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2XU�DLP�LV�WR�GHWHUPLQH�KRZ�WKH�VWUXFWXUH�RI�QRUPDO
DQG� SDWKRORJLFDO� H[WHUQDO� DQG� PLGGOH� HDUV� DIIHFWV
WKHLU�DFRXVWLF�DQG�PHFKDQLFDO�IXQFWLRQ��:H�PHDVXUH
WKH�ZRUNLQJV� RI� HDUV� RI� YDULRXV� DQLPDOV� DV� ZHOO� DV
QRUPDO�DQG�SDWKRORJLFDO�KXPDQ�PLGGOH�HDUV��7KHVH
DFRXVWLF� DQG� PHFKDQLFDO� PHDVXUHPHQWV� DUH� FRP�
ELQHG�ZLWK�VWUXFWXUDO�PHDVXUHPHQWV�WR�JHQHUDWH�WHVW�
DEOH�TXDQWLWDWLYH�PRGHOV�RI�H[WHUQDO� DQG�PLGGOH�HDU
IXQFWLRQ��7KLV�NQRZOHGJH�LV�WKHQ�DSSOLHG�WR�SUDFWLFDO
LVVXHV� VXFK� DV� SURYLGLQJ� VSHFLILFDWLRQV� IRU� UHFRQ�
VWUXFWLYH�VXUJHU\�RI�WKH�KXPDQ�HDUV�DQG�PRUH�EDVLF
LVVXHV� VXFK� DV� ZKHWKHU� WKH� DQDWRPLFDO� VSHFLDOL]D�
WLRQV� RI� DQLPDO� HDUV� DUH� UHODWHG� WR� WKH� HQYLURQPHQW
WKDW�WKH�DQLPDOV�OLYH�LQ�

7KH�ZRUN�ZH�SHUIRUPHG�WKLV�\HDU�LQFOXGHV�DQ�H[SDQ�
VLRQ� RI� RXU� FROODERUDWLRQ� ZLWK� HDU� VXUJHRQV� DW� WKH
0DVVDFKXVHWWV�(\H�DQG�(DU�,QILUPDU\��WKLV�FROODERUD�
WLRQ� LV� OHDGLQJ� WR� D� EHWWHU� XQGHUVWDQGLQJ� RI� WKH
PHFKDQLFDO�HIIHFWV�RI�HDU�GLVHDVH�RQ�WKH�KHDULQJ�SUR�
FHVV�� 2I� VSHFLDO� QRWH� WKLV� \HDU� LV� WKH� ZRUN� RI� 0V�
9RVV�RQ�KRZ�SHUIRUDWLRQV�RI�WKH�W\PSDQLF�PHPEUDQH
DIIHFW� KHDULQJ� IXQFWLRQ�� 7KLV� \HDU¶V� SURJUHVV� DOVR
LQFOXGHV�D�FRQWLQXDWLRQ�RI�RXU�ZRUN�RQ�����WKH�PLGGOH�
HDU�VSHFLDOL]DWLRQV�LQ�D�0RQJROLDQ�JHUELO²DQ�DQLPDO
WKDW�LV�KLJKO\�DGDSWHG�WR�GHVHUW�OLIH��DQG�����WKH�DQDO\�
VLV�RI� WKH�PLGGOH�HDU�RI�GLIIHUHQW�FDW�VSHFLHV�WR�KHOS
XV�XQGHUVWDQG� WKH�HIIHFWV�RI�HDU�VL]H�RQ�PLGGOH�HDU
IXQFWLRQ�� 7KH�SURJUHVV� LQ� WKH� ODWHU� SURMHFW� WKLV� \HDU
LQFOXGHG� D� SXEOLFDWLRQ� RI� VRPH� RI� RXU� UHVXOWV� IURP
SRVW�PRUWHP� ]RR�FDW� VSHFLPHQV� DQG� DQ� DV� \HW
XQSXEOLVKHG�VHULHV�RI�DFRXVWLF�PHDVXUHPHQWV�PDGH
RQ�OLYH�FDWV�RI�VHYHQ�GLIIHUHQW�VSHFLHV�DW�WKH�&LQFLQ�
QDWL�=RR�

����� 3XEOLFDWLRQV

-RXUQDO�$UWLFOHV

*RSHQ��4���-�-��5RVRZVNL�DQG�6�1��0HUFKDQW��³$QDW�
RP\� RI� WKH� 1RUPDO� +XPDQ� &RFKOHDU� $TXHGXFW
ZLWK�)XQFWLRQDO�,PSOLFDWLRQV�´��+HDU��5HV���������
����������

+XDQJ��*�7���-�-��5RVRZVNL��'�7��)ODQGHUPH\HU��7�-�
/\QFK�,,,��DQG�:�7��3HDNH��³7KH�0LGGOH�(DU�RI�D
/LRQ�� &RPSDULVRQ� RI� 6WUXFWXUH� DQG� )XQFWLRQ� WR
'RPHVWLF�&DW�´��-��$FRXVW��6RF��$P������������
����������
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LQ�0LGGOH�HDU�3DWKRORJ\�DQG�5HFRQVWUXFWLRQ�´��,Q
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$OIUHG�3��6ORDQ�)RXQGDWLRQ
��,QVWUXPHQWDWLRQ�*UDQW

-RKQ�)��DQG�9LUJLQLD�%��7DSOLQ�$ZDUG�LQ�+HDOWK
�6FLHQFHV�DQG�7HFKQRORJ\

3URMHFW�6WDII

3URIHVVRU� 7KRPDV� )�� :HLVV�� 3URIHVVRU� 'HQQLV� 0�
)UHHPDQ��&��&DPHURQ�$EQHW��$OH[DQGHU�-��$UDQ\RVL�
%U\DQ� &�� %LO\HX�� 6KHOOH\� 0�� &D]DUHV�� &�� 4XHQWLQ
'DYLV�� 1DVRV� '�� 'RXVLV�� =RKHU� =�� .DUX�� .HQULF� 6�
/HXQJ�� $QWKRQ\�'��3DWLUH��5RVDQQH�5RXI�� -HVVH� /�
:HL

����� 2VPRWLF�3URSHUWLHV�RI�WKH�7HFWRULDO�
0HPEUDQH

7KH� WHFWRULDO�PHPEUDQH� �70�� LV� D� JHODWLQRXV� VWUXF�
WXUH�WKDW�RYHUOLHV�WKH�PHFKDQLFDOO\�VHQVLWLYH�KDLU�EXQ�
GOHV� RI� KDLU� FHOOV� LQ� WKH� LQQHU� HDU�� 7KLV� VWUDWHJLF
SRVLWLRQ� VXJJHVWV� WKDW� WKH� 70� SOD\V� D� NH\� UROH� LQ
FRFKOHDU� PLFURPHFKDQLFV�� +RZHYHU�� OLWWOH� LV� NQRZQ
DERXW� WKH�SK\VLFRFKHPLFDO� SURSHUWLHV�RI� WKLV� WLVVXH�
7KH�VWUXFWXUH�DQG�ELRFKHPLFDO�FRPSRVLWLRQ�RI�WKH�70
VXJJHVW�WKDW�LW�LV�D�SRO\HOHFWURO\WH�JHO��$SSUR[LPDWHO\
��� SHUFHQW� RI� WKH� PDVV� RI� 70� LV� ZDWHU�� 7KH� GU\
ZHLJKW�FRQVLVWV�RI�D�PDWUL[�RI�SURWHLQV�DQG�SRO\VDF�
FKDULGHV�� 7KLV� PDWUL[� FRQWDLQV� LRQL]DEOH� FKDUJH
JURXSV�WKDW�DWWUDFW�PRELOH�FRXQWHULRQV�IURP�WKH�EDWK
WR� DFKLHYH� PDFURVFRSLF� HOHFWURQHXWUDOLW\�� 7KHVH
PRELOH� FRXQWHULRQV� FRQWULEXWH� WR� WKH� RVPRWLF� SUHV�
VXUH�LQ�WKH�WLVVXH�ZKLFK�LQGXFHV�RVPRWLF�ZDWHU�LQIOX[�
7KH� UHVXOWLQJ� WLVVXH� VZHOOLQJ� LV� RSSRVHG� E\� WKH
PHFKDQLFDO�ULJLGLW\�RI�WKH�PDWUL[��:H�KDYH�GHYHORSHG
D� PDWKHPDWLFDO� PRGHO� RI� WKHVH� PROHFXODU� PHFKD�

QLVPV��DQG�ZH�KDYH�DQDO\]HG�WKH�PRGHO�WR�GHWHUPLQH
UHODWLRQV� EHWZHHQ� WKH� RVPRWLF�� HOHFWULFDO�� DQG
PHFKDQLFDO�SURSHUWLHV�RI�WKH�70��

7R�WHVW�WKH�PRGHO��ZH�KDYH�PHDVXUHG�FKDQJHV�LQ�WKH
VL]H�DQG�VWUXFWXUH�RI�WKH�LVRODWHG�70�RI�WKH�PRXVH�LQ
UHVSRQVH� WR� FKDQJHV� LQ� WKH� S+� RI� WKH� VXUURXQGLQJ
DUWLILFLDO�HQGRO\PSK�VROXWLRQ���&KDQJHV� LQ� WKH�S+�RI
WKH�EDWK�FKDQJHV�WKH� LRQL]DWLRQ�RI�FKDUJH�JURXSV� LQ
WKH�70��:H�LQFRUSRUDWHG�NQRZOHGJH�RI�WKH�SUHYDOHQW
FKDUJH� JURXSV� �H�J��� DPLQR�� FDUER[\O�� DQG� VXOIDWH
JURXSV��LQWR�WKH�JHO�PRGHO�DQG�FRPSDUHG�WKHRUHWLFDO
SUHGLFWLRQV� RI� WKH� PRGHO� ZLWK� WKH� H[SHULPHQWDO
UHVXOWV���7KHUH�ZDV�JHQHUDOO\�JRRG�DJUHHPHQW�IRU�WKH
UDQJH�RI�S+�IURP���WR����

����� 0HFKDQLFDO�3URSHUWLHV�RI�WKH�7HFWRULDO�
0HPEUDQH

$OO�FXUUHQW�FRFKOHDU�PRGHOV�LQFOXGH�HIIHFWV�RI�WKH�70�
DQG�WKH�PHFKDQLFDO�SURSHUWLHV�RI�WKH�70�DUH�JHQHU�
DOO\�WDNHQ�WR�EH�DQLVRWURSLF�������/RQJLWXGLQDO�VWLIIQHVV
LV� JHQHUDOO\� DVVXPHG� WR� EH� VPDOO� VR� WKDW� WKH� 70
LQWURGXFHV�OLWWOH�FRXSOLQJ�RI�DGMDFHQW�ORQJLWXGLQDO�VHF�
WLRQV������5DGLDO�VWLIIQHVV�LV�JHQHUDOO\�DVVXPHG�WR�EH
ODUJH� IRU� WKH� WKLFN�SDUW�RI� WKH�70� WKDW�RYHUOLHV� LQQHU
DQG�RXWHU�KDLU�FHOOV��VR�WKDW�WKH�WKLFN�SDUW�RI�WKH�70
PRYHV�DV�D�ULJLG�SODWH�ZKHQ�YLHZHG� LQ�UDGLDO�FURVV�
VHFWLRQ������5DGLDO�VWLIIQHVV�IRU�WKH�WKLQQHU�SDUW�RI�WKH
70�WKDW�IRUPV�LWV�DWWDFKPHQW�WR�WKH�VSLUDO�OLJDPHQW�LV
DVVXPHG�WR�EH�VPDOO�LQ�PRGHOV�WKDW�SUHGLFW�PHFKDQL�
FDO� UHVRQDQFH� RI� WKH� 70�� 7KHVH� DQLVRWURSLHV� DUH
EDVHG�DOPRVW�HQWLUHO\�RQ�IXQFWLRQDO�LQWHUSUHWDWLRQV�RI
DQDWRP\��7KHUH�DUH�IHZ�H[SHULPHQWDO�PHDVXUHPHQWV
WR�VXSSRUW�WKHVH�LGHDV��$V�D�VWHS�WRZDUG�XQGHUVWDQG�
LQJ� WKH� PHFKDQLFDO� SURSHUWLHV� RI� WKH� 70�� ZH� KDYH
DSSOLHG� WKH�PDJQHWLF� EHDG�PHWKRG� UHSRUWHG� LQ� ODVW
\HDU
V�3URJUHVV�5HSRUW�� WR�PHDVXUH� IRUFH�GLVSODFH�
PHQW� UHODWLRQV� LQ� LVRODWHG� 70� SUHSDUDWLRQV� IURP� ��
PLFH�

&RFKOHD� ZHUH� GLVVHFWHG� IURP� DGXOW� PDOH� PLFH� DQG
SODFHG� LQ�DQ�DUWLILFLDO�HQGRO\PSK�VROXWLRQ��$Q�DSLFDO
SRUWLRQ�RI�WKH�70�ZDV�UHPRYHG�IURP�WKH�FRFKOHD�DQG
DWWDFKHG�WR�WKH�JODVV�ERWWRP�RI�DQ�H[SHULPHQW�FKDP�
EHU� XVLQJ� D� FHOO� DGKHVLYH�� $� VLQJOH� PDJQHWL]DEOH
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EHDG��������µP�GLDPHWHU��ZDV�DWWDFKHG� WR� WKH� IUHH
VXUIDFH�RI�WKH�70�ZLWK�WLVVXH�DGKHVLYH��7KH�SUHSDUD�
WLRQ� ZDV� SODFHG� EHWZHHQ� WZR� FRPSXWHU�FRQWUROOHG
HOHFWURPDJQHWV��ZKLFK�SURGXFHG�D�VLQXVRLGDOO\�PRG�
XODWHG� IRUFH� RQ� WKH�PDJQHWL]DEOH� EHDG�� 0RWLRQV� RI
WKH�PDJQHWL]DEOH�EHDG�DQG�VXUURXQGLQJ�WLVVXH�ZHUH
PHDVXUHG�XVLQJ�YLGHR�PLFURVFRS\�

$PSOLWXGH�'HSHQGHQFH

$SSOLFDWLRQ� RI� IRUFHV� IURP��� WR� ���� Q1� FDXVHG�GLV�
SODFHPHQWV�RI� WKH�PDJQHWL]DEOH�EHDG� IURP�DSSUR[L�
PDWHO\� ����� WR� �� µP� �)LJXUH� ���� 7KLV� UDQJH� LV
LPSRUWDQW�VLQFH�WKH�PHFKDQLFDO�SURSHUWLHV�RI�FRQQHF�
WLYH�WLVVXHV�DUH�W\SLFDOO\�QRQOLQHDU��VWLIIQHVV�WHQGV�WR
LQFUHDVH� DV� WKH� PDJQLWXGH� RI� WKH� GLVSODFHPHQWV
LQFUHDVHV��7KH�UDQJH�RI�GLVSODFHPHQWV� LQ� WKLV�VWXG\
LV�VLPLODU�WR�WKH�UDQJH�WKDW�ZRXOG�UHVXOW�GXULQJ�H[SR�
VXUH� WR� ORXG� VRXQGV� DQG� LV� PRUH� WKDQ� ���� WLPHV
VPDOOHU� WKDQ� WKRVH� XVHG� LQ� SUHYLRXV� VWXGLHV� RI� WKH
70����)RU�DSSOLHG�IRUFHV�IURP���WR�����Q1��WKH�PDJQL�
WXGH�RI� WKH�GLVSODFHPHQW�ZDV�QHDUO\�SURSRUWLRQDO� WR
WKH�PDJQLWXGH�RI�WKH�DSSOLHG�IRUFH�

)LJXUH��� ���/HYHO�GHSHQGHQFH�RI�70�PRWLRQ��
6LQXVRLGDO�IRUFHV�����+]��ZLWK�DPSOLWXGHV�IURP���WR�
����Q1�ZHUH�DSSOLHG�WR�D�PDJQHWL]DEOH�EHDG�DQG�WKH�
PDJQLWXGH�RI�WKH�UHVXOWLQJ�GLVSODFHPHQW�ZDV�
PHDVXUHG��5DGLDO�GLVSODFH�PHQWV�UHVXOWLQJ�IURP�
UDGLDO�IRUFHV�DUH�VKRZQ�E\�[�V\PEROV��ORQJLWXGLQDO�
GLVSODFHPHQWV�UHVXOWLQJ�IURP�ORQJLWXGLQDO�IRUFHV�DUH�
VKRZQ�E\�FLUFOHV��7KH�VROLG�OLQH�KDV�D�VORSH�RI���

/RQJLWXGLQDO� IRUFHV� SURGXFH� ODUJHU� GLVSODFHPHQWV
WKDQ�UDGLDO�IRUFHV�RI�WKH�VDPH�PDJQLWXGH��)LJXUH����
7KXV�WKH�70�LV�PHFKDQLFDOO\�DQLVRWURSLF��5HJUHVVLRQ
DQDO\VLV�VXJJHVWV�WKDW�ORQJLWXGLQDO�GLVSODFHPHQWV�DUH
DSSUR[LPDWHO\� WKUHH� WLPHV� JUHDWHU� WKDQ� UDGLDO� GLV�
SODFHPHQWV�IRU�WKH�VDPH�VWLPXOXV�FRQGLWLRQ��7KH�70
FRQWDLQV�SURPLQHQW��UDGLDOO\�RULHQWHG�FROODJHQ�ILEHUV�
7KH�PHDVXUHG�PHFKDQLFDO�DQLVRWURS\�FRUUHODWHV�ZLWK
WKLV�VWUXFWXUDO�DQLVRWURS\��VXJJHVWLQJ�WKDW�WKH�UDGLDOO\
RULHQWHG� FROODJHQ� ILEHUV� DGG� UDGLDO� VWLIIQHVV�� 7KHVH
PHDVXUHPHQWV� VXSSRUW� WKH� LGHD� WKDW� WKH� 70� LV� QRW
LVRWURSLF��+RZHYHU��WKH�GLIIHUHQFH�EHWZHHQ�ORQJLWXGL�
QDO�DQG�UDGLDO�SURSHUWLHV�PHDVXUHG� LQ� WKHVH�VWXGLHV
LV� VPDOOHU� WKDQ� WKH� GLIIHUHQFH� WKDW� LV� W\SLFDOO\
DVVXPHG�LQ�FRFKOHDU�PRGHOV�

�

)LJXUH��� ��&RPSDULVRQ�RI�UDGLDO�DQG�ORQJLWXGLQDO�
GLVSODFH�PHQWV��)RUFHV�ZLWK�HTXDO�DPSOLWXGH�DQG�
IUHTXHQF\�ZHUH�DSSOLHG�UDGLDOO\�WR�PHDVXUH�UDGLDO�
GLVSODFHPHQW��RUGLQDWH��DQG�ORQJLWXGLQDOO\�WR�
PHDVXUH�ORQJLWXGLQDO�GLVSODFHPHQW��DEVFLVVD���
5HVXOWV�DUH�SRROHG�IRU���IRUFH�DPSOLWXGHV�LQ����
SUHSDUDWLRQV��7KH�VROLG�OLQH�KDV�D�VORSH�RI���

5 J.J. Zwislocki and L.K. Cefaratti. “Tectorial Membrane II: Stiffness Measurements in vivo.” Hear. Res. 42: 211-27 (1988); G. von 
Bekesy. Experiments in Hearing. (New York: McGraw-Hill, 1953); G. von Bekesy. “Description of Some Mechanical Properties of the 
Organ of Corti,”  J. Acoust. Soc. Am. 25: 770-85 (1960).
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)UHTXHQF\�'HSHQGHQFH

0HDVXUHPHQWV� IRU� IUHTXHQFLHV� IURP� ��� WR� ���� +]
VKRZ�WKDW�WKH�PDJQLWXGHV�RI�WKH�PHDVXUHG�EHDG�GLV�
SODFHPHQWV� WHQG� WR� GHFUHDVH� ZLWK� LQFUHDVLQJ� IUH�
TXHQF\²GLVSODFHPHQWV�IRU�UDGLDO�IRUFHV�GHFUHDVH�E\
�� G%�GHFDGH� DQG� IRU� ORQJLWXGLQDO� IRUFHV� E\� ��� G%�
GHFDGH��)LJXUH�����7KHUH�ZDV�D�FRQVLVWHQW�SKDVH�ODJ
�DSSUR[LPDWHO\� ��� GHJUHHV�� EHWZHHQ� WKH� DSSOLHG
IRUFH�DQG�UHVXOWLQJ�GLVSODFHPHQW��7KLV� ODJ�VXJJHVWV
WKDW�ERWK�YLVFRXV�DQG�HODVWLF�PDWHULDO�SURSHUWLHV�DUH
LPSRUWDQW�� (ODVWLF� EHKDYLRU� LV� FRQVLVWHQW� ZLWK� WKH
SUHVHQFH� RI� 70�PDFURPROHFXOHV� VXFK� DV� FROODJHQ�
9LVFRXV�EHKDYLRU� LV�FRQVLVWHQW�ZLWK� WKH� IDFW� WKDW� WKH
70�LV�����ZDWHU��+RZHYHU��WKH�IUHTXHQF\�UHVSRQVHV
DUH�QRW�VLPLODU�WR�WKRVH�RI�D�VLPSOH�VSULQJ�RU�GDVKSRW�

6SDWLDO�'HSHQGHQFH

0RWLRQ�RI�WKH�PDJQHWL]DEOH�EHDG�SURGXFHV�GLVSODFH�
PHQWV�RI�WKH�VXUURXQGLQJ�WLVVXH��)LJXUH�����0HDVXUHG
VSDFH�FRQVWDQWV� IRU� ORQJLWXGLQDO� IRUFHV�ZHUH����µP
DQG����µP� LQ� WKH� ORQJLWXGLQDO� DQG� UDGLDO� GLUHFWLRQV�
UHVSHFWLYHO\��0RWLRQV�RI�WKH�70�UHVXOWLQJ�IURP�UDGLDOO\
DSSOLHG� IRUFHV��ULJKW��ZHUH�PXFK�VPDOOHU� WKDQ�WKRVH
IRU�ORQJLWXGLQDO�IRUFHV��OHIW���7KH�UDGLDO�GLVSODFHPHQWV
DSSURDFK� WKH� OLPLW� RI� UHVROYDEOH� PRWLRQV�� ([SHUL�
PHQWV�ZLWK�GLIIHUHQW� IRUFH�PDJQLWXGHV����WR�����Q1�
DQG� IUHTXHQFLHV� ���� WR� ����+]�� JDYH� VLPLODU� VSDFH
FRQVWDQWV�

0RWLRQ�RI�WKH�PDJQHWL]DEOH�EHDG�LQGXFHV�PRWLRQV�LQ
SDUWV� RI� WKH� 70� PRUH� WKDQ� ��� µP� IURP� WKH� EHDG�
7KHVH�GLVWDQFHV�DUH�ODUJH�FRPSDUHG�WR�WKH�GLVWDQFHV
EHWZHHQ�QHLJKERULQJ�KDLU�FHOOV��W\SLFDOO\����µP���VXS�
SRUWLQJ�WKH�QRWLRQ�WKDW�WKH�70�ZRXOG�WHQG�WR�PHFKDQ�
LFDOO\�FRXSOH�QHDUE\�KDLU�EXQGOHV�

)LJXUH��� ��)UHTXHQF\�GHSHQGHQFH�RI�70�
GLVSODFHPHQWV��'LVSODFHPHQWV�ZHUH�PHDVXUHG�IURP�
���WR�����+]�IRU�DQ����Q1�IRUFH��7KH�PDJQLWXGH��WRS��
DQG�SKDVH��ERWWRP��RI�EHDG�GLVSODFHPHQWV�DUH�
VKRZQ�IRU�ORQJLWXGLQDO��R�V\PERO��DQG�UDGLDO��[�
V\PERO��IRUFHV��7KH�WKLFN�OLQHV�DUH�OHDVW�VTXDUHV�ILWV�
WR�WKH�GDWD��7KH�WKLQ�VROLG�OLQHV�UHSUHVHQW�WKH�
UHVSRQVH�RI�D�VSULQJ�WKDW�REH\V�+RRNH
V�ODZ��IRUFH�
SURSRUWLRQDO�WR�GLVSODFHPHQW���7KH�WKLQ�GDVKHG�OLQHV�
UHSUHVHQW�WKH�UHVSRQVH�RI�D�YLVFRXV�GDVKSRW��IRUFH�
SURSRUWLRQDO�WR�YHORFLW\��
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)LJXUH��� ��0HFKDQLFDO�FRXSOLQJ�WKURXJK�WKH�70��'LVSODFHPHQWV�DW�ORFDWLRQV�RQ�WKH�70�VXUIDFH�H[WHQGLQJ�LQ�WKH�
UDGLDO��[�V\PERO��DQG�ORQJLWXGLQDO��R�V\PERO��GLUHFWLRQV�ZHUH�PHDVXUHG�IRU�IRUFHV������Q1�DW����+]��DSSOLHG�LQ�
WKH�ORQJLWXGLQDO��OHIW��DQG�UDGLDO��ULJKW��GLUHFWLRQV��$Q�H[SRQHQWLDO�IXQFWLRQ�ZDV�ILW�WR�WKH�GDWD�DQG�LV�UHSUHVHQWHG�
KHUH�E\�D�VWUDLJKW�OLQH�RQ�VHPLORJ�FRRUGLQDWHV��7KH�VORSH�RI�WKH�OLQH�LV�XVHG�WR�HVWLPDWH�WKH�VSDFH�FRQVWDQW��
ZKLFK�LV�WKH�GLVWDQFH�RYHU�ZKLFK�WKH�GLVSODFHPHQW�PDJQLWXGH�GHFUHDVHV�E\�D�IDFWRU�RI�H�

����� 6RXQG�LQGXFHG�0RWLRQV�RI�&RFKOHDU�
6WUXFWXUHV

:H�DUH�LQWHUHVWHG�LQ�PHDVXULQJ�WKH�PLFURPHFKDQLFDO
PRWLRQV� RI� VWUXFWXUHV� LQ� WKH� FRFKOHD�� WKDW� LV�� KRZ
VWUXFWXUHV� VXFK� DV� WKH� WHFWRULDO� PHPEUDQH� �70��
UHWLFXODU�ODPLQD��5/���DQG�WLSV�RI�KDLU�EXQGOHV�PRYH�LQ
UHVSRQVH� WR� VRXQG�� DQG� ZKDW� WKH� PHFKDQLFDO� UHOD�
WLRQVKLSV� DPRQJ� WKHVH� VWUXFWXUHV� DUH�� 7R� WKDW� HQG�
RXU� JURXS� KDV� GHYHORSHG� DQ� LQ� YLWUR� SUHSDUDWLRQ� RI
WKH� FRFKOHD� RI� WKH� DOOLJDWRU� OL]DUG� DV� ZHOO� DV� YLGHR
PLFURVFRSLF� PHWKRGV� WR� PHDVXUH� VRXQG�LQGXFHG
PRWLRQV�� 7KH� SUHSDUDWLRQ� DQG� PHDVXUHPHQW� WHFK�
QLTXHV�KDYH�EHHQ�GHVFULEHG�LQ�SUHYLRXV�LVVXHV�RI�WKH
3URJUHVV� 5HSRUW�� 'XULQJ� WKH� SDVW� \HDU�� ZH� KDYH
H[DPLQHG� UHODWLRQVKLSV� DPRQJ� PLFURPHFKDQLFDO
VWUXFWXUHV�IRU�����KDLU�EXQGOHV�LQ�QLQH�FRFKOHDH��:H
VXPPDUL]H�RXU�ILQGLQJV�EHORZ�

7KHUH�DUH�VHYHUDO�SUHYDOHQW�WKHRULHV�IRU�KRZ�PRWLRQV
RI�WKH�UHWLFXODU�ODPLQD��5/��LQGXFH�PRWLRQV�RI�WKH�WHF�
WRULDO�PHPEUDQH��70���(DUO\�WKHRULHV�VXJJHVWHG�WKDW
WKH� PRWLRQV� DUH� GHWHUPLQHG� NLQHPDWLFDOO\� DQG� WKDW
WKH� UDWLR� RI� 70� GLVSODFHPHQW� WR� 5/� GLVSODFHPHQW
ZRXOG�QRW�GHSHQG�RQ�IUHTXHQF\��0RUH�UHFHQWO\��LW�KDV
EHHQ� VXJJHVWHG� WKDW�PRWLRQ� RI� WKH� 70� LV� UHVRQDQW

DQG�WKDW�WKH�UDWLR�RI�70�GLVSODFHPHQW�WR�5/�GLVSODFH�
PHQW� ZLOO� H[FHHG� �� DW� LWV� EHVW� IUHTXHQF\�� $OWKRXJK
WKHUH� LV�PXFK� VFDWWHU� LQ� RXU�PHDVXUHPHQWV� �)LJXUH
����WKHUH�LV�OLWWOH�VXSSRUW�IRU�VKDUS�IUHTXHQF\�VHOHFWLY�
LW\�RI�70�PRWLRQ��7KH�UDWLR�RI�70�GLVSODFHPHQW�WR�5/
GLVSODFHPHQW�LV�URXJKO\�FRQVWDQW�DQG�VOLJKWO\�VPDOOHU
WKDQ���IURP����+]�WR���N+]��'LVSODFHPHQWV�RI�WKH�70
DQG�5/�DUH�QHDUO\�LQ�SKDVH�

7KH�HIIHFWLYH�VWLPXOXV� IRU� WKH�VHQVRU\� �KDLU��FHOOV� LV
WKH�VKHDULQJ�PRWLRQV�RI�WKH�70�UHODWLYH�WR�WKH�5/��7R
TXDQWLI\�VKHDU��ZH�PHDVXUH�WKH�GLVSODFHPHQW�RI�WKH
70�UHODWLYH� WR� WKDW�RI� WKH�5/�� L�H���70�GLVSODFHPHQW
PLQXV�5/�GLVSODFHPHQW��.LQHPDWLF�PRGHOV�RI�WKH�70
SUHGLFW� WKDW� WKLV� UDWLR� VKRXOG� EH� LQGHSHQGHQW� RI� IUH�
TXHQF\��%\�FRQWUDVW�� UHFHQW�PRGHOV�KDYH�VXJJHVWHG
WKDW�WKH�70�SURYLGHV�DQ�LQHUWLDO�ORDG��$W�ORZ�IUHTXHQ�
FLHV��WKH�70�VKRXOG�PRYH�ZLWK�WKH�5/�DQG�SURYLGH�QR
VKHDULQJ� H[FLWDWLRQ�� $V� IUHTXHQF\� LQFUHDVHV�� 70
PRWLRQ�VKRXOG�GHFUHDVH�DQG�WKH�VKHDULQJ�H[FLWDWLRQV
ZLOO� LQFUHDVH�� 2XU� UHVXOWV� �)LJXUH� ��� VKRZ� D� VOLJKW
LQFUHDVH�LQ�VKHDULQJ�GULYH�ZLWK�IUHTXHQF\�

,W� KDV� EHHQ� VXJJHVWHG� WKDW� WKH� HIILFDF\� RI� FRFKOHDU
PLFURPHFKDQLFV�GHSHQGV�FULWLFDOO\�RQ�WKH�GLVSRVLWLRQ
RI� WKH� 70�� ,I� KDLU� EXQGOHV� DUH� DWWDFKHG� WR� WKH� 70�
WKHQ� WKH� GLVSODFHPHQWV� RI� KDLU� EXQGOHV� VKRXOG� EH
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SURSRUWLRQDO� WR� 70� VKHDULQJ� GLVSODFHPHQWV�� +RZ�
HYHU��LI�KDLU�EXQGOHV�DUH�QRW�DWWDFKHG��WKHQ�KDLU�EXQ�
GOH�PRWLRQ�ZLOO�EH�GULYHQ�E\�YLVFRXV�IOXLG�IRUFHV��DQG
WKH�UHVXOWLQJ�KDLU�EXQGOH�GLVSODFHPHQW�ZLOO�EH�SURSRU�
WLRQDO�WR�WKH�70�VKHDULQJ�YHORFLWLHV��2XU�UHVXOWV��)LJ�
XUH����VKRZ�JUHDW�YDULDELOLW\��+RZHYHU�� WKHUH� LV� OLWWOH
HYLGHQFH�WR�VXJJHVW�WKDW�KLJKHU�IUHTXHQFLHV�SURGXFH
JUHDWHU�KDLU�EXQGOH�GLVSODFHPHQWV�WKDQ�ORZ�IUHTXHQ�
FLHV�� ,Q� VXPPDU\�� ZH� H[DPLQHG� PLFURPHFKDQLFDO
UHODWLRQV�LQ�QLQH�FRFKOHDH��DQG�QRQH�RI�WKH�PLFURPH�
FKDQLFDO� UHODWLRQV�VKRZHG�VKDUS� IUHTXHQF\�VHOHFWLY�
LW\�� 7KHVH� DUH� WKH� ILUVW� PHDVXUHPHQWV� RI� VRXQG�
LQGXFHG� PRWLRQV� RI� WKH� UHWLFXODU� ODPLQD�� WHFWRULDO
PHPEUDQH�� DQG� KDLU� EXQGOHV� LQ� DQ\� FRFKOHD�� +RZ�
HYHU��QR�HOHFWULFDO�UHVSRQVHV�WR�VRXQG�ZHUH�GHWHFWHG
IURP�WKHVH�H[FLVHG�FRFKOHDH��,W�LV�SRVVLEOH�WKDW�GDP�
DJH�GXULQJ�RXU�VXUJLFDO�SUHSDUDWLRQ�OHG�WR�WKH�ORVV�RI
HOHFWULFDO� UHVSRQVHV� DQG� WKDW� WKH� GDPDJH� DOVR
DIIHFWHG�PHFKDQLFDO�UHVSRQVHV��&RQVHTXHQWO\��WKHVH
UHVXOWV�PXVW�EH�FRQVLGHUHG�SUHOLPLQDU\�DW�WKLV�WLPH�

)LJXUH��� ��5DWLR�RI�70�GLVSODFHPHQW�WR�5/�
GLVSODFHPHQW��5/�PRWLRQ�ZDV�PHDVXUHG�DW�WKH�EDVH�
RI�D�KDLU�EXQGOH��DQG�70�PRWLRQ�ZDV�PHDVXUHG�DW�WKH�
WRS�VXUIDFH�RI�WKH�SDUW�RI�WKH�70�GLUHFWO\�RYHUO\LQJ�WKH�
KDLU�EXQGOH��7KH�UDWLR�RI�70�GLVSODFHPHQW�WR�5/�
GLVSODFHPHQW�LV�VKRZQ�YHUVXV�IUHTXHQF\��7KH�UDQJH�
RI�UHVXOWV�DQG�WKH�PHGLDQ�DUH�LQGLFDWHG�E\�WKH�
YHUWLFDO�DQG�KRUL]RQWDO�OLQHV��UHVSHFWLYHO\��7KH�ER[�
HQFORVHV�WKH�LQWHUTXDUWLOH�UDQJH�

)LJXUH��� ��'HSHQGHQFH�RI�70�VKHDU�RQ�5/�
GLVSODFHPHQW��70�VKHDU�LV�WDNHQ�DV�WKH�GLIIHUHQFH�
EHWZHHQ�WKH�GLVSODFHPHQWV�RI�WKH�70�DQG�5/��7KH�
SORWV�LOOXVWUDWH�WKH�PDJQLWXGH�DQG�SKDVH�RI�WKH�UDWLR�
RI�70�VKHDU�WR�5/�GLVSODFHPHQW��2WKHU�DVSHFWV�RI�
WKLV�ILJXUH�DUH�DV�LQ�)LJXUH���

)LJXUH��� ��5HODWLRQ�EHWZHHQ�VKHDULQJ�PRWLRQV�RI�WKH�
70�DQG�URWDWLRQ�RI�KDLU�EXQGOHV��70�VKHDU�LV�WDNHQ�DV�
WKH�GLIIHUHQFH�EHWZHHQ�WKH�GLVSODFHPHQWV�RI�WKH�70�
DQG�5/��5RWDWLRQ�RI�KDLU�EXQGOHV�LV�SURSRUWLRQDO�WR�
WKH�GLIIHUHQFH�EHWZHHQ�GLVSODFHPHQWV�RI�WKH�WLSV�DQG�
EDVHV�RI�KDLU�EXQGOHV��7KLV�ILJXUH�VXPPDUL]HV�WKH�
UDWLR�RI�WKH�ODWWHU�WR�WKH�IRUPHU��
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����� 3XEOLFDWLRQV�

-RXUQDO�$UWLFOHV

)UHHPDQ�� '�0��� 6�0�� +DWWDQJDGL�� DQG� 7�)�� :HLVV�
³2VPRWLF�5HVSRQVHV�RI�WKH�,VRODWHG�0RXVH�7HF�
WRULDO�0HPEUDQH�WR�&KDQJHV�LQ�S+�´�$XG��1HXUR�
VFL��������������������

:HLVV��7�)���DQG�'�0��)UHHPDQ��³(TXLOLEULXP�%HKDY�
LRU� RI� DQ� ,VRWURSLF� 3RO\HOHFWURO\WH� *HO� 0RGHO� RI
WKH� 7HFWRULDO� 0HPEUDQH�� 7KH� 5ROH� RI� )L[HG
&KDUJHV�´��$XG��1HXURVFL��������������������

:HLVV��7�)���DQG�'�0��)UHHPDQ��³(TXLOLEULXP�%HKDY�
LRU� RI� DQ� ,VRWURSLF� 3RO\HOHFWURO\WH� *HO� 0RGHO� RI
WKH� 7HFWRULDO� 0HPEUDQH�� (IIHFW� RI� S+�´� +HDU�
5HV���������������������

&RQIHUHQFH�3DSHUV

$EQHW�� &�&��� DQG� '�0�� )UHHPDQ�� ³'HIRUPDWLRQV� RI
WKH� ,VRODWHG� 0RXVH� 7HFWRULDO� 0HPEUDQH� 3UR�
GXFHG� E\� &DOLEUDWHG� 2VFLOODWRU\� )RUFHV�´
$EVWUDFWV� RI� WKH� 7ZHQW\�)LUVW� 0LGZLQWHU
5HVHDUFK� 0HHWLQJ� RI� WKH� $VVRFLDWLRQ� IRU
5HVHDUFK� LQ� 2WRODU\QJRORJ\�� 6W�� 3HWHUVEXUJ
%HDFK��)ORULGD��)HEUXDU\��������������S������

$UDQ\RVL�� $�-��� &�4�� 'DYLV�� DQG� '�0�� )UHHPDQ�
³([SHULPHQWDO� 0HDVXUHPHQWV� RI� 0LFURPHFKDQL�
FDO� 7UDQVIHU� )XQFWLRQV� LQ� WKH� $OOLJDWRU� /L]DUG
&RFKOHD�´��$EVWUDFWV�RI�WKH�7ZHQW\�)LUVW�0LGZLQ�
WHU� 5HVHDUFK� 0HHWLQJ� RI� WKH� $VVRFLDWLRQ� IRU
5HVHDUFK� LQ� 2WRODU\QJRORJ\�� 6W�� 3HWHUVEXUJ
%HDFK��)ORULGD��)HEUXDU\��������������S�������

7KHVHV

$EQHW��&�&��0HDVXULQJ�0HFKDQLFDO�3URSHUWLHV�RI�WKH
7HFWRULDO�0HPEUDQH�ZLWK� D�0DJQHWL]DEOH� %HDG�
3K�'��GLVV���'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHU�
LQJ��0,7��)HEUXDU\������

'DYLV�� &�4�� 0HDVXULQJ� 1DQRPHWHU�� 7KUHH�GLPHQ�
VLRQDO� 0RWLRQV� ZLWK� /LJKW� 0LFURVFRS\�� 3K�'�
GLVV��� 'HSDUWPHQW� RI� (OHFWULFDO� (QJLQHHULQJ� DQG
&RPSXWHU�6FLHQFH��0,7��-XQH������

3DWLUH��$�'��0HDVXULQJ�WKH�3RLQW�6SUHDG�)XQFWLRQ�RI
D� /LJKW�0LFURVFRSH�� %�6�� WKHVLV�� 'HSDUWPHQW� RI
(OHFWULFDO� (QJLQHHULQJ� DQG� &RPSXWHU� 6FLHQFH�
0,7��)HEUXDU\������

5RXI��5��(IIHFW�RI�0HWDO�,RQV�RQ�WKH�,VRODWHG�7HFWRULDO
0HPEUDQH� RI� WKH� 0RXVH�� %�6�� WKHVLV�� 'HSDUW�
PHQW� RI� (OHFWULFDO� (QJLQHHULQJ� DQG� &RPSXWHU
6FLHQFH��0,7��6HSWHPEHU�������

��� $XGLWRU\�1HXUDO�&RGLQJ�RI�6SHHFK

6SRQVRU

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

3URMHFW�6WDII�

'U�� %HUWUDQG� 'HOJXWWH�� 6ULGKDU� .DOOXUL�� 0DUWLQ� )�
0F.LQQH\

����� *RDOV

7KH� ORQJ�WHUP� JRDO� RI� WKLV� SURMHFW� LV� WR� XQGHUVWDQG
QHXUDO�PHFKDQLVPV�IRU�WKH�SURFHVVLQJ�RI�VSHHFK�DQG
RWKHU� ELRORJLFDOO\�VLJQLILFDQW� VRXQGV�� (IIRUWV� GXULQJ
WKH�SDVW�\HDU�KDYH�IRFXVHG�RQ�WKUHH�GLIIHUHQW�DUHDV�
���� WHPSRUDO� LQWHUDFWLRQV� LQ� PLGEUDLQ� DXGLWRU\� QHX�
URQV�������D�PDWKHPDWLFDO�PRGHO�RI�³RQVHW�FHOOV´�LQ�WKH
FRFKOHDU� QXFOHXV�� DQG� ���� QHXUDO� UHSUHVHQWDWLRQ� RI
PXVLFDO�SLWFK�

����� 7HPSRUDO�,QWHUDFWLRQV�IRU�6SHHFK�DQG�
1RQVSHHFK�6WLPXOL�LQ�WKH�$XGLWRU\�
0LGEUDLQ

6SHHFK�SHUFHSWLRQ� LV� FRQWH[W�GHSHQGHQW� LQ� WKDW� WKH
SKRQHWLF� LGHQWLW\� RI� D� JLYHQ� DFRXVWLF� VHJPHQW
GHSHQGV� RQ� VHJPHQWV� WKDW� SUHFHGH� DQG� IROORZ� LW�
/LNHZLVH��DXGLWRU\�QHXURQV�H[KLELW� WHPSRUDO� LQWHUDF�
WLRQV��ZKHUHE\�WKH�UHVSRQVH�WR�D�JLYHQ��SUREH��VWLP�
XOXV� FDQ� EH� DOWHUHG� E\� D� SUHFHGLQJ� �FRQGLWLRQLQJ�
VWLPXOXV��7R�LQYHVWLJDWH�WKH�UROH�RI�WHPSRUDO� LQWHUDF�
WLRQV� LQ� WKH� QHXUDO� UHSUHVHQWDWLRQ� RI� VSHHFK�� ZH
UHFRUGHG� IURP� VLQJOH� XQLWV� LQ� WKH� LQIHULRU� FROOLFXOXV
�,&�� RI� DQHVWKHWL]HG� FDWV� IRU� GLRWLFDOO\�SUHVHQWHG
VWLPXOL� GHVLJQHG� WR� UHYHDO� WKHVH� LQWHUDFWLRQV�� :H
FRQVWUXFWHG� V\QWKHWLF� VSHHFK� FRQWLQXD� LQ�ZKLFK� WKH
SKRQHWLF�LGHQWLW\�RI�D�FRQVWDQW�SUREH�ZDV�DOWHUHG�E\
YDU\LQJ� WKH� SUHFHGLQJ� FRQGLWLRQLQJ� VWLPXOXV�� )RU
H[DPSOH��ZH�FUHDWHG�D�>VD@�>VWD@�FRQWLQXXP�E\�YDU\�
LQJ�WKH�GXUDWLRQ�RI�D�VLOHQW�LQWHUYDO�EHWZHHQ�D�FRQGL�
WLRQLQJ� >V@� DQG� D� FRQVWDQW� >GD@� SUREH�� 6LPLODUO\�� ZH
FUHDWHG�D� >GD@�>QD@� FRQWLQXXP�E\� YDU\LQJ� WKH�DPSOL�
WXGH�RI�D�FRQGLWLRQLQJ�>Q@�SUHFHGLQJ�D�FRQVWDQW� >GD@�
:H� DOVR� FUHDWHG� SDUDOOHO� QRQVSHHFK� FRQWLQXD� ZLWK
WRQHV�DQG�QRLVH�LQ�ZKLFK�WKH�VDPH�SDUDPHWHUV�ZHUH
YDULHG�DV�IRU�VSHHFK�FRQWLQXD�

)RU�D�PDMRULW\�RI�FHOOV�LQ�WKH�,&��WKH�UHVSRQVH�WR�WKH
SUREH�ZDV� VXSSUHVVHG�ZKHQ� SUHFHGHG� E\� D� FRQGL�
WLRQLQJ� VWLPXOXV�� $V� IRU� DXGLWRU\�QHUYH� DGDSWDWLRQ�
VXSSUHVVLRQ� JHQHUDOO\� LQFUHDVHG� ZLWK� WKH� GXUDWLRQ
DQG� LQWHQVLW\�RI� WKH�FRQGLWLRQHU��DQG�GHFUHDVHG�ZLWK
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LQFUHDVLQJ� GHOD\� EHWZHHQ� SUREH� DQG� FRQGLWLRQHU�
+RZHYHU��XQOLNH�WKH�DXGLWRU\�QHUYH��SUREH�UHVSRQVHV
LQ� WKH� ,&� FRXOG� EH� VXSSUHVVHG� E\� FRQGLWLRQHUV� WKDW
SURGXFHG� OLWWOH� RU� QR� VSLNH� GLVFKDUJHV�� VXJJHVWLQJ
WKDW� VXSSUHVVLRQ� ZDV� GXH� WR� ORQJ�ODVWLQJ� LQKLELWLRQ
UDWKHU�WKDQ�DGDSWDWLRQ��6XSSUHVVLRQ�ZDV�VWURQJHVW�DW
WKH�RQVHW�RI�WKH�SUREH��DQG��LQ�VRPH�FDVHV��WKH�PDLQ
HIIHFW� RI� WKH� FRQGLWLRQHU� ZDV� WR� GHV\QFKURQL]H� WKH
EXUVW�RI�DFWLYLW\�DW�SUREH�RQVHW�ZLWKRXW�JUHDWO\�DOWHULQJ
WKH�QXPEHU�RI�VSLNH�GLVFKDUJHV��,Q�JHQHUDO��WHPSRUDO
LQWHUDFWLRQV� IRU� VSHHFK� VWLPXOL� ZHUH� FRQVLVWHQW� ZLWK
WKRVH� IRU� WRQHV� DQG�QRLVH�� 7KHVH� UHVXOWV� VKRZ� WKDW
WHPSRUDO� LQWHUDFWLRQV� RFFXU� RQ� WKH� WLPH� VFDOHV� RI
SKRQHPHV�DQG�V\OODEOHV� LQ� VSHHFK� ���������PVHF�
DQG�FDQ�SURIRXQGO\�LQIOXHQFH�WKH�QHXUDO�UHSUHVHQWD�
WLRQ�RI�VSHHFK��7KH�VLPLODULW\�LQ�WHPSRUDO�LQWHUDFWLRQV
IRU�VSHHFK�DQG�QRQVSHHFK�VWLPXOL�VXJJHVWV�WKDW�YHU\
JHQHUDO� QHXUDO� PHFKDQLVPV� PD\� XQGHUOLH� FRQWH[W
GHSHQGHQFH� LQ� WKH� SHUFHSWLRQ� RI� VSHHFK� DQG� RWKHU
DXGLWRU\�REMHFWV�

����� )XQFWLRQDO�0RGHO�RI�2QVHW�&HOOV�LQ�WKH�
&RFKOHDU�1XFOHXV

:H�DUH�FRQWLQXLQJ�WR�GHYHORS�D�VLPSOH�PDWKHPDWLFDO
PRGHO� RI� RQVHW� QHXURQV� LQ� WKH� YHQWUDO� FRFKOHDU
QXFOHXV��9&1���7KLV�PRGHO��ZKLFK�LV�EDVHG�RQ�ZHOO�
FKDUDFWHUL]HG�UHVSRQVHV� WR� WRQHV�DQG�QRLVH��ZLOO�EH
XVHG�WR�H[DPLQH�WKH�UHSUHVHQWDWLRQ�RI�FRPSOH[�VWLP�
XOL�VXFK�DV�VSHHFK� LQ� WKH�SRSXODWLRQV�RI�RQVHW�QHX�
URQV�

7KH� PRGHO� LV� D� VLQJOH�QRGH� HOHFWULFDO� FLUFXLW� WKDW
UHFHLYHV� VWDWLVWLFDOO\�LQGHSHQGHQW� PRGHO� DXGLWRU\
QHUYH� LQSXWV� YLD� LGHQWLFDO� H[FLWDWRU\� V\QDSVHV�� 7KH
PHPEUDQH�PRGHO�� LQVSLUHG� E\� WKH�ZRUN� RI�+LOO�� LV� D
OHDN\�LQWHJUDWRU�ZLWK�D�YROWDJH�GHSHQGHQW�UHVLVWDQFH
DQG�D�WLPH�YDU\LQJ�WKUHVKROG�

%\� XVLQJ� VLPSOLILHG� UHSUHVHQWDWLRQV� RI� WKH� HOHFWULFDO
FXUUHQW�WKDW�IORZV�LQWR�DQ�RQVHW�QHXURQ�GXULQJ�DFRXV�
WLF� VWLPXODWLRQ�� ZH� KDYH� DQDO\WLFDOO\� H[DPLQHG� WKH
PRGHO� UHVSRQVH� DV� D� IXQFWLRQ� RI� LWV� SDUDPHWHUV�
7KHVH� DQDO\WLF� UHVXOWV� DOORZ� XV� WR� VWDWH� SDUDPHWHU
FRQVWUDLQWV� IRU� PRGHOLQJ� WKH� RQVHW� UHVSRQVH�� )RU
H[DPSOH��ZH�ILQG�WKDW�WKH�WLPH�FRQVWDQW�RI�WKH�OHDN\
LQWHJUDWRU�PXVW�EH�DW� OHDVW� WKUHH� WLPHV�VPDOOHU� WKDQ
WKH�SUHYLRXVO\� UHSRUWHG���PV� WLPH�FRQVWDQW�RI� RFWR�
SXV� FHOOV� LQ� RUGHU� WR� H[SODLQ� WKH� RQVHW� UHVSRQVH� WR

ERWK� ORZ� DQG� KLJK� IUHTXHQF\� WRQHV�� 0RUH� UHFHQW
PHDVXUHPHQWV� RI� PHPEUDQH� WLPH� FRQVWDQWV� IURP
RFWRSXV� FHOOV� XVLQJ� LPSURYHG� WHFKQLTXHV� DUH�ZLWKLQ
WKH� WKHRUHWLFDOO\� LPSRVHG� OLPLW�� $QRWKHU� VLJQLILFDQW
UHVXOW�IURP�DQDO\WLF�DQG�QXPHULFDO�H[DPLQDWLRQ�RI�WKH
PRGHO�LV�WKDW�PRVW�9&1�UHVSRQVH�W\SHV�DUH�DFKLHY�
DEOH�ZLWK�WKLV�PRGHO�VWUXFWXUH�

7KLV� PRGHO� RI� RQVHW� FHOOV� SURYLGHV� LPSRUWDQW� FRQ�
VWUDLQWV� RQ� ELRSK\VLFDO� PHFKDQLVPV� IRU� JHQHUDWLQJ
9&1�RQVHW�UHVSRQVHV��)XUWKHUPRUH��WKHUH�PD\�EH�D
VLPSOH��XQLI\LQJ�PDWKHPDWLFDO�GHVFULSWLRQ�RI�DOO�PDMRU
9&1�UHVSRQVH�W\SHV��:H�DUH�QRZ�LQ�D�SRVLWLRQ�WR�XVH
WKLV�PRGHO�IRU�HYDOXDWLQJ�K\SRWKHVHV�FRQFHUQLQJ�WKH
FRGLQJ�RI�VSHHFK�DQG�FRUUHODWHV�RI�SV\FKRDFRXVWLFDO
SKHQRPHQD�LQ�WKH�9&1�QHXURQ�SRSXODWLRQV�

����� �1HXUDO�5HSUHVHQWDWLRQ�RI�3LWFK

:H�DUH�XVLQJ�WKH�RFWDYH�HQODUJPHQW�HIIHFW��WKH�WHQ�
GHQF\� IRU� OLVWHQHUV� WR� SUHIHU� RFWDYH� UDWLRV� VOLJKWO\
JUHDWHU� WKDQ������ WR�FRQVWUDLQ�PRGHOV� IRU� WKH�QHXUDO
UHSUHVHQWDWLRQ� RI� SLWFK��:H� KDYH� SUHYLRXVO\� VKRZQ
WKDW�LQWHUVSLNH�LQWHUYDOV��,6,V��RI�DXGLWRU\�QHUYH�ILEHUV
IRU�SXUH�WRQH�VWLPXOL�VKRZ�V\VWHPDWLF�GHYLDWLRQV�IURP
VWLPXOXV�SHULRGV�DQG�WKDW�WKHVH�GHYLDWLRQV�FDQ�TXDQ�
WLWDWLYHO\� DFFRXQW� IRU� SV\FKRSK\VLFDO� PHDVXUHV� RI
RFWDYH� HQODUJHPHQW�� 5HFHQW� ZRUN� KDV� IRFXVHG� RQ
SRVVLEOH�SK\VLRORJLFDO�PHFKDQLVPV�XQGHUO\LQJ�WKHVH
GHYLDWLRQV�

$OWKRXJK� DXGLWRU\�QHUYH� �$1�� UHVSRQVHV� WR� ORZ�IUH�
TXHQF\�SXUH�WRQHV�DUH�SKDVH�ORFNHG�WR�WKH�VWLPXOXV�
VKRUW�����PV��,6,V�LQ�UHVSRQVH�WR�IUHTXHQFLHV�DERYH
����+]�DUH�VOLJKWO\�ODUJHU�WKDQ�PXOWLSOHV�RI�WKH�VWLPX�
OXV�SHULRG��7KLV�GHYLDWLRQ�KDV�EHHQ�DWWULEXWHG�WR� WKH
UHIUDFWRU\�SURSHUWLHV�RI�WKH�ILEHU��7R�WHVW�WKLV�LGHD��ZH
HPSOR\HG� D� VWDWLVWLFDO� PRGHO� �QRQKRPRJHQHRXV
3RLVVRQ� SURFHVV� ZLWK� GHDG� WLPH�� IRU� $1� H[FLWDWLRQ
ZKLFK� DFFRXQWV� IRU� D� ZLGH� YDULHW\� RI� SK\VLRORJLFDO
GDWD���:H� IRXQG� WKDW� WKH�PRGHO� SUHGLFWV� ,6,� GHYLD�
WLRQV��EXW�WKH�SUHGLFWHG�GHYLDWLRQV�DUH�PXFK�VPDOOHU
WKDQ�WKRVH�LQ�WKH�SK\VLRORJLFDO�GDWD��7KLV�UHVXOW�VXJ�
JHVWV�WKDW�HLWKHU�WKH�PRGHO�GRHV�QRW�DFFXUDWHO\�UHS�
UHVHQW� WKH� UHIUDFWRU\�SURSHUWLHV� RI�$1� ILEHUV� RU� WKDW
WKHUH�LV�VRPH�RWKHU�FDXVH�EHVLGHV�UHIUDFWRULQHVV�IRU
WKH� ,6,� GHYLDWLRQ�� ,Q� D� VWXG\� RI� GLVFKDUJH�KLVWRU\
HIIHFWV� LQ� WKH�$1� LQ� UHVSRQVH� WR�SXUH�WRQHV���FRQGL�
WLRQHG�SHULRG� KLVWRJUDPV�RQ� WKH� WLPH�VLQFH� WKH� ODVW

6 D. Johnson and A. Swami, “The Transmission of Signals by Auditory-nerve Fiber Discharge Patterns,”  J. Acoust. Soc. Am. 74: 493-
501 (1983).

7 R. Gaumond, D. Kim, and C. Molnar, “Response of Cochlear Nerve Fibers to Brief Acoustic Stimuli: Role of Discharge-history Effects,” 
J. Acoust. Soc. Am. 74: 1392-98 (1983).
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VSLNH�DQG�UHYHDOHG�D�SRVLWLYH�SKDVH�VKLIW�LQ�SUREDELO�
LW\�RI�GLVFKDUJH�IRU�VKRUW�,6,V�����PVHF���7KLV�SKDVH
VKLIW� LV� LQFRQVLVWHQW�ZLWK� WKH�DIRUH�PHQWLRQHG�PRGHO
DQG�LV�D�SRVVLEOH�VRXUFH�IRU�WKH�,6,�GHYLDWLRQ��$�PRG�
LILFDWLRQ�RI� WKH�PRGHO� WR� LQFOXGH� WKH�SKDVH�VKLIW�DQG
WHVW�WKLV�K\SRWKHVLV�LV�XQGHUZD\�

7KHVH�ILQGLQJV�VXJJHVW�WKDW�FRPSXWDWLRQDO�PRGHOV�RI
SLWFK� DQG� RWKHU� DXGLWRU\� IRUPV� EDVHG� RQ� LQWHUVSLNH
LQWHUYDOV�PD\�KDYH�WR�VLPXODWH�GHWDLOHG�VWDWLVWLFDO�GLV�
FKDUJH�FKDUDFWHULVWLFV�RI�DXGLWRU\�QHXURQV�LQ�RUGHU�WR
FRUUHFWO\�SUHGLFW�SV\FKRSK\VLFDO� HIIHFWV� VXFK�DV� WKH
RFWDYH�HQODUJHPHQW��

����� 3XEOLFDWLRQV

&KDSWHUV�LQ�%RRNV

'HOJXWWH��%��³$XGLWRU\�1HXUDO�3URFHVVLQJ�RI�6SHHFK�´
,Q� +DQGERRN� RI� 3KRQHWLF� 6FLHQFHV�� (GV�� :�-�
+DUGFDVWOH�DQG�-��/DYHU��2[IRUG��(QJODQG��%ODFN�
ZHOO��������SS���������

'HOJXWWH��%���%�0��+DPPRQG��DQG�3�$��&DULDQL��³1HX�
UDO�&RGLQJ�RI�WKH�7HPSRUDO�(QYHORSH�RI�VSHHFK�
5HODWLRQ� WR� 0RGXODWLRQ� 7UDQVIHU� )XQFWLRQV�´� ,Q
3V\FKRSK\VLFDO� DQG� 3K\VLRORJLFDO� $GYDQFHV� LQ
+HDULQJ��(GV��$�5��3DOPHU��$��5HHVH��$�4�6XP�
PHUILHOG��DQG�5��0HGGLV��/RQGRQ��:KXUU��)RUWK�
FRPLQJ�

'HOJXWWH��%���%�0��+DPPRQG��DQG�3�$��&DULDQL��³1HX�
UDO�&RGLQJ�RI�WKH�7HPSRUDO�(QYHORSH�RI�6SHHFK�´
,Q�/LVWHQLQJ�WR�6SHHFK��(GV��:�$��$LQVZRUWK�DQG
6��*UHHQEHUJ��2[IRUG�� (QJODQG��2[IRUG�8QLYHU�
VLW\�3UHVV��)RUWKFRPLQJ�

-RXUQDO�$UWLFOH

'HOJXWWH��%���DQG�%�0��+DPPRQG��³7UDLWHPHQW�GH� OD
3DUROH� SDU� OH�6\VWqPH�$XGLWLI�´� �&DKLHUV� � O
$XG�
$EVWU��������������������

&RQIHUHQFH�3DSHUV

'HOJXWWH�� %�� ³7HPSRUDO� ,QWHUDFWLRQV� IRU� 6SHHFK� DQG
1RQVSHHFK� 6WLPXOL� LQ� WKH� ,QIHULRU� &ROOLFXOXV�´
$EVWUDFWV�RI�WKH���VW�0LGZLQWHU�5H�VHDUFK�0HHW�
LQJ�RI� WKH�$VVRFLDWLRQ�IRU�5HVHDUFK� LQ�2WRODU\Q�
JRORJ\��6W��3HWHUVEXUJ�%HDFK��)ORULGD��)HEUXDU\
�������������S������

'HOJXWWH��%���%�0��+DPPRQG��DQG�3�$��&DULDQL��³1HX�
UDO�&RGLQJ�RI�WKH�7HPSRUDO�(QYHORSH�RI�6SHHFK�
5HODWLRQ� WR� 0RGXODWLRQ� 7UDQVIHU� )XQFWLRQV�´
$EVWUDFWV�RI� WKH���WK�0LGZLQWHU�5HVHDUFK�0HHW�
LQJ�RI� WKH�$VVRFLDWLRQ�IRU�5HVHDUFK� LQ�2WRODU\Q�
JRORJ\��6W��3HWHUVEXUJ�%HDFK��)ORULGD��)HEUXDU\
�����������S�������

.DOOXUL�� 6��� DQG� 'HOJXWWH�� %�� ³$Q� (OHFWULFDO� &LUFXLW
0RGHO�IRU�&RFKOHDU�1XFOHXV�2QVHW�5HVSRQGHUV�´
$EVWUDFWV�RI�WKH���WK�0LGZLQWHU�5HVHDUFK�0HHW�
LQJ�RI� WKH�$VVRFLDWLRQ�IRU�5HVHDUFK� LQ�2WRODU\Q�
JRORJ\��6W��3HWHUVEXUJ�%HDFK��)ORULGD��)HEUXDU\
�����������S������

0F.LQQH\��0�)���DQG�%��'HOJXWWH��³$�3RVVLEOH�1HXUR�
SK\VLRORJLFDO�%DVLV�RI�WKH�2FWDYH�(QODUJHPHQW�´
3URFHHGLQJV�RI�WKH�6RFLHW\�IRU�0XVLF�3HUFHSWLRQ
DQG� &RJQLWLRQ�� &DPEULGJH�� 0DVVDFKXVHWWV�
������S�����

0F.LQQH\��0�)��� DQG�%��'HOJXWWH�� ³&RUUHODWHV� RI� WKH
6XEMHFWLYH� 2FWDYH� LQ� $XGLWRU\�QHUYH� )LEHU
5HVSRQVHV��(IIHFW�RI�3KDVH�ORFNLQJ�DQG�5HIUDF�
WRULQHVV�´� � $EVWUDFWV� RI� WKH� ��VW� 0LGZLQWHU
5HVHDUFK� 0HHWLQJ� RI� WKH� $VVRFLDWLRQ� IRU
5HVHDUFK� LQ� 2WRODU\QJRORJ\�� 6W�� 3HWHUVEXUJ
%HDFK��)ORULGD��)HEUXDU\��������������S�������

7VDL�� (�-��� DQG� %�� 'HOJXWWH�� ³1HXUDO� 0HFKDQLVPV
8QGHUO\LQJ� ,QWHQVLW\� 'LVFULPLQDWLRQ�� 5HVSRQVHV
RI�$XGLWRU\�QHUYH�)LEHUV�WR�3XUH�7RQHV�LQ�%DQG�
5HMHFW�1RLVH�´� �$EVWUDFWV� RI� WKH� ��WK�0LGZLQWHU
5HVHDUFK� 0HHWLQJ� RI� WKH� $VVRFLDWLRQ� IRU
5HVHDUFK� LQ� 2WRODU\QJRORJ\�� 6W�� 3HWHUVEXUJ
%HDFK��)ORULGD��)HEUXDU\������������S������

��� 1HXUDO�0HFKDQLVPV�RI�6SDWLDO�
+HDULQJ

6SRQVRU

1DWLRQDO�,QVWLWXWHV�RI�+HDOWK�1DWLRQDO�,QVWLWXWH�RI
�'HDIQHVV�DQG�2WKHU�&RPPXQLFDWLRQ�'LVRUGHUV�
�*UDQW�32��'&�����

3URMHFW�6WDII

'U��%HWUDQG�'HOJXWWH��'U��5XWK�<��/LWRYVN\

7KH� ORQJ�WHUP� JRDO� RI� WKLV� SURMHFW� LV� WR� XQGHUVWDQG
WKH� QHXUDO� PHFKDQLVPV� IRU� VRXQG� ORFDOL]DWLRQ� LQ
QRLV\� DQG� UHYHUEHUDQW� HQYLURQPHQWV�� 2XU� HIIRUWV� LQ
WKH�SDVW�\HDU�KDYH�IRFXVHG�RQ�VWXG\LQJ�QHXUDO�FRUUH�
ODWHV�RI�WKH�SUHFHGHQFH�HIIHFW��3(��LQ�WKH�LQIHULRU�FRO�
OLFXOXV�� 7KH� 3(� LV� DQ� DXGLWRU\� LOOXVLRQ� WKDW� DOORZV
DFFXUDWH�VRXQG�ORFDOL]DWLRQ�LQ�WKH�SUHVHQFH�RI�DFRXV�
WLF�UHIOHFWLRQV��5HFHQW�VWXGLHV�KDYH�LGHQWLILHG�SK\VLR�
ORJLFDO�FRUUHODWHV�RI�WKH�3(�LQ�WKH�UHVSRQVHV�RI�VLQJOH
XQLWV� LQ� WKH� LQIHULRU� FROOLFXOXV� �,&��� ,Q� WKHVH� H[SHUL�
PHQWV��WZR�EULHI�VRXQGV�DUH�SUHVHQWHG�IURP�GLIIHUHQW
ORFDWLRQV�� RQH� VLPXODWLQJ� WKH� GLUHFW� VRXQG� DQG� WKH
RWKHU�RQH��GHOD\HG��VLPXODWLQJ�D�UHIOHFWLRQ��)RU�PRVW
FHOOV��WKH�UHVSRQVH�WR�WKH�ODJJLQJ�FOLFN�LV�VXSSUHVVHG
DW� VKRUW� GHOD\V� DQG� UHFRYHUV�ZLWK� LQFUHDVLQJ� GHOD\�



421

  Chapter 1.  Signal Transmission in the Auditory System

6XSSUHVVLRQ�GHSHQGV�RQ�WKH�ORFDWLRQV�RI�WKH�OHDGLQJ
DQG�ODJJLQJ�FOLFNV��$OWKRXJK�WKLV�GLUHFWLRQDOLW\�RI�VXS�
SUHVVLRQ�LV�WKRXJKW�WR�GHSHQG�SULPDULO\�RQ�LQWHUDXUDO
WLPH�GLIIHUHQFHV� �,7'���RWKHU� ORFDOL]DWLRQ�FXHV�FRXOG
DOVR�SOD\�D�UROH��DQG�WKH�UHODWLYH�LPSRUWDQFH�RI�WKHVH
FXHV�LV�XQNQRZQ�

7R�DGGUHVV�WKLV�LVVXH��ZH�UHFRUGHG�IURP�VLQJOH�XQLWV
LQ�WKH�,&�RI�DQHVWKHWL]HG�FDWV�IRU�³YLUWXDO�VSDFH´��96�
FOLFN� VWLPXOL� V\QWKHVL]HG� IURP� KHDG�UHODWHG� WUDQVIHU
IXQFWLRQV��7KHVH�VWLPXOL�FRQWDLQ�PXOWLSOH� ORFDOL]DWLRQ
FXHV� �,7'�� LQWHUDXUDO� OHYHO� GLIIHUHQFHV� �,/'��� DQG
VSHFWUXP��DV�LQ�IUHH�ILHOG��DQG�DOORZ�VHOHFWLYH�PDQLS�
XODWLRQ� RI� LQGLYLGXDO� FXHV�� :H� PHDVXUHG� WKH
UHVSRQVH�WR�D�IL[HG�ODJJLQJ�FOLFN�DV�D�IXQFWLRQ�RI�WKH
D]LPXWK� RI� D� OHDGLQJ� FOLFN�� 6XSSUHVVLRQ� IRU� WKHVH
VWLPXOL� ZDV� FRQVLVWHQW� ZLWK� ILQGLQJV� LQ� IUHH� ILHOG�� LW
RFFXUUHG� DW� WKH� VDPH� UDQJH� RI� GHOD\V� ������� PV�
DQG��IRU�PRVW�FHOOV��ZDV�PD[LPXP�ZKHQ�WKH�OHDGLQJ
FOLFN� ZDV� DW� WKH� QHXURQ
V� EHVW� �PRVW� HIIHFWLYH�� D]L�
PXWK�� )RU� VRPH� FHOOV�� KRZHYHU�� VXSSUHVVLRQ� ZDV
RPQLGLUHFWLRQDO�� HYHQ� WKRXJK� WKH� UHVSRQVH� WR� WKH
OHDGLQJ�FOLFN�ZDV�VWURQJO\�GLUHFWLRQDO��7KHVH�ILQGLQJV
FRQILUP�WKH�YDOLGLW\�RI�WKH�96�WHFKQLTXH�IRU�LQYHVWLJDW�
LQJ�QHXUDO�FRUUHODWHV�RI� WKH�3(��:H� WKHQ�PHDVXUHG
VXSSUHVVLRQ�IRU�PRGLILHG�96��VWLPXOL�VXFK�WKDW�VRPH
ORFDOL]DWLRQ�FXHV� LQ� WKH� OHDGLQJ�FOLFN�ZHUH�KHOG�FRQ�
VWDQW�ZKLOH�RWKHUV�ZHUH�YDULHG�ZLWK�D]LPXWK�DV�LQ�IUHH
ILHOG��)RU�PDQ\�FHOOV��,/'�ZDV�WKH�PRVW�SRWHQW�FXH�IRU
WKH� GLUHFWLRQDOLW\� RI� ERWK� WKH� OHDGLQJ�FOLFN� UHVSRQVH
DQG� HFKR� VXSSUHVVLRQ�� +RZHYHU�� IRU� VRPH� ORZ�IUH�
TXHQF\�FHOOV�,7'�ZDV�WKH�PRVW�SRWHQW�FXH��

,Q� FRQFOXVLRQ�� IRU� VRPH�FHOOV�� GLUHFWLRQDO� UHVSRQVHV
WR�WKH�OHDGLQJ�FOLFN�DQG�VXSSUHVVLRQ�DUH�VWURQJO\�FRU�
UHODWHG�� DQG� PD\� EH� PHGLDWHG� E\� FRPPRQ� QHXUDO
PHFKDQLVPV�� 2WKHU� FHOOV� VKRZ� GLVVRFLDWLRQV
EHWZHHQ� WKH�UHVSRQVH� WR� WKH� OHDGLQJ�FOLFN�DQG�VXS�
SUHVVLRQ��VXJJHVWLQJ�WKDW�GLIIHUHQW�PHFKDQLVPV�PD\
EH� LQYROYHG�� )XUWKHU� H[SHULPHQWV� PD\� HOXFLGDWH
ZKLFK�DVSHFWV�RI�VXSSUHVVLRQ�UHIOHFW�JHQHUDO�SURSHU�
WLHV�RI� WKH�QHUYRXV�V\VWHP��DQG�ZKLFK�RQHV�VSHFLIL�
FDOO\�SOD\�D�UROH�LQ�WKH�3(�

����� 3XEOLFFDWLRQ

$EVWUDFW

/LWRYVN\��5�<���%�5��&UDQVWRQ��DQG�%��'HOJXWWH��³1HX�
UDO� &RUUHODWHV� RI� WKH� 3UHFHGHQFH� (IIHFW� LQ� WKH
,QIHULRU� &ROOLFXOXV�� (IIHFW� RI� /RFDOL]DWLRQ� &XHV�´
$EVWUDFWV� RI� WKH� 7ZHQW\�)LUVW� 0LGZLQWHU� 5H�
VHDUFK�0HHWLQJ�RI� WKH�$VVRFLDWLRQ� IRU�5HVHDUFK
LQ�2WRODU\QJRORJ\��6W��3HWHUVEXUJ�%HDFK��)ORULGD�
)HEUXDU\���������������S������
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