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.m�HBiv BM Q`/2` i?2Q`v
Ç h?2 T`QT2`iB2b /2`Bp2/ 7Q` ֕- Ď- ֦- ֘- NBY- ֗- NJO- 2i+X �`2 p�HB/ 7Q` i?2 /m�H ֖- ֦-Ď- ֗- NJO- ֘- NBY- 2i+X
Ç AMimBiBQM,

⟘

s
⨆S 

min S

⟙

⨅S 
s

max S⟙

⟘

!

!
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.m�H Q7 � :�HQBb +QMM2+iBQM
Ç h?2 /m�H Q7 � :�HQBb +QMM2+iBQM ܹC ֕ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA օܺ Bb i?2 :�HQBb +QMM2+iBQM ܹAօܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹC ֕ܺ

S`QQ7 ܹC ֕ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA օܺí 	ਙ
 օ ਚ í ਙ ֕ 	ਚ
 #/27X :�HQBb +QMM2+iBQM$	ਙ
 ֆ ਚ í ਙ ֖ 	ਚ
 #/m�H bi�i2K2Mi$í 	ਚ
 ֕ ਙ í ਚ օ 	ਙ
 #BMp2`b2 Q`/2` ਙ ֖ ਚ í ਚ ֕ ਙ$í 	ਙ
 ֕ ਚ í ਙ օ 	ਚ
 #/mKKv p�`B�#H2 `2M�KBM;$í ܹA օܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹC ֕ܺ #/27X :�HQBb +QMM2+iBQM$ !

Ç .m�HBx�iBQM Q7 � bi�i2K2Mi BMpQHpBM; :�HQBb +QMM2+iBQMb +QMbBbib BM 2t+?�M;BM; i?2
�/DQBMib

Ç A7 �M �/DQBMi ?�b � T`QT2`iv- Bib �/DQBMi ?�b i?2 /m�H T`QT2`iv
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1t�KTH2 Q7 /m�HBx�iBQM
G2KK� R A7 ܹC ֕ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA օܺ i?2M  Bb BM+`2�bBM;X !

S`QQ7 �bbmK2 ৸ ֕ ৸ўX "v 	৸ў
 օ 	৸ў
 r2 ?�p2 ৸ў ֕ 		৸ў

 bQ ৸ ֕ 		৸ў

 #v
i`�MbBiBpBiv ?2M+2 	৸
 ֕ 	৸ў
 #v /2}MBiBQM Q7 � :*- T`QpBM; i?�i  Bb BM+`2�bBM;X !

G2KK� k A7 ܹC ֕ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA օܺ i?2M  Bb BM+`2�bBM;X !

S`QQ7 "v /m�HBiv UBM+`2�bBM; Bb b2H7@/m�H bQ i?2 /m�H Q7 ǳ Bb BM+`2�bBM;Ǵ Bb ǳ Bb
BM+`2�bBM;ǴVX !
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1t�KTH2 Q7 /m�HBx�iBQM
Ç AM � :�HQBb +QMM2+iBQM ܹC ֕ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA օܺ r2 ?�p2  ԯ  ԯ  � 

S`QQ7 ?QK2rQ`F 6Q` �HH ਙ ó C �M/ ਚ ó A-	ਙ
 օ 	ਙ
 #`2~2tBpBiv$ë ਙ ֕ 		ਙ

 #/27X :*$ë 	ਙ
 օ 			ਙ


 # BM+`2�bBM;$	ਚ
 ֕ 	ਚ
 #`2~2tBpBiv$ë 		ਚ

 օ ਚ #/27X :*$ë 			ਙ


 օ 	ਙ
 #7Q` ਚ � 	ਙ
$	ਙ
 � 			ਙ


 #�MiBbvKK2i`v$ !

Ç h?2 /m�H Bb  ԯ  ԯ  � X
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1[mBp�H2Mi /2}MBiBQM Q7 :�HQBb +QMM2+iBQMb
Ç ܹC ֕ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA օܺ B7 �M/ QMHv B7  ó CҾ A �M/  ó AҾ C b�iBb7v

URV  Bb BM+`2�bBM;c
UkV  Bb BM+`2�bBM;c
UjV îਙ ó C � ਙ ֕  ԯ 	ਙ
 UBX2X  ԯ  Bb 2ti2MbBp2V
U9V îਚ ó A �  ԯ 	ਚ
 օ ਚ UBX2X  ԯ  Bb `2/m+iBp2V !
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 T`2b2`p2b 2tBbiBM; Hm#b

G2KK� j A7 ܹC ֕ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA օܺ i?2M  T`2b2`p2b Hm#b i?�i K�v 2tBbi BM CBX2X
H2i ֘ #2 i?2 T�`iB�HHv /2}M2/ Hm# 7Q` ֕ BM C �M/  #2 i?2 T�`iB�HHv /2}M2/ Hm#
7Q` օ BM AX G2i ৻ ó Û	C
 #2 �Mv bm#b2i Q7 CX A7 ৻ࡗ 2tBbib BM C i?2M i?2 mTT2`
#QmM/ 
ਇ	\ Է ਇ ó ৻^ 2tBbib BM C �M/ Bb 2[m�H iQ 	ࡗ ৻
X !

S`QQ7 "v 2tBbi2M+2 �M/ /2}MBiBQM Q7 i?2 Hm# -৻ࡗ r2 ?�p2 îਇ ó ৻ � ਇ ֕ ࡗ ৻ bQ	ਇ
 օ 	ࡗ ৻
 bBM+2  Bb BM+`2�bBM;X Ai 7QHHQrb i?�i 	ࡗ ৻
 Bb �M mTT2` #QmM/ Q7\	ਇ
 Է ਇ ó ৻^X G2i ਖ #2 �Mv mTT2` #QmM/ Q7 i?Bb b2i \	ਇ
 Է ਇ ó ৻^ bQ i?�iîਇ ó ৻ � 	ਇ
 օ ਖX "v /2}MBiBQM Q7 � :*- îਇ ó ৻ � ਇ ֕ 	ਖ
X aQ 	ਖ
 Bb �M mTT2`
#QmM/ Q7 ৻X "v 2tBbi2M+2 �M/ /2}MBiBQM Q7 i?2 Hm# -৻ࡗ ৻ࡗ ֕ 	ਖ
 bQ 	ࡗ ৻
 օ ਖ
T`QpBM; i?�i 	ࡗ ৻
- r?B+? 2tBbib bBM+2  Bb � iQi�H 7mM+iBQM- Bb i?2 Hm# Q7\	ਇ
 Է ਇ ó ৻^ /2MQi2/ 
ਇ	\ Է ਇ ó ৻^X !

Ç "v /m�HBiv  T`2b2`p2b 2tBbiBM; K22ibX
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Hm#@T`2b2`pBM; 
G2KK� 9 A7  T`2b2`p2b 2tBbiBM; Hm#b �M/ 	ਚ
 թ ਙ\ࡗ ó C Է 	ਙ
 օ ਚ^ Bb r2HH@
/2}M2/ i?2M ܹC ֕ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA օܺX !

S`QQ7 ਙ ֕ 	ਚ
ë ਙ ֕ Ȁ\ਙў ó C Է 	ਙў
 օ ਚ^ #/27X $ë 	ਙ
 օ 	Ȁ\ਙў ó C Է 	ਙў
 օ ਚ^
 # T`2b2`p2b 2tBbiBM; Hm#b bQ Bb BM+`2�bBM;$ë 	ਙ
 օ\	ਙў
 Է ਙў ó C ü 	ਙў
 օ ਚ^
 # T`2b2`p2b 2tBbiBM; Hm#b$ë 	ਙ
 օ ਚ
#bBM+2 ਚ Bb �M mTT2` #QmM/ Q7 \	ਙў
 Է 	ਙў
 օ ਚ^ ;`2�i2` i?�M Q` 2[m�H iQ i?2
Hm# 
ਙў	\ Է 	ਙў
 օ ਚ^$ë ਙ օ Ȁ\ਙў ó C Է 	ਙў
 օ ਚ^ #bBM+2 ਙ ó \ਙў ó C Է 	ਙў
 օ ਚ^$ë ਙ օ 	ਚ
 #/27X $ !
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lMB[m2M2bb Q7 �/DQBMib

G2KK� 8 AM � :�HQBb +QMM2+iBQM QM2 �/DQBMi mMB[m2Hv /2i2`KBM2b i?2 Qi?2`X !

S`QQ7 P#b2`p2 i?�i î৸ ó C � 	৸
 � ֗\৸ Է 	৸
 օ ৸^ bQ- #v /2}MBiBQM Q7 � :*-	৸
 � ֗\৸ Է ৸ ֕ 	৸
^ BX2X  mMB[m2Hv /2i2`KBM2b X .m�HHv  mMB[m2Hv /2i2`KBM2b 
bBM+2 î৸ ó A � 	৸
 � ֘\৸ Է 	৸
 օ ৸^X !

Ç h?Bb H2KK� Bb mb27mH BM bBim�iBQMb r?2`2 QMHv QM2 �/DQBMi Bb /2}M2/ 2tTHB+BiHv bBM+2
i?2M i?2 Qi?2` Bb �HbQ mMB[m2Hv /2i2`KBM2/X

Ç LQi2, 7Q` ;Bp2M +QM+`2i2 �M/ �#bi`�+i T�`iB�H Q`/2`b

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ 38fkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



:�HQBb `2i`�+iBQM Ubm`D2+iBQMfBMb2`iBQMV
Ç A7 ܹC ֕ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA օܺ i?2M

Ç  Bb bm`D2+iBp2- B7 �M/ QMHv B7
Ç  Bb BMD2+iBp2- B7 �M/ QMHv B7
Ç î৸ ó A �  ԯ 	৸
 � ৸X

Ç h?Bb Bb /2MQi2/ ܹC ֕ܺ ÷÷÷÷Ҿ݇ҽ÷÷÷÷÷÷ ܹA օܺ �M/ +�HH2/ � :�HQBb `2i`�+iBQM U:�HQBb
bm`D2+iBQM- BMb2`iBQM- 2i+XVX
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�#bi`�+iBQM
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aQmM/ �#bi`�+iBQM
Ç �bbmK2 ܹC ֕ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA օܺ
Ç q2 b�v i?�i ৸ ó A Bb � bQmM/ �#bi`�+iBQM Q7 ৸ ó C B7 �M/ QMHv B7৸ ֕ 	৸


ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ 33fkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



1t�KTH2b Q7 bQmM/ �#bi`�+iBQMb

Ďk࣎� �k֦ܹӐk࣏ ֕kܺ � k	Ďk
 թ ñk	࣎�
 թ \ਛ Է ਛ ࣎ �^k	࣏�
 թ \ਛ Է ਛ ࣏ �^k	 k֦
 թ %

T`QT2`iv bQmM/ �#bi`�+iBQMb #2bi �#bi`�+iBQM\� ��^ �࣏ �M/ k֦ ^�\�࣏ -�࣎ -�࣏ �M/ k֦ MQM2

Ç h?2`2 Bb MQ :�HQBb +QMM2+iBQM #2ir22M ܹÛ	%
 Ċܺ �M/ ܹӐk ֕kܺX
ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ 3Nfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



"2ii2` �#bi`�+iBQM
Ç �bbmK2 ܹC ֕ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA օܺ
Ç G2i ৸� ৸� ó A #2 bQmM/ �#bi`�+iBQMb Q7 i?2 +QM+`2i2 T`QT2`iv ৸ ó CX
Ç q2 b�v i?�i ৸� Bb #2ii2`fKQ`2 T`2+Bb2fbi`QM;2`fH2bb �#bi`�+i i?�M ৸� B7 �M/ QMHv B7৸� օ ৸�X
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"2bi �#bi`�+iBQM
Ç �bbmK2 ܹC ֕ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA օܺ
Ç h?2M 	৸
 Bb i?2 #2bifKQbi T`2+Bb2fbi`QM;2bifH2�bi �#bi`�+i T`QT2`iv r?B+? Bb �

bQmM/ �#bi`�+iBQM Q7 i?2 +QM+`2i2 T`QT2`iv ৸X
S`QQ7

Ç 	৸
 Bb � bQmM/ �#bi`�+iBQM Q7 ৸ bBM+2 ৸ ֕ 		৸

X
Ç 	৸
 Bb i?2 H2�bi bQmM/ �#bi`�+iBQM Q7 ৸ bBM+2 	৸
 4 ৸\ࡖ Է ৸ ֕ 	৸
^X !
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1t�KTH2b Q7 #2bi �#bi`�+iBQMb

Ďk࣎� �k֦ܹӐk࣏ ֕kܺ � k	Ďk
 թ ñk	࣎�
 թ \ਛ Է ਛ ࣎ �^k	࣏�
 թ \ਛ Է ਛ ࣏ �^k	 k֦
 թ %

T`QT2`iv bQmM/ �#bi`�+iBQMb #2bi �#bi`�+iBQM\� ��^ �࣏ �M/ k֦ ^�\�࣏ -�࣎ -�࣏ �M/ k֦ MQM2

Ç h?2`2 Bb MQ :�HQBb +QMM2+iBQM #2ir22M ܹÛ	%
 Ċܺ �M/ ܹӐk ֕kܺX
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*QK#BM�iBQM Q7 :�HQBb +QMM2+iBQMb
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*QKTQbBiBQM Q7 :�HQBb +QMM2+iBQMb
Ç h?2 +QKTQbBiBQM Q7 :�HQBb +QMM2+iBQMb ܹP� ֕ܺ ÷÷÷÷÷Ҿҽ÷÷÷÷÷�� ܹP� օܺ �M/ ܹP�օܺ ÷÷÷÷÷Ҿҽ÷÷÷÷÷�� ܹP� ⊴ܺ Bb i?2 :�HQBb +QMM2+iBQM ܹP� ֕ܺ ÷÷÷÷÷÷÷Ҿҽ÷÷÷÷÷÷÷�ԯ��ԯ� ܹP� ⊴ܺX
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:�HQBb +QMM2+iBQMb T�B`b
Ç G2i ܹC� ֕�ܺ ÷÷÷÷÷Ҿҽ÷÷÷÷÷�� ܹA� օ�ܺ �M/ ܹC� ֕�ܺ ÷÷÷÷÷Ҿҽ÷÷÷÷÷�� ܹA օ�ܺc
Ç ܹC� s C� Т֕ ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA� sA� Тօܺ- r?2`2
Ç 	ܹਙ ਚܺ
 � ܹ�	ਙ
 �	ਚ
ܺ-
Ç 	ܹਙ ਚܺ
 � ܹ�	ਙ
 �	ਚ
ܺ- �M/
Ç Т֕ �M/ Тօ �`2 +QKTQM2MirBb2X
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>B;?2`@Q`/2` :�HQBb +QMM2+iBQMb
Ç G2i ܹC� ֕�ܺ ÷÷÷÷÷Ҿҽ÷÷÷÷÷�� ܹA� օ�ܺ �M/ ܹC� ֕�ܺ ÷÷÷÷÷Ҿҽ÷÷÷÷÷�� ܹA օ�ܺc
Ç ܹC� Ӏ݇ C� Т֕�ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA� Ӏ݇ A� Тօ�ܺ- r?2`2
Ç  � ਈ X� ԯ ਈ ԯ �- �M/
Ç  � ਈ X � ԯ ਈ ԯ �X

C�
A�

C�
A�ਈ

ਈ� � � �
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*QM+HmbBQM QM �#bi`�+iBQM #v :�HQBb +QMM2+iBQMb
Ç q2 +�M `2T`2b2Mi �#bi`�+i T`Q;`�K T`QT2`iB2b #v TQb2ib �M/ 2bi�#HBb? i?2

+Q``2bTQM/2M+2 rBi? i?2 +QM+`2i2 T`QT2`iB2b mbBM; � :�HQBb +QMM2+iBQMX
Ç h?2 +QM+`2i2 Q`/2` bi`m+im`2 Bb T`2b2`p2/ BM i?2 �#bi`�+i �M/ BMp2`b2HvX
Ç Pi?2`rBb2 bi�i2/ +QM+`2i2 �M/ �#bi`�+i BKTHB+�iBQMb +QBM+B/2 mT iQ i?2 :�HQBb

+QMM2+iBQMX
Ç aQ T`QQ7b BM i?2 �#bi`�+i /QK�BM ܹA օܺ mbBM; i?2 �#bi`�+i BKTHB+�iBQMfQ`/2` օ Bb

p�HB/ BM i?2 +QM+`2i2 ܹC ֕ܺ 7Q` ֕- mT iQ i?Bb :*X
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_272`2M+2b A
"2`i`�M2- CmHB2M- S�i`B+F *QmbQi- _�/?B� *QmbQi- Cû`ƬK2 62`2i- G�m`2Mi J�m#Q`;M2-

�MiQBM2 JBMû- �M/ s�pB2` _Bp�H UkyR8VX ǳai�iB+ �M�HvbBb �M/ o2`B}+�iBQM Q7
�2`QbT�+2 aQ7ir�`2 #v �#bi`�+i AMi2`T`2i�iBQMǴX 6QmM/�iBQMb �M/ h`2M/b BM
S`Q;`�KKBM; G�M;m�;2b kXk@j- TTX dRĜRNyX

"H�M+?2i- "`mMQ- S�i`B+F *QmbQi- _�/?B� *QmbQi- Cû`ƬK2 62`2i- G�m`2Mi J�m#Q`;M2-
�MiQBM2 JBMû- .�pB/ JQMMB�mt- �M/ s�pB2` _Bp�H UkyyjVX ǳ� bi�iB+ �M�Hvx2` 7Q` H�`;2
b�72iv@+`BiB+�H bQ7ir�`2ǴX AM, SG.AX �*J- TTX RNeĜkydX

*QmbQi- S�i`B+F UJ�`X RNd3VX ǳJûi?Q/2b Biû`�iBp2b /2 +QMbi`m+iBQM 2i /Ƕ�TT`QtBK�iBQM
/2 TQBMib }t2b /ǶQTû`�i2m`b KQMQiQM2b bm` mM i`2BHHBb- �M�Hvb2 bûK�MiB[m2 /2
T`Q;`�KK2b UBM 6`2M+?VǴX h?ĕb2 /Ƕúi�i ĕb b+B2M+2b K�i?ûK�iB[m2bX :`2MQ#H2-
6`�M+2, lMBp2`bBiû /2 :`2MQ#H2 �HT2bX

Ĝ URN3RVX ǳa2K�MiB+ 7QmM/�iBQMb Q7 T`Q;`�K �M�HvbBbǴX AM, aXaX Jm+?MB+F �M/
LX.X CQM2b- 2/bX S`Q;`�K 6HQr �M�HvbBb, h?2Q`v �M/ �TTHB+�iBQMbX 1M;H2rQQ/ *HBzb-
L2r C2`b2v- mb�, S`2MiB+2@>�HH- AM+X *?�TX Ry- TTX jyjĜj9kX

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ NNfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN
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*QmbQi- S�i`B+F URNNdVX ǳhvT2b �b �#bi`�+i AMi2`T`2i�iBQMbǴX AM, SPSGX �*J S`2bb-

TTX jReĜjjRX
Ĝ URNNNVX ǳh?2 *�H+mH�iBQM�H .2bB;M Q7 � :2M2`B+ �#bi`�+i AMi2`T`2i2`ǴX AM, JX "`Qv

�M/ _X ai2BM#`Ƀ;;2M- 2/bX *�H+mH�iBQM�H avbi2K .2bB;MX L�hP �aA a2`B2b 6X APa
S`2bb- �Kbi2`/�KX

Ĝ UkyyyVX ǳS�`iB�H *QKTH2i2M2bb Q7 �#bi`�+i 6BtTQBMi *?2+FBM;ǴX AM, a�_�X oQHX R3e9X
G2+im`2 LQi2b BM *QKTmi2` a+B2M+2X aT`BM;2`- TTX RĜk8X

Ĝ UkyR8VX ǳ�#bi`�+iBM; AM/m+iBQM #v 1ti`�TQH�iBQM �M/ AMi2`TQH�iBQMǴX AM, oJ*�AX
oQHX 3NjRX G2+im`2 LQi2b BM *QKTmi2` a+B2M+2X aT`BM;2`- TTX RNĜ9kX

*QmbQi- S�i`B+F �M/ _�/?B� *QmbQi URNdeVX ǳai�iB+ /2i2`KBM�iBQM Q7 /vM�KB+
T`QT2`iB2b Q7 T`Q;`�KbǴX AM, S`Q+22/BM;b Q7 i?2 a2+QM/ AMi2`M�iBQM�H avKTQbBmK QM
S`Q;`�KKBM;X .mMQ/- S�`Bb- 6`�M+2- TTX RyeĜRjyX

Ĝ URNdd�VX ǳ�#bi`�+i AMi2`T`2i�iBQM, � lMB}2/ G�iiB+2 JQ/2H 7Q` ai�iB+ �M�HvbBb Q7
S`Q;`�Kb #v *QMbi`m+iBQM Q` �TT`QtBK�iBQM Q7 6BtTQBMibǴX AM, SPSGX �*J-
TTX kj3Ĝk8kX
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_272`2M+2b AAA
*QmbQi- S�i`B+F �M/ _�/?B� *QmbQi URNdd#VX ǳai�iB+ .2i2`KBM�iBQM Q7 .vM�KB+

S`QT2`iB2b Q7 :2M2`�HBx2/ hvT2 lMBQMbǴX AM, G�M;m�;2 .2bB;M 7Q` _2HB�#H2 aQ7ir�`2-
TTX ddĜN9X

Ĝ URNdd+VX ǳai�iB+ /2i2`KBM�iBQM Q7 /vM�KB+ T`QT2`iB2b Q7 `2+m`bBp2 T`Q+2/m`2bǴX AM,
1XCX L2m?QH/- 2/X A6AS *QM7X QM 6Q`K�H .2b+`BTiBQM Q7 S`Q;`�KKBM; *QM+2Tib-
ai@�M/`2rb- LX"X- *�X LQ`i?@>QHH�M/ Sm#X *QX- TTX kjdĜkddX

Ĝ URNdNVX ǳavbi2K�iB+ .2bB;M Q7 S`Q;`�K �M�HvbBb 6`�K2rQ`FbǴX AM, SPSGX �*J
S`2bb- TTX keNĜk3kX

Ĝ URNNk�VX ǳ�#bi`�+i AMi2`T`2i�iBQM 6`�K2rQ`FbǴX CX GQ;X *QKTmiX kX9- TTX 8RRĜ89dX
Ĝ URNNk#VX ǳ*QKT�`BM; i?2 :�HQBb *QMM2+iBQM �M/ qB/2MBM;fL�``QrBM; �TT`Q�+?2b

iQ �#bi`�+i AMi2`T`2i�iBQMǴX AM, SGAGSX oQHX ejRX G2+im`2 LQi2b BM *QKTmi2` a+B2M+2X
aT`BM;2`- TTX keNĜkN8X

Ĝ URNN9VX ǳ>B;?2` P`/2` �#bi`�+i AMi2`T`2i�iBQM U�M/ �TTHB+�iBQM iQ *QKTQ`iK2Mi
�M�HvbBb :2M2`�HBxBM; ai`B+iM2bb- h2`KBM�iBQM- S`QD2+iBQM- �M/ S1_ �M�HvbBbǴX AM,
A**GX A111 *QKTmi2` aQ+B2iv- TTX N8ĜRRkX
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_272`2M+2b Ao
*QmbQi- S�i`B+F �M/ _�/?B� *QmbQi URNN8VX ǳ6Q`K�H G�M;m�;2- :`�KK�` �M/

a2i@*QMbi`�BMi@"�b2/ S`Q;`�K �M�HvbBb #v �#bi`�+i AMi2`T`2i�iBQMǴX AM, 6S*�X
�*J- TTX RdyĜR3RX

Ĝ UkyyyVX ǳh2KTQ`�H �#bi`�+i AMi2`T`2i�iBQMǴX AM, SPSGX �*J- TTX RkĜk8X
Ĝ UkyykVX ǳJQ/mH�` ai�iB+ S`Q;`�K �M�HvbBbǴX AM, **X oQHX kjy9X G2+im`2 LQi2b BM

*QKTmi2` a+B2M+2X aT`BM;2`- TTX R8NĜRd3X
Ĝ Ukyy9VX ǳ"�bB+ *QM+2Tib Q7 �#bi`�+i AMi2`T`2i�iBQMǴX AM, _2Mû C�+[m�`/- 2/X "mBH/BM;

i?2 AM7Q`K�iBQM aQ+B2ivX aT`BM;2`- TTX j8NĜjeeX
Ĝ UkyRkVX ǳ�M �#bi`�+i BMi2`T`2i�iBQM 7`�K2rQ`F 7Q` i2`KBM�iBQMǴX AM, SPSGX �*J-

TTX k98Ĝk83X
Ĝ UkyR9VX ǳ� :�HQBb +QMM2+iBQM +�H+mHmb 7Q` �#bi`�+i BMi2`T`2i�iBQMǴX AM, SPSGX �*J-

TTX jĜ9X
*QmbQi- S�i`B+F- _�/?B� *QmbQi- Cû`ƬK2 62`2i- G�m`2Mi J�m#Q`;M2- �MiQBM2 JBMû-

.�pB/ JQMMB�mt- �M/ s�pB2` _Bp�H Ukyy8VX ǳh?2 �bi`û2 �M�Hvx2`ǴX AM, 1aPSX
oQHX j999X G2+im`2 LQi2b BM *QKTmi2` a+B2M+2X aT`BM;2`- TTX kRĜjyX
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_272`2M+2b o
*QmbQi- S�i`B+F- _�/?B� *QmbQi- Cû`ƬK2 62`2i- G�m`2Mi J�m#Q`;M2- �MiQBM2 JBMû-

.�pB/ JQMMB�mt- �M/ s�pB2` _Bp�H UkyyeVX ǳ*QK#BM�iBQM Q7 �#bi`�+iBQMb BM i?2
�bi`û2 ai�iB+ �M�Hvx2`ǴX AM, �aA�LX oQHX 99j8X G2+im`2 LQi2b BM *QKTmi2` a+B2M+2X
aT`BM;2`- TTX kdkĜjyyX

*QmbQi- S�i`B+F- _�/?B� *QmbQi- Cû`ƬK2 62`2i- G�m`2Mi J�m#Q`;M2- �MiQBM2 JBMû- �M/
s�pB2` _Bp�H UkyyNVX ǳq?v /Q2b �bi`û2 b+�H2 mT\Ǵ 6Q`K�H J2i?Q/b BM avbi2K
.2bB;M j8Xj- TTX kkNĜke9X

*QmbQi- S�i`B+F- _Q#2`iQ :B�+Q#�xxB- �M/ 6`�M+2b+Q _�Mx�iQ UkyR3VX ǳS`Q;`�K
�M�HvbBb Ab >�`/2` h?�M o2`B}+�iBQM, � *QKTmi�#BHBiv S2`bT2+iBp2ǴX AM, *�o UkVX
oQHX RyN3kX G2+im`2 LQi2b BM *QKTmi2` a+B2M+2X aT`BM;2`- TTX d8ĜN8X

Ĝ UC�MX kyRNVX ǳ��A, �#bi`�+i� AMi2`T`2i�iBQMǴX S�*JSG USPSG +QM72`2M+2V j- �`iB+H2
9kX /QB, ͣͤ͟͠͠͠ζͨͤͤ͢͟͢͡X

*QmbQi- S�i`B+F �M/ LB+QH�b >�H#r�+?b URNd3VX ǳ�miQK�iB+ .Bb+Qp2`v Q7 GBM2�`
_2bi`�BMib �KQM; o�`B�#H2b Q7 � S`Q;`�KǴX AM, SPSGX �*J S`2bb- TTX 39ĜNeX
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o2`B}+�iBQM �M/ T`QQ7b
Ç q2 b?Qr i?�i p2`B}+�iBQM K2i?Q/b �M/ T`Q;`�K HQ;B+b �`2 UMQM@+QKTmi�#H2V

�#bi`�+iBQMb Q7 i?2 T`Q;`�K +QHH2+iBM; b2K�MiB+bX
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S`Q;`�K b2K�MiB+ T`QT2`iB2b
Ç h?2 2MiBiB2b �`2 b2K�MiB+b Q7 T`Q;`�K � BX2X b2ib Q7 K�tBK�H i`�+2b ම � Û	ษ�ú

Ç h?2 T`QT2`iB2b �`2 b2ib Q7 b2K�MiB+b Q7 T`Q;`�K � BX2X b2ib Q7 b2ib Q7 K�tBK�H i`�+2bÛ	ම
 � Û	Û	ษ�ú

k

k�HbQ +�HH2/ ǳ?vT2`T`QT2`iB2bǴ
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Ç 1t2+miBM; T`Q;`�K � QM+2- r2 FMQr i?2 `2bmHi Q7 �HH Qi?2` 2t2+miBQMbX
Ç A7 i?2 2t2+miBQM i2`KBM�i2b rBi? 3 � � U`2bT2+iBp2Hv 3 � �V i?2 T`QT2`iv ৸ BKTHB2b

i?�i �HH Qi?2` TQbbB#H2 2t2+miBQMb rBHH �Hr�vb i2`KBM�i2 rBi? 3 � � U`2bT2+iBp2Hv
3 � �VX
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*QHH2+iBM; b2K�MiB+b
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*QHH2+iBM; b2K�MiB+b U7Q` K�tBK�H i`�+2bV
Ç h?2 bi`QM;2bi b2K�MiB+ T`QT2`iv Q7 T`Q;`�K �
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Ç S`Q;`�K � ?�b T`QT2`iv ৸ ó Û	Û	ษ�ú

 Bb
Ç එ�ú!�" ó ৸- Q` 2[mBp�H2MiHv
Ç \එ�ú!�"^ Ċ ৸ BX2X ৸ Bb BKTHB2/ #v i?2 +QHH2+iBM; b2K�MiB+b Q7 T`Q;`�K �X

Ç aQ r2 +�M mb2 BKTHB+�iBQM Ċ UëV BMbi2�/ Q7 ó UrBi? MQ /B`2+i 2[mBp�H2Mi 7Q`
T`2/B+�i2b BM HQ;B+VX
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h`�+2 T`QT2`iB2b
Ç "v ǳT`Q;`�K T`QT2`ivǴ Q` ǳb2K�MiB+ T`QT2`ivǴ KQbi +QKTmi2` b+B2MiBbib `272` iQ

ǳi`�+2 T`QT2`iB2bǴ
Ç 2H2K2Mib ම � ษ�ú- i`�+2b
Ç i`�+2 T`QT2`iB2b Û	ම
 � Û	ษ�ú

Ç b�72iv �M/ HBp2M2bb �`2 i`�+2 T`QT2`iB2b
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1t�KTH2 Q7 i`�+2 T`QT2`iB2b
Ç i?2 T`Q;`�K i`�+2 b2K�MiB+b එ�ú!�" ó Û	ษ�ú
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 Bb i?2 i`�+2 T`QT2`iv Q7 ǳi2`KBM�iBM; rBi? 34yǴX
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�#bi`�+iBQM Q7 � b2K�MiB+ T`QT2`iv BMiQ � i`�+2 T`QT2`iv U*QMiǶ/V
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ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ R8Nfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



S`QQ7 K2i?Q/b

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ Reyfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



AMp�`B�M+2 T`QQ7 K2i?Q/b
Ç AMp�`B�M+2 T`QQ7 K2i?Q/b /2`Bp2 7`QK i?2 `2�+?�#BHBiv b2K�MiB+b

Ç �#bi`�+iBQM iQ p2`B}+�iBQM +QM/BiBQMb Ҿ hm`BM;f6HQv/fL�m` T`QQ7 K2i?Q/
Ç �#bi`�+iBQM iQ >Q�`2 i`BTH2b Ҿ >Q�`2 HQ;B+
Ç 6BtTQBMib,

h?2Q`2K UkkXR- 6BtTQBMi BM/m+iBQMV G2i ਈ ó L Ӏ݇ L #2 �M BM+`2�bBM;
7mM+iBQM QM � +QKTH2i2 H�iiB+2 ܹL ֕ Ď ֦ ֗ ֘ܺ �M/ ৸ ó LX
q2 ?�p2 H7T֕ ਈ ֕ ৸ í ðৱ ó L � ਈ	ৱ
 ֕ ৱ ü ৱ ֕ ৸X
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"B#HBQ;`�T?v QM p2`B}+�iBQM �M/ T`QQ7b
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_272`2M+2b A
�H;H�p2- C�/2 �M/ S�i`B+F *QmbQi UkyRdVX ǳP;`2 �M/ Svi?B�, �M BMp�`B�M+2 T`QQ7

K2i?Q/ 7Q` r2�F +QMbBbi2M+v KQ/2HbǴX AM, SPSGX �*J- TTX jĜR3X
*QmbQi- S�i`B+F URNNyVX ǳJ2i?Q/b �M/ GQ;B+b 7Q` S`QpBM; S`Q;`�KbǴX AM, >�M/#QQF Q7

h?2Q`2iB+�H *QKTmi2` a+B2M+2- oQHmK2 ", 6Q`K�H JQ/2Hb �M/ a2K�iB+b U"VX JAh
S`2bb *�K#`B/;2- J�- la� ÜRNNy- TTX 39RĜNN9X

Ĝ UkyykVX ǳ*QMbi`m+iBp2 /2bB;M Q7 � ?B2`�`+?v Q7 b2K�MiB+b Q7 � i`�MbBiBQM bvbi2K #v
�#bi`�+i BMi2`T`2i�iBQMǴX h?2Q`X *QKTmiX a+BX kddXR@k- TTX 9dĜRyjX

Ĝ UkyyjVX ǳo2`B}+�iBQM #v �#bi`�+i AMi2`T`2i�iBQMǴX AM, o2`B}+�iBQM, h?2Q`v �M/
S`�+iB+2X oQHX kddkX G2+im`2 LQi2b BM *QKTmi2` a+B2M+2X aT`BM;2`- TTX k9jĜke3X

*QmbQi- S�i`B+F- _Q#2`iQ :B�+Q#�xxB- �M/ 6`�M+2b+Q _�Mx�iQ UkyR3VX ǳS`Q;`�K
�M�HvbBb Ab >�`/2` h?�M o2`B}+�iBQM, � *QKTmi�#BHBiv S2`bT2+iBp2ǴX AM, *�o UkVX
oQHX RyN3kX G2+im`2 LQi2b BM *QKTmi2` a+B2M+2X aT`BM;2`- TTX d8ĜN8X

6HQv/- _Q#2`i qX URNedVX ǳ�bbB;MBM; K2�MBM; iQ T`Q;`�KbǴX AM, CXhX a+?r�`ix- 2/X
S`Q+X avKTX BM �TTHB2/ J�i?X oQHX RNX �K2`X J�i?X aQ+X- TTX RNĜjkX
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_272`2M+2b AA
>Q�`2- *X �X _X URNd3VX ǳaQK2 S`QT2`iB2b Q7 S`2/B+�i2 h`�Mb7Q`K2`bǴX CX �*J k8Xj-

TTX 9eRĜ93yX
L�m`- S2i2` URNeeVX ǳS`QQ7b Q7 �H;Q`Bi?Kb #v ;2M2`�H bM�Tb?QibǴX "Ah e- TTX jRyĜjReX

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ Re9fkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



h?2 1M/ Q7 S�`i j

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ Re8fkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



S�`i 9

avK#QHB+ �#bi`�+iBQM,
/2T2M/2M+v �M�HvbBb

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ Reefkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



JQiBp�iBQM

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ Redfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



.2T2M/2M+v
6QmM/ BM K�Mv `2�bQMBM;b QM T`Q;`�Kb,

Ç LQM@BMi2`72`2M+2 U+QM}/2MiB�HBiv- BMi2;`BivV
Ç a2+m`Biv- T`Bp�+v
Ç S`Q;`�K bHB+BM;
Ç h2KTQ`�H /2T2M/2M+B2b BM bvM+?`QMQmb H�M;m�;2b U1bi2`2HH2- Gmbi`2- aB;M�H- Ę

+�HH2/ +�mb�HBiv i?2`2V
Ç 2i+X

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ Re3fkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



.2T2M/2M+v
h?2 2tBbiBM; /2}MBiBQMb

Ç �`2 ;Bp2M � T`BQ`B U2X;X *?2M2v- �?K2/- �M/ �+�`- kyRRc .X 1X .2MMBM; �M/
SX CX .2MMBM;- RNddV-

Ç rBi?Qmi b2K�MiB+b DmbiB}+�iBQM U2t+2Ti �bb�7- L�mK�MM- aB;MQH2b- hQi2H- �M/
h`QM2H- kyRd Uǳ?vT2`@+QHH2+iBM; b2K�MiB+bǴV- l`#�M �M/ JɃHH2`- kyR3V

Ç �`2 /2T2M/2M+B2b QM T`Q;`�K 2tBi QMHv
Pm` Q#D2+iBp2 Bb iQ bim/v T`BM+BTH2b- MQi iQ ;2i � M2r TQr2`7mH /2T2M/2M+v �M�HvbBb

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ ReNfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



.2T2M/2M+v- BM7Q`K�HHv

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ Rdyfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



6mM+iBQM�H /2T2M/2M+v
Ç � 7mM+iBQM ਈ	¼  ਙ¼
 /2T2M/b QM Bib T�`�K2i2` ਙ B7 �M/ QMHv B7 +?�M;BM; QMHv i?Bb

T�`�K2i2` +?�M;2b i?2 `2bmHiðਙ� ਙ� � ਈ	¼  ਙ�¼
 ă ਈ	¼  ਙ�¼

Ç 1t�KTH2, ਈ	ਙ ਚ
 � ਙ ÷ 	ਚ ÷ ਚ
 /2T2M/b QM ਙ #mi MQi QM ਚ
Ç .2}MBiBQM,ӡ൩ਏਊ թ \ਈ Է ðਙ�¼  ਙਏ ਙਊў � ਈ	ਙ�¼  ਙਊ÷� ਙਊ ਙਊ��¼  ਙਏ
 ăਈ	ਙ�¼  ਙਊ÷� ਙਊў ਙਊ��¼  ਙਏ
^� U99XRVӡ൩ թ ǻਏó�ø ǻ࣎�ਊ࣎ਏӡ൩ਏਊ

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ RdRfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



LQM@BMi2`72`2M+2
Ç :Bp2M HQr p�`B�#H2b ৴ U2X;X ǳTm#HB+Ǵ `2bT2+iBp2Hv ǳmMi�BMi2/ǴV �M/ ?B;? p�`B�#H2b ৰ

UǳT`Bp�i2f+QM7Ǵ `2bT2+iBp2Hv ǳi�BMi2/ǴV
Ç LQM@BMi2`72`2M+2 U*Q?2M- RNddc :Q;m2M �M/ J2b2;m2`- RN3k- RN39c J�Mi2H- kyyjV

Bb /2}M2/ �b ǳB7 2t2+miBQMb bi�`i rBi? i?2 b�K2 p�Hm2b Q7 i?2 HQr p�`B�#H2b i?2M-
mTQM i2`KBM�iBQM- B7 2p2`- i?2 HQr p�`B�#H2b �`2 2[m�H UbQ +?�M;BM; BMBiB�H ?B;?
p�`B�#H2b +�MMQi +?�M;2 }M�H HQr p�`B�#H2bV

Ç h?2 MQM@BMi2`72`2M+2 T`QT2`iv Bb i?2`27Q`2൚൬	৴ৰ
 � \� ó Û	ษ� s ษú
 Է îܹૢ� ૢܺ ܹૢў� ૢўܺ ó � Ի 	ษ� s ษ�
 �	î3 ó ৴ � ଝ	ૢ�
3 � ଝ	ૢў�
3
 ë 	î3 ó ৴ � ଝ	ૢ� ďؘ ૢ
3 � ଝ	ૢў� ďؘ ૢў
3
^
Ç AMi2`72`2M+2 /m`BM; i?2 +QKTmi�iBQM �M/ MQM i2`KBM�iBQM �`2 MQi i�F2M BMiQ

�++QmMiX

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ Rdkfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



:2M2`�H B/2� Q7 /2T2M/2M+v
Ç 4 /2T2M/b QM i?2 BMBiB�H p�Hm2 ਙ� Q7 3 �i Ғ B7 �M/ QMHv B7 +?�M;BM; ਙ� +?�M;2b i?2

7mim`2 Q#b2`p�iBQMb Q7 4 �i Ғ
Ç q2 +QMbB/2` /2T2M/2M+v QM BMBiB�H p�Hm2b Q7 p�`B�#H2b

JQ`2 ;2M2`�HHv- +?�M;BM; �M �#bi`�+iBQM Q7 i?2 T�bi �i Ғ +?�M;2b �M �#bi`�+iBQM Q7
i?2 7mim`2 �7i2` Ғ

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ Rdjfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



.2T2M/2M+v Bb HQ+�H
Ç Ғ� 4 Ѵ ͟ Ғ� 4 Ѵ 3 Ғ�

Ç i?2 p�Hm2 Q7 4 �i Ғ� Bb i?2 BMBiB�H p�Hm2 ਚ� Q7 4 �i Ғ�
*?�M;BM; i?2 BMBiB�H p�Hm2 Q7 3 /Q2b MQi +?�M;2 i?2 p�Hm2 Q7 4 �i Ғ� bQ
4 /Q2b MQi /2T2M/ QM i?2 BMBiB�H p�Hm2 Q7 3 �i Ғ�

Ç i?2 p�Hm2 Q7 4 �i Ғ� Bb �X
*?�M;BM; i?2 BMBiB�H p�Hm2 Q7 3 /Q2b MQi +?�M;2 i?2 p�Hm2 Q7 4 �i Ғ� bQ
4 /Q2b MQi /2T2M/ QM i?2 BMBiB�H p�Hm2 Q7 3 �i Ғ�

Ç i?2 p�Hm2 Q7 4 �i Ғ� Bb i?2 BMBiB�H p�Hm2 ਙ� Q7 3X
*?�M;BM; i?2 BMBiB�H p�Hm2 Q7 3 +?�M;2b i?2 p�Hm2 Q7 4 �i Ғ� bQ
4 /2T2M/b QM i?2 BMBiB�H p�Hm2 Q7 3 �i Ғ�ë /2T2M/2M+v mTQM i?2 BMBiB�H p�Hm2 Q7 p�`B�#H2b Bb HQ+�H UK�v #2 /Bz2`2Mi �i /Bz2`2Mi

T`Q;`�K TQBMibVX

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ Rd9fkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



.2T2M/2M+v /2T2M/b QM p�Hm2b Q7 p�`B�#H2b
δ$! ΰ3Ѵ͟α 4Ѵ3  '. 4Ѵ͟ε Ғ

Ç h?2 p�Hm2 Q7 4 �i Ғ Bb �Hr�vb �- MQ /2T2M/2M+v

δ$! ΰ3Ѵ͟α 4Ѵ3  '. 4Ѵ͠ε Ғ
Ç h?2 p�Hm2 Q7 4 �i Ғ Bb

Ç B7 ਙ� � � i?2M ǳ�Ǵ
Ç B7 ਙ� ă � i?2M ǳ�Ǵ

Ç 4 �i Ғ /2T2M/b QM ਙ� UmMH2bb 	ਙ� � � ü ਚ� � �
 ý 	ਙ� ă � ü ਚ� � �
Vë /2T2M/2M+v Q7 4 mTQM i?2 BMBiB�H p�Hm2 ਙ� Q7 3 /2T2M/b QM i?2 BMBiB�H �M/ +m``2Mi
p�Hm2b Q7 3 �M/ 4ë i?Bb Bb B;MQ`2/ BM .X 1X .2MMBM; �M/ SX CX .2MMBM;- RNddǶb /�i�~Qr �M�HvbBb

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ Rd8fkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



.2T2M/2M+v /2T2M/b QM b2[m2M+2b Q7 Q#b2`p�iBQMb Q7 p�Hm2b Q7 p�`B�#H2b
�ਖ թ 2#$' Ғ ΰ͟ѴѴ͟α 3Ѵ3ѯ͠

Ç PM2 +�M Q#b2`p2 ਙ� ď ਙ� � � ď ਙ� � � ď ਙ� � �� ď ਙ� � �� ď ¼ਙ� � �� ď ਙ� � �� ď ¼ �i Ғ
Ç +?�M;BM; i?2 BMBiB�H p�Hm2 ਙ� Q7 3 +?�M;2b i?Bb Q#b2`p�iBQM
Ç 3 �i Ғ /2T2M/b mTQM ਙ�

�� թ 3Ѵ͟ 2#$' Ғ ΰ͟ѴѴ͟α 3Ѵ3ѯ͠
Ç PM2 +�M Q#b2`p2 � ď � ď � ď ¼�� ď �� ď ¼ ď �� ď �� ď ¼ �i Ғ
Ç +?�M;BM; i?2 BMBiB�H p�Hm2 ਙ� Q7 3 /Q2b MQi +?�M;2 i?Bb Q#b2`p�iBQM
Ç 3 �i Ғ /Q2b MQi /2T2M/ mTQM ਙ�ë q2 Kmbi Q#b2`p2 i?2 K�tBK�H b2[m2M+2 Q7 p�Hm2b bm++2bbBp2Hv i�F2M #v � p�`B�#H2 �i

� T`Q;`�K TQBMi

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ Rdefkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



*QmMi2`7�+im�H /2T2M/2M+v, �#b2M+2 Q7 Q#b2`p�iBQM
$)/ 34 $! ΰ3Ѵ͟α δ 4Ѵ3 Ғε

Ç P#b2`p�iBQM Q7 4 �i Ғ,
Ç B7 ਙ� � � i?2M ǳ�Ǵ
Ç B7 ਙ� ă � i?2M ǳǴ U2KTiv Q#b2`p�iBQMb, MQ 2t2+miBQM 2p2` `2�+?2b ҒVë .2T2M/2M+v B7 2KTiv Q#b2`p�iBQMb �`2 i�F2M BMiQ �++QmMië LQ /2T2M/2M+v B7 2KTiv Q#b2`p�iBQMb �`2 MQi i�F2M BMiQ �++QmMië h?2 +?QB+2 Bb +QKTH2i2Hv �`#Bi`�`v5
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*QmMi2`7�+im�H p�Hm2 /2T2M/2M+v, �#b2M+2 Q7 Q#b2`p�iBQM
$)/ 345 $! ΰ3Ѵ͟α δ 4Ѵ3 Ғε

Ç �bbmK2 i?�i 2KTiv Q#b2`p�iBQMb �`2 i�F2M BMiQ �++QmMi UbQ 4 /2T2M/b QM ਙ�V
Ç P#b2`p�iBQM Q7 5 �i Ғ,

Ç B7 ਙ� � � i?2M ǳਛ�Ǵ UBMBiB�H p�Hm2 Q7 5V
Ç B7 ਙ� ă � i?2M ǳǴ U2KTiv Q#b2`p�iBQMb, MQ 2t2+miBQM 2p2` `2�+?2b ҒV

Ç hrQ /Bz2`2Mi Q#b2`p�iBQMb �i Ғ5
Ç a?QmH/ 5 /2T2M/b QM ਙ� �i Ғ\ë h?2 +?QB+2 Bb +QKTH2i2Hv �`#Bi`�`v5

Ç LQ
Ç u2b
Ç u2b B7 i?2 p�Hm2 Q7 5 �i Ғ Bb /Bz2`2Mi 7`QK ਛ� U.X 1X .2MMBM; �M/ SX CX .2MMBM;-

RNddV
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hBKBM; /2T2M/2M+v
2#$' Ғ ΰ3 ѷ ͟α 3 Ѵ 3 Ζ ͠ 

Ç .Q2b p�`B�#H2 4 UbXiX 4 ă 3V �i Ғ /2T2M/b QM i?2 BMBiB�H p�Hm2 ਙ� Q7 3\
Ç h?2 Q#b2`p�iBQM Q7 4 �i Ғ Bb ਚ� ď ਚ� ď ¼ ď ਚ� `2T2�i2/ ਙ� � � iBK2bX
Ç aQ +?�M;BM; ਙ� +?�M;2b i?2 Q#b2`p�iBQM Q7 4 �i Ғë h?Bb Bb � +Qp2`ifbB/2 +?�MM2H UG�KTbQM- RNdjc JmH/2`- 1Bb2M#�`i?- �M/ a+?�mKQMi-

kyR3V- KQ`2 T`2+Bb2Hv- � iBKBM; +?�MM2H U_mbbQ- >m;?2b- L�mK�MM- �M/ a�#2H72H/-
kyyec a�#2H72H/ �M/ Jv2`b- kyyjVë h?2 +?QB+2 Q7 B;MQ`BM; iBKBM; +?�MM2H Bb �`#Bi`�`vë A;MQ`2/ BM i?2 +H�bbB+�H /2}MBiBQM Q7 /2T2M/2M+v .X 1X .2MMBM; �M/ SX CX .2MMBM;-
RNddë PM2 r�v Q7 B;MQ`BM; iBKBM; +?�MM2Hb Bb iQ `2[mB`2 i?�i Q#b2`p�iBQM b2[m2M+2b Kmbi
/Bz2` #v �i H2�bi QM2 /�i�
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*QmMi2`7�+im�H iBKBM; /2T2M/2M+v
ζκ 3�&y-R' κζ 2#$' ΰ3 ΅Ѵ ͟α Ғ 4 Ѵ 3 

Ç A7 ਙ� � �- i?2 BM}MBi2 b2[m2M+2 Q7 p�Hm2b Q7 4 Q#b2`p2/ �i Ғ Bb ਚ� ď � ď Xׯ�
Ç A7 ਙ� � �- i?2M i?2 Q#b2`p�iBQM �i Ғ Bb i?2 2KTiv b2[m2M+2 щX
Ç .Q2b 4 �i Ғ /2T2M/b QM i?2 BMBiB�H p�Hm2 ਙ� Q7 3\
Ç h?Bb /2T2M/b QM ?vTQi?2b2b QM Q#b2`p�#H2bX Ab �M BM}MBi2 b2[m2M+2 Q7 p�Hm2b

Q#b2`p�#H2\ Ab i?2 2KTiv b2[m2M+2 щ Q7 p�Hm2b Q#b2`p�#H2\
Ç h?Bb Bb /2#�i�#H2 �M/ T`Q#H2K@bT2+B}+
Ç 6Q` 2t�KTH2 B7 � T`Q;`�K i2`KBM�i2b Bi Bb 2�bv iQ +?2+F QM T`Q;`�K i2`KBM�iBQM

i?�i � T`Q;`�K TQBMi Bb M2p2` `2�+?2/X h?Bb K�v #2 +QMbB/2`2/ BKTQbbB#H2 rBi?
MQM@i2`KBM�iBQMX
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.2T2M/2M+v- 7Q`K�HHv
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6mim`2 Q#b2`p�iBQMb
Ç BMBiB�HBb�iBQM i`�+2 ૢ� ó ษ�
Ç UMQM 2KTivV +QMiBMm�iBQM i`�+2 ૢ ó ษ�ú
Ç 7mim`2!4"Ғ	ૢ� ૢ
 Bb i?2 b2[m2M+2 Q7 p�Hm2b Q7 4 bm++2bbBp2Hv Q#b2`p2/ �i T`Q;`�K

TQBMi TQBMi Ғ BM i?2 i`�+2 ૢ +QMiBMmBM; ૢ� 9

7mim`2!4"Ғ	ૢ� Ғ
 թ ଝ	ૢ�
4
7mim`2!4"Ғ	ૢ� Ғў
 թ щ

7mim`2!4"Ғ	ૢ� Ғ ਃ÷÷÷÷Ҿ Ғџૢ
 թ ଝ	ૢ�
4 ď 7mim`2!4"Ғ	ૢ� ďؘ Ғ ਃ÷÷÷÷Ҿ Ғџ Ғџૢ

7mim`2!4"Ғ	ૢ� Ғў ਃ÷÷÷÷Ҿ Ғџૢ
 թ 7mim`2!4"Ғ	ૢ� ďؘ Ғў ਃ÷÷÷÷Ҿ Ғџ Ғџૢ


Ç 7mim`2!4"Ғ	ૢ� ૢ
 Bb i?2 2KTiv b2[m2M+2 щ B7 Ғ /Q2b MQi �TT2�` BM ૢ
9i?Bb b?QmH/ #2 mM/2`biQQ/ �b � #B@BM/m+iBp2 /2}MBiBQM Q7 SX *QmbQi �M/ _X *QmbQi- kyyN iQ T`QT2`Hv ?�M/H2 MQM@i2`KBM�iBQM
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P#b2`p�iBQMb
Ç �M Q#b2`p�iBQM ܹ ૫ܺ Q7 � p�`B�#H2 �i � T`Q;`�K TQBMi Bb � T�B` Q7

Ç �M BMBiB�H p�Hm2  Q7 i?2 p�`B�#H2
Ç i?2 7mim`2 Q#b2`p�iBQM ૫ Q7 i?Bb p�`B�#H2 7`QK i?�i T`Q;`�K TQBMi QM
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.Bz2`2M+2b #2ir22M 7mim`2 Q#b2`p�iBQMb ܹ ૫ܺ �M/ ܹў ૫ўܺ UAV
URV *QmMi2`7�+im�H iBKBM; /2T2M/2M+v,

+i/2T	ܹ ૫ܺ ܹў ૫ўܺ
 թ ૫ ă ૫ў
U2KTiv Q#b2`p�iBQMb �`2 �HHQr2/V

UkV hBKBM; /2T2M/2M+v,

i/2T	ܹ ૫ܺ ܹў ૫ўܺ
 թ ૫ ă ૫ў ü ૫ ă щ ü ૫ў ă щ
U2KTiv Q#b2`p�iBQMb �`2 /Bb�HHQr2/V
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.Bz2`2M+2b #2ir22M 7mim`2 Q#b2`p�iBQMb ܹ ૫ܺ �M/ ܹў ૫ўܺ UAAV
UjV o�Hm2 /2T2M/2M+v,

p/2T	ܹ ૫ܺ ܹў ૫ўܺ
 թ ð૫� ૫� ૫ў�  ў �૫ � ૫� ď  ď ૫� ü ૫ў � ૫� ď ў ď ૫ў� ü  ă ў
U/Bz2`2Mi p�Hm2b Q7 i?2 p�`B�#H2 Kmbi #2 Q#b2`p2/V

1t�KTH2 e $! Ғ� ΰ3 ѴѴ ͠α δ Ғ� 4 Ѵ 3  Ғ� ε Ғ�
4 /Q2b MQi /2T2M/ QM 3 �i Ғ�- Ғ�- �M/ Ғ� #mi 4 /2T2M/b QM 3 �i Ғ� UmMH2bb 4 � � �i Ғ�VX
!
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.Bz2`2M+2b #2ir22M 7mim`2 Q#b2`p�iBQMb ܹ ૫ܺ �M/ ܹў ૫ўܺ UAAAV
U9V +QmMi2`7�+im�H p�Hm2 /2T2M/2M+v,

+p/2T	ܹ ૫ܺ ܹў ૫ўܺ
 թ p/2T	ܹ ૫ܺ ܹў ૫ўܺ
 ý	૫ � щ ü ૫ў ă щ
 ý 	૫ ă щ ü ૫ў � щ

U�M 2KTiv Q#b2`p�iBQM Bb �HHQr2/V

1t�KTH2 d $! Ғ� ΰ3 ѴѴ ͠α δ Ғ� 4 Ѵ 3  Ғ� ε Ғ�
4 /2T2M/b QM 3 �i Ғ� UmMH2bb 4 � � �i Ғ�
X
�Mv p�`B�#H2 /2T2M/b QM i?2 BMBiB�H p�Hm2 Q7 3 �i Ғ� �M/ Ғ�X !
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.Bz2`2M+2b #2ir22M 7mim`2 Q#b2`p�iBQMb ܹ ૫ܺ �M/ ܹў ૫ўܺ UAoV
U8V *QmMi2`7�+im�H KmHiB@p�Hm2b /2T2M/2M+v,

+Kp/T	ܹ ૫ܺ ܹў ૫ўܺ
 թ p/2T	ܹ ૫ܺ ܹў ૫ўܺ
 ý	૫ � щ ü ð૫ў� ў ૫ў� � ૫ў � ૫ў� ď ў ď ૫ў� ü ў ă ў
 ý	૫ў � щ ü ð૫�  ૫� � ૫ � ૫� ď  ď ૫� ü  ă 

U�M 2KTiv Q#b2`p�iBQM Bb �HHQr2/ 7Q` p�`B�#H2b r?B+? p�Hm2 ?�b +?�M;2/V

1t�KTH2 3 $! Ғ� ΰ3 ѴѴ ͠α δ Ғ� 4 Ѵ 3  Ғ� ε Ғ�
LQ p�`B�#H2 /2T2M/b QM i?2 BMBiB�H p�Hm2 Q7 3 �i Ғ� �M/ QMHv 4 �i Ғ� UmMH2bb 4 Bb
BMBiB�HHv �VX
h?Bb Bb .X 1X .2MMBM; �M/ SX CX .2MMBM;- RNddX !
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6Q`K�H /2}MBiBQM Q7 /2T2M/2M+v
Ç .2T2M/2M+v T`QT2`iv,

ൖ/2T Ғܹ3 4ܺ թ \� ó Û	ษ� s ษ�ú
 Է ðܹૢ� ૢ�ܺ ܹૢў� ૢў�ܺ ó � �	î5 ó I ࡆ \3^ � ଝ	ૢ�
5 � ଝ	ૢў�
5
 ü
/2T	ܹଝ	ૢ�
4 7mim`2!4"Ғ	ૢ� ૢ�
ܺ ܹଝ	ૢў�
4 7mim`2!4"Ғ	ૢў� ૢў�
ܺ
^

Ç +?QQb2 /2T ó \p/2T +Kp/T +p/2T i/2T +i/2T^ iQ ;2i 8 /Bz2`2Mi /2}MBiBQMb
Ç 4 /2T2M/b QM i?2 BMBiB�H p�Hm2 Q7 3 �i TQBMi Ғ Q7 T`Q;`�K � Bb,Ȧඑ�ú!�" ó ൖ/2T Ғܹ3 4ܺ
Ç LQ M2+2bb�`v /BbiBM+iBQM #2ir22M 2tTHB+Bib �M/ BKTHB+Bib ~Qrb �b BM .X 1X .2MMBM;

�M/ SX CX .2MMBM;- RNdd
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.2T2M/2M+v H�iiB+2

ൖp/2T

ൖ+Kp/T

ൖ+p/2T ൖi/2T

ൖ+i/2T

Ċ U\\V

Ç h?2 KQ`2 /Bz2`2M+2b #2ir22M Q#b2`p2/ 7mim`2b- i?2 KQ`2 /2T2M/2M+B2bc
Ç LQi +H2�` rBi? TQbimH�i2/ /2}MBiBQMb Ubm+? �b i?2 ?v/`�mHB+ KQ/2H r?2`2

/2T2M/2M+v /2T2M/b QM i?2 `mH2b iQ KBt +QHQ`bV
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q?v K�tBK�H i`�+2b\
Ç 6Q` T`2}t i`�+2b- B7 � i`�+2 Bb BM i?2 b2K�MiB+b- �HH Q7 Bib T`2}t2b �`2 �HbQ BM i?2

b2K�MiB+b- r?B+? BMi`Q/m+2b �`iB}+B�H iBKBM; +?�MM2Hb
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S`2}t i`�+2b 7Q` /2T2M/2M+v QM p�Hm2b
Ç 6Q` p�Hm2 /2T2M/2M+B2b- i?2 K�tBK�H i`�+2 b2K�MiB+b +�M #2 `2TH�+2/ #v i?2 T`2}t

i`�+2 b2K�MiB+b rBi?Qm T`Q#H2K,

G2KK� එ�ú!�" ó ൖp/2T Ғܹ3 4ܺ í එø!�" ó ൖp/2T Ғܹ3 4ܺ
Ç A/2K B7 r2 BM+Hm/2 2KTiv Q#b2`p�iBQMb Ui?2 T`2}t2b Q7 එø!�"ૢ� �`2 M2p2` 2KTiv- bQ

MQ TQbbB#H2 +QM7mbBQMV
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.2T2M/2M+v �#bi`�+iBQM
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�#bi`�+iBQM Q7 /�i� /2T2M/2M+v
Ç h?2 �#bi`�+iBQM Q7 � b2K�MiB+ T`QT2`iv S ó Û	Û	ษ� s ษ�ú

 BMiQ � /�i� /2T2M/2M+v

T`QT2`iv p/2T	S
 ó ?Ҿ Û	I s I 
 Bb,p/2T		S
Ғ թ \ܹ3 4ܺ Է S ó ൖp/2T Ғܹ3 4ܺ^
Ç h?Bb Bb � :�HQBb +QMM2+iBQM,

G2KK� Ry ܹÛ	Û	ษ� s ษ�ú

 Ċܺ ÷÷÷÷÷÷÷Ҿҽ÷÷÷÷÷÷÷p/2T

p/2T ܹ?Ҿ Û	I s I 
 ċșܺ r?2`2 i?2
+QM+`2iBx�iBQM Q7 � /2T2M/2M+v T`QT2`iv ಱ ó ?Ҿ Û	I s I 
 Bb,p/2T	ಱ
 թ ǼҒó? Ǽܹ3 4ܺóಱ	Ғ
ൖp/2T Ғܹ3 4ܺ
Ui?2 KQ`2 b2K�MiB+b- i?2 H2bb /2T2M/2M+B2bV
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o�Hm2 /2T2M/2M+v bi�iB+ �M�HvbBb
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SQi2MiB�H p�Hm2 /2T2M/2M+v
Ç p/2T	\එ�ú!�"^
 4 p/2T	\එø!�"^
 Bb MQi +QKTmi�#H2 U_B+2 i?2Q`2KV
Ç q2 /2bB;M �M Qp2`@�TT`QtBK�iBQM,

SQi2MiB�H p�Hm2 /2T2M/2M+v b2K�MiB+b Ȧඑ p/2Tð ,p/2T	\එ�ú!�"^
 ТĊ Ȧඑ p/2Tð !�"

Ç h?2 �#bi`�+iBQM Q7 .X 1X .2MMBM; �M/ SX CX .2MMBM;- RNdd Bb Tm`2Hv bvMi�+iB+ UBM
/�i�~Qr �M�HvbBb bivH2V

Ç q2 /Q bHB;?iHv #2ii2`- #v i�FBM; p�Hm2b BMiQ �++QmMi- BM � p2`v bBKTH2 r�v
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1t�KTH2

$! Ғ� ΰ3 ѴѴ ͠α δ Ғ� 4 Ѵ 5 Ғ� εҒ�
Ç r2 ?�p2 i?2 TQi2MiB�H p�Hm2 /2T2M/2M+v,Ғ Ғ� Ғ� Ғ� Ғ�Ȧඑp/2Tð !�" Ғ \ܹ3 3ܺ ܹ4 4ܺ \ܹ4 4ܺ \ܹ5 4ܺ \ܹ3 3ܺ ܹ3 4ܺ ܹ4 4ܹܺ5 5ܺ^ ܹ5 5ܺ^ ܹ5 5ܺ^ ܹ5 4ܺ ܹ5 5ܺ^
Ç i?Bb Bb �M Qp2`@�TT`QtBK�iBQM bBM+2 2X;X 5 ~Qrb iQ 4 �i Ғ� QMHv r?2M 3 � � �i Ғ�X
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*�H+mH�iBQM�H /2bB;M
Ç "v +�H+mHmb UBM T`BM+BTH2- +�M #2 +?2+F2/ rBi? *Q[ HBF2 CQm`/�M- G�TQ`i2- "H�xv-

G2`Qv- �M/ SB+?�`/B2- kyR8V
Ç "v bi`m+im`�H BM/m+iBQM QM i?2 T`Q;`�K bvMi�t
Ç "v }tTQBMi Qp2`@�TT`QtBK�iBQM 7Q` Bi2`�iBQMb,

h?2Q`2K UQp2`@�TT`QtBK�iBQM Q7 }tTQBMibV A7 ܹC ֕ Ď ֦ ֘ ֗ܺ �M/ ܹA օ ��  ܺ �`2 +QKTH2i2 H�iiB+2b- ܹC ֕ܺ ÷÷÷÷Ҿҽ÷÷÷÷ ܹA օܺ Bb � :�HQBb +QMM2+iBQM-ਈ ó C Ӏ݇ C �M/ ਈ ó A Ӏ݇ A �`2 BM+`2�bBM; �M/  ԯ ਈ Тօ ਈ ԯ  Ub2KB@+QKKmi�iBQMV
i?2M H7T֕ ਈ ֕ 	H7Tօ ਈ
X

Ç 6BMBi2 /QK�BM- MQ rB/2MBM; M22/2/
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SQi2MiB�H /2T2M/2M+v b2K�MiB+b Q7 �bbB;MK2Mi � ՆՆ� 3 Ѵ � 

Ȧඑ p/2Tð !�" Ғ � ( Ғ � �i!�" ? �I

| Ғ � �7i2`!�" ? \ܹ4 3ܺ Է 4 ó Ȧඑ p/2Tð !�"^ Լ\ܹ4 4ܺ Է 4 ă 3^
: ñ )Ȧඑ p/2Tð !�" թ \4 Է ðૣ ó �: � ð ó ห �ൿ!�"ૣ ăൿ!�"ૣ<4ҽ >^Ċ ๆฯโใ!�"

1t�KTH2,
Ç �7i2` 3 Ѵ 4 Ζ 4 - 3 /2T2M/b QM 4X
Ç �7i2` 3 Ѵ 4  3 Ѵ 4 Ζ 3 - 3 /2T2M/b QM i?2 BMBiB�H p�Hm2b Q7 3 �M/ 4
Ç hQ #2 KQ`2 T`2+Bb2 r2 rQmH/ ?�p2 iQ T`2b2`p2 BM7Q`K�iBQM QM i?2 p�Hm2b Q7

p�`B�#H2b U2;X 3 � 4V
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S`QQ7 U/QMǶi `2�/ hV A
h?2 +�b2b Ғ � �i!�" r�b ?�M/H2/ BM U99Xj3V �M/ Ғ ∉ H�#t!�" BM U99XjNVX Ai `2K�BMb i?2 +�b2Ғ � �7i2`!�"Xp/2T	\එ�ú!�"^
 �7i2`!�"
4 p/2T	\එø!�"^
 �7i2`!�" #G2KK� 99Xk8$

4 \ܹ3ў 4ܺ Է එø!�" ó ൖp/2T 	�7i2`!�"
ܹ3ў 4ܺ^ #/27X U99XkNV Q7 p/2T �M/ /27X Ċ$
4 \ܹ3ў 4ܺ Է ðܹૢ� ૢ�ܺ ܹૢў� ૢў�ܺ ó එø!�" � î5 ó I ࡆ \3ў^ � ଝ	ૢ�
5 � ଝ	ૢў�
5 ü p/2T	ܹଝ	ૢ�
4

7mim`2!4"	�7i2`!�"
	ૢ� ૢ�
ܺ ܹଝ	ૢў�
4 7mim`2!4"	�7i2`!�"
	ૢў� ૢў�
ܺ
^
#/27X ó �M/ U99XkyV Q7 ൖp/2T Ғܹ3ў 4ܺ$

4 \ܹ3ў 4ܺ Է ðܹૢ� ૢ�ܺ ܹૢў� ૢў�ܺ ó \ܹૢ�i!�" �i!�" 3�ൿ!�"ଝ	ૢ�i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ �7i2`!�"ܺ Է ૢ�i!�" óษ�^ � î5 ó I ࡆ \3ў^ � ଝ	ૢ�
5 � ଝ	ૢў�
5 ü p/2T	ܹଝ	ૢ�
4 7mim`2!4"	�7i2`!�"
	ૢ� ૢ�
ܺ ܹଝ	ૢў�
4
7mim`2!4"	�7i2`!�"
	ૢў� ૢў�
ܺ
^

#/27X UR8XRV Q7 i?2 �bbB;MK2Mi T`2}t }MBi2 i`�+2 b2K�MiB+b$
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S`QQ7 U/QMǶi `2�/ hV AA
4 \ܹ3ў 4ܺ Է ðܹૢ��i!�" �i!�" 3�ൿ!�"ଝ	ૢ��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ �7i2`!�"ܺ ܹૢў��i!�" �i!�" 3�ൿ!�"ଝ	ૢў��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ

�7i2`!�"ܺ � î5 ó I ࡆ \3ў^ � ଝ	ૢ��i!�"
5 � ଝ	ૢў��i!�"
5 ü
p/2T	ܹଝ	ૢ�
4 7mim`2!4"	�7i2`!�"
	ૢ��i!�" �i!�" 3�ൿ!�"ଝ	ૢ��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ �7i2`!�"
ܺ ܹଝ	ૢў�
4
7mim`2!4"	�7i2`!�"
	ૢў��i!�" �i!�" 3�ൿ!�"ଝ	ૢў��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ �7i2`!�"
ܺ
^ #/27X ó$

4 \ܹ3ў 4ܺ Է ðܹૢ��i!�" �i!�" 3�ൿ!�"ଝ	ૢ��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ �7i2`!�"ܺ ܹૢў��i!�"
�i!�" 3�ൿ!�"ଝ	ૢў��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ �7i2`!�"ܺ � 	î5 ó I ^3ў\ࡆ � ଝ	ૢ��i!�"
5 � ଝ	ૢў��i!�"
5
üp/2T	ܹଝ	ૢ�
4ଝ	ૢ��i!�" 3�ൿ!�"ଝ	ૢ��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ �7i2`!�"
4ܺ ܹଝ	ૢў�
4 ଝ	ૢў��i!�" 3�ൿ!�"ଝ	ૢў��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ �7i2`!�"
4
ܺ^

#/27X U99XR9V Q7 i?2 7mim`2 7mim`2!4"$

4 \ܹ3ў 4ܺ Է ðܹૢ��i!�" �i!�" 3�ൿ!�"ଝ	ૢ��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ �7i2`!�"ܺ ܹૢў��i!�"
�i!�" 3�ൿ!�"ଝ	ૢў��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ �7i2`!�"ܺ � 	î5 ó I ࡆ \3ў^ � ଝ	ૢ��i!�"
5 � ଝ	ૢў��i!�"
5
 ü		ଝ	ૢ��i!�"
4 ă ଝ	ૢў��i!�"
4
 ý 	ଝ	ૢ��i!�"
4 � ଝ	ૢў��i!�"
4 ü ଝ	ૢ��i!�" 3�ൿ!�"ଝ	ૢ��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ
�7i2`!�"
4 ă ଝ	ૢў��i!�" 3�ൿ!�"ଝ	ૢў��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ �7i2`!�"
4
^
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S`QQ7 U/QMǶi `2�/ hV AAA
#U99XR3V bQ i?�i p/2T	ܹਙ ਃ ď ܺ ܹਚ ਅ ď ਆܺ
 B7 �M/ QMHv B7 URV ਃ ă ਅ Q` UkV ਃ � ਅ ü  ă ਆX$

4 \ܹ3ў 4ܺ Է ðܹૢ��i!�" �i!�" 3�ൿ!�"ଝ	ૢ��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ �7i2`!�"ܺ ܹૢў��i!�"
�i!�" 3�ൿ!�"ଝ	ૢў��i!�"
÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷÷Ҿ �7i2`!�"ܺ � 	î5 ó I ࡆ \3ў^ � ଝ	ૢ��i!�"
5 � ଝ	ૢў��i!�"
5
 ü 		4 �
3ў
 ý 	4 � 3 üൿ!�"ଝ	ૢ��i!�"
 ăൿ!�"ଝ	ૢў��i!�"


^ #/27X UeXkV Q7 ଝ$Ċ \ܹ3ў 4ܺ Է 		4 � 3ў
 ý 	4 � 3 ü ðૣ  �ൿ!�"ૣ ăൿ!�"ૣ<3ў ҽ >

^ URRV

#H2iiBM; ૣ � ଝ	ૢ��i!�"
 �M/  � ଝ	ૢў��i!�"
	3ў
 bQ i?�i î5 ó I ࡆ \3ў^ � ଝ	ૢ��i!�"
5 �ଝ	ૢў��i!�"
5 BKTHB2b i?�i ଝ	ૢў��i!�"
 � ૣ<3ў ҽ >X$
4 \ܹ3ў 3ўܺ Է 3ў ă 3^ Լ \ܹ3ў 3ܺ Է ðૣ  �ൿ!�"ૣ ăൿ!�"ૣ<3ў ҽ >^ #+�b2 �M�HvbBb$

4 \ܹ3ў 3ўܺ Է 3ў ă 3^ Լ \ܹ3ў 3ܺ Է 3ў ó Ȧඑp/2Tð !�"^
##v /2}MBM; i?2 7mM+iBQM�H /2T2M/2M+v Q7 �M 2tT`2bbBQM � �b Ȧඑp/2Tð !�" թ \3ў Է ðૣ  �ൿ!�"ૣ ăൿ!�"ૣ<3ў ҽ >^ BM U99X9RV$ #
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SQi2MiB�H /2T2M/2M+v b2K�MiB+b Q7 i?2 +QM/BiBQM�H � ՆՆ� $! ΰ�α �ਕȦඑp/2Tð !�" Ғ � ( Ғ � �i!�" ? �I U�V
| Ғ ó BM!�ਕ" ? Ȧඑp/2Tð !�ਕ" Ғ ؈ MQM/2i	� �
 U#V
| Ғ � �7i2`!�" ?

U+XRV
U+XkV
U+XjV

Ȧඑp/2Tð !�ਕ" �7i2`!�ਕ" ؈ MQM/2i	� �
Լ �I ؈ MQM/2i	h� h�
Լ MQM/2i	h� h�
 sKQ/!�ਕ"
: ñ ) U/V

/2i	�� ��
 Ċ \3 Է îૣ ૣў � 	!��"ૣ ü!��"ૣў
 ë 	ૣ	3
 � ૣў	3

^ /2i2`KBM�+v
MQM/2i	�� ��
 ċ I ࡆ /2i	�� ��
 MQM@/2i2`KBM�+v

KQ/!3 Ѵ � " թ \3^ KQ/B}2/ p�`B�#H2b
KQ/!" թ KQ/! ૭ " թ KQ/!�- �& " թ ñ

KQ/!2#$' ΰ�α �" � KQ/!$! ΰ�α �" թ KQ/!�"
KQ/!$! ΰ�α �ਕ  '. �ਈ" թ KQ/!�ਕ" ԼKQ/!�ਈ"

KQ/!δ �' ε" թ KQ/!�'"
KQ/!�' �" թ KQ/!�'" ԼKQ/!�"
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Ç PM 2Mi`v U�V- p�`B�#H2b BM I QMHv /2T2M/ mTQM i?2Kb2Hp2b �b bT2+B}2/ #v i?2
B/2MiBiv `2H�iBQM �I X

Ç h?2 `2�bQMBM; BM U#V Bb i?�i B7 � p�`B�#H2 4 /2T2M/b �i Ғ QM i?2 BMBiB�H p�Hm2 Q7 �
p�`B�#H2 3 �i �i!�ਕ"- Bi /2T2M/b BM i?2 b�K2 r�v QM i?�i BMBiB�H p�Hm2 Q7 i?2 p�`B�#H2
3 �i �i!�" bBM+2 i?2 i2bi � ?�b MQ bB/2 2z2+iX
>Qr2p2`- U#V �HbQ i�F2b BMiQ �++QmMi i?�i B7 �ਕ +�M QMHv #2 `2�+?2/ 7Q` � mMB[m2
p�Hm2 Q7 i?2 p�`B�#H2 3 �M/ i?2 #`�M+? Bb MQi i�F2M 7Q` �HH Qi?2` p�Hm2b Q7 3 i?2M i?2
p�`B�#H2 4 /Q2b MQi /2T2M/ QM 3 BM �ਕ bBM+2 2KTiv Q#b2`p�iBQMb �`2 /Bb�HHQr2/ #v
p/2TX

Ç U+V /2i2`KBM2b /2T2M/2M+B2b �7i2` � bQ +QKT�`2 irQ TQbbB#H2 2t2+miBQMb Q7 i?�i
bi�i2K2MiX AM +�b2 U+XRV #Qi? 2t2+miBQMb ;Q i?`Qm;? i?2 i`m2 #`�M+?X AM +�b2 U+XkV
#Qi? 2t2+miBQMb ;Q i?`Qm;? i?2 7�Hb2 #`�M+?- r?BH2 BM +�b2 U+XjV i?2 2t2+miBQMb i�F2
/Bz2`2Mi #`�M+?2bX
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Ç AM +�b2 U+XRV r?2M i?2 i2bi Bb i`m2 ii 7Q` #Qi? 2t2+miBQMb- i?2 2t2+miBQMb Q7 i?2 i`m2
#`�M+? �ਕ i2`KBM�i2 �M/ +QMi`QH �7i2` �ਕ `2�+?2b i?2 T`Q;`�K TQBMi �7i2` � U`2+�HH
i?�i �7i2`!�ਕ" � �7i2`!�"VX h?2 /2T2M/2M+B2b �7i2` �ਕ T`QT�;�i2 �7i2` � #mi QMHv BM
+�b2 Q7 MQM@/2i2`KBMBbK- 2X;X 7Q` p�`B�#H2b i?�i �`2 MQi +QMbi�MiX

Ç h?2 b2+QM/ +�b2 BM U+XkV Bb 7Q` i?Qb2 2t2+miBQMb 7Q` r?B+? i?2 i2bi � Bb 7�Hb2 77X
o�`B�#H2b /2T2M/ QM i?2Kb2Hp2b �i!�" �M/ +QMi`QH KQp2b iQ �7i2`!�" bQ i?�i
/2T2M/2M+B2b �`2 i?2 b�K2 i?2`2- #mi QMHv 7Q` p�`B�#H2b i?�i +�M `2�+? �7i2`!�" rBi?
/Bz2`2Mi p�Hm2b QM /Bz2`2Mi 2t2+miBQMb �b BM/B+�i2/ #v i?2 `2bi`B+iBQM iQ
MQM/2i	h� h�
X

Ç h?2 i?B`/ +�b2 BM U+XjV Bb 7Q` T�B`b Q7 2t2+miBQMb- QM2 i?`Qm;? i?2 i`m2 #`�M+? �M/
i?2 Qi?2` i?`Qm;? i?2 7�Hb2 #`�M+?X AM i?�i +�b2 4 /2T2M/b QM 3 QMHv B7 3 /Q2b MQi
7Q`+2 2t2+miBQM iQ �Hr�vb i�F2 i?2 b�K2 #`�M+?- K2�MBM; i?�i 3 ó MQM/2i	h� h�
X A7
4 Bb MQi KQ/B}2/ #v i?2 2t2+miBQM i?`Qm;? �ਕ i?2M Bib p�Hm2 �7i2` � Bb �Hr�vb i?2
b�K2 �b Bib p�Hm2 �i!�" UbBM+2 4 Bb MQi KQ/B}2/ QM i?2 7�Hb2 #`�M+? 2Bi?2`VX AM i?�i
+�b2 +?�M;BM; 4 �i!�" rQmH/ MQi +?�M;2 4 �7i2` � bQ i?�i- BM i?�i bBim�iBQM- 4 /Q2b
MQi /2T2M/ QM 3X h?2`27Q`2 U+XjV `2[mB`2b i?�i 4 ó KQ/!�ਕ"X
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LQi2 QM i?2 TQi2MiB�H /2T2M/2M+v b2K�MiB+b Q7 i?2 +QM/BiBQM�H
� ՆՆ� $! ΰ�α �ਕ

Ç 1KTiv Q#b2`p�iBQMb �`2 MQi i�F2M BMiQ �++QmMi
Ç Ғ� $! ΰ3Ѵ͟α δ 4Ѵ3 Ғ�ε Ғ�

Ç 4 /Q2b MQi /2T2M/ QM 3 �i Ғ� M2Bi?2` �i Ғ�
Ç 4 /2T2M/b QM 3 �i Ғ�

Ç �b �H`2�/v bi�i2/- i?Bb Bb /Bz2`2Mi 7`QK .X 1X .2MMBM; �M/ SX CX .2MMBM;- RNdd
BKTHB+BiHv �HHQrBM; 7Q` +QmMi2`7�+im�H KmHiB@p�Hm2b /2T2M/2M+v +Kp/TX
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SQi2MiB�H /2T2M/2M+v b2K�MiB+b Q7 i?2 bi�i2K2Mi HBbi �' ՆՆ� �'ў �
Ȧඑ p/2Tð !�'" Ғ թ ( Ғ ó H�#t!�'ў" ? Ȧඑ p/2Tð !�'ў" Ғ U�V

| Ғ ó H�#t!�" ࡆ \�i!�"^ ?Ȧඑ p/2Tð !�'ў" �i!�" % Ȧඑ p/2Tð !�" Ғ U#V
: ñ )
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SQi2MiB�H /2T2M/2M+v b2K�MiB+b Q7 i?2 Bi2`�iBQM � ՆՆ� 2#$' Ғ ΰ�α �Ȧඑ p/2Tð !�" Ғў � 	H7T ТĊp/2T!2#$' Ғ ΰ�α �"
 Ғўp/2T!2#$' Ғ ΰ�α �" Ғў �
( Ғў � Ғ ?

�I Լ ʐ	Ғ
 % 	Ȧඑ p/2Tð !�" Ғ ؈ MQM/2i	� �

ʞ U�V
| Ғў ó BM!�" ?	Ғ
 %ʐȦඑ p/2Tð !�" Ғў ؈ MQM/2i	� �
ʞ U#V
| Ғў � �7i2`!�" ?	Ғ
 Լ ʐ	Ғ
 % 	I sKQ/!�"
ʞ Լ U+V	Ғ
 %ʓʒ ǻҒџó#`2�Fb@Q7"�#

Ȧඑ p/2Tð !�" Ғџʠ ؈ MQM/2i	� �
ʡ
: ñ ) U/V
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1t�KTH2
� � 2#$' Ғ� ΰiiα δ Ғ� 4 Ѵ 5 Ғ� 5 Ѵ 3  εҒ��

h?2 bvbi2K Q7 2[m�iBQMb  �ș!�"	
 Bbɸʂʂɾʂʂʊ
	Ғ�
 � \ܹ1 1ܺ Է 1 ó I ^ Լ 		Ғ�
 # \ܹ3 3ܺ ܹ3 5ܺ ܹ4 4ܺ^
	Ғ�
 � 	Ғ�
	Ғ�
 � 	Ғ�
 Լ 		Ғ�
 # \ܹ3 3ܺ ܹ5 4ܺ ܹ5 5ܺ^
	Ғ�
 � ñ

h?2 +?�QiB+ Bi2`�iBQMb �`2Ғ Ғ� Ғ� Ғ� Ғ��	Ғ
 ñ ñ ñ�	Ғ
 \ܹ3 3ܺ ܹ4 4ܺ ܹ5 5ܺ^ \ܹ3 3ܺ ܹ5 4ܺ ܹ5 5ܺ^ ñ�	Ғ
 \ܹ3 3ܺ ܹ3 5ܺ ܹ4 4ܺ ܹ5 4ܺ ܹ5 5ܺ^ \ܹ3 3ܺ ܹ3 4ܺ ܹ3 5ܺ ܹ5 4ܺ ܹ5 5ܺ^ ñ�	Ғ
 \ܹ3 3ܺ ܹ3 4ܺ ܹ3 5ܺ ܹ4 4ܺ ܹ5 4ܺ ܹ5 5ܺ^ \ܹ3 3ܺ ܹ3 4ܺ ܹ3 5ܺ ܹ5 4ܺ ܹ5 5ܺ^ ñ�	Ғ
 �	Ғ�
 � �	Ғ�
 �	Ғ�
 ñ
Ç h?2 BMBiB�H p�Hm2 ਙ� Q7 3 ~Qrb iQ 3 �i Ғ� QM Bi2`�iBQM 2Mi`v- iQ 5 �7i2` i?2 }`bi Bi2`�iBQM �M/ bQ iQ 4 �7i2` i?2 }`bi Bi2`�iBQMXÇ h?2 BMBiB�H p�Hm2 ਚ� Q7 4 ~Qrb QMHv iQ 4 �i Ғ� QM Bi2`�iBQM 2Mi`vXÇ h?2 BMBiB�H p�Hm2 ਛ� Q7 5 ~Qrb iQ 5 �i Ғ� QM Bi2`�iBQM 2Mi`v �M/ i?2M iQ 4 �7i2` i?2 }`bi Bi2`�iBQMX
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h?2 TQi2MiB�H /2T2M/2M+v b2K�MiB+b Bb MQi Tm`2Hv bi`m+im`�H 8

Ç a2T�`�i2 �M�HvbBb Q7 bi�i2K2Mib,Ғ� 4 Ѵ 3  3 �M/ 4 �i Ғ� /2T2M/ QM 3 �i Ғ�XҒ�Ғ� 4 Ѵ 4 Ζ 3  3 �M/ 4 �i Ғ� /2T2M/ QM 3 �i Ғ�XҒ�
Ç .2T2M/2M+v �M�HvbBb Q7 i?2 bi�i2K2Mi HBbi,Ғ� 4 Ѵ 3 Ғ� 4 Ѵ 4 Ζ 3 Ғ� 4 �i Ғ� /2T2M/b QM 3 �i Ғ� r?B+? /2T2M/b QM 3 �i Ғ� bQ-

#v +QKTQbBiBQM- 4 �i Ғ� /2T2M/b QM 3 �i Ғ�X
Ç u2i- 4 � � �i Ғ� �M/ bQ 4 �i Ғ� /Q MQi /2T2M/ QM 3 �i Ғ�X
Ç � Tm`2Hv bvMi�+iB+ bi`m+im`�H /2}MBiBQM Q7 /2T2M/2M+v HBF2 Ȧඑ p/2Tð !�" Bb M2+2bb�`BHv

BKT`2+Bb2 UbBM+2 p�Hm2b Q7 p�`B�#H2b �`2 MQi i�F2M BMiQ �++QmMiV
8QM2 rQmH/ b�v +QKTQbBiBQM�H BM /2MQi�iBQM�H b2K�MiB+bX

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kyNfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



AKT`QpBM; T`2+BbBQM
Ç hQ #2 KQ`2 T`2+Bb2- p�Hm2b Q7 p�`B�#H2b Kmbi #2 i�F2M BMiQ �++QmMi
Ç _2/m+2/ T`Q/m+i rBi? � `2�+?�#BHBiv �M�HvbBb U7Q` 2t�KTH2 *Q`i2bB- 62``�`�- >�H/2`-

�M/ w�MBQHB- kyR3c w�MBQHB �M/ *Q`i2bB- kyRRV

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kRyfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



1t�KTH2b Q7 /2`Bp2/ /2T2M@
/2M+v b2K�MiB+b �M/ �M�Hvx2b

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kRRfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



.v2 BMbi`mK2Mi2/ b2K�MiB+b

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kRkfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



SQbimH�i2/ /2}MBiBQM Q7 /2T2M/2M+v UAV
Ç /v2@i`�+2` i2bib BM ?v/`QHQ;v, /2i2`KBM2 i?2 TQbbB#H2 Q`B;BMb Q7 bT`BM; /Bb+?�`;2b Q`

`2bm`;2M+2b #v r�i2` bQm`+2 +QHQ`BM; �M/ ~Qr i`�+BM;
Ç /v2 BMbi`mK2Mi2/ b2K�MiB+b, /2+Q`�i2 i?2 BMBiB�H p�Hm2b Q7 p�`B�#H2b rBi? H�#2Hb bm+?

�b +QHQ` �MMQi�iBQMb �M/ iQ i`�+F i?2B` /BzmbBQM �M/ KBtim`2b iQ /2i2`KBM2
/2T2M/2M+B2b *?2M2v- �?K2/- �M/ �+�`- kyRRX
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SQbimH�i2/ /2}MBiBQM Q7 /2T2M/2M+v UAAV
Ç h?Bb TQbimH�i2/ /2}MBiBQM Q7 /2T2M/2M+v +�M #2 T`Qp2/ bQmM/ #v Q#b2`pBM; i?�i i?2

BMBiB�H +QHQ` Q7 p�`B�#H2b +�M #2 /2bB;M�i2/ #v i?2 M�K2 Q7 i?2b2 p�`B�#H2b �M/ i?�i
i?2 +QHQ` KBt �i TQBMi Ғ 7Q` p�`B�#H2 4 Bb\3 Է එ�ú!�" ó ൖ/2T Ғܹ3 4ܺ^

Ç LQi2 i?�i BM i?2 TQbimH�i2/ BMbi`mK2Mi2/ b2K�MiB+b- i?2 +?QB+2 Q7 /2T `2K�BMb
BKTHB+Bi �b /2}M2/ #v i?2 �`#Bi`�`BHv b2H2+i2/ +QHQ` KBtBM; `mH2bX

Ç GBF2 �HH BMbi`mK2Mi2/ b2K�MiB+b CQM2b �M/ LB2HbQM- RNN8- Bi Kmbi #2 b2K�MiB+�HHv
DmbiB}2/ rBi? `2bT2+i iQ i?2 MQM@BMbi`mK2Mi2/ b2K�MiB+b- BM r?B+? +�b2 i?2
MQM@BMbi`mK2Mi2/ b2K�MiB+b +�M #2 mb2/ �b r2HH iQ DmbiB7v /2T2M/2M+v- �b r2 /QX
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h`�+FBM; �M�HvbBb

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kR8fkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



Ç �bbmK2 i?2 BMBiB�H p�Hm2b Q7 p�`B�#H2b UKQ`2 ;2M2`�HHv BMTmibV �`2 T�`iBiBQM2/ BMiQ
i`�+F2/ G �M/ mMi`�+F2/ H p�`B�#H2b-

I � G ԼH �M/ G ԻH � ñ
Ç h?2 i`�+FBM; �#bi`�+iBQM ૦	ಱ
 Q7 � /2T2M/2M+v T`QT2`iv ಱ ó ?Ҿ Û	I s I 


�ii�+?2b iQ 2�+? T`Q;`�K TQBMi Ғ i?2 b2i Q7 p�`B�#H2b 4 r?B+?- �i i?�i T`Q;`�K
TQBMi Ғ- /2T2M/ mTQM i?2 BMBiB�H p�Hm2 Q7 �i H2�bi QM2 i`�+F2/ p�`B�#H2 3 ó G X૦	ಱ
Ғ թ \4 Է ð3 ó G � ܹ3 4ܺ ó ಱ	Ғ
^

Ç � i`�+FBM; �M�HvbBb Bb �M Qp2`@�TT`QtBK�iBQM Q7 i?2 �#bi`�+i i`�+FBM; b2K�MiB+bඑ૦!�" ċ ૦	/2T	\එ�ú!�"^


�bbB;MBM; i?2 2�+? T`Q;`�K TQBMi Ғ- � b2i එ૦!�"Ғ ó Û	I 
 Q7 p�`B�#H2b TQi2MiB�HHv
/2T2M/BM; QM i`�+F2/ p�`B�#H2bX

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kRefkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



1t�KTH2b Q7 i`�+FBM; �M�Hvb2b
Ç i�BMi �M�HvbBb BM T`Bp�+vfb2+m`Biv +?2+Fb 62``�`�- PHBpB2`B- �M/ aTQiQ- kyR3c GB-

"Bbbv�M/û- S�T�/�FBb- _�bi?Q72`- "�`i2H- P+i2�m- EH2BM- �M/ h`�QM- kyRd Ui`�+F2/ Bb
i�BMi2/- mMi`�+F2/ Bb mMi�BMi2/Vc

Ç #BM/BM; iBK2 �M�HvbBb BM Q|BM2 T�`iB�H 2p�Hm�iBQM >�i+HBz- RNN3c CQM2b- a2biQ7i- �M/
aǠM/2`;��`/- RN3N Ui`�+F2/ Bb /vM�KB+- mMi`�+F2/ Bb bi�iB+V

Ç �#b2M+2 Q7 BMi2`72`2M+2 "QrK�M �M/ �?K2/- kyR8c *Q?2M- RNddc :Q;m2M �M/
J2b2;m2`- RN3k- RN39c oQHT�MQ- A`pBM2- �M/ aKBi?- RNNe Ui`�+F2/ Bb ?B;?
UT`Bp�i2fmMi`mbi2/V- mMi`�+F2/ Bb HQr UTm#HB+fi`mbi2/VVX

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kRdfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



*QM+HmbBQM

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kR3fkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



.2T2M/2M+v Bb �M �#bi`�+i BMi2`T`2i�iBQM Q7 i?2 T`Q;`�K b2K�MiB+b
Ç .2T2M/2M+v �M�HvbBb Bb �M �#bi`�+i BMi2`T`2i�iBQM Q7 i?2 T`Q;`�K b2K�MiB+b
Ç h?Bb BM+Hm/2 MQM@BMi2`72`2M+2- ǳi�BMiǴ �M�HvbBb- 2i+X
Ç .�i� /2T2M/2M+v �M�HvbBb iQ /2i2+i T�`�HH2HBbK BM b2[m2MiB�H +Q/2b S�/m� �M/

qQH72- RN3e Bb �HbQ �M �#bi`�+i BMi2`T`2i�iBQM hxQHQpbFB- RNNd- hxQHQpbFB- kyyk-
*?X 8X

Ç q2 ?�p2 +QMbB/2`2/ T�`iB+mH�` +�b2b Q7 /2T2M/2M+vX

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kRNfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



*QMD2+im`2, �HH /2T2M/2M+B2b �`2 �#bi`�+i BMi2`T`2i�iBQMb
Ç h?2 b2K�MiB+b Bb � b2i Q7 +QKTmi�iBQMb ܹૢҒ Ғૢўܺ Ur?2`2 Ғ ∉ ૢVX
Ç q2 /2}M2 �M �#bi`�+iBQM Q7 i?2 T�bi ૢҒ Ui?2 BMBiB�H bi�i2 BM Qm` +�b2V
Ç q2 /2}M2 �M �#bi`�+iBQM Q7 i?2 7mim`2 Ui?2 b2[m2M+2 Q7 p�Hm2b Q7 � p�`B�#H2 4

Q#b2`pû2b /�Mb Ғૢў ¨ 2�+? TQBMi Ғ /�Mb ҒૢўVX
Ç q2 /2}M2 � /Bz2`2M+2 QM T�bib U+?�M;BM; i?2 p�Hm2 Q7 QMHv QM2 p�`B�#H2 BM Qm` +�b2V
Ç q2 /2}M2 � /Bz2`2M+2 QM 7mim`2b Ui/2T- +i/2T- p/2T Q` +p/2T BM Qm` +�b2V
Ç .2T2M/2M+v Bb i?2M i?2 7mim`2 �#bi`�+iBQM /2T2M/b QM i?2 T�bi �#bi`�+iBQM Bz �

+?�M;2 Q7 i?2 T�bi +?�M;BM; Bib �#bi`�+iBQM +?�M;2 i?2 �#bi`�+iBQM Q7 i?2 7mim`2X
Ç "v p�`vBM; �#bi`�+iBQMb �M/ i?2 /Bz2`2M+2 r2 +?�M;2 i?2 MQiBQMb Q7 /2T2M/2M+v

U�M/ r2 b?QmH/ #2 �#H2 iQ `2+Qp2` i?2 r?QH2 HBi2`�im`2 BM i?�i r�vVX
Ç :QQ/ 2t�KTH2b �`2 :B�+Q#�xxB �M/ J�bi`Q2MB- kyR3 7Q` MQM@BMi2`72`2M+2 �M/

"�`i?2- :`û;QB`2- �M/ G�TQ`i2- kyRd 7Q` i?2 T`Qi2+iBQM �;�BMbi bB/2 +?�MM2Hb �ii�+Fb
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"B#HBQ;`�T?v QM /2T2M/2M+v
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_272`2M+2b A
�bb�7- JQmMB`- .�pB/ �X L�mK�MM- CmHB2M aB;MQH2b- 1`B+ hQi2H- �M/ 6`û/û`B+ h`QM2H

UkyRdVX ǳ>vT2`+QHH2+iBM; b2K�MiB+b �M/ Bib �TTHB+�iBQM iQ bi�iB+ �M�HvbBb Q7
BM7Q`K�iBQM ~QrǴX AM, SPSGX �*J- TTX 3d9Ĝ33d URdeVX

"�`i?2- :BHH2b- "2MD�KBM :`û;QB`2- �M/ oBM+2Mi G�TQ`i2 UkyRdVX ǳS`Qp�#Hv b2+m`2
+QKTBH�iBQM Q7 bB/2@+?�MM2H +QmMi2`K2�bm`2bǴX A�*_ *`vTiQHQ;v 2S`BMi �`+?Bp2
kyRd- TX Rkjj UkkdVX

"QrK�M- qBHHB�K CX �M/ �K�H �?K2/ UkyR8VX ǳLQMBMi2`72`2M+2 7Q` 7`22ǴX AM, A*6SX
�*J- TTX RyRĜRRj Ukk9VX

*?2M2v- C�K2b- �K�H �?K2/- �M/ lKmi �X �+�` UkyRRVX ǳS`Qp2M�M+2 �b /2T2M/2M+v
�M�HvbBbǴX J�i?2K�iB+�H ai`m+im`2b BM *QKTmi2` a+B2M+2 kRXe- TTX RjyRĜRjjd URde-
kkyVX

*Q?2M- 1HHBb aX URNddVX ǳAM7Q`K�iBQM h`�MbKBbbBQM BM *QKTmi�iBQM�H avbi2KbǴX AM,
aPaSX �*J- TTX RjjĜRjN URdN- kk9VX
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_272`2M+2b AA
*Q`i2bB- �;QbiBMQ- SB2i`Q 62``�`�- _�Dm >�H/2`- �M/ J�ii2Q w�MBQHB UkyR3VX ǳ*QK#BMBM;

avK#QHB+ �M/ LmK2`B+�H .QK�BMb 7Q` AM7Q`K�iBQM G2�F�;2 �M�HvbBbǴX h`�MbX
*QKTmi�iBQM�H a+B2M+2 jR- TTX N3ĜRj8 UkRdVX

*QmbQi- S�i`B+F �M/ _�/?B� *QmbQi UkyyNVX ǳ"B@BM/m+iBp2 bi`m+im`�H b2K�MiB+bǴX AM7X
*QKTmiX kydXk- TTX k83Ĝk3j UR3NVX

.2MMBM;- .Q`Qi?v 1X �M/ S2i2` CX .2MMBM; URNddVX ǳ*2`iB}+�iBQM Q7 S`Q;`�Kb 7Q`
a2+m`2 AM7Q`K�iBQM 6HQrǴX *QKKmMX �*J kyXd- TTX 8y9Ĝ8Rj URde- R3k- R38- R3e-
RN9- RN8- kyk- kRkVX

62``�`�- SB2i`Q- Gm+� PHBpB2`B- �M/ 6�mbiQ aTQiQ UCmM2 kyR3VX ǳh�BHQ`BM; h�BMi �M�HvbBb
iQ :.S_ǴX AM, S`Bp�+v h2+?MQHQ;B2b �M/ SQHB+vX ei? �MMm�H S`Bp�+v 6Q`mK- �S6
kyR3- "�`+2HQM�- aT�BM- CmM2 Rj@R9- kyR3- _2pBb2/ a2H2+i2/ S�T2`bX /QB,
ͦ͟͟͟͠͠ζͨͦͧΖ͢Ζ͟͢͟Ζͤͣͦ͟͡Ζ͡άͣ Ukk9VX

:B�+Q#�xxB- _Q#2`iQ �M/ Ab�#2HH� J�bi`Q2MB UkyR3VX ǳ�#bi`�+i LQM@AMi2`72`2M+2, �
lMB7vBM; 6`�K2rQ`F 7Q` q2�F2MBM; AM7Q`K�iBQM@~QrǴX �*J h`�MbX S`BpX a2+m`X kRXk-
N,RĜN,jR UkkdVX

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kkjfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN
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_272`2M+2b AAA
:Q;m2M- CQb2T? �X �M/ CQbû J2b2;m2` URN3kVX ǳa2+m`Biv SQHB+B2b �M/ a2+m`Biv JQ/2HbǴX

AM, A111 avKTQbBmK QM a2+m`Biv �M/ S`Bp�+vX A111 *QKTmi2` aQ+B2iv- TTX RRĜky U
RdN- kk9VX

Ĝ URN39VX ǳlMrBM/BM; �M/ AM72`2M+2 *QMi`QHǴX AM, A111 avKTQbBmK QM a2+m`Biv �M/
S`Bp�+vX A111 *QKTmi2` aQ+B2iv- TTX d8Ĝ3d URdN- kk9VX

>�i+HBz- CQ?M URNN3VX ǳ�M AMi`Q/m+iBQM iQ PMHBM2 �M/ P|BM2 S�`iB�H 1p�Hm�iBQM mbBM;
� aBKTH2 6HQr+?�`i G�M;m�;2ǴX AM, S�`iB�H 1p�Hm�iBQMX oQHX RdyeX G2+im`2 LQi2b BM
*QKTmi2` a+B2M+2X aT`BM;2`- TTX kyĜ3k Ukk9VX

CQM2b- L2BH .X �M/ 6H2KKBM; LB2HbQM URNN8VX ǳ�#bi`�+i AMi2`T`2i�iBQM, �
a2K�MiB+b@"�b2/ hQQH 7Q` S`Q;`�K �M�HvbBbǴX AM, a�KbQM �#`�KbFv �M/
.Qp JX :�##�v- 2/bX >�M/#QQF Q7 GQ;B+ BM *QKTmi2` a+B2M+2X oQHX 9- a2K�MiB+
JQ/2HHBM;X Pt7Q`/ lMBp2`bBiv S`2bb- TTX 8kdĜeje UkkRVX

CQM2b- L2BH .X- S2i2` a2biQ7i- �M/ >�`�H/ aǠM/2`;��`/ URN3NVX ǳJBt, � a2H7@�TTHB+�#H2
S�`iB�H 1p�Hm�iQ` 7Q` 1tT2`BK2Mib BM *QKTBH2` :2M2`�iBQMǴX GBbT �M/ avK#QHB+
*QKTmi�iBQM kXR- TTX NĜ8y Ukk9VX
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_272`2M+2b Ao
CQm`/�M- C�+[m2b@>2M`B- oBM+2Mi G�TQ`i2- a�M/`BM2 "H�xv- s�pB2` G2`Qv- �M/

.�pB/ SB+?�`/B2 UkyR8VX ǳ� 6Q`K�HHv@o2`B}2/ * ai�iB+ �M�Hvx2`ǴX AM, SPSGX �*J-
TTX k9dĜk8N Uky9VX

G�KTbQM- "miH2` qX URNdjVX ǳ� LQi2 QM i?2 *QM}M2K2Mi S`Q#H2KǴX *QKKmMX �*J
ReXRy- TTX eRjĜeR8 UR3eVX

GB- GB- h2;�r2M/û 6X "Bbbv�M/û- JBF2 S�T�/�FBb- aB2;7`B2/ _�bi?Q72`- �H2t�M/`2 "�`i2H-
.�KB2M P+i2�m- C�+[m2b EH2BM- �M/ up2b G2 h`�QM UkyRdVX ǳai�iB+ �M�HvbBb Q7
�M/`QB/ �TTb, � bvbi2K�iB+ HBi2`�im`2 `2pB2rǴX AM7Q`K�iBQM � aQ7ir�`2 h2+?MQHQ;v
33- TTX edĜN8 Ukk9VX

J�Mi2H- >2BFQ UCmHv kyyjVX ǳ� lMB7Q`K 6`�K2rQ`F 7Q` i?2 6Q`K�H aT2+B}+�iBQM �M/
o2`B}+�iBQM Q7 AM7Q`K�iBQM 6HQr a2+m`BivǴX .`X@AM;X h?2bBbX a��`#`Ƀ+F2M- :2`K�Mv,
6�FmHi i A /2` lMBp2`bBi i /2b a��`H�M/2b URdNVX

JmH/2`- 1HF2 .2- h?QK�b 1Bb2M#�`i?- �M/ S�i`B+F a+?�mKQMi UkyR3VX ǳA/2MiB7vBM; �M/
1HBKBM�iBM; aB/2@*?�MM2H G2�Fb BM S`Q;`�KK�#H2 avbi2KbǴX A111 .2bB;M � h2bi
j8XR- TTX d9Ĝ3N UR3eVX

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kk8fkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



_272`2M+2b o
S�/m�- .�pB/ �X �M/ JB+?�2H qQH72 URN3eVX ǳ�/p�M+2/ *QKTBH2` PTiBKBx�iBQMb 7Q`

amT2`+QKTmi2`bǴX *QKKmMX �*J kNXRk- TTX RR39ĜRkyR UkkeVX
_mbbQ- �H2D�M/`Q- CQ?M >m;?2b- .�pB/ �X L�mK�MM- �M/ �M/`2B a�#2H72H/ UkyyeVX

ǳ*HQbBM; AMi2`M�H hBKBM; *?�MM2Hb #v h`�Mb7Q`K�iBQMǴX AM, �aA�LX oQHX 99j8X
G2+im`2 LQi2b BM *QKTmi2` a+B2M+2X aT`BM;2`- TTX RkyĜRj8 UR3eVX

a�#2H72H/- �M/`2B �M/ �M/`2r *X Jv2`b UkyyjVX ǳG�M;m�;2@#�b2/ BM7Q`K�iBQM@~Qr
b2+m`BivǴX A111 CQm`M�H QM a2H2+i2/ �`2�b BM *QKKmMB+�iBQMb kRXR- TTX 8ĜRN UR3eVX

hxQHQpbFB- ai�MBbH�p URNNdVX ǳ.�i� .2T2M/2M+2 �b �#bi`�+i AMi2`T`2i�iBQMbǴX AM, a�aX
oQHX RjykX G2+im`2 LQi2b BM *QKTmi2` a+B2M+2X aT`BM;2`- TX jee UkkeVX

Ĝ UR8 CmM2 kyykVX ǳ_�{M2K2Mi /Ƕ�M�Hvb2b T�` BMi2`T`ûi�iBQM �#bi`�Bi2ǴX h?ĕb2 /2
/Q+iQ`�iX S�H�Bb2�m- 6`�M+2, ú+QH2 TQHvi2+?MB[m2 UkkeVX

l`#�M- *�i2`BM� �M/ S2i2` JɃHH2` UkyR3VX ǳ�M �#bi`�+i AMi2`T`2i�iBQM 6`�K2rQ`F 7Q`
AMTmi .�i� lb�;2ǴX AM, 1aPSX oQHX Ry3yRX G2+im`2 LQi2b BM *QKTmi2` a+B2M+2X
aT`BM;2`- TTX e3jĜdRy URdeVX

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kkefkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



_272`2M+2b oA
oQHT�MQ- .2MMBb JX- *vMi?B� 1X A`pBM2- �M/ :2Qz`2v aKBi? URNNeVX ǳ� aQmM/ hvT2

avbi2K 7Q` a2+m`2 6HQr �M�HvbBbǴX CQm`M�H Q7 *QKTmi2` a2+m`Biv 9Xkfj- TTX RedĜR33
Ukk9VX

w�MBQHB- J�ii2Q �M/ �;QbiBMQ *Q`i2bB UkyRRVX ǳAM7Q`K�iBQM G2�F�;2 �M�HvbBb #v
�#bi`�+i AMi2`T`2i�iBQMǴX AM, aP6a1JX oQHX e89jX G2+im`2 LQi2b BM *QKTmi2`
a+B2M+2X aT`BM;2`- TTX 898Ĝ88d UkRdVX

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kkdfkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



h?2 1M/- h?�MF vQm

ǳ�#bi`�+i AMi2`T`2i�iBQM- a2K�MiB+b- o2`B}+�iBQM- �M/ �M�HvbBbǴ Ĝ kk3fkk3 Ĝ Ü SX *QmbQi- Lul- *AJa- *a- 6`B/�v- yRfRRfkyRN



�TT2M/Bt
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� 4ZOUBY TFNBOUJDT QSPQFSUJFT BOE
TUBUJD BOBMZTJT PG FYQSFTTJPOT

8F JOUSPEVDF CBTJD DPODFQUT PG BCTUSBDU JOUFSQSFUBUJPO VTJOH BSJUINFUJD BOE CPPMFBO FYQSFTTJPOT�

Contents

��� ćF SVMF PG TJHOT �
��� 4JHO BOBMZTJT PG JUFSBUJWF QSPHSBNT �
��� 4JHO BCTUSBDUJPO JOGPSNBMMZ �
��� 4ZOUBY PG FYQSFTTJPOT �
��� 4USVDUVSBM EFĕOJUJPOT �
��� &OWJSPONFOUT �
��� 4USVDUVSBM TFNBOUJDT PG FYQSFTTJPOT �
��� 1SPPGT CZ TUSVDUVSBM JOEVDUJPO �
��� 4FNBOUJD QSPQFSUJFT PG FYQSFTTJPOT �
���� $PMMFDUJOH TFNBOUJDT PG FYQSFTTJPOT �
���� 1SPWJOH TFNBOUJD QSPQFSUJFT PG FYQSFTTJPOT CZ TUSVDUVSBM JOEVDUJPO �
���� "CTUSBDU TJHO QSPQFSUJFT �
���� 4USVDUVSBM TJHO TFNBOUJDT PG FYQSFTTJPOT �
���� 4PVOEOFTT �
���� 4JHO DPODSFUJ[BUJPO �
���� 4JHO MBUUJDF ��
���� 4JHO BCTUSBDUJPO GPSNBMMZ ��
���� $IBSBDUFSJTUJD QSPQFSUZ PG BCTUSBDUJPO�DPODSFUJ[BUJPO ��
���� (BMPJT DPOOFDUJPO ��
���� $BMDVMBUJPOBM EFTJHO PG UIF TJHO TFNBOUJDT PG FYQSFTTJPOT ��
���� $BMDVMBUJPOBM EFTJHO PG BCTUSBDU JOUFSQSFUBUJPOT ��
���� $PODMVTJPO ��
���� &YFSDJTFT ��
���� "OTXFST UP TFMFDUFE FYFSDJTFT ��
���� #JCMJPHSBQIZ ��

3.1 The rule of signs
ćF *OEJBO NBUIFNBUJDJBO BOE BTUSPOPNFS #SBINBHVQUB 	CPSO D� ��� EJFE BęFS ���
 XBT UIF ĕSTU
UP HJWF SVMFT UP DPNQVUF XJUI [FSP BOE JOWFOUFE UIF SVMF PG TJHOT <�� QBHF ���>� 7FSTFT �����o�� PG
IJT #SʨINB�TQIV�U�B�TJEEIʨOUB TUBUF

<ćF TVN> PG UXP QPTJUJWFT JT QPTJUJWF PG UXP OFHBUJWFT OFHBUJWF� PG B QPTJUJWF BOE B OFHBUJWF <UIF
TVN> JT UIFJS EJČFSFODF� JG UIFZ BSF FRVBM JU JT [FSP� ćF TVN PG B OFHBUJWF BOE [FSP JT OFHBUJWF <UIBU>
PG B QPTJUJWF BOE [FSP QPTJUJWF <BOE UIBU> PG UXP [FSPT [FSP�
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y
" OFHBUJWF NJOVT [FSP JT OFHBUJWF B QPTJUJWF <NJOVT [FSP> QPTJUJWF� [FSP <NJOVT [FSP> JT [FSP� 8IFO
B QPTJUJWF JT UP CF TVCUSBDUFE GSPN B OFHBUJWF PS B OFHBUJWF GSPN B QPTJUJWF UIFO JU JT UP CF BEEFE�
ćF QSPEVDU PG B OFHBUJWF BOE B QPTJUJWF JT OFHBUJWF PG UXP OFHBUJWFT QPTJUJWF BOE PG QPTJUJWFT QPT�
JUJWF� UIF QSPEVDU PG [FSP BOE B OFHBUJWF PG [FSP BOE B QPTJUJWF PS PG UXP [FSPT JT [FSP�
" QPTJUJWF EJWJEFE CZ B QPTJUJWF PS B OFHBUJWF EJWJEFE CZ B OFHBUJWF JT QPTJUJWF� B [FSP EJWJEFE CZ B
[FSP JT [FSP� B QPTJUJWF EJWJEFE CZ B OFHBUJWF JT OFHBUJWF� B OFHBUJWF EJWJEFE CZ B QPTJUJWF JT <BMTP>
OFHBUJWF�
" OFHBUJWF PS B QPTJUJWF EJWJEFE CZ [FSP IBT UIBU <[FSP> BT JUT EJWJTPS PS [FSP EJWJEFE CZ B OFHBUJWF
PS B QPTJUJWF <IBT UIBU OFHBUJWF PS QPTJUJWF BT JUT EJWJTPS>� ćF TRVBSF PG B OFHBUJWF PS PG B QPTJUJWF JT
QPTJUJWF� <UIF TRVBSF> PG [FSP JT [FSP�

&YFSDJTF ���� 8IBU JT UIF NPEFSO VOEFSTUBOEJOH PG ��  !

&YFSDJTF ��� 	&SSPOFPVT TJHO BOBMZTJT
� 'PMMPXJOH UIF QTFVEP�FWBMVBUJPO JEFB PG 1FUFS /BVS JO
DPNQJMBUJPO <�� ��> .JDIFM 4JOU[PČ <��> QPTUVMBUFT UIF TJHO BOBMZTJT JO UIF GPMMPXJOH XBZ�

iਃ s ਃ �  s  ZJFMET BMXBZT UIF PCKFDU iQPTw XIFO ਃ BOE  BSF UIF PCKFDUT iQPTw PS iOFHw BOE XIFO
UIF WBMVBUJPO JT EFĕOFE BT GPMMPXT �

QPT�QPT � QPT QPT s QPT � QPT
QPT�OFH � QPTOFH QPT s OFH � OFH
OFH�QPT � QPTOFH OFR s QPT � OFH
OFH�OFH � OFH OFH s OFH � QPT
7	Q�R
 � 7	Q
�7	R
 7	Q s R
 � 7	Q
 s 7	R


7	�
 � 7	�
 � y � QPT
7	��
 � 7	��
 � y � OFH

ćF WBMVBUJPO PG ਃ s ਃ �  s  ZJFMET iQPTw CZ UIF GPMMPXJOH DPNQVUBUJPO �

7	ਃ
 � QPTOFH 7	
 � QPTOFH
7	ਃ s ਃ
 � QPT s QPT OFH s OFH 7	 s 
 � QPT s QPT OFH s OFH� QPTQPT � QPT � QPTQPT � QPT
7	ਃ s ਃ �  s 
 � 7	ਃ s ਃ
�7	 s 
 � QPT�QPT � QPTw

8IBU JT XSPOH BCPVU JU !

3.2 Sign analysis of iterative programs

ćF SVMF PG TJHOT HFOFSBMJ[FT UP QSPHSBNT� 'PS FYBNQMF UIF TJHO PG 3 JO
3 Ѵ ͟ 2#$' ΰ΄α δ 3 Ѵ 3ѯ͠ ε

	XIFSF UIF JUFSBUJPO DPOEJUJPO ΰ΄α JT JHOPSFE
 DBO CF EFUFSNJOFE BT GPMMPXT�ď "ęFS [FSP JUFSBUJPO XIFO FOUFSJOH UIF MPPQ JG FWFS 3 � ��ď "ęFS POF JUFSBUJPO UIF TJHO PG 3 JT [FSP � JT QPTJUJWF TP UIF TVN 3ѯ͠ PG [FSP BOE QPTJUJWF JT QPTJUJWF�
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3.3 Sign abstraction, informally 3ď 'PS UIF CBTJT XF IBWF TIPXO UIBU BęFS [FSP PS POF JUFSBUJPO UIF TJHO PG 3 JT [FSP 	BU JUFSBUJPO �
 PS
QPTJUJWF 	BU JUFSBUJPO �
 UIBU JT QPTJUJWF BęFS BU NPTU � JUFSBUJPO�ď 'PS UIF JOEVDUJPO TUFQ JG BęFS BU NPTU ਏ ࣏ � JUFSBUJPOT UIF TJHO PG 3 JT QPTJUJWF UIFO � JT QPTJUJWF
TP UIF TVN 3ѯ͠ PG QPTJUJWF BOE QPTJUJWF JT QPTJUJWF BęFS UIF OFYU JUFSBUJPO�ď "ęFS BUNPTU ਏ�� JUFSBUJPOT 3 JT QPTJUJWF 	BU UIF QSFWJPVT ਏ ࣏ � JUFSBUJPOT
 PS QPTJUJWF 	BU UIF ਏ���UI
JUFSBUJPO
 UIFO 3 JT QPTJUJWF BęFS BU NPTU ਏ � � JUFSBUJPOT�ď #Z SFDVSSFODF PO UIF OVNCFS PG JUFSBUJPOT JO UIF MPPQ 3 JT QPTJUJWF JO UIF MPPQ�

3.3 Sign abstraction, informally

ćF BCTUSBDUJPO JT UIBU ZPV EP OPU 	BMXBZT
 OFFE UP LOPX UIF BCTPMVUF WBMVF PG UIF BSHVNFOUT UP
LOPX UIF TJHO PG UIF SFTVMU PG BO PQFSBUJPO� ćJT JT TPNFUJNFT QSFDJTF 	GPS FYBNQMF GPS UIF NVMUJQMJ�
DBUJPO
 CVU DBO CF JNQSFDJTF 	GPS FYBNQMF UIF TJHO PG UIF TVNPG B QPTJUJWF BOE B OFHBUJWF JT VOLOPXO
XIFO JHOPSJOH UIF BCTPMVUF WBMVF PG UIF BSHVNFOUT
� ćJT JT OFWFSUIFMFTT VTFGVM JO QSBDUJDF JG ZPV
LOPX XIBU UP EP XIFO ZPV EPO�U LOPX UIF TJHO� 'PS FYBNQMF B DPNQJMFS XJMM OPU TVQQSFTT UIF
MPXFS CPVOE DIFDL XIFO BDDFTTJOH BO BSSBZ XJUI BO JOEFY OPU LOPXO UP CF QPTJUJWF� .PSFPWFS JU
JT BMXBZT QPTTJCMF UP SFĕOF UIF BCTUSBDUJPO UP HFU NPSF QSFDJTF SFTVMUT� 'PS FYBNQMF #SBINBHVQUB
TUBUFT <�� QBHF ���>

<*G> B TNBMMFS <QPTJUJWF> JT UP CF TVCUSBDUFE GSPN B MBSHFS QPTJUJWF <UIF SFTVMU> JT QPTJUJWF� <JG> B TNBMMFS
OFHBUJWF GSPN B MBSHFS OFHBUJWF <UIF SFTVMU> JT OFHBUJWF� <JG> B MBSHFS <OFHBUJWF PS QPTJUJWF JT UP CF
TVCUSBDUFE> GSPN B TNBMMFS <QPTJUJWF PS OFHBUJWF UIF BMHFCSBJD TJHO PG> UIFJS EJČFSFODF JT SFWFSTFE�
OFHBUJWF <CFDPNFT> QPTJUJWF BOE QPTJUJWF OFHBUJWF� y

,OPXJOH BO JOUFSWBM PG UIF QPTTJCMF WBMVFT JT NPSF QSFDJTF UIBO KVTU LOPXJOH UIF TJHO� *OUFSWBM
BOBMZTJT JT DPOTJEFSFE JT $IBQUFS �� 	4UBUJD *OUFSWBM "OBMZJT
�

ćF PCKFDUJWF PG UIJT $IBQUFS � JT UP GPSNBMJ[F BCTUSBDU JOUFSQSFUBUJPOT PG BSJUINFUJD FYQSFTTJPOT
	MJLF UIF SVMF PG TJHOT
 BOE UP TIPX IPX UIF BCTUSBDUJPO DBO CF GPSNBMMZ DBMDVMBUFE PVU PG UIF TF�
NBOUJDT PG BSJUINFUJD FYQSFTTJPOT�

3.4 Syntax of expressions

-FU VT DPOTJEFS UIF MBOHVBHF PG FYQSFTTJPOT�
3 4¼ ó I WBSJBCMFT 	I OPU FNQUZ


� ó 4 ՆՆ� ͠ ] 3 ] �� Ζ �� BSJUINFUJD FYQSFTTJPOT
� ó 5 ՆՆ� �� Ѷ �� ] �� )�)� �� CPPMFBO FYQSFTTJPOT
� ó 8 ՆՆ� � ] � FYQSFTTJPOT

ćJT DPOUFYU�GSFF HSBNNBS TQFDJĕFT TFUT PG QSPHSBN TZOUBDUJD FOUJUJFT UIF TFU I PG WBSJBCMFT 4 PG
BSJUINFUJD FYQSFTTJPOT 5 PG CPPMFBO FYQSFTTJPOT BOE 8 PG FJUIFS BSJUINFUJD PS CPPMFBO FYQSFTTJPOT�
ćF NBUIFNBUJDBM WBSJBCMFT 3 4 � � BOE � EFOPUF BSCJUSBSZ FMFNFOUT PG UIFTF TFUT�
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ćFSF TZOUBY JT EFĕOFE CZ HSBNNBS SVMFT TVDI BT � ՆՆ� ͠ ] 3 ] �� Ζ �� TQFDJGZJOH UIBU BO
BSJUINFUJD FYQSFTTJPO � JT FJUIFS UIF DPOTUBOU ͠ B WBSJBCMF 3 ó I  PS UIF EJČFSFODF �� Ζ �� PG UXP
BSJUINFUJD FYQSFTTJPOT �� BOE ��� ćF TFU I PG WBSJBCMFT JT MFę VOTQFDJĕFE 	VTVBMMZ JU JT BO JEFOUJĕFS
TUBSUJOH XJUI B MFUUFS GPMMPXFE CZ � PS NPSF MFUUFST PS EJHJUT PS TQFDJBM TZNCPMT MJLF iάw
�

ćJT HSBNNBS JT BNCJHVPVT TJODF ͠Ζ͠Ζ͠ DBO FJUIFS CF VOEFSTUPPE BT 	͠Ζ͠
Ζ͠ PS ͠Ζ 	͠Ζ͠
� 8F
DIPPTF UIF ĕSTU BMUFSOBUJWF TP UIF CJOBSZ PQFSBUPS JT MFę�BTTPDJBUJWF� *O CPPMFBO FYQSFTTJPOT )�)� JT
MFę�BTTPDJBUJWF BOE UIF BSJUINFUJD PQFSBUPST IBWF QSJPSJUZ PWFS CPPMFBO PQFSBUPST 	TP ͠Ζ͠Ѷ͠Ζ͠Ζ͠
JT 		͠ Ζ ͠
 Ѷ 		͠ Ζ ͠
 Ζ ͠

 J�F� GBMTF 77
� ćF EFTDSJQUJPO PG TZOUBY CZ HSBNNBS EBUFT CBDL UP /PBN
$IPNTLZ <�>�

3.5 Structural definitions

4USVDUVSBM EFĕOJUJPOT BSF HFOFSBMJ[BUJPOT PG SFDVSTJWF EFĕOJUJPOT PO OBUVSBMT� "TTVNF UIBU XF XBOU
UP EFĕOF B GVODUJPO ਈ ó 8 Ҿ ৻ XIFSF ৻ JT B TFU� " TUSVDUVSBM EFĕOJUJPO JT B SFDVSTJWF EFĕOJUJPO PG
UIF GPSNď ਈ	͠
 BOE ਈ	3
 BSF EFĕOFE UP CF DPOTUBOUT 	TP ਈ	͠
 թ ਅ͠ BOE ਈ	3
 թ ਅ3 XIFSF ਅ͠ ਅ3 ó ৻
�ď ਈ	�� Ζ ��
 BOE ਈ	�� Ѷ ��
 BSF GVODUJPOT PG ਈ	��
 BOE ਈ	��
 	TP ਈ	�� Ζ ��
 թ ৮Ζ	ਈ	��
 ਈ	��


ਈ	�� Ѷ ��
 թ ৮Ѷ	ਈ	��
 ਈ	��

��ď ਈ	�� )�)� ��
 թ ৮)�)�	ਈ	��
 ਈ	��

 XIFSF ৮Ζ ৮Ѷ ৮)�)� ó ৻ s ৻ Ҿ ৻�
&YFSDJTF ���� %FĕOF ๆฯโใ ó 8 Ҿ Û	I 
 TVDI UIBU ๆฯโใ!�" JT UIF 	QPTTJCMZ FNQUZ
 TFU PG WBSJBCMFT
PDDVSSJOH JO FYQSFTTJPO �� !

4USVDUVSBM EFĕOJUJPOT BSF UIF CBTJT PG EFOPUBUJPOBM TFNBOUJDT JOUSPEVDFE CZ%BOB 4DPUU BOE$ISJTUP�
QIFS 4USBDIFZ <��> 	BOE DBMMFE DPNQPTJUJPOBM JO UIJT DPOUFYU
�

3.6 Environments

*O PSEFS UP GPSNBMMZ EFĕOF UIF WBMVF PG BOZ FYQSFTTJPO F�H� ͠Ζ͠Ζ͠ � ÷� XF OFFE UP LOPX UIF WBMVF
PG WBSJBCMFT PDDVSSJOH JO FYQSFTTJPOT F�H� 3 Ζ ͠ JT � XIFO 3 � � 3 Ζ ͠ JT �� XIFO 3 � �� FUD� 8F
DBOOPU FOVNFSBUF UIF JOĕOJUFMZ NBOZ DBTFT y 3 � ÷� 3 � � 3 � � y� 4P XF VTF BO FOWJSPONFOUૣ ó �: XIFSF �: թ I Ҿ % UIBU JT B GVODUJPO ૣNBQQJOH B WBSJBCMF 3 UP JUT WBMVF ૣ	3
 JO UIF TFU %

PG BMM NBUIFNBUJDBM JOUFHFST� #Z SFBTPOJOH PO UIF GVODUJPO ૣ XF DBO IBOEMF JOĕOJUFMZ NBOZ DBTFT BU
PODF� 'PS FYBNQMF JO FOWJSPONFOU ૣ UIF WBMVF PG 3Ζ͠ JT ૣ	3
÷�XIFSF ૣ	3
 JT UIF WBMVF PG WBSJBCMF
3 � JT UIF NBUIFNBUJDBM JOUFHFS POF BOE ÷ JT UIF NBUIFNBUJDBM EJČFSFODF�

� թ JT iJT EFĕOFE BTw�
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3.7 Structural semantics of expressions

(JWFO BO FOWJSPONFOU ૣ ó �: թ I Ҿ % NBQQJOH WBSJBCMFT 3 ó I UP UIFJS WBMVF ૣ	3
 ó % UIF
WBMVFൿ!�"ૣ ó % PG BO BSJUINFUJD FYQSFTTJPO � ó 4 BOE!�"ૣ ó  PG B CPPMFBO FYQSFTTJPO � ó 5

JT TUSVDUVSBMMZ EFĕOFE BT GPMMPXT�ൿ!͠"ૣ թ � 	���
ൿ!3"ૣ թ ૣ	3
ൿ!�� Ζ ��"ૣ թ ൿ!��"ૣ ÷ൿ!��"ૣ!�� Ѷ ��"ૣ թ ൿ!��"ૣ �ൿ!��"ૣ!�� )�)� ��"ૣ թ !��"ૣ ã!��"ૣඑ!�" թ ൿ!�" XIFO � ó 4එ!�" թ !�" XIFO � ó 5

͠ 3 Ζ Ѷ )�)� � BOE � BSF TZOUBDUJD PCKFDUT F�H� TUSJOHT PG DIBSBDUFST� � ૣ ÷ � BOE ã BSF NBUIF�
NBUJDBM PCKFDUT� ćF SFDVSTJWF EFĕOJUJPO JT TUSVDUVSBM J�F� CZ JOEVDUJPO PO UIF TZOUBY PG FYQSFTTJPOT
� 	FJUIFS BSJUINFUJD � PS CPPMFBO �
� ćF TFNBOUJDT PG DPNQMFY FYQSFTTJPOT ൿ!�" PS !�" JT EF�
ĕOFE JO GVODUJPO PG UIF TFNBOUJDT PG TJNQMFS FYQSFTTJPOT VOUJM SFBDIJOH CBTJD DBTFT ൿ!͠"ૣ թ �
BOEൿ!3"ૣ թ ૣ	3
 GPS XIJDI UIF WBMVF JT DPOTUBOU� ćF iOPU BOEw PS iOBOEw CPPMFBO PQFSBUPS ã JT
EFĕOFE CZ UIF GPMMPXJOH USVUI UBCMF ਃ ii ii 77 77 ii 77 ii 77ਃ ã  77 ii ii ii

ćF GVODUJPOT ൿ BOE  XJMM CF TIPXO UP CF B UPUBM GVODUJPOT J�F� XFMM�EFĕOFE GPS BMM UIFJS BSHV�
NFOUT JO &YFSDJTF ���� ćJT TIPXT UIBU UIF SFDVSTJPO BMXBZT UFSNJOBUFT�

&YFSDJTF ���� %FĕOF UIF MPHJDBM PQFSBUPST 	OFHBUJPO ѿ JNQMJDBUJPOë DPOKVODUJPO ý EJTKVODUJPOü
 JO UFSNT PG ã� !

&YFSDJTF ���� 8SJUF B QSPHSBN JO UIF MBOHVBHF PG ZPVS DIPJDF UIBU JOQVUT 	BO FODPEJOH PG
 BO
FYQSFTTJPO 	XJUI OP WBSJBCMFT
 BOE SFUVSOT UIF WBMVF PG UIJT FYQSFTTJPO� !

&YFSDJTF ���� 1SPWF UIBU BOZ JOUFHFS ਛ ó % IBT B ĕOJUF EFOPUBUJPO JO UIF TZOUBY 4 PG BSJUINFUJD
FYQSFTTJPOT� !

3.8 Proofs by structural induction

1SPPGT CZ TUSVDUVSBM JOEVDUJPO <�> HFOFSBMJ[F QSPPGT CZ SFDVSSFODF� ćFZ BSF XFMM TVJUFE GPS QSPWJOH
QSPQFSUJFT PG TUSVDUVSBM EFĕOJUJPOT� 3PE #VSTUBMM <�> JOUSPEVDFE UIFN BT GPMMPXT i*G GPS TPNF TFU PG
TUSVDUVSFT B TUSVDUVSF IBT B DFSUBJO QSPQFSUZ XIFOFWFS BMM JUT QSPQFS DPOTUJUVFOUT IBWF UIBU QSPQFSUZ
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UIFO BMM UIF TUSVDUVSFT JO UIF TFU IBWF UIF QSPQFSUZw� 4P UP QSPWF UIBU B QSPQFSUZ ৸ IPMET GPS BMM
FYQSFTTJPOT � ó 8 XF QSPWF UIBU UIF QSPQFSUZ IPMET GPS UIF CBTJD DBTFT ͠ BOE 3� ćFO BTTVNJOH UIBU
UIF QSPQFSUZ IPMET GPS �� BOE �� XF QSPWF UIBU JU IPMET GPS �� Ζ �� BOE �� Ѷ ��� .PSFPWFS BTTVNJOH
UIF QSPQFSUZ IPMET GPS CPPMFBO FYQSFTTJPOT �� BOE �� XF QSPWF UIBU JU BMTP IPMET GPS �� )�)���� 8F
DPODMVEF UIBU 8 Ċ ৸�
&YFSDJTF ���� 1SPWF CZ TUSVDUVSBM JOEVDUJPO PO UIF TZOUBY PG FYQSFTTJPOT UIBU JT B UPUBM GVODUJPO
J�F� î� ó 5 �!�" ó 	I Ҿ %
 Ҿ � 	ćF QSPQFSUZ UP CF QSPWFE JT UIFSFGPSF ৸ � \� ó 5 Է!�" ó	I Ҿ %
 Ҿ ^
� 	" TJNJMBS QSPQFSUZ IBT UP CF TUBUFE BOE QSPWFE GPS BSJUINFUJD FYQSFTTJPOT�
 !

&YFSDJTF ���� 1SPWF CZ TUSVDUVSBM JOEVDUJPO PO UIF TZOUBY PG FYQSFTTJPOT UIBU JG 3 ∉ ๆฯโใ!�" BOEî4 ó I ^3\ࡆ � ૣў	4
 � ૣ	4
 UIFO!�"ૣ �!�"ૣў� 	" TJNJMBS QSPQFSUZ IBT UP CF TUBUFE BOE QSPWFE
GPS BSJUINFUJD FYQSFTTJPOT�
 !

3.9 Semantic properties of expressions

#Z FYQSFTTJPO QSPQFSUZ XFNJHIU NFBO B QSPQFSUZ PG UIF TZOUBY PG UIF FYQSFTTJPO 	TVDI IBT � IBT ��
TJHOT Ζ NPSF QSFDJTFMZ � CFMPOHT UP UIF TFU PG FYQSFTTJPOT XJUI �� TJHOT Ζ
� ćJT JT TPęXBSF NFUSJDT
BOE NFUSPMPHZ <��> PG MJUUMF JOUFSFTU UP VT�

*OTUFBE BO FYQSFTTJPO QSPQFSUZ XJMM CF VOEFSTUPPE BT B TFNBOUJD QSPQFSUZ UIBU JT B QSPQFSUZ PG UIF
TFNBOUJDT PG FYQSFTTJPOT�

ćF TFNBOUJDTൿ!�" PG BO FYQSFTTJPO �NBQT FOWJSPONFOUT ૣ ó I Ҿ % UP B WBMVFT JO %ൿ!�" ó	I Ҿ %
 Ҿ %� 'PMMPXJOH 4FDUJPO ��� B TFNBOUJD QSPQFSUZ PG BO FYQSFTTJPO JT B TFU PG QPTTJCMF
TFNBOUJDT IFODF CFMPOHT UP Û		I Ҿ %
 Ҿ %
� *G ৸ ó Û		I Ҿ %
 Ҿ %
 JT B TFNBOUJD QSPQFSUZ
UIFOൿ!�" ó ৸NFBOT UIBU i� IBT QSPQFSUZ 1w�
&YBNQMF ���� ৸ � \ Է îૣ ó I Ҿ % � 	ૣ
 � ii^ Լ \ Է îૣ ó I Ҿ % � 	ૣ
 � 77^ JT UIF TFNBOUJD
QSPQFSUZ PG B CPPMFBO FYQSFTTJPO iUP BMXBZT FWBMVBUF UP iiw PS iUP BMXBZT FWBMVBUF UP 77w� 'PS FYBNQMF
3 ø 3 � � � � BOE 3 ø 3 � � IBWF UIJT QSPQFSUZ CVU OPU 3 ø 3 � � TJODF 3 ø 3 � � JT TPNFUJNFT
USVF 	XIFO ]ૣ	3
] � �
 BOE TPNFUJNFT GBMTF 	XIFO ]ૣ	3
] � �
� 4P !3 ø 3 � � � �" ó ৸ XIJMF!3 ø 3 � �" ∉ ৸� !

/PUJDF UIBU TFNBOUJD QSPQFSUJFT৸ PG FYQSFTTJPOT BSF KVTU B QBSUJDVMBS DBTF PG QSPQFSUZ PG FYQSFTTJPOT
J�F� UIF QSPQFSUZ \� ó 8 Է එ!�" ó ৸^�
3.10 Collecting semantics of expressions

ćF DPMMFDUJOH TFNBOUJDT PG FYQSFTTJPOT JT UIF TUSPOHFTU QSPQFSUZ PG BO FYQSFTTJPO�එӁ!�" թ \ൿ!�"^ ó Û		I Ҿ %
 Ҿ %
 	����


"SJUINFUJD FYQSFTTJPO � JT TBJE UP IBWF TFNBOUJD QSPQFSUZ ৸ ó Û		I Ҿ %
 Ҿ %
 JG BOE POMZ
JG ൿ!�" ó ৸ PS FRVJWBMFOUMZ එӁ!�" Ċ ৸ TP UIBU එӁ!�" JT UIF TUSPOHFTU QSPQFSUZ PG �� ćF JEFB



JAhS`2bb L2rJ�i?X+Hb G�h1s "QQF aivH2 aBx2, dtN jkT+ i2ti rB/i? LQp2K#2` k3- kyR3 d,keTK

3.11 Proving semantic properties of expressions by structural induction 7

PG DPMMFDUJOH TFNBOUJDT XBT JOUSPEVDFE JO <�> 	VOEFS UIF RVBMJĕFS iTUBUJD TFNBOUJDTw
 BT B CBTJT GPS
QSPWJOH UIF TPVOEOFTT PG TUBUJD BOBMZ[FT� ćF DPODFQU PG DPMMFDUJOH TFNBOUJDT JT GVSUIFS EFWFMPQFE
JO $IBQUFS ��

ćF GBDU UIBU 	ൿ!�" ó ৸
 í 	එӁ!�" Ċ ৸
 NBZ TVHHFTU UIBU UIF DPODFQU PG DPMMFDUJOH TFNBOUJDT
JT PG QPPS JOUFSFTU� )PXFWFS ਙ ó ৻ í \ਙ^ Ċ ৻ JT UIF CBTJD JEFB GPS BCTUSBDUJOH TFU UIFPSZ JOUP
PSEFS�MBUUJDF UIFPSZ <�>� *U XJMM MBUFS BMMPXT VT UP VTF PSEFS UIFPSZ 	XIJDI IBT UIF FRVJWBMFOU PG Ċ CVU
OPU PG ó
 TFF $IBQUFS �� 	1PTFUT MBUUJDFT BOE DPNQMFUF MBUUJDFT
�

4JNJMBSMZ UIF DPMMFDUJOH TFNBOUJDT PG CPPMFBO FYQSFTTJPOT JTඑӁ!�" թ \!�"^ ó Û		I Ҿ %
 Ҿ 

"HBJO UIF DPMMFDUJOH TFNBOUJDTඑӁ!�" PG FYQSFTTJPOT � JT KVTU B QBSUJDVMBS DBTF PG QSPQFSUZ PG FYQSFT�
TJPOT J�F� UIF QSPQFSUZ \�ў ó 8 Է එ!�ў" ó එӁ!�"^ J�F� BMM FYQSFTTJPOT �ў UIBU IBWF UIF TBNF TFNBOUJDT
BT ��

3.11 Proving semantic properties of expressions by structural induction

4FNBOUJD QSPQFSUJFT DBO CF QSPWFE CZ TUSVDUVSBM JOEVDUJPO PO FYQSFTTJPOT� 'PS CBTJD DBTFT UIF QSPPG
JTඑӁ!͠" Ċ ৸ BOEඑӁ!3" Ċ ৸� "TTVNJOHඑӁ!��" Ċ ৸ BOEඑӁ!��" Ċ ৸ XF QSPWFඑӁ!�� Ζ ��" Ċ ৸
BOEඑӁ!��Ѷ��" Ċ ৸� "TTVNJOHඑӁ!��" Ċ ৸ BOEඑӁ!��" Ċ ৸ XF QSPWF UIBU GPSඑӁ!��)�)���" Ċ ৸�
#Z TUSVDUVSBM JOEVDUJPO XF DPODMVEF UIBU 8 Ċ \� ó 8 Է එӁ!�" Ċ ৸^ J�F� î� ó 8 � එӁ!�" Ċ ৸�
&YFSDJTF ����� 1SPWF CZ TUSVDUVSBM JOEVDUJPO PO FYQSFTTJPOT UIBUඑӁ!͠" � \ૣ ó 	I Ҿ %
 ӏ �^එӁ!3" � \ૣ ó 	I Ҿ %
 ӏ ૣ	3
^එӁ!�� Ζ ��" � \ૣ ó 	I Ҿ %
 ӏ ਈ�	ૣ
 ÷ ਈ�	ૣ
 Է ਈ� ó එӁ!��" ü ਈ� ó එӁ!��"^එӁ!�� Ѷ ��" � \ૣ ó 	I Ҿ %
 ӏ ਈ�	ૣ
 � ਈ�	ૣ
 Է ਈ� ó එӁ!��" ü ਈ� ó එӁ!��"^එӁ!�� )�)� ��" � \ૣ ó 	I Ҿ %
 ӏ ਈ�	ૣ
 ã ਈ�	ૣ
 Է ਈ� ó එӁ!��" ü ਈ� ó එӁ!��"^ !

&YFSDJTF ����� $POUJOVJOH &YFSDJTF ���� QSPWF UIBUඑӁ!3 Ζ 3" � \ૣ ó 	I Ҿ %
 ӏ �^� !
1SPHSBN QSPPG NFUIPET BSF GVSUIFS TUVEJFE JO $IBQUFST �� 	
 BOE �� 	"CTUSBDU WFSJĕDBUJPO TF�

NBOUJDT
�

3.12 Abstract sign properties

8F MFU Ӑk թ \Ďk �� �� �� �࣎ ă� �࣏ k֦^ CF UIF TFU PG TJHOT XIFSF �� JT iTUSJDUMZ OFHBUJWFw �࣏
JT iQPTJUJWF PS [FSPw FUD� �� JT iFRVBM UP [FSPw ă� JT iEJČFSFOU GSPN [FSPw 	J�F� iTUSJDUMZ OFHBUJWF PS
TUSJDUMZ QPTJUJWFw
� k֦ 	UPQ
 JT iVOLOPXO TJHOw 	J�F� ii UIBU JT iOFHBUJWF [FSP PS QPTJUJWFw
Ďk 	CPUUPN

JT iOP TJHOw 	J�F� 77 UIBU JT iOFJUIFS OFHBUJWF [FSP OPS QPTJUJWFw
 CF UIF BCTUSBDU QSPQFSUJFT PG UIF TJHO
BCTUSBDU EPNBJO พk�
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&YFSDJTF ����� $POUJOVJOH 4FDUJPO ��� QSPWJEF BO FYBNQMF PG QSPHSBN XIFSF UIF TJHO PG B WBSJBCMF
3 JT Ďk� !

ćF TJHO NJOVT PQFSBUJPO Ζk ó Ӑk s Ӑk Ҿ Ӑk EFĕOFT UIF TJHO ਔ� Ζk ਔ� PG 3 Ζ 4 XIFO 3 IBT TJHOਔ� BOE 4 IBT TJHO ਔ�� ਔ� Ζk ਔ� ਔ�Ďk �� �� �� �࣎ ă� �࣏ k֦ਔ� Ďk Ďk Ďk Ďk Ďk Ďk Ďk Ďk Ďk�� Ďk k֦ �� �� k֦ k֦ �� k֦�� Ďk �� �� �� �࣏ ă� �࣎ k֦�� Ďk �� �� k֦ �� k֦ k֦ k֦࣎� Ďk k֦ �࣎ �� k֦ k֦ �࣎ k֦ă� Ďk k֦ ă� k֦ k֦ k֦ k֦ k֦࣏� Ďk �� �࣏ k֦ �࣏ k֦ k֦ k֦k֦ Ďk k֦ k֦ k֦ k֦ k֦ k֦ k֦
&YFSDJTF ����� 4IPX UIBU TJHO PQFSBUPS Ζk JT JNQSFDJTF GPS EJČFSFODF 	÷
� !

&YFSDJTF ����� 8IBU JT XSPOH XJUI UIF $)/ ��.ΰ$)/ 3α δ - /0-) ΰ3Ѷ͟α · Ζ3  3 ε NFUIPE JO
+BWB� !

&YFSDJTF ����� 1SPWF UIBU UIF TJHO NJOVT PQFSBUJPO Ζk JT JODPSSFDU XJUI NBDIJOF JOUFHFST� !

&YFSDJTF ����� %FTJHO B TJHO PQFSBUPS GPS NVMUJQMJDBUJPO PG NBUIFNBUJDBM JOUFHFST 	s
� 1SPWF UIBU JU
JT FYBDU J�F� UIF TJHO PG UIF SFTVMU JT FYBDUMZ LOPXO GSPN UIF TJHO PG UIF QBSBNFUFST� !

3.13 Structural sign semantics of expressions

ćF TJHO PG BO FYQSFTTJPO EFQFOET VQPO UIF TJHO PG JUT GSFF WBSJBCMFT� 8F SFQSFTFOU UIF TJHO PG
WBSJBCMFT CZ B TJHO FOWJSPONFOU kૣ ó I Ҿ Ӑk TVDI UIBU kૣ	3
 JT UIF TJHO PG WBSJBCMF 3�

ćF TJHO TFNBOUJDTඑk!�" kૣ PG BO BSJUINFUJD FYQSFTTJPO � JT UIF TJHO PG UIF FYQSFTTJPO WBMVF XIFO
FWBMVBUFE XJUI WBSJBCMFT XIJDI TJHO JT HJWFO CZ UIF TJHO FOWJSPONFOU kૣ � 'PS FYBNQMF JG kૣ	3
 � ��
BOE kૣ	4
 � �࣎ UIFOඑk!3 Ζ 4" kૣ � ���

ćF TUSVDUVSBM TJHO TFNBOUJDTඑk!�" ó 	I Ҿ Ӑk
 Ҿ Ӑk NBZ CF EFĕOFE BT GPMMPXT�එk!͠" kૣ � ��එk!3" kૣ � kૣ	3
එk!�� Ζ ��" kૣ � 	එk!��" kૣ
 Ζk 	එk!��" kૣ
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5P CF NPSF QSFDJTF JG BOZ PG UIF WBSJBCMFT IBT TJHO Ďk NFBOJOH iUIF FYQSFTTJPO JT OFWFS FWBMVBUFEw
UIFO UIF SFTVMU JT Ďk NFBOJOH iOP SFTVMU JT FWFS SFUVSOFEw� 8F TBZ UIBU TJHOT BSF Ďk�TUSJDU BOE EFĕOFӐk UP FOGPSDF JU� Ӑk< kૣ>ਔ թ (ð4 ó I � kૣ	4
 � Ďk ? Ďk : ਔ )එk!͠" kૣ � Ӑk< kૣ>	��
 	����
එk!3" kૣ � Ӑk< kૣ>	 kૣ	3

එk!�� Ζ ��" kૣ � 	එk!��" kૣ
 Ζk 	එk!��" kૣ

&YFSDJTF ����� 1SPWF CZ TUSVDUVSBM JOEVDUJPO PO � UIBU JG ð3 ó I � kૣ	3
 � Ďk UIFOඑk!�" kૣ � Ďk� !

3.14 Soundness

8FXPVME MJLF UP QSPWF UIBU UIF TJHO TFNBOUJDTඑk!�" PG BO BSJUINFUJD FYQSFTTJPO � JT B XFBLFS QSPQ�
FSUZ UIBO UIF DPMMFDUJOH TFNBOUJDTඑӁ!�"� #VUඑk!�" ó 	I Ҿ Ӑk
 Ҿ Ӑk XIJMFඑӁ!�" ó Û		I Ҿ
%
 Ҿ %
 BOE UIF DPODSFUF TFNBOUJD QSPQFSUJFT JO Û		I Ҿ %
 Ҿ %
 BSF IBSEMZ DPNQBSBCMF UP UIF
BCTUSBDU TJHO QSPQFSUJFT JO 	I Ҿ Ӑk
 Ҿ Ӑk�

ćF TPMVUJPO JG UP FYQSFTT BCTUSBDU QSPQFSUJFT JO 	I Ҿ Ӑk
 Ҿ Ӑk BT B DPODSFUF QSPQFSUZ JOÛ		I Ҿ %
 Ҿ %
� 'PS UIBU QVSQPTF XF XJMM EFĕOF B DPODSFUJ[BUJPO GVODUJPO Уk ó 		I Ҿ Ӑk
 ҾӐk
 Ҿ 	Û		I Ҿ %
 Ҿ %

NBQQJOH BO BCTUSBDU QSPQFSUZ UP BO iFRVJWBMFOUw DPODSFUF QSPQFSUZ�
ćFO UIF DPODSFUF TFNBOUJDT JNQMJFT UIF BCTUSBDU TFNBOUJDT VQ UP DPODSFUJ[BUJPO JO UIBU GPS BMM

BSJUINFUJD FYQSFTTJPOT � එӁ!�" Ċ Уk	එk!�"
�
3.15 Sign concretization

8F EFĕOF UIF TJHO DPODSFUJ[BUJPO GVODUJPO Уk JO TFWFSBM TUFQT�
�� 'JSTU XF DPOTJEFS TJHOT 	JO Ӑk
 BT QSPQFSUJFT PG JOUFHFST 	JO Û	%

�k	Ďk
 թ ñ k	࣎�
 թ \ਛ ó % Է ਛ ࣎ �^ 	����
k	��
 թ \ਛ ó % Է ਛ � �^ k	ă�
 թ \ਛ ó % Է ਛ ă �^k	��
 թ \�^ k	࣏�
 թ \ਛ ó % Է ਛ ࣏ �^k	��
 թ \ਛ ó % Է ਛ � �^ k	 k֦
 թ %

�� ćFO XF DPOTJEFS TJHO FOWJSPONFOUT kૣ ó I Ҿ Ӑk BT QSPQFSUJFT PG FOWJSPONFOUT 	JO Û	I Ҿ
%

� kૣ JT UIF BCTUSBDU QSPQFSUZ PG BMM DPODSFUF FOWJSPONFOUT ૣ TVDI UIBU GPS BMM WBSJBCMFT 3 UIF
TJHO PG ૣ	3
 JT kૣ	3
� Тk	 kૣ
 թ \ૣ ó I Ҿ % Է î3 ó I � ૣ	3
 ó k	 kૣ	3

^ 	����
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0CTFSWF UIBU JG kૣ	3
 � Ďk GPS TPNF 3 ó I UIFO k	 kૣ	3

 � ñ TP î3 ó I � ૣ	3
 ó k	 kૣ	3


JT GBMTF QSPWJOH UIBU Тk	 kૣ
 � ñ� 4P UIF BCTUSBDUJPO PG GBMTF 	ñ ó Û	I Ҿ %

 JT BOZ BCTUSBDU
FOWJSPONFOU kૣ XJUI BU MFBTU POF WBSJBCMF 3 TVDI UIBU kૣ	3
 � Ďk�

�� 'JOBMMZ UIF DPODSFUJ[BUJPO PG BCTUSBDU QSPQFSUJFT ৸ ó 	I Ҿ Ӑk
 Ҿ Ӑk JT UIF DPODSFUF QSPQFSUZУk	৸
 ó Û		I Ҿ %
 Ҿ %
 EFĕOFE BTУk	৸
 թ \එ ó 	I Ҿ %
 Ҿ % Է î kૣ ó I Ҿ Ӑk � îૣ ó Тk	 kૣ
 � එ	ૣ
 ó k	৸	 kૣ

^ 	����


J�F� � IBT BCTUSBDU QSPQFSUZ ৸ UIBU JT ൿ!�" ó Уk	৸
 JG BOE POMZ JG GPS BMM FOWJSPONFOUT ૣ XJUI
TJHOT kૣ  UIF WBMVFൿ!�"ૣ PG BSJUINFUJD FYQSFTTJPO � IBT TJHO ৸	 kૣ
�

&YFSDJTF ����� "TTVNF UIBU 	QPT
 � \ਛ ó % Է ਛ ࣏ �^ BOE 	OFH
 � \ਛ ó % Է ਛ � �^ BT JO &YFS�
DJTF ���� 1SPWJEF B TPVOE EFĕOJUJPO PG UIF SVMF PG TJHOT GPS NVMUJQMJDBUJPO s XJUI UIJT JOUFSQSFUBUJPO
PG UIF SVMF PG TJHO� !

&YFSDJTF ���� 	" QPTUFSJPSJ TPVOEOFTT
� 1SPWF UIBU GPS BMM � ó 4එӁ!�" Ċ Уk	එk!�"
� !

3.16 Sign lattice

4JHO QSPQFSUJFT Pk թ \k	ਔ
 Է ਔ ó Ӑk^ PG JOUFHFST DBO CF QBSUJBMMZ PSEFSFE CZ Ċ 	J�F� JNQMJDBUJPO

BT SFQSFTFOUFE CZ UIF )BTTF EJBHSBN CFMPX XIFSF UIF OPEFT BSF UIF FMFNFOUT PG Pk BOE UIFSF JT B
CPUUPN�VQ BSSPX GSPN ৸ ó Pk UP ৸ў ó Pk XIFO ৸ ֎ ৸ў BOE OP ৹ ó Pk TVDI UIBU ৸ ֎ ৹ ֎ ৸ў� 4P৸ Ċ ৹ JG BOE POMZ JG UIFSF JT B QBUI GSPN ৸ UP ৹ JO UIF )BTTF EJBHSBN�

ćF BCTUSBDU TJHOT Ӑk BSF BO JTPNPSQIJD SFQSFTFOUBUJPO PG Pk BT TIPXO PO UIF SJHIU XIFSF UIF
JTPNPSQIJTN JT k ó Ӑk Ҿ Pk�

ñ
\ਛ Է ਛ � �^ \�^ \ਛ Է ਛ � �^
\ਛ Է ਛ ࣎ �^ \ਛ Է ਛ ă �^ \ਛ Է ਛ ࣏ �^

%

Pk �
Ďk

�� �� ��
�࣎ ă� �࣏

k֦

Ӑk �
ćFSFGPSF UIF BCTUSBDU TJHO QSPQFSUJFT BSF QBSUJBMMZ PSEFSFE CZ ֕k EFĕOFE CZ ਔ ֕k ਔў JG BOE POMZ JGk	ਔ
 Ċ k	ਔў
�
&YFSDJTF ����� 4QFDJGZ BMHPSJUINJDBMMZ UIF JODMVTJPO ֕k PO Ӑk 	NBUIFNBUJDBMMZ EFĕOFE BCPWF BTਔ ֕k ਔў JG BOE POMZ JG k	ਔ
 Ċ k	ਔў

� !
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&YFSDJTF ����� 1SPWF UIBU Ζk JT JODSFBTJOH JO FBDI PG JUT QBSBNFUFST J�F� JG ਔ� ֕k ਔў� UIFO ਔ� Ζk ਔ� ֕kਔў�Ζkਔ� BOE ਔ� ֕k ਔў� UIFO ਔ�Ζkਔ� ֕k ਔ�Ζkਔў� TP UIBU JG ਔ� ֕k ਔў� BOE ਔ� ֕k ਔў� UIFO ਔ�Ζkਔ� ֕k ਔў�Ζkਔў��
!

3.17 Sign abstraction, formally

3.17.1 Abstraction of sign properties
"O JOUFHFS QSPQFSUZ MJLF �� � � 	PEE OBUVSBMT
 DBO CF PWFS�BQQSPYJNBUFE JO Ӑk CZ TJHO QSPQFSUJFT\ਛ ó % Է ਛ � �^ \ਛ ó % Է ਛ ࣏ �^ BOE %� ćF CFTU PWFS�BQQSPYJNBUJPO PG �� � � JO Ӑk JT\ਛ ó % Է ਛ � �^ TJODF JU JT TPVOE 	JO UIBU �� � � Ċ \ਛ ó % Է ਛ � �^
 BOE UIF NPTU QSFDJTF�TUSPOHFTU
	JO UIBU \ਛ ó % Է ਛ � �^ Ċ \ਛ ó % Է ਛ ࣏ �^ Ċ %
�

.PSF HFOFSBMMZ UIF CFTU PWFS�BQQSPYJNBUJPO PG BOZ JOUFHFS QSPQFSUZ ৸ ó Û	%
 JO Ӑk JT HJWFO CZ
UIF BCTUSBDUJPO GVODUJPO k	৸
 թ (৸ Ċ ñ ? Ďk 	����


| ৸ Ċ \ਛ Է ਛ � �^ ? ��
| ৸ Ċ \�^ ? ��
| ৸ Ċ \ਛ Է ਛ � �^ ? ��
| ৸ Ċ \ਛ Է ਛ ࣎ �^ ? �࣎
| ৸ Ċ \ਛ Է ਛ ă �^ ? ă�
| ৸ Ċ \ਛ Է ਛ ࣏ �^ ? �࣏
: k֦ )k	৸
 JT UIF CFTU PWFS�BQQSPYJNBUJPO PG ৸ ó Û	%
 JO Ӑk TJODFď ৸ Ċ k	k	৸

 J�F� k	৸
 JT BO PWFS�BQQSPYJNBUJPO�TPVOE BCTUSBDUJPO PG ৸�ď JG ৸ ó Ӑk BOE ৸ Ċ k	৸
 UIFO k	৸
 ֕k ৸ J�F� k	৸
 JT NPSF QSFDJTF UIBO BOZ PUIFS PWFS�

BQQSPYJNBUJPO�TPVOE BCTUSBDUJPO PG ৸�
&YFSDJTF ����� 1SPWF UIBU ਔ� Ζk ਔ� � k	\ਙ ÷ ਚ Է ਙ ó k	ਔ�
 ü ਚ ó k	ਔ�
^
� !

&YFSDJTF ����� %FĕOF UIF ĕOJUF KPJO ֘k POӐk TVDI UIBU ֘k\ਔਊ Է ਊ ó �^ թ k	ׄ\k	ਔਊ
 Է ਊ ó �^
� 1SPWF
UIBU ਔ ֘k ਔў � \ਃ Է ਃ ó \�� �� ��^ ü 	ਃ ֕k ਔ ý ਃ ֕k ਔў
^� 4QFDJGZ UIF KPJO ֘k POӐk BMHPSJUINJDBMMZ� !

3.17.2 Abstraction of environment properties
ćF CFTU BCTUSBDUJPO PG BO FOWJSPONFOU QSPQFSUZ ৸ ó Û	I Ҿ %
 JTТk	৸
 թ 3 óI ӏ k	\ૣ	3
 Է ૣ ó ৸^
 	����


J�F� GPS FBDI WBSJBCMF 3 JU JT UIF TJHO PG UIF TFU PG WBMVFT ૣ	3
 JO BMM FOWJSPONFOUT ૣ TBUJTGZJOH ৸�
0CTFSWF UIBU Тk	৸
 թ ТĎk թ 3 óI ӏ Ďk XIJMF JG kૣ	3
 � Ďk UIFO Тk	 kૣ
 � ñ TP ñ ó Û	I Ҿ %


IBT TFWFSBM QPTTJCMF BCTUSBDUJPOT JO Ӑk CVU ТĎk JT UIF QPJOUXJTF Т֕k�TNBMMFTU PG UIFN�
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3.17.3 Abstraction of semantic properties
ćF CFTU BCTUSBDUJPO PG B TFNBOUJD QSPQFSUZ ৸ ó Û		I Ҿ %
 Ҿ %
 JTУk	৸
 թ kૣ óI Ҿ Ӑk ӏ k	\එ	ૣ
 Է එ ó ৸ ü ૣ ó Тk	 kૣ
^
 	����


J�F� HJWFO B TJHO FOWJSPONFOU kૣ  Уk	৸
 kૣ JT UIF TJHO PG UIF QPTTJCMF SFTVMUT එ	ૣ
 PG UIF TFNBOUJDTඑ ó ৸ XJUI QSPQFSUZ ৸ GPS BMM FOWJSPONFOUT ૣ XJUI TJHO kૣ �
3.18 Characteristic property of abstraction/concretization

ćF BCTUSBDUJPO�DPODSFUJ[BUJPO GVODUJPOT ܹk kܺ BSF DMPTFMZ SFMBUFE JO UIBU GPS BMM ৸ ó Û	%
 BOE৸ ó Ӑk UIFZ TBUJTGZ k	৸
 ֕k ৸ í ৸ Ċ k	৸

1SPPG #Z EFĕOJUJPO 	����
 PG k BOE 	����
 PG k XF PCTFSWF UIBUď k JT JODSFBTJOH J�F� JG ਔ ֕k ਔў UIFO k	ਔ
 Ċ k	ਔў
�ď k JT JODSFBTJOH J�F� JG ৸ Ċ ৸ў UIFO k	৸
 ֕k k	৸ў
� 	����
ď JG k	৸
 � ਔ UIFO ৸ Ċ k	ਔ
 TP k ԯ k JT FYUFOTJWF J�F� ৸ Ċ k ԯ k	৸
� 	����
ď CZ DBTF BOBMZTJT JG ৸ � k	ਔ
 UIFO k	৸
 � ਔ TP k ԯ k JT UIF JEFOUJUZ IFODF SFEVDUJWF

J�F� k ԯ k	ਔ
 ֕k ਔ TJODF ֕k JT SFĘFYJWF�
	����


*U GPMMPXT UIBUk	৸
 ֕k ৸ë k ԯ k	৸
 Ċ k	৸
 #k JT JODSFBTJOH BOE EFG� GVODUJPO DPNQPTJUJPO ԯ$ë৸ Ċ k	৸
 #k ԯ k JT FYUFOTJWF BOE Ċ USBOTJUJWF$ëk	৸
 ֕k k ԯ k	৸
 #k JT JODSFBTJOH BOE EFG� GVODUJPO DPNQPTJUJPO ԯ$ëk	৸
 ֕k ৸ #k ԯ k JT SFEVDUJWF BOE EFG� GVODUJPO DPNQPTJUJPO ԯ$ !

4JNJMBS SFTVMUT IPME GPS ܹ Тk Тkܺ BOE ܹ Уk Уkܺ TFF &YFSDJTF �����

3.19 Galois connection

ćF BCTUSBDUJPO�DPODSFUJ[BUJPO GVODUJPOT ܹk kܺ TBUJTGZ î৸ ó Û	%
 � î৸ ó Ӑk � k	৸
 ֕k ৸ í৸ Ċ k	৸
 XIJDI JT UIF EFĕOJUJPO PG B (BMPJT DPOOFDUJPO XIJDI XF XSJUF ܹÛ	%
 Ċܺ ÷÷÷÷Ҿҽ÷÷÷÷kk ܹӐk֕kܺ�
.PSF HFOFSBMMZ

%FĕOJUJPO ���� 	(BMPJT DPOOFDUJPO
 B (BMPJT DPOOFDUJPO ܹӐ ֕ܺ ÷÷÷Ҿҽ÷÷÷ ܹӐ ֕ܺ JT TVDI UIBU UIF
DPODSFUF EPNBJO ܹӐ ֕ܺ BOE UIF BCTUSBDU EPNBJO ܹӐ ֕ܺ BSF QBSUJBM PSEFST  ó Ӑ Ҿ Ӑ JT UIF
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BCTUSBDUJPO GVODUJPO  ó Ӑ Ҿ Ӑ JT UIF DPODSFUJ[BUJPO GVODUJPO BOE î৸ ó Ӑ � î৸ ó Ӑ � 	৸
 ֕৸ í ৸ ֕ 	৸
� !

&YFSDJTF ����� 1SPWF UIBU ܹÛ	I Ҿ %
 Ċܺ ÷÷÷÷Ҿҽ÷÷÷÷ТkТk ܹI Ҿ Ӑk Т֕kܺ BOE ܹÛ		I Ҿ %
 Ҿ %
Ċܺ ÷÷÷÷Ҿҽ÷÷÷÷УkУk ܹ	I Ҿ Ӑk
 Ҿ Ӑk Т֕kܺ� !

3.20 Calculational design of the sign semantics of expressions

ćF TPVOEOFTT SFRVJSFNFOU JO 4FDUJPO ���� JT UIBU î� ó 4 � එӁ!�" Ċ Уk	එk!�"
� #Z UIF (BMPJT
DPOOFDUJPO PG &YFSDJTF ���� UIJT JT FRVJWBMFOU UP Уk	එӁ!�"
 Т֕k එk!�"�ćFSFGPSF UIF TJHO TFNBOUJDT
JT B TJHO BCTUSBDUJPO PG UIF DPMMFDUJOH TFNBOUJDT� *U GPMMPXT UIBU XF DBO EFTJHO එk!�" CZ DBMDVMVT
DBMDVMBUJOH Уk	එӁ!�"
 VTJOH Т֕k�PWFS�BQQSPYJNBUJPO UP BWPJE BMM DPNQVUBUJPOTNBEF JO UIF DPODSFUF
EPNBJO�ď 8F ĕSTU DPOTJEFS UIF DBTF XIFO ð3 ó I � kૣ	3
 � Ďk TP UIBU Тk	 kૣ
 � ñ�Уk	එӁ!�"
 kૣ
� k	\එ	ૣ
 Է එ ó එӁ!�" ü ૣ ó Тk	 kૣ
^
 #EFG� 	����
 PG Уk$
� k	\ൿ!�"	ૣ
 Է ૣ ó Тk	 kૣ
^
 #EFG� 	����
 PGඑӁ!�"$
� k	ñ
 #ð3 ó I � kૣ	3
 � Ďk TP UIBU Тk	 kૣ
 � ñ$
� Ďk #EFG� 	����
 PG k$թ එk!�" kૣ

#JO BDDPSEBODF XJUI 	����
 TVDI UIBU CZ &YFSDJTF ���� ð3 ó I � kૣ	3
 � Ďk JNQMJFTඑk!�" kૣ � Ďk�$ď ćFO XF DPOTJEFS UIF DBTF XIFO î3 ó I � kૣ	3
 ă Ďk TP UIBU Тk	 kૣ
 ă ñ� 8F QSPDFFE CZ
TUSVDUVSBM JOEVDUJPO PO ��

'PS UIF CBTJD DBTF PG B DPOTUBOU ͠ XF KVTU BQQMZ UIF EFĕOJUJPOT�Уk	එӁ!͠"
 kૣ
� k	\එ	ૣ
 Է එ ó එӁ!͠" ü ૣ ó Тk	 kૣ
^
 #EFG� 	����
 PG Уk$
� k	\ൿ!͠"	ૣ
 Է ૣ ó Тk	 kૣ
^
 #EFG� 	����
 PGඑӁ!͠"$
� k	\�^
 # Тk	 kૣ
 JT OPU FNQUZ BOE EFG� 	���
 PGൿ!͠"$
� �� #EFG� 	����
 PG k$թ එk!͠" kૣ #JO BDDPSEBODF XJUI 	����
 XIFO î4 ó I � kૣ	4
 ă Ďk$
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'PS UIF CBTJD DBTF PG B WBSJBCMF 3 XF BQQMZ UIF EFĕOJUJPOT BOE UIFO TJNQMJGZ�Уk	එӁ!3"
 kૣ
� k	\එ	ૣ
 Է එ ó එӁ!3" ü ૣ ó Тk	 kૣ
^
 #EFG� 	����
 PG Уk$
� k	\ൿ!3"	ૣ
 Է ૣ ó Тk	 kૣ
^
 #EFG� 	����
 PGඑӁ!3"$
� k	\ૣ	3
 Է ૣ ó Тk	 kૣ
^
 #EFG� 	���
 PGൿ!3"$
� k	\ૣ	3
 Է î4 ó I � ૣ	4
 ó k	 kૣ	4

^
 #EFG� 	����
 PG Тk$
� k	\ૣ	3
 Է ૣ	3
 ó k	 kૣ	3

^


#TJODF k	 kૣ	4

 JT OPU FNQUZ TP GPS 4 ă 3 ૣ	4
 DBO CF DIPTFO BSCJUSBSJMZ UP TBUJTGZૣ	4
 ó k	 kૣ	4

$
� k	\ਙ Է ਙ ó k	 kૣ	3

^
 #MFUUJOH ਙ � ૣ	3
$
� k	k	 kૣ	3


 #TJODF ৻ � \ਙ Է ਛ ó ৻^ GPS BOZ TFU ৻$
� kૣ	3
 #CZ 	����
 k ԯ k JT UIF JEFOUJUZ$թ එk!3" kૣ #JO BDDPSEBODF XJUI 	����
 XIFO î4 ó I � kૣ	4
 ă Ďk$

'PS UIF JOEVDUJWF DBTF PG �� Ζ �� XF BTTVNF CZ TUSVDUVSBM JOEVDUJPO IZQPUIFTJT UIBUУk	එӁ!��"
 Т֕k එk!��" BOE Уk	එӁ!��"
 Т֕k එk!��"Уk	එӁ!�� Ζ ��"
 kૣ
� k	\එ	ૣ
 Է එ ó එӁ!�� Ζ ��" ü ૣ ó Тk	 kૣ
^
 #EFG� 	����
 PG Уk$
� k	\ൿ!�� Ζ ��"	ૣ
 Է ૣ ó Тk	 kૣ
^
 #EFG� 	����
 PGඑӁ!�� Ζ ��"$
� k	\ൿ!��"	ૣ
 ÷ൿ!��"	ૣ
 Է ૣ ó Тk	 kૣ
^
 #EFG� 	���
 PGൿ$֕k k	\ਙ ÷ ਚ Է ਙ ó \ൿ!��"	ૣў
 Է ૣў ó Тk	 kૣ
^ ü ਚ ó \ൿ!��"	ૣџ
 Է ૣџ ó Тk	 kૣ
^^

#\ਈ	ૣ
 ÷ ਉ	ૣ
 Է ૣ ó ৺^ Ċ \ਙ ÷ ਚ Է ਙ ó \ਈ	ૣў
 Է ૣў ó ৺^ ü ਚ ó \ਉ	ૣџ
 Է ૣџ ó ৺^^ BOEk JT JODSFBTJOH CZ 	����
�
ćJT PWFS�BQQSPYJNBUJPO BMMPXT GPS �� BOE �� UP CF FWBMVBUFE JO UIF DPODSFUF

XJUI EJČFSFOU FOWJSPONFOUT ૣў BOE ૣџ XJUI UIF TBNF TJHO PG WBSJBCMFT CVU QPTTJCMZ
EJČFSFOU WBMVFT PG WBSJBCMFT� ćJT BDDPVOUT GPS UIF GBDU UIBU UIF SVMF PG TJHOT EPFT OPU
UBLF SFMBUJPOTIJQT CFUXFFO WBMVFT PG WBSJBCMFT JOUP BDDPVOU� 'PS FYBNQMF UIF TJHO PG
3 Ζ 3 JT OPU �� JO HFOFSBM TFF &YFSDJTF �����$֕k k	\ਙ ÷ ਚ Է ਙ ó k	k	\ൿ!��"	ૣ
 Է ૣ ó Тk	 kૣ
^
 ü ਚ ó k	k	\ൿ!��"	ૣ
 Է ૣ ó Тk	 kૣ
^
^


#\ਙ ÷ ਚ Է ਙ ó ৸ ü ਚ ó ৹^ Ċ \ਙ ÷ ਚ Է ਙ ó k	k	৸

 ü ਚ ó k	k	৹

^ TJODF k ԯ k JT
FYUFOTJWF CZ 	����
 BOE k JT JODSFBTJOH CZ 	����
�

ćJT PWFS�BQQSPYJNBUJPO BMMPXT GPS UIF FWBMVBUJPO PG UIF TJHO UP CF QFSGPSNFE
JO UIF BCTUSBDU XJUI Ζk JOTUFBE PG UIF DPODSFUF�$

� k	\ൿ!��"	ૣ
 Է ૣ ó Тk	 kૣ
^
 Ζk k	\ൿ!��"	ૣ
 Է ૣ ó Тk	 kૣ
^
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#ਔ� Ζk ਔ� � k	\ਙ ÷ ਚ Է ਙ ó k	ਔ�
 ü ਚ ó k	ਔ�
^
 CZ &YFSDJTF ����$
� k	\එ	ૣ
 Է එ ó එӁ!��"üૣ ó Тk	 kૣ
^
Ζkk	\එ	ૣ
 Է එ ó එӁ!��"üૣ ó Тk	 kૣ
^
 #EFG� 	����


PGඑӁ$
� Уk	එӁ!��"
 kૣ Ζk Уk	එӁ!��"
 kૣ #EFG� 	����
 PG Уk$
� Уk	එӁ!��"
 kૣ Ζk Уk	එӁ!��"
 kૣ #EFG� 	����
 PG Уk$֕k 	එk!��" kૣ
 Ζk 	එk!��" kૣ


#JOEVDUJPO IZQPUIFTJT BOE Ζk JT JODSFBTJOH JO CPUI QBSBNFUFST CZ &YFSDJTF ����$թ එk!�� Ζ ��" kૣ #JO BDDPSEBODF XJUI 	����
 XIFO î4 ó I � kૣ	4
 ă Ďk$ !

3.21 Calculational design of abstract interpretations

ćJT DPODMVEFT PVS GPSNBM EFTJHO PG UIF SVMF PG TJHOT GPS BSJUINFUJD FYQSFTTJPOT�ď 8F ĕSTU EFĕOF UIF TFNBOUJDTൿ!�" PG BSJUINFUJD FYQSFTTJPOT � JO 	���
�ď ćF TUSPOHFTU QSPQFSUZ PG UIF TFNBOUJDT PG BSJUINFUJD FYQSFTTJPOT � JT UIFJS DPMMFDUJOH TFNBOUJDTඑӁ!�" JO 	����
�ď "NPOH UIF TFNBOUJD QSPQFSUJFT Û		I Ҿ %
 Ҿ %
 PG BSJUINFUJD FYQSFTTJPOT XF TFMFDU B
TVCTFU PG QSPQFSUJFT PG JOUFSFTU J�F� UIF TJHO QSPQFSUJFT BOE DIPPTF B DPNQVUFS SFQSFTFOUBUJPO
BT EFĕOFE CZ UIF BCTUSBDUJPO GVODUJPO Уk JO 	����
 XIJDI JT UIF MPXFS BEKPJOU PG UIF (BMPJT
DPOOFDUJPO 	  
�ď ćF SVMF PG TJHOඑk!�" JT UIFO GPSNBMMZ EFSJWFE CZ DBMDVMBUJPOBM EFTJHO JO 4FDUJPO ���� CZ PWFS�
BQQSPYJNBUJOH UIF CFTU BCTUSBDUJPO Уk	එӁ!�"
 PG UIF DPMMFDUJOH TFNBOUJDTඑӁ!�"�

*U GPMMPXT UIBUඑk!�" JT TPVOE CZ DPOTUSVDUJPO�

3.22 Conclusion

8F IBWF EFĕOFE UIF TFNBOUJDT PG FYQSFTTJPOT UIFJS QSPQFSUJFT B QSPPG NFUIPE BOE B TJHO BOBMZTJT�
*OTUFBE PG EFTJHOJOH UIF SVMF PG TJHO FNQJSJDBMMZ BOE UIFO QSPWJOH JUT TPVOEOFTT 	BT QSPQPTFE JO

&YFSDJTF ����
 XF VTFE UIF TPVOEOFTT SFRVJSFNFOU BT B HVJEFMJOF GPS EFTJHOJOH UIF BCTUSBDU TJHO
TFNBOUJDT CZ DBMDVMVT�

ćJT TJHO BOBMZTJT EJTDPWFST BO BCTUSBDU QSPQFSUZ PG BO BSJUINFUJD FYQSFTTJPO CZ DPNQVUJOH JO UIF
BCTUSBDU POMZ� ćJT NBZ JOWPMWF TPNF MPTT PG QSFDJTJPO XIJDI XBT UIF DBTF GPS UIF TJHO BOBMZTJT�

ćF TJHO TFNBOUJDT JT ĕOJUF TP JU JT BO FBTJMZ JNQMFNFOUBCMF TUBUJD BOBMZTJT 	TFF &YFSDJTF ����

XIFSFBT FYIBVTUJWF DBTF BOBMZTJT XPVME OPU TDBMF VQ 	TFF &YFSDJTF ����
�

3.23 Exercises
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&YFSDJTF ���� 	1BSJUZ
� %FTJHO UIF QBSJUZ BOBMZTJT PG FYQSFTTJPOT � ó 8� 4IPX UIBU UIF QBSJUZ
BOBMZTJT JT DPSSFDU XJUI NBDIJOF JOUFHFST� !

&YFSDJTF ���� 	$POTUBODZ BOBMZTJT
� %FTJHO UIF
BOBMZTJT PG FYQSFTTJPOT � ó 8 VTJOH UIF PQQP�
TJUF DPOTUBODZ QSPQFSUJFT TVDI UIBU 	Ď
 � ñ	ਊ
 � \ਊ^ ਊ ó % BOE 	֦
 � % <�>� Ďׯ ÷� ÷� � � � ֦ׯ

!

&YFSDJTF ���� 	5ZQJOH
� &YUFOE UIF TFNBOUJDT PG FYQSFTTJPOT XJUI UIF SFBM DPOTUBOU ͟͠ BOE B
HFOFSJD NJOVT PQFSBUJPO XJUI JNQMJDJU DPOWFSTJPO GSPN )�/ UP $)/ UP - �' XIFSF 	)�/
 թ �	$)/
 թ % BOE 	- �'
 թ �� %FTJHO B UZQF BOBMZTJT GPS UIFTF FYUFOEFE FYQSFTTJPOT <��>� !

&YFSDJTF ����� %FĕOF UIF DBSUFTJBO TFU USBOTGPSNFS P!�" PG BO BSJUINFUJD FYQSFTTJPO � UP CF
P!�" ó 	I Ҿ Û	%

 Ҿ Û	%

P!�" թ ৸ ӏ \ൿ!�"ૣ Է ૣ ó s	৸
^ �

'PS FYBNQMF JG ৸	3
 � \� �^ BOE৸	4
 � \÷� �^ UIFOP!3Ζ4"৸ � \� � �^ BOEP!3Ζ3"৸ � \÷� � �^�
1SPWF UIBU

P!͠"৸ թ \�^
P!3"৸ թ ৸	3


P!�� Ζ ��"৸ թ \ਙ ÷ ਚ Է ਙ ó P!��"৸ ü ਚ ó P!��"৸^
P!�� Ѷ ��"৸ թ \ਙ � ਚ Է ਙ ó P!��"৸ ü ਚ ó P!��"৸^

P!�� )�)� ��"৸ թ \ਙ ã ਚ Է ਙ ó P!��"৸ ü ਚ ó P!��"৸^ !

&YFSDJTF ���� 	.PEFM DIFDLJOH
� *NQMFNFOU UIF DBSUFTJBO QSPQFSUZ USBOTGPSNFS PG &YFSDJTF ���� JO
UIF MBOHVBHF PG ZPVS DIPJDF� *O PSEFS UP QSPWF UIBU 3Ζ4 � �XIFO 3 � 4 DIFDL UIBUP!3Ζ4"৸ � \�^
GPS BMM ৸ TVDI UIBU ৸	3
 � \ਊ^ BOE ৸	4
 � \ਊ^ ਊ ó � ÷ � XIFSF  � � �¼  �� JT UIF CJU TJ[F PG
JOUFHFST� 0CTFSWF UIF TUBUF FYQMPTJPO QSPCMFN <�>� !

3.24 Answers to selected exercises

"OTXFS PG FYFSDJTF ���� �� BOE NPSF HFOFSBMMZ ਛ�  ਛ ó % JT VOEFĕOFE 	DPNQVUFS TDJFOUJTUT XPVME
TBZ UIF DPNQVUBUJPO IBT B iSVOUJNF FSSPSw
� !

"OTXFS PG FYFSDJTF ���� � JT QPT ÷� JT OFH UIF TJHO PG � s ÷� � � JT QPT JO DPOUSBEJDUJPO XJUI UIF
SVMF QPT s OFH � OFH� !

"OTXFS PG FYFSDJTF ����
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ๆฯโใ!͠" թ ñๆฯโใ!3" թ \3^ๆฯโใ!�� Ζ ��" թ ๆฯโใ!��" Լ ๆฯโใ!��"ๆฯโใ!�� Ѷ ��" թ ๆฯโใ!��" Լ ๆฯโใ!��"ๆฯโใ!�� )�)� ��" թ ๆฯโใ!��" Լ ๆฯโใ!��" !

"OTXFS PG FYFSDJTF ���� *O 0$BNM <��> XF IBWF

ϗ /4+ � 3+- Ѵ �0( *! $)/ η �$)0. *! � 3+- κ � 3+-
ϗ /4+ � 3+- Ѵ / *! � 3+- κ � 3+- η ��)� *! � 3+- κ � 3+-

ϗ ' / - �  1�'ά� 3+- � Ѵ (�/�# � 2$/#
η �0( $ Ζѷ $
η �$)0. ΰ�͠�͡α Ζѷ ΰ 1�'ά� 3+- �͠α Ζ ΰ 1�'ά� 3+- �͡α

' / - �  1�'ά� 3+- � Ѵ (�/�# � 2$/#
η / ΰ�͠�͡α Ζѷ ΰ 1�'ά� 3+- �͠α Ѷ ΰ 1�'ά� 3+- �͡α
η ��)� ΰ�͠�͡α Ζѷ )*/ΰΰ 1�'ά� 3+- �͠α ͞͞ ΰ 1�'ά� 3+- �͡αα

ϗ  1�'ά� 3+- ΰ/ ΰΰ�$)0. ΰ�0( ͠ �0( ͡αα ΰ�$)0. ΰ�0( ͟ �0( ͡αααα
Ζ  �**' Ѵ !�'. !

"OTXFS PG FYFSDJTF ���� 'PS BMM FOWJSPONFOUT ૣ ൿ!͠ Ζ ͠"ૣ � �� *G ൿ!�"ૣ � ਏ UIFO ൿ!� Ζ 		͠ Ζ
͠
 Ζ ͠
"ૣ � ਏ � � BOEൿ!	͠ Ζ ͠
 Ζ �" � ÷ਏ� !

"OTXFS PG FYFSDJTF ����� ćF MPPQ CPEZ JO 3 Ѵ ͟ 2#$' ΰ͟α δ 3 Ѵ 3ѯ͠ ε JT OFWFS FYFDVUFE
UP UIF TFU PG QPTTJCMF WBMVFT PG 3 JO UIJT MPPQ CPEZ JT FNQUZ TP JUT TJHO JT Ďk� !

"OTXFS PG FYFSDJTF ����� $POTJEFS �� ÷ �� � �� ćF TJHO JT 	��
 Ζk 	��
 � k֦ OPU ��� !

"OTXFS PG FYFSDJTF ����� ćJT JT USVF GPS � � ͠ BOE � � 3 CZ EFĕOJUJPO PG Ӑk< kૣ>� "TTVNF CZ
TUSVDUVSBM JOEVDUJPO UIBU UIJT JT USVF GPS �� BOE ��� ćFO එk!�� Ζ ��" kૣ � 	එk!��" kૣ
 Ζk 	එk!��" kૣ

� Ďk Ζk Ďk � Ďk CZ JOEVDUJPO IZQPUIFTJT BOE EFG� PG Ζk� !

"OTXFS PG FYFSDJTF �����8FDBOVTF UIF TPVOEOFTT SFRVJSFNFOU BT B EFĕOJUJPO PG ਔ�Ζkਔ� թk	\ਙ÷ਚ Էਙ ó k	ਔ�
 ü ਚ ó k	ਔ�
^
 UP EFTJHO Ζk CZ DBMDVMVT� 8F IBWF UP DPOTJEFS BMM QPTTJCMF DBTFT GPS ਔ� BOEਔ�� 8F TIPX UISFF DBTFT k֦ Ζk Ďk � Ďk �� Ζk �࣏ � �� BOE �࣏ Ζk �࣏ � k֦�k	\ਙ ÷ ਚ Է ਙ ó k	 k֦
 ü ਚ ó k	Ďk
^

� k	\ਙ ÷ ਚ Է ਙ ó % ü ਚ ó ñ^
 #EFG� k$
� k	ñ
 � Ďk #EFG� k$k	\ਙ ÷ ਚ Է ਙ ó k	��
 ü ਚ ó k	࣏�
^

� k	\ਙ ÷ ਚ Է ਙ � � ü ਚ ࣏ �^
 #EFG� k$
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� k	\ਙ Է ਙ � �^
 � �� #EFG� k$k	\ਙ ÷ ਚ Է ਙ ó k	࣏�
 ü ਚ ó k	࣏�
^

� k	\ਙ ÷ ਚ Է ਙ ࣏ � ü ਚ ࣏ �^
 #EFG� k$
� k	%
 � k֦ #EFG� k$
ćF DBMDVMBUJPOT DBO CF GPSNBMMZ DFSUJĕFE CZ B QSPPG WFSJĕFS <� �>�

0OF DBO BMTP DPOTJEFS BMM DBTFT ਔ ó Ӑk GPS ਔ� Ζk ਔ� GPS HJWFO ਔ� ਔ� XIFO OFFEFE VTJOH B UIFPSFN
QSPWFS UP NBLF UIF QSPPG UIBU \ਙ ÷ ਚ Է ਙ ó k	ਔ�
 ü ਚ ó k	ਔ�
^ Ċ k	ਔ
 BOE SFUVSOJOH k֦ XIFO UIF
QSPPG GBJMT 	F�H� UJNFT PVU
� "NPOH BMM QPTTJCMF BOTXFST ਔ GPS XIJDI UIF UIFPSFN QSPWFS DPVME NBLF
UIF QSPPG UIF ֕k�NJOJNBM POF JT DIPTFO JG BOZ� 0UIFSXJTF BO BSCJUSBSZ ֕k�NJOJNBM POF IBT UP CF
TFMFDUFE� ćJT JT DBMMFE QSFEJDBUF BCTUSBDUJPO <�>�

!

"OTXFS PG FYFSDJTF ����� 'PS BMM ৸ ó Û	I Ҿ %
 BOE kૣ ó I Ҿ Ӑk XF IBWFТk	৸
 Т֕k kૣíî3 ó I � Тk	৸
3 ֕k kૣ	3
 #QPJOUXJTF EFG� PG Т֕k$íî3 ó I � k	\ૣ	3
 Է ૣ ó ৸^
 ֕k kૣ	3
 #EFG� 	����
 PG Тk$íî3 ó I � \ૣ	3
 Է ૣ ó ৸^ Ċ k	 kૣ	3

 #ܹÛ	%
 Ċܺ ÷÷÷÷Ҿҽ÷÷÷÷kk ܹӐk ֕kܺ$íî3 ó I � îૣ ó ৸ � ૣ	3
 ó k	 kૣ	3

 #EFG� ó$íîૣ ó ৸ � î3 ó I � ૣ	3
 ó k	 kૣ	3

 #EFG� î$í৸ Ċ \ૣ ó I Ҿ % Է î3 ó I � ૣ	3
 ó k	 kૣ	3

^ #EFG� Ċ$í৸ Ċ Тk	 kૣ

#EFG� 	����
 PG Тk QSPWJOH ܹÛ	I Ҿ %
 Ċܺ ÷÷÷÷Ҿҽ÷÷÷÷ТkТk ܹI Ҿ Ӑk Т֕kܺ$

'PS BMM ৸ ó Û		I Ҿ %
 Ҿ %
 BOE ৸ ó 	I Ҿ Ӑk
 Ҿ Ӑk XF IBWFУk	৸
 Т֕k ৸í î kૣ ó I Ҿ Ӑk � Уk	৸
 kૣ ֕k ৸	 kૣ
 #QPJOUXJTF EFG� PG Т֕k$íî kૣ ó I Ҿ Ӑk � k	\එ	ૣ
 Է එ ó ৸ ü ૣ ó Тk	 kૣ
^
 ֕k ৸	 kૣ
 #EFG� 	����
 PG Уk$íî kૣ ó I Ҿ Ӑk � \එ	ૣ
 Է එ ó ৸ ü ૣ ó Тk	 kૣ
^ Ċ k	৸	 kૣ


#ܹÛ	%
 Ċܺ ÷÷÷÷Ҿҽ÷÷÷÷kk ܹӐk ֕kܺ$íî kૣ ó I Ҿ Ӑk � îඑ ó ৸ � îૣ ó Тk	 kૣ
 � එ	ૣ
 ó k	৸	 kૣ

 #EFG� Ċ$íîඑ ó ৸ � î kૣ ó I Ҿ Ӑk � îૣ ó Тk	 kૣ
 � එ	ૣ
 ó k	৸	 kૣ

 #EFG� î$íîඑ ó ৸ � එ ó Уk	৸
 #EFG� ó BOE 	����
 PG Уk$í৸ Ċ Уk	৸
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#EFG� Ċ QSPWJOH ܹÛ		I Ҿ %
 Ҿ %
 Ċܺ ÷÷÷÷Ҿҽ÷÷÷÷УkУk ܹ	I Ҿ Ӑk
 Ҿ Ӑk Т֕kܺ�$ !

"OTXFS PG FYFSDJTF ����� ćF NPEFM DIFDLJOH UJNF JT FYQPOFOUJBM JO UIF CJU TJ[F PG JOUFHFST�

с ��/ ��-/ .$�)�-�).!*-( -+4
$(+*-/ /$( 
$(+*-/ (�/+'*/'$�+4+'*/ �. +4+'*/
!-*( . /. $(+*-/ κ

ϗ $ $)/ " -
ϗ Ό3Ό 1�-$��' .
ϗ  Ѵ ΰΌ
��Ό $α η ΰΌ���Ό Ό3Όα η
ϗ ΰΌ�
���Ό  ͠  ͡α

(�3+ Ѵ ͢͡
)�/0-�' Ѵ � /ΰ-�)" ΰ͟ ͡ κκ (�3+αα

� !  1�' ΰ  �α
$!  β͟γ ѴѴ Ό
��Ό

- /0-) � /ΰβ β͠γγα
$!  β͟γ ѴѴ Ό���Ό

- /0-) �ΰ β͠γα
$!  β͟γ ѴѴ Ό�
���Ό

�͠ Ѵ  1�'ΰ β͠γ �α
�͡ Ѵ  1�'ΰ β͡γ �α
- . Ѵ βγ
!*- 3 $) �͠

!*- 4 $) �͡
- . Ѵ - . ѯ β3 Ζ 4γ

- /0-) � /ΰ- .α
#�)�' ά --*-ΰα

 3+- Ѵ ΰΌ�
���Ό ΰΌ���Ό Ό3Όα ΰΌ���Ό Ό
4Όαα

� ! (�& �ΰ$α
� ! �ΰ3α

$! 3 ѴѴ Ύ3Ύ
- /0-) � /ΰβ$γα

$! 3 ѴѴ Ύ4Ύ
- /0-) � /ΰβ$γα

- /0-) � /ΰβ͟γα
- /0-) �

3 Ѵ βγ

4 Ѵ βγ
- .0'/ Ѵ � /ΰβγα
!*- + $) -�)" ΰ͡ (�3+α

./�-/ά/$( Ѵ /$( /$( ΰα
!*- $ $) -�)" ΰ͟ ΰΰ͡ κκ +α Ζ ͠αα

� Ѵ (�& �ΰ$α
- .0'/ Ѵ - .0'/ η  1�' ΰ 3+- �α

!$)$.#ά/$( Ѵ /$( /$( ΰα
3 Ѵ 3 ѯ β+γ
/ Ѵ ΰ!$)$.#ά/$( Ζ ./�-/ά/$( α
4 Ѵ 4 ѯ β/γ
+-$)/ + - .0'/ / Ύ. �*)�.Ύ

+4+'*/+'*/ΰ34α
+4+'*/3'�� 'ΰΌ+Όα
+4+'*/4'�� 'ΰΌ/$( ΰ͡κκ+Ζ͠αΌα
+4+'*/.�1 !$"ΰΌ��-/ .$�)�-�).!*-( -+)"

Όα
с ζ0.-ζ�$)ζ+4/#*) ��-/ .$�)�-�).!*-( -

+4
͡ � /ΰβ͟γα ͥͨͣͥͣͧͦͥͤ͟͟͟͟͟͢͢ . �*)�.
͢ � /ΰβ͟γα ͦͦͦͥͥ͟͟͟͟͟͟͠͡͠͡͠ . �*)�.΄

ͤ͡ � /ΰβ͟γα ͥͥͨͨͤ͢͢͢͡͡͠͠ . �*)�.
ͥ͡ � /ΰβ͟γα ͤͦͣͤͨͤͧͦ͢͢͠͠ . �*)�.
ͦ͡ � /ΰβ͟γα ͥͥͨͧͦ͟͟͠͡͡͡͡ . �*)�.
с
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