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Abstract

dŚĞ�ĚĞůŝďĞƌĂƚĞ�ƵƟůŝƐĂƟŽŶ�ŽĨ�ĚĂǇůŝŐŚƚ�ŚĂƐ�ďĞĞŶ�ĚŝƐĐƵƐƐĞĚ�ĂƐ�ĂŶ�ŽƵƚƐƚĂŶĚŝŶŐ�ĞůĞŵĞŶƚ�
ŽĨ� ƚŚĞ� ĚĞƐŝŐŶ� ŽĨ� ,ĂŐŝĂ� ^ŽƉŚŝĂ� ŝŶ� /ƐƚĂŶďƵů� ƐƚĂƌƟŶŐ�ǁŝƚŚ� ůĂƚĞ� ĂŶƟƋƵĞ� ƐŽƵƌĐĞƐ͕� ĂŶĚ�
ĐŽŶƟŶƵĞĚ�ƚŚƌŽƵŐŚ�ƚŚĞ�ĐĞŶƚƵƌŝĞƐ�ƵƉ�ƚŽ�ŽƵƌ�ĚĂǇ͘��ŽŵƉƵƚĂƟŽŶĂů�ƐŝŵƵůĂƟŽŶ�ĂůůŽǁƐ�ƚŽ�
ƌĞĐŽŶƐƚƌƵĐƚ�ƚŚŝƐ�ŝůůƵŵŝŶĂƟŽŶ͘�dŚŝƐ�Ͳ�ĨŽƌ�ƚŚĞ�ĮƌƐƚ�ƟŵĞ�Ͳ�ŽīĞƌƐ�Ă�ŵĞĂŶƐ�ƚŽ�ƌĞůĂƚĞ�ŚŝƐƚŽƌŝĐĂů�
ĚĞƐĐƌŝƉƟŽŶƐ�ĂŶĚ�ŵŽĚĞƌŶ�ŚǇƉŽƚŚĞƐĞƐ�ǁŝƚŚ�ĚĂǇůŝŐŚƚ�ĂƐ�Ă�ƉŚǇƐŝĐĂů�ƉŚĞŶŽŵĞŶŽŶ͕�ďƵƚ�
ƌĞƋƵŝƌĞƐ�Ă�ƐŽƵŶĚ�ŵĞƚŚŽĚŽůŽŐŝĐĂů�ďĂƐŝƐ�ƚŽ�ƉƌŽǀŝĚĞ�ǀĂůŝĚ�ƌĞƐƵůƚƐ͘��ŝĚŝƌĞĐƟŽŶĂů�ƉŚŽƚŽŶͲ
ŵĂƉƉŝŶŐ� ŝƐ� ĚĞŵŽŶƐƚƌĂƚĞĚ� ƚŽ� ƉƌĞĚŝĐƚ� ƚŚĞ� ƉƌŽƉĂŐĂƟŽŶ� ŽĨ� ůŝŐŚƚ� ŝŶ� ƚŚĞ� ĂƌĐŚŝƚĞĐƚƵƌĂů�
ƐƉĂĐĞ͕�ĐŚĂƌĂĐƚĞƌŝƐĞĚ�ďǇ�ĐŽŵƉůĞǆŝƚǇ�ǁŝƚŚ�ƌĞŐĂƌĚ�ƚŽ�ŝƚƐ�ŐĞŽŵĞƚƌǇ�ĂƐ�ǁĞůů�ĂƐ�ƚŚĞ�ŽƉƟĐĂů�
ƉƌŽƉĞƌƟĞƐ� ŽĨ� ŝƚƐ� ďŽƵŶĚĂƌŝĞƐ͘� dŚĞ� ůĂƩĞƌ� ŵƵƐƚ� ďĞ� ƌĞĐŽŶƐƚƌƵĐƚĞĚ� ŝŶ� ƚŚĞŝƌ� ŽƌŝŐŝŶĂů�
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ĐŽŶĚŝƟŽŶ͕� ĞůŝŵŝŶĂƟŶŐ� ŵŽĚŝĮĐĂƟŽŶƐ� ŽĨ� ƚŚĞ� ŽƌŝŐŝŶĂů� ďƵŝůĚŝŶŐ� ĐŽŵƉŽƐŝƟŽŶ� ĂƐ� ǁĞůů�
ĂƐ�ĚĞƚĞƌŝŽƌĂƟŽŶ�ŽĨ�ƚŚĞ�ŵĂƚĞƌŝĂů�ĂŶĚ�ĮŶŝƐŚĞƐ�ŽĨ�ďƵŝůĚŝŶŐ�ĞůĞŵĞŶƚƐ͘�dŚĞ�ĚĞƐĐƌŝƉƟŽŶ�
ŽĨ�ƚŚĞ� ůĂƩĞƌ Ɛ͛� ŝƌƌĞŐƵůĂƌ�ƉƌŽƉĞƌƟĞƐ�ƐƵŐŐĞƐƚƐ�ĚĂƚĂͲĚƌŝǀĞŶ�ŵŽĚĞůůŝŶŐ�ďĂƐĞĚ�ŽŶ�ŐŽŶŝŽͲ
ƉŚŽƚŽŵĞƚƌŝĐ� ŵĞĂƐƵƌĞŵĞŶƚƐ͘� �ŝƚŚĞƌ� ƌĞĂůŝƐƟĐ� Žƌ� ƌĞƉƌĞƐĞŶƚĂƟǀĞ� ĚĞƐĐƌŝƉƟŽŶ� ŽĨ� ƐŬǇ�
ĐŽŶĚŝƟŽŶƐ� ďĂƐĞĚ� ŽŶ� ĐůŝŵĂƚĞ� ĚĂƚĂ� Žƌ� ŚŝŐŚ� ĚǇŶĂŵŝĐ� ƌĂŶŐĞ� ŝŵĂŐŝŶŐ� ƚĞĐŚŶŝƋƵĞƐ� ŝƐ�
ƉƌĞƐĞŶƚĞĚ�ĂŶĚ�ĐƌŝƟĐĂůůǇ�ĚŝƐĐƵƐƐĞĚ͕�ƐŝŶĐĞ�ŝƚ�ƉƌŽǀŝĚĞƐ�ĚĞƐĐƌŝƉƟŽŶƐ�ŽĨ�ƚŚĞ�ĐŽŶƚĞŵƉŽƌĂƌǇ�
ĐŽŶĚŝƟŽŶƐ͘�&ŝŶĂůůǇ͕ �ƚŚĞ�ƚƌĂŶƐĨĞƌ�ŽĨ�ƐŝŵƵůĂƟŽŶ�ƌĞƐƵůƚƐ�ĨƌŽŵ�ƚŚĞ�ƉŚǇƐŝĐĂů͕�ƉŚŽƚŽŵĞƚƌŝĐ�
ƚŽ�ƚŚĞ�ƉĞƌĐĞƉƚƵĂů�ĚŽŵĂŝŶ�ŝƐ�ŶĞĐĞƐƐĂƌǇ�ĨŽƌ�ĂŶǇ�ŝŶƚĞƌƉƌĞƚĂƟŽŶ�ŝŶ�ƚŚĞ�ŚŝƐƚŽƌŝĐĂů�ƐĐŝĞŶĐĞƐ͕�
ĂŶĚ� ƚŽ� ƌĞůĂƚĞ� ƚŚĞ�ƋƵĂŶƟƚĂƟǀĞ�ŽƵƚĐŽŵĞƐ� ƚŽ�ǁƌŝƩĞŶ�ĂĐĐŽƵŶƚƐ͘�dŚĞ�ĂƵƚŚŽƌƐ�ƉƌĞƐĞŶƚ�
ŵĞƚŚŽĚƐ� ĂŶĚ� ƌĞƐƵůƚƐ� ĨƌŽŵ� ƚŚĞ� ĞǆĞŵƉůĂƌǇ� ĂƉƉůŝĐĂƟŽŶ� ƚŽ� ƚŚĞ� ĐĂƐĞ� ŽĨ�,ĂŐŝĂ� ^ŽƉŚŝĂ�
ĨƌŽŵ�ƚŚĞŝƌ�ŽŶŐŽŝŶŐ�ƌĞƐĞĂƌĐŚ͘���ƌĞƐĞĂƌĐŚ�ĂŐĞŶĚĂ�ŝƐ�ƉƌŽƉŽƐĞĚ�ƚŽ�ĐůŽƐĞ�ƚŚĞ�ŐĂƉ�ďĞƚǁĞĞŶ�
ĂƌĐŚĂĞŽůŽŐŝĐĂů� ĞǀŝĚĞŶĐĞ͕� ĂĚǀĂŶĐĞŵĞŶƚƐ� ŝŶ� ƚŚĞ� ƌĞĐŽŶƐƚƌƵĐƟŽŶ� ĂŶĚ� ĐŽŵƉƵƚĂƟŽŶĂů�
ƐŝŵƵůĂƟŽŶ�ŽĨ�ůŝŐŚƟŶŐ͕�ĂŶĚ�ŝƚƐ�ƉŽƚĞŶƟĂů�ĐŽŶƚƌŝďƵƟŽŶ�ƚŽ�ƚŚĞ�ŚŝƐƚŽƌŝĐĂů�ƐĐŝĞŶĐĞƐ�ŝŶ�ĂƌƚƐ�
ĂŶĚ�ďƵŝůĚŝŶŐ͘

Keywords͗��ĂǇůŝŐŚƚ͕�ƌĞĐŽŶƐƚƌƵĐƟŽŶ͕�ǀŝƐƵĂůŝƐĂƟŽŶ͕�ƐŝŵƵůĂƟŽŶ͕�ůŝŐŚƚ�ƐĐĂƩĞƌŝŶŐ

*(d�$17ø.�'g1(0'(��$<$62)<$¶'$ 
*h1�,ù,ö,�'$ö,7,0,1,1�6ø0h/$6<2181'$�

7(.1ø.�=25/8.

Özet

'ƺŶ�ŦƔŦŒŦŶŦŶ�ƉůĂŶůŦ�ŬƵůůĂŶŦŵŦ�7ƐƚĂŶďƵů��ǇĂƐŽĨǇĂ͛ŶŝŶ�ƂŶĚĞ�ŐĞůĞŶ�ƵŶƐƵƌůĂƌŦŶĚĂŶ�ďŝƌŝĚŝƌ͘ �
�ǇĂƐŽĨǇĂ͛ŶŝŶ�ƚĂƐĂƌŦŵŦŶĚĂŬŝ�ďƵ�ƂǌĞůůŝŬ͕�ŐĞĕ�ĂŶƟŬ�ŬĂǇŶĂŬůĂƌĚĂŶ�ďĂƔůĂǇĂƌĂŬ�ŐƺŶƺŵƺǌĞ�
ŬĂĚĂƌ͕ � ǇƺǌǇŦůůĂƌ� ďŽǇƵŶĐĂ� ƚĂƌƨƔŦůĂŐĞůŵŝƔƟƌ͘ � 'ƂƌƐĞů� ŝŶĐĞůĞŵĞ� ǀĞ� Ƃůĕƺŵ� ǇƂŶƚĞŵůĞƌŝ͕�
ďŝŶĂŶŦŶ� ĂǇĚŦŶůĂƚŵĂƐŦŶŦŶ� ŶŝƚĞůŝŬƐĞů� ǀĞ� ŶŝĐĞůŝŬƐĞů� ŽůĂƌĂŬ� ĚĞŒĞƌůĞŶĚŝƌŝůŵĞƐŝ� ĂĕŦƐŦŶĚĂŶ�
ƂŶĞŵůŝĚŝƌ͘ ��ŶĐĂŬ�ǇƺǌǇŦůůĂƌ�ďŽǇƵŶĐĂ�ĚĞǀĂŵ�ĞƚŵĞŬƚĞ�ŽůĂŶ�ƌĞƐƚŽƌĂƐǇŽŶ�ĕĂůŦƔŵĂůĂƌŦ�ǀĞ�
ĚŝŒĞƌ� ŵŽĚŝĮŬĂƐǇŽŶůĂƌ� ŶĞĚĞŶŝǇůĞ͕� ďƵ�ŵĞƚŽƚůĂƌ� ƐĂĚĞĐĞ� ďŝŶĂŶŦŶ� ŐƺŶƺŵƺǌĚĞŬŝ� ŚĂůŝŶŝ�
ŝŶĐĞůĞŵĞŵŝǌĞ� ŽůĂŶĂŬ� ǀĞƌŵĞŬƚĞĚŝƌůĞƌ͘

ZĞŬŽŶƐƚƌƺŬƐŝǇŽŶ�ǀĞ�ƐŝŵƺůĂƐǇŽŶ͕�ƚĂƌŝŚŝ�ǀĞ�ŬƺůƚƺƌĞů�ĂƌĂƔƨƌŵĂůĂƌĚĂ�ŐŝƫŬĕĞ�ĚĂŚĂ�ƐŦŬůŦŬůĂ�
ǀĞ�ǇĞŶŝ�ƚĞŬŶŝŬ�ďŝůŐŝůĞƌ�ĚŽŒƌƵůƚƵƐƵŶĚĂ�ŐĞůŝƔĞƌĞŬ�ƵǇŐƵůĂŶĂŶ�ĚĞŶĞǇƐĞů�ďŝƌ�ŵĞƚŽĚŽůŽũŝŬ�
ǇĂŬůĂƔŦŵĚŦƌ͘ �̂ ŝŵƺůĂƐǇŽŶ�ŝůĞ�ĂǇĚŦŶůĂƚŵĂŶŦŶ�ƌĞŬŽŶƐƚƌƺŬƐŝǇŽŶƵŶƵ�ƐĂŒůĂŵĂŬ�ŵƺŵŬƺŶĚƺƌ͘ �
^ŝŵƺůĂƐǇŽŶ͕� ƚĂƌŝŚƐĞů� ƚĂŶŦŵůĂƌŦ� ǀĞ� ŵŽĚĞƌŶ� ŚŝƉŽƚĞǌůĞƌŝ͕� ĮǌŝŬƐĞů� ďŝƌ� ĨĞŶŽŵĞŶ� ŽůĂƌĂŬ�
ŐƺŶ�ŦƔŦŒŦ�ŝůĞ�ŝůŝƔŬŝůĞŶĚŝƌŵĞŬ�ŝĕŝŶ�ďŝƌ�ĂƌĂĕ�ƐƵŶĂƌ͘ ��ŶĐĂŬ͕�ŐĞĕĞƌůŝ�ƐŽŶƵĕůĂƌ�ŝĕŝŶ�ƐĂŒůĂŵ�ǀĞ�
ŐƺǀĞŶŝůŝƌůŝŒŝ�ŽŶĂǇůĂŶŵŦƔ�ďŝƌ�ŵĞƚŽĚŽůŽũŝ�ŐĞƌĞŬŵĞŬƚĞĚŝƌ͘
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�ǇĂƐŽĨǇĂ͕� ŬĂƌŵĂƔŦŬ� ŵĞŬĂŶŦŶ� ŐĞŽŵĞƚƌŝƐŝ� ǀĞ� ǇƺǌůĞƌŝŶ� ŽƉƟŬ� ƂǌĞůůŝŬůĞƌŝ� ƐĞďĞďŝ� ŝůĞ͕�
ƐŝŵƵůĂƐǇŽŶƵ�ŽůĚƵŬĕĂ�ǌŽƌ�ďŝƌ�ďŝŶĂĚŦƌ͘ ��Ƶ�ŵĂŬĂůĞĚĞ�ŬƵůůĂŶŦůĂŶ�ŵĞƚŽĚŽůŽũŝŬ�ǇĂŬůĂƔŦŵ�ƺĕ�
ĂŶĂ�ŵĂĚĚĞ�ĂůƨŶĚĂ�ĂĕŦŬůĂŶĂďŝůŝƌ͗�ŝͿ�ŐĞŽŵĞƚƌŝŬ�ƂǌĞůůŝŬůĞƌŝŶ�ĚŽŒƌƵ�ŽůĂƌĂŬ�ŵŽĚĞůůĞŶŵĞƐŝ͖�
ŝŝͿ� ǇƺǌĞǇ� ŵĂůǌĞŵĞůĞƌŝŶŝŶ� ŦƔŦŬ� ǇĂŶƐŦƚŵĂ͕� ŦƔŦŬ� ŐĞĕŝƌŐĞŶůŝŒŝ� ǀĞ� ŦƔŦŬ� ŬŦƌŦůŵĂƐŦ� Őŝďŝ� ŽƉƟŬ�
ƂǌĞůůŝŬůĞƌŝŶŝŶ� ƚƺŵ� ŬĂƌŵĂƔŦŬůŦŒŦ� ŝůĞ� ŬĂƌĂŬƚĞƌŝǌĞ� ĞĚŝůĞďŝůŵĞƐŝ͖� ǀĞ� ŝŝŝͿ� ŵĞŬĂŶĚĂŬŝ� ŦƔŦŬ�
ĚĂŒŦůŦŵŦŶŦŶ� ĮǌŝŬƐĞů� ŬƵƌĂůůĂƌĂ� ƵǇŐƵŶ� ŽůĂƌĂŬ� ŚĞƐĂƉůĂŶĂďŝůŵĞƐŝ� ŐĞƌĞŬŵĞŬƚĞĚŝƌ͘

zĞŶŝ�ŐĞůŝƔƟƌŝůŵŝƔ�ǇƂŶƚĞŵůĞƌ�ĂƌĂĐŦůŦŒŦ� ŝůĞ��ǇĂƐŽĨǇĂ͛ŶŦŶ�ƐŝŵƵůĂƐǇŽŶƵŶĚĂ�ĂŵĂĕ�ĞĚŝŶŝůĞŶ�
ƚĞŬŶŝŬ�ƂǌĞůůŝŬůĞƌ�ƐĂŒůĂŶŵŦƔƨƌ͘ ��ĂƌŵƐƚĂĚƚ�dĞŬŶŝŬ�hŶŝǀĞƌƐŝƚĞƐŝ͛ŶĚĞ�ϮϬϬϬ�ǇŦůŦŶĚĂ�ďĂƔůĂǇĂŶ�
ĂƌĂƔƨƌŵĂůĂƌ� ŬĂƉƐĂŵŦŶĚĂ� �ǇĂƐŽĨǇĂ͛ŶŦŶ� ϲ͘� ǇƺǌǇŦůĚĂŬŝ� ŝĕ� ŵĞŬĂŶŦŶŦŶ� ŐĞŽŵĞƚƌŝƐŝ� ǀĞ� ŝĕ�
ǇƺǌůĞƌŝŶŝŶ�ŽƉƟŬ�ƂǌĞůůŝŬůĞƌŝ�ƐŝŵƺůĂƐǇŽŶ�ƚĞŬŶŝŬůĞƌŝ�ŝůĞ�ŵŽĚĞůůĞŶŵŝƔƟƌ͘ ��Ƶ�ĕĂůŦƔŵĂůĂƌ�ƐŽŶ�
ϮϬ�ǇŦůĚĂ�ŝůĞƌůĞǇĞƌĞŬ�ĚĞǀĂŵ�ĞƚŵŝƔƟƌ�ǀĞ�ŝůŬ�ŬĞǌ�ďƵ�ŵĂŬĂůĞĚĞ�ĚĞƚĂǇůŦ�ŽůĂƌĂŬ�ŬƵůůĂŶŦůŵŦƔƨƌ͘

'ĞŽŵĞƚƌŝŬ�ŵŽĚĞůůĞŵĞ͕��ǇĂƐŽĨǇĂ͛ŶŦŶ�ƚĂƐĂƌůĂŶĚŦŒŦ�ĚƂŶĞŵĚĞŬŝ�ƔĞŬůŝŶĞ�ĚĂǇĂůŦ�ƂǌĞůůŝŬůĞƌŝ�
ĞƐĂƐ�ĂůŦŶĂƌĂŬ�ǇĂƉŦůŵŦƔƨƌ͘ �dƺŵ�ǇĂƉŦ�ĚĂŚĂ�ďƺǇƺŬ�ďŝƌ�ŵŽĚĞůŝŶ�ƉĂƌĕĂƐŦ�ŽůĂďŝůĞĐĞŒŝ�Őŝďŝ͕�
ǇĂƉŦ� ĞůĞŵĂŶůĂƌŦŶŦŶ� ŚĞƌ� ďŝƌŝ͕� ƚĞŬĞƌ� ƚĞŬĞƌ͕ � ŐĞƌĞŬƟŒŝŶĚĞ� ĚĂŚĂ� ĚĞƚĂǇůŦ� ƚĂŶŦŵůĂŵĂůĂƌůĂ�
ĚĞŒŝƔƟƌŝůĞďŝůĞĐĞŬ�ďŝƌ�ŵŽĚĞůůĞŵĞ�ĞƐŶĞŬůŝŒŝ� ŝĕŝŶĚĞ� ŬƵƌŐƵůĂŶŦůŵŦƔƨƌ͘

zƺǌĞǇ� ŵĂůǌĞŵĞůĞƌŝŶŝŶ� ŦƔŦŬ� ǇĂŶƐŦƚŵĂ͕� ŐĞĕŝƌŐĞŶůŝŬ� ǀĞ� ŬŦƌŦůŵĂ� Őŝďŝ� ĚƺǌĞŶƐŝǌ� ŽƉƟŬ�
ƂǌĞůůŝŬůĞƌŝŶŝŶ�ŵŽĚĞůůĞŶŵĞƐŝ� ŝĕŝŶ�ŐŽŶŝŽͲĨŽƚŽŵĞƚƌŝŬ�ƂůĕƺŵůĞƌĚĞŶ�ĞůĚĞ�ĞĚŝůĞŶ�ǀĞƌŝůĞƌĞ�
ĚĂǇĂůŦ�ďŝƌ�ŵŽĚĞůůĞŵĞ�ŐĞůŝƔƟƌŝůŵŝƔƟƌ͘ ��ŝŶĂǇĂ�ŐŝƌĞŶ�ŐƺŶ� ŦƔŦŒŦŶŦŶ� ŝůŬ�ĚĞŒŝƔŝŵĞ�ƵŒƌĂĚŦŒŦ�
ǇƺǌĞǇ�ŽůĂŶ�ƉĞŶĐĞƌĞ�ĐĂŵůĂƌŦŶŦŶ�ƂǌŐƺŶ�ŚĂůŝ�ŐƺŶƺŵƺǌĚĞ�ǀĂƌ�ŽůŵĂĚŦŒŦŶĚĂŶ͕�ƂůĕƺŵůĞƌŝ�
ǀĞ� ƌĞŬŽŶƐƚƌƺŬƐŝǇŽŶůĂƌŦ� ĚŽŒƌƵĚĂŶ� ŵƺŵŬƺŶ� ĚĞŒŝůĚŝƌ͘ � �ŶĐĂŬ͕� ĂŶƟŬ� ĚƂŶĞŵĚĞŶ� ďĞƌŝ�
ƚƺŵ�ZŽŵĂŶ�ŝŵƉĂƌĂƚŽƌůƵŒƵŶĚĂ�ƺƌĞƟůĞŶ�ŐƂďĞŬůŝ͕�ĚƂŬŵĞ�Ěƺǌ�ǀĞ�ƐŝůŝŶĚŝƌ�ƉĞŶĐĞƌĞ�ĐĂŵ�
ƂƌŶĞŬůĞƌŝ� ŐƺŶƺŵƺǌĞ� ŬĂĚĂƌ� ƵůĂƔŵŦƔƨƌ͘ � �Ƶ� ĕĂůŦƔŵĂĚĂ� �ǇĂƐŽĨǇĂ͛ŶŦŶ� ƉĞŶĐĞƌĞůĞƌŝŶĚĞ�
ƐŝůŝŶĚŝƌ�ƉĞŶĐĞƌĞ�ĐĂŵŦ�ŬƵůůĂŶŦůĚŦŒŦ�ǀĞ�ĐĂŵůĂƌŦŶ�ZŽŵĂ�ŝŵƉĂƌĂƚŽƌůƵŒƵŶĚĂ�ƺƌĞƟůĞŶ�ĚŝŒĞƌ�
ĐĂŵůĂƌ�ŝůĞ�ĂǇŶŦ�ƚĞŬŶŝŬůĞƌ�ŬƵůůĂŶŦůĂƌĂŬ�ƺƌĞƟůĚŝŒŝ�ŚŝƉŽƚĞǌŝ�ƺǌĞƌŝŶĚĞŶ�ŚĂƌĞŬĞƚ�ĞĚŝůŵŝƔƟƌ͘ �
�Ƶ� ŬĂƉƐĂŵĚĂ͕� ƐŝůŝŶĚŝƌ� ƉĞŶĐĞƌĞ� ĐĂŵŦŶŦŶ� ŽƉƟŬ� ƂǌĞůůŝŬůĞƌŝ͕� ZŽŵĂ� ĚƂŶĞŵŝ� ĂƌŬĞŽůŽũŝŬ�
ďƵůƵŶƚƵůĂƌŦ�ĞƐĂƐ�ĂůŦŶĂƌĂŬ͕�ǀĞƌŝǇĞ�ĚĂǇĂůŦ�ǀĞ�ĕŝŌ�ǇƂŶůƺ�ŦƔŦŬ�ƐĂĕŦůŵĂ�ĨŽŶŬƐŝǇŽŶƵ�ŬƵůůĂŶŦůĂƌĂŬ�
ĂŶĂůŝƟŬ� ŽůĂƌĂŬ� ŵŽĚĞůůĞŶŵŝƔƟƌ͘ � �ƵƌĂĚĂ� ƂŶĞŵůĞ� ďĞůŝƌƟůŵĞƐŝ� ŐĞƌĞŬĞŶ� ƵŶƐƵƌ͕ � ZŽŵĂ�
ĚƂŶĞŵŝŶĞ�Ăŝƚ�ĐĂŵůĂƌŦŶ�ŦƔŦŬ�ŐĞĕŝƌŵĞ�ǀĞ�ƐĂĕŦůŵĂ�ƂǌĞůůŝŬ�ǀĞƌŝůĞƌŝ͕�ĐĂŵůĂƌŦŶ�ďƵŐƺŶĞ�ƵůĂƔƨŒŦ�
ŚĂůůĞƌŝ�ƺǌĞƌŝŶĚĞŶ�ǇĂƉŦůĂŶ�ƂůĕƺŵůĞƌĞ�ĚĂǇĂůŦĚŦƌ͘ ��ĂŵĂŶ�ĂƔŦŵŦŶĂ�ďĂŒůŦ�ŽůĂƌĂŬ�ŦƔŦŬ�ŐĞĕŝƌŵĞ�
ƂǌĞůůŝŬůĞƌŝŶŝŶ�ĚĞŒŝƔŵĞĚŝŒŝ�ǀĂƌƐĂǇŦŵŦ�ŝůĞ�ĞƐĂƐ�ĂůŦŶŵŦƔƨƌ͘ ��ĂŵůĂƌŦŶ�ǇƺǌĞǇ�ƂǌĞůůŝŬůĞƌŝŶĚĞ�
ǇŦůůĂƌ�ŝĕŝŶĚĞ�ŽůƵƔĂďŝůĞĐĞŬ�ďŽǌƵůŵĂ�ĞƚŬŝƐŝ�ŐƂǌ�ƂŶƺŶĞ�ĂůŦŶĂƌĂŬ�ƌĞŬŽŶƐƚƌƺŬƐŝǇŽŶƵ͕�ŝůĞƌŝĚĞ�
ŝŶĐĞůĞŶĞĐĞŬ�ĂǇƌŦ�ďŝƌ�ĂƌĂƔƨƌŵĂ�ŬŽŶƵƐƵĚƵƌ͘

�ǇĂƐŽĨǇĂ͛ŶŝŶ�ŐĞĕŝƌŐĞŶ�ŽůŵĂǇĂŶ�;ŽƉĂŬͿ�ǀĞ�ǇĂƌŦ�ƐĂǇĚĂŵ�ǇƺǌĞǇůĞƌŝ͕�ŦƔŦŒŦ�ŚĞŵ�ĚĂŒŦŶŦŬ�ŚĞŵ�
ĚĞ�ǇƂŶůƺ�ŽůĂƌĂŬ�ǇĂŶƐŦƚŵĂ�ƂǌĞůůŝŬůĞƌŝ�ŐƂƐƚĞƌĚŝŒŝŶĚĞŶ͕�ŽůĚƵŬĕĂ�ŬĂƌŵĂƔŦŬƨƌ͘ �<ƵďďĞůĞƌĚĞ�
ŬƵůůĂŶŦůĂŶ� ĐĂŵ� ŵŽǌĂŝŬ͕� ĚƵǀĂƌůĂƌĚĂ� ŬƵůůĂŶŦůĂŶ� ĨĂƌŬůŦ� ŵĞƌŵĞƌ� ĕĞƔŝƚůĞƌŝ͕� ǌĞŵŝŶĚĞ�
ŬƵůůĂŶŦůĂŶ� Ɛƺƚ� ďĞǇĂǌŦ� ƌĞŶŬůŝ� DĂƌŵĂƌĂ� ŵĞƌŵĞƌůĞƌŝ� ǀĞ� ŬĞƐŝŬ� ŵĞƌŵĞƌ� ŬƵůůĂŶŦůĂƌĂŬ�
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ĚƵǀĂƌůĂƌĂ� ǀĞ� ǌĞŵŝŶ� ǇƺǌĞǇůĞƌŝŶĚĞ� ŐƂŵƺůƺ� ǇĞƌůĞƔƟƌŝůĞŶ� ĚĞƐĞŶůĞƌ� ;ŽƉƵƐ� ƐĞĐƟůĞͿ� ŝĕŝŶ�
ŐĞůŝƔƟƌŝůŵŝƔ�ŵŽĚĞůůĞŵĞ�ƚĞŬŶŝŬůĞƌŝ�ŵĂŬĂůĞĚĞ�ĚĞƚĂǇůŦ�ŽůĂƌĂŬ�ƚĂƌƨƔŦůŵŦƔƨƌ͘ �&ĂƌŬůŦ�ŵĞƌŵĞƌ�
ƚƺƌůĞƌŝŶŝŶ� ďŝƌ� ŬĂƚĂůŽŒƵ� ŽůƵƔƚƵƌƵůŵƵƔƚƵƌ͘ � �ůƨŶ�ŵŽǌĂŝŒŝŶ� ŬĂƌĂŬƚĞƌŝƐƟŬ� ŦƔŦůƨƐŦ͕� ŵŽǌĂŝŬ�
ǇƺǌĞǇůĞƌŝŶ� ǇĂǇŦŶŦŬ� ŦƔŦŬ� ƐĂĕŦůŦŵŦ� ƂǌĞůůŝŬůĞƌŝŶŝŶ� ǀĞ� ŚĞƌ� ďŝƌ� ŵŽǌĂŝŬ� ƚĂƔŦŶŦŶ� ŐĞŽŵĞƚƌŝŬ�
ŵŽĚƺůĂƐǇŽŶƵŶƵŶ�ďŝƌůĞƔŝŬ�ƐƵŶƵĐƵ�ŽůĂƌĂŬ�ŽƌƚĂǇĂ�ĕŦŬŵĂŬƚĂ�ŽůĂŶ�ďŝƌ�ǇĂǇŦŶŦŬ�ǇĂŶƐŦŵĂĚŦƌ͘ �
zĂǇŦŶŦŬ� ŦƔŦŬ� ƐĂĕŦůŦŵůĂƌŦ͕� ĐĂŵ� ǇƺǌĞǇůĞƌŝŶ� ƚĞŬ� ƌĞŶŬůŝ� ǇĂŶƐŦŵĂůĂƌŦ� ŝůĞ� Ɖƺƌƺǌůƺ� ŵĞƚĂů�
ǇƺǌĞǇůĞƌŝŶ�ƌĞŶŬůŝ�ǇĂŶƐŦŵĂůĂƌŦŶŦŶ�ŬĂƌŦƔŦŵŦŶĚĂŶ�ŽůƵƔĂŶ�ďŝƌ�ŵĂůǌĞŵĞ�ŬŽŵďŝŶĂƐǇŽŶƵ�ŝůĞ�
ƚĂŶŦŵůĂŶŦůŵŦƔƨƌ͘ �,Ğƌ�ŵŽǌĂŝŬ�ƚĂƔŦŶŦŶ�ŐĞŽŵĞƚƌŝŬ�ŵŽĚƺůĂƐǇŽŶƵŶƵ�ƚĞŬ�ƚĞŬ�ŵŽĚĞůůĞŶŵĞƐŝ�
ƵǇŐƵŶ� ŽůŵĂĚŦŒŦŶĚĂŶ͕� ƉĂƌĂŵĞƚƌŝŬ� ŵŽĚĞůůĞŵĞ� ƚĞŬŶŝŒŝ� ŬƵůůĂŶŦůŵŦƔƨƌ͘

'ƺŶ�ŦƔŦŒŦ�ƐŝŵƺůĂƐǇŽŶĚĂ�ĕŽŒƵŶůƵŬůĂ�ƚĞƌĐŝŚ�ĞĚŝůĞŶ�ŬĂŵĞƌĂ�ƉŽǌŝƐǇŽŶƵŶĚĂŶ�ŦƔŦŬ�ŬĂǇŶĂŒŦŶĂ�
ŐĞƌŝ�ǇƂŶůƺ�ŦƔŦŶ�ŝǌůĞŵĞ�ǇƂŶƚĞŵŝ͕��ǇĂƐŽĨǇĂ͛ĚĂŬŝ�ŦƔŦŬ�ĚĂŒŦůŦŵŦŶŦŶ�ĮǌŝŬƐĞů�ŬƵƌĂůůĂƌĂ�ƵǇŐƵŶ�
ŽůĂƌĂŬ�ŚĞƐĂƉůĂŶĂďŝůŵĞƐŝ�ŝĕŝŶ�ǇĞƚĞƌůŝ�ĚĞŒŝůĚŝƌ͘ ��Ƶ�ĕĂůŦƔŵĂĚĂ͕�ŝŬŝ�ǇƂŶůƺ͕�ŐĞƌŝ�ŦƔŦŶ�ŝǌůĞŵĞ�
ǀĞ� ŝůĞƌŝ� ĨŽƚŽŶͲŚĂƌŝƚĂůĂŵĂ� ǇƂŶƚĞŵŝ� ŝůĞ͕� ŦƔŦŒŦŶ� ŵŝŵĂƌŝ� ĂůĂŶĚĂ� ǇĂǇŦůŵĂƐŦŶŦŶ͕� ŵĞŬĂŶ�
ŐĞŽŵĞƚƌŝƐŝ� ǀĞ� ŝĕ� ǇƺǌĞǇůĞƌŝŶ� ŽƉƟŬ� ƂǌĞůůŝŬůĞƌŝ� ŐƂǌ� ƂŶƺŶĞ� ĂůŦŶĂƌĂŬ͕� ƚƺŵ� ŬĂƌŵĂƔŦŬůŦŒŦ�
ŝůĞ� ŬĂƌĂŬƚĞƌŝǌĞ� ĞĚŝůĞďŝůĞĐĞŒŝ� ŐƂƐƚĞƌŝůŵŝƔƟƌ͘ � �ǇƌŦĐĂ͕� ŽƌŝũŝŶĂů� ǇĂƉŦ� ŬŽŵƉŽǌŝƐǇŽŶƵŶĚĂŬŝ�
ŵŽĚŝĮŬĂƐǇŽŶůĂƌŦŶ� ǇĂŶŦ� ƐŦƌĂ͕� ǇĂƉŦ� ĞůĞŵĂŶůĂƌŦŶŦŶ� ǀĞ� ďĂǌŦ� ǇƺǌĞǇ� ŵĂůǌĞŵĞůĞƌŝŶĚĞŬŝ�
ďŽǌƵůŵĂůĂƌŦŶ�ŽƌƚĂĚĂŶ�ŬĂůĚŦƌŦůŵĂƐŦ�ŝůĞ�;ƂƌŶĞŒŝŶ͕�ŬŦƌŦůŵŦƔ�ǀĞ�ĕĂƚůĂŵŦƔ�ŵĞƌŵĞƌ�ǇƺǌĞǇůĞƌŝŶ�
ǇŦƉƌĂŶŵĂŵŦƔ� ŚĂůůĞƌŝŶŝŶ� ŵŽĚĞůůĞŶŵĞƐŝ� ŝůĞͿ� ǇĂƉŦŶŦŶ� ŽƌŝũŝŶĂů� ŚĂůŝŶŝŶ� ŝŶĐĞůĞŶŵĞƐŝ�
ŵƺŵŬƺŶ� ŽůĂďŝůŵĞŬƚĞĚŝƌ͘

'ƺŶ�ŦƔŦŒŦ�ƐŝŵƺůĂƐǇŽŶƵŶĚĂ͕�ŐĞŽŵĞƚƌŝŬ�ǀĞ�ǇƺǌĞǇ�ƂǌĞůůŝŬůĞƌŝ�ŝůĞ�ďŝƌůŝŬƚĞ͕�ŐƂŬǇƺǌƺŶƺŶ�ŐƺŶ͕�
ƐĂĂƚ͕�ĂǇ�ǀĞ�ŚĂǀĂ�ŬŽƔƵůůĂƌŦŶĂ�ďĂŒůŦ�ŽůĂƌĂŬ�ĚĞŒŝƔĞŶ�ĂǇĚŦŶůŦŬ�ƂǌĞůůŝŬůĞƌŝ�ĚĞ�ĚŝŬŬĂƚĞ�ĂůŦŶŵĂůŦĚŦƌ͘ �
'ƂŬǇƺǌƺ�ŬŽƔƵůůĂƌŦ͕�ƐƚĂŶĚĂƌƚ�ŵŽĚĞůůĞƌ�ŬƵůůĂŶŦůĂƌĂŬ�;hůƵƐůĂƌĂƌĂƐŦ��ǇĚŦŶůĂƚŵĂ�<ŽŵŝƐǇŽŶƵ�
;�/�Ϳ�ƚĂƌĂķŶĚĂŶ�ďĞůŝƌůĞŶŵŝƔ�ĂĕŦŬ͕�ƉĂƌĕĂůŦ�ďƵůƵƚůƵ�ǀĞ�ďƵůƵƚůƵ�ŐƂŬǇƺǌƺ�ƚĂŶŦŵůĂƌ�ŝůĞͿ͕�ǇĂ�
ĚĂ�ŵĞƚĞŽƌŽůŽũŝŬ�ǀĞƌŝůĞƌĞ�ĚĂǇĂůŦ�;ŵĂƚĞŵĂƟŬƐĞů�ǀĞ�ǇƺŬƐĞŬ�ĚŝŶĂŵŝŬ�ƂůĕĞŬůŝ�ĨŽƚŽŒƌĂĨͲďĂǌůŦ�
ŵŽĚĞůůĞƌ� ŝůĞͿ� ƐŝŵƺůĞ� ĞĚŝůĞďŝůŵĞŬƚĞĚŝƌ͘ � 'ƂŬǇƺǌƺ� ŵŽĚĞůůĞƌŝŶŝŶ� �ǇĂƐŽĨǇĂ͛ŶŝŶ� ŽƌŝũŝŶĂů�
ŚĂůŝŶŝŶ�ƐŝŵƵůĂƐǇŽŶƵ�ŝĕŝŶ�ŬƵůůĂŶŦůŵĂƐŦŶĚĂ�ŝŬŝ�ǇĂŬůĂƔŦŵ�ĚƺƔƺŶƺůĞďŝůŝƌ͘ ��ŝƌŝŶĐŝ�ǇĂŬůĂƔŦŵĚĂ�
ŐƺŶƺŵƺǌĚĞ�ǇĂƉŦůĂŶ�ŵĞƚĞŽƌŽůŽũŝŬ�ƂůĕƺŵůĞƌŝŶ�ϲ͘�zƺǌǇŦůĚĂŬŝ�ŐƂŬǇƺǌƺ�ŬŽƔƵůůĂƌŦŶŦ�ƚĞŵƐŝů�
ĞƫŒŝ�ǀĂƌƐĂǇŦůĂďŝůŝƌ͘ �7ŬŝŶĐŝ�ǇĂŬůĂƔŦŵ�ŝĕŝŶ�ϲ͘�ǇƺǌǇŦůĚĂŬŝ�ŝŬůŝŵ�ŬŽƔƵůůĂƌŦŶŦŶ�ƌĞŬŽŶƐƚƌƺŬƐŝǇŽŶƵ�
ŐĞƌĞŬƟƌ͕ �ĂŶĐĂŬ�ďƵ�ŬŽŶƵĚĂ�ǇĞƚĞƌůŝ�ǀĞƌŝ�ďƵůƵŶŵĂŵĂŬƚĂĚŦƌ͘ ��Ƶ�ƐĞďĞƉƚĞŶ�ďƵ�ĕĂůŦƔŵĂĚĂŬŝ�
ƐŝŵƵůĂƐǇŽŶůĂƌĚĂ� ŐƺŶƺŵƺǌĚĞŬŝ� ŝŬůŝŵ� ŬŽƔƵůůĂƌŦ� ĞƐĂƐ� ĂůŦŶŵŦƔƨƌ� ǀĞ� ŐƂŬǇƺǌƺ� ŬŽƔƵůůĂƌŦ�
ŝŬůŝŵ�ǀĞƌŝůĞƌŝŶĞ�ĚĂǇĂůŦ�ŵĂƚĞŵĂƟŬƐĞů�ŵŽĚĞůůĞƌ�ǀĞ�ǇƺŬƐĞŬ�ĚŝŶĂŵŝŬ�ƂůĕĞŬůŝ�ŐƂƌƺŶƚƺůĞŵĞ�
ƚĞŬŶŝŬůĞƌŝ�ŝůĞ�ƚĞŵƐŝů�ĞĚŝůĞƌĞŬ�ĚĞŒĞƌůĞŶĚŝƌŝůŵŝƔƟƌ͘

^ŽŶ� ŽůĂƌĂŬ͕� ƐŝŵƺůĂƐǇŽŶ� ƐŽŶƵĕůĂƌŦŶŦŶ� ĮǌŝŬƐĞů� ;ĨŽƚŽŵĞƚƌŝŬͿ� ďŽǇƵƩĂŶ� ĂůŐŦƐĂů�
ĂůĂŶĂ� ĂŬƚĂƌŦůŵĂƐŦ͕� ƚĂƌŝŚƐĞů� ďŝůŝŵůĞƌĚĞŬŝ� ǇŽƌƵŵůĂƌůĂ� ǀĞ� ŶŝĐĞů� ĚĞŒĞƌůĞŶĚŝƌŵĞůĞƌůĞ�
ŝůŝƔŬŝůĞŶĚŝƌŵĞŬ� ŝĕŝŶ� ŐĞƌĞŬůŝ� ŐƂƌƺůŵƺƔƚƺƌ͘ � �ǇĂƐŽĨǇĂ͛ǇĂ� ŐŝƌĞŶ� ǌŝǇĂƌĞƚĕŝůĞƌŝŶ� ĨĂƌŬ� ĞƫŒŝ�
Őŝďŝ͕�ŐƂǌƺŶ�ĚŦƔ�ŵĞŬĂŶůĂƌĚĂŬŝ� ŦƔŦŬ�ƐĞǀŝǇĞůĞƌŝŶĚĞŶ�ŝĕ�ŵĞŬĂŶĚĂŬŝ� ŦƔŦŬ�ƐĞǀŝǇĞůĞƌŝŶ�ƵǇƵŵ�
ƐĂŒůĂŵĂƐŦ�ǌĂŵĂŶ�ĂůŵĂŬƚĂĚŦƌ͘ �7ŶƐĂŶůĂƌĚĂŬŝ�ŐƂƌƐĞů�ƐŝƐƚĞŵ͕�ďŝƌ�ŐƂƌƺŶƚƺǇƺ�ŬĞƔĨĞĚĞƌŬĞŶ͕�
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ŐĞŶĞů� ŦƔŦŬ� ƐĞǀŝǇĞƐŝŶĞ� ǀĞ� ŵĞŬĂŶĚĂŬŝ� ƉĂƌůĂŬůŦŬ� ŬĂƌƔŦƚůŦŒŦŶĂ� ƵǇƵŵ� ƐĂŒůĂƌ͘ � �ǇĚŦŶůĂƚŵĂ�
ĂƌĂƔƨƌŵĂůĂƌŦŶĚĂ� ǇĂǇŐŦŶ� ŽůĂƌĂŬ� ŬƵůůĂŶŦůĂŶ� ƚŽŶ� ŚĂƌŝƚĂůĂŵĂ� ŽƉĞƌĂƚƂƌůĞƌŝ� ŬƵůůĂŶŦůĂƌĂŬ�
ƐŝŵƺůĂƐǇŽŶ�ƐŽŶƵĐƵ�ŽůƵƔƚƵƌƵůŵƵƔ�ĨŽƚŽŵĞƚƌŝŬ�ďŝůŐŝůĞƌŝŶ�ŦƔŦŬ�ƵǇƵŵƵ�ŐƂǌ�ƂŶƺŶĞ�ĂůŦŶĂƌĂŬ�
ŐƂƌƐĞůůĞƔƟƌŝůŵĞƐŝ� ǇĂƉŦůŵŦƔ͕� ďƂǇůĞĐĞ� ǇĂƉŦŶŦŶ� ĨŽƚŽŵĞƚƌŝŬ� ƂǌĞůůŝŬůĞƌŝ� ǇĂŶŦŶĚĂ� ĂůŐŦƐĂů�
ŽůĂƌĂŬ� ĚĞŒĞƌůĞŶĚŝƌŝůŵĞƐŝŶŝŶ� ĂǇĚŦŶůĂƚŵĂ� ĂŶĂůŝǌŝŶĞ� ƐĂŒůĂĚŦŒŦ� ŬĂƚŬŦ� ƚĂƌƨƔŦůŵŦƔƨƌ͘

zĂǌĂƌůĂƌ͕ � ĚĞǀĂŵ� ĞĚĞŶ� ĂƌĂƔƨƌŵĂůĂƌŦŶĚĂŶ� �ǇĂƐŽĨǇĂ� ǀĂŬĂƐŦŶĂ� ƵǇŐƵůĂŶŵŦƔ� ƂƌŶĞŬ�
ǇƂŶƚĞŵůĞƌ�ǀĞ�ƐŽŶƵĕůĂƌ�ƐƵŶŵĂŬƚĂĚŦƌ͘ ��Ƶ�ĂƌĂƔƨƌŵĂĚĂ�ƐƵŶƵůĂŶ�ŵĞƚŽĚŽůŽũŝŬ�ǇĂŬůĂƔŦŵůĂƌŦ͕�
ĂƌŬĞŽůŽũŝŬ� ŬĂŶŦƚůĂƌ͕ � ĂǇĚŦŶůĂƚŵĂŶŦŶ� ǇĞŶŝĚĞŶ� ǇĂƉŦůĂŶĚŦƌŦůŵĂƐŦ� ǀĞ� ŚĞƐĂƉůĂŵĂůŦ�
ƐŝŵƺůĂƐǇŽŶƵŶ� Őŝďŝ� ƚĞŬŶŝŬ� ďŝůŝŵůĞƌĚĞŬŝ� ŐĞůŝƔŵĞůĞƌ� ŝůĞ� ƐĂŶĂƚ� ǀĞ� ƚĂƌŝŚƐĞů� ďŝůŝŵůĞƌ�
ĂƌĂƐŦŶĚĂŬŝ� ďŽƔůƵŒƵ� ŬĂƉĂƚŵĂŬ� ŝĕŝŶ� ďŝƌ� ĂƌĂƔƨƌŵĂ� ŐƺŶĚĞŵŝ� ŽůĂƌĂŬ� ƂŶĞƌŵĞŬƚĞǇŝǌ͘

Anahtar Kelimeler: 'ƺŶ�ŦƔŦŒŦ͕�ƌĞŬŽŶƐƚƌƺŬƐƺǇŽŶ͕�ŐƂƌƐĞůůĞƔƟƌŵĞ͕�ƐŝŵƺůĂƐǇŽŶ͕�ŦƔŦŬ�ƐĂĕŦůŵĂƐŦ

,1752'8&7,21
7KH�UROH�RI� OLJKW� LQ� WKH� LQWHUSUHWDWLRQ�RI�SUH�PRGHUQ�DUFKLWHFWXUH� LV�D�
UHFHQW��\HW�DFWLYH�¿HOG�RI� UHVHDUFK� LQ� WKH�KLVWRULFDO� VFLHQFHV�

/LJKW� UHQGHUV� DUFKLWHFWXUH¶V� IXQFWLRQDOLW\�� 7KURXJKRXW� WLPH�� WKH�
FRQVFLRXV�XVH�RI� OLJKW�KDV�RIWHQ�XQGHUOLQHG� WKH�YDULRXV� OD\HUV�RI�
PHDQLQJ��IURP�PHUHO\�SUDFWLFDO�WR�XWWHUO\�WUDQVFHQGHQWDO��WKDW�KDYH�
EHHQ�DVFULEHG� WR�EXLOW�VWUXFWXUHV�� ��� �� �� �� ,W�ZDV�RQO\�UHFHQWO\� WKDW�
DUFKDHRORJLVWV�DQG�DUFKLWHFWXUDO�KLVWRULDQV�KDYH�HPSKDVLVHG�WKH�UROH�
RI�OLJKW�LQ�WKH�SHUFHSWLRQ�RI�SUHPRGHUQ�FXOWLF�DQG�DUWLVWLF�VSDFHV��

/LJKWLQJ��DQG�WKH�GHOLEHUDWH�XVH�RI�GD\OLJKW�LQ�SDUWLFXODU��KDV�D�WUDGLWLRQ�
LQ�WKH�GLVFXVVLRQ�RI�WKH�ODWH�DQWLTXH��LPSHULDO�FKXUFK�RI�+DJLD�6RSKLD�
LQ� ,VWDQEXO� IURP� LWV� HDUOLHVW� GHVFULSWLRQV� WR� UHFHQW� UHVHDUFK��� :KLOH�
WKH� VXEMHFWLYH� VHQWLPHQW� WKDW� WKH� LOOXPLQDWHG� VSDFH� FRQYH\HG� LQ� ODWH�
DQWLTXLW\�FDQQRW�EH�FRQFOXGHG�IURP�WKH�UHVSRQVH�RI�D�PRGHUQ�REVHUYHU�3 
WKH�VHQVRU\�VWLPXOXV�DIIHFWLQJ�LW�FDQ�EH�TXDQWLWDWLYHO\�GHVFULEHG�E\�WKH�

�� 9ODGLPLU�,YDQRYLFL�DQG�'DQLHOD�0RQGLQL��HGV���0DQLSXODWLQJ�OLJKW�LQ�SUHPRGHUQ�
WLPHV��$UFKLWHFWXUDO��DUWLVWLF��DQG�SKLORVRSKLFDO�DVSHFWV���0HQGULVLR��6ZLW]HUODQG��
0HQGULVLR�$FDGHP\�3UHVV���������S�����

�� 6LOHQWLDULRV��3DXORV�DQG�3URFRSLXV�RI�&DHVDUHD��³3DXORV�6LOHQWLDULRV�%HVFKUHLEXQJ�
GHU�.LUFKH�GHU�+HLOLJHQ�:HLVKHLW�´�%DXWHQ��HG���2WWR�9HK���%HUOLQ��*HUPDQ\��GH�
*UX\WHU���S�����������1DGLQH�6FKLELOOH��+DJLD�6RSKLD�DQG�WKH�%\]DQWLQH�DHVWKHWLF�
H[SHULHQFH��)DUQKDP��6XUUH\��$VKJDWH��������

3� 9ODGLPLU�,YDQRYLFL��0DQLSXODWLQJ�7KHRSKDQ\��/LJKW�DQG�ULWXDO�LQ�QRUWK�DGULDWLF�
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UHVSRQVH�RI�WKH�KXPDQ�H\H�WR�LWV�HQYLURQPHQW��0HDVXUHPHQWV�LQ�WHUPV�
RI�OXPLQDQFH��/��FG�Pí����DQG�LOOXPLQDQFH��(��O[���DLP�DW�D�TXDQWLWDWLYH�
GHVFULSWLRQ�RI�WKLV�HQYLURQPHQW��+RZHYHU��SKRWRPHWULF�PHDVXUHPHQWV�
FDQ� SURYLGH� RQO\� D� OLPLWHG� XQGHUVWDQGLQJ� RI� WKH� UROH� RI� GD\OLJKW� LQ�
+DJLD� 6RSKLD��

���'XH� WR� WKH�DOWHUDWLRQ�RI� WKH�EXLOGLQJ�DIWHU�FHQWXULHV�RI� UHSDLUV�DQG�
GHOLEHUDWH�PRGL¿FDWLRQV��RQ�VLWH�PHDVXUHPHQWV�UHÀHFW�WKH�EXLOGLQJ�RQO\�
DV�RI�WRGD\��

��� ,QVWDQWDQHRXV�PHDVXUHPHQWV� DUH�QRW� UHSUHVHQWDWLYH�EXW��GXH� WR� WKH�
YDULDEOH�ERXQGDU\�FRQGLWLRQV�GHWHUPLQHG�E\�FKDQJLQJ�VN\�FRQGLWLRQV��D�
XQLTXH�DQG�SRVVLEO\�DUELWUDU\�VQDS�VKRW�

(YDOXDWLQJ�WKH�YLVXDO�SHUFHSWLRQ�RI�D�VWDWH�LQ�WKH�SDVW��RU�WKH�LQWHQGHG�
GHVLJQ�RI�+DJLD�6RSKLD�UHTXLUHV�D�V\VWHPDWLF�DSSURDFK�WR�UHFRQVWUXFW�
WKH�WDQJLEOH�IRUP�RI�WKH�EXLOGLQJ��,W�KDV�WR�VLPXODWH�DQG�YLVXDOLVH�WKH�
LQWDQJLEOH� OLJKW�SURSDJDWLRQ�ZLWKLQ� LWV� LQWHULRU�VSDFHV��DQG�WR�DFFRXQW�
IRU�WKH�UHVSRQVH�RI�WKH�KXPDQ�H\H�7 Such FXOWXUDO�KHULWDJH�SUHGLFWLYH�
UHQGHULQJ�� DLPV� WR� SUHGLFW� WKH� GLVWULEXWLRQ� RI� LOOXPLQDQFH� RQ� JLYHQ�

DUFKLWHFWXUH��FD�����±FD���������GH�*UX\WHU���������S����
�� 0HKOLND�,QDQLFL��³/LJKWLQJ�DQDO\VLV�RI�+DJLD�6RSKLD�´�$QQXDO�RI�+DJLD�6RSKLD�

0XVHXP�� �,VWDQEXO�� 7XUNH\�� +DJLD� 6RSKLD� 0XVHXP�� ������� S�� ��������
�� 1DGLQH�6FKLELOOH��³/LJKW�DV�DQ�DHVWKHWLF�FRQVWLWXHQW�LQ�WKH�DUFKLWHFWXUH�RI�+DJLD�

6RSKLD�LQ�&RQVWDQWLQRSOH�´�0DQLSXODWLQJ�OLJKW�LQ�SUHPRGHUQ�WLPHV��$UFKLWHFWXUDO��
DUWLVWLF��DQG�SKLORVRSKLFDO�DVSHFWV��HG���9ODGLPLU�,YDQRYLFL�DQG�'DQLHOD�0RQGLQL��
�0HQGULVLR��6ZLW]HUODQG��0HQGULVLR�$FDGHP\�3UHVV���������S��������

�� $QGUHDV�1REDFN�HW�DO���³0RGHOOLQJ�WKH�HIIHFWV�RI�GD\OLJKW�VFDWWHULQJ�E\�ZLQGRZ�
JODVV��7KH�FDVH�RI�VL[WK�FHQWXU\�+DJLD�6RSKLD�LQ�,VWDQEXO�´���WK�FRQJUHVV�RI�WKH�
$VVRFLDWLRQ�,QWHUQDWLRQDOH�SRXU�O¶+LVWRLUH�GX�9HUUH��$QQDOHV�$,+9��XQGHU�UHYLHZ�
�,VWDQEXO�� 7XUNH\��

7� $QGUHDV�1REDFN��³/LFKWVLPXODWLRQ� LQ�GHU�GLJLWDOHQ�5HNRQVWUXNWLRQ�KLVWRULVFKHU�
$UFKLWHNWXU�´�'HU�0RGHOOH�7XJHQG������'LJLWDOH��'�5HNRQVWUXNWLRQ�DOV�YLUWXHOOHU�
5DXP� GHU� DUFKLWHNWXUKLVWRULVFKHQ� )RUVFKXQJ�� HG��� 3LRWU� .XURF]\VNL�� 0LHNH�
3IDUU�+DUIVW��DQG�6DQGHU�0�QVWHU���+HLGHOEHUJ��*HUPDQ\��8QLYHUVLWlWVELEOLRWKHN�
+HLGHOEHUJ�� ������

�� -DVVLP�+DSSD�HW�DO���³&XOWXUDO�KHULWDJH�SUHGLFWLYH�UHQGHULQJ�´�&RPSXWHU�*UDSKLFV�
)RUXP� ����� �������� S������������ &RQVWDQWLQRV� 3DSDGRSRXORV�� ³3KRWRUHDOLVP�
DQG�'LJLWDO�5HFRQVWUXFWLRQ�´�7KH�(QF\FORSHGLD�RI�$UFKDHRORJLFDO�6FLHQFHV��HG���
6DQGUD�/�/ySH]�9DUHOD��0DOGHQ�0$��8QLWHG�6WDWHV��:LOH\�%ODFNZHOO��������
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VXUIDFHV��RU�RI� OXPLQDQFH� LQ� WKH�¿HOG�RI�YLHZ�RI�D�JLYHQ�REVHUYHU� E\�
RQH�RI� WZR� DSSURDFKHV��6FHQH�%DVHG�5HQGHULQJ� �6%5�� HYDOXDWHV� WKH�
LQWHUDFWLRQ�RI�D�JHRPHWULF�GHVFULSWLRQ�RI�WKH�EXLOGLQJ�ZLWK�OLJKW��6LQFH�
WKH�PRGHO�FDQ�UHSUHVHQW�D�UHFRQVWUXFWLRQ��6%5�OHQGV�LWVHOI�WR�RYHUFRPH�
WKH� OLPLWDWLRQ�RI�PHDVXUHPHQWV� WR� WKH�SUHVHQW� VWDWH�RI�+DJLD�6RSKLD��
,PDJH�%DVHG�5HQGHULQJ��,%5��FRQVLGHUV�LPDJHU\�D�IXQFWLRQ�GHSHQGLQJ�
RQ�LQGHSHQGHQW�YDULDEOHV�VXFK�DV�WKH�LQWHQVLW\�DQG�GLVWULEXWLRQ�RI�OLJKW�
VRXUFHV��,W�DOORZV�WR�LQWHUSRODWH�RU�H[WUDSRODWH��DQG�WKHUHE\�DGGUHVVHV�
WKH�VHFRQG� OLPLWDWLRQ�RI�PHDVXUHPHQWV�

$�UHFRQVWUXFWLRQ�JXLGHG�E\�VXUYH\V��DQ�DQDO\VLV�RI�WKH�EXLOGLQJ��� DQG�
FRQVLGHUDWLRQV�RQ�EXLOGLQJ�SUDFWLFH�DQG�PDWKHPDWLFDO�NQRZOHGJH�DW�WKH�
WLPH�RI�LWV�FRQVWUXFWLRQ���±�OHG�WR�D�VXUIDFH�PRGHO�IRU�GD\OLJKW�VLPXODWLRQV�
HPSOR\LQJ� 6%5�� &KDOOHQJHV� HPHUJLQJ� IURP� WKH� DSSOLFDWLRQ� RI� WKLV�
GHWDLOHG�PRGHO�LQ�VWXGLHV�RQ�WKH�EXLOGLQJ¶V�HIIHFWV�RQ�LWV�LOOXPLQDWLRQ��
DQG�WKH�LOOXPLQDWLRQ¶V�HIIHFWV�RQ�WKH�YLVXDO�SHUFHSWLRQ�RI�WKH�DUFKLWHFWXUDO�
LQWHULRU��VKDOO�EH�GLVFXVVHG�LQ�FRQWH[W�ZLWK�H[WUDSRODWLRQ�RI�SKRWRJUDSK\�
DV�DQ�H[HPSODU\�DSSOLFDWLRQ�RI�,%5�WHFKQLTXHV�WR�UHYHDO�WKH�LQWHUSOD\�RI�
GD\OLJKW�DQG�DUFKLWHFWXUH�LQ�+DJLD�6RSKLD�

5(&216758&7,21�$1'�6,08/$7,21�$6�$�&217,18286�
352&(66�2)�5(6($5&+�
7KH�WULDG�RI�UHFRQVWUXFWLRQ��YLVXDOLVDWLRQ��DQG�VLPXODWLRQ�KDV�EHHQ�VWDWHG�
DV� D� QHFHVVLW\� IRU� WKH� UHVHDUFK� RI� OLJKWLQJ� ZLWKLQ� KLVWRULFDO� VFLHQFHV��
&RPSXWHU�DLGHG�UHFRQVWUXFWLRQ�WUDQVODWHV�NQRZOHGJH�LQWR�FRPSOHWH�DQG�
FRKHUHQW�PRGHOV��DQG�WKHUHE\�UHYHDOV�FRQWUDGLFWLRQV�DQG�UHVHDUFK�JDSV��

�� $QGU]HM� 3LRWURZVNL�� ³5HSUHVHQWDWLRQDO� IXQFWLRQ� RI� GD\OLJKW� LQ� WKH� .DWKROLNRQ�
RI�+RVLRV�/RXNDV�´���VW�,QWHUQDWLRQDO�&RQJUHVV�RI�%\]DQWLQH�6WXGLHV� �/RQGRQ��
8QLWHG� .LQJGRP�� ������� -DVVLP� +DSSD� DQG� $OHVVDQGUR� $UWXVL�� ³6WXG\LQJ�
,OOXPLQDWLRQ� DQG�&XOWXUDO�+HULWDJH�´�9LVXDO� &RPSXWLQJ� IRU� &XOWXUDO�+HULWDJH� 
HG��� )RWLV� /LDURNDSLV� HW� DO�� �&KDP�� 6ZLW]HUODQG�� 6SULQJHU�� ������� S�� ������

��� 5REHUW�/�9DQ�1LFH��6DLQW�6RSKLD�LQ�,VWDQEXO��$Q�DUFKLWHFWXUDO�VXUYH\��:DVKLQJWRQ�
'�&��� 8QLWHG� 6WDWHV�� 'XPEDUWRQ� 2DNV� &HQWHU� IRU� %\]DQWLQH� 6WXGLHV�� �������
5RZODQG� -� 0DLQVWRQH�� +DJLD� 6RSKLD�� DUFKLWHFWXUH�� VWUXFWXUH� DQG� OLWXUJ\� RI�
-XVWLQLDQV� JUHDW� FKXUFK� �/RQGRQ��8QLWHG�.LQJGRP��7KDPHV� ��+XGVRQ�� ������

��� +HOJH� 6YHQVKRQ� DQG� 5XGROI� +� :� 6WLFKHO�� ³¶6\VWHP� RI� 0RQDGV¶� DV� GHVLJQ�
SULQFLSOH�LQ�WKH�+DJLD�6RSKLD��1HR�3ODWRQLF�PDWKHPDWLFV�LQ�WKH�DUFKLWHFWXUH�RI�ODWH�
DQWLTXLW\�´�1H[XV��HG���6\OYLH�'XYHUQR\�DQG�2ULHWWD�3HGHPRQWH��9,�5HODWLRQVKLSV�
EHWZHHQ�$UFKLWHFWXUH�DQG�0DWKHPDWLFV���7XULQ��,WDO\��.LP�:LOOLDP�%RRNV��������
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:KLOH�YLVXDOLVDWLRQ�SURYLGHV�D�PHDQV�WR�HYDOXDWH�WKH�PRGHO��VLPXODWLRQ�
LV�DQ�H[SHULPHQW�LQ�WKH�YLUWXDO�GRPDLQ�WR�WHVW�K\SRWKHVHV��7KH�RXWFRPHV�
RI� VXFK� H[SHULPHQWV� W\SLFDOO\� HYRNH� IXUWKHU� UHVHDUFK� TXHVWLRQV� DQG�
K\SRWKHVHV��7KH� LWHUDWLYH� SURFHVV� RI�PRGHO� DOWHUDWLRQ� DQG� H[SHULPHQW�
SURGXFHV�QXPHULFDO�DQG� WH[WXDO�GDWD�DV�ZHOO�DV�YLVXDO� UHSUHVHQWDWLRQV��
2WKHU�WKDQ�D�OLQHDU�SURFHVV�IURP�UHFRQVWUXFWLRQ�WR�YLVXDOLVDWLRQ��� VXFK�
FRQWLQXRXV�UHVHDUFK�QRW�RQO\�UHTXLUHV�DFFXUDWH�DQG�YDOLG�UHSUHVHQWDWLRQV�
DQG�DOJRULWKPV��EXW�D�SODWIRUP�IRU�D�G\QDPLFDOO\�HYROYLQJ�PRGHO�RYHU�
\HDUV��/D\LQJ�WKH�JURXQGV�IRU�UHVHDUFK�RQ�GD\OLJKW�LQ�+DJLD�6RSKLD�EDVHG�
RQ�D�UHFRQVWUXFWLRQ�WKDW�GLG�QRW�H[LVW�\HW��DQG�RQ�D�¿UVW�VHW�RI�UHVHDUFK�
TXHVWLRQV�WKDW�ZHUH�NQRZQ�QRW�WR�EH�WKH�ODVW��D�KLHUDUFKLFDO��G\QDPLF�PRGHO�
GHVLJQ�ZDV�SURSRVHG�DW� WKH� WXUQ�RI� WKH�PLOOHQQLXP��/HQGLQJ�FRQFHSWV�
DQG�WRROV�IURP�WKH�GLVWULEXWHG�GHYHORSPHQW�RI�RSHQ�VRXUFH�VRIWZDUH��WKH�
PRGHO�ZDV�WR�LQWHJUDWH�WKH�JHRPHWULF�GHVFULSWLRQ�RI�WKH�UHFRQVWUXFWLRQ�
ZLWK�GRFXPHQWDWLRQ�DQG�VLPXODWLRQ�ORJLF��$GGUHVVLQJ�WKH�FRPSXWDWLRQDO�
UHVRXUFHV�DW�WKH�WLPH��DV�ZHOO�DV�WR�DOORZ�IRU�FRQWLQXRXV�UH¿QHPHQW��WKH�
PRGHO�ZDV�RUJDQLVHG�DV�D�WUHH�VWUXFWXUH�RI�EXLOGLQJ�HOHPHQWV��$V�ZHOO�
DV� WKH� HQWLUH�PRGHO� FRXOG� EHFRPH�SDUW� RI� D� ODUJHU�PRGHO�� HDFK� RI� LWV�
OHDIV�FRXOG�EH� UHSODFHG�E\� UH¿QHG�VWUXFWXUHV��7KLV�RSHQ�HQGHG�GHVLJQ�
ZDV�LPSOHPHQWHG�DV�D�FRQYHQWLRQ�IRU�D�VWUXFWXUH�RI�¿OHV�DQG�GLUHFWRULHV��
7KHVH�DUH�HYDOXDWHG�E\�D�VHW�RI�VFULSWV��WKDW�DVVHPEOH�WKH�PRGHO�IURP�LWV�
SDUWV� DQG� UXQ� VLPXODWLRQV� DQG� YLVXDOLVDWLRQV� LQ� D� UHSOLFDEOH�PDQQHU����
'LVWULEXWHG�DFFHVV�� UHFRUGLQJ�DQG�GRFXPHQWDWLRQ�RI�DQ\�PRGL¿FDWLRQ��
ZDV�SURYLGHG�E\�D�UHYLVLRQ�FRQWURO�V\VWHP�

7KH�PRGHO� UHOLHV� RQ� D� VHW� RI� VKDUHG� URXWLQHV�� LPSOHPHQWHG� RQ� WRS� RI�
0DNH�� D� VRIWZDUH� WKDW� FRQWUROV� LQWHU�GHSHQGHQW� SURFHVVHV� LQ� VRIWZDUH�
GHYHORSPHQW��'H¿QLWLRQV�RI�JHRPHWU\��DV�ZHOO�DV�RI�RWKHU�SURSHUWLHV�RI�
WKH�VLPXODWLRQ�PRGHO�KDSSHQ�RQ�WKH�KLJKHVW�KLJKHVW�SRVVLEOH�OHYHO�RI�WKH�
EXLOGLQJ��DQG�FDQ�JHW�RYHUZULWWHQ�DV�UH¿QHPHQWV��)LJXUH�����7KLV�DOORZV�
WR� VWDUW� ZLWK� D� VLPSOH� PRGHO�� H�J�� RQH� JHRPHWULF� REMHFW� �OHDI��� :LWK�
HDFK�LWHUDWLYH�UH¿QHPHQW��REMHFWV�DUH�UHSODFHG�E\�QRGHV�OLQNLQJ�WR�OHDIV�
�EXLOGLQJ�SDUWV��DW� WKH�QH[W� ORZHU� OHYHO�� IRUPLQJ�D� WUHH�RI� WKHRUHWLFDOO\�
XQOLPLWHG� FRPSOH[LW\�� 6LQFH� WKH� GHJUHH� RI� UH¿QHPHQW� ZDV� LQLWLDOO\�
XQNQRZQ��EUDQFKHV�RI� WKH� WUHH�GHYHORSHG�GLIIHUHQW� GHSWKV��8OWLPDWHO\��
H�J��HDFK�PDUEOH�WLOH�ZLWK�LWV�DWWULEXWHV�EHFDPH�DQ�REMHFW�LQ�WKLV�PRGHO�

��� +DSSD� HW� DO��� ³&XOWXUDO� KHULWDJH� SUHGLFWLYH� UHQGHULQJ´�� 3DSDGRSRXORV��
³3KRWRUHDOLVP� DQG� 'LJLWDO� 5HFRQVWUXFWLRQ�´

��� /DUV�2OLYHU�*UREH��³7KHRSKDQX���6FHQHEXLOGLQJ�HQYLURQPHQW�´�'HFHPEHU���������
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3DUWV� RI� WKH� VRIWZDUH� WRROV� HPSOR\HG� LQ� WKH� LQLWLDO� GHVLJQ� KDYH� EHHQ�
UHSODFHG��7KH�FKRLFH�RI�VLPSOH�VXUIDFH�PHVKHV�WR�VWRUH�JHRPHWU\�ZDV�
PDGH�GXH�WR�D�ODFN�RI�VWDQGDUGLVHG�¿OH�IRUPDWV�DW�WKH�WLPH��PRWLYDWLQJ�
SURSRVDOV�VXFK�DV�&XOWXUDO�+HULWDJH�0DUNXS�/DQJXDJH��&+0/���� <HW��
WKH�PRGHO¶V� DSSOLFDWLRQ� LQ� UHVHDUFK� RQ� GD\OLJKW� LQ�+DJLD� 6RSKLD� IRU�
DERXW�WZR�GHFDGHV��DQG�LWV�RXWFRPHV�KDYH�SURYHQ�LWV�XVHIXOQHVV���

)LJXUH����/HIW��'LUHFWRU\�VWUXFWXUH�RI�WKH�KLHUDUFKLFDO�VLPXODWLRQ�PRGHO�ZLWK�
OHYHO�ZLVH�FRQ¿JXUDWLRQ��\HOORZ���JHRPHWU\��EOXH���GHVFULSWLRQV�RI�VFDWWHULQJ�
SURSHUWLHV��F\DQ��DQG�SURFHVVLQJ�LQVWUXFWLRQV��UHG���5LJKW��,QVWDQFHV�RI�D�

EXLOGLQJ�HOHPHQW��WRS��DUUDQJHG�RQ�EXLOGLQJ�SDUW�OHYHO��PLGGOH���DQG�ZDOO�RI�WKH�
apse assembled from panel elements (bottom).

��� 2OLYHU�+DXFN�DQG�3LRWU�.XURF]\VNL��³&XOWXUDO�+HULWDJH�0DUNXS�/DQJXDJH�±�+RZ�
WR�UHFRUG�DQG�SUHVHUYH��'�DVVHWV�RI�GLJLWDO�UHFRQVWUXFWLRQ´��&+17���,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�&XOWXUDO�+HULWDJH�DQG�1HZ�7HFKQRORJLH��9LHQQD��$XVWULD��������

��� /DUV� 2OLYHU� *UREH� HW� DO��� ³'DV� /LFKW� LQ� GHU� +DJLD� 6RSKLD� ±� (LQH�
&RPSXWHUVLPXODWLRQ�´�%\]DQ]���GDV�5|PHUUHLFK�LP�0LWWHODOWHU��HG���)DONR�'DLP�
DQG�-|UJ�'UDXVFKNH��0DLQ]��*HUPDQ\��5*=0���������S����������2OLYHU�+DXFN�HW�
DO���³&RPSXWLQJ�WKH�KRO\�ZLVGRP�´�6FLHQWL¿F�&RPSXWLQJ�DQG�&XOWXUDO�+HULWDJH��
HG���+DQV�*HRUJ�%RFN��:LOOL�-lJHU��DQG�0LFKDHO�-�:LQFNOHU��%HUOLQ���+HLGHOEHUJ��
*HUPDQ\��6SULQJHU���������S�����������$QGUHDV�1REDFN�HW�DO���³+DJLD�6RSKLDV�
VL[WK�FHQWXU\�GD\OLJKWLQJ�´�,QWHUQDWLRQDO�+DJLD�6RSKLD�6\PSRVLXP�±�$UFKLWHFWXUH�
DQG� 3UHVHUYDWLRQ�� ,Q� SUHSDUDWLRQ� �������
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5(35(6(17,1*�9$5,$%/(�6.<�&21',7,216
+DJLD� 6RSKLD¶V� JHRJUDSKLF� ORFDWLRQ� �������� 1RUWK�� ������� (DVW��
GHWHUPLQHV�WKH�ORFDO�VXQ�SDWK��WKDW�FRPSULVHV�WKH�DSSDUHQW�SRVLWLRQV�RI�
WKH�VXQ�IRU�DQ\�WLPH�RI�WKH�\HDU��)LJXUH���OHIW���%HVLGHV�GLUHFW�VXQOLJKW�
IURP� WKHVH� NQRZQ� GLUHFWLRQV�� VFDWWHUHG� GD\OLJKW� FRQWULEXWHV� WR� WKH�
LQFLGHQW�GLVWULEXWLRQ�RI�GD\OLJKW��)LJXUH���ULJKW���6XFK�VFDWWHULQJ��DQG�
WKHUHE\� WKH�KHPLVSKHULFDO�GLVWULEXWLRQ�RI�GD\OLJKW�� LV�DIIHFWHG�E\� WKH�
DSSDUHQW� VXQ�SRVLWLRQ�DV�ZHOO�DV�ZHDWKHU�FRQGLWLRQV�

)LJXUH����/HIW��6XQ�SDWK�GHVFULELQJ�DOO�SRVVLEOH�DSSDUHQW�VXQ�SRVLWLRQV�DW�
WKH�ORFDWLRQ�RI�+DJLD�6RSKLD��5LJKW��)UHTXHQF\�RI�KRXUO\�JOREDO�KRUL]RQWDO�
LUUDGLDQFH��(*+,��WRS��DQG�GLUHFW�QRUPDO�LUUDGLDQFH��('1,��ERWWRP��IURP�

meteorological observation in Istanbul

6\QWKHWLF�VN\�PRGHOV�UHWXUQ�WKH�GLVWULEXWLRQ�RI�GD\OLJKW�DV�D�IXQFWLRQ�
RI� WLPH�� RU� VXQ� SRVLWLRQ�� DQG� D� FDWHJRULFDO� GHVFULSWLRQ� RI� WKH� VN\�
FRQGLWLRQ�� H�J�� DV�RYHUFDVW�� FOHDU��RU� LQWHUPHGLDWH� �)LJXUH�������7KH\�
DUH� HPSOR\HG� WR� HYDOXDWH� EXLOGLQJV� XQGHU� LGHQWLFDO� FRQGLWLRQV� WR�
DFKLHYH� FRPSDUDELOLW\��:KLOH� WKH� SRVLWLRQ� RI� WKH� VXQ� LV� GH¿QHG�� LW�
LV�XS�WR�WKH�UHVHDUFKHU�WR�VHOHFW�VN\�FRQGLWLRQ�DV�DSSURSULDWH�IRU�WKH�
TXHVWLRQ�D�VLPXODWLRQ�VKDOO�DGGUHVV��,GHDOLVHG�VN\�FRQGLWLRQV�DOORZ�WR�
VWXG\�H[WUHPH��EXW�RIWHQ�QRW�W\SLFDO�FDVHV��WKDW�DUH�RIWHQ�JRYHUQHG�E\�
LQWHUPHGLDWH� FRQGLWLRQV�

��� <� 8HWDQL� HW� DO��� 6SDWLDO� GLVWULEXWLRQ� RI� GD\OLJKW� ±� &,(� VWDQGDUG� JHQHUDO�
VN\�� 6WDQGDUG� ,62� ����������� �&,(� 6� ����(�������� 5HYLHZHG� ����� �,62� ��
,QWHUQDWLRQDO� &RPPLVVLRQ� RQ� ,OOXPLQDWLRQ� &,(� 7&� ������ ������
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)LJXUH����6N\�OXPLQDQFH�GLVWULEXWLRQV����VW�0DUFK��,VWDQEXO��ZLWK�RYHUODLG�
FRQWRXUV�EDQGV��/HIW�WR�ULJKW��2YHUFDVW���FOHDU��DQG�LQWHUPHGLDWH�VN\�ZLWK�VXQ��
3HUH]�PRGHO�EDVHG�RQ�GLIIXVH�DQG�GLUHFW�LUUDGLDQFH��DQG�HQULFKHG�ZLWK�FRORXU�

information.

'HVFULELQJ� DWPRVSKHULF� VFDWWHULQJ� E\� D� VHW� RI� SK\VLFDOO\�PHDQLQJIXO�
SDUDPHWHUV�DOORZV�WR�UHÀHFW�LQVWDQWDQHRXV�VN\�FRQGLWLRQV��&RPPRQO\�
DSSOLHG� PRGHOV� UHO\� RQ� IHZ� PHDVXUHG� YDULDEOHV� VXFK� DV� GLUHFW� DQG�
GLIIXVH� LUUDGLDQFH��DQG�LQIHU� WKH�KHPLVSKHULFDO� OXPLQDQFH�GLVWULEXWLRQ�
RI�WKH�VN\��:LWK�DYDLODEOH�ZHDWKHU�GDWD��� WKH�VN\�GLVWULEXWLRQ�LQ�WHUPV�
of luminance�� DQG�HYHQ�FRORXU�� FDQ�EH�PRGHOOHG�IRU�DQ\�WLPH�WKDW�LV�
FRYHUHG�E\�WKH�UHFRUGV��)LJXUH�����6WDWLVWLFDO�DQDO\VLV�RI�WKH�UHFRUGHG�
GDWD� IXUWKHU� DOORZV� WR� GH¿QH� UHSUHVHQWDWLYH� 7\SLFDO� 0HWHRURORJLFDO�
<HDUV��70<V���$V�ORQJ�DV�WKH�PHFKDQLVPV�WKDW�GHWHUPLQH�VN\�FRQGLWLRQV�
DUH� LQYDULDQW�� VXFK�70<V� OHQG� WKHPVHOYHV� WR� DVVHVV� EXLOGLQJV� LQ� WKH�
SDVW�� ZKHQ� QR� ZHDWKHU� UHFRUGV� H[LVW�� +RZHYHU�� VXFK� DSSOLFDWLRQ� RI�
70<�ZRXOG�EH�UHQGHUHG�LQYDOLG�LI�FKDQJHV�RI�WKH�FOLPDWLF�FRQGLWLRQV�
RFFXUUHG�� 7KH� UHFRQVWUXFWLRQ� RI� GD\OLJKW� WKHUHIRUH� UHTXLUHV� IXUWKHU�
UHVHDUFK� LQ� SDVW� FKDQJHV� RI� DWPRVSKHULF� FRQGLWLRQV�

6&(1(�%$6('�'$</,*+7�6,08/$7,21
1. Windows and Glass in Daylight Simulation
7KH�UHFRQVWUXFWLRQ�RI�+DJLD�6RSKLD�EHIRUH�LWV�ODWHU�DOWHUDWLRQV�DQG�UHSDLUV�
UHÀHFWV� WKH�SUHVHQFH�RI�ZLQGRZV�� WKDW�IRUP�WKH�RQO\�DSHUWXUHV� WR�DGPLW�
GD\OLJKW��,WV�GLVWULEXWLRQ�ZLWKLQ�WKH�EXLOGLQJ�FDQ�KRZHYHU�QRW�EH�GHVFULEHG�

��� $6+5$(��,QWHUQDWLRQDO�ZHDWKHU�IRU�HQHUJ\�FDOFXODWLRQV��,:(&�:HDWKHU�)LOHV��
XVHUV�PDQXDO�DQG�&'�520��(QHUJ\3OXV�ZHEVLWH��$WODQWD��8QLWHG�6WDWHV�������

��� 5LFKDUG� 3HUH]� HW� DO��� ³$OO�ZHDWKHU� PRGHO� IRU� VN\� OXPLQDQFH� GLVWULEXWLRQ²
SUHOLPLQDU\�FRQ¿JXUDWLRQ�DQG�YDOLGDWLRQ�´�6RODU�(QHUJ\��������������S����������

��� -DQ�:LHQROG� DQG�$LFKD� 'LDNLWH�.RUWOHYHU��0DNLQJ� VLPXODWLRQV� PRUH� FRORUIXO��
([WHQVLRQ�RI�JHQGD\OLW�WR�FUHDWH�D�FRORUHG�VN\��,QWHUQDWLRQDO�5DGLDQFH�:RUNVKRS��
/RXJKERURXJK�� 8QLWHG� .LQJGRP�� �����
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VROHO\�E\�WKH�JHRPHWULF�UHFRQVWUXFWLRQ��7KH�DUWLVDQDO�WHFKQLTXHV�RI�5RPDQ�
JODVV�SURGXFWLRQ��WKDW�SURYLGHG�WKH�ZLQGRZ�SDQHV�IRU�WKH�EXLOGLQJ��FDXVH�
FKDUDFWHULVWLF� VXUIDFH� VWUXFWXUHV� DQG� LQFOXVLRQV� WKDW� VFDWWHU� OLJKW���� 7KH�
FKHPLFDO�FRPSRVLWLRQ�DIIHFWHG�WKH�VSHFWUXP�RI�WUDQVPLWWHG�GD\OLJKW��7KH�
RSWLFDO�SURSHUWLHV�RI� WKH�RULJLQDO�ZLQGRZ�JODVV�PXVW�KDYH�FDXVHG� WKUHH�
HIIHFWV�RQ�WKH�LOOXPLQDWLRQ�RI�+DJLD�6RSKLD�

)LJXUH����/HIW��*RQLR�SKRWRPHWHU�FRPSULVLQJ�URERWLF�DUP�ZLWK�GHWHFWRU��D��
DLPHG�DW�VDPSOH��E���WKDW�LV�LOOXPLQDWHG�E\�OLJKW�VRXUFH��F���,PDJH�FRXUWHV\�SDE�
advanced technologies Ltd. Fragment of window glass from Ephesos (center) 

and its data-driven model (right).

���/LJKW� WUDQVPLWWHG� WKURXJK� WKH� ZLQGRZV� ZDV� GLIIXVHG�� )RUZDUG�
VFDWWHULQJ�PDLQWDLQHG�SURQRXQFHG�VKDGRZV�DQG�EULJKW�UHJLRQV�ZKHQ�
WUDQVPLWWHG�VXQOLJKW�UHDFKHG�GLIIXVHO\�UHÀHFWLQJ�VXUIDFHV��+RZHYHU��
WKH�GLIIXVLQJ�HIIHFW�IRUPV�VRIW�VKDGRZV�DQG�FRQWRXUV�RI�WKHVH�SRROV�
RI�OLJKW���

���([SRVHG�WR�GLUHFW�VXQOLJKW��WKH�ZLQGRZ�SDQHV�DSSHDUHG�EULJKW��GXH�WR�D�
VLJQL¿FDQW�DPRXQW�RI�GLIIXVH�VFDWWHULQJ�WRZDUG�WKH�REVHUYHU�HYHQ�LI�WKH�
VXQ�ZDV�QRW�LQ�WKH�¿HOG�RI�YLHZ��7KLV�HIIHFW�FDQ�EH�LPDJLQHG�DV�D�GLVWLQFW�
JORZ�RI�WKH�ZLQGRZ�SDQHV��ZKLFK�HIIHFWLYHO\�EHFDPH�OLJKW�VRXUFHV�

���$OWKRXJK�WKH�KXPDQ�H\H�DGDSWV�WR�WKH�SUHGRPLQDQW�OLJKW�VSHFWUXP��
FRORXU� SHUFHSWLRQ� LQ� WKH� LQWHULRU� ZDV� DIIHFWHG� E\� WKH� VSHFWUDO�
PRGXODWLRQ� RI� GD\OLJKW� E\� WKH� ZLQGRZ� SDQHV�

(YHQ�LI�WKH�SDUWLFXODU�SURSHUWLHV�RI�WKH�RULJLQDO�ZLQGRZ�JODVV�LQ�+DJLD�
6RSKLD�DUH�QRW�NQRZQ��WKHVH�HIIHFWV�DUH�IXQGDPHQWDO�IRU�DQ\�DUWLVDQDOO\�
SURGXFHG� JODVV�� 7KH\� FDQ� WKHUHIRUH� EH� H[SHFWHG�� DOWKRXJK� WR� DQ�
XQNQRZQ�GHJUHH��WR�KDYH�DIIHFWHG�WKH�YLVXDO�SHUFHSWLRQ�RI�WKH�LQWHULRU�

��� /DUV�2OLYHU�*UREH�HW�DO���³'DWD�GULYHQ�PRGHOOLQJ�RI�GD\OLJKW�VFDWWHULQJ�E\�5RPDQ�
ZLQGRZ�JODVV�´�$&0�-RXUQDO�RQ�&RPSXWLQJ�DQG�&XOWXUDO�+HULWDJH�����������

��� ,QDQLFL��³/LJKWLQJ�DQDO\VLV�RI�+DJLD�6RSKLD�´
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GXULQJ�GD\WLPH��DQG�PXVW�EH�DFFRXQWHG�IRU�LQ�GD\OLJKW�VLPXODWLRQ��,W�LV�
LPSRUWDQW�WR�VWUHVV�WKDW�GD\OLJKW�VLPXODWLRQ�FDQQRW�FRPSHQVDWH�IRU�WKH�
ODFN� RI� DUFKDHRORJLFDO� HYLGHQFH�� EXW� FDQ� SUHGLFW� SODXVLEOH� VFHQDULRV��
$V� D�¿UVW� DWWHPSW� WR� HVWDEOLVK� D� UDQJH�RI� SODXVLEOH� RSWLFDO� SURSHUWLHV�
RI�ZLQGRZ�JODVV��H[HPSODU\�VSHFLPHQ�IURP�GLIIHUHQW�SDUWV�RI�WKH�ODWH�
5RPDQ� HPSLUH�ZHUH� DVVHVVHG� DQG�PRGHOOHG�

)LJXUH����)RXU�H[DPSOHV�RI�5RPDQ�ZLQGRZ�JODVV��OHIW��ZLWK�FRUUHVSRQGLQJ�
transmission spectra (centre). Parametrisation of the Radiance trans model by 

WKH�%6')�RI�JODVV�����DQG�WKH�FRORXUV�RI����WR����DSSOLHG�WR�LW��ULJKW��

/LJKW�VFDWWHULQJ�LV�GHVFULEHG�E\�WKH�%LGLUHFWLRQDO�6FDWWHULQJ�'LVWULEXWLRQ�
)XQFWLRQ��%6')���DQ�RSWLFDO�VXUIDFH�SURSHUW\�WKDW�UHODWHV�OLJKW�WUDQVSRUW�
EHWZHHQ� DQ\� SDLU� RI� LQFLGHQW� �WRZDUG� WKH� OLJKW� VRXUFH�� DQG� VFDWWHUHG�
�WRZDUG� WKH� UHFHLYHU��GLUHFWLRQV��7KH�%6')�RI�D� IUDJPHQW�RI�5RPDQ�
ZLQGRZ�JODVV�IURP�(SKHVRV��7XUNH\��ZDV�PHDVXUHG�HPSOR\LQJ�D�VFDQQLQJ�
JRQLR�SKRWRPHWHU����)LJXUH�����7KH�GDWD�GULYHQ�PRGHO�LPSOHPHQWHG�LQ�
5DGLDQFH�DOORZHG�WR�DFFXUDWHO\�UHSOLFDWH�WKH�OLJKW�VFDWWHULQJ�SURSHUWLHV�
RI� WKH� VDPSOH� E\� WKH� LQWHUSRODWLRQ� RI� WKH� WUDQVPLVVLRQ� GLVWULEXWLRQV�
EHWZHHQ�WKH�PHDVXUHG�LQFLGHQW�GLUHFWLRQV���

��� 3HWHU�$SLDQ�%HQQHZLW]�� ³1HZ� VFDQQLQJ� JRQLR�SKRWRPHWHU� IRU� H[WHQGHG�%57)�
PHDVXUHPHQWV�´�3URFHHGLQJV�63,(�������5HÀHFWLRQ��6FDWWHULQJ��DQG�'LIIUDFWLRQ�
IURP�6XUIDFHV�,,� �6DQ�'LHJR��&DOLIRUQLD��8QLWHG�6WDWHV��63,(��������

��� /DUV� 2OLYHU� *UREH� HW� DO��� ³'D\OLJKW� VFDWWHULQJ� E\� ODWH� DQWLTXH� ZLQGRZ� JODVV�
IURP�(SKHVXV�±�5HFRQVWUXFWLQJ�WKH�GLVWULEXWLRQ�RI�GD\OLJKW�LQ�ORVW�DUFKLWHFWXUH�´�
&+17���,QWHUQDWLRQDO�&RQIHUHQFH�RQ�&XOWXUDO�+HULWDJH�DQG�1HZ�7HFKQRORJLHV� 
LQ� SUHVV� �9LHQQD��$XVWULD��
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)LJXUH����/HIW��$FTXLVLWLRQ�RI�+'5,�ZLWK�FRORXU�FKDUW�IRU�FDOLEUDWLRQ 
5LJKW��7H[WXUHV�PRGXODWLQJ�DYHUDJH�FRORXU�RI�PDUEOH�WLOHV�DQG�OLQLQJV�

)LJXUH����+HWHURJHQHRXV�GHFRUDWLRQ��H�J��RSXV�VHFWLOH��OHIW��ZHUH�JHRPHWULFDOO\�
PRGHOOHG�VR�WKDW�GLIIHUHQW��UHÀHFWLRQ�SURSHUWLHV�FRXOG�FRPELQHG�

5DWKHU�WKDQ�WKH�GLUHFW�FRPSLODWLRQ�RI�PHDVXUHG�%6')�LQWR�D�GDWD�GULYHQ�
PRGHO��OHDVW�VTXDUH�¿WWLQJ�WR�PHDVXUHPHQWV�DOORZV�WKH�SDUDPHWULVDWLRQ�
RI�WKH�HPSLULFDO�WUDQV�PRGL¿HU�LQ�5DGLDQFH��7KH�DSSURDFK�ZDV�DSSOLHG�
WR� RQH� RI� D� VHW� RI� IRXU� VDPSOHV� IURP�1RUWKULQH�:HVWIDOLD�� *HUPDQ\�
�JODVV� ��� LQ� WKH� OHIW� FROXPQ�RI�)LJXUH� ��� EDVHG� RQ� WKH�PHDVXUHPHQW�
IRU� DQ� LQFLGHQW� RII�QRUPDO� DQJOH� RI� ����� )XUWKHUPRUH�� WKH� VSHFWUDO�
WUDQVPLVVLRQ�RI�DOO�IRXU�VDPSOHV�ZDV�PHDVXUHG��FHQWHU��DQG�FRPELQHG�
ZLWK�WKH�VFDWWHULQJ�PRGHO�RI�JODVV�����ULJKW�FROXPQ��

���&RPSOH[�/LJKW�6FDWWHULQJ�3URSHUWLHV�RI�2SDTXH�%XLOGLQJ�(OHPHQWV
3ROLVKHG� PDUEOH� RI� D� YDULHW\� RI� FRORXUV� DV� VKHHWLQJ� DQG� SDYHPHQW��
DQG� QRQ�¿JXUDWLYH� JROG� PRVDLF� FRYHULQJ� YDXOWV� DQG� GRPHV�� HIIHFW�
WKH� GUDPDWLF� DSSHDUDQFH� RI�+DJLD�6RSKLD� WKDW� KDV� EHHQ� GLVFXVVHG� LQ�
GHSWK����7KHVH�RSDTXH�VXUIDFHV�DUH�SHUFHLYHG�WKURXJK�WKH�LOOXPLQDWLRQ�
WKH\�UHFHLYH� IURP�WKH�ZLQGRZV��DV�PXFK�DV� WKH\�UHOD\�DQG�GLVWULEXWH�
OLJKW� LQ� WKH� EXLOGLQJ�

��� 6FKLELOOH��+DJLD�6RSKLD�DQG�WKH�%\]DQWLQH�DHVWKHWLF�H[SHULHQFH�
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'HVSLWH� WKHLU� YDULHW\�� WKH� VXUIDFH� ¿QLVKHV� VKDUH� D� GLVWLQFW� GLUHFWLRQDO�
UHÀHFWLRQ�� 7KLV� VSHFXODULW\� QRW� RQO\� HYRNHV� D� GUDPDWLF� FRQWUDVW� E\�
KLJKOLJKWV�GXH� WR�PLUURU�OLNH� UHÀHFWLRQV��EXW�DOVR�GXH� WR� WKH�DSSDUHQW�
KHWHURJHQHLW\�RI�VXUIDFH�¿QLVKHV��(IIHFWV�RQ�WKH�LOOXPLQDWLRQ�RI�+DJLD�
6RSKLD�� DV� FRXOG� EH� QXPHULFDOO\� GHVFULEHG� E\� WKH� LOOXPLQDQFH� RQ�
LWV� VXUIDFHV�� DUH� UHSOLFDWHG� E\� DYHUDJH� SURSHUWLHV�� 9LVLRQ�� KRZHYHU��
DFFRXQWV�IRU�WKH�SRO\FKURP\�ZLWKLQ�HDFK�PDUEOH�VKHHW��WKH�FRQWUDVW�RI�
GHFRUDWLRQV� VXFK� DV� WKH� RSXV� VHFWLOH�� DQG� WKH�PHVR�VWUXFWXUH� IRUPHG�
E\�WKH�PRVDLFV��5HSOLFDWLQJ�WKLV�OHYHO�RI�GHWDLO�LQ�GD\OLJKW�VLPXODWLRQ�
LV� SDUWLFXODUO\� FKDOOHQJLQJ� DQG� PRWLYDWHG� GLIIHUHQW� DFTXLVLWLRQ� DQG�
PRGHOOLQJ� WHFKQLTXHV�

$VVXPLQJ�WKDW�WKH�REVHUYHU�GLVWLQJXLVKHV�GLIIHUHQW�PDUEOH�FRORXUV�DQG�
WKH�WH[WXUH�ZLWKLQ�HDFK�WLOH��EXW�QRW�WLOHV�RI�WKH�VDPH�NLQG��D�FDWDORJXH�RI�
PDUEOH� W\SHV�ZDV�HVWDEOLVKHG��� 3KRWRPHWULFDOO\�DQG�FRORXULPHWULFDOO\�
FDOLEUDWHG� +LJK� '\QDPLF� 5DQJH� ,PDJLQJ� �+'5,�� GDWD� IRU� HDFK�
LGHQWL¿HG� W\SH� ZDV� DFTXLUHG� RQ� VLWH� XQGHU� GLIIXVH� LOOXPLQDWLRQ�� 7KH�
FDOLEUDWLRQ� UHOLHG� RQ� D� FKDUW� IHDWXULQJ� SDWFKHV� RI� NQRZQ� FRORXU�� WKDW�
ZDV�LPDJHG�ZLWK�HDFK�FDSWXUHG�SKRWRJUDSK��)LJXUH����OHIW���:KLOH�WKH�
DFFXUDF\�RI�WKLV�WHFKQLTXH�LV�OLPLWHG��LW�DOORZV�WR�HI¿FLHQWO\�FDSWXUH�WKH�
YLVXDO�GHWDLO�DW�KLJK�UHVROXWLRQ��7KH�DYHUDJH�FRORXU�DQG�D�PRQRFKURPH��
QRUPDOLVHG�WH[WXUH��)LJXUH����ULJKW��ZHUH�GHULYHG�IRU�HDFK�PDUEOH�W\SH��
DQG�DWWULEXWHG�WR�WKH�FRUUHVSRQGLQJ�VKHHWV��7KH�PRGXODWLRQ�E\�WKH�WH[WXUH�
DGGV�D�KLJK�OHYHO�RI�YLVXDO�GHWDLO��DQG�HQVXUHV�WKDW�WKH�SKRWRPHWULF�DQG�
FRORXULPHWULF�DYHUDJHV�DUH�QRW�DIIHFWHG��7KH�DSSURDFK�ZDV�DSSOLHG�WR�
VXUIDFHV�ZKHUH�DOO�UHÀHFWLRQ�SURSHUWLHV�EXW�UHÀHFWLYLW\�ZHUH�DVVXPHG�WR�
EH�XQLIRUP�

6XUIDFHV� FRPSULVLQJ� GLIIHUHQW� NLQGV� RI� PDUEOH�� H�J�� WKH� RSXV� VHFWLOH�
�)LJXUH����OHIW���FRPELQH�GLIIHUHQW�UHÀHFWLRQ�SURSHUWLHV�EH\RQG�FRORXU�
DQG� UHÀHFWLYLW\��H�J��GXH� WR�D�GLIIHUHQW�GHJUHH�RI�SROLVKLQJ��)RU� WKHVH�
EXLOGLQJ� HOHPHQWV�� WKH� FRPSRVLWLRQ� ZDV� UHSOLFDWHG� E\� JHRPHWULF�
PRGHOOLQJ��)LJXUH����ULJKW���$OO�UHÀHFWLRQ�SURSHUWLHV�RI�WKH�SDUWV�ZHUH�
GH¿QHG� LQGLYLGXDOO\���

��� $QGUHDV�1REDFN��³7DJHVOLFKWVLPXODWLRQ�YHUORUHQHU�*HElXGH]XVWlQGH�DP�%HLVSLHO�
GHU�+DJLD�6RSKLD�-XVWLQLDQV�´�,Q�SUHSDUDWLRQ��3K'�GLVV����7HFKQLVFKH�8QLYHUVLWlW�
'DUPVWDGW�������

��� +DXFN�HW�DO���³&RPSXWLQJ�WKH�+RO\�:LVGRP�´
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)LJXUH����/HIW�WR�ULJKW��7KH�EXON�JODVV�JROG�ODPLQDWH�LV�EURNHQ�LQWR�WHVVHUDH��
/LJKW�LV�GHÀHFWHG�GLUHFWLRQDOO\�E\�WKH�IURQW�VXUIDFH�����RU�WKH�HPEHGGHG�JROG�
OD\HU�����RI�LQFOLQHG�WHVVHUDH��RU�GLIIXVHO\�E\�WKH�PRUWDU�KROGLQJ�WKHP������

7RJHWKHU��WKH�WHVVHUHD�IRUP�D�PHVR�VWUXFWXUH�

7KH� FKDUDFWHULVWLF� VSDUNOH� RI� JROG� PRVDLF� LV� WKH� FRPELQHG� HIIHFW� RI�
YDU\LQJ� OLJKW� VFDWWHULQJ� SURSHUWLHV�� DQG� WKH� JHRPHWULF�PRGXODWLRQ� RI�
WKH�UHÀHFWLQJ�VXUIDFH�GXH�WR�WKH�GLIIHUHQW�LQFOLQDWLRQ�RI�WKH�LQGLYLGXDO�
WHVVHUDH�

7KHVH�DUH�SURGXFHG�E\�EUHDNLQJ�WKH�EXON�ODPLQDWH�RI�JODVV�SDQHV�DQG�
HPEHGGHG� JROG� IRLO� LQWR� VPDOO� SLHFHV�� WKDW� DUH� WKHQ� VHW� LQWR� PRUWDU��
(DFK�WHVVHUD¶V�KLJKO\�VSHFXODU�UHÀHFWLRQ��HLWKHU�E\�WKH�JODVV�FRYHULQJ�
WKH�IURQW�RU�E\�WKH�FRYHUHG�JROG�IRLO��LV�GLUHFWHG�WR�D�VOLJKWO\�GLIIHUHQW�
GLUHFWLRQ�� )URP� D� W\SLFDO� YLHZLQJ� GLVWDQFH� WKRXVDQGV� RI� WHVVHUDH� DUH�
YLVLEOH��2QO\�D�IUDFWLRQ�RI�WKHVH�DUH�RULHQWHG�VR�WKDW� WKH\�UHÀHFW�OLJKW�
WRZDUG�WKH�REVHUYHU��DQG�VWDQG�RXW�IURP�WKH�GLIIXVH�FRORXU�RI�WKH�JROG�RI�
WKH�UHPDLQLQJ�PRVDLF��FDXVLQJ� LWV�GLVWLQFW�FRQWUDVW� �)LJXUH������

6LQFH� JHRPHWULF� PRGHOOLQJ� RI� WKH� LQGLYLGXDO� WHVVHUDH� LV� QRW� IHDVLEOH�
IRU� WKH� HQWLUH� EXLOGLQJ�� D� QHVWHG� SDUDPHWULF� PRGHO� ZDV� GHYHORSHG���
,W� UHSOLFDWHV� OLJKW� VFDWWHULQJ� E\� WKH�PHVR�VWUXFWXUH� DW� GLIIHUHQW� VFDOHV��
7KH� FRPSOH[� UHÀHFWLRQ� E\� WKH� LQGLYLGXDO� WHVVHUD�� WKH� ORZ�IUHTXHQF\��
FRQWLQXRXV� SHUWXUEDWLRQ� RI� PRUWDU� KROGLQJ� WKH� WHVVHUDH�� WKH� KLJK�
IUHTXHQF\�� GLVFUHWH� SHUWXUEDWLRQ� RI� HDFK� WHVVHUD¶V� RULHQWDWLRQ�� DQG� WKH�
VHSDUDWLRQ� RI� WHVVHUDH� E\� VHDPV� �)LJXUH� ��� OHIW��� 5HÀHFWLRQ� E\� RQH�
WHVVHUDH�ZDV�PRGHOOHG�E\�RYHUOD\LQJ�WKH�VKDUS��PRQRFKURPH�UHÀHFWLRQ�
E\�D�JODVV�VXUIDFH�ZLWK�WKH�FRORXUHG�UHÀHFWLRQ�E\�D�PHWDO�VXUIDFH��WKH�
ODWWHU� KDYLQJ� D�SURQRXQFHG� URXJKQHVV��7KH� UHVXOW� LV� D� SHDN�RQ� D� OREH�
LQ� WKH�%6')��DQG�FRQ¿UPHG�E\�JRQLR�SKRWRPHWULF�PHDVXUHPHQW�RQ�D�
��� 1REDFN�� ³7DJHVOLFKWVLPXODWLRQ� YHUORUHQHU� *HElXGH]XVWlQGH� DP� %HLVSLHO� GHU�

+DJLD� 6RSKLD� -XVWLQLDQV´�� (XJqQH� 0LFKHO� $QWRQLDGL�� (NSKUDVLV� WHV� +DJLDV�
6RSKLDV� �$WKHQV�� *UHHFH�� *UHJRULDGV�� 9� �� +XLRL�� ������

��� 1REDFN�� ³7DJHVOLFKWVLPXODWLRQ� YHUORUHQHU� *HElXGH]XVWlQGH� DP� %HLVSLHO� GHU�
+DJLD� 6RSKLD� -XVWLQLDQV�´
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PRGHUQ� UHSOLFDWLRQ� RI� D� WHVVHUD� �)LJXUH� ��� FHQWUH���7KH�PRGHO� FDQ� EH�
DSSOLHG�WR�DUELWUDU\�VXUIDFHV�DQG�DFKLHYHV�D�KLJK�GHJUHH�RI�UHDOLVP�GXH�
WR�WKH�DGGHG�GHWDLO��ZLWKRXW�WKH�LQFUHDVLQJ�JHRPHWULF�FRPSOH[LW\�RI�WKH�
PRGHO��)LJXUH����ULJKW���:KLOH�LW�LV�SRVVLEOH�WR�DFFRXQW�IRU�RUQDPHQWV���
YDXOWV�DQG�GRPHV�ZHUH�PRGHOOHG�RQO\�E\�WKH�JROG�JODVV�WHVVHUDH�UHÀHFWLQJ�
WKH�SHQGLQJ�UHFRQVWUXFWLRQ�RI�WKH�%\]DQWLQH�GHFRUDWLRQ�IRU�WKH�PRGHO�

)LJXUH����/HIW��*ROG�PRVDLF�PRGHO�FRPELQLQJ�UHÀHFWLRQ�SURSHUWLHV�RI�WKH�JROG�
OD\HU�ZLWK�ODUJH�VFDOH�GHIRUPDWLRQV��LQFOLQDWLRQ�DQG�VHSHUDWLRQ�RI�WHVVHUDH��
&HQWUH��&RPELQHG�UHÀHFWLRQ�PRGHOV�RI�JROG�DQG�JODVV�DSSUR[LPDWH�WKH�

PHDVXUHG�%6')�RI�RQH�WHVVHUD��5LJKW��0HVR�VWUXFWXUHG�PRVDLF�PRGHO�DSSOLHG�
WR�WKH�UHFRQVWUXFWLRQ��VHHQ�IURP�WKH�:HVW�JDOOHU\�

3. Modelling Light Propagation in Hagia Sophia
%DFNZDUG�UD\�WUDFLQJ�HYDOXDWHV�WKH�%6')�DW�DQ\�SRLQW�RI�LQWHUVHFWLRQ�RI�DQ�
LPDJHU\�OLJKW�UD\��VWDUWLQJ�DW�WKH�YLHZ�SRLQW��ZLWK�WKH�JHRPHWULF�GHVFULSWLRQ�
RI�D�VFHQH��,W�WDNHV�LQWR�DFFRXQW�DUELWUDU\�OLJKW�VFDWWHULQJ�SURSHUWLHV��H�J��WKH�
VSHFXODULW\�WKDW�LV�FKDUDFWHULVWLF�IRU�WKH�IXUQLVKLQJ�RI�+DJLD�6RSKLD��,Q�WKH�
FDVH�RI�LGHDO�UHÀHFWLRQ�DQG�WUDQVPLVVLRQ��H�J��E\�PLUURU�OLNH�RU�WUDQVSDUHQW�
VXUIDFHV�� WKH� DOJRULWKP� LV� GHWHUPLQLVWLF� VLQFH� HDFK� UD\� LQWHUVHFWLQJ�
ZLWK� JHRPHWU\� LV� SURSDJDWHG� WRZDUG� D�PD[LPXP� RI� WZR� �UHÀHFWHG� DQG�
WUDQVPLWWHG�� NQRZQ� GLUHFWLRQV�� ,Q� WKH� FDVH� RI� GLIIXVH� VFDWWHULQJ�� WKH�
FRQWULEXWLRQ�RI�HDFK�YLVLEOH�OLJKW�VRXUFH�WR�WKH�ORFDO�LOOXPLQDQFH�LV�DGGHG��
,I� LQGLUHFW� FRQWULEXWLRQV� E\� VFDWWHULQJ� EHWZHHQ� GLIIXVH� VXUIDFHV� VKDOO� EH�
DFFRXQWHG�IRU��DQ�LQ¿QLWH�QXPEHU�RI�RXWJRLQJ�GLUHFWLRQV�SRWHQWLDOO\�OHDG�
WR�D�VRXUFH��7KLV�LV�DFFRXQWHG�IRU�E\�VWRFKDVWLF�PHWKRGV��'LVWULEXWHG�UD\�
WUDFLQJ�JHQHUDWHV�UDQGRP�UD\V�DW�HDFK�LQWHUVHFWLRQ�HYHQW��7KH�DFFXUDF\�RI�
WKH�ORFDO�LOOXPLQDQFH�HVWLPDWH�GHSHQGV�RQ�WKH�UHVROXWLRQ��H�J��WKH�QXPEHU�
RI�VDPSOH�UD\V�DW�HDFK�LQWHUVHFWLRQ��7KLV�UHVXOWV� LQ�D�QRQ�OLQHDU� LQFUHDVH�

��� $QGUHDV�1REDFN��0RVDLFV���'HDOLQJ�ZLWK�D�SUHFLRXV�PDWHULDO����WK�,QWHUQDWLRQDO�
5DGLDQFH�:RUNVKRS��&RSHQKDJHQ��'HQPDUN�� �����
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RI� FRPSXWDWLRQDO� HIIRUW� �7DEOH� ���� ,QVXI¿FLHQW� VDPSOLQJ� FDXVHV� W\SLFDO�
DUWHIDFWV� VXFK� DV�SL[HO� QRLVH�� LOOXVWUDWHG� E\� D� YLHZ� WRZDUG� WKH� HQWUDQFH�
RI�+DJLD�6RSKLD�LQ�)LJXUH�����5DGLDQFH�UHGXFHV�WKH�FRPSXWDWLRQDO�HIIRUW�
RI� WKH� GLIIXVH�LQGLUHFW� FDOFXODWLRQ� E\� VWRULQJ� WKH� ORFDO� LOOXPLQDQFH� RQ�
WKH� VFHQH� VXUIDFHV� LQ� LWV�DPELHQW�FDFKH��6XEVHTXHQW� UD\� LQWHUVHFWLRQV�DW�
QHDUE\� SRVLWLRQV� E\SDVV� WKH� FDOFXODWLRQ� DQG� UDWKHU� UHWXUQ� WKH� UHVXOW� RI�
LQWHUSRODWLRQ�EHWZHHQ�NQRZQ�YDOXHV��2QO\�LI�D�JLYHQ�YDULDQFH�LV�H[FHHGHG��
IXUWKHU�UDQGRP�VDPSOHV�DUH�JHQHUDWHG�DQG�FRQWLQXRXVO\�UH¿QH�WKH�FDFKH�
GXULQJ� LPDJH�JHQHUDWLRQ��7KH�KLJK�IUHTXHQF\�SL[HO�QRLVH� LV� UHSODFHG�E\�
ORZ�IUHTXHQF\� LQWHUSRODWLRQ� DUWHIDFWV� �)LJXUH� ����� WKDW� GLPLQLVKH� ZLWK�
LQFUHDVLQJ� VDPSOH� UHVROXWLRQ� �)LJXUH� ����

3L[HO� QRLVH�� DQG� WKH� DUWHIDFWV� RI� WKH� DPELHQW� FDFKH� EHFRPH� REYLRXV�
LQ� WKH�FDVH�RI�FDXVWLFV��:KHQ� OLJKW� LV�VFDWWHUHG�IURP�VSHFXODU� WRZDUG�
GLIIXVH�VXUIDFHV��H�J��WUDQVPLWWHG�WKURXJK�WKH�VFDWWHULQJ�ZLQGRZ�SDQHV�
WRZDUG� WKH� HQWUDQFH� LQ� WKH� SUHVHQWHG� YLHZ�� HYHQ� D� KLJK� QXPEHU� RI�
VDPSOHV�LV�OLNHO\�WR�PLVV�RXW�FRQFHQWUDWHG�OLJKW�VRXUFHV�VXFK�DV�WKH�VXQ��
RU�WKH�DSHUWXUHV�IRUPHG�E\�WKH�VPDOO�ZLQGRZ�SDQHV�FRPSULVLQJ�+DJLD�
6RSKLD¶V�IHQHVWUDWLRQ��7KLV�LQHI¿FLHQF\�RI�EDFNZDUG�UD\�WUDFLQJ�LV�WKH�
UHDVRQ�ZK\�WKH�SUHVHQWHG�UHVXOWV�DOO�DFFRXQW�IRU�RQO\�RQH�GLIIXVH�LQWHU�
UHÀHFWLRQ��DQG�XQGHUHVWLPDWH�LQGLUHFW�LOOXPLQDWLRQ��&RPSOH[�OLJKW�SDWKV�
VXFK�DV�FDXVWLFV�DUH�EHWWHU�UHSOLFDWHG�ZKHQ�WKH�GLUHFWLRQ�RI�WKH�VLPXODWLRQ�
LV�UHYHUVHG��H�J��IURP�WKH�OLJKW�VRXUFH�WRZDUG�WKH�GLIIXVH�VXUIDFH��7KH�
ELGLUHFWLRQDO�SKRWRQ�PDSSLQJ�DOJRULWKP���VWRUHV�WKH�SRVLWLRQ�ZKHUH�UD\V��
HPLWWHG�E\�WKH�OLJKW�VRXUFH��FROOLGH�ZLWK�GLIIXVHO\�VFDWWHULQJ�JHRPHWU\�LQ�
SKRWRQ�PDSV��WKDW�SURYLGH�D�YLHZ�LQGHSHQGHQW�VROXWLRQ�RI�ORFDO�GLIIXVH�
LOOXPLQDQFH�LQ�WKH�HQWLUH�VFHQH��'XULQJ�LPDJH�JHQHUDWLRQ��LOOXPLQDQFH�
LV�HVWLPDWHG�DV�WKH�GHQVLW\�RI�SKRWRQV�ZLWKLQ�D�VHDUFK�UDGLXV��UHSODFLQJ�
WKH�SUREOHPDWLF�VWRFKDVWLF�VDPSOLQJ�RI�GLVWULEXWHG�UD\�WUDFLQJ��6LPLODU�
WR�WKH�DPELHQW�FDFKH��SKRWRQ�PDSSLQJ�LQWURGXFHV�ORZ�IUHTXHQF\�SKRWRQ�
QRLVH� WKDW� LV�HYLGHQW� LQ�GDUN�LPDJH�UHJLRQV��H�J��ZKHUH�WKH�GHQVLW\�RI�
SKRWRQV�LV�ORZ��)LJXUH������6LQFH�WKH�VHDUFK�UDGLXV�KDV�WR�LQFUHDVH�XQWLO�
D�JLYHQ� WDUJHW�RI�SKRWRQV�±� WKH�EDQGZLGWK�±�DUH� IRXQG��ELDV�GHIRUPV�

��� +HQULN�:DQQ�-HQVHQ��5HDOLVWLF� LPDJH�V\QWKHVLV�XVLQJ�SKRWRQ�PDSSLQJ��1DWLFN��
0$��8QLWHG�6WDWHV��$.�3HWHUV���&5&�3UHVV���������5RODQG�6FKUHJOH��³'D\OLJKW�
VLPXODWLRQ� ZLWK� SKRWRQ� PDSV´� �3K'� GLVV���� 8QLYHUVLWlW� GHV� 6DDUODQGHV�� ������
/DUV�2OLYHU�*UREH��³7KH�5DGLDQFH�SKRWRQ�PDS�IRU�LPDJH�EDVHG�YLVXDO�FRPIRUW�
DVVHVVPHQWV� ZLWK� GDWD�GULYHQ� %6')� PRGHOV� RI� KLJK� UHVROXWLRQ�´� -RXUQDO� RI�
%XLOGLQJ� 3HUIRUPDQFH� 6LPXODWLRQ� ����� �������
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VKDUS�JUDGLHQWV�WRZDUG�D�VPRRWK�WUDQVLWLRQ��%\�LQGLUHFW�YLVXDOLVDWLRQ�RI�
JOREDO�SKRWRQV��QRLVH�DQG�ELDV�EHFRPH�OHVV�DSSDUHQW��)LJXUH������%RWK�
NLQGV�RI�DUWHIDFWV�GHFUHDVH�ZLWK�LQFUHDVLQJ�QXPEHUV�RI�SKRWRQV�LQ�WKH�
VFHQH��)LJXUH������$OWKRXJK�SURYLGLQJ�DQ�HI¿FLHQW�VROXWLRQ�IRU�FRPSOH[�
OLJKW�SDWKV� �7DEOH����� WKH�EURDGHU�DSSOLFDWLRQ�RI�SKRWRQ�PDSSLQJ�KDV�
EHHQ�KLQGHUHG�E\�LWV�FRPSOH[�SDUDPHWULVDWLRQ�

Figure 10. View rendered with ray-tracing at moderate sampling. 

)LJXUH�����9LHZ�DV�DERYH��EXW�HPSOR\LQJ�DPELHQW�FDFKH� 

)LJXUH�����9LHZ�DV�DERYH��EXW�ZLWK�UH¿QHG�LQGLUHFW�GLIIXVH�VDPSOLQJ�
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Figure 13. View rendered with photon mapping and direct visualisation. 

)LJXUH�����9LHZ�DV�DERYH��EXW�LQGLUHFW�YLVXDOLVDWLRQ�RI�JOREDO�SKRWRQV� 

)LJXUH�����9LHZ�DV�DERYH��EXW�QXPEHU�RI�SKRWRQV�HLJKW�WLPHV�KLJKHU�
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Table 1. Rendering parametrisation with resulting simulation times and 
DUWHIDFWV�����SDUDOOHO�SURFHVVHV��LPDJH�UHVROXWLRQ�LV������[�����SL[HOV��

Illustration 5HQGHULQJ�WHFKQLTXH Parametrisation Time Artefacts
Ray-tracing*

)LJXUH��� ZLWKRXW�DPELHQW�FDFKH
����DPELHQW�
GLYLVLRQV

�����V 3L[HO�QRLVH

)LJXUH��� ZLWK�DPELHQW�FDFKH « ����V
GLVWLQFW�VSORWFK\�
DUWHIDFWV

)LJXUH��� «
�����DPELHQW�
GLYLVLRQV

�����V
PRGHUDWH�FORXG�
OLNH�DUWHIDFWV

Photon-mapping



)LJXUH��� GLUHFW�YLVXDOLVDWLRQ
��0�FDXVWLF����0�
JOREDO

���V
SURQRXQFHG�
SKRWRQ�QRLVH��ELDV

)LJXUH��� LQGLUHFW�YLVXDOLVDWLRQ
�0�FDXVWLF���0�
JOREDO

����V
ELDV�UHGXFLQJ�
FRQWUDV

)LJXUH��� «
��0�FDXVWLF����0�
JOREDO

����V ORZ�ELDV

*�5HSRUWHG�UHVXOWV�DFFRXQW�IRU�RQO\�RQH�GLIIXVH�LQWHU�UHÀHFWLRQ���DE�����7KH�QXPEHU�RI�
VSHFXODU�VXSHU�VDPSOHV�ZDV�FRQVWDQW���VV������$PELHQW�VXEGLYLVLRQV���DV��ZHUH�VHW�WR�
WKH�QXPEHU�RI�DPELHQW�GLYLVLRQV���DG��GLYLGHG�E\����7KH�UD\�ZHLJKW���OZ��ZDV�OLPLWHG�
WR���GLYLGHG�E\�WKH�WHQ�WLPHV�WKH�QXPEHU�RI�DPELHQW�GLYLVLRQV�

**�5HSRUWHG�UHVXOWV�H[FOXGH�WLPH�IRU�SKRWRQ�PDS�JHQHUDWLRQ�������V�IRU��0�FDXVWLF�DQG�
�0�JOREDO�SKRWRQV��DQG������V�IRU���0�FDXVWLF�DQG���0�JOREDO�SKRWRQV��%DQGZLGWKV�
IRU� JOREDO� DQG� FDXVWLF� SKRWRQV� ZHUH� VHW� WR� ��� DQG� ��� UHVSHFWLYHO\�� ���� DPELHQW�
GLYLVLRQV�ZKHUH�VHW�LQ�WKH�LQGLUHFW�SKRWRQ�YLVXDOLVDWLRQ�

Image-Based Daylight Simulation
,%5�WHFKQLTXHV�FDQQRW�EH�GLUHFWO\�DSSOLHG�WR�WKH�UHFRQVWUXFWLRQ�RI�ORVW�
EXLOW�KHULWDJH��EXW�WKH\�DOORZ�WR�LQWHU��RU�H[WUDSRODWH�REVHUYDWLRQV�XQGHU�
YDU\LQJ�ERXQGDU\�FRQGLWLRQV�� ,%5� WHFKQLTXHV�DUH�QRW�DIIHFWHG�E\� WKH�
FRPSOH[LW\�RI�JHRPHWU\�DQG�WKH�OLJKW�VFDWWHULQJ�SURSHUWLHV�RI�WKH�EXLOGLQJ�
PDWHULDOV��,PDJH�UHOLJKWLQJ�KDV�EHHQ�DSSOLHG�WR�UHFRQVWUXFW�WKH�DSSHDUDQFH�
RI�LVRODWHG�EXLOGLQJ�HOHPHQWV��H�J��%\]DQWLQH�JROG�PRVDLFV��XQGHU�WKHLU�
DVVXPHG�RULJLQDO�LOOXPLQDWLRQ����)RU�D�JLYHQ�VHW�RI�LQFLGHQW�GLUHFWLRQV� 

��� (YD�=iQ\L�HW�DO���³/LJKWLQJ�DQG�%\]DQWLQH�JODVV�WHVVHUDH�´�(OHFWURQLF�9LVXDOLVDWLRQ�
DQG� WKH�$UWV� &RQIHUHQFH�� HG��� -� 3� %RZHQ�� 6�.HHQH�� DQG� /�0DF'RQDOG� �/RQGRQ��
8QLWHG� .LQJGRP�� ������
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+'5,��� ZDV� FDSWXUHG� RQ� VLWH�� 7KH� LPDJHU\� FDQ� WKHQ� EH� GHVFULEHG�
DV� D� IXQFWLRQ� RI� WKH� VSDWLDO� GLVWULEXWLRQ� RI� LQFLGHQW� OXPLQDQFH�� DQG�
DSSHDUDQFH�XQGHU�RWKHU� OXPLQRXV�FRQGLWLRQV�FDQ�EH� UHSOLFDWHG�� LI� WKH�
ODWWHU� DUH� UHFRQVWUXFWHG� H�J�� E\� OLJKWLQJ� VLPXODWLRQ�

)LJXUH�����/HIW��&RORU�PDSSHG�OXPLQDQFH�YDOXHV�DFTXLUHG�E\�+'5,�
SKRWRJUDSK\��5LJKW��/XPLQDQFH�GLV��WULEXWLRQ�XQGHU�LGHQWLFDO�H[WHULDO�
FRQGLWLRQV��FDOFXODWHG�IURP�'D\OLJKW�&RHI¿FLHQWV�IRXQG�E\�UHJUHVVLRQ�RQ�

V\QFKURQRXV�+'5,�DFTXLVLWLRQ�

$�VLPLODU�DSSURDFK�KDV�EHHQ�DSSOLHG� WR� WKH� LQWHULRU�RI�+DJLD�6RSKLD��
*LYHQ� WKH� GLI¿FXOW\� RI� VSDWLDO� DQG� WHPSRUDO� PHDVXUHPHQWV� XQGHU�
FRQWUROOHG�LOOXPLQDWLRQ��FDOLEUDWHG�+'5,�RI�WKH�LQWHULRU�RI�WKH�EXLOGLQJ��
DQG� WKH� VN\� OXPLQDQFH� GLVWULEXWLRQV� RQ� D� QHDUE\� URRI� WHUUDFH� ZHUH�
DFTXLUHG�V\QFKURQRXVO\�IRU�D�WKRURXJK�DQDO\VLV�RI�GD\OLJKW�GLVWULEXWLRQ�
RI� WKH� LQWHULRU� XQGHU� D� VHW� RI� QDWXUDOO\� RFFXUULQJ� VN\� FRQGLWLRQV33� 
)XUWKHUPRUH��FRUUHODWLQJ� WKH� LQWHULRU� OXPLQDQFH�GLVWULEXWLRQV�ZLWK� WKH�
VN\�OXPLQDQFHV�DOORZHG�WR�UHFRQVWUXFW�WKH�'D\OLJKW�&RHI¿FLHQWV��'&V���� 
DQG�WR�VXEVHTXHQWO\�DSSO\�UHOLJKWLQJ�WHFKQLTXHV�IRU�WKH�EXLOGLQJ�LQWHULRU�
�)LJXUH������'&V�DUH�D�XQLTXH�SURSHUW\�RI�WKH�EXLOGLQJ�VLWH��JHRPHWU\��
DQG�PDWHULDOV��DQG�UHODWH�WKH�DYHUDJH�OXPLQDQFH�RI�DQ\�VN\�UHJLRQ�WR�LWV�
FRQWULEXWLRQ�WR�HDFK�SL[HO�YDOXHV�LQ�+'5,��'&V�FDQ�EH�VFDOHG�WKURXJK�
PDWUL[�RSHUDWLRQV�WR�V\QWKHVLVH�WKH�DSSHDUDQFH�RI�WKH�EXLOGLQJ�LQWHULRU�

��� 0HKOLND�,QDQLFL��³(YDOXDWLRQ�RI�KLJK�G\QDPLF�UDQJH�LPDJH�EDVHG�VN\�PRGHOV�LQ�
OLJKWLQJ�VLPXODWLRQ�´�/HXNRV�����������S��������

33� ,QDQLFL��³/LJKWLQJ�DQDO\VLV�RI�+DJLD�6RSKLD�´
��� 0HKOLND� ,QDQLFL�� ³'\QDPLF� GD\OLJKWLQJ� VLPXODWLRQV� IURP� VWDWLF� KLJK� G\QDPLF�

UDQJH� LPDJHU\� XVLQJ� H[WUDSRODWLRQ� DQG� GD\OLJKW� FRHI¿FLHQW� PHWKRGRORJLHV�´�
%6������ ��WK� &RQIHUHQFH� RI� ,%36$�� HG��� (WLHQQH� :XUW]� �&KDPEHU\�� )UDQFH��
������� S�� ����������
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XQGHU�DQ\�VN\�FRQGLWLRQ��7KH�VN\�FRQGLWLRQV�FDQ�YDU\�IURP�LGHDOLVHG�
VWDQGDUG�PRGHOV�IRU�FOHDU�DQG�RYHUFDVW�VNLHV��GDWD�GULYHQ�PRGHOV�IURP�
+'5,�FDSWXUHV�DQG�VN\�VFDQV��RU�LUUDGLDQFH�EDVHG�DQQXDO�PRGHOV�WKDW�
HPSOR\�KRXUO\�GDWD�IURP�PHWHRURORJLFDO�VWDWLRQV�

2WKHU� ,%5� WHFKQLTXHV� WKDW� OHQG� WKHPVHOYHV� WR� GD\OLJKW� VLPXODWLRQ� LQ�
+DJLD�6RSKLD�GXH�WR�WKH�FRPSOH[LW\�RI�LWV�JHRPHWU\��DQG�WKH�LUUHJXODU�
VFDWWHULQJ�SURSHUWLHV�RI�LWV�VXUIDFHV��DUH�PDFKLQH�OHDUQLQJ�DQG�OLJKW�¿HOG�
UHQGHULQJ�� *LYHQ� WKH� G\QDPLF� QDWXUH� RI� GD\OLJKW�� DQG� WKH� GLI¿FXOW\�
RI�FROOHFWLQJ�ORQJ�WHUP�GDWD�LQ�WKH�EXLOGLQJ��LW�LV�DEVROXWHO\�FUXFLDO�WR�
GHYHORS�VLPXODWLRQ�WHFKQLTXHV�WKDW�FDQ�LQIRUP�WKH�VSDWLDO�DQG�WHPSRUDO�
YDULDELOLW\�LQ�WKH�EXLOGLQJ�

Accounting for Human Response
$V�YLVLWRUV�HQWHULQJ�+DJLD�6RSKLD�QRWLFH��LW�WDNHV�D�PRPHQW�IRU�WKH�H\H�
WR�DGDSW�WR�WKH�OLJKW�OHYHOV�LQVLGH�WKH�EXLOGLQJ��%XW�KXPDQ�UHVSRQVH�LV�
QRW� OLPLWHG� WR� WKLV� DGDSWLRQ� WR� D� FKDQJLQJ� HQYLURQPHQW����7KH� YLVXDO�
V\VWHP�SHUPDQHQWO\�DGDSWV�WR�FRQWUDVW�ZKLOH�H[SORULQJ�D�VFHQH��$V�WKH�
KLJKHVW�YLVXDO�DFXLW\�RI�WKH�H\H�LV�OLPLWHG�WR�LWV�LQQHU�FHQWUH��D�VFHQH�LV�
SHUPDQHQWO\�VFDQQHG�E\�H\H�PRYHPHQW��'XULQJ�WKLV�SURFHVV��DGDSWLRQ�
PHFKDQLVPV�DUH�G\QDPLFDOO\�GHSOR\HG��H�J��WKH�FRQVWULFWLRQ�RI�SXSLOV��
+XPDQ�YLVLRQ�UHVSRQGV�WR�FRQWUDVW�LQ�D�QRQOLQHDU�IDVKLRQ��WKDW�FDQ�EH�
H[SUHVVHG� E\� WKH�:HEHU�)HFKQHU� ODZ��� WKDW� IRUPXODWHV� D� ORJDULWKPLF�
UHODWLRQVKLS�EHWZHHQ�VWLPXOXV�DQG�SHUFHSWLRQ��,Q�HIIHFW��FRQWUDVW�LQ�WKH�
PHQWDO�LPDJH�LV�UHGXFHG�

&RPPRQ� YLVXDO� PHGLD�� H�J�� SKRWRJUDSKLF� SULQWV� RU� FRPSXWHU�
GLVSOD\V�� DUH� OLPLWHG� LQ� FRQWUDVW� DQG� DEVROXWH� OLJKW� OHYHOV� FRPSDUHG�
WR� W\SLFDO� VFHQHV��7KH\�GR�QRW�FDXVH�FRQWUDVW�DGDSWLRQ�� WKDW�FDQ�RQO\�
EH� YLVXDOLVHG� IRU� WKHVH� PHGLD��$� FRPPRQ� DSSURDFK� LQ� SULQWLQJ� DQG�
GLVSOD\�WHFKQRORJLHV�LV�JDPPD�FRUUHFWLRQ��WKDW�LPSOHPHQWV�WKH�:HEHU�
)HFKQHU� ODZ��$�PRUH�DFFXUDWH�YLVXDOLVDWLRQ�FDQ�EH�DFKLHYHG�E\� WRQH�
PDSSLQJ��7RQH�PDSSLQJ�RSHUDWRUV�FRPPRQO\�XVHG�LQ�OLJKWLQJ�UHVHDUFK�

��� &KULVWLDQ� %DUWHQEDFK� DQG� :DOWHU� :LWWLQJ�� +DQGEXFK� GHU� /LFKWJHVWDOWXQJ��
/LFKWWHFKQLVFKH�XQG�ZDKUQHKPXQJVSKV\FKRORJLVFKH�*UXQGODJHQ��:LHQ��$XVWULD��
6SULQJHU�� ������� S�� ���

��� 5�)�� 6FKPLGW�� *�� 7KHZV�� DQG� )�� /DQJ�� 3K\VLRORJLH� GHV� 0HQVFKHQ� �%HUOLQ� ��
+HLGHOEHUJ�� *HUPDQ\�� 6SULQJHU�� ������� S�� ����



INTERNATIONAL HAGIA SOPHIA SYMPOSIUM   24-25 September 2020

Challenges in the Simulation of the Daylight Distribution in Late Antique Hagia Sophia

FDQ�UHSURGXFH�WKH�G\QDPLF�DGDSWLRQ�GXULQJ�WKH�SHUFHSWLRQ�RI�D�VFHQH�37 
7RQH�PDSSLQJ�KDV�WR�DFFRXQW�IRU�WKH�PD[LPDO�FRQWUDVW�RI�WKH�PHGLXP�
XQGHU�W\SLFDO�YLHZLQJ�FRQGLWLRQV��ZKLFK�GLIIHU�IRU�SULQWV�DQG�FRPSXWHU�
GLVSOD\V�� +'5,�GLVSOD\V� EHFRPLQJ� LQFUHDVLQJO\� DIIRUGDEOH� ZLWK� WKH�
VXFFHVV�RI�+'5,�WHOHYLVLRQ�SURPLVH�WR�PLWLJDWH�WKH�OLPLWDWLRQV�LQ�WHUPV�
RI�G\QDPLF�UDQJH�LQ� WKH�QHDU�IXWXUH�

&21&/86,216
7KH� DXWKRUV� EHOLHYH� WKDW� WKH� SUHVHQWHG� UHVXOWV� LQGLFDWH� WKH� SRWHQWLDO�
RI� 6%5� DQG� ,%5� WHFKQLTXHV� LQ� GD\�� OLJKW� VLPXODWLRQ� DV� D� GLJLWDO�
H[SHULPHQW�LQ�KLVWRULFDO�VFLHQFHV��7KH\�KRSH�WR�HQWHU�D�IUXLWIXO�GLDORJXH�
ZLWK� UHVHDUFKHUV� IURP�RWKHU� GLVFLSOLQHV�� WKDW� KDYH� D� ORQJ� WUDGLWLRQ� LQ�
WKH�GLVFXVVLRQ�RI�GD\OLJKW�DV�DQ�LQWDQJLEOH�EXW�FKDUDFWHULVWLF�HOHPHQW�RI�
+DJLD� 6RSKLD�

:KLOH� WKH� WHFKQLFDO� IRXQGDWLRQV� IRU� WKH� DSSOLFDWLRQ�RI� FRPSXWDWLRQDO�
WHFKQLTXHV� DUH� ODLG�� WKH� VLPXODWLRQ� RI� GD\OLJKW� LQ� WKH� SDVW� UHPDLQV� D�
FKDOOHQJH��)ROORZLQJ�WKH�SURSDJDWLRQ�RI�OLJKW�IURP�WKH�VXQ�WR�WKH�REVHUYHU�
UHYHDOV�D�FKDLQ�RI�XQFHUWDLQWLHV��7KH�ERXQGDU\�FRQGLWLRQV�EHLQJ�GH¿QHG�
E\� XQNQRZQ� VN\� FRQGLWLRQV� LQ� WKH� SDVW�� OLJKW� ZDV� DGPLWWHG� WKURXJK�
ZLQGRZ�SDQHV�WKDW�KDYH�QRW�EHHQ�SUHVHUYHG��0RGHOOLQJ�WKHVH�LQ�WKHLU�
RULJLQDO�FRQGLWLRQ�LV�QRW�SRVVLEOH��VLQFH�PHDVXUHPHQW�RQ�DUFKDHRORJLFDO�
¿QGV�LQFOXGH�WKH�HIIHFWV�RI�GHWHULRUDWLRQ��,VRODWLQJ�WKHVH�HIIHFWV�RSHQV�D�
SURPLVLQJ�¿HOG�RI�UHVHDUFK��DQG�DSSOLHV�WR�DQ\�DVVXPSWLRQV�RQ�RSWLFDO�
SURSHUWLHV�DWWULEXWHG� WR�FRPSXWHU�DLGHG�UHFRQVWUXFWLRQV��([SHULPHQWDO�
DUFKDHRORJ\�LV�FRQVLGHUHG�RQH�SRVVLEOH�PHDQV�WR�DSSUR[LPDWH�IRUPHU�
RSWLFDO� SURSHUWLHV� RI� EXLOGLQJ� PDWHULDOV�� &RQVHTXHQWO\�� GD\OLJKW�
VLPXODWLRQ�DV�D�PHWKRG�WR�HYDOXDWH�SDVW�OLJKWLQJ�FRQGLWLRQV�PXVW�UHO\�
RQ�SODXVLEOH�UHFRQVWUXFWLRQV�QRW�RQO\�RI�WKH�JHRPHWULF�FRPSRVLWLRQ��EXW�

37� *UHJRU\�:DUG�/DUVRQ�HW�DO���³$�YLVLELOLW\�PDWFKLQJ�WRQH�UHSURGXFWLRQ�RSHUDWRU�
IRU� KLJK� G\QDPLF� UDQJH� VFHQHV�´� ,(((� 7UDQVDFWLRQV� RQ� 9LVXDOL]DWLRQ� DQG�
&RPSXWHU�*UDSKLFV�������������S�����������$NLNR�<RVKLGD�HW�DO���³3HUFHSWXDO�
HYDOXDWLRQ�RI� WRQH�PDSSLQJ�RSHUDWRUV�ZLWK� UHDO�ZRUOG� VFHQHV�´�+XPDQ�9LVLRQ�
DQG�(OHFWURQLF�,PDJLQJ�;��HG���%HUQLFH�(��5RJRZLW]��7KUDV\YRXORV�1��3DSSDV��
DQG�6FRWW�-��'DO\��������63,(���������S�����������5DID�0DQWLXN�HW�DO���³+LJK�
G\QDPLF�UDQJH�LPDJLQJ�SLSHOLQH��3HUFHSWLRQ�PRWLYDWHG�UHSUHVHQWDWLRQ�RI�YLVXDO�
FRQWHQW�´�+XPDQ�9LVLRQ�DQG�(OHFWURQLF�,PDJLQJ�;,,��HG���%HUQLFH�(��5RJRZLW]��
7KUDV\YRXORV�1��3DSSDV��DQG�6FRWW�-��'DO\��������3URFHHGLQJV�63,(���������6DQ�
-RVH��86$��63,(��������
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DOVR�WKH�OLJKW�VFDWWHULQJ�SURSHUWLHV�DWWULEXWHG�WR�WKLV�JHRPHWU\�DV�ZHOO�DV�
LWV�ERXQGDU\�FRQGLWLRQV�

'HVSLWH�DOO�DWWHPSWV�WR�LPSURYH�DFFXUDF\�DQG�WR�DFFRXQW�IRU�DOWHUDWLRQV��
GD\OLJKW�VLPXODWLRQ�LQ�KLVWRULFDO�VFLHQFHV�KDV�WR�KDQGOH��DQG�WR�EH�DZDUH�
RI� LWV�XQFHUWDLQWLHV�� ,Q�SDUWLFXODU� WKH�SDUWLDO�NQRZOHGJH�RQ�WKH�RSWLFDO�
SURSHUWLHV�RI�KLVWRULF�EXLOGLQJ�PDWHULDOV��EDVHG�RQ�IHZ�GHWDLOHG�VWXGLHV�
RQ�LQGLYLGXDO�VSHFLPHQV�EXW�FRYHULQJ�RQO\�D�IUDFWLRQ�RI�WKH�NQRZQ�UDQJH��
DVNV�IRU�EURDGHU�UHVHDUFK��7KLV�FDOOV�IRU�DQ�LQWHUGLVFLSOLQDU\�HIIRUW�E\�
UHVHDUFKHUV� IURP� DUFKDHRORJ\�� UHVWRUDWLRQ�� HQJLQHHULQJ�� DQG� VFLHQFHV��
(VWDEOLVKLQJ� SODXVLEOH� UDQJHV� RI� SURSHUWLHV� EDVHG� RQ� UHSUHVHQWDWLYH�
VDPSOH�VHWV�FRXOG� IRVWHU� WKH�DSSOLFDWLRQ�RI�FRPSXWDWLRQDO�VLPXODWLRQ��
DQG�ZRXOG� LQFUHDVH� LWV� FUHGLELOLW\� DV� D� KHXULVWLF�PHWKRG� LQ� KLVWRULFDO�
VFLHQFHV�

$&.12:/('*(0(176
'HYHORSPHQW�RI�WKH�VLPXODWLRQ�PRGHO�RI�+DJLD�6RSKLD�ZDV�VXSSRUWHG�
E\� WKH� ')*� *HUPDQ� 5HVHDUFK� )RXQGDWLRQ� �JUDQW� ����������� 'LH�
+DJLD� 6RSKLD� -XVWLQLDQV� LQ� .RQVWDQWLQRSHO� DOV� 6FKDXSODW]� ZHOWOLFKHU�
XQG� JHLVWOLFKHU� ,QV]HQLHUXQJ� LQ� GHU� 6SlWDQWLNH� �KWWS���JHSULV�GIJ�GH�
JHSULV�SURMHNW�����������7KH�DXWKRUV�DUH�JUDWHIXO�WR�-HQQLIHU�.RPS�RI�
/DQGVFKDIWYHUEDQG�5KHLQODQG�±�/95�/DQGHV0XVHXP�%RQQ��WR�6DELQH�
/DGVWlWWHU� DQG� +HOPXW� 6FKZDLJHU� RI� WKH� $XVWULDQ� $UFKDHRORJLFDO�
,QVWLWXWH��DQG� WR�/XLVH�6FKLQWOPHLVWHU�RI� WKH�8QLYHUVLW\�RI�9LHQQD�IRU�
VKDULQJ�VDPSOHV�DQG�WKHLU�H[SHUWLVH��*RQLR�SKRWRPHWULF�FKDUDFWHULVDWLRQ�
DQG�PRGHOOLQJ� RI�ZLQGRZ�JODVV�ZDV� VXSSRUWHG� E\� WKH� )ULW]�7K\VVHQ�
)RXQGDWLRQ� �$]�� �����������$$��
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