì-ß;ø1ì�è�ì\ç�ø1ì�Ü^á/ç"à)ã�æ�ì"à"ç�ß/á/Û+â
è3ö
� ìQß�à��1ÛEã;á:èHÜ.)#à+è�ÝEæHì" 
á_Û�Þ
è�ã ùSè@ì)ìQâ�à�èuà\ç�ÛAÜ/�1á_â1àQß/á;ÛAâ^ÛEåvïEá:è.ß�á â1ç�ß
Ý1àQß;ø0)WàQù
è@ê
èRÞ1çQøSà)è�íEã ù1ç)Û1ã ù
è�á�è�êEç)á ß:æ�à3ß�ìWç3ùEç�ã:ì)êAÞ�æRì)à�çQù1ç"ã/ì)ê�à�Ü^á_â1Û
à)ç"á/ï1�1á;Û1èRùAâAß/ø1ì)è�á/è�àQâ1ïXÜ�àQâAùeÛAß;ø1ìQæHè"ö�2'ã:ã5ß;ø1ì+è�ì*Ý%à3ß;ø&)cà3ù
è^à�æRì
ç)ÛAâ�â1ì)çQß�ì"ïFß�Û�ì"à)çQø�Û+ß;ø1ì�æ3ö�ë�â�æHì"ç)ì�âAßZùEì�àQæHè@ê�Ü�ìQß/à��
Û1ã_á�èRÜ ø1à)è
è.ß�àQæ�ß�ì)ï�ß�Û3�
ì�è.ß�Þ1ï�á:ì�ïká â�àeâ1ì�ß4)'ÛAæ5!kàQÝEÝ1æHÛEà"ç�ø
ö�ë�â1å�ÛAæ�Ü�àQß/á;ÛAâ
à��
ÛAÞAß¤ß/ø1ìaè.ß;æ.Þ1çQß;ÞEæRìaÛEå�Ü^ì�ß/à��
Û1ã_á/ç�â1ìQß4)cÛAæ6!
èZç"à�â â1Û7)8�
ì�Ý
à�æ9'
ß�á:à)ã_ã_ùMì�#Aß/æRà)çQß�ì"ïjàQâ1ï8æ�ì�ÝEæHì)è�ì�âAß�ì"ïjá âNíAæHàQÝEø1á;ç"à)ãbå�ÛAæ.ÜxÞ
è@á âEí
ñ;:ué'éWê=<�ë5>jàQâ1ï � ìQß�à)Ú5ùEç�ö@?VÛAæ=ì"#1à�Ü^Ý
ã:ì�ê-ß�ø�ìeïEà3ß�àBÛEåcß;ø1ì
ñ#ùEÛ+ß�ÛA:�â1çQù1ç"ã;Û�Ý1à"ì)ïEá;àbÛEåWíEì�â1ìbà�â1ïeé#ì�â1Û�ÜSì)èCB�ñ�:�éWé	DZç�ÛAâ-'
è�á/èRß�è#ÛEå5á_â1å�ÛAæ.Ü^àQß�á:ÛAâ=Û�âaá âAß�ìQæRà)çQß/á:âEí�ÜSÛEã;ì)çQÞEã;à�æ-à�â1ï=í�ì�â1ìcÝ
à3ß/ø-'
)WàQù
èQö&E�ì"ã:àQß�ì"ï^ß�ÛSñ�:�é#éLàQæHì#ß:ø1ì#ä\á:Û1çQø1ì�Ü^á/ç"à)ã%÷`à�ß;ø7)'à�ù1è@B�ä-÷FD
á_âEïEì�#PÛ�å�ä\Û1ìQøAæHá_âEíEì�æ � à�âAâ�ø1ì)á_Ü8à�â1ïSß;ø1ì	:�â1ç�ùEç)ã:ÛAÝ
à)ì)ïEá_à'Û�åF:�ö
Ú�ÛEã_á%é#ì�â1ì�èuà�â1ï � ìQß�à��
ÛEã;á:èRÜGBH:5ç"Û1Úuù1ç�D!ö
:5âI+"ùEÜ=ìAècà�æ�ì*Ý
æ@ÛEß�ì�á/â
èZì)â%çAÛ
ï
ì�ïJ�1ùIí%ì"â
ì+è^à"â
ïdß�ø
ì�è@ì*í%ì"â
ì+è
ç+à)â3�
ì�ìK#1Ý
æ!ì+èQè!ì+ïià�ß/)cá�ã/ã.öL>5ø%ì�æ�ì+åRÛEæ@ì�è3ÛEÜ*ìfè�Þ-�%í1æ�à)Ý%ø
èdÛ
å
ß�ø%ìPâ%ì�ßH)cÛEæ9!IÛ1æ\ÝDà"ß�ø�)cà)ù
è'çAà)âM�
ìPàAç�ß�áN %à"ß.ì+ï ÛEæ#á;â
à�ç"ß.á, 
à"ß�ìAïVö
ëRâfÝ
æ@Û-!%à)æ.ù
Û�ß�á�çXç+ì�ã/ã�è3ê�àO)'ø%Û%ã;ìBè�ÞP�%í1æ�à)Ý%øFç�à)âQ�
ì à+ç"ß�á4 
à)ß�ì�ï
ÛEæcá/â
àAçQß.á, Dà�ß�ì+ïIà)ß�Û1â
ç+ì+ê�ß�ø%á�èZá�è#ß�ø
ì�â%ÛEß.á;Û1âIÛ%å�ÛEÝDì)æ�Û1â
è�Ruà�â%ï
á;âbì)Þ�!%à�æRù%ÛEß.á;çSçAì�ã/ã�èS)Wø%á�ç"øbï
Û=â%Û�ß5ø%à� 
ìSÛEÝDì)æ�Û
â%èQê
í
ì)â%ìAè�çAà)â
�%ì�ç+ÛEâ1ß�æ�Û%ã�ã�ì�ïdá;â
ï%á4 Dá�ï�Þ
à�ã�ã:ùdà+ã�ã�Û&)^á:â
íaà�âaì� 
ì)â*ß�ø%á:â
â%ì�æ�æ@ì�íEÞI'
ã�à�ß.á/Û
âVö@>-ø%ìJ)Wø%Û%ã/ìXâ%ì)ßT)^Û�æU!Fá�èC Dì"æRù�ïEù1â%à)ÜPá/çAê¤æ@ìAè�ÝDÛ�â
ï
á:â%í
ß�ÛBß�ø%ì ì)â� %á;æ@Û1â1Ü*ì"â1ßWà"â
ïBß�ø%ì ç+ì+ã/ãWV è�â
ì+ì+ï%èQê¤à"â
ïfè!ÛEÜ=ìdÝ
à)æRß�è
Û
å�ß�ø%ì�â
ì�ßW)cÛEæ9!Iç+à)âM�Dì*à+ç"ß.á4 
à)ß�ì�ïIá;â ÜSÞ1ß/Þ
à�ã�ã:ùIìK#
ç+ã;ÞDè@á, DìPÛEæ
á;â%ç+ã;Þ%èQá  Dì�)Zà�ù`ö�ë�å$)cìfã�Û%Û�!�à"ß^ß�ø
ì�ã/ì� Dì�ã�Û1å*à�è3á:â
í%ã;ì��Dá/ÛP'
ç)ø
ì"Ü*á�ç)à+ã�æ@ìAà�ç"ß�á�Û�âfá/âBß�ø%ìaâ%ì"ßT)ZÛEæU!%ê-á:ßRè^à+ç)ß�á, 
à"ß.á/Û1â�ï%ì"Ý
ì"â
ï%è
ÛEâeß�ø%ìbÝ
æ@ìAè!ì�â
çAì Û
å#ß�ø
ì=æ@ì+à�ç)ß�á/ÛEâ�è�ÞP�
è�ß�æ!à"ß�ìAè3ê�ß�ø%ì�æ�ì+åRÛ1æ�ìbï%ìX'
Ý%ì�â%ï
è*Û1âfß�ø%ìXÝ
æ�ìK 
á/Û1Þ
è=è�ß�ì"Ý�öuëRß'à+ã�è@ÛFï
ì)Ý
ì�â
ï
è*Û1â�)Wø
ì"ß�ø
ì"æ
ß�ø%ì8í%ì"â
ì8ç�Û%ï
á:â%í�å.Û1æ�ß�ø%ì8ì)âP+)ù1Ü*ìGá�è�à+ç"ß�á, 
à)ß�ì�ï
êbà)â%ï}Û
å
ç+Û1Þ1æ!è!ìY)'ø
à)ß#à+ç�ß�áN %à"ß.ìAè'ß�ø%ìdí
ì)â%ìAê�)'ø%á�ç)øeç+à"âA�
ìaÛEâ
ì=Û%å�ß�ø%ì
è�ÞP�Dè�ß�æ!à�ß�ì�è¤ÛEæ�è!Û1ÜPìcì�#1ß�ì�æ�â
à+ãvèHß.á;Ü^Þ
ã/áRö

Z [\
	]/�^�-�F_/�F��
"]/`a[\�	_��b�=�(�3���K��
��F���
2Gä�àQù1ì)è�á/àQâdâ1ìQß4)cÛAæ6! á;è'àZß�Û1ÛEãuå�Û�æ�æHì�Ý1æRì)è�ì"âAß/á:âEídà^ÝEæHÛ0�
à"�
á:ã:á ß:ù
å�Þ�â1ç3ß�á_ÛAâDövë�ß�á;è^ïEì"å�á â1ì)ïXÛ0 
ìQæZà=å�á_â1á ß�ì=ïEÛAÜ�à"á_âMc}ÛEåS 
à�æRá:à��
ã;ì)è@ê
ì)à"ç�ø�ÛEå	)\ø1á_ç"øXÜ�à�ùJ�
ìbïEá:è�ç�æRìQß�ì=Û�æ'ç)ÛAâAß�á_â�Þ1Û+Þ
è('\å�ÛAæZì"à�èHìdÛEå
ì�#�Ý
Û1è@á ß�á_ÛAâd)Wì�)Wá;ã_ã*æHì)èRß:æRá/ç3ßbàQß:ß�ìQâAß�á;Û+âLß�Û?ïEá;è@ç�æRì3ß�ìe 
àQæRá/à"�
ã;ì)è
)\ø
á:çQøXß�à"!1ìaàbå�á â1á ß�ìPâEÞ�Ü��%ì�æ'Û1åS 
à"ã_Þ1ì)èQö�2Nä\àQù1ì)è@á_à�âXâ1ìQßN)WÛ�æ6!
ç)ÛAâ
è�á;èRß�è\ÛEå�à õ 2Wégf�)Wø1ÛEè@ìZâ1ÛEïEì�è#àQæRìZß/ø1ì� 
àQæHá;à��1ã;ì)è#á_âihbRVà
ÝEæRÛ0�
à"�
á;ã:á ß_ù?èRÝ
ì)ç)á:å�á:ç"àQß�á:Û�â�j�)\ø1á;çQøLç)Û�âAß/à)á_â
èdß/ø1ì�ÝEæHÛ0�
à"�
á:ã:á ß:ù
ïEá;èHß:æHá4��ÞAß�á:ÛAâCk@B�h-l m nSo-pUl D^ÛEå'ì"à)çQøA 
à�æHá_à��
ã;ìih-l=qsrQt�u0v-w-x yHx,u&v-zK{
u0v|x y6}1~Pz��U�"v&yH}O�L�0���;x v����(z�v-w.z�vGzX}�}5���/~&y6x4u&vP�(t�zK{N{4�Xw%yN�-�
� �����X�&�C�X�7���P�N�,�,�0�P�P���-xNt"��}5yWz�y6�K}LyN�-z�y��Kz�t��$�Pz��Ux4z��P{,�Or ��� r*xN}
~���u0�Pz"�PxN{,xN}5yHx,t�zK{,{ �.x4v-w��"~P��v-w-�"v&yYu-��x y6}Ov�u&v- 5w��K}¡t���v-w0z"v0yH}��£¢S¤/� �
tKu&v-w�x yWx,u0v-z�{Iu&v¥x y5}F~Pz����"v&y6}¡�7�=�9x y,yH��v�r-�K¦�¢=¤¥�7§��£���¡� ¨
© �K�-ª7«"�-¬,¬ ­®� �-�,¯��,°±��¯K�4¯��%²£�¡­b¯�«"�4�-�.��¯X� ³	�&�¡�X�(u7�J�K��ª7«"�-¬C��¯K�,´
³	�0�U�7�Px,}@z=µ=z"�-�X}¡x,z"v¥v-�"y,�¶u&�6·(x4v��;�-x4t��¶yW�-�=¸&�9z"~��C�e�9��~��U�K}U��v&yH}
yN����t�z��P}Uz�{-���X{4z"yHx4u&vP}@z"�(u&v�¸-}�yPyT�-�£�Pz"�Ux,z"�P{N�K}±x4vMrP�X�¶x yN�¥z�v¥z"�6�Uu0 

�g�W�9u&�¹r���yHuer�º�xN�¥r-�IxN}�z$w0x,���Kt"y£t�z��P}¡�(u-�/r�ºS»5¼�½�¾¡¨b¿��-���U�Cz����
z"��¸&�0�C�"v&y6}	yWu*yT�-�$���6�5��t"y±yT�-z"yW��x,�Sz¥µ=z��-�X}¡x,z�vOv-��yN�¶u&�5·�xN}¶t�z��P}U 
z�{N{ �Mx v&yH�"�5~-����yH�KwYy,�P�"v�yT���¥À�z��5·-u7��tKu0v-w�x yHx,u0vO @v-u7�gt�zK{4{N�KwYyN�-�
���Pª7«��-¬ � �0���X�&�J�7�7�-�P�4�T�4�&�� /xN}YzO�PzK{4xTw\zX}¡}��0�/~0yHx,u&vÂÁ£� Ã ¯KÃ@yT�-z"y
z"v&�a�Pz���x,z��P{N�.xT}i~��9u7�Iz��PxN{4xN}9yTx,tKz�{T{ �Äx v-w���~P��v-w��"v&y1u���x yW}iv-u&v- 
���6�6�Kt�yH}¡�;t�u0v�w�x yWxNu7v-zK{�u0v3x yH}Ow�x �9�Kt�y(t�z��P}U�K}1»9¼�Å��	Æ-Ç0¾¡¨£¿��0�P}*x v
t�zX}U�X}S�	�-�"���Ct�z��P}UzK{Â�9�K{,z"yWxNu&vP}=z�����·0v-uX�;vP�-yT�-��¸0��z"~��-xNt�z�{�}5yT�6�-tK 
yT�&�9�1�Èx,viz�µ=z"�-�X}9xTz"vQv0��y4�;u0�6·it�z�vYÉ��P}5y	�P�*yHz�·-�"v�yWu��P�*yN�-�
t�z��P}UzK{�¸&�Uz"~��b¨L¿±��xN}��9�Kw&�-t��X}YyT���1~-�9u7�P{T�"�Êu��$t�u&vP}�yN���-t�yWx v�¸3z
µ	z��-�X}Ux,z"v�v-��y4�¶u7��·Gy6udyN�-z�yMu��Aw���yW���6�$x v-x v�¸|y,�-��~-��u0�Pz��Px,{,x y,�
}�~I�Kt�xT�Hx4tKz"yWxNu&v$Ë^��z"vPw(y,�-xW}SxN}Lv-u&���¥zK{N{ ��w�u&v-�¶���(y6z"·-x4v�¸(yT���/tXu&�� 
�9�K}9~-u&v-w-x4v0¸O}¡z"�/~P{,�(�T�9�KÌ&�-�"v-tXx4�X}	�T��u&�Äz�w�z"yWz��PzK}¡�¥u���~IzK}�y±t�zX}U�
w�z"yTzX�0u0�F�0�¥��{Nx,tKx yHx v-¸�w���¸&�9���X}�u��b�P�K{,x4�X�Â�W�9u&�d�"Í�~P���Hy6}"¨
Î v�yH�P�\t7z7}��\uP�¥�^�Xz0}�y(«��P�X�7ÏI�P����Ð±­F�7¯�«1�7¯7��¯&�&�4«X�,�P¯��$��y6zK�^uI 
{TxH}¡�®yH�I��vI��yT��u-�9·AuP�;zK�Uu-�$z�y6xTt*zX�$x,vIuJz&tXxTw�~bz�yH����zK�^}�y6zK·I�&}
yW�I���5u-�9�ÈuP�=z$t7zX�I}�zX{±¸-�¡z�~I��Ñ5Ò�x,¸-�-�¡�$Ób¨H¼XÔ�¨b¿��I�$wPx,���7t�y5xTu-v�uI�
t7z��b}�z�y6xHu0viÑ¡�,Ã,¯P¨�yW�I�1wPxN�U�7t�y5xWu�viuI�;yW�I�M�U�7z7t�y5xTu-vPÔ(xW}$�5�¡u-�ÕyT�^�
y6u-~Jy5u�yW�^�$�bu0yWy6u��Õu-�=yW�I�YwIxWzK¸-�¡z���¨Â¿@�I�$�U�&t�y6zXvP¸��^{Tz��;vPuIwP�&}
zK�¡���KvPÖX�-�C�&}(z�vPwMyH�I�OtXx,�¡tK�I{Wz��¶vIuIw-�&}(z��¡�C�Y��y5zK�IuI{Wx,y6�7}K¨Â¿��^�
�U�&w×t&xN�¡t��^{NzX�ÄvPuIwP�&}Øz��¡�ÕyW�I�ÙzX�¡u��$zKyHxTtÚz��Yx,vIuszXt7xHwP}È 
~I�P�Xv��I{Tz7{Wz�v^x4v^�iÑ9Û=ÇIÇ-ÇIÜPÝPÔU�	yH�-�UuI}�x,vI�\Ñ9Û=Ç-ÇIÇÂÞ&ÆIÔ�zKvIw�yW���-~-y6uI 
~I�PzXvßÑ9Û=Ç-ÇIÇIÜbÞ0Ô®���Pu^}����Pz&{N�I�7}Ø���ÊzK���Êx,v�y5�����7}¡yH�7wàx,v
~I�U�7wIxTt�y5xNvP¸Â¨	¿£�P�A�^z&{,�I�&}*yH�PzKy¥yH�I���^zK�¡xTzK�b{N�&}*y�zK·P�\zX���1y6�I�7x,�
t7u�v^tX�Kv-yW�¡z�yHxWu-vI}sÑ5�-�á�Yz7}�}�Ô�¨ÄÛSÇPÇPÇIÜPÝáxH}Ú~I�UuPw-�It&�Kwâ�-�
Û=ÇPÇF¼XãIã�z�v^w�Û=ÇIÇ-ÇPÆ^Å��PvIwP�K�M��vPÖK�-�$�QÆ�¨ ãÂ¨W¼�¨ ÜÂ¨S¿@�^���¡�QxH}�z
~^�K�¡xTuIw�uI����{T��Í%�b�X��u��¡�\�&z7t��%�¡�7zXtKy6xWu0v.}���yHy6{T�7}JwPu��;v3y5u%zKv
�7Ì��^xT{NxT�I�UxN�-�Úw-�-�¡xNv-¸\�;�^xWt��\yW�^�M�¡�Xz7tKyHxWu-veu-�6y6�KvQyHzK·I�0}(~b{TzXt&�
x,v��bu�yT�GwPxN�U�&t�y5xWu-vI}K¨�¿@�P�����exH}Jx,vI�K�Ix,y5z��b{N��ze}�xNvP¸-{W��u0�^����zX{H{
wPxN���Kt�y5xTu-v3y6u3yW�I���U�&zXt�y5xWu�v��Iu������^�X�¡�	�;�^xTtK�%xH}�w-�Ky5�K���$xTvP�7w



21

�U�7z7t�y5xWu-vA�Iu0�/�K�^�K�¡�����IxTtK��xW}¥wI��y5�K�9�$x,v^�Xw�z7�Wy5�X���7Ì-�PxW{TxN�-��xN�-�
xH}Y�¡�7zXtX�I�7wb¨L¿@u�t&u��(~^{T�Ky5�MyW�^�At7zK�^}�z7{�vI�KyT�/u��U·�z7{T{	yH�Iz�y��¡�X 
�Cz7xTvI};xW}	y5u�zXwIw*~P�¡u-�^zK�IxW{Tx,yW��}¡~^�7tXxW��xW����}"�Âx5¨ ��¨PyW�I�¥~P��u��^zK�^xT{Wx,yT�
wPxH}9y6�Ux,�I��y6xWu�vOu-�L�7zXtX�YvIuIwI��t7u-vIwPx,y6xNu-vIz&{Fu�v�x,y5}=wIx,�U�7tKy�t&z��b}��&}�¨
Î v��������¥�=yH�P���Y�KyHzK�bu-{WxWtA~^zKyW���/z��b}*����~P���7}���v�y$z7{N{�·-vIu��¶v
~IzKyW���¥z"�b}$x4v\zO¸Px4�^�Kv\u��U¸PzKvIxH}U�*¨��¥u��/���I�K�����;�^��vb�@xNvQ}�u-�$�
t7z&}��7�S�Kv-ÖX�-�Y�X}*tXu��I{WwQvPu�y¶�^�J{TuItXzKy6�Xw^�LzJ}�xN�¥~b{W�MwP�7w��^t�y6x,�^�
���I{H�C�/z&}¶�I}��7wMy5uM�PvPt7u0�b���¶zX{Ny6�K��v^z�y5x,�b�C�¡�Xz&t�y6xTuPvM~IzKyW�^}/�6�Uu-�
zKvdx4v^x,y5xNz7{$}U�P�^}UyH�¡z�y6�izXvIw�zi�9xNvIz7{�~P�UuIw-�ItKyO»¡¼P¼K¾"¨	�¥u&�¥���^�X�¡�
�/u&y5u�wP�0}¡tX�¡xN�^�&}JwPxW�5��xWtX�P{,y6xT�&}JxNv�~bzKyH��tXu-�(~I��y6z�y5xWu�v��6�¡u��sz
¸Px,�^�Kv1{WxW}9y=u-���KvIÖ������&}¶ SyW�^���¡��}Uy6xW{T{£�KÍIxW}9y5}¥zCv-���$�b���¶uP�S�-vI 
·-vIu��;vO~^zKyT�-�¥z��I}¶��u���}��7tXu-vIwIz����*�$��y5zK�bu-{WxW}¡�$};zXvIw��C�Ky6z��buP 
{WxH}U�Y}@yW�IzKy�zK�����U�K�^�7z7{N�&w(�-v^wP�K�S}9yH�U�&}�}��5�P{FtXu-vIwIx4y6xHu0v^}�¨


 �
�������	���������������! #"$ �%& ���'
(�)�*,+.-0/21430-�+6587:9;30<;+>=>/?7:@�14-�A�/4B�+$A�CD7.E�B83GF�7#H$7.I�+6)J147:-�-�+:/LKM3�CN@
/?3O9;+8/4B�+QPR7.S;)D7>TUA�CV7:EGBWP67:-X)Y1 *8E;TL14FLIO/ZB�+8E�CV309;T4+.*[3GF�-�+:/LKM3�CN@
P630-;)\/LC\S�P./Z143�-^]6_�3�K�+&<;+RC�/ZB�+.C\+`1Z)a7	E;30/?+:-0/2147RT;5G1ZF2F21LP.S�T /4I�KM1 /ZBM/ZB�1L)
)\/?CV7&/?+RA�Icb^/4B�+
P67.S�)Y76T�de7.C\@�3�<fPR30-�5�1 /?1L30-;=cK`B�1gPRBW1Z)$CV+Rh0S�1gCD+65O/?3
B�3GTg5O14Fi/ZB�+�P67:S;)Y76T^-�+:/4K�3�CN@
1Z)�/Z3jP63�1 -�P6145G+$K�1 /ZBkEGB�I;)D14PR7>TlEGCV3�9;m
7.9;14TL1 /LIon\F?CV+Rh�S�+.-�P:I;=kEGCD30E;+.-;)Y1 /LI;=jP.B�7.-�P6+.pD=k*k7:Iq14-rFN7RP:/XF2761gTN]
s B�+:CD+f7.CD+f7t-�S�*,9;+:C
3GF�K�7:I;)
1g-uK$B�14P.Bu/LB�+fPR7.S;)Y7RT!de7.C\@�3�<
P630-�5G1 /?143�-Q*k7&IOFN7R14TavDw>x>yJb�w�]�z�7.S;)D76Ti1 -�FN3�C\*,7:/21g3�-Q*k7:Ij9;+`*k1L)J)Ym
1g-�A^b`){30*,+|PR7.S;)Y76TMCD+RTL7&/N1g30-;)VB�1gE})~7:*k30-GA�)V/8/4B�+f<;7.CD1g7.9;TL+6)O*,7:I
)Y14*�E;T I~-�3�/�9;+,@�-�30K`-l�U)Y30*,+jPR3G*�*Q30-tPR7.S;){+6)M3GF�<;7.CV147.9;T4+6)M1 -
� *,7:IW9;+
30*k1 /4/?+65tFZCY3�* � ]^�l]^�cCD309;7.9�1LTg1g/gIf)VE;+6P614FN14+.CV)�*k7&IW9;+
E�3�30CQ+>)\/21 *k7:/2+6)
3GF�EGB�I;)D1LPR76T$EGCV309}7:9;14T41 /?14+�):b�1LF8)VE;+>PR14F\1g+.CY),K�+.CV+
5G+:/?+.C\*k1 -�+R5tFNCV30*�7O5�7:/27:9}76)Y+
3GF�E;7>)\/#P67>)Y+j5G7:/27k/4B�+.CY+,*k7&I~9;+
/?3�3�T41 /4/?T4+~5�7:/27Q/?3f5�+&/2+.CN*k1g-�+j/LB�+jCD+6h0S�1gCV+65XEGCV3�9;7:9;1LTg1g/Z1L+>)�76P6P.S�m
C\7:/2+6T I�=�3�C	/LBG+O5�7&/?7:9}7>)D+Q*,7RI~CD+.EGCV+>)Y+:-�/#7k9}1476)Y+65X){7.*�E}T4+QF?CD30*
/LBG+`E;30E�S�TZ7&/?1L3�-j7:/iTg7RC\AG+0��14F�)DE;+RP614FN14+.CD)a9;+M+6T414P61 /2+R5QFZCY3�*�+.��E}+:C2/N){=
/LBG+e+:��E;+.C\/?)R��5�+.A0CV+6+>)�3�Fk9;+6T41g+>F�*k7:I�E;3G30CDT IuCV+>FNTg+>P&/ME�B0I�){1LPR76T
EGCV3�9;7:9;1LT41 /Z1L+>)&]��l]��cCV3�9;7.9;1LT41L)\/?1LP�5�+.E;+.-�5�+:-�P61g+>)�K$B�14PRBQPR3G-0/4CV7>5G14P./
/LBG+QP67:S;){76T�de7.CV@�3�<~PR3G-�5�1 /2143�-�*k7:I
9;+,1g-�50SGP6+65
9�IO-�3�-�m\P67:S;)Y76T
C\+6TL7:/?1L3�-;)YB�1gE})�76*,3�-GA�)\/�/4B�+�<;7.CD1g7.9;TL+6).bj<;7.CV147.9;TL+6)�*Q7&I�B�7&<;+
30<;+:CDTL7:E�E}1g-GAf*,+67:-�1g-GA�=U/ZB�+&If*k7&I�9;+�TZ3�AG14P67RT4T Ie30C�*k7:/LB�+.*Q7&/Z1Zm
P67RTZT I�CV+RT47:/2+65�=!/LBG+:I�*Q7:I�9�+�CV+>Tg7:/?+65�9�I�-�30-�mNPR7.S;)Y7RTME�B0I�){1LPR76T
TL7:K�)Q30C�9�I�E�CV309;TL+.*�PR30-;)V/LCY7R1 -0/2)J=�30CM/LB�+:I�*,7:If9;+W)VS�9&�&+6P:/	/?3
76PRP61L5�+.-0/276T�PR3GC\CD+RTg7:/2143�-;)&]^(MT /LB�30S�A�B~/ZB�+jP67:S;)Y76T�de7:C\@�30<fPR30-�5�1Zm
/?1430-f*Q7&IeFN7>1gTL=a1 /!CV+.*k7R1g-;)87
A�3�3G5f5G+6F27.S�T /$7>){)VSG*�E�/N1g30-;=a1 -t/LB�+
FN3GTLTg30KM1g-GAu)Y+:-;)Y+�]U�VF`7:-|7.AG+.-0/D�Z)89;76P:@GA0CD3�S�-�5f@�-�30K�Tg+>5�AG+�P>30-�m
)Y1Z)V/?),�&SG)D/O3GF
/LB�+u/4K�3�PR3�*�E}30-�+.-�/2)�3GF~7�P67.S;)Y7RTk-�+&/LK�30C\@;=�7
P67:S;)Y7>T�A0CD7.EGB�7.-�5W/LB�+O76){){3�PR147&/2+R5WEGCY3�9;7.9}14TL1 /LIf)DE;+6PR1LFN1g+RCD)Y=i/LB�+.-
/LBG+�7RAG+.-�/V�?)�E;+:CD){30-�76TQEGCD309;7.9}1gTL1 /Z1Z+6)|n2B�+.CX5�+.A0CD+6+6)e3GF�9;+RTL14+6F2p
3�SGA0B0/U/?3~)Y7&/N14)YFLI�/4B�+,P67:S;)Y76T�de7RCN@�3�<~P>30-�5G1 /21g3�-fv4���;=}�iw.y{] s B�S;)
/LBG+|PR7.S;){76TM-�+&/LK�30C\@�1Z)j/ZBG+�9;+6)\/8*k3�5G+RT�7:<;7R1LT47:9}T4+�AG1 <�+.-W�JS;)V/
P67:S;)Y7>T!@�-G3�K�Tg+65�AG+f7:-;5e@�-�30KMT4+R5�A�+X3�F`/LB�+tPR3�-�5�1 /?1L30-�76T	EGCV3�9;m
7.9;14TL1 /LIu5�1Z)V/4CY1 9GS0/?1430-|3�F�+67RPRBf<�7.CD1g7.9}T4+WP630-�5�1g/Z1L30-�7RT!3�-|1 /?),E;7.CDm
+.-0/?)R]
s B�14)[)DSGA�A0+�)V/?)�7�� �`���2�&�L�6�l���`�>�4���0�;�G L�R�R¡¢F23�Co+.*�E;TL3�I�1 -GA
H!7:I�+>)D1L7:-t-�+:/LKM30CN@;)Rb�£�/27.AG+O¤$-�+�biz#30-;)\/ZCNS�P./#7OP67.S;)Y7RT�-�+:/LKM3�CN@
F?CY30*�P67.S;)Y7RT}@�-�3�K�TL+R5GA0+�7.-�5kP630C\CV+6)YE;3�-�5G14-�A,EGCD309;7:9}14Tg1g/gIQ)DE;+RPR1Zm
FN1L+:CD):] s B�1L),14)k7
AG3G3�5f5G+RF\7.S�T /	*k3G5�+RT2]a£�/27RAG+ s KM3lbi�VF�/LB;+j-G+:/2m
KM30CV@QFN7614TL)�/Z3,E;+.CDFN30C\*�K�+6T4T^nZ/ZB�1L)�14)�1 -�5�14PR7:/?1 <;+M3GF�F27R1LT SGCV+`3�Fc/LB�+
P67:S;)Y7>T}de7.C\@�3�<
P630-�5G1 /?143�-GpV=�*,3G5�14FZIk/4B�+`-�+:/4K�3�CV@j)D38/LB�7./c1 /c9�+:/2m
/?+.CU7:E�E�CV30��1 *Q7&/2+6)UE�B0I�){14PR76T�EGCV3�9;7.9;14T41 /gI^]

¥ ¦ �^��§| !¨�©r�� �"`ª&«�ª&¬U���0ª& #­
�DF�7�H`76I}+�)&1?7.-e-}+R/2K�3GCD@u1Z),/N3�9^+
*j3;5}1ZF\12+�5X/23f9^+./?/N+RC�C{+6E;C{+�m
)&+6-�/®E}BGI})&1?P>7�T�E�C{3G9l7>9l1ZT?1g/?Il=�3�-}+�P�76-¯+>1L/?B}+6CoP6B}7>-;A;+°14/\)
A�CD7>E}B}1ZP>70T$)Y/2CVS}P6/ZS;C{+�=#3�Ck1g/V)kE;C{3�9}7>9}1?TZ14/?I�)YE^+>P01ZF\1Z+>CJ)j3GC,9}3G/2Bc]
z#B}7R-}A;14-;A�E�C{3�9^7>9}1?T?1g/?IW)YE}+�P�1?FV1Z+6CJ)#/N3
9l+6/Z/\+RC	76E}E}CY3��;1L*j7R/\+�/ZBl+
P�3GCDC{+0)YEl3�-}5;1L-}A�E}BGI^){1?P�7>TaE�C{3G9l7>9l1ZT?14/N1?+�)�1?)�7j)D/N76/\1?)D/N1?P07>TiE}C{3G9^m
TZ+6*~]}±�+k){B;7�T?Ti70).)YSG*
+8B;+>CY+�/NB}7./U/?Bl12)#E}CY3�9^TL+6*[1Z)`):3�T4<l7R9lT?+km
1\] +G]�7�*j+�P6B}76-l1?)Y*²12)e7R<l7>1?TZ7>9lTZ+�F\3�CX5;+6/N+RCY*j1L-}14-;A®E;B�I}):1LP�70T
E}CY3G9^769l1?TZ14/N1Z+0)~m
7R-;5�FV3;P>Sl)~3�S�C
7R/Z/\+6-G/N1?3�-�3�-�/?B}+�AGC{76E;Bl1LP�70T
E}CY3G9^T?+R*~] s K�3QC{3GS�/\+>)!7RC{+�7R<l7�12TL769^TZ+�FD3GC�P>B}76-;A�1Z-;A,/?Bl+�AGC{7RE}B
14-u7OHM7.I}+0)&1L7>-f-}+R/ZK,3�CV@ib�3G-l+�P�76-eP6Bl7R-}A�+O/2B;+�-}3}5�+0),1L-f/ZBl+
A�CD7>E}B�nV705;5}=	5;+�TZ+R/V+t3�CQP�3G*Q9l14-l+W-}3}5�+0)&p,3�CkPRBl76-}A�+~/?B}+t76C{m
CY3�K8)e14-�/?Bl+�AGC{7RE;B�nD7�5;5l=85}+�TL+6/\+�3GCtCY+�mV3�CY1Z+6-G/�76CVCJ3GK8){pt3�C
9l3G/?B�]l±�+j){B}7�TLT�E�C{+�){+>-�/�7>-W+6�}76*QElTZ+Q3�F#+07>P6Bt)D/2C{7R/N+>A�Iib^7�5;5}m
14-;A
7>CDCY3�K,)	7>-�5O7�5�5}1L-�AjB}1Z5}5;+6-j-}3�5}+0).]

¥�³:´ µ "$"`ª:­$� µ ¨i¨l a§u¶
s B}+,7�5}5�1L-}A;mV7RCDC{3�K,)`7RE}E�CJ3;7>P6B~12)!P�3�-}P�+6E;/?S}7�TLT4Ij<^+RCVI~){1L*QE}T?+�]
�DF!3�-;+j7>5}5;)�76-t76CDCY3GKoFNC{3G* �}· /N3 �>¸ 14-W7,H`7RI}+0)J1?7>-O-l+./ZK83GCD@
nV7>-}5ePRBl7R-}A;+
/?Bl+OP�3GCDC{+0)YE^3G-l5;14-}AtE;C{3�9l769}1?TZ14/?Ie){El+�P>1ZFV12+RCJ)87�P�m
P�3GC{5}14-;A;TgI;p!/2B}+6-O/?B}+k-l+.Kq-l+./?K�3GCD@~K�1ZT2Ti9^+k-}3OK83GCJ)&+k7>-t7RE^m
E}CY3G�l14*j76/\1L3�-j/N3�E�BGI^){12P�7>T�E}CY3�9l769^1ZTL1L/ZIj/2B;7>-
/?Bl+,3}TL5j-}+6/LK,3�CD@l=
76-}5fK�12TLT�9^+W7WP>T?3l){+>C�76E}E;CY3��}1L*j7R/N1?3�-e1ZF`76-}5e3�-}TgIe1?F �}· 7.-l5
� ¸ 7>C{+¹E}CY3�9}769^1LT21?)Y/\1ZP>70TZT Iº5}+>El+R-}5}+R-�/�P�3G-}5;14/N1?3G-l7>T�3�-»/ZBl+
3G/?B}+6Ct5}14CJ+�PR/OP�76Sl)J+�)f3;F � ¸ v{w�x�y&]�£l3�7�)J14*QE}T?+�)D/2C{7R/N+>A�I�FV3�C
P6B}76-;A}14-;At7Q-}+R/ZK83�CD@�/N3W9l+R/Z/\+>C`76E;E}C{3G�l1g*j76/2+kE}BGI})&1?P07>TiE}C{3G9^m
769l1ZT?14/ZIf12)`/N3X7>5}5X7>CVCJ30Kk)�P�3GCDC{+�){E^3G-l5;14-;A�/N3tP�3�-}5;14/\1Z3G-l7>T�5;+�m
El+6-l5;+6-;P�12+�)R]	�YFO7./Q+�7�PRB�)Y/N76A}+u3G-;+|705;5})�/?B}+|7>CDC{3�K¼P�3�CVC{+�m
){El3�-}5}14-;A�/N3®)Y/?CY3�-;A}+�)Y/QP03�-}5}1 /N1?3�-;70T,5;+6El+6-l5;+6-}P�+e/?B}+>-®3�-l+
7�PRBl1Z+R<^+�)8/2B;+tP�TZ3})&+�)Y/`76E;E}C{3G�l1g*
7R/\1Z3�-|7R/`+�7>P>Be)Y/\7�A�+G]id�3GC{+�m
3G<}+>C�/2B;12)$)&1L*kE^TZ+8A�CD+0+�5�I�70TZA;3GCJ1 /?B;*¹FV14-}5l)#-}+6/?K83GCD@})	/2B;7R/a76C{+
P�TZ3})&+M/N3,/2B;+�A}TL3�9^7>Tl9^+0)D/�7RE}E;C{3��;1L*j7R/N1?3�-Xv{w�xG=g�Uw0= �}�}y&]

¥�³D½ �a'$¾®¾�����¨^ª&¬�¿�ª."$"`�i­ ¦  a"M���������$ �"
s B}+eBl125�5;+6-®-}3}5;+u7>E}E;C{3;7�P6B�K�70)t3;CY1?A�1L-}7�TZTgI�E}C{3GE^3})J+05�9�I
��+>7>C{T#7.-}5XÀk+6CV*j7tvJw>��y&]�±�B}+>-;+R<l+6C$/ZK83W-}3}5}+�)!Á�Â»Ã�K�14/?B
-}3®7RCDC{3GKÄ9l+R/?K8+�+6-�/2B;+>*Å7RC{+eE;C{3G9^769l1?TZ12)D/N1ZP�7�T?T4I�5}+6E}+>-;5}+6-�/
P�3G-l5;1g/N1?3G-}7�Tj3G-�7�P>3�*Q*Q3�-®E^7RC{+>-G/�ÆºnY7u<l1?3�T?76/N1Z3G-�3;F
/ZBl+
P�7RS^)J7�T~d�7RCD@l3�<[P>3�-}5}1g/\1Z3�-;p{=Q/ZBl+6-�7qÇLB}1?5;5;+>-q-l3;5;+��
ÈÉ1?)
7�5;5}+�5X7�)87Q-}+6KoE^7RC{+>-�/!3;FaÁ�7>-}5fÃ	=�K81g/?BW/2B;+
76CDCY3GK,)�F2C{3�*
ÆÊ/N3®Á¼7>-;5qÃÄCD+05}1gC{+�PR/\+�5®/2BGCJ3�S}AGB®È~] s Bl+R-�E}CJ3�9^7R9^1ZT?1g/ZI
){El+�P01LFD1Z+>CY)`FD3GC�Èj=}Á�7>-;5WÃ�K81LT?Ti9^+,T?+076CV-l+>5�FNCY3�*¹5}7R/N7�Sl)&14-;A
/?B}+�)YI�*k*O+./?C{1?P�E;C{3�El7>A;7R/N1Z3�-q7>TLA}3GC{14/2B�*ËP�7�TZTZ+05�Ì.¡i�����0�ZÍ.ÎLÏ
È
ÎL�;���0ÐeÑk�G�;�WÒu�>�Z�^����n{£;_MÓkd|ptv{w6y&]	�V-�-l+RSGCJ7�T�P>+0TZTM*Q3�C{m
E}B;3}T?3�AGIl=f£�_`ÓkdÔ14*kE}CY3G<l+�5�/?B}+�E}C{+>5}1ZPR/\1Z3�-�76P�P6S;CD70PRI[14-
HM7RI;+0):1L76-X-l+R/ZK83GCD@l)�SGEf/\3tÕ;�;Ö¼nDFNC{3G*»×�Ø�ÖÄ/N3�xGÕ;ÖWp,v?�}=L��y&]
z!3G*QEl76C{7R/N1g<l+�76-}7�TgIl)&1?)u3;-o3G/?Bl+RCe*j7>P>B}14-}+�TZ+�76CD-}14-;A�/N+0PRBlm
-}1Zh�S}+0)u7�T?)J3o)YB}3GK8+>5�/?Bl+®)D/?C{+6-;A�/?Bo3}Fe£;_`Ó,d�] s B}+0)J+®1g-lm
P�T4S}5}+>5�-l+RS;CY7�T�-l+./?K83�CY@})X7R-;5�z!Õc] ×^] s B;+�-}+6S�C{7>T�-;+R/?K�3;CV@l)
B}7�5�3G-l+tB;1?5}5�+>-�T?76I;+RCOnNK�1L/?B�S;Eu/N3�×eB}1?5;5}+R-u-}3;5}+�)Jp&] s Bl+
-;S�*k9l+6CX3;F~T?+>76CD-}1Z-�A�P.I}P�T?+�)tK,7�)�14-�/?B}+�C{7R-}A;+�wR�l=4�;�;��/N3
×;�;�l=g�}�}�}=WP�3�*QE}7>C{+05o/N3�x��}�[P.IlP>T?+0)�F\3�C�TZ+�76CV-l1Z-�A�-}+>S�CY70T
-}+R/ZK,3GCD@^)�76-l5WH`7RI}+0)J1Z7>-t-;+./?K83�CV@^)J=iC{+0)YE^+�PR/N1g<l+�T4Ic] s B}+Oz#Õc] ×
K8+014A�BG/\)8K8+RCJ+t){+6/`1L-�/ZBl+�CY76-;A}+~�f/N3eÕi]U�\/M){B}3GK�+�5f/2B}7R/	/ZBl+
z	Õc] ×�*j+R/?Bl3;5eA}7R<^+W7~P�3�*kEl76C{769lTZ+�E^+6CYFV3GCD*O7R-}P>+~/N3f/?B}+�-}7�m
1g<l+jH`7RI}+0)J1?7R-~-}+6/ZK83�CD@}=c9;S�/�-}+6S;CY7�TU-;+6/?K83GCD@l)!K8+>CD+jP�3G-^)J1Z5}m
+6C{7R9^TgItK�3�CJ)J+
1L-W/2B}1?)8P>70):+�] s B}1?)MEl76E^+6CM7�TZ):3X5;+./\701ZT?)�B}3�Kq/N3
)YIl)Y/\+6*j7./N1?P�7>T2TgI�1?5}+R-�/N1?F2I�/ZBl+�ElTZ7�P�+f/N3�7>5}5�7fB}1?5;5;+R-�-;3}5;+�=



22

S})&14-;A�7kP>3;-�5}1L/N1L3�-}7�T�5�+6El+>-;5}+>-}PRI
*j+�7�){S�C{+�/\3k/N+0)Y/�FV3�Ca<}1?3}T?7>m
/N1?3G-^)#3;F�/NBl+`du76CD@}3G<�P>3�-}5;14/21?3�-c]

¥�³�� µ��  �¾��$ª.­!�U" µ���� ¨^ ���¬U�
�N-k/4B;1L)�E;7.E;+.C�KM+�765�<;3GP67:/Z+�7�PR30*,9;1 -�7&/2143�-Q3GFi/LB�+>)Y+`/4KM3
)\/LCD7&/2+6m
A�1g+6)!FN30Ca-�+./gKM30CV@j*,3G5G1LFN14P67&/?1L30-^]0(�PRP630CD5G1 -GA,/23k/4B�+�E�CY1 -�PR1gE;TL+�3GF
/LBG+|PR30*k*,3�-�PR7.S;)Y+|7XE�C\3G9;7:9;1LTg1Z)\/?1LP�5�+:E�+.-�5G+.-�P:I�K`BG1LP.Bu<;1L3Gm
TL7:/?+6)	/LB�+QPR7.S;){7RTUde7:C\@�3�<WP>30-�5G1 /?143G-~1 -�5�14PR7:/2+6)!/LBG7:/�+61 /LB�+.C!7,5�1Zm
C\+6P./�PR7RS;)Y7RT�CV+RTZ7&/?1430-j9;+:/LKM+6+.-j/LB�+85�+:E;+.-�5G+.-�/c-�3G5�+6)J=}3�C�78PR3�*km
*,30-®P67.S;)Y+�3GFk/?B�+�/LKM3�-�3G5G+�)Y=�1Z)W*,1L)J)Y1 -GA�FZCD30*¯/?B�+|P67:S;)Y76T
A�CV7:E�BevYw6x�yJ] s B�S;)!/?3WA0+R-�+:CD7./Z+j7jPR7.S�){76TU-�+&/LK�30CN@O/LB�7:/�)Y7./?1L)YFN1L+6)
/LBG+�P67:S;)Y7RTade7:CV@G30<fP630-�5�1 /?1g3�-WK�+j-�+R+65~/LB�+
FNT4+.��1 9;1ZTg1 /4I~/Z3t7>5G5
+61 /LB�+:C�7$-�+&K®7.CNCD3�K®3�C�7`-�+:K®PR30*8*k3�-kP67:S;){+Mn\7!B�1L5G5G+:-Q-�3G5�+.p&]
s B�+O-�+:K�A�CD7:EGB|PR7.-f9}+j/ZCV+67:/2+R5e76),7j-�+:K[P67:S�){7>T�B0I�E;30/LB�+6)Y1Z){=
7.-�5|PR7.-�*,3�/N1 <;7:/?+~P6T43�)Y+.C8){P:C\S�/?1 -�IX/23X<;+:CV1LFZIX/LB�+
-;+&K[E�3�){1 /?+65
P67:S;)Y7>T;PR3�-�-�+6P&/?1L3�-;)	vL����yJ]
�V-�5}+�P�1Z5;1L-;A®K�B;+6/?B}+6C~/\3�7>5}5�7R-�76CDC{3�K 3�Ct7�5}5�7�B;125}5�+6-
-;3}5;+�/N3f*j3}5}1LFNIu7O-l+./?K�3GCD@^=�/?Bl+RC{+W7RC{+O/2K�3f@l+RI|P�3�-})&1Z5;+>C{7>m
/N1?3G-^)�/N3X/276@}+~1Z-G/N3�7�P�P�3GS�-�/Y]
	�1gCJ){/#/?B}+O-}+RK¹-l+./?K�3GCD@u)YBl3GSlTL5
9}+8ElTZ7>S})&1L9lT?+�K�B}+R-WP>3�-l)Y/2CVSl+>5�7�)$7�B�I�El3G/?B}+0)J1?)`769^3�S�/�P�7>Sl)J7�T
CY+�T?7R/N1Z3�-l)R] s B;Sl)e1ZF~14/~1?)�14*kE^T?7RSl)&149^TZ+u/?B}7R/j/?K�3�5}+REl+6-}5;+>-G/
<}7>C{1?7.9^T?+0)M7>C{+k5}14CJ+>P6/NTgItP�7RS^)J7�T?T4I�C{+>T?76/N+>5l=i3G-l+k3�S;A�BG/a-}3G/�7�5�5
76-W7RCDCJ3�K�9^+R/ZK8+0+R-O/2B;+>*�m	3�-}+k3GS}AGB�/�/N3~7>5}5O7,B}1Z5}5;+6-O-}3;5;+
nD1Z-G/N+RCDE}C{+./\+�5X7�),7
P�3G*Q*Q3�-fP�76S^){+�p	/\3X7�P�P�3GS�-G/	F\3�C	/2B;+�1ZC`5}+>m
E}+>-}5}+6-;P.Ii]#£l+6P03�-}5}=�nY¤�P0P�7R*�� )kC{7�
03�CDp83�-}+W3�S;A�BG/	/N3�E;S;C{){S}+
/?B}+u3�E�/N123G-�/2B;7R/V=�3G/?B}+6C
/NB;1L-}A;)�9^+>1L-�A�+�hGSl7>T2=M1L-}P6C{+>70)&+�)�/?B}+
P�3�*kElTZ+>�}14/ZIo3�F~/2Bl+�-l+./?K83�CV@qTZ+07�)Y/Y] s B;+�P�3�*kElT?+R�l1g/?Ir3;Ft7
-;+6/ZK83�CD@�P076-�9^+�*
+>70)YS�CJ+>5�1Z-r/\+6CY*j)�3;FX/2B}+®-;S�*k9l+6C�3;F
E�C{3�9l7>9l1ZTZ14/?I�)YEl+0P�1LFV1Z+6C&)XCY+�h�S;1LC{+�5�1L-�/?B}+�-;+6/ZK�3�CD@�]$�V-®*j3l)D/
)J14/2Sl7./N1Z3�-l)!7�5;5}14-;AO7>-O7RCDC{3GK®K81LT?Ti1L-}P>CY+�70)J+�P03�*,E^TZ+6�l1 /?IOTZ+>7�)D/V=
9�S;/a1L-~P07�)&+�)	K�B}+6C{+�/?K83�3;C#*Q3�CJ+8-}3�5}+�)`){B}76C{+k7,T27RCYA}+�-�S;*Qm
9}+>C,3}F`El76C{+6-�/V)J=�7>5}5}1g-}Ae7�Bl1L5}5}+R-e-}3}5�+tP�7R-u+.<^+R-u5}+>P>CY+�70)J+
P�3�*kElTZ+>�}14/ZI�]

� �������������������! #"$�&%(')�+*,�$-.'��/�!01�!����*32
¤`S/4�*Q+&/ZBG3G5�3GTg3GA�I|FN354�-�+&/LK�3/4\@f*,3G5�14FN14P67&/21430-fB�76)M/LK�3X3G9{�:+6P6m
/?1 <;+>):b6	c174D)V/ZTgI�=�/23u)Y1 A0-�1LFN1gP>7:-0/?T I|1g*�E84Y3><;+O/ZB�+�E84V+>5G1gP:/21g3G-e76P6P.S�m4\76P.It3GF#/4B�+
PR7.S;){76TU-�+:/4K�3/4\@^]�£�+RPR3�-�5GT I;=�/Z3X)DSGA0A�+6)V/�-�+:K PR3�*km
*,30-tP>7:S�)J+6)MnNP.B�+:*Q14P676T)4D+R7>P&/Z1Z3�-;)Dp$7:-�5tPR7.S;)Y76T)4D+6Tg7:/21g3�-;)$n94V+676P6m
/?1430-XE;7./4B0K�7.IG)89;+&/LK`+6+.-|)VS�9;)V/:4\7:/2+>)�7R-�5tE84D3G50S�P:/2)Dp�1 -t/ZB�+
-G+:/2m
KM3/4V@l]�¤$S;4U76TgAG3;4V1 /LBG*�1L)�7�)�F23GTZTg30K�)
w�]
	�3�4�+�7>P6BXE}7�1:4M3;F#<l7�4{1?7R9lT?+0)�nD){S�9c)Y/<4Y7R/N+0)M7>-}5~E=4Y3;5�S}P6/\){p#Á
76-l5�Ã 1L-|/ZBl+W-}+6/ZK8384D@}=	P>B}+�P6@|/ZBl+�1748E=4Y3G9^7>9}1?TZ12)D/N1?Pt5;+6E^+R-l5;m
+6-lP>+|P�3G-l5�14/N1?3G-l7>T�3�-u/2B}+XE^7�4Y+>-G/\),Æ�3;FQÃ!=	<}1?7t/2Bl+X*kSG/?Sl7�T
1L-}FD3;4Y*j7R/N1Z3�-OF\3�4D*kSlTL7

>?@ABCDEGFIH
∑ JK

LMNOPRQST UVWXYZUVW[YZ UVWX\[YZ]:^`_UVWX\[YZ
a3bdcfe�g:h8ikj�iml�j�imlkn/o#prq�skhut8ikv`ikn�t8ikn�sIwxi�p�gxh�i�nyg7h�izs�l�q`p�l�{| lkj~}��5��sI�8n�t8w g<w7�/n�h�l�p�e~l�w�{7i�t,b���h��8��p�i�g:h�i���lk��w ��lI{�t8i�v`iIn�t8�ikn�s�o�l�n�t��8ikn�i�jrl�g<i�g7���dn�i��zsIlIq8p�l�{�h;o;v`�5gxh�i�p�i�pk�
�/n�i��;o�l�t�t8�w�n;��l�h�w�t�t�i�n�n��8t8i1lIn�t�g:h�i��/g7h�ikj��;o�l�t8t�w n8��l�ndl�jfjf�/��e<jr�/���g�����b�,b��6h�imsI�;j9j�i�pfv`�5n�t8w�n8�yv8jr�/�`lk�=w�{xw g7o pfv`iIs�w7e9wxi�jrp¡n�i�iItyg��y�`i{xi�lkj9n�iIt3b�c~n�gxh�i�s�l�p�i¢��e3gxh�i+����t8iI{8��w g:h�lIt�t8i�t�lIj9j����£g�h�i�p�i¢sIlkn��idi�¤/q�l�g:i�t���w gxh�gxh�i�s��;j9j�i�pfv`�5n�t�w�n8��e:jriI¤;q�i�n�s�w�i�p�w n�g7h�idt8l�g<l��

�`l�p�i/b¥c<n�g:h�i�sIl�pri¦�8e�g:h�i����8t8iI{���w gxh�h�w7t8t8ikn�n��8t8i5§
iI��iIskq/g:i¦l{xiIlkj~n�w n8��v8j��;s�i�p�p�w�n�gxh�l�g,v`l�j<g<w7skq�{7l�j6{��8s�lI{=pfgxjfq�s�gxq;jri1¨f©Iª�b«,b��)j9o�g��¬e9w�n;t�g:h�i�jriIe<ikj�i�n/g!��e¢ldh8wxt8t8ikn¬n��;t8i�­ l�p�e~�;{7{x�5�1p�b® ik�8ikn�ikjfl�g�i�l1t�l�g:l�p¯i�g�e~�5j6­°jfi�{�i��`l�n;g�g:�¦gxh�i��;jfw7�8w n�l�{
t;l�g�l�p�i�gfb± p�w�n8�dl�v�l�gxg�i�j~n���lkg:s�h�w7n;�¦g�i�skh;n�w�¤;q�i�p���w g:h�sI�;j9jriI{xl�g:wx�/n�sIl�{�skq��{xl�g�w7�/n`§�gxj<oGg��£{��8s�l�g:i�l���lkj�w�lI�`{�id�1w g7hGq;n;};n��/�¢nGe<q8n8s�g<w7�/n�l�{7w g7og:h8l�g3p�s��/j�i�p�g:h;i+h�w��/h�i�pfg=��lkj~}3b² b8�)j~o�g����`ikjfw7e:o¦l¢n�i���lkj9jf�;�¡�;o�skh�i�sk}�w n���g7h`l�g�w g�sI�;j~jfi�prv`�/n�t�pg<��v�jf�/�`lI��w7{xw gxo�jflIw�prw�n8�d�8e�g7h�i�iIe~e<i�s�g³�;o�g7h�i�s�lkq`p�i�§
sI�;n�t8w g<w7�/n�l�{�/n�g:h�i�i�e9e<iIs�g9p��5g�h8i�j�t�w j�iIs�g)s�l�q`p�i�pkb8cfe�p���§3skh�iIsI}�g:h�l�g�w n/g<ikj<�`ikn��w�n;�1g:��e9w �1gxh�i��`l�{ q�i��8e3g:h�i+s�lkq`pri!e9w ��i�p�g7h�i��`lI{�q�i�p���e,gxh�i!i�e<e<i�s�g<§sI�;n/gxj��;{7{xw n8��e<�;j
gxh�i+i�e<e9iIs�g:´ p³�/g7h�ikj�t;w7jfiIs�g3s�l�q`p�i�p�bµ=b=¶³{7w���w7n�l�g�i�l�h/o/v��/g:h�i�p�w7p�w�e�w g6h�l�p+n��¦v={7l�q`p�w7��{xi�sIlkq`p�l�{)w n/g<ikjf�v8jri�g<l�g:wx�/n3b5cfe��`�5g7h�h/o/v=�5gxh�i�p¯i�p�jri���l�w n`§5gxh�ikn�iI{xw ��w n�l�g�i�gxh�i��¦��p~gsI�;��v`{xik��h;o;v`�5g7h�i5p�w7pkbI·¥jf�8s�i�iIt�g���pfg�i�v�©5b���/n�p�w7t8ikj�g:h�i¬e~�8{7{7�/��w�n8�£ik��lI�1v`{7i;b!¸8q/v8v`�`p�i¬ikn8¹ko;��i�ºGs�l�g<l��{ o/¹5i�p�l�s�h�iI��wxs�l�{�jfiIl�s�g�wx�/n��1w gxhGpfq8�`p~g�jfl�g�i�»¢¼8lkn�t$v8jr�8t;q�s�g�»�½��h�i�jfi�¾�¿���lIn;t�À�¿£�,b3Á
w��/q;j�i�µ,b7©Il�prh��5�1p1lkn�i��`l���v`{xi¦��e�lh�w��/h�{ o�s��/n;n�i�s�g:i�t¦s�lkq`p�lI{¥�/jrlkv8h�w7n¦l�p�w n8�8{xi¢sIh�ik��w7s�lI{,jri�lIs�g<w��/n3bÂ i�pfg<l�j9g³�;odik��l���w n�w�n8�ds��/n�t8w g�wx�/n�l�{�t8ikv`i�n`t�i�n�s�o��`i�g7��iIiIn¦gxh�ipfq8�=p~g:jrl�g�i�p�lkn�t�v8jf�8t8q�s�g�p�g���w:t8i�n/g<w�e<o1gxh�i�{7��sIl�g:w:�5n��;o�t8ikv={��5o�w n8�pfo�pfg<i���l�g<w7sÃp�i�l�jrskh¡Ä~p~g<ikvz©�Å¯b�c~e�l�t8iIv�i�n�t8ikn�s�o¡w7p�e~�;q;n8t�§!��ipfv=l��¢n�n�i��#h/o/v=�5gxh�i�p�i�p�§�g�i�p~g�g7h�i�w j�sIlkq`p�l�{+w�n;g:i�j~v8jfi�g<l�g�w7�/n�lkn�tiI{xw ��w�n�l�g�i¢�;n�i�Äfp~g:ikv=p�a��<µ;Å¯b Â i�p�i�i+h��;�(lIt�t�w n;�¦l+h�w7t8t8ikn�n���t8iÄ<Á¥w7�5q;j�i�µ=bx©IsIÅ+sIlkn�w n�p��;��i�sIl�p�i5p!�;e~e<i�j+l1h/o8v`��g:h�i�prw:p!�8e�{7�5��ikjsI�;��v`{xik��w gxo(gxh8lkn�g�h�l�g��8ikn�ikjfl�g�iIt(�;oÆlIt�t8w n8�¡lkj~jf�5��p$Ä�Á
w��/q8jfiµ=bx©���Å�b�ÇÈ��w���iIt�lkv8v;j��8l�s�h(Ä<Á¥w7�/q;jfiGµ,b7©It8Å�wxpd{7w�}�iI{ oÃg:�£jfi�pfq�{�gh��5��i��`ikj�b

É Ê£Ë+Ì1Í³Î�Ï1Ð¥Ñ�Ë+Ì
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4377 qrs[abnormal]
5208 qrs[abnormal]
5239 p_wave[normal]
6323 p_wave[abnormal]
6525 qrs[abnormal]
7408 p_wave[normal]
7618 qrs[abnormal]
8111 qrs[abnormal]
8493 p_wave[abnormal]

4377 qrs[wide_LBBB]
5208 qrs_ectopic[wide_LBBB]
5239 p_wave[normal]
6323 p_wave[abnormal]
6525 qrs[wide_LBBB]
7408 p_wave[normal]
7618 qrs[wide_LBBB]
8111 qrs_ectopic[wide_LBBB]
8493 p_wave[abnormal]
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Electrocardiology is a stimulating and promising appli-
cation domain for Qualitative and Model-based Reason-
ing research. Much of the research effort has been so
far aimed at the automated interpretation of electrocardio-
grams (ECG’s) [4; 14; 11; 13], for which the interpretative
rationale is well established. However, a major drawback
of ECG’s, which record electrical signals from nine sites
only on the body surface, is their poor spatial covering.
Some arrythmias, but also conduction anomalies caused by
infarcts and ischemia, can be missed by ECG’s.

Thanks to the latest advances in technology, a far
more informative technique, namely body surface mapping
(BSM), is becoming more widely available. In BSM, the
electrical potential is measured over the entire chest sur-
face, and more spatial information about the heart electri-
cal activity is available, though the ability to relate visual
features to the underlying complex phenomena still be-
longs to very few experts [12]. Besides body surface maps,
also epicardial or endocardial maps are becoming avail-
able, either measured by means of endocavitary probes or
obtained non invasively from body surface data through
mathematical inverse procedures. These kinds of maps are
the most precise in locating the anomalous conduction sites
[5].

While a rationale for the interpretation of electrocar-
diographic maps is progressively being defined, the goal
of bringing such techniques to the clinical practice gets
closer. In this context, an important role can be played
by QR methodologies for spatial/temporal reasoning, that
could 1) support the expert electrocardiologist in identify-
ing salient features in the maps and help him in the defini-
tion of an interpretative rationale, and 2) achieve the long-
term goal of completely automating map interpretation to
be used in a clinical context. The delivery of such a tool
would be of great impact on health care as cardiac map in-
terpretation is essential for the localization of the ectopic
sites associated with ventricular arrythmia.

At the current status of research, map interpretation
mainly deals with activation isochrone maps and se-
quences of isopotential maps. The former ones deliver a
lot of information about the wavefront structure and prop-
agation: each contour line aggregates all and none but
the points that share the same excitation state, and sub-
sequent increasing isocurves are nothing but subsequent

snapshots of the travelling wavefront, as it is illustrated by
Figure 1; whereas the latter ones give temporal informa-
tion about electrical phenomena, such as current inflows
and outflows.
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Figure 1: Example of activation isochrone map (cylindrical
projection of contour lines of the activation time generated
on a model ventricular surface).

The interpretation of activation isochrone maps cur-
rently grounds on features such as contour shapes, the di-
rections along which the front velocity is higher, minimum
and maximum regions. The contour shapes and highest ve-
locity directions reflect the conduction anisotropy, and the
fiber architecture. Minimum and maximum correspond to
the points where the front emerges and extinguishes, re-
spectively. Such features can be correlated to the expected
activation sequence, and used in a diagnostic context: devi-
ations from the expected patterns would highlight ectopic
sites associated with ventricular arrythmias, and regions
with altered conductivity.

Conventional contouring tools would allow us to effi-
ciently visualize patterns of electrical potential distribution
but they do not facilitate the automated extraction of gen-
eral rules to infer the correlation between pathopysiologi-
cal patterns and the wavefront structure and propagation.

Within the QR research framework, the Spatial Aggre-
gation (SA) approach [3; 6], which is aimed at the inter-
pretation of numeric input fields that are spatially repre-
sented, is potentially capable to capture structural infor-
mation about the underlying physical phenomenon, and
to identify its global patterns and the causal relations be-
tween events. These characteristics are due to its hierar-
chical strategy in aggregating and abstracting geometrical
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objects at higher and higher levels, capturing spatial ad-
jacencies at multiple scales. Figure 2 illustrates the basic
steps performed within the SA abstraction processes.

geometrical

redescribenew higher level

objects
neighborhood

graph classes
homogeneous

object

classifyaggregate

Figure 2: Basic steps performed within the SA abstraction
processes.

The SA approach has been successfully applied to dif-
ferent domains and tasks, [10; 15; 2; 1; 16], among those
we mention the weather data analysis problem [7] as it
presents some similarities with the cardiac map interpreta-
tion: global patterns and structures are identified by look-
ing at the isocurves and reasoning about their spatial rela-
tions. However, in the case of contouring, which is often
the first level for spatial reasoning, the currently available
SA methods have some major drawbacks that limit their
use in many applications. A first limitation deals with the
way topological contiguity of isopoints is taken into ac-
count: the current methods use a kind of neighborhood
graph that fails to adequately represent such property.

Secondly, the strong adjacency relation, upon which
isocurve abstraction from the set of given data points is
performed, is based on a metric criterion [7]. When deal-
ing with complex domain geometry and/or with non uni-
form data meshes, as it is often in application contexts, the
original version of SA may unsoundly perform contour-
ing: isocurve entanglement and/or segmentation phenom-
ena may occur due to metric-based adjacency relations and
a scarse density of isopoints. Figure 3 illustrates such prob-
lems as they arise in abstracting an isochrone map from
simulated activation time data relative to a horizontal sec-
tion of a model heart ventricle.

As robust contouring is a must in view of the identifi-
cation and extraction of salient features and structural in-
formation about the underlying electrical phenomenon, a
thorough revision and extension of SA is necessary to deal
with the 3D geometries of heart and chest, where data are
given on the nodes of non uniform meshes: either planar
2D elements when transversal or longitudinal sections of
the myocardium are considered, or 3D surface elements
when the epicardial surface is explored.

Some work has been done to improve the robustness of
SA as to the costruction of isocurves from a non uniform
numeric input field [8; 9] by providing new algorithms
and definitions for soundly building neighborood relations
upon 2D complex domain geometry. This is a meaning-
ful result from our application point of view as 3D pro-
cesses are suitably studied also by transversal/longitudinal
sections of the 3D domain.

Future work will deal with the identification and def-
inition of spatial relations between isocurves, as well as

δ*

Figure 3: Artifactual segmentation and/or entanglement of
isocurves.

between possible higher-level aggregated objects. Such
relations should reveal adjacencies, correspondences, and
other kinds of interactions between the spatial objects, and,
then, underlie the feature extraction process. To this end,
a crucial issue deals with the specification of the neighbor-
hood graphs that properly represent the spatial relations be-
tween geometrical objects at different level of abstraction.
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Implementing Clinical Guidelines in an Organizational Setup 
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Abstract

While most knowledge engineers believe that
the quality of results obtained from Bayesian
networks is not too sensitive to imprecision in
probabilities, this remains a conjecture with
only modest empirical support. Our work
on a Bayesian network model for diagnosis
of liver disorders, Hepar II, presented us
with an opportunity to test this conjecture
in a practical setting. We present the results
of an empirical study in which we system-
atically introduce noise in Hepar II’s prob-
abilities and test the diagnostic accuracy of
the resulting model. We replicate an exper-
iment conducted by Pradhan et al. [13] and
show that Hepar II is more sensitive to noise
in parameters than the CPCS network that
they examined. Our data show that the diag-
nostic accuracy of the model deteriorates al-
most linearly with noise. While our result is
merely a single data point that sheds light on
the hypothesis in question, we suggest that
Bayesian networks are more sensitive to the
quality of their numerical parameters than
popularly believed.

1 Introduction

Decision-analytic methods provide an orderly and co-
herent framework for modeling and solving decision
problems in intelligent systems [4]. A popular model-
ing tool for complex uncertain domains is a Bayesian
network [12], an acyclic directed graph quantified by
numerical parameters and modeling the structure of
a domain and the joint probability distribution over
its variables. There exist algorithms for reasoning in
Bayesian networks that typically compute the poste-
rior probability distribution over some variables of in-
terest given a set of observations. Because these al-
gorithms are mathematically correct, they essentially
solve the underlying model. Hence, the ultimate qual-
ity of reasoning depends directly on the quality of

this model and its parameters. These parameters are
rarely precise, as they are often based on subjective
estimates. Even if they are based on statistics, these
may not be directly applicable to the decision model
at hand and not fully trusted.

Search for those parameters whose values are crit-
ical for the overall quality of decisions is known as
sensitivity analysis. Sensitivity analysis studies how
much a model output changes as various model pa-
rameters vary through the range of their plausible
values. It allows to get insight into the nature of
the problem and its formalization, helps in refining
the model so that it is simple and elegant (contain-
ing only the factors that matter), and checks the need
for precision in refining the numbers [16]. Several re-
searchers proposed efficient algorithms for performing
sensitivity analysis in Bayesian networks (e.g., [1; 2;
3; 5]).

There is no doubt that it is theoretically possible
that small variations in a numerical parameter cause
large variations in the posterior probability of inter-
est. Van der Gaag and Renooij [15] found that net-
works may indeed contain such parameters. Because
practical networks are often constructed with only
rough estimates of probabilities, a question of prac-
tical importance is whether overall imprecision in net-
work parameters is important. If not, the effort that
goes into polishing network parameters might not be
justified, perhaps with the exception of some small
number of critical parameters. Furthermore, quali-
tative schemes might perform well without the need
for precise, numerical estimates. Conversely if net-
work results are sensitive to the precise values of prob-
abilities, it is unlikely that qualitative schemes will
match the performance of quantitative problem speci-
fication. There is a popular belief, supported by some
anecdotal evidence, that Bayesian network models are
overall quite tolerant to imprecision in their numeri-
cal parameters. Pradhan et al. [13] tested this on a
large medical diagnostic model, the CPCS network [6;
14]. Their key experiment focused on systematic intro-
duction of noise in the original parameters (assumed
to be the gold standard) and measuring the influence
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of the magnitude of this noise on the average poste-
rior probability of the true diagnosis. They observed
that this average was fairly insensitive to even very
large noise. This experiment, while thought provok-
ing, had two weaknesses. The first of these, pointed
out by Coupé and van der Gaag [3], is that the ex-
periment focused on the average posterior rather than
individual posterior in each diagnostic case and how
it varies with noise, which is of most interest. The
second weakness is that the posterior of the correct
diagnosis is by itself not a sufficient measure of model
robustness. Practical model performance will depend
on how these posteriors are used. In order to make a
rational diagnostic decision, for example, one needs to
know at least the probabilities of rival hypotheses (and
typically the joint probability distribution over all dis-
orders). Only this allows for weighting the utility of
correct against the dis-utility of incorrect diagnosis. If
the focus of reasoning is differential diagnosis, it is of
importance to observe how the posterior in question
compares to the posteriors of competing disorders. Ef-
fectively, the question whether actual performance of
a Bayesian network model is robust to imprecision in
its numerical parameters remains open.

Our earlier work on a Bayesian network model for
diagnosis of liver disorders, Hepar II [9; 10], pre-
sented us with an excellent opportunity to shed some
light on this question in a practical setting. In this
paper, we present the results of an empirical study in
which we systematically introduce noise in Hepar II’s
probabilities and test the diagnostic accuracy of the
resulting model. Similarly to Pradhan et al. [13], we
assume that the original set of parameters and the
model’s performance are ideal. Noise in the original
parameters leads to deterioration in performance. The
main result of our analysis is that noise in numerical
parameters starts taking its toll from the very begin-
ning and not, as suggested by Pradhan et al., only
when it is very large. Because Hepar II is a med-
ical diagnostic model, we also study the influence of
noise in each of the three major classes of variables:
(1) medical history, (2) physical examination, (3) lab-
oratory tests, and (4) diseases, on the diagnostic per-
formance. Although the differences here were rather
small, it seemed that noise in the results of laboratory
tests was most influential for the diagnostic perfor-
mance of our model. While our result is merely a
single data point that sheds light on the hypothesis
in question, we suggest that Bayesian networks may
be more sensitive to the quality of their numerical pa-
rameters than popularly believed.

The remainder of this paper is structured as follows.
Section 2 provides a brief overview of the Hepar II

model. Section 3 describes our experimental setup
and the results of our experiments. Finally, Section 4
discusses our results in light of previous work and also
offers some insight into the problem of sensitivity of
Bayesian networks to imprecision in their numerical
parameters.

Figure 1: A simplified fragment of the Hepar II net-
work

2 The Hepar II model

The Hepar II project [9; 10] aims at applying
decision-theoretic techniques to the problem of di-
agnosis of liver disorders. Its main component is a
Bayesian network model involving over 70 variables.
The model covers 11 different liver diseases and 61
medical findings, such as patient self-reported data,
signs, symptoms, and laboratory tests results. The
structure of the model, (i.e., the nodes of the graph
along with arcs among them) was built based on
medical literature and conversations with our domain
expert, a hepatologist Dr. Hanna Wasyluk and two
American experts, a pathologist, Dr. Daniel Schwartz,
and a specialist in infectious diseases, Dr. John N.
Dowling. The elicitation of the structure took ap-
proximately 50 hours of interviews with the experts,
of which roughly 40 hours were spent with Dr. Wa-
syluk and roughly 10 hours spent with Drs. Schwartz
and Dowling. This includes model refinement sessions,
where previously elicited structure was reevaluated in
a group setting. The structure of the model consists of
121 arcs and the average number of parents per node
is equal to 1.73. There are on average 2.24 states per
variable. In the version used in our experiments, none
of the gates was a canonical gate, such as Noisy-OR
or Noisy-MAX (although experiments on Hepar II

conducted elsewhere [17] showed that as many as 50%
of the gates with the parents could be approximated
reasonably well by Noisy-MAX gates). Figure 1 shows
a simplified fragment of the Hepar II network.

The numerical parameters of the model (there are
1,488 of these in the most current version), i.e.,
the prior and conditional probability distributions,
were learned from the Hepar database. The Hepar

database, was created in 1990 and thoroughly main-
tained since then at the Gastroentorogical Clinic of
the Institute of Food and Feeding in Warsaw. The cur-
rent database contains over 800 patient records and its
size is steadily growing. Each hepatological case is de-
scribed by over 160 different medical findings, such as
patient self-reported data, results of physical examina-
tion, laboratory tests, and finally a histopathologically
verified diagnosis. The version of the Hepar data set,
available to us, consisted of 699 patient records.

As the current paper focuses on the model perfor-
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mance as a function of noise in its numerical param-
eters, we owe the reader an explanation of the met-
ric that we used to test the model performance. We
focused on diagnostic accuracy, which we defined as
the percentage of correct diagnoses on real patient
cases in the Hepar database. Because we used the
same database to learn the model parameters, we
applied the method of “leave-one-out” [7], which in-
volved repeated learning from 698 records out of the
699 records available and subsequently testing it on
the remaining 699th record. When testing the diag-
nostic accuracy of Hepar II, we were interested in
both (1) whether the most probable diagnosis indi-
cated by the model is indeed the correct diagnosis, and
(2) whether the set of w most probable diagnoses con-
tains the correct diagnosis for small values of w (we
chose a “window” of w=1, 2, 3, and 4). The latter
focus is of interest in diagnostic settings, where a de-
cision support system only suggest possible diagnoses
to a physician. The physician, who is the ultimate
decision maker, may want to see several alternative
diagnoses before focusing on one.

With diagnostic accuracy defined as above, the most
recent version of the Hepar II model reached the di-
agnostic accuracy of 57%, 69%, 75%, and 79% for win-
dow sizes of 1, 2, 3, and 4 respectively [11]. The model
compared very favorably against medical practitioners
on a randomly selected 10 patient cases [8]. More de-
tails about the performance of Hepar II model can
be found in [9; 10].

For the purpose of our experiments, we assumed
that the model parameters were perfectly accurate and
effectively, the diagnostic performance achieved was
the best possible. In the experiments we study how
this baseline performance degrades under the condi-
tion of noise. Of course, in reality the parameters of
the model may not be accurate and the performance
of the model can be improved upon.

3 Experimental results

We have performed several experiments to investigate
how noise introduced into network parameters affects
the diagnostic accuracy of Hepar II. To that effect,
we have successively created various versions of the
model with different levels of noise and tested the per-
formance of these models. The following sections de-
scribe the noise generation and the observed results.

3.1 Replication of the experiments of
Pradhan et al.

As a starting point, we replicated the experiment per-
formed by Pradhan et al. [13] on the Hepar II model.
The original experiment investigated the robustness
of a very large medical diagnostic network, CPCS [6;
14], to noise in numerical parameters. The noise was
introduced by transforming each original probability
into log-odds function, adding normal noise with a
standard deviation σ, and transforming it back to

Figure 2: The average posteriors for the true diagnoses
as a function of σ

Figure 3: The posterior probabilities of Hepar II dis-
orders as a function of σ on a single patient case

probability, i.e.,

p′ = Lo−1[Lo(p) + Normal(0, σ)] (1)

where

Lo(p) = log
10

[p/(1 − p)] . (2)

The original experiment involved only binary vari-
ables and the transformation yielded a valid probabil-
ity. In our case, many model variables were not binary.
We added a normalization step — after transforming
all probabilities within a distribution, we made sure
that they add up to 1.0. Similarly to Pradhan et al.,
we derived the posterior probability assigned by the
Hepar II network to the true diagnosis, averaged over
the set of test cases for σ ∈< 0.0, 3.0 > with 0.1 in-
crements.

The results, shown in Figure 2, indicate, similarly
to Pradhan et al., that the average posteriors are not
sensitive to accuracy in probabilities. These posteriors
actually increased with the increase in σ. We believe
that this is due to an overall increase in a priori prob-
abilities of all diseases. The prevalence of each of the
disease is rather small and noise typically increases
it (please note that Hepar II is a multiple-disorder
model).

We have subsequently studied how individual pos-
teriors of all disorders included in the model change
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Figure 4: The diagnostic accuracy as a function of σ

as a function of noise. Here we observed that not
only the probabilities, but also the order between them
changes, demonstrating that average over all runs does
not reflect sensitivity well. Figure 3 shows a plot of
posterior probabilities of the 11 disorders as a func-
tion of noise on a single patient case. This case is
quite representative for the cases we examined. We
can see that the posterior probabilities change with
the noise to the point of changing the order of the
most probable diagnoses.

3.2 Effect of noise on Hepar II’s
diagnostic performance

Our next experiment studied Hepar II performance
under the noise conditions described in the previous
section. We tested each of the 30 versions of the net-
work (each for a different standard deviation of the
noise σ ∈< 0.0, 3.0 > with 0.1 increments) on the set
of test cases and computed its diagnostic accuracy,
plotted in Figure 4 for different values of window size
as a function of σ.

It is clear that the diagnostic performance deteri-
orates for even smallest values of noise. This result
is quite different from that reported in the previous
section (Figure 2). It shows that the measure adopted
by Pradhan et al. may not reflect well the practical
performance of the model.

3.3 Partial noise

Given a medical diagnostic model, it is of interest to
know which of the semantically distinct parts of the
model (i.e., medical history, physical examination, dis-
ease prevalence, and laboratory results) are most cru-
cial for the network performance. We addressed this
question by introducing noise in these parts only and
studying the resulting performance.

Figure 5 shows the diagnostic accuracy of the model
for noise in each part of the network as a function of σ.
We can observe that noise in the results of laboratory
tests impacts the diagnostic performance of our model
most.

Figure 5: The diagnostic accuracy of the model as a
function of σ (w=1).

4 Discussion

This paper has studied the influence of precision in
parameters on model performance in the context of
a practical medical diagnostic model, Hepar II. Our
study has shown that the performance of Hepar II

is sensitive to noise in numerical parameters, i.e., the
diagnostic accuracy of the model decreases after intro-
ducing noise into numerical parameters of the model.
The main result of our analysis is that noise in nu-
merical parameters starts taking its toll from the very
beginning and not, as suggested by Pradhan et al.,
only when it is very large. We believe that there are
two possible explanations of this difference. The first
and foremost is that Pradhan et al. used a different cri-
terium for model performance — the average posterior
probability of the correct diagnosis. We focused on
the diagnostic performance of the model. Another, al-
though perhaps a less influential factor, may be differ-
ences between our models. The CPCS network used
by Pradhan et al. consisted of only Noisy-OR gates,
which may behave differently than general nodes. In
Hepar II only roughly 50% of all nodes could be ap-
proximated by Noisy-MAX.

We have also studied the influence of noise in each
of the three major classes of variables: (1) medical
history, (2) physical examination, (3) laboratory tests,
and (4) diseases, on the diagnostic performance. It
seemed that noise in the results of laboratory tests was
most influential for the diagnostic performance of our
model. This can be explained by the high diagnostic
value of laboratory tests. This value decreases with
the introduction of noise.

The results of our experiment touch the founda-
tions of qualitative modeling techniques. As quali-
tative schemes base their results on approximate or
abstracted measures, one might ask whether their per-
formance will match that of quantitative schemes, ei-
ther in terms of their strength or the correctness of
their results.

While our result is merely a single data point that
sheds light on the hypothesis in question, we sug-
gest that Bayesian networks may be more sensitive to
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the quality of their numerical parameters than popu-
larly believed. We argue that further empirical stud-
ies of this topic should use hard context-dependent
performance measures (such as the quality or correct-
ness of system’s recommendation). Alternatively, one
might use measures such as admissible deviation (a
change in probability that does not impact the order
of most likely diagnoses) proposed by van der Gaag
and Renooij [15].
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[2] Veerle H. M. Coupé and Linda van der Gaag.
Practicable sensitivity analysis of Bayesian be-
lief networks. In Prague Stochastics ’98 — Pro-
ceedings of the Joint Session of the 6th Prague
Symposium of Asymptotic Statistics and the 13th
Prague Conference on Information Theory, Sta-
tistical Decision Functions and Random Pro-
cesses, pages 81–86, Union of Czech Mathemati-
cians and Physicists, 1998.
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Abstract

We address important design considerations
in effecting a network server-based experi-
ment modeling system intended for integra-
tive biology and biomedical research. We
proceed to that end by following the progres-
sive development of application features for
our experimental qualitative process (QP)
modeling system. Early work on a PC-based
system for experimental biology focused on
multiple-level visualizations of cellular im-
mune responses, as well as receptor-mediated
processes regulating protooncogene expres-
sion. Other practical applications focused on
lymphocyte circulation and organopedesis,
hyperbaric oxygenation effects on angiogen-
esis, macrophage migration, and fibroblast
elaboration of ground substance. With the
introduction of stabile Java technology in the
mid-90s, work began on migrating the origi-
nal PC-based modeling system environment
(TSC) to a framework that would eventu-
ally support parallel execution of inference
processes in a server-based environment. As
the project has evolved, we have had to con-
sider incorporating output functions of coop-
erative applications, issues for database and
ontology importing, and technical challenges
in representing level-unifying knowledge and
experimental process rules.

1 Introduction

In integrative biology and medical research, new at-
tention [2] has been focused on the need for integrating
data, information and knowledge from multiple frames
of reference and disciplines, in order to provide more
comprehensive scientific models of how dynamical pro-
cesses interact at molecular, cellular, organismal, be-
havioral, and population levels of representation. In
genomics, for example, recent emphasis has been put
on the need to accumulate usable ontologies of spe-
cific gene functions, in order to provide a foundation
for understanding the dynamics of various biological

processes[3].
Practically applying quantitative methods to imple-

menting process models at a few levels has lead to
the development of useful ’in silico biology’ programs
such as the Virtual Cell, In Silico Cell, and Phys-
iome. However, in this context, it has been openly
stated that so much data, information and knowledge
are being collected, that they far outstrip the ability
of scientists and programmers to make practical inte-
grative use of them. As one genomics pioneer noted
recently [12], strictly quantitative approaches to in-
silico biology immediately face an intractable combi-
natorial explosion of multiple levels of parallel equa-
tions exceeding the capabilities of current computer
resources. More significantly, many biological process
descriptions and relationships are largely qualitative
and are quantitatively undefined or deterministically
undefinable. Under such circumstances, it is worth
considering qualitative reasoning (QR) for an alterna-
tive approaches for managing complexity in multilevel
biological modeling.

During the early 1990s, we began the development
of a qualitative process modeling system for running
simulated experiments on biological processes, cells,
and organisms[15][13]. As the early years passed,
practical use of the World Wide Web burgeoned, and
great new resources became available for ’doing sci-
ence better’ via Internet connectivity. We have thus
seen that our qualitative modeling environment could
evolve into a more powerful multidisciplinary collabo-
rative environment for research ultimately supported
by today’s distributed computing networks, online
databases, ontologies, and powerful, openly available
information tools.

2 Methods and Design Issues: Early

efforts with workstation-based

qualitative modeling

Initial work focused on creating a broad-based hierar-
chical knowledge base system incorporating features
of biological taxonomy as well as details of eukaryotic
cell biology. In seeking to pioneer some applications
of qualitative reasoning in biology, the senior author
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was particularly influenced by the concepts of QP the-
ory (QPT, from Kenneth Forbus [4]) and qualitative
simulation (QSIM, from Benjamin Kuipers [9][10]) as
applied to physics problems. Lessons were also learned
from Peter Karp’s development of EcoCYC, a pioneer-
ing modeling-oriented ontology for microbial genetics
[8].

For our biological modeling system, concepts, sub-
stances, cells, organisms, and multilevel processes
were symbolically defined in an object-oriented envi-
ronment known as TSC (The Scholar’s Companion).
The initial programming environment include under-
lying Pascal, Forth, and Scheme components, with
knowledge bases coded in Scheme frames. Quantita-
tive data were handled by numerical decoding pro-
cess rules. This system was used successfully to
model primary immune responses to bacterial and vi-
ral pathogens [16], as well as regulatory mechanisms
for protooncogenes underlying specific hormonal, free-
radical, and immune system signal transduction [14].

Figure 1: TSC running a gene regulation exper-

iment.

Other (unpublished) process models created with
the initial TSC system simulated diapedesis and sys-
temic circulation of lymphocytes (with organ-specific
binding mediated by cell adhesion molecules), as well
as macrophage migration, angiogenesis and wound
healing under conditions of hyperbaric oxygenation.
Beyond the research environment, the modeling sys-
tem was also employed in trials in secondary school
instruction for simulating scientific experiments and
representing theories as diverse as those of immunity,
ecology, and extinction. In one original instance, oper-
ating outside of the biological domain with a different
knowledge base, TSC provided conjectures which sup-
ported the discovery of new process control rules in a
polymer curing environment [1].

With the introduction of stabile, fast-executing Java
versions in the mid-90s, the senior author began exper-
imenting with a simple applet version of a QP mod-
eling system. Using a transliteration of earlier TSC
knowledge base content into the CLIPS-like Scheme

dialect of JESS (Ernest Friedman-Hill’s Java Expert
System shell), basic published proto-oncogene experi-
ments were repeated. In this simplified example of a
Web-based simulation resource, only textual envision-
ments were generated, but they indicated the feasibil-
ity of building a multiplatform QP modeling system
with modifications of a forward-chaining inference en-
vironment.

3 The evolution of the TSC QR

environment

At the same time, TSC developer Jack Park began
the process of translating TSC resources into Java.
Java libraries for manipulation of list structures, cou-
pled with built in automatic garbage collection of the
Java working memory, made the translation relatively
straight-forward. TSC used a supervisory agenda-
based inference engine (envisionment builder), one
that posted tasks to an agenda for software agents
to perform. The move to Java made it possible to
integrate the agenda functionality of TSC into a tu-
plespace Web portal being developed to support col-
laborative research and learning projects.

Tuplespace is the name given a kind of public reposi-
tory blackboard architecture created by David Gelern-
ter [6] , wherein tuple data or parameters (correspond-
ing to non-relational database records) are used for
communication between multiple active programs dis-
tributed over different machines. Tuplespace is thus
well suited for agent coordination, and it has been im-
plemented in a variety of ways in Linda, JavaSpaces
[5], IBM’s TSpaces, and TupleSpace4J. TupleSpace4J
is the implementation being used for TopicSpaces, a
Collaboratory being developed by Jack Park for re-
search and learning projects.

The move to Java and coupling to a tuplespace
implementation of the agenda management meant
that the original inference engine itself was no longer
needed for organizing agent functions. In Java-based
TSC (called TSC4J), as tasks come into the agenda,
they are distributed in tuplespace to be handled by
specific agents which are, at once, available and pro-
grammed for the chosen task. In this context, tu-
plespace can also be viewed as associative memory for
the QR system.

In essence, TSC4J is now a collection (collective) of
agents intended for building models, studying those
models, studying data flows in relation to models,
noticing expectation failures (where data and model
predictions fail to agree), and forming conjectures re-
garding the nature of expectation failures. Consistent
with the original purpose of TSC and continuing its
legacy in process discovery, TSC4J continues to serve
a role as a modeling and analytical assistant.

TSC4J operates on its own internal information and
knowledge structures, but includes import agents ca-
pable of translating and loading knowledge in many
known ontology structures, e.g., RDF (Resource De-
scription Framework), XTM (XML Topic Maps [11]),
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and OKBC (Open Knowledge Base Connectivity). At
the same time, available export agents allow the re-
sults of TSC4J sessions to be written to any of those
ontology representation frameworks. TSC4J is also
being functionally integrated (”tabbed”) with Stan-
ford’s Protégé 2000, allowing its use as a knowledge
engineering tool for preparing new model ontologies.

Figure 2: TSC running as a ”TAB” with

Protégé.

The proposed TSC4J Biology Network Experiment
Modeling System (BioNEMS) would support not only
collaborative modeling in multi-disciplinary profes-
sional research groups, but networked collaboration
in science education and public enthusiast sectors.
TSC4J development efforts are being managed within
the larger TopicSpaces/TopicMaps Web resources.

4 Knowledge engineering issues in

collaboration space

In seeking to incorporate existing online databases
and ontologies, TSC4J BioNEMS faces several re-
lated challenges. At the outset, there is the function-
ality needed to match export and import agents to
the task of translating knowledge contained in any of
the currently available RDF-based (e.g., DAML/OIL,
OWL) or OKBC-based (e.g., Ontolingua) formats, as
well as to others which may be composed of tab- or
comma-delimited text. Some of the necessary trans-
lation agents already exist within the TSC4J and
TopicSpaces projects. The TopicSpaces Collabora-
tory engine combines XML topic maps for navigation
with tuplespace for agent coordination, providing a
powerful schema-neutral entity-attribute representa-
tion scheme. Tuples are capable of representing any
object which can be decomposed into data fields or
elements. Each input field gets a name, a value, and
a value type, to which the tuple appends metadata
on authorship, dates, security/privacy codes and iden-
tity of approved viewers in the case of private fields.
The value in this simplified, canonical representation
is that it can be easily mapped to/from other repre-
sentation or serialization schemes, particularly tagged-

language (XML, SGML, RDF, etc) serializations.

Federating BioNEMS research collaboratories by
means of a unified XML topic map environment pro-
vides three important enhancements to traditional
knowledge engineering tasks: 1) Rapid and precise
navigation of the joint information resources created;
2) collaborative filtering by way of annotations and
extensive linking and cross linking; 3) the ability to
extend the topic map (knowledge base) by way of ad-
ditional knowledge engineering processes and by way
of linking to related materials found by mining the
knowledge engineering work product.

Consider, for example, a BioNEMS model of a par-
ticular immune function. The subject of discussion
is that immune function, and the model will contain
representations of many episodes or sets of experimen-
tal conditions and state transitions for processes oc-
curring during the course of a simulated experiment.
Each episode is linked into the topic map.

The topic map provides immediate indexing of all
actors, relations, states, and processes involved in
the model, and those entities are all related, through
typed topic map associations, the types of which are
also topics which are indexed and available for discus-
sion. When the system is used to its fullest capabilities
by researchers, all references (such as journal articles,
dissertation references, and other related technical in-
formation) will be integrated into the topic map. Ref-
erence information is thus linked directly to each and
every simulation element for which there is an associ-
ation.

Figure 3: Conceptual block diagram of TSC4J

components and BioNEMS.

TSC4J (with BioNEMS) is thus integrated into a
Web-based collaboration space where all objects in
models being built are also objects available for col-
laborative filtering, for discussion, and as content for
learning experiences. Tuplespace provides the mech-
anism coordinating all agents, including those which
provide TSC4J’s modeling functionality. Thus, the
topic map is itself continuously maintained by agents
not directly related to TSC4J, but which are privy to
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TSC4J’s results as they appear in tuplespace. With
this level of coordination of agents, it becomes pos-
sible, for example, for users to subscribe to different
kinds of results and receive email reports of modeling
progress.

5 Infrastructure issues for BioNEMS

Given the cross-platform Java servlet, XML, SQL and
Web environments hosting BioNEMS, two initial con-
figurations are anticipated. A simple local datamin-
ing approach would have BioNEMS installed on a
small laboratory computing cluster, with hosting of
imported, enhanced, mission-specific databases and
ontologies locally as private resources. The larger
extra-institutional collaboratory environment would
be a publicly accessible resource supporting wide-scale
scientific discovery efforts with publicly accessible on-
tologies and databases.

Although BioNEMS and its associated environment
are essentially platform-nonspecific, we recognize that
hardware design is an import issue for scientific col-
laboratory infrastructure intended to support inten-
sive biological modeling. As part of this effort, we are
investigating the performance of BioNEMS in a small,
localized Unix-based supercomputing cluster configu-
ration (gigabit interconnected multiprocessor servers).

6 Future directions

TSC4J and BioNEMS are very ambitious projects still
in the midst of development. Given success of ongo-
ing grant applications and more programming effort,
we hope to be testing a functional network modeling
system within the next year. Further development
of the TSC4J BioNEMS system is expected to involve
the continuous evolution of the knowledge engineering
functionality. New agents will be created which treat
ontologies much like collections of database entries and
mine those entries for purposes of modeling and infer-
ence. Large and heterogeneous ontologies represent
significant challenges to our ability to federate them
in service of diverse bio-informatics communities of
practice. Some ontologies will not easily submit to
automated agent-based federation, and the need for
humans in the knowledge engineering loop clearly will
drive future enhancements in the system. The inclu-
sion of Web-based communication via Topic Space en-
ables multiple human experts to work synchronously
or asynchronouslly on the same model or simulation
application (human cluster processing).

At the same time in the infrastructure, Moore’s
Law should remain in effect: We see opportunities
for continuous evolution of the code to take advan-
tage of improved process threading on the hardward
platforms hosting BioNEMS, of improved database
systems, and of other advances in software technol-
ogy. Since BioNEMS is an open source project which
will include an SDK (systems development kit) for
creating new agents, it will be possible for users in

various bio-informatics communities to add new func-
tionality to BioNEMS as their capabilities and needs
evolve. The future of TSC4J BioNEMS hopefully in-
volves continued expansion of system functions and
modules which facilitate its continuing evolution with
and by connected systems user communities.
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