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(+*-,l02,X?K`158YqOU�'?X3A?K58Yv?KN1Y8,Z;I91.1.1YqOF7ALw,B&1,Q02JAOH58;o;I7cY858[\5W(2,B`�h�÷f7\?G<B7A[^.10I,B*1,Q&1;25q3:,][\7f`1,QY_7:9-J:*P(
(+7c(>?KTA,],B&1,Q02JAO�<Q7:;I(2;|5W&P(+7^?A<B<Q7:91&P(Xh � &1,lDo?XO�(+7c<>*@?A02?A<Q(2,B0I58�B,]LM02,Q,],B&1,Q02JAO�YW7:;2;R58;RNPOF(+*-,
(+7K(>?AYy?K[^7:9-&U(R7KL�,Q&U(2027:.POF(2*@?K(R58;RJ:,Q&1,B02?K(+,Q`S`-91025W&1J{(+*1,]<B7A[^.19f(>?K(2587:&$ò «�¬ � ¬ ó4h

��58&1?AY8YqO:CZ(+*1,Q02,$58;/(2*1,�.u7:5W&U(F(2*@?K(�(+*-,$;b(+7:02?AJ:,�;2.1?A<B,$5W(2;2,BYqL=<B?A&�Ns,�;2,Q.@?A02?K(+,Q` 58&P(27
;2,43:,Q0+?AYE<B7:&1;b(+5q(+91,Q&U(k,B&P(25W(+5W,B;](+*@?p(=;I,B.@?A02?K(+,QYWO�<Q7:&P(+025WN19-(2,\(27S(+*-,\(27A(>?AYx0I,B&P(>?AYx<Q7:;I(2;B}G(+*-,
[^?A;2;Ç�',B&-,B02JKOÖ7ALl(2*1,g<Q7:[^.-9-(>?K(2587:&aËK;I(27:0+?AJA,Ñ[\,B`-5891[ÑCo(+*1,Ñ3:7:YW91[\,a7AL].1*PO6;25W<X?AY|;2.@?K<B,e5W(
76<B<B9-.158,Q;BCo?K&1`�.s,Q02*@?A.-;^,43:,B&Â5W(2;{;2910bL�?A<B,Ñ?A0I,X?Âò�02,B?AYo,Q;I(>?p(+,Ñ5W({76<B<Q91.158,Q;>ó�hÖôS?A;2;Ç�',B&-,B02JKO
<X?K&ÖNu,�LM9-0I(+*-,B0\N1027:TK,B&ð`-7³DR&Â58&P(+7eLM0I,B,Ñ,B&1,Q02JAOÂ?A&1`�02,Q;I(^[H?K;2;BC�DR*158<>*Â<X?A&ÂNs,�LM910b(+*1,Q0
`1,Q<B7:[\.s7A;2,B`�58&P(27�(2*1,F<B7A;I(\7ALd3A?K02587A91;G('O6.s,Q;\7KLr<Q7:&1;I(25W(291,B&P(\<B7:[\.u7:&1,B&P(2;^?K&1`�(2*1,�0+?XD
[^?K(+,Q025v?KY8;E(2*@?K(R(+*-,QO�?A0I,][H?A`-,l7ALÇõ1N19-(RDE,lDR58Y8Y_&17A(RJ:7{(+*-58;oL�?A0Z5W&Ñ7A910R[^76`1,BYW58&1J-h

zZ*1,B;I,=7:N-;2,B0b3K?K(+5W7:&1;ZY8,B?A`F(+7{(+*-,]LM7AY8Y87VDR5W&1JG&1,4DÉ<B7:[\.1YW,4�f5W('OH[^,B?A;2910I,B;QhÌ �����X�����C�����#��Í��.�P��´C�#�d���a�R�������µ���¶�p�P�F��³C�F�H´�} �@7:0]?F<B7:[\.19-(+?K(+5W7:&�ò�7A0l02,X?KY8YWOACy?A&PO-ó
.10I7f<Q,B;2;t(2*@?K(l5W&1<B0I,X?A;I,B;t(27A(>?AY�,B&P(+0I7:.POgNPO « C_(+?ATA,Q;t(+7A(+?AY�0I,X?AYw(+5W[^, ¥ Cy?A&1`g(2*@?K(]?K(r(+58[\,B;$µÎÐÏuÎ ¥ ò�Nu,Q('DE,B,B&$(+*1,{;b(>?A0b(n?A&1`$,B&1`$7ALx(+*-,\<Q7:[\.19-(>?p(+587A&�ód76<B<Q91.158,Q;];2.@?K(25v?AY�3:7:YW91[^,¨]ò�Ï�ó4Cf<B7:&P(+?A58&1;ELM02,B,r,B&1,Q02JAO{Ñ/ò�Ï�ó4Cf02,Q;I(Z[^?A;2;(ÒjòFÏ@ó4C@?A&-`/*@?A;Z?k[^5W&158[G9-[j;2910bL�?A<B,t?A02,B?=7ALÓ ò�Ï�ó�C1D�,n`1,Q�1&1,n(2*1,/¡>¢p¥r±u +�>«@�4�-£4¨©�A�E±@«6¯V£4¨¬¡2µA¦�¡>¢V£4¤�e%�7ALw(+*1,].10I7f<Q,B;2;|?A;

e%ÕÔ ÖM× «µØÚÙÜÛÝpÞ Ö_ß^¨]ò�Ï�ó Ø Ö"à`Ñ/ò�Ï�ó Ø Ö(á(ÒjòFÏ@ó Ø Ö"â Ó òFÏ�óOãÂä�Ï ò��-h ·Aó
DR*1,Q02,l(+*1,t3K?A0I587:9-;RÖ"åçæ¿${?A02,H¡>¢V£4¤o¡>¢V�FEÕ¡4¨¬�4�@¤E<Q7:&1;b(>?A&P(+;RDR*17:;I,t3K?AY891,Q;R?A02,l.1?A0+?A[\,Q(2,B0I;
7ALR(+*-,F<B7:;b(c[^76`1,BY®h�zZ*1,ÅÖ"å <B7A&U3A,B0b(H?KY8Y�<Q7:;I(c,QY8,Q[^,Q&U(2;G(+7e;I7:[^,H<X?A&17A&158<B?AY�<Q7:;I(c91&-5W(XC
.u,B02*1?A.1;R,Q3A,B&e?{[\7:&1,Q(+?A0IOH91&15q(Xh

zZ*158;{<Q7:;I(G[^76`1,BYE58;=3A,B0bO�<B7:[\.10I,B*1,Q&1;25q3:,ACx.10I7:N@?AN-YWO�[^7:0I,/;27g(2*@?A&�&1,Q,B`1,Q`�h)%'&�7:9-0
,4�f.1YW7:0+?p(+587A&1;R7AL�(2*1,k,4Ò\<B58,Q&1<QOÑ7AL�02,43:,B0I;25WN1Y8,k?A&1`S58020I,Q3A,B02;I58N1YW,][H?A<>*-58&1,Q;|5W&S<>*@?K.-(+,Q0r�-C@DE,
*@?X3:,kLM7:91&1`Ñ(+*@?K(|&17A(r?AYWYw7KL~(+*1,k?ANu7V3:,=(2,B02[\;d&1,B,Q`a(+7^Ns,k58&1<QY891`1,Q`a5W&Ñ(2*1,=<Q7:;I(r[^76`1,BY�5W&
7:0I`1,B0�(+7]�@&1`\(+*1,d7:.-(258[^?AY-[^?A<>*15W&1,R<B7:&f�@J:9102?K(+5W7:&1;�LM7:0~(+*-,|TU58&-`1;E7KL_<Q7:[^.-9-(>?K(2587:&1?AY-(>?K;2TU;
DE,k*@?X3A,k<Q7:&1;25W`1,B0I,B`Ñ;27cL�?A0Bh�÷67cDE,k?AY8;I7{;291J:JA,B;I(r?{;25W[^.1YW5W�@,Q`/3:,Q02;25W7:&Ñ7AL�(2*158;Z[\76`1,BY®h�������X�d�FèX��¯é�X�¶´C�%�����a�+�������Ú�������X�d��³C���H´�} �@7:0o?G<B7:[\.19-(+?K(+5W7:&/.10I7f<Q,B;2;Z(2*@?K(ZJ:,Q&1,B02?K(+,Q;
,B&P(2027:.PO « C-(>?KTA,B;R(+7K(>?AY�0I,X?AY�(258[\, ¥ C�?A&1`F(2*@?K(|?K(Z(+5W[^,Q;M$sÎrÏ�Î ¥ 02,Qm69-5802,Q;r?GLM0I,B,],B&1,Q02JAO
?AYWY876<X?K(2587:&^7AL]ÑHòFÏ@ó4C1DE,k`1,4�@&1,](+*1,G£4¨©¥r±u¦ ¨ êo�2�t±@«6¯³£4¨¬¡2µA¦�¡>¢V£4¤�e% �7ALw(+*1,].10I7f<Q,B;I;r?A;

e% .Ô ÖM× «�ØwÙ ÛÝ Ö"à8Ñ¿ä�Ï ò��-h§�:ó
DR*1,Q02,{(+*1,�Öëæì$�<Q7:&1;b(>?A&P(+;n?A0I,{.@?A02?A[^,4(+,Q02;l7AL�(+*1,{<Q7:;I(][\76`1,BY®hs@l5W3:,Q&e(+*1,\ôa?K02J:7:YW91;b�!y,Q365W(258&SNs7:9-&1`g7:&g<Q7:[\.19-(>?p(+587A&a0+?p(+,kLM0I7:[í�4·fh��1Cu(+*1,k;2,B<Q7:&1`e(+,Q02[á58&Ñ(+*15W;r<Q7:;I(l[\,X?K;2910I,
<X?K&=Nu,E<Q7:&1;25W`1,B0I,B`{?d[^,B?A;29-02,�7AL1(+*-,E[^?p�f58[G9-[&U91[GNu,B0w7AL@;I(+?K(+,Q;�(2*@?K(w<B7:9-Y8`=Nu,x(+0+?X3A,B02;I,B`
91;I58&1J{(+*-,nJA5W3:,Q&S,Q&1,B0IJAO�.10I7A�@Y8,l7V3A,B0Z(+*1,]J:5q3:,Q&Ñ(258[\,Ah
i�,t.1027A.s7:;I,|(2*@?K(o<Q7:;I(o[^76`1,BYW;EYW58TK,|(+*-,t?ANu7V3:,l?A0I,t?A.-.1027:.-025v?p(+,|LM7A0�,4�f.1YW7:025W&1Jk(2*1,t?K;IO6[^.6�
(+7K(+58<l.-*UO6;I58<X?KYyY858[\5W(2;�7AL�<B7A[^.19f(>?K(2587:&�h
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&('ON"'>& ,.-0/214<=S�b�;O5�?íUC<W7w[`[�S�[
ù!<B7:[\.1YW,4�f5W('OF[\,X?K;2910I,n(2,BY8YW;Z91;d*17VD(+7^?A;2;I58J:&S?c<B7:;b(|(27H?c.@?A0b(+58<Q91Yv?K0o58&1;b(>?A&P(25v?K(2587:&F7AL~?
<B7A[^.19f(>?K(2587:&c.10I7f<Q,B;2;Qhx%'&H<>*@?A.f(+,B0o�]DE,|DR5WY8Y1`15W;2<Q91;2;�?n3K?A025W,Q('Oc7AL_[^76`1,QY8;x7AL�<Q7:[\.19-(>?p(+587A&
.10I7f<Q,B;2;I,B;QhÅ@l5W3:,Q&)?Ñ<B7:[\.1Y8,��f5W('O�[\,X?A;I9102,^?A&1`�?Ñ[^76`1,QY�7KLo<B7A[^.19f(>?K(2587:&�C�DE,H<X?K&)<>*@?A0Ç�
?A<4(+,B0I58�Q,=(+*1,=<B7:[\.1Y8,��f5W('OÑ7AL�?A&POS.1027:JA0+?A[áDR025q(2(+,Q&aLM7:0d(+*@?K(t[^76`1,BY®C_?K;l?^LM91&1<4(+5W7:&g7ALx(+*-,
Y8,Q&1JA(2*µî¶hjik7AL�5q(+;R58&-.19-(Gò�58&ÑN15q(+;BCu;+?XO-ó4hRzZ*1,k.1027AJ:0+?A[ <Q7:[\.1Y8,��-5q('OFLM7:0RY8,Q&1JA(+*�î¶hjik58;d7AL©(+,Q&
`1,4�@&1,B`Ñ?A;E(+*1,rDE7:0I;I(I��<X?A;I,l<B7:[\.1YW,4�f5W('O\7ALy(2*1,t.10I7:J:0+?K[ì7V3A,B0R?AYWYu(2*1,t58&-.19-(+;E7ALwY8,Q&1JA(+*{î¶hji:h

�@910I(2*1,B0QC³DE,x<X?A&n`1,4�@&1,�(+*1,�<Q7:[\.1Y8,��-5q('Or7KL1?oJ:5q3:,Q&\¤¬µp£ðïl9-&1`1,B0�?Z[\7f`-,BYA7KLf<Q7:[\.19-(>?p(+587A&
?A;l(+*-,\<Q7:[\.1Y8,��-5q('Og7AL�(+*-,^.10I7:J:02?A[�(2*@?K(].u,B0ILM7A02[\;](2*@?K(l(+?A;2TaDR5q(+*�(+*1,cYW7³DE,B;b(n.1027:JA0+?A[
<B7A[^.1YW,4�f5W('OAC17:&F(+*1?K(d[^76`1,BY®h

ù�¡>¢p¥r±u¦8�*D:¨©¤®¯)¡4¦qµp£>£Ñ58;G(2*1,�;2,4(^7KLl?AYWY�.10I7:N1Y8,Q[^;G(2*@?K(\<X?K&ÂNu,�;27:Yq3:,B`�91&1`-,B0\?$JA5W3:,Q&
[\7f`1,QY�7AL�<B7:[\.19-(+?K(+5W7:&^DR5q(+*15W&HJ:5q3:,Q&/Ns7A91&1`1;o7A&F?A;IO6[\.-(+7K(+58<d<B7A[^.1YW,4�f5W('OAC-?K<B<B7A02`15W&1Jk(27{?
J:5q3:,B&Ñ<B7A[^.1YW,4�f5W('OH[^,B?A;29-02,Ah

Ø�Ù>Ø ñ�Þ6òÑéBÞ�ó ÜcâÔÞ6JSéBà�ç�éXêºô õ�Þ�ò\Þ4õxà~é#öeßQÞ ãRÜ\ä åeæaç�éXêºô
ç]÷gÞtÜÚõ]K

%'&G(+*-58;~;I,B<Q(2587:&kD�,Z0I,Q3658,4DÂ(2*1,o.@?A;b(�`1,43:,BYW7:.1[\,B&P(+;�5W&G02,43:,Q02;25WN1Y8,�<B7:[\.19-(258&1Jr(2*1,B7A0IO:h�ôS91<>*
7ALE7:910l.10I,B`1,Q<B,Q;2;27A02;Bñ�DE7:02Tg<B?A&$Ns,c58&P(2,B02.-02,Q(2,B`�?A;]?A&$?K(I(+,B[\.-(l(27Ñ<Q7:[\.@?A02,G(2*1,c<B7:[\.19f�
(>?p(+587A&@?AY�,4Ò\<B58,Q&1<QO�7KLr0I,Q3:,Q02;I58N1YW,S?K&1`�58020I,Q3A,B02;I58N1YW,F[H?K<>*158&1,Q;c91&1`1,Q0c3K?A0I587:9-;{<B7:[\.1Y8,��f5W('O
[\,X?A;I9102,Q;k?K&1`�[^76`1,BYW;r7ALE<B7A[^.19f(>?K(2587:&�hn%'&e(+*15W;t;2,Q<Q(2587:&eDE,cDR5WY8Y�;2*17VDj*-7³D´,X?K<>*�7AL�(+*-,
,4�f5W;I(+5W&1Jl02,Q;291Yq(+;~<B?A&cNs,Z5W&P(+,B0I.102,4(+,Q`\5W&=(+*-58;�D�?XO:C6?A&1`{(+*-,B&c58&H�>�-h×�]?K&1`c<>*�hP�rDE,oDR58Y8Yf<X?A0I0IO
(+*-58;Z,Q�s7:0b(|7A&UD�?A0I`Ñ(27c(2*1,]&1,QD<B7:[\.1Y8,��f5W('O/[\,X?K;2910I,B;Z(+*@?p(ZD�,n.1027A.s7:;I,B`Ñ58&e���-h§·fh§·fh×�-h
&('>&('*) øùS^Y_SCva[8;=94<WSú/û-Âü4S�<W[Õ-+ý�U^-_/21436587P58;W-_Q
úR,Q3:,Q02;I58N1YW,l[^76`1,BYW;o7AL�<B7:[\.19-(+?K(+5W7:&/<B?A&�Ns,l,B?A;25WYWO/`-,Q�@&1,Q`S5W&FJ:,B&-,B0+?KY�?A;Z[^76`1,QY8;o7ALw<Q7:[c�
.19-(+?K(+5W7:&n58&]DR*158<>*n(+*1,x(+02?A&1;25q(+5W7:&lLM91&1<Q(2587:&nNu,Q('DE,B,B&{[^?A<>*15W&1,x<B7:&f�@J:9102?K(+5W7:&1;�*@?A;�?d;I58&1JAY8,4�
3K?AY89-,B`�5W&P3:,B0I;2,Khg%'&)7A(2*1,B0nD�7:0I`1;BC~(2*1,H`-5802,Q<Q(2,B`�J:02?A.1*�;I*17VDR58&1Jg?AY8YW7³DE,B`�(+0+?K&1;25q(+587A&1;]Ns,��
('DE,B,B&�;I(>?p(+,B;]*@?K;k5W&f�'`1,QJ:02,Q,F¶:hc%'&$(2*158;l(2*1,B;I58;lD�,cDR58YWY~?AYqDo?XO6;n`1,X?AY~DR5q(+*�[^?A<>*158&-,B;l(+*@?p(
?A0I,n`-,Q(+,Q02[\58&15W;I(258<ACf;27c(+*@?p(d(2*1,]<B7:&f�@J:9102?K(+5W7:&SJA0+?A.1*Ñ?AYqDo?XO6;d*@?A;R7:9-(b�'`1,QJ:02,Q,n7A&1,n?A;dDE,BYWY¬h
÷f,Q,]�1J:9102,n�-hq¶:C@.�h1��$-h
&('>&('ON ,.-0/21436587:94;=<*;>5�?í;*QívaS^Y0SCva[8;=94<=S�/2-Mü4S�<W[
ùr;�D�,r?AY80I,X?A`fOc&17A(+,Q`/58&����-hq¶:hq¶:C67:&1,r7KL�(+*1,d[\7:;I(E58[\.s7A0I(>?K&U(�mU91,Q;I(+5W7:&1;�(+7G?K&1;IDE,B0�LM7:0�?K&UO
&1,4D)TU58&1`l7KL-<Q7:[^.-9-(>?K(2587:&r58;Rîbi�*1?K(yLM91&1<4(+587A&1;�5W(�<X?A&]<B7A[^.19f(+,x?K(�?KY8Y©�XïÑzZ*158;y<Q7:[\,B;yNu,QLM7:0I,
,QÒ\<Q58,B&-<QO�mU91,B;b(+5W7:&1;BC�;I58&1<Q,k7:NP36587A91;2YqO�?{[H?A<>*-58&1,Kñ×;R,QÒ\<Q58,B&-<QOS?K(d?{(>?A;ITF58;Z[\,X?A&15W&1J:YW,B;2;Z5qL
(+*-,n[^?A<>*15W&1,l<X?K&1&17A(d,Q3A,B&S.s,Q0ILM7:0I[�(+*1,l(+?A;2T�h
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Irreversible
þ

… …

Reversible

��5WJ:9102,E�-hq¶:}�ôa?A<>*15W&1,o<Q7:&-�@J:9-0+?K(2587:&kJ:0+?A.-*1;�5W&�ò�`1,4(+,Q02[\58&15W;I(+5W<Vó�02,43:,Q02;25WN1Y8,�?A&1`G5W020I,Q3:,Q02;I58N1YW,
[\7f`1,QY8;o7KL~<B7A[^.19f(>?K(2587:&�h

%'&](+*1,�<Q7:&-�@J:9-0+?K(2587:&lJ:02?A.1*1;�7ALf580I02,43:,B0I;25WN1Y8,~[^?A<>*15W&1,B;QCK<Q7:&-�@JA910+?K(2587:&-;�[H?XOr*@?X3:,�[H?A&PO
`15q�_,Q02,B&P(�.102,Q`1,B<Q,B;2;I7:0x<B7:&f�@J:9102?K(+5W7:&1;Bhw%'&{02,43:,Q02;25WN1Y8,E[^76`1,QY8;w7AL�<B7:[\.19-(+?K(+5W7:&�Cp,X?A<>*{<Q7:&-�@Jp�
9102?K(+5W7:&=[^?XO=*@?X3A,R?K(~[\7:;I(�7:&1,o.-02,B`-,B<B,Q;2;I7:0Bh�zZ*1,Z<Q7:&-�@JA910+?K(2587:&=J:0+?A.-*=(+*1,Q02,4LM7:02,o<Q7:&1;I58;I(2;
7ALs`158;©�I7:58&P(xYW7f7:.-;x?A&1`\<>*@?A58&-;BCPDR*158<>*\[^?VOGNs,R58&f�@&15W(2,Ah�%'&^Nu7A(+*c0I,Q3:,Q02;I58N1YW,|?K&1`^5W020I,Q3:,Q02;I58N1YW,
[\7f`1,QY8;�D�,Z[^?XO:CK5WL1DE,oDR58;I*�C:.u,B02[\5W(w<Q7:&-�@J:9-0+?K(2587:&1;�*@?X3658&1J4$|.102,Q`1,B<Q,B;2;I7:02;rò�5W&15W(25v?AYA;I(>?p(+,B;+ó
?A&1`aËK7:0M${;291<Q<B,Q;2;27A02;cò©�@&@?AYy;b(>?K(2,B;>ó�h
|�}�|^}�~�}d� ÿ��\�w��°X��¯C��¯�¾¡�%�X�8��������Í��»���%�d�X�d�����a�������C���±�`���º®"°����d���8¾¡°X����Í¶�»���%�a�
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JP?A0IN@?AJ:,�5W;^91&-<B7:[\.19-(2,B`Ö9-;258&-J.!y,B<Q,B0ILt02,Q3A,B0I;+?AY®Co(+*15W;\[=91<>*Ö;I.@?A<B,ÑDR58YWYZ;I(+5WY8YoNu,Ñ&1,B,Q`1,B`
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580I02,43:,B0I;25WN1Y8,g<Q7:[\.19-(>?p(+587A&ð58;/Nu,B5W&1J);I58[G91Y8?K(+,Q`�CZDR*1,B0I,X?A;F(2*1,g3:,Q0I(+5W<X?AYt?p�f58;H(20+?A<>TU;/(+5W[^,
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02,43:,Q02;25WN1Y8,d[^?A<>*158&-,B;�DR5W(2*17:9-(�;29f�_,Q0258&-J=?A;bO6[^.-(27A(+5W<Z58&1<Q02,B?A;2,Q;E5W&^,Q5W(+*-,B0�(+*1,Z(258[\,Z7:0x;2.@?A<Q,
02,QmU91580I,B`�hZÓE9-(r&-,B5W(2*1,B0R`17\D�,nTU&17VD!7AL�?cYv?K&1J:9@?AJA,](2*@?K(d<X?K&aNu,n.-027V3:,Q&a(+7^02,BmU915W02,n,4�6(+02?
;2.1?A<B,t7A0E(+5W[^,R(+7=02,B<Q7:J:&15W�B,t0I,Q3A,B02;I58N1YqOH5W&H7:0I`158&1?A0IO\[^?A<>*158&-,r[\7f`1,QY8;Qh�zZ*1,l`15qÒ\<B91Yq('O^5W;�5W&
<B7A&1;I(20291<4(+58&-Jc?=.102767ALy(2*@?K(o0I91Y8,Q;o7:9-(o?AY8Yu02,43:,Q02;25WN1Y8,t?AY8J:7A025W(2*1[\;BCP&17{[^?K(2(2,B0�*17VD ;I91N-(2Y8,r7A0
<BYW,Q3A,B0Bh

Ó�9-(n58;l(2*1, ���^® ò £\¤ ¢ óYXn ��® ò £¶¤ ¢ órmU91,Q;I(2587:&$(+029-YWOg`-5WÒ\<B91Yq(l(+7�02,Q;27:Yq3:,KC�7:0]*@?X3A,\DE,
�I91;b(FNs,Q,B&Õ91&-Y891<>TPOð5W&ð7:910H;2,X?K02<>*ÕLM7:0/?�.102767AL+� � L©(+,Q&Õ58&ð<Q7:[^.-9-(>?K(2587:&1?AYR<B7:[\.1Y8,��f5W('O
(+*-,B7:0bO:C�D�,]�@&1`g7A9102;I,BYW3A,B;|91&@?AN1YW,l(+7\.1027V3:,nDR*1,Q(2*1,B0r7:0R&17A(R('D�7H<B7:[\.1Y8,��f5W('OF<QYv?A;I;2,B;GòMLM7:0
,4�-?A[\.1YW,AC[Zá?K&1`]\-Z=ól?A02,\,BmU915q3K?AY8,Q&U(Bh�z�02?A`15W(2587:&1?AY8YqO�ò�?A;k5W&ù�����vó4C�7A&1,\D�?XO�(27a5W&1`158<B?K(+,
(+*1?K(F;29-<>*Ô?K&Õ,BmU915W3K?AYW,B&1<Q,e[^5WJ:*P(/0I,X?AYWYWO�Nu,e`15WÒ\<B9-YW(H(27�.1027V3A,e58;H(27);2*17VD�(+*@?K(/5WLl(+*-,
[^?A<>*158&-,^[\7f`-,BY�`1,4�@&158&-Jg,X?A<>*�<BYv?K;2;n58;k?A91J:[\,B&P(+,Q`�DR5q(+*�(2*1,/?KN158YW5W('Oa(27a.u,B0bLM7:02[ ?Ñ&1,QD
('O6.s,\7ALE7:.u,B0+?p(+587A&�ò®?FmU91,B0bOe(+7S?�;I7K�'<B?AY8YW,B`�îI7A0+?A<QY8,BïPó4C�(+*-,B&�(+*1,\<BY8?A;2;I,B;][H?XOeNu,{.10I7³3A,B&
,B5q(+*1,Q0c,BmU9@?AYZ7:0{9-&1,BmU9@?AY®C�`1,Q.s,Q&1`15W&1J�7A&�(2*1,�Ns,Q*@?X3f5W7:0{7ALd(+*1,Ñ.@?A0b(+5W<B91Y8?A0G7:02?A<BYW,Ah�zZ*15W;
;2*-7³DR;G(2*@?K(G?A&PO�.-02767ALR,BmU9@?K(258&1Ja7:0k;I,B.@?K0+?K(258&1Ja(2*1,^('DE7e<BY8?A;2;I,B;G[=91;I({[^?ATK,H91;I,/7ALZ(+*-,
L�?A<4(o(+*@?p(R&17:02[^?AYu[H?K<>*158&1,r[^76`1,BYW;Z?A0I,t7:&1YqOH<B?A.@?AN1YW,t7ALw.u,B0ILM7A02[\58&1J{?G.1?A0I(258<B9-Yv?A0EY858[\5W(2,B`
;2,4(Ñ7ALn.1025W[^5q(+5W3A,S7A.s,Q0+?K(2587:&1;Qh � (+*-,B0IDR5W;2,KC|DE,$<Q7:91YW`��I91;I(S?A`1`ð(2*1,$?A.1.10I7:.10I5v?K(2,g7:0+?K<BY8,
<X?KY8Yw?A;l?H&-,QD	.1025W[^5q(+5q3:,]7:.u,B0+?p(+587A&�C_?K&1`g58&P3K?AYW58`@?K(2,l(+*1,G;I91.1.u7:;2,Q`e.102767ALÇh|%'&e<B7:[\.1Y8,��f5W('O
(+*-,B7:0bO:C15q(o58;E;+?A5W`/(+*@?p(R?A&PO/.10I7f7KL�7ALy(+*1,l,QmU915W3K?AYW,B&1<Q,t7:0o5W&1,BmU915q3A?KY8,B&-<B,r7KLw(2*1,r('DE7c<BYv?K;2;2,Q;
[G91;b({&17A(eîI02,QYv?K(25W3658�Q,AC�ïg(+*@?p(G58;QC~5W(=`176,B;G&17K(G02,Q[H?K58&�3K?AYW58`�02,BY8?K(+5q3:,\(+7g[\7f`-,BY8;n(+*@?p({?A0I,
?A91JA[^,Q&U(2,B`\DR5W(+*c7:02?A<BYW,B;Qh�úd,Q.19-(2,B`1YqO:CU(+*15W;�0I91Y8,Q;x7:9-(E?nY8?A02JA,Z&69-[GNs,Q0E7KL�.10I7f7ALu(+,Q<>*1&15Wm69-,B;
LM027A[�02,Q<B910I;25W7:&Ñ(2*1,B7A0IO:C�?K&1`S[\,X?K&1;Z(+*@?K(R0I,B;I7:YW3658&-Jc(2*1,]mU91,B;b(+587A&ÑDR5WY8Y_Nu,][^7A02,l`15qÒ^<Q91YW(Bh

%'&g(+*15W;r;I,B<Q(2587:&SD�,GDR5WY8Y�`1,B[\7:&1;b(+02?K(+,KCsLM7:0r?A&POaJ:5q3:,Q& £\¤ ¢ 58&e?^Yv?A0IJ:,k<QYv?A;I;BC_?A&e7:0+?K<BY8,
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Ó 02,BY8?K(+5q3:,Z(+7]DR*15W<>*^DE,r.10I7³3A, ����® ò £\¤ ¢ ó)^]_n �^® ò £\¤ ¢ ó2^�CPLM7:0�(+*-,|<B?A;2,|7AL�;I,B0258?AY@[^?A<>*158&-,
[\7f`1,QY8;dDR5W(+*�?^<B,B0b(>?A5W&eTU58&1`e7ALx7A0+?A<QY8,G5W&U(2,B0bL�?A<B,Khk�@7:0d(+*1,Q;2,{;2?A[^, £\¤ ¢ DE,{*@?X3:,{&-7A(tO:,4(
LM7:91&-`�?A&�?AYq(+,B0I&@?K(25W3:,{7A0+?A<QY8,a`ûLM7:0lDR*158<>* ����® ò £\¤ ¢ ócb n ��® ò £\¤ ¢ ócb~hc%�(n[H?XOgNu,{(+*@?p(
&17:&-,n,��f58;I(2;BC@N19f(d(2*158;R5W;Z91&1<B,Q0I(+?A58&�h
�Ê��Í��»���%�d�X�d�������a���F�����¶�#����²>�8����} ��580I;I(BC6DE,l`1,Q�1&1,]?A&F7:02?A<BYW,r58&P(2,B0IL�?K<B,|(2*@?K(R?KY8Y87VDR;�?=02,��
3:,Q02;I58N1YW,d[^?A<>*15W&1,o(+7n<X?KY8Y@?A&\7:02?A<BYW,Ah � 0I`158&@?K0258YqO:CK7:0+?A<QY8,ZmU91,Q0258,Q;�?K02,R580I02,Q3A,B0I;258N-Y8,ACU?K&1`\(2*U91;
58[\.u7:;2;I58N1YW,=58&e0I,Q3A,B02;I58N1YW,c[H?A<>*-58&1,Q;Bh{�@7:0t,��-?A[^.-Y8,AC�?FN15q(l7AL�(+*1,{7A0+?A<QY8,Añ�;]?A&1;bD�,Q0k<B?A&1&17K(
�I91;b(R7³3A,B0bDR025W(2,l;27:[\,t;b(+7:02?AJ:,lY876<X?p(+587A&�CUNs,Q<X?A91;I,]02,BJ:?A02`1YW,B;I;Z7ALyDR*1,Q(2*1,B0Z(2*1,lY876<X?K(2587:&^<B7:&6�
(>?K58&1,Q`edk7A0gfdNs,4LM7:02,Z(+*-,|7:02?A<BYW,Z<X?AYWY¬CU?KL©(2,B0�(+*-,d<B?AY8Y@5q(�D�7A91Y8`\<B7:&P(+?A58&c(+*1,R7:02?A<BYW,Añ�;�?A&1;IDE,B0Qh
zZ*1,Z0I,B;29-YW(+5W&1Jr<Q7:&-�@JA910+?K(2587:&kD�7:9-Y8`G(+*U91;�*1?V3A,o('D�7l.-02,B`-,B<B,Q;2;I7:02;QC-?A&-`G(+*1,o[^?A<>*15W&1,EDE7:91YW`
Nu,n5W020I,Q3:,Q02;I58N1YW,Ah

� 910r0I,Q3:,Q02;I58N1YW,G7:0+?K<BY8,��'<B?AY8YW58&1J{.10I7A(+76<B7AY�5W;t?A;dLM7:Y8YW7³DR;QhtôS?A<>*158&-,B;rDR5WY8Y�*@?X3:,G0I,Q3A,B02;I58N1YW,
02,B?A`e?A&-`SDR025q(+,=?A<B<Q,B;2;|(+7/?\;2.u,B<Q5v?AYZ¢p Iµ6¡4¦8�=¤¬µ4±@�nDR*158<>*a*@?A;t?^`1,Q�@&-5W(+,n;I(+?A0I(BC_91&UNu7:91&1`-,B`
Y8,Q&1JA(2*�CP?A&1`c5W;�58&-5W(+58?AY8YqOl<BYW,X?A0Qh�ùo(�?K&UOk(+5W[^,KCK(+*-,Z[H?A<>*-58&1,o5W;�?AYWY87VD�,Q`=(+7l.u,B0bLM7:02[´?A&g¢p Iµ6¡4¦8�
¡2µA¦©¦'Cu?^;I.s,Q<B5v?KYw.-0258[\5W(25W3A,t7:.u,B0+?p(+587A&ÑDR*15W<>*a5W&a?\;258&-J:Y8,];I(2,B.g0I,B.1Y8?A<B,Q;d(2*1,n,B&P(+5W02,n<B7:&P(+,Q&P(+;
7ALt(2*1,a7A0+?A<QY8,�(>?A.u,ÑDR5q(+*Â&1,QD"<B7A&U(2,B&P(+;QCd?A<B<Q7:02`15W&1J�(27);27A[^,��-�f,B`Õ5W&U3A,B0b(+58N-Y8,�[H?K.1.158&-JÓ }ihkj hÉ7V3A,B0H(2*1,a;I.@?A<B,+hÉ7ALt.s7:;I;25WN1Y8,�(>?A.u,a<Q7:&P(+,Q&U(2;BhÔzZ*1,SLM91&-<Q(+5W7:& Ó 58;\<X?AYWY8,Q`
?a±@�4 �¥{�f¤¬µA¤®¨¬¢p��¢p Iµ6¡4¦8�:h��@910b(+*1,Q0BC�5WL Ó 58;=5W(+;{7VDR&�58&P3A,B02;I,AC Ó n Ó6l Ã C�5q(GDR58YWY�Nu,F<X?AYWY8,Q`
£V�4¦ �<P' +�4�A�4 +£4¨dBB¦8�:h�ø�0I,B;2,Q&P(+,B`a[^7:0I,tLM7:02[^?AYWYWOu}
m ��è]���F���d���r|�}d�a} ù±@�4 �¥{�f¤¬µA¤®¨¬¢p�$¢p 2µ6¡4¦8� Ó 5W;R?A&Ñ58&P3:,Q0I(+5WN1Y8,\òMN15 �I,Q<Q(25W3:,XóELM91&1<4(+587A&Ó }nh�joh~C1DR*1,B0I,6h$5W;o(+*1,];2.1?A<B,n7AL�.s7:;I;25WN1Y8,l<Q7:&P(+,B&P(2;|7AL�?c;2,B[\5q��58&-�1&15W(2,\¢p Iµ6¡4¦8�]¤¬µ4±@�:h
m ��è]���F���d���r|�}�~�} ù�£V�4¦ �<P' +�4�A�4 +£4¨dBB¦8�gpW±@�4 �¥{�f¤¬µA¤®¨¬¢p�nqn¢p Iµ6¡4¦8�E58;�?r.s,Q02[G9f(>?K(2587:&n7:0+?K<BY8, Ó ;291<>*
(+*1?K( Ó n Órl Ã h

%'&n(2*1,xNs,QY87VD]C³D�,�DR58YWYA`1,B?AYP7:&1YqOrDR5q(+*];2,QYWLv�'0I,Q3A,B02;I58N1YW,x7:0+?A<QY8,Q;Bh�÷f,BYqLv�'0I,Q3:,Q02;I58N15WY85W('O|,B&-;2910I,B;
(+*1?K(n[H?A<>*-58&1,Q;l<X?A&$,X?A;I58YqOg91&1`-7S7:02?A<BYW,{7:.u,B0+?p(+587A&1;BC-�I91;b(=?K;](2*1,QOg<X?A&$,X?A;I58YqOg91&1`-7Ñ(2*1,B5W0
7VDR&�58&P(+,Q02&@?AYs02,43:,B0I;25WN1Y8,l.10I58[\5W(25W3:,Q;Bh	%�Lw7:0+?A<QY8,t<B?AY8YW;EDE,B0I,n*1?A02`/(27\9-&1`171C-(2*1,B&F(2*1,l7:0+?K<BY8,
[\7f`1,QY_DE7:91Y8`�Nu,]91&1Y85WTA,QYWOH(27{(+,X?K<>*a91;d?A&POU(+*15W&1Jc[^,B?A&15W&1JALM91Yy?KNs7:9f(R7:02`15W&@?A0bO/[^?A<>*158&-,B;Bh£ ¢ ¾ð������������°������d�X�d�����H´�} %'&S7A02`1,Q0RLM7A0Z7:910R.102767ALw(+7cJ:7{(+*-027:91JA*�C1D�,]DR58YWY_&1,Q,B`Ñ(+7c02,Q;I(+0I58<4(
7:910r?K(2(2,B&P(+5W7:&S(27/;2.1?A<B,{?K&1`a(+5W[^,lLM91&-<Q(+5W7:&1; £ òdî�hjipó ¤ ¢ òdî�hjiVóZDR*158<>*g?A02, «'s P2¡>¢p�-£4¤� ���¡4¤�¨dBB¦8�:C
[\,X?A&15W&1Jg(+*1?K(cJ:5W3A,B&�?A&PO�5W&1.19-(c7ALdYW,B&1JA(2*éî¶hji:CE?A&�580I02,43:,B0I;25WN1Y8,F[^?A<>*15W&1,/<X?K&Â<Q7:&1;I(20291<4(
N15W&@?A0IOS02,Q.102,Q;2,Q&U(+?K(+5W7:&1;l7AL�(2*1,G&U91[GNu,B0I; £ òdî�hjipó|?K&1` ¢ òFî¶hjiVó|91;25W&1J/7:&-YWOS;2.@?A<Q,
R�ò £ òdî�hji³óIó
?A&1`ð(258[\,%RFò ¢ òdî�hjiVóIó4hÉi�,a;I(>?p(+,e*1,Q02,gDR5W(2*17:9-(H.102767ALl(2*@?K(F[^?A&POÖ0I,X?A;I7:&@?AN-Y8,g.@?K5802;^7AL
LM91&1<4(+5W7:&1;k?A02,\58&1`-,B,B` £ ¢ ��<B7:&-;I(+0I91<Q(258N1YW,AhF�@7:0],��1?K[^.1YW,AC £ n î Ähji C ¢ n îuthji <B?A&�Nu7A(2*�Nu,<B7A[^.19f(+,B`=58&k(258[\,vR�òMY87:J Ä î�hji³óy.1Y891;CR�òFî¶hjiVó�(+7|<B7:9-&U(�(+*1,E58&1.-9-(�N-5W(+;QC:?A&-`G;2.@?K<B,wRFò�YW7:J:î¶hjiVó
.1YW91;gR�òFî¶hjipó�5qL�DE,]58&1<QY891`-,t(+*1,]58&-.19-(Xh
ÿ|,��6(XC�D�,n&1,B,Q`g;27A[^,]N@?A;I58<n`1,Q�1&15W(2587:&1;Z(27^;I91.1.u7:0I(d(+*1,n&17A(2587:&�7AL�58&1<Q7:[\.102,Q;2;25WN158YW5W('O\(+*@?p(
DR58YWY-Nu,Z<B0I91<B58?AY-(+7t(2*1,R.102767ALu7ALu7:910~(2*1,B7A02,B[Ñh~zZ*1,ZLM7:YWY87VDR58&-Jr`1,4�@&15W(2587:&c?K&1`cY8,B[\[^?|LM7:Y8YW7VD
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A possible oracle tape configuration.

Mapping performed by oracle call operation.
x

(a) (b)

��5WJ:9102,G�-h×�-}l%'Y8Y89-;I(+02?K(+5W7:&g7ALx(2*1,c;I(+0I91<Q(29102,\7ALtò®?Pó|?�.u,B0I[G9-(+?K(+5W7:&e7:0+?K<BY8,KC�?A&1`Âò�N@ó]?F;I,BYWLv�
02,43:,Q02;25WN1Y8,].u,B0I[G9-(>?p(+587A&F7:0+?A<QY8,Kh

%'&�,B5W(2*1,B0c<B?A;2,KC�(+*1,Ñ7:02?A<BYW,F<X?AYWYo7:.u,B0+?p(+587A&�0I,B.1Y8?A<B,Q;\(2*1,�7:Y8`�<B7A&U(2,B&P(+;\7AL|(+*1,Ñ7:0+?K<BY8,
(>?K.s,GDR5q(+*e&1,4Dj<B7A&U(2,B&P(+;k?A<Q<B7:0I`158&1J/(27�?/(+0+?K&1;25q(+587A&aLM91&1<4(+587A& Ó }"hyj h�(+*@?p(l58;]?/.u,B0Ç�
[G9-(+?K(+5W7:&/[^?A.1.15W&1J�;�?=N15 �I,Q<Q(25W3:,tLM9-&1<Q(2587:&0;Õ7V3:,B0o(2*1,l;2.1?A<B,zh$7ALw.u7:;2;I58N1YW,r(>?A.u,l<B7A&U(2,B&P(+;Qh
zZ*1,cN15 �I,B<Q(25W365W('Oa7AL�(+*15W;tLM91&1<Q(2587:&�[\,X?A&-;t(+*@?K(n?F<B?AY8Y�(27Ñ?�.u,B0I[G9-(+?K(+5W7:&e7:0+?K<BY8,=58;]?AYqDo?XO6;
?c02,Q3A,B0I;258N-Y8,n7:.s,Q0+?K(2587:&_h�ùdL©(+,Q0|?K&a7:02?A<BYW,l<X?AYWY¬C-(2*1,k.-02,Q365W7:91;R7:0+?K<BY8,l(+?A.s,]<Q7:&P(+,B&P(2;r<X?K&aNu,
91&15WmU91,BYqOH`1,4(+,Q02[\58&1,Q`ÑNPO/?A.1.1YqOf5W&1J=(2*1,l58&P3:,Q02;I,n[^?A.1.-58&1J Ó6l Ã h�%'&�;2,QYWLv�'0I,Q3A,B02;I58N1YW,t7:02?A<BYW,B;BCÓ n Ó6l Ã h
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(+*-,r;2.-58025q(�7AL�(+*-,|`15W;2<Q91;2;I587:&1;�7AL�5W&1<B7:[\.10I,B;2;I58N15WY85q('OG58&{!y5s?K&1`{�r5W("!?K&UO65®ñ×;�,4�f<B,QY8YW,B&P(oNu7f7AT{7:&
9l7:Y8[\7:J:7A027V3\<B7:[\.1Y8,��f5W('O � ¶�$A���¬h
m ���#�����d�C���F�¶����´C���#�����f�a��¯¿���¶�p�X�����#�#�F�P�d�d�F�H´�} ù��6�>£V¡4 �¨§±u¤®¨¬¢p�S£4¯V£4¤'�4¥ Àn58;d?A&POFLM91&1<��
(+5W7:&�À�}}|~d ¤ f1���+j |~d ¤ fn���{LM027:[ N15W(b�';I(2025W&1J:;G(+7$N15q(I�';b(+0I58&1J:;QC�(+*@?K(\5W;BCxLM027:[ �6�>£V¡4 �¨§±u¤�¨¬¢p�-£
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7:9-('D�?A0I`1;r?KY87:&1JG(2*1,]<>*@?A5W&S?c<B7A&1;I(+?A&P(|`-58;I(+?A&1<Q,n5W;Z<B0I91<B58?AY_(+7\7:910Z.-02767ALÇh
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�����1öÇþ����÷���õ�÷�öcòô÷��Üù
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�õd�Ìò��nÿeþnöc÷gòôÿ8��ò��þ��Ì÷��:(�-Q�"��÷B������ò��:�8�1öÇò	e��1ÿ��¯þ��f��òôÿ�÷��L�1ÿ,ø�ùPE�ù'ý���÷��Ç÷_�Çò��(÷��MþnöÇ÷B��÷��Ç÷�ö'�{ò�ÿ�÷��g.
þ����1ö'��òôÿ�ó,�"�7��÷�AÃÿ�ò	�Ìò	�1ÿ�ø{þ�(f�h n÷�.&������÷��	-�(/-i�"��÷¤þnöcöÌþnÿ�ón÷��(÷�ÿ��X���2�Ìöcò þnÿ�ó��ô÷��5J�öÇ÷���öÇ÷��c÷�ÿ��Ìò�ÿ�ó
�1öÇþ����÷,��õ�÷ÜöÇò�÷���.j�Ç÷Ü÷7AÃó�ù�ø.ù ú�H_�1ÿk�"��÷,I�Ãþnö<�:ùDlCþ�I�9 1÷�ö<�Ì÷NGm���«þD�ÌöÇòôþnÿ�ó���÷*ó1÷�ÿ�÷�öÌþ$�Ì÷��£þi��òôÿ�÷
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òôÿ�ò	�Ìòôþ�� 3 þnöcöÌþV-�.j�1ör÷����c÷,����÷7A�ö��'�5��õ�÷�ö<-9���Ãþ��ròôÿ� ����	 n÷��
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l�G�þ��(òôÿ�÷��nöÌþ���ô÷_�¯þ��¢÷~ù
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