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$EVWUDFW

:H SURSRVH D V\VWHP WKDW PRGHOV WKH VSUHDG RI GLVHDVH WKURXJKRXW WKH EUDQFKHV RI DQ
LQGLYLGXDO IUXLW WUHH DQG GHWHUPLQHV WKH ³RSWLPDO´ VKDSH WR ZKLFK D WUHH VKRXOG EH SUXQHG LQ
RUGHU WR PLQLPL]H WKH VSUHDG RI GLVHDVH� 2XU V\VWHP LV XQLTXH EHFDXVH RI LWV VFRSH� ZKLOH PDQ\
FHOOXODU DXWRPDWD �&$� PRGHOV VLPXODWH WKH VSUHDG RI GLVHDVH EHWZHHQ GLVWLQFW LQGLYLGXDOV� ZH
PRGHO LQIHFWLRQ EHWZHHQ GLIIHUHQW SDUWV RI D VLQJOH HQWLW\� 7KLV V\VWHP FRQVLVWV RI IRXU PDMRU
SDUWV� ��� LQGLYLGXDO WUHH JHQHUDWLRQ LQ D JULG VSDFH� ��� D &$ UHSUHVHQWDWLRQ WR PRGHO WKH VSUHDG
RI GLVHDVH� ��� YLVXDOL]DWLRQ RI WKLV PRGHO� DQG ��� RSWLPDO WUHH VKDSH DQDO\VLV� 8OWLPDWHO\� ZH
KRSH WKDW RXU PRGHO FDQ VHUYH DV D QRYHO FRPSXWDWLRQDO DSSURDFK WR PDNLQJ WUHH PDLQWHQDQFH
GHFLVLRQV�DQG�FDQ�SURYLGH�JHQHUDO�LQVLJKW�LQWR�SUHYHQWLRQ�RI�WUHH�ERUQH�GLVHDVH�

3URMHFW�GHVFULSWLRQ
3UXQLQJ D WUHH LV LPSHUDWLYH WR PDLQWDLQLQJ WKH WUHH¶V KHDOWK� SURWHFWLQJ QHDUE\ SHRSOH DQG
SURSHUW\� DQG SURPRWLQJ IUXLW SURGXFWLRQ �'RXJODV�� ,W LV DQ HVSHFLDOO\ LPSRUWDQW WDVN IRU RUFKDUG
IDUPHUV�DQG�RWKHUV�ZKR�VHHN�WR�PD[LPL]H�ERWK�WKH�TXDQWLW\�DQG�TXDOLW\�RI�D�WUHH¶V�RXWSXW�

7KHUH DUH PDQ\ NQRZQ SUXQLQJ SDWWHUQV DQG VKDSHV RI IUXLW WUHHV FRPPRQO\ XVHG LQ DJULFXOWXUDO
VHWWLQJV��%HORZ�DUH�VRPH�QRWDEOH�WUHH�VKDSHV�



7UHH�6KDSH 'HVFULSWLRQ

6WDQGDUG 6LPLODU�WR�EXVK�VKDSH��EXW�PXFK�WDOOHU��+DUGHU�WR�PDLQWDLQ�DQG�SUXQH�
%HDUV�ORWV�RI�IUXLW��EXW�WDNHV�D�ORQJ�WLPH�WR�PDWXUH�

&RUGRQ 6LQJOH�VWHP�WUHH�SRLQWLQJ�DW�D����GHJUHH�DQJOH��%HDUV�IUXLW�HDUO\�
'RHVQ
W�EHDU�PXFK�IUXLW�

%XVK (DV\�WR�PDLQWDLQ�DQG�SUXQH��2IWHQ�XVHG�IRU�DSSOH�WUHHV��%HDUV�IUXLW�DW
D�\RXQJ�DJH�

3\UDPLG 6LPLODU�VL]H�DV�EXVK��$OO�EUDQFKHV�VWHP�IURP�FHQWUDO�EUDQFK�RU�WUXQN�

)DQ +DV�D�VKRUW�WUXQN�ZLWK�VWUDLJKW�EUDQFKHV�FRPLQJ�RXW�LQ�D�FLUFXODU
SDWWHUQ�

(VSDOLHU +DV�D�VKRUW�WUXQN�ZLWK�WKUHH�RU�IRXU�KRUL]RQWDO�EUDQFKHV�RQ�HLWKHU
VLGH�

6WHS�RYHU $�IRRW�WDOO�HVSDOLHU�WUHH�ZLWK�WZR�EUDQFKHV�

$QG�KHUH�DUH�VRPH�YDULHWLHV�RI�GLVHDVH�WKDW�WKUHDWHQ�IUXLW�WUHHV��VSHFLILFDOO\�SHDFK�WUHHV�

'LVHDVH 'HVFULSWLRQ 6\PSWRPV

%ORVVRP�%OLJKW 2FFXUV�ZKHQ�D�WUHH�LV�DERXW�WR
EORRP��4XLFNO\�VSUHDGV�IURP
EORRPV�WR�EUDQFKHV�DQG�OHDYHV�

'URRSLQJ�EORRPV��WDQ
EORVVRPV��RU�JXPP\�OLNH
EUDQFKHV

3K\WRSKWKRUD�&URZQ
5RRW�5RW

2FFXUV�ZKHQ�WKHUH�LV�SRRU
GUDLQDJH�LQ�WKH�VRLO��%HJLQV�LQ�WKH
URRWV�

5HGXFHG�WUHH�JURZWK�
ORVV�RI�OHDYHV��GHDWK�RI
WUHH

$UPLOODULD�5RRW�5RW 6LPLODU�WR�3K\WRSKWKRUD�&URZQ
5RRW�5RW��6SUHDGV�WKURXJK�VRLO�
$WWDFNV�WUHH�URRWV��&DXVHV
PXVKURRPV�WR�JURZ�DW�WKH�EDVH�RI
WKH�WUHH�

:LOWLQJ�IROLDJH��GHDWK�RI
WUHH



3HDFK�/HDI�&XUO 2FFXUV�LQ�VSULQJ�ZKHQ�WKH�ZHDWKHU
LV�FRRO�DQG�GDPS�

&XUOLQJ�OHDYHV��ORVV�RI
OHDYHV�DQG�IUXLW

3HDFK�6FDE /LNHO\�WRR�ODWH�WR�WUHDW�RQFH�LW
DSSHDUV�LQ�WKH�WUHH�

0DNHV�SHDFK�DSSHDU�WR
KDYH�EODFN�VFDEV

3HDFK�0RVDLF�9LUXV 6SUHDG�E\�PLWHV� 0DNHV�OHDYHV�DSSHDU�WR
KDYH�D�PRVDLF�SDWWHUQ

6SLGHU�0LWHV )HHG�RQ�WUHH�IROLDJH� 6LON�ZHEV�VSUHDG
WKURXJKRXW�EUDQFKHV�
ORVV�RI�OHDYHV

:H KRSH WKDW LQ FDSWXULQJ WKH VSUHDG RI GLVHDVH WKURXJKRXW WUHHV RI GLIIHUHQW VKDSHV� RXU PRGHO
FDQ EH XVHG WR LQIRUP SUXQLQJ GHFLVLRQV E\ FRPSXWLQJ WKH VKDSH WKDW EHVW PLWLJDWHV WKH VSUHDG
RI�WKLV�GLVHDVH�

:H�ZLOO�DOVR�DWWHPSW�WR�PRGHO�WKH�LPPXQH�UHVSRQVH�RI�D�WUHH��7KLV�LPPXQH�UHVSRQVH�LV�NQRZQ
DV�WKH�FRPSDUWPHQWDOL]DWLRQ�RI�GHFD\�LQ�WUHHV��&2',7���2QFH�D�WUHH�FHOO�EHFRPHV�LQIHFWHG��WKH
WUHH�GRHV�QRW�DWWHPSW�WR�VDYH�WKH�LQIHFWHG�FHOO��,QVWHDG��WKH�WUHH�WULHV�WR�LVRODWH�WKH�LQIHFWHG�FHOO
IURP�WKH�UHVW�RI�WKH�KHDOWK\�FHOOV��,W�KDV�D�UDWKHU�LQWULFDWH�SURFHVV�WR�GR�WKLV��,W�VWUHQJWKHQV�FHOO
ZDOOV�DURXQG�WKH�GHFD\��WKHQ�SXWV�XS�VSHFLILF�EDUULHU�ZDOOV�WR�SUHYHQW�IXUWKHU�VSUHDG��DQG�WKHQ
ILQDOO\�QHZ�JURZWK�LV�DEOH�WR�JURZ�DURXQG�WKH�EDUULHU�ZDOOV��7KLV�SURFHVV�LV�ZKDW�FDXVHG�NQRWV�LQ
ZRRG�RU�ODUJH�KROORZHG�RXW�WUHHV�WKDW�DUH�VWLOO�DOLYH��6HH�WKH�LPDJH�EHORZ�WR�JHW�DQ�LGHD�RI�ZKDW
WKLV�ORRNV�OLNH��6KLJR��



/LWHUDWXUH�UHYLHZ
+XDQJ HW� DO¶V SDSHU ������ GLVFXVVHV WKH LPSOHPHQWDWLRQ RI FHOOXODU DXWRPDWD �&$� WR PRGHO
WKH VSUHDG RI SLQH ZLOW GLVHDVH �3:'�� VLPXODWLQJ WKH LPSDFWV RI QHLJKERUKRRG VL]H DQG
GHIRUHVWDWLRQ UDWH RQ LWV VHYHULW\� 7KH DXWKRUV FKRRVH D WZR�GLPHQVLRQDO UDVWHU W\SH IRU WKH
ODWWLFH VWUXFWXUH ���P [ ��P JULG�� ILYH YHJHWDWLRQ W\SHV UHSUHVHQWLQJ FHOO VWDWHV� DQG D WUDQVLWLRQ
IXQFWLRQ XVLQJ D \HDUO\ WLPH�VWHS� 7KHLU FDVH VWXG\ VLPXODWLQJ QHLJKERUKRRG VL]H DQG
GHIRUHVWDWLRQ UDWH RQ WKH VSUHDG RI 3:' LV KLJKO\ HIIHFWLYH� VKRZFDVLQJ WKDW 3:'¶V VWUHQJWK LV
FRUUHODWHG ZLWK WKH UDQJH RI WKH QHLJKERUKRRG DQG FRQFOXGHV WKDW D GHIRUHVWDWLRQ UDWH RI ���
ZRXOG EH HIIHFWLYH LQ VWRSSLQJ WKH VSUHDG RI 3:'� $OWKRXJK WKH\ VWDWH WKDW WKHLU &$ PRGHO
VKRXOG EH LPSURYHG LQ WKHLU WUDQVLWLRQ IXQFWLRQ� ZH FDQ XVH D VLPLODU DSSURDFK �LQ WHUPV RI WKH
&$ PRGHO� DW D VPDOOHU VFDOH� ,QVWHDG RI QHLJKERUKRRGV RI WUHHV� ZH ZLOO H[DPLQH
QHLJKERUKRRGV�RI�LQGLYLGXDO�IUXLW�WUHH�EUDQFKHV�XVLQJ�D�VKRUWHU�WLPH�VWHS�

$QGHUVRQ DQG 'UDJLFHYLF ������ LPSOHPHQW D PRUH FRPSOH[ PRGHO LQYROYLQJ JHRJUDSKLF
LQIRUPDWLRQ V\VWHPV �*,6�� PXOWL�FULWHULD HYDOXDWLRQ �0&(�� DQG &$ WR LQYHVWLJDWH WKH LQIHVWDWLRQ
RI WKH HPHUDOG DVK ERUHU �($%�� D W\SH RI MHZHO EHHWOH� RQ DVK WUHHV LQ 1RUWK $PHULFD� 7KLV ZDV
GRQH WR RYHUFRPH WKH OLPLWDWLRQV RI SUHYLRXV ($% VLPXODWLRQV� ZKLFK XVH WUDGLWLRQDO VWDWLVWLFDO
DSSURDFKHV WKDW RIWHQ GR QRW DGGUHVV WKH WUXH VSDWLRWHPSRUDO FRPSOH[LW\ RI WKHVH LQIHVWDWLRQV�
7KHLU VLPXODWLRQV WDNH LQWR FRQVLGHUDWLRQ VHYHUDO W\SHV RI GDWD� ERWK WUDGLWLRQDO DQG K\SRWKHWLFDO�
UDQJLQJ IURP WUHH GLVWULEXWLRQ WR ZHDWKHU DQG PHWHRURORJLFDO GDWD� UHVXOWLQJ LQ WKH FRPSRQHQWV RI
WKHLU PRGHO FRPSRVLWLRQƂWUHH VXVFHSWLELOLW\� VSDWLDO G\QDPLFV� ODQGVFDSH VFHQDULRV� DQG FOLPDWH
VFHQDULRV� 7KHLU UHVXOWV YDOLGDWH WKDW WKHLU PRGHO SURYLGHV D IUDPHZRUN IRU WKH UHSUHVHQWDWLRQ RI
($% LQIHVWDWLRQ DV D QRQ�OLQHDU� FRPSOH[ V\VWHP� DQG VKRZ WKDW XUEDQ ODQGVFDSHV LQ SDUWLFXODU
DUH TXLWH VXVFHSWLEOH WR LQIHVWDWLRQ� 7KH DXWKRUV SURYH WKLV ZLWK D ODFN RI GDWD� DQG WKHLU PRGHO
KDV WKH SRWHQWLDO WR EH XVHG LQ VHYHUDO ³ZKDW�LI

 VFHQDULRV� 2XU PRGHO LV VLPLODU� DV WKHUH DUH IHZ
VWXGLHV VLPXODWLQJ WKH VSUHDG RI GLVHDVH DFURVV LQGLYLGXDO IUXLW WUHH EUDQFKHV� ZH PXVW UHO\ RQ
K\SRWKHWLFDO�GDWD�DW�WKLV�SRLQW�LQ�WLPH�

*URQHZROG DQG 6RQQHQVFKHLQ ������ JLYH DQ H[DPSOH IRU WKH PRGHOLQJ RI HFRORJLFDO V\VWHPV
ZLWK FHOOXODU DXWRPDWD EDVHG RQ WKH GHVFULSWLRQ RI FHOO
V EHKDYLRU E\ 3HWUL QHWV� 7KLV VWXG\ ZDV
GRQH LQ RUGHU WR RYHUFRPH WKH GLVDGYDQWDJHV RI LQGLYLGXDO�RULHQWHG PRGHOV� ZKLFK DUH GLIILFXOW WR
DQDO\]H XVLQJ PDWKHPDWLFDO PHWKRGV DQG DUH JHQHUDOO\ GHILQHG LQ DQ LQIRUPDO ZD\� 3HWUL QHWV
DUH D IRUPDO PRGHOLQJ WHFKQLTXH ZLWK HYHQW�EDVHG� FRQFXUUHQW� DV\QFKURQRXV VWDWH FKDQJHV
ZKHUH JUDSKLFDO V\PEROV DUH XVHG IRU WKH GHVFULSWLRQ RI VWDWHV
 UHVSHFWLYH VWDWH FKDQJHV� 7KLV
DOORZV IRU WKH IRUPDO GHVFULSWLRQ RI FHOOXODU DXWRPDWD ZLWK DV\QFKURQRXV FHOOV
 EHKDYLRU ZLWKLQ
RQH V\QFKURQRXV WLPH SKDVH RI WKH DXWRPDWRQ �L�H�� ZLWKLQ RQH WLPH SKDVH RI WKH ZKROH
DXWRPDWRQ� PDQ\ DV\QFKURQRXV CPLQL�VWHSV
 RI FHOOV FDQ DSSHDU�� $Q REYLRXV DGYDQWDJH RI WKLV
WHFKQLTXH LV WKH JUDSKLFDO UHSUHVHQWDWLRQ WKDW DOORZV XV WR GHVFULEH V\VWHPV LQ D GHWDLOHG EXW
FOHDU PDQQHU� )XUWKHUPRUH� D V\VWHP PRGHOHG E\ D 3HWUL QHW KDV IRUPDO VHPDQWLFV VXFK WKDW WKH
LQWHUSUHWDWLRQ RI WKH V\VWHP GHVFULSWLRQ FDQQRW EH DPELJXRXV� *URQHZROG DQG 6RQQHQVFKHLQ
WKHQ ORRN IRU D VSHFLDO GHVFULSWLRQ ODQJXDJH IRU HFRORJLFDO V\VWHPV EDVHG RQ 3HWUL QHWV VR WKDW
DQ HDV\ PRGHOLQJ DQG TXLFN VLPXODWLRQ RI HFRORJLFDO V\VWHPV ZLOO EH SRVVLEOH� 7KH\ FODLP WKDW
PRGHOHUV VKRXOG EH DEOH WR GHILQH RQO\ WKH EHKDYLRU RI RQH FHOO� WKH ZD\ RI FRPPXQLFDWLRQ



EHWZHHQ FHOOV� DQG WKH QHFHVVDU\ V\QFKURQL]DWLRQ SRLQWV� $IWHU KDYLQJ PDGH WKHVH GHILQLWLRQV�
WKH�WRRO�VKRXOG�EH�DEOH�WR�JHQHUDWH�WKH�VWUXFWXUH�RI�WKH�FHOOXODU�DXWRPDWRQ�DXWRPDWLFDOO\�

7KH PDLQ GLIIHUHQFH EHWZHHQ RXU SURMHFW DQG WKH ZRUN RXWOLQHG LQ WKHVH DUWLFOHV LV WKH VFRSH RI
RXU VLPXODWLRQ� 5DWKHU WKDQ PRGHOLQJ WKH VSUHDG RI GLVHDVH DPRQJ LQGLYLGXDO HQWLWLHV� ZH DUH
PRGHOLQJ WKH VSUHDG RI GLVHDVH DPRQJ GLIIHUHQW SDUWV RI D VLQJOH HQWLW\� RXU HQWLW\ EHLQJ D IUXLW
WUHH�

&RQFHSWXDO�PRGHO
7KH EDVLF FRQFHSWXDO PRGHO LQYROYHV PRGHOLQJ GLVHDVH VSUHDG XVLQJ D FHOOXODU DXWRPDWD
V\VWHP� :H SODQ WR SURFHGXUDOO\ FUHDWH D EXQFK RI WUHHV� UXQ WKH &$ PRGHO RQ WKH WUHHV IRU D
FHUWDLQ QXPEHU RI WULDOV DQG VWHSV� DQG ILQG WKH RSWLPDO VKDSH RI WKH WUHH EDVHG RQ D VFRULQJ
PHWULF� ZKLFK ZH GHILQHG DV WKH SHUFHQWDJH RI LQIHFWHG RU GHDG WLOHV RYHU WKH WRWDO QXPEHU RI
WUHH�WLOHV��7KLV�PHWULF�FDQ�EH�GHVFULEHG�E\�WKH�IROORZLQJ�HTXDWLRQ�

՛Ջ՚Ս ࡦ � ഈɌ�ՑՖՎՍՋ՜ՍՌ�՜ՑՔՍ՛ഉ��ഈɌ�ՌՍՉՌ�՜ՑՔՍ՛ഉ
ഈɌ�ՑՖՎՍՋ՜ՍՌ�՜ՑՔՍ՛ഉ��ഈɌ�ՌՍՉՌ�՜ՑՔՍ՛ഉ��ഈɌ�ՐՍՉՔ՜Րա�՜ՑՔՍ՛ഉ

:H ZLOO UHSUHVHQW WKH WUHH E\ D 1[1 JULG� LQ ZKLFK HDFK FRQWDLQV DQ LQWHJHU UHSUHVHQWLQJ WKH
VWDWH RI WKDW FHOO� 7KH WUHH FDQ EH WKRXJKW RI DV WKH FHOOV LQ WKH JULG WKDW GR QRW KDYH D VWDWH RI
HPSW\�

+HUH ZH DUH DVVXPLQJ WKDW WKH WUHH FDQ EH PRGHOHG E\ D �' GUDZLQJ RI D WUHH� :H IXUWKHU
DVVXPH WKDW WKH WUHH PRGHO FDQ EH GLVFUHWL]HG LQWR SL[HOV� :H ZLOO VHH WKDW WKLV �' DVVXPSWLRQ
PD\�DIIHFW�KRZ�FORVHO\�RXU�&$�PRGHO�UHVHPEOHV�KRZ�SODQWV�ILJKW�YLUXVHV�

:H FUHDWHG RXU PRGHO ZLWK HLJKW WRWDO VWDWHV� 7KHVH VWDWHV DUH DV IROORZV� >(037<� +($/7+<�
,1)(&7('� '($'� %$55,(5B&(//� :$//B&(//� $,5%251(B,1)(&7('�
$,5%251(B'($'@� 7KH VWDWHV ,1)(&7(' DQG '($' DUH PHDQW WR PRGHO WKH GLVHDVH� 7KH
VWDWH +($/7+< FRUUHVSRQGV WR KHDOWK\ WUHH ZRRG� 7KH VWDWHV $,5%251(B,1)(&7(' DQG
$,5%251(B'($' DUH LQWHQGHG WR DOORZ WKH GLVHDVH WR VSUHDG WR DGMDFHQW EUDQFKHV� ,W FDQ EH
WKRXJKW RI DV WKH GLVHDVH EHLQJ WUDQVPLWWHG WKURXJK WKH DLU E\ VRPH PHDQV� 7KH VWDWHV
%$55,(5B&(// DQG :$//B&(// DUH PHDQW WR PRGHO WKH &2',7 LPPXQH UHVSRQVH RI WKH
WUHH� ZKHUH WKH %$55,(5B&(// DFWV DV D EXIIHU LQ ZKLFK GLVHDVH WUDYHOV VORZHU� DQG
:$//B&(//�DFWV�DV�D�ZDOO�WR�SUHYHQW�LQIHFWHG�FHOOV�IURP�VSUHDGLQJ�HQWLUHO\�

:H FUHDWHG WKH WUDQVLWLRQ UXOHV WR PRGHO WKH VSUHDG RI GHFD\ DQG WKH WUHH
V LPPXQH UHVSRQVH WR
LW WR UHVHPEOH WKH UHDO OLIH SURFHVV RI &2',7 DV EHVW ZH FRXOG JLYHQ WKH �' FRQVWUDLQWV� 7ZR
GLDJUDPV�RI�WKHVH�WUDQVLWLRQ�UXOHV�DUH�OLVWHG�EHORZ�DV�ZHOO�DV�WKH�UXOHV�



Ɣ (037<��!�$,5%251(B,1)(&7(' �ZKHQ�FHOO�KDV�,1)(&7(' QHLJKERU�DQG
GLFH5ROO�(037<B72B$,5%251(B)520B,1)(&7('��

Ɣ (037<��!�$,5%251(B,1)(&7(' �ZKHQ�FHOO�KDV�$,5%251(B,1)(&7(' QHLJKERU
DQG�GLFH5ROO�(037<B72B$,5%251(B)520B$,5%251(��

Ɣ (037<��!�:$//B&(// �ZKHQ�FHOO�KDV�:$//B&(//�QHLJKERU DQG�KDV�'($'�RU
,1)(&7('�QHLJKERU�

Ɣ $,5%251(B,1)(&7('��!�$,5%251(B'($' �ZKHQ�FHOO�KDV QHLJKERU
$,5%251(B'($'�

Ɣ $,5%251(B,1)(&7('��!�$,5%251(B'($' �ZKHQ�FHOO�KDV QR�,1)(&7('�QHLJKERU
DQG�KDV�'($'�QHLJKERU�

Ɣ $,5%251(B'($'��!�(037<
Ɣ +($/7+<��!�,1)(&7(' �ZKHQ�FHOO�KDV�,1)(&7('�QHLJKERU DQG

GLFH5ROO�+($/7+<B72B,1)(&7('B352%��
Ɣ +($/7+<��!�%$55,(5B&(// �ZKHQ�FHOO�KDV�,1)(&7('�QHLJKERU DQG�GLFH5ROO����

+($/7+<B72B,1)(&7('B352%��
Ɣ +($/7+<��!�:$//B&(// �ZKHQ�FHOO�KDV�QR�,1)(&7('�QHLJKERU DQG�KDV

%$55,(5B&(//�DQG�KDV�:$//B&(//�
Ɣ +($/7+<��!�:$//B&(// �ZKHQ�FHOO�KDV�QR�,1)(&7('�QHLJKERU DQG�KDV

%$55,(5B&(//�DQG�GLFH5ROO�+($7/+<B72B:$//B)520B%$55,(5��
Ɣ +($/7+<��!�%$55,(5B&(// �ZKHQ�FHOO�KDV�QR�,1)(&7(' QHLJKERU�DQG�KDV

%$55,(5B&(//�
Ɣ +($/7+<��!�,1)(&7(' �ZKHQ�FHOO�KDV�$,5%251(B,1)(&7(' QHLJKERU�DQG

GLFH5ROO�+($/7+<B72B,1)(&7('B)520B$,5%251(��
Ɣ ,1)(&7('��!�'($' �ZKHQ�FHOO�KDV�QR�+($/7+<�QHLJKERU DQG

GLFH5ROO�,1)(&7('B72B'($'B352%��



Ɣ %$55,(5B&(//��!�,1)(&7(' �ZKHQ�FHOO�KDV�,1)(&7('�QHLJKERU�DQG
GLFH5ROO�%$55,(5B72B,1)(&7('B352%��

+HUH LV DOVR D FRGH VQLSSHW RI WKH UXOHV WKDW JHW DSSOLHG WR HDFK FHOO� 7KH YDULDEOH �YDOXH� LV WKH
LQLWLDO YDOXH RI WKH FHOO� 7KH YDULDEOH �QH[W9DOXH� LV WKH QH[W YDOXH RI WKH FHOO� 7KH YDULDEOHV ZLWK
WKH VWUXFWXUH �QXP;� FRUUHVSRQG WR WKH QXPEHU RI FHOOV RI VWDWH �;� ZLWKLQ WKH FXUUHQW FHOO
V
0RRUH�QHLJKERUKRRG�

:H PRGHOHG PDQ\ WUDQVLWLRQV XVLQJ SUREDELOLWLHV� 7KH YDOXHV RI WKHVH SUREDELOLWLHV DUH JLYHQ
DERYH DQG ZHUH PRVWO\ FKRVHQ EDVHG RQ HGXFDWHG JXHVVHV� WULDO DQG HUURU� DQG WKH VSDUVH GDWD
ZH KDG DYDLODEOH UHJDUGLQJ KRZ GHFD\ VSUHDGV LQ WUHHV� )LHOG UHVHDUFK LV OLNHO\ QHHGHG WR PDNH
WKHVH YDOXHV PRUH FORVHO\ UHVHPEOH WKH UHDO OLIH SURFHVV� )RU WKH WLPH EHLQJ� ZH GHFLGHG RQ D
WLPH�VWHS�RI�RQH�GD\�



6LPXODWLRQ

7UHH�*HQHUDWLRQ

:H�XVH�WKH *HQ3URF7UHHV SDFNDJH�WR�SURFHGXUDOO\�JHQHUDWH WUHHV��,W�PDNHV�XVH�RI�WKH�³6SDFH
&RORQL]DWLRQ�$OJRULWKP´�WR�FUHDWH�OLIHOLNH�WUHHV�

$�FRPPRQ�ZD\�WR�JHQHUDWH�WUHHV�LV�XVLQJ�/�V\VWHPV��$Q�/�V\VWHP�RU�/LQGHQPD\HU�V\VWHP�LV�D
SDUDOOHO�UHZULWLQJ�V\VWHP�DQG�D�W\SH�RI�IRUPDO�JUDPPDU��$Q�/�V\VWHP�FRQVLVWV�RI�DQ�DOSKDEHW�RI
V\PEROV�WKDW�FDQ�EH�XVHG�WR�PDNH�VWULQJV��D�FROOHFWLRQ�RI�SURGXFWLRQ�UXOHV�WKDW�H[SDQG�HDFK
V\PERO�LQWR�VRPH�ODUJHU�VWULQJ�RI�V\PEROV��DQ�LQLWLDO��D[LRP��VWULQJ�IURP�ZKLFK�WR�EHJLQ
FRQVWUXFWLRQ��DQG�D�PHFKDQLVP�IRU�WUDQVODWLQJ�WKH�JHQHUDWHG�VWULQJV�LQWR�JHRPHWULF�VWUXFWXUHV�
:LWK�/�6\VWHPV��ZH�FDQ�JHW�VRPH�LQWHUHVWLQJ�ORRNLQJ�WUHHV��ZKLFK�W\SLFDOO\�VWDUW�IURP�WKH�URRW�
DQG�JHQHUDWH�EUDQFKHV�EDVHG�RQ�D�VHW�RI�UXOHV��7KH�6SDFH�&RORQL]DWLRQ�DOJRULWKP�WDNHV�D
GLIIHUHQW�DSSURDFK�WR�WKH�SUREOHP��,QVWHDG�\RX�ILUVW�FUHDWH�WKH�OHDYHV��ZKLFK�VHUYH�DV�DWWUDFWLRQ
SRLQWV�IRU�WKH�EUDQFKHV��2YHU�HDFK�LWHUDWLRQ��WKH�EUDQFKHV�JURZ�FORVHU�DQG�FORVHU�WRZDUGV�WKH
OHDYHV��,Q�WKLV�PDQQHU��\RX�HQG�XS�KDYLQJ�WUHH�EUDQFKHV�WKDW�DSSHDU�WR�KDYH�JURZQ�WRZDUGV
VRPH�OLJKW�VRXUFH�

7KH�DOJRULWKP�ZRUNV�DV�IROORZV�

�� 'HILQH�DQ�DUHD�IRU�WKH�FURZQ�RI�WKH�WUHH��,Q�RXU�H[DPSOHV��ZH�DUH�XVLQJ�5HFWDQJOHV�
EXW�DQ\�VKDSH�FDQ�EH�XVHG�

�� 3RSXODWH�WKH�GHILQHG�DUHD�ZLWK�DWWUDFWLRQ�SRLQWV��L�H��OHDYHV��
�� &UHDWH�WKH�WUXQN�RI�WKH�WUHH��E\�DGGLQJ�%UDQFKHV�EHORZ�WKH�GHILQHG�DUHD��.HHS

JURZLQJ�EUDQFKHV�XSZDUGV�XQWLO�WKH�0D['LVWDQFH�EHWZHHQ�D�/HDI�DQG�D�%UDQFK�LV
UHDFKHG��7KLV�0D['LVWDQFH�LV�D�SDUDPHWHU�WKDW�GHILQHV�KRZ�IDU�D�/HDI�FDQ�EH�WR
DWWUDFW�D�%UDQFK��$�%UDQFK�LV�QRW�DIIHFWHG�E\�/HDYHV�WKDW�DUH�IXUWKHU�DZD\�WKDQ
0D['LVWDQFH�

�� 3URFHVV�WKH�/HDYHV�E\�FRPSDULQJ�LW�WR�DOO�WKH�%UDQFKHV��&DOFXODWH�WKH�GLUHFWLRQ�DQG
GLVWDQFH�IURP�WKH�/HDI�WR�WKH�%UDQFK��,I�WKH�GLVWDQFH�LV�VPDOOHU�WKDQ�0LQ'LVWDQFH��ZH
UHPRYH�WKH�/HDI�IRU�LW�KDV�EHHQ�UHDFKHG��,I�WKH�GLVWDQFH�LV�JUHDWHU�WKDQ�0D['LVWDQFH�
ZH�LJQRUH�LW��VLQFH�LW�LV�WRR�IDU��2WKHUZLVH��ZH�FKHFN�LI�WKH�%UDQFK�LV�WKH�FORVHVW
%UDQFK�WR�WKLV�/HDI��(DFK�/HDI�FDQ�RQO\�DIIHFW���%UDQFK�DW�D�WLPH�

�� 2QFH�WKH�FORVHVW�%UDQFK�LV�GHWHUPLQHG��ZH�LQFUHPHQW�WKH�*URZ&RXQW�RI�WKDW�%UDQFK�
DQG�DGG�WKH�GLUHFWLRQ�RI�WKH�/HDI�WR�WKH�*URZ'LUHFWLRQ�RI�WKH�%UDQFK��,I�PXOWLSOH
/HDYHV�DWWUDFW�D�EUDQFK��WKHQ�WKH�*URZ'LUHFWLRQ�ZLOO�EH�DQ�DYHUDJH�RI�DOO�RI�WKH�/HDI
GLUHFWLRQV�

�� 1RZ�ORRS�WKURXJK�WKH�%UDQFKHV��DQG�SURFHVV�DQ\�%UDQFK�ZLWK�D�*URZ&RXQW�!���
'LYLGH�WKH�*URZ'LUHFWLRQ�E\�WKH�*URZ&RXQW��WR�JHW�WKH�DYHUDJH�GLUHFWLRQ��WKHQ
FUHDWH�D�QHZ�EUDQFK�ZLWK�WKLV�*URZ'LUHFWLRQ��OLQNLQJ�LW�WR�WKH�%UDQFK�EHLQJ�SURFHVVHG
DV�LWV�SDUHQW��7KHQ�UHVHW�WKH�*URZ&RXQW�DQG�*URZ'LUHFWLRQ�RI�WKH�SDUHQW�%UDQFK�

https://pypi.org/project/GenProcTrees/
http://dx.doi.org/10.2312/NPH/NPH07/063-070
http://dx.doi.org/10.2312/NPH/NPH07/063-070


�� 5HSHDW�IURP�VWHS���XQWLO�WKHUH�DUH�QR�/HDYHV�OHIW��RU�QR�PRUH�%UDQFKHV�DUH�JURZLQJ�

7R�JHQHUDWH�WKHVH�WUHHV��ZH�QHHG�D�VHW�RI�SDUDPHWHUV�WKDW�GHILQH�WKH�QXPEHU�RI�OHDYHV��WKHLU
SODFHPHQW��DQG�DWWULEXWHV�RI�WKH�EUDQFKHV��7KHVH�SDUDPHWHUV�LQFOXGH�

�� PLQBGLVWDQFHV��PLQLPXP�GLVWDQFH�DOORZHG�EHWZHHQ�WZR�OHDYHV
�� PD[BGLVWDQFHV��PLQLPXP�GLVWDQFH�DOORZHG�EHWZHHQ�WZR�OHDYHV
�� EUDQFKBOHQJWKV��PD[LPXP�OHQJWK�RI�WKH�EUDQFKHV
�� WXUQBIDFWRUV��KRZ�RIWHQ�WKH�EUDQFKHV�WXUQ��VHSDUDWHV�OHQJWK\�WUHHV�IURP�ZLU\�WUHHV
�� OHDIBVWDUWV��KRZ�IDU�XS�WKH�VWHP�GR�OHDYHV�VWDUW
�� QXPEHUBRIBOHDYHV��WRWDO�QXPEHU�RI�OHDYHV�LQ�WKH�WUHH

:H�XVH�D�XQLIRUP�GLVWULEXWLRQ�WR�JHQHUDWH���GLIIHUHQW�SRVVLEOH�YDOXHV�IRU�DOO���RI�WKHVH
SDUDPHWHUV��DQG�ILQG�DOO�WKH�SRVVLEOH�FRPELQDWLRQV�RI�WKHVH�YDOXHV�WR�JHW�WKH�VHW�RI�DOO�SRVVLEOH
FRQILJXUDWLRQV��,Q�WRWDO��ZH�KDYH���  ��������VHWV RI�SDUDPHWHUV�WR�FKRRVH�IURP�ZKHQ�JHQHUDWLQJ
D�WUHH��)ROORZLQJ�WDEOH�VKRZV�WKH�UDQJH�DQG�LQFUHPHQWV�RI�HDFK�YDULDEOH�

9DULDEOH 0LQLPXP�YDOXH 0D[LPXP�YDOXH ,QFUHPHQW

PLQBGLVWDQFHV ���� ���� �����

PD[BGLVWDQFHV ��� ��� ����

EUDQFKBOHQJWKV ���� ����� �����

WXUQBIDFWRUV ���� ���� ����

OHDIBVWDUWV ���� ���� ����

QXPEHUBRIBOHDYHV ��� ��� ��

*LYHQ Q QXPEHU�RI�WUHHV�WR�EH�JHQHUDWHG��ZH�UDQGRPO\ FKRRVH�Q�FRQILJXUDWLRQV�ZLWKRXW
UHSODFHPHQW�DQG�XVH�WKHP�DV�SDUDPHWHUV�WR�JHQHUDWH�WKH�WUHHV��*HQ3URF7UHHV�JHQHUDWHV�WKH
WUHH�LQ�WKH�IRUP�RI�DQ�LPDJH��ZKLFK�ZH�WKHQ�FRQYHUW�WR�DQ�DUUD\�WR�SDVV�WKURXJK�RXU�&$�PRGHO�
,Q�WKH�LQLWLDO�WUHH�DUUD\����UHIHUV�WR�DQ�HPSW\�FHOO��RU�SL[HO��DQG���UHIHUV�WR�D�EUDQFK�



6RPH�H[DPSOHV�RI�WKH�WUHHV�JHQHUDWHG�

&$�0RGHO
� 6LPSOH
� 5RRW�URW
� 3UREDELOLVWLF



&$
8VLQJ�RXU�FRQFHSWXDO�PRGHO�DQG�WKH�SDUDPHWHU�FRPELQDWLRQV�RXWOLQHG�DERYH��ZH�FUHDWHG���
WUHHV�RI�YDU\LQJ�VKDSHV��WKHQ�UDQ�WKUHH�WULDOV�RI�RXU�&$�LPSOHPHQWDWLRQ�RQ�HDFK�WUHH��)RU�HDFK
WULDO��ZH�FDOFXODWHG�WKH�SHUFHQWDJH�RI�WKH�WUHH�WKDW�HQGHG�XS�GHDG�RU�LQIHFWHG�DIWHU����
WLPHVWHSV��WKHQ�DYHUDJHG�WKHVH�VFRUHV�WR�JHW�DQ�RYHUDOO�VFRUH�IRU�WKH�WUHH�

(DFK�WUHH�EHJLQV�FRPSOHWHO\�KHDOWK\��EXW�GLVHDVH�LV�LQWURGXFHG�HLWKHU�DW�UDQGRP�ORFDWLRQV�±
VLPXODWLQJ�SHVW�LQGXFHG�GLVHDVHV��IRU�H[DPSOH�±�RU�DW�WKH�URRWV�±�D�VWDUWLQJ�SODFH�IRU�URRW�URW�

9LVXDOL]DWLRQ
$IWHU�HDFK�VWHS�RI�WKH�VLPXODWLRQ��ZH�PDS�WKH�FHOO�YDOXHV��RU�SL[HO�YDOXHV��WR�WKH�IROORZLQJ�FRORUV
LQ�RUGHU�WR�YLVXDOL]H�WKH�VWDWH�RI�WKH�WUHH�

3L[HO�9DOXH 6WDWH &RORU

� (PSW\ %OXH

� +HDOWK\ %URZQ

� ,QIHFWHG <HOORZ

� 'HDG 5HG

� %DUULHU�&HOO /DYHQGHU

� :DOO�&HOO :KLWH

� $LUERUQH�,QIHFWHG 2UFKLG

� $LUERUQH�'HDG %ODFN

%HORZ�DUH�VRPH�H[DPSOHV�





,Q�DGGLWLRQ�WR�WKLV��ZH�DOVR�FUHDWH�D�*,)�WR�VXPPDULO\�YLVXDOL]H�WKH�HYROXWLRQ�RI�D�WUHH�WKURXJK
GLIIHUHQW�VWHSV�LQ�WKH�&$�PRGHO�

([SHULPHQWDO�UHVXOWV�DQG�YDOLGDWLRQ
7R�REWDLQ�TXDQWLWDWLYH�UHVXOWV�IRU�RXU�PRGHO��ZH�UXQ����GLIIHUHQW�VLPXODWLRQV��ZKHUH�HDFK
VLPXODWLRQ�LV�UXQ�RQ�D�GLIIHUHQW�WUHH�VKDSH��7KH�LQSXW�SDUDPHWHUV�IRU�WUHH�JHQHUDWLRQ�DUH�WZHDNHG
LQ�HDFK�WULDO��HQVXULQJ�WKDW�VHYHUDO�W\SHV�RI�WUHH�JURZWK�DQG�EUDQFKLQJ�DUH�DFFRXQWHG�IRU��$V�FDQ
EH�VHHQ�IURP�DERYH��HDFK�WUHH�KDV�D�GLIIHUHQW�KHLJKW��ZLGWK��QXPEHU�RI�OHDYHV��EUDQFK�OHQJWK�
HWF��)RU�HDFK�VLPXODWLRQ��WKH�³VFRUH´�RI�WKH�WUHH��RU�WKH�SHUFHQW�RI�SL[HOV�WKDW�ZHUH�LQIHFWHG�E\
WKH�GLVHDVH���DV�VWDWHG�LQ�WKH�&RQFHSWXDO�0RGHO�VHFWLRQ��LV�FDOFXODWHG�DQG�UDQNHG��,W�FDQ�EH
VHHQ�WKDW�WUHHV�ZLWK�EUDQFKHV�ZLWK�ORQJ�EUDQFKHV��ODUJH�WXUQ�IDFWRUV��DQG�D�VPDOOHU�QXPEHU�RI
OHDYHV�DUH�OHVV�VXVFHSWLEOH�WR�GLVHDVH�VSUHDG�WKDQ�WUHHV�ZLWK�VKRUWHU�EUDQFKHV��D�ODUJHU�QXPEHU
RI�OHDYHV��DQG�RUWKRJRQDO�EUDQFKHV��2XU�IXOO�UHVXOWV�FDQ�EH�VHHQ�LQ�WKH�WDEOH�EHORZ�

2XU�DFFHVV�WR�YDOLGDWLRQ�GDWD��WKRXJK��ZDV�VSDUVH��$V�RXU�PRGHO�LV�QRYHO��WKHUH�DUH�QR�SXEOLFO\
DYDLODEOH�VLPXODWLRQV�GHDOLQJ�ZLWK�GLVHDVH�VSUHDG�RQ�LQGLYLGXDO�WUHHV��WKHUH�H[LVW�RQO\
DSSUR[LPDWHG�VWDWLVWLFV�WR�FRPSDUH�LWV�UHVXOWV�ZLWK��7KH�8QLYHUVLW\�RI�&DOLIRUQLD¶V�,QWHJUDWHG�3HVW
0DQDJHPHQW�3URJUDP��8&�,303��VWDWHV�WKDW�EOLJKW�EDFWHULD�FDQ�VSUHDG�XS�WR���IHHW�IURP�LWV
SRLQW�RI�LQIHFWLRQ�RQ�D�WUHH¶V�VXUIDFH��������

8VLQJ�WKLV�VWDWLVWLF��ZH�FDQ�YDOLGDWH�RXU�VWXG\�ZLWK�VRPH�FOHYHU�FDOFXODWLRQV��:H�DVVXPH�WKDW

HDFK�SL[HO�LQ�HDFK�LPDJH�UHSUHVHQWV�������IHHW��7R�JHW�WKH�VXUIDFH�DUHD��LQ ��RI�HDFK�WUHH� ZHՎ՜ə

PXOWLSO\�LWV�KHLJKW�E\�LWV�ZLGWK��DIWHU�FRQYHUWLQJ�SL[HOV�WR�IHHW���7KHQ��WR�JHW�WKH�WRWDO�DUHD�RI�WKH
WUHH�LQIHFWHG��ZH�PXOWLSO\�WKH�VXUIDFH�DUHD�RI�WKH�WUHH�E\�LWV�VFRUH��)URP�WKLV��ZH�FDQ�JHW�WKH
DYHUDJH�VSUHDG�RI�LQIHFWLRQ�ZLGWK��DYHUDJH�LQIHFWLRQ�VL]H��E\�GLYLGLQJ�E\����QXPEHU�RI�LQIHFWLRQ
VLWHV�SHU�WUHH�RQ�DYHUDJH���7KH�ZRUNIORZ�IRU�WKLV�LV�DV�IROORZV�

ഈɘഉ�Ղ՚ՍՍ�՛՝՚ՎՉՋՍ�Չ՚ՍՉ� ࡦ �ഈՐՍՑՏՐ՜ Ŷ ɗş ɗəɜഉ� Ŷ �ഈ՟ՑՌ՜Ր� Ŷ �ɗş ɗəɜഉ
ഈəഉ�Ղ՜ՉՔ�Չ՚ՍՉ�ՑՖՎՍՋ՜ՍՌ� ࡦ �ഈՂ՚ՍՍ�՛՝՚ՎՉՋՍ�Չ՚ՍՉഉ� Ŷ �՛Ջ՚Ս

՜՚ՍՍ



ഈɚഉ�ԯ՞Ս՚ՉՏՍ�ՑՖՎՍՋ՜ՑՖ�Չ՚ՍՉ� ࡦ �ഈՂ՜ՉՔ�Չ՚ՍՉ�ՑՖՎՍՋ՜ՍՌഉ�Ű�ɜ

7KH�DUHD�SHU�LQIHFWLRQ�IRU�HDFK�UDQNHG�WUHH�FDQ�EH�VHHQ�LQ�WKH�WDEOH�EHORZ�

7UHH�5DQN $UHD�SHU�LQIHFWLRQ�� �Վ՜ə
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,Q����RI�RXU����WULDO�VLPXODWLRQV��������ZH�REVHUYHG�WKDW�LQIHFWLRQV��RQ�DYHUDJH��VSUHDG�EHWZHHQ
��DQG���IHHW�IURP�WKHLU�SRLQWV�RI�RULJLQ��$�����FRQILGHQFH�LQWHUYDO�RQ�RXU�GDWD�LV�>����������@�
LQGLFDWLQJ�WKDW�WKH�PDMRULW\�RI�WUHHV�LQ�RXU�V\VWHP�ZLOO�KDYH�DYHUDJH�LQIHFWLRQ�VL]HV�RI�EHWZHHQ

�����DQG����� ��ZKLFK�LV�ZLWKLQ�WKH�UDQJH VWDWHG�E\�8&�,303�Վ՜ə

'HVSLWH�WKH�ODFN�RI�UHVRXUFHV�DYDLODEOH�WR�YDOLGDWH�RXU�V\VWHP��ZH FDQ VD\�WKDW�RXU�VLPXODWLRQV
ZHUH�URXJKO\�YDOLG�DV�WKHUH�LV�D�FRUUHODWLRQ�EHWZHHQ�RXU�K\SRWKHWLFDO�UHVXOWV�DQG�UHDO�OLIH
PHDVXUHG�GDWD�



'LVFXVVLRQ�DQG�FRQFOXVLRQV
%DVHG�RQ�WKH�VFRUHG�WUHHV��WKH�PRVW�QRWLFHDEOH�REVHUYDWLRQ�LV�WKDW�WUHHV�WKDW�KDYH�FKLOG
EUDQFKHV�WKDW�IRUN�PRUH�RUWKRJRQDOO\�WHQG�WR�KDYH�EHWWHU�VFRUHV��)RU�H[DPSOH��LQ�RQH�VLPXODWLRQ
UXQ��WKH�WUHH�EHORZ�RQ�WKH�OHIW�KDG�WKH�EHVW�VFRUH�RI�������LQIHFWHG�DQG�WKH�RQH�RQ�WKH�ULJKW�KDG
WKH�ZRUVW�VFRUH�RI�������LQIHFWHG�

+RZHYHU��WKH�VFRULQJ�PHWULF�PD\�EH�ELDVHG�LQ�IDYRU�RI�WUHHV�WKDW�DUH�ODUJHU�DQG�VWDUW�ZLWK�PRUH
�KHDOWK\��FHOOV�

:H�DOVR�IRXQG�WKDW�PD[LPL]LQJ�WKH�GLVWDQFH�EHWZHHQ�EUDQFKHV�VHHPV�WR�EH�LGHDO��WKRXJK�WKHUH
LV�D�ORW�RI�YDULDQFH�LQ�RXU�UHVXOWV��VR�IXUWKHU�LQYHVWLJDWLRQ�PD\�EH�UHTXLUHG�

2WKHUZLVH��ORRNLQJ�DW�WKH�LQGLYLGXDO�LPSDFW�RI�WUHH�VKDSH�SURSHUWLHV�ZDV�QRW�YHU\�LQIRUPDWLYH�
%HORZ�DUH�6FRUH�YV��3URSHUW\�SORWV�IRU�WXUQ�IDFWRU�DQG�WUHH�ZLGWK�UHVSHFWLYHO\�



(YDOXDWLQJ�WKH�HIIHFWLYHQHVV�RI�WUHH�VKDSH�WXUQHG�RXW�WR�EH�D�TXLWH�GLIILFXOW�WDVN��UHTXLULQJ�YLVXDO
FRPSDULVRQ�LQ�DGGLWLRQ�WR�SDUDPHWHU�FRPSDULVRQ��,Q�IXWXUH�LWHUDWLRQV��ZH�ZRXOG�KRSHIXOO\�EH�DEOH
WR�GHYHORS�RWKHU�PHWULFV�RI�VFRULQJ��ZKLFK�FDQ�EH�UHILQHG�DV�PRUH�UHDO�GDWD�EHFRPHV�DYDLODEOH
RQ�IUXLW�WUHH�LQIHFWLRQ�VSUHDG�

)XWXUH�:RUN
2QH�YLUWXH�RI�RXU�PRGHO�LV�WKDW�LW�LV�HDVLO\�H[WHQVLEOH��VLPXODWLQJ�RWKHU�VSHFLILF�GLVHDVHV�UHTXLUHV
RQO\�D�IHZ�PRGLILFDWLRQV�DQG�D�QHZ�&$�FKLOG�FODVV��+RZHYHU��PDQ\�RI�WKH�GLVHDVHV�WKDW�RQH
PD\�ZDQW�WR�VLPXODWH�LQYROYH�LQIHFWLRQ�RI�QRW�RQO\�WKH�EUDQFKHV��EXW�DOVR�WKH�URRWV�DQG�OHDYHV�RI
D�WUHH��7R�VXSSRUW�D�ZLGHU�VFRSH�RI�GLVHDVH��LW�ZRXOG�EH�SUXGHQW�WR�DGG�OHDYHV�DQG�D�URRW�V\VWHP
WR�RXU�PRGHO�DQG�YLVXDOL]DWLRQV�



5HIHUHQFHV
$QGHUVRQ��7D\ORU��DQG�6X]DQD�'UDJLFHYLF��³$�*HRVLPXODWLRQ�$SSURDFK�IRU�'DWD�6FDUFH

(QYLURQPHQWV��0RGHOLQJ�'\QDPLFV�RI�)RUHVW�,QVHFW�,QIHVWDWLRQ�DFURVV�'LIIHUHQW
/DQGVFDSHV�´ ,6356�,QWHUQDWLRQDO�-RXUQDO�RI�*HR�,QIRUPDWLRQ� YRO�����QR����������
KWWSV���ZZZ�PGSL�FRP�����������������

³&RPSDUWPHQWDOL]DWLRQ�RI�'HFD\�LQ�7UHHV�´ :LNLSHGLD� ���0DU�������
HQ�ZLNLSHGLD�RUJ�ZLNL�&RPSDUWPHQWDOL]DWLRQBRIBGHFD\BLQBWUHHV�

'RXJODV��6KDURQ�0��³3UXQLQJ��$Q�,QWURGXFWLRQ�WR�:K\��+RZ��DQG�:KHQ�´ 7KH�&RQQHFWLFXW
$JULFXOWXUDO�([SHULPHQW�6WDWLRQ�������
KWWSV���SRUWDO�FW�JRY�&$(6�)DFW�6KHHWV�3ODQW�3DWKRORJ\�3UXQLQJ�$Q�,QWURGXFWLRQ�WR�:K\�
+RZ�DQG�:KHQ�

³)UXLW�7UHH�)RUPV�´ :LNLSHGLD����1RY������� HQ�ZLNLSHGLD�RUJ�ZLNL�)UXLWBWUHHBIRUPV� $FFHVVHG���
0DU�������

*URQHZROG��$QMD��DQG�0LFKDHO�6RQQHQVFKHLQ��³(YHQW�EDVHG�PRGHOOLQJ�RI�HFRORJLFDO�V\VWHPV
ZLWK�DV\QFKURQRXV�FHOOXODU�DXWRPDWD�´ *DOH�5HVHDUFK� �����
KWWS���FLWHVHHU[�LVW�SVX�HGX�YLHZGRF�GRZQORDG"GRL ��������������	UHS UHS�	W\SH SGI�

+XDQJ��0LQJ[LDQJ��HW�DO��³$�&HOOXODU�$XWRPDWD�0RGHO�RI�3LQH�:LOW�'LVHDVH�6SUHDG�DQG�,WV
6LPXODWLRQ�7RRO�IRU�$SSOLFDWLRQ�´ 1DWLRQDO�&RQIHUHQFH RQ�,QIRUPDWLRQ�7HFKQRORJ\�DQG
&RPSXWHU�6FLHQFH������� KWWSV���ZZZ�DWODQWLV�SUHVV�FRP�DUWLFOH������SGI�

6KLJR��$OH[�/��³&RPSDUWPHQWDOL]DWLRQ�RI�'HFD\�LQ�7UHHV�´ 6FLHQWLILF�$PHULFDQ�������������������
YRO�������������SS����±����

7HYLRWGDOH��%�/��³+RZ�WR�0DQDJH�3HVWV�´ 8&�,30�2QOLQH� �����
KWWS���LSP�XFDQU�HGX�30*�3(67127(6�SQ�����KWPO�

³7ULFKRYLUXV�´:LNLSHGLD�����0D\������ HQ�ZLNLSHGLD�RUJ�ZLNL�7ULFKRYLUXV� $FFHVVHG����0DU�
�����

8QLYHUVLW\�RI�*HRUJLD�&$(6��³'LVHDVHV���5HVHDUFK�_�3HDFKHV�´ 3HDFKHV�FDHV�XJD�HGX�
8QLYHUVLW\�RI�*HRUJLD� SHDFKHV�FDHV�XJD�HGX�UHVHDUFK�GLVHDVHV�KWPO� $FFHVVHG����0DU�
�����

https://www.mdpi.com/2220-9964/5/2/9
https://portal.ct.gov/CAES/Fact-Sheets/Plant-Pathology/Pruning-An-Introduction-to-Why-How-and-When
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