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$%675$&7
7KLV� SDSHU� GHVFULEHV� DQ� HYROXWLRQDU\� SURFHVV�ZKLFK� SURGXFHV� G\QDPLF� ELRORJLF�OLNH� SDWWHUQV�� 6LPXODWLRQ� DQG�
YLVXDOL]DWLRQ�RI�WKH�GHYHORSPHQW�RI�FHOO�SRSXODWLRQV�KDV�PDQ\�DSSOLFDWLRQV��)RU�H[DPSOH��GHYHORSPHQWDO�ELRORJ\�
DQG�FRPSXWHU�JUDSKLFV� 3K\VLFDOO\�EDVHG�SDUWLFOH�PRGHOV�DUH�HIILFLHQW�WR�VLPXODWH�WKH�G\QDPLFDO�EHKDYLRU�RI�UHDO�
OLIH� REMHFWV�� ,Q� WKLV� DUWLFOH�� ZH� SURSRVH� WR� PRGHO� WKH� JURZWK� RI� D� ELRORJLF� WLVVXH� XVLQJ� VHWV� RI� LQWHUDFWLQJ�
SK\VLFDOO\�EDVHG�SDUWLFOHV�WR�UHSUHVHQW FHOOV��ZKLFK�DG�LQWHUDFW�WR�IRUP�D�WLVVXH�
.H\ZRUGV
'HYHORSPHQWDO�PRGHOV��PRUSKRJHQHVLV��SK\VLFDOO\�EDVHG�SDUWLFOHV��DQLPDWLRQ�

�� ,1752'8&7,21
'LYHUVLW\� RI� QDWXUDO� VKDSHV� DQG� G\QDPLFV� PD\�
SUREDEO\� H[SODLQ� WKH� HQGHDYRUV� WR� V\QWKHVL]H�
ELRORJLF�OLNH� SDWWHUQV�� +RZHYHU�� PRUSKRJHQHVLV� LV�
H[WUHPHO\�FRPSOH[�DQG� LQYROYH�D�ZLGH� UDQJH�RI� WKH�
NQRZQ� JHQHWLF� DQG� JHQHULF� FHOOXODU� SURFHVVHV�
�>1&��D@���
7KH� SUHVHQW� SDSHU� LOOXVWUDWHV� RXU� FRQYLFWLRQ� WKDW� LW�
FDQ�EH�UHSUHVHQWHG�E\�PHDQV�WKDW�DUH�QRW�D�PDSSLQJ�
RI�QDWXUDO�EHKDYLRU��SDUWLFXODUO\�JHQHWLF�DOJRULWKPV��
$�PRGHOLQJ�PDLQ� GLIILFXOW\� LV� WR� H[WUDFW� WKH� FULWLFDO�
SURSHUWLHV� OHDGLQJ� WR� WKH�SKHQRPHQD� �>/)��D@���2XU�
DSSURDFK� ZDV�� UDWKHU� WKDQ� WU\LQJ� WR� EXLOG� DQ� LGHDO�
UHSUHVHQWDWLRQ� RI� WKH� ELRORJLF� FHOO� �DV� D�PDSSLQJ� RI�
WKH�NQRZQ FHOOXODU�EHKDYLRU� EXW�WR�SURJUHVVLYHO\�DGG�
VRPH�QHZ�SURSHUWLHV�WR�DQ�HOHPHQWDU\�EULFN��ZH�FDOO�
LW� FHOO��� IURP�ZKLFK� D� SRSXODWLRQ� HPHUJH� D� OLIH�OLNH�
VWUXFWXUH�

�� &25',6�$1,0$
7KH�IRUPDOLVP�XVHG� WR�GHVFULEH� WKH�PRGHO� LV�EULHIO\�

SUHVHQWHG� LQ� WKLV� FKDSWHU�� &RUGLV� $QLPD� SURYLGH� D�
JHQHULF� IUDPHZRUN� WR� GHVFULEH� DQG� WR� VLPXODWH�
SK\VLFDOO\�EDVHG� SDUWLFOH� PRGHOV�� )XUWKHU�
LQIRUPDWLRQ� FDQ� EH� REWDLQHG� LQ� WKH� OLWHUDWXUH�
�>/-)&5��D@��
&RPSOH[� REMHFWV� DUH� PRGHOHG� E\� DVVHPEOLQJ� WZR�
HOHPHQWDU\� DWRPV�� LQHUWLDO� FRPSRQHQWV� 0$7� DQG�
LQWHUDFWLRQ� FRPSRQHQWV /,$�� UHVXOWLQJ� LQ� D� QHWZRUN�
ZKHUH�QRGHV�DUH�0$7�DQG�DUFV�DUH�/,$�

)LJXUH�� 0$7�DQG�/,$�QHWZRUN�
2Q�WKH�QHWZRUN�RI�WKH�)LJXUH����JUD\�FLUFOHV�DUH�0$7�
DQG�ZKLWH�ER[HV�DUH�/,$�
$�0$7�DWRP�UHSUHVHQWV�D�SXQFWXDO�PDVV��7KH�0$7�
DOJRULWKP� SHUIRUPV� WKH� VLPXODWLRQ� RI� WKH� PDVV�
G\QDPLF��IURP�D�IRUFH�LQ�LQSXW��LW�FRPSXWHV�WKH�PDVV�
SRVLWLRQ� DFFRUGLQJ� WR� 1HZWRQ¶V� VHFRQG� ODZ� DQG�
(XOHU¶V�VDPSOLQJ�VFKHPH�
/,$�GHQRWHV�DQ�LQWHUDFWLRQ�EHWZHHQ�WZR�0$7��)URP�
WKH� SRVLWLRQ� DQG� YHORFLW\� RI� WKH�PDVVHV�� LW� SURGXFHV�
WZR� RSSRVLWH� IRUFHV� RI� VDPH� LQWHQVLW\�� LQ� RUGHU� WR�
UHVSHFW� WKH� DFWLRQ�UHDFWLRQ¶V� SULQFLSOH�� 7KH� QRUP� RI�
WKHVH�IRUFHV�GHSHQGV�RQ�WKH�W\SH�RI�/,$�LQYROYHG�
,Q� WKH� UHVW� RI� WKLV� DUWLFOH��ZH�DVVXPH� WKDW� IRUFHV� DUH�
DWWUDFWLYH�ZKHQ�LQWHQVLWLHV�DUH�QHJDWLYH��

3HUPLVVLRQ� WR�PDNH�GLJLWDO�RU�KDUG�FRSLHV�RI�DOO�RU�SDUW�RI�
WKLV�ZRUN�IRU�SHUVRQDO�RU�FODVVURRP XVH�LV�JUDQWHG�ZLWKRXW�
IHH� SURYLGHG� WKDW� FRSLHV� DUH� QRW� PDGH� RU� GLVWULEXWHG� IRU�
SURILW� RU� FRPPHUFLDO� DGYDQWDJH� DQG� WKDW� FRSLHV� EHDU� WKLV�
QRWLFH� DQG� WKH� IXOO� FLWDWLRQ� RQ� WKH� ILUVW� SDJH�� 7R� FRS\�
RWKHUZLVH��RU�UHSXEOLVK��WR�SRVW�RQ�VHUYHUV�RU�WR�UHGLVWULEXWH
WR�OLVWV��UHTXLUHV�SULRU�VSHFLILF�SHUPLVVLRQ�DQG�RU�D�IHH�
:6&*�3267(56�3URFHHGLQJV�
:6&*¶������)HEUXDU\������������3O]HQ��&]HFK�5HSXEOLF�
&RS\ULJKW�81,21�$JHQF\�± 6FLHQFH�3UHVV



�� 7+(�02'(/
��� &RQVWUXFWLRQ
7KH�PRGHO�LV�QRZ�SUHVHQWHG�LQ�GHWDLO��
2QH� RI� WKH� PDLQ� GLIILFXOW\� RI� WKLV� PRGHOLQJ� LV� WR�
GHVLJQ� DQ� HIILFLHQW� LQWHUFHOOXODU� LQWHUDFWLRQ� WKDW�
DOORZV�WKH�VHOI�FRQVWUXFWLRQ�RI�³JURXSV�RI FHOOV´��)LUVW�
ZH� GHILQH� WKH� NLQGV� RI� HOHPHQWV� LQYROYHG� DQG� WKHQ��
KRZ� WKH\� LQWHUDFW��&HOOV� DUH� EXLOG� WR� KROG�QHFHVVDU\�
DQG� VXIILFLHQW� SURSHUWLHV� DOORZLQJ� WKH� HPHUJHQFH� RI�
³OLIH�OLNH´�SDWWHUQV��
��� (OHPHQWV
����� 0$7
0$7�PRGXOHV� FRPSRVH� WKH� OHYHO� ��� 3DUDPHWHUV� DUH�
PDVVH� 0 DQG� SRVLWLRQ� 3�� $W� WKLV� OHYHO�� 0$7� DUH�
LQGHSHQGHQWV�

����� &HOOV
/HYHO� �� LV� PDGH� RI� LQWHUDFWLQJ� 0$7� �OHYHO� ��
HOHPHQWV��� :H� XVH� WKH� ZRUG� &HOO WR� GHQRWH� WKH�
HOHPHQWDU\� EULFNV� RI� WKH� VWUXFWXUH�� ,QWHUDFWLRQV� DUH�
WKHQ�FDOOHG�LQWUDFHOOXODU�

)LJXUH�� 3HQWDJRQDO�FHOO�
)LJXUH� � UHSUHVHQWV� D� VLQJOH� KH[DJRQDO� FHOO��0DVVHV�
DUH� YLVXDOL]HG� DV� VSKHUHV� DQG� LQWUDFHOOXODU�
LQWHUDFWLRQV�DV�OLQHV��,QVLGH�D�FHOO��HDFK�0$7�LQWHUDFW�
ZLWK�WKH�RWKHUV��UHVXOWLQJ�LQ�DQ�DJJORPHUDWH�

����� 3RSXODWLRQ
$W�WKLV�OHYHO��ZH�FDOO�3RSXODWLRQ WKH�DJJORPHUDWH�RI�
FHOOV� �DOO� FHOOV� LQWHUDFWLQJ� ZLWK� HDFK� RWKHUV��� 7KH�
LQWHUDFWLRQV� FRQQHFWLQJ� WZR� FHOOV� DUH� FDOOHG�
LQWHUFHOOXODU��
7KH�WLVVXH�PRUSKRORJ\�HPHUJHV DW�WKLV�VWDJH��
��� ,QWHUDFWLRQV
����� ,QWUDFHOOXODU
7KH� LQWUDFHOOXODU� �)LJXUH� ��� LQWHUDFWLRQ� LV� DQ�
XQEUHDNDEOH� VSULQJ�� D� OLQHDU�YLVFR�HODVWLF� LQWHUDFWLRQ�
FKDUDFWHUL]HG�E\�LWV�HODVWLFLW\��LWV�YLVFRVLW\�DQG�LWV�UHVW�
OHQJWK��7HQVLRQ�RI�WKH�VSULQJV�PLQLPL]HV�WKH�QXPEHU�
RI�UHVW�SRVLWLRQV�DQG�JLYHV�WR�WKH�FHOO�D�UHJXODU�DVSHFW�
�WULDQJOH��TXDG��SHQWDJRQ«��

0

'LVWDQFH�
0$7�0$7

)RUFH
0DJQLWXGH

Rest Length

)LJXUH�� ,QWUDFHOOXODU�LQWHUDFWLRQ�

����� ,QWHUFHOOXODU
7KH�LQWHUDFWLRQ�RSHUDWLQJ�DW�WKLV�VWDJH�HQVXUHV�WKH�FHOO�
DGKHVLRQ�� RQ� ZKLFK� WKH� WLVVXH� PRUSKRORJ\� JUHDWO\�
GHSHQGV��
:H� EHOLHYH� WKDW� WKH� REVHUYHG� EHKDYLRU� RI� D� WHDUHG�
WLVVXH��ZKLFK�GRHV�QRW�UH�DGKHUH�LWVHOI��LV�FULWLFDO�
7KH� LQWHUFHOOXODU� LQWHUDFWLRQ� �)LJXUH� ��� LV� WKHQ�
FRPSRVHG� RI� D� UHSXOVLYH� DUHD�� WKH� ³)LQDO� NQRFN´��
ZKLFK� HQVXUHV� WKH� FHOO� LWV� KRPHRVWDVLV�� D� ³&RKHVLRQ�
)LHOG´�ZKLFK� DOORZV� WKH� FHOOV� WR� DGKHUH WKHPVHOYHV��
DQG�WKH�³,QLWLDO�NQRFN´�ZKLFK�PDNHV�XQDWWDFKHG�FHOOV�
DEOH�WR�DGKHUH�RQO\�LI�WKH\�EHDU�D�VXIILFLHQW�HQHUJ\�
6L[� �'� SRLQWV� DUH� XVHG� WR� FRQWURO� WKH� LQWHUFHOOXODU�
LQWHUDFWLRQ�

0 'LVWDQFH�
0$7�0$7

)RUFH
0DJQLWXGH

Control Points

Cohesion Field

Final Knock

Initial Knock

)LJXUH�� ,QWHUFHOOXODU�LQWHUDFWLRQ�
��� (YROXWLRQV�RI�WKH�,QWHUDFWLRQV
,Q�RUGHU� WR�JHQHUDWH�G\QDPLF�SDWWHUQV�� WKH�FHOO�PXVW�
EH� DEOH� WR� PXOWLSO\�� SRVLWLRQ� LQ� WKH� WLVVXH� DQG� EHDU�
HQHUJ\�� 7KXV�� WKH� QRWLRQ� RI� HYROYLQJ� LQWHUDFWLRQV�
DORQJ�ZLWK�WKH�FHOO�HYROXWLRQ�KDV�EHHQ�DGGHG��

����� *HUPLQDWLRQ�
*HQHUDWLQJ� D� JHUP� LQ� D� PRWKHU� FHOO� FUHDWHV� D� QHZ�
FHOO�� *HUPV DUH� FHOOV� ZLWK� LQWUDFHOOXODU� LQWHUDFWLRQ�
OHQJWK�DW�UHVW�VHW�WR�]HUR�DQG�PDVVHV�FRQGHQVHG�RQ�D�
SRLQW�
0LJUDWLRQ� RFFXUV� ZKHQ� WKH� JHUP� PRYHV� IURP� LWV�
LQLWLDO� SRVLWLRQ� WR� WKH�SODFH�ZKHUH� LW�ZLOO� JURZ�� ,W� LV�
DFKLHYHG� E\� VHWWLQJ� LQWHUDFWLRQV� EHWZHHQ� WKH� JHUP
DQG� WKH� UHVW� RI� WKH� SRSXODWLRQ� WR� D� VLPSOH� UHSXOVLYH�
LQWHUDFWLRQ��
7KLV�PHFKDQLVP� OHDGV� WR� WKH� VHOI�SRVLWLRQLQJ� RI� WKH�
JHUP�ZLWKLQ�WKH�FHOO�SRSXODWLRQ��7KH�JHUP PRYH�XQWLO�
LW� ILQGV� D� ORFDWLRQ�ZKHUH� WKH� LQIOXHQFHV� RI� WKH�RWKHU�
FHOOV�DUH�PLQLPDO��7KH�GXUDWLRQ�RI�PLJUDWLRQ FDQ�EH�
SUHGHILQHG��UDQGRPO\�JHQHUDWHG�RU�FKRVHQ�DIWHU�WHVWV�
RQ�JHUPV H[WHUQDO�FRQVWUDLQWV�

����� *URZWK
7KH� FHOOXODU�JURZWK EHJLQV�ZKHQ�PLJUDWLRQ� LV� RYHU��
'XULQJ� WKLV� VWDJH�� WKH� FHOO� H[SDQGV� LQWR� WKH� H[WUD�
FHOOXODU�PDWUL[�
(QHUJ\�LV�EURXJKW�E\�FKDQJLQJ�WKH�UHVW�OHQJWK�RI�WKH�
LQWUDFHOOXODU� LQWHUDFWLRQ� IURP� ]HUR� WR� D� KLJK� YDOXH�
FDOOHG�JURZWK OHQJWK��:KLOH� JURZLQJ�� WKH� FHOO� EHDUV



VXIILFLHQW�HQHUJ\�WR RYHUFRPH�WKH�³,QLWLDO�NQRFN´�DQG�
DGKHUH�WR�RWKHU�FHOOV�

����� )UHH]H
+RZHYHU� WKH� HIIHFWLYH� OHQJWKV� RI� WKH� LQWUDFHOOXODU�
LQWHUDFWLRQV� DUH� QRW� JRLQJ� WR� UHDFK� JURZWK OHQJWKV��
7KH\�DUH�WKUHVKROG�WR�IUHH]H OHQJWKV��&HOO�ZLOO�WDNH�LWV�
ILQDO� IRUP�� GHSHQGLQJ� RQ� IUHH]H� OHQJWKV� DQG� RQ�
H[WHUQDO�FRQVWUDLQWV�

����� &HOO�$WWDFKPHQW
)LQDOO\�� FHOO� DWWDFKPHQW� LV� DFKLHYHG� E\� ERWK� WKH�
LQWUDFHOOXODU�DQG�LQWHUFHOOXODU�LQWHUDFWLRQ�FKDQJHV�WKDW�
RFFXU�GXULQJ�FHOO�HYROXWLRQ��)LJXUH���DQG�)LJXUH����

*HUP

� 'LVWDQFH�
0$7�0$7

)RUFH
0DJQLWXGH

*URZWK

�

7LPH)UHH]H

�

*URZWK�
OHQJWK

)UHH]H�
OHQJWK

)UHH]H�
OHQJWK

)LJXUH�� ,QWUDFHOOXODU�LQWHUDFWLRQ�HYROXWLRQV�

*HUP

�

'LVWDQFH�
0$7�0$7

)RUFH
0DJQLWXGH

7LPH*URZWK��)UHH]H

�

'LVWDQFH�
0$7�0$7

)RUFH
0DJQLWXGH

)LJXUH�� ,QWHUFHOOXODU�LQWHUDFWLRQ�HYROXWLRQV�

�� 02'(/�6,08/$7,21�5(68/76
3DUDPHWHUL]HG�VLPXODWLRQV�RI�WKH�PRGHO�OHDGV�IURP�D�
JURZLQJ� SRSXODWLRQ� WR� WKH HPHUJHQFH� RI� JURXSV� RI�
FRKHVLYH� FHOOV� VKDULQJ� D� FRPPRQ� IDWH�� $V� ORQJ� DV�
WKH\� DUH� ERXQG� WRJHWKHU�� WKH\� EHKDYH� DV� D� VLQJOH��
KLJKO\� GHIRUPDEOH� ULJLG� ERG\��:H� SUHVHQW� VRPH� RI�
RXU�VLPXODWLRQV�UHVXOWV�LQ�WKLV�VHFWLRQ�
��� 5HPDUNDEOH�0RUSKRORJLHV
0DQ\� GLIIHUHQW�PRUSKRORJ\� RI� WLVVXHV�PD\� HPHUJH��
$Q� H[DPSOH� LV� WKH� WZR� GLPHQVLRQ� FKDLQ� RI� FHOOV��
REVHUYHG�ZKHQ� HDFK� FHOO� LV� ERXQG� WR� WZR�QHLJKERUV�
H[FHSW�WKH�ILUVW�DQG�ODVW�
2Q� )LJXUH� ��� D� FKDLQ� LV� IRUPHG� E\� IRXU� WULDQJXODU
FHOOV�DQG�RQH�SHQWDJRQDO FHOO�

)LJXUH�� )LYH�FHOOV�FKDLQ�
2IWHQ�WZR�RU�PRUH�RI�WKHVH�FKDLQV�PHUJH�LQWR�D�ODUJHU�
QHZ� RQH�� VLQFH� QHZO\� FUHDWHG� FHOOV� FDQ� ELQG�
WKHPVHOYHV�WR�WKH�FKDLQ�
2Q� )LJXUH� ��� �� DQG� ��� WKUHH� VWHSV� RI� WKH� VDPH�
VLPXODWLRQ�DUH�FRQVLGHUHG�WR�REVHUYH�WKH�IRUPDWLRQ�RI
D�OLIH�OLNH�VWUXFWXUH�

)LJXUH�� 6RPH�FHOOXODU�FKDLQV�

)LJXUH�� *HUPLQDWLRQ�RI�QHZ�FHOOV�



)LJXUH��� %RXQGHG�FKDLQV�
��� 3DWWHUQV�9LVXDOL]DWLRQ
,Q� WKH ODFN�RI�D� IRUPDO�PHDVXUHPHQW�RI�ZKDW�PDNHV�
WZR� VKDSHV� RU� SDWWHUQV� ORRN� DOLNH�� RQH�PXVW� UHO\� RQ�
YLVXDO� LQVSHFWLRQ� WR� YDOLGDWH� WKH� PRGHO� �>3UX��D@���
)RU� WKDW� UHDVRQ� ZH� H[SHULHQFHG� GLIIHUHQW� YLVXDO�
UHSUHVHQWDWLRQ��

)LJXUH����)DFHW�UHSUHVHQWDWLRQ�RI�WKH�FHOO�

)LJXUH����6SKHUHV�DQG�OLQHV�YLVXDOL]DWLRQ�

)LJXUH����$QRWKHU�YLVXDOL]DWLRQ�RI�WKH�VDPH�
VWUXFWXUH��FI��)LJXUH�����

7KH� VDPH� VLPXODWLRQ�� FKDQJLQJ� RQO\� YLVXDOL]DWLRQ��
KDV�SURGXFHG�WKH�IRUPV�RI�)LJXUH����DQG�)LJXUH�����

�� &21&/86,216�
0RGHOLQJ� PRUSKRJHQHVLV� ZLWK� SK\VLFDO� SULQFLSOH�
UDWKHU�WKDQ�JHQHWLF�DOJRULWKP�LV�DQ�RULJLQDO�DSSURDFK��
,Q�WKLV�SDSHU��ZH�SURSRVH�D�SK\VLFDOO\�EDVHG�SDUWLFOH�
PRGHO�RI�PRUSKRJHQHVLV��:H�WULHG�WR�NHHS�LW�PLQLPDO�
EXW�DOVR�JHQHULF WR�DOORZ�DQ�LQWXLWLYH�FRQFHSW��D�KLJK�
OHYHO�RI�FRQWURO�DQG�D�ZLGH�UDQJH�RI�FHOOXODU�SDWWHUQV�
VLPXODWLRQ�
$QLPDWLRQV�REWDLQHG�KDYH�VKRZHG�WKDW�WKLV�PRGHOLQJ�
DOORZV� WKH� HPHUJHQFH� RI� G\QDPLF� OLIH�OLNH� SDWWHUQV��
6RPH�H[DPSOHV�RI�WKHVH�SDWWHUQV�DUH�SUHVHQWHG�LQ WKH�
ILJXUH�RI�WKLV�SRVWHU�

�� 5()(5(1&(6
>/)��D@�/DQWLQ��)UDFFKLD��³&RPSXWHU�6LPXODWLRQV�RI�

'HYHORSPHQWDO�3URFHVVHV´��&RPSXWHU�
$SSOLFDWLRQV�LQ�WKH�%LRVFLHQFHV��������

>/-)&5��D@�/XFLDQL��-LPHQH]��)ORUHQV��&DGR]��
5DRXOW��³&RPSXWDWLRQDO�3K\VLFV���D�0RGHOHU�
6LPXODWRU�IRU�$QLPDWHG�3K\VLFDO�2EMHFWV´��
(XURJUDSKLFV
����(OVHYLHU��9LHQQH��$XWULFKH���
�������

>1&��D@�1HZPDQ��&RPSHU��³¶*HQHULF¶�SK\VLFDO�
PHFKDQLVPV�RI�PRUSKRJHQHVLV�DQG�SDWWHUQ�
IRUPDWLRQ´��'HYHORSPHQW������������7KH�
&RPSDQ\�RI�%LRORJLVWV�/LPLWHG��������

>3UX��D@�3UXVLQNLHZLHF]��³0RGHOLQJ�DQG�
9LVXDOL]DWLRQ�RI�%LRORJLFDO�6WUXFWXUHV´��
3URFHHGLQJ�RI�*UDSKLFV�,QWHU�IDFH¶����SDJHV�����
�����+HOG�LQ�7RURQWR��2QWDULR���������������
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