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uQmo2`B7v, �M AMi2`K2/B�i2 _2T`2b2Mi�iBQM �M/ 6`�K2rQ`F 7Q` avK#QHB+ 1t2+miBQM

#v

:`B{M *?`BbiB�M S`2+?i2`

8i? u2�` J�bi2`b Q7 a+B2M+2 BM 1H2+i`B+�H 1M;BM22`BM; �M/ *QKTmi2` a+B2M+2

lMBp2`bBiv Q7 *�HB7Q`MB�- "2`F2H2v

S`Q72bbQ` _�Hm+� �/� SQT�- *Q@+?�B`

S`Q72bbQ` EQmb?BF a2M- *Q@+?�B`

avK#QHB+ 2t2+miBQM Bb � TQTmH�` /vM�KB+ T`Q;`�K �M�HvbBb i2+?MB[m2 BM r?B+? � T`Q;`�K Bb
2t2+mi2/ rBi? bvK#QHB+- Q` p�`B�#H2- BMTmib BM TH�+2 Q7 +QM+`2i2 QM2bX .m`BM; i?2 2t2+miBQM
Q7 � T`Q;`�K- KmHiBTH2 T�i?b K�v #2 2tTHQ`2/ /m2 iQ i?2 T`2b2M+2 Q7 bvK#QHB+ p�Hm2b- T`Q@
/m+BM; b2p2`�H bi�i2bX h?2b2 bi�i2b �`2 ;m�`/2/ #v T�i? +QMbi`�BMib- +QM/BiBQMb i?�i BM/B+�i2
r?�i p�Hm2b i?2 bvK#QHB+ BMTmib b?QmH/ i�F2 QM iQ T`Q/m+2 � ;Bp2M bi�i2X avK#QHB+ 2t2+m@
iBQM ?�b K�Mv �TTHB+�iBQMb `�M;BM; 7`QK i2biBM; �M/ #m; /Bb+Qp2`v iQ T`Q;`�K �M�HvbBb �M/
p2`B}+�iBQMX _2+2MiHv- H2p2`�;BM; /QK�BM bT2+B}+ FMQrH2/;2- KQ/B}2/ bvK#QHB+ 2t2+miBQM
�H;Q`Bi?Kb ?�p2 #22M miBHBx2/ iQ bQHp2 +QKTmi2` b2+m`Biv T`Q#H2Kb i?`Qm;? T`Q;`�K �M�Hv@
bBbX PM2 2t�KTH2- P#HB*?2+F- BKTH2K2Mib MQp2H bvK#QHB+ 2t2+miBQM i2+?MB[m2b iQ 2{+B2MiHv
p2`B7v i?2 Q#HBpBQmbM2bb Q7 �H;Q`Bi?Kb KQ/2H2/ BM � bm#b2i Q7 C�p�a+`BTiX AM i?Bb `2TQ`i- A
B/2MiB7v irQ F2v +?�HH2M;2b BM BKTH2K2MiBM; +mbiQK bvK#QHB+ 2t2+miBQM �H;Q`Bi?Kb, 6B`bi-
72�im`2b BM KQ/2`M H�M;m�;2b �`2 Q7i2M /B{+mHi iQ bmTTQ`i BM bvK#QHB+ 2t2+miBQM 7`�K2rQ`Fb
/m2 iQ i?2 +QMbi`�BMib BKTQb2/ #v mM/2`HvBM; aJh bQHp2`bX a2+QM/- Bi Bb +?�HH2M;BM; �M/ iBK2
+QMbmKBM; iQ KQ/B7v 2tBbiBM; bvK#QHB+ 2t2+miBQM 7`�K2rQ`Fb iQ `�TB/Hv T`QiQivT2 +mbiQK
bvK#QHB+ 2t2+miBQM �H;Q`Bi?KbX hQ �//`2bb i?2b2 +?�HH2M;2b- A T`2b2Mi uQmo2`B7v- �M BMi2`K2@
/B�i2 `2T`2b2Mi�iBQM UA_V 7Q` bvK#QHB+ 2t2+miBQM #mBHi �b �M �#bi`�+iBQM H�v2` /B`2+iHv �#Qp2
i?2 aJh@GB# 7�KBHv Q7 bQHp2`bX uQmo2`B7v T`QpB/2b � ~2tB#H2 �SA i?�i b2T�`�i2b i?2 bi�i2
`2T`2b2Mi�iBQM �M/ 2tTHQ`�iBQM 7`QK i?2 A_ H�M;m�;2 �M/ bvK#QHB+ BMi2`T`2i2`X A T`QpB/2 �
p2`B}2/ BKTH2K2Mi�iBQM Q7 i?2 7`�K2rQ`F rBi? � /27�mHi bvK#QHB+ 2t2+miBQM �H;Q`Bi?KX A �/@
/BiBQM�HHv T`QpB/2 � T`QiQivT2 BKTH2K2Mi�iBQM Q7 P#HB*?2+FǶb bvK#QHB+ 2t2+miBQM �H;Q`Bi?K
KQ/B}+�iBQMb iQ /2KQMbi`�i2 uQmo2`B7vǶb 2z2+iBp2M2bb 7Q` T`QiQivTBM; bvK#QHB+ 2t2+miBQM
i2+?MB[m2bX
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*QMi2Mib

*QMi2Mib BB

GBbi Q7 6B;m`2b Bp

GBbi Q7 h�#H2b p

R AMi`Q/m+iBQM R
RXR avK#QHB+ 1t2+miBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R
RXk �TTHB+�iBQMb Q7 avK#QHB+ 1t2+miBQM X X X X X X X X X X X X X X X X X X X X X X X 9
RXj uQmo2`B7v, �M AMi2`K2/B�i2 _2T`2b2Mi�iBQM 7Q` avK#QHB+ 1t2+miBQM X X X X X e

k "�+F;`QmM/ �M/ _2H�i2/ qQ`Fb d
kXR avK#QHB+ 1t2+miBQM hQQHb �M/ aQHp2`@�B/2/ G�M;m�;2b X X X X X X X X X X X X d
kXk JmHiBa1 (ky) X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry
kXj P#HB*?2+F (kR- Rd) X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR

j uQmo2`B7v Re
jXR .2bB;M X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Re
jXk G�M;m�;2 62�im`2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R3
jXj avMi�t X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kd
jX9 AKTH2K2Mi�iBQM .2i�BHb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kN
jX8 avK#QHB+ 1t2+miBQM �H;Q`Bi?K X X X X X X X X X X X X X X X X X X X X X X X X X jy
jXe �SA X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jk

9 h2biBM; �M/ o2`B}+�iBQM j8
9XR Pp2`pB2r Q7 h2bib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j8
9Xk h2biBM; a2imT �M/ S`Q+2bb X X X X X X X X X X X X X X X X X X X X X X X X X X X X j8
9Xj 1p�Hm�iBQM QM EG11 h2bi *�b2b X X X X X X X X X X X X X X X X X X X X X X X X X jd
9X9 6`�K2rQ`F *Qp2`�;2 h2biBM; X X X X X X X X X X X X X X X X X X X X X X X X X X j3

8 S`QiQivTBM; P#HB*?2+F rBi? uQmo2`B7v jN
8XR AKTH2K2Mi�iBQM Pp2`pB2r X X X X X X X X X X X X X X X X X X X X X X X X X X X X jN
8Xk 1p�Hm�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9y
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R � b�KTH2 T`Q;`�K rBi? �HH bvK#QHB+ BMTmibX X X X X X X X X X X X X X X X X X X X X k
k ai�i2b Q7 T`Q;`�K BM 6B;m`2 R �7i2` 2t2+miBM; HBM2 8X X X X X X X X X X X X X X X X X j
j ai�i2b Q7 T`Q;`�K BM 6B;m`2 R �7i2` +QKTH2iBQMX X X X X X X X X X X X X X X X X X X j

R o�Hm2 bmKK�`B2b 7Q` p�`B�#H2b Q7 T`Q;`�K BM 6B;m`2 R �7i2` +QKTH2iBQMX X X X X X Rk

R J�BM 2t2+miBQM HQQT 7Q` uQmo2`B7v BMi2`T`2i2`X X X X X X X X X X X X X X X X X X X X R3
k *QKT`2?2MbBp2 1t�KTH2 7`QK uQmo2`B7v i2bi +�b2 bmBi2X X X X X X X X X X X X X X k8
j *QKT`2?2MbBp2 1t�KTH2 7`QK uQmo2`B7v i2bi +�b2 bmBi2 U+QMiBMm2/VX X X X X X X X ke
9 uQmo2`B7vǶb bvMi�t 7Q` i?2 b2i Q7 bQ`ib- SX X X X X X X X X X X X X X X X X X X X X X X kd
8 uQmo2`B7vǶb bvMi�tX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k3
e PT2`�iBQM�H a2K�MiB+b 7Q` i?2 .27�mHi avK#QHB+ 1t2+miBQM AKTH2K2Mi�iBQM BM

uQmo2`B7vX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jR

R 1t�KTH2 i2bi +�b2 7Q` uQmo2`B7v �``�vbX X X X X X X X X X X X X X X X X X X X X X X je
k 1tT2+i2/ }M�H T`Q;`�K bi�i2 7Q` i2bi +�b2 BM 6B;m`2 RX X X X X X X X X X X X X X X jd
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GBbi Q7 h�#H2b

R _2bmHib 7`QK `mMMBM; EG11 i2bi +�b2bX X X X X X X X X X X X X X X X X X X X X X X X jd

R P#HB*?2+F AKTH2K2Mi�iBQM _mMiBK2 aT22/mT X X X X X X X X X X X X X X X X X X X 9R
k P#HB*?2+F AKTH2K2Mi�iBQM �++m`�+v X X X X X X X X X X X X X X X X X X X X X X X X 9R
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A �K 2ti`2K2Hv ;`�i27mH 7Q` i?2 mMr�p2`BM; bmTTQ`i Q7 #Qi? Kv �/pBbQ`b- S`Q72bbQ`b _�Hm+�
�/� SQT� �M/ EQmb?BF a2M- i?`Qm;?Qmi i?2 8i? u2�` J�bi2`b T`Q;`�KX A `2�+?2/ Qmi #27Q`2
Kv b2MBQ` v2�` rBi? MQ 2tT2`B2M+2 BM `2b2�`+?- �M/ #Qi? r2`2 2ti`2K2Hv bmTTQ`iBp2 �M/
KQiBp�i2/ K2 iQ ;2i BMpQHp2/ �M/ iQ Tm`bm2 i?2 K�bi2`bX q2`2 Bi MQi 7Q` i?2B` bmTTQ`i �M/
i?2 QTTQ`imMBiv iQ /Q i?2 T`Q;`�K- A rQmH/ ?�p2 M2p2` #22M �#H2 iQ ;`Qr �M/ Tm`bm2 Kv
BMi2`2bib BM i?2 r�v i?�i A ?�p2X A rQmH/ HBF2 iQ i?�MF C2QM;b2QF aQM �M/ _Bb?�#? SQ//�` 7Q`
i?2B` K2MiQ`b?BT r?BH2 rQ`FBM; QM P#HB*?2+F- r?B+? BMbTB`2/ iQ K2 iQ BMp2biB;�i2 bvK#QHB+
2t2+miBQM 7Q` i?Bb T`QD2+iX A rQmH/ HBF2 iQ i?�MF oBpB�M 6�M;- 7Q` ?2` ?2HT �M/ ;mB/�M+2
i?`Qm;?Qmi i?2 T`Q;`�KX 6BM�HHv- A rQmH/ HBF2 iQ i?�MF E2pBM G�2m72` 7Q` ?Bb bmTTQ`i �M/
;mB/�M+2 /m`BM; Kv rQ`F QM uQmo2`B7vX
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AMi`Q/m+iBQM

avK#QHB+ 2t2+miBQM Bb � TQTmH�` /vM�KB+ T`Q;`�K �M�HvbBb i2+?MB[m2 r?2`2 � T`Q;`�K Bb
`mM rBi? bvK#QHB+- Q` p�`B�#H2- BMTmib BM TH�+2 Q7 +QM+`2i2 QM2bX .m`BM; i?2 2t2+miBQM Q7
i?2 T`Q;`�K- KmHiBTH2 T�i?b K�v #2 7QHHQr2/ /m2 iQ i?2 T`2b2M+2 Q7 bvK#QHB+ p�Hm2b- T`Q@
/m+BM; � MmK#2` Q7 bi�i2bX h?2b2 bi�i2b �`2 ;m�`/2/ #v T�i? +QMbi`�BMib- +QM/BiBQMb i?�i
BM/B+�i2 r?�i p�Hm2b i?2 bvK#QHB+ BMTmib b?QmH/ i�F2 QM iQ T`Q/m+2 � +2`i�BM bi�i2X avK#QHB+
2t2+miBQM ?�b � MmK#2` Q7 �TTHB+�iBQMb `�M;BM; 7`QK i2biBM; �M/ p2`B}+�iBQM- iQ �M�HvxBM;
T`Q;`�Kb 7Q` p�HB/�iBM; +2`i�BM T`QT2`iB2b _2+2MiHv- H2p2`�;BM; /QK�BM bT2+B}+ FMQrH2/;2-
KQ/B}2/ bvK#QHB+ 2t2+miBQM �H;Q`Bi?Kb ?�p2 #22M miBHBx2/ iQ 2{+B2MiHv bQHp2 +QKTmi2` b2+m@
`Biv T`Q#H2Kb i?`Qm;? T`Q;`�K �M�HvbBbX AM i?Bb T�T2`- r2 rBHH #2 T�`iB+mH�`Hv BMp2biB;�iBM;
P#HB*?2+F (kR)- � KQ/B}2/ bvK#QHB+ 2t2+miBQM �H;Q`Bi?K iQ p2`B7v i?2 Q#HBpBQmbM2bb Q7 +Q/2
BM C�p�a+`BTiX AM i?Bb T�T2`- A B/2MiB7v irQ F2v +?�HH2M;2b BM BKTH2K2MiBM; +mbiQK bvK#QHB+
2t2+miBQM �H;Q`Bi?Kb, }`bi- H�M;m�;2 72�im`2b BM KQ/2`M H�M;m�;2b �`2 Q7i2M /B{+mHi iQ bmT@
TQ`i BM bvK#QHB+ 2t2+miBQM 7`�K2rQ`Fb /m2 iQ i?2 +QMbi`�BMib BKTQb2/ #v mM/2`HvBM; aJh
bQHp2`bX a2+QM/- Bi Bb +?�HH2M;BM; �M/ iBK2 +QMbmKBM; iQ KQ/B7v 2tBbiBM; bvK#QHB+ 2t2+miBQM
7`�K2rQ`Fb iQ `�TB/Hv T`QiQivT2 +mbiQK bvK#QHB+ 2t2+miBQM �H;Q`Bi?KbX hQ �//`2bb i?2b2
+?�HH2M;2b- BM i?Bb T�T2` A T`2b2Mi uQmo2`B7v- �M/ BMi2`K2/B�i2 `2T`2b2Mi�iBQM UA_V 7Q` bvK@
#QHB+ 2t2+miBQM #mBHi �b �M �#bi`�+iBQM H�v2` /B`2+iHv �#Qp2 i?2 aJh@GB# 7�KBHv Q7 bQHp2`bX A
T`QpB/2 � p2`B}2/ BKTH2K2Mi�iBQM +�T�#H2 Q7 bvK#QHB+�HHv 2t2+miBM; +QKTH2t T`Q;`�Kb r`Bi@
i2M BM i?2 A_X �M/ A �//BiBQM�HHv T`QpB/2 � T`QiQivT2/ BKTH2K2Mi�iBQM Q7 bQK2 i2+?MB[m2b
T`2b2Mi2/ BM P#HB*?2+F bvK#QHB+ 2t2+miBQM �H;Q`Bi?K iQ /2KQMbi`�i2 Bib 2z2+iBp2M2bb 7Q`
BKTH2K2MiBM; bvK#QHB+ 2t2+miBQM �H;Q`Bi?KbX

RXR avK#QHB+ 1t2+miBQM
avK#QHB+ 2t2+miBQM (j- Ry- RR- Rk) Bb � /vM�KB+ T`Q;`�K �M�HvbBb i2+?MB[m2- BMi`Q/m+2/ BM
i?2 KB/ Ƕdyb- MQr mb2/ BM � p�`B2iv Q7 �TTHB+�iBQMb 7`QK i2bi ;2M2`�iBQM �M/ p2`B}+�iBQM- iQ
p�HB/�iBM; +QKTmi2` b2+m`Biv T`QT2`iB2b Q7 T`Q;`�Kb (R)X q?2`2�b � MQ`K�H T`Q;`�K Bb `mM
+QM+`2i2Hv- 7QHHQrBM; � bBM;H2 +QMi`QH T�i? i?`Qm;? i?2 +Q/2 #�b2/ QM BMTmi p�Hm2b- bvK#QHB+
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2t2+miBQM 2tTHQ`2b � p�`B2iv Q7 +QMi`QH T�i?b- T`Q/m+BM; � `B+?2` KQ/2H Q7 i?2 T`Q;`�KǶb
Qp2`�HH #2?�pBQ`X h?Bb Bb �++QKTHBb?2/ #v bm#biBimiBM; +QM+`2i2 p�Hm2b 7Q` bvK#QHB+- Q`
p�`B�#H2- QM2bX qBi? +2`i�BM p�Hm2b mM#QmM/ iQ � bBM;mH�` +QM+`2i2 p�Hm2- �7i2` 2M+QmMi2`BM;
+QM/BiBQM�H #`�M+?BM; bi�i2K2Mib i?�i /2T2M/ QM i?�i bvK#QHB+ p�Hm2- KmHiBTH2 +QMi`QH T�i?b
Kmbi #2 2tTHQ`2/ iQ �++QmMi 7Q` i?2 p�bi /QK�BM i?�i i?2 bvK#QHB+ BMTmib +QmH/ Q++mTvX �b
� `mMMBM; 2t�KTH2 Q7 bvK#QHB+ 2t2+miBQM- BM 6B;m`2 R- i?2`2 Bb KQ/B}2/ b�KTH2 T`Q;`�K
7`QK i?2 JmHiBa1 (ky) T�T2` U� T�T2` r2 rBHH /Bp2 BMiQ H�i2` BM i?2 `2TQ`iV,

R, p�` t, ALh 4 0bvK#QHB+nBMTmiU^t^V
k, p�` `, ALh 4 0bvK#QHB+nBMTmiU^`^V
j, p�` x, ALh 4 0bvK#QHB+nBMTmiU^x^V
9, t 4 k  t
8, B7 t = Ryy,
e, B7 x 44 R,
d, ` 4 j
3, B7 ` = R,
N, x 4 ` @ R

6B;m`2 R, � b�KTH2 T`Q;`�K rBi? �HH bvK#QHB+ BMTmibX

AM p�MBHH� /vM�KB+ bvK#QHB+ 2t2+miBQM- i?2 T`Q;`�K 2t2+miBQM #2;BMb rBi? QMHv � bBM;H2
bi�i2- r?2`2 UBM Qm` 2t�KTH2V �HH i?2 p�`B�#H2b �`2 QMHv i?2B` bvK#QHB+ BMTmib- �M/ i?2 T�i?
+QMbi`�BMi Bb i`m2X h?2 T�i? +QMbi`�BMi Q7 � bi�i2 BM bvK#QHB+ 2t2+miBQM �+ib �b � ;m�`/ 7Q`
i?�i bT2+B}+ bi�i2- bT2+B7vBM; � +QM/BiBQM i?�i Kmbi #2 K2i BM Q`/2` 7Q` i?2 p�`B�#H2b iQ 2[m�H
i?2 ;Bp2M p�Hm2b BM i?2 bi�i2X q?2M i?2 bvK#QHB+ 2t2+miBQM `2�+?2b HBM2 9- #2+�mb2 t Bb �
bvK#QHB+ p�Hm2- i?2 M2r p�Hm2 Q7 t #2+QK2b i?2 bvK#QHB+ 2tT`2bbBQM k  tX >Qr2p2`- i?2
bvK#QHB+ 2t2+miBQM #2;BMb iQ ;2i T�`iB+mH�`Hv BMi2`2biBM; r?2M HBM2 8 Bb `2�+?2/X �b r2 FMQr-
i?2 p�Hm2 Q7 t Bb Tm`2Hv � bvK#QHB+ 2tT`2bbBQM- k  t- �M/ i?mb +QmH/ i�F2 QM �Mv BMi2;2`
KmHiBTH2 Q7 kX q?2M 2p�Hm�iBM; i?2 +QM/BiBQM Q7 i?2 B7 bi�i2K2Mi- i?2 /2+BbBQM Q7 r?2i?2` Q`
MQi iQ 2Mi2` i?2 bi�i2K2Mi Bb mM+H2�`X h?2 Q`B;BM�H BMTmi p�Hm2 Q7 t +QmH/ TQbbB#Hv #2 ;`2�i2`
i?�M 8y- Q` Bi +QmH/ #2 H2bbX h?2 2bb2M+2 Q7 bvK#QHB+ 2t2+miBQM Bb i?�i- #2+�mb2 M2Bi?2` T�i?
Bb BM72�bB#H2- #Qi? Kmbi #2 7QHHQr2/X h?Bb +QM/BiBQM�H bi�i2K2Mi +�mb2b i?2 bi�i2 iQ #`�M+?
BMiQ k M2r bi�i2b- rBi? mT/�i2/ T�i? +QMbi`�BMibX

S`2pBQmbHv- i?2 T�i? +QMbi`�BMi r�b i`BpB�HHv i`m2 #2+�mb2 i?2`2 r�b QMHv QM2 BMBiB�H bi�i2X
>Qr2p2`- MQr i?�i i?2 bvK#QHB+ 2t2+miBQM Bb 7QHHQrBM; irQ b2T�`�i2 T�i?b- p�`B�#H2b K�v
i�F2 QM p�Hm2b i?�i �`2 2t+HmbBp2 iQ QMHv � bBM;H2 T�i?X h?2 bi�i2b �7i2` i?2 B7 bi�i2K2Mi
Bb 2p�Hm�i2/ #v i?2 bvK#QHB+ 2t2+miBQM �`2 b?QrM BM 6B;m`2 kc i?2 T`Q;`�K +QmMi2` UT+V
BM/B+�i2b r?�i HBM2 i?�i bi�i2 rBHH 2t2+mi2 M2tiX o�Hm2b Q7 i?2 7Q`K 0IM�K2= BM/B+�i2 i?2
BMBiB�H bvK#QHB+ BMTmi 7Q` i?�i p�`B�#H2 M�K2X LQi2 i?�i QMHv i?2 T+ /Bz2`b #2ir22M i?2 irQ
bi�i2b ay `272`b iQ i?2 T�i? BM r?B+? i?2 B7 bi�i2K2Mi r�b 2Mi2`2/- �M/ aR `272`b iQ i?2 T�i?
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B7 Bi r�b MQiX h?2 bvK#QHB+ 2t2+miBQM +QMiBMm2b mMiBH mHiBK�i2Hv r2 �``Bp2 �i i?2 }M�H bi�i2
b?QrM BM 6B;m`2 jX 1�+? bi�i2 ?�b � T�i? +QMbi`�BMi i?�i MQr ;m�`/b mMB[m2 b2ib Q7 p�Hm2b
7Q` i?2 p�`B�#H2bX

ay, UUk  0tV = RyyV, &T+, e- t, Uk  0tV- `, 0`- x, 0x'
aR, 5UUk  0tV = RyyV, &T+, 3- t, Uk  0tV- `, 0`- x, 0x'

6B;m`2 k, ai�i2b Q7 T`Q;`�K BM 6B;m`2 R �7i2` 2t2+miBM; HBM2 8X

ay, UUk  0tV = RyyV � U0x44RV � Uj = RV, &T+, Ry- t, Uk  0tV- `, j- x, k'
aR, UUk  0tV = RyyV � U0x44RV � 5Uj = RV, &T+, Ry- t, Uk  0tV- `, j- x, 0x'
ak, UUk  0tV = RyyV � 5U0x44RV � U0` = RV, &T+, 3- t, Uk  0tV- `, 0`- x, 0` @ R'
aj, UUk  0tV = RyyV � 5U0x44RV � 5U` = RV, &T+, 3- t, Uk  0tV- `, 0`- x, 0x'
a9, 5UUk  0tV = RyyV � U0` = RV, &T+, Ry- t, Uk  0tV- `, 0`- x, 0` @ R'
a8, 5UUk  0tV = RyyV � 5U0` = RV, &T+, Ry- t, Uk  0tV- `, 0`- x, 0x'

6B;m`2 j, ai�i2b Q7 T`Q;`�K BM 6B;m`2 R �7i2` +QKTH2iBQMX

aJh aQHp2`b �M/ aJh@GB# (k)
LQr i?�i i?2 bvK#QHB+ 2t2+miBQM Q7 i?2 T`Q;`�K 7`QK 6B;m`2 R Bb +QKTH2i2/- r2 +�M b22 �HH
e 2M/ bi�i2b BM 6B;m`2 jX P#b2`pBM; bi�i2 aR- r2 +�M MQiB+2 bQK2i?BM; T2+mHB�` �#Qmi i?�i
bi�i2 BM T�`iB+mH�`, Bib T�i? +QMbi`�BMi Bb �Hr�vb 7�Hb2X "2+�mb2 Bib T�i? +QMbi`�BMi Bb i?2
+QMDmM+iBQM Q7 �HH +QM/BiBQM�H bi�i2K2Mib �HQM; Bib +QMi`QH ~Qr- �M/ QM2 Q7 i?Qb2 +QM/BiBQMb
`2/m+2b iQ 7�Hb2- i?�i T�i? Bb BM72�bB#H2 �M/ rBHH M2p2` Q++m` /m`BM; i?2 2t2+miBQM Q7 i?2
T`Q;`�KX h?Bb Bb #2+�mb2- r?2M 0x 44 R �M/ UUk  0tV = RyyV �`2 i`m2- i?2M i?2 p�`B�#H2
` Bb �bbB;M2/ iQ jX h?mb- i?2 i?B`/ +QM/BiBQM�H QM HBM2 3 rBHH �Hr�vb #2 i`m2 7Q` i?�i T�i?X
h?`Qm;? /2i2`KBMBM; i?2 b�iBb}�#BHBiv Q7 i?2 T�i? +QMbi`�BMib r2 +�M T`mM2 mM72�bB#H2 T�i?b
7`QK i?2 }M�H bi�i2- Q` /m`BM; bvK#QHB+ 2t2+miBQMX

h?2 i�bF Q7 /2i2`KBMBM; i?2 b�iBb}�#BHBiv Q7 i?2b2 T�i? +QMbi`�BMib- �M/ 7Q` }M/BM; bvK@
#QHB+ p�`B�#H2 �bbB;MK2Mib 7Q` 2�+? T�i? Bb Q|Q�/2/ iQ a�iBb}�#BHBiv JQ/mHQ h?2Q`B2b
UaJhV bQHp2`b- r?B+? bQHp2 i?2 T`Q#H2K Q7 /2i2`KBMBM; r?2i?2` Q` MQi i?2b2 K�i?2K�iB+�H
7Q`KmH�b �`2 bQHp�#H2X �M 2ti2MbBQM Q7 #QQH2�M a�h T`Q#H2Kb- i?2b2 }`bi@Q`/2` 7Q`KmH�b
+�M BM+Hm/2 `2�H MmK#2`b- BMi2;2`b- #Bi p2+iQ`b- �``�vb- bi`BM;b- �M/ KQ`2X 1�+? Q7 i?2b2
ivT2b- Q` bQ`ib #2HQM;b iQ � i?2Q`v- r?B+? Bb � b2i Q7 bT2+B�HBx2/ K2i?Q/b 7Q` bQHpBM; 7Q`Km@
H�b +QMi�BMBM; i?�i bQ`i �HHQrBM; 7Q` KQ`2 2{+B2Mi bQHpBM; i?�M i`�/BiBQM�H i?2Q`2K T`Qp2`
K2i?Q/bX
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� T�`iB+mH�`Hv TQTmH�` 7�KBHB2b Q7 aJh aQHp2`b 7�HH mM/2` i?2 BMi2`M�iBQM�H aJh@GB#
bi�M/�`/ (k)- +`2�i2/ rBi? i?2 BMi2MiBQM i?�i +QKKQM bi�M/�`/b �M/ � b2i Q7 #2M+?K�`Fb
rQmH/ 7�+BHBi�i2 i?2 �/p�M+2K2Mi- 2p�Hm�iBQM- �M/ +QKT�`BbQM Q7 aJh bQHp2`bX h?�MFb iQ
i?2 i?Q`Qm;? /2b+`BTiBQM Q7 i?2 p�`BQmb i?2Q`B2b T`QpB/2/ #v aJh@GB#- i?2`2 �`2 � MmK#2` Q7
aJh@GB# +QKTHB�Mi bQHp2`b i?�i +�M #2 mb2/ BMi2`+?�M;2�#Hv r?2M bQHpBM; 7Q`KmH�2 r`Bii2M
mbBM; i?2 aJh@GB# i?2Q`B2bX hrQ r2HH FMQrM bQHp2`b BM i?2 aJh@GB# 7�KBHv �`2 xj �M/ +p+9X

q2 +�M +?2+F i?2 b�iBb}�#BHBiv Q7 a9- iQ b22 i?�i Bi Bb b�iBb}�#H2- �M/ mbBM; i?2 xj aJh
bQHp2` r2 +�M ;2i � KQ/2H i?�i K�F2b i?2 7Q`KmH� b�iBb}�#H2 iQ T`Q/m+2 p�HB/ BMTmib 7Q` i?�i
bi�i2X SHm;;BM; i?2 T�i? +QMbi`�BMi BMiQ xj- r2 ;2i i?2 KQ/2H, &0t, 8y- 0`, k- 0x, y'X
SHm;;BM; i?2b2 p�Hm2b BMiQ i?2 T�i? +QMbi`�BMi r2 +�M b22 i?�i Bi Bb i`m2X L2ti- r2 +�M
/2i2`KBM2 i?2 p�Hm2b Q7 i?2 p�`B�#H2b �i i?2 2M/ Q7 i?2 T`Q;`�K #v THm;;BM; BM i?2 bvK#QHB+
p�Hm2b �M/ bBKTHB7vBM; i?2 2tT`2bbBQMb, &t, Ryy- `, k- x, R'X

RXk �TTHB+�iBQMb Q7 avK#QHB+ 1t2+miBQM
� r2�Hi? Q7 rQ`F ?�b 2tTHQ`2/ i?2 �TTHB+�iBQMb Q7 bvK#QHB+ 2t2+miBQM 7`QK i2bi ;2M2`�iBQM-
iQ i?2 p2`B}+�iBQM Q7 T`Q;`�K T`QT2`iB2b- HBF2 b2+m`Biv `2[mB`2K2MibX q2 ?�p2 /Bb+mbb2/ �
bBKTH2 2t�KTH2 Q7 /vM�KB+ bvK#QHB+ 2t2+miBQM- �M/ r2Ƕp2 b22M � bBKTH2 2t�KTH2 ;Q i?`Qm;?
�M aJh bQHp2` iQ T`Q/m+2 � KQ/2H �bbB;MBM; i?2 BMBiB�H bvK#QHB+ BMTmibX LQr- r2 rBHH HQQF
BMiQ bvK#QHB+ 2t2+miBQMǶb �TTHB+�iBQMbX aQK2 Q7 i?2 iQQHb K2MiBQM2/ rBHH #2 2tTHQ`2/ KQ`2
BM /2Ti? BM i?2 _2H�i2/ qQ`Fb a2+iBQMX

h2bi :2M2`�iBQM �M/ "m; .Bb+Qp2`v
.m2 iQ bvK#QHB+ 2t2+miBQMǶb- �M/ bBKBH�` i2+?MB[m2Ƕb- �#BHBiv iQ 2tTHQ`2 i?2 bT�+2 Q7 TQbbB#H2
T`Q;`�K 2t2+miBQM T�i?b- Bi Bb � TQTmH�` i2+?MB[m2 7Q` i2bi ;2M2`�iBQM �M/ 7Q` /Bb+Qp2`v
#m;b �M/ Bbbm2b BM T`Q;`�KbX qQ`Fb HBF2 1s1 (e) �M/ EG11 (8) mb2 bvK#QHB+ 2t2+miBQM iQ
2tTHQ`2 � T`Q;`�K bvK#QHB+�HHv BM Q`/2` iQ /Bb+Qp2` � T`Q;`�K T�i? i?�i H2�/b iQ �M 2``Q`
Q` mM/2}M2/ #2?�pBQ` BM * T`Q;`�KbX AM i?2B` T�T2`- i?2 �mi?Q`b Q7 EG11 �M�Hvx2 TQTmH�`
QT2M bQm`+2 HB#`�`B2b �M/ �`2 �#H2 iQ /Bb+Qp2` � MmK#2` Q7 b2`BQmb pmHM2`�#BHBiB2bX h?`Qm;?
bvK#QHB+ 2t2+miBQM- i?2 �mi?Q`b �`2 �#H2 iQ B/2MiB7v T�i?b i?�i H2�/ iQ 2``Q`b �M/ +�M 2ti`�+i
i?2 M2+2bb�`v KQ/2H iQ ;2M2`�i2 �M 2t�KTH2 BMTmi iQ `2T`Q/m+2 i?2 2``Q` i?`Qm;? +QM+`2i2
2t2+miBQMX

AM i?2 T�T2`b *lh1 (R3) �M/ .�_h (N)- � i2+?MB[m2 i?�i K2`;2b +QM+`2i2 �M/ bvK#QHB+
2t2+miBQM FMQrM �b +QM+QHB+ 2t2+miBQM Bb BMi`Q/m+2/X qBi? +QM+QHB+ 2t2+miBQM- T�i? +QM@
bi`�BMib 7Q` +QM/BiBQM�H bi�i2K2Mib �`2 ;�i?2`2/ /m`BM; � `QmM/ Q7 +QM+`2i2 2t2+miBQMX qBi?
i?Bb- BiǶb TQbbB#H2 iQ /Bb+Qp2` M2r 2t2+miBQM T�i?b #v KQ/B7vBM; i?2 ;�i?2`2/ T�i? +QMbi`�BMi
�M/ Tm`TQb27mHHv brBi+?BM; #`�M+?BM; /B`2+iBQMb iQ ;2M2`�i2 BMTmib i?�i rBHH 2tTHQ`2 Qi?2`
T�i?b i?`Qm;? i?2 T`Q;`�K- �BKBM; 7Q` K�tBKmK +Q/2 +Qp2`�;2X

http://smtlib.cs.uiowa.edu
https://github.com/Z3Prover/z3
https://cvc4.github.io
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S`Q;`�K �M�HvbBb �M/ o2`B}+�iBQM
"Bi"H�x2 (kk) Bb � T`QD2+i �i "2`F2H2v i?�i rQ`Fb QM #Qi? i?2 /2bB;M Q7 � "BM�`v �M�HvbBb
SH�i7Q`K- �M/ Bib �TTHB+�iBQM iQ `2�H b2+m`Biv T`Q#H2KbX h?2 2zQ`i rQ`Fb iQ H2p2`�;2 #Qi?
bi�iB+ �M/ /vM�KB+ T`Q;`�K �M�HvbBb i2+?MB[m2b iQ �M�Hvx2 `2�H +Q/2 �i i?2 #Bi H2p2HX h?`Qm;?
i?Bb i?2 T`QD2+i bi`Bp2b iQ mMp2BH K�HB+BQmb b2+m`Biv 2tTHQBib �M/ #2ii2` T`2p2Mi 7mim`2 b2+m`Biv
+QKT`QKBb2bX avK#QHB+ 1t2+miBQM Bb QM2 Q7 i?2 K2i?Q/b i?�i Bb mb2/ BM "Bi"H�x2Ƕb "BM�`v
�M�HvbBb SH�i7Q`KX

h?2 "BM�`v �M�HvbBb SH�i7Q`K U"�SV (9) Bb �M BM7`�bi`m+im`2 7Q` T2`7Q`KBM; T`Q;`�K
p2`B}+�iBQM �M/ �M�HvbBb i�bFb QM #BM�`v +Q/2X "�S 2tTQb2b �HH bB/2 2z2+ib Q7 �bb2K#Hv
BMbi`m+iBQMb BM �M BMi2`K2/B�i2 H�M;m�;2- r?B+? 2M�#H2b �M�Hvb2b iQ #2 r`Bii2M BM � bvMi�t@
/B`2+i2/ K�MM2`X "�S Bb +�T�#H2 Q7 ;2M2`�iBM; p2`B}+�iBQM +QM/BiBQMb- � #QQH2�M T`2/B+�i2
i?�i Bb i`m2 B7 �M/ QMHv B7 bQK2 T`QT2`iv ?QH/b Qp2` i?2 T`Q;`�KǶb 2t2+miBQM 7Q` � ;Bp2M BMTmiX
"�S Bb �HbQ T�+F�;2/ rBi? p�`BQmb Qi?2` �M�HvbBb �M/ QTiBKBx�iBQMb BMpQHpBM; i?2 BMi2`K2@
/B�i2 H�M;m�;2X AM i?2B` `2TQ`i- i?2 �mi?Q`b b?Qr+�b2 bQK2 Q7 i?2 T�`iB+mH�` �TTHB+�iBQMb
Q7 i?2 iQQH- bm+? �b ;2M2`�iBM; �M/ +?2+FBM; p2`B}+�iBQM +QM/BiBQMb iQ /2i2`KBM2 B7 Qp2`~Qr
~�;b rQmH/ #2 b2i- Q` B7 `2im`M QT2`�iBQMb rQmH/ #2 Qp2`r`Bii2MX h?2 �mi?Q`b �HbQ T2`7Q`K
�miQK�iB+ 2tTHQBi ;2M2`�iBQM �M/ K�Hr�`2 �M�HvbBbX

AM i?2B` 7QHHQrmT (R9) iQ i?2B` BMBiB�H T�T2`- i?2 �mi?Q`b Q7 :BHHB�M (3) miBHBx2 i?2B` KmHiB@
H�M;m�;2 TH�i7Q`K iQ p2`B7v #Qi? i?2 C�p�a+`BTi �M/ * BKTH2K2Mi�iBQMb Q7 i?2 �qa 1M@
+`vTiBQM a.E K2bb�;2 ?2�/2` /2b2`B�HBx�iBQM KQ/mH2- �M/ r2`2 �#H2 iQ B/2MiB7v 8 #m;b BM
iQi�HX h?Bb r�b �+?B2p2/ #v }`bi BKTH2K2MiBM; � H�M;m�;2@BM/2T2M/2Mi bT2+B}+�iBQM Q7 i?2
K2bb�;2 ?2�/2` /2+Q/2` T`Q;`�K- 7QHHQr2/ #v � H�M;m�;2 bT2+B}+ bT2+B}+�iBQM 7Q` i?2 *
�M/ C�p�a+`BTi BKTH2K2Mi�iBQMbX h?2M- i?2 M2+2bb�`v +Q/2 �MMQi�iBQMb r2`2 �//2/ iQ i?2
BKTH2K2Mi�iBQMbX

h?2`2 ?�p2 �HbQ #22M 2zQ`ib iQ �TTHv bvK#QHB+ 2t2+miBQM T�`iB+mH�`Hv iQ ?�`/r�`2 /2@
bB;M �M/ ;2M2`�iBM; Q` /Bb+Qp2`BM; 2tTHQBib �M/ pmHM2`�#BHBiB2b BM ?�`/r�`2X AM � _2+m`bBp2
ai`�i2;v 7Q` avK#QHB+ 1t2+miBQM iQ 6BM/ 1tTHQBib BM >�`/r�`2 .2bB;M (k8) i?2 �mi?Q`b /2@
}M2 � bi`�i2;v 7Q` i?2B` `2+m`bBp2 `2�bQMBM; rBi? ?�`/r�`2@Q`B2Mi2/ bvK#QHB+ 2t2+miBQM- �M/
i?2v �HbQ b?Qr+�b2 ?2m`BbiB+b i?�i i?2v mb2/ iQ �HHQr i?2B` bi`�i2;v iQ bm++22/X h?2 �mi?Q`b
/2KQMbi`�i2 i?2 2z2+iBp2M2bb Q7 i?2 iQQH- /2KQMbi`�iBM; i?�i BiǶb �#H2 iQ B/2MiB7v #m;b BM �
T`Q+2bbQ` /2bB;M i?�i 2p2M BM/mbi`v H2p2H iQQHb HBF2 *�/2M+2 +QmH/ MQi B/2MiB7vX AM E`QMQb
(R8)- i?2 �mi?Q` T`Q/m+2b � JB+`QhBi�M aQ* i?�i /2KQMbi`�i2b � b2+m`Biv T`QT2`iv FMQrM �b
QmiTmi /2i2`KBMBbK- r?B+? +�M b?Qr i?�i � bvbi2K T`QpB/2b MQMBMi2`72`2M+2 rBi?Qmi `2[mB`@
BM; �M aQ*Ƕb bi�i2 #2 7mHHv `2b2i- �M/ miBHBx2b i2+?MB[m2b HBF2 bvK#QHB+ 2t2+miBQM iQ 7Q`K�HHv
p2`B7v i?2 T`QT2`ivX

AM �MQi?2` `2+2Mi rQ`F- P#HB*?2+F (kR)- aQM 2iX �HX �+FMQrH2/;2 QM2 Q7 bvK#QHB+ 2t2+m@
iBQMǶb r2�FM2bb2b BM i?2 T�i? 2tTHQbBQM T`Q#H2K �M/ /2pBb2 � KQ/B}2/ bvK#QHB+ 2t2+miBQM
�H;Q`Bi?K H2p2`�;BM; /QK�BM bT2+B}+ FMQrH2/;2X AM P#HB*?2+F- bvK#QHB+ 2t2+miBQM UT�`iB+@
mH�`Hv JmHiBa1 (ky)V Bb mb2/ iQ p2`B7v i?2 Q#HBpBQmbM2bb T`QT2`iv Q7 � MmK#2` Q7 �H;Q`Bi?Kb
b22M BM +QKTmi2` b2+m`Biv �TTHB+�iBQMbX P#HBpBQmbM2bb Bb � T`QT2`iv i?�i � T`Q;`�K /Q2b
MQi p�`v Bib i`�+2 rBi? /Bz2`2Mi T`Bp�i2 BMTmib- bm+? i?�i �M �ii�+F2` +�MMQi H2p2`�;2 H2�F2/
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BM7Q`K�iBQM iQ BM72` i?2 +QMi2Mib Q7 i?2 T`Bp�i2 /�i�X lM/2`bi�M/BM; i?�i QMHv +2`i�BM +QK@
TQM2Mib Q7 i?2 T`Q;`�K �`2 BKTQ`i�Mi r?2M `2�bQMBM; �#Qmi i?2 Q#HBpBQmbM2bb Q7 �H;Q`Bi?Kb-
�M �;;`2bbBp2 K2`;BM; �M/ b2H2+iBp2 mM@K2`;BM; i2+?MB[m2 �`2 miBHBx2/ iQ BM+`2�b2 2{+B2M+v-
K�BMi�BMBM; +Q``2+i `2bmHibX

RXj uQmo2`B7v, �M AMi2`K2/B�i2 _2T`2b2Mi�iBQM 7Q`
avK#QHB+ 1t2+miBQM

G�`;2Hv BM7Q`K2/ #v Kv 2tT2`B2M+2 rQ`FBM; QM P#HB*?2+F (kR)- BM i?Bb T`QD2+i `2TQ`i- A
T`2b2Mi uQmo2`B7v- r?B+? Bb � bBKTH2 BKT2`�iBp2 BMi2`K2/B�i2 `2T`2b2Mi�iBQM 7Q` bvK#QHB+
2t2+miBQM- T�+F�;2/ rBi? � 7`�K2rQ`F 7Q` `�TB/Hv T`QiQivTBM; �M/ i2biBM; bvK#QHB+ 2t2+miBQM
�H;Q`Bi?Kb �M/ QTiBKBx�iBQMbX hrQ +`m+B�H H2bbQMb H2�`M2/ 7`QK rQ`FBM; QM

uQmo2`B7v r�b /2bB;M2/ rBi? � MmK#2` Q7 +Q`2 T`BM+BTH2b BM KBM/X 6B`bi- uQmo2`B7v Bb
BMi2M/2/ iQ #2 mb2/ �b �M BMi2`K2/B�i2 `2T`2b2Mi�iBQM 7Q` i�`;2i H�M;m�;2b iQ +QKTBH2 iQX
h?2 bvMi�t Q7 i?2 H�M;m�;2 Bb i?`22@�//`2bb +Q/2- i?Bb `2T`2b2Mi�iBQM Bb +QKKQMHv mb2/
#v +QKTBH2`b BM Q`/2` iQ T2`7Q`K QTiBKBx�iBQMbX "�``BM; bQK2 2t+2TiBQMb- BM uQmo2`B7v
KQbi 2tT`2bbBQMb ?�p2 �i KQbi i?`22 �iQKB+ 2tT`2bbBQMb BM mb2X a2+QM/- uQmo2`B7v �+ib
�b �M �#bi`�+iBQM H�v2` /B`2+iHv �#Qp2 i?2 TQTmH�` 7�KBHB2b Q7 aJh aQHp2`b i?�i 7�HH mM/2`
i?2 BMi2`M�iBQM�H aJh@GB# bi�M/�`/- `�i?2` i?�M i�`;2iBM; � bT2+B}+ ?B;?2`@H2p2H H�M;m�;2Ƕb
72�im`2b- bQK2 Q7 r?B+? K�v MQi #2 bQHp�#H2 #v aJhGB# +QMbi`�BMi bQHp2`bX h?B`/- uQmo2`B7v
r�b /2bB;M2/ iQ #2 r?QHHv KQ/mH�` �M/ 2ti2MbB#H2X

JQ/mH�`Biv �M/ 2ti2MbB#BHBiv �`2 �i i?2 +Q`2 Q7 uQmo2`B7vǶb BKTH2K2Mi�iBQM �M/ KQiBp�@
iBQMX AM i?Bb T�T2`- A T`2b2Mi i?2 BMBiB�H BKTH2K2Mi�iBQM Q7 i?2 uQmo2`B7v A_ H�M;m�;2- �M/
i?2 uQmo2`B7v 7`�K2rQ`F �M/ �SAX lbBM; i?2 uQmo2`B7v 7`�K2rQ`F A BKTH2K2Mi2/ p�MBHH�
/vM�KB+ bvK#QHB+ 2t2+miBQM- BM bm#b2[m2Mi b2+iBQMb A miBHBx2 i?2 �SA 7m`i?2` iQ BKTH2K2Mi
�MQi?2` bvK#QHB+ 2t2+miBQM �H;Q`Bi?K- JmHiBa1 r?B+? mb2b � MQp2H `2T`2b2Mi�iBQM Q7 bi�i2X
6BM�HHv- A KQ/B7v i?2 JmHiBa1 BKTH2K2Mi�iBQM iQ BKTH2K2Mi � bm#b2i Q7 i?2 2M?�M+2K2Mib
T`2b2Mi2/ BM i?2 P#HB*?2+F T�T2`X

h?2 BKTH2K2Mi�iBQM 7Q` uQmo2`B7v T`2b2Mi2/ BM i?Bb T�T2` Bb �p�BH�#H2 QM :Bi>m#, ?iiTb,
ff;Bi?m#X+QKf;T`2+?i2`fvQmp2`B7v

https://github.com/gprechter/youverify
https://github.com/gprechter/youverify
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"�+F;`QmM/ �M/ _2H�i2/ qQ`Fb

avK#QHB+ 1t2+miBQM- �M/ bBKBH�` i2+?MB[m2b- �`2 `B+? �`2�b Q7 `2b2�`+?X h?2`2 �`2 � p�`B2iv Q7
iQQHb mb2/ 7Q` i2bi ;2M2`�iBQM- /Bz2`2Mi bvK#QHB+ 2t2+miBQM �H;Q`Bi?Kb- �M/ bQK2 bQHp2` �B/2/
H�M;m�;2b Q` 7`�K2rQ`Fb �BKBM; iQ /2KQ+`�iBx2 �++2bb iQ BKTH2K2MiBM; +mbiQK bvK#QHB+
2t2+miBQM �H;Q`Bi?KbX AM i?Bb b2+iBQM r2 rBHH +Qp2` bQK2 i?2b2 `2H�i2/ rQ`Fb �M/ /2Hp2
/22T2` BMiQ QM2 T�`iB+mH�` �TTHB+�iBQM Q7 bvK#QHB+ 2t2+miBQM- P#HB*?2+F- � T`QD2+i A rQ`F2/
QM i?�i bi`QM;Hv KQiBp�i2/ uQmo2`B7vX hQ ;Bp2 P#HB*?2+F �M/ BiǶb +mbiQK bvK#QHB+ 2t2+miBQM
�H;Q`Bi?K KQ`2 +QMi2ti- A rBHH �HbQ /2Hp2 /22T2` BMiQ JmHiBa1- �M 2{+B2Mi bvK#QHB+ 2t2+miBQM
�H;Q`Bi?K rBi? � mMB[m2 bi�i2 `2T`2b2Mi�iBQMX

kXR avK#QHB+ 1t2+miBQM hQQHb �M/ aQHp2`@�B/2/
G�M;m�;2b

1s1 (e) �M/ EG11 (8)
AM 1s1 (e)- i?2 �mi?Q`b T`2b2Mi �M 2z2+iBp2 #m;@}M/BM; iQQH i?�i �miQK�iB+�HHv ;2M2`�i2b
i2bi BMTmib i?�i H2�/ iQ T`Q;`�K +`�b?2b i?`Qm;? i?2 mb2 Q7 �M �//BiBQM�HHv BMi`Q/m+2/
+QMbi`�BMi bQHp2`, ahSX "v `mMMBM; T`Q;`�Kb bvK#QHB+�HHv- 1s1 bQHp2b i?2 bi�i2Ƕb T�i?
+QMbi`�BMi BM Q`/2` iQ }M/ +QM+`2i2 BMTmi p�Hm2b iQ `2THB+�i2 i?2 +`�b?X h?2 ahS bQHp2`
Bb � /2+BbBQM T`Q+2/m`2 7Q` T�`iB+mH�`Hv #Bip2+iQ`b �M/ �``�vb- �M/ K�F2b bi`B/2b BM �``�v
QTiBKBx�iBQMb- �b `2�bQMBM; �#Qmi �``�vb r�b � K�BM #QiiH2M2+F 7Q` 1s1Ƕb 2{+B2M+vX P7
i?2 K�Mv QTiBKBx�iBQMb K�/2 iQ i?2 bvK#QHB+ 2t2+miBQM �H;Q`Bi?K 7Q` 1s1- QM2 Q7 i?2
K�BM 2M?�M+2K2Mib Bb i?2 mb2 Q7 +QMbi`�BMi +�+?BM; +QmTH2/ rBi? +QMbi`�BMi BM/2T2M/2M+2X
1s1 K�BMi�BMb � T2`bBbi2Mi +�+?2 Q7 bQHp2` [m2`B2b- b�pBM; iBK2 #v �pQB/BM; `2T2iBiBp2-
�M/ TQi2MiB�HHv p2`v 2tT2MbBp2- bQHp2` +�HHbX hQ K�F2 i?2 KQbi Q7 1s1Ƕb +�+?BM; b+?2K2-
+QMbi`�BMib �`2 Q7i2M /BpB/2/ BMiQ bK�HH2`- BM/2T2M/2Mi bm#b2ib r?2M TQbbB#H2 �HHQrBM; 7Q`
mMM2+2bb�`v +QMbi`�BMib iQ #2 /Bb+�`/2/- �M/ BM+`2�bBM; +�+?2 ?Bib 2bT2+B�HHv B7 � bvK#QHB+
2tT`2bbBQM �TT2�`b BM KmHiBTH2 /BbiBM+i H�`;2` +QMbi`�BMibX �//BiBQM�HHv- 1s1 BMi`Q/m+2b
�//BiBQM�H b2�`+? ?2m`BbiB+b 7Q` 2tTHQ`BM; � T`Q;`�KǶb 2t2+miBQM T�i? bT�+2 i?`Qm;?
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2M+Qm`�;BM; i?2 2tTHQ`�iBQM Q7 BM@7`2[m2MiHv pBbBi2/ bi�i2K2Mib r?2M /2+B/BM; #2ir22M
/Bz2`2Mi TQbbB#H2 bi�i2bX

AM EG11 (8)- � 7QHHQr mT iQ 1s1- i?2 �mi?Q`b #mBH/ mTQM i?2B` T`2pBQmb rQ`F iQ BMi`Q/m+2
� MQp2H bvK#QHB+ 2t2+miBQM iQQH 7Q` i2bi ;2M2`�iBQM �M/ #m; /2i2+iBQMX EG11 QT2`�i2b QM
GGoJ (Rj) #vi2 +Q/2- BMi2`T`2iBM; i?2 pB`im�H BMbi`m+iBQM b2iX JQbi QT2`�iBQMb HBF2 �//BiBQM-
bBKTHv T2`7Q`K i?2B` bi�M/�`/ QT2`�iBQMb QM bvK#QHB+ 2tT`2bbBQMb iQ +`2�i2 M2r bvK#QHB+
2tT`2bbBQMbX *QM/BiBQM�H #`�M+?2b- B7 #Qi? #`�M+?2/ bi�i2b �`2 72�bB#H2- +HQM2 i?2 bi�i2 �M/
2tTHQ`2 #Qi? T�i?bX 6Q` ?�M/HBM; HQ�/ �M/ biQ`2 QT2`�iBQMb- EG11 K�Tb K2KQ`v Q#D2+ib
iQ i?2B` QrM /BbiBM+i ahS �``�vX q?2M BM i?2 TQbBiBQM Q7 /2`272`2M+BM; � TQBMi2` i?�i +QmH/
`272` iQ L Q#D2+ib- EG11 QTib iQ +HQM2 i?2 bi�i2 L iBK2bX GBF2 rBi? 1s1- EG11 BMi`Q/m+2b
� p�`B2iv Q7 [m2`v QTiBKBx�iBQMb �M/ bi�i2 b+?2/mHBM; i2+?MB[m2b iQ BM+`2�b2 T2`7Q`K�M+2X
S�`iB+mH�`Hv- EG11 T2`7Q`Kb 2tT`2bbBQM `2r`BiBM;- r?B+? bBKTHB}2b +QMbi`�BMib- �HQM; rBi?
+QMbi`�BMi b2i bBKTHB}+�iBQM- BM r?B+? 2[m�HBiv +QMbi`�BMib +�mb2 T`2pBQmb +QMbi`�BMib BMpQHp@
BM; i?2 b�K2 p�`B�#H2b iQ #2 `2r`Bii2M �M/ bBKTHB}2/X

EG11 �HbQ #mBH/b mTQM 1s1Ƕb bQHp2` [m2`v +�+?2 #v BMi`Q/m+BM; � +QmMi2`@2t�KTH2
+�+?2- r?B+? K�T +QMbi`�BMib iQ +QmMi2` 2t�KTH2bX 6Q` 2t�KTH2- � bm#b2i Q7 �M �H`2�/v
mMb�iBb}�#H2 +QMbi`�BMi b2i- +�MMQi #2 b�iBb}�#H2c r?2`2�b � bmT2`b2i Q7 � b�iBb}�#H2 QM2
Bb b�iBb}�#H2X h?`Qm;? i?Bb QTiBKBx�iBQM- iBK2 bT2Mi BM i?2 ahS bQHp2` r�b `2/m+2/ 7`QK
NkW Q7 2t2+miBQM iBK2 iQ QMHv 9RWX EG11 �HbQ K�F2b 2M?�M+2K2Mib iQ bi�i2 b+?2/mHBM; #v
K�BMi�BMBM; � #BM�`v i`22 `2T`2b2MiBM; i?2 T`Q;`�K T�i? 7QHHQr2/ #v �+iBp2 bi�i2bX EG11Ƕb
�H;Q`Bi?K T`272`b bi�i2b ?B;? BM i?2 #`�M+? i`22- QM2b rBi? H2bb +QMbi`�BMib- r?B+? 7�pQ`b
#`2�/i? `�i?2` i?�M /2Ti? BM T�i? 2tTHQ`�iBQMX h?Bb �HbQ �pQB/b bi�`p�iBQM- r?2`2 bQK2
bi�i2 bT�+2 `�TB/Hv +`2�i2b K�Mv M2r bi�i2bX EG11 �HbQ 7�pQ`b bi�i2b i?�i �`2 +HQb2 iQ
mM+Qp2`2/ BMbi`m+iBQMb- BM �M 2zQ`i iQ QTiBKBx2 +Q/2 +Qp2`�;2 BM T�`iB+mH�`X EG11 r�b
�#H2 iQ �miQK�iB+�HHv ;2M2`�i2 i2bib i?�i QM �p2`�;2 +Qp2`2/ NyW Q7 +Q/2 7Q` Rey +QKTH2t
2t�KTH2bX EG11 r�b �HbQ �#H2 iQ B/2MiB7v 8e b2`BQmb #m;b- Ry Q7 r?B+? r2`2 BM i?2 *P_1lhAGa
HB#`�`vX

.�_h (N)- *lh1 (R3)- �M/ *QM+QHB+ 1t2+miBQM
*QM+QHB+ 1t2+miBQM Bb � bi`�i2;v Q7i2M mb2/ iQ ;2M2`�i2 i2bi BMTmib �M/ p2`B7v +Q/2X *QM+QHB+
1t2+miBQM +H2p2`Hv #H2M/b iQ;2i?2` +QM+`2i2 2t2+miBQM rBi? bvK#QHB+ 2t2+miBQM iQ #mBH/ �M/
mM/2`bi�M/BM;

AM .�_h, .vM�KB+ �miQK�i2/ _�M/QK h2biBM; (N)- i?2 �mi?Q`b BKTH2K2Mi � iQQH 7Q`
�miQK�iB+�HHv i2biBM; bQ7ir�`2X h?2 iQQH }`bi �miQK�iB+�HHv bi�iB+�HHv �M�Hvx2b � +Q/2 iQ
/2i2`KBM2 Bib BMi2`7�+2- rBi? i?Bb KQ/2H � i2bi /`Bp2` Bb �miQK�iB+�HHv ;2M2`�i2/ iQ `�M/QKHv
i2bi i?2 +Q/2 KQ/mH2X .vM�KB+ T`Q;`�K �M�HvbBb Bb i?2M mb2/ iQ mM/2`bi�M/ ?Qr i?2 T`Q;`�K
#2?�p2b mM/2` `�M/QK BMTmib BM Q`/2` iQ /B`2+i bm#b2[m2Mi 2t2+miBQMb �HQM; /Bz2`2Mi T�i?bX

hQ ;�i?2` FMQrH2/;2 �#Qmi � T`Q;`�K #2BM; 2t2+mi2/- .�_h 2t2+mi2b � T`Q;`�K BM
� K�MM2` +�HH2/ /B`2+i2/ b2�`+?X qBi? BMBiB�HHv `�M/QK BMTmib- /m`BM; 2t2+miBQM �M BMTmi
p2+iQ` 7Q` i?2 M2ti `QmM/ Q7 2t2+miBQM Bb ;�i?2`2/- +QMbBbiBM; Q7 bvK#QHB+ +QMbi`�BMib 7`QK

https://github.com/coreutils/coreutils


*>�Sh1_ kX "�*E:_PlL. �L. _1G�h1. qP_Ea N

i?2 #`�M+?BM; bi�i2K2Mi +QM/BiBQMbX qBi? i?2b2 T`2/B+�i2b- .�_h +�M +H2p2`Hv +?QQb2 M2r
T�i?b Q7 i?2 T`Q;`�K iQ 2t2+mi2- rBi? �M Qp2`�HH ;Q�H Q7 2tTHQ`BM; �HH TQbbB#H2 2t2+miBQM T�i?bX
AM +�b2b r?2`2 �M aJh bQHp2` rQmH/ #2 mM�#H2 iQ bQHp2 � ;Bp2M bvK#QHB+ 2tT`2bbBQM- .�_h
BMbi2�/ 7�HHb #�+F QM i?2 +QM+`2i2 2p�Hm�iBQM Q7 bm+? �M 2tT`2bbBQM i?`Qm;? K�BMi�BMBM; #Qi?
� +QM+`2i2 K2KQ`v �M/ � bvK#QHB+ K2KQ`vX 6Q` BMi2`�+iBM; rBi? i?2 2MpB`QMK2Mi i?`Qm;?
2ti2`M�H 7mM+iBQMb- i?2b2 7mM+iBQMb rBHH `2im`M � `�M/QK p�Hm2 Q7 i?2B` `2im`M ivT2 �M/ #2
i`2�i2/ �b � ǵ#H�+F@#QtǶX

AM *lh1, � *QM+QHB+ lMBi h2biBM; 1M;BM2 7Q` * (R3)- i?2 �mi?Q`b 2tT�M/ mTQM i?2
B/2�b �M/ �TT`Q�+? BM .�_h- #H2M/BM; iQ;2i?2` +QM+`2i2 �M/ bvK#QHB+ 2t2+miBQM 7Q` i2bi
BMTmi ;2M2`�iBQMX *lh1 �//`2bb2b i?2 T`Q#H2K Q7 ;2M2`�iBM; i2bi BMTmib mbBM; +QM+QHB+
2t2+miBQM r?2`2 � 7mM+iBQM +QMi�BMb TQBMi2` �`;mK2Mib �M/ i�F2b BM � K2KQ`v ;`�T? �b Bib
BMTmiX 6B`bi- *lh1 mb2b � HQ;B+�H BMTmi K�T- `2T`2b2MiBM; i?2 K2KQ`v ;`�T?- iQ ;2M2`�i2 �
+QM+`2i2 K2KQ`v ;`�T?- �M/ irQ bvK#QHB+ bi�i2b 7Q` i?2 TQBMi2` p�Hm2b �M/ T`BKBiBp2 p�Hm2bX
h?2 T`Q;`�K Bb `mM +QM+`2i2Hv #mi bvK#QHB+ +QMbi`�BMib �`2 +QHH2+i2/ /m`BM; i?2 2t2+miBQM-
#v M2;�iBM; � +QMbi`�BMi �7i2` 2t2+miBQM- � M2r BMTmi K�T +�M #2 ;2M2`�i2/X lMHBF2 .�_h-
*lh1 /Q2b MQi ;2M2`�i2 `�M/QK TQBMi2` ;`�T?b �M/ BMbi2�/ �bbB;Mb �HH M2r TQBMi2`b iQ
LlGGX *lh1 �HbQ �bbmK2b i?�i i?2`2 �`2 MQ 2ti2`M�H 7mM+iBQMbX

_Qb2ii2 (k9)
AM i?2 _Qb2ii2 T�T2`- i?2 �mi?Q`b `2+Q;MBx2 i?2 2{+�+v Q7 �TTHvBM; bQHp2`@�B/2/ iQQHb iQ
/QK�BM bT2+B}+ H�M;m�;2b BM T�`iB+mH�` /m2 iQ � p�`B2iv Q7 7�+iQ`bX L�K2Hv- i?2 �mi?Q`b
`2+Q;MBx2 i?�i /QK�BM bT2+B}+ H�M;m�;2b U.aGbV �`2 2bT2+B�HHv TQTmH�` BM KQ/2`M T`Q;`�K@
KBM;- �M/ i?�i T`Q;`�Kb r`Bii2M rBi? .aGb �`2 ivTB+�HHv bK�HH2`- �M/ i?mb 2�bB2` iQ #2
QTiBKBx2/ mbBM; /QK�BM bT2+B}+ FMQrH2/;2 �M/ BMp�`B�MibX _Qb2ii2- Bb � ?Qbi TH�i7Q`K 7Q`
i?2b2 bQHp2`@�B/2/ /QK�BM bT2+B}+ H�M;m�;2b Ua.aGbV- �b BKTH2K2MiBM; i?2b2 H�M;m�;2b BM
� ?Qbi H�M;m�;2 i?�i Bb bQHp2`@�B/2/ +�M 2�b2 i?2 #m`/2M Q7 i`�MbH�iBM; +QMbi`�BMibX (k9- kj)
_Qb2ii2 Bb BKTH2K2Mi2/ mbBM; _�+F2i- �M/ i?2 �mi?Q`b /2KQMbi`�i2 ?Qr Bi +�M #2 mb2/ iQ
?Qbi a.aGb rBi?Qmi i?2 M22/ 7Q` +QMbi`m+iBM; � +QKTHB+�i2/ bvK#QHB+ +QKTBH2`X

_Qb2ii2 72�im`2b � HB;?ir2B;?i /2bB;M- �M/ i?2 /2+BbBQM iQ BKTH2K2Mi Bi BM _�+F2i �HHQrb
Bi iQ miBHBx2 � HQi Q7 i?�i H�M;m�;2Ƕb K2i�@T`Q;`�KKBM; 72�im`2bX _�i?2` i?�M BKTH2K2MiBM;
� +QKTBH2` iQ +`2�i2 � bQHp2`@�B/2/ iQQH- � a.aG Bb 2K#2//2/ BMiQ _Qb2ii2- �miQK�iB+�HHv
BM?2`BiBM; Bib 72�im`2bX PM2 F2v /2bB;M /2+BbBQM 7Q` _Qb2ii2 Bb i?2 B/2� Q7 QMHv +QKTBHBM;
� bm#b2i Q7 _�+F2i iQ +QMbi`�BMibX h?Bb bm#b2i Bb FMQrM �b i?2 bvK#QHB+ +Q`2X �HH _Qb2ii2
T`Q;`�Kb +�M K�F2 mb2 Q7 i?2 mM/2`HvBM; _�+F2iǶb 72�im`2b- �b HQM; �b i?Qb2 72�im`2b MQi
BM i?2 bvK#QHB+ +Q`2 �`2 2p�Hm�i2/ #27Q`2 bvK#QHB+ +QKTBH�iBQMX AM i?2B` T�T2`- i?2 �mi?Q`b
/2KQMbi`�i2 _Qb2ii2Ƕb 2z2+iBp2M2bb #v BKTH2K2MiBM; � MmK#2` Q7 bQHp2`@�B/2/ bvbi2Kb BM
i?2B` 7`�K2rQ`F BM QMHv � 72r r22FbX



*>�Sh1_ kX "�*E:_PlL. �L. _1G�h1. qP_Ea Ry

:BHHB�M (3)
:BHHB�M (3) Bb �M A_@#�b2/ TH�i7Q`K /2bB;M2/ iQ K�F2 i?2 /2p2HQTK2Mi Q7 bvK#QHB+@2t2+miBQM
iQQHb KQ`2 �++2bbB#H2X PM2 Q7 :BHHB�MǶb ?B;?HB;?ib Bb i?2 BMi2`K2/B�i2 H�M;m�;2 i?�i i?2
�mi?Q`b BKTH2K2Mi2/ FMQrM �b :AG- r?B+? QT2`�i2b Qp2` � T�`�K2i`B+ K2KQ`v KQ/2H Q7 �
;Bp2M i�`;2i H�M;m�;2X AM Q`/2` iQ mb2 :BHHB�M iQ QT2`�i2 bvK#QHB+ 2t2+miBQM Qp2` � ;Bp2M
i�`;2i H�M;m�;2- � /2p2HQT2` rQmH/ M22/ iQ T`QpB/2 � +QM+`2i2 �M/ bvK#QHB+ K2KQ`v KQ/2H
�HQM; rBi? � +QKTBH2` 7`QK i?2 i�`;2i H�M;m�;2 iQ :AG T`2b2`pBM; Bib K2KQ`v b2K�MiB+bX

:BHHB�MǶb bvK#QHB+ 2t2+miBQM 2M;BM2 r�b BKTH2K2Mi2/ #v i?2 �mi?Q`b BM P*�KHX :BHHB�M
�HbQ /BbiBM+iHv b2T�`�i2b i?2 p�`B�#H2 biQ`2 �M/ i?2 K2KQ`v KQ/2H Q7 bvK#QHB+ 2t2+miBQM-
�miQK�iB+�HHv ?�M/HBM; i?2 p�`B�#H2 biQ`2 �M/ QMHv H2�pBM; i?2 +QM+`2i2 �M/ bvK#QHB+ K2KQ`v
KQ/2H 7Q` /2p2HQT2`b iQ ?�M/H2X hQ /2KQMbi`�i2 i?2 2z2+iBp2M2bb Q7 i?2 TH�i7Q`K- i?2 �mi?Q`b
2KTHQv :BHHB�M iQ +`2�i2 bvK#QHB+ i2biBM; iQQHb 7Q` C�p�a+`BTi �M/ *, :BHHB�M@Ca �M/ :BHHB�M@
* `2bT2+iBp2HvX AM i?2B` 7QHHQr@mT T�T2` :BHHB�M S�`i k (R9)- #Qi? Q7 i?2b2 BMbi�MiB�iBQMb
Q7 :BHHB�M �`2 2t2`+Bb2/ iQ }M/ pmHM2`�#BHBiB2b BM �qa +Q/2X AM Q`/2` iQ BKTH2K2Mi � M2r
+QKTBH2` �M/ K2KQ`v KQ/2H BM :BHHB�M- i?2 �mi?Q`b bm;;2bi i?�i � /2p2HQT2` Kmbi ?�p2 �M
BM@/2Ti? mM/2`bi�M/BM; Q7 i?2 H�M;m�;2 bi�M/�`/- � rQ`FBM; FMQrH2/;2 Q7 P*�KH- �M/ �
#�bB+ mM/2`bi�M/BM; Q7 i?2 :BHHB�M BMi2`7�+2X

kXk JmHiBa1 (ky)
�b K2MiBQM2/ T`2pBQmbHv- QM2 Q7 i?2 KQbi T2`MB+BQmb +?�HH2M;2b rBi? mbBM; bvK#QHB+ 2t2+miBQM
Bb i?2 T�i? 2tTHQbBQM T`Q#H2KX qBi? � bvK#QHB+ 2t2+miBQM 2M;BM2 i?�i T2`7Q`Kb MQ T�i?
K2`;BM;- 2�+? bi�i2 Bb bTHBi BM irQ rBi? 2�+? +QM/BiBQM�H 2tT`2bbBQM i?�i `2HB2b QM bvK#QHB+
p�`B�#H2bX "2+�mb2 Q7 i?Bb- i?2 +QKTH2tBiv Q7 bvK#QHB+ 2t2+miBQM 2tTQM2MiB�HHv BM+`2�b2b
rBi? i?2 MmK#2` Q7 +QM/BiBQM�H 2tT`2bbBQMb- HBF2 B7 bi�i2K2MibX AM JmHiBa1 (ky)- i?2 �mi?Q`b
T`QTQb2 � MQp2H bvK#QHB+ 2t2+miBQM i2+?MB[m2 7Q` BM+`2K2Mi�HHv K2`;BM; bi�i2 rBi?Qmi i?2
M22/ 7Q` �Mv �mtBHB�`v p�`B�#H2bX

ai�i2 K2`;BM; Bb � i2+?MB[m2 i?�i �ii2KTib iQ KBiB;�i2 T�i? 2tTHQbBQM #v K2`;BM; +2`i�BM
T�i?b �i DQBM TQBMibX h?Bb Bb /QM2 i?`Qm;? i?2 BMi`Q/m+iBQM Q7 M2r bvK#QHB+ p�Hm2b- `272``2/
iQ �b �mtBHB�`v p�`B�#H2bX �b �M 2t�KTH2- B7 i?2`2 �`2 irQ bi�i2b r?2`2 i?2 � p�`B�#H2 i�F2b
QM irQ /BbiBM+i p�Hm2b- i?2 p�Hm2b +�M #2 `2TH�+2/ rBi? �M �mtBHB�`v p�`B�#H2X h?2M- BM i?2
T�i? +QMbi`�BMi- i?2 QH/ p�Hm2b Q7 i?2 p�`B�#H2 +�M #2 `2T`2b2Mi2/X JmHiBa1 B/2MiB}2b i?2
KQbi bB;MB}+�Mi Q7 i?2 T`Q#H2Kb 7�+BM; i?2 mb2 Q7 �mtBHB�`v p�`B�#H2b �b #2BM; i?2B` H�+F iQ
`2T`2b2Mi p�Hm2b QmibB/2 Q7 i?2 /QK�BM Q7 � +QMbi`�BMi bQHp2`- �b +H2�`Hv i?2b2 p�`B�#H2b +�MMQi
#2 �//2/ iQ i?2 T�i? +QMbi`�BMiX

�//`2bbBM; i?2 r2�FM2bb2b Q7 K2`;BM; i?`Qm;? �mtBHB�`v p�`B�#H2b- JmHiBa1 T`QTQb2b �
MQp2H bi�i2 `2T`2b2Mi�iBQM i?`Qm;? p�Hm2 bmKK�`B2b- r?B+? �`2 ;m�`/2/ bvK#QHB+ 2tT`2bbBQMbX
1�+? p�Hm2 bmKK�`v +QMi�BMb � p�`B�#H2- �M/ i?2M � K�TTBM; Q7 T�i? +QMbi`�BMi- p�Hm2
T�B`bX �b �M 2t�KTH2- t @= &UT- pRV- U5T- pkV' Bb � bBKTH2 p�Hm2 bmKK�`vX Ai `2T`2b2Mib
irQ TQbbB#H2 bi�i2b 7Q` i?2 p�`B�#H2 tX A7 i?2 T`2/B+�i2 T Bb i`m2- i?2M t rQmH/ i�F2 QM
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i?2 p�Hm2 pRX Pi?2`rBb2- t rQmH/ #2 2[m�H iQ pkX "vT�bbBM; �mtBHB�`v p�`B�#H2b JmHiBa1
Bb +�T�#H2 Q7 +QMiBMmBM; bvK#QHB+ 2t2+miBQM 2p2M BM i?2 7�+2 Q7 p�Hm2b rBi?Qmi �mtBHB�`v
p�`B�#H2bX aBKTHB}+�iBQM- �M/ +QM+`2i2 2p�Hm�iBQM Bb �HbQ Km+? bBKTH2` rBi?Qmi �mtBHB�`v
p�`B�#H2b- b�pBM; 2tT2MbBp2 iBK2 BM � bQHp2`X qBi? �M �mtBHB�`v p�`B�#H2- 2p2M � p�`B�#H2
rBi? QMHv +QM+`2i2 p�Hm2b +�MMQi #2 2p�Hm�i2/ +QM+`2i2HvX �//BiBQM�HHv- JmHiBa1 mb2b � M2r
�H;Q`Bi?K 7Q` mT/�iBM; p�Hm2 bmKK�`B2b iQ T2`7Q`K K2`;BM; BM+`2K2Mi�HHvX

q?2M T2`7Q`KBM; bvK#QHB+ 2t2+miBQM BM JmHiBa1- }`bi- i?2 p�Hm2 bmKK�`v 7Q` i?2 T`Q@
;`�K +QmMi2` Bb BMbT2+i2/X � T`2/B+�i2@p�Hm2 T�B` Bb +?Qb2M �M/ i?2M i?2 bi�i2K2Mi BM@
/B+�i2/ #v i?2 p�Hm2 7Q` i?2 T`Q;`�K +QmMi2` Bb 2t2+mi2/ bvK#QHB+�HHvX 6B`bi- H2iǶb +QM@
bB/2` i?2 +�b2 i?�i i?2 bi�i2K2Mi Bb � +QM/BiBQM�H #`�M+?- B7 ` = R,X JmHiBa1 rQmH/
i?2M M22/ iQ HQQF �i �HH i?2 T`2/B+�i2@p�Hm2 T�B`b 7Q` i?2 p�`B�#H2 `X q2 rBHH �bbmK2
i?�i i?2 p�Hm2 bmKK�`v 7Q` ` Bb &U5T8- 0`V- UT8- jV'- THm;;BM; i?2b2 BMiQ i?2 +QM/B@
iBQM�H 2tT`2bbBQM r2 ;2i, &U5T8- 0` = RV- UT8- i`m2V'X LQr- i?2 T�i? +QMbi`�BMib 7Q`
i?2 T`Q;`�K +QmMi2` +�M #2 mT/�i2/X �bbmKBM; i?2 +m``2Mi T�i? +QMbi`�BMi Bb Tj- JmH@
iBa1 mT/�i2b i?2 T�i? +QMbi`�BMi mbBM; i?2 T`2/B+�i2@p�Hm2 T�B`b 7`QK i?2 +QM/BiBQM�H 2t@
T`2bbBQM,Te 4 Tj % UU5T8 � 0` = RV % UT8 � i`m2VVX h?2 T+ p�Hm2 bmKK�`v Bb i?2M
mT/�i2/ rBi? i?2 M2r T�B`b r?2`2 i?2 T+ ;m�`/2/ rBi? Te Bb i?2 i�F2M bi�i2- �M/ i?2 T+
;m�`/2/ rBi? 5Te Bb i?2 MQi@i�F2M bi�i2X

Pi?2` i?�M +QM/BiBQM�H #`�M+?BM; bi�i2K2Mib- i?2 K�MM2` BM r?B+? �M �bbB;MK2Mi bi�i2@
K2Mi +?�M;2b bi�i2 /Bz2`b �b r2HHX �;�BM- � T`Q;`�K +QmMi2` T`2/B+�i2@p�Hm2 T�B` Bb b2H2+i2/,
UTe- RyV- MQr `272``BM; iQ �M �bbB;MK2Mi bi�i2K2Mi, x 4 ` @ RX q2 rBHH �;�BM �bbmK2
i?�i i?2 p�Hm2 bmKK�`v 7Q` ` Bb &U5T8- 0`V- UT8- jV'- THm;;BM; i?2b2 BMiQ i?2 2tT`2b@
bBQM r2 ;2i, &U5T8- 0` @ RV- UT8- kV'X 6Q` i?Bb �bbB;MK2Mi 2tT`2bbBQM i?Qm;?- bBM+2
i?2 T`Q;`�K +QmMi2` Bb ;m�`/2/ #v Te- i?2 M2r p�Hm2b Q7 x Kmbi �HbQ #2 ;m�`/2/ #v TeX
h?2 QH/ p�Hm2b Q7 x �`2 i?mb ;m�`/2/ #v 5Te- �M/ i?2 mT/�i2/ p�Hm2 bmKK�`v #2+QK2b,
&U5Te- 0xV- UTe � 5T8- 0` @ RV- UTe � T8- kV'X �MQi?2` 2M?�M+2K2Mi Q7 JmHiBa1 Bb
Bib mb2 Q7 #BM�`v /2+BbBQM /B�;`�Kb iQ `2T`2b2Mi T�i? +QMbi`�BMib- r?B+? T`QpB/2b �M 2{+B2Mi
r�v Q7 �pQB/BM; 2tTHQ`BM; BM72�bB#H2 T�i?bX � ;m�`/Ƕb ".. `2T`2b2Mi�iBQM Bb +?2+F2/ }`bi iQ
/2i2`KBM2 B7 i?2 #QQH2�M 7Q`KmH� Bb 7�Hb2- #27Q`2 Bib b�iBb}�#BHBiv Bb +?2+F2/ #v � bQHp2`X

hQ /2KQMbi`�i2 ?Qr JmHiBa1 /Bz2`b 7`QK ivTB+�H /vM�KB+ bvK#QHB+ 2t2+miBQM- r2 �;�BM
`272` iQ i?2 2t�KTH2 BM 6B;m`2 R BM i?2 `2TQ`iǶb BMi`Q/m+iBQMX h?2 `2bmHiBM; bi�i2- BM p�Hm2
bmKK�`v `2T`2b2Mi�iBQM- BM b?QrM BM 6B;m`2 RX

kXj P#HB*?2+F (kR- Rd)
JQbi /Bbi`B#mi2/ +QKTmi2` bvbi2Kb H2p2`�;2 2M+`vTiBQM �b � iQQH 7Q` i`�MbKBiiBM; b2MbBiBp2
/�i� Qp2` i?2 M2irQ`FX AM Q`/2` iQ T`2p2Mi �ii�+F2`b 7`QK BMbT2+iBM; i?2 +QMi2Mib Q7 K2bb�;2b-
bi`QM; 2M+`vTiBQM �H;Q`Bi?Kb �`2 mb2/X q?BH2 i?2 +QMi2Mi Q7 i?Bb /�i� K�v #2 Q++Hm/2/ 7`QK
�M �ii�+F2`- i?2`2 �`2 K�Mv �ii`B#mi2b �#Qmi i?2 /�i� i`�Mb72` i?�i i?2v +QmH/ Q#b2`p2 BM
i?2 +H2�`X AM 7�+i- �M �ii�+F2` +�M �+im�HHv BM72` BM7Q`K�iBQM �#Qmi T`Bp�i2 /�i� #v �M�HvxBM;
M2irQ`F Q` /BbF i`�{+X am+? �ii�+Fb �`2 FMQrM �b �++2bb T�ii2`M H2�F�;2 �ii�+FbX � 7�KBHv Q7
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&
T+ @= &Ui`m2- RyV'
t @= &Ui`m2- k0tV'
x @= &UTR % Tj- 0` @ RV- UTk % T9- 0xV- UT8- kV'
` @= &U5T8- 0`V- UT8- kV'

'
TR 4 k0t I4 Ryy � 0` = R
Tk 4 k0t I4 Ryy � 0` I4 R
Tj 4 k0t = Ryy � 0x 54 R � 0` = R
T9 4 k0t = Ryy � 0x 54 R � 0` I4 R
Tj 4 k0t = Ryy � 0x 44 R

6B;m`2 R, o�Hm2 bmKK�`B2b 7Q` p�`B�#H2b Q7 T`Q;`�K BM 6B;m`2 R �7i2` +QKTH2iBQMX

�H;Q`Bi?Kb i?�i �`2 /�i�@Q#HBpBQmb �H;Q`Bi?Kb T`Qi2+i �;�BMbi i?2b2 FBM/b Q7 �ii�+FbX h?2b2
/�i�@Q#HBpBQmb �H;Q`Bi?Kb �BK iQ 2Mbm`2 i?�i Tm#HB+Hv �p�BH�#H2 i`�+2b �`2 BM/2T2M/2Mi Q7
T`Bp�i2 BMTmib BM Q`/2` iQ +HQb2 i?2b2 bB/2 +?�MM2Hb �M/ T`2p2Mi �;�BMbi H2�F�;2X P#HBpBQmb
�H;Q`Bi?Kb �`2 �H`2�/v BM mb2 iQ/�vX "27Q`2 P#HB*?2+F (kR)- i`�/BiBQM�H T2M@�M/@T�T2` T`QQ7b
r2`2 mb2/ iQ p2`B7v i?2 Q#HBpBQmbM2bb Q7 i?2b2 �H;Q`Bi?KbX AiǶb BKTQ`i�Mi iQ MQi2 i?�i Q#HBpBQmb
�H;Q`Bi?Kb +�M #2 /B{+mHi iQ /2bB;M �M/ mM/2`bi�M/- �b �H;Q`Bi?K /2p2HQT2`b Kmbi #�H�M+2
2{+B2M+v �M/ b2+m`BivX AM ObliCheck (kR)- aQM 2iX �HX T`QTQb2 � iQQH 7Q` �miQK�iB+�HHv
p2`B7vBM; i?2 Q#HBpBQmbM2bb Q7 /Bbi`B#mi2/ /�i� T`Q+2bbBM; �H;Q`Bi?KbX h?2 iQQH T`QpB/2b
�M �SA 2M�#HBM; /2bB;M2`b iQ BKTH2K2Mi i?2B` �H;Q`Bi?K- �M/ +?2+F Bib Q#HBpBQmbM2bbX AM
�//BiBQM iQ /2i2`KBMBM; i?2 Q#HBpBQmbM2bb Q7 �M �H;Q`Bi?K- P#HB*?2+F +�M T`QpB/2 � T`QQ7 Q7
i?2 �H;Q`Bi?KǶb Q#HBpBQmbM2bb- Q` � +QmMi2`@2t�KTH2X h?2 iQQH Bb BKTH2K2Mi2/ mbBM; C�H�M;B
(RN)- � JmHiBa1 bvK#QHB+ 2t2+miBQM 7`�K2rQ`FX h?2 iQQH Bb �#H2 iQ �+?B2p2 mT iQ keyt bT22/
BM+`2�b2b Qp2` i`�/BiBQM bvK#QHB+ 2t2+miBQM K2i?Q/b- �M/ /Q2b MQi b�+`B}+2 �++m`�+vX

aBM+2 H�i2` BM i?Bb T�T2`- r2 rBHH #2 BKTH2K2MiBM; � bm#b2i Q7 i?2 P#HB*?2+F bvK#QHB+
2t2+miBQM �H;Q`Bi?K 2M?�M+2K2Mib- A rBHH /2KQMbi`�i2 ?Qr i?Qb2 72�im`2b rQ`F BM KQ`2
/2i�BH #2HQr i?`Qm;? 7QHHQrBM; �M 2t�KTH2 7`QK Kv +H�bb `2TQ`i 7Q` P#HB*?2+F(Rd)X 6Q`
2t�KTH2- #2HQr Bb � i`BpB�H Q#HBpBQmb T`Q;`�K 7Q` /2KQMbi`�iBQM Tm`TQb2b- b?QrM rBi? i?2
}M�H T`Q;`�K bi�i2 �7i2` #2BM; `mM BM mMKQ/B}2/ JmHiBa1,

p�` T`BpAM 4 `2�/S`Bp�i2AMTmiUVc
p�` #m7 4 ()c
B7 UT`BpAMV

#m7XTmb?UyVc
2Hb2

#m7XTmb?URVc
2M+�M/a2M/U#m7Vc
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PM i?2 }M�H HBM2- �M �SA +�HH KQp2b i?2 T`Bp�i2 /�i� 7`QK mMQ#b2`p�#H2 iQ Q#b2`p�#H2
bT�+2- i?2 bvK#QHB+ 2t2+miBQM bi�i2 Q7 i?2 T`Q;`�K Bb �b 7QHHQrb,

&
T+ 4 (&i`m2- d')-
T`BpAM 4 (&i`m2- bvKy')-
#m7 4 (&bvKy- (y)'- &5bvKy- (R)')-
#m7nH2M 4 (&i`m2- R')

'

6Q` i?Bb Q#HBpBQmb 2t2+miBQM- `2;�`/H2bb Q7 i?2 T`Bp�i2 BMTmi p�Hm2- i?2 H2M;i? Q7 i?2
#mz2` Bb �Hr�vb RX "2+�mb2 Q7 i?Bb- i?Bb �H;Q`Bi?K Bb Q#HBpBQmbX "2+�mb2 Q7 i?2 T�i? 2tTHQbBQM
T`Q#H2K- �b �H;Q`Bi?Kb #2+QK2 KQ`2 +QKTH2t �M/ i?2 H2M;i? Q7 #mz2`b BM+`2�b2b i?2 `mMiBK2
Q7 JmHiBa1 bmz2`bX

PTiBKBbiB+ ai�i2 J2`;BM;
AM Q`/2` iQ KBiB;�i2 i?2 T�i? 2tTHQbBQM T`Q#H2K �M/ /2+`2�b2 i?2 #m`/2M QM QM2Ƕb K�+?BM2
r?2M `mMMBM; bvK#QHB+ 2t2+miBQM- /QK�BM bT2+B}+ BMbB;?ib �#Qmi i?2 M�im`2 Q7 i?2 BMTmi
p�Hm2b �M/ BMM2`@rQ`FBM;b Q7 i?2 T`Q;`�Kb r�b H2p2`�;2/ BM Q`/2` iQ BM+`2�b2 2{+B2M+vX PM2
Q7 i?2 F2v +QMi`B#miBQMb Q7 P#HB*?2+F Bb i?2 `2+Q;MBiBQM i?�i i?2 +QMi2Mib Q7 i?2 QmiTmi
/�i� rBHH #2 2M+`vTi2/ �M/ i?2`27Q`2 Bb Q7i2M MQi BKTQ`i�Mi iQ #2 `2i�BM2/- i?Bb +�M �HHQr
bvK#QHB+ 2t2+miBQM iQ b+�H2 BM � 72�bB#H2 r�vX

A7 � ;Bp2M p�`B�#H2 rBHH MQi +QMi`B#mi2 iQ i?2 Qmi+QK2 Q7 i?2 Q#HBpBQmbM2bb T`QT2`iv- i?2M
i?Bb BM7Q`K�iBQM +�M #2 ;2M2`�HBx2/ iQ BM+`2�b2 2{+B2M+vX AM P#HB*?2+F- bm+? p�`B�#H2b �`2
�;;`2bbBp2Hv K2`;2/ bm+? i?�i i?2 MmK#2` Q7 bi�i2b i?�i �`2 T`2b2Mi Bb bB;MB}+�MiHv H2bbX AM
i?2 T`2pBQmb 2t�KTH2 i?�i r2 b�r- i?2 M2r bvK#QHB+ 2t2+miBQM bi�i2 rQmH/ #2 �b 7QHHQrb,

&
T+ 4 (&i`m2- d')-
T`BpAM 4 (&i`m2- bvKy')-
#m7 4 (&i`m2- (bvKR)')-
#m7nH2M 4 (&i`m2- R')

'

h?2 p�Hm2 Q7 i?2 #mz2` Bb MQr � M2rHv BMi`Q/m+2/ bvK#QHB+ p�`B�#H2- bBM+2 r2 /QMǶi M22/
iQ F22T i`�+F Q7 i?2 Q`B;BM�H p�Hm2bX h?2 MmK#2` Q7 bi�i2b BM i?2 T`Q;`�K ?�b MQr ?�Hp2/c
�b T`Q;`�Kb BM+`2�b2 BM +QKTH2tBiv- i?2 2z2+i Q7 `2/m+2/ T�i?b Bb KQ`2 T`QMQmM+2/X

>Qr2p2`- #v �;;`2bbBp2Hv K2`;BM;- BiǶb TQbbB#H2 iQ HQb2 T�i? bT2+B}+ BM7Q`K�iBQMX AiǶb
TQbbB#H2 i?�i p�`B�#H2 +�M #2 K2`;2/ i?�i BbMǶi /B`2+iHv BMpQHp2/ BM i?2 i`�+2 7Q` �M �H;Q`Bi?Kb
p2`B}+�iBQM +QM/BiBQM #mi i?�i Bb biBHH BMpQHp2/ BM i?2 +QMi`QH ~Qr Q7 � T`Q;`�K bm+? i?�i Bi
K�F2b �M �H;Q`Bi?K MQi Q#HBpBQmbX h?Bb /QK�BM bT2+B}+ K2`;BM; b+?2K2 QM Bib QrM +QmH/
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BM+m` � 7�Hb2 TQbBiBp2- r?2`2 i?2 T`Q;`�K Bb BM+Q``2+iHv ~�;;2/ �b #2BM; MQi Q#HBpBQmbX h�F2
i?2 2t�KTH2 T`Q;`�K,

p�` T`BpAM 4 `2�/S`Bp�i2AMTmiUVc
p�` #m7 4 ()c
B7 UT`BpAMV

#m7XTmb?UyVc
2Hb2

#m7XTmb?URVc

B7 U#m7(y) 44 yV
#m7XTmb?URVc

B7 U#m7(y) 44 RV
#m7XTmb?UyVc

2M+�M/a2M/U#m7Vc

AM i?Bb T`Q;`�K- i?2 b2+QM/ b2i Q7 B7 bi�i2K2Mib /2T2M/b QM i?2 p�Hm2 Q7 i?2 }`bi 2H2K2Mi
Tmb?2/ iQ i?2 #mz2`X LQi2- ?Qr2p2`- i?�i i?2 H2M;i? Q7 i?2 #mz2` Bb �Hr�vb i?2 b�K2X A7
i?2 p�Hm2 }`bi �//2/ iQ i?2 #mz2` r�b QTiBKBbiB+�HHv K2`;2/ Bi rQmH/ #2 BKTQbbB#H2 7Q` i?2
bvK#QHB+ 2t2+miBQM 7`�K2rQ`F iQ FMQr i?�i #m7(y) r�b BM/22/ 2Bi?2` y Q` Rc Bi +QmH/ #2HB2p2
i?�i i?2 p�Hm2 7�HHb QmibB/2 Q7 i?�i M�``Qr /QK�BMX h?2 }M�H bi�i2 Q7 i?2 T`Q;`�K Bb MQr �b
7QHHQrb,

&
T+ 4 (&i`m2- d')-
T`BpAM 4 (&i`m2- bvKy')-
#m7 4 (&i`m2- (bR- bk- bj)')-
#m7nH2M 4 ( &bR 54 y �� bR 44 R %% bR 44 y �� bR 54 R- k'-

&bR 54 y �� bR 54 R- R' )
'

Ai2`�iBp2 lM@K2`;BM;
.QK�BM bT2+B}+ K2`;BM; +QmH/ /`�biB+�HHv `2/m+2 i?2 K2KQ`v �M/ `mMiBK2 mb2/ #v bvK@
#QHB+ 2t2+miBQMX h?2 mb2 Q7 /QK�BM bT2+B}+ K2`;BM; /B/ ?Qr2p2` H2�/ iQ 7�Hb2 M2;�iBp2b- �b
BKTQ`i�Mi BM7Q`K�iBQM r�b HQbi i?�i Q++Hm/2/ i?2 T`Q;`�KǶb i`m2 Q#HBpBQmbM2bbX �b b22M BM
i?2 2t�KTH2 7`QK i?2 T`2pBQmb bm#@b2+iBQM- ?�/ i?2 p�`B�#H2 ǶbRǶ MQi #22M BMi`Q/m+2/- �M/
i?�i p�Hm2 MQi ?�/ #22M K2`;2/- i?2 T`Q;`�K rQmH/ ?�p2 +Q``2+iHv #22M ~�;;2/ �b Q#HBp@
BQmbX lM@K2`;BM; �M/ `2@2t2+miBQM Kmbi #2 T2`7Q`K2/ iQ /2i2`KBM2 i?2 i`m2 bi�imb Q7 i?2
T`Q;`�KX

h?2 }`bi bi2T BM mM@K2`;BM; bT2+B}+ T`Q#H2K�iB+ �mtBHB�`v p�`B�#H2b Bb #v �M�HvxBM; i?2
p2`B}+�iBQM +QM/BiBQMǶb T�i? +QMbi`�BMibX aBM+2- /m`BM; bvK#QHB+ 2t2+miBQM- i?2`2 Bb MQ r�v
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Q7 FMQrBM; �HH Q7 i?2 r�vb i?�i � p�`B�#H2 rBHH #2 mb2/- Bi Bb mM+H2�` QM r2i?2` Q` MQi �
p�`B�#H2 b?QmH/ #2 K2`;2/X 6Q`imM�i2Hv- i?2 p�`B�#H2b i?�i K�v ?�p2 H2/ iQ � 7�Hb2 TQbBiBp2
+�b2 �`2 T`2b2Mi BM i?2 T�i? +QM/BiBQM Q7 i?2 p2`B}+�iBQM +QM/BiBQMX AM i?2 +�b2 Q7 i?2 T`BQ`
2t�KTH2- ǶbRǶ Bb T`2b2Mi BM i?2 T�i? +QM/BiBQM 7Q` i?2 #mz2`Ƕb H2M;i?X avK#QHB+ p�`B�#H2b
i?�i r2`2 BMi`Q/m+2/ #v PaJ T`2b2Mi BM i?2 T�i? +QM/BiBQM /2MQi2 i?�i i?2 `2bmHi +QmH/ #2
� 7�Hb2 M2;�iBp2X �7i2` B/2MiB7vBM; i?2 i�`;2i p�`B�#H2b- i?2v �`2 ~�;;2/ iQ MQi #2 K2`;2/-
�M/ i?2 T`Q;`�K Bb `2@2t2+mi2/X PM+2 i?2 T`Q;`�K Bb ~�;;2/ �b Q#HBpBQmb- Q` i?2`2 �`2 MQ
KQ`2 p�`B�#H2b BM i?2 p2`B}+�iBQM +QM/BiBQM iQ mM@K2`;2- � +QM+HmbBQM +�M #2 K�/2 �#Qmi
i?2 Q#HBpBQmbM2bb Q7 i?2 T`Q;`�KX

&
T+ 4 (&i`m2- d')-
T`BpAM 4 (&i`m2- bvKy')-
#m7 4 (&bvKy- (y- R)'- &5bvKy- (R- y)')-
#m7nH2M 4 (&i`m2- k')

'

AM P#HB*?2+F (kR)- QTiBKBbiB+ bi�i2 K2`;BM; bB;MB}+�MiHv KBiB;�i2/ i?2 T�i? 2tTHQbBQM
T`Q#H2K- �M/ Bi2`�iBp2 mM@K2`;BM; `2+Qp2`2/ �Mv HQbi �++m`�+vX qBi? Bi2`�iBp2 mM@K2`;BM;-
bBM+2 �HH p�`B�#H2b �`2 K2`;2/ QM i?2 }`bi 2t2+miBQM- Bi Bb 2ti`2K2Hv 7�bi iQ 2t2+mi2- 2p2M
bvK#QHB+�HHvX



Re

*?�Ti2` j

uQmo2`B7v

AM P#HB*?2+F (kR)- /QK�BM bT2+B}+ FMQrH2/;2 `2;�`/BM; i?2 ivT2b Q7 �H;Q`Bi?Kb #2BM; �M@
�Hvx2/ r�b H2p2`�;2/ BM Q`/2` iQ KBiB;�i2 i?2 T�i? 2tTHQbBQM T`Q#H2K 7�+BM; bvK#QHB+ 2t@
2+miBQMX 6Q` i?2 P#HB*?2+F T`QD2+i bT2+B}+�HHv- i?2 bvK#QHB+ 2t2+miBQM 7`�K2rQ`F C�H�M;B
(RN) r�b �m;K2Mi2/ rBi? P#HB*?2+FǶb +mbiQK �H;Q`Bi?K BMpQHpBM; �;;`2bbBp2 QTiBKBbiB+ bi�i2
K2`;BM; �M/ Bi2`�iBp2 bi�i2 mM@K2`;BM;X G�`;2Hv BM7Q`K2/ #v Kv 2tT2`B2M+2 rQ`FBM; QM
P#HB*?2+F- BM i?Bb T`QD2+i `2TQ`i- A T`2b2Mi uQmo2`B7v- r?B+? Bb � bBKTH2 BKT2`�iBp2 BMi2`@
K2/B�i2 `2T`2b2Mi�iBQM 7Q` bvK#QHB+ 2t2+miBQM- BMi2M/2/ iQ #2 7`�K2rQ`F 7Q` `�TB/Hv T`QiQ@
ivTBM; �M/ i2biBM; bvK#QHB+ 2t2+miBQM �H;Q`Bi?Kb �M/ QTiBKBx�iBQMbX

jXR .2bB;M
.2bB;M S`BM+BTH2b
uQmo2`B7v r�b /2bB;M2/ �`QmM/ � MmK#2` Q7 +Q`2 T`BM+BTH2bX 6B`bi- uQmo2`B7v Bb BMi2M/2/ iQ
#2 mb2/ �b �M BMi2`K2/B�i2 `2T`2b2Mi�iBQM 7Q` i�`;2i H�M;m�;2b iQ +QKTBH2 iQX h?2 bvMi�t
Q7 i?2 H�M;m�;2 Bb i?`22@�//`2bb +Q/2- i?Bb `2T`2b2Mi�iBQM Bb +QKKQMHv mb2/ #v +QKTBH2`b
BM Q`/2` iQ T2`7Q`K QTiBKBx�iBQMbX "�``BM; bQK2 2t+2TiBQMb- BM uQmo2`B7v KQbi 2tT`2bbBQMb
?�p2 �i KQbi i?`22 �iQKB+ 2tT`2bbBQMb BM mb2X a2+QM/- uQmo2`B7v �+ib �b �M �#bi`�+iBQM H�v2`
/B`2+iHv �#Qp2 i?2 TQTmH�` 7�KBHB2b Q7 aJh aQHp2`b i?�i 7�HH mM/2` i?2 BMi2`M�iBQM�H aJh@GB#
(k) bi�M/�`/- `�i?2` i?�M i�`;2iBM; � bT2+B}+ ?B;?2`@H2p2H H�M;m�;2Ƕb 72�im`2b- bQK2 Q7 r?B+?
K�v MQi #2 bQHp�#H2 #v aJhGB# +QMbi`�BMi bQHp2`bX h?B`/- uQmo2`B7v r�b /2bB;M2/ iQ #2
r?QHHv KQ/mH�` �M/ 2ti2MbB#H2X

� HBKBiBM; 7�+iQ` BM i?2 �TTHB+�iBQM Q7 bQK2 bvK#QHB+ 2t2+miBQM �H;Q`Bi?Kb iQ � #`Q�/2`
b2i Q7 T`Q#H2Kb �M/ T`Q;`�Kb Bb i?2 H�M;m�;2 BM r?B+? i?Qb2 T`Q;`�Kb �`2 BKTH2K2Mi2/ BMX
J�Mv bvK#QHB+ 2t2+miBQM iQQHb �M/ 7`�K2rQ`Fb QT2`�i2 QMHv QM � bBM;H2 i�`;2i H�M;m�;2-
r?2i?2` i?�i #2 *- C�p�a+`BTi- Q` �MQi?2` H�M;m�;2X 6Q` i?2b2 iQQHb �M/ 7`�K2rQ`Fb- i?2
#2M2}ib Q7 i?2B` bT2+B}+ BKTH2K2Mi�iBQM QTiBKBx�iBQMb �M/ i2+?MB[m2b +�M QMHv #2 `2�T2/
#v �M�Hvx2/ T`Q;`�Kb BM i?2 i�`;2i H�M;m�;2X A7 QM2 r�Mi2/ iQ H2p2`�;2 JmHiBa1Ƕb p�Hm2



*>�Sh1_ jX uPlo1_A6u Rd

bmKK�`v `2T`2b2Mi�iBQM iQ bvK#QHB+�HHv 2t2+mi2 * +Q/2 7Q` BMbi�M+2- i?2v rQmH/ MQi #2 �#H2
iQ mb2 i?2 2tBbiBM; BKTH2K2Mi�iBQM- C�H�M;BX AMbi2�/- i?2 �H;Q`Bi?K Kmbi #2 BKTH2K2Mi2/
7`2b?- Q` #v KQ/B7vBM; �MQi?2` 2tBbiBM; bvK#QHB+ 2t2+miBQM iQQHX h?2 #2M2}i Q7 miBHBxBM; �M
BMi2`K2/B�i2 `2T`2b2Mi�iBQM HBF2 uQmo2`B7v Bb i?�i i?2 T`Q#H2K Q7 i�`;2i H�M;m�;2 +�M #2
b2T�`�i2/ 7`QK i?2 mM/2`HvBM; bvK#QHB+ 2t2+miBQM �H;Q`Bi?KX

h?2 uQmo2`B7v H�M;m�;2 �HbQ Bb BMi2M/2/ iQ #2 �M �#bi`�+iBQM H�v2` /B`2+iHv �#Qp2 i?2
aJh@GB# (k) 7�KBHv Q7 bQHp2`b- BM Q`/2` iQ �pQB/ ;2M2`�iBM; mM@bQHp�#H2 +QMbi`�BMibX 1p2`v
QT2`�iQ` BM uQmo2`B7v Bb /B`2+iHv `2~2+i2/ #v i?2 aJhGB# bi�M/�`/- �M/ i?mb bmTTQ`i2/
#v �HH aJhGB# +QKTHB�Mi bQHp2`bX "v �/?2`BM; iQ i?Bb T`BM+BTH2- �HH Q7 i?2 BKTH2K2Mi2/
i?2Q`B2b BM uQmo2`B7v +Qp2` i?2 +QKTH2i2 b2i Q7 QT2`�iQ`b �p�BH�#H2- �M/ � mb2` +�M /2+B/2
r?�i bQHp2` iQ mb2 �b HQM; �b Bi bmTTQ`ib i?2 aJhGB# bi�M/�`/X h?2`2 Bb MQi +QM+2`M i?�i �M
�H;Q`Bi?K BKTH2K2Mi2/ BM uQmo2`B7v rBHH miBHBx2 bQK2 H�M;m�;2 72�im`2 i?�i Bb MQi bmTTQ`i2/
#v i?2 mM/2`HvBM; bQHp2` #2+�mb2 2p2`v bi�i2K2Mi Q` 2tT`2bbBQM r`Bii2M BM i?2 H�M;m�;2
Bb bmTTQ`i2/ #v aJhGB#X h?2 �#BHBiv iQ 2�bBHv +?�M;2 Qmi bQHp2`b �HbQ H2M/b Bib2H7 iQ i?2
7`�K2rQ`Fb BMi2`QT2`�#BHBiv �M/ KQ/mH�`Biv- 2HBKBM�iBM; i?2 `2HB�M+2 QM � bBM;H2 bQHp2`X

JQ/mH�`Biv �M/ 2ti2MbB#BHBiv �`2 �i i?2 +Q`2 Q7 uQmo2`B7vǶb BKTH2K2Mi�iBQM �M/ KQiBp�@
iBQMX �b K2MiBQM2/ 2�`HB2`- BiǶb 2�bv iQ br�T Qmi bQHp2`b mbBM; uQmo2`B7vX AM �//BiBQM iQ i?Bb-
Bi Bb �HbQ bi`�B;?i7Q`r�`/ iQ �// �//BiBQM�H bQ`ib �M/ QT2`�iQ`b H�i2` QM iQ i?2 7`�K2rQ`F
B7 T2`?�Tb �M mMBKTH2K2Mi2/ i?2Q`v Bb /2bB`2/ Q` � M2r i?2Q`v #2+QK2b �p�BH�#H2 BM i?2
aJhGB# bi�M/�`/X 6Q` bBKTH2 QT2`�iQ`b HBF2 mM�`v �M/ #BM�`v QM2b- i?2`2 Bb 2�bv bmTTQ`i
7Q` �//BM; i?2K mbBM; T`2}t �M/ BM}t MQi�iBQM rBi?Qmi i?2 M22/ 7Q` KQ/B7vBM; i?2 T�`b2`
Q` i?2 7`�K2rQ`F Bib2H7X 6Q` KQ`2 +QKTH2t QT2`�iQ`b- Bi Bb Dmbi �b bi`�B;?i 7Q`r�`/ iQ �//
#mBHiBM 7mM+iBQMbX

h?2 bvK#QHB+ 2t2+miQ`- r?B+? i`�p2`b2b i?`Qm;? i?2 bi�i2 �M/ 2t2+mi2b bi�i2K2Mib- Bb
H�`;2Hv bi�iB+- �M/ Bb MQi BMi2M/2/ iQ #2 KQ/B}2/ Q` 2ti2M/2/X >Qr2p2`- i?2 bi�i2 Bib2H7 Bb
7mHHv KQ/mH�` �M/ Kmbi QMHv �/?2`2 iQ i?2 T`QpB/2/ �SA bm+? i?�i Bi Bb �#H2 iQ THm; BMiQ i?2
bvK#QHB+ 2t2+miQ`X "2+�mb2 i?2`2 Bb Km+? p�`B�iBQM BM i?2 r�v i?�i i?2 bi�i2 BM T�`iB+mH�` Bb
`2T`2b2Mi2/ #v /Bz2`2Mi bvK#QHB+ 2t2+miBQM iQQHb �M/ �H;Q`Bi?Kb- �M/ ?Qr i?2 T�i? bT�+2 Q7
� T`Q;`�K Bb 2tTHQ`2/- i?2b2 �H;Q`Bi?K /2T2M/2Mi /2+BbBQMb �`2 H27i mT iQ i?2 bi�i2 2MiB`2Hv
r?B+? i?2 2t2+miQ` �++2bb2b i?`Qm;? i?2 �SAX

avbi2K �`+?Bi2+im`2
�HH uQmo2`B7v T`Q;`�Kb �`2 BMi2`T`2i2/ �b � b2`B2b Q7 bi�i2K2Mib i?�i T2`7Q`K QT2`�iBQMb QM
i?2 T`Q;`�K bi�i2X h?2 bi�i2 Bb �i i?2 ?2�`i Q7 uQmo2`}vǶb �`+?Bi2+im`2X �b r2Ƕp2 b22M BM Qm`
/Bb+mbbBQM Q7 #�+F;`QmM/ �M/ `2H�i2/ rQ`Fb- i?2 K�MM2` BM r?B+? bi�i2 Bb `2T`2b2Mi2/ p�`B2b
rB/2Hv #2ir22M /Bz2`2Mi bvK#QHB+ 2t2+miBQM i2+?MB[m2b �M/ �H;Q`Bi?KbX AM bi�M/�`/ /vM�KB+
bvK#QHB+ 2t2+miBQM- i?2`2 �`2 KmHiBTH2 bi�i2b- �HH rBi? i?2B` /BbiBM+i bvK#QHB+ p�`B�#H2 biQ`2b
�M/ bi�i2 Bb +QTB2/ r?2M � #`�M+?BM; bi�i2K2Mi Bb `2�+?2/X PM i?2 Qi?2` ?�M/- rBi? JmHiBa1-
i?2`2 Bb � +QHH2+iBQM Q7 p�Hm2 bmKK�`B2b 7Q` 2�+? p�`B�#H2 i?�i 2M+Q/2b i?2 p�`B2iv Q7 T`Q;`�K
bi�i2bX AM bQK2 BKTH2K2Mi�iBQMb bi�i2 +�M #2 K2`;2/- �M/ BM Qi?2`b Bi Bb MQiX "2+�mb2 Q7
i?Bb p�`B2iv BM i?2 `2T`2b2Mi�iBQM �M/ K�M�;2K2Mi Q7 bi�i2- uQmo2`B7v i`2�ib i?2 bi�i2 �b



*>�Sh1_ jX uPlo1_A6u R3

#2BM; b2T�`�i2 7`QK i?2 bvK#QHB+ BMi2`T`2i2` �M/ BMi2`�+ib rBi? Bi i?`Qm;? �M �SA i?�i rBHH
#2 /2b+`B#2/ BM KQ`2 /2i�BH #2HQrX

SMTLib 2 Standard

YouVerify

Interpreter State

Z3 STP …CVC4

h?Bb b2T�`�iBQM Q7 `2bTQMbB#BHBiv �HHQrb i?2 K�BM 2t2+miBQM HQQT 7Q` uQmo2`B7v iQ #2 p2`v
bBKTH2- �b Bi +�M #2 b22M BM 6B;m`2 RX AM uQmo2`B7v- i?2 bvK#QHB+ 2t2+miBQM Q7 � T`Q;`�K
rBHH +QMiBMm2 �b HQM; �b i?2 ǶM2ti bi�i2Ƕ- `2i`B2p2/ 7`QK i?2 bi�i2 mbBM; i?2 mT/�i2nbi�i2
K2i?Q/ `2im`Mb � h`m2 p�Hm2 BM Svi?QMX �b b?QrM BM i?2 2tTHQ`�iBQM Q7 p�`BQmb bvK#QHB+
2t2+miBQM i2+?MB[m2b- ?Qr i?2 bi�i2 bT�+2 Bb 2tTHQ`2/ Bb � K�ii2` Q7 BMi2`2bi r?2M /2p2HQTBM;
bvK#QHB+ 2t2+miBQM �H;Q`Bi?KbX 6Q` BMbi�M+2- i?2 �TT`Q�+?2b b22 BM 1s1 (e) �M/ EG11 (8)
mb2 /Bz2`2Mi ?2m`BbiB+b BM Q`/2` iQ 2tTHQ`2 i?2 T`Q;`�K T�i? bT�+2 BM Q`/2` iQ �+?B2p2 i?2
/2bB`2/ `2bmHiX

r?BH2 bi�i2XmT/�i2nbi�i2UV,
biKi 4 bi�i2X+m``2Minbi�i2K2Mi
biKiX2t2+Ubi�i2V

6B;m`2 R, J�BM 2t2+miBQM HQQT 7Q` uQmo2`B7v BMi2`T`2i2`X

jXk G�M;m�;2 62�im`2b
1�+? uQmo2`B7v T`Q;`�K U}H2 2ti2MbBQM Xvp`V Bb +QKTQb2/ �b 7QHHQrb- /BpB/2/ BMiQ irQ b2+@
iBQMb,
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I:GP"�G .1*G�_�hAPLa=
XXX
Iah�h1J1Lha=
XXX

�i i?2 iQT Q7 i?2 T`Q;`�K }H2- i?2`2 �`2 i?2 ;HQ#�H /2}MBiBQMb +QMbBbiBM; Q7 ;HQ#�H p�`B@
�#H2 /2+H�`�iBQMb �HQM; rBi? 7mM+iBQM /2+H�`�iBQMb- �M/ `2+Q`/ ivT2 /2+H�`�iBQMbX
6mM+iBQMb +�M QMHv #2 /2+H�`2/ ;HQ#�HHvX "2HQr �HH Q7 i?2 /2+H�`�iBQMb �`2 i?2 bi�i2K2Mib- Q`
i?2 #Q/v Q7 i?2 T`Q;`�KX

o�`B�#H2 .2+H�`�iBQMb
t, ALh O AMi2;2` ivT2 /2+H�`�iBQM
#, "PPG O "QQH2�M ivT2 /2+H�`�iBQM
#p, "o(jk) O � #Bi p2+iQ` Q7 H2M;i? jk #Bib
�``, �__�u&ALh' O �``�v ivT2 /2+H�`�iBQM Q7 �``�v rBi? BMi2;2` 2H2K2Mib
`2+, TQBMi O `2+Q`/ ivT2 /2+H�`�iBQM

� p�`B�#H2 /2+H�`�iBQM Bb r`Bii2M mbBM; i?2 7QHHQrBM; bvMi�t,

Ip�`B�#H2 M�K2= , I#mBHi@BM bQ`i % +mbiQK `2+Q`/ ivT2=

h?2Q`B2b �M/ aQ`ib
"v /27�mHi- i?2 *Q`2- AMi2;2`- "Bio2+iQ`- �M/ �``�v i?2Q`B2b �M/ i?2B` BM+Hm/2/ bQ`ib
�`2 BM+Hm/2/ �M/ BKTH2K2Mi2/ BM uQmo2`B7vX

*Q`2 h?2Q`v �M/ "QQH2�M aQ`i
h?2 }`bi i?2Q`v i?�i Bb BKTH2K2Mi2/ Bb i?2 +Q`2 i?2Q`v- r?B+? +QMbBbib Q7 i?2 "QQH2�M bQ`i
�M/ p�`BQmb mM�`v- #BM�`v- �M/ i?2 QMHv i2`M�`v QT2`�iQ`X "2HQr Bb �M 2t�KTH2 Q7 /2+H�`BM;
irQ #QQH2�M p�`B�#H2b �M/ �bbB;MBM; i?2K iQ i?2 i`m2 �M/ 7�Hb2 +QMbi�MiX

i- 7, "PPG
i 4 i`m2
7 4 7�Hb2

AMi2;2` h?2Q`v
h?2 BMi2;2` i?2Q`v BM+Hm/2b +QKKQM �`Bi?K2iB+ QT2`�iQ`b �M/ i?2 AMi2;2` aQ`iX "2HQr Bb �M
2t�KTH2 Q7 /2+H�`BM; �M BMi2;2` p�`B�#H2 �M/ �bbB;MBM; � +QMbi�Mi iQ BiX

t, ALh
t 4 kykR
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"Bio2+iQ` h?2Q`v
h?2 "Bio2+iQ` i?2Q`v BM+Hm/2b i?2 "Bio2+iQ` bQ`i- �HQM; rBi? K�Mv 7mM+iBQMb Qp2` #Bi p2+iQ`bX
AM uQmo2`B7v- �HH QT2`�iQ`b Qp2` #Bi p2+iQ`b �`2 BKTH2K2Mi2/ �b #mBHi@BM 7mM+iBQMb `�i?2` i?�M
BM}t MQi�iBQM QT2`�iQ`bX q?2M /2+H�`BM; � "Bio2+iQ` p�`B�#H2- �M/ +`2�iBM; � "Bio2+iQ`
p�Hm2- i?2 H2M;i? Q7 i?2 #Bi p2+iQ` ?�b iQ #2 bT2+B}2/ �b b?QrM #2HQr,

t, "o(jk)
v, "o(3)
t 4 "o&jk- kykR'
v 4 "o&3- jR'

�``�v h?2Q`v
h?2 �``�v i?2Q`v Bb mMB[m2 #2+�mb2 Bi ?�b �M �`Biv Q7 irQ �M/ Bb bT2+B}2/ �HQM; rBi? �MQi?2`
bQ`i 7Q` Bib F2v ivT2 �M/ Bib p�Hm2 ivT2X AM uQmo2`B7v- �HH �``�vb QMHv ?�p2 i?2 AMi2;2` bQ`i
7Q` Bib F2v ivT2X h?2 p�Hm2 ivT2 Kmbi #2 bT2+B}2/ r?2M /2+H�`BM; � p�`B�#H2b �M/ �HHQ+�iBM;
� M2r �``�vX

O .2+H�`2 �M/ BMBiB�HBx2 �M �``�v Q7 H2M;i? Ry iQ #Bip2+iQ`b Q7 rB/i? 3
O �M/ p�Hm2 yX
O .2+H�`2 � TQBMi2` iQ �M �``�v Q7 BMi2;2`bX
O �bbB;M Bi iQ �M �``�v Q7 mM/27BM2/ H2M;i?X

t, �__�u&"o(3)'
v, ALh 
t 4 �__�u(Ry)&"o&3- y''
t 4 �__�u()&y'

ai�i2K2Mib
1p2`v bi�i2K2Mi +�M QTiBQM�HHv #2 H�#2H2/, G�"1G IG�"1GnL�J1=, Iah�h1J1Lh=X 1p2`v
H�#2H2/ bi�i2K2Mi Bb K�/2 �p�BH�#H2 �b � #`�M+? /2biBM�iBQM iQ #2 mb2/ #v +QM/BiBQM�H �M/
mM+QM/BiBQM�H #`�M+?BM; bi�i2K2MibX qBi?BM � ;Bp2M b+QT2 UBX2X ;HQ#�H- 7mM+iBQM HQ+�HV- i?2`2
Kmbi MQi #2 /mTHB+�i2 H�#2H M�K2bX h?�i Bb- 2�+? bi�i2K2Mi i?�i Bb H�#2H2/ rBi?BM � b+QT2
Kmbi ?�p2 � mMB[m2 M�K2X

�bbB;MK2Mi ai�i2K2Mib
h?2 KQbi #�bB+ bi�i2K2Mi Bb i?2 �bbB;MK2Mi bi�i2K2Mi r?B+? Bb r`Bii2M �b 7QHHQrb,

I�aaA:LJ1Lh h�_:1h= 4 I1sS_1aaAPL=
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h?2 `B;?i ?�M/ bB/2 Q7 �M �bbB;M bi�i2K2Mi +�M #2 �Mv p�HB/ 2tT`2bbBQM- bQ HQM; �b Bi
2p�Hm�i2b iQ i?2 b�K2 ivT2 �b i?2 �bbB;MK2Mi i�`;2iX

h?2 �bbB;MK2Mi i�`;2i +�M #2 QM2 Q7 i?2 7QHHQrBM; i?`22,
RV �M B/2MiB}2` r?B+? +Q``2bTQM/b iQ � p�`B�#H2X t 4 RyX
kV �M �``�v BM/2t 2tT`2bbBQM- r?B+? +Q``2bTQM/b iQ biQ`BM; BMiQ � +2`i�BM BM/2t BM �M

�``�v, �``(Ry) 4 RyX
jV � `2+Q`/ BM/2t 2tT`2bbBQM- r?B+? +Q``2bTQM/b iQ �bbB;MBM; iQ �M 2H2K2Mi BM � `2+Q`/,

`2+Xt 4 RyX
9V � TQBMi2` /2`272`2M+2 2tT`2bbBQM- r?B+? +Q``2bTQM/b iQ biQ`BM; Bi BMiQ i?2 BM/2t Q7 i?2

�``�v i?2 TQBMi2` Bb TQBMiBM; iQ,  �`` 4 RyX

"`�M+?BM; ai�i2K2Mib
h?2`2 �`2 irQ ~�pQ`b Q7 #`�M+?BM; bi�i2K2Mib +QM/BiBQM�H �M/ mM+QM/BiBQM�HX

*QM/BiBQM�H "`�M+?BM; ai�i2K2Mib
� +QM/BiBQM�H #`�M+? bi�i2K2Mi /2T2M/b QM � +QM/BiBQM �M/ rBHH 2Bi?2` BM+`2K2Mi i?2 T`Q;`�K
+QmMi2` #v QM2 iQ i?2 M2ti bi�i2K2Mi B7 i?2 +QM/BiBQM Bb 7�Hb2 �M/ rBHH b2i i?2 T`Q;`�K
+QmMi2` iQ i?2 HBM2 MmK#2` Q7 i?2 H�#2H2/ 2tT`2bbBQM B7 i?2 +QM/BiBQM Bb i`m2X h?2 +QM/BiBQM�H
2tT`2bbBQM +�M #2 �Mv p�HB/ 2tT`2bbBQM i?�i 2p�Hm�i2b iQ i?2 "PPG bQ`iX

B7 I*PL.AhAPL�G 1sS_1aaAPL= ;QiQ IG�"1G L�J1=

lM+QM/BiBQM�H "`�M+?BM; ai�i2K2Mi
h?2 mM+QM/BiBQM�H #`�M+?BM; bi�i2K2Mi Bb � b?Q`i ?�M/ r�v Q7 r`BiiBM;
B7 i`m2 ;QiQ IG�"1G L�J1=,

;QiQ IG�"1G L�J1=

6mM+iBQM *�HH ai�i2K2Mib
� 7mM+iBQM +�HH Bb 2tT`2bb2/ MQi �b �M 2tT`2bbBQM #mi `�i?2` �b BiǶb QrM BM/BpB/m�H bi�i2K2MiX
h?2`2 �`2 irQ ~�pQ`b Q7 i?2 7mM+BiQM +�HH bi�i2K2Mi- i?2 }`bi Bb B7 i?2 7mM+iBQM +�HH `2im`M
p�Hm2 Bb bmTTQb2/ iQ #2 �bbB;M2/ iQ � p�`B�#H2 BM i?2 +�HH2` 7`�K2- �M/ i?2 b2+QM/ Bb B7 i?2
7mM+iBQM +�HH `2im`M p�Hm2 Bb MQi bmTTQb2/ iQ �bbB;M iQ � p�`B�#H2 BM i?2 +�HH2` 7`�K2X

6mM+iBQM *�HH i?2M �bbB;M ai�i2K2Mi
+�HH I�aaA:LJ1Lh h�_:1h= 4 I6lL*hAPL L�J1= U I�_:lJ1Lha= V
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6mM+iBQM *�HH rBi? LQ �bbB;M ai�i2K2Mi
+�HH I6lL*hAPL L�J1= U I�_:lJ1Lha= V

�Mv 7mM+iBQM +�M #2 +�HH2/ mbBM; i?Bb MQi�iBQMX

_2im`M ai�i2K2Mib (6mM+BiQMb PMHv)
.2T2M/BM; QM i?2 /2bB`2/ #2?�pBQ`- � `2im`M bi�i2K2Mi +�M 2Bi?2` ?�p2 � p�Hm2 iQ `2im`M Q`
MQiX

`2im`M
@@@@@@@@@@@@@@
`2im`M t

� `2im`M bi�i2K2Mi rBi?Qmi � `2im`M p�Hm2 +�M #2 mb2/ iQ `2im`M 7`QK � 7mM+iBQM rBi?Qmi
� /2+H�`2/ `2im`M ivT2X A7 � 7mM+iBQM ?�b � `2im`M ivT2- i?2 `2im`M bi�i2K2Mi rBi? � p�Hm2 Q7
i?2 +Q``2bTQM/BM; ivT2 Kmbi #2 mb2/X

�bbmK2 ai�i2K2Mib
�M �bbmK2 bi�i2K2Mi Bb miBHBx2/ #v �TT2M/BM; � ;Bp2M +QM/BiBQM iQ i?2 T�i? +QMbi`�BMi- �+iBM;
�b � +QM/BiBQM�H #`�M+?BM; bi�i2K2Mi #`�M+?BM; iQ i?2 2M/ Q7 i?2 T`Q;`�KX h?2 bi�i2K2Mi
7QHHQrBM; i?2 �bbmK2 F2vrQ`/ Kmbi 2p�Hm�i2 iQ i?2 "PPG bQ`iX

�bbmK2 I*PL.AhAPL�G 1sS_1aaAPL=

1tT`2bbBQMb
�iQKB+ 1tT`2bbBQMb
h?2`2 �`2 � 72r �iQKB+ 2tT`2bbBQMb i?�i +QMbBbi Q7 i?2 7QHHQrBM; +�i2;Q`B2b,

*QM+`2i2 o�Hm2b
Ry O o�Hm2 Q7 ivT2 ALh bQ`i
i`m2 O o�Hm2 Q7 ivT2 "PPG bQ`i
7�Hb2 O o�Hm2 Q7 ivT2 "PPG bQ`i
"o&9- jk' O o�Hm2 Q7 ivT2 "o bQ`i- rBi? p�Hm2 �M/ H2M;i?
�__�u()&ALh' O �M �__�u bQ`i Q7 BMi2;2`b rBi? BM/27BMBi2 H2M;i?
�__�u(Ry)&ALh' O �M �__�u bQ`i Q7 BMi2;2`b rBi? � 7Bt2/ H2M;i? Q7 Ry
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o�`B�#H2 A/2MiB}2`
t
#
TQBMi
7�+iQ`B�Hnp�Hm2

avK#QHB+ o�Hm2b
0bvK&"PPG' O � bvK#QHB+ p�Hm2 Q7 bQ`i "PPG rBi? � `�M/QK mMB[m2 M�K2
0bvK&#- "PPG' O � bvK#QHB+ p�Hm2 Q7 bQ`i "PPG rBi? i?2 M�K2 ^#^

6Q` bvK#QHB+ p�Hm2b rBi?Qmi � bT2+B}2/ M�K2- 2p2`v iBK2 �M �iQKB+ 2tT`2bbBQM rBi? MQ
M�K2 Bb 2p�Hm�i2/ � L1q bvK#QH rBi? � mMB[m2 M�K2 Bb +`2�i2/X

�``�v AM/2t 1tT`2bbBQMb
�``(IAL.1s=) O q?2`2 AL.1s Kmbi #2 �M BMi2;2` bQ`i- �M/ Kmbi #2 rBi?BM #QmM/b

_2+Q`/ 1H2K2Mi AM/2t 1tT`2bbBQM
Ip�`B�#H2 M�K2= X I2H2K2Mi M�K2=

SQBMi2` .2`272`2M+2 1tT`2bbBQM
Ip�`B�#H2 M�K2=  

lM�`v 1tT`2bbBQMb
IlL�_u PS1_�hP_= I�hPJA* 1sS_1aaAPL=

"BM�`v 1tT`2bbBQMb
I�hPJA* 1sS_1aaAPL= I"AL�_u PS1_�hP_= I�hPJA* 1sS_1aaAPL=

h2`M�`v 1tT`2bbBQMb
PMHv Bi2X

I�hPJA* 1sS_1aaAPL= \ I�hPJA* 1sS_1aaAPL= , I�hPJA* 1sS_1aaAPL=
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1t�KTH2 S`Q;`�K
AM i?Bb b2+iBQM r2 rBHH +Qp2` QM2 Q7 i?2 i2bi +�b2b BM uQmo2`B7v i?�i +Qp2`b K�Mv Q7 i?2 �7Q`2@
K2MiBQM2/ H�M;m�;2 72�im`2b- BM+Hm/BM; �HH Q7 i?2 bQ`ib U"QQH2�M- AMi2;2`- �``�v- "Bio2+iQ`VX
h?2 2t�KTH2 T`Q;`�K +�M #2 b22M BM 6B;m`2b k �M/ jX AM i?2 2t�KTH2- � TH�v2` Bb TH�vBM; �
;�K2 i?�i +QMbBbib Q7 � QM2 /BK2MbBQM�H H2p2HX h?2 H2p2H +QMbBbib Q7 3@#Bi "Bio2+iQ` p�Hm2b-
r?B+? �`2 i?2 TQBMib i?�i i?2 TH�v2` ;2ib 7Q` H�M/BM; QM i?�i iBH2 Q7 i?2 H2p2HX A7 i?2 iBH2 Bb
2[m�H iQ y- i?2M i?2 H2p2H Bb Qp2`X h?2 TH�v2` +�M +?QQb2 iQ 2Bi?2` T`2bb Q` MQi T`2bb i?2
#miiQM iQ bFBT � iBH2 r?2M2p2` i?2v +?QQb2X h?2 7mM+iBQM #2HQrnK�tnH2M;i? /2i2`KBM2b
r2i?2` Q` MQi �M �``�v +QMi�BMb � +?�`�+i2` y BM Bi mbBM; TQBMi2` �`Bi?K2iB+ iQ M�pB;�i2 i?2
�``�vX h?2 7mM+iBQM bmK +�H+mH�i2b i?2 bmK Q7 �M �``�vX "Qi? Q7 i?2b2 7mM+iBQMb �`2 mb2/
iQ �// �bb2`iBQMb iQ � 7mHHv bvK#QHB+ H2p2HX L2ti- � 7mHHv bvK#QHB+ �``�v Q7 #miiQM T`2bb2b
Bb ;2M2`�i2/ �M/ i?2M i?2 TH�vn;�K2 7mM+iBQM Bb +�HH2/ iQ +�H+mH�i2 i?2 b+Q`2X hQ b22 i?Bb
2t�KTH2 BM KQ`2 /2i�BH TH2�b2 pB2r Bi QM uQmhm#2 ?2`2X

https://youtu.be/jiDrGJQbbFw
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/27BM2 #2HQrnK�tnH2M;i?U�`;, "o(3) - K�tnH2M;i?, ALhV @= "PPG,
MmHHni2`KBM�i2/- +QM/, "PPG
B, ALh
p�H, "o(3)
MmHHni2`KBM�i2/ 4 7�Hb2
B 4 y
G�"1G GPPS, B7 B =4 K�tnH2M;i? ;QiQ 1L.
p�H 4  �`;
B 4 B Y R
�`; 4 �`; Y R
+QM/ 4 p�H 44 "o&y- 3'
MmHHni2`KBM�i2/ 4 +QM/ % MmHHni2`KBM�i2/
;QiQ GPPS
G�"1G 1L., `2im`M MmHHni2`KBM�i2/

/27BM2 bmKU�``, �__�u&"o(3)'- H2M, ALhV @= ALh,
b- i- B, ALh
2H2K, "o(3)
B 4 y
b 4 y
G�"1G GPPS, B7 B =4 H2M ;QiQ 1L.
2H2K 4 �``(B)
+�HH i 4 #pkM�iU2H2KV
b 4 b Y i
B 4 B Y R
;QiQ GPPS
G�"1G 1L., B 4 y
`2im`M b

6B;m`2 k, *QKT`2?2MbBp2 1t�KTH2 7`QK uQmo2`B7v i2bi +�b2 bmBi2X
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/27BM2 TH�vn;�K2U#miiQMb, �__�u&"PPG'- K�T, �__�u&"o(3)'V @= "o(Re),
B, ALh
K�Tn2H2K, "o(3)
b+Q`2- i2KT, "o(Re)
+QM/, "PPG
B 4 y

b+Q`2 4 "o&y- Re'

G�"1G GPPS, K�Tn2H2K 4 K�T(B)
B7 K�Tn2H2K 44 "o&y- 3' ;QiQ 1L.nGPPS

+QM/ 4 #miiQMb(B)
B7 +QM/ ;QiQ 1L.n*PL.
+�HH i2KT 4 +QM+�iU"o&y- 3'- K�Tn2H2KV
+�HH b+Q`2 4 #p�//Ub+Q`2- i2KTV
G�"1G 1L.n*PL., B 4 B Y R
;QiQ GPPS
G�"1G 1L.nGPPS, `2im`M b+Q`2

#miiQMb, �__�u&"PPG'
H2p2H, �__�u&"o(3)'
K�tnH2p2HnH2M;i?, ALh
Bbn#2HQrnK�tnH2M;i?, "PPG
H2p2HnbmK- 7BM�Hnb+Q`2, ALh

H2p2H 4 0bvK&H2p2H- �__�u&"o(3)''
K�tnH2p2HnH2M;i? 4 8
+�HH Bbn#2HQrnK�tnH2M;i? 4 #2HQrnK�tnH2M;i?UH2p2H- K�tnH2p2HnH2M;i?V
+�HH H2p2HnbmK 4 bmKUH2p2H- K�tnH2p2HnH2M;i?V
�bbmK2 Bbn#2HQrnK�tnH2M;i?
�bbmK2 H2p2HnbmK 44 Ryy
#miiQMb 4 0bvK&#miiQMb- �__�u&"PPG''
+�HH 7BM�Hnb+Q`2 4 TH�vn;�K2U#miiQMb- H2p2HV

6B;m`2 j, *QKT`2?2MbBp2 1t�KTH2 7`QK uQmo2`B7v i2bi +�b2 bmBi2 U+QMiBMm2/VX
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jXj avMi�t
AM i?Bb b2+iBQM A rBHH +Qp2` i?2 bvMi�t Q7 uQmo2`B7vX �b K2MiBQM2/ H�i2` BM i?2 `2TQ`i- i?2
;`�KK�` r�b BKTH2K2Mi2/ BM i?2 T�`b2` ;2M2`�iQ` �LhG_- �M/ Bb �p�BH�#H2 BM i?2 :Bi>m#
T`QD2+iX 6B;m`2 9 /2b+`B#2b i?2 b2i Q7 bQ`ib i?�i �`2 +m``2MiHv �p�BH�#H2 BM uQmo2`B7vX �b
K2MiBQM2/ T`2pBQmbHv- �b Q7 MQr QMHv i?2 +Q`2- BMi2;2`- #Bi@p2+iQ`- �M/ �``�v i?2Q`B2b �`2
bmTTQ`i2/ BM uQmo2`B7vX

bQ`i ! bBKTH2nbQ`i | �__�u&bBKTH2nbQ`i' | bBKTH2nbQ`i 
bBKTH2nbQ`i ! "PPG | ALh | "o(int) | r

r?2`2
R Bb � b2i Q7 `2+Q`/b
r Bb �M 2H2K2Mi Q7 R

int Bb � TQbBiBp2 BMi2;2`

6B;m`2 9, uQmo2`B7vǶb bvMi�t 7Q` i?2 b2i Q7 bQ`ib- SX

h?2 +QMi2ti 7`22 ;`�KK�` 7Q` uQmo2`B7v Bb QM i?2 bm#b2[m2Mi T�;2 BM 6B;m`2 8X
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T`Q;`�K ! ;HQ#�Hn/2+Hb biKib

;HQ#�Hn/2+Hb ! ;HQ#�Hn/2+Hb ;HQ#�Hn/2+H | ;HQ#�Hn/2+H
;HQ#�Hn/2+H ! `2+Q`/ | 7mM+ | p�`n/2+H

p�`n/2+H ! x : s | x : r
�`;b ! �`;b - p�`n/2+H | p�`n/2+H

`2+Q`/ ! r ( �`;b )

7mM+ ! /27BM2 f ( �`;b ) : 7mM+n#Q/v |
/27BM2 f ( �`;b ) @= p�`n/2+H : 7mM+n#Q/v

7mM+n#Q/v ! 7mM+n#Q/v biKi | 7mM+n#Q/v `2im`M | 7mM+n#Q/v `2im`M 2tT` |
biKi | `2im`M | `2im`M �iQKB+n2tT`

biKib ! biKib G�"1G `, biKi | biKib biKi | G�"1G `, biKi | biKi
biKi ! y 4 2tT` | y(�iQKB+n2tT`) 4 2tT` | zXe 4 2tT` |  y 4 2tT` |

B7 2tT` ;QiQ ` | ;QiQ ` |
+�HH x 4 f ( T�`�Kb ) | +�HH f ( T�`�Kb ) |
�bbmK2 2tT` | �bb2`i 2tT`

T�`�Kb ! T�`�Kb - �iQKB+n2tT` | �iQKB+n2tT`

2tT` ! �iQKB+n2tT` | / �iQKB+n2tT` | �iQKB+n2tT` ./ �iQKB+n2tT` |
�iQKB+n2tT` \ �iQKB+n2tT` , �iQKB+n2tT` |
x(�iQKB+n2tT`) | zXe |  x

�iQKB+n2tT` ! x | c | 0bvK& id - s ' | 0bvK& s '

r?2`2
V Bb � b2i Q7 p�`B�#H2b
F Bb � b2i Q7 7mM+iBQMb
R Bb � b2i Q7 `2+Q`/b
C Bb i?2 b2i Q7 +QMbi�Mib
L Bb i?2 b2i Q7 bi�i2K2Mi H�#2Hb
S Bb i?2 b2i Q7 bQ`ib

x, y, z �`2 2H2K2Mib Q7 V
e Bb �M 2H2K2Mi BM � `2+Q`/ BM R
f Bb �M 2H2K2Mi Q7 F
r Bb �M 2H2K2Mi Q7 R
` Bb �M 2H2K2Mi Q7 L
c Bb �M 2H2K2Mi Q7 C
s Bb �M 2H2K2Mi Q7 S

6B;m`2 8, uQmo2`B7vǶb bvMi�tX
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jX9 AKTH2K2Mi�iBQM .2i�BHb
h?2 uQmo2`B7v bvK#QHB+ BMi2`T`2i2` Bb BKTH2K2Mi2/ BM Svi?QM- � rB/2Hv mb2/ T`Q;`�KKBM;
H�M;m�;2 i?�i ?�b #22M +QMbBbi2MiHv ;`QrBM; BM TQTmH�`Biv BM i?2 `2+2Mi T�biX Svi?QM r�b
+?Qb2M 7Q` Kv BKTH2K2Mi�iBQM #2+�mb2 Q7 i?2 7�KBHB�`Biv i?�i K�Mv /2p2HQT2`b ?�p2 rBi?
i?2 H�M;m�;2 (d)X �b uQmo2`B7v Bb BMi2M/2/ iQ #2 2�bBHv �++2bbB#H2 �M/ KQ/B}�#H2- Bi r�b
BKTQ`i�Mi iQ +?QQb2 � H�M;m�;2 i?�i r�b 2�bBHv �++2bbB#H2X �//BiBQM�HHv- i?2`2 �`2 � r2�Hi?
Q7 HB#`�`B2b iQ +?QQb2 7`QK /m`BM; i?2 BKTH2K2Mi�iBQM Q7 i?2 BMi2`T`2i2`- �M/ i?2 K�Mv
HB#`�`B2b �p�BH�#H2 +QmH/ K�F2 7mim`2 BKTH2K2Mi�iBQMb �M/ 2M?�M+2K2Mib iQ i?2 7`�K2rQ`F
2�bB2`X

h?2 BKTH2K2Mi�iBQM Q7 uQmo2`B7v Bb �p�BH�#H2 Tm#HB+Hv QM :Bi>m# ?2`2, ?iiTb,ff;Bi?m#X
+QKf;T`2+?i2`fvQmp2`B7vX

G2tBM; �M/ S�`bBM; rBi? �LhG_
6Q` ;2M2`�iBM; i?2 T�`b2` 7Q` i?2 uQmo2`B7v H�M;m�;2- A mb2/ i?2 �LhG_ (Re) T�`b2` ;2M2`@
�iQ`X h?Bb TQr2`7mH iQQH r�b mb2/ iQ `2�/ �M/ T`Q+2bb Xvp` }H2b �++Q`/BM; iQ i?2 bT2+B}2/
�LhG_ ;`�KK�`X h?2 �LhG_ T�`b2` ;2M2`�iQ` Bb rB/2Hv mb2/ #v � p�`B2iv Q7 T`QD2+ib-
�M/ ?�b � r2�Hi? Q7 QTiBQMb �M/ /2p2HQT2` bmTTQ`iX

6Q` uQmo2`B7v- � T`Q;`�K Bb +QMp2`i2/ iQ � T�`b2 i`22 r?B+? Bb 2tTHQ`2/ #v � pBbBiQ`-
r?B+? r�HFb i?2 T`Q;`�K T�`b2/ #v i?2 ;2M2`�i2/ T�`b2` BM Q`/2` iQ +QMp2`i Bi iQ �M �#bi`�+i
bvMi�t i`22 i?�i rBHH #2 BMi2`T`2i2/ H�i2` #v i?2 bvK#QHB+ BMi2`T`2i2`X h?2 ?2�`i Q7 i?2
T�`bBM; T`Q+2bb Bb i?Bb r�HFBM; Q7 i?2 T�`b2 i`22 mbBM; �LhG_Ƕb �miQK�iB+�HHv ;2M2`�i2/
i`22 r�HF2`X .m`BM; i?2 i`22 r�HFBM;- i?2 T`Q;`�KǶb 7mM+iBQMb- p�`B�#H2b- `2+Q`/b- H�#2Hb- �M/
bi�i2K2Mib �`2 �HH B/2MiB}2/X �MQi?2` BKTQ`i�Mi #2M2}i Q7 i?2 �LhG_ 2+Qbvbi2K Bb i?�i �M
�LhG_ ;`�KK�` +�M #2 mb2/ iQ ;2M2`�i2 � T�`b2` 7Q` �Mv Q7 i?2 bmTTQ`i2/ i�`;2i H�M;m�;2bX
q?BH2 A +?Qb2 iQ BKTH2K2Mi uQmo2`B7v BM Svi?QM- BiǶb TQbbB#H2 iQ miBHBx2 i?2 BKTH2K2Mi2/
�LhG_ ;`�KK�` B7 QM2 r2`2 iQ /2p2HQT � *YY Q` C�p� BKTH2K2Mi�iBQMX

_2T`2b2MiBM; avK#QHB+ o�Hm2b �M/ 1tT`2bbBQMb rBi? TvaJh
TvaJh Bb � Svi?QM HB#`�`v i?�i �HHQrb 7Q` i?2 mb2 Q7 bvK#QHB+ 2tT`2bbBQMb �M/ p�Hm2b i?�i
+QKTHv rBi? i?2 aJh@GB# 7Q`K�iX �HH Q7 i?2 K�DQ` bQ`ib- BM+Hm/BM; i?Qb2 i?�i r2`2 BK@
TH2K2Mi2/ BM uQmo2`B7v- ?�p2 �#bi`�+i `2T`2b2Mi�iBQMb BM TvaJhX q?2M bQHpBM; � bvK#QHB+
2tT`2bbBQM `2[mB`BM; i?2 mb2 Q7 � bQHp2`- TvaJh Q|Q�/b i?�i T`Q+2bbBM; iQ � +?Qb2M bQHp2`X

PM2 Q7 i?2 K�BM #2M2}ib Q7 mbBM; TvaJh 7Q` i?2 BKTH2K2Mi�iBQM Q7 uQmo2`B7v Bb i?2
7�+i i?�i TvaJh Bb bQHp2`@�;MQbiB+- �M/ /Q2b MQi `2Hv QM � ;Bp2M bQHp2`X h?2 7`�K2rQ`F
bmTTQ`ib � MmK#2` Q7 aJh@GB# bQHp2`b #v BMi2`7�+BM; rBi? i?2K i?`Qm;? � bi�M/�`/ �SAX
h?Bb 7�HHb +HQb2Hv BMHBM2 rBi? i?2 /2bB;M T`BM+BTH2b Q7 uQmo2`B7v- �HHQrBM; 7Q` KQ/mH�`Biv �M/
BMi2`QT2`�#BHBivX A7 � M2r bQHp2` Bb iQ #2 BMi2;`�i2/ rBi? uQmo2`B7v- �b HQM; �b � /2p2HQT2`
BMi2`7�+2/ Bi T`QT2`Hv rBi? i?2 �SA H�B/ Qmi #v TvaJh- �M/ Bi �/?2`2/ iQ i?2 aJh@GB#
bi�M/�`/- i?2M Bi +QmH/ #2 mb2/ BMbi2�/ Q7 �MQi?2` bQHp2`X

https://github.com/gprechter/youverify
https://github.com/gprechter/youverify
https://www.antlr.org
https://github.com/pysmt/pysmt
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.m`BM; bvK#QHB+ 2t2+miBQM- uQmo2`B7v mb2b TvaJh iQ +QKTQb2 bvK#QHB+ 2tT`2bbBQMb �M/
K�F2 bQHp2` [m2`B2b iQ +?2+F b�iBb}�#BHBivX TvaJh T`QpB/2b K2i?Q/b 7Q` +QMp2`iBM; Bib M�iBp2
aJh 7Q`KmH� �#bi`�+iBQMb BMiQ aJh@GB# 7Q`K�ibX PM2 #2M2}i Q7 TvaJh Bb i?2 r�v i?�i
Bi `2T`2b2Mib bvK#QHB+ 2tT`2bbBQMb MQi �b QMHv i`22b- #mi �b /B`2+i2/ �+v+HB+ ;`�T?b U.�:bV-
`2+m``BM; bm#@2tT`2bbBQMb �`2 `2mb2/ �M/ MQi +QTB2/- +QMb2`pBM; i?2 K2KQ`v bT�+2 M22/2/ iQ
`2T`2b2Mi bvK#QHB+ 2tT`2bbBQMbX TvaJh T`QpB/2b K2i?Q/b Q7 2KBiiBM; bvK#QHB+ 2tT`2bbBQMb
iQ aJh@GB# #Qi? �b � .�:@B}2/ p2`bBQM �M/ �b � bi�M/�`/ i`22 #�b2/ 2tT`2bbBQMX �b 7Q`
uQmo2`B7v- #v /27�mHi- aJh@GB# #�b2/ 2tT`2bbBQMb �`2 T`BMi2/ rBi?Qmi .�:@B}+�iBQM #2+�mb2
i?2v �`2 2�bB2` iQ `2�/X >Qr2p2`- QTiBQM�HHv- i?2 2tT`2bbBQMb +�M #2 T`BMi2/ BM i?2 QTiBKBx2/
7Q`K�iX AiǶb BKTQ`i�Mi iQ MQi2 ?Qr2p2` i?�i- r?BH2 i?2 2tT`2bbBQMb �`2 T`BMi2/ BM �M mM@
QTiBKBx2/- 2�bB2` iQ `2�/ 7Q`K�i- #2?BM/ i?2 b+2M2b- i?2 bvK#QHB+ 2tT`2bbBQMb �`2 K�BMi�BM2/
BM QTiBKBx2/ 7Q`K �M/ r?2M 7`�K2rQ`F bQHp2` [m2`B2b �`2 K�/2- TvaJh- �M/ uQmo2`B7v 2KBi
i?2 aJh@GB# 2tT`2bbBQMb BM i?2 QTiBKBx2/ 7Q`K�iX

6`�K2rQ`F AKTH2K2Mi�iBQM
h?2 uQmo2`B7v 7`�K2rQ`F Bb BKTH2K2Mi2/ T`BK�`BHv �b �M �#bi`�+i bvMi�t i`22 i?�i `2T`2@
b2Mib �HH Q7 i?2 p�`BQmb bi�i2K2Mib �M/ 2tT`2bbBQMb BM i?2 H�M;m�;2- �HQM; rBi? �M 2t2+miBQM
HQQT i?�i BMpQF2b i?2 �+iBQMb i?�i 2�+? bi�i2K2Mi i�F2bX h?2 K�BM 2t2+miBQM HQQT BMi2`�+ib
rBi? i?2 BKTH2K2Mi2/ bvK#QHB+ 2t2+miBQM �H;Q`Bi?K i?`Qm;? i?2 bi�i2 r?B+? BKTH2K2Mib i?2
ai�i2 �#bi`�+i +H�bbX aT2+B}+�HHv- �b HQM; �b i?2 bi�i2 T`QpB/2b � i`m2 p�Hm2 7`QK ?�pBM; Bib
mT/�i2nbi�i2 K2i?Q/ +�HH2/- uQmo2`B7v rBHH �bbmK2 i?�i i?2`2 �`2 �//BiBQM�H bi�i2K2Mib
i?�i M22/ iQ #2 2t2+mi2/X h?2 bi�i2K2Mi iQ #2 2t2+mi2/ Bb `2i`B2p2/ 7`QK i?2 bi�i2 mbBM;
i?2 +m``2Minbi�i2K2Mi K2i?Q/- /m`BM; i?2 2t2+miBQM Q7 i?2 bi�i2K2Mi- p�`B�#H2b +�M #2
`2i`B2p2/ �M/ biQ`2/ 7`QK �M/ iQ i?2 bi�i2X 6BM�HHv- uQmo2`B7v rBHH T2`7Q`K �M �+iBQM iQ
KQ/B7v i?2 T`Q;`�K +QmMi2` 7Q` i?2 +m``2Mi bi�i2 Q` +�mb2 i?2 bi�i2 iQ bTHBi /m2 iQ � +QM@
/BiBQM�H #`�M+?X h?2b2 K2i?Q/b i?�i KQ/B7v i?2 T`Q;`�K +QmMi2` Q7 #`�M+? bi�i2 �`2 i?2
�/p�M+2nT+- DmKT- �M/ +QM/BiBQM�Hn#`�M+? K2i?Q/bX h?2 BMi2`�+iBQM #2ir22M i?2 K�BM
2t2+miBQM HQQT- i?2 �ah 7Q` i?2 uQmo2`B7v H�M;m�;2 �M/ i?2 �#bi`�+i bi�i2 Bb i?2 +Q`2 Q7
uQmo2`B7vǶb BKTH2K2Mi�iBQM �M/ 2ti2MbB#BHBivX

jX8 avK#QHB+ 1t2+miBQM �H;Q`Bi?K
AM i?Bb b2+iBQM r2 rBHH +Qp2` i?2 QT2`�iBQM�H b2K�MiB+b Q7 � b2H2+iBQM Q7 bi�i2K2Mib 7Q` i?2
/27�mHi bvK#QHB+ 2t2+miBQM �H;Q`Bi?K- r?B+? Bb Q7i2M `272``2/ iQ �b p�MBHH� /vM�KB+ bvK#QHB+
2t2+miBQMX A rBHH /2b+`B#2 i?2 `mH2b �b KQ/B7vBM; i?2 bvK#QHB+ 2t2+miBQM bi�i2 ⌃X ⌃ +QMbBbib
Q7 �Mv MQM@M2;�iBp2 MmK#2` Q7 bm#@bi�i2b i?�i +QMbBbi Q7 i?2 7QHHQrBM; U�- T+- �V- r?2`2 �

Bb i?2 T�i? +QMbi`�BMi 7Q` i?�i bm#@bi�i2- T+ Bb i?2 T`Q;`�K +QmMi2`- �M/ � Bb � K�TTBM;
#2ir22M B/2MiB}2`b �M/ i?2B` p�Hm2b 7Q` i?�i bm#@bi�i2X

h?2 bvK#QHB+ 2t2+miBQM �H;Q`Bi?K i`�p2`b2b i?2 T`Q;`�K #v b2H2+iBM; � bm#@bi�i2 7`QK
i?2 bvK#QHB+ 2t2+miBQM bi�i2 �M/ 2t2+miBM; i?2 bi�i2K2Mi i?�i i?�i bm#@bi�i2 Bb +m``2MiHv QM-
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r?B+? bm#b2[m2MiHv KQ/B}2b i?2 bi�i2X h?2 BMBiB�H p�Hm2 Q7 i?2 bi�i2- ⌃Ƕ- Bb &Ui`m2- y- &'V'X
h?2 QT2`�iBQM�H b2K�MiB+b 7Q` i?2 /Bz2`2Mi bi�i2K2Mib Bb b?QrM BM 6B;m`2 eX h?2 +m``2Mi
bi�i2K2Mi Bb `2i`B2p2/ 7`QK i?2 T`Q;`�K S;K mbBM; i?2 T`Q;`�K +QmMi2`, S;KUT+VX

*QM/BiBQM�H "`�M+?
(�, pc,�) 2 ⌃ Pgm(pc) = ( B7 e ;QiQ `) �(e) = be

⌃ �! (⌃ \(�, pc,�)) [ (� ^ be, `,�) [ (� ^ ¬be, pc+ 1,�)

lM+QM/BiBQM�H "`�M+?
(�, pc,�) 2 ⌃ Pgm(pc) = ( ;QiQ `)

⌃ �! (⌃ \(�, pc,�)) [ (�, `,�)

�bbmKTiBQM
(�, pc,�) 2 ⌃ Pgm(pc) = ( �bbmK2 e) �(e) = be

⌃ �! (⌃ \(�, pc,�)) [ (� ^ be, pc+ 1,�)

o�`B�#H2 �bbB;MK2Mi
(�, pc,�) 2 ⌃ Pgm(pc) = (x 4 e) �(e) = ve

⌃ �! (⌃ \(�, pc,�)) [ (�, pc+ 1,�[x 7! ve])

�``�v AM/2t �bbB;MK2Mi
(�, pc,�) 2 ⌃ Pgm(pc) = (x(y) 4 e) �(e) = ve �(y) = i

⌃ �! (⌃ \(�, pc,�)) [ (�, pc+ 1,�[x 7! biQ`2(x, i, ve)])

6B;m`2 e, PT2`�iBQM�H a2K�MiB+b 7Q` i?2 .27�mHi avK#QHB+ 1t2+miBQM AKTH2K2Mi�iBQM BM
uQmo2`B7vX

h?2 }`bi `mH2b r2 rBHH +Qp2` Bb i?2 o�`B�#H2 �bbB;MK2Mi �M/ �``�v AM/2t �bbB;M@
K2Mi `mH2bX AM #Qi? Q7 i?2b2- i?2 bi�i2K2Mi i?�i i?2 T`Q;`�K +QmMi2` Bb QM Bb �M �bbB;MK2Mi
iQ 2Bi?2` �M �iQKB+ p�`B�#H2 Q` �M �``�v BM/2t `2bT2+iBp2HvX AM #Qi? bBim�iBQMb- i?2 T`Q;`�K
+QmMi2` Bb BM+`2K2Mi2/ QM+2 iQ i?2 M2ti bi�i2K2Mi- �M/ i?2 p�`B�#H2 biQ`2 � Bb mT/�i2/ iQ
2Bi?2` #2 i?2 p�Hm2 Q7 i?2 2tT`2bbBQM 2- ve Q` �M aJh@GB# �``�v r?2`2 i?2 p�Hm2 Q7 i?2 2tT`2b@
bBQM Bb biQ`2/ BMiQ i?2 �``�v �i i?2 BM/2t BX qBi? i?2b2 irQ bi�i2K2Mib- i?2 T�i? +QMbi`�BMi
Bb mM+?�M;2/X

L2ti- i?2 *QM/BiBQM�H "`�M+? �//b irQ �//BiBQM�H bm#@bi�i2b iQ i?2 bi�i2 ⌃- r?2`2 Bb
QM2 +�b2 i?2 T�i? +QMbi`�BMi Bb +?�M;2/ iQ #2 i?2 HQ;B+�H �M/ Q7 i?2 T`2pBQmb T�i? +QMbi`�BMi
�M/ i?2 #QQH2�M p�Hm2 Q7 i?2 2tT`2bbBQM be- �M/ i?2 M2r T`Q;`�K +QmMi2` 7Q` i?2 bm# bi�i2
Bb i?2 /2biBM�iBQM Q7 i?2 H�#2H T`QpB/2/ BM i?2 bi�i2K2MiX h?2 Qi?2` bm#@bi�i2 Bb i?2 HQ;B+�H
�M/ Q7 i?2 T`2pBQmb T�i? +QMbi`�BMi �M/ i?2 M2;�iBQM Q7 i?2 #QQH2�M p�Hm2- �M/ i?2 T`Q;`�K
+QmMi2` Bb bBKTHv BM+`2K2Mi2/X h?2 p�`B�#H2 biQ`2 Q7 2Bi?2` M2r bi�i2 Bb mM+?�M;2/X h?2
lM+QM/BiBQM�H "`�M+? QMHv `2bmHib BM QM2 bm#@bi�i2 #2BM; �//2/ iQ ⌃- r?2`2 i?2 M2r
T`Q;`�K +QmMi2` Bb i?2 p�Hm2 Q7 i?2 H�#2HX

6BM�HHv- i?2 �bbmKTiBQM bi�i2K2Mi Bb � K2+?�MBbK Q7 KQ/B7vBM; i?2 T�i? +QMbi`�BMi Q7
i?2 +m``2Mi bm#@bi�i2 #v +QM/m+iBM; � HQ;B+�H �M/ Q7 i?2 T`2pBQmb T�i? +QMbi`�BMi �M/ i?2
p�Hm2 Q7 i?2 #QQH2�M 2tT`2bbBQM- beX



h?2 bvK#QHB+ 2t2+miBQM �H;Q`Bi?K rBHH +QMiBMm2 iQ i`�p2`b2 i?2 T`Q;`�K BM i?Bb r�v mMiBH
i?2`2 �`2 MQ bm#@bi�i2b BM i?2 bi�i2 7Q` r?B+? i?2 T`Q;`�K +QmMi2` Bb H2bb i?�M i?2 MmK#2`
Q7 bi�i2K2MibX

jXe �SA
h?2`2 �`2 � MmK#2` Q7 +QKTQM2Mib iQ i?2 uQmo2`B7v �SA 7Q` BKTH2K2MiBM; �M/ KQ/B7vBM;
bvK#QHB+ 2t2+miBQM �H;Q`Bi?KbX 6B`bi r2 rBHH HQQF �i i?2 �#bi`�+i ai�i2 +H�bb r?B+? 2M�#H2b
� /2p2HQT2` iQ BKTH2K2Mi +mbiQK bvK#QHB+ 2t2+miBQM �H;Q`Bi?KbX � /2p2HQT2` +�M BM?2`Bi
�M/ KQ/B7v i?2 2tBbiBM; bvK#QHB+ 2t2+miBQM bi�i2- .27�mHiai�i2- Q` i?2v +�M BKTH2K2Mi
QM2 7`QK b+`�i+? �b HQM; �b i?2v BKTH2K2Mi �HH i?2 �#bi`�+i K2i?Q/bX h?2 ai�i2 +H�bb �M/
Bib �#bi`�+i K2i?Q/b �M/ i?2B` /2b+`BTiBQMb �`2 b?QrM QM i?2 7QHHQrBM; T�;2bX

AM �//BiBQM iQ mbBM; i?2 �#bi`�+i ai�i2 +H�bb iQ KQ/B7v i?2 r�v i?�i bi�i2 Bb `2T`2b2Mi2/
�M/ i?2 T`Q;`�K 2t2+miBQM T�i? bT�+2 Bb 2tTHQ`2/- � /2p2HQT2` KB;?i r�Mi iQ KQ/B7v ?Qr
+2`i�BM QT2`�iQ`b 7mM+iBQM BM uQmo2`B7vX �b r2 rBHH b22 BM *?�Ti2` 8- BKTH2K2MiBM; P#HB*?2+F
BM uQmo2`B7v `2[mB`2/ KQ/B7vBM; 7mM+iBQMb iQ ?�M/H2 p�Hm2 bmKK�`B2bX

JQ/B7vBM; i?2 #2?�pBQ` Q7 BM/BpB/m�H QT2`�iQ`b Bb MQi bmTTQ`i2/ Qmi Q7 i?2 #Qt- #mi
KQ/B7vBM; i?2 #2?�pBQ` Q7 mM�`v Q` #BM�`v 7mM+iBQMb �b ;`QmTb Bb bmTTQ`i2/X P7 +Qm`b2-
#2+�mb2 i?2 T`QD2+i Bb QT2M bQm`+2- � /2p2HQT2` +QmH/ BM/BpB/m�HHv KQ/B7v i?2 7mM+iBQMb
Bb /2bB`2/X h?2b2 r`�TT2`b �`2 T`2b2Mi2/ #2HQr �b r2HH- mM�`vnQT2`�iQ`nr`�TT2` �M/
#BM�`vnQT2`�iQ`nr`�TT2`X

h?2 �SA /Q+mK2Mi�iBQM r�b ;2M2`�i2/ mbBM; aT?BMtX

�SA .Q+mK2Mi�iBQM
+H�bb ai�i2Xai�i2

�#bi`�+i +H�bb i2KTH�i2 7Q` � `2T`2b2Mi�iBQM Q7 ai�i2 BM uQmo2`B7vX
�#bi`�+i �/p�M+2nT+UB, BMiV

h?Bb �#bi`�+i K2i?Q/ Bb BMpQF2/ r?2M i?2 7`�K2rQ`F r�Mib iQ �/p�M+2
i?2 T`Q;`�K +QmMi2`X
S�`�K2i2`b B Ĝ h?2 MmK#2` Q7 bi�i2K2Mib iQ �/p�M+2 i?`Qm;?X
_2im`Mb LQM2

�#bi`�+i �bbmK2U+QM/, Q#D2+iV

h?Bb �#bi`�+i K2i?Q/ Bb BMpQF2/ r?2M i?2 7`�K2rQ`F r�Mib iQ �// �M
�bbmKTiBQM iQ i?2 +m``2Mi bi�i2X
S�`�K2i2`b +QM/ Ĝ h?2 +QM/BiBQM iQ #2 �{t2/ iQ i?2 T�i? +QMbi`�BMiX
_2im`Mb LQM2

jk

https://www.sphinx-doc.org


�#bi`�+i +QM/BiBQM�Hn#`�M+?U+QM/, Q#D2+i- /2biBM�iBQM, BMiV

h?Bb �#bi`�+i K2i?Q/ Bb BMpQF2/ r?2M i?2 7`�K2rQ`F `2�+?2b � +QM@
/BiBQM�H #`�M+?BM; bi�i2K2MiX >2`2- � /2p2HQT2` rQmH/ HBF2Hv r�Mi iQ
BKTH2K2Mi bi�i2 bTHBiiBM;X
S�`�K2i2`b

Ç +QM/ Ĝ h?2 +QM/BiBQM ;m�`/BM; i?2 #`�M+?X
Ç /2biBM�iBQM Ĝ h?2 /2biBM�iBQM T`Q;`�K +QmMi2` 7Q` i?2 #`�M+?X

_2im`Mb LQM2
�#bi`�+i T`QT2`iv +m``2Minbi�i2K2Mi

h?Bb �#bi`�+i T`QT2`iv Bb BMpQF2/ iQ `2i`B2p2 i?2 M2ti bi�i2K2Mi iQ #2
2t2+mi2/ #v i?2 bvK#QHB+ BMi2`T`2i2`X
_2im`Mb h?2 M2ti ai�i2K2Mi Q#D2+i iQ #2 2t2+mi2/X
_2im`M ivT2 ai�i2K2Mi

�#bi`�+i DmKTU/2biBM�iBQM, BMiV

h?Bb �#bi`�+i K2i?Q/ Bb BMpQF2/ r?2M i?2 7`�K2rQ`F `2�+?2b �M mM+QM@
/BiBQM�H #`�M+?BM; bi�i2K2MiX
S�`�K2i2`b /2biBM�iBQM Ĝ h?2 /2biBM�iBQM T`Q;`�K +QmMi2` 7Q` i?2

#`�M+?X
_2im`Mb LQM2

�#bi`�+i HQ�/np�`B�#H2Up�`, bi`V

h?Bb �#bi`�+i K2i?Q/ Bb BMpQF2/ r?2M �M B/2MiB}2` Bb 2p�Hm�i2/ �M/ �
p�`B�#H2 Bb iQ #2 72i+?2/ 7`QK i?2 bi�i2Ƕb p�`B�#H2 biQ`2X
S�`�K2i2`b p�` Ĝ h?2 B/2MiB}2` Q7 i?2 p�`B�#H2 i?�i rBHH #2 `2i`B2p2/X
_2im`Mb h?2 p�Hm2 Q7 i?2 p�`B�#H2 i?�i r�b `2i`B2p2/X

�#bi`�+i biQ`2np�`B�#H2Up�`, bi`- p�H, Q#D2+iV

h?Bb �#bi`�+i K2i?Q/ Bb BMpQF2/ r?2M i?2 7`�K2rQ`F r�Mib iQ �bbB;M �
p�Hm2 iQ � p�`B�#H2X
S�`�K2i2`b

Ç p�` Ĝ h?2 B/2MiB}2` Q7 i?2 p�`B�#H2 #2BM; �bbB;M2/ iQX
Ç p�H Ĝ h?2 p�Hm2 iQ #2 �bbB;M2/ iQ i?2 p�`B�#H2X

_2im`Mb LQM2

jj
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�#bi`�+i mT/�i2nbi�i2UV

h?Bb �#bi`�+i K2i?Q/ Bb BMpQF2/ #v i?2 7`�K2rQ`F r?2M #27Q`2 i?2 M2ti
bi�i2K2Mi Bb iQ #2 2t2+mi2/X h?Bb ;Bp2b i?2 ai�i2 Q#D2+i i?2 QTTQ`imMBiv
iQ KQ/B7v i?2 #�+F2M/ �M/ b2imT 7Q` i?2 M2ti bi�i2K2Mi 2t2+miBQMX �
/2p2HQT2` rQmH/ KQ/B7v i?Bb iQ +?�M;2 ?Qr i?2 T�i?b Q7 � T`Q;`�K �`2
2tTHQ`2/ �M/ ?Qr bi�i2 Bb ?�M/H2/X
_2im`Mb h`m2 B7 i?2`2 Bb KQ`2 bi�i2 iQ #2 2t2+mi2/- 6�Hb2 Qi?2`rBb2X
_2im`M ivT2 #QQH

q`�TT2`bXmM�`vnQT2`�iQ`nr`�TT2`U7, 7mM+iBQMV

h?2 r`�TT2` i�F2b BM i?2 Q`B;BM�H mM�`v QT2`�iQ` �b Bib T�`�K2i2` �M/ QT@
iBQM�HHv `2im`Mb � M2r 7mM+iBQM rBi? i?2 M2r #2?�pBQ`X

S�`�K2i2`b 7 Ĝ h?2 mM�`v 7mM+iBQM iQ #2 r`�TT2/X
_2im`Mb � M2r mM�`v 7mM+iBQMX

q`�TT2`bX#BM�`vnQT2`�iQ`nr`�TT2`U7, 7mM+iBQMV

h?2 r`�TT2` i�F2b BM i?2 Q`B;BM�H #BM�`v QT2`�iQ` �b Bib T�`�K2i2` �M/
QTiBQM�HHv `2im`Mb � M2r 7mM+iBQM rBi? i?2 M2r #2?�pBQ`X

S�`�K2i2`b 7 Ĝ h?2 #BM�`v 7mM+iBQM iQ #2 r`�TT2/X
_2im`Mb � M2r #BM�`v 7mM+iBQMX
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h2biBM; �M/ o2`B}+�iBQM

AM Q`/2` iQ p2`B7v i?2 2z2+iBp2M2bb Q7 i?2 7`�K2rQ`F �M/ i?2 +Q``2+iM2bb Q7 i?2 /27�mHi
/vM�KB+ bvK#QHB+ 2t2+miBQM BKTH2K2Mi�iBQM- K�Mv mMBi i2bib r2`2 r`Bii2M 7Q` uQmo2`B7vX
�HH Q7 i?2b2 i2bib �`2 �p�BH�#H2 �i i?2 T`QD2+i :Bi>m# ?2`2, ?iiTb,ff;Bi?m#X+QKf;T`2+?i2`f
vQmp2`B7vfi`22fK�bi2`fi2bibX

9XR Pp2`pB2r Q7 h2bib
*QM+`2i2 2t2+miBQM Bb K�/2 �p�BH�#H2 BM uQmo2`B7v i?`Qm;? i?2 bBKTHB}+�iBQM �M/ +QM+`2i2
2p�Hm�iBQM Q7 bvK#QHB+ 2tT`2bbBQMbX 6Q` 2�+? Q7 i?2 BM+Hm/2/ bQ`ib- "QQH2�Mb- AMi2;2`b- "Bi
o2+iQ`b- �M/ �``�vb i?2`2 �`2 mMBi i2bib 7Q` 2�+? Q7 i?2 QT2`�iQ`bX �//BiBQM�HHv i?2`2 �`2
i2bib 7Q` �//BiBQM�H uQmo2`B7v H�M;m�;2 72�im`2b- bm+? �b 7mM+iBQMb- `2+Q`/b- �bbmK2f�bb2`ib-
�M/ TQBMi2`bfTQBMi2` �`Bi?K2iB+ 7Q` �``�vbX

h?2`2 �`2 �HbQ bvK#QHB+ i2bib r?B+? i2bi i?2 7mM+iBQM�HBiv Q7 i?2 bvK#QHB+ 2t2+miBQM
BM i?2 7�+2 Q7 #`�M+?BM; bi�i2 rBi? i?2 T`2b2M+2 Q7 bvK#QHB+ BMTmib �M/ bvK#QHB+ BMTmi
/2T2M/2Mi #`�M+?BM; bi�i2K2MibX aQK2 Q7 i?2b2 bvK#QHB+ i2bib r2`2 i�F2M 7`QK TQTmH�`
bvK#QHB+ 2t2+miBQM T�T2`b HBF2 EG11- a�:1- �M/ JmHiBa1X 6BM�HHv- i?2`2 �`2 M2;�iBp2 i2bib
iQ 2Mbm`2 i?�i i?2 7`�K2rQ`F ?�M/H2b Bbbm2b BMpQHpBM; BMp�HB/ ivTBM;- /BpBbBQM #v x2`Q- �M/
Qmi@Q7@#QmM/b �``�v �++2bb2bX

9Xk h2biBM; a2imT �M/ S`Q+2bb
h2bib U}H2b rBi? i?2 Xvp` 2ti2MbBQMV �`2 Q`;�MBx2/ BMiQ 7QH/2`b #v +�i2;Q`v �M/ KQbi i2bib
�`2 T�B`2/ rBi? � +QKT�MBQM X2tT2+i2/ }H2X h?2 uQmo2`B7v 7`�K2rQ`F Bb T�+F�;2/ rBi?
� i2biBM; 7`�K2rQ`F BM i?2 h2biliBHXTv }H2X CaPL Q#D2+ib �`2 miBHBx2/ iQ +QKT�`2 i?2
`2bmHib Q7 2t2+miBM; T`Q;`�Kb mbBM; uQmo2`B7v �M/ i?2 2tT2+i2/ `2bmHibX h?2 X2tT2+i2/ }H2
+QMi�BMb � bi`BM; `2T`2b2MiBM; � CaPL Q#D2+i i?�i #2+QK2b /2@b2`B�HBx2/ #v i?2 i2biBM; miBHBiv
�M/ +QKT�`2/ iQ i?2 +QM+`2i2 QmiTmi Q7 i?2 }M�H T`Q;`�K bi�i2 T`Q/m+2/ #v uQmo2`B7vX

https://github.com/gprechter/youverify/tree/master/tests
https://github.com/gprechter/youverify/tree/master/tests
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�b �M 2t�KTH2- A ?�p2 BM+Hm/2/ �M 2t�KTH2 i2bi 7Q` i?2 �``�vb bQ`i BM 6B;m`2 R �M/ i?2
X2tT2+i2/ }H2 �b r2HH BM 6B;m`2 k i?�i i2bib � +QKTH2t T`Q;`�K TQTmH�iBM; �M/ `2p2`bBM;
�M �``�vX

hQ `mM � bmBi2 Q7 i2bib- `mM i?2 h2biliBHXTv }H2 �b 7QHHQrb- bT2+B7vBM; i?2 /B`2+iQ`v
+QMi�BMBM; i?2 /2bB`2/ uQmo2`B7v �M/ X2tT2+i2/ }H2b �b i?2 +QKK�M/@HBM2 �`;mK2Mi,

Tvi?QM h2biliBHXTv $i2bib$Ibm#@/B`2+iQ`v=

_mMMBM; i?2 i2bi miBHBiv rBHH `2TQ`i i?2 bm++2bb Q7 2�+? Q7 i?2 i2bib �M/ T`QpB/2 � bmKK�`v
�i i?2 2M/ Q7 2t2+miBM; �HH Q7 i?2 i2bibX

�``, �__�u&ALh'

/27BM2 TQTmH�i2U�``, �__�u&ALh'- H2M, ALhV,
B, ALh
B 4 y
G�"1G GPPS, B7 B =4 H2M ;QiQ 1L.
�``(B) 4 B
B 4 B Y R
;QiQ GPPS
G�"1G 1L., `2im`M

/27BM2 `2p2`b2U�``, �__�u&ALh'- H2M, ALhV @= �__�u&ALh',
B- D, ALh
M2rn�``, �__�u&ALh'
M2rn�`` 4 �__�u(Ry)&y'
B 4 y
G�"1G GPPS, B7 B =4 H2M ;QiQ 1L.
D 4 H2M @ B
D 4 D @ R
M2rn�``(D) 4 �``(B)
B 4 B Y R
;QiQ GPPS
G�"1G 1L., `2im`M M2rn�``

�`` 4 �__�u(Ry)&y'
+�HH TQTmH�i2U�``- RyV
+�HH �`` 4 `2p2`b2U�``- RyV

6B;m`2 R, 1t�KTH2 i2bi +�b2 7Q` uQmo2`B7v �``�vbX
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& ]�``], (N-3-d-e-8-9-j-k-R-y) '

6B;m`2 k, 1tT2+i2/ }M�H T`Q;`�K bi�i2 7Q` i2bi +�b2 BM 6B;m`2 RX

9Xj 1p�Hm�iBQM QM EG11 h2bi *�b2b
AM Q`/2` iQ 7m`i?2` p2`B7v i?2 /27�mHi bvK#QHB+ 2t2+miBQM �H;Q`Bi?K- � MmK#2` Q7 i2bib r2`2
BKTH2K2Mi2/ 7`QK i?2 EG11 (8) bvK#QHB+ 2t2+miBQM iQQHX h?2b2 i2bib +�M #2 7QmM/ QM
:Bi>m# ?2`2X h?2 EG11 T`QD2+i 2t2+mi2b 2�+? Q7 i?2 i2bib �M/ i?2M mb2b p�`B�#H2b iQ i2bi
�M/ p2`B7v #`�M+? +Qp2`�;2- �M/ �HbQ BMbT2+ib i?2 MmK#2` Q7 }M�H bi�i2b �i i?2 2M/ Q7 i?2
bvK#QHB+ 2t2+miBQMX h?Bb Bb /QM2 BM i?2 EG11 T`QD2+i iQ p2`B7v i?2 +Q``2+i 7mM+iBQM�HBiv
Q7 i?2 bvK#QHB+ 2t2+miBQMX h?2 i2bib TQ`i2/ 7`QK EG11 iQ uQmo2`B7v +�M #2 7QmM/ ?2`2c
i?2b2 i2bib +Qp2` K�Mv 72�im`2b Q7 i?2 uQmo2`B7v H�M;m�;2 BM+Hm/BM;, �``�vb- "Bi o2+iQ`b-
AMi2;2`b- "`�M+?BM; ai�i2K2Mib- �M/ �bbmKTiBQMbX h?2 `2bmHib 7`QK i?2b2 i2bib �`2
b?QrM BM h�#H2 RX

h�#H2 R, _2bmHib 7`QK `mMMBM; EG11 i2bi +�b2bX
h2bi 6BH2 6BM�H o�HB/ S�i?b *Q``2+i *Qp2`�;2 � S�i?b

i2bin�M/Xvp` k u1a
i2bin+�+?2Xvp` e u1a

i2bin+QMbin�``@B/tXvp` R u1a
i2bin2tT`n+QKTH2tXvp` k u1a

i2bin2tT`nKmHXvp` k u1a
i2bin2tT`nbBKTH2Xvp` k u1a
i2bin72�bB#H2Xvp` k u1a
i2bin?v#`B/Xvp` R u1a
i2binKBtXvp` Rk u1a

i2binKBt2/n?QH2Xvp` k u1a
i2binKmHiBBM/2tXvp` k u1a

i2binM2rXvp` k u1a
i2binMQM+QMiB;mQmbnB/tXvp` k u1a

i2binTQbBiBQMXvp` k u1a
i2binbm#nBM/2tXvp` k u1a

i2binmT/�i2nHBbinQ`/2`Xvp` k u1a
i2binp�`nB/tXvp` k u1a

https://github.com/klee/klee/tree/master/test/ArrayOpt
https://github.com/gprechter/youverify/tree/master/tests/klee/array


*>�Sh1_ 9X h1ahAL: �L. o1_A6A*�hAPL j3

9X9 6`�K2rQ`F *Qp2`�;2 h2biBM;
6Q` /2i2`KBMBM; i?2 +Q/2 +Qp2`�;2 Q7 i?2 i2bi bmBi2- A mb2/ i?2 *Qp2`�;2XTv iQQH- r?B+? Bb
�p�BH�#H2 ?2`2X

6Q` +�H+mH�iBM; i?2 +Qp2`�;2 Q7 i?2 2MiB`2 i2bi bmBi2 Qp2` i?2 bQm`+2 +Q/2 �M/ bvK#QHB+
2t2+miBQM BKTH2K2Mi�iBQM mb2 i?2 7QHHQr +QKK�M/ HBM2 �`;mK2Mi,

+Qp2`�;2 `mM h2biliBHXTv $i2bib$

h?Bb +QKK�M/ `mMb i?2 2MiB`2 i2bi bmBi2 r?BH2 ;�i?2`BM; +Qp2`�;2 BM7Q`K�iBQMX h?2 `2@
bmHib Q7 /2i2`KBMBM; i?2 +Qp2`�;2 Q7 i?2 i2bi bmBi2 7Q` Kv /27�mHi /vM�KB+ bvK#QHB+ 2t2+miBQM
BKTH2K2Mi�iBQM +�M #2 7QmM/ QM i?2 :Bi>m# T�;2 ?2`2X

https://coverage.readthedocs.io/en/6.2/
https://github.com/gprechter/youverify
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S`QiQivTBM; P#HB*?2+F rBi?
uQmo2`B7v

hQ /2KQMbi`�i2 uQmo2`B7vǶb 2z2+iBp2M2bb 7Q` T`QiQivTBM; bvK#QHB+ 2t2+miBQM �H;Q`Bi?Kb- A
BKTH2K2Mi2/ �M �H;Q`Bi?K i�FBM; �/p�Mi�;2 Q7 /QK�BM bT2+B}+ FMQrH2/;2 bBKBH�` iQ i?2 QM2
T`2b2Mi2/ BM P#HB*?2+F (kR) mbBM; i?2 7`�K2rQ`F �M/ �SAX AM Q`/2` iQ /Q i?Bb- JmHiBa1Ƕb (ky)
bi�i2 `2T`2b2Mi�iBQM �M/ BM+`2K2Mi�H K2`;BM; r2`2 BKTH2K2Mi2/ BM uQmo2`B7v 7Q` � bm#b2i Q7
uQmo2`B7vǶb bi�i2K2Mib �M/ 2tT`2bbBQMbc i?2M �//BiBQM�H +?�M;2b r2`2 K�/2 iQ i?2 bvK#QHB+
2t2+miBQM �H;Q`Bi?K iQ BKTH2K2Mi i2+?MB[m2b HBF2 PTiBKBbiB+ ai�i2 J2`;BM; �M/ Ai2`�iBp2
ai�i2 mM@K2`;BM; 7`QK i?2 P#HB*?2+F T�T2`X

8XR AKTH2K2Mi�iBQM Pp2`pB2r
h?2 KQbi bB;MB}+�Mi +?�M;2 i?�i M22/2/ iQ #2 K�/2 7Q` BKTH2K2MiBM; P#HB*?2+F r�b BK@
TH2K2MiBM; JmHiBa1Ƕb bvK#QHB+ 2t2+miBQM b2K�MiB+b �M/ i?2M KQ/B7vBM; i?2K BM Q`/2` iQ
BKTH2K2Mi i?2 QTiBKBbiB+ bi�i2 K2`;BM; �M/ Bi2`�iBp2 mM@K2`;BM; i2+?MB[m2bX 6Q` BKTH2@
K2MiBM; JmHiBa1- A miBHBx2/ i?2 Sv1.� HB#`�`v 7Q` 2H2+i`QMB+ /2bB;M �miQK�iBQM- �p�BH�#H2
?2`2X h?Bb HB#`�`v T`QpB/2b �M BKTH2K2Mi�iBQM 7Q` "BM�`v .2+BbBQM .B�;`�Kb r?B+? �`2 mb2/
BM i?2 BKTH2K2Mi�iBQM Q7 JmHiBa1 7Q` `2T`2b2MiBM; i?2 T�i? +QMbi`�BMib ;m�`/BM; p�Hm2b BM
i?2 p�Hm2 bmKK�`B2bX

�b b?QrM 2�`HB2` BM i?Bb `2TQ`i- JmHiBa1 T`2b2Mib � MQp2H bi�i2 `2T`2b2Mi�iBQM i?`Qm;?
Bib p�Hm2 bmKK�`B2b- r?B+? �HHQr 7Q` 2{+B2Mi- BM+`2K2Mi�H bi�i2 K2`;BM; rBi?Qmi i?2 mb2 Q7
�mtBHB�`v p�`B�#H2bX *QKT�`2/ rBi? i?2 �7Q`2K2MiBQM2/ /27�mHi BKTH2K2Mi�iBQM Q7 /vM�KB+
bvK#QHB+ 2t2+miBQM- i?2 bi�i2 `2T`2b2Mi�iBQM 7Q` JmHiBa1 Bb /`�biB+�HHv /Bz2`2MiX AM uQmo2`@
B7v i?2b2 +?�M;2b �`2 2�bBHv K�/2 i?`Qm;? BKTH2K2MiBM; � M2r ai�i2 +H�bb i?�i �/?2`2b iQ i?2
M2+2bb�`v �SA i?�i uQmo2`B7v T`QpB/2bX S�`iB+mH�`Hv- i?2 K2i?Q/b 7Q` biQ`2np�`B�#H2UV-
mT/�i2nbi�i2UV �M/ +QM/BiBQMn#`�M+?UV �`2 KQ/B}2/X �//BiBQM�HHv- 7Q` i?2 /2bB`2/ QT@
2`�iQ`b- � r`�TT2` Kmbi #2 �//2/ iQ ?�M/H2 i?2 7�+i i?�i QT2`�iQ`b MQr /Q MQi /2�H rBi?
bBM;H2 p�Hm2b #mi `�i?2` p�Hm2 bmKK�`B2b U7Q` BMbi�M+2 BM i?2 +�b2 Q7 #BM�`v QT2`�iQ`bVX

https://pyeda.readthedocs.io/en/latest/
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�b 7Q` T`QiQivTBM; P#HB*?2+FǶb mMB[m2 bi�i2 K2`;BM; b2K�MiB+b- � MmK#2` Q7 KQ/B}+�@
iBQMb r2`2 K�/2X h?2 }`bi bi2T Q7 i?2 P#HB*?2+F �H;Q`Bi?K A T`QiQivT2/ r�b i?2 PTiBKBbiB+
ai�i2 J2`;BM; i2+?MB[m2- r?B+? �miQK�iB+�HHv K2`;2b p�`B�#H2b �;;`2bbBp2Hv #v H2p2`�;BM;
i?2 /QK�BM bT2+B}+ FMQrH2/;2 i?�i i?2 �+im�H p�Hm2b Q7 T`Bp�i2 /�i� Bb ?B//2M 7`QK �M �i@
i�+F2`X hQ �++QKTHBb? i?Bb- irQ M2r bi�i2K2Mib r2`2 �//2/ #2;BMnK2`;2 �M/ 2M/nK2`;2X
qBi? i?2b2 bi�i2K2Mib- BiǶb TQbbB#H2 iQ bT2+B7v r?B+? bi�i2K2Mib +�M K2`;2 p�`B�#H2b �M/
r?B+? +�MMQiX AM i?2 7mim`2- i?Bb rQmH/ B/2�HHv #2 /QM2 �miQK�iB+�HHv i?`Qm;? +QMi`QH ~Qr
�M�HvbBbX AM i?2 biQ`2np�`B�#H2 �SA +�HH- i?2 K2i?Q/ Bb KQ/B}2/ iQ QTiBKBbiB+�HHv K2`;2
p�Hm2b i?�i �`2 MQi i?2 H2M;i? Q7 � #mz2`- �b bT2+B}2/ BM i?2 P#HB*?2+F T�T2`X AM/BpB/m�H
K2`;2 TQBMib /m`BM; 2t2+miBQM M22/2/ iQ #2 i`�+F2/X q?2M K2`;BM; Q++m``2/- BiǶb TQbbB#H2
iQ `2+Q`/ r?�i bi�i2K2Mi +�mb2/ i?�i K2`;BM;X

AM i?2 M2tinbi�i2 K2i?Q/- `2bTQMbB#H2 7Q` i?2 bi�i2 2tTHQ`�iBQM Q7 i?2 bvK#QHB+ 2t2+m@
iBQM �H;Q`Bi?K- Bi KB;?i #2 i?2 +�b2 i?�i /m2 iQ PTiBKBbiB+ ai�i2 J2`;BM;- i?2 �H;Q`Bi?K
`2bmHi2/ BM � 7�Hb2 TQbBiBp2 /m2 iQ KBbbBM; BM7Q`K�iBQMX h?Bb Bb b?QrM BM i?2 P#HB*?2+F
(kR) T�T2` i?`Qm;? i?2 h�;��TTHv 2t�KTH2X .m`BM; i?2 bm#b2[m2Mi Bi2`�iBp2 mM@K2`;BM;
bi2T- BiǶb �HbQ MQi M2+2bb�`v iQ +?�M;2 i?2 K�BM 2t2+miBQM HQQT Q7 uQmo2`B7v- �b i?2 �SA
T`QpB/2b �HH i?2 M2+2bb�`v +QMi`QH Qp2` i?2 2t2+miBQM iQ T2`7Q`K i?2 `2[mB`2/ `2@2t2+miBQMb
�M/ mM@K2`;BM;X h?2 T�i? +QMbi`�BMib 7Q` i?2 p2`B}+�iBQM +QM/BiBQM �`2 BMbT2+i2/ �M/ i?2
p�`B�#H2b �`2 2ti`�+i2/c B7 i?2 `2bmHi r�b MQi@Q#HBpBQmb �M/ � p�`B�#H2 BMi`Q/m+2/ i?`Qm;?
QTiBKBbiB+ bi�i2 K2`;BM; r�b T`2b2Mi BM i?2 T�i? +QMbi`�BMi- BiǶb TQbbB#H2 i?�i i?2 `2bmHi Bb
� 7�Hb2 M2;�iBp2X AM i?Bb 2t�KTH2- mT/�i2nbi�i2 ~�;b i?2 bi�i2K2Mib i?�i BMi`Q/m+2/ �M
PaJ p�`B�#H2 �M/ rBHH `2@2t2+mi2 MQi K2`;BM; �Mv ~�;;2/ p�`B�#H2bX

h?2 BKTH2K2Mi�iBQM Q7 PTiBKBbiB+ ai�i2 J2`;BM; �M/ Ai2`�iBp2 ai�i2 lM@K2`;BM; mb@
BM; uQmo2`B7v +�M #2 7QmM/ �b � #`�M+? iQ i?2 :Bi>m# T`QD2+i ?2`2, ?iiTb,ff;Bi?m#X+QKf
;T`2+?i2`fvQmp2`B7vfi`22f�TBnQ#HB+?2+FX AKTH2K2MiBM; i?2 irQ i2+?MB[m2b QM iQT Q7 JmH@
iBa1 `2[mB`2/ 89 HBM2b Q7 +Q/2X

8Xk 1p�Hm�iBQM
hQ 2p�Hm�i2 Kv BKTH2K2Mi�iBQM Q7 PTiBKBbiB+ ai�i2 J2`;BM; UPaJV �M/ Ai2`�iBp2 ai�i2
lM@K2`;BM; UAalV- � b2H2+iBQM Q7 bHB;?iHv KQ/B}2/ #2M+?K�`Fb 7`QK i?2 P#HB*?2+F T�T2`
r2`2 TQ`i2/ iQ uQmo2`B7v �M/ i?2 7QHHQrBM; `mMiBK2 bi�iBbiB+b r2`2 ;�i?2`2/X 1�+? Q7 i?2b2
2t�KTH2b +Qp2`b QM2 Q7 i?2 +QKKQM b+2M�`BQb b?QrM BM i?2 P#HB*?2+F T�T2`X PM2 Q7 i?2 i2bib
Bb Q#HBpBQmb �M/ rBHH #2 B/2MiB}2/ +Q``2+iHv �b Q#HBpBQmb rBi? PaJ �M/ AalX PM2 Q7 i?2 i2bib
Bb MQi Q#HBpBQmb- �M/ rBHH #2 B/2MiB}2/ +Q``2+iHv rBi? PaJ �M/ AalX 6BM�HHv- h�;��TTHvXvp`
Bb �M Q#HBpBQmb �H;Q`Bi?K #mi BKTQ`i�Mi BM7Q`K�iBQM Bb Q++Hm/2/ /m`BM; i?2 PaJ bi2T- bQ
Aal M22/b iQ #2 BMi`Q/m+2/ iQ mM@K2`;2- `2@2t2+mi2 �M/ �+?B2p2 i?2 +Q``2+i `2bmHiX h?2
H2M;i? Q7 i?2 T`Bp�i2 /�i� r�b 3 7Q` 2�+? Q7 i?2 #2M+?K�`FbX

https://github.com/gprechter/youverify/tree/api_oblicheck
https://github.com/gprechter/youverify/tree/api_oblicheck
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h�#H2 R, P#HB*?2+F AKTH2K2Mi�iBQM _mMiBK2 aT22/mT
aQm`+2 6BH2 JmHiBa1 P#HB*?2+F UPaJV P#HB*?2+F UPaJ Y AlJV

h�;Xvp` UP#HBpBQmbV dyb 8Xkb 8X9b
h�;Xvp` ULQi P#HBpBQmbV 9Nb 3Xdb j3b

h�;��TTHvXvp` UP#HBpBQmbV 99yNXRb j9X3b kyy9X9b

AM h�#H2 k JmHiBa1 `2bmHib BM i?2 +Q``2+i `2bmHi- 2Bi?2` Q#HBpBQmb U � V Q` MQi Q#HBpBQmb
U ⇥ VX AM i?2 h�;��TTHvXvp` 2t�KTH2- rBi? PaJ i?2`2 Bb �M 2``QM2Qmb 7�Hb2 M2;�iBp2- #mi
i?Bb Bb +Q``2+i2/ rBi? PaJ �M/ AlJX

h�#H2 k, P#HB*?2+F AKTH2K2Mi�iBQM �++m`�+v
aQm`+2 6BH2 JmHiBa1 P#HB*?2+F UPaJV P#HB*?2+F UPaJ Y AlJV

h�;Xvp` UP#HBpBQmbV � � �
h�;Xvp` ULQi P#HBpBQmbV ⇥ ⇥ ⇥

h�;��TTHvXvp` UP#HBpBQmbV � ⇥ �
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*?�Ti2` e

*QM+HmbBQM

AM i?Bb T`QD2+i `2TQ`i- A T`2b2Mi2/ uQmo2`B7v- � M2r A_ �M/ 7`�K2rQ`F 7Q` /2p2HQTBM; +mb@
iQK bvK#QHB+ 2t2+miBQM iQQHb �M/ �H;Q`Bi?KbX >�pBM; H2�`M2/ �#Qmi bvK#QHB+ 2t2+miBQM
�M/ i?2 T`Q+2bb `2[mB`2/ 7Q` KQ/B7vBM; bvK#QHB+ 2t2+miBQM �H;Q`Bi?Kb i?`Qm;? Kv rQ`F QM
P#HB*?2+F- A B/2MiB}2/ � MmK#2` Q7 72�im`2b iQ bi`Bp2 7Q` r?BH2 /2p2HQTBM; i?2 A_ �M/ 7`�K2@
rQ`FX L�K2Hv- uQmo2`B7v Bb Tm`TQb27mHHv � bBKTH2 BMi2`K2/B�i2 `2T`2b2Mi�iBQM `�i?2` i?�M
Dmbi � 7`�K2rQ`F QM �M 2tBbiBM; H�M;m�;2 iQ H2�p2 i?2 /QQ` QT2M iQ /2p2HQT2`b BKTH2K2MiBM;
+QKTBH2`b 7`QK � i�`;2i H�M;m�;2 iQ i?2 A_X uQmo2`B7v Bb �HbQ /2bB;M2/ iQ #2 /B`2+iHv bmT@
TQ`i2/ #v i?2 mM/2`HvBM; 7�KBHv Q7 aJh@GB# bQHp2`b bm+? i?�i MQ H�M;m�;2 72�im`2b +�MMQi
#2 `2T`2b2Mi2/X S2`?�Tb KQbi BKTQ`i�MiHv- uQmo2`B7v r�b /2bB;M2/ iQ #2 KQ/B}�#H2 �M/
2ti2MbB#H2 �M/ Bb T�+F�;2/ rBi? �M �SA i?�i Bb BMi2M/2/ iQ ;Bp2 � /2p2HQT2` � HQi Q7 +QMi`QH
QM i?2 bvK#QHB+ 2t2+miBQM �H;Q`Bi?K rBi?Qmi ?�pBM; iQ rQ``v �#Qmi i?2 BMi2`T`2i2`X

�MQi?2` K�DQ` +QKTQM2Mi Q7 i?2 T`QD2+i r�b p2`B7vBM; i?2 BKTH2K2Mi�iBQM Q7 uQmo2`B7v
iQ 2Mbm`2 i?�i Bi QT2`�i2/ T`QT2`HvX A ?QT2 i?�i i?2 T`QpB/2/ i2bi bmBi2 Bb �HbQ �#H2 iQ ?2HT
/2p2HQT2`b ;mB/2 �M/ p2`B7v i?2B` QrM BKTH2K2Mi�iBQMb Q7 bvK#QHB+ 2t2+miBQM �H;Q`Bi?Kb BM
i?2 7mim`2X 6BM�HHv- bQK2 Q7 i?2 bvK#QHB+ 2t2+miBQM 2M?�M+2K2Mib 7`QK P#HB*?2+F UQTiB@
KBbiB+ bi�i2 K2`;BM; � Bi2`�iBp2 bi�i2 mM@K2`;BM;V r2`2 BKTH2K2Mi2/ QM@iQT Q7 � JmHiBa1
BKTH2K2Mi�iBQM iQ /2KQMbi`�i2 i?2 2z2+iBp2M2bb Q7 i?2 7`�K2rQ`F �M/ Bib �SAX

h�F2�r�vb
A H2�`M2/ � HQi rQ`FBM; QM uQmo2`B7v /m`BM; Kv 8i? u2�` J�bi2`bX PM2 Q7 i?2 ?B;?HB;?ib Q7
rQ`FBM; QM i?2 T`QD2+i r�b i?2 2KT?�bBb TH�+2/ QM i2biBM; �M/ p2`B7vBM; i?2 7mM+iBQM�HBiv Q7
i?2 7`�K2rQ`FX h2bi@/`Bp2M /2p2HQTK2Mi b2`p2/ �b � MQ`i? bi�` iQ ;mB/2 i?2 BKTH2K2Mi�iBQM-
�M/ A #2HB2p2 i?�i 7Q+mbBM; QM i2biBM; ?�b K�/2 K2 � #2ii2` bQ7ir�`2 2M;BM22`X

A �HbQ ;Qi � HQi Q7 2tTQbm`2 iQ bvK#QHB+ 2t2+miBQM �M/ bBKBH�` i2+?MB[m2bX >�pBM; rQ`F2/
QM P#HB*?2+F- i?�i T`QD2+i BMbTB`2/ K2 iQ rQ`F QM i?Bb T`QD2+i rBi? i?2 �BK Q7 2M?�M+BM;
i?2 2tT2`B2M+2 Q7 rQ`FBM; rBi? i?2 i2+?MB[m2- #mi �+im�HHv ?�pBM; rQ`F2/ QM i?2 7`�K2rQ`F
�M/ K�FBM; /2+BbBQMb �#Qmi i?2 �SA r�b � p2`v `2r�`/BM; T`Q+2bb �M/ i�m;?i K2 � HQi �#Qmi
i?2 /Bz2`2Mi QTiBKBx�iBQMb i?�i bvK#QHB+ 2t2+miBQM iQQHb mb2X
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"B#HBQ;`�T?v

(R) _Q#2`iQ "�H/QMB 2i �HX ǳ� am`p2v Q7 avK#QHB+ 1t2+miBQM h2+?MB[m2bǴX AM, 8RXj UJ�v
kyR3VX BbbM, yjey@yjyyX /QB, RyXRR98fjR3ke8dX m`H, ?iiTb,ff/QBXQ`;fRyXRR98fjR3ke8dX

(k) *H�`F "�``2ii- S�b+�H 6QMi�BM2- �M/ *2b�`2 hBM2HHBX h?2 a�iBb}�#BHBiv JQ/mHQ h?2Q`B2b
GB#`�`v UaJh@GA"VX rrrXaJh@GA"XQ`;X kyReX

(j) _Q#2`i aX "Qv2`- "2`M�`/ 1HbT�b- �M/ E�`H LX G2pBiiX ǳa1G1*hě� 6Q`K�H avbi2K
7Q` h2biBM; �M/ .2#m;;BM; S`Q;`�Kb #v avK#QHB+ 1t2+miBQMǴX AM, aA:SG�L LQiX
RyXe U�T`X RNd8V- TTX kj9Ĝk98X BbbM, yjek@Rj9yX /QB, RyXRR98fjNyyReX3y3998X m`H,
?iiTb,ff/QBXQ`;fRyXRR98fjNyyReX3y3998X

(9) .�pB/ "`mKH2v 2i �HX ǳ"�S, � "BM�`v �M�HvbBb SH�i7Q`KǴX AM, *QKTmi2` �B/2/ o2`B}@
+�iBQMX 1/X #v :�M2b? :QT�H�F`Bb?M�M �M/ a?�x Z�/22`X "2`HBM- >2B/2H#2`;, aT`BM;2`
"2`HBM >2B/2H#2`;- kyRR- TTX 9ejĜ9eNX Bb#M, Nd3@j@e9k@kkRRy@RX

(8) *`BbiB�M *�/�`- .�MB2H .mM#�`- �M/ .�rbQM 1M;H2`X ǳEG11, lM�bbBbi2/ �M/ �miQ@
K�iB+ :2M2`�iBQM Q7 >B;?@+Qp2`�;2 h2bib 7Q` *QKTH2t avbi2Kb S`Q;`�KbǴX AM, S`Q+22/@
BM;b Q7 i?2 3i? la1LAs *QM72`2M+2 QM PT2`�iBM; avbi2Kb .2bB;M �M/ AKTH2K2Mi�iBQMX
Pa.AX a�M .B2;Q- *�HB7Q`MB�, la1LAs- kyy3- TTX kyNĜkk9X m`H, ?iiT,ff/HX�+KXQ`;f
+Bi�iBQMX+7K\B/4R388d9RXR388d8eX

(e) *`BbiB�M *�/�` 2i �HX ǳ1s1, �miQK�iB+�HHv :2M2`�iBM; AMTmib Q7 .2�i?ǴX AM, �*J
h`�MbX AM7X avbiX a2+m`X RkXk U.2+X kyy3VX BbbM, RyN9@Nkk9X /QB, Ry XRR98fR9888R3 X
R9888kkX m`H, ?iiTb,ff/QBXQ`;fRyXRR98fR9888R3XR9888kkX

(d) EHBMi 6BMH2vX Svi?QM Ab JQ`2 SQTmH�` h?�M 1p2`X kykyX m`H, ?iiTb,ffrrrXrB`2/X+QKf
biQ`vfTvi?QM@H�M;m�;2@KQ`2@TQTmH�`@i?�M@2p2` UpBbBi2/ QM RRfjyfkykyVX

(3) CQbû 6`�;QbQ a�MiQb 2i �HX ǳ:BHHB�M- S�`i B, � JmHiB@G�M;m�;2 SH�i7Q`K 7Q` avK#QHB+
1t2+miBQMǴX AM, S`Q+22/BM;b Q7 i?2 9Rbi �*J aA:SG�L *QM72`2M+2 QM S`Q;`�KKBM;
G�M;m�;2 .2bB;M �M/ AKTH2K2Mi�iBQMX SG.A kykyX GQM/QM- lE, �bbQ+B�iBQM 7Q` *QK@
TmiBM; J�+?BM2`v- kyky- TTX NkdĜN9kX Bb#M, Nd3R98yjdeRjeX /QB, RyXRR98fjj389RkX
jj3eyR9X m`H, ?iiTb,ff/QBXQ`;fRyXRR98fjj389RkXjj3eyR9X

https://doi.org/10.1145/3182657
https://doi.org/10.1145/3182657
https://doi.org/10.1145/390016.808445
https://doi.org/10.1145/390016.808445
http://dl.acm.org/citation.cfm?id=1855741.1855756
http://dl.acm.org/citation.cfm?id=1855741.1855756
https://doi.org/10.1145/1455518.1455522
https://doi.org/10.1145/1455518.1455522
https://doi.org/10.1145/1455518.1455522
https://www.wired.com/story/python-language-more-popular-than-ever
https://www.wired.com/story/python-language-more-popular-than-ever
https://doi.org/10.1145/3385412.3386014
https://doi.org/10.1145/3385412.3386014
https://doi.org/10.1145/3385412.3386014


"A"GAP:_�S>u 99

(N) S�i`B+2 :Q/27`QB/- LBHb EH�`HmM/- �M/ EQmb?BF a2MX ǳ.�_h, .B`2+i2/ �miQK�i2/ _�M@
/QK h2biBM;ǴX AM, S`Q+22/BM;b Q7 i?2 kyy8 �*J aA:SG�L *QM72`2M+2 QM S`Q;`�KKBM;
G�M;m�;2 .2bB;M �M/ AKTH2K2Mi�iBQMX SG.A Ƕy8X *?B+�;Q- AG- la�, �bbQ+B�iBQM 7Q`
*QKTmiBM; J�+?BM2`v- kyy8- TTX kRjĜkkjX Bb#M, R8N8Njy8eeX /QB, RyXRR98fRye8yRyX
Rye8yjeX m`H, ?iiTb,ff/QBXQ`;fRyXRR98fRye8yRyXRye8yjeX

(Ry) qX1X >Qr/2MX ǳavK#QHB+ h2biBM; �M/ i?2 .Aaa1*h avK#QHB+ 1p�Hm�iBQM avbi2KǴX
AM, A111 h`�Mb�+iBQMb QM aQ7ir�`2 1M;BM22`BM; a1@jX9 URNddV- TTX keeĜkd3X /QB, RyX
RRyNfha1XRNddXkjRR99X

(RR) C�K2b *X EBM;X ǳ� L2r �TT`Q�+? iQ S`Q;`�K h2biBM;ǴX AM, aA:SG�L LQiX RyXe U�T`X
RNd8V- TTX kk3ĜkjjX BbbM, yjek@Rj9yX /QB, RyXRR98fjNyyReX3y3999X m`H, ?iiTb,ff/QBX
Q`;fRyXRR98fjNyyReX3y3999X

(Rk) C�K2b *X EBM;X ǳavK#QHB+ 1t2+miBQM �M/ S`Q;`�K h2biBM;ǴX AM, *QKKmMX �*J RNXd
UCmHv RNdeV- TTX j38ĜjN9X BbbM, yyyR@yd3kX /QB, RyXRR98fjeyk93Xjeyk8kX m`H, ?iiTb,
ff/QBXQ`;fRyXRR98fjeyk93Xjeyk8kX

(Rj) *?`Bb G�iiM2` �M/ oBF`�K �/p2X ǳGGoJ, � *QKTBH�iBQM 6`�K2rQ`F 7Q` GB72HQM;
S`Q;`�K �M�HvbBb h`�Mb7Q`K�iBQMǴX AM, S`Q+22/BM;b Q7 i?2 AMi2`M�iBQM�H avKTQbBmK
QM *Q/2 :2M2`�iBQM �M/ PTiBKBx�iBQM, 622/#�+F@.B`2+i2/ �M/ _mMiBK2 PTiBKBx�iBQMX
*:P Ƕy9X S�HQ �HiQ- *�HB7Q`MB�, A111 *QKTmi2` aQ+B2iv- kyy9- TX d8X Bb#M, ydeN8kRykNX

(R9) S2i�` J�FbBKQpBÉ 2i �HX ǳ:BHHB�M- S�`i AA, _2�H@qQ`H/ o2`B}+�iBQM 7Q` C�p�a+`BTi �M/
*ǴX AM, *QKTmi2` �B/2/ o2`B}+�iBQMX 1/X #v �H2t�M/`� aBHp� �M/ EX _mbi�M JX G2BMQX
*?�K, aT`BM;2` AMi2`M�iBQM�H Sm#HBb?BM;- kykR- TTX 3kdĜ38yX Bb#M, Nd3@j@yjy@3Re33@NX

(R8) LQ�? JQ`Qx2X ǳE`QMQb, o2`B7vBM; H2�F@7`22 `2b2i 7Q` � bvbi2K@QM@+?BT rBi? KmHiBTH2
+HQ+F /QK�BMbǴX S?. i?2bBbX J�bb�+?mb2iib AMbiBimi2 Q7 h2+?MQHQ;v- kykRX

(Re) h2`2M+2 S�`` �M/ E�i?H22M 6Bb?2`X ǳGGU V, h?2 6QmM/�iBQM Q7 i?2 �LhG_ S�`b2`
:2M2`�iQ`ǴX AM, aA:SG�L LQiX 9eXe UCmM2 kyRRV- TTX 9k8Ĝ9jeX BbbM, yjek@Rj9yX /QB,
RyXRR98fRNNjjReXRNNj893X m`H, ?iiTb,ff/QBXQ`;fRyXRR98fRNNjjReXRNNj893X

(Rd) :`B{M 2i �HX S`2+?i2`X ǳ*a kN9@Rej 6BM�H S�T2` ě P#HB*?2+F, �M �miQK�iB+ o2`B}@
+�iBQM hQQH 7Q` P#HBpBQmb �H;Q`Bi?KbǴX AM, UkyRNVX

(R3) EQmb?BF a2M- .�`FQ J�`BMQp- �M/ :mH �;?�X ǳ*lh1, � *QM+QHB+ lMBi h2biBM; 1M;BM2
7Q` *ǴX AM, aA:aP6h aQ7irX 1M;X LQi2b jyX8 Ua2TiX kyy8V- TTX kejĜkdkX BbbM, yRej@8N93X
m`H, ?iiTb,ff/QBXQ`;fRyXRR98fRyN89jyXRy3Rd8yX

(RN) EQmb?BF a2M 2i �HX ǳC�H�M;B, � a2H2+iBp2 _2+Q`/@_2TH�v �M/ .vM�KB+ �M�HvbBb 6`�K2@
rQ`F 7Q` C�p�a+`BTiǴX AM, S`Q+22/BM;b Q7 i?2 kyRj Ni? CQBMi J22iBM; QM 6QmM/�iBQMb
Q7 aQ7ir�`2 1M;BM22`BM;X 1a1*f6a1 kyRjX a�BMi S2i2`b#m`;- _mbbB�, �bbQ+B�iBQM 7Q`
*QKTmiBM; J�+?BM2`v- kyRj- TTX 933Ĝ9N3X Bb#M, Nd3R98yjkkjdNX /QB, RyXRR98fk9NR9RRX
k9NR99dX m`H, ?iiTb,ff/QBXQ`;fRyXRR98fk9NR9RRXk9NR99dX
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(ky) EQmb?BF a2M 2i �HX ǳJmHiBa1, JmHiB@S�i? avK#QHB+ 1t2+miBQM lbBM; o�Hm2 amKK�`B2bǴX
AM, S`Q+22/BM;b Q7 i?2 kyR8 Ryi? CQBMi J22iBM; QM 6QmM/�iBQMb Q7 aQ7ir�`2 1M;BM22`@
BM;X 1a1*f6a1 kyR8X "2`;�KQ- Ai�Hv, �bbQ+B�iBQM 7Q` *QKTmiBM; J�+?BM2`v- kyR8-
TTX 39kĜ38jX Bb#M, Nd3R98yjjed83X /QB, RyXRR98fkd3e3y8Xkd3e3jyX m`H, ?iiTb,ff/QBX
Q`;fRyXRR98fkd3e3y8Xkd3e3jyX

(kR) C2QM;b2QF aQM 2i �HX ǳP#HB*?2+F, 1{+B2Mi o2`B}+�iBQM Q7 P#HBpBQmb �H;Q`Bi?Kb rBi?
lMQ#b2`p�#H2 ai�i2ǴX AM, jyi? la1LAs a2+m`Biv avKTQbBmK Ula1LAs a2+m`Biv kRVX
la1LAs �bbQ+B�iBQM- �m;X kykR- TTX kkRNĜkkjeX Bb#M, Nd3@R@NjNRjj@k9@jX m`H, ?iiTb,
ffrrrXmb2MBtXQ`;f+QM72`2M+2fmb2MBtb2+m`BivkRfT`2b2Mi�iBQMfbQMX

(kk) .�rM aQM; 2i �HX ǳ"Bi"H�x2, � L2r �TT`Q�+? iQ *QKTmi2` a2+m`Biv pB� "BM�`v
�M�HvbBbǴX AM, S`Q+22/BM;b Q7 i?2 9i? AMi2`M�iBQM�H *QM72`2M+2 QM AM7Q`K�iBQM avb@
i2Kb a2+m`BivX A*Aaa Ƕy3X >v/2`�#�/- AM/B�, aT`BM;2`@o2`H�;- kyy3- TTX RĜk8X Bb#M,
Nd3j89y3N3eRyX /QB, RyXRyydfNd3@j@89y@3N3ek@dnRX m`H, ?iiTb,ff/QBXQ`;fRyXRyydf
Nd3@j@89y@3N3ek@dnRX

(kj) 1KBM� hQ`H�F �M/ _�biBbH�p "Q/BFX ǳ� GB;?ir2B;?i avK#QHB+ oB`im�H J�+?BM2 7Q`
aQHp2`@�B/2/ >Qbi G�M;m�;2bǴX AM, aA:SG�L LQiX 9NXe UCmM2 kyR9V- TTX 8jyĜ89RX
BbbM, yjek@Rj9yX /QB, Ry X RR98fkeeej8e Xk8N9j9yX m`H, ?iiTb , ff/QB X Q`;fRy XRR98f
keeej8eXk8N9j9yX

(k9) 1KBM� hQ`H�F �M/ _�biBbH�p "Q/BFX ǳ:`QrBM; aQHp2`@�B/2/ G�M;m�;2b rBi? _Qb2ii2ǴX
AM, S`Q+22/BM;b Q7 i?2 kyRj �*J AMi2`M�iBQM�H avKTQbBmK QM L2r A/2�b- L2r
S�`�/B;Kb- �M/ _2~2+iBQMb QM S`Q;`�KKBM; aQ7ir�`2X PMr�`/5 kyRjX AM/B�M�TQ@
HBb- AM/B�M�- la�, �bbQ+B�iBQM 7Q` *QKTmiBM; J�+?BM2`v- kyRj- TTX Rj8ĜR8kX Bb#M,
Nd3R98yjk9dk9X /QB, Ry X RR98 f k8yN8d3 X k8yN83eX m`H, ?iiTb , f f/QB X Q`; f Ry X RR98 f
k8yN8d3Xk8yN83eX

(k8) _mB w?�M; �M/ *vMi?B� aim`iQMX ǳ� _2+m`bBp2 ai`�i2;v 7Q` avK#QHB+ 1t2+miBQM iQ
6BM/ 1tTHQBib BM >�`/r�`2 .2bB;MbǴX AM, S`Q+22/BM;b Q7 i?2 kyR3 �*J aA:SG�L
AMi2`M�iBQM�H qQ`Fb?QT QM 6Q`K�H J2i?Q/b �M/ a2+m`BivX 6Ja kyR3X S?BH�/2HT?B�-
S�- la�, �bbQ+B�iBQM 7Q` *QKTmiBM; J�+?BM2`v- kyR3- TTX RĜNX Bb#M, Nd3R98yj83jjyX
/QB, RyXRR98fjkRNdejXjkRNde9X m`H, ?iiTb,ff/QBXQ`;fRyXRR98fjkRNdejXjkRNde9X

https://doi.org/10.1145/2786805.2786830
https://doi.org/10.1145/2786805.2786830
https://doi.org/10.1145/2786805.2786830
https://www.usenix.org/conference/usenixsecurity21/presentation/son
https://www.usenix.org/conference/usenixsecurity21/presentation/son
https://doi.org/10.1007/978-3-540-89862-7_1
https://doi.org/10.1007/978-3-540-89862-7_1
https://doi.org/10.1007/978-3-540-89862-7_1
https://doi.org/10.1145/2666356.2594340
https://doi.org/10.1145/2666356.2594340
https://doi.org/10.1145/2666356.2594340
https://doi.org/10.1145/2509578.2509586
https://doi.org/10.1145/2509578.2509586
https://doi.org/10.1145/2509578.2509586
https://doi.org/10.1145/3219763.3219764
https://doi.org/10.1145/3219763.3219764

	Contents
	List of Figures
	List of Tables
	Introduction
	Symbolic Execution
	Applications of Symbolic Execution
	YouVerify: An Intermediate Representation for Symbolic Execution

	Background and Related Works
	Symbolic Execution Tools and Solver-Aided Languages
	MultiSE multise
	ObliCheck oblicheck, cs294

	YouVerify
	Design
	Language Features
	Syntax
	Implementation Details
	Symbolic Execution Algorithm
	API

	Testing and Verification
	Overview of Tests
	Testing Setup and Process
	Evaluation on KLEE Test Cases
	Framework Coverage Testing

	Prototyping ObliCheck with YouVerify
	Implementation Overview
	Evaluation

	Conclusion
	Bibliography

