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&KDSWHU��� 6HQVRU\�&RPPXQLFDWLRQ

$FDGHPLF�DQG�5HVHDUFK�6WDII����

3URIHVVRU�/RXLV�'��%UDLGD��1DWKDQLHO�,��'XUODFK��3URIHVVRU�5LFKDUG�0��+HOG��'U��3DXO�'XFKQRZVNL��'U��-XOLH�(�
*UHHQEHUJ��'U��.DUHQ�/��3D\WRQ��'U��0DWWKHZ�+��3RZHU��'U��:LOOLDP�0��5DELQRZLW]��'U��&KULVWLQH�0��5DQNRYLF�
'U��&KDUORWWH�0��5HHG��'U��-��.HQQHWK�6DOLVEXU\��'U��%DUEDUD�*��6KLQQ�&XQQLQJKDP��'U��0DQGD\DP�$��6ULQL�
YDVDQ��'U��7KRPDV�(�Y��:LHJDQG��'U��3DWULFN�0��=XUHN��0HUU\�$��%UDQWOH\��$QGUHZ�5��%UXJKHUD��/RUUDLQH�$��'HO�
KRUQH��-RVHSK�*��'HVORJH��-RVHSK�$��)ULVELH��'RUULH�+DOO��6HWK�0��+DOO��0LFKDHO�3��2¶&RQQHOO

9LVLWLQJ�6FLHQWLVWV�DQG�5HVHDUFK�$IILOLDWHV

'U��&DJDWD\�%DVGRJDQ��'U��6XVDQ�/��*ROGPDQ��'U��.HQQHWK�:��*UDQW��'U��.RXURVK�6DEHUL��'U��.DRUX�6HNL\DPD�
'U���$QQLH�+��7DNHXFKL��*HRIIUH\�/��3ODQW

*UDGXDWH�6WXGHQWV

$PDQGD�6��%LUFK��$QGUHZ�*��%URRNV��'RXJODV�6��%UXQJDUW��-RVKXD�3��&\V\N��6XYUDQX�'H��0DWWKHZ�(��(VFK�
,VDDF�-��*UDI��&KL�+DR�+R��$OH[DQGUD� ,��+RX��6DOLP�)��.DVVHP��*OHQQ�.RK��-HDQ�&��.UDXVH��'DYLG�6��/XP�
6KDULHII� $��0DQVRXU�� /DMRV�0ROQDU�� 6DGLNL� 3��0ZDQ\RKD�� %DODVXQGDU� ,�� 5DMX��'DYLG�:��6FKORHUE�� 6WHYHQ� -�
6FKOXHWHU��0DWWKHZ�*��6H[WRQ��-DVRQ�-��6URND��0DFLHM�6WDFKRZLDN��3UDVDQQD�%��7DPEH��;XGRQJ�7DQJ��'LQK
<HQ�7UDQ��.LPEHUO\�-��9RVV��(YDQ�)��:LHV��:DQ�&KHQ�:X��+DQIHQJ�<XDQ��-RQDWKDQ�/��=DOHVN\

8QGHUJUDGXDWH�6WXGHQWV

'DYLG�(��'L)UDQFR��%ULDQ�'��.LQF\��.DUL�$QQH�+��.MRODDV��6DPXHO�5��0DGGHQ��'DYLG�+��0DQRZLW]��$GULHQQH�+�
6ODXJKWHU

7HFKQLFDO�DQG�6XSSRUW�6WDII

5HEHFFD�/��*DUQHWW��(OHDQRUD�0��/XRQJR

��� ,QWURGXFWLRQ

7KH� 6HQVRU\� &RPPXQLFDWLRQ� JURXS� LV� LQWHUHVWHG� LQ
XQGHUVWDQGLQJ�VHQVRULPRWRU�DQG�FRJQLWLYH�SURFHVVHV
DQG� DSSO\LQJ� WKLV� XQGHUVWDQGLQJ� WR� VROYH� SUDFWLFDO
SUREOHPV�LQ�D�YDULHW\�RI�GRPDLQV��2XU�EDVLF�UHVHDUFK
LV� FKDUDFWHUL]HG� E\� EHKDYLRUDO� �SV\FKRSK\VLFDO�
H[SHULPHQWDWLRQ� DQG� TXDQWLWDWLYH� WKHRUHWLFDO� PRGHO�
LQJ��)DFLOLWLHV�WR�VXSSRUW�WKLV�UHVHDUFK�DUH�GHYHORSHG
DV�QHHGHG���

$OWKRXJK� VRPH� UHVHDUFK� LV� FRQGXFWHG� RQ� YLVLRQ�
PRVW�RI�WKH�JURXS¶V�ZRUN�LV�IRFXVHG�RQ�DXGLWLRQ�DQG
WDFWLRQ�� 7KH� PDLQ� DSSOLFDWLRQV� DUH� FRQFHUQHG� ZLWK
DLGLQJ� LQGLYLGXDOV�ZKR�VXIIHU� IURP� LPSDLUHG�KHDULQJ�
GHYHORSLQJ� LPSURYHG� KXPDQ�PDFKLQH� LQWHUIDFHV� IRU
YLUWXDO� HQYLURQPHQWV� DQG� WHOHRSHUDWLRQ� �YLUWXDO� UHDO�
LW\��� DQG� XVLQJ� YLUWXDO� HQYLURQPHQW� WHFKQRORJ\� IRU
WUDLQLQJ���7KH�PDLQ�IDFLOLWLHV�RI�WKH�JURXS�DUH�DVVRFL�
DWHG� ZLWK� WKH� SV\FKRDFRXVWLFV�� WRXFK� �RU� KDSWLFV��
DQG�YLUWXDO�HQYLURQPHQW�ODERUDWRULHV�

��� �+HDULQJ�$LG�5HVHDUFK

6SRQVRU�

1DWLRQDO�,QVWLWXWHV�RI�+HDOWK�
*UDQW�5���'&�����

3URMHFW�6WDII���

3URIHVVRU� /RXLV� '�� %UDLGD�� 'U�� 3DXO� 'XFKQRZVNL�
'U�� .DUHQ� /�� 3D\WRQ�� 'U�� 0DWWKHZ� +�� 3RZHU�� 'U�
&KULVWLQH� 0�� 5DQNRYLF�� 'U�� &KDUORWWH� 0�� 5HHG�� 'U�
3DWULFN� 0�� =XUHN�� ,VDDF� -�� *UDI�� -HDQ� &�� .UDXVH�
'DYLG� 6�� /XP�� 6DGLNL� 3�� 0ZDQ\RKD�� 6WHYHQ� -�
6FKOXHWHU��-DVRQ�-��6URND��'LQK�<HQ�7UDQ

����� 6SHFLILF�$LPV

2XU� ORQJ�WHUP� JRDO� LV� WR� GHYHORS� LPSURYHG� KHDULQJ
DLGV�IRU�SHRSOH�VXIIHULQJ�IURP�VHQVRULQHXUDO�KHDULQJ
LPSDLUPHQWV�� 2XU� HIIRUWV� DUH� IRFXVHG� RQ� SUREOHPV
UHVXOWLQJ�IURP�LQDGHTXDWH�NQRZOHGJH�RI�WKH�HIIHFWV�RI
YDULRXV� DOWHUDWLRQV� RI� VSHHFK� VLJQDOV� RQ� VSHHFK
UHFHSWLRQ� E\� LPSDLUHG� OLVWHQHUV�� VSHFLILFDOO\� RQ� WKH
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IXQGDPHQWDO� OLPLWDWLRQV� RQ� WKH� LPSURYHPHQWV� LQ
VSHHFK�UHFHSWLRQ�WKDW�FDQ�EH�DFKLHYHG�E\�SURFHVVLQJ
VSHHFK��2XU�DLPV�DUH�

�� 7R�DVVHVV�WKH�UHODWLYH�FRQWULEXWLRQV�RI�YDULRXV�
IXQFWLRQDO�FKDUDFWHULVWLFV�RI�KHDULQJ�LPSDLU�
PHQWV�WR�UHGXFHG�VSHHFK�UHFHSWLRQ�FDSDFLW\�

�� 7R�HYDOXDWH�WKH�HIIHFWV�RI�VW\OH�RI�VSHHFK�DUWLF�
XODWLRQ�DQG�YDULDELOLW\�LQ�VSHHFK�SURGXFWLRQ�RQ�
VSHHFK�UHFHSWLRQ�E\�KHDULQJ�LPSDLUHG�OLVWHQ�
HUV�

�� 7R�GHYHORS�DQG�HYDOXDWH�DQDO\WLFDO�PRGHOV�WKDW�
FDQ�SUHGLFW�WKH�HIIHFWV�RI�D�YDULHW\�RI�DOWHUDWLRQV�
RI�WKH�VSHHFK�VLJQDO�RQ�LQWHOOLJLELOLW\�

�� 7R�GHYHORS�DQG�HYDOXDWH�VLJQDO�SURFHVVLQJ�
WHFKQLTXHV�WKDW�KROG�SURPLVH�IRU�LQFUHDVLQJ�WKH�
HIIHFWLYHQHVV�RI�KHDULQJ�DLGV��

����� 6WXGLHV�DQG�5HVXOWV

&KDUDFWHULVWLFV�RI�6HQVRULQHXUDO�+HDULQJ�
,PSDLUPHQW

6LPXODWLRQ�RI�6HQVRULQHXUDO�+HDULQJ�/RVV

,Q�RUGHU�WR�REWDLQ�LQVLJKW�LQWR�WKH�SHUFHSWXDO�HIIHFWV�RI
KHDULQJ� ORVV�� ZH� KDYH� EHHQ� GHYHORSLQJ� IXQFWLRQDO
PRGHOV� RI� KHDULQJ� LPSDLUPHQW�� 6XFK�PRGHOV� ZRXOG
DOORZ�OLVWHQHUV�ZLWK�QRUPDO�KHDULQJ�WR�H[SHULHQFH�WKH
SHUFHSWXDO� GLVWRUWLRQV� DQG� VSHHFK�UHFHSWLRQ� SURE�
OHPV�H[SHULHQFHG�E\�KHDULQJ�LPSDLUHG�OLVWHQHUV��&XU�
UHQW�UHVHDUFK�LV�IRFXVHG�RQ�VLPXODWLQJ�WKH�HIIHFWV�RI
DEQRUPDO� ORXGQHVV� JURZWK� DQG� UHGXFHG� IUHTXHQF\
VHOHFWLYLW\�

*UDI��SURFHVVHG�VRXQGV�XVLQJ�FRPELQDWLRQV�RI�PXOWL�
EDQG�DPSOLWXGH�H[SDQVLRQ��(��DQG�VSHFWUDO�VPHDULQJ
�66��WR�VLPXODWH�WKH�HIIHFWV�RI�VHQVRULQHXUDO�KHDULQJ
LPSDLUPHQW� RQ� WRQH�GHWHFWLRQ� WKUHVKROGV�� GHSHQ�
GHQFH�RI� ORXGQHVV� OHYHO�RQ� LQWHQVLW\��DQG� IUHTXHQF\
VHOHFWLYLW\�� 7KH� (� VLPXODWLRQ�� ZDV� DGMXVWHG� WR� SUR�
GXFH� D� IODW� ��� G%� ORVV�� 7KH� 66� VLPXODWLRQ� ZDV
DGMXVWHG� WR� SURGXFH� H[FLWDWLRQ� SDWWHUQV� LQ� QRUPDO
HDUV�VLPLODU�WR�WKRVH�SURGXFHG�E\�XQSURFHVVHG�VWLP�
XOL�LQ�LPSDLUHG�HDUV�ZLWK�DXGLWRU\�ILOWHUV�ZKRVH�EDQG�
ZLGWKV�DUH�LQFUHDVHG�E\�IDFWRUV�RI�����DQG������HLWKHU
V\PPHWULFDOO\� DERXW� WKH� FHQWHU� IUHTXHQF\� RU� DV\P�

PHWULFDOO\� WR� VLPXODWH� DXGLWRU\� ILOWHUV� ZLWK� UHGXFHG
ORZ�IUHTXHQF\� VORSHV�� ,Q� WKH� SV\FKRDFRXVWLF� WHVWV�
VPHDULQJ� ZDV� DFKLHYHG� E\� UHSODFLQJ� WRQDO� VWLPXOL
ZLWK� QDUURZ� EDQGV� RI� QRLVH� DQG� E\� EURDGHQLQJ� WKH
VSHFWUD�RI�QRLVH�VWLPXOL��,Q�WHVWV�ZLWK�VSHHFK�VWLPXOL�
VPHDULQJ�ZDV�DFKLHYHG�E\�FRQYROYLQJ�WKH�VKRUW�WHUP
PHO�IUHTXHQF\�SRZHU�VSHFWUXP�ZLWK�D�ORZ�SDVV�ILOWHU�
7KH�HIIHFWV�RI� WKH�(�DQG�66�VLPXODWLRQV� LQ� LVRODWLRQ
DQG�LQ�FRPELQDWLRQ�ZHUH�LQYHVWLJDWHG�LQ�ERWK�SV\FKR�
DFRXVWLF�DQG�VSHHFK�UHFHSWLRQ�WDVNV�

%RWK�(� DQG�66�KDYH� RQO\�PLQRU� HIIHFWV� RQ� LQ�EDQG
PDVNLQJ�SURGXFHG�E\�QDUURZEDQG�QRLVH��(�SURGXFHV
RQO\�PRGHVW�DPRXQWV�RI�RXW�RI�EDQG�PDVNLQJ��SULPD�
ULO\� IRU� IUHTXHQFLHV� EHORZ� WKH� QRLVH�� 66� LQFUHDVHV
RXW�RI�EDQG�PDVNLQJ��ZLWK�WKH�V\PPHWU\�DQG�DPRXQW
RI�PDVNLQJ� UHIOHFWLQJ� WKH�DOWHUHG�VKDSH�RI� WKH�DXGL�
WRU\� ILOWHU�DVVRFLDWHG�ZLWK� WKH�VPHDULQJ�RSHUDWLRQ��(
HOHYDWHV�WKH�WLS�DQG�GHFUHDVHV�WKH�VORSHV�RI�WKH�WDLOV
RI�SV\FKRDFRXVWLF� WXQLQJ�FXUYHV��66�KDV� OLWWOH�HIIHFW
RQ�WKH�WLS��EXW�GHFUHDVHV�WKH�VORSH�RI�RQH��DV\PPHW�
ULF��RU�ERWK��V\PPHWULF�VPHDULQJ��RI�WKH�WDLOV�RI�WXQLQJ
FXUYHV��&RPELQDWLRQV�RI�(�DQG�66�FDQ�DSSUR[LPDWH
D� UDQJH� RI� QDUURZEDQG� PDVNLQJ� SDWWHUQV�� VXFK� DV
WKRVH� WKDW� H[KLELW� QHDU�QRUPDO� ORZ�IUHTXHQF\� WDLOV�
EXW�JUHDWO\� LQFUHDVHG�XSZDUG�VSUHDG�RI�PDVNLQJ��(
VXEVWDQWLDOO\� UHGXFHV� ORXGQHVV� VXPPDWLRQ�� EXW� 66
KDV�RQO\�PLQRU�HIIHFWV�RQ�ORXGQHVV�VXPPDWLRQ��HLWKHU
DORQH�RU�LQ�FRPELQDWLRQ�ZLWK�(�

7KH� HIIHFWV� RI� WKH� VLPXODWLRQV� RQ� VSHHFK� UHFHSWLRQ
ZHUH�HYDOXDWHG�E\�PHDVXULQJ�WKH�LQWHOOLJLELOLW\�RI�&9
V\OODEOHV�ERWK�LQ�TXLHW�DQG�LQ�WKH�SUHVHQFH�RI�VSHHFK�
VKDSHG�QRLVH��H�J���=XUHN�DQG�'HOKRUQH����,Q�TXLHW��(
UHGXFHV� VFRUHV� PRUH� WKDQ� 66�� ZLWK� WKH� UHGXFWLRQV
QHDUO\�DGGLQJ�ZKHQ�WKH�VLPXODWLRQV�DUH�FRPELQHG��,Q
QRLVH�� 66� UHGXFHV� VFRUHV� �UHODWLYH� WR� WKH� XQVLPX�
ODWHG�FRQGLWLRQ�� LQFUHDVLQJO\�DV� WKH�VSHHFK� WR�QRLVH
UDWLR��615��LV�UHGXFHG��EXW�(�KDV� OLWWOH�HIIHFW��:KHQ
FRPELQHG�ZLWK�66��(�KDG�OLWWOH�HIIHFW�RQ�VFRUHV�DW���
G%�615��EXW�� VXUSULVLQJO\�� LPSURYHG�VFRUHV�DW���G%
615�

*UDI�DOVR�H[SORUHG�ZKHWKHU�66�FRXOG�LPSURYH�VLPX�
ODWLRQV�RI�VSHHFK�UHFHSWLRQ�WKDW�ZHUH�QRW�ZHOO�VLPX�
ODWHG�E\�(�DORQH��'XFKQRZVNL�DQG�=XUHN����ZKR�XVHG
(� WR� VLPXODWH� WKH� LPSDLUPHQW� RI� RQH� VXFK� OLVWHQHU

1 I.J. Graf, Simulation of the Effects of Sensorineural Hearing Loss, M.Eng. thesis, Department of Electrical Engineering and Computer 
Science, September 1997.

2 D.S. Lum and L.D. Braida, "DSP Implementation of a Real-Time Hearing Loss Simulator Based on Dynamic Expansion," in Modeling 
Sensorineural Hearing Loss, ed. W. Jesteadt (Mahwah, New Jersey: L. Earlbaum Assoc., 1997).

3 P.M. Zurek and L.A. Delhorne, "Consonant Reception in Noise by Listeners with Mild and Moderate Hearing Impairment," J. Acoust. 
Soc. Am. 82: 1548-59 (1987).
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�$/�� ZLWK� D� VHYHUH� ������� G%�� IODW� ORVV�� IRXQG� WKDW
FRQVRQDQW� UHFRJQLWLRQ� ZDV� ZHOO� VLPXODWHG� LQ� ERWK
TXLHW�DQG�QRLVH�ZKHQ�D�IODW�IUHTXHQF\�JDLQ�FKDUDFWHU�
LVWLF� ZDV� XVHG�� %XW� ZKHQ� KLJK�IUHTXHQF\� HPSKDVLV
ZDV� XVHG�� WKH� VLPXODWHG� QRUPDO� OLVWHQHUV� DFKLHYHG
KLJKHU� LQWHOOLJLELOLW\� VFRUHV� WKDQ� $/�� 7R� LPSURYH� WKH
VLPXODWLRQ�*UDI�FRPELQHG�(�ZLWK�66�XVLQJ�(�SDUDPH�
WHUV� LGHQWLFDO� WR� WKRVH� XVHG� LQ� WKH�'XFKQRZVNL� DQG
=XUHN�� VWXG\� DQG�66�SDUDPHWHUV� WKDW� DUH� JHQHUDOO\
UHSUHVHQWDWLYH� RI� OLVWHQHUV� ZLWK� VHYHUH� ORVVHV� �$/
EHLQJ� XQDYDLODEOH� IRU� IXUWKHU� WHVWLQJ�� DXGLWRU\� ILOWHU
EDQGZLGWKV� ZHUH� LQFUHDVHG� E\� D� IDFWRU� RI� WKUHH� DV
VXJJHVWHG� E\� 1HMLPH� DQG� 0RRUH��� 7KH� FRPELQHG
VLPXODWLRQ�HOLPLQDWHG�WKH�UHODWLYH�EHQHILW�SURYLGHG�E\
KLJK�IUHTXHQF\�HPSKDVLV� WR� WKH� OLVWHQHUV�ZLWK�VLPX�
ODWHG�ORVVHV��EXW� LQ�DOO�FRQGLWLRQV�LW�SURGXFHG�FRQVR�
QDQW� LQWHOOLJLELOLW\� VFRUHV� WKDW�ZHUH� ORZHU� WKDQ� WKRVH
DFKLHYHG�E\�$/��VXJJHVWLQJ�WKDW�WKH�DPRXQW�RI�VSHF�
WUDO�VPHDULQJ�ZDV�WRR�ODUJH�

&KDUDFWHULVWLFV�RI�WKH�6SHHFK�6LJQDO

&OHDU�6SHHFK�

,Q�DGYHUVH� OLVWHQLQJ�FRQGLWLRQV�� WDONHUV�FDQ� LQFUHDVH
WKHLU� LQWHOOLJLELOLW\�E\�VSHDNLQJ�FOHDUO\��:KLOH�SURGXF�
LQJ�FOHDU�VSHHFK��KRZHYHU��WDONHUV�RIWHQ�VLJQLILFDQWO\
UHGXFH� WKHLU�VSHDNLQJ� UDWH��$� UHFHQW�VWXG\�� VKRZHG
WKDW�WDONHUV�FDQ�EH�WUDLQHG�WR�SURGXFH�D�IRUP�RI�FOHDU
VSHHFK�DW� QRUPDO� UDWHV� �FOHDU�QRUPDO� VSHHFK��� 7KLV
ILQGLQJ� VXJJHVWV� WKDW� DFRXVWLFDO� IDFWRUV� RWKHU� WKDQ
UHGXFHG� VSHDNLQJ� UDWH� DUH� UHVSRQVLEOH� IRU� WKH� KLJK
LQWHOOLJLELOLW\� RI� FOHDU� VSHHFK�� 7R� JDLQ� LQVLJKW� LQWR
WKHVH�IDFWRUV��WKH�DFRXVWLFDO�SURSHUWLHV�RI�FRQYHUVD�
WLRQDO��FOHDU�VORZ��DQG�FOHDU�QRUPDO�VSHHFK�DUH�EHLQJ
DQDO\]HG�WR�GHWHUPLQH�SKRQRORJLFDO�DQG�SKRQHWLF�GLI�
IHUHQFHV�EHWZHHQ�WKH�WZR�VSHDNLQJ�PRGHV�

$FRXVWLF�&KDUDFWHULVWLFV�

6LQFH� D� IRUP� RI� FOHDU� VSHHFK� FDQ� H[LVW� DW� QRUPDO
VSHDNLQJ�UDWHV��DFRXVWLF�SURSHUWLHV�RWKHU�WKDQ�VSHDN�
LQJ� UDWH� PXVW� DFFRXQW� IRU� WKH� KLJK� LQWHOOLJLELOLW\� RI
FOHDU�VSHHFK��:H�DUH�FXUUHQWO\�DWWHPSWLQJ�WR�LGHQWLI\
WKHVH�DFRXVWLF�IDFWRUV�XVLQJ�WZR�VWUDWHJLHV��FRQGXFW�
LQJ� DGGLWLRQDO� LQWHOOLJLELOLW\� WHVWV� DQG� PHDVXULQJ� WKH
DFRXVWLF� SURSHUWLHV� RI� FOHDU� DQG� FRQYHUVDWLRQDO
VSHHFK�� ,QLWLDO� DFRXVWLF� PHDVXUHPHQWV� KDYH� FRQ�
VLVWHG� RI� SDXVH� OHQJWK� DQG� GLVWULEXWLRQ�� ORQJ�WHUP
VSHFWUD�� VKRUW�WHUP� VSHFWUD�� DYHUDJH� GXUDWLRQ� DQG
SRZHU�RI�SKRQHV��DQG�QXPEHU�RI�RFFXUUHQFHV�RI�SKR�
QRORJLFDO� SKHQRPHQD� VXFK� DV� YRZHO� PRGLILFDWLRQ�
EXUVW� HOLPLQDWLRQ�� DOYHRODU� IODSV�� DQG� VRXQG� LQVHU�
WLRQV�� 7KHVH� PHDVXUHPHQWV� RI� FRQYHUVDWLRQDO� DQG
FOHDU�VORZ�VSHHFK�KDYH�UHYHDOHG�GLIIHUHQFHV�WKDW�DUH
FRQVLVWHQW�ZLWK�WKRVH�RI�3LFKHQ\�HW�DO���DQG�8FKDQVNL
HW� DO����ZKLOH� LQLWLDO�PHDVXUHPHQWV�RI� FRQYHUVDWLRQDO
DQG� FOHDU�QRUPDO� VSHHFK� KDYH� UHYHDOHG� WKDW� WKH
VSHFWUD�RI�FOHDU�QRUPDO�VSHHFK�FRQWDLQV�PRUH�HQHUJ\
DERYH���N+]�WKDQ�FRQYHUVDWLRQDO�VSHHFK����

$GGLWLRQDO� LQWHOOLJLELOLW\� WHVWV� KDYH� DOVR� EHHQ� GHYHO�
RSHG�IRU�RWKHU�GHJUDGHG�FRQGLWLRQV�LQ�RUGHU�WR�LQYHV�
WLJDWH� ZKLFK� DFRXVWLF� FKDUDFWHULVWLFV� RI� WKH� FOHDU
VSHHFK�VLJQDO�DUH�UHVSRQVLEOH�IRU� LWV�KLJK�LQWHOOLJLELO�
LW\�� 7KHVH� WHVWV� FDQ� DOVR� KHOS� HYDOXDWH� WKH� UREXVW�
QHVV�RI�WKH�KLJK�LQWHOOLJLELOLW\�RI�FOHDU�QRUPDO�VSHHFK�
7KUHH�GHJUDGDWLRQV�KDYH�EHHQ�H[SORUHG�ZLWK�QRUPDO�
KHDULQJ� OLVWHQHUV�� UHYHUEHUDWLRQ�� ORZ�SDVV� ILOWHULQJ�
DQG� KLJK�SDVV� ILOWHULQJ� FRQGLWLRQV�� ,Q� DGGLWLRQ�� QRQ�
QDWLYH�OLVWHQHUV�ZHUH�WHVWHG�LQ�DGGLWLYH�QRLVH��2I�WKH
WZR� WDONHUV� WHVWHG�� WKH� UHVXOWV� VKRZHG� WKDW� RQH
WDONHU¶V� FOHDU�QRUPDO� VSHHFK� ZDV� PRUH� LQWHOOLJLEOH
WKDQ�KLV�FRQYHUVDWLRQDO�VSHHFK�IRU�WKUHH�RI�WKH�FRQGL�
WLRQV��QRQ�QDWLYH�OLVWHQHUV�������UHYHUEHUDWLRQ������
KLJK�SDVV�� ������ 7KH� RQO\� FRQGLWLRQ� LQ� ZKLFK� KLV
FOHDU�QRUPDO� VSHHFK�GLG�QRW� SURYLGH� DQ� LQWHOOLJLELOLW\
DGYDQWDJH�ZDV�IRU�WKH�ORZ�SDVV�ILOWHULQJ�FRQGLWLRQ��,Q

4 P. Duchnowski and P.M. Zurek, "Villchur Revisited: Another Look at AGC Simulation of Recruiting Hearing Loss," J. Acoust. Soc. Am. 
98: 3170-81 (1995).

5 Ibid.

6 Y. Nejime and B.C.J. Moore, "Simulation of the Effect of Threshold Elevation and Loudness Recruitment Combined with Reduced Fre-
quency Selectivity on the Intelligibility of Speech in Noise," J. Acoust. Soc. Am. 102(1): 603-15 (1997).

7 J.C. Krause, The Effects of Speaking Rate and Speaking Mode on Intelligibility, M.S. thesis, Department of Electrical Engineering and 
Computer Science, MIT, September 1995.

8 M.A. Picheny, N.I. Durlach, and L.D. Braida,  "Speaking Clearly for the Hard of Hearing II: Acoustic Characteristics of Clear and Con-
versational Speech," J. Speech Hear. Res. 29: 434-46 (1986).

9 R.M. Uchanski, S. Choi, L.D. Braida, C.M. Reed, and N.I. Durlach, "Speaking Clearly for the Hard of Hearing IV: Further Studies of the 
Role of Speaking Rate," J. Speech Hear. Res. 39: 494-509 (1996).

10 J.C. Krause and L.D. Braida, "Properties of Naturally Produced Clear Speech at Normal Speaking Rates," J. Acoust. Soc. Am. 100: 
S2828 (1996).



  Chapter 1.  Sensory Communication

374   RLE Progress Report Number 140 

WKLV� FRQGLWLRQ�� KLV� FRQYHUVDWLRQDO� VSHHFK� ZDV� VR
KLJKO\� LQWHOOLJLEOH� ������ WKDW� D� FHLOLQJ� HIIHFW� FRXOG
DFFRXQW�IRU�KLV�IDLOXUH�WR�LPSURYH�KLV�LQWHOOLJLELOLW\��7KH
VHFRQG� WDONHU¶V� FOHDU�QRUPDO� VSHHFK�� KRZHYHU�� ZDV
VLJQLILFDQWO\�PRUH�LQWHOOLJLEOH�WKDQ�KHU�FRQYHUVDWLRQDO
VSHHFK� IRU� RQO\� RQH� RI� WKH� IRXU� FRQGLWLRQV� WHVWHG
�ORZ�SDVV�������WHVWHG����7KH�ILUVW� WDONHU¶V�FOHDU�QRU�
PDO�VSHHFK�DSSHDUV�WR�EH�PRUH�UREXVW�WR�RWKHU�GHJ�
UDGDWLRQV� WKDQ� WKH� VHFRQG� WDONHU¶V� FOHDU�QRUPDO
VSHHFK��VXJJHVWLQJ�WKDW�WKH�WZR�WDONHUV�KDYH�GLIIHUHQW
VWUDWHJLHV�IRU�SURGXFLQJ�FOHDU�QRUPDO�VSHHFK��)XUWKHU
DFRXVWLFDO�PHDVXUHPHQWV� VXFK� DV� IXQGDPHQWDO� IUH�
TXHQF\� GLVWULEXWLRQ�� FRQVRQDQW�YRZHO� UDWLR�� DQG
YRZHO�IRUPDQW�IUHTXHQFLHV�PXVW�EH�WDNHQ�LQ�RUGHU�WR
LQYHVWLJDWH�GLIIHUHQFHV�LQ�WKH�WDONHUV¶�VSHDNLQJ�VWUDWH�
JLHV�

&RPSXWDWLRQDO� 0RGHO� RI� 6SHHFK� ,QWHOOLJLELOLW\
EDVHG�RQ�WKH�67,

,Q�RUGHU�WR�HVWLPDWH�WKH�HIIHFWV�RI�D�YDULHW\�RI�W\SHV�RI
VLJQDO�SURFHVVLQJ�WUDQVIRUPDWLRQV�RQ�VSHHFK��ZH�DUH
GHYHORSLQJ�PHWKRGV�RI�SUHGLFWLQJ�VSHHFK�LQWHOOLJLELOLW\
IURP�SK\VLFDO�PHDVXUHPHQWV�PDGH�RQ�VSHHFK�ZDYH�
IRUPV�� 2QH� PHWKRG�� WKH� VSHHFK�EDVHG� 67,� PRGHO�
DVVXPHV�WKDW�FKDQJHV�LQ�HQYHORSH�PRGXODWLRQ�VSHF�
WUD�UHVXOW�LQ�LQWHOOLJLELOLW\�FKDQJHV�

7KH�67,���LV�XVXDOO\�FRPSXWHG�RQ�WKH�EDVLV�RI�DFRXV�
WLF� WKHRU\�RU� IURP�PHDVXUHPHQWV�RI� FKDQJHV� WR� WKH
HQYHORSH� VSHFWUD� RI� QRQ�VSHHFK� VLJQDOV�� VXFK� DV
DPSOLWXGH�PRGXODWHG� QRLVH� EDQGV�� 7KLV� OLPLWV� WKH
DSSOLFDELOLW\�RI�WKH�67,�ZKHQ�LW�LV�RI�LQWHUHVW�WR�SUHGLFW
WKH�HIIHFWV�RI�QRQOLQHDU�KHDULQJ�DLG�SURFHVVLQJ�VWUDWH�
JLHV�VXFK�DV�DPSOLWXGH�FRPSUHVVLRQ��VSHDNLQJ�VW\OH�
DQG�KHDULQJ� LPSDLUPHQW��7R�H[WHQG� WKH�67,� WR� VXFK
VLWXDWLRQV�� LW� LV�QHFHVVDU\�WR�XVH�VSHHFK�ZDYHIRUPV
DV� SUREHV� DQG� WR� GHWHUPLQH� WKH� UHODWLRQ� EHWZHHQ
HQYHORSH�VSHFWUD�PHDVXUHG�ERWK�EHIRUH�DQG�DIWHU�WKH
VSHHFK�LV�DOWHUHG�

'LUHFW� GHWHUPLQDWLRQ� RI� FKDQJHV� WR� WKH� HQYHORSH
VSHFWUD�RI�EDQGV�RI�VSHHFK�KDV�SURYHQ�VHQVLWLYH� WR
WKH� HIIHFWV� RI� DUWLIDFWV� WKDW� DULVH� ZKHQ� VSHHFK� LV
GHJUDGHG� E\� QRLVH� DQG�RU� UHYHUEHUDWLRQ�� $OWKRXJK
WKH�WUDGLWLRQDO� WKHRU\�EDVHG�67,�FRPSXWDWLRQ�PDNHV

IDLUO\�DFFXUDWH�SUHGLFWLRQV�RI�WKH�HIIHFWV�RI�VXFK�GHJ�
UDGDWLRQV� RQ� LQWHOOLJLELOLW\�� LW� KDV� SURYHQ� GLIILFXOW� WR
GHWHUPLQH� WKH� 67,� ZLWK� FRPSDUDEOH� DFFXUDF\� IURP
GLUHFW�PHDVXUHPHQWV�XVLQJ�VSHHFK�ZDYHIRUPV��7KH
PRGXODWLRQ�VSHFWUD�RI�GHJUDGHG�VSHHFK�RIWHQ�H[KLELW
DUWLIDFWV� WKDW� OHDG� WR� PRGXODWLRQ� WUDQVIHU� IXQFWLRQV
�07)V��WKDW�DUH�LQFRQVLVWHQW�ZLWK�DFRXVWLF�WKHRU\��,Q
SDUWLFXODU��WKH�07)V�IRU�VSHHFK�GHJUDGHG�E\�DGGLWLYH
QRLVH�DUH�RIWHQ�QRW�DWWHQXDWHG�XQLIRUPO\�DV�H[SHFWHG�
PRVW� OLNHO\� EHFDXVH� WKH� QRLVH� FRQWULEXWHV� LWV� RZQ
PRGXODWLRQV� WR� WKH� VXPPHG� ZDYHIRUPV�� 6LPLODUO\�
WKH� 07)V� IRU� VSHHFK� GHJUDGHG� E\� UHYHUEHUDWLRQ
RIWHQ�GR�QRW�H[KLELW�WKH�H[SHFWHG�ORZSDVV�FKDUDFWHU�
LVWLF�� PRVW� OLNHO\� DV� WKH� UHVXOW� RI� FRQVWUXFWLYH� DQG
GHVWUXFWLYH� LQWHUIHUHQFH� EHWZHHQ� WKH� GLUHFW� DQG
UHIOHFWHG�VSHHFK�ZDYHIRUPV��7KLV�LQWHUIHUHQFH�YDULHV
DV�WKH�UHODWLRQ�EHWZHHQ�WKH�DUULYDO�WLPHV�RI�UHIOHFWLRQV
DQG� WKH� IXQGDPHQWDO� SHULRG� RI� WKH� YRLFH� FKDQJHV�
SURGXFLQJ� XQH[SHFWHG� IOXFWXDWLRQV� LQ� WKH� VSHHFK
HQYHORSH�

7R�UHGXFH�WKH�HIIHFWV�RI�WKHVH�DUWLIDFWV�RQ�WKH�FRPSX�
WDWLRQ�RI� WKH�67,��GHWHUPLQH� WKH�FRKHUHQFH�EHWZHHQ
WKH� HQYHORSHV� RI� WKH� GHJUDGHG� DQG� XQGHJUDGHG
VSHHFK�ZDYHIRUPV��7KH�FRKHUHQFH�LV�W\SLFDOO\�FORVH
WR�XQLW\�ZKHQ�DUWLIDFWV�DUH�DEVHQW��EXW�GURSV�WRZDUGV
]HUR� ZKHQ� DUWLIDFWV� DUH� LQ� HYLGHQFH�� ,QVSHFWLRQ� RI
FRKHUHQFH�IXQFWLRQV�IRU�VSHHFK�WKDW�ZDV�VXEMHFW�WR�D
YDULHW\�RI�GHJUDGDWLRQV�VXJJHVWHG�WKDW�RQO\�PRGXOD�
WLRQV�EHORZ�WKH�FULWLFDO�IUHTXHQF\�DW�ZKLFK�WKH�FRKHU�
HQFH�IHOO�EHORZ�����ZHUH�OLNHO\�WR�EH�IUHH�RI�WKH�HIIHFWV
RI�DUWLIDFWV��7KLV�OHG�XV�WR�VSHFLI\�DQ�XSSHU�ERXQG�RQ
WKH� HQYHORSH� PRGXODWLRQ� IUHTXHQFLHV� WKDW� DUH
LQFOXGHG�LQ�WKH�FRPSXWDWLRQ�RI�WKH�PRGXODWLRQ�WUDQV�
IHU�IXQFWLRQ�IURP�VSHHFK�ZDYHIRUPV����2XU�HVWLPDWHV
RI�WKH�67,�GHULYHG�IURP�VSHHFK�ZDYHIRUPV�DUH�PRQR�
WRQLFDOO\� UHODWHG� WR� LQWHOOLJLELOLW\� VFRUHV� IRU� WKH�VDPH
VSHHFK�ZDYHIRUPV�ZKHQ�GHJUDGHG�E\�QRLVH�� UHYHU�
EHUDWLRQ��DQG�FRPELQDWLRQV�RI� QRLVH�DQG� UHYHUEHUD�
WLRQ���� 7KLV� UHVXOW� YDOLGDWHV� RXU� SURFHGXUHV� IRU
FRPSXWLQJ� WKH� 67,� XVLQJ� VSHHFK� ZDYHIRUPV� DV
SUREHV��DW� OHDVW� IRU�GHJUDGDWLRQV�FRQVLVWLQJ�RI�DGGL�
WLYH�QRLVH�DQG�RU�UHYHUEHUDWLRQV�

11 Ibid.

12 T. Houtgast and H.J.M. Steeneken, "A Review of the MTF Concept in Room Acoustics and Its Use for Estimating Speech Intelligibility 
in Auditoria," J. Acoust. Soc. Am. 77: 1069-77 (1985).

13 K.L. Payton and L.D. Braida, "Speech Modulation Transfer Functions for Different Speaking Style," J. Acoust. Soc. Am. 98: 2982 
(1997).

14 K.L. Payton, R.M. Uchanski, and L.D. Braida, "Intelligibility of Conversational and Clear Speech in Noise and Reverberation for Listen-
ers with Normal and Impaired Hearing," J. Acoust. Soc. Am. 95: 1581-92 (1994).
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2XU� VSHHFK�EDVHG� DSSURDFK� WR� FRPSXWLQJ� WKH� 67,
JHQHUDOO\�GRHV�QRW�PDNH�DFFXUDWH�SUHGLFWLRQV�RI�WKH
GLIIHUHQFHV�LQ�LQWHOOLJLELOLW\�EHWZHHQ�FOHDU�DQG�FRQYHU�
VDWLRQDO�VSHHFK�WKDW�DUH�VXEMHFW� WR�WKH�VDPH�GHJUD�
GDWLRQV�� ,QWHOOLJLELOLW\�KDV�D�GLIIHUHQW�GHSHQGHQFH�RQ
67,�IRU�FOHDU�VSHHFK�WKDQ�IRU�FRQYHUVDWLRQDO�VSHHFK�
+RZHYHU��WKLV�GLYHUJHQFH�LV�UHGXFHG�IRU�WKH�VSHHFK�
EDVHG�67,��EXW�QRW�IRU�WKH�WUDGLWLRQDO�67,��DV�WKH�GHJ�
UDGDWLRQ� EHFRPHV�PRUH� VHYHUH�� 7KLV� LPSOLHV� WKDW� LW
PD\�EH�SRVVLEOH�WR�PRGLI\�WKH�VSHHFK�EDVHG�67,�WR
DFFRXQW� IRU� VRPH� RI� WKH� LQWHOOLJLELOLW\� GLIIHUHQFHV
DVVRFLDWHG� ZLWK� VSHDNLQJ� VW\OH� LQ� GLIILFXOW� OLVWHQLQJ
FRQGLWLRQV��

����� 3XEOLFDWLRQV

/XP��'�6���DQG�/�'��%UDLGD���'63�,PSOHPHQWDWLRQ�RI
D� 5HDO�7LPH�+HDULQJ� /RVV� 6LPXODWRU� %DVHG� RQ
'\QDPLF�([SDQVLRQ���,Q�0RGHOLQJ�6HQVRULQHXUDO
+HDULQJ� /RVV�� (G�� :�� -HVWHDGW�� 0DKZDK�� 1HZ
-HUVH\��/��(DUOEDXP�$VVRF��������

3D\WRQ�� .�/��� DQG� /�'�� %UDLGD�� �6SHHFK�0RGXODWLRQ
7UDQVIHU�)XQFWLRQV�IRU�'LIIHUHQW�6SHDNLQJ�6W\OH��
-��$FRXVW��6RF��$P������������������

3D\WRQ�� .�/��� DQG� /�'�� %UDLGD�� �'HWHUPLQLQJ� WKH
6SHHFK� 7UDQVPLVVLRQ� ,QGH[� 'LUHFWO\� IURP
6SHHFK� :DYHIRUPV��� 6XEPLWWHG� WR� -�� $FRXVW�
6RF���$P�

7KHVLV

*UDI�� ,�-��6LPXODWLRQ� RI� WKH�(IIHFWV� RI�6HQVRULQHXUDO
+HDULQJ� /RVV�� 0�(QJ�� WKHVLV�� 'HSDUWPHQW� RI
(OHFWULFDO� (QJLQHHULQJ� DQG� &RPSXWHU� 6FLHQFH�
6HSWHPEHU������

��� (QKDQFHG�&RPPXQLFDWLRQ�IRU�
6SHHFKUHDGHUV

6SRQVRU

1DWLRQDO�,QVWLWXWHV�RI�+HDOWK�
*UDQW�5���'&�����

3URMHFW�6WDII

3URIHVVRU�/RXLV�'��%UDLGD��'U��3DXO�'XFKQRZVNL����'U�
6XVDQ�/��*ROGPDQ��'U��0DWWKHZ�+��3RZHU��'U���$QQLH
+��7DNHXFKL��/RUUDLQH�$��'HOKRUQH��'U��&KDUORWWH�0�
5HHG�� 'U�� .DRUX� 6HNL\DPD�� 'U�� .HQQHWK�:��*UDQW�
-RVHSK� $�� )ULVELH�� 'DYLG� 6�� /XP�� 6KDULHII� $��0DQ�
VRXU��0DWWKHZ�*��6H[WRQ��3UDVDQQD�%��7DPEH

����� 6SHFLILF�$LPV

2XU�ORQJ�WHUP�JRDO� LV�WR�GHYHORS�DLGV�IRU� LQGLYLGXDOV
ZLWK� KHDULQJ� LPSDLUPHQWV� VR� VHYHUH� WKDW� WKHLU� FRP�
PXQLFDWLRQ� UHOLHV� KHDYLO\� RQ� VSHHFKUHDGLQJ�
$OWKRXJK� VSHHFKUHDGLQJ� LV� DQ� HVVHQWLDO� FRPSRQHQW
RI� FRPPXQLFDWLRQ� IRU� WKH� KHDULQJ� LPSDLUHG� XQGHU
QHDUO\� DOO� FRQGLWLRQV�� WKH� DELOLW\� WR� FRPPXQLFDWH
WKURXJK�VSHHFKUHDGLQJ�DORQH�LV�VHYHUHO\�FRQVWUDLQHG
EHFDXVH� PDQ\� DFRXVWLF� GLVWLQFWLRQV� LPSRUWDQW� WR
VSHHFK� UHFHSWLRQ� DUH� QRW�PDQLIHVW� YLVXDOO\��6XSSOH�
PHQWV� GHULYHG� IURP� WKH� DFRXVWLF� VSHHFK�VLJQDO� FDQ
LPSURYH� VSHHFK� UHFHSWLRQ�PDUNHGO\�ZKHQ� WKH� FXHV
WKH\� SURYLGH� DUH� LQWHJUDWHG� ZLWK� FXHV� GHULYHG� IURP
WKH� YLVLEOH� DFWLRQV� RI� WKH� WDONHU¶V� IDFH�� 2XU� VSHFLILF
DLPV�DUH�

�� 7R�GHYHORS�PRGHOV�RI�DXGLRYLVXDO�LQWHJUDWLRQ�WR�
TXDQWLI\�KRZ�ZHOO�VXSSOHPHQWDU\�VLJQDOV�DUH�
LQWHJUDWHG�ZLWK�VSHHFKUHDGLQJ�

�� 7R�GHYHORS�DQG�HYDOXDWH�VLPSOLILHG�DFRXVWLF�
VLJQDOV�WKDW�FDQ�EH�GHULYHG�IURP�DFRXVWLF�
VSHHFK�E\�VLJQDO�SURFHVVLQJ��6XFK�VLJQDOV�
ZRXOG�IRUP�WKH�EDVLV�RI�QHZ�W\SHV�RI�KHDULQJ�
DLGV�IRU�OLVWHQHUV�ZLWK�VHYHUH�KHDULQJ�LPSDLU�
PHQWV�

�� 7R�GHYHORS�V\VWHPV�IRU�SURGXFLQJ�DQG�GLVSOD\�
LQJ�GLVFUHWH�VSHHFKUHDGLQJ�VXSSOHPHQWV�VLPL�
ODU�WR�WKH��PDQXDO�FXHG�VSHHFK�V\VWHP��WKDW�
FDQ�EH�GHULYHG�IURP�WKH�DFRXVWLF�VLJQDO�E\�
VSHHFK�UHFRJQLWLRQ�WHFKQRORJ\��6XFK�VXSSOH�
PHQWV�ZRXOG�GLVSOD\�VWUHDPV�RI�GLVFUHWH�V\P�
EROV�WKDW�ZRXOG�EH�GHULYHG�DXWRPDWLFDOO\�IURP�
DFRXVWLF�VSHHFK�DQG�SUHVHQWHG�YLVXDOO\�IRU�
LQWHJUDWLRQ�ZLWK�WKH�VSHHFKUHDGLQJ�VLJQDO�

����� 6WXGLHV�DQG�5HVXOWV

6XSSOHPHQWV�%DVHG�RQ�6LJQDO�3URFHVVLQJ

6SHHFKUHDGLQJ�VXSSOHPHQWV�EDVHG�RQ�WKH�DPSOLWXGH
HQYHORSHV� RI� ILOWHUHG� EDQGV� RI� VSHHFK� DUH� HDVLO\
H[WUDFWHG�� UHODWLYHO\� UHVLVWDQW� WR� EDFNJURXQG� QRLVH�
DQG� UHDGLO\� LQWHJUDWHG� ZLWK� VSHHFKUHDGLQJ�� DW� OHDVW
E\� OLVWHQHUV� ZLWK� QRUPDO�KHDULQJ�� $PSOLWXGH� HQYH�
ORSHV� FDQ� EH� GHULYHG� E\� EDQGSDVV� ILOWHULQJ� WKH
VSHHFK�VLJQDO��IXOO�ZDYH�UHFWLI\LQJ�WKH�ILOWHUHG�VLJQDO�
DQG�VPRRWKLQJ�WKH�UHFWLILHG�VLJQDO�YLD�ORZSDVV�ILOWHU�
LQJ��7KH�UHVXOWLQJ�HQYHORSH�VLJQDOV�DUH�FRQYH\HG�WR
WKH� OLVWHQHU� E\� DPSOLWXGH� PRGXODWLQJ� RQH� RU� PRUH
WRQHV��*UDQW�HW�DO����KDYH�VKRZQ�WKDW�D�VLQJOH�HQYH�
ORSH�VLJQDO� �GHULYHG�IURP�DQ�RFWDYH�EDQG�RI�VSHHFK
FHQWHUHG� DW� ����+]� XVLQJ� D� ��� +]� VPRRWKLQJ� ILOWHU
DQG�SUHVHQWHG�E\�PRGXODWLQJ�D�����RU�����+]�WRQH�
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FDQ�HQKDQFH� VSHHFKUHDGLQJ�VXEVWDQWLDOO\�� SURYLGLQJ
D� EDVLV� IRU� IDFH� WR� IDFH� FRPPXQLFDWLRQ�� /LVWHQHUV
ZLWK� QRUPDO� KHDULQJ� FDQ� DFKLHYH� KLJKHU� OHYHOV� RI
VSHHFK� UHFHSWLRQ� ZKHQ� D� VHFRQG� HQYHORSH� VLJQDO
�GHULYHG�IURP�WKH�RFWDYH�EDQG�RI�VSHHFK�FHQWHUHG�DW
����� +]�� LV� LQFOXGHG� LQ� WKH� VSHHFKUHDGLQJ� VXSSOH�
PHQW��+RZHYHU��WKLV�EHQHILW�LV�JUHDWHVW�ZKHQ�WKH�VHF�
RQG� HQYHORSH� VLJQDO� PRGXODWHV� D� ����� +]� WRQH�
ZKHQ� WRQHV� RI� ORZHU� IUHTXHQF\� DUH� XVHG� �DV�ZRXOG
EH� QHFHVVDU\� WR� DLG� OLVWHQHUV� ZLWK� VHYHUH� KHDULQJ
ORVVHV��WKH�EHQHILW�SURYLGHG�E\�WKH�VHFRQG�HQYHORSH
GHFUHDVHV�� ,Q� SUHVHQWLQJ�PXOWLSOH� HQYHORSH� VLJQDOV�
SUHYLRXV�LQYHVWLJDWRUV�WDFLWO\�DVVXPHG�WKDW�WKH�GLIIHU�
HQW� DPSOLWXGH� PRGXODWHG� WRQHV� FRQYH\HG� LQGHSHQ�
GHQW� VSHHFKUHDGLQJ� FXHV�� +RZHYHU�� WKH� EDQG
HQYHORSH�ZDYHIRUPV� RI� GLIIHUHQW� RFWDYHV� RI� VSHHFK
XVXDOO\� H[KLELW� VLJQLILFDQW� FRUUHODWLRQ�� %DVHG� RQ� RXU
RZQ�H[SHULHQFH�� LW� VHHPV�PRUH� OLNHO\� WKDW� WKH�KLJK�
IUHTXHQF\�WRQH�LV�XVHG�WR�GHWHFW�ZKHQ�WKH�HQYHORSHV
GLIIHU� VXEVWDQWLDOO\� �H�J��� GXH� WR� WKH� RFFXUUHQFH� RI
VWURQJ�IULFDWLYHV���$V�VXFK�LW�LV�QRW�QHFHVVDU\�WR�FRQ�
YH\� WZR� LQGHSHQGHQW� HQYHORSH� FXHV�� EXW�PHUHO\� WR
VLJQDO� WKH� RFFXUUHQFH� RI� GLVFUHSDQW� HQYHORSHV�� 7R
H[SORUH�WKLV�SRVVLELOLW\��0DQVRXU���VWXGLHG�WKH�HIIHFWV
RI�VHYHQ�VSHHFKUHDGLQJ�VXSSOHPHQWV�� LQFOXGLQJ�IRXU
EDVHG�RQ�PRQDXUDO�SUHVHQWDWLRQ�DQG�WKUHH�EDVHG�RQ
ELQDXUDO� SUHVHQWDWLRQ�� 7KH� FRGLQJ� VFKHPHV� DOO� SUH�
VHQWHG�WKH�HQYHORSH�RI�WKH�RFWDYH�EDQG�FHQWHUHG�DW
����+]�E\�PRGXODWLQJ�D�����+]�WRQH�EXW�GLIIHUHG� LQ
KRZ� WKH� HQYHORSH� RI� WKH� RFWDYH� EDQG� FHQWHUHG� DW
�����+]�ZDV�FRQYH\HG��7KH�VXSSOHPHQWV�ZHUH

,� $�����+]�WRQH�PRGXODWHG�E\�WKH�HQYHORSH�RI�
WKH�����+]�RFWDYH�RI�VSHHFK�

,,� 6XSSOHPHQW�,�WR�ZKLFK�D�����+]�WRQH�PRGX�
ODWHG�E\�WKH�HQYHORSH�RI�WKH������+]�RFWDYH�RI�
VSHHFK�LV�DGGHG�

,,,� 6XSSOHPHQW�,�WR�ZKLFK�D�����+]�WRQH�PRGX�
ODWHG�E\�WKH�HQYHORSH�RI�WKH�����+]�RFWDYH�RI�
VSHHFK�LV�DGGHG�

,9� 6XSSOHPHQW�,�WR�ZKLFK�D�����+]�WRQH�PRGX�
ODWHG�E\�WKH�HQYHORSH�RI�WKH������+]�RFWDYH�RI�
VSHHFK�LV�DGGHG�

9� $�����+]�WRQH�PRGXODWHG�E\�WKH�HQYHORSH�RI�
WKH�����+]�RFWDYH�RI�VSHHFK�SUHVHQWHG�WR�RQH�
HDU��D�����+]�WRQH�PRGXODWHG�E\�WKH�HQYHORSH�
RI�WKH������+]�RFWDYH�RI�VSHHFK�SUHVHQWHG�WR�
WKH�FRQWUDODWHUDO�HDU�

9,� $�����+]�WRQH�PRGXODWHG�E\�WKH�HQYHORSH�RI�
WKH�����+]�RFWDYH�RI�VSHHFK�SUHVHQWHG�WR�RQH�
HDU��D�����+]�WRQH�PRGXODWHG�E\�WKH�HQYHORSH�
RI�WKH������+]�RFWDYH�RI�VSHHFK�SUHVHQWHG�WR�
WKH�FRQWUDODWHUDO�HDU�

9,,� 7KH�VXP�RI�WKH�WZR�VLJQDOV�LQ�VXSSOHPHQW�9�
SUHVHQWHG�WR�RQH�HDU��WKH�GLIIHUHQFH�RI�WKH�VLJ�
QDOV�SUHVHQWHG�WR�WKH�RSSRVLWH�HDU��

6XSSOHPHQWV�,�DQG�,,�ZHUH�UHIHUHQFH�FRQGLWLRQV�WKDW
KDG� EHHQ� VWXGLHG� E\� *UDQW� HW� DO���� 6XSSOHPHQW� ,,,
FRQVLVWHG�RI�D�VLQJOH�EDQG�HQYHORSH�VLJQDO�WKDW�ZDV
FRQYH\HG� E\� D� �URXJK�� FDUULHU���� 6XSSOHPHQW� ,9
LQWURGXFHG�D��URXJKQHVV��SHUFHSW�ZKHQ�WKH�WZR�EDQG
HQYHORSHV� ZHUH� FRUUHODWHG�� 6XSSOHPHQW� 9�� 9,�� DQG
9,,� DWWHPSWHG� WR� XVH� GLFKRWLF� SUHVHQWDWLRQ� WR� PLQL�
PL]H� LQWHUIHUHQFH� EHWZHHQ� WKH� FRPSRQHQWV� RI� VXS�
SOHPHQW� ,,�� 6SHFWUD� RI� WKH� DFRXVWLF� VLJQDOV
FRUUHVSRQGLQJ�WR�VXSSOHPHQWV�,,�DQG�,9�DUH�VKRZQ�LQ
3DQHO�(�

)LIWHHQ�VXEMHFWV�ZLWK�QRUPDO�KHDULQJ�ZHUH�VFUHHQHG
WR� LGHQWLI\� IRXU� ZLWK� JRRG� VSHHFKUHDGLQJ� DELOLWLHV�
DERYH� ���� RQ� ZRUGV� LQ� &81<��� VHQWHQFHV� DQG
DERYH� ���� RQ� ZRUGV� LQ� ORZ�FRQWH[W� ,(((� VHQ�
WHQFHV���� � (DFK� VXEMHFW� SDUWLFLSDWHG� LQ� VL[� WZR�KRXU
WUDLQLQJ�VHVVLRQV�XVLQJ�&81<�VHQWHQFHV�DQG�WHQ�WHVW
VHVVLRQV� XVLQJ� ,(((� VHQWHQFHV�� ZLWK� WHQ� OLVWV� ����
NH\ZRUGV��XVHG� IRU�HDFK�SUHVHQWDWLRQ�FRQGLWLRQ��$Q
DQDO\VLV�RI�YDULDQFH� LQGLFDWHG� WKDW�ERWK� OLVWHQHU�DQG
FRQGLWLRQ�� EXW� QRW� WKHLU� LQWHUDFWLRQ�� KDG� VLJQLILFDQW
HIIHFWV��$YHUDJHG�RYHU� VXEMHFWV�� VFRUHV� REWDLQHG� LQ
FRQGLWLRQV� ,� DQG� ,,,� ZHUH� VLPLODU� ���������� DV�ZHUH
VFRUHV�LQ�FRQGLWLRQV�,,��,9��9��DQG�9,,��������������DQG

15 K.W. Grant, L.D. Braida, and R.J. Renn, "Auditory Supplements to Speechreading:  Combining Amplitude Envelope Cues from Differ-
ent Spectral Regions of Speech," J. Acoust. Soc. Am. 95: 1065-73 (1994).

16 S.A. Mansour, Effects of Amplitude Envelope Cues as an Aid to Enhanced Speechreading. M.Eng. thesis, Department of Electrical 
Engineering and Computer Science, MIT, May 1997.

17 K.W. Grant, L.D. Braida, and R.J. Renn, "Auditory Supplements to Speechreading:  Combining Amplitude Envelope Cues from Differ-
ent Spectral Regions of Speech," J. Acoust. Soc. Am. 95: 1065-73 (1994).

18 E. Terhardt, "On the Perception of Periodic Sound Fluctuations (Roughness)," Acustica 30: 201-13 (1974).

19 A. Boothroyd, T. Hnath-Chisolmn, and L. Hanin. "A Sentence Test of Speech Perception: Reliability, Set Equivalence, and Short-Term 
Learning," Report No. RCI10 (New York: City University of New York, 1985).

20 Institute of Electrical and Electronics Engineers, IEEE Recommended Practice for Speech Quality Measurements,  No. 297 (New 
York: IEEE, 1969).
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������7KH�DYHUDJH�VFRUH�LQ�FRQGLWLRQ�9,�������ZDV
LQWHUPHGLDWH� EHWZHHQ� WKH� RWKHUV�� 1RWH� WKDW� VFRUHV
ZHUH�KLJKHVW��DQG�HVVHQWLDOO\�HTXDO��IRU�IRXU�VXSSOH�
PHQWV� WKDW� FRQYH\HG� WZR� EDQG�HQYHORSH� VLJQDOV�
6XUSULVLQJO\��PRQDXUDO�SUHVHQWDWLRQ�OHG�WR�VFRUHV�WKDW
ZHUH� VOLJKWO\� KLJKHU� WKDQ� ELQDXUDO� SUHVHQWDWLRQ�
7KHVH�UHVXOWV� LQGLFDWH� WKDW� LW� LV�SRVVLEOH� WR� LQFUHDVH
WKH�EHQHILWV�SURYLGHG�E\�D�VLQJOH�HQYHORSH�VLJQDO�E\
LQWURGXFLQJ�D�VHFRQG�HQYHORSH�VLJQDO�WKDW�HOLFLWV�WKH
VHQVDWLRQ�RI�URXJKQHVV��7KH�VHFRQG�HQYHORSH�VLJQDO
FDQ� WKXV�EH�FRQYH\HG�ZLWK�RQO\�D�VPDOO� LQFUHDVH� LQ
EDQGZLGWK�

6XSSOHPHQWV�%DVHG�RQ�$XWRPDWLF�6SHHFK�
5HFRJQLWLRQ

,Q�PDQXDO�FXHG�VSHHFK��0&6���D�VSHDNHU�SURGXFHV
KDQG�JHVWXUHV�WR�UHVROYH�DPELJXLWLHV�DPRQJ�VSHHFK
HOHPHQWV�WKDW�DUH�RIWHQ�FRQIXVHG�E\�VSHHFKUHDGHUV�
7KH�VKDSH�RI� WKH�KDQG�GLVWLQJXLVKHV�DPRQJ�FRQVR�
QDQWV�� WKH� SRVLWLRQ� RI� WKH� KDQG� UHODWLYH� WR� WKH� IDFH
DPRQJ� YRZHOV�� ([SHULHQFHG� UHFHLYHUV� RI� 0&6
DFKLHYH� QHDUO\� SHUIHFW� UHFHSWLRQ� RI� HYHU\GD\� FRQ�
QHFWHG�VSHHFK��0&6�KDV�EHHQ�WDXJKW�WR�YHU\�\RXQJ
GHDI� FKLOGUHQ�DQG�JUHDWO\� IDFLOLWDWHV� ODQJXDJH� OHDUQ�
LQJ�� FRPPXQLFDWLRQ�� DQG� JHQHUDO� HGXFDWLRQ�� +RZ�
HYHU��FXHG�VSHHFK�LV�XVHG�E\�RQO\�D�VPDOO�SURSRUWLRQ
RI� GHDI� SHUVRQV�� PRVW� OLNHO\� EHFDXVH� IHZ� KHDULQJ
SHUVRQV� DUH� VNLOOHG� DW� SURGXFLQJ� WKH� FXHV� DQG� WKH
DYDLODELOLW\�RI�WUDQVOLWHUDWRUV�LV�OLPLWHG�

7R�IDFLOLWDWH�WKH�XVH�RI�FXHG�VSHHFK��ZH�DUH�GHYHORS�
LQJ�DQ�DXWRPDWLF�FXHLQJ�V\VWHP��$6&27����WKDW�XVHV
DXWRPDWLF� VSHHFK� UHFRJQLWLRQ� �$65�� WHFKQRORJ\� WR
GHULYH�FXHV�IURP�WKH�DFRXVWLF�VSHHFK�ZDYHIRUP�DQG
GLVSOD\� WKHP� RQ� D� YLGHR� VFUHHQ� LQ� V\QFKURQ\� ZLWK
LPDJHV�RI�WKH�IDFH�RI�WKH�WDONHU��7KH�UHVXOWV�RI�D�VLP�
XODWLRQ� VWXG\��� LQGLFDWH� WKDW� WKH� SKRQH� UHFRJQLWLRQ
SHUIRUPDQFH�RI�FXUUHQW�$65�V\VWHPV�FDQ�SURYLGH�DQ
DGHTXDWH�EDVLV� IRU�DQ�DXWRPDWLF� FXHLQJ�V\VWHP��7R
RSHUDWH�VXFFHVVIXOO\�LQ�UHDO�WLPH��WKH�DXWRPDWLF�FXH�
LQJ�V\VWHP�PXVW�UHFRJQL]H�FXHV�ZLWK�KLJK�DFFXUDF\
DQG�GLVSOD\� WKHP�ZLWK�PLQLPDO�GHOD\� UHODWLYH� WR� WKH
WDONHU¶V�VSHHFK�

7KH� $65� FRPSRQHQW� RI� $6&27� DFRXVWLF� VSHHFK
ZDYHIRUP�VDPSOHV� VSHHFK�DW���N+]�DQG�VHJPHQWV
WKH�VDPSOHV�LQWR����PV�ORQJ�IUDPHV�ZLWK����PV�RYHU�
ODS�� )RU� HDFK� IUDPH�� D� YHFWRU� RI� ��� SDUDPHWHUV� LV
GHULYHG�IURP�WKH�VDPSOHV�LQFOXGLQJ����PHO�IUHTXHQF\
FHSVWUDO�FRHIILFLHQWV�����GLIIHUHQFHV�RI�FHSVWUDO�FRHIIL�
FLHQWV� DFURVV� IUDPHV�� DQG� WKH� GLIIHUHQFH� EHWZHHQ
IUDPH� HQHUJLHV�� 'LIIHUHQFHV� ZHUH� FRPSXWHG� RYHU� D
IRXU� IUDPH�VSDQ� �������PV��FHQWHUHG�RQ� WKH�FXUUHQW
IUDPH�� 7R� LPSURYH� UREXVWQHVV�� ZH� DSSOLHG� 5$67$
SURFHVVLQJ����WR�WKH�SDUDPHWHU�YHFWRUV�

6SHHFK� SDUDPHWHUV� DUH� FRPSXWHG� E\� D� 0RWRUROD
'63������FKLS�XQGHU� WKH�FRQWURO�RI�D�3HQWLXP�3&�
7KH�3HQWLXP�SURYLGHV�WLPH�PDUNHG�VSHHFK�SDUDPH�
WHU� YHFWRUV� WR� D� '(&� $OSKD6WDWLRQ� WKDW� SHUIRUPV
SKRQH�UHFRJQLWLRQ�XVLQJ�FRGH�EDVHG�RQ�WKH�+7.�VRIW�
ZDUH���� 7KUHH�VWDWH� +LGGHQ�0DUNRY� SKRQH� PRGHOV
ZLWK�SDUDPHWHUV�GHVFULEHG�E\�PL[WXUHV�RI�VL[�*DXVV�
LDQ�GHQVLWLHV�ZHUH�XVHG�DIWHU�SLORW�VWXGLHV�IRXQG�WKHP
WR� SURYLGH� WKH� KLJKHVW� DFFXUDF\� IRU� WKH� DYDLODEOH
VSHHFK�GDWD� ������VHQWHQFHV�WDONHU���7KH�+7.� UHF�
RJQLWLRQ� FRGH�ZDV�PRGLILHG� WR� SURGXFH� WKH� UXQQLQJ
HVWLPDWH�RI�WKH�VSRNHQ�SKRQHV�WKDW�ZDV�UHTXLUHG�IRU
UHDO�WLPH� RSHUDWLRQ�� 7KH� UHFRJQL]HG� SKRQHV� ZHUH
FRQYHUWHG� LQWR�D�VHTXHQFH�RI�FXHV�YLD�D� ILQLWH�VWDWH
JUDPPDU��WRJHWKHU�ZLWK�HVWLPDWHV�RI�VWDUW�WLPHV�

7KH� UHFRJQLWLRQ� SURFHVV� XVHV� FRQWH[W�GHSHQGHQW
SKRQH� PRGHOV� EDVHG� RQ� ��� SKRQH� FODVVHV�� 7R
DFKLHYH�UHDO�WLPH�RSHUDWLRQ��$6&27�XVHV�D�WZR�SDVV
VHDUFK� WHFKQLTXH� VLPLODU� WR� WKH� )RUZDUG�%DFNZDUG
VHDUFK�DOJRULWKP����,Q�WKLV�WHFKQLTXH��D�VHW�RI�SKRQH
VHTXHQFH� FDQGLGDWHV� LV� LGHQWLILHG� E\� D� IDVW� VHDUFK
WKDW� XVHV� FRQWH[W�LQGHSHQGHQW� PRGHOV�� &RQWH[W�
GHSHQGHQW�PRGHOV�DUH�WKHQ�XVHG�WR�LGHQWLI\�WKH�PRVW
SUREDEOH�VHTXHQFH��7KH�VL]H�RI�WKH�VHW�RI�FDQGLGDWH
VHTXHQFHV� LV� DGMXVWHG� G\QDPLFDOO\� WR�PDLQWDLQ� UHF�
RJQLWLRQ�VSHHG��0HDVXUHG�SKRQH�DFFXUDF\�ZDV� ���
����LQ�RII�OLQH�WHVWV�DQG��������LQ�UHDO�WLPH�RSHUD�
WLRQ�

,Q� PDQXDO� FXHG� VSHHFK�� FXHV� FRUUHVSRQG� WR� &9
SDLUV��:KLOH�WKH�PDQXDO�FXHU�FDQ�SURGXFH�WKH�FXH�DW
WKH�VWDUW�RI�WKH�LQLWLDO�FRQVRQDQW��DQ�DXWRPDWLF�V\VWHP

21 P. Duchnowski, D.S. Lum, J.C. Krause, M.G. Sexton, M.S. Bratakos, and L.D. Braida, "Development of Speechreading Supplements 
Based on Automatic Speech Recognition," submitted to IEEE Trans. Biomed. Eng.

22 M.S. Bratakos, P. Duchnowski, and L.D. Braida, "Toward the Automatic Generation of Cued Speech," Cued Speech J., forthcoming.

23 H. Hermansky and N. Morgan, "RASTA Processing of Speech," IEEE Trans. Acoust., Speech, Sig. Proc. 34: 52-59 (1994).

24 P.C. Woodland, C.J. Leggetter, J.J. Odell, V. Valtchev, and S.J. Young, "The 1994 HTK Large Vocabulary Speech Recognition Sys-
tem," Proceeding of the International Conference on Acoustics, Speech, and Signal Processing 1: 73-76 (1995). 

25 S. Austin, R. Schwartz, and P. Placeway, "The Forward-Backward Search Algorithm," Proceedings of the 1991 International Confer-
ence on Speech, Acoustics, and Signal Processing 1: 697-700 (1991).
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FDQQRW�GHWHUPLQH�ZKDW�FXH�WR�SURGXFH�XQWLO�DIWHU�WKH
ILQDO�YRZHO� LV� VSRNHQ�DQG� UHFRJQL]HG��7\SLFDOO\� WKLV
ZRXOG�LPSRVH�D�GHOD\�LQ�WKH�GLVSOD\�RI�WKH�FXH�WKDW�LV
ZHOO�LQ�H[FHVV�RI�����PV��ZKRVH�HIIHFW�ZDV�IRXQG�WR
EH�KLJKO\�GHOHWHULRXV�E\�%UDWDNRV�HW�DO�����7R�FRPSHQ�
VDWH� IRU� WKLV� GHOD\�� WKH� YLGHR� LPDJH� RI� WKH� WDONHU¶V
IDFH� LV�VWRUHG�IRU�GHOD\HG�SOD\EDFN�ZKHQ�WKH�FRUUH�
VSRQGLQJ�FXH�LV� LGHQWLILHG��+DQGVKDSHV�FRUUHVSRQG�
LQJ�WR�WKH�LGHQWLILHG�FXHV�DUH�VXSHULPSRVHG�RQ�YLGHR
IUDPHV� RI� WKH� WDONHUV� IDFH� DW� DSSURSULDWH� ORFDWLRQV�
DQG�WKH�GXEEHG�LPDJHV�DUH�GLVSOD\HG�RQ�D�PRQLWRU�

$6&27�ZDV�HYDOXDWHG�E\�H[SHULHQFHG�FXH�UHFHLYHUV
LQ� VSHHFK� UHFHSWLRQ� WHVWV� XVLQJ� ORZ�FRQWH[W��� VHQ�
WHQFHV�PDWHULDOV��:LWK�WKH�PRVW�DGYDQFHG�YHUVLRQ�RI
WKH� $6&27� V\VWHP�� WKUHH� VXEMHFWV� DFKLHYHG� ZRUG
VFRUHV�DYHUDJLQJ�����YLD�VSHHFKUHDGLQJ�DORQH�����
YLD�PDQXDO�FXHG�VSHHFK��DQG�����ZKHQ�XVLQJ�FXHV
SURGXFHG�E\�$VFRW��0RUHRYHU���HDFK�RI�WKH�WKUHH�VXE�
MHFWV� FRPPHQWHG� WKDW� WKH�$6&27� V\VWHP� SURYLGHG
WKHP�ZLWK�SDOSDEOH�DQG�VLJQLILFDQW�DLG�UHODWLYH�WR�WKH
VSHHFKUHDGLQJ� DORQH� FRQGLWLRQ��:KHQ� FRPSDUHG� WR
WKH�VSHHFK�UHFHSWLRQ�VFRUHV�RI�XVHUV�RI�WKH�,QQHUDLG
FRFKOHDU�LPSODQW�DQG�WKH�7DFWDLG���DQG�7DFWDLG���WDF�
WLOH�DLGV����WKHVH�UHVXOWV�DUH�HQFRXUDJLQJ��2Q�FRPSD�
UDEOH�WHVWV�RI�VSHHFK�UHFHSWLRQ��XVHUV�RI�WKH�$6&27
DFKLHYHG�ZRUG�VFRUHV� WKDW�H[FHHG� WKRVH�RI� URXJKO\
RQH�WKLUG�RI�FRFKOHDU�LPSODQW�XVHUV�DQG�WZR�WKLUGV�RI
WKRVH�REWDLQHG�ZLWK� WDFWLOH�DLGV��$OWKRXJK�FRQWLQXHG
GHYHORSPHQW�RI�FRFKOHDU� LPSODQWV�DQG�WDFWLOH�DLGV� LV
OLNHO\� WR� LPSURYH� WKH�HIIHFWLYHQHVV�RI� WKHVH�GHYLFHV�
FRQWLQXHG� GHYHORSPHQW� RI� $6&27� LV� FOHDUO\� ZDU�
UDQWHG�

$XWRPDWLF�7UDQVFULSWLRQ�RI�5HFRUGHG�6SHHFK�

2XU� FXUUHQW� DXWRPDWLF� FXHLQJ� V\VWHP� XVHV� D
VSHDNHU�GHSHQGHQW� UHFRJQL]HU� EHFDXVH� VSHDNHU�
LQGHSHQGHQW� VSHHFK� UHFRJQL]HUV�DUH�QRW� VXIILFLHQWO\
DFFXUDWH� WR� SURGXFH� UHOLDEOH� FXHV�� +RZHYHU�

VSHDNHU�GHSHQGHQW�UHFRJQL]HUV�UHTXLUH�SKRQH�PRG�
HOV� WKDW�DUH�WUDLQHG�RQ�WKH�XWWHUDQFHV�RI�D�SDUWLFXODU
VSHDNHU��7R�DFKLHYH�KLJK�DFFXUDF\��D����PLQXWH�FRU�
SXV� RI� XWWHUDQFHV� PXVW� EH� SKRQHWLFDOO\� WUDQVFULEHG
DQG�WLPH�PDUNHG�IRU�HDFK�QHZ�VSHDNHU��0DQ\�ZHHNV
RI�HIIRUW�E\�WUDLQHG�SKRQHWLFLDQV�DUH�UHTXLUHG�WR�SUH�
SDUH�WKH�PDWHULDOV��WKXV�OLPLWLQJ�WKH�QXPEHU�RI�VSHDN�
HUV�WKDW�FDQ�EH�XVHG�

7R� H[SHGLWH� WKLV� SURFHVV��ZH� GHYHORSHG� D� VRIWZDUH
V\VWHP�WKDW�SURGXFHV�WKH�UHTXLUHG�WLPH�DOLJQHG�SKR�
QHWLF�WUDQVFULSWLRQV�DXWRPDWLFDOO\����7KH�V\VWHP�XVHV
WKH�UHFRUGHG�VSHHFK�RI�D�QHZ�WDONHU��WKH�WH[W��RUWKRJ�
UDSK\�� RI� WKH� XWWHUDQFHV�� DQG� VSHHFK� PRGHOV� WKDW
KDYH�EHHQ�WUDLQHG�RQ�D�PXOWLVSHDNHU�GDWDEDVH��H�J��
7,0,7����,Q�WKH�ILUVW�VWDJH��WKH�WH[W�RI�WKH�XWWHUDQFHV�LV
XVHG� WR� SURGXFH� D� OLVW� RI� WKH� SRVVLEOH� SKRQH
VHTXHQFHV�WKDW�FRXOG�EH�XVHG�ZKHQ�WKH�WH[W�LV�VSR�
NHQ�� 7KUHH� WH[W�WR�SKRQH� FRQYHUVLRQ� VRXUFHV� DUH
XVHG� WR�SURGXFH� WKLV� OLVW��D�SKRQHWLF�GLFWLRQDU\����DQ
DOJRULWKP�WKDW�JHQHUDWHV�SURQXQFLDWLRQV�IRU�DUELWUDU\
OHWWHU�VHTXHQFHV����DQG�D�VHW�RI�UXOHV�WKDW�ZH�GHULYHG
E\�DQDO\]LQJ�GDWDEDVHV�WKDW�KDG�EHHQ�WUDQVFULEHG�E\
SKRQHWLFLDQV��7KH�RXWSXW�RI�WKLV�VWDJH�LV�D�SKRQH�QHW�
ZRUN� FRUUHVSRQGLQJ� WR� WKH� JLYHQ� XWWHUDQFH�� ,Q� WKH
VHFRQG� VWDJH�� WKH� SDUDPHWHUL]HG� VSHHFK�� WKH� JHQ�
HUDO� SKRQH� PRGHOV�� DQG� WKH� SKRQH� QHWZRUN� DUH
DOLJQHG�E\�D�9LWHUEL�VHDUFK�URXWLQH���WR�GHWHUPLQH�WKH
SKRQH�VHTXHQFH�WKDW�EHVW�FRUUHVSRQGV�WR�WKH�VSHHFK
ZDYHIRUP�� %HFDXVH� WKH� QXPEHU� RI� SRVVLEOH� SKRQH
VHTXHQFHV� LV� KLJKO\� FRQVWUDLQHG�� WKH� XVH� RI� PXOWL�
VSHDNHU�SKRQH�PRGHOV�LV�DGHTXDWH�WR�GHWHUPLQH�WKH
SKRQHWLF�WUDQVFULSWLRQ�ZLWK�DQ�DFFXUDF\�LQ�H[FHVV�RI
����� ZKLFK� LV� FORVH� WR� WKH� GHJUHH� RI� DJUHHPHQW
EHWZHHQ� WZR� KXPDQ� WUDQVFLEHUV�� 7KHVH� WUDQVFULS�
WLRQV�FDQ�WKHQ�EH�XVHG�WR�WUDLQ�WKH�UHFRJQL]HUV�RQ�WKH
QHZ� VSHDNHU��:H� KDYH� DOVR� IRXQG� WKHVH� WUDQVFULS�
WLRQV�WR�EH�XVHIXO�LQ�DXWRPDWLQJ�PHDVXUHPHQWV�RI�WKH
DFRXVWLFDO�SURSHUWLHV�RI�VSHHFK�ZDYHIRUPV�

26 M.S. Bratakos, P. Duchnowski, and L.D. Braida, "Toward the Automatic Generation of Cued Speech," Cued Speech J., forthcoming.

27 Institute of Electrical and Electronics Engineers, IEEE Recommended Practice for Speech Quality Measurements, No. 297  (New 
York: IEEE, 1969).

28 C.M. Reed and L.A. Delhorne, "Current Results of a Field Study of Adult Users of Tactile Aids," in Tactile Aids for the Hearing Impaired, 
ed. D.K. Oller. Seminars in Hearing 16, 1995, pp. 305-15.

29 S. Schlueter, Automatic Refinement of Hidden Markov Models for Speech Recognition, M.Eng. thesis, Department of Electrical Engi-
neering and Computer Science, MIT, February 1997.

30 TIMIT Acoustic-Phonetic Continuous Speech Corpus, NIST Speech Disc 1-1.1, October 1990.

31 Carnegie Mellon University, Carnegie Mellon Pronouncing Dictionary, CMUdict.0.4, unrestricted on-line distribution, 1995.

32 J. Wasser, "English to Phoneme Translation," public software developed at the Digital Equipment Corporation, last revision April 15, 
1985.

33 P.C. Woodland, C.J. Leggetter, J.J. Odell, V. Valtchev, and S.J. Young, "The 1994 HTK Large Vocabulary Speech Recognition Sys-
tem," Proceeding of the International Conference on Acoustics, Speech and Signal Processing 1: 73-76 (1995).
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0HDVXUHPHQW�RI�)DFLDO�$FWLRQV�

&KDUDFWHUL]LQJ�WKH�YLVLEOH�DFWLRQV�RI�WKH�IDFH�WKDW�DUH
XVHG� E\� VSHHFKUHDGHUV� KDV� SURYHQ� FKDOOHQJLQJ
EHFDXVH�WKHVH�DFWLRQV�LQYROYH�WKH�WKUHH�GLPHQVLRQDO
PRWLRQV�DQG�GHIRUPDWLRQV�RI� ORZ�FRQWUDVW� WLVVXH��7R
IDFLOLWDWH�PHDVXUHPHQW�RI�WKHVH�DFWLRQV��7DPEH���KDV
GHYHORSHG� D� V\VWHP� WKDW� XVHV� LPDJH� SURFHVVLQJ
WHFKQLTXH� WR� WUDFN� WKH�PRWLRQ� RI� VHOHFWHG� SRLQWV� RQ
WKH�VXUIDFH�RI�WKH�IDFH�

7R� IDFLOLWDWH� WKH� LGHQWLILFDWLRQ� RI� WKH� SRLQWV�� D� KLJK�
FRQWUDVW�JULG� LV�SDLQWHG�RQ� WKH�VNLQ�VXUIDFH�DQG� WKH
JULG� LV� UHFRYHUHG� IURP�YLGHR� LPDJHV�XVLQJ�DGDSWLYH
WKUHVKROGLQJ�� $FWLYH� FRQWRXUV��� VXFK� DV� VQDNHV� DUH
XVHG� WR� WUDFN� HOHPHQWV� RI� WKH� JULG� DXWRPDWLFDOO\�
6QDNHV�PRYH�XQGHU�WKH�HIIHFW�RI�H[WHUQDO�IRUFHV�FRU�
UHVSRQGLQJ�WR�WKH�LQWHQVLW\�JUDGLHQW�LQ�WKH�LPDJH�DQG
LQWHUQDO� IRUFHV� SURYLGHG� E\� VSULQJV� VWUXFWXUHG� WR
PDLQWDLQ� FRQWRXU� OHQJWK� DQG� UHVLVW� EXFNOLQJ� RI� WKH
FRQWRXU��'XULQJ� IDFLDO� DFWLRQV�� VQDNHV� DVVXPH� FRQ�
ILJXUDWLRQV�WKDW�PLQLPL]H�WRWDO�HQHUJ\��7KHVH�FRQILJX�
UDWLRQV� DUH� GHWHUPLQHG� YLD� G\QDPLF� SURJUDPPLQJ
ZLWK� LQLWLDO� HVWLPDWHV� GHULYHG� IURP� FRQILJXUDWLRQV
VHHQ�LQ�SULRU�IUDPHV��7KUHH�GLPHQVLRQDO�FRRUGLQDWHV
RI� WKH� VHOHFWHG� SRLQWV� DUH� GHULYHG� IURP� WKH� VSDWLDO
FRQILJXUDWLRQV� RI� VQDNHV� VHHQ� LQ� D� SDLU� RI� FDPHUD
LPDJHV�XVLQJ�SHUVSHFWLYH�SURMHFWLRQ�

����� 3XEOLFDWLRQV

%UDWDNRV�� 0�6��� 3�� 'XFKQRZVNL�� DQG� /�'�� %UDLGD�
�7RZDUG� WKH� $XWRPDWLF� *HQHUDWLRQ� RI� &XHG
6SHHFK���&XHG�6SHHFK�-��)RUWKFRPLQJ�

'XFKQRZVNL��3���'�6��/XP��-�&��.UDXVH��0�*��6H[WRQ�
0�6��%UDWDNRV��DQG�/�'��%UDLGD���'HYHORSPHQW�RI
6SHHFKUHDGLQJ� 6XSSOHPHQWV� %DVHG� RQ� $XWR�
PDWLF� 6SHHFK� 5HFRJQLWLRQ��� 6XEPLWWHG� WR� ,(((
7UDQV��%LRPHG��(QJ�

7KHVHV

0DQVRXU�� 6�$��(IIHFWV� RI� $PSOLWXGH�(QYHORSH�&XHV
DV�DQ�$LG� WR�(QKDQFHG�6SHHFKUHDGLQJ��0�(QJ�
WKHVLV��'HSDUWPHQW�RI�(OHFWULFDO�(QJLQHHULQJ�DQG
&RPSXWHU�6FLHQFH��0,7��0D\������

6FKOXHWHU�� 6�� $XWRPDWLF� 5HILQHPHQW� RI� +LGGHQ
0DUNRY�0RGHOV�IRU�6SHHFK�5HFRJQLWLRQ��0�(QJ�
WKHVLV��'HSDUWPHQW�RI�(OHFWULFDO�(QJLQHHULQJ�DQG
&RPSXWHU�6FLHQFH��0,7��)HEUXDU\������

6H[WRQ��0��$�9LGHR�'LVSOD\�6\VWHP�IRU�DQ�$XWRPDWLF
&XH� *HQHUDWRU�� 0�(QJ�� WKHVLV�� 'HSDUWPHQW� RI
(OHFWULFDO� (QJLQHHULQJ� DQG� &RPSXWHU� 6FLHQFH�
0,7�������

7DPEH��3�%��)DFLDO� )HDWXUH�7UDFNLQJ�XVLQJ�'HIRUP�
DEOH� 7HPSODWHV�� 0�(QJ�� WKHVLV�� 'HSDUWPHQW� RI
(OHFWULFDO� (QJLQHHULQJ� DQG� &RPSXWHU� 6FLHQFH�
0,7��0D\������

��� 7DFWLOH�&RPPXQLFDWLRQ�RI�6SHHFK

6SRQVRU

1DWLRQDO�,QVWLWXWHV�RI�+HDOWK�1DWLRQDO�,QVWLWXWH�RI
'HDIQHVV� DQG� 2WKHU� &RPPXQLFDWLRQ� 'LVRUGHUV
*UDQW���5���'&�����

3URMHFW�6WDII

$QGUHZ� 5�� %UXJKHUD�� /RUUDLQH� $�� 'HOKRUQH�
1DWKDQLHO� ,�� 'XUODFK�� 6HWK� 0�� +DOO�� (OHDQRUD� 0�
/XRQJR��*HRIIUH\�/��3ODQW��'U��:LOOLDP�0��5DELQRZLW]�
'U��&KDUORWWH�0��5HHG��'U��0DQGD\DP�$��6ULQLYDVDQ

����� *RDOV�DQG�6LJQLILFDQFH

7KLV�UHVHDUFK�LV�GLUHFWHG�WRZDUG�WKH�GHYHORSPHQW�RI
HIIHFWLYH�WDFWXDO�FRPPXQLFDWLRQ�GHYLFHV�IRU� LQGLYLGX�
DOV�ZLWK�SURIRXQG�GHDIQHVV�RU�GHDI�EOLQGQHVV��6XFK
GHYLFHV� ZRXOG� OHDG� WR� LPSURYHG� VSHHFK� UHFHSWLRQ�
VSHHFK� SURGXFWLRQ�� ODQJXDJH� FRPSHWHQFH�� DQG
DZDUHQHVV� RI� HQYLURQPHQWDO� VRXQGV� IRU� WKHVH� LQGL�
YLGXDOV� DQG�ZRXOG� SURYLGH� WKHP�ZLWK� D� VHQVRU\�DLG
RSWLRQ� LQ� DGGLWLRQ� WR� KHDULQJ� DLGV� DQG� FRFKOHDU
LPSODQWV�� $W� D� PRUH� EDVLF� VFLHQWLILF� OHYHO�� WKLV� UH�
VHDUFK�FRQWULEXWHV�WR�DQ�LQFUHDVHG�XQGHUVWDQGLQJ�RI
VSHHFK�FRPPXQLFDWLRQ��HQYLURQPHQWDO�VRXQG�UHFHS�
WLRQ�� WDFWXDO� SHUFHSWLRQ�� PDQXDO� VHQVLQJ�� GLVSOD\
GHVLJQ��DQG�VHQVRU\�VXEVWLWXWLRQ�

����� 6WXGLHV�DQG�5HVXOWV�'XULQJ�����

%DVLF�6WXGLHV�RI�+DQG�6WLPXODWLRQ�DQG�
$FWLYH�7RXFK

6WXGLHV�DUH�EHLQJ�FRQGXFWHG�WR�H[SORUH�WKH�FDSDELOL�
WLHV� RI� WKH� WDFWXDO� VHQVH� IRU� FRQYH\LQJ� LQIRUPDWLRQ�
7KHVH� VWXGLHV� HPSOR\� D� PXOWLILQJHU� WDFWXDO� GLVSOD\
GHVLJQHG�E\�7DQ���WR�SURYLGH�VWLPXODWLRQ�DORQJ�D�FRQ�
WLQXXP� IURP� KLJK�IUHTXHQF\�� ORZ�DPSOLWXGH� NLQHV�

34 P.B. Tambe, Facial Feature Tracking using Deformable Templates, M.Eng. thesis, Department of Electrical Engineering and Computer 
Science, MIT, May 1997.

35 M. Kass, A. Witkin, and D. Terzopoulos, "Snakes: Active Contour Models," Int. J. Contour Models (1987).
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WKHWLF� PRYHPHQWV� WR� ORZ�DPSOLWXGH�� KLJK�IUHTXHQF\
FXWDQHRXV� YLEUDWLRQV�� ([SHULPHQWV� FXUUHQWO\� XQGHU�
ZD\�DUH�GHVLJQHG�WR������SURYLGH�IXUWKHU�XQGHUVWDQG�
LQJ� RI� WKH� SURSHUWLHV� RI� EDFNZDUG� DQG� IRUZDUG
PDVNLQJ� RQ� LQIRUPDWLRQ� WUDQVIHU� �,7��� ���� GHWHUPLQH
WKH�QDWXUH�DQG�VWUXFWXUH�RI�HUURUV�PDGH�LQ�WKH�SUHV�
HQFH�RI�PDVNLQJ�VLJQDOV��DQG�����SURYLGH�D�VRPHZKDW
PRUH� GLUHFW� DSSURDFK� WRZDUGV� HVWLPDWLQJ� ,7� UDWHV
WKDQ�WKDW�HPSOR\HG�SUHYLRXVO\�E\�7DQ�HW�DO����

6SHFLILFDOO\��WKH�JRDOV�RI�WKH�FXUUHQW�VWXG\�DUH�WR�����
PHDVXUH�WKH�PDVNLQJ�HIIHFWV�RI�PRWLRQDO��URXJK��DQG
YLEUDWLRQDO� VLJQDOV� XVLQJ� W\SLFDO� IRUZDUG�� DQG� EDFN�
ZDUG�PDVNLQJ�SDUDGLJPV������LQYHVWLJDWH�WKH�WHPSR�
UDO� LQWHJUDWLRQ�SURSHUWLHV�RI� WKH�VLJQDOV�HPSOR\HG� LQ
WKH�VWLPXOXV�VHW� �H�J��� D� URXJK� VLJQDO� IROORZHG�E\� D
YLEUDWLRQ� PD\� EH� SHUFHLYHG� DV� WKH� FRPELQDWLRQ� RI
ERWK���DQG�����HVWDEOLVK�WKH�UHODWLRQVKLS�EHWZHHQ�SHU�
IRUPDQFH� ZLWK� VLPSOH� PDVNLQJ� SDUDGLJPV� DQG� WKDW
ZLWK� WKH� LGHQWLILFDWLRQ� SDUDGLJP� XVHG� SUHYLRXVO\� E\
7DQ���IRU�HVWLPDWLQJ�LQIRUPDWLRQ�WUDQVIHU�UDWH��

&XUUHQW�H[SHULPHQWV�DUH�EHLQJ�FRQGXFWHG�ZLWK�D�VHW
RI� VHYHQ� VLJQDOV� DW� WZR� GLIIHUHQW� GXUDWLRQV� ����� RU
����+]��SUHVHQWHG�WR�WKH�LQGH[�ILQJHU�RI�WKH�OHIW�KDQG�
,Q� WKH� IRUZDUG� DQG� EDFNZDUG� PDVNLQJ� SDUDGLJPV�
VXEMHFWV� DUH� SUHVHQWHG�ZLWK� WZR� VLJQDOV� �VHSDUDWHG
E\�VL[�YDOXHV�RI�LQWHU�VWLPXOXV�LQWHUYDO�LQ�WKH�UDQJH�RI
��WR�����PVHF��DQG�DVNHG�WR�LGHQWLI\�HLWKHU�WKH�VHF�
RQG�VLJQDO��LQ�WKH�IRUZDUG�PDVNLQJ�FRQGLWLRQV��RU�WKH
ILUVW�VLJQDO��LQ�WKH�EDFNZDUG�PDVNLQJ�FRQGLWLRQV���,Q�D
WKLUG� SDUDGLJP�� VXEMHFWV� DUH� SUHVHQWHG� ZLWK� WKUHH
VXFFHVVLYH� VWLPXOL� �DJDLQ� XVLQJ� LQWHUVWLPXOXV� LQWHU�
YDOV� LQ� WKH� UDQJH� RI� �� WR� ���� PVHF�� DQG� DVNHG� WR
LGHQWLI\� WKH�PLGGOH�VLJQDO�RU� WR� LGHQWLI\�DOO� WKUHH�VLJ�
QDOV��

([SHULPHQWDO�UHVXOWV�ZLOO�EH�DQDO\]HG�DV�D�IXQFWLRQ�RI
LQWHUVWLPXOXV�GXUDWLRQ�DW�HDFK�RI�WKH�WZR�VLJQDO�GXUD�
WLRQV��DQG�HUURU�WULDOV�ZLOO�EH�H[DPLQHG�WR�JDLQ�LQVLJKW
LQWR�WKH�SURFHVVHV�WKDW�PHGLDWH�PDVNLQJ�

(YDOXDWLRQ�RI�:HDUDEOH�7DFWLOH�$LGV

5HVHDUFK�FRQGXFWHG�GXULQJ������LQFOXGHV�VWXGLHV�RI
VSHHFK� UHFHSWLRQ� DQG�RU� VSHHFK� SURGXFWLRQ� LQ� ERWK
FKLOGUHQ� DQG�DGXOWV� ILWWHG�ZLWK�ZHDUDEOH� WDFWLOH�DLGV�
:RUN�KDV�FRQWLQXHG�ZLWK�D�VPDOO�JURXS�RI�FKLOGUHQ�DW
WKH� 5DQGROSK� /HDUQLQJ� &HQWHU� ZKR� DUH� UHFHLYLQJ
VSHHFK�LQVWUXFWLRQ�XVLQJ�WDFWLOH�DLGV��VSHFLILFDOO\��WKH
7DFWDLG� �� GHYLFH���5HVXOWV� RI� WKLV� RQJRLQJ�ZRUN� DUH
UHSRUWHG� LQ� 3ODQW� HW� DO���� � 6WHS� E\� 6WHS�� D� VSHHFK
WUDLQLQJ� SURJUDP� DLPHG� DW� WHDFKHUV� RI� WKH� GHDI�
VSHHFK� SDWKRORJLVWV�� DQG� DXGLRORJLVWV�� VWUHVVHV� WKH
XVH�RI�WDFWLOH�DLGV�DV�D�PHDQV�RI�SURYLGLQJ�IHHGEDFN
IRU�GHDI�VSHDNHUV��6WHS�E\�6WHS�VKRXOG�EH�UHOHDVHG
DQG�GLVWULEXWHG�LQ������E\�WKH�+HDULQJ�5HKDELOLWDWLRQ
)RXQGDWLRQ��$�PRGLILFDWLRQ�WR�WKH�7DFWDLG���GHYLFH��LQ
ZKLFK� ILYH� YLEUDWRUV� DUH� XVHG� WR� FRQYH\� KLJK�IUH�
TXHQF\� LQIRUPDWLRQ� LQ� WKH� UHJLRQ� RI� ���� N+]�� KDV
EHHQ� VWXGLHG� ZLWK� D� FRQJHQLWDOO\� GHDI� DGRORHVFHQW�
7KLV�VXEMHFW�ZDV�SURYLGHG�ZLWK�WUDLQLQJ�LQ�WKH�XVH�RI
WKH� WDFWLOH� GLVSOD\� IRU� ERWK� VSHHFK� SHUFHSWLRQ� DQG
SURGXFWLRQ��3UH�� DQG� SRVW�WUDLQLQJ� UHFRUGLQJV� RI� WKH
VXEMHFW¶V�VSHHFK�SURGXFWLRQV�ZHUH�REWDLQHG�IRU�ODWHU
DQDO\VLV�

'HYHORSPHQW�RI�,PSURYHG�7DFWXDO�
6XSSOHPHQWV�WR�6SHHFKUHDGLQJ

:H�DUH�FRQWLQXLQJ�WR�H[DPLQH�WKH�UHFHSWLRQ�RI�YRLF�
LQJ� WKURXJK� D� YDULHW\� RI� WDFWXDO� GLVSOD\V�� &XUUHQW
UHVHDUFK� LQYROYHV� WKH� DELOLW\� WR� GLVFULPLQDWH� VSHHFK
IHDWXUHV� WKURXJK� WKH� HOHFWURWDFWLOH� GLVSOD\� RI� WKH
7LFNOH�7DONHU� GHYLFH�� GHYHORSHG�DW� WKH�8QLYHUVLW\� RI
0HOERXUQH��7KLV�GHYLFH�FRQVLVWV�RI�DQ�HLJKW�FKDQQHO
DUUD\�RI�HOHFWURGHV�ZRUQ�RQ�IRXU�ILQJHUV�RI�WKH�KDQG
ZKLFK�DUH�XVHG�WR�HQFRGH�LQIRUPDWLRQ�DERXW�)���)��
DQG�VSHHFK�DPSOLWXGH�WKURXJK�WKH�HOHFWULFDO�SDUDPH�
WHUV�RI�SXOVH�UDWH��HOHFWURGH�SRVLWLRQ��DQG�FKDUJH�SHU
SXOVH�� UHVSHFWLYHO\�� 1RUPDO�KHDULQJ� ODERUDWRU\� VXE�
MHFWV�DUH�SDUWLFLSDWLQJ�LQ�D�VWXG\�RI�WKH�GLVFULPLQDELOLW\
RI� SDLUV� RI� YRZHOV� DQG� FRQVRQDQWV� DV� D� IXQFWLRQ� RI
WRNHQ�YDULDELOLW\�

36 H.Z. Tan, Information Transmission with a Multi-Finger Tactual  Display, Ph.D. diss., Department of Electrical Engineering and Com-
puter Science, MIT, 1996. 

37 H.Z. Tan, N.I. Durlach, C.M. Reed, and W.M. Rabinowitz, "Information Transmission with a Multi-Finger Tactual Display,"  Scandina-
vian Audiol. 26, Suppl. 47: 24-28 (1997); H.Z. Tan, N.I. Durlach, C.M. Reed, and W.M. Rabinowitz, "Information Transmission with a 
Multi-Finger Tactual Display," Percept. Psychophys., under revision.

38 H.Z. Tan, Information Transmission with a Multi-Finger Tactual  Display, Ph.D. diss., Department of Electrical Engineering and Com-
puter Science, MIT, 1996.

39 G. Plant, M. Horan, and H. Reed, "Speech Teaching for Deaf Children in the Age of Bilingual/Bicultural Programs: The Role of Tactile  
Aids," Scand. Audiol. 26 (Suppl. 47): 19-23 (1997). 
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6WXG\�RI�WKH�5HFHSWLRQ�RI�(QYLURQPHQWDO�
6RXQGV�WKURXJK�7DFWXDO�'LVSOD\V

$�WHVW�RI�WKH�DELOLW\�WR�LGHQWLI\�HQYLURQPHQWDO�VRXQGV
KDV� EHHQ� GHYHORSHG�� HPSOR\LQJ� FORVHG� VHWV� RI� WHQ
VRXQGV�LQ�HDFK�RI�IRXU�GLIIHUHQW�VHWWLQJV���RIILFH��RXW�
GRRUV��NLWFKHQ��DQG�JHQHUDO�KRPH���,GHQWLILFDWLRQ�GDWD
DUH� EHLQJ� FROOHFWHG� RQ� D� JURXS� RI� SURIRXQGO\� GHDI
VXEMHFWV� ZKR� DUH� UHJXODU� XVHUV� RI� WKH� 7DFWDLG� �
GHYLFH�� 7HVWLQJ� LV� FRQGXFWHG� XVLQJ� D� RQH�LQWHUYDO�
WHQ�DOWHUQDWLYH�� IRUFHG�FKRLFH� SURFHGXUH� XVLQJ� 0DW�
ODE�VRIWZDUH��

'DWD�� REWDLQHG� ILUVW� ZLWKRXW� IHHGEDFN� DQG� WKHQ�ZLWK
WULDO�E\�WULDO�FRUUHFW�DQVZHU�IHHGEDFN��DUH�EHLQJ�DQD�
O\]HG�LQ�WHUPV�RI�RYHUDOO�SHUFHQW�FRUUHFW�DQG�,7�FDOFX�
ODWHG� IURP� VWLPXOXV�UHVSRQVH� FRQIXVLRQ� PDWULFHV�
'DWD� FXUUHQWO\� DQDO\]HG� LQGLFDWH� WKDW� VXEMHFWV�ZHUH
DEOH�WR�LGHQWLI\�URXJKO\�����RI�WKH��VRXQGV�RQ�WKH�QR�
IHHGEDFN�FRQGLWLRQV��ZKHUH�FKDQFH�LV������DQG�WKDW
WKHLU� SHUIRUPDQFH� LPSURYHG� E\� URXJKO\� ��� SHUFHQW�
DJH� SRLQWV� ZKHQ� IHHGEDFN� ZDV� � SURYLGHG�� 2YHUDOO
SHUIRUPDQFH� OHYHOV�ZHUH�VLPLODU�DFURVV� WKH� IRXU�GLI�
IHUHQW�HQYLURQPHQWV��7KXV��WKHVH�UHVXOWV�LQGLFDWH�WKDW
FXHV� XVHIXO� WR� WKH� LGHQWLILFDWLRQ� RI� HQYLURQPHQWDO
VRXQGV�� RWKHU� WKDQ� VSHHFK�� DUH� SURYLGHG� E\� WKH
VHYHQ�FKDQQHO� VSHFWUDO� GLVSOD\� RI� WKH� 7DFWDLG� �
GHYLFH�

����� �3XEOLFDWLRQV

)LVFKHU�� 6�'��� /�$�� 'HOKRUQH�� DQG� &�0�� 5HHG�
�(IIHFWV�RI�5DWH�RI�3UHVHQWDWLRQ�RQ�WKH�5HFHSWLRQ
RI� $PHULFDQ� 6LJQ� /DQJXDJH��� 6XEPLWWHG� WR� -�
6SHHFK�+HDU��5HV�

5HHG��&�0���DQG�1�,��'XUODFK�� �1RWH�RQ� ,QIRUPDWLRQ
7UDQVIHU� 5DWHV� LQ� +XPDQ� &RPPXQLFDWLRQ��
35(6(1&(��)RUWKFRPLQJ�

3ODQW��*���0��+RUDQ��DQG�+��5HHG���6SHHFK�7HDFKLQJ
IRU� 'HDI� &KLOGUHQ� LQ� WKH� $JH� RI� %LOLQJXDO�%LFXO�
WXUDO�3URJUDPV��7KH�5ROH�RI�7DFWLOH�$LGV���6FDQG�
$XGLRO������6XSSO��������������������

3ODQW��*���7UDLQLQJ�LQ�WKH�8VH�RI�D�7DFWLOH�6XSSOHPHQW
WR� � /LSUHDGLQJ�� $� /RQJ�7HUP� &DVH� 6WXG\��� (DU
+HDU��)RUWKFRPLQJ�

7DQ��+�=���1�,��'XUODFK��:�0��5DELQRZLW]��&�0��5HHG�
DQG� -�5�� 6DQWRV�� �5HFHSWLRQ� RI� 0RUVH� &RGH
WKURXJK�0RWLRQDO��9LEURWDFWLOH��DQG�$XGLWRU\�6WLP�

XODWLRQ��� 3HUFHSW�� 3V\FKRSK\V�� ���� �������
�������

7DQ�� +�=��� 1�,�� 'XUODFK�� &�0�� 5HHG�� DQG� :�0�
5DELQRZLW]�� �,QIRUPDWLRQ� 7UDQVPLVVLRQ� ZLWK� D
0XOWL�)LQJHU�7DFWXDO�'LVSOD\��� �3HUFHSW��3V\FKR�
SK\V��8QGHU�UHYLVLRQ�

7DQ�� +�=��� 1�,�� 'XUODFK�� &�0�� 5HHG��� DQG� :�0�
5DELQRZLW]�� �,QIRUPDWLRQ� 7UDQVPLVVLRQ� ZLWK� D
0XOWL�)LQJHU�7DFWXDO�'LVSOD\���6FDQG��$XGLRO�� ��
�6XSSO����������������������

��� 0XOWLPLFURSKRQH�+HDULQJ�$LGV

6SRQVRU

1DWLRQDO�,QVWLWXWHV�RI�+HDOWK�
*UDQW���5���'&�����

3URMHFW�6WDII

-RVHSK�*��'HVORJH��'U��-XOLH�(��*UHHQEHUJ��0LFKDHO
3��2¶&RQQHOO��'U��:LOOLDP�0��5DELQRZLW]��'U��3DWULFN
0��=XUHN

7KH�JRDO�RI�WKLV�UHVHDUFK�LV�WR�GHWHUPLQH�KRZ�KHDULQJ
DLGV� FDQ� EH� LPSURYHG� WKURXJK� WKH� XVH� RI� PXOWLSOH
PLFURSKRQHV��7KH�ZRUN� LV�GLUHFWHG� WRZDUG� GHYHORS�
LQJ� DOJRULWKPV� IRU� SURFHVVLQJ� WKH� VLJQDOV� IURP� D
KHDG�ZRUQ�PLFURSKRQH�DUUD\�IRU� WKH�SULPDU\�JRDO�RI
LPSURYLQJ� WKH� LQWHOOLJLELOLW\� RI� VSHHFK� �DVVXPHG� WR
DULVH� IURP� D� NQRZQ� GLUHFWLRQ�� LQ� WKH� SUHVHQFH� RI
QRLVH� DQG� UHYHUEHUDWLRQ���� ,GHDOO\�� WKLV� LQWHOOLJLELOLW\
HQKDQFHPHQW� ZRXOG� EH� DFKLHYHG� ZLWKRXW� FRPSUR�
PLVLQJ� WKH� OLVWHQHU¶V� DELOLW\� WR� PRQLWRU� DQG� ORFDOL]H
VRXQG�VRXUFHV� IURP�DOO� GLUHFWLRQV��$UUD\�SURFHVVLQJ
DOJRULWKPV� DUH� ILUVW� LPSOHPHQWHG� DQG� HYDOXDWHG� LQ
WHUPV� RI� VLJQDO�WR�QRLVH� LPSURYHPHQW� LQ� FRPSXWHU
VLPXODWLRQV�� 7KH� PRVW� SURPLVLQJ� DSSURDFKHV� DUH
WKHQ�LPSOHPHQWHG�LQ�UHDO�WLPH�ZLWK�ZHDUDEOH�GHYLFHV
�WHWKHUHG�WR�D�FRPSXWHU��IRU�ODERUDWRU\�HYDOXDWLRQV�LQ
WHUPV�RI�VSHHFK�UHFHSWLRQ�LQ�QRLVH�DQG�VRXQG�ORFDO�
L]DWLRQ�E\�QRUPDO�DQG�KHDULQJ�LPSDLUHG�OLVWHQHUV�

5HFHQWO\�FRPSOHWHG� ZRUN� IRFXVHG� RQ� GHYHORSLQJ
PLFURSKRQH�DUUD\�KHDULQJ�DLGV�ZLWK�ELQDXUDO�RXWSXWV
WKDW� DOORZ� XVHUV� WR� ORFDOL]H� VRXQG� VRXUFHV���� $GGL�
WLRQDO� UHVHDUFK�HIIRUWV�KDYH�PRGLILHG� H[LVWLQJ� DGDS�
WLYH�DOJRULWKPV�WR�RYHUFRPH�SUREOHPV�FDXVHG�E\�WKH

40 P.M. Zurek, J.E. Greenberg, and W.M. Rabinowitz, "Prospects and Limitations of Microphone-array Hearing Aids," in Psychoacoustics, 
Speech, and Hearing Aids, ed. B. Kollmeier (Singapore: World Scientific, 1995).

41 J.G. Desloge, W.M. Rabinowitz, and P.M. Zurek, "Microphone-array Hearing Aids  with Binaural Output. I. Fixed-processing Systems," 
IEEE Trans. Speech Audio Proc. 5: 529-42 (1997); D.P. Welker, J.E. Greenberg, J.G. Desloge, and P.M. Zurek (1997). "Microphone-
array Hearing Aids with Binaural Output. II. A Two-Microphone Adaptive System," IEEE Trans. Speech Audio Proc. 5: 543-51 (1997).
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VKRUW�WLPH� SRZHU� IOXFWXDWLRQV� LQ� VSHHFK���� &XUUHQW
ZRUN� LV� IRFXVHG� RQ� D� QHZ� DGDSWLYH� DOJRULWKP� WKDW
DFWLYHO\�PRQLWRUV�DQG�FRQWUROV�V\VWHP�EHKDYLRU���7KLV
LPSURYHG� FRQWURO� RIIHUV� HQKDQFHG� UREXVWQHVV� WR
DGYHUVH�OLVWHQLQJ�HQYLURQPHQWV�

3XEOLFDWLRQV

'HVORJH��-�*���:�0��5DELQRZLW]��DQG�3�0��=XUHN���0L�
FURSKRQH�DUUD\�+HDULQJ�$LGV�ZLWK�%LQDXUDO�2XW�
SXW�� ,�� )L[HG�SURFHVVLQJ� 6\VWHPV��� ,(((� 7UDQV�
6SHHFK�$XGLR�3URF�������������������

*UHHQEHUJ�� -�(�� �0RGLILHG� /06� $OJRULWKPV� IRU
6SHHFK�3URFHVVLQJ�ZLWK�DQ�$GDSWLYH�1RLVH�&DQ�
FHOOHU��� ,(((�7UDQV�� 6SHHFK� $XGLR� 3URF��)RUWK�
FRPLQJ�

:HONHU��'�3���-�(��*UHHQEHUJ��-�*��'HVORJH��DQG�3�0�
=XUHN���0LFURSKRQH�DUUD\�+HDULQJ�$LGV�ZLWK�%LQ�
DXUDO� 2XWSXW�� ,,�� $� 7ZR�0LFURSKRQH� $GDSWLYH
6\VWHP��� ,(((� 7UDQV�� 6SHHFK� $XGLR�� 3URF�� ��
��������������

��� +HDULQJ�$LG�'HYLFH�'HYHORSPHQW

6SRQVRU

1DWLRQDO�,QVWLWXWHV�RI�+HDOWK�
&RQWUDFW�1���'&�������

3URMHFW�6WDII

0HUU\�$��%UDQWOH\��$QGUHZ�5��%UXJKHUD��'U��-XOLH�(�
*UHHQEHUJ��'U��:LOOLDP�0��5DELQRZLW]��'U��3DWULFN�0�
=XUHN

7KH�RYHUDOO�REMHFWLYH�RI�WKLV�ZRUN�LV�WR�HYDOXDWH�SURP�
LVLQJ� VLJQDO� SURFHVVLQJ� DOJRULWKPV� IRU� KHDULQJ� DLGV
XQGHU�UHDOLVWLF�FRQGLWLRQV��3URJUHVV�WRZDUG�WKLV�JRDO
KDV� EHJXQ�ZLWK� GHYHORSPHQW� RI� D� ODERUDWRU\�EDVHG
VLJQDO�SURFHVVLQJ� DQG� WHVWLQJ� V\VWHP�� 6XEVHTXHQW
ODERUDWRU\� HYDOXDWLRQV� ZLOO� VHOHFW� VLJQDO� SURFHVVLQJ
DOJRULWKPV� IRU� LPSOHPHQWDWLRQ� LQ� ZHDUDEOH� GHYLFHV�
ZKLFK�DUH�EHLQJ�GHVLJQHG�DQG�EXLOW�E\�6HQVLPHWULFV
&RUSRUDWLRQ��/DWHU�LQ�WKH�SURMHFW��ILHOG�VWXGLHV�RI�KHDU�
LQJ�LPSDLUHG� SHUVRQV� XVLQJ� WKLV� GHYLFH� ZLOO� EH� FRQ�
GXFWHG� WR� HYDOXDWH� WKH� HIIHFWLYHQHVV� RI� DOJRULWKPV

DLPHG�DW� LPSURYLQJ�VSHHFK�UHFHSWLRQ� LQ�EDFNJURXQG
QRLVH��SUHYHQWLQJ� ORXGQHVV�GLVFRPIRUW��DQG� LQFUHDV�
LQJ�PD[LPXP�JDLQ�ZLWKRXW�IHHGEDFN�

$�YDULHW\�RI����DUUD\�SURFHVVLQJ�DQG�UHIHUHQFH�DOJR�
ULWKPV�KDYH�EHHQ�FRPSDUHG�RQ�D�EDWWHU\�RI�ORFDOL]D�
WLRQ�� VSHHFK� UHFHSWLRQ�� DQG� SOHDVDQWQHVV�UDWLQJ
WHVWV����&XUUHQW�ZRUN�LV�DLPHG�DW�D�VLPLODU�FRPSDULVRQ
RI�DGDSWLYH�IHHGEDFN�FDQFHOODWLRQ�DOJRULWKPV��

&RQIHUHQFH�3DSHU

*UHHQEHUJ�� -�(��� 3�0�� =XUHN�� :�0�� 5DELQRZLW]�� 0�
%UDQWOH\��DQG�$�5��%UXJKHUD���3URJUDP�RI�+HDU�
LQJ� $LG�'HYLFH� 'HYHORSPHQW�� $OJRULWKPV��� 6HF�
RQG� %LHQQLDO� +HDULQJ� $LG� 5HVHDUFK� DQG� 'H�
YHORSPHQW� &RQIHUHQFH�� 1DWLRQDO� ,QVWLWXWHV� RI
+HDOWK��%HWKHVGD��0DU\ODQG�������

��� %LQDXUDO�+HDULQJ

6SRQVRU

1DWLRQDO�,QVWLWXWHV�RI�+HDOWK�

*UDQW���5���'&�������

3URMHFW�6WDII

1DWKDQLHO�,��'XUODFK��'U��.RXURVK�6DEHUL��'U��3DWULFN
0��=XUHN

7KH�ORQJ�WHUP�JRDO�RI�WKLV�SURMHFW�LV�WR�����GHYHORS�DQ
LQWHJUDWHG��TXDQWLWDWLYH�WKHRU\�RI�ELQDXUDO� LQWHUDFWLRQ
WKDW�LV�FRQVLVWHQW�ZLWK�SV\FKRSK\VLFDO�DQG�SK\VLRORJ�
LFDO� GDWD� RQ� QRUPDO� DQG� LPSDLUHG� DXGLWRU\� V\VWHPV
DQG�����DSSO\�RXU�UHVXOWV�WR�WKH�GLDJQRVLV�DQG�WUHDW�
PHQW�RI�KHDULQJ�LPSDLUPHQWV��&XUUHQW�ZRUN�LV�LQ�WZR
DUHDV������VWXG\�RI�WKH�ODWHUDOL]DWLRQ�RI�WUDQVLHQW�QRLVH
EXUVWV� ZLWK� WLPH�YDU\LQJ� LQWHUDXUDO� GHOD\V��� DQG� ���
DQDO\VLV�RI�WKH�DFRXVWLF�FXHV�WKDW�XQGHUOLH�WKH�ORFDO�
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3XEOLFDWLRQV

=XUHN��3�0���DQG�.��6DEHUL���6WLPXOXV�WRNHQ�(IIHFWV�LQ
WKH�/DWHUDOL]DWLRQ�RI�7ZR�WUDQVLHQW�6WLPXOL���VXE�
PLWWHG�WR�WKH�-��$FRXVW��6RF��$P���

=XUHN��3�0���DQG�%�*��6KLQQ�&XQQLQJKDP���/RFDOL]D�
WLRQ� &XHV� LQ� ,QWHQVLW\�GLIIHUHQFH� 6WHUHRSKRQ\��
VXEPLWWHG�WR�WKH�-��$FRXVW��6RF��$P�

��� 9LUWXDO�(QYLURQPHQW�7HFKQRORJ\�IRU�
7UDLQLQJ

6SRQVRU

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������.������
*UDQW�1���������.������
*UDQW�1����������������
*UDQW�1���������������

3URMHFW�6WDII

1DWKDQLHO� ,�� 'XUODFK�� 'U�� 0DQGD\DP� $�� 6ULQLYDVDQ�
'U��-��.HQQHWK�6DOLVEXU\��'U��7KRPDV�(�Y��:LHJDQG�
/RUUDLQH�$��'HOKRUQH��'U��&DJDWD\�%DVGRJDQ��'DYLG
:�� 6FKORHUE�� $GULHQQH� +�� 6ODXJKWHU�� .DUL� $QQH� +�
.MRODDV�� /DMRV� 0ROQDU�� (YDQ� )�� :LHV�� &KL�+DR� +R�
$OH[DQGUD�,��+RX��'DYLG�(��'L)UDQFR��+DQIHQJ�<XDQ�
:DQ�&KHQ�:X

����� ,QWURGXFWLRQ

7KLV�ZRUN�LV�EHLQJ�FRQGXFWHG�ZLWKLQ�9LUWXDO�(QYLURQ�
PHQW�7HFKQRORJ\� IRU�7UDLQLQJ� �9(77���D� ODUJH� LQWHU�
GLVFLSOLQDU\��LQWHU�LQVWLWXWLRQDO�SURJUDP�ZKLFK�LV�VWXG\�
LQJ�WKH�XVH�RI�YLUWXDO�HQYLURQPHQW��9(��WHFKQRORJ\�WR
LPSURYH�1DY\� WUDLQLQJ�� $W�5/(�� WZR� FRPSRQHQWV� RI
WKLV� SURJUDP� DUH� EHLQJ� SXUVXHG�� ���� HQDEOLQJ
UHVHDUFK� RQ� WKH� KXPDQ� RSHUDWRU� �(5+2�� DQG� ���
GHYHORSPHQW�RI�KDSWLF�LQWHUIDFHV�DQG�PXOWLPRGDO�YLU�
WXDO� HQYLURQPHQWV�� 7KH� (5+2� FRPSRQHQW� LV� FRQ�
FHUQHG�ZLWK�KRZ�KXPDQ�SHUFHSWLRQ�DQG�SHUIRUPDQFH
LQ� YLUWXDO� HQYLURQPHQWV� �9(V�� GHSHQG� XSRQ� ���� WKH
SK\VLFDO� FKDUDFWHULVWLFV� RI� WKH� 9(� V\VWHP�� ���� WKH
WDVN�EHLQJ�SHUIRUPHG��DQG�����WKH�XVHU¶V�H[SHULHQFH
ZLWK�WKH�V\VWHP�DQG�WKH�WDVN��7R�WKH�H[WHQW�WKDW� WKH
(5+2�UHVHDUFK�LV�VXFFHVVIXO��WKH�UHVXOWV�ZLOO�QRW�RQO\
SURYLGH� LPSRUWDQW� LQIRUPDWLRQ� IRU� WKH� GHVLJQ� DQG
HYDOXDWLRQ� RI� 9(� WUDLQLQJ� V\VWHPV�� EXW� DOVR� IRU� 9(
V\VWHPV� LQ� JHQHUDO�� 7KH� VHFRQG� FRPSRQHQW� LV
IRFXVHG�RQ�WKH�GHYHORSPHQW�RI�KDSWLF�LQWHUIDFHV�WKDW
HQDEOH�WKH�XVHU�WR�WRXFK��IHHO�DQG�PDQLSXODWH�REMHFWV
LQ�9(V��6RIWZDUH�LV�EHLQJ�GHYHORSHG�WR�JHQHUDWH�KDS�

WLF�VWLPXOL�DQG�WR�LQWHJUDWH�YLVXDO��DXGLWRU\��DQG�KDSWLF
GLVSOD\V��([SHULPHQWV�RQ�PXOWLPRGDO�LOOXVLRQV�GXH�WR
LQWHUDFWLRQV� EHWZHHQ� KDSWLF� DQG� YLVXDO� RU� DXGLWRU\
GLVSOD\V� KDYH� DOVR� EHHQ� FRQGXFWHG�� 7KH� SURJUHVV
RYHU� WKH�SDVW�\HDU� LQ�(5+2��KDSWLF� LQWHUIDFH�GHYHO�
RSPHQW��DQG�PXOWLPRGDO�9(V�LV�GHVFULEHG�LQ�WKH�IRO�
ORZLQJ�VXEVHFWLRQV�

����� 9LVXDO�'HSWK�3HUFHSWLRQ�LQ�9(V

5HVHDUFK�KDV�FRQWLQXHG�RQ�GHSWK�SHUFHSWLRQ�YLD�VWH�
UHRSVLV�DQG�PRWLRQ�SDUDOOD[��7KH�UHVHDUFK�RQ�VWHUH�
RSVLV�� ZLWK� HPSKDVLV� RQ� DGDSWDWLRQ� WR� LQFUHDVHG
LQWHUSXSLOODU\� GLVWDQFH�� KDV� QHDUO\� EHHQ� FRPSOHWHG�
ZLWK�PRVW�RI� WKH� UHVXOWV� WKDW�ZH�KDYH�REWDLQHG�QRZ
DYDLODEOH�LQ�'DYLG�6FKORHUE¶V�3K�'��GLVVHUWDWLRQ��&XU�
UHQW�ZRUN�LQ�WKLV�DUHD�LV�GLUHFWHG�WRZDUG�GHWHUPLQLQJ
WKH� HIIHFWV� RI� DQWLDOLDVLQJ� RQ� GHSWK� UHVROXWLRQ� DQG
SUHSDULQJ�DUWLFOHV�IRU�SXEOLFDWLRQ�

,Q� DQ� DGGLWLRQDO� H[SHULPHQW� UHODWHG� WR� VWHUHRSVLV
GHSWK� FXHV�� ZH� KDYH� H[SORUHG� WKH� HIIHFW� RI� WKHVH
FXHV�RQ�FRQWUDVW� LQGXFWLRQ��&RQWUDVW� LQGXFWLRQ� LV�DQ
H[DPSOH� RI� ODWHUDO� LQWHUDFWLRQ�� D� IRUP� RI� LQWHUDFWLRQ
WKDW� LV� FRPPRQ� LQ� YLVXDO� SHUFHSWLRQ�� SHUFHLYHG
EULJKWQHVV� DV� ZHOO� DV� FKURPDWLFLW\� RI� D� UHJLRQ� LQ� D
VFHQH�DUH�DIIHFWHG�E\�QHDUE\�UHJLRQV��DV�LV�DSSDUHQW
FRQWUDVW�DQG�WKH�SHUFHSWLRQ�RI�PRWLRQ��7KHVH�HIIHFWV
FDQ�EH�UHJDUGHG�DV�D�PHDQV�WR�DXJPHQW�GLIIHUHQFHV
EHWZHHQ�UHJLRQV�DQG�PD\�VHUYH�WR�HQKDQFH�GLVFULP�
LQDELOLW\��

7KH� DYDLODELOLW\� RI� VWHUHRVFRSLF� GLVSOD\V� IRU�ZRUN� LQ
9(V�UDLVHV�WKH�LVVXH�ZKHWKHU�VWHUHR�GHSWK�ZLOO�DIIHFW
LQGXFWLRQ� SURFHVVHV� DQG� SRVVLEO\� GLVFULPLQDELOLW\²
IDFWRUV� ZKLFK� PD\� QHHG� WR� EH� FRQVLGHUHG� LQ� WKH
GHVLJQ� RI� 9(� GLVSOD\� V\VWHPV�� )RU� H[DPSOH�� GHSWK
OD\RXW�RI�D�VFHQH�KDV�EHHQ�VKRZQ�WR�DIIHFW�SHUFHLYHG
EULJKWQHVV�

,Q� WKLV�VHW�RI�H[SHULPHQWV��ZH�EHJDQ� WR�H[SORUH� WKH
HIIHFWV�RI�VWHUHRVFRSLF�GHSWK�FXHV�RQ�FRQWUDVW�LQGXF�
WLRQ��LQ�ZKLFK�WKH�SHUFHLYHG�FRQWUDVW�RI�D�WH[WXUHG�WHVW
UHJLRQ� LV�DIIHFWHG�E\� WKH�FRQWUDVW�RI� D� WH[WXUHG�VXU�
URXQG�� $� FHQWUDO� WHVW� UHJLRQ�ZDV� VXUURXQGHG� E\� DQ
DQQXODU�LQGXFLQJ�UHJLRQ��%RWK�UHJLRQV�ZHUH�ILOOHG�ZLWK
UDQGRP�GRW�SDWWHUQV�ZKRVH�FRQWUDVW�FRXOG�EH�PRGX�
ODWHG�LQ�WLPH��,Q�RUGHU�WR�UHGXFH�LQKRPRJHQHRXV�ORFDO
EULJKWQHVV�DGDSWDWLRQ��ZKLFK�PD\�OHDG�WR�D�FRQWDPL�
QDWLRQ�RI�WKH�VWLPXOXV�ZLWK�EULJKWQHVV�LQGXFWLRQ��D�GLI�
IHUHQW� UDQGRP� GRW� SDWWHUQ� ZDV� SUHVHQWHG� IRU� HDFK
IUDPH� RI� WKH� GLVSOD\�� ZKLFK� ZDV� XSGDWHG� DW� ���+]�
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7KLV�UHVXOWHG�LQ�D�G\QDPLF�UDQGRP�QRLVH�VWLPXOXV�LQ
ZKLFK� WKH� WLPH�DYHUDJHG� PHDQ� OXPLQDQFH� ZDV� WKH
VDPH�IRU�DOO�SRLQWV�

6WLPXOL� ZHUH� YLHZHG� WKURXJK� &U\VWDO� (\HV� VWHUHR
JODVVHV��LQ�WKLV�ZD\��WKH�GLVSDULW\�RI�WKH�WHVW�DQG�VXU�
URXQG� UHJLRQV� FRXOG� EH�PDGH� WR� GLIIHU�� 7KRXJK� WKH
VWLPXOXV�KDG� WKH�DSSHDUDQFH�RI� �VQRZ��RQ�D� WHOHYL�
VLRQ�VHW�GXH�WR�LWV�G\QDPLF�UDQGRP�QDWXUH��WKH�FRUUH�
ODWLRQ� RI� GRWV� EHWZHHQ� OHIW� DQG� ULJKW� H\HV� HOLFLWHG� D
VWDEOH� GHSWK� SHUFHSW�� 7KLV� VWLPXOXV� FRQILJXUDWLRQ
FRXOG� EH� XVHG� WR� VLPXODWH� WZR� VXUIDFHV� DW� GLIIHUHQW
GHSWKV� RQWR� ZKLFK� G\QDPLF� GRW� SDWWHUQV� ZHUH� SUR�
MHFWHG�

7KH�PDJQLWXGH�RI�LQGXFHG�FRQWUDVW�ZDV�HVWLPDWHG�IRU
WKUHH� WHVW� FRQGLWLRQV�� LQ� WKH� ILUVW�� WKH� WHVW� DQG� VXU�
URXQG� ERWK� OD\� LQ� WKH� SODQH� RI� WKH� VFUHHQ�� )RU� WKH
RWKHU�WZR��WKH�GLVSDULW\�RI�WKH�VXUURXQG�ZDV�PRGLILHG
VR�WKDW�WKH�DQQXOXV�DSSHDUHG�WR�HLWKHU�OLH� LQ� IURQW�RI
WKH�SODQH�RI�WKH�VFUHHQ��DQG�WKXV�LQ�IURQW�RI�WKH�WHVW�RU
EHKLQG�LW��$�QXOOLQJ�PHWKRG��ZDV�XVHG�WR�HVWLPDWH�WKH
PDJQLWXGH� RI� LQGXFHG� FRQWUDVW� LQ� WKH� WHVW� UHJLRQ�
0RGXODWLQJ�WKH�FRQWUDVW�RI� WKH�VXUURXQG�VLQXVRLGDOO\
LQ� WLPH� LQGXFHG�D�PRGXODWLRQ� LQ� WKH� SHUFHLYHG� FRQ�
WUDVW�RI�WKH�WHVW�UHJLRQ�ZKLFK�ZDV�LQ�RSSRVLWH�SKDVH
WR� WKDW� RI� WKH� VXUURXQG�� 7KLV� LQGXFHG� PRGXODWLRQ
FRXOG�EH�QXOOHG�ZLWK�D�UHDO�FRQWUDVW�PRGXODWLRQ�LQVLGH
RI� WHVW� ILHOG�� 7KH� PDJQLWXGH� RI� WKH� PRGXODWLRQ
UHTXLUHG� WR� QXOO� WKH� DSSDUHQW�PRGXODWLRQ� RI� WKH� WHVW
SURYLGHG� DQ� HVWLPDWH� RI� WKH� PDJQLWXGH� RI� LQGXFHG
FRQWUDVW�

%HFDXVH�REVHUYHUV�ILQG�LW�GLIILFXOW�WR�SUHFLVHO\�VHW�WKH
QXOOLQJ� DPSOLWXGH� WR� DFKLHYH� DQ� H[DFW� QXOO�� WKH
PHWKRG� RI� FRQVWDQW� VWLPXOL� ZDV� XVHG�� $� VKRUW� WRQH
ZDV� V\QFKURQL]HG� ZLWK� WKH� WURXJK� RI� WKH� LQGXFLQJ
PRGXODWLRQ��ZKLOH�D�ORQJHU�WRQH�LQGLFDWHG�WKH�SHDN�RI
WKH� LQGXFLQJ�PRGXODWLRQ��7KH�REVHUYHU� LQGLFDWHG�E\
SUHVVLQJ�D�EXWWRQ�ZKHWKHU� WKH�SHUFHLYHG�FRQWUDVW�RI
WKH�WHVW�UHJLRQ�ZDV�KLJKHU�DW�WKH�SKDVH�RI�WKH�PRGX�
ODWLRQ� LQGLFDWHG�E\� WKH� ORQJ� WRQH�RU�YLFH� YHUVD��7KH
SHUFHQWDJH� RI� UHVSRQVHV� FRUUHVSRQGLQJ� WR� D� SHU�
FHLYHG�KLJK�FRQWUDVW�GXULQJ�WKH�ORQJ�WRQH�ZDV�SORWWHG
DV�D�IXQFWLRQ�RI�QXOOLQJ�DPSOLWXGH�WR�\LHOG�SV\FKRPHW�
ULF�FXUYHV�IRU�WKH�QXOOLQJ�RI�LQGXFHG�FRQWUDVW�

7KH� UHVXOWLQJ� SV\FKRPHWULF� IXQFWLRQV� �REWDLQHG� IRU
WKUHH�REVHUYHUV�DQG�ILWWHG�ZLWK�:HLEXOO�FXUYHV��VKRZ
WKDW�D� OHVVHU� QXOOLQJ�PRGXODWLRQ�ZDV� UHTXLUHG�ZKHQ
WKH� WHVW� DQG� VXUURXQG� UHJLRQV� OLH� LQ� GLIIHUHQW� GHSWK
SODQHV�WKDQ�ZKHQ�WKH\�ZHUH�FRSODQDU��7KHVH�UHVXOWV
VXJJHVW� WKDW� �'� LQIRUPDWLRQ� LQ� YLVXDO� VFHQHV� PD\
DIIHFW�SHUFHLYHG�FRQWUDVW�SKHQRPHQD�

5HVHDUFK� RQ� GHSWK� SHUFHSWLRQ� YLD� PRWLRQ� SDUDOOD[
KDV�EHHQ�VHULRXVO\�KDPSHUHG�E\�WKH�GHSDUWXUH�RI�WKH
SRVWGRFWRUDO� IHOORZ�ZKR�ZDV�ZRUNLQJ�RQ� WKLV�SURMHFW
DQG� E\� GLIILFXOWLHV� ZLWK� WKH� H[SHULPHQWDO� DSSDUDWXV�
'XULQJ�WKH�SDVW�\HDU�ZH�KDYH�DGGUHVVHG�WKH�FULWLFDO
SUREOHPV� ZLWK� WKH� DSSDUDWXV� DQG� DUH� QRZ� DEOH� WR
SUHVHQW�KHDGWUDFNHG��DQWLDOLDVHG��UDQGRP�GRW�VWLPXOL�
UHQGHUHG� DW� ��� +]�� ZKLFK� FRQYH\� GHSWK� VROHO\
WKURXJK�PRWLRQ�SDUDOOD[�FXHV�

:H�KDYH�GHFLGHG�WR�WHPSRUDULO\�IRUJR�WKH�XVH�RI�WKH
VHUYR�FRQWUROOHG� ³ELWH� EDU´� EHFDXVH� RI� D� YDULHW\� RI
RQJRLQJ�SUREOHPV�ZLWK�ERWK�WKH�PHFKDQLVP�DQG�WKH
FRQWURO�DOJRULWKPV��7KH�PDMRU�UHVXOW�ZKLFK�ZH�VRXJKW
LQ�XVLQJ�WKLV�FRPSOH[�DUUDQJHPHQW�ZDV�SUHFLVH�FRQ�
WURO�RI�WKH�YHORFLW\�RI�WKH�XVHUV�KHDG�PRWLRQ��)RU�WKH
QHDU�WHUP� H[SHULPHQWV�� FRQWURO� RI� YHORFLW\� LV
DFKLHYHG� WKURXJK� VXEMHFW� LQVWUXFWLRQ� FRXSOHG� ZLWK
HOLPLQDWLRQ� RI� WULDOV� LQ� ZKLFK� WKH�PHDVXUHG� YHORFLW\
H[FHHGV�DQ�DFFHSWDEOH�UDQJH��

,Q� RXU� HDUOLHU� H[SHULPHQWV�� VXEMHFWV� YLHZHG� D� VSOLW�
ILHOG� UDQGRP�GRW�GLVSOD\�� DQG� WKHLU� DELOLW\� WR� LGHQWLI\
WKH�QHDUHU�ILHOG�ZDV�PHDVXUHG��:H�KDYH�VLQFH�FRP�
SOHWHG�D�QXPEHU�RI�HQKDQFHPHQWV� WR� WKLV�SUHVHQWD�
WLRQ�� ,PSURYHPHQWV� LQ� WKH� DQWLDOLDVLQJ� SURFHGXUH
XVHG�IRU�UHQGHULQJ�WKH�GRWV��\LHOGLQJ�ILQHU�VSDWLDO�UHV�
ROXWLRQ� DQG� VPRRWKHU� PRWLRQ�� ZDV� LPSOHPHQWHG�
$OVR�� WKH� VSOLW�ILHOG� GLVSOD\� ZDV� UHSURJUDPPHG� WR
LQVWHDG�IROORZ�D�VLQXVRLGDO�FXUYH�LQ�GHSWK���7KH�SUHYL�
RXV�VSOLW�ILHOG�DUUDQJHPHQW�FRXOG�EH�WKRXJKW�RI�DV�D
VTXDUH� ZDYH� LQ� GHSWK�� WKH� KLJK� VSDWLDO� IUHTXHQF\
FRPSRQHQWV� DW� WKH� GHSWK� WUDQVLWLRQV� ZHUH� SRWHQWLDO
DUWLIDFWV� WKDW� KDYH� EHHQ� HOLPLQDWHG� LQ� WKH� FXUUHQW
DUUDQJHPHQW��

7KH�SV\FKRPHWULF�SURFHGXUH��LQWHUOHDYHG�VWDLUFDVHV�
LV�LQ�SODFH�WR�GHWHUPLQH�WKUHVKROGV�IRU�WKH�SHUFHSWLRQ
RI�GHSWK�LQ�WKHVH�VWLPXOL�DV�ZH�VDPSOH�WKH�SDUDPHWHU
VSDFH�FRQVLVWLQJ�LQLWLDOO\�RI�WKH�IROORZLQJ�WKUHH�GLPHQ�
VLRQV�� ���� IUDPH� UDWH�� ���� VSDWLDO� UHVROXWLRQ� RI� KHDG
SRVLWLRQ� LQIRUPDWLRQ�� DQG� ���� GHOD\� EHWZHHQ� KHDG
PRWLRQ�DQG�VWLPXOXV�GLVSOD\��7KH�H[SHULPHQWDO�FRQGL�
WLRQV� DUH� RUJDQL]HG� DORQJ� WKHVH� WKUHH� GLPHQVLRQV�
DQG�WKH�UHVXOWLQJ�WKUHVKROG�YDOXHV�IRU�HDFK�FRPELQD�
WLRQ�RI�WKH�FRQGLWLRQV�ZLOO�UHYHDO�WKH�DUHDV�RI�JUHDWHVW
SHUFHSWXDO�VHQVLWLYLW\�

$�VHFRQG�VHW�RI�H[SHULPHQWV�EDVHG�RQ�WKHVH�ILQGLQJV
KDV�DOVR�EHHQ�GHVLJQHG�WR�H[SORUH�WKH�HIIHFWV�RI�VSD�
WLRWHPSRUDO� MLWWHU� �XQFHUWDLQW\� LQ� KHDG� SRVLWLRQ�PHD�
VXUHPHQW���DQG� WKH�HIIHFWV�RI�VSDWLDO�TXDQWL]DWLRQ� LQ
WKH�GLVSOD\��SL[HO�VL]H�DQG�UHVXOWLQJ�YR[HO�VL]H���PHD�
VXUHV�ZKLFK�KDYH�SDUWLFXODU�UHOHYDQFH�ZLWK�UHVSHFW�WR
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OLPLWV�RQ�DFFHSWDEOH�LQWHU�SURFHVV�GHOD\V�DQG�SHULRG�
LFLW\�� DQG� WKH� UHTXLUHG� UHVROXWLRQ�RI� WKH�GLVSOD\� V\V�
WHP�

:H� KDYH� DOVR� SURGXFHG�D� FROOHFWLRQ� RI� UDQGRP�GRW
GLVSOD\V� RI� WKUHH�GLPHQVLRQDO� REMHFWV�ZKLFK� FDQ� EH
GLVDPELJXDWHG�WKURXJK�PRWLRQ�SDUDOOD[��,QLWLDO�H[SHUL�
HQFH�ZLWK� WKHVH�VWLPXOL�FRQILUPV�SUHYLRXV�DQHFGRWDO
UHSRUWV� RI� D� ORQJ� WLPH�FRQVWDQW� IRU� WKH� DSSHDUDQFH
DQG�VXEVHTXHQW�GHFD\�RI�WKH�GHSWK�HIIHFW��7KH�H[LVW�
HQFH�RI�WKLV�VORZ�SURFHVV�PD\�SURYLGH�LQVLJKW�DERXW
WKH� OHYHO� RI� VHQVLWLYLW\� RI� WKH� GHSWK� SHUFHSW� WR� VSD�
WLRWHPSRUDO� MLWWHU�� 6\VWHPDWLF� H[SORUDWLRQ� RI� WKHVH
UHVXOWV�PD\�EH�ZDUUDQWHG��SHQGLQJ�WKH�UHVXOWV�RI�WKH
VLQXVRLGDO�FXUYH�H[SHULPHQWV�

����� 6HQVRULPRWRU�/RRS�5HVHDUFK�RQ�
$GDSWDWLRQ�WR�$OWHUHG�5HODWLRQV�
%HWZHHQ�9LVXDO�DQG�3URSULRFHSWLYH�
.LQHVWKHWLF�,QIRUPDWLRQ�RQ�+DQG�
3RVLWLRQ

'XULQJ�WKH�SDVW�IXQGLQJ�SHULRG��ZH�FRPSOHWHG�D�ORQJ
VHULHV� RI� H[SHULPHQWV� RQ� DGDSWDWLRQ� WR� DOWHUDWLRQV
EDVHG� RQ� VLPSOH� UHFWLOLQHDU� DQG� SRODU� WUDQVIRUPD�
WLRQV�� 7KHVH� H[SHULPHQWV� ZHUH� WKHQ� DXJPHQWHG� E\
H[SHULPHQWV� LQ� ZKLFK� WKH� WUDQVIRUPDWLRQ� ZDV� PRUH
GLIILFXOW�IRU�VXEMHFWV�WR�FRQFHSWXDOL]H�LQ�WHUPV�RI�VLP�
SOH�FRRUGLQDWH�WUDQVIRUPDWLRQV�

,Q�RUGHU�WR�H[DPLQH�WKH�PDQ\�UHOHYDQW�DVSHFWV�RI�WKH
UHVXOWLQJ�GDWD��D�FROOHFWLRQ�RI�SURFHVVLQJ�PDFURV�KDG
WR� EH� ZULWWHQ� �LQ� ([FHO��� 7KLV� WDVN� WXUQHG� RXW� WR� EH
PRUH� ODERU�LQWHQVLYH� WKDQ� H[SHFWHG�� KRZHYHU� LW� GLG
HQDEOH�XV�WR�SURFHVV�WKH�ODUJH�DPRXQWV�RI�GDWD�LQ�D
PDQQHU�WKDW�LV�QRZ�IDFLOLWDWLQJ�PRGHO�GHYHORSPHQW�

7KH�FXUUHQW�DSSURDFK�WR�PRGHOLQJ�WKHVH�UHVXOWV�FRQ�
WLQXHV�WR�FHQWHU�RQ�D�WZR�FRPSRQHQW�DGDSWDWLRQ�SUR�
FHVV��7KH�ILUVW�FRPSRQHQW�LV�DVVXPHG�WR�EH�GLUHFWHG
WRZDUG�FRPSHQVDWLRQ� IRU�D� VLPSOH�DSSUR[LPDWLRQ� WR
WKH� LPSRVHG� WUDQVIRUPDWLRQ�DQG� WR�KDYH�D� UHODWLYHO\
IDVW�DGDSWDWLRQ�UDWH�� WKH�VHFRQG�SURFHVV� LV�GLUHFWHG
WRZDUG�UHILQHPHQW�RI�WKH�DSSUR[LPDWLRQ�DQG�WR�KDYH
D�UHODWLYHO\�VORZ�DGDSWDWLRQ�UDWH��L�H���LWV�HIIHFW�LV�QRW
QRWLFHDEOH�XQWLO�WKH�ILUVW�LV�HVVHQWLDOO\�FRPSOHWH���7KH
PRVW� FUXFLDO� SUREOHPV� IDFHG� LQ� WKH� GHYHORSPHQW� RI
WKLV�PRGHO�FRQFHUQ�WKH�FRQVWUXFWLRQ�RI�DGHTXDWH�JHQ�
HUDO� FULWHULD� IRU� GHILQLQJ� WKH� FKDUDFWHULVWLFV� RI� WKH
DSSUR[LPDWLRQV� XVHG� LQ� WKH� ILUVW� SURFHVV� �L�H��� IRU
GHILQLQJ�³VLPSOLFLW\´���,Q�GHYHORSLQJ�WKLV�PRGHO��DWWHQ�
WLRQ� LV�EHLQJ� JLYHQ�QRW� RQO\� WR� WKH�DERYH� GHVFULEHG
GDWD��EXW�DOVR�WR�RWKHU�GDWD�WKDW�KDYH�EHHQ�FROOHFWHG

RQ� VHQVRULPRWRU� DGDSWDWLRQ� LQ� RXU� ODERUDWRU\� �H�J��
FRQFHUQLQJ� DXGLWRU\� ORFDOL]DWLRQ��� DV� ZHOO� DV� UHVXOWV
DYDLODEOH�LQ�WKH�OLWHUDWXUH�

����� 6HQVRULPRWRU�,QYROYHPHQW�IRU�WKH�
7UDLQLQJ�RI�&RJQLWLYH�6NLOOV���+DSWLF�
(QKDQFHPHQW�RI�0HPRU\

3UHYLRXV�H[SHULPHQWV�H[DPLQLQJ�WKH�HIIHFWV�RI�KDSWLF
LQYROYHPHQW�LQ�WKH�PHPRUL]DWLRQ�DQG�UHFDOO�RI�VLPSOH
VHTXHQFHV� �VHH� VHFWLRQ� ���� LQ� RXU� (5+2� SURSRVDO
IURP�ODVW�\HDU��SURGXFHG�ODUJH�LQWHUVXEMHFW�YDULDELOLW\
DQG� XQFOHDU� UHVXOWV��+RZHYHU�� WKHUH�ZDV� QR� LQGLFD�
WLRQ�WKDW�WKH�DGGLWLRQ�RI�KDSWLF�LQYROYHPHQW�LPSURYHG
SHUIRUPDQFH� RYHU� WKH� SHUIRUPDQFH� DFKLHYHG� ZLWK
YLVLRQ�DORQH�

,Q� DQ� DWWHPSW� WR� FODULI\� WKLV� LVVXH�� ZH�PRGLILHG� WKH
H[SHULPHQWDO� SURFHGXUH� LQ�D�QXPEHU�RI�ZD\V��)LUVW�
DOO�H[SHULPHQWV�ZHUH�DGPLQLVWHUHG�LQ�D�IRUFHG�FKRLFH
SDUDGLJP�� 6HFRQG�� WKH� VWLPXOXV� VHWV� ZHUH� WHVWHG
VHSDUDWHO\� UDWKHU� WKDQ� LQWHUPL[HG�� 7KLUG�� WKH
UHVSRQVH�PRGH�ZDV�YDULHG��

([SHULPHQW�����ZDV�GHVLJQHG� WR�GHWHUPLQH�ZKHWKHU
WKH�PDQQHU� LQ�ZKLFK� WKH�FRQGLWLRQV�DUH� WHVWHG� �L�H��
VHWV� RI� VHTXHQFHV� WHVWHG�VHSDUDWHO\� DV�RSSRVHG� WR
LQWHUPL[HG��KDV�DQ�HIIHFW�RQ�SHUIRUPDQFH��6XEMHFWV
LQFOXGHG�WZR�JURXSV�RI����VXEMHFWV�HDFK��7KH�VWLPXOL
ZHUH�WZR�VHWV�RI�VHTXHQFHV��VHW���DQG�VHW����WHVWHG
LQ�WZR�PRGHV��YLVXDO�YHUVXV�YLVXDO�KDSWLF���$OO�WHVWLQJ
ZDV� IRUFHG� FKRLFH�� 7UDLQLQJ� DQG� WHVWLQJ� IRU� HDFK
JURXS�RFFXUUHG�RYHU� WKUHH�VHVVLRQV��WKUHH�FRQVHFX�
WLYH�GD\V���

*URXS� �� ZDV� WUDLQHG� RQ� VHW� �� LQ� WKH� YLVXDO� PRGH�
7HVWLQJ� RFFXUUHG� DW� �� PLQXWHV�� ��� PLQXWHV� DQG� ��
KRXUV� DIWHU� WUDLQLQJ� DQG� FRQVLVWHG� RI� ZULWLQJ� WKH
VHTXHQFHV��7KH\�ZHUH� WKHQ� WUDLQHG�RQ�6HW��� LQ� WKH
YLVXDO�KDSWLF�PRGH�DQG�WHVWHG���PLQXWHV�����PLQXWHV
DQG����KRXUV�DIWHU� WUDLQLQJ��$JDLQ��WHVWLQJ�FRQVLVWHG
RI�ZULWLQJ� WKH� VHTXHQFHV�� $W� WKH� HQG� RI� WKH� H[SHUL�
PHQW��WKH�VWLPXOXV�VHWV�ZHUH�LQWHUPL[HG�DQG�WKH�VXE�
MHFWV�WHVWHG�DJDLQ��

*URXS���ZDV�WUDLQHG�DQG�WHVWHG�LQ�WKH�VDPH�ZD\�EXW
WKH� RUGHU� RI� SUHVHQWDWLRQ� ZDV� UHYHUVHG�� ,Q� RWKHU
ZRUGV�� JURXS� �� UHFHLYHG� WKH� YLVXDO�KDSWLF� FRQGLWLRQ
ILUVW� IROORZHG�E\�WKH�YLVXDO�PRGH��7KH�UHVXOWV�RI�WKLV
H[SHULPHQW� LQGLFDWHG� WKDW�KDSWLF� LQYROYHPHQW�GXULQJ
WUDLQLQJ� GLG� QRW� QHFHVVDULO\� LPSURYH� SHUIRUPDQFH�
7KH�VXEMHFWV� LQ�ERWK�JURXSV� UHFHLYHG�KLJKHU�VFRUHV
RQ� WKH� FRQGLWLRQ� WKDW� WKH\� UHFHLYHG� ODVW�� ,Q� RWKHU
ZRUGV�� JURXS� �� VKRZHG� KLJKHU� SHUIRUPDQFH� LQ� WKH
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YLVXDO�KDSWLF�PRGH�DQG�JURXS���VKRZHG�KLJKHU�SHU�
IRUPDQFH� LQ� WKH� YLVXDO�PRGH��7KH� UHVXOWV� DOVR� LQGL�
FDWHG� WKDW� WKH� PDQQHU� RI� WHVWLQJ� GLG� QRW� PDWWHU�
VXEMHFWV�VFRUHG�DV�ZHOO�RQ�WKH�LQWHUPL[HG�WHVW�FRQGL�
WLRQ� DV� WKH\� GLG� ZKHQ� WHVWHG� RQ� HDFK� VWLPXOXV� VHW
VHSDUDWHO\��

$QRWKHU� UHVXOW� WKDW� HPHUJHG� IURP� WKLV� H[SHULPHQW�
ZKLFK� FRQILUPHG� D� VXUSULVLQJ� UHVXOW� REWDLQHG� LQ� RXU
SUHYLRXV�H[SHULPHQWV��ZDV�WKDW�PHPRU\�IRU�WHVW�VHWV
GLG�QRW�GHFUHDVH�DV�D� IXQFWLRQ�RI� WLPH��VXEMHFWV�GLG
DV�ZHOO�ZKHQ� WHVWHG����KRXUV�DIWHU� WUDLQLQJ�DV� WKH\
GLG�ZKHQ�WHVWHG�ILYH�PLQXWHV�DIWHU�WUDLQLQJ��

$W�WKH�HQG�RI�WKH�ILQDO�WHVW�VHVVLRQ��DOO�VXEMHFWV�ZHUH
DVNHG� IRU� VXEMHFWLYH� LPSUHVVLRQV� RI� WKH� H[SHULPHQW
E\�ILOOLQJ�RXW�D�TXHVWLRQQDLUH�DQG�WKURXJK�D�SHUVRQDO
LQWHUYLHZ� ZLWK� WKH� H[SHULPHQWHU�� 2QH� LQWHUVXEMHFW
YDULDEOH� WKDW� ZDV� UHYHDOHG� E\� WKHVH� VXEMHFWLYH
UHVSRQVHV�ZDV�WKDW�DOWKRXJK�WKH�PDWUL[�ZDV�DOZD\V
DYDLODEOH� GXULQJ� WUDLQLQJ� LQ� WKH� YLVXDO� PRGH�� WKH
GHJUHH� WR� ZKLFK� D� VXEMHFW� XVHG� RU� UHOLHG� RQ� WKH
PDWUL[�YDULHG�DPRQJ�VXEMHFWV��$QRWKHU�SUREOHP�WKDW
RFFXUUHG�GXULQJ�WKH�H[SHULPHQW�ZDV�WKDW�VRPH�VXE�
MHFWV� UHDFKHG�� RU� QHDUO\� UHDFKHG�� FHLOLQJ� SHUIRU�
PDQFH�� 7R� HOLPLQDWH� WKH� LVVXH� RI� KRZ� PXFK� WKH
PDWUL[�LV�XWLOL]HG�LQ�D�SDUWLFXODU�VXEMHFW¶V�WUDLQLQJ�WHVW�
LQJ�� ZH� PDGH� WKH� GHFLVLRQ� WR� XQLIRUPO\� LQVWUXFW� DOO
VXEMHFWV� RQ� WKH� XVH� RI� WKH� PDWUL[� LQ� IXWXUH� H[SHUL�
PHQWV��7R�UHGXFH� WKH�FHLOLQJ�HIIHFW�� WKH�VWLPXOXV�VHW
VL]H�ZDV�LQFUHDVHG�WR�PDNH�IXWXUH�H[SHULPHQWV�PRUH
GLIILFXOW��)LQDOO\��ZH�HOLPLQDWHG�WKH�WHVWV�WKDW�RFFXUUHG
���PLQXWHV�DQG����KRXUV�DIWHU� WUDLQLQJ�DQG�UHWDLQHG
RQO\�WKH�ILYH�PLQXWH�SRVW�WUDLQLQJ�WHVW��

([SHULPHQW�����ZDV�GHVLJQHG�WR�H[SORUH�WKH�HIIHFW�RI
UHVSRQVH� PRGH�� 'R� VXEMHFWV�� DV� H[SHFWHG�� VFRUH
EHWWHU�ZKHQ�WKH�WUDLQLQJ�DQG�WHVWLQJ�DUH�GRQH� LQ� WKH
VDPH�PRGH"�6L[�VXEMHFWV�ZHUH�WHVWHG�XQGHU�WKH�IRO�
ORZLQJ� �� FRQGLWLRQV�� &RQGLWLRQ� ��� WUDLQLQJ�  � YLVXDO�
WHVWLQJ� �ZULWHV�OHWWHU�QXPEHU�VHTXHQFH��FRQGLWLRQ���
WUDLQLQJ�  � KDSWLF�� WHVWLQJ�  � ZULWHV� OHWWHU�QXPEHU
VHTXHQWLDOO\��FRQGLWLRQ���� WUDLQLQJ� �KDSWLF�� WHVWLQJ� 
GUDZV�OLQH�RQ�PDWUL[��,Q�DQ�DWWHPSW�WR�HOLPLQDWH�FHLO�
LQJ� HIIHFWV�� WKH� VWLPXOXV� VHW� VL]HV� ZHUH� LQFUHDVHG
IURP� IRXU� VHTXHQFHV� WR� VL[� VHTXHQFHV��$OO� VXEMHFWV
UHFHLYHG�WKH�FRQGLWLRQV�LQ�WKH�VDPH�RUGHU��FRQGLWLRQ
���������

6DWXUDWLRQ� OHYHOV�ZHUH�VWLOO�SUHVHQW�PDNLQJ�LW�GLIILFXOW
WR�GHWHUPLQH�WKH�HIIHFW�RI�UHVSRQVH�PRGH��7KHUHIRUH�
WKH� VHW� VL]H� ZDV� LQFUHDVHG� IURP� VL[� VHTXHQFHV� WR
HLJKW� VHTXHQFHV��DQG� WKH�H[SHULPHQW�ZDV� UHSHDWHG
ZLWK� ILYH�QHZ�VXEMHFWV��$JDLQ�QHDU� VDWXUDWLRQ� OHYHOV

ZHUH�VHHQ�IRU�DOO�EXW�RQH�VXEMHFW��+RZHYHU��WKH�RQH
VXEMHFW�ZKR�GLG�QRW�DSSURDFK�FHLOLQJ��VKRZHG�D�V\V�
WHPDWLF�LQFUHDVH�LQ�SHUIRUPDQFH�ZLWK�HDFK�FRQGLWLRQ�
,Q�RUGHU�WR�VHH�LI�WKHUH�ZDV�D�OHDUQLQJ�HIIHFW�DVVRFL�
DWHG�ZLWK�PDVWHULQJ�WKH�WDVN��ZH�WHVWHG�KHU�ZLWK�QHZ
VHWV� RI� VWLPXOL� LQ� UHYHUVH� RUGHU� �FRQGLWLRQV� ��� ��� ���
+HU�SHUIRUPDQFH�ZDV�VLPLODU�DFURVV�FRQGLWLRQV�DQG
ZDV�VLPLODU� WR�KHU�SHUIRUPDQFH� LQ� WKH� ODVW�FRQGLWLRQ
�FRQGLWLRQ� ��� RI� WKH� SUHYLRXV� H[SHULPHQW��:H� LQWHU�
SUHWHG�WKHVH�ILQGLQJV�DV�HYLGHQFH�RI�D�OHDUQLQJ�HIIHFW
LQ� WKH� SUHYLRXV� H[SHULPHQW� DQG� WKDW� RQFH� SODWHDX
SHUIRUPDQFH� ZDV� UHDFKHG� WKHUH� ZDV� QR� GLIIHUHQFH
DPRQJ�FRQGLWLRQV��:H�DUH� LQ� WKH�SURFHVV�RI�UHSHDW�
LQJ�H[SHULPHQW����� �VHH�H[SHULPHQW�����EHORZ��ZLWK
VRPH�PRGLILFDWLRQV��7KH�WHVW�VWLPXOL�ZLOO�EH�PRUH�GLIIL�
FXOW�FRPSOH[�DQG�D�UHSHDW�FRQGLWLRQ�ZLOO�EH�DGGHG�WR
H[DPLQH�OHDUQLQJ�HIIHFWV��%HFDXVH�RI�WKLV�UHSHDW�FRQ�
GLWLRQ��FRQGLWLRQ����WUDLQLQJ� �KDSWLF��WHVWLQJ� �ZULWHV
OHWWHU�QXPEHU� VHTXHQWLDOO\�� ZLOO� EH� HOLPLQDWHG� WR
HQDEOH�FRPSOHWLRQ�RI�WHVWLQJ�ZLWKLQ�RQH�VHVVLRQ��

([SHULPHQW�����ZLOO�EH�FRQGXFWHG�ZLWK�WZR�JURXSV�RI
VXEMHFWV� LQ� WZR� FRQGLWLRQV�� �7KH� RQO\� GLIIHUHQFH
EHWZHHQ�WKH�JURXSV�ZLOO�EH�WKH�RUGHU�RI�SUHVHQWDWLRQ��
7KH�VL]H�RI�WKH�VWLPXOXV�VHW�UHPDLQV�DW���VHTXHQFHV
EXW�WKH�VL]H�RI�WKH�PDWUL[�LV�LQFUHDVHG�WR���[����IURP��
[� ���� 7KH� WZR� FRQGLWLRQV� DUH� FRQGLWLRQ� ��� WUDLQLQJ� 
YLVXDO�� WHVWLQJ� �ZULWHV� OHWWHU�QXPEHU� VHTXHQFH�DQG
FRQGLWLRQ����WUDLQLQJ� �KDSWLF��WHVWLQJ� �GUDZV�OLQH�RQ
PDWUL[��:KLFKHYHU�FRQGLWLRQ�LV�SUHVHQWHG�ILUVW�ZLOO�EH
UHSHDWHG�DW�WKH�HQG��ZLWK�D�GLIIHUHQW�VHW�RI�VWLPXOL��WR
WHVW�IRU�OHDUQLQJ�HIIHFWV��,Q�RWKHU�ZRUGV��*URXS���ZLOO
UHFHLYH� WKH� WUDLQLQJ�WHVWLQJ� LQ� WKH� IROORZLQJ� RUGHU�
FRQGLWLRQ����������)RU�JURXS���� WKH�RUGHU�RI� WUDLQLQJ�
WHVWLQJ�ZLOO�EH�UHYHUVHG��FRQGLWLRQ����������

����� &RQYH\LQJ�WKH�7RXFK�DQG�)HHO�RI�
9LUWXDO�2EMHFWV

+DSWLF�GLVSOD\V�DUH�HPHUJLQJ�DV�HIIHFWLYH�LQWHUDFWLRQ
DLGV�IRU�LPSURYLQJ�WKH�UHDOLVP�RI�YLUWXDO�ZRUOGV��%HLQJ
DEOH�WR�WRXFK�� IHHO��DQG�PDQLSXODWH�REMHFWV� LQ�YLUWXDO
HQYLURQPHQWV�KDYH�D�ODUJH�QXPEHU�RI�H[FLWLQJ�DSSOL�
FDWLRQV��7KH�XQGHUO\LQJ�WHFKQRORJ\��ERWK�LQ�WHUPV�RI
HOHFWURPHFKDQLFDO�KDUGZDUH�DQG�FRPSXWHU�VRIWZDUH�
LV�PDWXULQJ�DQG�KDV�RSHQHG�XS�QRYHO�DQG�LQWHUHVWLQJ
UHVHDUFK�DUHDV�

2YHU�WKH�SDVW�IHZ�\HDUV��ZH�KDYH�GHYHORSHG�GHYLFH
KDUGZDUH�� LQWHUDFWLRQ� VRIWZDUH� DQG� SV\FKRSK\VLFDO
H[SHULPHQWV�SHUWDLQLQJ�WR�KDSWLF�LQWHUDFWLRQV�ZLWK�YLU�
WXDO� HQYLURQPHQWV� �UHFHQW� UHYLHZV� RQ� KDSWLF� LQWHU�
IDFHV� FDQ� EH� IRXQG� LQ� 6ULQLYDVDQ� ������� DQG
6ULQLYDVDQ� DQG� %DVGRJDQ� ��������� 7ZR� PDMRU
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GHYLFHV� IRU�SHUIRUPLQJ�SV\FKRSK\VLFDO�H[SHULPHQWV�
WKH� OLQHDU� DQG� SODQDU� JUDVSHUV�� KDYH� EHHQ� GHYHO�
RSHG��7KH�OLQHDU�JUDVSHU�LV�FDSDEOH�RI�VLPXODWLQJ�IXQ�
GDPHQWDO�PHFKDQLFDO� SURSHUWLHV� RI� REMHFWV� VXFK� DV
FRPSOLDQFH�� YLVFRVLW\� DQG�PDVV� GXULQJ� KDSWLF� LQWHU�
DFWLRQV�� 9LUWXDO� ZDOOV� DQG� FRUQHUV� ZHUH� VLPXODWHG
XVLQJ�WKH�SODQDU�JUDVSHU��LQ�DGGLWLRQ�WR�WKH�VLPXODWLRQ
RI� WZR�VSULQJV�ZLWKLQ�LWV�ZRUNVSDFH��7KH�3+$17R0�
DQRWKHU� KDSWLF� GLVSOD\� GHYLFH� GHYHORSHG� SUHYLRXVO\
E\�'U��.HQQHWK�6DOLVEXU\
V�JURXS�DW�WKH�0,7�$UWLILFLDO
,QWHOOLJHQFH�/DERUDWRU\��KDV�EHHQ�XVHG�WR�SURWRW\SH�D
ZLGH� UDQJH�RI� IRUFH�EDVHG�KDSWLF�GLVSOD\�SULPLWLYHV�
$�YDULHW\�RI�KDSWLF�UHQGHULQJ�DOJRULWKPV�IRU�GLVSOD\LQJ
WKH�VKDSH�� FRPSOLDQFH�� WH[WXUH��DQG� IULFWLRQ�RI� VROLG
VXUIDFHV�KDYH�EHHQ�LPSOHPHQWHG�RQ�WKH�3+$17R0�
$OO�WKH�WKUHH�GHYLFHV�KDYH�EHHQ�XVHG�WR�SHUIRUP�SV\�
FKRSK\VLFDO�H[SHULPHQWV�DLPHG�DW�FKDUDFWHUL]LQJ�WKH
VHQVRULPRWRU� DELOLWLHV� RI� WKH� KXPDQ� XVHU� DQG� WKH
HIIHFWLYHQHVV� RI� FRPSXWDWLRQDOO\� HIILFLHQW� UHQGHULQJ
DOJRULWKPV�LQ�FRQYH\LQJ�WKH�GHVLUHG�REMHFW�SURSHUWLHV
WR�WKH�KXPDQ�XVHU�

7KH�IROORZLQJ�VHFWLRQV�VXPPDUL]H�WKH�SURJUHVV�RYHU
WKH�SDVW�\HDU�LQ�RXU��7RXFK�/DE��DW�5/(��:H�PDLQO\
GHVFULEH� WKH� PDMRU� DGYDQFHV� LQ� D� QHZ� GLVFLSOLQH�
&RPSXWHU�+DSWLFV��DQDORJRXV�WR�FRPSXWHU�JUDSKLFV��
WKDW�LV�FRQFHUQHG�ZLWK�WKH�WHFKQLTXHV�DQG�SURFHVVHV
DVVRFLDWHG� ZLWK� JHQHUDWLQJ� DQG� GLVSOD\LQJ� KDSWLF
VWLPXOL�WR�WKH�KXPDQ�XVHU�

����� +DSWLF�5HQGHULQJ�7HFKQLTXHV��3RLQW�
DQG�5D\�%DVHG�,QWHUDFWLRQV

+DSWLF�UHQGHULQJ��D�UHODWLYHO\�QHZ�DUHD�RI�UHVHDUFK��LV
FRQFHUQHG�ZLWK�UHDO�WLPH�GLVSOD\�RI�WKH�WRXFK�DQG�IHHO
RI�YLUWXDO�REMHFWV�WR�D�KXPDQ�RSHUDWRU�WKURXJK�D�IRUFH
UHIOHFWLQJ�GHYLFH��,W�FDQ�EH�FRQVLGHUHG�DV�D�VXE�GLVFL�
SOLQH�RI�FRPSXWHU�KDSWLFV��$�PDMRU�FRPSRQHQW�RI�WKH
UHQGHULQJ�PHWKRGV�GHYHORSHG� LQ�RXU� ODERUDWRU\� LV�D
VHW� RI� UXOH�EDVHG� DOJRULWKPV� IRU� GHWHFWLQJ� FROOLVLRQV
EHWZHHQ�WKH�JHQHULF�SUREH��HQG�HIIHFWRU��RI�D�IRUFH�
UHIOHFWLQJ�URERWLF�GHYLFH�DQG�REMHFWV�LQ�9(V��:H�XVH
D�KLHUDUFKLFDO� GDWDEDVH��PXOWL�WKUHDGLQJ� WHFKQLTXHV�
DQG�HIILFLHQW�VHDUFK�SURFHGXUHV� WR� UHGXFH� WKH�FRP�
SXWDWLRQDO� WLPH� DQG� PDNH� WKH� FRPSXWDWLRQV� DOPRVW

LQGHSHQGHQW�RI� WKH�QXPEHU�RI�SRO\JRQV�RI� WKH�SRO\�
KHGURQ�UHSUHVHQWLQJ�WKH�REMHFW��2XU�KDSWLF� WH[WXULQJ
WHFKQLTXHV�HQDEOH�XV�WR�PDS�VXUIDFH�SURSHUWLHV�RQWR
WKH�VXUIDFH�RI�SRO\KHGUDO�REMHFWV��7ZR�W\SHV�RI�KDSWLF
UHQGHULQJ� WHFKQLTXHV� KDYH� EHHQ� GHYHORSHG�� SRLQW�
EDVHG�DQG�UD\�EDVHG�� ,Q�SRLQW�EDVHG�KDSWLF� LQWHUDF�
WLRQV��RQO\�WKH�HQG�SRLQW�RI�KDSWLF�GHYLFH��DOVR�NQRZQ
DV� WKH� HQG� HIIHFWRU� SRLQW� RU� KDSWLF� LQWHUIDFH� SRLQW
�+,3��� LQWHUDFWV� ZLWK� REMHFWV�� 6LQFH� WKH� YLUWXDO� VXU�
IDFHV�KDYH�ILQLWH�VWLIIQHVVHV��WKH�HQG�SRLQW�RI�WKH�KDS�
WLF� GHYLFH� SHQHWUDWHV� LQWR� WKH� REMHFW� DIWHU� FROOLVLRQ�
(DFK� WLPH� WKH�XVHU�PRYHV� WKH�JHQHULF�SUREH�RI� WKH
KDSWLF� GHYLFH�� WKH� FROOLVLRQ� GHWHFWLRQ� DOJRULWKPV
FKHFN� WR� VHH� LI� WKH� HQG� SRLQW� LV� LQVLGH� WKH� YLUWXDO
REMHFW����,Q�UD\�EDVHG�KDSWLF�LQWHUDFWLRQV��WKH�JHQHULF
SUREH�RI�WKH�KDSWLF�GHYLFH�LV�PRGHOHG�DV�D�ILQLWH�UD\
ZKRVH�RULHQWDWLRQ�LV�WDNHQ�LQWR�DFFRXQW��DQG�WKH�FROOL�
VLRQV�DUH�FKHFNHG�EHWZHHQ�WKH�UD\�DQG�WKH�REMHFWV���

%RWK� WHFKQLTXHV� KDYH� DGYDQWDJHV� DQG� GLVDGYDQ�
WDJHV��)RU�H[DPSOH��LW�LV�FRPSXWDWLRQDOO\�OHVV�H[SHQ�
VLYH� WR� UHQGHU� �'� REMHFWV� XVLQJ� SRLQW�EDVHG
WHFKQLTXH�� +HQFH�� ZH� DFKLHYH� KLJKHU� KDSWLF� VHUYR
UDWHV��2Q�WKH�RWKHU�KDQG��WKH�UD\�EDVHG�KDSWLF�LQWHU�
DFWLRQ�WHFKQLTXH�KDQGOHV�VLGH�FROOLVLRQV�DQG�FDQ�SUR�
YLGH�DGGLWLRQDO�KDSWLF�FXHV�IRU�FRQYH\LQJ�WR�WKH�XVHU
WKH�VKDSH�RI�REMHFWV��

����� &RQVWUXFWLQJ�0XOWLPRGDO�9LUWXDO�
(QYLURQPHQWV

,Q� RUGHU� WR� GHYHORS� HIIHFWLYH� VRIWZDUH� DUFKLWHFWXUHV
IRU� PXOWLPRGDO� 9(V�� ZH� KDYH� H[SHULPHQWHG� ZLWK
PXOWL�WKUHDGLQJ��RQ�:LQGRZV�17�SODWIRUP��DQG�PXOWL�
SURFHVVLQJ��RQ�81,;�SODWIRUP��WHFKQLTXHV�DQG�KDYH
VXFFHVVIXOO\� VHSDUDWHG� WKH� YLVXDO� DQG� KDSWLF� VHUYR
ORRSV��2XU�H[SHULHQFH�LV�WKDW�ERWK�WHFKQLTXHV�HQDEOH
WKH� V\VWHP� WR� XSGDWH� JUDSKLFV� SURFHVV� DW� DOPRVW
FRQVWDQW� UDWHV�� ZKLOH� UXQQLQJ� WKH� KDSWLF� SURFHVV� LQ
WKH�EDFNJURXQG��:H�DUH�DEOH�WR�DFKLHYH�JRRG�YLVXDO
UHQGHULQJ�UDWHV�����WR����+]���KLJK�KDSWLF�UHQGHULQJ
UDWHV� �PRUH� WKDQ� �� N+]��� DQG� VWDEOH� KDSWLF� LQWHUDF�
WLRQV��$OWKRXJK�FUHDWLQJ�D�VHSDUDWH�SURFHVV�IRU�HDFK
PRGDOLW\� UHTXLUHV� PRUH� SURJUDPPLQJ� HIIRUW�� LW
HQDEOHV�WKH�XVHU�WR�GLVSOD\�WKH�JUDSKLFV�DQG�RU�KDS�
WLFV�RQ�DQ\�GHVLUHG�PDFKLQH�V���HYHQ�WKRVH�LQ�GLIIHU�

47 M.A. Srinivasan, "Haptic Interfaces," in Virtual Reality: Scientific and Technical Challenges, eds. N.I. Durlach and A.S. Mavor, pp. 161-
87 (National Academy Press, 1995).

48 M.A. Srinivasan, C. Basdogan, "Haptics in Virtual Environments: Taxonomy, Research Status, and Challenges", Computers and 
Graphics 21(4): 393-404 (1997).

49 C. Ho, C. Basdogan, M.A. Srinivasan, "Haptic Rendering: Point- and Ray-based Interactions," Proceedings of the Second PHANToM 
Users Group Workshop, Dedham, Massachusetts, October 1997.

50 C. Basdogan, C. Ho, M.A. Srinivasan, "A Ray-based Haptic Rendering Technique for Displaying Shape and Texture of 3D Objects in 
Virtual Environments," Winter Annual Meeting of ASME ’97, DSC 61:77-84, Dallas, Texas, November 1997.
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HQW�ORFDWLRQV��DV�ORQJ�DV�WKH�SK\VLFDO�FRPPXQLFDWLRQ
EHWZHHQ�WKHP�LV�SURYLGHG�WKURXJK�D�FDEOH��3URJUDP�
PLQJ�ZLWK� WKUHDGV�WDNHV� OHVV�HIIRUW��EXW� WKH\�DUH�QRW
DV�IOH[LEOH�DV�SURFHVVHV�

:H� KDYH� DOVR� GHYHORSHG� D� JUDSKLFDO� LQWHUIDFH� WKDW
HQDEOHV�D�XVHU� WR� FRQVWUXFW�YLUWXDO� HQYLURQPHQWV�E\
PHDQV�RI�D�XVHU�GHILQHG�WH[W�ILOH��WRJJOH�VWHUHR�YLVX�
DOL]DWLRQ��VDYH�WKH�YLUWXDO�HQYLURQPHQW�DQG�TXLW�IURP
WKH�DSSOLFDWLRQ��7KLV�DSSOLFDWLRQ�SURJUDP�ZDV�ZULWWHQ
LQ�&�&���DQG�XWLOL]HV�WKH�OLEUDULHV�RI�������2SHQ�,QYHQ�
WRU��IURP�6LOLFRQ�*UDSKLFV��,QF���IRU�JUDSKLFDO�GLVSOD\
RI�YLUWXDO�REMHFWV������9LHZ.LW��IURP�6LOLFRQ�*UDSKLFV�
,QF��� IRU� FRQVWUXFWLQJ� WKH� JUDSKLFDO� XVHU� LQWHUIDFH
�H�J���PHQX�LWHPV��GLDORJ�ER[HV��HWF����DQG�����3DUDO�
OHO� 9LUWXDO� 0DFKLQH� �390��� D� ZHOO�NQRZQ� SXEOLF
GRPDLQ�SDFNDJH��IRU�HVWDEOLVKLQJ�WKH�GLJLWDO�FRPPX�
QLFDWLRQ� EHWZHHQ� WKH� KDSWLF� DQG� YLVXDO� SURFHVVHV�
7KH�XVHU�FDQ�ORDG�REMHFWV�LQWR�WKH�VFHQH��DQG�DVVLJQ
VLPSOH� YLVXDO� DQG� KDSWLF� SURSHUWLHV� WR� WKH� REMHFWV
XVLQJ� WKLV� WH[W� ILOH��)ROORZLQJ� WKH�FRQVWUXFWLRQ�RI� WKH
VFHQH� XVLQJ� WKH� WH[W� ILOH�� WKH� XVHU� FDQ� LQWHUDFWLYHO\
WUDQVODWH��URWDWH��DQG�VFDOH�REMHFWV��DQG�WKH�LQWHUIDFH
ZLOO� DXWRPDWLFDOO\�XSGDWH� ERWK� WKH� YLVXDO� DQG� KDSWLF
PRGHOV�

8VLQJ� WKH�KDSWLF� UHQGHULQJ� WHFKQLTXHV�DQG� WKH�XVHU
LQWHUIDFH�GHVFULEHG�DERYH��ZH�KDYH�GHVLJQHG�H[SHUL�
PHQWV� WR� LQYHVWLJDWH� KXPDQ� SHUIRUPDQFH� LQYROYLQJ
PXOWLPRGDO� LQWHUDFWLRQV� LQ� YLUWXDO� HQYLURQPHQWV��7KH
XVHU�LQWHUIDFH�HQDEOHG�VHYHUDO�H[SHULPHQWHUV�WR�UDS�
LGO\� ORDG� YLUWXDO� REMHFWV� LQWR� GHVLUHG� H[SHULPHQWDO
VFHQDULRV�� LQWHUDFWLYHO\�PDQLSXODWH��WUDQVODWH��URWDWH�
VFDOH�� WKHP�� DQG� DWWDFK� VRSKLVWLFDWHG� PDWHULDO� DQG
YLVXDO�SURSHUWLHV�WR�WKH�YLUWXDO�REMHFWV�

����� *HQHUDWLQJ�0XOWLPRGDO�6WLPXOL

2QFH� WKH�VRIWZDUH�DQG�KDUGZDUH�FRPSRQHQWV�ZHUH
SXW� WRJHWKHU� IRU� LQWHJUDWLQJ� PXOWLSOH� PRGDOLWLHV�� ZH
IRFXVHG� RQ� GHYHORSLQJ� WHFKQLTXHV� IRU� JHQHUDWLQJ
PXOWLPRGDO� VWLPXOL��2XU� LQWHUHVW� LQ� JHQHUDWLQJ�PXOWL�
PRGDO�VWLPXOL�LV�WZR�IROG������ZH�ZRXOG�OLNH�WR�GHYHORS
QHZ� KDSWLF� UHQGHULQJ� WHFKQLTXHV� WR� GLVSOD\� VKDSH�
WH[WXUH�� DQG� FRPSOLDQFH� FKDUDFWHULVWLFV� RI� YLUWXDO
REMHFWV��DQG�����XWLOL]H�WKHVH�WHFKQLTXHV�LQ�RXU�H[SHU�
LPHQWV� RQ� KXPDQ� SHUFHSWLRQ� DQG� SHUIRUPDQFH� WR
VWXG\� PXOWLPRGDO� LQWHUDFWLRQV�� 2XU� SURJUHVV� LQ� WKLV
DUHD�LV�VXPPDUL]HG�XQGHU�WZR�KHDGLQJV��WH[WXUH�DQG
FRPSOLDQFH�

����� 7H[WXUH

6LQFH�D�ZLGH�YDULHW\�RI�SK\VLFDO�DQG�FKHPLFDO�SURSHU�
WLHV�JLYH�ULVH�WR�UHDO�ZRUOG�WH[WXUHV��D�YDULHW\�RI�WHFK�
QLTXHV� DUH� QHHGHG� WR� VLPXODWH� WKHP� YLVXDOO\� DQG
KDSWLFDOO\�LQ�9(V��+DSWLF�WH[WXULQJ�LV�D�PHWKRG�RI�VLP�
XODWLQJ� VXUIDFH� SURSHUWLHV� RI� REMHFWV� LQ� YLUWXDO� HQYL�
URQPHQWV�LQ�RUGHU�WR�SURYLGH�WKH�XVHU�ZLWK�WKH�IHHO�RI
PDFUR�DQG�PLFUR�VXUIDFH�GHWDLOV��3UHYLRXVO\��ZH�KDG
GHYHORSHG�WZR�EDVLF�DSSURDFKHV��IRUFH�SHUWXUEDWLRQ�
ZKHUH� WKH� GLUHFWLRQ� RI� WKH� GLVSOD\HG� IRUFH� YHFWRU� LV
SHUWXUEHG�� DQG� GLVSODFHPHQW� PDSSLQJ�� ZKHUH� WKH
PLFURJHRPHWU\�RI�WKH�VXUIDFH�LV�SHUWXUEHG��

8VLQJ� WKHVH� PHWKRGV�� ZH� KDYH� VXFFHVVIXOO\� GLV�
SOD\HG� WH[WXUHV� EDVHG� RQ� )RXULHU� VHULHV�� ILOWHUHG
ZKLWH� QRLVH�� DQG� IUDFWDOV�� %XW� WKH� GLVSOD\� RI� KDSWLF
WH[WXUHV�XVLQJ� WKH� IRUFH�SHUWXUEDWLRQ� WHFKQLTXH�ZDV
HIIHFWLYH�RQO\�LQ�D�FHUWDLQ�UDQJH������PP�WR�����PP�LQ
KHLJKW���7R� H[WHQG� WKH� UDQJH�RI� KDSWLF� WH[WXUHV� WKDW
FDQ�EH�GLVSOD\HG��ZH�KDYH�PRGLILHG�WKH�DOJRULWKP�WR
LQFOXGH� WKH� FDOFXODWLRQ� RI� WKH� ORFDWLRQ� RI� WKH� SRLQW
FORVHVW� WR� WKH�REMHFW�VXUIDFH�SULRU� WR�FROOLVLRQ�GHWHF�
WLRQ��:LWK�WKLV�DGGLWLRQDO�LQIRUPDWLRQ��ZH�DUH�QRZ�DEOH
WR�UHQGHU�PDFUR�WH[WXUHV��!�����PP�KHLJKW��DV�ZHOO��

:H� KDYH� DOVR� H[SHULPHQWHG� ZLWK� �'� UHDFWLRQ�GLIIX�
VLRQ� WH[WXUH�PRGHOV�XVHG� LQ�FRPSXWHU�JUDSKLFV�DQG
VXFFHVVIXOO\�LPSOHPHQWHG�WKHP�IRU�KDSWLFV�WR�JHQHU�
DWH�QHZ�W\SHV�RI�KDSWLF� WH[WXUHV��7KH�UHDFWLRQ�GLIIX�
VLRQ�PRGHO�FRQVLVWV�RI�D�VHW�RI�GLIIHUHQWLDO�HTXDWLRQV
WKDW� FDQ� EH� LQWHJUDWHG� LQ� WLPH� WR� JHQHUDWH� WH[WXUH
ILHOGV��0RUHRYHU�� ZH� KDYH� GHYHORSHG� WHFKQLTXHV� WR
H[WHQG�RXU�ZRUN�RQ��'�UHDFWLRQ�GLIIXVLRQ�WH[WXUHV�WR
WKUHH� GLPHQVLRQDO� VSDFH�� :H� KDYH� DOVR� VWXGLHG
VRPH�RI�WKH�LPDJH�DQG�VLJQDO�SURFHVVLQJ�WHFKQLTXHV
IUHTXHQWO\�XVHG�LQ�FRPSXWHU�JUDSKLFV�WR�FRQYROYH��'
LPDJHV�RI�VSRWV��L�H���VLPSOH��'�JHRPHWULF�SULPLWLYHV
VXFK� DV� FLUFOHV�� VTXDUHV�� DQG� WULDQJOHV�� ZLWK� QRLVH
IXQFWLRQV� LQ�RUGHU� WR�JHQHUDWH�D�QHZ�FODVV�RI�KDSWLF
WH[WXUHV�

,Q� VXPPDU\�� WKH� IROORZLQJ� WH[WXUH� UHQGHULQJ� WHFK�
QLTXHV�KDYH�EHHQ�GHYHORSHG������IRUFH�SHUWXUEDWLRQ�
���� GLVSODFHPHQW� PDSSLQJ�� 8VLQJ� WKHVH� UHQGHULQJ
WHFKQLTXHV�� ZH� FDQ� GLVSOD\� WKH� IROORZLQJ� W\SHV� RI
V\QWKHWLF�KDSWLF� WH[WXUHV�� ���� SHULRGLF� DQG� DSHULRGLF
KDSWLF�WH[WXUHV�EDVHG�RQ�)RXULHU�VHULHV�DSSURDFK�����
QRLVH� WH[WXUHV� �EDVHG� RQ� WKH� ILOWHUHG� ZKLWH� QRLVH
IXQFWLRQ��� ���� IUDFWDO� WH[WXUHV�� ���� UHDFWLRQ�GLIIXVLRQ
WH[WXUHV� �D� VHW� RI� GLIIHUHQWLDO� HTXDWLRQV� ZKLFK� DUH
VROYHG�LQ�DGYDQFH�WR�JHQHUDWH�D�WH[WXUH�ILHOG�WKDW�FDQ
EH�PDSSHG�RQWR� WKH��'�VXUIDFH�RI� WKH�REMHFW��� DQG
���� VSRW�QRLVH� WH[WXUHV� �WKH� QRLVH� IXQFWLRQ� LV� FRQ�
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YROYHG�ZLWK��'�LPDJHV�RI�VSRWV�WR�JHQHUDWH�GLVWRUWHG
VSRWV� WKDW� FDQ� EH� GLVSOD\HG� KDSWLFDOO\��� ,Q� DGGLWLRQ�
ZH�KDYH�GHYHORSHG�LPDJH�EDVHG�KDSWLF�WH[WXUHV��WKH
JUD\�VFDOH�YDOXHV�RI�DQ�LPDJH�DUH�XVHG�WR�JHQHUDWH
WH[WXUH�ILHOGV�WKDW�FDQ�EH�PDSSHG�RQWR�WKH�VXUIDFH�RI
�'�REMHFWV�

7KH� WHFKQLTXHV�GHVFULEHG�DERYH�HQDEOH�WKH�XVHU� WR
FUHDWH�DQG�GLVSOD\�V\QWKHWLF�WH[WXUHV��,Q�DGGLWLRQ��ZH
XWLOL]HG�RXU�KDSWLF�GHYLFH��WKH�3+$17R0��DV�D�KDSWLF
UHFRUGLQJ�WRRO�WR�DFTXLUH�LQIRUPDWLRQ�DERXW�WKH�QDWXUH
RI� UHDO� WH[WXUHV�� 7KHQ�� WKLV� LQIRUPDWLRQ� LV� FRPELQHG
ZLWK� WH[WXUH� UHQGHULQJ� WHFKQLTXHV� WR� SOD\�EDFN� WH[�
WXUHG� VXUIDFHV� LQ� YLUWXDO� HQYLURQPHQWV�� 7R� VDPSOH
UHDO�OLIH� WH[WXUHV�� WKH� 3+$17R0� PDNHV� D� VLQJOH
VWURNH�RQ�D�WH[WXUHG�VXUIDFH�E\�IROORZLQJ�D�JLYHQ�WUD�
MHFWRU\� DQG� H[HUWLQJ� D� FRQVWDQW� QRUPDO� IRUFH�� 7KH
IRUFH��YHORFLW\�DQG�SRVLWLRQDO�GDWD�DUH� UHFRUGHG�DQG
DQDO\]HG�� :H� KDYH� GHYHORSHG� D� VWLFN�VOLS� IULFWLRQ
PRGHO�LQ�ZKLFK�WKH�FRHIILFLHQWV�RI�IULFWLRQ�DUH�GHULYHG
IURP� WKH� IRUFH� DQG� YHORFLW\� GDWD� GLJLWL]HG� IURP� WKH
DFWXDO� WH[WXUH�� 7KHVH� IULFWLRQ� FRHIILFLHQW� YDOXHV� DUH
WKHQ�XVHG�DV�SDUDPHWHUV�JRYHUQLQJ�WKH�SOD\�EDFN�RI
YLUWXDO�WH[WXUHV�

������ &RPSOLDQFH

:H�KDYH�GHYHORSHG�SURFHGXUHV�IRU�VLPXODWLQJ�FRP�
SOLDQW�REMHFWV�LQ�YLUWXDO�HQYLURQPHQWV��7KH�GHYHORSHG
DOJRULWKPV�GHDO�GLUHFWO\�ZLWK�JHRPHWU\�RI��'�VXUIDFHV
DQG� WKHLU� FRPSOLDQFH�FKDUDFWHULVWLFV�� DV�ZHOO� DV� WKH
GLVSOD\� RI� DSSURSULDWH� UHDFWLRQ� IRUFHV�� WR� FRQYH\� WR
WKH�XVHU�D� IHHOLQJ�RI� WRXFK�DQG� IRUFH�VHQVDWLRQV� IRU
VRIW�REMHFWV��7KH�FRPSOLDQW�UHQGHULQJ�WHFKQLTXH�KDV
WZR� FRPSRQHQWV�� ���� WKH� GHIRUPDWLRQ�PRGHO� WR� GLV�
SOD\�WKH�VXUIDFH�GHIRUPDWLRQ�SURILOH�JUDSKLFDOO\��DQG
���� WKH� IRUFH�PRGHO� WR�GLVSOD\� WKH� LQWHUDFWLRQ� IRUFHV
YLD�WKH�KDSWLF�LQWHUIDFH��7KH�GHIRUPDWLRQ�PRGHO�HVWL�
PDWHV� WKH� GLUHFWLRQ� DQG� WKH� DPRXQW� RI� GHIRUPDWLRQ
�GLVSODFHPHQW�YHFWRU��RI�HDFK�QRGH��L�H��D�YHUWH[��RI
WKH�VXUIDFH�ZKHQ� LW� LV�PDQLSXODWHG�ZLWK� WKH�JHQHULF
SUREH� RI� WKH� KDSWLF� LQWHUIDFH� GHYLFH�� :H� XWLOL]H� D
SRO\QRPLDO�PRGHO� RU� D� VSOLQH�EDVHG�PRGHO� WR� FRP�
SXWH� WKH� GLVSODFHPHQW� YHFWRU� RI� HDFK� QRGH� DQG� WR
YLVXDOO\� GLVSOD\� GHIRUPDWLRQV�� ,Q� WKH� IRUFH�PRGHO�� D
QHWZRUN�RI�VSULQJV�LV�XWLOL]HG�WR�FRPSXWH�WKH�GLUHFWLRQ
DQG�PDJQLWXGH�RI�WKH�IRUFH�YHFWRU�DW�WKH�QRGH�WKDW�LV
FORVHVW� WR� WKH� FRQWDFW� SRLQW�� 7KH� WHFKQLTXHV

GHVFULEHG� KHUH� HQDEOH� WKH� XVHU� WR� LQWHUDFWLYHO\
GHIRUP�FRPSOLDQW� VXUIDFHV� LQ� UHDO�WLPH�DQG� IHHO� WKH
UHDFWLRQ�IRUFHV�

������ ([SHULPHQWDO�6WXGLHV�RQ�,QWHUDFWLRQV�
,QYROYLQJ�)RUFH�)HHGEDFN

&RQFXUUHQW� ZLWK� WKH� WHFKQRORJ\� GHYHORSPHQW� WKDW
HQDEOHV�RQH�WR�UHDOL]H�D�ZLGHU�YDULHW\�RI�KDSWLF�LQWHU�
IDFHV�� LW� LV� QHFHVVDU\� WR� FKDUDFWHUL]H�� XQGHUVWDQG�
DQG�PRGHO�WKH�EDVLF�SV\FKRSK\VLFDO�EHKDYLRU�RI�WKH
KXPDQ� KDSWLF� V\VWHP�� :LWKRXW� DSSURSULDWH� NQRZO�
HGJH�LQ�WKLV�DUHD��LW�LV�LPSRVVLEOH�WR�GHWHUPLQH�VSHFL�
ILFDWLRQV�IRU�WKH�GHVLJQ�RI�HIIHFWLYH�KDSWLF�LQWHUIDFHV�
,Q� DGGLWLRQ�� EHFDXVH� PXOWLPRGDO� VHQVRULPRWRU
LQYROYHPHQW�FRQVWLWXWHV�D�NH\�IHDWXUH�RI�9(�V\VWHPV�
LW� LV� REYLRXVO\� LPSRUWDQW� WR� XQGHUVWDQG� PXOWLPRGDO
LQWHUDFWLRQV��)XUWKHUPRUH��EHFDXVH�WKH�DYDLODELOLW\�RI
IRUFH� IHHGEDFN� LQ�PXOWLPRGDO� 9(� LQWHUIDFHV� LV� UHOD�
WLYHO\� QHZ�� NQRZOHGJH� DERXW� LQWHUDFWLRQV� LQYROYLQJ
IRUFH� IHHGEDFN� LV� UHODWLYHO\� OLPLWHG�� ,Q� JHQHUDO�
UHVHDUFK� LQ� WKLV� DUHD� QRW� RQO\� SURYLGHV� LPSRUWDQW
EDFNJURXQG�IRU�9(�GHVLJQ��EXW�WKH�DYDLODELOLW\�RI�PXO�
WLPRGDO� LQWHUIDFHV� ZLWK� IRUFH� IHHGEDFN� SURYLGHV� D
XQLTXH�RSSRUWXQLW\�WR�VWXG\�PXOWLPRGDO�VHQVRULPRWRU
LQWHUDFWLRQV�

7R�H[SORUH� WKH�SRVVLELOLW\� WKDW�PXOWLVHQVRU\� LQIRUPD�
WLRQ�PD\�EH�XVHIXO�LQ�H[SDQGLQJ�WKH�UDQJH�DQG�TXDO�
LW\� RI� KDSWLF� H[SHULHQFH� LQ� YLUWXDO� HQYLURQPHQWV�
H[SHULPHQWV� KDYH� EHHQ� FRQGXFWHG� WR� DVVHVV� WKH
LQIOXHQFH� RI� YLVXDO� DQG� DXGLWRU\� LQIRUPDWLRQ� RQ� WKH
SHUFHSWLRQ�RI�REMHFW�VWLIIQHVV� WKURXJK�D�KDSWLF� LQWHU�
IDFH��:H�KDYH�SUHYLRXVO\�VKRZQ�WKDW�YLVXDO�VHQVLQJ
RI�REMHFW�GHIRUPDWLRQ�GRPLQDWHV�NLQHVWKHWLF�VHQVH�RI
KDQG�SRVLWLRQ�DQG�UHVXOWV�LQ�D�GUDPDWLF�PLVSHUFHSWLRQ
RI� REMHFW� VWLIIQHVV� ZKHQ� WKH� YLVXDO� GLVSOD\� LV� LQWHQ�
WLRQDOO\�VNHZHG����+RZHYHU�� WKH� LQIOXHQFH�RI�FRQWDFW
VRXQGV�RQ�WKH�SHUFHSWLRQ�RI�REMHFW�VWLIIQHVV�LV�QRW�DV
GUDPDWLF�ZKHQ�WDSSLQJ�YLUWXDO�REMHFWV�WKURXJK�D�KDS�
WLF�LQWHUIDFH����2YHU�WKH�SDVW�\HDU��ZH�KDYH�GHVLJQHG
DQG� FRQGXFWHG� PRUH� H[SHULPHQWV� WR� H[SORUH� WKH
KXPDQ�KDSWLF�UHVROXWLRQ�DV�ZHOO�DV�WKH�HIIHFW�RI�KDS�
WLF�DXGLWRU\�DQG�KDSWLF�YLVXDO� LQWHUDFWLRQV�RQ�KXPDQ
SHUFHSWLRQ�DQG�SHUIRUPDQFH�LQ�YLUWXDO�HQYLURQPHQWV�

51 M.A. Srinivasan, G.L. Beauregard, D.L. Brock, "The Impact of Visual Information on Haptic Perception of Stiffness in Virtual Environ-
ments," Proceedings of the ASME Dynamic Systems and Control Division, DSC 58: 555-59, Atlanta, Georgia, 1996.

52 D.E. DiFranco, G.L. Beauregard, M.A. Srinivasan, "The Effect of Auditory Cues on the Haptic Perception of Stiffness in Virtual Environ-
ments," Proceedings of the ASME Dynamic Systems and Control Division, DSC 61: 17-22, Dallas, Texas.
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������ +DSWLF�3V\FKRSK\VLFV

+XPDQ�DELOLWLHV�DQG�OLPLWDWLRQV�SOD\�DQ�LPSRUWDQW�UROH
LQ�GHWHUPLQLQJ�WKH�GHVLJQ�VSHFLILFDWLRQV�IRU�WKH�KDUG�
ZDUH�DQG�VRIWZDUH�WKDW�HQDEOH�KDSWLF� LQWHUDFWLRQV� LQ
9(��:LWK�WKLV�YLHZSRLQW��SV\FKRSK\VLFDO�H[SHULPHQWV
KDYH�EHHQ�FDUULHG�RXW�RYHU�WKH�SDVW�IHZ�\HDUV�ZLWK�D
KDSWLF�LQWHUIDFH�WR�PHDVXUH�KXPDQ�KDSWLF�UHVROXWLRQ
LQ� GLVFULPLQDWLQJ� IXQGDPHQWDO� SK\VLFDO� SURSHUWLHV� RI
REMHFWV� WKURXJK�DFWLYH� WRXFK��$�FRPSXWHU�FRQWUROOHG
HOHFWURPHFKDQLFDO� DSSDUDWXV�� FDOOHG� WKH� /LQHDU
*UDVSHU�� ZDV� GHYHORSHG� DQG� XVHG� LQ� WKHVH� H[SHUL�
PHQWV�� 7KH� VXEMHFWV� XWLOL]HG� WKHLU� WKXPE� DQG� LQGH[
ILQJHUV�WR�JUDVS�DQG�VTXHH]H�WZR�SODWHV�RI�WKH�/LQHDU
*UDVSHU��ZKLFK�ZDV�SURJUDPPHG�WR�VLPXODWH�YDULRXV
YDOXHV� RI� WKH� VWLIIQHVV�� YLVFRVLW\�� RU�PDVV� RI� YLUWXDO
REMHFWV��'XULQJ�WKH�H[SHULPHQWV��KDSWLF�PRWRU�SHUIRU�
PDQFH�GDWD�LQ�WHUPV�RI�DSSOLHG�IRUFHV��YHORFLWLHV��DQG
DFFHOHUDWLRQV�ZHUH�VLPXOWDQHRXVO\�UHFRUGHG�

7KH� MXVW� QRWLFHDEOH� GLIIHUHQFH� �-1'��� D� FRPPRQO\
DFFHSWHG�PHDVXUH�RI�KXPDQ�VHQVRU\�UHVROXWLRQ��ZDV
IRXQG�WR�EH�DERXW����IRU�VWLIIQHVV������IRU�YLVFRVLW\�
DQG� ���� IRU� PDVV�� 7KH� PRWRU� GDWD� LQGLFDWHG� WKDW
VXEMHFWV�XVHG�WKH�VDPH�PRWRU�VWUDWHJ\�ZKHQ�GLVFULP�
LQDWLQJ�DQ\�RI�WKHVH�PDWHULDO�SURSHUWLHV��)XUWKHU�DQDO�
\VLV� RI� WKH� UHVXOWV� KDV� OHG� WR� WKH� SRVWXODWLRQ� RI� D
VLQJOH� VHQVRULPRWRU� VWUDWHJ\� FDSDEOH� RI� H[SODLQLQJ
ERWK�WKH�VHQVRU\�UHVROXWLRQ�UHVXOWV�DQG�PRWRU�SHUIRU�
PDQFH� GDWD� REWDLQHG� LQ� WKH� H[SHULPHQWV�� 7KLV
K\SRWKHVLV��FDOOHG�WKH�³WHPSRUDO�IRUFH�FRQWURO�VSDWLDO
IRUFH� GLVFULPLQDWLRQ� �7)&�6)'�� K\SRWKHVLV�� VWDWHV
WKDW� VXEMHFWV� DSSO\� WKH� VDPH� WHPSRUDO� SURILOH� RI
IRUFHV� WR�DOO�VWLPXOL�DQG�GLVFULPLQDWH�SK\VLFDO�REMHFW
SURSHUWLHV�RQ�WKH�EDVLV�RI�GLIIHUHQFHV�LQ�WKH�UHVXOWLQJ
VSDWLDO�SURILOHV�RI�WKHVH�IRUFHV��$�VSHFLDO�FDVH�RI�WKLV
K\SRWKHVLV�LV�WKDW��KXPDQV�GLVFULPLQDWH�VWLIIQHVV��YLV�
FRVLW\�RU�PDVV�E\�GLVFULPLQDWLQJ�WKH�PHFKDQLFDO�ZRUN
QHHGHG� IRU� DFWXDOO\� GHIRUPLQJ� WKH� REMHFWV�� ,PSOLFD�
WLRQV�RI�WKHVH�UHVXOWV�WR�WKH�GHVLJQ�RI�YLUWXDO�HQYLURQ�
PHQWV� LQFOXGH� VSHFLILFDWLRQV� RQ� KRZ� DFFXUDWHO\� WKH
G\QDPLFV�RI�YLUWXDO�REMHFWV�QHHG�WR�EH�VLPXODWHG�DQG
ZKDW� SDUDPHWHU� YDOXHV� ZLOO� HQVXUH� GLVFULPLQDEOH
REMHFWV�

,Q�SUHSDUDWLRQ�IRU�RXU�SODQQHG�H[SHULPHQWV�WR�H[SORUH
WKH� LQWHUDFWLRQ� DQG� VHSDUDELOLW\� RI� KDSWLFDOO\�GLV�
SOD\HG� VWLPXOXV� TXDOLWLHV� �VWLIIQHVV�� YLVFRVLW\��PDVV�
DQG� IXUWKHU� WHVW� WKH� ZRUN� K\SRWKHVLV� GHYHORSHG� WR
H[SODLQ� UHVXOWV� RI� SUHYLRXV� H[SHULPHQWV�� ZH� KDYH
UHIXUELVKHG� WKH�KDUGZDUH�RI� WKH� OLQHDU�JUDVSHU��7KLV
ZRUN� LQFOXGHG� UHSDLU� DQG� UHZLULQJ� RI� WKH� SRVLWLRQ�
IRUFH��DQG�DFFHOHUDWLRQ�VHQVRU�V\VWHPV��FRQVWUXFWLRQ
RI�D�QHZ�UHJXODWHG�SRZHU�VRXUFH��DQG�LQFRUSRUDWLRQ

RI�DGGLWLRQDO� �DQDORJ�� ORZ�SDVV�ILOWHULQJ�RI� WKH�VLJQDO
IURP� WKH� DFFHOHUDWLRQ� VHQVRU�� 6RIWZDUH� KDV� EHHQ
ZULWWHQ� IRU� FDOLEUDWLRQ�RI� WKH�VHQVRUV�DQG� IRU� WHVWLQJ
WKH�V\VWHP��7KLV�VRIWZDUH�LV�DEOH�WR�FRQWURO�WKH�KDUG�
ZDUH� WR� HQDEOH� VLPXODWLRQ�RI� DUELWUDU\� FRPELQDWLRQV
RI�PDVV��YLVFRVLW\��DQG�VWLIIQHVV�

������ +DSWLF�$XGLWRU\�,QWHUDFWLRQV

,Q� WKLV� VHULHV� RI� H[SHULPHQWV�� ZH� LQYHVWLJDWHG� WKH
HIIHFW�RI�WKH�WLPLQJ�RI�D�FRQWDFW�VRXQG�RQ�WKH�SHUFHS�
WLRQ�RI�VWLIIQHVV�RI�D�YLUWXDO�VXUIDFH��7KH�3+$17R0��D
VL[� GHJUHH� RI� IUHHGRP� KDSWLF� LQWHUIDFH� ZLWK� WKUHH
GHJUHHV� RI� DFWLYH� IRUFH� IHHGEDFN��ZDV� XVHG� WR� GLV�
SOD\� YLUWXDO� KDSWLF� VXUIDFHV� ZLWK� FRQVWDQW� VWLIIQHVV�
6XEMHFWV� KHDUG� D� FRQWDFW� VRXQG� ODVWLQJ� ���� PV
WKURXJK�KHDGSKRQHV�HYHU\�WLPH�WKH\�WRXFKHG�D�VXU�
IDFH��%DVHG�RQ�RXU�HDUOLHU�ZRUN�RQ�VWLIIQHVV�GLVFULPL�
QDWLRQ�� ZH� LQLWLDOO\� K\SRWKHVL]HG� WKDW� SUHVHQWLQJ� D
FRQWDFW�VRXQG�SULRU�WR�DFWXDO�LPSDFW�FUHDWHV�WKH�SHU�
FHSWLRQ�RI�D�OHVV�VWLII�VXUIDFH��ZKHUHDV�SUHVHQWLQJ�D
FRQWDFW�VRXQG�DIWHU�DFWXDO�LPSDFW�FUHDWHV�WKH�SHUFHS�
WLRQ� RI� D� VWLIIHU� VXUIDFH�� +RZHYHU�� WKH� ILQGLQJV� LQGL�
FDWH� WKDW� ERWK� SUH�FRQWDFW� DQG� SRVW�FRQWDFW� VRXQGV
UHVXOW� LQ� WKH� SHUFHSWXDO� LOOXVLRQ� WKDW� WKH� VXUIDFH� LV
OHVV�VWLII� WKDQ�ZKHQ� WKH�VRXQG� LV� SUHVHQWHG�DW� FRQ�
WDFW�

'LVFULPLQDWLRQ�([SHULPHQW

,Q� WKH�GLVFULPLQDWLRQ�H[SHULPHQW��VXEMHFWV�ZHUH�SUH�
VHQWHG� ZLWK� WZR� YLUWXDO� VXUIDFHV� RI� GLIIHUHQW� VWLII�
QHVVHV��VWLIIQHVV�GLIIHUHQFH�RI�������6XUIDFH����.� 
���� 1�PP�� DQG� VXUIDFH� �� �.�  � ����� 1�PP�� FRXOG
HLWKHU� EH� SUHVHQWHG� DV� WKH� OHIW� RU� WKH� ULJKW� VXUIDFH�
6XEMHFWV�ZHUH�DVNHG� WR� WDS� WKH�VXUIDFHV�DQG� MXGJH
ZKLFK�RQH�LV�VWLIIHU��7KH\�ZHUH�DOORZHG�WR�WDS�HDFK�RI
WKH�VXUIDFHV�DV�PDQ\�WLPHV�DV�WKH\�ZLVKHG��$V�WKH\
WDSSHG� WKH�VXUIDFH�� WKH\�ZRXOG�KHDU� WKH�VDPH�FRQ�
WDFW�VRXQG�WKDW�FRXOG�EH�XQNQRZQ�WR�WKHP�DW�WKH�WLPH
RI� FRQWDFW�� EHIRUH� WKH� WLPH� RI� FRQWDFW�� RU� DIWHU� WKH
WLPH�RI�FRQWDFW��'XULQJ�HDFK�WULDO��RQH�VXUIDFH�KDG�DQ
DW�FRQWDFW�VRXQG�DQG�WKH�RWKHU�VXUIDFH�FRXOG�KDYH�D
SUH�FRQWDFW��DW�FRQWDFW��RU�SRVW�FRQWDFW�VRXQG��%DVHG
RQ�RXU�RULJLQDO�K\SRWKHVLV��WKH�SUH�FRQWDFW�DQG�SRVW�
FRQWDFW� VRXQGV� ZHUH� DOZD\V� DVVRFLDWHG� ZLWK� PRUH
VWLII�DQG�OHVV�VWLII�VXUIDFHV��UHVSHFWLYHO\��7KH�SUH�FRQ�
WDFW�DQG�SRVW�FRQWDFW�VRXQG�FRXOG�EH�SUHVHQWHG����
PP����PP������PP��RU���PP�DZD\�IURP�WKH�FRQWDFW
VXUIDFH�� ,Q� IRXU� VHVVLRQV�� WKH� VXEMHFWV� ZHUH� SUH�
VHQWHG�ZLWK�D�WRWDO�RI����WULDOV�IRU�HDFK�YDULDWLRQ�LQ�D
UDQGRP�RUGHU��$�WRWDO�RI�WHQ�VXEMHFWV��VL[�IHPDOH�DQG
IRXU��PDOH��SDUWLFLSDWHG�LQ�WKH�H[SHULPHQW�
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7KH� UHVXOWV� VKRZ� WKDW� LQ� WULDOV� ZKHQ� ERWK� WKH� VWLII�
QHVVHV� KDG� DW�FRQWDFW� VRXQGV�� WKH� VXEMHFWV� ZHUH
DOPRVW�����FRUUHFW�� LQGLFDWLQJ� WKDW� WKH�VWLIIQHVV�GLI�
IHUHQFH�ZDV�HDVLO\�GLVFULPLQDEOH��+RZHYHU��WKH�VWLP�
XOL� ZLWK� SUH�FRQWDFW� VRXQGV� ZHUH� MXGJHG� WR� EH� OHVV
VWLII� WKDQ� WKH� RQHV� ZLWK� DW�FRQWDFW� VRXQG�� HYHQ
WKRXJK�WKH�ODWWHU�ZHUH�KDSWLFDOO\�����OHVV�VWLII��0RUH
RYHU�� WKLV� SHUFHSWXDO� LOOXVLRQ� FDXVHG� WKH� VXEMHFWV

SHUFHQWDJH� FRUUHFW� FDOOV� WR� GURS� WR� DV� ORZ�DV� ����
ZLWK� WKH�DPRXQW�RI� GURS� URXJKO\�SURSRUWLRQDO� WR� WKH
GLVWDQFH� FRUUHVSRQGLQJ� WR� WKH� ORFDWLRQ� RI� WKH� SUH�
FRQWDFW�VRXQG��$Q�DQDO\VLV�RI�YDULDQFH�RI�WKH�UHVXOWV
VKRZV� WKDW� WKH� SHUFHQWDJH� FRUUHFW� IRU� SUH�FRQWDFW
VRXQGV� DW� ��PP�� ����PP�� DQG� ����PP� DUH� VLJQLIL�
FDQWO\� ORZHU� WKDQ� WKH�SHUFHQWDJH�FRUUHFW� IRU�DW�FRQ�
WDFW� VRXQG� �3� �� �������� 7KLV� LQGLFDWHV� WKDW� D� SUH�
FRQWDFW�VRXQG� ORFDWHG�DW�D�GLVWDQFH�RI�DERXW���PP
DZD\� IURP� WKH�FRQWDFW�VXUIDFH�ZLOO� FDXVH�D�SHUFHS�
WXDO� LOOXVLRQ� WKDW� WKH�VXUIDFH� WDSSHG� LV�HTXDO� LQ�VWLII�
QHVV� WR� WKH� RQH� WKDW� LV� ���� OHVV� VWLII�� EXW� KDV� DQ
LGHQWLFDO�DW�FRQWDFW�VRXQG�

,Q� FRQWUDVW�� LQ� WULDOV�ZLWK�SRVW�FRQWDFW�VRXQG�VWLPXOL�
WKH�VXEMHFWV
�SHUIRUPDQFH�ZDV�DW� OHYHOV�KLJKHU� WKDQ
���� FRUUHFW�� 7KLV� UHVXOW� LQGLFDWHV� WKDW� WKH� VXEMHFWV
SHUFHLYHG�WKH�VWLPXOL�ZLWK�WKH�SRVW�FRQWDFW�VRXQGV�WR
EH�OHVV�VWLII�WKDQ�WKRVH�ZLWK�DW�FRQWDFW�VRXQGV��ZKLFK
LQ�IDFW�KDG�KLJKHU�KDSWLF�VWLIIQHVV��7KLV�UHVXOW�FRQWUD�
GLFWHG�RXU�LQLWLDO�K\SRWKHVLV��EXW�IURP�WKHVH�UHVXOWV�LW
ZDV�XQFOHDU�ZKHWKHU� WKH�VXEMHFWV� LJQRUHG� WKH�SRVW�
FRQWDFW� VRXQGV� DQG� MXGJHG� SXUHO\� RQ� WKH� EDVLV� RI
KDSWLF� VWLIIQHVV� RU�ZKHWKHU� WKH� SRVW�FRQWDFW� VRXQGV
DOVR�FDXVH� WKH�SHUFHLYHG� VWLIIQHVV� WR� EH� OHVV��DV� LQ
WKH�FDVH�RI�SUH�FRQWDFW�VRXQG�VWLPXOL��:H� WKHUHIRUH
FRQGXFWHG� WKH� IROORZLQJ� PDWFKLQJ� H[SHULPHQW� WR
UHVROYH�WKLV�LVVXH�

0DWFKLQJ�([SHULPHQW

,Q�WKH�PDWFKLQJ�H[SHULPHQW��WKH�VXEMHFWV�ZHUH�DJDLQ
SUHVHQWHG�ZLWK� WZR�YLUWXDO�VXUIDFHV��7KH�VWLIIQHVV�RI
WKH� OHIW� VXUIDFH� UHPDLQHG� WKH� VDPH� WKURXJKRXW� WKH
VHVVLRQ�ZLWK� D� YDOXH� RI�.� � �����1�PP�DQG�DQ� DW�
FRQWDFW� VRXQG�� 7KH� ULJKW� VXUIDFH� KDG� RQH� RI� WKH� �
SUH��� DW��� RU� SRVW�FRQWDFW� VRXQG� SUHVHQWDWLRQ� YDULD�
WLRQV� DQG� D� UDQGRP� LQLWLDO� VWLIIQHVV� YDOXH�� UDQJLQJ
IURP� ����� 1�PP� WR� ����� 1�PP�� 7KH� VXEMHFWV�ZHUH
DVNHG�WR�FKDQJH�WKH�VWLIIQHVV�YDOXH�RI�WKH�ULJKW�VXU�
IDFH�E\� LQFUHDVLQJ�RU�GHFUHDVLQJ�� LWV� �YDOXH��LQ�����
1�PP� LQFUHPHQWV�� E\� XVLQJ� D� NH\� XQWLO� WKH\� SHU�
FHLYHG�WKH�WZR�VXUIDFHV�WR�EH�RI�HTXDO�VWLIIQHVV��$V�LQ

WKH� GLVFULPLQDWLRQ� H[SHULPHQWV�� WKH� VXEMHFWV� ZHUH
DOORZHG� WR� WDS� WKH� VXUIDFHV� DV�PDQ\� WLPHV� DV� WKH\
ZLVKHG�� ,Q�HDFK�RI� WZR�VHVVLRQV�� WKHUH�ZHUH�HOHYHQ
WULDOV� RI� HDFK� RI� WKH� QLQH� YDULDWLRQV� SUHVHQWHG� LQ� D
UDQGRP�RUGHU��7KH�LQLWLDO�VWLIIQHVV�RI�WKH�ULJKW�VXUIDFH
KDG�WKH�YDOXHV�RI������������������������������������
������������������������RU������1�PP��$�WRWDO�RI�VHYHQ
VXEMHFWV��IRXU�IHPDOH�DQG�WKUHH�PDOH��SDUWLFLSDWHG�LQ
WKLV�H[SHULPHQW�

7KH� UHVXOWV� RI� WKH�PDWFKLQJ� H[SHULPHQWV� VKRZ� WKDW
WKH�VXEMHFWV�ZHUH�DEOH�WR�DFFXUDWHO\�PDWFK�WKH�VWLII�
QHVV�ZKHQ�JLYHQ�WKH�DW�FRQWDFW�VRXQG��������������
1�PP��WR�WKH�UHIHUHQFH�VWLIIQHVV�������1�PP���:KHQ
DVNHG�WR�PDWFK�WKH�VWLIIQHVV�RI�D�VXUIDFH�WKDW�KDG�D
SUH�FRQWDFW�RU�SRVW�FRQWDFW�VRXQG��VXEMHFWV�PDWFKHG
D�VWLIIQHVV�WKDW�LV�VLJQLILFDQWO\�VWLIIHU��3����������WKDQ
WKH� UHIHUHQFH� IRU� SUH�FRQWDFW� VRXQGV� DW� �� PP�� ���
PP����PP��DQG�SRVW�FRQWDFW�VRXQGV�DW���PP��$V�WKH
SUH�FRQWDFW� RU� SRVW�FRQWDFW� GLVWDQFH� LQFUHDVHG�� VR
GLG� WKH�PDWFKHG� VWLIIQHVV�� UDQJLQJ� IURP������1�PP
�L�H���WKH�PDWFKHG�VWLIIQHVV�ZLWK�DW�FRQWDFW�VRXQG��WR
DERXW���1�PP��7KLV�LQGLFDWHV�WKDW�ERWK�SUH��DQG�SRVW�
FRQWDFW� VRXQGV� FDXVH� WKH� SHUFHLYHG� VWLIIQHVV� WR� EH
OHVV�WKDQ�WKH�VDPH�KDSWLF�VWLIIQHVV�SUHVHQWHG�ZLWK�DW�
FRQWDFW�VRXQG��7KHUHIRUH��LQ�RUGHU�WR�PDWFK�WKH�UHIHU�
HQFH� VWLIIQHVV� ZLWK� DW�FRQWDFW� VRXQG�� WKH� VXEMHFWV
RYHUFRPSHQVDWHG�WKH�KDSWLF�VWLIIQHVV�WKDW�ZDV�XQGHU
WKHLU�FRQWURO��7KLV�LQWHUSUHWDWLRQ�LV�FRQVLVWHQW�ZLWK�WKH
UHVXOWV�RI�WKH�GLVFULPLQDWLRQ�H[SHULPHQWV��)XUWKHU��WKH
UHVXOWV� LQGLFDWH� WKDW� WKH� VXEMHFWV� GR� QRW� LJQRUH� WKH
SRVW�FRQWDFW� VRXQGV��D�SRVVLELOLW\� UDLVHG�E\� WKH�GLV�
FULPLQDWLRQ�H[SHULPHQW�

������ +DSWLF�YLVXDO�,QWHUDFWLRQV�

3UHYLRXVO\� ZH� KDYH� VKRZQ� KRZ� WKH� SHUFHSWLRQ� RI
KDSWLF�VWLIIQHVV�LV� LQIOXHQFHG�E\�WKH�YLVXDO�GLVSOD\�RI
REMHFW� GHIRUPDWLRQ���� $Q� LPSRUWDQW� LPSOLFDWLRQ� RI
WKHVH�UHVXOWV� IRU�PXOWLPRGDO�9(V� LV� WKDW�E\�VNHZLQJ
WKH� UHODWLRQVKLS� EHWZHHQ� WKH� KDSWLF� DQG� YLVXDO� GLV�
SOD\V�� WKH� UDQJH� RI� REMHFW� SURSHUWLHV� WKDW� FDQ� EH
HIIHFWLYHO\�FRQYH\HG�WR� WKH�XVHU�FDQ�EH�VLJQLILFDQWO\
HQKDQFHG��)RU�H[DPSOH��DOWKRXJK�WKH�UDQJH�RI�REMHFW
VWLIIQHVV�WKDW�FDQ�EH�GLVSOD\HG�E\�D�KDSWLF�LQWHUIDFH�LV
OLPLWHG� E\� WKH� IRUFH�EDQGZLGWK� RI� WKH� LQWHUIDFH�� WKH
UDQJH� SHUFHLYHG� E\� WKH� VXEMHFW� FDQ� EH� HIIHFWLYHO\
LQFUHDVHG�E\� UHGXFLQJ� WKH�YLVXDO�GHIRUPDWLRQ�RI� WKH
REMHFW�

53 M.A. Srinivasan, G.L. Beauregard, D.L. Brock, "The Impact of Visual Information on Haptic Perception of Stiffness in Virtual Environ-
ments," Proceedings of the ASME Dynamic Systems and Control Division, DSC 58: 555-59, Atlanta, Georgia, 1996.
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,Q�FRQWLQXLQJ� WKLV� OLQH�RI� LQYHVWLJDWLRQ�RQ�KRZ�YLVLRQ
DIIHFWV� KDSWLF� SHUFHSWLRQ�� ZH� GHVLJQHG� WZR� VHWV� RI
H[SHULPHQWV� WR� WHVW� WKH�HIIHFW�RI� SHUVSHFWLYH�RQ� WKH
SHUFHSWLRQ� RI� JHRPHWULF� DQG� PDWHULDO� SURSHUWLHV� RI
�'�REMHFWV��'XH�WR�SHUVSHFWLYH�JUDSKLFV��WKH�REMHFWV
WKDW�DUH� IDU�DZD\�DUH� UHSUHVHQWHG�E\�VPDOOHU�YLVXDO
LPDJHV��:H�LQYHVWLJDWHG�LI�WKH\�ZLOO�IHHO�VPDOOHU�ZKHQ
WKHLU�VL]H�DQG�GLPHQVLRQV�DUH�H[SORUHG�XVLQJ�D�KDSWLF
GHYLFH��,Q�WKH�ILUVW�VHW�RI�H[SHULPHQWV��D��'�UHFWDQJX�
ODU�EORFN�ZLWK�WZR�JURRYHV�RQ�LW��RQH�LV�ORFDWHG�EHKLQG
WKH�RWKHU��ZDV�GLVSOD\HG��)RU�HDFK�WULDO��WKH�VL]H�DQG
WKH�GLPHQVLRQV�RI� WKH�JURYHV�ZHUH�PRGLILHG�UHODWLYH
WR�HDFK�RWKHU�DQG�WKH�VXEMHFWV�ZHUH�DVNHG�WR�GLIIHU�
HQWLDWH� WKHP�� $� VLPLODU� H[SHULPHQW� ZDV� FRQGXFWHG
ZLWK�WZR�EXWWRQV�LQVWHDG�RI�JURYHV�WR�VWXG\�WKH�HIIHFW
RI� SHUVSHFWLYH� RQ� SHUFHSWXDO� IHHOLQJ� RI� FRPSOLDQFH�
,Q�WKH�VHFRQG�VHW�RI�H[SHULPHQWV��ZH�JUDSKLFDOO\�DQG
KDSWLFDOO\�GLVSOD\HG�WZR�EXWWRQV��RQH�ORFDWHG�EHKLQG
WKH�RWKHU��DQG�DVNHG�WKH�VXEMHFWV�WR�GLIIHUHQWLDWH�WKH
VWLIIQHVV�RI�WKH�EXWWRQV��2XU�SUHOLPLQDU\�VWXGLHV�LQGL�
FDWH�WKDW�VXEMHFWV�IHHO�WKH�GLVWDQW�REMHFWV�WR�EH�KDSWL�
FDOO\�VPDOOHU�DQG�VWLIIHU�

������ 3UHOLPLQDU\�,QYHVWLJDWLRQV�RQ�
([SDQGLQJ�WKH�3HUFHLYHG�:RUNVSDFH

$�ODUJHU�KDSWLF�ZRUNVSDFH�ZRXOG�EH�XVHIXO�LQ�VHYHUDO
KDSWLF�DSSOLFDWLRQV��8QIRUWXQDWHO\��WKH�SK\VLFDO�KDSWLF
ZRUNVSDFH�WKDW�LV�SURYLGHG�E\�WKH�FXUUHQWO\�DYDLODEOH
KDSWLF�GHYLFHV�LV�OLPLWHG�GXH�WR�VHYHUDO�UHDVRQV��H�J�
GLPHQVLRQV�RI�WKH�PHFKDQLFDO�OLQNV�RI�WKH�GHYLFH�IRU
HIIHFWLYH�IRUFH�IHHGEDFN�DQG�WKH�UHDFKDEOH�GLVWDQFHV
E\�WKH�KXPDQ�XVHU���:H�DUH�FXUUHQWO\�ZRUNLQJ�RQ�WKH
FRQFHSW� RI� H[SDQGLQJ� WKH� SHUFHLYHG� KDSWLF� ZRUN�
VSDFH� XVLQJ� RXU� UHQGHULQJ� DOJRULWKPV� DQG� WKH� XVHU
LQWHUIDFH�

:H�EULHIO\�VXPPDUL]H�RXU�DSSURDFK�KHUH�RQ�KRZ�WKH
SHUFHLYHG�VSDFH�FDQ�EH�H[WHQGHG��&XUUHQWO\��ZH�DUH
WHVWLQJ�WKH�IHDVLELOLW\�RI�WKHVH�DSSURDFKHV�IRU�LQWHJUD�
WLRQ�LQWR�RXU�H[LVWLQJ�PXOWLPRGDO�VRIWZDUH�

������ �6FDOLQJ�WKH�&XUVRU�0RYHPHQW�

,I� WKH� FXUVRU� PRYHPHQWV�� GHWHUPLQHG� E\� WKH� HQG
SRLQW� RI� WKH� KDSWLF� GHYLFH�� DUH� VFDOHG� DSSURSULDWHO\
EHIRUH� WKH\� DUH� GLVSOD\HG� LQ� WKH� YLVXDO� VSDFH�� WKHQ
WKH� KDSWLF� VSDFH�PD\� EH� SHUFHLYHG� DV� ELJJHU� WKDQ
WKH�DFWXDO�RQH��:H�GHILQH�D�VFDOLQJ�UDWLR�DV�WKH�VL]H
RI�YLVXDO�ZRUNVSDFH�WR� WKH�VL]H�RI�KDSWLF�ZRUNVSDFH
�69:�6+:���DQG�ZH�VHW�LWV�YDOXH�KLJKHU�WKDQ�RQH�WR
PDNH� VXUH� WKDW� WKH� KDSWLF� ZRUNVSDFH� SHUFHLYHG� E\
WKH� KXPDQ� XVHU� EHFRPHV� ELJJHU� WKDQ� LWV� SK\VLFDO

GLPHQVLRQV��+HQFH��WKH�XVHU�ZLOO� IHHO�DV�LI�KH�VKH� LV
WUDYHOLQJ�IDVWHU�LQ�WKH�YLVXDO�ZRUNVSDFH�DV�D�UHVXOW�RI
WKLV�VFDOLQJ�

������ 6FDOLQJ�WKH�9LVXDO�6L]H�RI�6W\OXV�

6LPLODUO\�� WKH�YLVXDO�VL]H�RI� WKH�VW\OXV�FDQ�EH�VFDOHG
E\� WKH� UDWLR� RI�ZRUNVSDFHV� WR� H[WHQG� WKH� UHDFKDEOH
YLVXDO�ZRUNVSDFH��,Q�WKH�SDVW��ZH�KDYH�GHYHORSHG�D
UD\�EDVHG� UHQGHULQJ� WHFKQLTXH� WR� KDSWLFDOO\� LQWHUDFW
ZLWK��'�REMHFWV�LQ�YLUWXDO�HQYLURQPHQWV��,Q�WKLV�WHFK�
QLTXH�� WKH� VW\OXV� RI� WKH� KDSWLF� LQWHUIDFH� GHYLFH� LV
PRGHOHG� DV� D� OLQH� VHJPHQW� DQG� WKH� FROOLVLRQV� DUH
GHWHFWHG� EHWZHHQ� WKH� OLQH� VHJPHQW� DQG� WKH� �'
REMHFWV�LQ� WKH�VFHQH��6LQFH�RXU�UD\�EDVHG�UHQGHULQJ
WHFKQLTXH� UHOLHV� RQ� GHWHFWLQJ� FROOLVLRQV� EHWZHHQ� D
OLQH�VHJPHQW�PRGHO�RI�WKH�VW\OXV�DQG�WKH��'�REMHFWV
DQG�LW�FDQ�KDQGOH�VLGH�FROOLVLRQV��VPDOO�PRYHPHQWV�RI
WKH�KDQG� LQ�KDSWLF�VSDFH�ZLOO� UHVXOW� LQ� WKH�GLVSOD\�RI
ORQJHU� VW\OXV�PRYHPHQWV� LQ� YLVXDO� ZRUNVSDFH�� 7KLV
FDQ�EH�LPDJLQHG�E\�DVVXPLQJ�WKDW�D�EOLQG�SHUVRQ�LV
H[SORULQJ�WKH�VXUIDFH�RI�D��'�REMHFW�XVLQJ�D�VSHFLDO
VWLFN� WKDW� FDQ� EH� H[WHQGHG� DXWRPDWLFDOO\� DV� KH�VKH
SUHVVHV�D�EXWWRQ�RQ�WKH�VWLFN�WR�IHHO�WKH�REMHFWV�WKDW
DUH�IXUWKHU�DZD\�

������ +DSWLFV�$FURVV�WKH�:RUOG�:LGH�:HE

,Q� RUGHU� WR�PDNH� KDSWLFV� DQG� RXU� UHVHDUFK� VWXGLHV
DFFHVVLEOH�DQG� WUDQVIHUDEOH� WR� WKH�RWKHUV��ZH�RSWHG
WR� LQWHJUDWH� KDSWLFV� LQWR� WKH�:HE�� $� GHPRQVWUDWLRQ
YHUVLRQ�RI�WKH�YLVXDO�KDSWLF�H[SHULPHQW�DV�GHVFULEHG
LQ�6HFWLRQ�XVLQJ�WKH�3+$17R0�KDSWLF� LQWHUIDFH�ZDV
GHYHORSHG� WR�EH�XVHG�DFURVV� WKH�:RUOG�:LGH�:HE�
7KH�SURJUDP�ZDV�ZULWWHQ�LQ�-DYD��XVLQJ�PXOWL�WKUHDG�
LQJ�WR�FUHDWH�VHSDUDWH�YLVXDO�DQG�KDSWLF�FRQWURO�ORRSV�
WKHUHE\� LQFUHDVLQJ� WKH� VSHHG�RI� WKH� KDSWLFV� ORRS� WR
NHHS� WKH� SURJUDP� VWDEOH� GHVSLWH� LWV� JUDSKLFV� RYHU�
KHDG��7KH�DSSOLFDWLRQ�SURJUDP�KDV�EHHQ�SODFHG�RQ
WKH�/DERUDWRU\�RI�+XPDQ�DQG�0DFKLQH�+DSWLFV�ZHE
SDJH��KWWS���WRXFKODE�PLW�HGX���WR�EH�H[HFXWHG�E\�DQ\
UHPRWH� XVHU� ZLWK� D� 3+$17R0� DQG� D�:LQGRZV� 17
FRPSXWHU� UXQQLQJ� 1HWVFDSH� IRU� :::� DFFHVV�
5HPRWH� XVHUV� FDQ� GRZQORDG� D� G\QDPLF� OLQN� OLEUDU\
DQG�VRPH�-DYD�FODVVHV� IURP� WKH�ZHE�SDJH� WR� WKHLU
FRPSXWHU�� DQG� WKHQ� UXQ� WKH� SURJUDP� LQ� WKHLU� ZHE
EURZVHU�� 8VHUV� DUH� DVNHG� WR� GLVFULPLQDWH� WKH� VWLII�
QHVV�RI�VHWV�RI�WZR�VSULQJV��GLVSOD\HG�YLVXDOO\�RQ�WKH
VFUHHQ� DQG� KDSWLFDOO\� ZLWK� WKH� 3+$17R0�� DQG� WR
VHQG� LQ�WKHLU�UHVSRQVHV�YLD�DQ�H�PDLO�ZLQGRZ�LQ�WKH
ZHE�SDJH��7KXV��ZH�QRZ�KDYH�WKH�DELOLW\�WR�SHUIRUP
SHUFHSWXDO�H[SHULPHQWV�ZLWK�PXOWLPRGDO�9(V�DFURVV
WKH� LQWHUQHW�� 2YHU� WKH� SDVW� \HDU�� WKH� LQGXVWU\�VWDQ�
GDUG�YLUWXDO�UHDOLW\�PRGHOLQJ�ODQJXDJH��950/�YHUVLRQ
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����� ZDV� H[WHQGHG� WR� DFFRPPRGDWH� WKH� KDSWLF
PRGDOLW\��DOORZLQJ�WKH�UDSLG�SURWRW\SLQJ�DQG�GHYHORS�
PHQW�RI�PXOWL�PRGDO�DSSOLFDWLRQV�

��� 7UDLQLQJ�IRU�5HPRWH�6HQVLQJ�DQG�
0DQLSXODWLRQ

6SRQVRU

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK�
6XEFRQWUDFW������

3URMHFW�6WDII

1DWKDQLHO�,��'XUODFK��'U��7KRPDV�(�Y��:LHJDQG��'RU�
ULH� +DOO�� 'DYLG� :�� 6FKORHUE�� $QGUHZ� 5�� %UXJKHUD�
5HEHFFD� /�� *DUQHWW�� 'DYLG� +�� 0DQRZLW]�� %ULDQ� '�
.LQF\��-RQDWKDQ�/��=DOHVN\��0DWWKHZ�(��(VFK

����� ,QWURGXFWLRQ

7KH�7UDLQLQJ� IRU�5HPRWH�6HQVLQJ� DQG�0DQLSXODWLRQ
�75$16R0��SURJUDP�LV�DQ�LQWHUGLVFLSOLQDU\�UHVHDUFK
HIIRUW�WR�GHVLJQ��GHYHORS�DQG�HYDOXDWH�WKH�XVH�RI�YLU�
WXDO� HQYLURQPHQW� �9(�� V\VWHPV� IRU� WUDLQLQJ� SLORWV� RI
WHOHRSHUDWHG�PLQL�VXEPDULQHV��RIWHQ�FDOOHG� UHPRWHO\
RSHUDWHG� YHKLFOHV� �529V��� 3UHYLRXV� ZRUN� RQ� WKLV
SURMHFW� LV� GHVFULEHG� LQ� 3URJUHVV� 5HSRUW� 1R�� ������

0,7¶V�ZRUN�RQ�WKH�75$1620�SURMHFW�GXULQJ�WKH�SDVW
\HDU�LV�GHVFULEHG�LQ�WKH�IROORZLQJ�VXEVHFWLRQV�

����� &ROOLVLRQ�'HWHFWLRQ

2QH� PDMRU� FRPSRQHQW� RI� DQ\� UHDOLVWLF� RSHUDWLRQ
ZLWKLQ�D�YLUWXDO�HQYLURQPHQW�FRQVLVWV�RI�WKH�DELOLW\�RI
WKH� 9(� SURJUDP� WR� GHWHFW� DQG� UHSRUW� FROOLVLRQV
EHWZHHQ�YLUWXDO�REMHFWV��)RU� WKH�UHTXLUHPHQWV�RI� WKH
75$1620� SURMHFW�� VSHFLILF� LQIRUPDWLRQ� DERXW� YHKL�
FOH�EHKDYLRU�XQGHU�FRQGLWLRQV�RI�FROOLVLRQ�QHHGV�WR�EH
PDGH� DYDLODEOH� WR� WKH� RSHUDWRU�� LQGHSHQGHQW� RI
ZKHWKHU� WKH� FROOLVLRQV� RFFXU� EHWZHHQ� WKH�529�DQG
ERXQGDULHV� RI� WKH� XQGHUVHD� HQYLURQPHQW� �LQFOXGLQJ
WKH�VHD�IORRU���EHWZHHQ�WKH�529�DQG�SRWHQWLDO�WDUJHW
REMHFWV��RU�EHWZHHQ�WKH�529�DQG� LWV�RZQ�WHWKHU��$V
UHSRUWHG�DW� WKH�HQG�RI� WKH� ILUVW�\HDU��FROOLVLRQ�GHWHF�
WLRQ�ZLWK� WKH� VHD� IORRU� DQG�ZLWK� WKH� H[WHULRU� ERXQG�
DULHV� RI� WKH� XQGHUVHD� HQYLURQPHQW� ZDV� PDGH
RSHUDWLRQDO�DV�D�ILUVW�VWHS��SULRU�WR�WKH�GHYHORSPHQW�RI
WKH�PRUH�FRPSOH[�DOJRULWKPV�WKDW�ZRXOG�HQDEOH�FROOL�
VLRQ� GHWHFWLRQ� WR� RSHUDWH� ZLWK� UHVSHFW� WR� DOO� RWKHU
REMHFWV�LQ�WKH�YLUWXDO�ZRUOG��

,PSOHPHQWDWLRQ�RI�D�FROOLVLRQ�GHWHFWLRQ�DOJRULWKP�IRU
DUELWUDU\� REMHFWV� LQ� WKH� VLPXODWLRQ� ZDV� FRPSOHWHG
SULRU� WR� WKH� H[SHUW� SLORW� H[SHULPHQWV� VFKHGXOHG� LQ
)HEUXDU\� ������ EXW� DQ� HUURU� LQ� LPSOHPHQWDWLRQ�ZDV
GLVFRYHUHG��WKLV�ZDV�FRUUHFWHG�LQ�0DUFK��$OWKRXJK�D
VLJQLILFDQW� ODWHQF\� LQ� WKH�IUDPH�UDWHV�RI� WKH�9(�VRIW�
ZDUH� ZDV� GLVFRYHUHG� GXULQJ� WKLV� WLPH�� WKH� FROOLVLRQ
GHWHFWLRQ� PRGXOH� ZDV� QRW� DW� ILUVW� LPSOLFDWHG� DV� D
FDXVDO� IDFWRU�� +RZHYHU�� LPSURYHPHQWV� LQ� WKH� PDQ�
DJHPHQW� RI� WKH� ,QYHQWRU� GDWDEDVH� GLG� SURYLGH� GUD�
PDWLF� LQFUHDVHV� LQ� SHUIRUPDQFH� LQ� WKH� VLPXODWLRQ�
0RGLILFDWLRQV�WR�WKH�,QYHQWRU�PRGHOV�ZHUH�DOVR�LQWUR�
GXFHG�ERWK� WR� LQFUHDVH�SHUIRUPDQFH�DQG� WR�SUHYHQW
WKH�PHPRU\�OHDNV�ZKLFK�DSSDUHQWO\�RFFXUUHG�GXH�WR
WKH� XVH� RI� LQFRPSDWLEOH� ,QYHQWRU� IRUPDW� YHUVLRQV�
7KHVH� WZR� FKDQJHV� JUHDWO\� UHGXFHG� WKH� DPRXQW� RI
WLPH�VSHQW�LQ�REMHFW�WR�REMHFW�FROOLVLRQ�GHWHFWLRQ�URX�
WLQHV�DQG�KDG�D�GUDPDWLF�RYHUDOO�HIIHFW�RQ�WKH�VLPXOD�
WLRQ�XSGDWH�UDWH��7KH�DGGLWLRQ�RI�JUHDWHU�GHWDLO�LQ�WKH
REMHFWV� FKHFNHG� IRU� FROOLVLRQV� \LHOGHG� UHVXOWV� ZKLFK
PDGH�WKH�VLPXODWLRQ�VHHP�LQFUHDVLQJO\�UHDOLVWLF�

7KH�FROOLVLRQ�GHWHFWLRQ�LQ�WKH�75$16R0�WHVWEHG�V\V�
WHP� ZDV� LPSOHPHQWHG� DV� D� VHW� RI� 6FKHPH� SURFH�
GXUHV�� UXQ� GXULQJ� WKH� PDLQ� VLPXODWLRQ� ORRS�� 7KLV
V\VWHP�WHVWV�IRU�FROOLVLRQV�XVLQJ�D�KLHUDUFKLFDO�ERXQG�
LQJ� ER[� WHVW�� *LYHQ� WZR� ,QYHQWRU� VFHQH� JUDSKV� IRU
REMHFWV�� ILUVW�ERXQGLQJ�ER[HV�DUH�FRPSXWHG�IRU�ERWK
REMHFWV��DQG�WKHVH�DUH�WHVWHG�IRU�FROOLVLRQV��,I�QR�FROOL�
VLRQV�RFFXU��WKHQ�WKH�SURFHGXUH�HQGV��,I�D�FROOLVLRQ�LV
GHWHFWHG� DQG� WKH� QRGH� EHLQJ� FKHFNHG� LV� D� JURXS
QRGH�� WKHQ�D� IXUWKHU� �UHFXUVLYH�� FKHFN� LV�SHUIRUPHG
RQ� HDFK� RI� LWV� FKLOGUHQ� XQWLO� QR� IXUWKHU� FROOLVLRQ� LV
GHWHFWHG�� 7KHVH� IXUWKHU� FKHFNV� DUH� SHUIRUPHG� WR
HQVXUH� WKDW� WKH�ERXQGLQJ�ER[�FROOLVLRQ�FKHFN� LV�QRW
UHDOO\�ILQGLQJ�D�FROOLVLRQ�EHWZHHQ�SDUWV�RI�WKH�ERXQG�
LQJ� ER[HV� QRW� RFFXSLHG� E\� WKH� PRGHOV� EHLQJ
FKHFNHG�� $GGLWLRQDOO\�� WKH� UHFXUVLYH� FKHFNV� FDQ� EH
HQGHG�E\�DGGLQJ�RQH�RI�WZR�ODEHOV�WR�D�VFHQH�JUDSK�
7KH�ILUVW�VXFK�ODEHO���LJQRUH���WHOOV�WKH�FROOLVLRQ�FKHFN�
LQJ�QRW� WR�FKHFN�DQ\�SDUW�RI� WKH�VFHQH�JUDSK�EHORZ
WKH� ODEHO�� 7KH� VHFRQG� VXFK� ODEHO�� �ERXQGLQJ� ER[��
WHOOV� WKH� FROOLVLRQ� FKHFNLQJ� WR� RQO\� FKHFN� WKH� QH[W
VXEWUHH� IRU� D� ERXQGLQJ� ER[� FROOLVLRQ� DQG� WR� VWRS
UHFXUVLQJ�DW�WKLV�OHYHO�

7KLV� FKHFNLQJ� DOJRULWKP� VKRXOG� JLYH� XV� UHDVRQDEOH
GHWHFWLRQ� RI� FROOLVLRQV�� +RZHYHU�� DUELWUDU\� REMHFW�
DOLJQHG�ERXQGLQJ�ER[�LQWHUVHFWLRQ�WHVWLQJ�LV�QRW�VXS�
SRUWHG�LQ�2SHQ�,QYHQWRU��$V�D�UHVXOW��ZH�RQO\�DSSUR[�
LPDWH� WKHVH� FKHFNV�� XVLQJ� D� SRLQW� QHDU� WKH� IURQW� RI

54 N.I. Durlach et. al., "Training for Remote Sensing and Manipulation," MIT RLE Progress Report 139: 388-95 (1996).
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WKH�529�WR�DSSUR[LPDWH�WKH�529¶V�ORFDWLRQ��DQG�WKLV
SRLQW� LV� WHVWHG� IRU� LQWHUVHFWLRQ�ZLWK� DQRWKHU�PRGHO¶V
ERXQGLQJ�ER[��:H�DUH�FXUUHQWO\� WU\LQJ� WR� LPSOHPHQW
WKLV�DOJRULWKP�LQ�IXOO��DV�GHVFULEHG�DERYH��VLQFH�LW�ZLOO
JLYH�TXLFN�UHVXOWV�ZKHQ�QR�FROOLVLRQV�RFFXU��WKH�QRU�
PDO�FDVH���EXW�VKRXOG�QRW�WDNH�LQRUGLQDWH�DPRXQWV�RI
WLPH�WR�GHWHFW�D�FROOLVLRQ�ZKHQ�LW�GRHV�RFFXU�

����� 7HWKHU�3URMHFWV

,W� LV�ZHOO�NQRZQ� WKDW�VRPH�RI� WKH�PDLQ�GLIILFXOWLHV� LQ
SLORWLQJ�529V�UHVXOW�IURP�WKH�H[LVWHQFH�RI�WKH�WHWKHU�
(YHQ�ZKHQ�QR�HQWDQJOHPHQW�RFFXUV��WKH�WHWKHU�DOWHUV
WKH�G\QDPLFV�RI�WKH�YHKLFOH��:KHQ�DQ�HQWDQJOHPHQW
RFFXUV�� WKH� HIIHFWV� FDQ� EH� VHYHUH�� ERWK� LQ� WHUPV�RI
GHVWUR\LQJ� WKH�PRELOLW\� RI� WKH� 529� DQG� LQ� WKH� GLIIL�
FXOW\�LQYROYHG�LQ�XQWDQJOLQJ�WKH�WHWKHU�

,Q� RXU� UHVHDUFK� GLUHFWHG� WRZDUG� VROYLQJ� WKH� WHWKHU
SUREOHP�� ZH� KDYH� LQLWLDWHG� WKUHH� SURMHFWV�� HDFK� RI
ZKLFK�LV�EULHIO\�GHVFULEHG�LQ�WKH�IROORZLQJ�WKUHH�VXE�
VHFWLRQV�

'HYHORSPHQW�RI�D�7HWKHU�,QIRUPDWLRQ�6\VWHP�
�7,6�

7KH�JRDO�RI�WKLV�SURMHFW� LV�WR�GHVLJQ�DQG�FRQVWUXFW�D
V\VWHP�WKDW�SURYLGHV�LQIRUPDWLRQ�RQ�WKH�WLPH�YDU\LQJ
JHRPHWU\� RI� WKH� WHWKHU� ��'�SRVLWLRQ� RI� DOO� SRLQWV� RQ
WKH�WHWKHU��DQG�RQ�WKH�WLPH�YDU\LQJ�IRUFH�H[HUWHG�E\
WKH�WHWKHU�DW�WKH�529�DWWDFKPHQW�SRLQW�DV�IXQFWLRQV
RI�����WKH�SK\VLFDO�VSHFLILFDWLRQV�RI�WKH�WHWKHU������WKH
PRYHPHQWV� RI� WKH� 529� WR� ZKLFK� WKH� WHWKHU� LV
DWWDFKHG������WKH�WLPH�YDU\LQJ�OHQJWK�RI�WKH�WHWKHU�DV
GHWHUPLQHG�E\�WKH�WHWKHU�VXSSO\�PDQDJHPHQW������WKH
H[WHUQDO� IRUFHV� �VXFK� DV� FXUUHQWV�� DFWLQJ� RQ� WKH
WHWKHU�� DQG� ����VLJQDOV�GHULYHG� IURP�VHQVRUV� LPEHG�
GHG�LQ�WKH�WHWKHU��$OWKRXJK�LW�PLJKW�DOVR�EH�XVHIXO�WR
LQFOXGH� LQ� WKH�7,6�VRPH� LQIRUPDWLRQ�FRQFHUQLQJ� WKH
SRVLWLRQDO� UHODWLRQVKLS�EHWZHHQ� WKH� WHWKHU�DQG�RWKHU
REMHFWV�LQ�WKH�HQYLURQPHQW��H�J���E\�PHDQV�RI�SUR[LP�
LW\�VHQVRUV���FRQVLGHUDWLRQ�RI�VXFK�UHODWLRQDO�LQIRUPD�
WLRQ� LV� EHLQJ� SRVWSRQHG� XQWLO� ODWHU� LQ� WKH� SURJUDP�
$OVR�� IRUFHV� LQWHUQDO� WR� WKH� WHWKHU� DUH�EHLQJ�FRQVLG�
HUHG� RQO\� WR� WKH� H[WHQW� WKDW� WKH\� LQIOXHQFH� WHWKHU
JHRPHWU\�

$W�RQH�H[WUHPH��D�7,6�FDQ�EH�EDVHG�VROHO\�RQ�D�WKHR�
UHWLFDO�SK\VLFDO�PRGHO�RI�WHWKHU�EHKDYLRU��$W�WKH�RWKHU
H[WUHPH��WKH�LQIRUPDWLRQ�SURYLGHG�DW�WKH�RXWSXW�RI�WKH

7,6�FDQ�EH�EDVHG�VROHO\�RQ�VLJQDOV�IURP�VHQVRUV� LQ
WKH�WHWKHU��7KH�WDVN�DW�KDQG�LV�WR�FKRRVH�D�FRPELQD�
WLRQ�RI�PRGHO�DQG�VHQVRU�V\VWHP�WKDW�PD[LPL]HV�WKH
DFFXUDF\� RI� WKH� WHWKHU� LQIRUPDWLRQ� ZLWK� PLQLPXP
FRVW��ZKHUH�FRVW� LV�GHILQHG�LQ�WHUPV�RI�GROODUV��FRP�
SOH[LW\��HWF�

,QLWLDO� ZRUN� RQ� WKLV� WHWKHU� SURMHFW� LV� FRQFHUQHG� ZLWK
7,6�GHVLJQ��7KLV�ZRUN�LQFOXGHV�WKH�����VWXG\�RI�YDUL�
RXV� WHWKHU� PRGHOV�� ���� VWXG\� RI� DYDLODEOH� �RU� FRQ�
VWUXFWLEOH�� VHQVRUV� IRU� SRVVLEOH� GHSOR\PHQW� LQ� WKH
WHWKHU������VWXG\�RI�WKH�WHWKHU�LQIRUPDWLRQ�WKDW�FDQ�EH
REWDLQHG�IURP�K\SRWKHVL]HG�VHQVRU�DUUD\V�DV�D�IXQF�
WLRQ� RI� WKH� SHUIRUPDQFH� FKDUDFWHULVWLFV� RI� WKH� VHQ�
VRUV�� WKH� QXPEHU� DQG� SODFHPHQW� RI� WKHVH� VHQVRUV
DORQJ� WKH� WHWKHU�� DQG� WKH�SK\VLFDO� FKDUDFWHULVWLFV�RI
WKH� WHWKHU�� DQG� ���� HVWLPDWLRQ� RI� WKH� 7,6� RXWSXW� IRU
YDULRXV��WHWKHU�PRGHO��[��VHQVRU�DUUD\��FRPELQDWLRQV�

:RUN�WR�GDWH�RQ�WKLV�SURMHFW�KDV�IRFXVHG�RQ�WKH�VWXG\
RI� WHWKHU�PRGHOV�� $� EULHI� GHVFULSWLRQ� RI� WKH�PRGHOV
FRQVLGHUHG�LV�SUHVHQWHG�LQ�WKH�IROORZLQJ�SDUDJUDSKV�

,Q� WKH�PRGHOV� LQLWLDOO\�VWXGLHG�� WKH�VLWXDWLRQ� LV�VWDWLF�
WKH�529�SRVLWLRQ�DQG�WHWKHU�OHQJWK�DUH�DVVXPHG�FRQ�
VWDQW�� WKH� WHWKHU� JHRPHWU\� DQG� WHQVLRQ� DUH� GHWHU�
PLQHG�VROHO\�E\�WKH�SRVLWLRQV�RI�WKH�HQGSRLQWV�RI�WKH
WHWKHU� DQG� WKH� ZDWHU�FXUUHQW� YHFWRU�� DQG� WKH� WHWKHU
JHRPHWU\� DQG� WHQVLRQ� DUH� GHVFULEHG� RQO\� LQ� WKH
VWHDG\� VWDWH� �L�H��� DIWHU� WKH� FXUUHQW� KDV� EHHQ�DFWLQJ
RQ� WKH� WHWKHU� IRU� D� ORQJ� WLPH� SHULRG��� ,Q� <RHUJHU¶V
PRGHO��GLVFXVVHG�IXUWKHU�EHORZ��WKH�RQO\�IRUFHV�FRQ�
VLGHUHG�DUH�WKH�GUDJ�IRUFHV�GXH�WR�WKH�FXUUHQW�DQG�WKH
WHQVLRQ� LQ� WKH� WHWKHU�� WKH�HIIHFWV�RI�GHSWK�DQG�EXR\�
DQF\� DUH� LJQRUHG�� DQG� WKH� HIIHFWV� RI� VWUHWFKLQJ� DUH
LJQRUHG��$� ILQLWH� HOHPHQW� DSSURDFK� LV� XVHG�DQG� WKH
VROXWLRQ� LQYROYHV�DQ� LWHUDWLYH�SURFHGXUH�WKDW� LV�FRP�
SXWDWLRQDOO\�H[SHQVLYH�DQG�IDLOV�ZKHQ�WKHUH�LV�QR�FXU�
UHQW��,Q�WKH�PRGHOV�FRQVLGHUHG�E\�'HQQLV����IXQLFXODU
FXUYHV�DUH�XVHG��$OWKRXJK�WKHVH�PRGHOV�KDYH�QRW�\HW
EHHQ� LPSOHPHQWHG�� WKH\� DSSHDU� WR� EH� PXFK� PRUH
HIILFLHQW� FRPSXWDWLRQDOO\� DQG� WR� EH� PRUH� HDVLO\
DSSOLHG� WR� �'� WKDQ� WKDW� RI� <RHUJHU�� +RZHYHU�� WKH\
VXIIHU� IURP� WKH� VDPH� OLPLWDWLRQV�ZLWK� UHVSHFW� WR� WKH
SK\VLFDO� SDUDPHWHUV� FRQVLGHUHG� DQG� WKH� VPDOO�FXU�
UHQW�SUREOHP�

7KH�G\QDPLF�PRGHOV�EHLQJ�FRQVLGHUHG�LQFOXGH�$EORZ
DQG�6FKHFWHU¶V��'�KLJK�WHQVLRQ�PRGHO����+RZHOO¶V��'
ORZ�WHQVLRQ� PRGHO���� DQG� +RYHU¶V� �'� PDVVOHVV

55 N. Dennis, "The ’Two-century Plus History of the Constant-tension Catenary as Applied to Tall Ship Sails, Paravan and Other Tows, Oil 
Slick Catch Booms and Some Buoy Moors," Oceans ’95 MTS/IEEE Conference Proceedings, San Diego, California,  October 9-12, 
1995; N. Dennis, "On the Formation of Funicular Curves," Int. J. Mech. Sci. 36(3): 183-88 (1994).
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PRGHO����7KH��'�KLJK�WHQVLRQ�PRGHO�WDNHV�DFFRXQW�RI
YHKLFOH� PRYHPHQW� DQG� LQFOXGHV� D� WHWKHU� VWUHWFKLQJ
WHUP��KRZHYHU�� LW� LV�QRW�DSSOLFDEOH�WR�FDVHV�LQ�ZKLFK
WKH�WHQVLRQ�LV�]HUR�VRPHZKHUH�DORQJ�WKH�WHWKHU��7KH
+RZHOO� �'� ORZ�WHQVLRQ�PRGHO�DVVXPHV� WKH�FDEOH� LV
LQHODVWLF�EXW� LQFOXGHV�D�EHQGLQJ�VWLIIQHVV� WHUP��7KLV
PRGHO�DSSHDUV�WR�EH�DSSOLFDEOH�ZKHQ�WKH�FXUUHQW� LV
QHDU� ]HUR� DQG�RU� WKH� WHWKHU� LV� QHXWUDOO\� EXR\DQW�� ,Q
+RYHU¶V�PRGHO��D�VWUHWFKLQJ�WHUP�LV�LQFOXGHG�DQG�DQ
DWWHPSW� LV� PDGH� WR� UHGXFH� WKH� FRPSXWDWLRQ� WLPH
UHTXLUHG� LQ� +RZHOO¶V� PRGHO� E\� DVVXPLQJ� WKDW� WKH
WHWKHU�LV�PDVVOHVV��$OWKRXJK�WKLV�PRGHO�SURPLVHV�WR
UHGXFH� FRPSXWDWLRQ� WLPH�� LWV� DFFXUDF\� KDV� QRW� \HW
EHHQ�DGHTXDWHO\�VWXGLHG�

7R�GDWH��<RHUJHU¶V� LV� WKH� RQO\�PRGHO� WKDW� KDV� EHHQ
LPSOHPHQWHG��7KH� LQSXWV� WR� WKLV�PRGHO�DUH� WKH�HQG�
SRLQWV�RI�WKH�WHWKHU��WKH�FXUUHQW�YHFWRU��WKH�QXPEHU�RI
WHWKHU�VHJPHQWV�WR�EH�XVHG�LQ�WKH�ILQLWH�HOHPHQW�DQDO�
\VLV�� DQG� D� QXPEHU� RI� WHWKHU� SDUDPHWHUV� �OHQJWK�
GLDPHWHU�� QRUPDO� DQG� WDQJHQWLDO� GUDJ� FRHIILFLHQWV��
7KH�RXWSXWV�RI�WKH�PRGHO�DUH�WKH�FRRUGLQDWHV�RI�WKH
WHWKHU� VHJPHQWV� DQG� WKH� IRUFH� YHFWRU� DFWLQJ� RQ� WKH
529�DW�WKH�SRLQW�RI�DWWDFKPHQW��7KH�SURJUDP�GHULYHV
D�QXPHULFDO�VROXWLRQ�XVLQJ�DQ�LWHUDWLYH�SURFHVV�DQG�D
1HOGHU�0HDG�6LPSOH[�PHWKRG�WR�VROYH�WKH�QXPHULFDO
SUREOHP� LQ� HDFK� LWHUDWLRQ�� $SDUW� IURP� WKH� FRPSXWD�
WLRQDO�H[SHQVH�RI�WKLV�PHWKRG�DQG�WKH�QHHG�IRU�QRQ�
]HUR� FXUUHQW� IRU� WKH� PHWKRG� WR� EH� DSSOLFDEOH�� WKH
PHWKRG� IDLOV� ZKHQ� WKH� FXUUHQW� GLUHFWLRQ� FRLQFLGHV
ZLWK� WKH� GLUHFWLRQ� EHWZHHQ� WKH� 529� DQG� WKH� KRPH
EDVH� �L�H��� WKHUH� LV� QR� QRUPDO� IRUFH� DFWLQJ� RQ� WKH
WHWKHU���$WWHQWLRQ�LV�QRZ�EHLQJ�WXUQHG�LQ�WKLV�SK\VLFDO
PRGHOLQJ�ZRUN�WR�LPSOHPHQWDWLRQ�RI�G\QDPLF�PRGHOV�

'HYHORSPHQW�RI�WKH�7HWKHU�&RPSRQHQW�RI�WKH�
,QWHJUDWHG�9LUWXDO�(QYLURQPHQW�7HVWEHG

7KH�JRDO�RI� WKLV�SURMHFW� LV� WR�H[WHQG� WKH�9(� WUDLQLQJ
WHVWEHG�WR� LQFOXGH�D�WHWKHU�PRGHO�DQG�WHWKHU�GLVSOD\
WKDW� FDQ� VHUYH� DV� DQ� HIIHFWLYH� WUDLQLQJ� DLG�� :LWK
UHVSHFW�WR�WKH�WHWKHU�PRGHO��WKLV�REMHFWLYH�LPSOLHV�DQ
HPSKDVLV�RQ� ���� WKH�SUREOHP�RI�HQWDQJOHPHQWV�DQG
���� UHDO�WLPH� VLPXODWLRQ� RI� WHWKHU� EHKDYLRU�� $FFRUG�
LQJO\�� FXUUHQW� UHVHDUFK� RQ� WKH� WHWKHU� PRGHO� LQ� WKLV
SURMHFW�LV�IRFXVHG�RQ�WHWKHU�JHRPHWU\��DV�RSSRVHG�WR
WKH�HIIHFW�RI� WKH�WHWKHU� IRUFH�YHFWRU�RQ�529�G\QDP�
LFV��� ILQGLQJ� VLPSOH� DSSUR[LPDWLRQV� WR� WKH� WHWKHU

EHKDYLRU�JHRPHWU\�JHQHUDWHG�E\� WKH�SK\VLFDO� WHWKHU
PRGHOV�EHLQJ�GHYHORSHG� LQ� WKH�SURMHFW�GHVFULEHG� LQ
VHFWLRQ��������DQG�RQ�ILQGLQJ�VLPSOH�PHDQV�IRU�VLPX�
ODWLQJ�HQWDQJOHPHQWV�

6LPXODWLRQ�RI�HQWDQJOHPHQWV�UHTXLUHV�FROOLVLRQ�GHWHF�
WLRQ��RI�WKH�WHWKHU�ZLWK�REMHFWV�LQ�WKH�HQYLURQPHQW�DV
ZHOO�DV�ZLWK�LWVHOI��DQG�PRGHOLQJ�RI�WKH�HIIHFWV�RI�WKH
FROOLVLRQ��7KH�VLPSOHVW�PRGHO�IRU�WKH�HIIHFWV�RI�D�FROOL�
VLRQ��ZKLFK� LV� WKH�PRVW�FRQVHUYDWLYH�IURP�D�WUDLQLQJ
YLHZSRLQW�� UHVXOWV� IURP� DVVXPLQJ� WKDW� WKH� WHWKHU
VWLFNV� WR�DQ\�REMHFW� LW� WRXFKHV�ZLWKRXW�DQ\�VOLSSDJH�
0RUH�UHDOLVWLF�PRGHOV�EHLQJ�FRQVLGHUHG�DVVXPH�WKH
VWLFNLQJ�RQO\�RFFXUV�ZKHQ�FHUWDLQ�DQJXODU�FRQVWUDLQWV
�UHODWHG� WR� WKH� H[WHQW� WR� ZKLFK� WKH� WHWKHU� GLUHFWLRQ
FKDQJHV� DW� WKH� SRLQW� RI� FRQWDFW�� DUH� H[FHHGHG�
$OWKRXJK� IXUWKHU� UHDOLVP� FDQ� EH� LQWURGXFHG� WKURXJK
WKH� LQWURGXFWLRQ� RI� IULFWLRQ�VOLSSDJH� SDUDPHWHUV�� LW
VHHPV�XQOLNHO\�DW�SUHVHQW�WKDW�WKH�EHQHILWV�RI�DGGLQJ
VXFK�FRPSOH[LW\�ZLOO�RXWZHLJK�WKH�GUDZEDFNV�

,QLWLDO�VRIWZDUH�ZRUN�RQ�WKLV�SURMHFW�KDV�EHHQ�GLUHFWHG
WRZDUG� WKH�GHYHORSPHQW�RI�D� WHWKHU�REMHFW� LQWHUIDFH
DQG� $3,� WKDW� ZLOO� DOORZ� DOO� FXUUHQW� WHWKHU�UHODWHG
SURMHFWV� WR�SURFHHG� IURP�D�FRPPRQ�FRGH�EDVH�DQG
SHUPLW� XV� WR� HDVLO\� PRGLI\� YDULRXV� LPSOHPHQWDWLRQV
DV�WKH\�DUH�GHYHORSHG�

7KH�GLVSOD\�FRPSRQHQW�RI�WKH�WHWKHU�V\VWHP�ZLOO�SUR�
YLGH�WKH�OLQN�EHWZHHQ�WKH�WHWKHU�PRGHO�DQG�WKH�UHVW�RI
WKH�YLUWXDO�HQYLURQPHQW��$V�VXFK��LW�ZLOO�XVH�WKH�WHWKHU
$3,� WR� REWDLQ� FRRUGLQDWHV� RI� YDULRXV� SRLQWV� RQ� WKH
WHWKHU�� DQG� WKHQ� XVH� WKRVH� FRRUGLQDWHV� WR� PDNH� D
JUDSKLFDO� WHWKHU� REMHFW�� 6LQFH� JUDSKLFDO� FROOLVLRQ
GHWHFWLRQ� PHWKRGV� KDYH� EHHQ� WKH� VXEMHFW� RI� PXFK
UHVHDUFK��WKH�JUDSKLFDO�REMHFW�FDQ�EH�WHVWHG�IRU�FROOL�
VLRQV� ZLWK� RWKHU� REMHFWV� LQ� WKH� 9(�� 8VLQJ� WKHVH
UHVXOWV�� WKH�GLVSOD\�V\VWHP�ZLOO� XSGDWH� WKH�VWDWXV�RI
WKH� WHWKHU�PRGHO�ZLWK� UHVSHFW� WR� FROOLVLRQV�� DQG� WKH
PRGHO�ZLOO�FKDQJH�EHKDYLRU�DFFRUGLQJO\��7KH�GLVSOD\
V\VWHP�PD\�DOVR�LQFOXGH�RWKHU�IHDWXUHV�VXFK�DV�FROOL�
VLRQ� LQGLFDWRUV�� EXW� WKHVH� IHDWXUHV� ZLOO� RQO\� EH
QHHGHG�DIWHU� WKH�PDLQ� IHDWXUHV� RI� WKH� V\VWHP�KDYH
EHHQ�LPSOHPHQWHG�

7KH� LQLWLDO� WHWKHU�$3,�KDV�EHHQ�VSHFLILHG�DV�D�&���
VW\OH�REMHFW�ZLWKRXW�DQ\�H[WHUQDO�UHIHUHQFH�WR�D�SDU�
WLFXODU�WHWKHU�PRGHO�WR�EH�XVHG�VR�WKDW�YDULRXV�PRG�

56 C.M. Ablow and S. Schecter, "Numerical Simulation of Undersea Cable Dynamics," Ocean Eng. 10(6): 443-57 (1983).

57 M.A. Grosenbaugh, C.T. Howell and S. Moxnes, "Simulating the Dynamics of Underwater Vehicles with Low-tension Tethers," Int. J. 
Offshore  Polar Eng. 3(3): 213-18 (1993); C.T. Howell, "Numerical Analysis of 2-D Nonlinear Cable Equations with Applications to Low-
tension Problems," Int. J. Offshore  Polar Eng. 2(2): 110-13 (1992).

58 A. Blieke, Dynamic Analysis of Single Span Cables, Ph.D. diss., Department of Ocean Engineering, MIT, 1984.
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HOV�PD\�EH�WULHG�ZLWKRXW�DIIHFWLQJ�DQ\�H[WHUQDO�FRGH�
7KH�$3,�KDV�JHQHUDO�DFFHVVHU�DQG�PRGLILHU�PHWKRGV
IRU� VHWWLQJ� SDUDPHWHUV�� DORQJ� ZLWK� PHWKRGV� IRU
REWDLQLQJ�WHWKHU�FRRUGLQDWHV�HLWKHU�DV�DUUD\V�RU�RQH�
DW�D�WLPH��DQG�PHWKRGV�IRU�PRGLI\LQJ�WKH�VWDWH�RI�WKH
WHWKHU�ZLWK�UHVSHFW�WR�FROOLVLRQV��7KH�PRGHO�KDV�EHHQ
VSHFLILHG� WR� DOORZ� LW� WR�PRGLI\� WKH� UHSUHVHQWDWLRQ� RI
WKH�WHWKHU�XSRQ�EHLQJ�QRWLILHG�RI�D�FROOLVLRQ��7KLV�IHD�
WXUH�LV�PRVW�QRWLFHDEOH�ZKHQ�REWDLQLQJ�WHWKHU�FRRUGL�
QDWHV� DV� DUUD\V�� $V� FXUUHQWO\� VSHFLILHG�� WKH
FRRUGLQDWHV�ZLOO�EH� UHWXUQHG�DV�DUUD\V�RI�VHJPHQWV�
ZKHUH�HDFK�VHJPHQW�LV�D�SDUW�RI�WKH�WHWKHU�EHWZHHQ
WZR�FROOLVLRQ�SRLQWV�RU�HQGV�RI�WKH�WHWKHU��%\�PDNLQJ
WKH� WHWKHU� PRGHO� JHQHUDO� LQ� WKLV� UHJDUG�� HLWKHU� WKH
PRGHO�LWVHOI�RU�H[WHUQDO�FRGH�FDQ�KDQGOH�WKH�YDULRXV
SLHFHV�RI�WKH�WHWKHU�XSRQ�D�FROOLVLRQ�

'HYHORSPHQW�RI�D�3&�%DVHG�3DUW�7DVN�7HWKHU�
7UDLQHU

7KH� REMHFWLYH� RI� WKLV� SURMHFW� LV� WR� GHYHORS� D� KLJKO\
VLPSOLILHG�� VSHFLDO� SXUSRVH�� H[SHULPHQWDO� SDUW�WDVN
WUDLQLQJ�V\VWHP��:H�FDQ�H[SORUH�LQ�D�KLJKO\�IRFXVHG
PDQQHU�KRZ�WHWKHU�GLVSOD\V�FDQ�EH�XVHG�WR�WUDLQ�VXE�
MHFWV� WR� HVWLPDWH� WHWKHU� JHRPHWU\� EDVHG� VROHO\� RQ
LQIRUPDWLRQ� DERXW� WKH� SK\VLFDO� SURSHUWLHV� RI� WKH
WHWKHU��WKH�HQYLURQPHQWDO�FRQGLWLRQV��WKH�529�PRWLRQ
KLVWRU\��DQG�WKH�WHWKHU�VXSSO\�KLVWRU\��$V�LQ�WKH�SURMHFW
GHVFULEHG�LQ�6HF���������WKH�PRGHO�RI�WHWKHU�EHKDYLRU
ZLOO�PDNH�XVH�RI�DSSUR[LPDWLRQV�WKDW�DOORZ�UHDO�WLPH
VLPXODWLRQ�

,OOXVWUDWLYH�H[DPSOHV�RI� WKH� WUDLQLQJ�H[HUFLVHV�EHLQJ
FRQVLGHUHG� LQFOXGH� ���� WUDLQLQJ� WR� HVWLPDWH� WHWKHU
SRVLWLRQ� DQG� ���� WUDLQLQJ� WR� DYRLG� WHWKHU� HQWDQJOH�
PHQWV� DQG� LQDSSURSULDWH� WHWKHU� VXSSO\�� ,Q� WKH� ILUVW
FDVH��WKH�VWLPXOXV�RQ�HDFK�WULDO�FRQVLVWV�RI�D�ZDWHU�
FXUUHQW�YHFWRU��DQ�529�SDWK�KLVWRU\��DQG�D�WHWKHU�VXS�
SO\�KLVWRU\�� WKH� UHVSRQVH�FRQVLVWV�RI� DQ�HVWLPDWH�RI
WHWKHU�SRVLWLRQ��DQG�WKH�IHHGEDFN�FRQVLVWV�RI�SUHVHQW�
LQJ� WKH� VXEMHFW� ZLWK� WKH� FRUUHFW� WHWKHU� SRVLWLRQ
�DFFRUGLQJ�WR� WKH�WHWKHU�PRGHO�XVHG��� ,Q� WKH�VHFRQG
FDVH��WKH�VXEMHFW�SHUIRUPV�D��JR�DQG�IHWFK��WDVN�LQ�D
FOXWWHUHG�HQYLURQPHQW��ZLWK�FXUUHQWV��XVLQJ�D�MR\VWLFN
WR�FRQWURO� WKH�529�DQG�D�VOLGH� WR�FRQWURO� WKH� WHWKHU
VXSSO\��7KH�VXEMHFW� LV� LQVWUXFWHG�WR�SHUIRUP�WKH�WDVN
LQ�PLQLPXP� WLPH�ZLWK�PLQLPXP� HQWDQJOHPHQWV� DQG
ZLWKRXW�UXQQLQJ�RXW�RI�WHWKHU��$�SD\RII�PDWUL[�LV�XVHG
WR� VSHFLI\� WKH� SHQDOWLHV� IRU� HQWDQJOHPHQWV�� UXQQLQJ
RXW�RI� WHWKHU�� DQG� WLPH�FRQVXPHG� LQ� SHUIRUPLQJ� WKH
WDVN�

,Q� LQLWLDO� ZRUN�� ERWK� WKH� 529� PRYHPHQW� DQG� WKH
WHWKHU� FRQILJXUDWLRQ� DUH� EHLQJ� UHVWULFWHG� WR� D� VLQJOH
SODQH�� DQG� WKH� VXEMHFW¶V� YLHZSRLQW� LV� QRUPDO� WR� WKLV
SODQH��/DWHU�RQ��D�YLHZSRLQW�IURP�LQVLGH�WKH�529�ZLOO
EH�DGGHG��&RGH�IRU�WKH�9(�LV�EHLQJ�ZULWWHQ�LQ�&���IRU
D�3HQWLXP�EDVHG�V\VWHP�UXQQLQJ�0LFURVRIW�:LQGRZV
���

����� 6SDWLDOL]HG�$XGLR�'LVSOD\V

7KH�REMHFWLYH�RI�WKLV�SURMHFW�LV�WR�GHYHORS�DQG�HYDOX�
DWH�YDULRXV�DSSURDFKHV� WR� WKH�GLVSOD\�RI�VSDWLDOL]HG
DXGLWRU\� LQIRUPDWLRQ� IRU� XOWLPDWH� LQFOXVLRQ� LQ� WKH
75$16R0� WUDLQHU� V\VWHP�� %HFDXVH� RI� WKH� PDQ\
DWWHQWLRQDO� GHPDQGV� LQYROYHG� LQ� WKH� WDVN� RI� SLORWLQJ
DQ�529��LW�ZRXOG�DSSHDU�WR�EH�DGYDQWDJHRXV�WR�XWL�
OL]H�DOO�VHQVH�PRGDOLWLHV�ZKHQ�FRQYH\LQJ�LQIRUPDWLRQ
WR� WKH� SLORW�� 7R� WKLV� HQG�� ZH� DUH� H[SORULQJ� ZD\V� LQ
ZKLFK��FRQWLQXRXV��LQIRUPDWLRQ��VXFK�DV�WKH�VWDWH�RI
WKH�529�WKUXVWHUV��FDQ�EH�GLVSOD\HG�DV�D�VSDWLDOL]HG
VRXQG�ILHOG��6XFK�D�GLVSOD\��LI�VXFFHVVIXO��ZRXOG�FRQ�
VWLWXWH� D� VHSDUDWH� FKDQQHO� RI� LQIRUPDWLRQ� ZKLFK� LV
IDLUO\� LQGHSHQGHQW� RI� WKH� �GLVFUHWH�� �VSHHFK�EDVHG�
FKDQQHO� SUHVHQWO\� XVHG� WR� SURYLGH� FRDFKLQJ� DQG
ZDUQLQJ�FXHV��%\�SURYLGLQJ�WKLV�FRQWLQXRXV�UHSUHVHQ�
WDWLRQ�RI�WKUXVWHU�VWDWH��ZH�KRSH�WR�HQKDQFH�VLWXDWLRQ
DZDUHQHVV� ZLWKLQ� WKH� WUDLQLQJ� VHVVLRQ� DQG� WKHUHE\
LQVWLOO�QRW�RQO\�D�UHGXQGDQW�VHQVH�RI�WKH�YHORFLW\�YHF�
WRU�RI�WKH�529��EXW�DOVR�D�KHLJKWHQHG�DZDUHQHVV�RI
WKH� LQWHUDFWLRQ� RI� WKUXVWHU� SRZHU�� WKUXVWHU� FRQGLWLRQ�
ZDWHU�FXUUHQW��WHWKHU�GUDJ��HWF��WKDW�ZLOO�FDUU\�RYHU�WR
WKH�UHDO�ZRUOG�WDVN�

7KLV�SURMHFW� LQYROYHV�WKUHH�FRPSRQHQWV������FUHDWLRQ
RI�DQ�DSSURSULDWH�DXGLWRU\�WHVWEHG�IRU�JHQHUDWLRQ�DQG
VSDWLDOL]DWLRQ�RI�DXGLWRU\�VWLPXOL�� ����GHYHORSPHQW�RI
SODXVLEOH�GLVSOD\�IRUPDWV�WR�EH�FRPSDUHG�DQG�HYDOX�
DWHG�� DQG� ���� H[SHULPHQWDWLRQ� WR� HYDOXDWH� WKH� SUR�
SRVHG�GLVSOD\�WHFKQLTXHV�

$Q�DSSURSULDWH�WHVWEHG�ZRXOG� LQFOXGH�HTXLSPHQW�IRU
JHQHUDWLQJ�D�QXPEHU�RI�DXGLR�VRXUFH�FKDQQHOV�KDY�
LQJ�LQGHSHQGHQWO\�FRQWUROODEOH�ZDYHIRUP�SDUDPHWHUV
�DPSOLWXGH�� IUHTXHQF\�� WLPEUH��HWF����VRPH�PHDQV�RI
VSDWLDOL]LQJ�WKH�RXWSXWV�RI�WKH�VRXUFH�FKDQQHOV��XVLQJ
ILOWHULQJ�� GHOD\V�� DPSOLWXGH� FRQWURO�� HWF���� DQG� DQ\
QHFHVVDU\� DQFLOODU\� HTXLSPHQW�� VXFK� DV� ORXGVSHDN�
HUV�� KHDGSKRQHV�� DPSOLILHUV�� DQG� KHDG� WUDFNHUV�� WR
FUHDWH� WKH� GHVLUHG� DFRXVWLF� ILHOG� IURP� WKH� HOHFWULFDO
UHSUHVHQWDWLRQ�RI�WKHVH�VWLPXOXV�VLJQDOV�

7KH�GLVSOD\� IRUPDWV� WKDW�ZH�DUH� LQLWLDOO\�FRQVLGHULQJ
FHQWHU� RQ� WZR� JHQHUDO� DSSURDFKHV�� 7KH� ILUVW
DSSURDFK�LV�WR�FUHDWH�DQ�DEVWUDFW�UHSUHVHQWDWLRQ�RI�D
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VLQJOH��YLUWXDO�WKUXVWHU��ZKLFK�LV�VSDWLDOO\�LPDJHG�DW�D
IL[HG� GLVWDQFH� IURP� WKH� SLORW¶V� KHDG�� 7KH� DQJXODU
SRVLWLRQ�RI� WKH� LPDJH�ZRXOG�FRUUHVSRQG�WR�WKH�529
GLUHFWLRQ� RI�PRWLRQ�� DQG� WKH� LQWHQVLW\� DQG� WLPEUH� RI
WKH�WKUXVWHU�VRXQG�ZRXOG�SURYLGH�VRPH�LQGLFDWLRQ�RI
WKH�PDJQLWXGH�RI� WKH�529�YHORFLW\�YHFWRU��7KH�VHF�
RQG� DSSURDFK� LQYROYHV� FUHDWLQJ� VLPXOWDQHRXV
WKUXVWHU� VRXQG� VRXUFHV� SODFHG� DW� IL[HG� SRVLWLRQV
DERXW�WKH�SLORW¶V�KHDG�WR�FUHDWH�D�VHQVH�RI�SUHVHQFH
�ZLWKLQ��WKH�529��,Q�WKLV�DSSURDFK��WKH�UHODWLYH�VRXQG
TXDOLWLHV� VHUYH� WR� FRQYH\� WKH� 529� YHORFLW\� YHFWRU�
$OWKRXJK�WKH�ILUVW�DSSURDFK�WR�GLVSOD\LQJ�WKLV�LQIRUPD�
WLRQ�DSSHDUV� WR�EH�PRUH�VWUDLJKWIRUZDUG�IRU� WKH�SXU�
SRVH� RI� LQGLFDWLQJ� WKH�529�YHORFLW\� YHFWRU�� LW� LV� QRW
FOHDU� WKDW� LW� VHUYHV� RWKHU� DVSHFWV� RI� WKH� VLWXDWLRQDO
DZDUHQHVV�JRDOV�DV�ZHOO��0RUHRYHU��GXH�WR� WKH��ORZ
UHVROXWLRQ��RI�ERWK�DXGLWRU\� ORFDOL]DWLRQ��IURP�D�SV\�
FKRSK\VLFDO� VWDQGSRLQW�� DQG� DXGLWRU\� VSDWLDOL]DWLRQ
WHFKQRORJ\��GXH� WR� WKH�QHHG� IRU�DFTXLULQJ� LQGLYLGXDO
+57)V�WR�EHJLQ�WR�GR�UHDOO\�SUHFLVH�VSDWLDOL]DWLRQ���LW
PLJKW�EH�PRUH�HIILFLHQW�WR�VLPSO\�LQFOXGH�D�YLVXDO�LQGL�
FDWLRQ�RI�WKH�529�YHORFLW\�YHFWRU�RQ�WKH�YLGHR�GLVSOD\
LI�WKLV�ZHUH�WKH�PDMRU�FRQVLGHUDWLRQ��

6LQFH�WKH�LQFHSWLRQ�RI�WKLV�UHVHDUFK�GXULQJ�WKH�ODWWHU
SRUWLRQ�RI� WKH�WLPH�SHULRG�FRYHUHG� LQ� WKLV�UHSRUW��ZH
KDYH� UHSODFHG� WKH� SUHYLRXV� �QRQ�IXQFWLRQDO�� GXDO
FRPSXWHU� �3&� SOXV�0DFLQWRVK�� EDVHG� VRXQG�HTXLS�
PHQW�ZLWK�D�PRUH�VWUHDPOLQHG�V\VWHP�FRQVLVWLQJ�RI�D
VLQJOH�3&�UXQQLQJ�WKUHH�6RXQG%ODVWHU�FDUGV�\LHOGLQJ
D� WRWDO� RI� VL[� FKDQQHOV�� D� &RQYROYRWURQ�� DQG� DQ
$VFHQVLRQ�KHDG�WUDFNHU��7KH�V\VWHP�LV�FRQILJXUHG�WR
RSHUDWH�XQGHU�:LQGRZV�17��DQG�VRIWZDUH�KDV�EHHQ
ZULWWHQ� WR� LPSOHPHQW� WKH� WZR� DOWHUQDWLYH� GLVSOD\
DSSURDFKHV��,Q�WKH�FDVH�RI�WKH�YLUWXDO�WKUXVWHU��ZH�DUH
DEOH� WR� LPDJH� D� VRXUFH� �RQH� FKDQQHO� RI� D� VLQJOH
6RXQG%ODVWHU� FDUG�� XVLQJ� WKH� &RQYROYRWURQ�� ,Q� WKH
VLPXOWDQHRXV� WKUXVWHUV� GLVSOD\� FRQGLWLRQ�� ZH� DUH
XVLQJ�WKH�PXOWLSOH�RXWSXWV�RI�WKH�6RXQG%ODVWHU�FDUGV
PL[HG��ZLWK�VLPSOH�ILOWHULQJ�DQG�DPSOLWXGH�WZHDNLQJ�
LQWR� WKH� OHIW� DQG� ULJKW� DXGLR� FKDQQHOV� WR� FUHDWH� WKH
WHVW� VWLPXOXV��:H� DUH� QRZ� DWWHPSWLQJ� WR� GHWHUPLQH
WKH� EHVW� SURFHGXUHV� IRU� FRPSDULQJ� WKH� DOWHUQDWLYH
GLVSOD\� DSSURDFKHV�� 2QFH� WKLV� LVVXH� LV� VHWWOHG�� ZH
ZLOO� FRQGXFW� D� VHULHV� RI� FRPSDUDWLYH� H[SHULPHQWV
ZLWKLQ� WKH� GHGLFDWHG� DXGLR� WHVWEHG�� :H� ZLOO� WKHQ
EHJLQ�WR� LQFRUSRUDWH�WKH�QHZO\�GHYHORSHG�DXGLR�GLV�
SOD\�LQWR�WKH�FRPSOHWH�WUDLQLQJ�V\VWHP�IRU�PRUH�FRP�
SOHWH�WHVWLQJ�LQ�UHDOLVWLF�WUDLQLQJ�VFHQDULRV�

����� +DSWLF�)RUFH�)HHGEDFN

7KH���GHJUHH�RI�IUHHGRP��GRI�� IRUFH�IHHGEDFN�WUDLQ�
LQJ�H[SHULPHQWV� WKDW�ZHUH� LQLWLDWHG�E\�:DOWHU�$YLOHV
DQG�GHVFULEHG�LQ�WKH�SUHYLRXV�DQQXDO�UHSRUW�DUH�QRZ
EHLQJ�FRQWLQXHG��,Q�WKHVH�H[SHULPHQWV��D�KXPDQ�WHVW
VXEMHFW�FRQWUROV�D�VLPXODWHG�529� UHSUHVHQWHG�E\�D
VSRW�RI�OLJKW�RQ�D�FRPSXWHU�PRQLWRU��7KH�VXEMHFW�FRQ�
WUROV� WKH� VLPXODWHG� 529�� ZKLFK� LV� FRQVWUDLQHG� WR
PRWLRQ� LQ� RQO\� RQH� GLUHFWLRQ�� E\� DSSO\LQJ� VLPXODWHG
WKUXVW� YLD� D� MR\VWLFN�� 7KH� MR\VWLFN� LV� D� 3+$17R0
PDQLSXODQGXP� WKDW� LV� FDSDEOH� RI� SURYLGLQJ� YDULRXV
W\SHV� RI� IRUFH� IHHGEDFN� DV� VSHFLILHG� E\� WKH� H[SHUL�
PHQWHU�� ,Q� WKH� QRUPDO� RU� FRQWURO� FRQGLWLRQ� RI� WKH
H[SHULPHQW�� WKH� 3+$17R0� DFWV� OLNH� D� FRPPRQ
VSULQJ�UHWXUQ�MR\VWLFN�ZKHUH�WKH�IRUFH�RQ�WKH�VXEMHFW¶V
KDQG� LV� SURSRUWLRQDO� WR� WKH� WKUXVW�� 7KH� JRDO� RI� WKH
H[SHULPHQWV�LV�WR�VHH�LI�VRPH�W\SH�RI�DGGLWLRQDO�IRUFH
IHHGEDFN�GXULQJ� WUDLQLQJ�PD\�HQKDQFH� WKH�VXEMHFW¶V
SHUIRUPDQFH�� DQG� WR� GHWHUPLQH� ZKHWKHU� WUDLQLQJ
WUDQVIHU�RFFXUV�ZKHQ�WKH�DGGLWLRQDO�IRUFH�IHHGEDFN�LV
UHPRYHG�

,Q�WKH�WUDLQLQJ�VWUDWHJ\�QRZ�EHLQJ�HPSOR\HG��WKH�QRU�
PDO�IRUFH�SRVLWLRQ�UHODWLRQVKLS�RI�WKH�MR\VWLFN�LV�PDLQ�
WDLQHG� LQ�D�VPDOO� UHJLRQ�DERXW�VRPH�RSWLPDO�FRQWURO
SRVLWLRQ�� :KHQ� WKH� VXEMHFW¶V� FRQWURO� LQSXW� GHYLDWHV
WRR� IDU� IURP�WKH�RSWLPXP�SRLQW��KRZHYHU�� WKH�VSULQJ
FRQVWDQW�RI�WKH�MR\VWLFN�LQFUHDVHV�DEUXSWO\��JLYLQJ�WKH
VXEMHFW� D� KDSWLF� VHQVDWLRQ� WKDW� KH�VKH� LV� RXW� RI
ERXQGV� DQG� SK\VLFDOO\� SXVKLQJ� KLV�KHU� KDQG� EDFN
WRZDUG� WKH� GHVLUHG� UHJLRQ�� ,Q� WKLV� VHQVH�� WKH� SUR�
SRVHG�VWUDWHJ\� LV� OLNH�D�SDLU�RI� WUDLQLQJ�ZKHHOV�RQ�D
ELF\FOH��DOORZLQJ�WKH�VXEMHFW�WR�IHHO�WKH�QRUPDO�IRUFH�
SRVLWLRQ� UHODWLRQVKLS� DV� ORQJ� DV� KH�VKH� VWD\V�ZLWKLQ
WKH� GHVLUHG� UHJLRQ�� 1RWH� WKDW� WKH� RSWLPXP� SRVLWLRQ
YDULHV�ZLWK�WLPH�GHSHQGLQJ�RQ�WKH�WDVN�DQG�WKH�SHU�
IRUPDQFH�PHWULF�WKDW�LV�XVHG�WR�GHILQH��RSWLPXP��

,Q� WKH� H[SHULPHQW� QRZ� EHLQJ� LQLWLDWHG�� SHUIRUPDQFH
ZLWK�D�QRUPDO�VSULQJ�UHWXUQ�MR\VWLFN�LV�FRPSDUHG�IRO�
ORZLQJ� WUDLQLQJ� XQGHU� WKUHH� GLIIHUHQW� FRQGLWLRQV�� ���
WKH� SURSRVHG� IRUFH� IHHGEDFN� VWUDWHJ\�� ���� D� VLPLODU
WUDLQLQJ�VWUDWHJ\�ZKHUH�DXGLR�IHHGEDFN�LV�VXEVWLWXWHG
IRU� WKH� DGGLWLRQDO� IRUFH� IHHGEDFN�� DQG� ���� D� FRQWURO
FRQGLWLRQ�ZKHUH� WKH� QRUPDO� VSULQJ�UHWXUQ� MR\VWLFN� LV
XVHG� IRU� WUDLQLQJ� �DV� ZHOO� DV� IRU� WKH� WUDQVIHU� FRQGL�
WLRQ��

7ZR�PDMRU� VXEWDVNV� DUH� EHLQJ� LQYHVWLJDWHG� LQ� FRQ�
QHFWLRQ�ZLWK�WKLV�H[SHULPHQW������GHVLJQ�RI�DQ�RSWLPDO
FRQWUROOHU�IRU�WKH�WDVN�ZKLFK�PD\�EH�XVHG�DV�D�UHIHU�
HQFH� LQ� WUDLQLQJ� WKH� VXEMHFW� DQG� IRU� DQDO\]LQJ� WKH
UHVXOWV��DQG�����HVWDEOLVKPHQW�RI�D�SHUIRUPDQFH�PHW�
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ULF�VXLWDEOH�IRU�DQDO\]LQJ�WHVW�UHVXOWV��:LWK�UHJDUGV�WR
WKH�ILUVW�WDVN��D�3,'�FRQWUROOHU�KDV�EHHQ�GHVLJQHG�WKDW
DSSURDFKHV�RSWLPDO�SHUIRUPDQFH�ZLWK�UHVSHFW�WR�PLQ�
LPL]LQJ� SRVLWLRQ� HUURU�� :LWK� UHJDUGV� WR� WKH� VHFRQG
WDVN��ZH�DUH�DWWHPSWLQJ� WR�XVH�PHDQ�VTXDUHG�SRVL�
WLRQ�HUURU�WR�VWUXFWXUH�WKH�H[SHULPHQWV�DQG�GDWD�DQDO�
\VLV� LQ� D� PDQQHU� WKDW� SUHYHQWV� WKH� HIIHFWV� RI� WKH
HUURUV�WKDW�DUH�XQOLNHO\�WR�EH�UHODWHG�WR�WUDLQLQJ�FRQGL�
WLRQ� IURP� VZDPSLQJ� RXW� WKH� HIIHFWV� RI� WKH� HUURUV� RI
LQWHUHVW�

:H�H[SHFW�WR�KDYH�SUHOLPLQDU\�UHVXOWV�RI�WKHVH�H[SHU�
LPHQWV�ZLWKLQ�WKH�QH[W�WZR�PRQWKV�

���� 7UDLQLQJ�6SDWLDO�.QRZOHGJH�
$FTXLVLWLRQ�8VLQJ�9LUWXDO�
(QYLURQPHQWV

6SRQVRU

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK�
*UDQW�1���������������

3URMHFW�6WDII

1DWKDQLHO� ,�� 'XUODFK�� 'U�� 7KRPDV� (�Y�� :LHJDQG�
$QGUHZ� 5�� %UXJKHUD�� 5HEHFFD� /�� *DUQHWW�� *OHQQ
.RK�� 0DFLHM� 6WDFKRZLDN�� ;XGRQJ� 7DQJ�� 6DPXHO� 5�
0DGGHQ��$QGUHZ�*��%URRNV

������ 2YHUYLHZ

7KH�RYHUDOO�REMHFWLYH�RI�WKLV�ZRUN��ZKLFK�LV�EHLQJ�FRQ�
GXFWHG� LQ� FROODERUDWLRQ� ZLWK� 5XG\� 'DUNHQ� DW� WKH
1DYDO�3RVWJUDGXDWH�6FKRRO�� LV� WR�DSSO\�VWDWH�RI�WKH�
DUW�YLUWXDO�UHDOLW\�VLPXODWLRQ�WHFKQRORJLHV�WR�WKH�LQYHV�
WLJDWLRQ� RI� LVVXHV� LQ� VSDWLDO� NQRZOHGJH� DFTXLVLWLRQ
DQG�WUDLQLQJ��9LUWXDO�HQYLURQPHQW� WUDLQLQJ�SURYLGHV�D
QXPEHU�RI�DGYDQWDJHV�RYHU�WUDGLWLRQDO�WUDLQLQJ�PHWK�
RGV�DQG�LW�LV�H[SHFWHG�WKDW�VXFK�WUDLQLQJ�ZLOO�WUDQVODWH
LQWR� PHDVXUDEOH� UHDO�ZRUOG� JDLQV� LQ� SHUIRUPDQFH�
7KH� ILUVW� VHW� RI� VWXGLHV� DUH� LQWHQGHG� WR� H[SORUH� WKH
H[WHQW�WR�ZKLFK�YLUWXDO�HQYLURQPHQWV�DUH�DQ�HIIHFWLYH
PHDQV�RI�FRQYH\LQJ�VSDWLDO�NQRZOHGJH�RI�D�VSHFLILF
UHDO�VSDFH��7KH�VHFRQG�VHW��ZKLFK�ZLOO�QRW�EH�LQLWLDWHG
XQWLO� ODWHU�RQ� LQ� WKH�SURJUDP��ZLOO�EH�FRQFHUQHG�ZLWK
WKH� WUDLQLQJ� RI� VSDWLDO� NQRZOHGJH� DQG� QDYLJDWLRQDO
VNLOOV�LQ�JHQHUDO�DQG�ZLWK�WKH�DELOLW\�WR�WUDQVIRUP�VSD�
WLDO� LQIRUPDWLRQ�SUHVHQWHG�LQ�RQH�IRUP�WR�LQIRUPDWLRQ
SUHVHQWHG� LQ� RWKHU� IRUPV�� 7KURXJKRXW� DOO� RXU� ZRUN�

ZH�ZLOO�H[SORUH�WKH�UROH�RI�YDULRXV�HQYLURQPHQWDO�IHD�
WXUHV�DQG�VWLPXOXV�FKDUDFWHULVWLFV� LQ�QDYLJDWLRQ�DQG
ZD\ILQGLQJ�VR�WKDW�ZH�GHWHUPLQH�ZKLFK�FRPSRQHQWV
RI�YLUWXDO�HQYLURQPHQW�ILGHOLW\�FDQ�EH�GHJUDGHG�ZLWK�
RXW�FDXVLQJ�VXEVWDQWLDO�UHGXFWLRQV�LQ�WUDLQLQJ�WUDQVIHU�
,Q�WKLV�PDQQHU��ZH�KRSH�WR�GHYHORS�V\VWHPV�WKDW�DUH
RSWLPDOO\� FRVW� HIIHFWLYH�� 7R� WKH� H[WHQW� SRVVLEOH�� ZH
ZLOO�DOVR�DWWHPSW�WR�VKDSH�RXU�UHVHDUFK�WR�WKH�QHHGV
RI� VSHFLDO� FRPPXQLWLHV� �VXFK� DV� VSHFLDO� RSHUDWLRQV
JURXSV�� IRU� ZKRP� GHWDLOHG� DFFXUDWH� VSDWLDO� NQRZO�
HGJH�RI�VSDFHV�WKDW�DUH�QRW�DFFHVVLEOH�IRU�WUDLQLQJ�LV
RI�JUHDW�SUDFWLFDO�LPSRUWDQFH��

%HFDXVH� WKH� ZRUN� LQYROYHV� ERWK� EDVLF� DQG� DSSOLHG
UHVHDUFK�DQG�LV�DOVR�KLJKO\�LQWHUGLVFLSOLQDU\�LQYROYLQJ
LQYROYHV� FRJQLWLYH� VFLHQFH�� SHUFHSWXDO� SV\FKRORJ\�
YLUWXDO�HQYLURQPHQW�GHVLJQ��UHDO�ZRUOG�WUDLQLQJ�PHWK�
RGV�� HWF��� LW� UHTXLUHV� FORVH� FROODERUDWLRQ� DPRQJ� D
ZLGH� YDULHW\� RI� LQGLYLGXDOV�� *HQHUDO� EDFNJURXQG� RQ
WKH� XVH� RI� YLUWXDO� HQYLURQPHQWV� IRU� VSDWLDO� WUDLQLQJ
FDQ�EH�IRXQG�LQ�RXU�MRXUQDO����)XUWKHU�EDFNJURXQG�RQ
WKLV�VSHFLILF�SURMHFW�FDQ�EH�IRXQG�LQ�3URJUHVV�5HSRUW
1R��������

'XULQJ�WKH�SDVW�\HDU�� WKLV�ZRUN�KDV�IRFXVHG�RQ�SHU�
IRUPLQJ�D�SUHOLPLQDU\�H[SHULPHQW�FRPSDULQJ�YDULRXV
WUDLQLQJ� PHWKRGV� IRU� DFTXLVLWLRQ� RI� FRQILJXUDWLRQDO
VSDWLDO�NQRZOHGJH�DERXW�WKH�VHYHQWK�IORRU�RI�%XLOGLQJ
���DW�0,7��&RQILJXUDWLRQDO�NQRZOHGJH�ZDV�PHDVXUHG
E\�WKH�DELOLW\�RI�VXEMHFWV�WR�HVWLPDWH�WKH�EHDULQJ�DQG
UDQJH�RI�YDULRXV� ODQGPDUNV� IURP�YDULRXV�VWDWLRQV� LQ
WKH� VSDFH�� ZKHUH� WKH� ODQGPDUNV� DQG� VWDWLRQV�ZHUH
FKRVHQ� VXFK� WKDW� WKH� ODQGPDUNV�FRXOG� QRW� EH�VHHQ
IURP� WKH� VWDWLRQV�� %HIRUH� WHVWLQJ�� VXEMHFWV� ZHUH
DOORZHG� WR� IUHHO\�H[SORUH� WKH�VSDFH� LQ�RUGHU� WR�JDLQ
IDPLOLDUL]DWLRQ� ZLWK� LW�� ,Q� RQH� FDVH�� WKLV� H[SORUDWLRQ
WRRN�SODFH�LQ�WKH�UHDO�ZRUOG��,Q�WKUHH�RWKHU�FDVHV��WKH
H[SORUDWLRQ�WRRN�SODFH�LQ�YLUWXDO��FRPSXWHU�JHQHUDWHG
HQYLURQPHQWV�WKDW�ZHUH�FRQVWUXFWHG�WR�UHSUHVHQW�WKH
UHDO�ZRUOG�� ,Q�RQH�VXFK�FDVH��DQ�LPPHUVLYH�9(�ZDV
XVHG��LQ�DQRWKHU��D�QRQ�LPPHUVLYH�9(�ZDV�XVHG��DQG
LQ�WKH�WKLUG��D�VPDOO�VFDOH�PRGHO�ZDV�XVHG��'LIIHUHQW
VHWV� RI� VXEMHFWV�ZHUH� XVHG� IRU� WKH� GLIIHUHQW� WUDLQLQJ
H[SHULHQFHV�

7KH�UHVXOWV�RI�WKLV�H[SHULPHQW�VKRZHG�QR�VLJQLILFDQW
GLIIHUHQFHV�DPRQJ�WKH�IRXU�WUDLQLQJ�PHWKRGV��QRW�RQO\
ZHUH�DOO� WKH�9(�PHWKRGV�URXJKO\�HTXLYDOHQW�WR�HDFK
RWKHU��EXW�WKH\�ZHUH�DOO�DV�JRRG�DV�WUDLQLQJ�LQ�WKH�UHDO
ZRUOG��$OVR�RI�LQWHUHVW�LQ�WKH�UHVXOWV�RI�WKLV�H[SHULPHQW

59 PRESENCE 7(2): (1998).

60 N.I. Durlach et al., "Training Spatial Knowledge Acquisition Using Virtual Environments," MIT RLE Progress Report 139: 374-80 
(1996).
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ZDV�WKH�IDFW�WKDW�WKH�YDULDQFH�GXH�WR�LQWHUVXEWDVN�GLI�
IHUHQFHV� �L�H���GLIIHUHQFHV� LQ� WKH�FKRLFH�RI� ODQGPDUN
DQG�VWDWLRQ��ZDV�URXJKO\�FRPSDUDEOH�WR�WKH�YDULDQFH
GXH�WR�LQWHUVXEMHFW�GLIIHUHQFHV�

)XUWKHU� GHWDLOV� RQ� WKLV� H[SHULPHQW� FDQ� EH� IRXQG� LQ
.RK����$�VXPPDU\�RI�WKLV�PDWHULDO� LV�QRZ�EHLQJ�SUH�
SDUHG�IRU�SXEOLFDWLRQ�

5HVXOWV� RQ� WKH� GHYHORSPHQW� RI� RXU� URERWLF� URRP
VFDQQHU� DQG� RQ� WKH� PRGHOLQJ� RI� PRUH� FRPSOH[
VSDFHV���ZLOO�EH�GHVFULEHG�QH[W�\HDU�

������ 7KHVLV

.RK�� *�� 7UDLQLQJ� 6SDWLDO� .QRZOHGJH� $FTXLVLWLRQ
8VLQJ� 9LUWXDO� (QYLURQPHQWV�� 0�(QJ�� WKHVLV�
'HSDUWPHQW�RI�(OHFWULFDO�(QJLQHHULQJ�DQG�&RP�
SXWHU�6FLHQFH��0,7��������

���� )XUWKHU�5HVHDUFK�RQ�6XSHUDXGLWRU\�
/RFDOL]DWLRQ�IRU�,PSURYHG�+XPDQ�
0DFKLQH�,QWHUIDFHV

6SRQVRU

8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK
*UDQW�)���������������

3URMHFW�6WDII

1DWKDQLHO�,��'XUODFK��3URIHVVRU�5LFKDUG�0��+HOG��'U�
%DUEDUD�*��6KLQQ�&XQQLQJKDP��'RXJODV�6��%UXQJDUW�
6DOLP�)��.DVVHP

������ 2YHUYLHZ

7KH� JHQHUDO� JRDOV� RI� WKLV� SURMHFW� DUH� WR�� ���� GHWHU�
PLQH��XQGHUVWDQG��DQG�PRGHO� WKH�SHUFHSWXDO�HIIHFWV
RI�DOWHUHG�DXGLWRU\�ORFDOL]DWLRQ�FXHV��DQG�����GHVLJQ�
FRQVWUXFW�� DQG� HYDOXDWH� FXH� DOWHUDWLRQV� WKDW� FDQ� EH
XVHG� WR� LPSURYH� SHUIRUPDQFH� RI� KXPDQ� PDFKLQH
LQWHUIDFHV� LQ� YLUWXDO�HQYLURQPHQW� DQG� WHOHRSHUDWLRQ
V\VWHPV��7R�WKH�H[WHQW�WKDW�WKH�UHVHDUFK�LV�VXFFHVV�
IXO��LW�ZLOO�ERWK�DGYDQFH�RXU�XQGHUVWDQGLQJ�RI�DXGLWRU\

ORFDOL]DWLRQ�DQG�DGDSWDWLRQ��DQG�LPSURYH�RXU�DELOLW\�WR
GHVLJQ�KXPDQ�PDFKLQH�LQWHUIDFHV�WKDW�SURYLGH�D�KLJK
OHYHO�RI�SHUIRUPDQFH�

'XULQJ� WKH� SDVW� \HDU�� SURJUHVV� KDV� EHHQ� PDGH� LQ
WKUHH� DUHDV�� )LUVW�� ZH� KDYH� FRPSOHWHG� RXU� VWXG\� RI
DGDSWDWLRQ�WR�WKH�D]LPXWKDO�WUDQVIRUPDWLRQ�GLVFXVVHG
LQ�3URJUHVV�5HSRUW�1R���������6HFRQG��ZH�KDYH�FRP�
SOHWHG� RXU� VWXG\� RI� DXGLWRU\� ORFDOL]DWLRQ� LQ� WKH� QHDU
ILHOG���� )LQDOO\�� ZH� KDYH� LQLWLDWHG� D� QHZ� VHULHV� RI
H[SHULPHQWV� RQ� DGDSWDWLRQ� WR� DQ� HQODUJHG� KHDG� LQ
ZKLFK�WKH�VLPXODWLRQ�RI�DQ�HQODUJHG�KHDG�LV�DFKLHYHG
E\�IUHTXHQF\�VFDOLQJ�WKH�KHDG�UHODWHG�WUDQVIHU� IXQF�
WLRQV�

������ 3XEOLFDWLRQV

6KLQQ�&XQQLQJKDP�� %�*��� 1�,�� 'XUODFK�� DQG� 5�0�
+HOG�� �$GDSWLQJ� WR�6XSHUQRUPDO�$XGLWRU\�/RFDO�
L]DWLRQ�&XHV��,��%LDV�DQG�5HVROXWLRQ���-��$FRXVW�
6RF��$P��)RUWKFRPLQJ�

6KLQQ�&XQQLQJKDP�� %�*��� 1�,�� 'XUODFK�� DQG� 5�0�
+HOG�� �$GDSWLQJ� WR�6XSHUQRUPDO�$XGLWRU\�/RFDO�
L]DWLRQ�&XHV��,,��&KDQJHV�LQ�0HDQ�5HVSRQVH���-�
$FRXVW��6RF��$P��)RUWKFRPLQJ�

�6KLQQ�&XQQLQJKDP��%�*���$GDSWLQJ�WR�6XSHUQRUPDO
$XGLWRU\� /RFDOL]DWLRQ� &XHV�� D� 'HFLVLRQ�WKHRU\
0RGHO���3HUFHSW��3V\FKRSK\V��8QGHU�UHYLVLRQ�

7KHVLV

%UXQJDUW�� '�6�� 1HDU�)LHOG� $XGLWRU\� /RFDOL]DWLRQ�
3K�'��GLVV���'HSDUWPHQW�RI�(OHFWULFDO�(QJLQHHULQJ
DQG�&RPSXWHU�6FLHQFH��0,7�������

���� 5ROH�RI�6NLQ�%LRPHFKDQLFV�LQ�
0HFKDQRUHFHSWRU�5HVSRQVH

6SRQVRU

1DWLRQDO�,QVWLWXWHV�RI�+HDOWK
*UDQW�52��16�����

61 G. Koh, Training Spatial Knowledge Acquisition Using Virtual Environments, M.Eng. thesis, Department of Electrical Engineering and 
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to Supernormal Auditory Localization Cues: a Decision-theory Model," Percept. Psychophys, under revision.

64 D.S. Brungart, Near-Field Auditory Localization, Ph.D. diss., Department of Electrical Engineering and Computer Science, MIT, 1998.
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3URMHFW�6WDII

'U�� 0DQGD\DP� $�� 6ULQLYDVDQ�� %DODVXQGDU� ,�� 5DMX�
6XYUDQX� 'H�� $PDQGD� 6�� %LUFK�� .LPEHUO\� -�� 9RVV�
-RVKXD�3��&\V\N��'U��5REHUW�+��/D0RWWH��

������ 2YHUYLHZ

0HFKDQLFV� RI� WKH� VNLQ� DQG� VXEFXWDQHRXV� WLVVXHV� LV
DV�FHQWUDO�WR�WKH�VHQVH�RI�WRXFK�DV�WKH�RSWLFV�RI�WKH
H\H� LV� WR� YLVLRQ� DQG� WKH� DFRXVWLFV� RI� WKH� HDU� LV� WR
KHDULQJ��:KHQ�ZH�WRXFK�DQ�REMHFW��WKH�VRXUFH�RI�DOO
WDFWLOH� LQIRUPDWLRQ� LV� WKH�VSDWLR�WHPSRUDO� GLVWULEXWLRQ
RI�PHFKDQLFDO� ORDGV�RQ�WKH�VNLQ�DW�WKH�FRQWDFW�LQWHU�
IDFH��7KH� UHODWLRQVKLS�EHWZHHQ� WKHVH� ORDGV�DQG� WKH
UHVXOWLQJ�VWUHVVHV�DQG�VWUDLQV�DW�WKH�PHFKDQRUHFHS�
WLYH� QHUYH� WHUPLQDOV� ZLWKLQ� WKH� VNLQ� SOD\V� D� IXQGD�
PHQWDO�UROH�LQ�WKH�QHXUDO�FRGLQJ�RI�WDFWLOH�LQIRUPDWLRQ�
,Q�VSLWH�RI�WKH�IXQGDPHQWDO� LPSRUWDQFH�RI�WKH�VHQVH
RI� WRXFK� LQ� RXU� OLYHV�� YHU\� OLWWOH� LV� NQRZQ� DERXW� WKH
PHFKDQLFV�DQG� WKH�PHFKDQLVPV�RI� WRXFK��$OWKRXJK
HPSLULFDO�GHWHUPLQDWLRQ�RI�WKH�VWUHVV�RU�VWUDLQ�VWDWH�RI
D�PHFKDQRUHFHSWRU�LV�QRW�SRVVLEOH�DW�SUHVHQW��PHFK�
DQLVWLF�PRGHOV�RI�WKH�VNLQ�DQG�VXEFXWDQHRXV�WLVVXHV
HQDEOH� JHQHUDWLRQ� RI� WHVWDEOH� K\SRWKHVHV� RQ� VNLQ
GHIRUPDWLRQV� DQG� DVVRFLDWHG� SHULSKHUDO� QHXUDO
UHVSRQVHV�� 9HULILFDWLRQ� RI� WKH� K\SRWKHVHV� FDQ� WKHQ
EH�DFFRPSOLVKHG�E\�FRPSDULQJ�WKH�FDOFXODWHG�UHVXOWV
IURP� WKH� PRGHOV� ZLWK� ELRPHFKDQLFDO� GDWD� RQ� WKH
GHIRUPDWLRQ� RI� VNLQ� DQG� VXEFXWDQHRXV� WLVVXHV�� DQG
QHXURSK\VLRORJLFDO� GDWD� IURP� UHFRUGLQJV� RI� WKH
UHVSRQVHV�RI�VLQJOH�QHXUDO�ILEHUV��

7KH� UHVHDUFK� XQGHU� WKLV� JUDQW� LV� GLUHFWHG� WRZDUG
DSSO\LQJ�DQDO\WLFDO� DQG�FRPSXWDWLRQDO�PHFKDQLFV� WR
DQDO\]H� WKH� ELRPHFKDQLFDO� DVSHFWV� RI� WRXFK�� WKH
PHFKDQLFV� RI� FRQWDFW�� WKH� WUDQVPLVVLRQ� RI� WKH
PHFKDQLFDO�VLJQDOV�WKURXJK�WKH�VNLQ��DQG�WKHLU�WUDQV�
GXFWLRQ� LQWR�QHXUDO� LPSXOVHV�E\� WKH�PHFKDQRUHFHS�
WRUV�

7KH� UHVHDUFK� ZRUN� FRQVLVWHG� RI� IRXU� SDUWV�� ���� WR
GHYHORS� WKUHH�GLPHQVLRQDO� ��'��PHFKDQLVWLF�PRGHOV
RI�WKH�SULPDWH�ILQJHUWLS��DQG�JUDGXDOO\�UHILQH�WKHP�VR
WKDW� WKHLU� JHRPHWULFDO� DQG� PDWHULDO� SURSHUWLHV� DUH
LQFUHDVLQJO\� UHDOLVWLF�� ���� WR� H[SDQG� WKH� YDULHW\� RI
VWLPXOL�WKDW�DUH�SUHVVHG�RU�VWURNHG�RQ�WKH�PRGHOV�LQ
VLPXODWLRQV�RI�QHXURSK\VLRORJLFDO�H[SHULPHQWV������WR
SHUIRUP�D�VHULHV�RI�ELRPHFKDQLFDO�H[SHULPHQWV�XQGHU
LQ� YLYR� FRQGLWLRQV� XVLQJ� D� YDULHW\� RI� WHFKQLTXHV
LQFOXGLQJ�WKH�XVH�RI�YLGHRPLFURVFRS\��PDJQHWLF�UHVR�
QDQFH�LPDJLQJ��05,��DQG�FRPSXWHU�FRQWUROOHG�VWLPX�

ODWRUV�� DQG� ���� WR� FROODERUDWH�ZLWK� 3URIHVVRU�5REHUW
/D0RWWH� RI� <DOH� 8QLYHUVLW\� 6FKRRO� RI� 0HGLFLQH� LQ
REWDLQLQJ� DQG� DQDO\]LQJ� SHULSKHUDO� QHXUDO� UHVSRQVH
GDWD�IRU�D�YDULHW\�RI�WDFWLOH�VWLPXOL��

:H�KDYH�DFKLHYHG�PRVW�RI�RXU�JRDOV�H[FHSW� IRU� ���
G\QDPLF� VWLPXODWLRQ� RI� YLVFRHODVWLF� ILQJHUWLS�PRGHOV
WR�LGHQWLI\�WKH�UROH�RI�6$,�DQG�5$�PHFKDQRUHFHSWRUV
LQ�WDFWLOH�FRGLQJ��ZKLFK�ZH�ZLOO�EH�FRPSOHWLQJ�GXULQJ
WKH� UHPDLQLQJ� SURMHFW� SHULRG�� DQG� ���� LQFRUSRUDWLQJ
SDSLOODU\�ULGJHV� LQ� WKH��'�PRGHOV�IRU�ZKLFK�WKH�05,
GDWD�GLG�QRW�KDYH�DV�PXFK�UHVROXWLRQ�DQG�FRQWUDVW�DV
ZH�KDG�KRSHG��,QVWHDG��ZH�EXLOW�D�QRYHO�GHYLFH��WKH
XOWUDVRXQG�EDFNVFDWWHU�PLFURVFRSH� �8%0���ZKLFK� LV
FDSDEOH� RI� LPDJLQJ� WKH� SDSLOODU\� ULGJHV� DV� ZHOO� DV
VNLQ� OD\HUV� XQGHUQHDWK� DW� PXFK� KLJKHU� UHVROXWLRQ
WKDQ�05,��:H�SURSRVH�WR�GHYHORS�WKLV�XQLTXH�GHYLFH
IXUWKHU�WR�ERWK�GLUHFWO\�REVHUYH�WKH�PHFKDQLVWLF�SKH�
QRPHQD�LQ�WDFWLOH�VHQVLQJ�DV�ZHOO�DV�WR�PHDVXUH�WKH
ELRPHFKDQLFDO�SDUDPHWHUV� WR�KHOS� LPSURYH� WKH�UHDO�
LVP�RI�RXU�PRGHOV��

7KH�SURJUHVV�GHVFULEHG�LQ�WKH�IROORZLQJ�VHFWLRQV�DUH
RUJDQL]HG�DFFRUGLQJ�WR�WKH�UHVHDUFK�DUHD������ELRPH�
FKDQLFV������QHXURSK\VLRORJ\�DQG�SV\FKRSK\VLFV�����
FRPSXWDWLRQDO� PRGHOV�� ���� WKHRU\�� DQG� ���� GHYLFH
GHVLJQ�DQG�FRQVWUXFWLRQ��

������ %LRPHFKDQLFV

'HWHUPLQDWLRQ�RI�&RPSUHVVLELOLW\�DQG�
0HFKDQLFDO�,PSHGDQFH�RI�WKH�,Q�9LYR�+XPDQ�
)LQJHUSDG

)RU� PHFKDQLVWLF� PRGHOLQJ� RI� WKH� KXPDQ� ILQJHUSDG�
WKH�3RLVVRQ
V� UDWLR��ZKLFK� LV� D�PHDVXUH� RI� LWV� FRP�
SUHVVLELOLW\��LV�UHTXLUHG�DV�DQ�LQSXW�WR�WKH�PDWKHPDWL�
FDO� PRGHOV�� 7KH� 3RLVVRQ
V� UDWLR� IRU� WKH� KXPDQ
ILQJHUSDG�LQ�YLYR�LV�XQNQRZQ�DW�SUHVHQW��,Q�SUHYLRXV
QRQLQYDVLYH� H[SHULPHQWV� RQ� KXPDQ� VXEMHFWV�� ZH
KDYH�PHDVXUHG� WKH�FKDQJH� LQ�YROXPH�RI� WKH� ILQJHU�
SDG�XQGHU�VWDWLF�LQGHQWDWLRQV�ZLWK�GLIIHUHQW�LQGHQWRUV�
2XU� UHVXOWV� VKRZ� WKDW� WKH�FRPSUHVVLELOLW\� RI� WKH� ILQ�
JHUWLS� LQFUHDVHV�ZLWK� LQFUHDVHV� LQ�ERWK� WKH�GHSWK�RI
LQGHQWDWLRQ� DQG� WKH� FRQWDFW� DUHD� ZLWK� WKH� LQGHQWRU�
7KH� KLJKHVW� FKDQJH� LQ� ILQJHUWLS� YROXPH� ZDV� DERXW
����:H�KDYH�DOVR�GHYHORSHG�DQ�H[SHULPHQWDO�VHWXS
LQYROYLQJ�D�FRPSXWHU�FRQWUROOHG�OLQHDU�DFWXDWRU�IRU�ILQ�
JHUWLS�YROXPH�FKDQJH�PHDVXUHPHQWV�XQGHU�G\QDPLF
FRQGLWLRQV��7KH�UHVXOWV�VKRZ�WKDW�UHGXFWLRQV�LQ�ILQJHU�
WLS�YROXPH�DUH�LQ�SKDVH�ZLWK�VWLPXOXV�YDULDWLRQV��ZLWK
DQ� LQFUHDVH� LQ� WKHLU�PHDQ�YDOXH�RYHU� WLPH��7KH�YRO�

65 Professor, Yale University, New Haven, Connecticut.
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XPH� FKDQJHV� GXULQJ� WKH� UDPS� SKDVH� LQFUHDVH� OLQ�
HDUO\� ZLWK� LQGHQWRU� GLVSODFHPHQW� DQG� DUH
LQGHSHQGHQW� RI� YHORFLW\�� GXULQJ� VDZ� WRRWK� VWLPXOD�
WLRQV�� KRZHYHU�� WKH� QDWXUH� RI� WKH� K\VWHUHVLV� ORRSV
GHSHQG�RQ�YHORFLW\�RI�LQGHQWDWLRQ��

:H� KDYH� DOVR�PHDVXUHG� WKH� IRUFH� UHVSRQVH� RI� WKH
KXPDQ�ILQJHUSDG��LQ�YLYR��WR�LQGHQWDWLRQ�E\�VWLPXOL�RI
YDU\LQJ�JHRPHWU\��$�FRPSXWHU�FRQWUROOHG�WDFWLOH�VWLP�
XODWRU� ZDV� FRQVWUXFWHG� WR� GHOLYHU� D� FRPELQDWLRQ� RI
VWDWLF�� UDPS� DQG� VLQXVRLGDO� LQGHQWDWLRQV� QRUPDO� WKH
VNLQ�VXUIDFH��ZLWK�WKH�ILQJHUSDGV�RI�VXEMHFWV�KHOG�VWD�
WLRQDU\�DQG�SDVVLYH��%RWK�LQSXW�LQGHQWDWLRQ�GHSWK�DQG
ILQJHUSDG�IRUFH�UHVSRQVH�ZHUH�UHFRUGHG�DV�IXQFWLRQV
RI� WLPH� WR� FDSWXUH� WUDQVLHQWV� DQG� VWHDG\� VWDWH� IHD�
WXUHV��7KUHH�ULJLG�PHWDO�LQGHQWRUV��D�SRLQW��D������PP
GLDPHWHU� FLUFXODU� SUREH�� DQG� D� IODW� SODWH�ZHUH� XVHG
IRU�LQGHQWDWLRQ�WR�UHSUHVHQW�WKUHH�JHQHUDO�FODVVHV�RI
ORDGLQJ� SURILOHV� HQFRXQWHUHG� LQ� PDQXDO� H[SORUDWLRQ
DQG�PDQLSXODWLRQ��:LWK� HDFK� VWLPXOXV�� UHSHDWDELOLW\
RI�WKH�UHVSRQVH�ZDV�WHVWHG��DQG�WKH�HIIHFWV�RI�YDU\LQJ
DPSOLWXGH�� YHORFLW\�� DQG� IUHTXHQF\� RI� LQGHQWDWLRQ
ZHUH�LQYHVWLJDWHG�

7KH�H[SHULPHQWV�UHYHDOHG�WKDW�WKH�IRUFH�UHVSRQVH�RI
WKH�ILQJHUSDG�LV�ERWK�QRQOLQHDU�DQG�YLVFRHODVWLF�ZLWK
UHVSHFW� WR� LQGHQWDWLRQ� GHSWK� DQG� YHORFLW\�� $� FOHDU
YDULDWLRQ�ZDV� SUHVHQW� LQ� WKH� IRUFH� UHVSRQVH�DPRQJ
WKH�ILYH�VXEMHFWV�WHVWHG�DQG�DFURVV�WKH�WKUHH�GLIIHUHQW
LQGHQWRUV�� 7KLV� YDULDWLRQ� ZDV� PLQLPL]HG� SDUWO\� E\
GHWHUPLQLQJ�D�VXEMHFW�VSHFLILF�SDUDPHWHU�ZLWK�ZKLFK
WR� QRUPDOL]H� WKH� IRUFH� UHVSRQVH� GDWD�� $� QRQOLQHDU
.HOYLQ�PRGHO�ZDV� WKHQ� SURSRVHG� WR�PDWKHPDWLFDOO\
UHSUHVHQW�WKLV�FKDUDFWHULVWLF�IRUFH�UHVSRQVH�RI�WKH�ILQ�
JHUSDG� WR� LQGHQWDWLRQ� DV� D� IXQFWLRQ� RI� LQGHQWRU� DQG
VXEMHFW��+RZHYHU��ZKHQ� LPSOHPHQWHG�� WKH�QRQOLQHDU
PRGHO� ZDV� DSSUR[LPDWHG� E\� D� OXPSHG� SDUDPHWHU
PRGHO�FRPSRVHG�RI�D�SLHFHZLVH�OLQHDU�VHW�RI�VSULQJV
LQ� SDUDOOHO� ZLWK� VHULHV� VSULQJ�GDVKSRWV�� 3DUDPHWHUV
ZHUH� HVWLPDWHG� IRU� WKH�PRGHO� IRU� HDFK� VXEMHFW� DQG
LQGHQWRU�JLYHQ�WKH�H[SHULPHQWDO�LQSXW�DQG�QRUPDOL]HG
RXWSXW�GDWD��7KHVH�³LQGLYLGXDO´�PRGHOV�ZHUH�DEOH� WR
SUHGLFW� GDWD� IRU� WKDW� SDUWLFXODU� VXEMHFW� DQG� LQGHQWRU
YHU\�ZHOO� �5��!�������EXW�QRW�DV�ZHOO�IRU�RWKHUV��7KH
PHDQV�RI�WKH�SDUDPHWHUV�DFURVV�VXEMHFWV�ZHUH�WKHQ
XWLOL]HG� WR� FRQVWUXFW�PRUH� JHQHUDO�� LQGHQWRU� VSHFLILF
YHUVLRQV�RI�WKH�PRGHO��ZKLFK�ZHUH�DEOH�WR�SUHGLFW�EHW�
WHU�WKH�IRUFH�UHVSRQVH�RI�DQ\�VXEMHFW¶V�ILQJHUSDG�WR�D
JLYHQ�LQGHQWDWLRQ��7KHVH�UHVXOWV�ZHUH�XVHG�LQ�YDOLGDW�
LQJ� WZR�GLPHQVLRQDO� DQG� WKUHH�GLPHQVLRQDO� ��'�
PHFKDQLVWLF�PRGHOV�RI�WKH�SULPDWH�ILQJHUWLS�

([SHULPHQWDO�,QYHVWLJDWLRQ�RI�)ULFWLRQDO�
3URSHUWLHV�RI�WKH�+XPDQ�)LQJHUSDG

,Q� PDQXDO� H[SORUDWLRQ� DV� ZHOO� DV�PDQLSXODWLRQ�� WKH
IULFWLRQDO�SURSHUWLHV�RI�WKH�ILQJHUSDG�SOD\�D�GRPLQDQW
UROH� LQ� JRYHUQLQJ� WKH� IRUFHV� DSSOLHG�� WKH� DPRXQW� RI
VNLQ�VWUHWFK��DQG�WKH�RFFXUUHQFH�RI�VOLS��+RZHYHU��QR
GDWD� RQ� WKH� IULFWLRQDO� FKDUDFWHULVWLFV� RI� WKH� SULPDWH
ILQJHUSDG� ZDV� DYDLODEOH�� 7KHUHIRUH� ZH� XVHG� WKH
VDPH� WDFWLOH� VWLPXODWRU� WR� LQGHQW�DQG� VWURNH� WKH� ILQ�
JHUSDGV� RI� KXPDQ� VXEMHFWV�� ,W� ZDV� SURJUDPPHG� WR
GHOLYHU�GLIIHUHQW�LQGHQWDWLRQ�GHSWKV��VWURNH�YHORFLWLHV�
DQG�VWURNH�GLUHFWLRQV��7KUHH�GLIIHUHQW�IODW�SODWHV��RQH
HDFK�RI�JODVV��SRO\FDUERQDWH��DQG�DFU\OLF��ZHUH�XVHG
DV�VWLPXOXV�VXUIDFHV�LQ�WKLV�H[SHULPHQW��'XULQJ�VWURN�
LQJ��WKH�QRUPDO�DQG�VKHDU�IRUFHV�ZHUH�UHFRUGHG�E\�D
��D[LV�IRUFH�VHQVRU��$�YLGHRPLFURVFRS\�V\VWHP�ZDV
VHW�XS�WR�FDSWXUH�WKH�LPDJH�VHTXHQFHV�RI�WKH�FRQWDFW
UHJLRQ�EHWZHHQ� WKH� ILQJHUSDG�DQG� WKH�VWLPXOXV� VXU�
IDFH�ZKLOH�VWURNLQJ��7KH�VWLPXODWRU�DQG�WKH�YLGHRPL�
FURVFRS\� V\VWHP� ZHUH� V\QFKURQL]HG� WR� PDWFK� WKH
LPDJHV�ZLWK�WKH�FRUUHVSRQGLQJ�IRUFH�GDWD��)LYH�VXE�
MHFWV�SDUWLFLSDWHG�LQ�WKLV�H[SHULPHQW�

7KH�GDWD�VKRZ�GLVWLQFW�IULFWLRQDO�EHKDYLRUV�IRU�GLIIHU�
HQW� VWLPXOXV� VXUIDFHV�� )RU� WKH� JODVV� VXUIDFH�� WKH
FXUYHV�RI�QRUPDO�DV�ZHOO�DV�VKHDU� IRUFHV� LQFUHDVHG
VPRRWKO\� WR�VWHDG\�VWDWH�YDOXHV��:KHQ� WKH� LQGHQWD�
WLRQ� GHSWK�ZDV� ODUJHU�� WKH� QRUPDO� DQG� VKHDU� IRUFHV
ZHUH� ODUJHU�� EXW� WKH� IULFWLRQ� FRHIILFLHQW�ZDV� VPDOOHU�
:KHQ�WKH�VWURNH�YHORFLW\�LQFUHDVHG��WKH�QRUPDO�IRUFH
ZDV� DERXW� WKH� VDPH� IRU� D� JLYHQ� LQGHQWDWLRQ� GHSWK�
ZKLOH� WKH� VKHDU� IRUFH� DQG� WKH� IULFWLRQ� FRHIILFLHQW
LQFUHDVHG�� 7KH� VWURNH� GLUHFWLRQ� GLG� QRW� VLJQLILFDQWO\
LQIOXHQFH� WKH� UHVXOWV�� 7KH� LPDJH� VHTXHQFH� VKRZV
WKDW� WKH� UHODWLYH�PRWLRQ��RU�VOLS��EHWZHHQ� WKH� ILQJHU�
SDG�DQG�WKH�JODVV�SODWH�LQGHQWRU�EHJDQ�DW�WKH�SHULSK�
HU\� DQG� SURSDJDWHG� WRZDUG� WKH� FHQWHU�� 7KH
GLVSODFHPHQWV�RI�GLIIHUHQW�ILQJHU�ULGJHV�LQ�WKH�FRQWDFW
DUHD�ZHUH�DOVR�GLIIHUHQW��

3RO\FDUERQDWH�DQG�DFU\OLF�VXUIDFHV��DOWKRXJK�VLPLODU
LQ� VPRRWKQHVV� DQG� DSSHDUDQFH� WR� JODVV�� FDXVHG� D
UDGLFDOO\� GLIIHUHQW� IULFWLRQDO� EHKDYLRU�� VWLFN�VOLS� SKH�
QRPHQRQ�RFFXUUHG�FRQVLVWHQWO\�DOO�WKURXJK�WKH�VWURNH
LQ�HYHU\� WULDO��$Q�DQDO\VLV�RI� WKH�VWLFN�VOLS� IUHTXHQF\
DQG� WKH� VWLFN�VOLS� VKHDU� IRUFH� ZDV� FRQGXFWHG� ZLWK
UHVSHFW� WR� YDULRXV� LQGHQWDWLRQ� GHSWKV� DQG� YDULRXV
VWURNH�YHORFLWLHV��$�K\SRWKHVLV�DERXW�MXQFWLRQ�IRUPLQJ
UDWH�DQG�MXQFWLRQ�EUHDNLQJ�UDWH�ZDV�SURSRVHG�EDVHG
RQ�DGKHVLRQ�WKHRU\��7KLV�ZDV�XVHG�WR�H[SODLQ�WKH�GLI�
IHUHQW� UHVXOWV� IURP� WKH� JODVV� SODWH� DQG� WKH� SRO\FDU�
ERQDWH� SODWH�� $� FRPSDULVRQ� RI� WKH� IULFWLRQDO
SURSHUWLHV�RI�WKH�ILQJHUSDG�DQG�UXEEHU�OLNH�PDWHULDOV
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VKRZV�WKH�VDPH�WUHQG�LQ�WKH�GDWD�IRU�WKH�WZR�FDVHV�
7KH�IULFWLRQDO�GDWD�ZH�KDYH�REWDLQHG�ZLOO�EH�LQFRUSR�
UDWHG� LQWR� RXU� ��'�PRGHO� RI� WKH� SULPDWH� ILQJHUWLS� WR
PDNH�WKH�VLPXODWLRQV�RI�VWURNLQJ�RI�VWLPXOXV�REMHFWV
PRUH�UHDOLVWLF��

,QYHVWLJDWLRQ�RI�WKH�,QWHUQDO�*HRPHWU\�DQG�
0HFKDQLFV�RI�WKH�,Q�9LYR�+XPDQ�)LQJHUWLS�
XVLQJ�0DJQHWLF�5HVRQDQFH�,PDJLQJ�

7R� JDLQ� LQVLJKW� LQWR� WKH� PHFKDQLVWLF� EDVHV� RI� WKH
KXPDQ�WDFWLOH�VHQVRU\�V\VWHP��ZH�KDYH�GHYHORSHG�D
XQLTXH� VHULHV� RI� LQFUHDVLQJO\� FRPSOH[� DQG� GHWDLOHG
ELRPHFKDQLFDO�PRGHOV�RI�PRQNH\�DQG�KXPDQ�ILQJHU�
WLSV��7KHVH�PRGHOV�DUH�QHFHVVDU\� WR�JHQHUDWH� WHVW�
DEOH�K\SRWKHVHV�RQ�WDFWLOH�QHXUDO�FRGLQJ�RU�WR�SUHGLFW
QHXUDO� UHVSRQVH� RI� LQGLYLGXDO� RU� D� SRSXODWLRQ� RI
PHFKDQRUHFHSWRUV��$OWKRXJK�WKUHH�GLPHQVLRQDO���'�
PRGHOV�RI�KXPDQ�DQG�PRQNH\�ILQJHUWLSV�ZLWK�UHDOLVWLF
H[WHUQDO� JHRPHWU\� DQG� PXOWL�OD\HUHG� LQWHULRU� KDYH
EHHQ�FRPSOHWHG�� WKH�JHRPHWU\�DQG�PDWHULDO�SURSHU�
WLHV�RI�WKH�LQWHUQDO�OD\HUV�KDYH�EHHQ�LGHDOL]HG��(PSLU�
LFDO�GDWD�RQ�WKH�GHIRUPDWLRQ�EHKDYLRU�RI�WKH�LQWHUQDO
OD\HUV�LV�HVVHQWLDO�IRU�YDOLGDWLQJ�WKHVH�PRGHOV��

We employed advanced techniques in magnetic res-
onance imaging (MRI) to obtain realistic internal
geometry and deformation of the tissue layers of the
in vivo human fingerpad. The fingerpads of four sub-
jects were statically loaded with various indentors to
examine the effects of indentation depth and indentor
shape on tissue deformation. Geometric surfaces
that simulate edges and surfaces of objects, such as
a line load, various sized rectangular bars and cylin-
ders, were used to load the fingertip. Utilizing a 4.7
Tesla magnet and a RARE sequence, we were able
to obtain images with 125 µm x 125 µm in-plane res-
olution. It should be noted that this resolution is very
high compared to the typical MRI data obtained in
clinical applications. Digital image processing tech-
niques were used to filter the images and to detect
the boundaries of the tissues located in the fingertip.
Edge detection algorithms based on conformable
contours (“snakes”) allowed for separation of tissue
layers. Published data on histology and anatomy
were used to identify each tissue layer in the finger-
tip.

7KH� JHRPHWULF� LQIRUPDWLRQ� H[WUDFWHG� IURP� HDFK� WLV�
VXH� OD\HU� ZDV� XVHG� WR� H[DPLQH� WLVVXH� GHIRUPDWLRQ
GXULQJ�ORDGLQJ�DQG�LV�EHLQJ�XVHG�WR�LPSURYH�WKH�UHDO�
LVP� RI� WKH� FRPSXWDWLRQDO� PRGHOV�� 7KLV� GDWD� FRQ�
ILUPHG�RXU�HDUOLHU�FRQFOXVLRQV�EDVHG�RQ�VLPXODWLRQV
WKDW�WKH�VRIW�WLVVXHV�RI�WKH�ILQJHUSDG�DFW�DV�ORZ�SDVV

ILOWHUV��7KH�LPSOLFDWLRQ�LV�WKDW�WKH�KLJK�VSDWLDO�IUHTXHQ�
FLHV�SUHVHQW�LQ�HGJHV�DQG�FRUQHUV�DUH�DWWHQXDWHG�DW
WKH�PHFKDQRUHFHSWRU� ORFDWLRQV� LQVLGH�WKH�ILQJHUSDG�
$GGLWLRQDOO\��WKH�UHVXOWV�LQGLFDWH�WKDW�WKH�ILQJHUSDG�LV
FRPSUHVVLEOH�XQGHU� ORDG��7KXV�05,�SURYHG� WR�EH�D
SRZHUIXO�WRRO�WR�YLVXDOL]H�VRIW�WLVVXH�VWUXFWXUHV�LQVLGH
WKH�ILQJHUSDG�DQG�WKHLU�GHIRUPDWLRQ�EHKDYLRU�XQGHU�LQ
YLYR� FRQGLWLRQV�� :H� DFKLHYHG� KLJK� UHVROXWLRQ� DQG
FRQWUDVW�ZKLFK�HQDEOHG�XV�WR�GLVFULPLQDWH�WLVVXH�OD\�
HUV�� $Q� 05,� LV� WKHUHIRUH� D� XVHIXO� WRRO� IRU� IXUWKHU
LQYHVWLJDWLRQ� RI� WKH� HIIHFWV� RI� VWDWLF� ORDGLQJ� DQG�� LQ
WKH� IXWXUH�� G\QDPLF� ORDGLQJ� RQ� WKH� ILQJHUWLS� DV� D
ZKROH�� +RZHYHU�� D� FRPSOHPHQWDU\� LPDJLQJ� WHFK�
QLTXH�WKDW�KDV�D�KLJKHU�UHVROXWLRQ�LV�QHHGHG�WR�H[DP�
LQH� WKH� GHWDLOV� RI� WKH� PHFKDQLFDO� EHKDYLRU� RI� VNLQ
OD\HUV� HQFORVLQJ� WKH� PHFKDQRUHFHSWRUV�� 7KHUHIRUH
ZH�EXLOW�WKH�XOWUDVRXQG�EDFNVFDWWHU�PLFURVFRSH�

������ 1HXURSK\VLRORJ\�DQG�3V\FKRSK\VLFV

7DFWLOH�&RGLQJ�RI�6KDSH

$� VDOLHQW� IHDWXUH� RI� WDFWLOH� VHQVLQJ� LV� LWV� DELOLW\� WR
HQFRGH�DQG�GHFRGH�WKH�VKDSH�RI�REMHFWV��,Q�FROODER�
UDWLRQ� ZLWK� 3URIHVVRU� /D0RWWH� RI� <DOH� 8QLYHUVLW\
6FKRRO�RI�0HGLFLQH��ZH�KDYH�UHFRUGHG�WKH�UHVSRQVHV
RI�6$,V�DQG�5$V� WR�D�YDULHW\�RI��'�DQG��'�VKDSHV
VWURNHG� DFURVV� WKH� PRQNH\� ILQJHUSDG�� 2QH� VHW� RI
H[SHULPHQWV� LQYROYHG� �'� ³ZDY\� VXUIDFHV´�� L�H��� VXU�
IDFHV� FRPSRVHG�RI� VPRRWK��DOWHUQDWLQJ� FRQYH[� DQG
FRQFDYH�VXUIDFHV�RI�GLIIHULQJ�UDGLL�RI�FXUYDWXUH��7KH
VHFRQG� VHW� RI� H[SHULPHQWV� HPSOR\HG� �'� WRURLGDO
REMHFWV�PRXQWHG�RQ�D�IODW�SODWH��:LWK�ZDY\�VXUIDFHV�
LW�ZDV�VKRZQ� WKDW�RQO\�FRQYH[LWLHV�ZHUH�HQFRGHG� LQ
WKH� QHXUDO� UHVSRQVHV�� FRQFDYLWLHV� HYRNHG� QR
UHVSRQVHV��

7KH�SULPDU\� ILQGLQJV� IURP�ERWK�VHWV�RI� H[SHULPHQWV
ZHUH�DV�IROORZV������GLVFKDUJH�UDWHV�HQFRGH�WKH�PDJ�
QLWXGH�DQG�UDWH�RI�FKDQJH�LQ�WKH�FXUYDWXUH�RI�WKH�VNLQ
SURGXFHG�E\�DQ�REMHFW������WKH�RULHQWDWLRQ�DQG�VKDSH
RI�WKH�WZR�GLPHQVLRQDO�RXWOLQH�RI�WKH�REMHFW�SDUDOOHO�WR
WKH� VNLQ� DUH� UHSUHVHQWHG� E\� WKH� RULHQWDWLRQ� DQG
VKDSH�RI�WKH�UHJLRQ�RI�QHXUDO�DFWLYLW\�LQ�ERWK�6$�DQG
5$� SRSXODWLRQV�� ���� REMHFW� VKDSH� SHUSHQGLFXODU� WR
WKH� VNLQ� LV� HQFRGHG� LQ� WKH� VKDSH� RI� WKH� REMHFW� 6$
VSDWLDO�SRSXODWLRQ�UHVSRQVH��635��� ����:KHQ�REMHFW
FXUYDWXUH� LV� FRQVWDQW� �H�J��� FLUFXODU� F\OLQGHUV��� WKH
VORSHV� RI� WKH� ULVLQJ� DQG� IDOOLQJ� SKDVHV� RI� WKH� 6$
UHVSRQVH� SURILOH� DUH� FRQVWDQW�� DQG� ���� VSDWLDO�PHD�
VXUHV�RI�VKDSH��ZLGWK�DQG�DYHUDJH�VORSH�IURP�EDVH
WR� SHDN�� ZHUH� JHQHUDOO\� IRXQG� WR� EH� LQYDULDQW� ZLWK
FKDQJHV�LQ�WKH�RULHQWDWLRQ�RI�WKH�REMHFW�DV�ZHOO�DV�WKH
YHORFLW\�DQG�GLUHFWLRQ�RI�VWURNLQJ��
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:H�KDYH�DOVR�LQYHVWLJDWHG�KRZ�VKDSHV�DUH�HQFRGHG
E\�SRSXODWLRQV�RI�5$V�DQG�6$,V�XVLQJ�D�QRYHO�SDUD�
GLJP�� �'� WRURLGDO� REMHFWV� ZHUH� LQGHQWHG� DW� D� IL[HG
ORFDWLRQ�RQ�WKH�PRQNH\�ILQJHUSDG��DQG�DQ�HVWLPDWH�RI
WKH�UHVSRQVHV�IURP�D�VSDWLDOO\�GLVWULEXWHG�SRSXODWLRQ
RI�PHFKDQRUHFHSWRUV�ZDV�REWDLQHG�E\�VXFFHVVLYHO\
UHFRUGLQJ�VLQJOH�ILEHU�UHVSRQVHV�DQG�SORWWLQJ�WKH�FRO�
OHFWLRQ�RI�UHVSRQVHV�RQ�D��YLUWXDO

�PRQNH\�ILQJHUSDG�
7KLV� ZDV� D� VKLIW� IURP� WKH� XVXDO� H[SHULPHQWDO� SDUD�
GLJP� ZKHUH� �SRSXODWLRQ� UHVSRQVH

� LV� HVWLPDWHG� E\
DSSO\LQJ� WKH� VWLPXOXV� WR� YDULRXV� ORFDWLRQV� LQ� WKH
UHFHSWLYH�ILHOG�RI�D�VLQJOH�DIIHUHQW�ILEHU��$�PDMRU�FRQ�
FOXVLRQ� IURP� WKHVH� VWXGLHV� ZDV� WKDW� WKH� VWLPXOXV
VKDSH�DQG�RULHQWDWLRQ�ZHUH�XQDPELJXRXVO\�FRGHG�E\
WKH� VSDWLDO� SRSXODWLRQ� UHVSRQVH� SURILOHV� �635�� RI
6$V��ZKLOH�WKH�5$�635�GLG�QHLWKHU��7KLV�VKDSH�FRGH
LV�H[SHFWHG� WR�EH�HVVHQWLDOO\� LQYDULDQW�ZLWK�FKDQJHV
LQ� IRUFH� RU� YHORFLW\� RI� LQGHQWDWLRQ�� DV� GHPRQVWUDWHG
IRU� UDLVHG� WRURLGDO� REMHFWV� RQ� D� SODQDU� VXUIDFH
GHVFULEHG�DERYH�

7DFWLOH�&RGLQJ�RI�6RIWQHVV�

(QFRGLQJ�VRIWQHVV�LV�SHUKDSV�HYHQ�PRUH�LPSRUWDQW�LQ
WDFWLOH�VHQVLQJ�WKDQ�WKDW�RI�VKDSH��EHFDXVH�VRIWQHVV
FDQ� RQO\� EH� VHQVHG� DFFXUDWHO\� E\� GLUHFW� WRXFK
ZKHUHDV� VKDSH� FDQ� EH� LQIHUUHG� WKURXJK� YLVLRQ� DV
ZHOO��:H�KDYH�GHVFULEHG�� IRU� WKH� ILUVW� WLPH��KRZ�SUL�
PDWHV�GLVFULPLQDWH�EHWZHHQ�REMHFWV�RI�GLIIHUHQW�FRP�
SOLDQFHV�DQG� WKH�ELRPHFKDQLFDO�DQG�QHXUDO�EDVLV�RI
WKH�SHUFHSWLRQ�RI�VRIWQHVV��:H�KDYH�VKRZQ�WKDW�FRP�
SOLDQW� VSULQJV� ZLWK� ULJLG� VXUIDFHV� �³VSULQJ�FHOOV´�
UHTXLUHG� ERWK� NLQHVWKHWLF� DQG� WDFWLOH� LQIRUPDWLRQ� IRU
VRIWQHVV� GLVFULPLQDWLRQ�� ZKHUHDV� IRU� VRIW� UXEEHU
REMHFWV� RI� GLIIHUHQW� FRPSOLDQFHV�� WDFWLOH� LQIRUPDWLRQ
DORQH�ZDV�VXIILFLHQW��)RU�D�JLYHQ� IRUFH�DSSOLHG�E\�D
FRPSOLDQW�REMHFW�WR�WKH�VNLQ��WKH�VSDWLDO�SUHVVXUH�GLV�
WULEXWLRQ� DQG� VNLQ� GHIRUPDWLRQ� ZLWKLQ� WKH� FRQWDFW
UHJLRQ� GHSHQG� RQ� WKH� VSHFLPHQ� FRPSOLDQFH� LI� WKH
REMHFW�KDV�D�GHIRUPDEOH�VXUIDFH��H�J���SLHFH�RI�IUXLW��
EXW�LV�LQGHSHQGHQW�RI�WKH�VSHFLPHQ�FRPSOLDQFH�LI�LWV
VXUIDFH� LV� ULJLG� �H�J��� SLDQR�NH\���7KXV�� WDFWLOH� LQIRU�
PDWLRQ� DORQH� LV� QHFHVVDU\� DQG� VXIILFLHQW� WR� HQFRGH
WKH�FRPSOLDQFH�RI�UXEEHU�OLNH�REMHFWV�

:H�WKHQ�IRFXVHG�RQ�ILQGLQJ�D�PRUH�TXDQWLWDWLYH�QHX�
URSK\VLRORJLFDO�DQG�ELRPHFKDQLFDO�EDVLV�IRU�VRIWQHVV
HQFRGLQJ��8VLQJ�D�FRPSXWHU�FRQWUROOHG�WDFWLOH�VWLPX�
ODWRU��ZH�DSSOLHG�UXEEHU�VSHFLPHQV�WR�WKH�ILQJHUSDGV
RI�DQHVWKHWL]HG�PRQNH\V�LQ�D�FRQWUROOHG�PDQQHU�DQG
UHFRUGHG� WKH� QHXUDO� UHVSRQVH� IURP� 6$,� DQG� 5$
ILEHUV�� 7KH� GLVFKDUJH� UDWHV� ZHUH� REVHUYHG� WR� EH
ORZHU�LQ�WKH�6$,�ILEHU
V�UHVSRQVH�WR�VRIWHU�VSHFLPHQV
FRPSDUHG� WR� WKH� PRUH� VWLII� RQHV�� ,Q� FRQWUDVW�� 5$

UHVSRQVH�ZDV�IRXQG�WR�EH�SUDFWLFDOO\�LQGLIIHUHQW�WR�WKH
UHODWLYH�YDULDWLRQV�LQ�VWLIIQHVV��7KXV��LW�ZDV�FRQFOXGHG
WKDW� WDFWLOH� GLVFULPLQDWLRQ� RI� VRIWQHVV� ZDV� EDVHG
PRUH�RQ�WKH�GLVFKDUJH�UDWHV�IURP�WKH�6$,V�WKDQ�IURP
WKH� 5$V�� ,W� ZDV� DOVR� IRXQG� WKDW� ZKHQ� VSHFLPHQV
ZHUH� DSSOLHG� WR� WKH� ILQJHUSDG� DW� WKH� VDPH� YHORFLW\�
WKH�VRIWHU�WKH�VSHFLPHQ��WKH�ORZHU�WKH�UDWH�RI�FKDQJH
RI�QHW�IRUFH�DQG�WKH�KLJKHU�WKH�UDWH�RI�FKDQJH�RI�RYHU�
DOO�FRQWDFW�DUHD��7KXV�DW�D�JLYHQ�LQVWDQW�RI�WLPH�GXU�
LQJ� LQGHQWDWLRQ�� WKH� GLIIHUHQFH� LQ� WKH� DYHUDJH
SUHVVXUH� EHWZHHQ� WKH� WZR� VSHFLPHQV� ZDV� KLJKHU
WKDQ� WKH� FRUUHVSRQGLQJ� GLIIHUHQFHV� LQ� HLWKHU� WKH
IRUFHV� RU� WKH� FRQWDFW� DUHDV�� -XVW� DV� WKH� SUHVVXUH
LQFUHDVHG�PRUH� VORZO\� IRU� WKH� VRIWHU� VSHFLPHQ�� WKH
6$�GLVFKDUJH�UDWH�DOVR�LQFUHDVHG�PRUH�VORZO\��UHVXOW�
LQJ� LQ� D� VORZHU� LQFUHDVH� LQ� FXPXODWLYH� LPSXOVHV�
+RZHYHU��WKH�IRUFH��FRQWDFW�DUHD��DQG�GLVFKDUJH�UDWH
ZHUH�DIIHFWHG�E\�WKH�YHORFLW\�RI� LQGHQWDWLRQ��)RU� WKH
VDPH� VSHFLPHQ�� WKH� ORZHU� LQGHQWDWLRQ� YHORFLW\
UHVXOWHG�LQ�ORZHU�IRUFH�DQG�DUHD�UDWHV��JLYLQJ�ULVH�WR�D
ORZHU�GLVFKDUJH�UDWH�DW�D�JLYHQ�LQVWDQW�RI�WLPH�GXULQJ
WKH�UDPS��6LQFH�WKH�GLVFKDUJH�UDWH�RI�D�VLQJOH�ILEHU�LV
DIIHFWHG�E\�ERWK�WKH�FRPSOLDQFH�RI�WKH�VSHFLPHQ�DQG
WKH� LQGHQWDWLRQ�YHORFLW\��VSHFLPHQV�RI�GLIIHULQJ�FRP�
SOLDQFHV� FRXOG� JLYH� ULVH� WR� WKH� VDPH� VLQJOH�ILEHU
UHVSRQVH� E\� DSSURSULDWH� DGMXVWPHQW� RI� LQGHQWDWLRQ
YHORFLW\�� 7KXV�� GLVFKDUJH� UDWH� LQ� D� VLQJOH� 6$,� ILEHU
FDQQRW� XQHTXLYRFDOO\� HQFRGH� WKH� FRPSOLDQFH� RI� DQ
REMHFW��EXW�D�SRSXODWLRQ�RI�VSDWLDOO\�GLVWULEXWHG�6$,V
FDQ�

������ &RPSXWDWLRQDO�0RGHOV

,Q�RUGHU�WR�EHWWHU�XQGHUVWDQG�WKH�PHFKDQLFV�RI�WRXFK�
LW�LV�QHFHVVDU\�WR�HVWDEOLVK�D�TXDQWLWDWLYH�UHODWLRQVKLS
EHWZHHQ�WKH�VWUHVV�VWUDLQ�VWDWH�DW�D�PHFKDQRUHFHSWRU
ORFDWLRQ�DQG�WKH�QHXUDO�UHVSRQVH�RI�WKH�UHFHSWRU�WR�D
JLYHQ� PHFKDQLFDO� VWLPXOXV�� 'XH� WR� WKH� VXEVXUIDFH
ORFDWLRQV�RI�WKH�UHFHSWRUV�DQG�WKH�RSDFLW\�RI�WKH�VNLQ�
WKH�VWUHVV�VWDWH�DQG�GHIRUPDWLRQV�LQ�WKH�FORVH�YLFLQLW\
RI� D� UHFHSWRU� FDQQRW� EH� REVHUYHG� H[SHULPHQWDOO\�
0RUHRYHU��QR�H[SHULPHQWDO�WHFKQLTXHV�H[LVW�WR�UHFRUG
WKH� UHVSRQVHV� IURP�D�SRSXODWLRQ�RI�PHFKDQRUHFHS�
WRUV��$�PHFKDQLVWLF�PRGHO�RI�WKH�VNLQ�DQG�VXEFXWDQH�
RXV� WLVVXHV� WKDW� LV� YDOLGDWHG� WKURXJK�ELRPHFKDQLFDO
DQG� QHXURSK\VLRORJLFDO� H[SHULPHQWV� FDQ� HVWDEOLVK
WKH� VWUHVV�VWUDLQ� VWLPXOXV� WR� D�PHFKDQRUHFHSWRU� DV
ZHOO� DV� SUHGLFW� WKH� SRSXODWLRQ� UHVSRQVH� WR� D� JLYHQ
VWLPXOXV�� 7KHUHIRUH�� ZH� GHYHORSHG� D� VHULHV� RI
LQFUHDVLQJO\�UHDOLVWLF��'�DQG��'�ILQLWH�HOHPHQW�PRG�
HOV�RI�WKH�SULPDWH�ILQJHUWLS��:H�VXPPDUL]H�EHORZ�WKH
GHYHORSPHQW�RI� WKH��'�PRGHO��DQG� WKH�ELRPHFKDQL�
FDO�DQG�QHXURSK\VLRORJLFDO�UHVXOWV�REWDLQHG�IURP�LW�
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'HYHORSPHQW�RI��'�/D\HUHG�0RGHO�RI�+XPDQ�
DQG�0RQNH\�)LQJHUWLSV

7KH�H[WHUQDO�JHRPHWU\�RI�KXPDQ�DQG�PRQNH\�ILQJHU�
WLSV� ZDV� REWDLQHG� IURP� SUHFLVH� HSR[\� FDVWV� PDGH
XVLQJ� GHQWDO� FHPHQW� PROGV�� 7KHVH� FDVWV� ZHUH
H[WUHPHO\� DFFXUDWH� LQ� UHSURGXFLQJ� WKH� ILQJHU� SULQW
ULGJHV��GHWDLOV�RI�WKH�QDLO�DQG�ZULQNOHV�RQ�WKH�VNLQ��$
YLGHRPLFURVFRS\�VHWXS�FRQVLVWLQJ�RI�D�PRQRFKURPH
&&'�FDPHUD�ZLWK�]RRP�OHQVHV��D�IUDPH�JUDEEHU��DQG
D�3&�ZDV�XVHG�WR�DFTXLUH�LPDJHV�RI�WKH�FDVWV�LQ�GLI�
IHUHQW� RULHQWDWLRQV�� $� VWHSSHU� PRWRU� ZDV� XVHG� WR
URWDWH�WKH�ILQJHUWLS�DERXW�DQ�D[LV�SDUDOOHO�WR�WKH�ERQH
D[LV�LQ�RQH�GHJUHH�VWHSV��DQG�DQ�LPDJH�ZDV�JUDEEHG
DW� HDFK� VWHS�� 7KH� ERXQGDU\� RI� WKH� ILQJHUWLS� LQ� DQ
LPDJH� IUDPH� HVVHQWLDOO\� UHSUHVHQWHG� WKH� RUWKR�
JUDSKLF� SURMHFWLRQ� RI� WKH� ILQJHUWLS� IRU� WKDW� SDUWLFXODU
RULHQWDWLRQ��7KHVH��'�VHFWLRQV�ZHUH�LPSRUWHG�LQWR�D
VROLG�PRGHOHU�VRIWZDUH��3$75$1��DQG�D��'�PRGHO�RI
WKH�ILQJHUWLS�ZLWK�UHDOLVWLF�H[WHUQDO�JHRPHWU\�ZDV�JHQ�
HUDWHG��7KH�UHODWLYH�WKLFNQHVV�RI�WKH�ERQH�LQ�WKH�GLV�
WDO�SKDODQ[�ZDV�GHWHUPLQHG�IURP�[�UD\�LPDJHV�DQG�D
FRQFHQWULF� ERQH�ZDV� JHQHUDWHG� LQVLGH� WKH� ILQJHUWLS�
7R�DFFRXQW�IRU�WKH�VHYHUDO�OD\HUV�RI�VNLQ�DQG�WKH�DGL�
SRVH�WLVVXH�XQGHUQHDWK��WKH�PHVK�ZDV�JHQHUDWHG�LQ
OD\HUV�VXFK�WKDW�HDFK�OD\HU�FRXOG�EH�DVVLJQHG�D�GLV�
WLQFW� PDWHULDO� SURSHUW\� DQG� PHFKDQLVWLF� FRQVWLWXWLYH
EHKDYLRU��7KH�PDWHULDO�RI�HDFK� OD\HU�ZDV�WUHDWHG�DV
OLQHDU� LVRWURSLF� DQG� WKH� LQQHUPRVW� OD\HU� ZDV� PDGH
VHYHUDO�RUGHUV�RI�PDJQLWXGH�VWLIIHU�WKDQ�DOO�WKH�RWKHU
OD\HUV�WR�VLPXODWH�WKH�ULJLG�EHKDYLRU�RI�WKH�ERQH��7ZR
PRGHOV� ZLWK� HLJKW�QRGHG� LVRSDUDPHWULF� HOHPHQWV
ZHUH�JHQHUDWHG�DQG�WKH�QXPEHU�RI�QRGHV�LQ�WKH�WZR
PRGHOV�ZHUH������DQG��������UHVSHFWLYHO\��7KH�W\SL�
FDO� GLDPHWHU� RI� WKH�PRQNH\� ILQJHUWLSV� ZDV� DSSUR[L�
PDWHO\� �� PP�� DQG� HOHPHQW� VL]H� LQ� WKH� UHJLRQ� RI
FRQWDFW� ZLWK� LQGHQWRUV� ZDV� DSSUR[LPDWHO\� ���
PLFURQV�DQG�����PLFURQV�IRU�WKH�WZR�PRGHOV�UHVSHF�
WLYHO\�

(QFRGLQJ�DQG�'HFRGLQJ�RI�6KDSH�GXULQJ�
7DFWLOH�6HQVLQJ�

7KH� ILQJHUWLS� PRGHO� GHVFULEHG� DERYH� ZDV� XVHG� WR
VLPXODWH� VWDWLF� LQGHQWDWLRQ� RI� WKH� ILQJHUWLS� E\� ULJLG
REMHFWV�RI�GLIIHUHQW�VKDSHV�VXFK�DV�F\OLQGHUV�UHFWDQ�
JXODU� EDUV�� DQG� VLQXVRLGDO� VWHS� VKDSHV�� 7KH� ODUJH
QXPEHU� RI� QXPHULFDO� FRPSXWDWLRQV� QHFHVVDU\� WR
DFKLHYH�D�KLJK�VSDWLDO� UHVROXWLRQ�DQG� UHDOLVP� LQ� WKH
VLPXODWLRQV� UHTXLUHG� WKH� XVH� RI� D� VXSHUFRPSXWHU
�&UD\�&�����7KH�UHVXOWV�VKRZ�WKDW�FRQWDFW�PHFKDQLFV
LV�LPSRUWDQW�LQ�JRYHUQLQJ�WKH�SUHVVXUH�GLVWULEXWLRQ�RQ
WKH�VNLQ�VXUIDFH��ZKLFK��LQ�IDFW��LV�WKH�VWLPXOXV�XQLTXH
WR� HDFK� VKDSH�� 7KLV� VXUIDFH� SUHVVXUH� GLVWULEXWLRQ

ZLWKLQ�FRQWDFW�UHJLRQV�ZDV�IRXQG�WR�EH�KLJKO\�GHSHQ�
GHQW�RQ�WKH�FXUYDWXUH�RI�WKH�REMHFW�WKDW�LQGHQWHG�WKH
ILQJHU��)XUWKHU��ZH�KDYH�VKRZQ� WKDW�D� VLPSOH�HTXD�
WLRQ�LV�DEOH�WR�SUHGLFW�WKH�VXUIDFH�SUHVVXUH�DV�D�IXQF�
WLRQ�RI�WKH�LQGHQWLQJ�REMHFW
V�FXUYDWXUH�DQG�WKH�ORFDO
GHSWK� RI� LQGHQWDWLRQ�� 7R� VWXG\� WKH� PHFKDQLVP� RI
WUDQVGXFWLRQ� E\� WKH�PHFKDQRUHFHSWRUV� �WUDQVIRUPD�
WLRQ� RI� WKH� PHFKDQLFDO� VWUHVV� VWDWH� LQWR� QHXUDO� VLJ�
QDOV������PHFKDQLFDO�PHDVXUHV�ZHUH�REWDLQHG� IURP
WKH�FDOFXODWHG�VWUHVV�DQG�VWUDLQ�WHQVRU�DW�PHFKDQRUH�
FHSWRU� ORFDWLRQV� DQG� PDWFKHG� ZLWK� H[SHULPHQWDOO\
UHFRUGHG� QHXUDO� UHVSRQVH� GDWD�� 7KUHH� TXDQWLWLHV²
PD[LPXP� FRPSUHVVLYH� VWUDLQ�� PD[LPXP� WHQVLOH
VWUDLQ� DQG� VWUDLQ� HQHUJ\� GHQVLW\²ZHUH� IRXQG� WR� EH
UHODWHG� WR� WKH� QHXUDO� UHVSRQVHV� RI�6$,� QHUYH� ILEHUV
WKURXJK� D� VLPSOH� VFDOLQJ�WKUHVKROG� PRGHO� DQG� DUH
WKXV� SRVVLEOH� UHOHYDQW� VWLPXOL� IRU� 6$,� DIIHUHQWV�
$PRQJ�WKHVH��VWUDLQ�HQHUJ\�GHQVLW\�LV�PRUH�OLNHO\�WR
EH� WKH� UHOHYDQW� VWLPXOXV� VLQFH� LW� LV� D� VFDODU� WKDW� LV
LQYDULDQW�ZLWK�UHVSHFW�WR�UHFHSWRU�RULHQWDWLRQV�DQG�LV
D� GLUHFW� PHDVXUH� RI� WKH� GLVWRUWLRQV� RI� WKH� UHFHSWRU
FDXVHG�E\�WKH�ORDGV�LPSRVHG�RQ�WKH�VNLQ��

7R� LGHQWLI\� WKH� REMHFW� FRQWDFWLQJ� WKH� VNLQ�� WKH� &16
VKRXOG�EH�DEOH�WR�FRPSXWH�VXUIDFH�ORDGV�LPSRVHG�RQ
WKH�VNLQ�IURP�WKH�SHULSKHUDO�QHXUDO�UHVSRQVH��7R�VLP�
XODWH� WKLV� LQYHUVH� SUREOHP� RI� GHFRGLQJ�� D� QRQOLQHDU
VKLIW�LQYDULDQW�V\VWHP��ZKLFK�WUHDWV�WKH�VXUIDFH�SUHV�
VXUH�DV� LQSXW�DQG�QHXUDO� UHVSRQVHV� DV�RXWSXW��ZDV
GHYHORSHG��7KH�UHOHYDQW�VWLPXOXV�PHDVXUHV��VXFK�DV
WKH�VWUDLQ�HQHUJ\�GHQVLW\��DUH�QRQOLQHDU� IXQFWLRQV�RI
WKH�FDUWHVLDQ�VWUHVV�VWUDLQ�FRPSRQHQWV���%HFDXVH�RI
WKH�QRQOLQHDULW\��D�VLPSOH�LQYHUVH�WUDQVIRUPDWLRQ�FDQ�
QRW�EH�DSSOLHG��$�VLJQDO�HVWLPDWLRQ� WHFKQLTXH�XVLQJ
WKH�XQLYDULDWH�PHWKRG�XVHG�LQ�QRQOLQHDU�RSWLPL]DWLRQ
WHFKQLTXHV� ZDV� HPSOR\HG� WR� GHFRGH� WKH� VXUIDFH
SUHVVXUH�IXQFWLRQ�IURP�WKH�QHXUDO�UHVSRQVH�IXQFWLRQ�
7KH�GHFRGLQJ�ZDV�GHPRQVWUDWHG�WR�EH�YDOLG�IRU�ERWK
WKH� LGHDO�FDVH�ZKHUH�QR�VHQVRU�QRLVH� LV�SUHVHQW�DV
ZHOO�DV�WKH�FDVH�ZKHUH�WKH�VHQVRU�QRLVH��DVVXPHG�WR
EH�DGGLWLYH�*DXVVLDQ��LV�SUHVHQW��DV�ORQJ�DV�WKH�VLJ�
QDO�WR�QRLVH� UDWLR� LV� JUHDWHU� WKDQ� ��� G%�� 7KLV� UHVXOW
VKRZV�D�PHWKRG�E\�ZKLFK� WKH�FHQWUDO� QHUYRXV�V\V�
WHP�FRXOG�LQIHU�WKH�VKDSH�RI�WKH�REMHFW�FRQWDFWLQJ�WKH
VNLQ�IURP�6$,�SRSXODWLRQ�UHVSRQVH�XQGHU�VWDWLF�FRQ�
GLWLRQV�

0RGHOLQJ�WKH�'\QDPLFV�RI�WKH�3ULPDWH�
)LQJHUSDG

7KH� VHFWLRQ� DERYH� GHVFULEHV� RXU� ILQJHUWLS� PRGHOV
WKDW�DUH�DEOH�WR�H[SODLQ�DQG�SUHGLFW�ERWK�ELRPHFKDQL�
FDO�DQG�QHXURSK\VLRORJLFDO�SKHQRPHQRQ�REVHUYHG�LQ
H[SHULPHQWV� ZLWK� VWDWLF� VWLPXOL�� (QFRXUDJHG� E\� WKLV
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VXFFHVV��ZH�KDYH�QRZ�EHJXQ�WR�PRGHO�WKH�G\QDPLF
EHKDYLRU�RI�WKH�ILQJHUSDG�LQ�RUGHU�WR�UHDOLVWLFDOO\�VLP�
XODWH� WKH� QHXURSK\VLRORJLFDO� H[SHULPHQWV� LQYROYLQJ
G\QDPLF� VWLPXOL�� VXFK� DV� XQGHU� VWURNLQJ� RI� VKDSHV�
:H� KDYH� QRZ� LQFRUSRUDWHG� YLVFRHODVWLFLW\� LQWR� RXU
FRPSXWDWLRQDO�PRGHOV�RI�WKH�SULPDWH�ILQJHUWLS��7R�WKLV
HQG��WKH�ELRPHFKDQLFDO�GDWD�REWDLQHG�IURP�WKH�LQGHQ�
WDWLRQ� RI� WKH� ILQJHUSDGV� RI� VHYHUDO� KXPDQ� VXEMHFWV
XVLQJ� GLIIHUHQW� LQGHQWRU� JHRPHWULHV� ZDV� XWLOL]HG�� $
FRQVLVWHQW� QRUPDOL]DWLRQ� VFKHPH� ZDV� GHYHORSHG
ZKLFK�VKRZHG� WKDW�PRVW�RI� WKH�YDULDWLRQ� LQ� WKH�GDWD
REWDLQHG� DFURVV� VXEMHFWV� ZDV� VFDODEOH� E\� D� VLQJOH
SDUDPHWHU��7KLV�OHDG�WR�WKH�GHYHORSPHQW�RI�D�VHFRQG
RUGHU� .HOYLQ� PRGHO� ZKLFK� VDWLVIDFWRULO\� H[SODLQV
PXFK�RI�WKH�REVHUYHG�IRUFH�GLVSODFHPHQW�GDWD�IRU�D
WUXQFDWHG� FRQLFDO� LQGHQWRU�� 7KH� &RUUHVSRQGHQFH
3ULQFLSOH� ZDV� LQYRNHG� WR� H[WHQG� WKHVH� UHVXOWV� WR
REWDLQ� WKH�PDWHULDO� SDUDPHWHUV�RI�D� JHQHUDOL]HG��'
OLQHDU� YLVFRHODVWLF� FRQWLQXXP�� 7KHVH� SDUDPHWHUV
ZHUH�WKHQ�LQFRUSRUDWHG�LQWR�D��'�SODQH�VWUDLQ�DQG�D
�'� OD\HUHG� ILQLWH� HOHPHQW� PRGHO�� 7KH� UHVXOWV
REWDLQHG� IURP� WKHVH� FRPSXWDWLRQDO� PRGHOV� SUHGLFW
WKH�REVHUYHG�IRUFH�GLVSODFHPHQW�GDWD�YHU\�ZHOO�IRU�DOO
WKH� LQGHQWRUV� �WUXQFDWHG�FRQLFDO��F\OLQGULFDO�DQG� IODW�
SODWH� LQGHQWRUV�� XVHG� LQ� WKH� HDUOLHU� ELRPHFKDQLFDO
H[SHULPHQWV�� 7KHVH�PRGHOV� DUH� QRZ�EHLQJ� XVHG� WR
VLPXODWH�G\QDPLF�VWLPXOL� LPSRVHG�RQ� WKH� ILQJHUSDG�
VXFK�DV�VWURNLQJ�RI�VKDSHV��,Q�WKH�QH[W�JUDQW�SHULRG�
ZH� SURSRVH� WR� LQYHVWLJDWH� VWURNLQJ� E\� WH[WXUHV� DQG
LQGHQWDWLRQ�E\�FRQFDYH�DQG�VRIW�REMHFWV��,Q�SDUWLFXODU�
ZH�ZRXOG�OLNH�WR�H[SORUH�WKH�UROH�RI�5$V�LQ�WDFWLOH�FRG�
LQJ�RI�G\QDPLF�REMHFWV�

������ 7KHRU\�

1RQOLQHDU�'\QDPLFV�RI�0HFKDQRUHFHSWRU�
5HVSRQVH

2QH�RI�WKH�PRVW�LQWHUHVWLQJ�DVSHFWV�RI�G\QDPLF�WDF�
WLOH� VHQVLQJ� LQ�KXPDQV� LV� WKH�QDWXUH�RI�PHFKDQRUH�
FHSWRU�UHVSRQVH�WR�G\QDPLF�VWLPXOL��,Q�FRQWUDVW�WR�WKH
UHVSRQVH�RI�WKH�ILQJHUSDG�WLVVXH��WKH�UHFHSWRUV�VHHP
WR� H[KLELW� QRQOLQHDU� EHKDYLRU� HYHQ� IRU� YHU\� VPDOO
LQGHQWDWLRQV�RI�WKH�ILQJHUSDG�VNLQ��

7KH� FODVVLF� H[DPSOH� RI� VXFK� QRQOLQHDU� UHVSRQVH� LV
WKH�VR�FDOOHG��WXQLQJ�FXUYHV��ZKLFK�DUH�WKH�YDULDWLRQV
RI�GHDG�]RQH�DQG�VDWXUDWLRQ�WKUHVKROGV�DV�IXQFWLRQV
RI� IUHTXHQF\� RI� LQSXW� VLQXVRLGV�� ,Q� RUGHU� WR� PRGHO
WKHVH�QRQOLQHDULWLHV��D�JHQHUDOL]HG�FODVV�RI�FDVFDGHG
/1/�W\SH�ILOWHU�EDQNV�ZHUH�GHYHORSHG��6XFK�PRGHOV�
LQ� JHQHUDO�� LQFRUSRUDWH� D� OLQHDU� GHVFULELQJ� IXQFWLRQ
EORFN� IROORZHG� E\� D� VWDWLF� QRQOLQHDULW\� DQG� DQRWKHU
OLQHDU�GHVFULELQJ�IXQFWLRQ�EORFN��,W�ZDV�REVHUYHG�WKDW

GLIIHUHQW�UHFHSWRU�FODVVHV�FRXOG�EH�GHVFULEHG�E\�VSH�
FLDOL]LQJ�WKLV�JHQHUDO�PRGHO��)RU�LQVWDQFH��WKH�EHKDY�
LRU�RI�WKH�6$,�PHFKDQRUHFHSWRUV�FRXOG�EH�H[SODLQHG
YHU\�ZHOO� XVLQJ� D�+DPPHUVWHLQ� W\SH� RI� VWUXFWXUH�� D
VWDWLF�QRQOLQHDULW\�IROORZHG�E\�D�OLQHDU�G\QDPLF�EORFN�
7KHVH�PRGHOV� SURYLGHG� JRRG� ILWV� WR� WKH� HPSLULFDOO\
UHFRUGHG�PHFKDQRUHFHSWRU�UHVSRQVHV��7KH�QH[W�VWHS
DSSHDUV� WR� EH� WKH� GHVFULSWLRQ� RI� D� VXFFHVVIXO� OLQN
EHWZHHQ�WKH�ILQLWH�HOHPHQW�PRGHO�GHVFULELQJ�WKH�JHR�
PHWULF� DQG�PDWHULDO� SURSHUWLHV� RI� WKH� ILQJHUSDG�DQG
WKH� QHXUR�G\QDPLF� WUDQVGXFWLRQ� EORFNV�� GHVFULELQJ
UHFHSWRU�EHKDYLRU�IRU�HDFK�FODVV�RI�UHFHSWRUV��:H�DUH
QRZ�LQ�D�SRVLWLRQ�WR�SUHGLFW�WKH�VSDWLDO�UHVSRQVH�SUR�
ILOHV�REVHUYHG�GXULQJ�WKH�VWURNLQJ�RI�FRPSOH[�VKDSHV
�WRURLGV��ZDY\�VXUIDFHV�DQG�VLQXVRLGDO�VWHS�VKDSHV�
RQ�SULPDWH�ILQJHUSDGV�

,GHQWLILFDWLRQ�DQG�&RQWURO�RI�+DSWLF�6\VWHPV��
$�&RPSXWDWLRQDO�7KHRU\

7KLV� UHVHDUFK� SURYLGHV� D� WKHRUHWLFDO� IUDPHZRUN� IRU
KDSWLFV�� WKH� VWXG\� RI� H[SORUDWLRQ� DQG� PDQLSXODWLRQ
XVLQJ�KDQGV��,Q�ERWK�KXPDQ�DQG�URERWLF�UHVHDUFK��DQ
XQGHUVWDQGLQJ�RI�WKH�QDWXUH�RI�FRQWDFW��JUDVS��H[SOR�
UDWLRQ��DQG�PDQLSXODWLRQ�LV�RI�VLQJXODU�LPSRUWDQFH��,Q
KXPDQ� KDSWLFV� WKH� REMHFWLYH� LV� WR� XQGHUVWDQG� WKH
PHFKDQLFV�RI�KDQG�DFWLRQV��VHQVRU\�LQIRUPDWLRQ�SUR�
FHVVLQJ��DQG�PRWRU�FRQWURO��:KLOH�URERWV�KDYH�ODJJHG
EHKLQG� WKHLU�KXPDQ�FRXQWHUSDUWV� LQ�GH[WHULW\�� UHFHQW
GHYHORSPHQWV� LQ� WDFWLOH� VHQVLQJ� WHFKQRORJ\� KDYH
PDGH�LW�SRVVLEOH�WR�EXLOG�VHQVRU�DUUD\V�WKDW�LQ�VRPH
ZD\�PLPLF� KXPDQ� SHUIRUPDQFH��:H� EHOLHYH� WKDW� D
FRPSXWDWLRQDO� WKHRU\� RI� KDSWLFV� WKDW� LQYHVWLJDWHV
ZKDW� NLQG� RI� VHQVRU\� LQIRUPDWLRQ� LV� QHFHVVDU\� DQG
KRZ� LW� KDV� WR� EH� SURFHVVHG� LV� EHQHILFLDO� WR� ERWK
KXPDQ�DQG�URERWLF�UHVHDUFK�

+XPDQ� DQG� URERW� WDFWLOH� VHQVLQJ� FDQ� EH� DFFRP�
SOLVKHG�E\�DUUD\V�RI�PHFKDQRVHQVRUV�HPEHGGHG�LQ�D
GHIRUPDEOH�PHGLXP��:KHQ�DQ�REMHFW�FRPHV�LQ�FRQ�
WDFW�ZLWK�WKH�VXUIDFH�RI�WKH�PHGLXP�LQIRUPDWLRQ�DERXW
WKH�VKDSH�RI�WKH�VXUIDFH�RI�WKH�PHGLXP�DQG�WKH�IRUFH
GLVWULEXWLRQ�RQ� WKH�VXUIDFH� LV�HQFRGHG� LQ� WKH�VHQVRU
VLJQDOV��7KH�SUREOHP� IRU� WKH�FHQWUDO�SURFHVVRU� LV� WR
UHOLDEO\�DQG�HIILFLHQWO\�LQIHU�WKH�REMHFW�SURSHUWLHV�DQG
WKH�FRQWDFW�VWDWH�IURP�WKHVH�VLJQDOV��:H�ILUVW�LQYHVWL�
JDWHG� WKH� VXUIDFH� VLJQDO� LGHQWLILFDWLRQ� SUREOHP�� WKH
SURFHVVLQJ�RI� VHQVRU� VLJQDOV� UHVXOWLQJ� LQ�DOJRULWKPV
DQG� JXLGHOLQHV� IRU� VHQVRU� GHVLJQ� WKDW� JLYH� RSWLPDO
HVWLPDWHV� RI� WKH� ORDGLQJ� DQG� GLVSODFHPHQW� GLVWULEX�
WLRQV�RQ�WKH�VXUIDFH�RI�WKH�ILQJHUSDG�
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:H�KDYH�VKRZQ� WKDW� WKUHH�TXDQWLWLHV��PHDQ�QRUPDO
VWUHVV�DQG� WKH� WZR�VKHDU�VWUDLQV�DW�PHFKDQRVHQVRU
ORFDWLRQV�� DUH� QRW� RQO\� QHFHVVDU\� DQG� VXIILFLHQW� WR
LQIHU�WKH�VXUIDFH�VLJQDOV��EXW�DOVR�PD[LPL]H�WKH�VSD�
WLDO� EDQGZLGWK� RI� VLJQDO� UHFRQVWUXFWLRQ�� :H� WKHQ
IRFXVHG�RQ�KRZ�WKH� LQIRUPDWLRQ�REWDLQHG� IURP�VXFK
RSWLPDO� VHQVLQJ� FDQ� EH� XVHG� IRU� H[SORUDWLRQ� RI
REMHFWV��:H�KDYH�VKRZQ�WKDW�DQ�DFFXUDWH�UHFRQVWUXF�
WLRQ� RI� REMHFW� SURSHUWLHV� FDQ� RFFXU� XVLQJ� WZR� EDVLF
EXLOGLQJ� EORFNV� RI� H[SORUDWLRQ� VWUDWHJ\� DQG� ILQJHU
FRQWURO��([SORUDWLRQ�VWUDWHJ\�SHUWDLQV�WR� WKH�SUREOHP
RI� LQIHUULQJ�REMHFW�SURSHUWLHV�VXFK�DV�VKDSH�� WH[WXUH
DQG�FRPSOLDQFH��DQG�LQWHUIHUHQFH�SURSHUWLHV�VXFK�DV
VWDWH�RI�FRQWDFW��IURP�WKH�HVWLPDWHG�VXUIDFH�VLJQDOV�
7KLV�LQYROYHV�GHWHUPLQLQJ��LQ�HDFK�FDVH��ZKDW�NLQG�RI
VHQVRU�LQIRUPDWLRQ�DQG�ZKDW�NLQG�RI�DFWLRQ�LV�QHHGHG�
)LQJHU� FRQWURO� UHIHUV� WR� WKH� WUDQVIRUPDWLRQ� RI� WKH
DFWLRQ�QHHGHG�LQWR�D�FRPPDQG�WUDMHFWRU\�IRU�WKH�ILQ�
JHUSDG��ZKLFK�GHILQHV�WKH�GHVLUHG�GLUHFWLRQ�RI�PRYH�
PHQW� IRU� PDQLSXODWLRQ�� :H� KDYH� GHILQHG� DQG
DQDO\]HG�WKH�FRPSRQHQWV�RI�ERWK�WKHVH�EORFNV��SUR�
YLGHG� H[SOLFLW� PDWKHPDWLFDO� IRUPXODWLRQ� DQG� KDYH
VROYHG� QXPHULFDO� H[DPSOHV�ZKHUH� DSSURSULDWH��2XU
IRUPXODWLRQ�RI�WKLV�FRPSXWDWLRQDO�WKHRU\�RI�KDSWLFV�LV
LQGHSHQGHQW�RI�LPSOHPHQWDWLRQ�VR�WKDW�LW�LV�DSSOLFDEOH
WR�ERWK�URERWV�DQG�KXPDQV�

������ 'HYLFH�'HVLJQ�DQG�&RQVWUXFWLRQ

8OWUDVRXQG�%DFNVFDWWHU�0LFURVFRSH�IRU�,Q�
9LYR�,PDJLQJ�RI�+XPDQ�)LQJHUWLS�

2QH� FRQFOXVLRQ� IURP� RXU� HDUOLHU� 05,� VWXGLHV� ZDV
WKDW��LI�D�QRQLQYDVLYH�LPDJLQJ�V\VWHP�ZLWK�KLJKHU�UHV�
ROXWLRQV� WKDQ�05,�FRXOG�EH�GHVLJQHG�� LW�ZRXOG�EH�D
SRZHUIXO� WRRO� WR�HPSLULFDOO\�REVHUYH� WKH�PHFKDQLFDO
GHIRUPDWLRQV� RI� WKH� VNLQ� WLVVXH� DURXQG�PHFKDQRUH�
FHSWRUV� DQG� ZRXOG� KHOS� YDOLGDWH� RXU� FRPSXWDWLRQDO
PRGHOV�� :H� KDYH� QRZ� GHYHORSHG� DQ� XOWUDVRXQG
EDFNVFDWWHU�PLFURVFRSH��8%0���ZKLFK�LV�DEOH�WR�GLV�
SOD\� WKH� JHRPHWU\� DQG� GHIRUPDWLRQ� RI� VNLQ� OD\HUV
XQGHU�LQ�YLYR�FRQGLWLRQV��

8%0� LV� VLPLODU� WR� %�PRGH� GLDJQRVWLF� XOWUDVRXQG
LPDJLQJ��EXW� XVHV�KLJKHU� IUHTXHQF\�DFRXVWLF�ZDYHV
�DERXW����0+]��WR�DFKLHYH�UHVROXWLRQV�RI�WKH�RUGHU�RI
WHQV� RI� PLFURQV�� ,Q� 8%0�� FRQWUDVW� GHSHQGV� RQ� WKH
PHFKDQLFDO�SURSHUWLHV�RI�WLVVXHV��D�IHDWXUH�WKDW�FRP�
SOHPHQWV�WHFKQLTXHV�VXFK�DV�RSWLFDO�PLFURVFRS\��&7
DQG�05,�WKDW�UHO\�RQ�RWKHU�WLVVXH�SURSHUWLHV��7KLV�IHD�
WXUH�DOVR�PDNHV�8%0�LGHDO�IRU�VWXG\LQJ�WKH�PHFKD�
QLVWLF�EDVLV�RI�WDFWLOH�VHQVLQJ��,Q�DGGLWLRQ��8%0�LV�OHVV
H[SHQVLYH�WKDQ�PRVW�LPDJLQJ�WHFKQLTXHV��DQG�LV�DOVR
QRQLQYDVLYH��+RZHYHU��EHFDXVH�RI�LQFUHDVHG�DWWHQX�

DWLRQ�RI�WKH�DFRXVWLF�ZDYHV�DW�KLJKHU�IUHTXHQFLHV��WKH
WLVVXHV� EHLQJ� LPDJHG�PXVW� EH� ORFDWHG�ZLWKLQ� D� IHZ
PLOOLPHWHUV� RI� WKH� VXUIDFH�� $� 8%0� V\VWHP� ZDV
GHVLJQHG� DQG� EXLOW� XVLQJ� D� KLJK� IUHTXHQF\� 39')
WUDQVGXFHU��QRPLQDO�IUHTXHQF\�RI����0+]���D�SXOVHU�
D�GLJLWL]LQJ�RVFLOORVFRSH��D�VFDQQLQJ�V\VWHP�DQG�WKH
,(((���� LQWHUIDFH��7KH�D[LDO�DQG� ODWHUDO� UHVROXWLRQV
ZHUH� H[SHULPHQWDOO\� GHWHUPLQHG� WR� EH� DERXW� ��
PLFURQV�DQG�����PLFURQV�UHVSHFWLYHO\�

7KH�GHYLFH�ZDV�XVHG�WR�LPDJH�KXPDQ�ILQJHUWLS�VNLQ
XQGHU� LQ�YLYR� FRQGLWLRQV�VR�DV� WR�REWDLQ� LQIRUPDWLRQ
DERXW� WKH� LQWHUQDO�VWUXFWXUH�RI� WKH� ILQJHUWLS��$W�HDFK
VNLQ�ORFDWLRQ��WKH�WUDQVGXFHU�ZDV�HQHUJL]HG�DQG�HFK�
RHV� IURP� WLVVXHV�DW�GLIIHUHQW�GHSWKV�ZHUH� UHFRUGHG�
%\�PHFKDQLFDOO\�VFDQQLQJ�WKH�WUDQVGXFHU�DFURVV�WKH
ILQJHUSDG�VXUIDFH�DQG�NHHSLQJ� WUDFN�RI�VLJQDOV� IURP
VXFFHVVLYH�ODWHUDO�ORFDWLRQV��GDWD�RQ�PHFKDQLFDO�FRQ�
WUDVW� LQ�VNLQ� FURVV�VHFWLRQV�ZHUH�DVVHPEOHG��6LJQDO
SURFHVVLQJ� ZDV� GRQH� RQ� WKH� UHIOHFWHG� HFKRHV� WR
REWDLQ� �'� LPDJHV�� ,PDJHV� RI� ILQJHUSDG� VNLQ� RI� VL[
KXPDQ�VXEMHFWV�VKRZHG�WKUHH�GLVWLQFW�OD\HUV�XS�WR�D
GHSWK� RI� DERXW� ����PP��&RPSDULVRQ� LPDJHV� RI� ILQ�
JHUWLS�VNLQ�RQ�WKH�GRUVDO�VLGH�DOVR�VKRZHG�D�OD\HUHG
VWUXFWXUH�ZLWK�OHVVHU�WKLFNQHVVHV�IRU�WKH�ILUVW�WZR�OD\�
HUV�� 7KH� GDWD� REWDLQHG� DUH� FRQVLVWHQW� ZLWK� NQRZQ
DQDWRPLFDO� LQIRUPDWLRQ� WKDW� WKH� WKUHH� OD\HUV� LPDJHG
DUH� WKH�VWUDWXP�FRUQHXP�� WKH� UHVW�RI� WKH�HSLGHUPLV�
DQG�WKH�WRS�UHJLRQ�RI�WKH�GHUPLV��7KHVH�DUH�WKH�VNLQ
OD\HUV�ZKHUH�WKH�0HLVVQHU�FRUSXVFOH�DQG�WKH�0HUNHO
FHOOV�DUH�NQRZQ�WR�EH�SUHVHQW��:H�DUH�QRZ�SODQQLQJ
WR� LQYHVWLJDWH� WKH� GHIRUPDWLRQV� RI� WKH� VNLQ� LQ� WKH
QHLJKERUKRRG�RI�WKHVH�WZR�PHFKDQRUHFHSWRUV�WR�YDU�
LRXV�VKDSHG�VWLPXOL�ZH�KDYH�XVHG�EHIRUH��OLQH�ORDGV�
UHFWDQJXODU�EDUV��F\OLQGHUV��HWF����

$OWKRXJK� WKH�FXUUHQW� UHVROXWLRQV� �����PLFURQV� ODWHU�
DOO\�[����PLFURQV�D[LDOO\��RI�WKH�8%0�DUH�VXIILFLHQW�IRU
QRZ��ZH�EHOLHYH�WKHVH�FDQ�EH�FXW�GRZQ�WR����PLFURQV
[� ��� PLFURQV� ZLWK� PRGHUDWH� FKDQJHV�� (YHQ� EHWWHU
UHVROXWLRQV�PD\�EH�SRVVLEOH�ZLWK�PRUH�FRPSOH[�FDOL�
EUDWLRQ�DQG�VLJQDO�SURFHVVLQJ��7KH�8%0�LV�GHVLJQHG
WR� EH� SRUWDEOH�� DQG� WKHUHIRUH� LW�PD\� EH� SRVVLEOH� WR
XVH�LW�WR�LPDJH�WKH�GHIRUPDWLRQ�DURXQG�D�PHFKDQRUH�
FHSWRU� ORFDWLRQ� ZKLOH� VLPXOWDQHRXVO\� UHFRUGLQJ� LWV
HOHFWURSK\VLRORJLFDO�UHVSRQVH�

+LJK�3UHFLVLRQ�7DFWLOH�6WLPXODWRU�IRU�
'\QDPLF�6WLPXODWLRQ�RI�WKH�)LQJHUSDG

$OWKRXJK� RXU� ��D[LV� WDFWLOH� VWLPXODWRU� LV� VWLOO� RSHUD�
WLRQDO�� LWV� IRUFH� DQG� SRVLWLRQDO� UHVROXWLRQ� DV�ZHOO� DV
EDQGZLGWK�ZHUH� LQ�QHHG�RI� LPSURYHPHQW� LQ�RUGHU� WR
GHWHUPLQH� WKH� HIIHFW� RI� VNLQ� YLVFRHODVWLFLW\� RQ� 5$
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UHVSRQVHV� DW� VWLPXODWLRQ� IUHTXHQFLHV� KLJKHU� WKDQ
DERXW����+]��$�KLJK�SUHFLVLRQ� WDFWLOH�VWLPXODWRU�ZDV
EXLOW� WR� DOORZ� XV� WR� UHILQH� WKH� G\QDPLF� ILQJHUSDG
PRGHO��7KH�DFWXDWRU� LV�D�GLVN�GULYH�KHDG�SRVLWLRQLQJ
PRWRU�FRXSOHG�ZLWK�DQJXODU�SRVLWLRQ�IHHGEDFN�IURP�D
SUHFLVLRQ� URWDU\� YDULDEOH� GLIIHUHQWLDO� WUDQVIRUPHU
�59'7��� $� GLJLWDO�� UHDO�WLPH� 3,'� FRQWUROOHU� LV� LPSOH�
PHQWHG� XVLQJ� D� IORDWLQJ�SRLQW� '63� V\VWHP�� $Q\
LQGHQWRU�VKDSH�FDQ�EH�DWWDFKHG�WR�WKH�GHYLFH�WR�SUR�
YLGH� RQH�GHJUHH� RI� IUHHGRP� SRVLWLRQ�FRQWUROOHG
LQSXWV� LQ�HLWKHU� WKH�QRUPDO�RU� WDQJHQWLDO�GLUHFWLRQ� WR
WKH� ILQJHUSDG� VXUIDFH�� 7KH� IRUFH� UHVSRQVH� LV� PHD�
VXUHG� ZLWK� D� SLH]RHOHFWULF� WUDQVGXFHU� WKDW� GHIOHFWV
RQO\���QP� IRU� WKH�PD[LPXP�H[SHFWHG� IRUFH�RI���1�
7KH�VWLPXODWRU�RSHUDWHV�VPRRWKO\�LQ�WKH�EDQGZLGWK�RI
����+]� WR�����+]��3RVLWLRQV�FDQ�EH�UHVROYHG�WR����
QP�ZKLOH�IRUFHV�FDQ�EH�UHVROYHG�WR���P1��&XUUHQWO\�
GDWD�LV�EHLQJ�FROOHFWHG�RQ�WKH�IRUFH�UHVSRQVH�RI� WKH
KXPDQ�ILQJHUSDG�XVLQJ�VLQXVRLGDO�LQSXWV�LQ�WKH�OLQHDU
UDQJH�ZLWK�D�SRLQW�VWLPXOXV��7KLV�GDWD�ZLOO�EH�XVHG�WR
ILQG�D�OLQHDU��YLVFR�HODVWLF�PRGHO�RI�WKH�KXPDQ�ILQJHU�
SDG�DQG�WKH�OLPLWV�RI�LWV�YDOLGLW\��

������ 3XEOLFDWLRQV

-RXUQDO�$UWLFOHV

.DUDVRQ��6���0�$��6ULQLYDVDQ��DQG�$�0��$QQDVZDP\�
�(QFRGLQJ�DQG�'HFRGLQJ�RI�6WDWLF�,QIRUPDWLRQ�LQ
7DFWLOH� 6HQVLQJ�6\VWHPV��� ,QW�� -�� 5RERWLFV�5HV�
)RUWKFRPLQJ�

.KDOVD�� 3�6��� 5�0�� )ULHGPDQ�� 0�$�� 6ULQLYDVDQ�� DQG
5�+��/D0RWWH���(QFRGLQJ�RI�6KDSH�DQG�2ULHQWD�
WLRQ�E\�3RSXODWLRQV�RI�6ORZO\�DQG�5DSLGO\�$GDSW�
LQJ�0HFKDQRUHFHSWRUV�� ,�� 2EMHFWV� ,QGHQWHG� ,QWR
WKH�)LQJHU�3DG���-��1HXURSK\VLRO��)RUWKFRPLQJ�

/D0RWWH��5�+���0�$��6ULQLYDVDQ��&��/X��3�6��.KDOVD�
DQG�5�0��)ULHGPDQ���$�5DLVHG�2EMHFW�RQ�D�3OD�
QDU� 6XUIDFH� 6WURNHG� $FURVV� WKH� )LQJHU� 3DG�� ,�
5HVSRQVHV� RI� &XWDQHRXV�0HFKDQRUHFHSWRUV� WR
6KDSH�DQG�2ULHQWDWLRQ���-��1HXURSK\VLRO��)RUWK�
FRPLQJ�

&KDSWHU�LQ�D�%RRN

$QQDVZDP\��$�0���DQG�0�$��6ULQLYDVDQ���7KH�5ROH�RI
&RPSOLDQW�)LQJHUSDGV� LQ�*UDVSLQJ�DQG�0DQLSX�
ODWLRQ�� ,GHQWLILFDWLRQ� DQG� &RQWURO��� (VVD\V� RQ
0DWKHPDWLFDO�5RERWLFV��(GV��-��%DLOOLHXO��6��6DV�
WU\�� DQG� +�-�� 6XVVPDQ�� 7KH� ,0$� 9ROXPHV� LQ

0DWKHPDWLFV�DQG�LWV�$SSOLFDWLRQV��YRO�������1HZ
<RUN��6SULQJHU�9HUODJ��)RUWKFRPLQJ�

7KHVLV

9RVV��.�-��,QYHVWLJDWLRQ�RI�WKH�,QWHUQDO�*HRPHWU\�DQG
0HFKDQLFV�RI�WKH�+XPDQ�)LQJHUWLS��LQ�YLYR��XVLQJ
0DJQHWLF� 5HVRQDQFH� ,PDJLQJ�� 0�6�� WKHVLV�
'HSDUWPHQW� RI� 0HFKDQLFDO� (QJLQHHULQJ�� 0,7�
-XQH������

���� )RUFH�5HIOHFWLQJ�6RIW�7LVVXH�
0RGHOV�IRU�6LPXODWLQJ�/DSDURVFRSLF�
6XUJLFDO�3URFHGXUHV�LQ�9LUWXDO�
5HDOLW\�6\VWHPV

6SRQVRU

0DVVDFKXVHWWV�*HQHUDO�+RVSLWDO��&HQWHU�IRU�
,QQRYDWLYH�0LQLPDOO\�,QYDVLYH�7KHUDS\
5HVHDUFK�)HOORZVKLS�*UDQW

3URMHFW�6WDII

'U��&DJDWD\�%DVGRJDQ��'U��0DQGD\DP�$��6ULQLYDVDQ�
'U��6WHSKHQ�'��6PDOO����'U��6WHYHQ�/��'DZVRQ����&KL�
+DR�+R

������ 2YHUYLHZ

5HVHDUFK� LQ� WKH� DUHD� RI� FRPSXWHU� DVVLVWHG� VXUJHU\
DQG�VXUJLFDO�VLPXODWLRQ�KDV�PDLQO\�IRFXVHG�RQ�GHYHO�
RSLQJ� �'� JHRPHWULFDO� PRGHOV� RI� WKH� KXPDQ� ERG\
IURP� �'� PHGLFDO� LPDJHV�� YLVXDOL]DWLRQ� RI� LQWHUQDO
VWUXFWXUHV� IRU� HGXFDWLRQDO� DQG� SUHRSHUDWLYH�VXUJLFDO
SODQQLQJ�SXUSRVHV��DQG�JUDSKLFDO�GLVSOD\�RI�VRIW� WLV�
VXH�EHKDYLRU�LQ�UHDO�WLPH��&RQYH\LQJ�WR�WKH�VXUJHRQ
WKH�WRXFK�DQG�IRUFH�VHQVDWLRQV�ZLWK�WKH�XVH�RI�KDSWLF
LQWHUIDFHV� KDV� QRW� EHHQ� LQYHVWLJDWHG� LQ� GHWDLO�� :H
KDYH�GHYHORSHG�D�VHW�RI�KDSWLF�UHQGHULQJ�DOJRULWKPV
IRU�VLPXODWLQJ�VXUJLFDO�LQVWUXPHQW�VRIW�WLVVXH�LQWHUDF�
WLRQV��$OWKRXJK�WKH�IRFXV�RI�WKH�VWXG\�LV�WKH�GHYHORS�
PHQW� RI� DOJRULWKPV� IRU� VLPXODWLRQ� RI� ODSDURVFRSLF
SURFHGXUHV��WKH�GHYHORSHG�WHFKQLTXHV�DUH�DOVR�XVH�
IXO� LQ� VLPXODWLQJ�RWKHU�PHGLFDO� SURFHGXUHV� LQYROYLQJ
WRXFK� DQG� IHHO� RI� VRIW� WLVVXHV��7KH�SURSRVHG� IRUFH�
UHIOHFWLQJ�VRIW� WLVVXH�PRGHOV�DUH� LQ� YDULRXV� ILGHOLWLHV
DQG�KDYH�EHHQ�GHYHORSHG�WR�VLPXODWH�WKH�EHKDYLRU�RI
HODVWLFDOO\� GHIRUPDEOH� REMHFWV� LQ� YLUWXDO� HQYLURQ�
PHQWV�� 7KH� GHYHORSHG� DOJRULWKPV� GHDO� GLUHFWO\� ZLWK
JHRPHWU\�RI�DQDWRPLFDO�RUJDQV��VXUIDFH�DQG�FRPSOL�
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DQFH�FKDUDFWHULVWLFV�RI�WLVVXHV��DQG�WKH�HVWLPDWLRQ�RI
DSSURSULDWH� UHDFWLRQ� IRUFHV� WR� FRQYH\� WR� WKH� XVHU� D
IHHOLQJ�RI�WRXFK�DQG�IRUFH�VHQVDWLRQV�

7KH�KDUGZDUH�FRPSRQHQWV�RI� WKH�VHW�XS� LQFOXGH�DQ
,%0�FRPSDWLEOH� 3&� ����� +]�� 3HQWLXP3UR�� ZLWK� D
KLJK�HQG��'�JUDSKLFV� DFFHOHUDWRU�� D� IRUFH�IHHGEDFN
GHYLFH��3+$17R0�IURP�6HQV$EOH�7HFKQRORJLHV�,QF��
WR�VLPXODWH�KDSWLF�VHQVDWLRQV��DQG�VWHUHR�JODVVHV�IRU
�'�YLVXDOL]DWLRQ�RI�YLUWXDO�REMHFWV��'XULQJ�WKH�VLPXOD�
WLRQV��WKH�XVHU�PDQLSXODWHV�WKH�JHQHULF�VW\OXV�RI�WKH
IRUFH�IHHGEDFN�GHYLFH�WR�VLPXODWH�WKH�PRYHPHQWV�RI
D�VXUJLFDO�LQVWUXPHQW�DQG�WR�IHHO�LWV�LQWHUDFWLRQV�ZLWK
WKH� FRPSXWHU� JHQHUDWHG� DQDWRPLFDO� RUJDQV�� 7KH
DVVRFLDWHG�GHIRUPDWLRQV�RI�WKH�RUJDQV�DUH�GLVSOD\HG
VWHUHRVFRSLFDOO\�RQ� WKH�FRPSXWHU�PRQLWRU�DQG� UHDF�
WLRQ�IRUFHV�DUH�IHG�EDFN�WR�WKH�XVHU�WKURXJK�WKH�KDSWLF
LQWHUIDFH��7KH�VRIWZDUH�ZDV�ZULWWHQ� LQ�&�&����XVLQJ
PXOWL�WKUHDGLQJ� WHFKQLTXHV� WR�FUHDWH�VHSDUDWH�YLVXDO
DQG�KDSWLF�FRQWURO�ORRSV��WKHUHE\�LQFUHDVLQJ�WKH�KDS�
WLFV� VHUYR� UDWH� �YDULHV� IURP�����+]� WR� �� N+]��ZKLOH
VLPXOWDQHRXVO\�VDWLVI\LQJ�WKH�UHTXLUHPHQWV�RI�JUDSK�
LFV�XSGDWH�UDWH�RI�DW�OHDVW����+]�

������ 3XEOLFDWLRQ

%DVGRJDQ�� &��� &��+R��0�$�� 6ULQLYDVDQ�� 6�'�� 6PDOO�
6�/�� 'DZVRQ�� �)RUFH� ,QWHUDFWLRQV� LQ� /DSDUR�
VFRSLF�6LPXODWLRQV��+DSWLF�5HQGHULQJ�RI�6RIW�7LV�
VXHV���3URFHHGLQJV�RI�WKH�0HGLFLQH�0HHWV�9LUWXDO
5HDOLW\� �0095
���� 9,� &RQIHUHQFH�� 6DQ� 'LHJR�
&DOLIRUQLD��-DQXDU\��������������SS���������


