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6HYHQ�GDWD�VWUXFWXUHV�DUH�H[DPLQHG�E\�VLPXODWLRQ�DQG�FRPSDUHGWR� ILQG�RXW�ZKLFK�RQH� VKRXOG�EH�XVHG� WR� LPSOHPHQW� WKH�)XWXUH(YHQW� 6HW� RI� DQ� HYHQW� GULYHQ� GLVFUHWH� HYHQW� VLPXODWRU�� � 7KHQXPEHU�RI�NH\�FRPSDULVRQV�DQG�SRLQWHU�UHIHUHQFHV�DV�ZHOO�DV�WKH&38� WLPH� DUH� PHDVXUHG�� � 7KH� HIIHFW� RI� WKH� GLIIHUHQW� &38DUFKLWHFWXUHV�LV�H[DPLQHG���9DULRXV�SDUDPHWHUV�RI�WKH�PRGHO�DUHFKDQJHG�WR�GHWHUPLQH�WKH�FKDUDFWHULVWLFV�RI�WKH�VWXGLHG�HYHQW�VHWDOJRULWKPV�:H�FRQFOXGH�WKDW�ERWK�WKH�SURFHVVRU�W\SH�DQG�WKH�GLVWULEXWLRQ�RIWKH� GHOD\� RI� WKH� QHZ� HYHQWV� LQIOXHQFH� ZKLFK� GDWD� VWUXFWXUHSURGXFHV� WKH� EHVW� WLPH� SURSHUWLHV�� � 7KRXJK� EDODQFHG� WUHHVSURYHG�WR�EH�TXLWH�JRRG��KHDS�DQG�HVSHFLDOO\�VNLS�OLVW�ZDV�IRXQGWR�EH�VLJQLILFDQWO\�EHWWHU�RQ�PRGHUQ�SURFHVVRU�DUFKLWHFWXUHV�
,1752'8&7,21
'LVFUHWH� HYHQW� VLPXODWLRQ� LV� D� SRZHUIXO� PHWKRG� LQ� WKHSHUIRUPDQFH� DQDO\VLV� RI� QHWZRUNV�� PXOWLSURFHVVRU� V\VWHPV�GLJLWDO�FLUFXLWV� DQG�RWKHU� FRPSXWHU� V\VWHPV�� � ,Q� WKH� FDVH�RI� WKHHYHQW�GULYHQ� DSSURDFK�� WKH� HYHQWV� �WKH� VWDWH� FKDQJHV� RI� WKHV\VWHP�� DUH� VWRUHG� LQ� WKH� )XWXUH� (YHQW� 6HW� �)(6��� � 7KH� GDWDVWUXFWXUH�DQG�WKH�DOJRULWKPV�XVHG�IRU�VWRULQJ�WKH�HOHPHQWV�RI�WKH)(6�LQIOXHQFH�WKH�VSHHG�RI�WKH�VLPXODWRU�WR�D�JUHDW�H[WHQW�7KH�PRVW�FRPPRQ�GDWD�VWUXFWXUHV�KDYH�DOUHDG\�EHHQ�VWXGLHG�DQGWKHLU�JHQHUDO�SHUIRUPDQFH�FKDUDFWHULVWLFV�KDYH�EHHQ�GHWHUPLQHG�7KH�FRVW�RI�GLIIHUHQW�RSHUDWLRQV�RQ�WKH�JLYHQ�GDWD�VWUXFWXUH��H��J�WKH� QXPEHU�RI� NH\� FRPSDULVRQV�QHFHVVDU\�� LV�PRVWO\� H[SUHVVHGDV� WKH� IXQFWLRQ� RI� WKH� HOHPHQWV� FXUUHQWO\� VWRUHG� LQ� WKH� )(6�0RVW� LQYHVWLJDWLRQV� RQ� GDWD� VWUXFWXUHV� DQG� DOJRULWKPV� DVVXPHWKDW�WKH�NH\V�DUH�UDQGRP��ZLWK�XQLIRUP�GLVWULEXWLRQ���WKH�QXPEHURI� VHDUFK� RSHUDWLRQV� LV� PXFK� KLJKHU� WKDQ� WKH� QXPEHU� RILQVHUWLRQV�RU�GHOHWLRQV�DQG�WKH�HOHPHQW�WR�EH�VHDUFKHG�RU�GHOHWHGLV� DOVR� UDQGRPO\� FKRVHQ� �$KR� HW� DO�� ������.QXWK� ������:LUWK������� �1HYHUWKHOHVV�� LQ� WKH� FDVH� RI� WKH� )(6�� WKH� NH\V� DUH� QRWXQLIRUPO\� GLVWULEXWHG�� EXW� VKRZ� D� ULVLQJ� WHQGHQF\�� LQ� WKH� YDVWPDMRULW\�RI�FDVHV�� WKH� ILUVW�HOHPHQW� LV�GHOHWHG�DQG�D�QHZ�RQH� LVLQVHUWHG���6RPHWLPHV�UDQGRPO\�FKRVHQ�HOHPHQWV�DUH�GHOHWHG��EXWQR� RWKHU� VHDUFK� RSHUDWLRQV� DUH� XVHG�� � 5HHYHV� �5HHYHV� �����H[DPLQHG�YDULDQWV�RI� OLVWV� DQG�KHDSV�� EXW� WKH�GLIIHUHQW� NLQGV� RIWUHH� VWUXFWXUHV� DQG� WKH� VNLS� OLVW� �3XJK� ������ UHTXLUH� IXUWKHULQYHVWLJDWLRQ�

7KLV� SDSHU� GHDOV� ZLWK� WKH� H[SHULPHQWDO� LQYHVWLJDWLRQ� RI� WKHSHUIRUPDQFH� RI� GLIIHUHQW� GDWD� VWUXFWXUHV� DV� WKH\� DUH� XVHG� IRUVWRULQJ�WKH�HOHPHQWV�RI�WKH�)XWXUH�(YHQW�6HW�RI�DQ�HYHQW�GULYHQGLVFUHWH� HYHQW� VLPXODWRU�� � 7KH� H[DPLQHG� GDWD� VWUXFWXUHV� DUH�RUGHUHG� VLQJOH�OLQNHG� OLVW�� ELQDU\� WUHH�� $9/�WUHH�� %�WUHH�� ����WUHH�� KHDS� DQG� VNLS� OLVW� �$KR� HW� DO�� ������ .QXWK� ������ 3XJK������:LUWK�������7KLV� WRSLF� ZDV� LGHQWLILHG� DV� EHLQJ� RI� LPSRUWDQFH� WRLPSOHPHQWLQJ�HYHQW�GULYHQ�GLVFUHWH�HYHQW�VLPXODWRUV�
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7R�FRQVWUXFW�D�PRGHO�VXLWDEOH�IRU�RXU�VWXG\��ZH�PXVW�VWDUW�IURPWKH�DOJRULWKP�RI�WKH�HYHQW�GULYHQ�GLVFUHWH�HYHQW�VLPXODWLRQ���/HWXV�VHH�WKLV�DOJRULWKP�ILUVW�LQLWLDOL]H��LQVHUW�FHUWDLQ�HYHQWV�LQWR�WKH�)(6�UHSHDW��UHPRYH�WKH�ILUVW�HYHQW�IURP�WKH�)(6���12:� WKH�WLPH�RI�WKH�HYHQW�UHPRYHG�IURP�WKH�)(6���SURFHVV�WKH�HYHQW��GXULQJ�WKLV�LQVHUW�VRPH�HYHQW�V��LQWR�WKH�)(6LI�QHFHVVDU\�XQWLO��)(6�LV�HPSW\��RU��12:!OLPLW��RU��IRU�RWKHU�UHDVRQ��ZH�PXVWVWRS�+HUH��
ILUVW�HYHQW
�PHDQV�WKH�HYHQW�ZLWK�WKH�VPDOOHVW�WLPH�VWDPS�2XU�PRGHO� IRU� WKH�)(6�PXVW� EH�DQ� DEVWUDFW� GDWD� VWUXFWXUH�ZLWKWKH� LQVHUW DQG� ILUVW RSHUDWLRQV� WKDW� LQVHUW� D� QHZ� HYHQW� LQWR� WKH)(6�DQG�UHPRYHV�WKH�HDUOLHVW�RQH�IURP�WKH�)(6��UHVSHFWLYHO\�,Q� DGGLWLRQ� WR� WKHVH� RSHUDWLRQV�� D� WKLUG� RQH� LV� UHTXLUHG�VRPHWLPHV� LW� LV� QHFHVVDU\� WR� GHOHWH� DQ� DUELWUDU\� HYHQW� IURP� WKH)(6����7KLV�LV�XVHG�IRU�H[DPSOH�IRU�KDQGOLQJ�WLPH�RXW��$V�ZH�GR�QRW�WDNH�PHDVXUHPHQWV�RQ�DQ�H[LVWLQJ�VLPXODWRU�WKDW�LVVLPXODWLQJ� D� JLYHQ� V\VWHP�� EXW� H[DPLQH� KRZ� WKH� GLIIHUHQW� GDWDVWUXFWXUHV�EHKDYH�LI�ZH�XVH�WKHP�WR�LPSOHPHQW�WKH�)(6��ZH�PXVWPDNH�WKH�IROORZLQJ�DVVXPSWLRQV��� GXULQJ�LWV�SURFHVVLQJ��DQ�HYHQW�PD\�JHQHUDWH�RQH�RU�PRUHQHZ�HYHQWV�� WKH�WLPH�LQWHUYDO�EHWZHHQ�WKH�WLPH�VWDPS�RI�WKH�FXUUHQW�HYHQWDQG�WKDW�RI�D�QHZO\�JHQHUDWHG�HYHQW�IROORZV�D�FHUWDLQSUREDELOLW\�GLVWULEXWLRQ�� WKH�FKRLFH�RI�WKH�HYHQW�WR�EH�GHOHWHG�IURP�WKH�)(6�LV�UDQGRPZLWK�XQLIRUP�GLVWULEXWLRQ7R�MXGJH�WKH�EHKDYLRXU�RI�WKH�GLIIHUHQW�HYHQW�VHW�DOJRULWKPV��WKHIROORZLQJ�FKDUDFWHULVWLFV�DUH�PHDVXUHG�x QXPEHU�RI�NH\�FRPSDULVRQV�QHFHVVDU\



x QXPEHU�RI�SRLQWHU�UHIHUHQFHV�QHFHVVDU\x &38�WLPH�XVHG2I� FRXUVH�� WKH� ODVW� RQH� GHSHQGV� RQ� WKH� DUFKLWHFWXUH� RI� WKHFRPSXWHU�XVHG�IRU�SHUIRUPLQJ�WKH�VLPXODWLRQ�
7+(�3$5$0(7(56�2)�7+(�02'(/
7KH�6WDWH�RI�WKH�)(6
$FFRUGLQJ� WR� WKH� ILUVW� DVVXPSWLRQ�� ZH� PXVW� WDNH� LQWRFRQVLGHUDWLRQ�ZKHWKHU� DQ� HYHQW� JHQHUDWHV� H[DFWO\� RQH� HYHQW� RUPRUH���:H�PXVW�H[DPLQH�ERWK�WKH�VWHDG\�VWDWH��QXPEHU�RI�HYHQWVLQ�WKH�)(6�LV�FRQVWDQW��DQG�WKH�WUDQVLHQW�RQH��QXPEHU�RI�HYHQWVLQ� WKH� )(6� LV� LQFUHDVLQJ��� � ,Q� WKH� ODWWHU� FDVH�� OHW� DOO� HYHQWVJHQHUDWH�WZR�QHZ�RQHV�
7KH�1XPEHU�RI�(YHQWV�LQ�WKH�)(6
7KH�DLP�RI�WKLV�VWXG\�LV�WR�GHWHUPLQH�DQG�FRPSDUH�HVSHFLDOO\�WKHDV\PSWRWLF EHKDYLRXU�RI� WKH�GLIIHUHQW�HYHQW� VHW�DOJRULWKPV��VR�DVHTXHQFH�RI�PHDVXUHPHQWV�LV�QHFHVVDU\�XVLQJ�GLIIHUHQW�YDOXHV�IRUQ WKDW�GHQRWHV�WKH�QXPEHU�RI�HYHQWV�VWRUHG�LQ�WKH�)(6��/HW�Q WDNHWKH�YDOXHV����������������������������������������������������7KH� QXPEHUV� ZHUH� FKRVHQ� VR� WKDW� WKH� GLIIHUHQFH� EHWZHHQ� WKHORJDULWKP� RI� WKH� VXFFHVVLYH� YDOXHV� EH� DSSUR[LPDWHO\� WKH� VDPHFRQVWDQW�
7KH�1XPEHU�RI�6LPXODWLRQ�6WHSV
7KLV�ZD\���Q LQVHUWLRQV�DQG�Q ILUVW RSHUDWLRQV�DUH�SHUIRUPHG� LQWKH� WUDQVLHQW� VWDWH��/HW�P GHQRWH� WKH� QXPEHU�RI� VWHSV� �ILUVW DQGLQVHUW RSHUDWLRQV��LQ�WKH�VWHDG\�VWDWH���7KLV�QXPEHU�PXVW�EH�ODUJHHQRXJK�WR�HQVXUH�WKH�DFFXUDF\�RI�WKH�PHDVXUHPHQWV�
7KH�GLVWULEXWLRQ�RI�WKH�GHOD\

7KH� SUREDELOLW\� GLVWULEXWLRQ� RI� WKH� WLPH� LQWHUYDOEHWZHHQ� WKH� FXUUHQW� HYHQW� DQG� WKH� QHZO\� JHQHUDWHG� RQH�PHQWLRQHG� LQ� WKH� VHFRQG� DVVXPSWLRQ�� ZDV� UHSUHVHQWHG� E\� WKHIROORZLQJ�GLVWULEXWLRQV�x XQLIRUP�GLVWULEXWLRQ�LQ�WKH�>����@�LQWHUYDOx H[SRQHQWLDO�GLVWULEXWLRQ�ZLWK�O ��LQWHQVLW\x QRUPDO�GLVWULEXWLRQ��([SHFWHG�YDOXH ���6WDQGDUGGHYLDWLRQ ���x QRUPDO�GLVWULEXWLRQ��([SHFWHG�YDOXH ���6WDQGDUGGHYLDWLRQ ����ZKHUH�WKH�QRUPDO�GLVWULEXWLRQV�DUH�WUXQFDWHG�WR�Wt��
7KH�QXPEHU�RI�GHOHWLRQV
/HW�XV�XVH�GHOHWLRQV��VHH�DVVXPSWLRQ����DV�D�JLYHQ�SHUFHQWDJH�RIDOO� WKH�UHPRYDO�RI�HYHQWV� IURP� WKH�)(6�� �7KH�YDOXHV�XVHG�ZHUH������������������������/HW�XV�FDOO�WKHP�GHOHWH�SHUFHQWDJHV��7KH� ��� PHDQV� WKDW� DOO� UHPRYDOV� DUH� ILUVW RSHUDWLRQV� DQG� WKH

����PHDQV�WKDW�WKH�QXPEHU�RI�UDQGRP�GHOHWLRQV�HTXDOV�ZLWK�WKHQXPEHU�RI�ILUVW�RSHUDWLRQV��
7KH�W\SH�RI�WKH�SURFHVVRU
$V�LW�ZDV�PHQWLRQHG�EHIRUH��WKH�WLPH�RI�WKH�RSHUDWLRQV�GHSHQGVRQ� FRPSXWHU� DUFKLWHFWXUH�� � )RU� WKLV� UHDVRQ�� WKUHH� GLIIHUHQWSURFHVVRUV�ZHUH�XVHG���'(&�$/3+$��L������';��L������'/&�)RU�PRUH�GHWDLOV�VHH� WKH�QH[W�VHFWLRQ��� �2Q�D�SURFHVVRU�ZLWKRXWKDUGZDUH�IORDWLQJ�SRLQW�VXSSRUW��WKH�QXPEHU�RI�NH\�FRPSDULVRQVGRPLQDWHV�� �+RZHYHU�ZKHQ�WKH�KDUGZDUH�VXSSRUW�VSHHGV�XS� WKHIORDWLQJ�SRLQW�RSHUDWLRQV�� WKH� QXPEHU�RI� SRLQWHU� UHIHUHQFHV� DQGRWKHU� LQVWUXFWLRQV� QHFHVVDU\� IRU� WKH� PDLQWHQDQFH� RI� WKH� GDWDVWUXFWXUH�PD\�LQIOXHQFH�WKH�WLPH�RI�WKH�HYHQW�VHW�RSHUDWLRQV�PRUHWKDQ�LQ�WKH�ILUVW�FDVH�
'DWD�VWUXFWXUHV�VWXGLHG
7KH� QDPHV� RI� WKH� VHYHQ� GDWD� VWUXFWXUHV� XVHG� IRU� VWRULQJ� WKHHOHPHQWV�RI�WKH�)(6�DUH�OLVWHG�KHUH�x RUGHUHG�VLQJOH�OLQNHG�OLVWx ELQDU\�WUHHx $9/�WUHHx %�WUHHx ����WUHHx KHDSx VNLS�OLVW
6L[�RXW� RI� WKH� VHYHQ�SDUDPHWHUV� GHVFULEHG� LQ� WKH� SUHYLRXV� VXE�VHFWLRQV� �ZLWK� WKH� H[FHSWLRQ� RI� P�� WKH� QXPEHU� RI� VLPXODWLRQVWHSV� LQ� WKH� VWHDG\� VWDWH�� DUH� RUWKRJRQDO�� ZKLFK� PHDQV� WKDWPHDVXUHPHQWV�PXVW� EH�SHUIRUPHG�IRU� DOO�SRVVLEOH�FRPELQDWLRQVRI�WKHLU�YDOXHV���7KLV�ZD\��ZH�JHW�D�KXJH�TXDQWLW\�RI�UHVXOWV�
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7R�PHDVXUH�WKH�EHIRUH�PHQWLRQHG�SHUIRUPDQFH�FKDUDFWHULVWLFV�RIWKH� VHYHQ� GDWD� VWUXFWXUHV�� VHYHUDO� VHULHV� RI� YHU\� VLPSOH� HYHQWGULYHQ�GLVFUHWH�HYHQW�VLPXODWLRQV�ZHUH�SHUIRUPHG�� �(YHQWV�ZHUHLQVHUWHG� LQWR� WKH�)(6�DQG� WKH\�ZHUH� UHPRYHG�E\� ILUVW RU� GHOHWHRSHUDWLRQV�� � 7KH� DOJRULWKP� RI� WKH� GLVFUHWH� HYHQW� VLPXODWLRQVKRZQ�DW�WKH�EHJLQQLQJ�RI�WKH�SDSHU�ZDV�PRGLILHG�DV�IROORZV�7KH�UHPRYDO�RI�WKH�HOHPHQW�LV�GRQH�E\�GHOHWH RSHUDWLRQ�ZLWK�WKHSUREDELOLW\� RI� GHOHWH� SHUFHQWDJH DQG� E\� ILUVW ZLWK� ���GHOHWHSHUFHQWDJH��SUREDELOLW\����12:��LV�XSGDWHG�RQO\�LQ�WKH�FDVH�RIILUVW�� $IWHU�HYHU\�UHPRYDO�WZR QHZ�HYHQWV�DUH�LQVHUWHG�ZLWK� WKHWLPH� VWDPS� RI� 12:�UDQGRP�DFWXDOBGLVWULEXWLRQ�� LQ� WUDQVLHQWVWDWH�DQG�RQO\�RQH�LQ�VWHDG\�VWDWH�7KH� SDUDPHWHUV� ZHUH� FKDQJHG� DFURVV� WKH� VHULHV� RI� VLPXODWLRQUXQV�DQG�����H[SHULPHQWV�ZHUH�H[HFXWHG�ZLWK�DOO� WKH�SDUDPHWHUFRPELQDWLRQV� XVHG�� � $YHUDJH� DQG� VWDQGDUG� GHYLDWLRQ� RI� WKHQXPEHU� RI� NH\� FRPSDULVRQV� DQG� SRLQWHU� UHIHUHQFHV� DV� ZHOO� DVWKDW� RI� WKH� &38� WLPH� XVHG� ZHUH� FDOFXODWHG�� � 7KH� IROORZLQJIRUPXOD�RI�HPSLULFDO�GHYLDWLRQ�ZDV�XVHG�
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∑� �[ 1 [1� ��:KHUH�1 ����LV�WKH�QXPEHU�RI�H[SHULPHQWV�DQG� [ GHQRWHV�WKHDYHUDJH�YDOXH�RI�[�7KH� UHVW� RI� WKLV� VHFWLRQ� GHVFULEHV� IXUWKHU� GHWDLOV� QHFHVVDU\� WRUHSURGXFH�WKH�VLPXODWLRQ�$OO� WKH� SURJUDPV� ZHUH� ZULWWHQ� LQ� WKH� &��� ODQJXDJH� WDNLQJDGYDQWDJH� RI� ERWK� WKH� LQFRPSOHWH� %RROHDQ� HYDOXDWLRQ� DQGRSHUDWRU� RYHUORDGLQJ�� � 7KH� VWDQGDUG� 
GRXEOH
� W\SH� RI� &��� ZDVXVHG�WR�VWRUH�WKH�NH\V�RI�WKH�HYHQWV�7KH�VLPXODWLRQ�ZDV�UXQ�RQ�WKUHH�GLIIHUHQW�FRPSXWHUV�2QH� RI� WKHP� ZDV� D� '(&� $/3+$� ZRUNVWDWLRQ� ����0+]�(YROXWLRQ���SURFHVVRU������.%�FDFKH����0%�5$0��'(&������PRGHO������'(&�26)���9����RSHUDWLQJ�V\VWHP����7KH�SURJUDPVZHUH� FRPSLOHG� ZLWK� JFF� �Y����� XVLQJ� DOO� RSWLPL]DWLRQV� ��2�IODJ��7KH� VHFRQG� RQH� ZDV� DQ� ,QWHO� ������ ';�� ���0+]�� ���.%FDFKH����0%�5$0��'26��������7KH�%RUODQG�&�������FRPSLOHUZDV�XVHG�DQG�WKH�FRPSLODWLRQ�ZDV�RSWLPL]HG�IRU�WKH�VSHHG�RI�WKHFRGH���7KH�PHPRU\�PRGHO�ZDV��&RPSDFW��7KH� WKLUG� RQH� ZDV� DQ� ,QWHO� FRPSDWLEOH� �7H[DV�� ������ '/&���0+]�� ���.%� FDFKH�� �0%� 5$0�� QR� PDWKHPDWLFDO� FR�SURFHVVRU�� '26� ������ 7KH� FRPSLOHU� DQG� LWV� RSWLRQV� ZHUH� WKHVDPH� DV� LQ� WKH� VHFRQG� FDVH� H[FHSW� WKDW� WKH� IORDWLQJ� SRLQWHPXODWLRQ�ZDV�WXUQHG�RQ�DV�WKLV�WKLUG�SURFHVVRU��XQOLNH�WKH�ILUVWWZR��GRHV�QRW�KDYH�KDUGZDUH�IORDWLQJ�SRLQW�VXSSRUW�8QIRUWXQDWHO\��WKH�FORFNV�RI�WKHVH�PDFKLQHV�KDYH�WKH�UHVROXWLRQRI��PV����PV����PV��UHVSHFWLYHO\��VR�LW�ZDV�QHFHVVDU\� WR�UHSHDWWKH�H[SHULPHQWV�ZLWKLQ�RQH� WLPH�PHDVXULQJ� LQWHUYDO� LQ� WKH� FDVHRI�WKH�WUDQVLHQW�VWDWH�IRU�WKH�VPDOO�YDOXHV�RI�Q �QXPEHU�RI�HYHQWVORDGHG�LQWR�WKH�)(6��WR�REWDLQ�DFFHSWDEOH�DFFXUDF\�7KH�QXPEHU�RI�VWHSV� LQ�VWHDG\�VWDWH� �HDUOLHU�GHQRWHG�E\�P��ZDVFKRVHQ� WR� EH� ODUJH� HQRXJK� ��������� ������� DQG� ����� IRU� WKHWKUHH� SURFHVVRUV�� UHVSHFWLYHO\�� WR� HQVXUH� WKH� VDWLVIDFWRU\SUHFLVLRQ�RI�WKH�WLPH�PHDVXULQJ�7KH� UDQGRP� QXPEHU� JHQHUDWRU� ZDV� WDNHQ� IURP� �-DLQ� ������ WRHQVXUH� WKH� TXDOLW\� RI� WKH� UDQGRP� QXPEHUV� XVHG� IRU� WKHVLPXODWLRQ�7KH� DOJRULWKPV� RI� WKH� GDWD� VWUXFWXUHV� ZHUH� WDNHQ� IURP� WKHVRXUFHV�EHORZ�$9/�WUHH �:LUWK������%�WUHH �:LUWK������KHDS �*RQQHW������VNLS�OLVW� �3XJK������$V� WKH� ����WUHH� LV� WKH� VSHFLDO� FDVH� RI� WKH� %�WUHH�� WKH� FRGH�ZDVZULWWHQ� RQ� WKH� EDVLV� RI� WKH� %�WUHH� DSSO\LQJ� D� QXPEHU� RIVLPSOLILFDWLRQV���%LQDU\�WUHH�DQG�OLVW�ZHUH�IRXQG�WR�EH�WULYLDO�DQGLPSOHPHQWHG�E\�WKH�DXWKRU�+HDS� LV� XVXDOO\� LPSOHPHQWHG� LQ� WKH� ZD\� WKDW� LWV� HOHPHQWV� DUHVWRUHG� LQ� DQ� DUUD\�� � +RZHYHU�� WKLV� VORZV� GRZQ� LWV� RSHUDWLRQV
�7KH� VRXUFH� FRGH� ZDV� GRZQORDGHG� YLD� DQRQ\PRXV� IWS� IURPIWS�FV�XPG�HGX�SXE�VNLS/LVWV

ZKHQ�DQ�HOHPHQW�KDV�WR�EH�PRYHG���)RU�WKLV�UHDVRQ��RQO\�SRLQWHUVWR�WKH�HOHPHQWV��WKH�HYHQWV��ZHUH�VWRUHG�LQ�WKH�DUUD\�7KH� SDUDPHWHU� RI� WKH� %�WUHH� LV� ���� WKDW� LV�� PLQLPXP� ���PD[LPXP����NH\V�FDQ�EH�VWRUHG�LQ�D�QRGH���$QG�DJDLQ��SRLQWHUVWR�HYHQW�HQWULHV�ZHUH�VWRUHG�LQ�WKH�DUUD\�RI�WKH�QRGH�
',6&866,21�2)�7+(�5(68/76�
'LVWULEXWLRQ�'HSHQGHQFH
7KH�TXDQWLW\�RI�WKH�UHVXOWV�LV�VR�ODUJH�WKDW�VRPH�UHGXFWLRQV�VHHPWR�EH�QHFHVVDU\�� �/HW�XV�H[DPLQH� ILUVW�ZKHWKHU� WKH�SHUIRUPDQFHRI�WKH�GLIIHUHQW�HYHQW�VHW�DOJRULWKPV�GHSHQGV�RQ�WKH�GLVWULEXWLRQXVHG�� � �,I� QRW�� WKHQ�ZH� FDQ� UHGXFH� WKH� GDWD� WR� EH� H[DPLQHG� E\�����7KH�QXPEHU�RI�NH\�FRPSDULVRQV�LV�VXLWDEOH�IRU�WKLV�SXUSRVH�DV�LWLV�QRW�DUFKLWHFWXUH�GHSHQGHQW� VR� LW� LV� HQRXJK�WR�H[DPLQH�D�GDWDVWUXFWXUH�RQO\�RQH�SURFHVVRU�7KH� $9/�WUHH�� WKH� %�WUHH� DQG� WKH� ����WUHH� VKRZ� YHU\� VLPLODUEHKDYLRXU�� WKHLU�EHKDYLRXU�GRHV�QRW� GHSHQG�RQ� WKH� GLVWULEXWLRQXVHG��DQG�WKH�QXPEHU�RI�NH\�FRPSDULVRQV�LV�ULVLQJ�DV�D�IXQFWLRQRI�GHOHWH�SHUFHQWDJH���7KH�JUDSK�EHORZ�VKRZV�WKH�UHVXOWV�IRU�WKH%�WUHH�RQO\�DV�WKH�ILJXUH�ZRXOG�EH�YHU\�VLPLODU�IRU�WKH�RWKHU�WZRWUHHV� %�WUHH��WUDQVLHQW�VWDWH��)(6�LV�ILOOHG�XS�WR������HYHQWV
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This distribution independence is not

surprising, because all the three trees are

well balanced, and the effect of delete

percentage can be explained by the fact

that the first operation does not require

key comparisons while the delete does.7KH� ELQDU\� WUHH� �VHH� RQ� WKH� QH[W� SDJH�� VKRZV� GLVWULEXWLRQGHSHQGHQFH���7KLV�GDWD�VWUXFWXUH�SURGXFHV�LWV�EHVW�UHVXOWV�LQ�WKHFDVH�RI�WKH�H[SRQHQWLDO�GLVWULEXWLRQ���,I�ZH�FRPSDUH�WKH�UHVXOWV�RIWKH� WZR� QRUPDO� GLVWULEXWLRQV�� � WKH� RQH� ZLWK� VPDOOHU� GHYLDWLRQSURGXFHV� ZRUVH� UHVXOWV� WKDQ� WKH� RWKHU� RQH�� � �$Q� LQWXLWLYHH[SODQDWLRQ� LV� WKDW� WKH� ILUVW RSHUDWLRQ�FRQVXPHV� WKH� ELQDU\� WUHHIURP�LWV�OHIW�VLGH�DQG�LQVHUWLRQ�EXLOGV�LW�RQ�WKH�ULJKW�VLGH���7KLV�LVHYHQ� PRUH� WUXH� LI� ZH� XVH� QRUPDO� GLVWULEXWLRQ� ZLWK� VPDOOGHYLDWLRQ� DV� LW� LV� QHDUHU� WR� WKH� GHWHUPLQLVWLF� VFKHGXOLQJ� RI� WKH
�,I�\RX�DUH�LQWHUHVWHG�WR�JHW�DOO�WKH�UHVXOWV��SOHDVH�VHQG�DQ�H�PDLOWR�WKH�DXWKRU��*DERU�/HQFVH#KLW�EPH�KX��
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,W�KDV�D�VOLJKW�GLVWULEXWLRQ�GHSHQGHQFH��EXW�LW�LV�VPDOO�VR�ZH�FDQQHJOHFW� LW�� � 8QOLNH� DOO� WKH� RWKHUV�� KHDS� UHTXLUHV� OHVV� NH\FRPSDULVRQV�DV�WKH�GHOHWH�SHUFHQWDJH�LQFUHDVHV�7KH�VLPXODWLRQ�ZLWK�WKH�OLVW�ZDV�VR�VORZ�WKDW�LW�FRXOG�QRW�EH�UXQE\�Q ������VR�QRZ�ZH�VKDOO�XVH�WKH� UHVXOWV� IRU�Q ����� � �7KHVHYDOXHV� VKRXOG� QRW� EH� FRPSDUHG� WR� WKH� UHVXOW� RI� WKH� RWKHU� GDWDVWUXFWXUHV�ZLWK�Q ������/LVW��WUDQVLHQW�VWDWH��)(6�LV�ILOOHG�XS�WR�����HYHQWV

GHOHWH�SHUFHQWDJH

1XPEHURI�NH\FRPSD�ULVRQV
���������������������������

� � �� �� ��

8 LIRUP(1 O��1 O��

,WV�GLVWULEXWLRQ�GHSHQGHQFH� LV� VLPLODU� WR� WKDW�RI� WKH�ELQDU\� WUHH�DQG� WKH� QXPEHU� RI� NH\� FRPSDULVRQV� LQFUHDVHV� VOLJKWO\� LQ� WKHIXQFWLRQ�RI�WKH�GHOHWH�SHUFHQWDJH�DV�ZHOO�
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The distribution dependence is negligible

but the number of key comparisons shows a

certain increase as the delete percentage

grows.

&RPSDULVRQ�RI�WKH�SHUIRUPDQFH�RI�WKH�GDWD�VWUXFWXUHV
$V� GLVFXVVHG� DERYH�� ERWK� WKH� GLVWULEXWLRQ� DQG� WKH� GHOHWHSHUFHQWDJH�PD\�LQIOXHQFH�WKH�SHUIRUPDQFH�RI�WKH�GDWD�VWUXFWXUHVH[DPLQHG�� �7KLV� FDQ�PDNH� WKH�FRPSDULVRQ�YHU\�KDUG�XQOHVV�ZHILQG� D� UHDVRQDEOH� FRPSURPLVH�� � /HW� XV� XVH� D� ���� GHOHWHSHUFHQWDJH���WKDW�VHHPV�WR�EH�TXLWH�UHDOLVWLF���7KH�VROXWLRQ�WR�WKHSUREOHP�RI�GLVWULEXWLRQ�GHSHQGHQFH� LV� WR�XVH� WZR�JUDSKV�RI� WKHGDWD�VWUXFWXUHV�WKH�SHUIRUPDQFH�RI�ZKLFK�LV�KLJKO\�LQIOXHQFHG�E\WKH�GLVWULEXWLRQ�XVHG�� WKH�ELQDU\�WUHH�DQG� WKH� OLVW�� �2QH�RI� WKHPVKRZV�WKHLU�EHVW�UHVXOW�DQG� WKH�RWKHU�WKH�ZRUVW�RQH��GHQRWHG�E\�E�� DQG� �Z��� UHVSHFWLYHO\��8QLIRUP� GLVWULEXWLRQ� LV� XVHG� IRU� DOOWKH�RWKHU���GDWD�VWUXFWXUHV�7KH�IROORZLQJ���ILJXUHV�VKRZ�WKH�WLPH�FKDUDFWHULVWLFV�RI�WKH�GDWDVWUXFWXUHV�)LUVW��ZH�H[DPLQH�WKH�FDVH�ZKHUH�WKH�SURFHVVRU�GRHV�QRW�VXSSRUWWKH�IORDWLQJ�SRLQW�RSHUDWLRQV�6WHDG\�VWDWH�������VLPXODWLRQ�VWHSV��L����'/&��QR�KDUGZDUH�IORDWLQJ�SRLQW�VXSSRUW�����RI�DOO�WKH�UHPRYDOV�LV��GHOHWH�

1XPEHU�RI�HYHQWV�LQ�WKH�)(6
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/LVW��Z�/LVW��E�%LQ��WU���Z�6NLS�/LVW$9/�WUHH+HDS����WUHH%�WUHH%LQ��WU���E�
(Note: the horizontal axis has a

logarithmic scale.)7KH� ZHOO�EDODQFHG� GDWD� VWUXFWXUHV� �����WUHH�� %�WUHH� DQG� $9/�WUHH�� SHUIRUPHG� ZHOO� EHFDXVH� WKH\� HIILFLHQWO\� PLQLPL]H� WKHQXPEHU� RI� NH\� FRPSDULVRQV� WKDW� GRPLQDWH� WKH� WLPH� RQ� WKLV



SURFHVVRU�� � +HDS� LV� IDLUO\� JRRG� KHUH� EHFDXVH� LW� UHTXLUHV� DUHODWLYHO\�VPDOO�QXPEHU�RI�NH\�FRPSDULVRQV�DV�ZH�VDZ�HDUOLHU�%LQDU\�WUHH�UHTXLUHG�WKH�OHDVW�WLPH�ZKHQ�LW�VKRZHG�LWV��EHVW�FDVH�SHUIRUPDQFH�� � +RZHYHU�� VLQFH� ZH� FDQQRW� JXDUDQWHH� WKDWH[SRQHQWLDO�GLVWULEXWLRQ�ZLOO�EH�XVHG�LQ�WKH�YDVW�PDMRULW\�RI� WKHVLPXODWLRQV�� ZH� PXVW� �DOVR�� FRQVLGHU� WKH� ZRUVH� SHUIRUPDQFHUHVXOWV�RI�WKH�ELQDU\�WUHH�6NLS�OLVW�ZDV�GHILQLWHO\�ZRUVH�WKDQ�WKH�EDODQFHG�WUHHV�2I�FRXUVH��OLVW�ZDV�LQIHULRU�WR�DOO�RI�WKHP�
6HFRQG�� ZH� GHDO� ZLWK� WKH� UHVXOWV� SURGXFHG� RQ� WKH� RWKHU� ,QWHOSURFHVVRU���WKH�RQH�ZLWK�EXLOW�LQ�PDWKHPDWLFDO�FR�SURFHVVRU�6WHDG\�VWDWH��������VLPXODWLRQ�VWHSV��L����';��ZLWK�KDUGZDUH�IORDWLQJ�SRLQW�VXSSRUW�����RI�DOO�WKH�UHPRYDOV�LV��GHOHWH�
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$V�ZH�FDQ�VHH��$9/�WUHH������WUHH�DQG�KHDS�UHWDLQHG�WKHLU�JRRGSRVLWLRQ�� %�WUHH� LV� VLJQLILFDQWO\� ZRUVH�� � :H� FDQ� VD\� WKH� VDPHDERXW�WKH�ELQDU\�WUHH�DQG�WKH�OLVW�DV�ZH�GLG�HDUOLHU�DW�WKH�SUHYLRXVSURFHVVRU���/LQNHG�OLVW�LV�WKH�ZRUVW�RQO\�DERYH�D�FHUWDLQ�YDOXH�RIQ��WKH��QXPEHU�RI�HYHQWV�LQ�WKH�)(6���2Q�WKLV�SODWIRUP��VNLS�OLVWKDV�RYHUWDNHQ�WKH�ZHOO�EDODQFHG�WUHH�VWUXFWXUHV�DQG�WKH�KHDS�
)LQDOO\�� OHW� XV� KDYH� D� ORRN� DW� WKH� UHVXOWV� RQ� WKH� $/3+$SURFHVVRU���+HUH�ZH�XVH����GHOHWH�RSHUDWLRQV�DQG�DSSO\�XQLIRUPGLVWULEXWLRQ�WR�DOO�WKH�GDWD�VWUXFWXUHV�6WHDG\�VWDWH��������VLPXODWLRQ�VWHSV��'(&�$/3+$��ZLWK�KDUGZDUH�IORDWLQJ�SRLQW�VXSSRUW�DOO�WKH�UHPRYDOV�DUH��ILUVW��RSHUDWLRQV
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/LVW%LQ��WUHH$9/�WUHH����WUHH%�WUHH+HDS6NLS/LVW

The graph shows that the heap and

especially the skip list are the best

choice on this architecture.

&21&/86,21

6HYHQ� GDWD� VWUXFWXUHV� ZHUH� H[DPLQHG� E\� VLPXODWLRQ� DQGFRPSDUHG�WR�ILQG�RXW�ZKLFK�RQH�VKRXOG�EH�XVHG�WR�LPSOHPHQW�WKH)XWXUH�(YHQW�6HW�RI�DQ�HYHQW�GULYHQ�GLVFUHWH�HYHQW�VLPXODWRU�:H�FRQFOXGH�WKDW�ERWK�WKH�SURFHVVRU�W\SH�DQG�WKH�GLVWULEXWLRQ�RIWKH� GHOD\� RI� WKH� QHZ� HYHQWV� LQIOXHQFH� ZKLFK� GDWD� VWUXFWXUHSURGXFHV�WKH�EHVW�WLPH�FKDUDFWHULVWLFV�%\�H[DPLQLQJ�WKH�QXPEHU�RI�NH\�FRPSDULVRQV��ZH�IRXQG�WKDW�WKHEDODQFHG�WUHHV�DQG�KHDS�SURGXFH�WKH�ORZHVW�YDOXHV� IURP�DPRQJDOO� WKH� GDWD� VWUXFWXUHV�� � )RU� WKLV� UHDVRQ� LI� ZH� XVH� D� SURFHVVRUZKHUH�WKH�&38�WLPH�RI�WKH�HYHQW�VHW�RSHUDWLRQV�LV�GRPLQDWHG�E\WKH� NH\� FRPSDULVRQV� �WKDW� LV�� IORDWLQJ� SRLQW� RSHUDWLRQV� DUH� QRWVXSSRUWHG� E\� KDUGZDUH��� EDODQFHG� WUHHV� DQG� KHDS� DUH� WKH� EHVWFKRLFH�� �%LQDU\� WUHH�SURGXFHG�JRRG�SHUIRUPDQFH�FKDUDFWHULVWLFVLQ� WKH� FDVH� RI� H[SRQHQWLDO� GLVWULEXWLRQ�� WKRXJK� LQ� WKH� FDVH� RIRWKHU�GLVWULEXWLRQV�ELQDU\�WUHH�VKRZV�ZRUVH�UHVXOWV�2Q�WKH�RWKHU�KDQG��VNLS�OLVW�DQG�DOVR�KHDS�KDYH�SURGXFHG�PXFKEHWWHU� WLPH� FKDUDFWHULVWLFV� WKDQ� WKH� EDODQFHG� WUHHV� ZKHQDGYDQFHG� KDUGZDUH� IORDWLQJ� SRLQW� SURFHVVLQJ� ZDV� XVHG��$/3+$�SURFHVVRU�� � ,Q� WKLV� FDVH�� LW� LV�ZRUWK� XVLQJ� VNLS� OLVW� RUKHDS� UDWKHU� WKDQ� EDODQFHG� WUHHV�� HVSHFLDOO\� EHFDXVH� WKHLUDOJRULWKPV�DUH�HYHQ�VLPSOHU�WKDQ�WKDW�RI�WKH�EDODQFHG�WUHHV�
5()(5(1&(6
$KR��$��9���-��(��+RSFURIW��DQG�-��'��8OOPDQ��������7KH�'HVLJQDQG� $QDO\VLV� RI� &RPSXWHU� $OJRULWKPV� $GGLVRQ�:HVOH\�5HDGLQJ��0DVV�
*RQQHW�� *�� +�� ������ +DQGERRN� RI� $OJRULWKPV� DQG� 'DWD6WUXFWXUHV��$GGLVRQ�:HVOH\�
-DLQ�� 5�� ������ 7KH� $UW� RI� &RPSXWHU� 6\VWHPV� 3HUIRUPDQFH$QDO\VLV��-RKQ�:LOH\�	�6RQV���������������
.QXWK��'��(��������7KH�$UW�RI�&RPSXWHU�3URJUDPPLQJ��9RO�����6RUWLQJ�DQG�6HDUFKLQJ��$GGLVRQ�:HVOH\
3XJK�� 9�� ������ �6NLS� /LVWV�� $� 3UREDELOLVWLF� $OWHUQDWLYH� WR%DODQFHG�7UHHV��&RPPXQ��RI�WKH�$&0������QR�����-XQH���������
5HHYHV�� &�� 0�� ������ �&RPSOH[LW\� $QDO\VHV� RI� (YHQW� 6HW$OJRULWKPV��7KH�FRPSXWHU�MRXUQDO������QR����������
:LUWK�� 1�� ������ $OJRULWKPV� �� 'DWD� 6WUXFWXUHV�  � 3URJUDPV�3UHQWLFH�+DOO
%,2*5$3+<
*iERU� /HQFVH ZDV� ERUQ� LQ� *\ôU�� +XQJDU\�� LQ� ������ � +HUHFHLYHG� KLV� 0�6�� LQ� HOHFWULFDO� HQJLQHHULQJ� DQG� LQIRUPDWLRQVFLHQFH�IURP�WKH�7HFKQLFDO�8QLYHUVLW\�RI�%XGDSHVW�LQ��������+HLV�FXUUHQWO\�SXUVXLQJ�KLV�3K��'��DW�KH�VDPH�XQLYHUVLW\���7KH�DUHDRI�KLV�UHVHDUFK�LV�FRPSXWHU�DUFKLWHFWXUHV�DQG�SDUDOOHO�SURFHVVLQJ�+H�LV�DOVR�LQWHUHVWHG�LQ�390�
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