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Cycles Wasted Due to Branches

� bd�qu\fc_��A� ? (
+%_hf � _hikjloq��_ | s � " � rd_a` �*oq`gjc_hm:m\u\_�j | �\fcoqi � ^ |��a� u\fgfc_hi � _

u\eTj | ����� �6�"i{jc^\_�`gbdy�u\rdo�jlb | i\`6e]_hf�s | fcyT_hm{bdi�jl^\bz` � | f�G�jl^ _�^\bxj*fco�jl_a`*bziTjc^\_�e\fg_hm\b � jcb | i
jloq�\rd_a`�floqi ��_hm:�W_�j4�*_a_hi � � � o�i\m �-<�� s | f~jc^\_�^ "�� fcbdm:` � ^ _hyT_q�

�"i�o��q_hflo���_q�%jl^\_Ti1u\y��]_hf | s~bdi `gjlfgu � jcb | i `�m _hrdbx��_afc_hmPj | jl^\_{m\bd`gepo�j � ^ `gjloq��_Tbd`�r | ��_hf
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j | m\_ardbz�q_hf � bzi\`gjcfcu � jlb | i\` e]_hf � " � rz_q�:!�^\bd`�yT_�oqi\`�jl^po j�� bzi o��q_hflo���_q�
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jc^\_�iAu y��W_af | s bdi `gjlfgu � jcb | i `6_���_ � u jl_amneW_af � " � rd_	5 ��+/)�76bd`
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� bd�qu\fc_���� � (6�"i\`�jlfgu � jcb | i\`�sv_�j � ^\_am5e]_hf � " � rz_
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jc^\_�i1u\y��]_hf | s8bdi\`�jlfgu � jcb | i\`/sv_aj � ^\_hm �1��^\bdrz_��q_hfgjcb � oqr o ��bz`*e\fg_h`c_aikj�jl^\_�eW_af � _aikj oq��_ | s>jl^\_
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`g^ | u\rzm �]_ `geW_ai\m\bzi\� 0 �q� � | s jl^\_ jlbzy{_ m\bz`cepo j � ^\bzi\� � bdi\`�jlfgu � jcb | i\`a��jl^ _ y{o ��bdy�u y
i1u\y��]_hf�`gu\e\e | fgjc_hm:� " jl^\_�oqf � ^\bzjc_ � jcu\fc_��

� bz��u\fc_��A� � (
�bd`gjcfcbz�\u jlb | i | s bdi\`�jlfgu � jcb | i\`�bzin�W_ai � ^\y{oqf�G1`	5 o 7*�KAhbdep��o�i\m 5v�?7~_h}1upo-G�_

��i�s | fgjcu\ipo�jc_hr4"q�\jl^\_�m\bz`gjcfcbd� u jlb | i | s�bzi\`gjcfcu � jlb | i\`�sv_aj � ^\_hm(bd`���_af " m\b � _afc_hikj�svf | y jl^\_
bzm\_�oqr ����j�bd`�e | `g`cbd� rd_ j |n| �\`g_hfg�q_Tjc^po�jh� bdi o�rdr � oq`c_a`h�>jl^ _hfc_�o�fc_ oV`gbd��i\bxw � o�i1j�eW_af � _aikj oq��_
| s � " � rz_h`�bdi=��^\b � ^(i | bzi\`gjcfcu � jlb | i\` ��_hfg_ sv_�j � ^\_am ��!�^\bd`�`cbxjlupo�jcb | i bz` � | fg`c_3��^ _hi u\`gbdi\�
^ "A�\fcbzm(e fc_hm b � jcb | i �]_ � oqu\`c_���bdinjl^\bz` � oq`g_q�pjl^ _�sv_�j � ^(`gj o���_�oqrd` | `�j oqrzrd`�m\u _�j | yTbd`ge\fc_am\b � 0
jcb | i\`a� !�^\_�m\b � _hfg_hi � _��]_aj4��_h_hinu `cbdi � e]_hfgsv_ � j~oqi\mV^ "A�\fcbzmVe\fg_hm\b � jlb | iTbd`/`cbd�qi\bzw � oqikj~o�i\m �
bzi(` | y{_ � o�`c_h`a�t`gu � ^ oq`��W_ai � ^\y{oqf�G "�� � �]o � ^\bz_a��_a` : � � ��7 | �*_���_hfa� � 0 � o � ^\_ y{bz`c`c_a`�y{o/"
oqrz` | bdi � fc_hoq`c_�jl^ _{e]_hf � _hikjloq��_ | s � " � rd_h`�bdi���^\b � ^ i | bdi\`�jlfgu � jcb | i\`���_hfg_{sv_aj � ^\_hmt�n!�^\bd`
_ � e r oqbzi\`�jl^\_ ^\bd��^:flo jl_h`�fc_ho � ^\_am � " jc^\_ � oq`c_a` | s Ah_hf |V| f�sv_ � bzi\`gjcfcu � jlb | i\`�sv_aj � ^\_hm e]_hf
� " � rd_��

����_aiVu\`cbzi\� e]_hf�sv_ � j*e\fg_hm\b � jcb | i �kjc^\_�i1u\y �W_af | s � " � rz_h`*`geW_aikj*sv_aj � ^\bdi � � bdi\`�jlfcu � jlb | i\`
bz`�`cy{oqrdr � !�^ _��]_h`�j � oq`g_ |��a� u\fg`/bzi �W_ai � ^\y{oqf�G "�� ��� ��^ b � ^ �h| u\rzm bdm\_hoqrdr " sv_�j � ^ � bdi\`�jlfgu � 0
jcb | i\`6bzi < 2 � | stjl^ _ � " � rd_a`h�6�"iT�W_ai � ^\y{oqf�G �� �����k�k^ | �*_���_hfa� � bdi\`�jlfgu � jcb | i\`&��_hfg_�sv_�j � ^\_am
bzi�Bgu\`gj�� <�� | s%jl^\_ � o�`c_h`a��!�^ _h`c_�flo jl_h`�oqfg_�r | � �W_ � oqu\`g_ e]_hf�sv_ � j�e fc_hm b � jcb | in` | rz�q_h` | i\r "
yTbd`ge\fc_am\b � jlb | i\`h�:�"i\`gjcfcu � jlb | i oqrzbd��i\yT_hikj oqi\m � 0 � o � ^ _Vy{bz`c`g_h`�o�fc_Vo�m\m\bzjcb | i\oqr
e\f | � rd_hyT`
e\fg_a�q_hikjlbzi\� o rdoqfc��_af~sv_aj � ^(�po�i\m���bdm�jl^:bdinjl^\_�`gu\eW_afc` � oqrdoqf�oqf � ^ bzjl_ � jcu\fc_��

�u\fgbdi\��y | `gj | s jl^ _�jcbdyT_q� o�r | �*_af�i1u\y �W_af | s bzi\`gjcfcu � jlb | i\`�bd`~sv_aj � ^\_hm*��^\_hi(^ "�� fcbdm
e\fg_hm\b � jcb | i(bd`�u\`c_am ��!�^\_��]_h`�j � o�`c_ �*oq`�o � ^\bd_���_hm � "(�W_ai � ^\y{oqf�G � ��
��q� ��^\b � ^ sv_�j � ^\_am
� bzi\`gjcfcu � jlb | i\`�m\u\fgbdi\� 0 � � | s/jl^\_�jcbdyT_q� �"iP�q_hi\_afloqr �>^ | �*_���_hfa� s | f�y | fg_ jl^\oqi ��� � | s
jc^\_ � " � rz_h`�jl^\_�oqf � ^\bzjc_ � jlu\fg_�bz`~sv_aj � ^\bdi\� 0 j | �Tbdi\`�jlfcu � jlb | i\`�e]_hf � " � rd_��
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� bd�qu\fc_��A� 0 � (
�bd`�jlfcbz�\u jcb | i | s bdi `gjlfgu � jcb | i `�bdi �W_ai � ^\y{oqf�G1`	5 o 7*� �h� oqi\m 5 �'7�yT_h`co
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_afloq��_ i1u\y��]_hf | s
bzi\`gjcfcu � jlb | i\`�sv_�j � ^\_am eW_af � " � rd_�� ":jl^\_ o�f � ^\bxjl_ � jlu\fg_ ��bzjc^5jl^ _�^ "�� fcbdm
e\fg_hm\b � j | f s | rzr | ��_hm � " jc^\_ | i\_nu `cbdi � o eW_afgsv_ � j�e\fg_hm\b � j | fh� �"iGoqrdr � o�`c_h`a�/jc^\_ni1u\y��]_hf
| s8bzi\`gjcfcu � jlb | i\`�sv_�j � ^\_am(� "Tjl^\_�o�f � ^\bxjl_ � jlu\fg_9��bzjc^Vjl^\_�eW_afgsv_ � j�e\fg_hm\b � j | f~bd`�`cbd�qi\bzw � oqikjlr "
^\bz��^\_afh�%�"iT�]_hi � ^\y o�f�G "�� � � ��^ _hfc_~jc^\_�r o�fc��_af m\b � _afc_hi � _+�*oq` | �\`g_hf���_hmt�Ajc^\_�oqf � ^\bzjc_ � jcu\fc_
��bxjl^ ^ "A�\fgbdm e fc_hm b � j | f�sv_aj � ^ _hm | i\r " 2 � � | s*jl^\_{bdi\`�jlfcu � jlb | i\`�u\`cu\oqrdr " sv_aj � ^\_hm � "Pjl^\_
| i _ ��bzjl^(o eW_afgsv_ � j�e\fc_am\b � j | fa�

! oq� rd_���� < (
� � _ � jcbz��_�sv_aj � ^(�\oqi\m���bzm jl^
� _hi � ^\y o�f�G 7="A�\fgbdm(+
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�
e\f < � �k� 2 � �1�

� bzipoqrdr "��kjl^ _���+�) 5 �"i `gjlfgu � jcb | i `�+ _hf�) " � rz_�7*bz`~`c^ | ��i bdi � bd��u\fg_���� 0 ���6!�^ _�mpoqf�G{�poqf
yT_�oqi `%jc^\_*e]_hf�s | fcy{oqi � _�fg_�o � ^\_am � "�jc^\_~o�f � ^\bxjl_ � jlu\fg_%��bxjl^ ^ "A�\fgbdm�e\fg_hm\b � jcb | i � ��^\bzrd_
jl^\_
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�bz`gjcfcbd� u jlb | i | s bdi\`�jlfcu � jlb | i\`�bzin�W_ai � ^\y{oqf�G1`	5 o 7*epo�fc`c_af�oqi\m 5 �?7*�Ae\f
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if (a == b) {
   c = a + b;
   d = a − b;
}
else {
   c = a;
   d = b;

// I1

// I3
// I2

// I4
// I5

// I7
b = c + d;
a = b;
}

e = a + c;// I6

// I8
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DCE Misprediction Reduction

(Large Architecture)
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� fc_�o�`c_ | �q_hf�jl^\_T�poq`g_hrdbzi\_q� ��i\m bzs�i |5| ��_afc^\_hoqm ��_hfg_ bdikjcf | m\u � _am � jc^\_T`ce]_h_hm u\e � | u\rdm
e\f | �poq� r4"V�]_�_a�q_hi �]_ajgjl_afh�

�"i�o���_afloq��_���_���_ai u `cbdi �Go y{_ � ^poqi\bz`cy j | bzm\_hikjcbzs " �h| ikjcf | r�bdi\m\_aeW_ai\m\_ai1j m\o�j o bzi�0
m\_aeW_ai\m\_ai1j 5 )*���� 7nbdi `gjlfgu � jcb | i `h��jc^\_ | �q_hfg^\_�oqm bdikjlf | m u � _am ��f | ��`(rzbdi\_hoqfcr " ��bxjl^�jl^\_
oqf � ^\bzjc_ � jlu\fg_ ��bdm jc^ bdi � fc_hoq`c_�� �"i jc^\_8� | fc`gj � oq`c_a`h�8o � ^ bd_a�q_hmPbdi : �C& ��bdm _�e\bde]_hrzbdi\_a`h�]jl^\_
| ��_afc^\_hoqm � oqi fg_�o � ^Py | fc_ jl^\oqi ? � � | s/jl^\_Tbdi `gjlfgu � jcb | i `h��!�^\bd`�yT_�oqi\`�jc^po�j��8bzi o��q_hf�0
oq�q_q�\jl^ _hfc_ oqfc_ ? � � y | fg_�bdi\`�jlfcu � jlb | i\`��]_hbdi �Tsv_�j � ^\_am �Wm _ �h| m\_am �Wfg_hipo�y{_am ��m\bd`gepo�j � ^ _hm �
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DCE Speedup

(Large Architecture)

� bd��u\fg_��\� � (
�)~�$`geW_a_hm\u\e 5 r o�fc��_�o�f � ^\bxjl_ � jlu\fg_�7
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Predication Overhead
(Large Architecture)

� bd��u fc_��\� < (/����_afc^\_hoqm5e f | m\u � _am 5vr oqfg��_�oqf � ^\bzjc_ � jcu\fc_/7

bz`c`cu _hm � _���_ � u jl_amGoqi\m �a| yTy{bxjcjl_am bziPjc^\_{�)~�,e bde]_hrdbzi\_q�V& | fg_ | ��_afh� jc^\bd` � oqi _���e\rdoqbdi
` | y{_ | s jc^\_�fc_h`gu\rzjc`�o � ^\bd_���_am5bdinjc_hfcyT` | s �)~�-`ce]_h_am\u\e �
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Predication Overhead
(Large Architecture)

� bz��u\fg_/� � �H(%7�oqfcy | i\b � yT_�o�i | s | �q_hfg^\_�oqm e f | m\u � _am�bdi oqrdrk�]_hi � ^\y o�f�G1` `gbdy�u\rdo�jl_am�5vr oqfg��_
oqf � ^\bzjc_ � jlu\fg_�7

�	OfNIO�N ^�i7bdjkY@s�R�\ W�QIScW�U=U#QIT	o�bda�s�j�WuU=Wua � a j g RXY;bdjkY@T	a@b
!�^\bz` ��_ � jlb | i�_a��oqrdu\o�jl_a` jl^\_ fg_h`gu\rzjc`no � ^\bz_a��_am � "-oqf � ^\bxjl_ � jlu fc_h` �a| i wp��u fc_hmKj | �W_

`gbdyTbdr o�f j | jl^\_�`gjlo�jl_ & | sM&1jc^\_ &Aoqfgj/yTb � f | e\f |�� _h`c` | fc`a��!�^\_�iAu y��W_af | sty o�e\e\bdi ��jloq�\rz_h` �~oq`
oqrz` | fc_hm u � _am �a| y{e\oqfc_am5j | jc^\_�e\fg_a�Ab | u `cr4"(_���_ � u jc_hmP_���eW_afcbzy{_ai1jc`h��!�^\_ rdoqfc�q_ i1u\y��]_hf
| s
jloq�\rd_a`�m\bdm i | j�e\f | m\u � _�o `gbd��i bzw � oqikj��koqbdi i _hbzjc^\_hf�bzi y{bz`ce\fg_hm\b � jcb | i fg_hm\u � jlb | i i | f
bzineW_afgs | fgy oqi � _q�

!�^\_�m\_�j oqbzrd_hm m\_a` � fcbde�jlb | i | s�jc^\_ �h| i�wp��u\fco�jlb | i u\`c_am bdi jc^\bd`�`g_aj | s�_���e]_hfcbzy{_aikjl`�bd`
s | u i\mnbdiV! oq�\rz_��\� ���6!�^\_��po�`c_hrzbdi\_�oqf � ^ bzjl_ � jcu\fc_a` | s8jl^\bz`���_ � jlb | i-�*_afc_ �a| i wp��u fc_hm u\`gbdi\�
jc^\_�`loqyT_�epoqfcoqy{_�jl_afc`�`c^ | ��_hm5bdinjl^\bz`�`loqyT_�! oq�\rd_��\�\u j�i | e\fg_hm\b � o�jcb | i\` ��_hfg_�oqrdr | ��_hmt�

� bz��u\fc_T�\� 2 `g^ | ��`�jl^\_{y{bz`ce\fg_hm\b � jlb | iPfc_hm u � jcb | iPs | f jc^\_ `gy oqrzr/oqf � ^\bxjl_ � jlu fc_h`a�5!�^\_
^ | fcbMA | ikj oqr $ ��_afgjcb � o�r
o ��_h`�o�fc_ `gbdyTbdrdoqf�j | jl^\_ | i\_h` e\fc_a`c_ai1jc_hmGbdiPjl^\_{e\fc_��Ab | u\`���_ � jlb | i �
!�^\_�e]_hf � _hikj o���_ `g^ | �*_am bdinjl^\_���_afgjcb � o�r o � bz` | s jl^ _ � bz��u\fg_ �~oq` � oqr � u\rdo�jl_am �a| yTepoqfcbzi\�
jc^\_�y{bz`ce\fg_hm\b � jcb | i |A�h� u\fcfg_hi � _ | s jc^\_�oqf � ^\bxjl_ � jlu fc_h`�`gbdy�u\rdo�jl_am-��bzjc^(o�i\m*��bxjl^ | u j��)~�
| e�jlbdyTbMAho�jlb | i\`a� �-yTbd`ce fc_hm b � jcb | i�fc_am\u � jlb | i | s]�q� � yT_�o�i\` jc^po�j��qu\`cbzi\���)~���qjc^\_hfg_+��_hfc_
�q� � rd_a`c`�yTbd`ce fc_hm b � jcb | i `h� �a| yTepoqfcbzi\��j | jc^\_ �h| ik��_aikjlb | ipoqr>`cu eW_afc` � oqr o�fh�

��j�bd`�e | `c`cbz�\rd_�j | `c_a_ jc^po�j��)~��m | _a`�i | j�o � _ � j�oqi " �h| i w\��u\flo jlb | i\` ��bxjl^ | i\r "Vs | u\f
y{oqe\e\bzi\��jloq�\rz_h`h�%�"i�jl^ bd` � oq`c_�� ��^\_hi jc^\_hfg_�oqfc_�i | j6_ai | u\�q^ fc_h` | u\f � _h`�s | f��)~� j | `gepo"��i
i\_ � epo jl^\`a��oqi\m jl^\_�oqf � ^\bzjc_ � jcu\fc_�mK"Aipo�y{b � oqrzr4"Tm\_ � bdm\_a`�i | j�j | m | ` | �

� _ai � ^\y{oqf�G1` ��� � � ��
�oqi\m � � � � ��^\o �q_�`cbzy{bzr oqf6�]_h^\o �Ab | fc`*oqi\mVm\_ � fg_�oq`g_�y{bz`ce\fg_hm\b � jlb | i
`gbd��i\bxw � o�i1jcr4":oqi m �h| i\`�j oqikjcr4":bdi o{floqi\�q_ jl^po j���oqfcbz_h`�svf | y ? j | 0;��� � � _ai � ^\y{oqf�G � ��� 
^po�`V�W_�jcjc_hfVfg_h`cu rzjl`���^\_hiKjl^ _ oqf � ^ bzjl_ � jcu\fc_5��bzm jl^-bz`Vbdi � fc_hoq`c_am-svf | y � j | � bdi\`�jlfgu � 0
jcb | i\`a��7 | ��_a�q_hfa� jl^\_�y | `�j�e]_ � u\rdbdoqf�fg_h`gu\rzj�bd`�fg_�o � ^ _hm � "5�]_hi � ^ y oqf G � � � ��
���� ����s jc_hf
bzi � fg_�oq`gbdi\� jl^ _:i1u\y �W_af | s�y{oqe\e\bzi\� j oq� rd_h`�svf | y � j | � �
jl^\bz`��W_ai � ^\y{oqf�G�fg_�o � ^ _hm-o
yTbd`ge\fc_am\b � jlb | i�fc_am\u � jcb | i | s 0 ��� � oqi\m�y{oqbdikj o�bdi\_am�jl^\bz`6flo�jc_�s | f
oqrdr�`cbdy u\r o�jcb | i `h�q_ � � _he�j
s | f�o �C& ��bzm\_�oqf � ^\bzjc_ � jcu\fc_B��bzjc^ � y{oqe\e\bzi\�Vj o��\rd_a`h� ��^\_hfg_Tjc^\_�fc_hm u � jcb | i��~o�` oqf | u\i\m
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DCE Misprediction Reduction

(Small Architecture)

� bd��u\fg_��\� 2 (
�)~�-yTbd`ge\fc_am\b � jlb | infc_hm u � jcb | i 5 `gy o�rdr o�f � ^\bxjl_ � jlu\fg_�7

� bz��u\fc_�� � : m\_ae\b � jl`6jl^\_�`geW_a_hm\u\e o � ^\bz_a��_am � "T�)~��bzi�jc^\_h`g_�`gbdy�u r o�jcb | i\`a� �*| jl^{o ��_h`
oqfg_�jl^\_�`coqy{_ | i _h`�e\fc_a`c_ai1jc_hm bziVjl^\_�e\fg_a�Ab | u\`���_ � jlb | i �

�>bMG�_�bdi{e\fc_���b | u\`��A_ � jcb | it��jl^ _��W_a`gj�fg_h`gu\rzjc`+�*_afc_�o � ^ bd_a�q_hm � " jc^\_��]_hi � ^\y{oqf GA`%��bzjl^
rdoqfc��_a`gj�yTbd`ge\fc_am\b � jlb | i fc_hm u � jcb | i � � _ai � ^\y{oqf�G � � � ��
���� � s | f�_�� oqyTe\rd_�� o � ^\bd_���_h` y | fc_
jc^poqi 032 � | s/`ce]_h_am\u\e | ��_af�jc^\_��po�`c_hrzbdi\_�����_a�q_hf�jl^\_ard_h`g`h�%�W_ai � ^\y{oqf�G1` ��� � oqi\m ��
 e\fg_�0
`g_hikjl_am�o�eW_afgs | fgy o�i � _�m\_h��fcoqmpo�jcb | it� ��^\b � ^�o � ^\bz_a��_am u\e j | <�� bdi ��� �q� �"i �]_hi � ^ y oqf G ��

jc^\bd`�m\_h��fcoqmpo�jcb | i��~oq`���_hf "nr | ��rz_h`c`�jl^poqi 0 � �6!�^ bd`~m\_a��flo�mpo�jlb | i\`�^poqe\e]_hi\_am _a��_ai;��bzjl^
`gbd��i\bxw � o�i1j
yTbd`ge\fc_am\b � jlb | i�fc_am\u � jlb | i �Aoq`6`c^ | ��i{bdiT� bd�qu\fc_��\� 2 � ���koqbzi ��jl^ bd`6bd`6m u\_�j | jl^\_
`gbdm\_{_ � _ � jc` ��_hi _hflo jl_hm � " e\fc_am\b � o�jlbzi\� bzi\`gjcfcu � jlb | i\`h�5�6�q_hi<��bzjc^ ` | yT_ r | � `ce]_h_hm u\e\`h�
jc^\_h`g_�fc_a`cu\rxjl`~o�fc_��W_�jcjl_af*jl^\oqi{jc^\_ | i _h`~fg_�o � ^\_amn� "{jc^\_ ��bzm\_ &Abz`c`gu\_��)~� oqf � ^\bzjc_ � jcu\fc_a`h�

� bz��u\fc_/�\� ? `c^ | ��`�jc^\_ | ��_afc^\_hoqm�e\f | m\u � _hm � " jc^\_*`gy o�rdr �h| i�wp��u\fco�jlb | i\`�o�f � ^\bxjl_ � jlu\fg_q�
!�^\_��q_hfgjcb � oqr8oqi\m:^ | fgbMA | i1jloqr o � bz`�oqfc_�oq��oqbdin`gbdyTbdr o�f�j | jc^\_�e\fc_���b | u\`���_ � jlb | i �

��j
bd` e | `g`cbz�\rd_~j | `c_h_�jc^po�j
�]_hi � ^\y{oqf G � � � ��
����K^poqmTo���fc_ho�j6m\_ � fg_�oq`g_�bzi�jl^\_�i1u\y��]_hf
| s�_ ��_ � u�jl_hm bdi `gjlfgu � jcb | i `h� !�^\bd` y{_hoqi\` jc^po�jVjc^\_ yTbd`ce fc_hm b � jcb | i�fc_am\u � jcb | iKfco�jl_D�~oq`
rdoqfc��_�_ai | u\��^�j |5| ��_af �a| y{_{jl^\_ | �q_hfg^\_�oqmGe\f | �\rz_hy oqi\m e\fc_a`c_hikjTo:`cy{oqrdrz_hf�i1u\y��]_hf | s
bzi\`gjcfcu � jlb | i\`>�W_abdi\��_ � _ � u jc_hm � !�^\_ | �q_hfc^ _�oqm �q^ | �*_���_hfa��bd`>`�jlbzrdrq`gbd��i bzw � oqikj | i��]_hi � ^\y o�f�G
��� ��oqi m ` | yT_ � oq`c_a` | s
�W_ai � ^\y{oqf�G � ���  ��!�^\_a`c_�oqfg_ jl^\_ `loqyT_ �]_hi � ^ y oqf G1` ��bzjl^5e |A| f
e]_hf�s | fcy{oqi � _�oq`�e\fc_��Ab | u\`gr4"n`g^ | ��i5bzi(� bd��u\fg_��\� : �

� bz��u\fc_��\� � `g^ | ��`*jl^ _�^poqfgy | i\b � yT_�oqi | s jc^\_ | ��_afc^\_hoqmV�]_h^po��Ab | fh� �*| jc^Vo ��bz`�bziTjc^\bd`
� bz��u\fg_�oqfc_�oqrz` | `gbdyTbdr o�f/j | jc^\_ | i\_h`�`g^ | �*_am5bdinjc^\_�r oq`�j���_ � jlb | i �

��j�bd`�e | `c`gbd�\rz_ j | `c_a_Tjc^po�j��8bziP�q_hi\_afloqr �8jc^\_�i1u\y��]_hf | s*bzi\`gjcfcu � jlb | i\`�_���_ � u jl_am ��_hfc_
`gy oqrzrd_af bdi��)~��� �"i �q_hi\_afloqr � s | f jc^\_h`g_�`gy o�rdr �a| i wp��u flo�jcb | i\`a��)*����>y{_ � ^poqi\bz`cy y{oqipo���_hm
j | fc_am\u � _njc^\_ | ��_afc^\_hoqm�e f | m\u � _amG� "��)~������rz` | ��jc^\_VyTbd`ge\fc_am\b � jlb | i fc_am\u � jlb | i �~oq`
_ai | u\��^ j | `g^ | � ` | y{_�`cbz��i\bxw � oqikj�`geW_a_hm\u\e(bdi � fc_hoq`c_��

�_a`ce\bxjl_ e\fg_h`g_hikjlbzi\� oqi-bzikjl_hfg_h`�jlbdi � e | jl_ai1jcb oqr �*e\fg_hm\b � o�jcbdi\� �\flo�i � ^\_h`a��`ce]_ � bdoqrdr "Gbdi
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DCE Speedup

(Small Architecture)

� bz��u\fc_��\� : (
�)~�-`ce]_h_am\u\e 5v`cy{oqrdrtoqf � ^ bzjl_ � jcu\fc_/7
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Predication Overhead
(Small Architecture)

� bd��u\fg_��\� ? (/����_hfg^\_�o�m5e\f | m\u � _hm 5 `gy o�rdr o�f � ^\bxjl_ � jlu\fg_�7

��bzm\_ &Abz`c`gu\_�o�f � ^\bxjl_ � jlu\fg_h`a� bdikjcf | m\u � _a`*o�r oqfg��_ | ��_afc^\_hoqm-��^\b � ^{^\bdm _h`�jc^\_�e | jc_hikjlbdoqrp�]_hi�0
_�w\jl` | s e\fc_am\b � o�jlbzi\��jl^ _hy:�

�"i{�)~���Ajc^\_�o�rzjl_afcipo jlbz�q_~j | jl^\_�e\bzeW_ardbzi\_�`lo�jcu\flo jlb | iTbz`�j | e\fc_am\b � o�jl_ Bgu\`�j*e\oqfgj | sWjl^\_
�\fcoqi � ^\_a`h����j bd` e | `g`cbz�\rd_
j | `g_h_*jc^\f | u\��^ jc^\_*`gbdy�u\rdo�jlb | i\`8fc_a`cu\rxjl` `c^ | ��_hm�bdi jc^\bd` )*^poqe�jl_hf
jc^po�j�jl^ bd`�bd`�i | j�_hi | u ��^ �py{oqbdi\r "B��^\_hi(`cbdy u\r o�jcbdi\����_af ";��bdm _ &Abz`c`cu _ o�f � ^\bxjl_ � jlu\fg_h`a�
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Predication Overhead
(Small Architecture)

� bz��u\fc_��\� � (6�%�q_hflo���_ | s | ��_afc^\_hoqm5e f | m\u � _am 5v`cy{oqrdrtoqf � ^ bzjl_ � jcu\fc_/7

��s6o�rdrte\o�jl^\`�oqfg_�sv_aj � ^ _hm5bzikj | jl^ _�e bde]_hrdbzi\_q��`c_���_hfcoqr8bdi\`�jlfgu � jcb | i\`�y{o/"V�]_�fg_he\rzb � o�jl_am �
��`/m bd` � u\`c`g_hmV�]_as | fc_q�kjc^\bd`6^po�e\eW_ai\`/�W_ � oqu\`g_�� | jc^{epo jl^\` �h| i1�q_hfg��_�j | o�`cbzi\��rz_ B | bdi�e | bdikj
oqi mPy{oqi " bzi\`gjloqi � _a` | s�jc^\_�`loqyT_�bdi\`�jlfgu � jcb | i y{o/" �W_ � fc_ho�jl_am j | oq`g`cu\fg_ �a| fcfg_ � jli\_a`c`h�
7 | ��_a�q_hfa� | i r4" | i\_ | s�jl^\_a`c_nbdi `gj o�i � _a`�bd` �h| yTy{bxjcjc_hm�o�i\mGoqrdr | jc^\_hfg` oqfc_ � oqi � _hrz_hmGoq`
` |�| iGo�` jl^\_ | u jle u j | s�jl^ _V�\flo�i � ^Gbd` G1i | ��i �P!�^ | `g_ �h| e\bz_h` o�fc_Ve | rdrzu jlb | i oqi\m�jl^ _�"
y�u `gj��]_�o � | bdm _hm �
!�^\_�oqrxjl_hfgipo�jcbz��_�bd`*j | w\i\m:jc^\_ B | bzine | bzikj | s%jl^\_�epo jl^\`�oqi\m:o � jlbx�qo jl_
bxj Bgu\`gj | i � _q�

!�^\bz`/jloq`�G � o�iV�W_�e]_hfgs | fcyT_hm{jc^\f | u\��^ yT_ � ^\oqi\bd`gy{`
jl^\o�j*_ ��e\r | fg_q�1s | f/_�� oqyTe\rd_�� �a| i�0
jcf | r6bzi\m\_he]_hi m\_hi � _�5 	���!��/� � �
	���: � &(�"!�7 � 0;����� 7��T��_���_hf�jl^\_ard_a`c`h� �a| ikjlf | r6bdi\m _he]_hi�0
m\_aikjVbdi `gjlfgu � jcb | i `Ty{o/"G�W_(mpo�jloPm\_aeW_ai\m\_ai1jnoqi\m$jc^\_(e f | �\rz_hy � | u\rzm$i | j{�]_(` | rz�q_hm �
�
o � ^:bdi\`�j oqi � _ | s o �a| ikjlf | r>bdi\m _he]_hi\m\_aikj�epo jl^ �W_ar | i ��`~j | o�m\b � _hfg_hikj�mpo�jlo � ^po�bdi �

�/oqrzu\_Ve\fg_hm\b � jlb | i yT_ � ^poqi bd`cyT` �h| u\rdmG�]_nu\`c_am �*m\bz`cepo j � ^\bzi\� mpo�jlo ��bxjl^ i | m\_ar o/"A`h�
�"i �)~����^ | �*_���_hfa��jl^\bz` oqe\e\f | o � ^ ^poq`:o �qfc_�o j m\bd`coqm ��oqikj oq�q_-( ��oqrdu\_ e fc_hm b � jcb | it��oq`
�\fcoqi � ^{e\fc_am\b � jlb | i �kbd`/o�j | jloqrdr " `geW_ � u\rdo�jlbx��_�y{_ � ^poqi\bz`cy:� ��^\b � ^ � oqi � oqu `c_�r | `g` | s � " � rd_h`
m\u _Tj | yTbd`ce fc_hm b � jcb | i `h�V�)~�,o�f � ^\bxjl_ � jlu\fg_��*oq` �h| i � _hbx��_hm | fcbz��bdipo�rdr4" j | m\_ � fc_hoq`c_{jl^\_
i1u\y��]_hf | styTbd`ge\fc_am\b � jlb | i\` jl^ f | u\�q^�jc^\_�fc_am\u � jcb | i | s�jc^\_�e\fc_am\b � j | f6u\`g_q�6�"i jl^ bd`6`ce]_ � bzw �
� oq`c_��\�\flo�i � ^:jloq�\rz_h`*jc_hi\mnj | �]_�`cy{oqrzrd_hfa�1rd_�o��Abdi � y | fg_�f |�| y o���oqbdrdoq�\rd_�j | fg_h` | u\f � _h`�s | f
y�u rzjlbzepo�jc^V_���_ � u jlb | i �

��i:oqrxjl_afcipo�jcbz�q_�j | �]_ �h| i\`cbzm\_hfg_hm:bdin�)~� �h| i � _he j�bz`*j | fg_hu\`g_�jc^\_���oqrdu _h`~e\f | m u � _am
bzi(e\fg_a�Ab | u\`�_ � _ � u jcb | i `h��+6fc_a�Ab | u\` � | f GA`�^po���_�`g^ | ��i5jl^\o�j��]bdi:` | yT_ � oq`g_h`h�Wy | fc_�jl^poqi
2 � � | s�jl^ _ bdi\`�jlfgu � jcb | i\`T_���_ � u jc_hm oqfc_(fc_ 0"_���_ � u jc_hmKr o jl_hfa��!�^ | `c_5_���eW_afcbzy{_ai1jc` ��_hfc_
e]_hf�s | fcyT_hmTbdi �h| ik�q_hikjlb | ipoqr]`cu\e]_hfg` � oqr oqf*oqf � ^ bzjl_ � jcu\fc_a`h� ��bzjl^{i | e fc_hm b � o jlb | i95 �\�������� �
�q�q��� 7��

� bz��u\fc_�� � � `c^ | ��`�o�`cbzy{e\rz_~_�� oqyTe\rz_ | s fg_hm\u\i mpoqikj/fc_he rdb � oq`6bdiT�)~���1��`g`cu\yTbdi ��jc^po�j
bzi\`gjcfcu � jlb | i\`�� � o�i\m����:oqfg_Vjl^\_�B | bdi e | bdikj | s�jc^\_ne\fg_hm\b � o�jc_hmG�\flo�i � ^�� �noqi\m�jl^ _�"
fg_�oqm ��oqrzu\_h` e\f | m\u � _hm bzi � | jl^�e\o�jl^\` | s�� �q� �)~����bzrdr6bdikjcf | m\u � _{fc_ae\rdb � oq`�� ��� �	� �
� �
� ���6oqi\m� ��� j | `lo�jcbd`gs "{jl^\_�m\_aeW_ai\m\_ai � _a` �h| fcfc_ � jcr4"��



� �

��s�oqiKbzi\`gjcfcu � jlb | i-o�jVjc^\_%B | bdi-e | bdikj{fc_hoqm\`no�fg_h��bz`gjl_af{jc^po�jVbz` e\f | m u � _amKr | ��b � oqrzr4"
�]_as | fg_� �q�
�)~����bdrdr/i | j�bdikjlf | m\u � _Vy�u rzjlbze\rd_Tfc_ae\rdb � oq` | s�jl^po j bdi\`�jlfgu � jcb | i `gbdi � _Vjl^\_
bzi\`gjcfcu � jlb | i bd` �h| ikjcf | rWbdi\m\_aeW_ai\m\_ai1j�o�i\mnmpo�jlo m\_he]_hi m\_hikj6��bzjc^Vfc_ar o�jcb | iTj | jc^\_�epo jl^\` | s
jc^\_�e\fc_am\b � o�jl_am:� floqi � ^ 5 ������!����W�]�q�q� < 7��

� bz��u\fc_��\� � (
	�_am\u\i\mpo�i1j�bdi `gjlfgu � jcb | i `�bdikjlf | m\u � _hm � ":�)~�

	�_hu\`g_���oqrzu\_h`
bz`6o�ipo�jlu floqr �*o/"�j | fc_am\u � _�jc^\bd` � oq`c_a`�o�i\mTjc^\_�e\fc_a`c_ai1j � | f�G�bzikjl_hikjcb | i
bz` j | oqi\oqr4" Ah_Vjc^\_n�]_h^po��Ab | f | s�`gu � ^ y{_ � ^poqi\bz`cyT`�bdiG�)~���6!�^\_ i\_ �AjV)*^\oqe jl_af bdikjlf | 0
m\u � _h`�jl^ _�j | e\b � o�i\m m bd` � u\`c`g_h`�^ | �#bzj�bz`�m | i\_TbdiPo #"AipoqyTb � ) | i m\bzjcb | ipo�r�� ��_ � u�jlb | i
oqf � ^\bzjc_ � jlu\fg_q�



���

� � � ��� �/� ��� 	 � ��� �

!�^\_Tbdm\_ho | s~fg_hu\`g_{bzi\`gjcfcu � jlb | i\`�mK"AipoqyTb � o�rdr4"(bd`�i | j�i\_ � oqi m bxj��~oq`�e\f | e | `c_hm s | f
jc^\_*wpfg`gj6jlbzy{_�� "�� | mpoqi\b oqi\m{� | ^ b bdi�5 �\�������� :A�\��7�� � 0;�k�r? o 7 � ��^\b � ^Trdo�jl_af | fgbd��bzipo�jc_hm
5 �\�������� :]�\��7�� � 0;���r? �t� 0;����� 7~oqi\m 5 �\�������� �W�q����� 7 �

�"i$jc^\_h`g_ � | f�G1` jl^ _ oqu jc^ | fg`{m\_�jl_ � jl_amKjl^po�j{y{oqi "�_ ��_ � u�jl_hmKbzi\`gjcfcu � jlb | i\`{oqfc_(fc_ &
_ � _ � u jc_hm oqi\m-jc^po�jVbzi-` | y{_ `geW_ � bxw � � o�`c_h`ny | fg_5jl^po�i 2 � � | s�jl^ _ bdi\`�jlfcu � jlb | i\` oqfc_
sv_�j � ^\_am oq�ko�bdinbdikj | jl^\_�e\bzeW_ardbdi _q�

�"i | fgm\_hf~j | j o-G�_�oqm ��oqikj oq�q_ | s>jl^ bd`~�]_h^po��Ab | fh��jc^\_�"Ve\f | e | `g_hmVjl^ _�bdikjlf | m\u � jlb | i | s%o
i\_ � �\u � _hf�bdi jl^\_�yTb � f | oqf � ^\bzjc_ � jcu\fc_��~!�^\bz`��\u � _afh� � oqrzrd_hm:	�_hu\`g_ � u � _af | f�	 � ��`gj | fc_h`
e\fg_a�Ab | u\`cr "V_���_ � u jc_hm bzi\`gjcfcu � jlb | i\`h����^ b � ^:y o/"V^\o �q_ | u jle\u�j���oqrzu\_h`�fg_hu\`g_hm(r o�jc_hfh�6!�^ _�"
_��qo�rdupo�jc_hmPjl^\fg_h_ m b � _hfc_aikj | fg�koqi\b4A�o�jcb | i\`�s | f�jl^ _V	 � (>jl^\_ � " ` � ^\_ay{_�� jl^\_ � � ` � ^\_ay{_
oqi m jc^\_	� ��� ��` � ^\_hyT_q� ��^\b � ^5o�fc_�_���e\rdoqbdi _hm r o�jc_hfa�

�"i{oqrdr\` � ^\_hyT_h`a�Ajc^\_�bdi\`�jlfcu � jlb | i!� `
+/)�bdi\m _���_h`
jl^\_�	 � �k!�^1u\`h� ��^\_aiVo���bz�q_hiTbdi\`�jlfgu � 0
jcb | i:_hikjl_afc`�bzi(jc^\_ e\bzeW_ardbzi\_q��bzj�^poq`�bzjc`�+/) �h| y{epo�fc_hm(j | jc^\_ | i\_h`�s | u\i\m5bzi(jc^\_�	 � �]��s
jc^\_�"5oqfc_ jl^\_�`coqyT_q�tb � _��z�Wbzs6jc^\bd`�bdi\`�jlfcu � jlb | i bz`�`gj | fc_am bdi 	 � ��jl^\_ ` | u\f � _ | e]_hfcoqi\m\`�oqfc_
bzi1�q_h`�jlbd��o�jl_am �8eW_afgs | fgy{bzi\�-��^po�jC�*oq` � oqrdrz_hmPo � ��� 
 � � ��
�� �{��s�jc^\_ | eW_afloqi m\`�y o�j � ^ �8jl^\_
bzi\`gjcfcu � jlb | i5bdi(jl^\_ e\bde]_hrzbdi\_�bd`�fc_hu `c_hmt����^\bdrz_ bxj�bz`�_���_ � u jc_hmPoq`�u\`gupoqr bzs�jc^\_hbzf | e]_hfcoqi\m\`
oqfg_nm\b � _hfg_hikj�� �"i\`�jlfcu � jlb | i\`Toqfg_:bzikjlf | m\u � _hm bdi jl^ _(	 � oq` jl^\_ " oqfc_ �a| y{yTbzjgjl_am ���"i�0
`�jlfcu � jlb | i\`9��bxjl^ m b � _hfc_aikj | e]_hflo�i\m\`�oqfg_ u\e]mpo�jc_hm bdi5jc^\bd`�`gjloq��_ oq` �*_ardr ���
o � ^ ` � ^\_hyT_q�
^ | ��_a�q_hfh� ^poq`�o m\b � _afc_hikj | fc��oqi\bMAho�jlb | i fc_a�koqfcm bdi\�nj | jl^\_ | e]_hfcoqi\m\` oqi\m ��^\o�j	G1bzi\m | s
wp_ardm\`�o�fc_�j | �]_�jc_h`�jl_hmt�

!�^\_�wpfg`gj�` � ^\_ay{_�� � oqrzrd_am � " �\`gj | fc_a`�m bdfc_ � jcr4"Tjl^\_���oqrdu _ | s%jl^\_ | e]_hfcoqi\m\`a� ��^ _hi jl^\_
bzi\`gjcfcu � jlb | i sv_aj � ^\_hm:bd`*s | u\i\mVj | �]_�jl^ _�`loqyT_�oq`~jc^\_ | i\_�bzi 	 � ��jl^ _hbdf*` | u\f � _ | e]_hfcoqi\m\`
oqfg_ �h| yTepoqfg_hm:oqi\m jl^ _ | u jle\u�j���oqrzu\_�bd`�fg_hu\`g_hm(bzs8jl^\bz` �h| yTepoqfgbd` | i bd`�`cu �h� _a`c`�svu\r �

!�^\_n`g_ �h| i\m�` � ^\_hyT_q� � oqrdrz_hm � �p�6`gj | fc_a`�jl^\_ fc_h�qbd`gjc_hf ipo�y{_a`h�6bdi `gjl_hoqm�jl^ _hbdf �qo�rdu\_a`h�
!�^\_�� | o�r | s m\_a`cbz��i\bdi � `gu � ^V` � ^ _hyT_ �*oq`/j | `gbdyTe\rdbxs " jc^\_�fc_hu `c_�jc_h`�j��
� | ���1jl^\_�	 � m | _h`
i | j�i _h_hm{j | ^\o �q_�r | i\��wp_hrzm\`
j | `�j | fg_�jc^\_��qo�rdu\_ | s jc^\_ | eW_afloqi m\`h�&��^\_aiVoqi{bdi\`�jlfgu � jcb | i
��fgbzjl_a`�bzi o�fc_a��bd`�jl_hfa� o�rdr | jc^\_hf/_hikjlfgbd_a`*bdi{	 � � ��^\b � ^Vfg_�oqmTjl^\bz`�fg_h��bz`gjc_hfh��oqfg_�bzi1��oqrzbdmpo jl_hmt�
!�^\_�oqu jl^ | fc`a�t^ | ��_a��_afh�>m\bzm i | j�m\bd` � u\`g`�jl^\_ | ��_hfg^\_�o�m � oqu\`g_hm � "(jc^\_ `g_�oqf � ^ s | f�jl^ _h`c_
bzi\`gjcfcu � jlb | i\`h�6��i\m ��oqrxjl^ | u ��^njl^\_�fc_au\`c_�jl_a`gj�bd`��po�`c_hm:bdi `gy oqrzrd_af �h| yTepoqfgbd` | i\`h��jl^\_afc_�bd`
oqrz` | oqm\m\bxjlb | ipoqr | ��_afc^\_hoqm j | w\i\m5jl^ _�fc_hoqr e ^ "A`gb � o�r fc_a��bd`�jl_afc`�y{oqe\e]_hm(j | jc^ | `g_�r | �qb � o�r
fg_h��bz`gjl_afc`�y{oqf�G�_hm:bdinjl^ _ 	 � �\!�^ _ oqu�jl^ | fg`�m\bdm i | j�o�e\e\f | o � ^:jc^\bd`�e f | �\rz_hy:�

!�^\_�jc^\bdfgmnoqi\mnrdoq`gj*` � ^\_ay{_�e\f | e | `c_hm-�*oq`~jc^\_ � ��� �q��!�^\bz`�` � ^\_ay{_�bz`~oqin_ �Ajl_hi `cb | i
| spjc^\_~`g_ �h| i\m | i\_�oqi\mt���W_a`cbzm\_h`�jc^\_~fc_a��bd`�jl_afc`h�kbxj�_a`gj o��\rdbz`c^\_a`6oqi\m `�j | fg_h`�jl^ _~mpo�jlo � ^poqbdi `h�
!�^\_*bdm\_ho��W_a^\bdi\m jl^\bz`�` � ^\_ay{_�bz` j | o � | bdm jl^\_~bzik�qo�rdbdm\o�jlb | i bzi�bdi `gjlfgu � jcb | i ` ��bzjc^ m\_h`�jlbzipo 0
jcb | i�fc_a��bd`�jl_afc`/u\eWm\o�jl_am ��!�^\bz`�bz`/m | i\_�� "�`�j | fgbdi\� oqrzr\e\^ "A`cb � oqr�fc_a��bd`�jl_hfg`�bzi o�i oqm m\bzjcb | ipo�r
jloq�\rd_�oqi\m rdbziHG1bdi\� jl^\_�	 � ` | u f � _ | eW_afloqi\m `~wp_hrzm\`~j | jl^ _hbdf*r o�jc_h`gj*�qo�rdu\_��>��^\_hi(o���bx��_hi
bzi\`gjcfcu � jlb | i ��fcbxjl_a` bdi o5fc_a��bd`�jl_afh�6oqrzr | jl^\_af _ai1jcfcbz_h`�bzi�	 � jl^po j�fc_hoqm jc^\bd` fc_h�qbd`gjc_hf oqfc_



���

jc^\_hi:u\e]mpo�jl_am �p�]_ � o�u\`c_�i | � jc^\_�"n^\o �q_�jc^po�j�rdbziHGT�W_�j4�*_a_hi5e ^ "A`gb � o�r%fg_h��bz`gjc_hfc`a�
!�^\_Vfg_h`gu\rzjc` | s~jc^\bd`C� | f�GP^po���_V`g^ | ��i�jl^po j�` � ^ _hyT_ � " | � jloqbdi _hm jc^\_ �]_h`�j fc_a`cu\rxjl`

u\`gbdi\�Tr o�fc��_af~j oq�\rz_h`a���"i5o 0 ������0"_aikjlfcbz_h`�	 � jc^\_�^poqfcy | i\b � yT_�oqi | s jc^\_�fc_hu `c_hm(bdi\`�jlfgu � 0
jcb | i\`�bzi o�rdr��]_hi � ^ y oqf G1` `cbzy�u\rdo�jl_am o � ^\bd_���_hm � 2 � �%oq�koqbzi\`gj 0 ��� 2 � bzi � �5` � ^ _hyT_Voqi\m
�q��� :�� bdi � ��� �q�

��rxjl^ | u\��^�jl^ _�`ce]_h_hm u\e\`/m\bdm�i | j�bdi � fc_�o�`c_�bdi�jc^\_�`loqyT_�flo jl_�oq`�jc^\_�i1u\y��]_hf | sWfc_au\`c_am
bzi\`gjcfcu � jlb | i\`h� jl^\_ " o�fc_~o�rd` | `cbz��i\bxw � oqikjh��� | f>jl^\_�`loqyT_*i1u\y �W_af | s�	 � _ai1jcfcbz_h`h��� "6` � ^\_ay{_
fg_�o � ^\_am�oqrdy | `�j 032�� � � �Go � ^\bd_���_hm ? � 2 � � ��^\bzrd_ � ��� �(o � ^\bd_���_amKy | fg_(jc^poqi 0 � � | s
e]_hf�s | fcy{oqi � _�bdi � fc_�o�`c_q�

�"i:`ce\bxjl_ | s � "�` � ^\_ay{_�^poq`�fc_ho � ^\_am:jc^\_��W_a`gj�fc_a`cu\rxjl`h�pbxjl`~bzy{e rd_hyT_hikjlo�jlb | i ^po�`�j | �W_
fg_a�Abd_ �*_am � oqfc_�svu\rdr "��%!�^\_�y{oqbdi �a| i � _hfci�^\_afc_�bz` fc_ar o�jcbz�q_*j | jc^\_~`cb4Ah_ | s]jc^\_ | e]_hfcoqi\m�wp_ardm\`
oq` ��_hrzr8oq`�jl^\_ �a| y{e rd_���bxj " | s%jl^\_ �a| y{e\oqfcbz` | inbzi jc^\_�fc_au\`c_�jl_a`gjh�

��s jc_hf%� | mpoqi b � `c_���_afloqr1fc_a`c_hoqf � ^\_a` ��_hfg_/`�j oqf�jl_am ��bxjl^�jl^\_6bzm\_�o | sAfg_hu\`gbdi\��bdi `gjlfgu � jcb | i `h�
��_a��_afgjc^\_hrz_h`c`a��`c_���_hfcoqr | s�jl^\_a`c_P`gjlu m\bd_a`(o�fc_ s |A� u\`g_hm bdi�m\b � _hfg_hikj:rd_���_hrz` | s�jl^\_ fc_au\`c_
��fcoqi1u\r o�fcbzj "q�

7�u\oqi\��oqi\m��>bdr Bco*bdi!5 7���������: �>��� >q� � 0;�k��� 7W^po��q_�e\f | e | `c_am�� r |A� G�fc_au\`c_�� ��^ b � ^C�~oq`
svu\f�jl^\_af*`�jlu\m\bz_hmVbzi�5 7���������:�)~7���� :\�>��� >q� � 0;����� :17���������: �>��� >q� � 0;���k� ���q������o�� �?7 �

�"i jl^\_a`c_ � | f�G1`h�8jl^\_Toqu�jl^ | fg`�jlf " j | fc_au\`c_�i | j | i\r4"5on`cbdi ��rd_ bzi\`gjcfcu � jlb | i � �\u j oqrz` |
oB��^ | rd_��poq`gb � �\r |A� G���!�^\_ 	 � �*oq`�fc_ae\r o � _hm(� " o � r |A� G 7�bz`gj | f " � u � _hf 5 � 7 � 7�� ��_hfc_
e\fg_a�Ab | u\`cr " _���_ � u jl_am-�poq`gb � �\r |�� G1`{oqfc_ `gj | fc_am �$�"i jl^\bz` � oq`g_q�~bzi\`gjcfcu � jlb | i\` r |A� o�jc_hm bdi
�]_aj4��_h_ai � floqi � ^ _h`noqfg_5`�j | fg_hm$j | ��_ajc^\_hf oqi\m-fg_hu\`g_hmKbzi�jl^ _hbdf{i\_��Aj _���_ � u jlb | i\`h� !�^\bd`
` � ^\_hyT_ bz`�u `c_asvu r _h`geW_ � bdoqrdr "Vbdi5oTyTbd`ge\fc_am\b � jlb | i |��a� u\fgfc_hi � _q���"m\_hoqrdr "��\jl^ _ yTbd`ce fc_hm b � jc_hm
epo jl^ ��bzrdr8�W_ `gj | fc_am bdi � 7 � oqi\m jc^\_ �a| `gj�j | _ � _ � u jc_�jl^\_ fcbd�q^1j�epo�jc^ bd`�`cy{oqrdrz_hfa��!�^\_
fg_hu\`g_�jl_h`�j�bd`�eW_afgs | fgy{_am u\`gbdi\�Vjc^\_�bdi e\u j�fg_h��bz`gjc_hfc`��qo�rdu\_a`�oqi\m _ ��_ � u�jlb | iPbz`�` GAbze\e]_hm bzs
jc^\_�" o�fc_ jl^\_�`coqy{_���!�^\_ | u jle\u�j fg_h��bz`gjc_hf���oqrdu _h`�oqfc_ jc^\_hiP`lo���_am oq`�bzs
jc^\_�" ��_hfg_ oqrz` |
_ � _ � u jc_hm �/!�^\_�bdm\_ho bd`~��_af " `gbdyTbdr o�f/j | bzi\`gjcfcu � jlb | i fc_hu `c_q��bzi oTm\b � _afc_ai1j�rz_a�q_hr �

!�^\_ `cbMAa_ | s jl^\_ � 7 � bd`�oqi5bz`c`gu\_q�W�W_ � oqu\`g_ �po�`cb � �\r |�� G1`�`gbMAa_h`���oqfgbd_a`�m\_aeW_ai\m\bzi\� | i
jc^\_�oqe\e\rzb � o�jlb | i ��o�`/`coqbdm �]_as | fc_q� �"iTjc^\bd`6`�jlu\mK"�`cbdy u\r o�jcb | i ` e | bdikj�jc^po�j � � � | s�jl^\_��poq`gb �
�\r |�� G1`/^po���_�rd_h`g`/jc^poqiTs | u\f
bdi\e u j*fg_h��bz`gjc_hfc`�oqi\mTw\��_ | u jce\u j�fc_h�qbd`gjc_hfg`h��!�^\bz`�yT_�o�i\`/jc^po�j
_ho � ^ _ai1jcf " | s*jc^\_ � 7 � ��bdrdr6i | j ^\o �q_ y | fc_ jc^poqi jc_hi�fg_h��bz`gjc_hfc`�`gj | fc_am j |5�h| �q_hf � � �
| s/jl^ _T�\oq`cb � � r |A� GA`a��!�^\_�"Poqrz` | y | m\bxwp_hm jc^\_hbzf �h| yTe\bdrz_hf�j | fc_�o � ^ �]_ajcjc_hf�fc_a`cu\rxjl`�oqi\m
`co �q_Vfc_a` | u f � _a`h�(!�^\_hbzf �a| y{e bdrd_af��~oq` y | m\bxwp_hmPbdi | fcm\_af�j | y{oqf�G fg_h��bz`gjc_hfc` ��^\b � ^�oqfc_
o � jlupo�rdr4" epoqfgj | s~jc^\_ �\oq`cb � �\r |�� G���� u j�o�fc_ i | j � | bdi\� j | �W_Tu\`c_amGo�s jl_af bxjl`�_���_ � u jlb | i �
`co �Abzi\��fc_h�qbd`gjc_hf�e | `cbxjlb | i\`~bdiVjc^\_ � 7 � �

!�^\_Toqu jc^ | fg`�s | u\i\m jl^po�j�jc^\_�u\e\e]_hf�� | u\i\m\` | s/jl^\bz`�jl_ � ^\i\bd}1u\_Tflo�i\��_ �]_aj4��_h_hi 0 �
oqi m <r? � ����bzjc^ o���_hfcoq��_�oqf | u\i\m 032�� ��m\_he]_hi m\bdi\� | iVjc^\_��]_hi � ^\y{oqf G]�
!�^\_ " �a| i � rzu\m\_am
jc^po�j�jl^\bz`LG1bdi\m | s�jl_ � ^\i\bz}Au _�fc_ardbd_a`�`�jlf | i\��r " | i(jl^ _ ��oqrdu\_�r |A� o�rdbzj " | s6jl^ _ �poq`gb � �\r |A� G1`h�
�pu\f�jl^\_af�`gjlu m\bd_a` o�rd` | _ ��jc_hi\m _hm jc^\bd`�y | m\_hr j | `ce]_ � u r o�jc_���oqrzu\_h`a� ��^\b � ^ oqfc_ i | j�fc_hoqmK"
��^\_ai:jc^\_�fc_au\`c_�jl_a`gj�bd`�e]_hf�s | fcyT_hm �

!%flo � _Vfc_au\`c_nbz` | jc^\_hf o�rzjl_afcipo jlbz�q_{j | fc_au\`c_ni | j#Bgu\`gj�bdi\`�jlfcu � jlb | i\`a���\u j e\oqfgj | s�jl^\_
�a| m\_�o�j | i � _q��!�^\bd` �~o�`�`�jlu\m\bz_hm(� "5� | iHA�Iqrd_�Aq�p!%u\�W_ardrdoTo�i\m & | rdbzipo bdi 5 �������t'��8��� :
!�� � �
�%�>��:�& ���>����� � 0;�k��� : �������t���8��� : !�� � �
�8�>�	:k&5���>����� � 0;����� 78oqi\m oqrd` | � "
) | `�j o �]�pflo�iH,�o�oqi\m )*^po���_a`�� bzrd^ | bzi 5 )����A! ��:W� 	�����2*� � 0������ :�)�����!%�	:W��	�����2*�	:
)~7��%����� � ���87�� ���q����� :�)�����!%�	:6� 	�����2*�	:�)~7��8���/� � ���87����6������� 7 � !�^\_nbdm _�oq`
| s�jl^ | `c_B� | f G1`�oqfg_{`gbdyTbdr o�f�oqi\mPjl^\_ " e\f | e | `g_Tj | fg_hu\`g_ i | j o:`cbzi\��rd_ bzi\`gjcfcu � jlb | i | f o
�po�`cb � �\r |�� G��t� u j�o�jlflo � _q� � oq`gb � o�rdr4"q��o{jlfco � _ bd`�o `c_a}1u\_hi � _ | s �h| i1jcbd��u | u\`�bdi\`�jlfcu � jlb | i\`
mK"Aipo�y{b � oqrzr4"T_��Ajlfco � jc_hm:svf | y o��qbz��_ai(e f | ��fcoqy:�

!�^\_~`�jlu\m " �h| i\m\u � jl_hm�� "�� | iKA/Iqrz_�A*_�j6oqr � e f | e | `c_am�jl^po j jl^ _�	 � � | u rdm��]_~fc_ae\r o � _hm



���

� ":jl^\_ 	�_au\`c_�!%flo � _�&(_ay | f " | f�	 !�& �t!�^ _ jlfco � _a`�oqfg_ �\u\bzrzj | i(jc^\_ 7H"q� o �a�h| fgm\bdi �{j |
jc^\_ _���_ � u jlb | i � ! | `�j oqf�j�oVjlflo � _q�%onfc_au\`lo��\rd_ bzi\`gjcfcu � jlb | i ^poq`�j | �]_ m\_ajc_ � jc_hm oqi\m jl^\_
jcflo � _C��bzrdr _ai\mD��^ _hi5jc^\_�w\fc`gj�i | iA0"fc_au\`lo��\rd_�bdi `gjlfgu � jcb | i bz`�s | u\i\m o s jl_hf�jc^po�j��*	�_au\`lo��\rd_
bzi\`gjcfcu � jlb | i\`�y{o/"5�]_�m\_�jl_ � jl_amPjc^\f | u ��^ bdi\e u j���oqrdu _h`�5 | f�fg_h��bz`gjl_afc`�7 �h| yTepoqfgbd` | i\`h� Bgu\`gj
rzbMGq_Vo `gbdi\�qrd_Vbzi\`gjcfcu � jlb | i fc_hu `c_:y{_ � ^poqi\bz`cy:� !�^\_njlfco � _a` j | �W_nfg_hu\`g_hm$oqfc_nbzm\_hikjlbxwp_hm
o�jTjl^ _:sv_�j � ^-`�j oq��_�����s jl_afTjc^po�jh��oqrdr | u�jle\u j{fc_a��bd`�jl_afc`{oqfc_(u\eWm\o�jl_am-oqi\m�jl^\_ sv_aj � ^-bd`
fg_hm\bzfc_ � jl_am j | jl^ _{i\_ �Aj +/)�o�s jc_hf�jl^\_�jlfco � _��V��rzr�jl^\_a`c_ bzi s | fgy o�jcb | it� b � _q�x� bzi\e\u j�fg_h��bz`�0
jc_hfc`�$ ��oqrdu _h`h� | u jle u j�fc_a��bd`�jl_af $ ��oqrzu\_h`�o�` �*_ardr>oq`�jl^\_�i\_ �Aj�+/)�o�s jl_af*jl^ _�jlflo � _�oqfg_�`gj | fc_am
bzi 	 !�& �p��s�bzi\e\u j���oqrzu\_h`�o�fc_�m\b � _hfg_hikj���	 !�& bz`~jl^\_ai(u\e]mpo�jc_hm(o�j �h| y{yTbzj*`gj o���_q�

!D"�e b � o�rdr4"�jc^\_�jlfco � _�`cbMAa_h`�o�fc_�bzino���_hfcoq��_�`gy o�rdrWoqi\mVi | j�r oqfg��_hf
jl^\oqi � bdi `gjlfgu � jcb | i `h�
!�^\_ `geW_a_hm\u\e$o���_hfcoq��_:e\f | m\u � _hm � "�jl^\bz`�y{_ � ^poqi\bz`cy | �q_hfTbdi\`�jlfcu � jlb | i fc_au\`c_:bzjc`c_arzs�bd`
oqf | u\i\m � � �/� u j bzj � oqi fg_�o � ^Go�`�^\bd�q^ oq`T�q� � bzi�` | yT_V`geW_ � bzw � �W_ai � ^\y{oqf�G1`a� !�^\_abdf
`�jlu\mK" oqrd` | e | bzi1jc_hm jl^\o�j
r oqfg��_hf `ce]_h_hm u\e\`�oqfc_�o � ^\bz_a�q_hmTbdi��W_ai � ^\y{oqf�G1`���^\b � ^{e\f | m u � _am
rdoqfc��_af*jlfco � _a`h�p`gu � ^ oq` 	�� � � 
���� � 
�� � � 
� � � 
� ��� � "�oqi\m � � � � �q�

) | `�j o �8�pflo�iH,�onoqi m )*^\o �q_h` � bdrz^ | e f | e | `c_amPo `gbdyTbdrdoqf�y{_ � ^poqi\bz`cy:� � oqrzrd_am5jl^\_T#"k0
ipo�y{b � !%flo � _�&:_hy | bMAho�jlb | i�5 �!�&97 �q!�^\_ " fg_he\rdo � _am jl^\_*	 � � "�j4� | `c_aepoqflo jl_�jloq�\rz_h`h��jl^\_
!%flo � _�&(_ay | b4A�o�jcb | i�! oq�\rd_*oqi\m jc^\_���r | �poqr�&(_hy | b4A�o�jcb | i�! o��\rd_ 5 &(_ay |

�
! oq�\rz_

�
� 7�� �"i

jc^\bd`8oqe e\f | o � ^ � ��oqrzu\_h`8y{o/"��W_
fg_hu\`g_hm bzi�o�jcflo � _ | fh� oqrzjc_hfgipo�jlbx��_ar4"�� oq`8`gbdi\��rz_�bdi `gjlfgu � jcb | i `h�
!�^\_�jcflo � _h`�oqfc_��\u bdrzj�o �h�a| fcm\bzi\� j | jl^ _�bzi\e\u j�o�i\m | u jle\u�j �h| ikjl_ �Ajl` | s _ho � ^:jcflo � _q�

!�^\_�fc_a��bd`�jl_hfg`
u\`c_amVoq`/` | u f � _ | e]_hfcoqi\m\`6s | f6jl^ _�jcflo � _�s | fcy9jc^\_�bdi\e\u�j �h| ikjl_ �Ajl`h�
!�^\_
fg_hu\`g_�jc_h`�j bz`�eW_afgs | fgy{_am | �q_hf�jl^\_a`c_Tfc_a��bd`�jl_hfg`h��7�_hi � _q� bxs
jl^\_ ��oqrdu _h`�bdi jc^\_h`g_{fg_h��bz`gjl_afc`
oqfg_~jl^\_�`coqy{_�_ai �h| u\ikjl_hfg_hm{bdi�jl^ _�jcflo � _��W_abdi\��sv_�j � ^\_am ��bxj � o�iT�]_�fc_au\`c_am �/& | fg_ | ��_afh�1jl^\_
| u�jle\u j �h| i1jc_��Aj�bz`/jc^\_�`c_�j | s fc_h�qbd`gjc_hfg`�jl^\o�j~o�fc_�e f | m\u � _amVbdiTjl^\_�jlfco � _�oqi\m jc^\_hbzf/��oqrzu\_h`
y{o/" �W_ u\`c_am � " | jc^\_hf�bdi\`�jlfgu � jcb | i\`�o�s jc_hf�jl^\_�jlflo � _q��!�^\_a`c_ ��oqrzu\_h`�oqfc_�jl^\_ | i\_a`�j | �W_
fg_hu\`g_hm oqi m u\e]mpo�jc_hm bziPjc^\_Tm\_h`�jlbdi\o�jlb | i fc_h�qbd`gjc_hfg`h�V�"i\`�jlfgu � jcb | i\`�jl^po j o�fc_Tepoqfgj | s*jl^\_
jcflo � _ �\u j�m | i | j�e\f | m\u � _�o�i | u jce\u j �a| ikjl_ ��jh� y{o�":�]_ _ardbdyTbdi\o�jl_am:svf | y jl^\_ e\bde]_hrzbdi\_��
���k�Ab | u\`gr4"q�qjl^\bz` � oqi\i | j��W_~m | i\_ ��^\_ai fc_hu `cbdi ��`cbdi ��rd_�bdi\`�jlfcu � jlb | i\`a���W_ � oqu `c_�m\_a`gjlbzipo�jcb | i
fg_h��bz`gjl_afc`�y{o/"n�W_�u `c_hm(� ":oqi "n`cu\� `c_h}1u\_aikj�bdi `gjlfgu � jcb | i `h�

!�^\_�jcflo � _�bd`*s | fcyT_hmVbzino �h| i `c_hf���o�jlbx��_ �*o�"Voqi\m oqrzrWbzi\`gjcfcu � jlb | i\`*^\o �q_�j | �]_�fc_au\`c_am
wpfg`gj�bdi | fcm\_af�j | �]_ bdi � rdu m\_hm(bdi o�jlfco � _�� ��^ _hi o{bzi\`gjcfcu � jlb | i �a| y{yTbzjc`�bzj�bd`�`gj | fc_am bdi
jc^\_ wpfg`gj�jloq�\rz_q�Wjc^\_ ��r | �poqr &(_hy | b4A�o�jcb | i:! o��\rd_���!�^\bd`�j oq� rd_3� | f GA`�o�`�oV	�_hu\`g_ � u � _hf
oqi m `gj | fc_a`~`cbzi\��rz_�bzi\`gjcfcu � jlb | i\`h� ��s jl_af�jc^\bd`/bdi\`�jlfgu � jcb | i{bd`/fc_hu `c_hmt� jl^\_�jlfco � _�`gjloqfgjc`�j | �W_
�\u bdrzj*oqi\mVjc^\_�rdoq`gj*bdi\`�jlfcu � jlb | iVbzi jl^\_�jcflo � _�bd`/jl^\_�r oq`�j�bdi\`�jlfgu � jcb | i{fc_hu `c_hm | f*oqi " | jc^\_hf
bzi\`gjcfcu � jlb | i5jl^po j�oqfc_ i | j�epoqf�j | s
jl^\_ fg_hu\`g_Tm | y o�bdi ��!�^\_ jlfco � _ bz`�jl^ _hi `gj | fc_am bzi jl^\_
!%flo � _�&:_hy | bMAho�jlb | in! o��\rd_�5 &(_ay |

�
! oq�\rz_

�
! 7 �~!�^1u\`h�]i\_��Aj�jlbdyT_�jl^ _�wpfg`gj�bdi\`�jlfgu � jcb | i

| s jl^\_�jlfco � _ bd`�sv_aj � ^ _hm �t�!�& ��bdrzr>eW_afgs | fgy jl^\_ fc_hu `c_ jc_h`gj | ��_hf�jl^\_ fc_a��bd`�jl_hfg`�bzi(bzi\e\u j
�a| ikjl_��Ajh�toq`�m\bd` � u\`g`c_am �W_�s | fc_�����s�jl^ _ jlfco � _ � o�i\i | j��W_�fc_au\`c_am � �!�& jlfcbz_h`�j | m | `gbdi\�qrd_
bzi\`gjcfcu � jlb | infc_hu `c_q�

!�^\bz`>fc_h`g_�oqf � ^ e | bzi1jc_hm�`gbdyTbdr o�fWfg_h`cu rzjl`8o�` jl^\_ | i _h` s | u\i m�bzi!5 ����� �t���8��� :h!�� � �
�8�8��:
& ���>����� � 0;���k� 7�� !�^\_ ^poqfcy | i\b � yT_�oqi | s�oqrzr*�]_hi � ^\y{oqf GA`�`geW_a_hm\u\e `{bz`�oqf | u i\m 2 �
��fg_�o�jc_hf jl^\oqi�u `cbdi � `gbdi\��rz_nbdi\`�jlfgu � jcb | iGfc_au\`c_��$!�^\bz`�� | f G r o�jc_hf | fgbd��bzipo�jl_am 5 )�����!%� �
�q�q� 0 7��

�#r o jl_hf � | f G e\f | e | `g_hm bdi 5 +
���8�>� �%�����q� 7�o�m\m\_hm ��oqrdu _�e\fc_am\b � jlb | i j | �!�& �8!�^\_
y{oqbdi bzm\_�o | s�jl^ bd`�fc_h`g_�oqf � ^ bd`�j | `ce]_ � u r o�jc_ ��oqrdu _h`�s | f�i | j�fg_�oqm "(bzi\e\u jc`�oqi m(jl^ _hfc_�s | fc_
fg_hu\`g_�jcflo � _h`�jl^po j6�*_afc_�i | j��]_hbdi �Tfg_hu\`g_hm(bdinjl^\_ | fgbd��bzipoqrW�!�& �

��rxjl^ | u\��^ ��oqrzu\_*e\fg_hm\b � jcb | i bd`�o�i | jl^ _hf�� |A| m�oqrxjl_hfgipo�jcbz��_/j | bzy{e f | ��_�eW_afgs | fgy oqi � _q�qbzj
bz`/i | j�jc^\_�bzikjl_hikjcb | iTj | bzy{e rd_hyT_hikj
`gu � ^noqe\e f | o � ^ bd`
jl^\bz`�fg_h`c_hoqf � ^t�/!�^ _�y{oqbdi�e\f | �\rd_ay
��bxjl^ jl^ _h`c_�yT_ � ^po�i\bd`gy{`�bz`�jl^ _ `loqyT_ | �\`g_hfg�q_hmPbdi oqi "5�\floqi � ^ e\fg_hm\b � jcb | i � &(bz`ce\fg_hm\b � 0



���

jcb | i\` � oqi � oqu\`g_ o�r oqfg��_�i1u\y��]_hf | s r | `�j � " � rd_a`�o�i\m(�]_h`gbdm\_a`�jc^\_�e\fc_am\b � j | f�bzjc`c_arzs�� �a| i w 0
m\_ai � _�yT_ � ^poqi bd`cyT`/oqfc_�oqrz` | i\_ � _h`g`loqf " bzi | fcm\_af6j | o � | bdm�jl^\o�j/y{bz`ce\fg_hm\b � jl_amT��oqrzu\_h`
rz_�oqm
j | e]_hf�s | fcy{oqi � _{m\_ � fg_�oq`g_q�(& | fg_ | ��_afh�6�)~� y{oqbdiP� | o�r6bd`�j | m\_ � fc_�o�`c_VyTbd`ge\fc_am\b � jlb | i\`
� " o�� | bdm\bzi\��e\fc_am\b � jlbdi �\�

� oq`�jlf "�� ��| m\b4GToqi\m ��yTbzjc^Voqrz` | `�jlu\m bd_hm o�inoqe\e\f | o � ^ ��bxjl^no�in_a��_ai y | fg_�o�����fc_a`c`gbz��_
�a| oqfc`g_ &A�qfloqbzi\_hm bdi\`�jlfcu � jlb | i�fc_hu `c_~bzi�5 ������!�	 '�: � ���� .�:��\&:�"!�7 �k������� 7 �%�"i jl^\bz`(� | f�G��
jc^\_�"�jlfcbz_hm$j | bdi � fc_hoq`c_ jc^\_ fc_au\`c_ �qfloqi1u\rdoqfcbxj " j | jl^\_ | jl^\_afn_��Ajlfg_hyT_q��fc_au\`cbzi\� _hikjlbzfc_
fg_h��b | i\`h� � fg_h��b | i{bz`/j "Ae\b � oqrzr4" y�u � ^Vrdoqfc��_af6jl^poqi o�jcflo � _�oqi\m o �h�a| fcm bdi\��j | jl^\_�oqu jl^ | fc`
212�� | s�o�rdr~mK"Aipo�y{b � bzi\`gjcfcu � jlb | i\`�y o/"G�]_ fc_hu `c_hm$u\`cbzi\�Pjc^\bd`{oqe\e f | o � ^t�$!�^\bz`�� | f�G��
^ | ��_a�q_hfh�]bd`~j | j o�rdr4"T_ay{e\bzfcb � oqrtoqi\m m | _h`�i | j |�� _hf�`gbdy�u\rdo�jlb | i\`�fc_h`gu\rzjc` | s e]_hf�s | fcy{oqi � _q�

)*bzjcf | i oqi\mG�p_hbxjl_ard` | i bdi 5 )*�"!�	�����:����6�"!��
�%�\��� �
�q�q�k�17�fc_a�Abz`cbzjc_hm jc^\_ �a| i � _he jc`
| s fc_au\`cbzi\��bzi\`gjcfcu � jlb | i\`h� !�^\_ " s | u\i\m�jl^po�j:bzi\`gjcfcu � jlb | i fg_hu\`g_ m | _h`:i | j |�� _hf y�u � ^
bzy{e\f | ��_hyT_hikj | i | ��_afloqrzr*e]_hf�s | fcy{oqi � _q� bxs~wpi\_ &A��fcoqbdi�yT_ � ^\oqi\bd`gy{` oqfg_Voqe\e rdbd_am �5!�^ _�"
�a| y{e\oqfc_am � | mpo�i\bpoqi\m � | ^ b � | f G ��bzjc^ j4� | | jl^\_af6` � ^\_ay{_a`�s | f6`gbdi\�qrd_~bzi\`gjcfcu � jlb | iTfg_hu\`g_q�
!�^\_ oqu jc^ | fc`�s | u\i\mPjl^po j�oqrzr
y{_ � ^poqi\bz`cyT` `�jlu\m\bz_hm � ��^\b � ^�fg_hu\`g_ | i r4" | i\_{bdi\`�jlfgu � jcb | i
o�j | i � _q� m | i | j�o � ^ bd_a�q_�y | fc_�jl^poqi 0 � | s
bdyTe\f | ��_ay{_aikj�bdi5eW_afgs | fgy oqi � _q�Wbdi o��q_hflo���_q�
!�^\_ "�`cu\�q��_h`�jl_hm jl^po�j%e\fg_a�Ab | u\` � | f G1` e]_hfgs | fcyT_hm�bdi�jl^\_6wp_ardm oq�\`�jlflo � jl_am �q_hf "�bzy{e | fgjloqikj
m\_�j oqbzrd`Ts | fno fc_hoqr�bzy{e\rz_hyT_hikj o jlb | i � !�^\_�"-`lo/"���s | fV_�� oqyTe\rz_q��jl^po j ` | u\f � _ | e]_hfcoqi\m\`
oqfg_Vfc_hoqmK" | i\r4" o�j bz`c`gu\_V`gjloq��_�� ��^ b � ^Gbd`�i | j �h| i\`cbzm\_hfg_hmGbdi�e fc_a�Ab | u\` `gjcu\m\bz_h`h�P!�^1u\`h�
bzi\`gjcfcu � jlb | i\` �h| u\rdm�i | j8�W_6fg_hu\`g_hm��W_�s | fc_�jc^\bd` `�j oq�q_q�%!�^\_�"�o�rd` | m bd` � u\`c`>jc^po�j>yT_ � ^po�i\bd`gy{`
��^\b � ^ _hyTe\r | "V`cu � ^ oqe e\f | o � ^ fc_ho � ^5jl^ _hbdf��]_h`gj�fc_a`cu\rxjl`�bzi5� +��]_hi � ^\y o�f�G1`�m\u _ j | jl^\_
rdoqfc��_�r o�jc_hi � "n`lo���_am5� "Vjc^\_�fc_hu `c_hm(bdi\`�jlfgu � jcb | i\`a�

!�^\bz`*bd`�oqiVbzikjl_hfg_h`�jlbdi � � | f�G jl^po j~`gjcu\m\bz_hmVm\b � _afc_ai1j*fc_au\`c_�yT_ � ^\oqi\bd`gy{`a��e f | e | `c_amnbdi
rdo�jl_ � ��� `a�ku\i\m\_af6i\_ �$eW_afc`geW_ � jlbx��_a`�o�i\m ��bzjl^�i\_ �$`gbdy�u r o�jcb | i�jl_ � ^ i\bd}1u\_a`h�/��_���_hf�jl^\_ard_a`c`h�
jc^\_�oqu jl^ | fc`�m\bzm:i | j �h| i `cbdm _hf�jl^po j�` | u\f � _ | e]_hflo�i\m\`�y o/"V�]_�fc_hoqrdr " fg_�oqmK" �]_as | fc_�bd`g`cu\_
`�j oq��_�� !�^\bz`�bd`�i | j�jlfgu\_TbdiPoqrdr � oq`c_a`h� | s �a| u\fc`g_q� �\u j�bzs�i | m _he]_hi\m\_ai � _a` oqfg_ | �\`c_afg��_am
oqy | i\� bdi\`�jlfgu � jcb | i\`a��jc^\_hbzf~` | u f � _�fc_h�qbd`gjc_hfg`�oqi\mV��oqrdu _h`~o�fc_ G1i | ��i Bgu\`gj�o s jl_hf�fc_aipoqyTbdi\�
`�j oq��_��

�pu\fgjc^\_hfgy | fc_q�1jl^ _�oqu jc^ | fc`*m\bdmVi | j�oqe\e f | o � ^-��^\o�j�bd`�y o/"A�]_�jl^\_ � | fg`gj�e f | �\rz_hy bdi
fg_hu\`gbdi\�n`gbdi\��rz_ bzi\`gjcfcu � jlb | i\`h����^\_aiPo bdi\`�jlfgu � jcb | i bz`�fc_au\`c_am fc_h` | u\f � _h`�oqi m �poqi\m���bzm jl^
svf | y m\bd`gepo�j � ^t� bd`g`cu\_�� _���_ � u jlb | i oqi\m5��fgbzjc_h�po � G5oqfc_ `lo���_am ��!�^\bd`�yT_�o�i\`�jc^po�j�o rdoqfc�q_hf
i1u\y��]_hf | stbdi\`�jlfgu � jcb | i\`
y{o/"��]_�sv_aj � ^ _hm bzikj | jl^\_�e\bde]_hrzbdi\_~oqi\m{jc^\bd`
y{o/" �W_�m | i _�s oq`�jl_afh�
7 | ��_a�q_hfa�Wjl^ | `c_ fc_hu `c_hm5bdi\`�jlfcu � jlb | i\`�oqfc_�y{oqbdikj o�bdi\_am:bzi:jc^\_ 	�� � �*oqbzjcbdi\��s | f�bdi\`�jlfgu � 0
jcb | i\`�jl^po�j �a| yT_��W_�s | fc_�jc^\_hy j | �]_�m _hrdbx��_afc_hmnj | �h| yTy{bxj�� �6�q_hi(�W_abdi\� �a| y{e rd_ajc_hm ��jl^\_
bzi\`gjcfcu � jlb | in^poq`�j | �*oqbzj�bzi jc^\_�e\bde]_hrzbdi\_�bdi | fcm _hf~j | Gq_a_he(`c_hy{oqikjlb ���h| fgfc_ � jli _h`c`a�
� oqrdrdo � _�_aj~oqr ��`�jlu\m bd_hmnbzi\`gjcfcu � jlb | i fg_ � " � rdbdi ��bdi o �\&(! oqf � ^ bzjl_ � jcu\fc_9��bxjl^{y�u\rzjcbde\rz_

epo jl^\` | sW_���_ � u jlb | i 5 � ���%�>��)~��:1!����8�%� �
��:�)*���8��
	�� 0;����� 7 � �"i\`�jlfgu � jcb | i�fc_ � " � rzbdi\�
bz`J"�_�j(oqi | jc^\_hf jc_ � ^\i bd}1u\_ fc_ar o�jc_hm-j | bzi\`gjcfcu � jlb | i-fc_au\`c_���!�^\_ bzm\_�o�^ _hfc_ bz` j | o�rdr | �
e\fg_a�Ab | u\`cr " _���_ � u jl_amnbdi\`�jlfgu � jcb | i�j | �W_�fc_ &Abdi `c_hf�jl_am bdi�jl^ _�e\bzeW_ardbzi\_ ��bzjc^ | u j
sv_aj � ^\bdi � bzjh�
!�^\_�fg_ � " � rd_hmTbdi `gjlfgu � jcb | i `�y o/"�oqrd` | �W_�fc_au\`c_am o�`6u\`cupo�r �kbzs | e]_hfcoqi\m\`/oqfg_�`gjcbdrdrAjl^\_�`coqyT_q�

�"i\`�jlfcu � jlb | i fg_ � " � rdbzi\�(bz`�`ce]_ � bdoqrdr " bzi1jc_hfg_h`gjcbdi\�=��^\_ai u\`gbdi\�(o ��bzy�u\rxj oqi\_ | u\`�&(u rzjlb 0
!�^\fg_�oqm _hm o�e\e\f | o � ^ | f6��^\_ai fcu i\i\bdi �{e\f | ��fcoqy{` ��bxjl^(o{^\bz��^ flo�jc_ | s�^poqfgm &1j | &Ae\fg_hm\b � j
�\fcoqi � ^\_a`h�

!D"�e b � o�rdr4"q��oqf � ^ bzjl_ � jcu\fc_a`�jl^\o�j�sv_�j � ^ o�i\m5_ � _ � u jc_�`c_���_afloqr8jl^\fg_�oqm `�oqi\m'$ | f�epo�jc^\`�oqr 0
�*o/"�`�`c}1upoq`g^Vjl^\_ ��f | i � | i\_a`~oq`/` |A| i oq`/jc^\_�"Te\f |�� _h`g`*jl^\_ | u j �h| yT_ | s jl^ _��\fcoqi � ^ jc^po�j
| fgbd��bzipo�jc_hmnjl^\_ m\b � _hfg_hikj�epo�jl^ `h���"i5jl^\bz` � oq`c_��]jc^\bd`�bd`�i | j�jlfgu\_q���,e\fc_���b | u\`gr4":_���_ � u jl_am
jc^\fc_hoqm bd` i | j6`g}Au\oq`c^\_am{fgbd��^kj�o2�*o/"��k�\u�j
bzj bd` Bgu\`�j6y{oqf�G�_hm�oq`�bzipo � jlbz�q_q� 7�_hi � _q� ��^\_ai jl^\_
e\f |�� _h`g` | f m\_ajc_ � jc`6o�i\_ �Gepo�jc^ jl^po j ^po�`�o�`gbdyTbdrdoqf | i\_�bdipo � jlbx��_q� bzj oqrzr | ��`8fc_ � " � rdbzi\�\� !�^\bd`



���

yT_�oqi ` j | _hrdbzy{bzipo�jc_�o�fc_ &ksv_aj � ^ 5 oqi\m o�_���_ai1jcupoqrp� & � o � ^\_~yTbd`g` 7 �qsvfc_a_hbdi ��sv_aj � ^��poqi\m���bzm jl^
s | f | jc^\_hf�bdi\`�jlfcu � jlb | i\`�oqi\m e\o�jl^\`a����rd` | �Wbxs�jl^\_ i\_ � epo jl^ oqi m5jl^\_ | i\_ �]_hbzi\� fg_ � " � rd_am
^po��q_ bdm _hikjlb � oqr | e]_hfcoqi\m\`a�Wjl^ _ fc_au\`c_ bd`�oqrdr | ��_hm(oq` �*_ardr ��!�^\bz`�yT_�o�i\`�j | `lo��q_�fc_a` | u\f � _a`
oqi m:m bd`ce\o�j � ^ �pbz`c`gu\_q�p_ � _ � u jcb | i5oqi\m;��fcbxjl_a�po � Gn�poqi m���bdm jc^ �

!�^\_�fc_h`gu\rzjc` | s jl^\bz`�� | f G�`c^ | ��_hm o e]_hf�s | fcy{oqi � _�bdyTe\f | ��_ay{_aikj | stu\e j | 0 � � � ��^\_ai
�a| y{e\oqfcbzi\� j | o �h| ik�q_hikjlb | ipoqr%�\&:! oqf � ^ bzjl_ � jcu\fc_��

!�^\_n_ � e]_hfgbdyT_hikjl` e]_hf�s | fcyT_hm bdi�jl^\o�j8� | f�G oq`c`gu\y{_amGo5��_af " ��bzm\_noqi\mGo�����fc_a`c`gbz��_
�\&:!�oqf � ^\bzjc_ � jcu\fc_��{!�^ _ oqu�jl^ | fg`h�8^ | ��_a��_afh��m bdm i | j�m\bz` � u\`c`�bdi m\_�j oqbzrd`�jl^ _Tbzy{e\o � j | s
y{oqbdikjloqbdi\bzi\� `g_a�q_hflo�r | rdm �h| ikjc_��Ajl`�bdinjl^ _�fg_h` | u\f � _h`�e |A| r �

��`�m bd` � u\`c`g_hm �pe fc_a�Ab | u\`+� | f�G1`�oqr$�~o/"A`�e\f | e | `g_hmV��oqrzu\_�fc_au\`c_�bzi �h| ik�q_hikjlb | ipoqr ` � oqrdoqf
oqi m?$ | f�`cu\e]_hfg` � oqr oqf�e\bzeW_ardbdi _h`h��!�^\bz` � | f G5oqbzy{`�j | �h| y��\bdi _���oqrzu\_ fg_hu\`g_ oqi\m5mK"AipoqyTb �
e\fg_hm\b � o�jcb | inbzi | fcm\_af~j | bdm\_aikjlbzs "Tjl^ _�e f | `�oqi\m �h| i\` | s e u\fc`gu\bdi\�T`cu � ^ oqe\e f | o � ^t�



� �

� � � ��� � ��� ��� 
 � � � � � �� �

!�^\_afc_�o�fc_�y o�i "noqm ��oqikj oq�q_h` | s�bzi\`gjcfcu � jlb | i:fg_hu\`g_q���"i(�)~�Ky | m\_ar jl^\_afc_ oqfc_�jl^ fc_h_
�q_hf " `gbd��i bzw � oqikj | i\_a` 5 ������!����n_aj�oqr �z�\�q��� < 7 (

� ��` �*_ardr
oq`��)~���8bzi\`gjcfcu � jlb | i fc_hu `c_�bd`�oni | iA0"`ce]_ � u\r o jlbz�q_ y{_ � ^poqi\bz`cy:�8oqi\m jl^1u\`
jc^\_hfg_�bd`�i | i\_a_hm(s | f �h| yTe\rd_ �nf | u jlbzi\_h` | s fg_ �h| �q_hf " :

� ��bxjl^Gjl^\_(r oqfg��_:bdi\`�jlfcu � jlb | i 7 | � svf | y jl^ _5�\fcoqi � ^-e\fg_hm\b � o�jcb | it�*fc_au\`c_5fc_hm u � _a`
jc^\_Tu jlbzrdbMAho�jlb | i | s*svu\i � jcb | i\oqr6u\i\bxjl`h�%svfc_a_hbdi �:jc^ | `c_{fc_a` | u\f � _a` s | f�i | i�0�fc_am\u\i\mpo�i1j
bzi\`gjcfcu � jlb | i\`�:

� !�^ _��qfloqi1u\rdoqfcbxj " | s%jl^ _�bzi\`gjcfcu � jlb | i fc_hu `c_�y o/" �W_�oqmCBgu `gjl_am5o�i\m(bxj�bd`�e | `c`gbd�\rz_�j |
fg_hu\`g_ `g_a��_afloqr bdi\`�jlfcu � jlb | i\`	5vjcflo � _h` 7�bdi | i\_ `gbdi\�qrd_ � " � rz_q�toqrdr | ��bzi\�To���^ | rz_ �qf | u\e
| s bzi\`gjcfcu � jlb | i\`�r |A� o�jc_hm o�s jc_hf�o#B | bdine | bzi1j�j | �W_�fc_au\`c_am o�j | i � _��

�"i �)~���Wbdi\`�jlfcu � jlb | i5fg_hu\`g_�y{o�" �]_ `geW_ � u\rdo�jlbx��_ bdi o � _afgj o�bdi �*o/"����AeW_ � u\rdo�jlb | i ��bdi
jc^\bd` � o�`c_q� m | _h`�i | j fc_h��oqfcm j | jl^\_ | u jce\u j | s�o fc_au\`c_am�bdi\`�jlfgu � jcb | i �8�\u�j3��^\_�jl^\_af jc^\bd`
bzi\`gjcfcu � jlb | i bd`6epoqf�j | sWo �h| fgfc_ � j/epo�jl^ | f6i | j�� !�^\bd`
^poqe eW_ai\`
�W_ � oqu\`g_�y oqi " bdi\`�jlfcu � jlb | i\`
bzm\_hikjlbxwp_hmToq`/fc_au\`lo��\rd_ �h| y{_�svf | y�m\b � _hfg_hikj/epo�jc^\`6jl^po�j/y{o/" �W_67pu `c^\_amVr o�jc_hfa��7 | ��_a�q_hfh�
7pu `c^{oqi\m�fc_ �h| ��_af " | sto�fc_hu `c_hmTbdi `gjlfgu � jcb | i�bz`�eW_afgs | fgy{_am�i | fcy{oqrzr4"�� "�jl^\_�o�f � ^\bxjl_ � jlu\fg_q�
�]_ � oqu\`c_ fc_hu `c_hm bzi\`gjcfcu � jlb | i\` oqfc_Tjlfc_ho�jl_am oq` oqi " | jl^\_af | i\_��(��i\m�_���_hiGbxs*jl^ _Vfc_au\`c_am
bzi\`gjcfcu � jlb | i\`
oqfc_�i | j
u\`c_�svu\r �1fc_a` | u f � _a`%��_hfg_�y{oqm\_�o���oqbdrdoq�\rz_�j |�| jc^\_hfg`*o�i\mTjc^\bd`6bz`6fc_hoqrdr "
fg_hrd_���oqikj�bdi:o y�u\rzjcbdepo jl^ oqf � ^\bzjc_ � jcu\fc_��
��^\bzrd_ jl^\_ o�f � ^\bxjl_ � jlu\fg_�bd`(bdi jc^\_ e fc_hm b � jcb | i `gj o jl_q��b � _q�x�C� | f G1bdi\�Ko�` o �h| i1�q_hi�0

jcb | ipo�r�`cu\e]_hfg` � oqr oqf:oqf � ^\bzjc_ � jlu\fg_q��jl^ _Pfg_hu\`g_ yT_ � ^po�i\bd`gy e\fc_a`c_ai1jc` bzjc`ni | fgy oqr�o�m ��oqi�0
jloq��_h`a����y | i\��jl^ | `c_�oqm ��oqikj o���_h`a�Ajc^\_hfg_�bz` | i\_ ��^ b � ^ bz`
_h`ce]_ � b oqrzr4" bdikjl_afc_h`�jlbzi\��j | �)~���
�_aeW_ai\m\bzi\� | i�^ | � jl^\_nfg_hu\`g_(yT_ � ^\oqi\bd`gy bz` bdyTe\rd_ay{_ai1jc_hm �
bxj bd` e | `c`gbd�\rz_ j | �a| fcfg_ � j
jc^\_��\flo�i � ^ e\fc_am\b � jlb | iVu\`cbzi\� jl^\_�fg_hu\`g_�j oq� rd_%5 )����A! ��:p��	�����2*��:�)~7��8���/� � ���87����
�q�q��� 7�� !�^\_hfg_as | fg_q� ��^\_hino��\flo�i � ^Vbd`6sv_�j � ^\_am oqi\m bxj/^poq`
jl^\_�`loqyT_�bdi\e\u�jl`~o�`*o�e\fc_���b | u\`
_ � _ � u jcb | it�%bxjl` | u�jle\u jC��bzrdr �]_To��qo�bdr o��\rd_ bdi jl^\_�fg_hu\`g_Tjloq�\rd_�� ��s�jc^\_��\flo�i � ^ e\fg_hm\b � jcb | i
m | _h`�i | j�y{o�j � ^:jc^\_ | u jle u j�svf | y jc^\_�fc_au\`c_�j oq�\rz_q�\bxj � oqi:�]_�u eWmpo jl_hm5oqi\m jl^\_ �a| fcfg_ � j
epo jl^ y{o/"��W_/sv_aj � ^\_hm bzy{yT_hm\bdo�jl_ar4"q�>!�^\bd`8sv_�o�jcu\fc_�bd`%bdyTe | fgj o�i1j8bzi��)~� �h| i1jc_��Aj6�]_ � oqu\`c_
�)~�Kbzi1jc_hikjl`�j | fc_hm u � _�jl^\_ �\floqi � ^ e\fc_am\b � jlb | i(`gu\e\e | fgjh��� | ���]jc^\_ u `c_ | s6� | jl^5e fc_hm bx0
� o�jlb | i oqi\m:fc_au\`c_�y o/" m\_ � fc_�o�`c_�_a��_ai5y | fc_�jc^\_�fc_a}Au bdfc_ay{_aikjl`�s | f~jl^\o�j�`cu\e\e | f�j��6!�^1u\`h�
jc^\_V�\fcoqi � ^ e\fg_hm\b � jlb | i�y{o/" �]_noqm3Bgu\`gjc_hmGoq�ko�bdi m u\_ j | jl^\_V`gbdm\_ _ � _ � jc` e\f | m\u � _hm � "
fg_hu\`g_q����rz` | �]jl^\_ _���_ � u jlb | i _hi\��bzi\_q�Wi | � | �q_hfgr | oqm _hm5��bzjc^ fc_ae\rdb � oq`�oqi\m | jc^\_hf�bdi\`�jlfgu � 0
jcb | i\`��W_ar | i ��bdi\�Tj | ��f | i\�nepo�jc^\`h� � oqi �]_�e\fc_a`c_afg��_am o�i\m u\`c_am y{oqbzi\r4"n� "5bdi\`�jlfcu � jlb | i\`
jc^po�j � o�i\i | j��]_�fc_hu `c_hmt�



� �

� ��� � B�?kRAZ\=�M�R�@ O B ;�<>=�?A< @�B I N S
��`8m\bz` � u\`c`g_hm��]_as | fg_q� �)~� bz` o�i o�f � ^\bxjl_ � jlu\fg_���bzjl^�`cu e\e | fgj8j | mK"AipoqyTb � e fc_hm b � o jlb | i �

& | fc_ | �q_hfh�pbzi\`gjcfcu � jlb | iVfc_au\`c_�yT_ � ^\oqi\bd`gy bz`*`crzbd��^kj*m\b � _hfg_hikj�svf | y jl^ _ | i\_a`�e\f | e | `g_hm bdi
e\fg_a�Ab | u\`6� | f G��

� bz��u\fc_ : � 0 `c^ | ��`�o `cu\e]_hfg` � oqr oqf�e\bzeW_ardbzi\_ ��bxjl^(o�fg_hu\`g_ bzi\`gjcfcu � jlb | iny{_ � ^poqi\bz`cy:�

� bz��u\fc_ : � 0 (�+6bzeW_ardbdi _ ��bzjc^5o�i:bzi\`gjcfcu � jlb | i fc_hu `c_�y{_ � ^poqi\bz`cy

� bz��u\fc_ : � �5`c^ | ��`�`ce]_ � bzw � oqrdr "Pjc^\_ 	�_hu\`g_ � u � _hf | fg�koqi\b4A�o�jcb | iPu\`c_am�bzi jl^ bd` � | f�G��
�
o � ^ wp_hrzm | s jc^\_�	�_au\`c_ � u � _hf�5 	 � 7*bz`�m\_h` � fgbd�]_hm5�]_hrzr | � (

� +/)L(�oqm m\fc_a`c` | s jc^\_�bdi\`�jlfgu � jcb | i � !�^\_ +/)�bdi\m\_ ��_h`�jl^\_�	 � :

� ��+ 0 �%��+/��� ��+ < (�oqrdr%jl^\fg_h_�`gj | fc_ jl^ _T` | u\f � _ | e]_hflo�i\m �qo�rdu\_a`�bzi | fcm _hf�j | y{o-Gq_
jc^\_�fc_au\`c_�jl_a`gjh�/!�^ _hfc_ oqfg_�jc^\fc_a_�wp_hrzm\`�m\u\_�j | m | u �\rd_�e\fg_ � bd`cb | i bdi\`�jlfgu � jcb | i\`�:

� ����	 0 � ����	�� (6� | jl^Twp_hrzm\`~`gj | fc_�jl^\_�oqm\m\fg_h`c`g_h`~j | �W_ �h| yTepoqfg_hmVbzi{jc^\_�fc_au\`c_
jc_h`�j s | f{rdm?$�`�jVo�m\m\fc_a`c` � oqr � u\r o jlb | i�bzi\`gjcfcu � jlb | i\`h� !�^\_hfg_ oqfg_(j4� | wp_hrzm\`Vm\u _(j |
m | u\�\rz_�e\fc_ � bd`gb | i bzi\`gjcfcu � jlb | i\`�:

� 	��/� 0 �%	���� � (�� | jc^ wp_hrzm\`�`gj | fc_ jl^\_Tbdi `gjlfgu � jcb | i `�fc_h`gu\rzjc`h��!�^\_afc_{oqfc_ j4� | wp_ardm\`
m u\_�j | m | u\� rd_�e\fg_ � bz`cb | i bdi\`�jlfcu � jlb | i\`a�

PC OP1    OP2 OP3 ADDR1 ADDR2 RES1 RES2

� bd��u\fg_ : � � (
	�_hu\`g_ � u � _af	5 	 � 7 | fc�ko�i\bMAho�jlb | i

�"i��)~���
jc^\_n��oqrdu\_a` | s | eW_afloqi\m ` oqfg_�GAi | ��i$o�s jl_af fc_a��bd`�jl_hf�fg_hipoqyTbdi �\����^\_hi jl^\_
e\^ "A`cb � oqr8fg_h��bz`gjl_afc`�oqfg_�y{oqe\e]_hmt�*� | �]o�j�jl^\bz`�e | bzikj�oTi\_ � e\bzeW_ardbdi _�`gjloq��_�bd`�bdikjcf | m\u � _am �
�"i fc_hu `c_V`�j oq��_�� jc^\_ ` | u\f � _Vfc_a��bd`�jl_afc` oqfc_ o �h� _h`c`g_hm bzi | fgm\_hf�j | bzm\_hikjcbzs "5��^\_�jl^\_af jl^ _�"
oqfg_ fg_�oqmK" | f�i | j�����s6jc^\_�"5oqfg_�fc_hoqmK"5oqi\m jl^ _hbdf�o � jcupoqr%bdi\e u j���oqrzu\_h`�oqfc_�`�j | fg_hm bzi | i\_
| s jl^\_ 	 � e | `cbzjcb | i `h�\jl^ _ | u�jle\u j���oqrdu _ `�j | fg_hm5bzi(jc^\_ 	 � bz`�fg_hu\`g_hm ��!�^\bz`�yT_�o�i\`�jc^po�j
jc^\_ | u jle u j ��oqrzu\_ bd`���fgbzjcjc_hiPbdikj | jc^\_{e ^ "A`gb � o�r/m _h`gjcbdipo jlb | iPfg_h��bz`gjc_hf�oqi\mPbzj�bz`�y{oqf Gq_hm
oq`�fg_�oqmK"q����rdr `cu\�\`g_h}1u\_ai1j�bdi\`�jlfcu � jlb | i\`�y{o/" fc_hoqm jl^\bz`�fg_h��bz`gjc_hf�i | fgy o�rdr4"q�>oq`�bzs/bxj��~oq`
e\f | m u � _amVm\u\fgbdi\� _���_ � u jlb | i �6!�^\_�fc_hu `c_hmnbzi\`gjcfcu � jlb | i bz`/jc^\_hiVbzi\`c_afgjc_hmVbzi{jl^ _�	�_�0���fgm\_hf
� u � _afh�

!�^\_�	 � bd`�u\eWm\o�jl_am o �h�a| fcm\bzi\� j | jl^\_�_ ��_ � u�jlb | i o j�jl^ _ �h| yTyTbzj�`gj o���_q����s�oV��bx��_hi
bzi\`gjcfcu � jlb | i �*oq` i | j fg_hu\`g_hm��]_ � oqu\`g_�jl^ _*bdi e\u jl`%m\bzm i | j y{o�j � ^t��jl^ _*	 � bz` u\e]mpo�jc_hm ��bzjl^
jc^\bd`�i\_ � mpo�jlo�o �a�h| fgm\bdi\� j | o fg_he\rdo � _ay{_ai1j*e | rdb � "��/Bgu\`gj~rdbMG�_�o `gy o�rdr � o � ^ _�y{_ay | f "����"i
�)~���tjc^\_ rd_hoq`gj�fc_ � _hikjlr " u\`g_hm �*o�" bd`�fg_he\rdo � _am �!��^\_ai o�rdr | jl^\_af�e | `cbxjlb | i\`�oqfg_ oqrzfc_�o�mK"
|A�h� u\e\bd_am �



� �

!�^\_Vy | `�j e]_ � u\rdbdoqf e | bzi1j | s��)~� fc_au\`c_ y{_ � ^poqi\bz`cy bd`�jl^po�j jl^\_{fc_au\`c_ | s~�\floqi � ^
bzi\`gjcfcu � jlb | i\`�bd` i | j�e | `c`cbz�\rd_���� | fcy{oqrdr "���bzi\`gjcfcu � jlb | i fc_au\`c_;� | u\rdmG�]_nu\`c_am j | m\_ajc_ � j
yTbd`ge\fc_am\b � jlb | i\`
_�oqfgrdbd_af
bdi jc^\_�e\bzeW_ardbzi\_q�1�]_as | fg_�_���_ � u jcb | i �6!�^ bd`*bz`*e | `c`gbd�\rz_��]_ � oqu\`g_�jl^\_
�\fcoqi � ^ | u jle u j�y{o/" �W_�`gj | fc_am bdi jl^ _ 	�_hu\`g_ � u � _af 5 	 � 7�oqi\m(bzs%jl^\_�j oqfg��_aj�sv_�j � ^\_am bd`
m\b � _afc_ai1j6svf | y9jc^\_ | i\_�bzi�jl^\_�	 � �ko�yTbd`ce fc_hm b � jcb | i bd` | �\`g_hf���_hmt�6!�^\_�e\bde]_hrzbdi\_ � oqi 7pu\`g^
jc^\_ bzi\`gjcfcu � jlb | i\`�oqi\m5fg_hm\bzfc_ � j�jl^\_�sv_aj � ^t��!�^ bd`�yT_�o�i\`�jc^po�j�oT� floqi � ^t� ��^\b � ^ � | u\rdm(�W_
fg_h��u\rdoqfcr " yTbd`ge\fc_am\b � jl_am �\bd`�yTbd`�sv_aj � ^\_hm | i\r "��

�"i��)~� jc^\bd`%bd`8i | j m | i\_q� !�^\_*e\f | �\rz_hy bd` ��^\_ai o��qbz��_ai �\fcoqi � ^�bz`%o�mpo�jlo�m _he]_hi\m\_aikj
bzi\`gjcfcu � jlb | i svf | y o:e\fc_��Ab | u\`gr4" e\fc_am\b � o�jl_am��\fcoqi � ^ � �"i jl^\bz` � o�`c_q�6bxj ^\oq`�fc_ae\rdb � oq` oqi\m
_ho � ^Gfc_he rdb � o ^poq` bxjl` | ��iGepo�jc^ � ��^\_ai jc^\_ oqf � ^\bzjc_ � jcu\fc_nm _ajl_ � jc`Tjc^po�j�o �\fcoqi � ^ bd` o
yTbd`�sv_aj � ^ _hm | i\_�� bzj�^poq`�j | 7pu\`c^Poqi mPfg_hm\bzfc_ � j�jc^\_ sv_aj � ^ `c_hrz_ � jlbz�q_hr "��8o �a�h| fgm\bdi\�{j | _�o � ^
epo jl^ ��!�^\bz`9� | u\rdm5�W_�^\oqfcm oqi m ��_hf " _ � e]_hi `cbz�q_q��!�^1u\`h�%o m\_a`cbz��i m\_ � bd`gb | i �*oq`�j | i | j
fg_hu\`g_�� floqi � ^(bdi\`�jlfgu � jcb | i\`a� s | f�`gbdyTe\rdb � bzj "T`co-Gq_��

� bz��u\fc_ : � < `g^ | ��` oqiG_ �\o�y{e\rz_ | s�jl^\bz` e\f | �\rd_ay(� �"i\`gjcfcu � jlb | i � �Vbz`�o e fc_hm b � o jl_hm
�\fcoqi � ^ ����^\b � ^Ge\f | m\u � _hm fc_he rdb � oq` � � � � ��� � ��� �
�\o�i\m ������m\u _Vj | mpo�jlo m\_he]_hi m\_hi � _h`a�
�"i\`�jlfgu � jcb | i\` ���
� oqi\m �����
oqfc_��\fcoqi � ^\_a`h�t_ho � ^ | i\_ ��bxjl^:bzjc` | ��i:j o-G�_hi oqi m5i | j�jlo-Gq_ai
epo jl^\`a� ��s jc_hf�jl^\_abdf�e\fg_hm\b � jlb | i �8_�o � ^ | i\_T^poq` o;7 | ��j | s | rdr | ���T��s �����~bd`�fc_au\`c_am oqi\m
m\_�jl_ � jl_am$o�` y{bz`gsv_aj � ^\_hmt�/bxj8� | u\rdm �]_ �h| y{e\rz_�� j | 7pu\`g^ | i\r4" jl^\_nbzi\`gjcfcu � jlb | i\` | i bxjl`
epo jl^ ��!�^ _�e\bzeW_ardbzi\_+� | u\rdmT^po���_�j | m\_�jl_hfgy{bzi\_6��^\b � ^{bdi\`�jlfgu � jcb | i\`
o�fc_�svf | y ��^\b � ^{epo�jl^
oqi m `c}1upoq`g^ | i r4"�jl^\_�fgbd��^kj | i\_h`a��!�^\bd`&� | u\rzm ��_hi _hflo jl_�`c_���_afloqr�oqm m\bzjcb | ipo�r �a| y{e\oqfcbz` | i\`a�
_a`ce]_ � bdoqrdr " bxs oTrdoqfc��_�iAu y��W_af | s e\o�jl^\`�bz`�bdi;7pbd�q^1jh�

� bd�qu\fc_ : � < (
�o j o m\_he]_hi m\_hikj�� floqi � ^ _h`

��`;��_hrzr�oq` �\flo�i � ^ bzi\`gjcfcu � jlb | i\`h��` "A`�jl_hy � oqrdrz`Voqfg_Pi | j fc_au\`c_am � &(_hy | f "-o �h� _h`g`
fg_hu\`g_(bz`T^\oqi\m\rz_hm bdi oPm b � _hfc_aikj��*o/"��~m _h` � fcbz�W_am$bdiGjl^ _ s | rdr | ��bzi\� ��_ � jlb | i\`a�$��m\m\fg_h`g`
� oqr � u\r o�jcb | i bdi\`�jlfcu � jlb | i\`~s | f�r | oqm?$ `gj | fc_�oqfg_�fc_au\`c_am oq`�oqi " | jc^\_hf �a| y{y | inbzi\`gjcfcu � jlb | i �
��rd` | ��bdi\`�jlfgu � jcb | i\` jl^po�j6oqfc_�epo�fgj | sWo�jlfco � _*�W_abdi\��fg_hu\`g_hm | f�bdik��oqrzbdm�bzi\`gjcfcu � jlb | i\` � o�i\i | j
�]_�bdikjlf | m u � _am(bzi(	 � �\!�^ bd`�bd`g`cu\_���bdrzrt�]_�oqm\m\fg_h`c`g_hm(bdi(��_ � jlb | i : � �A�

�IO=P�O�P � b S�[]a;v � jrj�b s s�� b T5s b
	�_hu\`gbdi\�To�yT_hy | f " o �h� _h`g`�bzi\`gjcfcu � jlb | iVbd`�i | j�o jlfcbx�Ab oqr�j oq` G���� bdfc`�j | s oqrzr �Abzj�bz` � rz_�oqf

jc^po�j `�j | fg_:bzi\`gjcfcu � jlb | i\` � oqi\i | j��]_nfc_au\`c_am � !�^\_a`c_:bdi\`�jlfcu � jlb | i\`�u eWmpo jl_njl^\_nyT_hy | f "
oqi m jc^\_hfg_as | fg_�y�u\`gj��]_�e\f |A� _a`c`c_am oq`�u\`gupoqr �



���

� | oqm bdi\`�jlfgu � jcb | i\`a��^ | ��_a�q_hfa��y o/"��]_:fc_hu `c_hm�u\i\m\_af{`geW_ � bdoqr � bzf � u y{`�j oqi � _h`a��!�^\_
e\f | �\rz_hy bdiVfg_hu\`gbdi\��r | oqmVbdi `gjlfgu � jcb | i `~bd`�^ | � jc^\_�oqf � ^ bzjl_ � jcu\fc_ � oqi m\_ajc_hfcyTbdi _9��^\_ajc^\_hf
| f�i | j�oqi " `gj | fc_�bdi `gjlfgu � jcb | in^\oq`6��fcbzjgjl_ai:bzinjl^\bz`�oqm\m\fg_h`c`�`cbzi � _�rdoq`gj�u\e]mpo�jc_q�
� `cbzy{e\rz_
oqrxjl_afcipo�jcbz�q_ j | jl^\o�j�bd`�j | bzik�qo�rdbdm\o�jl_ oqrdr r | oqm `�j | jl^\_�o�m\m\fc_a`c`�bdi jl^ _ �\u � _hfh�T��i s | fgjcu�0
ipo jl_hr "�� jc^\bd`6� | u\rzm � oqu\`c_ o ��fc_ho�j | ��_hfg^\_�o�m �W`gbdi � _�jl^\_�_hikjcbdfc_��\u � _af�^po�`�j | �W_�` � oqi\i\_am
oqi m:bzik�qo�rdbdm\o�jl_amnbzs%i\_ � _h`g`loqf "��

�"i | fgm\_hf8j | y o)Gq_�jc^\bd`%e\fco � jcb � o�r � jl^\_afc_*oqfc_�`gjlu m\bd_a` `ce]_ � b oqrzbMAa_hm�bdi fg_hu\`g_~`cu � ^�bdi\`�jlfgu � 0
jcb | i\`	5 '/������:W����+
!%� �t�q���q�K:W������
	�:t����+6! � � ����� 0 : � ���� .�:t����+
!%�	:t�\�����A� �
0;�k��� 7�����_���_afgjl^ _hrd_a`c`a�tbzj�bz`�i | j�jl^\_�� | oqr | s jl^ bd`6� | f�Gnj | bdyTe\rd_ay{_aikj�`cu � ^5y{_ � ^poqi\bz`cyT`h�
!�^\_�bzi1jc_hikjlb | i ^\_hfg_�bd`�j | `gbdyTe\rdbxs "5o�i\m y{o-G�_�jc^\_hy oq`�`cbzy{e\rz_ oq`�e | `c`gbd�\rz_ bdi | fcm _hf�j |
fg_hu\`g_ o�j�rz_�oq`�j�epoqfgj | s/jl^ _{r | oqm bdi\`�jlfgu � jcb | i\`a� ��^\b � ^�� | u\rdmP�W_�fg_hu\`g_hm�bxs | i\_ | s�jc^ | `c_
` | e\^\bz`gjlb � o�jc_hm yT_ � ^poqi bd`cyT` ��_hfc_��]_hbdi �{o�e\e\rdbz_hm �

��`�m\bz` � u\`c`g_hm�bziP)*^poqe jc_hf < �8bdi �)~� oqf � ^\bzjc_ � jlu\fg_{o�rdr�r | oqm\`�oqfg_ � ^\_ � G�_hm j | �q_hfcbxs "
bxs~jl^\_afc_Vbz`�oqi " `gj | fc_ bzi\`gjcfcu � jlb | i j | jl^po�j�oqm\m\fg_h`g`h� !�^\bd` bd`�o�rdfc_hoqmK"Pi\_ � _h`g`loqf " bdi jl^\_
| fgbd��bzipoqrW�)~�$j | oq`g`cu\fg_�`c_hy{oqikjlb � oqy | i\� epo�jc^\`h�

7�_ai � _��\bzsWjl^\_afc_�bz`*o�eW_ai\m\_ai1j~`gj | fc_q��bzj�bd`/i | j�e | `c`cbz�\rd_�j | fc_hu `c_��]_ � oqu\`c_�o i\_ � ��oqrzu\_
bz`�fc_hoqmK"�j | u eWmpo jl_Vjl^ _ ��oqrzu\_ | s�jl^\o�j���bz�q_hi�oqm\m\fg_h`g`h� !�^\_ r | oqm bdi\`�jlfgu � jcb | iGbd` jl^\_ai
e\f |�� _h`g`c_hm5oq`�u\`cu\oqr �po �h� _a`c`gbdi\��jl^\_�mpo j o � o � ^ _ yT_hy | f " | f�!�� � �

��i jl^ _ | jc^\_hf ^poqi\m �6b � _q�x�6bzs*jc^\_hfg_noqfg_ i | `�j | fg_ bzi\`gjcfcu � jlb | i\` e]_hi\m _hikj���jc^\_V� | oqm
	�_hu\`g_ � u � _af�5 �%	 � 7 bd`8}1u\_afcbd_am oqi\m�jl^ _���oqrdu _/`�j | fg_hm bd`8fc_au\`c_am bzs o�y{o�j � ^�bd`>s | u\i m � !�^\_
� | oqm{	�_hu\`g_ � u � _hf/bd`
bzi\m\_���_amV� "Tjc^\_�r | oqm{oqm\m fc_h`g`~oqi m ^ | rzm\`
bzjc`/e fc_a�Ab | u\` |��a� u\fgfc_hi � _q�
!�^\bz` � u � _af bz`Voqrz` | u\eWm\o�jl_am-bdi �h| yTy{bxj�`gjloq��_q��� u jV`�j | fg_h`Vbzi\`gjcfcu � jlb | i\`Tjcfcbz����_hf jc^\bd`
o � jlb | i �

��s jc_hf/m\_ajc_ � j*jl^\o�j�jc^\_�r | oqmTbdi\`�jlfgu � jcb | iTy o/"��]_�fg_hu\`g_hm ��jl^\_�oqf � ^ bzjl_ � jcu\fc_ �h| e\bz_h`/jl^\_
��oqrzu\_ `gj | fc_am bdi �8	 � j | jl^ _{m\_a`gjcbdipo�jcb | i fg_h��bz`gjl_afh�%y o�f�G1bdi\� bxj�oq` fg_�oqm "Poqi\m oqrdr | ��bzi\�
| jc^\_hf m\_he]_hi\m _hikjTbdi\`�jlfcu � jlb | i\`�j | �]_Ve\f |A� _a`c`g_hm �P!�^\_nbdi `gjlfgu � jcb | i bd` jc^\_hiGy{oqf�G�_hmGoq`
�a| y{e rd_ajc_hm:oqi\m;�*oqbzjc`�s | f �h| yTyTbzj��

! oq�\rd_ : � 0 `gu\y{y{oqfgbMAh_a`6jl^\_�y | m\bxw � o�jcb | i `6bdiV�)~�Ge bde]_hrdbzi\_�`gjloq��_a`*bdi | fgm\_hf/j | o�rdr | �
bzi\`gjcfcu � jlb | i(fg_hu\`g_q����j�bz`�e | `c`gbd�\rz_�j | `g_h_ jc^po�jh�W�]_h`gbdm\_a`�jl^ _ i\_ � `gj o���_ bzi1jcf | m\u � _hm � | i\r "
jc^\_{bz`c`gu\_Voqi m �h| y{yTbzj�`�j oq��_a`3��_hfg_ y | m\bxwp_hmt� ��^\_hi y{_ay | f " o �a� _h`g`�fc_au\`c_{bd`�i | j bdi
u\`g_q�\jc^\_�bd`c`gu\_�`gjloq��_�^poq`�i |�� ^poqi ��_h` �h| yTepoqfgbdi\��j | �)~� | fcbz��bdi\oqrWe bde]_hrdbzi\_q�

! oq�\rz_ : � 0 (/�Au\y{y{oqf " | s e\bzeW_ardbdi _�y | m\bxw � o�jcb | i `�j | `gu\e\e | fgj�bdi `gjlfgu � jcb | i fg_hu\`g_
��������� 	�
�������������
����
� ������� ��
������ �!� �"�
# �$����%&�(')�*��� � �&+", ��
������ �!� �"�
# �$����%&�(')�*��� � �.- , ��
������ �!� �"�
# �$/��0� ����12�*��������354���6078
 6�%(�960�$/��*�:���$�*�$;

/!4������0�"�<6���� �=�*�0��6��91<�����>60�$/��*�"�5?�� @�/!�"��;
78
 6�19� 6��!�96���/��0�$�A�B���C��60/D�E�0�B
 �D�9�0
 #�F:G

H �B�04�������� ��
������ �!� �"�
I ���*/�� G �"�*�=��"�J�B���*/����!�(� @�@K�!
 �C3L60�$/��*�"�5�B���*�06�/��E����
����$;

%M�$%&
 6�N5� �$���$���0�$�91<�!�=���O�$���OPD�Q6���/��0�$�O��6��
������$�E���$�>���D�A6���/D�*�"�

RTS �"��/����
�� ��
������ �!� �"�
U 60���0� G � ��V ��
������ �!� �"�
WX
�%M%&��� G �"�*�=��"�<��
 %&%&���*�0�B�!�(�B���*�06�/��E����
�����;

����/!4Y�!���0�$� # ��/��0� G /Z��$6[' #\G ,



� �

� � � � Z E
Mt< ;$<>=�?�< @�BHI N S

+6fc_���b | u\`!� | f�G1`8e | bdikjl_am�jl^po�j%o�i�bdi � fc_�o�`c_6bdi�jc^\_
��flo�iAu r oqfgbzj " | s1jl^\_
fg_hu\`g_/yT_ � ^\oqi\bd`gy
� oqi o�rd` | bdi � fc_hoq`c_/bzjc`8eW_afgs | fgy oqi � _#5 )*�"!�	�����:q���6�"!��
�%�\��� ���q�����17��%!�^\_/e\f | � rd_hy ��bzjl^
fg_hu\`gbdi\�V`gbdi\�qrd_�bdi\`�jlfcu � jlb | i\`�bd`�jl^po�j�`cu � ^ bzi\`gjcfcu � jlb | i\`�o�fc_ y{oqbzi1jloqbdi _hm:bdi(jc^\_ 	�� � �Woq`
oqi " | jc^\_hf fg_h��u\rdoqf bdi\`�jlfgu � jcb | i � !�^\_Pbdi\`�jlfgu � jcb | i bd`nfg_�oqmK"�j |��a| y{e rd_ajc_hm Bgu\`�j o�s jc_hf
fg_hipoqyT_�`gjloq��_q�%�\u j�bxj�bd`�i | j oqrzr | �*_amPj |(�a| yTy{bxj��W_�s | fc_Toqrzr jl^ _{e\fg_a�Ab | u\`�bdi\`�jlfcu � jlb | i\`
^po��q_��W_a_hiVfg_ajcbdfc_amnoq` �*_ardr ������_ � u jcb | iVbz` | u j | s | fcm\_afh���\u j �a| yTy{bxj
bd`~o�i bdi | fcm _hf�jloq`�G��

	�_hu\`gbdi\�{o�jcflo � _ yT_�o�i\`�j | fc_hu `c_ `g_a�q_hflo�r bzi\`gjcfcu � jlb | i\`�o�j | i � _ oqi\mt�]bzi ��_hi\_afloqr �pjl^\_
rdoqfc��_af~jl^\_�jlfco � _���jc^\_ rdoqfc�q_hf~jl^ _ i1u\y��]_hf | s�fg_hrz_�oq`g_hm5fg_h` | u\f � _h`a���"i5�)~���toq`�m\bz` � u `c`c_am
�]_as | fg_q��bxj�bz` _h`geW_ � bdoqrdr " fc_hrz_a��oqikj j | m | ` | � !�^\_ jcflo � _ | s�fg_he\rzb � o�` � fc_�o jl_hmG� "Pjl^\_no�f�0
� ^\bxjl_ � jlu fc_To�s jl_af�o�B | bdi e | bzi1j�y o-G�_h`�jl^ bd`�oqe e\f | o � ^ _���_hiPy | fc_�o�jgjlfco � jcbz��_�� & | fc_ | �q_hfh�
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� " bzi\`gjcfcu � jlb | i\` jl^\o�j �h| yT_ o�s jc_hf�jl^ _Vjlflo � _:oqi\m oqfg_nepoqfgj | s�jc^\_ | u jce\u j �h| i1jc_��Aj��G��j
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bzi\e\u j �a| ikjl_ ��j oqi m | i\r4"(bzjc`���oqrdu _�bd`�u\e]mpo�jc_hm ����i bdi\`�jlfcu � jlb | i � � � � 	�bz`�jl^\_aiPy{oqf Gq_hm
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0 1  2  3  4  5  6  7   ...  66
0  0  1  0  0  0  0  0  ...   0

0  0  1  0  0  0  0  0  ...   0

input context
output context

(I1)

1  2  3  4  5  6  7   ...  660
input context

output context

0  0  1  0  0  0  0  0   ...  0

0  0  1  1  0  0  0  0   ...  0
(I2)

0 1  2  3  4  5  6  7   ...  66
0  0  1  0  0  0  0  1   ...  0

0  0  1  1  0  0  0  0   ...  0

input context

output context
(I3)

sra    r2, r2, 5(I1)

(I2) sll    r3, r2, 2

addu   r3, r3, r7(I3)

� bz��u\fc_ : � 2 (6�"i\e\u j�oqi\m | u jce\u j �h| i1jc_��Aj�s | fcy{o�jcb | i

��` bdi-o �h| ik��_aikjlb | ipoqr�o�f � ^\bxjl_ � jlu\fg_q��bzj{bd`{i\_ � _h`g`loqf "$j | Gq_h_ae o jl_ay{e | flo�f "G�\u � _hf
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� � � floqi � ^(bdi\`�jlfgu � jcb | inbz`~s | u\i\m :

� ��i bdik��oqrdbzmnbdi\`�jlfcu � jlb | inbd`~s | u\i\m :

� ��i bdi\`�jlfcu � jlb | i epoqf�j | s�o�i | jl^ _hf�jlfco � _��]_hbdi �Tfg_hu\`g_hm:bd`�s | u\i m �
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jl^ | `c_nbdi `gjlfgu � jcb | i ` oqfc_ni | j �h| i\`cbzm\_hfg_hm�oq` � oqi m\bdmpo jl_h` j | �W_ne\oqfgj | s�o
jcflo � _q�

��i bdi `gjlfgu � jcb | iGepo�fgj | s�o�i | jl^ _hf jlfco � _ bdi �h| u\fc`g_ � oqi\i | jT�]_ bdi � rdu\m\_am�bzi oqi | jc^\_hf
jcflo � _ �]_ � o�u\`c_�bxjl`�` | u\f � _ | eW_afloqi\m `�y o/":i | j��W_ u\e5j | mpo�jc_q��!�^ bd`�bz`�e | `c`gbd�\rz_ �]_ � oqu\`c_
bzi\`gjcfcu � jlb | i\`h� ��^\b � ^ oqfc_ bdi(jc^\_ e bde]_hrdbzi\_�oqi\m o�fc_ �]_hbzi\� fg_hu\`g_hm � "(o{jlfco � _�� oqfg_ epoqf�j | s
jc^\_ | u jle\u�j �a| ikjl_ ��jh����s�jl^ _ ` | u\f � _ | e]_hfcoqi\m\`�oqfg_ o�rd` | �]_hbdi �{e\f | m u � _am5bdi jl^ _�jcflo � _ � "
| jc^\_hf�bdi\`�jlfcu � jlb | i i | j�bdi jc^\_ | u�jle\u j �h| ikjl_ �Aj�� jl^ _�" y{o/"5i | j��]_ �h| fcfc_ � j��]_ � oqu\`c_�jc^po�j
e\fg_a�Ab | u\`�bzi\`gjcfcu � jlb | i��*oq`*i | j*_ ��_ � u�jl_hm:oqi m{jl^ | `c_�fc_h�qbd`gjc_hfg`%��_hfc_�i | j�u\e]mpo�jl_am �6!�^\_afc_�0
s | fg_q�Aoqrxjl^ | u ��^Tjc^\_��qo�rdu\_�bdi�jl^\_�m\_a`gjlbzipo�jcb | iTfc_a��bd`�jl_hf | sWjl^\_ | u jle u j �a| ikjl_ ��j*bdi\`�jlfgu � jcb | i
bz`�fcbz��^kj���bxjl`�` | u\f � _ | eW_afloqi m\`6y o/" �W_ ��f | i\�\� �"iT� bd��u fc_ : � 2 � � � y o/"��]_�o�� |A| m _�� oqyTe\rd_
s | f���^po j y{o/" ^poqe\e]_hi �n�"i `gjlfgu � jcb | i � �{bd`�� | bzi\�:j | �]_Tbdik��oqrdbzmpo�jl_am �8�W_ � oqu `c_ bxj�bd`�i | j
e\f | m u � bzi\�{jc^\_�r o�`gj��qo�rdu\_ | s�jl^ _ | u jce\u j �a| ikjl_ ��j � � ��7�_hi � _q�tbdi\`�jlfcu � jlb | i � � y o/":^po���_
oqi | rdm ��oqrzu\_*s | f bzjc` ` | u\f � _ | eW_afloqi m � � �q_a��_ai � oqfcf "Abdi\��jc^\_~fgbd��^kj ��oqrzu\_~bzi�bzjc` m\_a`gjlbzipo�jcb | i
fg_h��bz`gjl_afh�:!�^1u\`h�
bzs�jl^\bz` bzi\`gjcfcu � jlb | i bd`�`gj | fc_am _hbxjl^\_af bdi 	 �9| f ! � o�` bzj bd`a� jc^\_Vfc_au\`c_
jc_h`gj9��bdrdr8�]_�e]_hfgs | fcyT_hm | ��_af ��f | i �nbdi\e\u�j���oqrdu _h`h�toqi\m o ��f | i\� | u�jle\u j��qo�rdu\_ y o/"(�W_
fg_hu\`g_hm �

����_ai u\`cbzi\��jl^ _*`lo�y{_*oqrd� | fcbzjc^\y j | bdm _hikjlbxs "�bdi\e\u�j�oqi m | u jce\u j �a| ikjl_ ��jc`h�kjl^ _*e\f |�� _h`c`
j | �\u\bzrdm�o:jlflo � _ � oqi\i | j �W_ m | i\_no�` bdi�o �h| ik�q_hikjlb | ipoqr*oqf � ^\bxjl_ � jlu fc_q�
o�`�`loqbzm��]_as | fg_q�
�"i �)~����`c_���_afloqr�bdi `gjlfgu � jcb | iA7 | ��`:oqfg_ o��qo�bdr o��\rd_:j | �\u\bzrdm-jc^\_ jlflo � _h`a����s | i\r4" | i\_
epo jl^ bd`�o � jlbz�q_njl^\_njlfco � _ bz`�s | fcyT_hm �h| ik�q_hikjlb | ipoqrzr4"��/b � _q�x��o�s jl_af�wpi\m-o�rdr*bzi\e\u j $ | u jce\u j
�a| ikjl_��Ajc`�oqi\mnfc_ho � ^njl^\_�r oq`�j~bdi `gjlfgu � jcb | i bdiVfg_hu\`g_�m | y{oqbdiTjl^\_�jcflo � _�bd`�`gj | fc_am:bziV! � ����s
`g_a��_afloqr6e\o�jl^\`�o�fc_ bdi �a| u\fg`c_q�8`g_a��_afloqr�jcflo � _h`�oqfg_�� | bzi\� j | �]_�s | fcyT_hmt� ��i\m _�o � ^ jlfco � _
�a| fcfg_h`ce | i\m `�j | o m\b � _afc_ai1j�epo jl^ �

��`�m\bd` � u\`g`c_hm bzi )*^poqe jc_hf < �Wjl^ _ wpfc`�j�fc_aipoqyTbdi\�{`gjloq��_ bz`�fg_h`ce | i\`gbd�\rz_ j |V� fg_�o�jc_�jl^\_
i\_ � _a`c`lo�f " i1u\y��]_hf | s
fc_ae\rdb � oq`�s | f�_ho � ^ bdi\`�jlfgu � jcb | i ���"i �)~���>oqrdr8fg_he\rzb � o�`�oqfg_�r |A� o�jc_hm
Bgu\`�j
o�s jc_hf jc^\_ | fgbd��bzipoqrkbdi `gjlfgu � jcb | i�oqi\m�jl^ _�" o�fc_~o�rdrAm\bd`�jlbdi ��u\bd`g^\_hm � " jl^\_abdf%j oq��bzm\`h� 	�_a��0
u\rdoqf�jlfco � _a` 5 ��_afgjlb � oqrpjcflo � _h` 7
oqfg_�� u\bdrxj���^\_hi j4� | | f/y | fg_�bzi\`gjcfcu � jlb | i\`���bzjc^ �a| ikjlbd�qu | u\`



���

+/)*`�oqi\m:`loqyT_�j oq��bzm\`�oqfg_�s | u\i\m �/! fco � _a`�svf | y m b � _hfc_aikj�epo jl^\`�5 ^ | fcb4A | ikj o�rtjlfco � _a` 7�oqfc_
�\u bdrzj+��^\_hi j4� |{| f�y | fc_�bzi\`gjcfcu � jlb | i\` ��bzjc^:`coqyT_�+�) oqi\m:m\b � _hfg_hikj�j oq�qbdm\`�o�fc_�s | u\i\mt�

� bz��u\fc_ : � : `c^ | ��`�o�i5_�� oqyTe\rz_ | s6^ | � jlfco � _a`�svf | y m\b � _afc_hikj�epo�jc^\`�o�fc_��\u\bdrxj��*� bdfg`gj
oqi m `c_ �h| i m�bdi\`�jlfgu � jcb | i\`�^po��q_ jl^\_T`lo�y{_{+/)�� r |�� o�jl_am bziPjc^\_{rz_as j�epoqf�j | s~jl^\_{� bz��u\fc_��
��_a��_afgjc^\_hrz_h`c`a��jc^\_�"�^po��q_�m\b � _afc_ai1j
jloq��bdm `h� ��^\b � ^Voqfg_�r |A� o�jc_hm Bgu\`gj�o�s jc_hf�jl^ _�bzi\`gjcfcu � jlb | i �
��^\_ai jc^\bd` |A�h� u fc`h�%jl^\_{oqf � ^\bzjc_ � jcu\fc_T` | fgjl`�jl^ _{bzi\`gjcfcu � jlb | i\`�� " jc^\_hbzf�jloq��bzm\`h�8�\u\bzrdm\bzi\�
m\b � _afc_ai1j�bdi\`�j oqi � _h`�svf | y4jc^\_n`lo�y{_ jcflo � _q� �"iG� bd��u fc_ : � : bdi `gjlfgu � jcb | i ` svf | y4m\b � _afc_hikj
epo jl^\`�oqfg_�^\bd��^ rdbd�q^1jc_hm-��bxjl^ m\b � _hfg_hikj���flo/" ` � o�rd_h`a�

0x0056c7a8   addu r3, r3, r7   00000010
0x0056c7a8   addu r3, r3, r7   00000001
0x0056c7a8   addu r3, r3, r7   00000000
0x0056c7a0   sll  r3, r2, 2    00000010
0x0056c7a0   sll  r3, r2, 2    00000001
0x0056c7a0   sll  r3, r2, 2    00000000
0x0056c798   sra  r2, r2, 5    00000010
0x0056c798   sra  r2, r2, 5    00000001
0x0056c798   sra  r2, r2, 5    00000000

addu r3, r3, r7  00000001
sll r3, r2, 2  00000001
sra r2, r2, 5  00000001

addu r3, r3, r7 00000010
sll r3, r2, 5 00000010
sra r2, r2, 5 00000010

TRACE 2

TRACE 3

TRACE 1
sra r2, r2, 5  00000000
sll r3, r2, 2  00000000
addu r3, r3, r7 00000000

� bd�qu\fc_ : � : ( � u\bdrzm\bdi\��o�jcflo � _

��s jc_hf��\u\bzrdm jl^\_�jlflo � _h`�oqi\m(`gj | fc_ jc^\_hy jc_hyTe | fcoqfcbzr4"q� jl^\_ "(oqfc_�fc_hoqrdr "n`gj | fc_am bdi:jl^\_
!%flo � _ � u � _afh� �
o � ^ m b � _hfc_aikj�bdi `gj o�i � _ � fc_ho�jl_am bd`�`gj | fc_am bdi�o(! � �~o/"q�5��s�jl^ _hfc_Voqfc_
y | fc_Vjcflo � _h` jl^\oqi �*o/"A`h� | i\r " jc^\_nwpfc`�j m\b � _afc_ai1j | i _h`Toqfc_ � | bdi\� j | �]_ `gj | fc_hmt��!�^\_
jc_hyTe | fcoqf "V�\u � _hf�bd`�jl^\_ai � rd_�o�fc_hm5oqi\m(bzj�bd`�fc_hoqmK"nj | `gjloqfgj�j | �\u\bzrdm:oqi | jl^\_af | i _q�~!�^\_
! � `gjcfcu � jlu\fg_�u `c_hm(bdinjl^ bd` � | f�GVbz`�`c^ | ��_hm5bzi:� bd��u fc_ : � ? �

� +/)L(po�m\m\fc_a`c` | s8jc^\_�bdi\`�jlfgu � jcb | i � ��`�bdi o 	�_hu `c_ � u � _hfa� jl^ _�+�)Kbdi m\_���_h`�jc^\_�! � :

� ��_��Aj�+/)L(�oqm\m\fg_h`c` | s%jl^\_�wpfg`gj�bdi `gjlfgu � jcb | i:o�s jc_hf~jc^\_�jlflo � _-:

� ��u j�+/)*`�(*oqm m\fc_a`c`c_a` | s�oqrzr bdi `gjlfgu � jcb | i `�bdi | u jce\u j �h| i1jc_��Aj/:

� �"i e\u j�fc_a��bd`�jl_hfg`�(6r | ��b � oqrtfg_h��bz`gjc_hfc`�epo�fgj | s%jl^\_�bzi\e\u j �a| ikjl_��Aj�:

� ��u jce\u j�fg_h��bz`gjl_afc`�(/r | ��b � oqr]fc_a��bd`�jl_hfg`�epoqfgj | s jl^ _ | u jle\u�j �h| ikjl_ �Aj/:

� �"i e\u j���oqrdu\_a`�(6bzi\e\u j�fg_h��bz`gjl_af~��oqrdu\_a`�j | eW_afgs | fgy jc^\_�fc_hu `c_�jl_h`�j/:

� ��u jce\u j���oqrzu\_h`�( | u jle\u�j6fc_a��bd`�jl_hf �qo�rdu\_a` j | u\e]mpo�jc_~jl^\_*m\_h`�jlbdi\o�jlb | i�fc_a��bd`�jl_afc`&��^\_ai
fg_hu\`gbdi\� jcflo � _q�

�"i5e fc_a�Ab | u\`�bzy{e rd_hyT_hikjlo�jlb | i\` | s jlfco � _ fc_hu `c_q��jl^ _ | u jce\u j�+/)*` ��_hfc_ i | j�o{fg_h}1u\bdfg_�0
yT_hikj j | �]_ `�j | fg_hm bdi ! � �%�"i �)~����^ | ��_a��_afh�
e\fg_hm\b � o�jc_hm�epo jl^\` oqfc_Tj | �]_ `g}Au\oq`c^\_am
`g_hrd_ � jcbz��_ar4"q��o�`6bzj
bd`
o�rdfc_hoqmK"	GAi | ��it�/��`/o �a| i\`g_h}1u\_hi � _q� bdi\`�jlfcu � jlb | i\`6epo�fgj | s]jl^\_ | u jce\u j
�a| ikjl_��Aj�^po�`�j | �]_ j oq�q��_hm �]_ � oqu\`c_ jc^\_�"5y o/"(�W_ epo�fgj | s�oVe\fg_hm\b � o�jc_hm ^po�y{y |�� G(oqi\m
y{o/"V�]_C7\u\`c^\_am5rdo�jl_afh��!�^\bz`�y o�jgjl_af ��bdrdrW�W_�oq��oqbdinm\bz` � u\`c`g_hm5bzinjl^\_�i\_ ��j���_ � jcb | i �

�IOfNIO�N ��bdTVs R�\��cW 
 a@W�j�b
	�_hu\`gbdi\� o jcflo � _�bdi �)~�$o�f � ^\bxjl_ � jlu\fg_�bd`�m\b � _hfg_hikj���`ce]_ � bdoqrdr "��W_ � oqu `c_�jl^ _hfc_�y o/"{�W_

`g_a��_afloqr8bzi\`gjloqi � _a`�svf | y jc^\_�`loqyT_�+�) bdinjl^\_�e\bzeW_ardbdi _q�6�"i(o �a| ik��_hikjcb | ipo�r o�f � ^\bxjl_ � jlu\fg_q�
��^\_ai o jlfco � _�bd`�fc_hoqmK"Vj | �]_�fc_hu `c_hmt�]jc^\_�sv_�j � ^(bd`�fc_am\bdfg_ � jc_hm:j | jl^\_�i\_ ��j�+/) o�s jc_hf�jl^\_
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PC1
PC2
PC3..
PCn

.

r1
r2
r3..
rn
.

r1
r2
r3..
rn
.

v1
v2
v3..
vn
.

v1
v2
v3..
vn
.

PC Next PC Output regs Input vals Output ValsInput regsOut PCs

� bd�qu\fc_ : � ? (6!%flo � _ � u � _hf�5 ! � 7~`�jlfcu � jlu fc_

jcflo � _q�6!�^\_�i\_ ��j�+/) | s _ho � ^:jcflo � _�bd`�oqrz` | `�j | fg_hm:bdi ! � �\��rdr bzi\`gjcfcu � jlb | i\`~�]_aj4��_h_hi(jl^\_
�]_h��bzi\i\bzi\� oqi\mnjc^\_�_hi\m | s o�jlflo � _�oqfg_�fc_he r o � _hm � "n_hikjlfgbd_a`�bdinjl^\_�	~� � s | f�jl^\_ | u jce\u j
�a| ikjl_��Aj | i\r "��

��i(jc^\_ | jl^\_af�^\oqi\m �pjl^ bd` � oqi\i | j��W_�m | i\_�bdi(�)~���Woq`�jlflo � _h`�svf | y m\b � _hfg_hikj�e fc_hm bx0
� o�jl_am(epo jl^\`�y o/" �W_�fc_au\`c_am �*!�^\_�e\f | �\rd_ay bz`�`gu � ^ o�`h� ��^\_hi(`c_���_hfcoqr8epo�jc^\`�o�fc_�o � jcbz�q_q�
jc^\_hfg_ ��bdrzr6�W_Vy | fg_{bzi\`gjcfcu � jlb | i\` �]_aj4��_h_aiGjc^\_V�]_h��bzi\i\bzi\�5o�i\m jl^ _V_hi\m | s�_�o � ^�jcflo � _q�
!�^\bz`�bd`�_�o�`cbdr " `g_h_hi bdi jc^\_{_ � oqy{e rd_ bdiP� bz��u\fg_ : � : ����s�jc^\_�fc_hu `c_B�~oq`�e]_hfgs | fcyT_hmPoq`�bdi
o �h| i1�q_hikjlb | ipoqr%oqf � ^\bzjc_ � jlu\fg_q��bdi\`�jlfgu � jcb | i\`��]_hr | i\��bzi\��j |T| jc^\_hf�epo�jc^\`�5 m\b � _afc_ai1j�jloq��bdm ` 7
��_hfg_�� | bdi ��j | �]_�fc_�jlbdfg_hm�svf | y,jc^\_�e\bzeW_ardbdi _*oq`&��_hrzr �%��i\m jc^\bd`>� | u\rzm e\f | �poq�\r " ��_ai\_hfco�jl_
oqi bzi �h| i `cbd`�jl_ai1j�fg_h`cu rzj�s | f~jc^\_�m\b � _hfg_hikj�mpo�j o � ^po�bdi\`a�

�"i | fcm\_af�j | m | jl^ bd`h��jc^\_�jl_a`gj6s | f�jcflo � _�fg_hu\`g_�bd`6e]_hfgs | fcyT_hm "�_�j*bzi�jl^\_�`g_ �h| i\m{fg_hipo�y{_
`�j oq��_��~!�^\bz` �*oq`�y | m\bzwp_am bdi jl^\_�bdi\`�jlfgu � jcb | i:fc_au\`c_ y{_ � ^poqi\bz`cy bdyTe\rz_hyT_hikjl_am(�]_ � oqu\`c_
jc^\_�oqf � ^\bzjc_ � jlu\fg_ i\_a_hm\`�j | o�� | bdm(jc^\_ fg_hipo�y{bzi\� | s6fc_a��bd`�jl_hfg` ��^\b � ^ oqfg_ i | j�epoqf�j | s6jl^\_
| u�jle\u j �a| ikjl_��Ajh����s%jl^\_�jl_a`gj �*oq`�rz_as j~j | jc^\_�fc_au\`c_�`gjloq��_q��o�i5oqm m\bzjcb | ipo�rWr | ��b � � | u rdm:�W_
i\_ � _a`c`lo�f "nj | r |A| G�s | f~jl^ | `c_�fc_a��bd`�jl_afc`�oqi\m:f | rzrt�po � GVj | jl^\_�e\fg_a�Ab | u\`�`gj o jlu\`a�
��^\_ai o(bzi\`gjcfcu � jlb | i bd`�sv_�j � ^\_am ��jl^\_{! � bz` }1u\_afcbd_am oqi\m bzs~o(y{o�j � ^�bz`�s | u\i\m � jl^\_

fg_hu\`g_~jl_h`�j
bd`�e]_hf�s | fcyT_hmt� !�^\_�fc_au\`c_~jc_h`�j �h| i\`gbd`�jl`6bdi��q_hfgbzs "Abdi\��bxs]oqrdr�bdi\e u j6fc_a��bd`�jl_afc` svf | y
o:��bz�q_hi�epo jl^�o�fc_ fg_�oqm "���b � _��z� bzs*jc^\_�" oqfg_{y{oqe\e]_hm j | e\^ "A`cb � oqr/fc_a��bd`�jl_afc`�o�i\m ��bzjc^ i |
e]_hi\m bdi\��fg_�oqm `h�67�_hi � _q�kjl^\_*bdi\e\u�j6fc_a��bd`�jl_hfg` | spjc^\_~jlfco � _�o�fc_~u\`g_hm j | }1u\_af " jl^\_�y{oqe\e\bzi\�
jloq�\rd_ | s jc^\_�`loqyT_�epo�jc^:bzi\m\b � o�jc_hm � "njl^\_�jloq��bdmnsvf | y jc^\_�bdi\`�jlfcu � jlb | i bdiVjc^\_�e\bde]_hrzbdi\_��
��^\_ai�jl^ _(fg_hu\`g_(jl_a`gj{y o j � ^\_a`h�*jc^\_:jcflo � _ � oqi$�]_ fc_au\`c_am �K!�^\bd`TyT_�oqi\` jc^po�jTjl^\_

| u�jle\u j���oqrzu\_h`T`gj | fc_am$bdiGjl^ _(! � oqfc_:� | bzi\� j | �W_=��fcbxjcjl_ai�j | jc^\_(e ^ "A`gb � o�r�fg_h��bz`gjl_afc`
y{oqe\e]_hmT� "Tjc^\_ | u jle u j �a| ikjl_ ��j*fc_a��bd`�jl_hfg`h��oqrd` | `�j | fg_hm{bdiT! � ��!�^ _�y{oqe\e\bzi\��j oq�\rz_�u\`c_am
��bzrdr>�]_ jl^\_ `loqyT_ | i\_ }1u\_afcbd_am m\u\fgbdi\�Tjl^\_�fg_hu\`g_ jl_a`gjh� m\_ajc_hfgy{bzi\_hm � ":jl^\_�j oq�qbdm | s6jl^\_
bzi\`gjcfcu � jlb | inbdinjl^\_�e\bzeW_ardbzi\_q�

�~j/jl^\bz`�e | bdikj/oqrzrpbdi\`�jlfgu � jcb | i\`6svf | y�jl^\_�jlfco � _�oqfg_�`�jlbdrzrpbdi�jl^\_�e\bzeW_ardbdi _q�k` | y{_�j o�����_hm
oqi m ` | y{_Ti | j�j oq�q��_hm "�_ajh�(���koqbzi �>jl^\_Tjlflo � _ fg_hu\`g_ ^po�` j | `c_ard_ � jlbx��_hr " fc_ay | ��_ oqrdr6bzi�0
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     if (register_produces_output_value)
          register = value_in_TB
          register_is_ready = TRUE
    else
        fetched_PC = invalid_instruction

    for (i=0; i < trace_size; i++)
if (instructions_in_TB_are_in_rename_buffer)

else 
    update pendent_buffer

if (fetched_PC == PC_in_TB)
    for (i=0; i < input_scope_size; i++)

register_is_ready)
               ready_inputs = TRUE
         else

             ready_inputs = FALSE
             break

if (ready_inputs)
update least_recently_used_list_in_TB

if (value_in_TB == value_in_bank_of_registers and
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fg_hu\`g_q�
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bzi\`gjcfcu � jlb | i\` �a| ikj oqbzi\_hm bzi jc^\_Vfc_au\`c_nm | y o�bdi � �"i�jl^ bd`3� | f G]��jcflo � _h` o�fc_Vfg_h`gjcfcb � jl_am j |
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if (committed_PC == last_PC + 1) or
    (commited_PC == last_PC and committed_tagid == last_tagid)

if (first_instruction_on_trace)
   update input_context_table
   update output_context_table
else
   if (source_register_1 > 0)
       if (not_part_of_output_context)

   if (source_register_2 > 0)
       if (not_part_of_coutput_context)

   if (destination_register > 0)
       update output_context_table

           update input_context_table

           update input_context_table

   update temporary_TB
if (max_number_of_instructions or

max_number_of_inputs or
max_number_of_outputs)
   store_trace

last_tagid = committed_tagid
last_PC = committed_PC

else
    if (trace_in_course)
        store_trace

else
    first_instruction_on_trace = TRUE
    update temporary_input_output_context

� bz��u\fc_ ? � � (/��bdyTe\rdbxwp_hm o�rd� | fgbzjc^\y#s | f~jlfco � _ �h| i\`gjcfcu � jlb | i

        break
    else 

if (store)

store = TRUE

least_recently_used_block_in_TB = trace_being_stored

for (i = 0; i < TB_associativity; i++)
    if (trace_in_set == trace_being_stored)

store = FALSE

� bd�qu\fc_ ? � < (/�AbdyTe\rdbxwp_hm oqrz� | fgbzjl^ y s | f~jlflo � _�`gj | floq�q_
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j "Ae]_q�6�"i:o fc_au\`c_�_���_ai1jh�pjl^ | `g_ � " � rd_h`�o�fc_�� | bdi\��j | �]_�`lo���_am �p�]_ � o�u\`c_�o�fg_hu\`g_hm bdi\`�jlfgu � 0
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bziVjl^\_�`cbzy�u\rdo�jlb | i\`~e]_hf�s | fcyT_hmnbzi jc^\bd` � | f G (

� � | �qb � oqi m5oqfgbzjc^\y{_�jlb � bdi `gjlfgu � jcb | i `�5 �"ikjl_a��_hf�7 & 0 � " � rz_-:

� &:u\rzjcbde\rzb � o jlb | i95v�"i1jc_h��_af 7�& < � " � rd_a`�:

� �bz�Abd`gb | i 5v�"i1jc_h��_af 7�&n�q� � " � rz_h`�:

� � | �qb � oqi m5oqfgbzjc^\y{_�jlb � bdi `gjlfgu � jcb | i `�5 � r | o�j�+ | bdikj 7D&n� � " � rz_h`�:

� &:u\rzjcbde\rzb � o jlb | i95 � r | o j�+ | bzikj 7D& � � " � rd_a`�:

� �bz�Abd`gb | i 5 � r | o j�+ | bdikj 7�&n��� � " � rz_h`�:

� �A}Au\oqfc_�f |A| j�5 � r | o j�+ | bdikj 7D& ��� � " � rz_h`a�

� � � � @�L =�F�E6R�@ O B � R�Z E�R <>C6J
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`gu\eW_afc` � oqrdoqf�oqf � ^\bxjl_ � jlu fc_q� � oq`gb � oqrdr "��>�)~� fg_h` | u\f � _h` oq`��*_ardr/oq`�fc_au\`c_Tfc_a` | u\f � _a`3��_hfc_
��oqfgbd_hm bzi | fcm\_af�j | wpi\m jl^\_��]_h`�j�bzikjl_hfco � jcb | i �]_aj4��_h_ai(jl^ _h`c_�j4� | sv_ho�jlu\fg_h`a�

�"i�jl^ _�wpfg`gj6`g_aj����)~� fg_h` | u\f � _h`&��_hfc_*rdbdyTbzjc_hm�j | �\� � � 0;: � < ��oqi\m : ��y o�e\e\bdi ��j o��\rd_a`h�
!�^\_Tm\bz`gj o�i � _{oqrdr | �*_am s | f�e fc_hm b � o jlb | i �*oq`�w ��_hm�o�i\m _a}Au\oqr6j | 0;: bzi\`gjcfcu � jlb | i\`J5vsvf | y
�\fcoqi � ^ j | B | bzi:e | bzi1j 7��

!�^\_ 	 � oqi m:jc^\_�! � ��_hfg_ oqrz` | ��oqfcbz_hm bdi o�rdr _ � e]_hfgbdyT_hikjl`a�
!�^\_ � | oqr��*oq`�j | `gjcu\mK"
^ | � jl^ _ fc_hu `c_ �\u � _hf�o�i\m jlfco � _�� u � _af�`cb4Ah_h`�y{o/" o � _ � j�jc^\_�e]_hfgs | fcy{oqi � _�oqi\m �>o�� | ��_
| s/o�rdr �pwpi m5jl^\_ �W_a`gj �a| i wp��u flo�jcb | i:s | f�`gu � ^ fc_h` | u\f � _h`a��!�^\_�y{o ��bdy�u\y jcflo � _ `gbMAh_3�~oq`
w ��_am bdi��Gbdi `gjlfgu � jcb | i `h� !�^\bd` i1u\y��]_hf;�*oq` � ^ | `c_ai �]_ � oqu\`c_Pe\fg_a�Ab | u `:`�jlu\m bd_h`:^po���_
`g^ | ��i$jl^po jVo jlflo � _:bd`Ti | j{r oqfg��_hf jl^\oqi < ��bdi$o �q_hfcoq��_ 5 )�����! � �~����� 0 7 �-��rz` | ��_a��_ai
��bxjl^$jc^\_ _���e]_ � j o�jcb | i | s�^\o �Abzi\� r oqfg��_hf�jlfco � _a`nm\u\_5j | jlfco � _a` s | fcyT_hm-o�s jl_af jl^\_%B | bdi
e | bdikj | s/e\fc_am\b � o�jl_am epo�jc^\`h�tjc^\_ o���_afloq�q_�`cb4Ah_�bz`�i | j�_���eW_ � jc_hm j | �]_�y�u � ^ r oqfg��_hf�jl^poqi
��bdi `gjlfgu � jcb | i `h��oq`�jlfco � _a`�m | i | j�bzi � rzu\m\_��\fcoqi � ^\_a`h��7 | ��_a�q_hfa�]svu\f�jl^\_af�bzik��_h`�jlbz�ko�jlb | iVj |
wpi m jc^\_��W_a`gj�i1u\y��]_hf~s | f~jc^\bd` �a| i wp�qu\flo�jcb | inbz`�`gjcbdrdrWi\_ � _h`g`loqf "��/!�^\bd`�m\bz` � u `c`cb | i bd`�oqrz` |
jcfcu\_�s | f~jc^\_�y o ��bzy�u\y iAu y��W_af | s fg_h��bz`gjc_hfc`�o�rdr | ��_hm bdinjc^\_�bdi\e\u�j $ | u�jle\u j �a| ikjl_ ��jc`h�

!�^\_5� � u\i\bxwp_hm � o � ^\_5oq`���_hrzr�oq`�jl^ _5yT_hy | f " � u\`h���\fcoqi � ^-e\fg_hm\b � jcb | i ��bdi\`�jlfgu � 0
jcb | i;��bdi m | ���pbdi\`�jlfcu � jlb | i:}Au _hu\_ oqi\m svu\i � jlb | ipoqr>u\i\bxjl`6��_hfc_�i | j���oqfgbd_hm:oqi m(jl^ _�";��_hfc_
�a| i wp��u fc_hm:rdb4Gq_�o y | m\_afci `cu eW_afc` � oqr o�f�o�f � ^\bxjl_ � jlu\fg_q�

!�^\_:wpfc`�j `g_aj | s�w ��_hm �a| i wp�qu\flo�jcb | i `Tu `c_hm$bdi�jc^\_:_���eW_afcbzy{_ai1jc`Voqfg_(e fc_h`g_hikjl_amKbdi
! oq�\rz_ ? � 0 �6��`�`loqbzm �W_�s | fc_��p_���_ � u jlb | i(fg_h` | u\f � _h` �*_afc_�rdbzy{bxjl_hmt�

!�^\_P�qo�fcb o��\rd_ �a| i wp��u flo�jcb | i\` u\`g_hm bzi jc^\_ wpfc`�j5`g_aj | s�jl^ _ _ � e]_hfgbdyT_hikjl`(oqfg_ oqrz` |
`g^ | �*_amPbzi ? � 0 ����`�`�j o�jc_hm �]_as | fg_q��jl^\_ iAu y��W_af | s
fg_hipo�y{bzi\�Tjloq�\rz_h` �*oq`���oqfgbd_am(svf | y �
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� �

! oq� rd_ ? � 0 (/) | i wp�qu\flo�jcb | i `�u\`c_am(bzi:_ �Ajl_hi m\_hm �)~�-_���eW_afcbzy{_ai1jc`�5vwpfg`gj�`c_�j 7
�����������
	��
� ���������������	�����
������ ���"!#����	�$ � ����� � �%��&�	������
	������&
�'��&�()��	���$*!#����	�$ � ����� � �%��&�	������
	������&
+,&�&�����!#����	�$ � ����� � �%��&�	������
	������&
-.�
�)���/�%���0	���1�2���& ��3 ��3 � ��3 ����3 ��� 	���1�2���&
4���������$5&��%67��	�8(����������7��	�� � � �%��&�	������
	������&
�92:��&�&���&.�;<(����������7��	����*$)���/�� ��=>& &��%�/(�2��?�����@����/(�2��BADCE��2%2GF
�"��HI�(�	��%�/�%6J��	������& ��2%!K��L�&.��
+M��&�	������
	�����@;E�
	���$*N ���
��� � � �%��&�	������
	������&
O � �K����$���& � � � &��
	�&7P ��� 1QL>	���&R2%�%����P � !���L�&7P � �
L��
2��S$��%	R2:��	��
���
L
O � �����T�)���*�7����$�� ����� &��
	�&7P ����� 1QL>	���&R2%�%����P � !���L�&7P � �
L>�
2���$��%	R2:��	��
���
L
U5�
�����LV1���&R!#����	�$ � � 1 L 	���&JP � ��� �
L��
2���&K����&�	R��$ ����=WP

� � �
L��
2���&R���
�0���%���%���V��$ ����=>&
4���������$X(����������
	�����X&���$��
��� YZL>1������[(����������
	���.!#�%	�$

����� � ���
	��]\^	���1�2���P
!#�%	�$X4�_#4`!#�%	�$ � � � &��
	�& 3
��a !K��L*��&�&� �
�:��	��%bc�

-.�
	������5����������&�&R&�	�����= ��� �
� 	�������&
Odc���)e�f 	�����gNQ���
��� ��� �
� 	�������&
-Rh'4i&��%67� � � � �
�Q	�������&
+M�Q	��
�c�
�.j�k'& � j�k'&
+M�Q	��
�c�
�.UX��2%	le��'�%b � j�k'&
j��Ij�k'& � j�k'&
j��IUX��2%	le��'�%b � j�k'&
-.�
��&��S49��mn�
�R&��%67� � ������3 ����� � ����� � � ��� �
� 	�������&
-.�
��&��S49��mn�
�.��&�&�>�
�:��	��%b>�%	oL � ����� �
_d�������g4���mp�
� � � ��3 � ������3 ����� � �
�Q	�������&
_d�������g4���mp�
�.��&�&� �
�:��	��%b>�%	oL � ����� �
Uq�]AV� ���?1p�
�Z�;��%��&�	������
	������&R�%�@	�������� � �%��&�	������
	������&
Uq�]AV� ���?1p�
�Z�;��%��(���	�&.����Q	��BA�	R���
�c& � ���
����&�	��
��&
Uq�]AV� ���?1p�
�Z�;r���	�(���	.����Q	��BA�	R���
�c& � ���
����&�	��
��&
-.�
��&��S�(�	��%�/�%6J��	������& ��5�����@�m

��`�jc^\_ wpfc`�j | i\_��8jc^\_ `c_ �h| i m `g_aj | s/`cbzy�u\r o jlb | i\`���oqfgbd_hm jc^\_�oqf � ^\bzjc_ � jcu\fc_ ��bzm jl^Poq`
��_hrzr>oq`�jl^\_��)~�Koqi\m fc_au\`c_�fc_a` | u\f � _a`h�/�"i jc^\bd`�`g_ajh�p^ | �*_���_hfa�]jc^\_�� | oqr �~o�`�j | _a��oqrdu\o�jl_
fg_hu\`g_�bzinsvu jlu\fg_���_hi\_aflo�jcb | i ` | s yTb � f | e f |A� _h`g` | fg`h�

!�^\_
�]_hi � ^\y{oqf GA`8u\`g_hm bdi�oqrzrq`cbzy�u\rdo�jlb | i\` o�fc_6`c^ | ��i bdi�! oq�\rz_ ? � �A� ��rdrqbzikjl_h�q_hf>�]_hi � ^�0
y{oqf�G1`6e\fg_a�Ab | u\`cr " `cbzy�u\r o jl_hm bziT)*^poqe jc_hf/���*_afc_�u\`c_am �1`cu � ^ oq` ��� � � ��
 � � � � � � � � � � ��
���� �
� ���  � & | fc_ | ��_hfa�qjl^ fc_h_*oqm\m\bxjlb | ipoqr1� r | o�j%+ | bdikj 5 ��+�7>�W_ai � ^\y{oqf�G1`>��_hfg_*`cbzy�u\rdo�jl_am � !�^ _�"
oqfg_-( � � �  � � � � � � � � � ���  � �q��!�^\_�bdm\_ho�bz`6`gjcu\mK"�jl^\_�bdyTepo � j | stfc_hu `cbdi � bzi\`gjcfcu � jlb | i\`
bdi�jl^\_
e\fg_h`g_hi � _ | s 7 | o�j e | bzi1j | e]_hfco�jlb | i\` oq` �*_ardr � +6fc_���b | u\` `gjlu m\bd_a`�5 )*�"!�	~����:����6�"!��
�%�\��� �
�q�q�k�17te | bdikjl_am�jc^po�j%fc_au\`c_�y{_ � ^poqi\bz`cyT`8y o/"��]_
`ce]_ � bdoqrdr "�o�jgjlfco � jcbz��_6j | bzi\`gjcfcu � jlb | i\` ��bzjl^
^\bz��^nr o jl_hi � "n_ � _ � u jcb | it�

�"i jl^ _h`c_ `cbdy u\r o�jcb | i ` : ��� yTbdrdrzb | i | s6bdi\`�jlfgu � jcb | i\` �*_afc_ _ � _ � u jc_hm �>� u j�jl^ _ `lo�y{e\rz_h`
s | f�`�j o�jcbd`gjcb � ` ��_hfg_ �h| u\ikjl_hm | i\r4" o s jl_hf < ���:y{bzrdrzb | i | s�bdi `gjlfgu � jcb | i `h� o � | bdm bdi\�:jl^\_Tbdi\b 0
jcb oqrzbMA�o jlb | i{e | fgjcb | i | s jc^\_��W_ai � ^\y{oqf�G1`h�

�"i � rdu\m\bzi\��o�rdr �h| i�wp��u\fco�jlb | i\`*`g^ | �*_am bdi{jc^\bd`~)*^poqe jc_hfa� y | fc_�jl^po�i 0 ������`cbzy�u\r o jlb | i\`
��_hfg_ e]_hf�s | fcyT_hm � ��^\b � ^5yT_�oqi `�`g_a�q_hflo�r �\bzrdrzb | i\` | s�bzi\`gjcfcu � jlb | i\` �h| yTy{bxjcjc_hmnbdi jl^ _ i\_ �



� �

! o��\rd_ ? � � (/) | i�wp��u\fco�jlb | i\`�u\`g_hm5bzin_��Ajl_ai\m\_am �)~�-_���e]_hfgbdyT_hikjl`�5 `g_ �a| i\m:`c_aj 7
�����������
	��
� ���������������	�����
������ ����!#����	�$ � ��3 ��� ����� ��� �%��&�	������
	������&
�'��&�()��	���$*!#����	�$ � ��3 ��� ����� ��� �%��&�	������
	������&
+,&�&����'!#����	�$ � ����� � �%��&�	������
	������&
-.�
�)���/�%���0	���1�2���& � � ��3 ������3 � � ��3 � ����� 	���1�2���&
4���������$*&��%67�S	�8(����������7��	�� ��� �%��&�	������
	������&
�92:��&�&���&.�;<(����������7��	����*$)���/�� ��=>& &��%�/(�2��?�����@����/(�2��BA CE��2%2GF
�"��HI�(�	��%�/�%6J��	������& ��2%!K��L�&.��
+M��&�	������
	�����@;E�
	���$*N ���
��� � � � �%��&�	������
	������&
O � �K����$���& ����� &��
	�&7P � � � 1QL>	���&R2%�%����P � !���L�&7P � �
L��
2��S$��%	R2:��	��
���
L
O � �����T�)���*�7����$�� ����� � &��
	�&7P � ����� 1 L 	���&#2%�%����P � !���L�&7P � �
L>�
2���$��%	R2:��	��
���
L
U5�
�����L 1���&.!#����	�$ � � � 1 L 	���&JP ��� �
L��
2���&K����&�	R��$ ����=WP

� �
L��
2���&#���
�0���%���%���V��$Q����=�&
4���������$ (����������
	�����5&���$��
��� � 2��
bc�
2<������(�	���	��%bc�"�c&�$)������A���#!#�%	�$ � � 1��%	�&

$���&�	����L[����� 4K_#4`!#�%	�$ � � � &��
	�& 3 � \^!��7L*��&�&�>�
�:��	��%bc�
-.�
	������*����������&�&.&�	�����= ��� �
� 	�������&
Odc���)e�f 	�����gNQ���
��� � � � �
� 	�������&
-Rh'4i&��%67� � � � �
� 	�������&
+M�Q	��
�c�
�.j�k'& ��� j�k'&
+M�Q	��
�c�
�.UX��2%	le��'�%b ��� j�k'&
j�� j�kZ& ��� j�k'&
j�� UX��2%	le��Z�%b ��� j�k'&
-.�
��&��S49��mn�
�R&��%67� � ������3 ����� � ����� � � ��� �
�Q	�������&
-.�
��&��S49��mn�
�.��&�&�>�
�:��	��%b>�%	oL � ����� �
_d�������?49��mn�
� � � ��3 � ������3 ����� � �
�Q	�������&
_d�������?49��mn�
�Z��&�&� �
�:��	��%b>�%	oL � ����� �
Uq�]AV� ���?1p�
�Z�;��%��&�	������
	������&R�%�@	�������� � �%��&�	������
	������&
Uq�]AV� ���?1p�
�Z�;��%��(���	�&R����Q	��BA�	.���
�c& � ���
����&�	��
��&
Uq�]AV� ���?1p�
�Z�;r���	�(���	.����Q	��BA�	R���
�c& � ���
����&�	��
��&
-.�
��&��S�(�	��%�/�%6J��	������& ��*�����*�m

oqf � ^\bzjc_ � jlu\fg_�`gbdy�u r o�jcb | i\`a�
�"i | fcm _hf�j | m\bz`ce\rdo/" jc^\_nfc_a`cu\rxjl` bdiGo�i u i\m\_hfg`gjloqi\mpoq� rd_:oqi\m `gbd��i\bxw � o�i1j s | fcy:��jl^\_

fg_h`cu rzjl`�^poqm j | �W_ � oqfg_asvu\rzr4":oqi\oqr4" Ah_am oqi\m _���oqrdupo jl_hmt��!�^\_�`gu\yTy oqf "(oqi\m �a| i � rzu\`cb | i\`
| s%jl^ _ o�ipoqr4"A`gbd`�oqfg_�e\fc_a`c_hikjc_hm bzi jc^\_�i\_��Aj�)*^poqe�jl_hfg` | s jc^\bd` � | f�G��

� ��� � =�L#L�E6Z J

!�^\_�� | oqr | s�jc^\bd`
)*^\oqe jl_af&�~o�`�j | e\fg_h`c_aikj/jc^\_~`gbdy�u\rdo�j | f m\_���_ar | e]_hm�m\u\fgbdi\��jc^\bd`�+
^\
�bz`c`g_hfgjlo�jlb | i oqi m oqrd` | j | m bd` � u\`c`�jc^\_�`�jlflo jl_h�qbd_h`�u\`c_am s | f�jl^ _ `cbdy u\r o�jcb | i _ � e]_hfgbdyT_hikjl`
oqi m j | o � ^\bd_���_�jl^\_�fg_h`cu rzjl`�e\fg_h`g_hikjl_am bdinjl^ _�i\_��Aj�)*^poqe jc_hfh�

�����	� ��� � 5 ������!����W�1����� < 7 �ko 
����	��
� � 
������� �po�`c_hmT`cbzy�u\rdo�j | f 5 � ��	����/	 :q������!���� �
0;�k�r? 7�� �*oq` svu fgjl^ _hf�_��Ajl_ai\m\_hm�j | `gu\e\e | fgj���oqrdu _Tfg_hu\`g_q�:� bzfc`gjh� | i\r4" bzi\`gjcfcu � jlb | i fg_hu\`g_q�
��bxjl^ | i\_{j oq�\rz_ | i\r " �*oq`�oqrzr | ��_hm �P!�^\bd` wpfc`�j�epoqfgj | s�jl^\_nbzy{e\rz_hyT_hikj o jlb | i �*oq`���_af "
`gbdyTbdr o�f
j | jl^\_ | i _h`�svu\rdr "Te\fc_a`c_hikjc_hm5bzi:� | mpoqi\b � `+� | f G 5 �\�������� �]�q�����17�_�� � _ae j�jl^po j�bzj
�*oq`�bdyTe\rd_ay{_aikjl_hm | �q_hf�oqi:oqf � ^\bxjl_ � jlu fc_���bzjc^:m "�i\oqy{b � e\fc_am\b � o�jlb | i �

��`�oT`g_ �a| i\m `gjc_he ��jlfco � _�fc_au\`c_3�~oq`�oqrdr | �*_am5oq` ��_hrdr �~�"i | fgm\_hf�j | m | jc^\bd`a�]o{`c_ �h| i m



� �

! o��\rd_ ? � < ( � _ai � ^\y{oqf�G1`�bdi\e u jl`�u\`g_hm:bdinjl^\_�`gbdy�u\rdo�jlb | i\`
� _ai � ^\y{oqf�G �"i\e u j
�a� 0 5 �"ikj 7 0�}Au bd_aj~0 svu\i\f | rdr 0"r |A| e\`60 �W| f � _�0�y{_ay 0 s � `g_�0�s | rdr | �~0 Bgu\y{e `

0 s � `c_ 0"` GAbze�0"� r |A� GA`~0 sv_���eW_ai\`cbx��_ 0 | e jcbdyTbMAho�jlb | i\`
0 sv`gjlfg_hi\��jl^�0�fc_hm u � _�0�sve]_h_ae\^ | rz_�0�sv` � ^\_hm\u rd_�0�bdi\`gi\`
0 wpi\rdbzi\_�0 svu\i � jlb | i\`�0�sv` � ^\_hm u\rd_ 0"bdi `ci\`l� 0�� � e�0"m\_ � r � bt0 |T� e�0"m _ � r � `

� | 5v�"i1j 7 2 �T� 08� `�j | i _ � 0 � bdi
b BgeW_a� 5v�"ikj 7 0�bdy{oq��_

�
wprz_��Abd� | � e e\y 0 �h| yTe\fc_a`c`gb | i � }1upoqrzbzj " � �

0 �h| yTe\fc_a`c`gb | i � | e jcbdyTbMAa_
�
�h| m\bdi ���

0 �h| yTe\fc_a`c`gb | i � `cy |A| jl^\bzi\�
�
s o � j | f � � 0"m\b � _afc_ai � _�� bzy oq�q_ 0

0�m\b � _hfg_hi � _q� �
�
`�jlfcbzm\_ 0 � 0"m\b � _afc_ai � _�� "

�
`gjcfcbdm _ 0 �

0 ��_hfg� | `c_ 0 0�� ��� wpi\m | e j �a| y{e
y ��� G1`cbzy 5v�"i1j 7 0 � � � jcr � flo"�
e]_hfgr�5 �"ikj 7 e\fgbdyT_h`a� e\r � e\fgbdyT_h`h� bdi
oqe e\rdu 5 � + 7 � oqe\e\rzu � bzi
yT��fcbzm 5 ��+�7 � y{��fgbdm � bdi
jcu\fc� < m 5 ��+�7 � jlu\fg� < m � bdi

jloq�\rd_8�*oq`�bdyTe\rd_ay{_aikjl_hm o�i\m o ` � ^ _hyT_Tj | `�j | fg_{`g_a��_afloqr6jcflo � _h`h�8svf | y m\b � _hfg_hikj�epo�jc^\`h�
�*oq` �a| yTe\rd_�jl_hr " m\_���_hr | e]_hmVbziTjc^\bd` � | f�G��6!�^\_�o�f � ^\bxjl_ � jlu\fg_ | sWjl^\bz`�` � ^\_hyT_�bz`/m _h` � fcbz�W_am
bzi ��_ � jlb | i : � ��� | s6jl^ bd`9� | f�G���!�^\_ `cbzy{e rdbzw\_hm(oqrd� | fcbzjc^\yT`�u\`g_hmPoqfg_�`c^ | ��i bdi(jl^\_ w\fc`gj
��_ � jcb | i | s%jl^\bz`�)*^poqe jc_hfa�

!�^\_~`gbdy�u r o�jcb | i�`gjcflo�jc_h�-" u\`g_hm8�*oq` j | `cbdy u\r o�jc_6j4� | m\b � _afc_ai1j G1bdi\m\` | s]oqf � ^\bzjc_ � jcu\fc_a`h�
�"i\bxjlbdoqrdr "��qjc^\_�^po�fcm��*oqfc_ �h| i w\��u\flo jlb | i\`�u `c_hm-��_hfg_�`cbzy{bzr oqf�j | jc^\_ | i _h`*s | u i\mVbdi � u\fgfc_ai1j
`gu\eW_afc` � oqrdoqf
oqf � ^ bzjl_ � jcu\fc_a`h�6!�^\_a`c_ �h| i w\��u\flo jlb | i\`
oqfc_�fg_asv_hfg_hi � _hm oq`
`cy{oqrdr oqf � ^\bxjl_ � jlu fc_h`
bzi jl^ _~`cu\� `c_h}1u\_aikj�)*^po�e jl_afc`h����_��Ajh����_hf " oq�q��fc_a`c`cbx��_�o�f � ^\bxjl_ � jlu\fg_h`&��_hfg_�oqrd` | `cbzy�u\rdo�jl_am �
!�^\_�� | oqr | s%jc^\bd`*`c_ �a| i\m `c_�j | s8`cbzy�u\r o jlb | i\` �*oq`�j | e f | �Abdm\_�o�i | �q_hfg�Abz_ � | s%jc^\_�bzy{epo � j
| s��qo�rdu\_:fc_au\`c_:s | fTsvu�jlu\fg_5��_ai\_hfco�jlb | i\` | s�yTb � f | e\f |�� _h`c` | fc`a� ��rd` | �*jl^ _h`c_(`cbzy�u\r o jlb | i\`
��_hfg_Vu\`c_am j | wpi\m jc^\_ u\e eW_af � | u\i\m\` | s�jl^ _Voqf � ^\bzjc_ � jcu\fc_���bzjc^ mK"AipoqyTb � e\fg_hm\b � o�jcb | i
oqi m5��oqrdu\_�fc_au\`c_���!�^\_a`c_ �h| i wp��u\fco�jlb | i\`�oqfc_ r o�jc_hf�fc_asv_afc_ai � _am o�`�r o�fc��_ oqf � ^ bzjl_ � jcu\fc_a`�bdi
jc^\bd` � | f�G��

��rzr �h| i wp��u\fco�jlb | i\`-��_hfg_ fgu\i u `cbdi � m _h_he e\bde]_hrzbdi\_a` �h| i wp��u\fco�jlb | i\`a� ��bzjc^ oGw ��_am
i1u\y��]_hf | sWe\bzeW_ardbdi _~`gjloq��_h`/_h}1upo�r�j | 0;� ��!�^\bz`
bd`6_��Ajcfc_hyT_hr " fc_ard_��qo�i1j/bzi | fcm\_af
j | e f | �Abdm\_
o y | fc_�fg_�oqrzbd`gjcb � oqipoqr "�`gbd` | s%jl^ _�e f | �\rz_hyT` � oqu `c_hm(� " �h| ikjcf | r>m\_aeW_ai\m\_ai � _a`h�

�6bd��^kj �W_ai � ^\y{oqf�G1` | spjl^ _+�*_ardr GAi | ��i{oqi\m _a`gjloq�\rdbz`c^\_amT� +
�/)�)~+
� ��_hfc_�u `c_hmt� ��bzjl^
jc^\_�bdi\e u j�`c_�j�`g^ | ��i5bzi � bd��u fc_ ? � < �
�pf | y jl^ | `c_���w ��_ | s%jl^\_ay oqfc_��\oq`cb � oqrzr4" �h| yTe | `c_hm
� "�bdikjc_h��_af�bzi\`gjcfcu � jlb | i\` 5!��� � � ��
 � � � � � � � � � � ��
���� oqi\m � ���  7 � ��^ bdrd_�jc^\_�fg_hy{oqbdi\bzi\��jl^ fc_h_
��_hfg_ svf | y jl^ _ 7 | o�j�0"e | bdikj��]_hi � ^\y{oqf G `c_�j 5�� � �  ��� � � � � �Voqi m � ���  � ��7�� : �q�5y{bzrdrzb | i\`
| s�bzi\`gjcfcu � jlb | i\`-�*_afc_ fcu i bziK_�o � ^ `cbzy�u\rdo�jlb | i � ��^\b � ^ yT_�o�i\`Vjl^po jn`c_���_hfcoqr��\bdrzrdb | i | s
bzi\`gjcfcu � jlb | i\`3��_hfg_V_���_ � u jl_am$o�i\m �h| y{yTbzjgjl_hm ��^\_hiGo�rdr
�W_ai � ^\y{oqf�G1` `gbdy�u\rdo�jlb | i\`���_hfc_
�a| y{e rd_ajc_hm �



� �

� � � � � 
�� � � � � � � � � 
 � �

� ��� ;�<>=�?A@�B�C � B�?1RAZ\=�M]R�@ O B�? E
? E
B X-F�R�< Z\B�E�R @ �
<KR O I N S O �
< Z\[�<>E/Q

!�^\bz`�wpfc`�j���_ � jlb | i _��qo�rdupo�jc_h`�jl^\_�fg_hu\`g_ | s
`cbzi\��rz_ bzi\`gjcfcu � jlb | i\` | i r4"���!�^\_�� | o�r bz`�j |
m\_�jl_afcyTbdi\_9��^ _ajl^ _hf�jl^\_�fg_hu\`g_ | s%`cbzi\��rd_�bdi\`�jlfcu � jlb | i\`~bz`~_ � _ � jlbx��_�bdin�)~���p!�^ _ o�ipoqr4"A`gbd`
| stjl^\_�fc_a`cu\rxjl`%�*oq`/s |�� u\`c_amVbdiTjl^\_�y | `�j*fg_hrz_a��oqikj*e | bzi1jc` ��^ _hfc_�jl^\_�oqe\e\rzb � o�jlb | i | s>fc_au\`c_
y{o/"To � _ � j/jl^\_��)~�Goqf � ^ bzjl_ � jcu\fc_��6!�^\_h`g_�fc_a`cu\rxjl`�oqfc_�`c^ | ��iVbzi{jl^ _�s | rzr | ��bdi � �A_ � jcb | i `h�

�IO=P�O�P � T5S���bda>[ml0� b T5s bdq � \Vs Y�a T5jkY@RX[]\Vs
�"i\bxjlb o�rdr4"q��jc^\_PiAu y��W_af | s fc_au\`c_am bdi\`�jlfgu � jcb | i\`=�*oq` | �\`c_afg��_am �H� bd��u fc_ � � 0 `g^ | ��`

jc^\_ ^\oqfcy | i\b � y{_hoqi | s oqrzr��W_ai � ^\y{oqf�G1` s | f _�o � ^ �h| i�wp��u\fco�jlb | i `gbdy�u r o�jc_hm���bzjc^ oqi
� &1bdi\`�jlfcu � jlb | i\`+��bzm\_�oqf � ^\bzjc_ � jcu\fc_��6!�^\_���_afgjlb � oqr o ��bd`�m\_ae\b � jl`�jl^\_�e]_hf � _ai1jloq��_ | s fc_au\`c_am
bzi\`gjcfcu � jlb | i\`h�%!�^\bd` �*oq` � oqr � u\r o jl_hm | ��_af oqrzrkbdi\`�jlfgu � jcb | i\`8�\f | u\��^kj%j | jl^\_/e\bzeW_ardbdi _q� fc_au\`c_am
| f�i | j��6!�^\_�^ | fgbMA | ikj oqrto ��bd`�`c^ | ��`�jl^\_ �a| i wp��u flo�jcb | i\`�u `c_hm:bdi _ho � ^(`g_aj | s%jl^\_�_ � e]_hfgbx0
yT_hikjl`a�krdb4Gq_ �� � ��_a}Au\oqrd` j | ��y o�e\e\bdi ��j oq� rd_h` oqi\mT	 � oq`c` |�� b o�jcbz�Abzj "�_h}1upo�r j | � : �� � �
_a}Au\oqrd`
j | � y{oqe\e\bzi\��jloq�\rz_h`�oqi\mV	 � o�`c` |A� bdo�jlbx�Abzj " _a}Au\oqr]j | �H: ��� ����_a}Au\oqrd`
j | � y{oqe�0
e\bzi\�{jloq�\rz_h`�o�i\m 	 � oq`c` |�� b o�jcbz�Abzj " _a}Au\oqr j | � :>oqi m ` |n| it���
o � ^ ��_afgjlb � oqr �poqf�e\fc_a`c_hikjc`
jc^\_�^poqfcy | i\b � yT_�oqi | s oqrdrW`cb � �W_ai � ^\y{oqf�G1`�s | f~jc^po�j �h| i�wp��u\fco�jlb | i �

��j(bd` e | `c`cbz�\rd_ j | `c_a_ jc^po�j���bzi o�rdr � oq`c_a`h��jl^\_PeW_af � _hikj oq�q_ | s fc_hu `c_hm bdi\`�jlfcu � jlb | i\`
_ � � _h_am\` 0 � � � ��j�bz`�oqrz` | e | `g`cbd� rd_{j | `c_a_Vjl^po j jl^ _VeW_af � _hikj oq�q_ | s�fc_au\`c_amGbdi\`�jlfcu � jlb | i\`
m | i | j � ^poqi\�q_ `gbd��i\bxw � o�i1jcr4" o�y | i �Tjc^\_ �a| i wp��u flo�jcb | i\`a��_a��_ai ��bzjc^5^\bz��^\_af�i1u\y��]_hfg` | s
y{oqe\e\bzi\� jloq�\rz_h`�o���oqbdrdoq�\rz_q� �"i ` | y{_�`ce]_ � bxw � �]_hi � ^\y{oqf GA`a�poq`	� ���  ��jc^\bd`*flo�jc_�bd`~_ �Ajlfc_ay{_
^\bz��^�o�i\m o � ^\bz_a�q_hm�y | fc_
jl^poqi 2 � � | spbdi `gjlfgu � jcb | i `h� !�^ bd` yT_�o�i\` jl^\o�j���bdi oqrzrkjl^ | `g_ � o�`c_h`
i | fc_h` | u\f � _h`a�
`cu � ^ oq` � ��`h� �*_afc_ oqrzr |A� o�jc_hm j | _ � _ � u jc_ bdi\`�jlfcu � jlb | i\`a�5!�^\_Vm b � _hfc_ai � _
�]_aj4��_h_ai u\`gbdi\� 0 �k���\�8���q� � oqi m �k� ��: &1_hikjlfgbd_h`�j oq�\rz_h`�fcoqi\��_ �]_aj4��_h_ai 0 � oqi m � � svf | y
_ho � ^ | jl^ _hfh� ��rd` | ��jc^\_�r o�fc��_a`gj�m b � _hfc_ai � _a`6oqfg_~�W_�j4�*_a_hi �h| i�wp��u\fco�jlb | i\` u `cbdi ��j oq�\rz_h`(��bzjl^
0 ������oqi\m5�q�q� � _aikjlfcbz_h`a�

� `cbdyTbdrdoqf �]_h^\o �Ab | f
bd`/oqrd` | | �\`c_afg��_amVbdi �h| i wp��u\fco�jlb | i\`
u\`gbdi\� o�� 0?��bdm _�o�f � ^\bxjl_ � jlu\fg_q�
!�^\_ eW_af � _aikj oq��_ | s�fc_au\`c_am bdi\`�jlfcu � jlb | i\`a��^ | �*_���_afh�
bd`��:j | 2 � `cy{oqrdrz_hf�jl^poqi jl^\_ | i\_h`
u\`gbdi\� o � & ��bdm\_�oqf � ^\bxjl_ � jlu fc_q� !�^1u\`h�8s | f�jc^\_ i\_��Aj ��_ � jcb | i\`a� | i\r " �a| i wp��u flo�jcb | i\` ��bzjl^
� &1bdi\`�jlfcu � jlb | i\` & ��bdm\_�oqf � ^\bzjc_ � jlu\fg_h` ��_hfg_ u\`g_hm5j | � oqr � u\r o�jc_�jl^\_�`gjlo�jlbz`gjlb � `a��!�^\bd`�y{_hoqi\`
jc^po�j�s | f6fg_hu\`g_q�1bdi � fc_hoq`cbzi\��jl^ _�oqf � ^\bxjl_ � jlu fc_6��bdm jc^ y o/" �\fcbzi\��y | fc_~bzy{e\f | ��_hyT_hikjc`�jl^poqi
bzi � fg_�oq`gbdi\��jc^\_�iAu y��W_af | s y{oqe\e bdi\��jloq�\rd_a`h�

�IO=P�O�N � `]bpa g bpW�qE��bdqVT5jkY@RX[]\
� bz��u\fc_ � � ��m _he\b � jl`�jc^\_�fc_am\u � jlb | iTbzi�jl^\_ | �q_hfc^ _�oqmTe\f | m\u � _hmT� " �)~���1!�^\_�^ | fgbMA | i�0

jloqrto � bz`*`g^ | ��`~jl^\_ �a| i wp�qu\flo�jcb | i `*u\`g_hmnbdi{jl^\_�`cbdy u\r o�jcb | i `h� !�^ _���_afgjlb � oqrto ��bd`�e\fc_a`c_hikjc`
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RB = 1024-entries
RB = 2048-entries
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Reused Instructions

� bd��u\fg_ � � 0 (
+ _af � _hikj oq�q_ | s fc_au\`c_am5bdi `gjlfgu � jcb | i `�5 � ��bdm\_�o�f � ^\bxjl_ � jlu\fg_�7

jc^\_�e]_hf � _hikjloq��_ | s jl^\_ | ��_hfg^\_�o�mnfc_hm u � jcb | i ���/o � ^n�poqf/`c^ | ��`*jc^\_�^po�fcy | i\b � yT_�oqi | s8oqrzr
�]_hi � ^ y oqf G1`�s | f�oT��bx��_ai �a| i wp�qu\flo�jcb | it�

��`�m\bd` � u\`g`c_am:�]_as | fc_q�1jl^ _ | ��_afc^\_hoqm � oqu `c_hmn� "Tjl^\_�sv_aj � ^ | s>y�u\rxjlbze\rd_�epo jl^\`*oqi\mnoqrz` |
� "Pjl^\_ � fc_ho�jlb | i | s~fc_he rdb � oq` bz` | i\_ | s�jc^\_ y{o3B | f�e\f | �\rd_ay{` bdi��)~��� ��i\m�jc^\bd` bd`�jl^\_
y{oqbdi�y | jlbx��o�jlb | i�s | f
jl^\bz` � | f�G��
�"iV� bd��u\fg_ � � ��jl^\bz`�fg_h`cu rzj�y o/"��]_�`c_a_hi �
�_he]_hi\m\bzi\� | i
jc^\_ �h| i�wp��u\fco�jlb | i �qjc^\_�^poqfcy | i\b � yT_�oqi�y{o/"�o � ^ bd_a�q_ 0�:�� | stm\_ � fg_�oq`g_�bzi jl^\_�i1u\y��]_hf | s
_ � _ � u jc_hm:bdi\`�jlfgu � jcb | i\`a�6����_ai s | f�o 0 �k� ��0"_ai1jcfcbz_h`*� u � _af�y | fc_�jc^poqi 0 � � | s8bdi\`�jlfcu � jlb | i\`
oqfg_�sv_�j � ^\_am(�\u�j�i | j*_���_ � u jl_am �p�W_ � oqu `c_�jl^ _�"no�fc_�fg_hu\`g_hm �
!�^\bz`~y{_hoqi\`�o ��fc_ho�j�fc_a` | u f � _
fg_hrd_hoq`c_�o�i\m(bxj�bd`�o m\bzfc_ � j�_ � _ � j�svf | y jc^\_�bdi\`�jlfcu � jlb | infc_au\`c_��

�IO=P�O�t � `]bpa�WuU�U � bpa�l�[]a�ScWu\Vj�b
!�^\_�^poqfgy | i\b � yT_�o�i�s | f�jl^\_�bzi � fg_�oq`g_�bdiT�)~� e]_hf�s | fcy{oqi � _�u\`cbzi\��bdi\`�jlfgu � jcb | i�fc_au\`c_

� oqi��W_�`g_h_hiTbdi�� bd��u\fg_ � � < ��!�^ _~��_hf�jlb � oqrpo � bz`6`c^ | ��`6jl^ _�eW_af � _aikj oq��_ | s]bzi � fg_�oq`g_�bzi��)~�
`geW_a_hm\u\et�/!�^ _�^ | fcb4A | ikjloqrto � bz`*`g^ | ��`�jc^\_ �a| i wp��u flo�jcb | i\`�`cbzy�u\r o jl_hmt���
o � ^n��_afgjlb � oqrW�poqf
e\fg_h`g_hikjl`�jl^\_�^po�fcy | i\b � y{_hoqi | s�o�rdr �]_hi � ^ y oqf G1`�s | f~jc^po�j �a| i wp��u flo�jcb | i �

!�^\_(`ce]_h_hm u\e-e\fg_h`c_aikjl_hmK^ _hfc_(bd` jl^ _(fg_hr o jlb | i �]_aj4��_h_ai-jl^\_:��+/) o � ^\bz_a��_am-� "Gjl^\_
| fgbd��bzipoqrW�)~�Koqi\mnjc^\_ | i\_�fc_ho � ^\_hm(� " �)~�-u\`gbdi\� jl^ _�bzi\`gjcfcu � jlb | i fc_hu `c_�y{_ � ^poqi\bz`cy:�

��jVbz` e | `c`gbd�\rz_:j | `c_a_5jl^\o�j jc^\_5wpipo�r�e]_hf�s | fcy{oqi � _5m | _h`{i | j � ^\oqi\��_ `gbd��i bzw � oqikjlr4"q�
bzi�o���_afloq��_�� � _hi � ^\y o�f�G � ����>e fc_h`g_hikjl_am jc^\_ y | `�j�`cbz��i\bxw � oqikj flo�jc_q�6o � ^ bd_a�Abzi\� oqrzy | `�j
0 � � bdi � fc_hoq`c_�bzin` | yT_�`ce]_ � bxw ���h| i�wp��u\fco�jlb | i\`h� � � ��oqi\m � � � � ���W_ai � ^\y{oqf�G1`h��^ | ��_a�q_hfh�
��_hfg_�jc^\_�y o�bdinfc_a`ce | i\`gbd�\rz_�s | f~`cu � ^(r | � fco�jl_��\bdi:o���_afloq�q_q�
!�^\_h`g_ �]_hi � ^ y oqf G1`�m bdm i | j
o � ^ bd_a�q_�y | fg_�jl^po�i5� � 2 � | s `geW_a_hm\u e5bdi � fc_hoq`c_��

����_ai=��bxjl^V`gbdyTbdrdoqf
fc_h`gu\rzjc`~bdi{jl^\_�i1u\y �W_af | s8bdi `gjlfgu � jcb | i `*fc_au\`c_am:oqy | i\� �a| i wp��u flo 0
jcb | i\`a� jl^\_ `geW_a_hm\u e m\bzmPi | j�s | rdr | �9`gu � ^Pepo�jcjc_hfgi � �"iPjc^\_ � oq`g_h`���^\_afc_�jl^\_�`ce]_h_am\u\ePbd`
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Overhead Reduction

� bd�qu\fc_ � � � (
+%_hf � _hikj o���_ | s | ��_afc^\_hoqfcm(fc_am\u � jcb | i
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Speedup

� bz��u\fc_ � � < (
+ _hf � _ai1jloq��_ | s�`geW_a_hm\u e5bdi � fc_hoq`c_



� �

^\bz��^\_afh� fg_hu\`g_hm:bdi\`�jlfgu � jcb | i\`*oqfc_��]_hbzi\� �a| y{yTbzjgjl_am s oq`gjc_hfa�6!�^\bd`~bz`*jlfgu\_ ��^\_ai jc^\_hfg_�bd`�o
rdoqfc��_af~i1u\y��]_hf | s%j oq�\rz_h`�o���oqbdrdoq�\rd_���_ � � _he�j�s | f �a| i wp��u flo�jcb | i\` ��bxjl^ 0;: y o�e\e\bdi ��j oq�\rz_h`
oqi m o 0 �k� �C&A_hikjcfcbd_a`h���3& �~o/" oq`c` |�� b o�jcbz�q_V	 � � � | f o5�C&1bdi\`�jlfcu � jlb | i\` & ��bdm\_{oqf � ^\bzjc_ � jcu\fc_
jc^\bd`Tm\b � _hfg_hi � _5bz` _a�q_hiKrdoqfc��_af o�i\m$jl^ _5`cy{oqrzrd_hf e]_hf�s | fcy{oqi � _ 5 0 � 7 �*oq`no � ^ bd_a�q_hmK� "
�a| i wp��u flo�jcb | i\` ��bxjl^ ��y o�e\e\bdi ��j oq�\rz_h`a�

!�^\_Te\f | �\rd_ay���bzjc^ fg_hu\`gbdi\�:bdi\`�jlfgu � jcb | i\`�bz`�jc^po�j�_a�q_hi�`co���bzi\�:fc_h` | u\f � _h` bdi jl^\_T_��10
_ � u jcb | i `�j oq��_a`h�>jl^ _ bdi\`�jlfcu � jlb | i\`�o�fc_ `gjcbdrzr bdi jc^\_ e\bzeW_ardbdi _q�tbzi jl^\_�	~� � `h��!�^\bz`�y{_hoqi\`
jc^po�j�_a��_ainm\_ � fc_hoq`cbzi\��bdi�jl^ _ | fgm\_hf | s 032�� jc^\_�iAu y��W_af | s bdi\`�jlfcu � jlb | i\`/_���_ � u jl_am � jc^ | `c_
bzi\`gjcfcu � jlb | i\`Toqfc_(y oqbzikj oqbzi\_hmGbdiGjl^ _5e\bzeW_ardbdi _ j | o�`c`cu fc_ `g_hy{oqikjlb �:�h| fcfc_ � jci\_h`g`Vbdi jl^\_
�a| y{yTbzj*`gjloq��_q�

!�^\_�`cbzy�u\rdo�jlb | i\`%_���_ � u jl_am bdi�jc^\bd`&� | f G �h| i wpfcy9jl^po�j�fc_h` | fgjcbdi\��j | bdi\`�jlfcu � jlb | i fc_au\`c_
bzi �h| i3Bgu\i � jcb | i ��bxjl^ �)~� bz`�oV� |A| m oqrzjc_hfci\o�jlbx��_ j | fc_hm u � _ jl^ _ e\fc_am\b � o�jlb | i | ��_afc^\_hoqm
oqi m j | bdi � fc_�o�`c_�jl^\_�fg_h` | u\f � _h`�o���oqbzr oq�\bzrdbxj "�s | f�y | fc_�u\`g_asvu\r8bzi\`gjcfcu � jlb | i\`h�

!�^\_ bdi � fc_hoq`c_ bzi-jl^\_ i1u\y��]_hf | s fg_hipoqyTbdi � j oq� rd_h`a��^ | ��_a�q_hfa��m\bdm�i | j e f | m\u � _ o
`gbd��i\bxw � o�i1j bdi � fc_hoq`c_*bdi jc^\_*i1u\y �W_af | s�fc_au\`c_am bdi\`�jlfgu � jcb | i\`a��oq` | i\_*y{o/"�_���eW_ � jh�>��^\_hi�o
bzi\`gjcfcu � jlb | i�bd`�fg_hu\`g_hm �1e\bzeW_ardbzi\_*`�j oq��_a`
oqi\m�svu\i � jlb | ipoqr�u\i\bxjl`6oqfg_~fc_ard_hoq`c_am �1oq`6bzj bd` � rd_hoqfcr "
| � `c_hf���_am � ":jl^ _ r o�fc��_ | ��_afc^\_hoqm fc_am\u � jcb | it��7 | �*_���_hfa� jl^\_a`c_ fc_hu `c_hm bzi\`gjcfcu � jlb | i\`=Gq_h_ae
| i u\`cbzi\��jc^\_~	~� � � j | oq`g`cu\fg_*jl^po j jc^\_*`coqy{_/r | ��b � oqrk_���_ � u jlb | i | fgm\_hf%bd` | �\`g_hf���_hmt�6!�^\_h`g_
`gbdy�u\rdo�jlb | i\`�bzi\m\b � o�jl_a`�jc^po�j�bzi �)~���tjc^\_�	~� � `cbMAa_ oq` �*_ardr oq`�bdi `gjlfgu � jcb | i(fc_ 0 | fgm\_hfgbdi\�
y{o/"V�]_�i | � bdyTe | fgj o�i1j*� | jcjlrz_hi\_ � G1` | s%jl^ _�` "A`gjl_ay(�

�pu\fgjc^\_hfgy | fc_q� jc^\_T`ce]_h_hm u\e�o � ^ bd_a�q_hm � " jc^\_�_���e]_hfcbzy{_aikjl`�m\bdmPi | j�bzi � fg_�oq`g_�bdi jl^\_
`coqy{_�e\f | e | fgjcb | i:oq`�jl^\_ | ��_afc^\_hoqm fc_am\u � jlb | i �*�"i:s o � jh�\jl^\_�eW_af � _hikj oq�q_ | s bdi � fc_�o�`c_C�~oq`
i | j ��_af " `cbd�qi\bzw � oqikj��%!�^\_h`g_�r | �GeW_afgs | fgy o�i � _�fc_h`gu\rzjc`>��_hfc_~oqrd` |�| �\`g_hfg�q_hm�bdi | jl^\_af�fc_au\`c_
`�jlu\m\bz_h`�5 )*�"!�	�����:����6�"!��
�%�\��� � �q���k�17�oqi m jl^ _�"Py o/" �]_Voqi | jl^\_af `gbdm\_T_ � _ � j svf | y
jc^\_�	�� ��|A�h� u\epo�jcb | it�

� bzipoqrdr "���bzjVbz`Ve | `c`gbd�\rz_(j | `lo/"$jc^po�jnbzi\`gjcfcu � jlb | i-fc_au\`c_ � oqiK_ � _ � jlbz�q_hr "$fg_hm\u � _ jl^\_
��fg_�o�j � | jcjcrd_hi _ � G bdi �)~��� b � _��z�%jl^\_ | �q_hfg^\_�oqm � oqu\`g_hm�� "Pjl^\_�sv_aj � ^ | s�y�u\rxjlbze\rd_�e\o�jl^\`
oqi m jl^ _*fc_ae\rdb � oq`%��_ai\_hfco�jlb | i �%!�^\_~i\_ ��j `gjc_he\`a�k^ | �*_���_hfa�kbd`8j | ` | rz�q_�jc^\_*e\f | �\rz_hy | s�	~� �
`co�jlu\fco�jlb | i � !�^\_�oqrxjl_afcipo�jcbz�q_�e\u fc`cu _hmV� "Tjl^\bz`�fg_h`c_hoqf � ^-�*oq`/j | bzi � fg_�oq`g_�jc^\_��qfloqi1u\rdoqfcbxj "
| s�jc^\_~yT_ � ^poqi bd`cy�oqi\m fg_hu\`g_�_aikjlbdfg_*jlfco � _a`h�1_��Ajcflo � jl_hm�y{oqbdi r4"�svf | y,jc^\_ B | bdi e | bzikj6u\e�j |
jc^\_*fg_h` | rdu jcb | i | s\jl^\_*�\floqi � ^�oq`>��_hrdr oq` svf | y jl^\_*`c_a�q_hfcoqr\bdi `gjlfgu � jcb | i37 | ��`6o��qo�bdr o��\rd_��%�"i
jc^\_ � oq`c_ | s jlfco � _�fc_au\`c_��\o `gbd��i\bxw � o�i1j�i1u\y��]_hf | s8	�� � _aikjlfcbz_h` � oqiV�]_�fg_hrz_�oq`g_hmV�]_ � oqu\`c_
| i r4" e\oqfgj | s�jl^\_�bdi `gjlfgu � jcb | i `�bz`�s | f �*oqfgm\_hmPj | jl^\_T	�_ ��fcm\_af � u � _hfh�{!�^\bd`�bz`�e | `g`cbd� rd_
�]_ � oqu\`c_�jc^\_�oqf � ^ bzjl_ � jcu\fc_ Bgu\`�j
i\_h_am\`6j | G1i | �$jc^\_~��oqrdu _h` | s�jl^ _~jlflo � _h` | u jle\u�j �h| ikjl_ �Ajl`h�

!�^\_ fg_h`cu rzjl`Vo � ^\bd_���_am � "$fc_hu `cbdi � ��^ | rd_:jlfco � _a` oqfc_ y | fg_5m\_a_he\r "$`�jlu\m\bz_hmKbzi-jl^\_
s | rzr | ��bdi � ��_ � jlb | i\`a�

� � � ;�<>=�?A@�B�C � Z\E
MW<>? E
?GE
B X-F�R < Z B�E�R�@ �
< R O I N S O �
< Z\[�<>E/Q

	�_hu\`gbdi\��`cbzi\��rz_�bdi `gjlfgu � jcb | i ` | i\r4"{m\bzm:i | j�`cbz��i\bxw � oqikjcr4"{bdi � fc_�o�`c_hm:e]_hfgs | fcy{oqi � _�����`
m\bz` � u\`c`g_hm �W_�s | fc_��poqrxjl^ | u ��^Vbdi `gjlfgu � jcb | i `~oqfg_�fc_hoqmK"VbziV_�o�fcrdbz_hf/`gjloq��_h`a� jl^ _�"V`�jlbzrdr]^po���_�j |
�*oqbzj�s | f�oqrdrWe\fc_���b | u\`�bdi `gjlfgu � jcb | i `~j | �W_�fg_�oqmK" j |��h| yTyTbzj��

	�_hu\`gbdi\� jlfco � _a`�i\o�jlu\fcoqrdr " fg_hm\u � _h`�jl^\bz`�e\f | � rd_hy:� ��^\_hi onjlflo � _�bd`�fc_au\`c_am `g_a��_afloqr
bzi\`gjcfcu � jlb | i\`
oqfc_�e]_hfcy{oqi\_aikjlr4" fc_ay | ��_am svf | y9jl^ _�e\bzeW_ardbzi\_q�ko�� | bdm\bzi\� �h| yTy{bxj�`�j oq��_�oqi\m
	�� � ��!�^\bz`�bz`�e | `c`gbd�\rz_��W_ � oqu\`g_ | i\r " bdi\`�jlfgu � jcb | i\`�jl^\o�j�e f | m\u � _���oqrdu\_a`�j | �]_ u\`g_hm � "
`gu\�\`c_a}1u\_hikj�bzi\`gjcfcu � jlb | i\`�oqfg_�G�_he jh�]oq`�_���e\rdoqbdi\_am(bzi:��_ � jlb | i : � ���

�"i{jc^\_�i\_��Aj~��_ � jlb | i\`
jl^\_�fc_a`cu\rxjl`/o � ^\bz_a��_amV� "�fc_au\`cbzi\��jcflo � _h`/bdiT�)~�Goqfg_�m bd` � u\`c`g_hm �
!�^\_��poq`g_hrzbdi\_�oqf � ^\bzjc_ � jcu\fc_�bdiToqrzr � o�`c_h`�bd`6jl^ _ | fgbd��bzipoqr �)~��� �a| i wp�qu\fc_am u\`gbdi\��jl^\_�`lo�y{_



� �

epo�floqyT_ajc_hfc`�u `c_hm*��bzjc^ jcflo � _�fc_hu `c_q�
�"i o�rdr�� bz��u\fc_a`h��jc^\_P^ | fcb4A | ikjloqr�o ��bd`:y{_hoqi\` jl^\_ �h| i wp��u\fco�jlb | i\` `cbzy�u\rdo�jl_am � !�^\_

oq� �\fc_���bdo�jlb | i\`�s | rdr | ��`�o `gbdyTbdrdoqf�`�j oqi mpoqfcm u\`g_hmPbdi e\fg_a�Ab | u `���_ � jlb | i\`�( �� � �T_a}Au\oqrd`
j | �Py{oqe\e\bzi\� j oq� rd_h`�bzi�o�i � 0"bdi `gjlfgu � jcb | iA0?��bdm _noqf � ^ bzjl_ � jcu\fc_): ��� � � � _a}Au\oqrd` j | 0;:
y{oqe\e\bzi\� jloq�\rz_h`*bzino���0�bdi\`�jlfcu � jlb | i�0 ��bdm\_�oqf � ^ bzjl_ � jcu\fc_): � � � � ��_a}Au\oqrd`*j | : � y{oqe\e\bzi\�
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Value Reuse Speedup over DCE and Conventional Superscalar
(4, 16 and 64 mapping tables for DCE configurations)
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(128 and 512 mapping tables for DCE configurations)
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Misprediction DCE x DCE with Trace Reuse

(4, 16, 64 mapping tables)
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Misprediction DCE x DCE with Trace Reuse

(128 and 512 mapping tables)
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