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Introduction
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If we lived on a planet where nothing ever changed, there would be little to do. There 
would be nothing to figure out. There would be no impetus for science. And if we lived in 
an unpredictable world, where things changed in random or very complex ways, we 
would not be able to figure things out. But we live in an in-between universe, where 
things change, but according to patterns, rules, or as we call them, laws of nature. If I 
throw a stick up in the air, it always falls down. If the sun sets in the west, it always rises 
again the next morning in the east. And so it becomes possible to figure things out. We 
can do science, and with it we can improve our lives. 

— Carl Sagan

Cosmos

�

� #!�2&�,B�+$��"&)�&�,�����%��&"��&�,�#'�"&��"!%'���(�3*��,!#��33$��&�,�7&"*&��

'*�#&3�(�#�#"!%#�&#����!##!�"&�(��#'!3"��)�%����#3&!�"&)&3�)&!(�#B�#$3*��#6���3*�!�(�,�B�

 &�(�,�B�3(&%�"�(�,�B�)��!#"��B�,!�%��'*�(�,������,(�3&�(�,��H�$�3���!"��(4B�-./<B�
���

!"��(4B�-./>B��D�&��!�!"��(4B�-./>B��&3!2$"��!"��(4B�-./>B�
W( (&�,�!"��(4B�-./=B��� �"!(�!"�

�(4B�-./=I4����!!�B�&"�&#���(��"*��$,*�� #!�2�"&��#�����%!�#$�!%!�"#�"*�"�#3&!�"&#"#�3���

,�&���� ����!��$��!�#"���&�,��)�"*!��3"&2!�'��3!##!#���&2&�,�3*��,!4���,&#"&3�(�����

!3���%&3�3��#"��&�"#�3��B�*�7!2!�B�3�% &�!�"��(&%&"�!))!3"&2!�� #!�2�"&��#�����"*$#�

3*��,!��!"!3"&��4�	*&#��&##!�"�"&���)�3$#!#����"*!��!2!(�'%!�"������''(&3�"&����)���2!(�

"!3*�&+$!#�"��+$��"&)��3*��,!�&��"*!�)&!(�#��)�%��&"&%!���3*�!�(�,������,(�3&�(�,�4�	*!�

'�&%����,��(��)�"*&#��&##!�"�"&���&#�"���!%��#"��"!�"*�"B� ��"�8&�,���2��"�,!��)��!7����

&%'��2!��"!3*�&+$!#�����"!3*��(�,�B����&���''(�&�,�!;&#"&�,�"!3*�&+$!#�"���!7�

�''(&3�"&��#�������!�#B�&"�&#�'�##& (!�"��!;"!��� �"*�"*!�"!%'���(�����#'�"&�(�!;"!�"��)�

� #!�2�"&��#4��



-�
�

�
�

	*&#��&##!�"�"&���&#�3�%'�#!���)�)�$��#"$�&!#B�!�3*��)�7*&3*�*�2!�!&"*!�� !!��'$ (&#*!��&��

��'!!���!2&!7!��9�$���(����#$ %&""!��)����!2&!7�)���'$ (&3�"&��4�	*�!!��)�"*!�#"$�&!#�&��

"*&#��&##!�"�"&���$#!�"*!�"!3*�&+$!��"�$3"$�!�)��%���"&���U��$("&�2&!7��"!�!��

'*�"�,��%%!"���H�)�I4�C*&(!��)��&#����!(�"&2!(���!7�"!3*�&+$!B�&"�*�#��(�!����#!!��

!;"!�#&2!�$#!�&�� �"*�,(�3&�(�,��������3*�!�(�,���#���%!��#�)���,!�!��"&�,�$("���*&,*�

�!#�($"&����&,&"�(�!(!2�"&���%��!(#�H���#I�����)$((��<���%��!(#��)�3$("$��(��!#�$�3!#B�

$#&�,�'!�#���((���3+$&�!��&%�,!���)��%�"!��!#"�&�(������!�&�(�'!�#'!3"&2!#�H�!�*�!2!��!"�

�(4B�-./-B���!!��!"��(4B�-./>B��%%!�D!!(�!"��(4B�-./>B������!"��(4B�-./?I4���(&8!�"���&"&���(�

'*�"�,��%%!"�&3�#$�2!�#B�*�7!2!�B��)����!#���"��!+$&�!�3�((!3"&����)�3�%!���'�#&"&���

���5�����&!�"�"&���&�)��%�"&���)���!2!���&%�,!4���%!����!(�"&2!�'�#&"&��#�������&!�"�"&��B�

�#�7!((��#�(!�#�'���%!"!�#�3��� !� �38�3�(3$(�"!���)"!��%�"3*&�,�)!�"$�!#��3��##�

�2!�(�''&�,�&%�,!�'�&�#������!"!�%&�&�,�"*!�&%�,!�'!�#'!3"&2!�'�#&"&��#4��)"!��&�&"&�(�

�(&,�%!�"B�&"�&#�'�##& (!�"��!;"��3"�%��!�%�"3*!��)!�"$�!#����� $&(����#'��#!�<���'�&�"�

3(�$���)�"*!�� 9!3"��)�&�"!�!#"�$#&�,�%$("&�2&!7�#"!�!���(,��&"*%#�H�,&#�)"B�-./>I4��

���&"&���((�B��)��3���$#!������%(��'�#&"&��!��&%�,!����#�(��,��#�"*!�!�&#�!��$,*�

�2!�(�'�)���"*!�#�)"7��!�"��#$33!##)$((��%�"3*�)!�"$�!#4�	*&#��#'!3"��)��)��&#�*&,*(��

 !�!)&3&�(�&��"*!�)&!(���)�%��&"&%!���3*�!�(�,��7*!�!�#$ %!�,!��3$("$��(��!#�$�3!#�

H���#I��)"!��*�2!���%��!�!(� ���"!�<���)��%������!+$&�!�%��!�)(!;& (!�#$�2!�&�,�

'�""!��#4��&8!7&#!B�&��"*!�)&!(���)�,(�3&�(�,�B�7*!�!�)!�"$�!#�#$3*��#�&3!�3(&))#�����

*$%%�38#�3��� !�3�'"$�!��"*��$,*���3�% &��"&����)����&������� (&+$!�&%�,!#B�$#&�,�

�)��%��!(&�,�3���&%'��2!�"*!��2!��((��&,&"�(��!'�!#!�"�"&��4����(&%&"&�,�"*!��!+$&�!%!�"�



<�
�

�
�

)���!2!�(��#'�3!�������2!�(�''&�,�&%�,!��B�&"�&#�'�##& (!�"��$#!�*���*!(��%!"*��#�����

!2!��&�3��'���"!�2&�!���#���%!��#�)����3+$&�&�,��!�#!�&%�,!���#!"#4���

�#&�,��)��&�� �"*�"*!�#$ �+$!�$#�!�2&���%!�"�����,(�3&�(�!�2&���%!�"�3���!�� (!�

�!#!��3*!�#�"��'!�)��%�*&,*(���!"�&(!��#$�2!�#�)�#"!�B�"*!�! ���!3�!�#&�,�)&!(��"&%!�H!4,4�

�&2!�"&%!����"&%!��"��("&"$�!IB��!�$3&�,��2!��((�3�#"#�����(&%&"&�,��2!��((�'*�#&3�(�#"�!##�

H�!�"!#�!"��(4B�-./>I4���� �"*�#�#"!%#B�%!�#$�!%!�"#�����#$�2!�#�3��� !�*&��!�!�� ��

'*�#&3�(�3��#"��&�"#����"*!��!#!��3*!��"*!%#!(2!#B�#$3*��#�!;'�#$�!�"����2!�#!�'�!##$�!#�

H&4!4�&�3�!�#!��'�!##$�!#��"��!'"*������!3�!�#!��'�!##$�!#��"��("&"$�!IB�!;"�!%!�

"!%'!��"$�!#�H&4!4��!3�!�#!��"!%'!��"$�!#��"��!'"*������"�*&,*!���("&"$�!#����'�(���

�!,&��#I��#�7!((��#�"*!�2�($%!��)�7��8�&�2�(2!��&��3�%'(!"&�,�#$�2!�#�&����,&2!��

"&%!)��%!4��&2!�#�#$�2!�&�,����#�*�2!�"��3�����"*!&���&��#$''(�B����B��!'!��&�,����"*!�

�!'"*B�%$3*��)�"*!&��"&%!�&��"*!�7�"!��%��� !�!;'!��!���$�&�,��!3�%'�!##&���#"�,!#�

7*&3*�&�3�!�#!�&��"&%!��#� �""�%�"&%!�&�3�!�#!#�H�����&!7�����
(���B�-..?I4�

���2!�#!(�B�7��8&�,����,(�3&!�#��"�*&,*��("&"$�!#�%!��#��!�$3!���;�,!��#$''(&!#�H!4,4�

M?.J�(!##��"�??..�%��4#4(�"*����"�#!��(!2!(I�����2�($� (!�)&!(�7��8�"&%!�%$#"� !�#'!�"�

�33(&%�"&D&�,�H�!�3�38B�/@@AI4��

�!'!��&�,����"*!��33$��3���!!�!��&��"*!�)&��(��
��%��!(B��#�7!((��#�7*!"*!�������"�&"�&#�

,!��!)!�!�3!�����9$#"�#3�(!��&�����!(�"&2!�3����&��"!�#�#"!%B��&))!�!�"��''���3*!#�3��� !�

"�8!��)����3+$&�&�,�,��$���3��"��(�'�&�"#�H���#I4���)��"$��"!(��&��"*!�#$ �+$!�$#�

!�2&���%!�"�"*!�$#!��)�����&#�(&%&"!���$!�"��"*!��""!�$�"&����)�!(!3"��%�,�!"&3�#&,��(#�

"*��$,*�"*!�7�"!��3�($%��H�*���8�����X&��#B�-./=I4�	*!�!)��!B��3+$&#&"&����)�*&,*(��

'�!3&#!����#�%$#"� !����!�$#&�,�*����%!�#$�!%!�"#�����"*!�"�&��,$(�"&����)�#$�2!��



>�
�

�
�

'�&�"#��3��##�"*!�7�!38�#&"!4�
�7!2!�B�"*!�"�&��,$(�"&����)�%����'�&�"#����(��,!�����#�

3��� !���"&%!�3��#$%&�,�'��3!##�H��##B�/@==I4��!"B�&"�&#�!�"&�!(��'�##& (!�"��&�!�"&)��

�!(&� (!�'�&�"#�&����%��!(� ��$#&�,�'�!2&�$#(���""�&�!��%!�#$�!%!�"#�H�##$%&�,����

3*��,!IB�!�#&(��'�#&"&��!��#3�(!� ��#B����)��%�'�!3&#!��!"�&(!��%�'#B�"*!�! ��(&%&"&�,�"*!�

"&%!�#'!�"�'!�)��%&�,�in situ�����3�((!3"&��4����"*!�)&!(���)�,(�3&�(�,�B�7&"*�"*!��33!##�

"��*&,*��!#�($"&����!%�"!�#!�#&�,���"�� !3�%&�,�%$3*�!�#&!�B�&"�&#�'�##& (!�"���(#��)��,��

)&!(������3�((!3"&��4���#"!��B����#�3��� !�&�!�"&)&!������%!�#$�!��"*��$,*��"*!��

#�$�3!#�7&"*�"*!&��'�#&"&���(��33$��3�� !&�,��!'!��!�"����"*!���"��$#!��H!4,4�

��"*�&%�,!����������#I4��

�#�%����(��,!�����#���!�(!)"�in situ��$!�"��#&D!B�3�#"��)��!"�&!2�(����)��,&(&"�B�"*!���!%�&��

#$ 9!3"�"��!�2&���%!�"�(�������"*��'�,!�&3�'��3!##!#�7*&3*�3��"��(���"!#��)��!"!�&���"&���

�2!��"&%!�H�;(!��������!,���B�-..-B����!�B�-./=I4�����,!�#�%$#"�"*!�!)��!��3"&2!(��

%��&"���"*!���������3�$(��,�!�"(���&��)��%��)�4������#&%&(���)�#*&���"���!"!3"&�,�

3*��,!#��2!��,(�3&!��#$�)�3!#B�$#&�,����#��)����#�3���*!('�"��&�!�"&)����!�#��)�3*��,!�

 ��#$ "��3"&�,�%��!(#�)��%��&))!�!�"�"&%!�'!�&��#4���&���"���)�B���3*�!�(�,&#"#���������

%���,!�#�7�$(���!!��"��*�2!�'!�)��%!��!;"!�#&2!��!'!�"!��"���&"&���(�#$�2!�#�&�2�(2&�,�

"�'!�%!�#$�!#B�'(��!�"� (!#�����#$ #!+$!�"�"�&��,$(�"&����)�'�&�"#B�"��%�'�"*!�����H��##�

����F�"#!2B�/@=AI4���7�*�7!2!�B�%���,!�#�3���&�#"�((�#"� (!����#�����!�#&(��'!�)��%�

�!'!�"!��'*�"�,��'*&352&�!��#$�2!�#��)�"*!����B��((�7&�,���'&������'���$3"&��B�

�(&,�%!�"B��&))!�!�3&�,�����3*��,!��!"!3"&��4��

���"*!�� !�!)&"��)�$#&�,��)��&#�&"#�� &(&"��"��7��8�7&"*�%�#"������&,&"�(�&%�,!���"*�"�

3��"�&�#�%$("&'(!�'!�#'!3"&2!#��)������!���)�&�"!�!#"4�	*&#�*�#�,�!�"�'�"!�"&�(�)���



?�
�

�
�

!;"��3"&�,�,!�%!"�&3�&�)��%�"&���)��%���3*&2�(�&%�,!��4������!��(��'*�"�,��'*&3�

#$�2!�#��)����#�����,(�3&!�#�7!�!����!�'�&%��&(��)���"*!�'$�'�#!��)��!3���&�,�2&#$�(�

&�)��%�"&��4�
�7!2!�B�&��#�%!�3�#!#B�#$))&3&!�"�&%�,!���%���*�2!� !!���3+$&�!�B����)&(%�

"�8!�B�"���((�7�)���!;"��3"&�,�#'�"&�(�&�)��%�"&��B�!2!��"*�$,*�!;"��3"&����)�#'�"&�(�

&�)��%�"&���7�#���"�"*!���&,&��(�&�"!��!��'$�'�#!4�C&"*��)��&"�&#���7�'�##& (!�"��$#!�

'*�"������2&�!����3*&2!#��#���"�#!"#�����!;"��3"�"*!�&%'��"��"�#'�"&�(���"���!3���!��

7&"*&��"*!%4�	*!#!���"���((�7�$#�"��+$��"&)��3*��,!#�"*�"�*�2!��33$��!��#&�3!�"*!�&%�,!#�

7!�!�)&�#"��3+$&�!�B�$("&%�"!(��$�(�38&�,�"*!�'�#"�����*!('&�,�"��)&((�&��� #!�2�"&���(�,�'#�

&��"*!�#'�"&��"!%'���(��!3���4��

	*!�$#!��)��)��&�� �"*�#$ �+$!�$#�����,(�3&�(�#�#"!%#�&#���"�*�7!2!��7&"*�$"�&"#�

3*�((!�,!#4��#�"*!�&�&"&�(��(&,�%!�"��)�&%�,!���$#&�,��)���!(&!#�'�&%��&(�����&�!�"&)�&�,�

3���!#'���&�,�)!�"$�!#�7&"*&��&%�,!�'�&�#B�"*!��3+$&�!��&%�,!���%$#"�*�2!�#$))&3&!�"�

"!;"$�!�H!4,4�2��&�"&���&��"��!B�&(($%&��"&��B�3��"��#"I�)���"*&#�"���33$�4�
���!;�%'(!B�$#&�,�

�)��"��%�'�#��7�3�2!�!��,(�3&!�#�&#��)"!��'�� (!%�"&3��$!�"��"*!�'�!��%&���"(��7*&"!B�

(�7�3��"��#"���"$�!��)�"*!�&%�,!��4��%�,!#�� "�&�!���2!��3(!���&3!�,(�3&!�#�3���'��2&�!�

%��!��''��"$�&"&!#B�,&2!��"*!�#$����,(!���!#���"�3�!�"!��&�!3"��!)(!3"&��#4��%�,!���

� "�&�!���2!���! �&#�3�2!�!��,(�3&!�#B�7*!�!�#$�)�3!�3�2!��&#�*&,*(��*!"!��,!�!�$#B�3���

7��8�7!((�&��"*!��)��7��8)(�74�
�7!2!�B�)!�"$�!�!;"��3"&���%�����"�7��8�7!((�&��

#*���7!���!,&��#�(�3�"!�����$���(��,!���! �&#�3(�#"#�������3!�"�&��&3!�3(&))#�7&"*��#'!3"#�

)�3&�,��7���)��%��&�!3"�#$�(&,*"4�

���"*!�#$ �+$!�$#�!�2&���%!�"B�#$�(&,*"�'!�!"��"&����!3�!�#!#�7&"*��!'"*�����#$�2!���#�

%$#"��!(�������"&)&3&�(�(&,*"�7*&3*�%�����(��&(($%&��"!�)!�"$�!#�7&"*&����3!�"�&����,(!�����



=�
�

�
�

'��;&%&"�4��&%&(��(�B�� (&+$!(��� "�&�!��&%�,!����)����#�%���3�'"$�!���"���(��"*!�����

&��"*!�)��!,��$��� $"��(#��"*!�7�"!��#$�)�3!B�"*!�! ��3�$#&�,���(��,!�#'�!���&�� �&,*"�!##�

7*&3*�3���3�$#!��2!�����$��!��!;'�#$�!��)�8!��� 9!3"#4����&�"&��#�&���&#"��3!�"��� 9!3"�

3����(#��3�$#!�3*��,!#�&��"*!�&(($%&��"&�������"!;"$�!��)�� 9!3"#�&��"*!��3+$&�!��&%�,!��4�

���(��,!�����#B�#!"#��)�&%�,!����3+$&�!��)��%�"7���&))!�!�"��&#"��3!#�3��� !��&))&3$("�"��

�(&,�4�	$� &�&"��&#���!��)�"*!�%�#"��&))&3$("�!�2&���%!�"�(�)�3"��#�"���2!�3�%!�7*!��

'!�)��%&�,����)��#$�2!��&��"*!�#$ �+$!�$#�!�2&���%!�"4��&""(!�3��� !����!�"���2!�3�%!�

"*&#�)�3"����"*!��"*���"���3+$&�!�&%�,!���)��%���3(�#!���&#"��3!B�#&,�&)&3��"(��&�3�!�#&�,�

"*!�#$�2!��"&%!�����"*!��%�$�"��)�&%�,!����!+$&�!��"��3�2!��"*!�#&"!4�

������&"&���"��� "�&�&�,��!(&� (!�&%�,!��B����"*!��3*�((!�,&�,��#'!3"��)��)��%��!(�

,!�!��"&���&�� �"*�#�#"!%#�&#�"*�"��)�,��$���3��"��(�����#3�(&�,4���"���(����!#��33$��"!�

,��$���3��"��(��((�7�)����� !""!��#!()�3�(& ��"&����)�"*!�3�%!���%��!(B����&�"!���(�

��&!�"�"&���H&4!4�)�3�(�(!�,"*B��&#"��"&���3�!))&3&!�"#I��#�7!((��#�!;"!���(���&!�"�"&���H&4!4�

�!)!�!�3!�#�#"!%�XB�BTB���((B�'&"3*�������7IB� $"�&"��(#��&%'��2!#�"*!��!#$("&�,��33$��3��

�)�"*!�)&��(�%��!(4�
�2&�,�,����,��$���3��"��(�"*!�! ��&%'��2!#��$��� &(&"��"��!;"��3"�

%!�#$�!%!�"#�����+$��"&)��3*��,!#4��!"B��#�'�!2&�$#(��%!�"&��!�B�"*!�'�!3($#&����)�����

%!�#$�!%!�"#�&��"*!�#$ �+$!�$#�#�#"!%�%!��#�'�!3&#!�'�#&"&���(���"��%$#"� !�%!�#$�!��

����"�&(�"!��"!�� ��*����7*&3*�3���&�2�(2!�%$("&'(!�'!�'(!�����%��!��&2!#4����"*!�

� #!�3!��)�'�!3&#!�����%!�#$�!%!�"B���%��!���'&��7���"��#3�(!�%��!(#��)����#�&#�

"*��$,*�"*!�$#!��)�#3�(!� ��#B������#%�((!��#�%'(!��)�8��7��%!�#$�!%!�"#�7*&3*�3��� !�

�''(&!��"��"*!�%��!(4��



0�
�

�
�

���"*!�,(�3&�(�#�#"!%B����"*!��"*!��*���B�'�#&"&���(�&�)��%�"&���3��� !�� "�&�!��)��%�����

#$�2!�#��)�)&!(��#&"!#�"�� !�%�''!�B����)��%�!;"!���(���&!�"�"&���&�)��%�"&���!% !��!��&��

#$�2!��&%�,!��4��#&�,�'�!2&�$#(���3+$&�!��&%�,!���"*�"���!#���"�*�2!�"*&#�"�'!��)�

&�)��%�"&���%!��#�&"�%$#"� !�!;"��3"!��)��%��"*!����"��#�$�3!#4�
���"*&#�'$�'�#!B�&"�3���

#"&((� !�'�##& (!�"��� "�&��,��$���3��"��(�)��%�%��!��!3!�"B�*&,*��!#�($"&���2&#$�(�����

#'�"&�(���"��#!"#�H!4,4����#B���"*�&%�,!#I4����&�!�"&)�&�,��!(&� (!�)!�"$�!#�7*&3*��''!���

"��*�2!�$��!�,��!�(&""(!�"�����3*��,!�H!4,4� �$(�!�#B�'!�8#I�,(�3&!��%��!(#�3��� !�

,!�,��'*&3�((��'�#&"&��!������3���!,&#"!�!��"��"*!�#!3���������"��#�$�3!4�������

���#�%!�#�#"!%#B�*�7!2!�B�"*!�$#!��)��)������2&#$�(���"����!#���"�7��8��$!�"��

!�2&���%!�"�(�)�3"��#�"*�"�(&%&"�"*!�$#!��)��'"&3�(�"!3*�&+$!#4�
���"*&#��!�#��B�"*!�)�$�"*�

#"$���'�!#!�"!��&��"*&#��&##!�"�"&���$#!#�,��$���'!�!"��"&�,�������H���I�"��!;'(��!�"*!�

#$ �+$!�$#�!�2&���%!�"��)�#$'��,(�3&�(�(�8!#�����! �&#�3�2!�!��,(�3&!�#4�����&#�$#!���#�

��%!��#��)�&�2!#"&,�"&�,�&��33!##& (!�#$ #$�)�3!�#�#"!%#�H!4,4���38B�&3!B� $�&!���$&�#I��#�

7!((��#� �"*�%!"�&3�%�''&�,��)�)�!#*7�"!��(�8!�#�#"!%#�H�$�����!"��(4B�/@@=B��!$ �$!��

!"��(4B�-..-B��Y((&�!"��(4B�-..-B�����%��B�-..@B��&�,*�!"��(4B�-./.B��Z($%������!��B�

-.//B���% $!((&�������2�B�-./-B�C�"��� !�!"��(4B�-./<B�T*���!"��(4B�-./<B���38���!"��(4B�

-./>I4���"*�%!"���3��� !�!;"��3"!��)��%��!%�"!�#!�#&�,�&%�,!������(�8!#�7&"*�(�7�

"$� &�&"��#$3*��#�"*�#!�)�$��������!!�(����H��!!������
�%&("��B�-..0B�
&"D'�"�&38�!"��(4B�

-./>I4�
�7!2!�B�&���!,&��#�#$3*��#��!'�(�7*!�!�%����,(�3&!�#���!�*!�2&(���! �&#�

3�2!�!�B�"*!�*&,*�"$� &�&"���)�%����(�8!#�'�!3($�!#�$#&�,��'"&3�(�%!"*��#4�	*!�!)��!B�

%�#"�#$�2!�#�"*�"�*�2!� !!��'�!2&�$#(��3���$3"!�����(��,!��#$'��,(�3&�(�(�8!#�7!�!����!�

$#&�,�7!&,*"!��(&�!#����!3*��#�$��!�#�H!4,4�F���"�B�/@@>B�	*�%'#���!"��(4B�-./-I4�	*!#!�



A�
�

�
�

#$�2!�#�3���&�2�(2!���#$ #"��"&�(��%�$�"��)�)&!(��"&%!��)"!���!#$("&�,�&��(�7��!#�($"&���

#'�"&�(�&�)��%�"&���H!4,4�/.#��)�%!"!�#� !"7!!��%!�#$�!%!�"#I4�������&"&��B�"*!#!�

%!"*��#��!2!�(�(&""(!�� �$"�"*!�(�8! !���! �&#��&#"�& $"&�������%�8!$'4�	*!�$#!��)�����

3���,�!�"(��&�3�!�#!�"*!�+$��"&"������+$�(&"���)�#'�"&�(���"��3�((!3"!�����#$'��,(�3&�(�

(�8!#�&����)��3"&����)�"*!�"&%!4���

�����!(&!#����%!�#$�&�,�"*!�"7��7���"��2!(�"&%!������!)(!3"��3!��)�"���#%&""!��

!(!3"��%�,�!"&3�#&,��(#4������%��!�������#�#"!%#�*�2!��� $#"�R��$,*�"!���&�S�

��"!���!�7*&3*B�7*!��3�$'(!��7&"*�"*!���"��'��3!##��B�3��� !�!�#&(���'!��"!�� ��#&�,(!�

�����$ (!�'!�#���"!�%#�����$#!��&����2��&!"���)�!�2&���%!�"#4����"� (!�����#�#"!%#�

�((�7�)�����'&����"���3+$&#&"&���7&"*�%&�&%�(�!))��"��3��##�(���#3�'!#�����)��D!��(�8!�

#$�)�3!#B�7*&3*�&#�8!��)���#$�2!�#�&��*&,*��("&"$�!�!�2&���%!�"#4�R
�3&!#����(�#&#SB�7*&3*�

&#���+$�(&"�"&2!�%!"*����)�3*���3"!�&D&�,��&))!�!�"�#"�(!#��)�����#&,��(��!)(!3"&2&"�B�3���

�((�7�%�''&�,�3��#&#"!�"�)!�"$�!#�*�2&�,�#&%&(����!)(!3"&���,!�%!"��4���% &�!��7&"*�

� #!�2�"&��#��)�#"�$3"$�!#�7&"*&��"*!�#$�2!��2&3&�&"�B�&"�&#�'�##& (!�"��&�)!��7*�"�"*!�

&�!�"&)&!������)�3&!#�%���&��)�3"� !�H�!�"!#�!"��(4B�-./=I4��!'!�"!������#$�2!�#�3���

"*!�!)��!��((�7�)�����%��!��!"�&(!��$��!�#"���&�,��)�#$'��,(�3&�(�(�8!��!!'!�&�,���"!#��#�

7!((��#�"*!��! �&#��!�&#"�& $"&���'��3!##!#��33$��&�,4�C&"*�"*!����&"&����)�3�%%���

%&�'�&�"�#$�2!�#B�7*&3*��((�7�)���"*!��!"!�%&��"&����)�"*!�2!(�3&"���)�"*!�%�"!�&�(� !&�,�

&�2!#"&,�"!�B�&"�7�$(���(#�� !�'�##& (!�"��!�#&(������!))&3&!�"(��%�'�(�8! !���! �&#�

"*&38�!##B���8!��'���%!"!��&��%��!((&�,�(�8!��!!'!�&�,���"!#4��

����''(�&�,�7!((�!#"� (&#*!��"��(#�#$3*��#����B�"��!�2&���%!�"#�7*!�!�"*!��*�2!�#!!��

(&""(!�$#!B���� ��$#&�,�%��!��!3!�"�"!3*�&+$!#�#$3*��#��)��7&"*���3*&2�(���"�#!"#B�&"�



@�
�

�
�

 !3�%!#�'�##& (!�"��� #!�2!�����+$��"&)��#'�"&��"!%'���(�3*��,!#�&��#$ �+$!�$#�����

,(�3&�(�#�#"!%#�&���!7�7��#4�	*!�3*�'"!�#��)�"*&#��&##!�"�"&���$#!�"*!#!�"��(#�����

"!3*�&+$!#�"��)�3$#����&%'��"��"�+$!#"&��#��!,���&�,�3*��,!��!"!3"&���&�� �"*�#�#"!%#4�

	*!�3*�'"!�#���!6�
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Chapter 4. A Conceptual Model of Supraglacial Lake Formation on Debris-covered 
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#"$���&#6�can GPR surveys across frozen supraglacial lake surfaces, in 

combination with the technique of “facies analysis” and local observations, 

improve our ability to map lake bathymetry and the spatial distribution of

lakebed debris?�� #!�2�"&��#����"*!�)��%�"&�������!2�($"&����)�#$'��,(�3&�(�(�8!#�

����! �&#�3�2!�!��,(�3&!�#�*�2!B�)���"*!�%�#"�'��"B� !!���&%!���"���!�(�!;'��#&����#�



/-�
�

�
�

7!((��#� �"*�%!"�&3�%�''&�,�$#&�,�'�&�"�!3*��#�$��&�,����5���7!&,*"!��(&�!#4��!"B�

�$!�"���!%�"!�����(�,&#"&3�((���&))&3$("�(�3�"&��#�"*!�!�*�2!� !!��)!7��""!%'"#��"�

�!'!�"�%�''&�,��)�(�8!#�&��"*!��!'�(�
&%�(���4�	���2!�3�%!�"*!�"&%!�3��#$%&�,�

'�&�"�#$�2!�#B�����"��&%'��2!�"*!�#'!!�B�+$��"&"������#'�"&�(�&�)��%�"&���!;"��3"!��

)��%�(�8!�#$�2!�#B�7!�!%'(���,��$���'!�!"��"&�,����������"*!�)��D!��(�8!�#$�)�3!�

"*�"��((�7#�$#�"����"���(��!;"��3"� �"*�%!"�&3���"�B� $"��(#��2&#$�(&D!�"*!�#'�"&�(�

�&#"�& $"&����)�#'!3&)&3�������#&,��(�)�3&!#4����&�"!�'�!"&�,�"*!#!�)�3&!#��#��&))!�!�"�

�! �&#�"�'!#�7!�� #!�2!��(��,�"*!�#*��!#B�7!���!�� (!�"���!#3�& !�"*!��&#"�& $"&����)�

(�8! !���! �&#������!2!(�'����&%'��2!��3��3!'"$�(�%��!(��)�"*!�'��3!##!#�����

3*��,!#�&�2�(2!��7&"*�#$'��,(�3&�(�(�8!�,��7"*4�

�

�

�

�

�

�

�

�

�



/<�
�

�
�

References
�Z($%�FB��!����4�-.//4�	*!�%�(�#"�$3"$�!��������&��,!�#�#"!%��)���#%�((�2�((!��,(�3&!��
H	!(( �!!�B��2�( ���IB�&�2!#"&,�"!�� ��,��$���'!�!"��"&�,������4�	*!�����#'*!�!�56�/<@�
/>@�
��##��
4�/@==4���3*�!�(�,��$��!��7�"!�4�
�!�!�&38��4����!,!�6��!7����8�
��##��
B�F�"#!2���4�/@=A4��!7�"��(#�)���$��!�7�"!����3*�!�(�,�4���3*�!�(�,��216�
/=>�/0<�
�*���8���B�X&��#���4�-./=4��'�&�,!��
��� ��8��)��3!�����,&�!!�&�,4��'�&�,!��
�$�3������B��&,,#���B���#*��B��"8&�#�����4�-./<4��'�"&��"!%'���(�"�!��#�&��
'�!3&'&"�"&�������"*!&��&%'(&3�"&��#�)���7�"!���!#�$�3!#�%���,!%!�"�&��3(&%�"!�#!�#&"&2!�
�!'�(4��''(&!���!�,��'*��436�/<A�/>=4����6�
*""'655�;4��&4��,5/.4/./=594�',!�,4-./<4.=4.//�
���!���4�-./=4���
��%!7��8�)�������,&�,��&2!���%'�3"#����
&#"��&3��*&'7�!38#4�
��$���(��)����&"&%!���3*�!�(�,��116�-0/�-@04����6�/.4/..05#//>?0�./=�@/=?�>�

����B�C!&# !�,���B���7�8���4�-./>4��'�"&��"!%'���(����(�#&#��)��!%�"!(��#!�#!��
)��!#"�%��"�(&"���##�3&�"!��7&"*�������!�&3&�,�#�("#4��3&!�3!��)�	*!�	�"�(���2&���%!�"�
4726�@-@�@<A4����6�*""'655�;4��&4��,5/.4/./=594#3&"�"!�24-./<4//4/.<�

&"D'�"�&38���CB�
$  ������B���;���B��$&�3!����B������#��B��&88!(#!�����B����(!�
�
B���7��
B�
�#*�("��B����!#���4�-./>4����!3��!�H-..-[-./-I��)�#$'��,(�3&�(�(�8!�
2�($%!�!#"&%�"!#��3��##��$##!((��(�3&!�B�C!#"���!!�(���4�	*!�����#'*!�!�86�/.0�/-/4�
���6�/.4?/@>5"3�A�/.0�-./>�
����%����4�-..@4�����%!"*��#�)�����3*�!�(�,�4��!!&�,�"*!�$�#!!�4��!�'*�#&3#�����
(���#3�'!���3*�!�(�,�6�--@�->>�
��!!���B��!2����B��*�'(�����4�-./>4�����%'���"&2!��##!##%!�"��)��"�$3"$�!�)��%�
��"&����!"*��#�)�����3*�!�(�,&3�(��!#!��3*4���$���(��)���3*�!�(�,&3�(��3&!�3!�466�
/0<�/A/4����6�/.4/./=5949�#4-./>4.-4.<.�

W( (&�,��B��!""#�
B��'&!8!�%�����B��*&((&'#��4�-./=4���!�"&)�&�,��'�"&��	!%'���(�
����#(&�!�
�"#'�"#�������"*��#(���B��!7�T!�(���B� �����(�D&�,�
&#"��&3�(������!3!�"�
�!�&�(��*�"�,��'*�4��!�#3&!�3!#�66�>A�
�%%!�D!!(�CB�F���&9!� �&�8��B��*!���B��*�!#"*���B��!((&33&�""&�
B��&!�8!�#��B��!����,�
�4�-./>4�
&,*��!#�($"&���%��&"��&�,��)�
&%�(�����,(�3&!������%&3#�$#&�,�$�%���!��
�!�&�(�2!*&3(!#4��!%�"!��!�#&�,��)���2&���%!�"�1506�@<�/.<4����6�
/.4/./=594�#!4-./>4.>4.-?�
F���"��	4�/@@>4��!'��"�)���"*!�)&!(��&�2!#"&,�"&������"*!�	#*����('��,(�3&!��(�8!B�
��(7�(&�,���((!�B�
! �$����/@@<[�$�!�/@@>4�C�����!'��"���551.489 KAD6��
��38�����B����3*��"���B���%'���B�
!����C4�-./>4���(�\ �#!���! �&#\3�2!�!��
,(�3&!�#6��2�($�"&�,�"*!&��'�"!�"&�(��#�3(&%�"!���3*&2!#�"*��$,*�#"$�&!#��)�,��$��\
'!�!"��"&�,�����������#$�)�3!�%��'*�(�,�4���$���(��)��!�'*�#&3�(��!#!��3*6����"*�
�$�)�3!�1196�-?.?�-?>.�
�!�"!#��B�	*�%#!��	B��$((!���4�-./>4��2�($�"&����)��"�$3"$�!�)��%���"&�����)"7��!�"��
��!�"!�<�����!(#��)���"!��&�!"!!�"*��!�"$�����!�"���8!#��*&'7�!38#��#&�,���3*&2!��
�&2!���3+$&�!���&�!���$�2!�#4���$���(��)����&"&%!���3*�!�(�,��96�/0<�/A@4����6�
/.4/..05#//>?0�./>�@/<-�;�



/>�
�

�
�

�!�"!#���B�	*�%'#�����B����"*���B��$((!����B��!�����4�-./=4���3��3!'"$�(�%��!(��)�
#$'���,(�3&�(�(�8!�)��%�"&�������! �&#�3�2!�!��,(�3&!�#� �#!���������)�3&!#����(�#&#4�
���"*��$�)�3!����3!##!#���������)��%#6��5���5�4����6�/.4/..-5!#'4>.=A�
�$�����	B����3*���B��"$��"��C4�/@@=4��"�$3"$�!#�7&"*&��"*!�#$�,!�)���"��"�
��8��&� �!!�B��2�( ���B�$#&�,�,��$���'!�!"��"&�,������4�����(#��)��(�3&�(�,��246�/--�
/-@�
�!$ �$!��CB���!�\
&�"!�(!&"�!���B��!�!���B��!(&3*����4�-..-4��!�������&��"*!���%���
3&2&(�"�7������$�"$%B��$#"�&�6�����''���3*�)�����3*�!�(�,&3�(�&�"!�'�!"�"&����)�����
��"�4���3*�!�(�,&3�(����#'!3"&���96�/<?�/?=�
�;(!���B���!,�����4�-..-4��&"!�%���,!%!�"4����International Handbook of Underwater 
Archaeology4��'�&�,!�Q�0/?�0-?�
�D�&��!��B��!#'!D��B�����&!���B���((�$3*!��B��!$%����FB����#��B�
$�#!3�%��4�-./>4�
��+$!#"&����)�"&%&�,6�#'�"&��"!%'���(�#"�$3"$�!�����%!3*��&#%#��)�!��(���,�&3$("$�!�
!;'��#&���&��C!#"��)�&3�4���$���(��)���3*�!�(�,&3�(��3&!�3!�506�<?@�<=A4����6�
*""'655�;4��&4��,5/.4/./=5949�#4-./>4.04.-?�
�Y((&��B�F�*(!����B��#�8##����B�����!���B��&�,(�"��
B���*9�(����B���%$!(##���
4�-..-4�
�'�"&�(�����"!%'���(�2��&� &(&"���)�#��7��33$%$(�"&���$#&�,�,��$���'!�!"��"&�,�������
����&3!�3��!#�������2�( ����,(�3&!�4���$���(��)��(�3&�(�,��486�>/0�>->�
�!�3�38���4�/@@A4��;�,!���"�*&,*��("&"$�!4�����6���&"&#*��!�&3�(���$���(�3176�/.=<�
/.==�
�� �"!(��B��!�&!$���B��&�3!�"��4�-./=4��'�"&��"!%'���(�3*��,!#�&��,(�3&!��7&�!�%�##�
 �(��3!�+$��"&)&!�� ���'"&3�(��!%�"!�#!�#&�,����<.�,(�3&!�#�&��"*!�
�!�3*��('#�)���"*!�
'!�&���/@A<[-./>4���$���(��)��(�3&�(�,��626�//?<�//==�
�&3!2$"���B�F��!8!��F�B�
!��&,���
B��&3*!(&�
B���% &���4�-./>4��'�"&��"!%'���(�
2��&� &(&"���)�'�(�3*�!"!�3�(��&D�"&����"�2�(3��&3���-�2!�"#�&��&3�"!#�*&,*�"�(!���3!�"��
�3!����3&�&)&3�"&��4����&�!��&�(�,��1616�-@.@�-@/@4����6�/.4/..05#..--0�./>�-???���
�������B�
$  ������B���;���B�	�����B��*�&#"�))!�#!���B��������B�
�("�	�B�����8!���4�
-./?4�����'*�"�,��%%!"�������#"�$3"$�!�)��%�%�"&���"���##!##�3�(2&�,�����%&3#��"�
�"��!��(�3&!�B���(��,!��$"(!"����&�&�,�"*!���!!�(����&3!�#*!!"4�	*!�����#'*!�!�96�/�//4�
���6�/.4?/@>5"3�@�/�-./?�
��% $!((&��B���2���4�-./-4���#!�#"$��6�������#$�2!�������%���&�&3�(�8!�&�����"*!���
�"�(��)��� �"*�%!"��B�7�"!��2�($%!�����#!�&%!�"�3*���3"!�&D�"&��4���$���(��)��''(&!��
�!�'*�#&3#�816�>A�?=�
�&�,*�FB�F$(8���&��B��&#*����4�-./.4��#"&%�"&����)�,(�3&!���!'"*�����%���&�!�3�2!��
#"$���$#&�,�,��$���'!�!"��"&�,�������H���I�&��"*!�
&%�(������!,&��4���$���(��)�"*!�
���&�����3&!"���)��!%�"!��!�#&�,�386�/�@�
��!!��C�B�
�%&("�����4�-..04��2�($"&����)�%!("�'����2�($%!����"*!�#$�)�3!��)�"*!�
��!!�(�����3!��*!!"4��!�'*�#&3�(��!#!��3*��!""!�#�346��.<?./4����6�
/.4/.-@5-..=��.-A=@0�
	*�%'#�����B��!�����B��!��&#�FB��$38%����4�-./-4�����'&�(��,��7&�,�%���&�!�
��%%!��,(�3&�(�(�8!�����,�D$%'���(�3&!�B��!'�(4��!�%��'*�(�,��1456�/�//4����6�
/.4/./=594,!�%��'*4-.//4.A4./?�
�����&!7�
B�
(�����4�-..?4��!3�%'�!##&���"� (!#������&2!��$"3�%!���"�6�,��'*&3�(�
���(�#&#4����!�#!��G�*�'!� ��&3�%!�&3&�!�326�/A0�



/?�
�

�
�

�!�*�!2!���B����!$#��B���&!#!��B��!�%!$(!��
4�-./-4���''&�,� ��%�"3*&�,6���
3�%'$"!��2&#&��� �#!���''���3*�"��)�#"������33$��"!�,!��!)!�!�3&�,��)���3*�!�(�,&3�(�
�!�&�(�'*�"�,��'*#4���$���(��)���3*�!�(�,&3�(��3&!�3!�396�-.=.�-.0.4����6�
*""'655�;4��&4��,5/.4/./=5949�#4-./-4.-4.--�
C�"��� !�	B���"#$�8���B��*�&#"&��#!��

4�-./<4��3!\������&(\C!�,!�����%&3#�&��"*!�
F�''��&��]���!�B��2�( ���B���2!#"&,�"!�� ��	7�\����	*�!!\�&%!�#&���(���������
���$���	*!�%�(������33!(!��"&����!,&%!#4��!�%�)��#"������!�&,(�3&�(����3!##!#�246�<@�
??�
T*���CB�
��"!��B��&'����B�	&����4�-./<4����$���'!�!"��"&�,�������H���I��""�& $"!�
���(�#&#�)�����3*�!�(�,&3�(�'��#'!3"&��4���$���(��)��''(&!���!�'*�#&3#�976�/.0�//0�



�

Chapter 1. Evaluation of Structure from Motion Software to Create 3D 
Models of Late Nineteenth Century Great Lakes Shipwrecks Using 
Archival Diver-Acquired Video Surveys1
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Measurement Reported
(m)

Measured 
(m)

%
Error

Difference 
(m)

Aft Cargo Leading Edge /A4@=� /A40/� /4</� .4-?�

Aft Cargo Length -4>>� -4<@� /4@A� .4.?�

Aft Cargo Width /4A@� -4//� //4=?� �.4--�

Bowsprit Length A4//� 04@0� /40.� .4/>�

Forward Cargo Leading Edge 04@@� 04==� >4.A� .4<<�

Forward Cargo Length -4>>� -4>/� /4/=� .4.<�
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Forward Cargo Width /4@-� /4A<� >40.� .4.@�

Plank On Center Length <4@<� <4A0� /4?0� .4.=�

Plank On Center Width .4<0� .4><� /04?=� �.4.=�

Samson Post Leading Edge -4@<� -4@?� .4A-� �.4.-�

Ship Length -@4A0� -@4<>� /40A� .4?<�

Stern Cabin Leading Edge --4@-� --4>>� -4/.� .4>A�

Stern Cabin Length <4@=� <4A0� -4<<� .4.@�

Stern Cabin Width >4-/� >4-<� .4?=� �.4.-�
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Measurement
Reported

(m)
Measured 

(m)
%

Error
Difference 

(m)

Centerboard Trunk Width .4<=� .4<?� /4=.� .4./�

Deckhouse Hatchway Width .4>/� .4>=� //4=?� �.4.?�

Fore Mast Hole .4?<� .4>@� A4A=� .4.>�
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Deckhouse Hatchway Length .4?=� .4>0� /A4A@� .4.@�

Small Deckhouse Width .40=� .40?� /4=.� .4./�

Small Deckhouse Length /4??� /4?-� -4-0� .4.<�

Fore Cargo Length -4>>� -4>A� /4=A� �.4.>�

Fore Cargo Width -4=0� -4?.� =4=A� .4/0�

Deckhouse Length <4.?� <4>/� /.4=-� �.4<=�

Bowsprit Length <4==� <4A?� ?4..� �.4/@�

Deckhouse Width ?4/A� >40<� @4??� .4>?�

Centerboard Trunk Length =4/<� ?4=/� @4-/� .4?-�
�

Results
Measurement Accuracy
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Discussion
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Chapter 2. Rapid, Quantitative Assessment of Submerged Cultural 
Resource Degradation using Repeat Video Surveys and Structure from 
Motion2

Abstract
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Chapter 3. Using Structure from Motion to create DEMs and 
Orthoimagery from Historical Terrestrial and Oblique Aerial Imagery3
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Image corrections
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Reference DEMs and Orthoimages
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Calculated Focal Lengths and GSD
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Chapter 4. A Conceptual Model of Supraglacial Lake Formation on 
Debris-covered Glaciers based on GPR Facies Analysis4
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Results
GPR bathymetry
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