
���������
	���
�������
���	����������
	������ �!���#"%$&$ '(�!)*�����+��
�	,�

-.�!�0/1)*���2�3�!��	,�����4/1)*	�	6587:9 	,5,�+����
;��
��!�

<�=?>�@�ACB8>�@�DFE.@HG

IKJ�LNMOMQP EORO@�R LNS G MOT�U�VWL RQR P?JXL GZY�@�EOR L @H[\D T [^],[N[ V(P G�R
S D+RO> P E P?_�T�L E P?V(P G�R M D S E`RO> PaJ�Pcb E PcPaS D

d S8e R S E S D�f1> L [ SgMQS Y�>�h

ijG L^kHP E MOL R�h S D�lm@ M > L G b R S G

n�oHo�p

f2E SHb E.@ V&IjT RO> S E L = P?J R Srq*s6P E`d Pcb E PcPHtvu [ P?e RQE LNe @H[ u G bgL G PcP E L G b





ijG L^kHP E MOL R�h S D�lm@ M > L G b R S G
� E.@ J�T @�R P B e > S3S [

� > LNM�LNM R S e P EOR L DFh RO>�@�R < >�@ kHPaP�� @ VWL G P?J RO> LNM�e S Y3h S D�@ J�S3e R S E.@H[ J�LNMOMQP E.RO@�R L^S G U h

<�=?>�@�ACB8>�@�DFE.@HG

@HG J >�@ kHP D SgT G J RO>�@�R L R LNM�e SgV Y�[ P R P @HG JCM @�R LNM DF@ e R S EOh L GX@H[ [\E P?M Y P?e R M��
@HG J RO>�@�R`@HG�hX@HG J @H[N[\E Pck3LNM.L^S G M E P?_3T�L E P?JZU h RO> P ]�G�@H[

P�� @ VWL G L G b(e SgVWVWL RQR PcP >�@ kHP U\PcP G V @ J�P��

� >�@ L E S D1B T Y P E k8LNMQS EOh � SgV VWL RQR PcPHt

	 @�E L!q M R P G J�S E.D


 P @ J�L G b � SgV VWL RQR PcPHt

� P s
��L [ VWP?M

l L [N[ L @ V�� h3E.G P

d @�R PHt





< G Y�E P?MQP G�R L G b RO> L M(J�LNMOMQP E.RO@�R L^S G L G Y�@�EOR L @H[�D T [^]�[ [ V(P G�R S DjRO> P E P?_�T�L E P?V(P G�R M D S EWRO> P d S8e R S E.@H[
J�Pcb E PcP @�RXRO> P ijG LNkHP E MOL R�h S Dalm@ M > L G b R S G � < @ b E PcP RO>�@�RZRO> P � L^U E.@�EOh M >�@H[N[ V @�A PmL R MZe S Y L^P?M
DFE PcP [^hm@ k @ L [N@ U [ P D S E L G M Y P?e R LNS G � < D T EORO> P E @ b E PcP RO>�@�R P�� R P G MOL^kHPZe S Y�h L G bvS D RO> L M J�L MOMQP EORO@�R L^S G
L M @H[N[ S�� @ U [ PvS G�[^h D S E MOe > S [N@�E.[^h%Y T EOY SgMQP?M��`e S G M.LNM R P G�R �jL RO>�� D @ L E T�MQP�� @ M Y�E P?MOe E L^U\P?J L G RO> P
i � B � � S Y3h�E LNb >
R�� @ � � 
 P?_3T�P?M R M D S E e S Y3h L G b S ErE P Y�E S8J�T�e R L^S G S DaRO> LNMrJ�LNM.MQP EORO@�R L^S G V @?h U\P
E P D P EOE P?J R S � P [N[!@HG J	�`S
��P [ [�<�G�D S E V @�R LNS G�@HG J � P @�E.G L G b ��� oHo�
 S EORO>�� PcPcU 
 S @ J � I G�G I E U6S E �
	 <���� pco��
�.p � � � � R S�� > SgV RO> P @ T RO> S E�>�@ M b E.@HG�R P?J � RO> P E L^b >�R�R S E P Y�E S3J�T�e P @HG JZMQP [N[�� @�� e S Y L^P?M
S D*RO> P V @HG T�M.e E L Y�R L G VWL e E S D S E V @HG J�� S E�� U � Y�E L G�R P?J%e S Y L^P?M(S D RO> PCV @HG T�M.e E L Y�R V @ J�P D E SgV
V LNe E S D S E V ���

B L^b G�@�R T E P

d @�R P





ijG L^kHP E MOL R�h S D�lm@ M > L G b R S G

IjU�M RQE.@ e R

���������
	���
�������
���	����������
	������! "���$#!%&%(')��*+��������
�	��

,-���/.�*+�����0 "��	1�����!.2*3	�	1405768	14�������
9�

��:�

U h <�=?>�@�ACB8>�@�DFE.@HG

� >�@ L E S D1B T Y P E k3LNMOS EOh � SgVWV L RQR PcPHt

f1E S D P?M.MQS E 	�@�E L+q M R P G J�S EOD
u [ P?e RQE LNe @H[ u G bgL G PcP E L G b

< G VWSgM R M Y PcP?e > E P?e SHb G L R L^S G M h M R P?V M R S8J @?h � @H[N[ RO> P @ e SgT�M R L e k @�E L @�R L^S G @ MOMQS8ecL @�R P?J �`L RO> @
Y,> S G P?V(P LNM`e >�@�E.@ e R P E L = P?J L GXR P E VWM`S D�RO> PaLNJ�P G�R L R�h S D L R M G P?L^b > U\S E L G b Y�> S G P?V(P?M�� � > P G P?L^b > �
U\S E M L G<; T�P G e P S G�[^hCRO> PWM RO@�R P(SHU�MQP E k @�R L^S G J�P G MOL R;h S D @r] �8P?J �*LNJ�J�P G 	�@�EOA S k 	 S3J�P [ � q RO> P E
MOSgT E e P?M S D k @�E L @�R L^S GZ@�E P e @�Y�R T E P?JXLNV Y�[ LNecL RO[^h U h T�MOL G b � @ T�M.MOL @HG VWL � R T E P V(S3J�P [ M D S E�RO> P M RO@�R P
SHU,MQP E k @�R L^S G M�� � S G MOP?_�T�P G�RO[^h � RO> P?MQP`V(S8J�P [ M1e @HG U\P�kHP EOh U E S @ J � Y�@�E.R LNecT [N@�E.[NhaD S E e @ MOT @H[ M Y S G
RO@ �
G PcSgT�M�M Y PcP?e > � <�GZRO> L M RO> P?MOLNM�� � P P�� Y�[ S E P e S G J�L R L^S G L G baS D�Y�> S G P?VWP?M�S GC> L^b > P E�[ PckHP [ [ L G bgT�L M R LNe
M RQE T�e R T E P���M Y P?ecL ] e @H[N[^h M h3[ [N@ U [ P � @HG J�� S E J � [ PckHP [ M RQE T�e R T E P R S [ P @�E G V(S8J�P [ M D S E Y�> S G P?V(P?M RO>�@�R
@�E P V(S E PaM Y P?ecL ] e R S RO> P e S G�R P�� R � E P Y S EOR L G b P�� Y P E LNV(P G�RO@H[\E P?MOT [NR M�S G @([N@�E bHPakHS3e @ U�T [N@�EOh � �>= A
� S E J�M � e S G kHP E M @�R L^S G�@H[ M Y PcP?e >XRO@ M A � B �`L R e > U6S @�E J � �
<�GXY,@�EOR LNecT [N@�E � RO> LNM RO> P?MOLNM`V @�A P?M RO>�E PcPaV @ L G e S G�RQE L^U�T R L^S G M E P [N@�R P?J R S �`LNJ�P e S G�R P�� R e S G J�L �

R LNS G L G b �@?!L E M R � � P J�P?V(S G M RQE.@�R P RO>�@�R M h3[N[ @ U [ P � @HG J�� S E J � [ PckHP [ M RQE T�e R T E Pae @HG U\PaL G e S EOY S E.@�R P?J
L G
R S ecT EOE P G�R @ e SgT�M R L e V(S8J�P [ M R S LNV Y�E S kHP E P?e SHb G L R L^S G @ ececT E.@ e h S kHP E RQE L Y�> S G P?M �A?�S E(@ ] �3P?J
G T�V U\P E S D�Y�@�E.@ V(P R P E M�� RO> P?MQP V(S8J�P [ M @�E P e SgV Y T RO@�R L^S G�@H[N[Nh VWS E PaP0B ecLNP G
RjRO>�@HG Y P G�RO@�Y�> S G P?M �
U\S RO> L G RQE @ L G L G b @HG J L G R P?M R L G b � < G @ J�J�L R L^S G ��T�MQP�S D M h8[N[N@ U [ P @HG J � S E J D P @�R T E P?M [ P @ J�M R S @ MOV @H[ [
U,T R MOLNb G L ] e @HG�R LNV Y�E S kHP?VWP G
R L G Y P E.D S E V @HG e P�� � > P �`LNJ�P � e S G�R P�� R M�T�MQP?J L G SgT E�@ e SgT�M R LNejVWS3J�P [
e @HG LNV Y�[ L ecL RO[^h e @�Y�R T E P E P � M h3[ [N@ U�L ] e @�R LNS G P s\P?e R M R S @ e P EORO@ L G P�� R P G
R � �`S
��PckHP E ��� P ]�G J RO>�@�R





P�� Y�[ L ecL RO[^h V(S8J�P [ L G b E P � M h8[N[N@ U,L ] e @�R L^S G J�S3P?M G S R LNV Y�E S kHP E P?e SHb G L R L^S G D T EORO> P E �2U\P?e @ T�MQP RO> P E P
@�E P S G�[^hZ@ MOV @H[N[ G T�V U\P E S D+Y�> S G P?M RO>�@�R P�� > L^U,L R @ e SgT�M R LNe J�L^s6P E P G e P @�D R P EjE P � M h8[N[N@ U�L ] e @�R L^S G �

� > P MQP?e S G J e S G�RQE L^U�T R LNS G @ J�J E P?M.MQP?M RO> P J�L B ecT [^R LNP?M RO>�@�R @�E L MQP�� > P G @0[N@�E bHP G T�V U\P E S D
@ J�J�L R L^S G�@H[ e S G J�L R L^S G L G b D P @�R T E P?M @�E P*T�MQP?J ��I*M RO> P G T�V U\P E S D e S G J�L R LNS G L G b D P @�R T E P?M1L G e E P @ MQP?M��
RO> P RQE.@ L G L G b e SgM R e @HG L G e E P @ MQPvP�� Y S G P G
R L @H[ [^h � 	 S E PcS kHP E � @ [N@�E bHP D E.@ e R LNS G S D RO> P RQE.@ L G L G b
[ @ U6P [ M R P G J�M R S >�@ kHP R S�S D P � P�� @ V Y�[ P?M R S >�@ kHP E P [ L @ U [ P M RO@�R L M R LNecM @ M.MQS3ecL @�R P?J �`L RO>CRO> P?V � @HG J
RO> LNM e SgT [ J Y S R P G�R L @H[N[^h e @ T�MQP J�P?ecLNMOL^S G RQE PcP?M R S [ P @�E.G U @ Jme [ T�M R P E M��WI G P � V(P RO> S8J >�@ M U6PcP G
J�PckHP [ S Y P?J D S E e [ T�M R P E L G b �jL RO> V T [^R L Y,[ P�M RO@ bHP?M�� � > P E P P @ e > M RO@ bHP e [ T�M R P E M @ J�L s\P E P G
R MOT�U�MOP R S D
D P @�R T E P?M � @HG J @H[ MQS >�@ M @ e > SgLNe P S D T�MOL G b RO> P Y�@�EOR L R LNS G M [ P @�E.G P?JZL GrRO> P Y�E Pck8L^SgT�M�M RO@ bHP?M��1I Y�@�EOR
DFE SgV E P?J�T�ecL G b RO> P E LNM A S D T G�E P [ L @ U [ P�M RO@�R LNM R L ecM��HL R LNM+J�P?MOL^b G P?J R S @ VWP [ L^S E.@�R P J @�RO@ DFE.@ bgV(P G�RO@�R L^S G
Y�E SHU [ P?V @HG J LNM�e SgV Y T RO@�R LNS G�@H[N[^h [ P?MOM�P�� Y P G MOL^kHP�� � > L M�V(P RO> S8J � @ M�MOT�ece P?MOM D T [ [^h J�P?VWS G M RQE.@�R P?J
�jL RO>ZY P G
RO@�Y�> S G P?M�� E P?MOT [^R L G b L G P?_3T�L^k @H[ P G
R�Y P EOD S E V @HG e P @�R`@W[ S
��P E e SgM R �

?!L G�@H[N[^h � @ZG P � @H[ bHS E L RO> V L M J�P?MOe E L^U\P?J R SCJ�P?MOL^b G e S G�R P�� R � M Y P?ecL ] e � 	 	 M � � > P(LNJ�P @ LNM R S
VWS3J�P [6E P?J�T�e R L^S G S D�@ Y�> S G P D S E e P EORO@ L G e S G�R P�� R M � @HG J R S [ P @�E.GX@ V(S E P e S G M RQE.@ L G P?J R S Y S [ SHb h �
i MOL G b e S G
R P�� R T @H[ L G�D S E V @�R L^S G � RO> P @H[ bHS E L RO> V e [ T�M R P E M � 	 	 Y,@�RO> M � > P E P P @ e > Y�@�RO> >�@ M @
J�L s6P E P G
R G T�VaU\P E S D M RO@�R P?M��(I G � 	 	 J�LNM RO@HG e P(V(P @ MOT E P >�@ M U\PcP GvD S E V T [N@�R P?J R S Y�E T G P SgT R
RO> P Y�@�RO> M � > LNe >r@�E P MOLNV L [N@�E � d T E L G b J�P?e S3J�L G b � RO> P Y�@�RO> M @�E P @H[N[ S8e @�R P?JXJ h3G�@ VWLNe @H[N[^h D S E P @ e >
M.T�U � � S E J T G L R @ ece S E J�L G b R S RO> P?L E e S G
R P�� R � l PWL G kHP?M R L^b @�R P?J RO> L M @H[ bHS E L RO> V R SCV(S8J�P [!Y�> S G P
R S Y S [ SHbgLNP?M�� ],G J�L G b L V Y�E S kHP?J e >�@�E.@ e R P E L =?@�R LNS G S D M Y PcP?e > bgL^kHP GrA8G S�� G � S E J MOP?_�T�P G e P?M�U,T R�G S
M.L^b G L ] e @HG�R LNV Y�E S kHP?V(P G�R L G � S E JXP EOE S E E.@�R P��





���������
	���
�	������������

�����������! ���"$#&%(')� �+*

�����������-,/.1032�')� *4�

576 .18&�9')%�:�; <>=?�(%(�A@B#4CD�(���$= :

p � p 	 S8J�P [ L G b � S G�R P�� R T @H[FE2@�E L @�R L^S G �`L RO> B8h3[N[ @ U [ P @HG J l S E J�?�P @�R T E P?M � � � � � � � �

p � n 	 S8J�P [ L G b � P?V Y S E.@H[GE2@�E L @�R LNS G �`L RO> ? [ P���L^U [ P � S Y S [ SHb h � � � � � � � � � � � � � � �

p � � q T RO[ L G P*S D�RO> P � > P?M.LNM � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

576 .18&�9')%IHA; JK=LJK#F�9�?MN.1�(��CPOG8Q')')C 6LR 'SCD�$"$=3�T�(���$=UO?VF�>�9')M :�:

n � p ?�P @�R T E P u � RQE @ e R L^S G � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � p �
n � n �+@HG bgT @ bHP 	 S8J�P [ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � p �
n � � u [ P?V(P G�RO@�EOh 	 S8J�P [ M � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � p =

n � � � p � 	 	 f!@�E @ V(P R P E u�M R LNV @�R LNS G � � � � � � � � � � � � � � � � � � � � � � � p9W
n � � � n q Y�R LNV @H[ � 	 	 B8RO@�R P B P?_3T�P G e P � � � � � � � � � � � � � � � � � � � � � � n�o

n � � I*e SgT�M R L e 	 S8J�P [ D S E l S E J B P?_�T�P G e P?M � � � � � � � � � � � � � � � � � � � � � � � n8p
n � = �+@�E bHP E S8e @ U�T [N@�E.hXB P @�E e > � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � n =

576 .18&�9')%YXF; Z-[F8Q')%\��M]'^=?�9.�2`_!.1%a.1@B��"$M H?b

� � p � @ M A � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � nDW
� � p � p � E.@ L G L G b � S EOY T�M � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � nDW
� � p � n 
 P?e SHb G L R LNS G � P?M R � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � n �

� � n 
 P?e SHb G L R L^S GvB3h M R P?V � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � n �
� � � � @ MQP [ L G P f P EOD S E V @HG e P � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � p

L



5 6 .�84�9')% � ; ���9� =4" O?V42 2�.10B2�' .�=&@�� �$%(@  &'S. �a#4%a' X�X

� � p ��P h S G J � E L Y�> S G P?M � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � n i MOL G b 
 LNe >�B3h8[N[N@ U [ P�?�P @�R T E P � � � � � � � � � � � � � � � � � � � � � � � � � � � � � W

� � n � p B3h8[N[N@ U [ P ?�P @�R T E P?M � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � n � n 
 P?MOT [^R M @HG J d LNMOecT�MOMOL^S G � � � � � � � � � � � � � � � � � � � � � � � � � � � � o
� � n � � q*U�MQP E k @�R L^S G M�S GCRO> P i MQP S D2B3h8[N[N@ U [ P @HG J l S E J ?�P @�R T E P?M � � � � � � � � � p

� � � 
 P � M h8[N[N@ U�L ] e @�R L^S G � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � p B e > P?V(P D S E E P � M h8[N[N@ U�L ] e @�R L^S G � � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � n u � Y P E LNV(P G�R M�� 
 P?MOT [^R M @HG J d LNMOecT�MOMOL^S G � � � � � � � � � � � � � � � � � � � � =

� � � B T�VWV @�E.h � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � W

5 6 .�84�9')%��A; � #32T�(��� ���9.1"$' CS2�#&���9')%\��=&" �
	

= � p � [ T�M R P E L G b �`L RO>�� @�E bHP/?�P @�R T E P B P R � � � � � � � � � � � � � � � � � � � � � � � � ���

= � n 	 T [NR L � M RO@ bHP � [ T�M R P E L G b � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � = p
= � � u � Y P E LNV(P G�R M @HG J d LNMOecT�M.MOL^S G � � � � � � � � � � � � � � � � � � � � � � � � � � � � = �

= � � B T�VWV @�E.h � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � = �

5 6 .�84�9')%�
F; ,`�$8Q�$2��$"1V R '��B=&')M]'^=?� �?b

� � p � P @�E.G L G b � 	 	 � S Y S [ SHbgLNP?M � � � � � � � � � � � � � � � � � � � � � � � � � � � � � = W

� � n I G I [ bHS E L RO> V R S � [ T�M R P E � 	 	 M � � � � � � � � � � � � � � � � � � � � � � � � � = �

� � n � p d LNM RO@HG e P 	 P RQE LNe D S E � 	 	 M � � � � � � � � � � � � � � � � � � � � � � � � �8p
� � n � n 	 @�Y�Y L G b � S G�R P�� R M R S � 	 	 M � � � � � � � � � � � � � � � � � � � � � � � � =

� � � u � Y P E LNV(P G�R M @HG J 
 P?M.T [^R M � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � B T�VWV @�E.h � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � W�n

5 6 .�84�9')%�b?; 5 �$=&C 2 #4�(�T�?=4�I.�=&@  3#F�(#&%a'�����%a'SC �a�T�?=4� b��

W � p � S G
RQE L^U�T R L^S G M @HG J � S G e [ T�MOL^S G M � � � � � � � � � � � � � � � � � � � � � � � � � � W =

W � p � p 	 S8J�P [ L G b � S G
R P�� R T @H[4E2@�E L @�R L^S G �jL RO> B3h8[N[N@ U [ P @HG J l S E J ?�P @�R T E P?M�� � � W =

LNL



W � p � n 	 T [NR L � M RO@ bHP � [ T�M R P E L G b D S E < G e S EOY S E.@�R L G b l LNJ�P � S G�R P�� R M � � � � � � � � W �
W � p � � 	 S8J�P [ L G b � P?V Y S E.@H[GE2@�E L @�R L^S G M �`L RO> ? [ P��8LNU [ P � S Y S [ SHb h � � � � � � � � � W W

W � n < V Y�[ LNe @�R L^S G M @HG J�?�T R T E P d L E P?e R LNS G M � � � � � � � � � � � � � � � � � � � � � � � � W W

����0B2����$"�%a.18 6 V ���

JI838Q'^=4@B�T[ J�; ��#&'S�>�(���$=&���$= O?V42 2�.10B2�' � .�=&@�� �$%(@ � 2�' *?')2� &'S.1�(#4%a')� 	 


JI838Q'^=4@B�T[��Y; 5 %(�$�>� � '^=?�9%(�$8GV 0Q'S���7')')= �9� =4"?2T'	�I.$#4�>�(�T.$= @B�����9%\��03#4�(���$=&� 	 �

L LNL



� � � � 	�� � ������� �Y�

p � p u1M R LNV @�R P?J J�LNM RQE L^U�T R LNS G S D\Y�> S G P J�T E.@�R L^S G L G e S G kHP E M @�R L^S G�@H[ M Y PcP?e >��FRO@ L [ SgVWL R �
R P?J D S E U\P RQR P E J�LNM Y,[N@?h S D V(S8J�P � � � � � � � � � � � � � � � � � � � � � � � � � � � � W

n � p q*kHP E k8L^P � S D�@HG I B 
 M h M R P?V U @ MQP?JXS GC@ M RO@�R LNM R LNe @H[ DFE.@ V(P � S EOA � � � � � � � � � � p?n

n � n I G P�� @ V Y�[ P [ P D R � R S � E L^b >
R � 	 	 T�MQP?J R S VWS3J�P [ @ MOT�U � � S E JXT G L R � � � � � � � � � nHn

n � � 	 @�Y�Y L G b @ M RO@�R P S D�@ M.T�U � � S E JXT G L R�R S @ J�LNM RQE LNU�T R L^S G �`L RO>X@ J�P?ecLNMOL^S GZRQE PcP�� � � n �

� � p B P?_�T�P G e P S D M R P Y M L GCRQE.@ L G L G b @ e SgT�M R LNe V(S8J�P [ M�� � � � � � � � � � � � � � � � � � � n �
� � n B8>�@�E L G b e S k @�E L @HG e P?M @HG JCV(P @HG M @�R J�L s\P E P G
R [ PckHP [ M L G J�P?ecL MOL^S GZRQE PcP?M���� � � � � � � o

� � p 
 P � M h8[N[N@ U�L ] e @�R L^S G S D � V @�EOAX@H[N[ � T�MOL G b RO> P B S G S E L R;hZd LNM Y P E MOL^S GZf1E L G ecL Y,[ P�� � � � � �

= � p <�G e E P @ MQPaL GZRQE.@ L G L G b(e SgV Y�[ P��8L R�h �jL RO>ZD P @�R T E P?M � RQE L Y�> S G P RO>�E SgT�b >XY P G
RO@�Y�> S G P�� = o
= � n 	 T [NR L � M RO@ bHPae [ T�M R P E L G b(L [ [ T�M RQE.@�R P?J �`L RO>ZR � S M RO@ bHP?M�� � � � � � � � � � � � � � � � � = n

� � p IKMOP R S D e @HG J�LNJ @�R P � 	 	 Y�@�RO> M D S E*@ e S G
R P�� R � J�P Y P G J�P G�R`Y,> S G P?V(P�� � � � � � � = �

� � n � SgV Y T R L G b�� �
	���
�	���� U h Pck @H[ T @�R L G b [ L A P [ L > S3S3J�MjS kHP E @H[N[ P�� @ V Y�[ P?M S D�	��a@HG J
	 � L GZRO> P RQE.@ L G L G b J @�RO@ T�MOL G b U\S RO>�	 � @HG J 	 � � � � � � � � � � � � � � � � � � � � �Hn

� � � � SgV Y T R L G b�� �
	 � 
�	 � � U h Pck @H[ T @�R L G b RO> P [ L A P [ L > S3S3J�S D�@H[N[�RO> P MOP?_�T�P G e P?M RO>�@�R
e @HG U\P M h8G
RO> P?M.L = P?J��`L RO>�	 � @HG J 	 � � � � � � � � � � � � � � � � � � � � � � � � � � �Hn

� � � 
 P Y�E P?MOP G
RO@�R L^S G S D8Y�E S8J�T�e R M Y�@ e P1S D3R ��S � 	 	 M�� @HG J�� D S E e SgV Y T R L G b�� ��� � � ��� � � � � �
� � = <�G L R L @H[ L = L G b RO> P Y,@�E.@H[N[ P [ � 	 	 Y�@�RO> M D E SgV:U @ MQP [ L G P ] �3P?J R S Y S [ SHb h � � � � � � � � � �

� � � I`kHP E.@ bHP [ SHb � [ L A P [ L > S3S8J S GWRO> P RQE.@ L G L G b J @�RO@ � V @H[ P @HG J D P?V @H[ PjM Y P @�A P E M � T�MOL G b
@H[N[\RO>�E PcP � 	 	 Y,@�RO> M�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �DW

L^k



� � W IjkHP E.@ bHPZP G�RQE S Y�h S D RO> P J�LNM RQE L^U,T R L^S G S D�Y�@�RO>0Y�E SHU @ U,L [ L R L^P?M � V @H[ P @HG J D P?V @H[ P
M Y P @�A P E M � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

k



� � � � 	�� �����������

� � p f P E.D S E V @HG e Pae SgV Y�@�E LNMQS G S G p � � � 
 <OB � d PckHP [ S Y V(P G
R � @ M A � � � � � � � � � � � � p

� � p � S3J�L G b S D M h3[N[ @ U [ P � @HG J�� S E J � [ PckHP [ D P @�R T E P?M L GXRO> P J�LNe R L^S G�@�EOh � � � � � � � � � � � � �

� � n <�G e E P @ MQPaL G MOL = P S D M.T�U � � S E JXT G L R L G kHP G�R S EOh �`L RO>ZD P @�R T E P?M � p���o >�E M � � � � � � � � �

� � � � SgV Y�@�E L G b RO> P @ kHP E @ bHP [ SHb � [ L A P [ L > S3S3J(S GrRO> P RQE.@ L G L G b J @�RO@ @HG JrS GZ@ > P [ J � SgT R
J @�RO@ MQP R � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � o

� � � l S E JCP EOE S E E.@�R P?M`T�MOL G b(J�L s\P E P G�R�D P @�R T E P?M L G M RO@�R P e [ T�M R P E L G b � � � � � � � � � � � � p
� � = i M @ bHP S D M h3[N[ @ U [ P @HG J�� S E J D P @�R T E P?M`L GX@ T R SgV @�R LNe @H[N[Nh RQE.@ L G P?JCJ�P?ecLNM.L^S GZRQE PcP?M�� � � n
� � � B S G S E L R�h E @HG�A D S E Y�> S G P?V(P?M T�MOP?JXL G SgT E � S EOA � � � � � � � � � � � � � � � � � � � �

� � W u � @ V Y�[ P?M�S D!E P � M h8[N[N@ U,L ] e @�R L^S G M�e > SgMQP G L GZRO> P RQE.@ L G L G b J @�RO@ � � � � � � � � � � � � �

= � p I`kHP E.@ bHP [ SHb � [ L A P [ L > S3S3J S G @m> P [ J � SgT R J @�RO@ MOP R T�MOL G bvS G PCk3M � R � S0M RO@ bHP?M S D
e [ T�M R P E L G b � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � =>=

= � n l S E JCP EOE S E E.@�R P?M S D M h M R P?VWM RQE.@ L G P?J��`L RO> S G P k8M�� R � S M RO@ bHP?MjS D e [ T�M R P E L G b � � � =>=

� � p 
 P?e SHb G L R LNS GXE P?MOT [NR M�S G V @�Y�Y L G b(e S G
R P�� R`R S � 	 	 Y�@�RO> M�� � � � � � � � � � � � W o
� � n I`kHP E.@ bHP [ SHb � [ L A P [ L > S3S3JZT�MOL G b(J�L s\P E P G
R V T [^R L � Y�@�RO> � 	 	 M�� � � � � � � � � � � � W o
� � � � >�@HG bHPmL G � S E J�P EOE S E M��*e SgV Y T R P?J �`L RO> M RQE L G b @H[ L^b G V(P G
R � G Pcb @�R L^kHP e SgT G�R M

E P Y�E P?MQP G�R LNV Y�E S kHP?VWP G
R �`L RO>ZRO> P R S Y S [ SHb h V(S8J�P [ L G b � � � � � � � � � � � � � � � W3p
� � � 
 P?e SHb G L R LNS GXE P?MOT [NR M D E SgV @(>
h U E L J @�Y�Y�E S @ e > � � � � � � � � � � � � � � � � � � � � W�n

I � p�� T�P?M R L^S G M @ U6SgT R!Y SgMOL R L^S G S D,Y�> S G P � M h3[N[ @ U [ P � L G ��S E J � @ M A P?J(S G RO> P Y�> S G P @HG J
L R M LNVWVWP?J�L @�R P G P?L^b > U\S E M � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

I � n�� T�P?M R L^S G M @ U\SgT R1[ P���LNe @H[ M RQE P?MOM�� @ M A P?J S GWRO> P Y�> S G P @HG JWL R M1L VWV(P?J�L @�R P G P?L^b > U6S E M � �

k3L



I � � � T�P?M R L^S G M @ U\SgT R�Y,> S G P L G M h8[N[N@ U [ P � � � � � � � � � � � � � � � � � � � � � � � � � � W

k8LNL



k3L LNL



��
 � � 	�� ����� ��� �7�����

?�S E P?V(SgM R � < � SgT [ J [ L A P R S P�� Y�E P?M.M�V h b E.@�R L R T�J�P R S 	 @�E L q M R P G J�S EOD ��V hWRO> P?M.LNM1MOT Y P E k3LNMOS E �
D S E`Y�E S k8LNJ�L G bWV(P @HG S Y�Y S EOR T G L R�hZR S � S EOA L G M Y PcP?e > E P?e SHb G L R L^S G � B8> PaL G�RQE S3J�T�e P?JCV(P R S RO> LNM
P���ecL R L G b @�E P @ S D�E P?MOP @�E e > �`L RO>m> P E P�� RQE @ S E J�L G�@�E.h @ U,L [ L R�h R S�e SgV V T G LNe @�R P e SgV Y,[ P��mLNJ�P @ M L G
M.LNV Y�[ P R P E V M�� B8> PWbgT�LNJ�P?JmV(P RO>�E SgT�b > SgT R RO> P RO> P?MOLNM ��S EOA � B8> P >�@ MaU\PcP G kHP EOh VWP R LNecT [ SgT�M
@ U\SgT R SgT E � S EOA @HG J E P @ J @H[ [+RO> PWV @HG T�MOe E L Y�R M G T�V(P E SgT�M R LNV(P?M�� <*@ V @H[ MQS RO>�@HG�A3D T [+D S Ea> P E
M.T Y�Y S EOR � > P E�Y�@�R L^P G e P @HG J D S E e E P @�R L G b @ e S G bHP G L @H[ [N@ UCP G k3L E S G V(P G�R �

< � SgT [ J [ L A P R S RO>�@HG�AZ@H[N[\RO> PaV(P?V U\P E M�S D V h e SgVWVWL RQR PcP D S E`E P @ J�L G b RO> P V @HG T�MOe E L Y�R�@HG J
M.T�bHbHP?M R L G b(LNV Y�E S kHP?VWP G
R M���� @�RQE L G � L E e >�> S�s >�@ M�U6PcP G bHP G P E SgT�M �`L RO>Z> P E�R L V(P�� @HG J Y�E S k3LNJ�P?J
VWP �`L RO> V @HG�h E SgT G J�M S D�D PcP?J�U @ e A � DFE SgV RO> P?MOLNM Y�E S Y SgM @H[�R S J�LNM.MQP EORO@�R L^S G � � > P � S EOA S GmE P �
M h3[N[ @ U�L ] e @�R L^S G M�� @ M [N@�E bHP [^h V(S R L^k @�R P?JXU hr> P E MOT�bHbHP?M R L^S G M�� 
 LNe >�@�E J l4E L^b >�R � @ M A L G J P G SgT�b >
R S bgL^kHP V(P�M > S EOR R T R S E L @H[ M S G k @�E L^SgT�M [ L G bgT�LNM R L e Y,> P G SgV(P G�@ RO>�@�R S3ececT E L G e S G kHP E M @�R L^S G�@H[
M Y PcP?e > � @HG J R S Y SgL G�R V(P R S G T�V(P E SgT�M T�MOP D T [�Y�@�Y P E M�� � P s ��L [ V(P?M > P [NY P?J0V(P RO> L G�Am@ U\SgT R
M RO@�R LNM R LNe @H[�Y�E SHU [ P?VWM�L G(@ J�L s\P E P G
R2[ L^b >
R � Y�@�EOR LNecT [ @�E.[^h T�M.L G b b E.@�Y�> L e @H[ V(S3J�P [ M�� � L [N[ � h�E.G P�b @ kHP
T�MQP D T [ M.T�bHbHP?M R L^S G M D S E LNV Y�E S kHP?V(P G�R � Y�@�EOR LNecT [N@�E.[^h L GZRO> P Y�E P?MQP G�RO@�R L^S G S D e P EORO@ L G e >�@�Y�R P E M��

< ��SgT [ J [ L A P R S RO>�@HG�A0@H[N[1RO> PrV(P?V U\P E M S D RO> P [N@ U � U\S RO> B�B � < [N@ U @HG J RO> P D S E VWP EWB�f2<
[ @ U @�R � SgM R S G i*G L^kHP E MOL R;h � � D S E e S G�RQE L^U�T R L G b R S @HG L G M Y L E L G b @HG J Y�[ P @ M @HG
RZ@�R V(SgM Y,> P E P�� <
�jL [N[�@H[ � @?h M E P?V(P?V U6P E RO> PjbHS�S8J R L V(P?M�M Y P G�R �jL RO> V h e S [N[ P @ bgT�P?M � � P?e A3h � @�R P?M�� < k @HG � T [^h�A S �
q = bgT E � P R L G � 
`@HG J h ?�LNM > @HG J d @ k8LNJ f!@H[ V(P E �HP?M Y P?ecL @H[N[Nh @�D R P E V(S k3L G b DFE SgV � SgM R S G R S B P @�RQRO[ P��
� >�@HG�A M R S ��P?e A�h D S E RO> P*V @HG
h L G M RO@H[N[ V(P G
R M2S D [N@ U � �`L J�P�U @H[N[ P R [ P?MOMQS G M���V T�e > S D � > LNe > <2>�@ kHP
G S R E P RO@ L G P?J ��T G�D S EOR T G�@�R P [Nh � 	�@HG
hXY,[ P @ M @HG�R V(P?V(S E L^P?M @�E P @H[ MQS @ M.MQS3ecL @�R P?J �`L RO> [ T G e >C> SgT E M
J�LNMOecT�MOM.L^S G M @�R u [ P Y�>�@HG�R1lm@H[^A �`L RO> 	 LNe > LNP [ � @ ece > L @HG L � � @ V ?�S E J h e P�� 	�@HG�> T G b B LNT � 	 T
	QJ @�R
� P R L G @HG J RO> PWT G�D S E bHP RQRO@ U [ P � @�E L >�@�E @ZB LNk @�A T�V @�E � � > L @ � f L G b � > P G � B e S RQR q RQR P E MQS G � B S G L @

L �



f!@�E @HG J�P A�@�E @HG J V @HG�h S RO> P E M e S [N[ P @ bgT�P?M >�@ kHP V @ J�P RO> P [N@ U @ kHP EOh [ LNkHP [^hZY�[N@ e P R S U\P�� < @ V
b [N@ J RO>�@�R 	 LNe > L^P [ � @ ece > L @HG L8LNM @ bHS�S8J e S8J�P � � E L R L G b*V @ e > L G P�� �jP >�@ M�e S G
RQE LNU�T R P?J V @HG
h T�MQP D T [
[ L^U E.@�E L^P?M @HG J R S�S [ M D S E`RO> LNM � S EOA �
< ��SgT [ J @H[ MQS [ L A P R S @ e A3G S
� [ P?J�bHP RO> PjM Y PcP?e > b E SgT Y @�R � � u �FD S E V(P E.[Nh � � 
 �2D S E2Y�E S k3LNJ�L G b

E � � 
 D P @�R T E PWkHP?e R S E M D S E(B �`L R e > U\S @�E Jme S E.Y T�M @HG J 
 � U\P?M Ra>�h3Y S RO> P?MOLNM D S EaR P?M R MQP R M��Cq � P G
� LNV U @H[H@HG J 
 T A L VWL G L <�h P E ��P E P Y�@�EOR LNecT [N@�E.[^h*> P [^Y�D T [ L G RO> LNM E Pcb @�E J � 	 LNe >�@ P [ 
 L [ P h*@HG J 	 LNe > LNP [
� @ ece > L @HG D E SgV I � � � > P [^Y P?JZT�M �jL RO> ? B � [ L^U E @�E L^P?M @HG J @HG ? B � � U @ MQP?JCJ�P?e S8J�P E � � >�@HG�A M R S
d*@HG u [N[ L M @HG J B8>�@ � G � >�@HG b D S E`> P [NY �`L RO>Z< � B3< RQE.@HG MOe E L Y�R M��
<`>�@ kHP @H[ MQSrU6PcP GvD S EOR T G�@�R P R SXU\P MOT EOE SgT G J�P?JCU hCY PcS Y�[ P � > S >�@ kHP > P [^Y P?J�V(P bHS @H[ [ RO> L M

� @ h � � > LNM L G e [ T�J�P?M U\S RO>4D @ VWL [^h � D E LNP G J�M @HG J R P @ e > P E M�� < @ V RO>�@HG�A�D T [�R SvV h D @�RO> P EaD S E > LNM
V(S E.@H[ M.T Y�Y S EOR1@HG J D S E Y�E S8J�J�L G b V(P �jL RO> � � � >�@�R �jL [N[�h SgT U\P [ P @�E.G L G b G P�� R�� � � �+@ M R �8U�T R1G S R
[ P @ M R � <�@ V#L G J�PcU R P?J R S 
`@ e > P [ �8V h �`L D P�� B8> P >�@ M2P G�E L e > P?JWV hW[ L D P @ M @ ��S G J�P EOD T [ e SgV Y�@HG LNS G
L G @ V T [^R L R T�J�P S D DF@ e P R MXL G e [ T�J�L G b @HG P G 	QS hg@ U [ PvMQS8ecL @H[*[ L D P @HG J V @HG�h%E P 	QT�kHP G�@�R L G b RQE.@ kHP [
P?MOe @�Y�@ J�P?M�� < @ V RO>�@HG�A3D T [\D S E`> P Ej[ S kHP���M.T Y�Y S EOR ��T G J�P E M RO@HG J�L G b @HG J D S E T E bgL G b(V(P R S ],G LNM > �

� > LNM � S EOA � @ MjMOT Y�Y S EOR P?JrU hZRO> P 
 @�R LNS G�@H[+B ecL^P G e P/?�SgT G J @�R L^S G ��b E.@HG�R`G S � <OB3< � � �8p � � n � �

�



p

��5  :*��
	1� �

� �]� � 	 � � 
I� � 	��

?!L D R�hvh P @�E M @ bHS ��I EORO> T E � � � [N@�EOA P Y S EORQE.@ h P?J @ V @ e > L G P����������
	�	�	 � > LNe > U\P?e @ V(P LNV �
VWP G MQP [^h0Y S Y T [N@�E D S E L R M @ U�L [ L R;h0R S [ LNM R P G%@HG J M Y P @�A0R S > T�V @HG M�
 n8p � nHn�� � <�G%@HG @ bHP � > P G
u 
 < I � � � RO> P ]�E M R e SgV Y T R P E � >�@ J 	OT�M R U6PcP G L G kHP G
R P?J @HG J Y�E SHb E.@ V VWL G b @ e SgV Y T R P E�E P?_3T�L E P?J
M Y P?ecL @H[ M A L [N[ M�� RO> P Y S Y T [ @�E L R;h S D ��������	�	�	(L [N[ T�M RQE @�R P?J RO> P(T G LNkHP E M @H[!@�Y�Y P @H[ S D M Y PcP?e >4@ M @HG
L G
R P EOD @ e P R S V @ e > L G P?M�� � S3J @ h �3L G(RO> P h P @�E n�oHo�p ��e SgV Y T R P E M @�E P*T�U�LN_3T�L R SgT�M @HG J @�E PjV @HG�@ bgL G b
@HG L G e E P @ MOL G b [NhC[N@�E bHP G T�VaU\P E S D1RO@ M A M RO>�@�R E.@HG bHP DFE SgV V T G J @HG P R SXe E L R LNe @H[ � � > P h @�E P @H[ MQS
b @�R P � @?h M R S @ > T�bHP E P Y SgMOL R S E.h S D L G�D S E V @�R L^S GW@ k @ L [ @ U [ P S G RO> PjL G�R P E.G P R � � S Y�E S k8LNJ�P @ ece P?MOM R S
RO> P?MQP E P?MQSgT E e P?M D S E�RO> P*k @ M R V @ 	 S E L R;h S D!> T�V @HG L R;h ��L R LNM G P?e P?MOM @�EOh R S(J�PckHP [ S Y P @ M h �,T G L^kHP E M @H[ �
@HG JWV T [^R L Y�[ P�V(S8J�P?M�S D L G�R P E.@ e R L^S G �jL RO> e SgV Y T R P E M�� @HG J @aG P?e P?MOM @�EOh Y�@�E.R S D M.T�e >W@HG L G�R P EODF@ e P
L M�M Y PcP?e > �

� > P RO@ M A S D T G J�P E M RO@HG J�L G b > T�V @HG M Y PcP?e > U h @ e SgV Y T R P E LNM R;h3Y LNe @H[ [^h U E S A P G J�S
� G L G
R S
R ��SZMOT�U RO@ M A M � G�@ V(P [^h � @ T R SgV @�R LNe M Y PcP?e > E P?e SHb G L R LNS G�@HG J G�@�R T E.@H[ [N@HG bgT @ bHP Y�E S8e P?MOMOL G b � � > P
D S E V(P EXRQE @HG MOe E L^U\P?M RO> P @ T�J�LNS M Y PcP?e > MOL^b G�@H[ L G
R S � S E J�M�� � > L [ P RO> P [N@�RQR P E L G
R P E.Y�E P R M RO> P?MQP
RQE @HG MOe E L Y�R L^S G M�� � > LNM RO> P?MOLNM �`L [ [,D S8ecT�M�S GXRO> P Y�E SHU [ P?V S D�@ T R SgV @�R L e M Y PcP?e > E P?e SHb G L R L^S G �
<�G RO> P [N@ M R�R � SWJ�P?e @ J�P?M�e S G MOLNJ�P E.@ U [ P Y�E SHb E P?MOM >�@ M�U\PcP G V @ J�P L G @ T R SgV @�R LNe M Y PcP?e >rE P?e SHb �

G L R L^S G	� I B 
 � � @HG J G S
� e SgV Y�[ P�� @HG JZMQS Y�> LNM R LNe @�R P?JXM h M R P?VWM @�E P U\P?L G b J�P Y�[ S h P?JXL G MOT�ece P?MOM D T [
@�Y�Y�[ LNe @�R L^S G M�� < G bHP G P E @H[ � RO> P e SgV Y�[ P��8L R�h S D�@ E P?e SHb G L R L^S GZRO@ M A J�P Y P G J�M S G V @HG�h e S G J�L R L^S G M �

 P?e SHb G L R L^S G S D ��S E J�M L G LNMQS [N@�R L^S G LNM @ V T�e > P @ M.L^P E RO@ M A RO>�@HG e S G�R L G T�SgT�M M Y PcP?e >aE P?e SHb G L R L^S G �!I
E P?e SHb G L = P E RO>�@�R � S EOA M D S E @HG�h M Y P @�A P E LNM >�@�E J�P E1R S U�T�L [ J RO>�@HG S G P RO>�@�R LNM R T G P?J R S @aY�@�EOR LNecT �
[ @�E M Y P @�A P E � 
 P @ J(S E J�LNe RO@�R P?JWM Y PcP?e > e @HG U6P E P?e SHb G L = P?J V(S E P @ ececT E.@�R P [^h RO>�@HG e S G kHP E M @�R L^S G�@H[

������������� �"!�#��%$'&)(*��� #+�-,.�0/1!2� �435��,6� �5�7,5!)8:9;�5(*<)&�� �=�->5#+!0?@�4!2� �-8BA2CED"�"F�!HGJI"KL,5&��=F��MCH,.!N8OD"�"F�!*P�I"����Q@�����->SR-T5U"VSI



n

M Y PcP?e > ��u @�E [^h I B 
 M h M R P?V M E P?_3T�L E P?J(P @ e > T�MOP E�R S RQE.@ L G RO> PjM h M R P?V R S RO> P?L E kHSgL e PjU\P D S E PjT�MOP��
@HG J RO> P hm>�@ J R S�M Y P @�A �jL RO>m@CY,@ T�MQP

�����
U\P R � PcP G

�����
� S E J�M�� � > P?MOP J�LNMOe E P R P LNMQS [ @�R P?J � ��S E J

M Y P @�A P E � J�P Y P G J�P G�R M h M R P?VWM � P E P MOT Y P E MQP?J�P?JaU h VWS E P e SgV Y�[ P�� M Y P @�A P E � L G J�P Y P G J�P G
R e S G�R L G T �
SgT�M�M Y PcP?e > E P?e SHb G L R L^S G M h M R P?VWM�� @HG J RO> P`kHS8e @ U�T [N@�E.h S D RO> PjM h M R P?V @H[ MOS L G e E P @ MQP?J V @HG
h � D S [ J �
B3RO@�R LNM R LNe @H[+Y�@�RQR P E.GvE P?e SHb G L R L^S Gv>�@ M`P?VWP E bHP?J @ M @ MOT�ece P?M.M D T [ DFE.@ V(P � S EOACR S E P?e SHb G L = P M Y PcP?e > �
� > P @ e SgT�M R L e SHU�MQP E k @�R L^S G M @�E P V(S8J�P [ P?J @ M E @HG J�SgV k @�E L @ U [ P?M @ M.MQS3ecL @�R P?J �`L RO> M h V U\S [ M MOT�e >
@ M Y�> S G P?M @HG J � S E J�M � RO> T�M @�RQR P?V Y�R L G b R S e @�Y�R T E P RO> Pak @�E L @ U�L [ L R�h L G�> P E P G�R L G M Y PcP?e > � � > P?MQP
J�PckHP [ S Y V(P G�R M >�@ kHP*P G�@ U [ P?J @a[N@�E bHP G T�VaU\P E S D @�Y�Y�[ LNe @�R LNS G M E.@HG bgL G b DFE SgV R P [ P Y�> S G P S Y P E.@�R P?J
MQP E k8LNe P?M MOT�e >m@ MaJ�L E P?e R S EOh @ MOMOLNM RO@HG e P�� @ L E [ L G P E P?MQP E k @�R L^S G M � @HG Jme E P?J�L R e @�E JmMOP E k3L e P?M � Y�E S D P?M �
MOL^S G�@H[ J�L e RO@�R L^S G M h M R P?VWM D S E`[N@ � h P E M @HG JXJ�S8e R S E M � @HG J @ LNJ�M D S E RO> P >�@HG J�LNe @�Y�Y P?J �

I G T�VaU\P E S D e >�@H[N[ P G bHP?M�M R L [ [�G PcP?J R S U6P RO@ e A8[ P?J R S @H[N[ S�� �`L J�P?M Y�E P @ J T�MQPjS D I B 
�R P?e >�G S [ �
SHb h �1I M h M R P?V V @?hWE P?e SHb G L = P*e P E.RO@ L G R�h�Y P?M�S D M Y PcP?e > �`L RO> > L^b >W@ ececT E @ e h @HG J Y P E.D S E V U @ J [^h
S G S RO> P E M ��PckHP G � > P GC> T�V @HG M @�E P @ U [ P R S T G J�P E M RO@HG JZU\S RO> S D�RO> P?V �jL RO>XG P @�E.[^h P?_3T @H[ P @ MQP��
� > LNM b @�Y L G Y P EOD S E V @HG e PXLNM�� P [N[ L [ [ T�M RQE.@�R P?J0U h0RO> P E P?M.T [^R M E P Y S EOR P?J S G%RO> P p � � � d I 
`f I
� E S @ J�e @ M R 
 P �`M1U6P G e > V @�E.A R P?M R M2U h RO> P`U\P?M R�E P?MQP @�E e > M h M R P?VWM�� � > P � S E J P EOE S E2E.@�R P?M�S GWRO> P
M Y S G
RO@HG PcSgT�M!M Y PcP?e > Y S E.R L^S G S D�RO> P R P?M R MOP R � p � �.p���� � ��P E P G P @�E.[^h J�SgT�U [ P RO> SgMOP�S G RO> P�U @ MQP [ L G P
e S G J�L R L^S G S D�Y�[ @HG�G P?J E P?e S E J�L G bgM � � � � � � 
 pcoHo � � <�G RO> LNM R P?M RjRO> P U @ MQP [ L G P S E � ? o �re S G J�L R L^S G L M
J�P ]�G P?J @ M Y�[N@HG�G P?J�M Y PcP?e > D E SgV @ZG�@�R L^kHP(M Y P @�A P E � S kHP Ea@Z> L^b > U @HG J �jLNJ RO> e >�@HG�G P [ � �jL RO>�G S
U @ e A b E SgT G J G SgLNMOP�� ?�T EORO> P E � RO> SgMQP M h M R P?VWM RO>�@�R @H[ MQS Y�@�E.R LNecL Y�@�R P?J L G n�oHoHo d I 
`f I � S G kHP E M @ �
R L^S G�@H[,B3Y PcP?e > U\P G e > V @�EOA R P?M R � Y P EOD S E V(P?J @�R P E.E S E1E.@�R P?M�S D E SgT�b >�[^h � o�� � � > P`J�Pcb E @ J @�R L^S G L G
Y P E.D S E V @HG e P�V @?h U\P�J�T�P R S V @HG
h D @ e R S E M2MOT�e >(@ M2e >�@HG�G P [ P s\P?e R M���k @�E L @ U,L [ L R�h L G M Y P @�A L G b E @�R P
@HG J J�L @H[ P?e R S D M Y P @�A P E M�� [ P?MOM!e @�E P D T [
Y�E S G T G ecL @�R L^S G � [ S�SgMOP [^h M RQE T�e R T E P?J [N@HG bgT @ bHP�� @HG J RO> P Y�E P?M �
P G e P S D J�LNM ; T�P G ecL^P?M�� ?�S E J�P Y�[ S h L G b I B 
 M h M R P?VWM D S E @ �`LNJ�P E.@HG bHP S D�@�Y�Y�[ LNe @�R L^S G M��8L G e [ T�J�L G b
kHSgLNe P � V @ L [!RQE.@HG M.e E L Y�R L^S G�@HG J M Y PcP?e >vRQE.@HG M [N@�R L^S G � L R LNM G P?e P?MOM @�EOh R S E P?e SHb G L = P(e S G kHP E M @�R L^S G�@H[
M Y PcP?e > V(S E P @ ececT E.@�R P [^h �

� > SgT�b > V @HG�h D @ e R S E M Y�[ @?h @ E S [ P�� RO> P Y S3S ErY P E.D S E V @HG e P�S D ecT EOE P G�R I B 
 M h M R P?V MXL G
E P?e SHb G L = L G bWe S G kHP E M @�R L^S G�@H[ M Y PcP?e > LNM @�E bgT @ U [^h J�T�P R S RO> P?L E L G�@ U�L [ L R;h(R S VWS3J�P [ [ @�E bHP @ e SgT�M R L e
k @�E L @�R L^S G P s\P?e R L^kHP [^h � � S R P @ MOP @�Y,@�EOR RO> Pve S G
RQE L^U�T R L^S G S D @ e SgT�M R LNe�k @�E L @�R L^S G � @ M R T�J h � @ M



�

e S G J�T�e R P?JWL G p � � � � > P E P @ M h M R P?V ��MOL VWL [N@�E�R S RO> PjecT EOE P G�R M h M R P?VWM�� � @ M�T�MQP?J R S E P?e SHb G L = P RO> P
M @ V(P � S E J MQP?_3T�P G e P�M Y S A P G L GaRO>�E PcP�J�L s\P E P G
R M R;h8[ P?M 
 p?n � � � B3Y S G�RO@HG PcSgT�M!M Y PcP?e > � @ M E P?e S E J�P?J �
@HG J RO> P G RO> P RQE.@HG MOe E L Y�R S D�RO> P M @ V(P M Y PcP?e > � @ M E P @ J @HG J �Q@ e R P?J M Y S G�RO@HG PcSgT�M [^h �*U h RO> P M @ V(P
M Y P @�A P E M�� l > L [ P RO> PjM h M R P?V E P?e SHb G L = P?JrM Y S G�RO@HG PcSgT�M1M Y PcP?e > �jL RO>W@ � S E J P EOE S E1E @�R P`S D = n � ��� �
RO> P @ e R P?J @HG J RO> P E P @ J kHP E MOL^S G M�� P E P E P?e SHb G L = P?J @�R � W � � � @HG J n � � � � P EOE S E�E @�R P?M E P?M Y P?e R L^kHP [^h �
� > P*J�L s6P E P G e P?M�L G P EOE S E�E.@�R P V T�M R U\P J�T�P R SWJ�L s6P E P G e P?M�L GrRO> P @ e SgT�M R LNecM E P [N@�R P?J R S(M Y P @�A L G b
M R;h8[ P?M`MOL G e P RO> P RQE @HG MOe E L Y�R � @ M RO> P M @ V(P L G @H[N[ RO> P RO>�E PcP R P?M R M � ?�T EORO> P E P�� Y P E L V(P G
R M S GCRO> LNM
e S E.Y T�M � 	 T [^R L E Pcb e S EOY T�M � M > S�� P?J RO>�@�RaRO> PrJ�Pcb E.@ J @�R LNS G �`L RO> L G e E P @ M.L G b [^h e @ MOT @H[ M Y P @�A L G b
M R;h8[ P S8ececT E M @ e E SgMOM R P [ P Y�> S G P � U @HG J @HG J��jLNJ�P � U @HG J M Y PcP?e > @HG J T G J�P E V @�R e > P?J RQE.@ L G L G b @HG J
R P?M R e S G J�L R L^S G M�
 pHp = � � � S0U E LNJ�bHP RO> L MWb @�Y L G Y P EOD S E V @HG e P�� RO> P @ e SgT�M R L e k @�E L @�R L^S G E P [N@�R P?J
R S RO> P(M Y P @�A L G b M R;h8[ P G PcP?J�M R SZU\P V(S3J�P [ P?JCU\P RQR P E L Gv[N@�E bHP kHS3e @ U�T [N@�EOh M Y P @�A P E � L G J�P Y P G J�P G�R
e S G kHP E M @�R LNS G�@H[ M Y PcP?e >XE P?e SHb G L = P E M�� @HG J RO>�@�R LNM RO> PaM Y P?ecL ] e*bHS @H[ S D!RO> LNM RO> P?M.LNM��

<�G V @HG�h I B 
 M h M R P?V M�� RO> P @ e SgT�M R LNe k @�E L @�R L^S G S D ��S E J�M LNMaV(S8J�P [ P?J @�R R � S [ PckHP [ M � RO> P
Y�E S G T G ecL @�R L^S G V(S8J�P [ � > L e > V @�Y M @ J�LNe R L^S G�@�E.h Y�> S G P?V(PWMQP?_3T�P G e P � U @ MQP D S E V �jR S RO> P E P @H[ �
L = P?J Y�> S G P(MQP?_3T�P G e P � MOT EODF@ e P D S E V � � @HG J RO> P @ e SgT�M R LNe(V(S8J�P [ � > LNe > V @�Y M RO> PWM.T EOD @ e P D S E V
R SXSHU,MQP E kHP?JmM Y P?e RQE.@H[ k @�E L @�R LNS G L GvR P E VWM S D V T [^R L^k @�E L @�R P(J�LNM RQE L^U�T R L^S G M�� � SCM R T�J h RO> P E S [ P S D
RO> P?MQP R � S e SgV Y S G P G�R M�� � P @�R L G bme SgV Y,@�E P?J @ M @ V Y,[ P D E SgV @ e S G kHP E M @�R LNS G�@H[ M Y PcP?e > e S EOY T�M
� B �`L R e > U\S @�E J � �`L RO> RO>�@�R S D�@XE P @ JmM Y PcP?e > e S EOY T�M � � < 	C< � � � � S RO> M @ V Y�[ P?M � P E P Y�E Pck3LNSgT�M [^h
>�@HG J � RQE.@HG M.e E L^U\P?J 
 W3p@� � B8> P D SgT G J RO>�@�R�RO> P @ kHP E.@ bHP G T�V U\P E S D MOT E.DF@ e P �FY�> S G P?VWLNe �1D S E VWM Y P E
� S E J L G ; T�P G
R M Y PcP?e > � @ M R �`L e P RO>�@�R S D E P @ JrM Y PcP?e > � B L VWL [N@�E.[Nh � RO> P G T�V U6P E S D Y�> S G P?M � T�MOL G b
RO> P � < 	 < � M h V U6S [ L G kHP G�R S EOh �1D S E P @ e >XY,> S G P?V(P*k @�E L^P?M R �`L e P @ M�V T�e > � l�> L [ P RO> P Y�> S G P?VWL e
k @�E L @�R LNS G S D1@ ��S E J�V @ h U\P J�P @H[NR �`L RO> T�MOL G b Y�E S G T G ecL @�R LNS G V(S8J�P [ M�� RO> P L G e E P @ MQP?J Y�> S G P R L e
k @�E L @�R LNS G LNM Y�E SHU @ U [^h U\P RQR P E @ J�J E P?MOMQP?JmU h LNV Y�E S k8L G bXecT E.E P G
R @ e SgT�M R LNe V(S8J�P [ M�� l S EOA �`L RO>
M.LNV T [N@�R P?J0J @�RO@ � > LNe > � @ M Y�E S8J�T�e P?J T�MOL G b @HG%@ e SgT�M R LNeZV(S3J�P [ S D M Y PcP?e > � >�@ M @H[ MQS Y SgL G
R P?J
R S Y�E S G T G ecL @�R LNS G k @�E L @ U�L [ L R;h @ M�S G P S D(RO> P V @ L G Y�E SHU [ P?V MCL G E P?e SHb G L = L G b e S G kHP E M @�R L^S G�@H[
M Y PcP?e > 
 � � � � B S DF@�E � RO> P���S EOA S G Y�E S G T G ecL @�R L^S G V(S8J�P [ L G bvL G0R P E VWM S D`Y�> S G P?V(P � [ PckHP [ MOT�U �
M R L R T R L^S G M �6J�P [ P R L^S G M @HG J L G MQP E.R L^S G M >�@ M h LNP [ J�P?JvMOV @H[N[+Y P EOD S E V @HG e P b @ L G M 
 p9W � pHp � � �/?�T EORO> P E
b @ L G e SgT [ J e SgVWP D E SgV LNV Y�E S kHP?VWP G
R M�L Gr@ e SgT�M R L e*VWS3J�P [ M�� @HG J E P?e P G
R�E P?MOP @�E e > U\P @�E M RO> LNM SgT R �



�

B8@�E.@ e [N@�E P R @H[ �E
 pHp = � M > S�� P?J RO>�@�R VWS3J�P [ L G b Y�E S G T G ecL @�R L^S G U\P h S G J RO> P Y�> S G P?V LNe [ PckHP [ � @HG J
@H[N[ S��jL G b e >�@HG bHP?M L G�@ e SgT�M R LNe V(S8J�P [ M��,U E L G bgM @ J�J�L R LNS G�@H[ U\P G P ]�R M �`u � Y P E LNV(P G�R M U h � @ L G�@HG J
l S�S8J [N@HG J @H[ MQS J�P?V(S G M RQE.@�R P @HG @ J�k @HG�RO@ bHPCL G T�MOL G b Y�> S G P R LNe e S G�R P�� R(R S4J�L E P?e RO[^h L G�; T�P G e P
RO> P R P?V Y S E.@H[�G�@�R T E P S D�@ e SgT�M R L eWV(S8J�P [ M 
 = � � � � > P?MQPWM R T�J�L^P?M MOT Y�Y S E.RjRO> P G S R L^S G4RO>�@�R RO> P E P
LNM @ G PcP?J R S E P Y�E P?MOP G
R k @�E L @�R LNS G S D�@ V(S E PWb E @ J�L^P G�R G�@�R T E P�� @HG J � P >
h3Y S RO> P?MOL = P RO>�@�R �!L G4@
MOLNVWL [ @�E V @HG�G P E � > L^b > � [ PckHP [ e S G�R P�� R � U\P h S G J Y�> S G P?VWLNe � L G�; T�P G e P?M RO> P @ e SgT�M R LNe*V(S3J�P [ M2S D RO> P
Y�> S G P?V(P?M @ M ��P [ [ @ M RO> P Y�E S G T G ecL @�R L^S G S D�@ ��S E J �

����� �����
	���
�������������	���������� �!�#"$
��%�&
'�#��( 
)�&*,+�-
������.��'	/�����102�3"4�657	4�%�8�9":	�;

� S G kHP G�R L^S G�@H[ [^h � @ e SgT�M R L e�k @�E L @�R LNS G S Da@0Y�> S G P?V(P >�@ M U\PcP G e @�Y�R T E P?J U h e S G J�L R LNS G L G b RO> P
@ e SgT�M R LNe(V(S8J�P [ M S G RO> PWLNJ�P G�R L R;h S D�RO> P G P?L^b > U6S E L G b Y,> S G P?V(P?M�� � h�Y LNe @H[N[^h � L G4[N@�E bHP(kHS3e @ U�T �
[N@�EOh I B 
 � Y�> S G P?VWP?M �`L RO> LNV V(P?J�L @�R P [ P D R � @HG J E L^b >�R � G P?L^b > U\S E M �FRQE L Y�> S G P?M ��@HG J Y SgMOMOL^U [^h R ��S
G P?L^b > U6S E M �FY P G�RO@�Y�> S G P?M �*@�E P T�MOP?J � � S G J�L R L^S G L G b S G�[Nh S GmY,> S G P?VWLNe e S G�R P�� R J�S3P?M G S R e @�Y �
R T E P RO> P @ e SgT�M R LNe k @�E L @�R L^S G S D e S G kHP E M @�R L^S G�@H[ M Y PcP?e > D T [N[^h � <�GvE P?e P G�R h P @�E M�� @ T�bgV(P G
R L G b RO> P
e S G
R P�� R �jL RO> Y SgMOL R L^S G S D Y�> S G P?V(P L G(RO> P ��S E J >�@ M2U E SgT�b >�R1@ J�J�L R LNS G�@H[ LNV Y�E S kHP?V(P G�R M R S I B 

Y P E.D S E V @HG e P�� @HG J�L R LNM G S
� �`LNJ�P [^h T�MQP?J � P�� b �E
 =>= � � � � > LNM*LNM e S G MOL M R P G
R �`L RO> SHU�MOP E k @�R LNS G M L G
[ L G bgT�L M R LNe*M R T�J�L^P?M @ U6SgT R ��S E J � Y SgMOL R L^S G P s\P?e R M*S G J�L s\P E P G�R e S G MQS G�@HG�R M��\T�MOL G b P [ P?e RQE S Y�@H[N@�R SHb �
E.@�Y�>�h � u f � � 
 W � � � � > P [ L G bgT�S Y�@H[N@�RO@H[ �FR S G bgT�P � Y�@H[N@�R P � e S G�RO@ e R � � > L e > @ s\P?e R RO> P M RQE P G b RO>
@HG J J�T E.@�R L^S G S D MQSgT G J Y�E S8J�T�e P?J � D S E ��S E J � L G L R L @H[ e S G MQS G�@HG
R M L M*M.L^b G L ] e @HG�RO[^h J�L^s6P E P G�R D E SgV
��S E J � ]�G�@H[ � < GmRO> L M � S EOA � � P [ S�S Am@�R e S G J�L R LNS G L G b @ e SgT�M R LNe VWS3J�P [ M S G > L^b > � [ PckHP [ e S G
R P�� R M��
M Y P?ecL ] e @H[N[^h M h3[ [N@ U [ P @HG J�� S E JCM RQE T�e R T E P��
q T E*>
h3Y S RO> P?MOLNMjLNM RO>�@�R*RO> P M h8[N[N@ U [ P M RQE T�e R T E P LNM @H[ MQSrT�MQP D T [ L G VWS3J�P [ L G b RO> P k @�E L @�R L^S G L G

e S G kHP E M @�R L^S G�@H[ M Y PcP?e >WG S R2@ ece SgT G�R P?J D S E U h Y,> S G P?V(P�e S G�R P�� R � � S G MOLNJ�P E�RO> P Y�> S G P?V(P � R � � L G
RO> P e S G
R P�� R � L h R P E � � L G � U6P @�R P E � � � U\P @�R u E.G P?M R � @HG J � E P R T E.G � �2u1kHP GXRO> SgT�b > L R LNM RO> P M @ VWP
RQE L Y�> S G P�� RO> P @�EOR LNecT [N@�R L^S G S D2RO> P Y�> S G P � R �ZL G RO> P RO>�E PcP e S G�R P�� R M LNM*J�LNM R L G e RO[^h J�L s\P E P G
R � L G
RO> P ]�E M R L R LNM ;�@�Y�Y P?J �
L GWRO> PjMQP?e S G J L R L M @HG T G�E P [ P @ MQP?J e [ SgMOT E P @HG J L GWRO> P RO> L E JWL R LNM @ e [ SgMOT E P
Y�[ T�M @ E P [ P @ MQP�� � > P?MQPrJ�L s\P E P G e P?M @�E Pre [ SgMOP [^h E P [N@�R P?J R SvM h8[N[N@ U [ PWM RQE T�e R T E P�� @HG J0e S EOE P?M Y S G J
R S @ V U�LNM h8[N[N@ U�L e � M h8[N[N@ U [ P � ],G�@H[ � @HG J0M h3[ [N@ U [ P � L G L R L @H[ e S G
R P�� R M�� E P?M Y P?e R L^kHP [Nh � ?�S E E P @ J M Y PcP?e > �



=

RO> Pak @�E L @�R L^S G L GC@ e SgT�M R L e E P @H[ L =?@�R L^S G S D � R � >�@ MjU6PcP G M R T�J�LNP?JCT�MOL G bWM RO@�R LNM R LNe @H[+R P?e >�G LN_3T�P?M U h

j@HG J�S [^Y,> 
 pco � � � 
 P @H[ L =?@�R L^S G MjS D � R � L G � < 	C< � � @ e S EOY T�M`S D�E P @ JvM Y PcP?e > ����P E P >�@HG J � [N@ U\P [ P?J
@ M E P [ P @ MQP?J �8T G�E P [ P @ MOP?J � ;�@�Y�Y P?J ��J�P [ P R P?J S E b [ S RQRO@H[ L = P?J � i MOL G baV T R T @H[ L G�D S E V @�R L^S G � > P D SgT G J
RO>�@�R�RO> P?MQP E P @H[ L =?@�R L^S G M � P E P�P�� Y�[N@ L G P?J U h M h8[N[N@ U [ P Y SgMOL R L^S G U\P RQR P E2RO>�@HG(RO> P Y�> S G P?V(P e S G
R P�� R �
@HG J RO> PZe S G�R P�� R S D D P @�R T E P?M MOT�e > @ M RO> P Y�[ @ e P S D`@�E.R LNecT [N@�R L^S G � RO> PZV @HG�G P E S D`@�E.R LNecT [N@�R L^S G �
RO> PrkHSgL ecL G b4S EWRO> PXM RQE P?MOM��7?�T EORO> P E ��T�M.L G b J�P?ecLNMOL^S G RQE PcP?M RQE.@ L G P?J �`L RO>0RO> P?MQP @�RQRQE L^U,T R P?M�� > P
SHU RO@ L G P?J e [N@ MOMOL ] e @�R L^S G @ ececT E @ ecL^P?M S D`@ U\SgT R � � � � @HG J @HG P G�RQE S Y3hmE P?J�T�e R L^S G S Dj@ U6SgT R = ��� �
� > P?MQP Y,@�RQR P E.G M @�E P [ L A P [^h R S U\P Y�E P?MOP G
R L G e S G kHP E M @�R LNS G�@H[ M Y PcP?e > � @HG JZM h8[N[N@ U [ P M RQE T�e R T E P*V @ h
P�� Y�[N@ L G J�L s6P E P G
R�E P @H[ L =?@�R L^S G M L G S RO> P E Y�> S G P?V(P?M��

q D R P G ��S E JCU6PcbgL G�G L G b @HG JZP G J�L G b E T [ P?M�e @HG U\P bHP G P E.@H[ L = P?J R S RO> P M h8[N[N@ U [ P [ PckHP [+@HG J RO> LNM
L M T�MQP?J R S P�� Y�[N@ L G � >
h e P EORO@ L G Y�> S G P MQP?_�T�P G e P?MjJ�S G S R S8ececT E L G u G b [ LNM > 
 = W)� � ?�S E P�� @ V Y�[ P��
P�� R P G J�L G b RO> P G S R L^S G RO>�@�R �QG b�� � @ M!L G E.@HG b � @HG J ���

�
� � @ M�L G U\P?L^bHP � J�S G S R S8ececT E�@ M � S E J S G MQP R M

P�� Y�[N@ L G M RO> P @ U�MQP G e P(S D � S E JmVWP?J�L @H[ e [ T�M R P E M S D�RO> P D S E V � E � G b E �CS E � E � � G b E � @HG JmMQS
S G � <�D � S E J � L G�R P E.G�@H[�� M h8[N[N@ U [ P � [ PckHP [ � Y�> S G S RO@ e R L ecM2VWL EOE S E � S E J � [ PckHP [8Y,> S G S RO@ e R LNecM�� RO> P G L G e S E �
Y S E.@�R L G b M h8[N[N@ U [ P � [ PckHP [ M RQE T�e R T E P L G
R S RO> P E P?e SHb G L R LNS G M h M R P?V M > SgT [ J E P?MOT [NR L G b @ L G MjU\P h S G J
RO> SgMQP MQPcP G L G L G e S EOY S E.@�R L G b � S E J � [ PckHP [ M RQE T�e R T E P�� �jS�� PckHP E � MOL G e P RO> P E P @�E P MQSgV(P @ J�J�L R L^S G�@H[
Y,> S G S [ SHbgLNe @H[`Y�E S8e P?MOMQP?M RO>�@�RrRO@�E bHP R M h3[ [N@ U [ PXP?J�bHP?M � MQPcP 
 n�oN� D S EX@ J�LNMOecT�M.MOL^S G�� ��L G�D S E V @�R LNS G
@ U\SgT R�Y SgMOL R L^S G � L G � � S E J @ M � P [N[ @ M Y SgMOL R L^S G � L G � M h3[N[ @ U [ P`LNM�T�MQP D T [ �

B3RO@�R LNM R LNe @H[ M R T�J�L^P?M @HG�@H[^h3= L G b @ e S G kHP E M @�R LNS G M Y PcP?e > e S EOY T�M � B �`L R e > U\S @�E J � M > S
�0M h M R P?V @�R LNe
P s\P?e R M @ MOMQS8ecL @�R P?J �`L RO> e SgV Y S G P G�R M*S D2@ M h3[N[ @ U [ P 
 ��� � � � � = p@� � < GvY�@�EOR LNecT [N@�E � RO> P hCD SgT G J RO> P
M h3[N[ @ U [ P S G MQP R M R S U\P V(S E PrM RO@ U [ P RO>�@HG e S8J @ M�� @HG J @HG @HG�@H[^h MOLNM S D P EOE S E M V @ J�P U h M RO@�R P � S D �
RO> P � @�EOR M h M R P?V MjS G�E P?e SHb G L = L G b e S G kHP E M @�R LNS G�@H[ M Y PcP?e > MOT�bHbHP?M R M RO>�@�R*@ ececT E @�R P E P?e SHb G L R L^S G S D
M h3[N[ @ U [ P*S G MQP R M`L M�V(S E PaLNV Y S E.RO@HG
R�D S E ��S E J E P?e SHb G L R LNS GXRO>�@HG S D M h8[N[N@ U [ P*e S8J @ M 
 = o � �

� > P D S8ecT�M�S D SgT E ��S E.A LNM S GC[ P @�E.G L G b e S G
R P�� R T @H[ k @�E L @�R L^S G J�L E P?e RO[^h L GrRO> P @ e SgT�M R LNe VWS3J�P [
T�MOL G bWU\S RO> ��S E J � @HG J�M h8[N[N@ U [ P � [ PckHP [ L G�D S E V @�R L^S G �6MOL G e P RO> P h MQPcP?VWP?J Y�E SgVWLNMOL G b L G U6S RO>�Y�E P �
k8L^SgT�M Y�E S G T G ecL @�R L^S G VWS3J�P [ M @HG J @ e SgT�M R LNe M R T�J�LNP?M VWP G
R L^S G P?J @ U\S kHP�� <�G e S G�RQE.@ M R R S(V(S8J�P [ L G b
RO> PaM h8[N[N@ U [ P*P�� Y�[ LNecL RO[Nh @ M @ T G L R � � P T�MQP @WRQE PcP � U @ MQP?Jve [ T�M R P E L G b(V(P?e >�@HG LNMOV R S @H[N[ S��KM >�@�E L G b
S D�Y�@�E.@ V(P R P E M @ e E SgMOM @H[N[ e S G�R P�� R M D S E E SHU�T�M R P?M R LNV @�R L^S G � � S RO@ e A8[ P RO> P Y�E SHU [ P?VWM RO>�@�R @�E LNMOP



�

L G T�MOL G b @a[ @�E bHP G T�V U6P E S D e S G
R P�� R T @H[6D P @�R T E P?M�� � > LNe > e SgT [ J Y S R P G�R L @H[N[Nh L G e [ T�J�P Y�E SgMQS3J h @HG J
ecT�P?M @ U\SgT R MQP G
R P G e P M RQE T�e R T E P�����P >�@ kHPWP�� R P G J�P?J RO> PWJ�P?ecLNMOL^S G�RQE PcPWU @ MOP?J4e [ T�M R P E L G b R S T�MQP
V T [NR L Y�[ P M RO@ bHP?M1S D e [ T�M R P E L G b � f2E Pck8L^SgT�M�� S EOA T�MOL G b M h8[N[N@ U [ P?M!e @HG U6P�e E L R LNecL = P?J D S E L^b G S E L G b RO> P
P s6P?e R MaS D E P � M h3[ [N@ U�L ] e @�R LNS G � l PrL G kHP?M R L^b @�R P?J RO> P(P s6P?e R M S D�E P � M h3[ [N@ U�L ] e @�R LNS G S G4E P?e SHb G L R LNS G
Y P E.D S E V @HG e P�� ]�G J�L G b G SZMOL^b G L ] e @HG
R LNV Y,@ e R S GvE P?e SHb G L R L^S G Y P EOD S E V @HG e P�� < GvRO> LNM RO> P?MOLNM � RO> P
R P E V M h3[N[ @ U [ P � @HG J � S E J � [ PckHP [ D P @�R T E P?M E P D P E M R S @�RQRQE L^U,T R P?M S D M h8[N[N@ U [ P @HG J�� S E J M RQE T�e R T E P��
@HG JCL R J�S3P?M G S R E P Y�E P?MQP G�R D P @�R T E P?M DFE SgV RO> P L G�Y T R M Y PcP?e > �

����� �����
	���
�������	���� �#"$��� �!�#"$
��%�&
'�#��( 
)�&* 5 � 	$� 
 .��'	����	� ��� �3��-

I G S RO> P E [ L VWL RO@�R L^S G S D ecT EOE P G�R M h M R P?VWM LNM RO> P @ J > P E P G e P R S @�] �8P?J0VWS3J�P [ M RQE T�e R T E P D S E @H[ [
Y�> S G P?M L EOE P?M Y P?e R L^kHP S D RO> P?L ErY�> S G P R LNe e S G
R P�� R M�� <�G e P EORO@ L G M h M R P?VWM�� @ [ LNVWL R P?J @ V(SgT G�R S D
R P?V Y S E.@H[ k @�E L @�R L^S G M L M e @�Y�R T E P?J �`L RO>4RQE.@HG MOL R L^S G M RO>�@�Ra@H[N[ S
� e P EORO@ L G M RO@�R P?M S D�RO> P VWS3J�P [2R S
U6P M A L Y�Y P?J �
q G P(S D�RO> P(SHU3k3LNSgT�M SgT R e SgV(P?MaS D T�MOL G b @X] �3P?J R S Y S [ SHb h LNM RO> P LNV Y SgMOL R L^S G S D�@HG T G�E P @H[ �

LNM R LNe e S G M RQE.@ L G�R S G RO> P J�T E.@�R L^S G S D�RO> P Y�> S G P?M�� f S Y T [N@�E`R S Y S [ SHbgLNP?MjLNV Y SgMOP @ � o VWL [N[ L MQP?e S G J
e S G M RQE.@ L G�R S G�RO> P VWL G LNV T�V:J�T E @�R L^S G S D�@ Y�> S G P�� � > LNM >�@�Y�Y P G M U\P?e @ T�MQP RO> P Y�> S G P?V(P?M @�E P
V(S3J�P [ P?JCU hC@�R*[ P @ M R`RO>�E PcP M RO@�R P?M � @H[N[ S��`L G b D P � P E M RO@�R P?M D S E @H[N[ Y�> S G P?V(P?M R P G J�M R SZe @ T�MQP L G �
MQP EOR L^S G S D M Y T E L^SgT�M Y�> S G P?M � � @HG JWP @ e > M RO@�R P G PcP?J�M @�R1[ P @ M R S G P SHU�MQP E k @�R L^S GWD E.@ VWP � P @ e > D E.@ VWP
LNM @ U\SgT R pco VWL [N[ LNMQP?e S G J � � �`S
��PckHP E ��P�� @ V L G�@�R L^S G S D RO> P J�T E.@�R L^S G S D Y�> S G P?M�L G e S G kHP E M @�R L^S G�@H[
M Y PcP?e > M > S��`M RO>�@�R�@ U\SgT R S G P`L G(R P G Y�> S G P L G M RO@HG e P?M�LNM2M > S EOR P E1RO>�@HG � o V M�� ?�L^bgT E P p � p M > S��jM
@ Y�[ S R S D J�T E.@�R L^S G J�LNM RQE L^U,T R L^S G e SgV Y T R P?J DFE SgV RO>�E PcP @HG J @0>�@H[ND > SgT E M S D e S G kHP E M @�R L^S G�@H[
M Y PcP?e >4RO>�@�R � @ M >�@HG J � [N@ U\P [ P?J � � > PWJ @�RO@ � @ M [N@ U\P [ P?J @�R M h3[N[ @ U [ P � [ PckHP [ L G RO> P <�G�R P E.G�@�R L^S G�@H[
� SgV Y T R P EXB ecL^P G e P <�G M R L R T R P �FRO> L M MOT�U,MQP R �`L [ [ U\P E P D P EOE P?J R S @ M < � B3< RQE.@HG MOe E L Y�R LNS G�� � � > P
Y�> S G PWJ�T E.@�R L^S G M � P E P @�Y�Y�E S �8LNV @�R P?JmU h J�LNM RQE L^U,T R L G b RO> P M h8[N[N@ U [ P(J�T E.@�R L^S G PckHP G�[^hm@ V(S G bgM R
L R M1e S G M R L R T�P G�R2Y�> S G P?M � RO> T�M1T G J�P E P?M R LNV @�R L G b RO> P G T�V U\P E S D Y�> S G P?M RO>�@�R�@�E P*M > S EOR P E�RO>�@HG � o
VWM�� I ] �3P?J R S Y S [ SHb h V @?h�G S R e @�Y�R T E P RO> P R P?V Y S E.@H[ k @�E L @�R L^S G M @ MOMQS8ecL @�R P?J	�`L RO> P?L RO> P E P G J
S D+RO> L M J�LNM RQE L^U�T R L^S G �

� P?V Y S E @H[ k @�E L @�R L^S G S D1@rY�> S G P?V(P @H[ MQSZJ�P Y P G J�P G�R S G L R M e S G
R P�� R �aI M > S EOR�;�@�Y � � J � � @ M



W

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
0

1

2

3

4

5

6

7

8

9
x 10

−3

phone duration in seconds

n
o
rm

a
liz

e
d
 f
re

q
u
e
n
cy

P(dur<0.03) ~ 0.1 

?�L^bgT E P p � p t2u�M R LNV @�R P?JZJ�LNM RQE L^U�T R LNS G S D Y�> S G P*J�T E.@�R L^S G L G e S G kHP E M @�R L^S G�@H[ M Y PcP?e > �FRO@ L [ SgVWL RQR P?J
D S E U\P RQR P E J�L M Y�[N@ h S D V(S3J�P � �

L Grf P R P E��FY � L h � J � � @ � E ��>�@ M [ P?MOM R P?V Y S E.@H[ k @�E L @�R L^S GrRO>�@HGC@ J�L Y�>�RO> S G b � S h � @ M L GX@ kHSgLNJ � @ � � k �
S h � J � � i MQP S D V(S E PjSHU�MOP E k @�R LNS G J�LNM RQE L^U,T R L^S G M RO>�@HGrG P?e P?MOM @�EOh V @ h [ P @ J R S Y S3S E P?M R LNV @�R L^S G S D
Y,@�E.@ V(P R P E M�� � > L [ P RO> PaT�MQP S D+D P � P E V @ hZ[ P @ J R S [ P?MOM�J�LNMOe E LNV L G�@�R S EOh VWS3J�P [ M��
I D P � E P?MQP @�E e > P E M >�@ kHPaJ�PckHP [ S Y P?JXV(P RO> S8J�M D S Ej[ P @�E.G L G b e S G�R P�� R � J�P Y P G J�P G
R � 	 	 R S Y S [ �

SHb h 
 � n � p?n8p � � � � � p � � � = � � = � � � � � � V(SgM R S D � > L e > e @HG�G S R U\P4J�L E P?e RO[Nh T�MQP?J D S EC@%[N@�E bHP
kHS8e @ U�T [ @�EOh M Y PcP?e >XE P?e SHb G L = P E`D S E E P @ MQS G M`J�P?MOe E L^U\P?JXL G � >�@�Y�R P E � �
l P L G kHP?M R L^b @�R P @ J�L^s6P E P G�R`@�Y�Y�E S @ e > �`L RO>XRO> PaLNJ�P @(RO>�@�Rj> L^b > [ PckHP [ M RQE T�e R T E P e @HG U\PaT�MQP?J

R S J�P?MOL^b G � 	 	 R S Y S [ SHbgL^P?M D S E Y�> S G P?V(P?M1L G @ e S G�R P�� R M Y P?ecL ] e`V @HG�G P E � � > P bHP G P E.@H[,Y�E SHU [ P?V
S D J�P?M.L^b G L G b R S Y S [ SHbgLNP?M1LNM2J�L B ecT [^R�R S MQS [ kHP�� i MOL G b @aD P � E P @ MQS G�@ U [ P @ MOMOT�V Y�R L^S G M ����P*MOLNV Y,[ L DFh
RO> P RO@ M A � @HG JrSgT RO[ L G P @HGZ@H[ bHS E L RO> V R S [ P @�E.G RO> P?V @ T R SgV @�R L e @H[N[^h � � > P @H[ bHS E L RO> V � @ M @�Y�Y�[ LNP?J



�

S G @ [N@�E bHP`e S G kHP E M @�R L^S G�@H[ M Y PcP?e > E P?e SHb G L R L^S G RO@ M A �3J�L^s6P E P G�R MQP RQR L G bgM�� P E P`P�� Y�[ S E P?J � @HG J RO> P?L E
LNV Y�@ e R � @ M @ MOMOP?MOMQP?J �

����� � � �&��
 ��	/�����&*�	�� *�	$;8
 ;

� S MQP R�RO> P U @ e A b E SgT G J D S E MOT�U,MQP?_�T�P G
R J�LNMOecT�MOMOL^S G � @HG J R S P�� Y�[N@ L G R P E V L G S [ SHb h @HG J R P?e >�G LN_�T�P?M
T�MQP?J L G SgT E P�� Y P E LNVWP G
R M�� RO> P D T G J @ V(P G�RO@H[ M(S D @ T R SgV @�R LNe�M Y PcP?e > E P?e SHb G L R L^S G M h M R P?VWM @�E P
U E L^P ;�h P�� Y�[N@ L G P?J L G � >�@�Y�R P E n � � > P E P @�E P @ G T�VaU\P E S D Y,@�E.@ V(P R P E M RO>�@�R bHS L G�R S ]�G P R T G L G b @
M Y PcP?e > E P?e SHb G L R L^S G M h M R P?V � G S R�@H[N[ S D � > LNe > e @HG U6P�P�� Y,[ S E P?JaL G RO> P M Y�@HG S D�@`RO> P?M.LNM�� � >�@�Y�R P E �
P�� Y�[ @ L G M RO> P P�� Y P E LNVWP G
RO@H[+Y�@�E.@ J�LNbgV RO>�@�R ��P @ J�S Y�R P?J D S E RO> LNM � S EOA � L G e [ T�J�L G b RO> P RQE.@ L G L G b
e S EOY T�M @HG J RO> P E P?e SHb G L R L^S G�RO@ M A � � > P RO>�E PcP MOT�U�MQP?_3T�P G
R e >�@�Y�R P E M J�P @H[ �`L RO>CRO> P e S E P S D2RO> L M
RO> P?MOLNM�� @HG JZb E.@ J�T @H[N[Nh J�PckHP [ S Y�@ MOT�U � � S E JXT G L R�RO>�@�R LNM M Y P?ecL ] e R S L R M �`L J�P E e S G
R P�� R �
<�G � >�@�Y�R P E � � � P LNV Y�E S kHP RO> P ecT EOE P G
RW@ e SgT�M R LNe V(S8J�P [ M � � > L e > >�@ kHP @4] �3P?J R S Y S [ SHb h �

U h L G e S E.Y S E @�R L G bWM h8[N[N@ U [ P � @HG J � S E J � [ PckHP [+D P @�R T E P?M*L GXRO> P?L E M RO@�R P SHU�MQP E k @�R L^S G J�P G MOL R LNP?M�� � > P
e >�@�Y�R P E U\PcbgL G M��jL RO> RO> P1J�P?MOe E L Y�R LNS G S D�E P [N@�R P?J � S EOA � @HG J P G T�V(P E.@�R P?M RO> P @�RQRQE L^U�T R P?M S D M h3[N[ @ U [ P
@HG J�� S E J M RQE T�e R T E P RO>�@�R � P >�@ kHP T�MQP?J�L GXRO> L M RO> P?MOLNM � � > P G � ��P J�P [ kHPaL G
R S SgT E L G kHP?M R L^b @�R L^S G
S D RO> P?L E LNV Y,@ e R S G M RO@�R P SHU�MQP E k @�R L^S G J�P G MOL R L^P?M � L G e [ T�J�L G b E P?MOT [^R M D E SgV RQE.@ L G L G b @HG J R P?M R L G b
S G @ M RO@HG J @�E J [ @�E bHP kHS8e @ U�T [N@�EOh M Y S G�RO@HG PcSgT�M�M Y PcP?e >WE P?e SHb G L R L^S G RO@ M A � l P e SgV Y�@�E P RO> P`b @ L G M
@ e E SgMOM�J�L s\P E P G�R M h M R P?VWM�� @HG J P�� @ V L G P RO> P @ T R SgV @�R LNe @H[N[^hW[ P @�E G P?J J�P?ecLNMOL^S G RQE PcP?M R S @ ece P?MOM RO> P
T�MQP D T [NG P?MOMaS D P @ e >%D P @�R T E P�� ?�T E.RO> P E ��� PXL G kHP?M R L^b @�R P RO> PZP s6P?e R M(S DjE P � M h8[N[N@ U�L ] e @�R L^S G S G0RO> P
E P?e SHb G L R L^S GCY P E.D S E V @HG e P��

� > P*P G e SgT E.@ bgL G b E P?MOT [^R M D E SgV � >�@�Y�R P E � S Y P G M RO> P Y SgMOMOL^U,L [ L R�h S D T�MOL G b @ k @�E L^P R�h S D S RO> P E
> L^b > � [ PckHP [6D P @�R T E P?M L GZD T R T E P�� �`S
��PckHP E � @(D P � R P?e >�G L e @H[ J�L B ecT [^R L^P?M G PcP?J R S(U\P RO@ e A8[ P?JCU\P D S E P
RO> LNM`e @HG U\P @ e > L^PckHP?J � < G � >�@�Y�R P E = � P J�PckHP [ S Y4@ DFE.@ V(P � S EOACR SrS kHP E e SgVWP RO> P?MQP(J�L B ecT [^R L^P?M��
l P R P?M R SgT E @H[ bHS E L RO> V:S Gv@ [ @�E bHP RO@ M A S D e [ T�M R P E L G b Y P G�RO@�Y�> S G P?M�� @HG J�kHP E L DFhZRO>�@�RjRO> P M RO@�R P
SHU�MQP E k @�R L^S G J�P G MOL R L^P?M RO> T�M�P?M R L V @�R P?JXbgL^kHPaM.LNVWL [N@�E�Y P EOD S E V @HG e P S G�@(E P?e SHb G L R LNS GZRO@ M A �
<�G � >�@�Y�R P E � � � P Y T E M.T�PZSgT E @ LNV S D LNV Y�E S k8L G b MOT�U � � S E J T G L R M U h J�P?M.L^b G L G b e S G�R P�� R �

M Y P?ecL ] e`VWS3J�P [�R S Y S [ SHbgL^P?M D S E�Y�> S G P?V(P?M���I D R P E�@ U E L^P D\E Pck8L^P � S D Y�E Pck8L^SgT�M � S EOA � � P*J�PckHP [ S YX@
M h M R P?V @�R LNe D E.@ VWP ��S EOAXD S E V @�Y�Y L G bWe S G
R P�� R � J�P Y P G J�P G�R Y�> S G P?V(P?M R S � 	 	 R S Y S [ SHbgL^P?M�� � > P



�

VWS3J�P [ M D E SgV � >�@�Y�R P E � �`L RO> LNV Y�E S kHP?JCM RO@�R P SHU�MQP E k @�R L^S G J�P G MOL R LNP?M @�E PaT�MQP?J @ M RO> PaU @ MQP [ L G P��
� > P ] �3P?J R S Y S [ SHb h LNM E P Y,[N@ e P?J%U h0@ e S G�R P�� R � MOP G MOL R L^kHP R S Y S [ SHb h � @HG J RO> P G RO> PCV(S8J�P [ M @�E P
E P � P?M R LNV @�R P?J � � > P?MQPXV(S3J�P [ M @�E P R P?M R P?J @HG J RO> P?L E LNV Y�@ e R L M @HG�@H[^h�= P?J S G%@ e S G kHP E M @�R L^S G�@H[
M Y PcP?e >XRO@ M A �

?!L G�@H[N[^h � RO> PCe S G e [ T�MOLNS G M D E SgV @HG J RO> PCe S G�RQE L^U�T R L^S G M S DjRO> LNM���S E.A � @HG J Y SgMOMOLNU [ P D T R T E P
J�L E P?e R L^S G M @�E P MOT�VWV @�E L = P?JXL G � >�@�Y�R P E W �



pco



pHp

��5  :*��
	1� �

��� � � ��	 � ��� � 
 ���Y�7��
�� � �Y
�	 � � � � � 	�� ��� �B�Y� �

I G @ T R SgV @�R LNerM Y PcP?e >0E P?e SHb G L R L^S G � I B 
 � M h M R P?V @�RQR P?V Y�R M R S ],G J @ MQP?_�T�P G e P S D � S E J�M
e S E.E P?M Y S G J�L G b R S(S E L^bgL G�@H[ T RQR P E.@HG e P��1IKMQP E L^P?M S D e SgV Y�[ P�� D T G e R L^S G M G PcP?J R S(U\P Y P E.D S E VWP?J R S
@ e > L^PckHP RO> LNM�� � > LNM e >�@�Y�R P E J�P?M.e E L^U\P?M RO> P D T G J @ V(P G�RO@H[gY�E L G ecL Y�[ P+U\P > L G J k @�E L^SgT�M e SgV Y S G P G
R M+S D
M.T�e >Z@ M h M R P?V �8P�� Y,[N@ L G M RO> P R P E VWL G S [ SHb h � @HG J Y�E S k8LNJ�P?M E P D P E P G e P?M D S E V @HG
h S D RO> P MOT�U � RO@ M A M��

� T EOE P G�RO[^h ��M RO@�R LNM R LNe @H[\Y�@�RQR P E.GZE P?e SHb G L R L^S G LNM RO> P V(SgM R�Y S Y T [N@�E D E.@ VWP ��S EOA D S E`E P?e SHb G L = L G b
M Y PcP?e > @HG J�MOSZVWSgM R S D SgT E J�LNMOecT�M.MOL^S GCY P EORO@ L G M R SXL R � I [^R P E.G�@�R L^kHP Y�@�E.@ J�L^bgVWM*T�MOL G b @�EOR L ] ecL @H[
G P?T E.@H[�G P R ��S E.A ML
 � p2� @H[ MQSaP���LNM R ��I >�h U E LNJWM RQE.@�R Pcb h P s6P?e R L^kHP [Nh e SgVaU�L G P?M RO> P*T�MQPjS D R P?e >�G L _�T�P?M
DFE SgV U\S RO>ZRO> P?MOP @�E P @ M 
 � o � p � � pHpHp2� �

� > PabHP G P E.@H[ DFE.@ V(P � S EOAXD S E M RO@�R LNM R LNe @H[ I B 
 M h M R P?V e @HG U6P MOe > P?V @�R LNe @H[N[^hXE P Y�E P?MQP G�R P?J U h
?�L^bgT E P n � p � @ J @�Y�R P?J DFE SgV 
 p?n � � � � < Gm@HG�h I B 
 M h M R P?V � RO> P M Y PcP?e > MOLNb G�@H[ LNM ]�E M R e S G kHP EOR P?J
R S @ MQP?_3T�P G e P S D kHP?e R S E M���� ��� � 	 
 � ��
 � � 


�����

 � � � � @ M J�P?MOe E LNU6P?J4L G0B P?e R L^S G n � p � � > PWe S E P

RO@ M A4RO> P G L M R S e SgV Y T R P RO> P ��S E J MQP?_3T�P G e P � ��� 
 	 
 � ��
 � � 

�����


 � 
 � RO>�@�R VWL G LNVWL = P?M @
e SgM R D T G e R L^S G � <�G M RO@�R L M R LNe @H[�Y�@�RQR P E G4E P?e SHb G L R LNS G Y�E SHU [ P?V M�� RO> P Y�E SHU [ P?V LNM e @ M R L GvR P E V M S D
@vY�E SHU @ U�L [ L R;h J�LNM RQE L^U�T R LNS G S kHP EWE @HG J�SgV k @�E L @ U [ P?M���� ��� � @HG J�
 ��� 
 > P E P�� @HG J @ MQS [ T R LNS G LNM
SHU RO@ L G P?JvT�MOL G b RO> P � @ h P?M J�P?ecLNMOLNS G E T [ P D S E V L G LNV T�V E L M A � 	 @�A L G b RO> P @ MOMOT�V Y�R L^S GCRO>�@�R*@H[N[
e [ @ MOMOL ] e @�R LNS G P EOE S E M � L G e S EOE P?e R MQP G
R P G e P?M > P E P �2@�E PjP?_3T @H[N[^h U @ J S E e SgM RO[^h � @HG S Y�R LNV @H[ J�P?ecLNMOLNS G
E T [ P � V @ ��LNV T�V������������������ ��� S E 	 I f E T [ P � LNM SHU RO@ L G P?J @ M?t

�� ��� 
 	 @�E bgV @ �
! ��" #

$ � � ��� 
 � � ��� � � � n � p �

	 @�E bgV @ �
! ��" #

$ � � ��� � � � ��� 
 �%$ � � ��� 
 �
$ � � ��� � � � n � n �

	 @�E bgV @ �
! ��" #

$ � � ��� � � � ��� 
 �%$ � � ��� 
 � � n � � �

B L G e P $ � � ��� 
�� � ��� � � e @HG�G S R U\P V(S8J�P [ P?JrP @ MOL [^h � RO> P 	 I f E T [ P LNM @�Y�Y�[ LNP?J R S(P?M R L V @�R P?J Y�E SHU @ �



p?n

U�L [ L R LNP?M $ � � ��� � � � ��� 
 � @HG J $ � � ��� 
�� � @ MjL D RO> P h � P E P RQE T�P Y�E SHU @ U,L [ L R L^P?M �

s chiypzihsihth

Evaluate
LM scoresVocabulary

Language
ModelDictionary

Acoustic
Model

P(Y|W)

P(W)

W

Front−end
Signal Procg.

yny1y2

Y

This is speech

hypothesized word sequences

Evaluate AM score

?�L^bgT E P n � p t�q*kHP E k8L^P � S D�@HG I B 
 M h M R P?V:U @ MQP?JXS GC@ M RO@�R LNM R LNe @H[ D E.@ VWP ��S EOA �

� > P e SgV Y S G P G�R $ � � ��� 
 � P G e S8J�P?M RO> P Y�E L^S E�A8G S
� [ P?J�bHP @ U\SgT R�RO> P [ L A P [ L > S3S8JWS D SHU�MOP E k3L G b
@ ��S E J MQP?_3T�P G e P L G�RO> P [N@HG bgT @ bHP4S D L G�R P E P?M R � @HG J LNMZPck @H[ T @�R P?J U h�@ 2�.�=4"?#4.�"�' M]�A@&'^2 �

B P?e R L^S G n � n U E L^P ;�h J�P?MOe E L^U\P?M RO> P M RQE T�e R T E P @HG JXP?M R LNV @�R LNS G S D!@WR;h3Y LNe @H[ [N@HG bgT @ bHPaV(S8J�P [ �
� L^kHP G @ >
h3Y S RO> P?MOL = P?J ��S E JWMQP?_3T�P G e P�� @HG�.1CD�?#4�>�(��CYM]�A@&'^2 Pck @H[ T @�R P?M > S
� � P [N[ L R V @�R e > P?M

RO> P L G�Y T R M Y PcP?e > �*I*M V T�e > S D2RO> P Y�E S Y SgMQP?J���S EOA �`L [N[ U\P L GCRO> P @�E P @ S D1@ e SgT�M R LNe VWS3J�P [ L G b �
��P	�`L [ [ P�� @ V L G P RO> LNM R S Y LNevL G D T E.RO> P E J�P RO@ L [ � B L G e P�MQP Y�@�E @�R P @ e SgT�M R LNe V(S8J�P [ Mre @HG�G S R U\P
RQE.@ L G P?J D S E PckHP EOh � S E J MQP?_3T�P G e P L G @r[N@�E bHP kHS8e @ U�T [N@�EOh M h M R P?V � RO> P RO@ M A LNM R�h�Y LNe @H[N[^h U E S A P G
J�S�� G L G�R S�V(S8J�P [ L G b MOV @H[ [ P E MOT�U � ��S E J T G L R M � > L e > @�E P RO> P G M RQE T G b R SHbHP RO> P E R S Y�E S8J�T�e P @
V(S3J�P [,D S E�RO> P � S E JZMQP?_�T�P G e P�� � > P V(S8J�P [ M D S E�RO> P �9#40 � �7��%a@ #3=&�T�9� @�E P e > SgMQP G L GZ@ V @HG�G P E
RO>�@�R P G�@ U [ P?M!P?M R LNV @�R L^S G S D�RO> P?L E!Y,@�E.@ V(P R P E M @ T R SgV @�R LNe @H[N[^h D E SgV E P Y�E P?MQP G�RO@�R L^kHP RQE.@ L G L G bjJ @�RO@ �
�`P G e P�� RO> P E P @�E P R ��S V @ L G LNMOM.T�P?M�L G(@ e SgT�M R LNe�VWS3J�P [ L G b�t e > SgLNe P S D\@HG P [ P?V(P G�RO@�EOh V(S8J�P [ � > LNe >
L G e [ T�J�P?M`LNMOM.T�P?M E P [N@�R P?J R SrP?M R LNV @�R L G b RO> P?L E Y�@�E @ V(P R P E M @HG J T�MOL G b RO> P?V R SXJ�P?e S8J�P @ M h V U\S [
MQP?_�T�P G e P � @HG J4e SgV Y SgMOL G b @HG4@ e SgT�M R LNe(V(S8J�P [!D S E @X>�h�Y S RO> P?M.L = P?J ��S E J4MOP?_�T�P G e P�� � > P?MOP @�E P



p �

J�P?MOe E L^U\P?JZL G B P?e R L^S G n � � @HG J B P?e R LNS G n � �WE P?M Y P?e R LNkHP [^h �
� > PmLNV Y,[ P?V(P G�RO@�R L^S G S D u�_�T @�R L^S G n � � L M E P D P E.E P?J R S @ M RO> P MQP @�E e > @H[ bHS E L RO> V �:I D P �

@�Y�Y�E S ��LNV @�R LNS G M @HG J @4G T�V U\P E S D e SgV Y T RO@�R L^S G�@H[�RQE L e A M @�E PCT�MQP?J R SmLNV Y,[ P?V(P G�R RO> PCMOP @�E e >
S kHP EjRO> P > T�bHPaM Y�@ e P S D2@H[N[ Y SgMOMOLNU [ P ��S E J MQP?_3T�P G e P?M @�Rj@ e SgV Y T RO@�R L^S G�@H[ e SgM R S D � ��� � � � > LNe >
@�E P U E L^P ;�h SgT RO[ L G P?JrL G�B P?e R L^S G n � = �

����� 57	4�%�8�9"4	�� ��� "���� �&
'�#�

?�S E*@ ececT E @�R P � S E J E P?e SHb G L R L^S G ��P�� RQE.@HG PcSgT�M`k @�E L @�R L^S G L GZRO> P L G�Y T R�R S RO> PaI B 
 M h M R P?V G PcP?J�M
R S U6P�VWL G LNV L = P?J � � > P?MOPCk @�E L @�R L^S G V @ h U\PCJ�T�P R S J�L s6P E P G e P?M L G Y L R e > U6P R ��PcP G M Y P @�A P E M��
J�L s6P E P G e P?M�L G [ P G b RO> S D+RO> P*kHS3e @H[\RQE.@ e R @ e E SgMOM�M Y P @�A P E M S E�RO> P G�@�R T E P*S D RO> P e >�@HG�G P [6RO>�E SgT�b >
� > LNe > M Y PcP?e > LNM�J�P [ L^kHP E P?J R S RO> P�I B 
 M h M R P?V ��I MOP E L^P?M!S D S Y P E.@�R L^S G M @�E P Y P EOD S E V(P?J S G M Y PcP?e >
R S VWL G LNV L = P RO> P LNV Y�@ e R S D�RO> P?MQPak @�E L @�R L^S G M��

E SgLNe P?J0M Y PcP?e > e @HG U\P V(S8J�P [ P?J @ M RO> P SgT RQY T R S D @C[ L G P @�E ]�[^R P E 	 ��� � J E L^kHP G U h Y P E L^S8J�LNe
b [ S RQRO@H[2Y T [ MQP?M
	 ��� � � � > PWe >�@�E @ e R P E LNM R LNecMaS D�RO> LNM ]�[^R P E @�E P E P [N@�R P?J R S RO> PWM >�@�Y P(S D�RO> P kHS3e @H[
RQE @ e R @HG J k @�E.h�[ P?MOM @ e E SgM.M P�� @ V Y�[ P?M S D T G L R M*S D M Y PcP?e > � � > L [ P RO> P b [ S RQRO@H[ e SgV Y S G P G
R k @�E L^P?M
�jLNJ�P [^h �`L RO> Y L R e > � � h RQE.@HG M D S E V L G b RO> P L G�Y T R M Y PcP?e > MOL^b G�@H[6@ M�M > S
� G U6P [ S���L R L M Y SgMOM.L^U [ P R S
MOP Y�@�E.@�R P RO> P e S G
RQE LNU�T R L^S G M S D�RO> P R ��Sre SgV Y S G P G
R M � @ MOMOT�V L G b G S G � = P E S M Y P?e RQE T�V �

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

[ SHb � � ��� �
	 ��� ��
 	 ��� � ��� � 	 [ SHb � � � ��� ��� ���%[ SHb � ��� ��� ��� �

����� � [ SHb � � ��� �
	 ��� ��
 	 ��� � ��� � � 	 ������� [ SHb � � � ��� ��� � ��������� � [ SHb � ��� ��� ��� � � � n � � �

�jP E P�� ��� @HG J ����� J�P G S R P RO> P8?�SgT E LNP E RQE.@HG M D S E V @HG JCL R M L G kHP E MQP 
 n � � �
� > P b [ S RQRO@H[�Y T [ MQP >�@ M >�@�E V(S G LNecM E P [ @�R P?J R S RO> P Y L R e > S D�RO> P(M Y P @�A P E @HG J @�Y�Y P @�E M V T�e >

> L^b > P E L G RO> P e P Y M RQE @H[ J�SgV @ L G e SgV Y�@�E P?J R S RO> P E P?M Y S G MQPaS D2RO> P kHS8e @H[!RQE.@ e R � � h e SgV Y T R L G b
S G�[^h RO> P [ S
��P E � p?n
�.p � � S E J�P E/CD'S83���9%a.�2BCD�A'��]CS�T'^=?�9� � RO> Pjk @�E L @�R L^S G J�T�P R S Y L R e > LNM [N@�E bHP [^h([ P D R
SgT R � > L [ P E P RO@ L G L G b*V(SgM R S D�RO> P P?M.MQP G
R L @H[ L G�D S E V @�R L^S G D S E � S E J E P?e SHb G L R LNS G � � P D S E P Y�E S8e P?MOMOL G b
M Y PcP?e > ��M > S EOR MQPcbgVWP G
R M @�E P`P�� RQE.@ e R P?JZT�MOL G b S kHP E.[ @�Y�Y L G b �jL G J�S
�`M � MOT�e > @ M � @ V VWL G b �jL G J�S
�
n�o � � o VWM � �



p �

	 S R LNk @�R P?J�U h RO> P E SHU�T�M ROG P?MOM S Da> T�V @HG @ T�J�L R S EOh M h M R P?V �je P EORO@ L G RQE.@HG M D S E V @�R LNS G M @�E P
@�Y�Y�[ L^P?JaL G RO> P D E P?_�T�P G e h J�SgV @ L G U6P D S E P e SgV Y T R L G b RO> P�e P Y M RQE.@H[ e S�P0B ecLNP G
R M�� < G V(SgM R M h M R P?VWM �
RO> P D E P?_�T�P G ecL^P?M @�E P�� @�EOY P?J R S E P?MOP?VaU [ P > T�V @HG%@ T�J�L R S EOh Y�E S8e P?MOMOL G b ��T�M.L G b4MOe @H[ P?MWM.T�e > @ M
	 P [ � M.e @H[ P � @H[ V(SgM R e S G M RO@HG
R � � ]�[^R P E M�� I*J�J�L R LNS G�@H[N[^h � e P EORO@ L G M h M R P?VWM V(S3J�L D h�RO> P DFE P?_3T�P G e h
E P?M Y S G MQP R SaV LNVWLNe RO> P > T�V @HG(E P?M Y S G MQP R S [ SgT�J G P?M.M�� @HG J M.T Y�Y�E P?M.M!e S G M RO@HG
R S E M [ S�� [^h k @�EOh L G b
e SgV Y S G P G
R M`L G P @ e >�D E P?_�T�P G e h e >�@HG�G P [ T�MOL G b G S G � [ L G P @�E S Y P E.@�R L^S G M 
 = � � �

� > P P s\P?e R S D�@([ L G P @�E e >�@HG�G P [ @�Y�Y P @�E M @ M @HGX@ J�J�L R L^kHP R P E V&L GZRO> P e P Y M RQE @H[ J�SgV @ L G � @HG�@H[ �
SHbHSgT�M R S RO> P�b [ S RQRO@H[ MQSgT E e P e SgV Y S G P G�R M > S�� G L G u1_3T @�R L^S G n � � � � S E P?J�T�e P RO> P�P s\P?e R S D
M [ S�� [^h � k @�EOh L G b4e >�@HG�G P [ MWM.T�e > @ M R P [ P?e SgVWV T G LNe @�R LNS G M V(P?J�L @ � V @HG
h M h M R P?VWM G S E V @H[ L = P RO> P
D P @�R T E P kHP?e R S E U h MOT�U RQE.@ e R L G b @W[ S G b R P E V e P Y M RQE.@H[ @ kHP E.@ bHP��
d P Y P G J�L G b S GXRO> P bHP G P E @H[ M >�@�Y P @HG J RO> P [ P G b RO> S D!@ kHS8e @H[ RQE @ e R � RO> P M Y P?e RQE.@H[ e >�@�E.@ e R P E �

LNM R LNecMjS D MOLNV L [N@�E Y�> S G P R LNeaMOSgT G J�MjbHP G P E.@�R P?J U h J�L s\P E P G�R L G J�L^k8LNJ�T @H[ M�V @ h J�L^s6P E � E S3e @H[!RQE.@ e R
[ P G b RO>CG S E V @H[ L =?@�R L^S G L M�T�MQP?J R S V @�YCRO> P bHP G P E @H[ D E P?_�T�P G e h e >�@�E.@ e R P E LNM R LNecM S D�@ M Y P @�A P E`R S @
G S E V @H[ L = P?J E P Y�E P?MQP G
RO@�R LNS G � � > P Y�@�E.@ V(P R P E M�S D RO> P � @�EOYX@�E P*P?M R LNV @�R P?J DFE SgV RO> P @ e SgT�M R LNecM S D
RO> P`M Y P @�A P E U h V @ ��LNVWL = L G b [ L A P [ L > S3S8J S D\RO> P � @�EOY P?JWM Y PcP?e > T�M.L G b @ � @ T�MOMOL @HG V L � R T E P�V(S3J�P [
R S e >�@�E @ e R P E L = PaP @ e > � @�EOY 
 p?n � � pco�� � W � � �
I DFR P E(@�Y�Y�[^h L G b RO> P?MQP R P?e >�G LN_3T�P?M RO> PrM Y PcP?e > L M E P Y�E P?MQP G
R P?J R;h3Y LNe @H[ [^h L GmRO> P D S E V S D p?n
�

p � e P Y M RQE.@H[ e S�P0B ecLNP G
R M � 	 P [ � D E P?_�T�P G e h e P Y M RQE.@H[ e S3P0B ecL^P G�R M�� 	 ? � � S EXf P E e P Y�R T @H[ � L G P @�E
f2E P?J�L e R L^kHP � S8J�L G b � f � f � � � > P?MQPve P Y M RQE.@H[jD P @�R T E P?M�� RO> P?L E J�P E L^k @�R LNkHP?M @HG J RO> P [ SHb S Da[ S8e @H[
P G P E b h @�E PZe S G e @�R P G�@�R P?J R SHbHP RO> P E(R S D S E V @ e P Y M RQE @H[ kHP?e R S E �0I:MQP?_3T�P G e PrS D RO> P?MQPZkHP?e R S E M
D S E V RO> P L G�Y T R R S RO> P E P?e SHb G L R LNS G M h M R P?V @�R`@WE.@�R P S D�@ U6SgT R pcoHo Y P E MQP?e S G J �

����� � ��� ��� �3��	 ����� 	:�

� > P [N@HG bgT @ bHPXV(S8J�P [ Pck @H[ T @�R P?M > S�� [ L A P [Nhm@ � S E J MQP?_3T�P G e PXLNM L G0RO> P [N@HG bgT @ bHPZS D L G
R P E P?M R �
B L G e P RO> P(M Y�@ e P S D MOP?_�T�P G e P?M LNM L G�]�G L R P�� RO> P [ L A P [ L > S3S3J S D�@rE.@HG J�SgV � S E J MQP?_3T�P G e P � ��� 
 L M
e SgV Y T R P?J @ M @ Y�E S8J�T�e R S D�[ S8e @H[ Y�E SHU @ U,L [ L R L^P?M�S kHP E P?_�T�L^k @H[ P G
R G P?LNb > U\S E.> S3S8J S Ej> LNM R S EOh � 	�� �

$ � � ��� 
 � 	 $ � � � �


�
��� �

$ � � ��� � ��� ��� � � � n � = �



p =

	 $ � � � �


�
��� � $ �

� ��� 	 � � � n � � �

< G RO> PCV(SgM R Y S Y T [ @�E @�Y�Y�E S @ e > 	�� � 
 � � � � � ��� � � � E P?M.T [^R L G bvL G @ n G J � S E J�P E 	�@�EOA S k VWS3J�P [
� > LNe > L M�S D R P G e @H[N[ P?J �9%\��"�%a.�M �

B3RQE.@ L^b >�RQD S E � @�E JvT�MQP S D�RQE L^b E.@ V Y�E SHU @ U�L [ L R LNP?M�e E P @�R P?M MQSgV(P J�L B ecT [NR L^P?M�� � P?L G bZe @�R PcbHS E LNe @H[
k @�E L @ U [ P?M RO> P?MQP Y�E SHU @ U,L [ L R L^P?M @�E P J�LNMOe E P R P @HG J @�E P T�MOT @H[N[^h P?M R LNV @�R P?J D E SgV RO> P?L E`D E P?_3T�P G e h L G
RQE @ L G L G brJ @�RO@ � ?�S Ea@ M h M R P?V �`L RO> kHS8e @ U�T [ @�EOh ��� � � RO> LNM � SgT [ J4V(P @HG e SgT G
R L G b ��� � � R;h3Y P?M S D
R S A P G M�� <�G @ ]�G L R P @ V(SgT G�R S D\RQE.@ L G L G b J @�RO@ �
k @H[ LNJ RO>�E PcP � S E J MOP?_�T�P G e P RO>�@�R @�E P [ P?MOM Y�E SHU @ U [ P
V @?h G S R S3ececT E ��I R RO> PrM @ V(P R LNV(P��2MQP RQR L G b RO> SgMQP Y�E SHU @ U�L [ L R LNP?M R S = P E S4L G0@ Y�E S3J�T�e R e SgT [ J
V @�A P L R LNV Y SgMOMOLNU [ P R S�MQP @�E e > S kHP E G S G � = P E SXU�T R [ P?MOM Y�E SHU @ U [ P ��S E J MQP?_�T�P G e P?M�� � P?e >�G L _�T�P?M
M.T�e >m@ MaJ�LNMOe SgT G�R L G b � U @ e A � S�s%S E L G�R P EOY S [N@�R L^S G @�E P T�MQP?J R S @ kHSgLNJ @ MOM.L^b G L G b = P E S Y�E SHU @ U�L [ L R;h
R SWM.T�e >XE @�E P [^h SHU�MOP E kHP?J RQE L^b E @ VWM 
 p � � � � � � � � � � [N@�EOA MQS GZ@HG J 
 SgMOP G�D P [ J�� M�M RO@�R LNM R L e @H[ [N@HG bgT @ bHP
VWS3J�P [ L G b R S�S [^A L R L G e S EOY S E.@�R P?M @ MOT�L R P S D!RO> P?MQP R P?e >�G LN_�T�P?M 
 n � � �

����� � �'	�� 	���� �#" - ����� 	:� ;

� > P V(SgM RaY S Y T [N@�E @�Y�Y�E S @ e > R S4V(S8J�P [ MOT�U � � S E J T G L R MaT�MQP?M RO> P�� �T@3@3')= � .1%	���)* M]�A@&'^2


 � � ��� 
 pco � � � � > LNM�V(S8J�P [ J�P E L^kHP?M�L R M Y S
��P E�DFE SgV L R M�MOL V Y�[ LNecL R;h � RO> P�LNJ�P @ S D e @�Y�R T E L G b @*E.@HG �
J�SgV Y�E S3e P?M.M �`L RO>aRO> P�MOL V Y�[ P?M R V(P?V(S EOh � @*]�E M R S E J�P E 	�@�EOA S k J�P Y P G J�P G e P�� � > P Y�@�E.@ VWP R P E M�S D
RO> LNM�V(S8J�P [ L G e [ T�J�P @ MQP R S D J�LNMOe E P R P MOe @H[N@�E M RO@�R P?M�
���� ��� 	 p t���� � @ e S G J�L R L^S G�@H[^��03�>')%9* . �(���?=
@3'^=4�9�T� V bgL^kHP Gv@ M RO@�R P�
���� � � � 	 $ � � � ��� � � ������ 
 � 	 p t!�"� �6M RO@�R P RQE.@HG M.L R L^S GCY�E SHU @ U�L [ L R L^P?M

 � � � 	 $ � ��� � � � � �$# 
 � 	 p t%�"� � @HG J L G L R L @H[6Y�E SHU @ U�L [ L R L^P?M$
�&'� 	 $ � ��� � ��� 	 p t%�"� �

E2@�E L^SgT�M E P?MOT [^R M G PcP?J�P?J R S T�MQP�� 	 	 M @�E PZP @ MOL^P E R S MOPcP U h J�P ]�G L G b � 	 	 M(L G R P E VWM S D
RO> P?L E e S G J�L R LNS G�@H[ L G J�P Y P G J�P G e P Y�E S Y P EOR L^P?M�� i MOL G b RO> P G S RO@�R L^S G M DFE SgV 
 � � ��L D � ��� � LNM MQP?_3T�P G e P
S D SHU�MQP E k @�R L^S GZ@HG J)( ��� � LNM @HGX@ MOMQS8ecL @�R P?J > LNJ�J�P G E.@HG J�SgV M RO@�R P MOP?_�T�P G e P �`L RO> k @H[ T�P?M�L G 
�� � � �
RO> P G

�+*-, 
	( �/.� * � �/.� * � � (0* � n � W �


 � ��� * � � ( ��� * � � � , 
 � * � � ( * � � � � ( * � � � n � ���



p��

� > P E P , @HG J � J�P G S R P L G J�P Y P G J�P G e P @HG JZe S G J�L R L^S G L G b � E P?M Y P?e R L^kHP [^h � � > P ]�E M R1Y�E S Y P EOR;h � n � W �
M RO@�R P?M RO>�@�R+RO> P1SHU�MQP E k @�R L^S G M @�R!R LNV(P � LNM L G J�P Y P G J�P G�R S D PckHP EOh3RO> L G bjP [ MQP1bgLNkHP GaRO> P M RO@�R P @�R+RO>�@�R
R LNV(P�� ( * � L � P�� �+e S G J�L R L^S G�@H[ L G J�P Y P G J�P G e P S D SHU�MQP E k @�R L^S G bgL^kHP G M RO@�R P � � � > PWMQP?e S G J Y�E S Y P EOR;h
� n � ��� LNV Y,[ L^P?M RO>�@�R�RO> PaM RO@�R P MQP?_3T�P G e PaL M ]�E M R S E J�P E 	 @�EOA S k �

� SHbHP RO> P E � RO> P L G J�P Y P G J�P G e P Y�E S Y P EOR LNP?M(V @�A P�L R(Y SgMOM.L^U [ P R S0e SgV Y T R PCb [ SHU @H[ _�T @HG
R L R LNP?M
MOT�e > @ M $ � � ��� � 
 � ��� � � @HG J $ � � ��� � � L G R P E VWM S D�[ S8e @H[ J�LNM RQE L^U�T R L^S G M�� @ M e @HG U\P(MQPcP GmDFE SgV RO> P
D S [N[ S��`L G b P?_3T @�R L^S G M��

$ � � ��� � 
 � ��� � � 	 $ � � � 
 � � �
�
�
* � �

$ � � * 
 � * � � ��� * � � 
 � ��� * � � � � n � ���

	 $ � � � � � � �%$ � � � �
�
�
* � � $ �

� * � � ��� * � ��
 � ��� * �%$ � � * � � ��� * � ��
 � ��� * � � � � n � pco �

	 $ � � � � � � �%$ � � � �
�
�
* � � $ �

� * � � * �%$ � � * � � * � � � � n � pHp �

$ � � ��� � � 	 �
� ��" �

$ � � ��� � 
 � ��� � �

	 �
� ��" �

$ � � � �%$ � � � � � � �
�
�
* � �

$ � � * � � * �%$ � � * � � * � � � � n � p?n �

u1_3T @�R L^S G M n � �a@HG J u�_�T @�R LNS G n � pco E P?MOT [^R1DFE SgV#V(P E P [^hW@�Y�Y,[^h L G b RO> P e >�@ L G E T [ P���u�_�T @�R L^S G n � pHp
LNM SHU RO@ L G P?JaT�MOL G b�e S E S [N[N@�E LNP?M DFE SgV � 	 	 e S G J�L R L^S G�@H[ L G J�P Y P G J�P G e P @ MOM.T�V Y�R L^S G M u1_3T @�R L^S G n � W �
@HG J u1_3T @�R L^S G n � � � G�@ V(P [Nh � �+* , 
 � ��� * � � 
 ( ��� * � � � � (0* @HG J (0*/, 
 � ��� * � � 
 ( ��� * � � � � (0* � � � � ?�T EORO> P E �
RO> P R � S L G J�P Y P G J�P G e P Y�E S Y P EOR L^P?M P G�@ U [ P�P?M R L V @�R L^S G S DaRO> P Y�@�E @ V(P R P E MZS D � 	 	 RO>�E SgT�b >
��� ��� � � @HG J	����� � � E P?ecT E MOL^S G M � � > LNe > @�E P�J�P?MOe E L^U\P?J [N@�R P E L G B P?e R L^S G n � � � p � � h L G e S E.Y S E @�R L G b
e P Y M RQE.@H[ J�P E L^k @�R L^kHP?M L GmRO> P D P @�R T E PWkHP?e R S E � RO> P e S G J�L R L^S G�@H[ L G J�P Y P G J�P G e P S D SHU�MQP E k @�R L^S G � *
bgL^kHP G RO> PvM RO@�R P�( * L M k8L^S [N@�R P?J � �jS�� PckHP E �*L G M Y PcP?e > E P?e SHb G L R L^S G �`L RO> e P Y M RQE.@H[ kHP?e R S E M @�R
R;h3Y LNe @H[+D E.@ VWP E.@�R P?M�� RO> P e S G J�L R L^S G�@H[ L G J�P Y P G J�P G e P @ M.MOT�V Y�R LNS G LNMjk3LNS [N@�R P?J PckHP G �jL RO> SgT R RO> P
J�P E L^k @�R L^kHP?M�� J�T�P R SCS kHP E.[ @�Y�Y L G b��`L G J�S��jM @HG J RO> PWM [ S
� k @�E L @�R L^S G S D V @HG�h MQSgT G J�M L G M Y PcP?e >
E P [N@�R L^kHP R S RO> P D E @ V(P E @�R P�� <�G e S EOY S E.@�R L G bZJ�P E L^k @�R L^kHP?M Y�E S k3L J�P @HG L G P�� Y P G MOLNkHP @H[^R P E.G�@�R L^kHP R S
E P Y�E P?MQP G�R L G b(J�P Y P G J�P G e P RO>�@�R � S EOA M ��P [ [ L GZY�E.@ e R LNe P��
I G T�VaU\P E S D k @�E L @HG�R M @HG JaP G�>�@HG e P?V(P G�R M >�@ kHP�U\PcP G J�PckHP [ S Y P?J D S E � 	 	 M��HS D � > LNe > ? @ e R S �

E L @H[ � 	 	 M�� ��T E LNP?J 	�@�EOA S k 	 S8J�P [ M � � 	 	 ��@HG J � SgT Y�[ P?J � 	 	 M @�E P V(S E P E P?e P G
R �)? @ e R S E L @H[



p9W

� 	 	 M @ LNV R S V(S8J�P [ SHU�MQP E k @�R L^S G M RO>�@�R @�E P Y�E S3J�T�e P?J D E SgV RO> PjL G
R P E.@ e R LNS G S D [ S3SgMQP [^h e SgT Y�[ P?J
Y�E S3e P?M.MQP?M 
 � n � � � � � <�R`@H[N[ S��`M Y�@�E.@H[N[ P [ M RO@�R P MQP?_3T�P G e P?M �`L RO> L G J�P Y P G J�P G�R�RQE.@HG MOL R LNS GZY�E SHU @ U�L [ L �
R LNP?M R S 	 SgL G
RO[^h J�P R P E VWL G P RO> P`SHU,MQP E k @�R L^S GrY�E SHU @ U�L [ L R;h�� P�� b � ��L G RO> P D S E V S D [ L G P @�E e SgV U�L G�@�R L^S G
S DjRO> P?L E V(P @HG M � � ��T E L^P?J 	 @�EOA S k 	 S8J�P [ M @ J�J G S G � [ L G P @�E J�P Y P G J�P G ecL^P?M R S RO> PZSHU�MQP E k @�R L^S G
J�P G MOL R�hWD E SgV RO> P G P?L^b > U\S E L G b D P @�R T E P kHP?e R S E M 
 � � �1I e SgM R�D T G e R L^S G U @ MOP?J S G V T R T @H[ L G�D S E V @ �
R LNS G LNM1T�MQP?J R S MOP [ P?e R1D P @�R T E P?M @ T R SgV @�R LNe @H[ [^h D E SgV RQE.@ L G L G b J @�RO@ L G @ V @HG�G P E2RO>�@�R P G e SgT E.@ bHP?M
J�LNMOe E LNV L G�@�R L^S G U\P R � PcP G M RO@�R P?M�� < G � SgT Y�[ P?J � 	 	 M��\P @ e > SHU�MQP E k @�R L^S G M RQE P @ V LNM*V(S3J�P [ P?JCU h
@ > LNJ�J�P G M RO@�R P4MQP?_3T�P G e P @HG J RO> P M RO@�R P RQE.@HG M.L R L^S G M @�E Pve SgT Y�[ P?J U6P R ��PcP G @H[ [`RO> P M RO@�R PmMQP �
_3T�P G e P?M�
 pHp��N� ��I [ [8RO> P?MQP`V(S8J�P [ M1e @HGW@H[ MQS U\P�k8L^P � P?J @ M1J�L^s6P E P G�R L G M RO@HG e P?M�S D @ e [N@ MOM1S D V(S8J�P [ M
e @H[ [ P?JZb E.@�Y�> L e @H[ VWS3J�P [ M�� � > LNe >X@�E P U\P?L G b P�� Y�[ S E P?J @ M @HG S RO> P E`D E.@ VWP ��S EOArD S E I B 
 
 pco � p �>= � �
I G S RO> P E1@H[^R P E.G�@�R LNkHP @ e SgT�M R LNe�V(S8J�P [ LNM RO> P B3R S8e >�@ M R LNe B PcbgVWP G
R 	 S3J�P [ S E�RQE.@ 	 P?e R S E.h VWS3J�P [

� B�B 	 � 
 � � � � � � � l�> L [ P(P @ e > > LNJ�J�P G M RO@�R PrL G RO> P 	�@�EOA S k e >�@ L G S D�@HG � 	 	 J�P?MOe E L^U\P?M S G�[^h
S G P SHU�MQP E k @�R L^S G � @a> LNJ�J�P G M RO@�R P L GW@ MQPcbgV(P G�R V(S8J�P [ J�P?MOe E L^U\P?M @ MQP?_�T�P G e P`S D SHU�MOP E k @�R LNS G M�� <�G
@ E P?e P G�R k @�E L @�R L^S G S G RO> LNM RO> P?V(P���e @H[N[ P?J @ 	�@�EOA S k f1E S3e P?M.M�S GX@ � T E kHP � 	�f � � � RO> P Y SgM R P E L^S E
Y�E SHU @ U�L [ L R;h S D1@ MQPcbgV(P G�RO@�R L^S G LNM*J�L E P?e RO[Nh V(S3J�P [ P?J 
 pHp9W)� � � > P Y�E SHU @ U�L [ L R;h S D2E P?V @ L G L G b L G�@
M RO@�R P J�P?e @ h M P�� Y S G P G�R L @H[N[^h �`L RO> RO> P [ P G b RO> S D�RO> P @�E e RQE.@ kHP E MQP?J L GCRO> P SHU�MQP E k @�R L^S G M Y�@ e P S D
RO> P*V T [^R L^k @�E L @�R P E.@HG J�SgV Y�E S8e P?MOM�� � > P E P RO> P @�E e [ P G b RO> LNM V(P @ MOT E P?J T�M.L G b @ M RO@�R P � J�P Y P G J�P G
R
VWP RQE LNe �
IjV(S G b @H[N[1RO> P?MQPZV(S8J�P [ M���� 	 	 M �jL RO> e S G�R L G T�SgT�M SHU�MQP E k @�R L^S G J�P G MOL R LNP?Mae S G�R L G T�P R SvU\P

RO> PWV(SgM R �`LNJ�P [^h T�MQP?J4VWS3J�P [!D S Ea[N@�E bHP(kHS8e @ U�T [ @�EOh I B 
 RO@ M A � @HG J4MQS�� P �`L [N[ T�MQP � 	 	 M L G
RO> LNM RO> P?MOLNM �

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

< G I B 
 �+L R LNM L V Y S EORO@HG
R R S [ P @�E.G4RO> P Y�@�E.@ VWP R P E M S D�RO> P V(S3J�P [2@ T R SgV @�R LNe @H[ [^h D E SgV @C[N@�E bHP
e S [ [ P?e R L^S G S D M Y PcP?e > � > LNe > LNM RQE.@HG MOe E L^U\P?J @�R RO> P � S E J [ PckHP [ � � S [ P @�E.Gv@H[N[!RO> P Y�@�E.@ VWP R P E M S D
@HG � 	 	 @ T R SgV @�R LNe @H[ [^h L M @ J�L B ecT [^R�Y�E SHU [ P?V ���`S
��PckHP E �,bgL^kHP G RO> P M RQE T�e R T E P S D�@HG � 	 	 L G
R P E VWM S D�RO> P G T�V U\P E S D M RO@�R P?M @HG J RO> P RQE.@HG M.L R L^S G M�U\P R ��PcP G�RO> P?V �6L R LNM Y SgMOM.L^U [ P R S [ P @�E.GCRO> P
Y,@�E.@ V(P R P E M T�MOL G b @(D P � J�L s\P E P G�R�R P?e >�G LN_�T�P?M��



p �

< J�P @H[N[^h � RO> P Y�@�E @ V(P R P E M�M > SgT [ J(U\P RQE.@ L G P?J R S VWL G LNV L = P e [N@ MOMOL ] e @�R L^S G P EOE S E � �jS�� PckHP E ��L R L M
>�@�E J R S VWL G LNVWL = P RO> P � S E JXP E.E S E e E L R P E L^S G 
 � �)� �1I G S RO> P E e SgM R D T G e R L^S GZRO>�@�R e SgT [ JCL G J�L E P?e RO[Nh
VWL G LNV L = P2P EOE S E LNM RO> P�V @ ��LNV T�V V T R T @H[ L G�D S E V @�R LNS G P?M R L V @�R L^S G�� 	 	 < u � e E L R P E LNS G �3?�S [ [ S��`L G b
@ E P?MOT [^R�D E SgV�� @ T�V � u @ bHS G 
 �)� � � S Y�@H[^A3E LNM >�G�@HG � � ��� � e @ V(P T Y �jL RO> @ e [ SgMOP?J D S E V#P�� Y�E P?MOM.L^S G
D S E�RQE.@ L G L G b*J�LNMOe E P R P � 	 	 T�MOL G b 	 	C< u e E L R P E L^S G 
 � = � � � > LNe > � @ M�P�� R P G J�P?J R S RO> P e S G
R L G T�SgT�M
e @ MQP�U h 
 S E V @HG J�L G 
 � = � � � > LNM >�@ M!U\PcP G D T E.RO> P E J�PckHP [ S Y P?J L G 
 p?nHn � pHp � � pco � � � @HG J M R L [ [gE P?V @ L G M
e SgV Y T RO@�R L^S G�@H[N[^h P�� Y P G MOL^kHP��

� > P`V @ �8LNV T�V [ L A P [ L > S3S8J e E L R P E L^S G L M @HG @H[^R P E G�@�R L^kHP @�Y�Y�E S @ e > RO>�@�R L M Y S Y T [N@�E V @ L G�[^h J�T�P
R SrL R M*V @�RO> P?V @�R LNe @H[!RQE.@ e RO@ U�L [ L R;h @HG Jve SgV Y T RO@�R L^S G�@H[ MOLNV Y�[ LNecL R;h � <�R LNM @H[ MQS S Y�R LNV @H[ � > P G RO> P
D S E V S D2RO> P V(S8J�P [ LNM`e S EOE P?e R � I [^RO> SgT�b > RO> P E P L M G SZe [ SgMQP?J D S E V MOS [ T R L^S G R SrP?M R LNV @�R P � 	 	
Y�@�E.@ V(P R P E M � 	 
 � � � 
 � � � � � 
 &'� # 
 � 	 p t �"� DFE SgV @ RQE @ L G L G bWMOP R�� � ��P e @HG e > S3SgMQP @HG L G L R L @H[
� @HG JvL R P E.@�R L^kHP [^h L V Y�E S kHP RO> P P?M R LNV @�R P S D � T�MOL G b RO> P � @ T�V � l P [ e >m@H[ bHS E L RO> V � � > LNe > LNM @HG
L G M RO@HG e P S D u � Y P?e RO@�R L^S G � 	�@ �8LNV L =?@�R L^S G S E�Z � .�2�"���%\�T� 6 M � 
 pco � � W � n � � � � > P u 	 @H[ bHS E L RO> V
L R P E.@�R L^kHP [^h V @ �8LNV L = P?M @ Y�@�EOR L ecT [N@�E e SgM R*D T G e R LNS G�� � � � �����  � � > L e > bgT @�E.@HG
R PcP?M R SXL G e E P @ MQP RO> P
[ L A P [ L > S�S8J(S D RO> P J @�RO@ bgLNkHP GX@ VWS3J�P [ $ � � � � � � � > P e SgM R�D T G e R L^S G	� � � � �
���  � LNM�J�P ]�G P?J L G R P E VWM
S D!@W> LNJ�J�P GrE.@HG J�SgV k @�E L @ U [ P�� �

� � � � �����  � 	 � 
 [ SHb $ � � 
 � � � ��� � 
 �
�
�  � � n � p � �

� 
 [ SHb $ � � 
 � � � ��� � 
 �����  � 	 �
�

$ ����� � 
 �
���  �3[ SHb $ � � 
���� � �

� � ���
� ! � �
���  ����� � �����  � �����  � 	�� $ � � � ����� ! ��� $ � � � �����  � � n � p � �

� > P�T G SHU�MQP E kHP?J E.@HG J�SgV k @�E L @ U [ P�� L M e @�E P D T [N[Nh e > SgMQP G D S E P @ e > @�Y�Y,[ LNe @�R L^S G MQS RO>�@�RrRO> P
e SgV Y T RO@�R L^S G S D�� � � � �����  � LNM(MOLNV Y,[ L ] P?J �0I R P @ e > L R P E.@�R L^S G � @4G P �&MOP R S DjY�@�E @ V(P R P E M � @�E P
e SgV Y T R P?J RO>�@�R V @ ��LNVWL = P?M � � � � �
���  � � <�G bHP G P E.@H[ � RO> P L R P E @�R L^S G M e S G kHP E bHP R S @ [ S3e @H[ V @ �8LNV @ �
u 	#>�@ M @H[ MQS U\PcP G J�P?MOe E L^U\P?J L G S RO> P E VWL G L VWL =?@�R L^S G*DFE.@ V(P � S EOA M � U @ MOP?J S G � > LNe >a@ D P �mk @�E L @HG
R M
>�@ kHP @H[ MQSWU\PcP G J�PckHP [ S Y P?J � P�� b � ��
 n � � p��)� � �
<�G0RO> Pre @ MQP S D @HG � 	 	 � RO> Pre SgV Y T RO@�R L^S G S D�� � � � �
���  � L MaMOLNV Y�[ L ] P?J U h e S G MOL J�P E L G b RO> P

> LNJ�J�P G M RO@�R P4MQP?_�T�P G e P"( ��� � @ M RO> P�k @�E L @ U [ P�� L G u1_3T @�R L^S G n � p � � � > P G � T�MOL G b RO> PvL G J�P �
Y P G J�P G e P @ MOMOT�V Y�R L^S G MCS D � 	 	 � n � W � n � ��� � RO> P P�� Y P?e R P?J 	QSgL G
R�[ SHb Y�E SHU @ U�L [ L R�h S kHP E > LNJ �



p �

J�P G MOP?_�T�P G e P � 
 [ SHb $ � � ��� � 
 � ��� � � � ��� � 
 �����  � � e @HG U\P e SgV Y T R P?JZL G R P E VWM�S D�$ � � * � � ��� � 
 �
���  ��@HG J
$ � � * � � 
 � * � � ��� � 
 �
���  ��RO>�E SgT�b >XR � S E P?ecT E MOL^S G M���MOL G e P

� 
 [ SHb $ � � ��� � 
 � ��� � � � ��� � ��� � 
 �
���  � 	 �
� ��" � ��� ��" �

$ � � ��� � � � ��� � 
 �
�
�  �3[ SHb $ � � ��� � 
 � ��� � � � � � n � p = �

	 �
�

$ � � � 	 � � � ��� � 
 �
���  �3[ SHb & �

� �
*
�
�
�
�

$ � � * � � 	 � 
 � * 	���� � ��� � 
 �����  �3[ SHb � � �
� �

*
�
�

$ � � * 	 � � � ��� � 
 �
���  �3[ SHb ��� � � * � � n � p�� �

T�MOL G b u1_3T @�R L^S G n � pHp R S E P � E L R P RO> P P�� Y P?e RO@�R LNS G L GZR P E V M�S D�RO> P � 	 	 Y�@�E.@ V(P R P E M ��� � � � � � � �
@HG J & � S D �
���  � � > P Y SgM R P E L^S EaY�E SHU @ U�L [ L R;h S D U\P?L G b L G @ M RO@�R P $ � � * 	 � � � ��� � 
 �
�
�  � @HG J RO> P
RQE @HG MOL R L^S G $ � � * � � 	 � 
 � * 	���� � ��� � 
 �����  � e @HG U\P e SgV Y T R P?JrP0B ecL^P G�RO[^h T�M.L G b D S E � @�E J � U @ e A � @�E J
@H[ bHS E L RO> V @ MjM > S�� G U6P [ S�� �

� � � � ���	 $ � � * 	 � � � ��� � 
 �
���  � 	
$ � � * 	 � 
 � ��� � � �
���  �	 � $ � � * 	 � 
 � ��� � � �
�
�  �

� n � p9W �

$ � � * 	 � 
 � ��� � � �
���  � 	 $ � � * 	 � 
 � ��� * � �
���  �%$ � � *�
 ��� � � � * 	 � 
 �����  � � n � p ���

B S � RO> P A P h _�T @HG
R L R LNP?M R S e SgV Y T R P RO> P P�� Y P?e RO@�R LNS G M R P Y L GZRO> Pau 	 @H[ bHS E L RO> V @�E PHt

� � � � �
�	 $ � � * 	 # 
 � ��� * � �
���  � 	 � � � � ����
� � � �

� � ��� p � � � � � n � p ���

� � � � � �	 $ � � *�
 ��� � � � * 	 # 
 �
���  � 	 ��
� � �

� � � � � p � � � � � � p � � � � � n � n�o �

� * � # � 	 � � � � � � � � � �
	 � � � � � � � � � � � � n � n8p �

� � � � � �
�	 $ � � * � � 	 # 
 � * 	 � � � ��� � 
 �
���  � 	 � � � � � � � ����� � � � p � � � � � � p �
� � � � � � n � nHn �

� > P ��� � � � � @HG J � ��� � � E P?ecT E MOL^S G M � u�_�T @�R LNS G n � p � � n � n�o � @�E P e SgV Y T R P?J�L GZRO> P D S E � @�E J @HG J
RO> PWU @ e A � @�E J0J�L E P?e R L^S G M � L G L R L @H[ L = P?J	�`L RO> � � � p � 	 � � ��� � 	 p � � E P?M Y P?e R L^kHP [^h � @�R @ e SgV Y T RO@ �
R LNS G�@H[ e SgM R S D � � � � � � � < G P @ e > L R P E.@�R L^S G � RO> P � 	 	 Y�@�E.@ V(P R P E M @�E P T Y J @�R P?JWT�M.L G baMOT<B ecL^P G�R
M RO@�R LNM R LNecM�b @�RO> P E P?J L GZRO>�@�R L R P E.@�R L^S G �



n�o

I D P �Ke @ T R LNS G M >�@ kHP R SrU6P SHU�MQP E kHP?J L G RO> P @ e R T @H[ LNV Y�[ P?VWP G
RO@�R L^S G S D2RO> P?MOP M R P Y M�� B L G e P
RO> P [ L A P [ L > S�S8J T G J�P E @ � @ T�MOMOL @HG J�P G M.L R;h J�P?e E P @ MQP?M P�� Y S G P G
R L @H[N[^h �`L RO> L G e E P @ MOL G b J�LNM RO@HG e P
D E SgV&L R M V(P @HG � RO> P k @H[ T�P S D�$ � � * � � � � �`L [N[ S DFR P G U\P kHP EOh MOV @H[ [ � @HG J RO> P Y�E S8J�T�e R S D�RO> P R P E VWM
L GZRO> P E P?ecT E MOL^S G M �`L [N[ U6P M R L [N[ MOV @H[N[ P E � � S A PcP Y � � � � ��@HG J � � � � � �jL RO> L GrRO> P J h8G�@ VWL e E @HG bHP S D
@ V @ e > L G P E P Y�E P?MQP G�RO@�R L^S G � RO> P h�G PcP?J R SZU\P G S E V @H[ L = P?J @ M RO> P E P?ecT E MOL^S G�Y�E SHb E P?MOMOP?M*L G R LNVWP��
@HG J RO> P E P?ecT E MOL^S G LNM DFE P?_3T�P G�RO[^h e @�E.E L^P?JZSgT R L GZRO> P [ SHbWJ�SgV @ L G �
l > P G SHU�MQP E k @�R L^S G J�P G MOL R L^P?M @�E PjVWS3J�P [ P?J U h(@ V L � R T E P�S D � @ T�MOMOL @HG M�� RO> PjVWL � R T E P � P?L^b >
R M

�`L [N[�@H[ MOSaU\P`T G SHU,MQP E kHP?JWk @�E L @ U [ P?M�� l > P G RO> P G T�V U\P E S D e SgV Y S G P G�R M @�E P*bgL^kHP G � @HG @HG�@H[^h�R L e @H[
P�� Y�E P?MOMOL^S G e @HG U\P�J�P E L^kHP?J R S P?M R LNV @�R P RO> P G P �&k @H[ T�P�S D RO> P Y,@�E.@ V(P R P E M � � i MOT @H[N[Nh � RO> P
e SgV Y S G P G
R M @�E Prb E.@ J�T @H[N[^h L G e E P @ MOP?J R L [ [2RO> PZJ�P?MOL E P?J G T�VaU\P E LNM @ e > L^PckHP?J � I&MOLNV Y�[ L ] e @�R L^S G
S D1RO> LNM @H[ bHS E L RO> V E P Y�[ @ e P?M RO> PWMOT�V S kHP E @H[N[ M RO@�R P MQP?_3T�P G e P?MaL G u1_3T @�R L^S G n � p =ZU h RO> PWV(SgM R
[ L A P [^h M RO@�R P MQP?_3T�P G e P $ � � ��� � 
 � ��� � � � �j@HG J4LNM e @H[N[ P?J �9'S"?MN'^=?�9.�2�� � M]'S.$=4� S E����T�9')%(0B��� ��� V42�'
'S���a��M]. �(���?=4D S E L R M E P?MOP?VaU [ @HG e P R S RO> P A � V(P @HG M @HG J E L R P E U�L @H[ bHS E L RO> VWM�� E P?M Y P?e R L^kHP [^h 
 �DW)� �

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

� L^kHP Gm@HG SHU�MQP E k @�R L^S G MQP?_3T�P G e P�� RO> P V(SgM Ra[ L A P [^h M h VaU\S [ MQP?_3T�P G e P L M T�MOT @H[ [^h SHU RO@ L G P?J D E SgV
RO> P V(SgM R`[ L A P [^h > LNJ�J�P G M RO@�R P MQP?_�T�P G e P��

@�E bgV @ �
� ��" �

$ � � ��� � � � ��� � �

� > P ���T�9')%(0B� .$2T"$��%\�T� 6 M � @HG�@H[ bHS E L RO> V U @ MQP?JvS G J h3G�@ VWLNe Y�E SHb E.@ VWVWL G b �6e SgV Y T R P?M RO> LNM*L G
@ > L^b >�[^h P0B ecL^P G
R V @HG�G P E 
 pco � � � � > P � 	 	 L G J�P Y P G J�P G e P @ MOM.T�V Y�R L^S G M � u1_3T @�R L^S G n � W @HG J
u1_3T @�R L^S G n � ��� V @�A P(L RjY SgMOM.L^U [ P R SXe SgV Y T R P RO> P b [ SHU @H[N[^h S Y�R L V @H[ Y,@�RO> U h P�� R P G J�L G b [ S8e @H[N[^h
S Y�R LNV @H[ Y�@�RO> M�� � > P MQP @�E e > T�MOP?M @HG S Y�R LNVWL =?@�R LNS GCE T [ P�� @H[ MQS A3G S
� G @ M � P [N[ V @HG � M Y�E L G ecL Y�[ P*S D
S Y�R LNV @H[ L R;h ��� > LNe > LNM1U6P?M R L [N[ T�M RQE.@�R P?J �jL RO> @ MOLNV Y,[ P�P�� @ V Y�[ P�� <�D RO> PjM > S EOR P?M R B P @�RQRO[ P � f S EORO[N@HG J
E SgT R P Y�@ MOMQP?M RO>�E SgT�b > � @ e SgV @ @HG J RO> PXM > S EOR P?M R7E2@HG e SgT�kHP E � f S EORO[N@HG J E SgT R P Y,@ MOMQP?M RO>�E SgT�b >
B P @�RQRO[ P�� RO> P G RO> P`M > S E.R P?M R E2@HG e SgT�kHP E � f S EORO[ @HG J G P?e P?M.M @�E L [^h >�@ M R S Y�@ M.M RO>�E SgT�b > � @ e SgV @ � � > P
MQP @�E e > e SgT [ JWU6Pje @�EOE L^P?J SgT R L GW@ U E P @ J RO> � ]�E M R � @H[ MOS A8G S�� G @ M R L V(P`M h8G e >�E S G SgT�M2V @HG�G P E � 
 � nN�
S E L GC@ J�P Y�RO> � ]�E M R V @HG�G P E � P�� b � ��
 pco�p0� � � i MOL G b RO> P E L R P E U�L @H[ bHS E L RO> V:L G @(R LNV(PaM h3G e >�E S G SgT�M



n8p

MOP @�E e > � RO> LNM � SgT [ J0V(P @HG P�� R P G J�L G b RO> PrMOP R S D U\P?M R Y�@�RO> M DFE.@ V(PrU h4DFE.@ V(P���P @ e > U6P?M RaY�@�RO>
L M @ Y�@�RO> P G J�L G b4L G%@ Y�@�EOR LNecT [N@�EW@H[N[ S
� @ U [ PCM RO@�R P @�RWRO>�@�R D E.@ VWP�� I R P @ e > D E.@ VWP�� RO> P U6P?M R
Y,@�RO> P G J�L G b L G�@ M RO@�R P(e SgT [ JCS G�[^h e SgVWP DFE SgV RO> PaP�� R P G MOL^S G S D � Y�E Pck3L^SgT�M U\P?M R`Y,@�RO> M�� RO> T�M
L G ecT EOE L G bXS G�[^h � � � � � e SgV Y T RO@�R LNS G0D S E T Y J @�R L G b RO> P U\P?M R Y�@�RO> M Y P E D E.@ VWP�� � > P V(P?VWS EOh
T�MQP?J LNM � � � � � � � > LNe > e @HG U\P RQE.@ J�P?J � S�s D S E e SgV Y T RO@�R LNS Gr@HG J E P?J�T�e P?J R S � � � � [ SHb � � 
 p � � � �

� > P?MQP P [ P?V(P G
RO@�E.h T G L R M @�E P M RQE T G b R SHbHP RO> P E � @HG J RO> P V(SgM Rj[ L A P [Nh M RO@�R P MQP?_3T�P G e P LNM e SgV �
Y T R P?JaS kHP E2@j> T�bHP�M RO@�R P M Y�@ e P�L G @j[ @�E bHP�kHS8e @ U�T [ @�EOh J�P?e S8J�P E�@ M+SgT RO[ L G P?JaU E L^P ;�h L G B P?e R L^S G n � = �

����� � �:���9;:�&
 � � ���
	:� � �3" 02�3"4�2+
	��
�%	:� �4	$;

< Gv@r[ @�E bHP kHS8e @ U�T [ @�EOh I B 
 M h M R P?VWM�� > S
� @ � S E J MQP?_3T�P G e P(LNM*V(S3J�P [ P?J @H[ MQSrJ�P Y P G J�M`S GvRO> P
[ P��8LNe S G � RO> P MOT�U � � S E JvT G L R e > SgMQP G � @HG J RO> P Y�E S8e P?MOM*S D V @�Y�Y L G b RO> P T G L R M R S @HG P [ P?V(P G�RO@�EOh
VWS3J�P [ M.T�e >C@ M � 	 	 �

� > PXkHS8e @ U�T [N@�EOh S D @ M Y PcP?e > E P?e SHb G L R L^S G M h M R P?V L MWJ�P ]�G P?J U h%@N2�'S[4�TC �$= � J�LNe R LNS G�@�EOh � �
�jL RO> � > LNe > RO> P I B 
 M h M R P?V >
h3Y S RO> P?MOL = P?M � S E JXMQP?_3T�P G e P?M � � > P [ P���LNe S GZY�E S k3L J�P?M @ V @�Y�Y L G b
DFE SgV @ � S E J R S @ MOP R S D�Y�E P?J�P ]�G P?JmT G L R M���T�MOT @H[ [^h Y�> S G P?V(P?M�� � P��8LNe @H[ L G�D S E V @�R LNS G MOT�e >0@ M
Y SgMOL R L^S G S D M h8[N[N@ U [ P L G @ � S E J � Y SgMOL R L^S G S D�Y�> S G PaL GC@ M h3[N[ @ U [ P�� Y SgMOL R L^S G S D�Y�> S G PaL G @ � S E J �
@HG J [ P���LNe @H[ M RQE P?MOM�e @HG U\P�P G e S8J�P?JWL G RO> P`J�LNe R L^S G�@�EOh � @HG P�� @ V Y�[ P�S D � > LNe > L M2J�P?MOe E LNU6P?J D T EORO> P E
L G�B P?e R L^S G�� � n � � > P V @�Y�Y L G bWL GCRO> P [ P���LNe S G LNM`S D R P G J�P ]�G P?J V @HG T @H[N[^h U h P�� Y P EOR M�� @H[^RO> SgT�b >
MOSgV(P R LNV(P?M R P�� R � R S � Y�> S G P?V(P E T [ P?M @�E P�T�MOP?J � � > P E P?e SHb G L = P E T�MQP?M RO> P [ P���LNe S G%R S V @�Y RO> P
� S E J MQP?_3T�P G e PXL G�R S @ MQP?_3T�P G e PrS D`[ P���LNe @H[ T G L R M�� � > L MaMQP?_3T�P G e PXLNM MQSgV(P R LNVWP?M VWS3J�L ] P?J �FR S
Y,> S G P?M � U h @ 8&%a�$=A#3=4CS�T.1�(���$=�MN�A@3')2,RO>�@�R1RO@�A P?M�L G�R S @ ece SgT G�R1RO> P`e S G
R P�� R S D\RO> P G P?L^b > U\S E L G b
� S E J�M 
 pHp?n � p9W � pHp � � �
Ije SgT�M R LNe V @HG L D P?M RO@�R L^S G S D2Y�> S G P?M`k @�EOh MOLNb G L ] e @HG�RO[^h �`L RO> e S G
R P�� R � @HG J RO> P k @�E L @HG
R M*S D1@

Y,> S G P @�E PZe @H[ [ P?J @H[ [ S Y�> S G P?M �vI R�h�Y LNe @H[ I B 
 M h M R P?V RO@�A P?M RO> L M L G�R S @ ece SgT G
R U h V(S8J�P [ L G b
� S E J�M @ M @ MQP?_3T�P G e P(S D e S G
R P�� R MQP G MOL R L^kHP Y�> S G P?M�� ,/%a��8 6 �?=4')�W@�E P Y S Y T [N@�E MOT�U � � S E J4T G L R M��
� > P E P�P @ e > RQE L Y�> S G P�L M�J�P ]�G P?J @ M @ Y,> S G P �`L RO>(@ T G LN_�T�P Y,@ L E S D6[ P DFR2@HG J E LNb >
R2G P?LNb > U\S E M�� ?�S E
P�� @ V Y�[ P��
MOT Y�Y SgMQP RO> P G S RO@�R L^S G����
	���
�E P Y�E P?MQP G
R M @ Y�> S G P � S3ececT E.E L G b @�DFR P E @HG � @HG JWU6P D S E P @

�
� � > P Y,>�E.@ MQP � M Y P @�A SgT R � ��SgT [ JWU\P E P Y�E P?MQP G�R P?J U h(RO> P MQP?_3T�P G e P�� ����� � � � � � � � � 	 � � � 	����



nHn

� 	 � ��� � � � � � � � � � � � � � � � � � > P E P � J�P G S R P?M�T RQR P E.@HG e P U\SgT G J @�E L^P?M�� 
 S R P RO>�@�R!RO> P RQE L Y,> S G P
e S G
R P�� R M e @HG M Y�@HG � S E J4U\SgT G J @�E L^P?M�� < G MQSgVWPWe S G
R P?V Y S E.@�E.h M h M R P?V M�� RO> P e S G�R P�� R L G e [ T�J�P?M
R � S Y�@ L E M*S D�[ P D R @HG J E LNb >
R G P?L^b > U\S E M�� R S D S E V T G L R M e @H[N[ P?J�� #3� =48 6 �?=4')� S E 8 ')=?�9.�8 6 �$=&'S� �
IjJ�J�L R L^S G�@H[N[Nh �+MQSgV(PrM h M R P?VWM @H[ MQSvT�MQP � S E J0U\SgT G J @�E LNP?M @ M @ e S G J�L R L^S G L G b DF@ e R S E � I R�h�Y L e @H[
I B 
 M h M R P?V D S E u G b [ LNM > T�MQP?M @ U\SgT R�� �
� = o Y�> S G P?V(P?M @HG J RO> P G T�V U\P E S D RQE L Y�> S G P?M @HG J
Y P G�RO@�Y�> S G P?M`P G e SgT G
R P E P?J4L G�@ M @ V Y,[ PaS D ��o > SgT E MjS D M Y PcP?e > V @ h U\P @ M V @HG
h @ M p?n�o � @HG J
n � � 	 E P?M Y P?e R L^kHP [^h �
<�R LNM J�L B ecT [^R1R S P?M R L V @�R P J�LNM R L G e R V(S8J�P [ M D S E P @ e >C@ e SgT�M R L e*T G L R � � E L Y�> S G P?M � D S E P�� @ V Y�[ P��

@�E P [N@�E bHP*L G G T�VaU\P E�@HG J @aD P ��T G L R M�e S kHP E @ J�LNM Y�E S Y S EOR L^S G�@�R P @ V(SgT G
R S D J @�RO@ � [ P @ k8L G b @ V @ �
	 S E L R;h �jL RO>rR S�S D P � P�� @ V Y,[ P?M R S RQE.@ L GrRO> P?L E�Y,@�E.@ V(P R P E M DFE SgV �2I �`LNJ�P [^hW@ ece P Y�R P?J MQS [ T R L^S GrR S
RO> LNM Y�E SHU [ P?V LNM R S @ MOMOT�V(P @ ] �8P?J [ P DFR � R S � E L^b >�R V(S3J�P [ M RQE T�e R T E P D S E @H[N[ M.T�U � � S E J T G L R M � P�� b � �
@ =4M RO@�R P V(S8J�P [�@ MWL G ?!LNbgT E P n � n � @HG J @H[N[ S�� 83.1%a.�M]' �9')%]� V4� =&" � � > P E PXMQSgV(P Y�@�E.@ V(P R P E M
S D`RO> PZSHU�MQP E k @�R L^S G J�P G MOL R�h0@�E PXM >�@�E P?J @ e E SgMOM(M RO@�R P?M S D J�L s\P E P G�R MOT�U � � S E J T G L R M �mIjM(V(P G �
R L^S G P?J�P @�E.[ L^P E � RO> P e S G J�L R L^S G�@H[ Y�E SHU @ U,L [ L R�h S D2RO> PaSHU�MQP E k @�R L^S G bgL^kHP Gv@ M RO@�R P $ � � * � � * 	 � �`D S E
@ V T [^R L^k @�E L @�R P � @ T�MOMOL @HG J�LNM RQE L^U�T R L^S G �jL RO>W[N@�E bHP*J�LNV(P G MOL^S G J�P?e E P @ MQP?M E.@�Y LNJ [Nh �`L RO> L G e E P @ M.L G b
J�LNM RO@HG e P DFE SgV RO> P V(P @HG � � S G MQP?_3T�P G�RO[^h � � > L [ P(J�P?e S8J�L G b RO> PWU\P?M R Y�@�RO> � RO> P?MQP R P E VWM Y�[N@ h4@
V T�e > b E P @�R P E E S [ P RO>�@HGmRO> P RQE @HG MOL R L^S G Y�E SHU @ U�L [ L R L^P?M�� <�G MQSgV(P L V Y�[ P?V(P G�RO@�R L^S G M � RO> P Y�E SHU @ �
U�L [ L R LNP?M�e S EOE P?M Y S G J�L G b R S @H[N[ S�� P?J @HG JvJ�LNM @H[N[ S�� P?J Y�@�RO>v@�E P MQP RjR S S G P @HG J = P E S � E P?M Y P?e R L^kHP [Nh �

s1 s3s2 s4 s5

?�L^bgT E P n � n t�I G P�� @ V Y�[ P [ P DFR � R S � E L^b >�R � 	 	 T�MOP?J R S V(S8J�P [ @ MOT�U � ��S E JXT G L R

f�@�E.@ V(P R P E M�e @HG U\P R L^P?J @�R�@ M RO@�R P � [ PckHP [ > P?T E L M R LNe @H[N[^h S E e @HG U\P*J�P R P E VWL G P?J @ T R SgV @�R L e @H[N[^h
T�MOL G b RO> P [ L G bgT�LNM R LNe e [N@ MOM*S D�RO> P @ MOMQS8ecL @�R P?J [N@ U\P [ M`L G J�P?ecLNMOLNS GCRQE PcP?M�� @ M J�P?MOe E L^U\P?JCM > S EORO[Nh � < G
MQSgV(P ��S EOA M RQE LNe RO[Nh J�LNM RO@HG e P � U @ MQP?J R P?e >�G L _�T�P?M @�E P(T�MQP?J � P�� b � � A � V(P @HG M e [ T�M R P E L G b � �6U�T RjRO> P h



n �

>�@ kHP J�L B ecT [NR;h L G >�@HG J [ L G b [ @ U6P [ M RO>�@�R�@�E PjL G�D E P?_3T�P G�R S E�@�E P*T G SHU�MQP E kHP?J L GWRO> P RQE.@ L G L G b J @�RO@ �
f�@�E.@ VWP R P E M e @HGv@H[ MQS U\P R LNP?J D S EjRO> P e S k @�E L @HG e P(V @�RQE L �XS D2RO> P J�LNM RQE L^U�T R LNS G T�MOL G b @H[ bHS E L RO> VWM
M.T�e >C@ M`MQP?VWL � R L^P?J e S k @�E L @HG e P 
 � o � pHp � � � � � p2� �

��'SC ���9���?= �9%a')'S� >�@ kHP Y�E S kHP?J R SaU6P�T�MOP D T [ L G e [ @ MOMOL ] e @�R LNS G �
J�P?MOe E L Y�R L^S G @HG J bHP G P E @H[ L =?@�R L^S G
S D J @�RO@ L G @ k @�E L^P R;h S D�@�Y�Y�[ LNe @�R L^S G M � � � � � 
 � p � p � � p = � � � d P?ecL MOL^S G RQE PcP?M � P E P ]�E M R T�MQP?J L G I B 
0D S E
R�h L G b � 	 	 M � > P E P M RO@�R P [N@ U\P [ M � P E P @�Y�Y�E S �8LNV @�R P?JvT�MOL G b @rf SgLNMOMQS G�Y�E S8e P?MOM 
 = � � <�R U\P?e @ V(P
Y S Y T [N@�E � > P G RO> P h � P E P T�MQP?J R S e [ T�M R P E SHU�MQP E k @�R L^S G J�P G M.L R L^P?MWS D @ M RO@�R PmL G @ V @ �8L V T�V
[ L A P [ L > S3S8J DFE.@ V(P � S EOA 
 W o � p � oN� �

d P?ecL MOL^S G(RQE PcP*e [ T�M R P E L G b LNM Y�@�E.R LNecT [N@�E.[Nha@�RQRQE.@ e R L^kHP D S E I B 
 �
MOL G e P L R�Y�E S k3LNJ�P?M @ V(P?e >�@HG LNMOV
R SrV @�YvRO> SgMQP MOT�U � � S E J T G L R M RO>�@�R @�E P G S R MOPcP G L G RO> P RQE @ L G L G b J @�RO@WR S @ VWS3J�P [ � > LNe > V @ h
e [ SgMQP [^haE P?MQP?VaU [ P L R � ?�S E P @ MQP`S D J�P?MOe E L Y�R LNS G [ P R T�M @ MOMOT�VWP RO> P MOT�U � � S E J(T G L R M R S U\P RQE L Y�> S G P?M��
� S RQE.@ L G @(RQE PcP�� @H[N[\RO> P RQE L Y�> S G P?M SHU�MQP E kHP?J�L GZRO> P RQE.@ L G L G b(J @�RO@W@�E P Y S3S [ P?J @�R RO> P E S�S RjG S3J�P
S DaRO> P RQE PcP�� I MQP R S D Y�E P?J�P ]�G P?J _3T�P?M R L^S G M � R;h3Y LNe @H[N[Nh @ U\SgT R RO> P Y�> S G P R LNeve S G
R P�� R S DaRO> P
RQE L Y�> S G P?M �\L M T�MQP?J R S J�P ]�G P(e @HG J�LNJ @�R P Y�@�EOR L R L^S G M �FR�h�Y LNe @H[N[^h U�L G�@�EOh�Y�@�EOR L R LNS G M � S D @XG S3J�P(L G
RO> P RQE PcP�� � > P [ L A P [ L > S3S8J S D P @ e > Y,@�EOR L R L^S G LNM1V(P @ MOT E P?J L G(R P E V M2S D > S�� ��P [ [�RO> P RQE.@ L G L G b J @�RO@
L G L R e @HG U6PjV(S3J�P [ P?J(U h R ��S J�LNM RQE L^U�T R LNS G M�� � > Pj_�T�P?M R L^S G e S EOE P?M Y S G J�L G b R S RO> P Y�@�E.R L R L^S G(RO>�@�R
V @ �8LNV L = P?M RO> P [ L A P [ L > S3S3JZS D1RO> P J @�RO@ L G @ZG S8J�P LNM*e > SgMQP G @ M @ e @HG J�L J @�R P D S E RO> P G P�� R M Y�[ L R �
? E SgV @ V(S G bgM R RO> P?MQPWe @HG J�L J @�R P?M�� RO> P G S8J�P��`L RO>vRO> P(U\P?M R [ L A P [ L > S3S3J b @ L G LNM M Y,[ L R � � > P U6P?M R
Y,@�EOR L R L^S G M1S D RO> P G P � e [ T�M R P E M E P?M.T [^R L G b D E SgV RO> L M�M Y,[ L R1@�E P @ J�J�P?J R S RO> P [ LNM R S D RO> P e @HG J�LNJ @�R P
M Y�[ L R M�� @HG J RO> T�M RO> P RQE PcPrL Mab E S
� G T G
R L [ MQSgV(PZM R S Y�Y L G b e E L R P E L^S G L M V(P R�� � � � � � [ LNVWL R S G RO> P
G T�V U\P E S D![ P @ kHP?M`S E`R P E VWL G�@H[ G S3J�P?M � �

� h V @�A L G b R � S @ M.MOT�V Y�R LNS G M�� RO> PWJ�P?ecLNM.L^S G RQE PcP e @HG U\P(T�MQP?J R S RQE.@ L G � 	 	 SHU�MQP E k @�R L^S G
J�P G MOL R L^P?M � � > P�SHU�MOP E k @�R LNS G J�P G MOL R LNP?M!e S E.E P?M Y S G J�L G b R S RO> P�M RO@�R P?M1S D,RO> P � 	 	 @�E P @ MOMOT�V(P?J R S
U\P @ J�P?_3T @�R P [^h V(S3J�P [ P?JrU h V T [^R L^k @�E L @�R P MOL G b [ P � @ T�M.MOL @HG J�LNM RQE L^U�T R LNS G M�� � L A P [ L > S3S8J Pck @H[ T @�R P?J
U h @ MOL G b [ P � @ T�MOMOL @HG S GvRO> P(M @ V(P J @�RO@ S G � > LNe > L R � @ MjP?M R LNV @�R P?J4LNMjS G�[^h @ D T G e R L^S G S D L R M
P?M R LNV @�R P?JXe S k @�E L @HG e P @HG J RO> P G T�V U6P E S D+RQE.@ L G L G b M @ V Y�[ P?M 
 p@� � B S � RO> P � @ T�MOMOL @HGX@ M.MOT�V Y�R LNS G
V @�A P?M�L R�Y SgMOMOL^U [ P R S e SgV Y T R P [ L A P [ L > S�S8J(L G(R P E VWM1S D � @ T�MOMOL @HG MOT�B ecLNP G
R M RO@�R LNM R LNecM�� � I DFR P E�RO> P
RQE PcP LNM b E S
� G ��MQSgV(P R LNVWP?MaV(S E P e SgV Y�[ P��4V(S8J�P [ M MOT�e > @ M � @ T�MOM.L @HG VWL � R T E P?M @�E P @ MOMQS8ecL @�R P?J



n �

aw+ih−ng   −−−> model a

NoYes

NoYes

Nasal?

NoYes

NoYes

Left
Vowel?

Right

Right

Flap?

model a

model e

model b

model c

model c

Phone /ih/
State 0

NG?
Right

���������
	���
���������������������� � ���!	�"$#���� ��%�&('�"$�
)*�������+�!",��)���� �!�
��%���� ��"��,'-��� .*��)�	0/1��� ��"��2�!� 	1	$


'-��� .3� .�	54�	0��#6��"7)�	0�1
98*:;.�	��!	0/<"���)��$� �
��=���� ��"������;� .����>� .�	5�?"��!�!	1�
��"$�>��� "$%���%��@4����BAC"$#6�$�EDF�G�
�!� ���!	IHJ���LKNM������ ��"��,��
�OQP$86"$��	0MR����ST�$4�	0�R� 4�AI� .�	-�!	1��=�	0�U� ��� ��"��2���WVYXZ���!	1� %[�\&B�!�BA74�	0]�	0�!� ��=���� ��"��L)�"�	0�
��"$�F/^.��$���$	���#_�!	1�Z�C�!��4@���1
>:;.����-�QS$"���)��F� .�	`��	1	0)G�!"L� 	<&(	0� � ��=����!	`� .�	`/<"����U� �F%?	04�"������@���,�!"C	0�$/
.
"$%��!	1� S���� ��"��a)�	0��� ���bAW��#c�!	1�I	1S$	1� Ad�!�[4����1
2ef�g���
�$/<� �@/<	$hi� .�	0�!	C�$�
� ��=���� ��"����j�����?	0�����!"G'�"$� kW'l	04@4
H_��� "7)���/<	Z� "$%���� �;)�	0/1��� ��"��2�!�
	1	0�^8^
l:;.�	1� 	m	<n7�@�!�-)��\o?	1� 	0�R�;� /
.�	0=�	0�;"$#i�BA7�����,=,�\n�� ��� 	0�+'-��� .��@�L� .�	
)�	0/1��� ��"��2�!�
	1	j#c�^�$=�	1'l"$�
k[h��$��)p��#c	1'q"$#i� .�	m�r"$�[��4����+"���	0�-���
	�/<"�=������ 	0)p���ts\O$O<u�h�v$�Tw(


ef��%�����4�)������Z�m'l"$�^),=�"7)�	04�#_"$�l)�	0/<"7)�������hU�m����� � �@/1��4����N/<"��R�!	<n��Y&B� �r	0/1��x�/;��.�"���	0=�	;���6)�� "$���?	0)
)�"Q'-�E� .�	��!� 	1	��$��)W���F������)�	0)�%�AG� .�	�4������������!� ��/jM���	0�!� ��"����m���m� .�	�%��
�$��/
.�	0�1
`yF�m��4�4���� �!�
���!	0)E���
�i������� 	5��
���hr� .�	5�$/<"����!� ��/�=�"�)�	04z"$#{� .�	�4�	0��#{� .����F���-4��$��)��;���|h��@�-�$� �!"7/1�����!	0)�'-��� .*� .�	���.�"���	0=�	$

:NA�����/1�$4�4�A$h��`x�n7	0)2�!"$�?"�4�"$�$A,"$#{�}&b~Ix�S$	j�!� ���!	0�>���+�$� �!"7/1�����!	0)*'-��� .L	0�$/^.*��.�"���	0=�	$h��$��)2�!	1�����
���!	
�!� 	1	0�-��� 	j���!	0)*#_"$�;	0�$/
.G�!� ���!	j"$#{����.�"���	0=�	$


ef�C� ��=,=���� A$hU'�"$�
)2�!	0M���	0��/<	0����� 	Z=������?	0)��!"I��.�"���	0=�	>�!	0M���	0��/<	0�+��� �@�����I)���/<� ��"������
A$
�:-.�	



n =

Y,> S G P?V(PaMOP?_�T�P G e P?M`V @ h U\P V @�Y�Y P?J R S RO> P?L E MOT EODF@ e P D S E V&T�MOL G b Y�E S G T G ecL @�R LNS G V(S8J�P [ M���I [ [
Y,> S G P?V(P?M @�E P @ MOM.T�V(P?J R S >�@ kHP RO> P M @ V(P � 	 	 R S Y S [ SHb h � @HG J RO> P M RO@�R P SHU,MQP E k @�R L^S G J�P G MOL R;h
D S E`@(Y,> S G P?V(P L GX@(Y,@�EOR LNecT [N@�E e S G�R P�� R LNM [ S3e @�R P?JCT�MOL G b(J�P?ecLNM.L^S GZRQE PcP?M��

����� � �#" � 	 � � ����.
�����#" - + 	4�#"�� *

� > P`e SgV Y S G P G�R M�J�P?MOe E L^U\P?J(L G RO> P @ U\S kHP MQP?e R L^S G M�e @HG U\P Y T R2R SHbHP RO> P E L GW@aD P � J�L s6P E P G
R � @?h M
R S Y P EOD S E V RO> P RO@ M A S D [N@�E bHPjkHS3e @ U�T [N@�EOh(@ T R SgV @�R LNe*M Y PcP?e > E P?e SHb G L R LNS G ��P?M.MQP G
R L @H[N[^h RO> PjMOP @�E e >
L G u�_�T @�R L^S G n � � � <�G%@H[ [ LNV Y�[ P?VWP G
RO@�R L^S G M�� RO> P [N@HG bgT @ bHPCV(S8J�P [ � RO> P [ P��8LNe S G � RO> PCMOT�U � ��S E J
T G L R M @HG J RO> P?L E � 	 	 M D S E V @ e SgV Y SgMOL R PWV(S8J�P [ � � S V @�A P RO> P MQP @�E e > S kHP E RO> LNM e SgV Y SgMOL R P
VWS3J�P [�Y SgMOM.L^U [ P�� E P Y P @�R P?J Pck @H[ T @�R L^S G M S D J�L s\P E P G�R M Y PcP?e > MQPcbgVWP G
R M @�E P VWL G LNVWL = P?J T�MOL G b @
k @�E L^P R�h S D!R P?e >�G LN_3T�P?M M.T�e >�@ M`M >�E L G�A L G b RO> P [N@HG bgT @ bHP V(S8J�P [ � @�EOE.@HG bgL G b RO> P [ P��8LNe S G L GX@(RQE PcP
D S E V � @HG JCe @ e > L G bWMOe S E P?M D S E RO> P SHU�MQP E k @�R L^S G J�P G MOL R�h	� P�� b � ��
 � n)� � �
<�G S G PaLNV Y,[ P?V(P G�RO@�R L^S G � @H[N[ RO> P e SgV Y S G P G�R M @�E P E P Y�E P?MQP G
R P?J�L GCRO> P D S E V:S D2@(]�G L R PaM RO@�R P

RQE @HG MOJ�T�e P E�� ? B � � � � > PZe SgV Y S G P G�R ? B � M @�E PXe SgV Y SgMQP?J ��� ����� ���1S E S G � RO> P � ;�h T�MOL G b @v[N@�=ch
e SgV Y SgM.L R L^S G V(P RO> S8J R SCe E P @�R P @ MOL G b [ P e SgV Y�@ e R V(S8J�P [�D S E @H[N[�>
h3Y S RO> P?MQP?M�� � > LNM*e SgV Y SgMOL R P
? B � e @HG U\P MQP @�E e > P?J4T�M.L G b RO> P E L R P E U�L @H[ bHS E L RO> V R S E P?e SHb G L = P M Y PcP?e > 
 � � � � <�G k8L EOR T @H[N[Nhr@H[N[
L V Y�[ P?V(P G�RO@�R L^S G M � RO> PrMQP @�E e > M Y,@ e PrLNM @H[ MQS E P?J�T�e P?J U h4Y�E T G L G b @ � @ h RO> PrT G�[ L A P [^h�Y,@�RO> M @�R
P @ e >CDFE.@ V(P S E ��S E JCU6SgT G J @�E L^P?M �

� > P e SgV Y�[ P���L R;h S D RO> P MQP @�E e > J�P Y P G J�M�S GrRO> P M RO@�R P M Y�@ e P S D+RO> P e SgV Y SgMOL R P � 	 	 � � > LNe >
L G R T E.G J�P Y P G J�M S GmRO> P MOL = PWS D�RO> P [ P��8L e S G � RO> P k @H[ T�PWS D � L G4RO> P G � b E.@ V [N@HG bgT @ bHP VWS3J�P [ �
RO> P G T�VaU\P E S D MOT�U � � S E JCT G L R M�� RO> P G T�VaU\P E S D e [ T�M R P E P?J SHU�MQP E k @�R L^S G J�P G MOL R LNP?M�� @HG J�� > P RO> P E
e E SgMOM � � S E J P s\P?e R M @�E PjVWS3J�P [ P?J � ?�S E P�� @ V Y�[ P�� @aY P G�RO@�Y�> S G P`M h M R P?V �`L RO>W@aRQE L^b E.@ V [N@HG bgT @ bHP
VWS3J�P [!E P?_3T�L E P?M @X[ S R V(S E P e SgV Y T RO@�R L^S G�@H[�E P?MQSgT E e P?M RO>�@HG4@rRQE L Y�> S G P M h M R P?V �`L RO> @ U�L^b E.@ V
[ @HG bgT @ bHP V(S3J�P [ �*q DFR P G @ ]�E M R`Y�@ M.MjJ�P?e S8J�L G b LNM Y P E.D S E VWP?J �`L RO> @r[ S�� e SgV Y�[ P���L R�h V(S8J�P [ R S
SHU RO@ L Gm@ � S E Jmb E @�Y�> S E @�[N@�RQR LNe PWS D�@�[N@�E bHP G T�V U6P E S D�Y SgMOMOLNU [ P >
h3Y S RO> P?MOLNM � � > P G � @ V(S E P
MOS Y�> LNM R L e @�R P?JXV(S3J�P [ LNM T�MQP?J R S E P � MOe S E P RO> P [N@�RQR LNe P @HG J Y LNe A RO> P U\P?M R >�h3Y S RO> P?MOLNM��
<�G M R P @ J S D VWL G L VWL = L G b RO> P MOP G
R P G e P(P E.E S E L G u1_3T @�R L^S G n � � � @HG4@H[^R P E.G�@�R L^kHP(MOe > P?VWP � > LNe >

V L G LNVWL = P?M RO> P � S E JXP E.E S E�E.@�R P @H[ MOS(P��8LNM R M 
 p?n�o � � � � p � � � � � > P V(S8J�P [\DFE.@ V(P � S EOA E P?V @ L G M RO> P



n �

M @ V(P � S G�[Nh RO> P @H[ bHS E L RO> V T�MOP?JCL GZY LNe A L G b RO> P U\P?M R >�h�Y S RO> P?MOL M�e >�@HG bHP?M �
B3RO@�R P � S D � RO> P � @�EOR M h M R P?V M @H[ MQS T�MQP @ J�J�L R LNS G�@H[
R P?e >�G LN_3T�P?M R S P G�>�@HG e P Y P E.D S E V @HG e P�� � > P L V �

Y�@ e R S D J�L s6P E P G e P?M�L G(@ e SgT�M R L ecM D E SgV J�L s\P E P G�R M Y P @�A P E M D S E1RO> P M @ V(P MOT�U � ��S E J(T G L R LNM E P?J�T�e P?J
@�R RQE.@ L G L G bCT�MOL G bZM Y P @�A P E � @ J @�Y�R P?J RQE @ L G L G b � @HG J @�RaR P?M R L G b T�M.L G bXM Y P @�A P E @ J @�Y�RO@�R L^S G � P�� b � �

 � o � pco��N� � � B3Y P @�A P E @ J @�Y�RO@�R L^S G LNM L G e S EOY S E.@�R P?JrL G @ V T [^R L � Y�@ M.M1MQP @�E e >ZD E @ V(P ��S E.A �3S D R P G �jL RO>
V(S E P RO>�@HG S G P M RO@ bHP S D�@ J @�Y�RO@�R L^S G � � SgV U�L G L G bZJ�L s6P E P G
R M h M R P?VWM T�MOL G b @ V @ 	QS E L R;h kHS R L G b
e E L R P E L^S G � 
 q E u 
 � @H[ MQS LNV Y�E S kHP?M E P?e SHb G L R L^S G @ ececT E @ e h 
 �>= � � � > P?MQP @ J�J�L R L^S G�@H[1R P?e >�G LN_�T�P?M
>�@ kHP G S R U\PcP G T�MQP?JXL G SgT E P�� Y P E L V(P G
R M � @ M RO> P hX@�E P U\P h S G J RO> P MOe S Y P S D!RO> LNM ��S E.A �



nDW

��5  :*��
	1� �

��� ��� � � � �����-��� �-� � ��� �����

� S P G�@ U [ P V(P @HG L G b D T [ e SgV Y�@�E LNMQS G S D SgT E1E P?MOT [^R M @HG JWe S G e [ T�M.L^S G M��`L RO> RO>�@�R S D S RO> P E � S EOA �
@H[ [gRO> P�P�� Y P E LNVWP G
R M+L G RO> L M RO> P?MOL M @�E P Y P E.D S E VWP?J S G @ M RO@HG J @�E J RQE.@ L G L G b`e S E.Y T�M @HG J @ M RO@HG J @�E J
E P?e SHb G L R L^S GvRO@ M A � U\S RO>v@�E P J�P?MOe E L^U\P?JvL G B P?e R L^S G � � p � � > P P�� Y P E LNV(P G�RO@H[+DFE.@ V(P � S EOA T�MQP?J D S E
RO> LNM RO> P?MOLNM*LNM`SgT RO[ L G P?J�L G B P?e R L^S G � � n � � > P SHU,MQP E k @�R L^S G J�P G MOL R L^P?MjS D SgT E @ e SgT�M R L e VWS3J�P [ M @�E P
R LNP?J4J�L s\P E P G
RO[Nh�DFE SgV S RO> P E I B 
 M h M R P?VWM�� � > LNM e > SgL e P >�@ M e P E.RO@ L G4RQE.@ J�P � S�s M�� � > LNe > LNM @H[ MQS
P [ @ U6S E @�R P?J L G B P?e R L^S G � � n � ?�L G�@H[N[^h � RO> P Y P EOD S E V @HG e P S D SgT E U @ MQP [ L G P LNM e SgV Y,@�E P?J��jL RO>mRO> P
M RO@�R P � S D � RO> P � @�E.R L G B P?e R L^S G � � � �

�%��� ���#;��

� �
� ��� � � � ��� ��� ��� � ���

 �

< G [ L G P �`L RO> SgT E SHU 	 P?e R LNkHP R S LNV Y�E S kHP [N@�E bHP kHS8e @ U�T [N@�EOh e S G kHP E M @�R L^S G�@H[ M Y PcP?e > E P?e SHb G L R L^S G � RO> P
@ e SgT�M R LNe V(S8J�P [ M1L G(RO> LNM�� S EOAW@�E P RQE.@ L G P?J(S G RO> P B �jL R e > U\S @�E J @HG J RO> P � @H[N[N> SgV(P e S EOY S E.@ 
 � � � �
� > P?MQP R ��S(e S EOY S E.@ e SgV Y�E L MQP`S D @ e S [N[ P?e R L^S G S D M Y S G�RO@HG PcSgT�M R P [ P Y�> S G Pje S G kHP E M @�R L^S G M�U\P R ��PcP G
Y,@ L E M�S D e @H[N[ P E M L G IjV(P E LNe @HG u G b [ LNM > �8P @ e > e S G kHP E M @�R L^S Gv@ U\SgT R =(VWL G T R P?M [ S G b � B �`L R e > U6S @�E J
Y P EORO@ L G M R SZe @H[N[ M U\P R ��PcP G M RQE.@HG bHP E M`S Gv@ Y�E P?J�P ]�G P?J R S Y LNe � � > L [ P � @H[N[N> SgVWPaLNM @ V(S E P e @ MOT @H[
k @�E L @HG�R �`L RO> e @H[N[ M�U6P R ��PcP GZDFE L^P G J�M2S GX@HG�hWR S Y LNe ��q T E � S EOA P G
RO@ L [ M RO> P T�MOPjS D @ [N@�E bHP G T�V U6P E
S D e S G
R P�� R T @H[1D P @�R T E P?M � @ M P�� Y�[N@ L G P?J L GmB P?e R LNS G � � n � � � S E P?J�T�e P RO> P Y S R P G
R L @H[�E LNM A M*S D J @�RO@
M Y�@�E MOL R�h ��� P T�MQP?J @H[N[ RO> P RQE.@ L G L G b J @�RO@ � > L e > � @ M @ k @ L [N@ U [ P L G RO> P U6PcbgL G�G L G b(S D1RO> LNM � S EOA	�
@ U\SgT R p � o > SgT E M�S D M Y PcP?e > �3L G ecT EOE L G b MOL^b G L ] e @HG
R e SgV Y T RO@�R L^S G�@H[ e SgM R�@HG J R L V(P`L G(RQE @ L G L G b RO> P
@ e SgT�M R LNeaVWS3J�P [ M�� IjU\SgT R � o�� S D�RO> LNM J @�RO@ U\P [ S G bHP?J R S B �`L R e > U6S @�E J � @HG J @ V @ 	QS E L R;h�� @ U\SgT R
��o�� � R S D P?V @H[ P M Y P @�A P E M��



n �

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

� S J E.@ � E P [ L @ U [ P`e S G e [ T�MOL^S G M��`L RO> SgT R L G ecT EOE L G b [ S G baP�� Y P E LNV(P G�R1R T E.G @�E SgT G J R L V(P�� � P e > SgMQP
@ MOT�U,MQP R S D p � � � 
 <QB � �jT�U � =WJ�PckHP [ S Y V(P G�R`R P?M R MQP R`RO>�@�R � @ MjJ�P ]�G P?JCU h � � 
 � � > P R P?M R MOP R
e S G
RO@ L G M @ U\SgT R p?n � = A � S E J�M!L G @�Y�Y�E S �8L V @�R P [^h @HG > SgT E S D M Y PcP?e > DFE SgV n � M Y P @�A P E M�� RO@�A P G D E SgV
U6S RO> B �`L R e > U\S @�E J @HG J � @H[N[N> SgVWPae S EOY S E.@WRO>�@�R � P E P P��8e [ T�J�P?J DFE SgV RO> P RQE @ L G L G b MQP R �jIjU\SgT R
= � � S D+RO> P R P?M R M Y PcP?e > LNM D E SgV D P?V @H[ P M Y P @�A P E M�� � > PjSgT RQY T R S D+RO> P E P?e SHb G L = P E � @ M�Pck @H[ T @�R P?J
T�MOL G b RO> PWM RO@HG J @�E J e E L R P E LNS G S D � S E J4P EOE S E E @�R P � 	 ��� � � ����� � > P E P RO> P G T�VaU\P E S D ��S E J�M
e S EOE P?e R LNM � �3L G MQP EOR P?J LNM �(@HG J RO> P R S RO@H[\G T�V U\P E S D � S E J�M L G RO> P 
 <QB � E P D P E P G e P RQE.@HG M.e E L Y�R L M
� � � � > P MOe S E L G b � @ M Y P EOD S E V(P?J�T�MOL G b � MOe [ L R P��ZMQS DFR � @�E P DFE SgV 
 <OB � RO>�@�R @ J�J�L R L^S G�@H[N[^hZRO@�A P?M
e P EORO@ L G M Y S A P G � S E JXP?_3T�L^k @H[ P G e P?M`L G
R S @ ece SgT G
R�� P�� b � � D @ VWL [^h � M�� DF@ V L [^h L M�� DF@ V L [^h >�@ M � �

� ��� �/	��4� � �

)�&
'�#� +�- ;:��		�

� > P M Y PcP?e > J @�RO@ � @ M Y�E P Y�E S8e P?MOMQP?J � @ MjP�� Y�[ @ L G P?J L GvB P?e R L^S G n � p � R S Y�E S3J�T�e P p � J�LNV(P G M.L^S G�@H[
kHS3e @H[ � RQE @ e R � [ P G b RO> � G S E V @H[ L = P?J 	 ? � � kHP?e R S E M�� @�RC@ E.@�R P4S D pcoHo kHP?e R S E M Y P E MQP?e S G J 
 p � p0� �
u @ e > kHP?e R S E � @ M @ T�bgV(P G�R P?J �jL RO> L R M ]�E M R S E J�P E J�P E LNk @�R L^kHP?M R S0MQP E kHP @ M @ e SgT�M R LNeCL G�Y T R R S
RO> P E P?e SHb G L R L^S G M h M R P?V � � S E P?J�T�e PZP�� Y P E LNV(P G�RO@�R L^S G R L V(P���� PZT�MQP?J @vE P � M.e S E L G b Y�@�E.@ J�LNbgV
D S E J�P?e S3J�L G b � ?�S E P @ e > T RQR P E.@HG e P�� RO> P MQP @�E e > � @ M Y P EOD S E V(P?JCS kHP E @ � S E J [N@�RQR LNe PaS D�Y SgMOM.L^U [ P
>
h3Y S RO> P?MQP?M��CI �>= A kHS8e @ U�T [ @�EOh � @ M T�MQP?J R S�bHP G P E.@�R P RO> P?MQP >�h3Y S RO> P?MQP?M�� � > P [N@�RQR LNe P?M ��P E P
J�P E L^kHP?J D E SgV RO> P pcoHo U\P?M R+>�h3Y S RO> P?MQP?M Y�E S k8LNJ�P?JaU h � � 
 L G p � � � � � � > P�P EOE S E+E.@�R P�S D�E @HG J�SgV [^h
MQP [ P?e R P?J >�h�Y S RO> P?MOP?M L G RO> P [N@�RQR LNe PWL M =>= � � � � @HG J RO> P(S E.@ e [ P E.@�R PWLNM n � � � � S D T EORO> P E E P?J�T�e P
RO> P MQP @�E e >0R LNV(P�� >
h3Y S RO> P?MOL = P?J���S E J R LNV(P?M ��P E PrT�MQP?J R Sve S G M RQE.@ L GmRO> P [N@�RQR LNe PrMQP @�E e > M Y,@ e P
L GXE P � MOe S E L G b ��L � P�� � RO> P E P � M.e S E P?J R L V(P?M � P E P D S E e P?J R S S8ececT E �`L RO> L GX@ �`L G J�S�� S D	��
 D E.@ VWP?M
��
 	 � o � S D*RO> P >
h3Y S RO> P?MQP?M�� � > L M e S G M RQE.@ L G�R J�LNJ G S R e SgM R @HG
h Y P EOD S E V @HG e P [ SgMOM S G SgT E
U @ MQP [ L G P RQE L Y,> S G P M h M R P?V � @HG J @ e > L^PckHP?J RO> PZM @ V(P E P?MOT [^R M @ M J�P?e S8J�L G b RO> P ��S E J b E.@�Y,> � S E
[N@�RQR LNe P � T�MOL G b @HG ? B 	 J�P?e S3J�P E �`L RO> G S � S E J R L V(P e S G M RQE @ L G
R M � � > P [N@HG bgT @ bHP V(S8J�P [ T�MOP?J

� / � #�
%��� � �4!L&�
���� &�� #+!�� ����
����5� #+!)3H� �O�4�"(OA)#+!)��
��4�5� ��
�� � �"( 8�#������ ��!0�%,5�4�5&�
 � #+�B(*�08��4��
4>SA)&S��
�#+!)�4� �5&���� �2��&�
��%,�

�"! &�!N8��=��
 ��,5!N8S#+!)3*� F)�EA �4FN,-?0#+�5� ��� � F)��
 C��+��,5A��+�	� �4,.� &�� ��
4> � F���� �7$ ,.�4�"&�
 � #+�:(*�08��4�!
��4�5� �"
�� ��� �O!)�5� &�
��-8 #+!
� F)�'� �"
�&)�M��
%� �4< �5��� �48�#+!�� F)#�
%� F)��
�##
4I



n �

L Gr@H[ [,RO> P*P�� Y P E LNV(P G�R M � @ M @ Y,@�EOR � S D � M Y PcP?e > MOV(S3S RO> P?J RQE LNb E.@ V RQE.@ L G P?J �`L RO> � E S @ J�e @ M R`G P �`M
J @�RO@W@ M � P [N[ @ M RO> P B �`L R e > U\S @�E J @HG J � @H[N[N> SgVWP J @�RO@ 
 �Hn)� �

� > P`P�� Y P E LNV(P G�R M1L GWRO> LNM RO> P?MOLNM @�E P V @ L G�[^h e S G e P E.G P?J �`L RO> LNV Y�E S k8L G b @ e SgT�M R LNejVWS3J�P [ M���MQS
S G�[^hCRO>�@�R Y�@�E.R S D SgT E M h M R P?V e >�@HG bHP?J @ e E SgMOM P�� Y P E LNV(P G�R M��aI R;h3Y LNe @H[ P�� Y P E LNV(P G�R e S G MOLNM R P?J
S DaRQE.@ L G L G b @0G P � @ e SgT�M R LNevV(S3J�P [ � @HG J Pck @H[ T @�R L G b L R M P s\P?e R L^kHP G P?M.MZS G RO> P R P?M R MQP R � � > P
J�P?e S3J�P E MOP RQR L G bgM � P E P ]�G P � R T G P?JZS GX@ U @ MQP [ L G P M h M R P?V � @HG J RO> P GXRO> SgMQP Y�@�E.@ V(P R P E M ��P E P [ P D R
T G e >�@HG bHP?J @ e E SgMOM @H[N[ P�� Y P E L V(P G
R M L G4@ MQP E L^P?M �WIje SgT�M R LNeWV(S8J�P [ M � P E P RQE.@ L G P?J D E SgV @ M RO@�R P �
[ PckHP [�E L R P E U�L � @H[ L^b G V(P G
R M @ MWM > S�� G L G ?�L^bgT E P�� � p �jL RO> R P?e >�G L _�T�P?M(J�P?MOe E L^U\P?J L G B P?e R L^S G n � �
@HG J B P?e R LNS G n � � � p � B T�B ecL^P G
R M RO@�R LNM R L ecM D S EX@ MOL G b [ P � @ T�MOMOL @HG D T [N[ e S k @�E L @HG e P J�LNM RQE L^U,T R L^S G
� P E P`e S [ [ P?e R P?J D S E P @ e > T G LN_�T�P @ e SgT�M R LNe`T G L R �HP�� b �2P @ e > M RO@�R P*L G P @ e > RQE L Y�> S G P�S E1Y P G�RO@�Y�> S G P��
� > P G � @HG J M RO@�R P � [ PckHP [ J�P?ecLNM.L^S GaRQE PcP?M���P E P�J�P?MOLNb G P?J R S e [ T�M R P E+RO> P J�L^s6P E P G�R e S G
R P�� R M @ MOMQS8ecL @�R P?J
�jL RO>(@ M Y P?ecL ] e Y SgMOL R L^S G L GW@ Y�@�E.R LNecT [N@�E�Y�> S G P�� � > P`M RO@�R P � [ PckHP [ J�LNM RQE L^U�T R LNS G M+MOS SHU RO@ L G P?J ��P E P
E P � P?M R LNV @�R P?JXT�M.L G b ��S E J � [ PckHP [6RQE.@HG MOe E L Y�R M �`L RO> u 	 @H[ bHS E L RO> V � < G P�� Y P E L V(P G
R M �`L RO> k @�E L @ U [ P
R S Y S [ SHb h � RQE.@ L G L G b @ e SgT�M R LNe V(S8J�P [ M L G kHS [ kHP?J @CD P � @ J�J�L R L^S G�@H[ M R P Y M � > LNe >m@�E PWP�� Y,[N@ L G P?J4L G
� >�@�Y�R P E � �2I [N@�E bHP Y,@�EOR S D RO> PjP�� Y P E L V(P G
RO@H[�R LNV(P � @ M�M Y P G�R S GrRQE.@ L G L G b RO> P @ e SgT�M R LNejVWS3J�P [ �

EM Re−estimation

Word Transcripts

Sufficient Statistics
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State distributions

Viterbi counts, Gaussian suff stats.
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phone /z/, state 5

Covariance tied
for each subtree
below a level

phone /aa/, state 0

Level for tying covariance
is determined by thresholding 
likelihood gain
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