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$EVWUDFW�,'�����
(YHQW��6R$������&RSHQKDJHQ�SRVWHUV

7RSLF��&OLQLFDO�DQG�H[SHULPHQWDO�ZRUN�RQ�DSKDVLD�DQG�UHODWHG�GLVRUGHUV

,QWURGXFWLRQ�DQG�DLPV

:RUG�SURGXFWLRQ�UHTXLUHV �WKH�UDSLG �LQWHJUDWLRQ�RI �PXOWLSOH �FRJQLWLYH �SURFHVVHV� �ZKHUH
DVVRFLDWLYH�UHSUHVHQWDWLRQV�DUH�JHQHUDWHG��VHPDQWLF�SURFHVVLQJ��DQG�PDSSHG�WR�D�OHPPD
�OH[LFDO�SURFHVVLQJ��ZLWK�LWV�DVVRFLDWHG�JUDPPDWLFDO�PDUNHUV��PRUSKRV\QWDFWLF�SURFHVVLQJ�
DQG �SKRQHPLF �IRUPV ��SKRQRORJLFDO �SURFHVVLQJ� ��'HOO �HW �DO�� ������� �'HILFLWV �LQ �ZRUG
SURGXFWLRQ�KDYH�EHHQ�H[WHQVLYHO\�VWXGLHG�LQ�DSKDVLD�DV�D�PHDQV�RI �XQGHUVWDQGLQJ�WKLV
XQGHUO\LQJ�DUFKLWHFWXUH��KRZHYHU��WKHUH�LV�FRQWHQWLRQ�LQ�WKH�OLWHUDWXUH�DV�WR�ZKHWKHU�WKH
FRJQLWLYH�SURFHVVHV�LQYROYHG�LQ�ZRUG�SURGXFWLRQ�GLIIHU�DV�D�IXQFWLRQ�RI�ZRUG�FODVV��ZLWK�QRXQ
DQG�YHUE�SURGXFWLRQ�EHLQJ�RI�SDUWLFXODU�LQWHUHVW��$OWKRXJK�QRXQ�YHUE�GLVVRFLDWLRQV�KDYH
EHHQ�UHSRUWHG�LQ�WKH�OLWHUDWXUH��&DUDPD]]D�	�+LOOLV���������UHFHQW�OLWHUDWXUH�VXJJHVW�WKDW
WKHVH�GLVVRFLDWLRQV�PD\�EH�WKH�E\SURGXFW�RI�PHDVXUHPHQW�LVVXHV�UHODWHG�WR�WKH�WHVWV�XVHG
�&DVLOLR��)HUJDGLRWLV�HW�DO����������,WHP�UHVSRQVH�WKHRU\��,57��LV�D�PRGHUQ�PHDVXUHPHQW
IUDPHZRUN�WKDW�KDV�SUHYLRXVO\�EHHQ�XVHG�WR�REWDLQ�SUHFLVH�VFRUHV�IRU�ERWK�QRXQ�DQG�YHUE
SURGXFWLRQ�WHVWV�LQ�DSKDVLD��)HUJDGLRWLV�HW�DO����������������+HUH��ZH�H[WHQG�WKLV�ZRUN�WR
HYDOXDWH�WKH�GLPHQVLRQDOLW\�RI�WZR�FRPPRQ�QRXQ�DQG�YHUE�SURGXFWLRQ�WHVWV�LQ�D�ODUJH�DQG
GLYHUVH�VDPSOH�RI�LQGLYLGXDOV�ZLWK�DSKDVLD��2XU�DLPV�ZHUH�WR�����WHVW�ZKHWKHU�UHVSRQVH
SUREDELOLWLHV�RQ�ERWK�WHVWV�VLPXOWDQHRXVO\�DUH�EHVW�PRGHOHG�DV�YDU\LQJ�DORQJ�RQH�RU�WZR
GLPHQVLRQV��DQG�����H[SORUH�WKH�HIIHFW�RI�UHOHYDQW�SHUVRQ�FRYDULDWHV�RQ�SHUVRQ�OHYHO�,57
VFRUHV�

0HWKRG

%LQDU\�LWHP�UHVSRQVHV�RQ�WKH�VKRUW�IRUP�RI�WKH�%RVWRQ�1DPLQJ�7HVW��%17���D�WHVW�RI�QRXQ
SURGXFWLRQ��DQG�9HUE�1DPLQJ�7HVW��917���D�WHVW�RI�YHUE�SURGXFWLRQ��ZHUH�H[WUDFWHG�IURP�DQ
DUFKLYDO�GDWDVHW��0DF:KLQQH\�HW�DO���������RI�����SDUWLFLSDQWV�ZLWK�FKURQLF�DSKDVLD��7DEOH
���VHH�RXU�SULRU�ZRUN�IRU�DGGLWLRQDO�GHWDLOV��

3HUVRQ�FRYDULDWHV�RI�LQWHUHVW�ZHUH�DOVR�H[WUDFWHG��7KHVH�LQFOXGHG�RYHUDOO�DSKDVLD�VHYHULW\�
LQGH[HG�DV�WKH�$SKDVLD�4XRWLHQW�RI�WKH�:HVWHUQ�$SKDVLD�%DWWHU\�5HYLVHG��:$%�5�$4���DQG
����UHOHYDQW�EHKDYLRUV�IURP�FRQQHFWHG�VSHHFK��JLYHQ�WKDW�ODQJXDJH�SURGXFHG�LQ�QDWXUDOLVWLF
FRQWH[WV�LV�KLJKO\�VHQVLWLYH�WR�D�UDQJH�RI�GHILFLW�SDWWHUQV��&DVLOLR��.DVGDQ�HW�DO���������
&RQQHFWHG �VSHHFK �EHKDYLRUV �LQFOXGHG �WKH �IROORZLQJ �WUDQVFULSWLRQ�EDVHG �PHWULFV� �DV
DYHUDJHG�DFURVV�ILYH�VWDQGDUGL]HG�HOLFLWDWLRQ�WDVNV��0DF:KLQQH\�HW�DO����������SHUFHQWDJH�RI
QRXQV �SURGXFHG� �SHUFHQWDJH �RI �YHUEV �SURGXFHG� �SHUFHQWDJH �RI �ZRUG�OHYHO �HUURUV� �DQG
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SHUFHQWDJH�RI�XWWHUDQFH�OHYHO�HUURUV��

7R�DGGUHVV�RXU�ILUVW�DLP��ZH�VSHFLILHG�WZR�5DVFK�,57�PRGHOV�LQ�D�JHQHUDOL]HG�OLQHDU�PL[HG
HIIHFWV �IUDPHZRUN� ���� �D �UDQGRP�LWHP �XQLGLPHQVLRQDO �PRGHO� �ZKHUH �YHUE �DQG �QRXQ
SURGXFWLRQ �DUH �WUHDWHG �DV �SURGXFWLYHO\ �UHTXLULQJ �WKH �VDPH�VHW �RI �XQGHUO\LQJ �FRJQLWLYH
SURFHVVHV��DQG�����D�UDQGRP�LWHP�WZR�GLPHQVLRQDO�PRGHO��ZKHUH�YHUE�DQG�QRXQ�SURGXFWLRQ
DUH�WUHDWHG�DV�SURGXFWLYHO\�UHTXLULQJ�WZR�GLVWLQFW�\HW�FRUUHODWHG�FRPELQDWLRQV�RI�XQGHUO\LQJ
FRJQLWLYH�SURFHVVHV�

7KHQ��XVLQJ�WKH�EHVW�ILWWLQJ�PRGHO��ZH�H[SORUHG�WKH�HIIHFW�RI�ILUVW�RYHUDOO�DSKDVLD�VHYHULW\
DQG�WKHQ�DGGLWLRQDOO\�FRQQHFWHG�VSHHFK�RQ�SHUVRQ�OHYHO�,57�VFRUHV��

5HVXOWV

$OO�PRGHOV�FRQYHUJHG�WR�DQ�DGPLVVLEOH�VROXWLRQ��

7KH�WZR�GLPHQVLRQDO�,57�PRGHO�GHPRQVWUDWHG�D�EHWWHU�ILW�WR�WKH�GDWD��7DEOH�����KRZHYHU��WKH
SHUVRQ�OHYHO�,57�VFRUHV�IRU�HDFK�ZHUH�FRUUHODWHG�DW������)LJXUH����7DEOH����

7KH�WZR�GLPHQVLRQDO�,57�PRGHO�ZLWK�WKH�:$%�5�$4�FRYDULDWH�ZDV�D�VXEVWDQWLDOO\�EHWWHU�ILW
WR�WKH�GDWD�WKDQ�WKH�WZR�GLPHQVLRQDO�,57�PRGHO�ZLWKRXW�DQ\�FRYDULDWHV��7DEOH�����:$%�5�$4
ZDV �VLJQLILFDQWO\ �SUHGLFWLYH �RI �SHUVRQ�OHYHO �,57 �VFRUHV ��S �� ������ �DQG �UHGXFHG �WKH
FRUUHODWLRQ�EHWZHHQ�WKH�WZR�WR������)LJXUH����7DEOH�����

7KH�PRGHO�WKDW�DGGLWLRQDOO\�LQFOXGHG�WKH�IRXU�FRQQHFWHG�VSHHFK�FRYDULDWHV�\LHOGHG�DQ�HYHQ
EHWWHU�ILW��7DEOH�����+HUH��SHUFHQWDJH�RI�QRXQV�SURGXFHG��S����������ZRUG�OHYHO�HUURUV��S��
�������DQG�XWWHUDQFH�OHYHO�HUURUV��S� �������ZHUH�VLJQLILFDQWO\�DVVRFLDWHG�ZLWK�SHUVRQ�OHYHO
,57�VFRUHV��7DEOH�����7KHUH�ZDV�QR�VLJQLILFDQW�DVVRFLDWLRQ�ZLWK�SHUVRQ�OHYHO�,57�VFRUHV�DQG
WKH�SHUFHQWDJH�RI�YHUEV�SURGXFHG��S� ��������,Q�FRPELQDWLRQ��WKH�DGGLWLRQ�RI�WKH�FRQQHFWHG
VSHHFK�YDULDEOHV�UHGXFHG�WKH�FRUUHODWLRQ�EHWZHHQ�WKH�WZR�WR������)LJXUH����7DEOH�����

'LVFXVVLRQ

1RXQ�DQG�YHUE�SURGXFWLRQ�LQ�DSKDVLD��DV�PHDVXUHG�RQ�WKH�%17�DQG�917��FDQ�SURGXFWLYHO\
EH�WUHDWHG�DV�WZR�GLVWLQFW�\HW�KLJKO\�FRUUHODWHG�GLPHQVLRQV��7KXV��REWDLQLQJ�VFRUHV�IURP
ERWK�OLNHO\ �\LHOGV �PLQLPDO �DGGLWLRQDO �XQLTXH�LQIRUPDWLRQ�IRU �PRVW �SHRSOH�ZLWK�DSKDVLD�
DOLJQLQJ�ZLWK�SULRU�ZRUN��&DVLOLR�HW�DO���������

7KH�VKDUHG�FRYDULDQFH�EHWZHHQ�SHUVRQ�OHYHO�,57�VFRUHV�RQ�WKH�%17�DQG�917�ZDV�H[SODLQHG
E\ �ERWK �DSKDVLD �VHYHULW\ �DQG �FRQQHFWHG �VSHHFK� �7KHVH �ILQGLQJV �KDYH �WZR �LPSRUWDQW
LPSOLFDWLRQV��)LUVW��WKH�SHUVRQ�FRYDULDWHV�WKDW�ZHUH�VLJQLILFDQWO\�DVVRFLDWHG�ZLWK�WKH�SHUVRQ�
OHYHO�,57�VFRUHV�ZHUH�UHIOHFWLYH�RI�QRXQ�SURGXFWLRQ��DV�HYLGHQFHG�E\�WKH�VXEVWDQWLDOO\�ODUJHU
UHGXFWLRQ�LQ�UDQGRP�HIIHFW�YDULDQFH�IRU�WKH�%17�DV�FRPSDUHG�ZLWK�WKH�917��7DEOHV�������
7KLV�VXJJHVWV�WKDW�WKH�FRJQLWLYH�SURFHVVHV�RYHUODSSLQJ�ZLWK�ERWK�QRXQ�DQG�YHUE�SURGXFWLRQ
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�L�H���OH[LFDO�VHPDQWLF�DQG�SKRQRORJLFDO�SURFHVVLQJ����&DVLOLR�HW�DO���������ZHUH�WKRVH�GULYLQJ
WKH �VKDUHG �FRYDULDQFH� �7KXV� �GLVHQWDQJOLQJ �DQ\ �XQLTXH �FRQWULEXWLRQ �RI �QRXQ �DQG �YHUE
SURGXFWLRQ�LV �OLNHO\�FRQWLQJHQW�RQ�KROGLQJ�OH[LFDO�VHPDQWLF�DQG�SKRQRORJLFDO �SURFHVVLQJ
FRQVWDQW�

6HFRQG��WKH�LQFOXVLRQ�RI�UHOHYDQW�SHUVRQ�FRYDULDWHV�UHGXFHG�WKH�FRUUHODWLRQ�EHWZHHQ�WKH
SHUVRQ�OHYHO�,57�VFRUHV�E\�PRUH�WKDQ�KDOI��6XFK�VFRUHV�PD\�SRWHQWLDOO\�EH�XVHIXO�LQ�IXWXUH
UHVHDUFK�RQ�YHUE�DQG�QRXQ�SURGXFWLRQ�LQ�DSKDVLD�WKDW�LQFRUSRUDWHV�RWKHU�IRUPV�RI�HYLGHQFH
�H�J���OHVLRQ�LQIRUPDWLRQ���0RUH�EURDGO\��WKHVH�ILQGLQJV�VSHDN�WR�WKH�XWLOLW\�DQG�IOH[LELOLW\�RI
,57�IRU�DGGUHVVLQJ�FRPSOH[�TXHVWLRQV�RI�FRJQLWLYH�SURFHVVLQJ�

,Q�FRQFOXVLRQ� �DV�VKRZQ�WKURXJK�D�VHULHV�RI �,57�PRGHOV� �YHUE�DQG�QRXQ�SURGXFWLRQ�LQ
DSKDVLD�DSSHDUV�WR�UHO\�RQ�WZR�GLVWLQFW�\HW�KLJKO\�FRUUHODWHG�VHWV�RI�FRJQLWLYH�SURFHVVHV�
+RZHYHU��GLVHQWDQJOLQJ�WKH�WZR��DW�OHDVW�DW�WKH�JURXS�OHYHO��LV�QHFHVVLWDWHG�RQ�FRQWUROOLQJ�IRU
SHUVRQ �FRYDULDWHV �OLNHO\ �UHIOHFWLYH �RI �SURFHVVHV ��OH[LFDO�VHPDQWLF� �SKRQRORJLFDO� �VKDUHG
EHWZHHQ�ERWK�WHVWV�

5HIHUHQFHV

&DUDPD]]D��$���	�+LOOLV��$����������/H[LFDO�RUJDQL]DWLRQ�RI�QRXQV�DQG�YHUEV�LQ�WKH�EUDLQ�
1DWXUH���������������������
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+HDULQJ�5HVHDUFK������������������

&DVLOLR��0���.DVGDQ��$���%U\DQ��.���6KLEDWD��.���6FKQHFN��6���/HY\��'���(QWUXS��-���2QXVFKHFN�
&�� �GH �5LHVWKDO� �0�� �	 �:LOVRQ� �6� �������� �)RXU �GLPHQVLRQV �RI �QDWXUDOLVWLF �ODQJXDJH
SURGXFWLRQ�LQ�DSKDVLD�DIWHU�VWURNH��%UDLQ������������������

'HOO� �*�� �6FKZDUW]��0���0DUWLQ��1�� �6DIIUDQ��(�� �	�*DJQRQ��'����������/H[LFDO�DFFHVV�LQ
DSKDVLF�DQG�QRQDSKDVLF�VSHDNHUV��3V\FKRORJLFDO�5HYLHZ������������������

)HUJDGLRWLV��*���&DVLOLR��0���'LFNH\��0���6WHHO��6���1LFKROVRQ��+���)OHHJOH��0�������	�+XOD��:�
������� �,WHP�UHVSRQVH �WKHRU\ �PRGHOLQJ �RI �WKH �9HUE �1DPLQJ �7HVW� �-RXUQDO �RI �6SHHFK�
/DQJXDJH��DQG�+HDULQJ�5HVHDUFK�������������������

)HUJDGLRWLV��*���.HOORXJK��6���	�+XOD��:����������,WHP�UHVSRQVH�WKHRU\�PRGHOLQJ�RI�WKH
3KLODGHOSKLD�1DPLQJ�7HVW� �-RXUQDO �RI �6SHHFK� �/DQJXDJH� �DQG�+HDULQJ�5HVHDUFK� �������
��������

0DF:KLQQH\��%���)URPP��'���)RUEHV��0���	�+ROODQG��$����������$SKDVLD%DQN��0HWKRGV�IRU
VWXG\LQJ�GLVFRXUVH��$SKDVLRORJ\��������������������


