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Dedication 
 
 ,W�ZDV�P\�SOHDVXUH�WR�VWDUW�P\�3K�'��SURJUDP�DW�8QLYHUVLW\�RI�6RXWK�)ORULGD��'XULQJ�P\�

GRFWRUDO�HGXFDWLRQ��P\�SURIHVVLRQDO�VNLOOV�JUHZ�LQ�FRGLQJ��PDFKLQH�OHDUQLQJ��GHHS�OHDUQLQJ��VRFLDO�

QHWZRUN��KLJK�SHUIRUPDQFH�FRPSXWLQJ��DQG�K\SRWKHVLV�SURYLQJ��,�DP�JUDWHIXO�IRU�KDYLQJ�VR�PDQ\�

SHRSOH�WR�KHOS�PH��WR�WHDFK�PH��WR�VXSSRUW�PH�DQG�WR�HQFRXUDJH�PH�RQ�P\�FDUHHU�GHYHORSPHQW�

IURP�D�VRIWZDUH�HQJLQHHU�WR�D�GDWD�DQDO\VW�DQG�ILQDOO\�WR�D�GDWD�VFLHQWLVW� 

 )LUVW�� ,� ZDQW� WR� WKDQN�P\� VXSHUYLVRU�� 'U�� /HV� 3LHJO�� IRU� EHLQJ� SURIHVVLRQDO�� JLYLQJ�PH�

JXLGDQFH��DQG�GHGLFDWLQJ�WLPH�IRU�PH��ZKHQ�,�QHHGHG�KHOS��UHVHDUFK�GLUHFWLRQV�DQG�IHHGEDFN��*UDSK�

$QDO\VLV�LV�DQ�LQWHUGLVFLSOLQDU\�ILHOG�ZKLFK�EOHQGV�IRXQGDWLRQDO�PDWK�DQG�SK\VLFV�WRJHWKHU�ZLWK�

FRPSXWHU� VFLHQFH�� KXPDQ� SHUFHSWLRQ�� DQG� DHVWKHWLFV� WR� H[SORUH� WKH�PRVW� FRPSHOOLQJ� VFLHQWLILF�

GLVFRYHULHV� RI� RXU� WLPH��7KH� WHFKQLTXHV� SUHVHQW� SRWHQWLDOV� LQ�PDFKLQH� OHDUQLQJ�� GHHS� OHDUQLQJ��

VRFLDO�QHWZRUNV��DQG�RWKHU�SRSXODU�DSSOLFDWLRQV��)DFLQJ�FRXQWOHVV�WKHRULHV�DQG�RSHQ�LVVXHV��LW�LV�

FKDOOHQJLQJ�WR�QDUURZ�GRZQ�WKH�VFRSH�RI�WKH�UHVHDUFK�DQG�WR�GHILQH�VROXWLRQV�IRU�LW��,W�LV�HDV\�IRU�

PH�WR�ZDVWH�WLPH�LQ�XQOLPLWHG�UHDGLQJ��XQOLPLWHG�WKHRU\�H[SORULQJ��XQOLPLWHG�FKRLFHV�LQ�UHVHDUFK�

GLUHFWLRQV��DQG�HYHQ�PRUH��'U��/HV�3LHJO�LV�DQ�RXWVWDQGLQJ�SURIHVVRU�ZLWK�D�ZLGH�UDQJH�RI�UHVHDUFK�

H[SHULHQFHV�LQ�GLIIHUHQW�ILHOGV��VXFK�DV�FRPSXWHU�DLGHG�GHVLJQ�DQG�PDQXIDFWXULQJ��HQJLQHHULQJ�DQG�

DSSOLHG�FRPSXWLQJ��VRIWZDUH�HQJLQHHULQJ�DQG�VRIWZDUH�V\VWHP�GHVLJQ��FRPSXWHU�JUDSKLFV��F\EHU�

OHDUQLQJ�DQG�HQJLQHHULQJ�LQ�PHGLFLQH��:LWK�WKH�KHOS�IURP�P\�VXSHUYLVRU��,�FRXOG�OHDUQ�WR�WKLQN�LQ�

D�ELJJHU�DQG�KLJKHU�OHYHO�DQG�WR�ILQG�WKH�PRVW�LPSRUWDQW�GLUHFWLRQV�LQ�SUREOHP�VROYLQJ��,�DP�DOVR�

JUDWHIXO�IRU�KLV�SDWLHQFH�ZKLFK�JDYH�PH�WKH�FKDQFH�WR�ZRUN�IXOO�WLPH�ZKLOH�ZRUNLQJ�RQ�P\�SURJUDP�� 

  



 

 6HFRQG�� ,� ZDQW� WR� WKDQN� P\� VXSHUYLVRU� DQG� IULHQG�� 'U�� 5LFKDUG� 6HJDOO� IRU� GLVFXVVLQJ�

UHVHDUFK�ZLWK�PH�� HGLWLQJ� UHVHDUFK� SDSHUV� IRU�PH�� DQG� UHPLQGLQJ�PH� WR� DYRLG� VRPH� FRPPRQ�

PLVWDNHV�LQ�UHVHDUFK��'U��6HJDOO� LV�SDVVLRQDWH�LQ�UHVHDUFK��,W� LV�IRU�PDQ\�\HDUV�WKDW�KH�KDV�EHHQ�

IRFXVLQJ� RQ� UHVHDUFK� LQ� GDWD� PLQLQJ�� WH[W� PLQLQJ�� ZHE� PLQLQJ�� ELJ� GDWD�� ELRLQIRUPDWLFV��

VXSHUFRPSXWLQJ�DSSOLFDWLRQV�DQG�PDWKHPDWLFDO�PRGHOLQJ��,�DP�IRUWXQDWH�HQRXJK�WR�KDYH�D�FKDQFH�

WR�H[FKDQJH�LGHDV��FRRSHUDWH�SURMHFWV��FRDXWKRU�SDSHUV�DQG�IXQGLQJ�SURSRVDOV�ZLWK��+LV�SHUVRQDOLW\�

DQG�ZRUN�VW\OH�KDYH�VWURQJO\�LQIOXHQFHG�PH��WKDW�KHOSHG�PH�WR�LQVLVW�LQ�UHVHDUFK�DQG�WR�VFDOH�FDUHHU�

ODGGHU�TXLFNHU��:LWK�KLV�VXSSRUW�DV�D�IULHQG��,�FDQ�EH�FRQVFLHQWLRXV��HPRWLRQDOO\�VWDEOH��RSHQ�WR�

GLIIHUHQW�RSLQLRQV��DQG�EH�DJUHHDEOH�WR�FULWLFV��7KHVH�FKDUDFWHULVWLFV�FDUU\�PRUH�ZHLJKWV�LQ�FDUHHU�

VXFFHVV��:KHQ�,�HQODUJH�P\�SHUVSHFWLYHV�DQG�VHH�JDLQV�LQ�ORVVHV��WKH�XSVLGH�RI�D�GRZQVLGH�VLWXDWLRQ��

KRZ�IDU� ,�KDYH�FRPH� LQ�DGGLWLRQ� WR�KRZ�IDU� ,�PXVW�JR�DQG�EHJLQQLQJV� LQ�HQGLQJV��P\�SRVLWLYH�

DWWLWXGH�FRPHV�ZLWK�WKH�SRWHQWLDO�IRU�FDUHHU�VXFFHVV�DW�WKH�KLJKHVW�UXQJ��$OVR��KH�ZDV�WKH�ILUVW�SHUVRQ�

ZKR�UHFRJQL]HG�P\�WDOHQW�LQ�UHVHDUFK�� 

,�DOVR�ZDQW� WR� WKDQN�P\�FRPPLWWHH�PHPEHUV��'U��.DQGHWKRG\�5DPDFKDQGUDQ��'U��-RKQ�

/LFDWR��'U��5REHUW�.DUDP��DQG�'U��7HPSHVWW�1HDO��IRU�KHOSLQJ�SUHSDUH�DOO�WKH�SDSHUZRUN��JLYLQJ�

PH� DOO� WKH� IHHGEDFN�� DQG� EHLQJ� VXSSRUWLYH�� 'U� .DQGHWKRG\� 5DPDFKDQGUDQ¶V� UHVHDUFK� FRYHUV�

VRIWZDUH� UHOLDELOLW\�� JDPH� WKHRU\� WR� GHUHJXODWHG� HOHFWULFLW\� PDUNHWV��0LFURDUUD\� GDWD� DQDO\VLV��

PDWKHPDWLFDO� ILQDQFH��FRQWURO�RI�TXHXHV� LQ�KHDY\�WUDIILF��VWRFKDVWLF�GHOD\�GLIIHUHQWLDO�HTXDWLRQV�

DQG� FRQWUROV�� VWRFKDVWLF� GLIIHUHQWLDO� JDPHV�� LQIRUPDWLRQ� WKHRU\�� VLQJXODUO\� SHUWXUEHG� VWRFKDVWLF�

V\VWHPV�� ZDYHOHW� DQDO\VLV� IRU� VWDWLVWLFDO� VLJQDO� SURFHVVLQJ�� +LV� RSLQLRQV� LQ� GDWD� VDPSOLQJ� DQG�

VWDWLVWLFDO�DQDO\VLV�GHHSHQHG�P\�UHVHDUFK�DQG�LQVSLUHG�EHWWHU�LGHDV�DQG�PRUH�WKRURXJK�SURRIV��'U��

-RKQ�/LFDWR�LV�DQ�DUWLILFLDO�LQWHOOLJHQFH�UHVHDUFKHU�SULPDULO\�LQ�KXPDQ�OHYHO�DQG�ORJLFDO�UHDVRQLQJ�

WKDW� LQFOXGHV� FRPSXWDWLRQDO� PRGHOLQJ� RI� FRJQLWLYH� UHDVRQLQJ�� QDWXUDO� ODQJXDJH� SURFHVVLQJ��



 

FRJQLWLYH�VFLHQFH�DQG�URERWLFV��FRPSXWDWLRQDO�FRJQLWLYH�DUFKLWHFWXUH��DXWRPDWHG�WKHRUHP�SURYHUV��

DUWLILFLDOO\� LQWHOOLJHQW� UHDVRQHUV�� DQDORJLFDO� GHGXFWLYH� DUJXPHQWDWLYH� DQG� K\SRWKHWLF�GHGXFWLYH�

UHDVRQLQJ�� DUWLILFLDO� UHDVRQLQJ� ZLWK� ERWK� IRUPDO� DQG� LQIRUPDO� ORJLFV�� +LV� IHHGEDFN� LQ� QDWXUDO�

ODQJXDJH�SURFHVVLQJ�DQG�GDWD�PRGHOLQJ� OHG� WR� WKH� LPSURYHPHQW�RI� WKH�PRGHO�SHUIRUPDQFH��'U��

5REHUW� .DUDP� LV� LQWHUHVWHG� LQ� KDUGZDUH� VHFXULW\�� UHFRQILJXUDEOH� FRPSXWLQJ�� ELR�LPSODQWDEOH�

GHYLFHV��+LV� IHHGEDFN� LQ� UHVHDUFK�PHWKRGRORJ\� JDYH� ULVH� WR� QHZ� UHVHDUFK� GLUHFWLRQV� DQG� QHZ�

UHVHDUFK� LGHDV�� 'U�� 7HPSHVWW� 1HDO� IRFXVHV� RQ� WKH� LQWHUVHFWLRQ� RI� LGHQWLW\� LQWHOOLJHQFH�� F\EHU�

EHKDYLRU� DQDO\WLFV�� DQG� PRELOH� VHQVLQJ� WHFKQRORJLHV�� +HU� SULPDU\� LQWHUHVWV� DUH� EHKDYLRUDO�

ELRPHWULFV�� PRELOH� ELRPHWULFV�� DQG� DSSOLHG� PDFKLQH� OHDUQLQJ�� ZLWK� DGGLWLRQDO� LQWHUHVWV� LQ�

DXWKRUVKLS�DWWULEXWLRQ��FRPSXWHU�YLVLRQ��DQG�VRIW�ELRPHWULF�FODVVLILFDWLRQ� :LWK�WKH�H[SHULHQFHV�LQ�

DSSOLHG�PDFKLQH�OHDUQLQJ��VKH�SURYLGHG�YDOXDEOH�IHHGEDFN�RQ�P\�UHVHDUFK� 

)LQDOO\�� ,�ZDQW� WR� WKDQN�P\� SDUHQWV� DQG�P\� VLVWHUV� IRU� WKHLU� WUXVW�� HQFRXUDJHPHQW�� DQG�

VXSSRUW��ZKLFK�PHDQ�HYHU\WKLQJ�WR�PH� 
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 ,� QHHG� WR� DFNQRZOHGJH� WKH� IXQGLQJ� DV� D� WHDFKLQJ� DVVLVWDQWVKLS� IURP� 'HSDUWPHQW� RI�

&RPSXWHU� 6FLHQFH� DQG�(QJLQHHULQJ� GXULQJ�P\� ILUVW� DQG� VHFRQG� \HDUV� DW�86)��$OVR�� ,� QHHG� WR�

DFNQRZOHGJH�WKH�FRPSXWLQJ�IDFLOLWLHV�WKDW�ZDV�PDGH�DYDLODEOH�WR�PH�GXULQJ�P\�SURJUDP�DW�86)�� 
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With the development of transportation network, social network, and communication 

network, there are many applications in streaming data. For example, traffic congestion happens 

between the origin and destination of daily trips. Traffic analysis can help plan the trips so that 

traffic congestion can be avoided. Social network and communication network represent the 

behaviors of the entire population. People build connections based on their hobbies, daily activities, 

photos, videos, simple messages, and even anonymous web surfing. All of these can be turned into 

commercial use, such as product marketing, business network building, and technology trending.  

Data science is about how to model data for data issues, domain specific patterns, etc. If 

the sample set is big enough and the data is relevant, it is possible to engineer this process and to 

generate results. Once the data model is built, we can fit the model with the data and run proper 

algorithms to get answers. However, the challenges can be from data store, sample quality to 

information extraction. 

Especially for graph analysis, it needs to deal with not only the valuation of the vertices 

but also the connections between vertices, and how many connections each vertex can have. 

According to empirical experiments, the distributions of vertices, edges, and derived 

measurements, such as closeness, betweenness, and clustering coefficient have different 

distributions. When we work on data modeling strategies, both graph properties and topology types 

need to be under. 

In this dissertation, we discuss how to efficiently perform information extraction from 

graphs. Graphs can be considered as the structural representation of the social networks regarding 



 L[ 

the natural properties of information, such as recency, relevance, valuation, and validation. We 

focus on data loading, graph sampling, and application development.  
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Chapter 1:  Introduction 
 

With the development of network technology and social media, we can connect to each 

other easily. Internet physically connects people and business in different geographic locations. 

People can trade with each other through the Internet. Geographic distance is not an obstacle 

anymore. On top of the physical connections, the interconnections among people and things are 

developed as well. The network of discussions, commentary, and social media together build a 

virtual community, which play a significant role in our lives.  All these have a common pattern in 

infrastructure ± network, such as social network, information network, and economic network. 

:H� FDQ� DOZD\V� VHH� FRQQHFWLRQV� DPRQJ� SHRSOH�� RUJDQL]DWLRQV�� DQG� DOPRVW� DQ\� HQWLWLHV��

&RQQHFWHG�HQWLWLHV�FDQ�LQLWLDWH�DFWLYLWLHV�WKURXJK�IDFH�WR�IDFH�PHHWLQJV��WUDQVSRUWDWLRQ��WHOHSKRQH��

PDLOV��,QWHUQHW��VRFLDO�PHGLD��DQG�PDQ\�RWKHU�FKDQQHOV��2QFH�WKH�LQIRUPDWLRQ�H[FKDQJH�KDSSHQHG��

WKH�VRFLDO�IORZ�ZDV�EXLOW�XSRQ�D�QHWZRUN�DQG�ZLOO�JR�RQ�DQG�RQ��HYROYH��DQG�WKULYH� 

:H� FRQVLGHU� WKDW� LQGLYLGXDO� HQWLWLHV� FDQ� FDUU\� LQIRUPDWLRQ� DQG� WKH� LQIRUPDWLRQ� FDQ� EH�

GHOLYHUHG�IURP�RQH�HQWLW\�WR�DQRWKHU���7KH�LQIRUPDWLRQ�WKDW�SOD\V�WKH�UROH�RI�WKH�GULYLQJ�IRUFH�LQ�WKH�

VRFLDO�QHWZRUN�FDQ�EH�UHODWHG�WR�DQ\WKLQJ��VXFK�DV�DQ�H\H�FRQWDFW��D�KDQGVKDNH��D�WUDYHO�SODQ��D�

FRQYHUVDWLRQ��D�OHWWHU��D�ZHE�OLQN��D�IULHQG�UHTXHVW��D�IOX�HSLGHPLF��D�ILQLFDO�WUDQVDFWLRQ��DQG�HYHQ�

PRUH��:KDW�FDQ�EH�VHQW�WKURXJK�WKH�FKDQQHO�GHSHQGV�RQ�WKH�LQIRUPDWLRQ�FDUULHU�DQG�VRPHWLPHV�

FDQQRW�EH�GLUHFWO\�UHFRJQL]HG��ZKLFK�PDNH�SHRSOH�WKLQN�ZKDW�UHDOO\�WULJJHUHG�WKH�FKDQJH� 

,Q�WHUPV�RI�GDWD�VFLHQFH��LW�LV�LPSRUWDQW�WR�UHFRJQL]H�WKH�SURSHU�LQIRUPDWLRQ�FDUULHU�DQG�WKH�

LQWHUHVWLQJ� LQIRUPDWLRQ�ZKLFK�FDQ� IORZ� WKURXJK� WKH�QHWZRUN�DQG�FDQ�EH�XVHG� WR�EXLOG� WKH�GDWD�

PRGHO�� WR�UHSUHVHQW� WKH�QHWZRUN�VWUXFWXUH�DQG�WR�PDNH�SUHGLFWLRQV�IRU�IXWXUH�XVH��)RU�H[DPSOH��
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SHRSOH� FDQ�EH� FRQVLGHUHG�DV� LQIRUPDWLRQ� FDUULHU�EHFDXVH�SHRSOH� LQLWLDWH� DFWLYLWLHV�� FRQWURO�ERWK�

SHRSOH� DQG� UHVRXUFHV�� SODQ� DFWLYLWLHV� DQG� DFFRPSOLVK� WDVNV�� +RZHYHU�� WKH� VLJQDOV� SHRSOH� VHQG�

EHWZHHQ�HDFK�RWKHU�FDQ�EH�DQ�DWWLWXGH��DQ�RSLQLRQ��D�PLPLFU\�RI�HDFK�RWKHU
V�EHKDYLRU�DQG�HYHQ�

PRUH�ZKLFK�FDQ�WUDQVIHU�LQIRUPDWLRQ�IURP�RQH�WR�DQRWKHU��LQIOXHQFH�SHRSOH�DQG�WULJJHU�UHDFWLRQV�

VR�WKDW�ZH�FDOO�WKHP�VRFLDO�VLJQDOV��6\PEROL]DWLRQ�RI�VRFLDO�VLJQDOV�LV�WKH�NH\�WR�SURILOH�D�SRSXODWLRQ�

RI�VSHFLILF�EHKDYLRUV��7KH�PRUH�GHWDLOHG�SDWWHUQV�ZH�FDQ�FDWFK��WKH�PRUH�GHHSO\�ZH�FDQ�XQGHUVWDQG�

D�VSHFLILF�FRPPXQLW\��DQG�WKH�PRUH�DFFXUDWHO\�ZH�FDQ�PRGHO�WKH�UHDO�ZRUOG�DFWLYLWLHV�ZLWK�PDFKLQH�

OHDUQLQJ�WHFKQLTXHV� 

,Q�WHUPV�RI�GDWD�VWUXFWXUH��WKH�LQIRUPDWLRQ�FDUULHU��DQG�LQIRUPDWLRQ�FKDQQHO�FDQ�EH�PRGHOHG�

DV� D� JUDSK�� WKDW� KDV� D� QHWZRUN� SDWWHUQ�� 7KH� YHUWLFHV� DUH� WKH� VRFLDO� HQWLWLHV�� WKH� HGJHV� DUH� WKH�

FRQQHFWLRQV� EHWZHHQ� HQWLWLHV�� DQG� WKH� LQIRUPDWLRQ� DV� VRFLDO� VLJQDOV� LV� VHQW� WKURXJK� WKH� HGJHV�

EHWZHHQ� HQWLWLHV��$� SURSHU� JUDSK�PRGHO� FDQ� FOHDUO\� H[SODLQ�ZKDW� LV� KDSSHQLQJ� LQ� WKH�PRGHUQ�

VRFLHW\�DQG�FDQ�EH�XVHG�WR�SUHGLFW�ZKDW�ZLOO�KDSSHQ�LQ�WKH�IXWXUH��0RUHRYHU��WKH�FRPSOH[LW\�RI�WKH�

QHWZRUN�DV�D�ZKROH�WR�UHDFW�WR�WKH�FHQWUDO�GULYLQJ�IRUFH�LV�PRUH�LPSRUWDQW�WKDQ�WKDW�RI�LQGLYLGXDO�

HQWLWLHV��VXFK�DV�HQWLWLHV�DQG�FKDQQHOV� 

7KH�HIILFLHQF\�RI�JUDSK�DQDO\VLV�FDQ�EH�DIIHFWHG�WKH�FRPSOH[LWLHV�RI�JUDSK�VWRUDJH��JUDSK�

VDPSOLQJ��JUDSK�DOJRULWKP��DQG�JUDSK�DSSOLFDWLRQV��)RU�JUDSK�VWRUDJH�� WKH�FKDOOHQJHV�FDQ�EH� LQ�

VSDFH�FDSDFLW\��,�2��GXUDWLRQ��DQG�PHPRU\�DFFHVV��)RU�JUDSK�VDPSOLQJ��WKH�FKDOOHQJHV�FDQ�EH�KRZ�

WR�PDLQWDLQ�JUDSK�SURSHUWLHV�DQG�WRSRORJ\�W\SHV��)RU�JUDSK�DOJRULWKPV��WKH�FKDOOHQJHV�FDQ�EH�JUDSK�

VHDUFK�� G\QDPLF� XSGDWH�� SDUDOOHO� FRPSXWDWLRQ�� SDUWLWLRQLQJ�� DQG� FRPSUHVVLRQ�� )RU� JUDSK�

DSSOLFDWLRQ��WKH�FKDOOHQJHV�FDQ�EH�FRPPXQLW\�SURILOLQJ��VPDOO�ZRUOG�SKHQRPHQRQ��DQG�VXEJUDSK�

ILQGLQJ�� 
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7KH�WKHRULHV�EHKLQG�JUDSK�DQDO\VLV� LQFOXGH�FRPELQDWRULFV�IRU�VSDFH�PDQDJHPHQW��JUDSK�

WKHRU\� IRU� GHFRPSRVLWLRQ� DQG� UHFRQVWUXFWLRQ�� FRQGLWLRQDO� SUREDELOLW\� WKHRUHP�� 0DUNRY� FKDLQ�

WKHRULHV�� DQG� DWWHQWLRQ� PHFKDQLVPV� WKDW� KHOSV� DFKLHYH� 0DUNRY�OLNH� XSGDWHV� LQ� GHHS�OHDUQLQJ�

DUFKLWHFWXUH� 

,Q�WKLV�GLVVHUWDWLRQ��ZH�DSSO\�WKHVH�WKHRULHV�WR�VROYH�RSHQ�LVVXHV�LQ�JUDSK�VSDFH�PDQDJHPHQW��

VDPSOLQJ��HQWLW\�GHWHFWLRQ��DQG�FODVVLILFDWLRQ��,Q�&KDSWHU����ZH�GLVFXVV�ERWK�VSDFH�DQG�GXUDWLRQ�

PDQDJHPHQW�IRFXVLQJ�RQ�KRZ�WR�DSSO\�ELQ�SDFNLQJ�WKHRULHV�WR�HVWLPDWH�ERWK�VSDFH�FDSDFLW\�DQG�

WLPH�GXUDWLRQ��,Q�WKLV�FKDSWHU��ZH�SURSRVH�DQG�SURYH�HLJKW�WKHRUHPV�UHODWHG�WR�13�FRPSOHWH�IRU�

ERWK� VSDFH� PDQDJHPHQW� DQG� LQWHJHU� SDFNLQJ�� XSSHU�ORZHU� ERXQGV� RI� VSDFH� FRPSOH[LWLHV��

XSSHU�ORZHU�ERXQGV� IRU� VRUWHG� LQSXW�� DQG�XSSHU�ORZHU�ERXQGV� IRU� DOJRULWKPV�� ,Q� FKDSWHU����ZH�

GLVFXVV�JUDSK�VDPSOLQJ�IRFXVLQJ�RQ�KRZ�WR�XVH�.URQHFNHU�GRXEOH�FRYHU�DQG�FXUYDWXUHV�WR�VROYH�

VDPSOLQJ�LVVXHV�LQ�JUDSKV��:H�SURSRVH�DQG�SURYH�WKH�FRPSOH[LWLHV�RI�.URQHFNHU�GRXEOH�FRYHU�IRU�

JUDSK�VDPSOLQJ��,Q�FKDSWHU����ZH�GLVFXVV�KRZ�WR�FRPELQH�GRPDLQ�VSHFLILF�IHDWXUHV�WR�&RQGLWLRQDO�

5DQGRP� )LHOGV� �&5)�� PRGHO� IRU� HQWLW\� GHWHFWLRQ� RQ� JUDSKV��:H� VXPPDUL]H� ULFK� IHDWXUHV� LQ�

OLQJXLVWLF�� VHPDQWLF�� GRPDLQ� VSHFLILF� SHUVSHFWLYHV�� ,Q� FKDSWHU� ��� ZH� GLVFXVV� KRZ� WR� FRPELQH�

GRPDLQ�NQRZOHGJH�ZLWK�GHHS�OHDUQLQJ�DUFKLWHFWXUH��%DVHG�RQ�DWWHQWLRQ�PHFKDQLVP��ZH�SURSRVH�WR�

XVH�GRPDLQ�NQRZOHGJH�WR�LQIOXHQFH�0DUNRY�OLNH�XSGDWHV�VR�WKDW�WKH�GRPDLQ�VSHFLILF�HQWLWLHV�FDQ�

EH�SURPRWHG� 
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Chapter 2:  Background 
 
�����*38�DQG�3DUDOOHO�$OJRULWKPV 

Parallelism modifies the computing processing and boosts computing performance through 

improving the infrastructure from single thread to multiple threads. Although the basic process of 

a computing task stays the same, but, data partition, data synchronization and the integration of 

the computing results must be under consideration. GPU provides a massive amount of parallelism 

with the potential to outperform CPU. Especially, in graph processing, the individual vertex in 

graph matrix can be mapped to each one of the processing units in GPU grid, which provides a 

full utilization of the infrastructure, simplifies the data model and makes it possible to improve the 

computing performance in an order of magnitude. There are several classical parallel algorithms, 

such as prefix sum, sorting, and filter. These algorithms efficiently model the parallelism in high 

performance computing. 

Figure 2.1 below shows the highlights of comparisons between Central Processing Unit 

(CPU) versus Graphics Processing Unit (GPU). Note that a CPU has a low compute density, and 

a GPU has a high compute�GHQVLW\��$�&38�KDV�D�ORZ�ODWHQF\� WROHUDQFH��DQG�D�*38�KDV�D�KLJK�

ODWHQF\�WROHUDQFH��ZKHUH�ODWHQF\�UHIHUV�WR�D�PHDVXUH�RI�WKH�WLPH�GHOD\�UHTXLUHG�IRU�LQIRUPDWLRQ�WR�

WUDYHO�DFURVV�D�QHWZRUN��$�&38�KDV�VKDOORZ�SLSHOLQHV�FRPSDUHG�WR�D�*38�ZLWK�KLJK�WKURXJKSXW� 

GPU has a large amount of device and on-chip memory as well which avoid the memory 

stall issue often happening on CPU. GPU algorithms are a counterpart of CPU algorithms. If we 

can hide memory latency and solve read/write conflicts on GPU, we can convert CPU algorithm 

to GPU algorithm with a few changes. Memory latency problem can be solved through pipelining.  



 � 

 

)LJXUH������&RPSDULVRQ�RI�&38�YV��*38��>���@�3XEOLF�'RPDLQ� 

 

We use Nested-loop join as an example to show how to convert a loop into a parallel 

algorithm through an additional data structure ± a histogram [106]. Nested-loop join is central of 

many database operations which can be done in two steps: sort and merge. As shown in Figure 2.2, 

during data sorting, data is hashed into histogram and then distribute data from histogram to output 

memory. Each thread group maintains a histogram and the histogram stores the counts of each 

value hashed into the histogram. In histogram, data are sorted because it is organized through radix 

hash. Since histogram also stores the group index of the data, we can scatter data into new memory 

locations by reading the new memory location of the data in the histogram and then data is sorted. 

The strength of this idea is that, by adding a histogram to each through group, data sorting can be 

done in parallel. The weakness of this algorithm is more space cost.  

 

 



 � 

)LJXUH������6FDWWHU�DQG�*DWKHU�3URFHVV�LQ�3DUDOOHO�6RUWLQJ 

 

Graph processing can also be accelerated through parallel mechanism. We use graph 

splitting as an example to show how graph processing can be sped up through parallelism. Graph 

analytics naturally allows more complicated reasoning by exploring many-to-many relationships 

so that the workload we need to balance is the degree of each node. After graph splitting, the degree 

of each node will be less than a threshold, which means the workload on each node is reduced and 

balanced as well. During parallel processing, processor will assign threads to each one of the nodes 

and conduct computation simultaneously. 
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Degree distribution of the graph follows power law that a small subset of nodes own the 

majority of neighbors. The high irregularity of the degree distribution makes partitions imbalanced 

and slow down parallel performance. Uniform-Degree-Tree (UDT) Transformation was proposed 

and used in Tigr [210]. Tigr changes the topology of the graph without partitioning. It can 

transform irregular graph into regular ones with provable correctness, efficiency and effectiveness. 

Graph regulation was performed on an extra virtual layer instead of the physical layer, which was 

handled by GPU parallel computing and returned results to the host machine. By combining virtual 

layer and physical layer together, the entire graph was regulated.  

 

)LJXUH������8'7�7UDQVIRUPDWLRQ�3URFHVV� 

 

Figure 2.3 shows the UDT transformation process. Given a vertex v with degree d greater 

than the threshold K, we apply UDT iteratively until the degree of vertex v is less than the threshold 
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K. It ends up with we have more vertices in a graph, but the number of outgoing edges of each 

vertex is reduced to no more than 2. When parallel processing is applied, each thread can take care 

of one vertex, all of the vertices can be processed simultaneously, and the computing cost is O(E) 

which is equal to 2, instead of 5, in this example. 

�����3DUDOOHO�2SWLPL]DWLRQ� 

Classical graph processing algorithms can be parallelized, such as BFS [22], SSSP 

[54][175], betweenness centrality [35]. Synchronous parallel model was discussed in [243]. Par-

allel graph processing algorithms are compared in [253]. Based on graph data structure, parallel 

graph processing can be done through push and pull based schemes [Betta, M. et.al. 2017], input-

guided graph traversals [188][273][274]. A distributed graph programming system library were 

implemented in Boost Graph Library [223]. Vertex centric parallel algorithms can be done through 

different partitioning between high degree and low degree vertices [44] and are implemented in 

several graph processing frameworks, such as Pregal [169], Apache Graph [13], GraphLab [161], 

Power Graph [88]. Graph processing framework can be either on single PC, such as GraphChi 

[140], GraphQ [252][253], or on parallel machines through memory sharing, such as Ligra [222], 

Galois [202], Charm++ [116], STAPL [103]�>���@. 

�����*38�2SWLPL]DWLRQ 

GPU has several bottlenecks, such as data transfer, kernel invocations and memory 

latencies [264]. Optimize memory access efficiency on GPU was discussed in [271]. Load 

balancing can be done through local balance [183][184], a queue-based task balancing in irregular 

graph [240], decomposition of imbalanced load [146][266], and irregular graph processing 

[183][184]. GPU warp optimization can be done also through virtual warps [25] and the trade-off  

 



 � 

between path divergence and accuracy of result by forcing all the warp lanes to follow the majority 

[213]. 

�����3DUDOOHO�-RLQ�2SHUDWLRQ� 

Maximal pipelined parallelism normally cannot lead to the superior performance. 

Segmented bushy processing strategy combines pipelined parallelism with alternate forms of 

parallelism to achieve an overall effective processing strategy in complex multi-join queries on 

shared-nothing parallel system, in which the pipelined segment can be attached to the query tree, 

not only at the first join operation but also in the middle of the join operation [156]. Partition tuning 

for data skews through three new parallel hash join algorithms [117]: tuple interleaving parallel 

hash join (TIJ), adaptive load balancing parallel hash (ABJ), extended adaptive load balancing 

parallel hash join ( ABJ+). The three algorithms use best fit decreasing strategy to tune the load of 

each partition. TIJ and ABJ+ are good skew avoidance technique, which are robust against skewed 

data, and ABJ is also a good skew resolution as well. Machine-specific communication primitive 

to develop parallel join algorithms on SIMD connection machines [15]. Database operations, such 

as Multi-threaded hash join in shared memory system [162] are tested to explore the implication 

that the larger on chip multithreading can have for parallelism in database operations. The 

conclusion is that the most important feature of using multi-threading is the cost of high latency 

memory operations are hidden through multithreading [50]. Database join operation algorithm 

with GPU can be done through scatter-gather mechanism and a hash table in the form of histogram 

[106]. 

�����3DUDOOHO�4XHU\�2SHUDWLRQV 

Spatial database operations are done in two steps: Filter step and refinement step. 

Refinement step requires heavy computation which can be improved through GPU accelerated 
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parallel mechanisms, especially in rendering and search capabilities for spatial selection and join 

operations [233], bitonic sort [91], fast quantile frequency estimation [90]. Multi-pass scheme can 

be used to improve the scatter and gather operations on the GPU [106]. Similarity join algorithm 

- LSS [155], uses simple GPU operations, such as sorting and search, to implement parallel 

similarity join in two steps: one is to create space filling curves on one of its input data sets through 

sorting, the other is to process each point of the other data set in parallel to search an interval of 

one of the space filling curves which contain all the pairs the point participates. 

�����*UDSK�3URFHVVLQJ�ZLWK�*38 

Graph Models are useful in identify influencers in social networks [179], spotting frauds 

in band transactions [211], optimizing supply chain distribution [249], developing recommenda-

tions [61], and effective medical treatments [37]. 

Graph processing can be optimized through the utilization of GPU based on coalesced 

accesses [132], the maximization of warp [113], and compiler-level optimization [192]. The 

connectedness of the graph makes it easy to utilize GPU in processing [94][226]. Graph processing 

algorithms can also be accelerated through GPU, such as BFS [174][164], SSSP [57][ 172], 

betweenness centrality [123][172][212], vertex degree reduction [210] and graph reduction 

[217][100]. Muti-GPU graph processing have several implementations, such as TOTEM [81], 

Medusa [275], METIS [131], CPU-GPU methods [82][112]. GPU graph processing framework is 

also implemented in [102]. 

�����*UDSK�6WRUH��7DVN�6FKHGXOLQJ�DQG�3DUDOOHO�3ODQQLQJ 

'DWD� VWUHDP� LV� D� VHTXHQFH� RI� XQERXQGHG� GDWD� ZKLFK� QHHG� WR� EH� FDSWXUHG�� VWRUHG� DQG�

SURFHVVHG�[182] [171]��1RUPDOO\��ZH�FDSWXUH�D�VQDSVKRW�RI�WKH�VWUHDP�LQVWHDG�RI�WKH�HQWLUH�VWUHDP��

,I�WKH�VL]H�RI�WKH�WLPH�ZLQGRZ�IRU�HDFK�VQDSVKRW�LV�ELJJHU�WKDQ�WKH�WLPH�FRVW�RI�SURFHVVLQJ�GDWD�



 �� 

SOXV� WKH�WLPH�FRVW�RI�UHDG�DQG�ZULWH�� LW� LV�IHDVLEOH� WR�FRQWLQXRXVO\�FRQGXFW�DQDO\VLV� WKURXJK�WKH�

HQWLUH�GDWD�VWUHDP��+RZHYHU��D�PHPRU\�DQG�D�SDUDOOHO�SODQ�PXVW�EH�PDGH�ILUVW� 

 

(OHPHQWV 

$UULYDO�7LPH 

7LPH�6WDPS 

 

)LJXUH������&LUFXODU�4XHXH�'DWD�6WUXFWXUH�IRU�6OLGLQJ�:LQGRZ 

 

6WUHDPLQJ�GDWD�ZLQGRZ�LV�D�VQDSVKRW�RI�WKH�GDWD�VWUHDP��7KH�GDWD�ZLQGRZ�PRYHV�DORQJ�WKH�

GDWD�VWUHDP�RQH�VOLFH�HYHU\�WLPH�LQWHUYDO��6WUHDPLQJ�GDWD�DUH�D�VHTXHQFH�RI�WXSOHV�ZLWK�WLPH�VWDPSV��

� � � � � � � � � « 

�� �� �� �� �� �� �� �� �� « 

� � � � � � � � � « 
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SDUWLDOO\�RUGHUHG�E\� WLPH��7KH�ZLQGRZHG�GDWD�DUH�VWRUHG� ORFDOO\�IRU�RSHUDWLRQDO�SXUSRVH�� ,I�ZH�

VWRUH�WKH�GDWD�LQ�WKH�RUGHU�RI�WLPH�VWDPSV��GDWD�XSGDWHV�FDQ�EH�LPSOHPHQWHG�ZLWKLQ�D�VPDOO�UDQJH�

RI�GDWD�VWRUH��GHOHWH�WKH�RXWGDWHG�GDWD�IURP�WKH�KHDG�RI�WKH�TXHXH�DQG�DGG�QHZ�GDWD�WR�WKH�WDLO�RI�

WKH�TXHXH��7R�KDQGOH�WKLV�SURFHVV�UHSHDWHGO\��ZH�GHILQH�WKH�GDWD�VWUXFWXUH�RI�VOLGLQJ�ZLQGRZ�DV�D�

FLUFXODU�TXHXH��LQ�ZKLFK�GDWD�FDQ�EH�XSGDWHG�DOZD\V�ZLWKLQ�WKH�DUHD�EHWZHHQ�WKH�KHDG�DQG�WDLO�RI�

WKH�TXHXH��,I�WKH�FLUFXODU�TXHXH�KDV�HQRXJK�VWRUDJH��WKH�SURFHVV�FDQ�NHHS�UXQQLQJ�DORQJ�ZLWK�WKH�

PRYHPHQW�RI�WKH�GDWD�VWUHDP��7KH�FKDOOHQJH�LQ�VWUHDPLQJ�ZLQGRZ�LV�WKH�WUDGHRII�EHWZHHQ�WKH�VSDFH�

FDSDFLW\�DQG�WKH�DFFXUDF\�RI�WKH�UHVXOWV��7KH�RSWLPDO�VROXWLRQ�LV�WKDW�ZH�FDQ�GHFUHDVH�WKH�VSDFH�

FRVW�DV�PXFK�DV�ZH�FDQ��EXW�DOVR��LQFUHDVH�WKH�DFFXUDF\�RI�WKH�UHVXOWV�DV�PXFK�DV�SRVVLEOH� 

%LQ�SDFNLQJ� SUREOHP� GHDOV� ZLWK� WKH� OLPLWHG� VSDFH� FDSDFLW\� DQG� XQOLPLWHG� LWHPV�� %LQ�

SDFNLQJ�VROXWLRQ�FDQ�EH�XVHG�WR�SODQ�WKH�VSDFH�DQG�WKH�RWKHU�UHVRXUFHV�LQ�WKH�ILUVW�SODFH�EHFDXVH�LW�

SURYLGHV�D�ZD\�WR�XWLOL]H�WKH�VSDFH�DQG�WR�ORDG�DV�PDQ\�LWHPV�DV�SRVVLEOH��*LYHQ�D�OLVW�,�RI�LWHPV��

DQG�D�OLVW�-�RI�ELQV��DOO�WKH�LWHPV�KDYH�WKH�VDPH�VL]H��DQG�DOO�RI�WKH�ELQV�KDYH�WKH�VDPH�VL]H��:LWKRXW�

VSOLWWLQJ�DQ\�LWHPV��ZH�QHHG�WR�ORDG�DV�PDQ\�LWHPV�LQ�ELQV�DV�SRVVLEOH�DQG�WR�XVH�DV�IHZ�ELQV�DV�

SRVVLEOH��7KLV�SUREOHP�FDQ�EH�PRGHOOHG�DV�WKH�IROORZLQJ 

0LQLPL]H� 6\M�    ����� 

6XEMHFW�WR� 6DL[LM�d�&\M��M���-�  ����� 

  6[LM� ����L���,�   ����� 

  [LM��\M���^����`��L���,��M���-� ����� 

LQ�ZKLFK��WKH�VHW�RI�ER[HV�< �^\M�_�\M���^����`���M� ����«��P`��WKH�VHW�RI�LWHPV�;� �^[L�_�[L���^����`��

L� ����«��Q`��DL�LV�WKH�VL]H�RI�WKH�LWHP�L��7KH�FRQVWUDLQW�������FDQ�HQVXUH�WKDW�WKH�QXPEHU�RI�ER[HV�

QHHGV�WR�EH�PLQLPL]HG��7KH�FRQVWUDLQW�������FDQ�HQVXUH�WKDW�WKH�WRWDO�VL]H�RI�LWHPV�LQ�HDFK�ER[� 
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FDQQRW�H[FHHG�WKH�FDSDFLW\�RI�WKH�ER[��7KH�FRQVWUDLQW�������FDQ�HQVXUH�WKDW�RQH�LWHP�FDQ�RQO\�EH�LQ�

WKH�ER[��:H�GHPRQVWUDWH�WKH�PRGHO�LQ�)LJXUH������DV�VKRZQ�EHORZ� 

 

)LJXUH������%LQ�SDFNLQJ�,WHPV�ZLWK�'LIIHUHQW�6L]HV� 

 

�����3HUIRUPDQFH�5DWLR 

%LQ�SDFNLQJ� SUREOHP� LV� 13�FRPSOHWH� >���@�� :KHQ� D� SUREOHP� FDQQRW� EH� VROYHG� ZLWK�

SRO\QRPLDO�DOJRULWKPV��ZH�XVH�D�QHDU�RSWLPDO�VROXWLRQ�WR�VROYH�LW��7KH�QHDU�RSWLPDO�VROXWLRQ�LV�

FDOOHG� DSSUR[LPDWLRQ� DOJRULWKP�� 7KH� SHUIRUPDQFH� RI� DSSUR[LPDWLRQ� DOJRULWKPV� FDQQRW� EH�

HYDOXDWHG�ZLWK�SRO\QRPLDO�WLPH�FRPSOH[LW\�EHFDXVH�LWV�WLPH�FRPSOH[LW\�LV�QRW�SRO\QRPLDO��:H�XVH�

DSSUR[LPDWLRQ�UDWLR�DV�WKH�SHUIRUPDQFH�UDWLR�RI�WKH�DSSUR[LPDWLRQ�DOJRULWKP�WR�GR�HYDOXDWLRQ�� 

��� ቀ ஼
஼כ
൅ ஼כ

஼
ቁ ൑  ����� �ሺ݊ሻߩ�

LQ�ZKLFK�&�LV�WKH�FRVW�RI�WKH�DSSUR[LPDWH�VROXWLRQ��&
�LV�WKH�FRVW�RI�RSWLPDO�VROXWLRQߩ��ሺ݊ሻ�LV�WKH�

SHUIRUPDQFH� UDWLR� RI� DQ� DSSUR[LPDWH� VROXWLRQ�� LQGLFDWLQJ� WKDW� WKH� DOJRULWKP� KDV� ��ሺ݊ሻߩ

DSSUR[LPDWLRQߩ��ሺ݊ሻ�PXVW�EH�JUHDWHU�WKDQ�RU�HTXDO�WR����$�ODUJH�DSSUR[LPDWLRQ�UDWLR�PHDQV�WKDW�

WKH�DSSUR[LPDWLRQ�VROXWLRQ�LV�PXFK�ZRUVH�WKDQ�WKH�RSWLPDO�VROXWLRQ��:KHQ�LW� LV�KDUG�WR�JHW� WKH�

ZRUVW�FDVH�SHUIRUPDQFH�UDWLR��ZH�XVH�ORZHU�ERXQGV�DQG�XSSHU�ERXQGV��LQVWHDG�RI�SHUIRUPDQFH�UDWLR��

WR�PHDVXUH�WKH�SHUIRUPDQFH�RI�WKH�DOJRULWKPV� 
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)RU�H[DPSOH��ZH�KDYH�1�ELQV�ZLWK�VL]H�%��DQG��1%�LWHPV��1%�VL]H�%���LWHPV�DQG�1%�VL]H�

��LWHPV��,I�ZH�XVH�1H[W�)LW�DOJRULWKP�WR�ORDG�LWHPV�LQWR�ELQV��DQG�LWHPV�FRPH�LQ�WKH�RUGHU�RI�%����

���%�������«��WKH�DSSUR[LPDWH�VROXWLRQ�QHHGV�WR�XVH�1%�ELQV�DQG�WKH�RSWLPDO�VROXWLRQ�QHHGV�WR�XVH�

�1%�����1��ELQV��DV�VKRZQ�LQ�)LJXUH������7KH�SHUIRUPDQFH�UDWLR�LV 

�ሺܰܤȀሺܰܤȀʹ ൅ ܰሻሻ ൑  ����� ሺ݊ሻߩ�

�ሺʹȀሺͳ ൅ ͳȀܤሻሻ ൑  ����� ሺ݊ሻߩ�

ʹ ൑  �����   ሺ݊ሻߩ�

 

)LJXUH������1H[W�)LW�%LQ�SDFNLQJ�$OJRULWKP�ZLWK�3HUIRUPDQFH�5DWLRߩ� ൌ ʹ 

 

Description of the data distribution is central in data management. Cumulative distribution 

is characterized by the quantile of the data, especially in an online stream fashion [163]. 
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Computational complexity of streaming data requires the estimation of upper bound and lower 

bounds. 7KLV�JLYHV�ULVH�WR�WKH�VWUDWHJ\�RI�ELQ�SDFNLQJ��ZKLFK�FDQ�EH�XVHG�WR�PDQDJH�ERWK�WKH�VSDFH�

DQG� WKH� VFKHGXOH��:LWK� D� ELQ� SDFNLQJ� VWUDWHJ\��ZH� FDQ�PDQDJH� UHVRXUFHV� IRU� D� V\VWHP�ZLWK� RU�

ZLWKRXW�SDUDOOHOLVP��WKH�XSSHU�ERXQGV�DQG�ORZHU�ERXQGV�RI�ERWK�PHPRU\�DQG�WLPH�FRVWV�RI�WKH�MREV�

FDQ�EH�HVWLPDWHG��GDWD�ORDGLQJ�DQG�WDVN�VFKHGXOLQJ�IROORZ�D�SUHGHILQHG�DWRPLF�SURFHVV��DQG�ORDG�

EDODQFLQJ�DQG�ORDG�HIILFLHQF\�DUH�DOVR�XQGHU�FRQVLGHUDWLRQ��Given a list L of n numbers, for every 

positive e, there exists an O(n) time algorithm S such that, S(L) is the number of bins used by L, 

L* is the minimum number of bins needed to pack L, then S(L)/L* < 1+[72] ߝ. � 

�����%LQ�SDFNLQJ�$OJRULWKPV 

�������&ODVVLF�%LQ�SDFNLQJ�$OJRULWKPV 

7R�VROYH�ELQ�SDFNLQJ�SUREOHP��VHYHUDO�DOJRULWKPV�DUH�JHQHUDOO\�XVHG��VXFK�DV�1H[W�)LW��1)���

)LUVW�)LW��))���%HVW�)LW��%)��>���@��7KH�GLIIHUHQFH�DPRQJ�WKHVH�DOJRULWKPV�LV�KRZ�WR�DUUDQJH�WKH�

QH[W�LWHP��1H[W�)LW�DOJRULWKP�NHHSV�WKH�ODVW�ELQ�RSHQ�IRU�SDFNLQJ�DW�DQ\�WLPH��,I�WKH�QH[W�LWHP�FDQ�

ILW�LQWR�WKH�ODVW�ELQ��WKH�SUREOHP�LV�VROYHG��2WKHUZLVH��D�QHZ�ELQ�ZLOO�EH�DGGHG�IRU�WKH�QHZ�LWHP�WR�

XVH�DQG�WKH�LWHP�ZLOO�EH�SXW�LQWR�WKH�QHZ�ELQ��7KH�WLPH�FRPSOH[LW\�RI�1H[W�)LW�DOJRULWKP�LV�2�Q���

EHFDXVH��JLYHQ�Q�LWHPV��ZH�FDQ�GLUHFWO\�SXW�HDFK�LWHP�LQWR�WKH�ODVW�ELQ��QR�RWKHU�RSWLRQV��:KHQ�WKH�

VL]HV�RI�WKH�LWHPV�DUH�UDQGRP��WKHUH�LV�D�ELJ�ZDVWH�RI�VSDFH��)LUVW�)LW�DOJRULWKP�OHDYHV�DOO�SDUWLDO�

ILOOHG�ELQV�RSHQ�IRU�SDFNLQJ��:KHQ�D�QHZ�LWHP�FRPHV��WKH�DOJRULWKP�VHDUFKHV�IURP�WKH�EHJLQQLQJ�

WR� WKH� HQG� WR� ILQG� WKH� ILUVW� ER[� ZKLFK� KDV� HQRXJK� VSDFH� WR� ORDG� WKH� QHZ� LWHP�� 6R�� WKH� WLPH�

FRPSOH[LW\�RI�WKH�DOJRULWKP�LV�DW�OHDVW�2�QORJQ���LQ�FDVH�ELQV�DUH�EXLOW�RQ�D�WUHH�VWUXFWXUH��)LUVW�)LW�

DOJRULWKP�VDFULILFHG�WLPH�FRVW�IRU�D�EHWWHU�VSDFH�FRPSOH[LW\��%HVW�)LW�DOJRULWKP�LV�VLPLODU�WR�)LUVW�

)LW�DOJRULWKP��LQ�ZKLFK�WKH�QHZ�LWHP�ZLOO�EH�ORDGHG�LQWR�DQ�HQRXJK�EXW�OHDVW�VSDFH�RI�WKH�ELQ��7KH� 
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VSDFH�FRPSOH[LW\�RI�EHVW�ILW�DOJRULWKP�LV�EHWWHU�WKDQ�)LUVW�)LW�DOJRULWKP��7KH�WLPH�FRVW�RI�%HVW�)LW� 

DOJRULWKP�LV�DOVR�DW�OHDVW�2�QORJQ���LQ�FDVH��ELQV�DUH�EXLOW�RQ�D�WUHH�VWUXFWXUH�� 

$QRWKHU�PRGLILFDWLRQ�RI�)LUVW�)LW�DOJRULWKP� LV�)LUVW�)LW�'HFUHDVLQJ� �))'��� LQ�ZKLFK� WKH�

LWHPV�DUH�ILUVW�VRUWHG�LQ�GHFUHDVLQJ�RUGHU��DQG�WKHQ�ORDGHG�LQWR�GLIIHUHQW�ELQV�ZLWK�)LUVW�)LW�DOJRULWKP��

6LPLODU�WR�WKLV�DOJRULWKP��%HVW�)LW�'HFUHDVLQJ�DOVR�QHHGV�WR�VRUW�LWHPV�LQ�GHFUHDVLQJ�RUGHU�EHIRUH�

UXQQLQJ�%HVW�)LW�DOJRULWKP�WR�ORDG�LWHPV�LQWR�ELQV��7KH�WLPH�FRPSOH[LW\�DQG�VSDFH�FRPSOH[LW\�RI�

)LUVW�)LW�'HFUHDVLQJ�DQG�%HVW�)LW�'HFUHDVLQJ�DUH�DOPRVW� WKH�VDPH��7KH�SHUIRUPDQFH�RI� WKH� WZR�

DOJRULWKPV�DUH�DOVR�DV�JRRG�DV�)LUVW�)LW�DOJRULWKP�DQG�%HVW�)LW�DOJRULWKPV��,Q�VRPH�VFHQDULRV��WKH�

)LUVW�)LW�'HFUHDVLQJ�DQG�%HVW�)LW�'HFUHDVLQJ��%)'��DUH�EHWWHU�WKDQ�)LUVW�)LW�DQG�%HVW�)LW�� 

'LIIHUHQW�IURP�1)��))��))'��%)��DQG�%)'��6XP�RI�6TXDUHV��66��>��@�XVHV�D�XWLOLW\�IXQFWLRQ�

WR�GHFLGH�KRZ�WR�DUUDQJH�WKH�QH[W�LWHP��7ZR�WHUPV�DUH�LQWURGXFHG�LQ�WKLV�DOJRULWKP��2QH�LV�WKH�OHYHO�

�O��RI�WKH�ELQ��WKH�RWKHU�RQH�LV�WKH�XWLOLW\�IXQFWLRQ��1�O���7KH�OHYHO�RI�WKH�ELQ�LQGLFDWHV�KRZ�PXFK�

WKH�ELQ�KDV�EHHQ�ILOOHG�XS��)RU�H[DPSOH��LI�WKH�WRWDO�VL]H�RI�WKH�LWHPV�LQ�D�ELQ�LV����WKH�OHYHO�RI�WKH�

ELQ�O�LV����7KH�XWLOLW\�IXQFWLRQ�1�O��LQGLFDWHV�KRZ�PDQ\�ELQV�KDYH�OHYHO�O��*LYHQ�D�QHZ�LWHP��ZH�SXW�

WKH� LWHP� LQWR� HYHU\� ELQ� ZKLFK� KDV� HQRXJK� VSDFH� IRU� KROG� LW� DQG� WKHQ� FDOFXODWH� WKH� UHVXOWV� RI�

σ ܰ௜ୀଵǥ஻
��OL���:KLFKHYHU� VROXWLRQ�FDQ�JHQHUDWH� WKH� ODUJHVW� UHVXOW�ZLOO�EH� ILQDO� VROXWLRQ�DQG� WKH�

DUUDQJHPHQW�RI�WKH�VROXWLRQ�LV�WKH�ILQDO�DUUDQJHPHQW�RI�WKH�QHZ�LWHP��7KH�WLPH�FRPSOH[LW\�RI�6XP�

RI�6TXDUHV�DOJRULWKP�LV�2�Q%���7KH�SHUIRUPDQFH�RI�6XP�RI�6TXDUHV�LV�QRW�PXFK�EHWWHU�WKDQ�1H[W�

)LW��)LUVW�)LW��%HVW�)LW��)LUVW�)LW�'HFUHDVH��%HVW�)LW�'HFUHDVH��EXW��LQ�HDFK�LWHUDWLRQ��WKH�WRWDO�VL]HV�RI�

WKH�LWHPV�LQ�HDFK�ELQ�DUH�GLVWULEXWHG�HYHQO\�� 

�������2II�OLQH�%LQ�SDFNLQJ 

 There are three classical bin packing problems: multiprocessor scheduling, bin packing, 

and the knapsack problem. Surveys [48] [51] reviewed approximation algorithms for bin packing 
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and the results, which includes online bin packing, offline bin packing, variations on size and item 

packed, and packing with additional constraints. One dimensional bin packing solution was 

discussed in [130].  

Vector scheduling and vector bin packing are related to integer programming, which is to 

pack a maximum number of vectors in a single bin of unit height [42]. Low-order polynomial time 

algorithms for near-optimal solutions to the problem of bin packing, with linear time approxima-

tion to these packing rules have better worst case behavior than FIRST FIT under large variety of 

restrictions on the input [ 112]. The absolute approximation ratio for first fit bin packing is exactly 

1.7, and also matching lower bounds for a majority of values of OPT for any values of OPT [62]. 

In [108], bin packing problem can be solved with O(logOPT) bins. 

The methodology for stock cutting, has been extended and adopted to the specific fully 

scale paper trim problem. In [84], a new and faster knapsack solution was provided with method-

ology, experiments, formulation changes for multiple cutting knives available, n balancing of mul-

tiple machine usage and m introduction of a rational objective function. Experimental study of 

Gilmore-Gomory cutting-stock heuristic and related LP-based approaches to bin packing was pre-

sented in [10]. By using dynamic programming to solve the unbounded knapsack problems that 

arise in this approach, the average running time can be O(m4) and feasible for m in excess of 1,000. 

In case d=2, the existence of an asymptotic polynomial time approximation scheme is P=NP [259]. 

2-dimensional bin packing can have tight approximate (1.5+ߝ�), instead of 2. The result also be 

rounded by exploiting various structural properties of optimal packings and using multi-objective 

multi-budget matching techniques and expanding the round and approximation framework to go 

beyond rounding based algorithms [18], a multiplicity scheduling, and d-dimensional bin packing 
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algorithm with constant d number of types [86], d-dimensional vector bin packing with lower 

bound 1+ߝ-approximation and run time (1/ߝ�)O(dloglogd) [18]. 

�������2QOLQH�%LQ�SDFNLQJ 

 Efficient energy consumption can be estimated in real time through resource sharing 

through workload consolidation. After spreading workload to a small set of machines, all the work 

can be done in a short period of time and uses as few machines as possible.  

Ja�ғnos Balogh, et al., revisited the online bin packing problem in [17] and, based on weight 

function, provided analysis to illustrate online algorithms for the online bin packing problem. 

Online placement of tasks can be done in real time but cannot arrange the tasks properly because 

it cannot predict which task might come next. Therefore, the consolidation of online placement 

has a poor performance in terms of wastage of resources, throughout, and consumption of electric-

ity. Offline placement can optimize the solution but scarify the solving time and space. Semi-

online framework is the trade-off between online and offline approaches in resource utilization 

and the overall run time duration.  

The constraints on bin packing is in both the bin capacity and the number of bins. The 

solution of generalized bin packing problem to vector-capacity bin packing with or without 

precedence constraints was provided in [77]. Due to the online nature of the assignment, we only 

consider information available up to time i and the total duration in which the items can lock the 

resources on its host bin. Based on the basic constraints, a First Merged Fit (FMF) [12] was 

proposed to allow each task to be associated with either another task or a machine. Tasks can be 

arranged together before assigned to a machine. When the tasks are assigned to machines, the order 

of the tasks are already optimized to ensure the minimization of the duration for all available tasks. 

In each iteration, the order of the machines prioritizes the longest remaining run time, and merging 
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happens between the best ranked bin and the next compatible bin in the list. The performance of 

online bin packing was improved to O(d1-e) and upper bound can be B [15], the performance ratio 

less than 1.692 in Harmonic [145], lower bound equal to 1.54037 for one dimensional online bin 

packing for their asymptotic worst-case behavior [17] 

�������9HFWRU�%LQ�SDFNLQJ 

 9HFWRU�ELQ�SDFNLQJ�LV�DVVRFLDWHG�ZLWK�VSDFH�PDQDJHPHQW��UHVRXUFH�VFKHGXOLQJ�DQG�RWKHU�

UHVRXUFH�VKDULQJ��$OWKRXJK�WKHVH�UHVRXUFHV�DUH�LQGHSHQGHQW�RI�HDFK�RWKHU��WKH�RSWLPDO�VROXWLRQ�LV�

WKH�QXPEHU�RI�ELQV�FDQ�EH�PLQLPL]HG�DQG�WKH�XWLOL]DWLRQ�RI�DOO�WKH�UHVRXUFHV�LQ�HDFK�ELQ�FDQ�EH�

PD[LPL]HG��$V�VKRZQ�LQ�)LJXUH������ZH�XVH�WKH�VSDFH�DQG�GXUDWLRQ�RSWLPL]DWLRQ�SUREOHP�DV�DQ�

H[DPSOH� WR�GHPRQVWUDWH�YHFWRU�ELQ�SDFNLQJ�SUREOHP��*LYHQ�PD[LPXP�GXUDWLRQ�DQG�PD[LPXP�

VSDFH� LQ� HDFK�ELQ��ZH�ZDQW� WR�PD[LPL]H� WKH� WRWDO�GXUDWLRQ�DQG� WKH� WRWDO� VSDFH� VR� WKDW� WKH�DUHD�

EHWZHHQ�WKH�WRWDO�GXUDWLRQ�DQG�WKH�WRWDO�VSDFH�FDQ�EH�PD[LPL]HG� 

 

)LJXUH������6SDFH�DQG�'XUDWLRQ�2SWLPL]DWLRQ�%LQ�SDFNLQJ 

 

7KH� GLIIHUHQFH� EHWZHHQ� YHFWRU� ELQ� SDFNLQJ� DQG� PXOWL�GLPHQVLRQDO� ELQ� SDFNLQJ� LV� WKH�

RYHUODS��)RU�YHFWRU�ELQ�SDFNLQJ��WKHUH�LV�QR�RYHUODS�LQ�DQ\�GLPHQVLRQ��)RU�PXOWL�GLPHQVLRQDO�ELQ�

SDFNLQJ��LQ�D�SDUWLFXODU�GLPHQVLRQ��WKHUH�LV�QR�RYHUODS�IRU�LWV�FRUUHVSRQGLQJ�YDULDEOH��EXW�RYHUODSV�

DUH�DOORZHG�IRU�RWKHU�YDULDEOHV��DV�VKRZQ�LQ�)LJXUH������ 

            

 

'XUDWLRQ 6SDFH�&DSDFLW\ 
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)LJXUH��������'LPHQVLRQDO�%LQ�SDFNLQJ 

 

Online streaming vector bin packing can be based on approximation of the number of bins. 

When we determine the number of bins, we can estimate based on the big items only and expand 

it based on the approximation ratio [53]. Round Approximation solution [18] was proposed to 

solve d-dimensional and d-dimensional vector bin packing both with and without rotations. If the 

boundaries are estimated properly, the estimate can result in a tighter integrality gap for linear 

programming relaxation. Multi-objective/Multi-budget matching before applying rounding and 

approximation framework [18] fixed a limitation of rounding and approximation algorithm, which 

is a solution with better than d-approximation. Vector scheduling is a natural generalization of 

makespan. The upper and lower bounds of vector scheduling is a double exponential dependency 

on d [19]. 

In [120], the online complexity of the vector scheduling was solved that, for identical 

machines, the optimal competitive ratio is O(log(d)/log(logd)) as lower bound through an online 

coloring game and randomized coding scheme, for unrelated machines, the optimal competitive 

ratio is O(log(m)+log(d)).  
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In [73], for non-preemptive scheduling of jobs with known processing times on m identical 

machines, when m goes to infinity, its competitive ratio is 1+ ටଵା௟௡ଶ
ଶ

< 1.9201. For vector bin 

packing, the competitive ratio is (1/B)d [15]. For d-dimensional vector bin packing, the lower 

bound is 1+ߝ -approximation and run time ሺଵ
ఌ
ሻO(d*log(log(d))) [19]. For a Full Polynomial-Time 

Approximation Scheme (FPTAS) of ሺଵ
ఌ
ሻை൫௠ሺభష഑ሻ൯ା௡ೀሺభሻ   has running time O(n)+ (ଵ

ఌ
)O(m). If FPTAS 

of ሺଵ
ఌ
ሻை൫௠ሺభష഑ሻ൯ା௡ೀሺభሻ  has running time ʹ୓ሺ

భ
ഄమ
�ሺభഄሻכ

యሻ�  is optimal and prove dynamic programming 

algorithm with running time 2O(n) is the best possible [43]. 

������6DPSOLQJ 

Bin-packing problem can be solved through sampling. In [20], a weighted uniform 

sampling was provided with time cost O(݊ଶ*poly(1/ߝ))+g(1/ߝ) time and O(blogs * loglogn/(σܽ௜ 

+ ଵ
ఌ

௢ሺభഄሻ ) in [24]. Moser-Tardos framework was generalized in [104] to partial resampling in graph 

traversals for packet routing algorithm. 

The upper bound and lower bound of the bin packing solution are the significant factors 

we care about, instead of the number of bins and the capacity of each bin, when design the strategy. 

Bin-packing problems are to minimize the number of bins used and to maximize the space capacity 

of each bin.  Although both the number of bins and the space capacity of each bin need to be 

optimized, the number of bins can be calculated based on the total space capacity required and the 

bin space capacity we choose. In terms of space packing, given the total space cost of the sample 

set, space capacity of each bin and the number of bins can be determined by each other. For parallel 

scheduling, we normally map the number of bins to the number of processors and map the total 

space capacity to the size of the assigned memory space. For streaming data processing, the task 

must be done before next window slot coming, which sets an upper bound to the total time costs. 
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In other words, space management and scheduling are highly restricted by both the infrastructure 

and the operations. In practice, although we need to estimate the total number of bins and total 

space capacity for each task, the priority is to design a strategy which can waste less space and 

balance time costs in different bins. 

������7ULDQJOH�&RPSXWDWLRQV�DQG�6XEJUDSK�)LQGLQJ 

Graphs are increasingly used to study interactions in a variety of context. Triangle is the 

smallest unit of a community. There is a growing need for graph analysis to profile behaviors of 

the population, the online community, the transportation, the business and the consumers. Among 

various metrics of interests, the triangle computation provides structural information about the 

network being studied.5.4.1 

��������7ULDQJOH�&RXQWLQJ 

 ,Q� QHWZRUN�PRGHOLQJ�� D� WULDQJOH� UHSUHVHQWV� D� FRPPXQLW\� DQG� DOVR� ELJ� FRPPXQLWLHV� DUH�

IRUPHG� WKURXJK� WULDQJOH�FRPELQDWLRQ��7ULDQJOH�FRPSXWDWLRQ�� VXFK�DV� WULDQJOH�FRXQWLQJ�� WULDQJOH�

OLVWLQJ�� WULDQJOH�ILQGLQJ�� LV�FHQWUDO� LQ�FRPSOH[�QHWZRUN�DQDO\VLV��)RU�H[DPSOH�� LW�FDQ�EH�XVHG� WR�

FRPSXWH�QHLJKERUKRRG�GHQVLW\�ZKLFK�LV�WKH�QXPEHU�RI�WKH�WULDQJOHV�RYHU�WKH�QXPEHU�RI�ZHGJHV��

FOXVWHULQJ�FRHIILFLHQW�ZKLFK�LV�WKH�DYHUDJH�RI�QHLJKERUKRRG�GHQVLW\��DQG�WUDQVLWLYLW\�ZKLFK�LV�WKH�

WRWDO�QXPEHU�RI�WULDQJOHV�LQ�D�JUDSK�RYHU�WKH�WRWDO�QXPEHU�RI�ZHGJHV�LQ�D�JUDSK�  

The mathematical model of a graph is an adjacent matrix so that triangle computation prob-

lems are solved through matrix multiplication. For example, given matrix A, as shown in Figure 

2.9, the number of neighbors of each vertex v is equal to the value of vii in A*A, and the number 

of triangles of each vertex v is equal to the value of vii in A*A*A. When the number of vertices 

and the number of edges increase, this computation can go exponential.  
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Figure 2.9. Triangle Counting in an Undirected Graph. 

 

In theory, matrix multiplication solution can be expanded to solve subgraphs which consist 

of 4-vertex, 5-vertex patterns, and n-vertex patterns. However, with the increase of the number of 

vertices in a subgraph pattern, the cost of matrix multiplication makes it possible to compute so 

that matrix multiplication is not a feasible solution. This problem can be solved through parallel 

computing, direct pattern matching and heuristic learning. 

Other than matrix multiplication that is a straightforward solution for triangle counting, the 

triangle counting algorithms can be based on graph traversal with O(|V|2) time complexity, as listed 

in Figure 2.10. In Figure 2.10(b), we pick two vertices v, and w, in which the degree of v is less 

than the degree of w and also R(v) is less than R(w) as well. In Figure 2.10(a), on line 1, vertices 

are sorted by degrees, and the list of result is stored in array R. On line 2-4, the intersections  
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between the neighbors of vertex v and the neighbors of vertex w are counted, and the result is 

stored in array C. 

 

 

Figure 2.10. Triangle Counting Algorithm 

 

Triangle computation is useful in network analysis [29][116]. Triangle computation can be 

used for social network small community detection [185], thematic structure of the network [65], 

spam and fraud detection [23][39], link classification and recommendation [237], join three rela-

tionships in database [186], data query optimization [21]. 

Triangle computation can be done in memory [49][116][134][140][173][191] or in distrib-

uted system [11][88][193][194][256]. 

Several triangle computation algorithms were compared in [260], a simple classification 

scheme is designed to analyze the strengths and weakness of several existing algorithms in motifs 

detection. Local topology structure of the network is central in network problems. In [207], graph-

let frequency distribution (GFD) was used as an analysis tool for understanding the variance of 

local topological structure in a network and also developed an algorithm - GRAFT - to approximate 

Algorithm Triangle Counting 
Procedure Triangle-Counting(G(V,E)) 

1. Compute an array R to store a selected list of 
neighbors for each vertex v, such that if R[v] < 
R[w], then d(v) < d(w) 

2. For w in R[v] 
3.         I= intersect(R[v], R[w]) 
4.         C[v,w] = |I| 
5. Total Number of Triangles = sum(C) 
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the Graphlet frequency for all graphlets that have up to five vertices. Also, the NP-Hard list-col-

ored graph motif problem was studied in [31], with fixed-parameters (|M| and |S|) algorithms in 

the context of querying protein-protein interaction networks.  

Vertex sampling can efficiently improve triangle computation. In [2], the proposed Graph-

let counting algorithms count a few graphlets and with these counts along with the combinatorial 

arguments, we obtain the exact counts of others. GUISE [32] uses Markov chain Monte Carlo 

sampling method to construct the approximate of a large network for Graphlet frequency counting. 

In [122], based on 3-path sampling and a special pruning scheme to decrease the variance in esti-

mates.  In [218], a new sampling-based methods for counting the number of triangles or the num-

ber of triangles with vertices of specified degree in an undirected graph and for counting the num-

ber of each type of directed triangle in a directed graph. The number of samples depends only on 

the desired relative accuracy and not on the size of the graph. DOULION [237] is a new triangle 

counting algorithm: 1. Reweighs an edge with 1/p survive and 1-1/p delete, 2. Count each triangle 

as the product of the weights of the edges comprising the triangle. In [110], a new combinatorial 

method for counting graphlets and orbit signatures of network nodes builds a system of equations 

that connect counts of orbits from graphlets with up to five nodes, which allows to compute all 

orbits from graphlets with up to five nodes and allows to compute all orbit counts by enumerating 

just a single one.  

Based on approximation, a randomized algorithm [238] is introduced to approximately 

count the number of triangles in graph G: keep each edge independently with probability p, enu-

merate the triangles in the sparse JUDSK�*¶�DQG�UHWXUQ�WKH�QXPEHU�RI�WULDQJOHV�IRXQG�LQ�*¶�PXOWL�

plied by P-3. A new fast approximation algorithm for the weighted clustering coefficient [215] also 



 �� 

gives very efficient approximation for the clustering coefficient with O(1) time complexity and for 

the transitivity with O(n) time complexity. 

Some other ideas are also given to accelerate triangle computation, such as MapReduce, 

combinatorial algorithm and distributed message passing. Large graph problems can be solved 

through the power of the cloud if graph operations can be decomposed into MapReduce steps [52]. 

In [234], a new distributed triangle counting algorithm allows for a smooth tradeoff between the 

memory available on each individual machine and the total memory available to the algorithm and 

can be adapted to MapReduce setting. Edge searching of a graph was given in [47], which is useful 

to the various subgraph listing problems, can help create four new algorithms: triangle listing al-

gorithm with O(a(G)m) time, quadrangles finding in O(a(G)m) time, complete subgraph listing in 

O(pow(la(G), l-2)*m) time, cliques listing in O(a(G)m) time. The theory behind the new distrib-

uted 3-profile counting algorithm is that sparse graphs can be used to approximate the full 3-profile 

counts for a given large graph [67]. Edge pivoting allows us to collect 2-hop information without 

maintaining an explicit 2-hop neighborhood list at each vertex. This enables the computation of 

all the local 3-profiles in parallel with minimal communication. Meanwhile, a novel distributed 

algorithm was given in [68], for counting all four-node induced subgraph in a big graph. This 

algorithm is a local, distributed message-passing scheme on the graph and computes all the local 

4-profiles in parallel. We proved the theory that local 4-profiles can be calculated using com-

pressed two-hop information, and also establish novel concentration results that show that graphs 

can be substantially sparsified and still retain good approximation quality for the global 4-profile. 

A generalization of fastest 5-node graphlet counting algorithm was given in [109]. The algorithm 

requires the existence of a vertex with certain properties which exists for graph lets of arbitrary 

size, except for complete graphs and a cycle with four nodes which are treated separately. In [110], 
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a combinatorial method for counting graphlets and orbit signatures of network nodes builds a sys-

tem of equations that connect counts of orbits from graphlets with up to five nodes, which allows 

to compute all orbits from graphlets with up to five nodes and allows to compute all orbit counts 

by enumerating just one. 

��������6XEJUDSK�)LQGLQJ 

Subgraph computation has many applications. In [38], opinions and behaviors are more 

homogeneous within than between social groups. Structural holes exist between organizations. 

Brokerage can help span connections across the structural holes between different groups. The 

between-group brokers express ideas which are never dismissed and are evaluated as valuable so 

that brokerage becomes the social capital, which can be identified through subgraph computation. 

Triadic configurations are the basis for theoretical claims and substantive outcomes. By 

considering constraints that lower order graph features place on the triad census, triad censuses 

from 159 social networks of diverse species and social relations are largely explained by their 

lower order graph features through formal constraints that force triads to occur in narrow range of 

configuration. Within these constraints, a majority of networks exhibit significant triadic 

patterning by departing from expectation [71]. The definition of social capital emphasizes the role 

of social control, in family support, and in benefits mediated by extra familial networks. Several 

examples were given to review four consequences. We also describe the conceptual stretch of this  

concept from individual asset to a feature of the communities and even nations, and also examine 

its limitations, the potential to lead to its heuristic value [203].  

Simple models of networks can be tuned through this middle ground: regular networks 

rewired to introduce increasing amounts of disorder. We find that these systems can be highly 

clustered, like regular lattices, yet have small characteristic path lengths, like random graphs, 
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which can be called small world network, by analogy with the small-world phenomenon, (popu-

larly known as six degrees of separation). Models of dynamical systems with small-world coupling 

display enhanced signal-propagation speed, computational power, and synchronizability. Also, in-

fectious diseases spread more easily in small-world networks than in regular lattices [257]. Drawn 

on the theory of graph homomorphisms to formulate and analyze the representation of domain-

independent coordinate system for a collection of graphs from social network, based on the sub-

graph frequencies, the subgraph frequencies are governed by combinatorial properties as well as 

empirical properties. The coordinate system examined can be used to classify the structures of 

different types of social graphs [241]. Standardized measurements in [111] are developed to model 

the structure in interpersonal relations. A theorem is presented which yields expectations and var-

iance for measurements based on triads. 

Although the degree distributions of the scale-free network are all similar, the key 

topological features of such networks depend heavily on the specific model and the seed graph 

used. For example, if starting with the right seed graph, the duplicated model can capture many 

topological features of publicly available protein-protein interaction networks [114]. Protein-

protein interaction network use newly introduced measurements of local network structure as well 

as standardly used measurements of global network structure. Four different Networks models 

were built, such as Erdos-Renyi, scale-free and geometric random network models. Scale-free 

model of PPI network fails to fit the data in several respects and a random geometric model 

provides a much more accurate model of the PPI data. We hypothesize that only the noise in these 

networks is scale-free [205]. To uncover the structural design principles, network motifs are 

defined as patterns of interconnections occurring in complex networks, such as biochemistry, 

neurobiology, ecology, and engineering. In comparison of motifs in different networks, we can 
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draw the conclusion that motifs may be used to define universal classes of networks [178]. 

Community structure plays a significant role in the analysis of social networks and similar graphs. 

We hypothesize that any graph with a heavy tailed degree distribution and community structure 

must contain a scale free collection of dense Erdos-Renyi (ER) subgraphs. A block two-level ER 

model was proposed and demonstrate that it accurately captures the observable properties of many 

real-world social networks [218]. 

6XEJUDSK� FRPSXWDWLRQ� QHHGV� WR� EH� FRQGXFWHG� RIWHQ�� VXFK� DV� FRXQWLQJ�� HQXPHUDWLRQ��

VXPPDUL]DWLRQ��HVSHFLDOO\� IUHTXHQW� VXEJUDSK� OLVWLQJ��7KH�FKDOOHQJH� LV� VWLOO�GLVN�EDVHG�VROXWLRQV�

ZKLFK�FDQ�SURFHVV�PDVVLYH�JUDSKV�ZLWKRXW�PDLQWDLQLQJ�H[SRQHQWLDO�QXPEHUV�RI�SDUWLDO�UHVXOWV��LQ�

ZKLFK�SDWWHUQ�PDWFKLQJ�LV�WKH�VROXWLRQ�>���@�  

������&RPPXQLW\�'HWHFWLRQ�DQG�&OXVWHULQJ 

Communities are small groups of vertices with common patterns, which means vertices 

within the groups are similar to each other, and vertices between the groups are different. Com-

munity clustering are based on the structure of the edges to group vertices into clusters. The gen-

erally used similarity measurements are PageRank scores which are based on the connection be-

tween pages and indicates the importance of the pages, conductance which indicates how well-

knit the small group is, centrality measurement, such as degree centrality, closeness centrality, 

betweenness centrality, and eigenvalue centrality.  

Before we discuss the methodology of community detection, we can keep in mind some 

interesting conclusions. After studying and comparing over 100 real world networks [151], these 

conclusions are generally accepted that large networks have very different structure, tight commu-

nities barely connected to the rest of the network, large networks gradually merge into the core of 

the network and becomes densified, and the growth of the network through forest fire burning 
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process can produce a community profile, and the size of the community can affect the quality of 

the community [152] so that size-resolved version of the optimization can be considered as a so-

lution, rather than changing the objectives. Size-resolved community structures are useful with 

these assumptions [121]: (1) the best small groups of nodes can be better than the best large groups, 

(2) the best small groups of nodes can have a quality that is comparable to the best medium-sized 

and large groups, and (3) the best small group of nodes can be worse than the best large groups. 

��������3DJH5DQN� 

 3DJHV�SOD\�LPSRUWDQW�UROHV�LQ�WKH�QHWZRUN��7KH�PRWLYDWLRQ�RI�3DJH5DQN�>���@�LV�WKDW�SDJHV�

FDQ�EH�ERWK�HQGRUVHUV�DQG�HQGRUVHHV��(QGRUVHUV�VHQG�HQGRUVHPHQW�WR�HQGRUVHHV�DFURVV�WKHLU�RXW�

JRLQJ�OLQNV��7KH�PRUH�LPSRUWDQW�WKH�HQGRUVHU�SDJHV��WKH�VWURQJHU�WKH�HQGRUVHPHQWV�WKH\�VHQG��$OO�

WKH�SDJHV�VWDUW�RXW�ZLWK�WKH�VDPH�3DJH5DQN��DIWHU�LQILQLW\�QXPEHU�RI�VWHSV��WKHLU�3DJH5DQNV�DUH�

FRQYHUJHG�WR�VHYHUDO�YDOXHV� 

3DJH5DQN�FDQ�EH�XVHG�LQ�PDQ\�GLIIHUHQW�VFHQDULRV��VXFK�DV�FLWDWLRQ�QHWZRUN�LQ�ZKLFK�RQH�

DXWKRU�FLWHV�VHYHUDO�SDSHUV�DQG�KLV�SDSHU�LV�DOVR�FLWHG�LQ�RWKHU�SDSHUV��IULHQGVKLS�QHWZRUN�LQ�ZKLFK�

RQH�LQGLYLGXDO�SHUVRQ�UHDFKHG�RXW�WR�PDNH�VHYHUDO�IULHQGV�DQG�WKDW�SHUVRQ�LV�DOVR�LQ�RWKHU�SHRSOH¶V�

FLUFOH�RI� IULHQGV��DQG�SURGXFW� UHFRPPHQGDWLRQ� LQ�ZKLFK�\RX�SLFN�RQH�SURGXFW�RQOLQH��DQG�DOVR�

UHFHLYH�UHFRPPHQGDWLRQV�RI�VHYHUDO�KLJKO\�FR�SXUFKDVHG�SURGXFWV�� 
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)LJXUH�������$�&ROOHFWLRQ�RI�(LJKW�3DJHV� 

 

7DEOH������3DJH5DQN�5HVXOWV�LQ�7ZR�6WHSV�RQ�(LJKW�3DJHV 

 A B C D E F G H 

Start 1/8 1/8 1/8 1/8 1/8 1/8 1/8 1/8 

Step 1 ½ 1/16 1/16 1/16 1/16 1/16 1/16 1/8 

Step 2 5/16 1/4 1/4 1/32 1/32 1/32 1/32 1/16 

 

 

Table 2.2. PageRank Computation from the Beginning to Step 1 on Eight Pages 

Endorsees Step 0 Results Endorsers Formulas Step 1 Results 

A 1/8 D, E, F, G, H 1/2D+E+F+G+H ½ 

B 1/8 A 1/2A 1/16 

C 1/8 A 1/2A 1/16 

D 1/8 B 1/2B 1/16 

E 1/8 B 1/2B 1/16 
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Table 2.2. (Continued) 

F 1/8 C 1/2C 1/16 

G 1/8 C 1/2C 1/16 

H 1/8 D, E 1/2D+1/2E 1/8 

 

 

Table 2.3. PageRank Computation from Step 1 to Step 2 on Eight Pages 

Endorsees Step 1 Results Endorsers Formulas Step 2 Results 

A ½ D, E, F, G, H 1/2D+E+F+G+H 5/16 

B 1/16 A 1/2A ¼ 

C 1/16 A 1/2A ¼ 

D 1/16 B 1/2B 1/32 

E 1/16 B 1/2B 1/32 

F 1/16 C 1/2C 1/32 

G 1/16 C 1/2C 1/32 

H 1/8 D, E 1/2D+1/2E 1/16 

 

There is a similar algorithm - Authority Hub algorithm [136]. Both the two algorithms 

follow the principle of repeated improvement and emphasize the property of Eigen values. The 

difference of the Authority Hub algorithm is that Authority Hub algorithm uses two update rules: 

one is authority update rule, and the other is hub update rule. For authority score updates, the 

connections in adjacent matrix are in-links. For hub score updates, the connections in adjacent 

matrix are out-links. We can start with either authority update rule or hub update rule, and then 
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switch to the other rule, repeat this process until the changes of the scores between two steps are 

smaller than a threshold and then stop. No matter what Initial scores we choose, after several steps 

of updates, the final results can converge to limiting values, which are also a property of the link 

structure. 

PageRank model is a math model which can be modified through its math properties. Pre-

conditioned Chebyshev iteration [227] can run nearly-linear algorithms with preconditioners to 

solve symmetric, diagonally-dominant linear systems for graph partitioning and graph sparsifica-

tion. Another useful statistic of social network is heave-tailed degree distribution and large clus-

tering coefficients - imply good communities, also known as ego nets with the existence of vertex 

neighborhoods. Conductance scores of neighborhood community is as good as Fiedler cut. Also, 

the conductance of neighborhood communities shows similar behavior as the network community 

profile computed with personalized Pagerank and neighborhood communities can also help find 

good PageRank seeds [85]. The second eigenvalue of Laplacian matrix and its associated eigen-

vector are fundamental features of an undirected graph. They have found their widespread use in 

scientific computing, machine learning, and data analysis. Graphs have local regions of interest in 

which the second eigenvector fail to provide information fine-tuned to the local region which is 

called the locally-biased analogue of the second eigenvector. In [167], local properties of data 

graphs in a semi-supervised manner provide a solution as a generalization of a personalized Pag-

eRank vector. Locally-biased vector is useful for identifying and refining clusters locally. 

Based on the empirical discussion that small size communities are more meaningful than 

large size communities, which give rise to the local PageRank clustering algorithms. A local graph 

partitioning algorithm [7] finds a cut near a specified vertex, with a running time depending on the 

size of the small side of the cut, rather than the size of the graph. We proposed a local graph 
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partitioning algorithm using personalized PageRank vectors: approximate PageRank vectors, de-

rive a mixing result for PageRank vectors, derive an analogue of Cheegar inequality for PageRank 

so that the cut with conductance p can be found in PageRank vectors. In [8], a randomized local 

partitioning algorithm was presented that finds a sparse cut by simulating the volume-biased evolv-

ing set process, which is a Markov chain on sets of vertices. Protein-protein interaction can reveal 

unknown functional ties between proteins. In [248], Protein network was partitioned to find small 

communities in the networks. Local Protein Community Finder is a toolkit which quickly finds a 

community close to a queried protein in any network available from bioGrid or specified by users. 

Nibble and PageRank-Nibble are implemented in the toolkit. Heat kernel, similar to PageRank, 

plays the role of diffusion in community detection around a nearby starting seed node. A deter-

ministic local algorithm [137] was presented to compute the diffusion and to study the community. 

This algorithm use relaxation method within a linear system to estimate the matrix exponential in 

a degree-weighted norm. It only depends on the parameters of the diffusion not the size of the 

graph.  

Subgraph partition is NP-Complete. The starting seed set plays an important role in gener-

ating high quality clusters. Overlapping community [258] is based on local optimization and ex-

pansion of a community metric around a seed set of vertices. The key idea is to find good seeds 

and expand the seed sets using the personalized PageRank clustering procedure. Seed expansion 

is suited for local community detection. In [138], several variants were evaluated to explore the 

properties of seed set, use active learning solution, and also explored the topology properties of 

communities and seed sets that correlate with algorithm performance and explain the empirical 

observation with theoretical ones.  
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Conductance of a graph G(V, E) is also called Cheeger Constant, which is the ratio of edges 

across the subgraph over edges within a subgraph. It can measure how well-knit the graph is. The 

smaller the value of the conductance, the better the cluster. The conductance of a cut ሺܵǡ ܵҧሻof a 

graph G is defined below 

߮ሺܵሻ ൌ
σ ௔೔ೕ೔אೄǡೕאೄഥ

୫୧୬�ሺ௔ሺௌሻǡ௔ሺௌҧሻሻ
 ����� 

ܽሺܵሻ ൌ σ σ ܽ௜௝௝א௏௜אௌ  ������ 

LQ� ZKLFK��ܽ௜௝��DUH� HQWULHV� RI� WKH� DGMDFHQW� PDWUL[�� ,Q� )LJXUH� ������ ZH� JLYH� DQ� H[DPSOH� RI� WKH�

FRQGXFWDQFH�PHDVXUHPHQW�IRU�JUDSK�FOXVWHULQJ�� 

In [265],13 structural definition of network communities is examined based on their sensi-

tivity, robustness, and performance. Conductance and triad-participation-ratio are proved to be 

better measurements in evaluating the quality of the community. Also, the local spectral clustering 

algorithm was expanded into a heuristic parameter-free community detection method that easily 

scale to network with more than hundreds of nodes. In [83], a similar measurement was given to 

provide a worst-case guarantee for the quality of the approximation, which is as good as the Chee-

ger Constant measure.  
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Conductance measurement is generally used in graph partitioning and graph clustering. In 

[139], bicriteria approximation algorithms for the small sparsest cut problem can be implemented 

locally using truncated random walk with running time almost linear to the output size. It provides 

a local graph partitioning algorithm with a better conductance guarantee when k is sublunar. A 

modification of normalized cuts is provided in [168] for constrained image segmentation: 1. It 

allows us to use noisy top-down information 2. Constrained solution can be computed in small 

additional time. Free riders are irrelevant vertices in a community. In [262], systematic explanation 

of the existence of free rider and an algorithm is developed, based on query biased node weighting 

scheme to reduce the free rider effect. A new clustering algorithm is proposed in [228], which can 

be used to partition graphs into subgraphs and find an approximate sparsest cut with near optimal 

balance. Protein-protein interaction network analysis can be split into two categories: local align-

ment and global alignment. In [248], global alignment through a multiple network alignment tool 

was provided, which was based on spectral clustering on induced graph of pairwise alignment 

scores to better identify functional orthologs across species. 

��������'HHS�/HDUQLQJ 

 'HHS�OHDUQLQJ�>��@>���@>���@�FRPELQHV�WUDGLWLRQDO�QHXUDO�QHWZRUN�DQG�PDFKLQH�OHDUQLQJ�

DOJRULWKPV�WRJHWKHU�WR�SHUIRUP�FODVVLILFDWLRQ��FOXVWHULQJ��DQG�VHTXHQFH�DQDO\VLV��7KLV�SURWRW\SH�KDV�

VHYHUDO� DGYDQWDJHV�� )LUVW�� IHDWXUH� HQJLQHHULQJ� SURFHVV� LV� EXLOW� LQWR� GHHS� OHDUQLQJ� IUDPHZRUN��

'XULQJ�SDUDPHWHU�WXQLQJ��VLJQLILFDQW�IHDWXUHV�FDQ�EH�SURPRWHG�DQG�XQVLJQLILFDQW�IHDWXUHV�FDQ�EH�

VXSSUHVVHG��6HFRQGO\��WKH�QXPEHU�RI�GLPHQVLRQV�DQG�WKH�QXPEHU�RI�SDUDPHWHUV�FDQ�EH�UHGXFHG�

VLJQLILFDQWO\��$OVR��OLQHDU�DOJHEUD�QDWXUDOO\�ILWV� LQWR�WKH�GHHS�OHDUQLQJ�SURWRW\SH�ZKLFK�PDNHV�LW�

HDV\�WR�RSHUDWH�ERWK�YHFWRUV�DQG�PDWUL[� 
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'HHS�OHDUQLQJ�SURWRW\SH�FDQ�EH�GLYLGHG�LQWR�VHYHUDO�FDWHJRULHV��IHDWXUH�IXQFWLRQ�OHDUQLQJ�

IUDPHZRUN� >��@�� JDWHG� OHDUQLQJ� IUDPHZRUN� >���@�� DQG� DWWHQWLRQ� OHDUQLQJ� IUDPHZRUN� >���@��

&RQYROXWLRQ�QHWZRUN�FDQ�EH�FRQVLGHUHG�DV�D�VSHFLDO�FDVH�RI�DWWHQWLRQ�OHDUQLQJ�IUDPHZRUN� 

)HDWXUH�IXQFWLRQ�OHDUQLQJ�IUDPHZRUN�WUDLQV�D�PRGHO�WR�JHQHUDWH�HPEHGGLQJV�E\�HQJLQHHULQJ�

IHDWXUHV� IRU�D�QRGH�ZLWK� LWV� ORFDO�QHLJKERUV��/HDUQHG�IHDWXUH�IXQFWLRQV�FDQ�EH� WUDLQHG�ZLWK� ORZ�

GLPHQVLRQDO�HPEHGGLQJV�RI�QRGHV�LQ�ODUJH�JUDSKV��/RFDO�QHLJKERUKRRG�LQIRUPDWLRQ�LV�LQWHJUDWHG�

WRJHWKHU�WR�LQWHUSUHW�WKH�FKDUDFWHULVWLFV�RI�WKH�QRGHV��$IWHU�WUDLQLQJ��OHDUQHG�IHDWXUH�IXQFWLRQV�FDQ�

RSHUDWH�RQ�XQVHHQ�QRGHV�DV�ZHOO� 

*DWHG�*UDSK�VHTXHQFH�QHXUDO�QHWZRUNV��**V�11V��H[SDQGV�WKH�RXWSXW�QHXUDO�QHWZRUN�WR�

D� VHTXHQFH� LQVWHDG� RI� D� VLQJOH� FODVV�� **V�11V� KDV� WZR� VHWWLQJV�� VSHFLI\LQJ� DOO� LQWHUPHGLDWH�

DQQRWDWLRQV�DQG�WUDLQLQJ�WKH�IXOO�PRGHO�HQG�WR�HQG�JLYHQ�JUDSKV�DQG�WDUJHW�VHTXHQFHV��7KH�IRUPHU�

JHQHUDWHV�VHTXHQFH�RXWSXWV�ZLWK�REVHUYHG�DQQRWDWLRQV�ZKLFK�FDQ�LPSURYH�SHUIRUPDQFH�ZKHQ�ZH�

KDYH�GRPDLQ�NQRZOHGJH�DERXW�VSHFLILF�LQWHUPHGLDWH�LQIRUPDWLRQ�WKDW�VKRXOG�EH�UHSUHVHQWHG�LQ�WKH�

LQWHUQDO�VWDWH�RI�WKH�QRGHV��7KH�ODWWHU�JHQHUDWHV�VHTXHQFH�RXWSXWV�ZLWK�ODWHQW�DQQRWDWLRQV�ZKLFK�LV�

PRUH�JHQHUDO��$IWHU� WUDLQLQJ��**V�11V� OHDUQV� IHDWXUHV�RQ�JUDSK� VWUXFWXUHV�GDWD� WKURXJK�QHXUDO�

QHWZRUNV� 

6LPLODU�WR�**V�11V��JUDSK�DWWHQWLRQ�QHWZRUN�DOVR�RXWSXW�D�VHTXHQFH�RI�IHDWXUHV��+RZHYHU��

DWWHQWLRQ� QHWZRUNV� FDQ� OHDUQ� WKH� FKDUDFWHULVWLFV� RI� WKH� QRGHV� QRW� RQO\� ZLWK� QHLJKERUKRRG�

LQIRUPDWLRQ�EXW�DOVR�EH\RQG�QHLJKERU�QRGHV�RQ�WKH�QHWZRUNV��7KH�DWWHQWLRQ�PHFKDQLVP�LV�D�VLQJOH�

OD\HU�IHHGIRUZDUG�QHXUDO�QHWZRUN��IXOO\�H[SDQGHG�RXW� WR� WKH�HQWLUH�QHWZRUN�E\�QRUPDOL]LQJ�WKH�

FRHIILFLHQWV�RI�WKH�HQWLUH�JUDSK�DQG�E\�UHSHDWHGO\�WUDLQ�WKH�OD\HU�IRU�VHYHUDO�OLWHUDWXUHV�� 
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Chapter 3:  Notation and Terminology 
 
�����1RWDWLRQ 

 7KLV�VHFWLRQ�SURYLGHV�D�UHIHUHQFH�IRU�WKH�PRVW�XVHG�QRWDWLRQ��,Q�HDFK�FKDSWHU��DGGLWLRQDO�

QRWDWLRQ�PD\�EH�LQWURGXFHG�LI�QHFHVVDU\� 

 

7DEOH������1RWDWLRQ�6\PEROV�DQG�([SODQDWLRQV 

6\PERO ([SODQDWLRQ 

* $�JUDSK 

9�*� 9HUWLFHV�RI�JUDSK�* 

(�*����Y�Z���YZ (GJHV�RI�JUDSK�*��Y�DQG�Z�DUH�YHUWLFHV�RI�* 

Q 7KH�QXPEHU�RI�YHUWLFHV� 

P 7KH�QXPEHU�RI�HGJHV� 

GHJ�Y���1�Y� 7KH�QXPEHU�RI�HGJHV�LQFLGHQW�ZLWK�YHUWH[�Y�LV�KH�GHJUHH�RI�Y� 

' 7KH�PD[LPXP�GHJUHH�LQ�* 

N�UHJXODU ,I�DOO�WKH�YHUWLFHV�RI�*�KDYH�WKH�VDPH�GHJUHH�N��WKHQ�*�LV�UHJXODU�

RI�GHJUHH�N� 

' $�GLUHFWHG�JUDSK�'�LV�WKH�RQH�LQ�ZKLFK�HDFK�HGJH�LV�DVVLJQHG�D�

GLUHFWLRQ� 

 

  



 �� 

����*UDSK 

$�&RXQWDEOH�*UDSK�LV�WKH�RQH�LQ�ZKLFK�9�*��DQG�(�*��DUH�ILQLWH�RU�FRXQWDEO\�LQILQLWH��$�

ORFDOO\�ILQLWH�JUDSK�LV�WKH�RQH�LQ�ZKLFK�WKH�QXPEHU�RI�HGJHV�LQFLGHQW�ZLWK�HDFK�YHUWH[�LV�ILQLWH��,I�

9�*��DQG�(�*��DUH�LQILQLWH��WKH�JUDSK�LV�FDOOHG�LQILQLWH�JUDSK�� 

7ZR�JUDSKV�*�DQG�+�DUH�LVRPRUSKLF�LI�WKHUH�LV�D�RQH�WR�RQH�FRUUHVSRQGHQFH�EHWZHHQ�WKHLU�

YHUWH[� VHWV� WKDW� SUHVHUYHV� WKDW� DGMDFHQF\� RI� YHUWLFHV��$Q� DXWRPRUSKLVP� RI� *� LV� D� RQH�WR�RQH�

PDSSLQJ�I�RI�9�*��RQWR�LWVHOI�ZLWK�WKH�SURSHUW\�WKDW�I��Y��DQG�I��Z��DUH�DGMDFHQW�LI�DQG�RQO\�LI�Y�

DQG�Z�DUH�DGMDFHQW��$Q�DXWRPRUSKLVPV�RI�*�IRUP�D�JURXS�*�*��XQGHU�FRPSRVLWLRQ��FDOOHG� WKH�

DXWRPRUSKLVP�JURXS�RI�*� 

)RU�GLJUDSK�'��LI�H YZ�LV�DQ�DUF�RI�D�GLJUDSK�'��WKHQ�Y�DQG��Z�DUH�DGMDFHQW��DQG�H�LV�LQFLGHQW�

IURP�Y�DQG�LQFLGHQW�WR�Z��,I�Y�LV�D�YHUWH[�RI�D�GLJUDSK�G��WKHQ�LWV�RXW�GHJUHH�RXWGHJ�Y��LV�WKH�QXPEHU�

RI�DUFV�LQ�'�RI�WKH�IRUP�YZ��DQG�LWV�LQ�GHJUHH�LQGHJ�Y��LV�WKH�QXPEHU�RI�DUFV�LQ�'�RI�WKH�IRUP�ZY� 

/HW�*�EH�D�JUDSK�ZLWK�YHUWH[�VHW�^Y���Y��«��YQ`�DQG�HGJH�VHW�^H���H���«��HQ`��7KH�DGMDFHQF\�

PDWUL[�RI�*�LV�WKH�Q
Q�PDWUL[�$�*�� ��DLM��ZKHUH 

ܽ௜௝ ൌ ൜
ͳǡ ǡݐ݆݊݁ܿܽ݀ܽ�݁ݎ௝�ܽݒ�௜�ܽ݊݀ݒ�݂݅
Ͳǡ  ����� �������������������������������������ǡݐ݋݊�݂݅

DQG�WKH�LQFLGHQW�PDWUL[�RI�*�LV�WKH�Q
P�PDWUL[�%�*� �ELM���ZKHUH 

ܾ௜௝ ൌ ൜
ͳǡ �݄ݐ݅ݓ�ݐ݊݁݀݅ܿ݊݅�ݏ௜�݅ݒ�݂݅ ௝݁ǡ
Ͳǡ  ����� �������������������������������������ǡݐ݋݊�݂݅

7KH�HLJHQYDOXHV�RI�$�*��DUH� LQGHSHQGHQW�RI� WKH�ZD\�LQ�ZKLFK� WKH�YHUWLFHV�DUH�ODEHOOHG��

FDOOHG� WKH� HLJHQYDOXHV� RI� *�� DQG� WKH� FKDUDFWHULVWLF� SRO\QRPLDO� RI�$�*�� LV� WKH� FKDUDFWHULVWLF�

SRO\QRPLDO�RI�*� 

,I�DQ�DXWRPRUSKLVPV�RI�*�IRUP�D�JURXS�*�*��XQGHU�FRPSRVLWLRQ��*�*��LV�WUDQVLWLYH�LI�LW�

FRQWDLQV�DXWRPRUSKLVPV�PDSSLQJ�HDFK�HGJH�RI�*�WR�HYHU\�RWKHU�HGJHV� 



 �� 

$�VHTXHQFH�RI�HGJHV�RI�WKH�IRUP�Y�Y���Y�Y���«��YU��YU��LV�D�ZDON�RI�OHQJWK�U�EHWZHHQ�Y��DQG�

YU��,I�WKHVH�HGJHV�DUH�DOO�GLVWLQFW�WKHQ�WKH�ZDON�LV�D�WUDLO��,I�WKH�YHUWLFHV�Y���Y���«��YU�DUH�DOVR�GLVWLQFW��

WKHQ�WKH�ZDON�LV�D�SDWK��7ZR�SDWKV�DUH�HGJH�GLVMRLQW�LI�WKH\�KDYH�QR�FRPPRQ�HGJHV�DQG�DUH�YHUWH[�

GLVMRLQW�LI�WKH\�KDYH�QR�FRPPRQ�YHUWLFHV��$�ZDON�RU�WUDLO�LV�FORVHG�LI�Y� YU��DQG�IRU�U�!����D�FORVHG�

ZDON�ZLWK�DOO�Y���Y���«��YU���GLVWLQFW�LV�D�F\FOH�� 

$�JUDSK�*�LV�FRQQHFWHG�LI�WKHUH�LV�D�SDWK�MRLQLQJ�HDFK�SDLU�RI�YHUWLFHV�RI�*��RWKHUZLVH��LW�LV�

GLVFRQQHFWHG��(YHU\�GLVFRQQHFWHG�JUDSK�FDQ�EH�VSOLW� LQWR�PD[LPDO�FRQQHFWHG�VXEJUDSKV��FDOOHG�

FRPSRQHQWV�� 

$�VXEJUDSK�RI�D�JUDSK�* �9�*���(�*���LV�D�JUDSK�+ �9�+��(�+���VXFK�WKDW�9�+��9�*���

DQG�(�+��(�*��� ,I� H� LV� DQ�HGJH�RI�*�� WKHQ� WKH�HGJH�GHOHWHG�VXEJUDSK�*�H�RU�*?H� LV� WKH�JUDSK�

REWDLQHG�IURP�*�E\�UHPRYLQJ�WKH�HGJH�H��,I�Y�LV�D�YHUWH[�RI�*��WKHQ�WKH�YHUWH[�GHOHWHG�VXEJUDSK�

*�Y�LV�WKH�JUDSK�REWDLQHG�IURP�*�E\�UHPRYLQJ�WKH�YHUWH[�Y�WRJHWKHU�ZLWK�DOO�LWV�LQFLGHQW�HGJHV� 

:H�FDQ�DOVR�REWDLQ�D�QHZ�JUDSK�IURP�*�E\�UHPRYLQJ�WKH�HGJH�H YZ�DQG�LGHQWLI\LQJ�Y�DQG�

Z�VR�WKDW�WKH�UHVXOWLQJ�YHUWH[�LV�LQFLGHQW�WR�DOO�HGJHV�WKDW�ZHUH�RULJLQDOO\�LQFLGHQW�ZLWK�Y�RU�Z��7KLV�

LV�FDOOHG�FRQWUDFWLQJ�WKH�HGJH�H�DQG�*�LV�FRQWUDFWLEOH�WR�+ *�H��$�PLQRU�RI�*�LV�DQ\�JUDSK�REWDLQHG�

IURP�*�E\�D�VXFFHVVLRQ�RI�HGJH�GHOHWLRQ�DQG�HGJH�FRQWUDFWLRQV� 

,I�H YZ�LV�DQ�HGJH�RI�*��WKHQ�ZH�REWDLQ�D�QHZ�JUDSK�E\�UHSODFLQJ�H�E\�WZR�QHZ�HGJHV�Y]�

DQG� ]Z��ZKHUH� ]� LV� D� QHZ�YHUWH[��7KLV� LV� FDOOHG� VXEGLYLGLQJ� WKH� HGJH��7ZR�JUDSKV� WKDW� FDQ�EH�

REWDLQHG�IURP�WKH�VDPH�JUDSK�E\�VXEGLYLGLQJ�LWV�HGJHV�DUH�KRPHRPRUSKLF� 

7KH� FRPSOHPHQW� RIܩ�ҧ ��RI�*� LV� WKH� JUDSK�ZLWK� WKH� VDPH� YHUWH[� VHW� DV�*�� EXW�ZKHUH� WZR�

YHUWLFHV�DUH�DGMDFHQW�ZKHQHYHU�WKH\�DUH�QRW�DGMDFHQW�LQ�*� 

  



 �� 

$� FRQQHFWHG� JUDSK� *� LV�(XOHULDQ� LI� DQG� RQO\� LI� HDFK� YHUWH[� RI� *� KDV� HYHQ� GHJUHH��$�

FRQQHFWHG�GLJUDSK�'�LV�(XOHULDQ� LI�DQG�RQO\� LI� WKH� LQ�GHJUHH�DQG�RXW�GHJUHH�RI�HDFK�YHUWH[�DUH�

HTXDO� 

,I�*�LV�D�VLPSOH�JUDSK�ZLWK�Q��t���YHUWLFHV��DQG�LI�GHJ�Y��GHJ�Z��tQ�IRU�HDFK�SDLU�RI�QRQ�

DGMDFHQW�YHUWLFHV�Y�DQG�Z��WKHQ�*�LV�+DPLOWRQLDQ� 

*LYHQ�D�JUDSK�;��D�SHUPXWDWLRQ�D�RI�9�;��LV�DQ�DXWRPRUSKLVP�RI�;�LI�IRU�DOO�X��Y��9�;� 

ሼݑǡ ሽݒ א ሺܺሻܧ ֞ ሼߙሺݑሻǡ ሻሽݒሺߙ א  ����� ሺܺሻܧ

7KH�VHW�RI�DOO�DXWRPRUSKLVPV�RI�D�JUDSK�;��XQGHU�WKH�RSHUDWLRQ�RI�FRPSRVLWLRQ�RI�IXQFWLRQV��

IRUPV�D�VXEJURXS�RI�WKH�V\PPHWULF�JURXS�RQ�9�;��FDOOHG�WKH�DXWRPRUSKLVP�JURXS�RI�;��DQG�LW�LV�

GHQRWHG�$XW�;�� 

/HW�WKH�FRPSRQHQWV�RI�;�EH�;���;���«��;N��7KHQ� 

ሺܺሻݐݑܣ ൌ �ς ሺݐݑܣ ௜ܺሻ௞
௜ୀଵ  ����� 

ሺܺሻݐݑܣ ൌ ሺݐݑܣ തܺሻ ����� 

$�JURXS�*�RI�SHUPXWDWLRQV�RI�D�VHW�6�DFWV�WUDQVLWLYHO\�RU�LV�WUDQVLWLYH�RQ�6�LI�IRU�HYHU\�[��\�

��6��WKHUH�H[LVWV�D�*��VXFK�WKDW�D�[� \��LV�YHUWH[�WUDQVLWLYH�LI�$XW�;��DFWV�WUDQVLWLYLHO\�RQ�9�;���

DQG�DFWV�GRXEO\�WUDQVLWLYHO\�RQ�6�LI�IRU�DQ\�WZR�RUGHUHG�SDLUV�RI�GLVWLQFW�HOHPHQWV��[���[����\��\�����

6u6�WKHUH�H[LVWV�D��*�VXFK�WKDW�D�[�� \��DQG�D�[�� \�� 

)RU� L� ������ OHW�*�EH� D�JURXS�RI�SHUPXWDWLRQV�RI� WKH� VHW�6L��:H� VD\� WKDW�*��DQG�*�� DUH�

LVRPRUSKLF�DV�SHUPXWDWLRQ�JURXSV�LI�WKHUH�H[LVW�D�D�JURXS�LVRPRUSKLVP��*�o*��DQG�D�ELMHFWLRQ�I��

6�o6��VXFK�WKDW�I�D�[��� �>)��D�@�I�[���IRU�DOO�D���*���;���6�� 

$Q�HGJH�LVRPRUSKLVP�IURP�D�JUDSK�;��WR�D�JUDSK�;��LV�D�ELMHFWLRQ�K��(�;���o(�;���VXFK�

WKDW�HGJHV�H��DQG�H��DUH�LQFLGHQW�ZLWK�D�FRPPRQ�YHUWH[�RI�;��LI�DQG�RQO\�LI�K�H���DQG�K�H���DUH�

LQFLGHQW�ZLWK�D�FRPPRQ�YHUWH[�RI�;�� 



 �� 

$Q�HGJH�DXWRPRUSKLVP�LV�DQ�HGJH�LVRPRUSKLVP�IURP�D�JUDSK�WR�LWVHOI��7KH�VHW�RI�HGJH�

DXWRPRUSKLVPV�IRUPV�D�VXEJURXS�RI�WKH�V\PPHWULF�JURXS�RQ�(�;���FDOOHG�WKH�HGJH�JURXS�RI�;� 

$�JUDSK�SURGXFW�RI�JUDSKV�;�DQG�<�LV�D�JUDSK�ZLWK�YHUWH[�VHW�9�;��u9�<���ZKRVH�HGJH�VHW�

LV�GHWHUPLQHG�LQ�D�SUHVFULEHG�ZD\�E\�DQG�RQO\�E\�WKH�DGMDFHQF\�UHODWLRQV�LQ�;�DQG�LQ�<��$�JUDSK�

SURGXFW�	�LV�DVVRFLDWLYH�LI��:	;�	<#:	�;	<���IRU�DOO�JUDSKV�:��;��<�� 

$�JUDSK�;�LV�D�GLYLVRU�RI�D�JUDSK�=�ZLWK�UHVSHFW�WR�D�SURGXFW�	��LI�WKHUH�H[LVWV�D�JUDSK�<�

VXFK�WKDW� 

= ;	<���= <	; ����� 

)RU�DOO�JUDSKV�:��;��<��,QWHUHVW�LV�XVXDOO\�UHVWULFWHG�WR�SURGXFWV�WKDW�DUH�DVVRFLDWLYH��)RXU�FRPPRQO\�

XVHG�DVVRFLDWLYH�JUDSK�SURGXFWV��/HW�=�EH�D�JUDSK�SURGXFW�RI�DUELWUDU\�JUDSKV�;�DQG�<��/HW�[���[��

EH�YHUWLFHV�RI�;��DQG�OHW�\���\��EH�YHUWLFHV�RI�<��6XSSRVH�WKDW� 

ሼሺݔଵǡ ଵሻǡݕ ሺݔଶǡ ଶሻሽݕ א  ����� ሺܼሻܧ

x ,Q�WKH�&DUWHVLDQ�SURGXFW�= ;�ٞ< 

ሾሼݔଵǡ ଶሽݔ א ሺܺሻܧ ר ଵݕ ൌ ଵݔሾሼݎ݋ଶሿݕ ൌ ଶሽݔ ר ሼݕଵǡ ଶሽݕ א  ����� ሺܻሻሿܧ

x ,Q�WKH�VWURQJ�SURGXFW�= ;�ٝ< 

ሾሼݔଵǡ ଶሽݔ א ሺܺሻܧ ר ଵݕ ൌ  ݎ݋�ଶሿݕ

ሾݔଵ ൌ ଶݔ ר ሼݕଵǡ ଶሽݕ א  ݎ݋�ሺܻሻሿܧ

ሾሼݔଵǡ ଶሽݔ א ሺܺሻܧ ר ሼݕଵǡ ଶሽݕ א  ������ ሺܻሻሿܧ

x ,Q�WKH�ZHDN�SURGXFW�= ;�ൈ< 

ሼݔଵǡ ଶሽݔ א ଵǡݕሺܺሻ�ܽ݊݀�ሼܧ ଶሽݕ א ܸሺܻሻ  ������ 

x ,Q�WKH�OH[LFRJUDSKLF�SURGXFW�= ;><@ 

ሼݔଵǡ ଶሽݔ א ଵݔ�ሾݎ݋�ሺܺሻܧ ൌ ଶݔ ר ሼݕଵǡ ଶሽݕ א  ������� ሺܻሻሿܧ



 �� 

 

)LJXUH������7KH�)RXU�3URGXFWV�RI�WKH���3DWK�E\�WKH���3DWK 

 

7KHVH�IRXU�SURGXFWV�DUH�LOOXVWUDWHG�LQ�)LJXUH������*UDSK�;�DQG�<�DUH�UHODWLYHO\�SULPH�LI�WKH\�

KDYH�QR�FRPPRQ�SURSHU�GLYLVRU� 

�����7RSRORJLHV 

:H�OLVW�SXUH�WRSRORJ\�W\SHV�IRU�QHWZRUNV�LQ�)LJXUH������*UDSK�VDPSOLQJ�QHHGV�WR�NHHS�ERWK�

WKH�JUDSK�WRSRORJ\�DQG�RWKHU�JUDSK�SURSHUWLHV��7KH�WRSRORJ\�W\SH�RI�D�QHWZRUN�FDQ�EH�GHWHUPLQHG�

EDVHG�RQ�HLWKHU�WKH�QHWZRUN�SURSHUW\�RU�WKH�VFHQDULR�RI�WKH�DSSOLFDWLRQ� 

1. 7RSRORJ\����5LQJ�/DWWLFH�1HWZRUN��$V�VKRZQ�LQ�)LJXUH���������HDFK�QRGH�LV�FRQQHFWHG�WR�

LWV�QHLJKERUV��DFFRUGLQJ�WR�WKH�ULQJ�LQGXFHG�GLVWDQFH��5LQJ�ODWWLFH�QHWZRUN�IRUPV�D�UHJXODU�

JUDSK�DQG�LV�YHUWH[�WUDQVLWLYH��7R�LGHQWLI\�ULQJ�ODWWLFH�QHWZRUN��ZH�FDQ�VWDUW�ZLWK�DQ\�YHUWH[�

DQG�WKHQ�FKHFN�WKH�GHJUHH�RI�WKH�YHUWH[�DQG�WKH�HGJHV�EHWZHHQ�WKH�YHUWH[�DQG�LWV�DGMDFHQW�

QHLJKERUV� 

2. 7RSRORJ\����6PDOO�ZRUOG�QHWZRUN��$V�VKRZQ�LQ�)LJXUH���������HDFK�QRGH�LV�FRQQHFWHG�WR�

VHYHUDO�RI�LWV�QHLJKERUV�DQG�IHZ�GLVWDQW�QRGHV��DFFRUGLQJ�WR�WKH�ULQJ�LQGXFHG�GLVWDQFH��:H�

FDQ� FRQVLGHU� VPDOO�ZRUOG�QHWZRUN� LV� D� ULQJ� ODWWLFH�QHWZRUN�ZLWK� VHYHUDO� UDQGRP�HGJHV��

)URP� ULQJ� ODWWLFH� QHWZRUN�� WR� VPDOO� ZRUOG� QHWZRUN� WR� (UGRV� UDQGRP� QHWZRUN�� WKH�

UDQGRPQHVV�RI�WKH�QHWZRUN�LQFUHDVHV� 

 

< 

; 

ܺ ٞ ܻ 

; ; ; 

ܺ ٝ ܻ ܺ ൈ ܻ ܺሾܻሿ 
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3. 7RSRORJ\����(UGRV�5DQGRP�QHWZRUN��$V�VKRZQ�LQ�)LJXUH���������HDFK�QRGH�LV�FRQQHFWHG�WR�

D� UDQGRP� VHW� RI� WKH� UHPDLQLQJ� QRGHV�� (UGRV� UDQGRP� QHWZRUN� KDV� UDQGRP� FRQQHFWLRQV�

EHWZHHQ�YHUWLFHV��7KH�GHJUHH�GLVWULEXWLRQ�IROORZV�D�SRZHU�ODZ�� 

4. 7RSRORJ\����&RUH�3HULSKHU\�QHWZRUN��$V�VKRZQ�LQ�)LJXUH���������QRGHV�EHORQJ�H[FOXVLYHO\�

WR�HLWKHU�WKH�FRUH�RU�WKH�SHULSKHU\��&RUH�DQG�SHULSKHU\�QRGHV�DUH�FRQQHFWHG�WR�FRUH�QRGHV��

ZKLOH�WKHUH�DUH�QR�HGJHV�DPRQJ�SHULSKHU\�QRGHV��&RUH�SHULSKHU\�QHWZRUN�KDV�WZR�GLIIHUHQW�

VHWV�RI�YHUWLFHV��FRUH�YHUWLFHV�DQG�SHULSKHU\�YHUWLFHV��&RUH�YHUWLFHV�KDYH�RQH�RU�PRUH�WKDQ�

RQH�GHJUHH��3HULSKHU\�YHUWLFHV�KDYH�RQH�GHJUHH� 

5. 7RSRORJ\����6FDOH�IUHH�QHWZRUN��$V�VKRZQ�LQ�)LJXUH���������PRVW�RI�WKH�QRGHV�DUH�FRQQHFWHG�

WR�IHZ�RWKHU�QRGHV��ZKLOH�IHZ�QRGHV�DUH�FRQQHFWHG�WR�PDQ\�RWKHU�QRGHV��7KLV�UHODWLRQ�LV�

IRUPDOO\�GHVFULEHG�ZLWK�D�SRZHU� ODZ��EHWZHHQ� WKH�QXPEHU�RI� HGJHV�DQG� WKH�QXPEHU�RI�

FRQQHFWLRQV��:H�FDQ�FRQVLGHU�VFDOH�IUHH�QHWZRUN�DV�D�FRUH�SHULSKHU\�QHWZRUN�ZLWK�VHYHUDO�

UDQGRP�FRQQHFWLRQV��,Q�VFDOH�IUHH�QHWZRUN��PRVW�RI�WKH�YHUWLFHV�KDYH�D�VPDOO�QXPEHU�RI�

GHJUHHV��DQG�D�IHZ�YHUWLFHV�KDYH�D�ODUJH�QXPEHU�RI�GHJUHHV� 

6. 7RSRORJ\����&HOOXODU�QHWZRUN��$V� VKRZQ� LQ�)LJXUH���������QRGHV� DUH�GLYLGHG� LQWR� FHOOV��

&RQQHFWLRQV� DUH� IUHTXHQW� EHWZHHQ� QRGHV� ZLWKLQ� HDFK� FHOO�� DQG� UDUH� EHWZHHQ� QRGHV� LQ�

GLIIHUHQW�FHOOV��&HOOXODU�QHWZRUN�FRQVLVWV�RI�VHYHUDO�VXEJUDSKV�ZKLFK�DUH�FHOOV��:LWKLQ�WKH�

FHOOV�� YHUWLFHV� DUH� FRQQHFWHG� WR� HDFK� RWKHU� FORVHO\� VR� WKDW� WKHUH� DUH�PRUH� FRQQHFWLRQV��

%HWZHHQ� WKH� FHOOV�� YHUWLFHV� DUH� UDUHO\� FRQQHFWHG� WR� HDFK� RWKHU� VR� WKDW� WKHUH� DUH� OHVV�

FRQQHFWLRQV��6XEJUDSKV�FDQ�EH�LGHQWLILHG�WKURXJK�FOXVWHULQJ� 
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)LJXUH������3XUH�7RSRORJ\�7\SHV�>�@ 

 

�����'DWD�6DPSOLQJ 

'DWD�VDPSOLQJ�LV�WKH�SURFHVVLQJ�RI�VHOHFWLQJ�VDPSOHV�IURP�WDVN�RU�SUREOHP�VSHFLILF�GRPDLQV�

ZLWK� WKH� REMHFWLYH� RI� HVWLPDWLQJ� WKH� SRSXODWLRQ� SDUDPHWHUV�� 6DPSOLQJ� DQG� UHVDPSOLQJ� DUH� WZR�

GLIIHUHQW�FRQFHSWV��'DWD�VDPSOLQJ�IRFXVHV�RQ�ZKDW�LV�WKH�EHVW�ZD\�WR�UHSUHVHQW�WKH�FKDUDFWHULVWLFV�

RI�WKH�WDVN�RU�SUREOHP�ZLWK�WKH�VDPSOH��5HVDPSOLQJ�IRFXVHV�RQ�ZKDW�LV�WKH�EHVW�ZD\�WR�TXDQWLI\�

WKH�XQFHUWDLQW\�RI�WKH�HVWLPDWH�� 

,Q�WHUP�RI�PHWKRGRORJ\��GDWD�VDPSOLQJ�FDQ�EH�FRQGXFWHG�WKURXJK�VLPSOH�UDQGRP�VDPSOLQJ��

V\VWHPDWLF�VDPSOLQJ��DQG�VWUDWLILHG�VDPSOLQJ��+RZHYHU��QR�PDWWHU�ZKLFK�PHWKRGRORJ\�LV�VHOHFWHG��

ZH� DOVR� QHHG� WR� GHILQH� VDPSOH� JRDO�� SRSXODWLRQ�� VHOHFWLRQ� FULWHULD� DQG� VDPSOH� VL]H�� 5DQGRP�

VDPSOLQJ� FDQ�EH�SHUIRUPHG�E\� VHOHFWLQJ� VDPSOHV�ZLWK� D�XQLIRUP�SUREDELOLW\� IURP� WKH� GRPDLQ��

6\VWHPDWLF� VDPSOLQJ� FDQ� EH� SHUIRUPHG� E\� VHOHFWLQJ� VDPSOHV�ZLWK� D� VSHFLILHG� SDWWHUQ�� VXFK� DV�

LQWHUYDOV��6WUDWLILHG�VDPSOLQJ�ZRUNV�RQ�WKH�SRSXODWLRQ�ZKLFK�FDQ�EH�SDUWLWLRQHG�LQWR�VXESRSXODWLRQV�� 
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6WUDWLILHG� VDPSOLQJ� LV� DOVR� FDOOHG� VWUDWLILHG� SXUSRVLYH� VDPSOLQJ�� ,W� FDQ� HQVXUH� WKH�

FKDUDFWHULVWLFV�RI� WKH�VWXG\�VDPSOH� UHSUHVHQW� WKH�FKDUDFWHULVWLFV�RI� WKH� WDVN�RU�SUREOHP�VSHFLILF�

SRSXODWLRQ��)RU�H[DPSOH��ZH�FRQGXFW�D�VXUYH\�LQ�WKUHH�WRZQV�ZLWK���PLOOLRQ����PLOOLRQ�DQG���PLOOLRQ�

YRWHUV�LQ�SRSXODWLRQ��ZKHQ�DSSO\LQJ�VWUDWLILHG�VDPSOLQJ������YRWHUV�DUH�VHOHFWHG�IURP���PLOOLRQ�LQ�

WRZQ�$������YRWHUV�DUH�VHOHFWHG� IURP���PLOOLRQ� LQ� WRZQ�%��DQG�����YRWHUV�DUH�VHOHFWHG� IURP���

PLOOLRQ�LQ�WRZQ�&��LQVWHDG�RI�UDQGRPO\�VHOHFWLQJ�����IURP���PLOOLRQ��7KH�LQIOXHQFH�IDFWRUV�FDQ�EH�

DQ\�GHPRJUDSKLF� IDFWRUV�� RWKHU� WKDQ� WRZQ�� VXFK� DV�JHQGHU�� DJH�� HGXFDWLRQ�� LQFRPH�� DQG� VR�RQ��

+RZHYHU��WKH�VHOHFWLRQ�RI�WKH�LQIOXHQFH�IDFWRUV�UHTXLUHV�SULRU�NQRZOHGJH�DERXW�GDWD�FROOHFWLRQ�DQG�

ZKDW�YDULDEOHV�QHHG�WR�EH�FRQWUROOHG��0RUHRYHU��VWUDWLILHG�VDPSOLQJ�FDQ�HIILFLHQWO\�UHGXFH�VDPSOH�

HUURUV�ZKHQ�WKH�SDUWLWLRQ�FDQ�EH�LQIOXHQFHG�E\�GRPDLQ�VSHFLILF�IDFWRUV� 

�����*UDSK�6DPSOLQJ 

7R�REWDLQ�D�VXEVHW�RI�WKH�SRSXODWLRQ��ZH�DSSO\�GDWD�VDPSOLQJ�WR�VHOHFW�LQGLYLGXDO�PHPEHUV�

WKURXJK�SUREDELOLVWLF�RU�QRQ�SUREDELOLVWLF�PHWKRGRORJLHV��7KH�VHOHFWHG�VXEVHW�LV�WUDQVIRUPHG�IURP�

WKH�RULJLQDO�GDWD�VHW��KDV�VPDOOHU�VL]H��DQG�UHSUHVHQWV�WKH�FKDUDFWHULVWLFV�RI�WKH�RULJLQDO�GDWD�VHW��

6LQFH�VDPSOLQJ�LV�D�WLPH�FRQYHQLHQW�DQG�FRVW�HIIHFWLYH�ZD\�WR�SUHSDUH��WUDQVIRUP�DQG�UHVHDUFK�WKH�

HQWLUH�SRSXODWLRQ��LW�LV�WKH�EDVLV�RI�UHVHDUFK�GHVLJQ�� 

*UDSK�VDPSOLQJ�LV�D�VLPSOH�DQG�HIIHFWLYH�ZD\�WR�WUDQVIRUP�ODUJH�JUDSKV�LQWR�D�VPDOOHU�RQH��

,I�ZH�FRQVLGHU�WKH�JHQHUDWLRQ�DOJRULWKP�DV�D�IDPLO\�RI�JUDSKV��WKH�SURFHGXUH�RI�JUDSK�VDPSOLQJ�LV�

WR�VDPSOH�RQH�JUDSK�IURP�WKH�IDPLO\��'LIIHUHQW�IURP�WKH�LQGLYLGXDO�DQG�LQGHSHQGHQW�GDWD�SRLQWV��

JUDSKV� KDYH� ERWK� YHUWLFHV� DQG� FRQQHFWLRQV� EHWZHHQ� YHUWLFHV��:KHQ� VDPSOLQJ� FRPHV� LQWR� SOD\��

JUDSK�VDPSOLQJ�QHHGV�WR�KDQGOH�PRUH�YDULDEOHV�WKDQ�LQGLYLGXDO�LQGHSHQGHQW�GDWD�SRLQWV� 

*UDSK� VDPSOLQJ� LV� QHHGHG� IRU� VHYHUDO� UHDVRQV�� VXFK� DV� ODFN� RI� GDWD�� KLGGHQ� SRSXODWLRQ�

VXUYH\��JUDSK�VSDUVLILFDWLRQ��UHGXFH�WHVW�FRVW��DQG�YLVXDOL]DWLRQ�� 
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/DFN�RI�GDWD�KDSSHQV�ZKHQ�WKH�HQWLUH�GDWD�VHW�LV�UHODWHG�WR�ODUJH�SRSXODWLRQ�DQG�UDQGRPO\�

SDUWLDOO\�VHOHFWHG�VDPSOH�VHWV�FDQQRW�EH�XVHG�WR�UHSUHVHQW�DOO�WKH�SURSHUWLHV�RI�WKH�HQWLUH�SRSXODWLRQ��

,Q�VXFK�D�VFHQDULR��ZH�FDQ�UDQGRPO\�VWDUW�ZLWK�D�VPDOO�VHW�RI�VHHG�YHUWLFHV�DQG�FUDZO�WKHP��7KH�

TXDQWLW\�RI�WKH�VDPSOH�VHW�LV�GHWHUPLQHG�E\�WKH�QXPEHU�YHUWLFHV�ZH�VWDUW�ZLWK�DQG�WKH�QXPEHU�RI�

KRSV�ZH�FUDZO��7R�HQVXUH�D�JRRG�FRYHUDJH��ZH�FDQ�HYDOXDWH�WKH�VDPSOH�VHWV�E\�PHDVXULQJ�JUDSK�

SURSHUWLHV��VXFK�DV�GHJUHH�FHQWUDOLW\��FRVLQH�FHQWUDOLW\��FRHIILFLHQW�FHQWUDOLW\�DQG�VR�RQ� 

+LGGHQ� SRSXODWLRQV� FDQ� EH� H[SORUHG� WKURXJK� VDPSOLQJ� DOJRULWKPV�� +LGGHQ� SRSXODWLRQV�

FDQQRW�EH�GLUHFWO\�HQXPHUDWHG�DQG�VDPSOHG�LQ�WKH�HQWLUH�SRSXODWLRQ��IRU�H[DPSOH��GUXJ�DEXVHUV�LQ�

WKH�VRFLRORJ\�VWXG\��7R�VDPSOH�WKH�KLGGHQ�SRSXODWLRQ��ZH�FDQ�GHILQH�D�KHXULVWLF�SURFHGXUH��VWDUW�

ZLWK�D�VPDOO�VHW�RI�VHHG�YHUWLFHV��DQG�H[SDQG�WKH�VDPSOH�VHW�DORQJ�WKH�HGJHV��7KH�TXDOLW\�RI�WKH�

VDPSOH�VHW�FDQ�EH�HYDOXDWHG�WKURXJK�ERWK�WKH�JUDSK�SURSHUWLHV�DQG�WKH�XVHIXOQHVV�RI�WKH�VDPSOH�VHW�

IRU�D�FHUWDLQ�DSSOLFDWLRQ� 

*UDSK� VSDUVLILFDWLRQ�PDNHV� LW� GLIILFXOW� WR� ORDG�XVHIXO� LQIRUPDWLRQ� LQWR� OLPLWHG� VSDFH�E\�

PDQLSXODWLQJ�WKH�HQWLUH�JUDSK��*UDSK�VSDUVLILFDWLRQ�LV�D�FODVVLFDO�SUREOHP��,W�FDQ�KDSSHQ�LQ�YHUWLFHV��

HGJHV� DQG� HYHQ� ERWK� DQG� FDQ� EH� VROYHG� E\� DGGLQJ� FRQVWUDLQWV� RQ� WKH� WUDQVIRUPDWLRQ�� VXFK� DV�

SUHVHUYLQJ�DOO�FXWV��HWF� 

7R�UHGXFH�WHVW�FRVW��WKH�PRVW�LPSRUWDQW�IDFWRU�LV�WKH�QXPEHU�RI�VDPSOHV��,Q�ELRFKHPLFDO�

UHVHDUFK��WKH�WHVWV�LQ�SURWHLQ�LQWHUDFWLRQ�QHWZRUN�DUH�YHU\�H[SHQVLYH��,Q�FOLQLFDO�VWXG\��LW�LV�GLIILFXOW�

WR�FROOHFW�PDQ\�SDWLHQWV�WR�SDUWLFLSDQW�LQ�UHVHDUFK�� 

)RU�JUDSK�YLVXDOL]DWLRQ��WKH�JUDSKV�PXVW�ILW�LQWR�WKH�VFUHHQ�DQG�WR�EH�UHDGDEOH�IRU�KXPDQ��

*UDSK�VDPSOLQJ�FDQ�EH�XVHG� WR�DJJUHJDWH�VLPLODU� UHFRUGV�� VXPPDUL]H� WKH�FKDUDFWHULVWLFV�RI� WKH�

RULJLQDO�JUDSKV��DQG�UHGXFH�WKH�QXPEHU�RI�UHFRUGV�LQ�WKH�VDPSOH�VHW��$IWHU�JUDSK�VDPSOLQJ��WKH� 
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VDPSOH� VHW� FDQ� EH� HDVLO\� YLVXDOL]HG�� VKRZ� DOO� WKH� SUHVHUYHG� JUDSK� SURSHUWLHV�� DQG� VKRZ� WKH�

SUHVHUYHG�FKDUDFWHULVWLFV�RI�WKH�RULJLQDO�JUDSKV� 

*UDSK� VDPSOLQJ�PHWKRGRORJ\� QHHGV� WR� VDWLVI\� WZR� UHTXLUHPHQWV�� )LUVW�� ZH� QHHG� WR� JHW�

UHSUHVHQWDWLRQ�VXEVHW�RI�YHUWLFHV��:KHQ�WKH�YDOXDWLRQ�RI�WKH�DWWULEXWH�LQ�WKH�SRSXODWLRQ�FDQQRW�EH�

GLUHFWO\� XVHG�� IRU� H[DPSOH�� WKH� GUXJ� DEXVHUV�� WKH� VDPSOH� VHW� QHHGV� WR� EH� GLVFRYHUHG� WKURXJK�

VDPSOLQJ� DOJRULWKPV�� 1RUPDOO\�� WKH� KLGGHQ� DWWULEXWHV� FDQ� EH� UHSUHVHQWHG� ZLWK� HLWKHU� WKH�

FRPELQDWLRQ�RI�VHYHUDO�DWWULEXWHV�RU�WKH�RXWSXW�RI�WKH�DWWULEXWH�ILOWHUV��6HFRQGO\��WKH�VDPSOH�JUDSK�

QHHGV�WR�SUHVHUYH�FHUWDLQ�SURSHUWLHV�RI�WKH�RULJLQDO�JUDSK��DW�OHDVW��WR�SUHVHUYH�FHUWDLQ�SURSHUWLHV�

ZLWKLQ�D�FHUWDLQ�HUURU�PDUJLQ��$IWHU�VDPSOLQJ��JUDSK�SURSHUWLHV�FDQ�EH�SUHVHUYHG�ZLWKLQ�D�FHUWDLQ�

FRQILGHQFH�DQG�JUDSK�DOJRULWKPV�FDQ�EH�FRQGXFWHG�RQ�WKH�VDPSOH�VHW� 

�����)HDWXUH�([WUDFWLRQ 

)HDWXUH� H[WUDFWLRQ� LV� WKH� SURFHVV� RI� UHGXFLQJ� GLPHQVLRQV� E\� HYDOXDWLQJ� WKH� UHOHYDQFH�

EHWZHHQ�YDULDEOHV�DQG�WDUJHWV��$IWHU�UHPRYLQJ�QRQ�LQIRUPDWLYH�DQG�UHGXQGDQW�YDULDEOHV��VHYHUDO�

DGYDQWDJHV�FDQ�EH�DFKLHYHG� LQ�GDWD�PRGHOLQJ�� IRU�H[DPSOH��FRPSXWDWLRQ�FRVWV�FDQ�EH� ORZHUHG��

QRLVH�LQ�LQSXWV�FDQ�EH�GHFUHDVHG��WKH�FRQWULEXWLRQ�RI�UHOHYDQW�YDULDEOHV�FDQ�EH�PDJQLILHG��DQG�WKH�

SHUIRUPDQFH�RI�WKH�PRGHO�FDQ�EH�LPSURYHG�� 

$OWKRXJK� IHDWXUH� UHSUHVHQWDWLRQ� LV� SUREOHP� RU� GRPDLQ� VSHFLILF�� RQFH� DOO� WKH� YDULDEOHV�

SRWHQWLDOO\� LQIOXHQFLQJ� WKH� FKDQJH� RI� WKH� WDUJHW� YDULDEOHV� DUH� FROOHFWHG�� WKH� HYDOXDWLRQ� DQG�

H[WUDFWLRQ�SURFHVV�FDQ�EH�FRQYHUWHG�LQWR�PDFKLQH�OHDUQLQJ�SUREOHPV��VXFK�DV�VXSHUYLVHG�IHDWXUH�

H[WUDFWLRQ�DQG�XQVXSHUYLVHG�IHDWXUH�H[WUDFWLRQ��)RU�VXSHUYLVHG�IHDWXUH�H[WUDFWLRQ��WKH�WUDLQLQJ�VHW�

LV�QHHGHG�WR�EXLOG�VXEVHWV�RI�WKH�IHDWXUHV��2Q�WKH�RWKHU�KDQG��XQVXSHUYLVHG�IHDWXUH�H[WUDFWLRQ�GRHV�

QRW�UHTXLUH�WKH�WUDLQLQJ�VHW��+RZHYHU��ERWK�VXSHUYLVHG�DQG�XQVXSHUYLVHG�IHDWXUH�H[WUDFWLRQ�FDQ�KDYH�

WKH�VWDWLVWLFDO�WKHRULHV�EHKLQG�WR�SHUIRUP�WKH�K\SRWKHVLV�WHVWLQJ� 



 �� 

7KH�PHWKRGRORJ\�IRU�IHDWXUH�H[WUDFWLRQ�FDQ�EH�GLYLGHG�LQWR�VHYHUDO�FDWHJRULHV��EDVHG�RQ�

GDWD�W\SHV��7KH�GDWD�FDQ�EH�ERWK�QXPHULFDO�YDULDEOHV�DQG�FDWHJRULFDO�YDULDEOHV��)RU�QXPHULFDO�LQSXW�

DQG�QXPHULFDO�RXWSXW��WKH�PRVW�FRPPRQ�FRUUHODWLRQ�PHDVXUHV�DUH�3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQW��

6SHDUPDQ¶V� UDQN� FRHIILFLHQW� DQG� VR� RQ�� )RU� QXPHULFDO� LQSXW� DQG� FDWHJRULFDO� RXWSXW�� WKH� PRVW�

FRPPRQ�FRUUHODWLRQ�PHDVXUHV�DUH�$129$�FRUUHODWLRQ�FRHIILFLHQW��.HQGDOO¶V�UDQN�FRHIILFLHQW��DQG�

VR� RQ�� )RU� FDWHJRULFDO� LQSXW� DQG� QXPHULFDO� RXWSXW�� WKH� SURFHVV� FDQ� EH� GHILQHG� DV� UHYHUVHG�

³QXPHULFDO�LQSXW�DQG�FDWHJRULFDO�RXWSXW´��)RU�FDWHJRULFDO�LQSXW�DQG�FDWHJRULFDO�RXWSXW��WKH�PRVW�

FRPPRQ�FRUUHODWLRQ�PHDVXUHV�DUH�FKL�VTXDUHG�WHVW��PXWXDO�LQIRUPDWLRQ�DQG�VR�RQ� 

�����3ULRU�.QRZOHGJH 

,Q�GDWD�DQDO\VLV��SULRU�NQRZOHGJH�LQ�DSSOLFDWLRQ�GRPDLQV�FDQ�EULQJ�ELJ�LPSDFWV�LQ�HDFK�RQH�

RI�WKH�VWHSV��)RU�SUREOHP�IRUPXODWLRQ��GRPDLQ�NQRZOHGJH�FDQ�KHOS�XV�IRUP�SUHFLVH�DQG�DFFXUDWH�

SUREOHP�GHILQLWLRQV��)RU�GDWD�SUHSDUDWLRQ��GRPDLQ�NQRZOHGJH�FDQ�HIILFLHQWO\�UHGXFH�WKH�EXUGHQ�RI�

GDWD�FROOHFWLRQ�DQG�LPSURYH�WKH�TXDOLW\�RI�WKH�GDWD�VHWV��)RU�GDWD�SUHSURFHVVLQJ��GRPDLQ�NQRZOHGJH�

FDQ� KHOS� XV� KDYH� D� KLJK�OHYHO� XQGHUVWDQGLQJ� RI� WKH� YDOXDWLRQ� RI� WKH� YDULDEOHV�� WKH� FRUUHODWLRQ�

EHWZHHQ� WKH� YDULDEOHV�� DQG� WKH� QRLVH�� ZKLFK� SDYHV� WKH� ZD\� WR� WKH� SURSHU� GDWD� SURFHVVLQJ�

PHWKRGRORJ\��)RU�GDWD�PRGHOLQJ��GRPDLQ�NQRZOHGJH�FDQ�EH�XVHG�WR�HYDOXDWH�WKH�TXDOLW\�RI�WKH�

UHVXOWV��)RU�UHVXOW�LQWHUSUHWDWLRQ��GRPDLQ�NQRZOHGJH�FDQ�KHOS�XQGHUVWDQG�LQVLJKWV��FRUUHFWQHVV��DQG�

IODZV� 

$OSKD*R�=HUR� LV�D�SHUIHFW�H[DPSOH�RI�KRZ�EHQHILFLDO� WKH�SULRU� NQRZOHGJH� LV��$OSKD*R�

=HUR�ZDV�WUDLQHG�E\�*RRJOH�E\�FRPELQLQJ�WKH�UXOHV�RI�*R��$OSKD*R�=HUR�GHIHDWHG�ERWK�KXPDQ�

SOD\HUV�DQG�$OSKD*R�ZKLFK�ZDV� WUDLQHG�ZLWK� WKH�H[SHUWLVH�RI�H[SHUW�*R�SOD\HUV�� ,Q� UHDO�ZRUOG�

DSSOLFDWLRQV��KXPDQ��DV�H[SHUWV�LQ�WKH�ILHOG��PD\�KDYH�SDUWLDO�EXW�QRW�DOO�SULRU�NQRZOHGJH��VXFK�DV�

DOO�WKH�UXOHV�RI�*R��VR�WKDW�LW�LV�LPSRVVLEOH�WR�WUDLQ�D�SHUIHFW�V\VWHP��+RZHYHU��WKLV�H[DPSOH�DOVR�



 �� 

VKRZV�WKDW�WKH�PRUH�SULRU�NQRZOHGJH�ZH�DSSO\�WR�WKH�PRGHO�WUDLQLQJ��WKH�PRUH�DFFXUDWH�WKH�V\VWHP�

FDQ�EH� 

+RZHYHU��LW�LV�GLIILFXOW�WR�FRPELQH�SULRU�NQRZOHGJH�WR�GDWD�PRGHOLQJ��:KHQ�WKH�GDWD�VHW�

VL]H�LV�WRR�ELJ�WR�EH�KDQGOHG�E\�KXPDQ��ZKHQ�UXOHV�DQG�ERXQGDULHV�DUH�DPELJXRXV��HVSHFLDOO\�ZKHQ�

QRLVH�LV�LQYROYHG��WKH�TXHVWLRQ�LV�ZKLFK�SULRU�NQRZOHGJH�LV�UHDOO\�UHODWHG�DQG�KRZ�FRPSOHWH�WKH�

SULRU�NQRZOHGJH�LV� 

�����&RPSXWDWLRQ�*UDSKV 

&RPSXWDWLRQDO� JUDSKV� DUH� JHQHUDOO\� XVHG� LQ� 1HXUDO� 1HWZRUNV� �11�� WR� UHSUHVHQW�

PDWKHPDWLFDO�H[SUHVVLRQV�LQ�QHWZRUN�DUFKLWHFWXUH�DQG�GHVFULEH�UHTXLUHG�FRPSXWDWLRQ�SURYLGHG�E\�

WKH�QHWZRUN��&RPSXWDWLRQDO�JUDSKV�KDYH�WZR�GLUHFWLRQV��RQH�LV�IRUZDUG�FRPSXWDWLRQ��WKH�RWKHU�LV�

EDFNZDUG�FRPSXWDWLRQ� 

$V�VKRZQ�LQ�)LJXUH������FRPSXWDWLRQ�JUDSKV�LQFOXGH�QRGHV�DQG�HGJHV�LQ�ZKLFK�QRGHV�FDQ�

EH�XVHG�WR�UHSUHVHQW�YDULDEOHV��DQG�HGJHV�FDQ�EH�XVHG�WR�UHSUHVHQW�GDWD�GHSHQGHQFLHV�DQG�IXQFWLRQ�

DUJXPHQWV��)URP�RQH�OD\HU�WR�QH[W�OD\HU��RSHUDWLRQV�DUH�WKH�ZD\�WR�FRPELQH�YDULDEOHV�DQG�WR�EXLOG�

IXQFWLRQV�� 

 
)LJXUH������&RPSXWDWLRQ�*UDSKV 
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,Q�)LJXUH������ZH�GHPRQVWUDWH�KRZ�WR�XVH�D�FRPSXWDWLRQ�JUDSK�WR�FRPSXWH�GHULYDWLYH��2Q�

WKH�ERWWRP�OD\HU�DUH�WKH�LQSXW�YDULDEOHV�±�D��E��F��2Q�WKH�PLGGOH�OD\HU�DUH�WKH�IXQFWLRQV�WR�FRPSXWH�

G�DQG�H��݀ ൌ ܽ ൅ ܾ��݁ ൌ ܾ െ ܿ��2Q�WKH�WRS�OD\HU�LV�WKH�IXQFWLRQ�WR�FRPSXWH�<��ܻ ൌ ݀ כ ݁��%DVHG�

RQ� WKHVH� IXQFWLRQV�� ZH� FDQ� KDYH� WKH� GHULYDWLYH��డௗ
డ௔
ൌ ͳ���డௗ

డ௕
ൌ ͳ���డ௘

డ௕
ൌ ͳ���డ௘

డ௖
ൌ െͳ���డ௒

డௗ
ൌ ݁��� DQG�

డ௒
డ௘
ൌ ݀��� 6LQFH�డ௒

డ௔
ൌ డ௒

డௗ
כ డௗ
డ௔
ൌ ݁ כ ͳ ൌ ݁���డ௒

డ௕
ൌ డ௒

డௗ
כ డௗ
డ௕
ൌ ݁ כ ͳ ൌ ݁��� �డ௒

డ௖
ൌ డ௒

డ௘
כ డ௘
డ௖
ൌ ݀ כ ሺെͳሻ ൌ

െ݀��7KLV�H[DPSOH� VLPXODWHV� WKH�FRPSXWDWLRQDO�XQLW� LQ�11��7KH� DUFKLWHFWXUH�RI�11�FDQ�EH� WKH�

FRPELQDWLRQ�RI�PXOWLSOH�FRPSXWDWLRQ�XQLWV�DQG�HYHQ�WKH�FRPELQDWLRQ�RI�VHYHUDO�VXE�QHWZRUNV��:H�

ZLOO� LOOXVWUDWH� GLIIHUHQW� DUFKLWHFWXUHV�� VXFK� DV�0XOWL�/D\HU� 3HUFHSWURQ� 1HWZRUNV� �0/3�� >���@��

5HFXUUHQW�1HXUDO�1HWZRUNV��511��>��@��&RQYROXWLRQ�1HXUDO�1HWZRUNV��&11��>���@��/RQJ�6KRUW�

7HUP�0HPRU\��/670��[79] DQG�VR�RQ� 

&RPSXWDWLRQ� JUDSKV� DUH� DGDSWDEOH� WR� FRPSOH[� FRPSXWDWLRQV� E\� DOORZLQJ� VHOI�FLUFOHV��

LQWHUOHDYH�JUDSK�JHQHUDWLRQ�DQG�HYDOXDWLRQ��)RUZDUG�DQG�EDFNZDUG�FRPSXWDWLRQ�FDQ�EH�EXLOW�LQWR�

RQH�SURFHVV�WR�UHSHDWHGO\�RSWLPL]H�SDUDPHWHUV��7KH�GUDZEDFNV�DUH�GHDOLQJ�ZLWK�KLJK�GLPHQVLRQDO�

GDWD�WKURXJK�PXOWLSOH�LWHUDWLRQV�FDQ�EH�WLPH�FRQVXPLQJ�DQG�XQWUDFHDEOH� 

�����'HHS�1HXUDO�1HWZRUNV� 

'HHS�OHDUQLQJ�LV�D�EUDQFK�RI�PDFKLQH�OHDUQLQJ��LQ�ZKLFK�FRPSXWDWLRQ�JUDSK�FDQ�EH�XVHG�WR�

EXLOG�KLHUDUFKLFDO�VWUXFWXUHV��VR�WKDW�GHHS�OHDUQLQJ�LV�DOVR�FDOOHG�KLHUDUFKLFDO�OHDUQLQJ��7KHUH�DUH�

VHYHUDO�DGYDQWDJHV�LQ�KLHUDUFKLFDO�PRGHOV��IRU�H[DPSOH��WKH�SHUIRUPDQFH�RI�GHHS�OHDUQLQJ�PRGHOV�

VFDOHV�ZLWK�WKH�DPRXQW�RI�GDWD�WKH\�DUH�WUDLQHG�RQ�VR�WKDW�WKH�PRUH�GDWD��WKH�EHWWHU�WKH�PRGHO��DOVR��

GHHS�OHDUQLQJ�LV�FDSDEOH�WR�DXWRPDWLFDOO\�SURPRWH�VLJQLILFDQW�IHDWXUHV�DQG�VXSSUHVV�LQVLJQLILFDQW�

IHDWXUHV��,Q�RWKHU�ZRUGV��GHHS�OHDUQLQJ�QRUPDOO\�RXWSHUIRUPV�WUDGLWLRQDO�PDFKLQH�OHDUQLQJ� 

'HHS�OHDUQLQJ�LV�JHQHUDOO\�XVHG�LQ�LPDJH�UHFRJQLWLRQ��WH[W�PLQLQJ��DQG�JUDSK�DQDO\VLV��:H�

XVH�)LJXUH�����WR�IRUPXODWH�WKH�FRPSXWDWLRQ�SURFHVV�LQ�GHHS�OHDUQLQJ��$V�VKRZQ�LQ�)LJXUH������IRU�
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YHUWH[����JLYHQ�RXWSXW�2��ZHLJKWV�Z��DQG�ELDVߠ��IURP�WKH�SUHYLRXV�OD\HU��ZH�FDQ�FRPSXWH�RXWSXW�

2M��(UURU�(UUM��WKH�FKDQJH�RI�ZHLJKWV�ZLM�DQG�WKH�FKDQJH�RI�ELDVߠ�௝�� 

 

)LJXUH������'HHS�/HDUQLQJ�3URWRW\SH 

 

)HDWXUH�VHOHFWLRQ�LQ�GHHS�OHDUQLQJ�FDQ�EH�LQFOXGHG�LQ�PRGHOLQJ�LQ�VHYHUDO�GLIIHUHQW�ZD\V�

ZKLFK�FDQ�EH�LQWHUSUHWHG�DV�WKH�IROORZLQJ� 
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,Q�ZKLFK�,M�LV�WKH�LQSXW�PDWUL[�RI�M�WK�OD\HU��2M�LV�WKH�RXWSXW�PDWUL[�RI�M�WK�OD\HU��(UUM�LV�WKH�

HUURU�PDWUL[�RI�M�WK�OD\HUݓ��௜௝�LV�WKH�ZHLJKW�RQ�WKH�L�WK�YHUWH[��WKH�M�WK�OD\HU��οݓ௜௝�LV�WKH�FKDQJH�RI�

ZHLJKW�RQ�WKH�L�WK�YHUWH[�DQG�WKH�M�WK�OD\HUߠ��௜௝�LV�WKH�ELDV�RQ�WKH�L�WK�YHUWH[�DQG�WKH�M�WK�OD\HU��οߠ௜௝�

LV�WKH�FKDQJH�RI�ELDV�RQ�L�WK�YHUWH[�DQG�WKH�M�WK�OD\HU� 

$V�D�FRQYHQWLRQ��ZH�XVHݔ� א ݕ��ܺ א ܻ�WR�UHSUHVHQW�WKH�LQSXW�DQG�WKH�RXWSXW��SDUDPHWHUL]HG�

E\ߠ���VR�WKDW�WKH�PRGHO�FDQ�EH�IRUPXODWHG�DV� 

ݕ ൌ ǡݔሺܨ  ������ ሻߠ

(DFK�KLGGHQ�OD\HU�݄௟�FDQ�EH�FRPSXWHG�IURP�WKH�SUHYLRXV�OD\HU� 

݄௟ ൌ ௟݂ሺ݄௟ିଵǡ  ������ ሻߠ

௟݂ሺ݄௟ǡ ሻߠ ൌ ሺܹ௟݄௟ߪ ൅ ܾ௟ሻ ������ 

,Q�ZKLFK��݄௟ א ܴு೗�IRU�WKH�O�WK�OD\HU��ZHLJKW�PDWUL[�ܹ௟ א ܴு೗ൈு೗�IRU�WKH�O�WK�OD\HU��ELDV�PDWUL[�ܾ௟ א

ܴு೗�IRU�WKH�O�WK�OD\HU��7\SLFDO�FKRLFH�IRUߪ�ሺݔሻ�LV�WKH�ORJLVWLF�VLJPRLG�IXQFWLRQߪ�ሺݔሻ ൌ ଵ
ଵା௘షೣ

� 

0XOWL�OD\HU�PRGHOV�FDQ�EH�GHILQHG�DV� 

ሺܺǡܨ ሻߠ ൌ ௅݂ሺ ௅݂ିଵሺǥ ሺ ଵ݂ሺݔǡ ଵሻǥߠ ǡ ௅ିଵሻǡߠ  ������ ௅ሻߠ

�'HHS�OHDUQLQJ�KDV�D�YDVW�QXPEHU�RI�YDULDQWV��GLIIHULQJ�PRVWO\�LQ�WKH�DUFKLWHFWXUH��0RUHRYHU��

WKH�ZHLJKW�PDWUL[�DQG�ELDV�PDWUL[�FDQ�EH�WXQHG�GLIIHUHQWO\� 

������*UDSK�1HXUDO�1HWZRUNV 

Graph neural networks (GNNs) extend recurrent neural networks, which can process most 

of the graphs and can be applied on both graphs and nodes focused problems. Graphs can be posi-

tional and non-positional. The intuitive idea underlying GNN is that nodes in a graph represent 

objects or concepts and edges represent their relationships.  
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The learning problem is always implemented by the minimization of the quadratic error 

function. Several optimization algorithms can be used: almost all of them are based on sub proce-

dure that computes the error gradient w.r.t the weights. The possible optimization methods include, 

for instance, gradient descent, scaled conjugate gradient, Levenberg-Marquardt and resilient back-

propagation.  

The unfolding tree often contains most of the original information, in theory the pre-pro-

cessing may cause a loss of information, because it may happen that two different graphs and nods 

are unfolded to the same tree. On the other hand, a theoretical condition ensuring the lossless 

unfolding is described in [33] that the generated tree contains the same information of the original 

graph. 

������*UDSK�.HUQHO 

In kernel methods, all computations are done via a kernel function which is the inner prod-

uct of two vectors in a feature space [133], [221]. There are several kernel methods. Most of them 

are based on the idea of an object that can be decomposed into substructures and a feature vector 

that is composed of the counts of the substructures.  

������*UDSK�3URSDJDWLRQ 

One interesting class of neural networks are dynamical systems with three salient proper-

ties [201]. First, they possess very many degrees of freedom, second, their dynamics are nonlinear 

and, third, their dynamics are dissipative. Systems with these properties can have complicated 

attractor structures and can exhibit computational abilities.  

A learning algorithm is a rule or dynamical equation which changes the location of fixed 

points to encode information. One way of doing this is to minimize, by gradient descent, some 

function of the system parameters. The formalism is illustrated by deriving adaptive equations for 
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a recurrent network with first order neurons, a recurrent network with higher order neurons and 

finally a recurrent first order associative memory. 

Weisfeiler-Lehman [221] can be used to map the original graph to a sequence of graphs, 

whose node attributes capture topological and label information to measure the similarity of graphs. 

The kernel of WL is a function of two graphs that quantifies their similarity. 

������/RQJ�6KRUW�7HUP�0HPRU\��/670� 

/RQJ�6KRUW�7HUP�0HPRU\��/670��[79] LV�D�PRGLILHG�HGLWLRQ�RI�5HFXUUHQW�1HXUDO�1HWZRUN�

�511��ZKLFK�FDQ�EH�XVHG�WR�FRQWLQXRXVO\�JR�WKURXJK�WH[W�VHTXHQFHV�DQG�WR�EXLOG�D�ZRUG�QHWZRUN��

7KH�QHWZRUN�LQIRUPDWLRQ�LV�VWRUHG�LQ�PHPRU\�FHOOV�DQG�WKUHH�DGDSWLYH��PXOWLSOLFDWLYH�JDWLQJ�XQLWV�

VKDUHG�E\�DOO�FHOOV�LQ�WKH�EORFN�DV�VKRZQ�LQ�)LJXUH������Also, each memory cell has a recurrent self-

connected linear unit - Constant Error Carousel (CEC), which is the core of the cell and stores the 

state of the cell, as shown in Figure 3.5.�7KH�Constant Error Carousel �&(&��RYHUFRPHV�D�IXQGD�

PHQWDO�SUREOHP�LQ�511V�DQG�FDQ�SUHYHQW�HUURU�VLJQDOV�IURP�GHFD\LQJ�TXLFNO\�� 

 

Figure 3.5. Long Short-Term Memory Prototype [80] 
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/670�FDQ�OHDUQ�WKH�ILQH�GLVWLQFWLRQ�EHWZHHQ�VHTXHQFHV�RI�VSLNHV�VSDFHG�HLWKHU�����RU����

WLPH� VWHSV� DSDUW�ZLWKRXW� WKH� KHOS� RI� DQ\� VKRUW� WUDLQLQJ� H[HPSODUV��7HPSRUDO� GLVWDQFH� EHWZHHQ�

HYHQWV�FRQYH\V�LQIRUPDWLRQ�HVVHQWLDO�IRU�QXPHURXV�VHTXHQWLDO�WDVNV��VXFK�DV�VSHHFK�UHFRJQLWLRQ��

PRWRU�FRQWURO�DQG�UK\WKP�GHWHFWLRQ��7KLV�PDNHV�/670�D�SURPLVLQJ�DSSURDFK�IRU�WDVNV�WKDW�UHTXLUH�

WKH�DFFXUDWH�PHDVXUHPHQW�RU�JHQHUDWLRQ�RI�WLPH�LQWHUYDOV� 

7KH�FHOO�RXWSXWݕ��௖��LV�FDOFXODWHG�EDVHG�RQ�WKH�FXUUHQW�FHOO�VWDWHݏ�௖�DQG�IRXU�VRXUFHV�RI�LQSXW��

�௖�LVݐ݁݊ LQSXW� WR� WKH�FHOO� LWVHOI�ZKLOH�݊݁ݐ௜௡��݊݁ݐఝ�DQG�݊݁ݐ௢௨௧�DUH� LQSXWV� WR� WKH� LQSXW�JDWHV�� IRUJHW�

JDWHV��DQG�RXWSXW�JDWHV��:H�FRQVLGHU�GLVFUHWH� WLPH�VWHSV�W� �������«�$�VLQJOH�VWHS� LQYROYHV� WKH�

XSGDWH�RI�DOO�XQLWV��IRUZDUG�SDVV��DQG�WKH�FRPSXWDWLRQ�RI�HUURU�VLJQDOV�IRU�DOO�ZHLJKWV��EDFNZDUG�

SDVV��� )RU� HDFK� GLVFUHWH� WLPH� VWHS�� ZH� XVH� D� WZR�SKDVH� XSGDWH� VFKHPH� WKDW� FRPSXWHV� DV� WKH�

IROORZLQJ� 

1. 3KDVH�RQH� 

a. ,QSXW�JDWH�DFWLYDWLRQݕ�௜௡� 

b. )RUJHW�JDWH�DFWLYDWLRQݕ�ఝ� 

c. &HOO�LQSXW�DQG�FHOO�VWDWHݏ�௖� 

2. 3KDVH�WZR� 

a. 7KH� LQSXW� JDWH� DFWLYDWLRQݕ�௜௡��DQG� WKH� IRUJHW� JDWH� DFWLYDWLRQݕ�ఝ��DUH� FRPSXWHG� DV�

IROORZV 

ሻݐ௜௡ೕሺݐ݁݊ ൌ �σ ݕ௜௡ೕ௠ݓ
௠ሺݐ െ ͳሻ ൅ σ ௜௡ೕ௖ೕݓ

ೡݏ௖ೕೡሺݐ െ ͳሻ௦ೕ
௩ୀଵ௠ ሻݐ௜௡ೕሺݕ� ൌ ௜݂௡ೕሺ݊݁ݐ௜௡ೕሺݐሻሻ ������ 

ሻݐఝೕሺݐ݁݊ ൌ �σ ݕఝೕ௠ݓ
௠ሺݐ െ ͳሻ ൅ σ ఝೕ௖ೕݓ

ೡݏ௖ೕೡሺݐ െ ͳሻ௦ೕ
௩ୀଵ௠ ሻݐఝೕሺݕ� ൌ ఝ݂ೕሺ݊݁ݐఝೕሺݐሻሻ ������ 

DQG�WKH�VWDWH�RI�PHPRU\�FHOOݏ�௖�LV�FDOFXODWHG�E\�DGGLQJ�WKH�VTXDVKHG��JDWHG�LQSXW�RI�WKH�FHOO�WR�WKH�

VWDWH�DW� WKH�SUHYLRXV� WLPH�VWHSݏ�௖ሺݐ െ ͳሻሺݐ ൐ Ͳሻ��ZKLFK� LV�PXOWLSOLHG� �JDWHG��E\� WKH� IRUJHW�JDWH�

DFWLYDWLRQ��ݏ௖ೕೡሺͲሻ ൌ Ͳ� 



 �� 

ሻݐ௖ೕೡሺݐ݁݊ ൌ σ ௖ೕݓ
ೡ௠ݕ௠ሺݐ െ ͳሻǡ ሻݐ௖ೕೡሺݏ ൌ ݐ௖ೕೡሺݏሻݐఝೕሺݕ െ ͳሻ ൅ ሻሻ௠ݐ௖ೕೡሺݐሻ݃ሺ݊݁ݐ௜௡ೕሺݕ  ������ 

b. 7KH�RXWSXW�JDWH�DFWLYDWLRQݕ�௢௨௧�LV�FRPSXWHG�DV�IROORZV 

ሻݐ௢௨௧ೕሺݐ݁݊ ൌ σ ݕ௢௨௧ೕ௠ݓ
௠ሺݐ െ ͳሻ ൅ σ ௢௨௧ೕ௖ೕݓ

ೡݏ௖ೕೡሺݐሻǡ ݕ
௢௨௧ೕሺݐሻ ൌ ௢݂௨௧ೕሺ݊݁ݐ௢௨௧ೕሺݐሻሻ

௦ೕ
௩ୀଵ௠  ������ 

c. 7KH�FHOO�RXWSXW�LV�FRPSXWHG�DV�IROORZV 

௖ೕݕ
ೡ
ሺݐሻ ൌ  ������ ሻݐ௖ೕೡሺݏሻݐ௢௨௧ೕሺݕ

 )LQDOO\��DVVXPLQJ�D�OD\HUHG�QHWZRUN�WRSRORJ\�ZLWK�D�VWDQGDUG�LQSXW�OD\HU��D�KLGGHQ�OD\HU�

FRQVLVWLQJ�RI�PHPRU\�EORFNV��DQG�D�VWDQGDUG�RXWSXW�OD\HU��WKH�HTXDWLRQ�IRU�WKH�RXWSXW�XQLWV�N�DUH�� 

ሻݐ௞ሺݐ݁݊ ൌ σ ሻǡݐ௠ሺݕ௞௠ݓ ሻݐ௞ሺݕ ൌ ௞݂ሺ݊݁ݐ௞ሺݐሻሻ௠  ������ 

ZKHUH�P�UDQJHV�RYHU�DOO�XQLWV�IHHGLQJ�WKH�RXWSXW�XQLWV�DQG� ௞݂�LV�WKH�RXWSXW�VTXDVKLQJ�IXQFWLRQ� 

Generally used LSTM are Bidirectional LSTM which captures both the past and the future 

information. The standard LSTM architecture allows strictly sequential information propagation. 

Multilayer LSTM which let the higher layers capture longer term dependencies of the input se-

quence. Tree structured LSTM [235] allow for richer network topologies where each LSTM unit 

can incorporate information from multiple child units. 

Order-insensitive models are insufficient to fully capture the semantics of natural language 

due to their inability to account for differences in meaning because of differences in word order or 

syntactic structure. Order-sensitive sequential or tree-structured models are a linguistically attrac-

tive option due to their relation to syntactic interpretation of sentence structure.  

������3UREOHP�6SHFLILF�1HXUDO�1HWZRUNV 

Kernel methods represent the characteristics of the data set which can be based on common 

substructures, statistical model, and local transformation of data. >��@ 
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Simple kernels defined on subparts of given structures can be extended by generic opera-

tions to complex and convolutional kernels. These simple kernels normally have self-similar prop-

erty, such as sequences and graphs. 

For sequences, the string kernels can represent a sequence of entities in a particular order. 

Long Short-Term Memory (LSTM) with forget gates [79] integrates sequential data into deep 

learning prototype by adding memory block into the prototype. The memory block contains one 

or more memory cells which have recurrently self-connected linear units, called Constant Error 

Carousel (CEC). By recirculating activation and error signals indefinitely, the CEC provides short-

term memory storage for extended time periods. The input, forget, and output gate can be trained 

to learn what information to store in the memory, how long to store it, and when to read it out.  

For graphs, the graph kernels can represent the networked data with vertices and edges: 

vertices represent entities and edges represent relationships. Images can be considered as a special 

type of networked data in which vertices are positional. Graph neural network (GNN) is based on 

neural network model and can fit graph data into it. In GNN, each node is attached with neighbor-

hood information. Vertex information can be updated based on neighborhood information.  For 

positional graphs, vertex propagation can be applied to entire graphs. For non-positional graphs, 

vertex propagation can be conducted along the neighbors of the vertices. 

For kernels based on a statistical model, finding an appropriate kernel function for a par-

ticular problem can be difficult and sometimes may be largely unresolved issues. In graph analysis, 

several statistical kernels are already discovered. For example, the distribution of the number of 

vertices is Gaussian, the distribution of the number of edges given vertices is exponential, and the 

distribution of the number of vertices with degree k follows Poisson distribution. [5] 
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For kernels based on local transformation of data, local transformation of data can be used 

to highlight specific features. For example, in image processing, different transformation kernels 

can be used for blurring, sharpening, embossing, edge detection, and more. This can be done by 

doing a convolution between a kernel and an image, which adds each element of the image to its 

local neighbors, weighted by the kernel. For graph neural network, graph propagation can be con-

ducted among neighbors and the operation can be specified to result in a particular selection, such 

as maximum, minimum, mean, median and customized regression. 
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Chapter 4:  Graph Space Management and Parallel Planning 
 
�����,QWURGXFWLRQ 

,Q�SDUDOOHO�SODQQLQJ��ERWK�VSDFH�PDQDJHPHQW�DQG�MRE�VFKHGXOLQJ�QHHG�WR�EH�WDNHQ�FDUH�RI�

EHIRUH�SDUDOOHO�H[HFXWLRQ��2QO\�OLPLWHG�VSDFH�FDQ�EH�DVVLJQHG�WR�DOO� WKH�WDVNV�ZKLFK�QHHG�WR�EH�

VFKHGXOHG�VLPXOWDQHRXVO\�� 

'DWD�VWUHDP�ELQ�SDFNLQJ�FDQ�EH�XVHG�WR�HVWLPDWH�ERWK�WKH�XSSHU�ERXQG�DQG�WKH�ORZHU�ERXQG�

RI�WKH�VSDFH�FRVW�DQG�WLPH�FRVW��ZKLFK�FDQ�EH�GRQH�WKURXJK�PLQLPL]LQJ�WKH�QXPEHU�RI�ELQV�ZH�FDQ�

XVH��DQG�WKH�PD[LPXP�QXPEHU�RI�LWHPV��RU�WKH�PD[LPXP�GXUDWLRQ�RI�MREV��LQ�HDFK�ELQ��%\�XVLQJ�

ELQ�SDFNLQJ� WR�RSWLPL]H�ERWK� WKH� VSDFH�FRPSOH[LW\�DQG� WKH� WDVN�VFKHGXOLQJ��ZH�FDQ�HIILFLHQWO\�

PDQDJH�GDWD� VWRUH�� VFKHGXOH�GDWD�SURFHVVLQJ�� DQG� ILQG� D�ZD\� WR� VSOLW� GDWD� DQG� WR� VFKHGXOH� MRE�

H[HFXWLRQ�IRU�WKH�EHVW�RI�ERWK�ZRUOG��7KLV�SUREOHP�FDQ�EH�PRGHOOHG�DV�YHFWRU�ELQ�SDFNLQJ��DV�VKRZQ�

EHORZ� 

0LQLPL]H� 6\M�    ����� 

6XEMHFW�WR� 6DL[LM�d�&\M��M���-�  ����� 

  6[LM� ����L���,�   ����� 

  [LM��\M���^����`��L���,��M���-� ����� 

LQ�ZKLFK��< �^\M�_�\M���^����`���M� ����«��P`�LV�WKH�VHW�RI�ER[HV��;� �^[L�_�[L���^����`��L� ����«��Q`�

LV�WKH�VHW�RI�LWHPV��DL�LV�WKH�VL]H�RI�WKH�LWHP�L��7KH�FRQVWUDLQW�������FDQ�HQVXUH�WKDW�WKH�QXPEHU�RI�

ER[HV�QHHGV�WR�EH�PLQLPL]HG��7KH�FRQVWUDLQW�������FDQ�HQVXUH�WKDW�WKH�WRWDO�VL]H�RI�LWHPV�LQ�HDFK�

ER[�FDQQRW�H[FHHG�WKH�FDSDFLW\�RI�WKH�ER[��7KH�FRQVWUDLQW�������FDQ�HQVXUH�WKDW�RQH�LWHP�FDQ�RQO\�

EH�LQ�ER[�� 
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There are several scenarios for bin packing. One is that we need to put a bunch of stuff into 

a knapsack, and we need to put as much stuff into the knapsack as possible. The other one is that 

we have a list of boxes and a bunch of items. We need to use the minimum number of boxes to 

hold all the items and the number of items in each box are as small as possible. The two scenarios 

look different. However, if we look at the two scenarios carefully, we will see both are about the 

same problem. In the first scenario, the problem is that each item has different size so that it needs 

enough space to hold it. If the space in knapsack is not big enough, the items cannot be put into 

the knapsack. In the second scenario, we have a big space and then divide the entire space into 

several small boxes, so, the space capacity is not critical anymore. What we need to do is to put 

each one of the items into different boxes which is easy to implement. Since this condition can be 

satisfied easily, the challenge in the second scenario is different, however, if we tweak the problem 

in the second scenario and each item have different sizes instead of the same size, the two scenarios 

become comparable. They are about the same problem, in which the size of each item is completely 

random in the range from 1 to n. In the second scenario, we need to fill up multiple knapsacks but 

the restriction to pick items and to fill up each one of the boxes is the same. In the two scenarios, 

there are several characteristics in common. First, the space capacity is limited. Second, we need 

to include as much stuff as possible. 

The mathematical description of bin packing problem can be simplified as: given a positive 

space capacity C, a list of items L= (p1, p2��«��Sn), we need the number of bins m, such that L = 

B1 U B2 8�«�8�%m, sum(s(pi) ) < C and m is minimized.  

The applications of bin packing problem can be derived into several categories, based on 

the variety of terminology and the variety of parameters. Based on terminology, we can interpret 

bin packing problem as a storage problem. In computer memory, we have limited space and need 
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to load unlimited data for computation. WH�GRQ¶W�QHHG�WR�ORDG�DOO�WKH�GDWD�LQWR�PHPRU\�DW�RQFH�

which is also impossible. But, each time, we need to load as much data as possible and the total 

data size cannot exceed the size of the memory and the data size in each block cannot exceed the 

size of the block either. There is another example with different terminology. To have a long cable 

with a certain length, we need to connect small pieces of cables together: each segment cannot be 

longer than C and the total length of the segments cannot be longer than L.  

These examples are only related to three parameters: the size of the entire space, the 

maximum size of segments in the space, and a list of items. Based on parameters, we can interpret 

bin packing problem as truck packing problem, in which we need to consider, the size of the items, 

the weight of the items, the maximum size of each unit, the size of the truck. The condition 

becomes that the maximum weight in each unit cannot exceed the upper limit w, the maximum 

size in each unit cannot exceed the upper limit of s, the total weight in the truck cannot exceed the 

upper limit W, the total size of the items cannot exceed the size of the truck S.  

Another example is the commercial in station breaks on television. We need to assign 

commercials to each station break. The maximum length of commercials cannot exceed the length 

of the station break, the minimum income of commercials cannot be less than the budget of the 

station break, the maximum cost of the commercials cannot exceed the budget of the station break. 

In these examples, we have various parameters, such as total capacity, unit capacity, the maximum 

weight in each unit, the maximum capacity in each unit, the minimum capacity in each unit. These 

parameters are independent.  

When we discuss the upper and lower bounds of the parameters, we can split the problem 

into several separate problems according to the different parameters and solve the upper and lower 

bounds of each parameter separately. 



 �� 

Scheduling problem is also a bin packing problem with the execution time as a parameter. 

In computer task scheduling, we need to load tasks into memory and execute the tasks. The 

conditions are that the maximum size of the tasks in each memory unit cannot exceed the size of 

the memory unit, the maximum execution time of each memory unit cannot exceed the execution 

limit of each unit, the total size of the units can be minimized. The execution time can be different 

for different operations, such as search, read, write, calculation and so on. In data processing, we 

have similar applications. We normally take a snapshot of the data which is also called data 

window. When the data window moves one slot forward, we update the snapshot. In a snapshot, 

we divide the space into several segments, and, in each segment, the data set size cannot exceed 

the size of the segment, the execution time in each unit cannot exceed the execution limit of each 

unit. The execution can be insertion, deletion, update, data join, search, and so on. This problem 

cannot be easily converted to parallel processing. Because the execution time in each unit has 

upper and lower bound, when multiple processors are applied, the finishing time can be within a 

range and the size of the range are determined by the upper bound and lower bound of the execution 

time. If tasks are scheduled very well, parallel computing can be efficient. The challenge is how 

to decide the upper bound and lower bound of the execution time in each unit. 

6WUHDPLQJ�GDWD�SURFHVVLQJ�FDQ�EH�PRGHOHG�DV�D�ELQ�SDFNLQJ�SUREOHP�LQ�ZKLFK�ZH�FRQVLGHU�

WKH�VL]H�RI�WKH�GDWD�ZLQGRZ�LV�WKH�WRWDO�VSDFH�FDSDFLW\��:KHQ�WKH�GDWD�VWUHDP�LV�IORZLQJ�WKURXJK�

WKH�GDWD�ZLQGRZ��ZH�WDNH�D�VQDSVKRW�RI�WKH�GDWD�VWUHDP�DQG�XSGDWH�WKH�GDWD�ZLQGRZ�ZH�FDFKHG��

6OLGLQJ�ZLQGRZ�LV�D�JHQHUDO�VROXWLRQ�IRU�GDWD�VWUHDP�SURFHVVLQJ��$OWKRXJK�VOLGLQJ�ZLQGRZ�FDQ�

SURYLGH�D�VQDSVKRW�RI�WKH�GDWD�VWUHDP��LW�FDQQRW�HQVXUH�WKH�GDWD�SURFHVVLQJ�UHVXOW�FDQ�EH�FRQFLVH�

DQG�ZLQGRZHG�VWUHDP�FDQ�EH�VWRUHG�HIILFLHQWO\��7KH�FKDOOHQJH�LV�VWLOO�KRZ�WR�DUUDQJH�GDWD�LWHPV�

HIILFLHQWO\� VR� WKDW� ZH� FDQ� ORDG� DV�PDQ\� GDWD� LWHPV� LQWR� WKH� VSDFH� DV� SRVVLEOH� DQG� ILQLVK� GDWD�
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SURFHVVLQJ�DV�TXLFN�DV�SRVVLEOH��7KH�ZD\�ZH�KDQGOH�WKH�GDWD�PRGHO�LV�WKDW�ZH�GLYLGH�WKH�WRWDO�VSDFH�

LQWR�HTXDO�XQLWV�DQG��LQ�HDFK�XQLW��WKH�WRWDO�GDWD�VL]H�FDQQRW�H[FHHG�WKH�VL]H�RI�WKH�XQLW�DQG�WKH�WRWDO�

H[HFXWLRQ�WLPH�FDQQRW�H[FHHG�WKH�WLPH�OLPLW�IRU�HDFK�XQLW�VR�WKDW�WKH�WRWDO�WLPH�FRVW�RI�DOO�RI�WKH�

XQLWV�LV�OHVV�WKDQ�WKH�VSHHG�RI�WKH�ZLQGRZ�PRYHPHQW��)RU�RSHUDWLRQ�H[HFXWLRQ�WLPH�FRVW��ZH�QHHG�

WR�FRQVLGHU�VHYHUDO�GDWD�RSHUDWLRQV��VXFK�DV�GDWD�MRLQ��GDWD�LQVHUWLRQ��GDWD�GHOHWLRQ��GDWD�VHDUFK��GDWD�

FRS\�DQG�VR�RQ�� 

$�JRRG�WUDGH�RII�EHWZHHQ�WKH�VL]H�RI�WKH�VSDFH�DQG�WKH�DFFXUDF\�RI�WKH�UHVXOWV�LV�UHTXLUHG�

ZKHQ�GHDOLQJ�ZLWK�D�GDWD�VWUHDP��)RU�VRPH�DJJUHJDWLRQ�RSHUDWLRQV��WKH�PRUH�GDWD�ZH�XVH��WKH�PRUH�

DFFXUDWH�WKH�UHVXOW�LV��VXFK�DV�PD[LPXP��PLQLPXP��VXP��FRXQW�DQG�VR�RQ��)RU�VRPH�RSHUDWLRQV��

VXFK�DV�GDWD�MRLQ��VHOHFW��JURXS�E\�DQG�VR�RQ��LI�DQG�RQO\�LI�WKH�VDPSOH�VHW�LV�FRPSOHWH��WKH�TXHU\�

UHVXOW�FDQ�EH�FRPSOHWH��+RZHYHU��JLYHQ�D�FHUWDLQ�WLPH�LQWHUYDO�DQG�PHPRU\�VSDFH��ZH�GRQ
W�KDYH�

UDQGRP�DFFHVV�WR�WKH�HQWLUH�GDWD�VWUHDP��QHLWKHU�VWRUH�WKH�HQWLUH�VWUHDPLQJ�GDWD�VHW�WR�WKH�PHPRU\��

ZH�RXWSXW�SDUWLDO�UHVXOWV� 

�����6SDFH�0DQDJHPHQW 

:H�XVH�,�WR�LQGLFDWH�WKH�VHW�RI�LWHPV��1�,��LV�WKH�QXPEHU�RI�LWHPV�LQ�VHW�,��6,=(�,��WKH�WRWDO�

VL]H�RI�DOO�LWHPV�LQ�,��237�,��WKH�WRWDO�QXPEHU�RI�ELQV�XVHG�LQ�DQ�RSWLPDO�VROXWLRQ�IRU�VHW�,��� 

3DFNLQJ�3URSHUWLHV�DUH�OLVWHG�EHORZ��,Q�SURSHUW\���DQG����WKH�WRWDO�QXPEHU�RI�ELQV�XVHG�E\�

WKH�OLVW�RI�YHFWRUV��,VSDFH��,GXUDWLRQ!�LV�JUHDWHU�WKDQ�WKH�WRWDO�QXPEHU�RI�ELQV�XVHG�E\�,VSDFH��RU�,GXUDWLRQ��

DQG�OHVV�WKDQ�WKH�WRWDO�QXPEHU�RI�ELQV�XVHG�E\���ߝ����DSSUR[LPDWH�RI�,VSDFH�DQG��ߝ����DSSUR[LPDWH�

RI� ,GXUDWLRQ�� ,Q�SURSHUW\���� WKH�QXPEHU�RI� LWHPV� LQ� ,�� ,VSDFH�� DQG� ,GXUDWLRQ� DUH� WKH�VDPH��%HFDXVH�ZH�

EDVLFDOO\�XVH�WKH�VDPH�VHW�RI�LWHPV�ZLWK�GLIIHUHQW�YDULDEOHV��RQH�LQGLFDWHV�WKH�VSDFH�FRVW�RI�WKH�LWHP�

VHW��WKH�RWKHU�LQGLFDWHV�WKH�WLPH�FRVW�RI�SURFHVVLQJ�WKH�LWHP�VHW��%LQ�SDFNLQJ�RI�WKH�YHFWRU�VHW�LV�VWLOO�

13�+DUG��:H�XVH�JUHHG\�DOJRULWKP�WR�SDFN�LWHPV��ZH�PDQXDOO\�SLFN�D�VWDUWLQJ�SRLQW�DQG�GHYHORS�
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WKH�DSSUR[LPDWH�VROXWLRQ��)RU�WKH�LWHP�VHW�,��VSDFH�FDSDFLW\�DQG�SURFHVVLQJ�WLPH�RI�HDFK�MRE�DUH�

WZR�LQGHSHQGHQW�YDULDEOHV�VR�WKDW�WZR�VHWV�RI�LWHPV�LQ�,VSDFH�DQG�,GXUDWLRQ�DUH�LQGHSHQGHQW� 

1. 237�,VSDFH��237��,VSDFH��,GXUDWLRQ!���237�ߝ���,VSDFH� 

2. 237�,GXUDWLRQ��237��,VSDFH��,GXUDWLRQ!���237�ߝ���,GXUDWLRQ� 

3. 6,=(�,�� �6,=(�,VSDFH�� �6,=(�,GXUDWLRQ� 

4. %LQ�SDFNLQJ�RI�VSDFH�FDSDFLW\�DQG�GXUDWLRQ�LV�13�+DUG� 

5. ,VSDFH�DQG�,GXUDWLRQ�DUH�LQGHSHQGHQW� 

�����6SDFH�%RXQGDU\�(VWLPDWLRQ 

7KHRUHP����)RU�݇� א ሼ�ͳǡ ʹǡ ǥ ǡ ݊ሽǡ��DQG�D�EDWFK�,�FRQWDLQV��,���,�� ��«��,N!� �� WKH�GHFLVLRQ�

SUREOHP�N�%3�,��&��N����RQ�LQSXW��,��&��LV�13�&RPSOHWH�� 

3URRI� 

1. Prove L is NP 

Given a set L(�,���,����«��,N>), we can verify in polynomial time that  all of the n items are 

packed into m bins, so that Bin-packing items L�,���,����«��,N!��is a NP problem. 

2. Select a known NP-Complete ODQJXDJH�/¶� 

Bin-packing LWHPV�/¶�,��LV�13-Complete. 

3. 'HVFULEH�DQ�DOJRULWKP�WKDW�FRPSXWHV�D�IXQFWLRQ�I�PDSSLQJ�HYHU\�LQVWDQFH�RI�/¶�WR�DQ�LQ�

stance f(x) of L 

Bin-packing items L�,���,����«��,N!��< Bin-packing items I , so that we can define a function 

f mapping every instance of Bin-packing items L(�,���,����«��,N!) to Bin-packing LWHPV�/¶�,�� 

4. Prove that the function f satisfies x א/¶�LI�DQG�RQO\�LI�I�[�א� L for all x < {0,1}. 

If and only if the set Ispace and the set Iduration can be packed into L, items in set�,���,����«��,N 

can be packed. 
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5. Prove that the algorithm computing f runs in polynomial time.  

Bin-packing the set Ispace and Iduration can be done in between O(NlogN) and O(N). In other 

words, Bin-packing L(�,���,����«��,N!) can be done in polynomial time. ז 

7KHRUHP����*LYHQ�D�EDWFK�,��WKHUH�LV�D�GHWHUPLQLVWLF�DOJRULWKP�WKDW�SDFN�LQSXW�LQWR�ELQV�

VDWLVI\LQJ�3��±�3���ZLWKߪ� ൌ ܱሺ݈ܰܰ݃݋ሻ�IRU�VRUWHG�EDWFK�,�DQGߪ� ൌ ܱሺܰሻ�IRU�XQVRUWHG�EDWFK�,� 

3URRI� 

%LQ�SDFNLQJ�VWUHDP�,�FDQ�EH�GRQH�ZLWK�D�FRPSOHWH�VFDQ�RI�WKH�OLVW�RI�ELQV�IRU�HDFK�RQH�RI�

WKH�LWHPV��7KH�WLPH�FRPSOH[LW\�RI�WKH�DOJRULWKP�LV�ܱሺܰሻ��IRU�XQVRUWHG�DUUD\��DQG�ܱሺ݈ܰܰ݃݋ሻ�IRU�

VRUWHG�EDWFK�,�ZLWK�ELQDU\�VHDUFKז�� 

7KHRUHP� ��� )RU� DQ\ߝ���� WKHUH� LV� QR� FRPSDULVRQ�EDVHG� GDWD� VWUXFWXUH� IRU� LWHP�PDWFKLQJ�

ZKLFK�VWRUHV�ܱሺܰ݃݋݈ߝሻǡ Ͳ ൏ ߝ ൏ ͳ�RQ�DQ\�JLYHQ�LQSXW�VWUHDP�RI�OHQJWK�1� 

3URRI� 

7KH�VSDFH�FRPSOH[LW\�WR�VHDUFK�RQH�LWHP�LV�EHWZHHQ�ܱሺ݈ܰ݃݋ሻ�DQG�ܱሺܰሻ��ORJ1���V���1��6R��

FRPSDULVRQ�EDVHG�GDWD�VWUXFWXUH�IRU�LWHP�PDWFKLQJ�FDQQRW�EH�GRQH�LQ�ܱሺܰ݃݋݈ߝሻǡ Ͳ ൏ ߝ ൏ ͳז� 

7KHRUHP����*LYHQ�D�EDWFK�,��ZH�FDQ�GHULYH�D�VHW�RI��,���,����«��,N!�WKDW�VDWLVILHV�3��±�3���

DQG� WKH�VROXWLRQ�6�RI��,��� ,�� ��«�� ,N!�XVHV�DW� OHDVW�ܱሺ݈ܰ݃݋ሻ�ELQV�DQG�DW�PRVW�237�,��ELQV��/HW�

$/*�,��� ,�� �� «�� ,N!� � EH� WKH� QXPEHU� RI� ELQV� WKDW� RXU� DOJRULWKP� RXWSXWV�� 7KHQ�� LW� KROGV� WKDW�

�ሺ����ሻ ൑ ሻܫሺܩܮܣ ൑ ሺͳ ൅  ሻ���ሺ�ሻߝ

3URRI� 

2�ORJ1����PLQ�237�,����237�,�����«��237�,N�����237��,���,����«��,N!����PD[�237�,����

237�,�����«��237�,N�����237�,���,Q�RWKHU�ZRUGV��2�ORJ1����237��,���,����«��,N!����237�,���)RU�

WKH�QXPEHU�RI�ELQV�RXU�DOJRULWKP�RXWSXWV�$/*�,���$/*�,����237�,����ሺͳ ൅ ��ሻ���ሺ�ሻ��DQG�DOVRߝ

$/*�,��!237�,��!�2�ORJ1���,Q�RWKHU�ZRUGV���ሺ����ሻ ൑ ሻܫሺܩܮܣ ൑ ሺͳ ൅  זሻ���ሺ�ሻߝ
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7KHRUHP����)RU�PXOWL�YDULDEOH�%LQ�SDFNLQJ��JLYHQ�D�VWUHDP�,��ZH�FDQ�GHULYH�D�VHW�RI��,���

,���«���,N!�DQG�XVH�DW�OHDVW�PD[�6,=(�,����6,=(�,����6,=(�,����«��6,=(�,N���PHPRU\�DQG�DW�OHDVW�

PD[�237�,����237��,����«���237�,N���ELQV� 

3URRI� 

)RU�HDFK�ELQ�RFFXS\LQJ�PHPRU\�VSDFH�P�ZLWK�LWHPV��D���D���«��DN!��P�!�PD[��L�N�6,=(�DL���

VR�WKDW�6,=(��,���,���«���,P!�൒PD[�6,=(�,����6,=(�,����«���6,=(�,N��� 

)RU� HDFK� ELQ� RI� FDSDFLW\� F� ZLWK� LWHPV� �D��� D���«�� DN!��P� !�PD[��L�N�237�DL��� VR� WKDW�

237��,���,���«���,P!�൒PD[�237�,����237�,����«���237�,N��ז�� 

7KHRUHP����,I�D��±�DQ�൑ܥ�ሚ�LQ�ZKLFK�D��!�D��!�«�!�DQ��WKHQ��DIWHU�ELQ�SDFNLQJ��WKH�FDSDFLW\�

RI�WKH�ODUJHVW�ER[�&PD[�DQG�WKH�VPDOOHVW�ER[�&PLQ�VDWLVI\�&PD[�±�&PLQ�൑ܥ�ሚ 

3URRI� 

$W�VWHSܥ����௠௔௫
ሺଵሻ � �PD[�DL����ܥ��௠௜௡

ሺଵሻ �� �PLQ�DL����ܥ��௠௔௫
ሺଵሻ ௠௜௡ܥ�±��

ሺଵሻ �� �DL�൑ܥ�ሚ 

6XSSRVH�DW�VWHS�Nܥ��௠௔௫
ሺ௞ሻ ௠௜௡ܥ�±��

ሺ௞ሻ ��൑ܥ�ሚ 

$W�VWHS�Nܥ����௠௔௫
ሺ௞ାଵሻ� �PD[�ܥ௠௜௡

ሺ௞ሻ ൅�DLܥ��௠௔௫
ሺ௞ሻ ௠௜௡ܥ����

ሺ௞ାଵሻ�� �PLQ�ܥ௠௜௡
ሺ௞ሻ ൅�DLܥ��௠௔௫

ሺ௞ሻ ��� 

௠௔௫ܥ
ሺ௞ାଵሻ െܥ��௠௜௡

ሺ௞ାଵሻ��൑ ௠௔௫ܥ
ሺ௞ሻ െܥ��௠௜௡

ሺ௞ାଵሻ���$OVR�� VLQFHܥ�௠௜௡
ሺ௞ାଵሻ ൑ܥ��௠௜௡

ሺ௞ሻ ௠௔௫ܥ���
ሺ௞ሻ െܥ��௠௜௡

ሺ௞ାଵሻ��൑ ௠௔௫ܥ
ሺ௞ሻ െ�

௠௜௡ܥ
ሺ௞ሻ ��,Q�RWKHU�ZRUGVܥ��௠௔௫

ሺ௞ାଵሻ െܥ�௠௜௡
ሺ௞ାଵሻ�൑ ௠௔௫ܥ

ሺ௞ሻ െܥ�௠௜௡
ሺ௞ሻ �൑ܥ�ሚז�� 

7KHRUHP����*LYH�D�PXOWLVHW�$� �^,���,���«��,Q`�RI�SRVLWLYH�LQWHJHUV�ZLWK�WRWDO�VXP�6��WKH�

SUREOHP�RI�GHFLGLQJ�ZKHWKHU�WKHUH�H[LVWV�D�VXEVHW�,ؿ��$�RI�VXP� ௌ
௠
�LV�13�&RPSOHWH� 

3URRI� 

1. Prove L is NP. Given a set L(�,���,����«��,N>), we can sum the Euclidian distance between 

each vector [a1, a2��«��Dk] and the bin ceiling vector [b1, b2��«��Ek] and verify in polynomial 

time that  all of the n items are packed into m bins, so that Bin-packing items L�,���,����«��
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,N!���is a NP problem. 

2. Select a known NP-Complete /¶� 

Bin-packing SUREOHP�/¶�,��LQWR�P�ELQV�LV�13-Complete. 

3. 'HVFULEH�DQ�DOJRULWKP�WKDW�FRPSXWHV�D�IXQFWLRQ�I�PDSSLQJ�HYHU\�LQVWDQFH�RI�/¶�WR�DQ�LQ�

stance f(x) of L. 

Bin-packing items L�,���,����«��,N!�� < Bin-packing I, so that we can define a function f 

mapping every instance of Bin-packing items L(�,���,����«��,N!) to Bin-packing LWHPV�/¶�,�� 

4. Prove that the function f satisfies x א/¶�LI�DQG�RQO\�LI�I�[�א� L for all x < {0,1}* 

If and only if the set L( ,���,����«��,N ) can be packed into m bins, each one of the items in 

set�,���,����«��,N can be packed into m bins. 

5. Prove that the algorithm computing f runs in polynomial time.  

Bin-packing the set ,���,����«��,N can be done in between ܱሺ݈ܰܰ݃݋ሻ�and ܱሺܰሻ. In other 

words, bin packing L(�,���,����«��,N!) can be done in polynomial time.ז 

7KHRUHP����*LYHQ�D�PXOWLVHW�$� �^,���,���«��,Q`��237�,����$/*�,����237�,��ORJ237�,� 

3URRI� 

2�ORJ1����PLQ�237�,����237�,�����«��237�,N�� 

���237��,���,����«��,N!����PD[�237�,����237�,�����«��237�,N�����237�,���,Q�RWKHU�ZRUGV��

2�ORJ1����237��,���,����«��,N!����237�,�� 

)RU�WKH�QXPEHU�RI�ELQV�RXU�DOJRULWKP�RXWSXWV�$/*�,���237�,����$/*�,����ሺͳ ൅ ��ሻ���ሺ�ሻߝ

DQG� DOVR��ሺͳ ൅ ሻ���ሺ�ሻߝ ൏ ܱܲܶሺܫሻ ���൫ܱܲܶሺܫሻ൯ǡ ሻ൯ܫ൫ܱܲܶሺܱ�݁ܿ݊݅ݏ ൏ ܱሺܱܲܶሺܫሻ����ሺܱܲܶሺܫሻሻ����

,Q�RWKHU�ZRUGV�����ሺ�ሻ �൑ ሻܫሺܩܮܣ ൑ ܱܲܶሺܫሻ����ሺܱܲܶሺܫሻז� 
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Chapter 5:  Graph Sampling 
 
�����,QWURGXFWLRQ 

 7KH�FRQQHFWHGQHVV�QDWXUH�RI�WKH�QHWZRUN�OLQNV�GLVWULEXWHG�HQWLWLHV�WRJHWKHU�DQG�H[SDQG�WKH�

VL]H�RI�WKH�FRQQHFWLRQV�WR�GLIIHUHQW�IRUPV�RI�LQILQLW\�IURP�HQWLUH�SRSXODWLRQ�WR�HQWLUH�VXSSO\�FKDLQ�

DQG� HQWLUH�ZRUN� ILHOGV��)RU� WKH� SXUSRVH�RI� GDWD� DQDO\VLV�� LW� KLJKOLJKWV� WKH� LPSRUWDQFH�RI� JUDSK�

VDPSOLQJ��:H�QHHG�VPDOOHU�UHSUHVHQWDWLYHV�RI�WKH�HQWLUH�QHWZRUN�ZKLFK�FDQ�ILW�LQWR�PDLQ�PHPRU\�

HDVLO\� DQG� PDLQWDLQV� DOO� WKH� JUDSK� SURSHUWLHV� DQG� WRSRORJ\� W\SHV� RI� WKH� RULJLQDO� JUDSKV��:H�

SURSRVHG�WZR�PHWKRGRORJLHV�WR�VDPSOH�JUDSKV��RQH�LV�EDVHG�RQ�WKH�VHOI�VLPLODU�QDWXUH�RI�WKH�JUDSK��

WKH�RWKHU�LV�EDVHG�RQ�WKH�FXUYDWXUH�RI�WKH�JUDSK� 

%DVHG�RQ�WKH�VHOI�VLPLODU�QDWXUH��JUDSKV�FDQ�EH�JHQHUDWHG�WKURXJK�HGJHV��DV�VKRZQ�LQ�>��@��

DQG�VXEJUDSKV��DV�VKRZQ�LQ�>���@��:H�ZDQW�WR�DSSO\�WKHVH�LGHDV�WR�JUDSK�VDPSOLQJ�WKDW��JLYHQ�D�

JUDSK�� LQVWHDG�RI�GURSSLQJ�VXEJUDSKV� WR�GDWD�VHWV�ZH�GHILQH�D� UHFXUVLYH�SURFHVV� WR�FRQVLVWHQWO\�

VHOHFW�VXEJUDSKV�IURP�RULJLQDO�JUDSK�DQG�SXW�WKHP�LQWR�VDPSOH�VHWV��7KH�SULPH�JUDSKV�FDQ�EH�XVHG�

WR�VHOHFW�VXEJUDSKV�DQG�WR�GHFRPSRVH�WKH�RULJLQDO�JUDSKV��VXFK�DV�5�0$7�DQG�.URQHFNHU�JUDSKV��

,Q�FRPSDULVRQ�ZLWK�JUDSK�JHQHUDWRUV�� VDPSOLQJ�SURFHVV� LV�EDVHG�RQ�RULJLQDO�JUDSKV�VR� WKDW� WKH�

FKDQJH�RI�WKH�JUDSK�SURSHUWLHV�DQG�JUDSK�WRSRORJ\�W\SHV�FDQ�EH�HYDOXDWHG�GXULQJ�JUDSK�JHQHUDWLRQ� 

7KHUH�DUH�PDQ\�GLIIHUHQW�W\SHV�RI�QHWZRUNV��,Q�GDLO\�OLIH��SHRSOH�FRPPXQLFDWH�ZLWK�HDFK�

RWKHU�WKURXJK�SKRQH�FDOOV��HPDLOV��ZKDW¶V�DSS�PHVVDJHV��)DFHERRN��7ZLWWHU��/LQNHG,Q��DQG�RWKHU�

VRFLDO�PHGLD�SODWIRUPV��,Q�EXVLQHVV��EHFDXVH�RI�PDWHULDOV��HQHUJ\�� ODERU� IHHV��DQG�PDUNHW�VL]HV��

FRPSDQLHV�RSHQ�EUDQFKHV�LQ�GLIIHUHQW�ORFDWLRQV��DQG�FRRSHUDWH�ZLWK�RWKHU�EXVLQHVVHV��,Q�VFLHQFH��

FURVV�HGJH�SURMHFWV�DQG�NQRZOHGJH�VKDULQJ�FDQ�EH�VHHQ�HYHU\ZKHUH��6FLHQWLVWV�IURP�GLIIHUHQW�DUHDV�
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DQG�GLIIHUHQW�RUJDQL]DWLRQV�EXLOG�FR�DXWKRUVKLS��FLWH�HDFK�RWKHU¶V�SDSHUV��FLWH�HDFK�RWKHU¶V�SDWHQWV��

DQG�DOVR�SURSRVH�QHZ�LGHDV�WRJHWKHU��,Q�RWKHU�DUHDV��VXFK�DV�ILOP�PDNLQJ��SRZHU�JULG��ELRORJ\��DQG�

,QWHUQHW��QHWZRUNV�SOD\�WKH�FHQWUDO�UROH�LQ�DFWLYLWLHV��VXFK�DV�FR�DFWRUV��HOHFWULFLW\�GHOLYHU\��SURWHLQ�

SURWHLQ�LQWHUDFWLRQV��DQG�F\EHU�VHFXULW\� 

:H�DUH�LQWHUHVWHG�LQ�H[WUDFWLQJ�YDOXDEOH�SDWWHUQV�� WUHQGV��DQG�NQRZOHGJH�IURP�QHWZRUNV��

)RU�H[DPSOH��LQ�FLWDWLRQ�QHWZRUN��ZH�ZDQW�WR�NQRZ�ZKLFK�UHVHDUFK�LV�SRSXODU�DQG�LV�KLJKO\�UHODWHG�

WR�HDFK�RWKHU��DQG�ZKDW�DUH�WKH�WUHQGV�RI�WKH�GHYHORSPHQW�RI�WKH�WHFKQRORJ\��,Q�RQOLQH�QHZV�QHWZRUN��

ZH�ZDQW�WR�NQRZ�ZKLFK�WRSLFV�SHRSOH�FDUH�DERXW�WKH�PRVW��,Q�FR�SXUFKDVH�QHWZRUN��ZH�ZDQW�WR�

NQRZ�KRZ�PDQ\�SURGXFWV�DUH�KLJKO\�UHODWHG��DQG�ZKDW�DUH�WKH�WUHQGV�RI�WKH�SXUFKDVH� 

1HWZRUN�UHVHDUFK�KDV�EHHQ�FRQGXFWHG�IRU�PDQ\�\HDUV��HVSHFLDOO\�LQ�WKH�ILHOGV�RI�SK\VLFV�

DQG�PDWKHPDWLFV��7KH�VWUXFWXUH�RI�WKH�QHWZRUN�LV�UHSUHVHQWHG�E\�JUDSKV�LQ�GDWD�VWUXFWXUH��DQG�E\�

DGMDFHQW�PDWUL[�LQ�PDWKHPDWLFV�� 

)RU� ILQLWH� JUDSKV� DQG� JUDSK� PRUSKLVPV�� WKH� FRQQHFWHGQHVV� FDQ� EH� SUHVHUYHG� GXULQJ�

SURMHFWLRQ�DQG�MRLQ�RSHUDWLRQV�DQG�EH�UHFRYHUHG�XQGHU�SXOOEDFNV��7KLV�SURSHUW\�FDQ�HQVXUH� WKDW�

JUDSK�PHUJH�DQG�JUDSK�SURGXFW�FDQ�SUHVHUYH�WKH�FRQQHFWHGQHVV�RI�WKH�JUDSK��,Q�FRPSDULVRQ�ZLWK�

UDQGRPO\�VDPSOLQJ�HGJHV�DQG�YHUWLFHV��LW�LV�PXFK�HDVLHU�WR�PDLQWDLQ�WKH�JUDSK�SURSHUWLHV�DQG�JUDSK�

WRSRORJLHV�E\�VDPSOLQJ�WKURXJK�JUDSK�PHUJLQJ� 

,Q�*HRPHWU\��FXUYDWXUH�LV�WKH�IRUFH�IHOW�E\�REVHUYHUV�PRYLQJ�DORQJ�WKH�FXUYH��&XUYHV�HYROYH�

LQ�WZR�GLUHFWLRQV��RQH�LV�WDQJHQW�GLUHFWLRQ��WKH�RWKHU�LV�QRUPDO�GLUHFWLRQ��&XUYDWXUH�LV�DORQJ�WKH�

QRUPDO�GLUHFWLRQ�ZKLFK�FDQ�FKDQJH�WKH�GLUHFWLRQ�RI�WKH�PRYHPHQW�DQG�HYHQWXDOO\�FKDQJH�WKH�VKDSH�

RI� WKH� FXUYHV�� 'XULQJ� FXUYH� HYROXWLRQ�� DQ\� IUHH� VKDSH� FXUYHV� FDQ� HYROYH� LQWR� FLUFOHV��:H� XVH�

FXUYDWXUH�PRGHO�WR�VLPXODWH�WKH�G\QDPLF�RI�WKH�FRPPXQLW\�JURZWK�DQG�WR�VDPSOH�VRFLDO�JUDSKV�

EDVHG�RQ�WKHLU�WRSRORJ\�� 
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,QIOXHQFH�SK\VLFDOO\� H[LVWV� DPRQJ�SHRSOH��:H�NHHS� OHDUQLQJ� IURP� WKH�HQYLURQPHQW� DQG�

RWKHU�SHRSOH��+XPDQ�VLJQDOV� FDQ�EH�GHOLYHUHG�GXULQJ�DFWLYLW\�� FRPPXQLFDWLRQ�� DQG�DQ\�KXPDQ�

LQWHUDFWLRQ�� 7KH� VWUHQJWK� RI� WKH� LQIOXHQFH� FDQ� EH� GHILQHG� ZLWK� VHYHUDO� SURSHUWLHV�� PLPLFU\��

FRQVLVWHQF\��DQG�FRPPXQLFDWLRQ��:KHQ�ZH�PLPLF�RWKHU�SHRSOH¶V�EHKDYLRUV��ZH�FDQ�EH�DFFHSWHG�

HDVLO\��0RVW�RI�WLPH��ZKHQ�ZH�GHHSO\�XQGHUVWDQG�DQG�DFFHSW�RWKHU�SHRSOH��ZH�FDQ�PLPLF�RWKHU�

SHRSOH�YHU\�ZHOO��&RQVLVWHQF\�SOD\V�DQ�LPSRUWDQW�UROH�ZKHQ�ZH�WU\�WR�FRQYHUW�RWKHU�SHRSOH�ZLWK�

RXU�RSLQLRQV��EHKDYLRUV��DQG�VW\OHV��2Q�WKH�RWKHU�KDQG��LI�ZH�NHHS�PDNLQJ�FKDQJHV�ZKHQ�ZH�WU\�WR�

FRQQHFW� WR� RWKHU� SHRSOH� WR� GLUHFWLRQV��ZH� FDQ� QHYHU� EXLOG� FRQQHFWLRQV��2YHU� WLPH�� SHRSOH� FDQ�

XQGHUVWDQG��UHPHPEHU��DQG�DFFHSW�ZKDW�ZH�WU\�WR�SURSRVH��VXFK�DV�RSLQLRQV��EHKDYLRUV��DQG�VW\OHV��

&RPPXQLFDWLRQ�LV�WKH�NH\�LQ�UHODWLRQVKLS��$�VXFFHVVIXO�FRPPXQLFDWLRQ�FDQ�GUDZ�SHRSOH�WRJHWKHU��

5HVLVWDQFH�H[LVWV�DPRQJ�SHRSOH�DV�ZHOO��3HRSOH�QDWXUDOO\�ZDQW�WR�NHHS�D�GLVWDQFH�EHWZHHQ�HDFK�

RWKHU�IRU�UHVSHFW�DQG�IRU�SURWHFWLRQ�ZKLFK�ZDV�UHVHDUFKHG�LQ�VRFLRORJ\�DERXW�RQH�KXQGUHG�\HDUV�

DJR��,Q�VRFLDO�QHWZRUN��ZH�RQO\�FRQVLGHU�WKH�LQIOXHQFH�DPRQJ�SHRSOH�ZKLFK�VWUHQJWKHQ�WKH�VRFLDO�

WLHV�DQG�FRQWULEXWH�WR�WKH�FRQVWUXFWLRQ�RI�WKH�FRPPXQLWLHV�� 

6RFLDO�DQDO\VLV�LV�EDVHG�RQ�FRQQHFWLRQV�DQG�LQWHUDFWLRQV�DPRQJ�SHRSOH�WR�H[WUDFW�VLJQLILFDQW�

SDWWHUQV�DQG�WR�LQWHUSUHW�G\QDPLFV�DQG�WUHQGV�RI�FRPPXQLWLHV��)RU�GDWD�HQWLWLHV��ZH�DUH�LQWHUHVWHG�

LQ�VLJQLILFDQW�LQGLYLGXDOV��VLJQLILFDQW�FRQQHFWLRQV��DQG�VLJQLILFDQW�VXEJURXSV��)RU�LQVLJKWV��ZH�DUH�

ORRNLQJ�IRU�VRFLDO�WUHQGV�DQG�VRFLDO�G\QDPLFV��7KH�FKDOOHQJH�QRUPDOO\�FRPHV�IURP�WKH�VL]H�RI�WKH�

QHWZRUN�ZKLFK�PDNHV�LW�LPSRVVLEOH�WR�FRQGXFW�DQDO\VLV�DQG�IURP�WKH�PHDVXUHPHQWV�ZKLFK�PD\�

QRW�SURSHUO\�PRGHO�WKH�FKDUDFWHULVWLFV�RI�WKH�LQWHUDFWLRQV�ZLWKLQ�FRPPXQLWLHV�� 

7KH�VSHHG�RI�WKH�FRPPXQLW\�JURZWK�GHSHQGV�RQ�WKH�LQIOXHQFH�RI�WKH�FRPPXQLW\��ZKLFK�LV�

DOVR�ZHOO�NQRZQ� DV� ULFK� JHW� ULFKHU��%DVHG� RQ� REVHUYDWLRQV� JLYHQ� LQ� >���@�� WKH� VWUXFWXUH� RI� WKH�

FRPPXQLW\�VKULQNV�DQG�GHQVLILHV�RYHU�WLPH��7KH�ELJJHU�WKH�FRPPXQLW\��WKH�KDUGHU�LW�LV�WR�DWWDFK�WR��
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7KH�VWURQJHU� WKH�LQIOXHQFH�RI� WKH�FRPPXQLW\�FHQWHU�� WKH�PRUH�PHPEHUV� LW�FDQ�DWWUDFW��:LWK� WKH�

LQFUHDVH�RI�WKH�OHYHO�RI�WKH�FRPPXQLW\��WKH�VWUHQJWK�RI�LWV�LQIOXHQFH�WR�WKH�ERWWRP�OHYHO�GHFUHDVHV�

H[SRQHQWLDOO\��7KH�LQIOXHQFH�RI�WKH�FRPPXQLW\�FHQWHU�LV�VWURQJ�EXW�FDQQRW�EH�DV�VWURQJ�DV�WKDW�RI�

WKHLU�DGMDFHQW�QHLJKERUV��ZKLFK�H[SODLQ�VRPH�PHPEHUV�RI�WKH�ELJ�FRPPXQLWLHV�FDQ�EH�VHSDUDWHG�

IURP�WKH�FRPPXQLW\�DQG�DWWDFK�WR�RWKHU�FRPPXQLWLHV��7KH�LQIOXHQFH�RI�WKH�FRPPXQLW\�SOD\V�WZR�

UROHV��RQH�LV�WR�GUDZ�WKHLU�PHPEHUV�FORVHU�DQG�FORVHU��WKH�RWKHU�RQH�LV�WR�WHDU�DSDUW�WKH�FRQQHFWLRQV�

RI�WKH�PHPEHUV�ZLWK�RWKHU�FRPPXQLWLHV��$�PHPEHU�FDQ�KDYH�FRQQHFWLRQV�ZLWK�VHYHUDO�GLIIHUHQW�

FRPPXQLWLHV�� 2YHUWLPH�� ZKLFK� FRQQHFWLRQV� FDQ� EH� NHSW�� GHSHQGV� RQ� WKH� LQIOXHQFH� RI� WKH�

FRPPXQLWLHV� 

,Q�WKLV�GLVVHUWDWLRQ��ZH�GLVFXVV�UHODWHG�ZRUN�LQ�VHFWLRQ����VHFWLRQ���LQWURGXFHV�UHODWHG�WKHRU\�

IRU� LQWHUHVWLQJ� OD\HU� FRQVWUXFWLRQ� DQG� QHWZRUN� GHFRPSRVLWLRQ�� ,Q� VHFWLRQ� ��� ZH� GLVFXVV� WKH�

FRQVWUXFWLRQ�RI�LQWHUHVWLQJ�OD\HUV��,Q�VHFWLRQ����ZH�SUHVHQW�H[SHULPHQWV�RQ�VHYHUDO�GDWD�VHWV��:H�

FRQFOXGH�RXU�ZRUN�LQ�VHFWLRQ���� 

�����5HODWHG�:RUN 

�������*UDSK�7KHRULHV�DQG�2SHUDWLRQV 

)RU�DOO�WKH�JUDSKV�ZKLFK�DUH�ILQLWH��QR�ORRSV�RU�PXOWLSOH�HGJHV��WKH�RSHUDWLRQV�ZH�QHHG�IRU�

JUDSK�VDPSOLQJ�LQFOXGH�JUDSK�UHFRQVWUXFWLRQ��JUDSK�GHFRPSRVLWLRQ��;�JUDSK�MRLQ��DQG�.URQHFNHU�

GRXEOH�FRYHUV��7KHVH�RSHUDWLRQV�KDYH�EHHQ�JHQHUDOO\�GLVFXVVHG� 

,QGHFRPSRVDEOH�DQG�GHFRPSRVDEOH�JUDSKV�FDQ�EH�GLIIHUHQWLDWHG� WKURXJK�FRQGLWLRQV�DQG�

FDQ�FRQYHUW�IURP�RQH�NLQG�WR�DQRWKHU�E\�UHPRYLQJ�D�IHZ�HGJHV�>���@� 

,Q�>���@��JUDSK�DXWRPRUSKLVPV��FRQQHFWHGQHVV�DQG�SDUWLWLRQ�RI�MRLQHG�JUDSKV��HVSHFLDOO\�

;�MRLQ�JUDSKV��ZHUH�SURYLGHG��*UDSK�;�MRLQ�RSHUDWLRQ�FDQ�EH�SHUIRUPHG�E\�UHSODFLQJ�HDFK�[�RI�;�

E\�JUDSK�<[��&RQGLWLRQV� WKDW�*�;
<��FRQVLVWV�SUHFLVHO\�RI� WKRVH�DXWRPRUSKLVPV� LQGXFHG� IURP�
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*�;��FDQ�LQGLFDWH�WKH�WRSRORJ\�RI�;�MRLQ�JUDSKV��,Q�RWKHU�ZRUGV��ZKHQ�ZH�DSSO\�JUDSK�;�MRLQ�WR�

V\PPHWULF�JUDSKV��JUDSK�DQG�WRSRORJ\�SURSHUWLHV�RI�MRLQWHG�JUDSKV�FDQ�EH�YHULILHG� 

*UDSK�GRXEOH�FRYHU�LV�D�JUDSK�SURMHFWLRQ�RSHUDWLRQ�JLYHQ�LQ�>:DOOHU��'��$������@��*UDSK�

GRXEOH�FDQ�PHUJH�ERWK�WKH�WZR�YHUWLFHV�ZKLFK�UHVXOWV�LQ�PHUJLQJ�HGJHV��$W�WKLV�SRLQW��WKLV�RSHUDWLRQ�

LV�6LPLODU�WR�&DUWHVLDQ�SURGXFW�RI�WZR�JUDSKV�RQ�WKH�WZR�YHUWLFHV�LQVWHDG�RI�RQH��,Q�WHUPV�RI�JUDSK�

PDSSLQJ��WKH�GLIIHUHQFH�EHWZHHQ�DXWRPRUSKLVP�DQG�GRXEOH�FRYHUV�LV�WKDW�DXWRPRUSKLVP�LV�RQH�WR�

RQH�PDSSLQJ��DQG�GRXEOH�FRYHU�PRUSKLVP�LV�WZR�WR�RQH�PDSSLQJ��*UDSK�GRXEOH�FRYHU�FDQ�UHGXFH�

WKH�JUDSK�VL]H��ZKLFK�LV�D�WZR�IROG�SURMHFWLRQ�RQWR�*�DQG�SUHVHUYHV�ORFDO�VWUXFWXUH�DV�ZHOO��)RU�

JUDSK�VDPSOLQJ��LQ�RUGHU�WR�NHHS�ORFDO�VWUXFWXUH��ZH�FKRRVH�WR�XVH�JUDSK�GRXEOH�FRYHU�WR�UHSHDWHGO\�

IROG�VLPLODU�HGJHV�DQG�YHUWLFHV�LQVWHDG�RI�UHPRYLQJ�WKHP�VR�WKDW�WRSRORJ\�SURSHUWLHV�FDQ�EH�NHSW�

GXULQJ�JUDSK�VDPSOLQJ� 

:KHQ�JUDSKV�DUH�FDWHJRULFDO�JUDSKV��WKH�ORFDO�SURMHFWLRQ�RI�JUDSKV�>��@�FDQ�EH�SHUIRUPHG�

WKRXJK�JUDSK�SURGXFW��Q�IROG�FRYHU�DQG�RWKHU�JUDSK�RSHUDWLRQV��)XQFWLRQDO�RSHUDWLRQV�FDQ�SHUIRUP�

JUDSK�PHUJLQJ�ZKLFK�PDSV�YHUWLFHV�WR�WKH�VDPH�YHUWLFHV��DQG�HGJH�JHQHUDWLRQ�ZKLFK�PDSV�YHUWLFHV�

WR�GLIIHUHQW�YHUWLFHV��(VSHFLDOO\��;�MRLQ�JUDSK�DV�D�VSHFLDO�FDVH�RI�ORFDO�MRLQ�LV�GLVFXVVHG�LQ�WHUPV�

RI�JUDSK�SURSHUWLHV��FDWHJRU\�JUDSK�SURSHUWLHV��DQG�WKH�FRPSOH[LW\�RI�WKH�;�MRLQ�JUDSKV� 

*UDSK�SURSHUWLHV�FDQ�EH�FKDQJHG�ZKHQ�JUDSK�RSHUDWLRQV�DUH�SHUIRUPHG��7KH�FKDQJH�FDQ�EH�

TXDQWLWDWLYHO\�PHDVXUHG�ZLWK�DGGLWLYH�FRPELQDWRULFV�DQG�H[WUHPH�JUDSK�WKHRU\�>=KDR��<������@��

)RU�H[DPSOH��WKH�PD[LPXP�QXPEHU�RI�HGJHV��GLVWLQFW�GLVWDQFHV��WULDQJOHV��DQG�RWKHU�TXDQWLWLHV�RI�

WKH�JUDSKV�FDQ�EH�HVWLPDWHG�ZKHQ�ZH�FRQGXFW�JUDSK�RSHUDWLRQV��VXFK�DV�HGJH�DQG�VXEJUDSK�UHPRYDO��

DQG�UDQGRPL]HG�DQG�DOJHEUDLF�FRQVWUXFWLRQ��:H�DUH�HVSHFLDOO\�LQWHUHVWHG�LQ�XSSHU�ERXQGV�DQG�ORZHU�

ERXQGV�RI�JUDSK�VL]HV��VXFK�DV�WKH�PD[LPXP�QXPEHU�RI�HGJHV��GXULQJ�JUDSK�RSHUDWLRQV�WR�HQVXUH�

WKDW�WKH�VSDFH�FRPSOH[LW\�RI�WKH�RSHUDWLRQV�LV�ZLWKLQ�WKH�XSSHU�OLPLW�RI�PDLQ�PHPRU\� 
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7KH� GHYHORSPHQW� RI� D� SXUHO\� PHWULF�� LQWULQVLF� JHRPHWU\� RI� QHWZRUNV� FDQ� KHOS� WKH�

LQGHSHQGHQW� VWXG\� RI� FXUYDWXUH� IORZ� ZLWKRXW� WKH� YDJDULHV� DVVRFLDWHG� WR� WKH� HPEHGGLQJ� LQ� DQ�

DPELHQW�VSDFH�RI�FHUWDLQ�GLPHQVLRQ��*LYHQ�WKH�ODFN�RI�VPRRWKQHVV�RI�WKH�JUDSK�VWUXFWXUH��KHQFH�

WKH�IXOO�IRUFH�RI�WKH�GLIIHUHQWLDO�JHRPHWULF�DSSDUDWXV��LQ�WKH�QHWZRUN�FRQWH[W��HDFK�GLVFUHWL]DWLRQ�RI�

FXUYDWXUH�FDSWXUHV�RQO\�DQ�HVVHQWLDO�DVSHFW�RI�WKH�FODVVLFDO�QRWLRQ��DQG�DV�VXFK��LW�FDQ�VDWLVI\�RQO\�

D�UHVWULFWHG�VHW�RI�WKH�SURSHUWLHV�RI�WKH�FODVVLFDO�QRWLRQ��7KHUHIRUH��LW�LV�GHVLUDEOH�WR�GHYLVH�GLIIHUHQW�

QRWLRQV�RI�GLVFUHWH�FXUYDWXUH�DQG�H[SORUH�WKHLU�VSHFLILF�DGYDQWDJHV�IRU�YDULRXV�WDVN� 

5LFFL�FXUYDWXUH�DQG�)RUPDQ�FXUYDWXUH�DUH�WKHRUHWLFDOO\�GHYHORSHG�LQ�GLVFUHWH�GLIIHUHQWLDO�

JHRPHWU\�WR�SURYLGH�JHRPHWULF�DSSURDFK�WR�H[SORUH�FXUYDWXUH�HYROXWLRQ��,Q�>���@��+DDQWMHV�5LFFL�

FXUYDWXUH��0HQJHU�5LFFL�FXUYDWXUH�ZHUH�SURYLGHG�WR�IRUPXODWH�WKH�FXUYDWXUH�HYROXWLRQ�RQ�YHUWLFHV�

DQG�HGJHV��+DDQWMHV�FXUYDWXUH�KDV�D�FOHDU�DGYDQWDJH�RYHU�0HQJHU�FXUYDWXUH�DV�LW�LV�DSSOLFDEOH�WR�

JUDSKV� ZLWKRXW� DQ\� DVVXPSWLRQ� RQ� WKH� EDFNJURXQG� JHRPHWU\�� )RUPDQ� FXUYDWXUH� IRU� FRPSOH[�

QHWZRUN� >���@�ZDV�GHYHORSHG� LQ� WKH�QHZ�ZD\� WR�DSSO\� WKH�GLVFUHWL]DWLRQ�RI� WKH�FODVVLFDO�5LFFL�

FXUYDWXUH�SURSRVHG�E\�5��)RUPDQ�>��@�LQ�ODUJH�VFDOH�QHWZRUNV� 

�������*UDSK�*HQHUDWRUV 

*UDSKV�FDQ�EH�JHQHUDWHG�UHFXUVLYHO\�ZLWK�LQGLYLGXDO�JUDSK�SDWWHUQV��VXFK�DV�5�0$7�>��@��

DQG�.URQHFNHU�*UDSKV�>���@��7KLV�JLYHV�ULVH�WR�WKH�TXHVWLRQ�LI�ZH�FDQ�GHILQH�D�UHFXUVLYH�SURFHVV�

WR�VDPSOH�JUDSKV�E\�IDFWRUL]LQJ�WKH�JUDSK�ZLWK�SULPH�JUDSKV�WR�ILQG�WKH�PHDQLQJIXO�SRUWLRQ�RI�WKH�

JUDSKV��PHDQZKLOH�WRSRORJ\�W\SHV�DQG�JUDSK�SURSHUWLHV�UHPDLQ� 

5�0$7�>��@�VLPXODWHV�WKH�JHQHUDWLRQ�RI�VRFLDO�QHWZRUNV��$GMDFHQF\�PDWUL[�UHSUHVHQWV�WKH�

VRFLDO�QHWZRUN�ZKLFK�FDQ�EH�SDUWLWLRQHG�LQWR�IRXU�UHJLRQV��UHJLRQ�D�DQG�UHJLRQ�G�FRQWDLQ�VHSDUDWH�

JURXSV�RI�QRGHV�WKDW�FRUUHVSRQG�WR�FRPPXQLWLHV��UHJLRQ�E�DQG�UHJLRQ�F�DUH�WKH�FURVV�OLQNV�EHWZHHQ�

UHJLRQ�D�DQG�UHJLRQ�E��WKDW�UHSUHVHQW�FURVV�OLQN�UHODWLRQV��VXFK�DV�IULHQGV�RI�VHSDUDWH�LQWHUHVWV��7KH�
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ZD\�LW�FUHDWHV�WKH�VDPSOH�VHW�LV�WKDW�LW�UDQGRPO\�GURSV�HGJHV�LQWR�GLIIHUHQW�UHJLRQV��,W�KDV�VLPSOH�

VWUXFWXUH�DQG�FDQ�FDSWXUH�WKH�HVVHQFH�RI�WKH�JUDSKV�LQ�VHYHUDO�SDUDPHWHUV��5�0$7�FDQ�EH�XVHG�WR�

JHQHUDWH�XQGLUHFWHG�JUDSKV��GLUHFWHG�JUDSKV��DQG�ELSDUWLWH�JUDSKV�� 

$OWKRXJK� 5�0$7� DOJRULWKP� GLYLGHG� WKH� DGMDFHQF\� PDWUL[� LQWR� IRXU� UHJLRQV�� ZKHQ� LW�

UHFXUVLYHO\�ORRNV�IRU�WKH�H[DFW�ORFDWLRQ�RI�WKH�FRQQHFWLRQ��LW�LV�QRW�TXDQWLWDWLYHO\�GHILQHG�KRZ�WR�

TXDQWLWDWLYHO\�ILQG�WKH�ORFDWLRQ�RI�HGJHV�LQ�GLIIHUHQW�UHJLRQV��,Q�WKH�IRXU�UHJLRQV��WKH�GLVWULEXWLRQ�

DQG�FRUUHODWLRQ�DPRQJ�HGJHV�DUH�UHODWHG�WR�JUDSK�SURSHUWLHV�DQG�WRSRORJ\�SURSHUWLHV�RI�WKH�JUDSK��

%DVHG�RQ�WRSRORJ\�W\SHV��LQ�HDFK�UHJLRQ��YHUWLFHV�DQG�HGJHV�FDQ�EH�GLYLGHG�LQWR�WZR�FDWHJRULHV��

FRUH�DQG�SHULSKHU\�VR�WKDW��WKH�SURSHUWLHV�RI�WKHVH�YHUWLFHV�DQG�HGJHV�IROORZ�GLIIHUHQW�GLVWULEXWLRQV��

*LYHQ�WKH�GHILQLWLRQ�RI�WKH�IRXU�UHJLRQV��IRU�H[DPSOH��LQ�IULHQGVKLS�QHWZRUN��ZH�FDQ�DUUDQJH�IULHQGV�

RI�WKH�VDPH�RU�GLIIHUHQW�LQWHUHVWV�LQWR�WKH�IRXU�UHJLRQV��EXW�ZH�PXVW�ILQG�D�ZD\�WR�GHILQH�ZKLFK�

RQHV�FDQ�EH�DUUDQJHG�WR�WKH�FRUH�DQG�WKH�SHULSKHU\�VHW��DQG�ZKLFK�RQHV�FDQQRW�EH�GHWHUPLQHG�E\�

UDQGRPO\�GURS�HGJHV�LQWR�GLIIHUHQW�UHJLRQV� 

5�0$7� JHQHUDWRU� >�@� FDQ� FDXVH� FRPELQJ� SUREOHPV� WKDW� JUDSK� GLVWULEXWLRQ� FDQ� EH�

VLJQLILFDQWO\� FKDQJHG� DW� UHJXODU� JHRPHWULF� LQWHUYDOV�� )RU� H[DPSOH�� WKH� GLVWULEXWLRQ� RI� FHUWDLQ�

GHJUHHV�FDQ�EH�YHU\�GLIIHUHQW�IURP�WKH�GLVWULEXWLRQ�RI�WKH�HQWLUH�JUDSK��$OVR��WKLV�FKDQJH�KDSSHQV�

LQ�UHJXODU�EDVLV�DQG�LV�D�ZHDNQHVV�RI�WKH�5�0$7�JHQHUDWRU��5�0$7�JHQHUDWRU�GHILQHV�WKH�PHDQLQJV�

RI�WKH�HGJHV��+RZHYHU��LW�DOVR�QHHGV�WR�FRPELQH�WRSRORJ\�W\SHV�LQWR�VLPXODWLRQ�SURFHVV� 

/LNH�5�0$7��JUDSK�VDPSOLQJ�FDQ�EH�GRQH�E\�UDQGRPO\�VHOHFWLQJ�HGJHV��:LWK�QR�UHJDUG�WR�

UHJLRQV��WKH�PHWKRGRORJ\�LQ�>�@�UDQGRPO\�VHOHFW�HGJHV�IURP�JUDSKV�WR�PDNH�D�VHHG�VHW��$IWHU�HGJH�

VHOHFWLRQ��FRQQHFWLRQV�EHWZHHQ�YHUWLFHV�LQ�WKH�VHHG�VHW�FDQ�EH�DGGHG��:KHQ�ZH�WHVW�WKLV�DOJRULWKP��

ZH�IRXQG�WKDW�LW�UHTXLUHV�D�ODUJH�VHHG�VHW�WR�JHQHUDWH�ODUJH�VDPSOHV��:KHQ�WKH�VHHG�VHW�LV�ODUJH��

WKHUH�DUH�RQO\�D�IHZ�DGGLWLRQDO�FRQQHFWLRQV�EHWZHHQ�YHUWLFHV�LQ�WKH�VHHG�VHW� 
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.URQHFNHU�SURGXFW�>���@�LV�EDVHG�RQ�WKH�V\PPHWULF�VWUXFWXUH�ZKLFK�FDQ�KHOS�SURGXFH�VHOI�

VLPLODU�JUDSK�IRU�DQ\�VL]H��REH\�WKH�PDLQ�VWDWLF�SDWWHUQV�DQG�WKH�WHPSRUDO�HYROXWLRQ�SDWWHUQV��DQG�

PDWFK�WKH�FRPELQDWLRQ�RI�SURSHUWLHV��)RU�WKH�SXUSRVH�RI�JUDSK�VDPSOLQJ��WKH�V\PPHWULF�QDWXUH�RI�

WKH�.URQHFNHU�JUDSKV�FDQ�HQVXUH�WKDW�.URQHFNHU�JUDSK�SDWWHUQ�FDQ�EH�UHFXUVLYHO\�XVHG�WR�MRLQ�DQG�

SURMHFW�JUDSKV��$OVR��WKLV�SURFHVV�FDQ�EH�GRQH�UHFXUVLYHO\��DQG�WKH�FRQQHFWHGQHVV�RI�WKH�JUDSKV�FDQ�

EH�SUHVHUYHG��6\PPHWULF�VWUXFWXUH�RI�WKH�.URQHFNHU�JUDSK�VLPSOLILHV�JUDSK�RSHUDWLRQV��.URQHFNHU�

JUDSK�VWUXFWXUH�GHILQHV�D�VLPLODU�SDWWHUQ�DQG�LV�DOVR�WKH�VPDOOHVW�VLPLODU�JUDSK�SDWWHUQ�ZKLFK�FDQ�

EH�XVHG�WR�GHILQH�SULPH�JUDSKV�DV�WKH�JUDSK�FRPSXWDWLRQ�XQLW� 

.URQHFNHU�SURGXFW�FDQ�DOVR�EH�XVHG�WR�PDQLSXODWH�JUDSKV��VXFK�DV�JUDSK�IDFWRUL]DWLRQ�DQG�

H[SDQVLRQ�>��@�>��@��*UDSK�IDFWRUL]DWLRQ�LV�EDVHG�RQ�XVHU�LWHP�LQFLGHQFH�PDWULFHV�DQG�DSSO\�WKH�

.URQHFNHU�JUDSK�WR�UHGXFH�WKH�GLPHQVLRQV�RI�WKH�JUDSKV��.URQHFNHU�SURGXFW�FDQ�KHOS�H[SDQG�GDWD�

VHWV�EHWWHU�WKDQ�SURGXFW�VHWWLQJ�LQ�XVHU�EDVH�VL]H��LWHP�YRFDEXODU\�VL]H��QXPEHU�RI�REVHUYDWLRQV�DQG�

RWKHU�VDPSOH�VWDWLVWLFV��DQG�WKH�KLJK�RUGHU�VWDWLVWLFDO�SURSHUWLHV�DUH�DOVR�SUHVHUYHG��2QH�OLPLWDWLRQ�

RI�.URQHFNHU�SURGXFW�LV�WKDW�LW�FUHDWHV�VLPLODU�JUDSKV�WKURXJK�EORFN�ZLVH�ORZ�UDQN�PDWUL[�SURGXFW�

IRU�JUDSK�H[SDQVLRQV��%XW�LW�ZLOO�QRW�DIIHFW�JUDSK�IDFWRUL]DWLRQ� 

�������*UDSK�6DPSOLQJ 

6QRZEDOO�VDPSOLQJ�>��@�LV�EDVHG�RQ�YHUWLFHV��6DPSOLQJ�SURFHVV�VHOHFWV�ILUVW�N�LQGLYLGXDO�

YHUWLFHV��$IWHU�WKDW��HDFK�LQGLYLGXDO�YHUWH[�UHDFKHV�RXW�WR�N�PRUH�LQGLYLGXDO�YHUWLFHV��7KLV�SURFHVV�

LV�UHSHDWHG�LQ�V�VWDJHV��:KHQ�V� ����VQRZEDOO�VDPSOLQJ�EHFRPHV�%HUQRXOOL�VDPSOLQJ�LQ�ZKLFK�ZH�

FKRRVH�D�SDUWLFXODU�SRUWLRQ�IURP�WKH�SRSXODWLRQ��+RZHYHU��LW�FDXVHV�WKH�YDULDQFH�RI�WKH�HVWLPDWLRQ�

RI�PXWXDO�UHODWLRQVKLSV��ZLWK�LQGLYLGXDOV�LQ�WKH�SRSXODWLRQ�DUH�HLWKHU�LQ�WKH�VDPSOH�RU�LQ�WKH�ILUVW�

VWDJH��DW�OHDVW�WZLFH�DV�ODUJH�DV�WKH�YDULDQFH�RI�WKH�HVWLPDWLRQ�ZLWK�%LQRPLDO�VDPSOLQJ��HVSHFLDOO\�

ZKHQ�WKH�FKDUDFWHULVWLF�RI�WKH�SRSXODWLRQ�LV�XQNQRZQ��)RU�QHWZRUNHG�GDWD��PXOWLSOH�VWDJH�VDPSOLQJ�
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LV�D�EHWWHU�RSWLRQ��)RU�RXU�JUDSK�GHFRPSRVLWLRQ�DQG�UHFRQVWUXFWLRQ�VDPSOLQJ��ZH�DGRSW�PXOWLSOH�

VWDJH� VDPSOLQJ�PHWKRGRORJ\�� HVSHFLDOO\� VHW� WKH�RUGHU�RI�PHUJLQJ�JUDSK� IURP� ORZ� IUHTXHQF\� WR�

KLJKHU�XS��VR�WKDW�WKH�GLIIHUHQFH�EHWZHHQ�WKH�VDPSOH�VHWV�DQG�WKH�RULJLQDO�GDWD�FDQ�EH�REVHUYHG� 

*UDSK�IDFWRUL]DWLRQ�FDQ�EH�XVHG�WR�UHGXFH�WKH�VL]H�RI�WKH�VDPSOH�VHW��6DPSOH�TXDOLW\�DQG�

GDWD�FOXVWHULQJ�FDQ�EH�WZR�VHSDUDWH�VWHSV��:H�DUH�ORRNLQJ�IRU�D�EHWWHU�ZD\�WR�V\VWHPDWLFDOO\�SLFN�

VLJQLILFDQW�YHUWLFHV�DQG�HGJHV�VR�WKDW�ZH�FDQ�VKULQN�WKH�VDPSOH�VHW�VL]H�DQG�UHGXFH�WKH�ZRUNORDG�

IRU�GDWD�FOXVWHULQJ��*UDSK�IDFWRUL]DWLRQ�FDQ�GHFRPSRVH�JUDSKV�LQWR�VPDOOHU�RQHV�DQG�WKH�VPDOOHU�

JUDSKV�FDQ�EH�PHUJHG�WKURXJK�SURMHFWLRQ�LI�WKH\�DUH�VLPLODU��:KHQ�ZH�NHHS�IDFWRUL]LQJ�JUDSKV�DQG�

SURMHFWLQJ� FRPPRQ� IDFWRUV�� ODUJH� QHWZRUNV� FDQ� EH� FRQYHUWHG� LQWR� VPDOOHU� RQHV� ZLWK� D� IHZ�

FRQQHFWLRQV� DQG� D� IHZ� YHUWLFHV�� ZKLFK� PDNHV� JUDSK� FRPSXWDWLRQ� SRVVLEOH�� ,Q� WHUPV� RI� GDWD�

VDPSOLQJ��ZKHQ�ZH�HOLPLQDWH�VRPH�RI�WKH�GDWD��WKH�WRSRORJ\�SURSHUWLHV�RI�WKH�JUDSKV�QHHG�WR�EH�

NHSW�WKH�VDPH� 

*UDSK� GHFRPSRVLWLRQ� FDQ� EH� FRQGXFWHG� RQ� HDFK� LQGLYLGXDO� YHUWLFHV� WR� IRUP� ORZ�

GLPHQVLRQDO�HPEHGGLQJV�>��@��(PEHGGLQJV�KDYH�ERWK�WKH�YHUWH[�DQG�QHLJKERUKRRG�LQIRUPDWLRQ��

%RWK� JUDSK� SURSHUWLHV� DQG� WRSRORJ\� W\SHV� FDQ� EH� FDUULHG� LQ� QHLJKERUKRRG� LQIRUPDWLRQ�� 7KLV�

PHWKRGRORJ\�FDQ�FRQYHUW�JOREDO�JUDSK�LQWR�ORFDO�VXEJUDSKV�DQG�WKLV�SURFHVV�LV�UHYHUVLEOH��,Q�RWKHU�

ZRUGV��WKH�LQIRUPDWLRQ�ORVV�LV�ORZ��:KHQ�WKH�FRPSXWDWLRQ�LV�EDVHG�RQ�ORFDO�VXEJUDSKV��LW�UHTXLUHV�

ORZ�VSDFH�FRPSOH[LW\�WKDW�PDNHV�LW�SRVVLEOH�IRU�PRVW�RI�ZRUNVWDWLRQV�WR�SHUIRUP�� 

&RPPXQLW\� *XLGHG�$WWDFKPHQW� �&*$�� PRGHO� DV� VKRZQ� LQ� )LJXUH� ����� WKH� ELJJHU� WKH�

FRPPXQLW\�VL]H�� WKH�KDUGHU� WR�DWWDFK� WR� LW��:H�XVH�D�JUDSK�PRGHO� LQ�)LJXUH����� WR�PRGHO� WKHVH�

REVHUYDWLRQV��K�Y��Z��LV�WKH�KHLJKW�RI�WKH�OHDVW�FRPPRQ�DQFHVWRU��I�K��LV�GLIILFXOW\�IXQFWLRQ�RI�K�Y��

Z���I�K�� �F�K��I�LV�OHYHO�LQGHSHQGHQW��&�LV�WKH�GLIILFXOW\�FRQVWDQW���F�E��'� �ORJ�E��Q�� �FRQVWDQW��

'�LV�WKH�H[SHFWHG�DYHUDJH�RXW�GHJUHH�RI�D�QRGH�� 
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)LJXUH������$�&RPPXQLW\�,QIOXHQFH�6WUHQJWK�IRU�'LIIHUHQW�/D\HUV� 

 

 ,Q�HDFK�VWHS�W��WKH�WUHH�JURZV�IURP�W���WR�W�E\�DGGLQJ�E�QHZ�OHDYHV�WR�WKH�FXUUHQW�OHDI�DV�

FKLOGUHQ�OHDYHV��1HZ�OHDYHV�FDQ�EH�QHZ�QRGH�RI�WKH�JUDSK��1HZ�QRGHV�FDQ�DOVR�FRQQHFW�WR�LQWHUQDO�

QRGHV�ZLWK�SUREDELOLW\�F�G�Y��Z��� 

 &*$�PRGHO�WDNHV�LQWR�FRQVLGHUDWLRQ�WKH�DVVRFLDWLRQ�EHWZHHQ�WKH�KLHUDUFKLFDO�VWUXFWXUH�DQG�

WKH�SUREDELOLW\�RI�DWWDFKLQJ�QHZ�QRGHV��%XW�WKH�VWUXFWXUH�EHWZHHQ�WKH�QHZ�QRGH�DQG�H[LVWLQJ�QRGHV�

LV� QRW� LQGLFDWHG�� 7KH� GLIILFXOW\� FRQVWDQW� &� DQG� WKH� EUDQFKLQJ� IDFWRU� E� DUH� QRW� TXDQWLWDWLYHO\�

H[SODLQHG� 

 )RUHVW�ILUH�PRGHO�H[KLELWV�ERWK�GHQVLILFDWLRQ�DQG�GLDPHWHU�GHFUHDVH��1RGHV�ZLWK�KLJK�RXW�

GHJUHH�FDQ�VHUYH�DV�WKH�EULGJH�RI�WKH�GLVSDUDWH�SDUWV�LQ�WKH�QHWZRUN��1RGHV�DUULYH�RQH�DW�D�WLPH��

VWDUW�ZLWK�QRGH�Y�DQG�WKHQ�DWWDFK�D�QRGH�Z�XQLIRUPO\�DW�UDQGRP�LQ�WKH�JUDSK��)RUHVW�ILUH�PRGHO�

VWDUWV�EXUQLQJ�OLQNV�IURP�Z�ZLWK�IRUZDUG�EXUQLQJ�SUREDELOLW\�S�DQG�EDFNZDUG�EXUQLQJ�UDWLR�U��ZKHUH�

Y�LV�WKH�EULGJH� 

 7ZR�UDQGRP�QXPEHUV�[ S����S��DQG�\ US����US���9HUWH[�Y�VHOHFWV�[�RXW�OLQNV�DQG�\�LQ�OLQNV�

RI�Z���Z��Z���«��Z�[�\����9HUWH[�Y�IRUPV�RXW�OLQNV�WR�Z���Z���«��Z�[�\���VWDUWV�ZLWK�Z��Z��Z���«��

Z�[�\���DQG�WKHQ�UHSHDWV�WKLV�SURFHVV�� 

 
9 
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&RPPXQLW\�&HQWHU 

'LIILFXOW\�)XQFWLRQ� 

I�Y��YHUWH[��Z��OHDVH�FRPPRQ�DQFHVWRU��

7KH�SUREDELOLW\�RI�Z�DWWDFKHV�WR�Y� 

3�Y�YHUWH[��Z�YHUWH[� F�G�Y��Z���� 

9�� 

9�� 9�� 9�� 9�� 

$YHUDJH�'HJUHH��'�E��EUDQFKLQJ�IDFWRU��Q���QRGHV� ORJE�Q� 



 �� 

 )RUHVW�ILUH�PRGHO�FDQ�EXLOG�D�VDPSOH�VHW�EDVHG�RQ�WKH�RULJLQDO� WRSRORJ\��+RZHYHU��RQO\�

ORFDO�VWUXFWXUH�RI�WKH�FRQQHFWLRQV�LV�UHFRUGHG��7KH�KLHUDUFKLFDO�VWUXFWXUHV�RI�WKH�FRPPXQLWLHV�DUH�

LJQRUHG��$OVR��WKH�YHUWLFHV�ZLWK�KLJK�GHJUHHV�FDQ�EH�SURPRWHG��7KH�IRUZDUG�EXUQLQJ�SUREDELOLW\�S�

DQG�WKH�EDFNZDUG�EXUQLQJ�UDWLR�U�DUH�QHLWKHU�SURSRUWLRQDO�WR�WKH�WRWDO�QXPEHU�RI�HGJHV�QRU�WKH�WRWDO�

QXPEHU�RI�QRGHV��6LQFH�ZH�VWDUW�ZLWK�YHUWH[�9��YHUWH[�9�LV�VXSSRVHG�WR�EH�WKH�EULGJH�RI�WKH�WZR�

FRPPXQLWLHV��,I�YHUWH[�Z�RQO\�KDV�D�IHZ�OLQNV��9�FDQQRW�KDYH�PDQ\�OLQNV�HLWKHU��,Q�WKDW�FDVH��9�

FDQQRW�EH�WKH�EULGJH�RI�WZR�FRPPXQLWLHV��7KH�DGGLWLRQ�RI�YHUWH[�9�GRHV�QRW�VKRZ�DQ\�VSHFLDOW\��

,Q�RWKHU�ZRUGV��ZH�FDQQRW�RYHUVHH�WKURXJK�IRUHVW�ILUH�PRGHO�KRZ�PDQ\�VLJQLILFDQW�QRGHV�DQG�KRZ�

PDQ\�FRPPXQLWLHV�FDQ�EH�JHQHUDWHG�LQ�WKH�UHVXOWV� 

 7KH�VWUHQJWK�RI�WKH�IRUHVW�ILUH�DOJRULWKP�LV�WKDW�WKH�ZD\�IRUHVW�ILUH�PRGHO�JURZV�WKH�JUDSK�

LV�EDVHG�RQ�EUHDGWK�ILUVW�VHDUFK��ZKLFK�FDQ�NHHS�WKH�WRSRORJ\�RI�WKH�JUDSK�� 

 7KH�GHJUHH�GLVWULEXWLRQ�RI�WKH�RULJLQDO�VHW�DQG�WKH�VDPSOH�VHW�QHHGV�WR�EHORQJ�WR�WKH�VDPH�

IDPLO\�RI�SUREDELOLW\�GLVWULEXWLRQV�>���@��%DVHG�RQ�WKH�GHJUHH�GLVWULEXWLRQ��WKH�SUREDELOLW\�WKDW�D�

QRGH�RI�GHJUHH�L�LQ�WKH�IXOO�QHW�FRQQHFWLQJ�WR�N��N�L��RWKHU�QRGHV�FDQ�EH�HVWLPDWHG�ZLWK�ELQRPLDO�

GLVWULEXWLRQ��7KH�SUREDELOLW\�JHQHUDWLQJ�IXQFWLRQ�LV�EDVHG�RQ�WKH�GHJUHH�GLVWULEXWLRQ�DQG�FDQ�EH�

XVHG�WR�XQLIRUPO\�EXLOG�VXEQHWV� 

�����*UDSK�7KHRULHV 

:KHQ�ZH�FRQGXFW�JUDSK�VDPSOLQJ��JUDSK�WRSRORJ\� W\SHV�QHHG� WR�EH�NHSW�DQG� WKH�JUDSK�

SURSHUWLHV� FDQQRW� EH� FKDQJHG�� )RU� WKLV� UHVHDUFK��ZH� UHGXFH� WKH� VDPSOH� VHW� VL]H� WKURXJK� JUDSK�

SURMHFWLRQ�� 

:H�LOOXVWUDWH�V\PEROV�WKDW�DUH�XVHG�WKURXJK�WKLV�FKDSWHU��9�;��LV�WKH�YHUWH[�VHW�RI�WKH�JUDSK�

;��DQG�(�;��LV�WKH�HGJH�VHW�RI�WKH�JUDSK�;��/HW�YZ�EH�DQ�HGJH�^Y�Z`�DQG�Y�a;�Z�EH�WKH�DGMDFHQF\�

RI�Y�DQG�Z�YHUWLFHV�LQ�JUDSK�;� 
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&HQWUDOLW\�PHDVXUHV�DUH�JHQHUDOO\�XVHG�WR�HYDOXDWH�KRZ�VLPLODU�WKH�YHUWLFHV�DUH��+RZHYHU��

VRPH�PHDVXUHPHQWV�DUH�EDVHG�RQ�WKH�VHDUFK�RI�WKH�HQWLUH�JUDSK��VXFK�DV��EHWZHHQQHVV�FHQWUDOLW\��

HLJHQYHFWRU�FHQWUDOLW\��FORVHQHVV�FHQWUDOLW\�DQG�VR�RQ��)RU�FRPSXWDWLRQDO�HIILFLHQF\��ZH�LQWHQG�WR�

XVH� ORFDO� PHDVXUHPHQWV� WR� HYDOXDWH� WKH� VLPLODULW\� RI� WKH� YHUWLFHV� LQVWHDG� RI� WKH� JOREDO�

PHDVXUHPHQWV��)RU�WKLV�SXUSRVH��ZH�GHULYHG�VHYHUDO�ORFDO�PHDVXUHPHQWV�WR�HYDOXDWH�WKH�VLPLODULW\�

RI�WKH�YHUWLFHV�LQ�HDFK�.URQHFNHU�JUDSK� 

3DWWHUQ�)UHTXHQF\�PHDVXUH�WKH�IUHTXHQF\�RI�VLPLODU�SDLUV�PHDVXUHV�LI�WKH�VLPLODU�SDLUV�FDQ�

UHSUHVHQW�WKH�FKDUDFWHULVWLFV�RI�WKH�JUDSKV��/HW�WKH�IUHTXHQF\�RI�WKH�VLPLODU�SDLUV�̱ܺ�ܲ݊݋ݏݏ݅݋ሺߣሻ� 

ܲሺܺ ൌ ሻߣȁݔ ൌ ௘షഊఒೣ

௫Ǩ
ǡ ݔ ൌ Ͳǡͳǡʹǡ ǥ ����� 

LQ�ZKLFK�O�LV�WKH�DYHUDJH�IUHTXHQF\� 

'HQVLW\�ZLWKLQ�D�+RS�LV�ZKHQ�ZH�QRW�RQO\�FDUH�DERXW�WKH�IUHTXHQF\�RI�WKH�VLPLODU�SDWWHUQV�

EXW� DOVR� FDUH� DERXW� WKH� FRQQHFWLYLW\� RI� WKH� VLPLODU� SDWWHUQV�� +RS� SORW� VWXGLHV� WKH� VL]H� RI� WKH�

QHLJKERUKRRG�DURXQG�WKH�VLPLODU�SDWWHUQV��,W�LV�D�ORFDO�PHDVXUHPHQW�ZKLFK�FDQ�EH�FRPSXWHG�E\�

ORDGLQJ�D�VPDOO�SRUWLRQ�RI�WKH�QHWZRUN� 

ܦ ൌ ழ௞வ
ா

 ����� 

LQ�ZKLFK��N!�LV�WKH�QXPEHU�RI�FRPPRQ�QHLJKERUV�RI�WKH�WZR�HQG�YHUWLFHV�RI�WKH�.URQHFNHU�JUDSKV��

(�LV�WKH�QXPEHU�RI�HGJHV�LQ�WKH�VXEJUDSK� 

(IIHFWLYH�'LDPHWHU�'LVWULEXWLRQ�PHDVXUHV�GLVWDQFHV�EHWZHHQ�WZR�YHUWLFHV�LQ�D�VXEJUDSK� 

ߜ ൌ ேమ

ேାଶா
 ����� 

)RU�D�FRPSOHWH�JUDSK��(� LV�HTXDO� WR�1�1����DQG� WKHQߜ��LV�HTXDO� WR�1���1�����)RU�5LQJ�

ODWWLFH� QHWZRUN�� (� LV� HTXDO� WR�൫ேଶ൯ߜ�����LV� HTXDO� WR�1����1��� ��� )RU� RWKHU� WRSRORJ\� W\SHV�� DIWHU�

UHPRYLQJ�LVRODWHG�YHUWLFHVߜ���LV�EHWZHHQ�1���1����DQG��� 



 �� 

$XWRPRUSKLVP�LV�WKDW��JLYHQ�D�JUDSK�[��D�SHUPXWDWLRQ�D�RI�9�;��LV�DQ�DXWRPRUSKLVP�RI�;�

LI�IRU�DOOߤ�ǡ �ߥ א ܸሺܺሻ 

ሼߤǡ ሽߥ א ሺܺሻܧ ฻ ሼߙሺߤሻǡ ሻሽߥሺߙ א  ����� ሺܺሻܧ

:LWK�WKH�FRPSRVLWLRQ�IXQFWLRQ��DXWRPRUSKLVPV�RI�D�JUDSK�;�FDQ�IRUP�WKH�DXWRPRUSKLVP�

JURXS�RI�;��DQG�LW�LV�GHQRWHG�$XW�;���$XW�;��LV�D�VXEVHW�RI�WKH�V\PPHWULF�JURXS�RQ�9�;�� 

)URP�WKH�GHILQLWLRQ�RI�JUDSK�DXWRPRUSKLVP��ZH�FDQ�GHULYH�WKHVH�IDFWV�LQ�DXWRPRUSKLVP�

JURXSV��WKDW��OHW�WKH�FRPSRQHQWV�RI�;�EH�;���«��;N�WKHQ� 

ሺܺሻݐݑܣ ൌ �ς ሺݐݑܣ ௜ܺሻ௞
௜ୀଵ  ����� 

$OVR��WKH�IROORZLQJ�VKRZV�HGJH�FRPSOHPHQW�ܺ�IRU�D�JUDSK�;��ZH�KDYH� 

ሺܺሻݐݑܣ ൌ  ����� ሺܺሻݐݑܣ

$�JURXS�;�DFWV�WUDQVLWLYHO\�RU�LV�WUDQVLWLYH�RQ�WKH�SHUPXWDWLRQ�VHW�6�RI�;�LI��IRU�HYHU\�[��\�

ߙ��6��WKHUH�H[LVWVא א ܺ�VXFK�WKDWߙ�ሺݔሻ ൌ �;���DQG�ሺܺሻ�LV�WUDQVLWLYH�RQ�9ݐݑܣ���LV�YHUWH[�WUDQVLWLYHݕ

LV�GRXEO\�WUDQVLWLYH�RQ�6�LI��IRU�DQ\�WZR�RUGHUHG�SDLUV�RI�GLVWLQFW�HOHPHQWV��ݔଵݔ��ଶ����ݕଵǡ 6
�6א��ଶݕ��

WKHUH�H[LVWVߙ� א ଵሻݔሺߙ��VXFK�WKDWܩ ൌ ଶሻݔሺߙ�ଵ�DQGݕ ൌ  �ଶݕ

$�JUDSKRQ��JUDSK�IXQFWLRQ��LV�V\PPHWULF�PHDVXUDEOH�IXQFWLRQ�:��>���@���!�>���@� 

$�JUDSK�KRPRPRUSKLVP�IURP�+�WR�*�LV�D�PDS�߮ǣ ܸሺܪሻ ՜ ܸሺܩሻ�VXFK�WKDW�LIߥߤ� א  �ሻܪሺܧ

*LYHQ� JUDSKV� +� DQG� *�� OHW����ሺܪǡ �ሻ��EHܩ WKH� VHW� RI� DOO� VXFK� KRPRPRUSKLVPV� DQG� OHW�

���ሺܪǡ ሻܩ ൌ ȁ����ሺܪǡ  �ሻȁ��'HILQH�KRPRPRUSKLVP�GHQVLW\�DVܩ

ǡܪሺݐ ሻܩ ൌ ୦୭୫�ሺுǡீሻ
ȁ௏ሺீሻȁȁೇሺಹሻȁ

 ����� 

,W�DOVR�GHILQHV�WKH�SUREDELOLW\�RI�WKH�KRPRPRUSKLVP�IRU�D�JLYHQ�XQLIRUPO\�UDQGRP�PDS� 

;�DQG�<�DUH�WZR�VHWV�RI�YHUWLFHV�LQ�D�JUDSK�*�DQG�H*�;�<��GHQRWHV�WKH�QXPEHU�RI�HGJHV�

EHWZHHQ�;�DQG�<��WKDW�LV� 

݁ீሺܺǡ ܻሻ ൌ ȁሼሺܺǡ ܻሻ א ሺܺ ൈ ܻȁݕݔ א  ����� ሻሽȁܩሺܧ



 �� 

:H�FDQ�XVH�WKH�GHILQLWLRQ�RI�H*�;�<��WR�GHILQH�WKH�HGJH�GHQVLW\�EHWZHHQ�;�DQG�<�WR�EH� 

݀ீሺܺǡ ܻሻ ൌ
௘ಸሺ௑ǡ௒ሻ
ȁ௑ȁȁ௒ȁ

 ����� 

*LYHQ�D�JUDSK�;��OHW�WKH�FROOHFWLRQ�RI�LWV�YHUWH[�GHOHWHG�VXEJUDSKV�;�Y�IRU�DOO�Y9א�;��EH�

WKH�GHFN�RI�;��GHQRWHG�E\�'�;�� 

&RQYHUJHQW� LV� WKDW�� JLYHQ� JUDSKV� +� DQG� ;�� WKH� VHTXHQFH� FRQYHUJHV� WR� ;� LI� W�+�� ;Q��

FRQYHUJHV�WR�W�+��;��IRU�HYHU\�JUDSK�+� 

([LVWHQFH�RI�/LPLW�LV�WKDW��IRU�JUDSKV�RU�JUDSKRQV��HYHU\�FRQYHUJHQW�VHTXHQFH�KDV�D�OLPLW�

JUDSKRQ� 

(TXLYDOHQFH�RI�&RQYHUJHQFH�LV�WKDW�VHTXHQFH�RI�JUDSKV�RU�JUDSKRQV�LV�FRQYHUJHQW�LI�DQG�

RQO\�LI�LW�LV�D�&DXFK\�VHTXHQFH�ZLWK�UHVSHFW�WR�WKH�FXW��GLVWDQFH��PHWULF���$�&DXFK\�VHTXHQFH�ZLWK�

UHVSHFW�WR�PHWULF�G�LV�D�VHTXHQFH�^[L`�WKDW�VDWLVILHV݌ݑݏ�௠ஹ଴݀ሺݔ௡ǡ ௡ା௠ሻݔ ՜ Ͳ�ܽ݊�ݏ ՜ λ�� 

,Q�JHQHUDO��JLYHQ�JUDSKV�;�DQG�<��D�JUDSK�SURGXFW�LV�D�JUDSK�WKDW�WKH�YHUWH[�VHW�LV�GHILQHG�

DV�9�;�
9�<���DQG�WKH�HGJH�VHW�LV�GHILQHG�E\��DQG�RQO\�E\��WKH�DGMDFHQF\�UHODWLRQV�LQ�ERWK�;�DQG�

<���7KH�V\PERO�	�GHQRWHV�D�JHQHULF�JUDSK�SURGXFW�;	<�IRU�JLYHQ�JUDSKV�;�DQG�<� 

 .URQHFNHU�SURGXFW� ଵܺ ר ܺଶ�RI�WKH�JUDSKV�;��DQG�;���DV�VKRZQ�LQ�)LJXUH������KDV�YHUWH[�VHW�

�ܸሺ ଵܺ ר ܺଶሻ ൌ ܸሺ ଵܺሻ ר ܸሺܺଶሻ��ZLWK� DGMDFHQF\� LQ� ଵܺ ר ܺଶ��� JLYHQ� E\ݒ�ଵݒଶ̱ݓଵݓଶ��LI� DQG� RQO\� LI�

 ଶ��,W�FDQ�EH�UHSUHVHQWHG�DVݓଶ�̱௫మݒ�ଶ�DQGݒଵ�̱௫భݒ

ሾሼݔଵǡ ଶሽݔ א ሺܺሻܧ ר ଵݕ ൌ ଵݔሾݎ݋ଶሿݕ ൌ ଶݔ ר ሼݕଵǡ ଶሽݕ

א ଵǡݔ�ሾሼݎ݋�ሺܻሻሿܧ ଶሽݔ א ሺܺሻܧ ר ሼݕଵǡ ଶሽݕ א  ሺܻሻሿܧ

  

  



 �� 

 *LYHQ�JUDSK�;��.URQHFNHU�GRXEOH�FRYHU� ෨ܺ�KDV�YHUWLFHV��ݒ����DQG��ݒ����IRU�HDFK�YHUWH[ݒ��LQ�

ܺ��ZLWK�DGMDFHQF\̱�ݒ�௫�Z��LI�DQG�RQO\�LI�ሺݒǡ ͳሻ̱௫ሺݓǡ ʹሻ�DQG�ሺݒǡ ʹሻ̱௫ሺݓǡ ͳሻ�DUH�LQ� ෨ܺ��7KH�HTXDWLRQ�

IRU�WKH�YHUWH[�LV�LQ��������DQG�WKH�HTXDWLRQ�IRU�RQ�HGJHV�LV�LQ�������� 

ሺ௩ǡଵሻ
ሺ௩ǡଶሻቅ �ฺ  ������ ݒ

ሺ௩ǡଵሻሺ௪ǡଶሻ
ሺ௩ǡଶሻሺ௪ǡଵሻቅ �ฺ ሺݒǡݓሻ ������ 

 

)LJXUH������.URQHFNHU�'RXEOH�&RYHU 

 

�������*UDSK�'HFRPSRVLWLRQ�DQG�5HFRQVWUXFWLRQ 

*UDSKV�DUH�VHOI�VLPLODU�LQ�WHUPV�RI�WKH�VWUXFWXUH�RI�WKH�JUDSKV��*UDSKV�FDQ�EH�IRUPHG�E\�

NHHS�DGGLQJ�YHUWLFHV�DQG�HGJHV��3ULPH�JUDSKV�DV�VXEVHWV�RI�WKH�JUDSKV�FDQ�EH�FRQVLGHUHG�DV�WKH�

EDVLF�SDWWHUQV�RQ�WKH�JUDSKV��,W�FDQ�FDUU\�PRUH�LQIRUPDWLRQ�DQG�PRUH�FKDUDFWHULVWLFV�RI�WKH�JUDSKV�

DQG�FDQ�EH�VSHFLILF�WR�SDUWLFXODU�JUDSKV��:H�XVH�.URQHFNHU�JUDSK�DV�WKH�SULPDU\�JUDSK�WR�IDFWRUL]H�

JUDSKV��DV�VKRZQ�LQ�)LJXUH������7KHUH�DUH�VRPH�DGYDQWDJHV�LQ�FKRRVLQJ�.URQHFNHU�JUDSK�DV�WKH�

SULPH�JUDSK��)RU�H[DPSOH��LW�LV�WKH�VPDOOHVW�V\PPHWULF�JUDSK�ZLWK�QR�ORRSV��DQG�WKH�V\PPHWULF�

QDWXUH�RI�WKH�.URQHFNHU�JUDSK�FDQ�PDNH�LW�SRVVLEOH�IRU�WKH�JUDSKV�WR�H[SDQG�DQG�WR�VKULQN�WR�DQ\�

VL]HV�WKURXJK�.URQHFNHU�RSHUDWLRQV� 
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 �� 

 

)LJXUH������.URQHFNHU�*UDSKV 

 

)LJXUH������3ULPH�*UDSKV�LQ�6RFLDO�1HWZRUN 

 

�������*UDSK�)DFWRUL]DWLRQ 

*UDSK� GHFRPSRVLWLRQ� FDQ� EH� EDVHG� RQ� GLIIHUHQW� SULPH� JUDSKV�� )RU� IULHQGVKLS� QHWZRUN��

JUDSKV�FDQ�EH�GHFRPSRVHG�LQWR�D�VHW�RI�WULDQJOHV��DV�VKRZQ�LQ�)LJXUH�����D���,Q�HDFK�WULDQJOH��D�SDLU�

RI�IULHQGV�FRQQHFW�WR�HDFK�RWKHU�DQG�VRPH�RI�WKHLU�IULHQGV�DUH�FRPPRQ�IULHQGV�IRU�ERWK��:KHQ�D�

FLUFOH�RI�WKUHH�IULHQGV�LV�GHILQHG��DQ�LQWHUHVWLQJ�SDWWHUQ�RI�VLPLODU�HQWLWLHV�LV�IRUPHG��,Q�WKH�VDPH�

ZD\��ZH�FDQ�DOVR�DSSO\�JUDSK�GHFRPSRVLWLRQ�WR�RWKHU�JUDSK�QHWZRUNV��)RU�FLWDWLRQ�QHWZRUN��JUDSKV�

FDQ�EH�GHFRPSRVHG�LQWR�D�VHW�RI�.URQHFNHU�JUDSKV�ZKLFK�FRQVLVWV�RI�RQH�SDSHU�ZLWK�WZR�UHIHUHQFH�

SDSHUV��DV�VKRZQ�LQ�)LJXUH�����E���)RU�FR�SXUFKDVH�QHWZRUN��JUDSKV�FDQ�EH�GHFRPSRVHG�LQWR�D�VHW�

RI�LWHPV��ZKLFK�FRQVLVWV�RI�DW�OHDVW�WKUHH�LWHPV��DV�VKRZQ�LQ�)LJXUH�����F���7R�GHILQH�VLPLODU�YHUWLFHV�

ZLWK�QHLJKERUV��ZH�FDQ�XVH�DV�PDQ\�RI�WKH�FRPPRQ�QHLJKERUV�DV�SRVVLEOH�LQ�RUGHU�WR�LQFUHDVH�WKH�

 

 

 

1� 

1� 1� 

1� 

1� 1� 

1� 

1� 1� 1� 1P 

 

 

 

1. .URQHFNHU�*UDSK 
 

൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ 

 
2. 0DWKHPDWLFDO�0RGHO�RI�

.URQHFNHU�*UDSK 

� � � 



 �� 

VWUHQJWK�RI�WKH�VLPLODULW\��LI�QHHGHG��$OVR��LW�LV�HDVLHU�WR�FRPSDUH�DGMDFHQW�QHLJKERUV�WKDQ�DGMDFHQW�

JUDSKV� 

7R�PDNH�LW�SRVVLEOH�IRU�JUDSKV�WR�GHFRPSRVH�DQG�WR�UHFRQVWUXFW��LW�UHTXLUHV�WKDW�WKH�JUDSKV�

WR�EH�UHFRQVWUXFWLEOH��WKH�KRPRPRUSKLVP�GHQVLW\�FDQ�FRQYHUJH�DV�Q�JRHV�WR�LQILQLW\��DQG�WKH�XSSHU�

DQG� ORZHU� ERXQGV� RI� WKH� QXPEHU� RI� WKH� SULPH� JUDSKV� QHHGHG� IRU� JUDSK� FRQVWUXFWLRQ� FDQ� EH�

HVWLPDWHG��7R�VDWLVI\�WKHVH�FULWHULRQV��ZH�OLVW�WKH�IROORZLQJ�WKHRUHPV� 

/HPPD����(YHU\�JUDSK�ZLWK�DW�OHDVW�WKUHH�YHUWLFHV�LV�UHFRQVWUXFWLEOH�>��@�� 

/HPPD�����(YHU\�JUDSK�RQ�DW�OHDVW�IRXU�HGJHV�LV�HGJH�UHFRQVWUXFWLEOH�>��@� 

/HPPD���DQG�/HPPD���SXW�UHVWULFWLRQV�RQ�WKH�ORZHU�ERXQGV�RI�ERWK�WKH�YHUWLFHV�DQG�WKH�

HGJHV�IRU�JUDSKV�UHFRQVWUXFWLRQ��2WKHU�WKDQ�WKH�ORZHU�ERXQGV�RI�ERWK�WKH�YHUWLFHV�DQG�WKH�HGJHV��

WKH�XSSHU�ERXQGV�RI�ERWK�WKH�YHUWLFHV�DQG�WKH�HGJHV�DOVR�QHHG�WR�EH�GHWHUPLQHG�VR�WKDW�ZH�FDQ�

HVWLPDWH�LI��DIWHU�IDFWRUL]DWLRQ��WKH�VL]H�RI�WKH�VXEJUDSKV�FDQ�EH�HQRXJK�WR�ORDG�LQWR�PDLQ�PHPRU\��

:H�SURYH�WKH�XSSHU�ERXQGV�LQ�7KHRUHP����2WKHU�WKDQ�WKH�XSSHU�ORZHU�ERXQGV�RI�ERWK�HGJHV�DQG�

YHUWLFHV��ZH�DUH�DOVR�LQWHUHVWHG�LQ�WKH�QXPEHU�RI�VXEJUDSKV� 

/HPPD����*LYHQ�D�JUDSK�*�Y�LQ� WKH�GHFN�RI�*�� WKH�GHJUHH�RI�Y�DQG�WKH�GHJUHHV�RI� WKH�

QHLJKERUV�RI�Y�LQ�*�DUH�UHFRQVWUXFWLEOH�>��@� 

/HPPD����6XSSRVH�*�DQG�)�DUH�JUDSKV�ZLWK�_9�)�_�_9�*�_��7KHQ 

ሺȁܸሺܩሻȁ െ ȁܸሺܨሻȁሻ൫ீி൯ ൌ �σ ൫ீି௩ி ൯௩א௏ሺீሻ  ������ 

7KHUHIRUH��൫ீி൯�LV�UHFRQVWUXFWLEOH��>��@ 

,Q�RWKHU�ZRUGV��JLYHQ�JUDSKV�*�DQG�)��WKH�WRWDO�QXPEHU�RI�VXEJUDSKV�RI�*�FKRRVLQJ�)�FDQ�

EH�FRPSXWHG�ZLWK�HTXDWLRQ�������$IWHU�TXDQWLWDWLYHO\�HYDOXDWLQJ�WKH�XSSHU�ERXQGV�DQG�WKH�ORZHU�

ERXQGV�RI�WKH�VSDFH�FRPSOH[LW\��ZH�ZDQW�WR�VKRZ�KRZ�WR�UHFRQVWUXFW�VXEJUDSKV�� 

  



 �� 

/HW�'�*��EH�WKH�GHFN�RI�*�WKDW�FDQ�EH�IRUPHG�WKURXJK�UHPRYLQJ�YHUWLFHV�IURP�WKH�JUDSK�*��

0HDQZKLOH��ZKHQ�YHUWLFHV�DUH�UHPRYHG�IURP�WKH�JUDSK��FRQQHFWHG�HGJHV�FDQ�DOVR�EH�UHPRYHG��LI�

DQ\�� 

,Q�RWKHU�ZRUGV��'�*��FRQVLVWV�RI�VXEJUDSKV�RI�*��7KH�VXEJUDSK�RI�*�FDQ�DOVR�EH�JHQHUDWHG�

WKURXJK�JUDSK�IDFWRUL]DWLRQ�EDVHG�RQ�SULPH�JUDSKV��7KH�UHVXOWV�RI�JUDSK�IDFWRUL]DWLRQ�FDQ�EH�WKH�

VXEVHW�RI�WKH�GHFN�'�*�� 

/HPPD� ��� /HW� *� EH� D� JUDSK� ZLWKRXW� LVRODWHG� YHUWLFHV�� 7KH� GHFN� RI� *� '�*�� LV� HGJH�

UHFRQVWUXFWLEOH��WKDW�LV�'�*��LV�XQLTXHO\�GHWHUPLQHG�IURPܦߝ�ሺܩሻ��7KHUHIRUH��LI�*�LV�UHFRQVWUXFWLEOH��

WKHQ�LW�LV�DOVR�HGJH�UHFRQVWUXFWLEOH�>��@� 

%DVHG�RQ�/HPPD����ZH�NQRZ�JUDSK� IDFWRUL]DWLRQ�ZLWK�SULPH�JUDSKV� FDQ�EH� FRQGXFWHG�

EHFDXVH�WKH�GHFN�RI�*�LV�HGJH�UHFRQVWUXFWLEOH�VR�WKDW�WKH�VXEVHW�RI�WKH�GHFN�RI�*�LV�UHFRQVWUXFWLEOH�

ZKLFK�LV�WKH�IDFWRUL]DWLRQ�UHVXOWV�ZH�DUH�ORRNLQJ�IRU� 

/HPPD����/HW�$�EH�D�Q
Q�V\PPHWULF�PDWUL[�ZLWK�HLJHQYDOXHV 

ଵߣ �൒ ଶߣ �൒ ڮ �൒  ������ ௡ߣ

DQG�PDWUL[�%�FDQ�EH�GHULYHG�IURP�$�E\�UHPRYLQJ�L�WK�URZ�DQG�L�WK�FROXPQ�IURP�$��DQG�LI�PDWUL[�

%�KDV�HLJHQYDOXHV 

ଵߤ �൒ ଶߤ �൒ ڮ �൒  ������ ௡ߤ

7KHQ�WKH�HLJHQYDOXHV�RI�%�LQWHUODFH�WKRVH�RI�$��WKDW�LV��>��@ 

௜ߣ �൒ �ߤ ൒  ������ ௜ାଵߣ

%DVHG�RQ�/HPPD����DIWHU�PDWUL[�UHFRQVWUXFWLRQ��WKH�RUGHU�RI�WKH�HLJHQYDOXHV�VWD\�WKH�VDPH� 



 �� 

$V�VKRZQ�LQ�)LJXUH�����D���JLYHQ�D�.URQHFNHU�JUDSK�*��DQG�WKH�QXPEHU�RI�*��Q��ZKHQ�Q�

JRHV�WR�LQILQLW\��WKH�JUDSKRQ�:*Q��>���@Q��!�>���@�FRQYHUJHV�WR�D�IXQFWLRQ�ZKLFK�ORRNV�OLNH�)LJXUH�

����F�� 

)LJXUH������$�.URQHFNHU�*UDSK�*��DQG�WKH�/LPLW�RI�:*Q� 

 

�������&OXVWHULQJ�&RHIILFLHQW 

7KH�FOXVWHULQJ�FRHIILFLHQW�RI�D�YHUWH[�X�RQ�XQZHLJKWHG�JUDSKV�LV�WKH�IUDFWLRQ�RI�SRVVLEOH�

WULDQJOHV�WKURXJK�WKDW�YHUWH[��WKDW�H[LVW� 

ܿ௨ ൌ
ଶ்ሺ௨ሻ

ୢୣ୥�ሺ௨ሻሺୢୣ୥ሺ௨ሻିଵሻ
 ������ 

LQ�ZKLFK�7�X��LV�WKH�FRXQW�RI�WULDQJOHV�WKURXJK�WKH�YHUWH[�X�DQG�GHJ�X��LV�GHJUHH�RI�WKH�YHUWH[�X� 

)RU�ZHLJKWHG�JUDSKV��OHW�FOXVWHULQJ�FRHIILFLHQW�EH�WKH�JHRPHWULF�DYHUDJH�RI�WKH�HGJH�ZHLJKWV�

RQ�VXEJUDSKV�� 

ܿ௨ ൌ
ଵ

ୢୣ୥�ሺ௨ሻሺୢୣ୥ሺ௨ሻିଵሻ
σ ሺݓ௨௩ෞ ௨௪ෞݓ ௩௪ෞݓ ሻଵȀଷ௩௪  ������ 

7KH� HGJH� ZHLJKWVݓ�௨௩ෞ ��DUH� QRUPDOL]HG� WKURXJK� WRWDO� HGJH� ZHLJKWV� RYHU� WKH� PD[LPXP�

ZHLJKW�LQ�WKH�QHWZRUNݓ�௨௩ෞ ൌ  �ሻݓ௨௩Ȁ����ሺݓ

)RU�GLUHFWHG�JUDSKV��OHW�FOXVWHULQJ�FRHIILFLHQW�EH�D�IUDFWLRQ�RI�DOO�SRVVLEOH�GLUHFWHG�WULDQJOHV�

RU�JHRPHWULF�DYHUDJH�RI�WKH�VXEJUDSK�HGJH�ZHLJKWV��UHVSHFWLYHO\��7KLV�GHILQLWLRQ�FDQ�EH�DSSOLHG�WR�

ERWK�XQZHLJKWHG�DQG�ZHLJKWHG�GLUHFWHG�JUDSKV� 

 

 

 

 

(a) $GMDFHQW�0DWUL[�RI�*�������E��$GMDFHQW�0DWUL[�RI�*�
*�������F��*UDSKRQ�RI�*��DV�Q՜ λ 
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ZKHUH�7�X��LV�WKH�WRWDO�QXPEHU�RI�GLUHFWHG�WULDQJOHV�WKURXJK�YHUWH[�X��GHJWRW�X��LV�WKH�WRWDO�RI�ERWK�

LQ�DQG�RXW�GHJUHHV�RI�YHUWH[�X�DQG�݀݁݃՞ሺݑሻ�LV�WKH�UHFLSURFDO�GHJUHH�RI�YHUWH[�X� 

 

)LJXUH������7KH�7DQJHQW�7�S��DQG�WKH�1RUPDO� ሬܰሬԦሺ݌ሻ�DORQJ�WKH�3DUDPHWULF�&XUYH�&�S� 

 

�������'LIIHUHQWLDO�*HRPHWU\�LQ�D�3ODQH 

/HW�WKH�FXUYH�&�S�� �^[�S���\�S�`��ZKHUH�S��3@���<א�LV�WKH�SDUDPHWHU�RI�WKH�FXUYH�ZKHUH�IRU�

HYHU\�YDOXH�RI�S�EHWZHHQ���DQG����&�S��LV�WKH�FRRUGLQDWH�RI�RQH�SRLQW�DORQJ�WKH�FXUYH� 

)RUPDOO\��ZH�VD\�WKH�FXUYH�&�PDSV�WKH�LQWHUYDO�, >���@�WR�WKH�(XFOLGHDQ�SODQH�5��DQG�ZULWH�

&��,՜5�� 

8QLW�7DQJHQW�LV�WKDW�ZH�OHW�7�EH�WKH�ILUVW�GHULYDWLYH�&S�RI�WKH�FXUYH�&�ZLWK�UHVSHFW�WR�LWV�

SDUDPHWHU�S��RU�WKH�YHORFLW\� 

7KH�VHFRQG�GHULYDWLYH�&SS�RI�WKH�FXUYH�&�LV�WKH�GHULYDWLYH�RI�WKH�YHORFLW\�DFFRUGLQJ�WR�WKH�

SDUDPHWHU�S��7KH�XQLW�WDQJHQW�LV�REWDLQHG�E\�QRUPDOL]DWLRQ 

ሬܶԦ ൌ ்
ȁ்ȁ
ൌ ሼ௫೛ǡ௬೛ሽ

ට௫೛మା௬೛మ
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8QLW�1RUPDO�LV�WKDW��JLYHQ�D�YHFWRU�LQ�WKH�SODQH��WKH�QRUPDO�WR�WKLV�YHFWRU�LV�REWDLQHG�E\�

FKDQJLQJ�WKH�SRVLWLRQV�RI�LWV�DUJXPHQWV�DQG�LQYHUWLQJ�WKH�VLJQ�RI�RQH�RI�WKHP���7KH�XQLW�QRUPDO�LV�

REWDLQHG�E\�QRUPDOL]DWLRQ� 

ሬܰሬԦ ൌ ሼି௬೛ǡ௫೛ሽ

ට௫೛మା௬೛మ
 ������ 

7KH�LQQHU�SURGXFW�EHWZHHQ�WKH�WDQJHQW�DQG�WKH�QRUPDO�LV��� 

൏ ܶǡ ሬܰሬԦ ൐ൌ ௣ݔ
ି௬೛
ȁ஼೛ȁ

൅ ௣ݕ
௫೛
ȁ஼೛ȁ

ൌ Ͳ ������ 

&XUYDWXUH�LV�WKDW�WKH�OHQJWK�IURP���WR�S�FDQ�EH�PHDVXUHG�E\� 

ሻ݌ሺݏ ൌ ׬ หܥ௣෤ሺ݌෤ሻห݀݌෤ ൌ
௣
଴ ׬ ටݔଶ௣෤ሺ݌෤ሻ ൅ ෤݌෤ሻ݀݌ଶ௣෤ሺݕ

௣
଴  ������ 

7KH�ILUVW�GHULYDWLYH�&V�RI�WKH�FXUYH�&�LV 

௦ܥ ൌ ݌௣߲௣ܥ ൌ  ������ ௣ȁܥ௣Ȁȁܥ

7KH�VHFRQG�GHULYDWLYH�&VV�RI�WKH�FXUYH�&�LV 

௦௦ܥ ൌ
ሺ஼೛ǡ஼೛೛ሻ
ȁ஼೛ȁయ

ሬܰሬԦ ������ 

LQ� ZKLFK� WKH� TXDQWLW\� N ሺ஼೛ǡ஼೛೛ሻ
ȁ஼೛ȁయ

��LV� FDOOHG� FXUYDWXUH�� .� ௦ߠ  ൌ
ௗఏ
ௗ௦
ൌ����U�� ZKHUH� U� LV� FDOOHG� WKH�

FXUYDWXUH�UDGLXV� 

�������'LIIHUHQWLDO�*HRPHWU\�LQ�D�1HWZRUN 

)RUPDQ�FXUYDWXUH�IRU�DQ�HGJH�LV�JLYHQ�LQ�WKH�IROORZLQJ�IRUPXOD� 

ሺ݁ሻܨ ൌ ௘ሺݓ
௪ೡభ
௪೐

൅ ௪ೡమ
௪೐

െ σ ሾ ௪ೡభ

ට௪೐௪೐ೡభ

൅ ௪ೡమ

ට௪೐௪೐ೡమ

ሿ௘ೡభ̱௘ǡ௘ೡమ̱௘
ሻ ������ 

LQ�ZKLFK�H�LV�WKH�HGJH�XQGHU�FRQVLGHUDWLRQ�EHWZHHQ�YHUWH[�Y��DQG�YHUWH[�Y���ZH�LV�WKH�ZHLJKW�RI�WKH�

HGJH�H��ZY��DQG�ZY��DUH�WKH�ZHLJKWV�RI�YHUWH[�Y��DQG�YHUWH[�Y���HY�aH�DQG�HY�aH�DUH�WKH�VHW�RI�HGJHV�

LQFLGHQW�RQ�QRGHV�Y��DQG�Y��DIWHU�H[FOXGLQJ�WKH�HGJH�H� 



 �� 

)RUPDQ�FXUYDWXUH�RQ�YHUWLFHV�LV� 

ሻݒሺܨ ൌ ଵ
ୢୣ୥�ሺ௩ሻ

σ ሺ݁௩ሻ௘ೡ̱௘ܨ  ������ 

LQ�ZKLFK�HY�GHQRWHV�WKH�VHW�RI�HGJHV�RQ�WKH�YHUWH[�Y�DQG�GHJ�Y��LV�WKH�GHJUHH�RI�WKH�YHUWH[�Y� 

0HQJHU�5LFFL�FXUYDWXUH�RI�DQ�HGJH�LV�JLYHQ�E\ 

ெǡைሺ݁ሻܭ ൌ ܴ݅ܿெǡைሺ݁ሻ ൌ σ ெǡைሺܭ ௘ܶሻ೐்̱௘  ������ 

ெǡைሺܶሻܭ ൌ ሺܶሻߝ כ  ������ ெሺܶሻܭ

ZKHUH� 7HaH� GHQRWHV� WKH� WULDQJOHV� FRQQHFWHG� WR� WKH� HGJH� Hߝ��ሺܶሻ א ሼെͳǡͲǡͳሽ��� .0�7�� FDQ� EH�

(XFOLGHDQ��VSKHULFDO��RU�K\SHUEROLF�YHUVLRQ�DQG�WKH�0HQJHU�6FDODU�FXUYDWXUH�RI�D�YHUWH[�LV�JLYHQ�

E\� 

ሻݒெǡைሺܭ ൌ ሻݒெǡைሺ݈ܽܿݏ ൌ σ ܴ݅ܿெǡைሺ݁௞ሻ ൌ σ ெǡைሺܶሻ்̱௩௘ೖ̱௩ܭ  ������ 

ZKHUH�HNaY�DQG�7aY�GHQRWHV�WKDW�YHUWH[�Y�FRQQHFW�WR�DOO�WKH�HGJHV�HN�DQG�DOO�WKH�WULDQJOHV�7�DV�D�

YHUWH[� 

+DDQWMHV�5LFFL�FXUYDWXUH�RI�DQ�HGJH�LV�JLYHQ�E\ 

ுǡைሺ݁ሻܭ ൌ ܴ݅ܿுǡைሺ݁ሻ ൌ σ ሻగ̱௘ߨுǡைሺܭ  ������ 

ሻߨுǡைሺܭ ൌ ሻߨሺߝ כ  ������ ሻߨுሺܭ

ZKHUH�SaH�GHQRWHV�WKH�SDWKV�FRQQHFW�WKH�YHUWLFHV�DQFKRULQJ�WKH�HGJH�Hߝ��ሺߨሻ א ሼെͳǡͲǡͳሽ��.+�7��

FDQ�EH�(XFOLGHDQ��VSKHULFDO��RU�K\SHUEROLF�YHUVLRQ�DQG�WKH�0HQJHU�6FDODU�FXUYDWXUH�RI�D�YHUWH[�LV�

JLYHQ�E\� 

ሻݒுǡைሺܭ ൌ ሻݒுǡைሺ݈ܽܿݏ ൌ σ ܴ݅ܿுǡைሺ݁௞ሻ ൌ σ ெǡைሺܶሻ்̱௩௘ೖ̱௩ܭ  ������ 

ZKHUH�HNaY�VWDQGV�IRU�DOO�WKH�HGJHV�HN�DGMDFHQW�WR�WKH�YHUWH[� 

+DDQWVMHV�5LFFL�FXUYDWXUH�IRU�DQ�HGJH�LQ�XQGLUHFWHG�DQG�XQZHLJKWHG�VLPSOLFLDO�FRPSOH[HV�

FDQ�EH�REWDLQHG�E\�FRXQWLQJ�WKH�WULDQJOHV�7�FRQWDLQLQJ�DQ�HGJH�H��WKDW�LV� 

ܴ݅ܿுሺ݁ሻ ൌ ͓ሼܶȁܶ ൐ ݁ሽ ������ 



 �� 

����*UDSK�6DPSOLQJ�WKURXJK�.URQHFNHU�*UDSK�0HUJLQJ 

'DWD�VDPSOLQJ�LV�WKH�ILUVW�VWHS�LQ�GDWD�DQDO\VLV��7KURXJK�GDWD�VDPSOLQJ��ZH�FDQ�QRW�RQO\�

VKULQN�WKH�VL]H�RI�WKH�GDWD�VHW�EXW�DOVR�LPSURYH�GDWD�TXDOLW\��1HWZRUN�GDWD�VHW�LV�GLIIHUHQW�IURP�WKH�

GDWD�VHW�RI�LQGHSHQGHQW�VDPSOHV��:H�QHHG�WR�FRQWURO�WKH�TXDOLW\�RI�ERWK�YHUWLFHV�DQG�HGJHV�ZKLFK�

FRUUHVSRQG�WR�HQWLWLHV�DQG�HQWLW\�UHODWLRQVKLS�� 

$W� WKLV� SRLQW�� WKHUH� DUH� PRUH� GDWD� SURSHUWLHV� WR� FKHFN� LQ� QHWZRUNHG� GDWD� VHW� WKDQ� LQ�

LQGHSHQGHQW� VDPSOHV��$IWHU� DGGLQJ� FRQQHFWLRQV� EHWZHHQ� GDWD� SRLQWV�� DOO� WKH� GDWD� HQWULHV� DUH�

RUJDQL]HG�LQ�WKH�IRUP�RI�GLIIHUHQW�WRSRORJ\�W\SHV��VXFK�DV�ULQJ�ODWWLFH��VPDOO�ZRUOG��(UGRV�UDQGRP��

FRUH�SHULSKHU\��VFDOH�IUHH��DQG�FHOOXODU�QHWZRUN�� 

'DWD�VDPSOLQJ�QHHGV�WR�NHHS�ERWK�WKH�GLVWULEXWLRQ�RI�YHUWLFHV�DQG�HGJHV��DQG�WKH�RULJLQDO�

WRSRORJ\�RI�WKH�GDWD�VHW��ZKLFK�FDQ�EH�YHULILHG�WKURXJK�WRSRORJ\�SURSHUWLHV��VXFK�DV�WKH�GLVWULEXWLRQ�

RI�GHJUHHV��GHJUHH�IUHTXHQFLHV��GHJUHH�UDQNV��HIIHFWLYH�GLDPHWHUV��HLJHQYDOXHV��DQG�RWKHU�FHQWUDOLW\�

PHDVXUHV�� )RU� D� GDWD� VHW� ZLWK� LQGHSHQGHQW� VDPSOHV�� ZH� RQO\� QHHG� WR� WKLQN� DERXW� WKH� VDPSOH�

GLVWULEXWLRQ�ZKLFK�LV�HTXLYDOHQW�WR�WKH�GLVWULEXWLRQ�RI�YHUWLFHV� 

7KH�GDWD�SURSHUW\�ZH�QRUPDOO\�XVH�LQ�GDWD�VDPSOLQJ�LV�WKH�IUHTXHQF\�RI�WKH�GDWD�HQWULHV��

'LIIHUHQW�IURP�WKH�GDWD�VHW�ZLWK�LQGHSHQGHQW�VDPSOHV��QHWZRUN�VDPSOLQJ�QHHGV�WR�FRQVLGHU�ERWK�

WKH�IUHTXHQF\�DQG�WKH�VWDELOLW\�RI�WKH�VDPSOHV�� 

)LUVW��VHOHFWHG�LWHPV�PXVW�EH�IUHTXHQW��)RU�H[DPSOH��QRUPDOO\��UDQGRP�YHUWLFHV�DQG�HGJHV�

DUH�QRW�IUHTXHQW�DQG�FDQQRW�EH�XVHG�WR�DQDO\]H�WKH�FKDUDFWHULVWLFV�RI�WKH�QHWZRUN��6HFRQGO\��VLQFH�

FRQQHFWLRQV�SOD\�DQ�LPSRUWDQW�UROH�LQ�VRFLDO�QHWZRUN��WKH�VWDELOLW\�RI�WKH�FRQQHFWHGQHVV�EHWZHHQ�

YHUWLFHV�LV�DOVR�UHTXLUHG�LQ�VDPSOH�VHOHFWLRQ��2Q�WKH�RWKHU�KDQG��UDQGRP�FRQQHFWLRQV�DUH�QRW�VWDEOH�

DQG�FDQQRW�EH�XVHG�WR�UHSUHVHQW�WKH�FKDUDFWHULVWLFV�RI�WKH�QHWZRUN��2WKHU�WKDQ�WKH�ORFDO�SURSHUWLHV� 

  



 �� 

RI�YHUWLFHV�DQG�HGJHV��ZH�DOVR�FDUH�DERXW�WKH�JOREDO�SURSHUWLHV�RI�WKH�QHWZRUNV��ZKLFK�LV�SUHVHQWHG�

LQ�QHWZRUN�WRSRORJ\� 

([FHSW�(UGRV�5HQ\L�UDQGRP�JUDSKV��PRVW�RI�JUDSKV�FDQ�EH�GLYLGHG�LQWR�WZR�UHJLRQV�EDVHG�

RQ� WKH�GHJUHH�GLVWULEXWLRQ��RQH� LV� FRUH� UHJLRQ�ZKLFK�KDV�KLJK�GHJUHH�YHUWLFHV�� DQG� WKH�RWKHU� LV�

SHULSKHU\�UHJLRQ�ZKLFK�KDV�ORZ�GHJUHH�YHUWLFHV��)RU�WKH�QXPEHU�RI�YHUWLFHV��WKH�GLIIHUHQW�EHWZHHQ�

WKH�WZR�UHJLRQV�LV�LQ�DQ�RUGHU�RI�PDJQLWXGH�VR�WKDW�WKH�YHUWH[�KLHUDUFK\�LV�IURP�FRUH�WR�SHULSKHU\�

YHUWLFHV�� ,Q� VRFLDO� QHWZRUNV�� WKH� FRUH� UHJLRQ� FRQWDLQV� SHRSOH� ZLWK� VWURQJ� LQIOXHQFHV� DQG� WKH�

SHULSKHU\�UHJLRQ�FRQWDLQV�SHRSOH�ZLWK�ZHDN�LQIOXHQFHV� 

7KH�LGHD�RI�WRS�GRZQ�VDPSOLQJ�LV�WKDW��LI�ZH�JURXS�FRUH�DQG�FRUUHVSRQGLQJ�SHULSKHU\�LQWR�

RQH�UHJLRQ��ZKLFK�LV�HTXDO�WR�VOLFH�WKH�JUDSK�IURP�FRUH�WR�SHULSKHU\��ZH�FDQ�KDYH�PDQ\�GLIIHUHQW�

UHJLRQV�HDFK�RQH�RI�ZKLFK�UHSUHVHQWV�WKH�FKDUDFWHULVWLFV�RI�WKH�JUDSK��:KHQ�WKH�VDPSOH�VHW�LV�ODUJH�

HQRXJK��D�SRUWLRQ�RI�WKH�UHJLRQV�DUH�HQRXJK�WR�UHSUHVHQW�WKH�JUDSK�DQG�WKH�UHVW�RI�WKH�UHJLRQV�FDQ�

EH�LJQRUHG�� 

7KH�LGHD�RI�WKH�ERWWRP�XS�VDPSOLQJ�LV�WKDW��EHFDXVH�RI�WKH�KXJH�GLIIHUHQFH�LQ�WKH�QXPEHU�

RI�YHUWLFHV�LQ�FRUH�DQG�SHULSKHU\��LI�WKHUH�DUH�UHGXQGDQW�VDPSOHV��PRUH�UHGXQGDQW�VDPSOHV�DUH�LQ�

SHULSKHU\�DQG�OHVV�UHGXQGDQW�VDPSOHV�DUH�LQ�FRUH��,W�FDQ�HIIHFWLYHO\�VKULQN�WKH�VDPSOH�VL]H�LI�ZH�

UHPRYH�UHGXQGDQW�VDPSOHV�IURP�SHULSKHU\� 

0HDQZKLOH��ERWK�WRS�GRZQ�DQG�ERWWRP�XS�VDPSOLQJ�UHPRYH�VRPH�YHUWLFHV�DQG�VRPH�HGJHV��

ZKLFK�JLYHV�ULVH� WR�D�TXHVWLRQ�WKDW��ZKHQ�WKH�UHJLRQV��QR�PDWWHU� WKH\�DUH� WKH�HQWLUH�VOLFH�RI� WKH�

KLHUDUFK\�RU�WKH�ERWWRP�OD\HUV�RI�WKH�SHULSKHU\��DUH�FXW�RII�IURP�WKH�JUDSK��WKH�PHWKRGRORJ\�ZH�

FKRRVH� WR� GHDO� ZLWK� WKH� FRQQHFWHGQHVV� RQ� WKH� FXW� QHHG� WR� EH� LQ� IDYRU� RI� PDLQWDLQLQJ� WKH�

FKDUDFWHULVWLFV�RI�WKH�JUDSK�� 

  



 �� 

)RU�YHUWLFHV�DQG�HGJHV�RQ� WKH�ERUGHUV�RI� WKH� UHJLRQV��ZH�GHILQH�VLPLODULW\�DPRQJ� WKHVH�

YHUWLFHV�DQG�HGJHV�DQG�PHUJH�VLPLODU�YHUWLFHV�DQG�HGJHV��6DPSOLQJ�SURFHVV�FDQ�EH�DIIHFWHG�E\�WZR�

IDFWRUV��RQH�LV�WKH�WLPH�FRPSOH[LW\��DQG�WKH�RWKHU�LV�WKH�PHUJLQJ�PHWKRGRORJ\��7KH�WLPH�FRPSOH[LW\�

RI�WKH�VDPSOLQJ�SURFHVV�GHSHQGV�RQ�VLPLODULW\�FRPSDULVRQ��%HFDXVH��JLYHQ�YHUWLFHV��WKH�QXPEHU�RI�

HGJHV�FDQ�JR�H[SRQHQWLDO�VR�WKDW�LW�FDQ�EH�LPSRVVLEOH�WR�FRQGXFW�WKH�VLPLODULW\�FRPSDULVRQ��7KH�

PHUJLQJ�PHWKRGRORJ\�FDQ�KDYH�ELJ�LPSDFWV�WR�WKH�WRSRORJ\�SURSHUWLHV�RI�WKH�JUDSK��:H�SURYLGH�

SURRIV�DQG�H[SHULPHQWV�RQ�FRPSOH[LWLHV�RI�JUDSK�PHUJLQJ�PHWKRGRORJ\�LQ�WKH�IROORZLQJ�VHFWLRQV�� 

�������*UDSK�0HUJLQJ 

)RU�GLIIHUHQW�WRSRORJ\�W\SHV��ERWK�WKH�PHDQLQJV�DQG�WKH�VLJQLILFDQFH�RI�YHUWLFHV�DQG�HGJHV�

DUH�GLIIHUHQW��:H�FDQ�GLYLGH�PRVW�RI�JUDSKV�LQWR�WZR�UHJLRQV��FRUH�UHJLRQ��ZKLFK�FDQ�DOVR�EH�FDOOHG�

EULGJH�JURXS�IRU�VFDOH�IUHH�WRSRORJ\��VPDOO�ZRUOG�WRSRORJ\��DQG�FHOOXODU�WRSRORJ\���DQG�SHULSKHU\�

UHJLRQ��ZKLFK�FDQ�DOVR�EH�FDOOHG�RUGLQDU\�JURXS�IRU�VPDOO�ZRUOG�WRSRORJ\��VFDOH�IUHH�WRSRORJ\��DQG�

FHOOXODU�WRSRORJ\���:KHQ�ZH�FRQGXFW�JUDSK�VDPSOLQJ�WKURXJK�GHFRPSRVLWLRQ�DQG�UHFRQVWUXFWLRQ��

JUDSK�SURSHUWLHV�DQG�WRSRORJ\�W\SHV�QHHG�WR�EH�PDLQWDLQHG��7KLV�FDQ�EH�LOOXVWUDWHG�LQ�WKH�IROORZLQJ�� 

 

)LJXUH������*UDSK�0HUJH�WKURXJK�.URQHFNHU�'RXEOH�&RYHU���D��D��DQG�D��DUH�VLPLODU�EHFDXVH�
JUDSKV�D�E�E��DQG�D�E�E��KDYH�WZR�YHUWLFHV��E��DQG�E���LQ�FRPPRQ��9HUWLFHV�E��DQG�E��DUH�VLPLODU�
EHFDXVH�WKH\�DSSHDU�WRJHWKHU�LQ�PRUH�WKDQ�RQH�JUDSK��JUDSK�D�E�E��DQG�JUDSK�D�E�E����E��D�E��DQG�

D�E��DUH�PHUJHG���F��D�E��DQG�D�E��DUH�PHUJHG� 
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)LJXUH������.URQHFNHU�'RXEOH�&RYHU�$OJRULWKP 

 

$V�VKRZQ�LQ�)LJXUH������.URQHFNHU�GRXEOH�FRYHU�PHWKRGRORJ\�LV�XVHG�WR�PHUJH�HGJHV��,Q�

)LJXUH������D���D��DQG�D��KDYH�WZR�QHLJKERUV�E��DQG�E��LQ�FRPPRQ�VR�WKDW�D��DQG�D��DUH�VLPLODU��E��

DQG�E��DUH�LQ�JUDSKV��D�E�D��DQG�D�D�E���UHVSHFWLYHO\��DQG�ERWK�E��DQG�E��LQ�JUDSK�D�E�E��DQG�D�E�E���

VR�WKDW�E��DQG�E��DUH�VLPLODU��1HZ�QDPHV����������������������DQG�������FDQ�EH�DVVLJQHG�WR�D���D���E���

E���������DQG�������FDQ�EH�PHUJHG��DQG�������DQG�������FDQ�EH�PHUJHG��DV�VKRZQ�LQ�)LJXUH������F�� 

2Q�OLQH����3HULSKHU\�VHW�3�FDQ�EH�JHQHUDWHG�E\�VHOHFWLQJ�DOO�WKH�YHUWLFHV�ZLWK�GHJUHHV�OHVV�

WKDQ�7�DQG�DOVR�DGGLQJ�WKH�HGJHV�EHWZHHQ�WKHVH�YHUWLFHV��2Q�OLQH����&RUH�VHW�&�KDV�WKH�YHUWLFHV�DQG�

HGJHV�LQ�WKH�JUDSK�DIWHU�H[FOXGLQJ�3HULSKHU\�VHW�3��2Q�OLQH����.URQHFNHU�JUDSKV�.�FDQ�EH�JHQHUDWHG�

E\�VHOHFWLQJ� � WZR�QHLJKERUV� �Z��DQG�Z���RI�D�YHUWH[�Y��2Q�OLQH���� WKH�JUDSK�IUHTXHQFLHV�RI� WKH�

.URQHFNHU�JUDSKV�ZLWK�WZR�QHLJKERUV��Z��DQG�Z���LQ�FRPPRQ�DUH�FRXQWHG�DQG�WKH�UHVXOWV�DUH�VDYHG�

WR�WKH�IUHTXHQW�VHW�6�FRXQW��Z���Z����.URQHFNHU�VLPLODU�JURXSV�DUH�FUHDWHG�EDVHG�RQ�WKH�IUHTXHQF\�

$OJRULWKP����.URQHFNHU�'RXEOH�&RYHU 

,QSXW��*��RULJLQDO�*UDSK��9�*���YHUWH[�VHW�RI�JUDSK�*��(�*���HGJH�VHW�RI�JUDSK�*��7��&XWRII�
7KUHVKROG��VLP��6LPLODULW\�0HDVXUH 
2XWSXW��*¶��VDPSOH�JUDSK 

1. 3HULSKHU\BVHW�3� �^ሺݒǡ ݁ሻȁݒ� א ܸሺܩሻǡ ݁ א ሻǡܩሺܧ ሻݒሺ݁݁ݎ݃݁݀ ൏ ܶሽ 
2. &RUHBVHW�&� �*�±�3 
3. .URQHFNHU�VHW�.� ^ሺݒǡ ଵǡݓ ݒ�ଶሻȁݓ א ܸሺܲሻǡ ଵݓ א ܸሺܲሻǡ ଶݓ א ܸሺܲሻǡ ሺݒǡ ଵሻݓ א

ሺܲሻǡܧ ሺݒǡ ଶሻݓ א  `ሺܲሻܧ
4. .URQHFNHU�VLPLODU�JURXSV�6� �ሼሺܿݐ݊ݑ݋ǡ ଵǡݓ ݐ݊ݑ݋ଶሻȁܿݓ ൌ

݈݁݊ሺሾݒ௦ሿሻ�݂ݎ݋�ሺሾݒ௦ሿǡ ଵǡݓ  ሽܭ�ଶሻ�݅݊ݓ
5. )RU�VLP� �6�FRXQW�PLQ���WR�6�FRXQW�PD[�� 
ܨ�ݐ݁ݏ�ݐ݊݁ݑݍ݁ݎܨ .6 ൌ ሼሺݒǡ ଵǡݓ ǡݒଶሻȁሺݓ ଵǡݓ ଶሻݓ א ǡܭ ଵǡݓሺݐ݊ݑ݋ܿ ଶሻݓ ൒  ሽ݉݅ݏ
7. 0HUJHGBVHW�0 ሼሺݒǡ ௣ሿǡݒሻȁ݂݅�ሺሾݓ ௜ǡݓ ௝ሻݓ א ǡܨ ௣ሿǡݒሾݏ݈݁ܿܽ݌݁ݎ�ݒ �������� �௝ሽݓ�௜�ܽ݊݀ݓ���
8. 9¶� ሼݒȁݒ א ܸሺܯ ൅  ሻሽܥ
9. (¶� ሼ݁ȁ݁ א ܯሺܧ ൅  ሻሽܥ
10. 9� �9¶ 
11. (� �(¶ 
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RI�WKH�LVRPRUSKLF�JUDSKV��:H�DVVXPH�WKDW�YHUWLFHV�DQG�HGJHV�LQ�SHULSKHU\�UHJLRQ�DUH�HQG�YHUWLFHV�

DQG� HGJHV�� ,I� WKH\� DUH� E\� FKDQFH� FRQQHFWHG�� WKRVH� FRQQHFWLRQV� DUH� FRQVLGHUHG� DV� UDQGRP�

FRQQHFWLRQV��)URP�OLQH���WR�OLQH�����ZH�FRQGXFW�.URQHFNHU�GRXEOH�FRYHU�RSHUDWLRQ�WR�PHUJH�HGJHV��

2Q�OLQH����ZH�VHOHFW�.URQHFNHU�JUDSKV�ZLWK�IUHTXHQF\�JUHDWHU�WKDQ�VLP�DQG�VDYH�WKH�UHVXOWV�WR�WKH�

IUHTXHQW�VHW�)��2Q�OLQH����.URQHFNHU�GRXEOH�FRYHU�RSHUDWLRQ�FDQ�EH�SHUIRUPHG�WR�JHQHUDWH�PHUJH�

VHW�0��2Q�OLQH���WKURXJK�OLQH�����ZH�XSGDWH�.URQHFNHU�JUDSK��YHUWH[�DQG�HGJH�VHWV�ZLWK�QHZ�QDPHV�

LQ�WKH�PHUJH�VHW�0� 

$FFRUGLQJ�WR�7KHRUHP����YHUWLFHV�ZLWK�DW�OHDVW�WZR�QHLJKERUV�FDQ�EH�FDOOHG�FRQVWUXFWLEOH��

RWKHUZLVH��WKH\�DUH�FDOOHG�UHVLGXDOV��$IWHU�PHUJLQJ��VRPH�YHUWLFHV�EHFRPH�UHVLGXDOV��EXW�WKH\�DUH�

QRW� UHPRYHG� IURP� WKH� JUDSK��$OWKRXJK�.URQHFNHU� GRXEOH� FRYHU� VDPSOLQJ� FDQ� HQVXUH� WKDW� WKH�

FRQQHFWHGQHVV�RI�WKH�JUDSK�LV�QRW�FKDQJHG��KRZHYHU��ZKHQ�WKHVH�YHUWLFHV�EHFRPH�UHVLGXDOV��WKH\�

FDQ�EH�OHVV�VLJQLILFDQW� 

�������&RPSOH[LW\�RI�.URQHFNHU�'RXEOH�&RYHU 

.URQHFNHU� JUDSKV� FDQ� EH� GHQRWHG� LQ�PDWUL[� IRUPDW��7KHUHIRUH�� .URQHFNHU� SURGXFW� DQG�

.URQHFNHU�GRXEOH�FRYHU�RSHUDWLRQV�FDQ�EH�SHUIRUPHG�WKURXJK�PDWUL[�RSHUDWLRQV��VXFK�DV�PDWUL[�

PXOWLSOLFDWLRQ�DQG�IDFWRUL]DWLRQ�� 

 7KHRUHP����.URQHFNHU�JUDSK�MRLQ�KDV�D�OLPLWHG�JUDSKRQ� 

3URRI��.URQHFNHU�JUDSKV�FDQ�EH�XVHG� WR�PDNH�D�VHTXHQFH�RI�JUDSKV� WKURXJK�.URQHFNHU�

JUDSK� MRLQ�� ([LVWHQFH� RI� /LPLW�7KHRUHP� SURYHV� WKDW�� LI� D� VHTXHQFH� RI� JUDSKV� RU� JUDSKRQV� DUH�

FRQYHUJHQW��WKHQ�WKH\�KDYH�D�OLPLWHG�JUDSKRQ��7KHUHIRUH��.URQHFNHU�JUDSK�MRLQ�FDQ�JHQHUDWH�WKH�

VHTXHQFH�RI�JUDSKV�ZLWK�D�OLPLWHG�JUDSKRQז�� 

 7KHRUHP����$Q\�ELQDU\�JUDSKV�FDQ�EH�JHQHUDWHG�IURP�.URQHFNHU�JUDSKV�ZLWK�QR�VHOI�ORRSV�

DQG�PXOWLSOH�HGJHV� 



 �� 

3URRI�� 

:H�XVH�WKH�IROORZLQJ�HTXDWLRQV� WR� LOOXVWUDWH�KRZ�WR�JHQHUDWH�DQ\�ELQDU\�JUDSKV�ZLWK�QR�

VHOI�ORRSV�DQG�PXOWLSOH�HGJHV�ZLWK�.URQHFNHU�JUDSKV� 

.URQHFNHU�JUDSKV�FDQ�EH�GHILQHG�ZLWK�PDWUL[�0 

ܯ ൌ ൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ ������ 

:H�ZDQW�WR�PXOWLSO\�WZR�.URQHFNHU�JUDSKV�0
0�WR�JHQHUDWH�D�ELQDU\�JUDSK�1��DV�VKRZQ�EHORZ�

LQ�������)LJXUH������D��VKRZV�WKDW�ZH�FDQ�IDFWRUL]H�JUDSK�1�WR�IRUP�JUDSK�0ז�� 

ܰ ൌ ܯ כ  ܯ

ൌ ൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ כ ൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ 

ൌ�

ۉ

ۈ
ۈ
ۈ
ۈ
ۈ
ۇ
൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ ൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ ൭
Ͳ Ͳ Ͳ
Ͳ Ͳ Ͳ
Ͳ Ͳ Ͳ

൱

൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ ൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ ൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱

൭
Ͳ Ͳ Ͳ
Ͳ Ͳ Ͳ
Ͳ Ͳ Ͳ

൱ ൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ ൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱
ی

ۋ
ۋ
ۋ
ۋ
ۋ
ۊ

 ������ 

 

)LJXUH������.URQHFNHU�*UDSK�-RLQ�DQG�)DFWRUL]DWLRQ 

൭
݊ଵଵ ڮ ݊ଵ௜
ڭ ڰ ڭ
݊௜ଵ ڮ ݊௜௜

൱ ൌ ൭
ܯ ܯ
ܯ ܯ ܯ

ܯ ܯ
൱ ൌ ൭

ͳ ͳ
ͳ ͳ ͳ

ͳ ͳ
൱ כ ܯ ൌ ܯ ܯכ ൌ  ܯ

(a) 0DWKHPDWLFDO�0RGHO�RI�.URQHFNHU�*UDSK�)DFWRUL]DWLRQ 

൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ כ ൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ כ ǥ כ ൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ 

�ൌ ൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱
௡

ൌ �൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ 

(b) 0DWKHPDWLFDO�0RGHO�RI�.URQHFNHU�*UDSK�0XOWLSOLFDWLRQ 
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 7KHRUHP����'XULQJ�SURMHFWLRQ��.URQHFNHU�JUDSK�SURSHUWLHV�UHPDLQ�� 

3URRI��D�.URQHFNHU�JUDSK�VHTXHQFH�̂ *_�*� �*L���L� ����«���Q`�FDQ�EH�ZULWWHQ�LQ�PDWKHPDWLFDO�

IRUP��DV�VKRZQ�EHORZ� 

ς ௜ܩ ൌ௡
௜ୀଵ ൭

ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ כ ൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ כ ǥכ ൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ ൌ �൭
ͳ ͳ Ͳ
ͳ ͳ ͳ
Ͳ ͳ ͳ

൱ ������ 

$V� VKRZQ� LQ� )LJXUH� ���� �E��� .URQHFNHU� JUDSK� PXOWLSOLFDWLRQ� FDQ� EH� XVHG� WR� JHQHUDWH�

.URQHFNHU� JUDSKV�� ,Q� RWKHU�ZRUGV�� IRU� D� VHTXHQFH� RI�.URQHFNHU� JUDSKV��.URQHFNHU� SURSHUWLHV�

UHPDLQ�GXULQJ�SURMHFWLRQז�� 

7R�HVWLPDWH�WKH�VSDFH�FRPSOH[LW\�RI�D�VHTXHQFH�RI�JUDSKV��+RPRPRUSKLVP�GHQVLW\�FDQ�EH�

XVHIXO�� $IWHU� GHFRPSRVLQJ� .URQHFNHU� JUDSKV�� ZH� FDQ� XVH� 7KHRUHP� �� WR� HVWLPDWH� WKH� VSDFH�

FRPSOH[LW\��DV� VKRZQ� LQ�(TXDWLRQ�������7KH�FRPSOH[LWLHV�RI�ERWK�ቀ ீ
௞భǡమ

ቁ�DQG�ȁܸሺܩሻȁଷ�DUH�2�Q����

WKDW�LV��IRU�.URQHFNHU�JUDSKV��WKH�KRPRPRUSKLVP�GHQVLW\�LV�2���� 

 7KHRUHP����+RPRPRUSKLVP�'HQVLW\�RI�.URQHFNHU�JUDSK 

3URRI�� /HW� D� .URQHFNHU� JUDSK� *��  � N���� DQG� OHW� KRP�N����� *�� GHQRWHV� WKH� QXPEHU� RI�

.URQHFNHU�JUDSK�*��LQ�*��7KDW�LV� 

���൫݇ଵǡଶǡ ൯ܩ ൌ ൫ଶଵ൯ כ ൫
ଵ
ଵ൯ כ ቀ

ீ
௞భǡమ

ቁ ൌ ʹ כ ቀ ீ
௞భǡమ

ቁ ������ 

/HW�W�N�����*��GHQRWH�WKH�KRPRPRUSKLVP�GHQVLW\��7KDW�LV� 

൫݇ଵǡଶǡݐ ൯ܩ ൌ
୦୭୫�ሺ௞భǡమǡீሻ

ȁ௏ሺீሻȁȁೇ൫ೖభǡమ൯ȁ
ൌ

ଶכቀ ಸ
ೖభǡమ

ቁ

ȁ௏ሺீሻȁయ
� ������ 

LQ�ZKLFK�N����LV�D�ELSDUWLWH�JUDSK��7KLV�WKHRUHP�FDQ�DOVR�EH�H[SDQGHG�WR�ELSDUWLWH�JUDSKV�N��Qז�� 

  



 �� 

�����*UDSK�6DPSOLQJ�WKURXJK�&XUYDWXUH 

:KHQ�D�FRPPXQLW\� MXVW�VWDUWV�JURZLQJ��ZH�RQO\�KDYH� WKH�FHQWHU�RI� WKH�FRPPXQLW\�DQG�

UDQGRPO\�DGG�RWKHU�PHPEHUV��VR�WKDW�WKH�LQIOXHQFH�RI�RWKHU�PHPEHUV�FDQ�EH�LJQRUHG��DOWKRXJK��

ZLWK�WKH�JURZWK�RI�WKH�FRPPXQLW\��DOO�WKH�PHPEHUV�JDLQ�PRUH�LQIOXHQFH� 

7R�NHHS� WKH� WRSRORJ\�RI� WKH�FRPPXQLW\�� VDPSOLQJ�SURFHVV� LV�EDVHG�RQ�HGJHV� LQVWHDG�RI�

YHUWLFHV�� (DFK� VLJQLILFDQW� HGJH� UHSUHVHQWV� ERWK� VLJQLILFDQW� YHUWLFHV� DQG� WKH� VWDEOH� FRQQHFWLRQV�

EHWZHHQ�VLJQLILFDQW�YHUWLFHV��)RU�WKH�UHVW�RI�WKH�HGJHV��ZH�KDYH�WZR�RSWLRQV��2QH�LV�ZH�FDQ�SURMHFW�

HGJHV�WR�YHUWLFHV�VR�WKDW��WKH�YHUWLFHV�FDQ�EH�FRQQHFWHG�LI�D�SDWK�H[LVWV�EHWZHHQ�WKHP��7KH�RWKHU�LV�

ZH�FDQ�DOVR�UHPRYH�WKH�UHVW�RI�WKH�HGJHV�� 

,Q�VKRUW��LI�WKHUH�LV�D�SDWK�EHWZHHQ�WZR�YHUWLFHV��ZKHQ�WKH�HGJHV�DUH�UHPRYHG��WKH�FRQQHFWLRQ�

EHWZHHQ�WZR�YHUWLFHV�LV�FXW�DQG�WKH�WZR�YHUWLFHV�EHFRPH�GLVFRQQHFWHG��%DVHG�RQ�JUDSK�HYROXWLRQ��

ZH�ZDQW�WR�VLPXODWH�JUDSK�GHQVLILFDWLRQ�DQG�VKULQNLQJ�VR�WKDW�YHUWLFHV�PHUJH�WR�RWKHU�YHUWLFHV�DORQJ�

HGJHV� 

7KH�VDPSOLQJ�PHWKRGRORJ\�ZH�SURSRVHG�FDQ�EH�LOOXVWUDWHG�LQ�$OJRULWKP����,Q�WKLV�PRGHO��

WKH�LQIOXHQFH�RI�WKH�FRPPXQLW\�FHQWHUV�LV�EDVHG�RQ�WKH�GLVWDQFH�EHWZHHQ�WKH�FRPPXQLW\�FHQWHU�DQG�

WKH�REVHUYHG�YHUWLFHV��7KH� LQIOXHQFH�RI� WKH�FRPPXQLW\�FHQWHUV� LV� WDNHQ� LQWR�FRQVLGHUDWLRQ��7KH�

VLPSOLILHG�PRGHO�LV�EDVHG�RQ�WZR�DVVXPSWLRQV� 

$VVXPSWLRQ���LV�WKDW�ZH�FRQVLGHU�FOXVWHULQJ�FRHIILFLHQW�FDQ�LQGLFDWH�KRZ�PXFK�LQIOXHQFH�D�

YHUWH[�KDV��&OXVWHULQJ�FRHIILFLHQW�LV�WKH�UDWLR�RI�WKH�QXPEHU�RI�WULDQJOHV�RYHU�WKH�QXPEHU�RI�ZHGJHV��

$�WULDQJOH�LV�WKH�VPDOOHVW�FRPPXQLW\��7KH�ODUJHU�WKH�FOXVWHULQJ�FRHIILFLHQWV��WKH�ODUJHU�SRUWLRQ�RI�

QHLJKERUV� DUH� LQ� WULDQJOHV� ZKLFK� DUH� FRPPXQLWLHV�� 7KH� ODUJHU� SRUWLRQ� RI� WKH� QHLJKERUV� DUH� LQ�

FRPPXQLWLHV��WKH�VWURQJHU�LQIOXHQFH�WKH�YHUWLFHV�KDYH�� 

  



 �� 

)RUPDQ�5LFFL�FXUYDWXUH�FDQ�EH� UHSUHVHQWHG�E\� WKH� WRWDO�QXPEHU�RI�QHLJKERUV�ZKLFK� WKH�

HGJH�FDQ�KDYH��DQG�+DDQWMHV�5LFFL�FXUYDWXUH�FDQ�EH�UHSUHVHQWHG�E\�WKH�QXPEHU�RI�WULDQJOHV�ZKLFK�

WKH�HGJH�FDQ�IRUP��&OXVWHULQJ�FRHIILFLHQW�HYDOXDWHV�QRW�RQO\�KRZ�PDQ\�VWDEOH�FRQQHFWLRQV�D�YHUWH[�

FDQ� KDYH�� ZKLFK� LV� WKH� QXPEHU� RI� WULDQJOHV�� EXW� DOVR� WKH� UDWLR� EHWZHHQ� WKH� QXPEHU� RI� VWDEOH�

FRQQHFWLRQV�RYHU�WKH�WRWDO�QXPEHU�RI�ZHGJHV��ZKLFK�LQGLFDWHV�WKH�VWDELOLW\�RI�WKH�FRQQHFWLRQV��VR�

WKDW�&OXVWHULQJ�&RHIILFLHQW�FDQ�EHWWHU�UHSUHVHQW�WKH�LQIOXHQFH�RI�WKH�YHUWLFHV� 

$VVXPSWLRQ���LV�WKDW��DW�D�SDUWLFXODU�PRPHQW��RWKHU�WKDQ�VWURQJ�FRQQHFWLRQV��ZKHWKHU�WKH�

UHVW�RI�WKH�FRQQHFWLRQV�FDQ�EH�PHUJHG�LQWR�VWURQJ�FRQQHFWLRQV�UDQGRPO\�KDSSHQ� 

 

)LJXUH�������&XUYDWXUH�$OJRULWKP�IRU�&RPPXQLW\�'HWHFWLRQ 

 

&RPPXQLW\�VWUXFWXUH�LV�EDVHG�RQ�WKH�QHWZRUN�VWUXFWXUH�ZKLFK�LW�HPEHGV��&RPPXQLWLHV�DUH�

VXEVHWV�RI�WKH�QHWZRUN��6DPSOLQJ�SURFHVV�QHHGV�WR�FUHDWH�D�JUDSK�VLPLODU�WR�WKH�RULJLQDO�QHWZRUN�

VR�WKDW�WKH�SURSHUWLHV�RI�WKH�VDPSOH�VHW�QHHG�WR�EH�VLPLODU�WR�WKH�RULJLQDO�QHWZRUN�� 

�����([SHULPHQWV 

:H� XVH� WKUHH� GDWD� VHWV� WR� SURYH� WKH� K\SRWKHVLV�� '%/3� FLWDWLRQ� QHWZRUN��$PD]RQ� FR�

SXUFKDVH�QHWZRUN��(PDLO�(8�FRPPXQLFDWLRQ�QHWZRUN��:H�IXUWKHU�GLG�SUHSURFHVV�RQ� WKHVH�GDWD�

VHWV��%HFDXVH�ZH�RQO\�QHHG�WR�PHUJH�HGJHV�ZLWK�SHULSKHU\�YHUWLFHV�IURP�WKH�ORZHVW�GHJUHH�WR�KLJKHU�

XS��ZH�VHSDUDWH�FRUH�YHUWLFHV�DQG�SHULSKHU\�YHUWLFHV�LQWR�WZR�VXEVHWV�DQG�ZRUN�RQ�SHULSKHU\�YHUWH[�

$OJRULWKP��� 

LQSXW��S��WKH�SRUWLRQ�RI�VDPSOH�VHW�V�WRWDO�VHW�W��F��FXUYDWXUHV�RI�HGJHV��*��LQSXW�JUDSK 
RXWSXW��V��VDPSOH�VHW 

1. *PRPHQW� �^H��HGJHV_FH�!�W��W�LV�WKUHVKROG�DW�WKH�PRPHQW�DQG�W�!��`� 
2. )LQG�DGMDFHQW�HGJHV�DQG�DGG�HGJHV�WR�VDPSOH�VHW�V�ZLWK�SUREDELOLW\� 

I�Y��G��O� �ܿሺ݁ሻ כ  �݌
3. ,I�V�VL]H�����W
S��GHFUHDVH�W�DQG�WKHQ�JR�WR�VWHS���� 

HOVH�V� �*PRPHQW�DQG�FRQWLQXH� 
4. 5HWXUQ�V� 
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VHW�RQO\��,Q�WKLV�ZD\��ZH�QHHG�WR�ZRUN�RQ�OHVV�YHUWLFHV�DQG�HGJHV��'HJUHH�GLVWULEXWLRQ�LV�H[SRQHQWLDO�

VR�WKDW�WKHUH�LV�D�FOHDU�JDS�EHWZHHQ�FRUH�DQG�SHULSKHUDO�UHJLRQV��:H�XVH�WKUHH�WKUHVKROGV�DV�FXWRIIV��

VXFK�DV�WKH�PHDQ�RI�WKH�GHJUHHV��PHDQ���WKH�PHDQ�SOXV�WKH�VWDQGDUG�GHYLDWLRQ��PHDQ�VWG���DQG�WKH�

PHDQ� SOXV� �� WLPHV� VWDQGDUG� GHYLDWLRQ� �PHDQ��
VWG��� %HFDXVH� GHJUHHV� IROORZ� H[SRQHQWLDO�

GLVWULEXWLRQ��WKH�VWDQGDUG�GHYLDWLRQ�FDQ�EH�JUHDWHU�WKDQ�WKH�PHDQ�VR�WKDW�ZH�GR�QRW�QHHG�WR�VHW�WKH�

FXWRII�WR�WKH�PHDQ�PLQXV�WKH�VWDQGDUG�GHYLDWLRQ��PHDQ�VWG��� 

)RU�WKH�WKUHH�VDPSOH�VHWV�ZLWK�FXWRII�HTXDO�WR�PHDQ��PHDQ�VWG��DQG�PHDQ��
VWG��GHJUHH�

SURSHUWLHV�DQG�.URQHFNHU�JUDSK�VLPLODULW\�FRXQWV�DUH�QRW�UHODWHG��,Q�HDFK�VDPSOH�VHW��IRU�WKH�FRUH�

YHUWLFHV�JURXS��ZH�NHHS�DOO�WKH�YHUWLFHV�DQG�DOO�WKH�HGJHV�EHWZHHQ�FRUH�YHUWLFHV�DQG�EHWZHHQ�FRUH�

YHUWLFHV�DQG�SHULSKHU\�YHUWLFHV��7KH�SHULSKHU\�YHUWLFHV�DQG�HGJHV�EHWZHHQ�SHULSKHU\�YHUWLFHV�FDQ�

EH�PHUJHG�� ,Q� )LJXUH� ������ ZH� JURXS�.URQHFNHU� JUDSK� EDVHG� RQ� VLPLODU� JUDSK� IUHTXHQF\� DQG�

YLVXDOL]HG�WKH�VLPLODU�JUDSK�FRXQWV��PD[LPXP��PLQLPXP�DQG�DYHUDJH�GHJUHH�RI�DOO�WKH�YHUWLFHV�LQ�

WKH�VXEJURXS��)RU�WKH�VDPSOH�VHWV�ZLWK�FXWRII�HTXDO�WR�PHDQ��PHDQ�VWG��DQG�PHDQ��VWG��WKH�QXPEHU�

RI�VLPLODU�JUDSK�VXEJUDSKV�DUH�GLIIHUHQW��7KH�VDPSOH�VHW�ZLWK�FXWRII�PHDQ�KDV�D�VPDOOHU�QXPEHU�RI�

YHUWLFHV�DQG�HGJHV�LQ�SHULSKHU\�VHW�VR�WKDW�LW�KDV�OHVV�VLPLODU�JUDSK�VXEJUDSKV��7KH�VDPSOH�VHW�ZLWK�

FXWRII�HTXDO�WR�PHDQ��VWG�KDV�D�JUHDWHU�QXPEHU�RI�YHUWLFHV�DQG�HGJHV�LQ�SHULSKHU\�VHW�VR�WKDW�LW�KDV�

PRUH�VLPLODU�JUDSK�VXEJUDSKV��,Q�HDFK�VLPLODU�JUDSK�VXEJUDSK��PD[LPXP��PLQLPXP�DQG�DYHUDJH�

GHJUHHV� DUH� UDQGRP�� .URQHFNHU� VLPLODULW\� IUHTXHQF\� DQG� YHUWH[� GHJUHH� DUH� WZR� GLIIHUHQW�

PHDVXUHPHQWV�� 'XULQJ� .URQHFNHU� JUDSK� PHUJLQJ�� WKH� QXPEHU� RI� HGJHV� LV� UHGXFHG� EXW� WKLV�

RSHUDWLRQ�GRHV�QRW�GLUHFWO\�FKDQJH�WKH�GHJUHH�GLVWULEXWLRQ� 

%DVHG�RQ�JUDSK�VLPLODULW\��ZH�PHUJH�.URQHFNHU�JUDSKV�IURP�ORZ�IUHTXHQF\�JURXSV�WR�KLJK�

IUHTXHQF\�JURXSV��7KLV�SURFHVV�FRQYHUJHV�ZLWKLQ�VHYHUDO�LWHUDWLRQV��6RPH�KLJK�IUHTXHQF\�JURXSV�

FDQQRW�SDUWLFLSDWH�LQ�JUDSK�PHUJLQJ�EHFDXVH��DIWHU�PHUJLQJ�VHYHUDO�YHUWLFHV�DQG�HGJHV��DOO�RI�WKH�
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.URQHFNHU�JUDSKV�DUH�DOUHDG\�VHSDUDWHG��:H�VKRZ�LQ�)LJXUH������WKH�QXPEHU�RI�YHUWLFHV�DQG�HGJHV�

LQ�SHULSKHU\�VXEJUDSK�ZKHQ�ZH�PHUJH�VLPLODU�.URQHFNHU�JUDSKV�IURP�ORZ�IUHTXHQF\�JURXSV�WR�

KLJK�IUHTXHQF\�JURXSV��7KH�QXPEHU�RI�HGJHV�DQG�YHUWLFHV�DUH�FRQYHUJHG�ZKHQ�JUDSK�PHUJLQJ�VWRSV��

)RU�VDPSOH�VHW�ZLWK�FXWRII�HTXDO�WR�PHDQ��WKH�.URQHFNHU�VLPLODU�JURXSV�DUH�IURP���VLPLODU�JUDSK�

JURXS�WR�����VLPLODU�JUDSK�JURXS��7KH�QXPEHU�RI�HGJHV�DQG�YHUWLFHV�FRQYHUJH�DW�����VLPLODU�JUDSK�

JURXS��)RU�VDPSOH�VHW�ZLWK�FXWRII�HTXDO� WR�PHDQ�VWG�� WKH�.URQHFNHU�VLPLODU�JURXSV�DUH� IURP���

VLPLODU�JUDSK�JURXS�WR������VLPLODU�JUDSK�JURXS��7KH�QXPEHU�RI�HGJHV�DQG�YHUWLFHV�FRQYHUJH�DW�

����VLPLODU�JUDSK�JURXS��)RU�VDPSOH�VHW�ZLWK�FXWRII�HTXDO�WR�PHDQ��
VWG��WKH�.URQHFNHU�VLPLODU�

JURXSV�DUH� IURP���VLPLODU�JUDSK�JURXS� WR������VLPLODU�JUDSK�JURXS��7KH�QXPEHU�RI�HGJHV�DQG�

YHUWLFHV�FRQYHUJH�DW�����VLPLODU�JUDSK�JURXS�� 

'XULQJ�.URQHFNHU�JUDSK�PHUJLQJ�� WKH�QHLJKERUV�RI�VLPLODU�YHUWLFHV�DUH�PHUJHG�DV�ZHOO��

6LQFH�DOO�WKH�VLPLODU�.URQHFNHU�JUDSKV�DUH�PHUJHG��QR�WZR�YHUWLFHV�VKDUH�PRUH�WKDQ�RQH�QHLJKERU��

ZKLFK�PHDQV�WKH�FRQQHFWLRQV�EHWZHHQ�YHUWLFHV�RQ�SHULSKHU\�UHJLRQ�DUH�PHUJHG��)RU�WRSRORJ\�W\SHV��

(UGRV�UDQGRP�JUDSKV� FDQ� KDYH� UDQGRP�FRQQHFWLRQV�� RWKHU� WKDQ�(UGRV�UDQGRP�JUDSKV�� UDQGRP�

FRQQHFWLRQV� SOD\� WKH� UROH� RI� WKH� EULGJH� EHWZHHQ� FRUH� UHJLRQ� DQG� SHULSKHU\� UHJLRQ� DQG� WKH�

FRQQHFWLRQV�EHWZHHQ�SHULSKHU\�UHJLRQ�FDQ�EH�LJQRUHG��7R�PDLQWDLQ�WKH�FRQQHFWHGQHVV�RI�WKH�JUDSK��

WKRVH�FRQQHFWLRQV�FDQ�EH�PHUJHG� 
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)LJXUH�������'HJUHH�3URSHUW\�RI�'LIIHUHQW�6DPSOH�6HWV 
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)LJXUH�������(GJH�DQG�9HUWH[�&RXQWV�'XULQJ�0HUJLQJ�/RZ�WR�+LJK�)UHTXHQF\�.URQHFNHU�*URXSV 

 

�D��(GJH�DQG�9HUWH[�&RXQWV�IRU�6DPSOH�6HW�ZLWK�&RUH�3HULSKHU\�7KUHVKROG� �PHDQ 

 

�E��(GJH�DQG�9HUWH[�&RXQWV�IRU�6DPSOH�6HW�ZLWK�&RUH�3HULSKHU\�7KUHVKROG� �PHDQ�VWG 

�  

�F��(GJH�DQG�9HUWH[�&RXQWV�IRU�6DPSOH�6HW�ZLWK�&RUH�3HULSKHU\�7KUHVKROG� �PHDQ��
VWG 
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)LJXUH�������&RPSDULVRQ�RI�'HJUHH�)UHTXHQF\�DQG�'HJUHH�5DQN�0HDVXUHPHQWV�EHWZHHQ�
2ULJLQDO�DQG�6DPSOH�6HWV 
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:H�XVH�3HDUVRQ�&RUUHODWLRQ�&RHIILFLHQW�WR�WHVW�WKH�VLPLODULW\�RI�ERWK�GHJUHH�IUHTXHQF\�DQG�

GHJUHH�UDQN�EHWZHHQ�RULJLQDO�DQG�VDPSOH�VHWV��7KH�FRUUHODWLRQ�FRHIILFLHQWV�IRU�GLIIHUHQW�VDPSOH�VHWV�

DUH�EHWZHHQ������DQG����)RU�GHJUHH�IUHTXHQF\��ZKHQ�WKH�FXWRII�LV�VHW�WR�PHDQ�DQG�PHDQ�VWG��WKH�

3HDUVRQ� FRUUHODWLRQ� FRHIILFLHQW� RI� GHJUHH� IUHTXHQF\� GHFUHDVH�ZKHQ�PHUJLQJ�.URQHFNHU� JURXSV�

IURP�ORZ�VLPLODULW\�WR�KLJK�VLPLODULW\�DQG�WKHQ�FRQYHUJH�WR�DURXQG������)RU�GHJUHH�UDQN��ZKHQ�

WKH�VLPLODULW\�JURXSV�DUH�IURP���WR������WKH�3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQW�RI�GHJUHH�UDQN�LV�ZLWKLQ�

����WR������:KHQ�WKH�FXWRII�LV�VHW�WR�PHDQ�DQG�PHDQ�VWG��WKH�3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQW�LV�

FRQYHUJHG�DW�VLPLODU�JURXS������:KHQ� WKH�FXWRII� LV�VHW� WR�PHDQ��
VWG�� WKH�3HDUVRQ�FRUUHODWLRQ�

FRHIILFLHQW�LV�FRQYHUJHG�DW�VLPLODULW\�JURXS������:KHQ�WKH�VLPLODULW\�JURXSV�EHWZHHQ�����DQG�����

DUH�PHUJHG��WKH�3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQW�RI�WKH�GHJUHH�UDQN�GRHV�QRW�KDYH�FOHDU�WUHQGV� 

:KHQ�WKH�FXWRII�LV�VHW�WR�PHDQ��DV�VKRZQ�LQ�)LJXUH������D���WKH�WUHQGV�RI�FRHIILFLHQWV�DUH�

FRQVLVWHQW��:KHQ� WKH� FXWRII� LQFUHDVHV� IURP�PHDQ� WR�PHDQ�VWG� DQG�PHDQ��
VWG�� WKH� FKDQJH�RI�

FRHIILFLHQWV�UDQGRPO\�JR�XS�DQG�GRZQ�ZLWKLQ�WKH�UDQJH�IURP�����WR������7KDW�LV�EHFDXVH��ZKHQ�

WKH�FXWRII�LV�ODUJH��VRPH�FRUH�YHUWLFHV�DUH�LQFOXGHG�LQWR�SHULSKHU\�VHW�DQG�FDQ�EH�PHUJHG�GXULQJ�

VDPSOLQJ��:KHQ�KLJK�GHJUHH�YHUWLFHV�DUH�PHUJHG�ZLWK�WKH�SHULSKHU\�YHUWLFHV��WKH�WRWDO�QXPEHU�RI�

GHJUHHV�PD\� LQFUHDVH��)RU�SHULSKHU\�YHUWLFHV��ZKHQ�YHUWLFHV� DQG�HGJHV� DUH�PHUJHG�� WKH�GHJUHH�

IUHTXHQF\�DQG�GHJUHH�UDQN�GHFUHDVH��,Q�WKLV�ZD\��WKH�FKDQJH�RI�WKH�GHJUHH�IUHTXHQF\�DQG�WKH�GHJUHH�

UDQN�FDQ�EH�LQFRQVLVWHQW�� 

:H�XVH�WKH�JHQHUDWHG�VDPSOH�VHWV�WR�GHWHFW�FRPPXQLWLHV�ZLWK�/RX�YLQH�FOXVWHULQJ��:H�VKRZ�

WKH�WUXH�SRVLWLYH�UDWH�LQ�)LJXUH������D��DQG�IDOVH�SRVLWLYH�UDWH�LQ�)LJXUH������E���:KHQ�VLPLODULW\�

WKUHVKROGV�DUH�VHW�EHWZHHQ����DQG�����WKH�73V�DUH�DOZD\V�JUHDWHU�WKDQ�WKH�RQHV�RI�RWKHU�VLPLODULW\�

WKUHVKROGV�DQG�WKH�)3V�DUH�DOZD\V�OHVV�WKDQ�WKH�RQHV�RI�RWKHU�VLPLODULW\�WKUHVKROGV��:KHQ�VLPLODULW\�

WKUHVKROGV�DUH�EHWZHHQ����DQG�����WKH�73V�DUH�OHVV�WKDQ�WKH�RQHV�RI�RWKHU�VLPLODULW\�WKUHVKROGV�DQG�
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WKH�)3V�DUH�DOZD\V�JUHDWHU�WKDQ�WKH�RQHV�RI�RWKHU�VLPLODULW\�WKUHVKROGV��,Q�RWKHU�ZRUGV��WKH�VDPSOH�

VHWV�JHQHUDWHG�ZLWK�VLPLODULW\�WKUHVKROGV�VHW�EHWZHHQ����DQG����KDYH�EHWWHU�TXDOLW\�DQG�WKH�VDPSOH�

VHWV�JHQHUDWHG�ZLWK�VLPLODULW\�WKUHVKROGV�VHW�EHWZHHQ����DQG����KDYH�ZRUVH�TXDOLW\�� 

 

)LJXUH�������&OXVWHULQJ�&RQGXFWDQFH�RQ�'LIIHUHQW�(PDLO�(X�'DWD�6HWV 

 

%DVHG�RQ�WKH�SURSHUWLHV�RI�WKH�WRSRORJ\�DQG�WKH�FOXVWHULQJ�FRQGXFWDQFH�PHDVXUHPHQW��WKH�

VDPSOH�VHWV�JHQHUDWHG�ZLWK�VLPLODULW\�WKUHVKROGV�VHW�EHWZHHQ����WR����DUH�OLNH�WKH�RULJLQDO�GDWD�VHW�

DQG�DOVR�KDYH�JRRG�TXDOLW\�DQG�WKH�VDPSOH�VHWV�JHQHUDWHG�ZLWK�VLPLODULW\�WKUHVKROGV�VHW�EHWZHHQ�

���DQG����DUH�GLIIHUHQW�IURP�WKH�RULJLQDO�GDWD�VHW�DQG�DOVR�KDYH�EDG�TXDOLW\��:KHQ�WKH�VLPLODULW\�

WKUHVKROGV�DUH�VHW�EHWZHHQ���DQG�����WKH�WRSRORJ\�RI�WKH�VDPSOH�VHWV�DUH�GLIIHUHQW�WKH�RULJLQDO�GDWD�

VHW��EXW�WKH�VDPSOH�TXDOLW\�LQFUHDVHV�ZKHQ�WKH�VLPLODULW\�WKUHVKROGV�LQFUHDVH�IURP���WR���� 

We compare Forman-Ricci curvature, Haantjes-Ricci curvature, and Clustering Coefficient 

curvature methodology for graph sampling on Email-Eu data set. Clustering conductance is used 

to show the quality of the sample sets. In Table 5.1 are sample set sizes for all data, data after 

Forman-Ricci curvature sampling, data after Haantjes-Ricci curvature sampling, data after Clus-

tering Coefficient curvature sampling. 
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Table 5.1. Sample Set Sizes 

Data set #Edges 
All 16706 
Forman Sampling 14850 
Haantjes Sampling 14183 
Coefficient Sampling 14648 

  

 In Figure 5.16, we show the clustering results for different sample sets. After Forman-Ricci 

curvature sample selection, the conductance of the sample sets is 15.18% greater than that of the 

original data. After Haantjes-Ricci curvature sample selection, the conductance of the sample sets 

is 7.57% less than that of the original data. After Clustering Coefficient curvature sample selection, 

the conductance of the sample sets is 15.035% less than that of the original data. Both Haantjes-

Ricci and Clustering Coefficient curvatures are based triangle countering which provide more sta-

ble connections than the edge counting. That is why Haantjes-Ricci and Clustering Coefficient 

curvature sample selection provide better sample quality than Forman-Ricci curvature sample se-

lection methodology. 

 

)LJXUH�������&LWDWLRQ�1HWZRUN�6DPSOLQJ 

 

�D�5HIHUHQFHV�WR�3DSHU�1HWZRUN���������������������E�3DSHU�WR�5HIHUHQFHV�1HWZRUN 
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Figure 5.16. Comparison of Sampling Methodology Based on Clustering Conductance 
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 We use citation network to test our methodology. In the original data set, we had 27770 

nodes and 352324 edges. After sampling, we kept 1308 nodes and 2688 edges. The sample set had 

0.5% of the original data. However, community network structures were formed, and all of the 

network properties are kept. The citation network was visualized in Figure 5.15. 

�����&RQFOXVLRQ 

:H�SUHVHQWHG�WZR�QHZ�QHWZRUN�VDPSOLQJ�PHWKRGRORJ\��.URQHFNHU�JUDSK�GRXEOH�FRYHU�DQG�

JUDSK�FXUYDWXUH�� 

%\� XVLQJ�.URQHFNHU� JUDSK� GRXEOH� FRYHU�PHWKRGRORJ\�� JUDSKV� FDQ� EH� GHFRPSRVHG� DQG�

UHFRQVWUXFWHG� LQWR� VXEJUDSKV�ZLWK�ERWK�JUDSK�SURSHUWLHV�DQG� WRSRORJ\� W\SHV�XQFKDQJHG��*UDSK�

VDPSOLQJ� LV� FRQGXFWHG� WKURXJK� PHUJLQJ� VLPLODU� YHUWLFHV� DQG� HGJHV�� LQ� RUGHU� WR� NHHS� WKH�

FRQQHFWHGQHVV�RI�WKH�QHWZRUN��2WKHU�WKDQ�(UGRV�UDQGRP�JUDSKV�WKDW�FDQQRW�EH�UHDO�ZRUOG�JUDSKV��

JUDSK�WRSRORJ\�W\SHV�QRUPDOO\�KDYH�KLHUDUFKLFDO�VWUXFWXUHV�WKDW�FDQ�EH�GLYLGHG�LQWR�WZR�UHJLRQV��

FRUH�DQG�SHULSKHUDO�UHJLRQV��7R�HYDOXDWH�WKH�SHUIRUPDQFH�RI�.URQHFNHU�GRXEOH�FRYHU��ZH�HYDOXDWH�

VHYHUDO� GLIIHUHQW�ZD\V� WR� VHSDUDWH� FRUH� DQG� SHULSKHU\� UHJLRQV� VR� WKDW�ZH� FDQ� JHQHUDWH� VHYHUDO�

VDPSOH�VHWV��:H�HYDOXDWH�WKH�GHJUHH�UDQN�DQG�GHJUHH�IUHTXHQF\�EHWZHHQ�WKH�RULJLQDO�DQG�WKH�VDPSOH�

VHWV��DQG�XVH�3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQW�WR�HYDOXDWH�KRZ�PXFK�WKH�VDPSOH�VHWV�DUH�VLPLODU�WR�

WKH�RULJLQDO��:H�DOVR�XVH�/RXYDLQ�FOXVWHULQJ�WR�HYDOXDWH�WKH�TXDOLW\�RI�WKH�RULJLQDO�DQG�WKH�VDPSOH�

VHWV�� 

 )RU� FXUYDWXUH� PHWKRGRORJ\�� ZH� LPSOHPHQWHG� )RUPDQ�5LFFL� FXUYDWXUH�� +DDQWMHV�5LFFL�

FXUYDWXUH��DQG�FOXVWHULQJ�FRHIILFLHQW�FXUYDWXUH�VDPSOLQJ�RQ�(PDLO�(X�GDWD�VHW��$OVR��ZH�FRPSDUHG�

WKH�SHUIRUPDQFH�RI�WKH�WKUHH�FXUYDWXUH�PHWKRGV�E\�SHUIRUPLQJ�GDWD�FOXVWHULQJ�RQ�ERWK�VDPSOH�VHWV�

DQG�RULJLQDO�GDWD�VHW��7KH�HYDOXDWLRQ�RI� WKH�SHUIRUPDQFH�ZDV�GRQH�E\�PHDVXULQJ�WKH�FOXVWHULQJ�

FRQGXFWDQFH�� ([SHULPHQWDO� UHVXOWV� VKRZHG� XV� WKDW� +DDQWMHV�5LFFL� DQG� &OXVWHULQJ� &RHIILFLHQW�
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FXUYDWXUH�VDPSOH�VHOHFWLRQ�FDQ�SURYLGH�EHWWHU�VDPSOH�TXDOLW\�WKDQ�)RUPDQ�5LFFL�FXUYDWXUH�VDPSOH�

VHOHFWLRQ�PHWKRGRORJ\� 

 %RWK�.URQHFNHU�GRXEOH�FRYHU�PHWKRGRORJ\�DQG�FXUYDWXUH�PHWKRGRORJ\�FDQ�PDLQWDLQ�WKH�

JUDSK�SURSHUWLHV�DQG�WRSRORJ\�W\SHV�DQG�UHGXFH�WKH�VDPSOH�VHW�VL]HV�DV�ZHOO��$IWHU�VDPSOH�VHOHFWLRQ��

WKH�GDWD�TXDOLW\�RI�WKH�VDPSOH�VHWV�UHPDLQV� 

  



 ��� 

 
 
 
 
 

Chapter 6:  Entity Detection on Social Graph 
 
�����,QWURGXFWLRQ 

Web-scale knowledge bases build world knowledge online for question answering, recom-

mendations, and personal agents. The generally used applications include Wikipedia, Google 

Knowledge Vault, Freebase, etc.  

However, these knowledge bases are far from complete and are still growing. Named En-

tity Recognition (NER), is one of the important sub-tasks in information retrieval, also called Au-

tomatic Content Extraction (ACE), and has a big impact on the quality of the Natural Language 

Processing (NLP). With ACE, new entities can be constantly extracted and added to the knowledge 

bases for the purpose of indexing, searching, categorization, etc. 

However, the entity representation is a challenge in natural language processing because 

of long-range dependencies, multiple interacting features, synonyms, etc. This issue motivates us 

to look at conditional probabilities of possible label sequences given observation sequencies. The 

conditional probability of the label sequences depends not only on the order of the word sequences 

but also the pre-defined arbitrary features. The context of the words can be used to uniquely define 

the semantic meanings of the words. The domain knowledge can be embedded in arbitrary features 

which can flexibly represent the characteristics of the observations at different levels of granularity.  

The two techniques: (1) the context of words and (2) the domain knowledge, together can 

effectively improve the accuracy in labelling sequences. This idea has been implemented in ma-

chine learning based NER. Existing NER techniques can be based on rules, dictionaries, and ma-

chine learning.  
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Rule-based NER uses, other than part-of-speech (POS) tags, simple dependencies [76], 

grammatical features [204] and contextual features [101] to build rules for entity labelling. Rule-

based NER systems can barely cover all the domain knowledge, be hard to expand and have the 

risk of overfitting.  

Dictionary-based NER can be used to recognize both names and unique concepts. However, 

domain terms often have many variants which makes it difficult to have a complete dictionary so 

that fuzzy dictionary matching [46] [267] [239] appears to be a better approach when dictionary 

lookup is needed. In [46], protein functions were extracted from literature by identifying morpho-

logical, syntactic, and semantic variations. In [267], both bio-entity dictionary and abbreviation 

definition algorithm were developed to identify bio-entity names. Dictionary-based NER has two 

problems [239]: one is that short names can have a high probability to be predicted wrong, the 

other is variants of terms cannot be included in dictionaries. The first one was solved through entity 

classification. The second one was solved through string searching algorithm. However, both rule-

based NER and dictionary-based NER are weak in adopting to new terminology.  

Machine learning based NER, especially Conditional Random Fields (CRF) model, are 

generally used because they allow arbitrary features and use conditional probability instead of term 

frequency to estimate the labels of the entities. In [115], bi-directional CRF models were trained 

to tag gene names and gene product mentions in scientific text. The symmetric nature of the CRF 

was discussed and additional backward parsing makes CRF bi-directional. In [181], a semi-super-

vised integration of completely different classifiers for bio-name recognition was proposed to 

cover knowledge in unlabeled data. These technical advantages can ensure machine learning based 

NER is expandable to new terminology, flexible to different domain knowledge, and capable to 

long-distance dependencies. 
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The extraction of domain specific entities has been discussed in several fields, such as 

multi-language translation, clinical data analysis, pharmaceutical data analysis, customer profile 

analysis, online news analysis, etc. However, for different entities, the challenges in information 

extraction can be different. For this research, we focused on the product descriptions analysis in 

beverage industry and defined solutions to extract packaging information from product descrip-

tions. 

,Q�WKH�EHYHUDJH�LQGXVWU\��SDFNDJLQJ�LQIRUPDWLRQ�FDQ�EH�IRXQG�LQ�LQYRLFHV�DQG�EH�XVHG�WR�

YHULI\� WUDQVDFWLRQV�� UHWULHYH� VDOHV� SHUIRUPDQFH�� DQG� HYDOXDWH�PDUNHW� SHUIRUPDQFH�RI� D� SURGXFW��

$OWKRXJK�SURGXFW�GHVFULSWLRQV�DUH�VKRUW�EXW�QRW�FRPSRVHG�RI�IXOO�VHQWHQFHV�ZLWK�SURSHU�JUDPPDU��

WKH\�DUH�ZULWWHQ�LQ�D�QDWXUDO�PDQQHU�E\�VDOHVSHRSOH�DQG�IROORZ�SHUVRQDO�ZULWLQJ�KDELWV��3DFNLQJ�

LQIRUPDWLRQ�SURYLGHV�GHWDLOHG�LQIRUPDWLRQ�DERXW�WKH�TXDQWLWLHV�DQG�XQLWV�RI�WKH�SDFNDJH��VXFK�DV�

WKH�QXPEHU�RI�SDFNV�� WKH�QXPEHU�RI�FDVHV�� OLTXLG�YROXPH�� UHWXUQ�RU�QR� UHWXUQ�ERWWOHV�� HWF��7KH�

LQIRUPDWLRQ�QHHGV�WR�EH�H[WUDFWHG�IURP�WKH�IUHH�WH[W�DQG�WR�EH�SXW�LQWR�VWUXFWXUHG�WDEOHV�IRU�IXWXUH�

TXHU\� SXUSRVHV��+RZHYHU�� HDFK� \HDU�� ELOOLRQV� RI� LQYRLFHV� FDQ� EH� FUHDWHG� VR� WKDW� DXWRPDWLFDOO\�

H[WUDFWLQJ�SDFNDJLQJ�LQIRUPDWLRQ�IURP�LQYRLFHV�ZRXOG�EHFRPH�D�ELJ�FKDOOHQJH��,Q�WKLV�UHVHDUFK��

ZH�GHILQHG�WKH�ULFK�IHDWXUH�VHW�IRU�SDFNDJLQJ�LQIRUPDWLRQ�H[WUDFWLRQ�E\�XVLQJ��&RQGLWLRQDO�5DQGRP�

)LHOGV��&5)�� 

�����5HODWHG�:RUN 

6WDWLVWLFDO�KLGGHQ�VWDWH�VHTXHQFH�PRGHO�LQFOXGHV�+00��+LGGHQ�0DUNRY�0RGHO��>���@>��@��

&00V��&RQGLWLRQDO�0DUNRY�0RGHO�� >��@��&5)��&RQGLWLRQDO�5DQGRP�)LHOGV��PRGHO� >���@��DUH�

SURPLQHQW� UHFHQW� DSSURDFKHV� WR� LQIRUPDWLRQ� H[WUDFWLRQ� WDVNV�� 7KHVH� PRGHOV� DUH� 0DUNRY�OLNH�

PRGHOV��DQG�DOO�HQFRGH�WKH�0DUNRY�SURSHUWLHV��GHFLVLRQV�DERXW�WKH�VWDWH�DW�D�SDUWLFXODU�SRVLWLRQ�LQ�

WKH�VHTXHQFH�FDQ�GHSHQG�RQO\�RQ�D�VPDOO�ORFDO�ZLQGRZ��7KH�PHDQ�LGHD�LV�WKDW��FRQVLGHU�ZH�KDYH�D�
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KLGGHQ� VWDWH� VHTXHQFH� PRGHO� ZKLFK� GHILQHV� D� SUREDELOLW\� GLVWULEXWLRQ� RYHU� VWDWH� VHTXHQFHV�

FRQGLWLRQHG�RQ�DQ\�JLYHQ�LQSXW��:LWK�VXFK�D�PRGHO�0�ZH�VKRXOG�EH�DEOH�WR�FRPSXWH�WKH�FRQGLWLRQDO�

SUREDELOLW\�3�RI�DQ\�VWDWH�VHTXHQFH�6�JLYHQ�VRPH�REVHUYHG�LQSXW�VHTXHQFH�2�� 

$OWKRXJK�&RQGLWLRQDO�5DQGRP�)LHOG�PRGHO�HQFRPSDVVHV�+00�OLNH�PRGHOV��WKH�FODVV�RI�

FRQGLWLRQDO�UDQGRP�ILHOGV�LV�PXFK�PRUH�H[SUHVVLYH��EHFDXVH�LW�DOORZV�DUELWUDU\�GHSHQGHQFLHV�RQ�

WKH� REVHUYDWLRQ� VHTXHQFH�� $� FRQGLWLRQDO� PRGHO� VSHFLILHV� WKH� SUREDELOLWLHV� RI� SRVVLEOH� ODEHO�

VHTXHQFHV�JLYHQ�DQ�REVHUYDWLRQ�VHTXHQFH��)XUWKHUPRUH�� WKH�FRQGLWLRQDO�SUREDELOLW\�RI� WKH� ODEHO�

VHTXHQFH�FDQ�GHSHQG�RQ�DUELWUDU\��QRQ�LQGHSHQGHQW�IHDWXUHV�RI�WKH�REVHUYDWLRQ�VHTXHQFH�ZLWKRXW�

IRUFLQJ� WKH�PRGHO� WR� DFFRXQW� IRU� WKH� GLVWULEXWLRQ� RI� WKRVH� GHSHQGHQFLHV�� &RQGLWLRQDO� 5DQGRP�

)LHOGV��&5)��RIIHU�VHYHUDO�DGYDQWDJHV�RYHU�+LGGHQ�0DUNRY�0RGHOV��+00���LQFOXGLQJ�WKH�DELOLW\�

WR� UHOD[� VWURQJ� LQGHSHQGHQFH� DVVXPSWLRQV� PDGH� LQ� WKRVH� PRGHOV� DQG� DYRLGLQJ� WKH� ODEHO� ELDV�

SUREOHP�� 7KHVH� DGYDQWDJHV� DUH� GHULYHG� IURP� FRPSXWLQJ� WKH� FRQGLWLRQDO� SUREDELOLW\� RI� DQ�

REVHUYDWLRQ�VHTXHQFH� 

1DPHG�(QWLW\�5HFRJQLWLRQ��1(5��DQG�5HODWLRQ�([WUDFWLRQ��5(��FDQ�EH�GRQH�LQ�WZR�VWDJHV�

>���@��1(5�ZDV�SHUIRUPHG�E\�FRPELQLQJ�D�%L�GLUHFWLRQDO�/RQJ�6KRUW�7HUP�0HPRU\��%L�/670��

DQG�D�&RQGLWLRQDO�5DQGRP�)LHOGV��&5)��PRGHO��5(�ZDV�LPSOHPHQWHG�E\�D�&RQYROXWLRQDO�1HXUDO�

1HWZRUN��&11���2WKHU� WKDQ�ZRUG�HPEHGGLQJV��QR�GRPDLQ�VSHFLILF�NQRZOHGJH�ZDV�UHTXLUHG� WR�

WUDLQ�WKH�V\VWHP�VR�WKDW�LW�FDQ�EH�H[SDQGHG�WR�VXSSRUW�GLIIHUHQW�ODQJXDJHV�DQG�FOLQLFDO�DSSOLFDWLRQV� 

5LFK�IHDWXUHV�KDYH�VWURQJ�LPSDFW�RQ�1DPHG�(QWLW\�5HFRJQLWLRQ��1(5���,Q�>�@��ULFK�IHDWXUHV�

ZHUH� GHILQHG� LQ� IHDWXUH�EDVHG�PRGHOV� �H�J�� &5)�� WR� EXLOG� WH[W�PLQLQJ� V\VWHPV� IRU� GUXJ� QDPH�

UHFRJQLWLRQ��'UXJ�'UXJ�,QWHUDFWLRQ��'',��H[WUDFWLRQ�DQG�'',�FODVVLILFDWLRQ��7KH�IHDWXUHV�FDQ�EH�

EDVHG�RQ�ELR�IRUPDW��WRNHQ��OLQJXLVWLF��ELQDU\��DQG�VHPDQWLF�IHDWXUHV��,Q�>���@��WKH�IHDWXUH�VHWV�ZHUH�

GHILQHG�E\�8QLFRGH�WRNHQL]HG��(QJOLVK�WRNHQL]HG��3DUW�RI�6SHHFK��326��WDJV��*D]HWWHHUV��HWF� 
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,Q�KHDOWK�FDUH�LQGXVWU\��1DPHG�(QWLW\�5HFRJQLWLRQ��1(5��FDQ�EH�DSSOLHG�DQG�LPSURYHG�IRU�

GLIIHUHQW� DSSOLFDWLRQV�� ,Q� PHGLFDO� DQG� ELRORJLFDO� GRFXPHQWV�� QHZ� SURSHU� QRXQV� FDQ� EH� PDGH�

IUHTXHQWO\��3523(5�>��@�ZDV�SURSRVHG�WR�H[WUDFW�PDWHULDO�QDPHV��HVSHFLDOO\�XQNQRZQ�ZRUGV�E\�

XVLQJ�VXUIDFH�FOXH�RQ�WKH�FKDUDFWHU�VWULQJV��,Q�>���@��ERWK�&5)�PRGHO�DQG�HGLW�GLVWDQFH�ZHUH�XVHG�

WR�H[WUDFW�ELR�HQWLWLHV��&5)�PRGHO�ZDV�XVHG�ZLWK�HLJKW�SUH�GHILQHG�IHDWXUHV��VXFK�DV�VXUIDFH�ZRUG�

IHDWXUHV��RUWKRJUDSKLF� IHDWXUHV��SUHIL[�VXIIL[� IHDWXUHV��ZRUG�VKDSH� IHDWXUHV�� FRPSRXQG� IHDWXUHV��

SDUW�RI�VSHHFK�IHDWXUHV��NH\ZRUG�IHDWXUHV��DQG�ERXQGDU\�ZRUG�IHDWXUHV��(GLW�GLVWDQFH�DOJRULWKP�

ZDV�XVHG� WR� FDOFXODWH� WKH�PLQLPXP�QXPEHU� RI�RSHUDWLRQV�RQ� LQGLYLGXDO� FKDUDFWHUV� UHTXLUHG� WR�

WUDQVIRUP�RQH�VWULQJ�RI�V\PEROV�LQWR�DQRWKHU��VR�WKDW�WKH�VLPLODULW\�RI�WZR�VWULQJV�FDQ�EH�PHDVXUHG��

,Q�>���@��WZR�LVVXHV�LQ�GLFWLRQDU\�EDVHG�DSSURDFK�ZHUH�VROYHG�IRU�ELR�HQWLW\�UHFRJQLWLRQ��RQH�LV�

IDOVH�UHFRJQLWLRQ�FDXVHG�E\�VKRUW�WHUPV�ZKLFK�FDQ�EH�VROYHG�WKURXJK�VWULQJ�VHDUFKLQJ��WKH�RWKHU�LV�

ORZ� UHFDOO� GXH� WR� VSHOOLQJ� YDULDWLRQV� ZKLFK� FDQ� EH� VROYHG� E\� H[SDQGLQJ� GLFWLRQDU\� ZLWK� D�

SUREDELOLVWLF�YDULDQW�JHQHUDWRU��,Q�>���@��RQH�FKDOOHQJH�LQ�JHQH�V\PEROV�DQG�QDPHV�UHFRJQLWLRQ�ZDV�

WKDW�WKHVH�QDPHV�DQG�V\PEROV�GR�QRW�DSSHDU�WR�IROORZ�FRQVWUXFWLRQ�UXOHV��$�SURJUDP�ZDV�XVHG�WR�

GLVWLQJXLVK�WKH�ZRUGV�RI�GLIIHUHQW�QDWXUHV��OH[LFDO��PRUSKRORJLFDO��DQG�VHPDQWLF�LQ�VHQWHQFHV� 

'HHS�OHDUQLQJ�FDQ�DOVR�EH�DSSOLHG�WR�1DPHG�(QWLW\�5HFRJQLWLRQ��1(5���,Q�>���@��/670�

&5)� ZDV� XVHG� WR� UHFRJQL]H� GUXJ� QDPHV� DQG� FOLQLFDO� FRQFHSWV�� 7KH� IHDWXUH� VHWV� LQFOXGH�

PRUSKRORJLFDO�IHDWXUHV��VHPDQWLF�IHDWXUHV��DQG�WKH�FOXVWHUV�RI�WKH�HPEHGGLQJV��,Q�>���@��GUXJ�GUXJ�

LQWHUDFWLRQV�IURP�WH[WV�ZHUH�GHWHFWHG�E\�%L�/670�&5)�DQG�UHODWLRQ�H[WUDFWLRQ�ZDV�GRQH�E\�&11� 

�����'HILQLWLRQV 

7KH�SUREDELOLW\�RI� ODEHO�VHTXHQFH�\�JLYHQ�REVHUYDWLRQ�VHTXHQFH�[�FDQ�EH�ZULWWHQ�DV� WKH�

SURGXFW�RI�WKH�DSSURSULDWH�HOHPHQWV�RI�WKH�Q���PDWULFHV�IRU�WKDW�SDLU�RI�VHTXHQFHV� 

3�\�_�[��Ȝ�� �=�[������L� ��Q���0L�\L����\L�_�[���������� 
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ZKHUH�=�[����LV�D�QRUPDOL]DWLRQ�IDFWRU�DQG�HDFK�^0L�[�_�L� ����«��Q��`�LV�D�_�\�
�\�_�PDWUL[�ZLWK�

HOHPHQWV�RI�WKH�IRUP 

0L�\¶�\L_�[�� �H[S��M�Ȝ�M�IM�\¶��\��[��L�������������������� 

ZKHUH�HDFK�IM�\¶��\��[��L���LV�HLWKHU�D�VWDWH�IXQFWLRQ�VM�\¶��\��[��L���RU�D�WUDQVLWLRQ�IXQFWLRQ�WM�\¶��\��[��L���� 

0D[LPXP� OLNHOLKRRG� WUDLQLQJ�GHWHUPLQHV�SDUDPHWHU� Ȝ�YDOXHV� VXFK� WKDW� WKH� ORJDULWKP�RI�

OLNHOLKRRG�LV�PD[LPL]HG��)RU�D�&5)��WKH�ORJ�OLNHOLKRRG�LV�JLYHQ�E\ 

/�Ȝ�� ���N�>ORJ�=�[���������M�Ȝ�M�IM�ݕᇱ��\��[����@��������� 

'LIIHUHQWLDWLQJ�WKH�ORJ�OLNHOLKRRG�ZLWK�UHVSHFW�WR�SDUDPHWHU�ȜM�JLYHV� 

��/�Ȝ����ȜM�� �(S¶�<��;��>)M�<��;�@�����N�(S�<_[�N���;��>)M�<��[�N��@���������� 

ZKHUH�S¶�LV�WKH�HPSLULFDO�GLVWULEXWLRQ�RI�WUDLQLQJ�GDWD�DQG�(S�>�@�GHQRWHV�H[SHFWDWLRQ�ZLWK�UHVSHFW�

WR� GLVWULEXWLRQ� S��1RWH� WKDW� VHWWLQJ� WKLV� GHULYDWLYH� WR� ]HUR� \LHOGV� WKH�PD[LPXP� HQWURS\�PRGHO�

FRQVWUDLQW��WKH�H[SHFWDWLRQ�RI�HDFK�IHDWXUH�ZLWK�UHVSHFW�WR�WKH�PRGHO�GLVWULEXWLRQ�LV�HTXDO�WR�WKH�

H[SHFWHG�YDOXH�XQGHU�WKH�HPSLULFDO�GLVWULEXWLRQ�RI�WKH�WUDLQLQJ�GDWD� 

7R�LGHQWLI\�WKH�PD[LPXP�OLNHOLKRRG�RI�SDUDPHWHU�YDOXHV��LW�PXVW�EH�SRVVLEOH�WR�HIILFLHQWO\�

FRPSXWH�WKH�H[SHFWDWLRQ�RI�HDFK�IHDWXUH�IXQFWLRQ�ZLWK�UHVSHFW�WR�WKH�&5)�PRGHO�GLVWULEXWLRQ�IRU�

HYHU\�REVHUYDWLRQ�VHTXHQFH�[�N��LQ�WKH�WUDLQLQJ�GDWD��JLYHQ�E\� 

(S�<_[�N���;��>)M�<��[�N��@ ����� 

 ���S�<L��� �\¶��<L� �\_[�N����Ȝ��)M�<��[�N�� 

 ��L �Q���\��\¶�S�<L��� �\¶��<L� �\_[�N����Ȝ��IM�\¶��\���[�N�� 

:H�XVH�D�G\QDPLF�SURJUDPPLQJ�PHWKRG�WR�FDOFXODWH�S�<L��� �\¶��<L� �\_[�N����Ȝ���'HILQLQJ�

IRUZDUG�DQG�EDFNZDUG�YHFWRUV�Į�L�[��DQG�ȕ�L�[��UHVSHFWLYHO\�E\�WKH�EDVH�FDVHV� 

Į��\_[�� ���LI�\� �VWDUW����RWKHUZLVH ����� 

ȕ�Q���\_[�� ���LI�\� �VWRS����RWKHUZLVH ����� 
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DQG�WKH�UHFXUUHQFH�UHODWLRQV� 

Į�L�[�� �Ȝ�L���[�70L�[� ����� 

ȕ�L�[�� �0L����[��Ȝ�L���[� ����� 

7KH�SUREDELOLW\�RI�<L�DQG�<L���WDNLQJ�RQ�ODEHOV�\¶�DQG�\�JLYHQ�REVHUYDWLRQ�VHTXHQFH�[�N��

PD\�EH�ZULWWHQ�DV� 

S�<L��� �\¶��<L� �\_[�N����Ȝ�� �Į�L���\¶_[��0L�\¶�\_[��ȕ�L�\_[����=�[� ������ 

$QRWKHU�DWWUDFWLYH�SURSHUW\�LV�WKH�FRQYH[LW\�RI�WKH�ORVV�IXQFWLRQ��LQGHHG��&5)V�VKDUH�DOO�WKH�

FRQYH[LW\�SURSHUWLHV�RI�JHQHUDO�PD[LPXP�HQWURS\�PRGHOV��)URP�WKH�+00�DQG�IRU�HDFK�RI�WKH�

WULDOV�WUDLQHG��WKH�PRVW�SUREDEOH�VWDWH�VHTXHQFH�ZDV�FDOFXODWHG�XVLQJ�WKH�9LWHUEL�DOJRULWKP�� 

�����6HPDQWLF�*UDSK�6PRRWKLQJ 

�,Q�D�VHJPHQW��WKH�ODEHOV�<L�RI�WKH�LQSXW�WH[W�;L�DUH�WKH�YHUWLFHV��7KH�WUDQVDFWLRQ�EHWZHHQ�

WKH�DGMDFHQW�ODEHOV��<L���DQG�<L��LV�WKH�HGJH��(L�� 

 

)LJXUH������&KDLQ�VWUXFWXUHG�&5)�0RGHO�IRU�6HTXHQFHV 

 

$V�VKRZQ�LQ�)LJXUH������DQG�)LJXUH������LQ�RXU�SUREOHP��;LM��L� ���������Q�DQG�M ��������Q��LV�

WKH�VHW�RI�WH[WV��DOVR�FDOOHG�WKH�REVHUYDWLRQ�VHTXHQFH��<LM��L� ���������Q�DQG�M ��������Q��LV�WKH�VHW�RI�

ODEHOV�� DOVR� FDOOHG� WKH� ODEHO� VHTXHQFH� ZKLFK� LV� WKH� XQNQRZQ�KLGGHQ� VWDWH� YDULDEOHV�� )RU� WKLV�

DSSOLFDWLRQ��LW�LQFOXGHV�QRQ�ERXQGDULHV��DQG�ERXQGDULHV�RI�WKH�REMHFWV� 

,Q�D�&5)��JLYHQ�WKH�REVHUYDWLRQ�VHTXHQFH� Ԧܺ�LQ�WKH�JUDSK��WKH�GLVWULEXWLRQ�RI�HDFK�GLVFUHWH�

UDQGRP�YDULDEOH� ሬܻԦ�FDQ�EH�FRPSXWHG�XQGHU�WKH�FRQWH[W��,Q�LQSXW�VHTXHQFHV��XQGHU�WKH�OD\RXW�WKDW� ሬܻԦ�
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LV�GHILQHG�DV��ODEHOV��DQG� Ԧܺ�DV�REVHUYDWLRQV��HIILFLHQW�DOJRULWKPV�FDQ�EH�DSSOLHG�WR�RSWLPL]H�PRGHO�

WUDLQLQJ� DQG� FRQGLWLRQDO� GLVWULEXWLRQV� OHDUQLQJ� WR� LQIHUHQFH� DQG� GHWHUPLQH� WKH� SUREDELOLW\� RI�

LQGLYLGXDO�ODEHOV�DQG�WKH�PRVW�OLNHO\�ODEHO�VHTXHQFHV�� 

 

)LJXUH������&RPSXWDWLRQ�RI�/RFDO�3UREDELOLW\�RI�WKH�/DEHO�IRU�D�*LYHQ�2EVHUYDWLRQ 

 

$�ODEHO�VHTXHQFH�FRQVLVWV�RI�VHYHUDO�ODEHOV�IRU�WKH�IHDWXUHV��(DFK�IHDWXUH�FDQ�EH�ODEHOHG�DV�

GLIIHUHQW�V\PEROV�ZLWK�GLIIHUHQW�SUREDELOLWLHV��:H�VHOHFW�WKH�PD[LPXP�SUREDELOLW\�RI�WKH�IHDWXUH�DV�

WKH� IHDWXUH� SUREDELOLW\�� 7KH� FRPELQDWLRQ� RI� DOO� WKH� IHDWXUH� SUREDELOLWLHV� LQ� D� VHTXHQFH� LV� WKH�

SUREDELOLW\�RI�WKH�JLYHQ�ODEHO�VHTXHQFH��7KH�PRVW�SUREDEOH�ODEHO�VHTXHQFH�ZDV�FDOFXODWHG�XVLQJ�

WKH�9LWHUEL�DOJRULWKP�>���@�WR�ILQG�WKH�PD[LPXP�SUREDELOLW\�RI�WKH�IHDWXUH�VHTXHQFH� 

,Q�&5)�PRGHO��ZH�FDQ�GHILQH�DUWLILFLDO�IHDWXUHV�EDVHG�RQ�FRQWH[W���0DQ\�SDSHUV�>���@��>��@��

>�@��GLVFXVVHG�KRZ�WR�GHILQH�IHDWXUHV��7KHUH�DUH�VHYHUDO�GLIIHUHQW�NLQGV�RI�IHDWXUHV��VXFK�DV��JOREDO�

IHDWXUHV�� ORFDO� IHDWXUHV�� GHULYHG� IHDWXUHV�� GRPDLQ� NQRZOHGJH�� HWF�� ,I� WKH� FRPPRQ� SDWWHUQV� DUH�

GHILQHG� FRUUHFWO\�� &5)� PRGHOV� FRQWLQXRXVO\� SURPRWH� IHDWXUHV� DQG� VXSSUHVV� QRQ�IHDWXUHV� DQG�
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HYHQWXDOO\� FRQYHUJH�� %XW�� LI� WKH� FRPPRQ� IHDWXUHV� DUH� GHILQHG� LQFRUUHFWO\� VR� WKDW� &5)� FDQQRW�

V\VWHPDWLFDOO\� SURPRWH� VRPH� GDWD� SRLQWV� DQG� GHSUHVV� VRPH� GDWD� SRLQWV�� WKH�PRGHO� ZLOO� QHYHU�

FRQYHUJH�� ,Q� RUGHU� WR� LGHQWLI\� WH[W� VHJPHQWV��ZH� FRQVLGHU� JUDGLHQWV� DV� WKH� VLJQLILFDQW� IHDWXUH��

%HFDXVH��ZKHQ�WKHUH�LV�D�IHDWXUH�VHTXHQFH�LQ�WKH�WH[WV��WKH�JUDGLHQWV�RI�WKHLU�FRUUHVSRQGLQJ�YDOXHV�

DUH�VLPLODU�VR�WKDW�WKHVH�JUDGLHQWV�JR�WR�WKH�VDPH�GLUHFWLRQV� 

&5)�PRGHOV� FDQ�EH� FRQVLGHUHG�DV�0DUNRY� UDQGRP� ILHOGV�PRGHOV��7KH� LQLWLDO� WUDQVLWLRQ�

SUREDELOLW\�RI�HDFK�ZRUG�LV�WKH�VDPH��'XULQJ�HDFK�LWHUDWLRQ��WKH�VWDWH�IXQFWLRQ�FDQ�DYHUDJH�RXW�WKH�

GLIIHUHQFHV�DPRQJ�QHLJKERUV��DQG�WKH�WUDQVLWLRQ�IXQFWLRQV�XSGDWH�WKH�IHDWXUHG�WH[WV��$SSDUHQWO\��

VWDWH�IXQFWLRQV�PDNH�WKH�ORFDO�WH[WV�VLPLODU�WR�HDFK�RWKHU��7KLV�RSHUDWLRQ�LV�HVSHFLDOO\�XVHIXO�ZKHQ�

VRPH�ZRUGV�DUH�FKDQJHG�EHFDXVH�RI�QRLVH�RU�V\VWHP�HUURUV��:KHQ�WKH�VLJQLILFDQFH�RI�HDFK�ZRUG�LV�

FRPSXWHG�QRW�RQO\�ZLWK�WKH�YDOXH�RI�WKH�ZRUG�LWVHOI�EXW�DOVR�WKH�YDOXHV�RI�WKH�DGMDFHQW�QHLJKERUV��

V\VWHP� HUURUV� DQG� DUELWUDU\� QRLVH� FDQ� EH� DYHUDJHG� RXW�� )HDWXUH� IXQFWLRQV� DUH� GHILQHG�ZLWK� WKH�

IHDWXUHV�ZH�VHOHFW�VR�WKDW�WKH\�FDQ�FRQVLVWHQWO\�LQFUHDVH�WKH�VLJQLILFDQFH�RI�IHDWXUHV�DQG�VXSSUHVV�

WKH�VLJQLILFDQFH�RI�QRQ�IHDWXUHV��$V�DQ�XQGLUHFWHG�JUDSKLFDO�PRGHO��WKH�VL]H�RI�WKH�ORFDO�JUDSK�FDQ�

EH�DUELWUDU\��DQG�WKH�FRPSXWDWLRQ�LV�EDVHG�RQ�WKH�ORFDO�JUDSK�ZH�GHILQHG�� 

*LYHQ�REVHUYDWLRQV��WKH�SUREDELOLW\�RI�ODEHO�VHTXHQFHV�FDQ�EH�FRPSXWHG�ZLWK������ 

ሺܻǡܨ ܺሻ ൌ ���൫σ ௜ିଵǡݕ௝ሺݐ௝ߣ ௜ǡݕ ሻݔ ൅�σ ௜ǡݕ௞ሺݏ௞ߤ ሻ௞ǡ௜௝ǡ௜ݔ ൯������������� 

LQ�ZKLFKݐ�௝ሺݕ௜ିଵǡ ௜ǡݕ ௜ǡݕ௞ሺݏ��ሻ�LV�WKH�IHDWXUH�IXQFWLRQݔ �௞�QHHG�WR�EHߤ�௝��DQGߣ��ሻ�LV�WKH�VWDWH�IXQFWLRQݔ

HVWLPDWHG�ZLWK�WKH�WUDLQLQJ�GDWD��7KH�UHDVRQ�&5)�PRGHO�LV�XVHIXO�LV�EHFDXVH�WKH�IHDWXUH�IXQFWLRQ�

FDQ� EH� FXVWRPL]HG� DQG� FDQ� EH� FRPELQHG� ZLWK� GRPDLQ� NQRZOHGJH� HDVLO\�� ,Q� HQWLW\� VHJPHQW�

GHWHFWLRQ��ZH�XVH�JUDGLHQWV�DV�IHDWXUHV�WR�GHILQH�IHDWXUH�IXQFWLRQV��)RU�H[DPSOH�� 

௜ିଵǡݕ௝ሺݐ ௜ǡݕ ሻ� �൞ݔ

ܾሺݔǡ ݅ሻ��݂݅݃௫ሺ௜ିଵሻǡ௬ሺ௜ሻ ൌ ݃௫ሺ௜ሻǡ௬ሺ௜ሻǡ �ݎ݋
������������������݃௫ሺ௜ሻǡ௬ሺ௜ିଵሻ ൌ ݃௫ሺ௜ሻǡ௬ሺ௜ሻǡ ݎ݋
���������������݃௫ሺ௜ିଵሻǡ௬ሺ௜ିଵሻ ൌ ݃௫ሺ௜ሻǡ௬ሺ௜ሻ��
Ͳ݁ݏ݅ݓݎ݄݁ݐ݋��������������������������������������

��������� 
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Ͳ݁ݏ݅ݓݎ݄݁ݐ݋�������������������������

������������������������������ 

LQ�ZKLFK��݃௫ሺ௜ሻǡ௬ሺ௜ሻ��LV�WKH�YDOXH�RI�WKH�JUDGLHQW�DW��[L��\L��� 

7KH�ZHDNQHVV�RI�PRVW�RI�WKH�HQWLW\�VHJPHQW�GHWHFWLRQ�PHWKRGRORJLHV�LV�WKDW��WR�GHWHUPLQH�

WKH� JUDGLHQW� VLPLODULW\�� D� WKUHVKROG�PXVW� EH� VHOHFWHG� LQ� WKH� ILUVW� SODFH� DQG� WKHUH� LV� QR�ZD\� WR�

TXDQWLWDWLYHO\�FRPSXWH�LW���:LWK�&5)��WKH�SUREDELOLW\�RI�HDFK�SRLQW�LV�GHWHUPLQHG�E\�QRW�RQO\�WKH�

YDOXH�RI� WKH�GDWD�SRLQW�EXW� DOVR� LWV�QHLJKERUV��ZKLFK�PDNHV� WKH�DOJRULWKP� IDOVH� WROHUDQW��6RPH�

ZRUGV�PD\�QRW�EH�SLFNHG�DV�IHDWXUHV��EXW��LI�WKRVH�ZRUGV�DUH�EHWZHHQ�WZR�HQWLWLHV��WKHUH�LV�D�KLJK�

SUREDELOLW\�WKDW�WKH\�FDQ�EH�GHILQHG�DV�SDUW�RI�WKH�HQWLWLHV��,Q�RWKHU�ZRUGV��WKH�GHFLVLRQ�RQ�HDFK�GDWD�

SRLQW�LV�PDGH�EDVHG�RQ�QRW�RQO\�WKH�YDOXH�RI�WKH�GDWD�SRLQW��EXW�DOVR��LWV�DGMDFHQW�QHLJKERUV��$OVR��

ORFDO�SUREDELOLWLHV�FDQ�EH�DGMXVWHG�JOREDOO\�WKURXJK�UHSHDWHG�WUDLQLQJ� 

�����)HDWXUH�6HWV 

,Q�SDFNDJH�GHVFULSWLRQV��WKHUH�DUH�VHYHUDO�FKDOOHQJHV�LQ�SDFNDJLQJ�LQIRUPDWLRQ�H[WUDFWLRQ��

DPELJXRXV� PHDQLQJV� RI� WKH� ZRUGV�� LQFRQVLVWHQW� FRGLQJ� VW\OH� DQG� SDUWLDO� XQLWV�� $PELJXRXV�

PHDQLQJV�RI�WKH�ZRUGV�FDQ�KDSSHQ�WR�HLWKHU�QXPEHUV�RU�WKH�XQLWV��)RU�H[DPSOH��GLJLWDO�QXPEHUV�

FDQ�EH�GLYLGHG�LQWR�VHYHUDO�FDWHJRULHV��VXFK�DV�XQLWV��YLQWDJHV��SURRIV��GDWHV��WLPH��LQYRLFH�VHULHV�

QXPEHU��VDOHV�,'V��DQG�FRPSDQ\�QDPHV��LQ�ZKLFK�RQO\�XQLWV�QHHG�WR�EH�H[WUDFWHG�DV�SDFNDJLQJ�

LQIRUPDWLRQ��$FURQ\PV�FDQ�EH�GLYLGHG�LQWR�VHYHUDO�FDWHJRULHV��VXFK�DV�XQLWV��DQG�EUDQG�QDPHV�LQ�

ZKLFK�RQO\�XQLWV�QHHG�WR�EH�H[WUDFWHG��&RGLQJ�VW\OHV�FDQ�EH�HLWKHU������TXDQWLW\�IROORZHG�E\�XQLWV�

RU� ���� XQLWV� IROORZHG� E\� TXDQWLW\�� VXFK� DV� ���� ³:+,7(�&/$:� ��9$5,(7<� ��� 3� &$1´�� ����

³:+,7(�&/:���957<�3����&$1´��3DUWLDO� XQLWV� FDQ� RFFXU� DV� RQO\�TXDQWLWLHV� DUH� LQ� SURGXFW�

GHVFULSWLRQV�EXW�QR�XQLWV��VXFK�DV�³'26�(48,6�$0%(5������/21*�1(&.´��� 
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7KH�PHDQLQJV�RI�XQLWV�DUH�EDVHG�RQ�WKH�FRQWH[W��HVSHFLDOO\�SUHYLRXV�ZRUGV�DQG�QH[W�ZRUGV��

)RU�H[DPSOH��LQ�³:+,7(�&/$:���9$5,(7<����3�&$1´��3�PHDQV�SDFN��%XW��LQ�³���+$1'6�3�

*5,*,2�����0/´��3�PHDQV�3LQRW��3�FDQ�EH�WKH�VKRUW�KDQG�RI�SURRI�RU�WKH�VKRUW�KDQG�RI�SDFN�LQ�

ZKLFK�ZH�ZDQW�WR�VHJPHQW�LW�LI�LW�LV�SDFN�LQVWHDG�RI�SURRI��2�FDQ�EH�WKH�VKRUW�KDQG�RI�2=�RU�WKH�

VKRUW�KDQG�RI�SURRI�LQ�ZKLFK�ZH�ZDQW�WR�VHJPHQW�LW�LI�LW�LV�2=�LQVWHDG�RI�SURRI��/7�FDQ�EH�WKH�VKRUW�

KDQG�RI�/LWHU�RU�WKH�VKRUW�KDQG�RI�0LOOHU�/LWH�LQ�ZKLFK�ZH�ZDQW�WR�VHJPHQW�LW�LI�LW�LV�/LWHU�LQVWHDG�

RI�0LOOHU�/LWH��:RUGV�FDQ�EH�V\QRQ\PV��)RU�H[DPSOH��TXDUW�FDQ�EH�ZULWWHQ�DV�48$57_47_457_476��

DQG�JDOORQ�FDQ�EH�ZULWWHQ�DV�*$_*/_*$/_*$/6_*$//21�� 

:KHQ�WKHUH�LV�D�SRVVLELOLW\�WKDW�FHUWDLQ�ZRUGV�PD\�KDYH�PXOWLSOH�PHDQLQJV��ZH�QHHG�WR�

FUHDWH�DUELWUDU\�UXOHV�WR�GHWHUPLQH�ZKHWKHU�ZRUGV�DUH�UHODWHG�WR�SDFNDJLQJ��VR�WKDW�ZH�FDQ�ODEHO�

SDFNDJLQJ� LQIRUPDWLRQ�EDVHG�RQ� WKH�QHLJKERULQJ�ZRUGV� LQ�VHQWHQFHV�� ,Q�SDFNDJLQJ� LQIRUPDWLRQ�

H[WUDFWLRQ��ZH�FDQ�GHILQH� DUELWUDU\� UXOHV�EDVHG�RQ�FRGLQJ� IRUPDWV�� OH[LFDO� IRUPDWV�� DQG�SDUW� RI�

VSHHFK�WDJJLQJ� 

7KH�IHDWXUH�VHWV�FDQ�IRFXV�RQ�VHPDQWLF�IHDWXUHV�RI�WKH�ZRUGV��,Q�>���@��WKH�IHDWXUH�VHWV�ZHUH�

GHILQHG�E\�8QLFRGH�WRNHQL]HU��(QJOLVK�WRNHQL]HU��326�WDJJHU��*D]HWWHHUV��DQG�DOVR�*D]HWWHHU�IRU�

GHJUDGHG�WH[WV��)RU�WRNHQL]HG�8QLFRGH��WKH�WH[W�FDQ�EH�VSOLW�LQWR�VLPSOH�WRNHQV��VXFK�DV�QXPEHUV��

SXQFWXDWLRQV��DQG�ZRUGV�RI�GLIIHUHQW�W\SHV��ZKLFK�GLVWLQJXLVK�ZRUGV�LQ�XSSHU�FDVH�DQG�ORZHU�FDVH��

)RU� (QJOLVK� WRNHQL]HU�� ZH� QHHG� WR� FRQVWUXFW� DEEUHYLDWLRQV� LQWR� RQH� WRNHQ�� VXFK� DV� ³� ¶��V� ´��

³�µ&DXVH�´��³�¶V�´��³�¶G�´��³�µOO�´��³�¶YH�´��DQG�GR�VWHPPLQJ�WR�ZRUGV�LQ�RUGHU�WR�UHGXFH�WKH�QXPEHU�

RI�YDULDWLRQV��)RU��3DUW�2I�6SHHFK��326��WDJJHU��ZH�GR�SDUW�RI�VSHHFK�WDJJLQJ�IRU�ZRUGV�DIWHU�WKH�

(QJOLVK�WH[W�LV�SURFHVVHG��326�WDJJHUV�DUH�ERWK�GRPDLQ�GHSHQGHQW�DQG�ODQJXDJH�GHSHQGHQW��7KH�

WDJV�DUH�3HQQ�7UHH%DQN�VW\OH�DQG�ZHUH�GHILQHG�LQ�>��@��7KH�WDJJHUV�XVH�GHIDXOW�OH[LFRQ�DQG�UXOHVHW�

EXW�FDQ�EH�PDQXDOO\�PRGLILHG�LI�QHFHVVDU\��)RU�JD]HWWHHUV��JD]HWWHHU�OLVWV�DUH�LQ�SODLQ�WH[W�IRUPDW�
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DQG�FRQWDLQ�D�VHW�RI�QDPHV��VXFK�DV�FLW\�QDPHV��RUJDQL]DWLRQ�QDPHV��GD\V�RI� WKH�ZHHN��HWF��$Q�

DGGLWLRQDO�LQGH[�ILOH�LV�XVHG�WR�PDQDJH�WKH�OLVWV��7KH�LQGH[�FDQ�EH�EXLOW�LQWR�D�ILQLWH�VWDWH�PDFKLQH�

IRU�WHUP�PDWFKLQJ��)RU�JD]HWWHHU�IRU�GHJUDGHG�WH[WV��WKH�DOWHUQDWLYH�YHUVLRQ�RI�JD]HWWHHU�OLVWV�LV�QRW�

FDVH�VHQVLWLYH�VR�WKDW��LI�WKH�SDUDPHWHU�RI�WKH�GHIDXOW�JD]HWWHHU�FDQ�EH�DPELJXRXV�EHFDXVH�RI�WKH�

FDVH�LQVHQVLWLYH��WKRVH�ZRUGV�FDQ�EH�SODFHG�LQWR�VSHFLILF�OLVWV� 

,Q� >�@�� WKH� IHDWXUH� VHWV�ZHUH� GHILQHG� E\� WRNHQ�� OLQJXLVWLF� DQG� VHPDQWLF� IHDWXUHV��7RNHQ�

IHDWXUHV�LQFOXGH�WKH�RULJLQDO�ZRUG�DQG�WKH�OHPPD�RI�WKH�FXUUHQW�ZRUG��DQG�RQH�WRNHQ�EHIRUH�DQG�

DIWHU�WKH�FXUUHQW�ZRUG�DQG�WKHLU�OHPPDV��/LQJXLVWLF�IHDWXUHV�LQFOXGH�326�WDJV�RI�WKH�FXUUHQW�ZRUG�

DQG�LWV�SURFHHGLQJ�DQG�IROORZLQJ�ZRUGV��WKH�OHQJWK�RI�WKH�FXUUHQW��SUHYLRXV��DQG�QH[W�ZRUGV��DQG�

WKH�VXIIL[�DQG�SUHIL[�RI�WKH�FXUUHQW�ZRUG��%LQDU\�IHDWXUHV�FDQ�EH�GHILQHG�DV������WKH�FXUUHQW�ZRUG�

LV�D�QXPEHU������WKH�FXUUHQW�ZRUG�KDV�D�GHFLPDO�QXPEHU������WKH�FXUUHQW�LV�D�XQLW��DQG�����WKH�FXUUHQW�

ZRUG�LV�D�V\PERO��6HPDQWLF�IHDWXUHV�FDQ�EH�GHILQHG�DV�D�OLVW�RI�VWRS�ZRUGV��D�OLVW�RI�DEEUHYLDWLRQV��

D�OLVW�RI�GRPDLQ�VSHFLILF�WHUPV�DQG�D�OLVW�RI�XQLWV�RI�PHDVXUHPHQW��6HPDQWLF�IHDWXUHV�FDQ�EH�XWLOL]HG�

LQ�ELQDU\�IXQFWLRQV�WR�VKRZ�WKH�SUHVHQFH�DEVHQFH�RI�WKH�ZRUG�DQG�LQ�IHDWXUH�IXQFWLRQV�WR�LQGLFDWH�

WKH�QDPH�RI�WKH�WHUPV� 

,Q�EHYHUDJH� LQGXVWU\��SDFNDJLQJ� LQIRUPDWLRQ�KDV� IUHTXHQWO\�XVHG�SDWWHUQV�� ,Q�SDFNDJLQJ�

VHJPHQWV��ZH�VXPPDUL]HG�DOO� WKH�SDWWHUQV�XVHG�IUHTXHQWO\��VXFK�DV�³�������R]´�ZKLFK�PHDQV���

SDFNV�� �� ERWWOHV� SHU� SDFN�� DQG� ��� R]� SHU� ERWWOH�� ³����PO´�� HWF��2WKHU� WKDQ� TXDQWLW\� DQG� XQLWV��

VHSDUDWRUV�DUH�DOVR�IUHTXHQWO\�XVHG��VXFK�DV�³�´�DQG�³�´��)RU�WKH�SXUSRVH�RI�VHPDQWLF�DQDO\VLV��SDUW�

RI�VSHHFK�WDJV�SOD\V�DQ�LPSRUWDQW�UROH�LQ�LGHQWLI\LQJ�PHDQLQJIXO�ZRUGV���,Q�RWKHU�ZRUGV��WKH�IHDWXUH�

VHWV� LQFOXGH� WKH� OLVW� RI� XQLWV�� TXDQWLWLHV�� QXPEHU� IRUPDWV� �VXFK� DV� ³GHFLPDO´�� ³GLJLWDO´�� HWF����

VHSDUDWRUV��DQG�326�WDJV��7KH�ZLQGRZ�ZH�GHILQH�LQFOXGH�WKH�SUHYLRXV��FXUUHQW��DQG�QH[W�ZRUGV��

)HDWXUH�IXQFWLRQV�GLUHFWO\�UHWXUQ�ZRUGV�LQVWHDG�RI�ELQDU\�YDOXHV��+RZHYHU��RQH�GUDZEDFN�RI�WKH�
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IHDWXUH�IXQFWLRQV�LV�WKDW��IRU�WKH�EHJLQQLQJ�DQG�WKH�HQG�RI�WKH�VHQWHQFHV��WKHUH�LV�QR�SUHYLRXV�ZRUGV�

RU�QH[W�ZRUGV��WKDW�FDXVH�WKH�ZRUGV�DW�WKH�EHJLQQLQJ�DQG�WKH�HQG�RI�WKH�VHQWHQFHV�VKRUW�RI�HQRXJK�

IHDWXUHV�WR�WXQH�WKH�SUREDELOLW\��:H�DOVR�DGG�WKH�EHJLQQLQJ��DQG�WKH�HQG�RI�WKH�VHQWHQFHV�IHDWXUHV�

WR�IHDWXUH�VHWV�WR�KHOS�DGMXVW�WKH�SUREDELOLW\�RI�WKH�ZRUGV�DW�WKH�EHJLQQLQJ�DQG�HQG�RI�WKH�VHQWHQFHV� 

�����([SHULPHQWV 

,Q� SUHSURFHVVLQJ�� ZH� EXLOW� D� WRNHQL]HU� WR� VFDQ� DQG� QRUPDOL]H� WKH� HQWLUH� GDWD� VHW�� 3UH�

IRUPDWWLQJ�SURFHVVHV�LQ�WKH�WRNHQL]HU�VSOLW�WH[W�LQWR�XQLIRUPHG�WRNHQV��8SSHU�FDVH�DQG�ORZHU�FDVH�

DUH�QRW�GLVWLQJXLVKHG��DQG�DOO�WH[W�LV�FRQYHUWHG�LQWR�XSSHU�FDVH��6SHFLDO�FKDUDFWHUV�DUH�ILOWHUHG�RXW��

6SHFLDO�SDWWHUQV�FDQ�EH�XQLTXHO\�IRUPDWWHG�LQWR�SUHGHILQHG�SDWWHUQV��)RU�H[DPSOH���������������������

������;��DQG���;����FDQ�EH�FRQYHUWHG�LQWR��������7KH�FRPELQDWLRQ�RI�TXDQWLWLHV�DQG�XQLWV�DUH�VSOLW�

LQWR� TXDQWLWLHV� DQG� XQLWV�� )RU� H[DPSOH�� ��$� DQG�$��� FDQ� EH� VSOLW� LQWR� ���$� DQG�$� ���� 7KH�

FRPELQDWLRQ�RI�XQLWV�FDQ�EH�VSOLW�LQWR�VHSDUDWHG�XQLWV��)RU�H[DPSOH��=�15��LQ�ZKLFK�=�PHDQV�2=�

IRU�RXQFHV��DQG�15�PHDQV�12�5(7851��FDQ�EH�FRQYHUWHG�LQWR�=���15��)RU�DEEUHYLDWLRQV��ZH�XVH�

D� FROOHFWLRQ� RI� DEEUHYLDWLRQV� WR� EXLOG� DQ� DEEUHYLDWLRQ� GLFWLRQDU\� DQG� VHDUFK� WKH� GLFWLRQDU\� WR�

FRQYHUW�DEEUHYLDWLRQV�WR�VWDQGDUGL]HG�XQLWV� 

 )RU�WDJJHU��ZH�XVH�D�PRGLILHG�YHUVLRQ�RI�1DWXUDO�/DQJXDJH�7RRONLW��1/7.��WDJJHU��WKDW�

SURGXFHV�SDUW�RI�VSHHFK��326��WDJV�IRU�ZRUGV�DQG�V\PEROV��7KH�WDJV�XVHG�DUH�3HQQ�7UHHEDQN�VW\OH��

+RZHYHU�� VRPH� WDJV�QHHG� WR� EH�PRGLILHG�EDVHG�RQ� WKH� GRPDLQ�NQRZOHGJH��)RU� H[DPSOH��$� LQ�

EHYHUDJH�LQGXVWU\�LV�WKH�QDPH�RI�WKH�XQLW���SDFN�VR�WKDW�LWV�326�WDJ�LV�11�ZKLFK�PHDQV�D�QRXQ��

LQVWHDG�RI�'7�ZKLFK�PHDQV�D�GHWHUPLQHU��VXFK�DV�D��WKH��HWF� 

3DFNDJLQJ� LQIRUPDWLRQ� FDQ� EH� H[WUDFWHG� DXWRPDWLFDOO\� WKURXJK� 1DWXUDO� /DQJXDJH�

3URFHVVLQJ��1/3���HVSHFLDOO\�E\�XVLQJ�&RQGLWLRQDO�5DQGRP�)LHOGV��&5)��PRGHO��&5)�LV�D�ORFDO�

DOJRULWKP�WKDW�GRHV�QRW�XVH�WKH�FRQVWUDLQWV�IRXQG�LQ�WKH�+LGGHQ�0DUNRY�0RGHO��+00���WKDW�PDNHV�
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LW�SRVVLEOH�WR�XVH�ORFDO�LQIRUPDWLRQ�WR�PDNH�SUHGLFWLRQV��&5)�FDQ�HIILFLHQWO\�VHJPHQW��DQG�ODEHO�

VHTXHQFHV�EDVHG�RQ�VHQWHQFH�FRQWH[W�DQG�WKH�DGMDFHQW�ZRUGV�ZLWKLQ�WKH�VHQWHQFH��VLPLODUO\�WR�KRZ�

SHRSOH�QDWXUDOO\�UHDG�DQG�ZULWH��,Q�)LJXUH�����LV�HQWLW\�H[WUDFWLRQ�SURFHVV� 

 

)LJXUH������(QWLW\�([WUDFWLRQ�3URFHVV 

 

,Q�RXU�SUREOHP��;�LV�WKH�VHW�RI�ZRUGV��DOVR�FDOOHG�WKH�REVHUYDWLRQ�VHTXHQFHV��DQG�<�LV�WKH�

VHW�RI�ODEHOV��DOVR�FDOOHG�WKH�ODEHO�VHTXHQFH�WKH�XQNQRZQ�KLGGHQ�VWDWH�YDULDEOHV��,Q�WH[W��HDFK�ODEHO�

\L�LV�D�YHUWH[��7KH�WUDQVDFWLRQ�EHWZHHQ�WKH�DGMDFHQW�ODEHOV��\L���DQG�\L��LV�WKH�HGJH�HL��)RU�H[DPSOH��

;�FDQ�EH�³3DWURQ�6LOYHU�7(4����3URRI����3DFN�����PO´��DQG�<�FDQ�EH�³2�2�3$&.�3$&.�2�3$&.�

3$&.�3$&.�3$&.´�� )RU� WKLV� DSSOLFDWLRQ�� LW� LQFOXGHV� µ2¶� �EDFNJURXQG� V\PERO��� DQG� µ3$&.¶�

�SDFNLQJ�IHDWXUHV��� 

,Q�WKH�&5)�PRGHO��ZH�FDQ�GHILQH�DUWLILFLDO�IHDWXUHV�EDVHG�RQ�FRQWH[W���0DQ\�SDSHUV�GLVFXVV�

KRZ�WR�GHILQH�IHDWXUHV��7KHUH�DUH�VHYHUDO�GLIIHUHQW�NLQGV�RI�IHDWXUHV��VXFK�DV�JOREDO��ORFDO��3DUW�2I�

6SHHFK��326��WDJV��ELJUDP��DFURQ\PV��ZRUG�VKDSH��SUHYLRXV�ZRUG��QH[W�ZRUG��DQG�FXUUHQW�ZRUG�

IHDWXUHV�� 

)RU�SDFNDJLQJ�LQIRUPDWLRQ��ZH�ZDQW�WR�SURPRWH�XQLWV��TXDQWLW\��DQG�WKH�VHJPHQWV�RI�WKH�

TXDQWLW\�DQG�XQLWV��7KH�DUELWUDU\�IHDWXUHV�ZH�GHILQHG�DUH�EDVHG�RQ�WKH�SURSHUWLHV�RI�FXUUHQW�ZRUGV�

DQG�WKH�SURSHUWLHV�RI�SUHYLRXV�DQG�QH[W�ZRUGV��,Q�RWKHU�ZRUGV��ZH�XVH�ZRUGV�DQG�UHODWLRQVKLSV�

EHWZHHQ�ZRUGV�WR�GHILQH�DUELWUDU\�IHDWXUHV��6RPH�XQLWV�FDQ�EH�VSHOOHG�LQ�VHYHUDO�GLIIHUHQW�ZD\V�

WKDW�FDQ�FDXVH�V\QRQ\P�LVVXHV��7KRVH�ZRUGV�DUH�QRW�LQFOXGHG�LQ�WKH�DUELWUDU\�IHDWXUH�VHW��+RZHYHU��

7H[W 

3UH�SURFHVVLQJ 

)HDWXUH�

([WUDFWLRQ 
&5) 

(QWLW\ 

3RVW�SURFHVVLQJ 



 ��� 

GXULQJ�WUDLQLQJ��WKH�SUREDELOLW\�RI�WKRVH�ZRUGV�FDQ�EH�SURPRWHG�E\�WKHLU�DGMDFHQW�QHLJKERUV��:H�

OLVW�VHOHFWHG�IHDWXUHV�LQ�7DEOH����� 

 

7DEOH������8VDJH�RI�)HDWXUHV�LQ�)HDWXUH�:LQGRZV�LQ�3DFNDJLQJ�,QIRUPDWLRQ�([WUDFWLRQ 

)HDWXUHV 8VDJH 

 &XUUHQW 3UHYLRXV 1H[W 

8QLWV <HV 6XEVHW 6XEVHW 

6HSDUDWRUV <HV <HV <HV 

'HFLPDOV <HV 1R 1R 

1XPEHUV <HV 1R 1R 

326��3DUW�2I�6SHHFK��WDJV <HV <HV <HV 

326�WDJV��ILUVW�WZR�OHWWHUV� <HV 1R 1R 

%26��%HJLQQLQJ�2I�6HQWHQFH� <HV 1R 1R 

(26��(QG�2I�6HQWHQFH� <HV 1R 1R 

  

,Q� D� &5)�� JLYHQ� WKH� REVHUYDWLRQ� VHTXHQFH� ;�� HDFK� GLVFUHWH� UDQGRP� YDULDEOH�<� FDQ� EH�

FRQGLWLRQDOO\�FRPSXWHG�XQGHU�WKH�FRQWH[W��,Q�SULQFLSOH��EHFDXVH�&5)�LV�D�0DUNRY�OLNH�PRGHO�VR�

WKDW�WKH�OD\RXW�RI�WKH�JUDSK�FDQ�EH�DUELWUDU\��KRZHYHU��IRU�WH[W�PLQLQJ��WKH�YHUWH[�\L�DUH�FRQVWUXFWHG�

WR� IRUP� D� FKDLQ�ZLWK� DQ� HGJH� EHWZHHQ� YHUWH[� \Lí�� DQG� YHUWH[� \L�� *LYHQ� \L� DV� �ODEHO�� IRU� HDFK�

REVHUYDWLRQ�[L�LQ�WKH�LQSXW�VHTXHQFH��ZH�QHHG�WR�FRPSXWH�����WKH�FRQGLWLRQDO�GLVWULEXWLRQV�EHWZHHQ�

\L� DQG� LWV�QHLJKERUV�EDVHG�RQ� IHDWXUH� IXQFWLRQV� ���� WKH�SUREDELOLW\�RI�D�\L�JLYHQ�[L��DQG� ���� WKH�

PD[LPXP�SUREDELOLW\�RI�WKH�ODEHO�VHTXHQFH�<�JLYHQ�;�� 

  



 ��� 

$�ODEHO�VHTXHQFH�FRQVLVWV�RI�VHYHUDO�ODEHOV�IRU�WKH�IHDWXUHV��(DFK�IHDWXUH�FDQ�EH�ODEHOHG�DV�

GLIIHUHQW�V\PEROV�ZLWK�GLIIHUHQW�SUREDELOLWLHV��:H�VHOHFW�WKH�PD[LPXP�SUREDELOLW\�RI�WKH�IHDWXUH�DV�

WKH� IHDWXUH� SUREDELOLW\��7KH� FRPELQDWLRQ� RI� DOO� WKH� IHDWXUH¶V� SUREDELOLWLHV� LQ� D� VHTXHQFH� LV� WKH�

SUREDELOLW\� RI� WKH� JLYHQ� ODEHO� VHTXHQFH��7KH�PRVW� SRVVLEOH� VHTXHQFH�ZDV� FDOFXODWHG� XVLQJ� WKH�

9LWHUEL�DOJRULWKP�>���@��WKDW�FDQ�EH�XVHG�WR�ILQG�WKH�PD[LPXP�SUREDELOLW\�RI�WKH�IHDWXUH�VHTXHQFH��

7KH�ZHDNQHVV�RI�WKLV�PHWKRG�LV�WKDW�DGGLQJ�IHDWXUH�VHWV�PDNHV�WKH�WRWDO�GDWD�VHW�VL]H�PDQ\�WLPHV�

ODUJHU�WKDQ�WKH�RULJLQDO�GDWD�VHW���+RZHYHU��EHFDXVH�&5)�LV�D�ORFDO�DOJRULWKP��RQO\�ORFDO�ZLQGRZV�

QHHG�WR�EH�ORDGHG�LQWR�PHPRU\�VR�WKDW�WKH�VSDFH�FRVW�IRU�HDFK�FRPSXWDWLRQ�LV�OLPLWHG�� 

:KHQ�ZH�WUDLQHG�WKH�&5)�PRGHOV��WKH�IHDWXUH�VHW�FRQVLVWHG�RI�SUHYLRXV�ZRUGV��QH[W�ZRUGV��

FXUUHQW�ZRUGV��DQG�ZRUG�IRUPDW��:H�XVHG�WKH�&5)�PRGHO�WR�FDOFXODWH�WKH�ZHLJKWV�RI�DOO�WKH�IHDWXUHV��

)RU�WHVWLQJ��ZH�XVHG�WKH�VXP�RI�DOO�WKH�IHDWXUHV�DV�WKH�SUREDELOLW\�RI�WKH�FXUUHQW�ZRUG��,I�WKH�FXUUHQW�

ZRUG�LV�PLVODEHOHG�LQ�WUDLQLQJ��VXSSRVH�WKH�ZHLJKW�RI�WKH�FXUUHQW�ZRUG�LV����EXW�WKH�ZHLJKWV�RI�WKH�

SUHYLRXV�ZRUG��QH[W�ZRUG��DQG�ZRUG�W\SH�IHDWXUHV�PD\�QRW�EH����,Q�WKLV�ZD\��HYHQ�WKRXJK�VRPH�

ZRUGV�DUH�QRW�WUDLQHG��ZH�FDQ�XVH�&5)�PRGHO�WR�ODEHO�WKHP�ZLWK�D�KLJK�SUREDELOLW\� 

:H� XVH� DOFRKRO� SURGXFW� GHVFULSWLRQV� IURP� ERWK� PDQXDO� LQSXW�

�352'8&7B3$<0(17B'$7$��DQG�PDVWHU�FDWDORJ�LQSXW��30$67(5���(DFK�VHW�KDV�����PLOOLRQ�

UHFRUGV��+RZHYHU��352'8&7B3$<0(17B'$7$�KDV�PRUH�UDQGRP�LQIRUPDWLRQ�LQ�LW�EHFDXVH�LW�

LV�UHDO�ZRUOG�GDWD��30$67(5�GDWD�LV�PDQXDOO\�FOHDQHG�DQG�XVXDOO\�IROORZV�WKH�VDPH�IRUPDW��WKH�

QXPEHU�RI�SDFNV�QXPEHU�RI�ERWWOHV�SHU�SDFN�YROXPH�SHU�ERWWOH��FRQWDLQHU�LQIRUPDWLRQ��SDFNDJH�

LQIRUPDWLRQ��,Q�WHUPV�RI�IHDWXUH�HQJLQHHULQJ��LW�LV�HDVLHU�WR�SURPRWH�IHDWXUHV�LQ�30$67(5�GDWD��,Q�

WHUPV�RI�WUDLQLQJ�VDPSOHV��VLQFH�352'8&7B3$<0(17B'$7$�KDV�PRUH�UDQGRP�GHVFULSWLRQV��LW�

UHTXLUHV�D�ODUJHU�VDPSOH�VHW�WR�FRYHU�DOO�WKH�YDULDQWV� 

  



 ��� 

$V�SUHYLRXVO\�PHQWLRQHG��VLQFH�WKH�RXWSXW�UHVXOWV�ZLOO�EH�XVHG�WR�YHULI\�LQYRLFHV��ZH�UHTXLUH�

WKH�UHVXOWV�KDYH�D�KLJK�DFFXUDF\�VR�WKDW�WKH�UHVXOWV�FDQ�SOD\�WKH�UROH�RI�WUXVWHG�HYLGHQFH��,Q�RUGHU�

WR�PHHW�WKLV�UHTXLUHPHQW��ZH�GLYLGH�WKH�GDWD�LQWR�WKUHH�VXEVHWV�EDVHG�RQ�UDQGRPQHVV�RI�WKH�LQSXW� 

1. �7KHUH�LV�QR�TXDQWLW\�LQIRUPDWLRQ�LQ�LW� 

2. 7KHUH�LV�RQH�QXPEHU�RU�³3$&.�&$6(�92/80(´�SDWWHUQ�LQ�WKH�GHVFULSWLRQ�WKDW�LV�DOVR�

IROORZHG�E\�XQLWV�ZLWK�QR�DPELJXRXV�VKRUWKDQG�� 

3. 7KH�UHPDLQLQJ�GDWD�ZLOO�KDYH�ERWK�PXOWLSOH�TXDQWLWLHV�DQG�PXOWLSOH�XQLWV�LQ�LW��4XDQWLWLHV�

DQG�XQLWV�DUH�ORRVHO\�FRXSOHG��6RPH�XQLWV�PD\�EH�VSHOOHG�LQ�GLIIHUHQW�ZD\V�DQG�VRPH�RI�WKH�

VKRUWKDQG�PD\�KDYH�PXOWLSOH�PHDQLQJV��6RPH�QXPEHUV�GRQ¶W�QHHG�WR�EH�H[WUDFWHG�EHFDXVH�

WKH\�DUH�HLWKHU�SDUW�RI�WKH�SURGXFW�QDPHV�RU�XQUHODWHG�LQIRUPDWLRQ�� 

 

)LJXUH�������7RS����)HDWXUHV�IRU�3$&.�&ODVV��3DFNLQJ�,QIRUPDWLRQ��DQG�2�&ODVV��2WKHUV� 



 ��� 

,Q�)LJXUH������ZH�FDQ�VHH�WKH�WRS�IHDWXUHV�IRU�SDFNLQJ�FODVV��VXFK�DV�3$&.��2=��&2817��

%277/(��DQG�VRPH�IUHTXHQWO\�XVHG�TXDQWLWLHV�IRU�SDFNLQJ��,Q�WRS�IHDWXUHV�IRU�EDFNJURXQG��ZH�FDQ�

VHH�QRQ�XQLWV��VXFK�DV�11��1��$��,1��DQG�SURRI�UHODWHG�TXDQWLWLHV��7KHVH�ZHLJKWV�RI�WKH�IHDWXUHV�

FDQ�HIILFLHQWO\�SURPRWH�WKH�VLJQLILFDQFH�RI�WKH�SDFNLQJ�LQIRUPDWLRQ�DQG�VXSSUHVV�WKH�EDFNJURXQG�

LQIRUPDWLRQ�� 

:H�EXLOG�&5)�PRGHOV�IRU�ERWK�OHYHO���DQG�OHYHO���DQG�WHVW�WKHP�VHSDUDWHO\��7KH�WHVWLQJ�

SURFHVV�LV�GHILQHG�DV�WKH�IROORZLQJ� 

1. 6WHS����:H�XVH�D�&5)�PRGHO�WR�PDNH�SUHGLFWLRQV�RQ�OHYHO���GDWD�DQG�OHYHO���SDFNLQJ�GDWD� 

2. 6WHS����:H�XVH�UHJXODU�H[SUHVVLRQ�WR�FRXQW��IRU�HDFK�UHFRUG��KRZ�PDQ\�QXPEHUV�DUH�LQ�WKH�

RULJLQDO�GHVFULSWLRQ�DQG�KRZ�PDQ\�QXPEHUV�DUH�H[WUDFWHG��,I�WKHUH�LV�D�GLIIHUHQFH�EHWZHHQ�

WKH�WZR�FRXQWV��ZH�PDQXDOO\�YHULI\�WKH�UHFRUG�WR�PDNH�VXUH�WKH�TXDQWLW\�DQG�WKH�XQLWV�DUH�

H[WUDFWHG�FRUUHFWO\� 

:KHQ�DOO�WKH�TXDQWLWLHV�DUH�H[WUDFWHG�IURP�WKH�GHVFULSWLRQV�LQ�ERWK�OHYHO���DQG�OHYHO���GDWD��

WKH�XQLWV�DUH�FRUUHVSRQGLQJO\�H[WUDFWHG�FRUUHFWO\� 

7KH�TXDQWLWLHV� WKDW�GR�QRW�JHW�H[WUDFWHG�IURP�WKH�OHYHO���GDWD�GHVFULSWLRQV�DUH�UHODWHG�WR�

SURRIV�DQG�YLQWDJHV��,Q��������UHFRUGV�����������LV�H[WUDFWHG�LQFRUUHFWO\���7KH�PLVFODVVLILHG�UHVXOWV�

IURP�GHVFULSWLRQV�DUH�EHFDXVH�WKH\�KDYH�RQO\�RQH�RU�WZR�QXPEHUV��RU�GR�QRW�KDYH�XQLWV��RU�DUH�WRR�

VKRUW��)RU� OHYHO���GDWD�� WKHUH�DUH�YDULRXV� UHDVRQV�DV� WR�ZK\�ZH� UHFHLYH� LQFRUUHFW� UHVXOWV��6RPH�

QXPEHUV�FDQ�EH�GLUHFWO\�H[FOXGHG�IURP�GHVFULSWLRQV��VXFK�DV�DOFRKRO�SURRIV��YLQWDJHV��DQG�PRVW�RI�

WKH�QXPEHUV�LQ�EUDQG�QDPHV��:KHQ�WKH�QXPEHUV�DUH�IUHTXHQWO\�XVHG�LQ�ERWK�SDFNDJLQJ�LQIRUPDWLRQ�

DQG�EDFNJURXQG�LQIRUPDWLRQ��WKRVH�QXPEHUV�FDQ�KDYH�KLJKHU�SUREDELOLW\�WR�EH�ODEHOHG�DV�³3$&.´��

7KH�IUHTXHQF\�RI�WKLV�KDSSHQLQJ�LV����������� 

  



 ��� 

7KH�PRGHO�ZDV�ERWK�WUDLQHG�DQG�HYDOXDWHG�RQ���������VDPSOHV�ZLWK�PHDVXUHPHQWV��VXFK�

DV�SUHFLVLRQ��UHFDOO�DQG�)��VFRUH��7KH�RYHUDOO�FURVV�YDOLGDWLRQ�DFFXUDF\�LV�������������DQG�RWKHU�

PHDVXUHPHQWV�FDQ�DOVR�UHDFK��������IRU�ERWK�³3$&.´�FODVV�DQG�³2´�FODVV��DV�OLVWHG�LQ�7DEOH������ 

 

7DEOH������3HUIRUPDQFH�RI�&5)�RQ���������6DPSOHV� 

  Precision Recall F1-score 

O 0.99998932 0.99993059 0.99995996 

PACK 0.99996233 0.9999942 0.99997827 

macro avg 0.99997583 0.9999624 0.99996911 

weighted avg 0.99997183 0.99997183 0.99997183 

 

:H�DOVR�FRPSDUHG�WKH�SHUIRUPDQFH�RI�RXU�PRGHO�ZLWK�D�GHHS�OHDUQLQJ�PRGHO��FDOOHG�EL�

GLUHFWLRQDO� /RQJ� 6KRUW�7HUP� 0HPRU\� �%L�/670��� :H� WUDLQHG� DQG� HYDOXDWHG� %L�/670� RQ�

FKDUDFWHU�OHYHOV�ZLWK���������VDPSOHV��,Q�)LJXUH������DIWHU����LWHUDWLRQV��WKH�DFFXUDF\�RQ�WHVWLQJ�

VHW�ZDV�������DQG�RQ�YDOLGDWLRQ�VHW�ZDV������ 

7KH�&5)�PRGHO�ZLWK�DUELWUDU\�IHDWXUHV�ZDV�PRUH�DFFXUDWH�WKDQ�%L�/670�PRGHO��+RZHYHU��

LQ�H[SHULPHQWDO�UHVXOWV��&5)�PRGHO�PLJKW�IDLO�DW�WKH�EHJLQQLQJ�RI�WKH�VHQWHQFHV�DQG�WKH�HQG�RI�WKH�

VHQWHQFHV��EXW�%L�/670�PLJKW�IDLO�UDQGRPO\�DQ\ZKHUH�LQ�WKH�VHQWHQFHV��,Q�RWKHU�ZRUGV��WKH�UHVXOWV�

RI� WKH� &5)�PRGHO� ZHUH�PRUH�PHDQLQJIXO� DQG� IRUPHG� FRPSOHWH� VHQWHQFHV�� EXW� %L�/670� FDQ�

UDQGRPO\�EUHDN�VHQWHQFHV��,Q�WHUPV�RI�PDFKLQH�OHDUQLQJ��WKH�UHVXOWV�RI�WKH�&5)�PRGHO�ZHUH�EHWWHU�

WKDQ�%L�/670�EHFDXVH�WKH�ZHDNQHVVHV�RI�WKH�PRGHO�DUH�PRUH�WUDFNDEOH�DQG�FDQ�EH�IL[HG�LQ�SRVW�

SURFHVVLQJ� 

 



 ��� 

 

)LJXUH������3HUIRUPDQFH�RI�%L�/670�0RGHO 

 

�����&RQFOXVLRQ 

:H�GHILQHG�D�IHDWXUH�H[WUDFWLRQ�PHWKRGRORJ\�IRU�WKH�&5)�PRGHO�WR�H[WUDFW�TXDQWLW\�DQG�

XQLWV�IURP�DOFRKRO�SURGXFW�GHVFULSWLRQV��%DVHG�RQ�WKH�FKDUDFWHULVWLFV�RI�WKH�GDWD�VHW��VXFK�DV�VKRUW�

VHQWHQFHV��YDULRXV�IRUPDWV��DQG�PDQ\�XQODEHOHG�IHDWXUHV��ZH�GHFLGHG�WR�XVH�&5)�WR�VHJPHQW�WH[W�

VHTXHQFHV�DQG�WR�ODEHO�XQLWV�DQG�TXDQWLWLHV�LQ�WKH�WH[W�VHTXHQFHV��4XDQWLW\�DQG�XQLW�IHDWXUHV�FDQ�EH�

GLYLGHG� LQWR� VHYHUDO� FDWHJRULHV�� VXFK� DV� VWURQJ�� DPELJXRXV�� DQG� XQUHODWHG� IHDWXUHV��:H� GHVLJQ�

IHDWXUH�H[WUDFWLRQ�IXQFWLRQV�WR�SURPRWH�TXDQWLW\��DQG�XQLW��UHODWHG�IHDWXUHV�DQG�XVH�WKRVH�IHDWXUHV�

WR�LGHQWLI\�DPELJXRXV�IHDWXUHV�EDVHG�RQ�WKH�FRQWH[W��,Q�H[SHULPHQWV��LQ�RUGHU�WR�PDNH�LW�SRVVLEOH�

WR�YHULI\�HDFK�RQH�RI�WKH�UHVXOWV��ZH�SDUWLWLRQ�WKH�GDWD�LQWR�WKUHH�OHYHOV�RI�VXEVHWV��)RU�HDFK�VXEVHW��

ZH�IRFXV�RQ�VSHFLILF�LQFRUUHFW�UHVXOWV�DQG�GHWHUPLQH�ZD\V�WR�VROYH�WKHP�� 

%\�XVLQJ�WKH�IHDWXUH�H[WUDFWLRQ�IXQFWLRQ�GHILQHG�IRU�WKH�&5)�PRGHO��ZKHQHYHU�TXDQWLWLHV�

DUH�H[WUDFWHG�FRUUHFWO\��LQ�WKH�VDPH�UHFRUGV��WKH�XQLWV�FDQ�DOVR�EH�H[WUDFWHG�FRUUHFWO\��7KH�TXDQWLWLHV�

 



 ��� 

H[WUDFWHG�LQFRUUHFWO\�DUH�PRVW�OLNHO\�EHFDXVH�WKHUH�LV�QR�XQLW�LQ�WKH�GHVFULSWLRQ��,Q�RWKHU�ZRUGV��WKH�

GHVFULSWLRQ�LV�WRR�VKRUW�WR�SURYLGH�HQRXJK�VWURQJ�IHDWXUHV�WR�SURPRWH�WKH�TXDQWLWLHV��RU�PRVW�OLNHO\��

WKH� TXDQWLW\� LV� UDUHO\� XVHG� LQ� RWKHU� GHVFULSWLRQV��7KLV� SUREOHP� FDQ� EH� VROYHG� E\� DGGLQJ�PRUH�

WUDLQLQJ�VDPSOHV��DQG�HVSHFLDOO\�E\�DGGLQJ�LQFRUUHFWO\�ODEHOHG�GDWD�LQWR�WKH�VDPSOH�VHW��$IWHU�PRUH�

VDPSOHV�DUH�DGGHG�WR�WKH�WUDLQLQJ�VHW��DOO�TXDQWLWLHV�DQG�XQLWV�DSSHDU�HTXDOO\�IUHTXHQW��DQG�WKH�ELDV�

LVVXH�FDQ�EH�IL[HG� 

:H�FRQGXFWHG�H[SHULPHQWV�WR�WHVW�WKH�SHUIRUPDQFH�RI�WKH�&5)�PRGHO�ZLWK�WKH�DUELWUDU\�

IHDWXUHV� ZH� GHILQHG��:H� DOVR� FRPSDUHG� WKH� PRGHO� ZLWK� %L�/670� GHHS� OHDUQLQJ� PRGHO�� 7KH�

H[SHULPHQWDO�UHVXOWV�VKRZHG�WKDW�WKH�&5)�PRGHO�SHUIRUPHG�EHWWHU�WKDQ�%L�/670��$OVR��LQ�SUDFWLFH��

WKH�ZHDNQHVV�RI�WKH�&5)�PRGHO�FDQ�EH�IL[HG�LQ�SRVW�SURFHVVLQJ��EXW�WKH�ZHDNQHVV�RI�%L�/670�

PRGHO�ZDV�QRW�WUDFNDEOH�DQG�FDQQRW�EH�IL[HG�HDVLO\�� 

  



 ��� 

 
 
 
 
 

Chapter 7:  Classification on Social Network 
 
�����,QWURGXFWLRQ 

1DWXUDO�ODQJXDJH�LV�WKH�PRVW�FRPPRQ�ZD\V�WR�SUHVHQW�LQIRUPDWLRQ�LQ�GLIIHUHQW�ILHOGV��LQ�

GLIIHUHQW� SHUVSHFWLYHV� DQG� LQ� GLIIHUHQW� FLUFXPVWDQFHV� VR� WKDW� WH[W� EHFRPHV� D� ULFK� VRXUFH� RI�

LQIRUPDWLRQ�� +RZHYHU�� ZLWK� WKH� GHYHORSPHQW� RI� LQIRUPDWLRQ� WHFKQRORJ\�� WKH� DPRXQW� RI�

GRFXPHQWDWLRQ�EHFRPHV�LPSRVVLEOH�IRU�KXPDQ�WR�KDQGOH��:H�QHHG�WR�WDNH�DGYDQWDJH�RI�FRPSXWHUV�

WR�KHOS�DXWRPDWLFDOO\�XQGHUVWDQG�GRFXPHQWDWLRQ��JURXS�GRFXPHQWDWLRQ�LQWR�GLIIHUHQW�FDWHJRULHV��

WRSLFV��DQG�VXEMHFWV�XQWLO�WKH�WRWDO�DPRXQW�RI�LQIRUPDWLRQ�LV�FDSDEOH�IRU�KXPDQ�WR�KDQGOH� 

7H[W�PLQLQJ�FDQ�EH�DSSOLHG�WR�TXHVWLRQ�DQVZHULQJ��VSDP�GHWHFWLRQ��VHPDQWLF�DQDO\VLV��QHZV�

FDWHJRUL]DWLRQ��LQWHQW�FODVVLILFDWLRQ��WR�QDPH�D�IHZ��)RU�GLIIHUHQW�DSSOLFDWLRQV��WH[W�GDWD�FDQ�FRPH�

IURP�GLIIHUHQW�VRXUFHV��VXFK�DV�ZHE�SDJHV��HPDLOV��FKDWV��VRFLDO�PHGLD��WLFNHWV��SURGXFW�GHVFULSWLRQV��

LQYRLFHV��LQVXUDQFH�FODLPV��XVHU�UHYLHZV�DQG�VR�RQ���'XH�WR�WKH�XQVWUXFWXUHG�QDWXUH��LW�LV�FKDOOHQJLQJ�

DQG�WLPH�FRQVXPLQJ�WR�H[WUDFW�LQIRUPDWLRQ��HVSHFLDOO\�FRQWH[W�GHSHQGHQW�WHUPV�IURP�WH[WV� 

+RZHYHU�� WKHUH� DUH� ORWV� RI� RSHQ� LVVXHV� DQG� FKDOOHQJHV� LQ� WH[W� PLQLQJ�� )RU� H[DPSOH��

PXOWLOLQJXDO�WH[W�GRFXPHQWDWLRQ�UHTXLUHV�WH[W�UHILQLQJ�DOJRULWKPV�WR�SURFHVV�WKH�PXOWLSOH�ODQJXDJHV�

DQG�ODQJXDJH�LQGHSHQGHQW�LQWHUPHGLDWH�GDWD��$OVR��SHUVRQDOL]HG�DXWRQRPRXV�PLQLQJ�JLYHV�ULVH�WR�

QHZ� DSSOLFDWLRQV�� VXFK� DV� XVHU� SURILOLQJ�� QDWXUDO� ODQJXDJH� TXHU\� LQWHUSUHWDWLRQ�� DQG� LQWHOOLJHQW�

SHUVRQDO�DVVLVWDQWV��$QRWKHU�FKDOOHQJH�LV�WKDW�WKH�LQWHJUDWLRQ�RI�GRPDLQ�NQRZOHGJH�FRXOG�SOD\�DQ�

LPSRUWDQW�UROH�LQ�WH[W�PLQLQJ��'RPDLQ�NQRZOHGJH�FDQ�KHOS�VSHHG�XS�WH[W�SURFHVVLQJ�DQG�LQFUHDVH�

WKH�SUHFLVLRQ�RI�WKH�UHVXOWV��'RPDLQ�VSHFLILF�NQRZOHGJH�H[WUDFWLRQ�UHTXLUHV�VHPDQWLF�DQDO\VLV�WR�

H[WUDFW�WKH�DVVRFLDWLRQ�EHWZHHQ�WKH�REMHFWV�RU�FRQFHSWV�LQ�WKH�GRFXPHQWDWLRQ�� 
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7\SLFDO�WH[W�FODVVLILFDWLRQ�XVHV�PDFKLQH�OHDUQLQJ�WHFKQRORJ\�WR�SHUIRUP�1DWXUDO�/DQJXDJH�

3URFHVVLQJ��1/3��DQG�WR�DVVLJQ�ODEHOV�RU�WDJV�WR�WH[WXDO�XQLWV��VXFK�DV�WHUPV��VHQWHQFHV��SDUDJUDSKV��

GRFXPHQWV��DQG�TXHULHV��1RUPDOO\��PDFKLQH�OHDUQLQJ�EDVHG�PHWKRGRORJ\�GRHV�FODVVLILFDWLRQ�LQ�WZR�

VWHSV��RQH� LV� WR� VHOHFW� LQWHUHVWLQJ� IHDWXUHV�� WKH�RWKHU� LV� WR� IHHG� IHDWXUHV� LQWR�FODVVLILHUV� WR�PDNH�

SUHGLFWLRQV��'LIIHUHQW�IURP�WUDGLWLRQDO�PDFKLQH�OHDUQLQJ��GHHS�OHDUQLQJ�WUDLQV�ZRUG�HPEHGGLQJV�DV�

WKH�VWDUWLQJ�SRLQW�RI�WKH�FODVVLILFDWLRQ��7KLV�HIILFLHQWO\�VROYHV�WKH�LVVXHV�LQ�IHDWXUH�HQJLQHHULQJ�DQG�

PDNHV�LW�SRVVLEOH�WR�DSSO\�PDFKLQH�OHDUQLQJ�IRU�PDQ\�DSSOLFDWLRQV� 

,Q� WHUPV�RI�GDWD�PRGHOLQJ�� WH[W�FODVVLILFDWLRQ�FDQ�EH�GLYLGHG�LQWR�WZR�FDWHJRULHV��RQH� LV�

EDVHG�RQ�PD[LPXP�OLNHOLKRRG��WKH�RWKHU�LV�EDVHG�RQ�PLQLPXP�HQHUJ\��)RU�PD[LPXP�OLNHOLKRRG�

EDVHG�PHWKRGRORJ\��ZH�KDYH�1DLYH�%D\HV��6XSSRUW�9HFWRU�0DFKLQHV��690���HWF��)RU�HQHUJ\�EDVHG�

PHWKRGRORJ\��ZH�KDYH�+LGGHQ�0DUNRY�0RGHO��+00���&RQGLWLRQDO�5DQGRP�)LHOGV�PRGHO��&5)���

HWF��7KH�GLIIHUHQFH�EHWZHHQ�WKH�WZR�FDWHJRULHV�LV�QRW�RQO\�LQ�WKH�WHFKQLFDO�GHWDLOV�EXW�DOVR�LQ�KRZ�

PDQ\� ODQJXDJH�SDWWHUQV� FDQ�EH�PRGHOHG��1RUPDOO\��PD[LPXP� OLNHOLKRRG�EDVHG�PHWKRGRORJLHV�

FRQVLGHU� ZRUGV� DUH� LQGHSHQGHQW� WRNHQV� DQG� XVH� %DJ� RI�:RUGV� �%R:�� WR� EXLOG� VDPSOH� VHWV��

0LQLPXP�HQHUJ\�EDVHG�PHWKRGRORJLHV�FDQ�QRW�RQO\�ILW�PRGHOV�ZLWK�LQGLYLGXDO�ZRUGV�EXW�DOVR�WKH�

DVVRFLDWLRQV�EHWZHHQ�ZRUGV��ZKLFK�PDNH�LW�SRVVLEOH�WR�FRQGXFW�VHPDQWLF�DQDO\VLV��'HHS�OHDUQLQJ�

LV�D�VHSDUDWH�DUFKLWHFWXUH�ZKLFK�WUDLQV�ZRUG�HPEHGGLQJV�DQG�WKH�FODVVLILFDWLRQ�OD\HU�LV�WKH�ODVW�OD\HU�

LQ�WKH�DUFKLWHFWXUH� 

'HHS�/HDUQLQJ� DUFKLWHFWXUH� LV� EXLOW� XSRQ� QHXUDO� QHWZRUNV��1HXUDO� DSSURDFKHV� KDYH� WKH�

DGYDQWDJH�RI�RYHUFRPLQJ�WKH�OLPLWDWLRQV�RI�IHDWXUH�HQJLQHHULQJ��:RUG�HPEHGGLQJV�FRQYHUW�LQSXW�

WH[WV�LQWR�DQ�LPSRUWDQFH�YHFWRU�LQ�ZKLFK�VRPH�ZRUGV�KDYH�KLJKHU�VLJQLILFDQFH��DQG�VRPH�ZRUGV�

KDYH�ORZHU�VLJQLILFDQFH��,Q�WKLV�ZD\��WKH�ZRUGV�ZLWK�KLJKHU�VLJQLILFDQFH�FDQ�FRQWULEXWH�PRUH�WR�

FODVVLILFDWLRQ�SURFHVV�DQG�WKH�ZRUGV�ZLWK�ORZHU�VLJQLILFDQFH�FDQ�FRQWULEXWH�OHVV�WR�FODVVLILFDWLRQ�
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SURFHVV��,W� LV�RSWLRQDO� WR�UHGXFH�WKH�QXPEHU�RI�GLPHQVLRQV�EXW��ZKHQ�WKH�ZRUG�HPEHGGLQJV�DUH�

EXLOW��IHDWXUH�HQJLQHHULQJ�LV�GRQH�� 

(PEHGGLQJ�PRGHOV�KDYH�D�ORQJ�KLVWRU\��7KH�HDUOLHVW�HPEHGGLQJ�PRGHO�LV�/DWHQW�6HPDQWLF�

$QDO\VLV� �/6$�� >��@�� /6$� LV� EDVHG� RQ� GLPHQVLRQ� UHGXFWLRQ�� 7KH� GLPHQVLRQV� ZLWK� ODUJHU�

(LJHQYDOXHV� DUH� FRQVLGHUHG� PRUH� VLJQLILFDQW� DQG� FDQ� EH� NHSW�� 7KH� GLPHQVLRQV� ZLWK� VPDOOHU�

(LJHQYDOXHV�DUH�FRQVLGHUHG�OHVV�VLJQLILFDQW�DQG�FDQ�EH�UHPRYHG��7KH�QHXUDO�QHWZRUN�PRGHO�ZDV�

SURSRVHG�LQ�>��@�DQG�ZDV�EDVHG�RQ�D�IHHG�IRUZDUG�QHXUDO�QHWZRUN�� 

+RZHYHU��WKH�HDUO\�HPEHGGLQJ�PRGHOV�XQGHUSHUIRUP�FODVVLFDO�PRGHOV�VR�WKDW�WKH\�ZHUH�QRW�

JHQHUDOO\� XVHG�� ,Q� ������ *RRJOH� SURSRVHG� ZRUG�YHF� >���@>���@� PRGHOV� WKDW� ZHUH� WUDLQHG� RQ�

ELOOLRQV�RI�ZRUGV�DQG�FDQ�EH�DSSOLHG�WR�PDQ\�1/3�WDVNV��,Q�������D�FRQWH[WXDO�HPEHGGLQJ�PRGHO�

EDVHG�RQ�D���OD\HU�ELGLUHFWLRQDO�/RQJ�6KRUW�7HUP�0HPRU\��/670��ZDV�WUDLQHG�RQ���ELOOLRQ�ZRUGV��

WKDW� SHUIRUPV� EHWWHU� WKDQ� ZRUG�YHF� EHFDXVH� LW� FDQ� FDSWXUH� WKH� FRQWH[W� DQG� SHUIRUP� VHPDQWLF�

DQDO\VLV��7KH� VDPH� \HDU��*RRJOH� GHYHORSHG�%LGLUHFWLRQDO�(QFRGHU�5HSUHVHQWDWLRQ�7UDQVIRUPHU�

�%(57���%(57�FRQVLVWV�RI�����SDUDPHWHUV��ZDV�WUDLQHG�RQ�����ELOOLRQ�ZRUGV��DQG�LV�WKH�FXUUHQW�

VWDWH�RI�WKH�DUW�HPEHGGLQJ�PRGHO��7KH� WUHQG�RI�XVLQJ�SUH�WUDLQHG�ODUJHU�PRGHOV�FRQWLQXHV�WR�EH�

SRSXODU� 

$OWKRXJK�WKHVH�ODUJH�GHHS�OHDUQLQJ�PRGHOV�VKRZ�LPSUHVVLYH�SHUIRUPDQFH�RQ�YDULRXV�1/3�

WDVNV��WKHUH�DUH�VRPH�FKDOOHQJHV�LQ�GDWD�PRGHOLQJ��)RU�H[DPSOH��LW�LV�KDUG�WR�FRQYHUW�GHHS�OHDUQLQJ�

PRGHOV�LQWR�UHODWLRQDO�PRGHOV��/LQJXLVWLFV�DV�WKH�GRPDLQ�NQRZOHGJH�LQ�QDWXUDO�ODQJXDJHV�FDQQRW�

EH�PRGHOHG� LQ�GHHS� OHDUQLQJ��)RU�H[DPSOH�� LQ�HQWLW\� UHVROXWLRQ��ZH�QHHG� WR�H[WUDFW�PHDQLQJIXO�

SKUDVHV� IURP� WKH� WH[W��7KH�PHDQLQJV� RI� WKH�ZRUGV� DUH� GHILQHG� E\� DGMDFHQW� ZRUGV� DQG� FDQ� EH�

FKDQJHG� LQ�GLIIHUHQW� FRQWH[WV��6RPH� UHVHDUFKHUV� DUJXH� WKDW�GHHS� OHDUQLQJ�PRGHOV�GR�QRW� UHDOO\�

XQGHUVWDQG�ODQJXDJHV�DQG�DUH�QRW�UREXVW�HQRXJK�IRU�PLVVLRQ�FULWLFDO�GRPDLQV� 
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$WWHQWLRQ�PHFKDQLVP�LV�D�ELJ�EUHDNWKURXJK�LQ�GHHS�OHDUQLQJ��,W�EHFRPHV�DQ�LQFUHDVLQJO\�

SRSXODU� FRQFHSW� DQG� D� XVHIXO� WRRO� LQ� GHYHORSLQJ� GHHS� OHDUQLQJ� PRGHOV� IRU� 1DWXUDO� /DQJXDJH�

3URFHVVLQJ� �1/3��� %HFDXVH� LW� EXLOGV� D� VKRUWFXW� RI� WKH� FRQWH[W� IRU� LQSXW� WH[WV� DQG� SURPRWHV�

FRUUHODWHG�ZRUGV� LQ�RQH�VHQWHQFH��7KH� LPSRUWDQFH�YHFWRU� LQ� WKH�DWWHQWLRQ� OD\HU� FDQ�EH�XSGDWHG�

WKURXJK�0DUNRY�OLNH�XSGDWHV�DQG�FDQ�EH�FXVWRPL]HG�HDVLO\�LQ�FODVVLILFDWLRQ��7KH�SUHGLFWLRQ�FDQ�EH�

PDGH�E\�HVWLPDWLQJ�KRZ�VWURQJO\�WKH�ZRUG�LV�FRUUHODWHG�ZLWK�RU�DWWHQGV�WR�RWKHU�ZRUGV� 

:H�SURSRVH�D�)HDWXUHG�7UDQVIRUPHU�0HWKRGRORJ\��)70��EDVHG�RQ�DWWHQWLRQ�PHFKDQLVP��

,W�FDQ�HIILFLHQWO\�DGG�GRPDLQ�NQRZOHGJH�WR�GHHS�OHDUQLQJ�DUFKLWHFWXUH��7KH�DWWHQWLRQ�PHFKDQLVP�

SHUIRUPV� 0DUNRY�OLNH� XSGDWHV�� :KHQ� WKH� PRGHO� FRQYHUWV�� WKH� DVVRFLDWLRQV� EHWZHHQ� GRPDLQ�

IHDWXUHV�DQG�ZRUG�HPEHGGLQJV�FDQ�EH�H[WUDFWHG� 

7KH� UHPDLQGHU� RI� WKH� FKDSWHU� LV� VWUXFWXUHG� DV� IROORZV�� VHFWLRQ� �� SUHVHQWV� UHODWHG�ZRUN��

VHFWLRQ���LQWURGXFHV�UHODWHG�GHILQLWLRQV��VHFWLRQ���H[SODLQV�WKH�SURSRVHG�PHWKRGRORJ\��VHFWLRQ���

HYDOXDWHV�WKH�SHUIRUPDQFH�WKURXJK�H[SHULPHQWV��DQG�VHFWLRQ���SUHVHQWV�FRQFOXVLRQV� 

�����5HODWHG�:RUN 

�������)HHG�)RUZDUG�1HWZRUNV��))1� 

:RUG�UHSUHVHQWDWLRQ�FDQ�EH�FRQVLGHUHG�DV�D�PXOWLSOH�GLPHQVLRQDO�SUREOHP�ZKLFK�UHTXLUHV�

KLJK�FRPSXWDWLRQ�SRZHU��2ULJLQDOO\��LW�FDQ�EH�VROYHG�E\�XVLQJ�1DLYH�%D\HVLDQ�/RJDULWKP�RI�:RUG�

FRXQW�UDWLRV�DV�IHDWXUH�YDOXHV�IRU�690�WR�WUDLQ�D�VHQWLPHQW�DQDO\VLV�PRGHO�>���@��+RZHYHU��WKLV�

PHWKRGRORJ\�KDV�EHHQ�LPSURYHG�E\�GHHS�OHDUQLQJ�E\�XVLQJ�))1�EHFDXVH�RI�WKH�KLJK�GLPHQVLRQDO�

QDWXUH�RI�WKH�QHXUDO�QHWZRUNV� 

7R�FRPSXWH�WKH�FRQWLQXRXV�YHFWRU�UHSUHVHQWDWLRQ�RI�ZRUGV��WZR�PRGHOV�ZHUH�SURSRVHG�LQ�

>���@�DQG�ZHUH�HYDOXDWHG�ZLWK�ZRUG�VLPLODULW\�WDVN��RQH�LV�EDJ�RI�ZRUGV�PRGHO��WKH�RWKHU�LV�VNLS�

Q�JUDP�PRGHO��7KH� LGHD� LV� WKDW�ZH� UHPRYHG�KLGGHQ� OD\HU� IRU�ERWK�RI� WKH� WZR�PRGHOV�DQG�DOVR�
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GHILQHG� WKH� UDQJH� IRU� VLPLODU� ZRUGV� IRU� VNLS� Q�JUDP�PRGHO��$OO� WKHVH� FKDQJHV� FDQ� HIILFLHQWO\�

GHFUHDVH�WKH�FRPSXWDWLRQ�FRPSOH[LW\� 

$�JOREDO�ORJ�ELOLQHDU�UHJUHVVLRQ�PRGHO�ZDV�SURSRVHG�LQ�>���@�WKDW�FRPELQHV�WKH�DGYDQWDJHV�

RI� WKH� WZR�PDMRU�PRGHO� IDPLOLHV� LQ� WKH� OLWHUDWXUH��JOREDO�PDWUL[� IDFWRUL]DWLRQ�DQG� ORFDO�FRQWH[W�

ZLQGRZ� PHWKRGV�� 7KH� PRGHO� SURGXFHV� D� YHFWRU� VSDFH� ZLWK� PHDQLQJIXO� VXEVWUXFWXUH� RI� ����

DFFXUDF\�RQ�D�UHFHQW�ZRUG�DQDORJ\�WDVN��ZRUG�VLPLODULW\�WDVN��DQG�HQWLW\�UHFRJQLWLRQ�WDVN�� 

'HHS�DYHUDJLQJ�QHXUDO�QHWZRUN�>���@�DGGHG�PRUH�DYHUDJLQJ�OD\HUV�DQG�DSSOLHG�GURSRXW�WR�

LPSURYH�SHUIRUPDQFH� 

3URGXFW�TXDQWL]DWLRQ�>���@�ZDV�XVHG�WR�FRPSUHVV�ZRUG�HPEHGGLQJV�DQG�WR�UHGXFH�WKH�VL]H�

RI�WKH�FODVVLILFDWLRQ�PRGHOV��7KLV�PHWKRG�FDQ�ORZHU�WKH�PHPRU\�XVDJH�WR�WZR�RUGHUV�RI�PDJQLWXGH�

DQG�RXWSHUIRUPV�RWKHUV�E\�D�JRRG�PDUJLQ�LQ�PHPRU\�XVDJH�DQG�DFFXUDF\� 

,Q�>���@��SDUDJUDSK�YHFWRU�UHSUHVHQWDWLRQ�RI�WKH�GRFXPHQWV�ZDV�OHDUQHG�WR�EH�IL[HG�OHQJWK�

IHDWXUH� UHSUHVHQWDWLRQV�IURP�YDULDEOH� OHQJWK�SLHFHV�RI� WH[WV��VXFK�DV�VHQWHQFHV��SDUDJUDSKV��DQG�

GRFXPHQWV��7KLV�ZD\�RI�FRQVWUXFWLQJ�ZRUG�YHFWRUV�RYHUFRPHV�WKH�ZHDNQHVVHV�RI�%DJ�RI�:RUGV�

�%R:��IRU�QRW�LJQRULQJ�RUGHUV�EHWZHHQ�ZRUGV��,W�FDQ�DFKLHYH�D�QHZ�VWDWH�RI�WKH�DUW�SHUIRUPDQFH�

RQ�VHYHUDO�WH[W�FODVVLILFDWLRQ�DQG�VHQWLPHQW�DQDO\VLV�WDVNV� 

�������5HFXUUHQW�1HXUDO�1HWZRUNV��511� 

511�EDVHG�PRGHOV�YLHZ�WH[W�DV�D�VHTXHQFH�RI�ZRUGV�DQG�DUH� LQWHQGHG�WR�FDSWXUH�ZRUG�

GHSHQGHQFLHV� DQG� WH[W� VWUXFWXUHV�� 511� KDV� LVVXHV� LQ� H[SORGLQJ� DQG� YDQLVKLQJ� JUDGLHQWV�ZKHQ�

OHDUQLQJ�ORQJ�GLVWDQFH�FRUUHODWLRQV��ZKLFK�FDQ�EH�DGGUHVVHG�LQ�/670�E\�XVLQJ�PHPRU\�FHOO� WR�

SUHVHUYH� VWDWH�RYHU� ORQJ�SHULRGV�RI� WLPH��2WKHU� WKDQ� WKH�JHQHUDOO\�XVHG� OLQHDU� FKDLQ� VWUXFWXUHG�

/670�PRGHOV��D�WUHH�VWUXFWXUHG�/670�PRGHO�ZDV�SURSRVHG�LQ�>���@�ZKLFK�RXWSHUIRUPV�WKH�OLQHDU�

FKDLQ�VWUXFWXUHG�/670�PRGHOV�LQ�VHPDQWLF�VHQWHQFH�VLPLODULW\�DQG�VHQWLPHQW�FODVVLILFDWLRQ� 
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7KH�GLIIHUHQFH�EHWZHHQ�WKH�VWDQGDUG�/670�XQLWV�DQG�WKH�7UHH�/670�XQLWV�LV�WKDW�JDWLQJ�

YHFWRUV� DQG� PHPRU\� FHOO� XSGDWHV� DUH� GHSHQGHQW� RQ� WKH� VWDWHV� RI� SRVVLEO\� PDQ\� FKLOG� XQLWV��

$GGLWLRQDOO\�� LQVWHDG�RI�D�VLQJOH� IRUJHW�JDWH��HDFK�7UHH�/670�XQLW� �LQGH[HG�E\� M��FRQWDLQV�RQH�

IRUJHW� JDWH� IMN� IRU� HDFK� FKLOG� N�� ZKLFK� DOORZV� WKH�7UHH�/670� XQLWV� WR� VHOHFWLYHO\� LQFRUSRUDWH�

LQIRUPDWLRQ�IURP�HDFK�FKLOG��)RU�H[DPSOH��D�7UHH�/670�PRGHO�FDQ�OHDUQ�WR�HPSKDVL]H�VHPDQWLF�

KHDGV�LQ�D�VHPDQWLF�UHODWHGQHVV�WDVN��RU�LW�FDQ�OHDUQ�WR�SUHVHUYH�WKH�UHSUHVHQWDWLRQ�RI�VHQWLPHQW�

ULFK�FKLOGUHQ�IRU�VHQWLPHQW�FODVVLILFDWLRQ��7KH�LQSXW�ZRUG�DW�HDFK�QRGH�GHSHQGV�RQ�WKH�WUHH�VWUXFWXUH�

XVHG�IRU�WKH�QHWZRUN��,Q�RWKHU�ZRUGV��HDFK�QRGH�LQ�WKH�WUHH�WDNHV�WKH�YHFWRU�FRUUHVSRQGLQJ�WR�WKH�

KHDG�ZRUG�DV�LQSXW�� 

7KH�IRUJHW�JDWH�FRQWUROV�WKH�H[WHQW�WR�ZKLFK�WKH�SUHYLRXV�PHPRU\�FHOO�LV�IRUJRWWHQ��WKH�LQSXW�

JDWH�FRQWUROV�KRZ�PXFK�HDFK�XQLW� LV�XSGDWHG��DQG� WKH�RXWSXW�JDWH�FRQWUROV� WKH�H[SRVXUH�RI� WKH�

LQWHUQDO�PHPRU\�VWDWH��7KH�KLGGHQ�VWDWH�YHFWRU�LQ�DQ�/670�XQLW�LV�WKHUHIRUH�D�JDWHG��SDUWLDO�YLHZ�

RI�WKH�VWDWH�RI�WKH�XQLW¶V�LQWHUQDO�PHPRU\�FHOO��6LQFH�WKH�YDOXH�RI�WKH�JDWLQJ�YDULDEOHV�YDU\�IRU�HDFK�

YHFWRU�HOHPHQW��WKH�PRGHO�FDQ�OHDUQ�WR�UHSUHVHQW�LQIRUPDWLRQ�RYHU�PXOWLSOH�WLPH�VFDOHV�� 

7RSLF511�>��@��PRGHO�LQWHJUDWHV�WKH�PHULWV�RI�511V�DQG�ODWHQW�WRSLF�PRGHOV��LW�FDSWXUHV�

ORFDO�GHSHQGHQFLHV�XVLQJ�DQ�511�DQG�JOREDO�GHSHQGHQFLHV�XVLQJ�ODWHQW�WRSLFV��8QOLNH�SUHYLRXV�

ZRUN�RQ�FRQWH[WXDO�511�ODQJXDJH�PRGHOLQJ��WKLV�PRGHO�LV�OHDUQHG�HQG�WR�HQG�� 

/670�ZDV�H[WHQGHG�IURP�FKDLQ�VWUXFWXUH�WR�WUHH�VWUXFWXUH�LQ�ZKLFK�HDFK�PHPRU\�FHOO�FDQ�

UHIOHFW� WKH�KLVWRU\�PHPRULHV�RI�PXOWLSOH� FKLOG� FHOOV�RU�PXOWLSOH�GHVFHQGDQW� FHOOV� LQ� D� UHFXUVLYH�

SURFHVV��,W�FDQ�SURYLGH�D�SULQFLSOHG�ZD\�RI�FRQVLGHULQJ�ORQJ�GLVWDQFH�LQWHUDFWLRQ�RYHU�KLHUDUFKLHV��

,W�RXWSHUIRUPV�WKH�VWDWH�RI�WKH�DUW�UHFXUVLYH�PRGHO�E\�UHSODFLQJ�LWV�FRPSRVLWLRQ�OD\HUV�ZLWK�WKH�6�

/670�>���@�PHPRU\�EORFNV�DQG�RYHUFRPLQJ�JUDGLHQW�YDQLVKLQJ�LQ�ORQJ�GLVWDQFH�GHSHQGHQF\��6�

/670� FDQ� EH� FRQVLGHUHG� DV� D� FRPELQDWLRQ� RI� UHFXUVLYH� QHXUDO� QHWZRUNV� DQG� UHFXUUHQW� QHXUDO�
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QHWZRUNV��,W�ZLUHV�PHPRU\�EORFNV�LQ�D�SDUWLDO�RUGHU�VWUXFWXUHV�LQVWHDG�RI�LQ�D�IXOO�RUGHU�VHTXHQFH�

DV�LQ�D�FKDLQ�VWUXFWXUHG�/670� 

$� PDFKLQH� UHDGLQJ� VLPXODWRU� WR� UHQGHU� VHTXHQFH�OHYHO� QHWZRUNV� FDQ� SURFHVV� WH[W�

LQFUHPHQWDO� IURP� OHIW� WR� ULJKW� DQG�SHUIRUP�VKDOORZ� UHDVRQLQJ�ZLWK�PHPRU\� DQG� DWWHQWLRQ��7KH�

UHDGHU�H[WHQGV�/670�DUFKLWHFWXUH�E\�UHSODFLQJ�WKH�PHPRU\�FHOO�ZLWK�D�PHPRU\�QHWZRUN�ZKLFK�

HQDEOHV�/670� WR� UHDVRQ� DERXW� UHODWLRQ� EHWZHHQ� WRNHQV�ZLWK� D� QHXUDO� DWWHQWLRQ� OD\HU� DQG� WKHQ�

SHUIRUP� QRQ�0DUNRY� VWDWH� XSGDWHV�� /RQJ� 6KRUW�7HUP� 0HPRU\�1HWZRUN� �/6701�� >��@��

RXWSHUIRUPV�.1���511�DQG�/670�ZLWK�OHVV�WKDQ���������DQG���LQ�SHUSOH[LW\��,Q�VHQWLPHQW�DQDO\VLV��

/6701�RXWSHUIRUPV�5HFXUVLYH�$XWR�(QFRGHU��5$(�� >���@��5HFXUVLYH�1HXUDO�7HQVRU�1HWZRUN�

�5171��>���@��'\QDPLF�&RQYROXWLRQDO�1HXUDO�1HWZRUN��'&11��>���@��'HHS�5HFXUVLYH�1HXUDO�

1HWZRUNV��'511��>���@��&RQYROXWLRQ�1HXUDO�1HWZRUNV�0XOWLFKDQQHO��&11�0&��>.LP��<��HW�DO��

����@��7XEHOHWV�ZLWK�&RQYROXWLRQDO�1HXUDO�1HWZRUNV��7�&11��>���@��3DUDJUDSK�9HFWRU��39��>���@��

&RQVWLWXHQF\�7UHH�/670��&7�/670��>���@��/670�DQG���OD\HU�/670�ZLWK�DFFXUDF\�������RU�

��OD\HU� /6701� DQG� ������ IRU� ��OD\HU� /6701�� ,Q� VHQWHQFH� LQIHUHQFH�� /6701� GHHS� IXVLRQ�

RXWSHUIRUPV�%DJ�RI�:RUGV��%R:���/670��PDWFK�/670��P/670��>���@��ZLWK�������DFFXUDF\� 

$�JHQHUDO� IUDPHZRUN� MRLQWO\� WUDLQV�D� IHDWXUH�JHQHUDWRU�DQG�D� OLQHDU�PRGHO� LQ�ZKLFK� WKH�

IHDWXUH� JHQHUDWRU� FRQVLVWV� RI� UHJLRQ� HPEHGGLQJ� �� SRROLQJ� >���@��7KLV� IUDPHZRUN� FDQ� ILQG� DQ�

HIILFLHQW�ZD\�WR�H[SORUH�D�PRUH�VRSKLVWLFDWHG�UHJLRQ�HPEHGGLQJ�PHWKRG�XVLQJ�/670��7KH�UHVXOWV�

VKRZ� WKDW� HPEHGGLQJV� RI� WH[W� UHJLRQV� UHSUHVHQWLQJ� FRPSOH[� FRQFHSWV� DUH� PRUH� XVHIXO� WKDQ�

HPEHGGLQJV�RI�VLQJOH�ZRUGV�LQ�LVRODWLRQ� 

$�UHJLRQ�HPEHGGLQJ�PHWKRG�>���@�>���@�XVLQJ�/670�FDQ�HPEHG�WH[W�UHJLRQV�RI�YDULDEOH�

VL]HV��ZKHUHDV�WKH�UHJLRQ�VL]H�QHHGV�WR�EH�IL[HG�LQ�D�&11��7KUHH�511�EDVHG�DUFKLWHFWXUHV�ZHUH�

LQWURGXFHG�WR�PRGHO�WH[W�VHTXHQFH�ZLWK�PXOWL�WDVN�OHDUQLQJ��7KH�GLIIHUHQFHV�DPRQJ�WKHP�DUH�WKH�



 ��� 

PHFKDQLVPV�RI�VKDULQJ�LQIRUPDWLRQ�DPRQJ�WKH�VHYHUDO�WDVNV��([SHULPHQWDO�UHVXOWV�VKRZ�WKDW�RXU�

PRGHOV�FDQ�LPSURYH�WKH�SHUIRUPDQFHV�RI�D�JURXS�RI�UHODWHG�WDVNV�E\�H[SORULQJ�FRPPRQ�IHDWXUHV�� 

511�FRQYHUWV� UHSUHVHQWDWLRQ� RI� WH[WV� LQWR� WZR�GLPHQVLRQDO�PDWUL[� >���@�� WKH� WLPH� VWHS�

GLPHQVLRQ�DQG�WKH�IHDWXUH�YHFWRU�GLPHQVLRQ���'�SRROLQJ�RSHUDWLRQ�RYHU�WKH�WZR�GLPHQVLRQV�PD\�

VDPSOH�PRUH�PHDQLQJIXO�IHDWXUHV�IRU�VHTXHQFH�PRGHOLQJ�WDVNV�� 

%\� XVLQJ� %L�/670�� ULFK� FRQWH[W� RI� WKH� ZKROH� VHQWHQFH� LV� OHYHUDJHG� WR� FDSWXUH� WKH�

FRQWH[WXDOL]HG�ORFDO�LQIRUPDWLRQ�LQ�HDFK�SRVLWLRQDO�VHQWHQFH�UHSUHVHQWDWLRQ��$V�VKRZQ�LQ�>���@��E\�

PDWFKLQJ�ZLWK�PXOWLSOH�SRVLWLRQDO� VHQWHQFH� UHSUHVHQWDWLRQV�� LW� LV� IOH[LEOH� WR� DJJUHJDWH�GLIIHUHQW�

LPSRUWDQW�FRQWH[WXDOL]HG�ORFDO�LQIRUPDWLRQ�LQ�D�VHQWHQFH�WR�VXSSRUW�WKH�PDWFKLQJ��([SHULPHQWV�RQ�

GLIIHUHQW�WDVNV�VXFK�DV�TXHVWLRQ�DQVZHULQJ��DQG�VHQWHQFH�FRPSOHWLRQ�GHPRQVWUDWH�WKH�VXSHULRULW\�

RI�RXU�PRGHO��7KH�PRGHO�IRU�VHPDQWLF�PDWFKLQJ�ZLWK�PXOWLSOH�SRVLWLRQDO�VHQWHQFH�UHSUHVHQWDWLRQV��

09�/670�� LV� GHILQHG� DV� D� VHQWHQFH� UHSUHVHQWDWLRQ� DW� RQH� SRVLWLRQ�� 09�/670� FDQ� FDSWXUH�

LPSRUWDQW�ORFDO�LQIRUPDWLRQ�E\�LQWURGXFLQJ�PXOWLSOH�SRVLWLRQDO�VHQWHQFH�UHSUHVHQWDWLRQV��%\�XVLQJ�

%L�/670� WR� JHQHUDWH� HDFK� SRVLWLRQDO� VHQWHQFH� UHSUHVHQWDWLRQ�� 09�/670� KDV� OHYHUDJHG� ULFK�

FRQWH[W� WR�GHWHUPLQH� WKH� LPSRUWDQFH�RI� WKH� ORFDO� LQIRUPDWLRQ��09�/670�SHUIRUPV�EHWWHU� WKDQ�

$5&�,��&171��DQG�/670�511��09�/670�REWDLQV�������LPSURYHPHQW�RYHU�/670�511�DQG�

�����UHODWLYH�LPSURYHPHQW�RYHU�0XOWL*UDQ&11��09�/670�ZRUNV�LQ�WKUHH�VWHSV������SRVLWLRQDO�

VHQWHQFH� UHSUHVHQWDWLRQ� WKURXJK�%L�/670�� ���� LQWHUDFWLRQV�EHWZHHQ� WZR� VHQWHQFHV�ZLWK� FRVLQH�

VLPLODULW\� PHDVXUH�� ELOLQHDU� VLPLODULW\� PHDVXUH� DQG� WHQVRU� OD\HU� VLPLODULW\� PHDVXUH�� DQG� ����

LQWHUDFWLRQ�DJJUHJDWLRQ�WKURXJK�N�PD[�SRROLQJ�DQG�PXOWL�OD\HU�SHUFHSWLRQ� 

�������$WWHQWLRQ�0HFKDQLVP 

,Q� >��@�� QHXUDO�PDFKLQH� WUDQVODWLRQ� KDV� HQFRGHU�GHFRGHU� VWUXFWXUH�� ,W� HQFRGHV� D� VRXUFH�

VHQWHQFH�LQWR�D�IL[HG�OHQJWK�YHFWRU�IURP�ZKLFK�D�GHFRGHU�FDQ�JHQHUDWH�D�WUDQVODWLRQ��$Q�DXWRPDWLF�



 ��� 

VRIW�VHDUFK�IRU�SDUWV�RI�VRXUFH�VHQWHQFHV�FDQ�VROYH�WKH�IL[HG�OHQJWK�YHFWRU�LVVXH�DQG�KHOS�LPSURYH�

WKH�WUDQVODWLRQ�SHUIRUPDQFH�� 

,Q�>��@��QHXUDO�7XULQJ�PDFKLQH�ZDV�SURSRVHG�WR�ZLWK�DWWHQWLRQDO�SURFHVVHV�WKURXJK�ZKLFK�

WKH\�FDQ�EH�FRXSOHG�WR�H[WHUQDO�PHPRU\�UHVRXUFHV��7KH�FRPELQHG�V\VWHP�DOORZV�LW�WR�EH�HIILFLHQWO\�

WUDLQHG�ZLWK�JUDGLHQW�GHVFHQW�� 

,Q� >���@��FRQGLWLRQDO�SUREDELOLW\�RI�DQ�RXWSXW�VHTXHQFH�FDQ�EH� OHDUQHG� WKURXJK�D�QHXUDO�

DUFKLWHFWXUH�� QDPHG�3RLQWHU� QHWZRUNV��1HXUDO� DWWHQWLRQ� LV� GLIIHUHQW� IURP� WKH� SUHYLRXV� DWWHQWLRQ�

DWWHPSWV�LQ�WKDW�LW�XVHV�DWWHQWLRQ�DV�D�SRLQW�WR�VHOHFW�D�PHPEHU�RI�LQSXW�VHTXHQFHV�DV�WKH�RXWSXW��

LQVWHDG�RI�DOLJQLQJ�DQ�HQFRGHU�WR�D�GHFRGHU�WKURXJK�DQ�LPSRUWDQFH�YHFWRU��7KLV�PHWKRGRORJ\�FDQ�

EH�XVHG�WR�VROYH�WKH�SUREOHP�RI�YDULDEOH�VL]H�RXWSXW�GLFWLRQDULHV� 

�������&RPELQDWLRQ�RI�'RPDLQ�.QRZOHGJH 

7H[W�FODVVLILFDWLRQ�FDQ�EH�LPSURYHG�WKURXJK�GRPDLQ�VSHFLILF�NQRZOHGJH�>��@��>�@��>���@��

>��@��LQ�SHUVSHFWLYHV�RI�WRNHQL]DWLRQ�>��@��WUDQVIHU�OHDUQLQJ�>���@��DQG�GRPDLQ�VSHFLILF�IHDWXUHV��

VXFK�DV�WKH�FRPELQDWLRQ�RI�ERWK�TXHVWLRQV�DQG�DQVZHUV�>��@��DQG�WKH�VDUFDVP�LGHQWLILFDWLRQ�>��@� 

�����'HILQLWLRQV 

$WWHQWLRQ�PHFKDQLVP�ZRUNV� WKURXJK� D� YHFWRU� RI� LPSRUWDQFH� ZHLJKWV� LQ� FRPSDULVRQ� WR�

UHFXUUHQW� QHWZRUN� DUFKLWHFWXUH��$WWHQWLRQ� QHWZRUN� DUFKLWHFWXUH� FDQ� GLVFRYHU� FRQQHFWLRQV� ZLWK�

ORQJHU�GLVWDQFHV�E\�XVLQJ�WKH�FRQWH[W�YHFWRU�WR�SURYLGH�VKRUWFXW�FRQQHFWLRQV�EHWZHHQ�LQSXWV�DQG�

RXWSXWV��2Q� WKH�RWKHU�KDQG�� VHTXHQWLDO�PRGHOV�FDQ� UHPHPEHU�D� IHZ�VWDWHV� LQVWHDG�RI� WKH�HQWLUH�

FRQWH[W�� 

)RU�H[DPSOH��JLYHQ�D�ZRUG�LQ�D�VHQWHQFH�DV�WKH�LQSXW��ZH�XVH�WKH�DWWHQWLRQ�YHFWRU�WR�HVWLPDWH�

KRZ�VWURQJO\�LW�LV�UHODWHG�WR�RU�DWWHQGV�WR�RWKHU�HOHPHQWV�LQ�WKH�VHQWHQFH�FRQWH[W�DQG�WKHQ�WDNH�WKH�

VXP�RI�WKHLU�YDOXHV�ZHLJKWHG�E\�WKH�DWWHQWLRQ�YHFWRU�DV�WKH�DSSUR[LPDWLRQ�RI�WKH�RXWSXW�� 



 ��� 

7KH�FRQWH[W�YHFWRU�FRQVXPHV�WKUHH�SLHFHV�RI�LQIRUPDWLRQ��HQFRGHU�KLGGHQ�VWDWHV��GHFRGHU�

KLGGHQ�VWDWHV�DQG�DOLJQPHQW�EHWZHHQ�VRXUFH�DQG�WDUJHW��*LYHQ�D�VRXUFH�VHTXHQFH�[� �>[���[���«��

[Q@�WR�JHQHUDWH�WKH�WDUJHW�VHTXHQFH�\� �>\���\���«��\P@��DQ�DWWHQWLRQ�PHFKDQLVP�LV�GHILQHG� 

7KH�HQFRGHU�LV�D�UHFXUUHQW�QHWZRUN��IRU�H[DPSOH��ELGLUHFWLRQDO�5HFXUUHQW�1HXUDO�1HWZRUN�

�511��ZLWK�D�IRUZDUG�KLGGHQ�VWDWH�݄పሬሬሬԦDQG�D�EDFNZDUG�RQH�݄పരሬሬሬ��7KH�FRQFDWHQDWLRQ�RI�WKH�WZR�FDQ�EH�

XVHG�WR�UHSUHVHQW�WKH�HQFRGHU�VWDWH�VR�WKDW�ZH�FDQ�KDYH�ERWK�WKH�SUHFHGLQJ�DQG�WKH�IROORZLQJ�ZRUGV�

LQ�WKH�DQQRWDWLRQ�RI�RQH�ZRUG�� 

݄௜ ൌ ሾ݄ప்ሬሬሬሬԦǡ ݄ప்രሬሬሬሬሿ்ǡ ݅ ൌ ͳǡ ʹǡ ǥ ǡ ݊ ����� 

7KH�GHFRGHU�QHWZRUN�KDV�KLGGHQ�VWDWHݏ�௧ ൌ ݂ሺݏ௧ିଵǡ ௧ିଵǡݕ ܿ௧ሻ�IRU�WKH�RXWSXW�ZRUG�DW�SRVLWLRQ�

W�� W� �������«��P��ZKHUH� WKH�FRQWH[W�YHFWRU�FW� LV�D� VXP�RI�KLGGHQ�VWDWHV�RI� WKH� LQSXW� VHTXHQFH��

ZHLJKWHG�E\�DOLJQPHQW�VFRUHV�� 

ܿ௧ ൌ σ ܽ௧ǡ௜݄௜௡
௜ୀଵ  ����� 

ܽ௧ǡ௜ ൌ ݈ܽ݅݃݊ሺݕ௧ǡ ௜ሻݔ ൌ �
ୣ୶୮�ሺ௦௖௢௥௘ሺ௦೟షభǡ௛೔ሻሻ

σ ୣ୶୮�ሺ௦௖௢௥௘൫௦೟షభǡ௛೔ᇲ൯ሻ
೙
೔ᇲసభ

 ����� 

7KH�DOLJQPHQW�PRGHO�DVVLJQV�D�VFRUH�ܽ௧ǡ௜�WR� WKH�SDLU�RI� LQSXW�DW�SRVLWLRQ� L�DQG�RXWSXW�DW�

SRVLWLRQ�W���\W��[L���EDVHG�RQ�KRZ�ZHOO�WKH\�PDWFK��7KH�VHW�RI�^DW�L`�DUH�ZHLJKWV�GHILQLQJ�KRZ�PXFK�

RI�HDFK�VRXUFH�KLGGHQ�VWDWH�VKRXOG�EH�FRQVLGHUHG�IRU�HDFK�LQSXW��,Q�>��@��WKH�DOLJQPHQW�VFRUH�ܽ௧ǡ௜�

LV�SDUDPHWHUL]HG�E\�D�IHHG�IRUZDUG�QHWZRUN�ZLWK�D�VLQJOH�KLGGHQ�OD\HU�DQG�WKLV�QHWZRUN�LV�MRLQWO\�

WUDLQHG�ZLWK�RWKHU�SDUWV�RI�WKH�PRGHO��7KH�VFRUH�IXQFWLRQ�LV�WKHUHIRUH�LQ�WKH�IROORZLQJ�IRUP��JLYHQ�

WKDW�WDQK�LV�XVHG�DV�WKH�QRQ�OLQHDU�DFWLYDWLRQ�IXQFWLRQ�� 

௧ǡݏሺ݁ݎ݋ܿݏ ݄௜ሻ ൌ ௔்�����ሺݒ ௔ܹሾݏ௧Ǣ ݄௜ሿሻ ����� 

ZKHUH�ERWKݒ�௔�DQG�:D�DUH�ZHLJKW�PDWULFHV�WR�EH�OHDUQHG�LQ�WKH�DOLJQPHQW�PRGHO�� 

$WWHQWLRQ�PHFKDQLVP�FDQ�EH�GLYLGHG�LQWR�VHYHUDO�FDWHJRULHV��VHOI�DWWHQWLRQ�>��@��JOREDO�VRIW�

DWWHQWLRQ� >���@�� DQG� ORFDO�KDUG� DWWHQWLRQ� >���@�� 6HOI�DWWHQWLRQ� FDQ� EH� XVHG� WR� UHODWH� GLIIHUHQW�



 ��� 

SRVLWLRQV� RI� WKH� VDPH� LQSXW� VHTXHQFH�� 7KH� PRVW� SRSXODU� VHOI�DWWHQWLRQ� DUFKLWHFWXUH� LV� /670��

*OREDO�VRIW�DWWHQWLRQ�FDQ�DOLJQ�DWWHQWLRQ�ZHLJKWV�RYHU�DOO�SDWFKHV��ZKLFK�FDQ�EH�GRQH�E\�XVLQJ�D�

ZLQGRZ�FHQWHUHG�DURXQG�WKH�VRXUFH�SRVLWLRQ�WR�FRPSXWH�D�FRQWH[W�YHFWRU�DIWHU�DOLJQLQJ�SRVLWLRQ�

IRU�WKH�FXUUHQW�WDUJHW�ZRUG��/RFDO�KDUG�DWWHQWLRQ�FDQ�DOLJQ�DWWHQWLRQ�ZHLJKWV�RQH�SDWFK�RI�WKH�LQSXW�

DW�D�WLPH��7KH�DOLJQPHQW�RI�WKH�DWWHQWLRQ�ZHLJKWV�LV� WKURXJK�DOLJQPHQW�VFRUH�IXQFWLRQV��VXFK�DV�

FRQWHQW�EDVHG� DWWHQWLRQ�� DGGLWLYH�� ORFDWLRQ�EDVH�� JHQHUDO�� GRW�SURGXFW�� VFDOHG� GRW�SURGXFW� VFRUH�

IXQFWLRQV� 

7UDQVIRUPHU� PRGHO� >���@� LV� EXLOW� RQ� VHOI�DWWHQWLRQ� PHFKDQLVP�� :LWK� D� VHTXHQFH�

WUDQVGXFWLRQ� DUFKLWHFWXUH�� LW� KDV� DQ� HQFRGHU�GHFRGHU� VWUXFWXUH� ZKLFK� LV� DOLJQHG� E\� DWWHQWLRQ�

PHFKDQLVP��$WWHQWLRQ�KDV�WKUHH�DSSOLFDWLRQV�LQ�WUDQVIRUPHU��DWWHQWLRQ�OD\HU�IRU�HQFRGHU��DWWHQWLRQ�

OD\HU�IRU�GHFRGHU��DQG�HQFRGHU�GHFRGHU�DWWHQWLRQ�OD\HU�IRU�DOLJQPHQW��,Q�RWKHU�ZRUGV��WUDQVIRUPHU�

IROORZV� QHXUDO� VHTXHQFH� WUDQVGXFWLRQ� DUFKLWHFWXUH� ZLWK� ERWK� HQFRGHU� DQG� GHFRGHU� ZKLFK� KDYH�

VWDFNHG�VHOI�DWWHQWLRQ�DQG�SRLQWZLVH��IXOO\�FRQQHFWHG�OD\HUV� 

$WWHQWLRQ�IXQFWLRQV�DUH�DOVR�FDOOHG�DOLJQPHQW�VFRUH�IXQFWLRQV�ZKLFK�FDQ�EH�GLYLGHG�LQWR�

VHYHUDO� FDWHJRULHV�DFFRUGLQJ� WR� WKH�DWWHQWLRQ�PHFKDQLVP��FRQWHQW�EDVHG�DWWHQWLRQ� >��@�� DGGLWLYH�

DWWHQWLRQ�>��@��ORFDWLRQ�EDVHG�DWWHQWLRQ�>���@��JHQHUDO�DWWHQWLRQ�>���@��GRW�SURGXFW�DWWHQWLRQ�>���@��

DQG� VFDOHG� GRW�SURGXFW� DWWHQWLRQ� >���@��7UDQVIRUPHU� LQ� >���@� XVHV� VFDOHG� GRW�SURGXFW� DWWHQWLRQ�

VFRUH�IXQFWLRQ� 

$WWHQWLRQ�PHFKDQLVP�VLPXODWHV�KLGGHQ�0DUNRY�OLNH�XSGDWHV�LQ�ZKLFK�HDFK�DWWHQWLRQ�SRLQW�

FDQ�EH�XSGDWHG�E\�DOO�GDWD�SRLQWV�LQ�SUHYLRXV�OD\HU��,I�WKH�DWWHQWLRQ�IXQFWLRQV�DUH�VHOHFWHG�SURSHUO\��

ZKHQ�WKH�PRGHO�LV�FRQYHUJHG��ORQJ�GLVWDQFH�GHSHQGHQFLHV�FDQ�EH�REWDLQHG� 

&RQWHQW�EDVHG�DWWHQWLRQ�ZDV�LQVSLUHG�E\�1HXUDO�7XULQJ�PDFKLQH��$V�WKH�ILUVW�SURWRW\SH�RI�

PRGHUQ�FRPSXWHUV��7XULQJ�PDFKLQH�FDQ�FRQGXFW�DOO�NLQGV�RI�FRPSXWDWLRQV�ZLWK�D�FRQWUROOHU�DQG�



 ��� 

DQ�XQOLPLWHG�WDSH�DV�PHPRU\��&RQWHQW�EDVHG�DWWHQWLRQ�IRFXVHV�RQ�FRQWHQW�DGGUHVVLQJ�EDVHG�RQ�WKH�

VLPLODULW\�EHWZHHQ� WKHLU�FXUUHQW�YDOXHV�DQG� WKH�YDOXHV�HPLWWHG�E\� WKH�FRQWUROOHU��&RQWHQW�EDVHG�

DGGUHVVLQJ�FDQ�EH�D�EURDG�GHILQLWLRQ�WKDQ�ORFDWLRQ�EDVH�DGGUHVVLQJ��%HFDXVH�FRQWHQWV�FDQ�FRQWDLQ�

ORFDWLRQ�LQIRUPDWLRQ�DV�ZHOO��$�FRQWUROOHU�FDQ�WDNH�WKH�YDOXHV�RI�YDULDEOHV�DQG�VWRUH�WKHP�DQ\ZKHUH��

UHWULHYH�WKHP�ODWHU�DQG�SHUIRUP�FRPSXWDWLRQ��,Q�>��@��WKH�VLPLODULW\�PHDVXUH�LV�FRVLQH�VLPLODULW\��

7KH�FRQWUROOHU� LV�FHQWUDO� WR� WKH�QHXUDO�7XULQJ�DUFKLWHFWXUH��7KH�FRQWUROOHU�FDQ�EH�D� IHHGIRUZDUG�

QHWZRUN��D�UHFXUUHQW�QHWZRUN�DQG�HYHQ�D�/670��&RQWHQW�EDVH�DWWHQWLRQ�DOLJQV�V\VWHP�LQSXW�WR�WKH�

FRQWUROOHU�RXWSXW�WKURXJK�VLPLODULW\�PHDVXUH��,Q�>��@��WKH�VLPLODULW\�PHDVXUH�LV�FRVLQH�VLPLODULW\� 

௧ǡݏሺ݁ݎ݋ܿݏ ݄௜ሻ ൌ ௧ǡݏሾ݁݊݅ݏ݋ܿ ݄௜ሿ ����� 

$GGLWLYH� DWWHQWLRQ� ZRUNV� E\� ILQGLQJ� WKH� PD[LPXP� ZHLJKWHG� VXP� RI� WKH� RXWSXW�� 7KLV�

PHFKDQLVP�VLPXODWHV�VHTXHQFH�WR�VHTXHQFH�SUHGLFWLRQ�SUREOHPV��$�W\SLFDO�DSSOLFDWLRQ�RI�DGGLWLYH�

DWWHQWLRQ�LV�PDFKLQH�WUDQVODWLRQ��$WWHQWLRQ�OD\HU�FRQQHFWV�HQFRGHU�OD\HU�DQG�GHFRGHU�OD\HU�RQ�511�

RU� /670�QHWZRUN� DUFKLWHFWXUH�� LQ�ZKLFK� FRQGLWLRQDO� GLVWULEXWLRQ� RI� WKH� VHQWHQFH� SDLUV� FDQ� EH�

OHDUQHG�DQG�D�FRUUHVSRQGLQJ�WUDQVODWLRQ�IRU�D�JLYHQ�VRXUFH�VHQWHQFH�FDQ�EH�JHQHUDWHG�E\�VHDUFKLQJ�

IRU� WKH� VHQWHQFH� WKDW� PD[LPL]H� WKH� FRQGLWLRQDO� SUREDELOLW\�� 0DFKLQH� WUDQVODWLRQ� QHWZRUN�

DUFKLWHFWXUH�OHDUQV��DOLJQV��DQG�WUDQVODWHV�VLPXOWDQHRXVO\��7KH�DWWHQWLRQ�DOLJQPHQW�IXQFWLRQ�LV�WKH�

ZHLJKWHG�VXP�RI�WKH�RXWSXW�RI�WKH�HQFRGHU� 

௧ǡݏሺ݁ݎ݋ܿݏ ݄௜ሻ ൌ σ ܽ௜௝ ௝݄
்ೣ
௝ୀଵ  ����� 

ܽ௜௝ ൌ
ୣ୶୮൫௘೔ೕ൯

σ ୣ୶୮ሺ௘೔ೖሻ
೅ೣ
ೖసభ

 ����� 

݁௜௝ ൌ ܽሺݏ௜ିଵǡ ௝݄ሻ ����� 

'RW�SURGXFW� DWWHQWLRQ� FDQ� DOVR� EH� XVHG� WR� VLPXODWH� VHTXHQFH� WR� VHTXHQFH� SUHGLFWLRQ�

SUREOHPV�LQ�ZKLFK�ORQJ�GLVWDQFH�GHSHQGHQF\�FDQ�EH�SUHVHUYHG�DV�ZHOO��$�W\SLFDO�DSSOLFDWLRQ�RI�

GRW�SURGXFW� DWWHQWLRQ� LV� WUDQVIRUPHU� QHWZRUN� DUFKLWHFWXUH��7UDQVIRUPHU� QHWZRUN� DUFKLWHFWXUH� LV�



 ��� 

EXLOW� XSRQ� FRQYROXWLRQ� QHWZRUNV� LQVWHDG� RI� UHFXUUHQW� QHWZRUNV�� ZKLFK� FDQ� DOORZ� IRU� PRUH�

VLJQLILFDQW�SDUDOOHOL]DWLRQ�DQG�HIILFLHQWO\�UHGXFH�WKH�WRWDO�DPRXQW�RI�FRPSXWDWLRQ��$V�VKRZQ�EHORZ�

LQ�HTXDWLRQ��������WKH�WUDQVIRUPHU�LQ >���@�XVHG�D�VFDOHG�GRW�SURGXFW�VFRUH�IXQFWLRQ�ZKLFK�LV�OLNH�

GRW�SURGXFW�VFRUH�IXQFWLRQ�H[FHSW�D�VFDOLQJ�IDFWRU� 

௜ǡݏሺ݁ݎ݋ܿݏ ݄௜ሻ ൌ
௦೔
೅௛೔
ξ௡

 ����� 

�����0HWKRGRORJ\ 

7UDQVIRUPHU� VLPSOLILHV� WKH� QHXUDO� QHWZRUN� DUFKLWHFWXUH� DQG� UHGXFHV� FRPSXWDWLRQ� FRVW��

+RZHYHU��VHYHUDO�RSHQ�LVVXHV�KDYH�QRW�\HW�EHHQ�VROYHG��VXFK�DV�WKH�FRPELQDWLRQ�RI�GRPDLQ�VSHFLILF�

SDWWHUQV��WKH�FRPELQDWLRQ�RI�KLJK�OHYHO�DVVRFLDWLRQV��DQG�XQODEHOHG�WHUPV��)HDWXUHG�7UDQVIRUPHU�

0HWKRGRORJ\��)70��FDQ�DGG�DUELWUDU\�IHDWXUHV�WR�WKH�QHWZRUN�DUFKLWHFWXUH�FDQ�KHOS�VROYH�IHDWXUH�

FRPELQDWLRQ��KLJK�OHYHO�DVVRFLDWLRQ�FRPELQDWLRQ��DQG�XQODEHOHG�WHUPV�LVVXHV� 

%LGLUHFWLRQDO� (QFRGHU� 5HSUHVHQWDWLRQV� IURP� 7UDQVIRUPHUV� �%(57�� KDV� WUDQVIRUPHU�

QHWZRUN� DUFKLWHFWXUH��$WWHQWLRQ� OD\HU� SOD\V� WKH� UROH� RI� DOLJQLQJ� HQFRGHU� DQG� GHFRGHU� OD\HUV��

(QFRGHU�DQG�GHFRGHU�OD\HUV�DUH�EXLOW�XSRQ�FRQYROXWLRQ�QHWZRUNV�LQVWHDG�RI�UHFXUUHQW�QHWZRUNV�WR�

UHGXFH�FRPSXWDWLRQ�FRVWV��$WWHQWLRQ�OD\HU�FDQ�EH�XSGDWHG�WKURXJK�0DUNRY�OLNH�SURFHVV�DV�VKRZQ�

LQ�)LJXUH������ 

&RQQHFWLRQV�EHWZHHQ� WZR� VHTXHQFHV� DUH�SUHVHQWHG� LQ� WZR�GLPHQVLRQDO�PDWUL[� LQ�ZKLFK�

HDFK�GLPHQVLRQ�KDV�D�VHTXHQFH�RI�WRNHQV��7KH�PRUH�RIWHQ�WKH�FRQQHFWLRQV�DSSHDU��WKH�ODUJHU�WKH�

YDOXHV�DUH��$WWHQWLRQ�PHFKDQLVP�LV�D�VKRUWFXW�RI�0DUNRY�&KDLQ�LQ�ZKLFK�DWWHQWLRQ�OD\HU�KDV�OHVV�

KHDGV� WKDQ� WKH� SUHYLRXV� OD\HU�� $V� VKRZQ� LQ� )LJXUH� ����� LQ� %(57� QHWZRUN� DUFKLWHFWXUH�� WKH�

LPSRUWDQFH� YHFWRU� RI� DWWHQWLRQ� OD\HU� FDQ� DOLJQ� HQFRGHU� WR� GHFRGHU� DQG� KLJKO\� DIIHFW� WKH� ILQDO�

SUHGLFWLRQ�� ,I�ZH� FDQ� SURSHUO\� DGMXVW� WKH� LPSRUWDQFH� YHFWRU�� IRU� H[DPSOH�� WR� SURPRWH� SRVLWLYH�

SDWWHUQV�DQG�VXSSUHVV�QHJDWLYH�UDQGRP�SDWWHUQV��ZH�FDQ�HIILFLHQWO\�LPSURYH�PRGHO�SHUIRUPDQFH� 



 ��� 

 

)LJXUH������0DUNRY�&KDLQ�8SGDWHV 

 

)LJXUH������%(57�6LQJOH�6HQWHQFH�&ODVVLILFDWLRQ�1HWZRUN�$UFKLWHFWXUH�>��@ 
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�������0RGHO�6WUXFWXUH 

:H�SURSRVH�)HDWXUHG�7UDQVIRUPHU�0HWKRGRORJ\� �)70�� WR� LPSURYH� WKH�SHUIRUPDQFH�RI�

7UDQVIRUPHU� QHWZRUNV�� HVSHFLDOO\� RQ� %(57� QHWZRUN� DUFKLWHFWXUH�� 7KH� LGHD� LV� WKDW� ZH� GHILQH�

SDWWHUQV�DFFRUGLQJ�WR�WKH�GRPDLQ�NQRZOHGJH��DGG�SDWWHUQV�DV�DUELWUDU\�IHDWXUHV�WR�WKH�LQSXW�OD\HU�

DQG�XVH�DUELWUDU\�IHDWXUHV�WR�SURPRWH�WKH�LPSRUWDQFH�RI�FRUUHVSRQGLQJ�WHUPV�RQ�DWWHQWLRQ�OD\HU� 

)70�ZRUNV�RQ�IRXU�SDUWV�DV�VKRZQ�EHORZ� 

1. ,QSXW�OD\HU��:H�DGG�GRPDLQ�VSHFLILF�SDWWHUQV�WR�WKH�LQSXW�VR�WKDW�WKHVH�SDWWHUQV�FDQ�EH�XVHG�

WR�SUHVHQW�WKH�KLJK�OHYHO�IHDWXUHV�ZKLFK�DUH�GHILQHG�DFFRUGLQJ�WR�GRPDLQ�NQRZOHGJH��$IWHU�

DGGLQJ� WKHVH� SDWWHUQV� WR� WKH� LQSXW� OD\HU�� WKH\� EHFRPH� SDUW� RI� WKH� LQSXW�� 'XULQJ�PRGHO�

WUDLQLQJ�� WKHVH� SDWWHUQV� FDQ� EH� XVHG� WR� LPSURYH�PRGHO� SHUIRUPDQFH�� 'XULQJ� SUHGLFWLRQ�

PDNLQJ�� WKHVH�SDWWHUQV�FDQ�FRQWULEXWH� WR� WKH� LPSRUWDQFH�YHFWRU��HVSHFLDOO\�IRU�XQODEHOHG�

WHUPV� WKDW�GHSHQG�RQ� WKHVH�GRPDLQ�VSHFLILF�SDWWHUQV� WR�PD[LPL]H� WKH� LPSRUWDQFH�RI� WKH�

LQSXW�VHTXHQFHV� 

)HDWXUHV�FDQ�EH�GHILQHG�LQ�PDQ\�ZD\V��VXFK�DV�OLQJXLVWLF�IHDWXUHV�DQG�VHPDQWLF�IHDWXUHV��

)RU� H[DPSOH�� WKH\� FDQ� EH� OLQJXLVWLF� IHDWXUHV� WKDW� LQFOXGH� SDUW� RI� VSHHFK� �326�� WDJV��

VXIIL[�SUHIL[�RI�WKH�ZRUGV�DQG�RWKHU��7KH\�FDQ�DOVR�EH�VHPDQWLF�IHDWXUHV��VXFK�DV�VWRS�ZRUGV��

D�OLVW�RI�DEEUHYLDWLRQV��GRPDLQ�VSHFLILF�WHUPV��DQG�XQLWV�RI�PHDVXUHPHQWV�� 

7KH�VHOHFWLRQ�RI�WKH�IHDWXUHV�GHSHQGV�RQ�WKH�FKDUDFWHULVWLFV�RI�WKH�GDWD��$GGLWLRQDO�IHDWXUHV�

FDQ� HIILFLHQWO\� IL[� WKH�XQODEHOHG�GDWD� LVVXH��+RZHYHU�� WRR�PDQ\�DGGLWLRQDO� IHDWXUHV� FDQ�

FRYHU�XS�WKH�FKDUDFWHULVWLFV�RI�WKH�GDWD�ZKLFK�PD\�FDXVH�RYHUILWWLQJ�SUREOHP� 

2. %(57�(QFRGHU�OD\HU��$V�VKRZQ�LQ�)LJXUH������HQFRGHU�OD\HU�FRQVLVWV�RI�WUDQVIRUPHU�EORFNV�

ZKLFK� LQFOXGH� VHYHUDO� OD\HUV�� (DFK� OD\HU� KDV� WZR� VXE�OD\HUV� ZLWK� OD\HU� QRUPDOL]DWLRQ��

PXOWL�KHDG�VHOI�DWWHQWLRQ�OD\HU��SRLQWZLVH�DQG�IXOO\�FRQQHFWHG�IHHG�IRUZDUG�QHWZRUN�OD\HU� 
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3. %(57�'HFRGHU�OD\HU��$V�VKRZQ�LQ�)LJXUH������GHFRGHU�KDV�VLPLODU�VWUXFWXUH�DV�WKH�HQFRGHU��

,Q�DGGLWLRQ�WR�WKH�WZR�VXE�OD\HUV��GHFRGHU�LQVHUWV�DQ�DWWHQWLRQ�OD\HU�WR�DOLJQ�HQFRGHU�RXWSXW�

WR�GHFRGHU�� 

4. 2XWSXW�OD\HU��$V�VKRZQ�LQ�)LJXUH������DWWHQWLRQ�IXQFWLRQ�PDSV�D�TXHU\�DQG�D�VHW�RI�NH\�

YDOXH�SDLUV�WR�RXWSXW��7KH�RXWSXWV�DUH�FRPSXWHG�DV�D�ZHLJKWHG�VXP�RI�WKH�YDOXHV�ZKHUH�WKH�

ZHLJKWV�DUH�FRPSXWHG�E\�FRPSDWLELOLW\�IXQFWLRQ�RI�WKH�TXHU\�ZLWK�WKH�FRUUHVSRQGLQJ�NH\V� 

 

)LJXUH������7KH�7UDQVIRUPHU�0RGHO�$UFKLWHFWXUH��>���@ 



 ��� 

 

)LJXUH������$WWHQWLRQ�0HFKDQLVP��>���@� 
6FDOHG�'RW�3URGXFW�$WWHQWLRQ��OHIW���0XOWL�+HDG�$WWHQWLRQ��ULJKW�� 

 

�������,QSXW�/D\HU 

/HW�[�EH�D�LQSXW�VHTXHQFH�RI�N�ZRUGV��GHQRWHG�DV�[��N� �[���[���«��[N��,Q�%(57��DQ�LQSXW�

VHTXHQFH�FDQ�EH�HLWKHU�RQH�VHTXHQFH�RU�D�SDLU�RI�VHTXHQFHV�VHSDUDWHG�E\�D�VSHFLDO�WRNHQ�>6(3@��:H�

XVH�RQH�VHTXHQFH�LQSXW�DV�DQ�H[DPSOH�WR�GHPRQVWUDWH�KRZ�WKH�DUELWUDU\�IHDWXUHV�DUH�DGGHG�� 

,Q�>���@��DX[LOLDU\�VHQWHQFHV�DUH�SDLUHG�ZLWK�WKH�LQSXW�WR�IRUP�VHQWHQFH�SDLUV�VR�WKDW�WKH�

RULJLQDO� FODVVLILFDWLRQ� FDQ� EH� FRQYHUWHG� LQWR� VHQWHQFH�SDLU� FODVVLILFDWLRQ�� 6LQFH� WKH� DX[LOLDU\�

VHQWHQFHV�LQFOXGH�KLJKHU�OHYHO�FRPPRQ�IHDWXUHV��WKH�FODVVLILFDWLRQ�SHUIRUPDQFH�FDQ�EH�LPSURYHG�

DIWHU�WKH�FRQYHUVLRQ�� 

+RZHYHU��RXU�LGHD�LV�QRW�WR�LQFUHDVH�WKH�DFFXUDF\�RI�SDWWHUQ�PDWFKLQJ�EXW�WR�LQFUHDVH�WKH�

LPSRUWDQFH�RI�WKH�IHDWXUH�GLPHQVLRQV�VR�WKDW�ZH�GLUHFWO\�DGG�DUELWUDU\�IHDWXUHV�WR�LQSXW�VHTXHQFHV�

WR�PD[LPL]H�WKH�LPSRUWDQFH�RI�WKH�SRVLWLYH�VDPSOHV�� 
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:H�DGG�XQLW�HQWLW\� IHDWXUH� �>8/@��DQG�QDPH�HQWLW\� IHDWXUH� �>1/@��DIWHU�XQLW�HQWLWLHV�DQG�

QDPH�HQWLWLHV��$IWHU�WUDLQLQJ��DV�VKRZQ�LQ�)LJXUH������VLQFH�XQLW�HQWLWLHV�DQG�QDPH�HQWLWLHV�DSSHDU�

YHU\�RIWHQ��XQLW�HQWLWLHV�DQG�QDPH�HQWLWLHV�FDQ�GUDZ�ODUJH�DWWHQWLRQ�ZKLFK�FDQ�HYHQWXDOO\�SURPRWH�

WKH� LPSRUWDQFH� RI� FRUUHVSRQGLQJ� VDPSOHV�� (VSHFLDOO\�� ZKHQ� VRPH� HQWLWLHV� DUH� PLVVLQJ� GXULQJ�

PRGHOLQJ� WUDLQLQJ�� LQ� SUHGLFWLRQ� SURFHVV�� VLQFH� HQWLW\� IHDWXUHV� RI�ZRUGV� KDYH� EHHQ� WUDLQHG� DQG�

REWDLQHG�ODUJH�DWWHQWLRQ��WKH�PRGHO�FDQ�VWLOO�FRXQW�RQ�QDPH�HQWLW\�IHDWXUHV��>1/@��DQG�XQLW�HQWLW\�

IHDWXUHV��>8/@��WR�SURPRWH�WKH�LPSRUWDQFH�RI�WKH�LQSXW�VHTXHQFH�� 

 

(a) 2ULJLQDO�7H[W������������������������������������������E��$IWHU�$GGLQJ�)HDWXUHV 

)LJXUH������,PSRUWDQFH�RI�$WWHQWLRQ�0HFKDQLVP�IRU�,QSXW�6HTXHQFHV� 

 

�������%(57�(QFRGHU 

 $IWHU�HQWLW\�IHDWXUHV�DUH�DGGHG�WR�LQSXW�VHTXHQFHV��IRU�SRVLWLYH�VDPSOHV�ZKLFK�KDYH�HQWLWLHV��

HQWLW\�IHDWXUHV�FDQ�JDLQ�ODUJH�LPSRUWDQFH�VLQFH�WKH\�DUH�FRPPRQ�IHDWXUHV�DQG�DSSHDU�PRUH�RIWHQ��

)RU�H[DPSOH��DV�VKRZQ�LQ�)LJXUH�����E���IHDWXUH�>1/@�DQG�IHDWXUH�>8/@�DUH�KLJKO\�UHODWHG��WRNHQ�

:%&�5%&�0&9�DQG�IHDWXUH�>1/@�DUH�DOVR�KLJKO\�UHODWHG��WRNHQ�[�X/�DQG�IHDWXUH�>8/@�DUH�KLJKO\�

UHODWHG� 

 

:%&�������������������[�X/����������������� 

5%&�������������������[�X/����������������� 

0&9�������������������[�X/����������������� 

WUDPDGRO�$OOHUJ\�,QWHUPHGLDWH�KLYHV 

FRGHLQH�$OOHUJ\�0LOG�1$86($ 

:%&������>1/@���������������[�X/������>8/@��������������� 

5%&�������>1/@���������������[�X/������>8/@��������������� 

0&9������>1/@���������������[�X/������>8/@��������������� 

WUDPDGRO�$OOHUJ\�,QWHUPHGLDWH�KLYHV 

FRGHLQH�$OOHUJ\�0LOG�1$86($ 
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�������%(57�'HFRGHU 

 (QWLW\�IHDWXUHV�FDQ�EH�DGGHG�WR�GHFRGHU�LQSXW�VHTXHQFHV�DV�ZHOO��7KHVH�IHDWXUHV�FDQ�SLFN�

XS�WKH�LPSRUWDQFH�WUDLQHG�DW�HQFRGHU�ZKHQ�DWWHQWLRQ�OD\HU�DOLJQV�HQFRGHU�WR�TXHU\�VHTXHQFHV��:KHQ�

TXHU\�VHTXHQFHV�KDYH�HQWLWLHV�XQODEHOHG�GXULQJ�HQFRGLQJ��WKH�LPSRUWDQFH�RI�WKH�TXHU\�FDQ�GHSHQG�

RQ�HQWLW\�IHDWXUHV�WR�JHW�SURPRWHG��,Q�RWKHU�ZRUGV��HQWLW\�IHDWXUHV�FDQ�HIILFLHQWO\�VROYH�XQODEHOHG�

IHDWXUH�LVVXHV� 

�������2XWSXW�/D\HU 

7KH�RXWSXW�OD\HU�LV�D�VRIWPD[�FODVVLILHU�RQ�WRS�RI�WKH�DWWHQWLRQ�OD\HU��:KHQ�WKH�LPSRUWDQFH�

YHFWRU�LV�WXQHG�YHU\�ZHOO��WKH�PRGHO�FDQ�FRQYHUJH��'XULQJ�PRGHO�WUDLQLQJ��WKH�QHWZRUN�DUFKLWHFWXUH�

FDQ�EH�WXQHG�WKURXJK�EDFN�SURSDJDWLRQ�DQG�HDFK�OD\HU�FDQ�EH�WXQHG�WKURXJK�DXWR�UHJUHVVLRQ� 

�����([SHULPHQWV 

,Q� DOO� KHDOWKFDUH� HQYLURQPHQWV�� GRFXPHQWDWLRQ� IROORZV� WKH� +HDOWK� /HYHO� 6HYHQ� �+/���

6WDQGDUG�IRU�HOHFWURQLF�GDWD�H[FKDQJH��)RU�H[DPSOH�� LQ� WKH�2%;�VHJPHQW��DOO� WKH�HOHPHQWV�DUH�

GHILQHG�WR�IDFLOLWDWH�PHHWLQJ�WKH�ODERUDWRU\�UHSRUWLQJ�UHTXLUHPHQWV��7KHUH�DUH�OLPLWHG�QXPEHU�RI�

ILHOGV� LQ� WKH� 2%;� VHJPHQW� WR� VXSSRUW� FRPSOLDQFH�� )RU� XQVWUXFWXUHG� ODE� SURMHFW�� ZH� RQO\� XVH�

LQIRUPDWLRQ�LQ�WKH�ILIWK�FROXPQ�ZKLFK�LV�FDOOHG�2%;��� 

,Q� WKH� ILHOG�2%;���� IURP� GLIIHUHQW� GDWD� VRXUFHV�� IRUPDWV� RI� WH[W� FRQWHQWV� DUH� FRGHG� LQ�

GLIIHUHQW�ZD\V��7KH�IRUPDWV�FDQ�EH�UHODWHG�WR�VHFWLRQ�VHSDUDWLRQV��SDUDJUDSK�VHSDUDWLRQV��VHQWHQFH�

VHSDUDWLRQV��WKH�IRUPDWV�RI�OLVWV��WKH�IRUPDWV�RI�LQWHUSUHWDWLRQV��HWF��)RU�WKH�SXUSRVH�RI�EXLOGLQJ�D�

VDPSOH�VHW�RI�2%;�ODERUDWRU\�WHVWV�IRU�PDFKLQH�OHDUQLQJ��ZH�QHHG�WR�FRQYHUW�GLIIHUHQW�IRUPDWV�LQWR�

RQH�VR�WKDW�WKH�VDPSOH�VHW�FDQ�EH�DXWRPDWLFDOO\�SDUVHG� 

,Q� WKH� IROORZLQJ�� ZH� XVH� VHYHUDO� H[DPSOHV� WR� GHPRQVWUDWH� KRZ� ZH� IRUPDW� VHQWHQFHV��

SDUDJUDSKV��VHFWLRQV��OLVWV��WLWOHV��DQG�VXEWLWOHV�� 



 ��� 

1. 7KH�QXPEHU�RI�FROXPQV��HDFK�GRFXPHQW�FDQ�KDYH�RQO\�RQH�FROXPQ� 

,Q� +XWFKLQVRQ� UDZ� PHVVDJHV�� VRPH� GRFXPHQWV� KDYH� RQH� FROXPQ�� EXW� VRPH� KDYH� WZR�

FROXPQV�VHSDUDWHG�E\�ILYH�RU�PRUH�VSDFHV��:H�QHHG�WR�DXWRPDWLFDOO\�UHDG�WKURXJK�WKH�HQWLUH�

GRFXPHQW�WR�VHSDUDWH�HDFK�OLQH�LQWR�WZR�SDUWV�E\�XVLQJ�IRXU�RU�PRUH�VSDFHV�DV� WKH�OLQH�

VHSDUDWRU�DQG�WKHQ�UHSODFH�WKH�OLQH�VHSDUDWRU�ZLWK�DSSURSULDWH�SXQFWXDWLRQ�WR�FRQYHUW�WKH�

PHVVDJH�LQWR�&RPPD�6HSDUDWHG�9DOXHV��FVY�� 

2. 6HFWLRQV�QHHG�WR�EH�LQ�VHSDUDWH�OLQHV� 

,Q�DOO�VRXUFHV��ZH�FDQ�VHH�D�OLVW�RI�WHVWV��QRWHV��YLVLWV��HWF��,Q�WKH�OLVWV�DUH�VHSDUDWH�LWHPV�

ZKLFK�DUH�LQGHSHQGHQW�IURP�HDFK�RWKHU�LQ�FRQWHQWV�EXW�FDQ�EH�UHODWHG�WR�RQH�WRSLF���)RU�WKH�

ODE�WHVW�UHFRJQLWLRQ�WDVN��ZH�QHHG�WR�VHSDUDWH�WKH�OLVW�RI�WHVWV�LQWR�VHSDUDWH�OLQHV�VR�WKDW�HDFK�

WHVW�FDQ�EH�SURFHVVHG�DV�RQH�VDPSOH��,Q�VRPH�VRXUFHV��RWKHU�WKDQ�D�OLVW�RI�WHVWV��VRPH�OLVWV�

FDQ�DOVR�KDYH�ERWK�VLPLODU�FRQWHQWV�DQG�VLPLODU� VWUXFWXUHV�� VXFK�DV�D� OLVW�RI�PHGLFDWLRQ��

QRWHV��HWF��6R��IRU�OLVWV��ZH�XVH�D�VHSDUDWH�OLQH�IRU�HDFK�LWHP�� 

)RU� GLIIHUHQW� VRXUFHV�� OLVWV� FDQ� EH� GHILQHG� LQ� GLIIHUHQW�ZD\V�� )RU� H[DPSOH��ZH� FDQ� XVH�

LQGHQWV�� FDSLWDO� OHWWHUV�� QXPEHUV�� GLIIHUHQW� V\PEROV� DV� EXOOHW� SRLQWV�� :H� JLYH� VHYHUDO�

H[DPSOHV�WR�VKRZ�KRZ�WKH�OLVWV�DUH�GHILQHG� 

3. %XOOHW�SRLQWV��/LVWV�GHILQHG�E\�EXOOHW�SRLQWV�FDQ�EH�VWUXFWXUHG�ZHOO�LQ�UDZ�PHVVDJHV��,W�PD\�

KDYH�VXE�OLVWV�DQG�VHYHUDO�SDUDJUDSKV�LQ�HDFK�LWHP��:KHQ�ZH�SDUVH�WKH�OLVWV��ZH�QHHG�WR�

PDNH�VXUH�HDFK�LWHP�DQG�LWV�FRQWHQWV�DUH�LQWHJUDWHG�WRJHWKHU� 

4. 1XPEHUV��:KHQ� OLVWV� VWDUW�ZLWK� QXPEHUV��ZH� DOVR�QHHG� WR�PDNH� VXUH� HDFK� LWHP�DQG� LWV�

FRQWHQWV�DUH�LQWHJUDWHG�WRJHWKHU� 

5. &DSLWDO� OHWWHUV��$OO�FDSLWDO�OHWWHUV��,Q�3UDWW�5HJLRQDO�0HGLFDO�&HQWHU��HDFK�PHVVDJH�VWDUWV�

ZLWK�WKH�KRVSLWDO�KHDGHU�SOXV�D�OLVW�RI�FRQWHQWV�ZKLFK�FDQ�EH�FRQVLGHUHG�DV�VHSDUDWH�VHFWLRQV��
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(DFK�VHFWLRQ�VWDUWV�ZLWK�WKH�VHFWLRQ�WRSLF�LQ�DOO�FDSLWDO�OHWWHUV��DV�VKRZQ�LQ�WKH�IROORZLQJ��,Q�

WKLV�H[DPSOH��WKHUH�DUH�WZR�VHFWLRQV�ZLWK�WKH�WRSLFV���526�DQG�,035(66,21��UHVSHFWLYHO\� 

 
)LJXUH������([DPSOH�IRU�&DSLWDO�/HWWHUV�DV�+HDGLQJV 

 

 
)LJXUH������([DPSOH�IRU�)LUVW�/HWWHU�RI�:RUG�8SSHU�DV�+HDGLQJV 

 

  

526� 

����,�KDYH�UHYLHZHG�DOO�WKH�RWKHU�V\VWHPV�DQG�WKH\�DUH�QHJDWLYH� 

�,035(66,21� 

�&$5',$&�$55(67�'8(�72�27+(5�81'(5/<,1*�&21',7,21���>,����@ 

,Q�.LQJPDQ�+HDOWKFDUH�&HQWHU��ZH�FDQ�VHH�WKH�OLVW�VWDUWV�ZLWK�DOO�FDSLWDO�OHWWHUV�IROORZHG�

E\�LWV�FRQWHQWV�ZLWK�RQH�VSDFH�LQGHQW��DV�VKRZQ�EHORZ�� 

)$0,/<�+,6725< 

��1R�VLJQLILFDQW�IDPLO\�PHGLFDO�KLVWRU\� 

�$'',7,21$/�127(6 

��7KH�QXUVLQJ�QRWHV�KDYH�EHHQ�UHYLHZHG� 

 

5HYLHZHG�0HGLFDWLRQV 

1DPH��DVSLULQ����PJ�WDEOHW��GHOD\HG�UHOHDVH�7DNH���WDEOHW�V��HYHU\�GD\�E\�RUDO�URXWH� 

'DWH�������������HQWHUHG 

6RXUFH��$XEU\�%R\FH 

1DPH��DWRUYDVWDWLQ����PJ�WDEOHW�7DNH���WDEOHW�V��HYHU\�GD\�E\�RUDO�URXWH�IRU����GD\V� 

'DWH�������������SUHVFULEHG 

6RXUFH��*HRUJHV�&��(OKRPV\��0' 
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6. 7H[W�SOXV�FRORQ��7KLV�IRUPDW�LV�JHQHUDOO\�XVHG�LQ�UDZ�PHVVDJHV��6RPHWLPHV��WKH�WH[W�FDQ�EH�

DOO�FDSLWDO�OHWWHUV�IROORZHG�E\�FRORQV��VRPHWLPHV��WKH�WH[W�FDQ�EH�LQ�ORZHU�FDVH���+RZHYHU��

ZKHQHYHU�ZH�VHH� WH[W� IROORZHG�E\�FRORQV��ZH�NQRZ� WKDW� LV� WKH�VWDUW�RI� WKH� OLVW��6HYHUDO�

H[DPSOHV�DUH�OLVWHG�EHORZ�� 

$V� VKRZQ� LQ� ILJXUH� ����� WKH� ILUVW� OHWWHU� RI� ZRUG� LV� XSSHU� FDVH� IROORZHG� E\� FRORQ�� ,Q�

:,&+,7$�'LDEHWHV��WKH�OLVW�VWDUWV�ZLWK�ZRUGV��HDFK�IROORZHG�E\�FRORQV�LQ�ZKLFK�WKH�ILUVW�

OHWWHU�RI�HDFK�ZRUG�LV�XSSHUFDVH��DQG�WKH�RWKHU�OHWWHUV�DUH�ORZHUFDVH�� 

$V�VKRZQ�LQ�ILJXUH������PXOWLSOH�OHYHOV��,Q�6DOLQD�5HJLRQDO�+HDOWK�&HQWHU��ZH�KDYH�VHYHUDO�

OHYHOV�RI�OLVWV�LQGLFDWHG�E\�LQGHQWV��DV�VKRZQ�EHORZ��:H�FRQYHUW�PXOWLSOH�OHYHOV�LQWR�RQH�

OHYHO�EHFDXVH�WKH�LWHPV�DUH�LQGHSHQGHQW�IURP�HDFK�RWKHU� 

 
)LJXUH������([DPSOH�IRU�0XOWLSOH�/HYHO�+HDGLQJV 

 

 
)LJXUH������([DPSOH�IRU�,QGHQWV�DV�+HDGLQJ�,QGLFDWRUV 

 

7. ,QGHQWV��1RUPDOO\��LQGHQWV�DQG�OLQH�VSDFHV�DUH�XVHG�WRJHWKHU�WR�UHSUHVHQW�D�OLVW�RI�LWHPV��)RU�

H[DPSOH��LQ�6DOLQD�5HJLRQDO�+HDOWK�&HQWHU��D�OLVW�LV�GHILQHG�DV�VKRZQ�EHORZ��,Q�WKLV�OLVW��ZH�

FDQ�VHH�VHQWHQFH�VHSDUDWRUV��VXFK�DV�FRPPD��EXW��EHFDXVH�WKHUH�LV�D�OLQH�VSDFH�EHWZHHQ�WZR�

�VW�LQWHUSUHWDWLRQ���� 

������9LHZ��3RUWDEOH�� 

������,QWHUSUHWDWLRQ�:HW�5HDG�E\��:HW�UHDG�('�SK\VLFLDQ�� 

������1/�;�5D\�&KHVW�)LQGLQJV��1R�LQILOWUDWH�� 

 

$FWLYH�2UGHUV����������������������������$FWLYH�2UGHUV� 

�3HULSKHUDO�,9�12:�&DUH�����������������$FWLYH�� 

�,9�����XQLWV�KU����� 
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LWHPV��ZH�FDQ�WKHQ�FRQVLGHU�WKHVH�LWHPV�IRUP�D�OLVW� 

8. 'DWH�7LPH 

,Q� 3UDWW� 5HJLRQDO�0HGLFDO� &HQWHU�� WKH� OLVWV� FDQ� DOVR� VWDUW� ZLWK� D� OLVW� RI� GDWH�WLPH�� )RU�

H[DPSOH��LQ�WKH�IROORZLQJ�H[DPSOH��³9,7$/6�+,6725<�´�LV�GHILQHG�DV�D�OLVW�VWDUWLQJ�ZLWK�

GDWH�WLPH�IROORZHG�E\�WHVW�QDPHV��TXDQWLWLHV�DQG�XQLWV��$IWHU�SDUVLQJ��WKH�VWUXFWXUH�RI�WKH�

FRQWHQWV�DQG�WKH�VWUXFWXUHV�RI�WKH�WHVWV�DUH�VLPLODU��ZKLFK�FDQ�EH�XVHIXO�LQ�SDUDPHWHU�WXQLQJ�

GXULQJ�PRGHO�WUDLQLQJ��DV�VKRZQ�LQ�)LJXUH������ 

 
)LJXUH�������([DPSOH�IRU�'DWH�7LPH�DV�+HDGLQJV 

 

9. )LHOGV�QHHG�WR�EH�VHSDUDWHG�E\�IRXU�RU�PRUH�VSDFHV 

,Q�ODERUDWRU\�WHVWV��WHVW�UHVXOWV�KDYH�D�SUH�GHILQHG�VWUXFWXUH�ZKLFK�KDV�VHYHUDO�ILHOGV��VXFK�

DV�WHVW�QDPHV��TXDQWLWLHV��XQLWV��UHIHUHQFHV��IODJV��HWF��7KLV�VWUXFWXUH�FDQ�EH�XVHG�WR�GHILQH�

FRPPRQ�SDWWHUQV� LQ�GDWD�PRGHOLQJ� WR�KHOS�H[WUDFW� ODE� VHFWLRQV��7KLV� VWUXFWXUH�QRUPDOO\�

IRUPV�DQ�HPEHGGHG�WDEOH�ZLWK�VHYHUDO�FROXPQV�VHSDUDWHG�E\�PXOWLSOH�VSDFHV��:KHQ�WKH�WHVW�

UHVXOWV�DUH�QRW�GHILQHG�DV�HPEHGGHG�WDEOHV�LQ�WKH�UDZ�PHVVDJH��ZH�QHHG�WR�UH�DUUDQJH�WKH�

9,7$/6�+,6725<� 

���������������������:HLJKW������NJ�����OE��$FWXDO��+HLJKW����LQ�����FP��%0,������ 

���������������������%3���������$UP��$XWRPDWLF��0$3��������PP+*��7HPS�������)�

$[LOODU\��+5��������&DUGLDF�5K\WKP��67��55������2��6DW���������/�PLQ�YLD�(77���%DJJHG��

3DLQ����������1XPEHU�VFDOH����������%3���������$UP��$XWRPDWLF��0$3��������PP+*��+5��

������&DUGLDF�5K\WKP��67��55������2��6DW�������YLD�(77���9HQWLODWRU 

����������������������*/$6*2:�&20$�6&$/(��(�9�0�� �*&6��� 

��������������������$0 
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WHVW�UHVXOWV�WR�SXW�WKHP�LQWR�WKLV�WDEOH�VWUXFWXUH�VR�WKDW�HDFK�OLQH�FDQ�EH�RQH�WHVW��HDFK�FROXPQ�

LV�DQ�DWWULEXWH��FROXPQV�DUH�VHSDUDWHG�E\�PXOWLSOH�VSDFHV��IRXU�RU�PRUH�VSDFHV���$Q�H[DPSOH�

LV�JLYHQ�LQ�)LJXUH������WR�VKRZ�EHIRUH�DQG�DIWHU�WKH�VWUXFWXUH�LV�IRUPHG� 

 
)LJXUH�������([DPSOH�IRU�/LQH�6SDFHV�DV�6HFWLRQ�6HSDUDWRUV 

 

10. (DFK�VHQWHQFH�FDQQRW�EH�LQ�WZR�VHSDUDWH�OLQHV� 

6HQWHQFHV�DUH�WKH�LQWHUSUHWDWLRQV�RI�WKH�WRSLF��)RU�HDFK�WRSLF��ZH�SXW�DOO�WKH�VHQWHQFHV�XQGHU�

HDFK�WRSLF�LQWR�RQH�OLQH�VR�WKDW�WKH\�FDQ�EH�LQ�WKH�VDPH�VDPSOH��6HYHUDO�LQGLFDWRUV�FDQ�EH�

XVHG�WR�VKRZ�XV�WKDW�VRPH�WH[WV�DUH�LQWHUSUHWDWLRQV��DV�VKRZQ�LQ�)LJXUH������� 

%HIRUH�FRQYHUVLRQ� 

7HVW 

5HVXOW 

)ODJ 

8QLWV 

�5HIHUHQFH� 

5%&������������������������������������ 

������������������������ 

0�X/������������� 

������������� 

 

$IWHU�FRQYHUVLRQ� 

7HVW 5HVXOW )ODJ 8QLWV �5HIHUHQFH� 

5%& ����  0�X/������������������ 

 



 ��� 

 
)LJXUH�������([DPSOH�IRU�&RQQHFWLQJ�6HQWHQFHV 

 

'DVKHV�DIWHU�WKH�WRSLF���LQ�)LJXUH�������LQ�6DOLQD�5HJLRQDO�+HDOWK�&HQWHU��ZH�MRLQ�WKH�OLQHV� 

 
)LJXUH�������([DPSOH�IRU�'DVKHV�DV�+HDGLQJ�,QGLFDWRUV 

 

11. 6SDFHV�DW�WKH�EHJLQQLQJ�DQG�WKH�HQG�RI�WKH�VHFWLRQV�QHHG�WR�EH�UHPRYHG��$IWHU�ZH�FRGH�WKH�

UDZ� PHVVDJH� ZLWK� WKH� IRUPDW� ZH� GHILQHG�� HDFK� OLQH� FDQ� EH� RQH� VDPSOH�� 7KH� XVHIXO�

LQIRUPDWLRQ�IRU�WKLV�SURMHFW�LV�WKH�WH[W�VR�WKDW�ZH�UHPRYH�VSDFHV�EHIRUH�DQG�DIWHU�WKH�WH[W� 

%HIRUH�FRQYHUVLRQ� 

),1',1*6��0HGLDQ�VWHUQRWRP\��%RUGHUOLQH�FDUGLRPHJDO\��,QFUHDVHG�YDVFXODU 

�������������SURPLQHQFH�DQG�EURQFKLDO�ZDOO�WKLFNHQLQJ� 

$IWHU�FRQYHUVLRQ� 

),1',1*6�� 0HGLDQ� VWHUQRWRP\�� %RUGHUOLQH� FDUGLRPHJDO\�� ,QFUHDVHG� YDVFXODU�

SURPLQHQFH�DQG�EURQFKLDO�ZDOO�WKLFNHQLQJ� 

 

%HIRUH�FRQYHUVLRQ� 

)UHH�7H[W�0'0�1RWHV���� 

�����3DWLHQW�FRQWLQXHV�WR�KDYH�VHYHUH�'.$�ZLWKRXW�DQ\�LPSURYHPHQW�LQ�S+�RQ�DUULYDO� 

EDVHG�RQ�YHQRXV�EORRG�JDV�� �0XOWLSOH� DWWHPSWV� DW� SHULSKHUDO� ,9V�E\� VWDII�� LQFOXGLQJ�

XOWUDVRXQG�JXLGDQFH�ZHUH�XQVXFFHVVIXO� 

$IWHU�FRQYHUVLRQ� 

)UHH� 7H[W� 0'0� 1RWHV� � �� 3DWLHQW� FRQWLQXHV� WR� KDYH� VHYHUH� '.$� ZLWKRXW� DQ\�

LPSURYHPHQW�LQ�S+�RQ�DUULYDO�EDVHG�RQ�YHQRXV�EORRG�JDV���0XOWLSOH�DWWHPSWV�DW�SHULSKHUDO�,9V�

E\�VWDII��LQFOXGLQJ�XOWUDVRXQG�JXLGDQFH�ZHUH�XQVXFFHVVIXO� 

 



 ��� 

 
)LJXUH�������([DPSOH�IRU�5HPRYLQJ�6SDFHV�DW�WKH�%HJLQQLQJ�DQG�(QG�RI�WKH�6HFWLRQV 

 

2WKHU�WKDQ�WKH�IRUPDW�IRU�WKH�GRFXPHQW�VWUXFWXUH��VSHFLDO�V\PEROV�DOVR�QHHG�WR�EH�FOHDQHG�

XS�LQ�SUHSURFHVVLQJ�� 

6\VWHP�JHQHUDWHG�FRGHV�QHHG�WR�EH�UHPRYHG��VXFK�DV�
?;�'??;�$?
�
?5??5?
� 

6SHFLDO�V\PEROV�IRU�+/��IRUPDW�QHHG�WR�EH�UHSODFHG�E\�VSDFHV��VXFK�DV�
A
�
a
�
	
� 

6SHFLDO�VHSDUDWRUV��VXFK�DV� 
��
�
A%UHDNSRLQW
�
����
��QHHG�WR�EH�UHPRYHG��,I�WKH\�DUH�OLQH�

VHSDUDWRUV��UHSODFH�WKRVH�ZLWK�OLQH�VSDFHV��,I�WKH\�DUH�ZRUG�VHSDUDWRUV��UHSODFH�WKRVH�ZLWK�VSDFHV� 

6SHFLDO� IRUPDWV� IRU� +/�� QHHG� WR� EH� UHPRYHG�� )RU� H[DPSOH�� IRU�


��������������A<<<<00''++00
��RQO\�NHHS�
��������������
� 

)RU�VDPSOH�VHOHFWLRQ��VLQFH�ZH�ZDQW�WR�H[WUDFW�DOO�ODE�WHVWV��ZKLFK�DUH�DERXW�����WHVWV��IURP�

UDZ�PHVVDJHV��ZH�ZDQW�WR�LQFOXGH�DV�PDQ\�ODE�WHVWV�DV�SRVVLEOH�LQ�WKH�VDPSOH�VHW��)LUVW��ZH�EXLOW�

ODE�WHVW�GLFWLRQDU\�WKDW�KDV�DOO�WKH�WHUPV�ZH�FDQ�H[WUDFW�IURP�WKH�UDZ�PHVVDJHV��6DPSOH�VHOHFWLRQ�

VWDJH�FDQ�FROOHFW�VDPSOHV�IRU�HDFK�RI�WKH�WHUPV�IRU�PRGHO�WUDLQLQJ��(DFK�WHUP�QHHGV�EHWZHHQ�WKUHH�

WR�ILYH�VDPSOHV�WR�SURSHUO\�GHILQH�IHDWXUHV�UHODWHG�WR�WKH�WHUP��,I�D�WHUP�KDV�OHVV�WKDQ�WKUHH�VDPSOHV��

WKH�WHUP�FDQQRW�EH�DFFXUDWHO\�H[WUDFWHG�E\�WKH�WUDLQHG�PRGHO��,I�D�WHUP�KDV�PRUH�WKDQ�ILYH�VDPSOHV��

WKH�VDPSOH�VHW�LV�RYHU�SUHSDUHG� 

%HIRUH�FRQYHUVLRQ� 

����������3DWLHQW�FRQWLQXHV�WR�KDYH�VHYHUH�'.$�ZLWKRXW�DQ\�LPSURYHPHQW�LQ�S+�RQ�DUULYDO�

EDVHG�RQ�YHQRXV�EORRG�JDV��� 

$IWHU�FRQYHUVLRQ� 

3DWLHQW�FRQWLQXHV�WR�KDYH�VHYHUH�'.$�ZLWKRXW�DQ\�LPSURYHPHQW�LQ�S+�RQ�DUULYDO�EDVHG�RQ�

YHQRXV�EORRG�JDV��� 
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7HUP� IUHTXHQF\� FDQ� EH� XVHG� WR� UHSUHVHQW� KRZ� PDQ\� VDPSOHV� HDFK� WHUP� KDV�� 6DPSOH�

IUHTXHQF\�LV�GHILQHG�DV�KRZ�PDQ\�WHUPV�KDYH�D�FHUWDLQ�QXPEHU�RI�VDPSOHV��6DPSOHV�DUH�FROOHFWHG�

LQ�WZR�URXQGV��:H�FRPELQH�WKH�WZR�URXQGV�WRJHWKHU�IRU�VDPSOH�VHOHFWLRQ�SXUSRVHV��$V�VKRZQ�EHORZ��

ZH�XVH�)LJXUHV������WR������WR�SUHVHQW�WKH�GLVWULEXWLRQ�RI�WHUP�IUHTXHQF\�DQG�VDPSOH�IUHTXHQF\� 

 

)LJXUH�������7HUP�)UHTXHQF\�3LH�&KDUW�IRU�/DE�7HVW�([WUDFWLRQ�3URMHFW 



 ��� 

 

)LJXUH�������7HUP�)UHTXHQF\�/LQH�&KDUW�IRU�/DE�7HVW�([WUDFWLRQ�3URMHFW 

 

 

)LJXUH�������6DPSOH�)UHTXHQF\�3LH�&KDUW�IRU�/DE�7HVW�([WUDFWLRQ�3URMHFW 



 ��� 

 

)LJXUH�������6DPSOH�)UHTXHQF\�/LQH�&KDUW�IRU�/DE�7HVW�([WUDFWLRQ�3URMHFW 

 

7KH�PRGHO�ZDV�WHVWHG�ZLWK������VDPSOHV�LQ�ZKLFK�����VDPSOHV�ZHUH�ODEHOHG�DV�
ODE
�DQG�

����� VDPSOHV�ZHUH� ODEHOHG� DV� 
GRF
��$V� VKRZQ� LQ� WKH� IROORZLQJ� WDEOH�� WKH� H[SHULPHQWDO� UHVXOWV�

VKRZHG�WKDW�WKH�SHUIRUPDQFH�PHDVXUHPHQWV��VXFK�DV�SUHFLVLRQ��UHFDOO��DQG�)��VFRUH��LQGLFDWHG�WKDW�

WKH�PRGHO�FDQ�EH�XVHG�WR�LGHQWLI\�ODE�WHVWV�ZLWK������LQ�DOO�PHDVXUHPHQWV��,Q�FRPSDULVRQ�ZLWK�WKH�

&RQGLWLRQDO� 5DQGRP� )LHOGV� �&5)��PRGHO�� %L�GLUHFWLRQDO� (QFRGHU� 5HSUHVHQWDWLRQ�7UDQVIRUPHU�

�%(57��� 1DwYH� %D\HV� 6XSSRUW� 9HFWRU� 0DFKLQH� �1%690��� /RJLVWLF� 5HJUHVVLRQ� �/2*5(*���

)$677(;7�� 6WDQGDUG� *DWHG� 5HFXUUHQW� 8QLWV� �67$1'$5'� *58��� %L�GLUHFWLRQDO� *DWHG�

5HFXUUHQW�8QLWV��%L*58���)HDWXUHG�7UDQVIRUPHU�0HWKRGRORJ\��)70��FDQ�SHUIRUP�PXFK�EHWWHU�

WKDQ� &5)�� %(57�� 1%690�� /2*5(*�� )$677(;7�� 67$1'$5'� *58�� DQG� %L*58� LQ� DOO�

PHDVXUHPHQWV� 
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7DEOH������3HUIRUPDQFH�RI�%(57�)HDWXUHG�RQ������6DPSOHV 
 Precision Recall F1-score 

O 1 1 1 
LAB 1 1 1 
 
Accuracy 1   
Macro Avg 1 1 1 
Weighted Avg 1 1 1 

 
 

7DEOH������3HUIRUPDQFH�RI�&5)�RQ������6DPSOHV 
 Precision Recall F1-score 

O 0.927 0.989 0.957 
LAB 0.959 0.764 0.85 
 
Accuracy 0.933   
Macro Avg 0.943 0.876 0.904 
Weighted Avg 0.935 0.933 0.931 

 
 

7DEOH������3HUIRUPDQFH�RI�%(57�RQ������6DPSOHV 
 Precision Recall F1-score 

O 0.99 0.99 0.99 
LAB 0.99 0.99 0.99 
 
Accuracy 0.99   
Macro Avg 0.99 0.99 0.99 
Weighted Avg 0.99 0.99 0.99 

 
 

7DEOH������3HUIRUPDQFH�RI�1%690�RQ������6DPSOHV 
 Precision Recall F1-score 

O 0.92 0.98 0.95 
LAB 0.99 0.97 0.98 
 
Accuracy 0.97   
Macro Avg 0.96 0.97 0.96 
Weighted Avg 0.97 0.97 0.97 

 

 



 ��� 

7DEOH������3HUIRUPDQFH�RI�/2*5(*�RQ������6DPSOHV 
 Precision Recall F1-score 
O 0.92 0.96 0.94 
LAB 0.98 0.97 0.97 
 
Accuracy 0.96   
Macro Avg 0.95 0.96 0.96 
Weighted Avg 0.96 0.96 0.96 

 
 

7DEOH������3HUIRUPDQFH�RI�)$677(;7�RQ������6DPSOHV 
 Precision Recall F1-score 

O 0.97 0.97 0.97 
LAB 0.99 0.99 0.99 
 
Accuracy 0.98   
Macro Avg 0.98 0.98 0.98 
Weighted Avg 0.98 0.98 0.98 

 
 

7DEOH������3HUIRUPDQFH�RI�67$1'$5'�*58�RQ������6DPSOHV 
 Precision Recall F1-score 

O 0.97 0.94 0.95 
LAB 0.98 0.99 0.98 
 
Accuracy 0.997   
Macro Avg 0.97 0.96 0.97 
Weighted Avg 0.97 0.97 0.97 

 
 

7DEOH������3HUIRUPDQFH�RI�%L�*58�RQ������6DPSOHV 
 Precision Recall F1-score 

O 0.98 0.98 0.98 
LAB 0.99 0.99 0.99 
 
Accuracy 0.99   
Macro Avg 0.99 0.99 0.99 
Weighted Avg 0.99 0.99 0.99 
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�����&RQFOXVLRQ 

:H�SURSRVHG�D�ZD\�WR�LPSURYH�7UDQVIRUPHU�DUFKLWHFWXUH�E\�DGGLQJ�DUELWUDU\�IHDWXUHV�WR�

LQSXW�VHTXHQFHV��$FFRUGLQJ�WR�WKH�0DUNRY�OLNH�XSGDWHV��ZH�XVH�DUELWUDU\�IHDWXUHV�WR�LQIOXHQFH�WKH�

LPSRUWDQFH�YHFWRU�RI�WKH�DWWHQWLRQ�OD\HUV��7KLV�PHWKRGRORJ\�FDQ�KHOS�FRPELQH�GRPDLQ�NQRZOHGJH�

ZLWK�WKH�LQSXW�VHTXHQFHV��HIILFLHQWO\�SURPRWH�WKH�LPSRUWDQFH�RI�WKH�GRPDLQ�VSHFLILF�SDWWHUQV��DQG�

IL[�WKH�XQODEHOHG�GDWD�LVVXH��:H�UHYLHZHG�VWDWH�RI�WKH�DUW�VROXWLRQV�LQ�7UDQVIRUPHU�DUFKLWHFWXUH��

SUHVHQW�WKH�DVVRFLDWLRQ�EHWZHHQ�0DUNRY�JUDSK�DQG�DWWHQWLRQ�PHFKDQLVP��DQG�LQWURGXFHG�KRZ�WR�

LPSOHPHQW�WKH�PHWKRGRORJ\�LQ�%(57�DUFKLWHFWXUH�RQ�GLIIHUHQW�OD\HUV��VXFK�DV�LQSXW�OD\HU��HQFRGHU�

DQG�GHFRGHU�OD\HU��DWWHQWLRQ�OD\HU��DQG�RXWSXW�OD\HU��:H�FRPSDUHG�WKH�QHZ�PHWKRGRORJ\���)HDWXUHG�

7UDQVIRUPHU�ZLWK�VHYHUDO�PRVW�UHFHQW�UHVHDUFK��VXFK�DV�&5)�ZKLFK�DOVR�XVHV�DUELWUDU\�IHDWXUHV�IRU�

FODVVLILFDWLRQ�� %(57�� 1%690�� )$677(;7�� 67$1'$5'� *58�� DQG� %L�*58�� ([SHULPHQWDO�

UHVXOWV�VKRZHG�XV�WKDW��DFFRUGLQJ�WR�VHYHUDO�SHUIRUPDQFH�PHDVXUHPHQWV��VXFK�DV�SUHFLVLRQ��UHFDOO��

)��VFRUH�� DFFXUDF\�� DQG� PLFUR� DYHUDJH� DQG� ZHLJKWHG� DYHUDJH� SUHFLVLRQ�� UHFDOO� DQG� )��VFRUH��

)HDWXUHG�7UDQVIRUPHU�SHUIRUPV�EHWWHU�WKDQ�RWKHU�PHWKRGRORJLHV�LQ�WH[W�FODVVLILFDWLRQ��,Q�IXWXUH��ZH�

ZDQW�WR�DGG�OH[LFDO�DQG�VHPDQWLF�IHDWXUHV�DQG�HYDOXDWH�KRZ�PXFK�DUELWUDU\�IHDWXUHV�FDQ�LQIOXHQFH�

GDWD�PRGHOLQJ�  
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Chapter 8:  Conclusion 
 
 :LWK�WKH�GHYHORSPHQW�RI�VRFLDO�QHWZRUNV��KXPDQ�VRFLHW\�FDQ�EH�SUHVHQWHG�LQ�YLUWXDO�ZRUOG�

WKURXJK�WKH�,QWHUQHW��$�FROOHFWLRQ�RI�ZRUN�KDV�EHHQ�GRQH�GXULQJ�P\�3K�'��VWXGLHV�ZLWK�WKH�JRDO�RI�

EXLOGLQJ� H[SUHVVLYH� VWUXFWXUHG� PRGHOV� WKDW� QRW� RQO\� PRGHO� LQGLYLGXDO� GDWD� SRLQWV� EXW� DOVR�

FRQQHFWLRQV�EHWZHHQ�GDWD�SRLQWV��7KH�FKDOOHQJHV�ZH�DUH�IDFLQJ�DUH�UHODWHG�WR�WKH�VL]H�RI�GDWD�ZH�

QHHG� WR�XVH�� WKH�SHUIRUPDQFH�DQG� OLPLWDWLRQ�RI�PRGHUQ�FRPSXWLQJ�PDFKLQHV� IRU� WKLV� VWXG\�� WKH�

H[SUHVVLYHQHVV�RI�WKH�PRGHOV��DQG�WKH�SRWHQWLDOV�LQ�LPSURYLQJ�VWDWH�RI�WKH�DUW�WKHRULHV�WR�VROYH�QHZ�

LVVXHV�� 

 ,Q�&KDSWHU� ���ZH� UHYLHZHG� WKH� UHODWHG�ZRUN� LQ�*UDSKLF� 3URFHVVLQJ�8QLWV� �GPU), GPU 

optimization, parallel computation and optimization, parallel join and query operation, graph 

processing with GPU, graph store task scheduling and parallel planning, performance ratio, bin 

packing algorithms, sampling, triangle computation, and community detection. 

 In Chapter 3, we defined symbols and explanations for the entire dissertation. 

 ,Q�&KDSWHU����ZH�GLVFXVVHG�WKH�XSSHU�ERXQG�DQG�ORZHU�ERXQG�RI�WKH�VSDFH�FRVW��We used a 

snapshot of the data stream as a case study to show the boundaries of the bin packing. We proved 

that packing stream I into C bins is NP-Complete, the time complexity for bin packing is O(NlogN) 

for sorted data, and O(N) for unsorted data. For comparison-based data structure, the time 

complexity cannot be O(HlogN). The upper bound and lower bound of the bin packing can be 

O(logN) and (1+H)OPT(I) respectively. The upper bound and the lower bound of the multi-variable 

bin packing are max(SIZE(I1),.., SIZE(Ik)), and max(OPT(I1���«�� 237�,k)), respectively. The 

capacity of the largest bin Cmax and the smallest bin Cmin satisfy Cmax - Cmin < C in which a1 - an < 
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C and a1 > a2!�«!�Dn. For a multiset A of positive integers with total sum S, the problem of 

deciding whether there exists a subset of sum S/k is NP-Complete and the upper bound and lower 

bound of the time complexity is OPT(I) and OPT(I)logOPT(I). 

 7R�VKULQN� WKH�GDWD�VHW�VL]H�� LQ�&KDSWHU����ZH�ZRUNHG�RQ�KRZ�WR�VKULQN� WKH�GDWD�VHW�VL]H�

WKURXJK�VDPSOLQJ�WHFKQRORJLHV��7ZR�PHWKRGV�ZHUH�SURSRVHG�WR�PDNH�WKLV�KDSSHQ��RQH�LV�EDVHG�RQ�

.URQHFNHU�JUDSK�GRXEOH�FRYHU�� WKH�RWKHU� LV�EDVHG�RQ�JUDSK�FXUYDWXUH��.URQHFNHU�JUDSK�GRXEOH�

FRYHU�WKHRU\�DQG�&XUYDWXUH�WKHRU\�KDYH�EHHQ�GHILQHG�DQG�SURYHG�LQ�JUDSK�WKHRULHV�� 

 $FFRUGLQJ� WR� WKH� V\PPHWULF� VWUXFWXUH� RI� QRGHV� DQG� HGJHV� LQ� JUDSKV�� .URQHFNHU� JUDSK�

GRXEOH� FRYHU� FDQ� UHFXUVLYHO\� GHFRPSRVH� DQG� UHFRQVWUXFW� JUDSKV� DQG� UHWDLQ� JUDSK� WRSRORJ\�

SURSHUWLHV� GXULQJ� WKHVH� RSHUDWLRQV��7R� NHHS� WKH� FRQQHFWHGQHVV� GXULQJ� VDPSOLQJ� SURFHVVHV�� RXU�

PHWKRGRORJ\� FKRRVHV� WR� PHUJH� VLPLODU� YHUWLFHV� DQG� HGJHV� LQVWHDG� RI� UHPRYLQJ� RU� UHEXLOGLQJ�

YHUWLFHV�DQG�HGJHV��:H�WKHRUHWLFDOO\�H[SODLQ�WKH�FKDUDFWHULVWLFV�RI�WKH�UHFRQVWUXFWLEOH�JUDSKV��KRZ�

WR�IDFWRUL]H��GHFRPSRVH�DQG�UHFRQVWUXFW�JUDSKV�ZLWK�WKH�WRSRORJ\�SURSHUWLHV�XQFKDQJHG��KRZ�WR�

NHHS�WKH�FRQQHFWHGQHVV�GXULQJ�JUDSK�UHFRQVWUXFWLRQ��DQG�KRZ�WR�FRQGXFW�.URQHFNHU�GRXEOH�FRYHU�

RSHUDWLRQ� DQG� REWDLQ� WKH� JUDSK� SURGXFW��:H� DOVR� WKHRUHWLFDOO\� SURYH� WKDW�.URQHFNHU� JUDSK� KDV�

OLPLWHG�JUDSKRQV��.URQHFNHU�JUDSK�FDQ�EH�XVHG�WR�JHQHUDWH�DQ\�ELQDU\�JUDSK�ZLWK�QR�VHOI�ORRSV�

DQG�PXOWLSOH�HGJHV��.URQHFNHU�JUDSK�SURSHUWLHV�KROG�GXULQJ�SURMHFWLRQ��DQG�WKH�+RPRPRUSKLVP�

GHQVLW\�RI�.URQHFNHU�JUDSKV��7KH�VDPSOLQJ�SURFHVV�FDQ�EH�WKURXJK�HLWKHU�WRS�GRZQ�RU�ERWWRP�XS��

:H�DSSOLHG�GDWD�FOXVWHULQJ�RQ�WKUHH�JURXQG�WUXWK�GDWD�VHWV�WR�SURYH�WKDW��DIWHU�VDPSOLQJ��JUDSK�GDWD�

TXDOLW\�ZDV�LPSURYHG� 

 Several curvature definitions, such as Forman curvature, Menger-Ricci curvature, and 

Haantjes-Ricci curvature, were discussed and applied to graph sampling. Curvature theory was 

defined in differential geometry in a network. Curvature describes how much the curve direction 
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changed over a small distance. It demonstrated the evolution of the curves. In community detection, 

we can use curvature to simulate the evolution of the community, in which the influence of the 

community centers was based on the distance between the community and the observed vertices. 

The community can be considered as the snapshot of a particular moment during the evolution of 

the community. Different curvature formulas, such as Forman curvature, Menger-Ricci curvature, 

and Haantjes-Ricci curvature, were the driving force of the changes. We used three ground truth 

data sets to perform clustering and used results to evaluate the quality of the sample sets. 

Experimental results showed us that the sample sets can keep the topology properties and have 

better quality than the original data sets. 

 7R�FRQGXFW�VHPDQWLF�HQWLW\�DQDO\VLV�RQ�VRFLDO�QHWZRUNV��ZH�GHILQHG�D�IHDWXUH�H[WUDFWLRQ�

PHWKRGRORJ\�IRU�&5)�PRGHOV��:H�GLVFXVVHG�GLIIHUHQW�ZD\V�WR�GHILQH�IHDWXUH�VHWV� WKDW�FDQ�KHOS�

H[WUDFW� GRPDLQ� VSHFLILF� SDWWHUQV� IURP� WH[WV�� &RQGLWLRQDO� 5DQGRP� )LHOGV� PRGHOV� EHORQJHG� WR�

0DUNRY�PRGHOV�E\�ORVLQJ�WKH�FRQVWUDLQWV�LQ�LQGHSHQGHQFH�RI�WKH�VWDWHV��$VVRFLDWLRQV�EHWZHHQ�LQSXW�

VHTXHQFHV�SOD\�LPSRUWDQW�UROHV�LQ�GDWD�PRGHOLQJ��:H�VXPPDUL]HG�WKH�ZD\V�WR�GHILQH�IHDWXUH�VHWV��

VXFK�DV� OH[LFDO� IHDWXUHV�DQG�VHPDQWLF� IHDWXUHV��:H�DOVR�VXPPDUL]HG� WKH�ZD\V� WR�GHILQH�IHDWXUH�

IXQFWLRQV�� VXFK� DV� ELQDU\� IXQFWLRQV� DQG� IHDWXUH� IXQFWLRQV�� :H� XVHG� SDFNDJLQJ� LQIRUPDWLRQ�

H[WUDFWLRQ�SURMHFW�DV�D�FDVH�VWXG\�WR�GHPRQVWUDWH�WKH�VWUHQJWK�DQG�ZHDNQHVVHV�LQ�IHDWXUH�VHWV�DQG�

IHDWXUH�IXQFWLRQV�DQG�GLVFXVV�VROXWLRQV�WR�VROYH�WKHVH�LVVXHV��:H�FRPSDUHG�WKH�SHUIRUPDQFH�RI�RXU�

PHWKRGRORJ\� ZLWK� %L�GLUHFWLRQDO� /RQJ� 6KRUW�7HUP� 0HPRU\� �%L�/670�� DOJRULWKP�� 7KH�

H[SHULPHQWDO�UHVXOWV�VKRZHG�WKDW��DFFRUGLQJ�WR�SUHFLVLRQ��UHFDOO��DQG�)��VFRUH��RXU�PHWKRGRORJ\�

SHUIRUPHG�EHWWHU�WKDQ�%L�/670��2WKHU�WKDQ�WKHVH�PHDVXUHPHQWV��ZKHQ�ZH�FKHFNHG�WKH�TXDOLW\�RI�

WKH�UHVXOWV��ZH�FDQ�VHH�WKDW�RXU�PHWKRGRORJ\�FDQ�HQVXUH�WKDW�WKH�VHJPHQWV�H[WUDFWHG�IURP�WKH�LQSXW�

VHTXHQFHV�DUH�FRPSOHWH��2Q�WKH�RWKHU�KDQG��WKH�VHJPHQWV�H[WUDFWHG�E\�%L�/670�FDQ�EH�FXW�LQWR�
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GLVFRQQHFWHG�SLHFHV� WKDW� FDQQRW� JXDUDQWHH� WKH� FRPSOHWHQHVV� RI� WKH� UHVXOWV� DQG� FDQQRW� EH� IL[HG�

GXULQJ� SRVW�SURFHVVLQJ�� 7KH� LPSURYHG� &5)� ZLWK� GRPDLQ� VSHFLILF� IHDWXUH� VHWV� FDQ� HIILFLHQWO\�

H[WUDFW�GRPDLQ�VSHFLILF�VHJPHQWV�IURP�LQSXW�VHTXHQFHV��DQG�ILQDO�UHVXOWV�ZHUH�PHDQLQJIXO�DQG�FDQ�

EH�IXUWKHU�LPSURYHG�WKURXJK�SRVW�SURFHVVLQJ�E\�XVLQJ�GRPDLQ�VSHFLILF�NQRZOHGJH� 

 7R� FRQGXFW� VHPDQWLF� FODVVLILFDWLRQ� RQ� VRFLDO� QHWZRUNV�� ZH� LPSURYHG� 7UDQVIRUPHU�

DUFKLWHFWXUH� E\� DGGLQJ� DUELWUDU\� IHDWXUHV� WR� LQIOXHQFH�0DUNRY�OLNH� XSGDWHV� RQ� WKH� LPSRUWDQFH�

YHFWRU�LQ�DWWHQWLRQ�PHFKDQLVP��7KLV�PHWKRGRORJ\�FDQ�HIILFLHQWO\�VROYH�WKH�XQODEHOHG�IHDWXUH�LVVXHV��

FRPELQH� GRPDLQ� NQRZOHGJH�ZLWK� GDWD�PRGHOV� DQG� SURPRWH� WKH� DVVRFLDWLRQV� EHWZHHQ� IHDWXUHG�

WHUPV�DQG�IHDWXUHG�SDWWHUQV��7R�SURSRVH�WKH�QHZ�LGHD��ZH�VXUYH\HG�UHODWHG�QHWZRUN�DUFKLWHFWXUHV��

VXFK�DV�)HHG�)RUZDUG�1HWZRUN��))1��DUFKLWHFWXUH��5HFXUUHQW�1HXUDO�1HWZRUNV��511���DWWHQWLRQ�

PHFKDQLVP�� DQG� WKH� H[LVWLQJ� ZD\V� WR� FRPELQH� GRPDLQ� NQRZOHGJH� ZLWK� WKH� QHXUDO� QHWZRUN�

DUFKLWHFWXUH��,Q�WHUPV�RI�FRPSXWDWLRQ�FRPSOH[LW\��UHFXUUHQW�QHXUDO�QHWZRUN�DUFKLWHFWXUH�UHTXLUHG�

PRUH�FRPSXWDWLRQ��EXW�DUH�HIILFLHQW�DW�VHTXHQFH�DQDO\VLV�EHFDXVH�FRQGLWLRQDO�SUREDELOLW\�FDQ�EH�

FRPSXWHG� WKURXJK� WKH� HQFRGHU�GHFRGHU� VWUXFWXUH�� )HHGIRUZDUG� QHWZRUN� DUFKLWHFWXUH� KDG� ORZ�

FRPSXWDWLRQ� FRVWV� EXW� FDQQRW� EH� DEOH� WR� GLVFRYHU� WKH� DVVRFLDWLRQV� EHWZHHQ� HQWLWLHV��$WWHQWLRQ�

PHFKDQLVP�FDQ�RYHUFRPH�WKH�LVVXH�LQ�IHHGIRUZDUG�QHWZRUN�DUFKLWHFWXUH�E\�DGGLQJ�DWWHQWLRQ�OD\HU�

WR� WKH� IHHGIRUZDUG� QHWZRUN� DUFKLWHFWXUH�� 7KH� VWDWH�RI�WKH�DUW� VROXWLRQV� WR� FRPELQH� GRPDLQ�

NQRZOHGJH�ZLWK�7UDQVIRUPHU�DUFKLWHFWXUH�ZHUH�E\�FRQYHUWLQJ�VLQJOH�VHTXHQFH�DQDO\VLV�SUREOHPV�

LQWR�VHTXHQFH�FRPSDULVRQ�SUREOHPV��7KH�SHUIRUPDQFH�FDQ�EH�LPSURYHG�E\�KDYLQJ�PRUH�LQSXWV��

7KHVH�VROXWLRQV�FDQQRW�LQIOXHQFH�WKH�ZHLJKWV�RI�WKH�IHDWXUH�HQWLWLHV�LQ�WKH�LPSRUWDQFH�YHFWRU�VR�WKDW�

WKH\�FDQQRW�TXDQWLWLYHO\�LPSURYH�WKH�SHUIRUPDQFH�RI�WKH�FODVVLILFDWLRQ�PRGHOV��2XU�PHWKRGRORJ\�

FDQ� DGG�KLJK� OHYHO� IHDWXUHV� WR� WKH� LQSXW� VHTXHQFHV� DQG�HYHQWXDOO\� LQIOXHQFHG� WKH� UHVXOWV� LQ� WKH�

LPSRUWDQFH�YHFWRU�VR�WKDW�WKH�DFFXUDF\�LQ�SUHGLFWLRQ�FDQ�EH�LPSURYHG��([SHULPHQWDO�UHVXOWV�DOVR�
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VKRZHG� WKDW�RXU�PHWKRGRORJ\�RXWSHUIRUPHG�SRSXODU�FODVVLILFDWLRQ�PRGHOV�� VXFK�DV�&RQGLWLRQDO�

5DQGRP� )LHOGV� �&5)��� 1DLYH� %D\HVLDQ� 6XSSRUW� 9HFWRU� 0DFKLQH� �1%690��� 6WDQGDUG� *DWHG�

5HFXUUHQW�8QLWV��6WDQGDUG�*58���%L�GLUHFWLRQDO�*DWHG�5HFXUUHQW�8QLWV��%L�*58���DQG�/RJLVWLF�

UHJUHVVLRQ� 

 ,Q� WKH� IXWXUH�� ZH� ZLOO� FRQWLQXH� WR� GHYHORS� H[SUHVVLYH� PRGHOV� E\� FRPELQLQJ� GRPDLQ�

NQRZOHGJH�WR�HLWKHU�PDFKLQH�OHDUQLQJ�PRGHOV�RU�GHHS�OHDUQLQJ�PRGHOV��0DFKLQH�OHDUQLQJ�PRGHOV�

FDQ�EH�PRUH�H[SUHVVLYH�E\�GRLQJ�0DUNRY�OLNH�XSGDWHV��+RZHYHU��WKH�GHILQLWLRQ�RI�WKH�IHDWXUH�VHW�

FDQ�HIILFLHQWO\�LQIOXHQFH�WKH�UHVXOWV��7KH�IHDWXUH�VHWV�FDQ�EH�GHILQHG�ZLWK�ERWK�OH[LFDO�DQG�VHPDQWLF�

IHDWXUHV��7KH�ELJ�FKDOOHQJHV�DUH�KRZ�WR�VHOHFW�WKRVH�IHDWXUHV�DQG�KRZ�PDQ\�IHDWXUHV�ZH�QHHG�WR�

EHWWHU� ILQH� WXQH� WKH� SDUDPHWHUV�� )RU� GHHS� OHDUQLQJ�� DWWHQWLRQ� PHFKDQLVPV� FDQ� FRQYHUW� DXWR�

UHJUHVVLRQ�XSGDWHV�LQWR�0DUNRY�OLNH�XSGDWHV�DQG�WKH�LPSRUWDQFH�YHFWRU�FDQ�EH�FRQVLGHUHG�DV�WKH�

VQDSVKRW�RI�WKH�FRQWH[W��+RZHYHU��LW�LV�HYHQ�PRUH�GLIILFXOW�WR�PHDVXUH�KRZ�PXFK�GRPDLQ�VSHFLILF�

NQRZOHGJH�FDQ�EH�DGGHG�WR�WKH�LQSXWV�DQG�KRZ�WR�XVH�GRPDLQ�VSHFLILF�SDWWHUQV�WR�ILQH�WXQH�WKH�

LPSRUWDQFH�YHFWRU��EXW�QRW�WR�PDNH�FKDQJHV�WR�WKH�GLVWULEXWLRQ�RI�WKH�RULJLQDO�GDWD� 
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3URFHHGLQJV�RI�WKH������$QQXDO�$&0�6,$0�6\PSRVLXP�RQ�'LVFUHWH�$OJRULWKPV��62'$���
�����������GRL��������������������������FK���� 

 
>��@ %DQVDO��1���9UHGHYHOG��7���	�9DQ�'HU�=ZDDQ��5����������$SSUR[LPDWLQJ�9HFWRU�6FKHGXOLQJ��

$OPRVW�0DWFKLQJ�8SSHU�DQG�/RZHU�%RXQGV��,Q��3DUGR��$���9LROD��$���(GV��/$7,1�������
7KHRUHWLFDO�,QIRUPDWLFV��/$7,1�������/HFWXUH�1RWHV�LQ�&RPSXWHU�6FLHQFH��9ROXPH�������
6SULQJHU��%HUOLQ��+HLGHOEHUJ��KWWSV���GRL�RUJ��������������������������B�� 

 
>��@ %DWX��7���%HUHQEULQN��	�3���6RKOHU��&����������$�6XEOLQHDU�WLPH�$SSUR[LPDWLRQ�6FKHPH�IRU�

%LQ�3DFNLQJ��7KHRUHWLFDO�&RPSXWHU�6FLHQFH��9ROXPH���������������1RYHPEHU�����������±
������KWWSV���GRL�RUJ���������M�WFV������������� 
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>��@ %DU�<RVVHI��=���.XPDU��5���	�6LYDNXPDU��'����������5HGXFWLRQV�LQ�6WUHDPLQJ�$OJRULWKPV�
ZLWK�DQ�$SSOLFDWLRQ�WR�&RXQWLQJ�7ULDQJOHV�LQ�*UDSKV��3URFHHGLQJV�RI�WKH���WK�$QQXDO�$&0�
6,$0�6\PSRVLXP�RQ�'LVFUHWH�$OJRULWKPV���������� 

 
>��@ %HDPHU�� 6���$VDQRYLF�� .��� 	� 3DWWHUVRQ�� '�� �������� 'LUHFWLRQ�2SWLPL]LQJ� %UHDGWK�)LUVW�

6HDUFK�� 6&� 
���� 3URFHHGLQJV� RI� WKH� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� +LJK� 3HUIRUPDQFH�
&RPSXWLQJ�� 1HWZRUNLQJ�� 6WRUDJH� DQG�$QDO\VLV�� 6DOW� /DNH� &LW\�� 87�� 86$�� ������ GRL��
��������6&��������� 

 
>��@ %HFFKHWWL�� /��� %ROGL�� 3��� &DVWLOOR�� &��� 	� *LRQLV�� $�� �������� (IILFLHQW� 6HPL�6WUHDPLQJ�

$OJRULWKPV�IRU�/RFDO�7ULDQJOH�&RXQWLQJ�LQ�0DVVLYH�*UDSKV��3URFHHGLQJV�RI�WKH���WK�$&0�
6,*.''� ,QWHUQDWLRQDO�&RQIHUHQFH� RQ�.QRZOHGJH�'LVFRYHU\� DQG�'DWD�0LQLQJ�� ��±����
KWWSV���GRL�RUJ������������������������� 

 
>��@ %HLJHO��5��	�)X��%����������$�'HQVH�+LHUDUFK\�RI�6XEOLQHDU�7LPH�$SSUR[LPDWLRQ�6FKHPHV�

IRU�%LQ�3DFNLQJ��)URQWLHUV� LQ�$OJRULWKPLFV�DQG�$OJRULWKPLF�$VSHFWV� LQ� ,QIRUPDWLRQ�DQG�
0DQDJHPHQW�����±�����6SULQJHU��1HZ�<RUN� 

 
>��@ %HOO��1���	�*DUODQG��0�� �������� ,PSOHPHQWLQJ�6SDUVH�0DWUL[�9HFWRU�0XOWLSOLFDWLRQ� RQ�

7KURXJKSXW�2ULHQWHG� 3URFHVVRUV�� 3URFHHGLQJV� RI� WKH� &RQIHUHQFH� RQ�+LJK� 3HUIRUPDQFH�
&RPSXWLQJ� 1HWZRUNLQJ�� 6WRUDJH� DQG� $QDO\VLV�� 3RUWODQG�� 25�� 86$�� ������ GRL��
������������������������ 

 
>��@ %HOOHWWL��)���$QGHUVRQ��-���/DNVKPDQDQ��.���0D\RUD]��1���.DQZDU��3���5RELH��7���2JXQWHEL��

7���.ULFKHQH��:���	�&KHQ��<����������5DQGRPL]HG�)UDFWDO�([SDQVLRQV�IRU�3URGXFWLRQ�6FDOH�
3XEOLF�&ROODERUDWLYH�)LOWHULQJ�'DWD�6HWV��DU;LY������������ 

 
>��@ %HOOHWWL��)���/DNVKPDQDQ��.���.ULFKHQH��:���&KHQ��<���	�$QGHUVRQ��-�5����������6FDODEOH�

5HDOLVWLF�5HFRPPHQGDWLRQ�'DWDVHWV�WKURXJK�)UDFWDO�([SDQVLRQV��DU;LY��$EV������������ 
 
>��@ %HQJLR�� <��� 'XFKDUPH�� 5��� 9LQFHQW�� 3��� 	� -DQYLQ�� &�� �������� $� 1HXUDO� 3UREDELOLVWLF�

/DQJXDJH�0RGHO��-RXUQDO�RI�0DFKLQH�/HDUQLQJ�5HVHDUFK��9ROXPH��������±����� 
 
>��@ %HUU\��-�:���)RVWYHGW��/�.���1RUGPDQ��-�'���3KLOOLSV��&�$���6HVKDGKUL��&���	�:LOVRQ��$�*��

��������:K\�'R�6LPSOH�$OJRULWKPV�IRU�7ULDQJOH�(QXPHUDWLRQ�:RUN�LQ�WKH�5HDO�:RUOG"�
3URFHHGLQJV�RI�WKH��WK�&RQIHUHQFH�RQ�,QQRYDWLRQV�LQ�7KHRUHWLFDO�&RPSXWHU�6FLHQFH��,7&6�

����� $VVRFLDWLRQ� IRU� &RPSXWLQJ� 0DFKLQHU\�� 1HZ� <RUN�� 1<�� 86$�� ���±�����
KWWSV���GRL�RUJ������������������������ 

 
>��@ %HVWD��0���3RGVWDZVNL��0���*URQHU��/���6RORPRQLN��(���	�+RHIOHU��7����������7R�3XVK�RU�WR�

3XOO�� RQ� 5HGXFLQJ� &RPPXQLFDWLRQ� DQG� 6\QFKURQL]DWLRQ� LQ� *UDSK� &RPSXWDWLRQV��
3URFHHGLQJV� RI� WKH� ��WK� ,QWHUQDWLRQDO� 6\PSRVLXP� RQ� +LJK�3HUIRUPDQFH� 3DUDOOHO� DQG�
'LVWULEXWHG�&RPSXWLQJ��+3'&�
�����$VVRFLDWLRQ�IRU�&RPSXWLQJ�0DFKLQHU\��1HZ�<RUN��1<��
86$����±�����KWWSV���GRL�RUJ������������������������ 
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>��@ %HW]OHU��1���9DQ�%HYHUQ��5���)HOORZV��0�5���.RPXVLHZLF]��&���	�1LHGHUPHLHU��5����������
3DUDPHWHUL]HG� $OJRULWKPLFV� IRU� )LQGLQJ� &RQQHFWHG� 0RWLIV� LQ� %LRORJLFDO� 1HWZRUNV��
,(((�$&0�7UDQVDFWLRQV�RQ�&RPSXWDWLRQDO�%LRORJ\�%LRLQIRUPDWLFV��9ROXPH���� ,VVXH����
�����������GRL����������7&%%����������30,'����������� 

 
>��@ %KXL\DQ�� 0�$��� 5DKPDQ�� 0��� 5DKPDQ�� 0��� 	� +DVDQ�� 0�$�� �������� *8,6(�� 8QLIRUP�

6DPSOLQJ�RI�*UDSKOHWV�IRU�/DUJH�*UDSK�$QDO\VLV��,(((���WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�
'DWD�0LQLQJ��%UXVVHOV��%HOJLXP����������������GRL����������,&'0��������� 

 
>��@ %LDQFKLQL��0���*RUL��0���	�6FDUVHOOL��)����������5HFXUVLYH�3URFHVVLQJ�RI�&\FOLF�*UDSKV��

3URFHHGLQJV�RI� WKH������,QWHUQDWLRQDO�-RLQW�&RQIHUHQFH�RQ�1HXUDO�1HWZRUNV�� ,-&11
���
�&DW�� 1R���&+�������� +RQROXOX�� +,�� 86$�� ������ 9ROXPH� ��� ��������� GRL��
��������,-&11�������������� 

 
>��@ %LNHO�� '�0��� 6FKZDUW]�� 5�0��� 	�:HLVFKHGHO�� 5�0�� ��������$Q�$OJRULWKP� WKDW� /HDUQV�

:KDW
V�LQ�D�1DPH��0DFKLQH�/HDUQLQJ��9ROXPH������������� 
 
>��@ %UDQGHV�� 8�� �������� $� )DVWHU� $OJRULWKP� IRU� %HWZHHQQHVV� &HQWUDOLW\�� -RXUQDO� RI�

0DWKHPDWLFDO�6RFLRORJ\��9ROXPH��������������� 
 
>��@ %URPOH\��-���*X\RQ��,���/HFXQ��<���6lFNLQJHU��(���	�6KDK��5����������6LJQDWXUH�9HULILFDWLRQ�

8VLQJ�$� �6LDPHVH�� 7LPH� 'HOD\� 1HXUDO� 1HWZRUN�� 3URFHHGLQJV� RI� WKH� �WK� ,QWHUQDWLRQDO�
&RQIHUHQFH� RQ� 1HXUDO� ,QIRUPDWLRQ� 3URFHVVLQJ� 6\VWHPV� �1,36
����� 0RUJDQ� .DXIPDQQ�
3XEOLVKHUV�,QF���6DQ�)UDQFLVFR��&$��86$�����±���� 

 
>��@ %XOOPRUH��(���	�6SRUQV��2����������&RPSOH[�%UDLQ�1HWZRUNV��*UDSK�7KHRUHWLFDO�$QDO\VLV�

RI�6WUXFWXUDO�DQG�)XQFWLRQDO�6\VWHPV��1DWXUH�5HYLHZV��1HXURVFLHQFH��9ROXPH�����,VVXH����
���±�����KWWSV���GRL�RUJ���������1UQ���� 

� 
>��@ %XUW�� 5�� 6�� �������� 6WUXFWXUDO� +ROHV� DQG� *RRG� ,GHDV��$PHULFDQ� -RXUQDO� RI� 6RFLRORJ\��

9ROXPH������,VVXH�������±�����KWWSV���GRL�RUJ��������������� 
 
>��@ &DVWLOOR��&���'RQDWR��'���%HFFKHWWL��/���%ROGL��3���/HRQDUGL��6���6DQWLQL��0���	�9LJQD��6��

��������$�5HIHUHQFH�&ROOHFWLRQ�IRU�:HE�6SDP��6,*,5�)RUXP��9ROXPH�����,VVXH������±����
KWWSV���GRL�RUJ������������������������ 

 
>��@ &KDNUDEDUWL��'���=KDQ��<���	�)DORXWVRV��&����������5�0$7��$�5HFXUVLYH�0RGHO�IRU�*UDSK�

0LQLQJ��6'0�������������� 
 
>��@ &KH��6���6KHDIIHU�� -�:���	�6NDGURQ��.�� ��������'\PD[LRQ��2SWLPL]LQJ�0HPRU\�$FFHVV�

3DWWHUQV�IRU�+HWHURJHQHRXV�6\VWHPV��6&�
����3URFHHGLQJV�RI������,QWHUQDWLRQDO�&RQIHUHQFH�
IRU�+LJK�3HUIRUPDQFH�&RPSXWLQJ��1HWZRUNLQJ��6WRUDJH�DQG�$QDO\VLV��6HDWWOH��:$��86$��
����� 

 
>��@ &KHNXUL��&���	�.KDQQD��6����������2Q�0XOWLGLPHQVLRQDO�3DFNLQJ�3UREOHPV��6,$0�-RXUQDO�

RI�&RPSXWLQJ��9ROXPH�����,VVXH�������±����� 
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>��@ &KHQ��/���-DQVHQ��.���	�=KDQJ��*����������2Q�WKH�2SWLPDOLW\�RI�$SSUR[LPDWLRQ�6FKHPHV�
IRU� WKH� &ODVVLFDO� 6FKHGXOLQJ� 3UREOHP�� 3URFHHGLQJV� RI� WKH� ��WK� $QQXDO� $&0�6,$0�
6\PSRVLXP�RQ�'LVFUHWH�$OJRULWKPV��6RFLHW\�IRU�,QGXVWULDO�DQG�$SSOLHG�0DWKHPDWLFV������
���� 

 
>��@ &KHQ�� 5��� 6KL�� -��� &KHQ�� <��� =DQJ�� %��� *XDQ�� +��� 	� &KHQ�� +�� �������� 3RZHU/\UD��

'LIIHUHQWLDWHG�*UDSK�&RPSXWDWLRQ�DQG�3DUWLWLRQLQJ�RQ�6NHZHG�*UDSKV��$&0�7UDQVDFWLRQV�
RQ� 3DUDOOHO� &RPSXWLQJ�� 9ROXPH� ��� ,VVXH� ��� $UWLFOH� ���� ������
KWWSV���GRL�RUJ����������������� 

 
>��@ &KHQJ�� -��� 'RQJ�� /��� 	� /DSDWD�� 0�� �������� /RQJ� 6KRUW�7HUP� 0HPRU\�1HWZRUNV� IRU�

0DFKLQH�5HDGLQJ��3URFHHGLQJV�RI�WKH������&RQIHUHQFH�RQ�(PSLULFDO�0HWKRGV�LQ�1DWXUDO�
/DQJXDJH�3URFHVVLQJ�����±�����$XVWLQ��7H[DV��$VVRFLDWLRQ�IRU�&RPSXWDWLRQDO�/LQJXLVWLFV� 

 
>��@ &KLDQJ��-�+��	�<X��+�&����������/LWHUDWXUH�([WUDFWLRQ�RI�3URWHLQ�)XQFWLRQV�8VLQJ�6HQWHQFH�

3DWWHUQ�0LQLQJ��,(((�7UDQVDFWLRQV�RQ�.QRZOHGJH�DQG�'DWD�(QJLQHHULQJ��9ROXPH�����,VVXH�
��������������GRL����������7.'(���������� 

 
>��@ &KLED��1���	�1LVKL]HNL��7�� ��������$UERULFLW\� DQG�6XEJUDSK�/LVWLQJ�$OJRULWKPV�� 6,$0�

-RXUQDO�RI�&RPSXWLQJ��9ROXPH������������� 
 
>��@ &KULVWHQVHQ�� +�,��� .KDQ��$��� 3RNXWWD�� 6��� 7HWDOL�� 3�� ��������$SSUR[LPDWLRQ� DQG� 2QOLQH�

$OJRULWKPV� IRU� 0XOWLGLPHQVLRQDO� %LQ� 3DFNLQJ��$� 6XUYH\�� &RPSXWHU� 6FLHQFH� 5HYLHZ��
9ROXPH������������,661������������KWWSV���GRL�RUJ���������-�&RVUHY������������� 

 
>��@ &KX��6��	�&KHQJ��-����������7ULDQJOH�/LVWLQJ�LQ�0DVVLYH�1HWZRUNV�DQG�,WV�$SSOLFDWLRQV��

3URFHHGLQJV�RI�WKH���WK�$&0�6,*.''�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�.QRZOHGJH�'LVFRYHU\�
DQG�'DWD�0LQLQJ��.''�
�����$VVRFLDWLRQ�IRU�&RPSXWLQJ�0DFKLQHU\��1HZ�<RUN��1<��86$��
���±�����KWWSV���GRL�RUJ������������������������� 

 
>��@ &LHVOHZLF]��-���%HUU\��-���+HQGULFNVRQ��%��	�5RVV��.�$����������5HDOL]LQJ�3DUDOOHOLVP�LQ�

'DWDEDVH�2SHUDWLRQV��,QVLJKWV�IURP�D�0DVVLYHO\�0XOWLWKUHDGHG�$UFKLWHFWXUH��3URFHHGLQJV�
RI�WKH��QG�,QWHUQDWLRQDO�:RUNVKRS�RQ�'DWD�0DQDJHPHQW�RQ�1HZ�+DUGZDUH����'D0R1�¶�����
$VVRFLDWLRQ� IRU� &RPSXWLQJ� 0DFKLQHU\�� 1HZ� <RUN�� 1<�� 86$��
KWWSV���GRL�RUJ������������������������� 

 
>��@ &RIIPDQ��(�*���&VLULN��-�$���*DODPERV��*���0DUWHOOR��6���	�9LJR��'����������%LQ�3DFNLQJ�

$SSUR[LPDWLRQ� $OJRULWKPV�� 6XUYH\� DQG� &ODVVLILFDWLRQ�� +DQGERRN� RI� &RPELQDWRULDO�
2SWLPL]DWLRQ�� ��������� 6SULQJHU�� 1HZ� <RUN�� 1<�� KWWSV���GRL�RUJ��������������������
������B��� 

 
>��@ &RKHQ�� -�� �������� *UDSK�7ZLGGOLQJ� LQ� D�0DS5HGXFH�:RUOG�� &RPSXWLQJ� LQ� 6FLHQFH� 	�

(QJLQHHULQJ��9ROXPH�����,VVXH�����������GRL����������0&6(���������� 
 
>��@ &RUPRGH�� *��� 	�9HVHOê�� 3�� �������� 6WUHDPLQJ�$OJRULWKPV� IRU� %LQ� 3DFNLQJ� DQG�9HFWRU�

6FKHGXOLQJ��7KHRU\�RI�&RPSXWLQJ�6\VWHPV��9ROXPH��������������� 
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>��@ &UDXVHU��$���0HKOKRUQ��.���0H\HU��8���6DQGHUV��3����������$�3DUDOOHOL]DWLRQ�RI�'LMNVWUD
V�
6KRUWHVW�3DWK�$OJRULWKP��%ULP��/���*UXVND��-���=ODWXãND��-���(GV��0DWKHPDWLFDO�)RXQGDWLRQV�
RI�&RPSXWHU�6FLHQFH�������0)&6�������/HFWXUH�1RWHV�LQ�&RPSXWHU�6FLHQFH��9ROXPH�������
���������6SULQJHU��%HUOLQ��+HLGHOEHUJ��KWWSV���GRL�RUJ���������%IE������� 

 
>��@ &VLULN��-���-RKQVRQ��'�6���.HQ\RQ��&���2UOLQ��-�%���6KRU��3�:���	�:HEHU��5�5����������2Q�

WKH� 6XP�2I�6TXDUHV�$OJRULWKP� IRU�%LQ�3DFNLQJ�� 3URFHHGLQJV� RI� WKH� ��QG�$QQXDO�$&0�
6\PSRVLXP�RQ�WKH�7KHRU\�RI�&RPSXWLQJ���������� 

 
>��@ &XQQLQJKDP��+����������*$7(��D�*HQHUDO�$UFKLWHFWXUH�IRU�7H[W�(QJLQHHULQJ��&RPSXWHUV�

DQG�WKH�+XPDQLWLHV��9ROXPH�����,VVXH�������������KWWS���ZZZ�MVWRU�RUJ�VWDEOH���������� 
 
>��@ 'DYLGVRQ��$���%D[WHU��6���*DUODQG��0��	�2ZHQV��-�'����������:RUN�(IILFLHQW�3DUDOOHO�*38�

0HWKRGV�IRU�6LQJOH�6RXUFH�6KRUWHVW�3DWKV��3DUDOOHO�DQG�'LVWULEXWHG�3URFHVVLQJ�6\PSRVLXP��
�����,(((���WK�,QWHUQDWLRQDO���������� 

 
>��@ 'HPHQWLHY��5����������$OJRULWKP�(QJLQHHULQJ�IRU�/DUJH�'DWD�6HWV��3K'�7KHVLV��6DDUODQG�

8QLYHUVLW\��KWWS���DOJR��LWL�NLW�HGX�GRFXPHQWV�'HPHQWLHY'LVV�SGI 
 
>��@ 'HYOLQ�� -��� &KDQJ��0��� /HH�� .��� 	�7RXWDQRYD�� .�� �������� %(57�� 3UH�WUDLQLQJ� RI� 'HHS�

%LGLUHFWLRQDO�7UDQVIRUPHUV�IRU�/DQJXDJH�8QGHUVWDQGLQJ��DU;LY��DEV������������ 
 
>��@ 'LHQJ��$�%���:DQJ��&���*DR��-���	�3DLVOH\��-�:����������7RSLF511��$�5HFXUUHQW�1HXUDO�

1HWZRUN�ZLWK�/RQJ�5DQJH�6HPDQWLF�'HSHQGHQF\��DU;LY��$EV������������ 
 
>��@ 'RPLQJRV��3���DQG�5LFKDUGVRQ��0�� ��������0LQLQJ� WKH�1HWZRUN�9DOXH�RI�&XVWRPHUV�� LQ�

3URFHHGLQJV� RI� WKH� 6HYHQWK� $&0� 6,*.''� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� .QRZOHGJH�
'LVFRYHU\�DQG�'DWD�0LQLQJ��.''�
�����$VVRFLDWLRQ�IRU�&RPSXWLQJ�0DFKLQHU\��1HZ�<RUN��
1<��86$���������KWWSV���GRL�RUJ���������������������� 

 
>��@ 'yVD��*���	�6JDOO��-����������)LUVW�)LW�%LQ�3DFNLQJ��$�7LJKW�$QDO\VLV���67$&6�����������

���� 
 
>��@ 'UH\IXV�� 6�(�� ��������$UWLILFLDO� 1HXUDO� 1HWZRUNV�� %DFN� 3URSDJDWLRQ�� DQG� WKH� .HOOH\�

%U\VRQ�*UDGLHQW�3URFHGXUH��-RXUQDO�RI�*XLGDQFH�&RQWURO�DQG�'\QDPLFV��9ROXPH���������
���� 

 
>��@ 'XPDLV�� 6��7��� )XUQDV�� *��:��� /DQGDXHU��7��.��	�'HHUZHVWHU�� 6�� ��������8VLQJ� /DWHQW�

6HPDQWLF�$QDO\VLV�WR�,PSURYH�,QIRUPDWLRQ�5HWULHYDO��3URFHHGLQJV�RI�&+,
����&RQIHUHQFH�
RQ�+XPDQ�)DFWRUV�LQ�&RPSXWLQJ��1HZ�<RUN��$&0����������� 

 
>��@ (FNPDQQ��-�3���	�0RVHV��(�� ��������&XUYDWXUH�RI�&R�/LQNV�8QFRYHUV�+LGGHQ�7KHPDWLF�

/D\HUV�� LQ� WKH� :RUOG� :LGH� :HE�� 31$6�� 9ROXPH� ���� ,VVXH� ��� �����������
KWWSV���GRL�RUJ���������SQDV��������� 
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>��@ (NH�� &�,��� 1RUPDQ�� $�$��� 	� 6KXLE�� /�� �������� &RQWH[W�%DVHG� )HDWXUH� 7HFKQLTXH� IRU�
6DUFDVP�,GHQWLILFDWLRQ� LQ�%HQFKPDUN�'DWDVHWV�8VLQJ�'HHS�/HDUQLQJ�DQG�%(57�0RGHO��
,(((�$FFHVV��9ROXPH���������������� 

 
>��@ (OHQEHUJ�� (�5��� 6KDQPXJDP�� .��� %RURNKRYLFK�� 0��� 	� 'LPDNLV��$�*�� �������� %H\RQG�

7ULDQJOHV�� $� 'LVWULEXWHG� )UDPHZRUN� IRU� (VWLPDWLQJ� ��3URILOHV� RI� /DUJH� *UDSKV��
3URFHHGLQJV�RI�WKH���VW�$&0�6,*.''�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�.QRZOHGJH�'LVFRYHU\�
DQG�'DWD�0LQLQJ��.''�
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 ��� 

>���@ -LD��<���/X��9���+REHURFN��-���*DUODQG��0���	�+DUW��-�&����������(GJH�Y��1RGH�3DUDOOHOLVP�
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ZLWK�&RQYROXWLRQDO�1HXUDO�1HWZRUNV��DU;LY������������� 
 
>���@ .DUPDUNDU��1���	�.DUS��5�0����������DQ�(IILFLHQW�$SSUR[LPDWLRQ�6FKHPH�IRU� WKH�2QH�

'LPHQVLRQDO� %LQ�3DFNLQJ� 3UREOHP�� 3URFHHGLQJV� RI� WKH� ��UG� $QQXDO� 6\PSRVLXP� RQ�
)RXQGDWLRQV�RI�&RPSXWHU�6FLHQFH��6)&6���������������� 

 
>���@ .DU\SLV�� *��� 	� .XPDU�� 9�� �������� $� )DVW� DQG� +LJK� 4XDOLW\� 0XOWLOHYHO� 6FKHPH� IRU�
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3URFHVVLQJ� RQ� *38V�� 3URFHHGLQJV� RI� WKH� ��UG� ,QWHUQDWLRQDO� 6\PSRVLXP� RQ� +LJK�
3HUIRUPDQFH�3DUDOOHO�DQG�'LVWULEXWHG�&RPSXWLQJ��$&0���������� 

 
>���@ .DVKLPD��+���7VXGD��.���	�,QRNXFKL��$����������0DUJLQDOL]HG�.HUQHOV�EHWZHHQ�/DEHOHG�

*UDSKV�� 3URFHHGLQJV� RI� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ�0DFKLQH� /HDUQLQJ�� �,&0/��������
:DVKLQJWRQ�'&��������$$$,�3UHVV���������� 

 
>���@ .LP�� -��� +DQ��:��� /HH�� 6��� 3DUN�� .��� 	�<X�� +�� �������� 237��$� 1HZ� )UDPHZRUN� IRU�

2YHUODSSHG� DQG�3DUDOOHO�7ULDQJXODWLRQ� LQ�/DUJH�6FDOH�*UDSKV�� 3URFHHGLQJV� RI� WKH� �����
$&0� 6,*02'� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 0DQDJHPHQW� RI� 'DWD� �6,*02'� 
�����
$VVRFLDWLRQ� IRU� &RPSXWLQJ� 0DFKLQHU\�� 1HZ� <RUN�� 1<�� 86$�� ���������
KWWSV���GRL�RUJ������������������������� 
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>���@ .LP��<����������&RQYROXWLRQDO�1HXUDO�1HWZRUNV�IRU�6HQWHQFH�&ODVVLILFDWLRQ��3URFHHGLQJV�
RI� &RQIHUHQFH� RQ� (PSLULFDO� 0HWKRGV� LQ� 1DWXUDO� /DQJXDJH� 3URFHVVLQJ� �(01/3¶�����
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>���@ .OHLQEHUJ��-�0����������$XWKRULWDWLYH�6RXUFHV�LQ�D�+\SHUOLQNHG�(QYLURQPHQW��-RXUQDO�RI�

$&0��9ROXPH������������� 
 
>���@ .ORVWHU��.���	�*OHLFK��'�)����������+HDW�.HUQHO�%DVHG�&RPPXQLW\�'HWHFWLRQ��3URFHHGLQJV�

RI�WKH���WK�$&0�6,*.''�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�.QRZOHGJH�'LVFRYHU\�DQG�'DWD�
0LQLQJ���.''¶��������������� 

 
>���@ .ORXPDQQ��,�0���	�.OHLQEHUJ��-�0����������&RPPXQLW\�0HPEHUVKLS�,GHQWLILFDWLRQ�IURP�

6PDOO�6HHG�6HWV��$&0�6,*.''�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�.QRZOHGJH�'LVFRYHU\�DQG�
'DWD�0LQLQJ��.''������������� 

 
>���@ .ZRN��7�&���	�/DX��/�&����������)LQGLQJ�6PDOO�6SDUVH�&XWV�E\�5DQGRP�:DON��3URFHHGLQJV�

RI� ,QWHUQDWLRQDO� :RUNVKRS� RQ� $SSUR[LPDWLRQ�� 5DQGRPL]DWLRQ�� DQG� &RPELQDWRULDO�
2SWLPL]DWLRQ��$OJRULWKPV�DQG�7HFKQLTXHV��$3352;�5$1'20������������/HFWXUH�1RWHV�
LQ� &RPSXWHU� 6FLHQFH�� 9ROXPH� ������ ��������� 6SULQJHU�� %HUOLQ�� +HLGHOEHUJ��
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>���@ /DIIHUW\��-���0FFDOOXP��$���	�3HUHLUD��)����������&RQGLWLRQDO�5DQGRP�)LHOGV��3UREDELOLVWLF�

0RGHOV� IRU� 6HJPHQWLQJ� DQG� /DEHOLQJ� 6HTXHQFH� 'DWD�� 3URFHHGLQJV� RI� ,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�0DFKLQH�/HDUQLQJ��,&0/����������� 

 
>���@ /DXUL��-���	�6FDSHOODWR��5����������7RSLFV�LQ�*UDSK�$XWRPRUSKLVPV�DQG�5HFRQVWUXFWLRQ��

&DPEULGJH�8QLYHUVLW\�3UHVV��0DUFK�����������,6%1���������������� 
 
>���@ /H��4�9���	�0LNRORY��7����������'LVWULEXWHG�5HSUHVHQWDWLRQV�RI�6HQWHQFHV�DQG�'RFXPHQWV��

3URFHHGLQJV�RI� WKH���VW� ,QWHUQDWLRQDO�&RQIHUHQFH�RQ�0DFKLQH�/HDUQLQJ��%HLMLQJ��&KLQD��
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>���@ /HFXQ��<��	�%HQJLR��<�� ��������&RQYROXWLRQDO�1HWZRUNV� IRU� ,PDJHV��6SHHFK�� DQG�7LPH�

6HULHV��$UELE��0LFKDHO�$���(G����WKH�+DQGERRN�RI�%UDLQ�7KHRU\�DQG�1HXUDO�1HWZRUNV���QG�
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https://doi.org/10.1007/978-3-642-32512-0_52


 ��� 
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0DSSLQJ�RI�1HVWHG�3DUDOOHO�3DWWHUQV�RQ�*38V��3URFHHGLQJV�RI�WKH���WK�$QQXDO�,(((�$&0�
,QWHUQDWLRQDO� 6\PSRVLXP� RQ� 0LFURDUFKLWHFWXUH� �0,&52������ ,(((� &RPSXWHU� 6RFLHW\��
86$����±����KWWSV���GRL�RUJ���������0,&52��������� 

 
>���@ /HHN��7�5����������,QIRUPDWLRQ�([WUDFWLRQ�8VLQJ�+LGGHQ�0DUNRY�0RGHOV��0DVWHU�7KHVLV��

8QLYHUVLW\�RI�&DOLIRUQLD�DW�6DQ�'LHJR� 
 
>���@ /HVNRYHF�� -��� &KDNUDEDUWL�� '��� .OHLQEHUJ�� -�� 0�� 	� )DORXWVRV�� &�� �������� 5HDOLVWLF��

0DWKHPDWLFDOO\� 7UDFWDEOH� *UDSK� *HQHUDWLRQ� DQG� (YROXWLRQ�� 8VLQJ� .URQHFNHU�
0XOWLSOLFDWLRQ��3.''�������3.''�������/HFWXUH�1RWHV� LQ�&RPSXWHU�6FLHQFH��9ROXPH�
���������������6SULQJHU��%HUOLQ��+HLGHOEHUJ��KWWSV���GRL�RUJ�����������������B��� 

 
>���@ /HVNRYHF��-���.OHLQEHUJ��-���	�)DORXWVRV��&����������*UDSKV�RYHU�7LPH��'HQVLILFDWLRQ�/DZV��

6KULQNLQJ�'LDPHWHUV�DQG�3RVVLEOH�([SODQDWLRQV��3URFHHGLQJV�RI�WKH���WK�$&0�6,*.''�
,QWHUQDWLRQDO�&RQIHUHQFH�RQ�.QRZOHGJH�'LVFRYHU\�LQ�'DWD�0LQLQJ���������� 

 
>���@ /HVNRYHF��-���.OHLQEHUJ��-�0���	�)DORXWVRV��&����������*UDSK�(YROXWLRQ��'HQVLILFDWLRQ�DQG�

6KULQNLQJ�'LDPHWHUV��$&0�7UDQVDFWLRQV�RQ�.QRZOHGJH�'LVFRYHU\�IURP�'DWD��9ROXPH����
1R�������HV��������KWWSV���GRL�RUJ������������������������� 

 
>���@ /HVNRYHF��-���/DQJ��.�-���'DVJXSWD��$���	�0DKRQH\��0�:����������&RPPXQLW\�6WUXFWXUH�

LQ�/DUJH�1HWZRUNV��1DWXUDO�&OXVWHU�6L]HV�DQG�WKH�$EVHQFH�RI�/DUJH�:HOO�'HILQHG�&OXVWHUV��
,QWHUQHW�0DWKHPDWLFV��9ROXPH����������� 

 
>���@ /HVNRYHF��-���/DQJ��.�-���'DVJXSWD��$���	�0DKRQH\��0�:����������(PSLULFDO�&RPSDULVRQ�

RI�$OJRULWKPV� IRU�1HWZRUN�&RPPXQLW\�'HWHFWLRQ��3URFHHGLQJV�RI� WKH���WK� ,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�:RUOG�:LGH�:HE��:::�µ������������� 

 
>���@ /L��<���/LQ��+���	�<DQJ��=����������,QFRUSRUDWLQJ�5LFK�%DFNJURXQG�.QRZOHGJH�IRU�*HQH�
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IRU�*OREDO�$OLJQPHQW�RI�0XOWLSOH�3URWHLQ�1HWZRUNV��%LRLQIRUPDWLFV��9ROXPH�������������� 
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$OJRULWKP�8VLQJ�*UDSKLFV�3URFHVVLQJ�8QLWV�������,(((���WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�
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1HXUDO� 1HWZRUNV� IRU� 6HTXHQFH� /HDUQLQJ�� 3URFHHGLQJV� RI� WKH� 7KLUW\�7KLUG� $$$,�
&RQIHUHQFH� RQ� $UWLILFLDO� ,QWHOOLJHQFH� DQG� ��VW� ,QQRYDWLYH� $SSOLFDWLRQV� RI� $UWLILFLDO�
,QWHOOLJHQFH�&RQIHUHQFH�DQG��WK�$$$,�6\PSRVLXP�RQ�(GXFDWLRQDO�$GYDQFHV�LQ�$UWLILFLDO�
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9ROXPH������������� 

 
>���@ /XR��/���:RQJ��0�'���	�+ZX��:�:����������$Q�(IIHFWLYH�*38�,PSOHPHQWDWLRQ�RI�%UHDGWK�
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1HXUDO�0DFKLQH�7UDQVODWLRQ��DU;LY��$EV������������ 
 
>���@ ,\\HU�� 0��� 0DQMXQDWKD��9��� %R\G�*UDEHU�� -�/��� 	� 'DXPp�� +�� �������� 'HHS� 8QRUGHUHG�

&RPSRVLWLRQ�5LYDOV� 6\QWDFWLF�0HWKRGV� IRU�7H[W�&ODVVLILFDWLRQ�� 3URFHHGLQJV� RI� WKH� ��UG�
$QQXDO�0HHWLQJ�RI�WKH�$VVRFLDWLRQ�IRU�&RPSXWDWLRQDO�/LQJXLVWLFV�DQG�WKH��WK�,QWHUQDWLRQDO�
-RLQW�&RQIHUHQFH�RQ�1DWXUDO�/DQJXDJH�3URFHVVLQJ��9ROXPH��������������� 

 
>���@ 0DKRQH\��0�:��� 2UHFFKLD�� /��� 	�9LVKQRL�� 1�.�� ��������$� /RFDO� 6SHFWUDO� 0HWKRG� IRU�

*UDSKV�� ZLWK�$SSOLFDWLRQV� WR� ,PSURYLQJ� *UDSK� 3DUWLWLRQV� DQG� ([SORULQJ� 'DWD� *UDSKV�
/RFDOO\��7KH�-RXUQDO�RI��0DFKLQH�/HDUQLQJ�5HVHDUFK��9ROXPH��������������� 

 
>���@ 0DML��6���9LVKQRL��1�.���	�0DOLN��-����������%LDVHG�1RUPDOL]HG�&XWV��3URFHHGLQJV�RI�WKH�
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1HWZRUNLQJ��6WRUDJH�DQG�$QDO\VLV�����������KWWSV���GRL�RUJ���������6&��������� 

 
>���@ 0HQHJROD�� %�� ��������$Q� ([WHUQDO�0HPRU\�$OJRULWKP� IRU� /LVWLQJ�7ULDQJOHV��7HFKQLFDO�

5HSRUW��8QLYHUVLGDGH�)HGHUDO�'R�5LR�*UDQGH�'R�6XO� 
 
>���@ 0HUULOO��'���*DUODQG��0���	�*ULPVKDZ��$�6����������6FDODEOH�*38�*UDSK�7UDYHUVDO��$&0�

6,*3/$1� 6\PSRVLXP� RQ� 3ULQFLSOHV�	� 3UDFWLFH� RI� 3DUDOOHO� 3URJUDPPLQJ��9ROXPH� ����
$&0���������� 

 
>���@ 0H\HU��8���	�6DQGHUV��3����������'HOWD�6WHSSLQJ��$�3DUDOOHO�6LQJOH�6RXUFH�6KRUWHVW�3DWK�

$OJRULWKP��(XURSHDQ�6\PSRVLXP�RQ�$OJRULWKPV��(OVHYLHU���������� 
 
>���@ 0LNRORY��7���&KHQ��.���&RUUDGR��*�6���	�'HDQ�� -�� ��������(IILFLHQW�(VWLPDWLRQ� RI�:RUG�

5HSUHVHQWDWLRQV�LQ�9HFWRU�6SDFH���VW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/HDUQLQJ�5HSUHVHQWDWLRQV��
�,&/5��������6FRWWVGDOH��$UL]RQD��86$��KWWSV���DU;LY������������ 

 
>���@ 0LNRORY�� 7��� 6XWVNHYHU�� ,��� &KHQ�� .��� &RUUDGR�� *�6�� 	� 'HDQ�� -�� �������� 'LVWULEXWHG�

5HSUHVHQWDWLRQV�RI�:RUGV�DQG�3KUDVHV�DQG�7KHLU�&RPSRVLWLRQDOLW\��DU;LY����������� 
 
>���@ 0LOR�� 5��� 6KHQ�2UU�� 6��� ,W]NRYLW]�� 6��� .DVKWDQ�� 1��� &KNORYVNLL�� '���	�$ORQ�� 8�� ��������

1HWZRUN�0RWLIV��6LPSOH�%XLOGLQJ�%ORFNV�RI�&RPSOH[�1HWZRUNV��6FLHQFH��1HZ�<RUN��1HZ�
<RUN��9ROXPH������,VVXH����������������KWWSV���GRL�RUJ���������6FLHQFH�������������� 

 
>���@ 0LVORYH��$��� 0DUFRQ�� 0��� *XPPDGL�� .�3��� 'UXVFKHO�� 3��� 	� %KDWWDFKDUMHH�� %�� ��������

0HDVXUHPHQW� DQG� $QDO\VLV� RI� 2QOLQH� 6RFLDO� 1HWZRUNV�� 3URFHHGLQJV� RI� WKH� �WK�
$&0�6,*&200�,QWHUQHW�0HDVXUHPHQW�&RQIHUHQFH��$&0�������� 

 
>���@ 0L]XWDQL��(���'UH\IXV��6�(���	�1LVKLR��.����������2Q�'HULYDWLRQ�RI�0/3�%DFNSURSDJDWLRQ�

IURP� WKH� .HOOH\�%U\VRQ� 2SWLPDO�&RQWURO� *UDGLHQW� )RUPXOD� DQG� ,WV� $SSOLFDWLRQ��
3URFHHGLQJV�RI�WKH�,(((�,116�(116�,QWHUQDWLRQDO�-RLQW�&RQIHUHQFH�RQ�1HXUDO�1HWZRUNV��
,-&11� ������ 1HXUDO� &RPSXWLQJ�� 1HZ� &KDOOHQJHV� DQG� 3HUVSHFWLYHV� IRU� WKH� 1HZ�
0LOOHQQLXP��&RPR��,WDO\�9ROXPH�������������GRL����������,-&11������������� 
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>���@ 0XQNKGDODL��7���/L��0���.LP��7���1DPVUDL��2���-HRQJ��6���6KLQ��-���	�5\X��.�+����������%LR�
1DPHG� (QWLW\� 5HFRJQLWLRQ� %DVHG� RQ� &R�7UDLQLQJ�$OJRULWKP�� ����� ��WK� ,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�$GYDQFHG�,QIRUPDWLRQ�1HWZRUNLQJ�DQG�$SSOLFDWLRQV�:RUNVKRSV��)XNXRND��
-DSDQ�����������GRL����������:$,1$��������� 

 
>���@ 0XWKXNULVKQDQ��6����������'DWD�6WUHDPV��$OJRULWKPV�DQG�$SSOLFDWLRQV��)RXQGDWLRQV�DQG�

7UHQGV�LQ�7KHRUHWLFDO�&RPSXWHU�6FLHQFH��9ROXPH����,VVXH������������ 
 
>���@ 1DVUH��5���%XUWVFKHU��0���	�3LQJDOL��.�� ��������$WRPLF�)UHH� ,UUHJXODU�&RPSXWDWLRQV�RQ�

*SXV��3URFHHGLQJV�RI� WKH��WK�:RUNVKRS�RQ�*HQHUDO�3XUSRVH�3URFHVVRU�8VLQJ�*UDSKLFV�
3URFHVVLQJ�8QLWV��$&0��������� 

 
>���@ 1DVUH��5���%XUWVFKHU��0���	�3LQJDOL��.����������0RUSK�$OJRULWKPV�RQ�*38V��3URFHHGLQJV�

RI�WKH���WK�$&0�6,*3/$1�V\PSRVLXP�RQ�3ULQFLSOHV�DQG�SUDFWLFH�RI�SDUDOOHO�SURJUDPPLQJ�
�33R33� 
�����$VVRFLDWLRQ� IRU� &RPSXWLQJ� 0DFKLQHU\�� 1HZ�<RUN�� 1<�� 86$�� ���±�����
KWWSV���GRL�RUJ������������������������ 

 
>���@ 1HZPDQ��0�(����������7KH�6WUXFWXUH�DQG�)XQFWLRQ�RI�&RPSOH[�1HWZRUNV��6,$0�5HYLHZ��

9ROXPH�����1R������������� 
 
>���@ 1JR��+�4���5p��&���	�5XGUD��$�� ��������6NHZ�6WULNHV�%DFN��1HZ�'HYHORSPHQWV� LQ� WKH�

7KHRU\�RI�-RLQ�$OJRULWKPV��6,*02'�5HFRUG��9ROXPH���������� 
 
>���@ 1JX\HQ��'���/HQKDUWK��$���	�3LQJDOL��.����������$�/LJKWZHLJKW�,QIUDVWUXFWXUH�IRU�*UDSK�

$QDO\WLFV�� 3URFHHGLQJV� RI� WKH� ��WK�$&0� 6\PSRVLXP� RQ� 2SHUDWLQJ� 6\VWHPV� 3ULQFLSOHV�
�6263� 
����� $VVRFLDWLRQ� IRU� &RPSXWLQJ� 0DFKLQHU\�� 1HZ� <RUN�� 1<�� 86$�� ���±�����
KWWSV���GRL�RUJ������������������������ 

 
>���@ 2UWHJD�$UUDQ]��+���7RUUHV��<���)HUUDULV��'�5���	�*RQ]iOH]�(VFULEDQR��$�� ��������$�1HZ�

*38�%DVHG�$SSURDFK�WR�WKH�6KRUWHVW�3DWK�3UREOHP������,QWHUQDWLRQDO�&RQIHUHQFH�RQ�+LJK�
3HUIRUPDQFH�&RPSXWLQJ�	� 6LPXODWLRQ� �+3&6���+HOVLQNL�� )LQODQG�� ������ ��������� GRL��
��������+3&6LP�������������� 

 
>���@ ,UVR\��2���	�&DUGLH��&����������'HHS�5HFXUVLYH�1HXUDO�1HWZRUNV�IRU�&RPSRVLWLRQDOLW\�LQ�

/DQJXDJH�� 3URFHHGLQJV� RI� WKH� ��WK� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 1HXUDO� ,QIRUPDWLRQ�
3URFHVVLQJ�6\VWHPV��1,36
�����0,7�3UHVV��&DPEULGJH��0$��86$��9ROXPH��������±����� 

 
>���@ 3DJH��/���%ULQ��6���0RWZDQL��5���	�:LQRJUDG��7����������7KH�3DJH5DQN�&LWDWLRQ�5DQNLQJ��

%ULQJLQJ� 2UGHU� WR� WKH� :HE�� 7KH� :HE� &RQIHUHQFH��
KWWS���ZZZ�HHFV�KDUYDUG�HGX�aPLFKDHOP�&6����SDJHUDQN�SGI� 

 
>���@ 3DJK��5���	�6LOYHVWUL��)����������7KH�,QSXW�2XWSXW�&RPSOH[LW\�RI�7ULDQJOH�(QXPHUDWLRQ��

3URFHHGLQJV�RI�WKH���UG�$&0�6,*02'�6,*$&7�6,*$57�V\PSRVLXP�RQ�3ULQFLSOHV�RI�
GDWDEDVH�V\VWHPV��32'6�
�����$VVRFLDWLRQ�IRU�&RPSXWLQJ�0DFKLQHU\��1HZ�<RUN��1<��86$��
���±�����KWWSV���GRL�RUJ������������������������� 
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>���@ 3DL�� 6��� 	� 3LQJDOL�� .�� �������� $� &RPSLOHU� IRU� 7KURXJKSXW� 2SWLPL]DWLRQ� RI� *UDSK�
$OJRULWKPV�RQ�*38V��3URFHHGLQJV�RI�WKH������$&0�6,*3/$1�,QWHUQDWLRQDO�&RQIHUHQFH�
RQ�2EMHFW�2ULHQWHG�3URJUDPPLQJ��6\VWHPV��/DQJXDJHV��DQG�$SSOLFDWLRQV��2236/$��������
$VVRFLDWLRQ� IRU� &RPSXWLQJ� 0DFKLQHU\�� 1HZ� <RUN�� 1<�� 86$�� �±����
KWWSV���GRL�RUJ������������������������� 

 
>���@ 3DUN��+���	�&KXQJ��&����������$Q�(IILFLHQW�0DS5HGXFH�$OJRULWKP�IRU�&RXQWLQJ�7ULDQJOHV�

LQ� D� 9HU\� /DUJH� *UDSK�� 3URFHHGLQJV� RI� WKH� ��QG� $&0� LQWHUQDWLRQDO� FRQIHUHQFH� RQ�
,QIRUPDWLRQ� 	� .QRZOHGJH� 0DQDJHPHQW� �&,.0� 
����� $VVRFLDWLRQ� IRU� &RPSXWLQJ�
0DFKLQHU\��1HZ�<RUN��1<��86$�����±�����KWWSV���GRL�RUJ������������������������ 

 
>���@ 3DUN��+�0���6LOYHVWUL��)���.DQJ��8���	�3DJK��5����������0DS5HGXFH�7ULDQJOH�(QXPHUDWLRQ�

ZLWK�*XDUDQWHHV��LQ�&,.0�
���3URFHHGLQJV�RI�WKH���UG�$&0�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�
&RQIHUHQFH� RQ� ,QIRUPDWLRQ� DQG� .QRZOHGJH� 0DQDJHPHQW�� �����������$VVRFLDWLRQ� IRU�
&RPSXWLQJ�0DFKLQHU\��KWWSV���GRL�RUJ������������������������� 

 
>���@ 3HQJ��+���/L��-���+H��<���/LX��<���%DR��0���:DQJ��/���6RQJ��<���	�<DQJ��4����������/DUJH�

6FDOH�+LHUDUFKLFDO�7H[W�&ODVVLILFDWLRQ�ZLWK�5HFXUVLYHO\�5HJXODUL]HG�'HHS�*UDSK�&11��
3URFHHGLQJV�RI�WKH������:RUOG�:LGH�:HE�&RQIHUHQFH��:::�
�����,QWHUQDWLRQDO�:RUOG�
:LGH�:HE�&RQIHUHQFHV�6WHHULQJ�&RPPLWWHH��5HSXEOLF�DQG�&DQWRQ�RI�*HQHYD��&+(������±
������KWWSV���GRL�RUJ�������������������������� 

 
>���@ 3HQJ�� +��� /L�� -��� *RQJ�� 4��� :DQJ�� 6��� +H�� /��� /L�� %��� :DQJ�� /��� 	� <X�� 3�6�� ��������

+LHUDUFKLFDO�7D[RQRP\�$ZDUH� DQG�$WWHQWLRQDO�*UDSK�&DSVXOH� 5&11V� IRU� /DUJH�6FDOH�
0XOWL�/DEHO�7H[W�&ODVVLILFDWLRQ��,(((�7UDQVDFWLRQV�RQ�.QRZOHGJH�DQG�'DWD�(QJLQHHULQJ��
9ROXPH�����1R����������������GRL����������7.'(�������������� 

 
>���@ 3HQQLQJWRQ�� -��� 6RFKHU�� 5��� 	�0DQQLQJ�� &�'�� �������� *ORYH�� *OREDO�9HFWRUV� IRU�:RUG�

5HSUHVHQWDWLRQ�� 3URFHHGLQJV� RI� WKH� �����&RQIHUHQFH� RQ� (PSLULFDO�0HWKRGV� LQ�1DWXUDO�
/DQJXDJH�3URFHVVLQJ��(01/3�������±������'RKD��4DWDU��$VVRFLDWLRQ�IRU�&RPSXWDWLRQDO�
/LQJXLVWLFV�� 

 
>���@ 3HQWODQG��$�6���	�+HLEHFN��7����������8QGHUVWDQGLQJ��+RQHVW�6LJQDOV��LQ�%XVLQHVV��0,7�

6ORDQ�0DQDJHPHQW�5HYLHZ��9ROXPH����������� 
 
>���@ 3HUHYDORY��$��	�DQGUHDV�%RWK��$����������,PSURYLQJ�$QVZHU�7\SH�&ODVVLILFDWLRQ�4XDOLW\�

WKURXJK�&RPELQHG�4XHVWLRQ�$QVZHULQJ�'DWDVHWV��,Q��4LX��+���=KDQJ��&���)HL��=���4LX��0���
.XQJ��6<���HGV��.QRZOHGJH�6FLHQFH��(QJLQHHULQJ�DQG�0DQDJHPHQW���.6(0�������/HFWXUH�
1RWHV� LQ� &RPSXWHU� 6FLHQFH���� 9ROXPH� ������� ��������� 6SULQJHU�� &KDP��
KWWSV���GRL�RUJ��������������������������B��� 

 
>���@ 3LQDU��$���&RPDQGXU��6���	�9LVKDO��9����������(6&$3(��(IILFLHQWO\�&RXQWLQJ�$OO���9HUWH[�

6XEJUDSKV��3URFHHGLQJV�RI�WKH���WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�:RUOG�:LGH�:HE��:::�

����� ,QWHUQDWLRQDO� :RUOG� :LGH� :HE� &RQIHUHQFHV� 6WHHULQJ� &RPPLWWHH�� 5HSXEOLF� DQG�
&DQWRQ�RI�*HQHYD��&+(�������������KWWSV���GRL�RUJ������������������������� 
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>���@ 3LQHGD��)�-�� ��������*HQHUDOL]DWLRQ�RI�%DFN�3URSDJDWLRQ� WR�5HFXUUHQW�DQG�+LJKHU�2UGHU�
1HXUDO�1HWZRUNV��3URFHHGLQJV�RI�WKH������,QWHUQDWLRQDO�&RQIHUHQFH�RQ�1HXUDO�,QIRUPDWLRQ�
3URFHVVLQJ� 6\VWHPV� �1,36
����� 0,7� 3UHVV�� &DPEULGJH�� 0$�� 86$�� ���±�����
KWWSV���GRL�RUJ���������3K\VUHYOHWW��������� 

 
>���@ 3LQJDOL��.���1JX\HQ��'���.XONDUQL��0���%XUWVFKHU��0���+DVVDDQ��0�$���.DOHHP��5���/HH��7���

/HQKDUWK��$���0DQHYLFK��5���0pQGH]�/RMR��0���3URXQW]RV��'���	�6XL��;����������7KH�7DR�
RI� 3DUDOOHOLVP� LQ�$OJRULWKPV�� 3URFHHGLQJV� RI� WKH� ��QG�$&0�6,*3/$1�&RQIHUHQFH� RQ�
3URJUDPPLQJ� /DQJXDJH� 'HVLJQ� DQG� ,PSOHPHQWDWLRQ� �3/',� 
����� $VVRFLDWLRQ� IRU�
&RPSXWLQJ� 0DFKLQHU\�� 1HZ� <RUN�� 1<�� 86$�� ��±����
KWWSV���GRL�RUJ������������������������� 

 
>���@ 3RUWHV��$�� �������� 6RFLDO� &DSLWDO�� ,WV� 2ULJLQV� DQG�$SSOLFDWLRQV� LQ� 0RGHUQ� 6RFLRORJ\��

$QQXDO�5HYLHZ�RI�6RFLRORJ\� 9ROXPH������±����KWWS���ZZZ�MVWRU�RUJ�VWDEOH�������� 
 
>���@ 3URX[� '��� 5HFKHQPDQQ� )��� -XOOLDUG� /��� 3LOOHW� 9��� DQG� -DFT� %�� ������� 'HWHFWLQJ� *HQH�

6\PEROV� DQG� 1DPHV� LQ� %LRORJLFDO� 7H[WV�� $� )LUVW� 6WHS� 7RZDUG� 3HUWLQHQW� ,QIRUPDWLRQ�
([WUDFWLRQ��*HQRPH�,QIRUPDWLFV��:RUNVKRS�RQ�*HQRPH�,QIRUPDWLFV��9ROXPH����������� 

 
>���@ 3U]XOM�� 1��� &RUQHLO�� '�*��� 	� -XULVLFD�� ,�� �������� 0RGHOLQJ� ,QWHUDFWRPH�� 6FDOH�)UHH� RU�

*HRPHWULF"� %LRLQIRUPDWLFV�� 9ROXPH� ���� ,VVXH� ���� �����������
KWWSV���GRL�RUJ���������ELRLQIRUPDWLFV�EWK��� 

 
>���@ 4DVLP��5���%DQJ\DO��:�+���$OTDUQL��0�$���	�$OL�$OPD]URL��$����������$�)LQH�7XQHG�%(57�

%DVHG� 7UDQVIHU� /HDUQLQJ� $SSURDFK� IRU� 7H[W� &ODVVLILFDWLRQ�� -RXUQDO� RI� +HDOWKFDUH�
(QJLQHHULQJ�����������KWWSV���GRL�RUJ���������������������� 

 
>���@ 5DKPDQ��0���%KXL\DQ��0���	�+DVDQ��0�$����������*UDIW��$Q�(IILFLHQW�*UDSKOHW�&RXQWLQJ�

0HWKRG�IRU�/DUJH�*UDSK�$QDO\VLV��,(((�7UDQVDFWLRQV�RQ�.QRZOHGJH�DQG�'DWD�(QJLQHHULQJ��
9ROXPH�����1R�����������������GRL����������7.'(�������������� 

 
>���@ 5RFNWlVFKHO��7���+XEHU��7���:HLGOLFK��0���	�/HVHU��8����������:%,�1(5�� WKH�,PSDFW�RI�

'RPDLQ�6SHFLILF�)HDWXUHV�RQ�WKH�3HUIRUPDQFH�RI�,GHQWLI\LQJ�DQG�&ODVVLI\LQJ�0HQWLRQV�RI�
'UXJV��3URFHHGLQJV�RI�WKH��WK�,QWHUQDWLRQDO�:RUNVKRS�RQ�6HPDQWLF�(YDOXDWLRQ��9ROXPH����
���������$WODQWD��*HRUJLD��86$� 

 
>���@ 5XPHOKDUW��'���+LQWRQ��*���	�:LOOLDPV��5����������/HDUQLQJ�,QWHUQDO�5HSUHVHQWDWLRQV�E\�

%DFN��3URSDJDWLQJ�(UURUV��LQ�'��5XPHOKDUW�DQG�-��0FFOHOODQG��(GV����3DUDOOHO�'LVWULEXWHG�
3URFHVVLQJ�� ([SORUDWLRQV� LQ� WKH�0LFURVWUXFWXUH� RI� &RJQLWLRQ��9ROXPH� ��� ���������0,7�
3UHVV� 

 
>���@ 6DEHW��$�+���4LX�� -���	�=KDR��=�� ��������7LJU��7UDQVIRUPLQJ� ,UUHJXODU�*UDSKV� IRU�*38�

)ULHQGO\� *UDSK� 3URFHVVLQJ�� 3URFHHGLQJV� RI� WKH� ��UG� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ�
$UFKLWHFWXUDO�6XSSRUW�IRU�3URJUDPPLQJ�/DQJXDJHV�DQG�2SHUDWLQJ�6\VWHPV��$63/26�
�����
$VVRFLDWLRQ� IRU� &RPSXWLQJ� 0DFKLQHU\�� 1HZ� <RUN�� 1<�� 86$�� ���������
KWWSV���GRL�RUJ������������������������ 
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>���@ 6DGRZVNL��*���	�5DWKOH��3����������)UDXG�'HWHFWLRQ��'LVFRYHULQJ�&RQQHFWLRQV�ZLWK�*UDSK�
'DWDEDVHV�� :KLWH� 3DSHU�1HR� 7HFKQRORJ\�*UDSKV� DUH� (YHU\ZKHUH���
KWWSV���JR�QHR�M�FRP�UV�����55&�����LPDJHV�1HR�MB:3�)UDXG�'HWHFWLRQ�ZLWK�*UDSK�
'DWDEDVHV�SGI"BJD ������������������������������������������������������ 

 
>���@ 6DUÕ\�FH��$�(���.D\D��.���6DXOH��(���	�dDWDO\�UHN��h�9����������%HWZHHQQHVV�&HQWUDOLW\�RQ�

*SXV� DQG� +HWHURJHQHRXV�$UFKLWHFWXUHV�� 3URFHHGLQJV� RI� WKH� �WK� :RUNVKRS� RQ� *HQHUDO�
3XUSRVH� 3URFHVVRU� 8VLQJ� *UDSKLFV� 3URFHVVLQJ� 8QLWV� �*3*38����� $VVRFLDWLRQ� IRU�
&RPSXWLQJ� 0DFKLQHU\�� 1HZ� <RUN�� 1<�� 86$�� ��±����
KWWSV���GRL�RUJ������������������������� 

 
>���@ 6DUWRUL��-���	�.XPDU��5����������%UDQFK�DQG�'DWD�+HUGLQJ��5HGXFLQJ�&RQWURO�DQG�0HPRU\�

'LYHUJHQFH� IRU� (UURU�7ROHUDQW� *38� $SSOLFDWLRQV�� ,(((� 7UDQVDFWLRQV� RQ� 0XOWLPHGLD��
9ROXPH�����,VVXH�������������KWWSV���GRL�RUJ���������700�������������� 

 
>���@ 6DXFDQ��(���6DPDO��$���	� -RVW�� -�� ��������$�6LPSOH�'LIIHUHQWLDO�*HRPHWU\� IRU�&RPSOH[�

1HWZRUNV��1HWZRUN�6FLHQFH��9ROXPH������������ 
 
>���@ 6FKDQN��7���	�:DJQHU��'����������$SSUR[LPDWLQJ�&OXVWHULQJ�&RHIILFLHQW�DQG�7UDQVLWLYLW\��

-��*UDSK�$OJRULWKPV�$SSO���9ROXPH������������ 
 
>���@ 6FKPLGKXEHU�� -�� 'HHS� /HDUQLQJ� LQ� 1HXUDO� 1HWZRUNV��$Q� 2YHUYLHZ�� 1HXUDO� 1HWZRUNV��

9ROXPH�������������,661������������KWWSV���GRL�RUJ���������-�1HXQHW������������� 
 
>���@ 6HQJXSWD��'���6RQJ��6��/���$JDUZDO��.��	�6FKZDQ��.����������*UDSK5HGXFH��3URFHVVLQJ�

/DUJH�6FDOH� *UDSKV� RQ� $FFHOHUDWRU�%DVHG� 6\VWHPV�� 3URFHHGLQJV� RI� WKH� ,QWHUQDWLRQDO�
&RQIHUHQFH�IRU�+LJK�3HUIRUPDQFH�&RPSXWLQJ��1HWZRUNLQJ��6WRUDJH�DQG�$QDO\VLV��$XVWLQ��
7;��86$��������������GRL�������������������������� 

 
>���@ 6HVKDGKUL�� &��� .ROGD�� 7�*��� 	� 3LQDU��$�� �������� &RPPXQLW\� 6WUXFWXUH� DQG� 6FDOH�)UHH�

&ROOHFWLRQV� RI� (UGRV�5HQ\L� *UDSKV�� 3K\VLFDO� 5HYLHZ� (�� 9ROXPH� ���� ,VVXH� ���
KWWSV���GRL�RUJ���������3K\VUHYH����������� 

 
>���@ &RPDQGXU��6���3LQDU��$���	�.ROGD��7�*�� ��������)DVW�7ULDQJOH�&RXQWLQJ� WKURXJK�:HGJH�

6DPSOLQJ��DU;LY��$EV����������� 
 
>���@ 6KHQ��<���+H��;���*DR��-���'HQJ��/���	�0HVQLO��*����������$�/DWHQW�6HPDQWLF�0RGHO�ZLWK�

&RQYROXWLRQDO�3RROLQJ�6WUXFWXUH�IRU�,QIRUPDWLRQ�5HWULHYDO��3URFHHGLQJV�RI�WKH���UG�$&0�
,QWHUQDWLRQDO� &RQIHUHQFH� RQ� &RQIHUHQFH� RQ� ,QIRUPDWLRQ� DQG� .QRZOHGJH� 0DQDJHPHQW�
�&,.0� 
����� $VVRFLDWLRQ� IRU� &RPSXWLQJ� 0DFKLQHU\�� 1HZ� <RUN�� 1<�� 86$�� ���±�����
KWWSV���GRL�RUJ������������������������� 

 
>���@ 6KHUYDVKLG]H��1���6FKZHLW]HU��3���/HHXZHQ��(�-���0HKOKRUQ��.���	�%RUJZDUGW��.�0����������

:HLVIHLOHU�/HKPDQ�*UDSK�.HUQHOV�� -RXUQDO� RI�0DFKLQH�/HDUQLQJ�5HVHDUFK��9ROXPH�����
���������� 

 



 ��� 

>���@ 6KXQ��-���	�%OHOORFK��*�(����������/LJUD��$�/LJKWZHLJKW�*UDSK�3URFHVVLQJ�)UDPHZRUN�IRU�
6KDUHG�0HPRU\��3URFHHGLQJV�RI�WKH���WK�$&0�6,*3/$1�V\PSRVLXP�RQ�3ULQFLSOHV�DQG�
SUDFWLFH�RI�SDUDOOHO�SURJUDPPLQJ��33R33�
�����$VVRFLDWLRQ�IRU�&RPSXWLQJ�0DFKLQHU\��1HZ�
<RUN��1<��86$�����±�����KWWSV���GRL�RUJ������������������������ 

 
>���@ 6LHN��-�*���7KH�%RRVW�*UDSK�/LEUDU\��8VHU�*XLGH�DQG�5HIHUHQFH�0DQXDO��$GGLVRQ�:HVOH\�

3URIHVVLRQDO��,6%1������������������������������� 
 
>���@ 6RFKHU�� 5��� +XDQJ�� (�+��� 3HQQLQJWRQ�� -��� 1J��$�<��	�0DQQLQJ�� &�'�� �������� '\QDPLF�

3RROLQJ�DQG�8QIROGLQJ�5HFXUVLYH�$XWRHQFRGHUV�IRU�3DUDSKUDVH�'HWHFWLRQ��3URFHHGLQJV�RI�
WKH���WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�1HXUDO�,QIRUPDWLRQ�3URFHVVLQJ�6\VWHPV��1,36
�����
&XUUDQ� $VVRFLDWHV� ,QF��� 5HG� +RRN�� 1<�� 86$�� ���������
KWWSV���3URFHHGLQJV�1HXULSV�&F�3DSHU������)LOH��������H��G�G��������������H��F��
3DSHU�3GI 

 
>���@ 6RFKHU��5���+XYDO��%���0DQQLQJ��&��'���	�1J��$��<����������5HFXUVLYH�'HHS�0RGHOV�IRU�

6HPDQWLF� &RPSRVLWLRQDOLW\� RYHU� D� 6HQWLPHQW� 7UHH�%DQN�� 3URFHHGLQJV� RI� WKH� �����
&RQIHUHQFH�RQ�(PSLULFDO�0HWKRGV�LQ�1DWXUDO�/DQJXDJH�3URFHVVLQJ������±������6HDWWOH��
:DVKLQJWRQ��86$��$VVRFLDWLRQ�IRU�&RPSXWDWLRQDO�/LQJXLVWLFV��� 

 
>���@ 6RPDQ�� -���.RWKDSDOOL��.���	�1DUD\DQDQ��3�-�� ��������$�)DVW�*38�$OJRULWKP� IRU�*UDSK�

&RQQHFWLYLW\�������,(((�,QWHUQDWLRQDO�6\PSRVLXP�RQ�3DUDOOHO�	�'LVWULEXWHG�3URFHVVLQJ��
:RUNVKRSV� DQG� 3KG� )RUXP� �,3'36:��� $WODQWD�� *$�� 86$�� ������ ����� GRL��
��������,3'36:�������������� 

 
>���@ 6SLHOPDQ��'�$���	�7HQJ��6����������1HDUO\�/LQHDU�7LPH�$OJRULWKPV�IRU�*UDSK�3DUWLWLRQLQJ��

*UDSK�6SDUVLILFDWLRQ��DQG�6ROYLQJ�/LQHDU�6\VWHPV��DU;LY��&V�'6��������� 
 
>���@ 6SLHOPDQ��'�$���	�7HQJ��6����������$�/RFDO�&OXVWHULQJ�$OJRULWKP�IRU�0DVVLYH�*UDSKV�DQG�

,WV�$SSOLFDWLRQ�WR�1HDUO\�/LQHDU�7LPH�*UDSK�3DUWLWLRQLQJ��6,$0�-RXUQDO�RQ�&RPSXWLQJ��
9ROXPH�����,VVXH����������KWWSV���GRL�RUJ������������������ 

 
>���@ 6UHHMLWK��5�3���-RVW��-���6DXFDQ��(��	�6DPDO��$����������6\VWHPDWLF�(YDOXDWLRQ�RI�D�1HZ�

&RPELQDWRULDO�&XUYDWXUH�IRU�&RPSOH[�1HWZRUNV��&KDRV��6ROLWRQV�	�)UDFWDOV��9ROXPH������
�������,661������������KWWSV���GRL�RUJ���������-�&KDRV������������� 

 
>���@ 6WXPSI��0�3���:LXI��&���	�0D\��5�0�� ��������6XEQHWV� RI�6FDOH�)UHH�1HWZRUNV�DUH�1RW�

6FDOH�)UHH��6DPSOLQJ�3URSHUWLHV�RI�1HWZRUNV��3URFHHGLQJV�RI� WKH�1DWLRQDO�$FDGHP\�RI�
6FLHQFHV�RI�WKH�8QLWHG�6WDWHV�RI�$PHULFD��9ROXPH������,VVXH��������������� 

 
>���@ 6XiUH]�3DQLDJXD��9���=DYDOD��5�0���6HJXUD�%HGPDU��,���	�0DUWtQH]��3����������$�7ZR�6WDJH�

'HHS�/HDUQLQJ�$SSURDFK� IRU�([WUDFWLQJ�(QWLWLHV�DQG�5HODWLRQVKLSV� IURP�0HGLFDO�7H[WV��
-RXUQDO�RI�%LRPHGLFDO�,QIRUPDWLFV��9ROXPH������������ 

 
>���@ 6XPQHU��'�3����������*UDSKV�,QGHFRPSRVDEOH�ZLWK�5HVSHFW�WR�WKH�;�-RLQ��'LVFUHWH�0DWK��

9ROXPH����,VVXH�������������KWWSV���GRL�RUJ�����������������;����������� 
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>���@ 6XQ��&���$JUDZDO��'��	�$EEDGL��$�(����������+DUGZDUH�$FFHOHUDWLRQ�IRU�6SDWLDO�6HOHFWLRQV�
DQG� -RLQV�� 3URFHHGLQJV� RI� WKH� ����� $&0� 6,*02'� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ�
0DQDJHPHQW�RI�'DWD��6,*02'�
�����$VVRFLDWLRQ�IRU�&RPSXWLQJ�0DFKLQHU\��1HZ�<RUN��
1<��86$�����������KWWSV���GRL�RUJ���������������������� 

 
>���@ 6XUL��6���	�9DVVLOYLWVNLL��6����������&RXQWLQJ�7ULDQJOHV�DQG�WKH�&XUVH�RI�WKH�/DVW�5HGXFHU��

3URFHHGLQJV� RI� WKH� ��WK� LQWHUQDWLRQDO� FRQIHUHQFH� RQ� :RUOG� ZLGH� ZHE� �:::� 
�����
$VVRFLDWLRQ� IRU� &RPSXWLQJ� 0DFKLQHU\�� 1HZ� <RUN�� 1<�� 86$�� ���±�����
KWWSV���GRL�RUJ�������������������������� 

 
>���@ 7DL��.�6���6RFKHU��5���	�0DQQLQJ��&�'����������,PSURYHG�6HPDQWLF�5HSUHVHQWDWLRQV�IURP�

7UHH�6WUXFWXUHG�/RQJ�6KRUW�7HUP�0HPRU\�1HWZRUNV��DU;LY��$EV������������ 
 
>���@ &��7VRXUDNDNLV��0��1��.RORXQW]DNLV��DQG�*��0LOOHU��7ULDQJOH�6SDUVLILHUV��-RXUQDO�RI�*UDSK�

$OJRULWKPV�DQG�$SSOLFDWLRQV��9ROXPH�����1R��������������KWWS���-JDD�,QIR� 
 
>���@ 7VRXUDNDNLV��&�(���'ULQHDV��3���0LFKHODNLV��(���.RXWLV��,���	�)DORXWVRV��&����������6SHFWUDO�

&RXQWLQJ� RI� 7ULDQJOHV� 9LD� (OHPHQWZLVH� 6SDUVLILFDWLRQ� DQG� 7ULDQJOH�%DVHG� /LQN�
5HFRPPHQGDWLRQ��6RFLDO�1HWZRUN�$QDO\VLV�DQG�0LQLQJ��9ROXPH���������� 

 
>���@ 7VRXUDNDNLV��&�(���.DQJ��8���0LOOHU��*�/���	�)DORXWVRV��&����������'28/,21��&RXQWLQJ�

7ULDQJOHV� LQ� 0DVVLYH� *UDSKV� ZLWK� D� &RLQ�� 3URFHHGLQJV� RI� WKH� ��WK� $&0� 6,*.''�
LQWHUQDWLRQDO�FRQIHUHQFH�RQ�.QRZOHGJH�GLVFRYHU\�DQG�GDWD�PLQLQJ��.''�
�����$VVRFLDWLRQ�
IRU� &RPSXWLQJ� 0DFKLQHU\�� 1HZ� <RUN�� 1<�� 86$�� ���±�����
KWWSV���GRL�RUJ������������������������� 

 
>���@ 7VXUXRND�� <��� 	� 7VXMLL�� -�� �������� ,PSURYLQJ� WKH� 3HUIRUPDQFH� RI� 'LFWLRQDU\�%DVHG�

$SSURDFKHV�LQ�3URWHLQ�1DPH�5HFRJQLWLRQ��-RXUQDO�RI�%LRPHGLFDO�,QIRUPDWLFV��9ROXPH�����
,VVXH�������������KWWSV���GRL�RUJ���������-�-EL������������ 

 
>���@ 7]HQJ�� 6��� 3DWQH\��$��� 	� 2ZHQV�� -�'�� �������� 7DVN�0DQDJHPHQW� IRU� ,UUHJXODU�3DUDOOHO�

:RUNORDGV�RQ� WKH�*38��3URFHHGLQJV�RI� WKH�&RQIHUHQFH�RQ�+LJK�3HUIRUPDQFH�*UDSKLFV�
�+3*�
�����(XURJUDSKLFV�$VVRFLDWLRQ��*RVODU��'(8����±��� 

 
>���@ 8JDQGHU��-���%DFNVWURP��/���	�.OHLQEHUJ��-�0����������6XEJUDSK�)UHTXHQFLHV��0DSSLQJ�WKH�

(PSLULFDO�DQG�([WUHPDO�*HRJUDSK\�RI�/DUJH�*UDSK�&ROOHFWLRQV��3URFHHGLQJV�RI�WKH���QG�
LQWHUQDWLRQDO� FRQIHUHQFH� RQ�:RUOG�:LGH�:HE� �:::� 
�����$VVRFLDWLRQ� IRU� &RPSXWLQJ�
0DFKLQHU\��1HZ�<RUN��1<��86$������±������KWWSV���GRL�RUJ�������������������������� 

 
>���@ -DXUHJL�8QDQXH��,���%RU]HVKL��(�=���	�3LFFDUGL��0����������5HFXUUHQW�1HXUDO�1HWZRUNV�ZLWK�

6SHFLDOL]HG�:RUG�(PEHGGLQJV�IRU�+HDOWK�'RPDLQ�1DPHG�(QWLW\�5HFRJQLWLRQ��-RXUQDO�RI�
%LRPHGLFDO�,QIRUPDWLFV��9ROXPH������������� 

 
>���@ 9DOLDQW��/�*����������$�%ULGJLQJ�0RGHO�IRU�3DUDOOHO�&RPSXWDWLRQ��&RPPXQLFDWLRQ�RI�WKH�

$&0��9ROXPH�����1R������������� 
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>���@ 9DVZDQL��$���6KD]HHU��1���3DUPDU��1���8V]NRUHLW��-���-RQHV��/���*RPH]��$���.DLVHU��/���	�
3RORVXNKLQ�� ,���$WWHQWLRQ� LV�$OO�<RX�1HHG��$GYDQFHV� LQ�1HXUDO� ,QIRUPDWLRQ� 3URFHVVLQJ�
6\VWHPV��9ROXPH����������������KWWS���DU;LY�RUJ�$EV������������ 

 
>���@ 9HOLFNRYLF�� 3��� &XFXUXOO��*���&DVDQRYD��$���5RPHUR��$��� /LR¶�� 3���	�%HQJLR��<�� ��������

*UDSK�$WWHQWLRQ�1HWZRUNV��$U;LY��DEV������������ 
 
>���@ 9LQ\DOV��2���)RUWXQDWR��0��	�-DLWO\��1�� ��������3RLQWHU�1HWZRUNV��DU;LY�����������Y���

KWWSV���GRL�RUJ����������DU;LY������������ 
 
>���@ 9LWHUEL�� $�-� ��������� (UURU� %RXQGV� IRU� &RQYROXWLRQDO� &RGHV� DQG� DQ� $V\PSWRWLFDOO\�

2SWLPXP�'HFRGLQJ�$OJRULWKP�� ,(((�7UDQVDFWLRQV� RQ� ,QIRUPDWLRQ�7KHRU\��9ROXPH� ����
,VVXH�������������GRL���������7,7�������������� 

 
>���@ 9RHYRGVNL�� .��� 7HQJ�� 6�� +��� 	� ;LD��<�� �������� )LQGLQJ� /RFDO� &RPPXQLWLHV� LQ� 3URWHLQ�

1HWZRUNV�� %0&� %LRLQIRUPDWLFV�� 9ROXPH� ���� ,VVXH� ����� KWWSV���GRL�RUJ��������������
����������� 

 
>���@ :DJQHU��6�0���	�1HVKDW��1����������$VVHVVLQJ�WKH�9XOQHUDELOLW\�RI�6XSSO\�&KDLQV�8VLQJ�

*UDSK�7KHRU\��,QWHUQDWLRQDO�-RXUQDO�RI�3URGXFWLRQ�(FRQRPLFV��9ROXPH�������������� 
 
>���@ :DOOHU��'�$����������'RXEOH�&RYHUV�RI�*UDSKV��%XOOHWLQ�RI�WKH�$XVWUDOLDQ�0DWKHPDWLFDO�

6RFLHW\��9ROXPH������������� 
 
>���@ :DQ��6���/DQ��<���*XR��-���;X��-���3DQJ��/���	�&KHQJ��;����������$�'HHS�$UFKLWHFWXUH�IRU�

6HPDQWLF�0DWFKLQJ�ZLWK�0XOWLSOH�3RVLWLRQDO�6HQWHQFH�5HSUHVHQWDWLRQV��3URFHHGLQJV�RI�WKH�
7KLUWLHWK�$$$,�&RQIHUHQFH�RQ�$UWLILFLDO�,QWHOOLJHQFH��$$$,
�����$$$,�3UHVV������±����� 

 
>���@ :DQJ��.���;X��*�+���6X��=���	�/LX��<�'����������*UDSK4��*UDSK�4XHU\�3URFHVVLQJ�ZLWK�

$EVWUDFWLRQ�5HILQHPHQW���6FDODEOH�DQG�3URJUDPPDEOH�$QDO\WLFV�2YHU�9HU\�/DUJH�*UDSKV�
RQ�$� 6LQJOH� 3&�� 86(1,;�$QQXDO� 7HFKQLFDO� &RQIHUHQFH�� 6DQWD� &ODUD�� &$�� 86(1,;�
$VVRFLDWLRQ����������,6%1������������������� 

 
>���@ :DQJ��.���+XVVDLQ��$���=XR��=���;X��*�+���	�6DQL��$�$����������*UDVSDQ��$�6LQJOH�0DFKLQH�

'LVN�%DVHG�*UDSK� 6\VWHP� IRU� ,QWHUSURFHGXUDO� 6WDWLF�$QDO\VHV� RI� /DUJH�6FDOH� 6\VWHPV�
&RGH�� 3URFHHGLQJV� RI� WKH� 7ZHQW\�6HFRQG� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� $UFKLWHFWXUDO�
6XSSRUW�IRU�3URJUDPPLQJ�/DQJXDJHV�DQG�2SHUDWLQJ�6\VWHPV��$63/26�
�����$VVRFLDWLRQ�
IRU� &RPSXWLQJ� 0DFKLQHU\�� 1HZ� <RUN�� 1<�� 86$�� ���������
KWWSV���GRL�RUJ������������������������� 

 
>���@ :DQJ��6�,���	�0DQQLQJ��&�'����������%DVHOLQHV�DQG�%LJUDPV��6LPSOH��*RRG�6HQWLPHQW�DQG�

7RSLF� &ODVVLILFDWLRQ�� 3URFHHGLQJV� RI� WKH� ��WK�$QQXDO� 0HHWLQJ� RI� WKH�$VVRFLDWLRQ� IRU�
&RPSXWDWLRQDO�/LQJXLVWLFV� �$&/� 
�����9ROXPH���� �������$VVRFLDWLRQ� IRU�&RPSXWDWLRQDO�
/LQJXLVWLFV��86$� 
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>���@ :DQJ��6���	�-LDQJ��-�� ��������/HDUQLQJ�1DWXUDO�/DQJXDJH�,QIHUHQFH�ZLWK�/670��DU;LY��
$EV������������ 

 
>���@ :DQJ��:���*X��<���:DQJ��=���<X��*����������3DUDOOHO�7ULDQJOH�&RXQWLQJ�RYHU�/DUJH�*UDSKV��

LQ��0HQJ��:���)HQJ��/���%UHVVDQ��6���:LQLZDUWHU��:���6RQJ��:���(GV��'DWDEDVH�6\VWHPV�IRU�
$GYDQFHG�$SSOLFDWLRQV��'$6)$$�������/HFWXUH�1RWHV�LQ�&RPSXWHU�6FLHQFH��9ROXPH�������
���������6SULQJHU��%HUOLQ��+HLGHOEHUJ��KWWSV���GRL�RUJ��������������������������B��� 

 
>���@ :DWWV��'��-���	�6WURJDW]��6��+����������&ROOHFWLYH�'\QDPLFV�RI� 
6PDOO�:RUOG
�1HWZRUNV��

1DWXUH��9ROXPH������,VVXH����������������KWWSV���GRL�RUJ��������������� 
 
>���@ :KDQJ��-�-���*OHLFK��'�)��	�'KLOORQ��,�6����������2YHUODSSLQJ�&RPPXQLW\�'HWHFWLRQ�8VLQJ�

6HHG� 6HW� ([SDQVLRQ�� 3URFHHGLQJV� RI� WKH� ��QG� $&0� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ�
,QIRUPDWLRQ� 	� .QRZOHGJH� 0DQDJHPHQW� �&,.0� 
����� $VVRFLDWLRQ� IRU� &RPSXWLQJ�
0DFKLQHU\��1HZ�<RUN��1<��86$�������������KWWSV���GRL�RUJ�������������������������� 

 
>���@ :RHJLQJHU�� *�-�� �������� 7KHUH� LV� 1R�$V\PSWRWLF� 37$6� IRU� 7ZR�'LPHQVLRQDO� 9HFWRU�

3DFNLQJ��,QIRUPDWLRQ�3URFHVVLQJ�/HWWHUV��9ROXPH�����,VVXH������������ 
 
>���@ :RQJ�(���%DXU��%���4XDGHU��6�$���	�+XDQJ��&����������%LRORJLFDO�1HWZRUN�PRWLI�'HWHFWLRQ���

3ULQFLSOHV� DQG� 3UDFWLFH�� %ULHILQJV� LQ� ELRLQIRUPDWLFV�� 9ROXPH� ���� ,VVXH� ��� ���������
KWWSV���GRL�RUJ���������ELE�EEU���� 

� 
>���@ :X��)���=KDQJ��7���6RX]D��$�+���)LIW\��&���<X��7���	�:HLQEHUJHU��.�4����������6LPSOLI\LQJ�

*UDSK�&RQYROXWLRQDO�1HWZRUNV��DU;LY��$EV������������ 
 
>���@ :X��<���-LQ��5���/L��-���	�=KDQJ��;����������5REXVW�/RFDO�&RPPXQLW\�'HWHFWLRQ��RQ�)UHH�

5LGHU�(IIHFW�DQG�,WV�(OLPLQDWLRQ��3URFHHGLQJV�RI�9/'%�(QGRZPHQW��9ROXPH����1R���������
�����KWWSV���GRL�RUJ������������������������� 

 
>���@ ;X��.���%D��-��/���.LURV��5���&KR��.���&RXUYLOOH��$���6DODNKXWGLQRY��5���=HPHO��5��6���	�

%HQJLR��<����������6KRZ��$WWHQG�DQG�7HOO��1HXUDO�,PDJH�&DSWLRQ�*HQHUDWLRQ�ZLWK�9LVXDO�
$WWHQWLRQ��3URFHHGLQJV�RI���QG�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�0DFKLQH�/HDUQLQJ��,&0/�������
9ROXPH��������������� 

 
>���@ ;X��4���-HRQ��+���	�$QQDYDUDP��0����������*UDSK�3URFHVVLQJ�RQ�*38V��:KHUH�$UH�WKH�

%RWWOHQHFNV"������,(((�,QWHUQDWLRQDO�6\PSRVLXP�RQ�:RUNORDG�&KDUDFWHUL]DWLRQ��,,6:&���
5DOHLJK��1&��86$�����������GRL����������,,6:&�������������� 
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7KH�SHUPLVVLRQ�EHORZ�LV�IRU�WKH�XVH�RI�Figure 3.5. Long Short-Term Memory Prototype 

LQ�&KDSWHU��� 
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7KH�SHUPLVVLRQ�EHORZ�LV�IRU�WKH�XVH�RI�)LJXUH������%(57�6LQJOH�6HQWHQFH�&ODVVLILFDWLRQ�

1HWZRUN�$UFKLWHFWXUH LQ�&KDSWHU��� 
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7KH�SHUPLVVLRQ�EHORZ�LV�IRU�WKH�XVH�RI�)LJXUH������7KH�7UDQVIRUPHU�0RGHO�$UFKLWHFWXUH�

DQG�)LJXUH������$WWHQWLRQ�0HFKDQLVP�LQ�&KDSWHU���� 
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