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$EVWUDFW� ,Q� WKLV� SDSHU�� ZH� SUHVHQW� DQ
LPSOHPHQWDWLRQ� RQ� )3*$� �)LHOG� 3URJUDPPDEOH� *DWH
$UUD\�� RI� D� WXUER� HQFRGHU�GHFRGHU� RI� SURGXFW� FRGH
ZKLFK�LV�DEOH�WR�DFKLHYH�KLJK�GDWD�UDWH��L�H��!����0ELW�V�
DQG�KDV�D� ORZ� FRPSOH[LW\��)RU� WKLV� LPSOHPHQWDWLRQ��ZH
FRQVLGHU� D� SURGXFW� FRGH� %&+���������©%&+����������
,Q� RUGHU� WR� UHDFK� D� KLJK� GDWD� UDWH�� ZH� XVH� WKH� 9RQ
1HXPDQQ� VWUXFWXUH� ZLWK� EORFN� SURFHVVLQJ� WKDW� KDV
QHYHUWKHOHVV� D� KLJK� FRPSOH[LW\��:H� SURSRVH� DIWHUZDUGV
WR�DSSO\�D�SLSHOLQH�VWUXFWXUH�WR�UHGXFH�WKH�FRPSOH[LW\�RI
WKH�WXUER�GHFRGHU��7KH�VLPXODWLRQ�LQ�WKH�&�ODQJXDJH�DQG
WKH� V\QWKHVLV� ZLWK� 9+'/� ODQJXDJH� VKRZV� WKDW� RXU
LPSOHPHQWDWLRQ�RQ�D�$/7(5$�$3(;,,�FDQ�UHDFK�D�GDWD
UDWH�RI����0ELW�V�DQG�KDYH�D�FRPSOH[LW\� OHVV� WKDQ�����
ORJLF�HOHPHQWV�

.H\ZRUGV� EORFN�WXUER�FRGHV��LWHUDWLYH�GHFRGLQJ��FLUFXLWV
DQG�VRIWZDUH��9RQ�1HXPDQQ�VWUXFWXUH�
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7KH� GHYHORSPHQW� RI� PXOWLPHGLD� VHUYLFHV�� RI� WKH
SRUWDEOH� WHUPLQDOV� DQG� WKH� DVVRFLDWHG� QHHGV� LQ� WHUPV� RI
QHWZRUN� FDSDFLW\� DQG� KLJK� GDWD� UDWH� ZLWK� D� PRUH� DQG
PRUH� VSHFWUXP� FXPEHUVRPH�� UHTXLUHV� WR� VLPSOLI\� WKH
UHFHLYHUV�FRPSOH[LW\��2Q�RQH�KDQG��ZH�KDYH�WR�OLPLW�WKH
FRQVXPSWLRQ�RI� WKH� WHUPLQDOV�� L�H�� UDLVH� WKHLU� DXWRQRP\�
2Q� WKH� RWKHU� KDQG�� ZH� KDYH� WR� UHGXFH� WKHLU� WUHDWPHQW
WLPH�� L�H�� UDLVH� WKHLU� GDWD� UDWH�� 7KLV� FRQVWUDLQW� DERXW
FRPSOH[LW\�� HYHQ�PRGHUDWHG� E\� WHFKQRORJ\� SURJUHVV�� LV
FRQWUDGLFWRU\�ZLWK�WKH�LQFUHDVH�LQ�GDWD�UDWH��$W�SUHVHQW��LQ
GLJLWDO� V\VWHPV�� WKH� FKDQQHO� FRGLQJ� DQG� SDUWLFXODUO\� WKH
FKDQQHO� GHFRGLQJ� DUH� WKH� FRVWO\� RSHUDWLRQV� LQ� WHUPV� RI
WKH� WUHDWPHQW� WLPH� DQG� FRPSOH[LW\��$W� WKH�PRPHQW�� WKH
PRVW�XVHG�)RUZDUG�(UURU�&RUUHFWRU��)(&��FRGHV�DUH�WKH
FRQYROXWLRQDO� FRGHV�� VRPHWLPH� DVVRFLDWHG� ZLWK� 5HHG�
6RORPRQ�FRGH��,W�LV�WKH�FDVH�RI�WKH�*60��*OREDO�6\VWHP
IRU�0RELOH��� RI� WKH�'$%� �'LJLWDO� $XGLR�%URDGFDVWLQJ��
RI� WKH� WHUUHVWULDO� DQG� VDWHOOLWH� '9%� �'LJLWDO� 9LGHR
%URDGFDVWLQJ��� ,Q� ������ 5�� 3\QGLDK� >�@� SURSRVHG� DQ
LQQRYDWLYH� PHWKRG� IRU� SURGXFW� FRGH� GHFRGLQJ�� FDOOHG
%ORFN� 7XUER� &RGHV� �%7&��� )RU� KLJK� FRGH� UDWH�� WKH
SHUIRUPDQFH�RI�%7&�LV�YHU\�FORVH�WR�6KDQQRQ¶V�OLPLW�>�@
DQG�WKHQ�VDWLVI\�WKH�FRQVWUDLQW�RI�KLJK�VSHFWUDO�HIILFLHQF\�

,Q� WKLV� SDSHU�� ILUVW�� ZH� UHFDOO� WKH� EDVLF� SULQFLSOHV� RI
FRGLQJ� IRU� SURGXFW� FRGHV� DQG� WKH� ORZ� FRPSOH[LW\

HQFRGHU�IRU�SURGXFW�FRGH�%&+���������©%&+����������
7KHQ�� ZH� SUHVHQW� WKH� WXUER� GHFRGHU� DUFKLWHFWXUH
DFFRUGLQJ� WR� 9RQ� 1HXPDQQ� VWUXFWXUH� ZLWK� EORFN
SURFHVVLQJ��$�PHWKRG�RI�RSWLPL]DWLRQ�RQ�WKH�FRPSOH[LW\
DQG�D�PHPRU\�RUJDQL]DWLRQ�IRU�WKH�EORFN�SURFHVVLQJ�DUH
SURSRVHG� DIWHUZDUGV�� )LQDOO\�� ZH� SUHVHQW� WKH
SHUIRUPDQFH� DQG� WKH� WRWDO� FRPSOH[LW\� RI� 7&%� HQFRGHU�
GHFRGHU�
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����&RQFHSW�RI�SURGXFW�FRGHV

3URGXFW� FRGHV� DUH� VHULDOO\� FRQFDWHQDWHG� FRGHV� >�@
ZKLFK� ZHUH� LQWURGXFHG� E\� 3�� (OLDV� LQ� ����� >�@�� 7KH
FRQFHSW�RI�WKHVH�FRGHV�LV�D�VLPSOH�DQG�UHODWLYHO\�HIILFLHQW
PHWKRG�WR�FRQVWUXFW�SRZHUIXO�FRGHV��WKDW�LV�KDYLQJ�ODUJH
PLQLPXP� +DPPLQJ� GLVWDQFH� G� XVLQJ� VLPSOHU� OLQHDU
EORFN� FRGHV� >�@�� ,I� ZH� FRQVLGHU� WZR� V\VWHPDWLF� OLQHDU
EORFN� FRGHV�&� ZLWK� SDUDPHWHUV� �Q��N��G��� DQG�&��ZLWK
SDUDPHWHUV� �Q��N��G���ZKHUH�QL��NL�� DQG�GL� �L�  ������ VWDQG
IRU� FRGH� ZRUG� OHQJWK�� QXPEHU� RI� LQIRUPDWLRQ� ELWV� DQG
PLQLPXP� +DPPLQJ� GLVWDQFH� UHVSHFWLYHO\�� 7KH
SDUDPHWHUV�RI�WKH�UHVXOWLQJ�SURGXFW�FRGH�3� �&�©&��DUH
Q� �Q����Q���N� �N����N��HW�G� �G����G��DQG�FRGH�UDWH�5� �5�

��5��ZKHUH�5L�LV�WKH�FRGH�UDWH�RI�WKH�FRGH�&L��L� �������,I
&�� LV� D� V\VWHPDWLF� OLQHDU� FRGH�� WKHQ� �Q�� ±� N��� ODVW� URZV
EXLOW�E\�&��DUH�FRGH�ZRUGV�RI�WKH�FRGH�&��DQG�FDQ�WKXV
EH�GHFRGHG�OLNH�WKH�N��ILUVW�URZV��,Q�WKH�VDPH�ZD\���Q��±
N��� ODVW� FROXPQV� DUH� FRGH� ZRUGV� RI� FRGH� &��� )RU� DQ
DSSOLFDWLRQ�LQ�+,3(5/$1����+LJK�3(5IRUPDQFH�5DGLR
/RFDO�$FFHVV�1HWZRUNV�W\SH����>��@��ZH�FRQVLGHU�FRGHV
&��  � &��  � H[WHQGHG� %&+�QH ���N ���GH ��� FRGH�� ,Q
WKLV� FDVH�� WKH�SURGXFW� FRGH�3� LV� WKH�QH���QH�PDWUL[� >&H@
�VHH�ILJXUH����ZKHUH��

�� 7KH�ELQDU\� LQIRUPDWLRQ� LV� UHSUHVHQWHG�E\�D� VXE�
PDWUL[�>0@�RI�N�URZV�DQG�N�FROXPQV�

�� WKH� N� URZV� RI� VXE�PDWUL[� >0@� DUH� FRGHG� E\� WKH
%&+����������FRGH�

�� WKH�Q�� FROXPQV� DUH� FRGHG� E\� WKH�%&+���������
FRGH�

�� /DVW�URZ�DQG�ODVW�FROXPQ�RI� WKH�PDWUL[�>&H@�DUH
UHVSHFWLYHO\� FRPSRVHG� RI� WKH� SDULW\� ELWV� RQ� WKH
FROXPQV�DQG�RI�WKH�SDULW\�ELWV�RQ�WKH�URZV�
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/HW� XV� FRQVLGHU� WKDW� WKH� WUDQVPLVVLRQ¶V� RUGHU� RI� WKH
PDWULFHV�>0@�DQG�>&H@�ELWV�LV�IURP�OHIW�WR�ULJKW�DQG�IURP
WKH� WRS� WR� WKH� ERWWRP�� 7R� UHVSHFW� WKLV� WUDQVPLVVLRQ¶V
RUGHU� DQG� DFFRUGLQJ� WR� WKH� FRQVWUXFWLRQ� RI� WKH� SURGXFW
FRGH� %&+���������©%&+���������� SUHVHQWHG� LQ� WKH
SUHYLRXV�SDUDJUDSK��ZH�SURSRVH�WKH�HQFRGHU�DUFKLWHFWXUH
LOOXVWUDWHG� LQ� ILJXUH� ��� 7KHUHIRUH�� WKH� SURGXFW� FRGH
HQFRGHU�LV�FRPSRVHG�RI��

��D�FLUFXLW�WKDW�FDOFXODWHV�WKH�FKHFNV�RQ�URZV�
��D�FLUFXLW�WKDW�FRPSXWHV�WKH�FKHFNV�RQ�FROXPQV�
��WZR�SDULW\�FDOFXODWLRQ�FLUFXLWV��RQH�IRU�WKH�URZV�DQG
RQH�IRU�WKH�FROXPQV��
�� D� PXOWLSOH[HU� WKDW� VHOHFWV� WKH� ELWV� WR� WUDQVPLW� LQ
WUDQVPLVVLRQ¶V�RUGHU�ZKLFK�LV�SUHYLRXVO\�GHWHUPLQHG�
�� D� 5$0� WKDW� FDQ� VWRUH� ��� ZRUGV� RI� �� ELWV� �FKHFNV
DQG�SDULW\�ELWV�RQ�FROXPQV��
�� D� VHTXHQFHU� FLUFXLW� WKDW� FRQWURO� DOO� WKH� HQFRGHU¶V
FLUFXLWV�
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7KH�SDUWLFXODULW\�RI�WKLV�HQFRGHU�LV�LWV�ORZ�FRPSOH[LW\
�����$OWHUD� ORJLF�HOHPHQWV���:H� WU\� WR� UHSODFH�DV� IDU�DV
SRVVLEOH�DOO�'� IOLSIORSV�E\� WKH�5$0�EHFDXVH� WKH�SRZHU
FRQVXPPDWLRQ�RI�RQH�'� IOLSIORS� LV�PRUH� LPSRUWDQW� WKDQ
RQH� 5$0� ELW� >�@�� 7KHUHIRUH� WKLV� SURGXFW� FRGH� HQFRGHU
KDV�D�ORZ�HOHFWULFDO�SRZHU�FRQVXPPDWLRQ�DQG�FDQ�UHDFK
D�GDWD�UDWH�RI����0ELW�V�
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�����'HFRGLQJ�DOJRULWKP

7KH� WXUER�GHFRGLQJ� IRU�SURGXFW�FRGHV� LV� DQ� LWHUDWLYH
GHFRGLQJ�� ,W� FRQVLVWV�RI�FDVFDGHG�6,62� �6RIW� ,QSXW� 6RIW
2XWSXW��GHFRGHUV�IRU�WKH�URZV�DQG�FROXPQV�RI�WKH�PDWUL[
>&H@� >�@�� 7KH� FRPSOHWH� GHFRGLQJ� RI� URZV� RU� FROXPQV
FRUUHVSRQGV� WR� D� KDOI�LWHUDWLRQ�� 7KH� GHFRGHU� XVHV� WKH
&KDVH�3\QGLDK� DOJRULWKP� >�@>�@>�@� DQG� GHOLYHUV� WKH
PD[LPXP� OLNHKRRN� FRGH� ZRUG� IRU� D� JLYHQ� LQSXW�� ,W� LV
VKRZQ� WKDW� WKH� SURGXFW� FRGH� GHFRGHU� KDV� D� YHU\� JRRG
WUDGH�RII� EHWZHHQ� SHUIRUPDQFH� DQG� FRPSOH[LW\� ZKHQ� LW
XVHV� D� VLPSOLILHG� &KDVH�3\QGLDK� �RQO\� RQH� FRPSHWLWRU�
ZLWK�IRXU�LWHUDWLRQV�>�@>�@��7KHUHIRUH��LQ�RXU�DSSOLFDWLRQ�
WKH�ZKROH�SURGXFW�FRGH�GHFRGHU� LV� FRPSRVHG�RI� ��KDOI�
LWHUDWLRQV� �IRXU� IRU� WKH� URZV� GHFRGLQJ� DQG� IRXU� IRU� WKH
FROXPQV� GHFRGLQJ��� (DFK� KDOI�LWHUDWLRQ� LV� LOOXVWUDWHG� LQ
ILJXUH����ZKHUH��
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a�S�

'HFRGHU
>:�S�@

>5¶�S�@

b¶�S�
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��>5@�LV�WKH�PDWUL[�LQLWLDOO\�UHFHLYHG�IURP�WKH�FKDQQHO�
�� >5¶�S�@� LV� WKH� PDWUL[� UHFHLYHG� IURP� WKH� �S� ±� ��WK

KDOI�LWHUDWLRQ�
��>'�S�@�LV�WKH�PDWUL[�WKDW�FRQWDLQV�WKH�UHVXOW�RI�ELQDU\

GHFRGLQJ�DW�WKH�SWK�KDOI�LWHUDWLRQ�
�� >:�S�@� LV� WKH� SWK� PDWUL[� RI� H[WULQVLF� LQIRUPDWLRQ�

ZKLFK�LV�WKH�DGGLWLRQDO�LQIRUPDWLRQ�JLYHQ�E\�WKH�GHFRGHU
FRQFHUQLQJ�WKH�UHOLDELOLW\�RI�WKH�GHFRGHG�ELWV

��>5¶�S�����@�LV�WKH�PDWUL[�IRU�WKH�QH[W�KDOI�LWHUDWLRQ�
��a�S���b�S���b¶�S��DUH�WKUHH�FRQVWDQWV�WKDW�GHSHQG�RQ

WKH� SWK� KDOI�LWHUDWLRQ�� WKHLU� YDOXHV� DUH� RSWLPL]HG� E\
VLPXODWLRQV��ZLWK�b�S����b¶�S�>�@�

)LJXUH�����&RQVWUXFWLRQ�RI�SURGXFW�FRGH�3� �&�©&��

)LJXUH�����EORFN�GLDJUDP�RI�SURGXFW�FRGH�HQFRGHU�

)LJXUH�����EORFN�GLDJUDP�RI�KDOI�LWHUDWLRQ�



$W� WKH�SWK� KDOI�LWHUDWLRQ�� WKH� GHFRGLQJ� RI� WKH� LWK� URZ
�RU�FROXPQ��5¶L�S��RI� WKH�PDWUL[� >5¶�S�@� LV�GHFRPSRVHG
DV�IROORZV�

�� VHOHFWLQJ� DQG� VWRULQJ� WKH� IRXU� OHVV� UHOLDEOH� ELQDU\
V\PEROV�RI�5¶L�S���7KHLU�SRVLWLRQV�DUH�FDOOHG�,���,���,���,��

�� JHQHUDWLQJ� WKH� WHVW� VHTXHQFHV� <4� �4³>���@�� E\
UHYHUVLQJ�RQH�RU�WZR�SRVLWLRQV�RI�WKH�OHVV�UHOLDEOH�ELQDU\
V\PEROV�LQ�WKH�<��ZKLFK�LV�D�VLJQ�RI�5¶L�S��

�� GHFRGLQJ� <�� DQG� <4� ZLWK� WKH� KDUG� GHFLVLRQ
GHFRGLQJ� �V\QGURPH� GHFRGLQJ�� DQG� REWDLQLQJ� WKH� &N

�N³>���@��GHFRGHG�FRGH�ZRUGV�
�� IRU� HDFK� GHFRGHG� FRGH� ZRUG� &N�� FDOFXODWLQJ� WKH

(XFOLGHDQ�GLVWDQFH�EHWZHHQ�&N�DQG�5¶L�S��
�� VHOHFWLQJ� WKH� FRGH� ZRUG� &G� KDYLQJ� D� PLQLPDO

(XFOLGHDQ�GLVWDQFH�0G�ZLWK�5¶L�S���WKHQ�'L�S�� �&
G�LV�WKH

UHVXOW�RI�ELQDU\�GHFRGLQJ�
�� FRPSXWLQJ� WKH� UHOLDELOLW\� IRU� HDFK� HOHPHQW� GLM� RI

'L�S��� )RU� WKLV�� VHDUFK� IRU� D� VHFRQG� FRGH� ZRUG�� FDOOHG
FRQFXUUHQW�FRGH�ZRUG�DQG�QRWHG�&F��ZKLFK�KDV�D�PLQLPDO
(XFOLGHDQ�GLVWDQFH�0F�ZLWK�5¶L�S��� ,I� D�FRQFXUUHQW�FRGH
ZRUG�H[LVWV�
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�����'HFRGHU�DUFKLWHFWXUH

6HYHUDO� VWUXFWXUHV� FDQ� EH� DGRSWHG� IRU� KDUGZDUH
LPSOHPHQWDWLRQ� RI� WKH� GHFRGHU� >�@�� %HWZHHQ� WKHVH
VWUXFWXUHV�� WKH� 9RQ� 1HXPDQQ� VWUXFWXUH� ZLWK� EORFN
SURFHVVLQJ�LV�WKH�PRVW�DGDSWHG�IRU�WKH�DSSOLFDWLRQ�RI�KLJK
GDWD� UDWH� WKDQNV� WR� LWV� JRRG� FRPSURPLVH� EHWZHHQ
SHUIRUPDQFH�DQG�FRPSOH[LW\�
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'HOD\

:LWK�EORFN�SURFHVVLQJ��RQO\�RQH�HOHPHQWDU\�GHFRGHU
�VHH� ILJXUH� ��� LV� LQGHHG� XVHG� IRU� VHYHUDO� LWHUDWLRQV
GHFRGLQJ�� 7KLV� UHGXFHV�� RQ� RQH� KDQG�� WKH� GHFRGHU
FRPSOH[LW\�DQG�WKH�GHFRGLQJ�GHOD\�ZKLFK�LV�OHVV�WKDQ�RU
HTXDO� WR� WZLFH� WKH� WLPH� UHTXLUHG� WR� ILOO� PDWUL[� >5@
ZKDWHYHU� WKH� LWHUDWLRQV� QXPEHU��2Q� WKH�RWKHU� KDQG�� WKLV
UHGXFHV� WKH� WLPH� UHTXLUHG� WR� GHFRGH� RQH� ELW� WKDW� UDLVHV
WKH� GDWD� UDWH�� $OO� VWDJHV� RI� &KDVH�3\QGLDK� DOJRULWKP
SUHYLRXVO\�SUHVHQWHG� LQ� VXE�VHFWLRQ�����DUH�GHVFULEHG� LQ
9+'/� DV� GLIIHUHQW� EORFNV� EHIRUH� WR� EH� JDWKHUHG� DV
VKRZQ�LQ�ILJXUH���

�����0HPRU\�EORFN

7R� SURFHVV� DQG� WR� PHPRUL]H� WKH� PDWULFHV� >5@� DQG
>5¶@�� WKH�9RQ�1HXPDQQ�VWUXFWXUH�ZLWK�EORFN�SURFHVVLQJ
UHTXLUHV�D�VSHFLILF�PHPRU\�ZKHUH�WKH�URZV�DQG�FROXPQV
RI� PDWULFHV� >5@� DQG� >5¶@� FDQ� EH� UHDG� DQG� ZULWWHQ
EORFNZLVH� LQ� RQH� FORFN� SHULRG�� 7KLV� GRXEOH� PRGH� RI
URZ�FROXPQ� DFFHVV� FDQ� EH� UHDOL]HG� E\� XVLQJ�Q� PHPRU\
PDSV� RI� VWDQGDUG�5$0�DQG� E\� LQVHUWLQJ� D� VKLIW� V\VWHP
RQ�WKH�LQSXWV�DQG�RXWSXWV�DV�LOOXVWUDWHG�LQ�ILJXUH���
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,Q� WKH� ILJXUH� ��� WKH� �Q� �� Q� �� T�� ELWV� PHPRU\� LV
FRPSRVHG�RI�Q�PHPRU\�PDSV��(DFK�PHPRU\�PDS� LV�VHW
DV�Q�ZRUGV�RI�T� ELWV�� ,Q� D� VXFK�PHPRU\�� WKH� FROXPQ�RU
URZ� UHDGLQJ� LV� SRVVLEOH� LQ� RQH� FORFN� SHULRG� LI� HDFK
PHPRU\�PDS�FRXOG�JLYH�D�ZRUG��RI�T�ELWV�� LQ�RQH�FORFN
SHULRG��6R�WKH�PHPRU\�FRQFHSW�LV�EDVHG�RQ�WKH�SULQFLSOH
WKDW� WKH� YHFWRU� �FROXPQ� RU� URZ�� ZRUGV� PXVW� QRW� WR� EH
VWRUHG� LQ� WKH�VDPH�PHPRU\�PDS��7R� UHDOL]H� WKLV��EHIRUH
ZULWLQJ�� WKH� GDWD� PXVW� EH� FLUFXODUO\� VKLIWHG� LQ� RQH
GLUHFWLRQ��$QG�IRU�JHWWLQJ�EDFN� WR� WKH� LQLWLDO�RUGHU��DIWHU
UHDGLQJ�� WKH� GDWD� PXVW� EH� VKLIWHG� LQ� WKH� RWKHU� GLUHFWLRQ
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