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Abstract 
7KLV�WKHVLV�FRQVLGHUV�KRZ�%OXHWRRWK�DQG�8076�FDQ�EH�XVHG�WRJHWKHU�WR�JLYH�HOHFWURQLF�
GHYLFHV�DFFHVV�WR�8076�SDFNHW�GDWD�VHUYLFHV��8076�SURYLGHV�PRELOH�ZLUHOHVV�GDWD�DFFHVV�
DQG�%OXHWRRWK�LV�XVHG�IRU�ILQDO�GHOLYHU\�WR�DQG�IURP�ORFDO�GHYLFHV��$Q�H[DPSOH�RI�ZKDW�
PLJKW�EHFRPH�D�FRPPRQ�VFHQDULR�LV�RQH�RU�VHYHUDO�3'$V��ODSWRSV�RU�RWKHU�GHYLFHV�
VKDULQJ�D�8076�WHUPLQDO�YLD�%OXHWRRWK��7KH�8076�WHUPLQDO�DFWV�DV�D�JDWHZD\�DQG�
SURYLGHV�,QWHUQHW�DFFHVV�WR�WKH�GHYLFHV��
�
7KH�REMHFWLYH�RI�WKLV�WKHVLV�LV�WR�HYDOXDWH�KRZ�%OXHWRRWK�DQG�8076�ZRUN�WRJHWKHU�DQG�
WR�LGHQWLI\�DQG�DQDO\VH�IXQGDPHQWDO�LVVXHV�IRU�D�%OXHWRRWK�8076�JDWHZD\��7KHUH�DUH�
VHYHUDO�IDFWRUV�WKDW�DIIHFW�WKH�SHUIRUPDQFH��WKH�8076�UDGLR�DFFHVV�EHDUHU�GDWD�UDWH��WKH�
%OXHWRRWK�SROOLQJ�DOJRULWKP��WKH�QXPEHU�RI�XVHUV�VKDULQJ�D�FRPPRQ�JDWHZD\��DQG�WKH�
W\SH�RI�%OXHWRRWK�SDFNHWV�WKDW�DUH�EHLQJ�XVHG��
�
$�VLPXODWRU�KDV�EHHQ�LPSOHPHQWHG�WR�HYDOXDWH�KRZ�SHUIRUPDQFH�YDULHV�IRU�GLIIHUHQW�XVHU�
VFHQDULRV��6LPXODWLRQ�UHVXOWV�DQG�WKHRUHWLFDO�UHVXOWV�DUH�SUHVHQWHG�DORQJ�ZLWK�DQ�DQDO\VLV�
LQ�WKH�UHSRUW��
�
7KH�UHVXOWV�VKRZ�WKDW�%OXHWRRWK�DQG�8076�DUH�ZHOO�PDWFKHG�LQ�WHUPV�RI�GDWD�UDWH��DQG�
WKDW�WKH\�ZRUN�ZHOO�WRJHWKHU�IRU�PRVW�XVHU�VFHQDULRV��+RZHYHU��WKHUH�LV�QR�JHQHUDO�
DQVZHU�WR�ZKLFK�RI�WKHVH�WHFKQRORJLHV�LV�WKH�OLPLWLQJ�RQH��LW�GHSHQGV�RQ�WKH�FRQGLWLRQV�
DQG�VHWWLQJV�IRU�WKH�WZR�UDGLR�FKDQQHOV�LQYROYHG��6LPXODWLRQ�UHVXOWV�DOVR�VKRZ�WKDW�WKH�
URXQG�URELQ�SROOLQJ�DOJRULWKP��ZKLFK�LV�FXUUHQWO\�XVHG�LQ�WKH�%OXHWRRWK�FKLSV��PLJKW�EH�D�
ERWWOHQHFN�LI�VHYHUDO�XVHUV�VKDUH�D�FRPPRQ�JDWHZD\��$Q�H[KDXVWLYH��RU�SDUWLDOO\�
H[KDXVWLYH��SROOLQJ�DOJRULWKP�SHUIRUPV�PXFK�EHWWHU��)XUWKHUPRUH��WKHUH�LV�D�QHHG�WR�
DGDSW�WKH�8076�DQG�%OXHWRRWK�UDGLR�EHDUHUV�WR�HDFK�RWKHU�LQ�RUGHU�WR�DFKLHYH�HIILFLHQW�
XWLOL]DWLRQ�RI�WKH�UDGLR�UHVRXUFHV��7KHUH�LV�DQ�RSWLPDO�PDSSLQJ�EHWZHHQ�WKH�%OXHWRRWK�
SDFNHW�W\SH�DQG�WKH�8076�GDWD�UDWH�VXFK�WKDW�WKURXJKSXW�LV�PD[LPL]HG�DQG�WKH�DOORFDWHG�
UDGLR�UHVRXUFHV�DUH�NHSW�WR�D�PLQLPXP��7KLV�PDSSLQJ�UHTXLUHV�VLJQDOOLQJ�EHWZHHQ�
%OXHWRRWK�DQG�8076��6XFK�VLJQDOOLQJ�LV�DOVR�QHHGHG�LQ�RUGHU�WR�EH�DEOH�WR�SURYLGH�
TXDOLW\�RI�VHUYLFH��
 





�

� � � 6WHIDQ�.LQQHVWUDQG��0DVWHU�WKHVLV��VSULQJ������

Acknowledgments 
,�DP�LQGHEWHG�WR�D�QXPEHU�RI�SHUVRQV�WKDW�KDYH�FRQWULEXWHG�WR�WKLV�ZRUN��)LUVW�DQG�
IRUHPRVW�,�ZRXOG�OLNH�WR�WKDQN�P\�FROOHDJXHV�DW�7HOLD�5HVHDUFK�$%��0RELOH�DQG�:LUHOHVV�
&RPPXQLFDWLRQ��IRU�WKHLU�KHOS�GXULQJ�WKLV�SURMHFW��-RKQ�7LOOEHUJ��P\�DGYLVRU�DW�7HOLD��
GHVHUYHV�D�VSHFLDO�DFNQRZOHGJPHQW�IRU�KLV�DVVLVWDQFH�DQG�LQVSLUDWLRQ��+H�ZDV�WKH�RQH�
WKDW�FDPH�XS�ZLWK�WKH�LGHD�IRU�WKLV�PDVWHU�WKHVLV�SURMHFW�DQG�KH�NHSW�KLV�HQWKXVLDVP�
GXULQJ�WKH�HQWLUH�ZRUN��)XUWKHUPRUH��,�DP�JUDWHIXO�WR�8OI�1LOVVRQ��3HU�(UQVWU|P��1LNODV�
:LUpQ��DQG�$QGHUV�'DKOpQ�DW�7HOLD�5HVHDUFK�$%�IRU�IUXLWIXO�GLVFXVVLRQV�DQG�IRU�VKDULQJ�
WKHLU�H[SHUWLVH�ZLWK�PH��,�ZRXOG�DOVR�OLNH�WR�H[SUHVV�P\�DSSUHFLDWLRQ�WR�3URIHVVRU�*XQQDU�
.DUOVVRQ��.7+��IRU�KLV�VXSSRUW��DGYLFHV��DQG�KHOS�LQ�RWKHU�ZD\V��)LQDOO\��,�DP�LQILQLWHO\�
JUDWHIXO�WR�P\�IDPLO\�IRU�WKHLU�VXSSRUW�GXULQJ�P\�HQWLUH�HGXFDWLRQ��
�
�
�
6WRFNKROP��-DQXDU\������
6WHIDQ�.LQQHVWUDQG�
�





�

� � � 6WHIDQ�.LQQHVWUDQG��0DVWHU�WKHVLV��VSULQJ������

Table of contents 
  

��,1752'8&7,21������������������������������������������������������������������������������������������������ � 

����7+(�:,5(/(66�/$1'6&$3(������������������������������������������������������������������������������������������������ � 
����352-(&7�2%-(&7,9( ����������������������������������������������������������������������������������������������������������� � 
����352%/(0�'(),1,7,21 ������������������������������������������������������������������������������������������������������� � 
����5(6($5&+�0(7+2'2/2*< ���������������������������������������������������������������������������������������������� � 
����'(/,0,7$7,216 ������������������������������������������������������������������������������������������������������������������ � 

��%/8(7227+ ������������������������������������������������������������������������������������������������������ � 

����%/8(7227+�7(&+12/2*< ���������������������������������������������������������������������������������������������� � 
������9LVLRQ�DQG�JRDOV ���������������������������������������������������������������������������������������������������������� � 
������0XOWL�DFFHVV�VFKHPH ��������������������������������������������������������������������������������������������������� � 
������7UDQVPLWWHU�DQG�UHFHLYHU �������������������������������������������������������������������������������������������� � 
������0HGLXP�DFFHVV�FRQWURO����������������������������������������������������������������������������������������������� � 
������3K\VLFDO�OLQNV���������������������������������������������������������������������������������������������������������������� � 
������%OXHWRRWK�SDFNHWV�������������������������������������������������������������������������������������������������������� � 
������(UURU�FRUUHFWLRQ ���������������������������������������������������������������������������������������������������������� � 
������3URWRFRO�DUFKLWHFWXUH ������������������������������������������������������������������������������������������������ �� 
������8VDJH�PRGHOV�DQG�SURILOHV ��������������������������������������������������������������������������������������� �� 

����%/8(7227+�5(6($5&+ ��������������������������������������������������������������������������������������������������� �� 
������%OXHWRRWK�EDVHG�,QWHUQHW�DFFHVV�SRLQW������������������������������������������������������������������� �� 
������3ROOLQJ�DOJRULWKPV ����������������������������������������������������������������������������������������������������� �� 
������3DFNHW�W\SHV�DQG�6$5�SROLFLHV �������������������������������������������������������������������������������� �� 
������7&3�RYHU�%OXHWRRWK ������������������������������������������������������������������������������������������������� �� 
������,QWHUIHUHQFH�EHWZHHQ�%OXHWRRWK�DQG�,(((������ ���������������������������������������������� �� 
������,VVXHV�RI�UHOHYDQFH�WR�WKLV�SURMHFW��������������������������������������������������������������������������� �� 

��8076������������������������������������������������������������������������������������������������������������������� �� 

����6<67(0�29(59,(: ����������������������������������������������������������������������������������������������������������� �� 
������6\VWHP�DUFKLWHFWXUH ��������������������������������������������������������������������������������������������������� �� 
������7KH�875$�)''�UDGLR�LQWHUIDFH ���������������������������������������������������������������������������� �� 
������(UURU�SURWHFWLRQ�DQG�UHWUDQVPLVVLRQ���������������������������������������������������������������������� �� 
������7UDQVSRUW�FKDQQHOV�IRU�SDFNHW�GDWD������������������������������������������������������������������������ �� 
������8(�RSHUDWLRQDO�PRGHV ��������������������������������������������������������������������������������������������� �� 
������8076�4R6 ���������������������������������������������������������������������������������������������������������������� �� 

��6,08/$725�,03/(0(17$7,21���������������������������������������������������������������� �� 

����6,08/$725�29(59,(: ���������������������������������������������������������������������������������������������������� �� 
������6LPXODWLRQ�HQYLURQPHQW������������������������������������������������������������������������������������������� �� 
������6LPXODWRU�DUFKLWHFWXUH����������������������������������������������������������������������������������������������� �� 

����7+(�%/8(7227+�3$57���������������������������������������������������������������������������������������������������� �� 
������$UFKLWHFWXUH�DQG�SURWRFROV �������������������������������������������������������������������������������������� �� 
������3DFNHW�HQFDSVXODWLRQ�DQG�VHJPHQWDWLRQ ���������������������������������������������������������������� �� 



�

%OXHWRRWK�DV�DQ�DFFHVV�WHFKQRORJ\�WR�8076�

������%OXHWRRWK�SDUDPHWHUV ����������������������������������������������������������������������������������������������� �� 
����7+(�8076�3$57 �������������������������������������������������������������������������������������������������������������� �� 
������$UFKLWHFWXUH ��������������������������������������������������������������������������������������������������������������� �� 
������8076�SDUDPHWHUV����������������������������������������������������������������������������������������������������� �� 

����7+(�1(7:25.�3$57 �������������������������������������������������������������������������������������������������������� �� 
����75$)),&�02'(/6 �������������������������������������������������������������������������������������������������������������� �� 
����3(5)250$1&(�0(75,&6 �������������������������������������������������������������������������������������������������� �� 
����6,08/$725�/,0,7$7,216 ������������������������������������������������������������������������������������������������ �� 

��6,08/$7,216�$1'�$1$/<6,6��������������������������������������������������������������������� �� 

����7+(25(7,&$/�$1$/<6,6�������������������������������������������������������������������������������������������������� �� 
����6,08/$7,21�5(68/76�$1'�$1$/<6,6 ���������������������������������������������������������������������������� �� 
������$ERXW�WKH�UHVXOWV ������������������������������������������������������������������������������������������������������� �� 
������&RQFXUUHQW�ZHE�VHVVLRQV ����������������������������������������������������������������������������������������� �� 
������2QH�YRLFH�FRQYHUVDWLRQ�DQG�FRQFXUUHQW�ZHE�VHVVLRQV���������������������������������������� �� 
������)LOH�GRZQORDGV�DQG�ZHE�VHVVLRQV ��������������������������������������������������������������������������� �� 

��&21&/86,216������������������������������������������������������������������������������������������������� �� 

����&21&/86,216 ������������������������������������������������������������������������������������������������������������������� �� 
����)857+(5�:25. ���������������������������������������������������������������������������������������������������������������� �� 

��5()(5(1&(6 ��������������������������������������������������������������������������������������������������� �� 

����:5,77(1�6285&(6 ����������������������������������������������������������������������������������������������������������� �� 
����:(%�6285&(6�������������������������������������������������������������������������������������������������������������������� �� 

$33(1',;�$�²�$&521<06������������������������������������������������������������������������������� �� 

$33(1',;�%�²�5$1'20�9$5,$%/(6������������������������������������������������������������ �� 

7+(�/2*�1250$/�',675,%87,21 ���������������������������������������������������������������������������������������� �� 
7+(�%281'�3$5(72�',675,%87,21������������������������������������������������������������������������������������ �� 

$33(1',;�&�²�21�7+(�'(),1,7,21�2)�7+528*+387����������������������� �� 



�

� � � 6WHIDQ�.LQQHVWUDQG��0DVWHU�WKHVLV��VSULQJ������

List of figures 
)LJXUH�����%OXHWRRWK�IUHTXHQF\�KRS�VHOHFWLRQ��������������������������������������������������������������������������� � 
)LJXUH�����7KH�)+�7''�VFKHPH�DSSOLHG�LQ�%OXHWRRWK���������������������������������������������������������� � 
)LJXUH�����7KH�%OXHWRRWK�SDFNHW�VWUXFWXUH� ������������������������������������������������������������������������������� � 
)LJXUH�����7KH�%OXHWRRWK�SURWRFRO�VWDFN� �������������������������������������������������������������������������������� �� 
)LJXUH�����7KH�%OXHWRRWK�SURILOH�VWUXFWXUH� ����������������������������������������������������������������������������� �� 
)LJXUH�����7KH�(XURSHDQ�8076�IUHTXHQF\�VSHFWUXP����������������������������������������������������������� �� 
)LJXUH�����8076�QHWZRUN�DUFKLWHFWXUH������������������������������������������������������������������������������������ �� 
)LJXUH�����6SUHDGLQJ�DQG�VFUDPEOLQJ�RI�GDWD�LQ�8076��������������������������������������������������������� �� 
)LJXUH�����8(�PRGHV�DQG�WKH�GLIIHUHQW�VHUYLFH�VWDWHV������������������������������������������������������������ �� 
)LJXUH�����7KH�8076�4R6�DUFKLWHFWXUH�OHYHOV� ���������������������������������������������������������������������� �� 
)LJXUH�����6LPXODWRU�DUFKLWHFWXUH� ��������������������������������������������������������������������������������������������� �� 
)LJXUH�����7KH�VLPXODWRU�REMHFWV�DQG�WKH�EXIIHU�VWUXFWXUH� ��������������������������������������������������� �� 
)LJXUH�����7KH�/$1�$FFHVV�3URILOH�SURWRFRO�VWDFN���������������������������������������������������������������� �� 
)LJXUH�����'DWD�VHJPHQWDWLRQ�DQG�HQFDSVXODWLRQ� ������������������������������������������������������������������ �� 
)LJXUH�����'RZQOLQN�WKURXJKSXW�YHUVXV�QXPEHU�RI�VODYHV�IRU�8/����'/�����NESV�5$%�

����������������������������������������������������������������������������������������������������������������������������������������������� �� 
)LJXUH�����8SOLQN�WKURXJKSXW�YHUVXV�QXPEHU�RI�VODYHV�IRU�8/����'/�����NESV�5$%��� �� 
)LJXUH�����'RZQOLQN�WKURXJKSXW�YHUVXV�QXPEHU�RI�VODYHV�IRU�8/����'/�����NESV�5$%�

����������������������������������������������������������������������������������������������������������������������������������������������� �� 
)LJXUH�����8SOLQN�WKURXJKSXW�YHUVXV�QXPEHU�RI�VODYHV�IRU�8/����'/�����NESV�5$%��� �� 
)LJXUH�����'RZQOLQN�WKURXJKSXW�IRU�����NESV�8076�5$%�DQG���VORW�SDFNHWV� �������������� �� 
)LJXUH�����7KURXJKSXW�IRU�ZHE�VHVVLRQV�ZLWK�RQH�YRLFH�FRQYHUVDWLRQ�DFWLYH�������������������� �� 
)LJXUH�����7KURXJKSXW�IRU�ILOH�GRZQORDGV������������������������������������������������������������������������������� �� 
)LJXUH�����7KURXJKSXW�IRU�RQH�ILOH�GRZQORDG�ZLWK�FRQFXUUHQW�ZHE�VHVVLRQV�������������������� �� 

List of tables 
7DEOH�����%OXHWRRWK�WUDQVPLWWHU�SRZHU�FODVVHV�������������������������������������������������������������������������� � 
7DEOH�����%OXHWRRWK�6&2�SDFNHWV� ���������������������������������������������������������������������������������������������� � 
7DEOH�����%OXHWRRWK�$&/�SDFNHWV� ���������������������������������������������������������������������������������������������� � 
7DEOH�����4R6�DWWULEXWHV�IRU�WKH�8076�EHDUHU�VHUYLFH�IRU�WKH�IRXU�GLIIHUHQW�WUDIILF�

FODVVHV� ���������������������������������������������������������������������������������������������������������������������������������� �� 
7DEOH�����3RVVLEOH�FRPELQDWLRQV�RI�QXPEHU�RI�6&2�OLQNV�DQG�WKH�6&2�SDFNHW�LQWHUYDO� �� 
7DEOH�����7UDIILF�PRGHOV�IRU�+773�WUDIILF������������������������������������������������������������������������������ �� 
7DEOH�����0D[LPXP�QXPEHU�RI�VODYHV�WKDW�FDQ�XVH�WKH�JDWHZD\�EHIRUH�%OXHWRRWK�

EHFRPHV�WKH�ERWWOHQHFN�IRU�55�SROOLQJ��������������������������������������������������������������������������� �� 
7DEOH�����7KH�PLQLPXP�WLPH�UHTXLUHG�IRU�VHQGLQJ�D������E\WH�,3�SDFNHW��RYHU�WKH�

%OXHWRRWK�OLQN�ZKHQ�)(3�LV�XVHG������������������������������������������������������������������������������������� �� 
7DEOH�����$�VXPPDU\�RI�ZKHQ�8076�RU�%OXHWRRWK�LV�WKH�OLPLWLQJ�WHFKQRORJ\�IRU�IDLU�

H[KDXVWLYH�SROOLQJ� �������������������������������������������������������������������������������������������������������������� �� 
7DEOH�����$�VXPPDU\�RI�ZKHQ�8076�RU�%OXHWRRWK�LV�WKH�OLPLWLQJ�WHFKQRORJ\�IRU�URXQG�

URELQ�SROOLQJ� ����������������������������������������������������������������������������������������������������������������������� �� 





��,QWURGXFWLRQ� � ��

�

� � � 6WHIDQ�.LQQHVWUDQG��0DVWHU�WKHVLV��VSULQJ������

1 Introduction 
7KLV�FKDSWHU�GLVFXVVHV�VRPH�PDMRU�WUHQGV�LQ�ZLUHOHVV�FRPPXQLFDWLRQV�DQG�ZK\�WKHUH�LV�DQ�LQWHUHVW�LQ�XVLQJ�
%OXHWRRWK�LQ�FRPELQDWLRQ�ZLWK�8076��7KH�FKDSWHU�DOVR�LQFOXGHV�WKH�GHILQLWLRQ�RI�WKH�UHVHDUFK�SUREOHP�DQG�WKH�
DLP�RI�WKLV�SURMHFW��

����������	�
����
��������
&XUUHQWO\�WKHUH�DUH�WZR�PDMRU�WUHQGV�LQ�ZLUHOHVV�FRPPXQLFDWLRQV��2QH�WUHQG�LV�WKDW�
FHOOXODU�QHWZRUN�WHFKQRORJLHV�DUH�PLJUDWLQJ�WRZDUGV�SDFNHW�VZLWFKLQJ�WR�EULQJ�,QWHUQHW�WR�
PRELOH�WHUPLQDOV��,W�KDV�DOUHDG\�EHJXQ�ZLWK�WKH�ODXQFK�RI�*356�DQG�LW�ZLOO�FRQWLQXH�ZLWK�
WKH�LQWURGXFWLRQ�RI�8076��7KH�RWKHU�WUHQG�LV�WKH�UDSLG�GHYHORSPHQW�RI�VKRUW�UDQJH�
ZLUHOHVV�WHFKQRORJLHV�VXFK�DV�%OXHWRRWK�DQG�,(((��������7KHVH�WHFKQRORJLHV�DUH�FDSDEOH�
RI�OLQNLQJ�GHYLFHV�ZLUHOHVVO\�WR�HDFK�RWKHU�LQ�DQ�DG�KRF�PDQQHU��DQG�WKH\�FDQ�DOVR�OLQN�
GHYLFHV�WR�WKH�,QWHUQHW��
�
$VVRFLDWHG�ZLWK�WKHVH�WZR�WUHQGV�LV�WKH�UDSLG�JURZWK�LQ�WKH�XVH�RI�SRUWDEOH�GHYLFHV�VXFK�
DV�PRELOH�SKRQHV��3'$V��DQG�ODSWRSV��7KH�FDSDELOLWLHV�RI�WKHVH�DUH�LQFUHDVLQJ�LQ�WHUPV�RI�
SURFHVVLQJ�SRZHU��GLVSOD\�TXDOLW\��DQG�IXQFWLRQDOLW\��0RVW�OLNHO\��SHRSOH�ZLOO�KDYH�VHYHUDO�
GHYLFHV�OLNH�PRELOH�SKRQHV��3'$V�DQG�ODSWRSV�LQ�WKH�IXWXUH��7R�FRPELQH�WKHP�DOO�LQWR�
RQH�LV�FXUUHQWO\�QRW�DQ�RSWLRQ�VLQFH�VPDOO�VL]H�LV�LPSRUWDQW�IRU�PRELOH�SKRQHV��ZKHUHDV�
VXIILFLHQW�GLVSOD\�VL]H�LV�LPSRUWDQW�IRU�3'$V��DQG�ILQDOO\�HQRXJK�SURFHVVLQJ�SRZHU�DQG�
GLVSOD\�VL]H�LV�LPSRUWDQW�IRU�ODSWRSV��6RPH�SHRSOH�DUJXH�WKDW�D�FRPELQDWLRQ�RI�DOO�WKHVH�
GHYLFHV�LQWR�RQH�LV�WKH�XOWLPDWH�VROXWLRQ��EXW�HYHQ�VR��VXFK�WHFKQRORJ\�OLHV�PDQ\�\HDUV�
DZD\��6HYHUDO�W\SHV�RI�GHYLFHV�ZLOO�FRH[LVW�IRU�D�IRUHVHHDEOH�IXWXUH�DQG�WKHUH�ZLOO�EH�D�
QHHG�IRU�OLQNLQJ�WKHVH�GHYLFHV�WR�WKH�,QWHUQHW�DQG�WR�HDFK�RWKHU��7KH�FRPELQDWLRQ�RI�
VKRUW�UDQJH�ZLUHOHVV�WHFKQRORJLHV�DQG�FHOOXODU�QHWZRUN�WHFKQRORJLHV�ZLOO�EH�LPSRUWDQW�WR�
VDWLVI\�WKLV�QHHG��
�
7KH�FRPELQDWLRQ�RI�%OXHWRRWK�DQG�8076�LV�DWWUDFWLYH�IRU�VHYHUDO�UHDVRQV��%OXHWRRWK�KDV�
XQLTXH�IHDWXUHV�DPRQJ�WKH�DYDLODEOH�VKRUW�UDQJH�ZLUHOHVV�WHFKQRORJLHV�LQ�WKDW�LW�KDV�EHHQ�
GHVLJQHG�WR�EH�D�VPDOO��ORZ�SRZHU��ORZ�FRPSOH[LW\��DQG�ORZ�FRVW�WHFKQRORJ\��7KH�VPDOO�
VL]H�DQG�ORZ�SULFH�RI�%OXHWRRWK�FKLSV�DOORZ�WKHP�WR�EH�LQFOXGHG�LQ�PDQ\�GHYLFHV��
%OXHWRRWK�UHSODFHV�WKH�QHHG�IRU�FDEOHV�DQG�LW�VXSSRUWV�DXWRPDWLF�V\QFKURQL]DWLRQ�DQG�DG�
KRF�QHWZRUNLQJ��8076��RQ�WKH�RWKHU�KDQG��ZLOO�HQDEOH�ZLUHOHVV�DFFHVV�WR�WKH�,QWHUQHW�
LQGHSHQGHQW�RI�ORFDWLRQ��+RZHYHU��GXH�WR�WKH�SULFH�DQG�VL]H�RI�8076�PRGXOHV�LW�ZLOO�QRW�
EH�DWWUDFWLYH�WR�LQFOXGH�WKHP�LQWR�DOO�VRUWV�RI�GHYLFHV��
�
%OXHWRRWK�FRXOG�EH�XVHG�WR�OLQN�GLIIHUHQW�HOHFWURQLF�GHYLFHV�WR�D�8076�HTXLSSHG�GHYLFH��
7KLV�DSSURDFK�KDV�VHYHUDO�DGYDQWDJHV��7\SLFDOO\��RQO\�RQH�GHYLFH�ZLOO�KDYH�WR�EH�HTXLSSHG�
ZLWK�8076�IXQFWLRQDOLW\��2WKHU�GHYLFHV�FDQ�JDLQ�DFFHVV�WR�8076�SDFNHW�GDWD�VHUYLFHV�
YLD�%OXHWRRWK��7KLV�UHGXFHV�WKH�VL]H�DQG�WKH�SULFH�RI�WKH�GHYLFHV��DQG�VLQFH�%OXHWRRWK�LV�
YHU\�SRZHU�HIILFLHQW�FRPSDUHG�WR�8076��WKHLU�EDWWHULHV�ZLOO�DOVR�ODVW�ORQJHU�RU�FRXOG�EH�
PDGH�VPDOOHU��7KHUH�DUH�VHYHUDO�SRWHQWLDO�XVHU�VFHQDULRV��6RPH�H[DPSOHV�DUH��
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• 3'$V��ODSWRSV�RU�RWKHU�GHYLFHV�FRPPXQLFDWH�ZLWK�D�8076�PRELOH�WHUPLQDO�YLD�
%OXHWRRWK��7KH�WHUPLQDO�DFWV�DV�D�%OXHWRRWK�8076�JDWHZD\�DQG�WKH�GHYLFHV�JDLQ�
DFFHVV�WR�WKH�,QWHUQHW�YLD�WKH�8076�QHWZRUN��

• %OXHWRRWK�EDVHG�DFFHVV�SRLQWV�FRXOG�EH�VHW�XS�LQ�WUDLQV�DQG�EXVHV�DQG�8076�FRXOG�
EH�XVHG�IRU�OLQNLQJ�WKH�DFFHVV�SRLQW�WR�WKH�,QWHUQHW��

• $�GLJLWDO�FDPHUD�FDQ�WUDQVIHU�SLFWXUHV�RU�VWUHDPLQJ�YLGHR�WR�D�8076�PRELOH�WHUPLQDO�
YLD�%OXHWRRWK��7KH�SLFWXUHV�RU�YLGHR�FDQ�WKHQ�EH�VHQW�WR�IULHQGV�DQG�UHODWLYHV�RYHU�WKH�
8076�QHWZRUN��

�
$OWRJHWKHU��XVLQJ�%OXHWRRWK�LQ�FRPELQDWLRQ�ZLWK�8076�RSHQV�XS�QHZ�SRVVLELOLWLHV�IRU�
PRELOH�FRPPXQLFDWLRQ��7KHVH�SRVVLELOLWLHV�PRWLYDWH�WKH�FXUUHQW�VWXG\��

�����	����������������
$W�7HOLD�5HVHDUFK�$%�D�ORW�RI�UHVHDUFK�LV�GRQH�ZLWKLQ�WKH�DUHD�RI�PRELOH�DQG�ZLUHOHVV�
FRPPXQLFDWLRQ��/DWHO\�PXOWL�DFFHVV�VHUYLFHV�KDYH�UHFHLYHG�PXFK�DWWHQWLRQ��:LWKLQ�PXOWL�
DFFHVV�VHUYLFHV�WKH�FRPELQDWLRQ�RI�FHOOXODU�QHWZRUN�WHFKQRORJLHV�DQG�VKRUW�UDQJH�ZLUHOHVV�
WHFKQRORJLHV�LV�D�PDWWHU�RI�PDMRU�LQWHUHVW��%OXHWRRWK�WRJHWKHU�ZLWK�8076�RSHQV�XS�QHZ�
SRVVLELOLWLHV�IRU�PRELOH�FRPPXQLFDWLRQ��,W�LV�VR�IDU�DQ�XQH[SORUHG�DUHD�VLQFH�HDUOLHU�
UHVHDUFK�KDV�IRFXVHG�RQ�HLWKHU�%OXHWRRWK�RU�8076�VHSDUDWHO\��
�
7KH�REMHFWLYH�RI�WKLV�WKHVLV�LV�WR�HYDOXDWH�KRZ�%OXHWRRWK�DQG�8076�ZRUN�WRJHWKHU�DQG�
WR�LGHQWLI\�DQG�DQDO\VH�IXQGDPHQWDO�LVVXHV�IRU�D�%OXHWRRWK�8076�JDWHZD\��

������	��
������������
7KH�UHVHDUFK�WDVN�LV�WR�DQVZHU�VRPH�IXQGDPHQWDO�TXHVWLRQV�DERXW�WKH�FRPELQDWLRQ�RI�
%OXHWRRWK�DQG�8076��+RZ�GRHV�SHUIRUPDQFH�YDU\�ZLWK�WKH�QXPEHU�RI�XVHUV�
VLPXOWDQHRXVO\�VKDULQJ�D�%OXHWRRWK�8076�JDWHZD\"�:KDW�HIIHFW�ZLOO�WKH�%OXHWRRWK�
VFKHGXOLQJ�DOJRULWKP�KDYH�RQ�SHUIRUPDQFH"�+RZ�GR�YDULDEOHV�VXFK�DV�WKH�8076�UDGLR�
DFFHVV�EHDUHU�DQG�WKH�%OXHWRRWK�SDFNHW�W\SH�DIIHFW�SHUIRUPDQFH"�:KLFK�LV�WKH�OLPLWLQJ�
WHFKQRORJ\��8076�RU�%OXHWRRWK"�:KDW�EDVLF�IXQFWLRQDOLW\�ZLOO�EH�UHTXLUHG�IURP�D�
%OXHWRRWK�8076�JDWHZD\"�

���������	����������
����
7KH�SURMHFW�KDV�EHHQ�GLYLGHG�LQ�WZR�PDLQ�SDUWV��7KH�ILUVW�SDUW�FRQVLVWV�RI�D�OLWHUDWXUH�
VWXG\�DQG�WKHRUHWLFDO�DQDO\VLV��7KH�VHFRQG�SDUW�FRQVLVWV�RI�DQ�LPSOHPHQWDWLRQ�RI�D�
VLPXODWRU�DQG�WKH�VLPXODWLRQ�UHVXOWV��7KH�DLP�RI�WKH�ILUVW�SDUW�LV�WR�ILQG�RXW�KRZ�
%OXHWRRWK�DQG�8076�FDQ�EH�PRGHOOHG��ZKDW�LPSRUWDQW�IDFWRUV�DIIHFW�WKH�%OXHWRRWK�DQG�
8076�OLQNV��DQG�ZKDW�IXQFWLRQDOLW\�ZRXOG�EH�UHTXLUHG�IURP�D�%OXHWRRWK�8076�
JDWHZD\��7KH�VLPXODWLRQV�LQ�WKH�VHFRQG�SDUW�RI�WKH�SURMHFW�DLP�DW�HYDOXDWLQJ�WKH�
SHUIRUPDQFH�IRU�FRPSRXQG�%OXHWRRWK�8076�OLQNV�IRU�VRPH�UHDOLVWLF�XVHU�VFHQDULRV���

������������������������������������������������
��1R�8076�HTXLSPHQW�ZDV�DYDLODEOH�DQG�WKHUHIRUH�VLPXODWLQJ�ZDV�WKH�RQO\�IHDVLEOH�ZD\�WR�HYDOXDWH�
SHUIRUPDQFH��)XUWKHUPRUH��D�VLPXODWRU�KDG�WR�EH�LPSOHPHQWHG�IURP�VFUDWFK�VLQFH�QR�DSSURSULDWH�VLPXODWRU�
ZDV�DYDLODEOH��
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• 7KH�DQDO\VLV�ZLOO�EH�OLPLWHG�WR�D�VLQJOH�%OXHWRRWK�SLFRQHW��6FDWWHUQHWV�ZLOO�QRW�EH�

FRQVLGHUHG��
• $�FRPSOHWH�DUFKLWHFWXUH�IRU�KRZ�WR�EXLOG�D�%OXHWRRWK�8076�JDWHZD\�ZLOO�QRW�EH�

SUHVHQWHG��6RPH�LPSRUWDQW�IXQFWLRQDOLW\�ZLOO�EH�LGHQWLILHG�EXW�QRW�DQDO\VHG�LQ�GHWDLO��
• ,W�LV�DVVXPHG�WKDW�ZKHQ�VHYHUDO�WHUPLQDOV�VKDUH�D�FRPPRQ�%OXHWRRWK�8076�JDWHZD\�

WKHLU�WUDIILF�VWUHDPV�DUH�PXOWLSOH[HG�RQWR�RQH�8076�UDGLR�EHDUHU�LQ�D�),)2�PDQQHU��
• 7KH�PD[LPXP�8076�GDWD�UDWH�FRQVLGHUHG�LV�����NESV��
• 7KH�VLPXODWLRQV�RQO\�FRQVLGHU�QRQ�UHDO�WLPH�VHUYLFHV�VXFK�DV�ZHE�VHVVLRQV�DQG�ILOH�

GRZQORDGV��
�
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2 Bluetooth 
7KLV�FKDSWHU�JLYHV�D�FRPSUHKHQVLYH�LQWURGXFWLRQ�WR�WKH�%OXHWRRWK�WHFKQRORJ\�DQG�WR�SULRU�UHVHDUFK�RQ�%OXHWRRWK�WKDW�
LV�RI�LPSRUWDQFH�WR�WKH�SURMHFW��

����!
"������������
����

������9LVLRQ�DQG�JRDOV�
%OXHWRRWK�LV�D�VKRUW�UDQJH�UDGLR�WHFKQRORJ\�WKDW�RULJLQDOO\�ZDV�LQWHQGHG�WR�HOLPLQDWH�WKH�
QHHG�IRU�FDEOHV�EHWZHHQ�HOHFWURQLF�GHYLFHV��7KH�%OXHWRRWK�UDGLR�V\VWHP�KDV�EHHQ�
GHVLJQHG�LQ�RUGHU�WR�DFKLHYH�ORZ�SRZHU��FRVW��FRPSOH[LW\��WR�EH�UREXVW��DQG�WR�DWWDLQ�
ZRUOGZLGH�DYDLODELOLW\��7KH�GHVLJQ�HQDEOHV�VPDOO�DQG�FKHDS�UDGLRV�WKDW�FDQ�EH�HPEHGGHG�
LQ�GLIIHUHQW�GHYLFHV��7KH�YLVLRQ�LV�WKDW�HPEHGGHG�UDGLRV�ZLOO�OHDG�WRZDUGV�XELTXLWRXV�
FRQQHFWLYLW\��)XUWKHUPRUH��%OXHWRRWK�ZLOO�DOORZ�WKLV�WR�RFFXU�ZLWKRXW�H[SOLFLW�XVHU�
LQWHUDFWLRQ��
�
7KH�RULJLQDO�LGHD�WKDW�OHG�WR�WKH�GHYHORSPHQW�RI�%OXHWRRWK�ZDV�ERUQ�DW�(ULFVVRQ�LQ�/XQG��
6ZHGHQ��LQ�������,Q�HDUO\������(ULFVVRQ�WRJHWKHU�ZLWK�1RNLD��,%0��,QWHO��DQG�7RVKLED�
IRUPHG�D�VSHFLDO�LQWHUHVW�JURXS��6,*��WR�SURPRWH�%OXHWRRWK��6LQFH�WKHQ��&RP��/XFHQW��
0LFURVRIW��DQG�0RWRUROD�KDYH�MRLQHG�WKH�6,*��7KH�SXUSRVH�LV�WR�HVWDEOLVK�D�GH�IDFWR�
VWDQGDUG�IRU�WKH�DLU�LQWHUIDFH�DQG�WKH�VRIWZDUH�WKDW�FRQWUROV�LW��DQG�WKHUHE\�HQVXUH�
LQWHURSHUDELOLW\�EHWZHHQ�GHYLFHV�IURP�GLIIHUHQW�PDQXIDFWXUHUV��7KH�%OXHWRRWK�
VSHFLILFDWLRQ�LV�RSHQ�DQG�IUHH��,W�LV�DYDLODEOH�DW�KWWS���ZZZ�EOXHWRRWK�FRP��
�
7KHUH�LV�D�%OXHWRRWK�TXDOLILFDWLRQ�SURJUDP��%43��IRU�SURGXFW�FHUWLILFDWLRQ�WR�FRQWURO�WKH�
TXDOLW\�DQG�WR�HQVXUH�LQWHURSHUDELOLW\�EHWZHHQ�GHYLFHV�IURP�GLIIHUHQW�PDQXIDFWXUHUV��$�
FRPSDQ\�PXVW�EHFRPH�D�6,*�PHPEHU�DQG�WKHLU�SURGXFWV�PXVW�EH�WHVWHG�EHIRUH�LW�LV�
DOORZHG�WR�VHOO�WKHP�XQGHU�WKH�%OXHWRRWK�QDPH��%OXHWRRWK�6SHFLDO�,QWHUHVW�*URXS�
����F���

������0XOWL�DFFHVV�VFKHPH�
%OXHWRRWK�RSHUDWHV�LQ�WKH�XQOLFHQVHG�,60�EDQG�DW�����*+]��7KH�SUREOHP�ZLWK�WKLV�EDQG�
LV�WKH�ODUJH�QXPEHU�RI�V\VWHPV�RSHUDWLQJ�WKHUH��H�J��,(((������E�:/$1V��PLFURZDYH�
RYHQV��DQG�EDE\�PRQLWRUV���%OXHWRRWK�DSSOLHV�IUHTXHQF\�KRSSLQJ��)+��WR�FRPEDW�
LQWHUIHUHQFH�DQG�IDGLQJ�����KRS�FDUULHUV�ZLWK�D���0+]�VSDFLQJ�KDYH�EHHQ�GHILQHG�DORQJ�
ZLWK�D�ODUJH�QXPEHU�RI�SVHXGR�UDQGRP�VHTXHQFHV��7KH�XQLW�WKDW�FRQWUROV�WKH�)+�FKDQQHO�
LV�FDOOHG�WKH�PDVWHU�DQG�GHWHUPLQHV�WKH�SDUWLFXODU�VHTXHQFH�XVHG��7KH�FORFN�RI�WKH�PDVWHU�
XQLW�GHILQHV�WKH�SKDVH�RI�WKH�KRSSLQJ�VHTXHQFH��$OO�SDUWLFLSDWLQJ�XQLWV�RQ�WKH�KRSSLQJ�
FKDQQHO�DUH�VODYHV��$V�VKRZQ�LQ�)LJXUH�����WKH�VODYHV�XVH�WKH�PDVWHU�LGHQWLW\�WR�VHOHFW�WKH�
VDPH�KRSSLQJ�VHTXHQFH�DQG�DGG�WLPH�RIIVHWV�WR�WKHLU�UHVSHFWLYH�FORFNV�WR�V\QFKURQL]H�WR�
WKH�IUHTXHQF\�KRSSLQJ���
�
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�
)LJXUH�����%OXHWRRWK�IUHTXHQF\�KRS�VHOHFWLRQ��

�

,Q�WKH�WLPH�GRPDLQ��WKH�FKDQQHO�LV�GLYLGHG�LQWR�VORWV��7KH�PLQLPXP�GZHOO�WLPH�LV�����µV�
DQG�FRUUHVSRQGV�WR�D�VLQJOH�VORW��)XOO�GXSOH[�FRPPXQLFDWLRQV�LV�DFKLHYHG�E\�DSSO\LQJ�
WLPH�GLYLVLRQ�GXSOH[��7''���7KLV�PHDQV�WKDW�D�XQLW�DOWHUQDWLYHO\�WUDQVPLWV�DQG�UHFHLYHV��
6LQFH�WUDQVPLVVLRQ�DQG�UHFHSWLRQ�WDNHV�SODFH�DW�GLIIHUHQW�WLPH�VORWV��WUDQVPLVVLRQ�DQG�
UHFHSWLRQ�DOVR�WDNHV�SODFH�DW�GLIIHUHQW�KRS�FDUULHUV��)LJXUH�����LOOXVWUDWHV�WKH�)+�7''�
FKDQQHO�DSSOLHG�LQ�%OXHWRRWK��
�

�

)LJXUH�����7KH�)+�7''�VFKHPH�DSSOLHG�LQ�%OXHWRRWK��

�
$Q�)+�%OXHWRRWK�FKDQQHO�LV�DVVRFLDWHG�ZLWK�D�SLFRQHW��$V�PHQWLRQHG�DERYH��WKH�SLFRQHW�
FKDQQHO�LV�GHILQHG�E\�WKH�PDVWHU�XQLW·V�LGHQWLW\��SURYLGLQJ�WKH�KRS�VHTXHQFH��DQG�V\VWHP�
FORFN��SURYLGLQJ�WKH�KRS�SKDVH���$OO�RWKHU�XQLWV�SDUWLFLSDWLQJ�LQ�WKH�SLFRQHW�DUH�VODYHV��
(DFK�%OXHWRRWK�XQLW�KDV�D�IUHH�UXQQLQJ�FORFN��:KHQ�D�SLFRQHW�LV�HVWDEOLVKHG�WKH�VODYHV�
DGG�RIIVHWV�WR�WKHLU�V\VWHP�FORFNV�WR�V\QFKURQL]H�WR�WKH�PDVWHU���7KHVH�RIIVHWV�DUH�
UHOHDVHG�ZKHQ�WKH�SLFRQHW�LV�FDQFHOOHG��EXW�FDQ�EH�VWRUHG�IRU�ODWHU�XVH��'LIIHUHQW�FKDQQHOV�
FDQQRW�KDYH�WKH�VDPH�PDVWHU�DQG�WKHUHIRUH�WKH\�KDYH�GLIIHUHQW�KRSSLQJ�VHTXHQFHV�DQG�
SKDVHV��7KH�PD[LPXP�QXPEHU�RI�XQLWV�WKDW�FDQ�SDUWLFLSDWH�RQ�D�FRPPRQ�FKDQQHO�LV�
OLPLWHG�WR�HLJKW��RQH�PDVWHU�DQG�VHYHQ�VODYHV���7KLV�HQDEOHV�KLJK�FDSDFLW\�EHWZHHQ�DOO�
XQLWV��7KH�PDVWHU�VODYH�UROH�LV�RQO\�DWWULEXWHG�WR�D�XQLW�IRU�WKH�OLIHWLPH�RI�WKH�SLFRQHW��
:KHQ�WKH�SLFRQHW�LV�FDQFHOOHG��WKH�PDVWHU�VODYH�UROHV�DUH�FDQFHOOHG��(DFK�XQLW�FDQ�
EHFRPH�D�PDVWHU�RU�D�VODYH��%\�GHILQLWLRQ��WKH�XQLW�HVWDEOLVKLQJ�WKH�SLFRQHW�EHFRPHV�WKH�
PDVWHU��EXW�RQFH�WKH�SLFRQHW�KDV�EHHQ�HVWDEOLVKHG�WKH�PDVWHU�VODYH�UROHV�FDQ�EH�
H[FKDQJHG��
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0XOWLSOH�SLFRQHWV�FDQ�EH�LQWHUFRQQHFWHG�ZLWK�HDFK�RWKHU�DQG�DUH�UHIHUUHG�WR�DV�D�VFDWWHUQHW��
,W�LV�SRVVLEOH�WR�LQWHUFRQQHFW�GLIIHUHQW�SLFRQHWV��EXW�D�XQLW�FDQ�FRPPXQLFDWH�LQ�RQO\�RQH�
SLFRQHW�DW�D�WLPH��7KH�GLIIHUHQW�SLFRQHWV�DUH�QRW�V\QFKURQL]HG�LQ�WLPH�DQG�HDFK�SLFRQHW�
KDV�LWV�RZQ�KRSSLQJ�VHTXHQFH��$�XQLW�FDQ�MXPS�IURP�RQH�SLFRQHW�WR�DQRWKHU�E\�DGMXVWLQJ�
WKH�SLFRQHW�FKDQQHO�SDUDPHWHUV��DQG�LW�FDQ�FKDQJH�UROH�ZKHQ�MXPSLQJ��)RU�H[DPSOH��D�
XQLW�FDQ�EH�PDVWHU�LQ�RQH�SLFRQHW�DW�RQH�LQVWDQW�LQ�WLPH��DQG�EH�D�VODYH�LQ�D�GLIIHUHQW�
SLFRQHW�DW�DQRWKHU�LQVWDQW�LQ�WLPH��$�XQLW�FDQ�DOVR�EH�D�VODYH�LQ�GLIIHUHQW�SLFRQHWV��EXW�
FDQQRW�EH�PDVWHU�LQ�GLIIHUHQW�SLFRQHWV�VLQFH�WKH�PDVWHU�SDUDPHWHUV�VSHFLI\�WKH�SLFRQHW�
)+�FKDQQHO��DQG�WZR�SLFRQHWV�FDQQRW�VKDUH�WKH�VDPH�FKDQQHO��%OXHWRRWK�6SHFLDO�,QWHUHVW�
*URXS�����D��+DDUWVHQ��������

������7UDQVPLWWHU�DQG�UHFHLYHU�
7KH�%OXHWRRWK�WUDQVPLWWHU�LV�FODVVLILHG�LQWR�WKUHH�SRZHU�FODVVHV��VHH�7DEOH�������,W�LV�
H[SHFWHG�WKDW�LPSOHPHQWDWLRQV�XVLQJ�SRZHU�FODVV������P:��ZLOO�EH�PRVW�FRPPRQ��7KH�
UDQJH�IRU�D���P:�WUDQVFHLYHU�LV�DERXW����PHWHUV�DQG�LW�LV�HQRXJK�IRU�PRVW�XVHV��:LWK�
SRZHU�FODVV���WKH�LPSOHPHQWDWLRQ�FRXOG�EH�VPDOO�VLQFH�5)�DPSOLILHUV�DUH�QRW�QHHGHG��,Q�
DGGLWLRQ��WKH�SRZHU�FRQVXPSWLRQ�LV�ORZ�ZKLFK�PHDQV�WKDW�EDWWHULHV�ODVW�ORQJHU�RU�FRXOG�
EH�PDGH�VPDOOHU��3RZHU�FRQWURO�LV�UHTXLUHG�IRU�WUDQVPLW�SRZHUV�DERYH��G%P��
�
�

3RZHU�FODVV� 0D[�RXWSXW�SRZHU� 0LQ�RXWSXW�SRZHU� 3RZHU�FRQWURO�

�� ����P:����G%P�� ��P:����G%P��
<HV��IRU�SRZHUV�!���G%P��

2WKHUZLVH�RSWLRQDO��

�� ����P:����G%P�� �����P:�����G%P�� 2SWLRQDO�

�� ��P:����G%P�� 1�$� 2SWLRQDO�

7DEOH�����%OXHWRRWK�WUDQVPLWWHU�SRZHU�FODVVHV��

�
7KH�PRGXODWLRQ�XVHG�LV�*)6.��D�VLPSOH�PRGXODWLRQ�VFKHPH�WKDW�DOORZV�ORZ�FRPSOH[LW\�
LQ�WKH�UHFHLYHU��7KH�WUDQVPLWWHG�GDWD�KDV�D�V\PERO�UDWH�RI���0V\PEROV�V��7KH�UHTXLUHG�
VHQVLWLYLW\�RI�WKH�UHFHLYHU�LV�²���G%P�RU�EHWWHU��7KLV�LV�HDV\�WR�DFKLHYH�DQG�PHDQV�WKDW�WKH�
UHFHLYHU�LPSOHPHQWDWLRQ�FDQ�EH�FKHDS��%OXHWRRWK�6SHFLDO�,QWHUHVW�*URXS�����D���

������0HGLXP�DFFHVV�FRQWURO�
7KH�PDVWHU�FRQWUROV�WKH�WUDIILF�RQ�WKH�SLFRQHW�DQG�WDNHV�FDUH�RI�DFFHVV�FRQWURO��$FFHVV�
FRQWURO�LV�FHQWUDOL]HG�DQG�FRPSOHWHO\�FRQWHQWLRQ�IUHH��2QO\�FRPPXQLFDWLRQ�EHWZHHQ�WKH�
PDVWHU�DQG�RQH�RU�PRUH�VODYHV�LV�SRVVLEOH��L�H��FRPPXQLFDWLRQ�EHWZHHQ�WZR�VODYHV�KDV�WR�
JR�WKURXJK�WKH�PDVWHU���7LPH�VORWV�DUH�DOWHUQDWLYHO\�XVHG�IRU�PDVWHU�WUDQVPLVVLRQ�DQG�
VODYH�WUDQVPLVVLRQ��,Q�WKH�PDVWHU�WUDQVPLVVLRQ��WKH�PDVWHU�LQFOXGHV�DQ�DGGUHVV�RI�WKH�
VODYH�XQLW�IRU�ZKLFK�WKH�LQIRUPDWLRQ�LV�LQWHQGHG��,Q�RUGHU�WR�SUHYHQW�FROOLVLRQV�RQ�WKH�
FKDQQHO�GXH�WR�PXOWLSOH�VODYH�WUDQVPLVVLRQV��WKH�PDVWHU�XVHV�SROOLQJ��)RU�HDFK�VODYH�WR�
PDVWHU�VORW��WKH�PDVWHU�GHFLGHV�ZKLFK�VODYH�LV�DOORZHG�WR�WUDQVPLW��2QO\�WKH�VODYH�
DGGUHVVHG�LQ�WKH�PDVWHU�WR�VODYH�VORW�GLUHFWO\�SUHFHGLQJ�WKH�VODYH�WR�PDVWHU�VORW�LV�DOORZHG�
WR�WUDQVPLW��%OXHWRRWK�6SHFLDO�,QWHUHVW�*URXS�����D��+DDUWVHQ��������
�
7KH�SROOLQJ�DOJRULWKP�LV�WKH�VHW�RI�UXOHV�WKDW�GHWHUPLQHV�ZKHQ�WKH�PDVWHU�VZLWFKHV�IURP�
RQH�VODYH�WR�DQRWKHU��ZKLFK�LV�WKH�QH[W�VODYH�WR�EH�SROOHG��WKH�QXPEHU�RI�VXFFHVVLYH�WLPHV�



�� � � ��%OXHWRRWK�

�

%OXHWRRWK�DV�DQ�DFFHVV�WHFKQRORJ\�WR�8076�

WKDW�VODYH�LV�SROOHG�HWF��&DSRQH�HW�DO��������7KH�SROOLQJ�DOJRULWKP�ZLOO�DIIHFW�SHUIRUPDQFH�
LQ�WKH�SLFRQHW��7KH�RYHUDOO�JRDO�LV�WR�DFKLHYH�IDLU�VKDULQJ�RI�EDQGZLGWK�DQG�KLJK�OLQN�
XWLOL]DWLRQ��,Q�WKH�ILUVW�YHUVLRQ�RI�WKH�%OXHWRRWK�VSHFLILFDWLRQ�D�URXQG�URELQ��55��VFKHPH�
ZDV�VSHFLILHG��5RXQG�URELQ�SROOLQJ�VLPSO\�PHDQV�WKDW�WKH�PDVWHU�SROOV�WKH�VODYHV�RQH�
DIWHU�DQRWKHU�LQ�D�F\FOLF�IDVKLRQ��8QIRUWXQDWHO\�WKLV�SROOLQJ�DOJRULWKP�SHUIRUPV�SRRUO\�
VLQFH�LW�LV�QRW�ZHOO�VXLWHG�IRU�D�7''�V\VWHP�ZKHUH�XSOLQN�DQG�GRZQOLQN�VFKHGXOLQJ�DUH�
WLJKWO\�FRXSOHG��7KH�VLPSOH�55�VFKHPH�ZDVWHV�VORWV��DQG�WKXV�EDQGZLGWK��VLQFH�WKH�
PDVWHU�SROOV�WKH�VODYHV�LQ�D�F\FOLF�IDVKLRQ�HYHQ�ZKHQ�WKH�PDVWHU�RU�WKH�VODYH�KDV�QRWKLQJ�
WR�VHQG��,Q�WKH�FXUUHQW�YHUVLRQ�RI�WKH�%OXHWRRWK�VSHFLILFDWLRQ�WKH�SROOLQJ�DOJRULWKP�LV�
XQVSHFLILHG��OHDYLQJ�WKH�LVVXH�WR�EH�VROYHG�E\�WKH�LPSOHPHQWHU��

������3K\VLFDO�OLQNV�
%OXHWRRWK�VXSSRUWV�V\QFKURQRXV�VHUYLFHV�VXFK�DV�YRLFH�DQG�DV\QFKURQRXV�VHUYLFHV�VXFK�
DV�EXUVW\�GDWD��7ZR�W\SHV�RI�SK\VLFDO�OLQNV�KDYH�EHHQ�GHILQHG��
• 6\QFKURQRXV�FRQQHFWLRQ�RULHQWHG��6&2��OLQNV��
• $V\QFKURQRXV�FRQQHFWLRQOHVV��$&/��OLQNV��
�
7KH�6&2�OLQN�LV�D�V\PPHWULF��SRLQW�WR�SRLQW�OLQN�EHWZHHQ�WKH�PDVWHU�DQG�D�VLQJOH�VODYH��
7KH�OLQN�LV�HVWDEOLVKHG�E\�UHVHUYDWLRQ�RI�GXSOH[�VORWV�DW�UHJXODU�LQWHUYDOV��DQG�FDQ�WKXV�EH�
FRQVLGHUHG�D�FLUFXLW��7KH�PDVWHU�ZLOO�VHQG�6&2�SDFNHWV�DW�UHJXODU�LQWHUYDOV�LQ�WKH�PDVWHU�
WR�VODYH�VORWV�WR�WKH�SDUWLFXODU�VODYH��DQG�WKH�VODYH�LV�DOZD\V�DOORZHG�WR�UHVSRQG�ZLWK�DQ�
6&2�SDFNHW�LQ�WKH�IROORZLQJ�VODYH�WR�PDVWHU�VORW��7KH�$&/�OLQN�LV�D�SRLQW�WR�PXOWLSRLQW�
OLQN�EHWZHHQ�WKH�PDVWHU�DQG�DOO�WKH�VODYHV�LQ�WKH�SLFRQHW��,Q�VORWV�WKDW�DUH�QRW�UHVHUYHG�IRU�
6&2�OLQNV��WKH�PDVWHU�FDQ�HVWDEOLVK�DQ�$&/�OLQN�WR�DQ\�RI�WKH�VODYHV��7KH�$&/�OLQN�LV�
HVWDEOLVKHG�RQ�D�SHU�VORW�EDVLV�DQG�FDQ�WKXV�EH�FRQVLGHUHG�D�GDWDJUDP�FRQQHFWLRQ��$�VODYH�
LV�SHUPLWWHG�WR�UHWXUQ�DQ�$&/�SDFNHW�LQ�WKH�VODYH�WR�PDVWHU�VORW�LI�DQG�RQO\�LI�LW�KDV�EHHQ�
DGGUHVVHG�LQ�WKH�SUHFHGLQJ�PDVWHU�WR�VODYH�VORW��$&/�SDFNHWV�QRW�DGGUHVVHG�WR�D�VSHFLILF�
VODYH�DUH�FRQVLGHUHG�EURDGFDVW�SDFNHWV�DQG�DUH�UHDG�E\�HYHU\�VODYH�LQ�WKH�SLFRQHW�
�%OXHWRRWK�6SHFLDO�,QWHUHVW�*URXS�����D���

������%OXHWRRWK�SDFNHWV�
%OXHWRRWK�XVHV�SDFNHW�EDVHG�FRPPXQLFDWLRQ��2QO\�D�VLQJOH�SDFNHW�FDQ�EH�VHQW�LQ�HDFK�
VORW��$OO�SDFNHWV�KDYH�WKH�IRUPDW�VKRZQ�LQ�)LJXUH������
�

�

)LJXUH�����7KH�%OXHWRRWK�SDFNHW�VWUXFWXUH��

7KHUH�DUH�IRXU�FRQWURO�SDFNHWV�GHILQHG�LQ�%OXHWRRWK��
• ,'�SDFNHW��&RQVLVWV�RI�WKH�DFFHVV�FRGH�RQO\��8VHG�IRU�VLJQDOOLQJ��
• 18//�SDFNHW��&RQVLVWV�RI�DFFHVV�FRGH�DQG�SDFNHW�KHDGHU��8VHG�LI�OLQN�FRQWURO�

LQIRUPDWLRQ�FDUULHG�E\�WKH�SDFNHW�KHDGHU�KDV�WR�EH�FRQYH\HG��
• 32//�SDFNHW��6LPLODU�WR�WKH�18//�SDFNHW��8VHG�E\�WKH�PDVWHU�WR�IRUFH�VODYHV�WR�

UHWXUQ�D�UHVSRQVH��
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• )+6�SDFNHW��$�V\QFKURQL]DWLRQ�SDFNHW�XVHG�WR�H[FKDQJH�FORFN�DQG�LGHQWLW\�
LQIRUPDWLRQ��&RQWDLQV�DOO�WKH�LQIRUPDWLRQ�QHFHVVDU\�WR�JHW�WZR�XQLWV�KRS�
V\QFKURQL]HG��

�
7KHUH�DUH�VHYHUDO�RWKHU�SDFNHW�W\SHV�LQ�%OXHWRRWK�XVHG�IRU�V\QFKURQRXV�DQG�
DV\QFKURQRXV�VHUYLFHV��)RU�6&2�OLQNV�WKHUH�DUH�IRXU�SDFNHW�W\SHV��DOO�LQWHQGHG�IRU����
NESV�YRLFH�FRQQHFWLRQV��VHH�7DEOH�������7KUHH�RI�WKRVH��WKH�+9��KLJK�TXDOLW\�YRLFH��
SDFNHWV��DUH�LQWHQGHG�IRU�FRQYHUVDWLRQV��7KH�IRXUWK�6&2�SDFNHW�W\SH��'9��GDWD�YRLFH���LV�
D�FRPELQHG�YRLFH�DQG�GDWD�SDFNHW��7KH�6&2�SDFNHWV�GR�QRW�LQFOXGH�DQ\�&5&�DQG�DUH�
QHYHU�UHWUDQVPLWWHG��
 

3DFNHW�W\SH�
8VHU�SD\ORDG�

�E\WHV��
)(&� &5&�

6\PPHWULF�
PD[�UDWH�
�NESV��

+9�� ��� ���� 1R� ���

+9�� ��� ���� 1R� ���

+9�� ��� 1R� 1R� ���

'9� ��������²���� ������ �<HV�� ������������

7DEOH�����%OXHWRRWK�6&2�SDFNHWV���

7H[W�DQG�QXPEHUV�ZLWKLQ�SDUHQWKHVHV�UHIHU�WR�GDWD�ILHOG�IRU�'9��

�
7KHUH�DUH�VHYHQ�$&/�SDFNHWV�RI�WKUHH�FDWHJRULHV��VHH�7DEOH�������VLQJOH�VORW�SDFNHWV����
VORW�SDFNHWV��DQG���VORW�SDFNHWV��0XOWL�VORW�SDFNHWV�DUH�VHQW�RQ�D�VLQJOH�KRS�FDUULHU��L�H��
WKHUH�LV�QR�IUHTXHQF\�VZLWFK�LQ�WKH�PLGGOH�RI�WKH�SDFNHW��7KH�IUHTXHQF\�WKDW�LV�YDOLG�LQ�
WKH�EHJLQQLQJ�RI�WKH�SDFNHW�LV�XVHG�WKURXJKRXW��6L[�RI�WKH�$&/�SDFNHWV��WKH�'0��GDWD�
PHGLXP��DQG�'+��GDWD�KLJK��SDFNHWV��FRQWDLQ�&5&�FRGH�DQG�UHWUDQVPLVVLRQ�LV�DSSOLHG�LI�
QR�DFNQRZOHGJHPHQW�LV�UHFHLYHG��7KH��WK�$&/�SDFNHW��WKH�$8;��SDFNHW��KDV�QR�&5&�
DQG�LV�QRW�UHWUDQVPLWWHG��%OXHWRRWK�6SHFLDO�,QWHUHVW�*URXS�����D���
�

3DFNHW�
W\SH�

3D\ORDG�
KHDGHU�
�E\WHV��

8VHU�
SD\ORDG�
�E\WHV��

)(&� &5&�
6\PPHWULF�
PD[�UDWH�
�NESV��

$V\PPHWULF�PD[�UDWH�
�NESV��

)RUZDUG��������5HYHUVH�

'0�� �� ����� ���� <HV� ������ ������ ������
'+�� �� ����� 1R� <HV� ������ ������ ������
'0�� �� ������ ���� <HV� ������ ������ �����
'+�� �� ������ 1R� <HV� ������ ������ �����
'0�� �� ������ ���� <HV� ������ ������ �����
'+�� �� ������ 1R� <HV� ������ ������ �����
$8;�� �� ����� 1R� 1R� ������ ������ ������

�

7DEOH�����%OXHWRRWK�$&/�SDFNHWV��

������(UURU�FRUUHFWLRQ�
%OXHWRRWK�LQFOXGHV�ERWK�)(&�DQG�SDFNHW�UHWUDQVPLVVLRQ�VFKHPHV��7KH�)(&�VFKHPHV�DUH�
YHU\�VLPSOH�ZKLFK�LV�D�UHTXLUHPHQW�EHFDXVH�RI�WKH�OLPLWHG�SURFHVVLQJ�WLPH�EHWZHHQ�
UHFHLYH�DQG�WUDQVPLW��7KH�����)(&�PHUHO\�XVHV�D�WKUHH�ELW�UHSHWLWLRQ�FRGH�ZLWK�PDMRULW\�
GHFLVLRQ�DW�WKH�UHFHLYHU��7KLV�)(&�LV�XVHG�IRU�SDFNHW�KHDGHUV��DQG�FDQ�DGGLWLRQDOO\�EH�
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DSSOLHG�WR�WKH�SD\ORDG�RI�6&2�SDFNHWV��)RU�WKH�����)(&��D�VKRUWHQHG�+DPPLQJ�FRGH�LV�
XVHG��,W�FDQ�EH�DSSOLHG�WR�WKH�SD\ORDG�RI�ERWK�6&2�DQG�$&/�SDFNHWV��
�
)RU�$&/�OLQNV�D�IDVW�$54�VFKHPH�LV�DSSOLHG��ZKLFK�PHDQV�WKDW�WKH�VHQGHU�LV�QRWLILHG�RI�
WKH�SDFNHW�UHFHSWLRQ�LQ�WKH�UHFHLYH�VORW�GLUHFWO\�IROORZLQJ�WKH�WUDQVPLW�VORW�LQ�ZKLFK�WKH�
SDFNHW�ZDV�VHQW��(DFK�SD\ORDG�FRQWDLQV�D�&5&�FRGH�WR�FKHFN�IRU�HUURUV��DQG�WKH�
DFNQRZOHGJHPHQW�LV�SLJJ\EDFNHG�RQ�WKH�SDFNHW�KHDGHU�RI�WKH�UHWXUQ�SDFNHW��7KH�IDVW�
$54�VFKHPH�RQO\�SURWHFWV�WKH�SD\ORDG�RI�WKH�SDFNHW��DQG�RQO\�RQ�WKRVH�ZKLFK�KDYH�
&5&���3DFNHW�KHDGHUV�DQG�YRLFH�SD\ORDGV�DUH�QRW�SURWHFWHG�E\�IDVW�$54��%URDGFDVW�
SDFNHWV�DUH�FKHFNHG�IRU�HUURUV�XVLQJ�WKH�&5&��EXW�QR�IDVW�$54�LV�DSSOLHG�DQG�WKH\�DUH�
QHYHU�DFNQRZOHGJHG��%OXHWRRWK�6SHFLDO�,QWHUHVW�*URXS�����D��+DDUWVHQ��������

������3URWRFRO�DUFKLWHFWXUH�
7KH�%OXHWRRWK�SURWRFRO�VWDFN�LV�VKRZQ�LQ�)LJXUH������7KH�ORZHU�OD\HUV�RI�WKH�SURWRFROV��
L�H��WKH�GDWD�OLQN�OD\HU�DQG�WKH�SK\VLFDO�OD\HU��DUH�GHVLJQHG�WR�SURYLGH�D�IOH[LEOH�EDVH�IRU�
IXUWKHU�SURWRFRO�GHYHORSPHQW��2WKHU�SURWRFROV��VXFK�DV�5)&200��DUH�DGRSWHG�IURP�
H[LVWLQJ�SURWRFROV�DQG�DUH�VOLJKWO\�PRGLILHG��7KH�XSSHU�OD\HUV�DUH�H[LVWLQJ�SURWRFROV�
ZLWKRXW�PRGLILFDWLRQV��'LIIHUHQW�DSSOLFDWLRQV�PD\�UXQ�RYHU�WKH�SURWRFRO�VWDFNV��EXW�WR�
DFKLHYH�LQWHURSHUDELOLW\��PDWFKLQJ�DSSOLFDWLRQV�LQ�UHPRWH�GHYLFHV�PXVW�UXQ�RYHU�LGHQWLFDO�
SURWRFRO�VWDFNV��%OXHWRRWK�6SHFLDO�,QWHUHVW�*URXS�����D��+DDUWVHQ��������7KH�EDVLF�
IXQFWLRQDOLW\�RI�WKH�%OXHWRRWK�VSHFLILF�SURWRFROV�LV��
• 5)�OD\HU��VSHFLILHV�WKH�UDGLR�SDUDPHWHUV��
• %DVHEDQG�OD\HU��VSHFLILHV�WKH�ORZHU�OHYHO�RSHUDWLRQV�DW�WKH�ELW�DQG�SDFNHW�OHYHOV��H�J��

)(&�RSHUDWLRQV��HQFU\SWLRQ��&5&�FDOFXODWLRQV��DQG�IDVW�$54��
• /LQN�0DQDJHU�3URWRFRO��/03���VSHFLILHV�OLQN�VHW�XS��VHFXULW\�DQG�FRQWURO��/03�

PHVVDJHV�KDYH�KLJKHU�SULRULW\�WKDQ�XVHU�GDWD��$PRQJ�WKH�PRUH�LPSRUWDQW�
IXQFWLRQDOLWLHV�DUH�FRQQHFWLRQ�HVWDEOLVKPHQW�DQG�UHOHDVH��FRQQHFWLRQ�DQG�UHOHDVH�RI�
6&2�DQG�$&/�FKDQQHOV��WUDIILF�VFKHGXOLQJ��OLQN�VXSHUYLVLRQ��DQG�SRZHU�PDQDJHPHQW��

• /RJLFDO�/LQN�&RQWURO�DQG�$GDSWDWLRQ�3URWRFRO��/�&$3���IRUPV�DQ�LQWHUIDFH�EHWZHHQ�
VWDQGDUG�GDWD�WUDQVSRUW�SURWRFROV�DQG�WKH�%OXHWRRWK�SURWRFRO��,W�KDQGOHV�PXOWLSOH[LQJ�
RI�KLJKHU�OD\HU�SURWRFROV�DQG�VHJPHQWDWLRQ�DQG�UHDVVHPEO\��6$5��RI�ODUJH�SDFNHWV��

• 6HUYLFH�'LVFRYHU\�3URWRFRO��6'3���HQDEOHV�D�%OXHWRRWK�XQLW�WR�ILQG�WKH�FDSDELOLWLHV�RI�
RWKHU�%OXHWRRWK�XQLWV�LQ�UDQJH��

• 5)&200��SURYLGHV�HPXODWLRQ�RI�VHULDO�SRUWV��,W�LV�EDVHG�RQ�WKH�(76,�VWDQGDUG�
76�������DQG�LV�LQWHQGHG�WR�FRYHU�DSSOLFDWLRQV�WKDW�PDNH�XVH�RI�WKH�VHULDO�SRUWV�RI�WKH�
GHYLFHV�LQ�ZKLFK�WKH\�UHVLGH��
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�

)LJXUH�����7KH�%OXHWRRWK�SURWRFRO�VWDFN��

������8VDJH�PRGHOV�DQG�SURILOHV�
7KH�%OXHWRRWK�6SHFLDO�,QWHUHVW�*URXS�KDV�GHYHORSHG�D�QXPEHU�RI�XVDJH�PRGHOV�WKDW�
GHVFULEH�WKH�SULPDU\�%OXHWRRWK�DSSOLFDWLRQV�DQG�WKH�LQWHQGHG�GHYLFHV��%OXHWRRWK�6SHFLDO�
,QWHUHVW�*URXS�����F���7KH�XVDJH�PRGHOV�DUH��
• 7KH�,QWHUQHW�EULGJH��7KLV�VFHQDULR�JLYHV�ODSWRSV�DFFHVV�WR�WKH�,QWHUQHW�WKURXJK�D�

PRELOH�WHUPLQDO�RU�D�ZLUHG�FRQQHFWLRQ��
• 7KH�LQWHUDFWLYH�FRQIHUHQFH��,Q�PHHWLQJV�DQG�FRQIHUHQFHV��GRFXPHQWV�FDQ�EH�

WUDQVIHUUHG�LQVWDQWO\�EHWZHHQ�VHOHFWHG�SDUWLFLSDQWV��DQG�HOHFWURQLF�EXVLQHVV�FDUGV�FDQ�
EH�H[FKDQJHG�DXWRPDWLFDOO\��

• 7KH�KHDGVHW��&RQQHFWV�D�ZLUHOHVV�KHDGVHW�WR�WKH�PRELOH�SKRQH��ODSWRS�RU�DQ\�ZLUHG�
FRQQHFWLRQ�LQ�RUGHU�WR�NHHS�WKH�KDQGV�IUHH��

• 7KH�DXWRPDWLF�V\QFKURQL]HU��$XWRPDWLF�V\QFKURQL]DWLRQ�RI�LQIRUPDWLRQ�LQ�WKH�XVHUV·�
GHVNWRS��ODSWRS��3'$�DQG�PRELOH�SKRQH��

• 7KH�WKUHH�LQ�RQH�SKRQH��:LWK�%OXHWRRWK�WKH�PRELOH�SKRQH�FDQ�EH�XVHG�LQ�GLIIHUHQW�
VFHQDULRV��DV�D�FRUGOHVV�SKRQH��IL[HG�OLQH�FKDUJH���DV�D�PRELOH�SKRQH��FHOOXODU�FKDUJH���
RU�DV�D�ZDONLH�WDONLH��QR�FKDUJH���

 
:KLOH�XVDJH�PRGHOV�GHVFULEH�WKH�SULPDU\�%OXHWRRWK�DSSOLFDWLRQV�DQG�WKH�LQWHQGHG�
GHYLFHV��D�SURILOH�VSHFLILHV�KRZ�LQWHURSHUDELOLW\�LV�DFKLHYHG��%OXHWRRWK�6SHFLDO�,QWHUHVW�
*URXS�����E���$�SURILOH�GHILQHV�D�VHOHFWLRQ�RI�PHVVDJHV�DQG�SURFHGXUHV�DV�EDVLV�IRU�
LQWHURSHUDELOLW\��'HYLFHV�PXVW�KDYH�WKH�VDPH�SURILOHV�LPSOHPHQWHG�WR�EH�DEOH�WR�
FRPPXQLFDWH�ZLWK�HDFK�RWKHU��H�J��WR�VHW�XS�D�YRLFH�FRQQHFWLRQ�ERWK�GHYLFHV�PXVW�KDYH�
WKH�FRUGOHVV�WHOHSKRQ\�SURILOH�LPSOHPHQWHG��$�SURILOH�LV�GHSHQGHQW�RQ�DQRWKHU�SURILOH�LI�
LW�UHXVHV�SDUW�RI�WKDW�SURILOH��7KH�%OXHWRRWK�SURILOH�VWUXFWXUH�DQG�WKH�GHSHQGHQFLHV�DUH�
GHSLFWHG�LQ�)LJXUH�������
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�

)LJXUH�����7KH�%OXHWRRWK�SURILOH�VWUXFWXUH��

����!
"�������	����	���
%OXHWRRWK�LV�D�TXLWH�QHZ�WHFKQRORJ\�DQG�LW�LV�DQ�DUHD�RI�LQWHQVLYH�UHVHDUFK��5HIOHFWLQJ�WKLV�
LV�WKH�IDFW�WKDW�GXULQJ�WKH�WLPH�SHULRG�RI�WKLV�SURMHFW�WKH�QXPEHU�RI�UHVHDUFK�DUWLFOHV�
DERXW�%OXHWRRWK�LQ�WKH�,(((�;SORUH�GDWDEDVH�DSSUR[LPDWHO\�GRXEOHG��7KHUH�DUH��
KRZHYHU��DOUHDG\�TXLWH�H[WHQVLYH�UHVHDUFK�GRQH�RQ�WKH�SHUIRUPDQFH�RI�%OXHWRRWK�
SLFRQHWV�DQG�VFDWWHUQHWV��VRPH�RI�ZKLFK�GHDO�ZLWK�LVVXHV�UHOHYDQW�WR�WKLV�SURMHFW��
�
0RVW�UHVHDUFK�SDSHUV�RQ�%OXHWRRWK�FRQFHUQ�SROOLQJ�DOJRULWKPV��VHJPHQWDWLRQ�DQG�
UHDVVHPEO\��6$5��SROLFLHV��7&3�RYHU�%OXHWRRWK��WKH�DELOLW\�RI�%OXHWRRWK�SLFRQHWV�WR�
KDQGOH�GLIIHUHQW�XVHU�VFHQDULRV�DQG�WUDIILF�W\SHV��DQG�ILQDOO\�WKH�LQWHUIHUHQFH�EHWZHHQ�
%OXHWRRWK�DQG�,(((��������)RU�WKH�VFHQDULRV�RI�WKLV�SURMHFW��ZKHUH�%OXHWRRWK�LV�
LQWHQGHG�DV�DQ�DFFHVV�WHFKQRORJ\�WR�8076��DOO�RI�WKHVH�LVVXHV�DUH�LPSRUWDQW��+RZHYHU��
PRVW�UHVHDUFK�DLPV�DW�RSWLPLVLQJ�GHWDLOV�RI�WKH�%OXHWRRWK�WHFKQRORJ\��ZKLOH�OLWWOH�UHVHDUFK�
LV�GRQH�RQ�SUDFWLFDO�QHWZRUNLQJ�LVVXHV��0RVW�UHVHDUFK�RQO\�FRQFHUQV�FRPPXQLFDWLRQ�
ZLWKLQ�SLFRQHWV�RU�VFDWWHUQHWV��$�FRXSOH�RI�UHVHDUFK�SDSHUV�FRQVLGHU�WKH�FDVH�RI�XVLQJ�
%OXHWRRWK�DV�DQ�DFFHVV�PHWKRG�WR�WKH�ZLUHG�QHWZRUN�IRU�,QWHUQHW�DFFHVV��7R�WKH�EHVW�RI�
WKH�DXWKRU·V�NQRZOHGJH�WKLV�SURMHFW�LV�WKH�ILUVW�WKDW�GHDOV�ZLWK�WKH�LQWHUDFWLRQ�EHWZHHQ�
%OXHWRRWK�DQG�8076��

������%OXHWRRWK�EDVHG�,QWHUQHW�DFFHVV�SRLQW�
3ULRU�UHVHDUFK�FORVHVW�WR�WKLV�SURMHFW�LV�WKDW�RI��.LP�HW�DO��������7KH\�DGGUHVV�WKH�
SHUIRUPDQFH�RI�D�%OXHWRRWK�EDVHG�,QWHUQHW�DFFHVV�SRLQW��7KH�DFFHVV�SRLQW�KDV�D�VLQJOH�
%OXHWRRWK�UDGLR�XQLW�WKDW�DFWV�DV�D�PDVWHU�DQG�XS�WR�VHYHQ�FRQQHFWHG�%OXHWRRWK�HTXLSSHG�
QRWHERRNV��DFWLQJ�DV�VODYHV���6LPXODWLRQV�DUH�PDGH�IRU�ZHE�WUDIILF��ZKLOH�YDU\LQJ�WKH�
YDOXHV�RI�YDULRXV�SDUDPHWHUV�LQFOXGLQJ�XVHUV·�WKLQN�WLPH��PHVVDJH�OHQJWKV��DQG�WKH�
,QWHUQHW�DFFHVV�GHOD\��,W�LV�VKRZQ�WKDW�D�%OXHWRRWK�EDVHG�DFFHVV�SRLQW�LV�IHDVLEOH�LQ�WHUPV�
RI�ERWK�WKURXJKSXW�DQG�GHOD\��SURYLGLQJ�WKURXJKSXW�IURP�WHQV�RI�NESV�WR�KXQGUHGV�RI�
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NESV�GHSHQGLQJ�RQ�WKH�QXPEHU�RI�VODYHV��)RU�KHDY\�ORDG�WKH�WKURXJKSXW�GHFUHDVHV�DV�
��Q��ZKHUH�Q�LV�WKH�QXPEHU�RI�VODYHV��+RZHYHU��HYHQ�IRU�VHYHQ�VODYHV�DQG�KHDY\�ORDG�
WKURXJKSXW�LV�VKRZQ�WR�EH�EHWWHU�WKDQ�WKH�IDVWHVW�GLDO�XS�PRGHP�����NESV���
8QIRUWXQDWHO\��WKURXJKSXW�LV�PHDVXUHG�RQO\�IRU�WKH�VLPSOH�55�SROOLQJ�VFKHPH��$V�
PHQWLRQHG�DERYH��WKH�55�VFKHPH�LV�IDU�IURP�RSWLPDO��,W�ZRXOG�KDYH�EHHQ�LQWHUHVWLQJ�WR�
FRPSDUH�WKURXJKSXW�IRU�RWKHU�SROOLQJ�VFKHPHV�DV�ZHOO��
�
.LP�HW�DO��������VLPXODWH�WKUHH�GLIIHUHQW�SROOLQJ�DOJRULWKPV��URXQG�URELQ��55���ZHLJKWHG�
55��DQG�PXOWL�OHYHO�55��DQG�FRPSDUH�WKHP�LQ�WHUPV�RI�GHOD\��7KH�LGHD�EHKLQG�WKH�
PRGLILHG�55�VFKHPHV�LV�WR�JLYH�SULRULW\�WR�VODYHV��ZKLFK�DFWXDOO\�KDYH�GDWD�ZDLWLQJ�DW�WKH�
PDVWHU��,Q�WKH�ZHLJKWHG�55�VFKHPH�VODYHV�ZLWK�GDWD�DUH�SROOHG�VHYHUDO�WLPHV�VXFFHVVLYHO\��
ZKLOH�VODYHV�ZLWK�QR�GDWD�DUH�SROOHG�RQO\�RQFH��,Q�PXOWL�OHYHO�55�WKH�VODYHV�DUH�GLYLGHG�
LQWR�WZR�FODVVHV��RQH�FRQVLVWLQJ�RI�VODYHV�ZLWK�GRZQORDG�GDWD�DQG�WKH�RWKHU�FRQVLVWLQJ�RI�
VODYHV�ZLWK�QR�GDWD��6ODYHV�LQ�WKH�ILUVW�FODVV�DUH�SROOHG�VHYHUDO�WLPHV�VXFFHVVLYHO\��SULRU�WR�
VODYHV�LQ�WKH�VHFRQG�FODVV��ZKLFK�DUH�SROOHG�RQO\�RQFH��,W�LV�VKRZQ�WKDW�WKH�PRGLILHG�
YHUVLRQV�RI�WKH�55�VFKHPH�SHUIRUP�EHWWHU�WKDQ�WKH�VLPSOH�55�VFKHPH�LQ�WHUPV�RI�
FRPSOHWLRQ�GHOD\��)XUWKHUPRUH��LW�LV�VKRZQ�WKDW�WKH�PXOWL�OHYHO�55�SHUIRUPV�EHWWHU�WKDQ�
WKH�ZHLJKWHG�55��.LP�HW�DO��������DOVR�DQDO\VH�KRZ�WKH�SHUIRUPDQFH�FDQ�EH�LPSURYHG�E\�
XVLQJ�PXOWLSOH�%OXHWRRWK�XQLWV��PDVWHUV��LQ�WKH�DFFHVV�SRLQW��7KH�FRQFOXVLRQ�LV�WKDW�WKH�
SHUIRUPDQFH�LPSURYHV�DV�WKH�QXPEHU�RI�%OXHWRRWK�XQLWV�LQFUHDVH�XS�WR�����$IWHU�WKDW�
IUHTXHQF\�FROOLVLRQV�RQ�WKH�GLIIHUHQW�FKDQQHOV�EHFRPH�WRR�IUHTXHQW�DQG�WKH�SHUIRUPDQFH�
GHWHULRUDWHV��

������3ROOLQJ�DOJRULWKPV�
7KH�SROOLQJ�DOJRULWKP�ZLOO�VLJQLILFDQWO\�DIIHFW�WKH�SHUIRUPDQFH�RI�D�%OXHWRRWK�SLFRQHW��
7KHUH�DUH�WZR�IDFWV�WKDW�FRPSOLFDWH�WKH�GHVLJQ�RI�HIILFLHQW�SROOLQJ�DOJRULWKPV�IRU�
%OXHWRRWK�SLFRQHWV��&DSRQH�HW�DO��������
• $�PDVWHU�WR�VODYH�WUDQVPLVVLRQ�LV�DOZD\V�IROORZLQJ�D�VODYH�WR�PDVWHU�WUDQVPLVVLRQ��
• 7KH�PDVWHU�RQO\�KDV�SDUWLDO�NQRZOHGJH�RI�WKH�SLFRQHW·V�TXHXH�VWDWXV��7KH�PDVWHU�

NQRZV�WKH�VWDWXV�RI�DOO�WKH�PDVWHU�WR�VODYH�TXHXHV��EXW�FDQQRW�KDYH�XSGDWHG�
LQIRUPDWLRQ�RQ�WKH�VWDWXV�RI�WKH�VODYH�WR�PDVWHU�TXHXHV�HYHQ�LI�H[SOLFLW�VLJQDOOLQJ�LV�
SURYLGHG��7KLV�LV�EHFDXVH�WKH�VODYHV�FDQ�RQO\�FRPPXQLFDWH�WKHLU�TXHXH�VWDWXV�ZKHQ�
WKH\�DUH�SROOHG��

�
7KHUH�DUH�VHYHUDO�SDSHUV�ZULWWHQ�ZLWK�SURSRVDOV�DQG�DQDO\VHV�RI�GLIIHUHQW�SROOLQJ�
DOJRULWKPV��6RPH�PDLQ�LGHDV�FDQ�EH�LGHQWLILHG��7R�DFKLHYH�IDLUQHVV�PRVW�RI�WKH�SURSRVHG�
DOJRULWKPV�DUH�EDVHG�RQ�WKH�55�VFKHPH��$Q�LPSURYHPHQW�RI�WKLV�VFKHPH�LQ�RUGHU�WR�
PLQLPL]H�GHOD\�LV�WR�SROO�HDFK�VODYH�ZLWK�GDWD�VHYHUDO�WLPHV�VXFFHVVLYHO\��([KDXVWLYH�
SROOLQJ�DOJRULWKPV�SROO�D�VODYH�XQWLO�LW�KDV�QR�PRUH�GDWD�WR�VHQG��+RZHYHU��WR�SUHYHQW�
FRQWLQXRXVO\�WUDQVPLWWLQJ�RU�UHFHLYLQJ�VODYHV�IURP�FDSWXULQJ�WKH�FKDQQHO�D�OLPLW�IRU�WKH�
PD[LPXP�QXPEHU�RI�VXFFHVVLYH�SROOV�LV�RIWHQ�LQWURGXFHG��6XFK�SROOLQJ�DOJRULWKPV�DUH�
FDOOHG�SDUWLDOO\�H[KDXVWLYH��$�IXUWKHU�LPSURYHPHQW�LV�WR�DYRLG�SROOLQJ�VODYHV�ZLWK�QR�GDWD�
WR�VHQG�RU�UHFHLYH��7KLV�LV�GRQH�E\�VRPHKRZ�LQFRUSRUDWLQJ�WKH�´DFWLYHQHVVµ�RI�WKH�
GLIIHUHQW�VODYHV��'HSHQGLQJ�RQ�KRZ�PXFK�WKH�VODYHV�VHQG�RU�UHFHLYH�WKH\�DUH�DVVLJQHG�
GLIIHUHQW�ZHLJKWV��DQG�KHQFH�GLIIHUHQW�SULRULWLHV��
�
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$OO�WKH�SURSRVDOV�RI��.LP�HW�DO���������'DV�HW�DO���������-RKDQVVRQ�HW�DO���������%UXQR�HW�
DO��������DQG��&DSRQH�HW�DO�������IROORZ�WKH�LGHDV�DERYH��-RKDQVVRQ�HW�DO���������IRU�
H[DPSOH��SURSRVH�D�SROOLQJ�DOJRULWKP�FDOOHG�IDLU�H[KDXVWLYH�SROOLQJ��)(3��DQG�VKRZ�WKDW�
LW�SHUIRUPV�PXFK�EHWWHU�WKDQ�55��,Q�)(3�VODYHV�DUH�GLYLGHG�LQWR�WZR�FRPSOHPHQWDU\�VHWV�
RI�WKRVH�LQ�DFWLYH�DQG�LQDFWLYH�VWDWH��$�SROOLQJ�F\FOH�VWDUWV�ZLWK�WKH�PDVWHU�PRYLQJ�DOO�WKH�
VODYHV�WR�WKH�DFWLYH�VWDWH��DQG�WKHQ�EHJLQV�RQH�RI�SRVVLEO\�VHYHUDO�SROOLQJ�VXE�F\FOHV��$OO�
DFWLYH�VODYHV�DUH�SROOHG�LQ�D�55�IDVKLRQ�GXULQJ�D�SROOLQJ�VXE�F\FOH��$�VODYH�LV�PRYHG�IURP�
WKH�DFWLYH�WR�WKH�LQDFWLYH�VWDWH�ZKHQ�LW�KDV�QR�GDWD�WR�VHQG�DQG�WKH�PDVWHU�KDV�QR�GDWD�WR�
VHQG�WR�WKH�VSHFLILF�VODYH��7KH�LWHUDWLYH�SURFHVV�FRQWLQXHV�XQWLO�WKH�DFWLYH�VHW�LV�HPSWLHG��
7KHQ�D�QHZ�SROOLQJ�F\FOH�VWDUWV��$Q�DGGLWLRQDO�SDUDPHWHU�LV�DGGHG�WR�OLPLW�WKH�SROOLQJ�
LQWHUYDO�RI�DQ\�VODYH�WR�VRPH�SUHGHWHUPLQHG�PD[LPXP�WLPH��7KLV�SUHYHQWV�FRQWLQXRXVO\�
WUDQVPLWWLQJ�VODYHV�IURP�FDSWXULQJ�WKH�FKDQQHO��
�
)(3�LV�DWWUDFWLYH�EHFDXVH�RI�LWV�JRRG�SHUIRUPDQFH�DQG�LWV�VLPSOLFLW\��HVSHFLDOO\�ZLWK�
UHJDUGV�WR�LPSOHPHQWDWLRQ��2WKHUV�OLNH�'DV�HW�DO��������DQG�.DOLD�HW�DO��������������KDYH�
SURSRVHG�PRUH�VRSKLVWLFDWHG�VFKHPHV��7KHLU�LGHD�LV�WR�VHQG�LQIRUPDWLRQ�WR�WKH�PDVWHU�
DERXW�WKH�VODYHV·�TXHXH�VWDWXV�WR�DOORZ�RSWLPDO�SROOLQJ�GHFLVLRQV��7KHUH�DUH�ELWV�LQ�WKH�
SDFNHW�KHDGHUV�DYDLODEOH�IRU�WKLV��EXW�WKHVH�VFKHPHV�DUH�IDU�PRUH�FRPSOLFDWHG�DQG�WKXV�
PRUH�H[SHQVLYH�WR�LPSOHPHQW�WKDQ�)(3��$�EDVLF�SUREOHP�ZLWK�WKH�UHVHDUFK�RQ�SROOLQJ�
DOJRULWKPV�LV�WKDW�WKH\�DUH�DOO�FRPSDUHG�WR�WKH�VLPSOH�55�VFKHPH��1R�FRPSDULVRQV�DUH�
PDGH�EHWZHHQ�WKH�PDQ\�QHZ�SURSRVDOV�DQG�LW�LV�WKHUHIRUH�KDUG�WR�GUDZ�FRQFOXVLRQV�
DERXW�ZKLFK�DOJRULWKP�LV�WKH�EHVW��7KLV�LV�IXUWKHU�FRPSOLFDWHG�E\�WKH�IDFW�WKDW�GLIIHUHQW�
SROOLQJ�DOJRULWKPV�DUH�EHVW�IRU�GLIIHUHQW�WUDIILF�W\SHV��

������3DFNHW�W\SHV�DQG�6$5�SROLFLHV�
0DQ\�KDYH�VWXGLHG�WKH�LPSDFW�RQ�SHUIRUPDQFH�RI�GLIIHUHQW�SDFNHW�W\SHV��(OJ�HW�DO��������
KDYH�VWXGLHG�WKH�SHUIRUPDQFH�RI�GDWD�WUDIILF�RYHU�%OXHWRRWK�SLFRQHWV��2QH�RI�WKHLU�
FRQFOXVLRQV�LV�WKDW�%OXHWRRWK�KDV�YHU\�JRRG�VXSSRUW�IRU�KDQGOLQJ�D�PL[�RI�YRLFH�WUDIILF�
DQG�GDWD�WUDIILF��2WKHUV�OLNH�'DV�HW�DO��������KDYH�QRWLFHG�WKH�VDPH��EXW�KDYH�DOVR�
FRQFOXGHG�WKDW�WKH�SUHVHQFH�RI�YRLFH�FRQYHUVDWLRQV��L�H��6&2�OLQNV��VLJQLILFDQWO\�GHJUDGHV�
WKH�GDWD�WUDIILF�SHUIRUPDQFH��7KH�UHDVRQ�LV�WKDW�LQ�WKH�SUHVHQFH�RI�YRLFH�FRQYHUVDWLRQV�
RQO\���VORW�SDFNHWV�RU�VLQJOH�VORW�SDFNHWV�FDQ�EH�XVHG��,Q�JHQHUDO��WKH�SHUIRUPDQFH�RI�GDWD�
WUDIILF�LQFUHDVHV�ZKHQ�DOORZLQJ�GDWD�SDFNHWV�WR�EH�VHQW�LQ�PXOWL�VORWV��-RKDQVVRQ�HW�DO�
�������7KH�H[SODQDWLRQ�LV�WKDW�WKH�WUDQVPLVVLRQ�RYHUKHDG�GHFUHDVHV�ZKHQ�PXOWL�VORW�
SDFNHWV�DUH�XVHG�DQG�WKDW�PRUH�WLPH�FDQ�EH�XVHG�IRU�WUDQVPLVVLRQ�ZKHQ�IUHTXHQF\�KRSV�
RQO\�RFFXU�RQFH�RYHU�PXOWLSOH�VORWV�LQVWHDG�RI�LQ�HYHU\�VORW���7R�VHH�ZK\�WKH�SDFNHW�W\SH�
KDV�VXFK�VLJQLILFDQW�LPSDFW�RQ�SHUIRUPDQFH�QRWH�WKDW�WKH�SD\ORDG�VL]H�SHU�VORW�IRU�'+��
SDFNHWV������E\WHV�LQ���VORWV�RU������E\WHV�SHU�VORW��LV�VLJQLILFDQWO\�ODUJHU�WKDQ�WKDW�RI�'+��
SDFNHWV������E\WHV�LQ���VORWV�RU����E\WHV�SHU�VORW��DQG�'+��SDFNHWV�����E\WHV�SHU�VORW���
�
6$5�SROLFLHV�DUH�LPSOHPHQWHG�E\�WKH�/�&$3�WR�VXSSRUW�D�ODUJHU�PD[LPXP�WUDQVPLVVLRQ�
XQLW��078��WKDQ�WKH�ODUJHVW�EDVHEDQG�SDFNHW��7KH�6$5�SROLF\�DIIHFWV�SHUIRUPDQFH�VLQFH�
LW�GHWHUPLQHV�ZKLFK�SDFNHW�W\SH�WR�XVH��7KH�FKRLFH�RI�6$5�SROLF\�LV�PDLQO\�D�WUDGH�RII�

������������������������������������������������
��7KH�PD[LPXP�SDFNHW�OHQJWKV�DUH�DSSUR[LPDWHO\����µV�VKRUWHU�WKDQ�WKH�UHVSHFWLYH�PXOWLSOH�RI�WKH�VORW�
GXUDWLRQ�WR�DOORZ�IRU�V\QWKHVL]HU�UH�WXQLQJ��)RU�D�'+��SDFNHW�����µV�LV�DYDLODEOH�IRU�WUDQVPLVVLRQ��IRU�D�

'+��SDFNHW������µV��DQG�IRU�D�'+��SDFNHW������µV��+DDUWVHQ�HW�DO��������
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EHWZHHQ�OLQN�XWLOL]DWLRQ�DQG�GHOD\��)RU�H[DPSOH��D�����E\WH�SDFNHW�FDQ�EH�VHJPHQWHG�LQ�
VHYHUDO�ZD\V��7R�PD[LPL]H�OLQN�XWLOL]DWLRQ�WKH�DSSURSULDWH�VHJPHQWDWLRQ�LV�D���VORW�SDFNHW��
D���VORW�SDFNHW��DQG�D���VORW�SDFNHW��+RZHYHU��WR�PLQLPL]H�GHOD\�WKH�EHVW�VHJPHQWDWLRQ�LV�
WZR���VORW�SDFNHWV��
�
'DV�HW�DO��������KDYH�SHUIRUPHG�DQ�H[WHQVLYH�VWXG\�RI�VHYHUDO�VFKHPHV�GHVLJQHG�WR�
LPSURYH�WKH�SHUIRUPDQFH�RI�DV\QFKURQRXV�GDWD�WUDIILF�RYHU�D�SLFRQHW�ZLWK�PDQ\�DFWLYH�
VODYHV��7KH\�VWXG\�WKH�LPSDFW�RI�WZR�GLIIHUHQW�6$5�SROLFLHV��7KHLU�FRQFOXVLRQ�LV�WKDW�DQ�
6$5�SROLF\�FDOOHG�2SWLPXP�6ORW�8WLOL]DWLRQ��268��WKDW�VHJPHQWV�WKH�KLJKHU�OD\HU�
SDFNHWV�LQWR�DV�IHZ��EXW�KHQFH�ODUJH��EDVHEDQG�SDFNHWV�DV�SRVVLEOH�LV�RSWLPDO�LQ�WHUPV�RI�
WKURXJKSXW��GHOD\�DV�ZHOO�DV�OLQN�XWLOL]DWLRQ��6LQFH�WKH�HYDOXDWLRQ�LV�GRQH�RQO\�IRU�55�WKLV�
FRQFOXVLRQ�PD\�QRW�EH�YDOLG�IRU�GLIIHUHQW�SROOLQJ�DOJRULWKPV�DQG�GLIIHUHQW�WUDIILF�
FKDUDFWHULVWLFV��+RZHYHU��WKH�VLPSOLFLW\�RI�268�PDNHV�LW�DWWUDFWLYH�DV�RSSRVHG�WR�PDQ\�
RI�WKH�PXFK�PRUH�FRPSOLFDWHG�6$5�SROLFLHV�VXJJHVWHG�E\�RWKHUV��

������7&3�RYHU�%OXHWRRWK�
&DUU\LQJ�7&3�,3�WUDIILF�ZLWKLQ�%OXHWRRWK�SLFRQHWV�GRHV�QRW�FDXVH�DQ\�VHULRXV�SUREOHPV��
-RKDQVVRQ�HW�HO������D������E��KDYH�VKRZQ�E\�VLPXODWLRQV�RI�%OXHWRRWK�SLFRQHWV�WKDW�
7&3�WKURXJKSXW�FDQ�EH�NHSW�KLJK�DQG�HQG�WR�HQG�GHOD\V�UHDVRQDEO\�ORZ��7KLV�LV�PDLQO\�
GXH�WR�WKH�HIIHFWLYH�IDVW�$54�VFKHPH�XVHG�LQ�%OXHWRRWK��ZKHUH�UHWUDQVPLVVLRQV�DUH�PDGH�
LPPHGLDWHO\�DIWHU�D�SDFNHW�HUURU�DQG�KHQFH�QR�7&3�WLPHRXWV�RFFXU��'DV�HW�DO��������KDYH�
LQYHVWLJDWHG�WKH�SHUIRUPDQFH�RI�GLIIHUHQW�YHUVLRQV�RI�7&3��7DKRH��5HQR��1HZ�5HQR��DQG�
6DFN��RYHU�%OXHWRRWK��7KHLU�FRQFOXVLRQ�LV�WKDW�WKH�GLIIHUHQFH�LQ�WKURXJKSXW�LV�
LQVLJQLILFDQW��7KLV�LV�GXH�WR�WKH�IDFW�WKDW�WKH�IDVW�$54�VFKHPH�DW�WKH�%OXHWRRWK�OLQN�OD\HU�
HOLPLQDWHV�WKH�QHHG�IRU�PRGLILFDWLRQV�RI�WKH�HUURU�UHFRYHU\�DW�WKH�WUDQVSRUW�OD\HU��
�
7KH�ZRUN�RI�%UXQR�HW�DO��������KDV�VLPLODULWLHV�WR�WKLV�SURMHFW��7KH\�FRQVLGHU�D�VFHQDULR�
ZKHUH�D�%OXHWRRWK�PDVWHU�LV�XVHG�DV�D�ZLUHOHVV�DFFHVV�SRLQW�WR�WKH�,QWHUQHW��7KH\�VLPXODWH�
VHYHQ�VODYHV�ZLWK�D�PL[�RI�7&3�DQG�8'3�WUDIILF�DQG�VWXG\�WKH�UROH�WKDW�WKH�0D[LPXP�
6HJPHQW�6L]H��066��RI�D�7&3�FRQQHFWLRQ�KDV�LQ�GHWHUPLQLQJ�WKH�7&3�WKURXJKSXW�ZKHQ�
XVLQJ�7&3�RYHU�%OXHWRRWK��7KH�FRQFOXVLRQ�LV�WKDW�WKH�VHOHFWLRQ�RI�066�YDOXH�IRU�D�7&3�
FRQQHFWLRQ�DIIHFWV�WKH�%OXHWRRWK�SHUIRUPDQFH��7KLV�LV�GXH�WR�WKH�IDFW�WKDW�HDFK�7&3�
SDFNHW�KDV�WR�EH�VHJPHQWHG�LQWR�IL[HG�VL]HG�ORZHU�OD\HU�SDFNHWV��+RZHYHU��WKLV�LV�QRW�
VRPHWKLQJ�VSHFLILF�IRU�%OXHWRRWK��EXW�KROGV�IRU�DOO�WLPH�VORWWHG�UDGLR�OLQNV��

������,QWHUIHUHQFH�EHWZHHQ�%OXHWRRWK�DQG�,(((�������
6HYHUDO�SDSHUV�FRQFHUQ�WKH�LQWHUIHUHQFH�EHWZHHQ�%OXHWRRWK�DQG�,(((�������:/$1V���
$JUDZDO�HW�DO��������KDYH�PHDVXUHG�WKH�SHUIRUPDQFH�GHJUDGDWLRQ�IRU�ERWK�%OXHWRRWK�DQG�
,(((�������'6�:/$1�ZKHQ�WKH\�DUH�XVHG�WRJHWKHU�LQ�DQ�HPEHGGHG�V\VWHP��ZKLFK�
FRXOG�EH�FRQVLGHUHG�D�ZRUVW�FDVH�VFHQDULR��7KHLU�PHDVXUHPHQWV�VKRZ�WKDW�WKH�UHGXFWLRQ�
LQ�%OXHWRRWK�WKURXJKSXW�GXH�WR�:/$1�LQWHUIHUHQFH�FDQ�EH�VLJQLILFDQW��PXFK�PRUH�WKDQ�
����LQ�VRPH�FDVHV���$OVR��LW�LV�VKRZQ�WKDW�PXOWL�VORW�SDFNHWV�IDUH�PXFK�ZRUVH�WKDQ���VORW�
SDFNHWV��7KLV�LV�DWWULEXWHG�WR�WKH�IDFW�WKDW�WKH�SUREDELOLW\�LV�JUHDWHU�WKDW�D���VORW�SDFNHW�
FDQ�EH�WUDQVPLWWHG�GXULQJ�WKH�:/$1�WUDQVPLWWHU�LGOH�WLPH��7KH�PHDVXUHPHQWV�DOVR�VKRZ�
WKDW�WKH�SDFNHW�HUURU�UDWLR�GXH�WR�:/$1�LQWHUIHUHQFH�LV�QRW�YHU\�GLIIHUHQW�IRU�PHGLXP�
�'0��DQG�KLJK��'+��UDWH�SDFNHWV��7KDW�LV�D�VLJQ�WKDW�LQ�WKH�SUHVHQFH�RI�:/$1�
LQWHUIHUHQFH�WKH�)(&�LQ�%OXHWRRWK�LV�QRW�FDSDEOH�RI�SURYLGLQJ�HQRXJK�UHGXQGDQF\��7KH�
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H[SODQDWLRQ�LV�WKDW�WKH�)(&�RQO\�FDQ�KDQGOH�VLQJOH�ELW�HUURUV��,QWHUIHUHQFH��RQ�WKH�RWKHU�
KDQG��RFFXUV�LQ�EXUVWV�DQG�VLQFH�WKHUH�LV�QR�LQWHUOHDYLQJ�LQ�%OXHWRRWK�WKLV�ZLOO�UHVXOW�LQ�
EXUVW�HUURUV�LQ�WKH�SDFNHWV��

������,VVXHV�RI�UHOHYDQFH�WR�WKLV�SURMHFW�
+DYLQJ�GLVFXVVHG�HDUOLHU�UHVHDUFK�RQ�%OXHWRRWK�ZH�FDQ�LGHQWLI\�D�IHZ�LVVXHV�WKDW�ZLOO�EH�
RI�LPSRUWDQFH�WR�WKLV�SURMHFW�DQG�WKDW�ZLOO�KDYH�WR�EH�FRQVLGHUHG��
�
• 7KH�QXPEHU�RI�XVHUV�VKDULQJ�D�%OXHWRRWK�8076�JDWHZD\��
• 7KH�WUDIILF�FKDUDFWHULVWLFV�RI�WKH�XVHUV��
• 7KH�SROOLQJ�DOJRULWKP�RI�WKH�PDVWHU��
• 7KH�6$5�SROLF\��
• 7KH�SDFNHW�W\SH�XVHG�IRU�GDWD�FRPPXQLFDWLRQ��
• 7KH�LPSDFW�RI�6&2�OLQNV��YRLFH��RQ�GDWD�WUDIILF�SHUIRUPDQFH��
• 7KH�LQWHUDFWLRQ�EHWZHHQ�7&3�DQG�WKH�ORZHU�OD\HUV�RI�WKH�%OXHWRRWK�SURWRFRO�VWDFN��
• 7KH�LQWHUIHUHQFH�IURP�RWKHU�%OXHWRRWK�XQLWV�ZKHQ�VHYHUDO�SLFRQHWV�DUH�DFWLYH��
• 7KH�LQWHUIHUHQFH�IURP�QRQ�%OXHWRRWK�XVHUV��PDLQO\�,(((��������LQ�WKH�,60�EDQG��
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3 UMTS 
7KLV�FKDSWHU�JLYHV�D�EULHI�LQWURGXFWLRQ�WR�VHOHFWHG�DUHDV�RI�8076�WKDW�DUH�RI�LPSRUWDQFH�WR�WKLV�SURMHFW��

����#���������	�����
7KH�8QLYHUVDO�0RELOH�7HOHFRPPXQLFDWLRQV�6\VWHP��8076��LV�WKH�QDPH�RI�WKH�(XURSHDQ�
�UG�JHQHUDWLRQ�PRELOH�V\VWHP�VWDQGDUG��,W�GLIIHUV�IURP�HDUOLHU�JHQHUDWLRQV�RI�PRELOH�
V\VWHPV�PDLQO\�LQ�WKDW�LW�KDV�EHHQ�GHVLJQHG�WR�SURYLGH�DOO�NLQGV�RI�VHUYLFHV��%HVLGHV�
VSHHFK�DQG�606�WKHVH�LQFOXGH�HPDLO��YLGHR�WHOHSKRQ\��PXOWLPHGLD�FRQIHUHQFLQJ��DQG�
PRUH��
�
8076�LV�EDVHG�RQ�D�GHYHORSHG�*60�FRUH�QHWZRUN�DQG�XVHV�ZLGHEDQG�FRGH�GLYLVLRQ�
PXOWLSOH�DFFHVV��:&'0$��DW�WKH�UDGLR�LQWHUIDFH��7KH�8076�UDGLR�LQWHUIDFH��RU�8076�
WHUUHVWULDO�UDGLR�DFFHVV��875$���FRQVLVWV�RI�WZR�PRGHV�RI�RSHUDWLRQ��WKH�IUHTXHQF\�
GLYLVLRQ�GXSOH[��)''��PRGH�DQG�WKH�WLPH�GLYLVLRQ�GXSOH[��7''��PRGH��,Q�6ZHGHQ�ERWK�
)''�DQG�7''�EDQGZLGWK�KDV�EHHQ�DOORFDWHG��EXW�RQO\�)''�ZLOO�EH�XVHG�LQ�WKH�ILUVW�
SKDVH��(DFK�)''�EDQG��L�H��XSOLQN�DQG�GRZQOLQN�EDQG��KDV�EHHQ�GLYLGHG�LQWR�IRXU�VORWV�
RI����0+]�HDFK��+HQFH��LQ�WRWDO�WKHUH�LV�����0+]�IUHTXHQF\�VSHFWUXP�DOORFDWHG�IRU�
875$�)''�DV�VKRZQ�LQ�)LJXUH������,Q�6ZHGHQ�IRXU�RSHUDWRUV�KDYH�EHHQ�DVVLJQHG�RQH�
OLFHQVH�HDFK�IRU�WKH����0+]�XSOLQN�DQG�GRZQOLQN�EDQGV��(XURSROLWDQ��+L�*��2UDQJH��
DQG�7HOH���+ROPD�HW�DO�������3RVW�RFK�7HOHVW\UHOVHQ��������
�

�

)LJXUH�����7KH�(XURSHDQ�8076�IUHTXHQF\�VSHFWUXP��

������6\VWHP�DUFKLWHFWXUH�
7R�JHW�DQ�RYHUYLHZ�RI�WKH�8076�DUFKLWHFWXUH�LW�LV�KHOSIXO�WR�ORRN�DW�WKH�GLIIHUHQW�
QHWZRUN�HOHPHQWV�DQG�WKHLU�LQWHUIDFHV��)LJXUH�����LOOXVWUDWHV�WKLV��7KH�QHWZRUN�
DUFKLWHFWXUH�FDQ�EH�GLYLGHG�LQWR�IRXU�HOHPHQWV�DW�D�KLJK�OHYHO��WKH�XVHU�HTXLSPHQW��8(��
L�H��PRELOH�WHUPLQDO�LQ�8076�WHUPLQRORJ\���WKH�8076�WHUUHVWULDO�UDGLR�DFFHVV�QHWZRUN�
�875$1���WKH�8076�FRUH�QHWZRUN��8076�&1���DQG�EH\RQG�WKDW�RWKHU�H[WHUQDO�
QHWZRUNV��7KH�ILUVW�WKUHH�HOHPHQWV�FRQVWLWXWH�WKH�8076�SXEOLF�ODQG�PRELOH�QHWZRUN�
�8076�3/01���
�
7KH�8(�FRQVLVWV�RI�D�UDGLR�WHUPLQDO�DQG�D�8076�VXEVFULEHU�LGHQWLW\�PRGXOH��86,0���D�
VPDUW�FDUG�XVHG�IRU�LGHQWLILFDWLRQ��DXWKHQWLFDWLRQ�DQG�HQFU\SWLRQ��7KH�8

X
�LQWHUIDFH�

FRQQHFWV�WKH�8(�WR�WKH�875$1��7KH�875$1�FRQVLVWV�RI�UDGLR�QHWZRUN�VXEV\VWHPV�
�516��LQWHUFRQQHFWHG�WR�HDFK�RWKHU�YLD�WKH�,

XU
�LQWHUIDFH��(DFK�516�FRQVLVWV�RI�D�UDGLR�
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QHWZRUN�FRQWUROOHU��51&��DQG�VHYHUDO�1RGH�%V��L�H��EDVH�VWDWLRQV��ZKLFK�DUH�DVVRFLDWHG�WR�
WKH�51&�RYHU�WKH�,

XE
�LQWHUIDFH��7KH�51&�FRQWUROV�WKH�UDGLR�UHVRXUFHV�IRU�WKH�1RGH�%V�

FRQQHFWHG�WR�LW�DQG�SURYLGHV�VHUYLFHV�WR�WKH�&1��7KH�1RGH�%�FRQYHUWV�WKH�GDWD�IORZ�
EHWZHHQ�WKH�8

X
�DQG�WKH�,

XE
�LQWHUIDFHV��DQG�SDUWLFLSDWHV�LQ�UDGLR�UHVRXUFH�PDQDJHPHQW��

�
7KH�,

X
�LQWHUIDFH�VHSDUDWHV�WKH�875$1�DQG�WKH�8076�&1��1RWH�WKDW�WKHUH�DUH�WZR�

GLIIHUHQW�,
X
�LQWHUIDFHV��RQH�IRU�WKH�SDFNHW�VZLWFKHG�GRPDLQ�DQG�RQH�IRU�WKH�FLUFXLW�

VZLWFKHG��7KH�&1�WUDQVIHUV�WUDIILF�WR�H[WHUQDO�QHWZRUNV�DQG�KDQGOHV�KLJKHU�OHYHO�
LQWHOOLJHQFH�DQG�IXQFWLRQDOLW\�RI�WKH�V\VWHP��,Q�RUGHU�WR�UHXVH��QG�JHQHUDWLRQ�V\VWHPV�DQG�
PDNH�URDPLQJ�SRVVLEOH�EHWZHHQ�*60�DQG�8076��WKH�8076�&1�LV�EDVHG�RQ�WKH�&1�IRU�
*60�*356��
�

�
)LJXUH�����8076�QHWZRUN�DUFKLWHFWXUH��

7KH�8076�FRUH�QHWZRUN�LV�GLYLGHG�LQWR�D�FLUFXLW�VZLWFKHG�GRPDLQ�DQG�D�SDFNHW�VZLWFKHG�
GRPDLQ�DQG�LW�KDV�ILYH�PDLQ�HOHPHQWV�DFFRUGLQJ�WR�)LJXUH������7KH�KRPH�ORFDWLRQ�UHJLVWHU�
�+/5��LV�D�GDWDEDVH�ORFDWHG�LQ�WKH�XVHU·V�KRPH�V\VWHP�DQG�VWRUHV�WKH�XVHU·V�VHUYLFH�
SURILOH��L�H��ZKDW�KH�LV�DOORZHG�WR�GR��7KH�PDLQ�HQWLWLHV�LQ�WKH�*60�8076�FLUFXLW�
VZLWFKHG�FRUH�QHWZRUN�DUH�WKH�PRELOH�VHUYLFHV�VZLWFKLQJ�FHQWUH�YLVLWRU�ORFDWLRQ�UHJLVWHU�
�06&�9/5��DQG�WKH�JDWHZD\�06&��*06&���7KH�06&�VZLWFKHV�FLUFXLWV�DQG�WKH�9/5�
KROGV�LQIRUPDWLRQ�DERXW�WKH�ORFDWLRQ�RI�WKH�8(�DV�ZHOO�DV�D�FRS\�RI�WKH�XVHU·V�VHUYLFH�
SURILOH��7KH�*06&�LV�WKH�DFFHVV�SRLQW�WR�H[WHUQDO�FLUFXLW�VZLWFKHG�QHWZRUNV�VXFK�DV�WKH�
3671��
�
7KH�PDLQ�HQWLWLHV�LQ�WKH�*60�8076�SDFNHW�VZLWFKHG�FRUH�QHWZRUN�GRPDLQ�DUH�WKH�
VHUYLQJ�*356�VXSSRUW�QRGH��6*61��DQG�WKH�JDWHZD\�*356�VXSSRUW�QRGH��**61���
FRQQHFWHG�YLD�WKH�*

Q
�LQWHUIDFH��7KHVH�WZR�SDFNHW�VZLWFKHG�HQWLWLHV�DUH�WKH�FRXQWHUSDUWV�

RI�WKH�06&�9/5�DQG�WKH�*06&�LQ�WKH�FLUFXLW�VZLWFKHG�GRPDLQ��,Q�DGGLWLRQ�WR�WKH�ILYH�
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HOHPHQWV�PHQWLRQHG�DOO�RWKHU�KLJKHU�OHYHO�IXQFWLRQDOLW\�VXFK�DV�ELOOLQJ�V\VWHPV�DUH�ORFDWHG�
LQ��RU�DW�OHDVW�LQ�FRQQHFWLRQ�WR��WKH�&1��+ROPD�HW�DO��������

������7KH�875$�)''�UDGLR�LQWHUIDFH�
875$�)''�LV�EDVHG�RQ�'6�&'0$��+HQFH��WKH�EDVLF�SK\VLFDO�UHVRXUFH�LV�WKH�FRGH�
IUHTXHQF\�WLPH�SODQH��7KH�V\PEROV�DUH�436.�PRGXODWHG�DQG�VSUHDG�ZLWK�D�FKLS�UDWH�RI�
�����0FSV��PHJD�FKLSV�SHU�VHFRQG���7KLV�\LHOGV�D�EDQGZLGWK�RI�URXJKO\���0+]�IRU�WKH�
PRGXODWHG�VLJQDO��7KH�ELW�VWUHDP�LV�GLYLGHG�LQWR����PV�UDGLR�IUDPHV��ZKLFK�LQ�WXUQ�DUH�
VXEGLYLGHG�LQWR����VORWV�RI������FKLSV�HDFK���
�
7ZR�GLIIHUHQW�W\SHV�RI�FRGH�VHTXHQFHV�DUH�XVHG�LQ�875$�)''�WR�VSUHDG�WKH�VLJQDOV��
7KH\�DUH�UHIHUUHG�WR�DV�FKDQQHOLVDWLRQ�FRGHV�DQG�VFUDPEOLQJ�FRGHV��VHH�)LJXUH�������7KH�
FKDQQHOLVDWLRQ�FRGHV�DUH�VR�FDOOHG�RUWKRJRQDO�YDULDEOH�VSUHDGLQJ�IDFWRU��269)��FRGHV�
ZLWK�D�VSUHDGLQJ�IDFWRU��6)��WKDW�YDULHV�IURP���WR�����FKLSV��7KH�XVH�RI�296)�FRGHV�
DOORZV�WKH�VSUHDGLQJ�IDFWRU�WR�EH�FKDQJHG�DQG�WKH�RUWKRJRQDOLW\�EHWZHHQ�GLIIHUHQW�
VSUHDGLQJ�FRGHV�RI�GLIIHUHQW�OHQJWKV�WR�EH�PDLQWDLQHG��2UWKRJRQDOLW\�LV�QHFHVVDU\�LQ�RUGHU�
WR�UHGXFH�LQWHUIHUHQFH�EHWZHHQ�XVHUV��7KH�FKDQQHOLVDWLRQ�FRGHV�DUH�XVHG�LQ�WKH�GRZQOLQN�
WR�VHSDUDWH�FRQQHFWLRQV�WR�GLIIHUHQW�XVHUV�ZLWKLQ�RQH�FHOO��,Q�WKH�XSOLQN�WKH\�DUH�XVHG�WR�
VHSDUDWH�GDWD�DQG�FRQWURO�FKDQQHOV�IURP�WKH�VDPH�WHUPLQDO��
�
7KH�VFUDPEOLQJ�FRGHV�DUH�*ROG�FRGHV�WUXQFDWHG�WR�������FKLSV��,Q�WKH�GRZQOLQN�
VFUDPEOLQJ�FRGHV�DUH�XVHG�WR�VHSDUDWH�GLIIHUHQW�FHOOV�DQG�VHFWRUV�IURP�HDFK�RWKHU��6LQFH�
WKH�VDPH�VFUDPEOLQJ�FRGH�LV�XVHG�IRU�WKH�HQWLUH�FHOO��VHFWRU��LQ�WKH�GRZQOLQN��VHSDUDWLRQ�
EHWZHHQ�XVHUV�LV�LQ�WKH�KDQGV�RI�WKH�FKDQQHOLVDWLRQ�FRGH��,Q�WKH�XSOLQN�VFUDPEOLQJ�FRGHV�
DUH�XVHG�WR�VHSDUDWH�WUDQVPLVVLRQ�IURP�GLIIHUHQW�VRXUFHV��

�

)LJXUH�����6SUHDGLQJ�DQG�VFUDPEOLQJ�RI�GDWD�LQ�8076��

�
875$�)''�VKDOO�VXSSRUW�VHUYLFHV�ZLWK�GLIIHUHQW�UHTXLUHPHQWV�LQ�WHUPV�RI�GDWD�UDWH��7KH�
PRVW�LPSRUWDQW�LQVWUXPHQW�LV�WKH�YDULDEOH�VSUHDGLQJ�IDFWRU��+RZHYHU��WKH�VSUHDGLQJ�
IDFWRU�FDQ�RQO\�EH�LQFUHDVHG�RU�GHFUHDVHG�E\�PXOWLSOHV�RI�WZR��7KHUHIRUH��DQ�DGYDQFHG�
UDWH�PDWFKLQJ�DQG�PXOWLSOH[LQJ�VFKHPH�LV�XVHG�LQ�RUGHU�WR�DFKLHYH�D�ORZ�JUDQXODULW\�RI�
GDWD�UDWHV��+ROPD�HW�DO��������

������(UURU�SURWHFWLRQ�DQG�UHWUDQVPLVVLRQ�
7KH�UDGLR�LQWHUIDFH�SURYLGHV�WKUHH�GLIIHUHQW�PHDQV�IRU�HUURU�SURWHFWLRQ�DQG�GHWHFWLRQ��
FKHFNVXPV��LQWHUOHDYLQJ�DQG�FKDQQHO�FRGLQJ��(UURU�GHWHFWLRQ�PD\�EH�SURYLGHG�RQ�WKH�WUDQVSRUW�
EORFNV�WKURXJK�&5&�RI���WR����ELWV��7KH�LQWHUOHDYLQJ�LV�EDVHG�RQ�WKH����PV�IUDPH�
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VWUXFWXUH��'HSHQGLQJ�RQ�WKH�FKDUDFWHULVWLFV�RI�WKH�GHVLUHG�VHUYLFH�WKH�LQWHUOHDYLQJ�GHSWK�
FDQ�EH�YDULHG��7KH�LQWHUOHDYLQJ�GHSWK�LV�GHWHUPLQHG�E\�WKH�WUDQVPLVVLRQ�WLPH�LQWHUYDO�
�77,���ZKLFK�FDQ�EH�VHW�WR������������RU����PV��7KH�DGDSWLYH�PXOWL�UDWH��$05��VSHHFK�
FRGHF�LV�EDVHG�RQ����PV�IUDPHV��)RU�SDFNHW�GDWD�DQG�RWKHU�VHUYLFHV��ZKLFK�UHO\�RQ�
UHWUDQVPLVVLRQ�ZKHQ�GDWD�LV�FRUUXSWHG��LQWHUOHDYLQJ�RI���PV�RU����PV�ZLOO�EH�XVHG��7KH�
ORQJHU�LQWHUOHDYLQJ�SHULRGV�DUH�LQWHQGHG�IRU�UHDO�WLPH�VHUYLFHV�WKDW�GR�QRW�XVH�
UHWUDQVPLVVLRQ��)(&�LV�SURYLGHG�E\�FRQYROXWLRQDO�FRGHV�ZLWK�UDWH�����DQG�WXUER�FRGHV�
ZLWK�UDWH�����RU������
�
,Q�8076�WKH�UDGLR�OLQN�FRQWURO��5/&��SURWRFRO�SURYLGHV�VHJPHQWDWLRQ�DQG�
UHWUDQVPLVVLRQ�VHUYLFHV��(DFK�5/&�LQVWDQFH�FDQ�RSHUDWH�LQ�RQH�RI�WKUHH�PRGHV��
WUDQVSDUHQW�PRGH��XQDFNQRZOHGJHG�PRGH�RU�DFNQRZOHGJHG�PRGH��,Q�WUDQVSDUHQW�PRGH�QR�
SURWRFRO�RYHUKHDG�LV�DGGHG�WR�KLJKHU�OD\HU�GDWD��+LJKHU�OD\HU�GDWD�LV�QRW�VHJPHQWHG�DQG�
UHFHLYHG�HUURQHRXV�GDWD�FDQ�RQO\�EH�GLVFDUGHG�RU�PDUNHG�HUURQHRXV��$Q�H[DPSOH�RI�XVHU�
VHUYLFHV�WKDW�FRXOG�XWLOLVH�WUDQVSDUHQW�PRGH�LV�VWUHDPLQJ�PHGLD��,Q�XQDFNQRZOHGJHG�PRGH�
UHWUDQVPLVVLRQ�LV�QRW�XVHG�DQG�GDWD�GHOLYHU\�LV�QRW�JXDUDQWHHG��'HSHQGLQJ�RQ�WKH�
FRQILJXUDWLRQ��UHFHLYHG�HUURQHRXV�GDWD�LV�PDUNHG�RU�GLVFDUGHG�EXW�LV�QRW�UHWUDQVPLWWHG��
6HJPHQWDWLRQ�DQG�FRQFDWHQDWLRQ�RI�KLJKHU�OD\HU�GDWD�LV�VXSSRUWHG�LQ�WKLV�PRGH��
8QDFNQRZOHGJHG�PRGH�FRXOG��IRU�H[DPSOH��EH�XVHG�E\�YRLFH�RYHU�,3�RU�FHOO�EURDGFDVW�
VHUYLFH��$Q�DXWRPDWLF�UHSHDW�UHTXHVW��$54��PHFKDQLVP�LV�XVHG�LQ�DFNQRZOHGJHG�PRGH�IRU�
HUURU�FRUUHFWLRQ��$Q�LQGLFDWLRQ�RI�WKH�VWDWXV�RI�WKH�UHFHLYHG�GDWD�LV�SLJJ\EDFNHG�WR�WKH�
VHQGHU��7KH�TXDOLW\�YV��GHOD\�SHUIRUPDQFH�FDQ�EH�FRQWUROOHG�WKURXJK�FRQILJXUDWLRQ�RI�WKH�
PD[LPXP�QXPEHU�RI�UHWUDQVPLVVLRQV�DOORZHG��,I�GDWD�FDQQRW�EH�GHOLYHUHG�FRUUHFWO\�
ZLWKLQ�WKH�PD[LPXP�QXPEHU�RI�UHWUDQVPLVVLRQV�WKH�GDWD�LV�GLVFDUGHG�DQG�KLJKHU�OD\HUV�
DUH�QRWLILHG��7KH�5/&�FDQ�EH�FRQILJXUHG�IRU�ERWK�LQ�VHTXHQFH�GHOLYHU\�DQG�RXW�RI�
VHTXHQFH�GHOLYHU\��:LWK�LQ�VHTXHQFH�GHOLYHU\�WKH�RUGHU�RI�KLJKHU�OD\HU�SDFNHW�GDWD�XQLWV�
�3'8V��LV�PDLQWDLQHG��ZKHUHDV�RXW�RI�VHTXHQFH�GHOLYHU\�IRUZDUGV�KLJKHU�OD\HU�3'8V�DV�
VRRQ�DV�WKH\�DUH�FRPSOHWHO\�UHFHLYHG��7KH�DFNQRZOHGJHG�PRGH�LV�WKH�QRUPDO�5/&�PRGH�
IRU�SDFNHW�EDVHG�VHUYLFHV��VXFK�DV�,QWHUQHW�EURZVLQJ�RU�ILOH�GRZQORDG��+ROPD�HW�DO��������

������7UDQVSRUW�FKDQQHOV�IRU�SDFNHW�GDWD�
,Q�875$�WKH�GDWD�JHQHUDWHG�DW�KLJKHU�OD\HUV�LV�FDUULHG�RYHU�WKH�DLU�ZLWK�WUDQVSRUW�
FKDQQHOV��$IWHU�FKDQQHO�FRGLQJ�DQG�LQWHUOHDYLQJ�WKH�WUDQVSRUW�FKDQQHOV�DUH�PDSSHG�RQWR�
SK\VLFDO�FKDQQHOV��7KH�UDGLR�UHVRXUFHV�RI�WKH�SK\VLFDO�OD\HU�DUH�GLYLGHG�LQWR�D�VHW�RI�
SK\VLFDO�FKDQQHOV�GHILQHG�E\�WKH�SK\VLFDO�OD\HU�SDUDPHWHUV�IUHTXHQF\��WLPH��VFUDPEOLQJ�
FRGH�DQG�FKDQQHOLVDWLRQ�FRGH��7KH�PDSSLQJ�EHWZHHQ�WUDQVSRUW�FKDQQHOV�DQG�SK\VLFDO�
FKDQQHOV�LV�DOPRVW�RQH�WR�RQH��7KHUH�DUH��KRZHYHU��D�QXPEHU�RI�SK\VLFDO�FKDQQHOV�WKDW�
DUH�XVHG�RQO\�LQWHUQDOO\�E\�WKH�SK\VLFDO�OD\HU�IRU�WUDQVIHU�RI�FRQWURO�LQIRUPDWLRQ��
�
7KH�WUDQVSRUW�FKDQQHOV�FDQ�EH�JURXSHG�LQWR�GHGLFDWHG�FKDQQHOV�DQG�FRPPRQ�FKDQQHOV��
7KH�PDLQ�GLIIHUHQFH�EHWZHHQ�WKHP�LV�WKDW�D�FRPPRQ�FKDQQHO�LV�D�UHVRXUFH�GLYLGHG�
EHWZHHQ�DOO�RU�D�JURXS�RI�XVHUV�LQ�D�FHOO��ZKHUHDV�D�GHGLFDWHG�FKDQQHO�LV�UHVHUYHG�IRU�D�
VLQJOH�XVHU��7KH�SDFNHW�VFKHGXOHU�LQ�WKH�51&�VHOHFWV�WKH�WUDQVSRUW�FKDQQHO�WR�EH�XVHG�IRU�
SDFNHW�GDWD���
�
7KH�RQO\�GHGLFDWHG�WUDQVSRUW�FKDQQHO�LV�WKH�GHGLFDWHG�FKDQQHO��IRU�ZKLFK�WKH�WHUP�'&+�
LV�XVHG��7KH�GHGLFDWHG�WUDQVSRUW�FKDQQHO�FDUULHV�ERWK�XVHU�GDWD�DV�ZHOO�DV�KLJKHU�OD\HU�
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FRQWURO�LQIRUPDWLRQ��,W�LV�FKDUDFWHUL]HG�E\�IDVW�SRZHU�FRQWURO��IDVW�GDWD�UDWH�FKDQJH�RQ�D�
IUDPH�E\�IUDPH�EDVLV�DQG�VXSSRUW�IRU�VRIW�KDQGRYHUV��,Q�WKH�ILUVW�SKDVH�RI�8076�WKHUH�
DUH�WZR�FRPPRQ�WUDQVSRUW�FKDQQHOV��WKH�IRUZDUG�DFFHVV�FKDQQHO��)$&+��LQ�WKH�
GRZQOLQN�DQG�WKH�UDQGRP�DFFHVV�FKDQQHO��5$&+��LQ�WKH�XSOLQN��7KH\�DUH�XVHG�WR�FDUU\�
FRQWURO�LQIRUPDWLRQ��EXW�DOVR�WR�FDUU\�VPDOO�DPRXQWV�RI�XVHU�GDWD��H�J��D�SDFNHW�EXUVW�
IURP�D�ZHE�SDJH�GRZQORDG��+ROPD�HW�DO��������

������8(�RSHUDWLRQDO�PRGHV�
7KH�WZR�EDVLF�RSHUDWLRQDO�PRGHV�RI�D�8(�DUH�LGOH�PRGH�DQG�FRQQHFWHG�PRGH��7KH�FRQQHFWHG�
PRGH�FDQ�EH�IXUWKHU�GLYLGHG�LQWR�VHUYLFH�VWDWHV��ZKLFK�GHILQH�ZKDW�NLQG�RI�SK\VLFDO�
FKDQQHO�D�8(�LV�XVLQJ��)LJXUH�����VKRZV�WKH�VHUYLFH�VWDWHV�LQ�WKH�FRQQHFWHG�PRGH��,W�DOVR�
VKRZV�WKH�WUDQVLWLRQV�EHWZHHQ�LGOH�PRGH�DQG�FRQQHFWHG�PRGH�DQG�WKH�SRVVLEOH�
WUDQVLWLRQV�ZLWKLQ�WKH�FRQQHFWHG�PRGH��

�

)LJXUH�����8(�PRGHV�DQG�WKH�GLIIHUHQW�VHUYLFH�VWDWHV��

,Q�LGOH�PRGH�WKH�875$1�KDV�QR�LQIRUPDWLRQ�DERXW�WKH�LQGLYLGXDO�8(V�DQG�FDQ�RQO\�
DGGUHVV�DOO�8(V�LQ�D�FHOO��7KH�&HOOB'&+�VWDWH�LV�D�´QRUPDOµ�FRQQHFWHG�VWDWH�RI�*60�
W\SH��ZKHUH�D�GHGLFDWHG�SK\VLFDO�FKDQQHO�LV�DOORFDWHG�WR�WKH�8(�DQG�WKH�8(�LV�NQRZQ�RQ�
D�FHOO�OHYHO�E\�WKH�875$1��'HGLFDWHG�FKDQQHOV�FDQ�KDYH�KLJK�GDWD�UDWHV�DQG�WUDQVIHU�
ODUJH�DPRXQWV�RI�XVHU�GDWD��EXW�WKH\�DOVR�WDNH�XS�D�ORW�RI�UDGLR�FDSDFLW\�LQ�D�FHOO��8076�LV�
VXSSRVHG�WR�VXSSRUW�QHZ�W\SHV�RI�VHUYLFHV��VXFK�DV�ZHE�EURZVLQJ��IRU�ZKLFK�SHULRGV�RI�
FRPSOHWH�LQDFWLYLW\�DUH�LQWHUOHDYHG�ZLWK�WUDIILF�EXUVWV��7KH�&HOOB)$&+��&HOOB3&+��DQG�
85$B3&+�VWDWHV�KDYH�EHHQ�GHYLVHG�IRU�GHFUHDVLQJ�OHYHO�RI�DFWLYLW\��,Q�WKHVH�VWDWHV�UDGLR�
DQG�EDWWHU\�FDSDFLW\�LV�VDYHG�DW�WKH�FRVW�RI�LQFUHDVLQJ�GHOD\V��,Q�WKH�&HOOB)$&+�VWDWH�QR�
GHGLFDWHG�SK\VLFDO�FKDQQHO�LV�DOORFDWHG�WR�WKH�8(��EXW�5$&+�DQG�)$&+�FKDQQHOV�DUH�
XVHG�IRU�ERWK�VLJQDOOLQJ�PHVVDJHV�DQG�VPDOO�DPRXQWV�RI�XVHU�GDWD��7KH�5$&+�DQG�
)$&+�KDYH�DQ�DGYDQWDJH�RYHU�WKH�'&+�LQ�WKDW�WKHLU�FRQQHFWLRQ�GHOD\�LV�YHU\�ORZ��L�H��
WKH\�FDQ�VHQG�VPDOO�DPRXQWV�RI�GDWD�LPPHGLDWHO\��+RZHYHU��DV�WKH\�FDQ�RQO\�WUDQVIHU�
VPDOO�DPRXQWV�RI�GDWD�WKH�8(�VHUYLFHV�VWDWH�LV�RIWHQ�FKDQJHG�WR�&HOOB'&+�GXULQJ�D�ZHE�
SDJH�GRZQORDG��$V�VKRZQ�LQ��%HUJVWU|P�������WKH�GHOD\�DVVRFLDWHG�ZLWK�WKH�SK\VLFDO�
FKDQQHO�UHFRQILJXUDWLRQV�DQG�WUDQVSRUW�FKDQQHO�UHFRQILJXUDWLRQV�DIIHFWV�WKH�GHOD\�DQG�
WKURXJKSXW�IRU�ZHE�WUDIILF��
�
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,Q�WKH�&HOOB3&+�VWDWH�WKH�8(�LV�NQRZQ�RQ�D�FHOO�OHYHO�DQG�FDQ�EH�UHDFKHG�RQO\�YLD�WKH�
SDJLQJ�FKDQQHO��3&+���7KH�&HOOB85$�VWDWH�LV�WKH�YHU\�VLPLODU�WR�WKH�&HOOB3&+�VWDWH�
H[FHSW�WKDW�WKH�8(�LV�NQRZQ�E\�WKH�875$1�RQO\�RQ�WKH�85$�OHYHO��ZKLFK�LV�WKH�OHYHO�
DERYH�WKH�FHOO�OHYHO�LQ�WKH�QHWZRUN�DUHD�KLHUDUFK\��

������8076�4R6�
7KH�8076�VWDQGDUG�VXSSRUWV�ERWK�YRLFH�FDOOV�DQG�KLJK�VSHHG�SDFNHW�GDWD�WUDQVIHU��,W�
GLIIHUV�VLJQLILFDQWO\�IURP�FXUUHQW�*356�LQ�WKDW�LW�KDV�4R6�FDSDELOLWLHV��&XUUHQW�*356�
RQO\�VXSSRUW�EHVW�HIIRUW�WUDIILF�ZKHUHDV�8076�KDV�EHHQ�GHVLJQHG�WR�PDWFK�XVHU�
DSSOLFDWLRQ�UHTXLUHPHQWV�WR�QHWZRUN�FDSDELOLWLHV��7KLV�PHDQV�WKDW�GLIIHUHQW�DSSOLFDWLRQV�
PD\�EH�WUHDWHG�GLIIHUHQWO\�E\�8076�LQ�WHUPV�RI�4R6��
�
7R�HQDEOH�4R6�UHTXLUHV�FR�RSHUDWLRQ�RI�DOO�QHWZRUN�OD\HUV�IURP�WRS�WR�ERWWRP��DV�ZHOO�DV�
HYHU\�QHWZRUN�HOHPHQW�IURP�HQG�WR�HQG��1HWZRUN�VHUYLFHV�DUH�FRQVLGHUHG�HQG�WR�HQG��L�H��
IURP�RQH�WHUPLQDO�HTXLSPHQW��7(��WR�DQRWKHU�7(��7R�UHDOL]H�D�FHUWDLQ�QHWZRUN�4R6�IRU�
HQG�WR�HQG�VHUYLFHV�D�EHDUHU�VHUYLFH�ZLWK�FOHDUO\�GHILQHG�FKDUDFWHULVWLFV�DQG�IXQFWLRQDOLW\�
KDV�WR�VHW�XS�IURP�WKH�VRXUFH�WR�WKH�GHVWLQDWLRQ�RI�D�VHUYLFH��$�EHDUHU�VHUYLFH�LQFOXGHV�DOO�
DVSHFWV�WR�HQDEOH�WKH�SURYLVLRQ�RI�D�FRQWUDFWHG�4R6��7KH�8076�EHDUHU�VHUYLFH�
DUFKLWHFWXUH�LV�GHSLFWHG�LQ�)LJXUH������(DFK�EHDUHU�VHUYLFH�RQ�D�VSHFLILF�OD\HU�RIIHUV�LWV�
LQGLYLGXDO�VHUYLFH�XVLQJ�VHUYLFHV�SURYLGHG�E\�WKH�OD\HUV�EHORZ����*33�����D���
�

TE MT UTRAN CN Iu
EDGE
NODE

CN
Gateway

TE

UMTS

End-to-End Service

TE/MT Local
Bearer Service

UMTS Bearer Service External Bearer
Service

UMTS Bearer Service

Radio Access Bearer Service CN Bearer
Service

Backbone
Bearer Service

Iu Bearer
Service

Radio Bearer
Service

UTRA
FDD/TDD

Service

Physical
Bearer Service

�
)LJXUH�����7KH�8076�4R6�DUFKLWHFWXUH�OHYHOV��

�
7KH�EHDUHU�VHUYLFHV�KDYH�EHHQ�VWDQGDUGLVHG�LQ��*33�LQ�RUGHU�WR�EH�DEOH�WR�VXSSRUW�
WUDQVSRUW�RI�PDQ\�GLIIHUHQW�W\SHV�RI�DSSOLFDWLRQV��)RXU�HQG�XVHU�WUDIILF�FODVVHV�IRU�8076�
KDYH�EHHQ�GHILQHG�WR�VXSSRUW�DSSOLFDWLRQV�WKDW�UHTXLUH�GLIIHUHQW�4R6��
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• &RQYHUVDWLRQDO�FODVV��/RZ�GHOD\�LV�UHTXLUHG�DV�ZHOO�DV�ORZ�GHOD\�YDULDWLRQ��7\SLFDO�
VHUYLFHV�DUH�WHOHSKRQ\�DQG�YLGHR�FRQIHUHQFLQJ��

• 6WUHDPLQJ�FODVV��7UDQVIHU�GHOD\�GRHV�QRW�KDYH�WR�EH�ORZ��'HOD\�YDULDWLRQ�VKRXOG�EH�
ORZ��7\SLFDO�VHUYLFHV�DUH�PXVLF�DQG�YLGHR�RQ�GHPDQG��

• ,QWHUDFWLYH�FODVV��/RZ�ELW�HUURU�UDWH�UHTXLUHG��/RZ�URXQG�WULS�GHOD\��7\SLFDO�VHUYLFHV�
DUH�ZHE�EURZVLQJ�DQG�UHPRWH�VXUYHLOODQFH��

• %DFNJURXQG�FODVV��1R�VSHFLDO�UHTXLUHPHQW�RQ�GHOD\��/RZ�ELW�HUURU�UDWH�LV�UHTXLUHG��
7\SLFDO�VHUYLFHV�DUH�HPDLO�GHOLYHU\��606��DQG�ILOH�WUDQVIHU��

�
8076�EHDUHU�VHUYLFHV�DUH�VSHFLILHG�E\�D�VHW�RI�4R6�DWWULEXWHV��7DEOH�����VKRZV�VRPH�RI�
WKH�8076�EHDUHU�VHUYLFH�DWWULEXWHV�DQG�WKHLU�UHVSHFWLYH�YDOXH�IRU�HDFK�RI�WKH�IRXU�
GLIIHUHQW�WUDIILF�FODVVHV��8076�ZLOO�DFFRUGLQJ�WR�WKH�VWDQGDUGV�EH�DEOH�WR�VXSSRUW�SDFNHW�
VZLWFKHG�GRZQOLQN��'/��XVHU�GDWD�XS�WR���0ELW�V��EXW�LQ�WKH�ILUVW�SKDVH�RI�8076�D�'/�
GDWD�UDWH�RI�����NESV�LV�SUREDEO\�PRUH�UHDOLVWLF��,Q�WKH�XSOLQN��8/�����NESV�SDFNHW�
VZLWFKHG�XVHU�GDWD�LV�OLNHO\�WR�EH�VXSSRUWHG�LQ�WKH�ILUVW�SKDVH��
�
�

�
&RQYHUVDWLRQDO�

FODVV�
6WUHDPLQJ�FODVV� ,QWHUDFWLYH�FODVV�

%DFNJURXQG�
FODVV�

0D[LPXP�ELW�UDWH�
�NESV��

<2048  <2048  < 2048 – 
overhead 

< 2048 – 
overhead 

'HOLYHU\�RUGHU� Yes/No Yes/No Yes/No Yes/No 
0D[LPXP�6'8�VL]H�
�RFWHWV��

<=1500 or 1502 <=1500 or 1502  <=1500 or 1502  <=1500 or 1502  

6'8�HUURU�UDWH� 10-2, 7*10-3, 10-3, 
10-4, 10-5  

10-1, 10-2,  
7*10-3, 10-3,  
10-4, 10-5  

10-3, 10-4, 10-6  10-3, 10-4, 10-6  

5HVLGXDO�ELW�HUURU�
UDWH�

5*10-2, 10-2, 
5*10-3, 10-3, 10-4, 
10-6  

5*10-2, 10-2,  
5*10-3, 10-3,  
10-4, 10-5, 10-6  

4*10-3, 10-5, 
6*10-8  

4*10-3, 10-5,  
6*10-8  

'HOLYHU\�RI�
HUURQHRXV�6'8V�

Yes/No/-  Yes/No/-  Yes/No/- Yes/No/-  

7UDQVIHU�GHOD\��PV�� 100 (80) – 
maximum value  

250 – maximum 
value  

� �

*XDUDQWHHG�ELW�UDWH� <2048  <2048  � �

7DEOH�����4R6�DWWULEXWHV�IRU�WKH�8076�EHDUHU�VHUYLFH�IRU�WKH�IRXU�GLIIHUHQW�WUDIILF�FODVVHV���

1XPEHUV�ZLWKLQ�SDUHQWKHVHV�UHIHU�WR�DWWULEXWHV�IRU�8076�UDGLR�DFFHVV�EHDUHU�VHUYLFH��

�
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4 Simulator implementation 
7KLV�FKDSWHU�H[SODLQV�KRZ�%OXHWRRWK�DQG�8076�KDYH�EHHQ�PRGHOOHG��,W�DOVR�H[SODLQV�KRZ�WKH�VLPXODWRU�
LV�LPSOHPHQWHG��ZKDW�IXQFWLRQDOLW\�LV�LQFOXGHG��DQG�ZKDW�LWV�OLPLWDWLRQV�DUH��

����#��"
���	����	�����

������6LPXODWLRQ�HQYLURQPHQW�
7KH�SHUIRUPDQFH�RI�D�%OXHWRRWK�8076�JDWHZD\�KDV�EHHQ�HYDOXDWHG�E\�PHDQV�RI�
FRPSXWHU�VLPXODWLRQV��6LQFH�QR�HTXLSPHQW�IRU�8076�ZDV�DYDLODEOH�WKLV�ZDV�WKH�RQO\�
IHDVLEOH�ZD\�WR�HYDOXDWH�FRPSRXQG�%OXHWRRWK�8076�OLQNV��7KH�JRDO�ZLWK�WKH�
VLPXODWLRQV�ZDV�WR�ILQG�RXW�KRZ�SHUIRUPDQFH��LQ�WHUPV�RI�WKURXJKSXW�DQG�GHOD\��GHSHQG�
RQ�YDULDEOHV�VXFK�DV�WKH�QXPEHU�RI�XVHUV�VLPXOWDQHRXVO\�VKDULQJ�D�JDWHZD\��WKH�%OXHWRRWK�
SDFNHW�W\SH��DQG�WKH�8076�UDGLR�DFFHVV�EHDUHU��5$%����
�
7KH�VLPXODWLRQ�SURJUDP�ZDV�LPSOHPHQWHG�LQ�&���DV�DQ�HYHQW�GULYHQ�VLPXODWRU��7KH�
UHDVRQ�IRU�LPSOHPHQWLQJ�DQ�RZQ�VLPXODWRU�LV�VLPSO\�WKDW��WR�WKH�EHVW�RI�WKH�DXWKRU·V�
NQRZOHGJH��QR�VLPXODWRU�H[LVWV�WKDW�DOORZV�VLPXODWLRQV�RI�%OXHWRRWK�DQG�8076�LQ�D�
UHDVRQDEO\�HDV\�ZD\��,%0�KDV�GHYHORSHG�DQ�RSHQ�VRXUFH�VLPXODWRU�IRU�VLPXODWLQJ�
%OXHWRRWK�SLFRQHWV��FDOOHG�%OXH+RF��ZKLFK�XVHV�1HWZRUN�6LPXODWRU�����+RZHYHU��LW�ZDV�
FRQFOXGHG�WKDW�QHLWKHU�1HWZRUN�6LPXODWRU���QRU�%OXH+RF�ZHUH�VXLWHG�IRU�WKH�VLPXODWLRQ�
SXUSRVHV�RI�WKLV�SURMHFW�DQG�WKDW�LW�ZRXOG�UHTXLUH�WRR�PXFK�WLPH�WR�PRGLI\�WKHP��,QVWHDG�
LW�ZDV�GHFLGHG�WR�GHYHORS�DQ�RZQ�VLPXODWRU��7KLV�DOORZHG�PXFK�PRUH�IOH[LELOLW\�LQ�WKH�
GHVLJQ�RI�WKH�VLPXODWRU�DQG�DOVR�IXOO�FRQWURO�RI�DOO�VLPXODWRU�GHWDLOV��+RZHYHU��GXH�WR�WKH�
WLPH�FRQVWUDLQWV�RI�WKLV�SURMHFW�LW�DOVR�PHDQW�WKDW�PDQ\�RI�WKH�DGYDQFHG�IHDWXUHV�RI�D�
VLPXODWRU�OLNH�1HWZRUN�6LPXODWRU���FRXOG�QRW�EH�LPSOHPHQWHG��
�
&���ZDV�DV�FKRVHQ�DV�WKH�SURJUDPPLQJ�ODQJXDJH�IRU�D�QXPEHU�RI�UHDVRQV��)LUVW�DQG�
IRUHPRVW�LW�LV�IDVW�DQG�WKLV�LV�LPSRUWDQW�VLQFH�RQH�RIWHQ�KDV�WR�VLPXODWH�ORQJ�WLPH�SHULRGV�
LQ�RUGHU�WR�JHW�JRRG�VWDWLVWLFV�DQG�UHOLDEOH�UHVXOWV��)XUWKHUPRUH��WKH�&���SURJUDPPLQJ�
HQYLURQPHQW�LV�DYDLODEOH�IRU�IUHH�XQGHU�81,;��)LQDOO\��&���LV�D�ODQJXDJH�WKDW�WKH�DXWKRU�
KDV�SUHYLRXV�H[SHULHQFH�ZLWK�DQG�IHHO�FRPIRUWDEOH�ZLWK��

������6LPXODWRU�DUFKLWHFWXUH�
7KH�VLPXODWRU�FRQVLVWV�RI�WKUHH�SDUWV��WKH�%OXHWRRWK�SDUW��WKH�8076�SDUW��DQG�WKH�
QHWZRUN�SDUW�DV�GHSLFWHG�LQ�)LJXUH������7KH�%OXHWRRWK�SDUW�PRGHOV�WKH�%OXHWRRWK�UDGLR�
OLQN��WKH�8076�SDUW�PRGHOV�WKH�875$1�DQG�WKH�&1��DQG�WKH�QHWZRUN�SDUW�PRGHOV�WKH�
HQG�QHWZRUN��%RWK�WKH�%OXHWRRWK�UDGLR�OLQN�DQG�WKH�875$1�UHSUHVHQW�G\QDPLF�OLQNV��L�H��
WKH�SDFNHW�GHOD\V�LQFXUUHG�RYHU�WKHVH�OLQNV�GHSHQG�RQ�UDGLR�FKDQQHO�FRQGLWLRQV�DQG�WKH�

������������������������������������������������
��$�8076�5$%�LV�VHW�XS�EHWZHHQ�WKH�8(�DQG�WKH�&1�,X�HGJH�QRGH�DQG�LV�DQ�LQWHUIDFH�WRZDUGV�KLJKHU�OD\HU�
VHUYLFHV��,W�LV�VSHFLILHG�E\�LWV�4R6�DWWULEXWHV�DQG�LV�VHW�XS�ZLWK�D�VSHFLILF�GDWD�UDWH�LQ�WKH�XSOLQN�DQG�
GRZQOLQN��
��6HH�KWWS���ZZZ�LVL�HGX�QVQDP�QV�IRU�16���DQG�KWWS���ZZZ�
����LEP�FRP�GHYHORSHUZRUNV�RSHQVRXUFH�EOXHKRF�IRU�%OXH+RF��
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OLQN�WUDIILF�ORDG��%RWK�WKH�%OXHWRRWK�UDGLR�OLQN�DQG�WKH�875$1�KDYH�EHHQ�PRGHOOHG�LQ�D�
GHWDLOHG�ZD\�LQ�RUGHU�WR�FDSWXUH�WKHLU�G\QDPLF�EHKDYLRXU��7KH�&1�DQG�WKH�HQG�QHWZRUN��
RQ�WKH�RWKHU�KDQG��UHSUHVHQW�PRUH�RU�OHVV�VWDWLF�OLQNV��L�H��WKH�SDFNHW�GHOD\V�LQFXUUHG�RYHU�
WKHVH�OLQNV�PDLQO\�GHSHQG�RQ�WKH�RYHUDOO�QHWZRUN�WUDIILF�ORDG��)RU�QRUPDO�WUDIILF�
FRQGLWLRQV�WKHVH�QHWZRUNV�FDQ�EH�PRGHOOHG�LQ�D�VWDWLF�ZD\�DV�D�VLPSOH�SDFNHW�GHOD\�DQG�
WKLV�LV�WKH�DSSURDFK�WDNHQ��
�

�
)LJXUH�����6LPXODWRU�DUFKLWHFWXUH���

�
7KH�VLPXODWRU�FRQVLVWV�RI�IRXU�PDLQ�W\SHV�RI�REMHFWV�WKDW�DUH�LPSOHPHQWHG�LQ�&����
%OXHWRRWK�VODYHV��D�%OXHWRRWK�8076�JDWHZD\��DFWLQJ�DV�%OXHWRRWK�PDVWHU�DQG�8076�
8(���DQ�51&��DQG�HQG�WHUPLQDOV��DFFRUGLQJ�WR�)LJXUH������7KH�VODYHV�DQG�WKH�HQG�
WHUPLQDOV�UHSUHVHQW�WKH�FRPPXQLFDWLQJ�SHHUV��7KH�VODYHV�UHSUHVHQW�ZKDWHYHU�DFFHVV�
WHUPLQDOV�DUH�XVHG��H�J��3'$V�RU�ODSWRSV��7KH�HQG�WHUPLQDOV�UHSUHVHQW�WKH�UHPRWH�SHHUV�
DQG�FRXOG�IRU�H[DPSOH�EH�ZHE�VHUYHUV�RU�3&V��7KH�1RGH�%�KDG�QRW�EHHQ�LPSOHPHQWHG�DV�
DQ�REMHFW��EXW�LQVWHDG�WKH�51&�REMHFW�LQFOXGHV�WKH�1RGH�%�IXQFWLRQDOLW\��$V�PHQWLRQHG�
DERYH��WKH�&1�DQG�WKH�HQG�QHWZRUN�DUH�PRGHOOHG�DV�SDFNHW�GHOD\V�DQG�WKHUHIRUH�WKH\�DUH�
QRW�LPSOHPHQWHG�DV�REMHFWV���
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��������!
"���������	��

������$UFKLWHFWXUH�DQG�SURWRFROV�
7KH�%OXHWRRWK�SDUW�RI�WKH�VLPXODWRU�FRQVLVWV�RI�WKH�VODYHV�DQG�WKH�JDWHZD\��ZKLFK�LV�
DFWLQJ�DV�WKH�PDVWHU��7KH�JDWHZD\�LQFOXGHV�ERWK�D�%OXHWRRWK�DQG�D�8076�SDUW��,W�
FRPPXQLFDWHV�ZLWK�WKH�VODYHV�YLD�%OXHWRRWK��2QH�WR�VHYHQ�VODYHV�FDQ�FRPPXQLFDWH�ZLWK�
WKH�JDWHZD\�VLPXOWDQHRXVO\��7KH�JDWHZD\�KDV�VHYHUDO�EXIIHUV��,Q�WKH�%OXHWRRWK�GRPDLQ�LW�
KDV�RQH�WUDQVPLW�DQG�RQH�UHFHLYH�EXIIHU�IRU�HDFK�VODYH�LW�FRPPXQLFDWHV�ZLWK��7KHVH�
EXIIHUV�KROG�%OXHWRRWK�EDVHEDQG�SDFNHWV��$OO�EXIIHUV�KDYH�EHHQ�PRGHOOHG�ZLWK�LQILQLWH�
VL]H��(DFK�VODYH�KDV�WZR�EXIIHUV�DW�WKH�EDVHEDQG�OHYHO��RQH�IRU�RXWJRLQJ�SDFNHWV�DQG�RQH�
IRU�LQFRPLQJ�SDFNHWV��7KHVH�EXIIHUV�KDYH�DOVR�EHHQ�PRGHOOHG�ZLWK�LQILQLWH�VL]H��)LJXUH�
����VKRZV�WKH�LPSOHPHQWHG�REMHFWV�DQG�WKH�EXIIHU�VWUXFWXUH��

��

)LJXUH�����7KH�VLPXODWRU�REMHFWV�DQG�WKH�EXIIHU�VWUXFWXUH��

�
7KH�%OXHWRRWK�8076�JDWHZD\�KDV�EHHQ�DVVXPHG�WR�XVH�WKH�/$1�$FFHVV�3URILOH�
VSHFLILHG�LQ��%OXHWRRWK�6SHFLDO�,QWHUHVW�*URXS�����E���7KLV�SURILOH�FRYHUV�XVHU�VFHQDULRV�
ZKHUH�RQH�RU�VHYHUDO�%OXHWRRWK�GHYLFHV�XVH�D�ORFDO�DFFHVV�SRLQW�IRU�ZLUHOHVV�FRQQHFWLRQ�
WR�D�/$1�RU�DQRWKHU�QHWZRUN��7KH�XVH�RI�D�SURILOH�VSHFLILHG�E\�WKH�%OXHWRRWK�6,*�LV�
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LPSRUWDQW�LQ�RUGHU�WR�HQVXUH�LQWHURSHUDELOLW\�EHWZHHQ�%OXHWRRWK�GHYLFHV�IURP�GLIIHUHQW�
PDQXIDFWXUHUV��$V�ORQJ�DV�WKH�GHYLFHV��WKH�JDWHZD\�DQG�WKH�VODYHV��KDYH�WKH�VDPH�SURILOH�
LPSOHPHQWHG�WKH\�ZLOO�EH�DEOH�WR�FRPPXQLFDWH�ZLWK�HDFK�RWKHU��7KH�/$1�$FFHVV�3URILOH�
VSHFLILHV�D�SURWRFRO�VWDFN�DFFRUGLQJ�WR�)LJXUH������DQG�WKLV�SURWRFRO�VWDFN�KDV�EHHQ�
LPSOHPHQWHG�LQ�WKH�VLPXODWRU����*33�����F��DOVR�VSHFLI\�333�IRU�FRQQHFWLQJ�WHUPLQDO�
HTXLSPHQW��%OXHWRRWK�VODYHV�LQ�WKLV�FDVH��WR�D�PRELOH�WHUPLQDWLRQ��WKH�JDWHZD\�LQ�WKLV�
FDVH���+RZHYHU��VKRXOG�DQRWKHU�IXWXUH�SURILOH�EH�XVHG�RQO\�WKH�333�DQG�5)&200�
OD\HUV�ZLOO�FKDQJH���7KLV�ZLOO�QRW�DIIHFW�WKH�VLPXODWLRQ�UHVXOWV�QRWLFHDEO\�VLQFH�WKHVH�WZR�
OD\HUV�KDYH�RQO\�EHHQ�PRGHOOHG�E\�DGGLQJ�SDFNHW�KHDGHUV��7KHLU�DFWXDO�SURWRFRO�
IXQFWLRQDOLW\�GRHV�QRW�DIIHFW�VLPXODWLRQV�DQG�KDYH�WKHUHIRUH�EHHQ�H[FOXGHG��
�

�

)LJXUH�����7KH�/$1�$FFHVV�3URILOH�SURWRFRO�VWDFN���

7KH�'DWD�7HUPLQDO�FRUUHVSRQGV�WR�RQH�RI�WKH�VODYHV�DQG�WKH��

/$1�$FFHVV�3RLQW�FRUUHVSRQGV�WR�WKH�JDWHZD\��

������3DFNHW�HQFDSVXODWLRQ�DQG�VHJPHQWDWLRQ�
,Q�WKH�VODYH�XQLWV��GDWD�LV�JHQHUDWHG�DW�WKH�DSSOLFDWLRQ�OHYHO�DFFRUGLQJ�WR�WUDIILF�PRGHOV�
WKDW�FDQ�EH�VHW�LQGLYLGXDOO\�IRU�HDFK�VODYH��$SSOLFDWLRQ�GDWD�LV�VHJPHQWHG�LQWR�SDFNHWV�DQG�
HQFDSVXODWHG�DFFRUGLQJ�WR�)LJXUH������7KH�066�RI�7&3�FDQ�EH�VSHFLILHG��EXW�LQ�WKH�
VLPXODWLRQV�D�VL]H�RI������E\WHV�KDV�EHHQ�XVHG��,QFOXGLQJ�D����E\WHV�7&3�KHDGHU�DQG�D����
E\WHV�,3�KHDGHU�WKLV�UHVXOWV�LQ�DQ�,3�GDWDJUDP�VL]H�RI������E\WHV��ZKLFK�LV�WKH�VWDQGDUG�
VL]H���/�&$3�KDV�EHHQ�DVVXPHG�WR�KDYH�DQ�078�RI�����E\WHV��ZKLFK�LV�WKH�GHIDXOW�YDOXH�
DFFRUGLQJ�WR��%OXHWRRWK�6SHFLDO�,QWHUHVW�*URXS�����D���7KH�/�&$3�SDFNHWV�DUH�
VHJPHQWHG�LQWR�EDVHEDQG�SDFNHWV�DFFRUGLQJ�WKH�268�SROLF\�UHFRPPHQGHG�E\��'DV�HW�DO�
�������VHH�VHFWLRQ��������7KH�EDVHEDQG�SDFNHWV�DUH�SODFHG�LQ�WKH�VODYH·V�WUDQVPLW�EXIIHU��
,Q�UHDOLW\��WKH�VL]H�RI�WKH�%OXHWRRWK�EDVHEDQG�EXIIHUV�LV�VPDOO�DQG�WKHUHIRUH�RQO\�VPDOO�
DPRXQWV�RI�GDWD�ZLOO�EH�VHQW�IURP�KLJKHU�OD\HUV�WR�WKH�EDVHEDQG�OHYHO�DW�D�WLPH��+RZHYHU��
IRU�WKH�SXUSRVHV�RI�WKLV�VLPXODWRU�LW�GRHV�QRW�PDWWHU�ZKHWKHU�SDFNHWV�DUH�EHLQJ�TXHXHG�DW�
KLJKHU�OD\HUV�RU�DW�WKH�EDVHEDQG�OD\HU���

������������������������������������������������
��7KHUH�DUH�GLVFXVVLRQV�ZLWKLQ�WKH�%OXHWRRWK�6,*�3$1�ZRUNLQJ�JURXS�WR�UHSODFH�WKH�333�DQG�5)&200�
OD\HUV�ZLWK�D�SURWRFRO�FDOOHG�%OXHWRRWK�1HWZRUN�(QFDSVXODWLRQ�3URWRFRO��%1(3��LQ�WKH�QH[W�YHUVLRQ�RI�WKH�
%OXHWRRWK�VSHFLILFDWLRQ��-RKDQVVRQ�HW�DO��������
��7KH�,3�GDWDJUDP�VWDQGDUG�VL]H�QRUPDOO\�XVHG�ZKHQ�QRWKLQJ�KDV�EHHQ�QHJRWLDWHG�LV�HLWKHU�����E\WHV�RU�
�����E\WHV��+HUH�WKH�ODWWHU�RQH�KDV�EHHQ�XVHG��
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�
)LJXUH�����'DWD�VHJPHQWDWLRQ�DQG�HQFDSVXODWLRQ��

,Q�WKH�JDWHZD\��SDFNHW�HQFDSVXODWLRQ�DQG�VHJPHQWDWLRQ�LV�GRQH�WKH�VDPH�ZD\�DV�LQ�WKH�
VODYHV��+RZHYHU��QR�GDWD�LV�JHQHUDWHG�LQ�WKH�JDWHZD\��,QVWHDG��WKH�JDWHZD\�UHFHLYHV�GDWD�
IURP�WKH�HQG�WHUPLQDOV�YLD�WKH�8076�OLQN�RU�IURP�WKH�VODYHV�YLD�WKH�%OXHWRRWK�OLQNV��,Q�
WKH�JDWHZD\��SDFNHWV�DUH�WUDQVIHUUHG�EHWZHHQ�WKH�8076�DQG�WKH�%OXHWRRWK�GRPDLQ�DW�WKH�
,3�OHYHO��:KHQ�WKH�JDWHZD\�UHFHLYHV�GDWD�IURP�8076�LW�SXWV�WKH�GDWD�LQ�D�8076�UHFHLYH�
EXIIHU�XQWLO�LW�KDV�UHFHLYHG�DQ�HQWLUH�,3�SDFNHW��:KHQ�DQ�HQWLUH�,3�SDFNHW�KDV�EHHQ�
UHFHLYHG�LW�LV�UHOD\HG�WR�WKH�%OXHWRRWK�GRPDLQ��7KHUH�LW�LV�HQFDSVXODWHG�DQG�VHJPHQWHG�
LQWR�%OXHWRRWK�EDVHEDQG�SDFNHWV�LQ�WKH�VDPH�ZD\�,3�SDFNHWV�DUH�HQFDSVXODWHG�DQG�
VHJPHQWHG�LQWR�EDVHEDQG�SDFNHWV�LQ�WKH�VODYHV��VHH�)LJXUH������7KH�EDVHEDQG�SDFNHWV�DUH�
SODFHG�LQ�WKH�%OXHWRRWK�WUDQVPLW�EXIIHU�IRU�WKH�GHVWLQHG�VODYH��LQ�WKH�JDWHZD\�WKHUH�LV�RQH�
WUDQVPLW�EXIIHU�IRU�HDFK�VODYH���$V�PHQWLRQHG�DERYH��LQ�UHDOLW\�DOO�EDVHEDQG�SDFNHWV�ZLOO�
QRW�EH�VHQW�WR�WKH�EDVHEDQG�OHYHO�LPPHGLDWHO\��EXW�WKH�VDPH�DUJXPHQW�DV�DERYH�DSSOLHV�
KHUH�WRR��
�
%OXHWRRWK�EDVHEDQG�SDFNHWV�VHQW�IURP�WKH�PDVWHU�DQG�UHFHLYHG�DW�WKH�VODYH�DUH�IRUZDUGHG�
WR�KLJKHU�OD\HUV�ZKHUH�SDFNHW�KHDGHUV�DUH�VWULSSHG�RII�DQG�WKH�ORZHU�OD\HU�SDFNHWV�DUH�
UHDVVHPEOHG�WR�KLJKHU�OD\HU�SDFNHWV��,Q�WKH�VLPXODWRU��SDFNHW�UHDVVHPEO\�LV�QRW�H[SOLFLWO\�
SHUIRUPHG��LQVWHDG�VWDWLVWLFV��VXFK�DV�GHOD\�DQG�WKURXJKSXW��LV�FDOFXODWHG�ZKHQ�D�SDFNHW�LV�
UHFHLYHG��
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�
%OXHWRRWK�EDVHEDQG�SDFNHWV�VHQW�IURP�D�VODYH�DQG�UHFHLYHG�DW�WKH�JDWHZD\�DUH�IRUZDUGHG�
WR�KLJKHU�OD\HUV�ZKHUH�SDFNHW�KHDGHUV�DUH�VWULSSHG�RII�DQG�WKH\�DUH�UHDVVHPEOHG�WR�KLJKHU�
OD\HU�SDFNHWV��:KHQ�DQ�HQWLUH�,3�SDFNHW�KDV�EHHQ�UHDVVHPEOHG�LW�LV�UHOD\HG�WR�WKH�8076�
GRPDLQ�DQG�SXW�LQ�WKH�8076�WUDQVPLW�EXIIHU��

������%OXHWRRWK�SDUDPHWHUV�
7KH�VLPXODWRU�LQFOXGHV�DQ�HUURU�PRGHO�IRU�WKH�%OXHWRRWK�UDGLR�OLQN��7KH�SDFNHW�HUURU�
UDWLR��3(5��FDQ�EH�VSHFLILHG�DQG�HUURQHRXV�SDFNHWV�DUH�UHWUDQVPLWWHG�DV�VSHFLILHG�LQ�
�%OXHWRRWK�6,*�����D���2QO\�SDFNHWV�FRQWDLQLQJ�GDWD�DUH�DVVXPHG�WR�EH�HUURQHRXV��7KLV�
LV�PRWLYDWHG�E\�WKH�IDFW�WKDW�18//�SDFNHWV�DQG�32//�SDFNHWV�DUH�VKRUW������ELWV��DQG�
KDYH�QR�SD\ORDG��7KHLU�LQIRUPDWLRQ�LV�FRQWDLQHG�LQ�WKH�SDFNHW�KHDGHU��ZKLFK�LV�DOZD\V�
SURWHFWHG�E\�D�����)(&�FRGH��7KH�SDFNHW�HUURU�UDWLR�IRU�18//�DQG�32//�SDFNHWV�
VKRXOG�WKXV�EH�PXFK�ORZHU�WKDQ�WKH�SDFNHW�HUURU�UDWLR�IRU�SDFNHWV�FRQWDLQLQJ�GDWD��
�
7ZR�SROOLQJ�DOJRULWKPV�KDYH�EHHQ�LPSOHPHQWHG��URXQG�URELQ�DQG�IDLU�H[KDXVWLYH�SROOLQJ��
5RXQG�URELQ�KDV�EHHQ�FKRVHQ�IRU�D�QXPEHU�RI�UHDVRQV��,W�LV�WKH�VLPSOHVW�RI�DOO�SROOLQJ�
DOJRULWKPV�DQG�LW�VHUYHV�DV�D�JRRG�UHIHUHQFH�ZKHQ�FRPSDULQJ�SHUIRUPDQFH�IRU�RWKHU�
SROOLQJ�DOJRULWKPV��)XUWKHUPRUH��WKH�SRLQW�WR�PXOWLSRLQW�%OXHWRRWK�FKLSV�FXUUHQWO\�
DYDLODEOH�RQ�WKH�PDUNHW�XVH�WKH�URXQG�URELQ�SROOLQJ�DOJRULWKP���)XWXUH�%OXHWRRWK�FKLSV�
ZLOO�SUREDEO\�XVH�PRUH�VRSKLVWLFDWHG�SROOLQJ�DOJRULWKPV��PRVW�OLNHO\�H[KDXVWLYH�RU�
SDUWLDOO\�H[KDXVWLYH�SROOLQJ�DOJRULWKPV��,W�ZDV�FRQVLGHUHG�LPSRUWDQW�WR�LQFOXGH�VXFK�D�
SROOLQJ�DOJRULWKP�LQ�WKH�VLPXODWRU�LQ�RUGHU�WR�DQDO\VH�WKH�LPSDFW�RI�WKH�SROOLQJ�DOJRULWKP�
RQ�RYHUDOO�SHUIRUPDQFH��)DLU�H[KDXVWLYH�SROOLQJ�ZDV�FKRVHQ�EHFDXVH�RI�LWV�VLPSOLFLW\�DQG�
JRRG�SHUIRUPDQFH��
�
$OO�W\SHV�RI�%OXHWRRWK�GDWD�SDFNHWV�DUH�LQFOXGHG�LQ�WKH�VLPXODWRU��,W�FDQ�EH�VSHFLILHG�
ZKHWKHU�)(&�VKRXOG�EH�XVHG�RU�QRW��$GGLWLRQDOO\��D�SDUDPHWHU�FDOOHG�VORW�OLPLW�FDQ�EH�
VSHFLILHG�WR������RU����LQ�RUGHU�WR�OLPLW�WKH�PD[LPXP�OHQJWK�RI�WKH�%OXHWRRWK�SDFNHWV��$V�
PHQWLRQHG�DERYH�WKH�6$5�SROLF\�FDOOHG�268��UHFRPPHQGHG�E\�'DV�HW�DO���������LV�XVHG�
LQ�WKH�VLPXODWRU��
�
7KH�VLPXODWRU�LV�LQWHQGHG�IRU�VLPXODWLQJ�$&/�OLQNV�VLQFH�WKH�VLPXODWLRQ�VFHQDULRV�RI�
LQWHUHVW�FRQFHUQ�GDWD�WUDIILF��+RZHYHU��6&2�OLQNV�FDQ�EH�LQFOXGHG�LQ�RUGHU�WR�DQDO\VH�
WKHLU�LPSDFW�RQ�$&/�OLQN�SHUIRUPDQFH��$�SDUDPHWHU�1

6&2
��UHSUHVHQWLQJ�WKH�QXPEHU�RI�

DFWLYH�6&2�OLQNV��FDQ�EH�VSHFLILHG�WR�������RU����WKH�FDVH�RI���6&2�OLQNV�KDV�EHHQ�
H[FOXGHG�VLQFH�QR�$&/�OLQNV�FDQ�EH�VHW�XS�DW�WKH�VDPH�WLPH�DV�WKUHH�6&2�OLQNV���)RU�
1

6&2
�HTXDO�WR����DQ�DGGLWLRQDOO\�SDUDPHWHU�7

6&2
��UHSUHVHQWLQJ�WKH�6&2�SDFNHW�LQWHUYDO�

PHDVXUHG�LQ�%OXHWRRWK�WLPH�VORWV�FDQ�EH�VSHFLILHG�WR���RU����7
6&2
�HTXDO�WR���PHDQV�WKDW�

WKH�6&2�SDFNHWV�DUH�SURWHFWHG�E\�����)(&��DQG�7
6&2
�HTXDO�WR���PHDQV�WKDW�WKH�6&2�

SDFNHWV�DUH�QRW�SURWHFWHG�E\�)(&��)RU�1
6&2
�HTXDO�WR����7

6&2
�LV�DVVXPHG�WR�EH����L�H��QR�

)(&�LV�XVHG��VLQFH�RWKHUZLVH�QR�$&/�OLQNV�FDQ�EH�VHW�XS��7DEOH�����VXPPDUL]HV�WKH�
SRVVLEOH�FRPELQDWLRQV�RI�1

6&2
�DQG�7

6&2
��1RWH�WKDW�IRU�1

6&2
�HTXDO�WR���DQG�7

6&2
�HTXDO�WR�

������������������������������������������������
��7KH�DXWKRU�KDV�VSRNHQ�WR�(ULFVVRQ�0LFURHOHFWURQLFV�DQG�&DPEULGJH�6LOLFRQ�5DGLR��WZR�RI�WKH�OHDGLQJ�
%OXHWRRWK�FKLS�PDQXIDFWXUHUV��%RWK�RI�WKHP�XVH�WKH�URXQG�URELQ�SROOLQJ�DOJRULWKP�LQ�WKHLU�SRLQW�WR�
PXOWLSRLQW�FKLSV��
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���IRXU�FRQVHFXWLYH�VORWV�DUH�DYDLODEOH�IRU�GDWD�RQ�$&/�OLQNV��IROORZHG�E\�WZR�6&2�VORWV���
7KLV�PHDQV�WKDW�VORW�OLPLW�WKUHH�LV�XVHG�LQ�WKH�GRZQOLQN�DQG�VORW�OLPLW�RQH�LQ�WKH�XSOLQN��
)RU�1

6&2
�HTXDO�WR���DQG�7

6&2
�HTXDO�WR����RU�IRU�1

6&2
�HTXDO�WR���DQG�7

6&2
�HTXDO�WR����RQO\�

WZR�FRQVHFXWLYH�VORWV�DUH�DYDLODEOH�IRU�GDWD�WUDIILF��IROORZHG�E\�IRXU�6&2�VORWV��DQG�
KHQFH�WKH�VORW�OLPLW�LV�RQH�LQ�WKH�GRZQOLQN�DQG�XSOLQN��
�

� 7
6&2
 �� 7

6&2
 ��

1
6&2
 �� ����)(&� 1R�)(&�

1
6&2
 �� �� 1R�)(&�

7DEOH�����3RVVLEOH�FRPELQDWLRQV�RI�QXPEHU�RI�6&2�OLQNV�DQG�WKH�6&2�SDFNHW�LQWHUYDO��

��������$%�#���	��

������$UFKLWHFWXUH�
7KH�8076�SDUW�FRQVLVWV�RI�WKH�JDWHZD\��WKH�8(�LQ�8076�WHUPLQRORJ\���WKH�51&�DQG�
WKH�&1��7KH�&1�KDV�EHHQ�PRGHOOHG�DW�WKH�,3�OHYHO�DV�D�VLPSOH�SDFNHW�GHOD\�IRU�WKH�,

X
�DQG�

WKH�*
Q
�LQWHUIDFHV��VHH�)LJXUH�����IRU�D�GHVFULSWLRQ�RI�WKHVH�LQWHUIDFHV���7KLV�LV�PRWLYDWHG�

E\�WKH�IDFW�WKDW�SDFNHW�GHOD\V�LQ�WKH�&1�PDLQO\�GHSHQG�RQ�WKH�RYHUDOO�QHWZRUN�WUDIILF�
ORDG��)RU�QRUPDO�WUDIILF�FRQGLWLRQV��L�H��ZKHQ�WKH�&1�LV�QRW�FRQJHVWHG��WKH�,3�SDFNHW�
GHOD\�ZLOO�QRW�YDU\�PXFK��7KH�GHOD\V�IRU�WKH�,

X
�DQG�*

Q
�LQWHUIDFHV�ZHUH�WDNHQ�IURP�

VLPXODWLRQV�RI�7HOLD�0RELOH�$%·V�&1�GRQH�DW�7HOLD�5HVHDUFK�$%��7KHVH�VLPXODWLRQV�ZHUH�
GRQH�LQ�D�VLPXODWRU�FDOOHG�231(7�DQG�JHQHUDWHG�ORJ�ILOHV�FRQWDLQLQJ�,3�SDFNHW�GHOD\V�
IRU�WKH�,

X
�DQG�WKH�*

Q
�LQWHUIDFH�IRU�LQWHUDFWLYH�EDFNJURXQG�EHDUHU�FODVV�VHUYLFHV��7KHVH�ORJ�

ILOHV�ZHUH�XVHG�WR�PRGHO�WKH�&1�LQ�WKH�&���VLPXODWRU��
�
,Q�RUGHU�WR�VLPSOLI\�WKH�PRGHO�RI�WKH�875$1�LW�KDV�EHHQ�DVVXPHG�WKDW�WKH�8(�LV�LQ�
&HOOB'&+�FRQQHFWHG�VWDWH��L�H��D�GHGLFDWHG�SK\VLFDO�FKDQQHO�LV�DOORFDWHG�WR�WKH�8(��
)XUWKHUPRUH��LW�KDV�EHHQ�DVVXPHG�WKDW�WKH�WUDIILF�VWUHDPV�EHORQJLQJ�WR�GLIIHUHQW�VODYHV�
DUH�PXOWLSOH[HG�RQWR�WKH�VDPH�8076�UDGLR�EHDUHU��5%��LQ�D�),)2�PDQQHU���7KLV�PHDQV�
WKDW�WKHUH�LV�QR�SULRULW\�KDQGOLQJ�EHWZHHQ�WKH�GLIIHUHQW�WUDIILF�VWUHDPV��7KH�875$1�
PRGHO�FRQVLVWV�RI�WKH�8(��WKH�JDWHZD\��DQG�WKH�51&��%RWK�RI�WKHVH�KDYH�EHHQ�PRGHOOHG�
ZLWK�WZR�EXIIHUV�IRU�,3�SDFNHWV��RQH�IRU�LQFRPLQJ�SDFNHWV�DQG�RQH�IRU�RXWJRLQJ��,3�
SDFNHWV�IURP�WKH�HQG�QHWZRUN�DUULYH�DW�WKH�51&�DIWHU�SDVVLQJ�WKURXJK�WKH�&1��$IWHU�
EHLQJ�TXHXHG�LQ�WKH�51&·V�WUDQVPLW�EXIIHU��WKH�,3�SDFNHWV�DUH�VHJPHQWHG�RU�
FRQFDWHQDWHG�LQWR�UDGLR�IUDPHV��7KH�SURGXFW�RI�WKH�UDGLR�IUDPH�OHQJWK�����PV��DQG�WKH�
'/�GDWD�UDWH�JLYHV�WKH�QXPEHU�RI�GDWD�ELWV�LQ�HDFK�UDGLR�IUDPH��'HSHQGLQJ�RQ�WKH�,3�
SDFNHW�OHQJWK�DQG�WKH�'/�GDWD�UDWH�HDFK�UDGLR�IUDPH�PD\�FRQWDLQ�D�YDU\LQJ�QXPEHU�RI�,3�
SDFNHWV��6LQFH�,3�SDFNHWV�DUULYLQJ�DW�WKH�51&�PD\�RULJLQDWH�IURP�GLIIHUHQW�HQG�WHUPLQDOV�
HDFK�UDGLR�IUDPH�PD\�FRQWDLQ�,3�SDFNHWV�IURP�PDQ\�VRXUFHV��7KH�UHDVRQ�IRU�WKLV�LV�WKDW�
WKH�WUDQVPLW�EXIIHU�LQ�WKH�51&�KDV�EHHQ�LPSOHPHQWHG�DV�D�VLPSOH�),)2�TXHXH��
7UDQVPLVVLRQ�RI�UDGLR�IUDPHV�IURP�WKH�51&�WR�WKH�JDWHZD\�RFFXUV�HYHU\�'/�77,�
VHFRQGV��7KH�77,�WKXV�GHWHUPLQHV�KRZ�PDQ\�UDGLR�IUDPHV�WKDW�DUH�VHQW�DW�D�WLPH��5DGLR�

������������������������������������������������
��$�8076�5%�LV�VHW�XS�EHWZHHQ�WKH�8(�DQG�WKH�51&��$�8076�5%�VHUYLFH�FRYHUV�DOO�DVSHFWV�RI�WKH�UDGLR�
LQWHUIDFH�WUDQVSRUW�VXFK�DV�WUDQVSRUW�FKDQQHO��FRGLQJ��5/&�PRGH�HWF��
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IUDPHV�UHFHLYHG�DW�WKH�JDWHZD\�DUH�UHDVVHPEOHG�WR�,3�SDFNHWV�DQG�UHOD\HG�WR�WKH�
%OXHWRRWK�GRPDLQ��
�
,Q�WKH�JDWHZD\�,3�SDFNHWV�UHOD\HG�IURP�WKH�%OXHWRRWK�GRPDLQ�WR�WKH�8076�GRPDLQ�DUH�
SODFHG�LQ�WKH�JDWHZD\·V�8076�WUDQVPLW�EXIIHU��7KH�,3�SDFNHWV�DUH�VHJPHQWHG�RU�
FRQFDWHQDWHG�LQWR�UDGLR�IUDPHV�DQG�VHQW�WR�WKH�51&�LQ�WKH�VDPH�ZD\�DV�H[SODLQHG�DERYH��
7KH�RQO\�GLIIHUHQFH�LV�WKDW�WKH�77,�DQG�WKH�GDWD�UDWH�PLJKW�GLIIHU�LQ�WKH�8/�DQG�'/��
5DGLR�IUDPHV�UHFHLYHG�DW�WKH�51&�DUH�UHDVVHPEOHG�WR�,3�SDFNHWV�DQG�WUDQVIHUUHG�WR�WKH�
&1��

������8076�SDUDPHWHUV�
7KH�PDLQ�SDUDPHWHUV�WKDW�FDQ�EH�VSHFLILHG�DUH�WKH�77,�DQG�WKH�GDWD�UDWH�IRU�WKH�8/�DQG�
WKH�'/�UHVSHFWLYHO\��$Q�HUURU�PRGHO�IRU�WKH�8076�UDGLR�LQWHUIDFH�KDV�EHHQ�LQFOXGHG�DQG�
WKH�EORFN�HUURU�UDWH��%/(5��FDQ�EH�VSHFLILHG��$�EORFN�LV�WKH�TXDQWLW\�WKDW�LV�VHQW�RYHU�WKH�
8076�UDGLR�LQWHUIDFH�HYHU\�77,�VHFRQGV��)RU�LPSOHPHQWDWLRQ�VLPSOLFLW\�LW�LV�DVVXPHG�
WKDW�WKH�5/&�LV�RSHUDWHG�LQ�DFNQRZOHGJHG�PRGH�ZLWK�LQ�VHTXHQFH�GHOLYHU\��VHH�VHFWLRQ�
��������7KLV�PHDQV�WKDW�HUURQHRXV�EORFNV�DUH�UHWUDQVPLWWHG�DQG�WKH�RUGHU�RI�KLJKHU�OD\HU�
3'8V�LV�SUHVHUYHG��7R�VLPSOLI\�LPSOHPHQWDWLRQ�D�UDGLR�EORFN�FDQ�RQO\�EH�ORVW�RQFH��

������������	&���	��
7KH�QHWZRUN�SDUW�KDV�EHHQ�PRGHOOHG�DW�WKH�,3�OHYHO��7KH�QHWZRUN�SDUW�FRQVLVWV�RI�WKH�HQG�
WHUPLQDOV�DQG�WKH�HQG�QHWZRUN��(DFK�HQG�WHUPLQDO�FRPPXQLFDWHV�ZLWK�D�VSHFLILF�VODYH��
7KH�HQG�WHUPLQDOV�UHSUHVHQW�WKH�UHPRWH�SHHUV�DQG�FRXOG�IRU�H[DPSOH�EH�ZHE�VHUYHUV�RU�
3&V��,Q�WKH�HQG�WHUPLQDOV�GDWD�LV�JHQHUDWHG�DW�WKH�DSSOLFDWLRQ�OHYHO�DFFRUGLQJ�WR�WUDIILF�
PRGHOV�WKDW�FDQ�EH�VHW�LQGLYLGXDOO\�IRU�HDFK�HQG�WHUPLQDO��7KH�DSSOLFDWLRQ�GDWD�LV�
VHJPHQWHG�LQWR�SDFNHWV�ZLWK�D�VL]H�HTXDO�WR�7&3�066��(DFK�SDFNHW�LV�HQFDSVXODWHG�ZLWK�
7&3�DQG�,3�KHDGHUV�DQG�SXW�LQ�WKH�HQG�WHUPLQDO·V�VHQG�EXIIHU�ZKHUH�WKH�,3�SDFNHWV�DUH�
EHLQJ�WUDQVPLWWHG�ZLWK�DQ�LQWHUYDO�WKDW�FDQ�EH�VSHFLILHG��,3�SDFNHWV�UHFHLYHG�DW�DQ�HQG�
WHUPLQDO�IURP�WKH�HQG�QHWZRUN�DUH�UHDVVHPEOHG�LQWR�KLJKHU�OD\HU�SDFNHWV��
�
7KH�HQG�QHWZRUN�UHSUHVHQWV�WKH�*

L
�LQWHUIDFH��L�H��WKH�FRQQHFWLRQ�EHWZHHQ�WKH�HQG�

WHUPLQDO�DQG�WKH�**61��VHH�)LJXUH�������,W�KDV�EHHQ�PRGHOOHG�DV�D�VLPSOH�,3�SDFNHW�
GHOD\��,Q�WKH�VLPXODWLRQV�WKLV�GHOD\�KDV�EHHQ�VHW�WR�HLWKHU���RU����PV��7KH�ILUVW�YDOXH�LV�
XVHG�IRU�VWXG\LQJ�WKH�SHUIRUPDQFH�ZLWKRXW�WKH�LQIOXHQFH�RI�DQ�H[WHUQDO�QHWZRUN��7KH�
ODWWHU�YDOXH�FRPHV�IURP�PHDVXUHPHQWV�PDGH�E\�.KDXQWH�HW�DO��������DQG�UHSUHVHQWV�WKH�
PHDQ�GHOD\�WR�D�UHPRWH�VHUYHU��

�����	����������
��
7KH�FKRLFH�RI�WUDIILF�PRGHO�LV�PDLQO\�D�WUDGH�RII�EHWZHHQ�LPSOHPHQWDWLRQ�VLPSOLFLW\�DQG�
KRZ�GHWDLOHG�WKH�PRGHO�LV��)RU�WKLV�SURMHFW�D�ZHE�WUDIILF�PRGHO�WKDW�FDSWXUHV�WKH�FRDUVH�
EHKDYLRXU�RI�+773�WUDIILF�ZDV�GHVLUHG��EXW�LW�ZDV�QRW�FRQVLGHUHG�QHFHVVDU\�WR�PRGHO�DOO�
WKH�GHWDLOV�RI�DQ�LQGLYLGXDO�ZHE�SDJH��7KH�FKRVHQ�PRGHO�LV�D�VLQJOH�XVHU�PRGHO�RI�PRELOH�
+773�WKDW�LV�EHLQJ�XVHG�DW�7HOLD�5HVHDUFK�$%��,Q�WKH�VLPXODWRU�WKH�WUDIILF�PRGHO�FDQ�EH�
VSHFLILHG�LQGLYLGXDOO\�IRU�HDFK�VODYH�DQG�HQG�WHUPLQDO��
�



��6LPXODWRU�LPSOHPHQWDWLRQ� � ���

�

� � � 6WHIDQ�.LQQHVWUDQG��0DVWHU�WKHVLV��VSULQJ������

$�ZHE�SDJH�LV�PRGHOOHG�DV�D�EXUVW�RI�GRZQOLQN�DSSOLFDWLRQ�GDWD��7KH�EXUVW�UHSUHVHQWV�DOO�
REMHFWV�WKDW�D�ZHE�SDJH�PD\�FRQVLVW�RI��,QOLQH�REMHFWV�LQ�WKH�ZHE�SDJH�DUH�WKXV�QRW�
PRGHOOHG�LQGLYLGXDOO\��EXW�WKH\�DUH�OXPSHG�WRJHWKHU�LQWR�D�GRZQOLQN�EXUVW��$�GRZQOLQN�
EXUVW�DUULYHV�ZLWK�DQ�LQWHUDUULYDO�WLPH�WKDW�LV�LQFOXGHG�LQ�WKH�PRGHO��7KH�LQWHUDUULYDO�WLPH�
PRGHOV�ZKDW�LV�VRPHWLPHV�FDOOHG�WKH�XVHU�WKLQN�WLPH�RU�UHDGLQJ�WLPH��7KH�UHTXHVWV�IRU�
ZHE�SDJHV�DQG�LQOLQH�REMHFWV�DUH�QRW�PRGHOOHG�LQGLYLGXDOO\��EXW�WKH\�DUH�OXPSHG�WRJHWKHU�
LQWR�DQ�XSOLQN�EXUVW��7KH�XSOLQN�EXUVW�LV�PRGHOOHG�DV�D�EXUVW�RI�XSOLQN�DSSOLFDWLRQ�GDWD�
ZKRVH�VL]H�LV�D�IUDFWLRQ�RI�WKH�FRUUHVSRQGLQJ�GRZQOLQN�EXUVW�VL]H��7KH�XSOLQN�EXUVWV�
DUULYH�DW�WKH�VDPH�WLPH�DV�WKH�GRZQOLQN�EXUVWV��
�
7KH�UDQGRP�QXPEHU�JHQHUDWLRQ�LV�EDVHG�RQ�WKH�&�OLEUDU\�IXQFWLRQ�GUDQG������7KLV�
IXQFWLRQ�JHQHUDWHV�GRXEOH�SUHFLVLRQ�IORDWLQJ�SRLQW�SVHXGR�UDQGRP�QXPEHUV�XQLIRUPO\�
GLVWULEXWHG�RYHU�WKH�LQWHUYDO�>����@��)RU�DUELWUDULO\�GLVWULEXWLRQV�ZLWK�FXPXODWLYH�

GLVWULEXWLRQ�IXQFWLRQ� )()( xXPxFX ≤= WKH�SVHXGR�UDQGRP�QXPEHU�;�LV�JHQHUDWHG�

DFFRUGLQJ�WR�WKH�IRUPXOD��

),(1 uFX X
−= � � � � � � � � � ����

ZKHUH�X�LV�D�UDQGRP�YDULDEOH�XQLIRUPO\�GLVWULEXWHG�RYHU�WKH�LQWHUYDO�>����@��
�
7KH�EXUVW�LQWHUDUULYDO�WLPH�IRU�GRZQOLQN�+773�GDWD�LV�JHQHUDWHG�DFFRUGLQJ�WR�WKH�ERXQG�
3DUHWR�PRGHO��,I�;�LV�WKH�UDQGRP�YDULDEOH�UHSUHVHQWLQJ�WKH�LQWHUDUULYDO�WLPH�LWV�FXPXODWLYH�
GLVWULEXWLRQ�IXQFWLRQ�LV�JLYHQ�E\��

Txk
Tk

xk
xFX ≤≤

−
−= ,

)/(1

)/(1
)( α

α

�� � � � � � � ����

;�LV�FRQILQHG�WR�WKH�LQWHUYDO�>N��7@�DQG� �LV�WKH�VKDSH�SDUDPHWHU��
�
7KH�GRZQOLQN�+773�GDWD�EXUVW�VL]H�LV�JHQHUDWHG�DFFRUGLQJ�WR�WKH�ORJQRUPDO�GLVWULEXWLRQ��
$�UDQGRP�YDULDEOH�;�LV�VDLG�WR�KDYH�D�ORJQRUPDO�GLVWULEXWLRQ�LI�WKH�UDQGRP�YDULDEOH�

)ln(XY = �KDV�D�QRUPDO�GLVWULEXWLRQ��,I�;�LV�WKH�UDQGRP�YDULDEOH�UHSUHVHQWLQJ�WKH�EXUVW�

VL]H�LWV�FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ�LV�JLYHQ�E\��

.0,0,
2

)ln(
1

2

1
)( >≥













 −+= sx
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mx
erfxFX �� � � � � ����

�
7KH�SDUDPHWHU�YDOXHV�XVHG�LQ�WKH�VLPXODWLRQV�DUH�OLVWHG�LQ�7DEOH������7KHVH�SDUDPHWHU�
YDOXHV�FRUUHVSRQG�WR�D�PHDQ�+773�'/�EXUVW�VL]H�RI����N%�DQG�D�PHDQ�+773�'/�8/�
LQWHUDUULYDO�WLPH�RI����VHFRQGV��)RU�PRUH�LQIRUPDWLRQ�DERXW�WKH�WZR�GLVWULEXWLRQV�VHH�
$SSHQGL[�%�²�5DQGRP�YDULDEOHV��
�
� 0RGHO� 3DUDPHWHUV�
+773�'/�EXUVW�VL]H�>E\WHV@� /RJ�QRUPDO� P ������V �����
+773�8/�EXUVW�VL]H�>E\WHV@� /RJ�QRUPDO� �����'/�EXUVW�VL]H�
+773�'/�8/�LQWHUDUULYDO�WLPH�>V@� %RXQGHG�3DUHWR� α ������N ������7 ����V�

7DEOH�����7UDIILF�PRGHOV�IRU�+773�WUDIILF��



��� � ���6LPXODWRU�LPSOHPHQWDWLRQ�

�

%OXHWRRWK�DV�DQ�DFFHVV�WHFKQRORJ\�WR�8076�

��'���	��	��������	����
7KHUH�DUH�VHYHUDO�SHUIRUPDQFH�PHWULFV�WKDW�DUH�RI�LQWHUHVW�ZKHQ�HYDOXDWLQJ�OLQN�
SHUIRUPDQFH��7KH�IRXU�PRVW�LPSRUWDQW�PHWULFV�DUH��
• 7UDQVIHU�GHOD\�
• 7KURXJKSXW�
• %LW�HUURU�UDWLR�RU�SDFNHW�HUURU�UDWLR�
• 7UDQVIHU�GHOD\�YDULDWLRQ�
�
,Q�WKLV�SURMHFW�WZR�SHUIRUPDQFH�PHWULFV�KDYH�EHHQ�VWXGLHG��WUDQVIHU�GHOD\�DQG�
WKURXJKSXW��
�
7UDQVIHU�GHOD\�LV�GHILQHG�DV�WKH�WRWDO�GHOD\��LQ�VHFRQGV��LQFXUUHG�IURP�WKH�WLPH�
DSSOLFDWLRQ�GDWD�LV�JHQHUDWHG�DW�WKH�VRXUFH��VODYH�RU�HQG�WHUPLQDO��WR�ZKHQ�LW�LV�UHFHLYHG�DW�
UHFLSLHQW��HQG�WHUPLQDO�RU�VODYH���7UDQVIHU�GHOD\�LV�WKXV�PHDVXUHG�HQG�WR�HQG��
�
7KURXJKSXW�LV�DQ�LQGLFDWLRQ�RI�KRZ�PXFK�GDWD�WKH�XVHU�FDQ�UHFHLYH�SHU�VHFRQG��
7KURXJKSXW�LV�GHILQHG�DV�WKH�VL]H�RI�WKH�DSSOLFDWLRQ�GDWD�EXUVW��LQ�ELWV��GLYLGHG�E\�WKH�
WUDQVIHU�GHOD\��:LWK�WKLV�GHILQLWLRQ�WKURXJKSXW�LV�DFWXDOO\�D�ORZHU�OLPLW�RI�KRZ�PXFK�GDWD�
WKH�XVHU�FDQ�UHFHLYH�SHU�VHFRQG��7KLV�GHILQLWLRQ�KDV�EHHQ�XVHG�VLQFH�LW�DOORZV�
VWUDLJKWIRUZDUG�PHDVXUHPHQWV�LQ�WKH�VLPXODWLRQV�DQG�LW�LV�D�UHDVRQDEO\�JRRG�
DSSUR[LPDWLRQ�RI�KRZ�PXFK�GDWD�D�XVHU�FDQ�UHFHLYH�SHU�VHFRQG��)RU�IXUWKHU�GLVFXVVLRQ�
DERXW�WKURXJKSXW�VHH�$SSHQGL[�&�²�2Q�WKH�GHILQLWLRQ�RI�WKURXJKSXW��
�
$OO�SHUIRUPDQFH�PHWULFV�UHSUHVHQW�DYHUDJH�YDOXHV�IURP�WKH�VLPXODWLRQ��,Q�RUGHU�WR�JHW�
UHOLDEOH�UHVXOWV�DQ�RXWHU�ORRS�KDV�EHHQ�SODFHG�DURXQG�DQ�LQQHU�ORRS��EDWFK�ORRS��LQ�WKH�
VLPXODWLRQ�SURJUDP��7KH�LGHD�LV�WR�VLPXODWH�D�YHU\�ODUJH�QXPEHU�RI�SDFNHW�DUULYDOV�LQ�HDFK�
EDWFK�ORRS��$W�WKH�HQG�RI�HDFK�EDWFK�ORRS�WKH�DYHUDJH�YDOXHV�RI�WKH�SHUIRUPDQFH�PHWULFV�
DUH�FDOFXODWHG��:KHQ�D�VXIILFLHQW�QXPEHU�RI�EDWFKHV�KDYH�EHHQ�VLPXODWHG�WKHVH�YDOXHV�DUH�
XVHG�WR�FDOFXODWH�WKH�VWDQGDUG�GHYLDWLRQV�IRU�HDFK�SHUIRUPDQFH�PHWULF��7KH�QXPEHU�RI�
EDWFKHV�KDV�WKHQ�EHHQ�DGMXVWHG�WR�HQVXUH�D�ORZ�VWDQGDUG�GHYLDWLRQ�DQG�UHOLDEOH�UHVXOWV��

��(�#��"
���	�
����������
,Q�WKH�VLPXODWRU�LPSRUWDQW�IHDWXUHV�RI�%OXHWRRWK�DQG�8076�KDYH�EHHQ�PRGHOOHG�LQ�D�
GHWDLOHG�ZD\�ZKLOH�RWKHU��OHVV�LPSRUWDQW��IHDWXUHV�KDYH�QRW�EHHQ�LQFOXGHG�DW�DOO��
�
7&3�IXQFWLRQDOLW\�KDV�QRW�EHHQ�LQFOXGHG�LQ�WKH�VLPXODWRU��7KH�IORZ�FRQWURO�LV�WDNHQ�FDUH�
RI�E\�VLPSO\�DGMXVWLQJ�WKH�VHQG�UDWH�RI�WKH�VRXUFHV��7KH�HIIHFWV�RI�7&3�FRQJHVWLRQ�
FRQWURO�DOJRULWKPV�KDYH�WKXV�QRW�EHHQ�FRQVLGHUHG��,Q�%OXHWRRWK�WKH�$54�VFKHPH�
DSSOLHG�LV�IDVW�HQRXJK�WR�HIILFLHQWO\�KLGH�FKDQQHO�HUURUV�WR�WKH�WUDQVSRUW�OD\HU�DQG�WKLV�
UHVXOW�LQ�YHU\�IHZ�7&3�WLPHRXWV�DQG�UHWUDQVPLVVLRQV��-RKDQVVRQ�HW�HO�����D������E���,Q�
8076�WKH�VDPH�LV�QRW�WUXH��7KH�GHOD\�LQWURGXFHG�E\�UHWUDQVPLVVLRQV�DW�WKH�5/&�OD\HU�
IUHTXHQWO\�FDXVH�7&3�WLPHRXWV�DQG�UHWUDQVPLVVLRQV��6DFKV�HW�DO��������+RZHYHU��WKLV�LV�D�
JHQHUDO�SUREOHP�IRU�7&3�RYHU�8076�WKDW�KDV�WR�EH�VROYHG��DQG�LW�KDV�EHHQ�FRQVLGHUHG�
EH\RQG�WKH�VFRSH�RI�WKLV�SURMHFW�WR�WDNH�WKLV�HIIHFW�LQWR�DFFRXQW���
�
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3URFHVVLQJ�GHOD\V�KDYH�QRW�EHHQ�LQFOXGHG�LQ�WKH�VLPXODWLRQ�PRGHO��,Q�UHDOLW\�SURFHVVLQJ�
GHOD\V�LQ�DOO�WKH�QRGHV�ZLOO�DIIHFW�SHUIRUPDQFH��+RZHYHU��VLQFH�SURFHVVLQJ�GHOD\V�RQO\�
DIIHFW�WKH�DUULYDO�WLPH�RI�SDFNHWV�DQG�GR�QRW�DIIHFW�WKH�LQWHUDUULYDO�WLPH�EHWZHHQ�SDFNHWV�
WKLV�VLPSOLILFDWLRQ�GRHV�QRW�DIIHFW�WKH�VLPXODWLRQ�UHVXOWV�QRWLFHDEO\��
�
7KH�OLQN�PDQDJHU�SURWRFRO��ZKLFK�LV�UHVSRQVLEOH�IRU�OLQN�VHW�XS�DQG�FRQWURO�LQ�%OXHWRRWK��
KDV�QRW�EHHQ�LQFOXGHG�LQ�WKH�VLPXODWRU��/03�PHVVDJHV�KDYH�KLJKHU�SULRULW\�WKDQ�XVHU�GDWD�
DQG�ZLOO�DIIHFW�WKH�SHUIRUPDQFH�IRU�%OXHWRRWK�XVHU�GDWD��,Q�WKH�VLPXODWRU�LW�KDV�EHHQ�
DVVXPHG�WKDW�WKH�%OXHWRRWK�OLQNV�DUH�DOUHDG\�VHW�XS�DQG�WKDW�WKH\�GR�QRW�KDYH�WR�EH�
FKDQJHG�GXULQJ�WKH�VLPXODWLRQ�WLPH��,Q�UHDOLW\�VRPH�/03�PHVVDJHV�ZLOO�KDYH�WR�EH�VHQW�
HYHQ�DIWHU�WKH�%OXHWRRWK�OLQNV�DUH�VHW�XS��+RZHYHU��WKH�HIIHFW�RI�/03�PHVVDJHV�RQ�XVHU�
GDWD�SHUIRUPDQFH�VKRXOG�EH�QHJOLJLEOH�XQGHU�QRUPDO�FLUFXPVWDQFHV��
�
7KH�8076�PRGHO�DVVXPHV�WKDW�WKH�8(�LV�LQ�&HOOB'&+�FRQQHFWHG�PRGH�DOO�WKH�WLPH��
7KLV�PHDQV�WKDW�D�GHGLFDWHG�SK\VLFDO�FKDQQHO�LV�DOORFDWHG�WR�WKH�8(��,Q�UHDOLW\�WKH�8(�
PLJKW�EH�LQ�DQ\�RI�WKH�IRXU�VHUYLFH�VWDWHV�PHQWLRQHG�LQ�VHFWLRQ��������$V�VKRZQ�LQ�
�%HUJVWU|P�������WKLV�ZLOO�DIIHFW�WKH�GHOD\�DQG�WKURXJKSXW�IRU�ZHE�WUDIILF�VLQFH�LW�WDNHV�
VRPH�WLPH�WR�FKDQJH�WKH�VHUYLFH�VWDWH�DQG�SHUIRUP�SK\VLFDO�FKDQQHO�UHFRQILJXUDWLRQV�RU�
WUDQVSRUW�FKDQQHO�UHFRQILJXUDWLRQV��+RZHYHU��WKH�DJJUHJDWH�WUDIILF�WKURXJK�WKH�JDWHZD\�
PLJKW�YHU\�ZHOO�EH�ODUJH�HQRXJK�IRU�LW�WR�VWD\�LQ�WKH�&HOOB'&+�FRQQHFWHG�PRGH�DOO�WKH�
WLPH��
�
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5 Simulations and analysis 
7KLV�FKDSWHU�SUHVHQWV�D�WKHRUHWLFDO�DQDO\VLV�DQG�WKH�VLPXODWLRQ�VFHQDULRV�DQG�VLPXODWLRQ�UHVXOWV��
)XUWKHUPRUH��LW�DQDO\VHV�DQG�GLVFXVVHV�WKH�UHVXOWV��

��������	�����
���
�����
%HIRUH�WXUQLQJ�WKH�DWWHQWLRQ�WR�WKH�VLPXODWLRQ�UHVXOWV�LW�LV�KHOSIXO�WR�GR�VRPH�WKHRUHWLFDO�
DQDO\VLV�RI�D�%OXHWRRWK�8076�JDWHZD\��2QH�RI�WKH�SXUSRVHV�ZLWK�WKH�VLPXODWLRQV�ZDV�WR�
ILQG�RXW�IRU�ZKLFK�SDUDPHWHU�VHWWLQJV�8076�RU�%OXHWRRWK�LV�WKH�OLPLWLQJ�WHFKQRORJ\���,Q�
DGGLWLRQ��WKH�REMHFWLYH�ZDV�WR�ILQG�RXW�KRZ�SHUIRUPDQFH�LV�DIIHFWHG�E\�WKH�OLPLWLQJ�
WHFKQRORJ\��RU�ERWWOHQHFN���:KHWKHU�8076�RU�%OXHWRRWK�LV�WKH�ERWWOHQHFN�FDQ�DFWXDOO\�
EH�HVWLPDWHG�E\�VRPH�VLPSOH�FDOFXODWLRQV��7KLV�SURYLGHV�XV�ZLWK�LQVLJKW�LQWR�KRZ�8076�
DQG�%OXHWRRWK�LQWHUDFW��DQG�LW�DOVR�DOORZV�XV�WR�YHULI\�WKH�VLPXODWLRQ�UHVXOWV��+RZHYHU��
HYHQ�LI�FDOFXODWLRQV�FDQ�WHOO�XV�ZKLFK�WHFKQRORJ\�ZLOO�EH�WKH�OLPLWLQJ�RQH�RQO\�WKH�
VLPXODWLRQ�UHVXOWV�FDQ�WHOO�XV�KRZ�SHUIRUPDQFH�LV�DIIHFWHG�E\�WKH�OLPLWLQJ�WHFKQRORJ\��
�
)RFXVLQJ�RQ�WKH�,3�SDFNHWV�LQ�WKH�JDWHZD\�ZH�FDQ�DQDO\VH�ZKHWKHU�8076�RU�%OXHWRRWK�LV�
WKH�ERWWOHQHFN��7KLV�LV�RI�FRXUVH�GHSHQGHQW�RQ�SDUDPHWHUV�VXFK�DV�WKH�8076�5$%�GDWD�
UDWH��WKH�%OXHWRRWK�SROOLQJ�DOJRULWKP��WKH�QXPEHU�RI�VODYHV��DQG�WKH�%OXHWRRWK�SDFNHW�
W\SH��$V�DQ�H[DPSOH�ZH�FDQ�DVVXPH�WKDW�DQ�LQWHUDFWLYH�RU�EDFNJURXQG��8/�RI����NESV�
DQG�'/�RI�����NESV��8076�5$%�LV�XVHG��:KHQ�D�EXUVW�RI�GRZQOLQN�GDWD�LV�WUDQVIHUUHG�
IURP�WKH�VHQGHU�WR�WKH�UHFHLYHU�DQ�,3�SDFNHW�ZLWK�D�VL]H�RI������E\WHV�LV�UHOD\HG�IURP�WKH�
8076�GRPDLQ�WR�WKH�%OXHWRRWK�GRPDLQ�LQ�WKH�JDWHZD\�HYHU\������������� ������PV�
�DVVXPLQJ�D�FRQWLQXRXV�VWUHDP�RI�,3�SDFNHWV�DUULYLQJ�DW�WKH�JDWHZD\���7KH�TXHVWLRQ�QRZ�
DULVHV�DV�WR�KRZ�ORQJ�WLPH�LW�WDNHV�IRU�WKLV�,3�SDFNHW�WR�EH�VHQW�RYHU�WKH�%OXHWRRWK�OLQN��,I�
WKH�WLPH�UHTXLUHG�IRU�WKLV�LV�PRUH�WKDQ�������PV�ZH�FDQ�FRQFOXGH�WKDW�%OXHWRRWK�LV�WKH�
ERWWOHQHFN��RWKHUZLVH�WKDW�8076�LV�WKH�ERWWOHQHFN����
�
7KH�WLPH�UHTXLUHG�WR�VHQG�DQ�,3�SDFNHW�RYHU�WKH�%OXHWRRWK�OLQN�FDQ�EH�HVWLPDWHG��8VLQJ�
VORW�OLPLW�ILYH�DQG�QR�)(&��D������E\WH�,3�SDFNHW�UHTXLUHV�IRXU�'+��SDFNHWV�DQG�RQH�
'+��SDFNHW�ZLWK�268�VHJPHQWDWLRQ��,I�ZH�LJQRUH�WKH�XSOLQN�WUDIILF��VLQFH�WKHUH�LV�PXFK�
OHVV�WUDIILF�LQ�WKH�XSOLQN�WKDQ�LQ�WKH�GRZQOLQN��DQG�DVVXPH�WKDW�%OXHWRRWK�LV�QRW�WKH�
ERWWOHQHFN��L�H��WKH�%OXHWRRWK�EXIIHUV�DUH�HPSWLHG�EHIRUH�WKH�QH[W�,3�SDFNHW�DUULYHV��ZH�
FDQ�JHW�D�ORZHU�OLPLW�IRU�WKH�WLPH�UHTXLUHG�WR�VHQG�DQ�,3�SDFNHW�RYHU�WKH�%OXHWRRWK�OLQN��
:LWK�URXQG�URELQ�DQG�1�VODYHV�VLPXOWDQHRXVO\�VKDULQJ�WKH�JDWHZD\�WKH�DYHUDJH�WLPH�
UHTXLUHG��7��FDQ�EH�H[SUHVVHG�DV��

������������������������������������������������
��:LWK�OLPLWLQJ�WHFKQRORJ\�RU�ERWWOHQHFN�ZH�PHDQ�ZKLFK�RQH�RI�%OXHWRRWK�RU�8076�WKDW�LV�OLPLWLQJ�LQ�
WHUPV�RI�GDWD�UDWH��
���7KH�DQDO\VLV�FDQ�EH�GRQH�IRU�WKH�RWKHU�,3�SDFNHW�VWDQGDUG�VL]H�����E\WHV��+RZHYHU��WKH�RXWFRPH�RI�WKH�
DQDO\VLV�LV�QRW�GHSHQGHQW�RQ�WKH�,3�SDFNHW�VL]H��
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7KH�ILUVW�WHUP�UHSUHVHQWV�WKH�DYHUDJH�WLPH�LW�WDNHV�EHIRUH�WKH�ILUVW�EDVHEDQG�SDFNHW�
EHORQJLQJ�WR�WKH�,3�SDFNHW�FDQ�EH�VHQW�IURP�WKH�JDWHZD\��7KH�VHFRQG�WHUP�UHSUHVHQWV�WKH�
WLPH�LW�WDNHV�WR�VHQG�IRXU�'+��SDFNHWV��DQG�WKH�WKLUG�WHUP�WKH�WLPH�UHTXLUHG�WR�VHQG�RQH�
'+��SDFNHW��)RU�%OXHWRRWK�QRW�WR�EH�WKH�ERWWOHQHFN�ZH�UHTXLUH��

( ) 4.39/19
625.0

25.31
25.31625.019925.31 =
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6LQFH�7�UHSUHVHQWV�D�ORZHU�OLPLW�IRU�WKH�WLPH�UHTXLUHG��1�UHSUHVHQWV�DQ�XSSHU�OLPLW�IRU�WKH�
QXPEHU�RI�VODYHV�WKDW�WKH�JDWHZD\�FDQ�KDQGOH�VLPXOWDQHRXVO\�ZLWKRXW�%OXHWRRWK�EHLQJ�
WKH�ERWWOHQHFN��:LWK�XSOLQN�WUDIILF�DQG�WKH�SRVVLELOLW\�RI�VHYHUDO�VODYHV�UHFHLYLQJ�GDWD�DW�
WKH�VDPH�WLPH�ZH�ZRXOG�UHTXLUH�1�WR�EH�VRPHZKDW�ORZHU�WKDQ�VWDWHG�DERYH��6LQFH�ZH�
FDQ�RQO\�KDYH�DQ�LQWHJHU�QXPEHU�RI�VODYHV�RXU�DQDO\VLV�WHOOV�XV�WKDW�IRU�WKH�FRQVLGHUHG�
FDVH�%OXHWRRWK�EHFRPHV�WKH�ERWWOHQHFN�IRU�PRUH�WKDQ�WKUHH�VODYHV��
�
7KH�VDPH�DQDO\VLV�FDQ�EH�GRQH�IRU�GLIIHUHQW�SDFNHW�W\SHV��7DEOH�����VXPPDUL]HV�WKH�
PD[LPXP�QXPEHU�RI�VODYHV�WKDW�FDQ�XVH�WKH�JDWHZD\�VLPXOWDQHRXVO\�EHIRUH�%OXHWRRWK�
EHFRPHV�WKH�OLPLWLQJ�WHFKQRORJ\�ZKHQ�URXQG�URELQ�SROOLQJ�LV�XVHG��6LQFH�ZH�RQO\�FDQ�
KDYH�DQ�LQWHJHU�QXPEHU�RI�VODYHV�WKH�QXPEHUV�LQ�WKH�WDEOH�KDYH�EHHQ�URXQGHG�
GRZQZDUGV�WR�WKH�QHDUHVW�LQWHJHU��
�
� '+�� '0�� '+�� '0�� '+�� '0��
0D[�VODYHV� �� �� �� ��� ��� ���

7DEOH�����0D[LPXP�QXPEHU�RI�VODYHV�WKDW�FDQ�XVH�WKH�JDWHZD\�EHIRUH�
%OXHWRRWK�EHFRPHV�WKH�ERWWOHQHFN�IRU�55�SROOLQJ��

�
$�VLPLODU�DQDO\VLV�FDQ�EH�GRQH�ZLWK�WKH�SROOLQJ�DOJRULWKP�FKDQJHG�WR�)(3��,JQRULQJ�WKH�
XSOLQN�WUDIILF�DQG�WKH�SRVVLELOLW\�RI�VHYHUDO�VODYHV�UHFHLYLQJ�GDWD�DW�WKH�VDPH�WLPH�WKH�
PLQLPXP�DYHUDJH�WLPH�7�UHTXLUHG�IRU�VHQGLQJ���'+��SDFNHWV�DQG�RQH�'+��SDFNHW�ZLWK�
)(3�LV��

( ) ( )[ ] msTTTT DHNULLDH 875.16625.034154 35 =×+×+=+×+= � � � ����

7KLV�DVVXPHV�WKDW�LW�WDNHV�QR�WLPH�EHIRUH�WKH�ILUVW�EDVHEDQG�SDFNHW�EHORQJLQJ�WR�D�QHZO\�
DUULYHG�,3�SDFNHW�FDQ�EH�VHQW�IURP�WKH�JDWHZD\��7KLV�LV�HTXLYDOHQW�WR�WKH�DVVXPSWLRQ�WKDW�
WKH�WUDIILF�LV�EXUVW\�HQRXJK�IRU�RQO\�RQH�VODYH�WR�UHFHLYH�GDWD�DW�D�WLPH��$�FRQVHTXHQFH�RI�
WKDW�DVVXPSWLRQ�LV�WKDW�IRU�)(3�WKH�WLPH�UHTXLUHG�WR�VHQG�DQ�,3�SDFNHW�RYHU�WKH�
%OXHWRRWK�OLQN�LV�LQGHSHQGHQW�RI�WKH�QXPEHU�RI�VODYHV�VKDULQJ�WKH�JDWHZD\��.HHSLQJ�LQ�
PLQG�WKDW�RQH������E\WH�,3�SDFNHW�LV�UHOD\HG�WR�WKH�%OXHWRRWK�GRPDLQ�LQ�WKH�JDWHZD\�
HYHU\�������PV�ZH�FRQFOXGH�WKDW�8076�LV�WKH�ERWWOHQHFN��$JDLQ��WKH�DQDO\VLV�FDQ�EH�
GRQH�IRU�GLIIHUHQW�SDFNHW�W\SHV��7DEOH�����VXPPDUL]HV�WKH�WLPH�UHTXLUHG�WR�VHQG�D������
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E\WH�,3�SDFNHW�RYHU�WKH�%OXHWRRWK�OLQN�IRU�GLIIHUHQW�SDFNHW�W\SHV�ZKHQ�)(3�LV�XVHG��
7KHVH�QXPEHUV�UHSUHVHQW�ORZHU�OLPLWV�DQG�VKRXOG�EH�DGMXVWHG�XSZDUGV�ZKHQ�WDNLQJ�
XSOLQN�WUDIILF�DQG�WKH�SRVVLELOLW\�RI�VHYHUDO�VODYHV�UHFHLYLQJ�GDWD�VLPXOWDQHRXVO\�LQWR�
DFFRXQW��6LQFH�DQ�,3�SDFNHW�LV�UHOD\HG�IURP�WKH�8076�GRPDLQ�WR�WKH�%OXHWRRWK�GRPDLQ�
LQ�WKH�JDWHZD\�HYHU\�������PV�ZH�FRQFOXGH�WKDW�8076�LV�WKH�OLPLWLQJ�WHFKQRORJ\�IRU�
'+���'0���DQG�'+���)RU�DOO�RWKHU�SDFNHW�W\SHV�%OXHWRRWK�LV�WKH�OLPLWLQJ�WHFKQRORJ\��
1RWH�WKDW�IRU�)(3��XQOLNH�55��WKLV�UHVXOW�GRHV�QRW�GHSHQG�RQ�WKH�QXPEHU�RI�VODYHV�
VKDULQJ�WKH�JDWHZD\��
�

� '+�� '0�� '+�� '0�� '+�� '0��
7LPH�>PV@� ������� ������� ������� ������� ������� ��������

7DEOH�����7KH�PLQLPXP�WLPH�UHTXLUHG�IRU�VHQGLQJ�D������E\WH�,3�SDFNHW��
RYHU�WKH�%OXHWRRWK�OLQN�ZKHQ�)(3�LV�XVHG��

�
7KH�DQDO\VLV�DERYH�FDQ�EH�GRQH�IRU�8076�5$%V�ZLWK�GLIIHUHQW�'/�GDWD�UDWHV��7DEOH�����
DQG�7DEOH�����VXPPDUL]H�WKH�UHVXOWV�RI�VXFK�DQ�DQDO\VLV�IRU�IDLU�H[KDXVWLYH�SROOLQJ�DQG�
URXQG�URELQ����7KH�WDEOHV�VKRZ�ZKHQ�%OXHWRRWK�RU�8076�LV�WKH�OLPLWLQJ�WHFKQRORJ\��
�
� '+�� '0�� '+�� '0�� '+�� '0��
����NESV� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
����NESV� 8076� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK�
����NESV� 8076� 8076� 8076� 8076� 8076� %OXHWRRWK�
���NESV� 8076� 8076� 8076� 8076� 8076� 8076�

7DEOH�����$�VXPPDU\�RI�ZKHQ�8076�RU�%OXHWRRWK�LV�WKH�OLPLWLQJ�WHFKQRORJ\�IRU�IDLU�H[KDXVWLYH�SROOLQJ��

������������������������������������������������
���$JDLQ��WKH�UHVXOWV�DUH�QRW�GHSHQGHQW�RQ�WKH�,3�SDFNHW�VL]H��
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�
�

8076�'/�GDWD�UDWH�����NESV�
� '+�� '0�� '+�� '0�� '+�� '0��

��VODYH� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
��VODYHV� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
��VODYHV� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
��VODYHV� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
��VODYHV� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK��

�
8076�'/�GDWD�UDWH�����NESV�

� '+�� '0�� '+�� '0�� '+�� '0��
��VODYH� 8076� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
��VODYHV� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�

�
8076�'/�GDWD�UDWH�����NESV�

� '+�� '0�� '+�� '0�� '+�� '0��
��VODYH� 8076� 8076� 8076� 8076� 8076� %OXHWRRWK�
��VODYHV� 8076� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK� %OXHWRRWK�
�

8076�'/�GDWD�UDWH����NESV�
� '+�� '0�� '+�� '0�� '+�� '0��

��VODYH� 8076� 8076� 8076� 8076� 8076� 8076�
��VODYHV� 8076� 8076� 8076� 8076� 8076� %OXHWRRWK�
��VODYHV� 8076� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK�
��VODYHV� 8076� 8076� 8076� 8076� %OXHWRRWK� %OXHWRRWK��
�

7DEOH�����$�VXPPDU\�RI�ZKHQ�8076�RU�%OXHWRRWK�LV�WKH�OLPLWLQJ�WHFKQRORJ\�IRU�URXQG�URELQ�SROOLQJ��
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����#��"
�����	��"
��������
�����

������$ERXW�WKH�UHVXOWV�

7KH�ILJXUHV�LQ�WKLV�VHFWLRQ�VKRZ�WKURXJKSXW�YHUVXV�WKH�QXPEHU�RI�VODYHV�VKDULQJ�WKH�
JDWHZD\��$V�PHQWLRQHG�LQ�VHFWLRQ�����WKH�WUDQVIHU�GHOD\�KDV�EHHQ�PHDVXUHG�DV�ZHOO��
+RZHYHU��WKH�JUDSKV�LQFOXGLQJ�WUDQVIHU�GHOD\�SURYLGH�OLWWOH�DGGLWLRQDO�LQIRUPDWLRQ�WR�WKH�
JUDSKV�GLVSOD\LQJ�WKURXJKSXW��7KH�ODWWHU�RQHV�DUH�DOVR�HDVLHU�WR�LQWHUSUHW�DQG�DUH�
WKHUHIRUH�WKH�RQO\�JUDSKV�SUHVHQWHG�KHUH��
�
,Q�HDFK�ILJXUH�WKH�%OXHWRRWK�SDUDPHWHU�VHWWLQJ�IRU�WKH�VLPXODWLRQ�VFHQDULR�LV�VSHFLILHG��,Q�
WKH�ILJXUHV�WKH�GLIIHUHQW�FXUYHV�DUH�ODEHOOHG�;;;�'<=��ZKHUH�;;;�LQGLFDWHV�WKH�SROOLQJ�
DOJRULWKP�XVHG��55�RU�)(3���<�LQGLFDWHV�ZKHWKHU�)(&�LV�XVHG�RU�QRW��+�PHDQV�WKDW�)(&�
LV�QRW�XVHG��0�WKDW�)(&�LV�XVHG���DQG�=�LQGLFDWHV�WKH�VORW�OLPLW�������RU�����)(3�'0���IRU�
H[DPSOH��PHDQV�WKDW�WKH�FRUUHVSRQGLQJ�FXUYH�VKRZV�WKH�VLPXODWLRQ�UHVXOWV�IRU�)DLU�
([KDXVWLYH�3ROOLQJ�ZKHUH�WKH�%OXHWRRWK�SDFNHWV�DUH�PD[LPXP�WKUHH�VORWV�ORQJ�DQG�
SURWHFWHG�E\�)(&��7KH�SDFNHW�HUURU�UDWLR��3(5��IRU�%OXHWRRWK�KDV�EHHQ�VHW�WR������LQ�WKH�
VLPXODWLRQ�VFHQDULRV�SUHVHQWHG�LQ�WKLV�VHFWLRQ��7KLV�LV�EHOLHYHG�WR�EH�D�UHDOLVWLF�YDOXH�IRU�
QRUPDO�%OXHWRRWK�UDGLR�FKDQQHO�FRQGLWLRQV��
�
$W�WKH�WRS�RI�HDFK�ILJXUH�WKH�8076�VHWWLQJV�DUH�DOVR�VSHFLILHG��,Q�WKH�VLPXODWLRQ�
VFHQDULRV�SUHVHQWHG�LQ�WKLV�VHFWLRQ�WKH�77,�KDV�EHHQ�VHW�WR����PV�DFFRUGLQJ�WR���*33�
����F���7KH�EORFN�HUURU�UDWH��%/(5��KDV�EHHQ�VHW�WR������VLQFH�WKLV�LV�EHOLHYHG�WR�EH�D�
UHDOLVWLF�YDOXH��,Q�WKH�VLPXODWLRQ�VFHQDULRV�SUHVHQWHG�LQ�WKLV�VHFWLRQ�WKH�8076�5$%�GDWD�
UDWH�LV����NESV�LQ�WKH�XSOLQN�DQG����������RU�����NESV�LQ�WKH�GRZQOLQN����

������&RQFXUUHQW�ZHE�VHVVLRQV�

7KLV�VFHQDULR�FRQVLGHUV�RQH�WR�VHYHQ�VODYHV�WKDW�VKDUH�WKH�JDWHZD\�DQG�UXQ�ZHE�VHVVLRQV�
FRQFXUUHQWO\��7KH�ZHE�WUDIILF�KDV�EHHQ�PRGHOOHG�LQGLYLGXDOO\�IRU�HDFK�VODYH�DFFRUGLQJ�WR�
WKH�VLQJOH�XVHU�WUDIILF�PRGHO�GHVFULEHG�LQ�VHFWLRQ������8076�5$%V�ZLWK�GLIIHUHQW�
GRZQOLQN�GDWD�UDWHV��VSHFLILHG�LQ���*33�����F���KDYH�EHHQ�FRQVLGHUHG�DQG�VLPXODWLRQV�
DUH�GRQH�IRU�ERWK�IDLU�H[KDXVWLYH�SROOLQJ�DQG�URXQG�URELQ�DV�ZHOO�DV�IRU�GLIIHUHQW�
%OXHWRRWK�SDFNHW�W\SHV��
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RAB UL:64/DL:384 kbps, TTI=20 ms, BLER=0.02, PER=0.01

UMTS DL  
RR − DH5 
RR − DH3 
RR − DH1 
RR − DM5 
RR − DM3 
RR − DM1 
FEP − DH5
FEP − DH3
FEP − DH1
FEP − DM5
FEP − DM3
FEP − DM1

�
)LJXUH�����'RZQOLQN�WKURXJKSXW�YHUVXV�QXPEHU�RI�VODYHV�IRU�8/����'/�����NESV�5$%��

)LJXUH�����VKRZV�WKH�VLPXODWLRQ�UHVXOWV�IRU�D�36�5$%��LQWHUDFWLYH�RU�EDFNJURXQG�FODVV��
ZLWK�GDWD�UDWH�8/����'/�����NESV��7KLV�ZLOO�SUREDEO\�EH�WKH�KLJKHVW�DYDLODEOH�GDWD�UDWH�
LQ�WKH�ILUVW�SKDVH�RI�8076��)URP�WKH�ILJXUH�D�QXPEHU�RI�LPSRUWDQW�FRQFOXVLRQV�FDQ�EH�
GUDZQ��
�
,W�LV�REYLRXV�WKDW�ZKHQ�PRUH�WKDQ�RQH�VODYH�LV�FRPPXQLFDWLQJ�ZLWK�WKH�JDWHZD\�WKH�
SROOLQJ�DOJRULWKP�XVHG�E\�WKH�JDWHZD\�KDV�D�FUXFLDO�LPSDFW�RQ�SHUIRUPDQFH��)RU�55�
WKURXJKSXW�GHFUHDVHV�UDSLGO\�DV�WKH�QXPEHU�RI�VODYHV�VKDULQJ�WKH�JDWHZD\�LQFUHDVHV��)RU�
)(3��RQ�WKH�RWKHU�KDQG��WKURXJKSXW�LV�KDUGO\�DIIHFWHG�DW�DOO�E\�WKH�QXPEHU�RI�VODYHV�
VKDULQJ�WKH�JDWHZD\��2QO\�D�VORZ��OLQHDU�GHJUDGDWLRQ�FDQ�EH�QRWLFHG��
�
:H�DOVR�QRWLFH�WKDW�WKH�%OXHWRRWK�SDFNHW�W\SH��GHWHUPLQHG�E\�WKH�VORW�OLPLW�DQG�ZKHWKHU�
)(&�LV�XVHG�RU�QRW��DIIHFWV�SHUIRUPDQFH�VLJQLILFDQWO\��)RU�VORW�OLPLW�RQH��WKURXJKSXW�
GHFUHDVHV�FRQVLGHUDEO\�FRPSDUHG�WR�VORW�OLPLW�ILYH��+RZHYHU��HYHQ�IRU�VORW�OLPLW�ILYH�ZH�
VHH�WKDW�WKURXJKSXW�LV�EHORZ�WKH�8076�'/�GDWD�UDWH��7KLV�LV�SDUWO\�GXH�WR�RYHUKHDG�
LQWURGXFHG�E\�VHJPHQWDWLRQ�DQG�HQFDSVXODWLRQ�LQ�GLIIHUHQW�SURWRFRO�OD\HUV��EXW�PRVWO\�
GXH�WR�KRZ�WKURXJKSXW�KDV�EHHQ�PHDVXUHG�DQG�KRZ�WKH�ZHE�WUDIILF�KDV�EHHQ�PRGHOOHG�
�IRU�IXUWKHU�LQIRUPDWLRQ�VHH�$SSHQGL[�&�²�2Q�WKH�GHILQLWLRQ�RI�WKURXJKSXW���2YHUDOO��ZH�
VHH�WKDW�D�%OXHWRRWK�8076�JDWHZD\�LV�DEOH�WR�KDQGOH�ZHE�WUDIILF�ZHOO��HYHQ�ZLWK�VHYHUDO�
XVHUV�VKDULQJ�WKH�VDPH�JDWHZD\��2QO\�IRU�VORW�OLPLW�RQH�DQG�VHYHUDO�XVHUV�WKURXJKSXW�IDOOV�
EHORZ�ZKDW�FDQ�EH�FRQVLGHUHG�DFFHSWDEOH�IRU�ZHE�EURZVLQJ�ZLWK�8076��
�
7R�LVRODWH�WKH�HIIHFW�WKDW�WKH�%OXHWRRWK�SDFNHW�W\SH�KDV�RQ�WKURXJKSXW�ZH�FDQ�ORRN�DW�WKH�
)(3�FXUYHV�ZKHUH�WKURXJKSXW�LV�DOPRVW�LQGHSHQGHQW�RI�WKH�QXPEHU�RI�VODYHV�VKDULQJ�WKH�
JDWHZD\��&KDQJLQJ�WKH�SDFNHW�W\SH�EHWZHHQ�'+���'0���DQG�'+��KDV�QR�DSSUHFLDEOH�
HIIHFW�RQ�WKURXJKSXW��7KLV�PHDQV�WKDW�WKH�%OXHWRRWK�OLQN�LV�QRW�IXOO\�XWLOL]HG�IRU�DQ\�RI�
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WKHVH�SDFNHW�W\SHV�DQG�WKDW�8076�LV�WKH�ERWWOHQHFN��&KDQJLQJ�WR�DQ\�RI�WKH�RWKHU�SDFNHW�
W\SHV�PDNHV�%OXHWRRWK�WKH�ERWWOHQHFN�DQG�WKURXJKSXW�GHFUHDVHV�FRQVLGHUDEO\��
&RPSDULQJ�ZLWK�7DEOH�����ZH�VHH�WKDW�WKLV�LV�ZKDW�RXU�DQDO\VLV�SUHGLFWHG��7KLV�EHKDYLRXU�
OHDGV�XV�WR�WKH�LQVLJKW�WKDW�ZKHQ�)(3�LV�XVHG��WKHUH�LV�DQ�RSWLPDO�PDSSLQJ�EHWZHHQ�WKH�
%OXHWRRWK�SDFNHW�W\SH�DQG�WKH�8076�'/�GDWD�UDWH����)RU�'+���'0���DQG�'+��WKH�
RSWLPDO�PDSSLQJ�LV�D�8076�'/�GDWD�UDWH�RI�����NESV��7KLV�PD[LPL]HV�WKURXJKSXW�DQG�
IXOO\�XWLOL]HV�WKH�DYDLODEOH�8076�'/�GDWD�UDWH��+RZHYHU��IRU�WKH�RWKHU�SDFNHW�W\SHV�
%OXHWRRWK�LV�WKH�ERWWOHQHFN�ZKHQ�WKH�8076�'/�GDWD�UDWH�LV�����NESV��7KLV�PHDQV�WKDW�
PRUH�8076�UDGLR�UHVRXUFHV��LQ�WKH�IRUP�RI�296)�FRGHV��WKDQ�QHFHVVDU\�KDYH�EHHQ�
DOORFDWHG��$Q�RSWLPDO�PDSSLQJ�IRU�WKHVH�SDFNHW�W\SHV��'0���'+���DQG�'0���LV�WKXV�D�
8076�5$%�ZLWK�D�ORZHU�'/�GDWD�UDWH��7KH�VLPXODWLRQ�UHVXOWV�DOVR�WHOO�XV�KRZ�WKH�OLPLWLQJ�
WHFKQRORJ\�DIIHFWV�WKURXJKSXW��:KHQ�)(3�LV�XVHG�WKH�OLPLWLQJ�WHFKQRORJ\�GHWHUPLQHV�
´WKH�KHLJKWµ�RI�WKH�WKURXJKSXW�FXUYH��$V�WKH�QXPEHU�RI�VODYHV�LQFUHDVHV�D�VORZ��OLQHDU�
GHJUDGDWLRQ�LQ�WKURXJKSXW�LV�QRWLFHG��
�
)RU�55�WKH�DQDO\VLV�LV�QRW�DV�VWUDLJKWIRUZDUG��+HUH�ERWK�WKH�%OXHWRRWK�SDFNHW�W\SH�DQG�
WKH�QXPEHU�RI�VODYHV�VKDULQJ�WKH�JDWHZD\�DIIHFW�ZKHWKHU�%OXHWRRWK�RU�8076�LV�WKH�
OLPLWLQJ�WHFKQRORJ\��7KLV�PHDQV�WKDW�WKHUH�LV�QR�VLPSOH�RSWLPDO�PDSSLQJ�EHWZHHQ�WKH�
%OXHWRRWK�SDFNHW�W\SH�DQG�WKH�8076�'/�GDWD�UDWH�LQ�WKLV�FDVH��)RFXVLQJ�RQ�WKH�55�
FXUYHV�ZH�VHH�WKDW�WKURXJKSXW�VHHPV�WR�GHFUHDVH�H[SRQHQWLDOO\�DV�WKH�QXPEHU�RI�VODYHV�
LQFUHDVH��7KLV�VHHPV�WR�EH�WKH�FDVH�IRU�DOO�55�FXUYHV�H[FHSW�IRU�WKH�55�'+��FXUYH��,Q�
WKLV�FDVH�WKURXJKSXW�VHHPV�WR�GHFUHDVH�OLQHDUO\�DV�WKH�QXPEHU�RI�VODYHV�LQFUHDVHV�WR�WKUHH��
DQG�IRU�DGGLWLRQDO�VODYHV�WKURXJKSXW�VHHPV�WR�GHFUHDVH�H[SRQHQWLDOO\��7KH�DQDO\VLV�LQ�
VHFWLRQ�����FDQ�H[SODLQ�WKLV�EHKDYLRXU��7DEOH�����WHOOV�XV�WKDW�IRU�55�'+���%OXHWRRWK�
EHFRPHV�WKH�ERWWOHQHFN�IRU�PRUH�WKDQ�WKUHH�VODYHV��7KLV�LV�ZKDW�ZH�FDQ�VHH�LQ�WKH�ILJXUH��
)RU�XS�WR�WKUHH�VODYHV�8076�LV�WKH�ERWWOHQHFN�DQG�WKURXJKSXW�GHFUHDVHV�OLQHDUO\�DV�WKH�
QXPEHU�RI�VODYHV�LQFUHDVH��)RU�PRUH�WKDQ�WKUHH�VODYHV�%OXHWRRWK�LV�WKH�ERWWOHQHFN�DQG�
WKURXJKSXW�GHFUHDVHV�H[SRQHQWLDOO\�ZLWK�WKH�QXPEHU�RI�VODYHV��
�
)URP�WKH�GLVFXVVLRQ�DERYH�ZH�FDQ�FRQFOXGH�WKDW�LQGHSHQGHQW�RI�WKH�SROOLQJ�DOJRULWKP��
WKH�%OXHWRRWK�SDFNHW�W\SH�DIIHFWV�ZKHWKHU�8076�RU�%OXHWRRWK�LV�WKH�OLPLWLQJ�WHFKQRORJ\��
)RU�)(3�WKHUH�LV�DQ�RSWLPDO�PDSSLQJ�EHWZHHQ�WKH�%OXHWRRWK�SDFNHW�W\SH�DQG�WKH�8076�
'/�GDWD�UDWH��)RU�55�SROOLQJ�WKH�VDPH�PDSSLQJ�LV�WUXH�RQO\�IRU�RQH�VODYH�XVLQJ�WKH�
JDWHZD\��7KH�H[LVWHQFH�RI�VXFK�D�PDSSLQJ�KDV�LPSRUWDQW�LPSOLFDWLRQV��,I��IRU�H[DPSOH��
WKH�%OXHWRRWK�UDGLR�FKDQQHO�LV�IDGLQJ��RU�LI�WKH�RSHUDWLQJ�GLVWDQFH�IRU�%OXHWRRWK�LV�FORVH�
WR����PHWHUV�WKH�SDFNHWV�PLJKW�KDYH�WR�EH�SURWHFWHG�E\�)(&��7KLV�FDQ�EH�WDNHQ�FDUH�RI�
E\�WKH�/LQN�0DQDJHU��ZKLFK�DXWRPDWLFDOO\�FDQ�SHUIRUP�D�FKDQJH�EHWZHHQ�'+�DQG�'0�
SDFNHWV�ZKHQ�WKH�UDGLR�OLQN�FRQGLWLRQV�FKDQJH��$�FKDQJH�IURP�'+�SDFNHWV�WR�'0�
SDFNHWV�PD\�FKDQJH�WKURXJKSXW�VLJQLILFDQWO\�DQG�PDNH�%OXHWRRWK�WKH�ERWWOHQHFN�DV�VHHQ�
LQ�)LJXUH������,Q�VXFK�FDVHV�LW�ZRXOG�EH�GHVLUDEOH�WR�FKDQJH�WKH�8076�5$%�WR�RQH�ZLWK�
ORZHU�'/�GDWD�UDWH�LQ�RUGHU�WR�JHW�D�EHWWHU�PDWFK�EHWZHHQ�WKH�8076�'/�GDWD�UDWH�DQG�
WKH�%OXHWRRWK�GDWD�UDWH��7KLV�ZRXOG�PLQLPL]H�WKH�296)�FRGHV�DOORFDWHG�E\�WKH�JDWHZD\��
$QRWKHU�H[DPSOH�RI�VXFK�D�VLWXDWLRQ�LV�ZKHQ�%OXHWRRWK�LV�RSHUDWHG�LQ�DQ�HQYLURQPHQW�
ZLWK�:/$1�LQWHUIHUHQFH��)URP�WKH�ZRUN�RI��$JUDZDO�HW�DO�������ZH�NQRZ�WKDW���VORW�

������������������������������������������������
���:LWK�RSWLPDO�PDSSLQJ�ZH�PHDQ�WKDW�WKURXJKSXW�HQG�WR�HQG�LV�PD[LPL]HG�DQG�WKH�8076�5$%�KDV�D�
GDWD�UDWH�DV�ORZ�DV�SRVVLEOH��7KH�ORZHU�WKH�8076�5$%�GDWD�UDWH��WKH�OHVV�RI�WKH�DYDLODEOH�296)�FRGHV�LQ�D�
FHOO�ZLOO�EH�DOORFDWHG��
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%OXHWRRWK�DV�DQ�DFFHVV�WHFKQRORJ\�WR�8076�

SDFNHWV�SHUIRUP�EHVW�XQGHU�VXFK�FRQGLWLRQV��:H�QRZ�NQRZ�WKDW�XVLQJ���VORW�SDFNHWV�
PHDQV�WKDW�%OXHWRRWK�ZLOO�EH�WKH�ERWWOHQHFN�DQG�WKDW�8076�LV�EHLQJ�XQGHUXWLOL]HG�LI�WKH�
8076�5$%�'/�GDWD�UDWH�LV�����NESV��:H�VKRXOG�WKXV�FKDQJH�WKH�8076�5$%�WR�RQH�
ZLWK�ORZHU�'/�GDWD�UDWH�LQ�VXFK�D�VLWXDWLRQ�LQ�RUGHU�QRW�WR�DOORFDWH�PRUH�296)�FRGHV�
WKDQ�QHFHVVDU\��
�
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RAB UL:64/DL:384 kbps, TTI=20 ms, BLER=0.02, PER=0.01

UMTS UL  
RR − DH5 
RR − DH3 
RR − DH1 
RR − DM5 
RR − DM3 
RR − DM1 
FEP − DH5
FEP − DH3
FEP − DH1
FEP − DM5
FEP − DM3
FEP − DM1

�

)LJXUH�����8SOLQN�WKURXJKSXW�YHUVXV�QXPEHU�RI�VODYHV�IRU�8/����'/�����NESV�5$%��

�
)LJXUH�����VKRZV�WKH�UHVXOWV�IRU�WKH�VDPH�VLPXODWLRQ�VFHQDULR�DV�)LJXUH������EXW�IRU�WKH�
XSOLQN�LQVWHDG�RI�WKH�GRZQOLQN��7KH�XSOLQN�SHUIRUPDQFH�KDV�D�GLIIHUHQW�EHKDYLRXU�WKDQ�
WKH�GRZQOLQN�SHUIRUPDQFH��7KH�H[SODQDWLRQ�IRU�WKLV�LV�WKDW�8076�����NESV��LV�WKH�
ERWWOHQHFN�DQG�WKURXJKSXW�LV�KDUGO\�DIIHFWHG�DW�DOO�E\�WKH�SROOLQJ�DOJRULWKP��WKH�%OXHWRRWK�
SDFNHW�W\SH��RU�WKH�QXPEHU�RI�VODYHV�VKDULQJ�WKH�JDWHZD\��,W�LV�RQO\�IRU�VORW�OLPLW�RQH�WKDW�
%OXHWRRWK�EHFRPHV�WKH�OLPLWLQJ�WHFKQRORJ\�DQG�DIIHFWV�SHUIRUPDQFH�DSSUHFLDEO\��7KXV��
WKH�XSOLQN�WUDIILF�SHUIRUPDQFH�LV�DOPRVW�HQWLUHO\�GHWHUPLQHG�E\�WKH�8076�XSOLQN�GDWD�
UDWH��
�
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RAB UL:64/DL:256 kbps, TTI= 20 ms, BLER=0.02, PER=0.01

UMTS DL  
RR − DH5 
RR − DH3 
RR − DH1 
RR − DM5 
RR − DM3 
RR − DM1 
FEP − DH5
FEP − DH3
FEP − DH1
FEP − DM5
FEP − DM3
FEP − DM1

�
)LJXUH�����'RZQOLQN�WKURXJKSXW�YHUVXV�QXPEHU�RI�VODYHV�IRU�8/����'/�����NESV�5$%��
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RAB UL:64/DL:256 kbps, TTI=20 ms, BLER=0.02, PER=0.01

UMTS UL  
RR − DH5 
RR − DH3 
RR − DH1 
RR − DM5 
RR − DM3 
RR − DM1 
FEP − DH5
FEP − DH3
FEP − DH1
FEP − DM5
FEP − DM3
FEP − DM1

�

)LJXUH�����8SOLQN�WKURXJKSXW�YHUVXV�QXPEHU�RI�VODYHV�IRU�8/����'/�����NESV�5$%��

�
,Q�)LJXUH�����DQG�)LJXUH�����WKH�8076�'/�GDWD�UDWH�KDV�EHHQ�FKDQJHG�WR�����NESV��
&RPSDUHG�WR�WKH�����NESV�FXUYHV�WKHUH�DUH�D�IHZ�GLIIHUHQFHV�WR�EH�QRWLFHG��2YHUDOO�
WKURXJKSXW�LV�ORZHU�GXH�WR�WKH�ORZHU�8076�'/�GDWD�UDWH��:H�DOVR�VHH�WKDW�IRU�)(3��
8076�LV�WKH�OLPLWLQJ�WHFKQRORJ\�IRU�DOO�SDFNHW�W\SHV�H[FHSW�'+��DQG�'0���)RU�)(3�
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%OXHWRRWK�DV�DQ�DFFHVV�WHFKQRORJ\�WR�8076�

'0���8076�LV�WKH�ERWWOHQHFN��7KLV�ZDV�QRW�WKH�FDVH�IRU�D�8076�'/�GDWD�UDWH�RI�����
NESV��:H�WKXV�FRQFOXGH�WKDW�ZKHQ�)(3�LV�XVHG�WKH�RSWLPDO�PDSSLQJ�IRU�'0��LV�D�
8076�'/�GDWD�UDWH�RI�����NESV���
�
)RU�55�ZH�QRWLFH�WKDW�WKH�FXUYHV�GLIIHU�IURP�WKRVH�LQ�)LJXUH������+HUH�WKH�55�'+��
FXUYH�KDV�DOPRVW�WKH�VDPH�VKDSH�DV�WKH�)(3�'+��FXUYH��7KLV�LV�EHFDXVH�8076�LV�WKH�
OLPLWLQJ�WHFKQRORJ\�IRU�XS�WR�ILYH�VODYHV�DQG�WKLV�UHVXOWV�LQ�D�OLQHDUO\�GHFUHDVLQJ�55�FXUYH��
)RU�PRUH�WKDQ�ILYH�VODYHV�%OXHWRRWK�EHFRPHV�WKH�OLPLWLQJ�WHFKQRORJ\�DQG�WKH�GHFUHDVH�LQ�
WKURXJKSXW�EHFRPHV�H[SRQHQWLDO��7KH�55�'+���55�'0���DQG�55�'0��FXUYHV�DOVR�
VKRZ�D�OLQHDU�GHFUHDVH�IROORZHG�E\�DQ�H[SRQHQWLDO�GHFUHDVH��7KLV�FDQ�EH�DWWULEXWHG�WR�WKH�
ORZHU�8076�'/�GDWD�UDWH�DQG�LV�FRQVLVWHQW�ZLWK�ZKDW�ZH�DQWLFLSDWHG�LQ�7DEOH������7KH�
XSOLQN�EHKDYLRXU�LV�WKH�VDPH�DV�LQ�)LJXUH�����VLQFH�WKH�XSOLQN�GDWD�UDWH�LV�WKH�VDPH��
�
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RAB UL:64/DL:128 kbps, TTI=20 ms, BLER=0.02, PER=0.01

UMTS DL  
RR − DH1 
RR − DM1 
FEP − DH1
FEP − DM1

�

)LJXUH�����'RZQOLQN�WKURXJKSXW�IRU�����NESV�8076�5$%�DQG���VORW�SDFNHWV��

�
7KH�VLPXODWLRQ�UHVXOWV�IRU�D�8076�5$%�ZLWK�GDWD�UDWH�8/����'/�����NESV�DUH�VKRZQ�
LQ�)LJXUH������2QO\���VORW�SDFNHWV�KDYH�EHHQ�FRQVLGHUHG�VLQFH�IRU�RWKHU�SDFNHW�W\SHV�
8076�FOHDUO\�ZLOO�EH�WKH�ERWWOHQHFN��:H�QRWLFH�WKDW�WKH�WKURXJKSXW�IRU���VORW�SDFNHWV�LV�
ORZHU�WKDQ�IRU�WKH�KLJKHU�GDWD�UDWH�8076�5$%V��EXW�QRW�PXFK�ORZHU��:KHQ�RQO\���VORW�
SDFNHWV�FDQ�EH�XVHG�LQ�%OXHWRRWK�D�����NESV�'/�GDWD�UDWH�8076�5$%�LV�WKXV�DQ�RSWLPDO�
PDSSLQJ��8SOLQN�SHUIRUPDQFH�GRHV�QRW�GLIIHU�DSSUHFLDEO\�IURP�WKH�HDUOLHU�XSOLQN�UHVXOW�
FXUYHV�DQG�LV�WKHUHIRUH�QRW�VKRZQ�KHUH��

������2QH�YRLFH�FRQYHUVDWLRQ�DQG�FRQFXUUHQW�ZHE�VHVVLRQV�

7KLV�VFHQDULR�VWXGLHV�WKH�LPSDFW�RI�D�YRLFH�FRQYHUVDWLRQ�UXQQLQJ�FRQFXUUHQWO\�ZLWK�WKH�
ZHE�VHVVLRQV��,W�LV�DVVXPHG�WKDW�WKH�YRLFH�FRQYHUVDWLRQ�XVHV�D�%OXHWRRWK�6&2�OLQN��$Q�
H[DPSOH�RI�VXFK�D�XVHU�VFHQDULR�LV�ZKHQ�D�%OXHWRRWK�KHDGVHW�LV�XVHG�IRU�D�SKRQH�FDOO�DW�
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WKH�VDPH�WLPH�DV�RQH�RU�VHYHUDO�VODYHV�KDYH�ZHE�VHVVLRQV�UXQQLQJ��7ZR�GLIIHUHQW�
FRPELQDWLRQV�RI�8076�5$%V�ZHUH�FRQVLGHUHG��7KH�ILUVW�RQH�ZDV�D�&6�5$%��
FRQYHUVDWLRQDO�VSHHFK��8/������NESV�'/������NESV�DQG�D�36�5$%��LQWHUDFWLYH�RU�
EDFNJURXQG��8/����NESV�'/�����NESV��7KH�VHFRQG�5$%�GLIIHUHG�IURP�WKH�ILUVW�LQ�WKDW�
WKH�36�5$%�'/�GDWD�UDWH�ZDV�����NESV�LQVWHDG�RI�����NESV��
�
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RAB Interactive/background, TTI=20 ms, BLER=0.02, PER=0.01

UMTS DL 384 kbps              
UMTS DL 128 kbps              
Nsco=0 FEP−DH5 RAB:64/384 kbps
Nsco=1 Tsco=6 RAB:64/384 kbps 
Nsco=1 Tsco=4 RAB:64/384 kbps 
Nsco=1 Tsco=4 RAB:64/128 kbps 

�

)LJXUH�����7KURXJKSXW�IRU�ZHE�VHVVLRQV�ZLWK�RQH�YRLFH�FRQYHUVDWLRQ�DFWLYH��

�
)LJXUH�����VKRZV�WKH�GRZQOLQN�WKURXJKSXW�IRU�WKH�ZHE�VHVVLRQV��5HVXOWV�DUH�RQO\�VKRZQ�
IRU�)(3��1

6&2
�GHQRWHV�WKH�QXPEHU�RI�DFWLYH�YRLFH�FRQYHUVDWLRQV����RU����DQG�7

6&2
�

GHQRWHV�WKH�6&2�SDFNHW�LQWHUYDO��5HFDOO�WKDW�7
6&2
�HTXDO�WR���PHDQV�WKDW�WKH�6&2�SDFNHWV�

DUH�QRW�SURWHFWHG�E\�)(&��ZKHUHDV�7
6&2
�HTXDO�WR���PHDQV�WKDW�WKH�6&2�SDFNHWV�DUH�

SURWHFWHG�E\�)(&��VHH�VHFWLRQ�������IRU�D�IXUWKHU�H[SODQDWLRQ���7KH�%OXHWRRWK�GDWD�
SDFNHWV��$&/�SDFNHWV��ZHUH�QRW�SURWHFWHG�E\�)(&��7KH�FXUYH�ZLWK�1

6&2
�HTXDO�WR���

VKRZV�WKURXJKSXW�IRU�)(3�'+���FRPSDUH�)LJXUH�������
�
)URP�WKH�ILJXUH�ZH�VHH�WKDW�WKURXJKSXW�IRU�WKH�ZHE�VHVVLRQV�LV�QRW�DIIHFWHG�PXFK�E\�D�
YRLFH�FRQYHUVDWLRQ�ZLWK�7

6&2
�HTXDO�WR����(YHQ�WKRXJK�D�YRLFH�FRQYHUVDWLRQ�UHSUHVHQWV�D�

���NESV�FLUFXLW��DGGLQJ�D�YRLFH�FRQYHUVDWLRQ�GRHV�QRW�PDNH�WKURXJKSXW�IRU�WKH�ZHE�
VHVVLRQV�GURS�E\����NESV��7KLV�LV�GXH�WR�WKH�IDFW�WKDW�ZLWKRXW�D�YRLFH�FRQYHUVDWLRQ�8076�
LV�WKH�OLPLWLQJ�WHFKQRORJ\�DQG�%OXHWRRWK�LV�QRW�EHLQJ�IXOO\�XWLOL]HG��$GGLQJ�D�YRLFH�
FRQYHUVDWLRQ��RQ�WKH�RWKHU�KDQG��PDNHV�%OXHWRRWK�WKH�OLPLWLQJ�WHFKQRORJ\�DQG�
WKURXJKSXW�IRU�WKH�ZHE�VHVVLRQV�LV�VOLJKWO\�UHGXFHG��
�
&KDQJLQJ�7

6&2
�WR���IRU�WKH�YRLFH�FRQYHUVDWLRQ�UHGXFHV�WKURXJKSXW�IRU�WKH�ZHE�VHVVLRQV�

VLJQLILFDQWO\��7KLV�LV�EHFDXVH�%OXHWRRWK�UHDOO\�EHFRPHV�D�ERWWOHQHFN�ZKHQ�RQO\�WZR�
FRQVHFXWLYH�VORWV�DUH�DYDLODEOH�IRU�GDWD��&KDQJLQJ�WKH�8076�36�5$%�WR�RQH�ZLWK�'/�
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�

%OXHWRRWK�DV�DQ�DFFHVV�WHFKQRORJ\�WR�8076�

GDWD�UDWH�����NESV�GRHV�QRW�DIIHFW�WKURXJKSXW�PXFK�LQ�WKLV�FDVH��:H�WKXV�FRQFOXGH�WKDW�
ZKHQ�%OXHWRRWK�VXIIHUV�IURP�EDG�UDGLR�FKDQQHO�FRQGLWLRQV�DQG�)(&�KDV�WR�EH�XVHG�IRU�
WKH�6&2�SDFNHWV��WKH�RSWLPDO�8076�5$%�'/�GDWD�UDWH�LV�����NESV��

������)LOH�GRZQORDGV�DQG�ZHE�VHVVLRQV�

7KLV�VFHQDULR�VWXGLHV�WKH�SHUIRUPDQFH�IRU�ILOH�GRZQORDGV��EXW�DOVR�IRU�D�PL[�RI�ILOH�
GRZQORDGV�DQG�ZHE�VHVVLRQV��7KH�ILOH�GRZQORDGV�ZHUH�PRGHOOHG�DV���0%�ILOHV�UHTXHVWHG�
RQFH�HYHU\�PLQXWH��7KH�ZHE�WUDIILF�ZDV�PRGHOOHG�DFFRUGLQJ�WR�WKH�WUDIILF�PRGHO�LQ�
VHFWLRQ������)RU�WKH�%OXHWRRWK�SDFNHWV�QR�)(&�ZDV�XVHG�DQG�WKH�VORW�OLPLW�ZDV�VHW�WR�ILYH��
�
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RAB UL:64/DL:384 kbps, TTI=20 ms, BLER=0.02, PER=0.01

UMTS DL     
RR/FEP − DH5
Inv. prop.  

�

)LJXUH�����7KURXJKSXW�IRU�ILOH�GRZQORDGV��

�
)LJXUH�����VKRZV�KRZ�WKURXJKSXW�YDULHV�ZKHQ�VHYHUDO�VODYHV�DUH�GRZQORDGLQJ�ILOHV�DW�WKH�
VDPH�WLPH��$V�VHHQ�LQ�WKH�ILJXUH�WKURXJKSXW�LV�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�QXPEHU�RI�
VODYHV�GRZQORDGLQJ�ILOHV����7KLV�LV�EHFDXVH�8076�LV�WKH�ERWWOHQHFN��'XH�WR�WKH�QRQ�
EXUVW\�WUDIILF�WKH�VODYHV�KDYH�WR�VKDUH�WKH�DYDLODEOH�8076�EDQGZLGWK��%OXHWRRWK�LV�EHLQJ�
XQGHUXWLOL]HG�DQG�WKHUH�LV�QR�GLIIHUHQFH�LQ�SHUIRUPDQFH�EHWZHHQ�WKH�WZR�SROOLQJ�
DOJRULWKPV��,W�LV�REYLRXV�WKDW�IRU�D�GHPDQGLQJ�WUDIILF�VFHQDULR�VXFK�DV�WKLV��8076�
UHSUHVHQWV�D�ERWWOHQHFN��7KLV�LQGLFDWHV�WKDW�LW�PLJKW�QRW�EH�DQ�DWWUDFWLYH�DOWHUQDWLYH�WR�
PXOWLSOH[�VHYHUDO�WUDIILF�VWUHDPV�RQWR�RQH�8076�5%��$Q�DOWHUQDWLYH�ZRXOG�EH�WR�VHW�XS�
RQH�8076�5%�IRU�HDFK�VODYH·V�WUDIILF�VWUHDP��

������������������������������������������������
���7KH�UHDVRQ�WKDW�WKH�55�)(3�²�'+��FXUYH�VKRZV�D�VOLJKWO\�EHWWHU�WKURXJKSXW�WKDQ�WKH�LQYHUVHO\�
SURSRUWLRQDO�FXUYH�LV�WKDW�WKH�ILOH�GRZQORDG�WUDIILF�KDV�VRPH�GHJUHH�RI�EXUVWLQHVV��)RU�H[DPSOH��PRVW�RI�WKH�
WLPH�ZKHQ�VHYHQ�VODYHV�VKDUH�WKH�JDWHZD\�DOO�VHYHQ�VODYHV�ZLOO�UHFHLYH�GDWD�DW�WKH�VDPH�WLPH�DQG�VKDUH�WKH�
DYDLODEOH�EDQGZLGWK��+RZHYHU��GXH�WR�WKH�IDFW�WKDW�WKH�ILOH�GRZQORDG�WUDIILF�KDV�VRPH�GHJUHH�RI�EXUVWLQHVV�
WKHUH�ZLOO�EH�VKRUW�WLPH�SHULRGV�ZKHQ�IHZHU�VODYHV�UHFHLYH�GDWD�DW�WKH�VDPH�WLPH�DQG�WKXV�HDFK�RI�WKHP�ZLOO�
JHW�D�KLJKHU�EDQGZLGWK��
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RAB UL:64/DL:384 kbps, TTI=20 ms, BLER=0.02, PER=0.01

UMTS DL    
FTP RR−DH5 
FTP FEP−DH5
WEB RR−DH5 
WEB FEP−DH5

�
)LJXUH�����7KURXJKSXW�IRU�RQH�ILOH�GRZQORDG�ZLWK�FRQFXUUHQW�ZHE�VHVVLRQV��

�
)LJXUH�����VKRZV�WKH�UHVXOWV�ZKHQ�RQH�VODYH�LV�GRZQORDGLQJ�ILOHV�DQG�WKH�RWKHUV�KDYH�ZHE�
VHVVLRQV�UXQQLQJ��7KH�QXPEHU�RI�VODYHV�ZLWK�ZHE�VHVVLRQV�LV�YDULHG�IURP���WR����)RU�
)(3��WKURXJKSXW�IRU�WKH�ILOH�GRZQORDGV�DQG�WKH�+773�VHVVLRQV�LV�DOPRVW�LQGHSHQGHQW�RI�
WKH�QXPEHU�RI�VODYHV�UXQQLQJ�ZHE�VHVVLRQV��+RZHYHU��LW�LV�REYLRXV�WKDW�WKH�ILOH�GRZQORDG�
´VWHDOVµ�D�ORW�RI�EDQGZLGWK�IURP�WKH�ZHE�VHVVLRQV��&RPSDULQJ�WKH�ZHE�WUDIILF�FXUYHV�ZLWK�
WKRVH�LQ�)LJXUH�����ZH�VHH�WKDW�WKURXJKSXW�LV�PXFK�ORZHU�ZKHQ�WKHUH�LV�D�ILOH�GRZQORDG�
UXQQLQJ�FRQFXUUHQWO\�ZLWK�WKH�ZHE�VHVVLRQV��7KH�ILOH�GRZQORDG��RQ�WKH�RWKHU�KDQG��LV�QRW�
DIIHFWHG�QRWLFHDEO\�E\�WKH�ZHE�VHVVLRQV��7KLV�EHKDYLRXU�LV�H[SODLQHG�E\�WKH�EXUVW\�QDWXUH�
RI�WKH�ZHE�WUDIILF��7KH�ZHE�WUDIILF�DQG�WKH�ILOH�GRZQORDG�WUDIILF�KDYH�WR�VKDUH�WKH�
DYDLODEOH�EDQGZLGWK��'XULQJ�D�EXUVW�RI�ZHE�WUDIILF�WKH\�JHW�URXJKO\�KDOI�RI�WKH�DYDLODEOH�
EDQGZLGWK�HDFK��7KLV�DIIHFWV�WKURXJKSXW�IRU�WKH�ZHE�VHVVLRQ�VLJQLILFDQWO\��)RU�WKH�ILOH�
GRZQORDG��RQ�WKH�RWKHU�KDQG��WKH�GXUDWLRQ�RI�WKH�ZHE�WUDIILF�EXUVWV�DUH�VKRUW�FRPSDUHG�
WR�WKH�WRWDO�ILOH�GRZQORDG�WLPH�DQG�WKH�DYHUDJH�WKURXJKSXW�LV�WKXV�KDUGO\�DIIHFWHG�DW�DOO��
�
7KH�55�FXUYHV�ORRN�D�ELW�GLIIHUHQW��)RU�OHVV�WKDQ�RU�HTXDO�WR�WZR�VODYHV�UXQQLQJ�ZHE�
VHVVLRQV�WKH�55�FXUYHV�VKRZ�WKH�VDPH�OLQHDU�GHFUHDVH�DV�WKH�)(3�FXUYHV��)RU�DGGLWLRQDO�
VODYHV�UXQQLQJ�ZHE�VHVVLRQV�ZH�VHH�DQ�H[SRQHQWLDO�GHFUHDVH�LQ�WKURXJKSXW��)URP�7DEOH�
����ZH�NQRZ�WKDW�IRU�PRUH�WKDQ�WKUHH�VODYHV�VKDULQJ�WKH�JDWHZD\�%OXHWRRWK�EHFRPHV�WKH�
ERWWOHQHFN�DQG�WKLV�H[SODLQV�WKH�REVHUYHG�EHKDYLRXU��$OWRJHWKHU��ZH�FRQFOXGH�WKDW�WKH�
JDWHZD\�LV�DEOH�WR�KDQGOH�WKLV�PL[�RI�ILOH�GRZQORDGV�DQG�+773�WUDIILF�ZHOO��

�
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6 Conclusions 
7KLV�FKDSWHU�SUHVHQWV�WKH�FRQFOXVLRQ�DQG�JLYHV�VRPH�VXJJHVWLRQV�IRU�IXUWKHU�ZRUN��

'���)��
"�����
%OXHWRRWK�DQG�8076�DUH�FRPSOHPHQWDU\�WHFKQRORJLHV�WKDW�FRXOG�EH�XVHG�WRJHWKHU�LQ�
RUGHU�WR�SURYLGH�ZLUHOHVV�SDFNHW�GDWD�DFFHVV�IURP�PRELOH�WHUPLQDOV��8076�SURYLGHV�
PRELOH�ZLUHOHVV�SDFNHW�GDWD�DFFHVV�DQG�%OXHWRRWK�FDQ�EH�XVHG�IRU�ILQDO�GHOLYHU\�WR�ORFDO�
GHYLFHV��7KLV�LV�D�YHU\�OLNHO\�VFHQDULR�DQG�WKH�ZRUN�LQ�WKLV�SURMHFW�VKRZV�WKDW�WKH�WZR�
WHFKQRORJLHV�DUH�ZHOO�VXLWHG�WR�EH�XVHG�WRJHWKHU��
�
%OXHWRRWK�DQG�8076�DUH�ZHOO�PDWFKHG�LQ�WHUPV�RI�GDWD�UDWH��EXW�ZKHQ�FRQVLGHULQJ�
%OXHWRRWK�8076�OLQNV�WKHUH�LV�QR�JHQHUDO�DQVZHU�WR�ZKLFK�RQH�RI�WKHVH�WHFKQRORJLHV�LV�
WKH�OLPLWLQJ�RQH��,W�PDLQO\�GHSHQGV�RQ�WKH�8076�5$%�GDWD�UDWH�DQG�WKH�%OXHWRRWK�
SDFNHW�W\SH��,I�VHYHUDO�XVHUV�VKDUH�WKH�VDPH�JDWHZD\�LW�DOVR�GHSHQGV�RQ�WKH�QXPEHU�RI�
XVHUV�VKDULQJ�WKH�JDWHZD\�DQG�WKH�%OXHWRRWK�SROOLQJ�DOJRULWKP��
�
)RU�EXUVW\�WUDIILF�DQG�PRUH�WKDQ�RQH�XVHU�FRPPXQLFDWLQJ�ZLWK�D�%OXHWRRWK�8076�
JDWHZD\�WKH�SROOLQJ�DOJRULWKP�LPSOHPHQWHG�LQ�%OXHWRRWK�KDV�D�FUXFLDO�LPSDFW�RQ�
SHUIRUPDQFH��$Q�H[KDXVWLYH�RU�SDUWLDOO\�H[KDXVWLYH�SROOLQJ�DOJRULWKP��VXFK�DV�IDLU�
H[KDXVWLYH�SROOLQJ��UHVXOWV�LQ�WKURXJKSXW�WKDW�RQO\�VORZO\�GHFUHDVHV�DV�WKH�QXPEHU�RI�
XVHUV�VKDULQJ�WKH�JDWHZD\�LQFUHDVHV��5RXQG�URELQ�SROOLQJ��ZKLFK�LV�FXUUHQWO\�XVHG�LQ�WKH�
%OXHWRRWK�FKLSV��SHUIRUPV�HTXDOO\�ZHOO�FRPSDUHG�WR�IDLU�H[KDXVWLYH�SROOLQJ�DV�ORQJ�DV�
8076�LV�WKH�OLPLWLQJ�WHFKQRORJ\��+RZHYHU��ZKHQ�%OXHWRRWK�LV�WKH�OLPLWLQJ�WHFKQRORJ\�
URXQG�URELQ�SROOLQJ�UHVXOWV�LQ�WKURXJKSXW�WKDW�GHFUHDVHV�H[SRQHQWLDOO\�ZLWK�WKH�QXPEHU�
RI�XVHUV�VKDULQJ�WKH�JDWHZD\��
�
5RXQG�URELQ�SROOLQJ�LV�XVHG�LQ�WKH�ILUVW�JHQHUDWLRQ�%OXHWRRWK�FKLSV�FXUUHQWO\�DYDLODEOH�RQ�
WKH�PDUNHW��7KLV�DOJRULWKP�UHSUHVHQWV�D�ERWWOHQHFN�LI�%OXHWRRWK�LV�XVHG�WRJHWKHU�ZLWK�
8076��+RZHYHU��8076�ZLOO�QRW�EH�FRPPHUFLDOO\�ODXQFKHG�IRU�\HW�VRPH�WLPH�DQG�E\�
WKHQ�LW�LV�YHU\�OLNHO\�WKDW�D�EHWWHU�SROOLQJ�DOJRULWKP��VXFK�DV�IRU�H[DPSOH�IDLU�H[KDXVWLYH�
SROOLQJ��ZLOO�EH�XVHG�LQ�%OXHWRRWK��+HQFH��WKH�55�ERWWOHQHFN�ZLOO�SUREDEO\�EH�UHPRYHG�E\�
WKH�WLPH�8076�EHFRPHV�FRPPHUFLDOO\�DYDLODEOH��
�
%OXHWRRWK�DQG�8076�UHSUHVHQW�G\QDPLF�UDGLR�OLQNV�DQG�WKHLU�RSHUDWLQJ�HQYLURQPHQWV�
PLJKW�GLIIHU�JUHDWO\��,I�WKH�%OXHWRRWK�UDGLR�FKDQQHO�LV�IDGLQJ�RU�VXIIHUV�IURP�LQWHUIHUHQFH�
)(&�KDV�WR�EH�XVHG�DQG�RU�WKH�SDFNHW�OHQJWK�KDV�WR�EH�OLPLWHG��7KLV�PHDQV�WKDW�WKH�GDWD�
UDWH�IRU�%OXHWRRWK�ZLOO�EH�OLPLWHG��2Q�VXFK�RFFDVLRQV�LW�ZRXOG�EH�GHVLUDEOH�WR�DGMXVW�WKH�
8076�5$%�'/�GDWD�UDWH�DIWHU�ZKLFK�W\SH�RI�%OXHWRRWK�SDFNHW�WKDW�LV�EHLQJ�XVHG��7KH�
UHDVRQ�IRU�WKLV�LV�WKDW�H[LVWV�DQ�RSWLPDO�PDSSLQJ�EHWZHHQ�WKH�%OXHWRRWK�SDFNHW�W\SH�DQG�
WKH�8076�5$%�'/�GDWD�UDWH��7KLV�PDSSLQJ�PDNHV�VXUH�WKDW�WKURXJKSXW�LV�PD[LPL]HG�DW�
WKH�VDPH�WLPH�DV�WKH�DOORFDWHG�296)�FRGHV�DUH�NHSW�WR�D�PLQLPXP��7KH�PDSSLQJ�LV�
DOZD\V�RSWLPDO�ZKHQ�RQO\�RQH�VODYH�XVHV�WKH�JDWHZD\��,I�VHYHUDO�VODYHV�XVH�WKH�JDWHZD\�
WKH�PDSSLQJ�LV�RSWLPDO�ZKHQ�)(3�LV�XVHG��
�
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%OXHWRRWK�DV�DQ�DFFHVV�WHFKQRORJ\�WR�8076�

2YHUDOO��D�%OXHWRRWK�8076�JDWHZD\��ZKHUH�WUDIILF�VWUHDPV�WR�DQG�IURP�GLIIHUHQW�VODYHV�
DUH�PXOWLSOH[HG�RQWR�D�VLQJOH�8076�UDGLR�EHDUHU�LQ�D�),)2�PDQQHU��ZRUNV�ZHOO�IRU�ZHE�
WUDIILF�LQ�WHUPV�RI�WKURXJKSXW��3HUIRUPDQFH�LV�DFFHSWDEOH�HYHQ�IRU�ZHE�VHVVLRQV�UXQQLQJ�
FRQFXUUHQWO\�ZLWK�D�YRLFH�FRQYHUVDWLRQ�RU�D�ILOH�GRZQORDG��+RZHYHU��IRU�D�PRUH�
GHPDQGLQJ�WUDIILF�VFHQDULRV��VXFK�DV�VHYHUDO�VLPXOWDQHRXV�ILOH�GRZQORDGV��8076�LV�D�
ERWWOHQHFN�DQG�WKURXJKSXW�LV�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�QXPEHU�RI�VODYHV�VKDULQJ�WKH�
JDWHZD\��,Q�VXFK�FDVHV��LW�LV�DGYLVDEOH�WR�PXOWLSOH[�WUDIILF�VWUHDPV�WR�DQG�IURP�GLIIHUHQW�
VODYHV�RQWR�GLIIHUHQW�8076�UDGLR�EHDUHUV��2YHUDOO��WKH�VLPXODWLRQ�UHVXOWV�LQ�WKLV�SURMHFW�
VKRZ�WKDW�VHYHUDO�GHYLFHV�FDQ�XVH�D�%OXHWRRWK�8076�JDWHZD\�VLPXOWDQHRXVO\��7KH�
FRPELQDWLRQ�RI�%OXHWRRWK�DQG�8076�LV�WKHUHIRUH�D�JRRG�VROXWLRQ�IRU�%OXHWRRWK�EDVHG�
DFFHVV�SRLQWV�LQ�WUDLQV�DQG�EXVHV��

'���*"	���	���	&�
7KLV�SURMHFW�KDV�QRW�EHHQ�H[KDXVWLYH�DQG�PRUH�UHVHDUFK�UHPDLQV�WR�EH�GRQH�LQ�WKH�DUHD��
0DQ\�LVVXHV�KDYH�QRW�EHHQ�FRQVLGHUHG�DW�DOO�LQ�WKLV�UHSRUW�ZKLOH�RWKHUV�KDYH�RQO\�EHHQ�
GLVFXVVHG�EULHIO\��6RPH�VXJJHVWLRQV�IRU�IXWXUH�ZRUN�DUH��
• ,Q�WKLV�SURMHFW�LW�KDV�EHHQ�DVVXPHG�WKDW�WKH�VODYHV·�WUDIILF�VWUHDPV�DUH�PXOWLSOH[HG�

RQWR�D�VLQJOH�8076�5%�DQG�),)2�TXHXHV�LQ�WKH�JDWHZD\�DQG�51&�PRGHO�WKLV��
,QVWHDG�RI�),)2�TXHXHV��VRPH�RWKHU�TXHXLQJ�DOJRULWKP��H�J��ZHLJKWHG�IDLU�TXHXLQJ��
FRXOG�EH�XVHG��7KLV�ZRXOG�EH�QHFHVVDU\�LQ�RUGHU�WR�RIIHU�4R6�WR�WKH�VODYHV��DQG�
ZRXOG�PDNH�LW�SRVVLEOH�WR�JLYH�GLIIHUHQW�SULRULWLHV�WR�GLIIHUHQW�VODYHV��$QRWKHU�
DSSURDFK�ZRXOG�EH�WR�VHW�XS�RQH�8076�5%�IRU�HDFK�VODYH��%RWK�WKHVH�DSSURDFKHV�
UHTXLUH�IXUWKHU�LQYHVWLJDWLRQ��

• )RU�RWKHU�VHUYLFHV�WKDQ�EHVW�HIIRUW�+773��4R6�ZLOO�KDYH�WR�EH�FRQVLGHUHG��,Q�WKH�
FXUUHQW�YHUVLRQ�RI�WKH�%OXHWRRWK�VSHFLILFDWLRQ�WKHUH�LV�OLPLWHG�VXSSRUW�IRU�4R6��DV�
/�&$3�LPSOHPHQWDWLRQV�DUH�RQO\�UHTXLUHG�WR�VXSSRUW�EHVW�HIIRUW�VHUYLFHV��7KHUH�DUH��
KRZHYHU��VRPH�EDVHEDQG�SDUDPHWHUV�VXFK�DV�WKH�PD[LPXP�SROOLQJ�LQWHUYDO�IRU�D�
VODYH��ZKLFK�FDQ�EH�QHJRWLDWHG��8076��RQ�WKH�RWKHU�KDQG��KDV�IRXU�GLIIHUHQW�4R6�
FODVVHV�ZLWK�VSHFLILHG�4R6�DWWULEXWHV��:KDW�VKRXOG�WKH�PDSSLQJ�EHWZHHQ�WKH�
%OXHWRRWK�EDVHEDQG�SDUDPHWHUV�DQG�WKH�8076�4R6�DWWULEXWHV�ORRN�OLNH�IRU�GLIIHUHQW�
VHUYLFHV"�:KLFK�VHUYLFHV�ZLOO�D�%OXHWRRWK�8076�JDWHZD\�EH�DEOH�WR�KDQGOH�ZLWKRXW�
YLRODWLQJ�WKH�4R6�UHTXLUHPHQWV"�

• 7KHUH�DUH�PDQ\�SUDFWLFDO�LVVXHV�WKDW�ZLOO�KDYH�WR�EH�FRQVLGHUHG�ZKHQ�GHVLJQLQJ�D�
%OXHWRRWK�8076�JDWHZD\��2QH�RI�WKH�PRUH�LPSRUWDQW�LVVXHV��HVSHFLDOO\�LI�WKH�
JDWHZD\�LV�WR�EH�LQFOXGHG�LQ�D�PRELOH�SKRQH��LV�WKH�EXIIHU�VSDFH�UHTXLUHG�LQ�WKH�
JDWHZD\��+RZ�GRHV�WKH�DYDLODEOH�EXIIHU�VL]H�LQ�WKH�JDWHZD\�DIIHFW�SHUIRUPDQFH�DQG�
ZKDW�LV�WKH�PLQLPXP�EXIIHU�VL]H�UHTXLUHG"�

• 7R�HVWDEOLVK��PDLQWDLQ��DQG�UHOHDVH�UDGLR�EHDUHUV�LQ�8076�DQG�%OXHWRRWK�UHTXLUHV�
VLJQDOOLQJ��)XUWKHUPRUH��WKH�ZRUN�LQ�WKLV�SURMHFW�VKRZV�WKDW�IRU�HIILFLHQW�RSHUDWLRQ�D�
PDSSLQJ�EHWZHHQ�WKH�%OXHWRRWK�SDFNHW�W\SH�DQG�WKH�8076�5$%�'/�GDWD�UDWH�LV�
UHTXLUHG��)RU�H[DPSOH��LI�WKH�%OXHWRRWK�UDGLR�EHDUHU�RSHUDWHV�LQ�DQ�HQYLURQPHQW�ZLWK�
LQWHUIHUHQFH�DQG�RQO\���VORW�SDFNHWV�FDQ�EH�XVHG��WKHUH�LV�OLWWOH�QHHG�WR�VHW�XS�D�KLJK�
GDWD�UDWH�8076�5$%��EXW�D�ORZHU�GDWD�UDWH�8076�5$%�ZRXOG�EH�VXIILFLHQW��7KHUH�LV�
WKXV�D�QHHG�IRU�VLJQDOOLQJ�EHWZHHQ�%OXHWRRWK�DQG�8076��$OVR��LI�4R6�VKRXOG�EH�
RIIHUHG�WKHUH�LV�D�QHHG�IRU�VLJQDOOLQJ�RI�4R6�UHTXLUHPHQWV�EHWZHHQ�%OXHWRRWK�DQG�
8076��+RZ�VKRXOG�VXFK�VLJQDOOLQJ�EH�GRQH"�

�
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Appendix A – Acronyms 
�*33�²��UG�*HQHUDWLRQ�3DUWQHUVKLS�3URJUDP�
$&/�²�$V\QFKURQRXV�&RQQHFWLRQ�/HVV�
$05�²�$GDSWLYH�0XOWL�5DWH�
$54�²�$XWRPDWLF�5HSHDW�5HTXHVW�
%&+�²�%URDGFDVW�FKDQQHO�
%/(5�²�%ORFN�(UURU�5DWH�
%1(3�²�%OXHWRRWK�1HWZRUN�(QFDSVXODWLRQ�3URWRFRO��
%43�²�%OXHWRRWK�4XDOLILFDWLRQ�3URJUDP�
&')�²�&XPXODWLYH�'LVWULEXWLRQ�)XQFWLRQ�
&'0$�²�&RGH�'LYLVLRQ�0XOWLSOH�$FFHVV�
&1�²�&RUH�1HWZRUN�
&3&+�²�&RPPRQ�3DFNHW�&KDQQHO�
&5&�²�&\FOLF�5HGXQGDQF\�&KHFN�
&6�²�&LUFXLW�6ZLWFKHG�
'&+�²�'HGLFDWHG�&KDQQHO�
'+�²�'DWD�+LJK�
'/�²�'RZQOLQN�
'0�²�'DWD�0HGLXP�
'6�²�'LUHFW�6HTXHQFH�
'6&+�²�'RZQOLQN�6KDUHG�&KDQQHO�
'9�²�'DWD�9RLFH�
)$&+�²�)RUZDUG�$FFHVV�&KDQQHO�
)''�²�)UHTXHQF\�'LYLVLRQ�'XSOH[�
)(&�²�)RUZDUG�(UURU�&RUUHFWLRQ�
)(3�²�)DLU�([KDXVWLYH�3ROOLQJ�
)+�²�)UHTXHQF\�+RSSLQJ�
),)2�²�)LUVW�,Q�)LUVW�2XW�
)73�²�)LOH�7UDQVIHU�3URWRFRO�
**61�²�*DWHZD\�*356�6XSSRUW�1RGH�
*06&�²�*DWHZD\�06&�
*6).�²�*DXVVLDQ�)UHTXHQF\�6KLIW�.H\LQJ�
*60�²�*OREDO�6\VWHP�IRU�0RELOH�FRPPXQLFDWLRQ�
*356�²�*HQHUDO�3DFNHW�5DGLR�6HUYLFH�
+/5�²�+RPH�/RFDWLRQ�5HJLVWHU�
+6&'�²�+LJK�6SHHG�&LUFXLW�VZLWFKHG�'DWD�
+6'3$�²�+LJK�6SHHG�'RZQOLQN�3DFNHW�$FFHVV�
+773�²�+\SHU�7H[W�7UDQVIHU�3URWRFRO�
,3�²�,QWHUQHW�3URWRFRO�
,60�²�,QGXVWULDO��6FLHQWLILF��DQG�0HGLFDO�
/�&$3�²�/RJLFDO�/LQN�&RQWURO�DQG�$GDSWDWLRQ�3URWRFRO�
/$1�²�/RFDO�$UHD�1HWZRUN�
/03�²�/LQN�0DQDJHU�3URWRFRO�
06&�²�0RELOH�VHUYLFHV�6ZLWFKLQJ�&HQWHU�
066�²�0D[LPXP�6HJPHQW�6L]H�
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078�²�0D[LPXP�7UDQVPLVVLRQ�8QLW�
268�²�2SWLPXP�6ORW�8WLOL]DWLRQ�
296)�²�2UWKRJRQDO�9DULDEOH�6SUHDGLQJ�)DFWRU�
3$1�²�3HUVRQDO�$UHD�1HWZRUN�
3&+�²�3DJLQJ�&KDQQHO�
3'$�²�3HUVRQDO�'LJLWDO�$VVLVWDQW�
3'8�²�3URWRFRO�'DWD�8QLW�
3')�²�3UREDELOLW\�'HQVLW\�)XQFWLRQ�
3(5�²�3DFNHW�(UURU�5DWLR�
3/01�²�3XEOLF�/DQG�0RELOH�1HWZRUN�
36�²�3DFNHW�6ZLWFKHG�
5$&+�²�5DQGRP�$FFHVV�&KDQQHO�
4R6�²�4XDOLW\�RI�6HUYLFH�
436.�²�4XDGUDWXUH�3KDVH�6KLIW�.H\LQJ�
5$%�²�5DGLR�$FFHVV�%HDUHU�
5%�²�5DGLR�%HDUHU�
5)�²�5DGLR�)UHTXHQF\�
5)&�²�5HTXHVW�)RU�&RPPHQWV�
5/&�²�5DGLR�/LQN�&RQWURO�
51&�²�5DGLR�1HWZRUN�&RQWUROOHU�
55�²�5RXQG�5RELQ�
566,�²�5HFHLYHG�6LJQDO�6WUHQJWK�,QGLFDWRU�
577�²�5RXQG�7ULS�7LPH�
6$5�²�6HJPHQWDWLRQ�$QG�5HDVVHPEO\�
6&2�²�6\QFKURQRXV�&RQQHFWLRQ�2ULHQWHG�
6'3�²�6HUYLFH�'LVFRYHU\�3URWRFRO�
6'8�²�6HUYLFH�'DWD�8QLW�
6)�²�6SUHDGLQJ�)DFWRU�
6,*�²�6SHFLDO�,QWHUHVW�*URXS�
6*61�²�6HUYLQJ�*356�6XSSRUW�1RGH�
7''�²�7LPH�'LYLVLRQ�'XSOH[�
77,�²�7UDQVPLVVLRQ�7LPH�,QWHUYDO�
8(�²�8VHU�(TXLSPHQW�
8/���8SOLQN�
8076���8QLYHUVDO�0RELOH�7HOHFRPPXQLFDWLRQ�6\VWHP�
85$�²�8076�5HJLVWUDWLRQ�$UHD�
86,0�²�8076�6XEVFULEHU�,GHQWLW\�0RGXOH�
875$�²�8076�7HUUHVWULDO�5DGLR�$FFHVV�
875$1�²�8076�7HUUHVWULDO�5DGLR�$FFHVV�1HWZRUN�
9/5�²�9LVLWRU�/RFDWLRQ�5HJLVWHU�
9R,3�²9RLFH�RYHU�,3�
:&'0$�²�:LGHEDQG�&RGH�'LYLVLRQ�0XOWLSOH�$FFHVV�
:/$1�²�:LUHOHVV�/RFDO�$UHD�1HWZRUN�
:3$1�²�:LUHOHVV�3HUVRQDO�$UHD�1HWZRUN�
�
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Appendix B – Random variables 
����
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$�UDQGRP�YDULDEOH�;�LV�VDLG�WR�KDYH�D�ORJQRUPDO�GLVWULEXWLRQ�LI�WKH�UDQGRP�YDULDEOH�
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GLVWULEXWHG�ZLWK�PHDQ�P�DQG�VWDQGDUG�GHYLDWLRQ�V��7KH�FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ�
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Appendix C – On the definition of 
throughput 
:KHQ�FRQVLGHULQJ�VHYHUDO�FRQVHFXWLYH�OLQNV�DV�LQ�WKLV�SURMHFW��H[WHUQDO�QHWZRUN��8076�
&1��8076�UDGLR�OLQN��DQG�%OXHWRRWK�UDGLR�OLQN��WKHUH�LV�QR�XQDPELJXRXV�GHILQLWLRQ�RI�
WKURXJKSXW��,Q�WKLV�SURMHFW�WKURXJKSXW�KDV�EHHQ�GHILQHG�DV�WKH�DSSOLFDWLRQ�GDWD�EXUVW�VL]H�
GLYLGHG�E\�WKH�HQG�WR�HQG�WUDQVIHU�GHOD\��7KLV�GHILQLWLRQ�RI�WKURXJKSXW�KDV�PHULWV��PDLQO\�
WKDW�LW�LV�HDV\�WR�PHDVXUH�DQG�XQGHUVWDQG��EXW�DOVR�GLVDGYDQWDJHV�LQ�WKDW�LW�JLYHV�D�YHU\�
FRQVHUYDWLYH�PHDVXUH�RI�WKURXJKSXW�DV�H[SHULHQFHG�E\�D�XVHU��6WLOO��WKLV�GHILQLWLRQ�KDV�
EHHQ�XVHG�VLQFH�WKH�DEVROXWH�YDOXH�RI�WKH�WKURXJKSXW��L�H��WKH�KHLJKW�RI�WKH�WKURXJKSXW�
FXUYH��ZDV�QRW�FRQVLGHUHG�D�SULRULW\�LQ�WKLV�SURMHFW��7KH�DEVROXWH�YDOXH�LV�PXFK�DIIHFWHG�
E\�PHFKDQLVPV�QRW�LQFOXGHG�LQ�WKH�VLPXODWRU�VXFK�DV�7&3�FRQJHVWLRQ�DYRLGDQFH�
DOJRULWKPV�DQG�SURFHVVLQJ�GHOD\V��7KH�SULRULW\�LQ�WKLV�SURMHFW�ZDV�WR�VHH�KRZ�WKURXJKSXW�
YDULHV�ZLWK�GLIIHUHQW�SDUDPHWHUV�DQG�WR�VHH�ZKHQ�8076�RU�%OXHWRRWK�LV�WKH�OLPLWLQJ�
WHFKQRORJ\��L�H��WKH�VKDSH�RI�WKH�WKURXJKSXW�FXUYH���
�
$V�QRWHG�LQ�)LJXUH�����WR�)LJXUH�����WKH�WKURXJKSXW�IRU�ZHE�WUDIILF�LV�ORZHU�WKDQ�ZKDW�
RQH�PLJKW�KDYH�H[SHFWHG��L�H��WKHUH�LV�D�JDS�EHWZHHQ�WKH�8076�5$%�GDWD�UDWH�DQG�WKH�
PHDVXUHG�WKURXJKSXW��3DUW�RI�WKLV�JDS�LV�GXH�WR�RYHUKHDG�LQWURGXFHG�E\�HQFDSVXODWLRQ�
DQG�VHJPHQWDWLRQ�LQ�GLIIHUHQW�SURWRFRO�OD\HUV��UHPHPEHU�WKDW�WKURXJKSXW�LV�PHDVXUHG�DW�
WKH�DSSOLFDWLRQ�OD\HU���+RZHYHU��PRVW�RI�LW�LV�GXH�WR�KRZ�WKURXJKSXW�LV�GHILQHG�DQG�WKH�
ZD\�WKH�ZHE�WUDIILF�LV�PRGHOOHG��)RU�RWKHU�WUDIILF�WKDQ�ZHE�WUDIILF�WKH�JDS�LV�PXFK�
VPDOOHU��,Q�)LJXUH�����ZH�VHH�WKDW�IRU�D�ILOH�GRZQORDG�DQG�RQO\�RQH�VODYH�XVLQJ�WKH�
JDWHZD\�WKURXJKSXW�LV�DOPRVW�HTXDO�WR�WKH�8076�5$%�GDWD�UDWH��
�
7KH�IDFW�WKDW�WKH�PHDVXUHG�WKURXJKSXW�LV�UHODWLYHO\�ORZ�IRU�ZHE�WUDIILF�FDQ�EH�H[SODLQHG�
E\�ORRNLQJ�DW�WKH�ZHE�WUDIILF�PRGHO�LQ�GHWDLO��7KH�GRZQOLQN�EXUVW�VL]H�LV�ORJ�QRUPDOO\�
GLVWULEXWHG�ZLWK�DQ�H[SHFWDWLRQ�YDOXH�RI����N%��+RZHYHU��WKH�PHGLDQ�YDOXH�IRU�WKH�
ORJQRUPDO�GLVWULEXWLRQ�LV�RQO\�����N%��7KLV�PHDQV�WKDW�PRVW�RI�WKH�EXUVWV�ZLOO�KDYH�D�VL]H�
PXFK�VPDOOHU�WKDQ�WKH�H[SHFWDWLRQ�YDOXH������RI�WKHP�ZLOO�EH�VPDOOHU�WKDQ�����N%�DQG�
����RI�WKHP�ZLOO�EH�VPDOOHU�WKDQ����N%��VHH�)LJXUH�&����7KLV�LV�LQGHHG�D�UHDOLVWLF�PRGHO�
RI�PRELOH�+773�WUDIILF��+RZHYHU��ZLWK�WKLV�PRGHO�DQG�WKURXJKSXW�GHILQHG�DV�WKH�EXUVW�
VL]H�GLYLGHG�E\�WKH�HQG�WR�HQG�WUDQVIHU�GHOD\�VRPH�SUREOHPV�DULVH��7R�VHH�ZK\��OHWV�ORRN�
DW�DQ�H[DPSOH��
�
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PDF for mobile HTTP downlink burst size

Log−normally distributed burst size
Median burst size                  
Average burst size                 
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CDF for mobile HTTP downlink burst size

Log−normally distributed burst size
Median burst size                  
Average burst size                 

�
)LJXUH�&���3')�DQG�&')�IRU�PRELOH�+773�GRZQOLQN�EXUVW�VL]H��

$VVXPH�WKDW�D�GRZQOLQN�GDWD�EXUVW�JHQHUDWHG�DFFRUGLQJ�WR�WKH�WUDIILF�PRGHO�KDV�D�VL]H�RI�
��N%������RI�WKH�EXUVWV�KDYH�D�VL]H�OHVV�WKDQ�RU�HTXDO�WR���N%���7KLV�EXUVW�ZLOO�EH�
VHJPHQWHG�LQWR�WKUHH�,3�SDFNHWV��WZR�ZLWK�VL]H������E\WHV�DQG�RQH�ZLWK�VL]H�����E\WHV�
�DVVXPLQJ�D�7&3�066�RI������E\WHV�DQG�7&3�DQG�,3�KHDGHUV�ZLWK�D�VL]H�RI����E\WHV�
HDFK���7KH�GHOD\�IRU�WKHVH�SDFNHWV�LQFXUUHG�RYHU�WKH�*

L
�LQWHUIDFH�LV���PV��7KH�GHOD\�

LQFXUUHG�RYHU�WKH�8076�&1��WKH�*
Q
�DQG�WKH�,

X
�LQWHUIDFH��LV�RQ�DYHUDJH����PV��:KHQ�WKH�

ILUVW�,3�SDFNHW�DUULYHV�DW�WKH�51&�LW�FDQQRW�EH�VHQW�GLUHFWO\�RYHU�WKH�UDGLR�LQWHUIDFH��2Q�
DYHUDJH�WKH�GHOD\�LV�77,����,I�ZH�DVVXPH�77, ���PV�WKH�DYHUDJH�GHOD\�LV����PV��
)XUWKHUPRUH��LI�ZH�DVVXPH�D�'/�GDWD�UDWH�RI�����NESV��HDFK�UDGLR�EORFN��WKH�TXDQWLW\�
VHQW�HYHU\�77,�VHFRQG��FDQ�KROG������������ �����ELWV ����E\WHV��7KH�QXPEHU�RI�

UDGLR�EORFNV�UHTXLUHG�LV�WKXV� ���������������  ������ ���L�H��LW�WDNHV���� ���PV�
WR�VHQG�WKH�HQWLUH�EXUVW�RYHU�WKH�8076�UDGLR�LQWHUIDFH��DVVXPLQJ�WKDW�QR�EORFN�HUURUV�
DQG�UHWUDQVPLVVLRQV�RFFXU�ZKLFK�ZRXOG�LQFUHDVH�WKH�WLPH�UHTXLUHG���,I�ZH�DVVXPH�WKDW�
%OXHWRRWK�LV�QRW�WKH�ERWWOHQHFN�WKH�GHOD\�LQFXUUHG�RYHU�WKH�%OXHWRRWK�OLQN�LV�QHJOLJLEOH��
$GGLQJ�XS�WKH�GHOD\V�ZH�JHW�D�WKURXJKSXW�RI�������������������������������� ����
NESV�ZKLFK�LV�ZHOO�EHORZ�WKH�8076�5$%�'/�GDWD�UDWH��7KH�VDPH�FDOFXODWLRQV�IRU�D�EXUVW�
VL]H�RI����N%�UHVXOWV�LQ�D�WKURXJKSXW�RI����������������������������������� ����
NESV��)RU�D�ILOH�GRZQORDG�ZLWK�D�ILOH�VL]H�HTXDO�WR��0%�WKURXJKSXW�LV�
�������������������������������������� ����NESV��:H�WKXV�FRQFOXGH�WKDW�ZLWK�WKLV�
GHILQLWLRQ�WKURXJKSXW�IRU�DQ�LQGLYLGXDO�EXUVW�LV�GHSHQGHQW�RQ�WKH�EXUVW�VL]H��6LQFH�PRVW�
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RI�WKH�JHQHUDWHG�ZHE�WUDIILF�EXUVWV�KDYH�D�VL]H�PXFK�VPDOOHU�WKDQ����N%��DFFRUGLQJ�WR�
)LJXUH�&����WKH�DYHUDJH�WKURXJKSXW�IRU�DOO�EXUVW�ZLOO�EH�ZHOO�EHORZ�WKH�8076�5$%�GDWD�
UDWH��7KLV�LV�H[SODLQV�WKH�JDS�EHWZHHQ�WKH�8076�5$%�GDWD�UDWH�DQG�WKH�PHDVXUHG�
WKURXJKSXW�LQ�)LJXUH�����WR�)LJXUH������


