
��������� ��	 
���
�� 	���� ������������������� 
���
��������! 

"�#%$�&('�)�*+$

,�-/.10�2�,�3�0

46587:9;7=<�>@?!ACBED�FGFEHI>@JKFELMFN9OD�?QPRD�JCDSBO7RTUTUL�VC7RFW9OVCBED�D�XCYCHITU5CHIJZP[XCTI>M<;\+F�]�9OVCD^9GBO7RJCFN_`>@BNa
?�7:9OHI>RJ1bZc+Y87RJd9GHIef7:9OHI>RJg7hJC5i<�>M5CHIJCPZj

k Ji9OVZHIFlA87RAmD�B�b k YCFGDn9OVCD�5CHUFG<�BEDS9GD�op7fq@D�TUDS9rA87R<;\RDs9r9GBO7RJCFN_`>@BG?utwvyx{z�|l}y7RF�7RJgD�~+a
7R?!ACTID^9O>/HIJd9OBE>�5ZYC<�Dn9OVCDSFGD[XZYCHITU5CHIJCP�XCTU>�<;\+FSjl��A%DS<�H��8<f7RTUTULRb k 5CHIFE<�YCFEFrHIFEFGYCDSF^7RFy9O>!oyV+L
vyx{z�|�<f7RJ�XmD�A87RBN9OHU<�YCTI7RBGT�L�VCD�TUAZ_`YCTpHUJ�<�>@?!ACBED�FGFEHIJCP�FED�HUFG?!HI<�5C7h9;7Zb�VZ>�o�c+Y87RJd9OHUef7:a
9OHU>@J�7hJC5�<S>�5CHUJCPK<�>@?!ACBGDSFGFED�F�5C7h9;7Zb�7RJC5�VC>�o(9O>gA%DSBE_`>@BE?�c+Y87RJd9OHUef7h9GHI>@J�7RJC5�<�>M5CHIJZP
>@AZ9GHI?/7RTIT�L@bMHIJ�9OVZD�FED�JCFED�9GV87h9y?!HIP@Vd9WXmD�7RACACBE>@ACBGHI7h9OD�_`>RBWFGD�HUFG?!HI<�5C7h9;7Zj

��� 0�2��!�i��3[0 � � �

��D�HUFG?!HI<�587h9O7!q@>RTIYC?!D�FSb�9GVCD�FED[587fLMF�b�7RBGD�VMYZP@D[7RJZ5�P@BE>�oyHUJCPCj�x�H�9OVg9GVCD�DS?/DSBGP@DSJC<�D�>R_
� v�9OD�<;VZJC>@TI>RPRL@b+9OVCD�587h9O7nqR>@TIYC?!DlHIF�A87RBN9OHI<SYCT�7hBGTUL�T�7RBEP@D�tN���f�M w¡pXdL+9ODSFW7RBGDl<�>R?/?!>@J�HIJ � v
FGYZBEq@DsLMF;}sj��MHI?!ACTULr7RBG<;VZHUqMHIJCPW9GVCD�FED�587:9;7�oyHITUT@BGDScMYZHIBGD�7Wqh7RFE9�7R?!>@YCJd9¢>R_�FE9G>@BO7RPRDRj¤£g>@BGDS>�q@D�BSb
7RF¢?!>@BGD�587:9;7y7RBGD�AZBG>M<�D�FEFGDS5=7RJC5nHIJd9GD�BGAZBGDS9GD�5�>@J^op>@BE\+FE9;7:9OHI>RJCF�b:?/>RBGD�587h9O7�9OBO7hJCFE_`DSB�7h?/>@JZP
9OVZD�o�>@BG\+FN9;7h9GHI>@JCFl9OVCBE>@YCP@VKTI>M<f7hT¢7RBGD�7!JCDs9¥op>RBG\+F�HIFlBGDSc+YCHIBED�51j k 9�HIFy9OVZD�BGDs_`>@BGD�5CDSFGHIBG7RXCTUDn9G>
<�>R?/ACBED�FEFy9GVCDn587h9O7Zb8HIJ�>@BE5CD�BW9G>!BED�5CYZ<�Dn9OVCDn<�>RFE9OFl>R_�FE9G>@BO7RPRD�7hJC5�9OBO7hJCFG?!HIFEFGHI>RJ1j

|WVCD�BED^7RBEDl9¥o�>=<f7h9GD�P@>RBGHIDSF�>h_¦587h9O7�<�>R?/ACBED�FEFGHI>RJ/9ODS<;VCJCHUcMYZD�F�]�TU>@FGFETID�FEF�7RJZ5�TI>RFGFELRj�§¦>@FGF¨a
TIDSFGF[<S>@?!ACBGDSFGFGHU>@J©?!Df7RJZF�JC>ªHUJZ_`>@BE?�7h9GHI>@J�HUF�TI>RFE9�5CYCBGHUJCP�9GVCD�<sL�<STID�>h_y<�>@?!ACBGDSFGFEHI>@J�7hJC5
5CDS<�>@?!ACBGDSFGFEHI>@J1b%7RJC5i9OVZD�>@BEHIP@HUJ87RT1FEHIP@JC7RT¦<f7RJgX%D�AmD�BE_`DS<S9GTULiBGDS<�>@JZFE9OBEYC<S9GD�5�_`BE>@?«9OVZD�<S>@?�a
ACBED�FGFED�5�>@JCDhj^§¦>@FGFNLª<�>R?/ACBED�FEFGHI>RJ1b�>@Jª9GVCD[>R9GVCD�B�V87RJC5�b1?/D�7RJCF�FE>@?!D�HIJ�_`>@BG?/7h9OHU>@JKHIFrTU>@FE9
5CYCBEHIJCP�<S>@?!ACBGDSFGFGHU>@J1j�¬p>RFE9�7RFGHU5CDRb¦TU>@FGFETIDSFGF^<�>R?/ACBED�FEFGHI>RJ�HUFroyV87h9�Dsq@D�BNL�<�YCFN9O>@?!D�B�o�>@YCTU5
TIHU\RD�FGHIJZ<�D[H�9�ACBE>�qMHU5CD�F^7�­87�oyTUD�FEF^BGD�AZBG>M5CYC<S9GHI>@J�>R_�9OVCD=>RBGHIPRHIJ87RT®jl¯�JZ_`>@BN9OYCJC7h9ODSTUL@b�X%DS<f7RYCFED
FGDSHIFE?/HU<l5C7h9;7�7RBGDlP@D�JZD�BO7hTITUL[BGD�AZBGD�FED�Jd9ODS5iX+L�­8>@7h9OHUJCP�Am>@HUJ+9�J+YC?[XmD�BEF�9GVCBG>@YZP@VC>@YZ9�ACBE>�<SD�FGF¨a
HIJZPCbM9GBGYCD^TU>@FGFETIDSFGF�<S>@?/AZBGD�FEFGHU>@J�>R_°FGDSHIFG?!HI<�587h9O7[HIFpHUJCDS±!<SHID�Jd9W_`>@B�9OV87:9W<�>@?!A87R<s9WBGDSACBGDSFGDSJ�a
9;7:9OHI>RJ1jK²�J�9OVCD/>R9OVZD�B�VC7RJC51b°oyVCD�J�587:9;7�7hBGD�FG7R?!ACTIDS5©7RJC5�BGDS<�>@BE5CD�51b�FE>@?!D�7R?!>@YCJd9�>R_
D�BEBG>@B�HIF�7RTIBEDf7R5�LiHIJd9OBE>�5CYZ<�D�5�j���>Zb%HUJCFE9GDf7R5ª>h_³9OBNL�HUJCP/9G>�AmD�BE_`DS<S9GTULiBGDSACBG>M5CYC<SD�9OVZD�>@BEHIP@HUJ87RT
FGHUP@J87RT®bCHU9yHUFWBGD�7RTIHUFE9OHU<r9O>!?/7R\RDn<�>R?/ACBE>@?!HIFGDSF�9OV87:9lLMHUD�TI5iBED�ACBE>�5CYZ<S9OHU>@JCFW9OVC7h9�7RBGDnFO7:9OHIFN_w7R<sa
9O>RBEL�_`>@B�>@YZB�ACYCBEA%>RFGD�FSj�|WVCD�BEDS_`>@BEDRb k _`>�<SYCF�9OVZD�5CHIFE<�YCFEFGHU>@J�VCD�BED�>@J©TU>@FGFNL�<S>@?/AZBGD�FEFGHU>@J
7RJC5KFGAmD�<SHU�8<�7RTIT�L�>RJK9GBO7RJCFN_`>@BG?=a¥XC7RFGDS5KTU>@FGFNL�<�>R?/ACBED�FEFGHI>RJ1j

4�9OBG7RJCFE_`>RBG?=a¥X87RFED�51b�TI>@FEFEL/<�>@?!ACBED�FGFEHI>@J�9GD�<;VCJZHIc+YCDn<�>@JZFGHIFN9OFW>R_¢9GVCBGDSD^XCYCHITU5CHIJZP�XCTU>�<;\+F�]
9OBG7RJCFN_`>@BG?/7h9OHU>@J1b�cMYC7RJd9OHIe�7h9OHU>@J´7hJC5´<�>M5CHUJCPCj¶µ¤HIBEFE9fbpFG>@?!Dg9GBO7RJCFN_`>@BG? HUF�7RAZACTIHUD�5�9G>�9OVZD

�



������� �	��
���
��������������������

FGHUP@J87RT®j³4�_ 9GD�Bl7RJg7RACACBE>@ACBEH�7h9GD�9OBO7hJCFE_`>@BE?gb�9OVCDnD�JZD�BGPhLi>R_�9GVCDnFGHUP@J87RT1<�7RJKX%Dn<�>RJC<�DSJ+9GBO7h9GD�5
HIJd9G>�7�BGDST�7h9GHUqRD�TULKFE?�7RTUTIDSB�BED�P@HU>@JªHIJK9OVCD[9GBO7RJZFE_`>@BE?/DS5ª5C>@?/7RHIJK9OV87hJ�HIJ�9GVCD[>@BEHIP@HUJ87RT¦587h9O7
5C>@?/7RHUJ1j³|WVCDSJK9GVCD�9OBG7RJCFE_`>RBG?!D�5i<�>MDS±!<�HUD�Jd9OF�t`BGDf7hT1J+YC?[XmD�BGFO}W7RBGD^<S>@Jdq@D�BN9ODS5�HIJd9G>�7=�CJCHU9GD
FGDs9r>h_³HIJd9GD�P@DSBlJ+YC?�X%DSBGFy9OVCBE>@YCP@VKc+Y87RJd9OHUef7h9GHI>@J1j�4l_ 9OD�Byc+Y87RJd9GHIef7:9OHI>RJ1bC_`DSo�D�BlXCHU9GFl7RBGDnYCFED�5
9O>�7hACACBG>f~�HI?/7h9GD�9OVCD�<�>MDS±!<�HUD�Jd9OFSb�9GVC>@YCP@V 7h9�9OVCD�D�~ZAmD�JZFGDi>R_lHIJd9OBE>�5ZYC<�HUJCPªFG>R?/D�DSBGBE>@BGFSj
µ¤HUJ87RTIT�L@bf9GVCDpHUJ+9GD�P@DSB¤J+YC?[XmD�BEF³7RBED�DSJC<�>M5CDS5[9O>�_`YZBE9OVZD�B¤BED�5CYZ<�Dp9GVCDpJ+YC?[XmD�B°>R_8XZHU9OF°BGDSc+YCHIBED�5
9O>�BED�ACBED�FGDSJd9r9OVZD�5C7h9;7Zj

£gYC<;V�>R_%9OVCD�>@BGHUP@HIJC7RTZo�>@BG\�HIJ!TI>RFGFEL�<S>@?!ACBGDSFGFGHU>@J�<�7RJ�XmD�_`>RYCJC5�HUJ!9GVCD�7hBGDf7n>R_¦FEA%DSD�<;V
7RJC5�HI?/7RP@D�ACBG>M<�DSFGFEHIJCP©twDRj PCj��pD�TUT�7R?�L@b�� �!�Z�!"�x©7RTUT�7R<SDRb�� �!�Z�#"%$�7RTUT b�� �#�Z��}sjKµ8>@B�FGDSHIFG?!HI<
587h9O7Zb+x�>M>�5�tN� �'&)(+}�5ZHIFG<SYCFGFED�5i<�>R?/ACBED�FEFGHI>RJ�XdL/9GBGYCJC<�7h9OHUJCP�9GVCDrx�7RTIFEV/9GBO7RJCFN_`>@BG?�>R_¢D�7R<;V
9OBG7R<�Dhj*�p>@BG5ZTIDSL�tN� �!+ � }sb�>@J�9OVZDK>h9OVCDSB!VC7RJC51b�YCFGDS5�TUHIJCD�7RB=ACBGDS5CHI<s9OH�q@D�<�>M5CHUJCP�t®§¢z�¬W}[9G>
<�>R?/ACBED�FEF[?�7hBGHIJZD/FED�HIFE?/HU</5C7h9;7Zjª��A87RJZH�7RF�DS9�7RT®j©t¨� �!�Z��}n<S>@?/AC7RBGDS5�§¢z�¬ oyH�9OV©FE>@?/D/>R_
9OVZDn9GBO7RJZFE_`>@BE?�a X87RFGDS5g<S>@?!ACBGDSFGFGHU>@Ji9OD�<;VZJCHIc+YCDSF�bmFGYC<;V�7hFy9GVCD-,n7RBGV+YCJCDSJ�a¨§¦>MDSqRD�9OBG7RJCFN_`>@BG?
t.,n§M|l}sb�9OVCDKx©7hTIFGVMa0/r7h587R?/7RBG5�9OBG7RJCFE_`>RBG? t`x1/l|l}/7RJZ5 9OVCDK5CHUFG<�BEDS9GD�<�>RFGHIJZDg9OBG7RJCFN_`>@BG?
t®vn¬p|l}�j�£g>@BEDgBED�<�DSJd9OTULRb�§¦YC>�7RJC5 ��<;V+YCFE9GD�BªtN� �!�!2@}[7RACACTUHIDS5�9GVCD�o�7fqRD�TIDs9�A87h<;\RDS9!9OBG7RJCF¨a
_`>@BE? 9G>�9OVZD�<�>@?!ACBED�FGFEHI>@J�>h_yFGD�HUFG?!HI<!587h9O7ªX+L�5CHUFG<f7hBG5CHUJCP�9OVZD�FG?/7RTIT�<S>�Ds±/<SHIDSJ+9GF[>R_y9OVZD
9OBG7RJCFN_`>@BG?Kj3�p>@FG?/7RJ�7RJC554yD�HU9GD�B�t¨� �!� � }�FN9OYC5ZHID�5�VC>�o�9GVCD�D�BEBG>@BEF°HUJ^9OVCD�op7�qRD�TUDS9°9OBO7hJCFE_`>@BE?�a
X87RFED�5�<S>@?/AZBGD�FEFGHU>@J�ACBG>RA87RPd7h9GD/9GVCBG>@YZP@V©FG>R?/D/ACBG>M<�DSFGFGHUJCP�?!>�5CYZTID�FSj64yD�H�9OD�B�7RJC57/lD�TUTID�B
tN�8�!�#(+}¦<�>@?!A87RBED�5[9GVCDp<S>@?/AZBGD�FEFGHU>@J=D�BEBG>@BEF�_`>@B�9�£ª²�a¥<S>@BGBED�<s9OD�5/¬�v^z�Pd7h9GVCD�BEF³7RJC5=FN9;7R<;\hD�5
FGDS<S9GHI>@JCFl7RJZ5K_`>@YZJC5K9GV87h9yFN9;7R<;\+HIJZP/<�7RJ�7h<S9OYC7RTIT�L�BED�5CYC<SD�9GVCDn<�>@?!ACBED�FGFEHI>@JiDSBGBG>RBGF�j

v�H;:%D�BED�Jd9¤_`BE>@? 9OVCD�ACBGDsq�HU>@YCF³AZYCXCTIHU<f7h9GHI>@JZF�b�HIJ�9GVCHIF°A87RAmD�B k _`>�<SYCF¤>@J�Pd7RHIJZHIJCP�7RJ[YCJZ5CD�B¨a
FE9O7RJC5CHUJCP!>R_³587:9;7�<�>@?!ACBGDSFGFEHI>@J1b8AC7RBE9GHI<�YZT�7RBETUL�7RF�H�9yBGDST�7h9GD�FW9O>�9OVCD�AmD�<�YZTIH�7hBGHU9GHIDSF�>R_¤9¥LMACHU<f7RT
BGDs­8D�<s9OHU>@JªFGDSHIFE?/HU<�587:9;7Zj k oyHITIT¦YZFGD�9GVCD[5CHUFG<�BEDS9GD�op7�qRD�TUDS9^A87h<;\RDS9^9GBO7RJZFE_`>@BE? twvyx{z�|l}r7hF
7RJ�Ds~Z7R?!ACTIDi9O>�5CHIFE<�YCFEF�9OVCDgHIFEFGYCDSF�7RF!9O>�oyVdL vyx{z�|Q<�7RJ´XmDgA87hBE9OHU<�YCTI7RBGT�L©VCDSTIAZ_`YZT�HUJ
<�>R?/ACBED�FEFGHIJZP[FGDSHIFG?!HI<l587h9O7ZbMVC>�o¶c+Y87hJ+9GHIe�7h9OHU>@J�7RJZ5�<�>M5CHIJZP�<�>R?/ACBED�FEFGD�FW5C7h9;7Zb�7RJC5�VZ>�o 9G>
AmD�BE_`>RBG? c+Y87RJd9GHIef7:9OHI>RJ�7hJC5�<S>�5CHUJCPi>@AZ9GHI?/7RTIT�L@b�HUJ�9OVCD!FGDSJCFGD!9OV87h9�?!HIP@Vd9^XmD/7RACACBE>@ACBGHI7h9OD
_`>@BWFED�HIFE?/HU<^587h9O7Zj

� � .°3�2=<^0-<?>6,A@B<DCE<^0GF�,�3�H�<^0«0�2�, � .JI���2LK

x©7fqRD�TIDs9!A87R<;\RDs9OFSb�HIJd9OBE>�5ZYC<�DS5 XdL ¬p>RHU_`?/7RJ�7RJC5�x�HI<;\hD�BEV87RYCFED�B�tN� �!�!2@}�9O>�<S>@?/AZBGD�FEF
FGAmD�DS<;V�FEHIP@J87hTIF�b�7hBGD�<�TU>@FGDSTULrBGD�TI7h9ODS5�9O>W9OVZD³9OVCDS>@BEL^>h_Mop7fq@DSTIDS9°9OBG7RJCFN_`>@BG?/7h9OHU>@J=twv^7RYCXmD�<;VCHUD�FSb
� �!�!2@}sj	/lD�BGDhb¦HIJCFN9OD�7R5�>R_�P@HUqMHUJCP�BGHUP@>@BE>@YCFr?/7h9GVCD�?/7h9OHU<f7RT¢5CDs�8JCH�9OHI>RJCF�b k 5CDSFG<SBGHIXmD[5CHUFG<SBGDS9GD
9OBG7RJCFN_`>@BG?!F�_`BG>@? 7!FEHIP@JC7RT1ACBE>�<SD�FGFEHIJCP!Am>@HIJd9W>R_°qMHIDsonj

�p>R9GV�9GVCDy5CHIFE<�BEDS9ODWop7fq@D�TUDS9�9OBG7RJCFE_`>RBG?(7hJC5�5CHIFE<�BGDs9ODWop7�qRD�TUDS9�A87R<;\hDS9�9OBO7hJCFE_`>@BE?(HIJdqR>@TUqRD
9¥o�>�HI?!A%>@BN9;7RJd9��8TU9GD�BEF�]!7�VCHUP@V�a¥AC7RFGF��8TU9GD�BNM 7RJC5�7�TU>�o�a A87RFEF��8T�9OD�B5O�j k J�9GVCD�5CHUFG<SBGDS9GD
op7�qRD�TUDS9r9GBO7RJZFE_`>@BE?gb�7�FGHUP@J87RTJP�t�Q¦}WHIF��8BEFE9�5CD�<S>@?/Am>@FED�5ªXdLK7RACAZTULMHIJCP=9GVCD�9¥o�>/�CTU9ODSBGFSb%7hJC5
9OVZD�J©9OVZD��8TU9GD�BED�5©587:9;7�7RBED�FGYZXCFO7R?!ACTUD�5SR BEDS9O7RHIJCHUJCPK>@JCTUL�>@JZD�FO7R?!ACTUD�HIJ�9¥op>�FE>�9OV87:9
9OVZDi9G>R9;7hT�J+YC?[XmD�B�>R_�FO7R?!ACTIDSF=BGDS?�7RHUJCF=YCJC<;VC7RJCP@DS51j µ�>RB=JC>R9;7:9OHI>RJ�ACYCBGAm>@FEDRb k <f7RTUTp9OVZD
>@AmD�BG7h9OHU>@J�>R_�VZHIP@V�a A87RFEF��CTU9ODSBGHUJCP�_`>@TITU>�opDS5!XdL�FEYCXCFO7h?/ACTUHIJCP-T�7hJC5!9GVCDl<�>@BEBGD�FEA%>RJC5CHIJZP�>@JZD
_`>@B�TI>�o�a¥AC7RFGFn�8TU9GD�BEHIJCPVU�j�4l_ 9OD�Bn9OVZD!�8BEFE9Na¥FE9O7RP@D!5CD�<S>@?!A%>@FEHU9GHI>@J1b¦9GVCD�>@Y�9OACYZ9�_`BG>R?WU HUF
_`YCBN9OVCDSBr5CDS<�>@?!A%>RFGD�5�b�7RJZ5�9OVCD�ACBG>M<�DSFGF�PR>�DSF�>@J�YCJd9OHIT¢>@JZTULi>@JCD�FO7h?/ACTUD�HUF�TUDS_ 9l_`>@By9OVCD5U
>@AmD�BG7h9O>@BSb¦7RF^HUTITIYZFE9OBG7h9ODS5�XdL�µ¤HUP@YCBED��@j k J�9OVCD=5CHUFG<SBGDS9GD[o�7fqRD�TIDs9�A87R<;\RDs9n9OBO7hJCFE_`>@BE?gb�X%>R9GV

2



������� �	��
���
��������������������

x(n)

G

H

G

H

G

H

����� jp�Rj�|WVCD�5ZH�7RP@BG7R?�_`>@B�9GVCD�5CHIFE<�BEDS9OD�op7fq@DSTIDS9=9GBO7RJZFE_`>@BE?gj�|WVCDVT 7hJC5 U >@AmD�BO7:9O>@BEF
<�>RBGBGDSFGAm>@JC5�9G>��CBGFE9��8T�9OD�BEHIJCPnXdL!VCHIPRV�a¥A87hFGF�t`_`>@B T�}�7hJC5�TU>�o�a A87RFEF�t _`>@B%U�}¤�8TU9GD�BGF�7RJZ5/9OVZD�J
FGYZXCFO7R?!ACTUHIJCP[9GVCDn>@YZ9OAZYZ9lX+LK7[_w7R<s9O>@BW>h_�9¥o�>Cj

9OVZD�>@YZ9GACYZ9GF�_`BG>R? U 7RJC5 T�7hBGDn_`YCBE9GVCD�B�5CD�<S>@?/Am>@FED�51b%7RFrFEVC>�oyJ�HIJgµ¤HIPRYCBGD�2�j�¬p>@JCFEHI5CDSB

x(n)

G

H

G

H

G

H

����� j 2�j |WVZD�5CHI7RP@BO7h? _`>@Bi9OVCD�5CHUFG<�BEDS9GD�op7fq@D�TUDS9�A87R<;\RDs9�9GBO7RJCFN_`>@BG?Kj |WVZD T 7RJC5 U
>@AmD�BG7h9O>@BEF�<�>@BEBGDSFGAm>@JC5�9O>��8BEFE9��8T�9OD�BEHIJCP^XdL=VZHIP@V�a A87RFEFyt`_`>@BET�}¤7RJZ5!TU>�o�a¥A87RFEFlt`_`>@BEUª}°�8TU9GD�BEF
7RJC5i9OVZD�JKFGYCXCFG7R?!ACTIHUJCP[9OVCDn>@Y�9OACYZ9lXdLi7=_w7R<S9G>@BW>R_°9¥op>Zj

9OVZDlFN9OBEYC<S9GYCBGD�HIJ=9OVCHUF��8P@YCBED�7hF�7^9OBED�Dhj�µ�>RB�Df7R<;V/JC>�5ZDlHUJ=9OVCDy9OBED�DRb+9OVZD�BGDyD�~ZHUFE9GF�9GVCD�<;VZ>@HI<SD
>R_�5ZD�<�>R?/Am>@FGHUJCP�_`YCBN9OVCDSBr>@BlJC>R9�jr|WVCDSBGDs_`>@BGDhb�9OVCDSBGD�BGD�FEYCTU9GF^7/V+YCPRD[<�>@TUTIDS<S9OHU>@JK>R_�A%>RFGFGHUXCTID
qh7RTIHU5�5CDS<�>@?!Am>@FGH�9OHI>RJCF�bmoyHU9OVª9GVCD=5CHUFG<�BEDS9GD[o�7fq@DSTIDs9^9OBO7hJCFE_`>@BE? XmD�HUJCP�>@JCD�>R_�9OVCDS?gj-/�DSBGDhb
_`>@BWFEHI?!ACTIHU<�HU9¥LRb k�� YCFE9l5CDS<�>@?!Am>@FGD�7RTUT%9OVZD�<S>@?!A%>@JZD�Jd9OFW9O>�FE>@?/D^�Z~�DS5�TIDsq@DST j

��HIJZ<�Dy9OVCDy5CHUFG<�BEDS9GDlop7fq@D�TUDS9�A87R<;\hDS9p9GBO7RJZFE_`>@BE? t®vWx{z�|l}�HUJ+qR>@TUqRD�F�HU9GD�BG7h9OH�q@D�T�L=7RAZACTULMHIJZP
9OVZDKTU>�o�a�7RJC5 VCHIP@VMa¥A87RFEF[�8TU9GD�BEF�b�HU9!7R<;VCHUDSqRD�F�_`BGD�c+YCDSJC<SL A87hBE9OH�9OHU>@JCHIJZPª7RF!7�BGD�FEYCTU9�>h_r9OVZD
5CDS<�>@?!A%>RFGHU9GHI>@J�j�£g>@BED�>�q@DSB�b�HU9�HIF�7RJ�YCJCH�9;7RBNL�9GBO7RJZFE_`>@BE? FE>�9OV87:9[9OVCD�BG>M>R9Ea ?/D�7RJ�a¥FEc+Y87RBGD
t.4�£ª�C}�7R?!ACTUHU9OYZ5CDWBGDS?�7RHUJCF³9OVZDlFG7R?!DlXmDS_`>RBGD�7RJC5/7h_ 9ODSB�9GVCDW9OBG7RJCFE_`>RBG?Kj³4rTUFG>Cb@9GVCD�AZBG>M<�D�FEF
<f7hJ X%DgBGDSqRD�BEFGD�5�9O>�>@XZ9;7hHIJ�9GVCDªBED�<�>RJCFE9GBGYC<s9OHI>RJ´>@B�HUJdq@D�BEFGDª9GBO7RJCFN_`>@BG? YCFEHIJCP�9OVCDªFG7R?!D
�8T�9OD�BEFAM 7hJC5BO t`<f7RTUTIDS5��
	���
������������������������ �!�"�$#$%&���'�"(�HUJKFEHIP@JC7RT1ACBE>�<SD�FGFEHIJCP!TIH�9ODSBO7h9GYCBGDf}sj

k 9�HUF�JC>h9�5CH�±/<SYCTU9l9O>/Ds~M9ODSJC5�vWx{z�|�9G>�VCHUP@VCD�Bl5CHU?/DSJCFGHU>@JCF�jy4 FE9OBG7RHIPRV+9E_`>@BEop7RBE5gop7�L
9O>�P@DSJCD�BG7h9OD�7 2Rv vyx{z�|QHUF�9G>�7hACACTUL�9¥o�> �fv 9OBG7RJCFN_`>@BG?!F/FED�A87hBO7h9GD�TUL 7hTI>@JCP�9GVCDK9¥o�>

�



������� �	��
���
��������������������

5CHU?/DSJCFGHU>@JCF�b�H®j DhjUb89O>!<f7hFG<f7h5CD�9¥o�>���v(vWx{z�|WF�jy4rF�<f7RJgX%D�HI?/7RP@HUJCD�5�b 2Rv(vWx{z�| A87RBE9GH�a
9OHU>@JCF�9OVCD�587h9;7�HIJd9O>�5CH;:%D�BED�Jd9p_`BED�c+YCD�JZ<SL�X87hJC5CF�bZ7RTI>RJCP�Xm>R9OV�5CHI?!D�JCFEHI>@JZF�j³µ�HIP@YCBED � FGVC>�oyF
7�FE9;7h<;\RD�5�FGD�<s9OHU>@J1b�7RJC5gµ¤HUP@YCBGD (/FEVC>�oyF�9OVZD�FED�<s9OHI>RJ�7h_ 9GD�BA2Rv vWx{z�|^j /lD�BGDhb k 5CHU5i9GVCBGDSD

50

100

150

200

250

T
im

e 
(s

am
pl

es
)

50 100 150 200 250
Midpoint (samples)

����� j � j�4 FE9;7h<;\RD�5�FGD�<s9OHU>@J1j
TIDsq@DSTIF!>R_^5CDS<�>@?!A%>RFGHU9GHI>@J 7RTU>@JCP�X%>h9OV�9GVCDi9OHI?!DK7RJC5�FGA87R<SD�5CHU?/DSJCFGHU>@JCFSj´|WVCDg�CTU9ODSBGF M
7RJC5VO YCFED�5�VZD�BGDn<S>@BGBED�FGAm>@JC5i9O>!7=FGAmD�<SHU�8<^9¥LMAmD�>R_°op7�qRD�TUDS9OFl<f7hTITIDS5�_`>@YCBN9OV�a >@BG5CDSB��
	�� � �'��(
t®v^7hYCX%DS<;VCHIDSF�b%� �!�'2@}�j¤4�FpFGVZ>�oyJ�HUJ!9GVCD��CP@YCBGDhb�9GVCD�9GBO7RJCFN_`>@BG?!D�5/FGDS<S9OHU>@J�<S>@JCFEHIFE9GFp>R_1FG?/7RTIT
XCTU>�<;\+F�j���7R<;VKXCTU>�<;\!BGDSACBGDSFGD�Jd9GF�>@JZD�_`BGD�c+YCDSJC<SLda o�7fq@DSJ+YC?[XmD�B�A87hBE9OH�9OHU>@J1j³µ8BE>@?�9GVCDr�8PRYCBGDhb
9OVZDnvyx{z�|{<�>@JC<SD�Jd9OBG7h9ODSFW9OVCD�DSJCD�BEPRL�>R_¦9GVCD^587h9O7[HIJ�µ�HIP@YCBED � HUJ�9OVCD�TU>�opDSBNa¥BEHIP@Vd9p<�>@BEJCD�BSb
oyVCHU<;Vª<�>@BEBGDSFGAm>@JC5CFr9G>�9OVZD�A87RBN9OH�9OHI>RJg>R_³TI>�o _`BGDScMYZD�JC<sLª7RJZ5ªFG?/7RTIT¦op7fq@D�J+YC?�X%DSB�j�|WVCHUFrHUF
JC>R9�FEYCBGACBEHIFEHIJCPCb¢XmD�<�7RYCFGD�9OVZD!>RBGHIPRHIJ87RT�587h9O7K<S>@Jd9;7RHUJ�?/7RHUJCTULgVC>@BEHIe�>RJ+9O7RT�DSqRD�Jd9OF�BGDSFGYCT�9OHIJZP
HIJ�9GVCDnFE9OBE>@JCP�FG?/7RTUT�a op7fq@DSJMYZ?[X%DSBy<�>@?!A%>RJCD�Jd9OFSj

4�_ 9GD�B�vyx{z�|^b19GVCD�BEDS_`>@BEDRb¦9OVCD�<S>�Ds±/<SHIDSJ+9GF�7RBGD�<�>RJC<�DSJ+9GBO7h9GD�5�HIJ�7�BGDSP@HI>@J�>h_�9GVCD�JCDSo
t`_`BED�c+YCDSJC<SLda op7fq@DSJMYZ?[X%DSB;}�5C>@?/7RHUJ1j���YZ9pVZ>�o 9OVCHUF�7h<S9OHU>@J!>R_¦vWx{z�| VCD�TUA/HUJ/<S>@?/AZBGD�FEFGHUJCP
FGDSHIFE?/HU<^587h9;7��

µ¤HIPRYCBGDSF��^7RJZ5
	n?�7fL=VZD�TIA�P@H�q@DyYCJC5ZD�BGFN9;7RJZ5CHIJCP�>R_%9OVCHUF�j6µ¤HUP@YCBGD��^FGVZ>�oyF�7nVCHIFN9O>@P@BG7R?
>@XZ9O7RHIJZD�5�_`BG>@?�9OVCD�FE9O7R<;\RDS5�FED�<S9GHI>@JKFGVZ>�oyJgHIJKµ¤HUP@YCBGD � j���HIJC<SD�9OVCD�587h9O7�7RBGD^BED�ACBED�FGDSJd9OD�5

(



������� �	��
���
��������������������

50

100

150

200

250

50 100 150 200 250 

wavenumber decreasing 

fr
eq

ue
nc

y 
de

cr
ea

si
ng

 

����� j (Cj�|WVCD�FN9;7R<;\hD�5iFGDS<S9OHU>@J�7h_ 9GD�B 2Rv vyx{z�|^j k 9�HIF�>@XZ9O7RHIJCDS5�XdL�9GVCBGDSDrTUDSq@DSTIF�>h_¢5CD�<S>@?�a
Am>@FGH�9OHI>RJ�7RTI>RJCP[Xm>R9OViFGAC7R<�Dn7RJZ5i9GHI?!D�5CHU?/DSJCFGHU>@JCFpYZFGHIJZP�9GVCD��8T�9OD�BEFW<�>@BEBGDSFGAm>@JC5CHUJCP[9O>=9OVZD
_`>@YCBN9OV�a >@BG5ZD�BW<�>RHU­8Ds9fj���7R<;V�XZTI>M<;\�BGDSACBGDSFGDSJ+9GF�7[_`BGDSc+YCD�JC<sLda op7�qRD�J+YC?[XmD�B^AC7RBE9GHU9OHU>@J1j

7RF�­8>d7h9GHIJCPgA%>@HUJd9[J+YC?[XmD�BEF�b³9OVZDSL�7RBGD!�8BGFN9=<�>@JdqRD�BE9GD�5�HIJd9G>ªHIJd9ODSP@D�BEF�X87hFGD�5�>RJ�7�<;VC>@FED�J
c+Y87RJd9OHUef7h9GHI>@J�b¢9GV+YCF�HUJC<�YZBGBGHUJCPiFG>@?!D�D�BEBG>@BSj k J�P@D�JCDSBO7h9GHIJCPi9OVZHIF^�8P@YCBEDRb k �Z~�DS5�9OVCD 4�£ª�
7R?!ACTIH�9OYC5ZDK>h_^9OVCHUF�D�BEBG>@B!9O>�X%D©��� >h_�9OVCD64r£ª��7R?/AZTIHU9GYC5CDK>R_�9GVCDªFGHUP@J87RT®j�4�_ 9ODSB�9OVZD
<�>RJ+qRD�BEFGHI>RJ1bM9GVCDy>�<S<�YCBEBGDSJC<�Dl>R_%Df7R<;V!HIJd9ODSP@D�B�HUF³9OVCDSJ/<S>@YCJd9ODS5�7RJC5!JC>@BE?�7hTIHIeSD�5�9G>nP@D�JCDSBO7h9GD
9OVZD=VCHIFN9O>@P@BG7R?Kjnµ¤HIP@YZBGD 	�FEVC>�oyFn9GVCD=VCHUFE9O>RP@BO7R? >R_�9OVZD=FGD�<s9OHU>@J�7h_ 9ODSBnvyx{z�|^b¦7hF^FGVC>�oyJ
HIJ�µ¤HIPRYCBGDA(Cj /lD�BGDr7RPd7RHUJ1b����(BGDST�7h9GHUq@D 4�£ª�/D�BEBG>@B�HIF�7RTITU>�opDS51j���HUJC<�Dl9OVCD 4r£ª�/7R?/AZTIHU9GYC5CD
>R_W9GVCD�587h9O7ªBGDS?�7RHUJCFn9OVCD�FG7R?!D�X%Ds_`>@BGD�7RJC5�7h_ 9GD�B=vWx{z�|^b�9GVCD�7RXCFE>@TIY�9OD�DSBGBG>RBGF=7RBED�9OVZD
FO7h?/D�HUJ�Xm>R9OV�<�7RFGDSFy7RFpo�D�TUT j /l>�o�DSqRD�BSb�9GVCD�J+YC?[XmD�Bp>R_°HIJd9ODSP@D�B�TIDSqRD�TUFp_`>@B�9GVCD�587:9;7[XmDS_`>@BED
7RJC5/7h_ 9GD�B�9OVCDW9GBO7RJCFN_`>@BG? ?/HUP@Vd9�5CH;:%D�BSj /�DSBGDhbM_`>@B�ACTU>R9G9GHIJCP^AZYCBGAm>@FGDhbd9OVCDlHIJd9ODSP@D�B�TUDSq@DSTIF�7RBED
9OBEYCJC<�7h9ODS5�9G>�9OVCD=BG7RJCP@D[>h_�����2#+�9G>���2!&�j�¬pTID�7RBGT�Lg_`BE>@? 9GVCD[�8P@YZBGD�FSb¦9OVCD=587:9;7�7h_ 9GD�B�9OVZD
9OBG7RJCFN_`>@BG?�V87fq@Dn7�?[YC<;V�J87hBGBG>�o�D�B�5ZHIFE9GBGHUXCYZ9OHU>@J�9OV87RJ�5C>�9OVZ>@FGD�XmDS_`>RBGD�9GVCDr9GBO7RJCFN_`>@BG?Kj¤4�F
k 5CDS�8JZD�TI7h9ODSB�bM9OVCD^HUJZ_`>@BG?/7h9GHI>@J �'� � �"	�����HUF�TI>�o�D�B�_`>@BWJ87hBGBG>�o�D�BW5CHUFE9GBGHIXZYZ9OHU>@JCF�j ��Jd9GBG>@AdL�HUF
7=c+Y87RJd9OH�9¥L�9OV87h9y5ZDS9ODSBG?!HIJCDSFW9OVCD�7fq@DSBO7RP@D�XCH�9OFWAmD�ByFO7R?!ACTUD^JCD�DS5CD�5K9O>�BGDSACBGDSFGD�Jd9�7�FEHIP@JC7RT j
|WVCDSBGDS_`>RBGDRb¦9GVCD�TI>�opDSB�9OVCD=DSJd9OBG>RA+LRb¦9OVCD=_`DSo�D�BnXCH�9OF�JZD�D�5ZD�5�9G>�BGDSACBGDSFGD�Jd9�9OVCD=FEHIP@JC7RT b¦7hJC5
9OVZDK?!>@BED�<�>@?!ACBGDSFGFEHI>@J�9OV87:9�<f7RJ X%Di>@X�9;7RHUJCD�51j k 9=9GYCBGJCF!>@YZ9=9GV87h9�9OVZDKDSJd9OBG>RA+L�>h_r9OVZD
FGHUP@J87RT�HIJKµ¤HIPRYCBGD � HIF 	�j &[XCH�9OF�oyVCHUTID�9OVC7h9y>R_°9OVCDnFGHUP@J87RT�HIJKµ¤HIPRYCBGD (!HIF��Mj +=XCH�9OF�j

�



������� �	��
���
��������������������

-100 -50 0 50 100
integer levels

no
rm

al
iz

ed
 h

it 
co

un
ts

� ��� j ��jE/�HUFE9O>RP@BO7R?�_`>@B�9GVCDnFE9;7h<;\RD�5�FGD�<s9OHU>@J1b8FGVZ>�oyJgHIJKµ¤HUP@YCBGD � j

�!�i, � 0 ��� ,�0 � � �

x�D!oyHITUT��CJC5�9OVC7h9�FEYC<;V�BGDS5CYC<s9OHI>RJ©HIJ�9OVCD/D�Jd9OBE>@AdL�>h_l7gFGHUP@J87RT�HUF�FEYZ±!<�HIDSJd9[9O>KL�HUD�TU5
<�>RFE9Ea D�:%D�<s9OHUqRD�<�>@?!ACBGDSFGFEHI>@J�>R_�FGDSHIFG?!HI<�587h9;7�jN�pYZ9nJZ>K<S>@?!ACBGDSFGFGHU>@J�V87RF^>M<�<SYCBGBED�5�FG>�_w7RB�b
XmD�<f7hYCFGDp9GVCDpJ+YC?�X%DSB¤>R_8<S>�Ds±!<�HIDSJd9OF³HUF°9GVCDpFG7R?/Dp7RF�9GVCDpJ+YC?�X%DSB¤>R_8FG7R?!ACTIDSF�HUJ�9OVZDp>@BEHIP@HUJ87RT
FGHUP@J87RT®jg|°>�7R<;VCHUDSqRD�<�>@?!ACBGDSFGFEHI>@J1b�opD�JZD�D�5�9G>�7RACACBE>f~ZHU?�7:9OD�9OVCD�9GBO7RJZFE_`>@BE? <S>�Ds±/<SHIDSJ+9GF
YCFEHIJCPW_`DSo�D�B¢XCH�9OFSj k Jn9OVCDSHIB¦7hACACBG>@7R<;V1bh§¢YZ>�7hJC5���<;V+YCFE9GD�BWt¨� �!�'2R}�7RACACTUHIDS5n7RJ�7RACACBE>�~�HU?�7h9GHI>@J
XdL�5ZHIFG<�7RBG5ZHIJCP�9OVCD�FG?/7RTIT¦<S>�Ds±/<SHIDSJ+9GF�j k Jª>@BG5ZD�B�9G>�BGDS<�>@JZFE9OBEYC<S9r9OVCD�587h9;7�b%VC>�o�DSqRD�B�b19GVCDSL
7RTUFG>�V87R5©9G>�FE9G>@BGD�9GVCD�TI>M<f7h9GHI>@JZF�>R_y9OVZD�BGDS?�7RHUJCHIJZPª<�>MDS±!<�HUD�Jd9OFSj�4�J�7hTU9ODSBGJ87:9OHUqRDRb�?!>@BGD
ACBG7R<S9GHI<f7hT�7RACACBE>d7R<;V1b°VC>�opDsq@DSB�b³HUFn9G>�7hACACBG>f~�HI?/7h9GD�9GVCD!<�>MDS±!<�HUD�Jd9OF�XdL�7gFGDs9�>h_pHUJ+9GD�P@DSBGF�"
9OVZHIFWHIFW<�7RTITUD�5ic+Y87RJd9OHUef7h9GHI>@J�j

��HIJZ<�D�c+Y87RJd9GHIef7:9OHI>RJ[HIF°9OVCD�>RJCTUL�FE9GD�A=oyVCDSBGDW7RAZACBG>f~�HI?/7h9OHU>@JCF�7RBGDp?�7R5ZDpHIJ�BGD�AZBGD�FED�Jd9OHUJCP
9OVZD�FEHIP@JC7RT b�VC>�o�>@JCD^5ZD�FGHUP@JCFl7 ������� � �����'�ER 7hJ�7RTUP@>@BEHU9OVZ?�AmD�BN_`>@BG?!HIJZP�9OVCDnc+Y87RJd9GHIef7:9OHI>RJ
R oyHITUT³5CDs9OD�BE?/HUJCD=VC>�o 9GVCD!D�BGBE>@B^HIF^5ZHIFE9GBGHUXCYZ9ODS5�HUJ�9OVCD!7RACAZBG>f~�HI?/7h9OHU>@J1j�|WVZHIF�b°HIJ�9GYCBGJ1b
oyHITUT¤V87fqRD!5ZHIBGDS<S9nHUJZ­8YCDSJC<�D�>@J�VC>�o 9OVCD!7RACAZBG>f~�HI?/7h9ODS5�FGHIPRJ87RT³TU>�>@\+FSb1VC>�o 9GVCD[o�7fqRDS_`>@BE?
HIJ�9OVCD�7RACACBE>�~�HU?�7h9GHI>@J�5CH;:%D�BEF�_`BE>@?�9OV87h9�HIJ�9GVCD�>@BEHIP@HUJ87RT®b�7hJC5©VC>�o�9OVCD�7RACACBE>�~�HU?�7h9GHI>@J
D�BEBG>@BrACBG>@AC7RPd7h9GD�Fr9GVCBG>@YZP@V�5CH;:%D�BED�Jd9nACBE>�<SD�FGFEHIJCP�?!>M5CYCTIDSF�j^|WVCDSBGDs_`>@BGDhb�7/P@>�>M5ªc+Y87RJd9GHIe�DSB
HIFW>RJCD�9OV87:9yHIF�9OYZJCD�5i_`>@BW7=FGAmD�<SHU�8<^9¥LMAmD�>h_�FEHIP@JC7RT¦7RJC5iACBE>�<SD�FEFGD�Fy9OVC7h9WoyHITUT�XmDn7RACACTUHID�5�9G>
HU9�jlµ�>RB�D�~C7h?/ACTUDRb89OVZD�c+Y87RJd9OHUe�DSBGF�YCFED�5�HUJ�FGAmD�DS<;V�FGHUP@J87RT¢<�>R?/ACBED�FEFGHI>RJ�7RBGD�5CH :�DSBGD�Jd9�_`BG>@?
9OVZ>@FGD�YCFED�5{HIJ HI?/7RP@Dg<�>@?!ACBED�FGFEHI>@J�j 4rAZACTULMHIJZP©9OVCD�c+Y87RJd9GHIe�DSBGF�t®7hJC5 9OVCD�<S>@?/AZBGD�FEFGHU>@J
9ODS<;VCJCHUcMYZD�F�YCFEHIJCP�9OVZ>@FGD�c+Y87RJd9OHUe�D�BEF;}y5CD�FEHIP@JCDS5g_`>@By>@JZD�9¥LMAmD�>R_¤FGHIPRJ87RT19O>/7RJC>h9OVCDSBl9¥LMAmD�HUF
9OV+YCFlP@DSJCD�BG7RTIT�L�HUJ87RACACBE>@ACBEH�7h9GDRj

k J�>RBG5CDSB�9O>�5CDSFGHIPRJ�c+Y87hJ+9GHIeSD�BGF^9GV87h9n?!HIP@Vd9�XmD�7RACAZBG>@ACBEH�7h9GD�_`>@B^FED�HIFE?/HU<[FGHUP@J87RTUF�b1H�9�HUF
JCDS<�D�FEFO7RBNLn9O>yYCJC5CDSBGFN9;7RJC5�9OVCD³9GVCD�>RBEL^>R_�c+Y87RJd9OHUef7h9GHI>@J�bh7WFEYCX � D�<s9�9GV87h9¢HUF¦?/>@BED�<�>@?!ACTUHI<f7:9OD�5
9OVC7RJ�H�9�7RACAmDf7hBGF�j k J�9OVZD�HIB=Xm>M>@\�b $^D�BEFGVC>�7RJC5 $^BO7fL{tN�8�!�'2@}�5ZHIFG<SYCFGFED�5�?�7RJdL�5ZH;:%D�BGDSJd9
c+Y87RJd9OHUe�DSBGF�7RJZ5�9OVZD�BGDs_`>@BGD�ACBG>�qMHI5ZD�5[?/7RJdL�>@AZ9OHU>@JCFSj�/l>�o�DSqRD�BSb+7h_ 9ODSB¤FG>R?/D�9OBG7RJCFE_`>RBG?/7h9OHU>@J1b

	



������� �	��
���
��������������������

-100 -50 0 50 100
integer levels

no
rm

al
iz

ed
 h

it 
co

un
t

����� j 	ZjE/�HUFE9G>@P@BO7h?�_`>@B�9GVCDnFE9;7h<;\RD�5gFGDS<S9OHU>@Jg7h_ 9ODSByvyx{z�|^b�FGVC>�oyJgHIJKµ¤HIPRYCBGD (Zj

( � ��% ��� ��� ��� � �����'�"(ER oyVCD�BED�D�7R<;V�FG7R?!ACTID�HUFWc+Y87RJd9OHUe�D�5KHIJZ5CD�AmD�JC5ZD�Jd9OT�L R 7RBGD^>h_ 9OD�JKYCFED�5
_`>@BWFEHI?!ACTIHU<�HU9¥LRj

4 FG<�7RT�7RB�c+Y87RJd9OHUe�D�B�HUF�7RJ=>@AmD�BG7h9O>RB��¶9OVC7h9�?/7RACF³BEDf7RT�JMYZ?[X%DSBGF P!oyHU9GVCHIJ=7�BG7RJCP@D�t������s}
HIJd9G>=7��8JCH�9OD�FGDS9�>R_ 	�� � � � �$% �	���'% (�
   ��
 ¡ ��
�
�
���
��lj�4l_ 9ODSBpc+Y87RJd9OHUef7h9GHI>@J�bZ7�BEDf7RTmJ+YC?[XmD�B PK<�7RJXmD�YCJCHUc+YCD�T�L�7hACACBG>f~�HI?/7h9GD�5�XdL�9OVZD�JCDf7hBGD�FN9[>@Y�9OACYZ9�TIDsq@D�T�
��p7RJC5�9GVCD�BEDS_`>@BED�BED�ACBED�FGDSJd9OD�5
XdL©9OVZD�HIJd9ODSP@D�B��Ej©v�DSA%DSJC5CHIJZP�>@J�VC>�o�9GVCD�
���� F�7RBED�5CHIFN9OBEHIXCYZ9GD�51b�FE<f7RTI7RB[c+Y87RJd9GHIe�DSBGF!7RBED
_`YCBN9OVCDSBl<�7h9ODSP@>@BEHIe�DS5�7hF � � � ��	���� R oyVZD�BGDn9OVZD�
���� Fr7hBGD^YCJCH�_`>@BG?!TUL/5CHUFE9OBEHIXCY�9OD�5�b�7RFyFGVC>�oyJ
HIJ/µ¤HUP@YCBGD & R 7RJZ5 � 	�� � � � ��	��	�=bd>h9OVCDSBEoyHIFED=twµ¤HIP@YZBGDA+d}sj¤|WVCDr5CHUFE9O7RJC<�D! ��#"%$ 
�� �&
��('   $:HUF

b

Output

a

y

y

Input  
|| | |

x x ii-1

i

i-1

����� j &Mj�4 YZJCHU_`>@BE? c+Y87RJd9GHIe�DSBWoyVCD�BED�9GVCDn>@YZ9OAZYZ9lTIDSqRD�TUF)
���7RBGD^YZJCHU_`>@BE?/T�L�5ZHIFE9GBGHUXCYZ9ODS51j

<f7hTITIDS5!9GVCD ('��� � ( �����sj³|WVCDSBGDs_`>@BGDhbZ9OVCD�� ��*��+� �,� �'���"	���>R_¢7�c+Y87hJ+9GHIeSD�BpHUF � YZFE9�?/7:~-�/.10¡ j¤|WVCD

&



������� �	��
���
��������������������

?!Df7RJ�a FGc+Y87RBED�5�a D�BEBG>@B�t®£ª� �Wb1oyVCHU<;V�HUFr9OVZD=FGc+Y87RBED=>R_ 4r£ª�Z}rX%Ds9¥opDSD�J�9GVCD[>@BEHIP@HUJ87RT°FGHUP@J87RT
P�7RJC5K9OVCD�7RACACBE>f~ZHU?�7:9OHI>RJ �/t�P%}yHIF�7RTIFE>/<�7RTITUD�5g9GVCD � ¡ a������'��� � ��� � ('� 	���� � 	���t k oyHUTIT¦FGHU?/AZTUL
<f7hTIT1H�9 �����'��� � � � � ('� 	���� � 	��/9GVCBG>@YZP@VC>@YZ9W9GVCDnBGDSFE9l>R_°9OVCDnA87RAmD�BSj }�bCoyVCHI<;VKHIFWPRHUq@DSJgXdL

M "�� $ P � ��t P%} $ ¡���� t P%}	�!P � tN��}

oyVCDSBGD �
� t�P%}�HIF�9GVCDnACBG>@XC7RXCHITUHU9¥L/5CD�JZFGHU9¥L�_`YCJC<S9GHI>@Ji>R_3P¢j
$nH�q@DSJ�9OVCDSFGD�5ZDS�8JCH�9OHU>@JCF�bd_`>@TUTI>�oyHIJZP�7hBGDrFE>@?!D�BED�FGYZTU9OF�HI?!A%>RBE9;7hJ+9�HUJ�5CDSFGHIPRJCHIJCP�7�c+Y87RJMa

9OHUe�DSB�j�|WVCD�AZBG>M>R_`F!_`>RB/?!>@FE9/>R_�9GVCD�>RXCFGDSBEqh7h9OHU>@JCF!<f7RJ X%DK_`>@YCJC5�HIJ $^D�BEFGVC>�7RJC5 $^BO7fL
tN�8�!�'2@}�j

�@j�� 	�� � � �+���'� � �,��
'�'� 	 � 	��!� � � � % �	���'% (�������� � �!� � ��	���� ������� � �����'��� ��� �+� �����
( ��� �
� ��*��+� � � �'���"	����

2�j���� � �����'��� � � � � ('��	���� � 	���	 � ��� � � � � ��	���� ������� � �����'� � (

M "  ¡
��2 � t 2R}

� �"	�� � � � ����� ��� �
� t�P%} � (�(	� 	 	���� ��� � ��� � ('��� � ( ������ �� ��%�% ��� � ('��� � ( �����
( ���"� ��� � (���� �
��	�� ��� � �!� � ��	���� ��� ��� � �����'��� � ( (	� ��%�%��

� j�� 	�� � � �+���'� � � ��
'�'� 	 � 	��!� � �!� % �	���'% ( �!� � � 	�� � � � ��	��	� ��� ��� � �����'� ��� ��� � �����"� �
(
��� � ��� � �!� � �"	#

�$
 ��% ��� � � �'� ( ��� � ��� � �'� � 	�� �
� t�P%} � ��� �+� �����
( ��� � �����'��� � � � � ('��	���� � 	��%�
|WVCD/JCDs~M9[9¥o�>ª>@XZFGD�BNqh7h9OHU>@JCF[7hBGD!BGD�TI7h9ODS5�9G>�D�Jd9GBG>@AdL@jg|WVCD�DSJ+9GBG>@AdL�>R_l7K5CHIFE<�BGDs9OD�a
7RTUACV87RXmDS9�BO7RJC5Z>@? qh7RBEH�7RXZTID � t`H j DRj�b1BO7hJC5C>@? qR7hBGH�7hXCTIDn9OV87:9n<f7RJª9O7R\RD�>@J�7�5CHUFG<SBGDS9GD
J+YC?[XmD�By>R_°qh7RTIYZD�F;}pHUFW5CDS�CJCD�5�7RF

U�&(' �
�)
�+*  -, t �¥}�TI>@P ¡ , t�� }	� t � }

oyVCDSBGD , t }/HUF�9OVCD � �"	#

�$
 ��% ��� � � ��(
( ��� � �'� � 	�� >R_ � "nTIDSFGFiBGHUP@>@BE>@YCFGT�L@b , t��¥}!HIF�9OVZD_`BED�c+YCD�JZ<SL�>h_¦>�<S<�YCBEBGDSJC<�D^>R_�9OVCD�FELM?[Xm>@T �Ej�|WVCD�BED�HIFp7�<S>@Jd9OHIJ+YC>RYCFNa¥7RTIACVC7RX%Ds9W7RJC7RTI>@P
>R_JU.&g<f7hTITIDS5=9OVCD0/1� ��� � 	��32 ( � � 4 �'�"�'� � � ��% �'� � �"	����65¢t�7�}³>R_19OVZD�BG7RJC5C>@? qR7hBGH�7hXCTID87�j

(Cj�� 	�� � # *!� � �'� � �"	������ ��� � � � � ��	���� ������� � �����'� � ��� �+� �����
( ��� � �����'��� � � � � ('��	��'� � 	��%�9 ��� �+����% �'� � % ��� ��	�� � # *!� � �����'� � � ��� � ('��	���� � 	��:� ��� � � � � ��	���� ������� � �����'� � �"� � �	���
( ��� �
� ��� �+� � � �'� � �
	����#�

��j���� � � ��� �+� � � �'� � �"	���� ��	�� � # *!� � �����'��� � � � � ('��	���� � 	�� � ( � �+���'� � � � �
	 *��+� �����'% �;
 �
U.&=<>5¢t�7�} � �

2
TI>@P ¡ ��2 M 
 t (d}

+



������� �	��
���
��������������������

µ8BG>@?�9OVCDSFGD^>@XZFGD�BNqh7h9OHU>@JCF�bM9OVCDSBGDn7RBED�5CH :�DSBGD�Jd9��������	��

�¦c+Y87RJd9OHUe�D�BEF�_`>@Bp5ZH;:%D�BGDSJd9WACYCB¨a
Am>@FGDSF�j�µ8>@B=Ds~Z7R?!ACTUDRb�HUJ 5ZHIP@H�9;7RTp9GD�TUD�ACVC>RJCDg<S>@?!?[YCJCHU<f7h9GHI>@J1b�H�9/HUF�5CD�FEHIBO7hXCTID�9O>�V87fq@D�7
�Z~�D�5�JMYZ?[X%DSB�>h_W>@YZ9GACYZ9�TIDSqRD�TUF � t # *!� � ������� �
	�� �
(G}�j�µ8BG>@?�²^XZFGD�BNqh7h9OHU>@J � b�7gJZ>@J+YCJCH�a
_`>@BE? c+Y87hJ+9GHIeSD�B¤HUF°9GVCD�BEDS_`>@BED�BGDSc+YCHIBED�5�9GV87h9³?/7h9G<;VCD�F°9OVCDW7h?/ACTUHU9GYC5CD�5CHIFN9OBEHIXCYZ9GHI>@J�>R_8FEA%DSD�<;V
FGHUP@J87RTUF�jn4rT�9OVC>RYCP@V�9GVCD=FGV87hA%D=?!HIP@Vd9rX%D=5CH :�DSBGDSJ+9�b1?!>@FE9^>h_�9GVCD=J87h9GYCBO7hTWt®7hF�>@ACAm>@FGH�9OD�9G>
FELMJd9OVZDS9OHU<�}WFGHUP@J87RTUFWV87fq@D�7RJ�7h?/ACTUHU9GYC5CD�5CHUFE9GBGHIXZYZ9OHU>@J�FGHU?/HUT�7RB�9O>�9OVCDn>@JCDnFEVC>�oyJªHIJKµ¤HUP@YCBGD
� "%H j DRj�bm9GVCD�BED=7RBGD�?/>RBGD�FE?�7hTIT�a¥7R?!ACTIH�9OYC5CD�FO7R?!ACTUD�F�9GV87RJªTI7RBGPRDsa¨7h?/ACTUHU9GYC5CD�FG7R?/AZTID�FSj k Jd9OYMa
HU9GHUqRD�TULRbm9G>�V87fq@D�7RF�FG?/7RTIT�7RJ�7fqRD�BO7hP@D=5CHIFN9O>@BN9OHU>@Jª7RFrA%>@FEFGHUXCTIDhb%9OVZD[JC>@J+YCJCH�_`>@BG? c+Y87RJd9GHIe�DSB
oyHITUTM7RTITU>�<�7h9OD�FG?/7RTUTID�B°D�BEBG>@BEF¤_`>@B¢9OVCDpFG?/7RTITM7R?!ACTIH�9OYC5ZD�qh7RTUYCD�F°9OV87RJ[_`>RB�9OVZD�T�7RBEP@D�7R?/AZTIHU9GYC5CD
qh7RTIYZD�F=twµ¤HIPRYCBGD5+d}sb%X%DS<f7RYZFGD[9OVZD�BGD[7RBGD�?/>@BED�>R_¤9OVCDS?gj�4 JC>@J+YCJCH�_`>@BG? c+Y87RJd9GHIe�DSB�FGYZ<;V�7hF
9OVZHIF=HIF[oyVC7h9!HIF=YCFED�5 HUJ©9OVCDi<SYCBGBED�Jd9=9l>@BE9GV�4r?!D�BGHU<f7RJ�FN9;7RJC5C7RBG5�_`>@B=5CHUP@HU9O7RT�9GD�TUD�ACVC>RJ+L
t ¬W¬ k |W|1$=j &��@�@b+DRj PCj ��D�TITI7R?�LRb8� �!�Z��}�j k 9�V87RAZA%DSJCF�9GV87h9fb+XmD�FEHI5CDSF�?!HIJCHU?/HUe�HUJCP�9GVCDr7fqRD�BO7hP@D

Output

Input  
|

a x
| |

i-1 x i

|

b

yi-1

yi

����� j +Zj 9�>@J+YCJCH�_`>@BG? c+Y87RJd9OHUe�D�BSj©|WVCDK>@YZ9GACYZ9�TIDsq@DSTIF 
��l7hBGD�JC>@J+YCJZHU_`>@BE?/T�L�5ZHIFE9GBGHUXCYZ9ODS5
FG>/9OV87h9�9OVCD�FE9GD�ACFEHIe�DSF�_`>@BlFG?/7RTITUD�ByHIJCAZYZ9�qh7RTUYCD�Fr7RBGD�FG?/7RTITUD�BW9OVC7RJ�9OVZ>@FGD�_`>@BrTI7RBGP@DSByHIJCACY�9
qh7RTIYZD�F�j

5CHUFE9O>RBE9OHU>@J1b°9OVCD�JZ>@J+YCJCHU_`>RBG? c+Y87RJd9OHUe�D�B[�Z9OF�9GVCD�ACYCBEA%>RFGD�>R_W9GD�TUD�ACVC>RJ+L©7RF�o�D�TUT jª|WVCHUF�HUF
XmD�<f7hYCFGD�9GVCD^V+YC?�7hJ�7RYC5CH�9O>@BNL!FELMFE9GD�?«HUF�JC>R9�q@D�BNL�FGDSJCFGH�9OH�q@Dr9G>[9OVCDrqR>@TIYZ?/D�>R_¢9OVCD�FE>@YCJC5�j
µ8>@BW7=BO7hJCP@D�>R_�T�7hBGP@D�a¨7R?!ACTIH�9OYC5ZDlDsq@DSJ+9GF�b�9OVCD^<S>@Jd9ODSJ+9lHUFW7RTIBEDf7R5�L�\+JC>�oyJ1b�7RJC5�9GVCD^q@>@TUYC?/D
5C>MD�F�JC>R9�?/7R\RDy9O>M>n?[YC<;V�5ZH;:%D�BGDSJC<�D�twH�9�?/HUP@Vd9�?�7h\RDlFG>@?!Dy5CH;:%D�BED�JC<SD�HUJ!D�~�ACBGDSFGFGHUJCP[DS?/>ha
9OHU>@JCFW9OVZ>@YCP@V�}�j k Jª<�>RJ+9GBO7RFN9fb�_`>@BW9OVCD�FG?/7RTIT a¨7R?!ACTUHU9OYZ5CD�Dsq@DSJ+9GF!t`9GVCD�oyVZHIFGAmD�BEF;}y>@JCTUL�FG?/7RTIT
D�BEBG>@BEFy<f7RJKX%D^9G>@TIDSBO7h9GD�5�HIJi>@BE5CD�BW9GV87h9W9OVZD�<S>@Jd9ODSJ+9�XmD�YZJC5CD�BEFE9O7RJC587RXZTIDRj

|WVCHIF�JC>RJMYZJCHU_`>@BE? c+Y87RJd9GHIe�DSB�bMVC>�opDsq@DSB�bZ?!HIPRV+9³JC>R9�X%Dy7hACACBG>RACBGHI7h9OD�_`>@B�FED�HUFG?!HI<WFGHUP@J87RTUF�j
x�VCDSJ¶7�JC>RJMYZJCHU_`>@BE? c+Y87hJ+9GHIeSD�B�HIF�YCFGDS51br?!>@BGD�D�BGBE>@B�HIF�7RTITU>�<�7h9ODS5�9O>�TI7RBGPRDsa¨7h?/ACTUHU9GYC5CD
DSqRD�Jd9OFSb�X%DS<f7RYCFED^9OVCDsL�>M<�<�YZB�TIDSFGF�_`BGDSc+YCD�Jd9OT�L@b�7RFpFGVC>�oyJKHIJ�µ¤HUP@YCBED ��j /l>�o�DSqRD�BSbmHUJ�FGDSHIFG?!HI<
587h9O7�TI7RBGP@D�a¨7R?!ACTUHU9OYZ5CD�DSqRD�Jd9OFlt 9OVCD�FE9;7hJC5�a¥>RYZ9OFO}�7RBED�oyV87h9�opD�7RBGD�>R_ 9ODSJ[?/>RFE9�HIJd9ODSBGD�FN9ODS5=HIJ1j
|WVC>@FEDW7RBED�9GVCDpDsq@D�Jd9GF³_`BG>@?�oyVCHU<;V�o�D�D�FN9OHI?/7h9GD�qh7RBEHI>@YCF°Df7hBE9OV�A87RBG7R?/Ds9ODSBGF�j�,^D�D�AZHIJCPl9OVC>@FED

�



������� �	��
���
��������������������

DSqRD�Jd9OF^HUJ�Am>@FGH�9OHU>@JK7RJC5�9GVCD�HUBr7R?!ACTUHU9OYZ5CD�Fl7RFr7R<�<SYCBO7h9GD[7RF�A%>RFGFGHUXCTIDhb�HIJd9OYCH�9OH�q@D�T�L@b8oyHITUT¦VCD�TUA
7RTUTIDSqMHI7h9OD¤9GVCD�A%>@FEFGHUXCTID�Ds~Z7RPRP@D�BG7h9OHU>@J�>h_Z9OVZD�c+Y87RJd9GHIef7:9OHI>RJ�DSBGBG>RBGF°HIJ^_`YCBE9GVCD�B°ACBE>�<SD�FGFEHIJCPZj�²�J
9OVZDp>R9GVCD�B°V87RJC5�bR9OVCD�FG?/7RTUT�a¨7h?/ACTUHU9GYC5CD¤Dsq@DSJ+9GF�V87fq@Dp7�P@>M>�5�<;V87RJZ<�D�>R_CX%DSHIJCP�BO7RJC5Z>@? JC>@HUFGDRj
|WVCD�JC>@J+YCJCH�_`>@BG? cMYC7RJd9OHIeSD�By9OVCDSBGDs_`>@BGD�?/HUP@Vd9yDs~�AmD�JC5K9O>M>/?[YZ<;V�D�:%>@BN9�HUJK7RACACBE>�~�HU?�7h9GHIJCP
Am>@FGFEHIXCTUD^BO7RJC5Z>@?«JC>@HUFGDhj

¯�Jd9OHUT�7KXmDS9E9ODSB�c+Y87hJ+9GHIeSD�B�HIF^_`>@YCJC5�b°9GVCD�YCJCHU_`>RBG? c+Y87hJ+9GHIeSD�B�?/HUP@Vd9nX%D!7iFO7h_`D�<;VC>@HU<�Dhj
µ8BG>@?�²�XCFED�BNqR7:9OHI>RJg�@b+9OVZD�YCJZHU_`>@BE? cMYC7RJd9OHIeSD�B�?/HUJCHI?!HIeSD�F¤9GVCDr?/7:~�HI?�YC?(D�BEBG>@B�_`>@B�7�PRHUq@DSJ
J+YC?[XmD�B�>R_�>@YZ9GACYZ9rTIDSqRD�TUF���jl|WVCDSBGDS_`>RBGDRbm9OVCD�YCJCH�_`>@BG?Qc+Y87RJd9GHIe�DSBrHUF�BE>@XCYCFN9�HIJK9OV87:9rP@>M>M5
AmD�BE_`>RBG?/7RJC<�D�<�7RJ�XmD/?/7RHUJ+9O7RHIJZD�5�_`>@B�7KoyHU5CD!qh7RBEHIDs9¥L�>R_WHUJCACYZ9�FGHUP@J87RTUF�j!x�HU9OV�9OVZD/DSBGBG>RB
7RTUTI>M<f7h9GD�5�YZJCHU_`>@BE?/T�L@b:9OVCD�9O7RBGP@Ds9OHUJCPr_`Df7:9OYCBED�FltwTI7RBGPRDsa¨7h?/ACTUHU9GYC5CD�DSqRD�Jd9OFO}�7hBGDy7RACAZBG>f~�HI?/7h9ODS5
7R<S<�YCBG7h9ODSTUL@b�oyVCHITUD�9OVZD�FG?/7RTIT a¨7R?!ACTUHU9OYZ5CDWDSqRD�Jd9OFl7RBEDr9OBEDf7h9GD�5�oyHU9GV�FG>@?!D�<�7RBGDn7RF�opDSTIT j¤|WVCD
7RXm>�q@DrBEDf7RFE>@JCHUJCP�BED�?/7RHIJZF�qh7RTUHI5�_`>@B�9OVCDl9OBG7RJCFE_`>RBG?!D�5!5C>@?/7RHIJ�HIJ�7n9GBO7RJZFE_`>@BE?�a X87RFGDS5�<S>@?�a
ACBED�FGFEHI>@Ji9ODS<;VCJCHUcMYZDRbm7RFWopDSTIT¢7RFWHUJ�9OVCDn>@BEHIP@HUJ87RT�5C7h9;7=5C>@?/7RHUJ1j

|WVCD�YZJCHU_`>@BE?�c+Y87RJd9OHUe�D�B�?!HIP@Vd9�X%D/7gFG7h_`D!<;VC>@HI<SD/_`>@B�7RTUTI>M<f7h9GHIJCP�9GVCD!D�BGBE>@B�jB��YZ9�oyHUTIT
HU9rACBG>�qMHI5ZD=D�JC>@YZP@V�<�>@?!ACBED�FGFEHI>@Jª_`>RB^7�P@HUqRD�J�7R?!>@YCJd9r>R_�7�qRD�BG7RP@D=5CHUFE9O>RBE9OHU>@J � µ8BE>@? ²^XMa
FGDSBEqh7h9GHI>@J (Cbm9OVCD=YZJCHU_`>@BE? cMYC7RJd9OHIeSD�B^?!HIJCHU?/HUe�DSFy9GVCD[DSJ+9GBG>@AdLRj�|WVCDSBGDs_`>@BGDhb¦HU_�9OVZD=YCJCHU_`>RBG?
c+Y87RJd9OHUe�DSB�HUFy_`>RTITI>�o�D�5KXdLK7RJ �'� � �"	���� �
	�� �'��b8HU9yoyHITUT1ACBE>�qMHU5CD�9GVCD�?/>@FN9l<�>@?!ACBGDSFGFEHI>@Ji_`>@Bl7
P@H�q@D�J�7fq@D�BG7RP@Dl5CHIFN9O>@BN9OHU>@J1j¤|WVZDrD�Jd9GBG>@AdL!<�>M5CD�B�oyHITUTCXmD�5CHUFG<SYCFGFED�5�HUJ!9GVCD�JZDs~M9�FED�<S9GHI>@J�b�XCY�9
XmDS_`>@BED�PR>@HIJCP[9G>=9OV87h9�bCTIDs9y?/DnFEVC>�o 7RJKDs~Z7R?!ACTIDhj

|WVCD�7RACACBE>d7R<;V�>R_Z5ZHIFG<�7RBG5ZHIJCPW9OVZD�FE?�7hTITR<S>�Ds±!<�HIDSJd9OF°5CHIFE<�YCFEFGD�5�HIJnFG>@?!D�>R_M9OVCD�TUHU9ODSBO7h9GYCBGD
<f7hJKXmDn<�>@JZFGHI5ZD�BGDS5�7hFy7�FEA%DS<�HI7RT1_`>@BG?�>R_�c+Y87RJd9OHUe�D�BSj k JK9GVCHIFWc+Y87RJd9GHIe�DSB�bCFE?�7hTIT17h?/ACTUHU9GYC5CD�F
7RBEDrFGDs9p9G>�e�DSBG>[oyVCHUTIDW9OVZDrT�7hBGP@D�7R?!ACTIH�9OYC5CDSF�7RBGD�\RD�A�9WHIJd9;7h<S9fj¤|WVCD�BEDS_`>@BEDRbZTI7RBGPRDsa¨7h?/ACTUHU9GYC5CD
DSqRD�Jd9OFK7RBED�9OBEDf7h9GD�5´oyH�9OV´D�~�9GBGDS?/D�<�7RBGD�t oyHU9GV´JC>�7RACAZBG>f~�HI?/7h9OHU>@J 7:9�7RTUT }[oyVCHITUD�FG?/7RTUT�a
7R?!ACTIH�9OYC5ZD¤DSqRD�Jd9OF�7RBED³9O>R9O7RTIT�L�HUP@JC>@BED�51j¢|WVC>RYCP@VnHU9¦?!HIPRV+9�X%D�5ZHU±!<�YCT�919O>l7RBEP@YCD¤9GVCD�A%>RFGFGHUXCTID
5CHUFO7R5Zqh7RJd9O7RP@D�F�>R_�9OVCHUF�D�BGBE>@B�7RTUTI>M<f7h9GHI>@J�7hACACBG>@7R<;V�HUJ 9GD�BE?/F�>R_l_`YCBE9GVCD�B�ACBE>�<SD�FEFGHIJZPCbp9OVZD
<�>R?/ACBED�FEFGHI>RJ©BO7h9GHI>@F�<f7RJ�X%D�Dsqh7RTIY87:9OD�5�j�µ8>@B�9GVCD�FE9O7R<;\RDS5�FGD�<s9OHU>@J�FGVC>�oyJ�HUJ�µ¤HIPRYCBGD � b k
9OBEHIDS5�9GVCDy<�>@?!ACBED�FGFEHI>@J�9ODS<;VCJCHUcMYZD�>R_%c+Y87RJd9OHUef7h9GHI>@J=oyH�9OV�<�>M5CHIJZPCb+7RF�opDSTIT87hF�9GVCDy?/Ds9OVC>M5�>R_
5CHUFG<f7hBG5CHUJCP�FG?/7RTUT¤<�>MDS±!<SHID�Jd9GF�j�|WVZD[9OBO7hJCFE_`>@BE?�7:9OHI>RJCFrYCFED�5�7RBED=HI5CDSJ+9GHI<�7RT°_`>RB�X%>h9OV�<f7hFGD�FSb
oyHU9GV©�Cq@D�TUDSqRD�TIF[7RTI>@JZP�9OVCD/9OHI?!D�5ZHIBGDS<S9GHI>@J�7hJC5©_`>@YCB[TUDSqRD�TIF[7RTI>@JZP�9OVCD�FGA87R<SD�5CHI?!D�JZFGHI>RJ
>R_�op7fq@DSTIDS9[A87R<;\RDs9OF=5CDS<�>@?!Am>@FGH�9OHI>RJ�YZFGHIJZP�9OVCD!_`>@YCBN9OV�a >@BG5CDSB�<S>@HU­CDS9fjK¯lJC5CD�B/��� BGDST�7h9GHUq@D
4�£ª�KDSBGBG>RB�t 4r£��g7R?!ACTIH�9OYC5ZD�>R_¤9GVCD�D�BGBE>@ByHIFn��� >R_�9OVCD54�£ª�K7h?/ACTUHU9GYC5CD^>R_�9OVCD�FGHUP@J87RT�}sb
9OVZD^cMYC7RJd9OHIe�7h9OHU>@J�t oyHU9OVi7[YZJCHU_`>@BE?�c+Y87hJ+9GHIeSD�B;}�7hJC5i<�>M5CHIJCP�9OD�<;VZJCHIc+YCDnP@H�q@D�Fy7hX%>@Y�9���j &���]��
<�>R?/ACBED�FEFGHI>RJ1j�|�>�7h<;VCHIDsq@D^9OVCHUF�FO7h?/D^7h?/>@YZJ+9p>R_°<�>@?!ACBED�FGFEHI>@J�bZ9OVCDr?/Ds9OVC>M5�>R_°5CHIFE<f7RBE5CHIJZP
FG?/7RTUTM<S>�Ds±!<�HIDSJd9OF¤o�>@YCTU5[V87fq@Dp9G>r9OVZBG>�o 7fo�7fL�?/>@BED�9GV87RJ +@� � >R_89OVCD�FG?/7RTITUD�FN9¤<S>�Ds±/<SHIDSJ+9GF
7RJC5ª7RTIFE>�FE9G>@BGD�9OVCD�HIJC5CHU<�DSF�>R_�9GVCD�BED�?/7RHIJZHIJCP!<�>MDS±!<�HUD�Jd9OFSjr|WVCHUFrVC>�o�DSqRD�B^P@H�q@D�F�7RJ 4�£ª�
D�BEBG>@B¤7RF¤TI7RBGPRDp7RF 2R� ��DSqRD�J=9OVZ>@YCP@V�9GVCD�<S>�Ds±/<SHIDSJ+9GF³5CHUFG<f7hBG5CDS5�7RBGD�FG?/7RTITUD�B¦9OV87hJ 2 ��>R_89OVZD
T�7hBGP@DSFE9�<S>�Ds±!<�HIDSJd9fj�|WVCHIFpBGD�FEYCTU9�P@HUqRD�FWFGYZACA%>RBE9�9G>!²^XZFGD�BNqh7h9OHU>@J=(C]³9GVCD�YCJCH�_`>@BG?�c+Y87RJd9GHIe�DSB
?!HIJCHU?/HUe�D�F�9OVCDnDSJ+9GBG>@AdL�_`>@By7=P@H�q@DSJ�7fq@DSBO7RPRD�5ZHIFE9G>@BE9GHI>@J�j

3��!� �����

4rF�FEYCP@P@DSFE9ODS5¶HUJ´9OVCD�ACBGDsq�HU>@YCF�FED�<S9GHI>@J�b�DSJ+9GBG>@AdL <S>�5ZD�BGFi7hBGDªJCDSD�5CDS5 7:_ 9OD�B�YCFGHUJCP�7
YCJCH�_`>@BG? cMYC7RJd9OHIeSD�BSb�HUJ/>@BE5CD�B�9O>�7R<;VCHUDSq@D�P@>M>�5!<�>@?!ACBED�FGFEHI>@J�j ��J+9GBG>@AdL!<�>M5CHUJCP�HUF�7�TI>RFGFGTUD�FEF

���



������� �	��
���
��������������������

<�>R?/ACBED�FEFGHI>RJ�FE9GD�A1j k 9³7h9E9ODS?/AZ9GF°9G>r<S>@?/AZBGD�FEF�9GVCDp587:9;7�FE>�9GV87h9°9OVCDp7�qRD�BG7RP@DpJ+YC?�X%DSB¤>R_ZXCHU9GF
AmD�BWFELM?[Xm>@T¦HUF�<�TU>@FGD�9G>�9GVCDnD�Jd9OBE>@AdL�>R_¤7[FGDScMYZD�JC<SD�>R_�FELM?[Xm>@TIFSbC5CDs�8JCD�5KXdL�D�c+Y87:9OHI>RJ�t � }sj
|WVCDWTUHU9ODSBO7h9GYCBGD�<�>@Jd9O7RHIJCF�D�~M9OD�JZFGHUqRDyFE9OYZ5ZL=>@J�D�Jd9GBG>@AdL[<S>�5ZHIJCPCb@7RJC5�5CDS9O7RHITUD�5=7h<�<�>RYCJd9OF�?�7fL
XmDn_`>RYCJC5iHIJi?/7RJdL�X%>M>@\+Fy7RJC5KA87RAmD�BEF�b8Dhj PCj�b $^D�BGFEVC>/7RJC5 $nBG7�L�tN� �#�'2@}sj

�¤~C7h?/ACTUD^>R_°9OVCD^?/7RJdL�_`>@BE?/F�>h_¤DSJ+9GBG>@AdL�<S>�5ZD�BGFyHUJC<�TUYC5CD	/�Y :�?/7RJi<�>M5CD�BEF�t./lY�:�?/7RJ1b
� � �#2@}sb�7RBGH�9OVC?!DS9GHI<�<�>M5CDSBGF�t x�HU9E9OD�J�DS9[7RT j�b��8�!+'&@}n7RJC5�5CHI<s9OHI>RJ87RBELda X87RFGDS5�<S>�5CDSBGFit x�DSTI<;V1b
� �!+ (+}sj /lD�BEDRb k YCFED�7�FEHI?!ACTIDrDs~Z7R?!ACTID^9O>�FEVC>�o�VC>�o /lY�:�?/7RJi<�>M5CDSBGFy<�>@?!ACBED�FGFy587:9;7Zj

� , t��¥} 9r7:9OYCBG7RT°¬p>�5ZD /�Y�:%?/7RJg¬p>�5CD
� ���#2 �@�@� �
� ���)( �@�Z� �f�
2 ��� + �Z��� �R���
� ����� 	 �Z�@� �@�R���
( ��� � 2 ���@� �@�R�@���
� ��� 	 ( ���Z� �@�@�R�@���
	 ������2 + �@��� �@�@�@�R�@���
& ������2 + �@�@� �@�@�@�R�@�@�

��YCACAm>@FED©9OVCDSBGD�HIF�7 FGDSc+YCD�JC<SD�>h_�FELM?[Xm>@TIFSj ��7h<;V FELM?[Xm>@T�XmD�TU>@JCP@FK9O>´9OVZD©FGDs9�>R_
� � �f��� 2,��
�
�
�� &��+j�|WVCDSHIB=<�>RBGBGDSFGAm>@JC5CHUJCP�XCHIJC7RBEL twJ87h9GYCBO7hT }�<S>�5CDSF!7RBGDiFGVZ>�oyJ HIJ©9GVCDK7RXm>�qRD
9;7hXCTIDhj¤|WVCDlXCHIJC7RBEL=<S>�5ZDlBED�c+YCHUBGD�F � XCHU9GF�A%DSB�FNLM?[X%>RT b+JC>�?�7h9E9ODSB³oyV87h9�9OVCDy5CHUFE9GBGHIXZYZ9OHU>@J=>R_
9OVZDrFELM?[Xm>@TUF�HUJ�7�FGD�c+YCDSJC<�Dhj 9l>�o FGYCAZA%>@FED�Df7h<;V�FELM?[Xm>@T ��VC7RF�7n_`BGD�c+YCDSJC<SL/>R_�>�<S<�YCBEBGD�JZ<�D
>@B�ACBG>@XC7RXCHITUHU9¥L , t�� }�FGVZ>�oyJ�HUJ�9OVZDr9;7RXZTIDRj k JB/�Y�:%?�7hJ�<�>M5CHIJZPCb�D�7R<;V�FELM?[Xm>@T �³HIFp7RFGFEHIP@JCDS5
7�<S>�5CD�7R<�<S>@BG5ZHIJCP!9O>�H�9OF�ACBG>@XC7RXCHITUHU9¥L , t�� }sjy|WVCD /lY�:%?�7RJ�<�>M5CD�TUD�JCPR9GVg_`>@BlFELM?[Xm>@T �W7RA�a
ACBE>d7R<;VCDSF �ªTU>@P ¡ , t��¥}�j�|WVCD�BEDS_`>@BEDRbmFELM?[Xm>@TIFW>M<�<SYCBGBEHIJCP=_`BGDSc+YCD�Jd9OT�L�oyHITUT1V87fq@D�FGVC>RBE9ODSB�<S>�5ZDTIDSJCPR9GV1bC7RFWFEVC>�oyJiX+L/9OVCDSHIB /lY�:%?�7RJ�<S>�5ZD�FWHIJ/9OVCDn7RXm>�q@D�9O7RXCTIDhj /�Y :�?/7RJ�<�>M5CDr9GVCD�BEDS_`>@BED
BGDSc+YCHIBED�F����  ¡�� 2	�  
 � � �  � � (��   �
�� �	�  � ¡�� 	��  


 
 � &	�   w¡ � � &	�   w¡ � <�� 
 �#+
XCH�9OFlA%DSB�FG7R?/AZTIDn>@Jª7fqRD�BO7hP@DRjy|WVCDSBGDS_`>RBGDRbm_`>@BW9OVCHUF�D�~Z7R?/AZTID5/�Y�:%?�7hJg<S>�5CHUJCP!<�>@?!ACBGDSFGFED�F
9OVZD�FED�c+YCDSJC<�D�X+LK7[_w7R<s9O>@BW>h_¤?!>@BGD�9GV87RJ � ] 2=BED�TI7h9OH�q@D�9O>�XCHUJ87RBNL�<�>M5CHIJZPCj

4�_ 9GD�B[DSJ+9GBG>@AdL�<�>M5CHIJCPZb�9OVZD�7fq@D�BG7RP@D�J+YC?�X%DSB[>R_yXCH�9OF�AmD�B�FO7R?!ACTUD/oyHITUT�7RACACBE>d7R<;V©9OVZD
D�Jd9GBG>@AdL@j�|WVCD�BEDS_`>@BEDRb�9OVCD�TU>�o�D�B�9OVCD�DSJ+9GBG>@AdL�>h_l9GVCD�587h9O7Zb�9OVCD�_`DsopDSB�XCHU9GF[BGDScMYZHIBGDS5�A%DSB
FO7h?/ACTUD�>R_°9OVCDnBED�ACBED�FGDSJd9;7h9GHI>@JK7RJC5i9OVZD^?/>@BED^<�>@?!ACBED�FGFEHI>@J�oyHUTIT�XmDn7R<;VCHUDSqh7RXCTUDRj�µ8BG>R?�9OVZD
5CDs�8JCHU9GHI>@J�� DScMYC7h9OHU>@J�t � }�� b1H�9�HUF�JC>R9n5CH�±!<�YCT�9r9O>�FEVC>�o 9GV87h9�9GVCD=?/>RBGD[Dsq@D�JZTULª5ZHIFE9GBGHUXCYZ9ODS5
HIF , t��¥}�bM9GVCD�VCHUP@VCDSB�9GVCDrDSJ+9GBG>@AdLRj k _¢HUJ/9GVCDrACBEDSqMHI>RYCF�Ds~Z7R?!ACTUDRb�7RTITC9GVCD�FELM?[Xm>@TUF���V87fq@D�9OVZDFO7h?/D�ACBG>@XC7RXCHITUHU9¥L , t�� }sbR9GVCDpDSJd9OBG>RA+L�oyHITUTMXmD � XCHU9GF�bd7RJZ5[JC>�<S>@?/AZBGD�FEFGHU>@J=<f7RJ�X%DW7h<;VCHIDsq@D�5�jµ8>@Br9GVCD�FE9;7h<;\RD�5�FGDS<S9OHU>@J�HIJ�µ¤HUP@YCBED � b1o�D!FG7fo 9GV87h9�vWx{z�| VCD�TUA%DS5�BGD�5ZYC<�D=9OVZD!DSJd9OBG>RA+L
t`_`BE>@? 	Zj &g9O> ��j +�XCH�9OFO}sj�|WVCDSBGDS_`>RBGDRb�7RAZACTULMHIJZPªvWx{z�|�HIJ�9OVCHUF�<f7hFGD�oyHITUT�BGD�FEYCTU9[HIJ©?!>@BGD
<�>R?/ACBED�FEFGHI>RJ�t`_`>@B�7�PRHUq@DSJ�TIDsq@DST%>R_¦7R<�<SYCBO7R<sLZ}�9OV87hJ�9OV87:9�7R<;VZHIDSqh7RXZTID�_`>RB�9GVCDr>@BEHIP@HUJ87RTC5C7h9;7Zj
t`x�D!<f7RJ�7RTUop7fLMF�<S>@?/AZBGD�FEF�5C7h9;7�oyHU9GV�c+Y87RJd9GHIef7:9OHI>RJ�7RJZ5�<S>�5CHUJCPCb¢JC>K?�7:9G9ODSB^oyVCDS9GVCD�B�7
9OBG7RJCFN_`>@BG?«HUFy7RACACTUHIDS5�>@BWJC>R9�j }

� Y87RJd9OHUef7h9GHI>@J D�BEBG>@B!HIF!7RJC>h9OVCDSB/_w7R<s9O>@B=9OVC7h9�<�7RJ <;VC7RJCP@DK9OVCDgD�Jd9OBE>@AdL@by7RF!FGVC>�oyJ HUJ
²�XCFGDSBEqh7h9GHI>@J �KHUJ�9GVCD/AZBGDSqMHU>@YCF�FGD�<s9OHU>@J1jiµ8BG>@? D�c+Y87h9GHI>@J t (+}�b�H�9�HIFnDf7RFNL�9O>�YZJC5CD�BEFE9O7RJC5

�@�



������� �	��
���
��������������������

9OVZD�9OBO7h5CDsa >#:´XmDS9¥o�D�DSJ�9OVZD�cMYC7RJd9OHIe�7h9OHU>@J�D�BEBG>@BSb�>@B[9OVCDi7fqRD�BO7hP@Di5CHIFN9O>@BN9OHI>RJ7M�b�7RJC5�9OVZD
�
	���� �"�
(
( � 	�� ����� � 	���b�oyVZHI<;V�HIF�5ZDS�8JCDS5�7RF�9OVCD=BG7h9OHU>�>R_�9GVCD�7fq@D�BG7RP@D=J+YC?[XmD�B^>h_�XZHU9OFrA%DSB
FO7h?/ACTUD�X%Ds_`>@BGD!7RJC5�7h_ 9ODSBn<�>@?!ACBGDSFGFEHI>@J1j�µ8>@B^FG>@?!D!P@HUqRD�J�587h9;7�b°9GVCD/J+YC?�X%DSB�>R_pXCHU9GFnA%DSB
FO7h?/ACTUD[HIF�7���~ZDS5�c+Y87hJ+9GHU9¥L ��X%Ds_`>@BGD=<S>@?!ACBGDSFGFGHU>@J1b�oyVZHITID�HU9^<�7RJ�HI5CD�7RTIT�LgXmD[9OVZD!DSJd9OBG>RA+L
U.&�7:_ 9OD�BW<S>@?!ACBGDSFGFGHU>@J1j�|WVCDSBGDS_`>RBGDRbC9GVCDn<�>@?!ACBED�FGFEHI>@JKBO7:9OHI>

�0' �
U.& 


��HUJC<�D�U�&©HUF�BED�TI7h9ODS5�9O>�9GVCD=7fq@DSBO7RPRD[5CHIFN9O>@BN9OHU>@J M 7R<�<S>@BG5CHUJCP/9G>�D�c+Y87:9OHI>RJ�t (+}�b%9GVCD�<S>@?�a
ACBED�FGFEHI>@JKBO7:9OHI>=HUF�9OVCDSBGDs_`>@BGD�7=_`YCJC<S9GHI>@Ji>R_�M�b87hF

�Ct M�} ' �
U.& " �5¢t�7�} �  ¡ TI>@P ¡ ��2 M




$^D�JCDSBO7RTUTUL@bRHU9�HUF³5CHU±!<SYCTU9³9G>nD�FE9GHI?/7h9OD 5°t�7�}¤7RJZ5/7hXCFG>@TUYZ9OD M _`BE>@? 9GVCDW587h9O7Zj�²�J[9OVZDl>h9OVCDSB
V87RJZ51b��Zt.M�}y<�7RJªXmD�?!Df7RFEYCBGDS5�_`>@BlFG>@?!D�P@HUqRD�JªHUJCHU9GH�7RTmqR7hTIYCD�>R_EM���t M��rHIFyBGDST�7h9GD�5g9G>�9OVZD
FE9GD�ACFEHIeSD�HUJi9GVCDnc+Y87RJd9OHUef7h9GHI>@Ji7R<S<�>@BE5CHIJZP�9G>�D�c+Y87h9GHI>@J�t 2@}�j }�9G>!>RXZ9;7RHUJ����)"��Ct M���}sj���HUJC<�D

��� "	�Zt.M��s}�" �5¢t�7�} �  ¡ TU>@P ¡ ��2#M��
�

�Zt.M�}p<�7RJgXmD^BGDSACBGDSFGDSJ+9GD�5ªYZFGHIJZP
��� "	�Zt.M���}�b�7RF

�Ct M�} " �
�
��

�  ¡ TU>@P ¡

�
� 





v�DS�CJCHIJCP�9OVZDgBED�T�7:9OHUqRDiD�BGBE>@B
�ª7RF�9OVCD�£ª� � t`oyVZHI<;V´HUF � YZFE9!9OVCDg7fq@D�BG7RP@Dg5CHIFN9O>@BN9OHI>RJ M�}
5CH�q�HU5CD�5iXdL�9OVZD�?!Df7hJKFEc+Y87RBGDS5ª7R?!ACTUHU9OYZ5CDr>R_°9OVZD�5C7h9;7��/b

�6' M
�
�

9OVZD�<S>@?!ACBGDSFGFGHU>@JiBO7h9GHI>=<�7RJK9GVCD�JgX%D^BED�ACBED�FED�Jd9ODS5�7RFl7[_`YCJC<S9GHI>@JK>R_��

�Zt���} " �
�
��

�  ¡ TU>@P ¡
�� 


� t �R}

oyVCDSBGD���� "��Ct����s}sj
µ¤HIPRYCBGD �rFGVC>�oyF�VC>�o�9OVZD�<�>@?!ACBED�FGFEHI>@J=BG7h9OHU>��Zt���}¢<;V87RJCP@DSF³oyHU9GV�9OVCDpBGD�TI7h9OH�q@D�D�BEBG>@B��p_`>RB

9¥o�>rVdLMA%>R9GVCDS9GHI<�7RT+587h9;7yFGDs9OFSbR>@JCD�oyHU9GV���� " 	�7RJZ5�9OVZD�>R9GVCD�B¦oyH�9OV���� "1(Cb:oyVZD�J���� " 
 �Z���
7RJC5 � " � 2�7RFGFEYC?!D�5ª_`>@BlX%>h9OVª<�7RFGDSF�j k 9�TU>�>R\MFlFGHU?/HUT�7RB�9G>�9OVZD�>@JCD�FGVC>�oyJ�HIJ 4lDSHU9GD�B�7hJC5
/�DSTITUD�B�t¨� �!�#(+}�b�oyVCDSBGD�9OVZDSL�<�>R?/A87hBGD�5�VC>�o 9OVCD�<�>R?/ACBED�FEFGHI>RJ¶BG7h9OHU>@F�<;V87RJZP@D�oyHU9OV�9OVZD
BGDST�7h9GHUqRD�DSBGBE>@BW_`>@Bl7RJ 9r£ª²�a¥<S>@BGBED�<S9GD�5g<�>@?!?/>RJ�a¥?!HI5CAm>@HUJ+9^t ¬W£�z�}WPd7h9GVCD�Bl7RJC5�7!FN9;7R<;\hD�5
FGDS<S9GHI>@J1j ��L�<�>R?/A87hBGHIFE>@J1b¤9GVCDSL�<�>@JZ<�TIYZ5CD�5�9OVC7h9�9GVCD�D�BEBG>@B[HUJC<�BEDf7RFED�F�oyH�9OV�<S>@?/AZBGD�FEFGHU>@J
BO7:9OHI>y?!>@BGD�BG7RACHU5CTUL�_`>@B°¬W£�zªPd7h9GVCD�BEF°9GV87RJn_`>@B¦FE9O7R<;\RDS5=FGDS<S9OHU>@JCFSj³µ¤HUP@YCBGDE�WP@H�q@DSF¤7yA%>RFGFGHUXCTID
Ds~�ACTI7RJ87h9GHI>@J/_`>@B�9GVCHIF�ACVCD�JZ>@?/DSJC>@J1j�¬p>@?!A87RBED�5�9G>!¬W£�z�P@7h9OVCDSBGFSbCFE9O7R<;\RDS5gFED�<S9GHI>@JZF�>R_ 9ODSJ

��2



������� �	��
���
��������������������

5 10 15 20
MSE%

5

7.5

10

12.5

15

17.5

20

Compression ratio 

r0 = 6 

r0 = 4 

 Compression ratio 

MSE % 
����� j ��j�¬p>@?/AZBGD�FEFGHU>@JiBO7h9GHI>@FW<;V87hJCP@HIJZP�oyH�9OVi<�>R?/ACBED�FEFGHI>RJgDSBGBG>RB�j

V87fq@DrVCHIP@VZD�BpFEHIP@JC7RT�a 9O>ha JC>@HIFEDWBO7h9GHI>@F�7RJZ5�9OVCDSBGDs_`>@BGD�?!>@BED�<S>@VCD�BED�JC<sL@j�4�_ 9GD�B�9OVCDr9GBO7RJZFE_`>@BE?gb
9OVZDSL�oyHUTIT1V87fqRD�TUD�FGFyDSJ+9GBG>@AdLRjp�MHIJC<SD

��� " �5°t�7�} �  ¡ TI>@P ¡ tN��2#M���}
�

9OVZDKP@7h9OVCDSBGF[oyH�9OV�TIDSFGF�D�Jd9OBE>@AdL©oyHITUTpV87fqRD�7�T�7hBGP@DSB[<�>@?!ACBED�FGFEHI>@J�BG7h9OHU> ����j�µ8BG>R? D�c+Y87�a
9OHU>@J�t �@}sb�9OVZD�J1bm9OVCD�D�BGBE>@B�oyHUTIT¦HUJC<�BEDf7RFED�?!>@BGD�FGTU>�oyT�Li_`>@B�FN9;7R<;\hD�5�FGDS<S9GHI>@JCFSb17RF�HITUTIYCFN9OBO7:9OD�5
XdL�9OVZD�D�~Z7R?/AZTIDnFGVC>�oyJKHIJKµ¤HUP@YCBGD	��j

3�� � 3NC���. � � �

¯�FEHIJCP�vWx{z�| X87RFED�5�<�>R?/ACBED�FEFGHI>RJg9ODS<;VCJCHUcMYZDRb k FEVC>�o 9GV87h9rvyx{z�|6VCDSTIACF�<�>@?!ACBGDSFGF¨a
HIJZPgFED�HIFE?/HU<�587h9;7iXmD�<f7hYCFGD/HU9�BGDS5CYC<�DSF�9GVCD�DSJ+9GBG>@AdL�>R_�9OVCD!587h9O7Zj k BEDf7RFE>@J�9GV87h9�YCJCHU_`>RBG?
c+Y87RJd9OHUe�DSBGF�?!HIP@Vd9/X%Dª?!>@BEDª7RACAZBG>@ACBEH�7h9GDK_`>RB�FGDSHIFE?/HU<�587h9O7Zbl7RJC5 9GVCDSL <f7RJ�7h<;VCHIDsq@Dª9OVZD
FO7h?/Di7R?!>@YCJd9�>R_�<�>R?/ACBED�FEFGHI>RJ�oyH�9OV�TIDSFGF�D�BEBG>@B[9GV87RJ�FGHU?/AZTUL�9OVCBE>�oyHUJCP�7fo�7fL�9OVZD�FG?/7RTIT
9OBG7RJCFN_`>@BG?(<S>�Ds±!<�HIDSJd9OF�j k 7RTIFE>nP@HUqRD�7nAm>@FGFEHIXCTUDWDs~�ACT�7hJ87h9OHU>@J=_`>@B³9OVZDlAZVCD�JC>R?/DSJC>@J/9GV87h9�9OVZD
<�>R?/ACBED�FEFGHI>RJ�D�BEBG>@ByP@BE>�oyFr?!>@BGDnBO7hACHI5CT�L�oyH�9OV�<S>@?!ACBGDSFGFGHU>@JKBO7h9GHI>�_`>@B�¬W£�z Pd7h9OVZD�BGFy9OVC7RJ
_`>@BWFN9;7R<;\hD�5ªFED�<S9GHI>@JZF�j

� �



������� �	��
���
��������������������

,�3NH � �-> C%<�� � <DK < � 0=.

£g>@FN9�>R_³9GVCDnop>@BE\iHIJi9OVCHUF�A87hA%DSBlop7RFr5Z>@JCD�5ZYCBGHUJCP/?�LiFGYC?!?/DSB�DS?/AZTI>�LM?/DSJ+9�7h9�4r5Ma
qh7RJC<SDD$^D�>@ACVdLMFGHU<f7RT k JC<hj�7RJC5 k 9OV87RJZ\=4r5Zqh7RJC<SD�_`>@B�7RTUTI>�oyHIJCP^?!Dy9O>�<S>@Jd9OHUJMYZDr7RJZ5�ACYCXCTUHIFEV
9OVZHIFyop>@BE\i7h_ 9ODSB k <f7R?!D�XC7R<;\�9O>!FG<;VC>M>@T jp|WV87RJC\+Fr9G>�z�BG>h_`D�FGFE>@B ,^DSJª§¢7RBGJZD�By_`>@B�VZHIFW9ODS<;V�a
JCHU<f7RT15ZHIFG<SYCFGFEHI>@Jg7RJC5iqh7RTIYC7RXCTIDrFGYCP@PRD�FE9GHI>@JZF�7hF�opDSTIT¢7RFy<�BEHU9GHI<f7hT�BGDsqMHIDSoyHUJCP�>R_¤9GVCDnA87RAmD�BSj

2=< I <�2=< � 3�<�.
�pDSTIT�7h?�L@b � jUb¦� �#�Z�@bCv�HUP@HU9O7RTm|�DSTID�AZVC>@JdL@b�2hJC5KD�5ZHU9OHU>@J1bMx�HITIDsL@j
�p>@BE5CTIDsL@b1|^j �WjUb�� �#+ � b1§¦HUJCDf7RB�ACBGDS5CHI<s9OH�q@D=<�>M5CHUJCP�>R_�?/7RBGHUJCD�FED�HUFG?!HI<[587:9;7Z] k ��� �{|�BG7RJCFSj

>@JK4^�C��z�b����8b +'2#+:a + � ��j
�p>@FE?�7hJ1b�¬rj�§�j�b�7RJC514lDSHU9GD�B�b��Wjy¬rj�b�� �#� � b���D�HUFG?!HI<ª5C7h9;7©<S>@?/AZBGD�FEFGHU>@J YCFGHUJCP�o�7fqRD�TIDs9

9OBG7RJCFN_`>@BG?!F�] �¤~�A87RJC5CDS5=4rXCFN9OBG7R<S9GF�b 	 � BG5�4�JCJ+Y87RT k J+9GD�BEJ87h9OHU>@J87RT�� �%$�£gDSDS9OHUJCPCb���2 	Z�Sa
��2 	 (Cj

¬p>@H�_`?�7RJ�b 4njJ4njUb17RJC5ªx�HI<;\hD�BEV87RYCFED�B�b°£�j��[j�b³� �!�!2�b ��Jd9OBE>@AdLªX87RFED�5�7RTUP@>@BGH�9OVC?!FW_`>@BrXmD�FN9
X87RFEHIFyFGDSTIDS<S9OHU>@J1] k �����´|�BG7RJCFSj8>@J k JZ_`>@BG?/7h9GHI>@J�|WVCDS>@BELRb����1b &M� � a &M� �Zj

v^7RYCXmD�<;VZHID�FSb k jUb¦�8�!�'2�bC|°D�Jg§¦D�<s9OYCBED�Fl>@JKx�7fq@DSTIDS9GF�bm� k 4�£�j
$n7RTIT®b@v[jd§�j�bm�8�!�Z�@bM£�z��%$=]d4�qMHU5CD�>�<�>@?!ACBED�FGFEHI>@J�FN9;7RJC5C7RBG5!_`>@B�?[YCT�9OHI?!D�5ZH�7r7hACACTIHU<f7h9GHI>@JZF�]

¬p>@?!?[YCJ1jZ4l¬W£�b��
	¢b ( 	�a �#+Zj
$^D�BGFEVC>Cb�4�jUbr7RJC5 $nBG7fL@b 4njl£�j�b�� �#�'2�b���DS<S9G>@BicMYC7RJd9OHIe�7h9OHU>@J�7RJC5{FGHUP@J87RTr<�>@?!ACBGDSFGFEHI>@J1b

,^TIYdo�D�By4r<�7R5CD�?!HI<nz�YCXZTIHIFEVCD�BEF�j
/�Y :�?/7RJ1b+v[jd4�jUb�� � �#2�bd4¶?!DS9GVC>M5�_`>RB�9GVCDy<�>@JZFE9OBEYC<S9GHI>@J!>R_�?/HUJCHI?[YZ?�a BGD�5ZYCJC587RJZ<SL�<�>M5CD�FS]

z�BG>M<�DSD�5CHUJCP@Fy>R_°9OVCD k 4��yb
	��¦b¦���!�#+:a;�@�f�Z�@j
§¦YC>Cb�
=j�b³7RJC5���<;V+YCFE9GD�B�b%$=j¢|^jUbp� �!�'2�b¢x�7�qRD�A87h<;\RDS9�9OBO7hJCFE_`>@BE?u7RJC5�5C7h9;7K<�>@?!ACBGDSFGFEHI>@J1]

�¤~�A87RJC5CDS5�4�XCFE9GBO7R<s9OF�b 	'2:JC5g4�JCJ+Y87RT k Jd9ODSBGJ87:9OHI>RJ87RT¢� �%$ £gDSDS9GHIJCPCb¦�R� +'&�aO�@� �@�Zj
4yD�HU9GD�BSb �yjd¬rjUbM7RJC5 /�DSTITUD�B�b@z�j 9�j�b8� �!� (Cb@x©7fqRD�TIDs9�9OBG7RJCFE_`>RBG?=a¥X87RFED�5�<�>R?/ACBED�FEFGHI>RJ!>h_J9r£ª²�a

<�>RBGBGDS<S9GD�5 ¬�v^z Pd7h9GVCD�BEF�] �¤~�A87RJZ5CD�5 4rXCFN9OBG7R<S9GF�b 	#(R9OV�4�JCJ+Y87RT k Jd9ODSBGJ87:9OHI>RJ87RTW� � $
£gDSDS9OHUJCPCb & � �Sa & � (Cj

��A87hJCH�7RFSb�4�jW�%j�b � >@JCFGFE>@J1b��%j �rj�b�7RJC5¶�M9OD�7RBGJZF�b^�mj�v[j�b�� �#�Z�@bW|°BO7RJCFN_`>@BG? ?/Ds9OVC>M5CF�_`>RB
FGDSHIFE?/HU<^587h9;7=<S>@?/AZBGD�FEFGHU>@J1] k �����´|�BG7RJCF�j8>RJ $^D�>RFG<�HUD�JC<SD�7hJC5V4lDS?/>R9GD���D�JZFGHIJZPCb����¦b
(d�'&�a (C� 	�j

x�7RTITI7R<�Dhb'$=j!,=jUb8�8�!�Z�@b@|WVZD � z �%$¶FN9OHUTIT�a ACHI<s9OYCBED�<S>@?!ACBGDSFGFGHU>@J=FE9O7RJC587hBG51]³¬p>@?/?�YCJ1jR4l¬W£�b
��	¢b � �:a (#(Cj

x�D�TI<;V�bZ|^jZ4�jUb�� �!+#(CbM4 |°D�<;VZJCHIc+YCD�_`>@B�VCHIPRV�a¥AmD�BN_`>@BG?/7RJC<SD�587:9;7�<S>@?/AZBGD�FEFGHU>@J1]�¬p>@?!ACYZ9GD�B�b
� YCJCDhb +:a;� ��j

x�HU9E9ODSJ1b k j /�jUb 9�D�7RT b 4�jy£�jUbr7RJC5 ¬pTIDf7hBEL@b � j $=jUb�� �!+'&�bl4rBEHU9GVC?/Ds9OHU<�<�>M5CHUJCP�_`>@B�587h9O7
<�>R?/ACBED�FEFGHI>RJ1]�¬p>@?!?[YCJ1j84l¬W£�b��
� �#2R�:a �)(d�Zj

x�>�>M51b8§�j�¬rj�b¢� �'& (CbC��D�HUFG?!HI<^587:9;7=<�>@?!ACBED�FGFEHI>@Ji?!DS9GVC>�5ZF�] $nDS>@ACVdLMFGHU<�F�b����1b ('�!��a �!2��Mj

�8(


