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Z%[Q\]�^�],_a`cbed]�fg]	hIi;je]�kfgl;fmk \]n^�]�f
o+pmq	r ]nks%hIt=f

bhXt=t qup kv;] p ]	w [ ] p w [ ]yx�zN{u|}{}~�`���h p f�_M�}�u��`c{u�,t�hI�u]�f

���+�n�M�I���I�u����� hXfm��w p i=��]e��x�w q ^�t=i=kg] p h p w [ ��kg]	w�kmi p ]U��f,k [ hXk�hUt pgq w�]�fmf q}p w�hIx=x q k�]�j=]	w�iPkm]�hXx
hXt=t=����w�hIkg� q x��WhXfmkg] p k [ hIxe��k���]�k�w [ ]�f��kmf%��x=fgk p i�w�km� q x=f	� Z5q�qI� ] p w q ^�]ak [ ]�� xPfmk p i�w�kg� q x0��]�k¡w [U�?q kgkm��]�¢
x=]Mwm£�f [=qI¤ x���x ¤ ��v;]�¢mv;��fmt�hXk¡w [8¥m�=p hI��x=��h}w§¦Kt pmq w�]�fgf q}p f	¨Pk [ ��f"t�hXt�] p t p ]�fm]nxNkgfh�x qI� ]���w q fmk©¢©]�ª9]	w�kg� � ]
^0]	w [ hIx=��fg^(w�hI����]	v�k [ ]%^�i=��kg� tP� ]§¢ � � q wg£h [ ]Mh}v �=p hXx�w [ t p ]	v«�¬w§k q}p k [ hXk5t p ]	v;��w�kgf"��x$hXx]§®�w���]�x;k ¤ hMl
huv=v p ]nfmfm]nf q �=^�i=��km��t=��] � hXfm��w � � q wg£;fQ��x�h�fm��x=�}��]"w�l=w���]}�"� qup ] qI� ] p hXx�vai=x=����£}]@k [ ]"t p ] � � q i=fQ^�i=��kg� tP� ]
t p ]	v;��w�k q}p f¡w [ ]�^0]�f	¨uk [ ]a^�i=��km��t=��]�¢ � � q wm£�h [ ]Mh}v �=p hIx�w [ t p ]	v;��w�k qup wnhIx�i=fg]hIx;l q �¯k [ ] �=p hIx�w [ t p ]�¢
v;��w�kg� q xef¡w [ ]�^0]�fk q t�] p � qup ^ � ] p lUh}w�w§i p hXkm]�t p ]	v;��w�kg� q x=f p ]	°ui=� p ]	vek q huw [ ��] � ] [ � � [ ¢©t�] p � q}p ^�hXx�w�]
q x8fmi=t?] p f�w�hI��h p t pmq w�]nfmf qup fM�U±Q��x�hX��� l;¨ ¤ ],f [PqI¤ k [ hIk�t=��t?]�����x=��x=��k [ ] �=p hXx�w [ t p ]Mv;��w�km� q x8t pmq w�]�fgf
w�hXx � ]Kv q x=] � l^0]	hIxPf q � q i p t p ]	v«�¬w§k q}p � qup�¥ fgt�]�]Mv�v;]�^ q x=¦�t pgq w�]�fmf q}p f%k q huw [ � ] � ] [ � � [ ] p w§� q wg£
p hIkm]u�
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�� ������� � � x t pmq w�]nfmfm]ni p xP]Ut�]ni=k�]�j%d]	w§i=km] p t=��i=f � ��km]U°ui�� ���%x=]
w [ h p �u]Ufm]�fe��x=fgk p i?w�km� q xPf	�
o3q i p t?] p ^�]�kgk p ]�v«] p d]	v;i=� p ]���],� q i=���q kKv��md]nk p hXx=�}��]�^0]�x;kx q k=d],fmi p ��]�f�t pgq w§]�fmfg]�i p f \h0x q ^ �=p ]ni=fm]�f
i=xP� k=d]�f3� q x?w�km� q xPx=]�����]�f	¨}w§]�k"h p kg��w���]�t p d]�fm]nxNkg]%i=x,^ d]	w�hXx=��fm^0]+hXt=t?]��	d]"¦}^�i=��kg� tP� ]§¢ � � q wg£h [ ]Mh}v �=p hIx�w [
t p ]	v;��w�k q}p ¦)°}iP�"t p d]Mv;��k�]�®�w�huw�]�^�]nxNk���]�fhuv p ]nfmfm]nf$v;]�tP� iPfm��]�i p f � � q w�f�v�� � xPfmk p i�w�kg� q x=f�]�x8h � hIx?w�]}�
� x�h � hIx;k�hI�}]�^eh r ]�i p v«]�x q k p ]�^ d]	w�hIxP� fg^�]}¨�]�fmk�°ui�� ���"t?]�i=k��]�k p ]�iPkm����� f=d]�h � ]	w \hUt?]�i t p	\]�f�k q i=f
��]�f�f�w [ d]�^�hXfv;]�t p d]	v;��w�kg� q xÙv;] �=p hIx�w [ ]�^0]�x;k	��� q i=f�^ q x;k pmq xPf�v«]�t=��i=f°ui=]���� i=km������f¡hIkg� q xUv;]�w�]
f�w [ d]�^�h,t?] p ^0]�kv;]�t=��t?]���� xP] p ��h�t p d]	v;��w�kg� q xUv;] �=p hIx�w [ ]�^0]�x;k
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� ��k [ k [ ] huv � hIx?w�] q �¯kg]	w [ x q � q �}l;¨Iw�i pmp ]�x;k"fmiPt�] p f¡w�hX��h p t pmq w�]�fgf qup f%w�hIx���]�k�w [ hXx�v�]�j=]	w�i=kg]%fm] � ] p hX�
��x=fgk p i?w�km� q xPf���x�t�h p hI����]�� q x�]	h}w [ w�l=w���]}�"± qup ��x=fmk�hIx�w§]}¨;k [ ]��L� oz� b�_H���J���K��_	|:�?��]�k�w [ ]�f%i=t�k q � q i p
��x=fgk p i?w�km� q xPfhIx�v�]�j=]	w�i=kg]�fi=t0k qw��� ]a��x=fmk p i�w�kg� q x=f%t?] p w�l=w���] � l^0]	hIx=f q � �?� ]%�Si=x�w�kg� q x�hI�?i=x=��kgf	�
b*]	w�]�x;k�fmkgi�v;��]�fP��_)��� [ h � ]�f [=qI¤ x k [ hXkk [ ]�t q kg]�x;km��hI����l�h � hI����h � � ] (�2�'&8B+)-�*&8B(�4<2�^A.0/:VF/:.U7�%6+&%6.�.@/).p(@')5
� �A� oz� ��xe�}]�xP] p hX�Â¢©t=i p t q fm]���x;km]��u] p hIt=tP� ��w�hXkm� q xPf���f [ ��� [ ] p k [ hIxefg�Âj���x=fgk p i�w�km� q x=ft?] p w�l=w���] ¤%[ ����]
hXfmfmiP^���x=��h�t?] p �S]	w�k���x=fmk p i�w�kg� q x;¢S��]�k�w [ ^0]	w [ hIx=��fg^��

Z@q,� ]nfmk]§j«tP� q ��k�k [ ]h � hI����h � � ]G�A� o ¨ ¤ ��v;]�¢mv;��fmt�hXk¡w [ t pmq w�]�fgf qup fa��]	hXkmi p � xP��hv q�� ]�xe�Si=x�w�kg� q x�hI�
i=xP� kgf ¤�qup £;��x=����xUt�h p hX� ��]�� ¤�q i=��v � ] p ]	°ui=� p ]	v9� Z%[ ]W� o o?� ¢â|��J�J�L�Ë�F� [ hIfKhX� p ]	huv;l � ]�]nx8� ^0t=��]�¢
^0]�x;km]	v ¤ � k [ hw q ^�t�h p h � ��]%xNiP^ � ] p�q �3��i=x�w§km� q x�hX��iPx=��kmf	� � x;� qup kmiPx�hIkg]���lN¨;k [ ]�� xPfmk p i�w�kg� q x;¢S��]�k¡w [
^0]	w [ hIx=��fg^�f���^�t=��]�^0]�x;km]	ve��xÙw�i pmp ]nxNk�w q ^�^0] p w§�¬hX�@^���w pmq t pmq w�]nfmf qup f�v q x q k��Si=��� l�]�j=t=� q ��k�k [ � f
t q kg]�x;km��hI�"t?h p hX��� ]n� ��fg^��± q}p k [ ]�fm]0t pmq w�]�fgf qup f	¨@k [ ],� xPfmk p i�w�kg� q x=f���]nk¡w [ ]	v)��x8h�fg��x=�}��]w�l=w���]�^�i=fgk
� ]�� q x=��k q k [ ]af¡hX^�] � hIfg�¬w � � q wg£¯¨;hIx?vh p ]x q k@i=fmi?hI����l�t�] p ^���kgkm]	v,k q fgt�hIx�k ¤�q w�h}w [ ]a��� xP]�f	� � ��x�w�]
h�t pmq w�]nfmf qup w�hXx=x q k%]�j=]	w�i=kg]���x=fmk p i�w�kg� q x=fÍ�WhIfgkm] p k [ hIx0��k"��]nk¡w [ ]�fak [ ]�^)¨}k [ ]�fg]�w q x=fgk p hX��xNkgf%fm���}xP�Â�æ¢
��w�hXxNkg��l���^0t�hI� p t?] p � qup ^ehIx�w�]u¨�t?h p kg��w�i=��h p � l q x�w q v;]�f��S]	hIkgi p ��x=�e^�hXx;l�fm^�hX��� � hXfm��w � � q wg£;f	�K�ax=]
¤ hMl�k q t�h p kg�¬hX��� l p ]�^ qI� ]"k [ ]%��x=fgk p i�w�km� q x,��]�k¡w [��?q kgkm��]�x=]	wg£9¨u� f@k q ��]�k�w [ ��x=fgk p i�w�km� q x=f � ]�� q x=�u� xP�k q

�



^�i=��kg� tP� ]�w q x=fg]	w�i=kg� � ] � hIfm��w � � q wm£;fM¨NhXf5��f�v q x=]%��x,fm] � ] p hX��t pgq w�]�fmf q}p f%fmi�w [ hIfÍk [ ] o � ��� ba{m�Ë{u�:�â�
�©x q}p v;] p k q f q � � ]Kk [ ] ¤%[=q ��]at pmqu� ��]�^�¨u^�i=��km��t=��]�x q x;¢mw q x=fm]	w§i=km� � ] � hIfg�¬w � � q wg£;f%^�i=fmk � ]���]nk¡w [ ]	v
��xÙhefg� xP�}��]�w�l=w���]UhIf�^ q fmk � hXfm��w � � q wg£;fh p ] q x=��le� q i p k q fm�ój8� xPfmk p i�w�kg� q x=f,� q x=��� � t pmq w�]�fgf qup
��]MhIkmi p ��x=�,fmi�w [ h�^0]	w [ hIxP� fg^ ¤�q i=��v [ h � ]ak q t p ]	v«�¬w§k%^�i=��km��t=��]�k�h p �}]�kgfhIx�v �=p hXx�w [�q i=k¡w q ^�]nf"��x
hefg��x=�}��]�w�l=w���]}� � ] � ] p hI� p ]	w�]nxNk�t?hIt?] p f [ h � ]�t pmq t q fg]	v8��^0t=��]�^�]�x;k�hIkm� q x=f*� q}p fgi�w [ het p ]	v;��w�k q}p
�Ë{}�:��� ���m� Z%[ ]�fm],fmkgi�v;��]�f [ h � ]�]�fgk¡h � � ��f [ ]	v�k [ ] � ��h � � ����k©l q ��t p ]	v«�¬w§km��x=��k ¤�q��Pp hIx?w [ ]�f���xUh�fm��x=�u��]
w�l=w���]}¨ � i=k h p ]%x q k�hIkgk p h}w�kg� � ] � ]	w�hXi=fm] q �9k [ ]��h p �}] [ h p v ¤ h p ]w q fgkmf p ]M°}iP� p ]	v�hXx�v,k [ ]t p ]	v;��w�km� q x
f�w [ ]�^�]�i=fg]	v9�C�ax=]�f [=q i=��v0x q km]�k [ hXk hXx q k [ ] p%¤ hMl�k q f q � � ]ak [ ��f%t pgq}� ��]�^ ��f%k q ]�xP�¬h p �u]Kk [ ]�fm� � ]
q �+k [ ] � hIfg��w � � q wg£;f � l�^�]	hXx=f q �"fmi�w [ km]	w [ xP�¬°ui=]nfKhIf%t p ]	v;��w�hXkm]	v ]�j=]	w�i=kg� q x`��_	�:� qup fmi=t?] p ¢ � � q wg£
f�w [ ]	v;i=����x=� ��_��:�â���a]�fgt=��km]Uk [ ]e�Whuw�k�k [ hIk�k [ � f�t?hIt?] p � q w�iPfm]�f q x [ h p v ¤ h p ]�f¡w [ ]�^0]�f	¨%k [ ]ek ¤�q
hXt=t pmq h}w [ ]�f�h p ]Kx q k%]�j�w���i=fg� � ]}�

�©x0fmi=t?] p f¡w�hX�¬h p t pmq w�]�fgf qup f	¨ � � q wg£;f q �+w q x=fg]	w�i=kg� � ]���x=fmk p i�w§km� q x=fh p ]��S]�k¡w [ ]	v0��xet�h p hI����]��©� Z%[ ]
��hIfgk��x=fgk p i�w�km� q x q �fmi?w [ h � � q wg£���f�]���k [ ] p h �=p hIx�w [ q}p ��fv;]nkm] p ^���x=]	v � l8f q ^�],��^�t=��]�^0]�x;k¡hM¢
kg� q xÙw q xPfmk p hI��x;kmf � � q}p � xPfmk¡hXx�w�]}¨@k [ ] �?q i=x�vPh p l q �hew�h}w [ ] � � q wm£ q}p k [ ]�^ehMj=��^i=^yxNiP^ � ] p�q �
��x=fgk p i?w�km� q xPf%� x�k [ ] � � q wg£ � � Z%[=pgq i=� [=q iPk"k [ ]�t�hXt�] p ¨ ¤ ] p ]§��] p k q t pmq w�]�fgf qup fk [ hIk%w�hXx,��]�k¡w [eq xP� l
q x=] � hXfm��w � � q wg£0t�] p w�l=w���]hXf ')(�2�n6.0/��&^MOH/>89*>=m7!+
4�*&/&'&'H46+&' ¨Pk q t pgq w§]�fmf q}p f�k [ hIk�w�hIx0��]�k�w [ k ¤�q x q x;¢
w q x=fm]Mw�i=km� � ] � � q wg£;ft?] p w�l=w���]�hIf ]�46-�#).@/��&^MOH/>8A*&=�7�+&4H*&/>'&':4<+&' ¨=hIx�v k qLoP-�.g8B(g7�.@/��>^MOH/&8A*>=W7!+
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Instruction Cache
Dual-Ported

Prediction Table

Pa

Pb

Instruction Selection

Ai Bi

Dual-Ported
Branch Target

Buffer

AaN

BbR

BbN

BbT

AaR

AaT

Pa used?

Pb used?

Cc type

DiCi

Bb type
Address

Generator

SAS RAS

Bb
Cc

Cc+1

Bb+1

c
b

B

Ai
Bi

� h �%o@p ]Mv;��w�km��x=� Z%¤�q � hXfm��w � � q wg£;f

else Ci=B+1
if (type(S)=return) then Ci=top(RAS)
if (type(S)=cond) then if (Pa=T) then Ci=target(S) else Ci=b(S)+1
if (type(S)=uncond) then Ci=target(S)

if (S valid) then
S=top(SAS)

else Ci=B+1
if (type(AaN)=return) then Ci=top(RAS)
if (type(AaN)=cond) then if (Pa=T) then Ci=target(AaN) else Ci=b(AaN)+1
if (type(AaN)=uncond) then Ci=target(AaN)

if (AaN hit) then

else Ci=B+1
if (type(AaT)=return) then Ci=top(RAS)
if (type(AaT)=cond) then if (Pa=T) then Ci=target(AaT) else Ci=b(AaT)+1
if (type(AaT)=uncond) then Ci=target(AaT)

if (AaT hit) then

else Di=C+1
if (type(S)=return) then Ci=top(RAS)
if (type(S)=cond) then if (Pb=T) then Di=target(S) else Di=c(S)+1
if (type(S)=uncond) then Di=target(S)

if (S valid) then
S=top(SAS)

else Di=C+1
if (type(BbN)=return) then Di=top(RAS)
if (type(BbN)=cond) then if (Pb=T) then Di=target(BbN) else Di=c(BbN)+1
if (type(BbN)=uncond) then Di=target(BbN)

if (BbN hit) then

else Di=C+1
if (type(BbT)=return) then Di=top(RAS)
if (type(BbT)=cond) then if (Pb=T) then Di=target(BbT) else Di=c(BbT)+1
if (type(BbT)=uncond) then Di=target(BbT)

if (BbT hit) then

R

N

T
case (Bi->Ci)case (Ai->Bi)

T

N

R

b Bi->Ci
Ci->Di

Ai->Bi

used?
Pb

C

Pb

Ci
SASRASAaNAaT

Pa

B

Pa
used?

BbT BbN RAS SAS
Di

target(Cc)
type(Cc)
c

target(Cc)
type(Cc)
c

target(Cc)
type(Cc)
c

target(Bb)
type(Bb)
b

target(Bb)
type(Bb)
b

target(Bb)
type(Bb)
b

c

� ��� �©x=fgk p i�w�km� q x � v=v p ]�fgf ��]�xP] p hXkm� q x
±3���}i p ]Q� � Z%¤�q ¢ � � q wg£ �[ ]	huv � p hIx�w [�o@p ]	v;��w�k q}p ��x � q i � ��]Q�S¢â±P]�k�w [Uo@pgq w�]�fmf q}p �_	~
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Ci=Pp+1 Cc

BTB

Second Address
Stack

Return Address
Stack

Bb

DiPi Pp

procedure

Pp PpR

Pp+1

Return Address
Stack

Second Address
Stack

Bb

DiPi Pp

procedure

Ci=Pp+1 Cc

Ci

Ci->Di

Bb

DiPi Pp

procedure

Ci=Pp+1 Cc

PpR

BTB

c, Cc type, Cc target

(a) - Call Pp is detected at fetch time, the stacks are written

(c) - Branch Cc was mispredicted, the BTB is updated

(b) - Ret Bb is detected at fetch time, the stacks are read
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IF1 IF2 DEIAG1 IAG2

IAG IF1 IF2 DE

(a) single-cycle Instruction Address Generation

index

index

tag
match

(b) double-cycle Instruction Address Generation

IAG2 IFIAG1

cycle t+1

cycle t+2

cycle t   ->Bi AiAi->Ci

Bi->Di Ai->Ci Bi

Ci->Ei Bi->Di Ci

(c) Pipelined Address Generation timings
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Instruction Cache

Branch

Buffer
Target

Ai->Bi

Bi

Address Generator
Ci type

type

Bi->Ci

IF

IAG2

IAG1

Bi

B

Branch
Prediction

Table

Pa used?

b

a

RAS SAS
AaT AaN AaRPa
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�?q k [ k [ ]ek ¤�q ¢ � � q wg£8h [ ]	huv �=p hXx�w [ t p ]	v;��w�k qup � nH^B'&=E%<+
/ � ¨ n�^B'H/).@/
*>8 �H� hXx�v8k [ ]Uw q}pgp ]�fgt q x�v;��x=�

{=_



q x=]�¢ � � q wg£�h [ ]Mh}v �=p hIx�w [ t p ]	v;��w�k qup � nH^B'&=�%6+
/ ¨ nH^B'H/:.0/&*&8�� � Z%[ ]�fg] �=p hIx�w [ t p ]	v;��w�kg� q x�f¡w [ ]�^0]�f�v;�óª9] p
� l�k [ ]K��x�v«]�j ¤%[ ��w [ ��f�i=fm]Mv�k q huw�w�]�fgfk [ ]�t p ]	v«�¬w§km� q x0k¡h � � ]u� Z%[ ]�t p ]	v«�¬w§km� q x0k¡h � � ]���x n�^B':/:.0/&*>8 � f
��x�v;]§j«]Mv ¤ � k [ h�w q x�w�hXkm]�x?hIkm� q x q � �=p hIx�w [)[ ��fmk q}p lUhXx�v �Pp hIx?w [ h}vPv p ]�fgf � ��kmfM� Z%[ ],��x�v;]�j � hI��i=]
��x nH^B'&=�%6+
/ ��f%k [ ]�]�j�w���i=fm� � ]}��b q �5k [ ] �=p hXx�w [ h}v=v p ]�fmf ¤ ��k [ k [ ] �=p hIx�w [e[ ��fmk q}p l p ]n�}��fmkg] p �

�©k,��f�x q km��w�]	h � ��]�k [ hIk	¨3� q}p,��q k [ f�w [ ]�^�]nf$hXx�v)� qup hI����k¡h � ��]�fm� � ]nf	¨"k [ ]�t?] p � q}p ^�hIx?w�] q �k [ ]
k ¤�q ¢ � � q wm£Ùh [ ]	huv �=p hIx�w [ t p ]	v;��w�k q}p f�� f � ] p l�w§� q fm]0k q k [ ]et?] p � qup ^ehIx�w�] q �k [ ]Uw q}pgp ]�fgt q x�v;��x=�
q x=]�¢ � � q wg£8h [ ]Mh}v �=p hXx�w [ t p ]	v«�¬w§k q}p f	� Z%[ ]�v;�óª¯] p ]�x�w�] � ]nk ¤ ]�]nxÙk [ ]�^���fmt p ]	v;��w�kg� q x p hXkm]�f q ��k [ ]
v;�óª9] p ]nxNk � ]�x?w [ ^�h p £;fKh p ] p ]�t q}p kg]	v)��x � �ui p ]�| � ��� � q}p h��6���*¢W]�x;k p lUt p ]	v;��w�kg� q x�k�h � ��]}� Z%[ ]�fm]
v;�óª9] p ]nx�w�]�fh p ] � ] p l�kg��xNl�hXx�vev q x q k%]�j�w�]�]	vP�P� � � � �

± pmq ^ k [ ]�fg]�fg� ^�iP�¬hXkm� q x p ]�fmiP� kgf	¨ ¤ ]Uw q x�w���i�v;])k [ hIk�k [ ]Uk ¤�q ¢ � � q wm£ h [ ]Mh}v �=p hIx�w [ [ � fgk qup l
p ]��}��fmkg] p hIx�v�k [ ]"k ¤�q ¢ � � q wg£Kh [ ]	h}v�huv=v p ]�fmf"h p ]�hIf p ]�t p ]�fg]�x;k¡hIkg� � ] q ��h �=p hIx�w [ hIf3k [ ]�w q x � ]�x;kg� q x�hI�
�=p hIx�w [U[ � fgk qup l p ]��}��fgkm] p hIx�v�k [ ] �Pp hIx?w [ huv=v p ]nfmf	�


 
�� � � � � ��� �� 	� � � � � �U� �� � �c�

�©x8k [ ]�t p ] � � q i=f�fg]	w�kg� q x=f	¨ ¤ ] [ h � ]�� x;k pmq v;i�w�]Mv)k [ ]0k ¤�q ¢ � � q wg£�h [ ]	h}v �=p hIx�w [ k�h p �u]�k � i«ª¯] p k q
t p ]	v;��w�k,k ¤�qe� � q wg£�h}vPv p ]�fgfm]�f�t?] p w�l=w���] q}p k q t=��t�]�����x=]�k [ ]�h}v=v p ]�fgf�u]�x=] p hIkm� q x8t pmq w�]�fgf	�P�*] p ]
q i pp ]�fmi=��kgf � ] p �ó��lek [ hIkafmi�w [ h�^�]	w [ hXx=��fm^�v q ]�f�x q k p ]	°ui=� p ]�h [ ��� [ v;]�� p ]�] q �ÍhXfmf q w§�¬hXkm� � ��k©l q}p
h,��h p �}]�x;i=^ � ] p�q �5]�x;k p ��]�ffg��x�w�]h �=p hXx�w [ w�hXx � ]�hIfgf q w���hIkg]	v ¤ ��k [ ^ q}p ]k [ hIx q xP] � Z � ]�x;k p l;�

±3���}i p ]�� p ]�t q}p kmf�k [ ]���x�v;� � �¬v«i�hI� p ]�fgi=��kmf ¤ � k [ h�~=_	{ ¢W]nxNk p lehIx�veh�{��*¢©]�x;k p l � Z � h}w�w qup v;��x=�
k q hIfmf q w���hIkm� � ��k©lN� � t=fg]�i�v q ¢ p hIx�v q ^ p ]�t=��h}w§]�^�]�x;k%t q ����w�l ¤ hIf%i=fg]	vUhIx?v�k [ ]w�h}w [ ]�� ��x=]afm� � ] ¤ hIf
hXfmfmiP^�]	v k q8� ]Ù_M�)� xPfmk p i�w�kg� q x=f ¤ ��v;]UhXf�� x k [ ]��L� oz� b�_H�J���J�P¨@k [ ]h�ahJ� � t?h p wn�6��¨%hXx�v k [ ]
o3qI¤ ] p¡o sF�u{J�P� � � �9k [ ] �=p hXx�w [ ]�fa� x0k [ ]�f¡hI^0]Kw�huw [ ]�� ��x=]�^ehIt�k q k [ ]�f¡hX^�]fg]�k%��x�k [ ] � Z � � �©x
huv=v;��km� q x0��x�k [ ]�k ¤�q ¢ � � q wm£�h [ ]	huv � Z � ¨�v;�óª9] p ]�x;kak©lNt?]�f q � �Pp hIx?w [ ]�f�^�hMl � ]hXfmf q w§�¬hXkm]	v0k q k [ ]
f�hI^�]�h}v=v p ]�fgfKk�hI� � � h Z hIx�v � h � � q}p ��x=fmk�hIx�w§] � � Z%[ iPfh,fm]�kâ¢âhXfmf q w���hXkm� � ] � Z � ��f p ]M°}iP� p ]	v9�

� ]%w�hXxfg]�]%� pgq ^ � �}i p ]�f�� � h � hIx?v� � �!� k [ hXk@x=]	h p ��lk [ ]%^�h j«��^,i=^ [ ��k p hXkm]%��f p ]	huw [ ]	v ¤ ��k [
hXx�hIfmf q w���hIkm� � ��k©l q �{�?¨Nw q ^�t?h p ]Mv,k q hXx$hXfmf q w���hXkm� � � k©l q �Q{a� qup h�w q x � ]�x;km� q x�hI� � Z � � � �ui p ]nf � � w �
hXx�v�� � v �A� � Z%[ ]�fm] p ]�fgi=��kmf"hI��f q f [=qI¤ k [ hIk�� q}p3p ]	hX� ��fgkm��w � Z � fg� � ]�f	¨Ik [ ] [ ��k p hIkg]"� q}p hw q x � ]�x;kg� q x�hI�
� Z � ��f�fg��� � [ km��l � ]�kmkg] p k [ hXx�k [ hIkÍ� q}p h�k ¤�q ¢ � � q wm£�h [ ]	h}v � Z � � � iPk�k [ ��f v;�óª9] p ]nx�w�]���f"��]�fgf%k [ hXx
�P� ~ � � qup ^ q fmk�hIt=tP� ��w�hXkm� q xPf	� �;q k [ ]0� ^0t pmqI� ]�^�]nxNk q ����]�k�w [ � xP�Uk ¤�q�� � q wg£;f�t?] p w�l=w���]���f�fmkg��� �
� hX� i?h � ��]}�
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±Q���ui p ]�� � � Z � �%��k bahIkg]�f � w�w q}p v;��x=��k q k [ ] � fgf q w���hIkg� � ��k©l�hIx?v�k [ ] �*i=^ � ] p�q � � x;k p ��]�f	�

� � � � �c�� �� �,#e� 	 ��#����I���)�I#YX � � � �� "�0-

Z%[ ]w§i pmp ]�x;k���x=fgk p i?w�km� q x«¢���]nk¡w [ ^�]	w [ hXx=��fm^0fQ����^���k9k [ ]%t?] p � q}p ^�hIx?w�]�k [ hIk@^ehMl � ]h}w [ ��] � ]	v9���%] ¤
f q ��i=km� q x=f [ h � ]�k q� ]���^�t=��]�^0]�x;km]	v���xex=]�j=k%�}]�xP] p hXkm� q xe^���w pgq t pgq w�]�fmf q}p f

Z%¤�q v;]nfm���}xet [ ��� q f q t [ � ]nf [ h � ] � ]�]�xei=fg]	v0k q h}w [ ��] � ] [ ��� [ ] p t�] p � q}p ^�hXx�w�]%� q}p k [ ]�t�hXfmkÍ� q i p
lu]	h p f	� ¥ � p hI��x=��h}w§¦�t pmq w�]�fgf qup f�hIkgkm]�^0t=k�k q h}w [ ��] � ]Kk [ ] [ ��� [ ]�fmk%��] � ]�� q � � o sVt q fgfm� � ��]}� � ] [ h � ]
f [=qI¤ xk [ hIk���i=kgi p ]��}]�xP] p hXkm� q x ¥m�=p hI��x=��h}w§¦%t pmq w�]�fgf qup f"f [=q i=��v���]�k�w [ ^ qup ]@k [ hIx q x=] � hIfm��w � � q wg£���x
hafm��x=�u��]�w�l=w���]}¨ q k [ ] pg¤ ��fm]%k [ ]"��]nk¡w [ ����^���k q � q x=] � hXfm��w � � q wg£�t?] p w�l=w���] ¤�q i=��v�fm���}xP� � w�hIx;km��la� ^0t�hI� p
k [ ]t?] p � q}p ^�hIx?w�]}� Z%[ ��f p hI��fm]nfKk [ ]�v;�ó®�w�i=��k%��fmfmiP] q ��t p ]Mv;��w�km��x=�0^�i=��km��t=��]��x=fgk p i?w�km� q x � � q wg£Nfa��x
t�h p hX� ��]��©�K�ax)k [ ] q k [ ] p�[ hXx�v9¨ ¥ fmt?]�]	v8v;]n^ q xP¦�t pmq w�]�fgf qup f,�}]�k [ ��� [ ¢Wt?] p � q}p ^ehIx�w§] � lUfmk p ]�fgfm��x=�
k [ ]$w§� q wg£ p hIkg]}� � ���3t�h p kmf q �"k [ ]�t pmq w�]�fgf q}p ^�i=fgk � ]�t=��t�]�����x=]	vehXx�vef q ^�]*��i=x�w�kg� q x=f�h p ]�fmt p ]	h}v
qI� ] p fg] � ] p hI�Qw§l«w§� ]nf � ]}� �����S¢mw�huw [ ]Kh}wnw�]�fmf � � � i=k�k [ ]Khuv=v p ]�fmf%�u]�x=] p hIkm� q x�t pgq w§]�fmfa� fÍx q k�t=��t�]n� ��x=]Mv
��xUw�i pgp ]�x;kKv«]�fm���}xPf	���©xek [ ]nfm]�t pgq w�]�fmf q}p f	¨?]���k [ ] p k [ ]�huv=v p ]�fmfa�}]�x=] p hIkg� q x�^0]	w [ hIxP� fg^ � ��x�w§� i?v;��x=�
�=p hIx�w [ t p ]	v;��w�kg� q x ��� ]	w q ^�]�f�k [ ]�]���]	w�k p ��w�hI��w p ��km��w�hX�"t�hIk [�qup t=��t�]�����x=] � i �=� � ]nfh p ]�� xPfm] p km]	v q x

{ �



]	huw [ t p ]Mv;��w�km]	v�k¡hX£}]�x �=p hXx�w [ � � fk [ ��f%^�hMl�fg] � ] p ��l�����^���k@k [ ]�t�] p � qup ^�hXx�w�]huw [ ��] � ]	v0��x0��i=kgi p ]
v;]nfm���}x=fM¨=t=��t?]�����x=��x=�k [ ]�h}v=v p ]�fgfK�u]�x=] p hIkg� q xUhIx�v�k [ ] �Pp hIx?w [ t p ]	v;��w�kg� q xe� fhX��f q h,^�h r�qup ��fmfgi=]}�

� ] [ h � ]���x;k pgq v«i�w�]	v Z%[ ] Z%¤�q ¢ � � q wg£ �[ ]	h}v � p hIx?w [)o@p ]	v«�¬w§k q}p ��x�k [ � f%t?hIt?] p k q v;]	hI� ¤ ��k [
�?q k [ � fgfmi=]nf	�z�©x�w q x � ]�x;kg� q x�hI� �=p hXx�w [ t p ]	v«�¬w§km� q x�^0]	w [ hIx=��fg^�f	¨M��x;� qup ^ehIkm� q x�hXfmf q w§�¬hXkm]	v ¤ ��k [ k [ ]
w�i pmp ]nxNk%��x=fgk p i�w�km� q x � � q wg£,fmi�w [ hIf"k [ ]Khuv=v p ]nfmf q �Qk [ ] �=p hXx�w [ ��x=fmk p i�w§km� q x���f"i=fg]	v�k q t p ]	v;��w�k�k [ ]
x=]§j«k,��x=fmk p i�w§km� q x � � q wg£9� Z%[ ]�k ¤�q ¢ � � q wg£�h [ ]	h}v �Pp hIx?w [ t p ]Mv;��w�k qup i=fg]�f,k [ ]0f¡hI^0]��x;� q}p ^ehIkg� q x
¤%[ ]nxUt p ]Mv;��w�km��x=�,k [ ] � � q wg£,� q ��� qI¤ ��x=��k [ ]�x=]�j=k%��x=fmk p i�w�kg� q x � � q wm£9� Z%[ ]�hX^ q iPxNk q �5��x;� q}p ^ehIkg� q x
fgk q}p ]	v8��x q i p t p ]	v;��w�k q}p ��f���x�k [ ]f�hI^0] p hIx=�u]$hXf���x�hew q x � ]nxNkg� q x�hX� �=p hXx�w [ t p ]	v;��w�kg� q x8^�]Mw [ ¢
hXx=��fm^���±Pi p k [ ] p ^ qup ]}¨9hIx;l �Pp hIx?w [ t p ]	v;��w�km� q x�f�w [ ]�^�]�f�t pmq t q fm]	v � q}p fg� xP�}��]K�S¢S��]�k¡w [ t pgq w�]�fmf q}p f
w�hXx � ]�h}v=hXt=km]	v�k q,q i p t p ]	v;��w�k qup � � ��^�i=��hIkm� q x=f [ h � ]f [=qI¤ x�k [ hIk�]	°ui=� � hI��]�x;k �=p hIx�w [ t p ]	v;��w�km� q x
huw�w�i p h}w�l8��f�h}w [ ��] � ]	v9� Z%[ iPf	¨3k [ ]�k ¤�q ¢ � � q wm£Uh [ ]	h}v �Pp hIx?w [ t p ]	v;��w�k q}p wnhIx � ]�i=fm]	v k q t p ]	v;��w�k
k [ ]h}vPv p ]�fgf q �5k ¤�q�� hIfg�¬w � � q wg£;f���xUh�fg��x=�}��]�w�l=w���]}¨=��^0t pmqI� ��x=��k [ ] [ h p v ¤ h p ]Q�A� o q � ¥m�Pp hI��x=��huw�¦
t pgq w�]�fmf q}p f	�e�©kw�hIxehI��f q�� ]�i=fg]	v0k q t=��t�]�����x=]ak [ ]�h}vPv p ]�fgf%�}]�xP] p hXkm� q x0t pmq w�]�fgf qI� ] p k ¤�q w�l=w���]�f%��x
¥ fmt?]�]	vu¢mv;]�^ q x=¦�t pgq w�]�fmf q}p f	� Z%[ ]�t p ]	v;��w�kg� q xUh}w�w�i p h}w§l p ]�^�hX��x=f�k [ ]�f¡hX^�]}�
Z%[ ]�k ¤�q ¢ � � q wg£8h [ ]Mh}v �=p hXx�w [ t p ]	v;��w�k q}p w�hXx qu�;� � q i=fm��l � ]e]�j=km]�x�v«]	v k q h�^�i=��km��t=��]�¢ � � q wg£

h [ ]	h}v �=p hXx�w [ t p ]	v;��w�k q}p ��]�k�w [ ��x=�^�iP� kg��t=��] � hIfg��w � � q wg£Nf���x�h�fg��x=�}��]w�l=w���] q}p k q �Si p k [ ] p t=��t?]���� xP]
k [ ]h}vPv p ]�fgf�u]�x=] p hIkm� q x�t pmq w�]�fgf qI� ] p ^ qup ]ak [ hXx�k ¤�q w�l=w���]�f	�

Z%[ ]fgk p i?w�kmi p ]�f q ��k [ ]�k ¤�q ¢ � � q wm£Uh [ ]	h}v � Z � hXx�v�k [ ],k ¤�q ¢ � � q wg£�h [ ]	h}v o@Z t p ]�fg]�x;km]	v ��x
k [ ��f�t�hXt�] p�[ h � ] � ]n]�x�v;� p ]	w�km��l�v;]	v;i?w�]	v�� pmq ^ ]�j=� fgkm��x=��w q x � ]�x;km� q x?hI� q x=]�¢ � � q wg£$h [ ]	h}v,f q ��i=kg� q x=f	�
� ]�h p ]ax qI¤ ��x � ]�fgkm���NhXkm��x=��fgt�]Mw�� � wa� ^0t=��]�^�]nxNk�hIkg� q xPf q �Qk [=q fm]�k ¤�q ¢ � � q wg£�h [ ]Mh}v�fgk p i�w�kmi p ]�fM� ± q}p
��x=fgk¡hIx?w�]}¨;k [ ]v q i � � ]e�S¢S��]�k¡w [ ��^�tP� ]n^�]�x;k¡hXkm� q x q � q i p t p ]	v;��w�k q}p ��]MhIkmi p ]�f%h�w q i=tP� ] q ��v«i�hI�ó¢©t qup km]Mv
^0]�^ qup l%fmk p i�w§kmi p ]�f	� � ]�h p ]�� q;q £N��x=�hXk ¤ hMl;fQk q �u]�k3�WhIfgk+hXx�v�w q fmk@]�ª9]	w�kg� � ]%fmk p i�w�kgi p ]nf � l�k�hI£;��x=�
��x;k q huw�w q i=x;kk [ ]�w qupmp ]���hIkm� q x � ]�k ¤ ]�]�x � hXfm��w � � q wg£NfM� � ]�h p ]�hI��f q � qNq £;� xP� hXk ¤ hMlNf�k q huv=hIt=k
w q fmkâ¢W]�ª9]	w�kg� � ],f q ��i=kg� q x=f�� qup�q x=]�¢ � � q wm£eh [ ]Mh}v � Z � fm�Ë{;¨={P_&�Qk q k ¤�q ¢ � � q wg£�h [ ]	huv � Z � f	�

� ���e#�� � �	���UX � ��#,�"-

� ]%� p hIkg]���i=����lhuwm£;x qI¤ ��]	v«�}]�k [ ] [ ]���t�hIx�v�]�x�w q i p hI�}]n^�]�x;k q �¯k [ ]^0]�^ � ] p f q �¯k [ ];� oz�,p ]nfm]	h p w [
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