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ABSTRACT

PARAMETER SELECTION FOR GENETIC ALGORITHM (GA)-BASED SIMULATION
OPTIMIZATION

Onur Boyabatlı
M.S. in Industrial Engineering

Supervisor: Assoc. Prof. İhsan Sabuncuoğlu
August, 2001

Improvements on heuristic techniques with the availability of faster PC’s increase the
importance of simulation-optimization (sim/opt) applications. Sim/opt methodologies use
computer simulation integrated with an optimization sub-routine to optimize the problems of
interest. The main contribution of these methods is to make simulation as a prescriptive tool
rather than a descriptive tool, which has been widely used as the descriptive tool for
estimating the performance of complex stochastic systems. Sim/opt methodologies have been
applied on various combinatorial optimization problems, and the current trend in sim/opt area
is the use of meta-heuristic techniques. Genetic Algorithm (GA) is the well known meta-
heuristic, which is a global search algorithm taking its inspiration from natural genetics. GA
has several parameters affecting its performance. Even for the GA with same structural
parameters (coding scheme, operator types, stopping criterion), the different combinations of
numerical parameters (initial population type, population size, maximum generation number
and the crossover and mutation probabilities) may lead to drastic changes in the performance
of the algorithm. This study examines the effects of numerical parameters of GA on its
performance in terms of both fitness and CPU time; and proposes guidelines for appropriate
parameter selection. A test problem of a serial assembly line taken from the literature is used
for the GA-based simulation-optimization application. A genetic algorithm coded in C is
integrated with a simulation model developed using SIMAN simulation language.
Modifications on the test problem are made to analyze the behavior of GA parameters under
different experimental conditions. The computational results reveal that in the case of a
dominant set of decision variables, for rapid convergent GA applications high mutation rates
are more useful, whereas the crossover operator does not have any significant impact on GA
performance.

Keywords: Simulation, Optimization, Genetic Algorithm, parameter selection



ÖZET

GENETIK ALGORITMALARA BAĞLI BENZETİM-ENİYİLEME
UYGULAMALARINDA PARAMETRE SEÇİMİ

Onur Boyabatlı
Endüstri Mühendisliği Bölümü Yüksek Lisans
Tez Yöneticisi: Doç. Dr. İhsan Sabuncuoğlu

Ağustos, 2001

Daha hızlı kişisel bilgisayarların varlığı, bulgusal tekniklerdeki ilerlemelerle birlikte
benzetim-eniyileme uygulamalarının önemini arttırmıştır. Benzetim-eniyileme metodları ilgili
problemleri eniyilemek için, bilgisayar benzetimini bir eniyileme alt-rutini ile tümleyerek
kullanırlar. Bu metodların ana katkısı, kompleks rassal sistemlerin performanslarını
kestirirken tasfir edici bir araç olarak yaygınca kullanılan benzetimi, hükmedici bir araç haline
getirmektir. Benzetim-eniyileme metodları birçok birleşi eniyileme problemleri üzerinde
uygulanmıştır, ve benzetim-eniyileme içindeki şu anki trend meta-bulgusal tekniklerin
kullanılmasıdır. Genetik algoritma en yaygın meta-bulgusal teknik olup, ilhamını doğal
genetikten alan tümel arama algoritmasıdır. Genetik algoritmaların performansını etkileyen
birçok parametresi vardır. Aynı yapısal parametredeki (kodlama yapısı, işlemci çeşitleri,
sonlanma kriteri)genetik algoritmalarda bile, sayısal parametrelerin ( populasyon büyüklüğü,
en yüksek cenerasyon sayısı, değişim ve eşeyleme olasılıkları, başlangıç popülasyonu çeşidi)
değişik birleşimi, algoritmanın performansında şiddetli değişikliklere meydan verebilir. Bu
çalışma sayısal parametrelerin genetik algoritmanın kabiliyet ve ana işlemci zamanına
dayanan performansı üzerindeki etkilerini inceler. Uygun parametre seçimleri için rehberlik
önerir. Literatürden alınan bir seri montaj hattı, test problemi olarak genetik algoritmalara
dayanan benzetim-eniyileme uygulamasında kullanılıyor. C dilinde kodlanan genetik
algoritma, SIMAN kullanılarak geliştirilen benzetim modeline tümlenmiştir. Test problemi
üzerinde değişiklikler yapılarak genetic algoritmanın parametrelerinin değişik deneysel
koşullrdaki davranışları incelenmiştir. Hesaplanan sonuçlar ortaya çıkarmıştır ki; karar
değişkenlerinin üstün bir seti olduğu durumda, hızlı yakınsak genetik algoritmalar için yüksek
değişim olasılığı daha kullanışlıyken, eşeyleme işlemcisinin genetik algoritmanın performansı
üzerinde belirleyici bir etkisi olmamaktadır.

Anahtar Kelimeler: Benzetim, Eniyileme, Genetik Algoritma, parametre seçimi
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7KH� VHFRQG� JURXS��QXPHULFDO� SDUDPHWHUV�� LV� FRPSRVHG� RI� SRSXODWLRQ� VL]H��PD[LPXPJHQHUDWLRQ� QXPEHU�� LQLWLDO� SRSXODWLRQ� W\SH� DQG� RSHUDWRU� SUREDELOLWLHV�� $OWHUDWLRQV� RI� WKHVHSDUDPHWHUV�GR�QRW�UHTXLUH��D�VLJQLILFDQW�UH�FRGLQJ�RI�*$��RQO\�WKH�QXPHULFDO�YDULDEOHV�GHILQHGLQ�WKH�DOJRULWKP�DUH�DOWHUHG��)RU�LQVWDQFH�LQ�WKH�SURSRVHG�*$�RI�WKLV�VWXG\��ZKHUH�WKH�GHWDLOHGH[SODQDWLRQ� LV� JLYHQ� LQ�&KDSWHU� ��� WR� FKDQJH� WKH� SRSXODWLRQ� VL]H� SDUDPHWHU�� LW� LV� HQRXJK� WRFKDQJH�WKH�JOREDO�YDULDEOH¶V�YDOXH�GHILQLQJ�WKH�SRSXODWLRQ�VL]H��IURP�WKH�FXUUHQW�OHYHO�WR�WKHGHVLUHG� OHYHO�� $OWKRXJK� FKDQJH� LQ� OHYHOV� RI� WKHVH� SDUDPHWHUV� GR� QRW� KDYH� D� VLJQLILFDQWDOWHUDWLRQ� RQ� WKH� FRGLQJ� RI�*$�� HYHQ� IRU� WKH� VDPH� VWUXFWXUDO� SDUDPHWHU� VHW��*$�PD\� VKRZGLIIHUHQW�SHUIRUPDQFH�XQGHU�GLVWLQFW�VHW�RI�QXPHULFDO�SDUDPHWHUV��'HWDLOHG�H[SODQDWLRQ�DERXWDOO�WKHVH�SDUDPHWHUV�LV�JLYHQ�LQ�&KDSWHU���'LIIHUHQW�SDUDPHWHU�VHWWLQJV�XVXDOO\�OHDG�WR�GLIIHUHQW�UHVXOWV�LQ�*$�DSSOLFDWLRQV��IRU�WKDWUHDVRQ�� D� QXPEHU� RI� VWXGLHV� DUH� FRQGXFWHG� DERXW� GHWHUPLQLQJ� WKH� DSSURSULDWH� OHYHOV� RISDUDPHWHUV��7KHVH�VWXGLHV�DUH�GLVFXVVHG� LQ�&KDSWHU���E\� UHYLHZLQJ� WKH�*$� OLWHUDWXUH��7KHUHDUH�VHYHUDO�VWXGLHV�DERXW�WKH�WKHRUHWLFDO�GHYHORSPHQW�RI�*$�DSSOLFDWLRQV�IRU�GLIIHUHQW�SUREOHPW\SHV��EXW�WKHVH�VWXGLHV�JHQHUDOO\�FRQVLGHU�RQH�SDUDPHWHU�DW�D�WLPH��7KH�GUDVWLF�FKDQJHV�LQ�*$SHUIRUPDQFH� DFFRUGLQJ� WR� VWUXFWXUDO� SDUDPHWHUV� KHOS� LQ� WKH� FRQVWUXFWLRQ� RI� OLWHUDWXUH� DERXWVHOHFWLRQ�RI�DSSURSULDWH�OHYHOV�RI�WKHP��)RU� LQVWDQFH��WKH�DQDO\VW�FDQ�GHWHUPLQH� WKH�DGHTXDWHFRGLQJ�VFKHPH�IRU�KLV�*$�GHSHQGLQJ�RQ�WKH�SUREOHP�XQGHU�FRQVLGHUDWLRQ�1XPHULFDO� SDUDPHWHUV� DUH� DQDO\]HG� WKRURXJKO\�� EXW� DV�PHQWLRQHG� DERYH� WKHVH� VWXGLHVJHQHUDOO\�LQFOXGH�RQH�RU�WZR�SDUDPHWHUV�DW�D�WLPH��7R�WKH�EHVW�RI�RXU�NQRZOHGJH��WKHUH�LV�QRVWXG\� LQ� WKH� OLWHUDWXUH� WKDW�H[DPLQHV� WKH�EHKDYLRU�RI�DOO QXPHULFDO�SDUDPHWHUV�DQG�SURSRVHVJXLGHOLQHV�IRU�SDUDPHWHU�VHOHFWLRQV�7KLV� VWXG\� LQYHVWLJDWHV� WKH� HIIHFWV� RI� QXPHULFDO� SDUDPHWHUV� RQ� *$� SHUIRUPDQFH�� E\XVLQJ� D� WHVW� SUREOHP� WDNHQ� IURP� WKH� OLWHUDWXUH�� 7KH� RWKHU� VHW� RI� SDUDPHWHUV�� WKH� VWUXFWXUDOSDUDPHWHUV� RI� *$� DUH� VHW� WR� FRQYHQLHQW� OHYHOV�� DQG� WKH� DQDO\VLV� ZLOO� EH� KHOG� RQO\� IRU� WKHQXPHULFDO� SDUDPHWHUV�� $V�PHQWLRQHG� DERYH�� GLIIHUHQW� VHWWLQJV� RI� VWUXFWXUDO� SDUDPHWHUV� DOVRDOWHU�*$�SHUIRUPDQFH�GUDVWLFDOO\��WKXV�LW�LV�DQRWKHU�GLIILFXOW�WDVN�WR�GHWHUPLQH�WKH�DSSURSULDWHVHWWLQJV�RI�WKHVH�SDUDPHWHUV��,Q�WKH�VHOHFWLRQ�SURFHVV��ZH�UHYLHZ�WKH�OLWHUDWXUH��DQG�WU\�WR�VHOHFWWKH� PRVW� FRPPRQ� DQG� WKH� VLPSOHVW� DQG� WKH� PRVW� HDV\�WR� FRGH� VWUXFWXUDO� SDUDPHWHUV� IRUSURSRVHG�*$��7KH�GHWDLOV�ZLOO�EH�FRYHUHG�LQ�&KDSWHU���7KH� PDLQ� DVSHFW� RI� WKLV� VWXG\� LV� WR� PDNH� JHQHUDO� FRQFOXVLRQV� DERXW� QXPHULFDOSDUDPHWHUV�RI�*$��LQ�DGGLWLRQ�WR�ILQGLQJ�WKH�EHVW�FRPELQDWLRQ�RI�WKH�SDUDPHWHUV�IRU�REWDLQLQJ
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EHVW� SHUIRUPDQFH� IRU� WKH� WHVW� SUREOHP� FRQVLGHUHG�� ,Q� RXU� RSLQLRQ�� WKLV� ZLOO� EH� D� YDOXDEOHFRQWULEXWLRQ� WR�*$�OLWHUDWXUH�IRU� VHWWLQJ� FULWHULD� WR�GHWHUPLQH� WKH� DSSURSULDWH� OHYHOV�RI� WKHVHSDUDPHWHUV� DQG� WR� SUHVHQW� WKHLU� LQWHUDFWLRQV� UHJDUGOHVV RI� WKH� SUREOHP�RI� LQWHUHVW�� 7KH� EHVWQXPHULFDO�SDUDPHWHU�VHWWLQJV�ZLOO�EH�SUHVHQWHG�IRU�WKH�WHVW�SUREOHP��DQG�JHQHUDO�FRQFOXVLRQVZLOO�EH�GUDZQ�IURP�WKH�DQDO\VLV��E\�DOVR�H[DPLQLQJ� WKH�H[WHQVLRQV�RI� WKH� WHVW�SUREOHP��7KHUHVXOWV� RI� WKLV� DQDO\VLV� PD\� SURYLGH� EDFNJURXQG� WR� *$�EDVHG� VLPXODWLRQ�RSWLPL]DWLRQDSSOLFDWLRQV�LQ�VHOHFWLQJ�WKH�DSSURSULDWH�OHYHOV�RI�*$�SDUDPHWHUV�OHDGLQJ�WR�EHVW�SHUIRUPDQFHDQG�XQGHUVWDQGLQJ�WKH�LQWHUDFWLRQV�EHWZHHQ�WKH�SDUDPHWHUV��$OVR�WKH�WHUPLQRORJ\�XVHG�LQ�WKHGLVFXVVLRQ�RI�FRPSXWDWLRQDO�UHVXOWV�RI�WKH�WHVW�SUREOHP�ZLOO�EH�XVHIXO�IRU�RWKHU�UHVHDUFKHUV�LQVWDWLQJ�UDWLRQDO�H[SODQDWLRQV�IRU�SHUIRUPDQFH�RI�*$�LQ�WKHLU�RZQ�DSSOLFDWLRQV�XQGHU�GLIIHUHQWSDUDPHWHU�VHWWLQJV�7KH�UHVW�RI� WKH� WKHVLV� LV�RUJDQL]HG�DV� IROORZV��&KDSWHU���SUHVHQWV� WKH� UHODWHG� OLWHUDWXUHDERXW� VLPXODWLRQ�RSWLPL]DWLRQ� WHFKQLTXHV� DQG� JHQHWLF� DOJRULWKPV�� &KDSWHU� �� JLYHV� D� EULHIRYHUYLHZ� DERXW� JHQHWLF� DOJRULWKPV�� WKXV� WKH� NQRZOHGJHDEOH� UHDGHUV� FDQ� VNLS� WKLV� FKDSWHU�&KDSWHU� �� LOOXVWUDWHV� WKH� SURSRVHG� VWXG\�� DQG� WKH�*$�EDVHG� VLP�RSW�PRGHO� XVHG� GXULQJ� WKHDQDO\VLV�ZLWK� WKH�QHFHVVDU\� VWDWLVWLFDO� WRROV��&KDSWHU��� LQWHUSUHWV� WKH�H[SHULPHQWDO� UHVXOWV�RQWKH� RULJLQDO� WHVW� SUREOHP�� &KDSWHU� �� SUHVHQWV� WKH� IXUWKHU� DQDO\VHV� PDGH� RQ� WKH� SUREOHPGRPDLQ��ZKHUHDV�ILQDOO\�&KDSWHU���JLYHV� WKH�FRQFOXGLQJ�UHPDUNV��DQG�VXJJHVWLRQV�IRU�IXWXUHUHVHDUFK��$SSHQGLFHV�SURYLGH�WKH�FRPSXWHU�FRGHV�
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7KLV�FKDSWHU�LV�RUJDQL]HG�LQ�WZR�PDLQ�VHFWLRQV��7KH�ILUVW�VHFWLRQ�SUHVHQWV�WKH�VLPXODWLRQ�RSWLPL]DWLRQ� �VLP�RSW�� OLWHUDWXUH� GHYHORSHG� XS� WR� QRZ�� ZLWK� WKH� WKHRUHWLFDO� VWXGLHV� DQGDSSOLFDWLRQV�WR�YDULRXV�FRPELQDWRULDO�RSWLPL]DWLRQ�SUREOHPV��7KH�VHFRQG�VHFWLRQ�LV�GHYRWHG�WRWKH�JHQHWLF� DOJRULWKP� �*$�� OLWHUDWXUH��ZKHUH� VLP�RSW� DSSOLFDWLRQV� RI�*$� DUH� SUHVHQWHG� KHUHZLWK�WKH�UHOHYDQW�WKHRUHWLFDO�VWXGLHV�WRJHWKHU�
�����6LPXODWLRQ�2SWLPL]DWLRQ�/LWHUDWXUH$IWHU� WKH� UHDOL]DWLRQ� RI� LQWHJUDWLQJ� WKH� VLPXODWLRQ� ZLWK� DQ� RSWLPL]DWLRQ� VXE�URXWLQH�WKHUH� DUH� YDULRXV�PHWKRGRORJLHV� GHYHORSHG� LQ� WKH� OLWHUDWXUH� IRU� VLP�RSW� SXUSRVHV�� 7KH� ILUVWDSSOLFDWLRQV�VWDUW�ZLWK�WKH�FRQYROXWLRQ�RI�WKH�SUHVHQW�RSWLPL]DWLRQ�DOJRULWKPV�ZLWK�VLPXODWLRQ�ZKHUH� VLPXODWLRQ� LV� XVHG� IRU� WKH� PHDVXUHPHQW� RI� WKH� SHUIRUPDQFH� RI� D� VROXWLRQ�� 0DQ\WKHRUHWLFDO� GHYHORSPHQWV� DUH� DFKLHYHG� LQ� VLP�RSW� PHWKRGRORJLHV�� VRPH� RI� ZKLFK� ZLOO� EHSUHVHQWHG�EHORZ�6LPXODWLRQ�RSWLPL]DWLRQ� WHFKQLTXHV� FDQ� EH� FDWHJRUL]HG� LQWR� WZR� EUDQFKHV�� ORFDORSWLPL]DWLRQ� DQG�JOREDO�RSWLPL]DWLRQ� WHFKQLTXHV�� 7KH� ORFDO� RSWLPL]DWLRQ� WHFKQLTXHV�PDLQO\UHTXLUH�VRPH�PDWKHPDWLFDO�H[SUHVVLRQ�RI�WKH�V\VWHP�RU�WKH�VROXWLRQ�VSDFH��OLNH�WKH�GHULYDWLYHHVWLPDWLRQ�� JUDGLHQW� LQIRUPDWLRQ� RU� FRQVWUXFWLRQ� RI� UHJUHVVLRQ� PRGHOV�� 7KH� ZHOO�NQRZQVLP�RSW� SURFHGXUH� LV� WKH� UDQGRP� VHDUFK�� 7KH� SRLQWV� DUH� VHOHFWHG� UDQGRPO\� IURP� WKH�ZKROHVROXWLRQ� VSDFH� DQG� WKH�RQH�ZLWK� WKH�EHVW� VLPXODWLRQ� UHVXOW� LV� VHW� WR�EH� WKH�RSWLPDO� VROXWLRQ�$OWKRXJK�LW�LV�HDV\�WR�LPSOHPHQW��VLQFH�LW�VORZO\�FRQYHUJHV�WR�RSWLPXP�EHFDXVH�RI�WKH�ODFN�RISURFHVVLQJ� RI� SUHYLRXV� LQIRUPDWLRQ� LQ� HDFK� LWHUDWLRQ�� LW� PD\� UHVXOW� ZLWK� PLVOHDGLQJFRQFOXVLRQV��UDQGRP�VHDUFK�LV�QRW�D�UHOLDEOH�VLP�RSW�SURFHGXUH�1HOGHU�0HDG� 6LPSOH[�&RPSOH[� 6HDUFK� �1HOGHU� DQG� 0HDG�� ������ DQG� +RRNH�-HHYHV3DWWHUQ�6HDUFK� �+RRNH� DQG� -HHYHV�� ������ DUH�RWKHU� ORFDO�RSWLPL]DWLRQ�PHWKRGV��7KH� IRUPHURQH�UHTXLUHV�FRQVWUXFWLRQ�RI�D�VLPSOH[�ZLWK�QXPEHU�RI�YHUWLFHV��DQG�UHVSRQVH�RI�HDFK�YHUWH[�LVFDOFXODWHG�E\�VLPXODWLRQ��$�QHZ�SRLQW�LV�DGGHG�WR�WKH�VLPSOH[�E\�GLVFDUGLQJ�WKH�ZRUVW�SRLQW�RI
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FXUUHQW�VLPSOH[�DQG�SURMHFWLRQ�RI�WKDW�SRLQW�WR�WKH�FHQWURLG�RI�WKH�UHPDLQLQJ�SRLQWV��7KH�ODWWHURQH��FKHFNV�LI�DQ\�DOWHUDWLRQ�LQ�D�YDULDEOH�UHVXOWV�ZLWK�LPSURYHG�SHUIRUPDQFH�ZKLOH�WKH�RWKHUYDULDEOHV�DUH�KHOG�FRQVWDQW��7KH�SURFHGXUH�LV�DSSOLHG�IRU�HDFK�YDULDEOH��DQG�WHUPLQDWHG�ZKHQWKH�LQFUHPHQWDO�YDOXHV�GR�QRW�LPSURYH�WKH�UHVSRQVH�5HVSRQVH�6XUIDFH�0HWKRGRORJ\��560��LV�D�SRSXODU�VLP�RSW�SURFHGXUH�UHTXLULQJ� VRPHVWDWLVWLFDO� EDFNJURXQG� RI� WKH� LPSOHPHQWHU�� $V� D� ORFDO� RSWLPL]DWLRQ� PRWLYH�� 560� PHUHO\GHSHQGV�RQ�ILWWLQJ�UHJUHVVLRQ�HTXDWLRQV�LQ�WKH�VROXWLRQ�VSDFH��6WDUWLQJ�IURP�DQ�LQLWLDO�VROXWLRQ�RQFH� D� UHJUHVVLRQ�PRGHO� LV� ILWWHG� E\� H[SHULPHQWDO� GHVLJQV�� D�PRYHPHQW� WDNHV� SODFH� RQ� WKHUHJUHVVLRQ� OLQH� LQ� WKH�ZD\�RI� LPSURYHG� UHVSRQVH��:KHQ� WKHUH� LV� QR� LPSURYHPHQW� RFFXUULQJDORQJ�WKH�UHJUHVVLRQ�OLQH��QHZ�UHJUHVVLRQ�PRGHO�LV�ILWWHG�RQ�WKH�FXUUHQW�SRLQW��:KHQ�WKH�ILUVWRUGHU�GHVLJQ�GRHV�QRW�ILW�WKH�VXE�UHJLRQ�RU�DQDO\VW�LV�GRXEWIXO�DERXW�WKH�FORVHQHVV�RI�RSWLPDOSRLQW��KLJK�RUGHU�UHJUHVVLRQ�PRGHOV�DUH�ILWWHG�LQVWHDG�RI�VLPSOH�OLQHDU�PRGHOV�3HUWXUEDWLRQ� $QDO\VLV� �+R� HW� DO��� ������� )UHTXHQF\� 'RPDLQ� $QDO\VLV� �6FKUXEHQ� DQG&RJOLDQR�� ������� 6WRFKDVWLF�$SSUR[LPDWLRQ� �5REELQV� DQG�0RQUR�� ������ DUH� WKH� RWKHU� ORFDORSWLPL]DWLRQ� WHFKQLTXHV� XVHG� LQ� VLP�RSW� DSSOLFDWLRQV�� ZKRVH� PDLQ� FKDUDFWHULVWLF� LV� WKHUHTXLUHPHQW� RI� JUDGLHQW� LQIRUPDWLRQ� RI� WKH� VROXWLRQ� VSDFH�� 7KHVH� PHWKRGV� GHSHQG� RQ� WKHGHULYDWLYH� HVWLPDWLRQ� RI� WKH� VROXWLRQV�� 7KH� H[WHQGHG� OLWHUDWXUH� DERXW� WKH� ORFDO� RSWLPXPVHHNLQJ� VLP�RSW� DOJRULWKPV� FDQ� EH� IRXQG� LQ� H[FHOOHQW� UHYLHZ� SDSHUV� RI� 0HNHWRQ� �������-DFREVHQ�DQG�6FKUXEHQ���������6DIL]DGHK���������)X���������$]DGLYDU��������DQG�7HNLQ�DQG6DEXQFXRJOX��������7KH� PHWKRGRORJLHV� GLVFXVVHG� VR� IDU� DUH� FODVVLILHG� LQ� ORFDO� RSWLPL]DWLRQ� WHFKQLTXHV�EHFDXVH�WKH\�FDQQRW�JXDUDQWHH� WR�ILQG�WKH�JOREDO�RSWLPD�RI� WKH�RSWLPL]DWLRQ�SUREOHP��ZKLFKFRQVWLWXWHV� WKH�PDMRU� GUDZEDFN� RI� DOO� WKH�PHWKRGV�� &ULWLFLVP� LV� WKH� IDFW� WKDW�PRVW� RI� WKHPUHTXLUHV�PDWKHPDWLFDO�H[SUHVVLRQ�RI�VROXWLRQ�VSDFH�RU�REMHFWLYH�IXQFWLRQ��RU�VRPH�DGGLWLRQDOLQIRUPDWLRQ�DERXW�WKH�SUREOHP�OLNH�WKH�JUDGLHQW�RU�GHULYDWLYH�LQIRUPDWLRQ��$OVR�VRPH�RI�WKHPUHTXLUH�KLJK�OHYHO�RI�VWDWLVWLFDO�NQRZOHGJH�WR�EH�DSSOLHG�7KHVH�SLWIDOOV�RI�WKH�ORFDO�RSWLPL]DWLRQ�VLP�RSW�SURFHGXUHV�IRUFH�SHRSOH�WR�GHYHORS�QHZKHXULVWLFV�RU�PHWKRGRORJLHV��7KH�RSWLPL]DWLRQ�SHRSOH�JHW�EHQHILW�IURP�WKH�RWKHU�EUDQFKHV�RIVFLHQFH� DQG� QDWXUH� LWVHOI� LQ� WKH� GHYHORSPHQW� RI� QHZ� JOREDO� VHDUFK� WHFKQLTXHV�� *HQHWLFDOJRULWKPV� �*$�� DQG� VLPXODWHG� DQQHDOLQJ� �6$�� DUH� WKH� PDLQ� H[DPSOHV� IRU� DOJRULWKPVGHYHORSHG�LQ�WKLV�PDQQHU�
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*$� LV� ILUVW� GHYHORSHG� E\� +ROODQG� �������� DQG� WDNHV� LWV� LQVSLUDWLRQ� IURP� WKH� QDWXUDOVHOHFWLRQ�DQG�QDWXUDO�JHQHWLFV��7KH�VHFRQG�SDUW�RI�WKLV�FKDSWHU�H[DPLQHV�WKH�*$�OLWHUDWXUH��DQG&KDSWHU���JLYHV�WKH�PDMRU�IUDPHZRUN�RI�*$��VR�WKH�LQWHUSUHWDWLRQ�LV�OHIW�WR�WKHVH�SDUWV�RI�WKLVVWXG\�6$� LV� LQFOXGHG� LQ� RSWLPL]DWLRQ� OLWHUDWXUH� E\� .LUNSDWULFN� �������� 6$� LV� D� VHDUFKWHFKQLTXH� GUDZLQJ� LWV� LQVSLUDWLRQ� IRUP� WKH� FKHPLVWU\�� WKH� SURFHVV� RI� SK\VLFDO� DQQHDOLQJ� RIVROLGV��7KH�SURFHVV� LV� WKH�KHDWLQJ�RSHUDWLRQ�RI�D�PHWDO� WR� D�YHU\� KLJK� WHPSHUDWXUH� DQG� WKHQFRROLQJ� DW� D� VORZ� UDWH� WR� D� ORZ� WHPSHUDWXUH�� $OJRULWKP� VWDUWV� ZLWK� DQ� LQLWLDO� VROXWLRQ�� DQGQHLJKERU� RI� VROXWLRQ� LV� JHQHUDWHG� E\� D� VXLWDEOH� PHFKDQLVP�� $� VROXWLRQ� LV� VHOHFWHG� LQ� WKHQHLJKERU��LI�LW�LV�EHWWHU�LQ�WHUPV�RI�REMHFWLYH�YDOXH��WKHQ�WKDW�VROXWLRQ�LV�DFFHSWHG�DV�WKH�FXUUHQWVROXWLRQ�� ,I� YLFH� YHUVD�� DJDLQ� WKHUH� LV� D� SUREDELOLW\� RI� DFFHSWLQJ� WKDW� VROXWLRQ� DV� WKH� FXUUHQWVROXWLRQ�� 7KLV� SUREDELOLW\� GHSHQGV� RQ� D� SDUDPHWHU� 7��ZKLFK� LV� DQDORJRXV� WR� WHPSHUDWXUH� LQSK\VLFDO� DQQHDOLQJ��6$�EHJLQV�ZLWK�KLJK�YDOXHV�RI�7� DQG� VWD\V�DW� WKH� VDPH� WHPSHUDWXUH� IRUVRPH�QXPEHU�RI�LWHUDWLRQV��WKHQ�WKH�WHPSHUDWXUH�LV�JUDGXDOO\�GHFUHDVHG�XQWLO�ILQDO�WHPSHUDWXUHLV�UHDFKHG��WKXV�DW�HDFK�7��WKH�SUREDELOLW\�RI�DFFHSWLQJ�SRRU�VROXWLRQV�FKDQJHV�6$�KDV�IRXQG�D�ORW�RI�LPSOHPHQWDWLRQ�DUHDV�LQ�FRPELQDWRULDO�RSWLPL]DWLRQ��EHFDXVH�WKHDFFHSWDQFH� RI� SRRU� VROXWLRQV� REVFXUHV� WKH� DOJRULWKP� WR� VWLFN� RQ� ORFDO� RSWLPD�� 7KH� VLP�RSWDSSOLFDWLRQV� RI� 6$� WR� PDQXIDFWXULQJ� V\VWHPV� DQG� DVVHPEO\� OLQH� EDODQFLQJ� SUREOHPV� DUHSUHVHQWHG�LQ�EHORZ�SDUDJUDSKV�7DEX� VHDUFK� �76�� RI� *ORYHU� DQG� /DJXQD� ������� LV� DQRWKHU� VHDUFK� WHFKQLTXH� XVHG� LQVLP�RSW�OLWHUDWXUH��,W�FDQ�EH�GHILQHG�DV�D�FRQVWUDLQHG�VHDUFK�SURFHGXUH��EHFDXVH�WKH�DOJRULWKPLV�QRW�DOORZHG�WR�VHDUFK�VRPH�VXEVHW�RI�WKH�VROXWLRQ�VSDFH�LQ�HDFK�LWHUDWLRQ��ZKHUH�WKLV�VXEVHWFRQVWLWXWHV�WKH�WDEX�OLVW�RI�76��$OWKRXJK�76�LV�\RXQJHU�WKDQ�WKH�RWKHU�DOJRULWKPV��LW�KDV�IRXQGD� ORW� RI� LPSOHPHQWDWLRQ� DUHDV� LQ� FRPELQDWRULDO� RSWLPL]DWLRQ� DQG� VLPXODWLRQ�RSWLPL]DWLRQOLWHUDWXUH�*$��6$�DQG�76�FDQ�EH�GHILQHG�DV�PHWD�KHXULVWLFV��7KH�SRZHU�RI�WKHVH�PHWD�KHXULVWLFVLQ� VLPXODWLRQ�RSWLPL]DWLRQ� VWXGLHV� WDNHV� WKH� DWWHQWLRQ� RI� FRPPHUFLDO� VLPXODWLRQ� VRIWZDUHYHQGRUV�� +LVWRULFDOO\�� WKHUH� DUH� VHYHUDO� VLPXODWLRQ� SDFNDJHV�� XVHG� LQ� UHDO� LQGXVWULDODSSOLFDWLRQV��EXW�QRQH�RI�WKHP�KDV�WKH�DELOLW\�WR�RSWLPL]H�WKH�V\VWHP�XQGHU�FRQVLGHUDWLRQ��7KHGHYHORSPHQW�RI� WKHVH� DOJRULWKPV��ZLWK� WKH� LPSURYHPHQWV� LQ� FRPSXWHU� WHFKQRORJ\�PDGH� WKHFRPSDQLHV�DGG�³RSWLPL]DWLRQ´�VXE�URXWLQHV�WR�WKHLU�VLPXODWLRQ�SDFNDJHV��7DEX�VHDUFK��JHQHWLF
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DOJRULWKPV� DQG� VLPXODWHG� DQQHDOLQJ� FRQVWUXFW� WKH� PDLQ� SULQFLSOHV� RI� WKH� RSWLPL]DWLRQ� VXE�URXWLQHV�RI�WKH�FRPPHUFLDO�VLPXODWLRQ�VRIWZDUH��/DZ�������7KH� WKHRUHWLFDO� GHYHORSPHQW� RI� VLPXODWLRQ�RSWLPL]DWLRQ� PHWKRGRORJLHV� LV� SUHVHQWHG�ZLWK� EULHI� GLVFXVVLRQV� DERXW� WKH� SURFHGXUHV� DQG� WKHLU� PDMRU� SURSHUWLHV�� 7KH� IROORZLQJSDUDJUDSKV� LOOXVWUDWH� VRPH� VLPXODWLRQ�RSWLPL]DWLRQ� VWXGLHV� FDUULHG� RQ� GLIIHUHQW� SUREOHPV�ZKLFK�DUH�VXPPDUL]HG�LQ�7DEOH���7DEOH����6XPPDU\�RI�6LPXODWLRQ�2SWLPL]DWLRQ�$SSOLFDWLRQV3XEOLFDWLRQ 6\VWHP 7HFKQLTXHV
%HQJX�DQG�+DGGRFN������� ,QYHQWRU\�6\VWHP ([KDXVWLYH�6HDUFK��)LERQDFFL6HDUFK��3DWWHUQ�6HDUFK�1HOGHU�0HDG�6HDUFK
$]DGLYDU�DQG�/HH������� 5RERW�0DQXIDFWXULQJ�&HOO 6LPSOH[�&RPSOH[�6HDUFK

+DGGRFN�DQG�0LWWHQWKDO������� $XWRPDWHG�0DQXIDFWXULQJ�6\VWHP 6LPXODWHG�$QQHDOLQJ
6KDQJ�DQG�7DGLNDPDOOD������� $XWRPDWHG�0DQXIDFWXULQJ�6\VWHP 5HVSRQVH�6XUIDFH�0HWKRGRORJ\
7HOHE�DQG�$]DGLYDU������� )OH[LEOH�0DQXIDFWXULQJ�6\VWHP &RPSOH[�6HDUFK
6XUHVK�DQG�6DKX������� $VVHPEO\�/LQH�%DODQFLQJ 6LPXODWHG�$QQHDOLQJ
:HLQWUDXE�HW�DO� ������ 6FKHGXOLQJ�RI�0DQXIDFWXULQJ�6\VWHP 7DEX�6HDUFK
%HQJX� DQG�+DGGRFN� ������� DSSO\� VLPXODWLRQ�RSWLPL]DWLRQ� WHFKQLTXHV� WR� DQ� LQYHQWRU\V\VWHP�WR�GHWHUPLQH�WKH�RSWLPDO�OHYHOV�RI�UHRUGHU�TXDQWLW\�DQG�UHRUGHU�OHYHO�IRU�D�FRQWLQXRXVUHYLHZ� LQYHQWRU\� PRGHO�� ([KDXVWLYH� VHDUFK�� )LERQDFFL� VHDUFK�� 3DWWHUQ� VHDUFK� DQG� 1HOGHU�0HDGV� VHDUFK� DUH� XVHG� VHSDUDWHO\� DV� RSWLPL]DWLRQ� VXEURXWLQHV� LQWHJUDWHG� ZLWK� FRPSXWHUVLPXODWLRQ�$]DGLYDU�DQG�/HH��������GHYHORS�D�KHXULVWLF�VLPSOH[�PHWKRG�DV�D�VLP�RSW�PHWKRGRORJ\�7KH� KHXULVWLF� LV� DSSOLHG� WR� D� URERW� PDQXIDFWXULQJ� FHOO� ZLWK� WKUHH� VHULDO� ZRUNVWDWLRQV� DQGVHYHUDO�URERW�PDQLSXODWRUV� LQ�FKDUJH�RI� ORDGLQJ��XQORDGLQJ�DQG� WUDQVSRUWLQJ� WKH�SURGXFWV��$VLPSOH[� FRQVLVWLQJ� RI� QXPEHU� RI� YHUWLFHV� LV� FRQVWUXFWHG�� DQG� WKH� UHVSRQVH� DW� HDFK� YHUWH[� LV
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VLPXODWHG��7KH�YHUWLFHV�DUH�FRPSDUHG�VWDWLVWLFDOO\��DQG�WKH�SRLQW�ZKRVH�ORZHU�FRQILGHQFH�OLPLWLV�ORZHU�WKDQ�WKH�XSSHU�FRQILGHQFH�OLPLWV�RI�WKH�UHVW�LV�GHOHWHG�+DGGRFN�DQG�0LWWHQWKDO��������XVH�VLPXODWHG�DQQHDOLQJ��6$��ZLWK�LQWHJUDWHG�FRPSXWHUVLPXODWLRQ� WR� ILQG� WKH� RSWLPDO� OHYHOV� RI� WKUHH� GLVWLQFW� VHWV� RI� GHFLVLRQ� YDULDEOHV� IRU� DQDXWRPDWHG� PDQXIDFWXULQJ� V\VWHP�� 7KHUH� DUH� RQO\� ���� GLIIHUHQW� FRPELQDWLRQV� RI� GHFLVLRQYDULDEOHV��DQG�6$�LV�DEOH�WR�ILQG�WKH�RSWLPDO�VROXWLRQ�6KDQJ� DQG� 7DGLNDPDOOD� ������� XVH� UHVSRQVH� VXUIDFH� PHWKRGRORJ\� �560�� LQ� WKHRSWLPL]DWLRQ�RI�D�FRPSXWHU�LQWHJUDWHG�PDQXIDFWXULQJ�V\VWHP�RI�DQ�DXWRPDWHG�SULQWHG�FLUFXLWERDUG�PDQXIDFWXULQJ�SODQW�YLD�VLPXODWLRQ��7KH�IUDFWLRQDO�IDFWRULDO�GHVLJQV�DUH�XVHG�WR�UHGXFHERWK� WKH�QXPEHU�RI�H[SHULPHQWV�� DQG�&38� WLPH��560�LV� VXFFHVVIXO� LQ� ILQGLQJ�QHDU�RSWLPDOVROXWLRQV�WR�WKH�SUREOHP�7HOHE� DQG�$]DGLYDU� ������� SUHVHQW� D� QHZ� DSSURDFK� IRU�PXOWL�FULWHULD� RSWLPL]DWLRQ� RIV\VWHPV� XVLQJ� FRPSXWHU� VLPXODWLRQ�� 7KH� PHWKRGRORJ\� VXJJHVWV� D� QHZ� ZD\� RI� GHILQLQJ� DFRPSURPLVH�VROXWLRQ�LQ�WHUPV�RI�WKH�PD[LPXP�OLNHOLKRRG��ZKLFK�D�VROXWLRQ�ZLOO�FRQWDLQ� WKHRSWLPDO�VROXWLRQ�IRU�DOO�REMHFWLYHV��7KH�PHWKRGRORJ\� LV�DSSOLFDEOH� WR� WKH�REMHFWLYH� IXQFWLRQVDQG� FRQVWUDLQWV� WKDW� DUH� QRUPDOO\� GLVWULEXWHG�� 7KH� FRPSOH[� VHDUFK� SURSRVHG� LQ� WKH� VWXG\� LVDSSOLHG�WR�D�IOH[LEOH�PDQXIDFWXULQJ�V\VWHP��WR�VXSSRUW�WKH�PHWKRGRORJ\�ZLWK�HPSLULFDO�ZRUN�6XUHVK� DQG� 6DKX� ������� SURSRVH� D� VLPXODWHG� DQQHDOLQJ� �6$�� DOJRULWKP� WR� VROYH� DQDVVHPEO\�OLQH�EDODQFLQJ�SUREOHP��7KH�VWXG\�GUDZV�VRPH�FRQFOXVLRQV�DERXW�WKH�SDUDPHWHUV�RI6$�GHSHQGLQJ�RQ�WKH�FRPSXWDWLRQDO�UHVXOWV�JDWKHUHG��7KH�PDLQ�ILQGLQJ�LV� WKDW� WKH� ORZHU� WKHUDWH� RI� FRROLQJ�� EHWWHU� ZLOO� EH� WKH� TXDOLW\� RI� VROXWLRQ�� EXW� VORZHU� FRROLQJ� VFKHPHV� OHDG� WRH[SRQHQWLDO�LQFUHDVH�LQ�WKH�FRPSXWDWLRQDO�WLPH�:HLQWUDXE�HW�DO� �������DSSO\� WDEX�VHDUFK�LQFRUSRUDWHG�ZLWK�FRPSXWHU�VLPXODWLRQ�RQ�DVFKHGXOLQJ�SUREOHP�RI�D�ODUJH�VFDOH�PDQXIDFWXULQJ�V\VWHP��7KHUH�DUH�RYHU������MREV�DQG����PDFKLQHV� LQ� WKH� V\VWHP�� DQG� WKH� REMHFWLYH� LV� WKH� PLQLPL]DWLRQ� RI� PD[LPXP� ODWHQHVV�� 7KHFRPSXWDWLRQDO� UHVXOWV� UHYHDO� WKDW� WKH� SURSRVHG� DOJRULWKP�PDQDJHV� WR� ILQG� RSWLPDO� RU� QHDU�RSWLPDO�VFKHGXOHV�IRU�GLIIHUHQW�LQGXVWULDO�VHWWLQJV�
�����*$�/LWHUDWXUH*$�LV�ILUVW�GHYHORSHG�E\�+ROODQG��������DQG�KLV�DVVRFLDWHV�LQ�8QLYHUVLW\�RI�0LFKLJDQ�+ROODQG¶V�ZRUN�LV�PDLQO\�DERXW�WKH�WKHRUHWLFDO�GHYHORSPHQW�RI�*$��DQG�KLV�ZRUN�SUHVHQWV�WKHPDWKHPDWLFDO�H[SUHVVLRQV�O\LQJ�EHKLQG�WKH�ORJLF�RI�WKH�DOJRULWKP��$OWKRXJK�*$�VHHPHG�WR�EH
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D�SRZHUIXO�JOREDO�VHDUFK�DOJRULWKP��WKH�FRPSOH[LW\�RI�WKH�FRGLQJ�VFKHPH�DQG�WKH�&38�WLPH�LWUHTXLUHV�ZHUH�WKH�REVWDFOHV�LQ�IURQW�RI�*$�DSSOLFDWLRQV��:LWK�WKH�DYDLODELOLW\�RI�IDVWHU�3&¶V�*ROGEHUJ¶V�ERRN��������DERXW�*$�RSHQHG�D�QHZ�SHULRG�IRU�*$�OLWHUDWXUH�*ROGEHUJ� JLYHV� FRPSUHKHQVLYH� LQIRUPDWLRQ� DERXW� *$� LQ� KLV� ERRN�� %HVLGH� WKHPDWKHPDWLFDO� XQGHUSLQQLQJV�� WKH� DSSOLFDWLYH� IHDWXUHV� RI� *$� ZLWK� PRGLILHG� RSHUDWRUV� DUHSUHVHQWHG� LQ� WKH�ERRN��7KH�PDLQ� LPSRUWDQW� SRLQW� RI�KLV� VWXG\� LV� WKH� FRPSXWHU� FRGH� RI�*$�*ROGEHUJ�HGLWHG�DOO�WKH�FRGH�UHTXLUHG�IRU�DQ�H[FHOOHQW�*$�DOJRULWKP��ZKLFK�LV�YHU\�EHQHILFLDOLQ� WKH� LPSOHPHQWDWLRQ� RI� *$� IRU� RWKHU� RSWLPL]DWLRQ� SHRSOH�� 7KH�PRGLILFDWLRQV� UHTXLUHG� LQRULJLQDO�*$��GHYHORSHG�E\�+ROODQG��IRU�YDULRXV�FRPELQDWRULDO�SUREOHPV�DUH�DOVR�FRQWDLQHG�LQWKH�ERRN�*ROGEHUJ¶V� VWXG\� LV� QRW� WKH� RQO\� ERRN� SXEOLVKHG� DERXW� *$� LQ� WKH� OLWHUDWXUH�� 9DULRXVDXWKRUV� DQDO\]HV�*$�� DQG� SUHVHQWV� WKHLU� ILQGLQJV�ZLWK� FRPSUHKHQVLYH� GLVFXVVLRQ� DERXW�*$DQG�LWV�SDUDPHWHUV��7KH�IROORZLQJV�DUH�VRPH�H[DPSOHV�0LFKDOHZLF]¶V� ������� ERRN� DERXW� *$� SUHVHQWV� WKH� VWUXFWXUDO� GHYHORSPHQW� RI� WKHDOJRULWKP�� 7KH� ZRUNLQJ� SULQFLSOHV� RI� *$�� EHVLGHV� WKH� HIIHFWLYHQHVV� DUH� SUHVHQWHG� LQ� WKLVVWXG\�� 7KHUH� DUH� DOVR� YDULRXV� H[WHQVLRQV� RI� *$� RSHUDWRUV� WR� JXLGH� WKH� DQDO\VW� LQ� GLIIHUHQWDSSOLFDWLRQV�� 7KHUH� LV� D� VHFWLRQ� DERXW� WKH� FRPSDULVRQ� RI� ELQDU\� DQG� IORDWLQJ�SRLQWUHSUHVHQWDWLRQV��$OVR�FRGLQJ�VWUXFWXUHV�RI�*$�DSSOLHG�WR�GLIIHUHQW�FRPELQDWRULDO�SUREOHPV�OLNHWUDYHOLQJ�VDOHVPDQ�SUREOHP��763��DQG�WUDQVSRUWDWLRQ�SUREOHP�DUH�SUHVHQWHG�LQ�WKH�ERRN�5HHYHV��������FROOHFWV�PHWD�KHXULVWLF� WHFKQLTXHV�OLNH�WDEX�VHDUFK��VLPXODWHG�DQQHDOLQJDQG�DUWLILFLDO�QHXUDO� QHWZRUNV� LQ�KLV�ERRN��ZKHUH� WKHUH� LV� D� FKDSWHU� GHYRWHG� WR�*$��$XWKRUSUHVHQWV� GHWDLOHG� H[SODQDWLRQ� DERXW�*$�� DQG� WKH�ZRUNLQJ� SULQFLSOHV� RI�*$� E\� FRQVWUXFWLQJWKHRUHWLFDO� ZRUN� EHKLQG� WKH� DOJRULWKP�� 7KH� RSHUDWRUV� DQG� H[WHQVLRQV� RI� WKHP� IURP� *$OLWHUDWXUH�KDYH�IRXQG�JUHDW�DWWHQWLRQ�LQ�WKLV�ERRN��9DULRXV�PRGLILFDWLRQV�RI�*$�RSHUDWRUV�DQGSDUDPHWHUV�DUH�LQFOXGHG��ZKHUHDV�DXWKRU�SUHVHQWV�*$�DSSOLFDWLRQV�WR�FRPELQDWRULDO�SUREOHPVOLNH�� 763�� VFKHGXOLQJ�� JUDSK� FRORULQJ�� ELQ� SDFNLQJ�� VHW� FRYHULQJ� DQG� .QDSVDFN� SUREOHPVILQDOO\�0DQ� HW� DO� ������� SXEOLVK� DQRWKHU� ERRN� DERXW� *$�� ZKLFK� PDLQO\� FRYHUV� WKH� VLJQDOSURFHVVLQJ� IHDWXUHV�� 7KH� ERRN� LQFOXGHV� LQWURGXFWRU\�PDWHULDO� DERXW�*$��ZLWK�PDWKHPDWLFDOEDFNJURXQG�DQG�PRGLILHG�RSHUDWRUV��$XWKRUV�SUHVHQW�*$�DSSOLFDWLRQV�LQ� ILOWHULQJ��+�LQILQLW\FRQWURO�� FRPSXWDWLRQDO� LQWHOOLJHQFH�� VSHHFK� UHFRJQLWLRQ� V\VWHPV�� SURGXFWLRQ� SODQQLQJ� DQGVFKHGXOLQJ�V\VWHPV�DQG�FRPPXQLFDWLRQ�V\VWHPV��UHVSHFWLYHO\�



��

$IWHU�WKH�SRZHU�RI�*$�LV�XQGHUVWRRG��DQG�WKH�FRPSUHKHQVLYH�ERRNV�HDVH�WKH�DSSOLFDWLRQRI�*$��SHRSOH�DSSO\�WKH�DOJRULWKP�RQ�YDULRXV�RSWLPL]DWLRQ�SUREOHPV��8QIRUWXQDWHO\�*$�KDVVHYHUDO�SDUDPHWHUV�DIIHFWLQJ�LWV�SHUIRUPDQFH�LQ�ILQGLQJ�QHDU�RSWLPDO�VROXWLRQV��DQG�LQDGHTXDWHVHWWLQJV� RI� WKHVH� SDUDPHWHUV� PD\� OHDG� WR� YHU\� SRRU� SHUIRUPDQFH� RI� *$�� 7KXV�� WKHRUHWLFDOVWXGLHV�DUH�FRQGXFWHG�IRU�GHWHUPLQLQJ�DSSURSULDWH�SDUDPHWHU�OHYHOV�IRU�GLIIHUHQW�DSSOLFDWLRQV�,Q� IDFW��PRVW� WKHRUHWLFDO� VWXGLHV� DLP� WR�PDNH� JHQHUDO� FRQFOXVLRQV� WKDW� DUH� YDOLG� IRU� DOO�*$DSSOLFDWLRQV��EXW�WKH�SUREOHP�GHSHQGHQW�FKDUDFWHULVWLFV�RI�*$�KLQGHU�WKHVH�FRQFOXVLRQV�$QRWKHU� FODVV� RI� WKHRUHWLFDO� VWXGLHV� LV� FRQGXFWHG� RQ� WKH� GHYHORSPHQW� RI� QHZ� *$RSHUDWRUV�� +ROODQG¶V� *$� KDV� KDG� D� ORW� RI�PRGLILFDWLRQV� VLQFH� LW� ZDV� GHYHORSHG�� 7KH� PDLQUHDVRQ�EHKLQG�WKHVH�VWXGLHV�LV�WKH�LQDSSOLFDELOLW\�RI�*$�WR�VRPH�SUREOHPV��6LQFH�WKH�NQRZQRSHUDWRUV� DUH� LQYDOLG� IRU� WKH� VWUXFWXUH� RI� WKH� SUREOHP� XQGHU� FRQVLGHUDWLRQ�� RU� JLYH� SRRUSHUIRUPDQFH� RI� *$�� QHZ� NLQG� RI� RSHUDWRUV� DQG� GLIIHUHQW� W\SHV� RI� FRGLQJ� VFKHPHV� DUHGHYHORSHG� WR� KDUPRQL]H� WKH� SUREOHP� ZLWK� *$� DQG� LQFUHDVH� WKH� SHUIRUPDQFH�� 7DEOH� �VXPPDUL]HV�WKH�WKHRUHWLFDO�VWXGLHV�FDUULHG�DERXW�*$��ZKLFK�DUH�SUHVHQWHG�EHORZ�SDUDJUDSKV�6\VZHUGD� ������� SURSRVHV� D� QHZ� W\SH� RI� FURVVRYHU� ³XQLIRUP� FURVVRYHU´� WR� *$OLWHUDWXUH�� 7KH� PDWKHPDWLFDO� DQG� WKHRUHWLFDO� XQGHUSLQQLQJV� RI� WKLV� RSHUDWRU� DUH� SUHVHQWHGZKHUHDV�HPSLULFDO� FRPSDULVRQV�RI� WKH�RSHUDWRU�ZLWK�RQH�SRLQW� DQG� WZR�SRLQW�FURVVRYHUV�DUHKDQGOHG� RQ� VRPH� IXQFWLRQ� RSWLPL]DWLRQ� WHVW� SUREOHPV�� 8QLIRUP� FURVVRYHU� OHDGV� WR� EHWWHUSHUIRUPDQFH�LQ�PRVW�RI�WKH�HPSLULFDO�VWXGLHV�RI�WKH�DXWKRU�*ROGEHUJ� ������� DQDO\]HV� WKH� VHOHFWLRQ� RI� DSSURSULDWH� SRSXODWLRQ� VL]HV� IRU� VHULDO� DQGSDUDOOHO� *$� LPSOHPHQWDWLRQV�� 7KH� DSSUR[LPDWH� UDWH� RI� VFKHPD� SURFHVVLQJ� LV� WKH� PDLQUHVSRQVH� RI� WKH� DQDO\VLV�� ZKLFK� LV� PD[LPL]HG�� ([DFW� DQG� DV\PSWRWLF� IRUPXODV� DUH� DOVRSUHVHQWHG�IRU�WKH�H[SHFWHG�QXPEHU�RI�VFKHPDWD�LQ�D�SRSXODWLRQ�RI�VWULQJV��7KH�FRPSXWDWLRQDOUHVXOWV� VXJJHVW� WKDW� UHODWLYHO\� VPDOO� SRSXODWLRQ� VL]H� LV� DGHTXDWH� IRU� VHULDO� LPSOHPHQWDWLRQV�ZKHUHDV�ODUJH�SRSXODWLRQV�DUH�UHTXLUHG�IRU�SDUDOOHO�LPSOHPHQWDWLRQV�6FKDIIHU� HW� DO� ������� VWXG\� WKH� HIIHFWV� RI� VRPH� FRQWURO� SDUDPHWHUV� RI� *$� RQ� LWVSHUIRUPDQFH�� 7KLV� LV� WKH� FORVHVW� VWXG\� WR� RXUV�� 7KH� FRQWURO� SDUDPHWHUV� VHOHFWHG� DUH� WKHSRSXODWLRQ�VL]H��FURVVRYHU�DQG�PXWDWLRQ�SUREDELOLWLHV�DQG�QXPEHU�RI�FURVVRYHU�SRLQWV�XVHG�LQHDFK�PDWLQJ��([SHULPHQWDO�GHVLJQ�LV�XVHG�IRU�VWDWLVWLFDO�DQDO\VLV�RI�WKH�IDFWRUV��ZLWK�HPSLULFDOVWXGLHV� RQ� VRPH� IXQFWLRQ� RSWLPL]DWLRQV�� 7KH� FRPSXWDWLRQDO� UHVXOWV� UHYHDO� WKDW� WKH� VHOHFWLRQDQG�PXWDWLRQ�RSHUDWRUV�WRJHWKHU�LV�YHU\�VLJQLILFDQW�LQ�WKH�EHKDYLRU�RI�*$��0XWDWLRQ�DSSHDUV�WREH�PRUH�HIIHFWLYH�WKDQ�FURVVRYHU�RQ�*$�SHUIRUPDQFH�LQ�WKLV�VWXG\�
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7DEOH����6XPPDU\�RI�7KHRUHWLFDO�6WXGLHV�RQ�*HQHWLF�$OJRULWKPV3XEOLFDWLRQ 'HVFULSWLRQ $GGLWLRQDO�)HDWXUHV
6\VZHUGD������� 'HYHORSPHQW�RI�QHZ�W\SH�RIFURVVRYHU�8QLIRUP�&URVVRYHU�

&RPSDULVRQ�ZLWK�RQH�SRLQW��WZR�SRLQWFURVVRYHUV
*ROGEHUJ������� 6HOHFWLRQ�RI�DSSURSULDWH�SRSXODWLRQVL]HV 'LVWLQFW�DQDO\VHV�IRU�SDUDOOHO�DQGVHULDO�LPSOHPHQWDWLRQV

6FKDIIHU�HW�DO� ������ $QDO\VLV�RI�HIIHFWV�RI�VRPH�FRQWUROSDUDPHWHUV�RI�*$�RQ�LWV�SHUIRUPDQFH
3RSXODWLRQ�VL]H��RSHUDWRU�SUREDELOLWLHVDQG�QXPEHU�RI�FURVV�VLWHV�DUHLQFOXGHG

5LFKDUGVRQ�HW�DO� ������ *XLGHOLQHV�IRU�DVVLJQLQJ�SHQDOW\IXQFWLRQV�WR�LQIHDVLEOH�VROXWLRQV
)RJDUW\������� $QDO\VLV�RI�HIIHFW�RI�YDU\LQJPXWDWLRQ�SUREDELOLW\�RQ�*$ 'LIIHUHQW�OHYHOV�RI�LQLWLDO�SRSXODWLRQW\SHV�DUH�FRQVLGHUHG
%DFN������� 'HWHUPLQDWLRQ�RI�RSWLPDOPXWDWLRQ�UDWHV 6HSDUDWH�DQDO\VLV�IRU�XQL�PRGDODQG�PXOWL�PRGDO�IXQFWLRQV

-DQLNRZ�DQG�0LFKDOHZLF]������� &RPSDULVRQ�RI�ELQDU\�FRGLQJ�ZLWKIORDWLQJ�SRLQW�UHSUHVHQWDWLRQ (IIHFW�RI�G\QDPLF�PXWDWLRQLV�PHDVXUHG�IRU�ERWK�FDVHV
6WDUNZHDWKHU�HW�DO� ������ &RPSDULVRQ�RI�JHQHWLFVHTXHQFLQJ�RSHUDWRUV

(PSLULFDO�UHVXOWV�DUH�REWDLQHG�RQ�763DQG�ZDUHKRXVH�VKLSSLQJVFKHGXOHU�SUREOHP
5LFKDUGVRQ�HW� DO� �������GLVFXVV� VRPH� JXLGHOLQHV� IRU�*$�ZLWK� SHQDOW\� IXQFWLRQV��7KHFRQFHSW�RI�SHQDOW\�IXQFWLRQV�LV�WR�SHQDOL]H�LQIHDVLEOH�REVHUYDWLRQV�LQVWHDG�RI�GLVFDUGLQJ�WKHP�LQ� RUGHU� QRW� WR� ORRVH� JHQHWLF� LQIRUPDWLRQ� SUHVHQW� LQ� LQIHDVLEOH� VROXWLRQV�� *HQHUDOO\� IRUPD[LPL]DWLRQ�SUREOHPV�� LQIHDVLEOH� VROXWLRQV� DUH� DVVLJQHG� WR�EH� ORZ� ILWQHVV�YDOXHV�QRW� WR�EHVHOHFWHG� IUHTXHQWO\�� &XUUHQW� WKRXJKW� LV� WR� SHQDOL]H� KDUVKO\�� EXW� WKH� VWXG\� SUHVHQWV� VRPHJXLGHOLQHV�IRU�WKH�XVH�RI�WKHVH�SHQDOW\�IXQFWLRQV�)RJDUW\��������GLVFXVVHV�WKH�HIIHFW�RI�YDU\LQJ�WKH�PXWDWLRQ�SUREDELOLW\�RYHU�WLPH�DQG�LWVHIIHFW� RQ�*$� SHUIRUPDQFH��$�PLQLPL]DWLRQ� W\SH� WHVW� SUREOHP� LV� XVHG� LQ� WKH� DQDO\VLV�� 7ZRLQLWLDO� SRSXODWLRQ� W\SHV� DUH� XVHG�� RQH� LV� D� VHHGHG� SRSXODWLRQ� FRQWDLQLQJ� JRRG� VROXWLRQV�ZKHUHDV� WKH� RWKHU� LV� UDQGRPO\� FUHDWHG�� ,W� LV� REVHUYHG� WKDW� YDU\LQJ� WKH� PXWDWLRQ� UDWHVLJQLILFDQWO\� LPSURYHV� WKH� SHUIRUPDQFH� RI� VHHGHG� SRSXODWLRQ� FDVH�� EXW� QRW�ZKHQ� WKH� LQLWLDOSRSXODWLRQ�LV�UDQGRPO\�JHQHUDWHG�



��

%DFN��������VWXGLHV�RSWLPDO�PXWDWLRQ�UDWHV�LQ�*$��7KH�LQWHUDFWLRQ�RI�PXWDWLRQ�UDWH�ZLWKFRGLQJ�VFKHPH�RI�*$�LV�DOVR�LQYHVWLJDWHG��7KH�UHVXOWV�LQGLFDWH�WKDW�WKH�VLPSOH�ELQDU\�FRGLQJVFKHPH�LV�DSSURSULDWH�IRU�WKH�WHVW�SUREOHPV�FRYHUHG�GXULQJ�WKH�VWXG\��2SWLPDO�PXWDWLRQ�UDWH�LV��O�� ZKHUH� O� LV� WKH� OHQJWK� RI� VWULQJ�� IRU� XQL�PRGDO� IXQFWLRQ�� DQG� GHFUHDVLQJ� LW� WRZDUGV� WKHVHDUFK� SURFHVV� VOLJKWO\� DFFHOHUDWHV� WKH� VHDUFK�� )RU� PXOWL�PRGDO� IXQFWLRQV�� ��O� LV� QRWDSSURSULDWH�IRU�WKH�DQDO\VLV��EXW�WKHUH�LV�QR�PXWDWLRQ�UDWH�SURSRVHG��VLQFH�GLIIHUHQW�UHVXOWV�DUHJDWKHUHG�IURP�GLVWLQFW�WHVW�SUREOHPV�-DQLNRZ� DQG�0LFKDOHZLF]� ������� FRPSDUH� WKH� ELQDU\� DQG� IORDWLQJ� SRLQW� �)3�� FRGLQJUHSUHVHQWDWLRQV� LQ� *$�� H[SHULPHQWDOO\�� 7KH� H[SHULPHQWDWLRQV� DUH� FRQGXFWHG� RQ� D� G\QDPLFFRQWURO�SUREOHP��ZKLFK�LV�KLJKO\�FRPSOH[�DQG�TXLWH�GLIILFXOW��)RU�)3�UHSUHVHQWDWLRQ��QHZ�W\SHRI�PXWDWLRQ�RSHUDWRU�LV�JHQHUDWHG��DOVR�HIIHFW�RI�G\QDPLF�PXWDWLRQ�LV�PHDVXUHG�IRU�ERWK�FDVHV�7KH� &38� WLPH� SHUIRUPDQFH� EHVLGH� WKH� ILWQHVV� �REMHFWLYH� IXQFWLRQ� YDOXH�� SHUIRUPDQFH� LVREVHUYHG�� 7KH� FRPSXWDWLRQDO� UHVXOWV� VXJJHVW� WKDW�� DOWKRXJK� WKHUH� DUH� DGYDQWDJHV� RI� ORZFDUGLQDOLW\�DOSKDEHWV��ELQDU\���WKHVH�DGYDQWDJHV�FDQ�EH�FRPSHQVDWHG�IRU�RWKHU�W\SH�RI�FRGLQJVFKHPH�E\�GHVLJQLQJ�QHZ�DQG�DSSURSULDWH�RSHUDWRUV��DQG�WKLV�PD\�OHDG�WR�EHWWHU�SHUIRUPDQFHRI�*$�6WDUNZHDWKHU� HW� DO� ������� FRQGXFW� D� VWXG\� RQ� WKH� FRPSDULVRQ� RI� VHYHUDO� JHQHWLFVHTXHQFLQJ� RSHUDWRUV�� ZKLFK� DUH� XVHG� LQ� VFKHGXOLQJ� W\SH� RI� SUREOHPV�� 7KH� HQKDQFHG� HGJHUHFRPELQDWLRQ� RSHUDWRU�� WZR� W\SHV� RI� RUGHU� FURVVRYHU�� F\FOH� FURVVRYHU�� SDUWLDOO\� PDWFKHGFURVVRYHU��DQG�SRVLWLRQ�EDVHG�FURVVRYHU�DUH�WKH�RSHUDWRUV�LQFOXGHG�LQ�WKH�DQDO\VLV��7R�WHVW�WKHSHUIRUPDQFH�� D� WUDYHOLQJ� VDOHVPDQ� SUREOHP� �763�� DQG� D� ZDUHKRXVH�VKLSSLQJ� VFKHGXOHUSUREOHP�DUH�XVHG��7KH�H[SHULPHQWDO�UHVXOWV�UHYHDO�WKDW�WKH�HIIHFWLYHQHVV�RI�GLIIHUHQW�RSHUDWRUVGHSHQG�RQ�WKH�SUREOHP�GRPDLQ��EHFDXVH�RSHUDWRUV��ZKLFK�SHUIRUP�SRRUO\� LQ�763��ZRUN�ZHOOLQ�WKH�VHFRQG�SUREOHP�7KH� WKHRUHWLFDO� VWXGLHV� JHQHUDOO\� HQOLJKWHQ� WKH� VLP�RSW� SHRSOH� LQ� WKH� FRQVWUXFWLRQ� RIDSSURSULDWH�*$�IRU�GLIIHUHQW�SUREOHP�W\SHV��DQG�DYDLODELOLW\�RI�IDVWHU�3&¶V�HQFRXUDJH�WKHP�WRDSSO\� WKLV� SRZHUIXO� JOREDO� VHDUFK� DOJRULWKP� LQWHJUDWHG�ZLWK� FRPSXWHU� VLPXODWLRQ� WR� YDULRXVFRPELQDWRULDO� RSWLPL]DWLRQ� SUREOHPV� OLNH� IDFLOLW\� OD\RXW� RSWLPL]DWLRQ�� DVVHPEO\� OLQHEDODQFLQJ�� TXDGUDWLF� DVVLJQPHQW� SUREOHP�� MRE� VKRS�� PDQXIDFWXULQJ�� TXHXLQJ� DQG� LQYHQWRU\SUREOHPV�� 7KHUH� DUH� DOVR� VWXGLHV� FRPSDULQJ� *$�ZLWK� RWKHU� RSWLPL]DWLRQ�PHWKRGRORJLHV� E\HPSLULFDO� VWXGLHV�� 7KH� DUWLFOHV� PHQWLRQHG� LQ� WKH� IROORZLQJ� SDUDJUDSKV� DUH� VXPPDUL]HG� LQ7DEOH���
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7DEOH����6XPPDU\�RI�*$�EDVHG�6LPXODWLRQ�2SWLPL]DWLRQ�&DVH�6WXGLHV3XEOLFDWLRQ 6\VWHP $GGLWLRQDO�)HDWXUHV
1DNDQR������� -RE�6KRS�6\VWHP ��IDPRXV�MRE�VKRS�SUREOHPVIURP�OLWHUDWXUH�DUH�VROYHG

&UX]�DQG�+DGGRFN������� ,QYHQWRU\�DQG�4XHXLQJ�0RGHOV &RPSDULVRQ�ZLWK�,3$�,QILQLWHVLPDO�3HUWXUEDWLRQ�$QDO\VLV�
<XQNHU�DQG�7HZ������� 8QLYHUVLW\�&RPSXWHU�6\VWHP &RPSDULVRQ�ZLWK�560�DQG+RRNH�-HHYHV�SDWWHUQ�VHDUFK
6XUHVK�HW�DO� ������ )DFLOLW\�/D\RXW�3UREOHP &RPSDULVRQ�ZLWK�GLIIHUHQW�*$DSSOLFDWLRQ

:HOOPDQ�DQG�*HPPLOO������� $V\QFKURQRXV�$XWRPDWLF$VVHPEO\�/LQH &RPSDULVRQ�ZLWK�VWRFKDVWLF�TXDVL�JUDGLHQW�PHWKRGV
3LHUUHYDO�DQG�7DXWRX������� 3ODVWLF�<RJXUW�0DQXIDFWXUHU &RPSDULVRQ�ZLWK�QHDU�H[KDXVWLYHVHDUFK

$]DGLYDU�DQG�7RPSNLQV������� 3URGXFWLRQ�6\VWHP &RPSDULVRQ�ZLWK�UDQGRP�VDPSOLQJZLWK�VDPH�QXPEHU�RI�HYDOXDWLRQV
+DPDPRWR�HW�DO�������� )DFLOLW\�/D\RXW�RI�3KDUPDFHXWLFDO3ODQW

&RPSDULVRQ�ZLWK�KXPDQ�GHVLJQHUVDQGOD\RXW�RSWLPL]DWLRQ�SDFNDJHV
)RQWDQLOL�HW�DO�������� )UHH�0RGXODU�7UDQVIHU�$VVHPEO\/LQH &RPSDULVRQ�ZLWK�DQDO\WLFDOVROXWLRQV
/HH�HW�DO�������� $VVHPEO\�/LQH 5HODWLYH�ILWQHVV�YDOXHV�DUHXVHG
1DNDQR��������SURSRVHV�D�FRQYHQWLRQDO�*$�IRU� MRE�VKRS�SUREOHPV��-RE�VKRS�SUREOHP�-63��LV�RQH�RI�WKH�PRVW�ZHOO�NQRZQ�SUREOHPV�RI�FRPELQDWRULDO�RSWLPL]DWLRQ��ZKHUH�WKHUH�DUH1�MREV�WR�EH�SURFHVVHG�RQ�0�PDFKLQHV��$Q�RSHUDWLRQ�VHTXHQFH�RI�D�MRE�LV�PDFKLQH�VHTXHQFH�DQG�RSHUDWLRQ�VHTXHQFH�RQ�D�PDFKLQH�LV�MRE�VHTXHQFH��7KH�IXOO�VHW�RI�MRE�VHTXHQFHV�LV�FDOOHG�DUHSUHVHQWDWLRQ��ZKHUH�D�IHDVLEOH�UHSUHVHQWDWLRQ�LV�FDOOHG�D�VFKHGXOH��7KH�REMHFWLYH�LV�ILQGLQJ�DVFKHGXOH�WKDW�PLQLPL]HV�WKH�WRWDO�HODSVHG�WLPH��$�*$�PRGHO�IRU�-63�LV�SURSRVHG��DQG���ZHOO�NQRZQ�-63�SUREOHPV�IRUP�RSWLPL]DWLRQ�OLWHUDWXUH�DUH�VROYHG�ZLWK�*$��DQG�WKH�H[SHULPHQWDOUHVXOWV�VKRZ�WKDW�VROXWLRQV�JHQHUDWHG�E\�*$�LV�DV�JRRG�DV�WKRVH�REWDLQHG�E\�EUDQFK�DQG�ERXQGPHWKRGV�



��

&UX]� DQG� +DGGRFN� ������� SUHVHQW� *$�EDVHG� VLPXODWLRQ�RSWLPL]DWLRQ� DSSOLFDWLRQ� RQILYH� GLIIHUHQW� V\VWHPV�� WKUHH� RI�ZKLFK� DUH� TXHXLQJ� DQG� WKH� UHVW� DUH� LQYHQWRU\� V\VWHPV��7KHDQDO\VLV�RI�H[SRQHQWLDO�SURSDJDWLRQ�RI�FHUWDLQ�VFKHPD�RYHU�WKH�JHQHUDWLRQ�RI�*$�UXQ�LV�PDGH�7KH� UHVXOWV� REWDLQHG� DUH� FRPSDUHG� ZLWK� WKH� UHVXOWV� JDWKHUHG� IRUP� ,3$� �LQILQLWHVLPDOSHUWXUEDWLRQ�DQDO\VLV��<XQNHU�DQG�7HZ��������FRPSDUH�*$�ZLWK�SDWWHUQ�VHDUFK�RI�+RRNH�-HHYHV��������DQGUHVSRQVH�VXUIDFH�PHWKRGRORJ\�YLD�DFFXUDF\�DQG�VWDELOLW\�E\�DSSOLFDWLRQ�RQ�D�WHVW�SUREOHP�RIXQLYHUVLW\� FRPSXWHU� V\VWHP��$FFXUDF\� LV� WKH�PHDVXUH� RI� KRZ� FORVH� WR� WKH� RSWLPXP��ZKHUHVWDELOLW\�LV�HYDOXDWHG�XVLQJ�WKH�YDULDQFH�RI�WKH�UHVSRQVH�IXQFWLRQ�GHWHUPLQHG�IURP����VHDUFKHV�ORZHU�WKH�YDULDQFH�PRUH�VWDEOH�WKH�SURFHVV��0D[LPXP�JHQHUDWLRQ�QXPEHU�RI���LV�XVHG�LQ�*$�ZKHUH�SRSXODWLRQ�VL]H� LV�����*$�RXWSHUIRUPHG�ERWK�PHWKRGV� IRU� DFFXUDF\� DQG�VWDELOLW\��EXWWKH�VLJQLILFDQWO\�ODUJH�FRPSXWDWLRQ�WLPH�RI�*$�LV�QRWHG�WR�EH�D�WUDGH�RII�6XUHVK� HW� DO� ������� DSSO\� *$� RQ� D� IDFLOLW\� OD\RXW� SUREOHP�� 7KH� REMHFWLYH� LV� WKHPLQLPL]DWLRQ� RI� WRWDO�ZRUNIORZ� EHWZHHQ� GHSDUWPHQWV��ZKHUH� ��� GLIIHUHQW� H[WHQVLRQV� RI� WKHSUREOHP�DUH�DQDO\]HG����RI�ZKLFK�KDYH�(XFOLGHDQ�GLVWDQFH��ZKHUHDV�WKH�UHVW�KDYH�UHFWLOLQHDUGLVWDQFH� EHWZHHQ� VWDWLRQV��*$�EDVHG� VLPXODWLRQ�PRGHO� LQFOXGHV� XVHU�GHILQHG� FURVVRYHU� DQGUHDO�YDOXH�UHSUHVHQWDWLRQ�RI�VROXWLRQV��5DQGRP�VHOHFWLRQ�LV�XVHG�DV�WKH�UHSURGXFWLRQ�RSHUDWRULJQRULQJ�WKH�REMHFWLYH�YDOXHV�RI�WKH�VROXWLRQV�������JHQHUDWLRQV�DUH�XVHG�DV�VWRSSLQJ�FULWHULRQZLWK�SRSXODWLRQ�VL]H�RI������7KH�UHVXOWV�REWDLQHG�DUH�FRPSDUHG�ZLWK� WKH�UHVXOWV�RI�7DWH�DQG6PLWK���������DQG�H[FHSW�RQH�FDVH�WKH�SURSRVHG�*$�GLG�EHWWHU�RU�VDPH�:HOOPDQ�DQG�*HPPLOO��������RSWLPL]H�DQ�DV\QFKURQRXV�DXWRPDWLF�DVVHPEO\�OLQH�ZLWK*$�� 7KH� V\VWHP� LV� D� FORVHG� ORRS� PRGHO� ZLWK� ��� VWDWLRQV� LQ� D� VLQJOH� ORRS� ZLWK� XQUHOLDEOHVWDWLRQV�� 7KH� EXIIHU� VL]HV� EHWZHHQ� VWDWLRQV� DUH� WKH� GHFLVLRQ� YDULDEOHV�� WKH� PD[LPXPWKURXJKSXW�LV�XVHG�DV�WKH�REMHFWLYH�IXQFWLRQ��,QIHDVLEOH�VWULQJV�DUH�DOORZHG�LQ�JHQHUDWLRQV�E\DVVLJQLQJ� ORZ� WKURXJKSXW� �SHQDOW\�� WR� WKHP�� 7KH� UHVXOWV� DUH� FRPSDUHG� ZLWK� WKH� UHVXOWV� RIVWRFKDVWLF�TXDVL�JUDGLHQW�PHWKRG��640���DQG�*$�FDQQRW�RXWSHUIRUP�640�VWDWLVWLFDOO\�3LHUUHYDO� DQG� 7DXWRX� ������� XVH� *$� IRU� WKH� RSWLPL]DWLRQ� RI� PDQXIDFWXULQJ� V\VWHP�ZKLFK� SURGXFHV� SULQWHG� SODVWLF� \RJXUW� FRQWDLQHUV�� 'HFLVLRQ� YDULDEOHV� DUH� WKH� VLOR� FDSDFLW\�ZKLFK� KROGV� WKH� LQLWLDO� LQYHQWRU\�� ZDUHKRXVH� FDSDFLW\�� ZKLFK� FDUULHV� WKH� ILQLVKHG� JRRGVLQYHQWRU\�� DQG� WKH� SURFHVV� W\SH� DSSOLHG� GXULQJ� SURGXFWLRQ�� 7RWDO� FRVW� LV� PLQLPL]HG� DV� WKHREMHFWLYH� RI� WKH� SUREOHP�� � 5HDO� FKURPRVRPH� UHSUHVHQWDWLRQ� LV� XVHG�� DQG� D� XVHU�GHILQHGPXWDWLRQ� LV� DSSOLHG��:KHQ� D� PXWDWLRQ� KDV� WR� EH� SHUIRUPHG� RQ� D� QXPHULFDO� JHQH�� HLWKHU� D
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XQLIRUP�VHOHFWLRQ� LV�GRQH�LQ� WKH�LQWHUYDO��0LQ��0D[��ZLWK�SUREDELOLW\������RU�RQH�RI� WKH� WZRLQWHUYDO�ERXQGV�DUH�VHOHFWHG�UDQGRPO\��5HVXOWV�DUH�FRPSDUHG�ZLWK�QHDU�H[KDXVWLYH�VHDUFK��DQGVDPH�PLQLPXP�LV�REWDLQHG�LQ�ERWK�DSSOLFDWLRQV�$]DGLYDU�DQG�7RPSNLQV��������XVH�*$�ZLWK�TXDOLWDWLYH�YDULDEOHV�LQ�WKH�RSWLPL]DWLRQ�RID�SURGXFWLRQ�V\VWHP��7KH�V\VWHP�LV�D�FRPSOH[�RQH��ZLWK�VHYHUDO�VWDJHV��D�PDFKLQH�SURFHVVHGLQ� HDFK� VWDJH� ZLWK� GLIIHUHQW� SURFHVVLQJ� FKDUDFWHULVWLF�� DQG� GLIIHUHQW� URXWLQJV� IRU� SDUWV�� 7KHREMHFWLYH�LV� WKH�PLQLPL]DWLRQ�RI�:,3��ZRUN�LQ�SURFHVV�� IRU�D�JLYHQ�SURGXFWLRQ� UHTXLUHPHQW�ZKHUHDV�WKH�GHFLVLRQ�YDULDEOHV�DUH�WKH�W\SHV�RI�PDFKLQHV�IRU�HDFK�VWDJH��URXWLQJ�RI�HDFK�SDUWW\SH�� DQG� OD\RXW� SODQ� IRU�PDFKLQHV��'XULQJ� WKH�*$� LPSOHPHQWDWLRQ�� VLPXODWLRQ�PRGHOV� DUHDXWRPDWLFDOO\� JHQHUDWHG� WKURXJK� DQ� REMHFW�RULHQWHG� SURFHVV� DQG� DUH� HYDOXDWHG� IRU� YDULRXVFDQGLGDWH� FRQILJXUDWLRQV� RI� WKH� V\VWHP�� 5HDO� FKURPRVRPH� UHSUHVHQWDWLRQ� LV� XVHG� ZLWK� DSRSXODWLRQ�VL]H�RI�����DQG�QR�PXWDWLRQ�LV�DOORZHG��5HVXOWV�RI�*$�DUH�FRPSDUHG�ZLWK�UDQGRPVDPSOLQJ�ZLWK�VDPH�QXPEHU�RI�HYDOXDWLRQV�+DPDPRWR� HW� DO� ������� DSSO\� *$�EDVHG� VLPXODWLRQ� RSWLPL]DWLRQ� WR� IDFLOLW\� OD\RXWSUREOHP�� SUHVHQWLQJ� D� FDVH� VWXG\� RQ� PHGLXP�VL]H� DQG� VPDOO�VL]H� SKDUPDFHXWLFDO� SODQWVVHSDUDWHO\��7KH�PXOWLSOH�REMHFWLYH�DQDO\VLV�RI�PD[LPL]LQJ�WKH�WKURXJKSXW�UDWH�DQG�PLQLPL]LQJWKH�WUDYHOLQJ�WLPH�SHU�WULS�LV�FRQGXFWHG�LQ�WKH�VWXG\��7KH�UHVXOWV�RI�*$�DUH�FRPSDUHG�ZLWK�WKHFXUUHQW�UHDO�SHUIRUPDQFH�DQG�WKH�RXWSXWV�RI�VHYHUDO�OD\RXW�RSWLPL]DWLRQ�SDFNDJHV�OLNH�&RUHODS�&UDIW� DQG� %ORFSODQ�� 7KH� FRPSDULVRQ� LQGLFDWHV� WKDW� SURSRVHG� *$� RXWSHUIRUPV� KXPDQGHVLJQHUV�DQG�RWKHU� OD\RXW�RSWLPL]DWLRQ�DOJRULWKPV�LQ�PLQLPL]LQJ�WKH�WUDYHOLQJ�WLPH�SHU�WULSXQGHU�WKH�VDPH�WKURXJKSXW�UDWH�)RQWDQLOL�HW�DO� �������XVH�*$�LQ�RSWLPL]DWLRQ�RI� IUHH�PRGXODU� WUDQVIHU�DVVHPEO\� OLQH�ZKHUH� SURGXFWV�PRYH� RQ� WKH� OLQH� DFFRUGLQJ� WR� WKH� JHQHUDOL]HG� IORZ� VKRS�� HDFK� SURGXFW� EHUHDOL]HG�LQ�RQO\�RQH�URXQG�ZLWKRXW�QHFHVVDULO\�JRLQJ�RQ�DOO�WKH�ZRUNVWDWLRQV��7KH�URXWLQJ�RI�DSURGXFW� LV�FRQVWLWXWHG�RI�³QRQ�SUHPDWXUH´�DQG�³QRQ�UHGXQGDQW´�SKDVHV��6LPXODWLRQ� VRIWZDUHLQFRUSRUDWHG� ZLWK� D� 3DVFDO� FRGH� LV� XVHG� IRU� WKH� LPSOHPHQWDWLRQ�� 7KH� LQWHU�UHOHDVH� WLPHVEHWZHHQ����LGHQWLFDO�EDWFKHV�DUH�GHWHUPLQHG�WR�PLQLPL]H�WKH�PDNHVSDQ��5HDO�UHSUHVHQWDWLRQ�LVXVHG��5HSURGXFWLRQ�LQ�HDFK�JHQHUDWLRQ�WDNHV�SODFH�IURP�WKH�EHVW�WZR�PHPEHUV�RI�WKH�FXUUHQWSRSXODWLRQ����FKLOGUHQ�DUH�FUHDWHG��7KH�UHVXOWV�DUH�FRPSDUHG�ZLWK�WKH�DQDO\WLFDO�VROXWLRQV�DQG*$�DFKLHYHV�QHDU�RSWLPDO�VROXWLRQV�/HH�HW�DO� �������DSSO\�*$�EDVHG�VLPXODWLRQ�RSWLPL]DWLRQ�WR�DQ�DVVHPEO\�OLQH�SUREOHP�7KH� DVVHPEO\� OLQH� LQ� WKH� SUREOHP� LV� D� VHPL�DXWRPDWHG� VHULDO� FRPSUHVVRU� DVVHPEO\� OLQH
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FRPSULVLQJ� ILYH�ZRUNVWDWLRQV� FRQQHFWHG� E\� DFFXPXODWLQJ� EHOW� FRQYH\RUV��ZKLFK� DOVR� DFW� DVEXIIHUV��'HFLVLRQ�YDULDEOHV�DUH�SURFHVVLQJ�WLPHV�RI�FRQYH\RUV�DQG�VWDWLRQV��ZKHUHDV�WKHUH�DUHWKUHH� VHSDUDWH� DQDO\VLV� GRQH� DFFRUGLQJ� WR� WKUHH� GLVWLQFW� REMHFWLYH� IXQFWLRQV�� PD[LPL]LQJWKURXJKSXW��PLQLPL]LQJ� WDUGLQHVV�DQG�PD[LPL]LQJ� WKH�XWLOL]DWLRQ��5HODWLYH� ILWQHVV�YDOXHV�DUHXVHG�LQVWHDG�RI� WKH�GLUHFW�REMHFWLYH� IXQFWLRQ�YDOXHV��ZLWK�����RI�HOLWLVP��'LIIHUHQW� OHYHOV�RIFURVVRYHU��PXWDWLRQ�SUREDELOLWLHV��DQG�SRSXODWLRQ�VL]H�DQG�HOLWLVP�SHUFHQW�DUH�LQYHVWLJDWHG�&RQVLGHULQJ�WKH�OLWHUDWXUH�UHYLHZ�KHUH��LW�FDQ�EH�VWDWHG�WKDW�*$�KDV�IRXQG�DSSOLFDWLRQVRQ� YDULRXV� FRPELQDWRULDO� RSWLPL]DWLRQ� SUREOHPV�� 7KH� SRZHU� RI� VHDUFK� PHFKDQLVP� RI� *$PDNHV� WKH� DOJRULWKP� DSSURSULDWH� IRU� RSWLPL]DWLRQ� SUREOHPV�� $V� WKH� DSSOLFDWLRQV� KDYHSURFHHGHG��WKHRUHWLFDO�VWXGLHV�DUH�FRQGXFWHG�LQ�*$�OLWHUDWXUH��7KHVH�VWXGLHV�DUH�PDLQO\�DERXWWKH�XQGHUVWDQGLQJ�RI�PDWKHPDWLFDO�XQGHUSLQQLQJV�RI�*$��GHYHORSPHQW�RI�QHZ�RSHUDWRUV�DQGVWUXFWXUHV� IRU�*$�DSSOLFDWLRQV��DQG� WKH�GHWHUPLQDWLRQ�RI�DSSURSULDWH� OHYHOV�RI� WKH�SDUDPHWHUVHWWLQJV� RI�*$��7KH� ODWWHU� RQH� LV� FRQFHUQHG�ZLWK� RXU� VWXG\��7KLV� NLQG� RI� VWXGLHV� JHQHUDOO\FRQWDLQV� DQDO\VLV� RI� RQO\� RQH� SDUDPHWHU� DW� D� WLPH�� DQG� LJQRUHV� WKH� LQWHUDFWLRQV� DPRQJ� WKHRWKHU�SDUDPHWHUV��7R�WKH�EHVW�RI�RXU�NQRZOHGJH��WKHUH�LV�QR�D�VWXG\�LQ�WKH�OLWHUDWXUH�DQDO\]LQJDOO�WKH�*$�SDUDPHWHUV��LQLWLDO�SRSXODWLRQ�W\SH��SRSXODWLRQ�VL]H��PD[LPXP�JHQHUDWLRQ�QXPEHU�DQG� PXWDWLRQ� DQG� FURVVRYHU� SUREDELOLWLHV�� 2XU� ZRUN� ZLOO� EH� D� FRQWULEXWLRQ� WR� *$�EDVHGVLP�RSW� OLWHUDWXUH�E\�SUHVHQWLQJ� WKH� LQWHUDFWLRQV�EHWZHHQ� WKH�QXPHULFDO�SDUDPHWHUV��ZLWK� WKHFRQFOXVLRQV� PDGH� IRU� WKH� EHVW� SDUDPHWHU� VHWWLQJV� RI� *$� IRU� WKH� SUREOHP� GRPDLQ� XQGHUFRQVLGHUDWLRQ�
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&+$37(5��
*(1(7,&�$/*25,7+06
�����,QWURGXFWLRQ*HQHWLF� DOJRULWKPV� �*$�� DUH� VHDUFK� DOJRULWKPV� EDVHG� RQ� WKH� PHFKDQLFV� RI� QDWXUDOVHOHFWLRQ�DQG�QDWXUDO�JHQHWLFV��,Q�QDWXUDO�JHQHWLFV��JHQHV�LQ�WKH�FKURPRVRPHV�DFW�DV�D�FRGH�IRUWKH�SK\VLFDO�IHDWXUHV�RI�HDFK�LQGLYLGXDO�RUJDQLVP��DQG�HDFK�RUJDQLVP�LV�FRPSOHWHO\�GHVFULEHGE\� LWV� JHQH� YDOXHV� �LWV� DOOHOHV��� 7KH� SUHVHQFH�DEVHQFH� RI� JHQHV� DQG� WKHLU� RUGHU� LQ� WKHFKURPRVRPH� GHFLGH� WKH� FKDUDFWHULVWLF� IHDWXUHV� RI� LQGLYLGXDO� VSHFLHV� RI� D� SRSXODWLRQ�� 7KHGLIIHUHQW� WUDLWV� DUH� SDVVHG� RQ� IURP� RQH� JHQHUDWLRQ� WR� WKH� QH[W� WKURXJK� GLIIHUHQW� ELRORJLFDOSURFHVVHV�� ZKLFK� RSHUDWH� RQ� WKH� JHQHWLF� VWUXFWXUH�� %\� WKLV� SURFHVV� RI� JHQHWLF� FKDQJH� DQGVXUYLYDO�RI�WKH�ILWWHVW��D�SRSXODWLRQ�ZHOO�DGDSWHG�WR�WKH�HQYLURQPHQW�UHVXOWV�6LPLODUO\�� LQ� D� *$�� D� ILQLWH�OHQJWK� VWULQJ� FRGLQJ� LV� XVHG� WR� GHVFULEH� WKH� QHFHVVDU\SUREOHP�SDUDPHWHUV�RI�HDFK�VROXWLRQ�IRU�WKH�VHDUFK�SUREOHP�XQGHU�FRQVLGHUDWLRQ��(DFK�VWULQJFRUUHVSRQGV�WR�DQ�LQGLYLGXDO��DQG�HYHU\� LQGLYLGXDO�SUHVHQWV�LWV�SRZHU�LQ�WKH�VXUYLYDO�SURFHVVE\�WHUPV�RI�LWV�ILWQHVV YDOXH��+LJKHU�WKH�ILWQHVV�YDOXHV��EHWWHU�WKH�LQGLYLGXDOV�SHUIRUPDQFH� LQWKH� HYROXWLRQ� SURFHVV�� 7KHUH� LV� D� SRSXODWLRQ� RI� LQGLYLGXDOV� ZLWK� WKHLU� VWULQJV� DQG� ILWQHVVYDOXHV��ZKLFK�FRUUHVSRQGV�WR�D�JHQHUDWLRQ��*$�LV�DQ�LWHUDWLYH�DOJRULWKP�DSSOLHG�JHQHUDWLRQ�E\JHQHUDWLRQ�� ,Q�HYHU\� JHQHUDWLRQ�� ILUVW��SDUHQWV�DUH�VHOHFWHG�GHSHQGLQJ�RQ� WKHLU� ILWQHVV�YDOXHV�DQG�WKHQ�E\�VRPH�JHQHWLF�RSHUDWRUV�WKH�VWULQJV�RI�FKLOGUHQ�DUH�SURGXFHG�ZKLFK�FRQWULEXWH� WRWKH�PHPEHUV�RI�WKH�QHZ�SRSXODWLRQ��:LWK�WKHLU�FDOFXODWHG�ILWQHVV�YDOXHV��WKH�QHZ�JHQHUDWLRQ�LVREWDLQHG�� $QG� WKLV� SURFHGXUH� LV� UHSHDWHG� XQWLO� VRPH� VWRSSLQJ� FULWHULRQ� LV� PHW� �JHQHUDOO\GHSHQGLQJ� RQ� WKH� QXPEHU� RI� JHQHUDWLRQV��� /LNH� WKH� QDWXUDO� JHQHWLFV� DV� WKH� JHQHUDWLRQVSURFHHG�� WKH� ILWQHVV� RI� WKH� ZKROH� SRSXODWLRQ� �DYHUDJH� ILWQHVV�� LQFUHDVHV�� FRUUHVSRQGLQJ� WREHWWHU�SRSXODWLRQV��7KH�PHDQLQJ�LV�WKDW��JRRG�SURSHUWLHV�RI� WKH�LQGLYLGXDOV�DUH�FDUULHG�WR� WKHIXUWKHU�JHQHUDWLRQV�E\�*$��DV�LQ�WKH�HYROXWLRQ�SURFHVV��)LJXUH���VXPPDUL]HV�WKH�ORJLF�RI�*$EDVLFDOO\�
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)LJXUH����)ORZFKDUW�RI�6LPSOH�*HQHWLF�$OJRULWKP
�����&RQFHSWXDO�)UDPHZRUN7KH�*$� VWDUWV� ZLWK� WKH� FRGLQJ� RI� WKH� SDUDPHWHUV� RI� WKH� RSWLPL]DWLRQ� SUREOHP� WR� WKHVWULQJV�� $OWKRXJK� WKH� UHDO� YDOXHV� RI� WKH� SDUDPHWHUV� FDQ� EH� XVHG� LQ� VWULQJV�� JHQHUDOO\� WKHSDUDPHWHUV� DUH� FRGHG� LQ� VWULQJV� RYHU� VRPH� XVHU�GHILQHG� DOSKDEHW� �RU� DOOHOHV��� 7KXV�� *$JHQHUDOO\�ZRUNV�ZLWK� WKH�FRGLQJ�RI� WKH�SDUDPHWHUV� LQVWHDG�RI� WKH�SDUDPHWHUV� WKHPVHOYHV�� ,QPRVW�RI�WKH�*$�DSSOLFDWLRQV��ELQDU\�FRGLQJ�RI��¶V�DQG��¶V�DUH�XVHG��EXW�DOVR�WKH�RWKHU�FRGLQJVWUXFWXUHV�OLNH�*UD\�FRGLQJ��VHTXHQFH�UHSUHVHQWDWLRQ�DQG�UHDO�YDOXH�FRGLQJ�LV�DSSOLFDEOH��6LQFHLW�LV�WKH�PRVW�FRQYHQLHQW�DQG�FRPPRQ�RQH��ELQDU\�FRGLQJ�LV�LOOXVWUDWHG�DQG�XVHG�KHUH�7KH� FRGLQJ� VFKHPH� PXVW� PDS� WKH� YDULDEOH� WR� D� YDOXH� EHWZHHQ� LWV� PD[LPXP� DQGPLQLPXP�UDQJH��,Q�D�VLQJOH�SDUDPHWHU�FRGLQJ�VWUXFWXUH��WKH�VWULQJ�ZLWK�DOO��¶V�VKRXOG�PDS�WRWKH�PLQLPXP� YDOXH� RI� WKH� YDULDEOH�� ZKLOH� WKH� VWULQJ� ZLWK� DOO� �¶V� VKRXOG� FRUUHVSRQG� WR� WKHPD[LPXP�YDOXH�RI� WKH�YDULDEOH��7KH�RWKHU�YDOXHV� DUH�PDSSHG� OLQHDUO\� LQ�EHWZHHQ� WKHP��7RLOOXVWUDWH� D� W\SLFDO� FRGLQJ�� FRQVLGHU� DQ� RSWLPL]DWLRQ� SUREOHP�ZLWK� RQH� GHFLVLRQ� YDULDEOH� [�ZKLFK�UDQJHV�EHWZHHQ���DQG����/HW�WKH�SDUDPHWHU��GHVLJQHG�OHQJWK�YDOXH��EH�FRGHG�LQ�D�WZR�ELW�LQWHJHU��,Q�WKLV�FRGLQJ��WKH�VWULQJ�³��´�UHSUHVHQWV�WKH�UHDO�YDOXH����ZKLOH�³��´�FRUUHVSRQGVWR����6LPLODUO\�³��´�UHSUHVHQWV����DQG�³��´�FRUUHVSRQGV�WR���$� PXOWL�SDUDPHWHU� FRGLQJ� FDQ� EH� FRQVWUXFWHG� E\� FRQFDWHQDWLQJ� VHYHUDO� SDUDPHWHUVFRGLQJ� LQ� D� VLQJOH� VWULQJ�� &RQVLGHU� D� FDVH� ZLWK� WZR� YDULDEOHV� KDYLQJ� WKH� IROORZLQJ� ELQDU\UHSUHVHQWDWLRQ�

6WDUW�ZLWK�DQLQLWLDO�SRSXODWLRQ*HQHUDWLRQ� ��
:KLOH�WKHVWRSSLQJ�FULWHULDQRW�PHW

6HOHFWLQGLYLGXDOV�IURPSRSXODWLRQ
$SSO\�JHQHWLFRSHUDWRUV�WRLQGLYLGXDOV
&DOFXODWH�ILWQHVVRI�QHZLQGLYLGXDOV

5HSODFH�WKH�ROGLQGLYLGXDOV�ZLWKQHZ�RQHV
6HW*HQHUDWLRQ� *HQHUDWLRQ���



��

9DULDEOH�������� 6WULQJ
9DULDEOH�������� ��������

7KHQ� WKH� VWULQJ� LV�GHYHORSHG�E\� WKH� FRQFDWHQDWLRQ�RI�HDFK�YDULDEOH� VWULQJV�� UHVXOWLQJ� DHLJKW�OHQJWK�VWULQJ�������������ZKHUH�ILUVW�IRXU�HQWULHV�UHSUHVHQW�WKH�ILUVW�YDULDEOH��ZKLOH� WKHODVW�IRXU�EHORQJ�WR�WKH�VHFRQG�,Q�*$¶V�WHUPLQRORJ\��HDFK�VWULQJ�DORQJ�ZLWK�LWV�GHFRGHG�YDOXH�LV�DQ�LQGLYLGXDO��DQG�WKHHQWLW\� �� RU� �� LQ� WKH� VWULQJ� LV� DQ� DOOHOH�� $� FROOHFWLRQ� RI� VXFK� LQGLYLGXDOV� LQ� D� XVHU�GHILQHGVROXWLRQ� VSDFH� LV� FDOOHG� D� SRSXODWLRQ�� $� JHQHUDWLRQ LV� WKH� GLVFUHWH� WLPH� VWHS� UHTXLUHG� WRFRPSOHWH�FUHDWLRQ�RI�D�QHZ�SRSXODWLRQ��LQFOXGLQJ�WKH�VWULQJ�SURFHVVLQJ�DQG�ILWQHVV�FDOFXODWLRQ�,Q�QDWXUH��SRSXODWLRQV�HYROYH�E\�VHOHFWLYH�SUHVVXUHV��PDWLQJ�DPRQJ�WKH�LQGLYLGXDOV��DQGVRPH� RFFDVLRQDO� HYHQWV� WKDW� DOWHU� WKH� JHQHWLF� VWUXFWXUH�� VXFK� DV�PXWDWLRQ�� ,Q� *$¶V�� VLPLODUHIIHFWV� DUH� VLPXODWHG� E\� VSHFLILF� RSHUDWRUV�� DQG� QHZ� SRSXODWLRQ� LV� FUHDWHG� IURP� WKH� ROGSRSXODWLRQ� E\� UHFRPELQDWLRQ�� GXSOLFDWLRQ� DQG� WKH� FKDQJLQJ� RI� VWULQJV�RI� WKH� LQGLYLGXDOV�� ,QPDQ\�*$�DSSOLFDWLRQV�WKHUH�DUH�WKUHH�EDVLF�RSHUDWRUV�XVHG�
x 5HSURGXFWLRQx &URVVRYHUx 0XWDWLRQ

5HSURGXFWLRQ��RU�VHOHFWLRQ��LV�QRUPDOO\�WKH�ILUVW�RSHUDWLRQ�HPSOR\HG�RQ�D�SRSXODWLRQ��,WLV�WKH�VHOHFWLRQ�SURFHGXUH�E\�ZKLFK�KLJKO\�SURGXFWLYH�LQGLYLGXDOV�OLYH�DQG�UHSURGXFH��DQG�OHVVSURGXFWLYH� RQHV� GLH�� ZKHUH� WKH� SURGXFWLYLW\� RI� DQ� LQGLYLGXDO� LV� GHILQHG� DV� WKH� LQGLYLGXDO¶VILWQHVV��7KH�VHOHFWHG�LQGLYLGXDOV�DUH� WKH�YROXQWHHUV�IRU� WKH�SDUHQWV�RI� WKH�QH[W�JHQHUDWLRQ��RUWKH\�PD\�EH�FRSLHG�WR�WKH�QH[W�JHQHUDWLRQ�GLUHFWO\��,Q�HDFK�FDVH��WKH\�KDYH�WKH�DELOLW\�WR�FDUU\WKHLU�JRRG�SURSHUWLHV�WR�WKH�QH[W�JHQHUDWLRQ�5HSURGXFWLRQ� VHOHFWV� LQGLYLGXDOV� EDVHG� RQ� WKHLU� ILWQHVV� YDOXHV� UHODWLYH� WR� WKDW� RI� WKHSRSXODWLRQ��$OWKRXJK� YDULRXV� VHOHFWLRQ� VFKHPHV� KDYH� EHHQ� SURSRVHG� DQG� LPSOHPHQWHG�� WKHPRVW�FRPPRQ�VHOHFWLRQ�SURFHGXUH�NQRZQ�LV�WKH�5RXOHWWH�:KHHO VHOHFWLRQ�,Q�5RXOHWWH�:KHHO�VHOHFWLRQ��WKH�LQGLYLGXDO�L�FDQ�EH�VHOHFWHG�ZLWK�D�SUREDELOLW\� IL ��6 ILZKHUH� IL GHQRWHV� WKH� ILWQHVV� YDOXH� RI� LWK LQGLYLGXDO�� DQG� VXPPDWLRQ� LV� WDNHQ� RYHU� DOO� WKH
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LQGLYLGXDOV�LQ�WKH�SRSXODWLRQ��,Q�WKLV�ZD\��PRUH�KLJKO\�ILW�VWULQJV�KDYH�D�KLJKHU�SUREDELOLW\�RIVHOHFWLRQ�� 2EYLRXVO\�� WR� DSSO\� WKLV� W\SH� RI� UHSURGXFWLRQ�� WKH� ILWQHVV� YDOXHV� VKRXOG� EH� QRQ�QHJDWLYH�)LWQHVV� YDOXH� LV� XVXDOO\� WKH� REMHFWLYH� IXQFWLRQ� YDOXH� RI� WKH� RSWLPL]DWLRQ SUREOHPV�+RZHYHU��WKHUH�DUH�VRPH�VLWXDWLRQV�WKDW�WKH�QDwYH�FKRLFH�RI�REMHFWLYH�YDOXH�EHFRPHV�XQXVDEOHRU� LQDGHTXDWH�� $� SKHQRPHQRQ� WKDW� LV� RIWHQ� REVHUYHG� LV�� DV� WKH� DOJRULWKP� SURFHHGV� WKHSRSXODWLRQ�FRQYHUJHV�WR�VHW�RI�VLPLODU�VROXWLRQV�LQ�WHUPV�RI�REMHFWLYH�YDOXHV��ZKHUH�LW�LV�YHU\KDUG�WR�GLVFULPLQDWH�WKH�EHWWHU�VROXWLRQV�DPRQJ�WKH�SRSXODWLRQ��$QRWKHU�WULYLDO�VLWXDWLRQ�LV�WKHSUHVHQFH�RI�QHJDWLYH�ILWQHVV�YDOXHV��7R�DSSO\�URXOHWWH�ZKHHO�VHOHFWLRQ��QHJDWLYH�ILWQHVV�YDOXHVVKRXOG� EH� DYRLGHG�� ,Q� ERWK� FDVHV� ILWQHVV� VFDOLQJ LV� XVHG��7KHUH� DUH� VHYHUDO� W\SHV�RI� VFDOLQJPHFKDQLVPV� LQ� WKH� OLWHUDWXUH� OLNH� OLQHDU� VFDOLQJ�� VLJPD� WUXQFDWLRQ� DQG� SRZHU� ODZ� VFDOLQJ�*ROGEHUJ��������WR�KDQGOH�WKHVH�SUREOHPV��7KH�PDLQ�DVSHFW�RI�WKHVH�VFDOLQJ�DOJRULWKPV�LV�WRFRQYHUW� WKH� QDwYH� ILWQHVV� YDOXH� WR� D� GHVLUHG� PDQQHU�� ZKLFK� JDWKHUV� WKH� DYDLODELOLW\� RIGLVFULPLQDWLRQ�DQG�DSSOLFDWLRQ�RI�VHOHFWLRQ�SURFHGXUHV�6LQFH� VHOHFWLRQ� LV� D� VWRFKDVWLF� SURFHVV�� WKHUH� LV� QR� JXDUDQWHH� WKDW� WKH� EHVW� LQGLYLGXDO�RQH� ZLWK� WKH� PD[LPXP� ILWQHVV� YDOXH�� ZLOO� VXUYLYH� LQWR� WKH� QH[W� JHQHUDWLRQ�� 2QH� ZD\� RIGHDOLQJ�VXFK�D�VLWXDWLRQ�LV�HOLWLVP��LQ�ZKLFK�WKH�EHVW�RQH�RU�PRUH�PHPEHUV�RI�WKH�SRSXODWLRQ�LVGLUHFWO\�FRSLHG�WR�WKH�QH[W�JHQHUDWLRQ�7KH�VHFRQG�RSHUDWLRQ��FURVVRYHU�SURFHHGV�LQ�WZR�VWHSV��)LUVW��WZR�LQGLYLGXDOV�DUH�SLFNHGDW� UDQGRP� IURP� WKH� PDWLQJ� SRRO� JHQHUDWHG� E\� WKH� UHSURGXFWLRQ� RSHUDWRU� DV� WKH� SRWHQWLDOSDUHQWV��7KHQ�WKH�H[FKDQJH�RI�JHQHWLF�PDWHULDO��DOOHOHV��RFFXUV�EHWZHHQ�WKH�LQGLYLGXDOV�ZLWKSUREDELOLW\�SF��7KH�XQFURVVHG�SDUHQWV�DUH�GLUHFWO\�FRSLHG�WR�WKH�QH[W�JHQHUDWLRQ�7KH�H[FKDQJH�RSHUDWLRQ�KDV�YDULRXV�W\SHV�GHSHQGLQJ�RQ�WKH�W\SH�RI�WKH�FURVVRYHU�XVHG�,Q�WKH�OLWHUDWXUH�� WKHUH�DUH�RQH�SRLQW��PXOWLSOH�SRLQW��XQLIRUP�� OLQHDU�RUGHU��SDUWLDOO\�PDWFKHGDQG�F\FOH�FURVVRYHU�W\SHV��ZKLFK�DUH�DSSOLFDEOH�WR�YDULRXV�W\SH�RI�SUREOHPV��5HHYHV��������7KH� VLPSOH� RQH�SRLQW� FURVVRYHU� LV� WKH�PRVW� FRPPRQ� RSHUDWRU� XVHG�� VR� LW�ZLOO� EH� SUHVHQWHGKHUH� 1H[W�� D�FURVV� VLWH� LV� VHOHFWHG�DW� UDQGRP�RYHU� WKH� VWULQJ� OHQJWK�� DQG� WKH� DOOHOHV�RQ�RQHVLGH�RI� WKH�VLWH�DUH�H[FKDQJHG�EHWZHHQ�WKH�LQGLYLGXDOV��)RU�H[DPSOH��FRQVLGHU� WKH� IROORZLQJELQDU\�SDUHQWV�ZLWK�WKH�FURVV�VLWH�DV�VKRZQ�
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3DUHQW��� �������
3DUHQW��� �������([FKDQJLQJ� WKH�ELWV� WR� WKH� OHIW� RI� WKH� FURVV� VLWH�� WZR� QHZ� LQGLYLGXDOV� DUH� FUHDWHG� IROORZLQJFURVVRYHU� &KLOG��������������
&KLOG��������������7KHVH� EHFRPH� PHPEHUV� RI� WKH� QHZ� SRSXODWLRQ�� 7KLV� SURFHVV� FRQWLQXHV� XQWLO� WKHSRSXODWLRQ�LV�ILOOHG�ZLWK�QHZ�LQGLYLGXDOV��7KXV��WKH�FURVVRYHU�RSHUDWRU�FUHDWHV�QHZ�LQGLYLGXDOVE\�PL[LQJ�WKH�JHQHWLF�LQIRUPDWLRQ�RI�WKH�H[LWLQJ�LQGLYLGXDOV��&URVVRYHU�SOD\V�D�SULPDU\�UROHZLWK� WKH� UHSURGXFWLRQ�RSHUDWRU� LQ�*$��$IWHU� UHSURGXFWLRQ� HPSKDVL]HV� WKH� KLJKO\� ILW� VWULQJV�FURVVRYHU�UHFRPELQHV�WKHVH�VHOHFWHG�VWULQJV��WR�SURGXFH�EHWWHU�LQGLYLGXDOV��7KH\�DUH�WKH�PDLQRSHUDWRUV�� ZKLFK� DYRLG� WKH� LQKHULWDQFH� RI� WKH� JRRG� SURSHUWLHV� RI� LQGLYLGXDOV� WR� WKH� IXUWKHUJHQHUDWLRQV�0XWDWLRQ� LV� DQRWKHU� RSHUDWRU� XVHG� LQ�*$�� ,W� LV� WKH� RFFDVLRQDO� DOWHUDWLRQ� RI� DQ� DOOHOH¶VYDOXH� ZLWK� VRPH� VSHFLILHG� SUREDELOLW\� SP�� (YHQ� WRXJK� WKHUH� DUH� RWKHU� NLQGV� RI� PXWDWLRQVHHPHG�LQ�WKH�*$�OLWHUDWXUH��WKH�PRVW�FRPPRQ�XVHG�LV�WKH�ELW�PXWDWLRQ��,Q�ELW�PXWDWLRQ��HYHU\ELW�RI�WKH�VWULQJ�LV�PXWDWHG�ZLWK�SUREDELOLW\�SP��)RU�ELQDU\�FRGHG�VWULQJV��PXWDWLRQ�LV�GHILQHGDV�WKH�FRQYHUVLRQ�RI��¶V�WR����DQG�YLFH�YHUVD��)RU�H[DPSOH��FRQVLGHU�WKH�IROORZLQJ�VWULQJ�DQGPXWDWLRQ�VFKHPH� 6WULQJ���������7KHQ�DIWHU�PXWDWLRQ�RI��QG DQG��WK ELWV��WKH�VWULQJ�EHFRPHV�1HZ�6WULQJ��������0XWDWLRQ� LV� D� YHU\� LPSRUWDQW� RSHUDWRU� RI� WKH�*$�� VLQFH� LW� JDWKHUV� WKH� GLYHUVLW\� WR� WKHSRSXODWLRQ��$OVR� LW� LV�D�JXDUG� IRU�SUHPDWXUH�FRQYHUJHQFH�� WKDW� LV��PXWDWLRQ�KHOSV�*$�QRW� WRVWLFN�WR�ORFDO�RSWLPD�E\�WKH�GLYHUVLILFDWLRQ�LW�SURYLGHV��:LWKRXW�PXWDWLRQ�*$�PD\�FRQYHUJH�WRD� ORFDO� RSWLPD�� VLQFH� HYHU\� JHQHUDWLRQ� VLPLODU� VWULQJV� DUH� SURFHVVHG�� %XW� PXWDWLRQ� KDV� WKHDELOLW\� WR� GLUHFWO\� FKDQJH� WKH� SDUDPHWHU¶V� YDOXH�� FRQWULEXWLQJ� WR� D� FKDQJH� LQ� WKH� VHDUFKHGVSDFH�7KHUH� DUH� RWKHU� RSHUDWRUV� OLNH� LQYHUVLRQ� DQG� GRPLQDQFH� GHYHORSHG� LQ� *$� OLWHUDWXUH�5HHYHV���������EXW�WKH�EDVLF�DOJRULWKP�HVWDEOLVKHV�IURP�WKHVH�WKUHH�PDLQ�RSHUDWRUV��$IWHU�DOO
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WKH�RSHUDWRUV�DUH�DSSOLHG� WR� WKH�FXUUHQW�SRSXODWLRQ��ZH�KDYH�D�VHW�RI� LQGLYLGXDOV�RI� WKH�QHZSRSXODWLRQ��:LWK� WKH�FDOFXODWHG�ILWQHVV�YDOXHV�� WKHVH�QHZ�LQGLYLGXDOV�FRUUHVSRQG� WR� WKH�QH[WJHQHUDWLRQ�� *$� SURFHHGV� LWHUDWLYHO\� XQWLO� VRPH� WHUPLQDWLRQ� FRQGLWLRQ� LV� PHW�� 7KH� PRVWFRPPRQ�XVHG�VWRSSLQJ�FULWHULRQ�LV�WKH�PD[LPXP�JHQHUDWLRQ�QXPEHU��$IWHU�VRPH�SUHGHILQHGJHQHUDWLRQ� LV� UHDFKHG�� DOJRULWKP� LV� WHUPLQDWHG��$QRWKHU� DSSOLFDWLRQ� LV� WKDW�� WKH� DOJRULWKP� LVWHUPLQDWHG�LI�WKHUH�LV�QR�VLJQLILFDQW�LQFUHDVH�LQ�WKH�DYHUDJH�ILWQHVV�RU�WKH�PD[LPXP�ILWQHVV�RIWKH�SRSXODWLRQV�DPRQJ� ODVW� IHZ�JHQHUDWLRQV��$OVR� WKH�FRQYHUJHQFH�RI� WKH� DYHUDJH� ILWQHVV� WRWKH�PD[LPXP� ILWQHVV�RI� WKH�SRSXODWLRQ�ZLWK� D�SUHFLVLRQ� OHYHO� LV� DQRWKHU� VWRSSLQJ� FRQGLWLRQXVHG�LQ�WKH�OLWHUDWXUH�$W�WKH�HQG�RI�WKH�DOJRULWKP��EHVW�UHVXOW�IRXQG�VR�IDU�LV�WKH�VROXWLRQ�RI�WKH�RSWLPL]DWLRQSUREOHP�XQGHU�FRQVLGHUDWLRQ�
�����0DWKHPDWLFDO�%DFNJURXQG*$� LV� D� SRZHUIXO� VHDUFK� DOJRULWKP�� ZKLFK� WDNHV� LWV� EDVLF� SULQFLSOHV� IURP� WKH� QDWXUDOHYROXWLRQ� DQG�JHQHWLFV��%HVLGH� WKH� DOJRULWKP� LWVHOI�� VXEVWDQWLDO� DPRXQW� RI� HIIRUW� LV� VSHQW� RQXQGHUVWDQGLQJ�WKH�PDWKHPDWLFDO�XQGHUSLQQLQJV�EHKLQG�*$¶V��$�PRUH�ULJRURXV�XQGHUVWDQGLQJRI� WKH� RSHUDWRUV� PD\� EH� REWDLQHG� E\� FRQVLGHULQJ� WKH� SURFHVVLQJ� RI� VLPLODULWLHV� DPRQJ� WKHVWULQJV�� 7R� GHVFULEH� WKH� PDWKHPDWLFDO� LQWHUSUHWDWLRQ� RI� *$�� VRPH� WHUPLQRORJLHV� VKRXOG� EHGHILQHG��$�VFKHPD��VFKHPDWD��SOXUDO���DV�GHILQHG�E\�+ROODQG���������LV�D�VLPLODULW\� WHPSODWHGHVFULELQJ� D� VXEVHW� RI� VWULQJV� ZLWK� VLPLODULWLHV� DW� FHUWDLQ� VWULQJ� SRVLWLRQV�� &RQVLGHU� WKHIROORZLQJ�WZR�VWULQJV� 6WULQJ���������

6WULQJ���������7KHVH� WZR�VWULQJV�KDYH� VHYHUDO� VLPLODULW\� WHPSODWHV� LQ� FRPPRQ�� ,I�ZH�GHILQH� D�
� DV� D³ZLOG�FDUG´�WR�UHSUHVHQW�HLWKHU�D���RU�D����WKHQ�WKH�IROORZLQJ�DUH�IRXU�VFKHPDWD�
+���
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+� DQG�+� FRQWDLQ�ERWK� VWULQJV��ZKHUHDV�RQO\� ILUVW� VWULQJ� LV� FRQWDLQHG� LQ�+� DQG� WKH� VHFRQGVWULQJ�LQ�+���,Q�JHQHUDO��IRU�DOSKDEHWV�RI�FDUGLQDOLW\�N�DQG�OHQJWK�O��WKHUH�DUH��N���O VFKHPDWD�7ZR�WHUPV�XVHG�WR�GHVFULEH�D�VFKHPD�+�DUH LWV�RUGHU�R�+��DQG�LWV�GHILQLQJ�OHQJWK�G�+��7KH� RUGHU� LV� GHILQHG� DV� WKH� QXPEHU� RI� GHILQHG� SRVLWLRQV� �ZLWK� �¶V� DQG� �¶V�� LQ� +�� DQG� WKHGHILQLQJ�OHQJWK�LV�GHILQHG�DV�WKH�GLVWDQFH�EHWZHHQ�WKH�RXWHUPRVW�GHILQHG�SRVLWLRQV�LQ�+��,Q�WKHDERYH�H[DPSOH�
R�+��� ���R�+��� ���R�+��� ���R�+��� ��G�+��� ���±��� ���G�+��� ���±��  ��G�+��� ���±��� ���G�+��� ���±��  ��

:LWK� WKHVH� WHUPLQRORJLHV��+ROODQG�PDQDJHG� WR� GHULYH� D� ORZHU� ERXQG� RQ� WKH� H[SHFWHGQXPEHU�RI� D� VFKHPD�+� DW� JHQHUDWLRQ� W����ZKLFK� LV� FRPSXWHG� IURP� WKH� H[SHFWHG�QXPEHU�RIVFKHPD�RI�+�LQ�JHQHUDWLRQ�W��P�+�W���
P�+�W����t P�+�W��I�+��IDYJ >����SF G�+��O���±�SP R�+�@

ZKHUH� O� LV� WKH� VWULQJ� OHQJWK�� IDYJ LV� WKH� DYHUDJH�ILWQHVV�RI� WKH�SRSXODWLRQ�� SF LV� WKH� FURVVRYHUSUREDELOLW\��SP LV�WKH�PXWDWLRQ�SUREDELOLW\�DQG�I�+��LV�WKH�ILWQHVV�RI�WKH�VFKHPD�+��GHILQHG�DVWKH�UDWLR�RI�WRWDO�ILWQHVV�RI�DOO�VWULQJV�FRQWDLQHG�LQ�VFKHPD�+�WR�H[SHFWHG�QXPEHU�RI�VFKHPD�+�
I�+�� �6VLH+ I�VL����P�+�W�

$FFRUGLQJ�WR�WKLV�ERXQG�VKRUW��ORZ�RUGHU��DERYH�DYHUDJH�VFKHPDWD�UHFHLYH�H[SRQHQWLDOO\LQFUHDVLQJ�WULDOV�LQ�VXEVHTXHQW�JHQHUDWLRQV��7KLV�LV�NQRZQ�DV�WKH�IXQGDPHQWDO�WKHRUHP�RI�*$RU�VFKHPD�WKHRUHP��+LJKO\�ILW�VFKHPDWD�RI�VPDOO�GHILQLQJ�OHQJWK�DQG�RUGHU�KDYH�D�FUXFLDO�UROHLQ� WKH�PHFKDQLVP�RI�*$��6LQFH� DV� WKH� OHQJWK�RI� WKH� VFKHPDWD� GHFUHDVHV� WKH�SRVVLELOLW\� WKDWFURVVRYHU�FDQ�GLVWXUE�WKH�VFKHPDWD�GHFUHDVHV��$OVR�DV� WKH�RUGHU�GHFUHDVHV�� WKH�SRVVLELOLW\�RIGLVWXUEDQFH�RI�PXWDWLRQ�GHFUHDVHV��)RU�WKDW�UHDVRQ��WKHVH�VKRUW��ORZ�RUGHU�VFKHPDWD�DUH�FDOOHGIRU�EXLOGLQJ�EORFNV�



��

$QRWKHU�LPSRUWDQW�IHDWXUH�RI�*$�LV�VR�FDOOHG� LQWULQVLF�SDUDOOHOLVP��+ROODQG�SRVWXODWHGWKDW��DOWKRXJK�WKHUH�DUH�Q�VWUXFWXUHV�LQ�HDFK�JHQHUDWLRQ�SURFHVVHG�LQ�*$��DW�HDFK�JHQHUDWLRQ�Q�QXPEHU�RI�VFKHPDWD� LV�SURFHVVHG�� LQ�RWKHU�ZRUGV� WKH�HIIHFWLYH�VFKHPDWD� SURFHVVHG� LV�RI� WKHRUGHU�2�Q����7KLV� LV� WKH� EDVLF� SULQFLSOH�ZKHUH� WKH� SRZHU� RI�*$� FRPHV� IURP��$OWKRXJK� WKHFRPSXWDWLRQDO� WLPH� WR� SURFHVV� WKH� SRSXODWLRQ� LV� SURSRUWLRQDO� WR� VDPSOH� VL]H� Q�� WKHUH� DUHDFWXDOO\�Q� VFKHPDWD�SURFHVVHG�LQ�SDUDOOHO�7R�VXP�XS��*$�VHHNV�QHDU�RSWLPDO�SHUIRUPDQFH�RSHUDWLQJ�RQ�EXLOGLQJ�EORFNV��DQG�WKHDOORFDWLRQ�RI�H[SRQHQWLDOO\� LQFUHDVLQJ�QXPEHU�RI�WULDOV� WR� WKHVH�EXLOGLQJ�EORFNV�LQ�SDUDOOHO� LVWKH� HVVHQFH� RI� JHQHWLF� VHDUFK�� ZKHUH� WKH� SRZHU� RI� *$� FRPHV� IURP�� $V� WKH� JHQHUDWLRQVSURJUHVV��WKH�WULDOV�EHFRPH�OHVV�UDQGRP�DV�WKH�QXPEHU�RI�GHVLUDEOH�VXE�VWULQJV�LQFUHDVHV�LQ�WKHSRSXODWLRQ�� %HFDXVH� RI� WKH�PXOWLSOLFLW\� RI� VROXWLRQV�� WKH� VHDUFK� SURFHHGV� LQ� SDUDOOHO� LQ� WKHQHLJKERUKRRGV�RI� WKH�JRRG�VROXWLRQV��ZKLFK�HQKDQFHV� WKH�DELOLW\�RI�*$� WR� UHDFK�RSWLPDO�RUQHDU�RSWLPDO�VROXWLRQV�



��

&+$37(5��
352326('�678'<

7KH�VWXG\�LV�DERXW�WKH�DQDO\VLV�RI�QXPHULFDO�SDUDPHWHUV�DIIHFWLQJ�*$�SHUIRUPDQFH��7KHVFRSH� RI� WKH� VWXG\� LV� WR� GHWHUPLQH� EHVW� FRPELQDWLRQ� RI� SDUDPHWHUV� IRU� *$� EDVHGVLPXODWLRQ�RSWLPL]DWLRQ�DSSOLFDWLRQ�DQG�GUDZ�VRPH�JHQHUDO�FRQFOXVLRQV�DERXW�WKH�SDUDPHWHUV�7KH�REMHFWLYH�RI�WKLV�WKHVLV�LV�JLYHQ�LQ�6HFWLRQ������6HFWLRQ�����GHILQHV�WKH�WHVW�SUREOHPDQG��6HFWLRQV�����DQG�����VXPPDUL]H�WKH�VLPXODWLRQ�DQG�JHQHWLF�DOJRULWKP�PRGHOV�SURSRVHG�UHVSHFWLYHO\��7KH�YDOLGDWLRQ�RI� WKH�SURSRVHG�PRGHOV� LV�SUHVHQWHG� LQ�6HFWLRQ������ DQG� ILQDOO\WKH�VWDWLVWLFDO�WRROV�XVHG�GXULQJ�WKH�DQDO\VLV�DUH�H[SODLQHG�LQ�6HFWLRQ�����
����6WXG\�2EMHFWLYH*HQHWLF�$OJRULWKPV��*$��DUH�YHU\�SRZHUIXO�VHDUFK�PHFKDQLVPV��ZRUNLQJ�RQ� WKH�EDVLFSULQFLSOHV�RI�QDWXUDO�VHOHFWLRQ�DQG�QDWXUDO�JHQHWLFV��7KH�SRZHU�DQG�VLPSOLFLW\�RI�*$�PDNH�LWSRSXODU�IRU�HYHQ�ODUJH�VFDOH�RSWLPL]DWLRQ�SUREOHPV��7KH�PDLQ�DGYDQWDJH�RI�*$�LV�WKDW�LW�GRHVQRW� UHTXLUH� QHLWKHU� PDWKHPDWLFDO� H[SUHVVLRQ� RI� UHVSRQVH� VXUIDFHV� QRU� DQ\� GHULYDWLYH� RUJUDGLHQW� LQIRUPDWLRQ�� $IWHU� +ROODQG� ������� KDV� SURSRVHG� *$� DV� D� VHDUFK� PHFKDQLVP�� DQGHVSHFLDOO\�IROORZLQJ�WKH�*ROGEHUJ
V��������ERRN�RQ�*$��PDQ\�DSSOLFDWLRQV�RI�*$�RQ�YDULRXVSUREOHP� W\SHV� DUH� FRQGXFWHG�� %HVLGH� WKH� FDVH� VWXGLHV�� D� ORW� RI� HIIRUW� KDV� VSHQW� RQ� WKHWKHRUHWLFDO�GHYHORSPHQW�RI�*$�XS�WR�QRZ�$OWKRXJK�*$�VHHPV�WR�EH�D UREXVW�DOJRULWKP��ZKLFK�FRQWDLQV� VDPH�RSHUDWRUV� DQG�KDVWKH� VDPH� DOJRULWKPLF� ORJLF� IRU� GLIIHUHQW� DSSOLFDWLRQV�� LQ� IDFW� WKH� DOJRULWKP� LWVHOI� LVVLJQLILFDQWO\� GLIIHUHQW� IRU� GLVWLQFW� SUREOHPV�� 7KH� PDLQ� UHDVRQ� LV� WKDW�� *$� KDV� VHYHUDOSDUDPHWHUV�� DQG� DQ\� FRPELQDWLRQ� RI� WKHVH� SDUDPHWHUV� KDV� XQSUHGLFWDEOH� LPSDFWV� RQ� WKHSHUIRUPDQFH� RQ� *$�� 7R� YLVXDOL]H� WKH� VLWXDWLRQ�� ZH� FDQ� FODVVLI\� WKH� SDUDPHWHUV� LQWR� WZRJURXSV��VWUXFWXUDO�SDUDPHWHUV�DQG�QXPHULFDO�SDUDPHWHUV��7KHVH�DUH�H[SODLQHG�LQ�WKH�IROORZLQJVHFWLRQV�
�������6WUXFWXUDO�3DUDPHWHUV6WUXFWXUDO� SDUDPHWHUV DUH� WKH� PDLQ� IDFWRUV� DIIHFWLQJ� WKH� *$� SHUIRUPDQFH�� DQG� WKHKDUGHVW� VHW� RI� SDUDPHWHUV� WR� EH� GHDOW� ZLWK� LQ� D� *$� DSSOLFDWLRQ�� $V� XQGHUVWRRG� IURP� LWV



��

FDWHJRULFDO�QDPH��WKH\�DUH�FRQFHUQHG�ZLWK�WKH�VWUXFWXUH�RI�*$��7KH�FKDQJH�LQ�DQ\�SDUDPHWHUYDOXH� UHTXLUHV� VLJQLILFDQW� DOWHUDWLRQV� LQ� WKH� FRGLQJ� SDWWHUQ� RI� *$¶V�� 7KH� FRGLQJ� VFKHPH�RSHUDWRU�W\SHV DQG�VWRSSLQJ�FULWHULRQ DUH�WKH�PDLQ�SDUDPHWHUV�LQFOXGHG�LQ�WKLV�JURXS�$V�VWDWHG�EHIRUH��*$�VWDUWV�ZLWK�WKH�FRGLQJ�RI�WKH�SUREOHP�WR�WKH�VWULQJV��DQG�GHFLVLRQPDNHU�VKRXOG�GHFLGH�ZKLFK�FRGLQJ�SDWWHUQ�LV�DSSURSULDWH�IRU�WKH�SUREOHP�XQGHU�FRQVLGHUDWLRQ�7KH� VDPH� DVSHFW� LV� UHOHYDQW� IRU� WKH� RSHUDWRU� VHOHFWLRQV�� $OWKRXJK� WKHUH� DUH� PDLQRSHUDWRUV�LQFOXGHG�LQ�HYHU\�*$�DSSOLFDWLRQ��VLQFH�DOO�RI�WKHP�KDYH�YDULRXV�W\SHV��LW�LV�D�KDUGWDVN� WR� VHOHFW� WKH� DSSURSULDWH� FRPELQDWLRQ�� 7KH� RSHUDWRUV� DUH� WKH�PDLQ� WRROV� SUHVHQWLQJ� WKHSRZHU�RI�*$�RQ�WKH�RSWLPL]DWLRQ�SUREOHP��7R�FDUU\�WKH�JRRG�SURSHUWLHV�RI�WKH�LQGLYLGXDOV�WRWKH�IXUWKHU�JHQHUDWLRQV��UHSURGXFWLRQ�DQG�FURVVRYHU�RSHUDWRUV�VKRXOG�EH�VHOHFWHG�FRQYHQLHQWO\�$OVR� WKH�FKRLFH�RI�PXWDWLRQ� W\SH�LV�HIIHFWLYH�RQ�*$�IRU�QRW�VWLFNLQJ�RQ� ORFDO�RSWLPXPV� �RUSUHYHQWLQJ� WKH� SUHPDWXUH� FRQYHUJHQFH��� 7KH� RWKHU� RSHUDWRUV� FDQ� EH� XVHG� LQ� *$� IRU� WKHSUREOHP�GHSHQGLQJ�RQ�WKH�GHFLVLRQ�PDNHU¶V�FKRLFH�$QRWKHU� LPSRUWDQW� VWUXFWXUDO� SDUDPHWHU� LV� VWRSSLQJ� FULWHULRQ�� 'LIIHUHQW� WHUPLQDWLRQFRQGLWLRQV�JHQHUDOO\�UHVXOW�GLIIHUHQW�SHUIRUPDQFH�RI�*$��$V�WKH�HYROXWLRQ�SURFHVV�UHTXLUHV�DORQJ�SHULRG�RI�WLPH��*$�KDV�WR�EH�SURFHVVHG�IRU�D�UHOHYDQW�GXUDWLRQ�� LQ�RUGHU� WR�SUHVHQW�DQGDSSO\�LWV�ORJLF�FRPLQJ�IURP�WKH�QDWXUDO�JHQHWLFV��7HUPLQDWLQJ�*$�HDUOLHU�GLVWXUEV� WKH�SRZHURI�WKH�DOJRULWKP��EXW�WKH�ORQJHU�UXQV�PD\�KDYH�WKH�LQHIILFLHQW�XVH�RI�&38�WLPH��7KXV��LW�LV�DQDUGXRXV�WDVN�WR�VHOHFW�WKH�EHVW�WHUPLQDWLRQ�FRQGLWLRQ�+RZHYHU��VLQFH�WKH�SXEOLFDWLRQ�RI�*ROGEHUJ��������DQG�'DYLV¶V��������ERRNV�RQ�*$��DQXPEHU�RI�DSSOLFDWLRQV�RI�*$�KDYH�REVHUYHG�RQ�YDULRXV�RSWLPL]DWLRQ�SUREOHPV��$V�D�UHVXOW��DKXJH� OLWHUDWXUH� KDV� EHHQ� GHYHORSHG� RQ� *$� DSSOLFDWLRQV�� SUHVHQWLQJ� ZKLFK� FRPELQDWLRQ� RIVWUXFWXUDO�SDUDPHWHUV� LV�DGHTXDWH� IRU�GLIIHUHQW� W\SHV�RI�SUREOHPV�� �7KXV�� WKH�SHUIRUPHUV�FDQILQG� WKH�QHFHVVDU\� LQVLJKW� UHTXLUHG� IRU� WKH� VHOHFWLRQ� RI� VWUXFWXUDO� SDUDPHWHUV� IURP� WKH� HDUO\H[SHULHQFHV�RI� RWKHUV��7R� JLYH� DQ� H[DPSOH�� LW� LV� NQRZQ� WKDW� WKH� VHTXHQFH� UHSUHVHQWDWLRQ� RIFRGLQJ�VFKHPHV�LV�EHWWHU�IRU�VFKHGXOLQJ�DQG�VHTXHQFLQJ�SUREOHPV�0RUHRYHU�� WKH� DSSOLFDELOLW\� RI� WKH� VWUXFWXUDO� SDUDPHWHUV� VHWV� D� FRQVWUDLQW� LQ� IURQW� RIGHFLVLRQ�PDNHU��DQG�IRUFHV�WR�HOLPLQDWH�VRPH�SDUDPHWHU�YDOXHV��)RU�LQVWDQFH��WKH�VLPSOH�RQH�SRLQW� FURVVRYHU� FDQQRW� EH� DSSOLHG� WR� WKH� SUREOHPV� KDYLQJ� VHTXHQFH� UHSUHVHQWDWLRQ�� EHFDXVHRQH�SRLQW�FURVVRYHU�LV�H[FKDQJH�RI�WKH�WDLOV�RI�VWULQJV�DIWHU�WKH�FURVV�SRLQW��7KLV�LV�LUUHOHYDQWIRU� VHTXHQFH� UHSUHVHQWDWLRQV�� VLQFH� WKH� WDLO� RI� WKH� VHFRQG� LQGLYLGXDO� DQG� KHDG� RI� WKH� ILUVW



��

LQGLYLGXDO�ERWK�PD\�FRQWDLQ�VDPH�YDULDEOHV�LQ�VHTXHQFH��$V�RQH�YDULDEOH�FDQQRW�EH�SUHVHQW�LQD�VLQJOH�VHTXHQFH��EDVLF�RQH�SRLQW�FURVVRYHU�LV�LQDSSOLFDEOH�IRU�WKLV�W\SH�RI�UHSUHVHQWDWLRQV�7R�VXP�XS��DOWKRXJK�WKH�VWUXFWXUDO�SDUDPHWHUV�DUH�FULWLFDO�IRU� WKH�HIIHFWLYH�XVH�RI�*$�WKH�WKHRUHWLFDO�VWXGLHV�FRQGXFWHG�XSRQ�WKH�VWUXFWXUDO�SDUDPHWHUV��JXLGH�WKH�DQDO\VW�LQ�VHOHFWLQJWKH�DSSURSULDWH�OHYHOV�RI�VWUXFWXUDO�SDUDPHWHUV�
�������1XPHULFDO�3DUDPHWHUV7KH�RWKHU�SDUDPHWHUV�RI�*$�FDQ�EH�FODVVLILHG�DV�WKH�QXPHULFDO�SDUDPHWHUV��(YHQ�WKRXJKWKH\� DUH� LQ� WKH� VHFRQG� SODFH� LQ� WHUPV� RI� WKH� HIIHFWLYHQHVV� RQ�*$� SHUIRUPDQFH�� HYHQ� XQGHUVDPH� VWUXFWXUDO� SDUDPHWHU� YDOXHV�� GLIIHUHQW� FRPELQDWLRQ� RI� QXPHULFDO� SDUDPHWHUV� DOWHUV�*$SHUIRUPDQFH�GUDVWLFDOO\��2QH�JRRG�WKLQJ�DERXW�WKHVH�SDUDPHWHUV�LV�WKDW��LW�LV�HDV\�WR�FRSH�ZLWKWKHP�� WKH\� FDQ�EH� FKDQJHG� LQ� WKH� DOJRULWKP�ZLWKRXW� DQ\� VLJQLILFDQW� HIIRUW� VSHQW� RQ� FRGLQJ�7KH� LQLWLDO� SRSXODWLRQ� W\SH�� SRSXODWLRQ� VL]H�� PD[LPXP JHQHUDWLRQ� QXPEHU�� FURVVRYHU DQGPXWDWLRQ�SUREDELOLWLHV DUH�WKH�PDLQ�IDFWRUV�FRQVLGHUHG�LQ�WKLV�FDWHJRU\�7KH�SRSXODWLRQ� VL]H� �Q�� RI� D� JHQHWLF� DOJRULWKP� LQIOXHQFHV� WKH� UDWH� RI� FRQYHUJHQFH� DQGQXPEHU�RI�VFKHPDWD�WKDW�ZLOO�EH�SURFHVVHG��6PDOO�SRSXODWLRQV�UXQ�WKH�ULVN�RI�XQGHU�FRYHULQJWKH� VROXWLRQ� VSDFH�� ZKLOH� ODUJH� SRSXODWLRQ� VL]H� LV� QRW� FRVW�HIIHFWLYH� LQ� WHUPV� RI� LWV� ODUJHFRPSXWDWLRQ� WLPH�� $W� HDFK� JHQHUDWLRQ� *$� VHDUFKHV� IRU� Q� LQGLYLGXDO� SRLQWV�� EXW� FORVHO\� Q�VFKHPDWD�� ,I�Q� LV�QRW� ODUJH�HQRXJK��*$�FDQQRW�VHDUFK� WKH�VROXWLRQ�VSDFH�DGHTXDWHO\��2Q� WKHFRQWUDU\��ODUJH�Q�ZLOO�UHTXLUH�D�KLJKHU�&38�WLPH��ZKLFK�LQYHUVHO\�LQIOXHQFHV�WKH�SHUIRUPDQFHRI�*$�LQ�WHUPV�RI�FRVW��$QRWKHU�GDQJHU�RI�VPDOO�Q�LV�WKH�KLJK�ULVN�RI�SUHPDWXUH�FRQYHUJHQFH�,I�VPDOO�SRSXODWLRQV�DUH�XVHG�� WKHUH�PD\�EH�VRPH�GRPLQDWLQJ� LQGLYLGXDOV��ZKLFK�DUH�DOZD\VVHOHFWHG�E\�WKH�UHSURGXFWLRQ�RSHUDWRU��WKXV��FRQYHUJHQFH�WR�D�ORFDO�RSWLPD�FDQ�RFFXU��EHFDXVHVHDUFK�PHFKDQLVP�JRHV�DURXQG�WKH�SDWWHUQV�RI�WKHVH�LQGLYLGXDOV��,I�\RX�KDYH�PRUH�LQGLYLGXDOV�WKH�SUREDELOLW\�RI�KDYLQJ�JRRG�LQGLYLGXDOV�IURP�GLIIHUHQW�SDUWV�RI�VROXWLRQ�VSDFH�LQFUHDVHV��VRSRVVLELOLW\�RI�SUHPDWXUH�FRQYHUJHQFH�ZLOO�GHFOLQH�$V� VWDWHG� DERYH�� VWRSSLQJ� FULWHULD� LV� D� YHU\� LPSRUWDQW� VWUXFWXUDO� SDUDPHWHU� RI� *$�*HQHUDOO\�VRPH�QXPEHU�RI�LWHUDWLRQV�LV�VSHFLILHG�SUHYLRXVO\��DQG�DOJRULWKP�SURFHHGV�XQWLO�WKLVQXPEHU�LV�UHDFKHG��7KLV�LV�WKH�PRVW�FRPPRQ�WHUPLQDWLRQ�FRQGLWLRQ�XVHG�LQ�*$�DSSOLFDWLRQV�2QFH� WKH� VWRSSLQJ� FULWHULRQ� LV� VHW� LQ� WKLV�PDQQHU�� WKH� VHOHFWLRQ� RI� WKH�PD[LPXP�JHQHUDWLRQQXPEHU� �P�� EHFRPHV� D� FRPSHWLWLYH� WDVN�� /LNH� WKH� SRSXODWLRQ� VL]H� �Q��� ODUJH� YDOXH� RI� PLQFUHDVHV� WKH� &38� WLPH� GUDVWLFDOO\�� ZKLOH� VPDOO� YDOXHV� KDYH� WKH� ULVN� RI� LPSURSHU� *$
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SHUIRUPDQFH��$V�WKH�HYROXWLRQ�SURFHVV�UHTXLUHV�D�ORQJ�SHULRG�RI�WLPH�LQ�QDWXUH��*$�DOVR�QHHGVVRPH� WLPH��JHQHUDWLRQV�� WR�SUHVHQW�KLV�SRZHU�FRPLQJ� IURP� WKH�QDWXUDO�JHQHWLFV��:KHQ�P� LVQRW�ODUJH�HQRXJK��*$�PD\�QRW�EH�DEOH�WR�KDYH�WKH�UHTXLUHG�WLPH�WR�VKRZ�LWV�DELOLW\��%XW�LQ�WKHRSSRVLWH�� ODUJH� P� JDWKHUV� WKH� DYDLODELOLW\� RI� VHDUFKLQJ� PRUH� LQGLYLGXDOV�� ZKLFK� JHQHUDOO\FRQGXFWV�WR�EHWWHU�SHUIRUPDQFH�LQ�EHVW�ILWQHVV�YDOXH�IRXQG��XQIRUWXQDWHO\��&38�WLPH�HODSVHGLQFUHDVHV� VHYHUHO\�� *HQHUDOO\� DIWHU� VRPH� JHQHUDWLRQV� &38� WLPH� VKRZV� DQ� H[SRQHQWLDOEHKDYLRU�DV�WKH�JHQHUDWLRQ�QXPEHU�LQFUHDVHV�7KH�SUREDELOLWLHV�RI�WKH�JHQHWLF�RSHUDWRUV�DUH�RWKHU�LQIOXHQWLDO�QXPHULF�SDUDPHWHU�RQ�*$SHUIRUPDQFH��$V�WKH�FURVVRYHU��PXWDWLRQ��SUREDELOLW\��SF �SP���LQFUHDVHV��REYLRXVO\�SRVVLELOLW\WR�FURVV��PXWDWH��LQFUHDVHV��/RZ�PXWDWLRQ�DQG�KLJK�FURVVRYHU�UDWHV�EULQJ�WKH�ULVN�RI�SUHPDWXUHFRQYHUJHQFH��ZKLOH�KLJK�PXWDWLRQ�DQG� ORZ�FURVVRYHU� UDWHV�GHFUHDVH� WKH�*$�SHUIRUPDQFH� LQWHUPV�RI�FDUU\LQJ�WKH�EHWWHU�VROXWLRQV�WR�IXWXUH�JHQHUDWLRQV�$IWHU�VHOHFWLQJ�WZR�JRRG�LQGLYLGXDOV�DV� WKH�SRWHQWLDO�SDUHQWV��SF GHWHUPLQHV�ZKHWKHU� WRH[FKDQJH� WKH� JHQHWLF� PDWHULDO� EHWZHHQ� WKH� LQGLYLGXDOV� RU� GLUHFWO\� FRS\� WKHP� WR� WKH� QH[WJHQHUDWLRQ��/RZ�YDOXHV�RI�SF DFWV�OLNH�'H-RQJ¶V�HOLWLVW�VWUDWHJ\���������ZKLFK�JXDUDQWHHV�WKHSUHVHQFH�RI�JRRG�LQGLYLGXDOV�LQ�WKH�QH[W�JHQHUDWLRQ��EXW�WKLV�WLPH�LQGLYLGXDOV�GR�QRW�KDYH�WKHRSSRUWXQLW\�WR�UHFRPELQH�WKHLU�JRRG�SDWWHUQV��ZKLFK�PD\�OHDG�WR�ORVV�RI�D�JRRG�FRPELQDWLRQ�+LJK� YDOXHV� RI� SF FRQGXFW� WR� PRUH� H[FKDQJH� RI� JHQHWLF� PDWHULDO� �VROXWLRQ� SDWWHUQ� LQRSWLPL]DWLRQ�OLWHUDWXUH���EXW�PD\�OHDG�WKH�DEVHQFH�RI�D�JRRG�SDWWHUQ�LQ�IROORZLQJ�JHQHUDWLRQV�VLQFH�FURVVRYHU�GLUHFWO\�FUDVKHV�WKH�VFKHPDWD�/RZ�YDOXHV�RI�SP��EULQJV� WKH� ULVN� RI�SUHPDWXUH� FRQYHUJHQFH��0XWDWLRQ�RSHUDWRU� LV� WKHJXDUG�IRU�ORFDO�RSWLPXPV��VLQFH�LW�JDWKHUV�WKH�GLYHUVLW\�WR�WKH�VHDUFK�VSDFH��,I�PXWDWLRQ�RFFXUVUDUHO\��DIWHU� VRPH� WUDQVLHQW� JHQHUDWLRQV�� VLPLODU� LQGLYLGXDOV� FRXOG�GRPLQDWH� WKH�SRSXODWLRQV�DQG�VDPH�SDWWHUQV�DUH�FDUULHG�WR�WKH�JHQHUDWLRQV�� ,Q�RWKHU�ZRUGV��VHDUFK�PD\�RFFXU�DURXQG�DORFDO�RSWLPD��+LJK�YDOXHV�RI�SP GDPDJH�WKH�DOJRULWKP¶V�SDWWHUQ��VLQFH�RQFH�D�JRRG�VFKHPD�LVREWDLQHG��PXWDWLRQ�FDQ�DOWHU�WKH�ELWV�RI�WKLV�VFKHPD��PHDQLQJ�WKH�GHVWUXFWLRQ�RI�WKDW�VFKHPD�7KXV�� WKH�SUREDELOLW\� RI� FDUU\LQJ� WKH� JRRG� SDWWHUQV� RI� JRRG� LQGLYLGXDOV�ZLOO� GHFUHDVH� DV� SPLQFUHDVHV�,QLWLDO� SRSXODWLRQ� W\SH� FDQ� EH� FRQVLGHUHG� DV� WKH� QXPHULFDO� SDUDPHWHU� RI� *$�� VLQFH� LWGRHV�QRW�KDYH�DQ\�LQIOXHQFH�RQ�VWUXFWXUH�RI�WKH�DOJRULWKP��*$�VWDUWV�ZLWK�DQ�LQLWLDO�SRSXODWLRQDQG�SURFHHGV�XQWLO�D�WHUPLQDWLRQ�FRQGLWLRQ�LV�PHW��*HQHUDOO\�UDQGRP�SRSXODWLRQV�DUH�XVHG�DVWKH�VWDUWLQJ�SRLQWV��%XW� WKHUH�DUH�VRPH�HPSLULFDO�VWXGLHV� LQ� WKH�*$�OLWHUDWXUH��SUHVHQWLQJ� WKH
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HIIHFWLYHQHVV�RI�VWDUWLQJ�ZLWK�D�JRRG�SRSXODWLRQ�FRPSDUHG�ZLWK�D�UDQGRP�RQH��5HHYHV��������7KH�LQLWLDO�SRSXODWLRQ�FDQ�EH�FRQVWUXFWHG�IURP�WKH�UHVXOWV�RI�VRPH�SUHOLPLQDU\�VHDUFK�KHXULVWLFOLNH� UDQGRP� VHDUFK�� SDWWHUQ� VHDUFK� HWF�� 6HHGLQJ� *$� ZLWK� JRRG� LQGLYLGXDOV� VSHHGV� XS� WKHFRQYHUJHQFH� WR� EHWWHU� VROXWLRQV�� EXW� VHHGHG� LQLWLDO� SRSXODWLRQ� UDLVHV� WKH� ULVN� RI� SUHPDWXUHFRQYHUJHQFH��%\�VHHGLQJ� WKH�DOJRULWKP��*$� LV� IRUFHG� WR� VWDUW� WKH� VHDUFK�DURXQG� VRPH� JRRGSRLQWV� �PD\� EH� ORFDO� RSWLPXPV��� ,I� KLJK� GRPLQDWLRQ� RI� WKHVH� SRLQWV� DPRQJ� WKH� SRSXODWLRQRFFXU��*$�PD\�FRQYHUJH�WR�D�ORFDO�RSWLPD��WKDW�LV�SUHPDWXUH�FRQYHUJHQFH�PD\�RFFXU�)URP�WKHVH�H[SODQDWLRQV�� LW� LV�FOHDU� WKDW�HYHQ�XQGHU�VDPH�VWUXFWXUDO�SDUDPHWHU�VHWWLQJV�WKH� GLIIHUHQW� FRPELQDWLRQV� RI� QXPHULFDO� SDUDPHWHUV� PD\� OHDG� WR� GUDVWLF� FKDQJHV� LQ� *$¶VSHUIRUPDQFH��7KXV�� ILQGLQJ� WKH�EHVW�QXPHULFDO�SDUDPHWHU�VHWWLQJ� IRU�*$�LV�D�YDOXDEOH� UHVXOWIRU�*$� OLWHUDWXUH��7KURXJKRXW� WKLV� VWXG\�� WKH� QXPHULFDO� SDUDPHWHUV� RI�*$� DUH� LQYHVWLJDWHG�DQG�WKH�EHVW�FRPELQDWLRQ�RI�WKHP�LV�IRXQG�IRU�WKH�WHVW�SUREOHPV��DQG�WKH�HIIHFWV�RI�WKHP�XQGHUGLIIHUHQW�SUREOHP�VHWWLQJV�LV�DQDO\]HG�E\�WKH�XVH�RI�H[SHULPHQWDO�GHVLJQV�7KH�SDUDPHWHUV�XQGHU�FRQVLGHUDWLRQ�DUH��� ,QLWLDO�3RSXODWLRQ�7\SH�� 3RSXODWLRQ�6L]H�� 0D[LPXP�1XPEHU�2I�,WHUDWLRQV�� &URVVRYHU�3UREDELOLW\�� 0XWDWLRQ�3UREDELOLW\
$�WHVW�SUREOHP�LV�WDNHQ�IRU�*$�DSSOLFDWLRQ��DQG�VLJQLILFDQFH�RI�GLIIHUHQW�YDOXHV�RI�WKHVHSDUDPHWHUV� RQ� *$� SHUIRUPDQFH� LV� DQDO\VHG� E\� WKH� KHOS� RI� IDFWRULDO� GHVLJQV� DQG� $129$�$QDO\VLV�RI�9DULDQFH���7KH�PDLQ�DVSHFW�RI�WKLV�VWXG\� LV�QRW�WR�VWDWH�WKH�EHVW�FRPELQDWLRQ�RISDUDPHWHU�YDOXHV�RQ�WKLV�VSHFLILF�SUREOHP��EXW�UDWKHU� WR�PDNH�JHQHUDO FRQFOXVLRQV�DERXW� WKHHIIHFWV�RI�WKHVH�SDUDPHWHUV�7ZR�W\SHV�RI�SHUIRUPDQFH�PHDVXUH�DUH�FRQVLGHUHG�WKURXJKRXW�WKH�DQDO\VLV�x %HVW�ILWQHVV�YDOXH�REWDLQHGx &38�7LPH�HODSVHG*HQHUDOO\�*$�SHUIRUPDQFH� LV�PHDVXUHG� LQ� WHUPV�RI� WKH�EHVW�SRLQW� LW� ILQGV��%XW� IRU�XV�WKLV�LV�D�YHU\�QDwYH�FKRLFH��EHFDXVH�D�JRRG�*$�LPSOHPHQWDWLRQ�VKRXOG�KDYH�WKH�DELOLW\�WR�ILQGWKH�PD[LPXP�HIILFLHQW�SRLQW�LQ�D�PLQLPXP�WLPH��6R�QRW�RQO\�WKH�REMHFWLYH�YDOXH�RI�WKH�EHVWSRLQW� IRXQG�� EXW� DOVR� WKH� &38� WLPH� HODSVHG� VKRXOG� EH� FRQVLGHUHG� ZKLOH� PHDVXULQJ� WKH
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SHUIRUPDQFH�RI�*$��%HFDXVH� LW� LV� WULYLDO� WKDW� ODUJH�SRSXODWLRQV�DQG�PRUH� LWHUDWLRQV� LQFUHDVHWKH�VHDUFK�VSDFH��VR�UDLVH� WKH�SRVVLELOLW\�RI�ILQGLQJ�EHWWHU�VROXWLRQV��EXW�&38�WLPH�JHQHUDOO\VKRZV� H[SRQHQWLDO� EHKDYLRU�ZLWK� UHVSHFW� WR� JHQHUDWLRQ� QXPEHU� DIWHU� VRPH� LQLWLDO� LWHUDWLRQV�ZKLFK�LV�YHU\�FRVW�LQHIIHFWLYH��7KH�DQDO\VLV�KDV�WKH�REMHFWLYH�RI�PD[LPL]LQJ�WKH�ILWQHVV�YDOXHDQG�PLQLPL]LQJ�WKH�&38�WLPH�WRJHWKHU�,Q�WKH�ILUVW�SDUW�RI�WKH�VWXG\��WKH�HIIHFWV�RI�WKHVH�SDUDPHWHUV�RQ�DQ�RSWLPL]DWLRQ�SUREOHPDUH� DQDO\]HG�� WKHQ� LQ� WKH� VHFRQG� SKDVH� WKH� EHKDYLRU� WKH\� SUHVHQW� XQGHU� GLIIHUHQW� REMHFWLYHIXQFWLRQ�SDUDPHWHUV�LV�LQYHVWLJDWHG��)LQDOO\�WKH�SHUIRUPDQFH�RI�WKH�SDUDPHWHU�VHWWLQJV�LV�WHVWHGXQGHU� GLIIHUHQW� VROXWLRQ� VSDFH� RI� WKH� VDPH� SUREOHP�� E\� DGGLQJ� OLQHDU� FRQVWUDLQWV� WR� WKHRSWLPL]DWLRQ�SUREOHP�
�����7HVW�3UREOHP7KH�SUREOHP�LV�WDNHQ�IURP�WKH������:6&�3URFHHGLQJV�RI�/DZ�DQG�0F&RPDV��/DZ�DQG0F&RPDV���������7KH�UHDVRQV�IRU�VHOHFWLQJ�WKLV�SUREOHP�FDQ�EH�VXPPDUL]HG�DV�WKH�IROORZLQJIRXU�SRLQWV�)LUVW�RI�DOO��WKH�VWXG\��ZKHUH�WKH�SUREOHP�LV�WDNHQ��LV�DERXW�WKH�VLPXODWLRQ�RSWLPL]DWLRQDSSOLFDWLRQV�� 7KLV� VWXG\� LV� FRQGXFWHG� WR� FRPSDUH� RSWLPL]DWLRQ� SDFNDJHV� RI� GLIIHUHQWVLPXODWLRQ�VRIWZDUH�FRPSDQLHV��6LQFH�*$�LV�GLUHFWO\�XVHG�LQ�RQH�RI�WKH�VLP�RSW�SDFNDJHV��ZHDUH�FHUWDLQ�DERXW�WKH�DSSOLFDELOLW\�RI�*$�WR�WKH�SUREOHP�$QRWKHU�UHDVRQ�LV�WKDW��QXPHULFDO�UHVXOWV�RI�WKH�VLPXODWLRQ�PRGHO�DUH�DYDLODEOH��KHQFH�ZHKDYH� WKH� RSSRUWXQLW\� WR� YDOLGDWH� RXU�*$� EDVHG� VLPXODWLRQ�RSWLPL]DWLRQ�PRGHO� DJDLQVW� WKHLUUHVXOWV�$OVR� WKH�SUREOHP� UHSUHVHQWV� D� UHDOLVWLF�PDQXIDFWXULQJ� SUREOHP��7KH� V\VWHP�LV� D�EDVLFDVVHPEO\�OLQH�ZLWK�YHU\�UHDOLVWLF�FRVW�SDUDPHWHUV��ZKLFK�FDQ�KDYH�D�GLUHFW�DSSOLFDWLRQ�LQ�UHDO�OLIH� )LQDOO\��WKH�V\VWHP�LV�D�EDVLF�RQH��DQG�HDV\�WR�KDQGOH�LQ�ERWK�VLPXODWLRQ�PRGHOLQJ�DQG*$�DSSOLFDWLRQ��7R�VRPH�H[WHQW��ZH�KDYH� WKH�FRQWURO�RYHU� WKH�V\VWHP��DQG�FDQ�GLVFULPLQDWHWKH�JRRG�VROXWLRQV��ZKLFK�LV�YHU\�EHQHILFLDO�LQ�WHVWLQJ�WKH�*$�SHUIRUPDQFH��$OVR�E\�LQWXLWLRQZH�FDQ�SUHGLFW�WKH�UHVXOWV�ZKHQ�ZH�PDNH�VRPH�PRGLILFDWLRQV�WR�WKH�SUREOHP�RU�WKH�DOJRULWKPLWVHOI�
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7KH� V\VWHP� XQGHU� FRQVLGHUDWLRQ� LV� D� PDQXIDFWXULQJ� V\VWHP� FRQVLVWLQJ� RI� IRXUZRUNVWDWLRQV�DQG�WKUHH�EXIIHUV��ZKLFK�DUH�ORFDWHG�EHWZHHQ�WKH�VWDWLRQV�VWDUWLQJ�IURP�WKH�ILUVWVWDWLRQ��)LJXUH����

)LJXUH����7KH�VHULDO�DVVHPEO\�OLQH�PRGHOHG�LQ�WHVW�SUREOHP��/DZ�HW�DO��������
7KHUH�LV�DQ�LQILQLWH�VXSSO\�RI�SDUWV�EHIRUH�WKH�ILUVW�ZRUNVWDWLRQ��L�H��ZKHQHYHU�LW�LV�LGOH��LWSXOOV�D�QHZ�SDUW�LPPHGLDWHO\��$�PDFKLQH�FDQQRW�GLVFKDUJH�D�SDUW�LI�WKH�VXFFHHGLQJ�EXIIHU�LVIXOO�� $W� WKH� HQG� RI� WKH� IRXUWK� ZRUNVWDWLRQ�� WKHUH� LV� QR� EXIIHU� ORFDWHG�� VR� WKDW� HDFK� SDUWGLVFKDUJLQJ�IURP�WKH�ZRUNVWDWLRQ�LPPHGLDWHO\� OHDYHV�WKH�V\VWHP��7KH�SURFHVVLQJ�WLPHV�KDYHDQ�H[SRQHQWLDO�GLVWULEXWLRQ�ZLWK�D�PHDQ�JLYHQ�LQ�7DEOH���

7DEOH����3URFHVVLQJ�7LPHV�RI�0DFKLQHV�LQ�:RUNVWDWLRQV:RUN�6WDWLRQ 0HDQ�3URFHVVLQJ�7LPH�IRU�D�PDFKLQH��KRXUV�� �������� �������� �������� �������
/HW�0L  �1XPEHU�RI�PDFKLQHV�LQ�ZRUN�VWDWLRQ�L����L� ���������DQG%L  �1XPEHU�RI�EXIIHU�SRVLWLRQV�LQ�EXIIHU�WKDW�LV�ORFDWHG�DW�WKH�HQG�RI�VWDWLRQ�L���L� �������(YHU\�PDFKLQH�KDV�D�WRWDO�RSHUDWLQJ�FRVW�RI�������XQLWV��DQG�HYHU\�EXIIHU�SRVLWLRQ�KDV�DWRWDO�RSHUDWLQJ� FRVW� RI������XQLWV��%HVLGHV�� HYHU\� WKURXJKSXW�KDV� D�SURILW� RI� ����XQLWV��7KHREMHFWLYH�RI�WKH�SUREOHP�LV�ILQGLQJ�WKH�RSWLPDO�FRPELQDWLRQ�RI�QXPEHU�RI�PDFKLQHV�DQG�EXIIHUSRVLWLRQV�WKDW�PD[LPL]HV�WKH�SURILW�RI�WKH�V\VWHP�
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,I� ZH� GHILQH� WKH� REMHFWLYH� IXQFWLRQ� UDQGRP� YDULDEOH� I�� WKHQ� WKH� V\VWHP� LQ� )LJXUH� �FRUUHVSRQGV�WR�I�����������������0�� ����0�� ����0�� ����0�� ����%�� ����%�� ����%�� ���ZLWK�DQ�REMHFWLYH�IXQFWLRQ�YDOXHRI� I����������������� �����u WKURXJKSXW���������u ����������±������u �������ZKHUH�WKURXJKSXW�LV�FRPSXWHG�IURP�VLPXODWLQJ�WKH�PRGHO�IRU�D����GD\�SHULRG��$OVR�DGGLWLRQDOZDUP��XS�SHULRG�RI����GD\V�LV�XVHG�IRU�HOLPLQDWLQJ�WKH�HIIHFW�RI�WKH�LQLWLDO�WUDQVLHQW�VWDWH�,QFUHDVLQJ� WKH�PDFKLQH�QXPEHUV�DQG�EXIIHU� ORFDWLRQV� LQFUHDVH� WKH�SURGXFWLRQ� UDWH�� EXWDOVR�WKH�RSHUDWLQJ�FRVW��WKXV�H[WUD�XQLWV�RI�HDFK�YDULDEOH�DUH�DGGHG�WR�WKH�V\VWHP�LI�WKH�SURILWJDWKHUHG�IURP�WKH�LQFUHDVH�LQ�WKURXJKSXW�FDQ�FRPSHQVDWH�WKH�FRVW�RI�H[WUD�XQLWV�,Q� WKH�RULJLQDO�SUREOHP�� WKH�QXPEHU�RI�PDFKLQHV� LQ�ZRUN�VWDWLRQ� L� UDQJHV� IURP��� WR���ZKLOH� EXIIHU� SRVLWLRQV� UDQJH� IURP� �� WR� ���� VR� WKDW� WKHUH� DUH� �� u ���  � ������� GLIIHUHQWFRPELQDWLRQV� RI� GHFLVLRQ� YDULDEOHV�� %XW� ZH� FKDQJH� WKH� UDQJH� RI� WKH� GHFLVLRQ� YDULDEOHV� DV�PDFKLQHV¶�UDQJH�IURP���WR����DQG�EXIIHU�SRVLWLRQV¶�UDQJH�IURP���WR�����WKXV�WKHUH�DUH����u ��� �����������FRPELQDWLRQV�RI�GHFLVLRQ�YDULDEOHV�7KHUH� DUH� WZR� UHDVRQV�EHKLQG� WKH�PRGLILFDWLRQV�RI� WKH�RULJLQDO� SUREOHP¶V� SDUDPHWHUV�)LUVW� RI� DOO��ZH�ZDQW� WR�PHDVXUH� WKH� SHUIRUPDQFH� RI�*$�RQ� D�PRUH� FRPSOH[�SUREOHP��7KHRULJLQDO� SUREOHP� KDV� RQO\� ������� FRPELQDWLRQV�� ZKLFK� FDQ� EH� VWDWHG� DV� D� VPDOO�VFDOHRSWLPL]DWLRQ� SUREOHP�� %XW� QRZ� ZH� KDYH� RYHU� RQH� PLOOLRQ� FRPELQDWLRQV� WKDW� WKH� PRGLILHGSUREOHP�FDQ�EH�FODVVLILHG�DV�WKH�ODUJH�VFDOH�SUREOHP�$QRWKHU� UHDVRQ� LV� GLVFDUGLQJ� WKH� LQIHDVLEOH� VROXWLRQV� JHQHUDWHG� GXULQJ� *$LPSOHPHQWDWLRQ��,Q�WKH�RULJLQDO�GHFLVLRQ�YDULDEOH�VHWWLQJV��RXU�*$�PRGHO�SURGXFHV�LQIHDVLEOHVROXWLRQV��DQG�WKHVH�LQIHDVLEOH�VROXWLRQV�KDYH�QHDUO\�KDOI�SHUFHQWDJH�LQ�DOO�VROXWLRQV�JHQHUDWHG�ZKLFK�PDNHV�WKH�*$�LQHIILFLHQW��0RUHRYHU�� WKH�QXPEHU�RI� LQIHDVLEOH�VROXWLRQV�JHQHUDWHG�E\WKH� DOJRULWKP� GLIIHUV� DPRQJ� GLVWLQFW� SDUDPHWHU� VHWWLQJV�� WKXV� FRPSDULQJ� &38� WLPH� RI� WKHDOJRULWKP�XQGHU� WKHVH� FLUFXPVWDQFHV�PD\� OHDG�XV� WR� IDOVH� FRQFOXVLRQV�� VLQFH� WKH� DOJRULWKPVVSHQG�GLIIHUHQW�GXUDWLRQ�IRU�GHDOLQJ�ZLWK�WKH�LQIHDVLEOH�VROXWLRQV��%\�WKH�PRGLILFDWLRQ�RI�WKHUDQJHV�RI�WKH�YDULDEOHV�� WKH�IHDVLELOLW\�RI�VWULQJV��SRLQWV��JHQHUDWHG�GXULQJ�LPSOHPHQWDWLRQ�LVJXDUDQWHHG�
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�����6LPXODWLRQ�0RGHO7KH� VLPXODWLRQ� PRGHO� LV� GHYHORSHG� XVLQJ� 6,0$1� 9� VLPXODWLRQ� ODQJXDJH� LQ� 8QL[HQYLURQPHQW��0RGHO�LV�D�JHQHULF�RQH��DQG�WKHUH�LV�QR�QHHG�IRU�PRGLILFDWLRQ�IRU�WKH�VLPXODWLRQRI�WKH�V\VWHP�ZLWK�GLIIHUHQW�YDOXHV�RI�GHFLVLRQ�YDULDEOHV�RI�WKH�SUREOHP��7KLV�LV�SURYLGHG�E\WKH�XVH�RI�GDWD�ILOHV��6LPXODWLRQ�PRGHO�VWDUWV�ZLWK�WKH�UHDGLQJ�RI�GDWD�ILOHV��DQG�WKH�YDOXHV�LQWKHVH�GDWD�ILOHV�DUH�VHW�WR�WKH�YDOXHV�RI�PDFKLQH�QXPEHUV�LQ�ZRUNVWDWLRQV�DQG�EXIIHU�ORFDWLRQVEHWZHHQ�VWDWLRQV��GHFLVLRQ�YDULDEOHV��RI�WKDW�PRGHO��$W�WKH�HQG�RI�WKH�VLPXODWLRQ�UXQ��WKH�WRWDOSURILW�RI�WKH�V\VWHP�LV�ZULWWHQ�WR�DQ�RXWSXW�ILOH��IRU�*$�WR�SURFHVV�IURP�WKDW�ILOH����UHSOLFDWLRQVRI� HDFK� V\VWHP� DUH� WDNHQ�� DQG� WKH� RXWSXW� ILOH� FRQWDLQV� WKH� WRWDO� SURILWV� �REMHFWLYH� IXQFWLRQYDOXH��IRU�HDFK�RI�WKH���UHSOLFDWLRQV��(DFK�VLPXODWLRQ�UXQ�ODVWV�IRU�������VHFRQGV�����GD\V���LQ����������GD\V��RI�ZKLFK�QR�VWDWLVWLFV�DUH�FROOHFWHG��EHFDXVH�RI�WKH�ZDUP�XS�SHULRG��2Q�WKHDYHUDJH� IRU� D� ORDGHG� V\VWHP��ZKHUH� KLJK� WKURXJKSXW� UDWH� LV� DFKLHYHG�� VLPXODWLRQ� WDNHV� ���PLQXWHV��ZKLOH�D�OHVV�ORDGHG�RQH�ZLWK�OHVV�SURGXFWLRQ�UDWH�ODVWV�IRU������PLQXWHV�LQFOXGLQJ�DOO��UHSOLFDWLRQV��7KH�VDPSOH�FRGH�RI�WKH�VLPXODWLRQ�PRGHO�FDQ�EH�VHHQ�LQ�$SSHQGL[�$�
�����*$�0RGHO�7KH�PDLQ�FRQFHUQ�RI�WKLV�VWXG\�LV�WR�DQDO\]H�WKH�HIIHFWV�RI�QXPHULFDO�SDUDPHWHUV�RI�*$RQ�LWV�SHUIRUPDQFH� LQ� WHUPV�RI�EHVW� ILWQHVV�YDOXH��DQG�&38�WLPH��7R�DSSO\� VXFK�DQ�DQDO\VLVUHTXLUHV�VHOHFWLRQ�RI�VWUXFWXUDO�SDUDPHWHUV�RI�*$��*$�LV�FRGHG�ZLWK�UHVSHFW�WR�D�VSHFLILF�VHW�RIVWUXFWXUDO� YDULDEOHV�� DQG� H[SHULPHQWDWLRQ� LV� FRQGXFWHG� DW� HDFK� FRPELQDWLRQ� RI� QXPHULFDOYDOXHV�7KH� EDVLF�*$�PRGHO� LV� VHOHFWHG� IRU� WKH� DQDO\VLV�� 7KH� ELQDU\� FRGLQJ� VFKHPH�� URXOHWWHZKHHO�VHOHFWLRQ��UDZ�REMHFWLYH�YDOXH�DV�ILWQHVV�ZLWK�RIIVHWWLQJ�VFDOLQJ�LI�QHFHVVDU\��RQH�SRLQWFURVVRYHU�� ELW� PXWDWLRQ� DQG� PD[LPXP� LWHUDWLRQ� QXPEHUV� DV� VWRSSLQJ� FULWHULRQ� DUH� XVHG� LQGHYHORSLQJ� WKH� DOJRULWKP�� 1HLWKHU� RWKHU� RSHUDWRUV� QRU� FRPELQHG� VWUDWHJLHV� OLNH� HOLWLVP� DUHDSSOLHG�� ,W� LV� RQH� RI� WKH� ILUVW� GHYHORSHG� *$� PRGHOV� LQ� WKH� OLWHUDWXUH� �YHU\� VLPLODU� WR+ROODQG¶V��� DQG� WKH�PRVW� FRPPRQ� NLQG� RI�*$� XVHG� LQ� DSSOLFDWLRQV�� 6LQFH� LW� LV� EDVLF�� LW� LVVLPSOH�DQG�HDV\�WR�KDQGOH�WKH�FRGLQJ�RI�*$��7KXV��*$�ZLWK�WKLV�VHW�RI�VWUXFWXUDO�SDUDPHWHUV�LVVHOHFWHG�IRU�WKH�DQDO\VLV��7DEOH���VXPPDUL]HV�WKH�VWUXFWXUDO�SDUDPHWHUV�
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7DEOH����6WUXFWXUDO�3DUDPHWHUV�RI�*$�&RYHUHG�LQ�WKH�$QDO\VLV7\SH 'HILQLWLRQ&RGLQJ�6FKHPH %LQDU\�&RGLQJ5HSURGXFWLRQ�2SHUDWRU 5RXOHWWH�:KHHO�6HOHFWLRQ)LWQHVV�&DOFXODWLRQ 2EMHFWLYH�)XQFWLRQ�9DOXH&URVVRYHU�2SHUDWRU 2QH�3RLQW�&URVVRYHU0XWDWLRQ�2SHUDWRU %LW�0XWDWLRQ6WRSSLQJ�&ULWHULRQ 0D[LPXP�1XPEHU�RI�,WHUDWLRQV
7KHUH� DUH� VHYHQ� GHFLVLRQ� YDULDEOHV� LQ� WKH� WHVW� SUREOHP�� IRXU� EHORQJ� WR� QXPEHU� RIPDFKLQHV� WR�HDFK�ZRUNVWDWLRQ�DQG� WKUHH� DUH� IRU� WKH�QXPEHU�RI�EXIIHU�SRVLWLRQV�EHWZHHQ� WKHVWDWLRQV��0DFKLQHV�UDQJH�IURP���WR����DQG�EXIIHUV���WR�����,Q�WKH�ELQDU\�FRGLQJ�UHSUHVHQWDWLRQ�PDFKLQH� QXPEHUV� KDYH� ��ELW� VFKHPH�� ZKHUH� EXIIHUV� KDYH� ��ELW� VFKHPH�� )RU� QXPEHU� RIPDFKLQHV�WKH�ELQDU\�FRGLQJ�DQG�WKH�FRUUHVSRQGLQJ�UHDO�YDOXHV�DUH�DV�IROORZV�

��� �� �� ��� � �� �
)RU�WKH�EXIIHU�SRVLWLRQV�WKH�FRGLQJ�VFKHPH�DQG�WKH�UHDO�UHSUHVHQWDWLRQV�DUH�VWDWHG�DV�EHORZ�
���� � ���� � ���� � ���� ����� � ���� � ���� � ���� ����� � ���� �� ���� �� ���� ������ �� ���� �� ���� �� ���� ��

7KH�VWULQJV�UHSUHVHQWLQJ�WKH�LQGLYLGXDOV�DUH�SURGXFHG�E\�WKH�FRQFDWHQDWLRQ�RI�LQGLYLGXDOVWULQJV�� VWDUWLQJ� IURP� WKH� QXPEHU� RI�PDFKLQHV� LQ� ILUVW�ZRUNVWDWLRQ�� DQG� FRQWLQXLQJ�ZLWK� WKHEXIIHU�SRVLWLRQV� LQ� WKH� VDPH�RUGHU���� WZR�ELW� VWULQJV�� DQG��� IRXU� ELW� VWULQJV� OHDG� WR� D�ELQDU\UHSUHVHQWDWLRQ�RI�LQGLYLGXDOV�ZLWK�VWULQJ�OHQJWK�����)RU�LQVWDQFH�D�VWULQJ�FRUUHVSRQGLQJ�WR�WKHGHFLVLRQ�YDULDEOHV¶�FRPELQDWLRQ�0�� ������0�  ������0�  ������0�� ������%�  �������%�  �������%�  ���
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LV� �������������������������������������������������������������������������7KH� ILWQHVV�YDOXHV�RI� VWULQJV�DUH� WKH�REMHFWLYH� IXQFWLRQ�YDOXHV�RI� WKDW�YDULDEOH� VHWWLQJ�7KH� DYHUDJH�RI� ILYH� UHSOLFDWLRQ� UHVXOWV� JDWKHUHG� IURP� WKH� VLPXODWLRQ�RI� WKH� V\VWHP�ZLWK� WKHUHDO� YDOXHV�RI� WKH� YDULDEOHV� LQ� WKH� VWULQJ� FRUUHVSRQGV� WR� WKH� ILWQHVV� YDOXH� RI� WKH� VWULQJ��7KHVLPXODWLRQ� RI� WKH� V\VWHP� ZLWK� WKH� DERYH� YDULDEOH� VHWWLQJV� UHVXOWV� ZLWK� WKH� WRWDO� SURILW� RI������������������������������������DQG���������IRU�HDFK�UHSOLFDWLRQ��UHVSHFWLYHO\��7KHQ�WKHILWQHVV�YDOXH�RI�WKH�VWULQJ�LV�FDOFXODWHG�DV�WKH�DYHUDJH�RI�WKHVH�QXPEHUV����������7KH� URXOHWWH� ZKHHO� VHOHFWLRQ� SURFHGXUH� LV� XVHG� IRU� WKH� UHSURGXFWLRQ� SURFHVV�� 7KHLQGLYLGXDOV�DUH�VHOHFWHG�ZLWK�D�SUREDELOLW\��ZKLFK�LV�HTXDO�WR�WKH�UDWLR�RI�LQGLYLGXDO¶V�ILWQHVV�WRWKH� WRWDO� ILWQHVV�RI�DOO� LQGLYLGXDOV� LQ� WKH�SRSXODWLRQ�� ,I� WKH� LQGLYLGXDO� LQ� WKH� H[DPSOH� LV� LQ� DSRSXODWLRQ�ZLWK�WRWDO�ILWQHVV�RI���������WKHQ�WKH�SUREDELOLW\�RI�VHOHFWLRQ�RI�WKDW�LQGLYLGXDO�LV����������������������������6LQFH�URXOHWWH�ZKHHO�VHOHFWLRQ�UHTXLUHV�QRQ�QHJDWLYH�ILWQHVV�YDOXHV��VFDOLQJ�RI�WKH�ILWQHVVLV�DSSOLHG�ZKHQ�QHFHVVDU\��7KH�VLPXODWLRQ�GXUDWLRQ�LV����GD\V��ZKLFK�LV�UHDVRQDEO\� ORQJ�IRUSURGXFLQJ� WKH� WKURXJKSXW� WKDW� FRPSHQVDWHV� WKH� FRVW� RI�PDFKLQHV� DQG� EXIIHUV�� EXW� IRU� VRPHUDUH�FRPELQDWLRQV�RI�PDFKLQH�DQG�EXIIHU�YDULDEOHV�WKH�FRVW�PD\�EH�ODUJHU�WKDQ�WKH�SURILW��WKXVQHJDWLYH� REMHFWLYH� YDOXHV� FDQ� EH� DFKLHYHG�� :KHQ� WKHUH� LV� D� QHJDWLYH� ILWQHVV� YDOXH� LQ� WKHSRSXODWLRQ��RIIVHWWLQJ�WHFKQLTXH�LV�XVHG�IRU�ILWQHVV�VFDOLQJ��7KH�PLQLPXP�ILWQHVV�YDOXH�RI�WKHSRSXODWLRQ�LV�GHWHUPLQHG��DQG�WKLV�PLQLPXP�LV�FDUULHG�WR���E\�DGGLQJ�WKH�DEVROXWH�YDOXH�RI�LWVRZQ�� 6LPLODUO\� WKH� VDPH� DPRXQW� LV� DGGHG� WR� WKH� RWKHU� LQGLYLGXDOV� LQ� WKH� SRSXODWLRQ�� )RUH[DPSOH��ZKHQ�WKHUH�LV�D�PLQLPXP�ILWQHVV�RI�±������� LQ� WKH�SRSXODWLRQ��������� LV�DGGHG� WRWKH�ILWQHVV�YDOXH�RI�HYHU\�LQGLYLGXDO�LQ�WKH�SRSXODWLRQ�7KH� RQH�SRLQW� FURVVRYHU� LV� DSSOLHG� ZLWK� D� SUREDELOLW\� RI� SF�� $IWHU� WKH� UHSURGXFWLRQPHFKDQLVP�GUDJV�WZR�SRWHQWLDO�SDUHQWV�DPRQJ� WKH�SRSXODWLRQ�� WKH� FURVVRYHU� LV�DSSOLHG�ZLWKWKLV�SUREDELOLW\��'XULQJ�FURVVRYHU��D�FURVVRYHU�VLWH�LV�VHOHFWHG�UDQGRPO\�EHWZHHQ���DQG��VWULQJOHQJWK�����7KHQ�WKH�H[FKDQJH�RI�WKH�WDLOV�RFFXUV�EHWZHHQ�WKH�SDUHQWV��&RQVLGHU�WKH�IROORZLQJH[DPSOH��ZLWK�SDUHQWV�DQG�WKHLU�UHDO�YDULDEOH�VHWWLQJV��������������������� ��������������������������������� ���������������
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,I� WKH� OLQH� UHSUHVHQWV� WKH� FURVV� VLWH�� WKHQ� WKH� IROORZLQJ� WZR� FKLOGUHQ� DUH� SURGXFHG�ZLWK� WKHFRUUHVSRQGLQJ�UHDO�YDOXHV�
�������������������� ����������������������������������� ��������������7KH� PXWDWLRQ� LV� DSSOLHG� E\� UDQGRP� FKDQJHV� LQ� WKH� ELW� YDOXHV� RI� VWULQJV�� $IWHU� WKHFURVVRYHU� RSHUDWRU�� LI� QR� FURVVRYHU� KDV� DSSOLHG� WKHQ� WKH� VHOHFWHG� SDUHQWV�� LI� FURVVRYHU� KDVDSSOLHG�WKHQ�WKH�FKLOGUHQ��JR�XQGHU�PXWDWLRQ��)RU�HYHU\�ELW�RI�WKH�VWULQJ�PXWDWLRQ�RFFXUV�ZLWKSUREDELOLW\�SP��7KH�IROORZLQJ�VWULQJ�LV�D�VROXWLRQ�WR�WKH�WHVW�SUREOHP�
�������������������� ����������������,I�WKH�VWULQJ�LV�PXWDWHG�IRUP�WKH�XQGHUOLQHG�SRVLWLRQV��WKH�IROORZLQJ�VWULQJ�LV�REWDLQHG�
�������������������� ����������������$IWHU� WKH� FURVVRYHU� DQG� PXWDWLRQ� DUH� FRPSOHWHG�� WKH� VWULQJV� RI� WKH� IROORZLQJJHQHUDWLRQ¶V� LQGLYLGXDOV� KDYH� REWDLQHG�� ,I� WKHUH� DUH� LQIHDVLEOH� VROXWLRQV� UHDFKHG� DIWHU� WKHRSHUDWLRQV�� WKHQ�WKHVH�VWULQJV�DUH�GLVFDUGHG��DQG�QHZ�RQHV�DUH�JHQHUDWHG� IURP�WKH�EHJLQQLQJLQVWHDG��7KH�VWULQJV�DUH�JHQHUDWHG�WZLFH�DW�D�WLPH��LI�RQO\�RQH�RI�WKHP�LV�LQIHDVLEOH��ERWK�DUHGLVFDUGHG�DQG�QHZ�RQHV�DUH�JHQHUDWHG�LQVWHDG��7KH�IRUP�WKH�QH[W�JHQHUDWLRQ��WKH�ILWQHVV�YDOXHVRI�QHZ�FRQVWUXFWHG�VWULQJV�DUH�UHTXLUHG��7KHVH�YDOXHV�DUH�VXSSOLHG�IURP�WKH�VLPXODWLRQ�UHVXOWVRI� WKH� VWULQJV�� 7KH� UHDO� SDUDPHWHU� YDOXHV� RI� HDFK� VWULQJ� LV� FRPSXWHG� LQ� WKH� DOJRULWKP� DQGZULWWHQ�WR�RXWSXW�ILOHV��7KHQ�WKH�VLPXODWLRQ�PRGHO�LV�FDOOHG�LQ�*$��DQG�VLPXODWLRQ�PRGHO�WDNHVWKHVH�ILOHV�DV�LQSXW�ILOHV��DQG�FDOFXODWH�WKH�REMHFWLYH�IXQFWLRQ�YDOXH�RI�WKH�SDUDPHWHU�VHWWLQJ�YLDVLPXODWLRQ��7KH�UHVXOW�LV�ZULWWHQ�WR�DQRWKHU�ILOH�E\�WKH�VLPXODWLRQ�PRGHO��DQG�*$�UHWULHYHV�WKHILWQHVV�YDOXH�RI�HDFK�VWULQJ�IURP�WKDW�ILOH��7KLV�DOJRULWKP�SURFHHGV�IRU�HYHU\�LQGLYLGXDO�LQ�WKHSRSXODWLRQ�7KLV� SURFHGXUH� LV� VWDUWHG� ZLWK� DQ� LQLWLDO� SRSXODWLRQ� DQG� UHSHDWHG� XQWLO� WKH� PD[LPXPQXPEHU�RI�JHQHUDWLRQV�LV�UHDFKHG��$W�WKH�HQG�RI�HDFK�*$�UXQ��WKH�EHVW�ILWQHVV�REWDLQHG�XS�WRQRZ�� DQG� WKH� &38� WLPH� HODSVHG� DUH� FROOHFWHG� DV� WKH� SHUIRUPDQFH� PHDVXUHV�� )LJXUH� �UHVHPEOHV�WKH�IORZFKDUW�RI�*$�FRQVWUXFWHG�LQ�WKLV�DQDO\VLV��$�VDPSOH�*$�FRGH�FDQ�EH�IRXQGLQ�$SSHQGL[�%�
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6WDUW�ZLWK�DQ�LQLWLDO�SRSXODWLRQ��VHW�JHQHUDWLRQ� ��

6HOHFW�WZR�LQGLYLGXDOV�IURP�WKH�SRSXODWLRQ
$SSO\�FURVVRYHU�ZLWK�SUREDELOLW\�SF

$SSO\�PXWDWLRQ�WR�HYHU\�ELW�ZLWK�SUREDELOLW\�SP

5HSODFH�WKH�VHOHFWHG�LQGLYLGXDOV�ZLWK�WKH�FUHDWHG�RQHV
&DOFXODWH�WKH�ILWQHVV�YLD�VLPXODWLRQ�DQG�VFDOH�ILWQHVV�LI�QHFHVVDU\

,V�JHQHUDWLRQ� PD[LPXP�QXPEHU�RIJHQHUDWLRQV"

$UH�ERWK�FUHDWHGLQGLYLGXDOV�IHDVLEOH"

<(6

12

12

,V�SRSXODWLRQ�VL]HDFKLHYHG"
6HW�JHQHUDWLRQ� �JHQHUDWLRQ����

6723��5HSRUW�EHVW�ILWQHVV�REWDLQHG�DQG�&38�WLPH�HODSVHG

<(6

<(6

12

)LJXUH����)ORZFKDUW�RI�*$�0RGHO
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�����9DOLGDWLRQ�RI�0RGHOV7R� YDOLGDWH� WKH� VLPXODWLRQ� PRGHO�� /DZ¶V� ILQGLQJV� LQ� WKH� RULJLQDO� SUREOHP� DUH� XVHG�/DZ� DQG� 0F&RPDV�� ������� ,Q� WKH� RULJLQDO� PRGHO� WKH� FRPELQDWLRQ� �������������� KDV� DQHVWLPDWHG�SURILW� RI� �������� DQG� �������������� KDV� DQ� HVWLPDWHG� SURILW� RI� ��������PRQHWDU\XQLWV��ZKLFK�DUH� WKH�DYHUDJH�RI����UHSOLFDWLRQV¶� UHVXOWV��7R�YDOLGDWH�RXU�SURSRVHG�VLPXODWLRQPRGHO��ZH�UXQ�WKH�SURSRVHG�PRGHO�XQGHU�VDPH�FRQGLWLRQV�DQG�HVWLPDWH�WKH�WRWDO�SURILW�RI�WKHV\VWHP��7KHQ�����FRQILGHQFH� LQWHUYDO� LV� FRQVWUXFWHG� IRU� WKH� H[SHFWHG�SURILW� WR� VHH�ZKHWKHUWKH� LQWHUYDOV� FRQWDLQ� WKH� PHDQ� SHUIRUPDQFH� RI� RULJLQDO� SUREOHP�� 7DEOH� �� VXPPDUL]HV� WKHUHVXOWV�
7DEOH����&RPSDULVRQ�RI�6LPXODWLRQ�5HVXOWV�RI�2ULJLQDO�0RGHO�DQG�3URSRVHG�0RGHO

6ROXWLRQ�&RPELQDWLRQ /DZ
V�0RGHO 3URSRVHG0RGHO &RQILGHQFH�,QWHUYDO������������������ ������ ������ ����������������������������� ������ ������ ����������������
)RU�HDFK�SRLQW��VROXWLRQ�FRPELQDWLRQ��� WKH�/DZ¶V�PRGHO¶V�H[SHFWHG�SURILW� LV� LQFOXGHG� LQ�RXUFRQILGHQFH�LQWHUYDOV��WKXV�ZH�YDOLGDWH�RXU�SURSRVHG�VLPXODWLRQ�PRGHO�VWDWLVWLFDOO\��8QOHVV�WKHPHDQ�SHUIRUPDQFH�RI� WKH�/DZ¶V�PRGHO� LV� LQFOXGHG� LQ� WKH�FRQILGHQFH� OLPLW��ZH�FDQQRW�DUJXHWKDW�RXU�PRGHO�LV�VLPLODU�WR�WKH�PRGHO�GHYHORSHG�LQ�WKH�RULJLQDO�SUREOHP�VWDWLVWLFDOO\�,W�LV�NQRZQ�WKDW�IRU�DQ�DSSURSULDWH�JHQHWLF�DOJRULWKP�DSSOLFDWLRQ��DOWKRXJK�WKHUH�PD\�EHVRPH�HUUDWLF�EHKDYLRU�RI�ILWQHVV�YDOXHV�GHSHQGLQJ�RQ�WKH�VROXWLRQ�VSDFH��WKH�DYHUDJH�ILWQHVV�RIWKH�SRSXODWLRQV�VKRXOG�LQFUHDVH�DV�WKH�JHQHUDWLRQV�SURFHHG��7R�YDOLGDWH�RXU�*$�PRGHO��SLORWUXQ�RI�SURSRVHG�*$�LV� WDNHQ�ZLWK�VRPH�VHWWLQJV�RI�QXPHULFDO�SDUDPHWHUV��)LJXUH���SUHVHQWVWKH�EHVW�ILWQHVV�DQG�DYHUDJH�ILWQHVV�EHKDYLRU�YHUVXV�WKH�JHQHUDWLRQ�QXPEHU�(YHQ� WKRXJK� WKHUH� DUH� VRPHWLPHV� VRPH� VKDUS� GHFOLQHV� LQ� WKH� DYHUDJH� ILWQHVV� RISRSXODWLRQV��JHQHUDOO\� DV� WKH� JHQHUDWLRQV�SURFHHG� WKH� DYHUDJH� ILWQHVV�SUHVHQWV� DQ� LQFUHDVLQJEHKDYLRU��DQG�DW�ODUJH�JHQHUDWLRQV�WKH�DYHUDJH�ILWQHVV�EHFRPHV�YHU\�FORVH�WR�EHVW�ILWQHVV�YDOXH�6LQFH�WKH�SLORW�UXQ�VKRZV�D�SUHGLFWDEOH�EHKDYLRU��WKHUH�LV�QR�UHDVRQ�IRU�EHLQJ�GRXEWIXO�DERXWWKH�LQFRUUHFWQHVV�RI�RXU�*$�PRGHO�
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)LWQHVV�%HKDYLRU�RI�*$

�������������������������������������������

� �� �� �� �� �� �� �� �� �� ���*HQHUDWLRQ�1R

)LWQH
VV�9D

OXH

%HVW�)LWQHVV $YHUDJH�)LWQHVV
)LJXUH����%HKDYLRU�RI�)LWQHVV�$FFRUGLQJ�WR�*HQHUDWLRQ�1XPEHU�LQ�3URSRVHG�*$
,Q� DGGLWLRQ� WR� WKDW�� WKH� SURSRVHG�*$�PRGHO� LV� YDOLGDWHG� E\� LQYHVWLJDWLQJ� LWV� EHKDYLRUXQGHU� VRPH� OLPLWLQJ� FRQGLWLRQV�� 2QH� H[DPSOH� LV� VHWWLQJ� WKH� PXWDWLRQ� DQG� FURVVRYHUSUREDELOLWLHV�WR����,Q�WKDW�FDVH�DOO�SRSXODWLRQV�VKRXOG�FRQWDLQ�WKH�VDPH�LQGLYLGXDOV��VR�LW�LV�LQRXU�PRGHO��2WKHU�SUHGLFWDEOH�SDUDPHWHU�VHWWLQJV�DUH�DOVR�XVHG��DQG�WKH�SURSRVHG�*$�PRGHO�LVYDOLGDWHG�7KH�ILQDO�DQG�WKH�PRVW�LPSRUWDQW�YDOLGDWLRQ�SURFHGXUH�LV�PHDVXULQJ�WKH�SHUIRUPDQFH�RI*$�LQ�WHUPV�RI�WKH�EHVW�SRLQW�LW�ILQGV��)URP�/DZ¶V�RULJLQDO�SUREOHP��WKH�EHVW�VROXWLRQ�WR�WKHSUREOHP� LV� ��������������� 2XU� DOJRULWKP� SURSRVHV� �������������� FRPELQDWLRQ� DV� WKH� EHVWFRPELQDWLRQ�IRXQG��ZKLFK� LV�YHU\� FORVH� WR� WKH�/DZ¶V� VROXWLRQ�RI� WKH� WHVW�SUREOHP��0DFKLQHQXPEHUV�DUH�VDPH�IRU�HDFK�VROXWLRQ��RQO\�VOLJKW�GLIIHUHQFHV�DUH�SUHVHQW�LQ�WZR�VHSDUDWH�EXIIHUOHYHOV��7KH�REMHFWLYH�IXQFWLRQ�YDOXHV�DUH�DOVR�YHU\�FORVH�WR�HDFK�RWKHU�,Q� FRQFOXVLRQ�� ZH� DUH� FRQYLQFHG� WKDW� RXU� *$�EDVHG� PRGHO� LV� D� YDOLG� PRGHO� RI� WKHV\VWHP�DQG�KHQFH��ZH�FRQWLQXH�ZLWK�WKH�PRGHO�IRU�IXUWKHU�LQYHVWLJDWLRQ�RI�WKH�SUREOHP�

�����'HVLJQ�RI�([SHULPHQWV7R�LOOXVWUDWH�WKH�HIIHFWV�RI�GLIIHUHQW�QXPHULFDO�SDUDPHWHUV�RQ�*$�SHUIRUPDQFH�LQ�WHUPVRI�EHVW�ILWQHVV�YDOXHV�DQG�&38�WLPH��WKH�PDLQ�DVSHFWV�RI�H[SHULPHQWDO�GHVLJQ�DUH�XVHG��VLQFHWKH� SULQFLSDO� JRDO� RI� WKH� H[SHULPHQWDO� GHVLJQV� LV� WR� HVWLPDWH� KRZ� FKDQJHV� LQ� LQSXW� IDFWRUVDIIHFW�WKH�UHVSRQVHV�RI�WKH�H[SHULPHQW�XQGHU�FRQVLGHUDWLRQ�OLNH�LQ�RXU�FDVH�
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2QH�RI� WKH�PDLQ� WRROV�RI�H[SHULPHQWDO�GHVLJQ�VWXGLHV� LV� WKH� IDFWRULDO�GHVLJQ��)DFWRULDOGHVLJQV� DUH�ZLGHO\� XVHG� LQ� H[SHULPHQWV� LQFOXGLQJ� VHYHUDO� IDFWRUV��ZKHUH� QRW� RQO\� WKH�PDLQHIIHFWV� EXW� DOVR� WKH� MRLQW� HIIHFWV� RI� WKH� IDFWRUV� DUH� VLJQLILFDQWO\� HIIHFWLYH� RQ� H[SHULPHQWV¶UHVSRQVH��,Q�IDFWRULDO�GHVLJQV��GLIIHUHQW�OHYHOV�RI�HDFK�IDFWRU�DUH�VSHFLILHG�DQG�WKH�DQDO\VLV�LVFRQGXFWHG�LQ�HYHU\�FRPELQDWLRQ�RI�WKHVH�IDFWRUV��$W�HDFK�IDFWRU�FRPELQDWLRQ��WKH�UHVSRQVH�RIWKH�V\VWHP�LV�PHDVXUHG��$W�WKH�HQG��E\�VWDWLVWLFDO�WHFKQLTXHV��WKH�VLJQLILFDQW�IDFWRUV�DIIHFWLQJWKH�UHVSRQVH��DQG�WKH�ZD\�WKH\�DIIHFW�DUH�GHWHUPLQHG�7KH�HIIHFW�RI�D�IDFWRU�LV�GHILQHG�WR�EH�WKH�FKDQJH�LQ�UHVSRQVH�SURGXFHG�E\�D�FKDQJH�LQWKH�OHYHO�RI�WKH�IDFWRU��7KLV�LV�FDOOHG�WKH�PDLQ�HIIHFW��EHFDXVH�LW�UHIHUV�WR�WKH�SULPDU\�IDFWRUV�RILQWHUHVW�LQ�WKH�H[SHULPHQW��,W�LV�DOVR�XVXDO�WKDW��WKH�GLIIHUHQFH�LQ�UHVSRQVH�EHWZHHQ�WKH�OHYHOV�RIRQH�IDFWRU�LV�QRW�WKH�VDPH�DW�DOO�OHYHOV�RI�WKH�RWKHU�IDFWRUV��7KLV�LV�H[SODLQHG�E\�WKH�LQWHUDFWLRQEHWZHHQ�WKH�IDFWRUV��DQG�WKH�LQWHUDFWLRQ�HIIHFWV DUH�YHU\�LPSRUWDQW�IRU�H[SHULPHQWDO�GHVLJQV�7KH�PRVW�FRPPRQ�W\SH�RI� IDFWRULDO�GHVLJQV�LV��N IDFWRULDO�GHVLJQV��7KHUH�DUH�N IDFWRUVHDFK� KDYLQJ� RQO\� WZR� OHYHOV�� VR� WKDW� WKHUH� DUH� �N GLIIHUHQW� FRPELQDWLRQV� RI� WKH� IDFWRUV�$OWKRXJK�WKHUH�LV�QR�JHQHUDO�UXOH�DERXW�WKH�VHOHFWLRQ�RI�WZR�OHYHOV�RI�HDFK�IDFWRU��LW� LV�PRUHFRQYHQLHQW�WR�VHW�HDFK�OHYHO�LQ�RSSRVLWH�ZLWK�HDFK�RWKHU��%\�GHILQLWLRQ�ZH�FDQ�GHILQH�RQH�OHYHODV� WKH� ORZ� OHYHO�� DQG� WKH� RWKHU� DV� WKH� KLJK� OHYHO�� 7KH� UHDVRQ� LV� WKDW� LQ� WKH� DQDO\VLV� RI� WKHHIIHFWV��VWURQJ�DQG�VLJQLILFDQW�FRQFOXVLRQV�FDQ�EH�PDGH�DERXW�WKH�RSSRVLWH�YDOXHV��%XW�ZKLOHVHOHFWLQJ�WKH�WZR�RSSRVLWH�OHYHOV��ORZ��KLJK���PRUH�FRQFHUQ�VKRXOG�EH�JLYHQ�LQ�RUGHU�QRW�WR�VHWXQUHDOLVWLF�YDOXHV�IRU�WKHVH�OHYHOV�(YHQ�WKRXJK�LW�LV�EHWWHU�WR�VHOHFW�RSSRVLWH�YDOXHV�LQ�QDWXUH��DQRWKHU�LPSRUWDQW�SRLQW�WR�EHWDNHQ�FDUH�RI�LV�WKH�UDQJH�RI�WKH�WZR�OHYHOV��%HFDXVH�LQ��N IDFWRULDO�GHVLJQV��LW�LV�DVVXPHG�WKDWWKH�UHVSRQVH�RI� WKH�H[SHULPHQW�VKRZV� OLQHDU�EHKDYLRU�EHWZHHQ�KLJK�DQG� ORZ�OHYHOV�� ,I� WKHVHOHYHOV�DUH�YHU\�IDU�IURP�HDFK�RWKHU��WKLV�OLQHDULW\�DVVXPSWLRQ�ZLOO�ORRVH�LWV�VWUHQJWK��8QGHU�WKHOLJKW�RI�WKHVH�ILQGLQJV���N IDFWRULDO�GHVLJQ�LV�DSSOLHG�LQ�WKLV�VWXG\�
��������N )DFWRULDO�'HVLJQ�7KH�HIIHFW�RI�QXPHULFDO�SDUDPHWHUV�RI�*$�RQ�SHUIRUPDQFH�PHDVXUHV�LV�DQDO\]HG�LQ�WKLVVWXG\���7KH�REMHFWLYH�LV�PD[LPL]LQJ�WKH�SHUIRUPDQFH�RI�*$��L�H��PD[LPL]LQJ�WKH�EHVW�ILWQHVVYDOXH�IRXQG�DQG�PLQLPL]LQJ�WKH�&38�WLPH�FRYHUHG�WRJHWKHU��7KH�QXPHULFDO�SDUDPHWHUV�DUH�x ,QLWLDO�3RSXODWLRQ�7\SHx 3RSXODWLRQ�6L]H
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x 0D[LPXP�*HQHUDWLRQ�1XPEHUx &URVVRYHU�3UREDELOLW\x 0XWDWLRQ�3UREDELOLW\6LQFH�WKHUH�DUH���SDUDPHWHUV��� IDFWRULDO�GHVLJQ�LV�XVHG�LQ�WKLV�VWXG\��2EYLRXVO\�WKHUH�DUH��� GLVWLQFW� FRPELQDWLRQV� RI� SDUDPHWHUV� OHDGLQJ� WR� ��� GHVLJQ� SRLQWV�� )RU� HDFK� SRLQW� ILYHLQGHSHQGHQW� *$� UXQV� DUH� WDNHQ�� 7KLV� LV� SURYLGHG� E\� DVVLJQLQJ� GLIIHUHQW� UDQGRP� QXPEHUVWUHDPV�WR�WKH�VLPXODWLRQ�PRGHO�E\�FKDQJLQJ�WKH�VHHGV�RI�6,0$1�9�7R�DSSO\� WKH��N IDFWRULDO�GHVLJQ�WR�RXU�PRGHO�� WZR�OHYHOV�RI�HDFK�SDUDPHWHU� VKRXOG�EHGHWHUPLQHG�E\� FRQVLGHULQJ� WKH� SLQSRLQWV� JLYHQ� WKURXJKRXW� WKH� DERYH� SDUDJUDSKV�� 7KH�PDLQVRXUFH�WKDW�ZH�FDQ�WUXVW�LQ�WKH�FRUUHFW�SDUDPHWHU�VHOHFWLRQ�LV�*$�OLWHUDWXUH��EHFDXVH�WKHUH�DUH�DORW� RI� WKHRUHWLFDO� VWXGLHV� FDUULHG� RXW� DERXW� WKH� RSWLPDO� VHWWLQJV� RI� WKHVH� SDUDPHWHUVLQGLYLGXDOO\�� $OVR� VRPH� RI� WKHVH� ZRUN� SUHVHQW� UDQJHV� IRU� SDUDPHWHUV� IRU� D� JRRG� *$DSSOLFDWLRQ�� 7KH� IROORZLQJ� SDUDJUDSKV� VWDWH� WKH� OHYHOV� RI� WKH� SDUDPHWHUV� DQG� WKH� UHDVRQVEHKLQG�WKHP�
,QLWLDO�3RSXODWLRQ�6RPH� UHSRUWV� KDYH� IRXQG� WKDW� EHWWHU� LQLWLDO� SRSXODWLRQV� PD\� UHVXOW� LQ� EHWWHU� *$SHUIRUPDQFH��*HQHUDOO\� WKH� LQLWLDO�SRSXODWLRQ� LV� JHQHUDWHG� UDQGRPO\��EXW� VRPH� VWXGLHV�KDYHUHSRUWHG� WKDW� VHHGLQJ� D�SRSXODWLRQ�ZLWK�KLJK�TXDOLW\� VROXWLRQV��ZKLFK� FDQ� EH� REWDLQHG� IURPDQRWKHU� KHXULVWLF� WHFKQLTXH� OLNH� UDQGRP� VHDUFK�� PD\� KHOS� *$� ILQG� EHWWHU� VROXWLRQV� PRUHTXLFNO\�WKDQ�D�UDQGRP�VWDUW��%XW�VHHGLQJ�WKH�LQLWLDO�SRSXODWLRQ�LQFUHDVHV�WKH�ULVN�RI�SUHPDWXUHFRQYHUJHQFH�)RU� WKLV�SXUSRVH��ZH�DSSOLHG�D� UDQGRP�VHDUFK�RI�����SRLQWV��7KH�EHVW����RU����SRLQWVGHSHQGLQJ�RQ�WKH�SRSXODWLRQ�VL]H�DUH�VHOHFWHG�IRU�WKH�VHHGHG�SRSXODWLRQ��5DQGRP�SRSXODWLRQLV�JHQHUDWHG�E\�UDQGRP�VHOHFWLRQ�DPRQJ�WKHVH�����SRLQWV��:H�WDNH�WKH�UDQGRP�SRSXODWLRQ�DVWKH�ORZ�OHYHO�RI�WKH�LQLWLDO�SRSXODWLRQ�SDUDPHWHU��ZKLOH�WKH�SRSXODWLRQ�JDWKHUHG�DIWHU�UDQGRPVHDUFK�KHXULVWLF��VHHGHG�SRSXODWLRQ��DV�WKH�KLJK�OHYHO�
3RSXODWLRQ�6L]H�3RSXODWLRQ�VL]H�LV�RQH�RI�WKH�PRVW�LQIOXHQWLDO�IDFWRUV�RQ�WKH�SHUIRUPDQFH�RI�*$��6PDOOSRSXODWLRQV�UXQ�WKH�ULVN�RI�XQGHU�FRYHULQJ�WKH� VROXWLRQ�VSDFH��ZKLOH� ODUJH�SRSXODWLRQ�VL]H� LVQRW�FRVW�HIIHFWLYH� LQ� WHUPV�RI� LWV� ODUJH�FRPSXWDWLRQ�WLPH��*ROGEHUJ�������� LQGLFDWHG� WKDW� WKH



��

RSWLPDO� VL]H� IRU� ELQDU\�FRGHG� VWULQJV� JURZV� H[SRQHQWLDOO\� ZLWK� WKH� OHQJWK� RI� WKH� VWULQJ� Q�7KHUH� DUH� DOVR� HPSLULFDO� VWXGLHV� VXJJHVWLQJ� WKDW� SRSXODWLRQ� VL]HV� ODUJHU� WKDQ� ��� FRXOG� EHDGHTXDWH�LQ�PDQ\�FDVHV��$ODQGHU��������UHSRUWV�WKDW�D�YDOXH�EHWZHHQ�Q�DQG��Q�LV�RSWLPDO�IRUWKH�SUREOHP�W\SH�FRQVLGHUHG��&RQVLGHULQJ�WKHVH�UHVXOWV��WKH�OHYHOV�RI�SRSXODWLRQ�VL]H�DUH�WDNHQDV�����Q��DQG������Q���ZKHUH����HTXDOV�WR�WKH�VWULQJ�OHQJWK�RI�RXU�*$�PRGHO�
&URVVRYHU�DQG�0XWDWLRQ�3UREDELOLWLHV�7KH�VHOHFWLRQ�RI� WKH�FURVVRYHU�DQG�PXWDWLRQ�SUREDELOLWLHV�PD\�FKDQJH�WKH�SHUIRUPDQFHRI� *$� GUDVWLFDOO\�� /RZ� PXWDWLRQ� DQG� KLJK� FURVVRYHU� UDWHV� EULQJ� WKH� ULVN� RI� SUHPDWXUHFRQYHUJHQFH��ZKLOH�KLJK�PXWDWLRQ�DQG� ORZ�FURVVRYHU� UDWHV�GHFUHDVH� WKH�*$�SHUIRUPDQFH� LQWHUPV� RI� FDUU\LQJ� WKH� EHWWHU� VROXWLRQV� WR� IXWXUH� JHQHUDWLRQV�� $OWKRXJK� LW� LV� YHU\� SUREOHP�GHSHQGHQW�� JHQHUDOO\� PXWDWLRQ� LV� DSSOLHG� ZLWK� D� ORZ� SUREDELOLW\� �W\SLFDOO\� OHVV� WKDQ� ������ZKLOH�FURVVRYHU� LV�DSSOLHG�ZLWK�KLJK�SUREDELOLW\� �RIWHQ�����'H�-RQJ��������VXJJHVWV� WKDW� WKHELW�PXWDWLRQ�UDWH�VKRXOG�EH�Q�� ZKHUH�Q�LV� WKH�VWULQJ� OHQJWK��0LFKDOHZLF]��������UHSRUWV� WKDWFURVVRYHU�UDWHV�EHWZHHQ������DQG����DQG�PXWDWLRQ�UDWHV�EHWZHHQ�������DQG������DUH�XVHIXO�LQ*$� DSSOLFDWLRQV�� ,Q� RXU� VWXG\� WKH� FURVVRYHU� SUREDELOLW\� OHYHOV� DUH� VHW� DV� ���� DQG� ��DQG� WKHPXWDWLRQ�OHYHOV�DUH������DQG�������ZKHUH������LV�HTXDO�WR���Q��Q�LV����LQ�RXU�PRGHO�
0D[LPXP�*HQHUDWLRQ�1XPEHU�7KH� PD[LPXP� JHQHUDWLRQ� QXPEHU� LV� XVXDOO\� D� YHU\� LQIOXHQWLDO� IDFWRU� LQ� *$SHUIRUPDQFH�� ,WV� KLJK�YDOXH� LQFUHDVHV� WKH� FRPSXWDWLRQ� WLPH��ZKLOH� ORZ� OHYHO�KDV� WKH� ULVN�RISRRU�SHUIRUPDQFH�RI�*$��VLQFH�LW�QDUURZV�WKH�VHDUFKHG�VSDFH�RI�WKH�UHDO�VROXWLRQ�VSDFH�RI�WKHV\VWHP�FRQVLGHUHG��$OWKRXJK�LW�LV�D�YHU\� LPSRUWDQW�IDFWRU��WKHUH�LV�QRW�D� OLWHUDWXUH�GHYHORSHGRQ� LW� WKDW�FDQ�JXLGH�XV� LQ� WKH�VHOHFWLRQ�RI� LWV¶� OHYHOV��7KH�PRVW� LPSRUWDQW� UHDVRQ� LV� WKDW�� WKHSDUDPHWHU�LWVHOI�LV�YHU\�SUREOHP�VSHFLILF��DQG�DOVR�LW�GHSHQGV�RQ�WKH�LPSOHPHQWHU¶V�FKRLFH��7RGHWHUPLQH�WKH�KLJK�DQG�ORZ�OHYHOV�RI�WKH�SDUDPHWHU��ZH�PDNH�H[SHULPHQWDWLRQ��WKXV�ZH�WDNHVRPH�SLORW�UXQV�E\�IL[LQJ�WKH�RWKHU�SDUDPHWHUV�DQG�FKDQJH�WKH�PD[LPXP�JHQHUDWLRQ�QXPEHU�:H�IL[�WKH�RWKHU�SDUDPHWHUV�DW�WKHLU�ORZ�OHYHOV�DQG�KLJK�OHYHOV��DQG�WDNH�WKH�UXQV�XQGHUWKHVH�WZR�VHSDUDWH�FRQGLWLRQV��7KH�SDUDPHWHUV�DW�WKHLU�KLJK�OHYHOV�FRQWULEXWH�WR�GHVLJQ����ZKLOHWKH� ORZ� OHYHO� RQH� FRQWULEXWHV� WR� GHVLJQ� ��� )LJXUH� ��D� VKRZV� WKH� EHVW� ILWQHVV� YDOXH� REWDLQHGXQGHU�GLIIHUHQW�YDOXHV�RI�PD[LPXP�JHQHUDWLRQ�QXPEHU�RI�*$�
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6LQFH�WKH�SRLQWV�DUH�QRW�YLVLEOH�WR�VFDOH��WKH�ILWQHVV�LQFUHPHQWV�WR�PD[LPXP�JHQHUDWLRQQXPEHU�DUH�UH�JUDSKHG��)LJXUH���E���)URP�)LJXUH���E��LW�LV�YLVLEOH�WKDW�QR�LQFUHPHQW�LQ�ILWQHVVLV� REWDLQHG� DIWHU� ��WK JHQHUDWLRQ� DW� GHVLJQ� ��� ZKLOH� OLWWOH� LPSURYHPHQW� RFFXUV� DIWHU� ��WKJHQHUDWLRQ��)RU�WKH�VHFRQG�GHVLJQ�SRLQW��OLWWOH�LQFUHPHQW�RFFXUV�DIWHU���WK JHQHUDWLRQ�DQG����WKJHQHUDWLRQ��%HVLGH� WKH� ILWQHVV�YDOXH��ZH�KDYH� WR�FRQVLGHU� WKH�&38� WLPH�DV� WKH�SHUIRUPDQFHPHDVXUH��)LJXUH���F�UHSUHVHQWV�WKH�&38�WLPH�YHUVXV�GLIIHUHQW�OHYHOV�RI�PD[LPXP�JHQHUDWLRQQXPEHU�SDUDPHWHU�
)LWQHVV
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� �� �� �� �� �� �� �� �� �� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���*HQHUDWLRQ�1XPEHU
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+LJK�/HYHO /RZ�/HYHOD��%HVW�ILWQHVV�REWDLQHG�YHUVXV�PD[LPXP�JHQHUDWLRQ�QXPEHU
)LWQHVV�'LIIHUHQFH
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� �� �� �� �� �� �� �� �� �� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���*HQHUDWLRQ�1XPEHU

9DOXH

+LJK�/HYHO /RZ�/HYHOE��'LIIHUHQFH�RI�)LWQHVV�YHUVXV�0D[LPXP�*HQHUDWLRQ�1XPEHU)LJXUH����$QDO\VLV�RI�0D[LPXP�*HQHUDWLRQ�1XPEHU
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&38�7LPH
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� �� �� �� ��� ��� ���*HQHUDWLRQ�1XPEHU

&38�
7LPH

+LJK�/HYHO /RZ�/HYHO
F��&38�7LPH�YHUVXV�0D[LPXP�*HQHUDWLRQ�1XPEHU�*UDSK)LJXUH����$QDO\VLV�RI�0D[LPXP�*HQHUDWLRQ�1XPEHU��FRQW¶G�

7KH�&38�WLPH�YHUVXV�PD[LPXP�JHQHUDWLRQ�QXPEHU�VKRZV�QHDUO\�H[SRQHQWLDO�EHKDYLRU�DQG� DW� ERWK� GHVLJQV� &38� WLPH� LQFUHDVHV� GUDVWLFDOO\� DIWHU� ���WK JHQHUDWLRQ�� 8QGHU� WKHVHFLUFXPVWDQFHV��DV�ERWK�WKH�PD[LPXP�ILWQHVV�DQG�&38�WLPH�FRQVLGHUHG�� WKH� OHYHOV�RI����DQG����VHHPHG�WR�EH�ORJLFDO�DV�WKH�OHYHOV�RI�WKH�SDUDPHWHU�,Q� FRQFOXVLRQ�� DV� D� UHVXOW� RI� WKH� OLWHUDWXUH� UHYLHZ� DQG� SLORW� H[SHULPHQWDWLRQV�� WKH� WZROHYHOV�RI�HDFK�IDFWRU�DUH�GHWHUPLQHG�DV�JLYHQ�LQ�7DEOH���
7DEOH����)DFWRUV�DQG�/HYHOV�IRU�)DFWRULDO�'HVLJQ3DUDPHWHU /RZ�/HYHO +LJK�/HYHO,QLWLDO�3RSXODWLRQ 5DQGRP 6HHGHG3RSXODWLRQ�6L]H �� ��0D[LPXP�*HQHUDWLRQ �� ���&URVVRYHU�3UREDELOLW\ ��� �0XWDWLRQ�3UREDELOLW\ ���� ����

7KH�DQDO\VLV�LV�FRQWLQXHG�E\�WDNLQJ���LQGHSHQGHQW�*$�UHSOLFDWLRQV�IRU�HDFK����GHVLJQSRLQWV��7KHQ�$129$��DQDO\VLV�RI�YDULDQFH��LV�XVHG�IRU�GHWHUPLQLQJ�WKH�VLJQLILFDQFH�RI�HDFKHIIHFW�� DQG� WKH� DSSURSULDWH� OHYHOV� RI� HDFK�SDUDPHWHU� IRU� EHWWHU�*$�SHUIRUPDQFH� LQ� WHUPV� RI
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ILWQHVV� DQG� &38� WLPH�� :H� EHQHILW� IURP� WKH� 6366� VWDWLVWLFDO� VRIWZDUH� SDFNDJH� GXULQJ� WKH$129$�
�������'LDJQRVWLF�&KHFNLQJ7KH��� IDFWRULDO�GHVLJQ�LV�DSSOLHG�XQGHU�VRPH�DVVXPSWLRQV��7KH�HIIHFWV�DUH�DVVXPHG�WREH� IL[HG�� GHVLJQV� DUH� FRPSOHWHO\� UDQGRPL]HG� VR� WKDW� UHSOLFDWLRQV� DUH� LQGHSHQGHQW� RI� HDFKRWKHU��DQG�XVXDO�QRUPDOLW\� DVVXPSWLRQV�DUH� FRQVLGHUHG� WR�EH� VDWLVILHG��%HIRUH� LPSOHPHQWLQJWKH�IDFWRULDO�GHVLJQ��WKHVH�DVVXPSWLRQV�KDYH�WR�EH�FKHFNHG�7KH�SDUDPHWHU�OHYHOV�DUH�QRW�VHOHFWHG�UDQGRPO\�IURP�D�VHW�RI�SRVVLEOH�YDOXHV��WKXV�LW�LVQRW� D� UDQGRP�HIIHFW� PRGHO�� 7KH� OHYHOV� DUH� VSHFLILHG� E\� WKH� OLWHUDWXUH� VHDUFK� DQG� IXUWKHUH[SHULPHQWDWLRQ��VR�ILUVW�DVVXPSWLRQ�LV�VDWLVILHG�DXWRPDWLFDOO\�7KH� LQGHSHQGHQFH� RI� UHSOLFDWLRQV�� DQG� WKH� GHVLJQ� SRLQWV� LV� SURYLGHG� E\� WKH� XVH� RILQGHSHQGHQW� GLVWLQFW� VHHGV� RI� 6,0$1�9� LQ� VLPXODWLRQ�PRGHO�� 6LQFH� LQGHSHQGHQW� VHHGV� DUHXVHG��WKH�GHVLJQV�DUH�FRPSOHWHO\�UDQGRPL]HG�1RUPDOLW\�DVVXPSWLRQ�UHTXLUHV�PRUH�HIIRUW�IRU�DGHTXDF\�FKHFNLQJ��$OWKRXJK�PRGHUDWHGHSDUWXUHV�IURP�WKH�QRUPDOLW\�DVVXPSWLRQ�DUH�RI� OLWWOH�FRQFHUQ�LQ� WKH�IL[HG�HIIHFWV�$129$�WKDW� LV� UREXVW� WR� QRUPDOLW\� DVVXPSWLRQ�� VLQFH� )� WHVW� LV� RQO\� VOLJKWO\� DIIHFWHG� �0RQWJRPHU\�������� WKLV�DVVXPSWLRQ�VWLOO�KDV�WR�EH�FKHFNHG��7KH� UHVLGXDO�H[DPLQDWLRQ� LV�EHQHILFLDO� LQ� WKHGLDJQRVLV� RI� QRUPDOLW\� YLRODWLRQV�� 5HVLGXDO� SORW� RI� WKH� PRGHO� LV� FRQVWUXFWHG� E\� WKH� XVH� RIUHJUHVVLRQ� PRGHO�� ZKLFK� LV� SORWWHG� UHJDUGLQJ� WR� WKH� HIIHFW� VL]HV� HVWLPDWHG� GXULQJ� IDFWRULDODQDO\VLV�� ,I� UHVLGXDO� SORWV� RI� ERWK� &38� WLPH� DQG� ILWQHVV� UHVSRQVHV� VKRZ� D� OLQHDU� EHKDYLRUHVSHFLDOO\�LQ�WKH�PLGGOH�SRUWLRQ�RI�WKH�SRLQWV��WKHQ�WKHUH�LV�QR�UHDVRQ�WR�VXVSHFW�DERXW�WKH�QRQ�QRUPDOLW\�RI�WKH�GDWD�$IWHU� VLJQLILFDQW� IDFWRUV� DUH� REWDLQHG� E\� XVLQJ� $129$�� WKH� QRUPDO� SUREDELOLW\� RIHIIHFWV�LV�XVHG�IRU�WKH�GLDJQRVWLF�FKHFNLQJ�RI�WKH�DGHTXDF\�RI�VLJQLILFDQW�SDUDPHWHUV��7KH�SORWRI�HIIHFW�VL]HV�YHUVXV�FRUUHVSRQGLQJ�QRUPDO�SUREDELOLWLHV�KDV�WR�VKRZ�OLQHDU�EHKDYLRU� IRU�DOOLQVLJQLILFDQW�HIIHFWV��DQG�VLJQLILFDQW�HIIHFWV�VKRXOG�SUHVHQW�DQ�RXWOLHU��GLVWXUELQJ�WKH�OLQHDULW\�)LQDOO\�� $129$� DVVXPHV� WKH� KRPRJHQHLW\� RI� YDULDQFHV� EHWZHHQ� LQGHSHQGHQWUHSOLFDWLRQV�� WKXV� KRPRJHQHLW\� DVVXPSWLRQ� KDV� WR� EH� VDWLVILHG�� 7KHUH� DUH� D� ORW� RI� ZD\V� WRVHDUFK� WKH� UHOHYDQFH� RI� WKLV� DVVXPSWLRQ�� ,Q� WKLV� VWXG\��%DUWOHWW� WHVW� �0RQWJRPHU\�� ������ LVXVHG�
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&+$37(5��(;3(5,0(17$/�5(68/76
7KH�DLP�RI�WKLV�VWXG\�LV�WR�H[DPLQH�WKH�QXPHULFDO�IDFWRUV��ZKLFK�DIIHFW�*$�SHUIRUPDQFH�7KH�IDFWRUV�LQYHVWLJDWHG�DUH�WKH�LQLWLDO�SRSXODWLRQ�W\SH��SRSXODWLRQ�VL]H��PD[LPXP�JHQHUDWLRQQXPEHU��DQG�PXWDWLRQ�DQG�FURVVRYHU�SUREDELOLWLHV��$�WHVW�SUREOHP�LV�XVHG�IRU�WKH�DQDO\VLV��DQG�� IDFWRULDO� GHVLJQ� LV� LPSOHPHQWHG� WR� GHWHUPLQH� WKH� VLJQLILFDQFH� RI� HDFK� IDFWRUV�� DQG� IDFWRULQWHUDFWLRQV��$OVR�PRGLILFDWLRQV�RI� WKH�SUREOHP� DUH� XVHG� IRU� H[DPLQLQJ� WKH� EHKDYLRU� RI� WKHIDFWRUV� XQGHU� GLIIHUHQW� FRQGLWLRQV�� 7DEOH� �� VXPPDUL]HV� WKH� IDFWRUV� DQG� IDFWRU� OHYHOV� RI� WKHDQDO\VLV� 7DEOH����)DFWRUV�DQG�/HYHOV�IRU�)DFWRULDO�'HVLJQ3DUDPHWHU /RZ�/HYHO +LJK�/HYHO,QLWLDO�3RSXODWLRQ 5DQGRP 6HHGHG3RSXODWLRQ�6L]H �� ��0D[LPXP�*HQHUDWLRQ �� ���&URVVRYHU�3UREDELOLW\ ��� �0XWDWLRQ�3UREDELOLW\ ���� ����
$OO� WKH� FRPSXWHU� DSSOLFDWLRQV� DUH� FDUULHG� RQ� 6XQ�+3&� 6HUYHU� �����ZLWK� ��� ���PK]&38����*%�PHPRU\�����*%�GLVN�DQG�������*%��PP�WDSH�XQLW�7KLV� FKDSWHU� SUHVHQWV� WKH� H[SHULPHQWDO� UHVXOWV� IRU� WKH� RULJLQDO� WHVW� SUREOHP�� 0RGHODGHTXDF\� FKHFNLQJ�� WKH� DQDO\VLV� UHVXOWV� ZLWK� UHVSHFW� WR� ILWQHVV� UHVSRQVH�� DQG� &38� WLPHUHVSRQVH�DUH� LOOXVWUDWHG� UHVSHFWLYHO\��)LQDOO\� WKH� FRQVHTXHQFHV�RI� HDFK�VHSDUDWH� DQDO\VLV� DUHFRPELQHG�7KURXJKRXW� WKLV� FKDSWHU� GXULQJ� WKH� IDFWRULDO� GHVLJQ� RI� H[SHULPHQWV�� DEEUHYLDWLRQV� DUHXVHG�LQVWHDG�RI�WKH�IDFWRUV¶�PDLQ�WLWOHV��7KH�IROORZLQJ�WHUPLQRORJ\�LV�SULQWHG�ZKHQ�QHFHVVDU\�$��,QLWLDO�3RSXODWLRQ�7\SH%��3RSXODWLRQ�6L]H&��0D[LPXP�*HQHUDWLRQ�1R'��&URVVRYHU�3UREDELOLW\(��0XWDWLRQ�3UREDELOLW\



��

$OVR� LQ� IDFWRULDO� GHVLJQ� WDEOHV� ³��´� GHQRWHV� WKH� ORZ� OHYHO� RI� WKH� IDFWRU�� ZKLOH� ³�´UHSUHVHQWV�WKH�KLJK�OHYHO��)RU�H[DPSOH�D�GHVLJQ�SRLQW�RI�������������������FRUUHVSRQGV�WR�WKH�*$SDUDPHWHUV� RI� VHHGHG� LQLWLDO� SRSXODWLRQ�� SRSXODWLRQ� VL]H� ���� ����PD[LPXP�JHQHUDWLRQV�� ���SUREDELOLW\�RI�FURVVRYHU��DQG������SUREDELOLW\�RI�PXWDWLRQ�
�����2ULJLQDO�7HVW�3UREOHP7KH�WHVW�SUREOHP�LV�WDNHQ�IURP�:6&������3URFHHGLQJV��/DZ�DQG�0F&RPDV���������7KHV\VWHP�LV�D�VHULDO�DVVHPEO\�OLQH�ZLWK�IRXU�ZRUNVWDWLRQV��DQG�WKUHH�EXIIHUV�ORFDWHG�EHWZHHQ�WKHVWDWLRQV��VWDUWLQJ�IURP�WKH�ILUVW�VWDWLRQ��7KHUH�DUH�VHYHQ�GHFLVLRQ�YDULDEOHV��IRXU�RI�ZKLFK�DUHWKH�PDFKLQH�QXPEHUV� LQ� HDFK�ZRUNVWDWLRQ��ZKHUHDV� WKH� UHVW� DUH� QXPEHU�RI�EXIIHU� ORFDWLRQV�2EMHFWLYH�IXQFWLRQ�LV�PD[LPL]LQJ�WKH�WRWDO�SURILW��ZKLFK�GHSHQGV�RQ�WKH�WKURXJKSXW�OHYHO��DQGPDFKLQH�DQG�EXIIHU�RSHUDWLQJ�FRVWV�
�������0RGHO�$GHTXDF\�&KHFNLQJ7KH� *$� PRGHO� LV� SURFHVVHG� �� WLPHV� DW� HDFK� RI� ��� GHVLJQ� SRLQWV�� 7KH� UHVXOWV� RI� �LQGHSHQGHQW�UHSOLFDWLRQV�RI�WKH�*$�PRGHO�DUH�JLYHQ�LQ�7DEOH���D�DQG�7DEOH���E�IRU�WKH�ILWQHVVYDOXH�DQG�&38�WLPH��UHVSHFWLYHO\�$IWHU�KDYLQJ�WKH�*$�UHVXOWV�IRU�WKH�DQDO\VLV��WKH�DVVXPSWLRQV�RI�$129$�DUH�FKHFNHG�7KH� LQGHSHQGHQFH� RI� WKH� UHSOLFDWLRQV� LV� SURYLGHG� E\� WKH� XVH� RI� LQGHSHQGHQW� VHHGV�� 7KHQRUPDOLW\� DVVXPSWLRQ� LV� FRQWUROOHG� E\� WKH� UHVLGXDO� SORWV� RI� ERWK� UHVSRQVHV� VHSDUDWHO\�� 7KHUHVLGXDOV�DUH�FDOFXODWHG�IURP�WKH�GLIIHUHQFH�EHWZHHQ�WKH�REVHUYHG�YDOXHV�DQG�SUHGLFWHG�YDOXHV�ZKHUH� SUHGLFWHG� YDOXHV� DUH� HVWLPDWHG� IURP� WKH� UHJUHVVLRQ� PRGHO� GHYHORSHG� IURP� WKH� GDWD�)LJXUH���D�DQG���E�SUHVHQWV�WKH�UHVLGXDO�SORW�RI�ILWQHVV�DQG�&38�WLPH��UHVSHFWLYHO\�
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E��5HVLGXDO�3ORW�RI�&38�7LPH�5HVSRQVH)LJXUH����5HVLGXDO�3ORW�YHUVXV�5HVSRQVHV%RWK�JUDSKV�VKRZ�OLQHDU�EHKDYLRUV��DQG�WKHUH�DUH�QRW�DQ\�VLJQLILFDQW�GHYLDWLRQV�IURP�DVWUDLJKW�OLQH��VR�ERWK�GDWD�VHWV�VDWLVI\�WKH�QRUPDOLW\�DVVXPSWLRQ�7R� LQYHVWLJDWH� WKH� KRPRJHQHLW\� RI� YDULDQFH�� %DUWOHWW¶V� WHVW� �0RQWJRPHU\�� ������ LVDSSOLHG�RQ�ERWK�GDWD� VHWV��7ZR�GDWD� VHWV� SDVV� IURP� WKH� WHVW�� DQG� VLQFH� HDFK� VHW� VDWLVILHV� WKHQRUPDOLW\� DQG� LQGHSHQGHQFH� DVVXPSWLRQV�� DQG� YDULDQFHV� DPRQJ� WKH� UHSOLFDWHV� DUHKRPRJHQHRXV��$129$�FDQ�EH�DSSOLHG�FRPIRUWDEO\�
�������)LWQHVV�5HVSRQVH$129$� WDEOH� LV� REWDLQHG� E\� XVLQJ� WKH� VWDWLVWLFDO� VRIWZDUH� SDFNDJH� 6366�� 7KH� ODVWFROXPQ�LQGLFDWHV�WKH�VLJQLILFDQFH�RI�HIIHFWV��DQG�WKH�SUHYLRXV�FROXPQ�LQFOXGHV�WKH�)�VWDWLVWLFVXVHG�IRU�WKH�VLJQLILFDQFH�WHVW�7DEOH���LV�WKH�$129$�WDEOH�IRU�ILWQHVV�UHVSRQVH�
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7KH�����SUHFLVLRQ�OHYHO�LV�DSSOLHG�GXULQJ�WKH�DQDO\VLV��7KH�FRUUHVSRQGLQJ�)�VWDWLVWLF�LV��������� IRU� ����� VLJQLILFDQFH� OHYHO�� 7KH� IDFWRUV�� ZKLFK� DUH� IRXQG� VLJQLILFDQW� DUH�� LQLWLDOSRSXODWLRQ�W\SH��SRSXODWLRQ�VL]H��PD[LPXP�JHQHUDWLRQ�QXPEHU��PXWDWLRQ�SUREDELOLW\�DQG�WKHLQWHUDFWLRQ�HIIHFW�RI�SRSXODWLRQ�W\SH�DQG�PXWDWLRQ�SUREDELOLW\�
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7KH� QRUPDO� SUREDELOLW\� SORW� RI� HIIHFWV� LV� JUDSKHG� LQ� RUGHU� WR� PDNH� WKH� GLDJQRVWLFFKHFNLQJ�RI�WKH�$129$�UHVXOWV�JDWKHUHG��)LJXUH���UHVHPEOHV�WKH�QRUPDO�SUREDELOLW\�SORW�RIHIIHFWV�� HVWLPDWHG� IURP� WKH� GDWD� VHW�� 7KH� JUDSK� VKRZV� OLQHDU� EHKDYLRU� H[FHSW� ILYH� RXWOLHUSRLQWV��IRXU�RI�ZKLFK�DUH� LQ� WKH�SRVLWLYH�VLGH��DQG� WKH� UHPDLQLQJ� LQ� WKH�QHJDWLYH�VLGH��7KHVHSRLQWV� FRUUHVSRQG� WR� WKH� VLJQLILFDQW� HIIHFWV� IRXQG� IURP� WKH� DQDO\VLV� RI� YDULDQFH�� WKXV� WKHFRUUHFWQHVV�RI�WKH�DQDO\VLV�LV�YDOLGDWHG�
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)LJXUH����1RUPDO�3UREDELOLW\�3ORW�RI�(IIHFWV�IRU�)LWQHVV�5HVSRQVH
%HIRUH� JLYLQJ� D� GHWDLOHG� H[SODQDWLRQ� RQ� WKH� IDFWRUV�� LW� LV� EHQHILFLDO� WR� SUHVHQW� VRPHSUHOLPLQDU\� LQIRUPDWLRQ�DERXW�WKH�VROXWLRQ�VSDFH�RI�WKH�WHVW�SUREOHP�XQGHU�FRQVLGHUDWLRQ�� ,QWKH� WHVW� SUREOHP� ZH� XVHG�� WKHUH� DUH� WZR� PDLQ� W\SHV� RI� GHFLVLRQ� YDULDEOHV�� 0L�� QXPEHU� RIPDFKLQHV�LQ�ZRUNVWDWLRQ�L�DQG�%L��QXPEHU�RI�EXIIHU�SRVLWLRQV�EHWZHHQ�VWDWLRQ�L�DQG�L�����2XUFRPSXWDWLRQDO� H[SHULPHQWV� ZLWK� WKH� PRGHO� LQGLFDWH� WKDW� WKH� QXPEHU� RI� PDFKLQHV� LQ� HDFKZRUNVWDWLRQ� �0L�� LV� WKH� GRPLQDWLQJ� GHFLVLRQ� YDULDEOH� VHW�� PHDQLQJ� WKDW�� WKH� WRWDO� SURILWREWDLQHG� PHUHO\� GHSHQGV� RQ� WKH� OHYHO� RI� WKLV� YDULDEOH�� 7KHUH� DUH� WZR� UHDVRQV�� RQH� LV� WKHPDFKLQH�RSHUDWLQJ� FRVW� LV� VLJQLILFDQWO\� ODUJHU� WKDQ� WKH� EXIIHU� FRVW� ���� WLPHV� ODUJHU��� VR� DQ\DOWHUDWLRQ�RI�0L KDV�PRUH�VLJQLILFDQW�LPSDFW�RQ�WRWDO�FRVW�RI�WKH�V\VWHP�WKDQ�WKH�EXIIHU��$OVRWKH�XQLW�FRVW�RI�PDFKLQH�LV�KLJK�HQRXJK�WR�DIIHFW�WKH�SURILW�RI� WKH�V\VWHP��$QRWKHU�UHDVRQ�LVHYHQ� D� XQLW� LQFUHPHQW� RU� GHFUHPHQW� RQ� RQH� RI� 0L µV� DIIHFW� WKH� WKURXJKSXW� RI� WKH� V\VWHPGUDVWLFDOO\�FRPSDUHG�WR�%L��)RU�WKHVH�UHDVRQV�0L¶V�FRQVWLWXWH�WKH�GRPLQDWLQJ�VHW�RI�YDULDEOHV�LQWKH�V\VWHP�FRQVLGHUHG�
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0RUHRYHU��RQO\�VRPH�VSHFLILF�FRPELQDWLRQV�RI�0L¶V�OHDG�WR�JRRG�VROXWLRQV��KLJK�SURILW������ LQGHSHQGHQW� *$� DSSOLFDWLRQV� ZLWK� YDULRXV� SDUDPHWHU� VHWWLQJV� DUH� FDUULHG� RXW� LQ� WKHDQDO\VLV�� DQG� WKH� IROORZLQJ� VFKHPH� RI� WKH� PDFKLQH� FRPELQDWLRQV� LV� REWDLQHG� LQ� WKH� EHVWVROXWLRQV�IRXQG�E\�*$� 6ROXWLRQ ��7LPHV�(QFRXQWHUHG��±���±���±�� ���WLPHV��±���±���±�� ���WLPHV��±���±���±�� ���WLPHV��±���±���±�� ��WLPHV��±���±���±�� ��WLPHV��±���±���±�� ��WLPHV��±���±���±�� ��WLPH��±���±���±�� ��WLPH
$V�VHHQ�IURP�WKH�FRPELQDWLRQV��JRRG�VROXWLRQV�KDYH�VRPH�VSHFLILF�SDWWHUQ�LQ� WHUPV�RIPDFKLQH� QXPEHUV�� 0RUH� WKDQ� ���� RI� WULDOV�� *$� OHDGV� WR� D� EHVW� VROXWLRQ� ZLWK� PDFKLQHFRPELQDWLRQ�RI����±���±���±���RU���±���±���±�����,W�LV�D�SUHGLFWDEOH�UHVXOW��VLQFH�WKH�ILUVW�DQG�WKHVHFRQG� ZRUNVWDWLRQV� KDYH� WKH� ODUJHVW� SURFHVVLQJ� WLPHV�� VR� WKH\� UHTXLUH� PRUH� UHVRXUFHV�PDFKLQHV��FRPSDUHG�WR�WKH�RWKHU�ZRUNVWDWLRQV���$OWKRXJK�ORZ�OHYHOV�RI�EXIIHU�SRVLWLRQ�OHDGWR�VLJQLILFDQW�GHFUHDVH�LQ�WKURXJKSXW�VR�WKH�SURILW�RI�WKH�V\VWHP��IRU�WKHVH�JRRG�FRPELQDWLRQVRI�PDFKLQHV�� EXIIHU� OHYHOV� GR� QRW� KDYH� YHU\� VLJQLILFDQW� LPSDFW� RQ� WKH� V\VWHP�SHUIRUPDQFH�7KH� IROORZLQJ� VROXWLRQV� DQG� WKH� FRUUHVSRQGLQJ� REMHFWLYH� YDOXHV� SUHVHQW� DQ� H[DPSOH� WR� WKHVLWXDWLRQ� 6ROXWLRQ )LWQHVV�9DOXH��PRQHWDU\�XQLWV���±���±���±���±����±����±�� ��������±���±���±���±����±����±�� ��������±���±���±���±����±����±��� ��������±���±���±���±����±����±�� ��������±���±���±���±����±����±�� ��������±���±���±���±����±����±��� ��������±���±���±���±����±����±�� ��������±���±���±���±����±����±�� ������
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7KH� VDPH� FRPELQDWLRQ� RI� PDFKLQH� QXPEHUV�� EXW� GLIIHUHQW� EXIIHU� OHYHOV� GRHV� QRW� SUHVHQWVLJQLILFDQW� DOWHUDWLRQV� LQ� WRWDO� SURILW�� %HFDXVH� WKH� FRVW� RI� EXIIHU� SRVLWLRQ� DGGHG� LV� DOPRVWQHDUO\�FRPSHQVDWHG�E\�WKH�LQFUHDVH�LQ�WKH�WKURXJKSXW�OHYHO��%XW�VRPHKRZ�WKHUH�LV�DOVR�VRPHGLVFULPLQDWLRQ�LQ�EXIIHU�OHYHOV�DPRQJ�WKH�JRRG�VROXWLRQ�SDWWHUQV��)RU�H[DPSOH��IRU���±���±���±���WKLUG�EXIIHU�OHYHO�LV�VPDOOHU�WKDW�WKH�RWKHU�WZR��ZKLFK�LV�DQ�H[SHFWHG�UHVXOW��%HFDXVH��WKLUGEXIIHU�LV�ORFDWHG�EHWZHHQ�WKLUG�DQG�IRXUWK�VWDWLRQ��DQG�WKLUG�VWDWLRQ�KDV�RQO\���PDFKLQHV��WKHUHLV�QR�QHHG�IRU�D�ORW�RI�EXIIHU�SRVLWLRQV��ZKLFK�FDUU\�WKH�:,3�FRPLQJ�IURP�WKH�WKLUG�VWDWLRQ��$VWKH�ILUVW� WZR�VWDWLRQV�DUH�ERWWOHQHFNV�DQG�KDYH�ELJJHVW�QXPEHU�RI�PDFKLQHV�� ILUVW� WZR�EXIIHUOHYHOV�DUH�JUHDWHU�LQ�VRPH�H[WHQW�7KXV��LW�FDQ�EH�FRQFOXGHG�WKDW�JRRG�VROXWLRQV�KDYH�VSHFLILF�SDWWHUQV�LQ�WHUPV�RI�PDFKLQHFRPELQDWLRQV��DQG�GLIIHUHQW�EXIIHU�OHYHOV�DW�WKHVH�FRPELQDWLRQV�FUHDWH�WKH�GLYHUVLW\�DPRQJ�WKHVROXWLRQV�ZLWK�OLWWOH�LPSURYHPHQWV�RQ�REMHFWLYH�YDOXH�$QRWKHU�LQWHUSUHWDWLRQ�LV�WKDW��JRRG�VROXWLRQV�DUH�KLJKO\�GRPLQDQW�LQ�WKH�VROXWLRQ�VSDFH�,Q�RWKHU�ZRUGV� WKH�VROXWLRQV�ZLWK� WKH�SUH�VSHFLILHG�FRPELQDWLRQ�RI�PDFKLQHV�JHQHUDOO\� KDYHVLJQLILFDQWO\�PRUH�ILWQHVV�YDOXH�WKDQ�WKH�RWKHU�VROXWLRQV��2Q�WKH�DYHUDJH�WKH�WRWDO�SURILW�RI�WKHV\VWHP�ZLWK�JRRG�SDWWHUQV�FDQ�EH�HVWLPDWHG�DV�QHDUO\���������ZKLOH�QR�RWKHU�FRPELQDWLRQ�RIPDFKLQHV� FDQ� UHDFK� VXFK� D� SURILW� YDOXH�� 7KH� LPSRUWDQFH� RI� WKLV� SURSHUW\� UHYHDOV� LQ� *$DSSOLFDWLRQ�� 6LQFH� VRPH� VROXWLRQV�� VRPH� JRRG� VROXWLRQV�� DUH� YHU\� GRPLQDWLQJ� LQ� WHUPV� RIILWQHVV� YDOXHV�� WKH� VHOHFWLRQ� SURFHGXUH� XVXDOO\� VHOHFWV� VWULQJV� ZLWK� WKHVH� SDWWHUQV� IRU� WKHSRWHQWLDO�SDUHQWV�RI�WKH�IROORZLQJ�JHQHUDWLRQ��7KXV�E\�WKH�FURVVRYHU�RSHUDWRU��JHQHWLF�PDWHULDORI�WKHVH�VROXWLRQV�LV�FDUULHG�WR�WKH�QH[W�JHQHUDWLRQV��ZKHUH�D�UDSLG�FRQYHUJHQFH�WR�WKHVH�JRRGVROXWLRQV�RFFXU� LQ�*$��6LQFH� HYHU\� WLPH�FKLOGUHQ� DUH�SURGXFHG� IURP� WKH�SDUHQWV�ZLWK� VDPHPDFKLQH� QXPEHU� SDWWHUQV�� $IWHU� VRPH� LQLWLDO� JHQHUDWLRQV�� DOPRVW� DOO� LQGLYLGXDOV� KDYH� WKHVHVSHFLILF�SDWWHUQV�LQ�WHUPV�RI�PDFKLQH�QXPEHUV��+HQFH��WKLV�OHDGV�WR�WKH�UDSLG�FRQYHUJHQFH�RI*$�WR�JRRG�VROXWLRQV�LQ�IHZ�JHQHUDWLRQV�$IWHU�WKHVH�SUHOLPLQDU\�DQDO\VHV�DERXW�WKH�VROXWLRQ�VSDFH��WKH�UHVXOWV�RI�$129$�FDQ�EHSUHVHQWHG�� )LJXUH� ��D�G� UHVHPEOHV� WKH� VLJQLILFDQW�PDLQ� HIIHFWV� RI� WKH� DQDO\VLV�� VKRZLQJ� WKHFKDQJH�LQ�ILWQHVV�YDOXH�JRLQJ�IRUP�WKH�ORZ�OHYHO�RI�D�IDFWRU�WKH�KLJK�OHYHO��)LJXUH���H�SUHVHQWVDOO� WKH� PDLQ� HIIHFWV� WRJHWKHU�� ZKLOH� )LJXUH� ��I� LV� WKH� JUDSK� RI� RQO\� VLJQLILFDQW� LQWHUDFWLRQHIIHFW��LQLWLDO�SRSXODWLRQ�W\SH�PXWDWLRQ�SUREDELOLW\�LQWHUDFWLRQ�
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7KH� LQLWLDO� SRSXODWLRQ� W\SH� LV� WKH� ILUVW� VLJQLILFDQW�PDLQ� HIIHFW�� 6WDUWLQJ�ZLWK� D� VHHGHGSRSXODWLRQ�LQFUHDVHV�WKH�EHVW�ILWQHVV�YDOXH�IRXQG�VLJQLILFDQWO\�FRPSDUHG�ZLWK�D�UDQGRP�VWDUW�WKXV�WKH�LQLWLDO�SRSXODWLRQ�W\SH�KDV�D�SRVLWLYH�HIIHFW�RQ�ILWQHVV�UHVSRQVH���)LJXUH���D��$OWKRXJKLW� LV� QRW� D� XVXDO� FDVH� IRU� *$� DSSOLFDWLRQV�� WKHUH� DUH� HPSLULFDO� VWXGLHV� LQ� WKH� OLWHUDWXUHVXSSRUWLQJ� VXFK� D� FRQFOXVLRQ� �5HHYHV�� ������� ,Q� IDFW�� VLQFH� WKH� JRRG� VROXWLRQV� KDYH� VRPHVSHFLILF�SDWWHUQ�LQ�WHUPV�RI�PDFKLQH�QXPEHUV��WKH�JRRGQHVV�RI�WKH�VROXWLRQ�PHUHO\�GHSHQGV�RQWKH�OHYHOV�RI� WKH�EXIIHU�SRVLWLRQV�DIWHU� VRPH�JHQHUDWLRQV��+LJK�GRPLQDQFH�RI�JRRG�VROXWLRQVOHDGV�WR�FRQYHUJHQFH�WR�WKHVH�JRRG�VROXWLRQ�SDWWHUQV��DQG�*$�VWDUWV�WR�EURZVH�EHWWHU�VROXWLRQVE\�FKDQJLQJ�WKH�EXIIHU�OHYHOV��,W�LV�FHUWDLQ�WKDW��WKH�PDFKLQH�QXPEHUV�DUH�DOVR�DOWHUHG�GXULQJJHQHWLF� RSHUDWLRQV�� EXW� DQ\� DOWHUDWLRQ� UHVXOWV�ZLWK� D� SRRU� ILWQHVV�� WKXV� VHOHFWLRQ�PHFKDQLVPLJQRUHV� VXFK� LQGLYLGXDOV�� DQG� WKH\� GR� QRW� KDYH� FKDQFH� WR� VXUYLYH� IRU� WKH� IROORZLQJJHQHUDWLRQV�7KH� GLIIHUHQFH� EHWZHHQ� VHHGHG� SRSXODWLRQ�� DQG� UDQGRP� SRSXODWLRQ� LV�� VHHGHG� RQHFRQWDLQV� LQGLYLGXDOV� ZLWK� JRRG� PDFKLQH� FRPELQDWLRQV�� 7KXV�� EHFDXVH� WKHVH� VROXWLRQV� DUHKLJKO\�GRPLQDQW��WKH�FRQYHUJHQFH�RI�LQGLYLGXDOV�WR�VROXWLRQV�ZLWK�WKHVH�SDWWHUQV�RFFXUV�YHU\UDSLGO\��)RU�WKH�UDQGRP�SRSXODWLRQ�FDVH��*$�VSHQGV�VRPH�JHQHUDWLRQV�LQ�UHDFKLQJ�WKHVH�JRRGSDWWHUQV��WKDW�LV�FRQYHUJH�RFFXUV�PRUH�VORZO\��)RU�VHHGHG�LQLWLDO�SRSXODWLRQV�FDVH��EHFDXVH�RIWKH�PRUH�UDSLG�FRQYHUJHQFH��*$�KDV�PRUH�WLPH�WR�WU\�GLIIHUHQW�FRPELQDWLRQ�RI�EXIIHU�OHYHOV�WKLV� LQFUHDVHV� WKH� SUREDELOLW\� RI� KLWWLQJ� D� EHWWHU� VROXWLRQ��*$� XVHV� LWV� WLPH�PRUH� HIILFLHQWO\FRPSDUHG� ZLWK� WKH� UDQGRP� FDVH�� )RU� WKDW� UHDVRQ� LQLWLDO� SRSXODWLRQ� W\SH� KDV� D� VLJQLILFDQWLPSDFW�RQ�ILWQHVV�YDOXH�3RSXODWLRQ�VL]H�DQG�PD[LPXP�JHQHUDWLRQ�QXPEHU�KDYH�DOVR�VLJQLILFDQW�HIIHFWV�RQ�EHVWILWQHVV� YDOXH� IRXQG�� �)LJXUH� ��E� DQG� ��F�� $V� \RX� LQFUHDVH� WKH� OHYHOV� RI� WKHVH� IDFWRUV�� *$PDQDJHV� WR� ILQG�EHWWHU� VROXWLRQV�� WKXV� WKH\�ERWK�KDYH�SRVLWLYH�HIIHFWV��7KLV� LV� D�SUHGLFWDEOH�DQG� DOVR�REYLRXV� UHVXOW�� VLQFH� LQFUHDVLQJ� WKH� SRSXODWLRQ� VL]H� �Q��� RU� JHQHUDWLRQ� QXPEHU� �P�HQODUJHV� WKH� VHDUFK�VSDFH��0RUH� LQGLYLGXDOV�DUH�SURFHVVHG�� VR�SUREDELOLW\� RI� UHDFKLQJ� EHWWHUVROXWLRQV�LQFUHDVHV��+HQFH��LQFUHDVH�LQ�OHYHOV�RI�Q�DQG�P��LQFUHDVHV�WKH�SHUIRUPDQFH�RI�*$�&URVVRYHU�SUREDELOLW\� LV� WKH�RQO\� IDFWRU��ZKLFK�KDV�DQ� LQVLJQLILFDQW�PDLQ�HIIHFW�� )URP)LJXUH� ��H�� LW� VHHPV� WKDW� DOO� WKH� OLQHV� H[FHSW� FURVVRYHU� OLQH� VKRZ� LQFUHDVLQJ� RU� GHFUHDVLQJEHKDYLRU��EXW�FURVVRYHU�OLQH�LV�YHU\�VWUDLJKW�EHWZHHQ�ORZ�DQG�KLJK�YDOXHV��7KH�UHDVRQ�EHKLQGWKLV�GHSHQGV�RQ�WKH�QDWXUH�RI�VROXWLRQ�VSDFH��*RRG�VROXWLRQV�KDYH�VSHFLILF�SDWWHUQV�LQ�WHUPV�RI
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PDFKLQH�QXPEHUV��DQG�WKH\�DUH�KLJKO\�GRPLQDQW��VR�VHOHFWLRQ�PHFKDQLVP�DOZD\V�VHOHFWV�WKHVHLQGLYLGXDOV��DQG�FRQYHUJHQFH�RFFXUV�DIWHU�VRPH�VWDUWLQJ�JHQHUDWLRQV��/RZ� OHYHO�RI�FURVVRYHUSUREDELOLW\�PHDQV�ORZ�FKDQFH�WR�FURVV��LQ�RWKHU�ZRUGV�VHOHFWHG�SRWHQWLDO�SDUHQWV�DUH�FRSLHG�WRQH[W� JHQHUDWLRQ� GLUHFWO\�� +LJK� OHYHO� RI� FURVVRYHU� IRUFHV� WKHVH� SRWHQWLDO� SDUHQWV� WR� FKDQJHJHQHWLF�PDWHULDO�ZLWK�HDFK�RWKHU��,I�WKH�HIIHFW�RI�FURVVRYHU�LV�LQVLJQLILFDQW��WKHQ�WR�FURVV�RU�QRWWR�FURVV� VKRXOG�QRW�PDNH�DQ\�GLIIHUHQFH� LQ� ILWQHVV�YDOXHV��7KLV� LV� WUXH� IRU� WKH�QDWXUH�RI� WKHVROXWLRQ�DQG�VHDUFK�VSDFH�WRJHWKHU�$IWHU�VRPH�LQLWLDO�JHQHUDWLRQV��WKH�LQGLYLGXDOV�JHQHUDOO\�KDYH���±���±���±���RU���±���±���±��DV�PDFKLQH�FRPELQDWLRQV��FRUUHVSRQGLQJ�WR�VWULQJV�VWDUWLQJ�ZLWK�
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$OWKRXJK�WKHUH�DUH�PRUH�SDWWHUQV�SUHVHQW�LQ�WKH�VROXWLRQ�VSDFH��DQG�HDFK�SDWWHUQ�DUH�LQGLIIHUHQW� DPRXQWV�� VLQFH� WKHVH� WZR�DUH� WKH�PRVW�FRPPRQ�RQHV�KDYLQJ� ODUJHVW� ILWQHVV�YDOXHV�IRU� D� URXJK� HVWLPDWH�� ERWK� VWULQJV� KDYH� ���� RFFXUUHQFHV� LQ� D� SRSXODWLRQ�� 7KHQ� IRU� ���� RIWUDLOV��UHSURGXFWLRQ�RSHUDWRU�VHOHFWV�WZR�SDUHQWV�ZLWK�VDPH�VWDUWLQJ�VWULQJV�,I� VHOHFWHG� WZR� SRWHQWLDO� SDUHQWV� ERWK� KDYH� RQ� RI� WKHVH� SDWWHUQV�� WKHQ� WKH� FURVVRYHUEHIRUH� WKH� �WK ELW� SURGXFH� VDPH� LQGLYLGXDOV�� $Q\� FURVV�VLWH� DIWHU� WKDW� SRLQW�� JHQHUDWHVLQGLYLGXDOV� ZLWK� GLIIHUHQW� EXIIHU� OHYHOV� ZLWK� VDPH� PDFKLQH� QXPEHUV�� ,I� VRPHKRZ� DQLQDSSURSULDWH�OHYHO��YHU\�ORZ��RI�EXIIHU�LV�JHQHUDWHG��WKHQ�WKH�ILWQHVV�GHFUHDVHV�GUDVWLFDOO\��VRGRPLQDQFH�RI�JRRG�VROXWLRQV�PDNH� WKLV� LQGLYLGXDO�GLVDSSHDU� LQ� WKH�QH[W�JHQHUDWLRQ�� WKXV�RQWKH�DYHUDJH��FURVVRYHU�FDQQRW�SURGXFH�SRRU�LQGLYLGXDOV��,Q�WKH�RWKHU�FDVH�FURVVRYHU�JHQHUDWHVLQGLYLGXDOV� ZLWK� VRPH� SDWWHUQ� RI� EXIIHU� OHYHOV�� ZKLFK� DUH� QRW� SRRU�� )URP� WKH� SUHOLPLQDU\DQDO\VLV��ZH�NQRZ�WKDW�GLIIHUHQW�EXIIHU� OHYHOV�ZLWK�JRRG�PDFKLQH�SDWWHUQV�GR�QRW�KDYH�YHU\VLJQLILFDQWO\�GLIIHUHQW�ILWQHVV�YDOXHV��7KXV�FURVVRYHU�FDQQRW�PDNH�VLJQLILFDQW�GLVFUHSDQF\�RQILWQHVV�,I� VHOHFWLRQ� PHFKDQLVP� VHOHFWV� ERWK� VWULQJV� DV� SRWHQWLDO� SDUHQWV� ����� RI� WULDOV��� WKHQFURVVRYHU�DIWHU��VW���WK���WK��DQG��WK ELW�GRHV�QRW�SURGXFH�GLVWLQFW�FKLOGUHQ��7KH�FURVVRYHU�IRUPWKH��QG���UG DQG��WK VLWH�JHQHUDWHV�WKH�IROORZLQJ�SDWWHUQ�
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)URP�WKH�JHQHUDWHG�VWULQJV�DOO�H[FHSW���±���±���±���FRPELQDWLRQ�DUH�SUHVHQW�LQ�JRRG�VROXWLRQV¶SDWWHUQV��VR�WKH\�KDYH�FORVH�ILWQHVV�YDOXHV��7KH���±���±���±���FRPELQDWLRQ�UHVXOWV�ZLWK�D�SRRUILWQHVV�YDOXH�EHFDXVH�RI�WKH�KLJK�GHFOLQH�LQ�WKURXJKSXW�UHDVRQLQJ�IURP�WKH�WKLUG�ZRUNVWDWLRQ¶VERWWOHQHFN� VLWXDWLRQ�� DQG� ZLOO� GLVDSSHDU� LQ� WKH� IROORZLQJ� JHQHUDWLRQV� EHFDXVH� RI� KLJKGRPLQDQFH�RI�JRRG�VROXWLRQV�7R�VXP�XS��WKHUH�LV�QR�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�ORZ�OHYHO�DQG�KLJK�OHYHO�RI�WKHFURVVRYHU�SUREDELOLW\� LQ� WHUPV�RI� ILWQHVV�� VLQFH� LW� JHQHUDWHV� VLPLODU� LQGLYLGXDOV� KDYLQJ� FORVHILWQHVV�YDOXHV��(YHQ�IRU�PRVW�FDVHV� WR�FURVV�RU�QRW�GR�QRW�PDNH�DQ\�GLIIHUHQFH��EHFDXVH� WKHJHQHUDWHG�FKLOGUHQ�DUH� VDPH�ZLWK� WKHLU�SDUHQWV��7KLV� LV� WKH�PDLQ� UHDVRQ�RI� LQVLJQLILFDQFH� RIFURVVRYHU�RSHUDWRU�RQ�ILWQHVV�YDOXH�$V�)LJXUH� ��H� UHVHPEOHV�� WKH�PXWDWLRQ� SUREDELOLW\� KDV� D� VLJQLILFDQW� SRVLWLYH� HIIHFW� RQILWQHVV� YDOXH�� 7KH� SRZHU� RI� PXWDWLRQ� FRPHV� IURP� LWV� DELOLW\� WR� VHDUFK� IRU� YDULRXVFRPELQDWLRQV�RI�EXIIHU�OHYHOV��$IWHU�WKH�FRQYHUJHQFH�WR�JRRG�VROXWLRQV�ZLWK�VSHFLILF�PDFKLQHQXPEHU� SDWWHUQV�� WKH� LPSURYHPHQWV� RQ� ILWQHVV� YDOXH� LV� JDWKHUHG� E\� VHDUFKLQJ� IRU� GLIIHUHQWOHYHOV�RI�EXIIHU�SRVLWLRQV��6LQFH�PXWDWLRQ�DOWHUV�WKH�YDOXH�RI�D�ELW�IRUP���WR����RU�YLFH�YHUVD��LWHDVLO\�SURYLGHV�GLYHUVLW\� LQ�VROXWLRQV�� ,W� LV�REYLRXV� WKDW��PXWDWLRQ�FDQ�DOVR� WDNH�SODFH� LQ� WKHILUVW� HLJKW� GLJLWV� RI� WKH� VWULQJV�� EXW� VXFK� D� VLWXDWLRQ� UHVXOWV�ZLWK� D� SRRU� SHUIRUPDQFH� RI� WKHV\VWHP�� EHFDXVH� RI� GHYLDWLRQ� IURP� WKH� JRRG� PDFKLQLQJ� SDWWHUQ�� DQG� WKH� GRPLQDQFH� RI� WKHVROXWLRQV�GLVWLQJXLVK�WKH�PXWDWHG�LQGLYLGXDO�LQ�WKH�QH[W�JHQHUDWLRQ��VR�RQ�WKH�DYHUDJH�PXWDWLRQFDQQRW�SURGXFH�SRRU�LQGLYLGXDOV��$Q\�PXWDWLRQ�DIWHU��WK ELW�� OHDGV�WR�D�GLIIHUHQW�FRPELQDWLRQRI� EXIIHUV�� ZKLFK� PLJKW� KDYH� D� EHWWHU� SURILW�� :KLOH� PRUH� FRPELQDWLRQV� DUH� VHDUFKHG�� WKHSUREDELOLW\�RI�KLWWLQJ�D�EHWWHU�VROXWLRQ�LQFUHDVHV�DXWRPDWLFDOO\�$�TXHVWLRQ�DSSHDUV� LQ�RXU�PLQGV�� DOWKRXJK�PXWDWLRQ� LV� SRZHUIXO� LQ�SURGXFLQJ�GLYHUVHVROXWLRQV�LQ�WHUPV�RI�EXIIHU�OHYHOV��ZK\�GRHV�WKH�FURVVRYHU�RSHUDWRU�KDYH�LQVLJQLILFDQW�LPSDFW"
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7KH�PDLQ�UHDVRQ� LV� WKDW�� WKH�FURVVRYHU�RSHUDWRU�JHQHUDOO\� SURGXFHV�VDPH�FKLOGUHQ�ZLWK� WKHLUSDUHQWV� DV� VWDWHG� LQ� WKH� DERYH� SDUDJUDSKV�� :H� XVH� WKH� IROORZLQJ� H[DPSOH� WR� H[SODLQ� WKLVEHKDYLRU�&RQVLGHU�WKH�ILUVW�EXIIHU�SRVLWLRQ��DQG�WKH�KLJK�OHYHO�RI�LW������FRUUHVSRQGLQJ�WR�³����´ELQDU\�UHSUHVHQWDWLRQ��%\�PXWDWLRQ��DOO�OHYHOV�RI�WKLV�YDULDEOH�FDQ�EH�UHDFKHG�E\�ELW�PXWDWLRQVRFFXUULQJ� DW� WKH� VDPH� WLPH��EXW� VLQFH�SP LV� WRR� VPDOO�� LW� LV� UDWLRQDO� WR�DVVXPH� WKDW�RQO\� RQHPXWDWLRQ�RFFXUV�DW�D�WLPH��7KXV������FDQ�EH�FKDQJHG�WR�WKH�IROORZLQJ�VWULQJV�DQG�UHDO�YDOXHVZLWK�SUREDELOLW\�SP VHSDUDWHO\�
���� � ���� �� ���� �� ���� ��
+HQFH��WKH�SUREDELOLW\�WR�REWDLQ�D�GLIIHUHQW�EXIIHU�FRPELQDWLRQ�LV���u SP���,Q�IDFW�WKH�RULJLQDOSUREDELOLW\�RI�REWDLQLQJ�GLIIHUHQW�EXIIHU�FRPELQDWLRQ�LV���±������SP����ZKLFK�LV�ODUJHU�WKDQ���uSP��7KXV�XVLQJ�WKH�RULJLQDO�SUREDELOLW\�ZLOO�OHDG�D�VWURQJHU�FRQFOXVLRQ��7R�REWDLQ�GLIIHUHQW�YDOXHV�RI� WKLV�YDULDEOH�� VHYHUDO�FRQGLWLRQV�PXVW�KROG� IRU� FURVVRYHURSHUDWLRQ��)LUVW�WKH�RWKHU�LQGLYLGXDO�VKRXOG�KDYH�D�GLIIHUHQW�UHSUHVHQWDWLRQ�WKDQ�³����´��,Q�IDFWWKH�RWKHU�SDUHQW�VKRXOG�KDYH�ELQDU\�UHSUHVHQWDWLRQ�RI�WKLV�EXIIHU�OHYHO�RWKHU�WKDQ�³���������������������������´�� VLQFH� WKHVH� UHSUHVHQWDWLRQV� FDQQRW� FUHDWH� EXIIHU� OHYHO�GLIIHUHQW� IURP� WKHSDUHQWV��7KH�VHFRQG�FRQGLWLRQ�LV�WKH�FURVV�VLWH�VKRXOG�EH�VHOHFWHG�LQ�EHWZHHQ�WKLV�VWULQJ��RWKHUFURVV�VLWHV�GR�QRW�FKDQJH�WKH�YDOXH�RI�WKLV�YDULDEOH��VLQFH�LW�LV�FRSLHG�WR�WKH�FKLOG��7R�FODULI\WKH�VLWXDWLRQ�WKH�IROORZLQJ�VFKHPH�SUHVHQWV�WKH�SRVVLEOH�VWULQJV�ZLWK�SRVVLEOH�FURVVRYHU�VLWHV�ZKHUH� FURVVRYHU� FDQ� JHQHUDWH� GLIIHUHQW� YDOXH�� 7KH� GDVKHG� OLQHV� DUH� WKH� SRVVLEOH� FURVVRYHUVLWHV��DQG�WKH�QXPEHUV�LQGLFDWH�WKH�SRVVLEOH�DPRXQW�RI�FURVVRYHU�VLWHV�
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$OWKRXJK�HYHU\� VWULQJ� LV�IRXQG�LQ�GLIIHUHQW�SURSRUWLRQV� LQ� WKH�LQGLYLGXDOV�RI�*$��IRU�DURXJK�HVWLPDWH�ZH�FDQ�DVVXPH�WKDW�HDFK�VWULQJ�KDV������SUREDELOLW\�RI�RFFXUUHQFH��VLQFH�WKHUHDUH� ��� GLIIHUHQW� VWULQJ� UHSUHVHQWDWLRQV�� 7KHQ� IRU� D� VLQJOH� VWULQJ�� WKH� SUREDELOLW\� RI� FURVVLQJZLWK�³����´�DQG�SURGXFLQJ�GLIIHUHQW�FKLOGUHQ�FDQ�EH�FDOFXODWHG�DV�WKH�SUREDELOLW\�RI�VHOHFWLRQRI�WKDW�VWULQJ��������u FURVVRYHU�SUREDELOLW\�u QXPEHU�RI�SRVVLEOH�FURVV�VLWHV������ZKHUH����LVWKH� VWULQJ� OHQJWK�� )RU� VWULQJ� ³����´� WKLV� SUREDELOLW\� HTXDOV� ����� u SF u ������ ZKHUH� VDPHSUREDELOLW\�LV������u SF u �����IRU�VWULQJ�³����´�6LQFH�ILUVW�EXIIHU�LV�ORFDWHG�EHWZHHQ�ILUVW�DQG�WKH�VHFRQG�VWDWLRQV��DQG�ILUVW�VWDWLRQ�LV�RQHRI� WKH� ERWWOHQHFNV�� JRRG� VROXWLRQV� LQFOXGH� ODUJH� DPRXQW� RI� EXIIHU� SRVLWLRQV�� DW� OHDVW� WKHQXPEHU�RI�EXIIHU�SRVLWLRQV�LV�JUHDWHU�WKDQ����WKH�VWULQJV�RQ�WKH�ULJKW�VLGH�FDQ�UDUHO\�EH�VHOHFWHGE\�WKH�UHSURGXFWLRQ�RSHUDWRU��VR�ZH�FDQ�GLVFDUG�WKHP�LQ�FDOFXODWLRQ��+HQFH��WKH�SUREDELOLW\�WRFURVV�ZLWK�³����´�DQG�SURGXFH�GLIIHUHQW�FKLOGUHQ�HTXDOV� WR� WKH�VXP�RI�GLVWLQFW�SUREDELOLWLHV�ZKLFK�LV�HTXDO�WR������u SF u ��������)RU� WKH�EHVW�FDVH� �KLJK�FURVVRYHU�SUREDELOLW\�� WKLV�QXPEHU�FRQWULEXWHV� WR���� ������)RUWKH�ZRUVW� FDVH� �ORZ� OHYHO� RI�PXWDWLRQ��� WKH� SUREDELOLW\� RI� VDPH� RSHUDWLRQ�ZLWK�PXWDWLRQ� LVHTXDO� WR���u SP  ���������(YHQ�IRU� WKH�ZRUVW�FDVH�PXWDWLRQ�KDV�D�KLJKHU�FKDQFH� WR�JHQHUDWHGLYHUVH� LQGLYLGXDOV� LQ� EXIIHU� OHYHOV�� VLQFH� �� ����� !� ��� ������ 7KXV�PXWDWLRQ� LV� VLJQLILFDQWO\HIIHFWLYH�RQ�ILWQHVV��DOWKRXJK�FURVVRYHU�LV�QRW�7R�VXP�XS��RQFH�WKH�JRRG�VROXWLRQV�DUH�DFKLHYHG��WKH�SRSXODWLRQ�PHPEHUV�DUH�VLPLODU�WRHDFK� RWKHU� LQ� WHUPV� RI�PDFKLQH� QXPEHUV�� 7KH� LQFUHDVH� LQ�PXWDWLRQ� SUREDELOLW\�� DOORZV�*$VHDUFK�PRUH�FRPELQDWLRQ�RI�EXIIHU�OHYHOV��ZKLFK�DXWRPDWLFDOO\�LQFUHDVHV�WKH�*$�SHUIRUPDQFH�7KH� RQO\� VLJQLILFDQW� LQWHUDFWLRQ� HIIHFW� LV� WKH� LQWHUDFWLRQ� EHWZHHQ�PXWDWLRQ� SUREDELOLW\DQG�LQLWLDO�SRSXODWLRQ�W\SH��)RU�WKH�ORZ�OHYHO�RI�PXWDWLRQ�SUREDELOLW\��WKH�LPSURYHPHQW�LQ�WKHILWQHVV�YDOXH�JRLQJ� IURP� UDQGRP� LQLWLDO�SRSXODWLRQ� WR� VHHGHG�SRSXODWLRQ� LV�PRUH� VLJQLILFDQWWKDQ�WKH�KLJK�OHYHO�RI�SP �)LJXUH���I���7KH�LQLWLDO�SRSXODWLRQ�W\SH�KDV�D�VLJQLILFDQW�PDLQ�HIIHFWRQ�ILWQHVV��ZKLFK�LV�VWDWHG�DERYH��7KH�PXWDWLRQ�RSHUDWRU�LV�WKH�UHOHYDQW�WRRO�IRU�LPSURYLQJ�WKHVROXWLRQV��E\�VHDUFKLQJ�GLIIHUHQW�OHYHOV�RI�EXIIHU�OHYHOV��:KHQ�SP LV�ORZ��OHVV�PXWDWLRQ�RFFXUV�VR� DOWHUDWLRQV� RI� VWULQJV� GHFUHDVH�� DQG� RQO\� WKH� VWULQJV� JHQHUDWHG� E\� FURVVRYHU� PHFKDQLVPEHFRPHV� HIIHFWLYH� RQ� WKH� ILWQHVV� UHVSRQVH�� WKXV� WKH� SRZHU� RI� VHHGHG� SRSXODWLRQ� EHFRPHVYLVLEOH��6WDUWLQJ�ZLWK�JRRG�VROXWLRQV�OHDG�WR�YHU\�UDSLG�FRQYHUJHQFH��DQG�*$�KDV�PRUH�WLPH�WRVHDUFK� IRU� GLIIHUHQW� OHYHOV� RI� EXIIHUV� FRPSDUHG� WR� UDQGRP� SRSXODWLRQ�� %XW� IRU� WKH� KLJKPXWDWLRQ� UDWHV��PRUH�PXWDWLRQ� RFFXUV�� VR� WKH� GLIIHUHQFH� EHWZHHQ� LQLWLDO� SRSXODWLRQ� W\SHV� LV
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FRPSHQVDWHG��$V�PRUH�PXWDWLRQ�SURFHHGV�� WKH�GLYHUVLILFDWLRQ�RI� VROXWLRQV�RFFXU�� VR� UDQGRPVROXWLRQV�FDQ�DOVR�KLW�EHWWHU�VROXWLRQV�LQ�WHUPV�RI�EXIIHU�FRPELQDWLRQV�$V�D�FRQFOXVLRQ��DFFRUGLQJ�WR�WKH�IDFWRULDO�DQDO\VLV�FRQVLGHULQJ�WKH�ILWQHVV�UHVSRQVH��WKHLQLWLDO� SRSXODWLRQ� W\SH�� SRSXODWLRQ� VL]H�� PD[LPXP� JHQHUDWLRQ� QXPEHU� DQG� PXWDWLRQSUREDELOLW\�SUHVHQWV�VLJQLILFDQW�EHKDYLRU��DQG�DOO�RI�WKHP�KDYH�SRVLWLYH�HIIHFW��7KXV��LW�LV�EHWWHUWR�VHW�WKHVH�YDULDEOHV�WR�WKHLU�KLJK�OHYHOV�WR�PD[LPL]H�WKH�ILWQHVV�YDOXH��6LQFH�QR�FRQFOXVLRQ�LVJDWKHUHG�IRU�FURVVRYHU�SUREDELOLW\�DQ\�OHYHO�FDQ�EH�XVHG��7KH�RQO\�LQWHUDFWLRQ�HIIHFW�FODLPV�LQSDUDOOHO� ZLWK� WKH� PDLQ� HIIHFWV�� VR� LW� LV� FRQYHQLHQW� WR� VHW� DOO� SDUDPHWHUV� H[FHSW� FURVVRYHUSUREDELOLW\�WR�KLJK�OHYHO�
�������&38�7LPH�5HVSRQVH7KH�$129$�WDEOH�IRU� WKH�&38�WLPH�UHVSRQVH� LV�SUHVHQWHG�DV�7DEOH�����$FFRUGLQJ� WR����SUHFLVLRQ�OHYHO��WKH�IROORZLQJ�IDFWRUV�EHFRPH�VLJQLILFDQW�DV�D�UHVXOW�RI�)�WHVW��SRSXODWLRQVL]H��PD[LPXP�JHQHUDWLRQ�QXPEHU��PXWDWLRQ�SUREDELOLW\��DQG�LQWHUDFWLRQ�HIIHFW�RI�SRSXODWLRQVL]H�DQG�PD[LPXP�JHQHUDWLRQ�QXPEHU�7DEOH�����$129$�5HVXOWV�IRU�&38�7LPH�5HVSRQVH
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7KH� QRUPDO� SUREDELOLW\� SORW� RI� HIIHFWV� LV� WDNHQ� IRU� WKH� GLDJQRVWLF� FKHFNLQJ� SXUSRVHV�)LJXUH���� LOOXVWUDWHV� WKH� JUDSK��7KH� JUDSK� VKRZV� OLQHDU� EHKDYLRU� H[FHSW� IRXU� RXWOLHU� SRLQWV�WKUHH�RI�ZKLFK�DUH� LQ� WKH�SRVLWLYH�VLGH��DQG�WKH�UHPDLQLQJ�LQ� WKH�QHJDWLYH�VLGH��7KHVH�SRLQWVFRUUHVSRQG�WR�WKH�VLJQLILFDQW�HIIHFWV�IRXQG�IURP�WKH�DQDO\VLV�RI�YDULDQFH��WKXV�WKH�FRUUHFWQHVVRI�WKH�DQDO\VLV�LV�YDOLGDWHG�
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)LJXUH�����1RUPDO�3UREDELOLW\�RI�(IIHFWV�IRU�&38�7LPH�5HVSRQVH$JDLQ��EHIRUH�DQ\�LQWHUSUHWDWLRQ�RI�WKH�UHVXOWV��LW�LV�EHQHILFLDO�WR�PDNH�VRPH�SUHOLPLQDU\DQDO\VLV� DERXW� WKH� VROXWLRQ� VSDFH�� ZLWK� UHVSHFW� WR� &38� WLPH�� )LUVW� RI� DOO�� WKH� &38� WLPHGHSHQGV�RQ�WKH�VLPXODWLRQ�WLPH�RI�LQGLYLGXDO�SRLQWV��$OWKRXJK�WKH�SURFHVVLQJ�RI�*$�UHTXLUHVVRPH�WLPH��WKH�VLPXODWLRQ�WLPH�RI�WKH�VROXWLRQV�JHQHUDWHG�E\�*$�FRQVWLWXWH�WR�DOPRVW�DOO�&38
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WLPH��PRUH�WKDQ�����RI�&38�WLPH���7KXV��WKH�IDFWRUV�HIIHFWLQJ�WKH�&38�WLPH��LQ�IDFW��DOWHU�WKHVLPXODWLRQ�WLPH�7KH�VLPXODWLRQ� WLPH� LV�GHSHQGHQW�RQ� WKH� ORDG�RI� WKH�V\VWHP��$V� WKH�PDFKLQH�QXPEHUVDQG� EXIIHU� OHYHOV� LQFUHDVH�� WKH� VLPXODWLRQ� WLPH� LQFUHDVHV� LQ� SDUDOOHO�� VLQFH�PRUH� SURGXFWLRQRFFXUV� LQ� WKH� PRGHO�� /LNH� WKH� ILWQHVV� FDVH�� PDFKLQH� QXPEHUV� DUH� DOVR� GRPLQDWLQJ� VHW� RIGHFLVLRQ�YDULDEOHV�DFFRUGLQJ�WR�WKH�&38�WLPH��7KH�PDLQ�UHDVRQ�LV��WKH�SURGXFWLRQ�UDWH�PHUHO\GHSHQGV�RQ�WKH�PDFKLQH�FRPELQDWLRQV��DQG�VLQFH�WKH�VLPXODWLRQ�WLPH�LV�SURSRUWLRQDO�ZLWK�WKHSURGXFWLRQ�UDWH��LW�LV�DOVR�DVVRFLDWHG�ZLWK�WKH�PDFKLQH�FRPELQDWLRQV��%XIIHU�OHYHOV�GR�QRW�KDYHVLJQLILFDQW� HIIHFW� RQ� VLPXODWLRQ� WLPH�� H[FHSW� VRPH� H[WUHPH� FRQGLWLRQV� �YHU\� ORZ� OHYHOV� RIEXIIHU�DIIHFWLQJ�WKH�SURGXFWLRQ�SURFHVV��$V�VWDWHG�LQ�WKH�ILWQHVV�DQDO\VLV��*$�FRQYHUJHV�WR�VRPH�JRRG�VROXWLRQV�KDYLQJ�VSHFLILFSDWWHUQV� RI� PDFKLQH� FRPELQDWLRQV� UDSLGO\�� 7KHVH� JRRG� VROXWLRQV� FRUUHVSRQG� WR� ORDGHGV\VWHPV�� KDYLQJ� PRUH� QXPEHU� RI� PDFKLQHV� IURP� WKH� DYHUDJH�� KHQFH� WKHLU� VLPXODWLRQ� UXQVJHQHUDOO\� UHTXLUHV�PRUH� WLPH� FRPSDUHG� WR� RWKHU� VROXWLRQV�� EHFDXVH�PRUH� SURGXFWLRQ� RFFXUVFRPSDUHG�ZLWK�WKH�V\VWHP�KDYLQJ�DYHUDJH�YDOXHV�RI�YDULDEOHV��*RLQJ�IURP�WKHVH�JRRG�SDWWHUQVWR� D� KLJKHU� OHYHO� RI� PDFKLQH� FRPELQDWLRQ� LQFUHDVHV� WKH� VLPXODWLRQ� WLPH�� EXW� KRZHYHU� DQ\QHJDWLYH� GHYLDWLRQ� IURP� WKH� JRRG� SDWWHUQV� OHDGV� WR� VLJQLILFDQW� GHFUHDVH� LQ� VLPXODWLRQ� WLPH�EHFDXVH� WKH� WKURXJKSXW� RI� WKH� V\VWHP� GHFUHDVHV� VLJQLILFDQWO\�� 7KH� IROORZLQJ� H[DPSOHLOOXVWUDWHV�WKH�VLWXDWLRQ�6ROXWLRQ &38�7LPH��±���±���±���±����±����±��� �����PLQXWHV��±���±���±���±����±����±��� �����PLQXWHV��±���±���±���±����±����±��� �����PLQXWHV)LUVW�FRPELQDWLRQ�LV�D�JRRG�VROXWLRQ��DQG�KDV�D�VLPXODWLRQ�WLPH�RI������PLQXWHV��ZKLFK�LV�WKHDYHUDJH�RI�ILYH�UHSOLFDWLRQV��'HFUHDVLQJ� WKH�QXPEHU�RI�PDFKLQHV�LQ�ILUVW�ZRUNVWDWLRQ�E\�RQHXQLW�� UHVXOWV�ZLWK�D�VLJQLILFDQWO\� OHVV�ORDGHG�V\VWHP�KDYLQJ������PLQXWHV�RI�VLPXODWLRQ� WLPH�ZKLOH� D� SRVLWLYH� DOWHUDWLRQ� RI� VDPH� YDULDEOH� LQFUHDVHV� WKH� VLPXODWLRQ� WLPH� WR� RQO\� ����PLQXWHV�$IWHU� WKHVH� SUHOLPLQDU\� H[SODQDWLRQV�� WKH� UHVXOWV� RI� $129$� DUH� SUHVHQWHG� EHORZ�)LJXUH� ���D� UHSUHVHQWV� WKH� FKDQJH� LQ� &38� WLPH�ZLWK� UHVSHFW� WR� FKDQJH� LQ� SRSXODWLRQ� VL]H�)LJXUH����E�VKRZV�WKH�HIIHFW�RI�PD[LPXP�JHQHUDWLRQ�QXPEHU��DQG�)LJXUH����F�UHSUHVHQWV�WKHPXWDWLRQ� SUREDELOLW\� HIIHFW�� )LJXUH� ���G� LV� WKH� JUDSK� RI� DOO�PDLQ� IDFWRUV�� DQG� ILQDOO\� )LJXUH
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���H� UHVHPEOHV� WKH� RQO\� VLJQLILFDQW� LQWHUDFWLRQ� HIIHFW�� SRSXODWLRQ� VL]H�PD[LPXP� SRSXODWLRQLQWHUDFWLRQ�
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0D[LPXP�*HQHUDWLRQ�0DLQ�(IIHFW

�������������������������

�� ���0D[LPXP�*HQHUDWLRQ�1R

&38�
7LPH

E��0D[LPXP�*HQHUDWLRQ�1XPEHU�0DLQ�(IIHFW�RQ�&38�7LPH
0XWDWLRQ�3UREDELOLW\�0DLQ�(IIHFW

�����������������������������������

���� ����0XWDWLRQ�3UREDELOLW\

&38�
7LPH
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ORZ KLJK)DFWRU�/HYHOV

&38�
7LPH

3RSXODWLRQ�7\SH 0D[LPXP�*HQHUDWLRQ 0XWDWLRQ�3UREDELOLW\3RSXODWLRQ�6L]H &URVVRYHU�3UREDELOLW\G��$OO�)DFWRUV¶�0DLQ�(IIHFWV�RQ�&38�7LPH
0D[LPXP�*HQHUDWLRQ�3RSXODWLRQ�6L]H�,QWHUDFWLRQ�(IIHFW
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0D[*HQ �����/RZ� 0D[*HQ �����+LJK�
H��0D[LPXP�*HQHUDWLRQ�1XPEHU�3RSXODWLRQ�6L]H�,QWHUDFWLRQ�(IIHFW�RQ�&38�7LPH)LJXUH�����*UDSKV�RI�6LJQLILFDQW�(IIHFWV�ZLWK�UHVSHFW�WR�&38�7LPH�5HVSRQVH��FRQW¶G�
7KH� LQLWLDO� SRSXODWLRQ� W\SH� LV� LQVLJQLILFDQW� ZLWK� UHVSHFW� WR� &38� WLPH�� ZKLFK� FDQ� EHREVHUYHG�IURP�WKH�)LJXUH����G��,W�KDV�D�VWUDLJKW�OLQH�UHSUHVHQWDWLRQ��PHDQLQJ�WKDW�QR�DOWHUDWLRQLQ� &38� WLPH� RFFXUV� DFFRUGLQJ� WR� WKH� FKDQJH� RI� OHYHO� IURP� ORZ� WR� KLJK� YDOXH�� 7KH� UHDVRQEHKLQG� WKLV� VLWXDWLRQ� LV� WKH� UDSLG� FRQYHUJHQFH� RI� WKH� VROXWLRQV� WR� JRRG� SDWWHUQV�� *RRGVROXWLRQV� DUH� ORDGHG� V\VWHPV��DQG� UHJDUGOHVV�RI� WKH�EXIIHU� FRPELQDWLRQV�JRRG�SDWWHUQV� KDYHQHDUO\�HTXDO�VLPXODWLRQ�WLPHV��$OWKRXJK�VHHGHG�SRSXODWLRQV�FRQYHUJH�WR�JRRG�VROXWLRQV�PRUHUDSLGO\��D�UDQGRP�VWDUW�ORRVHV�RQO\�D�IHZ�JHQHUDWLRQV�WLPH�WR�FRQYHUJH�WR�WKH�VDPH�JRRG�VHW�RIVROXWLRQV�� DQG� RQ� WKH� DYHUDJH� WKHVH� IHZ� JHQHUDWLRQV¶� LQGLYLGXDOV¶� VLPXODWLRQ� WLPH� GRHV� QRW
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PDNH�VLJQLILFDQW�LPSDFW�RQ�&38�WLPH��$W�VRPH�LQLWLDO�JHQHUDWLRQV��DYHUDJH�&38�WLPH�FRYHUHGLV� PRUH� DW� VHHGHG� SRSXODWLRQV� FRPSDUHG� ZLWK� WKH� UDQGRP� RQHV�� VLQFH� UDQGRP� SRSXODWLRQVKDYH�PRUH�SRRU�VROXWLRQV�FRUUHVSRQGLQJ�WR�OHVV�ORDGHG�V\VWHPV��ZLWK�OHVV�VLPXODWLRQ�WLPH��%XWZKHQ�DOO�WKH�JHQHUDWLRQV�DUH�FRPSDUHG��WKLV�GLVFUHSDQF\�FDQQRW�VKRZ�VLJQLILFDQW�FKDQJHV�RQ&38�WLPH�7KH�ILUVW�VLJQLILFDQW�HIIHFW�LV�WKH�SRSXODWLRQ�VL]H��,W�KDV�D�SRVLWLYH�HIIHFW�RQ�&38�WLPH�ZKLFK� LV� DQ� REYLRXV� UHVXOW�� EHFDXVH� DQ� LQFUHPHQW� LQ� SRSXODWLRQ� VL]H�� GLUHFWO\� LQFUHDVHV� WKHQXPEHU�RI� LQGLYLGXDOV� SURFHVVHG�� VR� WKH�QXPEHU�RI� VLPXODWLRQ� UXQV� WDNHQ��7KXV� LQFUHDVH� LQOHYHO�RI�SRSXODWLRQ�VL]H�LQFUHDVHV�WKH�&38�WLPH��)LJXUH����D��7KH� PD[LPXP� JHQHUDWLRQ� QXPEHU� IDFWRU� KDV� VDPH� LPSDFW� ZLWK� WKH� SRSXODWLRQ� VL]HSDUDPHWHU��/LNH� WKH�SRSXODWLRQ�VL]H��KLJK�OHYHO�RI�PD[LPXP�JHQHUDWLRQ�QXPEHU�GRXEOHV� WKHQXPEHU� RI� SRLQWV� SURFHVVHG� LQ� *$� DSSOLFDWLRQ�� REYLRXVO\� WKH� &38� WLPH� LQFUHDVHVVXEVWDQWLDOO\��JRLQJ�IURP�ORZ�OHYHO�WR�KLJK�OHYHO��)LJXUH����E��7KH�FURVVRYHU�SUREDELOLW\�LV�LQVLJQLILFDQW�DFFRUGLQJ�WR�&38�WLPH��)LJXUH����G���DV�LQ�WKHFDVH� RI� ILWQHVV� UHVSRQVH��7KH� UHDVRQV� IRU� WKH� LQVLJQLILFDQFH� RI� WKH� ILWQHVV� UHVSRQVH� DUH� DOVRYDOLG�IRU�WKH�&38�WLPH�FDVH��*HQHUDOO\� WR�FURVV�RU�QRW�GRHV�QRW�PDNH�DQ\�VHQVH��EHFDXVH�LQHDFK� FDVH� WKH� SURGXFHG� FKLOGUHQ� DUH� VDPH�� RU� FDUU\� VDPH� VWUXFWXUDO� SURSHUWLHV�� &URVVRYHUDOZD\V� SURGXFHV� LQGLYLGXDOV� ZLWK� JRRG� VSHFLILF� SDWWHUQ� RI� PDFKLQH� QXPEHUV�� EHFDXVH� DQ\LQGLYLGXDO� REMHFWHG� ZLWK� WKLV� LV� HOLPLQDWHG� E\� WKH� VHOHFWLRQ� SURFHGXUH� LQ� WKH� IROORZLQJJHQHUDWLRQV�� DV� H[SODLQHG� LQ� ILWQHVV� SDUW�� 7KH� RQO\� GLIIHUHQFH� EHWZHHQ� WKH� VROXWLRQV� LV� WKHLUEXIIHU�OHYHOV��+RZHYHU��H[FHSW�IRU�VRPH�H[WUHPH�FDVHV��YHU\�ORZ�OHYHOV�RI�EXIIHUV���ZKLFK�DUHUDUHO\� RU� QHYHU� H[SHULHQFHG�� DOO� WKH� EXIIHU� FRPELQDWLRQV� OHDG� WR� D� VHPL�ORDGHG� VLPXODWLRQPRGHO�� WKXV� WKH� VLPXODWLRQ� WLPH�� VR� WKH� &38� WLPH� DUH� YHU\� FORVH� WR� HDFK� RWKHU�� 7KHFRPELQDWLRQ�H[DPSOHV�XVHG�LQ�WKH�ILWQHVV�DQDO\VLV�FDQ�FODULI\�WKH�VLWXDWLRQ�6ROXWLRQ &38�7LPH��±���±���±���±����±����±�� �����PLQXWHV��±���±���±���±����±����±�� �����PLQXWHV��±���±���±���±����±����±��� �����PLQXWHV��±���±���±���±����±����±�� �����PLQXWHV��±���±���±���±����±����±�� �����PLQXWHV��±���±���±���±����±����±��� �����PLQXWHV��±���±���±���±����±����±�� �����PLQXWHV
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��±���±���±���±����±����±�� �����PLQXWHV��±���±���±���±����±����±�� �����PLQXWHV
$OO� FRPELQDWLRQV� H[FHSW� RQH� KDV� D� VLPXODWLRQ� WLPH� RI� ����� PLQXWHV�� ZKLFK� VKRZV� WKHVLPLODULW\�EHWZHHQ�WKH�VROXWLRQV�KDYLQJ�VDPH�PDFKLQH�QXPEHU�SDWWHUQ�LQ�&38�WLPH�7KH�PXWDWLRQ�SUREDELOLW\� LV�WKH�ODVW�VLJQLILFDQW�IDFWRU�RQ�&38�WLPH��'LIIHUHQW� IURP�WKHRWKHU�IDFWRUV��PXWDWLRQ�SUREDELOLW\�KDV�D�QHJDWLYH�HIIHFW�RQ�&38�WLPH��)LJXUH����F���,QFUHDVLQJWKH� PXWDWLRQ� SUREDELOLW\� SP GHFUHDVHV� WKH� &38� WLPH�� ZKLFK� LV� D� GHVLUHG� UHVXOW�� 0XWDWLRQJDWKHUV�WKH�GLYHUVLW\� WR�WKH�VHDUFK�VSDFH�E\�WKH�DOWHUDWLRQV�LW�PDNHV�RQ�WKH�ELWV�RI� LQGLYLGXDOVWULQJV�� %HFDXVH� RI� GRPLQDQW� JRRG� VROXWLRQV�� UDSLG� FRQYHUJHQFH� RFFXUV� WR� VRPH� VSHFLILFSDWWHUQV� RI� PDFKLQH� QXPEHUV�� 7KH� SUHOLPLQDU\� DQDO\VLV� RQ� WKH� VROXWLRQ� VSDFH� UHYHDOV� WKDWQHJDWLYH�GHYLDWLRQV�IURP�WKH�JRRG�PDFKLQH�FRPELQDWLRQV�OHDG�WR�PRUH�VLJQLILFDQW�GHFUHDVH�LQVLPXODWLRQ�WLPH��ZKHQ�FRPSDUHG�ZLWK�WKH�LQFUHDVH�LQ�VLPXODWLRQ�WLPH�LQ�WKH�FDVH�RI�D�SRVLWLYHDOWHUDWLRQ� RI� PDFKLQH� QXPEHUV�� ZKLFK� FDUU\� WKH� PRGHO� WR� D� PRUH� ORDGHG� RQH�� $QRWKHULQWHUSUHWDWLRQ� DERXW� WKH� DOJRULWKP� LV� WKDW� DIWHU� VRPH� VWDUWLQJ�JHQHUDWLRQV� DOO� WKH� SRSXODWLRQVDUH�FRPSRVHG�RI�LQGLYLGXDOV�KDYLQJ�FRPELQDWLRQV�RI����±���±���±���RU���±���±���±�� DV�PDFKLQHQXPEHUV�OHDGLQJ�WR�VWULQJV�VWDUWLQJ�ZLWK�

6WULQJ������������
6WULQJ������������

0XWDWLRQ�RSHUDWRU�DOWHUV�WKH�YDOXH�RI�ELW�IURP���WR����RU�YLFH�YHUVD��$�FKDQJH�IURP���WR��OHDGV� D� GHFUHDVH� LQ� UHDO� YDOXH� RI� FRUUHVSRQGLQJ� YDULDEOH�� ZKLFK� FRUUHVSRQGV� D� OHVV�ORDGHGV\VWHP�DQG�WKH�RSSRVLWH�UHVXOWV�ZLWK�DQ�LQFUHDVHG�UHDO�YDOXH��ZKLFK�LV�D�PRUH�ORDGHG�V\VWHP�)RU�VWULQJ����WKH�SUREDELOLW\�WR�JR�D�PRUH�ORDGHG�V\VWHP�LV�����LQ�WHUPV�RI�PDFKLQH�QXPEHUV�EHFDXVH� WKHUH� DUH� �� ³�´¶V� SUHVHQW� LQ� WKH� VWULQJ��2Q� WKH� RWKHU� KDQG� D� OHVV�ORDGHG� V\VWHP� LVDFKLHYHG� LQ���RI��� WULDOV�EHFDXVH�RI���³�´¶V� LQ� WKH�VWULQJ��7KHVH�SUREDELOLWLHV�DUH�HYHQ�PRUHGLVFULPLQDWLQJ� LQ� VWULQJ� ��� EHFDXVH� RI� VL[� �¶V� DQG� WZR� �¶V�� FRUUHVSRQGLQJ� WR� ���� DQG� ����UHVSHFWLYHO\�6LQFH�JHQHUDOO\�GLIIHUHQW�OHYHOV�RI�EXIIHUV�GR�QRW�KDYH�D�VLJQLILFDQW�LPSDFW�RQ�&38�WLPHZLWK� JRRG� SDWWHUQ� RI� PDFKLQH� QXPEHUV�� DVVXPLQJ� WKDW� WKH\� KDYH� WKH� VDPH� DPRXQW� RIVLPXODWLRQ�WLPH��WKH�&38�WLPH�GHFUHDVHV�ZKHQ�WKH�PXWDWLRQ�SUREDELOLW\�LQFUHDVHV��EHFDXVH�LQ
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PRVW�RI�WKH�WULDOV��PXWDWLRQ�FDUULHV�WKH�VROXWLRQ�WR�D�OHVV�ORDGHG�V\VWHP��7KLV�UHVXOW�LV�SURYHGE\�FRPSDULQJ�WKH�SUREDELOLWLHV��IRU�ILUVW�W\SH�RI�VWULQJV�LQ���RI�HDFK���WULDOV�V\VWHP�EHFRPHV�DOHVV�ORDGHG� RQH�� DQG� IRU� VHFRQG� VWULQJ� LQ� �� RI� �� WULDOV� VDPH� UHVXOW� LV� REWDLQHG�� $OVR� WKHVLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�DOWHUDWLRQV�IURP�D�JRRG�VROXWLRQ�WR�D�PRUH�ORDGHG�V\VWHP�DQG� IURP�D�JRRG�VROXWLRQ� WR�D� OHVV� ORDGHG�V\VWHP�KDV� D�SRVLWLYH�HIIHFW�RQ� WKH�GHFUHPHQW� RI&38�WLPH��ZKLFK�LV�VWDWHG�LQ�WKH�SUHOLPLQDU\�DQDO\VLV�7KH� RQO\� VLJQLILFDQW� LQWHUDFWLRQ� HIIHFW� LV� WKH� LQWHUDFWLRQ� EHWZHHQ� SRSXODWLRQ� VL]H� DQGPD[LPXP�JHQHUDWLRQ�QXPEHU��)RU�KLJK�OHYHO�RI�PD[LPXP�JHQHUDWLRQ�QXPEHU��WKH�GLIIHUHQFHEHWZHHQ� WKH�KLJK�DQG� ORZ� OHYHO�RI�SRSXODWLRQ� VL]H� LQ� WHUPV�RI�HIIHFW�RQ�&38� WLPH� LV� ODUJHUWKDQ� WKH� ORZ� OHYHO� �)LJXUH� ���H��� 7KH� UHDVRQ� LV� WKDW� KLJKHU� WKH� LWHUDWLRQ� QXPEHU�� ODUJHU� WKHQXPEHU�RI�ORDGHG�V\VWHPV��JRRG�VROXWLRQV��SUHVHQW�LQ�WKH�SRSXODWLRQ��VLQFH�PRUH�LQGLYLGXDOVFRQYHUJH�WR�WKH�VDPH�VHW�RI�JRRG�VROXWLRQV�FRQWULEXWLQJ�WR�ORDGHG�V\VWHPV�DQG�WKH�VLPXODWLRQWLPH�RI�ORDGHG�V\VWHPV�DUH�ORQJHU�WKDQ�WKH�RWKHU�VROXWLRQV��7KXV��IRU�KLJK�OHYHO�RI�PD[LPXPJHQHUDWLRQ� QXPEHU� WKH� LQFUHDVH� LQ� &38� WLPH� E\� WKH� DOWHUDWLRQ� RI� SRSXODWLRQ� VL]H� LV� PRUHVLJQLILFDQW�� )URP� )LJXUH� ���H�� LW� LV� REVHUYHG� WKDW� KLJK� OHYHO� RI� ERWK� IDFWRUV� OHDG� WR� WKHPD[LPXP�&38�WLPH�)URP� DOO� WKHVH� DQDO\VLV�� WKH� ILQDO� FRQFOXVLRQ� LV�� WKH� SRSXODWLRQ� VL]H� DQG� PD[LPXPJHQHUDWLRQ� QXPEHU� KDV� SRVLWLYH� HIIHFWV� RQ�&38� WLPH�� 6LQFH�ZH� DUH� WU\LQJ� WR�PLQLPL]H� WKH&38�WLPH��ORZ�OHYHOV�RI�WKHVH�SDUDPHWHUV�DUH�DSSURSULDWH��%HFDXVH�WKH�PXWDWLRQ�KDV�QHJDWLYHHIIHFW�RQ�&38�� LW� LV�EHWWHU� WR�VHW� LW� DW� LWV�KLJK� OHYHO��$V� WKH�FURVVRYHU�SUREDELOLW\� DQG� LQLWLDOSRSXODWLRQ�W\SH�GR�QRW�KDYH�VLJQLILFDQW�LPSDFW�RQ�&38�WLPH��WKH\�FDQ�EH�XVHG�LQ�DQ\�OHYHO�
�������&RQFOXVLRQ$129$� LV� DSSOLHG� WR� ERWK� ILWQHVV� DQG� &38� WLPH� PHDVXUHV� LQGHSHQGHQWO\�� DQG� WKHVLJQLILFDQW�IDFWRUV�RQ�UHVSRQVHV�DUH�GHWHUPLQHG��$FFRUGLQJ�WR�WKH�UHVXOWV�JDWKHUHG��DSSURSULDWHOHYHOV�RI�HDFK�QXPHULFDO�SDUDPHWHU�DUH�VHOHFWHG��7DEOH����VXPPDUL]HV�WKH�UHVXOWV�7KHUH�DUH�WZR�FRQFOXVLRQV��ZKLFK�WDNH�RXU�DWWHQWLRQ��2QH�RI�WKHP�LV�WKH�LQVLJQLILFDQFHRI�FURVVRYHU�SUREDELOLW\�IRU�HDFK�UHVSRQVH�W\SHV��DQG�EHVW�SHUIRUPDQFH�RI�WKH�KLJK�PXWDWLRQSUREDELOLW\�LQ�ERWK�FDVHV��:KDW�LV�LQWHUHVWLQJ�KHUH�LV�WKDW��WKH�SRZHU�RI�PXWDWLRQ�LV�JUHDWHU�WKDQWKH�FURVVRYHU�RQ�ERWK�SHUIRUPDQFH�PHDVXUHV��%XW�LW�LV�REYLRXV�WKDW�WKH�FRQFOXVLRQV�DUHUHOHYDQW�IRU�D�IDFWRU�DQDO\VLV�ZLWK�VRPH�SUH�VSHFLILHG�OHYHOV��7KXV��ZH�GHFLGH�WR�PDNH�IXUWKHU
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DQDO\VLV�RI�PXWDWLRQ�SUREDELOLW\��DQG�FURVVRYHU�SUREDELOLW\�WR�REVHUYH�WKH�EHKDYLRU�DW�WKHLU7DEOH�����5HVXOWV�RI�)DFWRULDO�'HVLJQ�$QDO\VLV3RS�7\SH 3RS�6L]H 0D[�*HQ &URVV�3 0XW�3)LWQHVV/HYHO +LJK +LJK +LJK � +LJK9DOXH 6HHGHG �� ��� � ����&38�7LPH/HYHO � /RZ /RZ � +LJK9DOXH � �� �� � ����
GLIIHUHQW�OHYHOV��6LQFH�LW�LV�D�YHU\�WLPH�FRQVXPLQJ�WDVN�WR�UHSHDW�DOO�WKH�DQDO\VLV�ZLWK�GLIIHUHQWOHYHOV�RI� WKHVH�SDUDPHWHUV�� VLQJOH� IDFWRU�DQDO\VLV� LV�FKRVHQ� IRU� WKH�H[SHULPHQWDWLRQ�� ,Q�RWKHUZRUGV�DOO�WKH�RWKHU�SDUDPHWHUV�DUH�VHW�WR�VRPH�YDOXH��DQG�FKDQJH�LQ�SHUIRUPDQFH�PHDVXUHV�LVH[DPLQHG� DFFRUGLQJ� WR� WKH� FKDQJH� LQ� WKH� OHYHO� RI� WKH� SDUDPHWHU� XQGHU� FRQVLGHUDWLRQ�� 7ZRGLVWLQFW�H[SHULPHQWDO�FRQGLWLRQV�DUH�FKRVHQ��DOO�WKH�SDUDPHWHUV�DUH�VHW�WR�WKHLU�KLJK�OHYHOV�DQGORZ� OHYHOV� VHSDUDWHO\�� 6WDWLVWLFDO� LQIHUHQFH� DERXW� WKH� UHVXOWV� LV� REWDLQHG� E\� FRPSDULQJ� WKHSHUIRUPDQFHV�XVLQJ�SDLUHG�W�WHVW�)LUVW��ZH� LQYHVWLJDWH� WKH� VLJQLILFDQFH�RI� FURVVRYHU�SUREDELOLW\��2XU� LQLWLDO� YDOXHV�ZHUH����DQG����ZH�DOVR�H[DPLQH�WKH�EHKDYLRU�RI�WKH�SHUIRUPDQFH�PHDVXUHV�XQGHU�OHYHOV�RI�SF  ��������DQG�������)LJXUH����D�UHSUHVHQWV� WKH�FKDQJH� LQ� ILWQHVV�YDOXH�GXH� WR� WKH�DOWHUDWLRQ�RI�SF�DQG�)LJXUH����E�SUHVHQWV�WKH�VDPH�UHVXOWV�IRU�&38�WLPH�UHVSRQVH�

)LWQHVV�YV�&URVVRYHU�3UREDELOLW\

������������������������������������������

� ���� ��� ���� �&URVVRYHU�3UREDELOLW\

)LWQH
VV�9D

OXH

/RZ +LJK
D��%HVW�)LWQHVV�ZLWK�'LIIHUHQW�/HYHOV�RI�&URVVRYHU�3UREDELOLW\)LJXUH�����$QDO\VLV�RI�'LIIHUHQW�&URVVRYHU�3UREDELOLWLHV
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&38�7LPH�YV�&URVVRYHU�3UREDELOLW\

������������������������������

� ���� ��� ���� �&URVVRYHU�3UREDELOLW\

&38�
7LPH

/RZ +LJK
E��&38�7LPH�ZLWK�'LIIHUHQW�/HYHOV�RI�&URVVRYHU�3UREDELOLW\)LJXUH�����$QDO\VLV�RI�'LIIHUHQW�&URVVRYHU�3UREDELOLWLHV��FRQW¶G�(DFK�SRLQW� LQ� WKH� JUDSKV� FRUUHVSRQGV� WR� WKH� DYHUDJH�RI� LQGHSHQGHQW�*$�DSSOLFDWLRQV�)RU� ILWQHVV� YDOXH�� DV� REVHUYHG� IURP� )LJXUH� ���D�� WKHUH� LV� QR� VLJQLILFDQW� GLIIHUHQFH� LQSHUIRUPDQFH� PHDVXUH� IRU� GLIIHUHQW� OHYHOV� RI� FURVVRYHU� SUREDELOLW\�� 7KH� SDLUHG�W� WHVWVWDWLVWLFDOO\� YDOLGDWHV� WKLV� FRQFOXVLRQ�� EHFDXVH� WKH� GLIIHUHQFH� RI� PHDQV� RI� WZR� VXFFHVVLYHSRLQWV�SUHVHQW�DQ�LQVLJQLILFDQW�EHKDYLRU�7KH�&38�WLPH�JUDSK�DOVR�VKRZV�WKH�LQVLJQLILFDQFH�RI�WKH�FURVVRYHU�SUREDELOLW\��ZKLFK�LVDOVR� YDOLGDWHG� E\� SDLUHG�W� WHVW� UHVXOWV� RI� HYHU\� FRQVHFXWLYH� SDLUV�� )RU� GHVLJQ� SRLQW� �� �DOOSDUDPHWHUV�DW�WKHLU�KLJK�OHYHO���DOWHUDWLRQ�RI�FURVVRYHU�SUREDELOLW\�GR�QRW�FKDQJH�WKH�&38�WLPHVLJQLILFDQWO\�� LW� JRHV� DURXQG� ������ VHFRQGV�� )RU� GHVLJQ� SRLQW� �� �SDUDPHWHUV� DW� WKHLU� ORZOHYHOV���VLQFH�WKH�SRSXODWLRQ�VL]H�DQG�PD[LPXP�JHQHUDWLRQ�QXPEHU�DUH�DW�WKHLU�ORZ�OHYHOV��WKH&38�WLPH�LV�VLJQLILFDQWO\�ORZHU��EXW�DJDLQ�WKH�FKDQJH�LQ�FURVVRYHU�SUREDELOLW\�GRHV�QRW�KDYHDQ\�VLJQLILFDQW�HIIHFW�RQ�WKH�SHUIRUPDQFH�7KLV�IXUWKHU�DQDO\VLV�EDFNV�XS�WKH�SUHYLRXV�UHVXOWV�RI�RXU�IDFWRULDO�GHVLJQ��DQG�DOVR�JRHVLQ�SDUDOOHO�ZLWK�WKH�SUHOLPLQDU\�REVHUYDWLRQV�PDGH�DERXW�WKH�VROXWLRQ�VSDFH��6LQFH�WKHUH�LV�DGRPLQDWLQJ�VHW�RI�YDULDEOHV��DQG�WKH�JRRG�VROXWLRQV�DUH�GHILQHG�WR�EH�JRRG�EHFDXVH�WKH\�KDYHVRPH�VSHFLILF�SDWWHUQ�RI�WKLV�VHW��DQG�DOVR�EHFDXVH�WKH�JRRG�VROXWLRQV�DUH�YHU\�GRPLQDWLQJ�LQWHUPV�RI� ILWQHVV�YDOXH�� DIWHU� VRPH� LQLWLDO� JHQHUDWLRQV� LQGLYLGXDOV� LQ� SRSXODWLRQV� FRQYHUJH� WRWKHVH� VSHFLILF� SDWWHUQ� RI� VROXWLRQV�� 7KXV�� WR� FURVV� RU� QRW� GRHV� QRW� KDYH� DQ\� LPSDFW� RQ� WKHSHUIRUPDQFH��,I�FURVVRYHU�LV�SURKLELWHG��WKLV�PHDQV�WKH�FRS\LQJ�RI�VHOHFWHG�SRWHQWLDO�SDUHQWV�WRQH[W� JHQHUDWLRQ� RFFXUV�� ,I� FURVVRYHU� WDNHV� SODFH� WKH\� H[FKDQJH� JHQHWLF� LQIRUPDWLRQ�� EXW� DV
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ERWK� SDUHQWV� KDYH� WKH� VDPH� VWULQJ� FKDUDFWHULVWLFV�� DQG� HYHQ� VRPHWLPHV� WKH\� FRUUHVSRQG� WRVDPH�LQGLYLGXDO��H[FKDQJH�RI�JHQHWLF�LQIRUPDWLRQ�GRHV�QRW�PDNH�DQ\�VHQVH��VR�LQ�DQ\�OHYHO�RIFURVVRYHU�SUREDELOLW\�WKH�*$�VKRZV�WKH�VDPH�EHKDYLRU��UHDFKLQJ�WR�FORVH�VROXWLRQV�DW�WKH�HQG�7KH�VDPH�W\SH�RI�DQDO\VLV�LV�DSSOLHG�IRU�GLIIHUHQW�OHYHOV�RI�PXWDWLRQ�SUREDELOLW\��$JDLQWZR�GHVLJQ�SRLQWV��RWKHU�SDUDPHWHUV�DW�KLJK�DQG�ORZ�OHYHOV��DUH�FRQVLGHUHG��DQG���LQGHSHQGHQWUHSOLFDWLRQV� RI� *$� DUH� SURFHVVHG� IRU� HDFK� H[DPLQDWLRQ� SRLQW�� )LJXUH� ���D� SUHVHQWV� ILWQHVVYDOXH�DFFRUGLQJ�WR�GLIIHUHQW�OHYHOV�RI�PXWDWLRQ�SUREDELOLW\��ZKLOH�)LJXUH����E�VKRZV�WKH�&38WLPH�EHKDYLRU�
)LWQHVV�YV�0XWDWLRQ
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)LWQH
VV�9D

OXH

/RZ�/HYHO +LJK�/HYHO
D��%HVW�)LWQHVV�ZLWK�'LIIHUHQW�/HYHOV�RI�0XWDWLRQ�3UREDELOLW\

&38�7LPH�YV�0XWDWLRQ
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0XWDWLRQ�3UREDELOLW\

&38�
7LPH

/RZ�/HYHO +LJK�/HYHO
E��&38�7LPH�ZLWK�'LIIHUHQW�/HYHOV�RI�0XWDWLRQ�3UREDELOLW\)LJXUH�����$QDO\VLV�RI�'LIIHUHQW�0XWDWLRQ�3UREDELOLWLHV

$OWKRXJK�LW� LV�QRW�YLVLEOH� IURP� WKH�)LJXUH����D�� LQFUHDVH� LQ�PXWDWLRQ�SUREDELOLW\� KDV�DVLJQLILFDQW� LPSDFW�RQ� ILWQHVV�YDOXH��$FFRUGLQJ� WR� WKH� UHVXOWV� RI� SDLUHG�W� WHVW�� GHVLJQ� SRLQW� �
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�KLJK�OHYHO��SUHVHQWV�LQVLJQLILFDQW�EHKDYLRU�XQWLO�SP  ������H[FOXGLQJ�WKH�SP  ���FDVH��%XW�WKHUHLV�D� VLJQLILFDQW� LPSURYHPHQW�RQ� ILWQHVV�JRLQJ� IURP����� WR����� OHYHO�RI�PXWDWLRQ�SUREDELOLW\�7KH�RWKHU�UHVSHFWLYH�SRLQWV�SUHVHQW�LQVLJQLILFDQW�EHKDYLRU�H[FHSW�SP  ���7KH� SP�  � �� DQG� �� DUH� WKH� H[WUHPH� FDVHV�ZLWK� QR�PXWDWLRQ� DQG� DOZD\V�PXWDWLRQ�� 7KHUHVXOWV� REWDLQHG� DJUHH� ZLWK� WKH� FRQVHTXHQFHV� ZH� JDWKHUHG� IURP� WKH� IDFWRULDO� GHVLJQ�� 7KHPXWDWLRQ� RSHUDWRU� LV� YHU\� HIIHFWLYH� LQ� WHUPV� RI� ILQGLQJ� EHWWHU� VROXWLRQV�� 7KLV� LGHD� FDQ� EHREVHUYHG�EHVW�E\�ORRNLQJ�DW�WKH�GHVLJQ�SRLQW����ORZ�OHYHO��ZLWK�SP� ����7KHUH�LV�QR�PXWDWLRQDQG�*$�FDQQRW� ILQG� HYHQ� JRRG� VROXWLRQV�� 7KH�*$� VWDUWV�ZLWK� UDQGRP� SRSXODWLRQ� DQG�ZLWKIHZHU�FURVVRYHUV�DQG�QR�PXWDWLRQ��FRQYHUJHQFH�WR�JRRG�VROXWLRQV�FDQQRW�RFFXU��%XW�WKLV�LV�QRWYDOLG� IRU� WKH� GHVLJQ� SRLQW� �� �KLJK� OHYHO��� 7KH� PDLQ� UHDVRQ� LV� WKDW�� *$� VWDUWV� ZLWK� VHHGHGSRSXODWLRQ� FRQWDLQLQJ� JRRG� VROXWLRQV�� DQG� DOWKRXJK� PXWDWLRQ� LV� QRW� DSSOLHG�� FURVVRYHURSHUDWRU� SURYLGHV� WKH�PDLQWHQDQFH� RI� JRRG� VROXWLRQV�� +RZHYHU�� QR�PXWDWLRQ� FDVH� DOVR� KDVVLJQLILFDQWO\�OHVV�ILWQHVV�YDOXH�WKDQ�WKH�RWKHU�SRLQWV��EXW�WKH�GLIIHUHQFH�LV�QRW�DV�REYLRXV�DV�WKHGHVLJQ�SRLQW���,QFUHDVLQJ WKH�PXWDWLRQ�SUREDELOLW\�LQFUHDVHV�WKH�ILWQHVV�YDOXH�XQWLO�SP� ������7KH�RWKHUSUREDELOLWLHV� DUH� LQVLJQLILFDQW� DIWHU� WKLV� OHYHO� ZKHQ� FRPSDUHG� UHVSHFWLYHO\� XQWLO� SP�  � �����7KHUH�LV�D�VLJQLILFDQW�GHFUHDVH�LQ�ILWQHVV�DW�SP  ����7KLV�LV�EHFDXVH�RI�WKH�LQDGHTXDWH�SDWWHUQ�RI*$�� *$� ILQGV� JRRG� VROXWLRQV� DQG� FDUU\� WKHLU� JRRG� SURSHUWLHV� WR� IXWXUH� JHQHUDWLRQV� E\FURVVRYHU�DQG�UHSURGXFWLRQ��EXW�LI�PXWDWLRQ�RFFXUV�QHDUO\�DOO�WKH�WLPH��WKH�EXLOGLQJ�EORFNV�WKDWEHORQJ�WR�JRRG�VROXWLRQV�DUH�DOZD\V�GLVWXUEHG�DQG�FKDQJHG��VR�*$�FDQQRW�FRQYHUJH�WR�JRRGVROXWLRQV��,Q�RWKHU�ZRUGV�DV�WKH�JHQHUDWLRQV�SURFHHG�WKH�DYHUDJH�ILWQHVV�RI�SRSXODWLRQV�FDQQRWLQFUHDVH�DV�RXU�FDVH��7KH�QHJDWLYH�LPSDFW�RI�³DOZD\V�PXWDWLRQ´�LV�PRUH�YLVLEOH�LQ�GHVLJQ�SRLQW�� �ORZ� OHYHO��� 7KH� PDLQ� UHDVRQ� LV� WKH� LQLWLDO� SRSXODWLRQ� W\SH� GLIIHUHQFH�� 7KH� UDQGRP� VWDUWFDQQRW� HYHQ� UHDFK� JRRG� VROXWLRQV� OLNH� WKH� RWKHU� H[WUHPH� FDVH� SP  � ��� %XW� IRU� VHHGHGSRSXODWLRQV�� VLQFH� WKH� LQLWLDO� SRSXODWLRQ� FRQWDLQV� JRRG� VROXWLRQV�� DW� ZRUVW� FDVH� WKHVH� JRRGVWDUWLQJ�VROXWLRQV�DUH�WKH�EHVW�VROXWLRQV�REWDLQHG�GXULQJ�*$��ZKLFK�DUH�EHWWHU�WKDQ�WKH�UDQGRPVWDUW�LQ�WHUPV�RI�ILWQHVV�YDOXHV,QYHVWLJDWLRQ� RI� )LJXUH� ���E� VKRZV� WKDW� LQFUHPHQWV� LQ� PXWDWLRQ� SUREDELOLW\� PDNHVLJQLILFDQW�UHGXFWLRQV�LQ�&38�WLPH�FRYHUHG��7KLV�UHVXOW�DOVR�DJUHHV�ZLWK�RXU�FRQFOXVLRQV�DERXWVROXWLRQ� VSDFH�� $V� PRUH� PXWDWLRQ� RFFXUV� PRUH� OHVV�ORDGHG� V\VWHPV� DUH� SURFHVVHG�� VRVLPXODWLRQ�WLPH�GHFUHDVHV��%XW�DIWHU�����OHYHO�� WKHUH�LV�DQ�LQFUHDVH� LQ�&38�WLPH��ZKLFK� LV� LQFRUUHVSRQGHQFH�ZLWK� WKH� ILWQHVV�FDVH��$V� WKH�SDWWHUQ�RI�*$� LV�GLVWXUEHG�� QR� FRQYHUJHQFH� WR
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JRRG� VROXWLRQV� RFFXU�� DQG� XQSUHGLFWDEOH� SRLQWV� IURP� DQ\ZKHUH� RI� VROXWLRQ� VSDFH� DUHSURFHVVHG��7KH�VHDUFK�PHFKDQLVP�ORRVHV�LWV�ORJLF��VR�LQFUHDVH�LQ�&38�WLPH�LV�REVHUYHG�)URP�WKH�WZR�JUDSKV��LW�LV�FRQFOXGHG�WKDW�HYHQ�PRUH�LQFUHPHQWV�LQ�PXWDWLRQ�SUREDELOLW\OHDG� EHWWHU� VROXWLRQV� LQ� WHUPV� RI� PD[LPXP� ILWQHVV� DQG� PLQLPXP� &38� WLPH�� 0XWDWLRQSUREDELOLW\� RI� ���� LV� WKH� PRVW� FRQYHQLHQW� FKRLFH�� VLQFH� LW� KDV� WKH� PD[LPXP� ILWQHVV� DQGVLJQLILFDQWO\�OHVV�&38�WLPH�'XULQJ�WKH�DQDO\VLV��ZH�KDYH�WZR�REMHFWLYHV��PD[LPL]LQJ�WKH�EHVW�ILWQHVV�YDOXH�IRXQG�DQG�PLQLPL]LQJ�WKH�&38�WLPH�HODSVHG��7DEOH����VKRZV�WKH�UHVXOWV�RI�DQDO\VLV�PDGH�IRU�HDFKREMHFWLYH� RQH� E\� RQH��%XW� WR� FRQFOXGH� RQ� WKH� DSSURSULDWH� OHYHOV� RI� WKH� IDFWRUV��ZH� KDYH� WRFRPELQH�WKH�UHVXOWV��2EYLRXVO\�ZH�FDQ�FRQFOXGH�RQ�WKH�PXWDWLRQ�SUREDELOLW\�OHYHO�DV�WKH�KLJKOHYHO�� VLQFH� WKH� UHVXOWV� RI� DQDO\VHV� LQ� ERWK� FDVHV� DUH� FRQVLVWHQW�ZLWK� HDFK� RWKHU�� 3RSXODWLRQW\SH� LV� LQVLJQLILFDQW� IRU�&38� WLPH��DQG�VHHGHG�SRSXODWLRQ� LV�EHWWHU� IRU� ILWQHVV�� VR� WKH� LQLWLDOSRSXODWLRQ� LV� VHW� WR� EH� VHHGHG� SRSXODWLRQ�� &URVVRYHU� SUREDELOLW\� LV� LQVLJQLILFDQW� IRU� ERWKUHVSRQVH�W\SHV��VR�DQ\�OHYHO�RI�WKH�FURVVRYHU�SUREDELOLW\�FDQ�EH�XVHG�8QIRUWXQDWHO\��SRSXODWLRQ�VL]H�DQG�PD[LPXP�JHQHUDWLRQ�QXPEHU�EHKDYH�LQ�DQ�RSSRVLWHZD\�ZKHQ�WKH�UHVXOWV�RI�WKH�DQDO\VHV�DUH�FRQVLGHUHG��,I�\RX�KDYH�WKH�KLJK�OHYHO��\RX�JHW�EHWWHUILWQHVV�YDOXH�EXW�LQ�D�ORQJ�UXQ�WLPH�IRU�ERWK�IDFWRUV��+HQFH�XVHU�VKRXOG�JLYH�WKH�SULRULW\�WR�RQHREMHFWLYH��DQG�VHOHFW�WKH�DSSURSULDWH�RQH��,I�DQ�LQFUHPHQW�LQ�ILWQHVV�YDOXH�LV�YHU\�LPSRUWDQW�IRUWKH� XVHU�� WKHQ� V�KH� VKRXOG� VHW� WKH� IDFWRUV� WR� WKHLU� KLJK� OHYHOV�� UHJDUGOHVV� RI� WKH� &38� WLPH�2WKHUZLVH�� LI� WKH� WLPH� LV� WKH� PRVW� LPSRUWDQW� FRQVWUDLQW�� DQG� LW� LV� H[SHQVLYH� WR� UXQ� WKHDOJRULWKP�� WKHQ� XVHU� VKRXOG� VHW� WKH� IDFWRUV� WR� WKHLU� ORZ� YDOXH�� ,Q� RXU� FDVH�� ZH� JLYH� HTXDOZHLJKW�WR�ERWK�REMHFWLYHV��ILWQHVV�DQG�&38�WLPH��DQG�PDNH�WKH�DQDO\VLV�EDVHG�RQ�WKLV��7DEOH���VXPPDUL]HV�WKH�DQDO\VLV�PDGH�7DEOH�����3HUFHQWDJH�&KDQJH�LQ�5HVSRQVHV�$FFRUGLQJ�WR�&KDQJH�LQ�)DFWRU�/HYHOV
3RS�6L]H )LWQHVV &387LPH 0D[�*HQ )LWQHVV &387LPH�� �������� �������� �� �������� ���������� �������� �������� ��� �������� ����������&KDQJH �������� �������� ��&KDQJH �������� ��������

3HUFHQW� FKDQJHV� UHIOHFW� WKH� SHUFHQWDJH� FKDQJH� LQ� WKH� UHVSRQVH� YDULDEOH�� ZKHQ� WKHUHOHYDQW�IDFWRU�LV�LQFUHDVHG�IRUP�LWV�ORZ�OHYHO��WR�KLJK�OHYHO��)RU�SRSXODWLRQ�VL]H��WKLV�LQFUHDVHOHDGV� WR� D� ������ EHWWHU� ILWQHVV� VROXWLRQ�� ZKLOH� D� ������� LQFUHDVH� LQ� &38� WLPH�� 6LPLODUO\�
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FKDQJH� LQ� WKH�PD[LPXP� JHQHUDWLRQ� QXPEHU� OHDGV� WR� D� ����� EHWWHU� ILWQHVV� VROXWLRQ�� EXW� LQ�������PRUH�&38�WLPH��7KH�LQFUHPHQWV�LQ�ILWQHVV�YDOXHV�FDQQRW�FRPSHQVDWH�WKH�H[WUD�&38WLPH�FRYHUHG��VR�LW� LV�EHWWHU�WR�VHW�SRSXODWLRQ�VL]H�DQG�PD[LPXP�JHQHUDWLRQ�QXPEHU�WR� WKHLUORZ�YDOXHV�7DEOH����JLYHV�WKH�ILQDO�FRQFOXVLRQ�DERXW�WKH�SDUDPHWHUV�RI�*$�WKDW�PD[LPL]HV�WKH�EHVWILWQHVV�IRXQG�DQG�PLQLPL]HV�WKH�&38�WLPH�7DEOH�����)LQDO�5HVXOW�RI�$QDO\VLV3RS�7\SH 3RS�6L]H 0D[�*HQ &URVV�3 0XW�3/HYHO +LJK /RZ /RZ +LJK�/RZ +LJK9DOXH 6HHGHG �� �� ����� ����
7KH�EHVW�SDUDPHWHU�FRQILJXUDWLRQ�RI�*$�LV�VWDUWLQJ�ZLWK�D�VHHGHG�LQLWLDO�SRSXODWLRQ�ZLWKORZ�OHYHO�RI�SRSXODWLRQ�VL]H��DQG�PD[LPXP�JHQHUDWLRQ�QXPEHU��DOVR�WKH�PXWDWLRQ�SUREDELOLW\VKRXOG�EH�DV�ODUJH�DV�SRVVLEOH�������LQ�IDFWRULDO�GHVLJQ������LQ�IXUWKHU�DQDO\VLV���DQ\�FURVVRYHUSUREDELOLW\�FDQ�EH�VHOHFWHG��%XW�ZH�KDYH�WR�UHPLQG� WKDW� WKH�VHOHFWLRQ�RI�SRSXODWLRQ�VL]H�DQGPD[LPXP� JHQHUDWLRQ� QXPEHU� GHSHQGV� RQ� WKH� FKRLFH� EHWZHHQ� &38� WLPH�� DQG� EHVW� ILWQHVVREWDLQHG��,I�EHVW�ILWQHVV�REWDLQHG�LV�PXFK�PRUH�LPSRUWDQW�WKDQ�WKH�&38�WLPH�WKHQ�LW�LV�EHWWHU�WRVHW�WKHP�WR�KLJK�OHYHOV�$QRWKHU�LQWHUSUHWDWLRQ�LV�WKDW��LI�FURVVRYHU�RSHUDWRU�LV�LQVLJQLILFDQW�RQ�ILWQHVV�UHVSRQVH�DQG�WKH�JRRG�VROXWLRQV�GRPLQDWH�WKH�RWKHUV��DQG�DOVR�VRPH�VHW�RI�GHFLVLRQ�YDULDEOHV�KDV�VRPHVSHFLILF�YDOXHV�LQ�DOO�JRRG�VROXWLRQV��WKHQ�WKH�LPSRUWDQFH�RI�PXWDWLRQ�LQFUHDVHV��(VSHFLDOO\�IRUVLPXODWLRQ�RSWLPL]DWLRQ�SXUSRVH��PXWDWLQJ� WKH� VROXWLRQV� LQ� VXFK� D� VHDUFK� VSDFH�PD\� KDYH� DVLJQLILFDQW�HIIHFW�RQ�&38�WLPH��DQG�ILWQHVV�YDOXH��,I�WKH�V\VWHP�XQGHU�FRQVLGHUDWLRQ�UHSUHVHQWVD� ORDGHG� V\VWHP� IRU� JRRG� VROXWLRQ� VHW�� WKHQ� LW� LV� FRQYHQLHQW� WR� LQFUHDVH� WKH� PXWDWLRQ� UDWH�ZKLFK�JHQHUDOO\�OHDGV�WR�UHGXFWLRQ�LQ�&38�WLPH��$OVR�GRPLQDQFH�RI�D�GHFLVLRQ�YDULDEOH�PD\VXSSRUW�WKH�XVH�RI�KLJK�PXWDWLRQ�UDWHV��,I�JRRG�VROXWLRQV�KDYH�VRPH�VSHFLILF�SDWWHUQ�LQ�WHUPVRI�GRPLQDQW�GHFLVLRQ�YDULDEOHV�� WKHQ�WKHVH�VROXWLRQV�DUH�GLVFULPLQDWHG�E\� WKH� OHYHOV�RI�RWKHUGHFLVLRQ�YDULDEOHV��$V�LQ�RXU�FDVH��PXWDWLRQ�RSHUDWRU�PD\�EH�PRUH�VXFFHVVIXO�LQ�VHDUFKLQJ�WKHGLIIHUHQW�OHYHOV�RI�RWKHU�SDUDPHWHUV�WKDQ�WKH�RWKHU�RSHUDWRUV��,Q�VXFK�D�FRQGLWLRQ�H[WUD�DQDO\VLVVKRXOG�EH�GRQH�WR�VHW�WKH�PXWDWLRQ�SUREDELOLW\�WR�WKH�PRVW�FRQYHQLHQW�OHYHO�



��

&+$37(5��
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7KLV� FKDSWHU�SUHVHQWV� IXUWKHU� DQDO\VHV�PDGH�E\�PRGLILFDWLRQV�RI� WKH� WHVW� SUREOHP�DQGSURSRVHG�*$�PRGHO���:H�ZLOO�PHDVXUH�WKH�VHQVLWLYLW\�RI�WKH�UHVXOWV�WR�GLIIHUHQW�H[SHULPHQWDOFRQGLWLRQV��6HFWLRQ�����SUHVHQWV�WKH�UHVXOWV�IRU�WKH�DQDO\VLV�FDUULHG�ZLWK�WKH�PRGLILHG�REMHFWLYHIXQFWLRQ�FRVW�SDUDPHWHUV�RI�WKH�WHVW�SUREOHP��6HFWLRQ�����H[SODLQV�WKH�H[SHULPHQWDO�UHVXOWV�IRU*$�EDVHG� VLP�RSW� DSSOLFDWLRQ� WR� WKH� FRQVWUDLQHG� YHUVLRQ� RI� WKH� VDPH� WHVW� SUREOHP�� WKXV� DOLQHDU�FRQVWUDLQW�LV�DGGHG�WR�WKH�RSWLPL]DWLRQ�SUREOHP��6HFWLRQ�����SUHVHQWV�WKH�FRPSDULVRQ�RI*$�SHUIRUPDQFH�XQGHU�GLIIHUHQW�VWUXFWXUDO�SDUDPHWHU�VHWWLQJV�
�����0RGLILFDWLRQ�RI�2EMHFWLYH�)XQFWLRQ�3DUDPHWHUV7KH�REMHFWLYH� IXQFWLRQ�SDUDPHWHUV�JXLGH�*$�LQ� WKH�VHDUFK�PHFKDQLVP��)RU� LQVWDQFH� LIWKH�XQLW� FRVW� RI�PDFKLQHV� LV� WRR� KLJK�� WKHQ�*$�SURFHHGV� LQ� WKH� VROXWLRQV�ZLWK� ORZ� OHYHO� RIPDFKLQH� QXPEHUV�� VLQFH� WKHVH� VROXWLRQV� FRUUHVSRQG� WR� JRRG� VROXWLRQV�� %\� DOWHUDWLRQ� RI� WKHREMHFWLYH� IXQFWLRQ� SDUDPHWHUV�� ZH� H[SHFW� WR� IRUFH� *$� VHDUFK� GLIIHUHQW� SDUWV� RI� WKH� ZKROHVROXWLRQ�VSDFH��DQG�REVHUYH�LI�WKH�SHUIRUPDQFH�RI�*$�LV�FKDQJLQJ�ZLWK�WKH�VHDUFKHG�VSDFH�&XUUHQWO\��WKH�REMHFWLYH�IXQFWLRQ�RI�WKH�RULJLQDO�SUREOHP�LV�)� �����u 7KURXJKSXW�±�������u 7RWDO�QXPEHU�RI�PDFKLQHV�±������u 7RWDO�QXPEHU�RI�EXIIHUV

7KURXJKRXW� WKH� DQDO\VLV�� ZH� GR� QRW� PRGLI\� WKH� XQLW� SURILW� IRU� JRRGV� PDQXIDFWXUHG�EHFDXVH�WKLV�PD\�OHDG�WR�DQ�XQUHDOLVWLF�VLWXDWLRQ��,Q�RUGHU�WR�PDNH�D�UHDVRQDEOH�DQDO\VLV��WKHSDUDPHWHUV�VKRXOG�EH�DOWHUHG�LQ�VLJQLILFDQW�DPRXQWV��OLNH�WKH�PXOWLSOHV�RI�FXUUHQW�YDOXHV��%XWLQFUHDVLQJ�RU�GHFUHDVLQJ�WKH�XQLW�SURILW�LQ�PXOWLSOHV�ZLOO�EH�FRPSOHWHO\�XQUHDOLVWLF��VLQFH�LW�LVKDUG� WR� DFKLHYH� VXFK� VLJQLILFDQW� LQFUHPHQWV� LQ� XQLW� SURILW� LQ� UHDO�OLIH� DSSOLFDWLRQV�� 7KXV�ZHGHFLGH�WR�DOWHU�WKH�YDOXHV�RI�WKH�FRVW�SDUDPHWHUV��ZKLFK�ZLOO�EH�D�PRUH�UDWLRQDO�DSSURDFK�6LQFH� WKH� PDFKLQH� QXPEHUV� DUH� GRPLQDQW� VHW� RI� YDULDEOHV�� WR� FKDQJH� WKH� REMHFWLYHIXQFWLRQ�VLJQLILFDQWO\��WKH�GRPLQDQFH�RI�PDFKLQHV�VKRXOG�EH�VRPHKRZ�HOLPLQDWHG�RU�DW�OHDVWPLWLJDWHG��7ZR�VHSDUDWH�DOWHUDWLRQV�DUH�GRQH�VHSDUDWHO\�)LUVW�ZH� GHFUHDVH� WKH� XQLW� FRVW� RI� D�PDFKLQH� IURP������� WR� �����PRQHWDU\� XQLWV�� WRGLVWLQJXLVK�WKH�GRPLQDQFH�RI�PDFKLQHV�LQ�WHUPV�RI�FRVW�HIIHFWLYHQHVV��7KXV�WKH�XQLW�FRVWV�DUH



��

HTXDOL]HG�IRU�WKH�ILUVW�DQDO\VLV��$OWKRXJK�LW�VHHPV�WR�EH�XQUHDOLVWLF�IRU�UHDO�OLIH�VLWXDWLRQV��WKHXQLW�FRVW�RI�WKH�EXIIHU�ORFDWLRQV�LV�DOWHUHG�WR�������XQLWV�ZKLOH��PDFKLQLQJ�FRVW�LV�OHIW�LQ�����PRQHWDU\�XQLWV��ZKLFK�FRQVWLWXWHV�WKH�VHFRQG�VHSDUDWH�DQDO\VLV��7KLV�LV�DQ�LUUDWLRQDO�FDVH��VLQFHWKH�EXIIHU�FRVW�LV�VLJQLILFDQWO\� ODUJHU�WKDQ�WKH�PDFKLQLQJ�FRVW��LQDSSURSULDWH�IRU�UHDO�OLIH��EXWIRU�DFDGHPLF�SXUSRVHV�LQ�RUGHU�WR�PDNH�D�FRPSOHWH�DQDO\VLV�RI�WKH�IDFWRUV��WKHVH�VSHFLILHG�FRVWSDUDPHWHUV� DUH� XVHG�� :H� H[SHFW� WKDW� HYHQ� HTXDOL]LQJ� WKH� XQLW� FRVWV�� FDQQRW� HOLPLQDWH� WKHGRPLQDQFH� RI� PDFKLQH� QXPEHUV�� EHFDXVH� RI� WKH� HIIHFWV� RQ� WKURXJKSXW� OHYHO�� WKXV� D� KXJHLQFUHPHQW� LQ� EXIIHU� FRVW� PD\� IRUFH� *$� WR� VHDUFK� GLIIHUHQW� OHYHOV� RI� EXIIHU� ORFDWLRQVGLVWLQFWLYHO\�� ,Q� WKH� RULJLQDO� WHVW� SUREOHP� FDVH�� *$� ILUVW� VHWV� WKH� PDFKLQH� QXPEHUV� WRDSSURSULDWH� OHYHOV�� FRQWULEXWLQJ� WKH� JRRG� VROXWLRQV�� DQG� WKHQ� VHDUFK� IRU� GLIIHUHQW� OHYHOV� RIEXIIHUV� IRU� EHWWHU� VROXWLRQV�� ,Q� WKLV� PRGLILHG� YHUVLRQ�� ZH� H[SHFW� *$� WR� JLYH� DW� OHDVW� PRUHLPSRUWDQFH�WR�EXIIHU�OHYHOV�LQ�SURFHHGLQJ�WR�JRRG�VROXWLRQV�7R�VXP�XS��WKH�REMHFWLYH�IXQFWLRQ�SDUDPHWHUV�RI�WKH�RULJLQDO�WHVW�SUREOHP�DUH�PRGLILHGDQG�IROORZLQJ�WZR�VFKHPHV�DUH�REWDLQHG�
���I� �����u WKURXJKSXW�±������u 7RWDO�QXPEHU�RI�PDFKLQHV�±������u 7RWDO�EXIIHU�ORFDWLRQV���I� �����u WKURXJKSXW�±������u 7RWDO�QXPEHU�RI�PDFKLQHV�±�������u 7RWDO�EXIIHU�ORFDWLRQV)URP�QRZ�RQ��WKH�ILUVW�RQH�LV�FDOOHG�DV�³����´�FDVH��ZKLOH�WKH�VHFRQG�LV�UHSUHVHQWHG�DV³EXIIHU´�FDVH��6LPLODU� WR� WKH� ILUVW� VHFWLRQ�� VHSDUDWH�DQDO\VHV�ZLWK� UHVSHFW� WR� ILWQHVV� UHVSRQVHDQG�&38�WLPH�UHVSRQVH�DUH�KDQGOHG�IRU�HDFK�PRGLILHG�YHUVLRQ��7KH�IDFWRULDO�GHVLJQV�DUH�XVHGGXULQJ�WKH�H[SHULPHQWDWLRQ��EXW��� IDFWRULDO�GHVLJQV�DUH�XVHG�LQVWHDG��2XU�SUHOLPLQDU\�DQDO\VLVFRQFOXGHV� WKDW� VHWWLQJ� WKH� SRSXODWLRQ� VL]H� DQG� PD[LPXP� JHQHUDWLRQ� QXPEHU� WR� WKHLU� KLJKYDOXHV� GR� QRW� LPSURYH� WKH� ILWQHVV� YDOXH� VLJQLILFDQWO\� ZKHQ� WKH� H[WHQVLYH� &38� WLPHUHTXLUHPHQW�LV�FRQVLGHUHG��WKXV�ZH�GHFLGH�WR�IL[�WKH�SRSXODWLRQ�VL]H�DQG�PD[LPXP�JHQHUDWLRQQXPEHU� SDUDPHWHUV� WR� WKHLU� ORZ� OHYHOV�� DQG� FDUU\� RXW� WKH� DQDO\VLV�ZLWK� WKUHH� IDFWRUV�� LQLWLDOSRSXODWLRQ� W\SH�� FURVVRYHU� SUREDELOLW\� DQG�PXWDWLRQ� SUREDELOLW\��2EYLRXVO\� �� GHVLJQ� SRLQWVDUH�FRQVWUXFWHG�IRU�HDFK�DQDO\VLV��DQG���LQGHSHQGHQW�UHSOLFDWLRQV�RI�*$�DUH�WDNHQ�7R� REVHUYH� WKH� GLIIHUHQFHV� RFFXUULQJ� DFFRUGLQJ� WR� FRVW� SDUDPHWHU� PRGLILFDWLRQV�� WKHVDPH� DQDO\VLV� VKRXOG� EH� KDQGOHG� IRU� WKH� RULJLQDO� SUREOHP� WR� FRPSDUH� WKH� UHVXOWV�� 7KXVFRQVLGHULQJ� WKH� �� QXPHULFDO� SDUDPHWHUV� D� �� IDFWRULDO� GHVLJQ� LV� DOVR� PDGH� IRU� WKH� RULJLQDOSUREOHP��DQG�WKH�UHVXOWV�RI�WKLV�FDVH�ZLOO�EH�SUHVHQWHG�LQ�WKH�QDPH�RI�³RULJLQDO´�LQ�WKLV�VHFWLRQ�DQG�FRPSXWDWLRQDO�UHVXOWV�RI�WKHVH�WKUHH�DQDO\VHV��RULJLQDO�SOXV�WKH�WZR�PRGLILHG�YHUVLRQ��ZLOO
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EH� SUHVHQWHG� ZLWK� PDNLQJ� FRPSDULVRQV� DQG� VWDWLQJ� UDWLRQDO� H[SODQDWLRQV� LQ� WKH� IROORZLQJVHFWLRQV�
�������0RGHO�$GHTXDF\�&KHFNLQJ7KH�LQGHSHQGHQFH�RI�UHSOLFDWLRQV�LV�SURYLGHG�E\�XVH�RI�LQGHSHQGHQW�VHHGV�RI�6,0$1�DVSUHYLRXVO\�PHQWLRQHG�� 7R� DSSO\� $129$� FRQILGHQWO\�� QRUPDOLW\� DQG� KRPRJHQRXV� YDULDQFHDVVXPSWLRQV�VKRXOG�EH�FKHFNHG��EXW�WKLV�WLPH�ZH�KDYH�RQO\���SRLQWV��DQG�ILWWLQJ�UHVLGXDOV�IRU��SRLQWV� PD\� UHVXOW� ZLWK� PLVOHDGLQJ� FRQFOXVLRQV�� 0RUHRYHU� %DUWOHWW� WHVW� LV� YHU\� VHQVLWLYH� WRQRUPDOLW\�DVVXPSWLRQ��VR�WHVWLQJ�KRPRJHQHLW\�RI�YDULDQFHV�XQGHU� WKLV�VLWXDWLRQ� LV� LUUHOHYDQW�%XW�LW�LV�NQRZQ�WKDW��PRGHUDWH�GHSDUWXUHV�IURP�QRUPDOLW\�DVVXPSWLRQ�DUH�RI�OLWWOH�FRQFHUQ�LQIL[HG� HIIHFWV�$129$�� VLQFH� WKH� )� WHVW� LV� RQO\� VOLJKWO\� DIIHFWHG� �0RQWJRPHU\�� ����� SS����������7KXV�ZH�FRQWLQXH�ZLWK�$129$�DQG�GHWHUPLQDWLRQ�RI�SDUDPHWHU�HIIHFWV��7DEOH����DQG���UHSUHVHQWV�WKH�*$�UHVXOWV�IRU�RULJLQDO�FDVH�������FDVH�DQG�EXIIHU�FDVH�IRU�ILWQHVV�DQG�&38WLPH�UHVSRQVH�UHVSHFWLYHO\�7DEOH����D��*$�5HVXOWV�IRU�)LWQHVV�5HVSRQVH�RI�2ULJLQDO�&DVH$ ' ( 5HS� 5HS� 5HS� 5HS� 5HS�� � � ������ ������ ������ ������ �������� � � ������ ������ ������ ������ ������� �� � ������ ������ ������ ������ �������� �� � ������ ������ ������ ������ ������� � �� ������ ������ ������ ������ �������� � �� ������ ������ ������ ������ ������� �� �� ������ ������ ������ ������ �������� �� �� ������ ������ ������ ������ ������7DEOH����E��*$�5HVXOWV�IRU�)LWQHVV�5HVSRQVH�RI������&DVH$ ' ( 5HS� 5HS� 5HS� 5HS� 5HS�� � � ������� ������� ������� ������� ��������� � � ������� ������� ������� ������� �������� �� � ������� ������� ������� ������� ��������� �� � ������� ������� ������� ������� �������� � �� ������� ������� ������� ������� ��������� � �� ������� ������� ������� ������� �������� �� �� ������� ������� ������� ������� ��������� �� �� ������� ������� ������� ������� �������



��

7DEOH����F��*$�5HVXOWV�IRU�)LWQHVV�5HVSRQVH�RI�%XIIHU�&DVH$ ' ( 5HS� 5HS� 5HS� 5HS� 5HS�� � � ������� ������ ������� ������ ��������� � � ������ ������ ������ ������� ������� �� � ������ ������� ������ ������� �������� �� � ������ ������ ������ ������� ������� � �� ������ ������ ������ ������� �������� � �� ������� ������� ������� ������ ������� �� �� ������ ������ ������ ������ ��������� �� �� ������ ������� ������ ������� �������7DEOH����D��*$�5HVXOWV�IRU�&38�7LPH�5HVSRQVH�RI�2ULJLQDO�&DVH$ ' ( 5HS� 5HS� 5HS� 5HS� 5HS�� � � ������� ������� ������� ������� ��������� � � ������� ������� ������� ������� �������� �� � ������� ������� ������� ������� ��������� �� � ������� ������� ������� ������� �������� � �� ������� ������� ������� ���� ��������� � �� ������� ������� ������� ������� �������� �� �� ������� ������� ������� ������ ��������� �� �� ������� ������� ������� ������� �������
7DEOH����E��*$�5HVXOWV�IRU�&38�7LPH�5HVSRQVH�RI������&DVH$ ' ( 5HS� 5HS� 5HS� 5HS� 5HS�� � � ������ ������� ������� ������� �������� � � ������� ������� ������� ���� �������� �� � ������� ������� ������� ������� �������� �� � ������� ������� ������� ������� �������� � �� ������� ������� ������� ������ ��������� � �� ������� ������� ������� ������� �������� �� �� ������� ������� ������� ������� ��������� �� �� ������� ������ ������� ������� �������



��

7DEOH����F��*$�5HVXOWV�IRU�&38�7LPH�5HVSRQVH�RI�%XIIHU�&DVH$ ' ( 5HS� 5HS� 5HS� 5HS� 5HS�� � � ������� ������� ������� ������� ��������� � � ������� ������� ������� ������� �������� �� � ������� ������� ������� ������� ��������� �� � ������� ������� ������� ������� �������� � �� ������� ������� ������� ������� ��������� � �� ������� ������� ������ ������� �������� �� �� ������� ������ ������� ������� ��������� �� �� ������� ������ ������� ������� �������
�������)LWQHVV�5HVSRQVH,Q�WKLV�VHFWLRQ�WKH�VLJQLILFDQW�HIIHFWV�LQ�WHUPV�RI�ILWQHVV�YDOXH�LV�DQDO\]HG�VHSDUDWHO\�IRUWKUHH�GLVWLQFW�FDVHV�RI�REMHFWLYH�IXQFWLRQ�SDUDPHWHUV�
���������2ULJLQDO�&DVH7DEOH����LV�WKH�$129$�WDEOH�RI�WKH�RULJLQDO�FDVH�7DEOH�����$129$�5HVXOWV�IRU�)LWQHVV�5HVSRQVH�IRU�2ULJLQDO�&DVH

6RXUFH 7\SH�,,,�6XP�RI�6TXDUHV GI 0HDQ�6TXDUH ) 6LJQLILFDQFH/HYHO&RUUHFWHG�0RGHO ���������� � ����������� ���� �����,QWHUFHSW �������������� � �������(��� ��������� �����3237<3( ��������� � ��������� ���� �����&52663 ��������� � ��������� ���� �����0873 ��������� � ��������� ���� �����3237<3(�
�&52663 ��������� � ��������� ���� �����3237<3(�
�0873 ��������� � ��������� ���� �����&52663�
�0873 �������� � �������� ���� �����3237<3(�
�&52663�
�0873 ������� � ������� ���� �����(UURU ���������� �� ���������7RWDO �������������� ��&RUUHFWHG�7RWDO ���������� ��
$FFRUGLQJ� WR� ���� SUHFLVLRQ� OHYHO� WKH� RQO\� VLJQLILFDQW� IDFWRU� LV� WKH� LQLWLDO� SRSXODWLRQW\SH��)LJXUH����D� UHSUHVHQWV� WKH�SRSXODWLRQ� W\SH� HIIHFW�� DQG�)LJXUH����E� VKRZV� DOO� WKH�PDLQHIIHFWV�
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/RZ +LJK)DFWRU�/HYHOV

)LWQH
VV�9D

OXH

3RS7\SH &URVVS 0XWS
E��$OO�)DFWRUV�0DLQ�(IIHFWV�RQ�)LWQHVV�RI�WKH�2ULJLQDO�&DVH)LJXUH�����*UDSKV�RI�6LJQLILFDQW�(IIHFWV�ZLWK�UHVSHFW�WR�)LWQHVV�IRU�2ULJLQDO�&DVH

7KH�RQO\�VLJQLILFDQW�HIIHFW� LV� WKH�LQLWLDO�SRSXODWLRQ�W\SH��)LJXUH����E���$V�GLVFXVVHG�LQSDJH�����VWDUWLQJ�ZLWK�D�VHHGHG�LQLWLDO�SRSXODWLRQ�DFFHOHUDWHV�*$�LQ�ILQGLQJ�WKH�JRRG�VROXWLRQVZLWK�DSSURSULDWH�PDFKLQH�QXPEHU�SDWWHUQV��$�UDQGRP�VWDUW�ORRVHV�WLPH�LQ�FRQYHUJLQJ�WR�JRRGVROXWLRQV��WKXV�*$�KDV�PRUH�WLPH�LQ�VHHGHG�FDVH� WR�VHDUFK�IRU�GLIIHUHQW�OHYHOV�RI�EXIIHUV�IRUJRRG�SDWWHUQV�RI�PDFKLQH�QXPEHUV��7KH�VLJQLILFDQFH�RI�SRSXODWLRQ�W\SH�LV�FRQVLVWHQW�ZLWK�WKHRULJLQDO�WHVW�SUREOHP�DQDO\VLV�7KH�PDLQ�GLIIHUHQFH�IURP�WKH�SUHYLRXV��� IDFWRULDO�GHVLJQ�UHVXOWV�LV�WKH�LQVLJQLILFDQFH�RIWKH�PXWDWLRQ�SUREDELOLW\��7KH�PDLQ�UHDVRQ�LV� WKDW�� WKH�PXWDWLRQ�RSHUDWRU�FDQQRW� ILQG�HQRXJKWLPH�WR�VKRZ�LWV�SURSHUW\�RU�SRZHU�LQ�ILQGLQJ�EHWWHU�VROXWLRQV��VLQFH�WKH�SRSXODWLRQ�VL]H�DQGPD[LPXP�JHQHUDWLRQ�QXPEHU�SDUDPHWHUV�DUH�VHW�WR�WKHLU�ORZ�OHYHOV��7KH�PLQLPXP�QXPEHU�RI



��

VROXWLRQV�LV�SURFHVVHG�E\�*$�XQGHU�WKHVH�IDFWRU�OHYHOV��WKXV�LQFUHPHQW�LQ�PXWDWLRQ�UDWH�FDQQRWDFKLHYH� D� VLJQLILFDQW� LPSURYHPHQW� LQ� ILWQHVV� UHVSRQVH�� %XW� DV� VHHQ� IURP� 7DEOH� ���� LW� LVVWDWLVWLFDOO\� VLJQLILFDQW� IRU� ���� SUHFLVLRQ� OHYHO�� ZKLFK� FDQ� EH� FRQVLGHUHG� DV� PXWDWLRQ� MXVWVWDUWV�WR�SUHVHQW�LWV�DELOLW\�7KH�FURVVRYHU�SUREDELOLW\� LV LQVLJQLILFDQW�DV� LQ� WKH�RULJLQDO� WHVW�SUREOHP¶V�FDVH��ZKRVHUHDVRQV�DUH�H[SODLQHG�LQ�GHWDLO�LQ�SS�������
��������������&DVH7DEOH����LV�WKH�$129$�WDEOH�RI������FDVH��ZKHUH�WKH�XQLW�PDFKLQH�RSHUDWLQJ�FRVW�LV�VHWWR������DV�LQ�WKH�FDVH�RI�EXIIHU�RSHUDWLQJ�FRVW�7DEOH�����$129$�5HVXOWV�IRU�)LWQHVV�5HVSRQVH�IRU������&DVH

6RXUFH 7\SH�,,,�6XP�RI�6TXDUHV GI 0HDQ�6TXDUH ) 6LJQLILFDQFH/HYHO&RUUHFWHG�0RGHO ��������� � ����������� ���� �����,QWHUFHSW �������������� � �������(��� ���������� �����3237<3( �������� � �������� ���� �����&52663 �������� � �������� ���� �����0873 �������� � �������� ���� �����3237<3(�
�&52663 �������� � �������� ���� �����3237<3(�
�0873 �������� � �������� ���� �����&52663�
�0873 �������� � �������� ���� �����3237<3(�
�&52663�
�0873 �������� � �������� ���� �����(UURU ��������� �� ��������7RWDO �������������� ��&RUUHFWHG�7RWDO ��������� ��
$FFRUGLQJ� WR�����SUHFLVLRQ� OHYHO�� FURVVRYHU�DQG�PXWDWLRQ�SUREDELOLWLHV�DUH�VLJQLILFDQWIDFWRUV�� ,Q�RUGHU� WR� H[SODLQ� VXFK�EHKDYLRU�� LW� LV� QHFHVVDU\� WR� H[DPLQH� WKH�QDWXUH�RI� VROXWLRQVSDFH�XQGHU�VXFK�FRVW�SDUDPHWHUV��6LQFH� WKH�PDFKLQH�FRVW� LV� HTXDOL]HG�ZLWK�EXIIHU�FRVW� DQGGHFUHDVHG� WR� �����PRQHWDU\� XQLWV�� JRRG� VROXWLRQV� DUH� VXSSRVHG� WR� KDYH� �� ±� �� ±� �� ±� � DVPDFKLQH� FRPELQDWLRQ��$OO� GHFLVLRQ�YDULDEOHV�KDYH� WKH� VDPH�XQLW� FRVW�� WKXV� IRU� RSWLPL]DWLRQSXUSRVHV� LW� LV�EHWWHU� WR� LQFUHDVH� WKH�RQH�KDYLQJ� WKH� ODUJHVW�SRVLWLYH�HIIHFW�RQ�SURILW�� LQ�RWKHUZRUGV�WKURXJKSXW�UDWH�$V�H[SHFWHG��JRRG�VROXWLRQV�DUH�WKH�RQHV�ZLWK�PDFKLQH�QXPEHU�SDWWHUQV�RI����±���±���±�������±���±���±��������±���±���±�����DQG����±���±���±�����'LIIHUHQW�IURP�WKH�RULJLQDO�FDVH��JRRGVROXWLRQV� KDYH� RQO\� �� GLVWLQFW� SDWWHUQV�� 1XPEHU� RI� PDFKLQHV� LQ� ILUVW� WZR� VWDWLRQV� LV� DW



��

PD[LPXP�OHYHO�� EHFDXVH� WKHVH� VWDWLRQV� FRUUHVSRQG� WR� WKH�ERWWOHQHFNV�RI� WKH� V\VWHP��)RU� ��LQGHSHQGHQW�*$�DSSOLFDWLRQV��WKH�EHVW�ILWQHVV�YDOXH�DFKLHYHG�VKRZV�WKH�IROORZLQJ�EHKDYLRU�6ROXWLRQ� ��7LPHV�(QFRXQWHUHG��±���±���±�� ���WLPHV��±���±���±�� ��WLPHV��±���±���±�� ��WLPHV��±���±���±�� ��WLPHV7KH� VROXWLRQV�ZLWK� WKHVH�PDFKLQH� QXPEHU� SDWWHUQV� DUH� GRPLQDWLQJ� LQ� WHUPV� RI� ILWQHVVYDOXH��WKXV�*$�FRQYHUJHV�WR�WKHVH�VROXWLRQV�DQG�SURFHHGV�DPRQJ�GLIIHUHQW�EXIIHU�OHYHOV�DV�LQWKH�FDVH�RI�RULJLQDO�SUREOHP��EXW�WKLV�WLPH�GRPLQDQFH�RI�JRRG�VROXWLRQV�LV�PRUH�GHILQLWH�$QRWKHU� LQWHUSUHWDWLRQ� LV� WKDW�� WKH� VROXWLRQ� VSDFH� LQ������FDVH� KDV�GLIIHUHQW� SURSHUWLHVFRPSDUHG� ZLWK� WKH� RULJLQDO� FDVH�� )RU� WKH� RULJLQDO� SUREOHP� VROXWLRQV� ZLWK� VDPH� PDFKLQHSDWWHUQV�EXW�GLIIHUHQW�EXIIHU�OHYHOV�KDYH�FORVH�ILWQHVV�YDOXHV��SS����������)RU������FDVH��DQ\DOWHUDWLRQ�RI�D�EXIIHU�YDULDEOH�KDV�PRUH�VLJQLILFDQW�LPSDFW�RQ�ILWQHVV�YDOXH��GXH�WR�WKH�ODUJHULQFUHPHQW� RQ� WKURXJKSXW� OHYHO�� 7KH� PDLQ� UHDVRQ� LV� WKDW�� WKH� ZRUNVWDWLRQV� QRZ� KDYH� PRUHPDFKLQHV�DQG�FDQ�SURFHVV�PRUH�SDUWV��WKXV�DQ\�VPDOO�DOWHUDWLRQ�RQ�EXIIHU�OHDGV�WR�GLVWLQFWLYHFKDQJHV�RQ�WKH�SURILW��7KH�IROORZLQJ�VFKHPH�ZLOO�FODULI\�WKH�VLWXDWLRQ�6ROXWLRQ� )LWQHVV�9DOXH��PRQHWDU\�XQLWV���±���±���±���±����±���±� ���������±���±���±���±���±���±�� ���������±���±���±���±����±���±��� ���������±���±���±���±���±���±�� ���������±���±���±���±���±���±�� ���������±���±���±���±���±���±�� ���������±���±���±���±���±���±�� �������
7KHUH� LV� D� QHDUO\� ������� XQLWV� GLIIHUHQFH� EHWZHHQ� VROXWLRQV�� ZKHUHDV� WKH� VDPHGLIIHUHQFH�LV�RQO\�������IRU�WKH�RULJLQDO�FDVH�$IWHU� WKLV� SUHOLPLQDU\� LQIRUPDWLRQ�� WKH� VLJQLILFDQFH� RI� HIIHFWV� FDQ� EH� DQDO\]HGWKRURXJKO\�� )LJXUH� ���D� UHSUHVHQWV� WKH� FURVVRYHU� SUREDELOLW\� HIIHFW� RQ� ILWQHVV�� ZKLOH� )LJXUH���E�EHORQJV�WR�PXWDWLRQ�SUREDELOLW\�IDFWRU��)LJXUH����F�SUHVHQWV�DOO�WKH�PDLQ�HIIHFWV�DW�D�WLPH�



��

&URVVRYHU�3UREDELOLW\�0DLQ�(IIHFW

�������������������������������������������������

��� �&URVVRYHU�3UREDELOLW\

)LWQH
VV�9D

OXH

D��&URVVRYHU�3UREDELOLW\�0DLQ�(IIHFW�RQ�)LWQHVV�RI�WKH������&DVH
0XWDWLRQ�3UREDELOLW\�0DLQ�(IIHFW

������������������������������������������

���� ����0XWDWLRQ�3UREDELOLW\

)LWQH
VV�9D

OXH

E��0XWDWLRQ�3UREDELOLW\�0DLQ�(IIHFW�RQ�)LWQHVV�RI�WKH������&DVH
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3RS7\SH &URVVS 0XWS
F��$OO�)DFWRUV�0DLQ�(IIHFWV�RQ�)LWQHVV�RI�WKH������&DVH)LJXUH�����*UDSKV�RI�6LJQLILFDQW�(IIHFWV�ZLWK�UHVSHFW�WR�)LWQHVV�IRU������&DVH)URP� )LJXUH� ���F� LW� FDQ� EH� REVHUYHG� WKDW� WKH� LQLWLDO� SRSXODWLRQ� W\SH� LV� LQVLJQLILFDQWFRQVLGHULQJ� WKH� EHVW� ILWQHVV� IRXQG�� 7KHUH� DUH� RQO\� IRXU� SDWWHUQV� RI� PDFKLQH� QXPEHUV
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FRUUHVSRQGLQJ� WR� JRRG� VROXWLRQV�� DQG� WKH\� DUH� H[FHVVLYHO\� GRPLQDWLQJ� RYHU� RWKHU� VROXWLRQV�WKXV�UHJDUGOHVV�RI�WKH�VWDUWLQJ�SRSXODWLRQ��*$�FRQYHUJHV�WR�WKHVH�JRRG�VROXWLRQV�UDSLGO\��7KXVD�UDQGRP�RU�VHHGHG�VWDUW�GRHV�QRW�PDNH�DQ\�VHQVH�IRU�*$�SHUIRUPDQFH�'LIIHUHQW� IURP� WKH� SUHYLRXV� DQDO\VLV� FURVVRYHU� SUREDELOLW\� KDV� D� SRVLWLYH� HIIHFW� RQILWQHVV�� DV� LQ� )LJXUH� ���D�� $V� GLVFXVVHG� LQ� SDJHV� ������� FURVVRYHU� IDLOV� WR� FUHDWH� GLYHUVHVROXWLRQV� IRU� WKH� RULJLQDO� SUREOHP� FDVH�� 7KH� VDPH� UHDVRQLQJ� LV� VWLOO� YDOLG� LQ� WKLV� VLWXDWLRQ�ZKHUH� FURVVRYHU� ZLWKLQ� WKH� PDFKLQH� QXPEHU� YDULDEOHV� UHVXOWV� ZLWK� VDPH� LQGLYLGXDOV�� 7KHGLIIHUHQFH� LV� WKH�VLJQLILFDQW�DOWHUDWLRQ�RI� ILWQHVV� IRU� VDPH�QXPEHU�RI�PDFKLQHV�DQG�GLIIHUHQWEXIIHU� OHYHOV�� ,Q� RULJLQDO� SUREOHP�� FURVVRYHU� SURGXFHV� LQGLYLGXDOV� ZLWK� VDPH� PDFKLQLQJSDWWHUQ�ZLWK�GLIIHUHQW�EXIIHU�OHYHOV��EXW�DV�WKH�ILWQHVV�YDOXHV�RI�WKHVH�VROXWLRQV�DUH�YHU\�FORVHWR�HDFK�RWKHU��FURVVRYHU�FDQQRW�KDYH�D�VLJQLILFDQW�LPSDFW�RQ�SHUIRUPDQFH��%XW�WKLV�WLPH�WKHVHW\SHV� RI� VROXWLRQV� KDYH� HQRXJK� ILWQHVV� GLIIHUHQFHV� WR� UHVXOW� ZLWK� VLJQLILFDQFH� RI� FURVVRYHUSUREDELOLW\�0XWDWLRQ�SUREDELOLW\�LV�HIIHFWLYH�RQ�ILWQHVV��ZKHUH�KLJK�YDOXHV�RI�PXWDWLRQ�LQFUHDVH�WKHSHUIRUPDQFH�RI�*$��ZKLFK�FDQ�EH�REVHUYHG�IURP�)LJXUH����E��7KH�H[SODQDWLRQV�KHOG�IRU�WKHRULJLQDO�SUREOHP�DUH�DOVR�YDOLG�IRU������FDVH�
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��±���±���±���±���±���±�� �����PLQXWHV��±���±���±���±���±���±�� �����PLQXWHV7KHVH�VROXWLRQV�DUH�JRRG�VROXWLRQV�IRU������FDVH��DQG�DOWKRXJK�WKH\�KDYH�GLYHUVH�ILWQHVVYDOXHV�DV�VWDWHG�SUHYLRXVO\��WKH\�FRUUHVSRQG�WR�V\VWHPV�ZLWK�VDPH�ZRUNORDG��WKXV�VLPXODWLRQWLPH� RI� WKHVH� V\VWHPV� DUH� FORVH� WR� HDFK� RWKHU�� 2QO\� WZR� RI� WKH� OLVWHG� VROXWLRQV� KDYH� ����PLQXWHV� PRUH� VLPXODWLRQ� WLPH� WKDQ� WKH� RWKHUV� KDYLQJ� HTXDO� VLPXODWLRQ� GXUDWLRQ�� *RRGVROXWLRQV�KDYH�VRPH�VSHFLILF�VHW�RI�PDFKLQH�QXPEHUV��DQG�VSHFLILF�VHW�RI�EXIIHU�ORFDWLRQV��DQGVLPXODWLRQ�WLPH�RI�WKHVH�V\VWHPV�DUH�FORVH�WR�HDFK�RWKHU�IRU�WKH�EXIIHU�FDVH�0XWDWLRQ� SUREDELOLW\� LV� VLJQLILFDQW� LQ� WHUPV� RI�&38� WLPH� UHVSRQVH� IRU� ERWK� ����� DQGEXIIHU�FDVH��,W�LV�D�SUHGLFWHG�UHVXOW��VLQFH�WKH�JRRG�VROXWLRQV�KDYH���±���±�� ±��������±���±���±�������±���±���±�����DQG����±���±���±����DV�PDFKLQH�FRPELQDWLRQV�FRUUHVSRQGLQJ�WR�6ROXWLRQ� %LQDU\�5HSUHVHQWDWLRQ��±���±���±�� ��������
��±���±���±�� ��������
��±���±���±�� ��������
��±���±���±�� ��������6XSSRVLQJ� WKH� EXIIHU� OHYHOV� GR� QRW� KDYH� DQ\� VLJQLILFDQW� LPSDFW� RQ� VLPXODWLRQ� WLPH�PXWDWLRQ�RSHUDWRU�DIIHFWV�WKH�&38�WLPH�E\�DOWHULQJ�WKH�PDFKLQH�QXPEHUV��,Q�DOO�RI�WKH�VWULQJVSUHVHQWHG� DERYH�� QXPEHU� RI� �¶V� DUH� H[FHVVLYHO\� GRPLQDQW� RYHU� �¶V�� WKXV� PXWDWLRQ� XVXDOO\JHQHUDWHV� VROXWLRQV� ZLWK� IHZHU� QXPEHU� RI� PDFKLQHV� FRUUHVSRQGLQJ� WR� OHVV�ORDGHG� V\VWHPV�KDYLQJ�OHVV�VLPXODWLRQ�WLPH��)RU�LQVWDQFH��IRU�WKH�ILUVW�VWULQJ�LQ�DOO�WULDOV��PXWDWLRQ�JHQHUDWHV�DOHVV�ORDGHG�V\VWHP��EHFDXVH�RI�DEVHQFH�RI�DQ\��¶V�LQ�WKH�VWULQJ��)RU�WKH�IRXUWK�FDVH��RQ���RI��WULDOV�PXWDWLRQ�UHVXOWV�ZLWK�D�GHFUHPHQW�LQ�PDFKLQH�QXPEHUV��+HQFH��PXWDWLRQ�SUREDELOLW\�KDVD�QHJDWLYH�HIIHFW�RQ�&38�WLPH��DQ�LQFUHPHQW�LQ�PXWDWLRQ�UDWH�GHFUHDVHV�WKH�&38�WLPH�,QLWLDO� SRSXODWLRQ� W\SH�PXWDWLRQ� SUREDELOLW\� LQWHUDFWLRQ� HIIHFW� LV� VLJQLILFDQW� IRU� ERWK�����FDVH�DQG�EXIIHU�FDVH��)LJXUH����G�DQG����G���)RU�ORZ�OHYHO�RI�PXWDWLRQ�SUREDELOLWLHV��WKHGLIIHUHQFH�LQ�&38�WLPH�EHWZHHQ�D�VHHGHG�VWDUW�DQG�D�UDQGRP�VWDUW�LV�PRUH�REVHUYDEOH��:KHQWKH�PXWDWLRQ�SUREDELOLW\�LV�LQFUHDVHG��WKH�GLVFUHSDQF\�EHWZHHQ�WKH�*$�ZLWK�GLIIHUHQW�VWDUWLQJFRQGLWLRQV�ZLOO� GLVDSSHDU� LQ� VRPH� H[WHQW��*$�ZLWK� D� VHHGHG� VWDUW� UHTXLUHV�PRUH�&38� WLPH�EHFDXVH� LQ� IHZ� VWDUWLQJ� JHQHUDWLRQV�� WKH� SRSXODWLRQV� KDYH� PRUH� ORDGHG� V\VWHPV� �JRRGVROXWLRQV�� FRPSDUHG� ZLWK� D� UDQGRP� VWDUW�� %XW� LQFUHDVH� LQ� PXWDWLRQ� UDWH�� LQFUHDVHV� WKH
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GHYLDWLRQV� IURP�JRRG� VROXWLRQV�� WKXV� IRU� ERWK� UDQGRP�DQG� VHHGHG� FDVHV�� JRRG� VROXWLRQV� DUHPXWDWHG� DQG� OHVV�ORDGHG� VROXWLRQV� DUH� DFKLHYHG� PRUH� IUHTXHQWO\�� 7KLV� FRPSHQVDWHV� WKHVWDUWLQJ�HIIHFW�RI�VHHGHG�SRSXODWLRQ�RQ�&38�WLPH��$VVXPLQJ�WKDW�RQ�WKH�DYHUDJH�VDPH�QXPEHURI�PXWDWLRQV�DUH�FDUULHG�IRU�ERWK�*$¶V��VLPLODU�QXPEHU�RI�DOWHUDWLRQV�LV�PDGH�LQ�VRPH�H[WHQW�7KH�JRRG�VROXWLRQV�FUHDWLQJ� WKH�&38�WLPH�GLVFUHSDQF\� LQ� IHZ�VWDUWLQJ�JHQHUDWLRQV�DUH�PRUHIUHTXHQWO\�PXWDWHG��WKXV�WKHLU�QHJDWLYH�HIIHFW�RQ�&38�WLPH�OHVVHQV��+HQFH�� LW� LV�EHWWHU�WR�VHWWKH� PXWDWLRQ� SUREDELOLW\� WR� KLJK� OHYHO�� ZKLOH� SRSXODWLRQ� W\SH� WR� UDQGRP� SRSXODWLRQ� IRUPLQLPL]DWLRQ�RI�&38�WLPH��ZKLFK�LV�FRQVLVWHQW�ZLWK�PDLQ�IDFWRU�DQDO\VHV�
�������&RQFOXVLRQ7KH�FRVW�SDUDPHWHUV�RI� WKH�REMHFWLYH� IXQFWLRQ�DUH�DOWHUHG� LQ�RUGHU� WR�PDNH�*$�VHDUFKGLIIHUHQW�SDUWV�RI�WKH�VROXWLRQ�VSDFH��7ZR�PRGLILFDWLRQV�DUH�PDGH�������FDVH��ZKHUH�WKH�XQLWPDFKLQH�RSHUDWLQJ� FRVW� LV� GHFUHDVHG� WR� �����PRQHWDU\� XQLWV�� DQG� EXIIHU� FDVH��ZKHUH� EXIIHURSHUDWLQJ�FRVW�LV�VHW�WR�������PRQHWDU\�XQLWV��ZKLOH�PDFKLQH�FRVW�UHPDLQV�DW������OHYHO��$VLQFUHPHQWV� RQ� WKH� SRSXODWLRQ� VL]H�� DQG� PD[LPXP� JHQHUDWLRQ� QXPEHU� IDFWRUV� GR� QRW� KDYHVLJQLILFDQW�HIIHFW�RQ�ILWQHVV�YDOXH��EXW�LQFUHDVHV�WKH�&38�WLPH�VXEVWDQWLDOO\��WKHVH�IDFWRUV�DUHVHW�WR�WKHLU�ORZ�OHYHOV�����DQG����UHVSHFWLYHO\�)RU������FDVH��WKH�FURVVRYHU�DQG�PXWDWLRQ�SUREDELOLWLHV�DSSHDU�WR�KDYH�VLJQLILFDQW�HIIHFWRQ�ILWQHVV�YDOXH��ZKHUH�WKHLU�KLJK�OHYHOV�PD[LPL]H�WKH�ILWQHVV��$OO�IDFWRUV�DUH�LQVLJQLILFDQW�IRUEXIIHU�FDVH�RQ�ILWQHVV�UHVSRQVH��:KHQ�WKH�VDPH�DQDO\VLV�LV�UHSHDWHG�IRU�WKH�RULJLQDO�SUREOHPZLWK� �� IDFWRUV�� RQO\� LQLWLDO� SRSXODWLRQ� W\SH� IRXQG� VLJQLILFDQW�� ZKRVH� KLJK� OHYHO� �VHHGHGSRSXODWLRQ��LV�XVHIXO�IRU�ILWQHVV�PD[LPL]DWLRQ�&RQVLGHULQJ� WKH� ILWQHVV� UHVSRQVH�� *$� SDUDPHWHUV� SUHVHQW� GLIIHUHQW� EHKDYLRUV� XQGHUGLIIHUHQW� FRVW�SDUDPHWHUV��7KH�VHDUFKHG�SRUWLRQ�RI�VROXWLRQ�VSDFH�HYHQ�DIIHFWV� WKH� LPSDFW�RIWKH�QXPHULFDO�SDUDPHWHUV�� WKXV�*$�SHUIRUPDQFH� DQG� VHOHFWLRQ�RI�SDUDPHWHUV�GHSHQG�RQ� WKHQDWXUH�RI�VROXWLRQ�VSDFH�+RSHIXOO\��WKH�VLWXDWLRQ�LV�PRUH�IRUWXQDWH�IRU�&38�WLPH�UHVSRQVH��,Q�DOO�WKUHH�DQDO\VHV�PXWDWLRQ�SUREDELOLW\�KDV�D�QHJDWLYH�HIIHFW�RQ�&38�WLPH��KLJK�OHYHOV�RI�PXWDWLRQ�SUREDELOLW\UHGXFH�WKH�&38�WLPH��7KH�LQLWLDO�SRSXODWLRQ�W\SH�SUHVHQWV�D�VLJQLILFDQW�EHKDYLRU�RQ�&38�WLPH�EHFDXVH�RI�WKH�OHVV�QXPEHU�RI�JHQHUDWLRQV�XVHG��6HWWLQJ�WKH�LQLWLDO�SRSXODWLRQ�W\SH�WR�UDQGRPSRSXODWLRQ�GHFUHDVHV�WKH�&38�WLPH�IRU�DOO�WKUHH�FDVHV��7DEOH����VXPPDUL]HV�WKH�UHVXOWV�IRU�DOO��FDVHV�IRU�ERWK�UHVSRQVH�W\SHV�
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7DEOH�����5HVXOWV�RI�)DFWRULDO�'HVLJQ�$QDO\VLV�IRU�0RGLILHG�2EMHFWLYH�)XQFWLRQ�3DUDPHWHUV
3RS�7\SH &URVV�3 0XW�3)LWQHVV2ULJLQDO +LJK � ����� � +LJK +LJK%XIIHU � � �*HQHUDO +LJK +LJK +LJK&38�7LPH2ULJLQDO /RZ � +LJK���� /RZ � +LJK%XIIHU /RZ � +LJK*HQHUDO /RZ � +LJK

$FFRUGLQJ�WR�7DEOH�����DOWKRXJK�GLIIHUHQW�EHKDYLRUV�RI�SDUDPHWHUV�DUH�H[SHULHQFHG�IRUILWQHVV�UHVSRQVH��LQ�JHQHUDO�VHWWLQJ�DOO�WKH�IDFWRUV�WR�KLJK�OHYHOV�ZLOO�LQFUHDVH�WKH�ILWQHVV�YDOXHDV�LQ�WKH�FDVH�RI�WKH�ILUVW�DQDO\VLV�RI�6HFWLRQ������)RU�&38�WLPH�UHGXFWLRQ��LW�LV�EHWWHU�WR�VHOHFWUDQGRP�LQLWLDO�SRSXODWLRQ�ZLWK�KLJK�OHYHO�RI�PXWDWLRQ�SUREDELOLW\�7KH�PXWDWLRQ�SUREDELOLW\�OHYHOV�DUH�FRQVLVWHQW�IRU�HDFK�UHVSRQVH��WKXV�LW�LV�REYLRXV�WKDWKLJK� OHYHO� RI� PXWDWLRQ� UDWH� LV� EHWWHU� IRU� ERWK� REMHFWLYHV�� 6LQFH� FURVVRYHU� SUREDELOLW\� LVLQHIIHFWLYH� IRU� &38� WLPH�� EXW� KDV� D� SRVLWLYH� HIIHFW� RQ� ILWQHVV�� VHWWLQJ� LW� WR� KLJK� OHYHO� LVDSSURSULDWH�IRU�ERWK�REMHFWLYHV��7KH�RQO\�FRQWUDGLFWLRQ�RFFXUV�LQ�LQLWLDO�SRSXODWLRQ�W\SH��WKXVIXUWKHU�DQDO\VLV�LV�UHTXLUHG�IRU�WKH�VHOHFWLRQ�RI�LWV�DGHTXDWH�OHYHO��7DEOH����SUHVHQWV�WKH�UHVXOWVRI�WKH�DQDO\VLV�7DEOH�����3HUFHQWDJH�&KDQJH�LQ�5HVSRQVHV�$FFRUGLQJ�WR�&KDQJH�LQ�3RSXODWLRQ�7\SH2ULJLQDO ���� %XIIHU3RS�7\SH )LWQHVV &38�7LPH )LWQHVV &38�7LPH )LWQHVV &38�7LPH5DQGRP ������ �������� ������� ������� ������ ��������6HHGHG ������ �������� ������� �������� ������ ����������&KDQJH ��� ��� ��� ��� ���� ���
6HHGHG�LQLWLDO�SRSXODWLRQ�LQFUHDVHV�WKH�EHVW�ILWQHVV�IRXQG�H[FHSW�LQ�EXIIHU�FDVH��EXW�DOVR&38�WLPH�SRVLWLYHO\�DIIHFWHG��*$�UHTXLUHV�PRUH�FRPSXWDWLRQ�WLPH��$OWKRXJK�WKH�SHUFHQWDJHVDUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�DV�LQ�WKH�FDVH�RI�WKH�RULJLQDO�SUREOHP��6HFWLRQ�������FRQVLGHULQJ
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WKH�ERWK�REMHFWLYHV�ZLWK�HTXDO�ZHLJKWV�� LW� LV�EHWWHU� WR�VWDUW�ZLWK�D� UDQGRP�SRSXODWLRQ��%XW� LIRQO\�VOLJKW�LPSRUWDQFH�LV�JLYHQ�WR�ILWQHVV�UHVSRQVH�RYHU�&38�WLPH��VHHGHG�SRSXODWLRQ�ZLOO�EHWKH�DGHTXDWH�FKRLFH�7KXV�� WR� VXP�XS��DOWKRXJK� WKH� UHVXOWV� DUH� QRW� VR�PXFK� LQ�SDUDOOHO� LQ� VRPH�H[WHQW��RXUIXUWKHU�DQDO\VLV�ZLWK�GLIIHUHQW�FRVW�SDUDPHWHUV�UHYHDO�WKDW�KLJK�OHYHOV�RI�FURVVRYHU�SUREDELOLW\DQG� PXWDWLRQ� SUREDELOLW\�� DQG� ORZ� OHYHO� RI� LQLWLDO� SRSXODWLRQ� W\SH� �UDQGRP� SRSXODWLRQ�� LVDSSURSULDWH�IRU�EHWWHU�SHUIRUPDQFH�RI�*$�LQ�WHUPV�RI�ILWQHVV�DQG�&38�WLPH�UHVSRQVHV��7KHVHUHVXOWV�DUH�FRQVLVWHQW�ZLWK� WKH�RULJLQDO�SUREOHP¶V�DQDO\VLV�H[FHSW� WKH� LQLWLDO�SRSXODWLRQ� W\SH�EXW�DV�VWDWHG�DERYH�VHHGHG�SRSXODWLRQV�FDQ�DOVR�EH�VHOHFWHG�VLQFH�WKH�UDQGRP�SRSXODWLRQ�GRHVQRW�KDYH�VLJQLILFDQW�VXSHULRULW\�RYHU�VHHGHG�LQLWLDO�SRSXODWLRQ�
�����&RQVWUDLQHG�9HUVLRQ�2I�7HVW�3UREOHP$QRWKHU�PRGLILFDWLRQ�ZH�PDGH�RQ�WKH�WHVW�SUREOHP�LV�DGGLQJ�D� OLQHDU�FRQVWUDLQW� WR� WKHSUREOHP��7KH�FRQVWUDLQW�ZLOO�PDNH�VRPH�FRPELQDWLRQV�RI�GHFLVLRQ�YDULDEOHV� LQIHDVLEOH�� WKXVVKULQN� WKH� VROXWLRQ� VSDFH�� ,I� WKH� IHDVLEOH� VSDFH� LV� WRR� VPDOO�� WKHQ� DQ\� FRPELQDWLRQ� RI� *$SDUDPHWHUV�FDQ�PDQDJH�WR�ILQG�RSWLPDO�RU�QHDU�RSWLPDO�VROXWLRQV��KHQFH�WKH�DQDO\VLV�RI�HIIHFWVEHFRPH�PHDQLQJOHVV�7R�FUHDWH� D� GLIIHUHQW� H[SHULPHQWDO� FRQGLWLRQ�� WKH� OLQHDU� FRQVWUDLQW� LV� DGGHG� WR� WKH� WHVWSUREOHP� LQ� VXFK� D� ZD\� WKDW� LW� IRUFHV� *$� WR� VHDUFK� GLIIHUHQW� SDUWV� RI� WKH� VROXWLRQ� VSDFHFRPSDUHG�ZLWK� WKH�RWKHU� WZR�FDVHV��RULJLQDO� FDVH� DQG� WKH�FRVW�SDUDPHWHU�PRGLILHG�YHUVLRQ��%\�WKLV�ZD\��ZH�WKLQN�WKDW�ZH�FDQ�DQDO\]H�WKH�GHSHQGHQFH�RI�*$�SDUDPHWHUV¶�HIIHFWLYHQHVV�RQWKH�VHDUFKHG�VSDFH�7KH� PDFKLQH� QXPEHUV� DUH� WKH� GRPLQDWLQJ� VHW� RI� YDULDEOHV�� WKXV� ZH� GHFLGH� WR� DGGFRQVWUDLQW� RQ� WKH� WRWDO� QXPEHU� RI� PDFKLQHV�� ,Q� IDFW�� LQ� WKH� RULJLQDO� SUREOHP� �/DZ� DQG0F&RPDV��������DXWKRUV�LPSRVH�D�OLQHDU�FRQVWUDLQW�RQ�WRWDO�QXPEHU�RI�PDFKLQHV��:H�XVH�WKHVDPH�FRQVWUDLQW�LQ�RXU�DQDO\VLV��ZKLFK�LV�0� ��0� ��0� ��0� d ��ZKLFK�PHDQV�WKH�WRWDO�QXPEHU�RI�PDFKLQHV�DW�WKH�ZRUNVWDWLRQV�FDQQRW�H[FHHG����'XULQJ�WKH�*$�LPSOHPHQWDWLRQ��WKH�VWULQJV�FUHDWHG�FRUUHVSRQGLQJ�WR�LQIHDVLEOH�VROXWLRQVDUH�GLVFDUGHG��DQG�QHZ�VWULQJV�DUH�JHQHUDWHG�LQVWHDG��7R�FRPSDUH�WKH�UHVXOWV�ZLWK�WKH�RULJLQDOSUREOHP� DQG� WKH� RWKHU� PRGLILHG� YHUVLRQV�� VDPH� DQDO\VLV� RI� �� IDFWRULDO� GHVLJQ� LV� XVHG�
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7KURXJKRXW� WKH� VHFWLRQ�� WKH� FRQVWUDLQHG� YHUVLRQ� RI� WKH� WHVW� SUREOHP� ZLOO� EH� GHILQHG� DV³FRQVWUDLQHG´�FDVH
�������0RGHO�$GHTXDF\�&KHFNLQJ$JDLQ� WKH� LQGHSHQGHQFH� LV� HQVXUHG� E\� WKH� XVH� RI� LQGHSHQGHQW� UDQGRP� QXPEHU� VHHGV�$FFRUGLQJ� WR� WKH� UHDVRQV� VWDWHG� IRU� RWKHU� PRGLILHG� YHUVLRQV� �SS������ ZH� FRQWLQXH� ZLWK$129$�ZLWKRXW�DQ\�RWKHU�GLDJQRVWLF�FKHFNLQJ��7DEOH����D�VKRZV�WKH�*$�UHVXOWV�IRU�ILWQHVVUHVSRQVH��ZKHUHDV�7DEOH����E�SUHVHQWV�WKH�UHVXOWV�IRU�&38�WLPH�7DEOH����D��*$�5HVXOWV�IRU�)LWQHVV�5HVSRQVH�RI�&RQVWUDLQHG�&DVH$ ' ( 5HS� 5HS� 5HS� 5HS� 5HS�� � � ������ ������ ������ ������ �������� � � ������ ������ ������ ������ ������� �� � ������ ������ ������ ������ �������� �� � ������ ������ ������ ������ ������� � �� ������ ������ ������ ������ �������� � �� ������ ������ ������ ������ ������� �� �� ������ ������ ������ ������ �������� �� �� ������ ������ ������ ������ ������7DEOH����E��*$�5HVXOWV�IRU�)LWQHVV�5HVSRQVH�RI�&RQVWUDLQHG�&DVH$ ' ( 5HS� 5HS� 5HS� 5HS� 5HS�� � � ������� ������� ������� ������� ��������� � � ������ ������ ������� ������� �������� �� � ������� ������� ������ ������� ��������� �� � ������� ������� ������� ������� �������� � �� ������� ������ ������� ������� ��������� � �� ������� ������� ������� ������� �������� �� �� ������� ������� ������� ������� ��������� �� �� ������� ������� ������� ������� �������

7KH� UHVXOWV� RI� WKH� DQDO\VLV� ZLWK� WKH� UDWLRQDO� H[SODQDWLRQV� DQG� FRPSDULVRQV� ZLWK� WKHRULJLQDO�WHVW�SUREOHP�UHVXOWV�ZLOO�EH�SUHVHQWHG�LQ�WKH�IROORZLQJ�VHFWLRQV��
�������)LWQHVV�5HVSRQVH7DEOH����UHSUHVHQWV�WKH�UHVXOWV�RI�$129$�IRU�ILWQHVV�UHVSRQVH�
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7DEOH����$129$�5HVXOWV�IRU�)LWQHVV�5HVSRQVH�IRU�&RQVWUDLQHG�&DVH
6RXUFH 7\SH�,,,�6XP�RI�6TXDUHV GI 0HDQ�6TXDUH ) 6LJ�&RUUHFWHG�0RGHO ��������� � �������� ���� �����,QWHUFHSW �������������� � �������������� ��������� �����3237<3( ������ � ������ ���� �����&52663 �������� � �������� ���� �����0873 �������� � �������� ���� �����3237<3(�
�&52663 ������ � ������ ���� �����3237<3(�
�0873 �������� � �������� ���� �����&52663�
�0873 �������� � �������� ���� �����3237<3(�
�&52663�
�0873 �������� � �������� ���� �����(UURU ��������� �� ��������7RWDO �������������� ��&RUUHFWHG�7RWDO ��������� ��

$FFRUGLQJ� WR� ���� SUHFLVLRQ� OHYHO� QRQH� RI� WKH� IDFWRUV� DUH� VLJQLILFDQW� FRQVLGHULQJ� WKHHIIHFWV�RQ� ILWQHVV�YDOXH��%HIRUH� LQYHVWLJDWLQJ� WKH� UHDVRQV� IRU� VXFK�D�EHKDYLRU�� LW� LV� EHWWHU� WRPDNH�VRPH�SUHOLPLQDU\�DQDO\VLV�DERXW�WKH�UHVXOWV�RI�*$�DSSOLFDWLRQV�7KURXJKRXW� WKH� FRQVWUDLQHG� FDVH� VWXG\�� ��� LQGHSHQGHQW� UHSOLFDWLRQV� RI�*$� DUH� WDNHQ�DQG�DOO�RI�WKHVH�UHVXOW�ZLWK�D�EHVW�VROXWLRQ�KDYLQJ�PDFKLQH�FRPELQDWLRQV�RI����±���± ��±���DQG��±���±��������7KH�IRUPHU�RQH�DSSHDUV����WLPHV��DQG�WKH�ODWWHU�UHVXOW�LV�DFKLHYHG�DW���WULDOV��:HLPSRVH� D� OLPLW� RI� ��� RQ� WKH� WRWDO� QXPEHU� RI� PDFKLQHV�� VLQFH� WKH� ILUVW� WZR� VWDWLRQV� DUHERWWOHQHFN�VWDWLRQV��ZH�H[SHFW�WR�KDYH�PRUH�PDFKLQHV�LQ�WKHVH�WZR�VWDWLRQV��7KXV�D�PDFKLQHFRPELQDWLRQ�RI���±��±���±���LV�DQ�H[SHFWHG�SDWWHUQ�IRU�JRRG�VROXWLRQV��$OVR�WKH�VHFRQG�VWDWLRQKDV�PRUH�SURFHVVLQJ� WLPH� WKDQ� WKH� ILUVW�� DFFRUGLQJ� WR� WKLV� QXPEHU� RI�PDFKLQHV� LQ� VWDWLRQ� �VKRXOG� EH� ODUJHU� WKDQ� WKH� RWKHUV�� 'HSHQGLQJ� RQ� WKLV�� PDFKLQH� SDWWHUQ� RI� �� ±� �� ±� �� ±� �� LVDQRWKHU�SUHGLFWDEOH�PDFKLQH�FRPELQDWLRQ�RI�JRRG�VROXWLRQV�8QGHU�WKH�GRPLQDQFH�RI�PDFKLQH�QXPEHUV�RQ� WKH�REMHFWLYH�YDOXH�RI� WKH�V\VWHP��JRRGVROXWLRQV�KDYH�WZR�GLIIHUHQW�SDWWHUQV�RI�PDFKLQH�FRPELQDWLRQV�DV�VWDWHG�DERYH��/LNH�DOO�RWKHUFDVHV��WKH�GLVFULPLQDWLRQ�DPRQJ�WKH�VROXWLRQV�ZLWK�WKHVH�PDFKLQH�SDWWHUQV�LV�DFKLHYHG�E\�WKHGLIIHUHQW� OHYHOV� RI� EXIIHU� FRPELQDWLRQV��%XW� WKLV� WLPH� WKH� ILWQHVV� YDOXH� RI� VXFK� VROXWLRQV� LVFORVHU�WR�HDFK�RWKHU�DV�SUHVHQWHG�ZLWK�WKH�IROORZLQJ�H[DPSOHV�6ROXWLRQ� )LWQHVV�9DOXH��PRQHWDU\�XQLWV���±���±���±���±����±���±�� ��������±���±���±���±���±���±�� ��������±���±���±���±����±���±�� ������
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��±���±���±���±����±���±�� ��������±���±���±���±����±���±�� ��������±���±���±���±����±���±�� ������6LQFH�WKHUH�DUH�RQO\�WZR�JRRG�SDWWHUQV�RI�PDFKLQH�QXPEHUV��QXPEHU�RI�JRRG�VROXWLRQVLV�OHVV�LQ�VRPH�H[WHQW�ZKHQ�FRPSDUHG�ZLWK�WKH�RWKHU�FDVHV�RI�WKH�SUREOHP��,Q�IDFW��WKH�IHDVLEOHVROXWLRQ�VSDFH�LV�VPDOOHU�FRPSDUHG�ZLWK�WKH�RWKHU�FDVHV�/LNH�WKH�RWKHU�FDVHV��WKH�JRRG�VROXWLRQV�DUH�GRPLQDQW�DPRQJ�DOO�WKH�IHDVLEOH�VROXWLRQV�LQWHUPV�RI�ILWQHVV�YDOXH��7KXV�ZH�H[SHFW�WKH�UDSLG�FRQYHUJHQFH�RI�*$�WR�WKHVH�VROXWLRQV�$IWHU�WKHVH�SUHOLPLQDU\�GLVFXVVLRQV��ZH�FDQ�DQDO\]H� WKH�UHVXOWV�RI�$129$��)LJXUH���UHSUHVHQWV�WKH�HIIHFWV�RI�DOO�IDFWRUV�RQ�WKH�ILWQHVV�YDOXH�
0DLQ�(IIHFWV

������������������������������������������������

/RZ +LJK)DFWRU�/HYHOV

)LWQH
VV�9D

OXH

3RS7\SH &URVVS 0XWS
)LJXUH�����$OO�)DFWRUV�0DLQ�(IIHFWV�RQ�)LWQHVV�RI�&RQVWUDLQHG�&DVH$V�REVHUYHG�IURP�WKH�ILJXUH��DOO�WKH�IDFWRUV�DUH�LQVLJQLILFDQW��%HFDXVH�WKH�JRRG�VROXWLRQVDUH�KLJKO\� GRPLQDQW�RYHU�RWKHU� IHDVLEOH� VROXWLRQV�DQG� WKH\�KDYH� FORVH� ILWQHVV�YDOXHV� DPRQJHDFK�RWKHU��UHJDUGOHVV�RI�WKH�W\SH�RI�*$�SURFHVVHG��DOJRULWKP�FRQYHUJHV�WR�RQH�RI�WKHVH�JRRGVROXWLRQV�7KH�LQLWLDO�SRSXODWLRQ�W\SH�LV�LQVLJQLILFDQW��DOWKRXJK�VHHGHG�SRSXODWLRQV�PD\�DFFHOHUDWH*$� LQ� FRQYHUJLQJ� WR� JRRG� VROXWLRQV�� 6LQFH� WKH� SRSXODWLRQ� VL]H�� DQG� PD[LPXP� JHQHUDWLRQQXPEHU� DUH� DW� WKHLU� ORZ� OHYHOV�� HYHQ� WKH� HIIHFW� RI� D� VHHGHG� VWDUW� LV� VXSSRVHG� WR� EH� PRUHVLJQLILFDQW�� %XW�� EHFDXVH� WKH� JRRG� VROXWLRQV� DUH� GRPLQDQW� DQG� WKHUH� LV� RQO\� IHZ� JRRGVROXWLRQV��*$�FRQYHUJHV�WR�WKHVH�VROXWLRQV�UDSLGO\�UHJDUGOHVV�RI�WKH�VWDUWLQJ�FRQGLWLRQV�&URVVRYHU�DQG�PXWDWLRQ�RSHUDWRUV�DUH�DOVR�LQVLJQLILFDQW�FRQVLGHULQJ�WKH�ILWQHVV�UHVSRQVH�7KH� PDLQ� FRQWULEXWLRQ� RI� WKHVH� WZR� RSHUDWRUV� LV� JHQHUDWLQJ� GLIIHUHQW� VROXWLRQV� ZKLOHPDLQWDLQLQJ�WKH�JRRG�SDWWHUQ�RI�ILW�LQGLYLGXDOV��0XWDWLRQ�LV�UHVSRQVLEOH�IRU�DGGLQJ�GLYHUVLW\�WR
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SRSXODWLRQV�� ZKLOH� FURVVRYHU� LV� LQ� FKDUJH� RI� PDLQWHQDQFH� RI� JRRG� SURSHUWLHV� WKURXJK� WKHJHQHUDWLRQV��7KH�LQVLJQLILFDQFH�RI�WKHVH�IDFWRUV�FDQ�EH�H[SODLQHG�LQ�WZR�PDQQHUV�)URP� WKH� SUHYLRXV� DQDO\VLV� ZH� NQRZ� WKDW� *$� FRQYHUJHV� WR� VROXWLRQV� ZLWK� PDFKLQHSDWWHUQV� RI� �� ±� �� ±� � ±� �� DQG� �� ±� �� ±� �� ±� �� UDSLGO\�� EHFDXVH� RI� GRPLQDQFH� RI� WKH� JRRGVROXWLRQV��7KHUH�DUH�RQO\�IHZ�JRRG�VROXWLRQV�SUHVHQW�LQ�WKH�IHDVLEOH�VROXWLRQ�VSDFH��ZKLFK�DUHGRPLQDQW�RYHU�WKH�RWKHUV��WKXV�UHJDUGOHVV�RI�WKH�OHYHOV�RI�WKH�IDFWRUV�*$�FDQ�SURFHHG�WR�RQH�RIWKHVH�JRRG�VROXWLRQV�$QRWKHU� LQWHUSUHWDWLRQ� LV� WKDW�� VLQFH� WKH�ILWQHVV�YDOXHV�RI� VROXWLRQV�ZLWK� WKHVH�PDFKLQHSDWWHUQV� DQG�GLIIHUHQW� EXIIHU� FRPELQDWLRQV� DUH� YHU\� FORVH� WR� HDFK� RWKHU�� DV� GLVFXVVHG� LQ� WKHSUHOLPLQDU\�DQDO\VLV��DOWKRXJK�PXWDWLRQ�DQG�FURVVRYHU�DFKLHYHV�VHDUFKLQJ�GLIIHUHQW�VROXWLRQV�GLVWLQFW�OHYHOV�RI�WKHLU�SUREDELOLWLHV�FDQQRW�FUHDWH�VLJQLILFDQW�GLIIHUHQFH�RQ�ILWQHVV�YDOXH�
�������&38�7LPH�5HVSRQVH7DEOH����SUHVHQW�WKH�$129$�UHVXOWV�IRU�&38�WLPH�UHVSRQVH�7DEOH����$129$�5HVXOWV�IRU�&38�7LPH�5HVSRQVH�IRU�&RQVWUDLQHG�&DVH6RXUFH 7\SH�,,,�6XP�RI�6TXDUHV GI 0HDQ�6TXDUH ) 6LJ�&RUUHFWHG�0RGHO ������� � ���������� ����� �����,QWHUFHSW ��������� � ����������� �������� �����3237<3( ������ � ����������� ���� �����&52663 ���� � ����������� ���� �����0873 ������� � ����������� ����� �����3237<3(�
�&52663 ���� � ����������� ���� �����3237<3(�
�0873 ������ � ����������� ���� �����&52663�
�0873 ������ � ����������� ���� �����3237<3(�
�&52663�
�0873 ���� � ����������� ���� �����(UURU ������ �� �����������7RWDO ��������� ��&RUUHFWHG�7RWDO ������� ��

)RU�����SUHFLVLRQ�OHYHO��WKH�VLJQLILFDQW�IDFWRUV�DUH�SRSXODWLRQ�W\SH��PXWDWLRQ�SUREDELOLW\DQG� WKH� LQWHUDFWLRQ�EHWZHHQ� WKHP��*RRG�VROXWLRQV�RI�FRQVWUDLQHG�FDVH��ZKLFK�KDYH�PDFKLQHQXPEHU� SDWWHUQV� RI� �� ±� �� ±� �� ±� � DQG� �� ±� �� ±� �� ±� �� FRQWULEXWH� WR� ORDGHG� V\VWHPV�RI� WKHLUIHDVLEOH� VROXWLRQ� VSDFH�� VLQFH� QR� RWKHU� YDOXHV� RI� IHDVLEOH� PDFKLQH� SDWWHUQ� FDQ� KDYH� PRUHWKURXJKSXW�OHYHO��EHFDXVH�WKH�PD[LPXP�HIILFLHQW�XVH�RI�PDFKLQHV�LQ�WKHVH�V\VWHPV��0RUHRYHUWKH�VLPXODWLRQ�WLPH�RI�JRRG�VROXWLRQV��ZLWK�WKHVH�PDFKLQH�SDWWHUQV�EXW�GLIIHUHQW�EXIIHU�OHYHOVDUH�FORVH��7KH�IROORZLQJ�H[DPSOHV�ZLOO�FODULI\�WKH�VLWXDWLRQ�
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6ROXWLRQ� &38�7LPH��±���±���±���±����±���±�� �����PLQXWHV��±���±���±���±���±���±�� �����PLQXWHV��±���±���±���±����±���±�� �����PLQXWHV��±���±���±���±����±���±�� �����PLQXWHV��±���±���±���±����±���±�� �����PLQXWHV��±���±���±���±����±���±�� �����PLQXWHV$OO�RI�WKH�DERYH�VROXWLRQV�KDYH�VDPH�VLPXODWLRQ�WLPH��)LJXUH����D�UHSUHVHQWV�WKH�LQLWLDOSRSXODWLRQ� W\SH� HIIHFW� RQ� &38� WLPH�� ZKHUHDV� )LJXUH� ���E� VKRZV� WKH� PXWDWLRQ� SUREDELOLW\HIIHFW�� ,Q�)LJXUH����F�WKH�DOWHUDWLRQ�RI�&38�WLPH�ZLWK�UHVSHFW�WR�DOO�IDFWRUV�FDQ�EH�REVHUYHG�ILQDOO\� )LJXUH� ���G� UHVHPEOHV� WKH� VLJQLILFDQW� LQWHUDFWLRQ� EHWZHHQ� WKH� SRSXODWLRQ� W\SH� DQGPXWDWLRQ�SUREDELOLW\�
3RSXODWLRQ�7\SH�0DLQ�(IIHFW

����������������������������

5DQGRP 6HHGHG
D��3RSXODWLRQ�7\SH�0DLQ�(IIHFW�RQ�)LWQHVV�RI�WKH�&RQVWUDLQHG�&DVH

0XWDWLRQ�3UREDELOLW\�0DLQ�(IIHFW

������������������������������������

���� ����
E� 0XWDWLRQ�3UREDELOLW\�0DLQ�(IIHFW�RQ�)LWQHVV�RI�WKH�&RQVWUDLQHG�&DVH)LJXUH�����*UDSKV�RI�6LJQLILFDQW�(IIHFWV�ZLWK�UHVSHFW�WR�)LWQHVV�IRU�&RQVWUDLQHG�&DVH
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&38�
7LPH

3RS7\SH &URVVS 0XWS
F��$OO�)DFWRUV�0DLQ�(IIHFWV�RQ�)LWQHVV�RI�&RQVWUDLQHG�&DVH

3RSXODWLRQ�7\SH�0XWDWLRQ�3UREDELOLW\�,QWHUDFWLRQ�(IIHFW

����������������������������

5DQGRP 6HHGHG,QLWLDO�3RSXODWLRQ�7\SH

&38�
7LPH

0XWS �����/RZ� 0XWS �����+LJK�
G��3RSXODWLRQ�7\SH�0XWDWLRQ�3UREDELOLW\�,QWHUDFWLRQ�(IIHFW�RQ�)LWQHVV�RI�&RQVWUDLQHG�&DVH)LJXUH�����*UDSKV�RI�6LJQLILFDQW�(IIHFWV�ZLWK�UHVSHFW�WR�)LWQHVV�IRU�&RQVWUDLQHG�&DVH��FRQW¶G�

)URP�)LJXUH����D��LW�LV�REVHUYHG�WKDW�WKH�LQLWLDO�SRSXODWLRQ�W\SH�KDV�D�SRVLWLYH�HIIHFW�RQ&38�WLPH��WKXV�VHHGHG�VWDUWV� LQFUHDVH� WKH�&38�WLPH��7KLV�UHVXOW� LV�FRQVLVWHQW� WKURXJKRXW�DOOWKH�FDVHV�ZH�KDYH�DQDO\]HG��DQG�WKH�UHDVRQLQJ�LV�WKH�VDPH���7R�KLQGHU�WKH�UHSHWLWLRQV��UHDGHUFDQ�ORRN�DW�SS�������IRU�GLVFXVVLRQ��&URVVRYHU� LV� LQVLJQLILFDQW� IRU� &38� WLPH� UHVSRQVH�� EHFDXVH� FURVVRYHU� FDQ� JHQHUDWHVROXWLRQV�ZLWK�VLPLODU�SDWWHUV�KDYLQJ�VDPH�VLPXODWLRQ�WLPH��WKXV�WR�FURVV�PRUH�IUHTXHQWO\�GRHVQRW�KDYH�DQ\�LPSDFW�RQ�WKH�HODSVHG�WLPH��DV�GLVFXVVHG�LQ�6HFWLRQ�����SUHYLRXVO\��)LJXUH����F��0XWDWLRQ�SUREDELOLW\�KDV�D�QHJDWLYH�HIIHFW�RQ�&38� WLPH��KLJK�PXWDWLRQ� UDWHV�GHFUHDVHWKH� &38� WLPH�� DV� REVHUYHG� IURP� )LJXUH� ���E�� 7KH� JRRG� VROXWLRQV� KDYH� PDFKLQH� QXPEHUSDWWHUQV�RI���±���±���±���DQG���±���±���±���FRUUHVSRQGLQJ�WR�VWULQJV�RI��������
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���������UHVSHFWLYHO\�� +LJK� PXWDWLRQ� UDWHV� GHFUHDVH� WKH� VLPXODWLRQ� WLPH�� PHDQLQJ� WKDW� PXWDWLRQJHQHUDOO\� JHQHUDWHV� OHVV�ORDGHG� V\VWHPV��ZKLFK� LV� WUXH� IRU� SUHYLRXV� DQDO\VHV�� $W� ILUVW� VLJKWQXPEHU� RI� �¶V� DQG� �¶V� DUH� FORVH� WR� HDFK� RWKHU�� DQG� RQH� FDQ� VXVSHFW� WKDW� WKH�PXWDWLRQ� FDQLQFUHDVH�DQG�GHFUHDVH�WKH�PDFKLQH�QXPEHUV�DW�WKH�VDPH�UDWH��PHDQLQJ�WKDW�VDPH�IUHTXHQF\�LVYDOLG�IRU�SRVLWLYH�DQG�QHJDWLYH�LQFUHPHQWV�RQ�PDFKLQH�QXPEHUV��%XW�WKHUH�FRPHV�WKH�HIIHFW�RIWKH�OLQHDU�FRQVWUDLQW��DQ\�SRVLWLYH�GHYLDWLRQ�IURP�WKHVH�PDFKLQH�VHWWLQJV�ZLOO�OHDG�WR�LQIHDVLEOHVROXWLRQV��WKXV�PXWDWLRQ�FDQQRW�JHQHUDWH�PRUH�ORDGHG�V\VWHPV��,Q�IDFW�JRRG�VROXWLRQV�DUH�WKHPRVW� ORDGHG� V\VWHPV� RI� WKHLU� IHDVLEOH� VROXWLRQ� VSDFH�� 'HSHQGLQJ� RQ� WKLV�� PXWDWLRQ� DOZD\VJHQHUDWHV� VROXWLRQV� ZLWK� ORZ� OHYHOV� RI� PDFKLQH� QXPEHUV�� WKXV� OHVV�ORDGHG� V\VWHPV�� 7KDW¶VZK\��KLJK�PXWDWLRQ�UDWHV�GHFUHDVHV�&38�WLPH�7KH�RQO\�VLJQLILFDQW�LQWHUDFWLRQ�HIIHFW��SRSXODWLRQ�W\SH�PXWDWLRQ�SUREDELOLW\�LQWHUDFWLRQSUHVHQWV�D�FRQVLVWHQW�EHKDYLRU�ZLWK�WKH�RWKHU�FDVHV��)URP�)LJXUH����G��WKH�GLIIHUHQFH�EHWZHHQWKH� UHTXLUHG� &38� WLPH� IRU� VHHGHG� DQG� UDQGRP� VWDUWV� LV� PRUH� VLJQLILFDQW� IRU� ORZ�PXWDWLRQUDWHV���)RU�IXUWKHU�GLVFXVVLRQ�FKHFN�SS�������
�������&RQFOXVLRQ:H�LPSRVH�D�OLQHDU�FRQVWUDLQW�RQ�WKH�RSWLPL]DWLRQ�SUREOHP��7KH�FRQVWUDLQW�KLQGHUV�WKHVROXWLRQV�ZLWK� WRWDO�QXPEHU�RI�PDFKLQHV�H[FHHGLQJ� ���� WKXV� VKULQNV� WKH� IHDVLEOH� VSDFH��7KHLQIHDVLEOH�VROXWLRQV�JHQHUDWHG�GXULQJ�*$�DSSOLFDWLRQV�DUH�GLVFDUGHG�DQG�QHZ�LQGLYLGXDOV�DUHFUHDWHG�LQVWHDG��%\�WKLV�FRQVWUDLQW��ZH�IRUFH�*$�WR�VHDUFK�GLIIHUHQW�SDUWV�RI�WKH�VROXWLRQ�VSDFHFRPSDUHG�ZLWK�WKH�RWKHU�FDVHV�6HSDUDWH�DQDO\VHV�DUH�FDUULHG�FRQVLGHULQJ�ERWK�WKH�ILWQHVV�UHVSRQVH�DQG�&38�WLPH��7DEOH���VXPPDUL]HV�WKH�UHVXOWV�RI�WKH�DQDO\VLV�E\�VWDWLQJ�WKH�DSSURSULDWH�OHYHOV�RI�WKH�IDFWRUV�7DEOH�����5HVXOWV�RI�)DFWRULDO�'HVLJQ�$QDO\VLV�IRU�&RQVWUDLQHG�&DVH

3RS�7\SH &URVV�3 0XW�3
)LWQHVV&RQVWUDLQHG � � �
&38�7LPH&RQVWUDLQHG /RZ � +LJK*HQHUDO /RZ � +LJK
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,Q� VXPPDU\�� LQLWLDO� SRSXODWLRQ� W\SH�� FURVVRYHU� DQG� PXWDWLRQ� SUREDELOLWLHV� SUHVHQWLQVLJQLILFDQW�EHKDYLRU�RQ�ILWQHVV�YDOXH��,Q�IDFW�LW�LV�D�SUHGLFWDEOH�UHVXOW��VLQFH�WKH�QDWXUH�RI�WKHJRRG� VROXWLRQV� VKRZV� VLPLODULWLHV�ZLWK� WKH� EXIIHU� FDVH�� DQG� WKH� UHVXOWV� RI� EXIIHU� DQDO\VLV� LVVLPLODU�ZLWK�WKHVH�ILQGLQJV��,Q�EXIIHU�FDVH��WKHUH�DUH�RQO\���JRRG�VHWWLQJV�RI�PDFKLQH�QXPEHUV�EHVLGHV�WKH�EXIIHU�FRPELQDWLRQV�LQ�JRRG�VROXWLRQV�FDQQRW�H[FHHG����7KLV� UHVXOWV�ZLWK�RQO\�DYHU\�IHZ�QXPEHU�RI�JRRG�VROXWLRQV�LQ�WKH�SUREOHP�GRPDLQ��7KH�VDPH�VLWXDWLRQ�LV�UHOHYDQW�IRUWKH�FRQVWUDLQHG�FDVH��7KHUH�DUH�RQO\���JRRG�FRPELQDWLRQV�RI�PDFKLQH�QXPEHUV��EXW�WKLV�WLPHEXIIHU�YDULDEOHV�FDQ�KDYH�PRUH�FRPELQDWLRQV��+RZHYHU��WKH�QXPEHU�RI�JRRG�VROXWLRQV�DUH�DOVRIHZ�IRU�WKH�FRQVWUDLQHG�FDVH�DV�LQ�WKH�EXIIHU�FDVH��DQG�UHJDUGOHVV�RI�WKH�SDUDPHWHU�OHYHOV��*$FDQ�PDQDJH�WR�ILQG�JRRG�VROXWLRQV�DV�LQ�WKH�EXIIHU�FDVH�7KH�UHVXOWV�IRU�&38�WLPH�DQDO\VLV�DUH�PRUH�IRUWXQDWH��VLQFH�WKH�IDFWRUV�SUHVHQW�WKH�VDPHEHKDYLRU�WKURXJKRXW�DOO�WKH�FDVHV��6WDUWLQJ�ZLWK�UDQGRP�SRSXODWLRQV�DQG�XVLQJ�KLJK�PXWDWLRQUDWHV� LQFUHDVH� WKH�SHUIRUPDQFH�RI�*$� LQ� WHUPV�RI�&38� WLPH��7KH�FRQVLVWHQF\�RI� WKH� UHVXOWVGHSHQGV�RQ�WKH�QDWXUH�RI�WKH�VROXWLRQ�VSDFH��,Q�DOO�FDVHV�JRRG�VROXWLRQV�DUH�ORDGHG�V\VWHPV�RIWKHLU�IHDVLEOH�VSDFH��DQG�PXWDWLRQ�GHYLDWHV�WR�VROXWLRQV�WR�OHVV�ORDGHG�V\VWHPV�PRUH�IUHTXHQWO\WKDQ� D�PRUH�ORDGHG� DOWHUDWLRQ�� 6LQFH� WKH� SRSXODWLRQ� VL]H� DQG�PD[LPXP� JHQHUDWLRQ� QXPEHUIDFWRUV�DUH�DW�WKHLU�ORZ�OHYHOV�FRQWULEXWLQJ�D�VKRUWHU�*$�DSSOLFDWLRQ��WKH�LQLWLDO�HIIHFW�RI�VHHGHGSRSXODWLRQ� EHFRPHV� VLJQLILFDQW� IRU� WKH� FRQVWUDLQHG� FDVH� DV� WKH� RWKHU� FDVHV�� 7KHFRPSUHKHQVLYH�GLVFXVVLRQ�DERXW�WKH�UHVXOWV�DQG�UHVXOWLQJ�JHQHUDO�SLQSRLQWV�ZLOO�EH�SUHVHQWHGLQ�&KDSWHU���LQ�GHWDLOV�
�����0RGLILFDWLRQ�RI�&URVVRYHU�2SHUDWRU7KH� DQDO\VLV� XS� WR� QRZ� KDV� EHHQ� FRQGXFWHG� XVLQJ� WKH� VDPH� VHWWLQJV� RI� VWUXFWXUDOSDUDPHWHUV��2QH�RI�WKH�PDLQ�ILQGLQJV�RI�WKLV�VWXG\��ZKLFK�LV�VXUSULVLQJ�WR�VRPH�H[WHQG��LV�WKHLQVLJQLILFDQFH� RI� FURVVRYHU� SUREDELOLW\� RQ� WKH� *$� SHUIRUPDQFH�� 7KXV�� LQ� WKLV� VHFWLRQ� ZHIXUWKHU�H[DPLQH�WKH�FURVVRYHU�RSHUDWRU�E\�FKDQJLQJ�LWV�W\SH��7KH�UHVXOWV�RI�WKLV�DQDO\VLV�PD\SURYLGH�EDFNJURXQG�IRU�WKH�IXUWKHU�UHVHDUFK�LQ�WKLV�DUHD�5HFDOO�WKDW�WKH�ZHOO�NQRZQ�VLPSOH�RQH�SRLQW�FURVVRYHU�KDV�EHHQ�XVHG�WKURXJKRXW�LQ WKLVWKHVLV�� ,Q� RXU� SUREOHP� GRPDLQ� ZH� KDYH� IRXQG� WKDW� WKLV� W\SH� RI� FURVVRYHU� LV� LQHIIHFWLYH� LQFUHDWLQJ�GLYHUVH�VROXWLRQV�WKDW�FDQ�DOWHU�WKH�*$�SHUIRUPDQFH��:H�QRZ�FRQVLGHU�D�QHZ�W\SH�RIFURVVRYHU��XQLIRUP�FURVVRYHU LQ�RXU�IXUWKHU�DQDO\VLV�
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7KLV� VWXG\� LV� FRQGXFWHG� WR� DQDO\]H� WKH� HIIHFWV� RI� QXPHULFDO� SDUDPHWHUV� RI�*$� RQ� LWVSHUIRUPDQFH�XQGHU�VDPH�VHWWLQJ�RI�VWUXFWXUDO�SDUDPHWHUV��$�WHVW�SUREOHP�LV�XVHG�IRU�WKH�*$�EDVHG� VLPXODWLRQ�RSWLPL]DWLRQ� H[SHULPHQWDWLRQ��$FFRUGLQJ� WR� WKH� DQDO\VLV� FRQGXFWHG� RQ� WKHRULJLQDO�YHUVLRQ�RI�WKH�WHVW�SUREOHP��WKH�KLJK�OHYHOV�RI�HDFK�IDFWRU�H[FHSW�FURVVRYHU�SUREDELOLW\DUH�SUHIHUDEOH�IRU�PD[LPL]LQJ�WKH�ILWQHVV�YDOXH��/RZ�OHYHOV�RI�SRSXODWLRQ�VL]H�DQG�PD[LPXPJHQHUDWLRQ�QXPEHU��DQG�KLJK�OHYHO�RI�PXWDWLRQ�SUREDELOLW\�DUH�FRQFOXGHG� WR�EH�DGHTXDWH� IRU&38�WLPH�PLQLPL]DWLRQ�REMHFWLYH�$IWHU� PDNLQJ� IXUWKHU� DQDO\VLV� RQ� FRQIOLFWLQJ� SDUDPHWHUV�� ZH� GHWHUPLQH� WKDW� *$� µVVWDUWLQJ�ZLWK�VHHGHG�SRSXODWLRQV��KDYLQJ�ORZ�SRSXODWLRQ�VL]HV��DQG�PD[LPXP�JHQHUDWLRQV�EXWKLJK� PXWDWLRQ� UDWHV� SURGXFH� WKH� EHVW� SHUIRUPDQFH� RQ� WKH� WHVW� SUREOHP�� ,QVLJQLILFDQFH� RIFURVVRYHU� SUREDELOLW\� XQGHU� WKH� FXUUHQW� OHYHOV� IRUFHV� XV� WR� DSSO\� IXUWKHU� DQDO\VLV�� DQG� LW� LVREVHUYHG�WKDW�HYHQ�ODFN�RI�FURVVRYHU�RSHUDWRU�ZLOO�QRW�SURGXFH�VLJQLILFDQW�DOWHUDWLRQV�LQ�ERWKILWQHVV�DQG�&38�WLPH�7R�REVHUYH�WKH�EHKDYLRU�RI�WKH�SDUDPHWHUV�XQGHU�GLIIHUHQW�H[SHULPHQWDO�FRQGLWLRQV��ZHPRGLI\�WKH�WHVW�SUREOHP��DQG�VHW�WKH�SRSXODWLRQ�VL]H�DQG�PD[LPXP�JHQHUDWLRQ�QXPEHU�IDFWRUVWR�WKHLU�ORZ�OHYHOV��VLQFH�WKH\�DUH�QRW�HIIHFWLYH�RQ�LPSURYLQJ�WKH�ILWQHVV�VLJQLILFDQWO\��EXW�WKH\KDYH�GUDVWLF�HIIHFWV�RQ�&38�WLPH��UHVXOWLQJ�ZLWK�KLJK�UXQ�WLPHV�7KH�PRGLILFDWLRQV�FDQ�EH�FODVVLILHG�LQWR�WZR�JURXSV��REMHFWLYH�IXQFWLRQ¶V�FRVW�SDUDPHWHUDOWHUDWLRQV��DQG�LPSRVLQJ�D�OLQHDU�FRQVWUDLQW�WR�WKH�SUREOHP��7ZR�GLIIHUHQW�DOWHUDWLRQV�RI�FRVWSDUDPHWHUV�DUH�FRQGXFWHG��HDFK�RQH� IRUFLQJ�*$� WR� VHDUFK� IRU�GLIIHUHQW�SDUWV�RI� WKH� VROXWLRQVSDFH�� FUHDWLQJ� GLVWLQFW� H[SHULPHQWDO� FRQGLWLRQV�� 7KH� FRQVWUDLQHG� YHUVLRQ� RI� WKH� SUREOHPVKULQNV� WKH�VROXWLRQ�VSDFH��EHFDXVH� WKHUH�EHFRPH� LQIHDVLEOH� VROXWLRQV��7DEOH����VXPPDUL]HVWKH�H[SHULPHQWDO�DQDO\VHV¶�UHVXOWV�IRU�HDFK�FDVH�RI�WKH�WHVW�SUREOHP�
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7DEOH�����6XPPDU\�RI�5HVXOWV�RI�$QDO\VHV�IRU�$OO�&DVHV
3RS�7\SH &URVV�3 0XW�3

)LWQHVV2ULJLQDO +LJK � ����� � +LJK +LJK%XIIHU � � �&RQVWUDLQHG � � �*HQHUDO +LJK +LJK +LJK
&38�7LPH2ULJLQDO /RZ � +LJK���� /RZ � +LJK%XIIHU /RZ � +LJK&RQVWUDLQHG /RZ � +LJK*HQHUDO /RZ � +LJK

$V�REVHUYHG� IURP� WKH�DERYH� WDEOH�� WKH�*$�SDUDPHWHUV�SUHVHQW� FRQVLVWHQW� EHKDYLRU� IRUWKH� PLQLPL]DWLRQ� RI� &38� WLPH� REMHFWLYH�� ZKLOH� GLIIHUHQW� EHKDYLRUV� RI� SDUDPHWHUV� DUHH[SHULHQFHG� IRU� ILWQHVV� UHVSRQVH� XQGHU� GLVWLQFW� H[SHULPHQWDO� FRQGLWLRQV��$FFRUGLQJ� WR� WKHVHUHVXOWV��*$�VWDUWLQJ�ZLWK�D�VHHGHG�LQLWLDO�SRSXODWLRQ�ZLWK�KLJK�FURVVRYHU�DQG�PXWDWLRQ�UDWHV�LVDSSURSULDWH� IRU� WKH� ILWQHVV� PD[LPL]DWLRQ� RI� WKH� WHVW� SUREOHP�� 7KH� KLJK� PXWDWLRQ� UDWH� EXWUDQGRP�LQLWLDO�SRSXODWLRQ�ZLWK�DQ\�OHYHO�RI�FURVVRYHU�SUREDELOLW\�ZLOO�OHDG�JRRG�SHUIRUPDQFHRI� *$� LQ� WHUPV� RI� &38� WLPH�� $FFRUGLQJ� WR� WKH� 7DEOH� ���� LW� FDQ� EH� FRQFOXGHG� WKDW� KLJKPXWDWLRQ� DQG� FURVVRYHU� UDWHV� DUH� DSSURSULDWH� IRU� PHHWLQJ� ERWK� REMHFWLYHV�� EXW� WKH� JHQHUDOUHVXOW� RI� LQLWLDO� SRSXODWLRQ� W\SH� UHTXLUHV� IXUWKHU� DQDO\VLV� DPRQJ� VHHGHG� DQG� UDQGRPSRSXODWLRQV��7DEOH� ��� VKRZV� WKH� SHUFHQWDJH� FKDQJHV� LQ� ILWQHVV� DQG�&38� WLPH� DFFRUGLQJ� WRFKDQJH�LQ�LQLWLDO�SRSXODWLRQ�W\SH�IURP�UDQGRP�WR�VHHGHG�FDVH�
7DEOH�����3HUFHQWDJH�&KDQJH�LQ�5HVSRQVHV�$FFRUGLQJ�WR�3RSXODWLRQ�7\SH�IRU�$OO�&DVHV2ULJLQDO ���� %XIIHU &RQVWUDLQHG3RS�7\SH )LWQHVV &38�7LPH )LWQHVV &38�7LPH )LWQHVV &38�7LPH )LWQHVV &38�7LPH5DQGRP ������ �������� ������� ������� ������ �������� ������ ��������6HHGHG ������ �������� ������� �������� ������ �������� ������ ����������&KDQJH ��� ��� ��� ��� ���� ��� ���� ���
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$FFRUGLQJ� WR� WKH� UHVXOWV�� VHHGHG� LQLWLDO� SRSXODWLRQ� LQFUHDVHV� WKH� &38� WLPH� PRUHFRQVLGHULQJ�WKH�SHUFHQW�LPSURYHPHQW�RQ�WKH�ILWQHVV�YDOXH��7KXV�JLYLQJ�HTXDO�ZHLJKWV�IRU�HDFKUHVSRQVH�W\SHV��LW�LV�EHWWHU�WR�XVH�UDQGRP�LQLWLDO�SRSXODWLRQ��%XW�WKH�SHUFHQWDJH�GLIIHUHQFHV�DUHYHU\�ORZ��KHQFH�WKH�RQO\�D�VOLJKW�LQFUHDVH�LQ�WKH�LPSRUWDQFH�RI�ILWQHVV�UHVSRQVH�ZLOO�VWDWH�WKHVHHGHG� SRSXODWLRQ� DV� WKH� DGHTXDWH� OHYHO� IRU� LQLWLDO� SRSXODWLRQ� W\SH�� 7R� VXP� XS�� WKH� LQLWLDOSRSXODWLRQ�VHOHFWLRQ�LV�GHSHQGHQW�RQ�WKH�XVHU¶V�SUHIHUHQFHV�JLYHQ�WR�HDFK�REMHFWLYH�8S�WR�QRZ��ZH�KDYH�SUHVHQWHG�WKH�FRPSXWDWLRQDO�UHVXOWV�JDWKHUHG�IURP�WKH�DQDO\VHV�RIGLIIHUHQW�YHUVLRQV�RI�WKH�WHVW�SUREOHP�XQGHU�FRQVLGHUDWLRQ��%XW�WKH�PDLQ�DVSHFW�RI�WKLV�VWXG\�LVPDNLQJ�JHQHUDO� FRQFOXVLRQV�DERXW�*$�SDUDPHWHUV� DQG�SUHVHQWLQJ� JHQHUDO� JXLGHOLQHV� IRU� WKH*$�DSSOLFDWRUV��7KXV�ZH�KDYH�WR�JHQHUDOL]H�WKH�UHVXOWV�ZH�REWDLQ�IURP�WKH�SUHYLRXV�DQDO\VHV�7KH� ILUVW� PDLQ� FRQFOXVLRQ� LV� WKDW�� WKH� SHUIRUPDQFH� RI� *$� GHSHQGV� RQ� WKH� QDWXUH� RIVROXWLRQ� VSDFH�� EHFDXVH� HYHQ� XQGHU� GLIIHUHQW� H[SHULPHQWDO� FRQGLWLRQV� RI� WKH� VDPH� WHVWSUREOHP�� VLJQLILFDQFH� RI� IDFWRUV� LV� GLIIHUHQW�� 7KXV�� *$� SUHVHQWV� GLIIHUHQW� EHKDYLRUV� LQGLIIHUHQW�SRUWLRQV�RI�WKH�VROXWLRQ�VSDFH��7R�JHQHUDOL]H�WKH�FRPSXWDWLRQDO�ILQGLQJV��ZH�KDYH�WRVWDWH�WKH�FKDUDFWHULVWLF�IHDWXUHV�RI�WKH�SUREOHP�GRPDLQ�ZH�H[SHULHQFHG��DQG�PDNH�FRQFOXVLRQVDERXW�*$�DSSOLFDWLRQV�LQ�VXFK�SUREOHP�GRPDLQV�&RQVLGHULQJ� WKH� ILWQHVV� UHVSRQVH� DV� WKH� SHUIRUPDQFH�PHDVXUH�� WKH�PDLQ� FKDUDFWHULVWLFIHDWXUHV�RI�RXU�SUREOHP�GRPDLQ�DUH���7KHUH�LV�D�GRPLQDQFH�RI�D�VHW�RI�GHFLVLRQ�YDULDEOHV�RYHU�RWKHU�YDULDEOHV ZLWK�UHVSHFW�WR�WKHREMHFWLYH�IXQFWLRQ�YDOXH�RI�WKH�RSWLPL]DWLRQ�SUREOHP��WKH�REMHFWLYH�IXQFWLRQ�YDOXH�LV�GLUHFWO\UHODWHG�ZLWK� WKH�FRPELQDWLRQ�RI� WKLV�GRPLQDQW� VHW�RI�YDULDEOHV� �PDFKLQH�QXPEHU�GRPLQDQFHRYHU� EXIIHU� YDULDEOHV��� $OWHUDWLRQ� RI� WKH� YDOXHV� RI� GRPLQDQW� YDULDEOH� DOWHUV� WKH� VROXWLRQ¶VSHUIRUPDQFH�VXEVWDQWLDOO\�ZKHQ�FRPSDUHG�ZLWK�WKH�RWKHU�GHFLVLRQ�YDULDEOHV��� 7KH� JRRG� VROXWLRQV� IRU� SUREOHPV� ZLWK� GLIIHUHQW� REMHFWLYH� IXQFWLRQ� SDUDPHWHUV� DUH� KLJKO\GRPLQDQW� RYHU� RWKHU� VROXWLRQV ZLWK� UHVSHFW� WR� WKH� REMHFWLYH� IXQFWLRQ� YDOXH�� EXW� QRW� YHU\VLJQLILFDQWO\�GLYHUVH�DPRQJ�HDFK�RWKHU���*RRG�VROXWLRQV�DUH�VLJQLILFDQWO\�EHWWHU�WKDQ�WKH�RWKHUIHDVLEOH�VROXWLRQV��EXW�QR�KLJK�GRPLQDQFH�RI�D�JRRG�VROXWLRQ�RFFXUV�DPRQJ�JRRG�VROXWLRQV���&RPELQLQJ�WKH�DERYH�WZR�IHDWXUHV��JRRG�VROXWLRQV�KDYH�VSHFLILF�VHW�RI�SDWWHUQV�LQ�GRPLQDQWVHW�RI�GHFLVLRQ�YDULDEOHV��DQG�WKHVH�VROXWLRQV�DUH�GRPLQDQW�RYHU�RWKHU�IHDVLEOH�VROXWLRQV�DPRQJWKH�VROXWLRQ�VSDFH�
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7KHVH�SURSHUWLHV�RI� WKH�SUREOHP�GRPDLQ�JHQHUDWH�D� UDSLG�FRQYHUJHQW�EHKDYLRU�RI�*$�7KH�HIIHFW�RI� WKH�GRPLQDQW�GHFLVLRQ�YDULDEOH�RQ� WKH�ILWQHVV�YDOXH� �REMHFWLYH� IXQFWLRQ�YDOXH��JXLGHV�*$�WR�VHDUFK�IRU�GLIIHUHQW�OHYHOV�RI�WKDW�YDULDEOH�LQVWHDG�RI�GHDOLQJ�ZLWK�WKH�SDWWHUQV�RIRWKHU� YDULDEOHV�� 2QFH� D� JRRG� VROXWLRQ� LV� UHDFKHG�� WKH� FRQYHUJHQFH� RFFXUV� UDSLGO\�� $V� WKHILWQHVV�YDOXH� RI� WKDW� VROXWLRQ� LV� KLJKO\� GRPLQDQW� RYHU� RWKHU� IHDVLEOH� VROXWLRQV�� UHSURGXFWLRQPHFKDQLVP� DOZD\V� VHOHFWV� WKDW� VROXWLRQ� DV� WKH� SRWHQWLDO� SDUHQW� RI� WKH� IROORZLQJ� JHQHUDWLRQ�7KXV�*$�ZLOO�VHDUFK�DPRQJ�WKH�QHLJKERUKRRG�RI�WKDW�VROXWLRQ�&RQVLGHULQJ�WKH�&38�WLPH��PRUH�JHQHUDO�VWDWHPHQWV�FDQ�EH�PDGH��:LWK�D�VROXWLRQ�VSDFHSUHVHQWLQJ�D�UDSLG�FRQYHUJHQW�EHKDYLRU��WKH�&38�WLPH�SHUIRUPDQFH�RI�*$�LV�GLUHFWO\� UHODWHGZLWK�WKH�ORDG�RI�WKH�JRRG�VROXWLRQV��7KH�GRPLQDQW�GHFLVLRQ�YDULDEOH�RI� WKH�ILWQHVV�FDVH��DOVRSUHVHQWV� GRPLQDQFH� LQ� WHUPV� RI� WKH� HIIHFWV� RQ� VLPXODWLRQ� WLPH� LQ� WKH� SUREOHP� GRPDLQ� ZHGLVFXVV�3UHVHQWLQJ� WKH� IHDWXUHV� DQG� WKH� W\SH� RI� WKH� SUREOHP�GRPDLQ��ZH� FDQ� QRZ� GLVFXVV� WKHUHOHYDQFH�RI�HIIHFWV�RI�HDFK�IDFWRU�RQH�E\�RQH��DQG�PDNH�JHQHUDO�FRQFOXVLRQV�LQ�WKLV�SUREOHPGRPDLQ�
,QLWLDO�3RSXODWLRQ�7\SH,QLWLDO� SRSXODWLRQ� W\SH� LV� HIIHFWLYH� LQ� VXFK� SUREOHP� GRPDLQV�� 'RPLQDQFH� RI� JRRGVROXWLRQV�FUHDWHV�D� UDSLG�FRQYHUJHQFH�RI�*$��ZKLFK� LV�H[SHULHQFHG� LQ� DOO� RXU� DQDO\VHV��7KHSHUIRUPDQFH� RI� *$� LQ� WHUPV� RI� ILWQHVV� ZLOO� GHSHQG� RQ� WKH� VHDUFK� SURFHHGHG� DPRQJ� WKHVROXWLRQV�ZLWK�WKHVH�VSHFLILF�SDWWHUQV�RI�GRPLQDQW�YDULDEOHV��6HHGHG�LQLWLDO�SRSXODWLRQV�KDYLQJJRRG� VROXWLRQV� KHOS� *$� XVH� LWV� WLPH� PRUH� HIILFLHQWO\�� EHFDXVH� FRQYHUJHQFH� RFFXUV� PRUHUDSLGO\�ZKHQ�FRPSDUHG�WR�UDQGRP�VWDUW��$�UDQGRP�VWDUW�VKRXOG�ILQG�D�JRRG�VROXWLRQ�ILUVW��WKXV*$�ZLOO� VSHQG� VRPH� UXQ� WLPH� IRU� WKLV� SURFHVV�� $W� WKH� VDPH� WLPH� VHHGHG� VWDUW� KDV� DOUHDG\VWDUWHG�ZLWK�VXFK�D�JRRG�VROXWLRQ�DQG�VHDUFK�DPRQJ�WKH�JRRG�VROXWLRQV�E\�FKDQJLQJ�WKH�YDOXHVRI�RWKHU�YDULDEOHV¶�OHYHOV�7KH�SRVLWLYH�HIIHFW�RI�VHHGHG�SRSXODWLRQ�DOVR�GHSHQGV�RQ�WKH�QXPEHU�RI�JRRG�VROXWLRQV�$V�WKLV�QXPEHU�GHFUHDVHV� WKH�GLIIHUHQFH� LQ�SHUIRUPDQFH�RI�*$�EHWZHHQ�UDQGRP�DQG�VHHGHGVWDUWV�GLPLQLVKHV��5HJDUGOHVV�RI� WKH� W\SH�RI� WKH� LQLWLDO�SRSXODWLRQ�� VLQFH�FRQYHUJHQFH�RFFXUVUDSLGO\� DQG� WKH� FRQYHUJHG� VROXWLRQV� LV� RQH�RI� WKHVH� IHZ� JRRG� VROXWLRQV�� WKXV� SUREDELOLW\� RIILQGLQJ�WKH�VDPH�VROXWLRQ�XQGHU�GLIIHUHQW�VWDUWLQJ�FRQGLWLRQV�LQFUHDVHV�DV�WKH�QXPEHU�RI�JRRGVROXWLRQ�GHFUHDVHV��0RUHRYHU��OHVV�QXPEHU�RI�JRRG�VROXWLRQV�FRUUHVSRQGV�WR�IHZ�FRPELQDWLRQV



���

RI� GRPLQDQW� GHFLVLRQ� YDULDEOH�� 7KLV� SURSHUW\� LV� UHOHYDQW� IRU� RXU� DQDO\VLV�� DOWKRXJK� VHHGHGSRSXODWLRQ�LV�HIIHFWLYH�LQ�WKH�RULJLQDO�SUREOHP��LQ�WKH�FDVHV�ZLWK�OHVV�QXPEHU�RI�JRRG�VROXWLRQV�EXIIHU��FRQVWUDLQHG�FDVHV��WKH�VLJQLILFDQFH�RI�D�VHHGHG�VWDUW�GLPLQLVKHG�,I� JRRG� VROXWLRQV� FRUUHVSRQG� WR� ORDGHG� V\VWHPV� LQ� VXFK� GRPDLQV�� WKHQ� VHHGHG� LQLWLDOSRSXODWLRQ�PD\�SURGXFH� DQ� LQFUHDVH� LQ�&38� WLPH��7KH�PDLQ� UHDVRQ� LV�� DW� OHDVW� IRU� WKH� IHZVWDUWLQJ� JHQHUDWLRQV�� *$� SURFHHGLQJ� ZLWK� VHHGHG� LQLWLDO� SRSXODWLRQ� ZLOO� KDYH� PRUH� ORDGHGV\VWHPV�FRPSDUHG�ZLWK�WKH�UDQGRP�VWDUW�FDVH��%HFDXVH�D� UDQGRP�VWDUW� LV�VHDUFKLQJ� IRU�JRRGVROXWLRQV�ZLWK�ORDGHG�V\VWHPV�ZKLOH�VHHGHG�VWDUWHG�*$�LV�FRQWLQXLQJ�LWV�VHDUFK�DPRQJ�JRRGKHQFH� ORDGHG� VROXWLRQV�� 7KLV�PD\� FUHDWH� GLVFULPLQDWLRQ� DPRQJ� WKH� LQLWLDO� SRSXODWLRQ� W\SHV�ZKHUH�UDQGRP�LQLWLDO�SRSXODWLRQ�LV�EHWWHU�IRU�VXFK�DSSOLFDWLRQV��%XW�WKH�RSSRVLWH�LV�WUXH��ZKHQWKH� JRRG� VROXWLRQV� FRUUHVSRQG� WR� OHVV�ORDGHG� V\VWHPV�� 7KDW� WLPH� IURP� WKH� VDPH� UHDVRQLQJVHHGHG�LQLWLDO�SRSXODWLRQ�GHFUHDVHV�WKH�VLPXODWLRQ�WLPH��VR�WKH�&38�WLPH�7KH� DSSURSULDWH� OHYHO� RI� LQLWLDO� SRSXODWLRQ� W\SH� GHSHQGV� RQ� WKH� OHYHOV� RI� RWKHUSDUDPHWHUV�� ,I� WKH� SRSXODWLRQ� VL]H� RU�DQG�PD[LPXP�JHQHUDWLRQ� QXPEHU� LV� KLJK� HQRXJK�� WKHGLIIHUHQFH� DPRQJ� WKH� *$� DSSOLFDWLRQV� ZLWK� GLVWLQFW� VWDUWLQJ� FRQGLWLRQV� PD\� QRW� VKRZ� DVLJQLILFDQW�EHKDYLRU��$V�GLVFXVVHG�SUHYLRXVO\��VHHGHG�VWDUW�KDV�PRUH� WLPH� WR�SURFHHG�DPRQJJRRG�VROXWLRQV��EXW� LI� HQRXJK� WLPH� LV� JLYHQ� IRU�*$�DSSOLFDWLRQ�� D� UDQGRP�VWDUW� FDQ�SURFHVVDGHTXDWH�QXPEHU�RI�JRRG�VROXWLRQV��KHQFH�WKH�GLIIHUHQFH�ZLOO�GLVDSSHDU�8QGHU� WKH� SUREOHP� GRPDLQ� ZH� FRQVLGHU�� LQLWLDO� SRSXODWLRQ� W\SH� HIIHFW� RQ� &38� WLPHGHSHQGV�RQ�WKH�UDWH�RI�PXWDWLRQ��7KLV�UHVXOW�LV�H[SHULHQFHG�LQ�DOO�RI�RXU�FDVHV��$V�WKH�PXWDWLRQSUREDELOLW\� LQFUHDVHV�� WKH� LQLWLDO� DGYDQWDJH� RI� VHHGHG� SRSXODWLRQV�ZLOO� GHFUHDVH�� VLQFH�PRUHIUHTXHQW�DOWHUDWLRQV�DUH�PDGH�RQ�JRRG�VROXWLRQV�RI�WKH�LQLWLDO�IHZ�JHQHUDWLRQV�RI�VHHGHG�VWDUW�ZKLFK�PD\�UHVXOW�ZLWK�SRRU�VROXWLRQV��7KH�IUHTXHQW�GHYLDWLRQV�IURP�JRRG�VROXWLRQV�GHFUHDVHWKH� QXPEHU� RI�PRUH� JRRG� VROXWLRQV� SURFHVVHG� LQ� WKH� VHHGHG� VWDUW� FRPSDUHG�ZLWK� D� UDQGRPVWDUW��WKXV�WKH�HIIHFW�RI�VHHGHG�VWDUW�LV�PLWLJDWHG�
3RSXODWLRQ�6L]H�DQG�0D[LPXP�*HQHUDWLRQ�1XPEHU)RU� WKH� SUREOHPV� ZLWK� GRPDLQV� SUHVHQWLQJ� IHDWXUHV� PHQWLRQHG� DERYH�� KLJK� OHYHOV� RISRSXODWLRQ�VL]H�DQG�PD[LPXP�JHQHUDWLRQ�QXPEHU�DUH�LQDSSURSULDWH��,QFUHDVH�LQ�WKH�OHYHOV�RIWKHVH� IDFWRUV�� LQFUHDVHV� WKH� QXPEHU� RI� VROXWLRQV� SURFHVVHG� E\� WKH� DOJRULWKP�� WKXV� WKHSUREDELOLW\� RI� KLWWLQJ� D� EHWWHU� VROXWLRQ� LPSURYHV�� EXW� &38� WLPH� LQFUHDVHV� GUDVWLFDOO\� DW� WKHVDPH�WLPH��5DSLG�FRQYHUJHQW�EHKDYLRU�RI�*$�XQGHU�VXFK�SUREOHP�GRPDLQV�OHDGV�WR�UHDFKLQJ
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JRRG�VROXWLRQV�LQ�VKRUW�WLPH��WKXV�PRGHUDWH�OHYHOV�DUH�DSSURSULDWH�IRU�D�*$�DSSOLFDWLRQ��+LJKOHYHOV� ZLOO� LQFUHDVH� WKH� &38� WLPH� HQRUPRXVO\� ZLWKRXW� LPSURYLQJ� WKH� ILWQHVV� YDOXHVLJQLILFDQWO\�DV�H[SHULHQFHG�LQ�WKH�RULJLQDO�FDVH�RI�RXU�DQDO\VHV�
&URVVRYHU�3UREDELOLW\7KH�FURVVRYHU�RSHUDWRU�JHQHUDOO\�GRHV�QRW�KDYH�VLJQLILFDQW�HIIHFWV�RQ�*$�SHUIRUPDQFHLQ� VXFK� SUREOHP� GRPDLQV�� &URVVRYHU� LV� PDLQO\� UHVSRQVLEOH� IURP� WKH� PDLQWHQDQFH� RI� JRRGWUDLWV�RI�VROXWLRQV�LQ�IXWXUH�JHQHUDWLRQV��,W�SURYLGHV�WKH�H[FKDQJH�RI�JHQHWLF�PDWHULDOV�DPRQJWKH�SUHYLRXVO\�VHOHFWHG�VROXWLRQV��DQG�JHQHUDWHV�QHZ�VROXWLRQV�E\�WKLV�PDQQHU��7KH�GRPLQDQFHRI�JRRG�VROXWLRQV�OHDGLQJ�WR�D�UDSLG�FRQYHUJHQFH�RI�*$��IRUFHV�VHOHFWLRQ�SURFHGXUH�WR�VHOHFWWKH�VROXWLRQV��ZLWK�VDPH�JRRG�SDWWHUQV�LQ�WHUPV�RI�GRPLQDQW�GHFLVLRQ�YDULDEOH��DV�WKH�SRWHQWLDOSDUHQWV� IRU� WKH�QH[W�JHQHUDWLRQ��7KH�GRPLQDQW�GHFLVLRQ�YDULDEOH¶V�VHWWLQJV�RI�JRRG�VROXWLRQVDUH�VLPLODU�WR�HDFK�RWKHU��WKXV��WZR�VHOHFWHG�SRWHQWLDO�SDUHQWV�FDQQRW�FUHDWH�GLYHUVH�VROXWLRQV�(YHQ�IRU�PDQ\�WULDOV��VLQFH�WKH�GRPLQDQW�GHFLVLRQ�YDULDEOHV¶�SDWWHUQV�RI�ERWK�SRWHQWLDOSDUHQWV� DUH� H[DFWO\� WKH� VDPH�� WR� FURVV� RU� QRW�� IURP� D� FURVV�VLWH� VHOHFWHG� LQVLGH� WKH� ELQDU\UHSUHVHQWDWLRQ� RI� WKH� GRPLQDQW� YDULDEOH�ZLOO� SURGXFH� VDPH� FKLOGUHQ�� 6R� FURVVRYHU� GRHV� QRWKDYH�D�VLJQLILFDQW�LPSDFW�RQ�ILWQHVV�UHVSRQVH�RI�SUREOHPV�ZLWK�VXFK�GRPDLQV�$Q\� OHYHO� RI� FURVVRYHU� SUREDELOLW\� ZLOO� EH� DGHTXDWH� IRU� *$� DSSOLFDWLRQV� RQ� VXFKSUREOHP�GRPDLQV��%XW�VLQFH�FURVVRYHU�LV�RQH�RI� WKH�VWURQJHVW�IHDWXUHV�RI� WKH�DOJRULWKP�� LW� LVFRQYHQLHQW� WR� VHW� WKH� FURVVRYHU� UDWH� WR� SRVLWLYH� YDOXHV� �QRW� ���� EHFDXVH� GLVFDUGLQJ� WKHFURVVRYHU�RSHUDWRU�PD\�DIIHFW�WKH�EDVLF�SULQFLSOHV�RI�*$��UHVXOWLQJ�ZLWK�*$�SUHVHQWLQJ�HUUDWLFRU�XQH[SHFWHG�EHKDYLRU�
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APPENDIX A

SIMAN CODE OF SIMULATION MODEL

Model Frame

BEGIN;
CREATE;
READ,IN1:MC1;
READ,IN2:MC2;
READ,IN3:MC3;
READ,IN4:MC4;
READ,IN5:BUF2;
READ,IN6:BUF3;
READ,IN7:BUF4;
ALTER:MACHINE1,(MC1-1);
ALTER:MACHINE2,(MC2-1);
ALTER:MACHINE3,(MC3-1);
ALTER:MACHINE4,(MC4-1);
DUPLICATE:10000;
QUEUE,WORKSTATIONQ1;
SEIZE:MACHINE1;
IF:(TNOW.LT.(961*60)).AND.(TNOW.GE.57600).AND.(CONTROL.EQ.0);
   WRITE,OUTFILE1:TOTALCOST;
   ASSIGN:CONTROL=1;
ENDIF;
DELAY:EXPO(0.33333*60,5);
QUEUE,DUMMY1;
SCAN:NQ(WORKSTATIONQ2).LT.BUF2;
RELEASE:MACHINE1;

QUEUE,WORKSTATIONQ2;
SEIZE:MACHINE2;
DELAY:EXPO(0.5*60,5);
QUEUE,DUMMY2;
SCAN:NQ(WORKSTATIONQ3).LT.BUF3;
RELEASE:MACHINE2;

QUEUE,WORKSTATIONQ3;
SEIZE:MACHINE3;
DELAY:EXPO(0.2*60,5);
QUEUE,DUMMY3;
SCAN:NQ(WORKSTATIONQ4).LT.BUF4;
RELEASE:MACHINE3;

QUEUE,WORKSTATIONQ4;
SEIZE:MACHINE4;
DELAY:EXPO(0.25*60,5);
RELEASE:MACHINE4;
IF:(TNOW.GE.(240*60));
ASSIGN:THROUGHPUT=THROUGHPUT+1;
ASSIGN:TOTALCOST=200*THROUGHPUT-25000*(MC1+MC2+MC3+MC4)-
1000*(BUF2+BUF3+BUF4);
ENDIF;
DELAY:0:DISPOSE;
END;



II

Experimental Frame

BEGIN;
PROJECT,THESIS1,ONUR BOYABATLI;
VARIABLES:MC1:MC2:MC3:MC4:BUF2:BUF3:BUF4:THROUGHPUT:TOTALCOST:CONTROL
;
QUEUES:WORKSTATIONQ1:WORKSTATIONQ2:WORKSTATIONQ3:WORKSTATIONQ4
      :DUMMY1:DUMMY2:DUMMY3;
RESOURCES:MACHINE1:MACHINE2:MACHINE3:MACHINE4;
FILES:IN1,"D1.dat",SEQ,FREE,,,Rewind:IN2,"D2.dat",SEQ,FREE,,,Rewind:
      IN3,"D3.dat",SEQ,FREE,,,Rewind:IN4,"D4.dat",SEQ,FREE,,,Rewind:
      IN5,"D5.dat",SEQ,FREE,,,Rewind:IN6,"D6.dat",SEQ,FREE,,,Rewind:
      IN7,"D7.dat",SEQ,FREE,Rewind:OUTFILE1,"Out1.dat",SEQ,FREE;
REPLICATE,5,,57660,,,14400;
END;
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APPENDIX B

C CODE OF GENETIC ALGORITHM

#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <time.h>
#include <math.h>

#define PopSize 10
#define MaxGen 2
#define NumDec 7
#define NumRep 5
#define NumBest 1

#define pcross 0.50
#define pmut 0.05

#define LowerD1 1
#define LowerD2 1
#define LowerD3 1
#define LowerD4 1
#define LowerD5 1
#define LowerD6 1
#define LowerD7 1
#define LengthD1 2
#define LengthD2 2
#define LengthD3 2
#define LengthD4 2
#define LengthD5 4
#define LengthD6 4
#define LengthD7 4
#define MaxString 20 /* MaxString=LengthD1+LengthD2+...+LengthD7 */

struct indiv{  int chromosome[MaxString];
               short int dec1;
               short int dec2;
               short int dec3;
               short int dec4;
               short int dec5;
               short int dec6;
               short int dec7;
               double fitness[NumRep+1];
               short int individ;
               short int parent1;
               short int parent2;
               short int xsite;
               short int nmut;
             } oldpop[PopSize],newpop[PopSize],bestindiv[NumBest];

int child1[MaxString];
int child2[MaxString];

int gen,numcross,totmut,bestgen;
double sumfitness,maxfit,minfit,avgfit,globalmax,temp;
FILE *infile,*outfile;
char inputstr[MaxString];
long int seed;
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time_t t1,t2;

double randnumgen()
{double result;
 result=(double) rand() / 32767;
 return result;
};

int main()
{
 int cnt1,cnt2,cnt3;
 int choice1,choice2;
 double randomnum;

 srand(time(NULL));
 t1=time(NULL);
 seed=rand();

 globalmax=0;

ReadProblem();
gen=0;
while(gen<MaxGen)
{
 ++gen;
 printf("\n\nGeneration number: %i\n\n",gen);
 sumfitness=0.0;
 numcross=0;temp=100000000;
 for(cnt1=0;cnt1<PopSize;++cnt1)

{if(oldpop[cnt1].fitness[NumRep]<temp){temp=oldpop[cnt1].fitness[NumR
ep];};
 };
 if(temp<0)
 {for(cnt1=0;cnt1<PopSize;++cnt1)
  {oldpop[cnt1].fitness[NumRep]=oldpop[cnt1].fitness[NumRep]-temp;
  };
 };
 for(cnt1=0;cnt1<PopSize;++cnt1)
 {sumfitness=sumfitness+(oldpop[cnt1].fitness[NumRep]);
 };
 cnt1=0;
 while(cnt1<PopSize)
 {choice1=selectindiv();
  choice2=selectindiv();
  crossover(choice1,choice2,cnt1);
  cnt1=cnt1+2;
 };
 for(cnt2=0;cnt2<PopSize;++cnt2)
 {
   outfile=fopen("D1.dat","w");
   fprintf(outfile,"%hi\n",newpop[cnt2].dec1);
   fclose(outfile);
   outfile=fopen("D2.dat","w");
   fprintf(outfile,"%hi\n",newpop[cnt2].dec2);
   fclose(outfile);
   outfile=fopen("D3.dat","w");
   fprintf(outfile,"%hi\n",newpop[cnt2].dec3);
   fclose(outfile);
   outfile=fopen("D4.dat","w");
   fprintf(outfile,"%hi\n",newpop[cnt2].dec4);
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   fclose(outfile);
   outfile=fopen("D5.dat","w");
   fprintf(outfile,"%hi\n",newpop[cnt2].dec5);
   fclose(outfile);
   outfile=fopen("D6.dat","w");
   fprintf(outfile,"%hi\n",newpop[cnt2].dec6);
   fclose(outfile);
   outfile=fopen("D7.dat","w");
   fprintf(outfile,"%hi\n",newpop[cnt2].dec7);
   fclose(outfile);

  system("siman law.p");
  infile=fopen("Out1.dat","r");
  for(cnt3=0;cnt3<NumRep;++cnt3)
  {fscanf(infile,"%lf\n",&(newpop[cnt2].fitness[cnt3]));
  };
  fclose(infile);
  newpop[cnt2].fitness[NumRep]=0;
  for(cnt3=0;cnt3<NumRep;++cnt3)
  {newpop[cnt2].fitness[NumRep]=
   newpop[cnt2].fitness[cnt3]+newpop[cnt2].fitness[NumRep];
  };
  newpop[cnt2].fitness[NumRep]=newpop[cnt2].fitness[NumRep]/NumRep;
 };
 compstats();
 if(maxfit>globalmax)
 {globalmax=maxfit;
  bestgen=gen;
  cnt1=0;
  while(newpop[cnt1].fitness[NumRep]!=maxfit)
  {++cnt1;
  };
  bestindiv[0].individ=newpop[cnt1].individ;
  bestindiv[0].dec1=newpop[cnt1].dec1;
  bestindiv[0].dec2=newpop[cnt1].dec2;
  bestindiv[0].dec3=newpop[cnt1].dec3;
  bestindiv[0].dec4=newpop[cnt1].dec4;
  bestindiv[0].dec5=newpop[cnt1].dec5;
  bestindiv[0].dec6=newpop[cnt1].dec6;
  bestindiv[0].dec7=newpop[cnt1].dec7;
  bestindiv[0].fitness[0]=newpop[cnt1].fitness[0];
  bestindiv[0].fitness[1]=newpop[cnt1].fitness[1];
  bestindiv[0].fitness[2]=newpop[cnt1].fitness[2];
  bestindiv[0].fitness[3]=newpop[cnt1].fitness[3];
  bestindiv[0].fitness[4]=newpop[cnt1].fitness[4];
  bestindiv[0].fitness[5]=newpop[cnt1].fitness[5];
  bestindiv[0].fitness[6]=newpop[cnt1].fitness[6];
  bestindiv[0].parent1=newpop[cnt1].parent1;
  bestindiv[0].parent2=newpop[cnt1].parent2;
  bestindiv[0].xsite=newpop[cnt1].xsite;
  bestindiv[0].nmut=newpop[cnt1].nmut;
  for(cnt2=0;cnt2<MaxString;++cnt2)
  {bestindiv[0].chromosome[cnt2]=newpop[cnt1].chromosome[cnt2];
  };
 outfile=fopen("best.dat","w");
  fprintf(outfile,"%i %hi %hi %hi %hi %hi %hi %hi %hi %lf %lf %lf %lf
%lf %lf\n",
 bestgen,
 (bestindiv[0].individ),
 (bestindiv[0].dec1),
 (bestindiv[0].dec2),
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 (bestindiv[0].dec3),
 (bestindiv[0].dec4),
 (bestindiv[0].dec5),
 (bestindiv[0].dec6),
 (bestindiv[0].dec7),
 (bestindiv[0].fitness[0]),
 (bestindiv[0].fitness[1]),
 (bestindiv[0].fitness[2]),
 (bestindiv[0].fitness[3]),
 (bestindiv[0].fitness[4]),
 (bestindiv[0].fitness[5])
  );
 fclose(outfile);
 };
 writeresult();
 popassign();
};
t2=time(NULL);

outfile=fopen("time.dat","w");
fprintf(outfile,"%f seconds \n",difftime(t2,t1));
fclose(outfile);

return 0;
};

int selectindiv()
{double sum,num;
 int cnt;
 sum=0;cnt=0;
 num=randnumgen()*sumfitness;
 sum=sum+oldpop[cnt].fitness[NumRep];
 while(sum<=num)
 {++cnt;
  sum=sum+oldpop[cnt].fitness[NumRep];
 };
 return cnt;
};

int crossover(int choice1, int choice2, int cnt1)
{
double randnum;
short int jcross,cnt2,cnt3,mutnum1,mutnum2;

mutnum1=0;mutnum2=0;cnt3=0;

randnum=randnumgen();
if(randnum<=pcross)
{jcross=1+floor(randnumgen()*(MaxString-1));
 ++numcross;
}
else
{jcross=MaxString;};

for(cnt2=0;cnt2<jcross;++cnt2)
{
child1[cnt2]=oldpop[choice1].chromosome[cnt2];
child2[cnt2]=oldpop[choice2].chromosome[cnt2];
};

for(cnt2=jcross;cnt2<MaxString;++cnt2)
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{
child1[cnt2]=oldpop[choice2].chromosome[cnt2];
child2[cnt2]=oldpop[choice1].chromosome[cnt2];
};

for(cnt2=0;cnt2<MaxString;++cnt2)
{
if(randnumgen()<=pmut)
 {if(child1[cnt2]==1){child1[cnt2]=0;}
  else {child1[cnt2]=1;};
  ++mutnum1;
 };

};

for(cnt2=0;cnt2<MaxString;++cnt2)
{
if(randnumgen()<=pmut)
 {if(child2[cnt2]==1){child2[cnt2]=0;}
  else {child2[cnt2]=1;};
  ++mutnum2;
 };

};

/* check for infeasibility */
/* check for infeasibility */

newpop[cnt1].individ=cnt1;
newpop[cnt1+1].individ=cnt1+1;
newpop[cnt1].xsite=jcross;
newpop[cnt1+1].xsite=jcross;
newpop[cnt1].nmut=mutnum1;
newpop[cnt1+1].nmut=mutnum2;
newpop[cnt1].parent1=choice1;
newpop[cnt1+1].parent1=choice1;
newpop[cnt1].parent2=choice2;
newpop[cnt1+1].parent2=choice2;

for(cnt2=0;cnt2<MaxString;++cnt2)
{newpop[cnt1].chromosome[cnt2]=child1[cnt2];};
for(cnt2=0;cnt2<MaxString;++cnt2)
{newpop[cnt1+1].chromosome[cnt2]=child2[cnt2];};

newpop[cnt1].dec1=LowerD1;
newpop[cnt1+1].dec1=LowerD1;
for(cnt2=0;cnt2<LengthD1;++cnt2)
{
 newpop[cnt1].dec1=
 newpop[cnt1].dec1+
 (pow(2,(LengthD1-1)-cnt2)*newpop[cnt1].chromosome[cnt2]);
 newpop[cnt1+1].dec1=
 newpop[cnt1+1].dec1+
 (pow(2,(LengthD1-1)-cnt2)*newpop[cnt1+1].chromosome[cnt2]);
};
 cnt3=cnt3+LengthD1;

newpop[cnt1].dec2=LowerD2;
newpop[cnt1+1].dec2=LowerD2;
for(cnt2=0;cnt2<LengthD2;++cnt2)
{
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newpop[cnt1].dec2=
 newpop[cnt1].dec2+
 (pow(2,(LengthD2-1)-cnt2)*newpop[cnt1].chromosome[cnt2+cnt3]);
newpop[cnt1+1].dec2=
 newpop[cnt1+1].dec2+
 (pow(2,(LengthD2-1)-cnt2)*newpop[cnt1+1].chromosome[cnt2+cnt3]);
};
 cnt3=cnt3+LengthD2;

newpop[cnt1].dec3=LowerD3;
newpop[cnt1+1].dec3=LowerD3;
for(cnt2=0;cnt2<LengthD3;++cnt2)
{
newpop[cnt1].dec3=
 newpop[cnt1].dec3+
(pow(2,(LengthD3-1)-cnt2)*newpop[cnt1].chromosome[cnt2+cnt3]);
newpop[cnt1+1].dec3=
 newpop[cnt1+1].dec3+
(pow(2,(LengthD3-1)-cnt2)*newpop[cnt1+1].chromosome[cnt2+cnt3]);
};
 cnt3=cnt3+LengthD3;

newpop[cnt1].dec4=LowerD4;
newpop[cnt1+1].dec4=LowerD4;
for(cnt2=0;cnt2<LengthD4;++cnt2)
{
newpop[cnt1].dec4=
 newpop[cnt1].dec4+
(pow(2,(LengthD4-1)-cnt2)*newpop[cnt1].chromosome[cnt2+cnt3]);
newpop[cnt1+1].dec4=
 newpop[cnt1+1].dec4+
(pow(2,(LengthD4-1)-cnt2)*newpop[cnt1+1].chromosome[cnt2+cnt3]);
};
 cnt3=cnt3+LengthD4;

newpop[cnt1].dec5=LowerD5;
newpop[cnt1+1].dec5=LowerD5;
for(cnt2=0;cnt2<LengthD5;++cnt2)
{
newpop[cnt1].dec5=
 newpop[cnt1].dec5+
(pow(2,(LengthD5-1)-cnt2)*newpop[cnt1].chromosome[cnt2+cnt3]);
newpop[cnt1+1].dec5=
 newpop[cnt1+1].dec5+
(pow(2,(LengthD5-1)-cnt2)*newpop[cnt1+1].chromosome[cnt2+cnt3]);
};
 cnt3=cnt3+LengthD5;

newpop[cnt1].dec6=LowerD6;
newpop[cnt1+1].dec6=LowerD6;
for(cnt2=0;cnt2<LengthD6;++cnt2)
{
newpop[cnt1].dec6=
 newpop[cnt1].dec6+
(pow(2,(LengthD6-1)-cnt2)*newpop[cnt1].chromosome[cnt2+cnt3]);
newpop[cnt1+1].dec6=
 newpop[cnt1+1].dec6+
(pow(2,(LengthD6-1)-cnt2)*newpop[cnt1+1].chromosome[cnt2+cnt3]);
};
 cnt3=cnt3+LengthD6;
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newpop[cnt1].dec7=LowerD7;
newpop[cnt1+1].dec7=LowerD7;
for(cnt2=0;cnt2<LengthD7;++cnt2)
{
newpop[cnt1].dec7=
 newpop[cnt1].dec7+
(pow(2,(LengthD7-1)-cnt2)*newpop[cnt1].chromosome[cnt2+cnt3]);
newpop[cnt1+1].dec7=
 newpop[cnt1+1].dec7+
(pow(2,(LengthD7-1)-cnt2)*newpop[cnt1+1].chromosome[cnt2+cnt3]);
};
 cnt3=cnt3+LengthD7;

return 0;
};

int compstats()
{int cnt;
 double max,min,avg;

 max=0;avg=0;totmut=0;
 min=1000000000;
 for(cnt=0;cnt<PopSize;++cnt)
 {

if(newpop[cnt].fitness[NumRep]<min){min=newpop[cnt].fitness[NumRep];}
;

if(newpop[cnt].fitness[NumRep]>max){max=newpop[cnt].fitness[NumRep];}
;
 avg=avg+newpop[cnt].fitness[NumRep];
 totmut=totmut+newpop[cnt].nmut;
 };
 avg=avg/PopSize;

 minfit=min;
 maxfit=max;
 avgfit=avg;

 return 0;
};

int writeresult()
{ char filename[10];
  int cnt1,cnt2;

  sprintf(filename,"%s%i%s","gen",gen,".dat");
  outfile=fopen(filename,"w");
 if(temp<0){fprintf(outfile,"Warning! Negative minfitness value!
%f\n",temp);};
 for(cnt1=0;cnt1<PopSize;++cnt1)
{
 fprintf(outfile,"%3hi ",newpop[cnt1].individ);
 for(cnt2=0;cnt2<MaxString;++cnt2)
 {fprintf(outfile,"%i",newpop[cnt1].chromosome[cnt2]);
 };
 fprintf(outfile," ");
 fprintf(outfile,"%3hi %3hi %3hi %3hi %3hi %3hi %3hi %10lf %10lf
%10lf %10lf %10lf %10lf %3hi %3hi %3hi %3hi\n",
 (newpop[cnt1].dec1),
 (newpop[cnt1].dec2),
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 (newpop[cnt1].dec3),
 (newpop[cnt1].dec4),
 (newpop[cnt1].dec5),
 (newpop[cnt1].dec6),
 (newpop[cnt1].dec7),
 (newpop[cnt1].fitness[0]),
 (newpop[cnt1].fitness[1]),
 (newpop[cnt1].fitness[2]),
 (newpop[cnt1].fitness[3]),
 (newpop[cnt1].fitness[4]),
 (newpop[cnt1].fitness[5]),
 (newpop[cnt1].parent1),
 (newpop[cnt1].parent2),
 (newpop[cnt1].xsite),
 (newpop[cnt1].nmut)
 );
};

fprintf(outfile,"Generation number=%i\n",gen);
fprintf(outfile,"Maximum fitness=%lf\n",maxfit);
fprintf(outfile,"Minimum fitness=%lf\n",minfit);
fprintf(outfile,"Average fitness=%lf\n",avgfit);
fprintf(outfile,"Total fitness=%lf\n",avgfit*PopSize);
fprintf(outfile,"Total number of crossovers=%i\n",numcross);
fprintf(outfile,"Total number of mutations=%i\n",totmut);
fclose(outfile);
return 0;
};

int popassign()
{int cnt1,cnt2;

 for(cnt1=0;cnt1<PopSize;++cnt1)
{
 oldpop[cnt1].individ=newpop[cnt1].individ;
 oldpop[cnt1].dec1=newpop[cnt1].dec1;
 oldpop[cnt1].dec2=newpop[cnt1].dec2;
 oldpop[cnt1].dec3=newpop[cnt1].dec3;
 oldpop[cnt1].dec4=newpop[cnt1].dec4;
 oldpop[cnt1].dec5=newpop[cnt1].dec5;
 oldpop[cnt1].dec6=newpop[cnt1].dec6;
 oldpop[cnt1].dec7=newpop[cnt1].dec7;
 oldpop[cnt1].fitness[0]=newpop[cnt1].fitness[0];
 oldpop[cnt1].fitness[1]=newpop[cnt1].fitness[1];
 oldpop[cnt1].fitness[2]=newpop[cnt1].fitness[2];
 oldpop[cnt1].fitness[3]=newpop[cnt1].fitness[3];
 oldpop[cnt1].fitness[4]=newpop[cnt1].fitness[4];
 oldpop[cnt1].fitness[5]=newpop[cnt1].fitness[5];
 oldpop[cnt1].fitness[6]=newpop[cnt1].fitness[6];
 oldpop[cnt1].parent1=newpop[cnt1].parent1;
 oldpop[cnt1].parent2=newpop[cnt1].parent2;
 oldpop[cnt1].xsite=newpop[cnt1].xsite;
 oldpop[cnt1].nmut=newpop[cnt1].nmut;
 for(cnt2=0;cnt2<MaxString;++cnt2)
 {oldpop[cnt1].chromosome[cnt2]=newpop[cnt1].chromosome[cnt2];
 };
};
return 0;
};

int ReadProblem()



ix

{
int cnt1,cnt2;
 infile=fopen("sicik.dat","r");
 for(cnt1=0;cnt1<PopSize;++cnt1)
{
 fscanf(infile,"%hi
%20c%hi%hi%hi%hi%hi%hi%hi%lf%lf%lf%lf%lf%lf%hi%hi%hi%hi\n",
 &(oldpop[cnt1].individ),
 inputstr,
 &(oldpop[cnt1].dec1),
 &(oldpop[cnt1].dec2),
 &(oldpop[cnt1].dec3),
 &(oldpop[cnt1].dec4),
 &(oldpop[cnt1].dec5),
 &(oldpop[cnt1].dec6),
 &(oldpop[cnt1].dec7),
 &(oldpop[cnt1].fitness[0]),
 &(oldpop[cnt1].fitness[1]),
 &(oldpop[cnt1].fitness[2]),
 &(oldpop[cnt1].fitness[3]),
 &(oldpop[cnt1].fitness[4]),
 &(oldpop[cnt1].fitness[5]),
 &(oldpop[cnt1].parent1),
 &(oldpop[cnt1].parent2),
 &(oldpop[cnt1].xsite),
 &(oldpop[cnt1].nmut)
 );

 for(cnt2=0;cnt2<MaxString;++cnt2)
 {if(inputstr[cnt2]=='1'){oldpop[cnt1].chromosome[cnt2]=1;}
 else {oldpop[cnt1].chromosome[cnt2]=0;};
 };
};
fclose(infile);

return 0;
};
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$ODQGHU��-�7���������2Q�RSWLPDO�SRSXODWLRQ�VL]H�RI�JHQHWLF�DOJRULWKPV��3URFHHGLQJV�RI&RPS(XUR����������$]DGLYDU�� )�� ������� $� WXWRULDO� RQ� VLPXODWLRQ� RSWLPL]DWLRQ�� 3URFHHGLQJV� RI� WKH� ����:LQWHU�6LPXODWLRQ�&RQIHUHQFH��������$]DGLYDU��)��DQG�/HH��<���������2SWLPL]DWLRQ�RI�GLVFUHWH�YDULDEOH�VWRFKDVWLF�V\VWHPV�E\FRPSXWHU�VLPXODWLRQ��0DWKHPDWLFV�DQG�&RPSXWHUV�LQ�6LPXODWLRQ� �����������$]DGLYDU�� )�� DQG� 7RPSNLQV�� *�� ������� 6LPXODWLRQ� RSWLPL]DWLRQ� ZLWK� TXDOLWDWLYHYDULDEOHV�DQG�VWUXFWXUDO�PRGHO�FKDQJHV��$�JHQHWLF�DOJRULWKP�DSSURDFK��(XURSHDQ�-RXUQDO�RI2SHUDWLRQDO�UHVHDUFK��������������%DFN�� 7�� ������� 2SWLPDO� PXWDWLRQ� UDWHV� LQ� JHQHWLF� VHDUFK� 3URFHHGLQJV� RI� WKH� )LIWK,QWHUQDWLRQDO�&RQIHUHQFH�RQ�*HQHWLF�$OJRULWKPV�����%HQJX�� *�� DQG� +DGGRFN�� -�� ������� $� JHQHUDWLYH� VLPXODWLRQ� RSWLPL]DWLRQ� V\VWHP�&RPSXWHUV	,QGXVWULDO�(QJLQHHULQJ�����������&UX]��-�$��DQG�+DGGRFN��-���������$�JHQHUDO�VFKHPH�RI�VLPXODWLRQ�RSWLPL]DWLRQ�XVLQJ�DJQHWLF�DOJRULWKP��7HFKQLFDO�5HSRUW��5HQVVHODHU�3RO\WHFKQLF�,QVWLWXWH��1HZ�<RUN'DYLV��/���������+DQGERRN�RI�*HQHWLF�$OJRULWKPV��9DQ�1RVWUDQG�5HLQKROG��1HZ�<RUN�'H�-RQJ��.�$���������$Q�DQDO\VLV�RI�WKH�EHKDYLRU�RI�D�FODVV�RI�JHQHWLF�DGDSWLYH�V\VWHPV�'RFWRUDO�GLVVHUWDWLRQ��8QLYHUVLW\�RI�0LFKLJDQ�)RJDUW\�� 7�&�� ������� 9DU\LQJ� WKH� SUREDELOLW\� RI� PXWDWLRQ� LQ� WKH� JHQHWLF� DOJRULWKP�3URFHHGLQJV�RI�WKH�7KLUG�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�*HQHWLF�$OJRULWKPV���������)RQWDQLOOL�� )��� 9LQFHQW�� $�� DQG� 3RQVRQQHW�� 5�� ������� )ORZ� VLPXODWLRQ� DQG� JHQHWLFDOJRULWKPV�DV�RSWLPL]DWLRQ�WRROV��,QWHUQDWLRQDO�-RXUQDO�RI�3URGXFWLRQ�(FRQRPLFV������������)X�� &�0�� ������� 2SWLPL]DWLRQ� YLD� VLPXODWLRQ�� $� UHYLHZ�� $QQDOV� RI� 2SHUDWLRQV5HVHDUFK�����������*ORYHU��)��DQG�/DJXQD�0���������7DEX 6HDUFK��.OXZHU�$FDGHPLF�3XEOLVKHUV��1RUZHOO�0DVVDFKXVHWWHV*ROGEHUJ��'���������*HQHWLF�DOJRULWKPV�LQ�VHDUFK��RSWLPL]DWLRQ�DQG�PDFKLQH� OHDUQLQJ�$GGLVRQ�:HVOH\��UHDGLQJ��0�$�
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*ROGEHUJ�� '�� ������� 6L]LQJ� SRSXODWLRQV� IRU� VHULDO� DQG� SDUDOOHO� JHQHWLF� DOJRULWKPV�3URFHHGLQJV�RI�WKH�7KLUG�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�*HQHWLF�$OJRULWKPV�������+DGGRFN�� -�� DQG� 0LWWHQKDO�� -�� ������� 6LPXODWLRQ� RSWLPL]DWLRQ� XVLQJ� VLPXODWHGDQQHDOLQJ��&RPSXWHUV�DQG�,QGXVWULDO�(QJLQHHUV�������������+DPDPRWR��6��<LK��<��DQG�6DOYHQG\��*���������'HYHORSPHQW�DQG�YDOLGDWLRQ�RI�JHQHWLFDOJRULWKP�EDVHG� IDFLOLW\� OD\RXW�D� FDVH� VWXG\� LQ� WKH� SKDUPDFHXWLFDO� LQGXVWU\�� ,QWHUQDWLRQDO-RXUQDO�RI�3URGXFWLRQ�5HVHDUFK�������������+R��<�&��� (\OHU��$�� DQG�&KLHQ�� 7�7�� �������$� JUDGLHQW� WHFKQLTXH� IRU� JHQHUDO� EXIIHU�VWRUDJH�GHVLJQ�LQ�D� VHULDO�SURGXFWLRQ� OLQH�� ,QWHUQDWLRQDO�-RXUQDO�RI�3URGXFWLRQ�5HVHDUFK�����������+ROODQG�� -�+�� ������� $GDSWDWLRQ� LQ� 1DWXUDO� DQG� $UWLILFLDO� 6\VWHPV�� 8QLYHUVLW\� RI0LFKLJDQ�3UHVV��$QQ�$UERU+RRNH��5��DQG�-HHYHV��7�$���������$�GLUHFW�VHDUFK�VROXWLRQ�RI�QXPHULFDO�DQG�VWDWLVWLFDOSUREOHPV��-RXUQDO�RI�WKH�$VVRFLDWLRQ�IRU�&RPSXWLQJ�0DFKLQHU\����������-DFREVHQ�� 6�+�� DQG� 6FKUXEHQ�� /�:�� ������� 7HFKQLTXHV� IRU� VLPXODWLRQ� UHVSRQVHRSWLPL]DWLRQ��2SHUDWLRQV�5HVHDUFK�/HWWHUV�������-DQLNRZ��&�=���DQG�0LFKDOHZLF]��=���������$1�H[SHULPHQWDO�FRPSDULVRQ�RI�ELQDU\�DQGIORDWLQJ�SRLQW�UHSUHVHQWDWLRQV�LQ�JHQHWLF�DOJRULWKPV��3URFHHGLQJV�RI�WKH�)RXUWK�,QWHUQDWLRQDO&RQIHUHQFH�RQ�*HQHWLF�$OJRULWKPV�������.LUNSDWULFN��6���*HODWW��&��DQG�9HFFKL��3���������2SWLPL]DWLRQ�E\�VLPXODWHG�DQQHDOLQJ�6FLHQFH������������/DZ��$�0���0F&RPDV�0�*���������6LPXODWLRQ�EDVHG�RSWLPL]DWLRQ��3URFHHGLQJV�RI�WKH�����:LQWHU�6LPXODWLRQ�&RQIHUHQFH�������/HH��6�*���.KRR�/�3��DQG�<LQ��;�)���������2SWLPL]LQJ�DVVHPEO\�OLQH�WKURXJK�VLPXODWLRQDXJPHQWHG� E\� JHQHWLF� DOJRULWKPV�� 7KH� ,QWHUQDWLRQDO� -RXUQDO� RI� $GYDQFHG� 0DQXIDFWXULQJ7HFKQRORJ\�������������0DQ�� .�)��� 7DQJ� .�6�� DQG� .ZRQJ� 6�� ������� *HQHWLF� $OJRULWKPV�� 6SULQJHU�9HUODJ�/RQGRQ0HNHWRQ�� 0�6�� ������� 2SWLPL]DWLRQ� LQ� VLPXODWLRQ�� $� VXUYH\� RI� UHFHQW� UHVXOWV�3URFHHGLQJV�RI�WKH������:LQWHU�6LPXODWLRQ�&RQIHUHQFH�������0LFKDOHZLF]�� =�� �������*HQHWLF�$OJRULWKPV���'DWD�6WUXFWXUHV� �(YROXWLRQ�3URJUDPV�6SULQJHU�9HUODJ��%HUOLQ�+HLGHOEHUJ
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0RQWJRPHU\��'�&���������'HVLJQ�DQG�$QDO\VLV�RI�([SHULPHQWV��:LOH\��1HZ�<RUN1DNDQR�� 5�� DQG� <DPDGD�� 7�� ������� &RQYHQWLRQDO� JHQHWLF� DOJRULWKP� IRU� MRE� VKRSSUREOHPV� 3URFHHGLQJV�RI� WKH�)RXUWK� ,QWHUQDWLRQDO�&RQIHUHQFH�RQ�*HQHWLF�$OJRULWKPV��������� 1HOGHU�� -�$�� DQG� 0HDG�� 5�� ������� $� VLPSOH[� PHWKRG� IRU� IXQFWLRQ� PLQLPL]DWLRQ�&RPSXWDWLRQ�-RXUQDO������������3LHUUHYDO��+��DQG�7DXWRX�/���������8VLQJ�HYROXWLRQDU\�DOJRULWKPV�DQG�VLPXODWLRQ�IRU�WKHRSWLPL]DWLRQ�RI�PDQXIDFWXULQJ�V\VWHPV��,,(�7UDQVDFWLRQV�������������5HHYHV�� &�5�� ������� $� JHQHWLF� DOJRULWKP� IRU� IORZVKRS VHTXHQFLQJ�� &RPSXWHUV� DQG2SHUDWLRQDO�5HVHDUFK�5HHYHV��&�5���������0RGHUQ�+HXULVWLF�7HFKQLTXHV�IRU�&RPELQDWRULDO�3UREOHPV��:LOH\�1HZ�<RUN�5LFKDUGVRQ��-�7���3DOPHU�0�5���/LHSLQV��*�(��DQG�+LOOLDUG��0���������6RPH�JXLGHOLQHVIRU� JHQHWLF� DOJRULWKPV� ZLWK� SHQDOW\� IXQFWLRQV� 3URFHHGLQJV� RI� WKH� 7KLUG� ,QWHUQDWLRQDO&RQIHUHQFH�RQ�*HQHWLF�$OJRULWKPV���������5REELQV�� +�� DQG� 0RQUR�� 6�� ������� $� VWRFKDVWLF� DSSUR[LPDWLRQ� PHWKRG�� $QQDOV� RI0DWKHPDWLFDO�6WDWLVWLFV�����������6DIL]DGHK�0�+�� �������2SWLPL]DWLRQ� LQ� VLPXODWLRQ��&XUUHQW� LVVXHV� DQG� IXWXUH�RXWORRN�1DYDO�5HVHDUFK�/RJLVWLFV�����������6FKDIIHU�� -�'��� &DUXQD 5�� $��� (VKHOPDQ /�-�� DQG� 'DV�� 5�� ������� $� VWXG\� RI� FRQWUROSDUDPHWHUV� DIIHFWLQJ� RQOLQH� SHUIRUPDQFH� RI� JHQHWLF� DOJRULWKPV� IRU� IXQFWLRQ� RSWLPL]DWLRQ�3URFHHGLQJV�RI�WKH�7KLUG�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�*HQHWLF�$OJRULWKPV�������6FKUXEHQ��/�:��DQG�&RJOLDQR��9�-���������6LPXODWLRQ�VHQVLWLYLW\�DQDO\VLV��$�IUHTXHQF\GRPDLQ�DSSURDFK��3URFHHGLQJV�RI�:LQWHU�6LPXODWLRQ�&RQIHUHQFH��������6KDQJ�� -�6�� DQG� 7DGLNDPPDOOD�� 3�5�� ������� 2XWSXW� PD[LPL]DWLRQ� RI� D� &,0� V\VWHP�6LPXODWLRQ�DQG�VWDWLVWLFDO�DSSURDFK��,QWHUQDWLRQDO�-RXUQDO�RI�3URGXFWLRQ�5HVHDUFK�����������6WDUNZHDWKHU�� 7��� 0F'DQLHO�� 6��� 0DWKLDV�� .��� :KLWOH\�� '�� DQG� :KLWOH\� &�� ������� $FRPSDULVRQ� RI� JHQHWLF� VHTXHQFLQJ� RSHUDWRUV� 3URFHHGLQJV� RI� WKH� )RXUWK� ,QWHUQDWLRQDO&RQIHUHQFH�RQ�*HQHWLF�$OJRULWKPV�������6XUHVK�� *�� DQG� 6DKX�� 6�� ������� 6WRFKDVWLF� DVVHPEO\� OLQH� EDODQFLQJ� XVLQJ� VLPXODWHGDQQHDOLQJ��,QWHUQDWLRQDO�-RXUQDO�RI�3URGXFWLRQ�5HVHDUFK���������������
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6XUHVK��*���9LQRG��9�9�� DQG� 6DKX�� 6�� ������� $� JHQHWLF� DOJRULWKP� IRU� IDFLOLW\� OD\RXW�,QWHUQDWLRQDO�-RXUQDO�RI�3URGXFWLRQ�5HVHDUFK���������������6\VZHUGD�� *�� ������� 8QLIRUP� &URVVRYHU� LQ� *HQHWLF� $OJRULWKPV�� 3URFHHGLQJV� RI� WKH7KLUG�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�*HQHWLF�$OJRULWKPV�����7HNLQ�� (�� DQG� 6DEXQFXRJOX�� ,�� ������� 6LPXODWLRQ� 2SWLPL]DWLRQ�� $� &RPSUHKHQVLYH5HYLHZ�RQ�7KHRU\�DQG�$SSOLFDWLRQV7HOHE�� 5�� DQG� $]DGLYDU�� )�� ������� $� PHWKRGRORJ\� IRU� VROYLQJ� PXOWL�REMHFWLYHVLPXODWLRQ�SUREOHPV��(XURSHDQ�-RXUQDO�RI�2SHUDWLRQDO�5HVHDUFK�������������<XQNHU�� -�0�� DQG� 7HZ�� -�'�� ������� 6LPXODWLRQ� RSWLPL]DWLRQ� E\� JHQHWLF� VHDUFK�0DWKHPDWLFV�DQG�&RPSXWHUV�LQ�6LPXODWLRQ�����������:HLQWUDXE��$���&RUPLHU��'���+RGJVRQ��7���.LQJ��5���:LOVRQ�� -�� DQG�=R]RP��$�� ������6FKHGXOLQJ� ZLWK� DOWHUQDWLYHV�� $� OLQN� EHWZHHQ� SURFHVV� SODQQLQJ� DQG� VFKHGXOLQJ�� ,,(7UDQVDFWLRQV����������������:HOOPDQ�� 0�$�� DQG� *HPPLOO�� '�'�� ������� $� JHQHWLF� DOJRULWKP� DSSURDFK� WRRSWLPL]DWLRQ� RI� DV\QFKURQRXV� DXWRPDWLF� DVVHPEO\� V\VWHPV�� 7KH� ,QWHUQDWLRQDO� -RXUQDO� RI)OH[LEOH�0DQXIDFWXULQJ�6\VWHPV����������
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