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]MF^~MQ(FMJJ[\JS(�QMdKM(QMFM~d\K(d\](M\IdI^\I(FMdQ\^\I(QMJ[EQ�MJS(�dKMQ(K[(]^~MQJM(JKE]M\K(\MM]JS(d\](MJKdPF^JR(
d\([NK^OdF(FMdQ\^\I(M\~^Q[\OM\K<(H(�[ONEKMQ(J�^M\�M(KMd�RMQ(�R[(N[JJMJJMJ(Q[PEJK(OMKR[]^�dF(�[ONMKM\�M(
]MO[\JKQdKMJ( M�NMQK^JM( ^\( �[\~MG^\I( �[ONFM�( �[\�MNKJS( ^\�[QN[QdK^\I( Rd\]Jh[\( d�K^~^K^MJS( d\]( ^\KMIQdK^\I(
KM�R\[F[I^�dF(K[[FJ(K[(M\Rd\�M(JKE]M\K(FMdQ\^\I([EK�[OMJ<(

�RM(�EFK^~dK^[\([�(OMKR[]^�dF(�[ONMKM\�M(^J(d(OEFK^�d�MKM](NQ[�MJJ(KRdK(M\�[ONdJJMJ(P[KR(KRM[QMK^�dF(
�\[�FM]IM(d\](NQd�K^�dF(J�^FFJ<(H(NQ[�^�^M\K(�[ONEKMQ(J�^M\�M(KMd�RMQ(\[K([\FG(N[JJMJJMJ(d(]MMN(E\]MQJKd\]h
^\I([�(�[ONEKMQ(J�^M\�M(NQ^\�^NFMJ(d\](�[\�MNKJ(PEK(dFJ[(M�R^P^KJ(NM]dI[I^�dF(M�NMQK^JM(^\(^\JKQE�K^[\dF(]Mh
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J^I\S(dJJMJJOM\K(JKQdKMI^MJS(d\](�FdJJQ[[O(Od\dIMOM\K<(�[QM[~MQS(KRMG(QMOd^\(dPQMdJK([�(MOMQI^\I(M]E�dh
K^[\dF( KM�R\[F[I^MJS(OMKR[][F[I^MJS( d\]( �EQQ^�EFdQ( KQM\]JS( M\JEQ^\I( KRM^Q( KMd�R^\I( NQd�K^�MJ( QMOd^\( �EQQM\K(
d\](M��M�K^~M<(

�R^J(dQK^�FM(d^OJ(K[(�[ONQMRM\J^~MFG(M�NF[QM(KRM(�[\�MNK([�(OMKR[]^�dF(�[ONMKM\�M(�^KR^\(KRM(�[\KM�K(
[�(�[ONEKMQ(J�^M\�M(M]E�dK^[\(d\](E\]MQJ�[QM(^KJ(J^I\^�^�d\�M(^\(NQ[O[K^\I(M��M�K^~M(KMd�R^\I(d\](FMdQ\^\I<(
�G( M�dO^\^\I( KRM( ~dQ^[EJ( ]^OM\J^[\J( [�(OMKR[]^�dF( �[ONMKM\�MS( ^\�FE]^\I( FMJJ[\( NFd\\^\IS( ^\JKQE�K^[\dF(
JKQdKMI^MJS(QMJ[EQ�M(]M~MF[NOM\KS(d\](dJJMJJOM\K(NQd�K^�MJS(�M(M\]Md~[Q(K[(NQ[~^]M(\Ed\�M](^\J^IRKJ(^\K[(KRM(
MJJM\K^dF(�[ON[\M\KJ(KRdK(�[\KQ^PEKM(K[(KRM([~MQdFF(M��M�K^~M\MJJ([�(�[ONEKMQ(J�^M\�M(M]E�dK[QJ<(

ZEQKRMQO[QMS(KR^J(dQK^�FM(JMM�J(K[(^]M\K^�G(KRM(�RdFFM\IMJ(d\](N[KM\K^dF(dQMdJ(�[Q(^ONQ[~MOM\K(^\(KRM(]Mh
~MF[NOM\K(d\](M\Rd\�MOM\K([�(OMKR[]^�dF(�[ONMKM\�M(dO[\I(�[ONEKMQ(J�^M\�M(KMd�RMQJ<(�G(�Q^K^�dFFG(QMh
~^M�^\I(M�^JK^\I(QMJMdQ�RS(NQ[�MJJ^[\dF(JKd\]dQ]JS(d\](PMJK(NQd�K^�MJS(�M(�d\(d�¤E^QM(d(�[ONQMRM\J^~M(E\]MQh
JKd\]^\I([�(KRM(QM¤E^J^KM(J�^FFJ(d\](�[ONMKM\�^MJ(�[Q(NQ[�^�^M\K(�[ONEKMQ(J�^M\�M(KMd�R^\I<(

�RM(�^\]^\IJ(NQMJM\KM](^\( KR^J(dQK^�FM(�^FF(�[\KQ^PEKM( K[( KRM([\I[^\I(]^J�[EQJM([\( KMd�RMQ(NQ[�MJJ^[\dF(
]M~MF[NOM\K(d\](JMQ~M(dJ(d(~dFEdPFM(QMJ[EQ�M(�[Q(M]E�dK[QJS(N[F^�GOd�MQJS(d\](JKd�MR[F]MQJ(^\(KRM(�^MF]([�(
�[ONEKMQ(J�^M\�M(M]E�dK^[\<(�G(d��\[�FM]I^\I(d\](�[JKMQ^\I( KRM(OMKR[]^�dF(�[ONMKM\�M([�(�[ONEKMQ(J�^h
M\�M(KMd�RMQJS(�M(�d\(M\JEQM(KRdK(JKE]M\KJ(dQM(M¤E^NNM](�^KR(KRM(\M�MJJdQG(�\[�FM]IM(d\](J�^FFJ(K[(KRQ^~M(^\(
d\(^\�QMdJ^\IFG(KM�R\[F[IGh]Q^~M\(J[�^MKG<(

Experimental

H\dFG�^\I(NEPF^�dK^[\J(�Q[O(�[QM^I\(�^KM](J�^M\K^�^�(NEPF^JRMQJ([\(KRM(\[K^[\([�(OMKR[]^�dF(�[ONMKM\�MS(
�M([PJMQ~M(d(J^I\^�^�d\K(P[]G([�(QMJMdQ�R(]M]^�dKM](K[(KR^J(K[N^�<(L�R[FdQJ(d\](QMJMdQ�RMQJ(�Q[O(~dQ^[EJ(]^Jh
�^NF^\MJS(^\�FE]^\I(M]E�dK^[\S(NM]dI[IGS(d\](^\JKQE�K^[\dF(]MJ^I\S(Rd~M(M�dO^\M](d\](]^J�EJJM](KRM(�[\�MNK(
[�(OMKR[]^�dF(�[ONMKM\�M(^\(QMFdK^[\(K[(]^��MQM\K(M]E�dK^[\dF(][Od^\J<(

LM~MQdF(�MG(KRMOMJ(d\](KQM\]J(MOMQIM(�Q[O(KRM(d\dFGJ^J([�(KRMJM(NEPF^�dK^[\J<(Z^QJKFGS(KRMQM(^J(d(�[\JM\h
JEJ(dO[\I(QMJMdQ�RMQJ(KRdK(OMKR[]^�dF(�[ONMKM\�M(^J(d(~^KdF(�[ON[\M\K([�(M��M�K^~M(KMd�R^\I(d\](FMdQ\^\I<(¡K(
M\�[ONdJJMJ(d(Qd\IM([�(J�^FFJS(�\[�FM]IMS(d\](dP^F^K^MJ(KRdK(M\dPFM(M]E�dK[QJ(K[(]MJ^I\S(^ONFMOM\KS(d\](dJh
JMJJ(^\JKQE�K^[\dF(NQd�K^�MJ(KRdK([NK^O^�M(JKE]M\K(FMdQ\^\I([EK�[OMJ<(

�^��^\J[\(�<S(�dG(©<(M�NF[QM(KRM(J^I\^�^�d\�M([�(OMKR[]^�dF(�[ONMKM\�M(^\(NQ[O[K^\I(M��M�K^~M(KMd�Rh
^\I(NQd�K^�MJ<(�RM(JKE]G(�[ONdQMJ(]^��MQM\K(dNNQ[d�RMJ(K[(KMd�R^\I(d\](R^IRF^IRKJ(KRM(MJJM\K^dF(Q[FM([�(OMh
KR[]^�dF(�[ONMKM\�M(^\(d�R^M~^\I(N[J^K^~M(JKE]M\K([EK�[OMJ(ªTo(9|«<(

¬dQ�^dS(�<(M�NF[QMJ(^\\[~dK^~M(dNNQ[d�RMJ(d\](PMJK(NQd�K^�MJ(�[Q(M\Rd\�^\I(OMKR[]^�dF(�[ONMKM\�M(^\(
J�^M\�M( KMd�R^\I<( �RM( NdNMQ( R^IRF^IRKJ( JE��MJJ�EF( ^\JKQE�K^[\dF( JKQdKMI^MJ( d\]( NQMJM\KJ( �dJM( JKE]^MJ( KRdK(
]MO[\JKQdKM(KRM(N[J^K^~M(^ONd�K([�(OMKR[]^�dF(�[ONMKM\�M([\(JKE]M\K(M\IdIMOM\K(d\](FMdQ\^\I([EK�[OMJ<(

¬dQ�^d(NQMJM\KJ(d(Qd\IM([�(^\\[~dK^~M(dNNQ[d�RMJ(KRdK(J�^M\�M(M]E�dK[QJ(�d\(MONF[G(K[(]M~MF[N(d\](M\Rd\�M(
KRM^Q(OMKR[]^�dF(�[ONMKM\�M<(�RMJM(dNNQ[d�RMJ(^\�FE]M(^\¤E^QGhPdJM](FMdQ\^\IS(NQ[PFMOhJ[F~^\I(d�K^~^K^MJS(Rd\]Jh
[\(M�NMQ^OM\KJS(EJM([�(KM�R\[F[IG(d\](OEFK^OM]^d(QMJ[EQ�MJS(d\](�[FFdP[QdK^~M(FMdQ\^\I<(�RM(dEKR[Q(R^IRF^IRKJ(
R[�(KRMJM(^\JKQE�K^[\dF(JKQdKMI^MJ(�[\KQ^PEKM(K[(�QMdK^\I(d\(M\IdI^\I(d\](M��M�K^~M(FMdQ\^\I(M\~^Q[\OM\K(�[Q(JKEh
]M\KJS(NQ[O[K^\I(KRM^Q(d�K^~M(NdQK^�^NdK^[\(d\](�[JKMQ^\I(]MMNMQ(�[\�MNKEdF(E\]MQJKd\]^\I(ª,o(T9«<(

ZEQKRMQO[QMS(KRM(dQK^�FM(]^J�EJJMJ(KRM(PMJK(NQd�K^�MJ(KRdK(J�^M\�M(KMd�RMQJ(�d\(d][NK(K[(JKQM\IKRM\(KRM^Q(
OMKR[]^�dF(�[ONMKM\�M<(�RMJM(NQd�K^�MJ(M\�[ONdJJ(M��M�K^~M(FMJJ[\(NFd\\^\IS(dNNQ[NQ^dKM(JMFM�K^[\(d\](d]h
dNKdK^[\([�(KMd�R^\I(OdKMQ^dFJS(]^��MQM\K^dK^[\(K[(OMMK(]^~MQJM(JKE]M\K(\MM]JS(�[QOdK^~M(dJJMJJOM\K(JKQdKMI^MJS(
d\]( QM�FM�K^~M( KMd�R^\I( NQd�K^�MJ<( ¬dQ�^d( MONRdJ^�MJ( KRdK( MONF[G^\I( KRMJM( PMJK( NQd�K^�MJ( �d\( FMd]( K[( ^Oh
NQ[~M](FMdQ\^\I([EK�[OMJS(^\�QMdJM](JKE]M\K(O[K^~dK^[\S(d\](M\Rd\�M](J�^M\K^�^�(F^KMQd�G<(

 ^KR^\( KR^J( �QdOM�[Q�S( KRM( ~MQPJ( ­QMd]^\MJJ®( d\]( ­dP^F^KG®( �d\( PM( QMIdQ]M]( dJ( �[\�MNKEdFFG( JG\[\Gh
O[EJS(]M\[K^\I(KRM(E\]MQFG^\I(�[\]^K^[\([�(d\(^\]^~^]EdF<(­�Md]^\MJJ®(]M\[KMJ(KRM(~[F^K^[\dF(�[\JM\K([Q(JKdKM(
[�(PM^\I(�EFFG(NQMNdQM](K[(E\]MQKd�M(d(NdQK^�EFdQ(d�K^[\S(dJ(M�NF^�dKM](PG(L<¡<(£�RMI[~¯J(FM�^�[IQdNR^�dF(]M�^h
\^K^[\(ª9o(y|*«<(

�RM(�[\\M�K^[\(PMK�MM\(QMd]^\MJJS(dP^F^KGS(d\](�[ONMKM\�M(�d\(PM([PJMQ~M]( ^\( KRM(�[\KM�K([�(NQ[�MJh
J^[\dF(d\]([��ENdK^[\dF(][Od^\J<(£��^�^dF(NEPF^�dK^[\J(^\(~dQ^[EJ(]^J�^NF^\MJS(JE�R(dJ(M]E�dK^[\S(RMdFKR�dQMS(
M\I^\MMQ^\IS(d\](Od\dIMOM\KS(MONRdJ^�M(KRM(J^I\^�^�d\�M([�(^\]^~^]EdFJ¯(QMd]^\MJJ(d\](dP^F^KG(^\(]MO[\JKQdKh
^\I(NQ[�MJJ^[\dF(�[ONMKM\�M<(

Z[Q(M�dONFMS(^\(KRM(�^MF]([�(M]E�dK^[\S([��^�^dF(NEPF^�dK^[\J([\(KMd�RMQ(�[ONMKM\�M([�KM\(R^IRF^IRK(KRM(
^ON[QKd\�M([�(KMd�RMQJ¯(QMd]^\MJJ(K[(M��M�K^~MFG(M\IdIM(�^KR(JKE]M\KJS(�QMdKM(d(N[J^K^~M(FMdQ\^\I(M\~^Q[\OM\KS(
d\](MONF[G(dNNQ[NQ^dKM(^\JKQE�K^[\dF(JKQdKMI^MJ<(L^OEFKd\M[EJFGS(KRM(dP^F^KG(K[(dNNFG(NM]dI[I^�dF(�\[�FM]IMS(
JEP�M�K( OdKKMQ( M�NMQK^JMS( d\]( M��M�K^~M( �[OOE\^�dK^[\( J�^FFJ( ^J( \M�MJJdQG( K[( ]MO[\JKQdKM( �[ONMKM\�M( ^\(
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KMd�R^\I<(�G(R^IRF^IRK^\I( KRM( �[\\M�K^[\( PMK�MM\( QMd]^\MJJS( dP^F^KGS( d\](�[ONMKM\�MS( [��^�^dF( NEPF^�dK^[\J(
MONRdJ^�M(KRM(^ON[QKd\�M([�(d(R[F^JK^�(dNNQ[d�R(K[(NQ[�MJJ^[\dF(]M~MF[NOM\K<(�RMG(MONRdJ^�M(KRdK(�[ONMh
KM\�M(^J(\[K(J[FMFG(PdJM]([\(KRM[QMK^�dF(�\[�FM]IM([Q(KM�R\^�dF(J�^FFJ(PEK(dFJ[(QM¤E^QMJ(^\]^~^]EdFJ(K[(PM(NQMh
NdQM]S(�^FF^\IS(d\](�dNdPFM([�(dNNFG^\I(KRM^Q(dP^F^K^MJ(^\(NQd�K^�dF(�[\KM�KJ<(

 ^KR^\(KRM(JKQE�KEQM([�(OMKR[]^�dF(�[ONMKM\�MS(�<c<(¢dN�R^�(]^JK^\IE^JRMJ(K�[(�MG(�[ON[\M\KJz(JEPh
�M�Kh[Q^M\KM](�[ONMKM\�M(d\](NQ[�MJJ^[\dFFGh[Q^M\KM](�[ONMKM\�M<(�RM(�[QOMQ(NMQKd^\J(K[(KRM(KMd�RMQ¯J(OdJh
KMQG([�(JEP�M�KhJNM�^�^�(�\[�FM]IMS(OMKR[][F[I^MJS(d\](^\JKQE�K^[\dF(JKQdKMI^MJS(�R^FM(KRM(FdKKMQ(M\�[ONdJJMJ(
KRM^Q(PQ[d]MQ(NM]dI[I^�dF(d\](NQ[�MJJ^[\dF(�[ONMKM\�^MJ<(HJJMJJ^\I(KRM(�[QOdK^[\(d\](]M~MF[NOM\K([�(OMh
KR[]^�dF(�[ONMKM\�M(M\Kd^FJ(d\(M�dO^\dK^[\([�(KRM(�E\�K^[\dF(�[ON[\M\KJ([�(NM]dI[I^�dF(d�K^~^KGS(\dOMFG(KRM(
I\[JK^�(m�\[�FM]IMhPdJM]nS(]MJ^I\S(�[\JKQE�K^~MS(�[OOE\^�dK^~MS(d\]([QId\^�dK^[\dF(]^OM\J^[\J(ª*o(T)T«<(

�<H<(H][F�(^\(R^J(JKE]^MJ(d\](NEPF^�dK^[\J([\(OMKR[]^�dF(�[ONMKM\�M([�(�[ONEKMQ(J�^M\�M(KMd�RMQJ([�h
KM\(MONRdJ^�MJ(KRM(�[FF[�^\I(�MG(dJNM�KJz(

T<(�M�R\[F[I^�dF(g\[�FM]IM(d\](L�^FFJz(�[ONEKMQ(J�^M\�M(KMd�RMQJ(\MM](K[(N[JJMJJ(d(]MMN(E\]MQJKd\]h
^\I([�(~dQ^[EJ(KM�R\[F[I^MJS(J[�K�dQMS(RdQ]�dQMS(d\](]^I^KdF(K[[FJ(QMFM~d\K(K[(KRM^Q(JEP�M�K(dQMd<(�R^J(^\�FE]MJ(
NQ[�^�^M\�G( ^\( [NMQdK^\I( JGJKMOJS( NQ[IQdOO^\I( Fd\IEdIMJS( OEFK^OM]^d( �QMdK^[\S( ]dKd( d\dFGJ^JS( d\]( [KRMQ(
¡��hQMFdKM](J�^FFJ<(

,<(cM]dI[I^�dF(�[\KM\K(g\[�FM]IM(mc�gnz(�[ONEKMQ(J�^M\�M(KMd�RMQJ(JR[EF](Rd~M(d(J[F^](�[E\]dK^[\(
^\(P[KR(NM]dI[IG(d\](�[\KM\K(�\[�FM]IM<(�RMG(\MM](K[(E\]MQJKd\](R[�(K[(M��M�K^~MFG(KMd�R(KRM^Q(JEP�M�K(EJh
^\I(¡��(K[[FJ(�R^FM(�[\J^]MQ^\I(KRM(JNM�^�^�(FMdQ\^\I(\MM]JS(dP^F^K^MJS(d\](NQM�MQM\�MJ([�(KRM^Q(JKE]M\KJ<(

9<(¡\KMIQdK^[\([�(�M�R\[F[IGz(}��M�K^~M(^\KMIQdK^[\([�(KM�R\[F[IG(QM¤E^QMJ(�[ONEKMQ(J�^M\�M(KMd�RMQJ(K[(
Rd~M(KRM(dP^F^KG(K[(dF^I\(¡��(K[[FJ(d\](QMJ[EQ�MJ(�^KR(�EQQ^�EFEO(I[dFJ(d\]([P�M�K^~MJ<(�RMG(JR[EF](PM(dPFM(
K[(JMFM�K(d\](d]dNK(dNNQ[NQ^dKM(KM�R\[F[I^MJ(K[(M\Rd\�M(^\JKQE�K^[\dF(NQd�K^�MJ(d\](NQ[O[KM(d�K^~M(FMdQ\^\I<(

*<(s^I^KdF(�^K^�M\JR^N( d\](}KR^�Jz(�[ONEKMQ( J�^M\�M( KMd�RMQJ( JR[EF]( NQ[O[KM( QMJN[\J^PFM( d\]( MKR^�dF(
EJM([�(KM�R\[F[IG(dO[\I(KRM^Q(JKE]M\KJ<(�R^J(^\�FE]MJ(KMd�R^\I(]^I^KdF(�^K^�M\JR^N(J�^FFJS(d]]QMJJ^\I(�GPMQPEFh
FG^\I(d\]([\F^\M(Jd�MKG(^JJEMJS(d\](�[JKMQ^\I(�Q^K^�dF(KR^\�^\I(d\](]^I^KdF(F^KMQd�G<(

|<(�[\K^\E[EJ(cQ[�MJJ^[\dF(sM~MF[NOM\Kz(¬^~M\(KRM(QdN^](d]~d\�MOM\KJ(^\(KM�R\[F[IGS(�[ONEKMQ(J�^h
M\�M(KMd�RMQJ(JR[EF](M\IdIM(^\([\I[^\I(NQ[�MJJ^[\dF(]M~MF[NOM\K(d�K^~^K^MJ(K[(JKdG(ENhK[h]dKM(�^KR(KRM(FdKMJK(
KQM\]JS( K[[FJS(d\](PMJK(NQd�K^�MJ<(�R^J(^\�FE]MJ(NdQK^�^NdK^\I(^\(�[Q�JR[NJS(�[\�MQM\�MJS([\F^\M(�[EQJMJS(d\](
�[FFdP[QdK^\I(�^KR([KRMQ(M]E�dK[QJ(ª|o(T,|«<(

cEPF^�dK^[\J(^\(KR^J(�^MF]([�KM\(�[�EJ([\(�dJM(JKE]^MJS(�QdOM�[Q�JS(d\](IE^]MF^\MJ(�[Q(]M~MF[N^\I(d\](dJh
JMJJ^\I(KRM(OMKR[]^�dF(�[ONMKM\�M([�(�[ONEKMQ(J�^M\�M(KMd�RMQJ<(�RMG(]^J�EJJ(M��M�K^~M(^\JKQE�K^[\dF(JKQdKMh
I^MJS(^\\[~dK^~M(dNNQ[d�RMJ(K[(KM�R\[F[IG(^\KMIQdK^[\S(d\](KRM(^ONd�K([�(OMKR[]^�dF(�[ONMKM\�M([\(JKE]M\K(
M\IdIMOM\KS(O[K^~dK^[\S(d\](FMdQ\^\I([EK�[OMJ<(

£~MQdFFS(KRM(d\dFGJ^J([�(NEPF^�dK^[\J([\(KRM(OMKR[]^�dF(�[ONMKM\�M([�(�[ONEKMQ(J�^M\�M(KMd�RMQJ(E\]MQh
J�[QMJ(KRM(^ON[QKd\�M([�(KRM^Q(dP^F^KG(K[(M��M�K^~MFG(EK^F^�M(KM�R\[F[IG(^\(M]E�dK^[\dF(JMKK^\IJS(�R^FM(dFJ[(MONRdh
J^�^\I(KRM(\MM](�[Q(d(�[ONQMRM\J^~M(E\]MQJKd\]^\I([�(NM]dI[IGS(�[\KM\K(�\[�FM]IMS(d\](]^I^KdF(�^K^�M\JR^N<(

�RM(�[QOdK^[\([�(OMKR[]^�dF(�[ONMKM\�M(^\(�[ONEKMQ(J�^M\�M(KMd�RMQJ(OdKMQ^dF^�MJ(NdQK^�EFdQFG(]EQ^\I(
KRM(^\JKQE�K^[\([�(KRM(­�RM[QG(d\](�MKR[]J([�(�[ONEKMQ(L�^M\�M(�Md�R^\I®(�[EQJM<(sEQ^\I(KR^J(JKdIMS(JKEh
]M\KJ( dQM( M�NM�KM]( K[( d�¤E^QM( KRM( \M�MJJdQG( �\[�FM]IM( d\]( J�^FFJ( K[( NQ[�^�^M\KFG( KMd�R( �[ONEKMQ( J�^M\�M(
d�Q[JJ(~dQ^[EJ(NQ[�^�^M\�G(FM~MFJS(�R^FM(�[\J^]MQ^\I(KRM(d�[QMOM\K^[\M](�[\KM�KEdF(�d�K[QJ<(

�RM( �EFK^~dK^[\( [�(OMKR[]^�dF( �[ONMKM\�M( R[F]J( NdQdO[E\K( ^ON[QKd\�M( ^\( NQMNdQ^\I( �EKEQM( �[ONEKMQ(
J�^M\�M(KMd�RMQJ(K[(]MF^~MQ(KRM(JEP�M�K(OdKKMQ(M��M�K^~MFG(d\](�[\KQ^PEKM(OMd\^\I�EFFG(K[(KRM^Q(JKE]M\KJ¯(M]E�dh
K^[\dF(]M~MF[NOM\K<(�G(M¤E^NN^\I(KRMO(�^KR(KRM(\M�MJJdQG(J�^FFJ(d\](�\[�FM]IMS(^K(M\dPFMJ(KRMO(K[(\d~^IdKM(
KRM(�[ONFM�^K^MJ([�(KMd�R^\I(�[ONEKMQ(J�^M\�M(d\](d]dNK(K[(KRM(M~[F~^\I(M]E�dK^[\dF(Fd\]J�dNM(ª+o(y|«<(

HJ( ^K(RdJ(PMM\( JR[�\( ^\( JKE]G^\I( �EKEQM( �[ONEKMQ( J�^M\�M( KMd�RMQJ(�R[( Fd��(OMKR[]^�dF( �[ONMKM\�M(
OdG(M\�[E\KMQ(JM~MQdF(�RdFFM\IMJ(^\(KRM^Q(NQd�K^�M<(©MQM(dQM(J[OM(N[KM\K^dF(NQ[PFMOJ(KRMG(OdG(�d�Mz(

¡\M��M�K^~M( ¢MJJ[\( cFd\\^\Iz( ^KR[EK(OMKR[]^�dF( �[ONMKM\�MS( KMd�RMQJ(OdG( JKQEIIFM( K[( ]MJ^I\(�MFFh
JKQE�KEQM](d\](M\IdI^\I(FMJJ[\(NFd\J<(�RMG(OdG(�^\](^K(�RdFFM\I^\I(K[(JMK(�FMdQ(I[dFJS(JMFM�K(dNNQ[NQ^dKM(�[\h
KM\KS(d\](�R[[JM(JE^KdPFM(KMd�R^\I(OMKR[]J(d\](QMJ[EQ�MJ<(�R^J(�d\(QMJEFK(^\(]^J[QId\^�M](d\](FMJJ(M��M�K^~M(
^\JKQE�K^[\<(

s^��^�EFKG(¡\KMIQdK^\I(�M�R\[F[IGz(�MKR[]^�dF(�[ONMKM\�M( ^J(�QE�^dF( �[Q( ^\KMIQdK^\I( KM�R\[F[IG(M��M�h
K^~MFG(^\K[(�[ONEKMQ(J�^M\�M(M]E�dK^[\<(�Md�RMQJ(�R[(Fd��(KR^J(�[ONMKM\�M(OdG(JKQEIIFM(K[(^]M\K^�G(d\](EK^h
F^�M( dNNQ[NQ^dKM( KM�R\[F[I^�dF( K[[FJ( d\]( QMJ[EQ�MJ<(�RMG(OdG( �^\]( ^K( �RdFFM\I^\I( K[( ^\�[QN[QdKM( ^\KMQd�K^~M(
OEFK^OM]^dS( �[]^\I( NFdK�[QOJS( [Q( NQ[IQdOO^\I( J[�K�dQM( ^\K[( KRM^Q( FMJJ[\JS( �R^�R( �d\( R^\]MQ( JKE]M\K( M\h
IdIMOM\K(d\](FMdQ\^\I<(
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¢^O^KM](s^��MQM\K^dK^[\(d\](¡\]^~^]EdF^�dK^[\z(�MKR[]^�dF(�[ONMKM\�M(M\dPFMJ(KMd�RMQJ(K[(�dKMQ(K[(KRM(
]^~MQJM(\MM]J(d\](FMdQ\^\I(JKGFMJ([�(KRM^Q(JKE]M\KJ<( ^KR[EK(KR^J(�[ONMKM\�MS(KMd�RMQJ(OdG(JKQEIIFM(K[(d]dNK(
KRM^Q( ^\JKQE�K^[\( K[( d��[OO[]dKM( ^\]^~^]EdF( ]^��MQM\�MJ<( �RMG( OdG( Rd~M( ]^��^�EFKG( NQ[~^]^\I( dNNQ[NQ^dKM(
�RdFFM\IMJ(�[Q(d]~d\�M](JKE]M\KJ([Q(NQ[~^]^\I(d]]^K^[\dF(JENN[QK(�[Q(JKQEIIF^\I(FMdQ\MQJ<(

¡\JE��^�^M\K(HJJMJJOM\K( d\]( ZMM]Pd��z(�MKR[]^�dF( �[ONMKM\�M( ^\�FE]MJ( KRM( dP^F^KG( K[( dJJMJJ( JKE]M\K(
FMdQ\^\I(M��M�K^~MFG(d\](NQ[~^]M(�[\JKQE�K^~M(�MM]Pd��<(�Md�RMQJ(Fd��^\I(KR^J(�[ONMKM\�M(OdG(�d�M(�RdFFM\Ih
MJ(^\(]MJ^I\^\I(OMd\^\I�EF(dJJMJJOM\KJS(M~dFEdK^\I(JKE]M\K(NQ[IQMJJS(d\](NQ[~^]^\I(KdQIMKM](�MM]Pd��<(�R^J(
�d\(^ONd�K(KRM^Q(dP^F^KG(K[(O[\^K[Q(JKE]M\K(NMQ�[QOd\�M(d\](IE^]M(KRM^Q(FMdQ\^\I(M��M�K^~MFG<(

 Md�(�FdJJQ[[O(�d\dIMOM\Kz(�MKR[]^�dF( �[ONMKM\�M( M�KM\]J( K[(Od\dI^\I( KRM( �FdJJQ[[O( M\~^Q[\h
OM\K( d\](Od^\Kd^\^\I( ]^J�^NF^\M<(�Md�RMQJ(�R[( Fd��( KR^J( �[ONMKM\�M(OdG( �d�M( ]^��^�EFK^MJ( ^\( MJKdPF^JR^\I(
�FMdQ( M�NM�KdK^[\JS(Od\dI^\I( JKE]M\K(PMRd~^[QS( d\](�QMdK^\I( d( N[J^K^~M( d\]( M\IdI^\I( FMdQ\^\I( dKO[JNRMQM<(
�R^J(�d\(]^JQENK(KRM(FMdQ\^\I(NQ[�MJJ(d\](^ONM]M(JKE]M\K(d�R^M~MOM\K<(

¢^O^KM](cQ[�MJJ^[\dF(¬Q[�KRz(�MKR[]^�dF(�[ONMKM\�M(^\~[F~MJ(d(�[OO^KOM\K(K[([\I[^\I(NQ[�MJJ^[\dF(
]M~MF[NOM\K( d\]( JKdG^\I( EN]dKM]( �^KR( KRM( FdKMJK( QMJMdQ�R( d\]( NQd�K^�MJ( ^\( �[ONEKMQ( J�^M\�M( M]E�dK^[\<(
�Md�RMQJ( Fd��^\I( KR^J( �[ONMKM\�M(OdG( JKQEIIFM( K[( M\IdIM( ^\( �[\K^\E[EJ( FMdQ\^\IS( FMd]^\I( K[( JKdI\dK^[\( ^\(
KRM^Q(KMd�R^\I(OMKR[]J(d\](F^O^KM](NQ[�MJJ^[\dF(IQ[�KR(ª)o(,+y«<(

�[(d]]QMJJ(KRMJM(�RdFFM\IMJS(�EKEQM(�[ONEKMQ(J�^M\�M(KMd�RMQJ(�d\(NQ^[Q^K^�M(]M~MF[N^\I(KRM^Q(OMKR[]^�dF(
�[ONMKM\�M(KRQ[EIR(KdQIMKM](KQd^\^\IS(NQ[�MJJ^[\dF(]M~MF[NOM\K(NQ[IQdOJS(d\](OM\K[QJR^N([NN[QKE\^K^MJ<(�G(
M\Rd\�^\I(KRM^Q(�\[�FM]IMS(J�^FFJS(d\](JKQdKMI^MJ(^\(^\JKQE�K^[\dF(]MJ^I\S(KM�R\[F[IG(^\KMIQdK^[\S(dJJMJJOM\KS(
d\](�FdJJQ[[O(Od\dIMOM\KS(KRMG(�d\([~MQ�[OM(KRMJM(N[KM\K^dF(NQ[PFMOJ(d\](NQ[~^]M(R^IRh¤EdF^KG(�[ONEKMQ(
J�^M\�M(M]E�dK^[\(K[(KRM^Q(JKE]M\KJ(ªyo(,*9«<(

�G(d��\[�FM]I^\I(d\](NQ[d�K^~MFG(d]]QMJJ^\I(KRMJM(OMKR[]^�dF(^\KQ^�d�^MJS(M]E�dK[QJ(�d\(PMKKMQ(JENN[QK(
JKE]M\KJ(]EQ^\I(KRM^Q(NQd�K^�dF(^\KMQ\JR^N(^\(KRM(­�RM[QG(d\](�MKR[]J([�(�Md�R^\I(�[ONEKMQ(L�^M\�M®(�[EQJM<(

�RM(JEQ~MG(QMJEFKJ(Rd~M(NQ[~^]M](~dFEdPFM(^\J^IRKJ(^\K[(KRM(�RdFFM\IMJ(�d�M](PG(�[ONEKMQ(J�^M\�M(KMd�Rh
MQ(^\(~dQ^[EJ(dJNM�KJ([�(KRM^Q(�dQMMQ<(�RM(�^\]^\IJ(QM~MdF(KRdK(d(J^I\^�^�d\K(NQ[N[QK^[\([�(QMJN[\]M\KJ(M\�[E\h
KMQ(]^��^�EFK^MJ(^\(JM~MQdF(�MG(dQMdJ<(�[KdPFGS(9|(°([�(NdQK^�^Nd\KJ(JKQEIIFM(�^KR(JMF�hd\dFGJ^J([�( KRM( FMJJ[\S(
^\]^�dK^\I(d(Fd��([�(NQ[�^�^M\�G(^\(�Q^K^�dFFG(dJJMJJ^\I(KRM^Q([�\(KMd�R^\I(NQd�K^�MJ<(ZEQKRMQO[QMS(,T(°(�d�M(
�RdFFM\IMJ(^\(JMKK^\I(�FMdQ(FMJJ[\(I[dFJ(d\](JMFM�K^\I(dNNQ[NQ^dKM(�[\KM\KS(E\]MQJ�[Q^\I(N[KM\K^dF(JR[QK�[Oh
^\IJ(^\(^\JKQE�K^[\dF(NFd\\^\I<(�RM(dFF[�dK^[\([�(K^OM(d�Q[JJ(]^��MQM\K(JKdIMJ([�(KRM(FMJJ[\(NQ[~MJ(K[(PM(NQ[Ph
FMOdK^�(�[Q(9)(°([�(QMJN[\]M\KJS(R^IRF^IRK^\I(KRM(\MM](�[Q(^ONQ[~M](K^OM(Od\dIMOM\K(J�^FFJ<(H]]^K^[\dFFGS(
TU(°([�(�[ONEKMQ(L�^M\�M(KMd�RMQJ(�^\](^K(�RdFFM\I^\I(K[(]M~MF[N(^\]^~^]EdF(NQd�K^�dF(KdJ�J(KRdK(^\�[QN[QdKM(
�[ONEKMQ(�[Q�S(JEIIMJK^\I(d(\MM](�[Q(M\Rd\�M](�QMdK^~^KG(d\](NM]dI[I^�dF(^\\[~dK^[\<(

�[K^~dK^\I(JKE]M\KJ( K[(M\IdIM(�^KR( KRM( FMJJ[\( K[N^�(MOMQIMJ(dJ(d( J^I\^�^�d\K(�[\�MQ\S(dJ(**(°([�( QMh
JN[\]M\KJ(JKQEIIFM(^\(KR^J(dQMd<(�R^J(�^\]^\I(N[^\KJ(K[(N[KM\K^dF(]^��^�EFK^MJ(^\(�[JKMQ^\I(JKE]M\K(^\KMQMJK(d\](
^\KQ^\J^�(O[K^~dK^[\<(�d^\Kd^\^\I(]^J�^NF^\M(^\(KRM(�FdJJQ[[O(^J(dFJ[(d(\[KM�[QKRG(^JJEMS(�^KR(99(°([�(NdQK^�^h
Nd\KJ(�d�^\I(�RdFFM\IMJ(^\(KR^J(QMIdQ]S(E\]MQJ�[Q^\I(KRM(^ON[QKd\�M([�(M��M�K^~M(�FdJJQ[[O(Od\dIMOM\K(JKQdKh
MI^MJ<(�[QM[~MQS( KRM(]M~MF[NOM\K([�(]^]d�K^�(OdKMQ^dFJ(N[JMJ(d(REQ]FM(�[Q(9:(°([�(NdQK^�^Nd\KJS(JEIIMJK^\I(
KRM(\MM](�[Q(^ONQ[~M](^\JKQE�K^[\dF(QMJ[EQ�M(�QMdK^[\(J�^FFJ<(H\[KRMQ(\[KM�[QKRG(�^\]^\I(^J(KRdK(,y(°([�(QMh
JN[\]M\KJ( M\�[E\KMQ( ]^��^�EFK^MJ( ^\( JMFM�K^\I( KdJ�J( KRdK( �d�^F^KdKM( KRM( �[QOdK^[\( d\]( ]M~MF[NOM\K( [�( ^\�[Qh
OdK^[\(d\](�[OOE\^�dK^[\(KM�R\[F[IG(�[ONMKM\�^MJ(dO[\I(KRM^Q(JKE]M\KJ(mZ^I<(Tn<(

(

Z^IEQM(T<(�RdFFM\IMJ(Zd�M](PG(�[ONEKMQ(L�^M\�M(�Md�RMQJ(

[IG( ON \I mZ^I n
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�RMJM(�^\]^\IJ(�[FFM�K^~MFG(^\]^�dKM(KRdK(JKE]M\KJ([�KM\(JKQEIIFM(K[(dNNFG(KRM^Q(�\[�FM]IM(d\](J�^FFJ(^\(
E\�dO^F^dQ(�[\KM�KJS(�R^�R(R^\]MQ(KRM^Q(NQd�K^�dF(QMd]^\MJJ(d\](^\R^P^KJ(�QMdK^~^KG(^\(KRM^Q(^\JKQE�K^[\dF(d�K^~^h
K^MJ<(�[(d]]QMJJ(KRMJM(�RdFFM\IMJS(^K(^J(^ONMQdK^~M(�[Q(�EKEQM(�[ONEKMQ(J�^M\�M(KMd�RMQJ(E\]MQI[^\I(E\^~MQJ^KG(
M]E�dK^[\(K[(M~[F~M(^\K[(KMd�RMQhOMKR[][F[I^JKJ<(�MG[\](d�¤E^Q^\I(�[ONQMRM\J^~M(JEP�M�K(�\[�FM]IMS(KM�Rh
\^�dF(J�^FFJS(d\](NM]dI[I^�dF(dP^F^K^MJS(KRMJM(dJN^Q^\I(M]E�dK[QJ(OEJK(�EFK^~dKM(M�NMQK^JM(^\(KMd�R^\I(OMKR[][Fh
[IG(ªUo()«<(

�d�^\I(d\(d\dFGJ^J([�(F^KMQdKEQM(d��[Q]^\I(K[(OMKR[]^�dF(�[ONMKM\�MS(^K(JR[EF](PM(\[KM](KRdK(�<(¬dQ�^d(
�[OO[\FG(JEIIMJKJ(K[(Qd^JM(KRM(FM~MF([�(OMKR[]^�dF(�[ONMKM\�M(�[Q(�[ONEKMQ(J�^M\�M(KMd�RMQJ<(©M(NQ[~^]MJ(
J[FEK^[\J(d^O(K[(M\Rd\�M(�EKEQM(�[ONEKMQ(L�^M\�M(�Md�RMQJ§(NM]dI[I^�dF(J�^FFJ(d\](�\[�FM]IM(^\(�[ONEKMQ(
J�^M\�M(M]E�dK^[\(ªT:o(99*«<(�R^J(JKQdKMIG(�d\(PM(JR[�\(dJ(�[FF[�^\I(mZ^I<(,nz(
(

�dOM( sMJ�Q^NK^[\(
cQ[�MJJ^[\dF(sM~MF[NOM\K(cQ[h
IQdOJ(

�[ONEKMQ(J�^M\�M(KMd�RMQJ(dQM(QM�[OOM\]M](K[(NdQK^�^NdKM(^\(NQ[�MJJ^[\dF(]M~MFh
[NOM\K(NQ[IQdOJ(JNM�^�^�dFFG(]MJ^I\M](K[(M\Rd\�M(KRM^Q(OMKR[]^�dF(�[ONMKM\�M<(
�RMJM(NQ[IQdOJ(OdG(^\�FE]M(�[Q�JR[NJS(JMO^\dQJS(�[\�MQM\�MJS(d\](�[EQJMJ(�[h
�EJM]([\(^\JKQE�K^[\dF(JKQdKMI^MJS(�EQQ^�EFEO(]M~MF[NOM\KS(dJJMJJOM\K(OMKR[]JS(d\](
KM�R\[F[IG(^\KMIQdK^[\<(}\IdI^\I(^\(�[\K^\E[EJ(FMdQ\^\I([NN[QKE\^K^MJ(�d\(RMFN(
KMd�RMQJ(JKdG(EN]dKM](�^KR(KRM(FdKMJK(M]E�dK^[\dF(NQd�K^�MJ(d\](^ONQ[~M(KRM^Q(KMd�Rh
^\I(M��M�K^~M\MJJ<(

�M\K[Q^\I(d\](�[FFdP[QdK^[\( �[FFdP[QdK^~M(FMdQ\^\I(d\](OM\K[Q^\I(QMFdK^[\JR^NJ(�d\(IQMdKFG(�[\KQ^PEKM(K[(KRM(
]M~MF[NOM\K([�(OMKR[]^�dF(�[ONMKM\�M<(�[ONEKMQ(J�^M\�M(KMd�RMQJ(dQM(JEIIMJKM](
K[(JMM�(IE^]d\�M(�Q[O(M�NMQ^M\�M](M]E�dK[QJ([Q(OM\K[QJ(�R[(�d\(NQ[~^]M(JENN[QKS(
JRdQM(M��M�K^~M(^\JKQE�K^[\dF(NQd�K^�MJS(d\]([��MQ(�[\JKQE�K^~M(�MM]Pd��<(�[FFdP[QdKh
^\I(�^KR(�[FFMdIEMJ(�^KR^\(d\]([EKJ^]M(KRM(�^MF]([�(�[ONEKMQ(J�^M\�M(M]E�dK^[\(�d\(
dFJ[(�[JKMQ(NQ[�MJJ^[\dF(IQ[�KR(d\](KRM(M��Rd\IM([�(^\\[~dK^~M(KMd�R^\I(dNNQ[d�RMJ(

�M�FM�K^~M(cQd�K^�M( }\�[EQdI^\I(�[ONEKMQ(J�^M\�M(KMd�RMQJ(K[(M\IdIM(^\(QM�FM�K^~M(NQd�K^�M(^J(d\[KRMQ(
JEIIMJKM](J[FEK^[\<(�R^J(^\~[F~MJ(QMIEFdQFG(QM�FM�K^\I([\(KRM^Q(KMd�R^\I(OMKR[]JS(
dJJMJJ^\I(KRM(M��M�K^~M\MJJ([�(KRM^Q(^\JKQE�K^[\dF(JKQdKMI^MJS(d\](^]M\K^�G^\I(dQMdJ(�[Q(
^ONQ[~MOM\K<(�Md�RMQJ(�d\(QM�FM�K([\(KRM^Q(FMJJ[\JS(JMM�(�MM]Pd��(�Q[O(JKE]M\KJ(
d\](�[FFMdIEMJS(d\](Od�M(d]�EJKOM\KJ(K[(M\Rd\�M(KRM^Q(OMKR[]^�dF(�[ONMKM\�M([~MQ(
K^OM<(

cMMQ(£PJMQ~dK^[\(d\](ZMM]Pd��( cMMQ([PJMQ~dK^[\(d\](�MM]Pd��(�d\(PM(~dFEdPFM(K[[FJ(�[Q(^ONQ[~^\I(OMKR[]^�dF(
�[ONMKM\�M<(�[ONEKMQ(J�^M\�M(KMd�RMQJ(dQM(QM�[OOM\]M](K[(M\IdIM(^\(NMMQ([PJMQh
~dK^[\S(�RMQM(KRMG([PJMQ~M(d\](NQ[~^]M(�MM]Pd��(K[(KRM^Q(�[FFMdIEMJS(d\](~^�M(~MQJd<(
�R^J(NQ[�MJJ(dFF[�J(KMd�RMQJ(K[(Id^\(^\J^IRKJ(^\K[(dFKMQ\dK^~M(KMd�R^\I(OMKR[]JS(QMh
�M^~M(�[\JKQE�K^~M(�Q^K^�^JOS(d\](^ONFMOM\K(\M�(dNNQ[d�RMJ(^\(KRM^Q([�\(�FdJJh
Q[[OJ<(

�[FFdP[QdK^[\(�^KR(¡\]EJKQG(cQ[h
�MJJ^[\dFJ(

�[FFdP[QdK^\I(�^KR(^\]EJKQG(NQ[�MJJ^[\dFJ(^\(KRM(�^MF]([�(�[ONEKMQ(J�^M\�M(�d\(M\h
Q^�R(KRM(OMKR[]^�dF(�[ONMKM\�M([�(KMd�RMQJ<(�R^J(�d\(^\~[F~M(^\~^K^\I(IEMJK(JNMd�h
MQJ(�Q[O(KRM(^\]EJKQGS(dQQd\I^\I(^\]EJKQG(~^J^KJS([Q(MJKdPF^JR^\I(NdQK\MQJR^NJ(�^KR(
KM�R\[F[IG(�[ONd\^MJ<(LE�R(�[FFdP[QdK^[\J(�d\(NQ[~^]M(KMd�RMQJ(�^KR(QMdFh�[QF](
^\J^IRKJS(^\]EJKQGhQMFM~d\K(�\[�FM]IMS(d\](KRM([NN[QKE\^KG(K[(^\�[QN[QdKM(dEKRM\K^�(
M�NMQ^M\�MJ(^\K[(KRM^Q(KMd�R^\I<(

}\IdI^\I(^\(�MJMdQ�R(d\](cEPF^h
�dK^[\J(

�RM(^ON[QKd\�M([�(M\IdI^\I(^\(QMJMdQ�R(d\](NEPF^�dK^[\J(K[(^ONQ[~M(OMKR[]^�dF(
�[ONMKM\�M(^J(MONRdJ^�M](�[\]E�K^\I(QMJMdQ�R(JKE]^MJ(QMFdKM](K[(�[ONEKMQ(J�^M\�M(
M]E�dK^[\S(NQMJM\K^\I(�^\]^\IJ(dK(�[\�MQM\�MJS(d\](NEPF^JR^\I(^\(d�d]MO^�(�[EQ\dFJ(
�d\(]MMNM\(KMd�RMQJ¯(E\]MQJKd\]^\I([�(NM]dI[I^�dF(NQd�K^�MJS(�[JKMQ(�Q^K^�dF(KR^\�^\I(
J�^FFJS(d\](�[\KQ^PEKM(K[(KRM([~MQdFF(d]~d\�MOM\K([�(KRM(�^MF]<(

Z^IEQM(,<(LKQdKMIG(K[(M\Rd\�M(�EKEQM(�[ONEKMQ(L�^M\�M(�Md�RMQJ§(OMKR[]^�dF(�[ONMKM\�M(

(
�G(^ONFMOM\K^\I(KRMJM(J[FEK^[\JS(�[ONEKMQ(J�^M\�M(KMd�RMQJ(�d\(M\Rd\�M(KRM^Q(OMKR[]^�dF(�[ONMKM\�MS(

QM�^\M( KRM^Q( ^\JKQE�K^[\dF(NQd�K^�MJS( d\](NQ[~^]M(O[QM(M��M�K^~M(d\](M\IdI^\I( FMdQ\^\I(M�NMQ^M\�MJ( �[Q( KRM^Q(
JKE]M\KJ<(¡K(^J(^ON[QKd\K(�[Q(KMd�RMQJ(K[(�[\K^\E[EJFG(JMM�([NN[QKE\^K^MJ(�[Q(NQ[�MJJ^[\dF(IQ[�KR(d\](JKQ^~M(�[Q(
M��MFFM\�M(^\(KRM^Q(KMd�R^\I<(
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Results and Discussion

�MKR[]^�dF(�[ONMKM\�M(NFdGJ(d(�QE�^dF(Q[FM(^\(KRM(NQ[�MJJ^[\dF(]M~MF[NOM\K([�(�EKEQM(KMd�RMQJS(NdQK^�Eh
FdQFG(^\(KRM(�^MF]([�(�[ONEKMQ(J�^M\�M(M]E�dK^[\<(�R^J(JKE]G(d^OM](K[(dJJMJJ(KRM(FM~MF([�(OMKR[]^�dF(�[ONMh
KM\�M(dO[\I(d(IQ[EN([�(|:(�[ONEKMQ(L�^M\�M(JKE]M\KJ(dK(L<(LM^�EFF^\(gd�d�R(HIQ[h�M�R\^�dF(�\^~MQJ^KG<(�G(
d]O^\^JKMQ^\I(d(¤EMJK^[\\d^QM(d\](d\dFG�^\I(KRM(QMJN[\JMJS(KRM(JKE]G(J[EIRK(K[(]MKMQO^\M(KRM(JKE]M\KJ¯(E\]MQh
JKd\]^\I(d\](dNNF^�dK^[\([�(OMKR[]^�dF(�[ONMKM\�M(d\](^]M\K^�G(dQMdJ([�(^ONQ[~MOM\K<(�RM(QMJMdQ�R(PE^F]J(
EN[\(KRM(�[Q�([�(QM\[�\M](J�R[FdQJ(^\(KRM(�^MF]S(^\�FE]^\I(�<c<(¢dN�R^�S(�<H<(H][F�S(d\](sEJR�[~(�<(ªTTo(
9+*«<(

�RM(NdQK^�^Nd\KJ(^\(KRM(JKE]G(�MQM(|:(E\]MQIQd]EdKM(�[ONEKMQ(L�^M\�M(JKE]M\KJS(JMFM�KM](KRQ[EIR(Qd\h
][O(JdONF^\I<(�RM(¤EMJK^[\\d^QM(EJM]( ^\( KRM(JKE]G(�dJ(]MJ^I\M](PdJM]([\( KRM( KRM[QMK^�dF( �QdOM�[Q�(NQ[h
N[JM](PG(�<c<(¢dN�R^�S(�<H<(H][F�S(d\](sEJR�[~(�<(¡K( �[ONQ^JM](¤EMJK^[\J( QMFdKM]( K[( KRM( �[ON[\M\KJ([�(
OMKR[]^�dF(�[ONMKM\�MS(JE�R(dJ(I[dF(JMKK^\IS(�[\KM\K(JMFM�K^[\S(^\JKQE�K^[\dF(JKQdKMI^MJS(dJJMJJOM\K(OMKR[]JS(
d\](d]dNKdP^F^KG( K[(JKE]M\KJ¯(\MM]J<(�RM(¤EMJK^[\\d^QM(dFJ[( ^\�FE]M]([NM\hM\]M](¤EMJK^[\J( K[(MF^�^K(]MKd^FM](
QMJN[\JMJ(d\](M�dONFMJ(�Q[O(KRM(NdQK^�^Nd\KJ(ªT,o(U*«<(

©MQM(dQM(J[OM(M�dONFMJ([�(KRM(¤EMJK^[\J(KRdK(�MQM(^\�FE]M](^\(KRM(¤EMJK^[\\d^QMz(
¬[dF(LMKK^\Iz(©[�(^ON[QKd\K(][(G[E(KR^\�(^K(^J(K[(�FMdQFG(dQK^�EFdKM(KRM(I[dFJ(d\]([P�M�K^~MJ([�(d(FMJJ[\±(

�d\(G[E(NQ[~^]M(d\(M�dONFM([�(d(�MFFh]M�^\M](FMJJ[\([P�M�K^~M±(
�[\KM\K(LMFM�K^[\z(©[�(][(G[E(]MKMQO^\M(KRM(QMFM~d\�M(d\](dNNQ[NQ^dKM\MJJ([�(KRM(�[\KM\K(�[Q(d(NdQK^�h

EFdQ(FMJJ[\±(�[EF](G[E(NQ[~^]M(d\(M�dONFM([�(d(FMJJ[\(�RMQM(G[E(M��M�K^~MFG(JMFM�KM](KRM(�[\KM\K±(
¡\JKQE�K^[\dF(LKQdKMI^MJz( RdK(KMd�R^\I(OMKR[]J([Q(KM�R\^¤EMJ(][(G[E(EJM(K[(M\IdIM(JKE]M\KJ(d\](�d�^F^h

KdKM(KRM^Q(FMdQ\^\I±(�d\(G[E(I^~M(d\(M�dONFM([�(d(FMJJ[\(�RMQM(G[E(MONF[GM](]^��MQM\K(^\JKQE�K^[\dF(JKQdKMh
I^MJ(K[(d��[OO[]dKM(]^~MQJM(FMdQ\MQJ±(

HJJMJJOM\K(�MKR[]Jz(©[�(][(G[E(dJJMJJ(JKE]M\KJ¯(E\]MQJKd\]^\I(d\](NQ[IQMJJ(^\(G[EQ(FMJJ[\J±(�[EF](
G[E(JRdQM(d\(M�dONFM([�(d\(dJJMJJOM\K(OMKR[](KRdK(G[E(�^\](M��M�K^~M(^\(M~dFEdK^\I(JKE]M\K(FMdQ\^\I±(

H]dNKdP^F^KG(K[(LKE]M\KJ¯(�MM]Jz(©[�(][(G[E(Kd^F[Q(G[EQ(FMJJ[\J(K[(OMMK(KRM(^\]^~^]EdF(\MM]J(d\](FMdQ\h
^\I(JKGFMJ([�(G[EQ(JKE]M\KJ±(�d\(G[E(NQ[~^]M(d\(M�dONFM([�(R[�(G[E(Rd~M(d]dNKM](d(FMJJ[\(K[(d��[OO[]dKM(
JKE]M\KJ(�^KR(]^��MQM\K(dP^F^K^MJ([Q(Pd��IQ[E\]J±(

�RMJM(dQM(�EJK(d(�M�(M�dONFMJ([�(KRM(KGNMJ([�(¤EMJK^[\J(KRdK(�MQM(^\�FE]M](^\(KRM(¤EMJK^[\\d^QM(K[(dJJMJJ(
KRM(FM~MF([�(OMKR[]^�dF(�[ONMKM\�M(dO[\I(KRM(NdQK^�^Nd\KJ<(

�RM( d\dFGJ^J( [�( KRM( ¤EMJK^[\\d^QM( QMJN[\JMJ( NQ[~^]M]( ~dFEdPFM( ^\J^IRKJ( ^\K[( KRM( FM~MF( [�( OMKR[]^�dF(
�[ONMKM\�M(dO[\I(KRM(�[ONEKMQ(L�^M\�M(JKE]M\KJ<(£~MQdFFS(KRM(NdQK^�^Nd\KJ(]MO[\JKQdKM](d(O[]MQdKM(FM~MF(
[�(OMKR[]^�dF(�[ONMKM\�MS(�^KR(~dQG^\I(NMQ�M\KdIMJ(d�Q[JJ(]^��MQM\K(�[ON[\M\KJ<(

 RM\(dJ�M](dP[EK(I[dF(JMKK^\IS(+|(°([�(JKE]M\KJ(^\]^�dKM](d(�FMdQ(E\]MQJKd\]^\I([�(KRM(^ON[QKd\�M([�(
JMKK^\I(�FMdQ([P�M�K^~MJ(�[Q(KRM^Q(FMJJ[\J<(©[�M~MQS([\FG(*:(°(]MO[\JKQdKM](NQ[�^�^M\�G(^\(JMFM�K^\I(dNNQ[h
NQ^dKM(�[\KM\K(KRdK(dF^I\J(�^KR(KRM(�EQQ^�EFEO<(�R^J(JEIIMJKJ(KRM(\MM](�[Q(�EQKRMQ(]M~MF[NOM\K(^\(�[\KM\K(JMh
FM�K^[\(J�^FFJ<(

�MIdQ]^\I( ^\JKQE�K^[\dF(JKQdKMI^MJS(||(°([�(JKE]M\KJ(]^JNFdGM](d(]^~MQJM(Qd\IM([�( KMd�R^\I(OMKR[]J( K[(
�dKMQ( K[(]^��MQM\K(FMdQ\^\I(JKGFMJ(d\](dP^F^K^MJ<(©[�M~MQS(9:(°(M�NQMJJM](�RdFFM\IMJ( ^\( KR^J(dQMdS( ^\]^�dK^\I(
Q[[O( �[Q( ^ONQ[~MOM\K<( L^O^FdQFGS( *|(°( [�( JKE]M\KJ( M�R^P^KM]( M��M�K^~M( dJJMJJOM\K( OMKR[]JS( �R^FM( ,|(°(
�d�M](]^��^�EFK^MJ(^\(dJJMJJ^\I(JKE]M\K(FMdQ\^\I<(

¡\( KRM([NM\hM\]M](¤EMJK^[\JS( JKE]M\KJ(NQ[~^]M](M�dONFMJ( KRdK(R^IRF^IRKM]( KRM^Q(E\]MQJKd\]^\I([�(OMh
KR[]^�dF(�[ONMKM\�M<(Z[Q(^\JKd\�MS():(°(MONRdJ^�M](KRM(J^I\^�^�d\�M([�(d]dNKdP^F^KG(K[(JKE]M\KJ¯(^\]^~^]EdF(
\MM]J(d\](NQM�MQM\�MJ<(�[QM[~MQS(+:(°(R^IRF^IRKM](KRM(^ON[QKd\�M([�(^\�[QN[QdK^\I(KM�R\[F[IG(d\](^\KMQd�h
K^~M(FMdQ\^\I(d�K^~^K^MJ(K[(M\Rd\�M(JKE]M\K(M\IdIMOM\K<(

�RM(M�NMQ^OM\KdF(JKE]G(�[\]E�KM](dK(L<(LM^�EFF^\(gd�d�R(HIQ[h�M�R\^�dF(�\^~MQJ^KG(QM~MdFM](KRdK(KRM(
NdQK^�^NdK^\I(�[ONEKMQ(L�^M\�M( JKE]M\KJ(]MO[\JKQdKM]( d(O[]MQdKM( FM~MF([�(OMKR[]^�dF( �[ONMKM\�M<( R^FM(
KRM(JKE]M\KJ(]^JNFdGM](d(I[[](E\]MQJKd\]^\I([�(I[dF(JMKK^\I(d\](J[OM(NQ[�^�^M\�G(^\(^\JKQE�K^[\dF(JKQdKMI^MJ(
d\](dJJMJJOM\K(OMKR[]JS(KRMQM(�MQM(dQMdJ(KRdK(QM¤E^QM(�EQKRMQ(dKKM\K^[\<(

LNM�^�^�dFFGS(�[\KM\K(JMFM�K^[\(d\](]^~MQJ^�G^\I(^\JKQE�K^[\dF(JKQdKMI^MJ(\MM](^ONQ[~MOM\KS(dJ(^\]^�dKM](
PG(KRM(F[�MQ(NMQ�M\KdIMJ<(�G(d]]QMJJ^\I(KRMJM(dQMdJ(KRQ[EIR(KdQIMKM](KQd^\^\I(d\](NQ[�MJJ^[\dF(]M~MF[NOM\K(
NQ[IQdOJS( KRM(E\^~MQJ^KG(�d\(M\Rd\�M( KRM(OMKR[]^�dF(�[ONMKM\�M([�( �EKEQM(�[ONEKMQ( J�^M\�M( KMd�RMQJ( ªT9o(
,9|«<(
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�RM(M�dONFMJ(NQ[~^]M](PG(KRM(JKE]M\KJ(^\(KRM([NM\hM\]M](¤EMJK^[\J(dF^I\(�^KR(KRM(QMJMdQ�R(�[\]E�KM](
PG( £O^QPdGM~S( L<S( �E�RdKdGM~S( H<S( �^F[JR�RGKJ�G^S( H<S( MONRdJ^�^\I( KRM( ^ON[QKd\�M( [�( d]dNKdP^F^KG( d\](
KM�R\[F[I^�dF(^\KMIQdK^[\(^\(OMKR[]^�dF(�[ONMKM\�M(ªT*o(T,|«<(

£~MQdFFS( PG( ^\~MJK^\I( ^\( KRM( ]M~MF[NOM\K( [�(OMKR[]^�dF( �[ONMKM\�M( dO[\I( �EKEQM( �[ONEKMQ( J�^M\�M(
KMd�RMQJS(KRM(E\^~MQJ^KG(�d\(M\JEQM(d(R^IRMQ(¤EdF^KG([�(M]E�dK^[\(d\](PMKKMQ(JKE]M\K([EK�[OMJ<(

Conclusions

�RM(�^\]^\IJ([�(KRM(JKE]G(^\]^�dKM](d(]^~MQJM(Qd\IM([�(QMJN[\JMJ(dO[\I(KRM(NdQK^�^Nd\KJS(QM�FM�K^\I(]^�h
�MQM\K(FM~MFJ([�(OMKR[]^�dF(�[ONMKM\�M<( R^FM(J[OM(NdQK^�^Nd\KJ(]MO[\JKQdKM](d(JKQ[\I(IQdJN([�(OMKR[]^�dF(
�[ONMKM\�MS(JR[��dJ^\I( KRM(dP^F^KG( K[(JMK(�FMdQ(I[dFJS(JMFM�K(dNNQ[NQ^dKM(�[\KM\KS(MONF[G(M��M�K^~M( ^\JKQE�h
K^[\dF(JKQdKMI^MJS(EK^F^�M(~dQ^M](dJJMJJOM\K(OMKR[]JS(d\](d]dNK(K[(JKE]M\KJ¯(\MM]JS([KRMQJ(M�R^P^KM](dQMdJ(�[Q(
^ONQ[~MOM\K(^\(KRMJM(][Od^\J<(

�RM(QMJEFKJ(MONRdJ^�M(KRM(^ON[QKd\�M([�(M\Rd\�^\I(OMKR[]^�dF(�[ONMKM\�M(dO[\I(�EKEQM(�[ONEKMQ(J�^h
M\�M(KMd�RMQJ(K[(M\JEQM(M��M�K^~M(d\](JKE]M\Kh�M\KMQM](KMd�R^\I(NQd�K^�MJ<(�G(]M~MF[N^\I(d(Q[PEJK(OMKR[]^�dF(
�[ONMKM\�M( �QdOM�[Q�S( M\�[ONdJJ^\I( I[dF( JMKK^\IS( �[\KM\K( JMFM�K^[\S( ^\JKQE�K^[\dF( JKQdKMI^MJS( dJJMJJOM\K(
OMKR[]JS(d\](d]dNKdP^F^KG( K[( JKE]M\KJ¯(\MM]JS( KMd�RMQ(M]E�dK^[\(NQ[IQdOJ(�d\(PMKKMQ(M¤E^N( �EKEQM(�[ONEKMQ(
J�^M\�M(KMd�RMQJ(�^KR(KRM(\M�MJJdQG(J�^FFJ(d\](�\[�FM]IM(K[(M��MF(^\(KRM^Q(NQ[�MJJ^[\<(

�[(Qd^JM(KRM(FM~MF([�(OMKR[]^�dF(�[ONMKM\�MS(KRM(JKE]G(JEIIMJKJ(KRM(^ONFMOM\KdK^[\([�(KdQIMKM](^\KMQh
~M\K^[\J( d\]( NQ[�MJJ^[\dF( ]M~MF[NOM\K( NQ[IQdOJ<( �RMJM( ^\^K^dK^~MJ( �d\( �[�EJ( [\( NQ[~^]^\I( IE^]d\�M( d\](
KQd^\^\I(^\(dQMdJ(�RMQM(NdQK^�^Nd\KJ(]MO[\JKQdKM](F[�MQ(FM~MFJ([�(�[ONMKM\�M<(�[FFdP[QdK^~M(FMdQ\^\I([NN[Qh
KE\^K^MJS(OM\K[QJR^N(NQ[IQdOJS(d\](M\IdIMOM\K(�^KR(M�NMQ^M\�M](NQd�K^K^[\MQJ(�d\(dFJ[(NFdG(d(~^KdF( Q[FM(^\(
M\Rd\�^\I(OMKR[]^�dF(�[ONMKM\�M(dO[\I(�EKEQM(�[ONEKMQ(J�^M\�M(KMd�RMQJ(ªT|o(|9«<(

£~MQdFFS(KRM(JKE]G(JRM]J(F^IRK([\(KRM(^ON[QKd\�M([�(OMKR[]^�dF(�[ONMKM\�M(^\(KRM(�^MF]([�(�[ONEKMQ(J�^h
M\�M(M]E�dK^[\(d\](NQ[~^]MJ(~dFEdPFM(^\J^IRKJ(�[Q(KMd�RMQ(M]E�dK^[\(NQ[IQdOJ<(�G(d]]QMJJ^\I(KRM(�RdFFM\IMJ(
d\](^\~MJK^\I(^\(KRM(]M~MF[NOM\K([�(OMKR[]^�dF(�[ONMKM\�MS(M]E�dK[QJ(�d\(M\Rd\�M(KRM^Q(^\JKQE�K^[\dF(NQd�h
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Методическая компетентность преподавателя IT дисциплин в образовании
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