
0XOWLGLPHQVLRQDO $GYHFWLRQ DQG )UDFWLRQDO 'LVSHUVLRQe

0DUN 0� 0HHUVFKDHUW\

'HSDUWPHQW RI 0DWKHPDWLFV ������ 8QLYHUVLW\ RI 1HYDGD� 5HQR� �����

'DYLG $� %HQVRQ]

'HVHUW 5HVHDUFK ,QVWLWXWH� 3�2� %R[ ������ 5HQR� 19 ����������

%RULV %�DXPHU
'HSDUWPHQW RI 0DWKHPDWLFV ������ 8QLYHUVLW\ RI 1HYDGD� 5HQR� �����

$FFHSWHG� 3K\VLFDO 5HYLHZ (�

)HEUXDU\ ��� ����

([WHQVLRQ RI WKH IUDFWLRQDO GLmXVLRQ HTXDWLRQ WR WZR RU WKUHH GLPHQVLRQV LV QRW DV
VLPSOH DV H[WHQVLRQ RI WKH VHFRQG�RUGHU HTXDWLRQ� 7KLV LV UHYHDOHG E\ WKH VROXWLRQV RI
WKH HTXDWLRQV� XQOLNH WKH *DXVVLDQ� WKH PRVW JHQHUDO VWDEOH YHFWRU FDQQRW EH JHQHUDWHG
ZLWK DQ DWRPLVWLF PHDVXUH RQ WKH FRRUGLQDWH D[HV� $ UDQGRP FRPELQDWLRQ RI PD[LPDOO\
VNHZHG VWDEOH YDULDEOHV RQ WKH XQLW VSKHUH JHQHUDWHV D VWDEOH YHFWRU WKDW LV D JHQHUDO
PRGHO RI D GLmXVLQJ SDUWLFOH� 6XEVHWV DUH V\PPHWULF VWDEOH YHFWRUV WKDW KDYH SUHYLRXVO\
DSSHDUHG LQ WKH OLWHUDWXUH� DQG WKH ZHOO^NQRZQ PXOWLGLPHQVLRQDO %URZQLDQ PRWLRQ� $
PXOWLGLPHQVLRQDO IUDFWLRQDO GLmHUHQWLDO RSHUDWRU LV GHnQHG LQ WKH SURFHVV�

3$&6 QXPEHUV �������M� �������Z� ������0K� ������&Z

e&RS\ULJKW ���� E\ 7KH $PHULFDQ 3K\VLFDO 6RFLHW\�

\(PDLO DGGUHVV� PFXEHG#XQU�HGX

]&RUUHVSRQGLQJ DXWKRU� (PDLO DGGUHVV� GEHQVRQ#GUL�HGX
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� ,QWURGXFWLRQ

'LmXVLRQ HTXDWLRQV WKDW XVH IUDFWLRQDO GHULYDWLYHV DUH DWWUDFWLYH EHFDXVH WKH\ GHVFULEH D

ZHDOWK RI FRQWLQXRXV WLPH UDQGRP ZDONV �&75: >�@� WKDW DUH JRRG PRGHOV RI WUDQVSRUW LQ

UHDO V\VWHPV >�� �� �� �@� 6ROXWLRQV WR WKH IUDFWLRQDO GLmXVLRQ HTXDWLRQV DUH /uHY\ PRWLRQV� D

JHQHUDOL]DWLRQ RI %URZQLDQ PRWLRQ XVLQJ m�VWDEOH GLVWULEXWLRQV >�@� /uHY\ PRWLRQV DUH VFDOLQJ

OLPLWV RI UDQGRP ZDONV ZLWK SRZHU�ODZ WUDQVLWLRQ SUREDELOLWLHV� DQG WKHLU VDPSOH SDWKV DUH

UDQGRP IUDFWDOV >�@ ZKRVH GLPHQVLRQ m FRLQFLGHV ZLWK WKH RUGHU RI WKH IUDFWLRQDO GHULYDWLYH�

7KHUHIRUH� D VWURQJ PRWLYDWLRQ GULYLQJ WKH VSHFLnFDWLRQ RI WKH IUDFWLRQDO GHULYDWLYH RSHUDWRU

LV WKDW WKH *UHHQ
V IXQFWLRQ RI WKH JHQHUDOL]HG GLmXVLRQ HTXDWLRQ LV WKH IXOO IDPLO\ RI VWDEOH

ODZV� $ QXPEHU RI WKH GHULYDWLRQV KDYH EHHQ OLPLWHG WR VSHFLDO FDVHV VXFK DV SXUHO\ V\PPHWULF

>�� �@ RU PD[LPDOO\ VNHZHG >��� ��@ SDUWLFOH WUDQVLWLRQV� 0RUH JHQHUDO GHULYDWLRQV >�� �� ��@

UHFRJQL]H WKH QHHG IRU ZHLJKWHG IRUZDUG DQG EDFNZDUG IUDFWLRQDO GHULYDWLYH RSHUDWRUV LQ

RQH�GLPHQVLRQDO VSDFH�

:H UHTXLUH DQ H[WHQVLRQ WR KLJKHU GLPHQVLRQV� VLQFH SUREOHPV RI IUDFWLRQDO GLmXVLRQ DUH

FRPPRQ LQ WZR DQG WKUHH GLPHQVLRQV� $Q DV\PPHWULF IUDFWLRQDO GHULYDWLYH RSHUDWRU� ZKLFK

LV D ZHLJKWHG DYHUDJH RI GLUHFWLRQDO GHULYDWLYHV LQ HDFK UDGLDO GLUHFWLRQ� DOORZV XV WR JHQHUDWH

WKH IXOO UDQJH RI /uHY\�VWDEOH PRWLRQV� 6LQFH WKHVH SURFHVVHV FDQ HDVLO\ DFFRPPRGDWH GULIW�

ZH FDOO WKHVH )RNNHU�3ODQFN HTXDWLRQV ?IUDFWLRQDO DGYHFWLRQ^GLVSHUVLRQ HTXDWLRQV�� QRWLQJ

WKDW RQO\ WKH GLVSHUVLRQ GHULYDWLYH LV IUDFWLRQDO� DQG WKDW WKH IUDFWLRQDO GLmXVLRQ HTXDWLRQ LV

D VXEVHW� :H QRZ XVH WKH WHUP GLVSHUVLRQ WR LQFOXGH PROHFXODU GLmXVLRQ DQG K\GURG\QDPLF

GLVSHUVLRQ >��@� :H DOVR FRQFHQWUDWH RQO\ RQ VSDWLDOO\ IUDFWLRQDO GLVSHUVLRQ� VLQFH H[WHQVLRQV

WR IUDFWLRQDO�LQ�WLPH SURFHVVHV DUH VWUDLJKWIRUZDUG >�� �� �� �� ��@�
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� 'HYHORSPHQW

/HW ;�W� EH WKH SRVLWLRQ RI D SDUWLFOH LQ G^GLPHQVLRQDO (XFOLGHDQ VSDFH ,5G DW WLPH W w ��

/HW 3 �[� W� GHQRWH WKH GHQVLW\ RI ;�W� ZKHUH WKH YHFWRU [  �[�� � � � � [G� � ,5G� 7KH JHQHUDO

DGYHFWLRQ^GLVSHUVLRQ HTXDWLRQ LV

#3 �[� W�

#W
 bY c U3 �[� W� � FUm

03 �[� W� ���

ZKHUH Y � ,5G LV WKH GULIW FRHpFLHQW �YHORFLW\�� U  �# #[�� � � � � # #[G�� F GHVFULEHV WKH

VSUHDGLQJ UDWH RI WKH GLVSHUVLRQ� DQGUm
0 LV WKH JHQHUDO �DV\PPHWULF� IUDFWLRQDO GHULYDWLYH RS�

HUDWRU IRU � � m � �� m � �� 8VLQJ WKH )RXULHU WUDQVIRUP FRQYHQWLRQ AI�N�  5
HbL�N�[!I�[�G[

ZH VSHFLI\ WKLV RSHUDWRU E\ UHTXLULQJ WKDW Um
0I�[� KDV )RXULHU WUDQVIRUP

�=
NtN �

�L�N� t!�m0�Gt�
w
AI�N� ���

ZKHUH 0�Gt� LV DQ DUELWUDU\ SUREDELOLW\ PHDVXUH RQ WKH XQLW VSKHUH I[ � ,5G � N[N  �J�
:H FDOO 0 WKH PL[LQJ PHDVXUH� VLQFH ��� FRUUHVSRQGV WR D PL[WXUH RI GLUHFWLRQDO GHULYDWLYHV

WDNHQ LQ HDFK UDGLDO GLUHFWLRQ� 6ROXWLRQV WR ��� ZLWK LQLWLDO FRQGLWLRQ 3 >;���  �@  �

\LHOG HYHU\ SRVVLEOH PXOWLYDULDEOH /uHY\ PRWLRQ ;�W� ZLWK LQGH[ � � m � �� m � �� 7KH

IUDFWLRQDO GLmXVLRQ SURFHVV LV PDGH XS RI PDQ\ LQnQLWHVLPDO SDUWLFOH MXPSV� DQG WKH PL[LQJ

PHDVXUH 0 JLYHV WKH SUREDELOLW\ GLVWULEXWLRQ IRU WKH UDGLDO GLUHFWLRQ RI WKRVH MXPSV� :KHQ

m  � ZH JHW PXOWLYDULDEOH %URZQLDQ PRWLRQ� DQG LQ WKLV FDVH ��� UHGXFHV WR WKH FODVVLFDO

DGYHFWLRQ^GLVSHUVLRQ HTXDWLRQ LQ ,5G� ,Q RQH GLPHQVLRQ ZH KDYH NtN  � RQO\ IRU t  h�
DQG VR

5
�L�N� t!�m0�Gt�  S�LN�m � T�bLN�m ZKHUH S � T  � DQG WKHQ ��� UHGXFHV WR WKH

JHQHUDO RQH GLPHQVLRQDO IUDFWLRQDO DGYHFWLRQ^GLVSHUVLRQ HTXDWLRQ >�� �� ��@�

�



7DNH )RXULHU WUDQVIRUPV RI ��� WR REWDLQ

G A3 �N� W�

GW
 bL�N� Y! A3 �N� W� � F

�=
NtN �

�L�N� t!�m0�Gt�
w
A3 �N� W� ���

VR WKDW IRU RXU LQLWLDO FRQGLWLRQ A3 �N� �� s � ZH REWDLQ

A3 �N� W�  H[S
�
bL�N� YW!� FW

=
NtN �

�L�N� t!�m0�Gt�
w
� ���

8VLQJ �LX�m  �HL{ �X�m  MXMm FRV�{m ��I� � LVLJQ�X� WDQ�{m ��J WKH ULJKW KDQG VLGH DERYH
EHFRPHV

H[S
�
bL�N� YW!� FW

=
NtN �

M�N� t!Mm FRV�{m
�
�I� � LVLJQ��N� t!� WDQ�

{m

�
�J0�Gt�

w
���

ZKLFK LV WKH )RXULHU WUDQVIRUP RI DQ DUELWUDU\ PXOWLYDULDEOH VWDEOH GLVWULEXWLRQ ZLWK LQGH[

m � �� FRPSDUH >�@ S���� 7KXV WKH *UHHQ
V IXQFWLRQ VROXWLRQ WR ��� \LHOGV WKH HQWLUH FODVV RI
PXOWLYDULDEOH /uHY\ PRWLRQV IRU m � ��
7KH DV\PPHWULF IUDFWLRQDO GHULYDWLYH RSHUDWRU Um

0 LQ ��� LV D PL[WXUH RI IUDFWLRQDO GL�

UHFWLRQDO GHULYDWLYHV� 7KH GLUHFWLRQDO GHULYDWLYH 'tI�[�  �t�UI�[�!  
3

M tM#I�[� #[M  

GJ GV DW V  � ZKHUH J�V�  I�[� Vt�� ,WV )RXULHU WUDQVIRUP LV
3

M tMLNM AI�N�  L�N� t! AI�N�

VLQFH LNM AI�N� LV WKH )RXULHU WUDQVIRUP RI #I�[� #[M� :H FDQ GHnQH IUDFWLRQDO GHULYDWLYHV

XVLQJ FRQYROXWLRQV RI JHQHUDOL]HG IXQFWLRQV LQ UHDO VSDFH� RU SURGXFWV LQ )RXULHU VSDFH >��@�

7KH VFDODU IUDFWLRQDO GHULYDWLYH LV

'm
� J�V�  

�

b�Qb m�

GQ

GVQ

= �
�

UQbmb�J�Vb U�GU

ZKHUH Q  � � >m@ LV WKH VPDOOHVW LQWHJHU JUHDWHU WKDQ m� DQG LW LV HDV\ WR FKHFN WKDW WKLV

FRQYROXWLRQ LQWHJUDO KDV )RXULHU WUDQVIRUP �LX�mAJ�X� >�� ��@� 7DNH WKH GHULYDWLYH LQVLGH WKH

�



LQWHJUDO DQG LQWHJUDWH E\ SDUWV WR REWDLQ

'm
� J�V�  

�

b�bm�

= �
�

Ubmb�J�Vb U�GU

D FRQYROXWLRQ RI JHQHUDOL]HG IXQFWLRQV >��@ S����� 7KH IUDFWLRQDO RUGHU GLUHFWLRQDO GHULYDWLYH

'm
t I�[� LV GHnQHG E\ 'm

� J�V� HYDOXDWHG DW V  �� ZKHUH J�V�  I�[� Vt�� 7DNLQJ D PL[WXUH

RYHU WKH XQLW VSKHUH NtN  � ZH JHW WKH FRQYROXWLRQ IRUPXOD

Um
0I�[�  

�

b�bm�

=
NtN �

= �
�

Ubmb�I�[b Ut�GU0�Gt� ���

ZKRVH )RXULHU WUDQVIRUP LV JLYHQ E\ ���� ,I 0�Gt�  P�t�Gt DQG WKH FRQVWDQW FG LV WKH

YROXPH RI WKH XQLW VSKHUH LQ ,5G WKHQ D FKDQJH RI YDULDEOHV \LHOGV

Um
0I�[�  

�

b�bm�

=
NtN �

= �
�

Ubmb�I�[b Ut�GUP�t�Gt

 
�

GFGb�bm�

=
NtN �

= �
�

UbmbGP�t�I�[b Ut�GFGU
Gb�GUGt

 
�

GFGb�bm�

=
\�,5G

N\NbmbGP
t

\

N\N
u
I�[b \�G\

D ?K\SHUVLQJXODU LQWHJUDO ZLWK KRPRJHQHRXV FKDUDFWHULVWLF� >��@ S����� :KHQ P�t� LV D

FRQVWDQW IXQFWLRQ WKLV LQWHJUDO UHGXFHV WR WKH ZHOO^NQRZQ FRQYROXWLRQ HTXDWLRQ IRU WKH 5LHV]

IUDFWLRQDO GHULYDWLYHUmI�[� >��@ S����� :H FDQ DOVR ZULWH ��� LQ WKH FRPSDFW IRUPUm
0I�[�  

5
\� � I�[b \���Gt� ZKHUH ��G\�  Ubmb�GU0�Gt� b�bm� LQ SRODU FRRUGLQDWHV�

:KHQ m  � WKH PL[LQJ PHDVXUH 0 GHWHUPLQHV WKH FRYDULDQFH PDWUL[� ,Q WKLV FDVH WKH

LQWHJUDO LQ HTXDWLRQ ��� UHGXFHV WR

b
=
NtN �

t G;
M �

NMtM

u�
0�Gt�  �LN�$�LN�7 ���
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ZKHUH WKH PDWUL[ $  �DLM� ZLWK DLM  
5
tLtM0�Gt�� 7KHQ ��� UHGXFHV WR WKH FODVVLFDO

DGYHFWLRQ^GLVSHUVLRQ HTXDWLRQ ZLWK Um
0  U$U7  

3
L�M DLM#

� #[L#[M DQG

A3 �N� W�  H[S>bL�N� YW!b FWN$N7 @

ZKLFK LV WKH )RXULHU WUDQVIRUP RI D *DXVVLDQ ZLWK PHDQ YW DQG FRYDULDQFH PDWUL[ �FW$� VR

ZH UHFRYHU PXOWLYDULDWH %URZQLDQ PRWLRQ ZLWK GULIW� :KHQ 0�Gt�  0�bGt� WKH LQWHJUDO

LQ HTXDWLRQ ��� UHGXFHV WR

�

�

=
NtN �

�L�N� t!�m � �L�N�bt!�m0�Gt�  FRV�
{m

�
�
=
NtN �

M�N� t!Mm0�Gt� ���

XVLQJ �LX�m � �bLX�m  �MXMm FRV�{m ��� )XUWKHUPRUH� LI 0�Gt� LV XQLIRUP WKHQ ;�W� LV

V\PPHWULF VWDEOH DQG E\ ��� LWV GHQVLW\ 3 �[� W� KDV )RXULHU WUDQVIRUP

A3 �N� W�  H[S
�
bL�N� YW!� FDGWNNNm FRV�{m

�
�
w

ZKHUH WKH FRQVWDQW DG  
5 Mt�Mm0�Gt� GHSHQGV RQO\ RQ m DQG WKH GLPHQVLRQ G RI WKH VSDFH�

� 'LVFXVVLRQ

(YHU\ VWDEOH UDQGRP YHFWRU LV RI WKH IRUP E � 85 ZKHUH 8 LV D UDQGRP XQLW YHFWRU DQG 5

LV D VWDEOH UDQGRP YDULDEOH ZKLFK LV PD[LPDOO\ VNHZHG DQG LQGHSHQGHQW RI 8 � 7KH VROXWLRQ

;�W� WR ��� LV RI WKLV IRUP ZLWK PHDQ E  YW DQG 3 >8 � $@  0�$�� 6LQFH ;�W� LV

D 0DUNRY SURFHVV ZLWK VWDWLRQDU\ LQGHSHQGHQW LQFUHPHQWV� WKH SUREDELOLW\ GLVWULEXWLRQ 0

JRYHUQV WKH GLUHFWLRQ RI LQnQLWHVLPDO MXPSV� 1XPHULFDO VLPXODWLRQ RI WKH IUDFWLRQDO GLVSHUVLRQ

SURFHVV ;�W� FDQ EH DFFRPSOLVKHG E\ DGGLQJ VPDOO MXPSV ;�W�cW�b;�W� RI VWDEOH UDQGRP

YHFWRUV� (DFK MXPS LV RI WKH IRUP YcW � 85 ZKHUH WKH MXPS GLUHFWLRQ 8 KDV SUREDELOLW\

�



GLVWULEXWLRQ 0 RQ WKH XQLW VSKHUH� ,Q WHUPV RI WKH VWDQGDUG SDUDPHWHUL]DWLRQ IRU VWDEOH

UDQGRP YDULDEOHV >�@� WKH MXPS VL]H 5 LV FHQWHUHG m VWDEOH ZLWK VNHZQHVV �� DQG VFDOH }

VDWLVI\LQJ }m  bFcW FRV�{m ��� VR 5 FDQ EH VLPXODWHG XVLQJ WKH IRUPXOD RI .DQWHU >��@� )RU

m � � WKH IUDFWLRQDO GLVSHUVLRQ ;�W� LV V\PPHWULF LI DQG RQO\ LI MXPSV LQ DQ\ GLUHFWLRQ DUH

HTXDOO\ OLNHO\� ZKLOH ;�W�  �[��W�� � � � � [G�W�� KDV LQGHSHQGHQW FRPSRQHQWV [M�W� LI DQG RQO\

LI MXPSV DUH UHVWULFWHG WR WKH FRRUGLQDWH D[HV >�@ S���� )RU m  � ERWK UDQGRPO\ GLUHFWHG

DQG RUWKRJRQDO MXPSV JHQHUDWH WKH VDPH %URZQLDQ PRWLRQ� 7KLV SURSHUW\ LV XQLTXH WR WKH

PXOWLYDULDWH QRUPDO >��@ S����� 'LmHUHQW PL[LQJ PHDVXUHV 0 \LHOG GLmHUHQW SURFHVVHV ZKHQ

m � �� ZKLOH IRU m  � ZH VDZ LQ ��� WKDW WKH PRPHQWV RI 0 VXpFH WR SDUDPHWHUL]H WKH

GLVSHUVLRQ SURFHVV�

/uHY\ PRWLRQV DUH VFDOLQJ OLPLWV RI UDQGRP ZDONV� 6XSSRVH =�=�� =�� =�� � � � =Q DUH LQ�

GHSHQGHQW DQG LGHQWLFDOO\ GLVWULEXWHG UDQGRP YHFWRUV LQ ,5G� ,I WKH UHVFDOHG UDQGRP ZDON

D�w��=� � c c c � =>wW@� � /�W� DV w � � WKHQ /�W� LV D /uHY\ PRWLRQ >��@� ,I (N=N� � �
WKHQ D�w�  wb� � DQG /�W� LV D %URZQLDQ PRWLRQ� ,I ZH KDYH 3 >N=N ! U@ z &Ubm DQG

3 >N=N ! U� = N=N � $@ z 3 >N=N ! U@0�$� DV U � �� WKHQ ZH JHW FRQYHUJHQFH ZLWK
D�w�  wb� m DQG /�W� LV D /uHY\ SURFHVV ZLWK LQGH[ m � � DQG PL[LQJ PHDVXUH 0 >��@�

+HQFH WKH IUDFWLRQDO GLVSHUVLRQ SURFHVV ;�W�  YW�/�W� GHVFULEHG E\ ��� JLYHV D YHU\ UREXVW

PRGHO IRU SDUWLFOH PRWLRQV� 2QO\ VRPH JHQHULF WDLO SURSHUWLHV RI WKH MXPSV PXVW EH VSHFLnHG�

DQG HYHU\ SRVVLEOH OLPLWLQJ SURFHVV LV REWDLQHG�

7KH IRUPXOD ��� IRU WKH )RXULHU WUDQVIRUP RI ;�W� LV FRPSXWHG XVLQJ WKH /uHY\ PHDVXUH

�W�G\�  FW mUbmb�GU0�Gt� b�bm�� VHH >�@ S���� :KHQ m � � WKH JHQHUDO FRQYHUJHQFH

FULWHULRQ IRU UHVFDOHG UDQGRP ZDONV LV w3 >D�w�= � $@ � ���$� DV w � � >��@� 7KH VDPH

/uHY\ PHDVXUH �� DSSHDUV LQ WKH IRUPXOD IRU WKH JHQHUDWRU RI WKH FRQYROXWLRQ VHPLJURXS

�



I3 �[� W� � W w �J >��@� 3RLQW SURFHVV WKHRU\ VD\V WKDW ;�W� LV WKH OLPLW RI FRPSRXQG 3RLVVRQ
UDQGRP YHFWRUV� ZKHUH �W�G\� JLYHV WKH LQWHQVLW\ RI MXPSV RI VL]H \ >��@� )LQDOO\� FRQYROXWLRQ

ZLWK D /uHY\ PHDVXUH LV WKH VLPSOHVW ZD\ WR GHVFULEH WKH IXOO UDQJH RI IUDFWLRQDO GHULYDWLYHV� ,Q

RXU GHYHORSPHQW� ZH REWDLQHG WKH IRUPXOD FUm
0I�[�  

5
\� � I�[b \����G\�� 7KLV VXUSULVLQJ

FRQQHFWLRQ EHWZHHQ /uHY\ PHDVXUHV DQG IUDFWLRQDO GHULYDWLYHV �RU 5LHV] SRWHQWLDOV� LV QHZ

HYHQ LQ ,5��

� 6XPPDU\

7KH FRQQHFWLRQ EHWZHHQ FHUWDLQ VWRFKDVWLF SURFHVVHV DQG WKHLU JRYHUQLQJ SDUWLDO GLmHUHQWLDO

HTXDWLRQ LV ZHOO NQRZQ� ,Q SDUWLFXODU� %URZQLDQ PRWLRQ LPSOLHV D VHFRQG�RUGHU GLmXVLRQ

HTXDWLRQ >��@� :H KDYH VKRZQ D VLPLODU LPSOLFDWLRQ EHWZHHQ WKH VXSHUVHW RI GLmXVLYH PR�

WLRQV ^ WKH VWDEOH /uHY\ PRWLRQV ^ DQG WKH IUDFWLRQDO DGYHFWLRQ^GLVSHUVLRQ HTXDWLRQ� 7KH

LPSOLFDWLRQ LV VKRZQ E\ WKH Q�GLPHQVLRQDO IUDFWLRQDO GHULYDWLYH GHnQHG DV D FRQYROXWLRQ ZLWK

D /uHY\ PHDVXUH� 7KH PRWLRQV GHVFULEHG E\ WKH IUDFWLRQDO HTXDWLRQ GHULYHG KHUHLQ DUH FKDU�

DFWHUL]HG E\ RFFDVLRQDO ODUJH MXPSV >�� ��@� 7KH SDUWLFOH SDWKV DUH IUDFWDOV ZKRVH GLPHQVLRQ

FRUUHVSRQGV WR WKH RUGHU RI WKH IUDFWLRQDO GHULYDWLYH >�@� 7KH PRWLRQV FDQ EH V\PPHWULF RU

KDYH DQ\ GHJUHH RI VNHZQHVV LQ VHYHUDO GLPHQVLRQV� 2QH VKRXOG H[SHFW VNHZHG DQG IUDFWLRQDO

PROHFXODU GLmXVLRQ LQ WKH PLGVW RI KLJK FKHPLFDO JUDGLHQWV DQG FRQFHQWUDWLRQV >�@� 'LVVROYHG

VROXWHV PRYLQJ WKURXJK SRURXV DTXLIHU PDWHULDO PD\ H[KLELW QHDUO\ V\PPHWULF >��@ WR KLJKO\

VNHZHG >��@ GLVSHUVLRQ�
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� $FNQRZOHGJPHQW

'�$�%� UHFHLYHG SDUWLDO VXSSRUW IURP WKH 8�6� 'HSW� RI (QHUJ\ � %DVLF (QHUJ\ 6FLHQFHV JUDQW

� '(�)*�����(5������

5HIHUHQFHV

>�@ +� 6FKHU DQG 0� /D[� 3K\V� 5HY� %� �� ���� �������

>�@ +� 6FKHU DQG 0� /D[� 3K\V� 5HY� %� �� ���� �������

>�@ (� :HHNV� HW� DO� LQ /uHY\ )OLJKWV DQG 5HODWHG 7RSLFV LQ 3K\VLFV HGLWHG E\ 0� 6KOHVLQJHU�

*� =DVODYVN\ DQG 8� )ULVFK �6SULQJHU^9HUODJ� 1HZ <RUN� ����� S����

>�@ '� %HQVRQ� 3K�'� WKHVLV� 8QLY� RI 1HYDGD� 5HQR �����

>�@ '� %HQVRQ� 6� :KHDWFUDIW DQG 0� 0HHUVFKDHUW� LQ UHYLHZ� :DWHU 5HVRXU� 5HV� �������

>�@ *� 6DPRURGQLWVN\ DQG 0� 7DTTX� 6WDEOH QRQ�*DXVVLDQ 5DQGRP 3URFHVVHV� 6WRFKDVWLF

0RGHOV ZLWK ,QnQLWH 9DULDQFH� �&KDSPDQ DQG +DOO� /RQGRQ� ������

>�@ 6� 7D\ORU� 0DWK� 3URF� &DPEULGJH 3KLORV� 6RF� ���� ��� �������

>�@ $� &RPSWH� 3K\V� 5HY� ( ��� ���� �������

>�@ 5� 0HW]OHU� -� .ODIWHU� DQG ,� 6RNRORY� 3K\V� 5HY� ( ��� ���� �������
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