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5HYHUVH�2UGHUHG�6HTXHQWLDO�0HFKDQLVP�IRU�/DFWRSHUR[LGDVH�ZLWK�
,QKLELWLRQ�E\�+\GURJHQ�3HUR[LGH�
�
.HOO\H�&XSS�6XWWRQ�DQG�0LFKDHO�7��$VKE\
�

'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�2NODKRPD��1RUPDQ��2.�������
�

6833257,1*�0$7(5,$/6�
�
$�'LVFXVVLRQ�RI�5HODWHG�/LWHUDWXUH�IRU�032��$�&RPSRXQG�,,�OLNH�VSHFLHV�KDV�EHHQ�SUHYLRXVO\�
REVHUYHG�IRU�032�XQGHU�FRQGLWLRQV�RI�ORZ�>6&1�@��6FKORUNH��'���)OHPPLJ��-���*DX��-���
)XUWP�OOHU��3��*���2ELQJHU��&���$UQKROG��-���³1HZ�,QVLJKWV�LQWR�WKLRF\DQDWH�R[LGDWLRQ�E\�KXPDQ�
P\HORSHUR[LGDVH�´�J. Inorg. Biochem.��������162������������7KH�DXWKRUV�RI�WKH������VWXG\�RIIHU�
D�PHFKDQLVP�IRU�032�WKDW�LV�YHU\�GLIIHUHQW�WKDW�WKH�RQH�WKDW�LV�GHVFULEHG�IRU�/32�LQ�WKH�SUHVHQW�
ZRUN��+RZHYHU��WKHUH�DUH�VHYHUDO�UHDVRQV�D�GLVFXVVLRQ�RI�WKH������VWXG\�LV�SUREOHPDWLF��
LQFOXGLQJ��
�
�� 7KH�IRFXV�RI�WKH������SDSHU�ZDV�RQ�LGHQWLI\LQJ�WUDQVLHQW�032�VSHFLHV��7KH�ZRUN�GLG�QRW�
SURGXFH�D�UDWH�ODZ�WKDW�H[SODLQV�WKHLU�REVHUYDWLRQV��)XUWKHUPRUH��QR�FRUUHODWH�ZDV�PDGH�
EHWZHHQ�WKH�REVHUYHG�032�VSHFLHV�DQG�FDWDO\VLV��

�
�� )RUPDWLRQ�RI�&RPSRXQG�,,�OLNH�VSHFLHV�ZHUH�REVHUYHG�LQ�WKH�SUHVHQFH�RI�D��������IROG�H[FHVV�
RI�26&1��XQGHU�FRQGLWLRQV�WKDW�DUH�NQRZQ�WR�SURGXFH�ODUJH�DPRXQWV�RI�UHDFWLYH�LPSXULWLHV�
�LQFOXGLQJ�F\DQLGH��VXOILWH��F\DQDWH��DQG�F\DQRVXOILWH���7KXV��LW�LV�LPSRVVLEOH�WR�DWWULEXWH�WKH�
UHDFWLRQ�WR�26&1���

�
�� 7KH�SURGXFWV�IRUPHG�IURP�WKH�R[LGDWLRQ�RI�6&1��ZHUH�FKDUDFWHUL]HG�XVLQJ���&�105��7KLV�LV�
QRW�D�TXDQWLWDWLYH�PHWKRG��,Q�IDFW��WKH�UHOD[DWLRQ�WLPHV�IRU�VS�K\EULGL]HG���&�DUH�VR�ORQJ��LW�LV�
LPSRVVLEOH�WR�REVHUYH�FRPSOHWH�UHOD[DWLRQ�RI�DOO�RI�WKH�XQVWDEOH�6&1�GHULYHG�VSHFLHV�GXULQJ�
WKHLU�OLIHWLPH���

�
�� 69'�DQDO\VLV��FI��)LJXUH����ZDV�QRW�SHUIRUPHG�RQ�WKH�WLPH�UHVROYHG�VSHFWUDO�GDWD��7KXV��QRW�
RQO\�DUH�WKH�QXPEHU�RI�FRORUHG�VSHFLHV�XQNQRZQ��EXW�WKH�YDOXHV�RI�λPD[�DUH�VXVSHFW��

�
�� 7KH������VWXG\�EHJLQV�ZLWK�WKH�SUH�IRUPDWLRQ�RI�032�&RPSRXQG�,��ZKLFK�ZH�DUJXH�IRU�/32�
LV�QHYHU�IRUPHG�LQ�VLJQLILFDQW�FRQFHQWUDWLRQV��)XUWKHUPRUH��032�&RPSRXQG�,�ZDV�SUHSDUHG�
XVLQJ�H[FHVV�+2&O�ZLWKRXW�FRQVLGHUDWLRQ�RI�WKH�QHDU�GLIIXVLRQ�FRQWUROOHG�UHDFWLRQ�RI�+2&O�
ZLWK�6&1��DQG�26&1��LQ�VXEVHTXHQW�PL[LQJ�F\FOHV��

�
��:H�KDYH�SUHYLRXVO\�VKRZQ��H�J���UHI������WKDW�WKH�FRQGLWLRQV�WKDW�WKH�DXWKRUV�HPSOR\HG�LQ�WKHLU�
�����SDSHU�WR�SURGXFH�26&1��XQGHU�FRQGLWLRQV�RI�ORZ�>6&1�@�UHVXOWV�LQ�RYHU�R[LGDWLRQ�RI�
6&1��DQG�WKH�SURGXFWLRQ�RI�6&1��VSHFLHV��LQFOXGLQJ�&1���WKDW�DUH�QRW�W\SLFDOO\�IRUPHG�GXULQJ�
FDWDO\VLV��(�J���LW�LV�QRW�SRVVLEOH�WR�SUHSDUH����P0�26&1��E\�UHDFWLQJ�+2&O�ZLWK�6&1��
ZLWKRXW�WKH�SURGXFWLRQ�RI�ODUJH�DPRXQWV�RI�VLGH�SURGXFWV��FI��)LJXUH���RI�WKH������SDSHU���

�
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�� ,Q�WKH������SDSHU��WKH�UDWH�RI�IRUPDWLRQ�RI�032�&RPSRXQG�,,�E\�WKH�UHDFWLRQ�RI�26&1��ZLWK�
IHUULF�032�LV�UHSRUWHG�WR�EH��[����0��V����)LUVW��ZH�GR�QRW�EHOLHYH�WKLV�LV�DFWXDOO\�WKH�UHDFWLRQ�
RI�26&1��ZLWK�032��EXW�UDWKHU�WKH�UHDFWLRQ�RI�RYHU�R[LGDWLRQ�SURGXFWV��$OVR��ZH�GR�QRW�NQRZ�
ZKDW�WKH�FRUUHVSRQGLQJ�UDWH�FRQVWDQW�ZRXOG�EH�IRU�/32��+RZHYHU��HYHQ�LI�ZH�DVVXPH�WKH�
UHDFWLRQ�LV�GLIIXVLRQ�FRQWUROOHG������0��V�����WKH�UHDFWLRQ�RI�IHUULF�/32�ZLWK�26&1��������V����
ZRXOG�QRW�EH�FRPSHWLWLYH�ZLWK�WKH�UHDFWLRQ�RI�26&1��ZLWK�71%�����V���IRU�RXU�)LJXUH�����1RW�
RQO\�LV�WKHUH�DW�OHDVW�D�����GLIIHUHQFH�LQ�WKH�UDWH�FRQVWDQWV��PRUH�OLNHO\�����GLIIHUHQFH�LI�WKH�UDWH�
FRQVWDQW�LV�WKH�VDPH�IRU�/32�DQG�032���EXW�WKH�UHDFWLRQ�GRHV�QRW�H[SODLQ�RXU�UHVXOWV��H�J���
)LJXUH�����������

�
�
�
�
0RGHOLQJ�WKH�+DORJHQ�&\FOH�0HFKDQLVP�RI�/32��0DWKHPDWLFD�ZDV�XVHG�WR�PRGHO�WKH�/32�
KDORJHQ�F\FOH��)LJXUH��$���,Q�WKH�PRGHO�((� �/32��2[� �+�2���(2[� �&SG�,��6� �6&1���3� �
26&1���7KH�UDWH�FRQVWDQWV�DUH�WDNHQ�IURP�7DEOH����

�
Clear[EE, ES, EOx, S, Ox, P, Ox0, t, k1, k2]; 
 
equations = {  
   EE'[t] == -k1*EE[t]*Ox[t] + k2*EOx[t]*S, 
   EOx'[t] == +k1*EE[t]*Ox[t] - k2*EOx[t]*S,  
   Ox'[t] == -k1*EE[t]*Ox[t], 
   P'[t] == k2*EOx[t]*S, 
   EE[0] == EE0, 
   EOx[0] == 0, 
   Ox[0] == Ox0, 
   P[0] == 0 
   }; 
 
k1 = 1.1*10^7;  
k2 = 2*10^8; 
EE0 = 1*10^-6; 
S = 1*10^-4; 
Ox0 = 5*10^-5; 
 
timeframe = 5; 
 
answer = NDSolve[equations, P[t] , {t, 0, timeframe}; 
 
EE[t_] = EE[t] /. answer;  
EOx[t_] = EOx[t] /. answer; 
Ox[t_] = Ox[t] /. answer; 
P[t_] = P[t] /. answer; 

�
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0RGHOLQJ�RI�WKH�3URSRVHG�0HFKDQLVP�RI�/32��0DWKHPDWLFD�ZDV�XVHG�WR�PRGHO�WKH�
PHFKDQLVP�RI�)LJXUH��%���,Q�WKH�PRGHO�((� �/32��(6� �/32�6&1��2[� �+�2���(2[� �/32�
+�2�� �&SG�,
��6� �6&1���DQG�3� �26&1���7KH�UDWH�FRQVWDQWV�DUH�WDNHQ�IURP�7DEOH����

�
Clear[EE,ES,EOx,S, Ox, P,Ox0, t,k1, km1,k2, km2, k3]; 
 
equations = {  
   EE'[t] == -k1*EE[t]*S+km1*ES[t]-k2*EE[t]*Ox[t]+km2*EOx[t]+k3*ES[t]*Ox[t], 
   ES'[t] == k1*EE[t]*S-km1*ES[t]-k3*ES[t]*Ox[t], 
   EOx'[t] == k2*EE[t]*Ox[t]-km2*EOx[t],  
   Ox'[t] == -k3*ES[t]*Ox[t], 
   P'[t] == k3*ES[t]*Ox[t], 
   EE[0] == EE0, 
   ES[0]== 0, 
   EOx[0]== 0, 
   Ox[0]== Ox0, 
   P[0]== 0}; 
 
k1=1.4*10^9;  
km1=3940; 
k2=3.48*10^7; 
km2=2.07; 
k3=1*10^7; 
EE0=1*10^-6; 
S=1*10^-4; 
Ox0=5*10^-5; 
 
timeframe = 6; 
 
answer=NDSolve[equations, {EE[t], ES[t], EOx[t],S[t], Ox[t], P[t]}, {t,0,timeframe}]; 
 
EE[t_]=EE[t]/.answer;  
ES[t_]=ES[t]/.answer; 
EOx[t_]=EOx[t]/.answer; 
S[t_]=S[t]/.answer; 
Ox[t_]=Ox[t]/.answer; 
P[t_]=P[t]/.answer; 
�

)LWWLQJ�([SHULPHQWDO�'DWD�8VLQJ�WKH�3URSRVHG�0HFKDQLVP�RI�)LJXUH��%��([SHULPHQWDO�
NLQHWLF�WUDFHV�ZHUH�ILW�WR�WKH�PRGHO�RI�)LJXUH��%�DW�ORZ�>6&1�@�WR�GHWHUPLQH�UDWH�FRQVWDQWV�N���N����
N���N����DQG�N���7KH�UHDFWLRQV�LQYROYLQJ�WKH�71%�DVVD\�LWVHOI�ZHUH�RPLWWHG�VR�DV�QRW�WR�RYHU�
FRPSOLFDWH�WKH�PRGHO��7KH�PRODU�H[WLQFWLRQ�FRHIILFLHQW��İ����71%�� ��������0��FP����ZDV�XVHG�
WR�FDOFXODWH�>26&1�@��3DUDPHWULF1'6ROYH�ZDV�XVHG�WR�PRGHO�WKH�PHFKDQLVP�DQG�
1RQOLQHDU5HJUHVVLRQ�ZDV�XVHG�WR�FDOFXODWH�ILWWHG�UDWH�FRQVWDQWV��,QLWLDO�SDUDPHWHUV�ZHUH�
GHWHUPLQHG�E\�DOORZLQJ�DOO�UDWH�FRQVWDQWV�WR�YDU\�IRU�D�VHW�RI�GDWD�ZKHUH�WKH�SUH�HTXLOLEULXP�DQG�
VWHDG\�VWDWH�UHDFWLRQ�FRXOG�ERWK�EH�FOHDUO\�REVHUYHG��DV�LQ�)LJXUH��%��7KH�UDWH�FRQVWDQWV�
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FDOFXODWHG�IRU�ZHOO�UHVROYHG�GDWD�ZHUH�XVHG�DV�LQLWLDO�SDUDPHWHU�YDOXHV�WR�ILW�WKH�WUDFHV�ZKLFK�
ZHUH�OHVV�ZHOO�GHILQHG��,Q�VRPH�FDVHV��ZKHUH�WKH�SUH�HTXLOLEULXP�UHDFWLRQ�DQG�VWHDG\�VWDWH�
UHDFWLRQV�ZHUH�HVSHFLDOO\�XQGHUGHWHUPLQHG��VXFK�DV�WUDFHV�&�DQG�'�LQ�)LJXUH����DSSURSULDWH�UDWH�
FRQVWDQWV�ZHUH�IL[HG�WR�DOORZ�WKH�FDOFXODWLRQ�RI�WKH�UDWH�FRQVWDQWV�IRU�WKH�GRPLQDQW�UHDFWLRQ�
ZKLFK�FRXOG�EH�FOHDUO\�REVHUYHG�LQ�WKH�WUDFH��,Q�WKH�PRGHO�((� �/32��(6� �/32�6&1��2[� �
+�2���(2[� �/32�+�2�� �&SG�,
��6� �6&1���DQG�3� �26&1���

�
SetDirectory["path"]; 
data1=ReadList["filename ",{Number,Number}]; 
 
Clear[EE,ES,EOx,S,Ox,P,k1,k2,k3,k4,k5]; 
 
totaltime=6; 
 
S=5.3*10^-5; 
 
model=ParametricNDSolveValue[ 
   { 
    EE'[t] == -k1*EE[t]*S+k2*ES[t]-k3*EE[t]*Ox[t]+k4*EOx[t]+k5*ES[t]*Ox[t], 
    ES'[t] == k1*EE[t]*S-k2*ES[t]-k5*ES[t]*Ox[t], 
    EOx'[t] == k3*EE[t]*Ox[t]-k4*EOx[t], 
    Ox'[t] == -k5*ES[t]*Ox[t], 
    P'[t] == k5*ES[t]*Ox[t], 
    EE[0] == 1.20*10^-6, 
    ES[0]== 0, 
    EOx[0]== 0, 
    Ox[0]==4.0*10^-5, 
    P[0]== 0},P,{t,0,totaltime},{k1,k2,k3,k4,k5}]; 
 
Clear[EE,ES,EOx,S,Ox,P,k1,k2,k3,k4,k5]; 
Needs["NonlinearRegression`"] 
NonlinearRegress[data1,model[k1,k2,k3,k4,k5][t],{{k1,1*10^9},{k2,4000},{k3,3*10^7},{k4,
2},{k5,9*10^6}},t] 
 

0RGHOLQJ�WKH�&RQYHUVLRQ�RI�&SG�,�>)H,9 2��π��@�WR�&SG�,
�>)H,9�2+��DD��@�'XULQJ�
&DWDO\VLV��7R�H[SORUH�WKH�SRVVLEOH�UROH�RI�&SG�,�>)H,9 2��π��@��0DWKHPDWLFD�ZDV�XVHG�WR�PRGHO�
WKH�PHFKDQLVP�RI�)LJXUH��$�ZLWK�WKH�LQFOXVLRQ�RI�WKH�FRQYHUVLRQ�RI�&SG�,�>)H,9 2��π��@�WR�&SG�
,
�>)H,9�2+��DD��@��7KH�LQLWLDO�FRQFHQWUDWLRQV�ZHUH�WKH�VDPH�DV�)LJXUH�����,Q�WKH�PRGHO�((� �
/32��(6� �/32�6&1��2[� �+�2���(2[� �/32�+�2�� �&SG�,
��6� �6&1���DQG�3� �26&1���7KH�
UDWH�FRQVWDQWV�DUH�WDNHQ�IURP�7DEOH���DQG��3���7KH�UHVXOWV�RI�)LJXUH�6���SUHGLFW�WKH�PDMRULW\�RI�
WKH�VWHDG\�VWDWH�VSHFLHV�IRUPHG�LV�/32�>)H,,,@��ZLWK�D�VPDOO�DPRXQW�RI�&SG�,�>)H,9 2��π��@��$OVR��
WKH�SURGXFWLRQ�RI�26&1��LV�H[SHFWHG�WR�EH�SVHXGR�ILUVW�RUGHU��FI��)LJXUH��%���

�
Clear[EE, EOx, EOH, Ox, S, P, t, k1, k2, k3]; 
 
equations = {  
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   EE'[t] == -k1*EE[t]*Ox[t] + k2*EOx[t]*S[t], 
   EOx'[t] == k1*EE[t]*Ox[t] - k2*EOx[t]*S[t],  
   Ox'[t] == -k1*EE[t]*Ox[t], 
   S'[t] == -k2*EOx[t]*S[t], 
   P'[t] == k2*EOx[t]*S[t], 
   EOH'[t] == k3*EOH[t], 
   EE[0] == EE0, 
   EOx[0] == 0, 
   EOH[0] == 0, 
   Ox[0] == Ox0, 
   S[0] == S0, 
   P[0] == 0 
   }; 
 
k1 = 1.1*10^7; 
k2 = 2*10^8;  
k3 = 2; 
EE0 = 1.2*10^-6; 
S0 = 5.2*10^-5; 
Ox0 = 4*10^-5; 
 
timeframe = 0.5; 
 
answer = NDSolve[ 
   equations, {EE[t], EOx[t], EOH[t], S[t], P[t], Ox[t]}, {t, 0,  
    timeframe}]; 
 
EE[t_] = EE[t] /. answer;  
EOx[t_] = EOx[t] /. answer; 
EOH[t_] = EOH[t] /. answer; 
S[t_] = S[t] /. answer; 
P[t_] = P[t] /. answer; 
Ox[t_] = Ox[t] /. answer; 
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)LJXUH� 6���5HDFWLRQ�PL[LQJ� VFKHPH� IRU� WKH�

VLQJOH� PL[LQJ� VWRSSHG�IORZ� H[SHULPHQW� WR�

REVHUYH� WKH� UDWH� RI� WKH� /32�FDWDO\]HG�

R[LGDWLRQ�RI�6&1��E\�+�2��DW�S+�����

>6&1�@� ��������P0
>/32@� �������X0�
>71%@� �����X0
LQ�����0�S+���3L >+�2�@� ����X0�

LQ�ZDWHU

>6&1�@� �������P0
>/32@�� ��������X0
>71%@� �����X0
>+�2�@� ����X0
LQ������0�S+���3L

µ 
µ 

µ 

µ 
µ 

µ 
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)LJXUH� 6���5HDFWLRQ�PL[LQJ� VFKHPH� IRU� WKH� GRXEOH�PL[LQJ�

VWRSSHG�IORZ�H[SHULPHQW�WR�REVHUYH�WKH�HIIHFW�RI�PL[LQJ�/32�

DQG�6&1��LQ�WKH�ILUVW�PL[LQJ�F\FOH�SULRU�WR�WKH�DGGLWLRQ�RI�+�2��

RQ�WKH�/32�FDWDO\]HG�R[LGDWLRQ�RI�6&1��E\�+�2��DW�QHXWUDO�

S+�� 7KLV� PL[LQJ� VFKHPH� ZDV� XVHG� WR� SURGXFH� WKH� GDWD� LQ�

)LJXUH��$� 

>/32@� ���X0�
LQ�����0�S+���3L

>6&1�@� �����X0�
>71%@� �����X0�
LQ�����0�S+���3L

>6&1�@� �����X0
>/32@�� ���X0
>71%@� �����X0
LQ�����0�S+���3L

>+�2�@� ����X0�
LQ�'',+�2

>/32@� ���X0
>6&1�@�� �����X0
>+�2�@� ����X0
>71%@� �����X0
LQ������0�3L

µ 

µ 
µ 

µ 

µ 
µ 

µ 
µ 

µ 

µ 
µ 
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)LJXUH� 6���5HDFWLRQ�PL[LQJ� VFKHPH� IRU� WKH� GRXEOH�PL[LQJ�

VWRSSHG�IORZ�H[SHULPHQW�WR�REVHUYH�WKH�HIIHFW�RI�PL[LQJ�/32�

DQG�+�2��LQ�WKH�ILUVW�PL[LQJ�F\FOH�SULRU�WR�WKH�DGGLWLRQ�RI�6&1��

RQ�WKH�/32�FDWDO\]HG�R[LGDWLRQ�RI�6&1��E\�+�2��DW�QHXWUDO�

S+�� 7KLV� PL[LQJ� VFKHPH� ZDV� XVHG� WR� SURGXFH� WKH� GDWD� LQ�

)LJXUH��%��

 

 

>/32@� ���X0�
LQ�����0�S+���3L

>6&1�@� �����X0
>71%@� �����X0�
LQ�����0�S+���3L

>/32@�� ���X0
>+�2�@� ����X0
LQ������0�S+���3L

>+�2�@� �����X0�
LQ�'',+�2

>/32@� ���X0
>6&1�@�� �����X0
>71%@� �����X0
>+�2�@� ����X0
LQ�������0�3L

µ µ 

µ 
µ 

µ 
µ  

µ 
µ 

µ 
µ 
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)LJXUH�6��� ,VRODWHG�YLHZ�RI�WKH�SUH�VWHDG\�VWDWH�UHDFWLRQ�REVHUYHG�LQ�)LJXUH����OHIW��IRU�WKH�

/32�FDWDO\]HG� R[LGDWLRQ� RI� >6&1�@� E\� +�2�� XQGHU� ORZ� >6&1�@� FRQGLWLRQV�� 3RVW�PL[LQJ�

FRQFHQWUDWLRQV�ZHUH�>/32@� �����µ0��>+�2�@� ����µ0��>71%@� �����µΜ��DQG�>6&1�@� �����

����������DQG�����µ0��1RWDEO\�� WKH� LQLWLDO� UHDFWLRQ� UDWHV�GR�QRW�YDU\�DQG� WKH�QXPEHU�RI�

HQ]\PH�WXUQRYHUV�WKDW�RFFXU�GXULQJ�WKH�SUH�VWHDG\�VWDWH�UHDFWLRQ�LQFUHDVH�ZLWK�LQFUHDVLQJ�

>6&1�@� 
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)LJXUH�6���2EVHUYHG�ILUVW�RUGHU�UDWH�FRQVWDQWV�IRU�WKH�SUH�VWHDG\�VWDWH�UHDFWLRQ�LQ�WKH�

/32�FDWDO\]HG�R[LGDWLRQ�RI�6&1��E\�+�2���3RVW�PL[LQJ�FRQFHQWUDWLRQV�ZHUH�>/32@�

 �����µ0��>+�2�@� ����µ0��>71%@� �����µ0��DQG�>6&1�@� ���������������DQG�����

µ0��7KH�HVWLPDWHG�HUURU�VKRZQ�E\�WKH�HUURU�EDUV�IRU�WKH�LQGLYLGXDO�UDWH�FRQVWDQWV�LV�

IRU�D�OHDVW�VTXDUHV�ILW�RI�DQ�DYHUDJH�RI�ILYH�NLQHWLF�WUDFHV�DQG�KDV�EHHQ�PXOWLSOLHG�E\�

D�IDFWRU�RI����VR�WKDW�WKH�HUURU�EDUV�ZRXOG�EH�YLVLEOH�RQ�WKH�SORW� 
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)LJXUH�6���(IIHFW�RI�YDU\LQJ�>6&1�@�RQ�WKH�UDWH�RI�WKH�VWHDG\�VWDWH�UHDFWLRQ�GXULQJ�

WKH� /32�FDWDO\]HG� R[LGDWLRQ� RI� 6&1�� E\� +�2��� 3RVW�PL[LQJ� FRQFHQWUDWLRQV� ZHUH�

>/32@� �����µ0��>+�2�@� ����µ0��>71%@� �����µ0��DQG�>6&1�@� ���������������DQG�

����µ0��7KH�HVWLPDWHG�HUURU�VKRZQ�E\�WKH�HUURU�EDUV�IRU�WKH�LQGLYLGXDO�UDWH�FRQVWDQWV�

LV�IRU�D�OHDVW�VTXDUHV�ILW�RI�DQ�DYHUDJH�RI�ILYH�NLQHWLF�WUDFHV�DQG�KDV�EHHQ�PXOWLSOLHG�

E\�D�IDFWRU�RI����VR�WKDW�WKH�HUURU�EDUV�ZRXOG�EH�YLVLEOH�RQ�WKH�SORW� 



�
�

���
�

�
)LJXUH�6���(IIHFW�RI� >+�2�@�RQ�N�REV� IRU� WKH�/32�FDWDO\]HG�R[LGDWLRQ�RI�6&1��E\�

+�2��XQGHU�FRQGLWLRQV�RI�ORZ�FRQFHQWUDWLRQ�RI�>6&1�@��3RVW�PL[LQJ�FRQFHQWUDWLRQV�

ZHUH�>/32@� �����µ0��>6&1�@� �����µ0��>71%@� �����µ0��DQG�>+�2�@� �������������

����DQG����µ0��7KH�HVWLPDWHG�HUURU�VKRZQ�E\�WKH�HUURU�EDUV�IRU�WKH�LQGLYLGXDO�UDWH�

FRQVWDQWV�LV�IRU�D�OHDVW�VTXDUHV�ILW�RI�DQ�DYHUDJH�RI�ILYH�NLQHWLF�WUDFHV�DQG�KDV�EHHQ�

PXOWLSOLHG�E\�D�IDFWRU�RI����VR�WKDW�WKH�HUURU�EDUV�ZRXOG�EH�YLVLEOH�RQ�WKH�SORW� 



�
�

���
�

 

)LJXUH� 6���.LQHWLF� WUDFHV� RI� WKH� SUH�VWHDG\�VWDWH� UHDFWLRQ� REVHUYHG� GXULQJ� WKH�

/32�FDWDO\]HG� R[LGDWLRQ� RI� 6&1�� E\�+�2�� DV� >+�2�@�ZDV� YDULHG�� 3RVW�PL[LQJ�

FRQFHQWUDWLRQV�ZHUH�>6&1�@� �����µ0��>/32@� �����µ0��>71%@� �����µ0��DQG�

>+�2�@� �����������������DQG����µ0� 



�
�

���
�

�
 

)LJXUH�6���6WHDG\�VWDWH�UHDFWLRQ�UDWH�GHSHQGHQFH�RQ�>/32@�IRU�WKH�/32�FDWDO\]HG�

R[LGDWLRQ� RI� 6&1�� E\�+�2��� 3RVW�PL[LQJ� FRQFHQWUDWLRQV�ZHUH� >6&1�@�  � ����µ0��

>+�2�@�  � ���µ0�� >71%@�  � ����µ0�� DQG� >/32@� � ������� ������ DQG� ����µ0��7KH�

HVWLPDWHG�HUURU�VKRZQ�E\�WKH�HUURU�EDUV�IRU�WKH�LQGLYLGXDO�UDWH�FRQVWDQWV�LV�IRU�D�OHDVW�

VTXDUHV�ILW�RI�DQ�DYHUDJH�RI�ILYH�NLQHWLF�WUDFHV� 



�
�

���
�

 

�
)LJXUH�6����.LQHWLF�WUDFHV�RI�SUH�VWHDG\�VWDWH�UHDFWLRQ�RI�WKH�/32�FDWDO\]HG�R[LGDWLRQ�

RI�6&1��E\�+�2��DV�>/32@�LV�YDULHG��3RVW�PL[LQJ�FRQFHQWUDWLRQV�ZHUH�>6&1�@� �����

µ0��>+�2�@� ����µ0��>71%@� �����µ0��DQG�>/32@� ���������µ0�



�
�

���
�

 
 

�

 

�
 

)LJXUH� 6���� 6LPXODWHG� WUDFH� RI� >26&1�@� IRU� WKH� SURSRVHG� PHFKDQLVP� IRU� WKH� /32�

FDWDO\]HG�R[LGDWLRQ�RI�6&1��E\�+�2��XQGHU�FRQGLWLRQV�RI�KLJK�>6&1�@� 



�
�

���
�

�
 

)LJXUH�6����6LPXODWHG� WUDFH�RI� >26&1�@�GXULQJ� WKH�SUH�VWHDG\�VWDWH� UHDFWLRQ� IRU� WKH�

SURSRVHG� PHFKDQLVP� IRU� WKH� /32�FDWDO\]HG� R[LGDWLRQ� RI� 6&1�� E\� +�2�� XQGHU�

FRQGLWLRQV�RI�ORZ�>6&1�@� 



�
�

���
�

�
 

)LJXUH� 6���� 6LPXODWHG� WUDFH� RI� >26&1�@� GXULQJ� WKH� UHDFWLRQ� IRU� WKH� SURSRVHG�

PHFKDQLVP�IRU�WKH�/32�FDWDO\]HG�R[LGDWLRQ�RI�6&1��E\�+�2��XQGHU�FRQGLWLRQV�RI�ORZ�

>6&1�@� 



�
�

���
�

 

)LJXUH�6����)LWWHG�NLQHWLF�WUDFHV�IRU�WKH�/32�FDWDO\]HG�R[LGDWLRQ�RI�6&1��E\�+�2��DV�>/32@�ZDV�

YDULHG��3RVW�PL[LQJ�FRQFHQWUDWLRQV�ZHUH�>6&1�@� �����µ0��>+�2�@� ����µ0��>71%@� �����µ0��

DQG�>/32@� ����������������������DQG���µ0�IRU�$��%��&��'��DQG�(��UHVSHFWLYHO\��5DWH�FRQVWDQWV�

SURGXFHG�E\�WKHVH�ILWV�DUH�JLYHQ�LQ�7DEOH�6��

$�

%�

'�

&�

(�



�
�

���
�

�

�
�

)LJXUH�6����6LPXODWHG�FRQFHQWUDWLRQV�GXULQJ�WKH�/32�FDWDO\]HG�R[LGDWLRQ�RI�6&1��E\�+�2��IRU�
WKH�PHFKDQLVP�RI�)LJXUH��$�ZLWK�WKH�DGGLWLRQDO�NQRZQ�VWHS�IRU�WKH�FRQYHUVLRQ�RI�&SG�,�WR�&SG�
,
��5HG� �/32�>)H,,,@��*UHHQ� �&SG�,��%OXH� �&SG�,
��QRW�REVHUYHG���%ODFN� �26&1���N�� �����[�
����0��V����N�� ���[�����0���V����N�� ���V����>/32@�� �����[������0��>+�2�@�� ���[������0��>6&1�@�� �
����[������0��7KLV�VLPXODWLRQ�DVVXPHV�WKH�>6&1�@�UHPDLQV�FRQVWDQW��DV�H[SHFWHG�IRU�WKH�
VWRLFKLRPHWU\�RI�WKH�71%�DVVD\���
�
�
�



�
�

���
�

7DEOH�6���2EVHUYHG� UDWH�RI� WKH�/32�FDWDO\]HG�R[LGDWLRQ�RI�
6&1��E\�+�2��DV�D�IXQFWLRQ�RI�>+�2�@�D 

�
>+�2�@��µ0�� NREV��V���E� 0RGHO�3UHGLFWHG�NREV�VLP��V����

���� �������� ������

��� �������� ������

��� �������� ������

$YHUDJH� ������F� ������

�

D$� VLQJOH� PL[LQJ� H[SHULPHQW� ZLWK� FRQVWDQW� SRVW�PL[LQJ�

FRQFHQWUDWLRQV�RI�>/32@� ���µ0��>6&1�@� ���P0��>71%@� ����

µ0��DQG�>+�2�@� ��������µ0� 

E7KH�HVWLPDWHG�HUURU��JLYHQ�E\�WKH�SDUHQWKHWLFDO�GLJLWV��IRU�WKH�

LQGLYLGXDO�UDWH�FRQVWDQWV�LV�IRU�D�OHDVW�VTXDUHV�ILW�RI�DQ�DYHUDJH�

RI�ILYH�NLQHWLF�WUDFHV�� 

F7KH�DYHUDJH�HUURU�ZDV�GHWHUPLQHG�E\�WKH�VWDQGDUG�GHYLDWLRQ�

RI�WKH�LQGLYLGXDO�ILWV� 



�
�

���
�

7DEOH� 6���2EVHUYHG� UDWH� RI� WKH� /32�FDWDO\]HG� R[LGDWLRQ� RI�
6&1��E\�+�2��DV�D�IXQFWLRQ�RI�>6&1�@�D 

�
>6&1�@��P0�� NREV��V���E� 0RGHO�3UHGLFWHG�NREV�VLP��V����

���� �������� ������

���� �������� ������

���� ��������� ������

���� �������� ������

$YHUDJHF� ±� ������

�

D6LQJOH� PL[LQJ� H[SHULPHQW� ZLWK� FRQVWDQW� SRVW�PL[LQJ�

FRQFHQWUDWLRQV�RI�>/32@� ���µ0��>+�2�@� ����µ0��DQG�>71%@�

 �����µ0�� 

E7KH�HVWLPDWHG�HUURU��JLYHQ�E\�WKH�SDUHQWKHWLFDO�GLJLWV��IRU�WKH�

LQGLYLGXDO�UDWH�FRQVWDQWV�LV�IRU�D�OHDVW�VTXDUHV�ILW�RI�DQ�DYHUDJH�

RI�ILYH�NLQHWLF�WUDFHV�� 

F7KH� DYHUDJH� RI� WKH� H[SHULPHQWDOO\� REVHUYHG� UDWH� FRQVWDQWV�

ZDV�QRW�FDOFXODWHG�GXH�WR�V\VWHPDWLF�HUURU� 



�
�

���
�

7DEOH� 6��� 2EVHUYHG� LQLWLDO� UDWHV� RI� WKH� /32�FDWDO\]HG�
R[LGDWLRQ�RI�6&1��E\�+�2��DV�D�IXQFWLRQ�RI�>6&1�@�D 

�
>6&1�@��µ0�� NREV��0āV���E�

��� �������[�����

���� ��������[�����

���� ��������[�����

���� ��������[�����

�ǀĞƌĂŐĞ� �������[�����

�

D6LQJOH� PL[LQJ� H[SHULPHQW� ZLWK� FRQVWDQW� SRVW�PL[LQJ�

FRQFHQWUDWLRQV� RI� >/32@�  � ���� µ0�� >+�2�@�  � ��� µ0�� DQG�

>71%@� �����µ0� 

E7KH�HVWLPDWHG�HUURU��JLYHQ�E\�WKH�SDUHQWKHWLFDO�GLJLWV��IRU�WKH�

LQGLYLGXDO�UDWH�FRQVWDQWV�LV�IRU�D�OHDVW�VTXDUHV�ILW�RI�DQ�DYHUDJH�

RI�ILYH�NLQHWLF�WUDFHV�� 



�
�

���
�

7DEOH�6���(IIHFW�RI�YDU\LQJ�>+�2�@�RQ�WKH�UDWH�RI�WKH�VWHDG\�

VWDWH� UHDFWLRQ� RI� WKH� /32�FDWDO\]HG� R[LGDWLRQ� RI� 6&1�� E\�

+�2��D 

�
>+�2�@��µ0�� N�REV��0āV���E�

�� �������[�����

��� �������[�����

��� �������[�����

��� �������[�����

$YHUDJH� ������[�����

�

D7KH�SRVW�PL[LQJ�FRQFHQWUDWLRQV�ZHUH�>/32@� �����µ0��>6&1�@� �

����µ0��>71%@� �����µ0��DQG�>+�2�@� ������������DQG����µ0�� 

E7KH�HVWLPDWHG�HUURU��JLYHQ�E\�WKH�SDUHQWKHWLFDO�GLJLWV�� IRU� WKH�

LQGLYLGXDO�UDWH�FRQVWDQWV�LV�IRU�D�OHDVW�VTXDUHV�ILW�RI�DQ�DYHUDJH�

RI�ILYH�NLQHWLF�WUDFHV�� 

F7KH� DYHUDJH� HUURU� RI� WKH�PRGHO� SUHGLFWHG� UDWH� FRQVWDQWV�ZDV�

GHWHUPLQHG�E\�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�LQGLYLGXDO�ILWV� 



�
�

���
�

7DEOH�6���(IIHFW�RI�YDU\LQJ�>/32@�RQ�WKH�UDWH�RI�WKH�SUH�VWHDG\�
VWDWH� UHDFWLRQ� IRU� WKH� /32�FDWDO\]HG� R[LGDWLRQ� RI� 6&1�� E\�
+�2��D 

�

>/32@��µ0�� N�REV�V���E�

����� ��������
���� ���������
�� ��������

$YHUDJH� �����F�
�

D3RVW�PL[LQJ�FRQFHQWUDWLRQV�ZHUH�>6&1�@� �����µ0��>+�2�@� �

���µ0��>71%@� �����µ0��DQG�>/32@� ������������DQG���µ0�� 

E7KH�HVWLPDWHG�HUURU��JLYHQ�E\�WKH�SDUHQWKHWLFDO�GLJLWV�� IRU� WKH�

LQGLYLGXDO�UDWH�FRQVWDQWV�LV�IRU�D�OHDVW�VTXDUHV�ILW�RI�DQ�DYHUDJH�

RI�ILYH�NLQHWLF�WUDFHV�� 

F7KH�DYHUDJH�HUURU�ZDV�FDOFXODWHG�E\�WKH�VWDQGDUG�GHYLDWLRQ�RI�

WKH�LQGLYLGXDO�ILWV� 

 



�
�

���
�

7DEOH� 6��� )LWWHG� UDWH� FRQVWDQWV� IRU� WKH� SURSRVHG� PHFKDQLVP� RI� WKH� /32�FDWDO\]HG�
R[LGDWLRQ�RI�6&1��E\�+�2��DV�>6&1�@�ZDV�YDULHG�D 
�

>6&1�@�µ0�� N���0��āV���E� N����V���E� N���0��āV���E� N����V���E� N���0��āV���E�

��� �������[���� ������[���� �������[���� ��������� �������[����

���� �������[���� ������[���� ��������[���� ��������� �������[����

���� �����[����IL[HG�� ����[����IL[HG�� ��������[���� �������� �������[����

���� ����[����IL[HG�� ����[����IL[HG�� ��������[���� �����IL[HG�� ��������[����

$YHUDJHF� �������[���� ������[���� ������[���� ������� ������[����

�

D7KH�SRVW�PL[LQJ�FRQFHQWUDWLRQV�ZHUH�>/32@� �����µ0��>+�2�@� ����µ0��>71%@� �����

µ0��DQG�>6&1�@� ���������������DQG�����µ0��

E7KH�HVWLPDWHG�HUURU��JLYHQ�E\�WKH�SDUHQWKHWLFDO�GLJLWV��IRU�WKH�LQGLYLGXDO�UDWH�FRQVWDQWV�LV�

IRU�D�OHDVW�VTXDUHV�ILW��

F7KH�DYHUDJH�HUURU�ZDV�FDOFXODWHG�E\�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�LQGLYLGXDO�ILWV� 

�
�
�



�
�

���
�

7DEOH�6���)LWWHG�UDWH�FRQVWDQWV�IRU�WKH�SURSRVHG�PHFKDQLVP�RI�WKH�/32�FDWDO\]HG�R[LGDWLRQ�
RI�6&1��E\�+�2��DV�>+�2�@�ZDV�YDULHG�D 
�

>+�2�@�µ0�� N���0��āV���E� N����V���E� N���0��āV���E� N����V���E� N���0��āV���E�

��� �������[���� ������[���� ������[�����[���� �������� �������[����

��� ������[���� ������[���� ������[���� �������� ��������[����

����� ����[����IL[HG�� ����[����IL[HG�� ������[���� �����IL[HG�� �������[����

����� ����[����IL[HG�� ����[����IL[HG�� ������[���� �����IL[HG�� ��������[����

$YHUDJHF� ������[���� ������[���� ������[���� ������� ������[����

�

D7KH�SRVW�PL[LQJ�FRQFHQWUDWLRQV�ZHUH�>6&1�@� �����µ0��>/32@� �����µ0��>71%@� �����

µ0��DQG�>+�2�@� �����������������DQG����µ0��

E7KH�HVWLPDWHG�HUURU��JLYHQ�E\�WKH�SDUHQWKHWLFDO�GLJLWV��IRU�WKH�LQGLYLGXDO�UDWH�FRQVWDQWV�LV�

IRU�D�OHDVW�VTXDUHV�ILW��

F7KH�DYHUDJH�HUURU�ZDV�FDOFXODWHG�E\�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�LQGLYLGXDO�ILWV� 

�



�
�

���
�

7DEOH� 6��� )LWWHG� UDWH� FRQVWDQWV� IRU� WKH� SURSRVHG� PHFKDQLVP� RI� WKH� /32�FDWDO\]HG�
R[LGDWLRQ�RI�6&1��E\�+�2��DV�>/32@�ZDV�YDULHG�D 
�

>/32@�µ0�� N���0��āV���E� N����V���E� N���0��āV���E� N����V���E� N���0��āV���E�

������ ����[����IL[HG�� ����[���� ����[����IL[HG�� �������� �������[����

����� ������[���� ������[���� ������[���� �������� �������[����

���� �������[���� ������[���� ������[���� �������� �������[����

�� ����[����IL[HG�� ����[����IL[HG�� �������[���� �������� �������[����

�� ����[����IL[HG�� ����[����IL[HG�� �������[���� �����IL[HG�� �������[����

$YHUDJHF� �������[���� �������[���� ������[���� ������� ������[����

�

D7KH�SRVW�PL[LQJ�FRQFHQWUDWLRQV�ZHUH�>6&1�@� �����µ0��>+�2�@� ����µ0��>71%@� �����

µ0��DQG�>/32@� ����������������������DQG���µ0��

E7KH�HVWLPDWHG�HUURU��JLYHQ�E\�WKH�SDUHQWKHWLFDO�GLJLWV��IRU�WKH�LQGLYLGXDO�UDWH�FRQVWDQWV�LV�

IRU�D�OHDVW�VTXDUHV�ILW��

F7KH�DYHUDJH�HUURU�ZDV�FDOFXODWHG�E\�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�LQGLYLGXDO�ILWV� 

�
�
�
�
�
 
�
��
�
�


