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1. INTRODUCTION�sS
TVFIFM^@HJjG�Ga<YZWMQOc.S�LOFIWuEGSVcPgZcPk.YlFMH"��EGFMQOF7�]�`T�cbFIH"SVc.L¡HJWIC.gZF
��YqLOE�HJjG^G^Vgqr!opcPgqLuC�kPFPwpCnH�LJQuC�LOFMk.r�LOc�YZa<^VQOc-opFfWIYqQOWIjVYZL�LOYZa<YZSGk�EGC.H
LuC�NpFIS�HJE]C�^vF"YZS�LOEVF6d�c.QOa�c�d�T�j]C.gf�]��LOFIWuEGSVcPgZcPk�rb[6~#EGF"WuEGc.YZWIF
c�d�� � YZS|opcPgZopFIH"C�LJQuC.TVFIc��£HJYZSGWMF$LOEGF+EGYZk.E£� � gZF;CPT�H"LOc�EGYZkPEVFMQ
kPC�LOF�TVFIglCIr!C�S]T`gZc;�#FMQ�H�LuC.S]T��br`gZF;C.N.C.k.Ft^vc;��FMQ�T�YlHJHJYZ^GC�LOYZcPS���EGYZgZF
LOEVF"gZc;�¤�]��gZF;CPT�H`LOc+d�C.H�LOFMQ!kPC�LOFIH!�VjVLn��YZLOE�T�QuC�H�LOYZW;C.gZgqr�EGYZkPEVFMQ
H�LuC�S]T��|r+gZF;C�NPC�kPF�^vc;�#FMQnTVYZHJHJYZ^]C-LOYZcPS¥[
UbLuC�LOYZW�^vc;�#FMQJ�sT�FIglC;r
LJQuC.TVFIc��(c.^VLOYZa<YZ�;C�LOYZc.S£�br�T�j]C�g��]�"C.H��

HJYZk.SGa<FISbL6E]C�H"�vFIFIS�LuC.WuN�gZF;T�^�QOFIo|YZcPjGHJgqr�YlS§¦q¨u©�ª�«¬[�}nS�Yla<^vc�QJ�
LuC�SbL�T�QuCI���GC.WuN"YZS�¦ bw�ª-«¥YZHfLOE]C�L��]��C.HJHJYZkPSVa<FISbL#YZH�^vFXQJd�c.QOa<FIT+C-L
LOEVF`kpC-LOFM��gZFIopFIg�w]Y�[ FP[ZwvC�gZg¥c�d�LOEGF�LJQuC�SGHJYZH�LOc.QOHRYZSDC"kPC�LOF�C�QOF`d�c.QOWIFIT
LOc@EGC;opF�HOC.a<F��]�Jw�C�H$c.^G^vc.HJF;T�LOc@WIcPSVHJYlTVFMQOYZSGk
F;C�WXE®LJQuC.SGHJYZH��
LOc�Q6HJFI^]C-QuC�LOFIgqr�d�c.Q"C.HJHJYZk.SGa<FISbL;w�C.S]T�LOEGYZH!FIgZYZa<YlSGC�LOFIH6C7HJYZk.SGYqd��
YZW;C�SbL<S|jGa"�vFXQ"c�d`kPcbc|T
WIYqQOWIjVYZL�WMcPSV¯GkPj�QuC�LOYZcPSVHI[°~#EGYZH�C.WMLOH¡C.H
c.jVQ�a<c�LOYlo.C�LOYZc.S°d�c.Q+^VQOFIHJFMS|LOYZSVk�C.S�C.gZkPc�QOYqLOEGa±LOE]C-L¡�#c�QON|H$C-L
LOEVFRLJQuC�SGHJYZH�LOc.QJ��gZFIopFMg¬[f�sS+^�QuC.WMLOYZWIF.wV^�QOcbWIFIHJH#WMcPSGH�LJQuC�YZS|LOH�a�C;r�QOFM�
�bjVYZQOFfLOEGFtC.HJHJYZkPSVa<FISbL�c.d�LOEGFtHOC.a<F��]�\LOcnC�k.QOcPjV^�c.dGLJQuC�SGHJYZH�LOc.QOHIw
C�S]T¡c.jVQta<FMLOEGc|T"YZHtkPFISVFMQuC.gvFISVcPjVkPE¡LOc!E]C�S]T�glF�HJjVWXE�C.TGTVYqLOYZcPSGC.g
WMcPSGH�LJQuC�YZS|LOHI[�²�jVQ+�]�6C.HJHJYZkPSVa<FISbL+C.^V^VQOcpC�WXE®YZH<�]C.HJFIT®cPS®FM¢|�
^VgZYlWMYZL�FMS�jVa<FMQuC�LOYZc.S+c�d�C�glgvLOEVF`TVFMHJYlk.S7HJc.glj�LOYZcPSGHIw�a�C.TVF�FX�<WIYZFISbL
�br+^VQOjVSGYZSGk6LOFIWuEGSGYl�bjGFMHI[
~#EVF"kPC�LOF<T�FIglC;r�C�H`�#FIgZgfC.H`LOEVF"gZF;C�NPC�kPF¡WIj�QJQOFISbL�TVFM^vFIS]T�cPS

LOEVFR� � C�S]T6LOEVF#LJQuC.SVHJYlH�LOc�QfHJYl�MFPw|C.SGT"EGFMSGWIF#c.^VLOYZa<YZ�IYZSGk�� � ��YqLOEV�
c.jVL�WIcPSVHJY�T�FMQOYZSGk�LJQuC.SVHJYlH�LOc�Q`HJYZ�IYZSGk+gZF;C;opFIH�C�HJYZk.SGYq¯]W;C�SbL`^]C-QJL`c�d
LOEVF6TVFIHJYZkPS�HJ^GC.WIF6jGSVFM¢�^GgZc.QOF;T\wvC�S]T7LOEGYZH�d�c�QOa<H�C<a�C;��c.Q`T�QuCI���
�GC.WuN�c�d¥¦q¨u©�ª�«¬[*~#EVFf^�QOcP�VglFMa(c�dVHJYZa�jGgqLuC.SVFIcPjVH¥c.^VLOYZa<YZ�;C�LOYZcPS!�#C.H
¯VQOH�L�YZSbLJQOc|TVjGWMF;T<YlS�¦ {.«¬w|��EGYZWuE$jVHJF;T�C6HJYZa<^GgZYZH�LOYZW��VYlSGC�QJr<HJFIC�QOWuE
LOFMWXEVSGYl�bjGFP[h~#EGF���c.QON�YZS7¦ y-«VWIcPSVHJYlTVFMQuC��Ggqr6FISGEGC.SGWMFIH�^VQOYZc.Q*��c.QON
YZS�QOFIa<c-o|YlSVk$HJFMopFMQuC.g*c�dtLOEVF"gZYZa<YZLuC-LOYZcPSGHI³�EGc;�#FMopFMQ;w�YqL�FIa<^GgZc;r�H
C<HJFISVHJYqLOYlo|YqL�r|���]C�HJF;TDFISVkPYZSGF!LOc<jG^\TVC�LOF!LJQuC.SVHJYZH�LOc.Q`HJYZ�IFMH`C.HR�#FIgZg
C�H<�]�J´ HIwfC.S]T�LOEGYZH�a�CIr�QOFIHJjVgZL�YZS@HJcPgZjVLOYZc.SGH�d�C�Q6d�QOc.aµc.^VLOYZa�C.g�w
FMHJ^vFIWIYlC.gZgqrDYZS7LOEVF`^VQOFIHJFMSGWIF!c�d*H�LJQOYlSVkPFISbL�WIc.SGH�LJQuC�YlSbLOHI[
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¾�F�FM¢VC.a<YZSGF�LOEVF�WIYqQOWIjVYZL�c.^VLOYZa<YZ�;C�LOYZcPS3^VQOcP�VgZFIa�c.d�a<YZSVYZ�
a<YZ�IYZSGkDH�LuC�S]T��|r�gZF;C.N.C.k.F�^vc-��FMQ�jGS]T�FMQ�C�QOF;C�C�S]T�LOYZa<YZSGk7WIcPS��
H�LJQuC.YZSbLOHI[t_`jVQOYZSGk6LOEGF�T�FIHJYZkPSD^�QOcbWIFIHJHIwvC�WIYqQOWIjGYqLnYlH�FM¢�^vFIWXLOF;T+LOc
a<FIFML�C�HJFML`c�d#T�FIglC;rDWIcPSVH�LJQuC.YZSbLOH`C.SGTDLOc+cbWMWIjG^br�C�S�C-QOF;C<LOE]C�L
YZH�SVc<a<c.QOF!LOE]C�SDLOE]C�L�C.gZgZc.LJLOFIT�LOc<YqL!T�jVQOYZSGk¡ÁGcbc.QO^Vg�C�SGSVYlSVkV[R�sL
W;C�S<�vFRHJEVc;��S<jG^vcPS"^VQOcP^vFXQtd�c.QOa"jVglC�LOYZcPS¡LOEGC�L*LOEGFRC.�vc-opF�^�QOcP���
gZFIaÂYlH7C�a<Yq¢VFIT�YZS|LOFMkPFMQ7SGcPSVgZYlSVF;C�Q7^VQOc.k.QuC.aÃ��B7��x�Ä�¿t�Xw�C�S]T
cPj�Q7FX¢V^vFXQOYla<FMS|LOH+HJEGc;��F;T�LOE]C-L$LOEVF�jVHJF�c.d"C.S�C.WMWIjVQuC-LOF�C�S]T
FM¢VC.WXL�B7��x`Ä¥¿(HJc.gloPFMQ+¦ Å-«tQOFI�|jVYqQOF;T�glC�QOk.F+i#¿fm�LOYla<FMH!FIopFIS�cPS
HJa�C.gZgRWIYqQOWIjGYqLOHI[Æ~#EVFMQOFMd�c�QOFPwRC�WIc.a<^Gj�LuC�LOYZcPSGC.gZgqr®FX�<WIYZFISbL;w#rbFML
C.WMWIjVQuC-LOFPwvEGFMjVQOYZH�LOYZW�YZHRFIHJHJFISbLOYlC.g�[n~#EGF�oPC-QOYlC�LOYZcPS�YZSDLOEGF6T�FI^vFISV�
TVFMSGWIF�c.d�LOEVF�LJQuC�SGHJYZH�LOc.Q�T�QuC.YZS§WIj�QJQOFISbL7c.S(�]�¡YlS£LOEVF�cPEGa<YZW
C.SGT�HJjV�VLOE�QOFIHJEGc.g�T�QOFIk.Ylc.SGH6C.SGT�LOEVF"SGC�LOjVQOF�c.d�C�L�r�^GYZW;C�g*C�QOF;C-�
TVFMg�CIr�LJQuCPTVFMc.�£WMjVQOopF+C�QOF+jGHJFIT�LOc�T|QuCI�ÀCDHJFML"c.dRWIcPSVWIgZjGHJYZcPSVH
LOE]C-L�d�c�QOa·LOEGFnLOEVFIc.QOFXLOYlWIC.g�jGS]T�FMQO^GYZSVSGYZSGk.H#c.d�c.jVQ�Ls�#c.��H�LOFI^7C.^��
^VQOcPC.WuE¥w���EGYZWuE£YZS|opcPgZopFIH�LJQuC.SVHJYZH�LOc.Q$HJYl�MYlSVk°C.H�¯GQOH�L+H�LOFI^¥wnC�S]T
cPj�Q"�]��C.HJHJYZk.SGa<FISbL6C.^V^VQOcPC.WuE@C.H!LOEGF"HJFIWIcPSGT�H�LOFI^�[$U�YZSGWMF<cPjVQ
� � C�HJHJYZkPSGa<FMS|L6C�^G^�QOcpC.WuE���c.QON|H6C�L!LJQuC.SVHJYZH�LOc.Q�glFMopFIg�whYqL�¯GLOH!YZS
�#FMglgv��YqLOE<LOEGF�LJQuC.SVHJYlH�LOc�Q�HJYZ�IYZSGkVwVC�S]T¡LOE|jGH�gZF;C.TVH�LOc�C.S�FM�¡WIYZFISbL
FM¢�^GgZc�QuC�LOYZcPSDc�d�LOEGF!T�FIHJYZkPSDHJ^GC.WIF6C-L�LJQuC.SGHJYZH�LOc�Q�gZFIopFMg¬[

2. LEAKAGE AND DELAY ESTIMATION~#EGF6FM�\FIWXL!c.d#�]��cPS�glFIC.N.C.kPF�WIjVQJQOFMS|L�W;C.S��vF6HJFIFIS�d�QOcPa:LOEGF
d�c.gZglc;��YZSGk+��U|�JB�F;�bj]C-LOYZcPSGH�d�c.QnC"HJYZSGk.glF!LJQuC�SGHJYZH�LOc.Q;Ç

È;ÉqÊ�Ë-Ì�Í ÈIÎ;ÏpÐlÑ-ÒJÓIÔ\Ñ;Õ�Ö�×OØpÑ Õ�ÙIÚsÛ�Ü ��¨�Ý�ÏpÔ\Ñ-Þ Ó ×uÑ Õ�ÙIÚ�Û�Ü �Xß
��EGFMQOFàÈ Î Í á¥â;ã Îuä ��å@æ.çt�J� ��è;Ê�éOê`ë ÏpìJí î ��¨-�

ï�FXQOF�á¥â�YZHhLOEGF��MFMQOc��VY�C�H�FIgZFIWMLJQOc.S¡a<cP�VYlgZYqL�rbw�ð<YZH�LOEGFtHJjG�VLOE�QOFIHJEV�
cPglT¡HJgZcP^vF�WIcbFX�<WIYZFISbL;w��GñXò#C.SGT<�Gó ò C�QOF#LOEGF�kPC�LOFM�¬LOc��sHJc.jVQOWIF�opc.gqLJ�
C.k.F<C.SGT�LOEVF"T|QuC.YZSV�¬LOc��sHJc.jVQOWIF�opcPgqLuC�kPFPw�QOFIHJ^vFIWMLOYZopFMgZrbw�� ��è;Ê�éOê YZH
LOEGF`LOEVFMQOa�C.g\opc.gqLuC.kPF.w\C.SGTDåôC�S]TDç®C�QOF!LOEGF�LJQuC�SGHJYZH�LOc.Qn��YlT�LOE
C.SGT�gZFISGk�LOE¥w�QOFIHJ^vFMWMLOYZopFIgqrb[3�sS£^VQuC�WMLOYZWIFPw�d�c�Q7FIC.H�r®FIH�LOYZa�C�LOYZcPS
d�QOc.aÀU�¿f��i#e�^]C�QuC�a<FMLOFMQOH*�#F�¯GL�et�bjGC�LOYZcPS���¨-�fC.H�C!d�jGSVWMLOYZcPS�c.d
LJQuC.SVHJYZH�LOc.Q`� � C.SGT+LJQuC�SGHJYZH�LOc.QR��YlT�LOE¥[
~#EGF�FMoPC�gljGC�LOYZcPS�c.d`LOEVFDgZF;C.N.C.k.F�WMjVQJQOFISbL�c.d6C�kpC�LOF�WIC.S£�vF

a�CPT�F�FX�<WIYZFISbL��br�jGHJYZSGk�LOEGF�WIcPSVWIFI^�L!c.d#TVcPa<YZSGC.SbL�H�LuC-LOFIH<¦ y-«¬[
U|LuC-LOF;T7YZSD^Vg�C�YZS�efSVkPgZYZHJE¥w\T�cPa<YZS]C�SbL�glFIC.N.C.kPF�H�LuC-LOFIHIwG��EVYlWuE�C.WX�
WIc.jGSbL�d�c.Qfºpy.õÆc�dGgZF;C�NPC�kPFPw.d�c.QhHJYla<^VgZFtkPC�LOFIHhQOFMd�FMQ�LOc�LOEGFtglFIC.N.C.kPF
H�LuC�LOFMH���YqLOE6c.SGgqr!c.SGF*LJQuC.SGHJYZH�LOc�Q�c.�"YlS!LOEVFt^VjGgZgq�sjV^!c.Q�^GjGgZgq�sTVc;��S
WuE]C.YZS�[*~#EGYZH*cP�VHJFMQOoPC-LOYZcPS<C�glgZc;��HfjGHhLOc`jVHJF�LOEGF#HJYZSVkPgZF#LJQuC.SVHJYlH�LOc�Q
��U|�JB�gZF;C�NPC�kPF#WIj�QJQOFISbL�a<c|TVFMgPd�c�Q*glFIC.N.C.kPF�FIH�LOYZa�C�LOYZcPS�wPHJYZSGWMF�d�c�Q
C6TVcPa<YZSGC.SbL#H�LuC-LOFPw�F;C.WuE$H�LuC�WXN<WMcPSbLuC.YZSGH�c.SGgqr<c.SGF�LJQuC�SGHJYZH�LOc.Q�YZS
LOEGF6HJjG��LOEVQOFIHJEVcPglTDQOFIkPYZc.S¥[6~�c+FIH�LOYZa�C�LOF�glFIC.N.C.kPF�d�c.Q`cP^VLOYZa<YZ�;C-�
LOYZcPS§^VjVQO^vcPHJFMHIwnLOEVF�glFIC.N.C.kPF�a<c|TVFMg�c.d�ef�bj]C�LOYZc.Sz��¨-�<W;C.S§�vF
a"jVgqLOYl^VgZYlFIT���YqLOE¡LOEGF�^VQOc.�]C��GYZgZYZLsr"LOEGC�L*LOEGF�LJQuC.SVHJYZH�LOc.Q#YZHfgZF;C.N|YZSGk
C.SGT+LOEVF!YlSV^Gj�L�H�LuC�LOF�YZHRTVcPa<YZSGC.SbL;[
~#EGF@kPC�LOF
T�FIglC;r(a<c|TVFMglH�jVHJF;T(YZS3LOEVYZH���c.QON(C�QOF
C.TVcP^�LOF;T

d�QOc.aö¦ »-«¬w]C�S]T+C�HJYZa<YZglC�Q�^VQOFMWXEGC�QuC.WXLOFMQOYZ�;C�LOYZcPS7^VQOcbWIF;T�jVQOF`YZH�FIa¡�
^GgZc;rbF;T\[f��SDC.TGT�YZLOYZc.S7LOc¡�vFIYZSGk�C�WIWIj�QuC�LOF!YZSD_�UVB�LOFMWXEVSGcPgZc.kPYZFIHIw
LOEGF�a<c|TVFIg`C.gZHJc�^vc.HJHJFIHJHJFIH�WIcPS|opFX¢VYqLsr£^VQOc.^vFMQJLOYZFIHDd�c�Q�C°¯V¢�F;T
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LOEVFMr�W;C.S��vF<FM¢�^GgZcPYqLOF;T��br�LOEVF<C�QOFIC��sTVFIglCIr�LJQuCPT�FIc.�°cP^�LOYZa<Yl�IC��
LOYZc.S¥w�LOc°C-QJQOYloPF�C-L�C@kPcbc|T�HJcPgZjVLOYZcPS�[·ïnc-��FIopFMQ;wn��EGFIS(�]�¡YZH
o.C�QOYZF;T\w�FMopFIS�jGSGTVFMQ`C$HJYZa<^GgZF"a<c|T�FIghd�c�Q�YZS�oPFMQJLOFMQ!T�FIglCIr
¦  -«¬whYqL
YZH!F;C�HJYZgZr�opFMQOYq¯GF;T�LOEGC�L`LOEVF<TVFMg�CIr�YZH!SGc�L6C$WIc.S|opFM¢Dd�jGSGWXLOYlc.S�c�d
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3. DUAL �vû ASSIGNMENT}
� � C�HJHJYZkPSGa<FMS|LhC.gZkPc�QOYqLOEGa3YZH¥^VQOFIHJFISbLOF;T`YZS`LOEVYlH¥HJFIWMLOYZcPS�w.C.S]T
YZH�HJjG�GHJFI�|jVFISbLOgqr�j�LOYZglYZ�IFIT�YlS
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^vc;��FMQ�a<YZSVYla<YZ�;C-LOYZcPS¥w�^�QOFIHJFISbLOF;T$YZS7LOEVF`SGFX¢�L�HJFMWMLOYZcPS¥[

3.1 Algorithm}�WMcPa"�VYZS]C�LOYZc.S]C.gPWIYqQOWIjGYqLhYZH�QOFM^VQOFIHJFISbLOF;T!C�HhC�TVYqQOFIWXLOF;T�C.WMr�WIgZYZW
k�QuC.^VE+��EVFMQOF�F;C�WXE�SVc|TVFRWIc.QJQOFIHJ^vc.S]T�H#LOc�C�kpC-LOF`C�S]T<F;C.WuE�F;TVk.F
WMc.QJQOFIHJ^vc.S]TVHhLOcnC.S6YZSbLOFMQOWIcPSVSGFIWXLOYlc.S��vFXL��#FMFIS�kPC�LOFIHI[f~#EVF�k�QuC.^GE
YZH�TVFIWMcPa<^vcPHJFIT3YZS|LOc®d�C.SVcPj�LJ��d�QOFIF@QOFIkPYZc.SGH��¬C�H�YlS(LOFIWXEVSGc.glc.k.r
a�C�^G^VYlSVk�C�gZkPc.QOYqLOEVa<H�HJjGWuE¡C.H�¦q¨I¹�«��Xw|C.SGT�LOEVF�FIS|jVa<FMQuC�LOYZopFfLOFIWXE��
SVYl�|jVFIH!C-QOF¡jGHJF;T�LOc$HJFMglFMWML"� � ´ H`��YqLOEGYZS�FIC.WuE�HJjGWuE�QOFIkPYZcPS�["¾�F
C�HJHJYZkPS°C7gZFIopFIg*LOc�F;C�WXE�kPC�LOF�jGHJYZSVk7LOEGF"LOc.^vcPgZcPk.YZW;C.g�HJc�QJL¡C�glk.c.�
QOYqLOEVaD³`LOEGF�^VQOYZa�C-QJr�YZSG^VjVLOH�WIc�QJQOFIHJ^vcPSGT§LOc
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^VjVLOH�C�S]T<^VQOcbWMFIF;TVH�YZS�LOEGFnc.QuTVFXQ�c.d�YlSVWMQOF;C�HJYlSVk"gZFIopFMg¬w�^�QOcbWIFIHJHJFIH
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QOFMHJFISbLOH`LOEGF¡HJFML�c�d�YZSG^VjVL`LOjV^GgZFIH¡��c.SGF"LOjV^GgZF¡WIc�QJQOFIHJ^vcPSGTVYZSGk7LOc
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LOEVF!LOYla<YZSVk<WIcPSVH�LJQuC.YZSbLOH`YZH�HJFIgZFIWMLOFIT�C�S]T7LOEVF6WMc.QJQOFIHJ^vc.S]TVYZSVk7�]�
YZH+C.HJHJYZk.SGF;T�LOc ® [Æ~#EGFDC.gZkPc�QOYZLOEVa LOEGFIS®WXEVFIWXN|H¡LOEVFD��_"´ H<c�d
YZSV^GjVLRLOjG^VgZFIHIw�¯¼¨I¹�ß;¨�°!w]d�c�Q�LOEGF�gZFMd�L!C.SGT7QOYZkPEbL`WuEGYZglT�w]QOFMHJ^vFIWM�
LOYZopFMgZrbwvC.S]T�C�HJHJYZkPSGH!�]�u´ H�WIc�QJQOFIHJ^vcPSGTVYZSGk�LOc<LOjG^VglF<¨I¹<LOc�SVc|TVF9±
C�S]T7WMc.QJQOFIHJ^vc.S]TVYZSVk"LOc"LOjG^VgZF"¨`LOc¡SVc|TVFr�VwGC.S]T$HJc¡cPS�[

0  {3,1,1.5,1.6,<2>}
1  {2,3,1.1,1.2,<2>}

0  {15,5,3.2,3,<0,0>}

10  {4,7.5,2.3,2.5,<1,1>}

Vt assigned

h

l

0  {3,1,1.5,1.6,<2,4>}
1  {2,3,1.1,1.2,<2,4>}

k

15  {1,15,3.3.1,<10,1>}

 j

g

m

1  {2,3,1.1,1.2,<2>}
0  {2,3,1.5,1.1,<2>}

0  {0,2.5,1.3,.6,<2,3>}
1  {1,2.1,1.2,.6,<2,3>}
2  {1,2.2,.9,.8,<2,4>}�v�E�C���;�²�¡�³�©��Fª«��� ¨ ¬��5¥w©´§&¥=�7�]� ¨ £�£��5�w©Fª«��©�¬

3.2 Pruning techniquesU|YZSGWIF!LOEGF6C�glk.c.QOYqLOEGa FIa<^GgZc;r�H�FM¢�^GgZYZWIYqL`FIS|jGa<FXQuC�LOYZcPS�w]jGHJF�c�d
^�QOjGSVYlSVk�LOFIWuEGSVYl�|jVFIH¡YZH<SGFMWIFIHJHOC�QJr°LOc�a�C�NpF7YqL�FM�¡WIYZFISbL;[£_`jVF
LOc¡LOEVF6TVFI^vFISGTVFISVWIF!c.d*LOEVF!kpC�LOF�TVFMg�CIr7C.SGT7LJQuC.SGHJYqLOYZcPS�LOYZa<F!cPS
LOEVFnd�C.SGc.jVL�gZcPCPTVYZSVkVw|LOEGFMQOFnYZH#SGc6H�LJQuC.YZkPEbLJd�c.QJ��C-QuT7cP^�LOYZa�C.gvHJjG���
H�LJQOjVWMLOjVQOF!^�QOcP^vFMQJLsr+FIS]C��GgZYZSGk¡jVHJF!c.d*T|rVSGC.a<YZW�^�QOcPk�QuC.a<a<YZSGk�[
¿�QOc-oPC��Ggqr$HJjG�vcP^�LOYZa�C.gvLOjG^VglFMH
}À^�QOc�o.C.�Vgqr@HJjG�vc.^VLOYZa�C.g�LOjV^GgZF+W;C.S°�vF7C�LOjG^VgZF+LOEGC�L<HOC-LOYlH�¯GFIH
c.SGF!c�d�LOEGF�d�cPgZgZc-��YZSVk�LOE�QOFIF!^VQOc.^vFMQJLOYZFIHIÇ
��¨;�t~#EVFMQOFnFX¢VYZH�LOH�C�SGc�LOEGFMQfLOjG^VglF���EGc.HJF`C-QJQOYlo.C.gVLOYla<FMH�C�S]T<gZF;C.Nb�
C�kPF�WIj�QJQOFISbLRC�QOF�C.gZg¥glFMHJH�LOEGC.S7LOEVcPHJF!YZS$LOEVF`WIj�QJQOFISbL�LOjG^GgZFP[
��.�t~#EVF�QOYZHJF6��d�C�glg���LOYla<F�d�c.Q�LOEVF�LOjG^GgZFPwP��EGFIS<YqLtYlH�CPTVTVF;T"LOc`LOEVF
gZc;�����]�*TVFIglCIr"d�QOcPa¤WIjVQJQOFISbLtkpC-LOFRLOc!LOEGF�QOcbc�L#c.d\LOEVF�d�C.SVcPjVLJ�¬d�QOFIF
LJQOFMFPw¥QOFMHJjGgqLOH!YZS�C$TVFIglCIr�LOE]C-L!FM¢�WIFIF;T�H`LOEGF6QOF;�bjGYqQOF;TDQOYZHJF���d�C.gZg��
LOYZa<F!C-L�LOE]C�LRa�jGgqLOYq��d�C.SVcPjVL#kpC�LOF.[
�¬ªP�6~#EVF<LOjG^GgZF<EGC.H�QOYlHJF+C�S]T�d�C.gZg�LOYZa<FIH�HJjGWuE�LOE]C-L���EGFIS�LOEVFMr
C-QOF"C.TGT�F;T7LOc¡LOEGF�EGYZk.EV��� � TVFMg�CIr$d�QOcPa LOEGF�c.jVLO^Gj�LRc.d*LOEGF�kpC-LOF
jVS]T�FMQ�WMcPSGHJYlT�FMQuC�LOYZcPS�LOc`LOEGF�QOcbc�L#c.d�LOEGF�LJQOFIF.wpLOEGF�QOFIHJjVgZLOYZSVk�T�FM�
glCIr�H��vc�LOE+HOC-LOYZH�d�r¡LOEVF�QOFI�|jVYqQOF;T¡LOYla<FMH�C-LtLOEVFna�jGgqLOYqd�C.SVcPj�L�kPC�LOFPw
�VjVLf��YqLOE7C!EGYZk.EGFMQ�glFIC.N.C.kPFRLOE]C�S$C!^�QOFIo|Ylc.jGHJgqr<WIc.a<^Gj�LOF;T�LOjG^VgZF
LOEGC�LnC.gZHJc<HOC-LOYlH�¯GFIH�LOEGcPHJF`QOFI�|jVYqQOF;T+LOYZa<FIHI[µ jGC.HJYq��HJjG�vc.^VLOYZa�C.g\LOjG^VglFMH
B7c�QOF¡C�kPk.QOFMHJHJYloPF¡^VQOjVSGYZSGk¡LOFIWuEGSVYl�|jVFIH`C-QOF6QOFI�|jVYqQOF;TDLOc+WMcPSbLJQOcPg
LOEVFtS|jVa"�vFMQ¥c.d�LOjG^VglFMHIw.FMHJ^vFIWIYlC.gZgqr!��EGFIS�LOEGF�d�C.SGc.jVLJ�¬d�QOFMF�QOFIkPYZc.SGH
C-QOF"glC�QOk.FP[!¸Vc.QRLOEGYZH�^VjVQO^vcPHJF.w\^VQOjGSVF LOjG^GgZF HJFMLnQOFIa<c-opFIHn�|jGC.HJYq�
HJjV�vcP^�LOYla�C�g¥LOjV^GgZFIHI[R}3LOjG^VgZF!YlH��bj]C.HJYq��HJjG�vc.^VLOYZa�C.g¥YqdfLOEVFMQOF�FM¢|�
YZH�LOH�C�SGc.LOEVFMQ�LOjG^VgZF�HJjGWuE�LOE]C�LDa"jGgqLOYZ^GgZYZW;C-LOYlc.S(c�d"LOEVF�C�QJQOYZo.C.g
LOYZa<FIH¥C.SGT`gZF;C.N.C.k.Ftc�d�LOEGC�L�LOjG^VglF*�br�C#HJa�C.gZgp^VQOjVSGFhd�C.WMLOc�Q�a�C.NpFMH
LOEVF�WIjVQJQOFMS|L�LOjG^GgZF�^�QOc�o.C.�Vgqr�HJjG�vcP^�LOYZa�C.g�[���S�^VQuC�WMLOYZWIFPwbT�Yq�\FMQOFISbL
^�QOjGSVYlSVk�d�C.WMLOc�QOH�W;C�S7�vF!jGHJFIT+d�c�Q`C-QJQOYZoPC�g�LOYZa<FIH�C�S]T7gZF;C�NPC�kPFP[
��L7YZHDYZa<^vc�QJLuC.SbL$LOc
FM¢�^Vg�C�YZS���Ebr®LOEGF�jGHJF�c.d6cPj�QD^VQOjVSGYZSGk

LOFMWXEVSGYl�bjGFIH<gZF;C.T°LOc�LOEVF7QOFIa<c-o.C.g�c.d!C�HJYZkPSVYZ¯GW;C.SbL+S|jGa��vFMQ¡c�d
LOjV^GgZFIHI[¥¾§EGYZgZFfLOEVF�S|jGa"�vFXQ¥c�d|LOjG^GgZFIH�W;C�S`LOEGFIc�QOFMLOYZW;C.gZgqr�YZSGWMQOF;C�HJF
FX¢V^vc.SGFISbLOYlC.gZgqrbw�LOEGYZHRTVcbFIH�SGc�L�E]C�^G^vFIS$YlS7^VQuC.WXLOYlWMFP[
~#EVF6¯VQOH�L�QOF;C�HJcPS�d�c�Q`FM¢�YZH�LOFISGWMF"c.dfHJjV�vcP^VLOYZa�C�g�LOjG^VglFMH�YZHnLOEVF

SGC�LOj�QOF<c.d�FIS|jGa<FXQuC�LOYZcPS�LOFMWXEVSGYl�bjGFP[$~#EGF<FX¢�LOFMSGHJYZopF<HJ^VQOFICPT�c�d
o.C�QOYlC��GgZFIH#HJjVWXE�C�H#YZSG^Gj�L#C-QJQOYZoPC�gGLOYZa<FIHIwbYZSG^VjVLfLJQuC.SGHJYqLOYZcPS�LOYZa<FIHIw
C�S]T$� � ��HJFMLJLOYZSVkPH�W;C�S+^�QOc|TVjVWIF�opFXQJr<WIgZcPHJF�LOjV^GgZFIHI[*¸Vc.Q�FM¢VC�a<^GgZFPw
WMcPSGHJYlT�FMQnLs�#c¡HJWMFIS]C-QOYlc.HRd�c.QnC.S7YlS|opFXQJLOFMQ;Ç¶�·1¸.¹�º Ç�~#EVFR� � ��HJFMLJLOYZSGkRd�c�QfLOEVF#YZS|opFMQJLOFMQ�YZH*HJjGWuE�LOEGC�L�LOEVF�SGa<c.H
LJQuC�SGHJYZH�LOc.Q�YZHnHJFMLRLOc<EGYZk.E��]�Ow\C�S]T$LOEVF!YZSG^Gj�L�LOjG^GgZF!EGC.HRglc;�¼C�QJ�
QOYZo.C.g\LOYZa<FIHRC.S]T+EGYZkPE7glFIC.N.C.kPF.[

¶�·n¸@¹v» Ç�~#EGFR�]����HJFMLJLOYZSGk�d�c.Q*LOEGFtYZS�oPFMQJLOFMQ*YZH*HJjGWuE�LOE]C-LhLOEGF�SGa<cPH
LJQuC.SVHJYZH�LOc.Q`YZHRHJFMLRLOc<glc;�¼� � w]C.S]T7LOEVF!YZSG^Gj�L�LOjG^GgZF!EGC.HREGYZkPE�C-QJ�
QOYZoPC�g�LOYZa<FIH�C�S]T7gZc;�ÆgZF;C.N.C.k.FP[
��S
LOEGF$¯GQOH�L�W;C�HJFPw#LOEGF7YlS|opFXQJLOFMQ�TVFMg�CIr°YZH�EGYZkPE®�GjVL"LOEGF7YZSV^GjVL
C�QJQOYZo.C.g#LOYZa<FIH"C.S]T�LOEVF$YZS|opFMQJLOFMQ"gZF;C.N.C.k.F�C�QOF$glc;�!w�C.SGT°YZS@LOEGF
HJFIWIc.S]T�WIC.HJF�YZS�oPFMQJLOFMQ�TVFIglCIr�YZH�gZc;�!wfTVjVF"LOcDgZc;�À�]��c�d�H���YqLOWXE��
YZSGk$SGa<cPHIw��VjVL`LOEVF¡C�QJQOYZo.C.g�LOYZa<FIH!C�S]T�YlSV^Gj�L!gZF;C.N.C.k.F<C�QOF¡gZc;�![
ï�FMSGWIF#LOEVF�Ls�#c`LOjV^GgZFIH*^VQOc|T�jGWIF;T<C-L*LOEGF�cPj�LO^GjVL*WIC.S<gZYZFnYZS¡WIgZc.HJF
^VQOc;¢�YZa<YqL�rb[���S�W;C�HJF#c.dVkpC-LOFIHh��YqLOE6EVYZkPEGFXQ�S|jGa"�vFXQ�c�dGYZSG^VjVLOH¥HJFIob�
FMQuC�gtWIc.a"�VYlSGC�LOYZcPSVH!c.d#C�QJQOYZoPC�gfLOYZa<FIH�C�S]T��]����HJFMLJLOYZSGk.H!W;C.S�gZF;CPT
LOc¡k.FISGFMQuC-LOYZcPS�c.dhopFMQJr+WIgZcPHJF!LOjG^VgZFIHI[
}nSVc.LOEVFMQ�QOFIC.HJcPS
d�c�Q¡LOjG^VgZF+^�QOjGSVYlSVk�YZH"LOEGF�^GEVFISGc.a<FISGc.S@c.d¼Y½n¾C¿�ÀHÁ(ÂnÃ9¼Y½ · ½wÄ ¹ [�~#EGF�WIcPSVWIFI^�L7W;C�S§�vF�FM¢�^GglC.YZSGFIT£jGHJYZSGk
C

SGc.SGYZS|opFMQJLOYZSGk`Ls�#c��sYZSV^GjVLtkpC-LOFPwVinwbHJEVc-��S�YZS�¸hYZkPj�QOF�ª|[f~#EGF�QOYlHJF
C.SGT�d�C�glg#LOYZa<FIH6YZS
~�jG^VgZF�¨$C-L"YZSG^VjVL"}·c.d�LOEGF�kPC�LOF$C�QOF+�vc.LOE
EGYZk.EGFMQRLOE]C�S7LOEGc.HJF!YlS�C�gZg�c.d�LOEVF`LOjG^VglFMHnC-L�YZSV^GjVLR�R[v}nHJHJjVa<YZSGk
C�jVSGYqL�^GYZS���LOc���^GYZS7T�FIglCIr<d�QOcPaÀ�vc�LOE7YZSG^VjVL�^VYZSGHIw�YqL�W;C.S$�vF`HJFIFIS
LOE]C-L"LOEVF+YZSV^GjVL6LOjG^VgZF+WMcPa"�VYZS]C�LOYZc.SGH���YZgZg�WMQOF;C-LOF+LOE�QOFIF�LOjG^GgZFIH
C�L+LOEGF�c.jVLO^Gj�L$��YqLOE£LOEVF�HOC�a<F�C�QJQOYZoPC�g�LOYZa<FIHIw���EGYZWuE�C�QOF�C.gZg
TVYZWMLuC-LOF;T£�br
LOjG^GgZF�C�L+LOEGF�YZSV^GjVL$}�[t¾�F�HOCIr°LOE]C-L$LOEVFDLOjG^GgZF
¨+C�L�YZSG^VjVL�} Á(ÂnÃ9¼Y½ · À ¹\¸ LOEGF<LOjV^GgZFIH6C�L�YZSG^Gj�L��n[*²�j�L�c�d�LOEGF
LOEVQOFMF�LOjV^GgZFIH�C-LDkpC-LOF@inw�LOEVF�EVYlk.EGgZYZkPEbLOF;T§LOjG^VglF�YZH7LOEGF�cPSVgqr
SGc.SGHJjV�vcP^VLOYZa�C�gfLOjV^GgZFPw�HJYZSGWMF+YqL�E]C�H6LOEVF<glFIC.H�L¡gZF;C�NPC�kPF$C.a<c.SGk
LOEVQOFMF6LOjV^GgZFIHnC.S]TDc.SGgqrDLOEGC�LRLOjG^GgZF!��YZgZg��vF�^�QOFIHJFMQOopF;T\w\C.SGT7LOEGF
H�LJQOjGWuN�cPj�LRLOjV^GgZFIH#��YZgZg��vF!^�QOjGSGFIT

A B

  1 {0,6,2.4,2.6,<1,1>}

 1 {0,2.5,1.4,1.6,<2,3>}

 1 {0,2.5,1.3,0.6,<2,3>}
  2 {1,2.1,1.2,0.6,<2,3>}
 3 {1,2.2,0.9,0.8,<2,4>}

  2 {0,5.6,2.4,2.6,<1,2>}
  3 {0,5.7,2.4,2.6,<1,3>}

C

�v�E�w�,�1�«Å�¡BÆ@©�ÇF�,¬H¤�¥�ª�E© ¨ ©�¦n�
4. UNIFIED ALGORITHM¾�F7^VQOcP^vc.HJF�C�EGFIj�QOYZH�LOYlWDLOEGC�L�HJFI^GC�QuC-LOFIH+LOEVFDcP^�LOYZa<Yl�IC�LOYZcPS
YZSbLOc6Ls�#c�TVYZH�LOYZSGWML�H�LOFI^VHIÇhLJQuC.SVHJYZH�LOc.Q�HJYZ�IYZSGk<C�S]T�TVjGC.g�� � C.HJHJYZkPS��
a<FISbL;[�~#EVFnNPFMr¡YZHJHJjGFRYZH�LOc6TVFIWMY�T�F���EGFMLOEVFMQ�LOc�W;C-QJQJr<cPj�L�HJYZ�IYZSGk
^VQOYZc�Q�LOc!� � C.HJHJYZkPSVa<FISbL;w.c�Q*o|YlWMF#opFMQOHOC|wpC�S]T!LOc`C.SGC.gqr��IF���EVFMLOEGFMQ
HJjGWuE�C"HJFM^]C�QuC-LOYZcPS�W;C�S��vF!glc.kPYZW;C�glgqr¡��jGH�LOYq¯]FIT�[�Ä¥FMLRjGH�WIc.SGHJYlTVFXQ
LOEGFn¯GQOH�LRc.QuT�FMQRF;�bj]C�LOYZc.S$d�c�Q�YZS|opFMQJLOFXQRTVFIglCIr�¦  -«�wGkPYZopFIS$�vFIgZc;�!Ç
Õ_ÈÊÉ Ë#ÌwÍkÎ Õ�ÏqÐ7Ñ Ò Î@Ó,Ó�ÔÕ@Ö ÍkÎ Ó�Ó Ï Î Õ Ô Ëf× Ë#ÌÕ@Ö Î Ó,Ó Í Ò=Ï Û Ô

Ø Û ÏvÐ7Ñ ÒÒCÏ Û × ÒË(Ù Ö Í ÒÛÚwÏ Ë Ð Û Ô�ÜMÍ�ËÔ
��EGFXQOF�Ý�YlHR� � æP�wÞ�Þn[f}ngqLOEVcPjGk.E7ef�bj]C-LOYlc.S���.�ta�CIr<�vF�S|jGa<FXQOYZ�
W;C�glgqr7YlSGC.WIWMjVQuC�LOF�YZSD_�UVB5LOFIWXEVSGc.glc.kPYZFIHIw\YqLRE]C�H�C¡k.cbc|T7¯vTVFMglYqLsr
��YqLOE�C.WIWIj�QuC�LOF6a<c|TVFIgZHI[n¸VQOc.a ef�bj]C-LOYlc.SGH���¨-�nC�S]T���.�Xw]�#F6SGc��
LOYZWIF`LOEGFnd�cPgZgZc;��YZSGk�LJQOFIS]T�HIÇßvà@¸@¹\á7â1· À_¼JÂn½ º Ç¥~#EGF*gZF;C.N.C.k.FtWIj�QJQOFISbL�o.C�QOYZFIH�FM¢�^vcPSVFISbLOYlC.gZgqr`��YqLOE
� � wV�Gj�L�gZYlSVF;C�QOgqr+��YqLOE7LOEGF�LJQuC�SGHJYZH�LOc.QR��YlT�LOE�[ßvà@¸@¹\á7â1· À_¼JÂn½ » Ç�_`FIglCIr!TVFMWMQOF;C.HJFMH�gZYZSGF;C-QOgZr���YZLOE!YZSVWMQOF;C.HJYZSVkR��YlT�LOE�w
C.SGT$HJjV^vFMQJ�s�|jGCPT|QuC�LOYZW;C.gqr+��YqLOE�TVFIWXQOF;C.HJYZSGk+� � [
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Area (um)�v�E�C���;�gã,¡�ä���å ¨�æ�ç:¨ �;� ¨ ¦3���;èw��¥C§Bé�ã�êCê
Ä¥FXLtjVH*FM¢VC.a<YZSGF�C�Lsr�^GYZW;C.gVTVFMg�CIr|�sC�QOF;C�LJQuC.TVFM��c��$WMjVQOopF�d�c.Q�C.^��

^Ggqr�YZSGk�cPSVgqrDLJQuC.SVHJYlH�LOc�Q�HJYZ�IYZSGk+cPS�C+WMcPa"�VYZS]C�LOYZc.S]C.g�WIYqQOWIjGYqL;³�C.S
FM¢VC.a<^VgZF�YlHfHJEGc;��S<YZS�¸hYZkPj�QOFR{�[*~#EGF�WIj�QOopF�HJEGc;��H�C!TVYZH�LOYZSGWMLOYZopF
N|SGFIFtQOFIkPYZcPS�wp�vFMrpcPS]T���EGYZWuE�LOEGF�Yla<^�QOc-opFIa<FISbL¥YlS�LOEGF#T�FIglCIr"^vFMQ
jGSVYqL`YZSGWMQOFIC.HJF"YZS�LOEGF�C�QOFIC$T�FIWMQOF;C�HJFIH`HJYZkPSVYZ¯GW;C.SbLOgqrb[!~#EVYZH`gZF;CPT�H



jVH�LOc"LOEGF`SVFM¢|L�cP�VHJFMQOoPC-LOYZcPS¥ÇßPà@¸.¹\á7â1· À_¼JÂ1½së Ç*mn^$LOc"LOEVF`N|SGFIF`^vc.YZS|L;w�HJYZ�IYZSGk¡QOFMHJjGgqLOH�YlS7C"gZYZSV�
FIC�Q!YZSGWXQOF;C.HJF6YZS�LOEVF6C�QOF;C|w���YqLOE�C<opFMQJr7HJa�C.gZg�QuC�LOF6c.dfYZSGWXQOF;C.HJFP[
�tFMrbcPSGTDLOEGYZHnQOFIk.YZcPS¥w\LOEVF"C-QOF;C+YZSVWMQOF;C.HJFMH`FM¢�^vcPSVFISbLOY�C�gZgZrb[!U�YZSGWMF
LOEVF�glFIC.N.C.kPF�WIj�QJQOFISbLfoPC-QOYlFMHtgZYZSGF;C-QOgqr¡��YqLOE¡LOEGF#LJQuC.SVHJYZH�LOc.Q���YlT|LOE¥w
YqLRHJEGc;��H�LOEGF`HOC�a<F�LJQOFISGTVHRC.H�LOEGF`C�QOF;C|[
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