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0HWKRGV�RI�5HGXFLQJ�WKH�1XPEHU�RI�(IIHFWLYH�2'V�LQ�2UGHU�WR�6ROYH
7UDIILF�(TXLOLEULXP�3UREOHP�LQ�5HDO�/LIH�1HWZRUNV

6K��7RREDLH�DQG�+��=��$DVKWLDQL
3ODQQLQJ�DQG�'HYHORSPHQW�5HVHDUFK�,QVWLWXWH��7HKUDQ��,UDQ

'HSDUWPHQW�RI�&LYLO�HQJLQHHULQJ��6KDULI�8QLYHUVLW\�RI�7HFKQRORJ\��7HKUDQ��,UDQ

$%675$&7�� 6ROYLQJ� WUDIILF� HTXLOLEULXP� SUREOHP�� RU� ³WUDIILF� DVVLJQPHQW´�� DV� WKH� ODVW� VWHS� LQ� 7UDQVSRUWDWLRQ
3ODQQLQJ�� GLVWULEXWHV� 2'� WULS� GHPDQGV� RI� D� WUDQVSRUWDWLRQ� QHWZRUN�RYHU�WKH�QHWZRUN�OLQNV�ZLWK�UHJDUG�WR�7UDIILF
(TXLOLEULXP� /DZ�� DQG� HVWLPDWHV� WKH� OLQN� IORZV�� ,Q� IRUPXODWLRQV� RI� WUDIILF� HTXLOLEULXP�ZKLFK�DUH�EDVHG�RQ�SDWK
VDYLQJ�� WKH� PHPRU\� FRQVXPSWLRQ� LV� FRQVLGHUDEO\� DIIHFWHG� E\�WKH�QXPEHU�RI�HIIFWLYH�2'�SDLUV��2'V�ZLWK�QRQ�]HUR
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GHPDQG��� WKXV�PDNLQJ�LW�LPSRVVLEOH�WR�VROYH�D�UHDO�OLIH�WUDQVSRUWDWLRQ�SUREOHP�LQ�D�FRPSXWHU¶V�FRQYHQWLRQDO�PHPRU\�
7KLV� SDSHU� DWWHPSWV� WR� SUHVHQW� VRPH� PHWKRGV� WR� VKRZ� WKDW�� UHGXFLQJ� WKH� QXPEHU� RI� HIIHFWLYH� 2'� SDLUV� DQG
FRPSHQVDWLQJ� IRU� WKH� HUURU�� LW� LV�SRVVLEOH�WR�VROYH�D�UHDO�OLIH�WUDIILF�HTXLOLEULXP�SUREOHP�LQ�D�UHDVRQDEOH�DPRXQW�RI
FRPSXWHU� PHPRU\� DQG� XS� WR� DQ� DFFHSWDEOH� SUHFLVLRQ�� 7R� GR� VR�� WKH� WUDIILF� HTXLOLEULXP� SUREOHP RI�WKH�FLW\�RI
0DVKKDG�� DV�D�FDVH�RI�D�UHDO�OLIH�SUREOHP��LV�FRQVLGHUHG�DQG�7KH�$DVKWLDQL�FRPSOHPHQWDU\�DOJRULWKP�ZKLFK�UHTXLUHV
SDWK� VDYLQJ� LV� DSSOLHG� WR� VROYH� WKH� SUREOHP�� 6ROYLQJ� VXFK�D�SUREOHP�LQ�D�3&¶V�FRQYHQWLRQDO�PHPRU\�LV�QRUPDOO\
LPSRVVLEOH�� 1HYHUWKHOHVV�� WKH� PHWKRGV� SUHVHQWHG� LQ� WKLV� SDSHU� DOORZ� XV� WR� VROYH� LW� LQ� D� FRQYHQWLRQDO�PHPRU\�
&RPSDULVRQ� EHWZHHQ� WKH�UHVXOWV�RI�WKHVH�PHWKRGV�ZLWK�WKH�RULJLQDO�DQVZHU�VKRZV�WKDW�WKH�HUURUV�JHQHUDWHG�YLD�WKHVH
PHWKRGV�DUH�TXLWH�ORZ�DQG�DFFHSWDEOH��$�EULHI�FRPSDULVRQ�LV�ILQDOO\�PDGH�DPRQJ�WKH�GLIIHUHQW�PHWKRGV�
.H\ZRUGV� (TXLOLEULXP��7UDIILF�$VVLJQPHQW��2ULJLQ�'HVWLQDWLRQ�'HPDQG
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¶º# zºº· ¶lÀd³�°®�Â��®°¦®�®À¤d�¯�¶�]¦°�zgR¯�ÄZ·v�¤¯�± ¢v^¯
¾º�z�¯�¶��Zo�®lo��v]Z¿��·Z§�zgR¯�ÄZ·v�¤¯�± ¢v^¯�®¦v�c
`¨^ºº� Ä¦z]�¾Zh¯�°º��¶]��v]Z¿¾¯��·Z§�|À³ Z·zÀ�¯�ÁzÀs¯�Ä¦z]
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�·Zº§ Ä¦zºº] \�Z´¯�¾�Â°�ÄzÀ-�°Z§�¶]�Z]�v�°¾¯�z�³�¶]�²¿¦
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�®¦®��¿¦|�¦�Ä¦¶�oÈ¯�ª]Z£�°º��¶]�¾�z�¯�`��Zo
¦°�Zº·v�¤¯�± ¢vºº^¯ ®¦v�c��·Z§�bÀ°·¦�¶§�Äz.¿®�¶^´k
~¿zcZº¯ Â�Zº�Z¤c�®°Â¦zº] °®�¶ºº§ b�¦�¾¯Z.´·�®±Z�¾¯�²�Â°
°®�¶º§ Zººl³¡�±¦��®À´§�Á®Z d�¦�§Ztd³¦�ÄZ¸«v¯�±¦�®À·¦ºt]��¿±ºc
�®ººº�¾°³ vÀ«ºc�z ��®v���bÀkº«�¾v¯�v´³Z°·�§Ztd³¦�ÄZ¸«v¯
"ºÀ·�ÄZº�Z¤c��®ºº� Á®Z dºº�¦�Z¸«v¯�²¿¦�±¦�Z�Z¤c�®°Â¦z]�°®�z-¦
\^º� ¶¬Xº�¯�²º¿¦��vº� vº·¦ºt³�®°Â¦zºº] z ��Äv�¤¯�± ¢v^¯
¶º] Ávº� ®°Â¦zº] zººgR¯�v�¤¯�± ¢v^¯�ÄZ¸kÂ±�®¦v�c�Zc�®º�¾¯
Ä¦zºº] ¾Zh¯�°º��¶]��v�Z]�¾�£¦Â�®¦v�c�±¦��À]�¾¸kºc�ª]Z£�°º�
vº�¤¯�± ¢vºº^¯�ÄZ¸kÂ±�®¦v�c��®°¦®�¶ÀoZ³ ÎÓÐ ¶§�v¸�¯�z¸�
¾«Zººo °®�v¿¡¾¯�b�®�¶]�ÎÓÐ�ÎÓÐ ÏÓÒÓÖ Áv��®°Â¦z]�zgR¯
zº]¦z]�ÔÐ ¾Zºº� °®�zgR¯�v�¤¯�± ¢v^¯�ÄZ¸kÂ±�¾�£¦Â�®¦v�c�¶§
±¦�Ä®Zº¿±�®¦vº�c�¶ºº§ v·®¾¯�ÀZ�³�¶¬X�¯�²¿¦��b�¦�«Â±�ÔÎÒÔ
¿±Ç Â�v³¦Ávºº� ®°Â¦z]�Ä|À#Z³�°ZÀ�]�ÄZ�Z¤c�Z]�Z·v�¤¯�± ¢v^¯
�·Zº§ ¦°�zººgº¯�ÄZ·v�¤¯�± ¢v^¯�®¦v�c�¾^�Z´¯ ª¨��¶]�b�¦

�®¦®
®¦v�c��·Z§�Ä¦z]�¾¿Z¸�Â°�`W¦°¦�¶]�¶«Z¤¯�²¿¦��Zd�¦°�²¿¦�°®
ÄÂ°�¦°�Z¸º�Â°�²º¿¦�¶ººlÀd³�Â�®±¦®z�¾¯�zgR¯�ÄZ·v�¤¯�± ¢v^¯
¶º§ v³¦Ávºº� ¬z��Ä¦¶³º-�¶]�Z¸�Â°��v¿Z¯±¡¾¯�¾�£¦Â�¶¨^��¦¿

`º��Zo�°®�¦°�v¸º�¯�z¸ºº� ¾�£¦Â�`¨^��Ä¦z]�¾®Z�c�`¬X�¯�À¦ºd]
�v·®¾¯���º� ²¦®�ª¯Z��®d�À��¶§�Ä¦¶��Zo��¶³Z¿¦°�»°Z�d¯
¶�ºº�ºc�`��Zo�¶]�±ZÀ³�¶¬X�¯�²¿¦�ªo�Ä®Z��b«Zo�°®���®z§�ªo
¾®Zº�c�`¬Xº�¯�ªºo Ä¦zº] ¶ºd�°�°Zº§ ¶ºº] ®d¿°º.«¦���®°¦®� Ï¶d�Z¿
bÀ¬]Zº£ ¶º] ¶ºº§ b�¦�>Î@ ¾³ZÀd�¡� Ð¾¬À°¨c�®d¿°º.«¦��¾¨À�¦zc
¦°�¾®Zºº�c�`¬X�¯�®d¿°º.«¦�²¿¦��b�¦�Áv��|¸l¯�>Ï@ Z¿º��¶��Zo
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°®�z º� ÀZº¯±��¾®Zº�c�b«Zºo °®�¶ºº§ v´§¾¯��¿z�c�ª¨��²¿¦
Â�b�¦�z]¦z]�®·�Z]�v�¤¯�± ¢v^¯�z·�Ä¦z]�Áv��Á®Z d�¦�ÄZ·zÀ�¯
Áv�³�Á®Z d�¦�ÄZ·zÀ�¯�°®�z ��ÀZ¯±�±¦�v³¦ºc¾°³�z ��ÀZ¯±�²¿¦
¾®Zºº�c�ÀZÀ]�¶]���¿z�c�²¿¦��v�Z]�zd�À]�v�¤¯�± ¢v^¯�«Â±�ÀZ°·
¦º¿ °®�Z·zÀº�¯�®¦vºº�c�¶§�Zl³¡�±¦�Â�®±¦®z�¾¯�Z·zÀ�¯�ÄZ´^¯�z]
®À¤dºº�¯�ÄzÀ-°Z§�¶]��b�¦�®Z¿±�°ZÀ�]�¾�£¦Â�ª¤³�Â�ª°o�¶¨^�

�v·®¾¯�ÀZ�³�²¨°¯Z³�¾®Z�c�`^�Zp¯�°®�¦°�ÇZ]��¿z�c
Â�>Ñ@�À¦°Zººº¨°·�Â�²ººº°¨]�¶ºººº¬°k�±¦��¾³¦z.ºº�·Â&�
ÄZº´^¯�zº] ¦°�¾®Zº�c�`¬Xºº�¯��¾¿Z¸�z��ªÀ°pc�Z]��>Ò@ ²Z¯z ¿®
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z¸��¶¨^��Ä¦z]��¬dt¯�ÄZ·º¿°Z´��\«Z£�°®�Z¸�Â°�²¿¦��b�z-
²º¿¦�Ä®zº¨¬°��ÄZ¸�sZº� ±¦�Ä¦¶ºº�Ès��v³v��¾�z�¯�v¸�¯
z·�Ä¦z]�¾Âvk�²¿¦�°®��b�¦�Áv��¶W¦°¦��Î��¾Âvk�°®�Z·º¿°Z´�
ÁzÀºs¯�Ä¦zº] ¾ºº�z�¯�¶��Zo�À¦|À¯���²°¨]��]Zc�°¦v¤¯��º¿°Z´�
Â�\º¿¦z����¾º¬À°¨c�®ººd¿°º.«¦�ªo�ÀZ¯±�Â�°Â®�®¦v�c��Z·zÀ�¯

�v³¦Áv��Á®¦®�ÀZ�³��Ñ��¾�s�Ä¦z-v³Â°�¶�]¦°�³±¦z]�À¦|À¯
®¦v�c��·Z§�Ä¦z]�\�Z´¯�Äº¿°Z´��§Ztd³¦��¾¬§�b«Zo�°®
zºº�³�®°º¯�b£®�Â�b�z���®z]°Z§�¸º³�¶]�zgR¯�ÄZ·v�¤¯��¢v^¯
¾º´�¿���Ñ��Äº¿°Z´ºº� v�°¾¯�z�³�¶]��²¿¦�®ºkÂ�Z]��®°¦®�¾.d�]
¶º] ¶¨^º� ÄÂ°�À¡�Ä°¦x-°Zº] Â�bºÀ°·¦�®ºº§ ÄZ·Z�Z¤c�»xo
�Ð��Â��Ï��Â��Î��ÄZ·º¿°Z´ººº� ±¦�zd¸º] �¶º´À¯±�ÀZº¿zk�©°ºº�
ÄZ·º¿°Z´ºº� ²ºÀ]�°®��®°Â¡¾º¯ bº�®�¶º] ¦°�Z¸º³Z°§�°®�ÀZº¿zk
bºÀ°·¦�®§�ÄZ�Z¤c�Ä°¦x-°Z]�¾´�¿���Î�Ñ��Äº¿°Z´����Ñ��ÁÂz-
¶ºº] b^�³���À�tc�®d¿°º.«¦�¸Âz��°®�¶´À¯±�ÀZ¿zk�©°º��¶]
bºº£®�±¦�Z¸³Z°§�°®�ÀZ¿zk�®°Â¦z]�°®���Ñ��ÁÂz-�ÄZ·º¿°Z´��z¿Z�
À¡�zdº°§�¾-vºÀ$À��Â�ÇZºº] b�z��¾«Â��b�¦�°¦®°ºsz]�Äzd°§
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ÎÐÕÍ °º¿z¸���Î ¨°Z°���ÏÍ ¾Z���¾È¤d�¦ÎÎÎ

¦º¿ ¶º] ±ZºÀ³�Z¸ºº´c�z.¿®�ÄZ·º¿°Z´��»Èsz]�¶§�b¸k�²¿¦�±¦�
±¦�zºcz]�¦°�º¿°Z´ºº� ²¿¦���®°¦®�¾¬À°¨c�®d¿°º.«¦�Ä¦zk¦�±¦�¶¬oz¯

�v·®¾¯�°¦z£�À¦z.¿®

¶¯Z³�ÁÞ¦Â
�� FRQYHQWLRQDO�PHPRU\
�� H[WHQGHG�PHPRU\

�� FRPSOHPHQWDULW\
�� WKUHVKROG

�� DOO�RU�QRWKLQJ�DVVLJQPHQW

�k¦z¯
�� $DVKWLDQL�� +�� =��� ³7KH� 0XOWL±0RGDO� 7UDIILF

$VVLJQPHQW� 3UREOHP�´� 3K�'�� 'LVVHUWDWLRQ�� 0,7�
�����®lo�± z ��ÀZ¯±��]¦ºc�Z]�¾«®Z�c�ÀZ¿zk�ªo���³��¾¿Z]º� �Ï

¾º�Z´�°Z§�¶º¯Z³�ÀZº¿Z���¾º�£¦Â�ÄZ·¶¨^ºº� °®�ÁzÀ�d¯�v´#
�¶�º�ºc�Â�Ä|º¿°�¶º¯Z³z]�°®��ºº·Â&��¾«Z��¶��R¯��v�°¦

�ÎÐÔÔ �À¦z¸c
�� :DUGRS�� -�� *���³6RPH�7KHRUHWLFDO�$VSHFWV�RI�5RDG

7UDIILF� 5HVHDUFK�´� 3URFHHGLQJ�� ,QVWLWXWLRQ� RI�&LYLO
(QJLQHHUV��3DUW��,,� 9RO�����SS����������������

�� %HFNPDQ�� 0�� -���0F*XLUH�&�%���DQG�:LQVWHQ�&��%��
6WXGLHV� LQ� WKH� (FRQRPLFV� RI� 7UDQVSRUWDWLRQ� <DOH
8QLYHUVLW\�3UHVV��8�6�$�������

�� 'DIHUPRV�� 6�� &���³7KH�7UDIILF�$VVLJQPHQW�3UREOHP
IRU� 0XOWLFODVV±8VHU� 7UDQVSRUWDWLRQ� 1HWZRUN�´
7UDQVSRUWDWLRQ�6FLHQFH �� SS��������������¾³Zº]ZÀs�`¨^º� �ªº¤³�Â�ªºº°o�©Z¤À¤pc�Â�©Z�«Z�¯�|§z¯� �Ó

³°¦|-��v¸º�¯�ªº¤³�Â�ªºº°o��¯Zk�©Z�«Z�¯��v¸�¯�z¸�
�ÎÐÔÑ ��¿z��¾d�´��ÁZ.�³¦®��²pd°¯�ÔÑ�ÎÍ

± z º� ÀZºº¯±��]Zc��ª¤³�Â�ª°o�©Z¤À¤pc�Â�©Z�«Z�¯�|§z¯ �Ô
�ÎÐÔÐ ¾Zº� °®�Ávº� Ä°Â¦®z-�©Zº�È�¦�²Zºº�¦z]�®lo
ÔÒ�ÍÏ ³°¦|- �v¸ºº�¯�ªºº¤³�Â�ªººº°o��¯Zºk ©Zº�«Z�¯

�ÎÐÔÒ ��¿z��¾d�´��ÁZ.�³¦®��²pd°¯
zÀsPºc ÀZºº¯±��]Zc��ª¤³�Â�ª°o�©Z¤À¤pc�Â�©Z�«Z�¯�|§z¯� �Õ
Â�ª°o��¯Zk�©Z�«Z�¯��¾¿Z°´·¦°�¹¦z#�ÀÂv]�ÄZ¸��Z¤c�°®
¾ºººd�´��ÁZ.º�³¦®��²ºpd°¯�ÔÒ�ÍÑ ³°¦|-��v¸º�¯�ªº¤³

�ÎÐÔÒ ��¿z�
zÀsPºc ÀZº¯±��]Zººc �ª¤³�Â�ª°o�©Z¤À¤pc�Â�©Z�«Z�¯�|§z¯ �Ö
Â�ªº°o��¯Zºk ©Zºº�«Z�¯��¾¿Z°´·¦°�¹¦z#�Z]�ÄZ¸��Z¤c�°®
¾ºººd�´��ÁZ.º�³¦®��²ºpd°¯�ÔÒ�ÍÒ ³°¦|-��v¸º�¯�ªº¤³

�ÎÐÔÒ��¿z�
��� )UDWDU� � 7�� 6�� �� ³9HKLFXODU� 7ULS� 'LVWULEXWLRQ� E\

6XFFHVVLYH� $SSUR[LPDWLRQ� �´� 7UDIILF� 4XDUWHUO\ � �
SS������������� �

��� 6KHIIL��<���8UEDQ�7UDQVSRUWDWLRQ�1HWZRUN��3UHQWLFH�
+DOO��8�6�$��������
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