
Putting it all together –
Formal Verification of the

VAMP
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���?> @ !Â�<�Â�0AB!�7
��� � � g o�o�n9� �3g ru� ú
n g � � ��r�l!xF�9n�o�ruy(n2o��Fru� � �¸j��Fl �Fr � j �3g ru�Fo{§��
��r���n/� �3g n9o�r��Ï¦ g �¸j��3Õ
�;x
y�¦�n/��o{§
j��Fl¥jV�<n/ú ¦¸juo g ���9ru�F�9n�� � o
�Lru����n{juo�ru� g �
k(j�¦�rux �
g ���
x � o�n9w;xFn/�F�9n9o{~�¤Fru�
� �Fn ú��Frutvn � �Fn9o g oË§

N
l
n/�Fr � n9o � �Fn �¸j � x
��j�ts�Jx
y'¦�n/��o¬Ü�Û<g/î ß!çuÜ�Û ËDC j��Fl

N
+ :=

N\{0}
! � �Fn2o�n � r�� g � � n/k�n/��oË§ g ~ n�~h§

{. . . ,−1, 0, 1, . . .}
g o�l
n/�Fr � n9l ¦;Õ

Z
~ª� n2o � j�� �

ú gh� �ìo�ruy(nOo3�Fru� � �¸j��Fl �Fr � j �3g ru� �Lru�qo�n � oË~

E �8F��1� �c���<�ý�3G �"G£� ÄU×/Ý
n,m ∈ Z H ×£ÛFß�ð H ×'&0Ù/I í ×qç;×J(�Û�×£Ý�Þ
×�æ/Ú�î6îhÚ � Ü�Û ËLK�MONBPRQSP5TK
MONBP8T�UWVSXZY1[

[n : m] := [n,m] ∩ Z

]n : m] := ]n,m] ∩ Z

[n : m[ := [n,m[∩Z

]n : m[ := ]n,m[∩Z

Zn := [0 : n[

Z≥n := N \ Zn

� n2�Fr{ú ú�j�� �s� r g � � ��r�l!xF�9n+¦ gh� þ�n9� � ru��o�j��Flãj��3��j9Õ!o{~£� n�o � j�� � ú gh� �¬jmo � j��!�
lFj���l#l
n � � gh�3g ru�ìr���j+ú
ru��l¥ú�� g ��� g o�¦¸juo�n9l#ru�#I «E¨#� }"aLK�~
E �8F��1� �c���<�ý�3G �"G � ÄU×/Ý

Σ 6= ∅ H ×#ØãÙ9×9Ý�g�Øuî�îh×3ç V3X]\_^"V"`aP8N Ib)dcfe Thg Ú3ædîv×�Û Ë Ý�Þ
n ∈ N

Ú1iu×'&(Ý�Þ!× Øuî ñ¸Þ�Ø H ×/Ý Σ
Ü]Ù ØVæ0ß�Û<g9ÝLÜ<ÚuÛ

a : Zn → Σ
Ij) � Ú1&3ç a

Ü]Ù+ß;Û¸Ülk/ßF×�î h
Ü<çJ×�Û@ÝLÜ (�×�ç H hÑÝ�Þ!× n

w´ÝLß{ñ�îh×+ÚBæfi)Ø�î\ßF×0Ù
(a(n − 1), a(n − 2), . . . , a(0))

I�)�Ù�Ø Ù0Þ�Ú1&/Ý£w
Þ!ØuÛ@çZæ9Ú1&¥Ý�ÞJÜ6ÙÑÝLßËñ@îh×'m � × Ø�î^Ù9ÚÄß;Ù9× an−1an−2 . . . a0

Ú�&on�ß;Ù�Ý
a[n − 1 : 0]

Iqp�Þ!×
Ù{×/Ý

Σn := {a|a : Zn → Σ}
Ü]ÙÄÝ�Þ!×ÄÙ9×/ÝÑÚBæ Øuî�î � Ú�&Bç�ÙÈÚBæãîv×�Û Ë Ý�Þ n

Ú�i�×'&
Σ
I

í ×Yg�Ø�î6î
ε := Σ0 Ý�Þ
× ×�ðsñ�Ý£h � Ú1&Bç5Irp�Þ!×mÙ9×9ÝVÚ3æÑØuî�î � Ú�&Bç�ÙÍÚ1i�×'& Σ

Ü]Ù Ë ÜZi�×/Û H h
sut/vwvux5y z'z|{}{}{}~�{;�lx5� ����� �a����~��w�5� �a�BzBxa�u�B�l���
vu��z��R�?�u�����|��vu�]�'�1z
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Σ∗ :=
⋃

n∈N
Σn I�p�Þ!×��ae M � V3NBP8M�V3N|K e M ÚBæ � Ú1&3ç�Ù2Ü]Ù�çJ×l(�Û�×3ç H h

· : Σ∗ × Σ∗ → Σ∗

a[n − 1 : 0] · b[m − 1 : 0] = (a(n − 1), . . . , a(0), b(m − 1), . . . b(0))

�0ÛFÙ�Ý�×3Ø�ç'ÚBæ � &0ÜLÝLÜ6Û Ë · Ø�Ù
Ü�Ûh(���Ú0ñ
×'&3Ø�Ý Ú1&�m � ×qØ�î^Ù9ÚVÙ0Ü�ðsñ@îv×�ßJÙ{× a[n−1 : 0]b[m−1 : 0]æ9Ú1&eg�Ú�Û<g�Ø�Ý�×�Û�Ø�ÝLÜLÚ�Û0I
E �8F��1� �c���<�ý�3G �"G � ) g e3� VSK
M Ü6Ù+ØuÛÈØ�î ñ¸Þ!Ø H ×/Ý�I�)sÛ VST�ThV3� Ü]ÙZØ � Ú1&3ç8Iãí ×+ßJÙ{×Ý�Þ
×+Ù�Þ!Ú1&�Ý�Þ!ØuÛ@çÍÛ@Ú�Ý Ø�ÝLÜLÚ�Û

B := {0, 1}
I�) `8K�N|UWP � N e T ÚBæ'îv×�Û Ë Ý�Þ

n
Ü]Ù ØuÛ Ø1&'&BØ"h¥Ú3æ

îv×�Û Ë Ý�Þ
n
Ú1i�×'&�Ý�Þ
×'çJÚuð(ØuÜ6Û

B
I

Vsr � n � �¸j ��� �FnO�9ru�F�9n�� � r���j��3��j9Õ!oqr��Utvn/�
k � �
n
r{þ�n/� � �FnOl
ruymj g �

D
juo£ú�ru��l
o

ju� � x¸j�ththÕÑ�9ru�3��n9o���ru�Fl
o � r � �Fn g �!�Lru�3ymj�t>o � j��FlFj���l g l
n{j+r��Ïj��3��j{Õ�o�juo£�9ru� � j g � g �
k
nþ�j�thxFn9o£r{þ�n/� � �FnVl
ruymj g �

D
� �¸j � j���nOjul
l!��n9o�o�n9lÑ¦JÕ

a[i]
�Lru�

i ∈ Zn
~����¥jul
l gh�3g ru�E§

ú�nª�{j��2�¸j � x
��j�ththÕO�¸j{þ�n�y'x
t �3g ��l g y(n/�Fo g ru�¸j�tFj��3��j9Õ!o{§)n�~ kF~h§)¦JÕOxFo g �
k
B

n juoÏj�l
ruymj g �r���j��Zj��3��j{Õ�~1V�r � n�j�tvo�r � �¸j � ú�n
ú g tht!�Fr � xFo�n
·
�<ru� � �Fn£�9ru�F�{j � n/�¸j �3g ru�(r���j��3¦ gh� ��j��3Õ

j��3��j{Õ�oË§P¦
x � ru�
thÕÄ�<ru��¦ gh� þ�n9� � ru��oZo g �F�9nÍj��3��j9ÕÈ�9ru�F�{j � n/�¸j �3g ru� g o'�Fr � j#�9ruy y(ru�
r���n/��j �3g ru�E~

�
Õbl
n � � g �
k j��3��j9Õ!omjuoZ�Lx
�F� �3g ru�Fo{§ªú
n �{j��Sj�tvo�rãxFo�n
λ
� �Fr � j �3g ru� �<ru�(j��3��j9Õ!o

o g �F�9n
λ
� �Fr � j �3g ru� g � � ��r;l!xF�9n9o+x
�
�¸j�y(n9lÈ��x
�F� �3g ru�Fo{~XVsr � n � �¸j � ú�nìÚuÛFî hãxFo�n

λ
�

�Fr � j �3g ru� juo �
x
��n/thÕDo3Õ�� � ju� �3g �{j�t�o3x
kJj��(�Lru�(o3�Fru� � n/�m�Fr � j �3g ru�Fo{§ g ~ n�~h§ªú�n#l
rã�Fr �
n/y �
tvrËÕÈ��n{j�t

λ
���{j�tv�/x
thxFoË~ ©�ru�Fo g l
n/�{§�n�~ kF~h§ªj¬j�� j��3��j9Õ

a
r���tvn/�
k � �

m
rËþ�n/� � �Fn

l
ruymj g �
B

n ~�ø �Lx
�F� �3g ru�
upd(a, i, val)

� �¸j � x���lFj � n9o g �Fl
nTS
i
r��ªj��3��j9Õ

a
¦JÕ

valj��Fl tvn{j9þ�n9osj�thtEr � �Fn/�sþuj�thxFn9oqx
� � ruxF���Fn9l g oql
n � �Fn9l¥¦;Õ
upd(a, i, val)[j] := (j = i)? val :a[j], (j ∈ Zm).

���Fo � n{jul>§�ú gh� �
λ
� �Fr � j �3g ru�E§;ú
n�ru�
thÕ+�¸j9þ�n�jVo g �
k�tvn�n9wJx¸j�t gh� Õ g �Fo � n{jul r���ru�Fn�n9w;x¸j�t¡�

gh� ÕW��n/��j��3��j{Õ g �Fl
nTS>~
upd(a, i, val) := λj∈Zm(j = i)? val :a[j]

E �8F��1� �c���<�ý�3G �"G�¬ ÄU×/Ý
n ∈ N

+ ØuÛ@ç
a ∈ B

n Idí ×:g�Øuî6î

〈a〉 :=

n−1
∑

i=0

a[i] · 2i

Ý�Þ
× `7K
MOV3T���MO� � ` P5T &�×�ñ3&�×0Ù{×�Û¸Ý�×3ç H h a
I¢¡2Ú�Ý�×�Ý�Þ�Ø�Ý

〈·〉 : B
n → Z2n

Ü6Ù H Ü n{×�g9ÝLÜJi�×hI¤£p�Þ;ßJÙ�m�Ý�Þ
×£æ�ß;Û<g{ÝLÜLÚuÛ
binn := 〈·〉−1, binn : Z2n → B

n Ý�Þ�Ø�Ý�&�×/ÝLß,&0Û
Ù Ý�Þ!× `7K
M�VST��
ThP \OThP8Y1P8MONBV3N|K e M ÚBæ�ØmÛ@Ø�ÝLß,&BØuî�ÛFß;ð H ×R&�Ü6Ù � ×/î6î�æ9Úuß�Û@çJ×3ç8I

ø�l
l gh�3g ru�¸j�ththÕ�§!ú
n g l
n/� �3g �LÕ � �Fn�þ�j�thxFn
1
r��Uj2¦ gh� ú gh� � � �Fns¦�r;rutvn{j��dþuj�thxFn

truej��Fl
0
ú gh� �

false
�Lru� � � g o � �Fn9o g oË~�i£� g o�j{þ�r g l
o � n9l g ruxFoV�9ru�;þ�n/��o g ru�FoVru� � �Fn2¦ gh�

tvn/þ�n/t � �¸j � j���nV�Fn9�9n9o�o�j��3Õ g � ���2ä�~
¥?¦ t��]��xa�u��x��?�wvJ§¨�]��©ª���u«¬��­]­�§��'�?�u���1�|�¨�]�jvut��:®S¯O°±�lv��������B���j­]�]�a�����w§¨²�³�´'µ/¶h·�´h¸�¹ ºh»¼�?©Z�¬�w���?~vu�¤����½'� ¾h�
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°e�L�<²@���c� �c���<�ý�SG �"G � ÄU×/Ý
a, b ∈ B

n m m ∈ Zn
m�ØuÛ@ç

k ∈ Z2m

I¿p�Þ!×�æ9Úuî6îhÚ � Ü�Û Ë
Ù/Ý Ø�Ý�×�ðm×�Û¸Ý�ÙVÞ�Ú�î¡ç [

• 〈a〉 ∈ Z2n

• 〈a〉 = 〈b〉 ⇐⇒ a = b

• 〈a〉 = 2m · 〈a[n − 1 : m]〉 + 〈a[m − 1 : 0]〉

• 〈a〉 mod 2m = k ⇐⇒ 〈a[m − 1 : 0]〉 = k

����r;r��<o��Lru� � �Fn9o�n+o g y �
tvnG�
��r���n/� �3g n9oOj���nZj9þ�j g t]j�¦
tvn g � � �FnZ���2ä Ø<ÛcÞ84 Ý^Ö Þ^ß�à�Ú
t g ¦
��j��3Õìú
n g � � ��r�l!xF�9n g �ão�n9� �3g ru�D|�~��Ñj��Flãj���n � �Fn/��n��Lru��nZruy gh�3� n9l g � � � g o � �Fn9o g o{~
���#rux
���¸j���l!ú�j���n g y �
tvn/y(n/� � j �3g ru�Fo{§�ú�n'r�� � n/�#xFo�ne��ø�¨ g �ì�9ru� � ��juo �s� rÑj��3��j9Õ!o{~
i£�Fn/��n��<ru��n�§
ú�n g � � ��r�l!xF�9n � �FnO�Fn9�9n9o�o�j��3Õd�Fr � j �3g ru�Fo g � � � g oqo�n9� �3g ru�E~
E �8F��1� �c���<�ý�3G �"G ¦¿À Ú1&�ØuÛ�h

a ∈ N
ØuÛ@ç

d ∈ N
m>Ø

2
a × d Á|ÂÄÃ*Å R

Ü6Ù�ØPæ�ß;Û+g9ÝLÜLÚ�Û
B

a → B
d Ý�Þ�Ø�Ý'ð Ø�ñ¸ÙìØuÛ¸h Ü�Ûuñ@ß!ÝZØ�ç�ç1&�×0Ù�Ù

adr ∈ B
a Ý Ú ÜLÝ�Ùìç�Ø�Ý ØÆi)Øuî ß
×ìÜ�Û

R
m

ç;×�Û@Ú�Ý�×3ç H h R[adr]
I

Vsr � n � �¸j �£� �FnVru�
thÕml g 	�n/��n/�F�9nV¦�n � ú�n9n/�#j�� j��3��j9ÕÑj��Fl¥jG��ø�¨ ju�9�9ru��l g �
k � r
� �Fn�j�¦�rËþ�nªl
n � � gh�3g ru� g o g � � �Fn � ÕQ��n
r�� � �Fn g �Fl
nTS2þ�j�� g j�¦
tvn�§ g ~ n�~h§uj��+j��3��j{Õ g oUj�thú£j9Õ!o
g �Fl
nTS
n9l2¦;Õ2j£�¸j � x
��j�tJ�;x
y�¦�n/�{§uú��Fn/��n{juoÏjU�søs¨ g o g �Fl
nTS
n9l2¦;ÕOjq¦ gh� þ�n9� � ru�{~�V�r � n
� �¸j � o g �F�9nqj$��ø�¨ g o
js��x
�F� �3g ru�E§Jú
nq�{j��dj�tvo�rOn/y �
tvr{Õ

λ
� �Fr � j �3g ru�m�Lru�@�søs¨b~�� n

�FrËú g � � ��r;l!xF�9n+o�ruy(n��Fr � j �3g ru�#�<ru� � �Fn2þ�j�thxFn9o�r��P��n/k g o � n/��o�j��Fl¬o g k��¸j�tvo g �¬o�ruy(n
�/Õ!�/tvn

t
~

E �8F��1� �c���<�ý�3G �"G�· ÄU×/Ý
DI

Ø(ç�Úuð(ØuÜ�Û Ý�Þ�Ø�Ý�ç�ÚË×�Ù2�Fr � g�ÚuÛ¸Ý ØuÜ�Û Ã )L-�I¼)Dæ0ß�Û<g9ÝLÜ<ÚuÛ
inp : N → DI

Ü6Ù'Ý�Þ!×�Û`g�Øuî�îh×3çìØuÛ K�M0\O�ÇN�YaKlQ¼M�V3X Ú1iu×'&+Ý�Þ
× ç�Úuð(ØuÜ�Û
DI

Iãí ×+ßJÙ{×
Ý�Þ
×OÙ0Þ�Ú1&/Ý�Þ�ØuÛ@çmÛ@Ú�Ý Ø�ÝLÜLÚuÛ

inpt æ/Ú1&2Ý�Þ
×¨i�Øuî\ßF×ZÚBæ inp
Ü6Û g�hbg/îh×

t
m�ÜuI6×hIÈm

inp(t)
I

Ä�×/Ý
cinit H ×ãÙ9Úuðm×ãÜ�ÛFÜ�ÝLÜ<Øuî�g�ÚuÛh( Ë ß5&3Ø�ÝLÜ<ÚuÛöÚ�i�×'& Ý�Þ!×Èç�Úuð(ØuÜ�Û

Dc
m

inp
Ù/Ú�ð(×

Ü�Ûuñ@ß!ÝVÙ�Ü Ë Û�ØuîqÚ1i�×'& Ý�Þ!×ìç�Úuð(ØuÜ�Û
DI
mZØuÛ@ç

nextc : Dc × DI → Dc
Ø(æ0ß�Û<g9ÝLÜ<ÚuÛ

Ý�Þ!Ø�Ý1g�Úuðsñ@ß�Ý�×�ÙsÝ�Þ!×sÛ�×|��ÝEÙ/Ý Ø�Ý�×�ÚBæ3g�ÚuÛ ( Ë ß,&BØ�ÝLÜ<ÚuÛ
c H Ø�Ù9×3çmÚuÛ¥Ý�Þ!×{g/ß5&'&�×�Û¸ÝUÙ�Ý Ø�Ý�×VØ�Û@çÙ9Úuðm×�Ü�Ûuñ@ß!Ý�Imí ×OÝ�Þ
×�ÛìçJ×�Û�Ú�Ý�×OÝ�Þ!×eg�ÚuÛ¸Ý�×/Û¸ÝªÚBæ�g�ÚuÛ ( Ë ß,&BØ�ÝLÜ<ÚuÛ

c
Ü�Û]g�hbg/îv×

t
Ë ÜJi�×�ÛÄØ

Ù/Ý Ø1&/ÝLÜ6Û Ë g�ÚuÛ ( Ë ß,&BØ�ÝLÜ<ÚuÛ
cinit

� Ü�Ý�Þ c[cinit]
t m�ÜwI�×hIÈm � ×2Þ�Ø�i�×

c[cinit]
0 := cinit

c[cinit]
t+1 := nextc(c[cinit]

t, inpt)

�6æ � ×2ç�Ú Û@Ú�Ýª×|�0ñ�î\Üyg/ÜLÝLî h*g�Ø�&3×ªæ9Ú1&�Ý�Þ
×sÙ�Ý Ø1&/ÝLÜ�Û Ë g�ÚuÛ ( Ë ß,&BØ�ÝLÜ<ÚuÛ;m H ß�Ý;n�ß;Ù�Ý�Ø�Ù0Ù0ß�ð(×�ØuÛØ�& H ÜLÝl&3Ø1& h�m H ß!Ý0(��J×3çÍÚuÛ�×�m � ×+Øuî^Ù9Ú Ù�Ü6ðsñ@î h � &�Ü�Ý�× ct IÄ�×/Ý
Dc

ØuÛ�ç
DI H ×ÍØ]g�ÚuÛh( Ë ß,&3Ø�ÝLÜLÚ�ÛSç�Úuð(ØuÜ�ÛbØuÛ@ç¬ØuÛbÜ6Û�ñ@ß�ÝqÙ0Ü Ë Û@Øuî�ç�Úuð(ØuÜ�Û;m

&�×0Ù�ñ
×�g9ÝLÜJi�×�î h8Iq)sÛÉe �ÇNl\O�ÇN�YaKlQ¼M�V3X Ú1i�×R&ìÝ�Þ!×ãç�Ú�ð Ø�Ü6Û
DO

Ü]ÙìØdæ�ß;Û<g{ÝLÜLÚuÛ
out :

Dc × DI → DO
ØuÛ@ç � ×+ÚuÛ<g0×ZØ Ë ØuÜ�Û çJ×�Û@Ú�Ý�×'Ý�Þ!×ji�Øuî\ßF×ZÚBæ'Ø�ÛãÚuß!Ý\ñ@ß!Ý
Ù0Ü Ë Û@Øuî outÜ�Ûog�hbg/îv×

t � ÜLÝ�Þ outt
mVÜuI6×hIÈm � ×mÞ!Ø1i�× outt := out(ct, inpt)

I�¡2Ú�Ý�×ÑÝ�Þ�Ø�Ý � ×ÍØ�î^Ù9Ú
� &�ÜLÝ�× out[cinit]

t Ü æ � ×±&3×Læ9×'&'Ý ÚdØmÙ ñF×�g/Ü<Øuî�Ü�ÛFÜLÝLÜLØuî'g�Ú�Ûh( Ë ß,&BØ�ÝLÜLÚuÛ cinit
I
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�0Û Ø�ç�çuÜLÝLÜ<ÚuÛ;m � ×dÙ/Ú�ð(×9ÝLÜ6ðm×0Ù � ØuÛ¸ÝOÝ Ú Ø1& Ë ßF×#Ø H Úuß!ÝVÙ/Úuðm×�Ê i{ÜJ&�ÝLß
ØuîBË�Ú�ß�Ý\ñ@ß!Ý�Ù�mÜuI�×hIªmsÚ�ß�Ý\ñ@ß!Ý�Ù Ë ÜJi�×�ÛbÙ/Ú�ð(× Þvh0ñ!Ú�Ý�Þ
×/ÝLÜ£g�ØuîªÜ�Ûuñ@ß!Ý

in ∈ DI
Ü6Û
Ù/Ý�×3Ø�ç¬ÚBæ(Ý�Þ!×fg�ÚuÛ<g/&3×/Ý�×

Ü�Ûuñ@ß!Ý
inpt IÌp�Þ!×'&�×�æ/Ú�&3×�m � × Ü�Û¸Ýl&3Ú{çuß�g�×dÝ�Þ!× Û�Ú�Ý Ø�ÝLÜ<ÚuÛ outtin := out(ct, in)

I.¡2Ú�Ý�×
Ý�Þ!Ø�Ý

outtinpt = outt
Ýl&�ÜJi{ÜLØ�î6î h Þ�Úuîhç�ÙhI

i£�JxFo{§>ú�nZ�{j��Ä�Fr{úýj��3k�xFn j�¦�rux � o g k��¸j�tvo2j��FlÄ�9ru� � k�x
��j �3g ru�Fo g �ã�/Õ!�/tvn9o2j��Fl
rux � �
x � o g k��¸j�tvo
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Øqg�hbg/îv×hI í ×(Ü6Û¸Ýl&3Ú{çuß�g�×ÑÝ�Þ!× Ù�Þ!Ú1&�Ý�Þ!ØuÛ@ç#Û@Ú�Ý Ø�ÝLÜ<ÚuÛ
P t æ9Ú1& P (St)

Ø�Û@ç
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∃t′ < t : P t′ msØ�Û@ç#Ø Ù9×�g�ÚuÛ@ç(ñ3&�×3çuÜyg�Ø�Ý�×dÜ�Û@çuÜyg�Ø�ÝLÜ�Û Ë Ý�Þ�Ø�Ý P
Þ�Ú�î¡ç�Ù Ü�Û Ý�Þ!×Vñ3&�×0Ù9×/Û¸Ý

g;h"g9îh×ZÚ1&OÜ�ÛÄØqæ�ß�ÝLß,&�×�g�hbg/îh×'m
∃next
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Þ!×�îhç�m>ÜuI6×hIÈm
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Þ�Ú�î¡ç�Ù�m � ×Zç;×J(�Û�×ZÝ�Þ
×+Û�×|��Ý�g;h"g9îh× � Þ!×'&�× P
Þ�Ú�î¡ç�Ù

ØuÙ
nextP (t) := min{t′ ≥ t : P t′}

I
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t H ×sî\Ü6ïu×sÜ�Û*Î'×J(ªÛFÜ�ÝLÜ<ÚuÛÐÏ7I�Ñ,I�Ò,I±p�Þ!×�Û¥Ý�Þ!×æ9Úuî�î¡Ú � Ü6Û Ë ñ3&3Ú0ñ
×'&/ÝLÜ ×0Ù2Þ�Úuîhç [
• ∃last

P (t) =⇒ P lastP (t) ∧ ∀t′ ∈ ]lastP (t) : t[ : ¬P t′

• ∃next
P (t) =⇒ P nextP (t) ∧ ∀t′ ∈ [t : nextP (t)[ : ¬P t′

• P 0 ∧ t > 0 =⇒ ∃last
P (t)

• t′ ≥ t ∧ ∃last
P (t) =⇒ ∃last

P (t′)

• t′ ≤ t ∧ ∃next
P (t) =⇒ ∃next

P (t′)

• t′ ≤ t ∧ P t′ =⇒ ∃last
P (t) ∧ lastP (t) ≥ t′

• t′ ≥ t ∧ P t′ =⇒ ∃next
P (t) ∧ nextP (t) ≤ t′

• t′ ≥ t ∧ ∃last
P (t) =⇒ lastP (t′) ≥ lastP (t)

• t′ ≤ t ∧ ∃next
P (t) =⇒ nextP (t′) ≤ nextP (t)

• t′ ∈ ]lastP (t) : t] =⇒ lastP (t) = lastP (t′)
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Ø�Ù�æ/Úuî�îhÚ � Ù [

R0 := Rinit

Rt+1 :=

{

Rt
in

Ü æ
Rt

ce

Rt Ú�Ý�Þ!×'& � Ü]Ù{×
À Ú1&�ØuÛ¸h g�hbg/îh×
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m�Ü�Ý�Þ�Úuîhç�Ù�Ý�Þ�Ø�Ý
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n9o � �FnO�/t]j g y¢o g �F�9n
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g �
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� � g þ g j�ththÕ
�Frutvl
oªj��Flmj�tvo�r

lastRce(t+1) = t
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lastRce(t+1) =
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o�ruy(nqnT	�ru� � y g k�� � �¸j{þ�nq¦�n9n/�(�Fn9�9n9o�o�j��3Õ g �mru��l
n/� � r2�9ru�Jþ g �F�9n����OäZr�� � �¸j � � ju� � ~
æ?ç ��vu�èvut���v��]�¨vut��]�_vw�����a�w­¤��vu�]�'�j�lvu��x5»8§/�'�¨t��B�'��vu��v���éR�è�|���u�è��©0vuta�:� �¤�lvu�]�a�?vu�]�'�±��©

B

���1�
B

1
�h§�®¼¯�°�» �'� êa�]»a§R�'�o«¬��§¬t��B�'�_vu�:�����o�

λ
~��?ë xa�u���w�w�]�'�+�]�o����� �?�Çvu�¢�����h�R�?�wvì�è�w�]�aê'­]������vÇ�]�hvu��¢����vu�R���
vu���|�
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Os� � �Fn�r � �Fn/�q�¸j��Fl>§ g � � �FnOru�Fn2�{juo�n g � o�n/þ�n/��j�t�l
r � n/�Fo�ru�qo�rZú��Fn/�ì���Oäd��n{j�ththÕ
ú£juoO� g k�� � j��Fl jÍo�x
¦
k�r�j�t�ú�juoO�Fr � )�ru¦;þ g ruxFo��h§Eú
n ú g tht��
��n9o�n/� �2� �Fn l
n � j g tvo � �¸j �
l
n � n9l#ru¦Jþ g ruxFo3�Fn9o�o g � � � g o � �Fn9o g o{~

��� o3x
y ymj��3Õ�§ gh�mg od¦¸juo g �{j�ththÕo��r�o�o g ¦
tvn � r � ��j��Fo3t]j � nãj��JÕj�¸j\��n/�B��j��Fl�����n/�F� g t
�
��r�r��$�
��n9o�n/� � n9l g � � � g o � �Fn9o g o g � � r jã�<ru�3ymj�ts���2ät�
��r�r��2ú�� g tvn ��n9n�� g �
k � �Fn
�
��r�r��qo � �3xF� � x
��ndú
n_�
��n9o�n/� � n9l>~XV�r � n � �¸j � y(r�o � r�� � �Fn*�
��r;r��<oO�<ru� � � g o � �Fn9o g o
�¸j{þ�nO¦�n9n/� l
n/þ�n/tvr���n9l l g ��n9� � thÕ g �#���2äÍj��FlÍú
n�ù´xFo � �
��n9o�n/� � jZo�j�� gh�3gh� n9lY�¸j\��n/�B�
j��Fl�����n/�F� g tEþ�n/��o g ru�ìr�� � �Fn9o�n��
��r;r��<o{~

���uí î ���SA � �_A���� . A
�<�
��� � � g o(o�n9� �3g ru�E§
ú
nÍþ�n/� g �LÕ � �Fn¥�9ru�3��n9� � �Fn9o�o(r��sþ�j�� g ruxFo ¦¸juo g �¥� g ���/x gh� o � �¸j � ú
n
ú g tht�xFo�nÍjuo(ymju�/��r�o t]j � n/�(ru�E~È� nÍ�¸j{þ�n#j�th��n{jul!Õb��n���ru� � n9l � �FnÍþ�n/� g�� �{j �3g ru� r��
l
n9�9r�l
n/��o{§Ejul
l
n/��o{§>n9w;x¸j�t gh� Õ;� � n9o � n/�{§�j��Flão g y g t]j��2� g ���/x gh� o g ��I �£��p2�!|TK�~Zä g �F�9nZú
n
ùBxFo � xFo�n � �Fn9o�nVymju�/��r�osj��Fl � �Fn g ���
��r�r��<o{§!ú
nOú g tht��Fr � k�r g � � rdl
n � j g tE�Fn/��n�j\�¸j�� �
�L��ruy k g þ g �
kDl
n � � gh�3g ru�Fo{~ ���Fo � n{jul>§�ú�n¬ú g thts�<r��/xFoÑru� jul
l gh�3g ru�¸j�tOymju�/��r�oÍt g ��n
n/�F�9r�l
n/��o�j��Fl¥y'x
t �3g �
tvnTS!n/� � ��n9n9o{~
E �8F��1� �c���<�ý�3G�¬ÇG£� ÄU×/Ý

n ∈ N
+ I íZ×ÑÝ�Þ
×�ÛSçJ×J(�Û�×ÑÝ�Þ!×sæ/Ú�î6îhÚ � Ü�Û Ë ñ!Ø1&3Øuðm×/Ýl&0Ü zË×�çg9ÜZ&�g/ß�Ü�Ý�Ù [

•
)sÛ

n Á e T�N|ThPaP Ü6Ù�Ø g9ÜZ&�g/ß�Ü�ÝÂg�Úuðsñ@ß!ÝLÜ6Û Ë Ý�Þ
×�æ�ß�Û<g9ÝLÜ<ÚuÛ
orn : B

n → B, orn(a) := ∃i ∈ Zn : a[i].

•
)sÛ

n Á P�ï8��VSXZK�N|� Á NBP8Y�NBP8T Ü]Ù�Ø g/ÜZ&�g/ß�Ü�ÝUg�Ú�ð�ñ�ß�ÝLÜ�Û Ë Ý�Þ!×ªæ0ß�Û<g9ÝLÜ<ÚuÛ
eqn : B

n × B
n → B, eqn(a, b) := (a = b).

•
)sÛ

n Á g0P ��e g3P5T Ü6Ù�Øfg/ÜJ&�g/ß;ÜLÝUg�Úuðsñ@ß!ÝLÜ6Û Ë Ý�Þ
×�æ�ß�Û<g9ÝLÜ<ÚuÛ
decn : B

n → B
2n

, decn(a) := λi∈Z2n (〈a〉 = i).

•
)sÛ

n Á V0g3g0P5T Ü6Ù�Øfg/ÜJ&�g/ß;ÜLÝUg�Úuðsñ@ß!ÝLÜ6Û Ë Ý�Þ
×�æ�ß�Û<g9ÝLÜ<ÚuÛ
addn : B

n × B
n × B → B

n+1, addn(a, b, c) := binn+1(〈a〉 + 〈b〉 + 〈c〉).

•
)sÛ

n Á K
M � ThP � P8MONBP5T Ü]Ù�ØWg/ÜJ&
g/ß�ÜLÝlg�Ú�ð�ñ�ß�ÝLÜ�Û Ë Ý�Þ!×ªæ0ß�Û<g9ÝLÜ<ÚuÛ
incn : B

n → B
n+1, incn(a) := binn+1(〈a〉 + 1).

� nãú g tht�ù´xFo � xFo�n � �Fn j�¦�rËþ�n o���n9� g�� �{j �3g ru�Fo g � j�tht � �Fn �
��r�r��<o¥ú��Fn/��n � �Fn
�9ru�3��n9o���ru�Fl g �
k ymju�/��r�odj\����n{j�� g �Drux
�(l
n9o g k��E~ ��r{ú
n/þ�n/�{§�j�� g y �
tvn/y(n/� � j �3g ru�
r��3§ g ~ n�~h§�jÑl
n9�9r�l
n/�2ru��j�� n9wJx¸j�t gh� ÕJ� � n9o � n/� � ruk�n � �Fn/��ú gh� �ÈjÍ�9ru�3��n9� � �Fn9o�o$�
��r�r�� g o
j{þuj g t]j�¦
tvn g �#rux
�����2ä � ��n9n�~
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ñÇò�ó�ò�ñ ô ���u�7	uõè��
;ö�
¼÷Ð��÷7
S
Sø
E �8F��1� �c���<�ý�3G�¬ÇG �ØÀ Ú1&

n ∈ Z≥2,m ∈ N
+ mOØuÛ

n Á � �}ùSN|ThPaP Ü6ÙdØ g/ÜZ&�g/ß�Ü�Ý$g�Ú�ðGwñ�ß�ÝLÜ�Û Ë Ý�Þ!×�æ0ß�Û<g9ÝLÜ<ÚuÛ
muxn : (Bm)n × B

dlog ne → B
m, muxn(A, b) := A[〈b〉]

æ9Ú1&�ØuÛ�h
b ∈ B

dlog ne � ÜLÝ�Þ 〈b〉 < n
I

À Ú1&
n ∈ N

+,m ∈ N
+ m�ØuÛ

n Á � �"ùSN|ThP�P c K
N�^��ìMOV3T��rY1P8XJP � N Ü]Ù¥Ø#g/ÜJ&
g9ß;ÜLÝ
g�Úuðsñ@ß�ÝLÜ�Û Ë Ømæ0ß�Û<g9ÝLÜ<ÚuÛ

mux ú usn : (Bm)n × B
n → B

m Ý�Þ�Ø�Ýªæ0ß�î (ªî6î\Ù�æ9Ú1& ØuÛ¸h
)+&'&3Ø�h

A
ÚBæVÙ�Ü�z)×

n
Ú1i�×'&�Ý�Þ
×oÎ'Úuð(ØuÜ�Û

B
m m b ∈ B

n m
ØuÛ@çÑØuÛ¸h j ∈ Zn

(b = λi∈Zn(j = i)) =⇒ mux ú usn(A, b) = A[j].

µ �>¡(¡#�t�SG�¬ìG��ûÀ Ú1&
n ∈ N,m ∈ N

+ mPÝ�Þ!×$g/ÜJ&�g/ß;ÜLÝ MUX2n : (Bm)2
n

×B
n → B

mç;×J(�Û�×3ç H h
MUX20(A, b) := b[0]?A[1] : A[0]

MUX2n+1(A, b) := b[n]?MUX2n(λi∈Z2n A[2n + i], b[n − 1 : 0]) :

MUX2n(λi∈Z2n A[i], b[n − 1 : 0])

Ü6Ù�Ø
2n w�ðZß���Ýl&�×�× Øbg�g�Ú1&Bç�Ü6Û Ë Ý ÚÍçJ×l(�ÛFÜLÝLÜLÚuÛ%Ï7I¤ü3IÈÑWI

°e�L�A�<¤BÕ � n2o3�Fr{ú � �FnO�/t]j g y
MUX2n(A, b) = A[〈b〉]

¦JÕ g �Fl!xF� �3g ru�ìru�
n
~

�;���1���"�c���<�ýÖ1�����þ×
n = 0 Ù z � n+�¸j9þ�n

MUX20(A, b) = b[0]?A[1] : A[0]
ú�� g ���

ru¦;þ g ruxFo�thÕÍn9w;x¸j�tvo
A[〈b〉]

~
�;���1���"�c���<� �;���>²ÿ×

n → n + 1 Ù z�«En � MUX2n(A′, b′) = A′[〈b′〉]
�<ru�mj�tht

A′ § b′ju�9�9ru��l g �
k � r g �Fl!xF� �3g ru�#�;Õ>��r � �Fn9o g o{~�� n � �Fn/�#�¸j9þ�n2¦;ÕÑl
n � � gh�3g ru�
MUX2n+1(A, b) = b[n]?MUX2n(λi∈Z2n A[2n + i], b[n − 1 : 0]) :

MUX2n(λi∈Z2n A[i], b[n − 1 : 0])

��Õ¥j\���
thÕ g �
k � �Fn g �Fl!xF� �3g ru� �JÕQ��r � �Fn9o g o � ú g �9n�§Fú
n2k�n �
MUX2n+1(A, b) = b[n]?A[2n + 〈b[n − 1 : 0]〉] : A[〈b[n − 1 : 0]〉]

� gh� � ����r���r�o gh�3g ru� |�~��!~��!§ � � g oqn{juo g thÕÑtvn{jul
o � r

MUX2n+1(A, b) = A[〈b〉]

ú�� g ���ì�9ru�F�/thxFl
n9o � �Fn2�/t]j g y ~
ut

µ �>¡(¡#�t�SG�¬ìG�¬�À Ú1&
n ∈ N

+,m ∈ N
+ m�Ý�Þ!×$g9ÜZ&�g/ß�Ü�Ý MUXú usn : (Bm)n ×B

n →
B

m çJ×l(�Û�×3ç H h
MUXú usn(A, b) := λi∈Zmorn(λj∈ZnA[j][i] ∧ b[j])

Ü6Ù�ØuÛ
n
w�ðZß1��Ýl&�×�× � ÜLÝ�ÞÑß�Û@Ø1&Th(Ù{×�îv×�g9Ý�Øbg�g�Ú�&BçuÜ�Û Ë Ý ÚÍçJ×J(ªÛFÜ�ÝLÜ<ÚuÛ%Ï7I]ü0IÈÑ,I
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°e�L�A�<¤BÕ «�n �
n ∈ N+

§
m ∈ N+

§
k ∈ Zn

j��Fl
b := λi∈Zn(k = i)

~¥� n � �Fn/�
�¸j{þ�n � rão3�Fr{ú

MUX� usn(A, b) = A[k]
~b� n¥o � j�� � ú gh� � � �Fn¥l
n � � gh�3g ru�D�L��ruy

tvn/y ymj |�~ [F~��!§ g ~ n�~h§
MUX� usn(A, b) = λi∈Zmorn(λj∈Z2n A[j][i] ∧ b[j]).

��ÕÍl
n � � gh�3g ru�È|�~ [F~h|V�<ru�
orn

ú�nO�¸j9þ�n

MUX� usn(A, b) = λi∈Zm∃j ∈ Zn : A[j][i] ∧ b[j].

��ÕÑ��n��
t]ju� g �
k
b = λj∈Zn(k = j)

§
ú�n2o g y �
thÕÑk�n �
MUX� usn(A, b) = λi∈ZmA[k][i].

i£� g o��9ru�F�/thxFl
n9o � �FnO�/t]j g y¢o g �F�9n
A[k] = λi∈ZmA[k][i]

~
ut

ñÇò�ó�ò�� ��� ÷ � �
�u
S��õ�÷7
���ö	�ì÷
E �8F��1� �c���<�ý�3G�¬ÇG �ØÀ Ú1&

n ∈ N
+ m�ØuÛ

n Á \}VSThV3X�XJP8X:\OThP�
où e T Ü6ÙmØ g/ÜZ&�g/ß�Ü�Ý$g�Ú�ðGw
ñ�ß�ÝLÜ�Û Ë Ý�Þ!×ªæ0ß�Û<g9ÝLÜ<ÚuÛ

ppn : B
n → B

n m

ppn(a) := λi∈Zn

j≤i
∨

j=0

a[j].

µ �>¡(¡#�t�SG�¬ìG�¦ûÀ Ú1&
n ∈ N

+ m � ×�Ù{×/Ý m := bn/2c
m
a′ := λl∈Zm

a[2·l+1]∨a[2·l]
m

Ø�Û@çdç;×J(�Û�×+Ø g/ÜZ&�g/ß�Ü�Ý
PPn

&3×�g/ß5&0Ù0ÜJi�×�î h H h
PP1(a) := a

PPn(a) := λl∈Zn











a[0] l = 0

PPm(a′)[(l − 1)/2] l > 0 ∧ odd?(l)

PPm(a′)[l/2 − 1] ∨ a[l] l > 0 ∧ even?(l)

¡�Ú�Ý�×mÝ�Þ�Ø�Ý � ×(ß;Ù9×mÝ�Þ!×Oñ3&3×�çuÜ£g�Ø�Ý�×0Ù odd?
Ø�Û@ç

even?
æ9Ú1&(Ú{ç�ç¬ØuÛ@çã×'i�×�Û Ü�Û¸Ý�× Ë ×'&0Ù�m&�×0Ù�ñ
×�g9ÝLÜJi�×�î h8I*p�Þ!×:g/ÜJ&
g/ß�ÜLÝ

PPn
Ý�ÞJß;Ù'çJ×J(�Û�×�çmÜ6Ù2ØVñ!Ø�&BØuî�îv×�î
ñ3&�×J(��ÍÚ1&�Øvg�g�Ú1&3çuÜ�Û Ë Ý Ú

ç;×J(�ÛFÜLÝLÜLÚ�Û�Ï7I¤ü3I��8I
°e�L�A�<¤BÕ � n$�
��r{þ�n � �Fn��/t]j g y

PPn(a) = λi∈Zn(
∨j≤i

j=0 a[j])
¦;Õ g �Fl!xF� �3g ru�¬ru�

n
~

�;���1���"�c���<��Ö����c�¿×
n = 1 Ù z ¤Fru�

n = 1
§�ú�nÍ�¸j9þ�n

PP1(a) = a =
∨j≤0

j=0 a[j]ú�� g ���#�9ru�F�/thxFl
n9o � �Fn g �Fl!xF� �3g ru�#¦¸juo�n�~
�;���1���"�c���<�Á�����v² ×

n → n + 1 Ù zE� nÑo�n � m := b(n + 1)/2c
j��Flbjul
l gh�3g ru�¸j�ththÕ

a′ := λl∈Zm
(a[2·l+1]∨a[2·l])

~1Vsr � n � �¸j �U� �Fn g �Fl!xF� �3g ru�Z�JÕQ��r � �Fn9o g oUk�x¸j���j�� � n9n9o
PPm(a′) = λi∈Zm(

∨j≤i
j=0 a′[j])

~ª� n � �Fn/� �¸j9þ�n2¦JÕ¥l
n � � gh�3g ru�

PPn+1(a) = λl∈Zn











a[0] l = 0

PPm(a′)[(l − 1)/2] l > 0 ∧ odd?(l)

PPm(a′)[l/2 − 1] ∨ a[j] l > 0 ∧ even?(l)
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ø3���
thÕ g �
k � �Fn g �Fl!xF� �3g ru�#�;Õ>��r � �Fn9o g oqÕ g n/tvl
o

PPn+1(a) = λl∈Zn











a[0] l = 0
∨j≤(l−1)/2

j=0 a′[j] l > 0 ∧ odd?(l)
∨j≤l/2−1

j=0 a′[j] ∨ a[l] l > 0 ∧ even?(l)

�8SQ�¸j��Fl g �
k � �FnOl
n � � gh�3g ru�ìr��
a′
§!ú
n2k�n �

PPn+1(a) = λl∈Zn











a[0] l = 0
∨j≤(l−1)/2

j=0 (a[2 · j + 1] ∨ a[2 · j]) l > 0 ∧ odd?(l)
∨j≤l/2−1

j=0 (a[2 · j + 1] ∨ a[2 · j]) ∨ a[l] l > 0 ∧ even?(l)

���#j�tht � �
��n9n2�{juo�n9o{§ � � g oqn9w;x¸j�tvo � �Fn2l
n9o g ��n9l¥��n9o�x
t � § g ~ n�~h§

PPn+1(a) = λl∈Zn
(

j≤l
∨

j=0

a[j])

ú�� g ���ì�9ru�F�/thxFl
n9o � �Fn g �Fl!xF� �3g ru�#o � n��E~
ut

ñÇò�ó�ò�
 � ��������
¼÷
E �8F��1� �c���<�ý�3G�¬ÇG�·ÉÀ Ú1&

n ∈ Z≥2
m¥ØuÛ

n Á P5M ��e g3P5T Ü]ÙÄØjg/ÜJ&�g/ß;ÜLÝfg�Úuðsñ@ß�ÝLÜ�Û Ë Ø
æ�ß�Û<g9ÝLÜ<ÚuÛ

encn : B
n → B

dlog ne Ý�Þ�Ø�Ý@æ�ß;î (�î�î^Ù�æ9Ú1&�ØuÛ¸h a ∈ B
n ØuÛ�ç

j ∈ Zn

(a = λi∈Zn(j = i)) =⇒ encn(a) = bindlog ne(j)

µ �>¡(¡#�t�SG�¬ìGÈÍûÀ Ú1&
n ∈ N

+ m � ×�ç;×J(�Û�×+ØWg/ÜJ&
g/ß�ÜLÝ encf2n : B
2n

→ B
n+1 &�×�g/ß,& wÙ�ÜZiu×�î h H h

encf21(a) := (a[1] ∨ a[0]) · a[1]

encf2n+1(a) := (lo[n] ∨ hi[n]) · λi∈Zn+1

{

hi[n] i = n

lo[i] ∨ hi[i]
Ú�Ý�Þ!×'& � Ü]Ù{×

� ÜLÝ�Þ lo := encf2n(a[2n − 1 : 0])ØuÛ�ç
hi := encf2n(a[2n+1 − 1 : 2n])

p�Þ;Ü]Ù{g9ÜZ&�g/ß�Ü�Ý�Ü6Ù�ØuÛì×B��Ý�×�Û@çJ×�çÑ×�Û+g�Ú{çJ×'&�m�ÜuI6×hIÈm
encf2n(a)[n− 1 : 0] = enc2n(a)

ØuÛ�ç
encf2n(a)[n] = or2n(a)

I
i£�Fn g y �
tvn/y(n/� � j �3g ru� g � � �Fn2j�¦�r{þ�nVtvn/y ymj g o � j���n/�Í�L��ruy4I ¨ì�%R��LK�~ª���¥ru��l
n/�

� rZþ�n/� g �LÕ � � g o�tvn/y ymj!§
ú�n � ��o � o3�FrËú � �Fn��<ruthtvr{ú g �
k � ú
r*�
��r���r�o gh�3g ru�FoË~
°e�L�<²@���c� �c���<�ý�SG�¬ÇG §¿À Ú1&

n ∈ N
+ ØuÛ@ç

a ∈ B
n mªÝ�Þ
×OÞ;Ü Ë Þ
×0Ù�Ý H ÜLÝ
ÚBæ encf2n

g�Úuð�w
ñ�ß�Ý�×0Ù�n�ß;Ù�Ý
Ø�Û

n
w´Ú�&�Ýl&�×�×�m�ÜwI�×hIÈm

encfn(a)[n] = orn(a)
I
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ä g �F�9n � �Fn
��n9�/x
��o g þ�n�l
n � � gh�3g ru�mr��

encf2n(a)[n]
nTS
ju� � thÕ+n9wJx¸j�tvo � �Fn�l
n � � gh�3g ru�

r���j��
or
� � ��n9n�§ � � g oU�
��r���r�o gh�3g ru� g o � � g þ g j�ththÕÑþ�n/� g�� n9l>~

°e�L�<²@���c� �c���<�ý�SG�¬ÇG£�,ÓûÀ Ú1&
n ∈ N

+ m�Ü�Ý�Þ�Úuîhç�Ù2Ý�Þ�Ø�Ý encf2n(02n

) = 0n+1 I
°e�L�A�<¤BÕ Os�FnY�¸j�� � r�� � � g o*�
��r���r�o gh�3g ru�E§ g ~ n�~h§

encf2n(02n

)[n] = 0
g oÑj�th��n{jul!Õ

k g þ�n/�ö¦;Õ �
��r���r�o gh�3g ru� |�~ [F~�R!~ ¤¸ru� � �Fnb��n/ymj g � g �
k ¦ gh� o{§�ú
n o3�Fr{ú � �Fn �/t]j g y
encf2n(02n

)[n − 1 : 0] = 0n ¦JÕ g �Fl!xF� �3g ru�ìru� n
~

�;���1���"�c���<�rÖ������ ×
n = 1 Ù z�� nZ�¸j9þ�nZ¦;Õìl
n � � gh�3g ru�

encf21(00)[0] = 0
ú�� g ���

�9ru�F�/thxFl
n9o � �Fn g �Fl!xF� �3g ru�#¦¸juo�n�~
�;���1���"�c���<�J�;���v² ×

n → n + 1 Ù z£«En � encf2n(02n

)[n − 1 : 0] = 0n �Frutvl ¦JÕ
g �Fl!xF� �3g ru�ì�JÕQ��r � �Fn9o g o{~���ÕÑl
n � � gh�3g ru�E§¸ú
nO�¸j{þ�n

encf2n+1(02n+1
)[n : 0] = λi∈Zn+1

{

encf2n(02n

)[n] i = n

encf2n(02n

)[i] ∨ encf2n(02n

)[i]
r � �Fn/�3ú g o�n

� nÈ�9ru�F�/thxFl
n � �Fn �/t]j g y ú gh� � � �Fn g �Fl!xF� �3g ru� �JÕQ��r � �Fn9o g o¬j��Fl ú gh� � �
��r���r�o g �
�3g ru� |�~ [F~�R!~

ut� gh� � � �Fn9o�n � ú
r{�
��r���r�o gh�3g ru�Fo{§uú
n£j���n
�Fr{ú � �¸j�ththÕ'j�¦
tvn � r,�
��rËþ�nªtvn/y ymj+|�~ [F~�}
�9ru�3��n9� � ~
°e�L�A�<¤BÕ æ r��¸«En/y ymj'|�~ [F~�}bç>«En �

n ∈ N
+ § j ∈ Z2n

§�j��Fl
a := λi∈Z2n (j = i)

~1Vsr � n
� �¸j �

dlog 2ne = n
� � g þ g j�ththÕ(�Frutvl
o{~Ï� n�o3�Fr{ú

encf2n(a)[n− 1 : 0] = binn(j)
¦JÕ

g �Fl!xF� �3g ru�¬ru�
n
~

�;���1���"�c���<� Ö������b×
n = 1 Ù z � nO�¸j9þ�n � ú
rm�{juo�n9oql
n���n/�Fl g �
kmru� � �FnOþ�j�thxFnOr��

j
~

|�~q¤Fru�
j = 0

§
ú
n¥�¸j{þ�n
encf21(01)[0] = a[1] = 0 = bin1(0)

ú�� g ��� �9ru�!�
�/thxFl
n9o � �Fn2�/t]j g y ~

�!~q¤Fru�
j = 1

§�ú
n¥�¸j{þ�n
encf21(10)[0] = a[1] = 1 = bin1(1)

ú�� g ��� j�tvo�r
�9ru�F�/thxFl
n9o � �Fn2�/t]j g y ~

i£�;xFo � �Fn2�/t]j g y¢�Frutvl
o£�Lru� � �Fn g �Fl!xF� �3g ru�#¦¸juo�n�~
�;���1���"�c���<� �;���>²ÿ×

n → n + 1 Ù z�«En � j ∈ Z2n+1

§
a := λl∈Z2n+1

(j = l)
§�j��Fl

encf2n(λi∈Z2n (j′ = i))[n−1 : 0] = bin n(j′)
�Frutvl(¦JÕ g �Fl!xF� �3g ru�Ñ�JÕQ��r � �Fn9o g o��<ru�

j��;Õ
j′ ∈ Z2n

~P� n � �Fn/� �¸j9þ�nO¦;Õ¥l
n � � gh�3g ru�

encf2n+1(a)[n : 0] = λi∈Zn+1

{

hi[n] i = n

lo[i] ∨ hi[i]
r � �Fn/�3ú g o�n

ú gh� �
lo := encf2n(a[2n − 1 : 0])

j��Fl
hi := encf2n(a[2n+1 − 1 : 2n])

ùBxFo � juo g �
tvn/y ymj |�~ [F~�}!~���Õd��n��
t]ju� g �
k

hi
§
lo
§Fj��Fl

a
ru� � �FnV� g k�� � �¸j��Fl o g l
n�§!ú
nOk�n �

encf2n+1(a)[n : 0] = λi∈Zn+1











encf2n(λl∈Z2n (j = l + 2n))[n] i = n

encf2n(λl∈Z2n (j = l))[i]∨
r � �Fn/�3ú g o�n

encf2n(λi∈Z2n (j = l + 2n))[i]

�Vn���n/�Fl g �
kmru� � �FnVþ�j�thxFn2r��
j
§
ú
n2�Fr{ú l g o �3g �
k�x g o�� � ú�rm�{juo�n9o{~
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|�~q¤Fru�
j ∈ Z2n

§!ú�nO�¸j9þ�n
λl∈Z2n (j = l + 2n) = 02n j��Fl � �JxFoË§
ú
n2�{j��#j\���
thÕ

�
��r���r�o gh�3g ru�È|�~ [F~h|{� g � ru��l
n/� � r(k�n �

encf2n+1(a)[n : 0] = λi∈Zn+1

{

0 i = n

encf2n(λl∈Z2n (j = l))[i]
r � �Fn/�3ú g o�n

� n��Fr{ú l
n � �Fn
j′ := j

j��FlÍj\���
thÕ � �Fn g �Fl!xF� �3g ru�¥�;Õ>��r � �Fn9o g o{~�i£� g o�Õ g n/tvl
o

encf2n+1(a)[n : 0] = λi∈Zn+1

{

0 i = n

binn(j′)[i]
r � �Fn/�3ú g o�n

ä g �F�9n
j′ ∈ Z2n

§�ú�n'�¸j{þ�n
binn+1(j

′)[n] = 0
§>j��Fl � �JxFo � �FnZ�/t]j g y g o��9ru�!�

�/thxFl
n9l ¦;Õ
encf2n+1(a)[n : 0] = 0 · binn(j′) = binn+1(j

′) = binn+1(j)
~

�!~q¤Fru�
j ≥ 2n § � �FnZj��3k�x
y(n/� � o�j���nZo g y g t]j��{~V� n+�¸j9þ�n λl∈Z2n (j = l) = 02n §

j��Fldj\���
thÕ �
��r���r�o gh�3g ru�Fo�|�~ [F~h|{��j��Fl#|�~ [F~�R'j��Flml
n � � gh�3g ru�ã|�~ [F~h| g �dru��l
n/� � r
k�n �

encf2n+1(a)[n : 0] = λi∈Zn+1

{

∃l ∈ Z2n : j = l + 2n i = n

encf2n(λl∈Z2n (j = l + 2n))[i]
r � �Fn/�3ú g o�n

ä g �F�9n
j ∈ [2n : 2n+1[

§�ú
n+l
n � �Fn
Z2n 3 j′ := j − 2n j��Fl � �JxFoË§@ú�n��¸j{þ�n

(∃l ∈ Z2n : (j = l + 2n)) = 1
~+� n(j\���
thÕ � �Fn g �Fl!xF� �3g ru� �JÕQ��r � �Fn9o g o g �

ru��l
n/� � r k�n �

encf2n+1(a)[n : 0] = λi∈Zn+1

{

1 i = n

binn(j′)[i]
r � �Fn/�3ú g o�n

ä g �F�9n
j ∈ [2n : 2n+1[

§Fú�n2�¸j9þ�n
binn+1(j)[n] = 1

§@j��Fl � �JxFo � �Fn2�/t]j g y g o
�9ru�F�/thxFl
n9l ¦;Õ

encf2n+1(a)[n : 0] = 1 · binn(j′) = binn+1(j)
~

ut

� n£�Fr{ú � � g þ g j�ththÕ'nTS � n/�Fl � �Fn�n/�F�9r�l
n/� � r g ���
x � ú g l � �Fo � �¸j � j���n£�Fr � j,��r{ú�n/�
r����!~

E �8F��1� �c���<�ý�3G�¬ÇG£���ÉÀ Ú1&
n ∈ Z≥2

m � ×OÙ9×/Ý k := dlog ne
IdíZ×+×|��Ý�×�Û�çdÝ�Þ
×'ç;×J(�ÛFÜ�w

ÝLÜ<ÚuÛÄÚBæ
encf

æ'&BÚ�ð îh×/ð+ð(Ø Ï7I¤ü3I�Ò H h

encfn(a) := encf2k(02k−n · a).

i£� g o'nTS � n/�Fl
n9l
encf

� g ���/x gh�+� � g þ g j�ththÕã��x
t � thtvo � �Fnd�9ru�3��n9� � �Fn9o�o+�/� gh� n/� g jX�
��n��
o�n/� � n9l g � tvn/y ymj |�~ [F~�}!§ g ~ n�~h§ g �

a = λi∈Zn(i = j)
�<ru�qo�ruy(n

j ∈ Zn
§!ú
nO�¸j{þ�n

encfn(a)[k] = orn(a)

encfn(a)[k − 1 : 0] = bink(j)
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8 · B

a

8 · B

8 · B

a

dout

inst

adr

din

pc

CPU MI

¤ g k�x
��n(|�~h|�z��Oj � jG�¸j � �Fosr���j+y(n/y(ru�3Õ g � � n/�B� ju�9n
����� �t�"!f!�9 F:58�_!,2  Ä!��SA
�0AB!�7
� nq�Fr{ú ú�j�� ��� rOk g þ�n�j��dr{þ�n/�3þ g n/ú ru�d�Fr{ú � �Fn�r{þ�n/��j�tht��9ru�3��n9� � �Fn9o�on�
��r;r��Er�� � �Fn
�Pø�¨ì��ú gh� � gh� om�{ju���Fn y(n/y(ru�3Õ g � � n/�B� ju�9n g omo � �3xF� � x
��n9lD� g n/��j������ g �{j�ththÕ�~ i£� g o
�
��r�r���l
n9�9ruy ��r�o gh�3g ru� j�thtvr{úqoÑ�<ru�d�9ru�F� g o�nãj��3k�x
y(n/� � oÍú�� g tvnÄj�¦Fo � ��ju� �3g �
k j9ú£j9Õ
j�tht � �Fn g �!�Lru�3ymj �3g ru� � �¸j �(g o(�Fr � �Fn9n9l
n9lD�Lru�mj �
��r�r��3~ �����¸j�� �3g �/x
t]j��{§£ú�n¥ú g tht
g � � ��r;l!xF�9n � �Fn t]j{Õ�n/��oÍr��2j y(n/y(ru�3Õ g � � n/�B� ju�9n¬j��Fl jÄ�9ru�Fo g o � n/� � �{ju���Fn g � � �Fn
�<ruthtvr{ú g �
kÑo�n9� �3g ru�Fo{~

¤Fru� � �Fn#��n/ymj g � g �
kb���¸j\� � n/�{§qtvn �
B ≥ 1

¦�n � �Fn#�Jx
y'¦�n/�Ír��2¦JÕ � n9odo � ru��n9l
g � jbo g �
k�tvn¬y(n/y(ru�3ÕStvr��{j �3g ru�E§Vj��Fl tvn �

a ≥ 1
¦�n � �Fn¬�Jx
y'¦�n/� r��+¦ gh� odxFo�n9l

g �Djul
l!��n9o�o g �
k � �Fndy(n/y(ru�3Õ�~¬i£�;xFo{§�jbç�Ø�Ý Ø � Ú1&3ç w
�9ru�Fo g o � o+r��

B
¦JÕ � n9o{§ g ~ n�~h§

w ∈ B
8·B §�j��FlZrux
�Py(n/y(ru�3Õ��9ru� � j g �Fo 2a ·B

¦JÕ � n9o{~Uø�o�j � ��o � o � n��E§uú�n g � � ��r�l!xF�9n
� �FnVy(n/y(ru�3Õ g � � n/�B� ju�9nOt]j{Õ�n/�{~�i£�FnOr{þ�n/��j�tht��9ru�3��n9� � �Fn9o�oU�
��r;r��Pr�� � �FnV�Pøs¨¬� ú g tht
nTS
�/thxFo g þ�n/thÕÑxFo�n � � g o�t]j{Õ�n/���<ru��j��JÕÍy(n/y(ru�3Õ ju�9�9n9o�o{~
ñÇò��Oò�ñ ��� 
�� 
����ì÷��Ø	�����
¼÷! � �W
b� � �ì
¼÷
E �8F��1� �c���<�ý�3G �"G£� ) � P � e T��ýK
M_NBP5T#"7V � P æ9Ú1&mØ(ñ@Ü^ñ
×�î Ü6Û�×�ç¬ð+ÜygR&3Ú0ñ3&3Ú�g�×0Ù0Ù/Ú1&ÍÜ6Ù
ØEg9ÜZ&�g/ß�Ü�Ý � ÜLÝ�Þ Ü6Ûuñ�ß�Ý�ÙdØuÛ�ç¬Ú�ß�Ý\ñ@ß!Ý�ÙÍØvg�g�Ú1&3çuÜ�Û Ë Ý Ú¬Ý Ø H îv×ÐÏ7IJÏ%$OÜLÝ�ÙÑç�Ø�Ý Ø(ñ!Ø�Ý�ÞJÙÍØ1&�×ç;×�ñ@Üyg9Ý�×3çÑÜ�Ûj( Ë ß5&�×�Ï7IZÏ8I

íZ× g�Øuî�î
Ý�Þ
× u Ì Å Ú�ß�Ý\ñ@ß!ÝVÝ Ú¬Ý�Þ!×mð(×/ð Ú�& hìÜ6Û¸Ý�×R&6æ9Øbg�× UWVSXZK
g Ü æ(Ý�Þ!×'&�×ÑÜ6Ù(Ú�ÛFî h
Ø�ÛìÜ�ÛFÜLÝLÜLØuî

clear
m
ØuÛ�hdç�Ø�Ý ØÍÚ1&2Ü�Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛãØvg�g�×0Ù0Ù'Ü6Ù�Ù/Ý Øuî�îh×3ç H hÍØuÛÄØbg9ÝLÜJi�× dbusyÚ�&

ibusy
m¬&3×0Ù�ñ
×�g9ÝLÜJi�×�î h�m�ØuÛ@ç Ý�Þ
×.&�×3Ø�ç"w�ØuÛ@ç � &0ÜLÝ�×ZÙ�Ü Ë Û@Øuî\Ù ÚuÛ Ý�Þ!×dç�Ø�Ý Ø ñ!Ú1&/Ý�Ø�&3×

Û�×'i�×'&¨&3ØuÜ6Ù9×3çdÙ�Ü6ðZß�î Ý Ø�Û�×3Úuß;Ù0î h8I À Ú1&�ð Ø�î6î h�m � ×OÞ!Ø1i�×
• ∀t ∈ N : cleart = (t = 0)

• ∀t ∈ N
+ : ¬mwt ∨ ¬mrt

• ∀t ∈ N+ : (mrt ∨ mwt) ∧ dbusyt =⇒ {adr, din,mw,mr,mwb}t+1 =
{adr, din,mw,mr,mwb}t

• ∀t ∈ N
+ : imrt ∧ ibusyt =⇒ {pc, imr}t+1 = {pc, imr}t
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ä g k��¸j�t �Vn9o��/� g � �3g ru�
¨¬n/y(ru�3Õ g � � n/�B� ju�9n g ���
x �
adr[a − 1 : 0]

ú�ru��l#jul
l!��n9o�o�r�� � �FnOlFj � j(ju�9�9n9o�o
din[8 · B − 1 : 0]

lFj � jZú
ru��l � r ¦�nVú�� gh�3� n/�
mw

o g k��¸j�tvoqlFj � j ú�� gh� n�ju�9�9n9o�o
mr

o g k��¸j�tvoqlFj � j ��n{jul#ju�9�9n9o�o
mwb[B − 1 : 0]

o�n/tvn9� � oq¦JÕ � n9o�r�� � �FnOlFj � jZú
ru��l � rZ¦�nVú�� gh�3� n/�
pc[a − 1 : 0]

ú�ru��l#jul
l!��n9o�o�r�� � �Fn g �Fo � �3xF� �3g ru�ãju�9�9n9o�o
imr

o g k��¸j�tvo g �Fo � �3xF� �3g ru�ì��n{jul#ju�9�9n9o�o
clear

g � gh�3g j�t gh� n9oqy(n/y(ru�3Õ g � � n/�B� ju�9n
¨¬n/y(ru�3Õ g � � n/�B� ju�9n2rux � �
x �
dbusy

o g k��¸j�tvoU��n/�Fl g �
kmlFj � j(ju�9�9n9o�o
dout[8 · B − 1 : 0]

��n{jul lFj � j ru� � � g o3�Fn9l#lFj � j(ju�9�9n9o�o
ibusy

o g k��¸j�tvoU��n/�Fl g �
k g �Fo � �3xF� �3g ru�¬ju�9�9n9o�o
inst

��n{jul lFj � j ru� � � g o3�Fn9l g �Fo � �3xF� �3g ru�¬ju�9�9n9o�o
iÏj�¦
tvn(|�~h|�z���� � n/�B� ju�9nO¦�n � ú
n9n/�ãjm©��@�öj��Fl#j+y(n/y(ru�3Õ g � � n/�B� ju�9n

i£�Fn �3g y g �
k g � rux
�2y(n/y(ru�3Õ g � � n/�B�<ju�9n g o2o g y �
tvn�~(i£�Fnd©��%� o � j�� � o'jÍlFj � j
��n9w;xFn9o ��g �djV�/Õ!�/tvn

t
¦;ÕZ��j g o g �
k

mrt �Lru�ªjV��n{julmru� mwt �<ru�ªj�ú�� gh� n�~�i£�Fnqjul
l!��n9o�or�� � �Fn
��n9w;xFn9o �Ïg o
adrt §�j��Fl g �Z�{juo�n
r���j�ú�� gh� n�§ dint �Frutvl
o � �Fn
lFj � j � r�¦�n
ú�� gh�3� n/�j��Fl

mwbt �9ru� � j g �Fo � �Fn ¦JÕ � n(n/�¸j�¦
tvn9oV�<ru� � �Fn(o g �
k�tvn ¦;Õ � n9o g � dint ~ østht � �Fn9o�no g k��¸j�tvoq��n9n�� � �Fn g �sþuj�thxFn2x
� �3g t g �ìj �/Õ!�/tvn
t′ ≥ t

§
dbusyt′ g o�tvr{ú
n/��n9l>~����#�{juo�n�r��j+��n{julìju�9�9n9o�o{§ � �FnOlFj � jZ��n � x
�3�Fn9lìru�

doutt
′ g o � �FnV��n9wJxFn9o � n9l lFj � j!~

ä g y g t]j��3thÕ�§@j�� g �Fo � �3xF� �3g ru�#��n{jul¥��n9wJxFn9o ��g oqo � j�� � n9l g �ìjZ�/Õ!�/tvn
t
¦JÕ¥j��ìju� �3g þ�n

mrt ~Ïi£�Fnqjul
l!��n9o�o pct ��n/ymj g �Fo�o � j�¦
tvn�x
� �3g t g �mjs�/Õ!�/tvn t′ ≥ t
§
ibusyt′ g oPtvr{ú�n/��n9l>~i£�FnÍlFj � j¬rux � �
x �

instt
′ g o � �Fnd��n9wJxFn9o � n9l g �Fo � �3xF� �3g ru� lFj � j!~Ä���Fo � �3xF� �3g ru� j��Fl

lFj � j+��n9w;xFn9o � ymj{ÕÑ¦�n2j��3¦ gh� ��j�� g thÕ g � � n/�3tvn{j{þ�n9l>~
i£� g o g o g ththxFo � ��j � n9l g � � k�x
��n(|�~��!~
� nÑ�{j�tht�jìy(n/y(ru�3Õ g � � n/�B� ju�9nÍú gh� �Dþuj�t g l g ���
x � �L��ruy jÄ©��@�Ôg�Ú1&'&3×�g9Ý g � gh�

g os¦�r � �ìt g þ�nZj��Flì�9ru�Fo g o � n/� � ~V« g þ�n/�Fn9o�o�y(n{j��Fo � �¸j � j��JÕìju�9�9n9o�o � r � �Fn�y(n/y(ru�3Õ
g � � n/�B�<ju�9nOn/þ�n/� � x¸j�ththÕ � n/�3y g �¸j � n9oË§Fj��FlÑ�9ru�Fo g o � n/�F�/Õmy(n{j��Fo � �¸j � j��JÕÑ��n{jul¥ju�9�9n9o�o
Õ g n/tvl
o � �Fn�nTS^��n9� � n9lÑlFj � j!~�i£�Fn��<ruthtvr{ú g �
k l
n � � gh�3g ru�Ñ�Lru�3ymj�t gh� n9o � �Fn9o�n��9ru�F�9n�� � o{~

E �8F��1� �c���<�ý�3G �"G � ÄU×/Ý
init ú mem ∈ (B8·B)2

a H ×mÝ�Þ!× Ü�ÛFÜLÝLÜLØ�îÏðm×�ð(Ú1&ThXg�ÚuÛ@Ý�×�Û¸ÝÚ3æ'Ødð(×/ð Ú�& hdÜ6Û¸Ý�×R&6æ9Øbg�×hI À Ú�&+ØuÛ¸h
w ∈ B

8·B ØuÛ@ç
b < B

m � ×'ß;Ù9×+Ý�Þ
×�Ù�Þ�Ú1&/Ý�Þ�ØuÛ�ç
Û�Ú�Ý Ø�ÝLÜ<ÚuÛ

|w|b = w[8 · b+7 : 8 · b]
æ9Ú1&�Ý�Þ!×
ñ3&3Ú�n{×�g9ÝLÜ<ÚuÛìÚBæ � Ú1&3ç w

Ý ÚZÜLÝ�Ù
b
w�Ý�Þ H h�Ý�×hIíZ×�Ü�Û¸Ýl&BÚËçuß^g0×ZØOñ
Ø1&BØ�ð(×9Ý�×'&0Ü zË×�ç�ñ3&3×�çuÜ£g�Ø�Ý�× ÚuÛãÝ�Þ!×�ðm×�ð(Ú1& hmÜ6Û¸Ý�×R&6æ9Øbg�×f�)(+* H h

MI .bw(ad, b) := (ad = adr) ∧ mw ∧ mwb[b] ∧ ¬dbusy

Ü�ÛDÚ1&Bç;×'&dÝ Ú g�Ø0ñ�ÝLß5&�×¥Ø � &0ÜLÝ�×dÝ Ú H h�Ý�× b
ÚBæmØ�ç�ç�&3×0Ù0Ù

ad
Ø�Û@çãçJ×J(�Û�×dÝ�Þ!×dðm×�ð(Ú1&Th
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clk

mr

mw

adr

dout

din

dbusy

imr

pc

inst

ibusy

,
-/.0.21

,0,
-/.2.01

,2,
-/.2.21

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.

,2,
-/.2.0.2.2.0.2.0.2.2.0.0.0.0.0.0.0.0.0.0.0.0.01

,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
,2,0,2,0,2,2,0,2,0,2,2,0,0,0,0,0,0,0,0,0,0,0,0,0,0,

-/.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.01
,0,0,0,0,0,0,0,32304/525052525052505252505050505050505050505050506/5050505050505050505050505050505050505050505050505050505050507/303030303030303

adr0 adr1

3230323032323032303232303030303030304/5050505050507/3030303030303030303030303030303030303030303030303030303030303030303030303030303
d0

32303230323230323032323030303030303030303030303030304/5050505050505050505050505050505050505050505050505050505050507/303030303030303
d1

,2,
-/.2.0.2.2.0.2.0.2.2.0.0.0.0.01

,0,0,0,0,0,
-/.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.01

,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
,2,0,2,0,2,2,0,2,0,

-/.2.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.01
,0,0,0,0,0,

-/.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.01
323032303232303230324/525050505050505050505050505050505050505050507/3030303030304/5050505050506/50505050505050505050505050507

pc0 pc1 pc2

32303230323230323032323030303030303030303030303030304/5050505050507/3030303030304/5050505050507/3030303030304/5050505050507
inst0 inst1 inst2

,2,0,2,0,2,2,0,2,0,
-/.2.0.0.0.0.0.0.0.0.0.0.0.0.01

,0,0,0,0,0,
-/.0.0.0.0.0.01

,0,0,0,0,0,
-/.0.0.0.0.0.01

,0,0,0,0,0,0,0,
¤ g k�x
��nm|�~��!z�i g y g �
kmr�� � �FnOy(n/y(ru�3Õ g � � n/�B� ju�9n
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g�ÚuÛ¸Ý�×�Û¸Ý

MI
Ü�Û g�hbg/îv×

t ∈ N
+ &�×�g/ß,&�Ù�ÜZiu×�î h Ø�Ù�æ9Úuî�î¡Ú � Ù [

M1
I := init ú mem

∣

∣M t+1
I [〈ad〉]

∣

∣

b
:=

{

∣

∣dint
∣

∣

b

Ü æ
MI .bw(ad, b)t

∣

∣M t
I [〈ad〉]

∣

∣

b

Ú�Ý�Þ!×'& � Ü6Ù9×
íZ× g�Ø�î6îOØ ð(×/ð Ú�& hbÜ6Û@Ý�×'&6æ9Øbg�×���e T�ThP � N Ü Ô ÚuÛýi)Øuî ÜLçbÜ�Ûuñ@ß!Ýªæ'&3Úuð Ý�Þ
× u Ì Å

Øvg�g�Ú1&3çuÜ�Û Ë Ý ÚÑçJ×J(�ÛFÜLÝLÜ<ÚuÛ�Ï7I��8IJÏamªÝ�Þ!×ªæ9Úuî6îhÚ � Ü�Û Ë g�ÚuÛ@çuÜLÝLÜLÚ�Û
ÙOÞ�Úuîhç ∀t ∈ N
+ [

Ï7I
mrt ∧ ¬dbusyt =⇒ doutt = MI [〈adrt〉]t 8 ç�Ø�Ý Ø g�Øbg�Þ
×�g�ÚuÛ
Ù�Ü]Ù/Ý�×�Û<g�h29

Ñ,I
imrt∧¬ibusyt =⇒ instt = MI [〈pct〉]t 8 Ü�Û
Ù�Ýl&�ß�g9ÝLÜLÚ�ÛWg�Øvg�Þ!×$g�Ú�Û
Ù0Ü6Ù�Ý�×�Û+g�h29

: I
∃next
¬dbusy(t)

8 ç�Ø�Ý Ø g�Øbg�Þ
×+î\ÜJi�×�Û�×0Ù�Ù;9
ü3I

∃next
¬ibusy(t)

8 Ü�Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛqg�Øvg�Þ!×+î ÜZiu×�Û�×0Ù0Ù<9
i£�JxFo{§Fru�¥�9ru�F�/x
�3��n/� � ��n{jul���j��FlÍú�� gh� n2ju�9�9n9o�o�n9o � r � �FnOo�j�y(n2jul
l!��n9o�o g � � �Fn

y(n/y(ru�3Õ g � � n/�B�<ju�9n�§ � �Fn/��ndj���n � ú
rX��r�o�o g ¦
tvn(rux � �9ruy(n9o{~Ñ� gh� �Fn/� � �Fn g �Fo � �3xF� �3g ru�
��n{jul¥ju�9�9n9o�o � n/�3y g �¸j � n9o�o � � g � � thÕdj)� � n/� � �Fn�ú�� gh� n2ju�9�9n9o�o�j��FlÑ��n � x
�3�Fo � �FnV�9ru�3��n9� �
lFj � jSØBæ�Ý�×R& � �Fn nTS
n9�/x �3g ru�Sr�� � �Fn lFj � jãú�� gh� n#ju�9�9n9o�o{§ªru� gh� � n/�3y g �¸j � n9o g � � �Fn
o0j�y(n(�/Õ��/tvn ru��¦�n��<ru��n � �Fn ú�� gh� nmj��FlÄ��n � x
�3�Fo � �Fn#Úuîhçãy(n/y(ru�3ÕÄ�9ru� � n/� � ~d�£r � �
o��9n/�¸j�� g r�osj���nOn9w;x¸j�ththÕ ��r�o�o g ¦
tvn g �#j(�9ru�3��n9� � y(n/y(ru�3Õ g � � n/�B� ju�9n�~

ø�l
l gh�3g ru�¸j�ththÕ�§�ú
n��Fr � n � �¸j � ju�9�9ru��l g �
k � rstvn/y ymjZ|�~��!~h|{�!§ � �Fn��<ruthtvr{ú g �
k2n9w;x¸j)�
�3g ru� � � g þ g j�ththÕÑ�Frutvl
o{z

∣

∣M t
I [〈ad〉]

∣

∣

b
=















∣

∣

∣
dinlastMI .bw(ad,b)(t)

∣

∣

∣

b

g �
∃last

MI .bw(ad,b)(t)∧

lastMI .bw(ad,b)(t) > 0

|init � mem[〈ad〉]|b
r � �Fn/�3ú g o�n

æ |�~h|cç

 i�b������� ¡#�Q¡#�<�c¢��£�+���v�\¤¥���b�
i£�Fn+©��@���/tvr;��� g � y(r;l
n/�3�#y g �/��r��
��r;�9n9o�o�ru��o��3x
�Fo�j � j�¦�rux ��� n/� �3g y(n9o � �Fn2����n��
w;xFn/�F�/Õ'r�� � �Fn�y(n/y(ru�3Õ+�/tvr�����~P¤
x
� � �Fn/�3y(ru��n�§ � Õ>� g �{j�t
ymj g � ¦�r�j���l
o�o3x�����ru� � ru�
thÕ
l!Õ��¸j�y g ��y(n/y(ru�3Õ�§ g ~ n�~h§¸ä��s�¥��ø�¨ ru���V�����¥�søs¨b~Ji£� g o£��n9o�x
t � o g �Íj�� ju�9�9n9o�o�t]j)�
� n/�F�/ÕÑr��Ïo�n/þ�n/��j�tEo�tvr{ú y(n/y(ru�3ÕÑ�/Õ!�/tvn9o£ú�� g ��� g � � x
�3� g o�n9w;x g þuj�tvn/� ��� r j�t]j � n/�F�/Õ
r��ªo�n/þ�n/��j�tUl
r � n/�Fo�r����<juo � ©��@� �/Õ!�/tvn9o{~,Os� � �Fn'r � �Fn/�s�¸j��Fl>§�j�� g l
n{j�t�©��@� ju���
�9n9o�o�n9o � �Fn�y(n/y(ru�3ÕÍj � tvn{juo � ru�F�9n���n/���/Õ��/tvn��<ru� � �Fn��<n � ��� r���j'�Fn/ú g �Fo � �3xF� �3g ru�E~
¤¸ru��y(n/y(ru�3Õ g �Fo � �3xF� �3g ru�FoË§�ú
n£�¸j{þ�n � ú
r'ju�9�9n9o�o�n9o{~Ï��� �{juo�n£r���o3x���n/�B��o��{j�t]j���j������ g �
� n9� � x
��n9oË§�y�x
t �3g �
tvn g �Fo � �3xF� �3g ru�Fo�j���n�ju� � x¸j�ththÕ��Ln � ���Fn9l���n/�P�/Õ��/tvn�~�©
tvn{j��3thÕ�§Jjs�¸j g þ�n
g y �
tvn/y(n/� � j �3g ru�br��qjÑy(n/y(ru�3Õ g � � n/�B� ju�9n Õ g n/tvl
oOx
�J¦�n{j���j�¦
thÕã¦¸julE��n/�B�<ru�3ymj��F�9n�~
¤ g k�x
��n(|�~�� g ththxFo � ��j � n9o � � g oqo��9n/�¸j�� g r
~

i£�Fn/��n��Lru��n�§�o�r����{j�thtvn9l g�Øbg�Þ
×0Ù�j���n g � � ��r�l!xF�9n9l g �Zj�y(n/y(ru�3Õ g � � n/�B�<ju�9n�~Pø o3ymj�tht
¦
x � � juo � y(n/y(ru�3ÕS�{j�thtvn9l �{ju���Fn g oÍjul
l
n9lS¦�n � ú�n9n/� ©��%� j��Fl ymj g � y(n/y(ru�3Õ�~
�´l
n{j�ththÕ�§ � � g o
�{ju���FnsxFo�n9o � �Fn���x
tht>©��@� �/tvr;��� � �JxFo�j�thtvr{ú g �
k+�<ru�
ru�Fns�{ju���FnOju�9�9n9o�o
��n/�s©��@�ö�/Õ!�/tvn2juoql
n�� g � � n9l g � � k�x
��nd|�~ [F~
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latency
high

physical

slower
10×

clk

clk

CPU

memory

¤ g k�x
��nm|�~��!z���� g y gh�3g þ�n2y(n/y(ru�3Õ g � � n/�B�<ju�9n$��n/�B�<ru�3ymj��F�9n

latency
low

cache memory

latency
high

physical

slower
10×

clk

clk

CPU

interface

memory

¤ g k�x
��n(|�~ [Fz�ä>�
t gh� �{ju���Fn�y(n/y(ru�3Õ g � � n/�B�<ju�9n���n/�B�<ru�3ymj��F�9n
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bus protocol

instruction cache

data cache

memory

i$
.h

it

i$
.a

d
r

i$
.d

in

d
$
.h

it

d
$
.d

in

adr

din

dout

pc

inst

d
$
.a

d
r

mem.din

d
$
.d

o
u
t

i$
.d

o
u
t

mem.adr

mem.dout

MI

a
d
r

d
in h
it

d
o
u
t

icache

a
d
r

d
in

h
it

d
o
u
t

dcache

CPU control mem

¤ g k�x
��n(|�~��!z��Oj � j��¸j � �Foqr���j �{ju���Fn2y(n/y(ru�3Õ g � � n/�B�<ju�9n

� � � �FnZy(n/y(ru�3Õ ju�9�9n9o�o��{j��Ä¦�nZ�¸j��Fl!tvn9l ¦;Õ � �Fn �{ju���Fn�§E�<ru��nTSFj�y �
tvnmjÑ��n{jul
ju�9�9n9o�o � r jby(n/y(ru�3Õ tvr;�{j �3g ru� �/x
�3��n/� � thÕ �Fn/tvl g � � �FnÄ�{ju���Fn�§ � �FnÄo3tvrËú ymj g �
y(n/y(ru�3Õ ju�9�9n9o�o g o�j{þ�r g l
n9l g �Z� j9þ�rux
��r���js� juo � �{ju���Fnsju�9�9n9o�o{~Ïi£� g o � ÕQ��n�r��>ju�9�9n9o�o
g o+�{j�thtvn9l jÄÞJÜLÝ<~¥� �3§Uru� � �Fndr � �Fn/�'�¸j��Fl>§ � �Fnm�{ju���Fndl
r�n9o��Fr � �Frutvl � �Fndl
n9o g ��n9l
lFj � j!§ gh��g oªtvr�jul
n9l(�L��ruy � �Fnqymj g �dy(n/y(ru�3Õmj��Flmo � ru��n9l g � � �Fn��{ju���Fnq�<ru�@��r�o�o g ¦
tvn
�Lx
� � �Fn/��xFo�n�~�� n+�{j�tht � � g oVj ðZÜ]Ù0Ù�~�©
tvn{j��3thÕ�§Ej(y g o�o{��n/�B�<ru�3y(os�Frm¦�n �3� n/� � �¸j�� j
y(n/y(ru�3Õ#ju�9�9n9o�oqú gh� �Frux � j��;Õ �{ju���Fn�~qä g �F�9n'j(�{ju���Fn'y(n/y(ru�3Õ g � � n/�B� ju�9n�o3�FrËúqo�j
��n/�B�<ru�3ymj��F�9n2o3x���n/� g ru� � r � �¸j � r���jZo g y �
tvnVy(n/y(ru�3Õ g � � n/�B�<ju�9n�ru�
thÕ g � �{juo�nOr���j
� gh� § � �FnVo�r����{j�thtvn9lìÞJÜLÝ�&3Ø�Ý�×�r�� � �FnV�{ju���FnV¦�n9�9ruy(n9o�j�� g y ��ru� � j�� � �<ju� � ru�{§ g ~ n�~h§ � �Fn
�;x
y�¦�n/�sr���� gh� o�l g þ g l
n9l¥¦;Õ � �Fn � r � j�tE�Jx
y'¦�n/�Vr����{ju���Fn'ju�9�9n9o�o�n9o{~ªi£� g o�� gh� ��j � n
l
n���n/�Fl
o£ru� � �FnV�{ju���Fn�o gh� n�§ � �Fn��9r�l
nsnTS
n9�/x � n9lÍru� � �FnO©��@�+§!j��FlÑo�n/þ�n/��j�t>r � �Fn/�
� ju� � ru��o{~
©�ruy y(ru�¬�{ju���FnOy(n/y(ru�3Õ g � � n/�B�<ju�9n'j������ gh� n9� � x
��n9o��¸j9þ�nO¦�n9n/�#o3�FrËú�� � r
ju��� g n/þ�nq� gh� ��j � n9o
r��

95%
j��Fl y(ru��nqru� � Õ>� g �{j�t@¦�n/�F���
ymj��3�mj\���
t g �{j �3g ru�Fo�!��Fn/�F�9n�§

� �Fn'jul
l gh�3g ru�¸j�tU�9r�o � �<ru��jul
l g �
k(�¸j���l!ú�j���n+�{ju���Fn9o�xFo3x¸j�ththÕ �¸j9Õ!o�r\	�~
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ä g k��¸j�t �Vn9o��/� g � �3g ru�
�����
x �
adr[a − 1 : 0]

y(n/y(ru�3ÕÍú
ru��lìjul
l!��n9o�o
din[8 · B − 1 : 0]

lFj � j ú
ru��l g ���
x � �Lru�q�{ju���Fn2lFj � jZy(n/y(ru�3Õ
cdwb[B − 1 : 0]

¦JÕ � nOú�� gh� n2o g k��¸j�tvo£�<ru��lFj � j+ú�ru��l g ���
x �
vw

ú�� gh� n2n/�¸j�¦
tvnV�<ru�¨i)Øuî ÜLçY�¸j�� � r��Pl g ��n9� � ru�3Õ
val � in

lFj � j g ���
x � �Lru�fi)Ø�î\Ü<çW�¸j�� � r���l g ��n9� � ru�3Õ
tw

ú�� gh� n2n/�¸j�¦
tvnV�<ru��Ý Ø Ë �¸j�� � r���l g ��n9� � ru�3Õ
dty

lFj � j g ���
x � �Lru��ç�ÜZ&/Ý£h*�¸j�� � r���l g ��n9� � ru�3Õ
dw

ú�� gh� n2n/�¸j�¦
tvnV�<ru�'çuÜJ&�Ý£h_�¸j�� � r��Pl g ��n9� � ru�3Õ
$rd

g � gh�3g j � n9o�j��JÕ¥�{ju���Fn+ju�9�9n9o�o
clear

g �;þuj�t g lFj � n9oVj�tht � �Fn2lFj � j g � � �Fn2�{ju���Fn
Osx � �
x �
hit

o g k��¸j�tvoqþ�j�t g l¥lFj � j ru�
dout

�Lru� g ���
x � jul
l!��n9o�o
adr

dout[8 · B − 1 : 0]
�{ju���Fn�lFj � j rux � �
x � ru�ìjul
l!��n9o�o

adr
g � �{juo�n

hit = 1

dirty
o g k��¸j�tvosl g � � Õ¥lFj � j'�<ru� g ���
x � jul
l!��n9o�o

adr

ev[a − 1 : 0]
o g k��¸j�tvo�n/þ g � �3g ru�ìjul
l!��n9o�o g � �{juo�n

dirty = 1

iUj�¦
tvnm|�~��!zª��n9o��/� g � �3g ru�#r�� g ���
x �ÓÒ j��Fl rux � �
x � o g k��¸j�tvosr���jZ�{ju���Fn

ñÇò��Oò�� ��� 
�� � � � 
����ì�èø�	
øa�1
3���=�Ø� � �ì
¼÷
���(j{� g ��n/t g �Fn9lZy g �/��r��
��r��9n9o�o�ru�{§ � �Fn/��nqj���n£x�� � r � ú
r2y(n/y(ru�3ÕZju�9�9n9o�o�n9o8��n/�ª©��@�
�/Õ!�/tvn�~Pi£�Fn/��n��Lru��n�§ � ú�r�o�n��¸j���j � ns�{ju���Fn9o
j���nqxFo�n9l g �mru��l
n/� � r g y �
tvn/y(n/� � jV�{ju���Fn
y(n/y(ru�3Õ g � � n/�B� ju�9n�§ªj�� g �Fo � �3xF� �3g ru�D�{ju���Fn j��Fl j#lFj � j¬�{ju���Fn�~Äi£� g o j�thtvrËúqo+�Lru�
� ú
r o g y'x
t � j��Fn9ruxFoqy(n/y(ru�3Õ¥ju�9�9n9o�o�n9oÂ��n/��©��@� �/Õ!�/tvn�~�i£�JxFo{§ g �Í�{juo�n � �FnO�{ju���Fn9o
�
��r�l!xF�9nmjÑ� gh� § � �Fnd©��@� �{j�� ��n{j�ththÕ¬nTS
n9�/x � n(ru�Fn g �Fo � �3xF� �3g ru�#��n/�Z©��@� �/Õ!�/tvn�~
��� ru��l
n/� � r#��n9n�� � �FnÍ�{ju���Fn9o �9ru�Fo g o � n/� � j��FlDj��3¦ gh� ��j � nÍ¦�n � ú
n9n/� � �Fndy(n/y(ru�3Õ
ju�9�9n9o�o�n9oVr�� � �Fn � ú
r¥�{ju���Fn9o{§�ú
n g � � ��r�l!xF�9n(jÑ�9ru� � ��rut�� g ���/x gh� ~2i£� g oV� g ���/x gh� j�tvo�r
l
n9� g l
n9oUú��Fn � �Fn/��j£k g þ�n/����n9w;xFn9o � ju�9�9n9o�o�n9o � �Fn g �Fo � �3xF� �3g ru�+�{ju���Fn�§ � �FnªlFj � jq�{ju���Fn
ru� � �Fn2ymj g � y(n/y(ru�3Õ�~ª¤ g k�x
��n(|�~��Zl
n�� g � � o � � g oqo gh� x¸j �3g ru�E~

ø �{ju���Fn�y(n/y(ru�3Õ g � � n/�B�<ju�9n��¸juo � r'��x
t � tht � �Fn��9ru�3��n9� � �Fn9o�o��/� gh� n/� g ru� o3x����
t g n9l
g � l
n � � gh�3g ru� |�~��!~��!~Si£�;xFo{§�jã�{ju���Fn y(n/y(ru�3Õ g � � n/�B�<ju�9n g o � ��j��Fo��¸j���n/� �dg � � �Fn
o�n/�Fo�n � �¸j �£� �Fn2©��@� l
r�n9o��Fr � ��n{j�ththÕm�¸j9þ�n � r'���Fr{ú j��JÕ � � g �
kmj�¦�rux �£� �Fn g y �
tvn��
y(n/� � j �3g ru�ìr�� � �FnOy(n/y(ru�3Õ g � � n/�B� ju�9n�§F¦�n gh� o g y �
tvn2ru��ú gh� �#o��
t gh� �{ju���Fn9o{~

ä g y g t]j�� � r l
n � � gh�3g ru� |�~��!~��mr��P�9ru�3��n9� � y(n/y(ru�3Õ g � � n/�B� ju�9n�§Fú
n g � � ��r�l!xF�9n � �Fn
�Fr �3g ru�Är��ª�9ru�Fo g o � n/� � �{ju���Fn9o g � � � g o�o�n9� �3g ru�E~sø�osrux � t g �Fn9l g � � �Fne�
��n/þ g ruxFoVo�n9���
�3g ru�FoË§>�{ju���Fn9o2o g k��¸j�tPþ�j�t g lãlFj � jÑú gh� �Èj��Äju� �3g þ�nZ� gh� o g k��¸j�t ~'�sn/�F�9n�§EjÑo � ��j g k�� � �
�<ru�3ú�j���l �{ju���Fnd�9ru�Fo g o � n/�F�/ÕE�
��r���n/� � Õ o � j � n9o � �¸j �'g �È�{juo�n9o'r��qj¥� gh� § � �Fn(�{ju���Fn
��n � x
�3�Fo � �Fn(o�j�y(ndlFj � j#j¥�9ru�Fo g o � n/� � y(n/y(ru�3ÕÄú
rux
tvl Ô �¸j�y(n/thÕ�§ � �FndlFj � j � �¸j �
ú£juo�t]juo � ú�� gh�3� n/� � r � �Fn+��n{julÄjul
l!��n9o�o{~ViUj�¦
tvnÍ|�~��Ño3x
y ymj�� gh� n9o2j�thtP�{ju���Fn g ���
x �
j��Fl¬rux � �
x � o g k��¸j�tvo g �¬ru��l
n/� � rÍj�thtvr{ú �Lru�Vj �<ru�3ymj�tPl
n � � gh�3g ru�ãr��ª�{ju���FnZ�9ru�Fo g oB�
� n/�F�/Õ�~8V�r � n � �¸j � ú
nV�/x
�3��n/� � thÕÍru�
thÕ(��n��<n/� � r

adr
§
din

§
dout

§
j��Fl
cdwb

!Fj�tht � �Fn
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r � �Fn/�so g k��¸j�tvo�j���n g � � ��r;l!xF�9n9l g �#���¸j\� � n/�s�!~
E �8F��1� �c���<�ý�3G �"G �¿À Ú1&qØuÛ¸h

ad ∈ B
a ØuÛ@ç b < B

m � ×�Ü6Û@Ýl&BÚ{ç�ß^g�×VØ£ñ!Ø1&3Øuðm×/Ý�×'&�Ü�z)×3ç
ñ0&3×3ç�Ü£g�Ø�Ý�×dÚ�ÛÈÝ�Þ!×_g�Øbg�Þ!×mÜ�Ûuñ@ß!Ý�Ý�Þ�Ø�Ý,g�Ø�ñ�ÝLß5&�×0Ù � &�Ü�Ý�×0Ù Ý Ú H h�Ý�× b

Ú3æZØ�çJç1&3×�Ù�Ù
ad H hç;×J(�ÛFÜ�Û Ë

$.bw(ad, b) := (adr = ad) ∧ cdwb[b]
I

) g�Øbg/Þ!×�Ü6ÙÂg�Øuî6îv×3çj�ae MOYaK
YaNBP5MON Ü Ô Ý�Þ!×>æ/Úuî�îhÚ � Ü6Û Ë ñ3&BÚ�ñ
×'&/ÝLÜ<×0Ù£Þ�Ú�î¡çPæ9Ú1&�ØuÛ¸h$g�hbg/îv×
t ∈ N

+ ØuÛ@çÑØuÛ¸h
b ∈ ZB

[
hitt =⇒ ∃last

$.bw(adrt,b)(t) ∧ last$.bw(adrt,b)(t) > 0 ∧
∣

∣doutt
∣

∣

b
=

∣

∣

∣
dinlast$.bw(adrt,b)(t)

∣

∣

∣

b

��� � �Fn(�<ruthtvr{ú g �
kÄ���¸j\� � n/�{§�ú
nÑú g tht£o3�Fr{ú l g 	>n/��n/� � �{ju���Fn g y �
tvn/y(n/� � j �3g ru�Fo
� rÄ��x
t � tht � �Fnìj�¦�r{þ�n#�{ju���Fn#�9ru�Fo g o � n/�F�/Õ��
��r���n/� � ÕSj��FlSo�ruy(n r � �Fn/�Íjul
l gh�3g ru�¸j�t
�
��r���n/� �3g n9o{~s���¬���¸j\� � n/�2�!§¸ú�n � �Fn/�ìxFo�n'j�¦Fo � ��ju� ��g �Fo � �3xF� �3g ru�!��j��Fl¬lFj � jm�{ju���Fn9o
ru¦�n/Õ g �
k � �Fnqj�¦�rËþ�n�l
n � � gh�3g ru� g �(ru��l
n/� � r g y �
tvn/y(n/� � jV�{ju���Fn�y(n/y(ru�3Õ g � � n/�B� ju�9n
j��FlG�
��rËþ�n gh� �9ru�3��n9� � ju�9�9ru��l g �
k � rVl
n � � gh�3g ru� |�~��!~��!~P¤ g �¸j�ththÕ�§����¸j\� � n/�8[Oru�
thÕ2xFo�n9o
� �Fn'l
n � � gh�3g ru�¬r��ªj �9ru�3��n9� � y(n/y(ru�3Õ g � � n/�B� ju�9n g �#ru��l
n/� � r*�
��r{þ�nZjZú��Frutvn+©��@�
�9ru�3��n9� � ~ªi£�¸j��
��o � rZ�/tvn{j�� g � � n/�B�<ju�9n9o{§¸�
x �3�3g �
k � �Fn9o�n � �
��n9n��
��r;r��<o � ruk�n � �Fn/� � r(j
o g �
k�tvne�
��r�r���r�� � �Fn'rËþ�n/��j�thtP�9ru�3��n9� � �Fn9o�o�r��
j_� g ��n/t g �Fn9l¬rux � ��r��ªru��l
n/�2©��@��ú gh� �
j'�{ju���Fnsy(n/y(ru�3Õ g � � n/�B�<ju�9nV�9ruy �
� g o g �
k o��
t gh�
g �Fo � �3xF� �3g ru�!�ªj��FldlFj � j'�{ju���Fn9o�l
r�n9o
�Fr � ��n9wJx g ��n�j��;ÕÍjul
l gh�3g ru�¸j�t��
��r;r���nT	>ru� � ~
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��� � � g oq���¸j\� � n/��ú
n2ú g tht�n9o � j�¦
t g o3� g y �
tvn/y(n/� � j �3g ru�FoVj��Fl#�9ru�3��n9� � �Fn9o�o��
��r�r��Lo��Lru�
l g 	>n/��n/� �+g y �
tvn/y(n/� � j �3g ru�Fo r��q�{ju���Fn9o{~ ä g �F�9n(ú
ndnTS!�/thxFo g þ�n/thÕ l
n{j�tªú gh� � �{ju���Fn9o
g � � � g os���¸j\� � n/�{§¸ú�n2ú g thtExFo�n � �Fn2o3�Fru� � �¸j��Fl#�Fr � j �3g ru�

bw(ad, b)
�<ru�

$.bw(ad, b)� �¸j � ú�juo g � � ��r;l!xF�9n9l g � l
n � � gh�3g ru� |�~��!~�� g � � �Fn��
��n/þ g ruxFos���¸j\� � n/�{~

>f��� @ 5BA�7�A
�3AB!�7
ø �{ju���Fn g o¥jÈo�ymj�tht�y(n/y(ru�3Õ �9ru� � j g � g �
k j o3x
¦Fo�n � r�� � �FnãlFj � jbr�� � �Fn¬ymj g �
y(n/y(ru�3Õ�~ªi£�Fns¦¸juo g � g l
n{j g o � �¸j � j�� ju�9�9n9o�o � r � � g o£o3ymj�tht>�{ju���FnVy(n/y(ru�3Õ g oª� juo �
juo�r�����r�o�n9l � r � �Fn£o3tvr{ú r\	������ g � ymj g � y(n/y(ru�3Õ�~�i£�Fn��{ju���Fn�o g k��¸j�tvo � �¸j ��gh� �Frutvl
o
þ�j�t g l#lFj � j �Lru�Vj��¬jul
l!��n9o�o

adr
¦JÕ¥��j g o g �
kÍj

hit
o g k��¸j�t ~�� �3§Fru� � �Fn'r � �Fn/�s�¸j��Fl>§

� �FnÍ�{ju���FnW�
��r;l!xF�9n9o(jìy g o�o{§ g ~ n�~h§ gh� l
r�n9oZ�Fr � ��j g o�n � �Fn
hit

o g k��¸j�t §
j��Dju�9�9n9o�o
� r � �FnZymj g �Äy(n/y(ru�3Õ g oO��n9w;x g ��n9l>~Zi£�FnZ��n9wJx g ��n9lÄlFj � j g oV��n{jul¬�L��ruy � �FnZymj g �
y(n/y(ru�3Õ¥j��Fl o � ru��n9l g � � �FnO�{ju���Fn�~�i£� g o g o�l
ru�Fn2l!xFn � r � �FnV�Fn/x
� g o �3g �sñ3&0Ü�Û<g/Ü^ñ@îv×
Ú3ædÝ�×�ðsñ!Ú1&3Øuî£îhÚ�g�Øuî Ü�Ý£h�zm���sj¬©��%� ju�9�9n9o�o�n9o j��Djul
l!��n9o�o

adr
§ gh�Zg o't g ��n/thÕ � �¸j �+gh�

ju�9�9n9o�o�n9o � �Fnso�j�y(nqy(n/y(ru�3Õmtvr;�{j �3g ru�
adr

ru�F�9n�j�kJj g �dt]j � n/��ru�E~���Õ �9r��JÕ g �
k � � g o
lFj � j � r � �Fn2�{ju���Fn�§�j'��x � x
��n�ju�9�9n9o�o � r � �FnOo�j�y(n�jul
l!��n9o�o � �JxFo�¦�n9�9ruy(n9oq�<juo � ~

� � � �Fnm©��@� ju�9�9n9o�o�n9o2j�� jul
l!��n9o�o
adr

§ gh�2g o2j�tvo�rÍt g ��n/thÕ � �¸j �2gh� ju�9�9n9o�o�n9o2j��
jul
l!��n9o�o+�/tvr�o�n � r

adr
t]j � n/�Zru�E§ g ~ n�~h§

adr + 1
~ìi£� g o g o'�{j�thtvn9l � �Fn ñ0&0Ü�Û<g/Ü^ñ@îv×ÍÚBæ

Ù�ñ!Ø�ÝLÜ<Øuî�î¡Ú�g�Øuî\ÜLÝ£h�~ i£�Fn/��n��<ru��n�§ªru�Dj#y g o�o{§P�Fr � ru�
thÕ ru�FnÑú
ru��l g o+��n{julb����ruy � �Fn
ymj g �ãy(n/y(ru�3ÕÄj��Flão � ru��n9l g � � �FnZ�{ju���Fn�§>¦
x � jmú��Frutvn o�r����{j�thtvn9ltg�Øbg�Þ!×mî Ü6Û�×9~Oø
�{ju���Fn�t g �Fn��9ru�Fo g o � o
r��

2s lFj � j2ú�ru��l
o{§Jú��Fn/��n s ∈ N
g o
j��{ju���Fn{�¸j���j�y(n � n/�{~8V�r � n

� �¸j � lFj � jZú
ru��l
oVj���n2�{j�thtvn9lkg�Øvg�Þ!×'Ù{×�g9Ý Ú1&0Ù g �kI ¨¬�ª���LK�~ªi£�Fn � ��j��FoB�<n/�qr���jZ�{ju���Fn
t g �Fn(����ruy � �Fn(ymj g � y(n/y(ru�3Õ � r � �Fnm�{ju���Fn g o'�{j�thtvn9l j î\Ü�Û�×�(�î�î ~Ñ¤Fru�

s = 0
§�j

�{ju���Fnqt g �FnPùBxFo � n9w;x¸j�tvoªru�Fn�ú�ru��l>~�¤Fru�
s > 0

§ � �Fnq�{ju���Fn�t g �Fnq�9ru�Fo g o � o�r���y�x
t �3g �
tvn
lFj � j'ú�ru��l
o�j��FlÑú
nV�{j�tht � �Fn��{ju���Fn+Ù9×�g{Ý Ú1&3×�ç�~ÂOs�Fns�Lx
� � �Fn/�£��n{juo�ru�Ñ�Lru� � �Fn�xFo�nVr��
o�n9� � ru��n9l'�{ju���Fn9o g o � �Fnª�<ju� �Ï� �¸j � xFo3x¸j�ththÕ�§ � �Fnªymj g �+y(n/y(ru�3Õ��9ru�Fo g o � oÏr��¸l!Õ��¸j�y g �
�søs¨ ú�� g ���ãj�thtvr{úqo��<ru�£� juo � ju�9�9n9o�o�n9o � r �9ru�Fo�n9�/x �3g þ�n'jul
l!��n9o�o�n9o��{j�thtvn9l ¦
x
��o � o{~

���2�{juo�nªr��
j£�{ju���Fn�y g o�o{§ gh�Eg oA��r�o�o g ¦
tvn � �¸j �E� �Fnª�{ju���Fn g o��Lx
tht § g ~ n�~h§�j�tht � �Fn��{ju���Fn
y(n/y(ru�3Õ¬�9ru� � j g �Fo2ru�
thÕìþuj�t g lãlFj � jÍj��Fl � �FnZ�{ju���Fn �{j��
�Fr � �Frutvl � �Fn jul
l gh�3g ru�¸j�t

���
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cache input address adr

t l s

a

tag sectorline

¤ g k�x
��n��!~h|�z��Pj�� �3gh�3g ru� g �
kÑr���j��
a
� ¦ gh� �{ju���Fn�jul
l!��n9o�o

�{ju���Fn(t g �Fn � �¸j ��g o � r#¦�n(jul
l
n9l g �bjÍt g �Fn � tht ~d��� � � g o��{juo�n�§Uo�ruy(n(þuj�t g l �{ju���Fn
t g �FnÑ�¸juo � r¬¦�nÑn/þ g � � n9lb�L��ruy � �FnÍ�{ju���Fn g �Dru��l
n/� � rìymj���nÑ��r�ruy �Lru� � �FnÑ�Fn/ú
�{ju���FnÍt g �Fn�~ � nW��n/�B�Lru�3y � � g o n/þ g � �3g ru� g � Ý � Úão � n��Fo{§ g ~ n�~h§�ú
n � ��o � Ü�Û¼i)Øuî ÜLçJØ�Ý�×
� �Fn*)�rutvlA�@�{ju���Fn�t g �Fn+j��Flìru�
thÕ � �Fn/�]��n/�B�<ru�3y j(t g �Fn � tht��Lru� � �Fn(Û�× � �{ju���Fn't g �Fn�~
i£�Fn��
��r��9n9o�oVr���o�n/tvn9� �3g �
kìj�� j\���
��r��
� g j � n(�{ju���Fn t g �Fn'�<ru� g �Jþ�j�t g lFj �3g ru� g oO�{j�thtvn9l&�×�ñ@îhØbg�×/ð(×/Û¸ÝUñ!Úuî Ü£g;hu~�� g 	>n/��n/� � ��n��
t]ju�9n/y(n/� � ��rut g � g n9o�j���n�l
n9o��/� g ¦�n9l t]j � n/�qru�E~

ø�� g y ��ru� � j�� � juo���n9� ��g �dl
n9o g k�� g �
k+�{ju���Fn9o g o � �Fnqymj\��� g �
k+r��>y(n/y(ru�3Õ+tvr��{j)�
�3g ru�Fo � r3��r�o�o g ¦
tvn£�{ju���Fn£tvr��{j �3g ru�Fo{~Ï���+k�n/�Fn/��j�t §;j�y(n/y(ru�3Õ�tvr��{j �3g ru� g oÏymj\����n9l � r
j�o�n � r����{ju���Fn�tvr;�{j �3g ru�Fo � �¸j � �{j��d�Frutvl � �Fn�lFj � j�r�� � �Fn��9ru�3��n9o���ru�Fl g �
k+y(n/y(ru�3Õ
tvr��{j �3g ru�E~ ���D�{juo�ndr��Vo�r�� � ú�j���n¥�{ju���Fn9o{§
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� r ¦�n ú�� gh�3� n/� ¦¸ju��� � r
~Ñ�sn/�F�9n�§ � �Fnmjul
l gh�3g ru�¸j�t£rux � �
x �

ev
g o+ju� � x¸j�ththÕã�Fn9n9l
n9l

ru�
thÕ g �#�{juo�nOr���j+y g o�o{§!¦
x � �Fr � ru�#jZ� gh� ~

>f�?> C !U�+��58�'�<7G58��� ���"A
�<5��"A��
«�n � xFo � ��o � o���n9� g ��Õ � �Fn g � � n/�B� ju�9n�r��@j��{ju���Fn�~Ï� n��9ru�Fo g l
n/���¸j���j�y(n � � gh� n9l �{ju���Fn9o�!
g ~ n�~h§ � �FnOjul
l!��n9o�o£ú g l � � g o

a
¦ gh� oqj��FlÍj+lFj � j+ú�ru��l g � � �FnO�{ju���Fn$��ø�¨ �9ru� � j g �Fo

B
¦JÕ � n9o{~Äø�tht � �Fn g ���
x � �'j��Fl rux � �
x � o g k��¸j�tvo r���j¬�{ju���Fn¥j���nÍo3x
y ymj�� gh� n9l g �

� j�¦
tvnì|�~�� ru�(�¸j�k�nd���!~Íøso g ���
x � o{§Ïú
ndru¦Jþ g ruxFo3thÕÄ�¸j9þ�nÍj��bjul
l!��n9o�o g ���
x �
adr

§
lFj � j g ���
x �

din
juoPú�n/tht@juo�o�n��¸j���j � n£¦;Õ � n£ú�� gh� n�o g k��¸j�tvo

cdwb[B−1 : 0]
�<ru� � �Fn

B¦;Õ � n9o g �
din

~�ø�l
l gh�3g ru�¸j�t g ���
x � o g k��¸j�tvo�j���n�ú�� gh� n�o g k��¸j�tvo��Lru� � �Fn � �Fn�l g 	>n/��n/� �
�¸j�� � o'r�� � �Fn(�{ju���FnÑl g ��n9� � ru�3Õ�§ g ~ n�~h§

vw
§
tw
§Pj��Fl

dw
�<ru�2þuj�t g l>§ � j�kF§Pj��Fl l g � � Õ�§

��n9o���n9� �3g þ�n/thÕ�~ i£�Fn#o g k��¸j�tvo
val � in

j��Fl
dty

j���n � �Fn g ���
x � odr�� � �Fn þuj�t g l j��Fl
l g � � Õ_�¸j�� � r�� � �FnVl g ��n9� � ru�3Õ�§;��n9o���n9� �3g þ�n/thÕ�~�øs�¥jul
l gh�3g ru�¸j�t�o g k��¸j�t

$rd
o g k��¸j�tvo � �Fn
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¦�n/k g �
� g �
kÍr��
jm�{ju���Fn+ju�9�9n9o�oË§ g ~ n�~h§>j ��n{jul¬ru��ú�� gh� n+ju�9�9n9o�oË~q«�juo � ¦
x � �Fr � tvn{juo � §
� �Fn/��n g o�j

clear
g ���
x �q� �¸j �qg � gh�3g j�t gh� n9o � �Fn2�{ju���Fn2l g ��n9� � ru�3Õ�~

øsoVrux � �
x � o{§�ú
n+�¸j{þ�n � �Fn
hit

o g k��¸j�t�j��Fl � �FnZrux � �
x � lFj � j
dout

juo�ú
n/tht�juo
dirty

j��Fl
ev

juo g � � ��r;l!xF�9n9lDj�¦�r{þ�n�~ã��juo�n9lbru� � �Fn9o�ndo�n � oZr���o g k��¸j�tvo{§Pú�nmú g tht
�FrËú o���n9� g ��Õ � �FnO�9ru�3��n9� � �Fn9o�osr���j �{ju���Fn�~

i£�FnO¦¸juo g �$�
��r���n/� � ÕÍú
n�l
n/ymj��Fl r���j��;Õ¥�{ju���Fn g o��9ru�Fo g o � n/�F�/ÕÍru�ìj+� gh� § g ~ n�~h§
� �Fn
lFj � j�rux � �
x �Ïg �'�{juo�nªr��@j�� gh� n9wJx¸j�tvo � �Fn
t]juo � lFj � jqú�� gh�3� n/� � r � �Fn�� gh� jul
l!��n9o�o{~
i£� g o��
��r���n/� � Õ g o��Lru�3ymj�ththÕ¥�{j\� � x
��n9l g � l
n � � gh�3g ru�b|�~��!~�� ru�d�¸j�k�n2���!~
Vsr � n � �¸j � �{ju���FnÄ�9ru�Fo g o � n/�F�/Õ juoÍl
n � �Fn9l �
��n/þ g ruxFo3thÕ l
r�n9oÍ�Fr � �9r{þ�n/� � �Fn

ú��Frutvnì�{ju���Fnì�9ru� � n/� � § g ~ n�~h§��9ru�Fo g o � n/�F�/Õ g �S�/Õ!�/tvn
t
g odru�
thÕD�/t]j g y(n9lD�<ru� g ���
x �

jul
l!��n9o�o
adrt o g �F�9n#¦�r � � hitt

j��Fl
doutt

l
n���n/�FlSru� � �Fn#�/x
�3��n/� � jul
l!��n9o�o g �
�/Õ!�/tvn

t
~�� n � �Fn/��n��Lru��n+xFo�n+l
n � � gh�3g ru� |�~��!~PZdru�q�¸j�k�n a g �¬ru��l
n/� � r g � � ��r�l!xF�9n(j

�9ru�Fo g o � n/�F�/Õ¥�/� gh� n/� g ru� ¦¸juo�n9l ru�
hittad

j��Fl
douttad

~
E �8F��1� �c���<�N�}G �"G£� )¼g�Øbg�Þ
×(Ü6Ù_g�Øuî�îh×3ç P7ùSNBP8M�g0Pag ��e M_Y�K�Y�NBP5M_N Ü Ô Ý�Þ
×£æ9Úuî6îhÚ � Ü�Û Ë
ñ0&BÚ0ñF×'&�ÝLÜ ×0ÙÍÞ�ÚuîhçZæ9Ú1&¥ØuÛ¸hEg�hbg/îh×

t ∈ N
+ m�ØuÛ�hÄØJç�ç1&�×0Ù�Ù ad ∈ B

a m�ØuÛ@çÈØuÛ¸h H h�Ý�×
b ∈ ZB

[
hittad =⇒ ∃last

bw(ad,b)(t) ∧ lastbw(ad,b)(t) > 0∧
∣

∣douttad

∣

∣

b
=

∣

∣

∣
dinlastbw(ad,b)(t)

∣

∣

∣

bVsr � n � �¸j �
lastbw(ad,b)(t)

ymj9ÕÍ�¸j9þ�n'l g 	�n/��n/� � þ�j�thxFn9o��<ru��n/þ�n/�3Õ
b < B

~ª¤
x
�B�
� �Fn/�3y(ru��n�§
j2� gh� o g k��¸j�tvo
þuj�t g lmlFj � jO�<ru�
j�tht¸¦;Õ � n9o g � � �Fn�ú��Frutvns�{ju���Fn�t g �Fn�~�i£�;xFo{§
�{ju���Fn¥�9ru�Fo g o � n/�F�/ÕÈ�/t]j g y(o � �¸j �Z� �FnÑú��FrutvnÍ�{ju���FnÍt g �FnÑ�¸juo+¦�n9n/�bú�� gh�3� n/���
� g ru�
� r � �Fn(� gh� ~¬i£�Fn/��n��<ru��n�§��{ju���FnÍ�9ru�Fo g o � n/�F�/Õ l
r�n9o��Fr � �FrutvlÈ�Lru� j��3¦ gh� ��j��3Õ g ���
x �
o�n9wJxFn/�F�9n9o{~ã¤Fru� nTSFj�y �
tvn�§Pú
nÑ�Fn9n9l � �¸j � ru� j#t g �Fn � tht §�j ú��FrutvnÍ�{ju���FnÑt g �Fn g o
ú�� gh�3� n/� � r � �Fn2�{ju���Fn�~

ø��9�9ru��l g �
k � r � j�¦
tvnO|�~��!§Jj��{ju���Fn�ju�9�9n9o�o g o g � gh�3g j � n9lZ¦JÕ j�� ju� �3g þ�n
$rd

~U� �Fn/�
j��3k�x g �
kmj�¦�rux � �{ju���FnOju�9�9n9o�o�n9oË§;ú�nV�Fn9n9l¥jO�<ru�3ymj�t�ú�j9Õ � rZo � j � n � �¸j �£� ú
r �/Õ!�/tvn9o
¦�n/tvru�
k � r � �FnOo0j�y(n2�{ju���Fn+ju�9�9n9o�o{~P� n � �Fn/��n��<ru��n g � � ��r;l!xF�9n+jG�
��n9l g �{j � n

crd
ru�

� �Fn��{ju���Fn g ���
x � ¦JÕ
crd := $rd∨clear

~P� n�o�j{Õ � �¸j ��� ú�r2�/Õ��/tvn9o
t
j��Fl

t′
¦�n/tvru�
k

� r � �Fn+o�j�y(n��{ju���FnZju�9�9n9o�o g �
lastcrd(t) = lastcrd(t

′)
~�i£�Fn��LruthtvrËú g �
k¥l
n � � gh�3g ru�

o�x
y ymj�� gh� n9osj�tht � �Fn�juo�o�x
y � �3g ru�Foqú
n2�¸j9þ�n � rZymj���n2ru� � �Fn g ���
x � r���jZ�{ju���Fn g �
ru��l
n/� � r �
��r{þ�n gh� �9ru�Fo g o � n/� � ~
E �8F��1� �c���<�N�}G �"G � )Hg�Øbg�Þ!×ÈÜ�Ûuñ@ß!ÝZÜ]Ù#g�Øuî�îv×3ç UWV3X�K
g Ü æìÜLÝ£æ�ß;î (�î�î^ÙãÝ�Þ!×dñ3&�×3çuÜyg�Ø�Ý�×
valid ú input?

Ë ÜJi�×�Û H hmÝ�Þ
×�æ9Úuî�î¡Ú � Ü6Û Ë g�ÚuÛ�çuÜ�ÝLÜ<ÚuÛ
Ù [
Ï7I

clear0

Ñ,I
∀t ∈ N

+ : vwt ∧ val ú int =⇒ twt

: I ∀t ∈ N
+ : vwt ∨ twt ∨ dwt ∨ ∃l ∈ ZB : cdwbt[l] =⇒

adrt =s adrlastcrd(t) ∧ ¬clearlastcrd(t) ∧ ¬$rdt

ü3I
∀t ∈ N

+ : twt =⇒ vwt ∧ val ú int
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�8I ∀t ∈ N
+ : vwt ∧ val ú int =⇒

∃j ∈ ]lastcrd(t) : t[ : vwj ∧ ¬val ú inj∧
(∀k ∈ ]lastcrd(t) : j[ : ¬vwk) ∧ (∀k ∈ ]j : t[ : ¬vwk)∧

(∀ad ∈
[

adrt
]

s
, b ∈ ZB : ∃t′ ∈ ]j : t] : bw(ad, b)t′ )

D I ∀t ∈ N
+ : ∃l ∈ ZB : cdwbt[l] ∧ ¬hitlastcrd(t) =⇒

∃j ∈ ]lastcrd(t) : t[ : vwj ∧ ¬val ú inj

Vsr � n � �¸j �
∃last

crd (t)
�Frutvl
oq�<ru�sj�tht

t ∈ N
+ ru�¬jZþ�j�t g l#�{ju���Fn g ���
x � ¦�n9�{j�xFo�n'r��

�9ru�Fl gh�3g ru�b|�~�ø3�¸j�� � ����ruy � �Fn g � gh�3g j�t
clear

j��Fl o�ruy(nO��n9o � � g � �3g ru�Fo�ru� � �FnOú�� gh� n
o g k��¸j�tvoP�Lru� � �Fn��{ju���Fnql g ��n9� � ru�3Õ�§;ú
nql
n/ymj��Fl g �(�9ru�Fl gh�3g ru�Ñ� � �¸j � l!x
� g �
k'jV�{ju���Fn
ju�9�9n9o�o g � gh�3g j � n9l ¦;Õ

$rdt § � �Fn/��n g o2�Fr¥ú�� gh� ndju�9�9n9o�o � r#j�� jul
l!��n9o�o'rux � o g l
n � �Fn�{ju���Fn�t g �Fnªk g þ�n/�+¦JÕ � �Fn£jul
l!��n9o�o g � � �Fn��/Õ!�/tvn
r�� � �Fn
¦�n/k g �
� g �
kOr�� � �Fn£ju�9�9n9o�o{§ g ~ n�~h§
adrlastcrd(t) ~P��� �¸j�� �3g �/x
t]j��{§ � � g o gh� n/y j�tvo�rOn/�Fo3x
��n9o � �¸j ��� �Fn/��n g oª�Fr2ju� �3g þ�nqú�� gh� n
o g k��¸j�t g �#j�� ju�9�9n9o�o�) g � gh�3g j � n9lA�F¦JÕ¥j'�/tvn{j��qo g k��¸j�t § g ~ n�~h§

clearlastcrd(t) §
j��Fl j �£� �Fn¦�n/k g �
� g �
kÍr���j��ãju�9�9n9o�o{§ g ~ n�~h§@l!x
� g �
k¥j
$rd

~�V�r � n � �¸j � ú
nZj�thtvr{ú ��n{jul¬ju�9�9n9o�o�n9o
� rÍl g 	>n/��n/� � �{ju���Fn t g �Fn9oOl!x
� g �
k#ru�FnZ�{ju���Fndju�9�9n9o�o{~'� nZ�Fn9n9l � �Fn9o�n ju�9�9n9o�o�n9o g �
ru��l
n/� � r g y �
tvn/y(n/� � ú�� gh� n�� ¦¸ju��� �{ju���Fn9oË~

¤
x
� � �Fn/�3y(ru��n�§E�9ru�Fl gh�3g ru� �(o � j � n9o � �¸j � j��JÕ t g �Fn � tht g os�9ruy �
tvn � n�§ g ~ n�~h§�k g þ�n/�
� �Fn'n/�Flìr��ªj(t g �Fn � tht g �ì�/Õ!�/tvn

t
§ g ~ n�~h§

vwt ∧ val � int § � �Fn2t g �Fn g o g �;þuj�t g lFj � n9l g �jÍ�/Õ!�/tvn
j
r�� � �Fn o�j�y(n(ju�9�9n9o�o�j��Fl ¦�n � ú
n9n/� � �Fn9o�n �/Õ!�/tvn9o

j
j��Fl

t
§�j�tht�¦;Õ � n9o g �

j �{ju���Fndt g �Fndj���n(ú�� gh�3� n/�Djuo g �Fl g �{j � n9l ¦JÕE�
��n9l g �{j � n
bw(ad, b)

�Lru�+j��JÕÄ¦JÕ � n
bj��Flãj��JÕ#jul
l!��n9o�o

ad
g � � �Fn'o�j�y(n'�{ju���Fn�t g �Fn�~�� n+j�tvo�rml
n/ymj��Fl g �¬�9ru�Fl gh�3g ru�Ea

� �¸j � j��JÕ¥¦;Õ � n�ú�� gh� n'j)� � n/��j �{ju���Fn�y g o�o g o��
��n9�9n9l
n9lì¦JÕ#j�� g �Jþ�j�t g lFj �3g ru�¬r�� � �Fn
o0j�y(n
�{ju���Fn£t g �Fn��<ru�Ïr � �Fn/�3ú g o�n�§��{ju���Fn£�9ru�Fo g o � n/�F�/Õ'ú
rux
tvl+¦�nªþ g rut]j � n9lZo g �F�9nªþ�j�t g l
�{ju���Fn2lFj � jZymj{ÕÑ¦�nOr{þ�n/�3ú�� gh�3� n/�¬¦JÕÍo3xF���ìjZú�� gh� n�~

ø,�¸j�� � �L��ruy � � g o��9n/� � ��j�t¸�{ju���Fnq�9ru�Fo g o � n/�F�/Õ�§Jú
n£�Fn9n9l(js�<n/ú jul
l gh�3g ru�¸j�t��
��r��!�
n/� �3g n9o g �¬ru��l
n/� � rmþ�n/� g ��Õ � �¸j � rux
��y(n/y(ru�3Õ g � � n/�B� ju�9n+ú gh� �¬o��
t gh� �{ju���Fn9o g o��9ru�!�
o g o � n/� � ~�i£�Fn9o�n��
��r���n/� �3g n9o£ymj g �
thÕd�9rËþ�n/���9ruy �¸j���j �3g þ�n/thÕÍo g y �
tvn��<ju� � oË§ g ~ n�~h§ g �Ïú
n
l
r �Fr � �¸j9þ�nÑj��È� gh� ru� jul
l!��n9o�o

ad
g �b�/Õ��/tvn

t
§E¦
x � ru�bjÍt]j � n/�+�/Õ��/tvn

t′
§PjÍt g �Fn

� tht��¸juo�r��9�/x
�3��n9l g �Ñ¦�n � ú�n9n/�E~ªø��9�9ru��l g �
k�thÕ�§ g ��j2� gh��g o�tvr�o � o�ruy(n/ú��Fn/��nV¦�n � ú�n9n/�
�/Õ!�/tvn

t
j��Fl

t′
§ � �Fns�9ru�3��n9o���ru�Fl g �
k+t g �Fn�ú£juo g �;þuj�t g lFj � n9l g �m¦�n � ú�n9n/�E~��£n9�{j�xFo�n�r��

� �FnZ�9ruy �¸j���j �3g þ�n(o g y �
t g � gh� Õãr�� � �Fn'�LruthtvrËú g �
kd�
��r���n/� �3g n9oË§�ú
nZú g thtP�Fr � k g þ�n+��x
tht
l
n � j g tvosru� � �Fn g �qþ�n/� g�� �{j �3g ru�Fo g � � �FnV�LruthtvrËú g �
kdo�n9� �3g ru�FoË~
E �8F��1� �c���<�N�}G �"G � í ×Ug�Øuî�îFØ�g�Øbg/Þ!×���e M_N|T e X Á �ae MOYaK
YaNBP5MON Ü æ
Ü�Ý�Ü6Ùlg�ÚuÛFÙ0Ü6Ù�Ý�×�Û¸ÝUØuÛ@çÝ�Þ
×�æ9Úuî�î¡Ú � Ü6Û Ë ñ3&3Ú0ñ
×'&/ÝLÜ<×�Ù2Þ�Úuîhç [
Ï7IÄp�Þ!×OÞJÜ�ÝªÙ0Ü Ë Û@Ø�î�ÚuÛFî hfg�Þ�ØuÛ Ë ×0Ù'çußF×'Ý ÚÑØ

vw
Ú1&

clear
Ü6Û�ñ@ß�ÝJm�ÜuI�×hIªm

∀t ∈ N
+, t′ ∈ [lastcrd(t) : t[ : hitt 6= hitt

′

∧ adrt =s adrt′ =⇒

∃k ∈ [t′ : t[ : vwk ∧ val ú ink = hitt ∨ cleark ∧ hitt
′

.

Ñ,Io)sÛìÜ�Ûuñ@ß!Ý�Ù�Ü Ë Û@Øuî
tw
g/&3×3Ø�Ý�×0Ù+ØmÞJÜLÝJmPÜuI�×hIªm

∀t ∈ N
+ : twt ∧ ¬cleart ∧ adrt =s adrt+1 =⇒ hitt+1.
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t

dwt
∧ dtyt

∧ hitt

klastcrd(k)

dirtylastcrd(k)

adrt =s hitlastcrd(k)? adrk : evlastcrd(k)

dwk
∧ ¬dtyk)

(vwk
∧ ¬val ink

∨

t′

(¬hitt
′

∨ ¬dirtyt′)
adrt =s adrt

′

∧

¤ g k�x
��n'�!~��!z���ththxFo � ��j �3g ru�#r��
dirty

�9ru�Fo g o � n/�F�/Õ

: Io�6æZØXg�Øbg�Þ!× Ù0Ü Ë Û@Ø�î^Ù çuÜZ&/Ý£h ç�Ø�Ý Ø Ø�ÝqÝ�Þ!× H × Ë Ü6Û¸ÛFÜ6Û Ë ÚBæZØXg�Øvg�Þ!×dØbg�g�×0Ù0ÙmØuÛ@çÍÜ6ÙØbg�g�×�Ù�Ù9×�çDÚuÛSÝ�Þ!× ×Ri{Ü£g{ÝLÜLÚuÛ Ø�ç�ç1&�×0Ù0ÙÑîhØ�Ý�×'& ÚuÛ Ü�ÛSÝ�Þ!×ÍÙ/Øuðm×¥Øvg�g�×0Ù0Ù � Ü�Ý�Þ�Ú�ß�Ý
ØuÛ¸h � &�Ü�Ý�×�ÙZÝ Ú#Ý�Þ!×mç�ÜZ&/Ý£h Ú1& Ý Ø Ë Ã )o- Ü�Û H ×9Ý � ×�×�Û;m�Ü�Ý£Ù�Ü Ë Û@Øuî\Ù ØìçuÜZ&/Ý£hÑÞJÜLÝJmÜwI�×hIÈm

adrt =s evlastcrd(t) ∧ ¬clearlastcrd(t) ∧ dirtylastcrd(t)∧

(∀t′ ∈ ]lastcrd(t) : t[ : ¬dwt′ ∧ ¬vwt′) =⇒ hitt ∧ dirtyt.

ü3IÄp�Þ!×ÑçuÜJ&�Ý£hFE£Ø Ë Ü�Û Ý�Þ!×Wg�Øbg�Þ
×¥çuÜJ&3×�g{Ý Ú1& hãÜ6Ù*g�ÚuÛ
Ù�Ü]Ù/Ý�×�Û¸Ý�Iä-ãÚ1&3×sæ9Ú1&�ð(Øuî6î h�m�Ü æ
ØìÞJÜLÝ3g�Øbg/Þ!×Íî Ü6Û�×dÚ�ÛDØJç�ç1&�×0Ù�Ù

adrt Ü]Ù ð(Ø1&0ïu×3ç ØuÙdçuÜZ&/Ý£h#Ü�Û�g�hbg/îh× t
m H ß�Ý�Ü6Ù×�ÜLÝ�Þ!×'&�Û@ÚZîhÚuÛ Ë ×'&sÞJÜLÝ�Ú1&�çuÜJ&/Ý£h'Ü�Û#ØZîhØ�Ý�×'&$g�hbg/îh×

t′
m � ×O(�Û@ç ØuÛ¥Ü�Û¸Ý�×'&�ðm×3çuÜ<Ø�Ý�×g�hbg/îv×

k � Þ!×'&�×Í×�Ü�Ý�Þ
×'& clear � ØuÙ Øbg{ÝLÜZi�×'m�Ý�Þ!× g�Øbg/Þ!×dî\Ü�Û�× � Ø�Ù Ü6Û¼i�Øuî\Ü<ç�Ø�Ý�×�ç�m
Ú1& ð(Ø1&0ïu×3ç¬Ø�Ù g9îh×3Ø�Û0IÆp�Þ;Ü]Ù+Ü]ÙZÜ6î�î ßJÙ/Ýl&BØ�Ý�×�ç Ü�Û*( Ë ß5&�×*Ñ,I : I �0Û¥ñ!Ø1&/ÝLÜyg/ß;îhØ1&�m�Ü æ
Ý�Þ!×Wg�Øbg/Þ!×Ñî Ü6Û�× � Ø�Ù(Ü�Û¼i)Øuî Ü<ç�Ø�Ý�×3çÄÚ1&mð Ø�&�ïu×�çÄØ�Ùfg/îv×3ØuÛDÜ�Ûtg�hbg/îv×

k
m � × g�Ø�Û

Øuî\Ù/ÚYg�ÚuÛ+g/î\ß
çJ×mÝ�Þ�Ø�Ý
k � Ø�ÙZ×�ÜLÝ�Þ!×'&+Ü6Û Ý�Þ
×�Ù/Øuðm×�g�Øbg/Þ!×mØvg�g�×0Ù0Ù Ø�Ù t

ÜLÝ�Ù9×�î æ+Ú1&
Ý�Þ!× g�Øvg�Þ!×+î Ü6Û�× � Ø�Ù2Ù�ÝLÜ�î�îUçuÜJ&�Ý£hÍØ�Ý£Ý�Þ!× H × Ë Ü�ÛFÛFÜ�Û Ë Ú3æ'Ý�Þ!×�g�Øvg�Þ!×(Øvg�g�×0Ù0Ù�m�ÜwI�×hIÈm
dirtylastcrd(k) m � ÞJÜyg�ÞÈÜ6ÙÑØuî\Ù/ÚãÜ�î�î\ß;Ù�Ýl&3Ø�Ý�×3çãÜ�Û ( Ë ß,&�× Ñ,I : I%�0ÛSØ�ç�ç�Ü�ÝLÜ<ÚuÛ;m � ×g�ØuÛ]g�ÚuÛ<g/î ß!ç;×2Ý�Þ�Ø�Ý�Ý�Þ!×OØ�ç�ç�&3×0Ù0Ù

adrt Ü]ÙsÜ6Û Ý�Þ!×�Ù/Øuðm×�g�Øbg/Þ!×Oî Ü�Û�×VØ�Ù adrk Ü�Ûg�Ø�Ù{×ZÚBæ�ØmÞJÜ�ÝJm � ÞJÜ�îv×2ÜLÝ�Ü6ÙOÜ6Û¬Ý�Þ!×2Ù/Øuðm×Gg�Øbg/Þ!×'î\Ü�Û�×+Ø�Ù2Ý�Þ!×Z×'i{Üyg9ÝLÜ<ÚuÛ Ø�ç�ç1&�×0Ù0Ù
Ø�Ý�Ý�Þ!× H × Ë Ü�ÛFÛFÜ�Û Ë ÚBæ2Ý�Þ!×+Øbg�g0×0Ù�Ù+Ú�Ý�Þ!×'& � Ü]Ù{×hI À Ú1&�ð(Øuî�î h�m ∀t ∈ N

+, t′ ∈ Z≥t
[

adrt =s adrt′ ∧ dwt ∧ dtyt ∧ hitt ∧ ¬vwt ∧ ¬cleart∧

(¬dirtyt′ ∨ ¬hitt
′

) =⇒ ∃k ∈ ]t : t′[ : cleark∨
(

dwk ∧ ¬dtyk ∨ vwk ∧ ¬val ú ink
)

∧
(

lastcrd(k) ≤ t ∨ dirtylastcrd(k)∧

adrt =s

(

hitlastcrd(k)? adrk :evlastcrd(k)
))

.

�8IG*£ÛìØ_g�Øbg/Þ!×VÞ;Ü�ÝJm�Ý�Þ!×2×'iËÜ£g9ÝLÜ<ÚuÛãØ�ç�ç1&�×0Ù�Ù
ev

×|k/ß
Øuî^Ù2Ý�Þ!×VÜ6Ûuñ�ß�Ý�Ø�çJç1&3×�Ù�Ù
adr

Ø�Ù
� ×+Úuß�ÝLî Ü�Û�×3çdÜ6ÛÄÚuß,&2Ü�Û¸Ýl&BÚËçuß^g{ÝLÜLÚuÛ ÚBæ � &�ÜLÝ�× H Øvg�ïfg�Øbg�Þ
×0Ù/I

hitt =⇒ evt = adrt

D IÄp�Þ!×�g�Øbg/Þ!×�Ù/Ý Ø�h�ÙqÞJÜLÝ1g�Ú�Û¸ÝLÜ6Û¸ß!Øuî�î h
æ'&BÚ�ð Ý�Þ!×�g�hbg/îh×2ÚBæsÝ�Þ!×sîhØ�Ù/Ý � &�ÜLÝ�×VØ�Ù�Ü�î6î ßJÙTw
Ýl&BØ�Ý�×3çÑÜ6Û�( Ë ß,&�×jÑ,I]ü;m�ÜwI�×hIÈm
ÚuÛ Ø ÞJÜLÝ
Ü6ÛEg�hbg/îv×

t
Ú�ÛãØ�çJç1&3×�Ù�Ù

adrt m � ×�(�Û@çÑØg�hbg/îv×
m
Ü�Û#Ý�Þ!×OÙ/Øuðm×eg�Øbg�Þ!×+Øbg g�×0Ù�Ù'ØuÙVÝ�Þ!×Oî¡ØuÙ�Ý � &�Ü�Ý�×2Ý Ú(Ý�Þ!×VÞJÜLÝ%g�Øbg�Þ
×2î Ü�Û�×

Ù0ß�g�ÞdÝ�Þ�Ø�ÝÏÝ�Þ
×$g�Øbg�Þ
×�Ù0Ü Ë Û@Ø�î^Ù�Ø'Þ;Ü�Ý � Þ!×�ÛìØJç�ç1&�×0Ù�Ù{×3ç Ü�Û¥Ý�Þ!×sÙ/Ø�ð(×�g�Øbg�Þ!×Oî\Ü�Û�×
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lastcrd(l) l m

adr
k =s adr

t =⇒ ¬hit
k

k < m − 1 =⇒ ¬tw
k

adr
k =s adr

t =⇒
hit

k
∧ ¬vw

k

l := lastbw(adrt,b)(t)lastcrd(m) = lastcrd(l)

t

hit
t

¤ g k�x
��n'�!~ [Fz���ththxFo � ��j �3g ru�#r�� � �FnO�9ru� �3g �JxFruxFo�� gh� �
��r���n/� � Õ
Ø�Ù

adrt æ'&BÚ�ðrg�hbg/îh× m
ÚuÛ0I��0Û Ø�ç�ç�Ü�ÝLÜ<ÚuÛ;m � ×_g�Ø�Û`g�ÚuÛ+g/î\ß
çJ×dÝ�Þ�Ø�Ý�Ý�Þ
×�i)Øuî Ü<ç

ñ!Ø1&/ÝªÚBæVÝ�Þ!×2ç�ÜZ&�×�g9Ý Ú1&Th�æ9Ú1&�Ý�Þ
×�g�Øbg/Þ!×�î\Ü�Û�×$g�Ú�Û¸Ý ØuÜ�ÛFÜ6Û Ë
adrt � Ø�ÙsÛ@Ú�Ý � &0ÜLÝ<Ý�×�Û

H ×/Ý � ×�×/Û m
ØuÛ@ç

t
I

hitt =⇒ ∃last
bw(adrt,b)(t) ∧ lastbw(adrt,b)(t) > 0∧

∃m ∈ [lastbw(adrt,b)(t) : t] : lastcrd(m) = lastcrd(lastbw(adrt,b)(t))∧
∀k ∈ [lastbw(adrt,b)(t) : t] :

(

adrk =s adrt =⇒
(

hitk ⇐⇒ k ≥ m
))

∧
(

k ∈ [m : t[ =⇒ ¬
(

vwk ∧ adrk =s adrt
))

∧
(

k < m − 1 =⇒ ¬twk
)

.

H Io) ÞJÜLÝ g�ØuÛ ÚuÛ¸î h H ×EgR&�×3Ø�Ý�×�ç H h ØuÛ Ü�Ûuñ@ß!Ý'Ù0Ü Ë Û@Øuî
tw

Ý ÚDØjg�Ú1&'&3×0Ù�ñ!ÚuÛ@ç�Ü6Û Ë
Ø�ç�ç1&�×0Ù0Ù�mªÜuI6× Iªm
∀t > 0, t′ > t : adrt =s adrt′ ∧

(

¬hitt ∨ vwt ∧ ¬val ú int
)

∧ hitt
′

=⇒
∃k ∈ [t : t′[ : twk ∧ adrk =s adrt.

>f��Ü � FjA��+58���JI>26�� � f58FH�1��� � 5
i£�Fn#n{juo g n9o � j��FlS���Fn{j\��n9o � �¸j���l!ú£j���n g y �
tvn/y(n/� � j �3g ru� r���jÄ�{ju���Fn g odj l g ��n9� �
ymj\����n9l¥�{ju���Fn'juoql
n�� g � � n9l g � � k�x
��n��!~��!~ªä;xF���ìjZl g ��n9� � ymj\����n9l¥�{ju���Fn2o g y �
thÕ
�9ru� � j g �Fo
j��mj��3��j{Õ

data
r��

B
¦¸j��
�!o�r��

2l+s×8
lFj � j$��ø�¨ � �¸j ��g oªjul
l!��n9o�o�n9lZ¦JÕ

� �Fn�t g �Fn�j��Fldo�n9� � ru�l�¸j�� � r�� � �Fnsjul
l!��n9o�o{~�ø � gh� r��9�/x
��o g � � �Fn � j�k'r�� � �Fn�jul
l!��n9o�o
ymj � ���Fn9o � �Fn � j�k g � � �Fnsl g ��n9� � ru�3ÕÍj��Fl � �FnVl g ��n9� � ru�3Õmn/� � �3Õ g o�þ�j�t g l>~Ï� g � � ÕdlFj � j
g o£o g k��¸j�thtvn9l¥ru�
thÕ g � � �FnV�9ru�3��n9o���ru�Fl g �
k(l g ��n9� � ru�3Õdn/� � �3Õ g o�¦�r � �Íþ�j�t g l¥j��FlÑl g � � Õ�~
ø�o�n/þ g � �3g ru�¥jul
l!��n9o�o

ev
§ � �Fn�l g ��n9� � ymj\����n9lÑ�{ju���FnVo g y �
thÕ(xFo�n9o � �Fn�rutvlÑjul
l!��n9o�o

ú��Fn/��n � �Fn � j�k �¸j�� �qg o���n��
t]ju�9n9l#¦JÕ � �Fn2�9ru�3��n9o���ru�Fl g �
kdl g ��n9� � ru�3Õ�� o � j�kF~
¤Fru�3ymj�ththÕ�§Jú�nq�{j��(o���n9� g ��Õ � �Fnqrux � �
x � oªr��EjVl g ��n9� � ymj\����n9l(�{ju���FnsjuoP�LruthtvrËúqo{~

V�r � n � �¸j � ú
n£j�¦
¦
��n/þ g j � n
adr[l+s−1 : s]

¦;Õ
adr� l

~Ï� gh�
i
r�� � �Fn
lFj � j�ú
ru��l

doutg oqtvr;�{j � n9l g �#¦¸j��
�
i div 8

j��Fl#n9wJx¸j�tvo�¦ gh�
i mod 8

����ruy � � g o�¦¸j��
��~���n/�F�9n�§Fú�n
xFo�n�j

λ
��nTS^�
��n9o�o g ru� g �#ru��l
n/� � r(�9ruy �
x � n

dout
j��Fl � ��o � o�n/tvn9� �q� �Fn�j��3��j9Õ n/� � �3Õ

i div 8
r��£j��3��j{Õ

data
§ � �Fn/�ÄxFo�nZjul
l!��n9o�o

adr[l + s − 1 : 0]
g � ru��l
n/� � rÍ��n{julÄj

¦;Õ � n�o � ru��n9l g � � � g o��søs¨b§Fj��Fl � �¸j�ththÕ¥o�n/tvn9� � ¦ gh�
i mod 8

g � � � g oq¦;Õ � n�~

hit = valid[adr� l] ∧ eqt(tag[adr� l], adr[a − 1 : l + s])
dout = λi∈Z8·B

data[i div 8] [adr[l + s − 1 : 0]] [i mod 8]
dirty = valid[adr� l] ∧ dirty[adr� l]

ev = tag[adr� l] · adr� ls

æ �!~h|cç
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2l+s
× 8

dw

s

tw

l

t

8 · B

adr[l + s − 1 : s]

adr[a − 1 : l + s]

vw

clear

l + s

t

cdwb[B − 1 : 0]

din
adr[s − 1 : 0]

dty val in

a
dirty hit ev dout

2l
× 1

dirty
din A

RAM

dout

2l
× 1

dout

RAM
valid

din A

2l
× t

dout

RAM
tag
din A din

data RAM
B banks

dout

EQ

A

¤ g k�x
��n��!~��!zª� g ��n9� � ymj\����n9l �{ju���Fn

¤
x
� � �Fn/�3y(ru��n�§¸�Fr � n � �¸j �

|dout|b = data[b][adr[l + s − 1 : 0]]

� � g þ g j�ththÕ¥�Frutvl
o{~U��o g �
k*�
� g y(n9l#�Fr � j �3g ru�E§ � �Fn2�FnTS � o � j � n'r�� � �Fn'l g ��n9� � ymj\����n9l
�{ju���Fn'ju�9�9ru��l g �
k � r � k�x
��n��!~�� g o�k g þ�n/� ¦;Õ�z

valid′ = λad∈Bl











0 clear

val � in ¬clear ∧ vw ∧ (ad =l+s
s adr)

valid[ad]
r � �Fn/�3ú g o�n

dirty′ = λad∈Bl

{

dty dw ∧ (ad =l+s
s adr)

dirty[ad]
r � �Fn/�3ú g o�n æ �!~��bç

tag′ = λad∈Bl

{

adr[a − 1 : l + s] tw ∧ (ad =l+s
s adr)

tag[ad]
r � �Fn/�3ú g o�n

data′ = λb∈ZB
λad∈Bl+s

{

|din|b cdwb[b] ∧ (ad =l+s
0 adr)

data[b][ad]
r � �Fn/�3ú g o�n

��ò�
Oò�ñ L �Ç÷7÷8
M�,�7��
Sø1ø õè÷!�B�N 
øst � �Frux
k��ìjZl g ��n9� � ymj\����n9l¥�{ju���Fn�ru�
thÕÑ�9ru� � j g �Fo � ú
r#ØuÛ�ç;� kJj � n9osj��Fl j�� ×|k/ß
Øuî]�
� n9o � n/� g � jul
l gh�3g ru� � r gh� o:��ø�¨ § � �Fn(�Lru�3ymj�tªþ�n/� g�� �{j �3g ru� r�� gh� o'�9ru�Fo g o � n/�F�/ÕÈjuo
�
��n/þ g ruxFo3thÕÍl
n � �Fn9l g o��Fr ��� � g þ g j�t ~

¤ g ��o � r��+j�tht §�ú
nã�Fr � n � �¸j � �{ju���FnÄ�9ru�Fo g o � n/�F�/Õ ¦JÕSl
n � � gh�3g ru� |�~��!~�� g oÑ�Fr �
j�� g �Fl!xF� �3g þ�n g �Jþ�j�� g j�� � ~È©�ru�Fo g l
n/� � �FnÑ�{juo�ndú��Fn/��n � �FnÑjul
l!��n9o�oZ���¸j��
k�n9o{§ g ~ n�~h§
adrt 6= adrt+1 ~����Ñru��l
n/� � r'o��Fr{ú �{ju���FnV�9ru�Fo g o � n/�F�/Õm�Lru���/Õ��/tvn

t+1
§�ru�Fnsú
rux
tvl

t g ��n � rsxFo�nª�{ju���Fn��9ru�Fo g o � n/�F�/ÕO�<ru�Ï�/Õ!�/tvn
t
~���r{ú�n/þ�n/�{§��{ju���Fn£�9ru�Fo g o � n/�F�/Õ g �+�/Õ!�/tvn

t
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ru�
thÕ �9rËþ�n/��o�jul
l!��n9o�o

adrt §�ú�� g tvnqú�nq�Fn9n9ld�{ju���Fn��9ru�Fo g o � n/�F�/Õ+�Lru�£jul
l!��n9o�o adrt+1g �b�/Õ��/tvn
t
juo+jd�
��n9�9ru�Fl gh�3g ru�E~ìi£�Fn/��n��<ru��n�§Pú
n g � � ��r�l!xF�9n9l � �Fnã×|��Ý�×�Û@çJ×3çb�{ju���Fn

�9ru�Fo g o � n/�F�/Õ(¦JÕ(l
n � � gh�3g ru� �!~��!~h|sú�� g ���¥�9r{þ�n/��o � �FnVj�¦�rËþ�n�y(n/� �3g ru�Fn9l¥�{juo�n g � � �Fn
g �Fl!xF� �3g ru�¬o � n�� o g �F�9nO�9ru�Fo g o � n/�F�/Õ g o��/t]j g y(n9lÍ�Lru��j�thtA��r�o�o g ¦
tvn g ���
x � jul
l!��n9o�o�n9o{~

øso�j � ��o � o � n�� � r{ú£j���l
o�þ�n/� g ��Õ g �
k2nTS � n/�Fl
n9l+�{ju���Fn��9ru�Fo g o � n/�F�/Õ'�Lru� � �Fn�l g ��n9� �
ymj\����n9l��{ju���Fn�§uú
n�o3�Fr{ú � �Fn � ��o � �¸j�� � r�� � �Fn
�/t]j g y g � � �Fn�nTS � n/�Fl
n9l��9ru�Fo g o � n/�F�/Õ
�
��n9l g �{j � n�§ g ~ n�~h§¸ru�ãj � gh� §�j�tht � �FnO¦;Õ � n9o g � � �Fn'�{ju���Fn2t g �Fn��¸j9þ�n:�
��n/þ g ruxFo�thÕÑ¦�n9n/�
ú�� gh�3� n/� � r � �FnO�{ju���Fn�~
µ �>¡(¡#�k�"G �ÇG�� �6æ�Ødç�ÜZ&�×�g9Ý�ð(Ø0ñ�ñ
×�çYg�Øbg�Þ!×ZçJÚË×0Ù2Û@Ú�Ý�Ù0Ü Ë Û@Øuî�ØmÞJÜLÝ
Ú�ÛãØ�çJç1&3×�Ù�Ù

adÜ�Ûdg�hbg/îv×
t
m H ß�ÝÏÜ�Ûdg�hbg/îh× t+1

mÏÝ�Þ
×�Ù0Ü Ë Û@Øuî
tw � Ø�ÙsØvg9ÝLÜZiu×�Ü6Ûdg�hbg/îv× t

ØuÛ�çZÝ�Þ!×sÜ6Û�ñ@ß�Ý
ØJç�ç1&�×0Ù�Ù�Ü�Û#g�hbg/îv×

t
ØuÛ@ç

ad H ×�îhÚuÛ Ë Ý ÚÑÝ�Þ!×�Ù9Øuðm×�g�Øbg�Þ!×Zî\Ü�Û�×hI À Ú1&�ð(Øuî�î h�m ∀t ∈ N
+Ø�Û@ç

ad ∈ B
a [
valid ú input? ∧ hitt+1

ad ∧ ¬hittad =⇒ twt ∧ adrt =s ad

°e�L�A�<¤BÕ � n g � � ��r;l!xF�9n � �Fn o3�Fru� � �¸j��Fl �Fr � j �3g ru�
ad � l

�Lru�
ad[l + s − 1 : s]j��Flm�9ru�F�/thxFl
n£����ruy

hitt+1
ad

j��Fl
¬hittad

§u�L��ruy � �Fnq�{ju���Fnqrux � �
x ��g y �
tvn/y(n/� � j �3g ru�
k g þ�n/�#¦JÕÍn9wJx¸j �3g ru� æ �!~h|cç�j��Fl¥l
n � � gh�3g ru� |�~ [F~h|2r�� � �Fn2n9w;x¸j�t¡� � n9o � n/�

validt+1[ad � l] ∧ (tagt+1[ad � l] = ad[a − 1 : l + s])

¬validt[ad � l] ∨ (tagt[ad � l] 6= ad[a − 1 : l + s])

¤F��ruy gh� n/y(om�Äj��Flt[ r��
valid � input?

§�ú�n¥�9ru�F�/thxFl
n � �¸j �
twt ⇐⇒ vwt ∧

val � int ~P� n2�Fr{ú o��
t gh� �{juo�n9oqru�
twt ~

|�~q���b�{juo�n
¬twt �Frutvl
o{§Pú�nd�9ru�F�/thxFl
n tagt+1[ad � l] = tagt[ad � l]

¦;ÕÈn9wJx¸j)�
�3g ru� æ �!~��bç9~�i£�JxFoË§

tagt[ad � l] = ad[a − 1 : l + s] ∧ ¬validt[ad � l]
�Frutvl
o{~

ä g �F�9n
validt+1[ad � l]

�Frutvl
o{§Fú�n'�{j��¬�9ru�F�/thxFl
n
vwt ∧ val � int ú�� g ��� g osj�9ru� � ��jul g � �3g ru�¬¦�n9�{j�xFo�n2r��

valid � input?
~

�!~q� �3§!ru� � �FnOr � �Fn/���¸j��Fl>§
twt �Frutvl
o{§ � �Fn/� vwt ∧ val � int j�tvo�r+�Frutvl
o{~�ø�l
l g ��3g ru�¸j�ththÕ�§�ú
n'�;�FrËú

tagt+1[ad � l] = adrt[a − 1 : l + s]
j��Fl

ad =l+s
s adrt¦JÕ(n9w;x¸j �3g ru� æ �!~��bç�~��£n9�{j�xFo�n�r��

hitt+1
ad

§;ú
n � �Fn/�m�¸j{þ�n
ad =l+s adrt ú�� g ���tvn{jul
o � r

ad =s adrt j��Fl � �JxFos�9ru�F�/thxFl
n9o � �Fn2�/t]j g y ~ ut

µ �>¡(¡#�k�"G �ÇG � �6æZØìçuÜJ&3×�g{Ý�ð(Ø0ñ�ñF×3ç]g�Øbg�Þ!×(Ù0Ü Ë Û@Ø�î^Ù ØÍÞJÜLÝ�Ü�Û(g�hbg/îv×
t
m H ß�Ý�Û@Ú�Ý£Ü�ÛØÑñ3&3×Ri{ÜLÚ�ßJÙdg�hbg/îv×

t′
æ9Ú1&ÍÝ�Þ!×dÙ/Ø�ð(× Ø�ç�ç1&�×0Ù�Ù�m�Ý�Þ!×'&�×#×|��Ü]Ù/Ý�ÙÍØ#g�hbg/îv×

t′′ H ×/Ý � ×�×�Û t′Ø�Û@ç
t � Þ!×'&�× vw

ØuÛ@ç
val ú in

Ø1&�×OØbg{ÝLÜZi�×Pæ/Ú1&�ØuÛ#Ø�ç�ç1&�×0Ù0ÙsÜ�ÛÍÝ�Þ
×�Ù/Øuðm×�g�Øbg/Þ!×Vî Ü6Û�×hI
À Ú1&�ð Ø�î6î h�m � ×2Þ�Ø�i�× ∀t ∈ N

+ m t′ ∈ Zt
Ø�Û@ç

ad ∈ B
a [

valid ú input?∧hittad∧¬hitt
′

ad =⇒ ∃t′′ ∈ [t′ : t[ : vwt′′∧val ú int′′∧adrt′′ =s ad

°e�L�A�<¤BÕ � n2o3�Fr{ú � �FnO�/t]j g y ¦JÕ g �Fl!xF� �3g ru�ìru�
t
~

�;���1���"�c���<�bÖ1����� ×
t = 1 Ù zÈ�£n9�{j�xFo�nVr�� valid � input?

§
clear0 �Frutvl
oqj��Fl � �;xFo{§

valid1 = λad∈Bl0
¦JÕb�9ru�Fo � �3xF� �3g ru�Sr�� � �FnÑl g ��n9� � ymj\����n9lD�{ju���Fn�~bi£�Fn/��n��<ru��n�§

hit1ad

�{j��
�Fr � �Frutvl¥ú�� g ���#�9ru�F�/thxFl
n9o � �Fn g �Fl!xF� �3g ru�#¦¸juo�n�~



�
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�;���1���"�c���<�±�;���>² ×
t → t + 1 Ù z «En �

valid � input?
§
hitt+1

ad

j��Fl
¬hitt

′

ad

�Frutvl>~
� n��¸j9þ�n � r(o3�Fr{ú

∃t′′ ∈ [t′ : t + 1[ : vwt′′ ∧ val � int′′ ∧ adrt′′ =s ad
~
� n�o��
t gh�

�{juo�n9oqru�
hittad

~
|�~q«En �

hittad

�Frutvl>~¬��Õ g �Fl!xF� �3g ru� �JÕQ��r � �Fn9o g oË§Pú
nÍ�9ru�F�/thxFl
n
∃t′′ ∈ [t′ : t[ :

vwt′′ ∧ val � int′′ ∧ adrt′′ =s ad
~�i£� g o��9ru�F�/thxFl
n9o � �Fns�/t]j g y o g �F�9n

[t′ : t[⊆
[t′ : t + 1[

�Frutvl
o{~
�!~q«En �

¬hittad

�Frutvl>~���Õ¥j\���
thÕ g �
kmtvn/y ymj(�!~��!~h|�§
ú
n��9ru�F�/thxFl
n
twt ∧ adrt =s

ad
~���n9�{j�xFo�nsr��

valid � input?
§�ú
nV�{j��Ñ�9ru�F�/thxFl
n

vwt ∧ val � int �L��ruy twtú�� g ���¬�9ru�F�/thxFl
n9o � �Fn2�/t]j g y ~
ut� gh� � � � g o��Fn/t���n/��tvn/y ymjZj��FlÑj2þuj�t g lÑ�{ju���Fn g ���
x � §�ú
nOj���nVj�¦
tvn � r+�9ru�F�/thxFl
n

� �¸j � j�tht>¦JÕ � n9o g � � �Fn2�{ju���Fn2t g �FnO�¸j{þ�nO¦�n9n/�¥ú�� gh�3� n/�¬ru�#jZ� gh� ~
µ �>¡(¡#�k�"G �ÇG�� �0Ûdg�Ø�Ù9×2ÚBæsØ�ÞJÜLÝUÜ�ÛYg�hbg/îh×

t
mPØ�î6î¸Ý�Þ
× H h�Ý�×0Ù�Ü�ÛÍÝ�Þ
×�g�Øbg�Þ!×Vî\Ü�Û�×�Þ�Ø1iu×

H ×�×�Û � &�Ü�Ý<Ý�×�Û H ×�æ9Ú1&�× g�hbg/îv× t
m�ÜuI6×hIÈm

∀t ∈ N
+, ad ∈ B

a, b ∈ ZB
[

valid ú input? ∧ hittad =⇒ ∃last
bw(ad,b)(t) ∧ lastbw(ad,b)(t) > 0

°e�L�A�<¤BÕ �£n9�{j�xFo�n(r��U�
��n9l g �{j � n
valid � input?

§Eú
n(�¸j9þ�n
clear0 ú�� g ��� g y �
t g n9o

¬hit1ad

~Ïi£�JxFoË§)ú�n
�{j��Zj\���
thÕOtvn/y ymjs�!~��!~�� � r��/Õ!�/tvn9o
1
j��Fl

t
g �+ru��l
n/� � rs�9ru�F�/thxFl
n

∃t′ ∈ [1 : t[ : vwt′ ∧ val � int′ ∧ adrt′ =s ad
~s����n9l g �{j � n

valid � input?
g y �
t g n9o

� �¸j ��� �Fn2t g �Fn � tht � �¸j � n/�Fl
n9l g � �/Õ��/tvn
t′
g o��9ruy �
tvn � n�§ g ~ n�~h§

∃j ∈ ]lastcrd(t
′) : t′[ :

vwj ∧ ¬val � inj j��Fl ú
nO�¸j{þ�n

∀ad′ ∈
[

adrt′
]

s
, b′ ∈ ZB : ∃l ∈ ]j : t′] : bw(ad′, b′)l.

ä g �F�9n
ad =s adrt′ §Uú�nd�{j�� g �Fo � j�� �3g j � n � � g o'�<ru�3y�x
t]j#ú gh� � ad

j��Fl
b
g � ru��l
n/�

� rìk�n � j#�/Õ!�/tvn
l > 0

ú gh� �
bw(ad, b)l ~ì� gh� �t�
��r���r�o gh�3g ru� |�~��!~�R!§Pú
nÍ�9ru�F�/thxFl
n

∃last
bw(ad,b)(t) ∧ lastbw(ad,b)(t) ≥ l

ú�� g ���#�9ru�F�/thxFl
n9o � �FnO�/t]j g y ~
uti£�JxFodú
n¥�¸j{þ�n#o3�FrËú � �Fn � ��o � �¸j�� � r��VnTS � n/�Fl
n9lS�{ju���Fn#�9ru�Fo g o � n/�F�/Õ �<ru�dj

l g ��n9� � ymj\����n9l#�{ju���Fn�~�� n2�FrËú±�
��r��9n9n9l ú gh� �Äj��Fr � �Fn/��n{juo�ÕÑtvn/y ymjÑj�¦�rux ��� �Fn
�9ru� � n/� � r�� � �Fn2lFj � j_��ø�¨ ~
µ �>¡(¡#�k�"G �ÇG�¬ p�Þ!×fg�ÚuÛ¸Ý�×�Û@Ý�ÚBæ(Ý�Þ
×fg�Øbg�Þ!×Íç�Ø�Ý Ø Ã )L- Ú�ÛFî hqg�Þ�ØuÛ Ë ×dÚ�Û Ø H h�Ý�×� &�ÜLÝ�×�m�ÜwI�×hIÈm ∀ad ∈ B

a, b ∈ ZB, t ∈ N, t′ ∈ Z≥t :
∣

∣

∣
doutt

′

ad

∣

∣

∣

b
6=

∣

∣douttad

∣

∣

b
=⇒ ∃t′′ ∈ [t : t′[ : cdwbt′′ [b] ∧ ad =l+s

0 adrt′′

� n2ruy gh�q� �Fn��
��r�r��Pr�� � � g oqtvn/y ymjZ¦�n9�{j�xFo�n gh�qg o�ù´xFo � jZo g y �
tvn g �Fl!xF� �3g ru�E~
µ �>¡(¡#�k�"G �ÇG � �6æìØtg�Øbg�Þ
× ç�ÚË×�Ù#Û@Ú�Ý�Ù0Ü Ë Û@Øuî�Ø ÞJÜ�ÝZÚuÛ Ø�ç�ç�&3×0Ù0Ù

ad
Ü6Û g�hbg/îv×

t
m

×B��Ý�×�Û@çJ×�ç*g�Øbg/Þ!×�g�Ú�Û
Ù0Ü6Ù�Ý�×�Û+g�h�Þ!Úuî¡çuÙ�æ/Ú�&�Ý�ÞJÜ6Ù�ñ!Ø1&/ÝLÜ£g9ß;îhØ1&OØ�ç�ç1&�×0Ù�Ù
ad

Ü�Ûdg�hbg/îh×
t+1

m
ÜuI�×hIªm

∀ad ∈ B
a, b ∈ ZB, t ∈ N

+ :

valid ú input? ∧ ¬hittad ∧ hitt+1
ad =⇒

∃last
bw(ad,b)(t + 1) ∧ lastbw(ad,b)(t + 1) > 0∧
∣

∣doutt+1
ad

∣

∣

b
=

∣

∣

∣
dinlastbw(ad,b)(t+1)

∣

∣

∣

b
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°e�L�A�<¤BÕ � gh� � tvn/y ymjS�!~��!~��!§2ú
nÈ�{j�� n{juo g thÕ �9ru�F�/thxFl
n
∃last

bw(ad,b)(t + 1)
j��Fl

lastbw(ad,b)(t+1) > 0
~U� n�o�n �

l := lastbw(ad,b)(t+1)
~���ÕOj\���
thÕ g �
kqtvn/y ymj��!~��!~h|�§

ú�nqj�tvo�r��9ru�F�/thxFl
n
twt∧adrt =s ad

~P¤
x
� � �Fn/�3y(ru��n�§
vwt∧val � int �Frutvl
oP¦�n9�{j�xFo�nr����
��r���n/� � ÕW[(r��

valid � input?
~P� nO�Fr{ú o��
t gh�q� ú�r(�{juo�n9o{~

|�~qi£�FnVt]juo � ú�� gh� n � rZ¦JÕ � n
b
r��Pjul
l!��n9o�o

ad
r��9�/x
�3��n9lÈØBæ/Ý�×'& � �FnVt]juo �

$rd
§ g ~ n�~h§

l > lastcrd(t + 1)
~fVsr � n � �¸j �

bw(ad, b)l j��Fl ¬bw(ad, b)t′ �<ru��j��JÕ t′ ∈
]l : t[

¦�r � �#�Frutvlì¦JÕY�
��r���r�o gh�3g ru� |�~��!~�Rdjuosú
n/tht�juo
lastcrd(l) = lastcrd(t)

~
i£�Fn/��n��Lru��n�§

∣

∣

∣
doutl+1

ad

∣

∣

∣

b
=

∣

∣

∣
dinl

∣

∣

∣

bj�tvo�rÍ�Frutvl
oO¦;Õ¬�9ru�Fo � �3xF� �3g ru� r�� � �Fn(l g ��n9� � ymj\����n9l �{ju���Fn�~Z� n o��Fr{ú � �Fn
��n/ymj g � g �
kd�/t]j g y § g ~ n�~h§

∣

∣doutt+1
ad

∣

∣

b
=

∣

∣

∣
doutl+1

ad

∣

∣

∣

b¦JÕm�9ru� � ��jul g � �3g ru�E~%��o g �
k+tvn/y ymj+�!~��!~ ['�<ru���/Õ!�/tvn9o
t+1

j��Fl
l +1

§;ú
n � �JxFo
� �Fl#j+ú�� gh� n � r � �FnOlFj � j_��ø�¨ § g ~ n�~h§

cdwbt′′ [b] ∧ ad =l+s
0 adrt′′

�Lru�Ïj��/Õ��/tvn
t′′ ∈ [lastbw(ad,b)(t+1)+1 : t+1[

~�V�r � n � �¸j � �
��r���r�o gh�3g ru�Ñ|�~��!~�R
k�x¸j���j�� � n9n9o

lastcrd(t
′′) = lastcrd(t)

~ª��n9�{j�xFo�nOr��
¬bw(ad, b)t′′ §!ú�n2�¸j9þ�n

¬
(

cdwbt′′ [b] ∧ ad =s adrt′′
)

.

���¬r � �Fn/�sú�ru��l
o{§�ú
n+�¸j9þ�n
ad 6=s adrt′′ ~sä g �F�9n+¦�r � � g �ã�/Õ��/tvn l

j��Fl g �
t′′
§

o�ruy(ndú�� gh� nÑo g k��¸j�t g oZju� �3g þ�n¥j��Fl
lastcrd(t

′′) = lastcrd(l)
�Frutvl
o{§ gh� n/y �

r��
valid � input?

k�x¸j���j�� � n9n9o
adrt =s adrt′′ ú�� g ��� g odjÄ�9ru� � ��jul g � �3g ru�E~

�sn/�F�9n�§ � � g oq�{juo�n2r�� � �Fn2�/t]j g y g oU�
��rËþ�n9l>~
�!~qi£�Fn#t]juo � ú�� gh� n � rÈ¦;Õ � n

b
r��+jul
l!��n9o�o

ad
l g l �Fr � r;�9�/x
�¥j)� � n/� � �Fn t]juo �

$rd
§ g ~ n�~h§

l ≤ lastcrd(t + 1)
~(� n(o3�Fr{ú � �¸j �2� � g o��{juo�n �{j��
�Fr � r;�9�/x
�O¦;Õ

�9ru� � ��jul g � �3g ru�E~ � � n/y � r��
valid � input?

k�x¸j���j�� � n9n9o � �Fn#�9ruy �
tvn � n/�Fn9o�o
r�� � �Fn(t g �Fn � tht � �¸j �'g o � � g o3�Fn9l g �b�/Õ��/tvn

t
¦;Õ

vwt ∧ val � int § g ~ n�~h§ ∃j ∈
]lastcrd(t) : t[ : vwj ∧ ¬val � inj ∧ ∀ad ∈

[

adrt
]

s
, b ∈ ZB :

∃k ∈ ]j : t] : bw(ad, b)k ~Pä g �F�9n ad =s adrt j�tvo�rs�Frutvl
o{§uú
n��¸j9þ�n bwk(ad, b)�Lru�so�ruy(n
l ∈ ]lastcrd(t) + 1 : t]

~ªi£�Fn/��n��<ru��n�§
lastbw(ad,b) ≥ k

�Frutvl
oqú�� g ���
g o�jZ�9ru� � ��jul g � �3g ru�Äj��Fl � �;xFo � � g o3�Fn9o � �Fn��
��r;r��3~

ut

��� ru��l
n/� � rão3�FrËú nTS � n/�Fl
n9l �9ru�Fo g o � n/�F�/Õ�§�ú�nÑ�Fn9n9lbjì�9rux��
tvnÍr���jul
l gh�3g ru�¸j�t
�Fn/t���n/�mtvn/y ymjuoÑú�� g ��� ú�n#ú g tht g � � ��r�l!xF�9n#¦�n/tvr{ú2~ ���N�¸j�� �3g �/x
t]j��{§�ú
nì�¸j9þ�n � r
�<r��/xFo�ru� � �FnO�{juo�n � �¸j ��� �FnV�{ju���FnOo g k��¸j�tvo�j'� gh��g �¥�/Õ!�/tvn

t
j��Fl¥o�ruy(nVlFj � j+ú�� gh� n

j�tvo�r¥r;�9�/x
��o g � �/Õ!�/tvn
t
Û@Ú�Ý � r � �FnZ� gh� jul
l!��n9o�o{§>¦
x �O� r¥o�ruy(n l g 	>n/��n/� � jul
l!��n9o�o

� �¸j �+g o+ymj\����n9l � r � �Fndo�j�y(ndtvr��{j �3g ru� g � � �FnÑlFj � j y(n/y(ru�3Õ j��Fl � �;xFo'ú�rux
tvl
l
n9o � ��r{Õ¥lFj � j �9ru�Fo g o � n/�F�/Õ�~
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µ �>¡(¡#�k�"G �ÇG�¦ �6æ(Ý�Þ!×ÍçuÜJ&3×�g9Ý�ð Ø�ñ�ñ
×3çEg�Øvg�Þ!×dÙ�Ü Ë Û�Øuî^ÙmØ#ÞJÜLÝJmsÜLÝ�Ù

tag
ñ!Ø�&�ÝOÚBæ(Ý�Þ!×

ç�ÜZ&�×�g9Ý Ú1&ThOÜ6ÙªÛ@Ú�Ý'g�Þ!ØuÛ Ë ×3ç�Ý�Þ8&3Úuß Ë Þ�Úuß!Ý�Ý�Þ!× � Þ!Úuîh×�g�Øbg�Þ!×sØbg�g0×0Ù�Ù�m�ÜwI�×hIÈm ∀ad ∈ B
a, t ∈

N
+, t′ ∈ Z≥t

[
valid ú input? ∧ lastcrd(t) = lastcrd(t

′) ∧ hittad ∧ ad =s adrlastcrd(t) =⇒

tagt = tagt′

°e�L�A�<¤BÕ «En �
valid � input?

�Frutvl>~ � n � S j��Èj��3¦ gh� ��j��3Õ
ad ∈ B

a j��Fl
t ∈ N

+ú gh� �
ad =s adrlastcrd(t) j��Fl hittad

! � �Fn2��n/ymj g � g �
kd�/t]j g y
lastcrd(t) = lastcrd(t

′) =⇒ tagt = tagt′

g o�o3�Fr{ú�� ¦;Õ g �Fl!xF� �3g ru�#ru�
t′
~

�;���1���"�c���<� Ö1����� ×
t
′ = t Ù z�¤Fru� t′ = t

§ � �Fn � g k�� � � �¸j��FlSo g l
n#r�� � �Fnì�/t]j g y g o
� � g þ g j�ththÕÑ��x
t � thtvn9l>~
�;���1���"�c���<� �����v² ×

t
′ → t

′ + 1 Ù z
«En � lastcrd(t) = lastcrd(t
′ + 1)

�Frutvl>~ � n
� �Fn/�ã�¸j{þ�n � rÑo��Fr{ú

tagt = tagt′+1 ~2��Õd�
��r���n/� �3g n9o(|�~��!~�RÑr�� last
§�ú�n+�9ru�F�/thxFl
n

� �¸j �
lastcrd(t) = lastcrd(t

′)
j�tvo�rì�Frutvl
o{~Äi£�JxFoË§�ú
nÍ�{j��Dj\���
thÕ � �Fn g �Fl!xF� �3g ru�

�;Õ>��r � �Fn9o g o g �ãru��l
n/� � rdk�n �
tagt = tagt′ ~s� n � �Fn/�ão3�FrËú � �Fn'��n/ymj g � g �
k �/t]j g y

tagt′ = tagt′+1 ¦JÕd�9ru� � ��jul g � �3g ru�E§ g ~ n�~h§!juo�o3x
y g �
k g �Fn9w;x¸j�t gh� Õ�~�«�n ��� �Fn/��n��<ru��n twt′�FrutvlÍj��Fl
adrt[a− 1 : l + s] 6= tagt′ [adrt′ [l + s− 1 : s]]

~P��Õ
hittad

§�ú
n��9ru�F�/thxFl
n

tagt[ad[l + s − 1 : s]] = ad[a − 1 : l + s] ∧ validt[ad[l + s − 1 : s]]

j��Fl#ú gh� � gh� n/y �(r��
valid � input?

§Fú
n+jul
l gh�3g ru�¸j�ththÕ k�n �
adrt′ =s adrlastcrd(t′) ~i£� g o£tvn{jul
o � r

adrt =s ad
j��FlÍú gh� �

tagt = tagt′ j�tvo�r � r adrt 6=l+s ad
ú�� g ��� g o

jZ�9ru� � ��jul g � �3g ru�ãj��Fl � �JxFo � � g o��Fn9o � �Fn$�
��r�r��B~
ut

�e�<�L�+³£³ ���L¢j�"G �}G�· íZ×�g�Ø�Ûb×|��Ý�×�Û�ç¥Ý�Þ!×ZØ H Ú�i�×Zîv×�ðZð(ØÄÑ,I : I D Ü�Û Ú1&Bç;×'&+Ý ÚÑÜ�Û<g/î ß
çJ×Ý�Þ
×:(�&0Ù�ÝUg�hbg/îv×(ÚBæZÝ�Þ!×*g�Øbg�Þ!×dØbg�g0×0Ù�ÙmØ�Ù � ×�î6î�I À Ú1&�ð Ø�î6î h�m � ×'Þ!Ø1i�× ∀ad ∈ B
a, t ∈

N
+ [

valid ú input? ∧ ¬clearlastcrd(t) ∧ hit
lastcrd(t)
ad ∧ ad =s adrlastcrd(t) =⇒

tagt = taglastcrd(t)

°e�L�A�<¤BÕ «En �
¬clearlastcrd(t) ∧ hit

lastcrd(t)
ad ∧ ad =s adrlastcrd(t) �Frutvl>~ ä g �F�9n

clear0 �Frutvl
o
¦�n9�{j�xFo�n�r�� valid � input?
§ � � g o
tvn{jul
o g �*�¸j�� �3g �/x
t]j�� � r

lastcrd(t) >
0
~���Õ �
��r���n/� �3g n9o�|�~��!~�R r��

last
§!ú
n � � g þ g j�ththÕ¥�9ru�F�/thxFl
n

lastcrd(lastcrd(t) + 1) = lastcrd(t) ∧ $rdlastcrd(t).

�£n9�{j�xFo�n�r��
$rdlastcrd(t) j��Fl gh� n/y � r��

valid � input?
§!ú�n2�9ru�F�/thxFl
n

¬twlastcrd(t) ∧ ¬vwlastcrd(t)

j��Fl � �JxFo{§
taglastcrd(t) = taglastcrd(t)+1 j��Fl hit

lastcrd(t)
ad = hit

lastcrd(t)+1
ad

~U�sn/�F�9n�§
gh��g o�o3x^mm� g n/� �V� rÑo3�Fr{ú

tagt = taglastcrd(t)+1 ~s� n'�9ru�F�/thxFl
n � � g oV�/t]j g y ¦;Õìj\�!�
�
thÕ g �
k(tvn/y ymj(�!~��!~�a � r �/Õ��/tvn9o

t
j��Fl

lastcrd(t) + 1
~

ut
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µ �>¡(¡#�k�"G �ÇGÈÍ p�Þ!×¢i)Ø�î\Ü<ç
ñ!Ø1&/ÝEÚBæ�Ý�Þ!×�çuÜJ&3×�g9Ý Ú1&Th�ÚuÛFî h$g/Þ�ØuÛ Ë ×�Ù£ÚuÛdØ

vw
Ú1&

clear
I

À Ú1&�ð Ø�î6î h�m � ×2Þ�Ø�i�× ∀t ∈ N
+, t′ ∈ Z≥t

[
valid ú input? ∧ lastcrd(t) = lastcrd(t

′) ∧ validt 6= validt′ =⇒

∃t′′ ∈ [t : t′[ : vwt′′ ∧ val ú int′′ = validt′ [adrlastcrd(t)[l + s − 1 : s]]∧
∀l ∈ ]t′′ : t′[ : ¬vwl

°e�L�A�<¤BÕ � n � S¥j��#j��3¦ gh� ��j��3Õ
t ∈ N

+ j��Fl o3�FrËú � �Fn2�/t]j g y ¦;Õ g �Fl!xF� �3g ru�¬ru�
t′
~

�;���1���"�c���<�rÖ������ ×
t
′ = t Ù z�i£�FnZtvn�� � � �¸j��FlÄo g l
nZr�� � �Fn g y �
t g �{j �3g ru� g o � � g þ g j�ththÕ� j�tvo�nVú�� g ��� � � g o3�Fn9o � �Fn g �Fl!xF� �3g ru� ¦¸juo�n�~

�;���1���"�c���<�j�;���v²q×
t
′ → t

′ + 1 Ù zF«En � lastcrd(t) = lastcrd(t
′ + 1)

j��Fl
validt 6=

validt′+1 �Frutvl>~�� n � �Fn/� �¸j9þ�n � r � �Fl j �/Õ!�/tvn t′′ ∈ [t : t′ + 1[
ú gh� �

vwt′′ ∧ val � int′′ = validt′ [adrlastcrd(t)[l + s − 1 : s]] ∧ ∀l ∈ ]t′′ : t′ + 1[ : ¬vwl

��Õ � �Fn�l
n � � gh�3g ru�Ír��
last

§Jú
n��9ru�F�/thxFl
n
lastcrd(t

′ +1) = lastcrd(t
′)
j��Fl

¬crdt′ §g ~ n�~h§
¬$rdt′ ∧ ¬cleart′ ~�� nV�Fr{ú o��
t gh� �{juo�n9oql
n���n/�Fl g �
kmru�

vwt′ ~
|�~q«En �

vwt′ �Frutvl>~ � gh� � gh� n/y �ãr��
valid � input?

§�ú�n �9ru�F�/thxFl
n
adrt′ =s

adrlastcrd(t) ~�� n2j�tvo�r � � g þ g j�ththÕÍ�9ru�F�/thxFl
n

val � int′ = validt′+1[adrlastcrd(t)[l + s − 1 : s]].

�sn/�F�9n�§>�/Õ!�/tvn
t′
��x
t � thtvoOj�tht � �FnG�
��r���n/� �3g n9oV��n9w;x g ��n9l g �¬ru��l
n/� � rÑ�9ru�F�/thxFl
n

� �Fn g �Fl!xF� �3g ru�ìo � n��E~
�!~q«En �

¬vwt′ �Frutvl>~Í� n � �Fn/�È�¸j{þ�n validt′ = validt′+1 j��Flbj\���
thÕ � �Fn g �!�l!xF� �3g ru�#�;Õ>��r � �Fn9o g o g � ru��l
n/� � r � �Fl#jZ�/Õ��/tvn
t′′ ∈ [t : t′[

ú gh� �

vwt′′ ∧val � int′′ = validt′′ [adrlastcrd(t)[l+s−1 : s]]∧∀l ∈ ]t′′ : t′[ : ¬vwl

i£� g om�/Õ!�/tvn
t′′
�Lx
t � thtvodj�tht � �FnY�
��r���n/� �3g n9om�Fn9n9l
n9l g �Sru��l
n/� � r � � g o3� � �Fn

�
��r;r��3~
ut

µ �>¡(¡#�k�"G �ÇG�§ �6æZØ H h�Ý�×(Ü6Û Ø]g�Øbg�Þ
×ÍØ�ç�ç1&�×0Ù�Ù Ü6Ù � &�Ü�Ý<Ý�×/ÛÈÜ�Û`g�hbg/îv× t
m�Ý�Þ!×fg�Øbg�Þ!×

×/Ü�Ý�Þ!×R&(Ù0Ü Ë Û@Ø�î^Ù
hitt

Ú1&mÝ�Þ
×fg�Ú1&�&�×0Ù�ñ!ÚuÛ@çuÜ�Û Ë g�Øbg�Þ!× ×/Û¸Ýl& hìÜ]Ù(Û�Ú�Ý�i�Øuî\Ü<ç�m�ÜwI�×hIÈm
∀b ∈

ZB, t ∈ N
+ [

valid ú input? ∧ cdwbt[b] =⇒ hitt ∨ ¬validt[adrt[l + s − 1 : s]]

°e�L�A�<¤BÕ «En �
cdwbt[b]

j��Fl
validt[adrt[l + s − 1 : s]]

�Frutvl>~ � n � �Fn/� �¸j{þ�n
� rìo3�Fr{ú

hitt
g � ru��l
n/� � rì�9ru�F�/thxFl
n � �Fnd�/t]j g y ~¥i£�JxFo{§ gh��g o'o3x^mm� g n/� �+� r#o��Fr{ú

tagt[adrt[l + s − 1 : s]] = adrt[a − 1 : l + s]
~ ��Õ gh� n/y �#r��

valid � input?
§

ú�n2�9ru�F�/thxFl
n
adrt =s adrlastcrd(t) ∧ ¬clearlastcrd(t) ~�� n'j\���
thÕÑtvn/y ymjd�!~��!~PZ � rjul
l!��n9o�o

adrt g � ru��l
n/� � r(ru¦ � j g �

hit
lastcrd(t)
adrt =⇒ tagt = taglastcrd(t)



�
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���
hit

lastcrd(t)
adrt

�Frutvl
o{§!ú�nO�¸j9þ�n

adrt[a − 1 : l + s] = adrlastcrd(t)[a − 1 : l + s]

= taglastcrd(t)[adrt[l + s − 1 : s]]

= tagt[adrt[l + s − 1 : s]]

ú�� g ��� �9ru�F�/thxFl
n9o � �FnÈ�/t]j g y ~ «En � � �Fn/��n��<ru��n
¬hit

lastcrd(t)
adrt

�Frutvl>~ �£n9�{j�xFo�nÈr��
adrt =s adrlastcrd(t) §�ú
n£j�tvo�rq�¸j{þ�n ¬hitlastcrd(t) ~U� gh� � gh� n/yÁa�r��

valid � input?
§

ú�n�j���n � �Fn/��n��<ru��n�j�¦
tvn � r � �Fl(j2�/Õ��/tvn
t′ ∈ ]lastcrd(t) : t[

ú gh� �
vwt′ ∧¬val � int′ ~��Õ��
��r���n/� �3g n9o�|�~��!~�RVr��

last
§�ú�n � �Fn/�+�¸j{þ�n

lastcrd(t) = lastcrd(t
′)
~Ï� gh� � gh� n/yý�

r��
valid � input?

§Pú
nÍ�9ru�F�/thxFl
n
adrt′ =s adrlastcrd(t) =s adrt ~ãø�l
l gh�3g ru�¸j�ththÕ�§ú�nÑ�¸j9þ�n

¬validt′+1[adrt[l + s − 1 : s]]
¦�n9�{j�xFo�ndr��

vwt′ ∧ ¬val � int′ ~Ää g �F�9n
validt[adrt[l+ s−1 : s]]

�Frutvl
o{§;ú
ns�{j��Ñj\���
thÕ(tvn/y ymj'�!~��!~�} � r'�/Õ��/tvn9o
t′ +1

j��Fl
t
g � ru��l
n/� � r � �Fl#jZ�/Õ!�/tvn

t′′ ∈ [t′ + 1 : t[
ú gh� �

vwt′′ ∧ val � int′′ ∧ ∀l ∈ ]t′′ : t[ : ¬vwl

��Õ gh� n/y �#r��
valid � input?

§�ú
nÑru�F�9ndj�kJj g � �9ru�F�/thxFl
n
adrt′′ =s adrlastcrd(t′′)j��Flq�
��r���n/� �3g n9oZ|�~��!~�Rdr��

last
tvn{jul � r

lastcrd(t
′′) = lastcrd(t)

j��Fl
¬crdt′′ ~s� n� � g þ g j�ththÕ¥�9ru�F�/thxFl
n

hitt
′′+1

adrt′′

j��Fl ¦�n9�{j�xFo�nOr��
adrt =s adrt′′ §!ú�n�j�tvo�r �¸j{þ�n

tagt′′+1[adrt[l + s − 1 : s]] = adrt[a − 1 : l + s]

� n��Fr{ú j\���
thÕ(tvn/y ymj+�!~��!~�a � r'�/Õ��/tvn9o
t′′ +1

j��Fl
t
g �dru��l
n/� � r��9ru�F�/thxFl
n

tagt =
tagt′′+1 ú�� g ���ÈÕ g n/tvl
o tagt[adrt[l + s − 1 : s]] = adrt[a − 1 : l + s]

j��Fl � �;xFo
�9ru�F�/thxFl
n9o � �Fn2�/t]j g y ~

ut

µ �>¡(¡#�k�"G �ÇG��WÓ �6æ+Ý�Þ!×'&�× Ü6ÙZØÑÞ;Ü�ÝqÚuÛãÙ9Úuðm×(Ø�çJç1&3×�Ù�Ù
ad

Ü�Û(g�hbg/îv×
t
m�Ø H h�Ý�× b

Ü]Ù
� &�ÜLÝ<Ý�×�Û Ü�Û Ý�Þ!×+Ù9Øuðm× g�hbg/îv×�msØuÛ@ç ad

ØuÛ�ç
adrt ç�ÚÍÛ@Ú�ÝqçuÜ Ôs×R&+Ü�ÛÄî Ü6Û�×(ØuÛ@çÑÙ{×�g9Ý Ú1&ñ
Ø1&�ÝJm+Ý�Þ!×�Û

ad
ØuÛ�ç Ý�Þ!×Xg/ß5&'&�×�Û¸Ý'ØJç�ç1&�×0Ù�Ù

adrt H ×�îhÚuÛ Ë Ý Ú Ý�Þ!×ÍÙ/Øuðm×Xg�Øbg�Þ!× î Ü6Û�×'mÜuI�×hIªm
∀ad ∈ B

a, b ∈ ZB, t ∈ N
+ [

valid ú input? ∧ hittad ∧ cdwbt[b] ∧ ad =l+s
0 adrt =⇒ ad =s adrt

°e�L�A�<¤BÕ «En �
hittad ∧ cdwbt[b] ∧ ad =l+s

0 adrt �Frutvl>~ �£n9�{j�xFo�nìr��
hittad

§£ú
n
�9ru�F�/thxFl
n

tagt[ad[l + s − 1 : s]] = ad[a − 1 : l + s] ∧ validt[ad[l + s − 1 : 0]]

¦;Õ+n9w;x¸j �3g ru� æ �!~h|cç�j��Flml
n � � gh�3g ru�ì|�~ [F~h|�r�� � �Fnqn9wJx¸j�t¡� � n9o � n/�{~Ï�£n9�{j�xFo�n�r��
ad =l+s

s

adrt §�ú
n j�tvo�rd�¸j9þ�n validt[adrt[l + s − 1 : 0]]
j��Fl¬ú
nZ�{j�� j\���
thÕ#tvn/y ymjÍ�!~��!~�R

g � ru��l
n/� � rZk�n �
hitt

~���Õ � �Fn2o�j�y(n2j��3k�x
y(n/� � oVjuo�¦�n��Lru��n�§ � � g o�tvn{jul
o � r

tagt[ad[l + s − 1 : s]] = adrt[a − 1 : l + s]

j��Fl �Fn/�F�9n�§
ú
n2�9ru�F�/thxFl
n
ad =s adrt ~ ut� gh� � � �Fn9o�n+tvn/y ymjuo{§�ú�n(j���n � �¸j�ththÕãj�¦
tvn � rf�
��rËþ�n nTS � n/�Fl
n9lÄ�{ju���Fn �9ru�Fo g oB�

� n/�F�/ÕÑ�<ru��jZl g ��n9� � ymj\����n9l �{ju���Fn�~
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­:���>���\�>¡ �}G �}G£���PO ÜZi�×/Û
valid ú input?

mUØ'çuÜJ&3×�g{Ý�ð(Ø0ñ�ñF×3ç�g�Øbg�Þ!×�æ�ß;î (�î�î^Ù�Ý�Þ!×�×|��w
Ý�×/Û@çJ×3çWg�Øbg/Þ!× g�ÚuÛFÙ0Ü6Ù�Ý�×�Û<g;hOñ3&�×3çuÜyg�Ø�Ý�×hI
°e�L�A�<¤BÕ ��Õ nTSQ�¸j��Fl g �
k � �Fn+l
n � � gh�3g ru�ãr��ªnTS � n/�Fl
n9l¬�{ju���FnZ�9ru�Fo g o � n/�F�/Õ�§�ú
n'k�n �
� �FnO�LruthtvrËú g �
km�/t]j g y z

∀t ∈ N
+, ad ∈ B

a, b ∈ ZB : hittad =⇒ ∃last
bw(ad,b)(t) ∧

lastbw(ad,b)(t) > 0 ∧
∣

∣douttad

∣

∣

b
=

∣

∣

∣
dinlastbw(ad,b)(t)

∣

∣

∣

b

i£�JxFo{§!k g þ�n/�
valid � input?

§;ú�n g �Fl!xF� � ru� � �FnV�/Õ��/tvn
t
g �¥ru��l
n/� � rZo3�FrËú � �Fn

�/t]j g y ~
�;���1���"�c���<� Ö1����� ×

t = 1 Ù z i£�Fn g �Fl!xF� �3g ru�Äo � j�� �
t = 1

g o � � g þ g j�tÏo g �F�9n
clear0g y �
t g n9o � �¸j �Og �Ä�/Õ!�/tvn

1
§ � �Fn/��n �{j��Ä¦�n'�Fr ju� �3g þ�n

hit
o g k��¸j�tªj��Fl � �JxFo � �Fn+tvn�� � �

�¸j��FlDo g l
n¥r�� � �Fn g y �
t g �{j �3g ru�S¦�n9�9ruy(n9oZ� j�tvo�nÑú�� g ���S�9ru�F�/thxFl
n9o � �Fn g �Fl!xF� �3g ru�
¦¸juo�n�~
�;���1���"�c���<� �����v² ×

t → t + 1 Ù z «En �V� �Fn g �Fl!xF� �3g ru�Ä�JÕQ��r � �Fn9o g oV�Frutvlì�Lru�V�/Õ��/tvn
t
~ � nd�¸j9þ�n � r¬o3�Fr{ú � �Fnd�/t]j g y �<ru�'�/Õ!�/tvn

t + 1
~ì� gh� �btvn/y ymjì�!~��!~��!§�ú
nÑ�{j��

�9ru�F�/thxFl
n
∃last

bw(ad,b)(t + 1) ∧ lastbw(ad,b)(t + 1) > 0.
i£�;xFo{§
ú�n2ru�
thÕd�¸j{þ�n � r o3�FrËú

∣

∣doutt+1
ad

∣

∣

b
=

∣

∣

∣
dinlastbw(ad,b)(t+1)

∣

∣

∣

b
.

��Õ�j\���
thÕ g �
kstvn/y ymj��!~��!~��!§�ú
n��{j��+�9ru�F�/thxFl
n � �¸j �
hittad

�Frutvl
o��Lru�Pr � �Fn/�3ú g o�n�§ � � g o
tvn/y ymj�ú
rux
tvlÑ�9ruy �
tvn � n � �Fn g �Fl!xF� �3g ru�Ío � n��E~P� nq�FrËú o��
t gh� �{juo�n9o
ru�

bw(ad, b)t ~
|�~q��� �{juo�n

bw(ad, b)t �Frutvl
o{§
ú�n � � g þ g j�ththÕÍ�9ru�F�/thxFl
n � �¸j �

lastbw(adr,b)(t + 1) = t.

��Õ#l
n � � gh�3g ru� r��
bw(ad, b)

§�ú
nZ�9ru�F�/thxFl
n
ad = adrt j��Fl cdwbt[b]

ú�� g ���
g y �
t g n9o

∣

∣doutt+1
adr

∣

∣

b
=

∣

∣dint
∣

∣

b
=

∣

∣

∣
dinlastbw(ad,b)(t+1)

∣

∣

∣

b¦JÕ � �Fn¥�9ru�Fo � �3xF� �3g ru�Sr�� � �Fn¥l g ��n9� � ymj\����n9lS�{ju���Fn9omju�9�9ru��l g �
k � rÄn9w;x¸j)�
�3g ru�Fo æ �!~h|cç�j��Fl æ �!~��bç9~�i£� g o��9ru�F�/thxFl
n9o � �Fn��/t]j g y �Lru� � � g o��{juo�n�~

�!~q� �3§Jru� � �Fn�r � �Fn/�ª�¸j��Fl>§
bw(ad, b)t l
r;n9oª�Fr � �Frutvl>§;ú
n�n{juo g thÕZ�9ru�F�/thxFl
n � �¸j �

lastbw(ad,b)(t + 1) = lastbw(ad,b)(t).

¤
x
� � �Fn/�3y(ru��n�§
hittad

j��Fl � �Fn g �Fl!xF� �3g ru�X�
��n/y g o�nO�Lru�q�/Õ!�/tvn
t
k�x¸j���j�� � n9n

∣

∣douttad

∣

∣

b
=

∣

∣

∣
dinlastbw(ad,b)(t)

∣

∣

∣

b
.
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t′lastcrd(t
′) t′′′ l ≤≤< t<

¬bw(ad, b)
bw(ad, b)t

′′′

¤ g k�x
��n'�!~�a!z���ththxFo � ��j �3g ru�#r�� � �Fn��
��r;r���r��Ïtvn/y ymjm�!~��!~h|{�

i£�JxFo{§ gh� ru�
thÕd��n/ymj g �Fo � r(o3�FrËú � �¸j �
∣

∣doutt+1
ad

∣

∣

b
=

∣

∣douttad

∣

∣

b
.

ø��9�9ru��l g �
k � r � �Fn2�9ruy �
x � j �3g ru�¬r��
dout

g �#n9w;x¸j �3g ru� æ �!~h|cç9§ � � g o g osn9wJx g þ;�
j�tvn/� �s� r

datat+1[b][ad[l + s − 1 : 0]] = datat[b][ad[l + s − 1 : 0]].

� nZo3�Fr{ú � � g oO�/t]j g y ¦;Õì�9ru� � ��jul g � �3g ru�E§ g ~ n�~h§>ú
n juo�o�x
y(n g �Fn9w;x¸j�t gh� Õ�~+i£�Fn
g y �
tvn/y(n/� � j �3g ru�Ñr�� � �Fn£l g ��n9� � ymj\����n9l �{ju���Fnqju�9�9ru��l g �
k � r�n9w;x¸j �3g ru� æ �!~��bç
� �Fn/� g y �
t g n9o � �¸j � ¦�r � �

cdwbt[b]
j��Fl

ad[l+s−1 : 0] = adrt[l+s−1 : 0]�Frutvl>~ ä g �F�9n g � � �Fn �/x
�3��n/� � �{juo�n�§
bw(ad, b)t l
r;n9om�Fr � �Frutvl>§ gh�(g om�Fr{úo3x^mm� g n/� �ª� rOo3�Fr{ú

ad =l+s adrt ~�ä g �F�9n hitad(t)
j�tvo�rV�Frutvl
o{§�tvn/y ymj��!~��!~h|{�

g y �
t g n9o � �¸j �
ad =s adrt ú�� g ��� �9ru�F�/thxFl
n9o � � g oÏ�{juo�n
r�� � �Fn g �Fl!xF� �3g ru� o � n��E~

ut

i£� g o � � g o��Fn9o � �Fn,�
��r�r��Ur��U�{ju���FnO�9ru�Fo g o � n/�F�/Õ �<ru� � �Fnsl g ��n9� � ymj\����n9lÑ�{ju���Fn�~
� n2ú g tht��Fr{ú o3�Fr{ú � �Fn�o�r����{j�thtvn9lkg�ÚuÛ¸ÝLÜ�ÛFß!Ú�ßJÙ2Þ;Ü�Ý
îh×/ð+ð(Ødú�� g ���]�
t]j9Õ!osj �9n/� � ��j�t
��rutvn g � � �Fn¬þ�n/� g�� �{j �3g ru� r��'�9ru�Fo g o � n/�F�/ÕS�Lru� � �Fnão�n � ��juo�o�r;� g j �3g þ�nã�{ju���Fn g � � �Fn
�<ruthtvr{ú g �
k o�n9� �3g ru�E~���r{ú
n/þ�n/�{§Eú
n o �3g thtP�Fn9n9lì�Lrux
�2j�x^S g t g j��3Õ#tvn/y ymjuo g �Äru��l
n/� � r
o��Fr{ú � �Fn2�9ru� �3g �JxFruxFos� gh� tvn/y ymj!~

µ �>¡(¡#�k�"G �ÇG���� �6æqØ+çuÜZ&�×�g9ÝUð(Ø0ñ�ñ
×�ç g�Øbg�Þ!×�Ù�Ü Ë Û@Øuî\Ù�Ø2ÞJÜLÝUÚuÛÍØ�ç�ç1&�×0Ù�Ù
ad

Ü6ÛWg�hbg/îh×
t
m�Ý�Þ!×/Û Ý�Þ
×'&3×dÜ6Ù Û@Úìî\Ü�Û�×�(�î�î�Ý Ú¬Ý�Þ!× g�Øbg�Þ!×Íî\Ü�Û�×ÑÚBæmØ�ç�ç�&3×0Ù0Ù

ad H ×/Ý � ×�×�ÛSÝ�Þ
×dî¡Ø�Ù/Ý
� &�ÜLÝ�×2Ý Ú ad

ØuÛ�çdÝ�Þ
×eg/ß,&'&3×�Û@ÝÂg;h"g9îh×
t
m�ÜwI�×hIÈm

∀t ∈ N
+, ad ∈ B

a, b ∈ ZB :

valid ú input? ∧ hittad =⇒ ∀t′ ∈ [lastbw(ad,b)(t) : t[ :

¬(vwt′ ∧ val ú int′ ∧ ad =s adrt′ ∧

lastcrd(t
′) > lastcrd(lastbw(ad,b)(t)))

°e�L�A�<¤BÕ ä g �F�9n2ú
n�j���nVk�r g �
k � r(j��3k�xFn2j�¦�rux � o g SÍl g 	�n/��n/� � �/Õ!�/tvn9o g � � � g oU�
��r�r��B§
� k�x
��n�o�n/�3þ�n9o�juo�j�� g ththxFo � ��j �3g ru�E~ª�£n9�{j�xFo�nOr��

hittad

§!tvn/y ymj(�!~��!~��Zk�x¸j���j�� � n9n9o

∃last
bw(ad,b)(t) ∧ lastbw(ad,b)(t) > 0.
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� n2o�n �

l := lastbw(ad,b)(t)
j��Fl o3�FrËú � �Fn'�/t]j g y¢¦JÕ¥�9ru� � ��jul g � �3g ru�E~qøso�o3x
y(n

ú�nO�¸j9þ�n'j �/Õ��/tvn
t′ ∈ [l : t[

ú gh� �

vwt′ ∧ val � int′ ∧ ad =s adrt′ ∧ lastcrd(t
′) > lastcrd(l)��o g �
k3�
��r���n/� � Õ'�qr��

valid � input?
�Lru�Ï�/Õ��/tvn

t′
§�ú
n � �Fl'j��/Õ��/tvn

t′′ ∈ ]lastcrd(t
′) :

t′[
ú gh� �

vwt′′ ∧ ¬val � int′′ ~�¨¬ru��n g y ��ru� � j�� � thÕ�§>�<ru��¦;Õ � n b
r��£jul
l!��n9o�o

ad
§>ú�n

j�tvo�r � �FlìjZ�/Õ!�/tvn
t′′′ ∈ ]t′′ : t′]

ú gh� �
bw(ad, b)t′′′ ~���ÕW�
��r���r�o gh�3g ru�È|�~��!~�R!§Fú�n2�{j��� �Fn/��n��<ru��n2�9ru�F�/thxFl
n

t′′′ ≤ l
~P� n�j�tvo�rZ�;�FrËú

t′′′ > t′′ > lastcrd(t
′)
j��Fl � �;xFo{§

lastcrd(t
′′′) = lastcrd(t

′).
¤Fx
� � �Fn/�3y(ru��n�§F¦�n9�{j�xFo�n

t′′′ ≤ l
§!ú
nO�¸j{þ�n

lastcrd(t
′′′) = lastcrd(l),

g ~ n�~h§Fú
nO�¸j{þ�n � �FnV�<ruthtvr{ú g �
kdn9w;x¸j�t gh� Õ

lastcrd(t
′) = lastcrd(l)

ú�� g ��� g o�jO�9ru� � ��jul g � �3g ru� � r'rux
� g � gh�3g j�t�juo�o3x
y � �3g ru�
lastcrd(t

′) > lastcrd(l)
j��Fl

� �;xFo��9ru�F�/thxFl
n9o � �Fn$�
��r;r��3~
ut

µ �>¡(¡#�k�"G �ÇG��^� �6æqØ+çuÜZ&�×�g9ÝUð(Ø0ñ�ñ
×�ç g�Øbg�Þ!×qÙ�Ü Ë Û�Øuî^Ù�Ø2ÞJÜLÝ�ÚuÛ¥Ø�ç�ç1&�×0Ù�Ù
ad

Ü6ÛWg�hbg/îh×
t
mÏÝ�Þ!×R&3× � ØuÙV×�ÜLÝ�Þ!×'&OØ'ÞJÜ�ÝPÚuÛ Ý�Þ!×�g�hbg/îh×2ÚBæ�Ý�Þ!×�îhØ�Ù/Ý � &�ÜLÝ�×VØbg�g�×0Ù0ÙVÝ Ú ad

Ú1&�Ý�ÞJÜ]Ùsî¡Ø�Ù/Ý
� &�ÜLÝ�×�g�hbg/îv×�Ü]Ù�çuß,&0Ü�Û Ë ØOî Ü6Û�×}(�î�î�I À Ú1&�ð(Øuî�î h�m � ×�Þ�Ø1i�× ∀t ∈ N

+, ad ∈ B
a, b ∈ ZB :

valid ú input? ∧ hittad =⇒ hit
lastbw(ad,b)(t)

ad ∨

∃t′ ∈ [lastbw(ad,b)(t) : t[ :

lastcrd(t
′) = lastcrd(lastbw(ad,b)(t)) ∧

vwt′ ∧ val ú int′ ∧ ad =s adrt′

°e�L�A�<¤BÕ ��n9�{j�xFo�n2r��
hittad

§!tvn/y ymjd�!~��!~��Zk�x¸j���j�� � n9n9o

∃last
bw(ad,b)(t) ∧ lastbw(ad,b)(t) > 0.

� nOo�n �
l := lastbw(ad,b)(t)

j��Flìjuo�o3x
y(n
¬hitlad

�<ru�qr � �Fn/�3ú g o�n�§ � �FnO�/t]j g y ú�rux
tvl
j�th��n{jul!Õ¬¦�n �9ru�F�/thxFl
n9l>~Z� gh� � � �FnZ�Fn/t�� r���tvn/y ymj �!~��!~��d�Lru�2�/Õ!�/tvn9o

l
j��Fl

t
§>ú�n

� �FlìjZ�/Õ��/tvn
t′ ∈ [l : t[

ú gh� �

vwt′ ∧ val � int′ ∧ ad =s adrt′ .
� nO�{j��ìo�j)�Ln/thÕ¥juo�o3x
y(n

lastcrd(t
′) 6= lastcrd(l)�<ru�£r � �Fn/�3ú g o�n�§
�/Õ��/tvn

t′
ú
rux
tvl j�th��n{jul!Õm��x
t � thtEj�tht � �Fn3�
��r���n/� �3g n9o��Fn9n9l
n9l g �¥ru��l
n/�

� r � � g o3� � �FnÄ�/t]j g y ~ ä g �F�9n
t′ ≥ l

§,�
��r���r�o gh�3g ru� |�~��!~�R g y �
t g n9o
lastcrd(t

′) ≥
lastcrd(l)

~�i£�;xFo{§
lastcrd(t

′) > lastcrd(l)�Frutvl
oPú�� g ��� g o�j��9ru� � ��jul g � �3g ru�m¦�n9�{j�xFo�n£r��@tvn/y ymjO�!~��!~h|{�s�<ru���/Õ��/tvn9o
t
j��Fl

t′
~

ut
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µ �>¡(¡#�k�"G �ÇG��Q¬ p�Þ!×R&3×ìÜ6Ù Û@Ú Øbg9ÝLÜJi�× g/îv×3Ø1&ìÙ0Ü Ë Û@Øuî�ØBæ�Ý�×R&ìÝ�Þ!×#îhØ�Ù�Ý � &0ÜLÝ�×¬Ý Ú ØuÛ
ØJç�ç1&�×0Ù�Ù�Ý�Þ�Ø�ÝªÜ6ÙsÞ;Ü�ÝJm�ÜuI6× Iªm

∀t ∈ N
+, ad ∈ B

a, b ∈ ZB :

valid ú input? ∧ hittad =⇒ ∀t′ ∈ [lastbw(ad,b)(t) : t[ : ¬cleart′

°e�L�A�<¤BÕ � ndo3�Fr{ú � �Fnm�/t]j g y ¦JÕ �9ru� � ��jul g � �3g ru�E~ì«En �
hittad

�FrutvlA!Pú
nÑo�n �
l :=

lastbw(ad,b)(t)
j��Fl � S¥j��ìj��3¦ gh� ��j��3Õ �/Õ!�/tvn

t′ ∈ [l : t[
ú gh� �

cleart′ ~�� n � � g þ g j�ththÕ
�9ru�F�/thxFl
n

¬hitt
′+1

ad

~�� gh� �#tvn/y ymjm�!~��!~��+�<ru���/Õ!�/tvn9o
t′ + 1

j��Fl
t
§!ú
n � �Fl#jZ�/Õ!�/tvn

t′′ ∈ [t′ + 1 : t[
ú gh� �

vwt′′ ∧ val � int′′ ∧ adrt′′ =s ad

� gh� �¥tvn/y ymjm�!~��!~h|{�Z�Lru�q�/Õ!�/tvn9o
t
j��Fl

t′′
§!ú
n'�9ru�F�/thxFl
n

lastcrd(t
′′) ≤ lastcrd(l)

� gh� �Y�
��r���n/� �3g n9o�|�~��!~�R r��
last

§!ú
n'j�tvo�r �9ru�F�/thxFl
n

lastcrd(l) ≤ lastcrd(1 + t′) ≤ lastcrd(t
′′)

ú�� g ��� tvn{jul
o � r
lastcrd(1 + t′) = lastcrd(l)

~ �srËú
n/þ�n/�{§U¦�n9�{j�xFo�n r��
cleart′ §Eú
n�9ru�F�/thxFl
n

lastcrd(t
′ +1) = t′

ú�� g ��� g o£j2�9ru� � ��jul g � �3g ru�Í¦�n9�{j�xFo�n
l ≤ t′

j��Fl � �;xFo{§
lastcrd(l) < t′

�Frutvl
o{~
ut

µ �>¡(¡#�k�"G �ÇG���� p�Þ!×R&3×�Ü6Ù�Û@Ú'Þ;Ü�ÝÏÜ�ÛÍÝ�Þ
×�î¡ØuÙ�Ý8g�hbg/îv×2ÚBæVØ+î\Ü�Û�×�(�î�î¤mÏÜwI�×hIÈm
∀t ∈ N

+ :

valid ú input? ∧ vwt ∧ val ú int =⇒ ¬validt[adrt[l + s − 1 : s]]

i£� g o��
��r���n/� � Õ g y y(n9l g j � n/thÕ'�LruthtvrËúqoÏ����ruy gh� n/y ��r��<�
��n9l g �{j � n
valid � input?j��Fl � �Fn��
��r;r�� g o � �Fn/��n��<ru��n�ruy gh�3� n9l g � � � g o � �Fn9o g o{~

µ �>¡(¡#�k�"G �ÇG��^¦RQ �ae MON|K�MO� e �ÇY�^0K
N�XJP �%� VTS �6æ�Ø'ç�ÜZ&�×�g9ÝÏð(Ø0ñ�ñ
×�ç g�Øbg�Þ!×�Ù0Ü Ë Û@Øuî\Ù
ØOÞJÜLÝ>Ü6ÛWg�hbg/îv×

t
ÚuÛÑØJç�ç1&�×0Ù�Ù

ad
m�Ý�Þ!×�Û

ad � Ø�Ù H Ø�Ù�Ü£g�Ø�î6î h2ÞJÜLÝ'g�ÚuÛ@ÝLÜ6ÛFß
Úuß;Ù0î hOÙ0Ü�Û<g�×�Ý�Þ!×îhØ�Ù/Ý � &�ÜLÝ�×+Ý ÚÍÝ�ÞJÜ]ÙZØ�ç�ç1&�×0Ù�Ù�m�ÜuI�×hIªm hitad
Þ
×�î¡ç5I À Ú1&�ð(Øuî6î h�m � ×�Þ�Ø�i�× ∀t ∈ N

+, ad ∈
B

a, b ∈ ZB :

valid ú input? ∧ hittad =⇒ ∃t′ ∈ [lastbw(ad,b)(t) : t] :

lastcrd(t
′) = lastcrd(lastbw(ad,b)(t)) ∧

∀t′′ ∈ [lastbw(ad,b)(t) : t] : hitt
′′

ad = (t′′ ≥ t′)

°e�L�A�<¤BÕ ¤ g k�x
��n(�!~PZ g ththxFo � ��j � n9o � �Fn �/t]j g y r�� � �Fn �9ru� �3g �JxFruxFo2� gh� tvn/y ymj!~+i£�Fn
ymj g � g l
n{jd�Lru� � �Fn �
��r�r�� g o � r¥�9ru�Fo � �3xF� � jÍ�9ru� � ��jul g � �3g ru�E§ g ~ n�~h§ g ��jÍ�/Õ!�/tvn

t′
juo

g � � �Fnm�9ru� �3g �JxFruxFo'� gh� tvn/y ymj¥l
r�n9oV�Fr � nTS g o � § � �Fn/� � �Fn/��n(ú�juo�jÑt g �Fn � thtªj)� � n/�
� �Fnst]juo � ú�� gh� nVju�9�9n9o�o�ú�� g ��� g o£j'�9ru� � ��jul g � �3g ru�#ju�9�9ru��l g �
k � r�tvn/y ymjZ�!~��!~h|{�Zj��Fl
� �;xFo��9ru�F�/thxFl
n9o � �Fn2�/t]j g y ~
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t
′

tlastcrd(l)

hit
t
ad

l

l := lastbw(ad,b)(t)

hitad¬hitad

lastcrd(t
′) = lastcrd(l)

¤ g k�x
��n��!~PZ�zª��ththxFo � ��j �3g ru�ìr�� � �FnO�9ru� �3g �JxFruxFo�� gh� tvn/y ymj

��n9�{j�xFo�n2r��
hittad

§!tvn/y ymjd�!~��!~��Zk�x¸j���j�� � n9n9o

∃last
bw(ad,b)(t) ∧ lastbw(ad,b)(t) > 0.

� nqo�n �
l := lastbw(ad,b)(t)

t g ��n g � � k�x
��ns�!~PZ�~P��ÕZtvn/y ymj��!~��!~h|{�!§�ú�n��{j��dj�tvo�r
�9ru�F�/thxFl
n

hitlad ∨ ∃t′ ∈ [l : t[ : lastcrd(t
′) = lastcrd(l) ∧ vwt′ ∧ val � int′ ∧ ad =s adrt′

� nV�FrËú l g o �3g �
k�x g o�� � ú�rm�{juo�n9o{z
|�~qi£�FnOo�n9�9ru�FlY�¸j�� � r�� � �Fn2j�¦�rËþ�n2�9ru�uù´x
�F� �3g ru�#�Frutvl
o{§ g ~ n�~h§Fj+t g �Fn � thtEn/�Fl
o g �
�/Õ��/tvn

t′
~

lastcrd(t
′) = lastcrd(l) ∧ vwt′ ∧ val � int′ ∧ ad =s adrt′

�Lru�qo�ruy(n
t′ ∈ [l : t[

~���ÕmxFo g �
k tvn/y ymjm�!~��!~h|�[F§
ú
nO�{j��#�9ru�F�/thxFl
n
¬cleart′ ~� gh� � gh� n/y¢� r��1�
��n9l g �{j � n

valid � input?
§�ú
n+jul
l gh�3g ru�¸j�ththÕ¥�9ru�F�/thxFl
n

adrt′ = adrlastcrd(t′) ∧ ¬$rdt′ .

i£�Fn/��n��Lru��n�§
lastcrd(t

′ + 1) = lastcrd(t
′)
�Frutvl
o(¦;ÕDl
n � � gh�3g ru�E~S���Sr � �Fn/�

ú
ru��l
o{§
lastcrd(t

′ + 1) = lastcrd(l)
�Frutvl
o{~Ïi£�JxFo{§ � �Fn��/Õ��/tvn

t′+1
��x
t � thtvo � �Fn � ��o � �¸j�� � r�� � �Fn�l
n9o g ��n9l:�
��r���n/� � Õ�~

� � ru�
thÕÑ��n/ymj g �Fo � rmo3�Fr{ú

hitt
′′

ad = (t′′ ≥ t′ + 1)

�Lru��j��¬j��3¦ gh� ��j��3Õ
t′′ ∈ [l : t]

~�� nV�Fr{ú o��
t gh� �{juo�n9oqru�
t′′
~

æ jbçÍ«En �
t′′ < t′ + 1

�Frutvl>~�� n � �Fn/�¥�¸j9þ�n � r(o��Fr{ú
¬hitt

′′

ad

~P� n � �Fn/��n��<ru��n
juo�o3x
y(n

hitt
′′

ad

j��Fl � �Fl+j��9ru� � ��jul g � �3g ru�E~
ä g �F�9n
vwt′∧val � int′ �Frutvl
o{§ú
nO���Fr{ú ¦;Õdtvn/y ymjm�!~��!~h|{� � �¸j �

¬validt′ [adrt′ [l + s− 1 : s]]
�Frutvl
o{~

�£n9�{j�xFo�nªr��
ad =s adrt′ j��Fl�n9w;x¸j �3g ru� æ �!~h|cç��Lru�Ï�/Õ��/tvn t′′

§)ú
n
�9ru�F�/thxFl
n

¬validt′ [ad[l + s − 1 : s]] ∧ validt′′ [ad[l + s − 1 : s]].
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� n � �Fn/��n��<ru��n2�¸j{þ�n

vwk �Lru��o�ruy(n k ∈ [t′′ : t′[
~�� � n/y � r��8�
��n9l g �{j � n

valid � input?
�<ru�q�/Õ��/tvn

t′
k�x¸j���j�� � n9n9o

vwj ∧ ¬val � inj ∧ ∃k′ ∈ ]j : t′] : bw(ad, b)k′

j��Fl
j = k

¦�n9�{j�xFo�nÍ�<ru�dj��;Õ r � �Fn/�
j′ ∈ ]lastcrd(t

′) : t′[
§

j′ 6= k
§

gh� �Frutvl
o � �¸j �
¬vwj′ ~�i£�;xFo{§sú
nã�¸j9þ�nÄjb�/Õ!�/tvn

k′ ∈ ]k : t′]
ú gh� �

bw(ad, b)k′ ~Èä g �F�9n
k′ > k ≥ t′′ ≥ l

§ � � g o(j#�9ru� � ��jul g � �3g ru� � r � �Fn
l
n � � gh�3g ru�ìr��

last
j��Fl � �JxFo � � g o3�Fn9o � � g o��{juo�nOr�� � �Fn��/t]j g y ~

æ ¦<çÍ«En �
t′′ ≥ t′ + 1

�Frutvl>~V� n � �Fn/�¬�¸j{þ�n � rÑo��Fr{ú
hitt

′′

ad

~�� n � �Fn/��n��<ru��n
juo�o3x
y(n

¬hitt
′′

ad

j��Fl � �Fl j¬�9ru� � ��jul g � �3g ru�E~ � gh� �Dtvn/y ymjÄ�!~��!~��ì�Lru�
�/Õ��/tvn9o

t′′
j��Fl

t
§!ú�n2�9ru�F�/thxFl
n

vwk ∧ val � ink ∧ adrk =s ad
�Lru�(o�ruy(n

k ∈ [t : t′′[
~Sä g �F�9n

k ≥ t > l
§
ú
nÍ���Fr{ú

lastcrd(k) ≥
lastcrd(l)

~�� gh� �#tvn/y ymj(�!~��!~h|{�+�<ru�q�/Õ��/tvn9o
t
j��Fl

k
§
ú�n2�9ru�F�/thxFl
n

¬(vwk ∧ val � ink ∧ ad =s adrk ∧ lastcrd(k) > lastcrd(l))i£� g o g y �
t g n9o � �¸j �
lastcrd(k) = lastcrd(l) = lastcrd(t

′)
~ � gh� �

gh� n/y �ìr��3�
��n9l g �{j � n
valid � input?

�Lru�Z�/Õ!�/tvn
k
§�ú�nÍ�9ru�F�/thxFl
n � �¸j �

¬(vwj ∧ val � inj)
�Frutvl
oZ�<ru�(j��JÕ

j ∈ [lastcrd(k) : k[
~ i£� g o g o(j

�9ru� � ��jul g � �3g ru�#o g �F�9n
vwt′ ∧ val � int′ �Frutvl
o�j��Fl t′ ∈ [lastcrd(t

′) : k[
~

�!~qi£�Fn#o�n9�9ru�Flj�¸j�� � r�� � �Fnì�9ru�uù´x
�F� �3g ru� r��Otvn/y ymjÈ�!~��!~h|{� l
r;n9om�Fr � �Frutvl>~
ø�l
l gh�3g ru�¸j�ththÕ�§�¦�n9�{j�xFo�n � �Fn#ú��Frutvn¬�9ru�uùBx
�F� �3g ru� r��2tvn/y ymj �!~��!~h|{�È�Frutvl
o{§
hitlad

y'xFo � �Frutvl>~s� nZo3�FrËú � �FnZ�/t]j g y �Lru�
t′ := l

§ g ~ n�~h§�¦�n9�{j�xFo�nZr��
hitlad

§
ú
n ru�
thÕì�¸j9þ�n � rÍo3�Fr{ú

hitt
′′

ad

�<ru�Vj�� j��3¦ gh� ��j��3Õ
t′′ ∈ [l : t]

~2� n � �Fn/��n��Lru��n
juo�o3x
y(n

¬hitt
′′

ad

�Lru�so�ruy(n
t′′
~£��� � � g o��{juo�n�§¸tvn/y ymjm�!~��!~�� �Lru���/Õ��/tvn9o

t′
j��Fl

t′′
g y �
t g n9o

vwk ∧ val � ink ∧ ad =s adrk

�Lru�qo�ruy(n
k ∈ [t′ : t′′[

~ªä g �F�9n
k ≥ t′

§!ú�n�j�tvo�r �¸j{þ�n
lastcrd(k) ≥ lastcrd(t

′).
� �>n9w;x¸j�t gh� Õ �Frutvl
o g � � �Fn�j�¦�r{þ�n g �Fn9w;x¸j�t gh� Õ�§!�/Õ!�/tvn

k
�Lx
t � thtvo � �Fnqo�n9�9ru�Fl*�¸j�� �

r�� � �Fn��9ru�uù´x
�F� �3g ru� � �¸j ��g � � �FnO�/x
�3��n/� � �{juo�n g o�juo�o3x
y(n9l � rZ¦�n�� j�tvo�n�~P� n
�{j�� � �Fn/��n��<ru��n�juo�o3x
y(n

lastcrd(k) > lastcrd(t
′).�so g �
k tvn/y ymjm�!~��!~h|{�+�<ru�q�/Õ��/tvn9o

t′
j��Fl

k
§
ú
n��9ru�F�/thxFl
n

¬(vwk ∧ val � ink ∧ ad =s adrk ∧ lastcrd(k) > lastcrd(t
′))

ú�� g ��� g o�jZ�9ru� � ��jul g � �3g ru�Äj��Fl � �JxFo � � g o3�Fn9o � � g oq�{juo�n2r�� � �Fn��/t]j g y ~
ut¤Fru� � �Fnì��n/ymj g � g �
k��
��r���n/� �3g n9oÍ�L��ruy l
n � � gh�3g ru� �!~��!~��!§ � �Fnq�
��r;r��<od�Lru� � �Fn

l g ��n9� � ymj\����n9l �{ju���Fnìj���nÍy(r�o � thÕ � � g þ g j�tsj��FlSjq�¸j\��n/�dj��Fl���n/�F� g t�þ�n/��o g ru� g o
ruy gh�3� n9l g � � � g o � �Fn9o g o{~ ��� ���2ä�§£�Fr{ú�n/þ�n/�{§�j�tht � �Fn9o�nq�
��r���n/� �3g n9o �¸j9þ�nã¦�n9n/�
�<ru�3ymj�ththÕÍþ�n/� g�� n9lÍ�<ru� � �Fn2l g ��n9� � ymj\����n9l �{ju���Fn�~
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next way

tw, vw, dw
cdwb[B − 1 : 0] vw0, tw0, dw0, cdwb0 vwK−1, twK−1, dwK−1, cdwbK−1

$rd

clear

K

$rd
· · ·

clear

$rd

clear

K

hitdout
8 · B

ev
a

dirty

adr[a − 1 : 0]
din

val in,dty
way reg

dirty0 do0 h0ev0evK−1 hK−1doK−1dirtyK−1

hv[K − 1 : 0]

Sel

Wadapt
· · ·

din val in adr

way[K − 1]
(direct mapped cache)
dirty ev dout hit dirty hit

(direct mapped cache)
way[0]

din val in adr

doutev

Repl

adr next way

hv

¤ g k�x
��n��!~�}!z
K
� ú£j9Õ¥o�n � ��juo�o�r�� g j �3g þ�n2�{ju���Fn

>f�uí � ��51�JIv���<�S!$�_A��Â�3AVU�5/�1��� � 5
ø

K
� ú£j9Õ o�n � ��juo�o�r�� g j �3g þ�nã�{ju���Fnã¦¸juo g �{j�ththÕ �9ru�Fo g o � o¥r��+j�� j��3��j9Õ r��

K
l g ��n9� �

ymj\����n9l �{ju���Fn9o � ruk�n � �Fn/� ú gh� � o�ruy(nãk�thxFnÄtvruk g � j��Fl jb� g o � ru�3Õ ��n��
t]ju�9n/y(n/� �
� g ���/x gh� ~ ¤ g k�x
��nì�!~�} l
n�� g � � o � �Fn � r��!� tvn/þ�n/tVlFj � jE�¸j � �Fodr��2o3xF��� jÄ�{ju���Fn�~ � n
l
n � �Fn

k := dlog Ke
�Lru�'t]j � n/�'xFo�n�~ i£�Fnd� g ���/x gh� íZØ�ç�Ø0ñ�Ý2k�n/�Fn/��j � n9o � �Fndú�� gh� n

o g k��¸j�tvo£�Lru� � �Fn
K
l g ��n9� � ymj\����n9l �{ju���Fn9osjuo£�<ruthtvr{úqo{z

{vwi, twi, dwi, cdwbi} = way � reg[i] ∧ {vw, tw, dw, cdwb}
æ �!~��bç

way � reg′ = $rd?next � way :way � reg
i£�Fn(� g ���/x gh� Ö�×�î��9ruy �
x � n9o � �Fn �{ju���Fn(rux � �
x � o{~(ø�o2lFj � jÍrux � �
x �

dout
§ � �Fn

rux � �
x � r�� � �Fn�� gh� ú�j9Õ g oÏo�n/tvn9� � n9l>~Ï¤Fru�
dirty

j��Fl
ev
§)�FrËú
n/þ�n/�{§ � �Fn
rux � �
x � r�� � �Fn

Û�×|��Ý � Ø�h g o�o�n/tvn9� � n9l>~�i£� g o g o�l!xFn � r � �Fn��<ju� �
� �¸j �
� �Fn/��nVj���n�Ý � Ú+l g o �3g �F� � �{juo�n9o
ú��Fn/��n � �Fn

dirty
j��Fl

ev
rux � �
x � o�ymj �3� n/�{§ g ~ n�~h§J¦�r � � g �Ñ�{juo�n�r��Uj2� gh� j��Fl g �d�{juo�n

r��ªjZy g o�o{~
���#�{juo�n�r���j y g o�o{§
dirty

o g k��¸j�tvo � �¸j ��� �Fn�ú�j{Õ � �¸j � ú�juoso�n/tvn9� � n9l � r
¦�n�n/þ g � � n9ld�Frutvl
o
l g � � ÕmlFj � j�o g �F�9n � � g o�ú�j{Õ g o
o�x�����r�o�n9l � r2¦�n�rËþ�n/�3ú�� gh�3� n/�E~lOs�
� �Fn�r � �Fn/�£�¸j��Fl>§ g �Ñ�{juo�n�r��Uj�� gh� §

dirty
o g k��¸j�tvo£l g � � ÕmlFj � j��<ru� � �Fn'ÞJÜLÝ�ú�j{Õ+! � � g o

¦�n/�¸j9þ g rux
� g o��Fn9n9l
n9l �<ru� g �Jþ�j�t g lFj �3g ru�Ñ�{j�xFo�n9l(¦JÕ o3�Fr�r�� g �
k'juoªú
nqú g tht@n/y �
tvr{Õ g �
rux
�q�9ru�Fo g o � n/�F�/ÕW�
��r � r;�9rut>�<ru� � �Fn2�{ju���FnOy(n/y(ru�3Õ g � � n/�B� ju�9n g � ���¸j\� � n/�V�!~
ä g �F�9n
� �Fn#�FnTS � ú�j9Õ n9wJx¸j�tvo � �Fn � gh� ú£j9Õ g �S�{juo�n#r���jã� gh� j��Fl � �Fn#n/þ g � � n9l ú£j9Õ g �
�{juo�nsr��Uj�y g o�o�ju�9�9ru��l g �
k � r'n9w;x¸j �3g ru� æ �!~PZ"ç�§;ú�nV�{j��dxFo�n

next � way
g �¥ru��l
n/� � r

�9ruy �
x � n � �Fn2�{ju���Fn'rux � �
x � o
dirty

j��Fl
ev
~

dout = MUX� usK(do, hv)

dirty = MUX� usK(dirty, next � way)
æ �!~ [>ç

ev = MUX� usK(ev, next � way)
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EQ

Din

w

Ar

Aw Dout

clear

$rd

10clear

clear 0 1

hit

hit

d
ec

0 1

ev
LRUup

H

Hid

Hid

next way$rd

0 1

adr reg

$rd

adr[l + s − 1, s] hv[K − 1 : 0]

hv[K − 1 : 0]Hp

2l
× (K · k)

RAM
history

2-port

H reg

¤ g k�x
��n��!~�R!z�«'�Â� ��n��
t]ju�9n/y(n/� � � g ���/x gh�{Ã ×�ñ@î

i£�Fnª� g ���/x gh� Ä Ã*Å &�×�ñ@î g � � k�x
��n��!~�R�¦¸juo g �{j�ththÕO�9ru� � j g �Fo�jU�søs¨ �<ru� � �Fn�� g o � ru�3Õ
þ�n9� � ru��oVr���j�thtP�{ju���Fn+t g �Fn9oVj��Flão�ruy(n�� g ���/x gh� o��<ru� � �Fn+�9ruy �
x � j �3g ru� r�� � �Fn+�FnTS �
� g o � ru�3Õ þ�n9� � ru�#ju�9�9ru��l g �
k � r � k�x
��n �!~��!~/V�r � n � �¸j �¥� �Fn/��nÈj���nDÝ � Út� g ��n/t g �Fn
o � j�k�n9o g �qÄ Ã*Å &3×�ñ�î ~�i£�Fn � ��o � o � j�k�nO��n{jul
o � �Fn2�/x
�3��n/� � � g o � ru�3ÕÑþ�n9� � ru�{§
x���lFj � n9o
gh� ju�9�9ru��l g �
k�thÕ�§Ej��Flìo � ru��n9o gh�sg �ì��n/k g o � n/�

H� reg
~qø�l
l gh�3g ru�¸j�ththÕ�§ � �Fn+jul
l!��n9o�osr��

� �Fn��{ju���FnVt g �Fn g o£o � ru��n9l g �Ñ��n/k g o � n/�
adr� reg

~���� � �FnVo�n9�9ru�FlÑo � j�k�n�§ � �Fns�9ru� � n/� �
r��s��n/k g o � n/�

H� reg
g o+ú�� gh�3� n/� � r � �FnÑtvr��{j �3g ru� r�� � �Fnd� g o � ru�3Õk��ø�¨ k g þ�n/� ¦JÕ

adr� reg
~����Y�¸j�� �3g �/x
t]j��{§ � �Fn2�9ru� � n/� � r��

H� reg
ymj9ÕÑ¦�n��<ru�3ú�j���l
n9l � r � �Fn � ��o �

� g ��n/t g �Fnmo � j�k�n g � � �Fn � g o � ru�3ÕÈju�9�9n9o�o+jul
l!��n9o�o2ymj � ���Fn9o � �Fnd�9ru� � n/� � r�����n/k g o � n/�
adr� reg

~
ø � g o � ru�3Õ þ�n9� � ru��juo g � � ��r�l!xF�9n9l*�
��n/þ g ruxFo3thÕ g � � k�x
��nV�!~�� g o�jOymj\��� g �
k2�L��ruy

� g o � ru�3Õ(��r�o gh�3g ru�Fo � rÄ�{ju���Fn ú£j9Õ!o{~ ���D�¸j���l!ú�j���n�§£ú
n ��n��
��n9o�n/� �d� � g o ymj\��� g �
k
¦;Õ j��Dj��3��j9Õ r���o gh� n

K
rËþ�n/� � �Fndl
ruymj g �

B
k �{j�thtvn9l ÞJÜ6Ù�Ý Ú�& hÄØ1&'&BØ�h�~ì� gh� � � �Fn

�<ruthtvr{ú g �
kÑl
n � � gh�3g ru�E§Fú�n2n9o � j�¦
t g o3�ìj+��n/t]j �3g ru�Fo�� g �#¦�n � ú
n9n/�ì� g o � ru�3ÕÑþ�n9� � ru��osj��Fl
� g o � ru�3ÕÍj��3��j{Õ�o{~
E �8F��1� �c���<�N�}G�¬ÇG£� ) Þ;Ü]Ù/Ý Ú1& h¥Ø1&'&BØ"h

H
Ü]ÙGg�Øuî6îv×3çìØ \"P5T � �ÇNBV3N|K e M Ü ÔöÝ�Þ
×�æ0ß�Û<g�w

ÝLÜ<ÚuÛ
g : ZK → Z2k

m
g(i) := 〈H[i]〉

æ�ß;î (�î�î^Ù
g(ZK) = ZK

ØuÛ@çmÜ6ÙOØOñ
×'&�ðZß�Ý Ø�ÝLÜ<ÚuÛ0I
�0ÛãÝ�ÞJÜ6Ùeg�Ø�Ù9×'m � ×Gg�Øuî�î g Ý�Þ!×2ÞJÜ6Ù�Ý Ú�& h.iu×�g9Ý Ú1& VSY�Y e,� K
V3NBPag � Ü�Ý�Þ H

I
ø � g o � ru�3ÕSj��3��j9Õ

H
g od�{j��Fru� g �{j�ththÕ g l
n/� �3g�� n9l ú gh� � jÄ¦ gh� þ�n9� � ru�¥r��2tvn/�
k � �

K · k
¦;Õ

λi∈ZK·k
H[i div k][i mod k]

g � � �Fndo����Fn/ymj �3g �9oZr�� � �Fnd«'�Â� � g ���/x gh� o{~
� nOl
n � �Fn'j+� g o � ru�3ÕÑj��3��j{Õ

Hid
� �¸j ��g o�j�tvo�r(je��n/�3y�x � j �3g ru�#�Lru� g � gh�3g j�t gh�9g �
k � �Fn

� g o � ru�3Õ �søs¨b§ g ~ n�~h§

Hid := λi∈ZK
bink(i).

æ �!~��bç
¤
x
� � �Fn/�3y(ru��n�§ � �Fn2�FnTS � ú�j{Õ g o��9ruy �
x � n9l g �#� g ���/x gh� Ä Ã_Å &3×�ñ@î ~����#�{juo�n�r��ªj

� gh� § � �FnO�FnTS � ú�j9Õ n9w;x¸j�tvo � �Fn2� gh� ú�j{Õ+!@r � �Fn/�3ú g o�n�§ � �FnOtvn{juo � ��n9�9n/� � thÕ¥xFo�n9l ú�j9Õ
ev

g osxFo�n9l>~£¤Fru�Vrux
�q�<ru�3ymj�tÏj��3k�x
y(n/� � o{§�ú
n��{j\� � x
��n � �Fn�nT	>n9� � r�� � �Fn�Ä Ã*Å &�×�ñ@î
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parallel

prefix

OR

Hsel

EQ

EQ

x[0]

hit

...
...

x[K − 1]

K · k

ev

...

H[K − 1]

H[0]

hv
enc

ken
cf hit

. . .

Hp

K

y

k

k

K

¤ g k�x
��n��!~h|{�!z@V�nTS � � g o � ru�3ÕÑ�9ruy �
x � j �3g ru�EÄ Ã*Å ßËñ

� g ���/x gh�Íg � � rDn9wJx¸j �3g ru�Fo{~ö� nÄj�¦
¦
��n/þ g j � n
adr[l + s − 1 : s]

¦;Õ
adr� l

~�i£�Fn
�FnTS � �9ru� � k�x
��j �3g ru�Ír�� � �Fn�� g o � ru�3Õ ��n/k g o � n/��o£ju�9�9ru��l g �
k � r � k�x
��nO�!~�R g o�ru¦ � j g �Fn9l
ju�9�9ru��l g �
k � r � �FnV�<ruthtvr{ú g �
kdn9w;x¸j �3g ru�Fo{z

adr� reg′ = $rd? adr� l :adr� reg
H� reg′ = clear?Hid : ($rd?Hp :H� reg)

history′ = λad∈Bl























Hid
g �

clear

H� reg
g �
¬clear ∧ $rd∧

(adr� reg = ad)

history[ad]
r � �Fn/�3ú g o�n

æ �!~�abç

¤Fru� � �Fn rux � �
x � r��£� g ���/x gh� Ä Ã*Å &�×�ñ@î g � � k�x
��n �!~�R!§ � �Fn'�<ruthtvr{ú g �
k n9w;x¸j �3g ru�Fo
�Frutvl>z

H = eql(adr� l, adr� reg)? (clear?Hid :H� reg) :
history[adr� l]

next � way = hit?hv :deck(ev)[K − 1 : 0]

æ �!~PZ"ç

enc = encfK(hv)[k − 1 : 0]
hit = encfK(hv)[k]

x = λi∈ZK
(hit ∧ eqk(H[i], enc))

y = PPK(x)
ev = H[K − 1]

æ �!~�}bç

¤ g �¸j�ththÕ�§ � k�x
��n9os�!~h|{� j��FlÍ�!~h|�|Ol
n�� g � ��� �FnO�9ruy �
x � j �3g ru�ìr�� � �Fn��FnTS � � g o � ru�3Õ
þ�n9� � ru�{§ � �Fnd� gh� o g k��¸j�t §�j��Fl � �Fndtvn{juo � ��n9�9n/� � thÕÈxFo�n9lÈú�j{Õ

ev
~ � nÍj�tvo�r y(r�l
n/t

� �Fn g �snT	�n9� ��g � n9w;x¸j �3g ru�Fo{~�¤Fru� � �FnOrux � �
x � osj��Fl g � � n/�3y(n9l g j � n'��n9o3x
t � oqr��P� g ���/x gh�
Ä Ã*Å ßËñ�§!ú
nO�¸j{þ�n�z
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0 1

0 1

linv

b mux

a mux

. . . . . .

0 1 1 10 0

Hp

hit

H[i − 1] H[K − 2]

y[K − 2]y[i − 1]y[0]

H[i]H[1]H[0] H[K − 1] ev enc

¤ g k�x
��n��!~h|�|�z@V�nTS � � g o � ru�3ÕÑ�9ruy �
x � j �3g ru�EÆ�Ù{×�î

b � mux = λi∈ZK−1
y[i]?H[i + 1] :H[i]

a � mux = hit? enc :ev

Hp =

{

λi∈ZK
(i = K − 1? a � mux :b � mux[i])

g �
linv

λi∈ZK
(i = 0? a � mux :b � mux[i − 1])

r � �Fn/�3ú g o�n
æ �!~�Rbç

��ò�ó�ò�ñ L �Ç÷7÷8
M�,�7��
Sø1ø õè÷!�B�N 
�£n��<ru��n%�
��rËþ g �
k2j��;Õ � � g �
kF§�ú�n g � � ��r�l!xF�9n�o�ruy(nª�Fr � j �3g ru�E~P¤Fru� � �Fn g ���
x � j��Fl+rux � �
�
x � o g k��¸j�tvo�r�� � �Fn�l g ��n9� � ymj\����n9l¥�{ju���Fn

way[i]
§Fú
nOxFo�nV� g n/��j������ g �{j�t��Fr � j �3g ru�E§

n�~ kF~h§
hv[i] = way[i].hit

�<ru� � �Fn
hit

rux � �
x � r��Eú�j{Õ
i
~P� nsj�tvo�r�xFo�n � � g oª�Fr � j �3g ru�

�<ru���
��n9l g �{j � n9o{§ g ~ n�~h§
way[i].bw(ad, b)

l
n/�Fr � n9o � �¸j � �
��n9l g �{j � n
bw(ad, b)

�Frutvl
o
�<ru� � �Fn g ���
x � r��ªú£j9Õ

i
~�Os�Fn g y ��ru� � j�� � �
��r;r���k�r�j�t g o � rÑo3�Fr{ú � �¸j � �
��n9l g �{j � n

valid � input?
g o g �
�Fn/� gh� n9l � rdj�tht��{ju���FnOú£j9Õ!o{~�©�ru�F�9n/�3� g �
k � �Fn g ���
x � r��Pú�j{Õ

i
§

� �FnO�LruthtvrËú g �
kmn9wJx¸j �3g ru�Fo � � g þ g j�ththÕÍ�Frutvl>z

way[i].adr = adr

way[i].$rd = $rd

way[i].din = din

way[i].val � in = val � in
æ �!~h|{�bç

way[i].dty = dty

way[i].clear = clear

way[i].{vw, tw, dw, cdwb} = {vw, tw, dw, cdwb} ∧ way � reg[i]
ä g �F�9n

way[i].$rd = $rd
j��Fl

way[i].clear = clear
¦�r � �ì�Frutvl>§@ú�n � � g þ g j�ththÕ

�¸j{þ�n
∀i ∈ ZK , t ∈ N

+ z

lastcrd(t) = lastway[i].crd(t)
æ �!~h|�|cç

V�r � nmj�tvo�r � �¸j �2� �FnZ�<ruthtvr{ú g �
kìn9w;x¸j �3g ru�È�Frutvl
o2�Lru��j��;Õãú�j9Õ
i ∈ ZK

§
ad ∈ B

a §
b ∈ ZB

§¸j��Fl
t ∈ N

~

way[i].bw(ad, b)t =⇒ bw(ad, b)t æ �!~h|{�bç
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ø�l
l gh�3g ru�¸j�ththÕ�§@n9wJx¸j �3g ru� æ �!~�}bç/§!tvn/y ymj |�~ [F~�}!§¸j��Fl#l
n � � gh�3g ru�È|�~ [F~h|Ok�x¸j���j�� � n9n

hit ⇐⇒ ∃i ∈ ZK : way[i].hit.
æ �!~h|{�bç

´ ���c���d²1�\��²@�>�c�c���v�
Osx
� � ��o � ymj)ù3ru���
��r;r��¸k�r�j�t g o � rVo3�FrËú � �¸j �

valid � input?
g o g �
�Fn/� gh� n9l � rOj�tht � �Fn

�{ju���Fn�ú�j9Õ!o£o3xF��� � �¸j � ú
n��{j��dxFo�n�j�tht � �Fn3�
��r���n/� �3g n9on�
��rËþ�n9ld�Lru��l g ��n9� � ymj\����n9l
�{ju���Fn9oVru�ìþ�j�t g l g ���
x � ~�øsoVj �FnTS � o � n��E§¸ú�n�ú g tht � �Fn/�ì�Lr��/xFo�ru� � �Fne�
��r�r�� � �¸j �
g � � �Fn

way
��n/k g o � n/�{§¸j � y(r�o � ru�FnV¦ gh�qg o�ju� �3g þ�n�~

°e�L�<²@���c� �c���<�N�"G�¬ÇG � p�Þ
×�Þ;Ü]Ù/Ý Ú1& h Ã )o- ØuÛ@ç�Ý�Þ!×è&�× Ë Ü6Ù�Ý�×R&�Ù
H ú reg

ØuÛ@ç
way ú regØ�&3×+ÚuÛFî h(ßËñ!ç�Ø�Ý�×�ç¥ÚuÛãØ

$rd
Ú�&

clear
m�ÜwI�×hIÈm

∀t ∈ N
+ :

historyt = historylastcrd(t)+1

Hú regt = Hú reglastcrd(t)+1

way ú regt = way ú reglastcrd(t)+1

i£�Fn��
��r�r���r�� � � g o$�
��r���r�o gh�3g ru� g o2ruy gh�3� n9lã�Fn/��n(l!xFn � r gh� o � � g þ g j�t gh� Õ�~Z� nZ�FrËú
o��Fr{ú j�� g y ��ru� � j�� � tvn/y ymj(j�¦�rux ��� �Fn2�9ru� � n/� � r�� � �Fn

way � reg
��n/k g o � n/�{~

°e�L�<²@���c� �c���<�N�"G�¬ÇG � �6æ(Ý�Þ
×mÙ9×/Ý£wBØ�Ù�Ù9Ú�g/Ü<Ø�ÝLÜZiu×Wg�Øbg�Þ!× � Ø�Ù ÞJÜLÝ�Ø�ÝsÝ�Þ!× H × Ë Ü6ÛFÛ¸Ü6Û Ë Ú3æÝ�Þ
×ãØbg�g�×0Ù0Ù�mdÝ�Þ
× g/ß5&'&�×�Û¸Ý�i)Øuî ßF×ÄÚBæ�&�× Ë Ü6Ù�Ý�×R&
way ú reg

Ü6Ù#Ý�Þ!×#ÞJÜLÝji�×�g9Ý Ú1&ÄØ�ÝZÝ�Þ!×
H × Ë Ü�ÛFÛFÜ�Û Ë Ú3æZÝ�Þ
×mØbg g�×0Ù�Ù0$OÚ�Ý�Þ!×'& � Ü]Ù{×�msØ�Ý�ð(Ú�Ù/Ý�ÚuÛ�× H ÜLÝ�Ü]Ù(Øbg9ÝLÜJi�×(Ü6Û Ý�Þ!× &�× Ë Ü6Ù�Ý�×R&/IÀ Ú1&�ð Ø�î6î h�m � ×2Þ�Ø�i�× ∀t ∈ N

[
valid ú input? ∧ ¬clearlastcrd(t) =⇒ hitlastcrd(t)?

way ú regt = hvlastcrd(t) :

∃j ∈ Z2k : way ú regt = λi∈ZK
(i = j)

°e�L�A�<¤BÕ � gh� �Y�
��r���r�o gh�3g ru�¬�!~ [F~��!§Fú
n2�9ru�F�/thxFl
n
way � regt = way � reglastcrd(t)+1

�£n9�{j�xFo�n r��
¬clearlastcrd(t) §'ú
nD�9ru�F�/thxFl
n

$rdlastcrd(t) ~ ��Õ n9w;x¸j �3g ru�Fo æ �!~��bç
j��Fl æ �!~PZ"ç�§
ú
n2�9ru�F�/thxFl
n

way � reglastcrd(t)+1 = hitlastcrd(t)?

hvlastcrd(t) :

deck(ev
lastcrd(t))[K − 1 : 0]

ú�� g ��� � � g o3�Fn9o � �Fn2�/t]j g y g � �{juo�n
hitlastcrd(t) �Frutvl
o{~��n9�{j�xFo�nÑr�� � �FnÍ�9ru�3��n9� � �Fn9o�o(r��s� g ���/x gh�

dec
�L��ruy l
n � � gh�3g ru� |�~ [F~h|�§�ú�nÍj�tvo�r

���Fr{ú
deck(evlastcrd(t)) = λi∈Z

2k
(i = 〈evlastcrd(t)〉).
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i£�Fn
K
tvrËú
n9o � ¦ gh� o�r�� � � g o�rux � �
x � j���n2o � ru��n9l g � � �Fn

way � reg
��n/k g o � n/�{~
i£�JxFo{§

g � �{juo�n2r��
¬hitlastcrd(t) §
ú�nOk�n � ú gh� � Z2k 3 j := 〈evlastcrd(t)〉

way � regt = λi∈ZK
(i = j)

ú�� g ���ì�9ru�F�/thxFl
n9o � �Fn2�/t]j g y ~
utVsr � n � �¸j �
g �Ñ�{juo�n

K < 2k § g ~ n�~h§ g � � �Fns�Jx
y�¦�n/��r��>ú�j9Õ!o K
g oª�Fr � j$��r{ú�n/�£r��

�!§ � �Fn�j�¦�r{þ�n£tvn/y ymjVj�thtvr{úqo��Lru� � �Fn���n/k g o � n/�
way � reg

� r�¦�n£n/y � � Õ+j)� � n/��jsy g o�oË§
g ~ n�~h§

way � regt = 0K g o@��r�o�o g ¦
tvn�~Ïi£�JxFoË§�j�ú�� gh� n � r � �Fnqo�n � ��juo�o�r;� g j �3g þ�nq�{ju���Fn g �
�/Õ!�/tvn

t
g oq�Fr � �¸juo�o�n9l � rmj��;Õdú£j9Õ�! � �Fn/��n��<ru��n�§ gh��g o�tvr�o � j��Fl#�9ru�Fo g o � n/�F�/Õ¥�{j��
�Fr �

¦�nqk�x¸j���j�� � n9n9l>~����mru��l
n/� � r'�9ru�F�/thxFl
ns�{ju���Fns�9ru�Fo g o � n/�F�/Õ�§�ú
nqú g tht��/tvr�o�n � � g o
kJj\�
g � � �FnZ�LruthtvrËú g �
kìo�n9� �3g ru�bj�¦�rux �'� �Fn(«'�Â� ��n��
t]ju�9n/y(n/� � � g ���/x gh� j��FlÈo3�FrËú � �¸j �
ru� jÑy g o�oË§�nTSFju� � thÕãru�Fn'¦ gh� r�� � �Fn+��n/k g o � n/�O¦�n9�9ruy(n9o2ju� �3g þ�n�~'� nZ�Fr{ú �
��r��9n9n9l
ú gh� � � �Fn$�
��r;r�� � �¸j �

valid � input?
g o g �
�Fn/� gh� n9l � r � �FnOú£j9Õ!o{~

µ �>¡(¡#�k�"G�¬ìG�¬ ) g�Øbg�Þ
× � Ø�hmÜ6Ù�ÚuÛFî hfg�Þ�ØuÛ Ë ×3ç¥ÚuÛ ØuÛÄØbg9ÝLÜJi�× � Ø�h.&�× Ë Ü6Ù�Ý�×R&�m£ÜwI�×hIÈm
� ×2Þ�Ø�i�×ªæ/Ú1&�Ø�Û¸h t ∈ N

+ ØuÛ�ç
i ∈ ZK

[
¬clearlastcrd(t) ∧ ¬way ú regt[i] =⇒ wayt[i] = waylastcrd(t)[i]

°e�L�A�<¤BÕ i£�Fn$�
��r�r�� g y y(n9l g j � n/thÕÍ�<ruthtvr{úqo�¦JÕ g �Fl!xF� �3g ru� �L��ruy~�
��r���r�o gh�3g ru�ì�!~ [F~��
j��Fl � �Fn�� ju� �ª� �¸j � �Fr2ú�� gh� n�o g k��¸j�tvo��<ru�ªú�j{Õ

i
j���n�ju� �3g þ�n g �

way � reg[i]
l
r;n9oª�Fr �

�Frutvl>~
ut

°e�L�<²@���c� �c���<�N�"G�¬ÇG � p�Þ
×#g/ß,&�&�×�Û¸ÝLî h Øbg{ÝLÜZi�× � Ø�h � Ø�ÙìÞJÜ�ÝdØ�Ý Ý�Þ!× H × Ë Ü�ÛFÛFÜ�Û Ë Ú3æ
Ý�Þ
×*g�Øvg�Þ!×ÍØbg�g0×0Ù�ÙmÜ æ(ØuÛ@çìÚuÛFî h¥Ü æ Ý�Þ!× � Þ�Úuîv× g�Øbg�Þ!× � Ø�ÙZÞJÜLÝ�I À Ú1&�ð Ø�î6î h�m � ×ZÞ�Ø�i�×
∀t ∈ N+, i ∈ ZK :

way ú regt[i] ∧ ¬clearlastcrd(t) =⇒ hitlastcrd(t) = way[i].hitlastcrd(t)

°e�L�A�<¤BÕ «En �
way � regt[i] ∧ ¬clearlastcrd(t) �Frutvl>~£� gh� �]�
��r���r�o gh�3g ru�Ä�!~ [F~��!§@ú
n

�9ru�F�/thxFl
n

hitlastcrd(t)? way � regt = hvlastcrd(t) :

∃j ∈ Z2k : way � regt = λi∈ZK
(i = j)

|�~q���2�{juo�n�r��
hitlastcrd(t) �Frutvl
o{§Ëú
n��¸j{þ�n hvlastcrd(t)[i]

¦�n9�{j�xFo�n�r��
way � regt[i]ú�� g ���¬�9ru�F�/thxFl
n9o � � g oq�{juo�n�r�� � �Fn2�/t]j g y ~

�!~q� �3§!ru� � �Fn�r � �Fn/�£�¸j��Fl>§
¬hitlastcrd(t)[i]

�Frutvl
o{§!ú
nV�9ru�F�/thxFl
n
¬hvlastcrd(t)[i]¦�n9�{j�xFo�n2r��Pn9w;x¸j �3g ru� æ �!~h|{�bç�ú�� g ��� � � g o3�Fn9o � �Fn2�/t]j g y ~

ut

µ �>¡(¡#�k�"G�¬ìG�¦ )sÛ¸h � Ø�h i ∈ ZK
Ü6Û
Þ
×'&0ÜLÝ�ÙOñ3&�×3çuÜyg�Ø�Ý�×

valid ú input?
æ'&BÚ�ð Ý�Þ
×

Ù{×/Ý£w´ØuÙ�Ù/Úcg/ÜLØ�ÝLÜZi�×�g�Øbg�Þ!×�m�ÜwI�×hIÈm
valid ú input? =⇒ way[i].valid ú input?.
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°e�L�A�<¤BÕ �so g �
k(n9w;x¸j �3g ru�Fo æ �!~h|{�bçqj��Fl æ �!~h|{�bç/§!ú
n��9ru�F�/thxFl
n
way[i].hit =⇒ hit

way[i].{vw, tw, dw, cdwb} =⇒ {vw, tw, dw, cdwb}.

� � n/y(om| � rd[#r��
valid � input?

� � g þ g j�ththÕÄ�FrutvlÈú gh� � n9w;x¸j �3g ru� æ �!~h|�|cç�~Í� n �FrËú
�<r��/xFoEru� gh� n/y �qr��

way[i].valid � input?
~�«�n �

way[i].vwt∧way[i].val � int �Frutvl>~� n g y y(n9l g j � n/thÕì�9ru�F�/thxFl
n
vwt ∧ val � int j��Flãj\���
thÕ gh� n/y �mr��

valid � input?g � ru��l
n/� � r � �Fl#jZ�/Õ!�/tvn
j ∈ ]lastcrd(t) : t[

ú gh� �

vwj ∧ ¬val � inj ∧ (∀k ∈ ]lastcrd(t) : j[ : ¬vwk)∧
(∀k ∈ ]j : t[ : ¬vwk)∧

(∀ad ∈
[

adrt
]

s
, b ∈ ZB : ∃t′ ∈ ]j : t] : bw(ad, b)t′ )

� gh� �`�
��r���n/� �3g n9o¥|�~��!~�R¬r��
last

§Uú�nÍ�9ru�F�/thxFl
n
lastcrd(t) = lastcrd(j)

~Äø3���
thÕ;�
g �
kÍtvn/y ymj¥�!~ [F~�� � ú g �9n � rÑ�/Õ!�/tvn9o

t
j��Fl

j
§���n9o���n9� �3g þ�n/thÕ�§>tvn{jul
o � r

way � regt =
way � regj ~ªä g �F�9n way � regt[i]

�Frutvl
oË§!ú
n � �;xFoq�¸j9þ�n
way � regj [i]

j��Fl¥�Fn/�F�9n�§

way[i].vwj ∧ ¬way[i].val � inj ∧ (∀k ∈ ]lastway[i].crd(t) : j[ : ¬way[i].vwj)∧
(∀k ∈ ]j : t[ : ¬way[i].vwj)∧

�Frutvl
osj��Fl¥ú
n2ru�
thÕÍ�¸j{þ�n � r(o3�FrËú

∀ad ∈
[

way[i].adrt
]

s
, b ∈ ZB : ∃t′ ∈ ]j : t] : way[i].bw(ad, b)t′

�£n9�{j�xFo�n�r��
valid � input?

§!ú
n � �Fl¬jZ�/Õ��/tvn
t′ ∈ ]j : t]

ú gh� �
bw(ad, b)t′ ~
�
Õ � �Fno0j�y(n�j��3k�x
y(n/� � oPjuo�j�¦�rËþ�n�§Ëú�n��9ru�F�/thxFl
n

way � regt′ [i]
~U��n/�F�9n�§

way[i].bw(ad, b)t′ú�� g ���#�9ru�F�/thxFl
n9o � �FnO�/t]j g y �<ru� gh� n/y �Zr��
way[i].valid � input?

~
i£�Fn �
��r;r��Zr�� � �Fnãt]juo �Ígh� n/y�¦¸juo g �{j�ththÕ xFo�n9o � �FnÄo�j�y(n j��3k�x
y(n/� � oìj��Fl g o

� �Fn/��n��<ru��n(ruy gh�3� n9l g � � � g o � �Fn9o g oË~m¤Fru��l
n � j g tvoË§�ú�n ��n��Ln/� � r � �Fn(�9ru�3��n9o���ru�Fl g �
k
���Oäf�
��r�r��B~

utøsoãj �FnTS � o � n��E§�ú�nÈ�Fr � n � �¸j �ãg � �{juo�n Ý � Ú ru�ìy(ru��nbú�j{Õ�oãr�� � �Fnbo�n � �
juo�o�r;� g j �3g þ�n��{ju���Fn�o g k��¸j�t�jV� gh� �<ru� � �Fnqo0j�y(n�jul
l!��n9o�o{§ � �FnqlFj � j2rux � �
x �

dout
j��Fl

o�n/þ�n/��j�t�r � �Fn/�V� g ���/x gh� o�l
rÍ�Fr � ��n{j�ththÕã�9ruy �
x � n(j��JÕ � � g �
k y(n{j�� g �
ku�Lx
tªj��JÕ�y(ru��n�~
i£�Fn/��n��<ru��n�§�rux
���FnTS � �
��r;r���k�r�j�t g o � rVo3�Fr{ú ×|�vg/î\ß;Ù0ÜJi�×�Û�×0Ù�Ùq�<ru� � �Fn�o�n � ��juo�o�r�� g j �3g þ�n
�{ju���Fn�§ g ~ n�~h§ � �¸j ��g �ìj��JÕÍ�/Õ��/tvn'j��FlÍ�Lru��j��;Õ jul
l!��n9o�o{§¸j � y(r�o � ru�FnVú�j{Õ o g k��¸j�tvo�j
� gh� ~

©
tvr�o�n/thÕã��n/t]j � n9l � r nTS
�/thxFo g þ�n/�Fn9o�oO�<ru� � �Fn(o�n � ��juo�o�r�� g j �3g þ�n(�{ju���Fn g o � �Fn ��n/ku�
g o � n/�

way � reg
~s��� � �Fn/��n g o�y(ru��n � �¸j��¬ru�FnZju� �3g þ�n�¦ gh��g �

way � reg
ru�Äjmú�� gh� n

ju�9�9n9o�o{§ � �Fn/� � �Fn2�9ru�3��n9o���ru�Fl g �
kÑlFj � j g oqú�� gh�3� n/� � r y(ru��n � �¸j��¬ru�Fn��{ju���Fn'ú�j{Õ�~
i£�Fn/��n��<ru��n�§JjuoPj3�¸j�� � r��@nTS
�/thxFo g þ�n/�Fn9o�oË§uú
n��¸j9þ�n�jstvr;ru��j �P� �Fn

way � reg
��n/k g o � n/�{~

E �8F��1� �c���<�N�}G�¬ÇG�·ÉÀ Ú1&�ØuÛ¸h
n ∈ N

+ Ø H Ü�Ýliu×�g9Ý Ú1& a ∈ B
n Ü6Ùeg�Øuî�îh×�ç

•
�ÇM�VST�� Ü Ô�Ø�Ý�ð(Ú�Ù/Ý
ÚuÛ�× H Ü�ÝªÜ6Û a

Ü]Ù�Øbg{ÝLÜZi�×'mªÜwI�×hIÈm
unary?(a) := ∀i, j ∈ Zn : ((a[i] ∧ a[j]) =⇒ i = j),
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•
P � \ON|� Ü Ô Û�Ú H ÜLÝ
Ü]Ù�Øbg9ÝLÜJi�×�m
ÜwI�×hIÈm

empty?(a) := (a = 0n),

•
Ø Y�K�MÇQSXZP5N e M Ü Ôö×B��Øbg9ÝLî hÍÚ�Û�× H Ü�ÝªÜ]Ù�Øbg{ÝLÜZi�×'mªÜwI�×hIÈm

singleton?(a) := ∃i ∈ Zn : (a[i] ∧ ∀j ∈ Zn : (a[j] =⇒ j = i)).

À Ú1& ØÑÙ�Ü6Û Ë îh×/Ý Ú�Û H ÜLÝli�×�g9Ý Ú1& a
m � ×(çJ×J(�Û�× the(a) ∈ Zn

Ø�Ù'Ý�Þ!× Ü6Û@ç;×|� ÚBæ+Ý�Þ!×
Øbg9ÝLÜJi�× H ÜLÝ�Ü�Û a

m�ÜwI�×hIÈm
a[i] ⇐⇒ (i = the(a))

Þ�Úuîhç�ÙhI
¤
��ruy � � g o�l
n � � gh�3g ru�E§�ú�n � � g þ g j�ththÕ+�9ru�F�/thxFl
n � �¸j � j�x
�¸j��3Õ+¦ gh� þ�n9� � ru� g o�n gh� �Fn/�

jÍo g �
k�tvn � ru�Èru�2n/y � � Õ�~(��� � n/�3y(o2r�� � � g o2l
n � � gh�3g ru�E§ÏnTS!�/thxFo g þ�n/�Fn9o�oOy(n{j��Fo � �¸j �
� �Fn2� gh� þ�n9� � ru�so � j{Õ�o�x
�¸j��3Õ�~

°e�L�<²@���c� �c���<�N�"G�¬ÇG�Í )sÛ�h � Ø�hÈÚBæ¥Ý�Þ!×¥Ù9×/Ý£wBØ�Ù�Ù9Ú�g/Ü<Ø�ÝLÜZiu×]g�Øbg�Þ!× g�Þ!ØuÛ Ë ×0ÙìØ�ÝOð(Ú�Ù�Ý
Ú�ÛãÙ/Úuðm×ZØ�ç�ç�&3×0Ù0Ù � ÜLÝ�Þ Ý�Þ!×'Ù/Ø�ð(×'î Ü�Û�×qñ!Ø1&/Ý�Ø�Ù'Ý�Þ!× ØJç�ç1&�×0Ù�Ù ÚBæ�Ý�Þ!× g�Øbg�Þ!×mØbg�g�×0Ù0Ù�m
ÜuI�×hIªm � ×2Þ�Ø1iu× ∀t ∈ N

+, ad ∈ B
a [

valid ú input? ∧ ¬clearlastcrd(t) ∧ ad 6=l+s
s adrlastcrd(t) =⇒

hvt
ad = hv

lastcrd(t)
ad ∧ douttad = dout

lastcrd(t)
ad

°e�L�A�<¤BÕ � nmú g tht�ru�
thÕÈo3��n � ��� � �Fn g �Fl!xF� �3g ru�t�
��r;r��q�Fn9n9l
n9l g � ru��l
n/� � rìo��Fr{ú
� �Fn �/t]j g y ~ ���
�FrÍú�� gh� nmo g k��¸j�t � r � �Fn(�{ju���Fnml g ��n9� � ru�3Õãru�2lFj � jW�søs¨ g o�ju� �3g þ�n
g � � �Fn g � � n/�3þuj�t

[lastcrd(t) : t[
§Uú�n � � g þ g j�ththÕÄ�¸j9þ�n

hvt
ad = hv

lastcrd(t)
ad

j��Fl � �Fn
o0j�y(n��Frutvl
os�<ru�

dout
~��sn/�F�9n�§@ú
n � �Fl¬o�ruy(n+ju� �3g þ�n+ú�� gh� n+o g k��¸j�t g �¬o�ruy(n+�/Õ!�/tvn

t′ ∈ [lastcrd(t) : t[
j��Fl gh� n/y �Ñr��%�
��n9l g �{j � n

valid � input?
k�x¸j���j�� � n9n9o

¬$rdt′j��Fl
adrt′ =s adrlastcrd(t′) § g ~ n�~h§ g �k�¸j�� �3g �/x
t]j��{§ adrt′ =l+s

s adrlastcrd(t′) ~fV�r � n� �¸j � �
��r���r�o gh�3g ru� |�~��!~�R(j�tvo�rZk�x¸j���j�� � n9n9o
lastcrd(t

′) = lastcrd(t)
~

i£�Fn+rux � �
x � o
hvad

j��Fl
doutad

r�� � �FnZo�n � ��juo�o�r�� g j �3g þ�nZ�{ju���Fn(j���nZ�9ruy �
x � n9l
nTS
�/thxFo g þ�n/thÕÍ�L��ruy � �Fn'l g ��n9� � ru�3Õìj��Fl#lFj � j(y(n/y(ru� g n9o�r�� � �Fn�ú�j9Õ!os����ruy jul
l!��n9o�o
ad[l + s − 1 : s]

j��Fl
ad[l + s − 1 : 0]

§���n9o���n9� �3g þ�n/thÕ�~���Õ � �Fn'j�¦�r{þ�n j��3k�x
y(n/� � §
� �Fn���n9o���n9� �3g þ�n�y(n/y(ru� g n9oq�{j��¥ru�
thÕd���¸j��
k�nOru�¥jul
l!��n9o�o�n9o�l g 	�n/��n/� � ����ruy � � g o

adj��Fl � �JxFo{§ � �Fn��
��r�r�� g o � � g o3�Fn9l>~
ut

µ �>¡(¡#�k�"G�¬ìG�§ p�Þ!× ÞJÜLÝ¨i�×�g{Ý Ú1&¬ÚBæ¬ØÄÙ{×/Ý£w´Ø�Ù0Ù/Ú�g9ÜLØ�ÝLÜJi�×Eg�Øbg�Þ!×ìð(Ø�h ÚuÛFî h H ×�g�Ú�ð(×W Ù0ð(Øuî�îh×R&YXVÚuÛÄØuÛ Ø�ç�ç1&�×0Ù�Ù+Ý�Þ�Ø�Ý�çuÜ Ôs×'&�Ù�æ9Ú1&�ð Ý�Þ!×+Øbg g�×0Ù�Ù(Ø�ç�ç�&3×0Ù0Ù�Ü�Û¬Ý�Þ!×+Ý Ø Ë ñ!Ø1&/Ý�I
À Ú1&�ð Ø�î6î h�m � ×2Þ�Ø�i�× ∀t ∈ N

+, ad ∈ B
a [

valid ú input? ∧ ¬clearlastcrd(t) ∧ ad 6=l+s adrlastcrd(t) =⇒

∀i ∈ ZK : hvt
ad[i] ≤ hv

lastcrd(t)
ad [i]

°e�L�A�<¤BÕ � n2o3�Fr{ú � �FnO�/t]j g y ¦JÕ g �Fl!xF� �3g ru�ìru�
t
~

�;���1���"�c���<�ÆÖ1�����%×
t = 1 Ù z����Ñ�/Õ��/tvn t = 1

§
j�tht@þuj�t g ld¦ gh� o g � � �Fn��{ju���FnVl g ��n9� � ru�3Õ
j���n g �Jþ�j�t g l#j��Fl � �JxFoË§ � �Fn/��n g o��FrZ� gh� ú�� g ���ì�9ru�F�/thxFl
n9o � �Fn g �Fl!xF� �3g ru� ¦¸juo�n�~
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�;���1���"�c���<�k�;���v²É×
t → t + 1 Ù zÄ«En � ¬clearlastcrd(t+1) ∧ad 6=l+s adrlastcrd(t+1)�Frutvl>~#� n � S j��Dj��3¦ gh� ��j��3Õ

i ∈ ZK
j��Flbjuo�o3x
y(n

hvt+1
ad [i]

¦�n9�{j�xFo�nmr � �Fn/�3ú g o�n�§
� �Fn/��n g o+�Fr � � g �
k � rão3�FrËú2~È� n � �Fn/�D�¸j{þ�n � r]�
��rËþ�n

hv
lastcrd(t+1)
ad [i]

~bi£� g o g o
n9w;x g þ�j�tvn/� ��� rdjuo�o3x
y g �
k

way[i].hitt+1
ad

j��Fl
¬way[i].hit

lastcrd(t+1)
ad

j�� � �Fl g �
kÑj
�9ru� � ��jul g � �3g ru�E~ª� n�o��
t gh� �{juo�n9oqru�

crdt ~
|�~q«En �

crdt �Frutvl>~ � n � �Fn/� �¸j{þ�n
lastcrd(t + 1) = t

~ «En/y ymj �!~��!~h|ì�Lru�
ú�j{Õ

i
� �Fn/� k�x¸j���j�� � n9n9o

way[i].twt ∧ way[i].adrt =s ad
~ �£n9�{j�xFo�nÄr��

way[i].adrt = adrt § � � g o g oZj �9ru� � ��jul g � �3g ru� � r
ad 6=l+s adrt j��Fl � �;xFo� � g o3�Fn9o � � g o��{juo�n�~

�!~q«En �
¬crdt �Frutvl>~Ïi£�;xFo{§�ú�n��9ru�F�/thxFl
n lastcrd(t+1) = lastcrd(t)

~�� gh� � � �Fn
g �Fl!xF� �3g ru� �JÕQ��r � �Fn9o g oË§£ú
n¬�9ru�F�/thxFl
n

way[i].hittad ≤ way[i].hit
lastcrd(t)
ad

~
i£�JxFo{§!ú�n2�{j�� juo�o3x
y(n

¬way[i].hittad

¦�n9�{j�xFo�nOr � �Fn/�3ú g o�n�§ � �FnO�/t]j g y g oqj�t¡�
��n{jul!Õ'�9ru�F�/thxFl
n9l>~Ï� gh� �+tvn/y ymjV�!~��!~h|
�<ru�Uú£j9Õ

i
§uú�n£�9ru�F�/thxFl
n

way[i].twt∧
way[i].adrt =s ad

~ �£n9�{j�xFo�n¬r��
valid � input?

j��Fl
twt §�ú
n¬�9ru�F�/thxFl
n

adrt =s adrlastcrd(t)
~�i£� g o�tvn{jul
o � r

adrlastcrd(t+1) =s ad
ú�� g ��� g oqjZ�9ru�!�

� ��jul g � �3g ru� � r
ad 6=l+s adrt j��Fl � �;xFo��9ru�F�/thxFl
n9o � �Fn��/t]j g y ~ ut

µ �>¡(¡#�k�"G�¬ìG��WÓ )¢ÞJÜLÝ+i�×�g9Ý Ú1&ÑÜ�ÛbÝ�Þ!×mÙ{×/Ý£w´ØuÙ�Ù/Úcg/ÜLØ�ÝLÜZi�×dg�Øbg�Þ!×ÍÜ]Ù W Ù0ð(Øuî�îh×'&ZX+Ý�Þ�ØuÛ
Ý�Þ
×¨&�× Ë Ü6Ù�Ý�×R&

way ú reg
$¸æ9Ú1&�ð(Øuî6î h�m
æ/Ú1&

t ∈ N
+, ad ∈ B

a [
valid ú input? ∧ ¬cleart ∧ ad =s adrlastcrd(t) =⇒

∀i ∈ ZK : hvt
ad[i] ≤ way ú reglastcrd(t)+1[i]

°e�L�A�<¤BÕ «En �
valid � input? ∧ ¬cleart ∧ ad =s adrt �Frutvl>~�� n � S¥j��ìj��3¦ gh� ��j��3Õ

i ∈ ZK
j��FlS�¸j{þ�n � rÈo��Fr{ú

hvt
ad[i] ≤ way � reglastcrd(t)+1[i]

~ «En �Ñ� �Fn/��n��<ru��n
hvt

ad[i]
�Frutvl¬¦�n9�{j�xFo�n+r � �Fn/�3ú g o�n�§ � �Fn/��n g o��Fr � � g �
k � rdo3�FrËú2~V� n+ú g thtÏo3�FrËú � �Fn

�/t]j g y¢¦JÕÍ�9ru� � ��jul g � �3g ru�E§ g ~ n�~h§!ú
n�juo�o3x
y(n
¬way � reglastcrd(t)+1[i]

~
� gh� �#�
��r���r�o gh�3g ru� �!~ [F~��!§Uú
nm�9ru�F�/thxFl
n

¬way � regt[i]
~(� gh� � tvn/y ymjì�!~ [F~ [F§

ú�n k�n �
wayt[i] = waylastcrd(t)[i]

! g �#�¸j�� �3g �/x
t]j��{§ � � g oOy(n{j��Fo
hv

lastcrd(t)
ad [i]

j��Fl
� �;xFo

hit
lastcrd(t)
ad

~b�£n9�{j�xFo�n
ad =s adrlastcrd(t) § � � g o(j�tvo�r g y �
t g n9o hitlastcrd(t) ~� nV�FrËú j\���
thÕ �
��r���r�o gh�3g ru�ì�!~ [F~�� g �#ru��l
n/� � r �9ru�F�/thxFl
n

way � regt = hvlastcrd(t)

i£� g o2tvn{jul
o � r
way � regt[i]

ú�� g ��� g o�jÍ�9ru� � ��jul g � �3g ru� j��Fl � �;xFo��9ru�F�/thxFl
n9o � �Fn
�/t]j g y ~

ut

µ �>¡(¡#�k�"G�¬ìG��<� p�Þ!×ZÞJÜLÝ�i�×�g9Ý Ú�&dÚBæ Ý�Þ!× Ù9×/Ý£wBØ�Ù�Ù9Ú�g/Ü<Ø�ÝLÜZiu×fg�Øbg�Þ!×mÙ/Ý Ø�h�Ù+ß�Û@Ø1&ThOæ/Ú�&
ØJç�ç1&�×0Ù�Ù{×0ÙVÚuÛ#Ø+î Ü�Û�×VçuÜ Ôs×'&3×/Û¸Ý!æ�&3Úuð Ý�Þ!×sî Ü6Û�×VÚ3æsÝ�Þ!×VØ�çJç1&3×�Ù�ÙVÚ3æsÝ�Þ!×�g/ß,&'&3×�Û@Ý%g�Øbg�Þ
×
Øvg�g�×0Ù0Ù/I À Ú1&0ð(Øuî�î ham � ×2Þ�Ø1iu× ∀t ∈ N

+, ad ∈ B
a [

valid ú input? ∧ ¬clearlastcrd(t) ∧ ad 6=s adrlastcrd(t)∧

unary?(hv
lastcrd(t)
ad ) =⇒ unary?(hvt

ad)
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°e�L�A�<¤BÕ «En �
¬clearlastcrd(t)∧ad 6=s adrlastcrd(t) j��Fl unary?(hv

lastcrd(t)
ad )

�Frutvl>~
� n(�¸j9þ�n � r o3�Fr{ú

unary?(hvt
ad)

~d� gh� �(�
��r���r�o gh�3g ru� �!~ [F~�}!§Ïú
nm�9ru�F�/thxFl
n � �¸j �
ad =l+s

s adrlastcrd(t) ¦�n9�{j�xFo�nÍr � �Fn/�3ú g o�n�§ hvt
ad = hv

lastcrd(t)
ad

ú�rux
tvlD�9ru�F�/thxFl
n
� �Fn+�/t]j g y ~�ä g �F�9n

ad 6=s adrlastcrd(t) �Frutvl
o{§ � � g ostvn{jul
o � r ad 6=l+s adrlastcrd(t) ~i£�;xFo{§Uú
nm�{j��bj\���
thÕÄtvn/y ymj#�!~ [F~�R g �bru��l
n/� � r#�9ru�F�/thxFl
n
∀i ∈ ZK : hvt

ad[i] ≤

hv
lastcrd(t)
ad [i]

ú�� g ���ì�9ru�F�/thxFl
n9o � �Fn2�/t]j g y ~
ut

µ �>¡(¡#�k�"G�¬ìG���� p�Þ!×ZÞJÜLÝ�i�×�g9Ý Ú�&ÑÚBæ Ý�Þ!×ZÙ9×/Ý£wBØ�Ù�Ù9Ú�g/Ü<Ø�ÝLÜZiu×fg�Øbg�Þ!×mÙ/Ý Ø�h�Ù+ß�Û@Ø1&ThOæ/Ú�&
ØJç�ç1&�×0Ù�Ù{×0Ù Ü6ÛÈÝ�Þ
×+Ù/Ø�ð(× î\Ü�Û�×mØ�ÙZÝ�Þ
×(Ø�ç�ç�&3×0Ù0ÙmÚBæ+Ý�Þ
×*g/ß,&'&3×�Û@Ý3g�Øbg/Þ!×ÑØbg�g�×0Ù0Ù/I À Ú1&Tw
ð(Øuî�î ham � ×2Þ�Ø1iu× ∀t ∈ N

+, ad ∈ B
a [

valid ú input? ∧ ¬clearlastcrd(t) ∧ ad =s adrlastcrd(t)∧

unary?(hv
lastcrd(t)
ad ) =⇒ unary?(hvt

ad)

°e�L�A�<¤BÕ «En �
¬clearlastcrd(t) ∧ ad =s adrlastcrd(t) ∧ unary?(hv

lastcrd(t)
ad )

�Frutvl>~
� n2�¸j9þ�n � r(o��Fr{ú

unary?(hvt
ad)

~���Õdtvn/y ymj(�!~ [F~h|{�!§Fú
nO���Fr{ú � �¸j �

∀i ∈ ZK : hvt
ad[i] ≤ way � reglastcrd(t)+1[i].

��ÕOl
n � � gh�3g ru�+�!~ [F~PZ�§ gh�Ug o>�Fn/�F�9nªo3x^mm� g n/� �U� r�o3�Fr{ú
unary?(way � reglastcrd(t)+1)

~
� gh� � tvn/y ymj �!~ [F~��!§Vú�nÈjul
l gh�3g ru�¸j�ththÕ k�n �

way � reglastcrd(t)+1 = way � regt ~� gh� �#�
��r���r�o gh�3g ru�b�!~ [F~��!§Ïú�nm�9ru�F�/thxFl
n � �¸j � n gh� �Fn/�
way � regt = hvlastcrd(t) =

hv
lastcrd(t)
ad

ú�� g ��� �9ru�F�/thxFl
n9o � �Fn¥�/t]j g y ru�+ú�nÑ�¸j9þ�n
∃j ∈ Z2k : way � regt =

λi∈ZK
(i = j)

ú�� g ��� � � g þ g j�ththÕÄtvn{jul
o � r
unary?(way � regt)

j��Fl � �;xFo � � g o��Fn9o
� �Fn��/t]j g y ~

ut

­:���>���\�>¡ �}G�¬ÇG£�Q� p�Þ!×ÍÞ;Ü�Ý±i�×�g9Ý Ú1&#Ü6Û Ý�Þ!×ÍÙ{×/Ý£w´ØuÙ�Ù/Úcg/ÜLØ�ÝLÜZi�× g�Øbg�Þ!×#Ù/Ý Ø�h�ÙÑß�Û@Ø1&Th8I
À Ú1&�ð Ø�î6î h�m � ×2Þ�Ø�i�×
æ/Ú�&�ØuÛ¸h ∀t ∈ N

+, ad ∈ B
a [

valid ú input? =⇒ unary?(hvt
ad)

°e�L�A�<¤BÕ i£�FnW�
��r�r����LruthtvrËúqo g y y(n9l g j � n/thÕD¦JÕ g �Fl!xF� �3g ru�D�L��ruy tvn/y ymjuod�!~ [F~h|�|
j��Fl �!~ [F~h|{�Sj��Fl � �Fn � � g þ g j�t$�
��r���n/� � Õ � �¸j � j�tht g � gh�3g j�t2� gh� þ�n9� � ru��o#j���nãx
�¸j��3Õ
¦�n9�{j�xFo�n � �Fn/Õ j���n2n/y � � Õ¥j)� � n/��j

clear
~

ut

µ�[/\ �L�>²1³����b�Q¡#�>�+�f�v���L�v�1� ���
ø�o�j£�FnTS � o � n��E§)ú
nªo3�Fr{úbo�ruy(n�n9o�o�n/� �3g j�tv�
��r���n/� �3g n9o�r�� � �Fn�«'�Â�b��n��
t]ju�9n/y(n/� � � g �B�
�/x gh�U� �¸j � j���n��Fn9n9l
n9l g ��ru��l
n/� � r,�
��r{þ�n
�{ju���Fnª�9ru�Fo g o � n/�F�/ÕV�Lru� � �Fn�o�n � ��juo�o�r�� g j �3g þ�n
�{ju���Fn�~8Vsr � n � �¸j �ªg �m�{juo�nqj�tht � �Fn�¦ gh� o g � � �Fn

way
��n/k g o � n/��j���n��/tvn{j���n9ldj��;ÕZú�� gh� n

� r � �Fn�o�n � ��juo�o�r�� g j �3g þ�n2�{ju���Fn g o�tvr�o � o g �F�9n gh� l
r;n9o£�Fr � ju�9�9n9o�o�j��JÕ¥�{ju���Fn�ú�j{Õ�~
� nÑo � j�� � ¦;Õ �<ru�3ymj�t gh�9g �
k � �FnÑo���n9� g�� �{j �3g ru� r�� � �FnÑ�FnTS � � g o � ru�3Õ þ�n9� � ru�mjuo

l
n�� g � � n9l g � � k�x
��n¬�!~��Äru�o�¸j�k�nì�bZ�~ «En �
h
¦�n#jã� g o � ru�3Õ þ�n9� � ru�{§ g ~ n�~h§

h
g odj

��n/�3y�x � j �3g ru�bru�
ZK

~+��� �{juo�n r��qjÑ� gh� § g ~ n�~h§
singleton?(hv)

§Etvn �
i := the(hv)
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�Frutvl>~V�Vn���n/�Fl g �
kÍru�

hit
j��Fl

linv
§�ú
n � �Fn/�Äl
n � �Fn j �Lx
�F� �3g ru�

h′ : ZK → ZK¦;Õ � �FnO�LruthtvrËú g �
kdn9w;x¸j �3g ru�Fo{~

hit ∧ linv : h′ = λj∈ZK











i
g �

j = K − 1

h(j)
g �

j < h−1(i)

h(j + 1)
r � �Fn/�3ú g o�n

hit ∧ ¬linv : h′ = λj∈ZK











i
g �

j = 0

h(j)
g �

j > h−1(i)

h(j − 1)
r � �Fn/�3ú g o�n

æ �!~h|�[>ç

¬hit ∧ linv : h′ = h

¬hit ∧ ¬linv : h′ = λj∈ZK

{

h(K − 1)
g �

j = 0

h(j − 1)
r � �Fn/�3ú g o�n

Vsr � n � �¸j �
h′ juo£l
n � �Fn9l¥j�¦�r{þ�n g o£o �3g tht�je��n/�3y�x � j �3g ru� g � h

g o�j���n/�3y�x � j �3g ru�
ú�� g ��� ú�nmú g tht��Fr � �<ru�3ymj�ththÕE�
��r{þ�n g � � � g o � �Fn9o g o+o g �F�9n � �Fnd�/t]j g y g o'o � ��j g k�� � �
�<ru�3ú�j���l>~¥«�n ��� �Fn(� g o � ru�3ÕÄj��3��j{Õ

H
¦�nmjd��n/�3y'x � j �3g ru� j��Fl � �Fn(� gh� þ�n9� � ru�

hv¦�nZx
�¸j��3Õ�~d� n �Fr{ú ú�j�� �'� r o3�FrËú � �¸j �
Hp

juo��9ruy �
x � n9lbju�9�9ru��l g �
k � r n9w;x¸j)�
�3g ru�Fo æ �!~�}bçPj��Fl æ �!~�Rbç g oªj{��n/�3y�x � j �3g ru�E~���� �¸j�� �3g �/x
t]j��{§ g �

h
g o � �Fn�� g o � ru�3Õ+þ�n9� � ru�

juo�o�r;� g j � n9lÈú gh� �
H
§ � �Fn/�

h′ ju�9�9ru��l g �
k � r � �FnÍj�¦�r{þ�nÑl
n � � gh�3g ru� g oZjuo�o�r�� g j � n9lú gh� �
Hp

~
µ �>¡(¡#�k�"G�¬ìG��Q¬ p�Þ!×2Ü�Ûuñ@ß!Ý

x
ÚBæ2Ý�Þ!×£ñ!Ø1&3Øuî�îh×�îFñ3&�×J(��¥Ú1&eg/ÜJ&�g/ß;ÜLÝ
Ü]Ùeg�Ú1&'&�×�g9ÝJm£ÜwI�×hIÈm

x =

{

0K Ü æ
¬hit

λj∈ZK
(j = h−1(the(hv)))

Ú�Ý�Þ
×'& � Ü6Ù9×
°e�L�A�<¤BÕ ø��9�9ru��l g �
k � rÄn9wJx¸j �3g ru� æ �!~�}bç j��FlDl
n � � gh�3g ru� |�~ [F~h|Í�Lru� � �Fn¥n9w;x¸j�t gh� Õ
� n9o � n/�{§
ú
nO�¸j{þ�n

x = λj∈ZK
(hit ∧ (H[j] = encfK(hv)[K − 1 : 0])).

���¥�{juo�n
¬hit

�Frutvl
o{§�ú
n � � g þ g j�ththÕm�¸j9þ�n
x = 0K ú�� g ���ì�9ru�F�/thxFl
n9o � �FnV�/t]j g y ~�«En �

� �Fn/��n��<ru��n
hit

�Frutvl>~ªä g �F�9n
hv

g o
x
�¸j��3Õdj��Fl
hit

�Frutvl
o{§ gh�
g o£j�tvo�rZj�o g �
k�tvn � ru�Íj��Fl
tvn/y ymjÍ|�~ [F~�}+k�x¸j���j�� � n9n9o

encfK(hv)[k − 1 : 0] = bink(the(hv))
~�� n � �Fn/��n��<ru��n

�¸j{þ�n
x = λj∈ZK

(H[j] = bink(the(hv))).
ä g �F�9n

H
g o�j ��n/�3y'x � j �3g ru�E§Fú
n'�9ru�F�/thxFl
n2ú gh� � � �Fn�l
n � � gh�3g ru�ìr�� � �Fn�juo�o�r�� g j � n9l

� g o � ru�3Õdþ�n9� � ru�

H[j] = bink(the(hv)) ⇐⇒ h(j) = the(hv).
ø�l
l gh�3g ru�¸j�ththÕ�§¸¦�n9�{j�xFo�n

H
g o�jG��n/�3y�x � j �3g ru�E§¸ú
n�k�n �

x = λj∈ZK
(j = h−1(the(hv)))

ú�� g ���#�9ru�F�/thxFl
n9o � �FnO�/t]j g y ~
ut



�
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µ �>¡(¡#�k�"G�¬ìG���� p�Þ!×2Úuß�Ý\ñ�ß�Ý

y
ÚBæVÝ�Þ!×
ñ!Ø�&BØuî�îv×�î�ñ3&�×J(��mÚ�&�g/ÜJ&�g/ß;ÜLÝ�Ü6Ù�g�Ú1&�&�×�g9ÝJm
ÜwI�×hIÈm

y =

{

0K Ü æ
¬hit

λj∈ZK
(j ≥ h−1(the(hv)))

Ú�Ý�Þ!×R& � Ü6Ù9×
°e�L�A�<¤BÕ ø��9�9ru��l g �
k � rdtvn/y ymjÑ�!~ [F~h|�[F§ � �Fn g ���
x �

x
r�� � �FnG�¸j���j�thtvn/t��
��n � Sìru� g o

k g þ�n/�#¦JÕ

x =

{

0K g �
¬hit

λj∈ZK
(j = h−1(the(hv)))

r � �Fn/�3ú g o�n
i£�Fn��9ru�3��n9� � �Fn9o�o£r�� � �Fn3�¸j���j�thtvn/t+�
��n � SÑru�ª�L��ruyýtvn/y ymjÑ|�~ [F~�a+jul
l gh�3g ru�¸j�ththÕmk�x¸j��B�
j�� � n9n9o

y = λj∈ZK

l≤j
∨

l=0

x[l].

��ÕÑ��n��
t]ju� g �
k
x
§!ú�n2�9ru�F�/thxFl
n

y =

{

λj∈ZK

∨l≤j
l=0 0

g �
¬hit

λj∈ZK

∨l≤j
l=0(l = h−1(the(hv)))

r � �Fn/�3ú g o�n
i£� g o�o g y �
t g�� n9o � r

y =

{

0K g �
¬hit

λi∈ZK
(j ≥ h−1(the(hv)))

r � �Fn/�3ú g o�n
j��Fl � �Fn/��n��Lru��n � �Fn��
��r;r�� g o � � g o3�Fn9l>~

ut

µ �>¡(¡#�k�"G�¬ìG��^¦ p�Þ!×2Ü�Û¸Ý�×'&�ð(×�çuÜLØ�Ý�×OÙ�Ü Ë Û@Øuî
a ú mux

Ü6Ùeg�Ú1&'&3×�g9ÝJm
ÜuI6× Iªm
〈a ú mux〉 = hit? the(hv) :h(K − 1)

°e�L�A�<¤BÕ ø��9�9ru��l g �
k � r n9w;x¸j �3g ru� æ �!~�Rbç�j��Fl æ �!~�}bç/§!ú�n2�¸j{þ�n

a � mux = hit? encfK(hv)[k − 1 : 0] :H[K − 1].

� gh� � � �Fn �9ru�3��n9� � �Fn9o�o2r��
encfK(hv)[k − 1 : 0]

�L��ruy � �Fn g � � n/�3y(n9l g j � nm��n9o3x
t � o
r���tvn/y ymj �!~ [F~h|�[F§>ú�n �9ru�F�/thxFl
n

encfK(hv)[K − 1 : 0] = binK(the(hv))
~ i£�Fn

�
��r�r���r�� � �FnOtvn/y ymjZ�LruthtvrËúqo g y y(n9l g j � n/thÕ¥¦�n9�{j�xFo�n
h
g oqjuo�o�r;� g j � n9l � r

H
~

ut

µ �>¡(¡#�k�"G�¬ìG���· p�Þ!×qÜ�Û¸Ý�×'&�ð(×�çuÜLØ�Ý�×�Ù�Ü Ë Û@Øuî
b ú mux

Ü6Ù,g�Ú1&'&3×�g9ÝJmÏÜuI�×hIªm
∀j ∈ ZK−1

[
〈b ú mux[j]〉 = (hit ∧ j ≥ h−1(the(hv)))?h(j + 1):h(j)

°e�L�A�<¤BÕ ø��9�9ru��l g �
k � r n9w;x¸j �3g ru� æ �!~�Rbç�§
ú�nO�¸j9þ�n

b � mux = λj∈ZK−1
y[j]?H[j + 1] :H[j].



��} Ó1õsÐ{þ É1« Ê��
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ä g �F�9n

h
g o�juo�o�r�� g j � n9l¥ú gh� �

H
§ � � g o g oqn9w;x g þ�j�tvn/� ��� r

〈b � mux〉 = λj∈ZK−1
y[j]?h[j + 1] :h[j].

�£n9�{j�xFo�nÑr��qtvn/y ymjã�!~ [F~h|{�!§Pú
nÑ�{j�� ��n��
t]ju�9n
y[j]

¦;Õ
hit? j ≥ h−1(the(hv)) : 0ú�� g ��� n9wJx¸j�tvo

hit∧ j ≥ h−1(the(hv))
j��Fl � �Fn/��n��Lru��n�§ � �Fn��
��r;r�� g o � � g o3�Fn9l>~

utVsrËú2§@ú�n j���n � �¸j�ththÕìj�¦
tvn � rÑ�9ru�F�/thxFl
n � �Fn'�9ru�3��n9� � �Fn9o�oOr�� � �Fn'�FnTS � � g o � ru�3Õ
� g ���/x gh� ~

­:���>���\�>¡ �}G�¬ÇG£�,Í Ä�×/Ý
H H ×ÑØ(ñ
×'&�ð+ß!Ý Ø�ÝLÜ<ÚuÛ;m h

Ü�Ý�ÙmØ�Ù0Ù/Ú�g/Ü<Ø�Ý�×3çìÞ;Ü]Ù/Ý Ú1& h�i�×�g9Ý Ú1&�m
Ø�Û@ç

hv
ØÈß;Û�Ø1& h ÞJÜ�Ý¨i�×�g9Ý Ú1&hI�p�Þ!×ÍÛ�×|��ÝOÞ;Ü]Ù/Ý Ú1& h%iu×�g9Ý Ú1&

h′ Øbg g�Ú1&3çuÜ6Û Ë Ý Ú ×|k/ß
Ø�wÝLÜ<ÚuÛ æ �!~h|�[>ç�Ü]Ù2Ý�Þ!×/ÛãØ�Ù0Ù/Ú�g9ÜLØ�Ý�×�çÍÝ Ú
Hp

Ø�Ùeg�Ú�ð�ñ�ß�Ý�×3ç H hmÝ�Þ!×2Þ�Ø1&3ç � Ø1&�×hI
°e�L�A�<¤BÕ ø��9�9ru��l g �
k � r n9w;x¸j �3g ru� æ �!~�Rbç/§

Hp
g oq�9ruy �
x � n9lìjuo£�<ruthtvr{úqoËz

Hp =

{

λj∈ZK
(j = 0? a � mux :b � mux[j − 1])

g �
linv

λj∈ZK
(j = K − 1? a � mux :b � mux[j])

r � �Fn/�3ú g o�n
� nso��
t gh� �{juo�n9o
ru� � �Fn�þ�j�thxFn9o
r��

linv
j��Fl

hit
~�ä g �F�9n � �Fn3�
��r�r��Lo
r�� � �Fn�l g 	>n/��n/� �

�{juo�n9oZj���ndþ�n/�3Õ o g y g t]j��{§Pú
nÍru�
thÕ �<r;�/xFo+ru� ru�FnÑr�� � �Fnd�{juo�n9o+�Fn/��n�~Äi£�FnÍr � �Fn/�
�{juo�n9o{§!�Fr{ú�n/þ�n/�{§�j���n2j�tvo�r_�
��r{þ�n9l g �#���Oä�~

«En �
hit ∧ ¬linv

�Frutvl>~�� gh� � tvn/y ymj(�!~ [F~h|�a(j��Flì�!~ [F~h|cZ�§
ú
n � �Fn/�#�¸j9þ�n

λj∈ZK
〈Hp[j]〉 = λj∈ZK











the(hv)
g �

j = 0

h(j)
g �

j − 1 ≥ h−1(i)

h(j − 1)
r � �Fn/�3ú g o�n

ú�� g ��� �9ru�F�/thxFl
n9o � � g om�{juo�n#r�� � �Fn �/t]j g y k g þ�n/� � �Fn o���n9� g�� �{j �3g ru� ����ruy n9w;x¸j)�
�3g ru� æ �!~h|�[>ç/~

ut���f�¸j�� �3g �/x
t]j��{§;ú�n��¸j{þ�nso��Fr{ú�� � �¸j �ª� �Fns�FnTS � � g o � ru�3Õ þ�n9� � ru�£o � j9Õ!o�j���n/�3y'x!�
� j �3g ru�¥k g þ�n/�#j'x
�¸j��3ÕÑ� gh� þ�n9� � ru�{~
©�ruy�¦ g �Fn9l#ú gh� � � �FnV��n9o�x
t � oqj�¦�rux � nTS
�/thxFo g þ�n��
�Fn9o�o{§�ú
n(�{j�� � �Fn/��n��<ru��n �9ru�F�/thxFl
n � �¸j � j � j��;Õ¬�/Õ!�/tvn

t
§ � �FnZ� g o � ru�3Õ ��ø�¨ ru�
thÕ

�9ru� � j g �Fo���n/�3y�x � j �3g ru�Fo{~
­:���>���\�>¡ �}G�¬ÇG£�Q§ p�Þ!×_g�Ú�Û¸Ý�×�Û¸Ý�ÚBæ+Ý�Þ
×+ÞJÜ6Ù�Ý Ú1&Th Ã )L- ÚuÛFî hdg�ÚuÛ¸Ý ØuÜ�Û
Ùsñ
×'&�ðZß�Ý Ø�w
ÝLÜ<ÚuÛ
ÙhI À Ú1&�ð Ø�î6î h�mUÙ�Ü6Û<g0× � ×OØuî\Ù/Ú Ù0ßËñ�ñ!Ú1&/Ý
æ9Ú1& � Ø1&Bç�Ü6Û Ë m � ×eg/îhØuÜ6ð Ý�Þ!×�Úuß!Ý\ñ@ß�Ý

H
ÚBæ

Ý�Þ
×Pæ9Ú1& � Ø�&BçuÜ�Û Ë ð+ß�î¡ÝLÜ�ñ@îv×|�J×R&�ÚBæ�( Ë ß5&�×¨Ñ,I^]dÚuÛ ñ!Ø Ë ×¬ü H Ý Ú H ×'Øsñ
×R&0ðZß!Ý Ø�ÝLÜLÚ�Û;m�ÜwI�×hIÈm� ×2Þ�Ø�i�× ∀t ∈ N
+, ad ∈ B

l [
valid ú input? =⇒ permutation?(fwt

ad)

i£�Fn$�
��r;r���r�� � � g os�/t]j g y �LruthtvrËúqo � � g þ g j�ththÕÑ����ruy � �Fn9ru��n/y(o��!~ [F~h|{�(j��Fl#�!~ [F~h|{}
juo�ú
n/thtPjuo � �FnO� ju� �q� �¸j �q� �Fn g � gh�3g j�tU� g o � ru�3ÕÍþ�n9� � ru�

Hid
g osj�tvo�rmj���n/�3y�x � j �3g ru�E~

� nV�FrËú t g o � j'�<n/ú �9ru��rutht]j�� g n9o�ú gh� �Frux � nTSQ�
t g � gh� �
��r;r��3~
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�e�<�L�+³£³ ���L¢j�"G�¬ÇG �SÓ *£Û Ø ÞJÜLÝJm+Ý�Þ!×¥ÞJÜLÝ¨i�×�g{Ý Ú1&¬ÚBæ#Ø Ù9×9Ý£w´Ø�Ù0Ù/Ú�g/Ü<Ø�ÝLÜJi�×qg�Øbg�Þ
×ìÜ]Ù#Ø
Ù�Ü6Û Ë îh×9Ý ÚuÛ;m�ÜuI6×hIÈm

∀t ∈ N
+, ad ∈ B

a [

valid ú input? ∧ hittad =⇒ singleton?(hvt
ad)

�e�<�L�+³£³ ���L¢j�"G�¬ÇG �A� p�Þ!×
way

&�× Ë Ü6Ù�Ý�×'&qÚBæ£ØsÙ9×/Ý£wBØ�Ù�Ù9Ú�g/Ü<Ø�ÝLÜJi�×�g�Øvg�Þ!×£Ü6Ùng�Ú1&'&�×�g9ÝJmUÜuI�×hIªm
∀t ∈ N

+ [
valid ú input? ∧ ¬clearlastcrd(t) =⇒

way ú regt = hitlastcrd(t)?hvlastcrd(t) :λi∈ZK
(i = 〈evlastcrd(t)〉)

�e�<�L�+³£³ ���L¢j�"G�¬ÇG �<� p�Þ!×Gg�ÚuÛ¸Ý�×/Û¸Ý�ÚBæ2Ý�Þ!×±&3× Ë Ü]Ù/Ý�×'&
way ú reg

Ø�î � Ø�h�ÙVÞ�Ø�Ù'Ú�Û�×+Øbg�w
ÝLÜJi�× H ÜLÝJm�ÜwI�×hIÈm ∀t ∈ N

+ [

valid ú input? ∧ ¬clearlastcrd(t) =⇒ singleton?(way ú regt)

µ �>¡(¡#�k�"G�¬ìG ��� �0ÛEg�Ø�Ù{×'Ú3æ�Ø(Þ;Ü�ÝJm�Ý�Þ!×2ÞJÜLÝ�i�×�g9Ý Ú1&(×|k/ß
Øuî^Ù+Ý�Þ!×±&3× Ë Ü]Ù/Ý�×'&
way ú regÜ�ÛãÝ�Þ!×eg;h"g9îh×mj)� � n/�+Ý�Þ!× H × Ë Ü�ÛFÛFÜ�Û Ë ÚBæ2Ý�Þ!×+Øbg g�×0Ù�Ù�m
ÜuI6× Iªm ∀t ∈ N

+, ad ∈ B
a [

valid ú input? ∧ ad =s adrlastcrd(t) ∧ hittad =⇒ way ú reglastcrd(t)+1 = hvt
ad

°e�L�A�<¤BÕ � nmo�n �
l := lastcrd(t)

~ «En �
ad =s adrl ∧ hittad

�Frutvl>~ � n(�¸j9þ�n � r
o��Fr{ú

way � regl+1 = hvt
ad

~�� n � �Fn/��n��<ru��n � S j��Èj��3¦ gh� ��j��3Õ
i ∈ ZK

j��FlÄo��Fr{ú
way � regl+1[i] = hvt

ad[i]
~U� gh� �2�9ru��rutht]j��3Õ2�!~ [F~����!§)ú
n��9ru�F�/thxFl
n

singleton?(hvt
ad)

~
ä g �F�9n

hittad

�Frutvl
o{§;ú
n�j�tvo�r2�¸j{þ�n
¬clearl ~Ï� gh� �*�
��r���r�o gh�3g ru�Ñ�!~ [F~��!§�ú
ns�9ru�F�/thxFl
n

way � regt = way � regl+1 ~�ø�l
l gh�3g ru�¸j�ththÕ�§¸ú�nOk�n � singleton?(way � regl+1)
¦JÕ

�9ru��rutht]j��3Õ �!~ [F~����!~�«�n/y ymjm�!~ [F~h|{�+�Lx
� � �Fn/�qk�x¸j���j�� � n9n9o

∀j ∈ ZK : hvt
ad[j] ≤ way � regl+1[j]

¤¸ru�
j = the(hvt

ad)
§ � � g o�tvn{jul
o � r

way � regl+1[j]
~(i£�Fn(�/t]j g y

way � regl+1 =
hvt

ad

� �Fn/�Í�<ruthtvr{úqo�¦JÕ¥l
n � � gh�3g ru�¬�!~ [F~PZ r��
singleton?

~
ut

�e�������]�b�+���L� �����>���"¢
i£�Fn'ymj g �q�
��r;r�� g l
n{j(�<ru�s�{ju���FnZ�9ru�Fo g o � n/�F�/Õ#r�� � �Fn'o�n � ��juo�o�r�� g j �3g þ�n'�{ju���Fn g o � r
��n9l!xF�9n gh�V� rÍ�{ju���Fn �9ru�Fo g o � n/�F�/Õ �<ru� � �FnZú£j9Õ!o{§ g ~ n�~h§ � �FnZl g ��n9� � ymj\����n9lÄ�{ju���Fn9o{~
©£ju���Fnª�9ru�Fo g o � n/�F�/Õs�<ru� � �Fn��{ju���Fn�ú£j9Õ!oÏj�th��n{jul!ÕVk�x¸j���j�� � n9n9o � �¸j �E� �FnªlFj � jqrux � �
x �
ru�Äjd� gh�sg o � �Fn't]juo � lFj � jmú�� gh�3� n/�DÝ Ú¥Ý�Þ
×+ÞJÜLÝ � Ø�h�~���� � � g o g oOj�tvo�r � �Fn+t]juo � lFj � j
ú�� gh�3� n/� � r � �Fn � Þ�Ú�îh×ã�{ju���Fn�§qú�n#�¸j{þ�n¬�9ru�F�/thxFl
n9l �{ju���Fn¬�9ru�Fo g o � n/�F�/ÕD�<ru� � �Fn
o�n � ��juo�o�r�� g j �3g þ�nd�{ju���Fn�~#i£�FnÑ�9ru� �3g �JxFruxFo(� gh� tvn/y ymj¬�!~��!~h|�a#ú g thtn�
t]j9Õ jì�/�3xF� g j�t
�¸j�� �mg � � � g o �
��r;r��3~b� n � �Fn/��n��Lru��n#nTS � n/�Fl � �Fn �9ru� �3g �JxFruxFod� gh� tvn/y ymj � r � �Fn
o�n � ��juo�o�r�� g j �3g þ�n2�{ju���Fn�~
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tlastcrd(l)

hittad

l

¬hitad hvad = hvt
ad

j

l := lastway[the(hvt

ad
)].bw(ad,b)(t)lastcrd(j) = lastcrd(l)

¤ g k�x
��n'�!~h|{�!z���ththxFo � ��j �3g ru�#r�� � �Fn��/t]j g y¢r��Ïtvn/y ymjm�!~ [F~��\[
µ �>¡(¡#�k�"G�¬ìG �¸¬ �0ÛìØ Ù9×/Ý£wBØ�Ù�Ù9Ú�g/Ü<Ø�ÝLÜJi�×Gg�Øbg�Þ!×'m�Ø*��e MON|K
M_� e �ÇY ^"K�N¨XJP �%� V Ù0Ü�ð�w
Ü�îhØ1&OÝ Ú(îv×�ðZð(Ø.Ñ,I : IJÏ D æ9Ú1&2çuÜJ&3×�g9Ýªð(Ø0ñJñ
×3çWg�Øbg�Þ
×0Ù2Þ�Úuîhç�ÙhImí ×2Ü6î�î\ß;Ù�Ýl&3Ø�Ý�×�Ý�Þ!×Gg/îhØuÜ6ð
Ü�Û±( Ë ß5&�×jÑ,IJÏ�Ñ,I À Ú�&0ð(Øuî�î h�m � ×OÞ�Ø1i�× ∀t ∈ N

+, ad ∈ B
a, b ∈ ZB

[
valid ú input? ∧ hittad =⇒ ∃j ∈ [lastway[the(hvt

ad
)].bw(ad,b)(t) : t] :

lastcrd(j) = lastcrd(lastway[the(hvt
ad

)].bw(ad,b)(t))∧

∀k ∈ [lastway[the(hvt
ad

)].bw(ad,b)(t) : t] : k ≥ j?hvt
ad = hvk

ad :¬hitkad°e�L�A�<¤BÕ «En �
hittad

�Frutvl>~�«En/y ymj'�!~ [F~���� � �Fn/�Ín/�Fo3x
��n9o
singleton?(hvt

ad)
~Ï� gh� �

tvn/y ymj¥�!~ [F~�am�<ru�Vú�j9Õ
i := the(hvt

ad)
§�ú
nZ�9ru�F�/thxFl
n

way[i].valid � input?
~O�£n��

�{j�xFo�nÑr��
way[i].hittad

§�ú
n jul
l gh�3g ru�¸j�ththÕbk�n �
∃last

way[i].bw(ad,b)(t)
¦JÕ tvn/y ymjÄ�!~��!~��

j��Flìo�n �
l := lastway[i].bw(ad,b)(t)

~�i£�Fn'�9ru� �3g �;xFruxFoV� gh� tvn/y ymjd�!~��!~h|�a �Lru��ú�j9Õ
itvn{jul
o � rmjZ�/Õ��/tvn

t′ ∈ [: t]
ú gh� �

lastway[i].crd(t
′) = lastway[i].crd(l)∧

∀t′′ ∈ [l : t] : way[i].hitt
′′

ad = (t′′ ≥ t′)

æ �!~h|{�bç
� gh� � n9wJx¸j �3g ru� æ �!~h|�|cç�§�ú�nÍ�9ru�F�/thxFl
n

lastcrd(t
′) = lastcrd(l)

~Äi£�JxFoË§�ú
nÍru�
thÕ
�¸j{þ�n � r(o3�FrËú

t′′ ≥ t′?hvt
ad = hvt′′

ad :¬hitt
′′

ad�<ru��j��ãj��3¦ gh� ��j��3Õ
t′′ ∈ [l : t]

~q� n � �Fn/��n��<ru��n � S o3xF���ãjm�/Õ��/tvn
t′′
j��Fl g �Fo � j�� �3g j � n

n9w;x¸j �3g ru� æ �!~h|{�bç
ú gh� � gh��g � ru��l
n/� � rZk�n �
way[i].hitt

′′

ad = (t′′ ≥ t′)
~����

hitt
′′

ad

l
r�n9o
�Fr � �Frutvl>§

way[i].hitt
′′

ad

�{j��
�Fr � �Frutvl(n gh� �Fn/�ªú�� g ���(tvn{jul
o � r
t′′ < t

j��Fl �9ru�F�/thxFl
n9o
� �Fn��/t]j g y ~�«En �q� �Fn/��n��<ru��n

hitt
′′

ad

�Frutvl>~�� nOo��
t gh� �{juo�n9oqru�
t′′ ≥ t′

~
|�~q«En �

t′′ ≥ t′
�Frutvl>~ � n � �Fn/� �;�FrËú

way[i].hitt
′′

ad

j��Fl �¸j9þ�n � rÄ�9ru�F�/thxFl
n
hvt

ad = hvt′′

ad

~Ï� gh� � tvn/y ymj'�!~ [F~����!§�ú
n��9ru�F�/thxFl
n
singleton?(hvt′′

ad)
~�ä g �F�9n

the(hvt′′

ad) = the(hvt
ad) = i

�Frutvl
o2¦�n9�{j�xFo�n(r��
way[i].hitt

′′

ad

§ � � g o��{juo�nmr��
� �Fn2�/t]j g y g o � � g þ g j�ththÕÍ�9ru�F�/thxFl
n9l>~

�!~q«En �
t′′ < t′

�Frutvl>~O� n � �Fn/�Ä�;�FrËú
¬way[i].hitt

′′

ad

j��Flã�{j�� juo�o3x
y(n
hitt

′′

ad

~
� n�ú g tht�o3�FrËú � �¸j �E� � g o g o�jq�9ru� � ��jul g � �3g ru�E~Ï� n g �Fo � j�� �3g j � nªn9w;x¸j �3g ru� æ �!~h|{�bç
ú gh� �D�/Õ��/tvn

t′
j��FlÈk�n �

way[i].hitt
′

ad

~¬� gh� �`�
��r���n/� �3g n9oÍ|�~��!~�R¬r��
last

§Pú�n
�9ru�F�/thxFl
n

lastcrd(t
′′) = lastcrd(t

′)
~�ø�l
l gh�3g ru�¸j�ththÕ�§

way[i].bw(ad, b)l �Frutvl
o¦JÕÄl
n � � gh�3g ru�'! g �#�¸j�� �3g �/x
t]j��{§
cdwbl[b]

j��Fl
ad = adrl ¦�r � � �Frutvl>~(� gh� �

gh� n/y �Zr��
valid � input?

�<ru�q�/Õ��/tvn
l
§ � � g o�tvn{jul
o � r

ad =s adrlastcrd(l)
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j��Fl � �JxFo{§ªú
nÍk�n �

ad =s adrlastcrd(t′) = adrlastcrd(t′′) ~ � nÑ�Fr{ú¢j\���
thÕ
tvn/y ymjÄ�!~ [F~����ì�Lru�Z¦�r � �D�/Õ��/tvn9o

t′
j��Fl

t′′
g �Dru��l
n/� � rìk�n �

hvt′′

ad = hvt′

ad

~
i£� g o g y y(n9l g j � n/thÕDtvn{jul
o � r

way[i].hitt
′′

ad

ú�� g ��� g o(jã�9ru� � ��jul g � �3g ru� j��Fl
� �JxFo � � g o3�Fn9o � �FnO�/t]j g y ~

ut

µ �>¡(¡#�k�"G�¬ìG �<� �6æÍØ¬Ù9×/Ý£wBØ�Ù�Ù9Ú�g/Ü<Ø�ÝLÜJi�×dg�Øvg�Þ!×¥Ù0Ü Ë Û@Øuî\ÙÑØ¬ÞJÜLÝJmOÛ@Ú H h�Ý�×ÍÜ�Û Ý�Þ!×dÞ;Ü�Ý
ØJç�ç1&�×0Ù�Ù2Ü6Ù � &�ÜLÝ<Ý�×�Û#Ü�ÛìÝ�Þ!× � Þ�Úuîv×:g�Øbg�Þ!×ZØ3æ�Ý�×'&2Ý�Þ
×OîhØ�Ù�Ý � &0ÜLÝ�×OÝ ÚdÝ�Þ!×OÞJÜLÝ � Ø�h�m�ÜwI�×hIÈm
∀t ∈ N

+, ad ∈ B
a, b ∈ ZB

[
valid ú input? ∧ hittad =⇒

∀t′ ∈ ]lastway[the(hvt
ad

)].bw(ad,b)(t) : t[ : ¬bw(ad, b)t′

°e�L�A�<¤BÕ «En �
hittad

�Frutvl>~�ø��9�9ru��l g �
k � r tvn/y ymjm�!~ [F~����!§
singleton?(hvt

ad)
�Frutvl
o

j��Fl � �JxFoË§
the(hvt

ad)
g o+l
n � �Fn9l>~ � n g � � ��r;l!xF�9n � �Fndo3�Fru� � �¸j��Flb�Fr � j �3g ru�

i :=
the(hvt

ad)
~U���$�¸j�� �3g �/x
t]j��{§

way[i].valid � input?
�Frutvl
oUju�9�9ru��l g �
k � r£tvn/y ymj��!~ [F~�a^!

¦�n9�{j�xFo�nVr��
way[i].hittad

§�ú
nOjul
l gh�3g ru�¸j�ththÕÍk�n �
∃last

way[i].bw(ad,b)(t)
¦JÕdtvn/y ymj �!~��!~��

j��FlÈru�F�9nmj�kJj g �Èo�n �
l := lastway[i].bw(ad,b)(t)

~ � n � S j��Èj��3¦ gh� ��j��3Õ
t′ ∈ ]l : t[j��FlÄo��Fr{ú � �Fn �/t]j g y ¦;Õì�9ru� � ��jul g � �3g ru�E§ g ~ n�~h§>ú�n(juo�o3x
y(n

bw(ad, b)t′ �Frutvl
o{~+��Õ� �FnÍl
n � � gh�3g ru�Dr��
last

§Pú�nÍ�9ru�F�/thxFl
n
¬way[i].bw(ad, b)t′ § g ~ n�~h§ ¬way � regt′ [i]

~
� gh� �¥tvn/y ymjm�!~ [F~��\[F§Fú
n � �Fl#jZ�/Õ!�/tvn

j ∈ [l : t]
ú gh� �

lastcrd(j) = lastcrd(l)∧
∀k ∈ [l : t] : k ≥ j?hvt

ad = hvk
ad :¬hitkad

æ �!~h|�abç
� n��Fr{úöo��
t gh� �{juo�n9o�ru�¬ú��Fn � �Fn/���/Õ!�/tvn

t′
ú�juo g � � �Fn�o�j�y(n'�{ju���Fn ju�9�9n9o�osjuo � �Fn

t]juo � ú�� gh� n � r � �FnV� gh� ú£j9Õ�~
|�~q«En �

lastcrd(t
′) = lastcrd(l)

�Frutvl>~m��ÕÄj\���
thÕ g �
k]�
��r���r�o gh�3g ru� �!~ [F~�� � ú g �9n
�Lru�ì�/Õ��/tvn9o

t′
j��Fl

j
§Vú�n k�n �

way � regt′ = way � regj ~ � n g �Fo � j�� �3g �
j � n n9w;x¸j �3g ru� æ �!~h|�abç ú gh� �ö�/Õ!�/tvn

j
g � ru��l
n/� � r k�n �

hvt
ad = hvj

ad

~ ���
ad =s adrlastcrd(j) �Frutvl
o{§Ïtvn/y ymjì�!~ [F~����#n/�Fo3x
��n9o way � regj [i]

ú�� g ��� g o
jÍ�9ru� � ��jul g � �3g ru�E~(«�n �O� �Fn/��n��Lru��n

ad 6=s adrlastcrd(j) = adrlastcrd(t′) �Frutvl>~�srËú
n/þ�n/�{§�ú
nã���Fr{ú
ad = adrt′ j��Fl cdwbt′ [b]

¦�n9�{j�xFo�nãr��
bw(ad, b)t′ ~� � n/y �(r��

valid � input?
� �Fn/�ãn/�Fo3x
��n9o � �¸j �

ad =s adrlastcrd(t′) ú�� g ��� g oj �9ru� � ��jul g � �3g ru�Äj��Fl � �JxFo � � g o3�Fn9o � � g o��{juo�nOr�� � �Fn��/t]j g y ~
�!~q«En �

lastcrd(t
′) 6= lastcrd(l)

�Frutvl>~È��n/�F�9n�§
lastcrd(j) 6= lastcrd(t

′)
j�tvo�r

�Frutvl
o{~U� n��9ru�F�/thxFl
n�ú gh� �G�
��r���n/� �3g n9o�|�~��!~�Rsr��
last

� �¸j �
t′ /∈ ]lastcrd(j) : j]j��Fl

t′ > l > lastcrd(l) = lastcrd(j).i£�JxFo{§£ú�n k�n �
t′ > j

~ � n �{j��S�FrËú g �Fo � j�� �3g j � n¬n9w;x¸j �3g ru� æ �!~h|�abç ú gh� �
�/Õ��/tvn

t′
g � ru��l
n/� � r k�n �

hvt
ad = hvt′

ad

~ ����r���r�o gh�3g ru� �!~ [F~��Ä�Lru�Ñ�/Õ��/tvn
t′k�x¸j���j�� � n9n9o

way � regt′ = way � reglastcrd(t′)+1 ~�ø�l
l gh�3g ru�¸j�ththÕ�§ gh� n/y �Ñr��
valid � input?

Õ g n/tvl
o
adrt′ =s adrlastcrd(t′) ¦�n9�{j�xFo�nOr�� bw(ad, b)t′ ~P� gh� �

tvn/y ymj2�!~ [F~����s�<ru�P�/Õ!�/tvn
t′
§�ú�n � �Fn/�(�9ru�F�/thxFl
n

way � reglastcrd(t′)+1 = hvt′

ad
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j��FlÍ�Fn/�F�9n�§

way � regt′ [i]
ú�� g ��� g o£j+�9ru� � ��jul g � �3g ru�¬j��Fl � �JxFo � � g o��Fn9o � �Fn

�/t]j g y ~
ut

�e�<�L�+³£³ ���L¢o�"G�¬ÇG �¸¦ �6æÑØ¬Ù{×/Ý£w´ØuÙ�Ù/Úcg/ÜLØ�ÝLÜZi�×Xg�Øbg�Þ
×ÍÙ�Ü Ë Û�Øuî^ÙÍØ¬ÞJÜLÝJmOÝ�Þ
×Yg�hbg/îv× ÚBæÑÝ�Þ!×
îhØ�Ù/Ý � &�ÜLÝ�×+Ý Ú¥Ý�Þ!×�Ù9×9Ý£w´Ø�Ù0Ù/Ú�g/Ü<Ø�ÝLÜJi�×_g�Øbg�Þ!×dÚBæ'Ø H huÝ�×ZÜ6ÛÄÝ�Þ!×'Þ;Ü�Ý�Ø�ç�ç�&3×0Ù0Ù ×|k9ß!Øuî\Ù Ý�Þ!×g;h"g9îh×+ÚBæ2Ý�Þ!×�îhØ�Ù�Ý � &�Ü�Ý�×�Ý ÚmÝ�Þ
×OÞ;Ü�Ýlg�Øbg�Þ!× � Ø�h�mPÜuI�×hIªm ∀t ∈ N

+, ad ∈ B
a, b ∈ ZB

[
valid ú input? ∧ hittad =⇒ lastway[the(hvt

ad
)].bw(ad,b)(t) = lastbw(ad,b)(t)

°e�L�A�<¤BÕ i£�Fn{�
��r�r��Ïr�� � � g oq�9ru��rutht]j��3Õ g y y(n9l g j � n/thÕÑ�<ruthtvr{úqo£�L��ruy tvn/y ymj �!~ [F~����!§
� �Fn�l
n � � gh�3g ru�#r��

last
§Fj��Fl n9wJx¸j �3g ru� æ �!~h|{�bç�~

utVsrËú2§ªú�n j���n � �¸j�ththÕDj�¦
tvn � rÄ�9ru�F�/thxFl
n#�{ju���Fn �9ru�Fo g o � n/�F�/ÕÈ�<ru� � �Fn
K
� ú£j9Õ

o�n � ��juo�o�r�� g j �3g þ�nO�{ju���Fn�~
­:���>���\�>¡ �}G�¬ÇG �+·_O ÜZi�×/ÛØi)Øuî Ü<ç Ü�Ûuñ@ß!ÝJmÍØuÛ�h Ù9×/Ý£wBØ�Ù�Ù9Ú�g/Ü<Ø�ÝLÜZiu×kg�Øvg�Þ!×dæ�ß;î (�î�î^ÙãÝ�Þ!×
×B��Ý�×�Û@çJ×�çYg�Øbg�Þ!×_g�ÚuÛ
Ù�Ü]Ù/Ý�×�Û<g�h2ñ3&3×�çuÜ£g�Ø�Ý�×hI
°e�L�A�<¤BÕ ä g �F�9n

hittad

�Frutvl
o{§Ëú�n��9ru�F�/thxFl
n
singleton?(hittad)

ú gh� � � �Fn9ru��n/y �!~ [F~h|{�!§
g ~ n�~h§ � �Fn/��n�nTS g o � o�nTSFju� � thÕ'ru�Fn£ú£j9Õ

i := the(hvt
ad)

ú gh� �
way[i].hittad

j��Fl'ú�nqj�tvo�r
�¸j{þ�n

way[i].douttad = douttad

~��£n9�{j�xFo�nZr���tvn/y ymjÍ�!~ [F~�a!§
way[i].valid � input?�Frutvl
oË~¥� n g �Fo � j�� �3g j � nÍnTS � n/�Fl
n9lb�{ju���FnÑ�9ru�Fo g o � n/�F�/Õã�L��ruy � �Fn9ru��n/y �!~��!~h|�|m�Lru�

� � g oqú�j9Õ
i
j��Fl � �JxFoqk�n �

∃last
way[i].bw(ad,b)(t) ∧ lastway[i].bw(ad,b)(t) > 0 ∧

∣

∣way[i].douttad

∣

∣

b
=

∣

∣

∣
way[i].dinl

∣

∣

∣

b

� n¥o�n �
l := lastway[i].bw(ad,b)(t)

~ �£n9�{j�xFo�n#r��V�9ru��rutht]j��3Õ �!~ [F~��"a!§�ú
n �9ru�F�/thxFl
n
l = lastbw(ad,b)(t)

§ g ~ n�~h§ g �X�¸j�� �3g �/x
t]j��{§

∃last
bw(ad,b)(t) ∧ lastbw(ad,b)(t) > 0

�Frutvl
oË~��£n9�{j�xFo�nOr��
∣

∣douttad

∣

∣

b
=

∣

∣way[i].douttad

∣

∣

b
=

∣

∣

∣
dinl

∣

∣

∣

b
=

∣

∣

∣
dinlastbw(ad,b)(t)

∣

∣

∣

b
,

� �FnG�
��r�r���r��
nTS � n/�Fl
n9lÄ�{ju���Fnm�9ru�Fo g o � n/�F�/Õ �<ru� � �FnZo�n � ��juo�o�r�� g j �3g þ�nZ�{ju���Fn g o � �!�
g o��Fn9l>~

ut

>f��� � 9 .F`�` à �����3!$��A �Â�3A#U�5 �1��� � 5
ø �Lx
ththÕ juo�o�r�� g j �3g þ�n2�{ju���Fn'¦¸juo g �{j�ththÕ g o�ùBxFo � j o�n � ��juo�o�r�� g j �3g þ�n��{ju���Fn'ú gh� �

l = 0
§

g ~ n�~h§;n{ju���Ñ�{ju���Fnqú£j9Õ�ùBxFo � �Frutvl
osÚuÛ�×��{ju���Fnqt g �Fn�~P¤Fru��o g y �
t g � gh� Õ�§;ú
n�juo�o3x
y(n � �¸j �
� �Fn'�Jx
y'¦�n/�Or���ú£j9Õ!o

K
g oOj_��rËú
n/�Or��
�!§ g ~ n�~h§

k = log K
�Frutvl
o�ú gh� �

k
l
n � �Fn9l

juo g � � �Fn��
��n/þ g ruxFo�o�n9� �3g ru�E~�ä g �F�9n'n{ju���¬�{ju���Fn'ú�j9Õ ru�
thÕ¥�9ru� � j g �Fosru�Fn�t g �Fn�§ � �Fn
l g ��n9� � ru�3Õ¥r��Pn{ju��� ú£j9Õ¥�9ru� � j g �Fosru�FnOn/� � �3Õ�~ªi£�FnOl g ��n9� � ru�3Õ¥n/� � � g n9o � r

K
�søs¨¬o
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0
1

01

clear

dw

tw

vw

way reg

adr

dout

8 · B

clear

Hid

hit

$rd
ev

H hit

LRUup

encH ′ hv

K

hit

Sel

K · 1

K · a

evdirty

K

way reg$rd

H reg d
ec

k

k

valid

dw

vw

tw

clear

1
0

o
r
B

k

encfK

adr[s − 1 : 0] dtycdwb[B − 1 : 0]din adr[a − 1 : 0]

adr

dirty

ev

hv

dty valid

directory

cdwb

2k+s
× (8 · B)

data RAM

dout

din

¤ g k�x
��n��!~h|{�!z�¤
x
ththÕ juo�o�r�� g j �3g þ�nO�{ju���Fn

ú gh� � ru�Fn n/� � �3Õ¬n{ju���Èj���n g �Fo � n{julÄ�9ruy�¦ g �Fn9l g � � r j��SØ1&'&3Ø�h#r��
��n/k g o � n/��o{~'i£�Fn/Õ
�{j��
�Fr � ¦�n£�9ruy�¦ g �Fn9l g � � r2j{��ø�¨ o g �F�9n � �Fn/Õ+j�tht
�¸j{þ�n � rs¦�n�ju�9�9n9o�o�n9l g ���¸j���j�thtvn/t
g � ru��l
n/� � r �9ruy �
x � n � �Fn

hit
o g k��¸j�t ~

¤Fru� � �FnZlFj � jW��ø�¨ìo�r�� � �FnZl g 	>n/��n/� � ú£j9Õ!o{§EjÑo g y g t]j���j\���
��r�ju��� g oO���Fr�o�n/�E~
��� � �Fn�o�n � ��juo�o�r�� g j �3g þ�n£�{ju���Fn�ú gh� �

l = 0
§ � �Fn/Õ+ru�
thÕ'�9ru� � j g �dru�Fn��{ju���Fn�t g �Fn£n{ju���E§

g ~ n�~h§
2s lFj � j�ú
ru��l
o{~ªä g �F�9n � �Fn/Õml
r'�Fr � �¸j9þ�n � r�¦�nVju�9�9n9o�o�n9l g �f�¸j���j�thtvn/t §�ú
n��{j���9ruy'¦ g �Fn � �Fn/y g � � r ÚuÛ�×VlFj � j:��ø�¨ � �¸j � �9ru� � j g �Fo

2k+s lFj � j�ú
ru��l
o{~���r{ú�n/þ�n/�{§ú�n � �Fn/� �¸j9þ�n Ý � Úãl g 	>n/��n/� � ju�9�9n9o�o(jul
l!��n9o�o�n9o+�<ru� � �Fn¥lFj � j �søs¨�l
n���n/�Fl g �
k
ru� � �Fn � Õ>��n¬r��'j�� ju�9�9n9o�o{~ ��x
� g �
k jÈú�� gh� n�§ g ~ n�~h§ g �

cdwb[b]
�Frutvl
om�<ru�do�ruy(n

b
§ � �Fn(n/�F�9r�l
n9l

way � reg
��n/k g o � n/� g oOxFo�n9l¬�Lru� � �FnZx�����n/�

k
¦ gh� o2r�� � �Fnmju�9�9n9o�o

jul
l!��n9o�o�!Ur � �Fn/�3ú g o�n�§Eú
n(xFo�n � �Fn(n/�F�9r;l
n9lã� gh� þ�n9� � ru�{~ i£�Fn tvr{ú�n/���¸j�� � r��
¦�r � �
jul
l!��n9o�o�n9o g oP�<ru�3y(n9l(¦;Õ � �Fnqo�n9� � ru�@�¸j�� � r�� � �Fnsru� g k g �¸j�t�jul
l!��n9o�o{~Pi£�;xFo{§�ú�nq�Fn9n9l
j

2k+s × (8 · B)
lFj � j��søs¨ juoql
n�� g � � n9l g � � k�x
��n��!~h|{�!~

i£�Fnd� g o � ru�3Õ(��ø�¨�ru�
thÕb�9ru� � j g �Fo(ru�FnÑ� g o � ru�3Õ þ�n9� � ru�mj��Fl � �;xFo{§ gh�Zg o g yZ�
�
tvn/y(n/� � n9lÄú gh� � jÑo g �
k�tvn+��n/k g o � n/�{~eV�r � n � �¸j � jÑo�n9�9ru�Flq� g ��n/t g �Fn o � j�k�n'�Lru� � �Fn
� g o � ru�3Õ �9ruy �
x � j �3g ru�Dú gh� �È�<ru�3ú�j���l g �
k juo g � � �FnÑo�n � ��juo�o�r�� g j �3g þ�nd�{ju���Fn g o'�Fr �
�Fn9�9n9o�o�j��3Õ�~�¤ g k�x
��nV�!~h|{�+l
n�� g � � o � �Fn � r��!� tvn/þ�n/tElFj � j��¸j � �Fo��<ru� � � g oª�Lx
ththÕdjuo�o�r;� g j)�
�3g þ�n��{ju���Fn�~Pi£�Fn g y �
tvn/y(n/� � j �3g ru�(r�� � �Fn��{ju���Fn�l g ��n9� � ru�3Õ g oÏo3�Fr{ú�� g � � k�x
��n£�!~h|�[F~
V�r � n � �¸j �2� �Fnmn/�Jþ g ��ru�
y(n/� � odÖ�×�î�j��Fl(Ä Ã*Å ß{ñ �¸j{þ�ndj�th��n{jul!Õã¦�n9n/� g � � ��r�l!xF�9n9l
�<ru� � �Fn2o�n � ��juo�o�r;� g j �3g þ�nO�{ju���Fn g � n9w;x¸j �3g ru� æ �!~ [>ç�j��Fl � k�x
��n'�!~�R!~�� nV�Fr{ú g � � ��r��
l!xF�9n � �FnZ�9ru�3��n9o���ru�Fl g �
k n9w;x¸j �3g ru�Fo � �¸j � l g 	�n/���L��ruy � �Fn+o�n � ��juo�o�r�� g j �3g þ�n+�{ju���Fn
ú gh� �

l = 0
�<ru�qrux
�£�<ru�3ymj�tUj��3k�x
y(n/� � o{z
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radr = (orB(cdwb)? encfK(way � reg)[k − 1 : 0] :enc) ·
æ �!~h|cZ"ç

adr[s − 1 : 0]

dout = λi∈Z8·B
data[i div 8] [radr] [i mod 8]

æ �!~h|{}bç

data′ = λb∈ZB
λx∈Bk+s

{

|din|b
g �

cdwb[b] ∧ x = radr

data[b][x]
r � �Fn/�3ú g o�n æ �!~h|�Rbç

��ò��Oò�ñ L �Ç÷7÷8
M�,�7��
Sø1ø õè÷!�B�N 
i£�FnZymj g � g l
n{j¥r�� � �Fn �9ru�3��n9� � �Fn9o�o��
��r�r��
�<ru� � �FnZ�Lx
ththÕãjuo�o�r;� g j �3g þ�n �{ju���Fn g o � r
��n9l!xF�9n gh�2� r � �Fn �9ru�3��n9� � �Fn9o�o+r���jÍo�n � ��juo�o�r�� g j �3g þ�n(�{ju���Fnmú gh� � � �Fn(o�j�y(n o�n � r��
�¸j���j�y(n � n/��o�þ�n/� g�� n9l g � o�n9� �3g ru�¬�!~ [F~h|�~
E �8F��1� �c���<�N�}G �"G£� ) æ0ß�î�î h'ØuÙ�Ù/Úcg/ÜLØ�ÝLÜZi�×{g�Øvg�Þ!×

fa
ØuÛ@ç�Ø2Ù9×9Ý£w´Ø�Ù0Ù/Ú�g/Ü<Ø�ÝLÜJi�×�g�Øbg/Þ!×

saØ�&3×Wg�Ø�î6îv×3ç ×|k/ß�ÜJi)Øuîv×�Û¸ÝJmOÜwI�×hIÈm
sa ≡ fa

m�Ü Ô Ý�Þ!×�æ9Úuî6îhÚ � Ü�Û Ë g�ÚuÛ@ç�Ü�ÝLÜ<ÚuÛ
ÙmØ1&�×sæ0ß�î (�î6îv×3ç
∀i ∈ ZK

[

sa.way[i].data = λb∈ZB
λx∈Bsfa.data[b][bink(i) · x] ∧

sa.way[i].dir = λx∈B0fa.dir[i] ∧

sa.way ú reg = fa.way ú reg ∧

sa.Hú reg = fa.Hú reg

À Ú1&'ØuÛ�h�æ�ß;î�î h¥Ø�Ù0Ù/Ú�g/Ü<Ø�ÝLÜJi�×�g�Øbg/Þ!×
fa
m � ×ZçJ×J(�Û�×ZØ�æ�ß�Û<g9ÝLÜ<ÚuÛ sa(fa)

Ý�Þ!Ø�Ý�ð Ø�ñ¸Ù2Ü�Ý
Ý ÚÄØ�Û ×|k/ß�ÜZi)Ø�îh×�Û@ÝVÙ9×/Ý£wBØ�Ù�Ù9Ú�g/Ü<Ø�ÝLÜJi�×Yg�Øbg/Þ!×�m�ÜuI6× Iªm

sa(fa) ≡ fa
Þ�Úuîhç�Ù H hEg�ÚuÛFÙ�Ýl&�ß^g�wÝLÜ<ÚuÛ0Ijp�Þ!×OçJ×l(�ÛFÜLÝLÜLÚuÛ ÚBæ�Ý�Þ!×Ïæ�ß;Û+g9ÝLÜLÚ�Û

sa(fa)
Ü]ÙsÝl&�ÜJi{ÜLØ�î6î h+çJ×R&0ÜJi�×3ç�æ�&3Úuð Ý�Þ!×OØ H Ú1i�×ç;×J(�ÛFÜLÝLÜLÚ�ÛÈÚBæ'Ý�Þ!×m×|k/ß�ÜZi)Ø�îh×�Û+g�×hI À Ú�&'Ý�Þ!×'Þ;Ü]Ù/Ý Ú1& h Ã )L- ØuÛ@çÍÝ�Þ!×(Ø�ç�ç1&�×0Ù�Ù�&�× Ë Ü6Ù�Ý�×'&

Ú3æZÝ�Þ
×+Ù9×9Ý£w´Ø�Ù0Ù/Ú�g/Ü<Ø�ÝLÜJi�× g�Øbg�Þ
× � ÞJÜ£g/ÞãØ1&�× Û�Ú�ÝÏñ!Ø1&/ÝsÚ3æZÝ�Þ
×mØ H Ú1i�×Í×|k/ß�ÜZi�Øuîh×/Û<g�×�m � ×ç;×J(�Û�× [

sa(fa).adr ú reg := 00

sa(fa).history := λx∈B0Hid

i£�Fn£�LruthtvrËú g �
k��
��r���r�o gh�3g ru�m¦¸juo g �{j�ththÕZo � j � n9o � �¸j � n9wJx g þ�j�tvn/� � �{ju���Fn9o@�
��r�l!xF�9n
� �Fn�o�j�y(nOrux � �
x � ~
°e�L�<²@���c� �c���<�N�"G �"G � ÄU×/Ý

sa H ×dØdg�ÚuÛ ( Ë ß,&BØ�ÝLÜ<ÚuÛDÚBæ ØÑÙ9×/Ý£wBØ�Ù�Ù9Ú�g/Ü<Ø�ÝLÜJi�×*g�Øbg�Þ!×�m
faØEg�ÚuÛh( Ë ß,&3Ø�ÝLÜLÚ�Û ÚBæÑØ+æ�ß�î6î h¬Ø�Ù0Ù/Ú�g9ÜLØ�ÝLÜJi�×Yg�Øbg�Þ!×�m2îv×/Ý2ØuÛ�ç¬îh×/Ý

fa ≡ sa
Þ�Úuîhç8Iýp�Þ!×

Ú�ß�Ý\ñ@ß!Ý�Ù'ÚBæ
sa

ØuÛ@ç
fa

Ø1&�×'Ý�Þ!×�ÛÈ×|k/ß
Øuî�I¬�0Ûqg�Ø�Ù9×ZÚBæ
dout

m � ×�Û�×�×�çdÝ�Þ
×'ØJç�çuÜLÝLÜLÚuÛ�Øuî
ØuÙ�Ù0ß�ðsñ�ÝLÜ<ÚuÛmÝ�Þ�Ø�Ý>Ý�Þ
×�ÞJÜLÝ"i�×�g9Ý Ú�&�Ü]Ù�Øbg9ÝLß
Øuî6î h�Ø�Ù�Ü6Û Ë îh×/Ý Ú�Û;m>ÜwI�×hIÈm>Ý�Þ
×'&3×qÜ6Ù�×|��Øvg9ÝLî h�Ú�Û�×
Þ;Ü�Ý � Ø�h�m
ØuÛ@çÑÝ�Þ�Ø�Ý�Ü�Û g�Ø�Ù9× Ú3æ'Ø H h�Ý�× � &0ÜLÝ�×�Ü6ÛEg�hbg/îv× t

m
Ý�Þ
×OÞ;Ü�Ýèi�×�g9Ý Ú�& ×|k9ß!Øuî\Ù+Ý�Þ
×
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a��

EQ

EQ

tag0valid0

...
...

tw

validK−1 tagK−1

valid

...

dirty0

dirtyK−1

vw

clear adr[a − 1 : s]

adr[s − 1 : 0]

dw

evK−1

dirty0

ev0

dty

way reg[0]

way reg[K − 1]

hv0

hvK−1

dirtyK−1

¤g k�x
��n��!~h|�[Fz��g ��n9�� ru�3Õ¥n/�Jþg ��ru�
y(n/�� r���j'�Lx
ththÕ¥juo�o�r��g j�3g þ�n2�{ju���Fn
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way ú reg
&3× Ë Ü]Ù/Ý�×'&hI:Ä�Ø�Ý�×'& ÚuÛ;m � × � Ü6î�î8n�ß;Ù�ÝLÜ æ hÍÝ�Þ!×0Ù{×(Ø�Ù0Ù0ß�ð�ñ�ÝLÜLÚuÛFÙ � Ü�Ý�Þìîh×�ðZð(Ø�Ù

ñ0&BÚ1iu×3ç¥Ø H Úuß!Ý£Ý�Þ!×2Ù9×/Ý£wBØ�Ù�Ù9Ú�g/Ü<Ø�ÝLÜJi�×�g�Øbg�Þ
×hI À Ú�&0ð(Øuî�î h�m � ×�Ý�Þ!×�Û¬Þ�Ø1iu× ∀ad ∈ B
a [

sa.hv = fa.hv ∧ sa.dirty = fa.dirty ∧ sa.ev = fa.ev∧
(fa.hit ∧ singleton?(fa.hv)∧

(cdwbt 6= 0B =⇒ fa.way ú reg = fa.hv) =⇒
sa.dout = fa.dout)

°e�L�A�<¤BÕ i£�Fn��/t]j g y(o£j�¦�rux �
� �Fnq� gh� þ�n9� � ru�
hv

juo�ú�n/tht�juo � �Fn�rux � �
x � o
dirty

j��Fl
ev

�LruthtvrËú g y y(n9l g j � n/thÕ �<ru�3y � �FnÑ�9ru�Fo � �3xF� �3g ru� r�� � �Fnm��x
ththÕbjuo�o�r�� g j �3g þ�nd�{ju���Fn
j��Fl l
n � � gh�3g ru� �!~��!~h|ìr���n9w;x g þ�j�tvn/�F�9n�~ � n � �Fn/��n��Lru��n¬ru�
thÕD�<r;�/xFodru� � �Fn¬lFj � j
rux � �
x � ~ «En �

fa.hit ∧ singleton?(fa.hv)
�Frutvl>~b� n¥o�n �

i := the(fa.hv)
~ ���

jul
l gh�3g ru�E§ªú
nÍ���Fr{ú
cdwbt 6= 0B =⇒ fa.way � reg = fa.hv

~bä g �F�9n
enc =

encfK(fa.hv)[k − 1 : 0]
�Frutvl
os¦JÕ¥�9ru�Fo � �3xF� �3g ru�ãr�� � �FnO�Lx
ththÕ¥juo�o�r;� g j �3g þ�n'�{ju���Fn�§

� �Fn�ju�9�9n9o�o£jul
l!��n9o�o
r�� � �FnslFj � je�søs¨ r�� � �Fn��Lx
ththÕ(juo�o�r�� g j �3g þ�n��{ju���Fn g o
k g þ�n/�m¦JÕ
radr = encfK(fa.hv)[k−1 : 0]·adr[s−1 : 0]

~U���:�¸j�� �3g �/x
t]j��{§ � �Fn£�9ru�3��n9� � �Fn9o�o�r��
� �Fnsn/�F�9r;l
n/�£ju�9�9ru��l g �
k � rOtvn/y ymjm|�~ [F~�}2k�x¸j���j�� � n9n9o

radr = bin k(i) ·adr[s−1 :
0]
~
ä g �F�9n

sa.hv = fa.hv
�Frutvl
oË§
tvn/y ymj¥|�~ [F~ [(k�x¸j���j�� � n9n9oq�<ru��j��JÕÍ¦JÕ � n

b ∈ ZB

|sa.dout|b = |sa.way[i].dout|b = sa.way[i].data[b][adr[s − 1 : 0]].

ø�l
l gh�3g ru�¸j�ththÕ�§¸ú
nO�¸j{þ�n

|fa.dout|b = fa.data[b] [bink(i) · adr[s − 1 : 0]]

j��Fl#�9ru�F�/thxFl
n � �Fn2�/t]j g y ú gh� �#l
n � � gh�3g ru�ã�!~��!~h|2r���n9wJx g þ�j�tvn/�F�9n�~
utVsr � n � �¸j � ú
n¥�{j��D�/t]j g y n9w;x¸j�t gh� Õ �<ru� � �FnÍlFj � jãrux � �
x � ru�
thÕÈx
�Fl
n/� o�ruy(n

��n9o � � g � �3g ru�Fo{~�� n{�
��r;�9n9n9lÑú gh� � j'tvn/y ymjZo � j �3g �
k � �¸j � n9wJx g þ�j�tvn/�F�9n g ol�
��n9o�n/�3þ�n9l
g � ru�Fn��/Õ��/tvn�~
µ �>¡(¡#�k�"G �}G��ûÀ Ú1&ãØuÛ¸h Ù9×/Ý£wBØ�Ù�Ù9Ú�g/Ü<Ø�ÝLÜJi�×#g�Øvg�Þ!×

sa
ØuÛ�çDØuÛ¸hÑæ0ß�î6î hbØuÙ�Ù/Úcg/ÜLØ�ÝLÜZi�×

g�Øbg�Þ!×
fa
m+×Bk/ß;ÜJi)Øuîv×�Û<g0×ìÜ]Ù'ñ3&�×0Ù9×'&'i�×3çbÜ æÄ&3× Ë Ü]Ù/Ý�×'&

way ú reg
Ü]Ù ØãÙ�Ü6Û Ë îh×/Ý Ú�Û;m2ÜwI�×hIÈm

îv×/Ý
sa′

ØuÛ�ç
fa′ H × Ý�Þ!×ÍÛ�×|��Ý:g�ÚuÛh( Ë ß,&3Ø�ÝLÜLÚ�Û
Ù¥Ú3æ sa

Ø�Û@ç
fa
mf&�×0Ù ñF×�g9ÝLÜJi�×�î ham Ë ÜJi�×�Û

Ü<çJ×�Û@ÝLÜ£g�Ø�îEÜ6Û�ñ@ß�Ý
Ý Ú H Ú�Ý�Þ]g�ÚuÛh( Ë ß5&3Ø�ÝLÜ<ÚuÛ
ÙhIÑíZ×'Ý�Þ!×�ÛìÞ�Ø1iu× [
fa ≡ sa ∧ singleton?(fa.way ú reg) =⇒ fa′ ≡ sa′

°e�L�A�<¤BÕ ¤¸ru� j�tht � �FnÍ�9ruy ��ru�Fn/� � o r�� � �FnÍ�9ru� � k�x
��j �3g ru�Sj\�¸j�� � �L��ruy � �FnÍlFj � j
�søs¨b§ � �Fn �/t]j g y(o¬�<ruthtvr{úqo g y y(n9l g j � n/thÕ ����ruy � �Fn �9ru�Fo � �3xF� �3g ru�ýj��Fl l
n � � g �
�3g ru� �!~��!~h|ãr���n9wJx g þ�j�tvn/�F�9n�~ö¤Fru� � �FnìlFj � j(��ø�¨b§ � �Fnãj��3k�x
y(n/� � o#j���n¬o g y g t]j��
� r � �Fr�o�nÍr���tvn/y ymjÄ�!~��!~��!~ ��� � �Fn j�¦Fo�n/�F�9nÍr��sú�� gh� n9oË§�n9wJx g þ�j�tvn/�F�9n g o � � g þ g j�ththÕ
�
��n9o�n/�3þ�n9lA!�r � �Fn/�3ú g o�n�§Pú
nm�;�FrËú

radr = encfK(fa.way � reg) · adr[s − 1 : 0]j��Fl>§U¦�n9�{j�xFo�n(r�� � �Fndjul
l gh�3g ru�¸j�t�juo�o3x
y � �3g ru�E§
fa.way � reg

g o'j¥o g �
k�tvn � ru�bj��Fl
n9w;x¸j�t � r

sa.way � reg
¦JÕ � �Fn¥juo�o3x
y � �3g ru� r���n9w;x g þ�j�tvn/�F�9n�~È� nÍ�{j�� � �Fn/� o�n �

i := the(fa.way � reg)
j��Fl � � g o3� � �FnY�
��r�r���ùBxFo � t g ��n g � tvn/y ymjÈ�!~��!~��!~ ¤Fru�

l
n � j g tvoË§
ú
n2ru�F�9n'j�kJj g � ��n��Ln/� � r � �FnO�9ruy �
tvn � n����2ä �
��r�r��B~
ut
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VsrËú ú�nm���Fr{ú � �¸j �'� �Fnd��n/tvn/þ�j�� � rux � �
x � o+r���n9w;x g þ�j�tvn/� � �{ju���Fn9o(j���nmn9w;x¸j�t

j��FlÍn9w;x g þuj�tvn/�F�9n g ol�
��n9o�n/�3þ�n9lÍk g þ�n/� g l
n/� �3g �{j�t g ���
x ��g � � �Fn��/x
�3��n/� � �/Õ��/tvnOj��Fl j
o g �
k�tvn � ru�

way � reg
~�i£� g o g o�j�thy(r�o � o3x^mm� g n/� ��g �¥ru��l
n/� � rZo3�Fr{ú �9ru�Fo g o � n/�F�/Õdr��

� �Fns�Lx
ththÕÑjuo�o�r;� g j �3g þ�nV�{ju���FnV¦;Õ g �Fl!xF� �3g ru� ú gh� � � �FnOj�th��n{jul!Õ �
��r{þ�n9l¥�9ru�Fo g o � n/�F�/Õ
r�� � �Fnão�n � ��juo�o�r;� g j �3g þ�n¬�{ju���Fn�~öi£�Fn¬ru�
thÕo�
��ru¦
tvn/y g o � �Fn g � gh�3g j�tO�/Õ��/tvnìú��Fn/��n
��n/k g o � n/�

way � reg
ymj{Õ �¸j9þ�n¥j��Dj��3¦ gh� ��j��3Õ �9ru� � n/� � j��Flbo�ruy(ndo��
x
� g ruxFo'ú�� gh� n

o g k��¸j�tvo�ymj{Õ¥¦�n�ju� �3g þ�n�~�ø�o g � gh�3g j�tÏ�9ru� � k�x
��j �3g ru�¬�Lru� � �Fn'o�n � ��juo�o�r�� g j �3g þ�n��{ju���Fn�§
ú�n � �Fn/��n��<ru��n�o�n/tvn9� �

sa(fa1)
j��FlÑjuo g ���
x � o�n9wJxFn/�F�9n

inp′
�Lru� � �Fnqo�n � ��juo�o�r�� g j �3g þ�n

�{ju���Fn�§¸ú�n � j���n � �Fn g ���
x � o�n9wJxFn/�F�9n'r�� � �Fn2��x
ththÕ juo�o�r;� g j �3g þ�n'�{ju���Fn'j��Flìl g o�j�¦
tvn
j�tht�ú�� gh� n2o g k��¸j�tvo g � � �Fn g � gh�3g j�t��/Õ��/tvnOnTS
�9n�� �q� �Fn2�/tvn{j��{~%Vsr � n � �¸j ��� � g o � � g þ g j�ththÕ
tvn{jul
o � r

sa[sa(fa1)]1 = sa(fa1)
~

��� � �Fn'�LruthtvrËú g �
kF§�ú
nZxFo�n � �Fn��Fr � j �3g ru�
sa.P

�<ru�Vjf�
��n9l g �{j � n
P
� �¸j � �Frutvl
o

ru� � �FnO�9ruy �
x � j �3g ru� � �FnOo�n � ��juo�o�r�� g j �3g þ�nO�{ju���Fn2k g þ�n/� gh� o g ���
x �
inp′

~ªä g y g t]j��3thÕ�§
ú�nÍxFo�n

fa.P
�Lru���
��n9l g �{j � n9o(ru� � �FnÍ�9ru�3��n9o���ru�Fl g �
kÈ�9ruy �
x � j �3g ru�Sr�� � �FnÑ��x
ththÕ

juo�o�r;� g j �3g þ�n��{ju���Fn�~

°e�L�<²@���c� �c���<�N�"G �"G�¬ p�Þ
×dæ/Úuî�îhÚ � Ü6Û Ë ñ0&BÚ0ñF×'&�ÝLÜ ×0Ù Þ�Úuîhç¬æ/Ú1&bØuÛ¸h t ∈ N
+, ad ∈

B
a, b ∈ ZB

[

lastsa.crd(t) = lastfa.crd(t)
æ �!~����bç

∃last
sa.bw(ad,b)(t) =⇒ lastsa.bw(ad,b)(t) > 0 ∧ ∃last

fa.bw(ad,b)(t) ∧

lastsa.bw(ad,b)(t) = lastfa.bw(ad,b)(t)
æ �!~��!|cç

� n'ruy gh��� �Fn'�9ru�3��n9o���ru�Fl g �
k �
��r�r��Loql!xFn � r � �Fn g � � � g þ g j�t gh� Õ�~�� n2�FrËú o3�FrËú �¸j �
juo�o�r;� g j � n9l¥�9ruy �
x � j �3g ru�Fos��n9o3x
t �qg � n9w;x g þ�j�tvn/� � �9ru� � k�x
��j �3g ru�FoË~
µ �>¡(¡#�k�"G �}G �

∀t ∈ N
+ : fat ≡ sat

°e�L�A�<¤BÕ � n2o3�Fr{ú � �FnO�/t]j g y ¦JÕ g �Fl!xF� �3g ru�ìru�
t
~

�;���1���"�c���<�ÌÖ����c�ä×
t = 1 Ù z�ä g �F�9nq�Fr�ú�� gh� n�o g k��¸j�t g o
ju� �3g þ�n g � inp′

g �m�/Õ��/tvn
0
¦JÕ

�9ru�Fo � �3xF� �3g ru�E§
sa[sa(fa1)]1 = sa(fa1) ≡ fa1 � � g þ g j�ththÕ#�Frutvl
osú�� g ��� �9ru�F�/thxFl
n9o� �Fn g �Fl!xF� �3g ru� ¦¸juo�n�~

�;���1���"�c���<�t�����v²¿×
t → t + 1 Ù z
«En � n9w;x g þuj�tvn/�F�9n g � �/Õ!�/tvn t

�Frutvl>§ g ~ n�§
fat ≡ sat ~� n � �Fn/�(�¸j9þ�n � r�o3�Fr{ú n9w;x g þuj�tvn/�F�9n g �(�/Õ��/tvn

t+1
~P� �

singleton?(fa.way � regt)�Frutvl
oË§ � �Fn g �Fl!xF� �3g ru��o � n�� g oì�9ru�F�/thxFl
n9l ú gh� � tvn/y ymj �!~��!~��!~ «En �ì� �Fn/��n��<ru��n
¬singleton?(fa.way � regt)

�Frutvl>~£ä g �F�9n
fa.way � regt = sa.way � regt ¦JÕ � �Fnn9w;x g þ�j�tvn/�F�9n g �#�/Õ!�/tvn

t
§Fú
n2�9ru�F�/thxFl
n

clearlastsa.crd(t) ¦;ÕÑtvn/y ymjd�!~ [F~����!~
� � n/y �
r��

valid � input?
� �¸j�� jul
l gh�3g ru�¸j�ththÕ n/�Fo3x
��n9o � �¸j � �FrÍú�� gh� nmo g k��¸j�t g o'ju� �3g þ�n g �

�/Õ!�/tvn
t
~ i£�JxFo{§
n9wJx g þ�j�tvn/�F�9n g o � � g þ g j�ththÕ(�
��n9o�n/�3þ�n9l j��Fl � �Fn g �Fl!xF� �3g ru�So � n�� g o

� � g o��Fn9l>~
ut

­:���>���\�>¡ �}G �"G ¦ )�æ0ß�î6î h Ø�Ù�Ù9Ú�g/Ü<Ø�ÝLÜJi�×dg�Øvg�Þ!×2æ0ß�î (ªî6î\ÙÑÝ�Þ!×Xg�ÚuÛ
Ù�Ü]Ù/Ý�×�Û<g�hdñ3&�×3çuÜyg�Ø�Ý�×
Ë ÜZi�×/ÛìÙ9Úuðm×�Ü6Ûuñ�ß�Ý¸æ0ß�î (ªî6î Ü6Û Ë

valid ú input?
I
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°e�L�A�<¤BÕ �
Õ�tvn/y ymjq�!~��!~��!§)ú
n��9ru�F�/thxFl
n
fat ≡ sat �<ru��j��JÕ t ∈ N+ ~U«En/y ymj��!~��!~��� �Fn/� n/�Fo�x
��n9o

fa.hvt = sa.hvt ~Z��� �¸j�� �3g �/x
t]j��{§ � � g oVtvn{jul
o � r sa.valid � input?¦;Õ � �Fn�l
n � � gh�3g ru�ìr��
inp′

~���� �{juo�nOr��
sa.hitt

§Ftvn/y ymj(�!~ [F~����(jul
l gh�3g ru�¸j�ththÕ¥k�x¸j��B�
j�� � n9n9o

singleton?(sa.hvt)
~���� ru��l
n/� � r o3�FrËú � �FnOn9w;x¸j�t gh� Õ¥r�� � �Fn�lFj � jZrux � �
x �

g � �{juo�n2r���j+� gh� §Fú
nO�Fn9n9l � r n/�Fo�x
��n

cdwb 6= 0B =⇒ fa.way � reg = fa.hv

���
cdwbt 6= 0B �Frutvl
o{§uú
n
�;�FrËú

adrt =s adrlastcrd(t) ¦JÕ gh� n/y���r��
valid � input?

~
«�n/y ymjÈ�!~ [F~���� �Lru� � �Fnìo�n � ��juo�o�r�� g j �3g þ�n �{ju���Fn#ú gh� �

ad := adrt � �Fn/� n/�Fo3x
��n9o
sa.way � reglastcrd(t)+1 = sa.hvt j��Fl ú gh� �#tvn/y ymjÑ�!~ [F~��!§Fú
n+jul
l gh�3g ru�¸j�ththÕ#�9ru�!��/thxFl
n

sa.hvt = sa.way � regt ~���ÕOn9wJx g þ�j�tvn/�F�9n g �+�/Õ��/tvn t
§ � � g o�tvn{jul
o � r

fa.hvt =
fa.way � regt j��Fl¥�Fn/�F�9n�§
tvn/y ymjm�!~��!~��(j�tvo�r k�x¸j���j�� � n9n9o sa.doutt = fa.doutt

~
¤ g �¸j�ththÕ�§>lFj � jÑ�9ru�Fo g o � n/�F�/Õìr�� � �FnZo�n � ��juo�o�r;� g j �3g þ�n+�{ju���Fn(ju�9�9ru��l g �
k � r � �Fn9r��

��n/y �!~ [F~��bZ j��Fl n9w;x¸j �3g ru�ì�!~��!~ [ � � g o3� � �Fn$�
��r�r��3~
ut

>f�<a b 5 ` �Â�<58Fdcþ!U�fe
� � g tvn � �Fn/��nZj���n'ymj��JÕ]�
x
¦
t g o3�Fn9lÄj�� �3g �/tvn9oOru� � �Fn��<ru�3ymj�tÏþ�n/� g�� �{j �3g ru� r��ª�{ju���Fn
�9ru�Fo g o � n/�F�/Õ#�
��r � r��9rutvo{§ � �Fnmþ�n/� g�� �{j �3g ru�Dr��,�¸j���j�y(n � n/� gh� n9l �{ju���Fn g y �
tvn/y(n/� � j)�
�3g ru�Fo�ú gh� �#l g 	>n/��n/� � juo�o�r;� g j �3g þ gh� Õ g oq��j���n/thÕÑ��n���ru� � n9l>~
��� � �Fn$�
��r � r��9rutEþ�n/� g�� �{j)�
�3g ru�(I ���$R"a!§�¨¬�9¨¬�!|�§Bä�ø3�{R"R!§´ä
ä�øV�!|TK � �¸j � ú
nOú g tht�l g o��/xFo�o g � � �Fn2��n/t]j � n9l ú
ru�3�
r�� � �Fn��<ruthtvr{ú g �
k ���¸j\� � n/�{§E�{ju���Fn9o2j���n j�¦Fo � ��ju� � x
� gh� o � �¸j � �{j��ã�Frutvlãjul
l!��n9o�o�n9o�!
n{ju���#jul
l!��n9o�oq�{j��#j � tvn{juo � ¦�nVþuj�t g lÍru�ql g � � Õdú�� g ���#�9ru�3��n9o���ru�Fl
o � r rux
���Fr �3g ru�Fo
g � � � g o2���¸j\� � n/�{~ ¤
��ruy � �Fn��
��r � r��9rut�þ g n/ú2§�jÑ�{ju���Fn ymj9Õ¬�Fru�Fl
n � n/�3y g � g o �3g �{j�ththÕ
n/þ g � � jul
l!��n9o�o�n9o2�L��ruy gh� o'y(n/y(ru�3ÕÄú�� g ���D�9r g �F� g l
n9o+ú gh� � rux
� g l
n{j r���n/þ g � �3g �
k
�{ju���Fn#t g �Fn9oË~ ��r{ú�n/þ�n/�{§q�{ju���Fn9oÍj���n#o g y �
thÕDjuo�o3x
y(n9l � rÈ¦�n �9ru�Fo g o � n/� �dg � � �Fn
o�n/�Fo�n2r���l
n � � gh�3g ru�b|�~��!~�� g �ªju� � x¸j�tÏlFj � j g o��9ru�Fo g l
n/��n9lA!¸�Lru� � �Fn�l g 	>n/��n/� � o � j � n9o{§
gh�sg o�juo�o3x
y(n9l � �¸j � �{ju���Fn jul
l!��n9o�o�n9oso � j{Õ g � � �Fn��/x
�3��n/� � o � j � n2x
�
tvn9o�o � �Fn/Õ#j���n
n/þ g � � n9l+ru�Ïx���lFj � n9l'¦JÕ+j��ZnTS^�
t g � gh� ��n9w;xFn9o � ~Ïi£� g oÏ¦¸juo g �{j�ththÕ���n�û¸n9� � o gh� n/y |�j��Fl:[
r��Pl
n � � gh�3g ru�¬�!~��!~h|2r��PnTS � n/�Fl
n9l#�{ju���Fn2�9ru�Fo g o � n/�F�/Õ�§ g ~ n�~h§ � �¸j �q� �Fn

hit
j��Fl

dirtyo g k��¸j�tvo g �ãrux
�O�{ju���Fn9o2j���n g �ão�ruy(n'o�n/�Fo�n'�9ru�Fo g o � n/� � ~O���¬r � �Fn/�Vú�ru��l
o{§ gh�sg �!�<ru�B�
ymj�ththÕÍo�n9n/y(o � �¸j � Õ�rux#�9rux
tvl¥xFo�nO�{ju���Fn9osjuo�þ�n/� g�� n9l g � � � g oq���¸j\� � n/�sú gh� � � �Fn9o�n
�
��r � r��9rutEþ�n/� g�� �{j �3g ru�Fo{~�i£�FnV� ju� �q� �¸j �q� �Fn2�{ju���Fn��9ru�Fo g o � n/�F�/Õ �
��r���n/� �3g n9o��<ru��j��
g y �
tvn/y(n/� � j �3g ru� r��qjÑo�n9� � ru��n9l

K
� ú£j9ÕÄo�n � ��juo�o�r;� g j �3g þ�n �{ju���Fn g �E�¸j�� �3g �/x
t]j��'j���n

�Fru�!� � � g þ g j�t£o�n9n/y(o � rì¦�nmr��qy g �Fru� g � � n/��n9o �Z� r � �FnÍj�x � �Fru��oZo g �F�9n � �Fn/Õ l
r �Fr �
�9ru�Fo g l
n/�sju� � x¸j�t g y �
tvn/y(n/� � j �3g ru�FoË~
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��� � � g oV���¸j\� � n/�{§@ú�nG�
��n9o�n/� � j�� g y �
tvn/y(n/� � j �3g ru�Èr��
j(�{ju���Fn+y(n/y(ru�3Õ g � � n/�B� ju�9n
ú gh� � jì��n{jul`��ru� � �<ru� g �Fo � �3xF� �3g ru� �Ln � ���Dj��FlDjì��n{julS2#ú�� gh� nW��ru� � �<ru�+y(n/y(ru�3Õ
ju�9�9n9o�o{~£� n2ú g tht � �Fn/� �<ru�3ymj�ththÕ þ�n/� g �LÕ � �¸j ��� � g o g y �
tvn/y(n/� � j �3g ru� g o��9ru�3��n9� � ju���
�9ru��l g �
k � rml
n � � gh�3g ru�D|�~��!~��!~�� n+o � j�� � ú gh� �ãj �Lru�3ymj�t gh� j �3g ru�ãr�� � �Fn2x
�Fl
n/�3thÕ g �
k
¦
xFol�
��r � r��9rut@¦�n��<ru��n g � � ��r;l!xF� g �
kmj��Fl � �¸j�ththÕ(þ�n/� g �LÕ g �
k � �Fn�ju� � x¸j�t g y �
tvn/y(n/� � j)�
�3g ru�E~

Ü±��� � � . �ý G�0!U�3!$��! `
� n
�9ru�Fo g l
n/� � �Fnª¦
xFo��
��r � r��9rutv�
��n9o�n/� � n9l g �fI ¨¬�ª���LK�o3x�����ru� �3g �
k�¦
x
��o � o�r��Ftvn/�
k � �
2s j��Fl o g �
k�tvn�ú�ru��lmju�9�9n9o�o�n9oPú gh� �(ú�ru��l
oª�9ru�Fo g o �3g �
k2r�� B ¦JÕ � n9o{~P¤Fru� � �Fn£�Pøs¨¬�
g y �
tvn/y(n/� � j �3g ru�E§2ú�nÄ�¸j9þ�n g �Fo � j�� �3g j � n9l � � g o¥¦
xFoY�
��r � r��9rut�ú gh� �

s = 2
j��Fl

B = 8
§ g ~ n�~h§
ú�n2o3x�����ru� � ¦
x
��o � r��Ï�Lrux
�3a\[u� ¦ gh� ú
ru��l
o{~

i£�Fnsymj g �Í�¸j��Fl
o3�¸j���nVo g k��¸j�tvo�r�� � �Fns¦
xFol�
��r � r��9rutEj���n
req

§
reqp

§!j��Fl
brdy

~
i£�Fn¬©��@� ��j g o�n9o

req
g �Sru��l
n/� � r g �Fl g �{j � n � �Fn¥¦�n/k g �
� g �
kÈr���j¬�Fn/ú ��n9wJxFn9o � ~

i£�Fn y(n/y(ru�3Õ o g k��¸j�tvodj ��n/�Fl g �
k ��n9w;xFn9o � ¦;ÕDjuo�o�n/� �3g �
k
reqp

~o�sn{jul!Õ lFj � j g o
o g k��¸j�thtvn9l2¦JÕ � �Fnªy(n/y(ru�3Õ Ú�Û�×Âg�hbg/îv×�Ü6ÛmØJç1i)ØuÛ<g0×
¦JÕV��j g o g �
k

brdy
~�i£�JxFoË§ � �FnªlFj � j

o�x�����ru� � n9lì¦JÕ � �Fn ©��@� ru�Fn+�/Õ!�/tvn'j)� � n/�
brdy

g o�ú�� gh�3� n/� � r � �Fn�ymj g �¬y(n/y(ru�3Õ
g �Ñ�{juo�n�r��Uj2ú�� gh� n�ju�9�9n9o�o{~@Os� � �Fnsr � �Fn/�
�¸j��Fl>§ � �Fnqy(n/y(ru�3Õmk�x¸j���j�� � n9n9o��9ru�3��n9� �
lFj � j�ru�Fn��/Õ!�/tvn�j)� � n/�

brdy
g �d�{juo�n�r���jV��n{julÑju�9�9n9o�o{~Pi£�Fnq¦
xFon�
��r � r;�9rut�o3x�����ru� � o

� �Fn�o�n/t¡�6��nTS^�
t]j��¸j � ru�3ÕZo g k��¸j�tvo
burst

j��Fl
wr

juo�ú
n/tht�juo�ú
n/tht@juo�¦JÕ � n�ú�� gh� nqo g k��¸j�tvo
mwb[B − 1 : 0]

~�i�ÕQ� g �{j�t �3g y g �
kÑl g j�k���j�y(oq�<ru�q¦
x
��o � ��n{j�l���j��Fl¥ú�� gh� n'ju�9�9n9o�o�n9o
j���n�l
n�� g � � n9l g � � k�x
��n9os�!~h|2j��Flì�!~��!~


�ò�ñ}ò�ñ m �Ç÷n� � �Lø�õ�
M�;	o�p� � �7	<�ì�
��� ru��l
n/� � rb�Lru�3ymj�ththÕ þ�n/� g ��Õ rux
�Í�{ju���FnÄy(n/y(ru�3Õ g � � n/�B�<ju�9n�§�ú�n � ��o � �¸j9þ�n � r
�<ru�3ymj�t gh� n � �Fn ¦
xFof�
��r � r;�9rut g � � ��r�l!xF�9n9l j�¦�rËþ�n�~ ø,�¸j�� � ����ruy ¦
x
��o � ju�9�9n9o�o�n9o{§
� � g os�<ru�3ymj�t gh� j �3g ru� g oso � ��j g k�� � �Lru�3ú£j���l>~V� n'o � j�� � ¦;Õ g � � ��r�l!xF� g �
k¥o�ruy(n'�9n/� � ��j�t
�
��r���n/� �3g n9o�r�� � �FnO¦
xFoU�
��r � r��9rut ~

a"R
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clk

req

burst

wr

adr

din

reqp

brdy

,
-/.2.01

,2,
-/.0.21

,0,
-/.2.01

,2,
-/.0.01

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.

,0,
-/.0.2.2.0.2.01

,2,2,0,2,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
,0,
-/.0.2.2.0.2.0q/r2r2r0r2r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0s

,0,0,0,0,0,0,0,
,0,
-/.0.2.2.0.2.0q/r2r2r0r2r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0s

,0,0,0,0,0,0,0,30324/50525250525052525052505050505050505050505050505050505050505050505050505050505050505050505050505050505050505050505050505050507
adr

30323032323032303232303230303030303030303030303030304/5050505050506/5050505050507/3030303030304/5050505050506/5050505050507
d0 d1 d2 d3

,0,2,0,2,2,0,2,0,2,
-/.0.2.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.01

,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
,0,2,0,2,2,0,2,0,2,2,0,2,0,0,0,0,0,

-/.0.0.0.0.0.0.0.0.0.0.0.0.0.01
,0,0,0,0,0,

-/.0.0.0.0.0.0.0.0.0.0.0.0.0.01
,0,0,0,0,0,0,0,¤ g k�x
��n'�!~h|�z8[u� ¦
x
��o � ú�� gh� n �3g y g �
kdl g j�k���j�y

clk

req

burst

wr

adr

din

reqp

brdy

,
-/.2.01

,2,
-/.0.21

,0,
-/.2.01

,2,
-/.0.01

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.

,0,
-/.0.2.2.0.2.0q/r2r2r0r2r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0s

,0,0,0,0,0,0,0,
,0,
-/.0.2.2.0.2.0q/r2r2r0r2r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0r0s

,0,0,0,0,0,0,0,
,0,2,0,2,2,0,2,0,2,2,0,2,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,30324/50525250525052525052505050505050505050505050505050505050505050505050505050505050505050505050505050505050505050505050505050507

adr

303230323230323032323032303030303030303030303030303030303030303030304/5050505050506/5050505050506/5050505050506/5050505050507
d0 d1 d2 d3

,0,2,0,2,2,0,2,0,2,
-/.0.2.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.01

,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
,0,2,0,2,2,0,2,0,2,2,0,2,0,0,0,0,0,0,0,0,0,0,0,0,0,

-/.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.01
,0,0,0,0,0,0,0,¤ g k�x
��n'�!~��!z8[u� ¦
x
��o � ��n{jul �3g y g �
kdl g j�k���j�y
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¤ g ��o � r��£j�tht §>ú
n g � � ��r�l!xF�9n � �Fn+�Fr �3g ru� r���j H ß;Ù h ¦
xFoË§ g ~ n�~h§ � �FnZ¦
xFo g oV¦
xFo�Õg � �/Õ!�/tvn

t
g 	

brdy
ru�

reqp
�Frutvl
o{§ g ~ n�~h§

busyt := brdyt ∨ reqpt æ �!~h|cç
� n+juo�o�x
y(n � �¸j ��g � � �Fn g � gh�3g j�tÏ�/Õ!�/tvnZj)� � n/�3��rËú
n/�Vx��E§ � �Fn'¦
xFo g o��Fr � ¦
xFo3Õ�§

g ~ n�~h§
¬busy1 ~Pä g �F�9n
��n9wJxFn9o � oUr���jq¦
xFo3ÕO¦
xFo�j���n g k��Fru��n9l>§uú�n
l
n � �Fn�jq��n{j�t���n9w;xFn9o �g � �/Õ!�/tvn

t
¦JÕ

requestt := reqt ∧ ¬busyt æ �!~��bç
i£� g o�j�thtvr{úqo
xFo � r g � � ��r;l!xF�9n � �Fnq�9n/� � ��j�t g �Jþ�j�� g j�� � �<ru� � �Fnq¦�n/�¸j9þ g rux
�
r�� � �Fnq¦
xFo
�
��r � r��9rut ~£i£�Fn2¦
xFo g oq¦
xFo3Õ g �ì�/Õ!�/tvn

t + 1
g 	 gh� ú£juo���n9w;xFn9o � n9l g �ì�/Õ��/tvn

t
ru��j��

ju�9�9n9o�o�ú�juo,��n/�Fl g �
k g � �/Õ!�/tvn
t
§ g ~ n�~h§

requestt ∨ reqpt ⇐⇒ busyt+1 æ �!~��bç
���¥ru��l
n/� � r+�<ru�3ymj�t gh� n�j��JÕÑ��n{jul ju�9�9n9o�o g � �/Õ!�/tvn

t
§!ú�n � ��o � �Fn9n9l#jZo���n9� g�� �{j �3g ru�

�<ru� � �Fn�y(n/y(ru�3Õ �9ru� � n/� ��g � � � g os�/Õ��/tvn�~£i£�Fn�y(n/y(ru�3Õ �9ru� � n/� ��g o�ru�
thÕ¥x���lFj � n9l
ru�Dú�� gh� n9oË~Di£�Fn¥x���lFj � n#ru� o g �
k�tvnÍú�� gh� n9o g o(n{juo�Õ o g �F�9n � �FnÍú�� gh� nìjul
l!��n9o�o g o
o g y �
thÕ

adrt ~���r{ú
n/þ�n/�{§>�Lru�V¦
x
��o � o{§�ú�nZ�Fn9n9lão�ruy(n g � � n/�3�¸j�ththÕãk�n/�Fn/��j � n9lã¦
x
��o �jul
l!��n9o�o
badr

� �¸j � § g �!�<ru�3ymj�ththÕ�§��9rux
� � o � �Fn2�;x
y�¦�n/�Vr���lFj � jmú
ru��l
oVju�9�9n9o�o�n9l g �
� �Fn�¦
x
��o � o�r�� j��{~�¤Fru�3ymj�t gh�9g �
k � � g ol�
��r���n/� � Õ g � j�ymj��
�Fn/�qo3x gh� n9l � r � �Fn��<ru�3ymj�t
þ�n/� g�� �{j �3g ru� � x
�3�Fo�rux ��� r ¦�nV�Fru�!� � � g þ g j�t ~

«En �
badrt ∈ B

a ¦�n � �Fnmjul
l!��n9o�o'r���j¥y(n/y(ru�3ÕÈju�9�9n9o�o g �È�/Õ!�/tvn t
g �F�/thxFl g �
k

)��9rux
� � n9lA��jul
l!��n9o�o�n9oOl!x
� g �
k#jd¦
x
��o � ~+¤Fru� � �Fn+y(ruy(n/� � §�ú
nZtvn{j{þ�n � � g o2jul
l!��n9o�o
x
�Fl
n � �Fn9l>~P����ru��l
n/� � rql
n � �Fn � �Fn�y(n/y(ru�3ÕO�9ru� � n/� �Ug �+�/Õ��/tvn

t
§{ú�n � ��o ��g � � ��r�l!xF�9n

jk�¸j���j�y(n � n/� gh� n9l �
��n9l g �{j � n
mem.bw(adr, b)

� �¸j � �{j\� � x
��n9oÍú�� gh� n9o � rÈ¦;Õ � n
bg � jul
l!��n9o�o

adr
g � j��¸j�tvruk�Õ � r � �FnÑ�{ju���Fnf�
��n9l g �{j � n

$.bw(ad, b)
g � � ��r�l!xF�9n9l g �

l
n � � gh�3g ru�Ä|�~��!~��'ru�f�¸j�k�nV���!~8V�r � n � �¸j � o g �F�9ns��n{jul!ÕmlFj � j g o�o g k��¸j�thtvn9lÑru�Fns�/Õ!�/tvn
g �Ñjul!þuj��F�9n�j��Fl � �Fnq¦
xFo g o��Fr � ¦
xFo�Õ g � gh�3g j�ththÕ�§;�Fr2¦;Õ � n�ú�� gh� n��{j��dju� � x¸j�ththÕ(r��9�/x
�
¦�n��<ru��nO�/Õ��/tvn

2
~

mem.bw(ad, b)t := badrt = ad ∧ mwbt−1[b]∧
t ≥ 2 ∧ brdyt−1 ∧ mwlastreq(t−1)

æ �!~ [>ç

i£�Fn�j�¦�rËþ�nsn9w;x¸j �3g ru� g o
ú
n/tht¸�Lrux
�Fl
n9lÑo g �F�9n�ú
n��{j��Ñ�9ru�F�/thxFl
n�¦;Õ g �Fl!xF� �3g ru�m�L��ruy
brdyt §¸n9w;x¸j �3g ru�Fo æ �!~h|cç � r æ �!~��bçsj��Fl ¬busy1 � �¸j � ∃last

req (t)
�Frutvl
o{~ÂV�r{ú2§@ú
n'�{j��

n{juo g thÕÑo���n9� g �LÕ � �FnOy(n/y(ru�3Õ¥�9ru� � n/� �sg �#jZ�/Õ!�/tvn
t ∈ N

+ § g ~ n�§ memt z

mem1 := init � mem

∣

∣memt+1[〈ad〉]
∣

∣

b
:=

{

∣

∣dint
∣

∣

b

g �
mem.bw(ad, b)t

∣

∣memt[〈ad〉]
∣

∣

b

r � �Fn/�3ú g o�n
æ �!~��bç

µ �>¡(¡#�#�}G£�3G��ÉÀ Ú1&ÑÝ�Þ!×Ñðm×�ð(Ú1&Th#g�ÚuÛh( Ë ß5&3Ø�ÝLÜ<ÚuÛ
mem

m2Ý�Þ!×�æ9Úuî�î¡Ú � Ü�Û Ë Øuî¡Ý�×'&�Û@Ø�w
ÝLÜJi�×#Û@ÚuÛ�w�&�×�g/ß,&�Ù�ÜZi�× g/Þ�Ø1&3Øbg9Ý�×'&�Ü�zËØ�ÝLÜ<ÚuÛ Þ�Úuîhç�Ù/I À Ú�&0ð(Øuî�î h�m � ×¥Þ�Ø1iu× ∀t ∈ N∀b ∈
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ZB∀ad ∈ B
a [

∣

∣memt[〈ad〉]
∣

∣

b
=







∣

∣

∣
dinlastmem.bw(ad,b)(t)[〈ad〉]

∣

∣

∣

b

Ü æ
∃last

mem.bw(ad,b)(t)

|init ú mem[〈ad〉]|b
Ú�Ý�Þ!×'& � Ü]Ù{×

i£�Fnn�
��r�r��@r�� � � g oPtvn/y ymj��<ruthtvr{úqo g y y(n9l g j � n/thÕ��L��ruy
�
��r���r�o gh�3g ru�¥|�~��!~h|{�!~Ï� n
g � � ��r;l!xF�9nÑj�� jul
l gh�3g ru�¸j�t
o��Fru� � �¸j��Fl �Fr � j �3g ru�Ä�<ru� � �Fn y(n/y(ru�3ÕÄ�9ru� � n/� � r�� � �Fn
jul
l!��n9o�o�k g þ�n/� ¦JÕ

badr
§ g ~ n�~h§

mem � outt = memt[badrt]
æ �!~�abç

� nÍ�{j�� �Fr{ú n{juo g thÕ k g þ�n � �FnÑo���n9� g�� �{j �3g ru� r���¦
xFo��
��r � r��9rutqju�9�9n9o�o�n9oZú��Fn/��n¥j
�¸j�� �3g j�tql
n � � gh�3g ru� r��

badr
g o g �F�/thxFl
n9l>~ � n � ��o �Zg � � ��r;l!xF�9n#jq�
��n9l g �{j � n � �¸j �

g l
n/� �3g�� n9o � �FnVt]juo � �/Õ��/tvn g �¬j��#ju�9�9n9o�o{§ g ~ n�~h§
ú�n2o�n �
acc � end := brdy ∧ ¬reqp

æ �!~PZ"ç
j��Fl � �JxFo£�<ru�3ymj�t gh� n � �FnV¦
xFo,�
��r � r;�9rut�r���jZo g �
k�tvnOú�ru��l#ju�9�9n9o�o�¦;Õ

requestt ∧ ¬burstt =⇒
∃next

acc t end(t) ∧ ∀k ∈ ]t : nextacc t end(t)[ : reqpk ∧ ¬brdyk∧

badrnextacc u end(t)+1 = adrt∧

(¬mwt =⇒ doutnextacc u end(t)+1 = mem � outnextacc u end(t)+1)

æ �!~�}bç

Vsr � n � �¸j �£� �Fn�nT	>n9� � r��Ïj2¦
xFol�
��r � r��9rut�ú�� gh� nVju�9�9n9o�o g o�j�th��n{jul!ÕÑo���n9� g�� n9ld¦JÕ
� �FnZl
n � � gh�3g ru�Èr��

memt ����ruy n9w;x¸j �3g ru� æ �!~��bç�~'i£�FnZ�/Õ!�/tvn9o g � � �Fn+¦
x
��o � ju�9�9n9o�o
ú��Fn/��n

brdy
g o�ju� �3g þ�j � n9lÈj���nZy(r;l
n/tvn9l ¦JÕ jd��x
�F� �3g ru�

f
o3xF��� � �¸j �

f(k)
g o � �Fn

�/Õ!�/tvn�r�� � �Fn
k
� � �

brdy
g � � �Fn�¦
x
��o � ~���� � � g o�ú£j9Õ�§�ú
n��{j��Ñl
n � �Fns�<ru��j��;Õ

k < 2s� �Fnq¦
x
��o � jul
l!��n9o�oªú gh� � � �Fn��Fn/t��dr�� � �Fn£�Lx
�F� �3g ru�
f
§ g ~ n�~h§ g �d�/Õ!�/tvn

f(k)+1
§
badro g y �
thÕÑn9w;x¸j�tvo � �Fn

k
� � �ìjul
l!��n9o�o g � � �Fn2ju�9�9n9o�o{~�¤¸ru�3ymj�ththÕ�§Fú
n2�¸j9þ�n�z

requestt ∧ burstt =⇒
∃next

acc t end(t) ∧ ∃f : Z2s → ]t : nextacc t end(t)] :

f(2s − 1) = nextacc t end(t) ∧ ∀k ∈ Z2s−1 : f(k) < f(k + 1)∧
∀k ∈ ]t : nextacc t end(t)[ : reqpk ∧ (brdyk ⇐⇒ k ∈ f(Z2s−1))∧

∀k ∈ Z2s : badrf(k)+1 = 2s · 〈adrt[a − 1 : s]〉 + k∧
(

¬mwt =⇒ doutf(k)+1 = mem � outf(k)+1
)

æ �!~�Rbç

� gh� � � �Fn9o�n � ú�rìjuo�o3x
y � �3g ru�FoË§
badrt g o�l
n � �Fn9l g � j�tht � �Fn(�/Õ��/tvn9o�ú��Fn/��n gh���n{j�ththÕZymj �3� n/��o{§ g ~ n�~h§�ú��Fn/��nslFj � j g o
n gh� �Fn/�ª��n{jul(ru��ú�� gh�3� n/�E~ª¤ g k�x
��ns�!~��2o3�FrËúqo
j��

j�x � ruymj � ru�Z�L��j�k�y(n/� ��g y �
tvn/y(n/� �3g �
k � � g oÏ¦
xFo��
��r � r;�9rut ~P��� � �Fn g � gh�3g j�t
o � j � n à Ý!v¸§
� �Fn
o g k��¸j�t

req
g oÏjuo�o�n/� � n9l'j��Fl+o � j � n�w Ù^ÛcÞOg oUn/� � n/��n9l>~�������n{ju� �3g ru� � r

brdy∧reqp
§

� �Fn�o � j � n ê Ý ê+g o�n/� � n/��n9l>§
j��Flmj)� � n/�
brdy∧¬reqp

§ åvÙ^ÚLÞ�g oªn/� � n/��n9l>~�� n�xFo�n � � g o
�L��j�k�y(n/� � juo£j2k�n/�Fn/� g ��¦
x
��o � ymju�/��r g � � �FnVj�x � ruymj � j+r�� � �Fn�y(n/y(ru�3Õ g � � n/�B� ju�9n�§
g ~ n�~h§
j��;Õmn9l!k�n9o g � � r � � g o�ymju�/��rZo � j � n�j���nVn9l!k�n9o � rZo � j � n à Ý�v(j��Fl¥j��;Õmrux � k�r g �
k
n9l!k�n9o�����ruy � �Fn£¦
x
��o � ymju�/��r'j���n�rux � k�r g �
k�n9l!k�n9o�r��>o � j � n åvÙ^ÚLÞ r�� � �Fn�����j�k�y(n/� � ~

¤ g ��o � r��Oj�tht §ªú�nÍú�j�� �(� rão3�Fr{ú¢o�ruy(nf�
��r���n/� �3g n9o(r�� � �FnÍ¦
x
��o � j�x � ruymj � ru�
g �Fl
n���n/�Fl
n/� � r�� � �Fn2¦
xFoU�
��r � r;�9rut ~
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¬brdy

brdy ∧ reqp

¬brdy

brdy ∧ reqp

brdy ∧ ¬reqp

brdy ∧ ¬reqp

wait

mem last

req

¤ g k�x
��n��!~��!zª�
x
��o � �9ru� � ��rutU¤�ä��

µ �>¡(¡#�#�}G£�3G � �6æ¥Ý�Þ!× H ß,&0Ù�Ý'Ø�ß�Ý Úuð(Ø�Ý Ú�Û Ü6ÙdÜ�Û Ù/Ý Ø�Ý�×
mem

Ú1&
wait

Ü6Û g�hbg/îv×
t
m

Ý�Þ
×'&3×'Ü6Ù�ØWg�hbg/îh×
t′ < t � Þ!×'&�×+Ý�Þ!×+Øuß!Ý Úuð(Ø�ÝLÜ<ÚuÛãÜ]ÙOÜ�Û#Ù/Ý Ø�Ý�× req Ø�Û@ç(Ü�ÛÄØuî6î�Ü6Û¸Ý�×R& w

ðm×3ç�ÜLØ�Ý�×*g�hbg/îv×0Ù�mqÝ�Þ!× Ø�ß�Ý Úuð(Ø�Ý Ú�Û Ü]Ù'Ü6ÛãÙ/Ý Ø�Ý�×0Ù
mem

Ú1&
wait

I À Ú1&�ð Ø�î6î h�m � ×'Þ!Ø1i�×
∀t
[

memt ∨ waitt =⇒ ∃t′ ∈ Zt : reqt′ ∧ ∀t′′ ∈ ]t′ : t] :

waitt′′ ∧ (t′′ = t′ + 1 ∨ ¬brdyt′′−1)∨

memt′′ ∧ brdyt′′−1 ∧ reqpt′′−1

°e�L�A�<¤BÕ � n2o3�Fr{ú � �FnO�/t]j g y ¦JÕ g �Fl!xF� �3g ru�ìru�
t
~

�;���1���"�c���<��Ö1�����r×
t = 0 Ù zÏä g �F�9n idle0 �Frutvl
o{§ � �Fn/��n g o��Fr � � g �
k � rìo��Fr{ú �Lru�

� �Fn g �Fl!xF� �3g ru� ¦¸juo�n�~
�;���1���"�c���<�#�;���v² ×

t → t + 1 Ù z�«�n � memt+1∨waitt+1 �Frutvl(j��Fl(ú
n��¸j{þ�n � r � �Flo�ruy(nO�/Õ��/tvn
t′ ∈ Zt+1

ú gh� �

reqt′ ∧ ∀t′′ ∈ ]t′ : t + 1] :

waitt′′ ∧ (t′′ = t′ + 1 ∨ ¬brdyt′′−1) ∨ memt′′ ∧ brdyt′′−1 ∧ reqpt′′−1

� n�o��
t gh� �{juo�n9oqru�
reqt ~

|�~q«En �
reqt �Frutvl>~ ©
Õ!�/tvn t′ := t

� �Fn/� � � g þ g j�ththÕÈ��x
t � thtvo � �FnÍ�/t]j g y ¦�n9�{j�xFo�n
waitt+1 j�tvo�rZ�Frutvl
o{~

�!~q«En �
¬reqt �Frutvl>~Ï� n � �Fn/�(�9ru�F�/thxFl
n memt∨waitt j��Fl � �JxFo{§Jú
nq�{j��mj\���
thÕ� �Fn g �Fl!xF� �3g ru�¥�;Õ>��r � �Fn9o g o � r'�/Õ!�/tvn

t
g �Ñru��l
n/� � r � �FlÍj'�/Õ��/tvn

t′ ∈ Zt
ú gh� �

reqt′ ∧ ∀t′′ ∈ ]t′ : t] :

waitt′′ ∧ (t′′ = t′ + 1 ∨ ¬brdyt′′−1) ∨ memt′′ ∧ brdyt′′−1 ∧ reqpt′′−1

i£�JxFo{§ gh� ru�
thÕd��n/ymj g �Fo � r(o3�FrËú

waitt+1 ∧ (t + 1 = t′ + 1 ∨ ¬brdyt) ∨ memt+1 ∧ brdyt ∧ reqpt

ä g �F�9n
t + 1 = t′ + 1

�{j��
�Fr � �Frutvl g � � �Fnd�/x
�3��n/� � �{juo�nÑj��FlÈú�nÑj�th��n{jul!Õ
�;�FrËú

memt+1∨waitt+1 § � �Fn��/t]j g y �<ruthtvr{úqo g y y(n9l g j � n/thÕ2�L��ruy � �Fn%��r�o�o g ¦
tvn
� ��j��Fo gh�3g ru�Fo g � � �Fn2j�x � ruymj �3g ru�#�L��j�k�y(n/� � ju�9�9ru��l g �
k � r � k�x
��n��!~��!~

ut
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�e�<�L�+³£³ ���L¢��}G£�SG � �6æOÝ�Þ!× H ß,&�Ù/Ý
Øuß!Ý Úuð(Ø�Ý ÚuÛìÜ]Ù�Ü6Û#Ù�Ý Ø�Ý�× last Ü6Û]g;h"g9îh× t

m�Ý�Þ!×'&�×2Ü]Ù
Ø]g�hbg/îv×

t′ < t � Þ!×'&�×(Ý�Þ
×(Øuß!Ý Úuð(Ø�ÝLÜ<ÚuÛÈÜ6Ù'Ü�ÛÄÙ�Ý Ø�Ý�× req Ø�Û@ç¥Ü�Û Øuî�îPÜ6Û¸Ý�×R&0ðm×3çuÜ<Ø�Ý�×
g;h"g9îh×0Ù�m
Ý�Þ!×+Øuß!Ý Úuð(Ø�Ý ÚuÛ¬Ü]ÙOÜ�Û#Ù/Ý Ø�Ý�×0Ù

mem
Ú1&

wait
I À Ú1&�ð(Øuî6î h�m � ×VÞ!Ø1i�× ∀t

[
waitt ∨ memt ∨ lastt =⇒ ∃t′ ∈ Zt : reqt′ ∧ ∀t′′ ∈ ]t′ : t − 1] :

waitt′′ ∧ (t′′ = t′ + 1 ∨ ¬brdyt′′−1)∨

memt′′ ∧ brdyt′′−1 ∧ reqpt′′−1

°e�L�A�<¤BÕ ���b�{juo�nmr��
waitt ∨ memt §Ïú
n g y y(n9l g j � n/thÕ �9ru�F�/thxFl
n � �Fn*�
��r�r��qú gh� �tvn/y ymj��!~h|�~��!~Ï«�n ��� �Fn/��n��Lru��n

lastt �Frutvl>~P� n � �Fn/�(�9ru�F�/thxFl
n t > 0
j��Fl

memt−1∨
waitt−1 ~Ïi£�;xFo{§�ú
n��{j��Íj\���
thÕmtvn/y ymj+�!~h|�~�� � r+�/Õ��/tvn t− 1

g �Ñru��l
n/� � r'�9ru�F�/thxFl
n
� �Fn��/t]j g y ~

ut«�j � n/��ru�E§�j)� � n/� g � � n/k���j �3g �
k � � g o�j�x � ruymj � ru�Ñ�L��j�k�y(n/� �£g � � r � �Fn�r{þ�n/��j�tht>�9ru�!�
� ��rutÏj�x � ruymj � j!§
ú
n�ú g thtEo3�Fr{ú �Lx
tht��9ruy �
t g j��F�9n�ú gh� � � �FnV¦
xFoU�
��r � r��9rut ~

Ü±�?> C !�73���"! ` � . �3!326�Â�<�
��� � �Fnq�LruthtvrËú g �
kF§Jú�n�l
n/�Fr � n�o g k��¸j�tvo
j��Fldo � j � n9oªr�� � �Fn�lFj � j��{ju���Fn�¤�ä�� j��Fl � �Fn
lFj � j#�{ju���Fn gh� o�n/t¡��¦JÕ � �Fn_�
��n � S

d$
j��Fl o g k��¸j�tvo'j��Fl o � j � n9o�r�� � �Fn g �Fo � �3xF� �3g ru�

�{ju���FnÍ¤�ä�� j��Fl � �Fn g �Fo � �3xF� �3g ru�D�{ju���Fn gh� o�n/t¡��¦;Õ
i$
~EV�r � n � �¸j � ru� j�� ju� �3g þ�n

clear
g ���
x � §�¦�r � �Äj�x � ruymj � jÍn/� � n/� � �Fn g � g � gh�3g j�t�o � j � n

idle
~Oä g �F�9n+ú
nZjuo�o3x
y(n

þ�j�t g l g ���
x � ����ruy � �FnÑ©��@� ju�9�9ru��l g �
k � r#l
n � � gh�3g ru� |�~��!~h|�§Ïú
nm�¸j9þ�nÍj��bju� �3g þ�n
clear

ru�
thÕ g � � �Fn g � gh�3g j�t
�/Õ!�/tvn�~d��n/�F�9n�§U¦�r � � j�x � ruymj � j#j���n g � o � j � n
idle

g �
�/Õ!�/tvn

1
~U� n � �Fn/��n��<ru��n�¦¸juo�n�j�tht
rux
�ªj��3k�x
y(n/� � o
ru� j�o � j�� �3g �
k2�/Õ!�/tvnO|�ú gh� � g � gh�3g j�t

o � j � n9o g �¥¦�r � �¬j�x � ruymj � j!~
� n�o3x�����ru� � ú�� gh� n�� ¦¸ju������rut g �/Õs�Lru� � �FnªlFj � j��{ju���Fn£j��Fl2o3�Fr�r�� g �
k�r�� � �Fn�r � �Fn/�

�{ju���Fn g �#�{juo�n2r���j y g o�o{§
n�~ kF~h§¸ru�¬j�� g �Fo � �3xF� �3g ru�ì�{ju���Fn2y g o�oË§ � �Fn2lFj � j(�{ju���Fn g o
o��Fr;r���n9lÄj��Fl>§ g � gh� �Frutvl
o � �FnZ�9ru�3��n9o���ru�Fl g �
k lFj � j!§ g �Jþ�j�t g lFj � n9l>~�Os� � �Fn r � �Fn/�
�¸j��Fl>§@jZ� gh� �{j�� ¦�nO�¸j��Fl!tvn9l¥tvr��{j�ththÕÍ¦JÕ j �{ju���Fn�ú gh� �Frux � o3�Fr�r�� g �
kF~ªi£�Fn/��n��<ru��n�§
� �Fn g �Fo � �3xF� �3g ru� �{ju���Fn g o¥�Fru�3ymj�ththÕ ju�9�9n9o�o�n9l ru� jul
l!��n9o�o

pc
r�� � �FnÄy(n/y(ru�3Õ

g � � n/�B�<ju�9n�§sú�� g tvn � �FnãlFj � j �{ju���Fn jul
l!��n9o�o
adr

g oÑxFo�n9l ú��Fn/� � �Fn g �Fo � �3xF� �3g ru�
�{ju���Fn g o'o3�Fr�r���n9lÄ¦;Õ � �FnmlFj � j#�{ju���Fn�~ìä g y g t]j��3thÕ�§ � �FnmlFj � jì�{ju���Fn g o��Fru�3ymj�ththÕ
ju�9�9n9o�o'¦;Õ

adr
§ªl!x
� g �
kÄjìo3�Fr�r�� ju�9�9n9o�o'¦;Õbjul
l!��n9o�o

pc
§�j��Fl l!x
� g �
k � �Fndú�� gh� n

¦¸ju���mr��Uj'l g � � Õm�{ju���Fnst g �Fns¦JÕ � �Fnsn/þ g � �3g ru� jul
l!��n9o�o
ev

r�� � �FnslFj � j'�{ju���FnOj ��� �Fn
¦�n/k g �
� g �
kmr�� � �Fn�ju�9�9n9o�o�ú�� g ��� g o � �Fn/��n��<ru��n2o � ru��n9l g �ìo�ruy(nV��n/k g o � n/�{~

i£�Fn�o��Fr;r�� g �
k$�
��r � r��9rut g oPo g y �
tvn�zU���@ru�Fn£r�� � �Fn��{ju���Fn9o�o g k��¸j�tvo � �¸j ��gh� ú�j�� � o
� rso3�Fr�r�� � �Fnªr�����r�o gh� nª�{ju���Fnª¦;Õ

snoop
§ gh� ú£j gh� oÏx
� �3g t � �Fn�r�����r�o gh� n��{ju���Fn�o g k��¸j�tvo

allow
~�ø�o�o�r�ru� juo

allow
�Frutvl
o{§ � �FnOo3�Fr�r�� r���n/��j �3g ru� � j���n9o��
t]ju�9n�~����¥ru��l
n/� � r

j{þ�r g lÍl
n{jul!tvr;����o{§�ú�ns�¸j{þ�n � r'n/�Fo3x
��n � �¸j � j � tvn{juo � ru�FnVr�� � �FnV�{ju���Fn9o��{j��Ío g k��¸j�t
allow

g � gh� �/x
�3��n/� � thÕ � � g n9o � r o3�Fr;r�� � �FnOr � �Fn/���{ju���Fn�~

�ò��Oò�ñ x �èø ��÷8�y�,�7	)�ì�z� � � � 
����ì����÷!�ì�
Osx
��j�x � ruymj � ru� g y �
tvn/y(n/� �3g �
k � � g oqo3�Fr�r�� g �
k �<ru� � �Fn g �Fo � �3xF� �3g ru�ì�{ju���Fn�juoql
n��
� g � � n9l g � � k�x
��nd�!~ [ g o2w;x gh� nmo g y �
tvn"! gh� ru�
thÕÄ�Fn9n9l
o � þ�nmo � j � n9o{~d��� � �Fn g � gh�3g j�t



Ú;¾��
¾ ÓU©lª É Ê�© Î Ð É É ©�â¬Ð É Ð Zu�

hit ∧ d$.snoop

¬d$.snoop ∧ d$.allow

hit ∧ d$.snoop

¬d$.snoop ∧ ¬hit ∧ imr
wait4dinit

linv2

line fill

linv

idle

¤ g k�x
��n'�!~ [Fz����Fo � �3xF� �3g ru�#�{ju���Fn'�9ru� � ��rut�¤�ä��

o � j�k�n
idle

§
ú
n�ú�j gh� �<ru�qn gh� �Fn/��j�� g �Fo � �3xF� �3g ru�X��ru� � ju�9�9n9o�osru�sj o3�Fr�r�� ��n9w;xFn9o �
r�� � �Fn�lFj � j��{ju���Fn�§ g ~ n�~h§

d$.snoop
~Ï���Z�{juo�n£r���j���n{julZ� gh� § � �Fn£ju�9�9n9o�o g y y(n9l g j � n/thÕ

� n/�3y g �¸j � n9oVj��Fl¥ú�n�o � j{Õ g �ìo � j � n
idle

~lOs�ìj o��Fr;r�� � gh� §@jZt g �Fn g �Jþ�j�t g lFj �3g ru� g o
��n/�B�<ru�3y(n9l g �mo � j � n

linv
~�V�r � n � �¸j �ªg �(ru��l
n/� � r��9ruy �
x � nqú��Fn � �Fn/��ú�nsju� � x¸j�ththÕ

�¸j{þ�nÑj¥� gh��g � �{juo�n(r���j o3�Fr�r��E§ � �Fn g �Fo � �3xF� �3g ru� �{ju���Fnm�¸juo � rìjul
l!��n9o�o�n9l ú gh� �
� �Fn+lFj � jd�{ju���FnZjul
l!��n9o�o{~����ì�{juo�n'r��
j(y g o�o{§�o � j � n

wait4dinit
g o�n/� � n/��n9lÄj��Fl

� �Fn g �Fo � �3xF� �3g ru�#�{ju���FnOú£j gh� o��<ru� � �FnOlFj � jZ�{ju���Fn � rZ¦�nOo3�Fr�r���n9l>~8V�r � n � �¸j ��� �Fn
g �Fo � �3xF� �3g ru� �{ju���Fndj�tvo�r¥�{j�� ¦�n o3�Fr;r���n9l g � � � g o2o � j � n�~ i£� g o'jul
l gh�3g ru�¸j�t
o��Fr;r��
o � j � n

linv2
g o�n9o�o�n/� �3g j�t g �(ru��l
n/� � r2j{þ�r g l l
n{jul!tvr;��� g �
k g �(�{juo�n�r��@y'x � x¸j�t¸o3�Fr�r��

ju�9�9n9o�o�n9o{~Oø�� � n/� � �FnZlFj � jd�{ju���Fn g oVo3�Fr;r���n9l>§�o � j � n
line � fill g oVn/� � n/��n9l j��FljÈ�{ju���Fn¬t g �Fn g om�<n � ���Fn9l g � � r � �Fn g �Fo � �3xF� �3g ru� �{ju���Fn�~±V�r � n � �¸j �

line � fillg o2ju� � x¸j�ththÕÄjÑymju�/��rÑ�<ru�OjÑ¦
x
��o � ju�9�9n9o�o�juoOo���n9� g�� n9l g � o�n9� �3g ru�È�!~h|�§ g ~ n�~h§>ú��Fn/�
line � fill g oUn/� � n/��n9l>§�ú
n�ju� � x¸j�ththÕ�n/� � n/�Po�x
¦!��o � j � n line � fill.req §�j��Fl+o � j � n
line � fill g o£ru�
thÕ tvn�� � �L��ruy o�x
¦!��o � j � n

line � fill.last ~P¤Fru� � �Fn�rux � �
x � o g ku��¸j�tvo��9ruy �
x � n9l ¦JÕ � �Fn2j�x � ruymj � ru�E§ � �FnV�LruthtvrËú g �
kdn9w;x¸j �3g ru�Fo æ �!~h|{�bç��Frutvl>~
i£�FnVþuj�t g lW�¸j�� � r�� � �FnOl g ��n9� � ru�3Õ g o£x���lFj � n9l¥l!x
� g �
kmj+t g �Fn g �Jþ�j�t g lFj �3g ru�ìj��Fl

j �
� �Fn�¦�n/k g �
� g �
k juoªú�n/tht>juo�n/�Flmr��Uj2t g �Fn � tht ~%Os�
thÕmj ��� �Fn�n/�FlÑr��UjOt g �Fn � tht g o�j
�{ju���Fn2t g �Fn�ju� � x¸j�ththÕ¥þ�j�t g lFj � n9lìj��Fl � �Fn � j�k_�¸j�� � r�� � �Fn2l g ��n9� � ru�3Õ¥ú�� gh�3� n/�E~�i£�Fn
g �Fo � �3xF� �3g ru�(�{ju���Fn�ú£j�� � o � rVo3�Fr�r�� � �Fn�lFj � jV�{ju���Fn g � o � j � n

wait4dinit
ú�� g tvn gh�

j�thtvrËúqo�o3�Fr�r�� g �
k(¦�r � � g �
idle

juo�ú�n/thtUjuoqo � j � n/ú£j gh� [�l g � gh� ~�ä g k��¸j�t
i$.snoopingg �Fl g �{j � n9o � �¸j � � �Fn g �Fo � �3xF� �3g ru�S�{ju���Fn g o o�x�����r�o�n9l � r¬¦�n¥jul
l!��n9o�o�n9l ú gh� � � �Fn

jul
l!��n9o�o �L��ruy � �Fn lFj � jÄ�{ju���Fnìju�9�9n9o�o ��ru� � ~ ä g k��¸j�t
i$.sw

g �Fl g �{j � n9o � �¸j �(� �Fn
g �Fo � �3xF� �3g ru�b�{ju���Fn g o'ú�� gh�3� n/�bl!x
� g �
kãj¥t g �Fn � tht ~ i£�Fn(¦�n/k g �
� g �
k¬r��sj�� ju�9�9n9o�o{§
g ~ n�~h§

i$.$rd
§ g oOo g k��¸j�thtvn9l g �Äo � j � n9o

idle
ru�

wait4dinit
g ��jd�Fru�3ymj�tªju�9�9n9o�oVru�

jão��Fr;r�� ju�9�9n9o�omju� � x¸j�ththÕ o � j�� � o{~ ä g k��¸j�tvo
i$.bcnt � ce

j��Fl
i.bcnt � clr

j���n � �Fn
�/tvn{j���j��Fl¥�/tvr;���Ín/�¸j�¦
tvn�o g k��¸j�tvoqr��Pj(�9rux
� � n/�

i$.bcnt
� �¸j �qg o£xFo�n9l � r(y(r;l
n/t � �Fn

y(n/y(ru�3Õ jul
l!��n9o�o�y(r;l!x
tvr
2s l!x
� g �
kìj¥t g �Fn � tht ~(i£�Fn(�{ju���Fn(y(n/y(ru�3Õ g � � n/�B� ju�9nru�
thÕão g k��¸j�tvo

¬ibusy
j �O� �Fn(n/�FlÄr���jÑt g �Fn � tht�ru�2ru� jÑ��n{julÄ� gh�Og � o � j � n

idle
~
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rs�Fr � xFo�n � �Fn g �Fo � �3xF� �3g ru�m�{ju���FnqjuoÏú�� gh� n£¦¸ju���'�{ju���Fn�§ � �Fn£l g � � Õ g ���
x �
j��Fl ú�� gh� n2o g k��¸j�t�j���n �3g n9l � r(�!~

i$.vw = linv ∨ linv2 ∨ line � fill.last∨
line � fill.req

i$.val � in = line � fill.last
i$.tw = line � fill.last

i$.snoop = wait4dinit

i$.allow = idle ∨ wait4dinit

i$.snooping = linv ∨ linv2∨
(idle ∨ wait4dinit) ∧ d$.snoop

i$.sw = line � fill.mem∨ line � fill.last
i$.$rd = idle ∧ (d$.snoop ∨ imr)∨

wait4dinit∧ (d$.snoop ∨ d$.allow)
i$.bcnt � clr = line � fill.req
i$.bcnt � ce = line � fill.mem∨ line � fill.last

ibusy = ¬(idle ∧ ¬d$.snoop ∧ (i$.hit ∨ ¬imr)∨
line � fill.last)

i$.dw = 0
i$.dty = 0

i$.clear = clear

æ �!~h|{�bç

i£�Fn���n/ymj g � g �
k g ���
x � oªr�� � �Fn g �Fo � �3xF� �3g ru�Ñ�{ju���Fn�j���nq�9ruy �
x � n9lÑju�9�9ru��l g �
k � r
n9w;x¸j �3g ru� æ �!~h|�|cç�~�¤ g ��o � r���j�tht §
ú�nO�¸j9þ�n�j(�9rux
� � n/�

i$.bcnt
ú�� g ��� g oq�/tvr�����n9l#j��Fl

�/tvn{j���n9lÍ¦;Õ
i$.bcnt � ce

j��Fl
i$.bcnt � ce

§;��n9o���n9� �3g þ�n/thÕ�~�i£�Fn g �Fo � �3xF� �3g ru� �{ju���Fn g o
jul
l!��n9o�o�n9l¬ú gh� � � �Fn g ���
x � jul
l!��n9o�o

pc
ú��Fn/��n � �Fn

s
tvn�� � y(r�o � ¦ gh� o2j���n'��n��
t]ju�9n9l

¦;Õ
i$.bcnt

l!x
� g �
k+j2t g �Fn � tht ~����m�{juo�n�r���jOo��Fr;r��E§ � �Fn g �Fo � �3xF� �3g ru�Ñ�{ju���FnVjul
l!��n9o�o
g o'k g þ�n/� ¦JÕ

adr
§ g ~ n�~h§ � �FnÍjul
l!��n9o�oZru� � �FnÍlFj � jX��ru� � !
r � �Fn/�3ú g o�n�§�ú
n'ùBxFo � xFo�n

pc
~+i£�Fn lFj � j g ���
x � r�� � �Fn g �Fo � �3xF� �3g ru� �{ju���Fn g oOn gh� �Fn/�Ok g þ�n/�Ä¦;Õ � �FnZy(n/y(ru�3Õ

rux � �
x � ru�{§ g �¥�{juo�n�r��Ïj+l g � � ÕÑo3�Fr;r��Í� gh� ú��Fn/� � �FnVlFj � j g oÏùBxFo � �9r�� g n9ld����ruy � �Fn
lFj � j(�{ju���Fn�§

d$.dout
~

i$.bcnt′ =























0s g �
i$.bcnt � clr

incs(bcnt)[s − 1 : 0]
g �
¬i$.bcnt � clr∧

i$.bcnt � ce

i$.bcnt
r � �Fn/�3ú g o�n

i$.adr =























pc[a − 1 : s] · i$.bcnt
g �
i$.line � fill

adr
g �
¬i$.line � fill∧
i$.snooping

pc
r � �Fn/�3ú g o�n

i$.din =











d$.dout
g �
i$.line � fill∧
d$.wirte � back

mem.dout
r � �Fn/�3ú g o�n

æ �!~h|�|cç
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� nì�Fr{ú o3�FrËú jÈo g y �
tvn tvn/y ymjuo¥j�¦�rux �d� � g oÍj�x � ruymj � ru�E~ ��� ���¸j\� � n/� �!§£ú
n
l
n � �Fn9ldj��
��n9l g �{j � n

crd
ru�(�{ju���Fn g ���
x ��� �¸j � �Frutvl
o g 	¥n gh� �Fn/�
r�� � �Fn��{ju���Fn g ���
x �

o g k��¸j�tvo
$rd

ru�
clear

�Frutvl>~�«En �
� �Fn/��n��<ru��n
i$.crd

�Frutvl g �
crd

�Frutvl
o
�Lru� � �Fn g ���
x �
r�� � �Fn g �Fo � �3xF� �3g ru�ì�{ju���Fn'j��Fl

d$.crd
g �#j��¸j�tvruk�Õd�<ru� � �Fn2lFj � j �{ju���Fn�~

µ �>¡(¡#�#�}G �}G�� �0Û
Ù�Ýl&�ß�g9ÝLÜLÚ�ÛYg�Øbg�Þ!×VØbg g�×0Ù�Ù{×0Ù2Ø1&3×sÜ�Û@çJ×�×3ç+Ü6Û¸Ü�ÝLÜ<Ø�Ý�×3ç�Ü6ÛÑÙ/Ý Ø�Ý�×0Ù
idleØ�Û@ç

wait4dinit
I À Ú1&�ð(Øuî�î h�m � ×2Þ�Ø1i�× ∀t ∈ N

+ [
¬idlet ∧ ¬wait4dinitt =⇒

lasti$.crd(t) > 0 ∧ ¬clearlasti$.crd(t)∧

linvt? idlelasti$.crd(t) :wait4dinitlasti$.crd(t)∧

∀t′ ∈ ]lasti$.crd(t) : t[ : ¬idlet′ ∧ ¬wait4dinitt′∧
linvt ∨ linv2t =⇒ lasti$.crd(t) = t − 1 ∧ d$.snoopt−1

°e�L�A�<¤BÕ � n2o3�Fr{ú � �FnO�/t]j g y ¦JÕ g �Fl!xF� �3g ru�ìru�
t
~

�;���1���"�c���<� Ö1������×
t = 1 Ù z@���#�/Õ!�/tvnm|�§ � �Fn'j�x � ruymj � ru� g o g �ìo � j � n idle ú�� g ���� � g þ g j�ththÕ¥�9ru�F�/thxFl
n9o � �Fn g �Fl!xF� �3g ru�#¦¸juo�n�~

�;���1���"�c���<�o�;���v²û×
t → t + 1 Ù z
«En � ¬idlet+1 ∧¬wait4dinitt+1 �Frutvl>~�i£�;xFo{§ú�n2�{j��#�9ru�F�/thxFl
n

¬cleart j��Fl o��
t gh� �{juo�n9oqru� ¬idlet ∧ ¬wait4dinitt ~
|�~q«En �

¬idlet ∧ ¬wait4dinitt �Frutvl>~ i£� g o¬tvn{jul
o � r
lastcrd(t + 1) =

lastcrd(t)
~ i£�JxFo{§�ú
nÄ�{j�� j\���
thÕ � �Fn g �Fl!xF� �3g ru� �;Õ>��r � �Fn9o g o � r �/Õ��/tvn

tg �mru��l
n/� � r2�9ru�F�/thxFl
n � �Fn � ��o � �<rux
�@�¸j�� � o�r�� � �Fn g �Fl!xF� �3g ru�d�/t]j g y ~�¤ g �¸j�ththÕ�§
linvt+1∨linv2t+1 �{j��
�Fr � �Frutvl ¦�n9�{j�xFo�n ¬idlet∧¬wait4dinitt �Frutvl
oú�� g ���¬�9ru�F�/thxFl
n9o � �Fn$�
��r�r��U�<ru� � � g oq�{juo�n�~

�!~q«En �
idlet∨wait4dinitt �Frutvl>~��sn/�F�9n�§�ú�nq�9ru�F�/thxFl
n lasti$.crd(t+1) = t

~
ø�l
l gh�3g ru�¸j�ththÕ�§Z¦�n9�{j�xFo�nbr��

idle1 §�ú�n �9ru�F�/thxFl
n
t + 1 > 1

j��Fl � �JxFo{§
lasti$.crd(t+1) > 0

ú�� g ��� g o � �Fn � ��o � �¸j�� � r�� � �Fn g �Fl!xF� �3g ru�'�/t]j g y ~U� nªjul��
l gh�3g ru�¸j�ththÕ(�9ru�F�/thxFl
n

idlet g � linvt+1 �Frutvl
o�j��Fl(r � �Fn/�3ú g o�n�§ wait4dinittú gh� � � k�x
��nì�!~ [F~ ¤ g �¸j�ththÕ�§
d$.snoopt �<ruthtvr{úqo(����ruy linvt+1 ∨ linv2t+1ú�� g ���¬�9ru�F�/thxFl
n9o � �FnO�/t]j g y¢o g �F�9n

lasti$.crd(t + 1) = t
�Frutvl
o�j��JÕ�ú�j{Õ�~

ut


�ò��Oò�� {|� � � � � � � 
}�����ì��÷!���
ä g �F�9n � �FnªlFj � js�{ju���Fnª�<n{j � x
��n9oUú�� gh� nª¦¸ju������rut g �/Õ�§ � �Fn
�9ru�3��n9o���ru�Fl g �
kOj�x � ruymj � ru�
g � � k�x
��nÑ�!~�� g o2y(ru��nÑ�9ruy �
tvnTS>~#i£�Fn g � gh�3g j�t£o � j � n g o�ru�F�9nÍj�kJj g �b�{j�thtvn9l

idle
~

ø ��n{julÄ� gh� �{j�� ¦�nZ�¸j��Fl!tvn9lÈú gh� �Frux � tvn{j{þ g �
k � � g o'o � j � n ú�� g tvn(ru�bjÍú�� gh� n � gh� §
o � j � n

write
g oqn/� � n/��n9l g � ru��l
n/� � r ��n/�B�<ru�3y � �Fn�ju� � x¸j�tEú�� gh� n2r���n/��j �3g ru� g � � �Fn

lFj � j'�{ju���Fn�~ªø �/tvn{j��dy g o�o
��n9o�x
t � o g �¥j�o��Fr;r��Íru� � �Fn g �Fo � �3xF� �3g ru�¥�{ju���Fn g �Ío � j � n
wait4snoop

�LruthtvrËú
n9l ¦;Õ
line � fill j��Fl>§"��r � n/� �3g j�ththÕ�§!j�tvo�r write ~�Os�mjVl g � � Õy g o�o{§Ëú�nª�¸j{þ�n � r�ú�j gh� �Lru� � �Fn
y(n/y(ru�3Õ � rq¦�n9�9ruy(n��L��n9n g �+o � j � n

wait4mem
¦�n��Lru��n

n/� � n/� g �
k
write � back ú��Fn/��nmú
nÑju�9�9n9o�o � �Fn(�{ju���Fn(ú gh� � � �Fn(n/þ g � �3g ru�bjul
l!��n9o�o

ev
j��Fl ú�� gh� n2¦¸ju��� � �Fn'l g � � Õ �{ju���Fn�t g �Fn � r � �Fn��
�JÕ!o g �{j�t�y(n/y(ru�3Õ�~£ø�� � n/�3ú£j���l
o{§

ú�nY�
��r��9n9n9l t g ��n g �S�{juo�n¥r��OjÄ�/tvn{j��Sy g o�odj��Fl � �Fn/��n��<ru��n�§�ú
n l
r �Fr � �Fn9n9l � r
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¬dirty ∧ i$.snoop ∧ hit
i$.lf ill

i$.allow

mr ¬mr

1

2

3

4

1

2

3

4

dirty ∧ i$.snoop ∧ hit

¬i$.snoop ∧ ¬hit ∧ (mw ∨ mr) ∧ ¬dirty

¬i$.snoop ∧ ¬hit ∧ (mw ∨ mr) ∧ dirty

¬i$.snoop ∧ hit ∧ mw

i$.lf ill

wait4snoop

idle

linv

wait4mem

write back

$write

line fill

¤ g k�x
��n'�!~��!z��Oj � j �{ju���Fn2�9ru� � ��rutU¤�ä��

g �;þuj�t g lFj � n � �Fnd�{ju���FnÑt g �Fnml!x
� g �
kÄj¥ú�� gh� nd¦¸ju���Èo g �F�9n gh�'g o g �;þuj�t g lFj � n9lbl!x
� g �
k
� �FnO�LruthtvrËú g �
k(t g �Fn � thtUj��;Õ;ú£j9Õ�~
Os�Zjso3�Fr�r���� gh� r�� � �Fn g �Fo � �3xF� �3g ru� �{ju���Fn�§ � �Fn/��n�j���n�Ý � Ú3��r�o�o g ¦ g t gh�3g n9o{~Ï� gh� �Fn/�

gh� ú£juoìj �/tvn{j�� � gh� j��Fl ú
nÍùBxFo � n/� � n/�
linv

t g ��nã�Lru� � �Fn g �Fo � �3xF� �3g ru� �{ju���Fn
j�x � ruymj � ru�¬ru� gh� ú£juosj l g � � Õ¥� gh� j��Fl ú�n2n/� � n/�

write � back o g �F�9nOú�n2�¸j{þ�n � rú�� gh� n2¦¸ju��� � �FnOl g � � Õ¥�{ju���Fn�t g �FnO¦�n��Lru��n2ju� � x¸j�ththÕ g �Jþ�j�t g lFj �3g �
k gh� ~
Vsr � n � �¸j � j)� � n/�
o3xF���Íj2ú�� gh� n/¦¸ju���Íju�9�9n9o�o g �Ñ��n{ju� �3g ru� � r+j�o3�Fr;r��E§;ú
n g y y(n��

l g j � n/thÕÍ��n � x
�3� � r o � j � n
idle

j��Fl g �;þuj�t g lFj � n � �Fn2�9ru�3��n9o���ru�Fl g �
kd�{ju���Fn�t g �Fn�~ª���
ru��l
n/� � r g �F�/��n{juo�n ��n/�B�<ru�3ymj��F�9n+�<ru�2o3�Fr;r�� ju�9�9n9o�o�n9o{§ � �Fn g �Fo � �3xF� �3g ru�È�{ju���Fnmju���
� x¸j�ththÕ(�9r�� g n9o � �Fn�lFj � j � �¸j �ª� �FnslFj � j2�{ju���Fnsú�� gh� n9o
¦¸ju��� � r � �Fnqy(n/y(ru�3Õ�~�i£�;xFo{§
jÍo�n9�9ru�FlÄy(n/y(ru�3Õ ju�9�9n9o�o g o�j{þ�r g l
n9l j��FlÄ�Fn/�F�9n�§PjÑt g �Fn � tht g � � �Fn g �Fo � �3xF� �3g ru�
�{ju���Fn2n gh� �Fn/����n{jul
o�lFj � j+����ruy � �Fn2ymj g � y(n/y(ru�3Õ¥ru� � �FnOlFj � j �{ju���Fn�~
Vsr � n � �¸j � ¦�r � �

line � fill j��Fl
write � back j���n¥ju� � x¸j�ththÕbo3x���n/�B��o � j � n9o

�9ru�Fo g o �3g �
k¬r�� � �Fndymju�/��r¬l
n�� g � � n9l g � � k�x
��nÍ�!~��!~ì¤Fru� � �FnÑrux � �
x � o+r�� � �FnÍj�x!�
� ruymj � ru�E§ � �Fn��LruthtvrËú g �
kdn9w;x¸j �3g ru�Fo æ �!~h|{�bç��Frutvl>~

i£�Fn�þ�j�t g l_�¸j�� � r�� � �FnslFj � j'�{ju���Fn g o
ú�� gh�3� n/�Ñl!x
� g �
k j�t g �Fn g �;þuj�t g lFj �3g ru� j��Fl
j ��� �Fn£¦�n/k g �
� g �
k�ru��n/�Fl(r��>j�t g �Fn � tht
t g ��n g � � �Fn g �Fo � �3xF� �3g ru�m�{ju���Fn�~����(jul
l gh�3g ru�E§
gh��g o�j�tvo�rVú�� gh�3� n/�Ñj �ª� �Fn�n/�Fl(r���j�ú�� gh� n�¦¸ju���(r���n/��j �3g ru� g �

i$.line � fill �Frutvl
o{§g ~ n�~h§ � �Fn g �Fo � �3xF� �3g ru�Ä�{ju���FnZo g y�x
t � j��Fn9ruxFo�thÕX��n/�B�Lru�3y(oOj t g �Fn � tht�j��Flì�9r�� g n9o � �Fn
lFj � j �L��ruy � �FnÄlFj � j �{ju���Fn g � �{juo�nÄr�� jbl g � � Õ o3�Fr;r�� � gh� ~ ��xFo � t g ��n g � � �Fn
g �Fo � �3xF� �3g ru� �{ju���Fn�§qjÄt g �Fn g omþuj�t g lFj � n9l j��Fl � �Fn � j�kk�¸j�� � r�� � �Fnìl g ��n9� � ru�3Õ g o
ú�� gh�3� n/�bru�
thÕ j �2� �Fn(n/�FlÈr��qjÍt g �Fn � tht ~mi£�Fnml g � � Õãû@j�k g o2o�n ��g �Èo � j � n

$writej��Fld�/tvn{j���n9lÑj �
� �Fnsn/�Fldr���jOt g �Fn � tht ~Ïi£�Fn�lFj � j2�{ju���Fnso g k��¸j�tvo
d$.snoop

g �do � j � n
wait4snoop

ú�� g tvn gh� o g k��¸j�tvo
d$.allow

ru�
thÕ g � � �Fn
idle

o � j � n�~ ��� j��¸j�tvruk�Õ
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� r � �Fn g �Fo � �3xF� �3g ru�ã�{ju���Fn�§

d$.sw
o g k��¸j�tvo � �¸j �s� �Fn+lFj � jd�{ju���Fn g o�¦�n g �
kdú�� gh�3� n/�

l!x
� g �
kÈj¬t g �Fn � tht ~bø¢�{ju���Fn#ju�9�9n9o�o g o g � gh�3g j � n9lD¦;Õ
d$.$rd

g �sú
n j���n g �Do � j � n
idle

j��Fl n gh� �Fn/�Zj#o3�Fr�r�� ju�9�9n9o�o�ru�Zj¥�Fru�3ymj�t�ju�9�9n9o�o�o � j�� � ~#ä g k��¸j�t
snoopingg oVju� �3g þ�n g � � �FnZlFj � jm�{ju���Fn g o�o3x�����r�o�n9l � rm¦�n+jul
l!��n9o�o�n9l#ú gh� � � �Fn g �Fo � �3xF� �3g ru�

�{ju���Fn¬jul
l!��n9o�o{§ g ~ n�~h§ g � � �Fn t g �Fn g �Jþ�j�t g lFj �3g ru� o � j � n ru� g � � �Fn g � gh�3g j�t��/Õ��/tvnìr��
j o3�Fr;r��bju�9�9n9o�o{~¥ä g �F�9n ú
nm�¸j9þ�nmru�
thÕ ru�Fn(¦
x
��o � �9rux
� � n/�'�<ru�2¦�r � �Èú�� gh� n(¦¸ju���
j��Fl t g �Fn � tht g � � �Fn¥lFj � j �{ju���Fn�§ � �Fn¥�9ru�3��n9o���ru�Fl g �
k o g k��¸j�tvo

d$.bcnt � clr
j��Fl

d$.bcnt � ce
�¸j{þ�n � r � j���nÍ¦�r � � � �Fn9o�n¥�{juo�n9o g � � rÈju�9�9rux
� � ~S¤ g �¸j�ththÕ�§ � �Fn¥lFj � j

�{ju���FnÑj�x � ruymj � ru�Do g k��¸j�tvo
¬dbusy

ru� j ��n{julÈ� gh�'g �bo � j � n g l!tvn�§�j¥��n{jul j ��� �Fn
n/�Fl#r���j+t g �Fn � tht §@j��Fl g �#o � j � n

$write
~

d$.vw = linv ∨ line � fill.last∨ line � fill.req∨
write � back.last∧ i$.line � fill

d$.val � in = line t fill.last
d$.tw = line � fill.last
d$.dty = $write
d$.dw = $write ∨ line � fill.last

d$.snoop = wait4snoop

d$.allow = idle

d$.sw = line � fill.mem ∨ line � fill.last
d$.$rd = idle ∧ (i$.snoop ∨ mr ∨ mw)

d$.snooping = idle ∧ i$.snoop ∨ linv

d$.bcnt � clr = write � back.req∨ line � fill.req
d$.bcnt � ce = write � back.mem∨ write � back.last∨

line � fill.mem ∨ line � fill.last
dbusy = ¬(idle ∧ ¬i$.snoop∧

(d$.hit ∧ mr ∨ ¬mr ∧ ¬mw)∨
line � fill.last ∧ mr ∨ $write)

d$.clear = clear

æ �!~h|{�bç

i£�FnV��n/ymj g � g �
k g ���
x � o�r�� � �FnOlFj � jZ�{ju���Fn�j���nVk g þ�n/�¥¦;Õ � �Fn��<ruthtvr{ú g �
kmn9w;x¸j)�
�3g ru� æ �!~h|{�bç�~�i£�Fn2¦
x
��o � �9rux
� � n/�

d$.bcnt
g o�ùBxFo �q� �Fn � ú g �¬r��

i$.bcnt
~�i£�Fn�lFj � j

�{ju���Fn j�x � ruymj � ru�ão � ru��n9o � �Fn+n/þ g � �3g ru�Äjul
l!��n9o�o
ev

g �Äj ��n/k g o � n/�
ev � adr

j ��� �Fn
¦�n/k g �
� g �
kÈr��2jã�Fru�!��o3�Fr�r�� ju�9�9n9o�o�! g � �{juo�n¥r��Ojão��Fr;r��E§ � �Fn g �Fo � �3xF� �3g ru�N��ru� �
jul
l!��n9o�o

pc
g o�o � ru��n9l>~
i£�Fn'lFj � j �{ju���Fn g o�jul
l!��n9o�o�n9l#ú gh� � � � g o�jul
l!��n9o�o

ev � adrl!x
� g �
kmj�ú�� gh� nV¦¸ju����§
j��FlÑú gh� �
adr

l!x
� g �
kmj2t g �Fn � tht ~8V�r � n � �¸j ��g �Í¦�r � � � �Fn9o�n
�{juo�n9o{§ � �Fn'� g k�� � y(r�o �

s
¦ gh� oOr�� � �Fn jul
l!��n9o�oOj���n+k g þ�n/�¬¦;Õ

d$.bcnt
~2���¬�{juo�n � �Fn

lFj � j'�{ju���Fn g oªo��Fr;r���n9l>§ � �FnslFj � j��{ju���Fn g o�jul
l!��n9o�o�n9ldú gh� �
pc
!!r � �Fn/�3ú g o�n�§

adr
g o

o g y �
thÕ+xFo�n9l>~�i£�FnqlFj � j g ���
x � r�� � �FnqlFj � j2�{ju���Fn g o � �Fn�lFj � j g ���
x � r�� � �Fnqy(n/yZ�
ru�3Õ g � � n/�B�<ju�9n g �#o � j � n

$write
! g �ìj�thtUr � �Fn/�Vo � j � n9o{§ � �Fn�rux � �
x � r�� � �Fn�y(n/y(ru�3Õ

g o�o�n/tvn9� � n9l>~
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d$.bcnt′ =























0s g �
d$.bcnt � clr

incs(bcnt)[s − 1 : 0]
g �
¬d$.bcnt � clr∧

d$.bcnt � ce

d$.bcnt
r � �Fn/�3ú g o�n

ev � adr′ =











pc
g �

d$.$rd ∧ d$.snooping

d$.ev
g �

d$.$rd ∧ ¬d$.snooping

ev � adr
r � �Fn/�3ú g o�n

d$.adr =























adr[a − 1 : s] · d$.bcnt
g �
d$.line � fill

ev � adr[a − 1 : s] · d$.bcnt
g �
d$.write � back

pc
g �

d$.snooping

adr
r � �Fn/�3ú g o�n

d$.din = d$.$write? din :mem.dout

æ �!~h|{�bç

� nO�Fr{ú o��Fr{ú j+¦¸juo g �2tvn/y ymj(j�¦�rux ��� �FnOlFj � j �{ju���Fn+j�x � ruymj � ru�E~
µ �>¡(¡#�#�}G �}G � Î�Ø�Ý ØXg�Øbg/Þ!×ÑØbg�g�×0Ù0Ù9×0ÙdØ�&3×(Ü6Û�çJ×�×3çìÜ�ÛFÜ�ÝLÜ<Ø�Ý�×3ç¥Ü6ÛÈÙ�Ý Ø�Ý�×

idle
m�ÜuI6× Iªm

∀t ∈ N
+ [

¬idlet =⇒ lastd$.crd(t) > 0 ∧ ¬clearlastd$.crd(t)∧

∀t′ ∈ ]lastd$.crd(t) : t[ : ¬idlet′

°e�L�A�<¤BÕ � n2o3�Fr{ú � �FnO�/t]j g y ¦JÕ g �Fl!xF� �3g ru�ìru�
t
~

�;���1���"�c���<�ØÖ����c� ×
t = 1 Ù z ��� gh�3g j�ththÕ�§ � �Fn(j�x � ruymj � ru� g o g � o � j � n

idle
ú�� g ���

� � g þ g j�ththÕÍ�9ru�F�/thxFl
n9o � �Fn g �Fl!xF� �3g ru�ì¦¸juo�n�~
�;���1���"�c���<�Á�����v² ×

t → t + 1 Ù z «En �
¬idlet+1 �Frutvl>~¬� n � � g þ g j�ththÕÈ�9ru�F�/thxFl
n

¬cleart j��Fl o��
t gh� �{juo�n9oqru� idlet ~
|�~q«En �

idlet �Frutvl>~¬¤
��ruy ¬idlet+1 § � k�x
��n¥�!~��!§�j��Fl n9w;x¸j �3g ru� æ �!~h|{�bç�§�ú
n�9ru�F�/thxFl
n
$rdt j��Fl � �JxFo{§ lastd$.crd(t + 1) = t

~¬ä g �F�9n
idle1 �Frutvl
oË§Pú
nj�tvo�r¥�9ru�F�/thxFl
n

t + 1 > 1
§ g ~ n�~h§

lastd$.crd(t + 1) > 0
~+i£�;xFo{§ � � g o��{juo�n r��

� �Fn2�/t]j g y g o�j�th��n{jul!Õ � � g o3�Fn9l#o g �F�9n
¬cleart �Frutvl
oË~

�!~q«En �
¬idlet �Frutvl>~P¤
��ruy ¬idlet+1 §�ú
n��{j��mj�tvo�rO�9ru�F�/thxFl
n ¬cleart ~Ïi£�;xFo{§ú
n+�{j��¬j\���
thÕ � �Fn g �Fl!xF� �3g ru�ã�JÕQ��r � �Fn9o g o � rm�/Õ!�/tvn

t
g �¬ru��l
n/� � rd�9ru�F�/thxFl
n

� � g oq�{juo�n2r�� � �FnO�/t]j g y ~
ut

Ü±��Ü @ �U�<�  G�Â� � �
¤ g k�x
��n#�!~�a o3�Fr{úqo � �Fn � r��!� tvn/þ�n/tslFj � j �¸j � �Fo(r�� � �Fn �{ju���Fn y(n/y(ru�3Õ g � � n/�B� ju�9n�~
V�r � n � �¸j � ¦�r � � � g ���/x gh� o

adr � gen
�9ru� � j g � o�ruy(n#��n/k g o � n/��o

bcnt
g � ru��l
n/� � r

n/y'x
t]j � n � �Fn(�9ruy �
x � j �3g ru�br�� � �Fn(¦
x
��o � jul
l!��n9o�o
badr

����ruy � �Fn(¦
xFo��
��r � r��9rut ~
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adr

mwb

din
mem.dout

pc

1b mem.mwb

dout

mem.din

d$.hit

d$.dirty

inst

i$.hit

din gen

dout gen

adr gen

bw gen

din gen

dout gen

bw gen

adr gen

adr

cdwb

din

icache
hit

dout

adr

din

cdwb

dout

hit

dirty

ev

dcache

¤ g k�x
��n��!~�a!z�i�r��!� tvn/þ�n/tÏlFj � j��¸j � �Foqr�� � �Fn2�{ju���Fn�y(n/y(ru�3Õ g � � n/�B� ju�9n
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eq
s

inc
s

bcnt ce

bcnt clr

0s

bcnt 1 0

fwd.din

adr[s − 1 : 0] sw

1 0

0 1line fill

$.dout

fwd.dout

fwd1

fwd in

¤ g k�x
��n��!~PZ�z�¤¸ru�3ú�j���l g �
kÍ� g ���/x gh� r�� � �FnO�{ju���Fn2y(n/y(ru�3Õ g � � n/�B� ju�9n
ø�l
l gh�3g ru�¸j�ththÕ�§ � �FnÑn/þ g � �3g ru�bjul
l!��n9o�o

ev
�¸juo � r#¦�nmo � ru��n9l g �Fo g l
nmo�ruy(nm��n/k g o � n/�

g �
d$.adr � gen

g �Dru��l
n/� � rãj�thtvr{ú �<ru�Zú�� gh� nd¦¸ju���Èr��sl g � � Õ �{ju���FnÍt g �Fn9oË~qV�r � n
� �¸j � ú
nÑo3x�����ru� � �<ru�3ú�j���l g �
k¬�<ru�'��n{julbju�9�9n9o�o�n9o'����ruy � �Fnmy(n/y(ru�3Õ�! � �Fn/��n��<ru��n�§
¦�r � �Í� g ���/x gh� o

dout � gen
�9ru� � j g �#j���n/k g o � n/� � �¸j � �{j��Ío � ru��n�j�a\[u� ¦ gh� lFj � j'ú
ru��l>~

¤ g �¸j�ththÕ�§ � �Fn/��n g o�j�tvo�rÍj ��n/k g o � n/� g �Fo g l
n
d$.gen � bw

� �¸j � o � ru��n9o � �Fn'¦JÕ � n�ú�� gh� n
o g k��¸j�tvo g � � �FnÑ�/x
�3��n/� � ju�9�9n9o�oË~Ä�
Õk�
x �3�3g �
k � �Fn � ú
r j�x � ruymj � j#����ruy � �Fndt]juo �
o�n9� �3g ru� � ruk�n � �Fn/�{§>ú
n ru¦ � j g � � �Fn �9ruy �
tvn � nmj�x � ruymj � ru� �Lru� � �FnZ�{ju���Fn y(n/y(ru�3Õ
g � � n/�B�<ju�9n�~�¤ g k�x
��n��!~PZOl
n�� g � � o � �Fn�k�n/�Fn/��j�t�o�x
¦!��� g ���/x gh� xFo�n9l(�Lru���<ru�3ú�j���l g �
kZlFj � j
g �¬¦�r � �¬�{ju���Fn9o�!>n9wJx¸j �3g ru�Fo æ �!~h|�[>ç�j��Fl æ �!~h|{�bçsju� � x¸j�ththÕìk g þ�n � �Fn+�9ru�3��n9o���ru�Fl g �
k
n9w;x¸j �3g ru�FoO�<ru�O¦�r � �È�{ju���Fn9o{~Ñ���Èjul
l gh�3g ru�E§ÏjÍ��n/k g o � n/�

cdwb
o � ru��n9o � �Fn y(n/y(ru�3Õ

¦;Õ � n2ú�� gh� n2o g k��¸j�tvo�j �q� �FnV¦�n/k g �
� g �
kdr���j��#ju�9�9n9o�o{~

i$.fwd � in = i$.sw ∧ eqs(i$.bcnt, adr[s − 1 : 0])?
i$.din : i$.fwd

i$.fwd′ = i$.fwd � in
adr � d = d$.wirte � back? ev � adr :adr

d$.fwd � in = d$.sw ∧ eqs(d$.bcnt, adr � d[s − 1 : 0])?
mem.dout :d$.fwd

d$.fwd′ = d$.fwd � in
cdwb′ = d$.$rd?mwb :cdwb

æ �!~h|�[>ç

¤¸ru� � �FnÍrux � �
x � � r � �Fn ©��@�+§Uú�nÍo�n/tvn9� � n gh� �Fn/�
fwd � in

juoZl
n � �Fn9l j�¦�rËþ�nÑru�
dout

r�� � �Fns�9ru�3��n9o���ru�Fl g �
k �{ju���FnVl
n���n/�Fl g �
k ru�dú��Fn � �Fn/�qjOt g �Fn � tht g o
�/x
�3��n/� � thÕ
��n/�B�<ru�3y(n9l>~

dout = d$.line � fill? d$.fwd � in :d$.dout
inst = i$.line � fill? i$.fwd � in : i$.dout

æ �!~h|{�bç
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¤ g �¸j�ththÕ�§ � �Fn�y(n/y(ru�3Õ+o g k��¸j�tvo�j���n�o�x
y ymj�� gh� n9l g �Zn9w;x¸j �3g ru� æ �!~h|�abç�~Pi£�Fn
y(n/y(ru�3Õ
g o���n9wJxFn9o � n9l g � � �Fn à Ý�v¬o � j � n(r�� � �Fn � �
��n9n ¦
x
��o � ymju�/��r�o�! � �Fn y(n/y(ru�3ÕÄú�� gh� n
o g k��¸j�tvo g o2ru�
thÕ ju� �3g þ�n(l!x
� g �
kìú�� gh� n(¦¸ju����~mi£�FnmlFj � j g ���
x � r�� � �Fn(y(n/y(ru�3Õ g o
j�thú£j9Õ!o�k g þ�n/�Ñ¦;Õ � �Fn�lFj � j+rux � �
x � r�� � �FnslFj � j'�{ju���Fn�~ª�sx
� g �
k(j2ú�� gh� n�¦¸ju����§ � �Fn
y(n/y(ru�3Õ g o
jul
l!��n9o�o�n9lmru� � �Fn�n/þ g � �3g ru�djul
l!��n9o�o

ev � adr
§Jl!x
� g �
k+jOt g �Fn � tht g � � �Fn

g �Fo � �3xF� �3g ru�ì�{ju���Fn2¦JÕ
pc
!
r � �Fn/�3ú g o�n�§
ú
n����Fr�o�nqù´xFo �

adr
~

mem.req = d$.line � fill.req∨ d$.write � back.req∨
i$.line � fill.req

mem.burst = 1
mem.wr = d$.write � back
mem.mwb = 1B

mem.din = d$.dout

mem.adr =























ev � adr
g �
d$.wirte � back

pc
g �
¬d$.wirte � back∧
i$.line � fill

adr
r � �Fn/�3ú g o�n

æ �!~h|�abç

Ü±�uí C !U�+��58�'�<7G58���Ø :�"!f!�9
i£�Fn+ymj g � �
��r�r��
k�r�j�t g � � � g o�o�n9� �3g ru� g osk g þ�n/�ã¦;Õìl
n � � gh�3g ru� |�~��!~��Ír���jÑ�9ru�3��n9� �
y(n/y(ru�3Õ g � � n/�B�<ju�9n�~ Vsr �dg �j�¸j�� �3g �/x
t]j�� � �¸j � juoÍjE�
��n9�9ru�Fl gh�3g ru� �Lru�Íj �9ru�3��n9� �
y(n/y(ru�3Õ g � � n/�B� ju�9n�§�ú�nd�¸j{þ�nÑþuj�t g l g ���
x � ����ruy � �Fn ©��@�¢ju�9�9ru��l g �
k � rãl
n � � g �
�3g ru� |�~��!~h|(j��Fl jÑ¦
xFo��
��r � r;�9rutªjuoOl
n � �Fn9l g � o�n9� �3g ru�È�!~h|�~h|�~'� nZú g tht�xFo�n'¦�r � �
� �Fn9o�n(juo�o3x
y � �3g ru�Fo g �bj�tht � �Fn �
��r;r��<oOr�� � � g o�o�n9� �3g ru�Äú gh� �Frux � jul
l g �
k � �Fn/y juo
nTS^�
t g � gh� juo�o�x
y � �3g ru�Fo � r � �FnOtvn�� � � �¸j��Fl o g l
nOr���n{ju��� g y �
t g �{j �3g ru�E~

���Èru��l
n/� � r#ju� � x¸j�ththÕ#�
��rËþ�n � �Fnd�{ju���Fndy(n/y(ru�3Õ g � � n/�B� ju�9nd�9ru�3��n9� � §Ïú
n � ��o �
þ�n/� g �LÕ � �¸j �q� �Fn2j�x � ruymj � j �F��� �FnV¦
xFoU�
��r � r��9rutEú�n2o���n9� g�� n9l j��Fl � �¸j � �<ru��¦�r � �
g �Fo � �3xF� �3g ru�Ñj��Fl(lFj � j��{ju���Fn�§ � �Fnq�{ju���Fnsy(n/y(ru�3Õ g � � n/�B� ju�9n��
��r�l!xF�9n9oªþ�j�t g l g ���
x �
ju�9�9ru��l g �
k � r'l
n � � gh�3g ru�¥�!~��!~��'o3xF��� � �¸j � ú
n��{j��Íju� � x¸j�ththÕ(xFo�n��{ju���Fn��9ru�Fo g o � n/�F�/Õ
�<ru�ª¦�r � � � �Fn9o�n��{ju���Fn9oË~P� nqú g tht � �Fn/�Ío3�FrËú j2�9n/� � ��j�t��9ru�Fo g o � n/�F�/Õ g �Jþ�j�� g j�� � j��Fl
l
n/� g þ�n � �Fn2�9ru�3��n9� � �Fn9o�o�r�� � �FnOy(n/y(ru�3Õ g � � n/�B� ju�9nV�L��ruy gh� ~


�ò�ó�ò�ñ ~�� ��	;�	� � � � 
�	���õ¢��� � �����è��ø�õ�÷!�Ç�Z�����ì������� õè�
	 � ���W

� nOo � j�� � ú gh� �#jZ�9rux��
tvnOr��Ïtvn/y ymjuo�j�¦�rux ��� �Fn���r�o�o g ¦
tvn��9ruy'¦ g �¸j �3g ru�Fosr��Po � j � n9o
g � � �Fn � ú
rÑj�x � ruymj � j!~

µ �>¡(¡#�#�}G�¬ìG�� �0Û
Ù�Ýl&�ß�g9ÝLÜLÚ�ÛÈØuÛ@çÍç�Ø�Ý Ødg�Øbg�Þ!×*g�ØuÛFÛ@Ú�ÝEñF×'&6æ9Ú1&�ð ØÑî\Ü�Û�×�(�î�îÏÚ0ñ
×R&BØ�w
ÝLÜ<ÚuÛìÙ0Ü�ðZß;î¡Ý ØuÛ�×3Ú�ßJÙ�î h�m�ÜuI6×hIÈm � ×OÞ�Ø1i�×
æ9Ú1&�ð Ø�î6î h [

∀t ∈ N
+ : ¬(d$.line ú fillt ∧ i$.line ú fillt)
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°e�L�A�<¤BÕt���������"�c���+� Ö1�����%×

t = 1 Ù zJ��� � �Fn g � gh�3g j�t��/Õ!�/tvn�§;¦�r � �Íj�x � ruymj � j'j���n g �� �Fn g ����n9o���n9� �3g þ�n g l!tvnOo � j � n9oqú�� g ���#�9ru�F�/thxFl
n9o � �Fn g �Fl!xF� �3g ru�ì¦¸juo�n�~
�;���1���"�c���<�#�;���v² ×

t → t + 1 Ù z�«�n � ¬(d$.line � fillt∧i$.line � fillt)
�Frutvl>~

� n��9ru�F�/thxFl
n
¬(d$.line � fillt+1 ∧ i$.line � fillt+1)

¦JÕm�9ru� � ��jul g � �3g ru�E§ g ~ n�~h§
ú�n'juo�o�x
y(n � �¸j �

d$.line � fillt+1 ∧ i$.line � fillt+1 �Frutvl
o{~�� n2o��
t gh� �{juo�n9o
ru�

i$.line � fillt ~
|�~q«En �

¬i$.line � fillt �Frutvl>~ªä g �F�9n
i$.line � fillt+1 �Frutvl
o{§;ú
n��9ru�F�/thxFl
n

����ruy � k�x
��n��!~ [ � �¸j �
¬d$.snoopt∧d$.allowt �Frutvl
oPú�� g ��� n9w;x¸j�tvo d$.idlet

ju�9�9ru��l g �
k � r'n9wJx¸j �3g ru�Fo æ �!~h|{�bç�~�ø��9�9ru��l g �
k � r � k�x
��nV�!~��!§ � � g o g o
j2�9ru� � ��j)�
l g � �3g ru� � r

d$.line � fillt+1 j��Fl � �;xFo � � g o3�Fn9o � � g oq�{juo�nOr�� � �Fn2�/t]j g y ~
�!~q«En �

i$.line � fillt �Frutvl>~ �£n9�{j�xFo�nìr�� � �Fn g �Fl!xF� �3g ru�S�JÕQ��r � �Fn9o g o{§ � � g o
tvn{jul
o � r

¬d$.line � fillt ~�ä g �F�9n
d$.line � fillt+1 �Frutvl
o{§
ú
n'�9ru�F�/thxFl
n

����ruy � k�x
��n �!~�� � �¸j �
i$.allowt �Frutvl
o�ú�� g ��� g o�n9wJx g þ�j�tvn/� �O� r i$.idlet ∨

i$.wait4dinitt ¦�n9�{j�xFo�nÑr���n9wJx¸j �3g ru�Fo æ �!~h|{�bç2ú�� g ��� g oZj#�9ru� � ��jul g � �3g ru�
� r

i$.line � fillt ~ ut

µ �>¡(¡#�#�}G�¬ìG � )öî Ü6Û�× � &�Ü�Ý�×OØvg�g�×0Ù0Ù2Ü6Û#Ý�Þ
×2ç�Ø�Ý Øfg�Øbg�Þ
×�ØuÛ�çmØZî Ü6Û�×O(�î�î�Øvg�g�×0Ù0ÙVÜ�Û
Ý�Þ
×VÜ�Û
Ù�Ýl&�ß^g{ÝLÜLÚuÛ g�Øbg�Þ
×:g�ØuÛãÚ�ÛFî hmÚcg�g/ß,& W ÙTh�Û+g�Þ8&3ÚuÛ@Úuß;Ù0î hJX�ØBæ/Ý�×'&2ØmçuÜJ&�Ý£hZÙ�Û@Ú{Ú0ñ¬ÞJÜLÝJm
ÜuI�×hIªm�ÜLÝ�Þ�Ú�î¡ç�Ù�Ý�Þ!Ø�Ý

∀t ∈ N
+ : i$.line ú fillt ∧ d$.write ú backt =⇒

(i$.line ú fill.reqt ∧ d$.write ú back.reqt∨

i$.line ú fill.waitt ∧ d$.write ú back.waitt∨
i$.line ú fill.memt ∧ d$.write ú back.memt∨

i$.line ú fill.lastt ∧ d$.write ú back.lastt)∧

lasti$.crd(t) = lastd$.crd(t) ∧ i$.wait4dinitlasti$.crd(t)∧

d$.hitlasti$.crd(t) ∧ d$.dirtylasti$.crd(t)

°e�L�A�<¤BÕ i£�Fn2�/t]j g y g oqo3�FrËú�� ¦JÕ g �Fl!xF� �3g ru�ìru�
t
~

�;���1���"�c���<��Ö����c�Ä×
t = 1 Ù z ä g �F�9nª¦�r � �+j�x � ruymj � jVj���n g � gh�3g j�ththÕ g � � �Fn g l!tvn
o � j � n�§� �Fn g �Fl!xF� �3g ru� ¦¸juo�nO�Frutvl
o � � g þ g j�ththÕ�~

�;���1���"�c���<�#�;���v² ×
t → t + 1 Ù zì� n��¸j{þ�n � rOo3�FrËú � �¸j � ru�

i$.line � fillt+1∧
d$.write � backt+1 §@¦�r � � j�x � ruymj � jÍj���n g � � �FnZo�j�y(n+o3x
¦!��o � j � n g �¬�/Õ!�/tvn t + 1j��Fl � �Fn��/t]j g y¢j�¦�rux �

lasti$.crd(t + 1)
�Frutvl>~P� nVo��
t gh� �{juo�n9o£ru�dú��Fn � �Fn/��ú�n��{j��

j\���
thÕ � �Fn g �Fl!xF� �3g ru�ì�JÕQ��r � �Fn9o g o � r(�/Õ��/tvn
t
~

|�~q«En �
i$.line � fillt ∧ d$.write � backt �Frutvl>~ � n � � g þ g j�ththÕ �9ru�F�/thxFl
n

lasti$.crd(t + 1) = lasti$.crd(t)
j��Fl

lastd$.crd(t + 1) = lastd$.crd(t)
~ªi£�Fn

g �Fl!xF� �3g ru� �JÕQ��r � �Fn9o g o � �Fn/�Èk�x¸j���j�� � n9n9o � �¸j � ¦�r � �bj�x � ruymj � j¬j���n g � � �Fn
o�j�y(n¥o3x
¦!��o � j � n g � �/Õ��/tvn

t
j��Fl � �Fn¥�/t]j g y(odj�¦�rux �

lasti$.crd(t + 1)
j�tvo�r

�LruthtvrËúqo��L��ruy � �Fn g �Fl!xF� �3g ru�d�;Õ>��r � �Fn9o g o{~ªä g �F�9nso � j � n9o
i$.line � fill j��Fl

d$.write � back ¦�r � �È�9ru�Fo g o � r�� � �Fnm¦
x
��o � ymju�/��rìo3�¸j�� g �
kì�9ruy y(ru� g �!��
x � o g k��¸j�tvoª�<ru�3y � �Fn��
�;Õ�o g �{j�t@y(n/y(ru�3Õ�§�¦�r � �Ñj�x � ruymj � j+j���n�n gh� �Fn/� g � � �Fn
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o�j�y(n(o3x
¦!��o � j � n g �È�/Õ!�/tvn
t + 1

ru� � �Fn/Õ¬tvn{j{þ�n � �Fn ¦
x
��o � ymju�/��rìj��Fl �Fn g �
� �Fn/�

i$.line � fillt+1 �Fru�
d$.write � backt+1 �Frutvl
oZú�� g ��� �9ru�F�/thxFl
n9o

� �Fn2�/t]j g y ~
�!~q«En �

¬(i$.line � fillt ∧ d$.write � backt)
�Frutvl>~ � n o��
t gh� �{juo�n9oãru�

i$.line � fillt ~
æ jbçÍ«En �

¬i$.line � fillt �Frutvl>~Pä g �F�9n
i$.line � fillt+1 �Frutvl
o{§uú
n£�9ru�!�

�/thxFl
n
����ruy � k�x
��n��!~ [ � �¸j �
i$.line � fill.reqt+1 j��Fl ¬d$.snoopt∧

d$.allowt �FrutvlOú�� g ���+n9wJx¸j�tvo d$.idlet ju�9�9ru��l g �
k � r�n9wJx¸j �3g ru�Fo æ �!~h|{�bç�~
i£� g o�tvn{jul
o � r

lastd$.crd(t+1) = t
~�ä g �F�9n

d$.write � backt+1 �Frutvl
o{§
ú
n¥�9ru�F�/thxFl
n¥ú gh� � � k�x
��n �!~�� � �¸j �

i$.snoopt ∧ d$.hitt ∧ d$.dirtyt�Frutvl
o ú�� g ���Stvn{jul
o � r
i$.wait4dinitt § g ~ n�~h§ lasti$.crd(t + 1) = t

~
ø�l
l gh�3g ru�¸j�ththÕ�§ gh� �LruthtvrËúqo � �¸j �

d$.write � back.reqt+1 �Frutvl
o{~ �£n��
�{j�xFo�n2r��

i$.line � fillt+1 § � � g o��{juo�n g o��
��r{þ�n9l>~
æ ¦<çÍ«En �

i$.line � fillt �Frutvl>~ãi£� g o+tvn{jul
o � r ¬d$.write � backt ~#�£n��
�{j�xFo�nbr��

d$.write � backt+1 §2ú
n �9ru�F�/thxFl
n ����ruy � k�x
��nb�!~�� � �¸j �
snoop� it

�Frutvl
o�ú�� g ��� g osn9wJx¸j�t � r
i$.wait4dinitt ~�i£� g o g oVj(�9ru�!�

� ��jul g � �3g ru�¬j��Fl � �;xFo � � g o3�Fn9o � �Fn2�/t]j g y ~
ut

µ �>¡(¡#�#�}G�¬ìG�� p�Þ!×Íðm×�ð(Ú1&ThãÜ]Ù H ß;Ù hÄÜ æÍØuÛ�ç ÚuÛFî hãÜ æ¥Ø�ÝVîv×3Ø�Ù�Ý+ÚuÛ�×#ÚBæÑÝ�Þ
×¥Ý � ÚØ�ß�Ý Úuð(Ø�Ý ØdÜ6ÙOÜ6ÛãØ H ßJÙTh Ù�Ý Ø�Ý�×'mªÜwI�×hIÈm
∀t ∈ N

+ : busyt ⇐⇒ (i$.line ú fill.waitt ∨ i$.line ú fill.memt∨
d$.line ú fill.waitt ∨ d$.line ú fill.memt∨

d$.write ú back.waitt ∨ d$.write ú back.memt)

°e�L�A�<¤BÕ � n2o3�Fr{ú � �FnO�/t]j g y ¦JÕ g �Fl!xF� �3g ru�ìru�
t
~

�;���1���"�c���<�¿Ö1�����É×
t = 1 Ù z ��� gh�3g j�ththÕ�§ � �Fnmy(n/y(ru�3Õ g o Û@Ú�ÝV¦
xFo3Õ ju�9�9ru��l g �
k � r

� �Fnm¦
xFoe�
��r � r��9rut�j��FlÈ¦�r � �bj�x � ruymj � j¬j���n g � � �Fn g l!tvnÑo � j � n�~¥i£� g oZ�9ru�F�/thxFl
n9o
� �Fn g �Fl!xF� �3g ru� ¦¸juo�n�~
�;���1���"�c���<�j�;���v²�×

t → t + 1 Ù zD� nO�¸j9þ�n � r(o3�Fr{ú

busyt+1 ⇐⇒ (i$.line � fill.waitt+1 ∨ i$.line � fill.memt+1∨

d$.line � fill.waitt+1 ∨ d$.line � fill.memt+1∨

d$.write � back.waitt+1 ∨ d$.write � back.memt+1)

j��Fl ú
n2o��
t gh� �{juo�n9oqru�
busyt ~

|�~q«En �
busyt �Frutvl>~�i£� g o�tvn{jul
o � r ¬requestt

¦�n9�{j�xFo�nOr��Ïn9w;x¸j �3g ru� æ �!~��bç£j��Fl
� �JxFo{§�ú�n+�¸j9þ�n

busyt+1 ⇐⇒ reqpt ju�9�9ru��l g �
k � rÑn9w;x¸j �3g ru� æ �!~��bç�~V� gh� �
� �Fn g �Fl!xF� �3g ru� �JÕQ��r � �Fn9o g o{§�ú�n¥�9ru�F�/thxFl
n � �¸j � ú
n#j���n g � ru�Fn¥r�� � �FnÑo g S
¦
xFo3Õ o � j � n9o g �d�/Õ��/tvn

t
~Ï�srËú
n/þ�n/�{§ gh� �9rux
tvl(o �3g tht¸¦�n � �Fnq�{juo�n � �¸j � ú
n�j���n g �

ru�Fn�r�� � �Fn���n9wJxFn9o � o � j � n9o{§¸¦
x �s� �Fn���n9wJxFn9o �sg o g k��Fru��n9lì¦�n9�{j�xFo�n�r��
busyt ~ä g �F�9nÑú
n¥j���n g �Dj#¦
xFo3Õ o � j � n g �b�/Õ!�/tvn

t
§Pú
nÍ�{j�� ru�
thÕ ¦�n g �Dj ��n9w;xFn9o �



}"a Ó1õ�Ð{þ É1« Ê�Ú;¾DÐ ÓÏÐ�Ó1õ « â « â�©lÊ3÷ Ç ª É1« Ê,È!Ð�Ó «
o � j � n g � � �FnZo�j�y(n �/Õ��/tvn g �£ru�Fn(j�x � ruymj � ru� g o g �Èjm¦
xFo�Õìo � j � n+ú�� g tvn � �Fn
r � �Fn/� g o g �ÈjÑ��n9w;xFn9o � o � j � n�~Z� �

i$.line � fill.reqt �Frutvl
oË§>tvn/y ymj �!~ [F~h|
k�x¸j���j�� � n9n9o

¬d$.line � fillt ú�� g ��� tvn{jul
o � r
d$.write � backt ¦�n9�{j�xFo�n

ú
n2j���n g �#j'¦
xFo3Õmo � j � n�~ª�srËú
n/þ�n/�{§ g � � � g o��{juo�n�§!tvn/y ymj �!~ [F~��!§!k�x¸j���j�� � n9n9o
d$.write � back.reqt ú�� g ��� g odj �9ru� � ��jul g � �3g ru� o g �F�9n gh�Ñg o(�Fr � jÄ¦
xFo�Õ
o � j � n�~���n/�F�9n�§

i$.line � fill.req �{j��
�Fr � �Frutvl>~
��Õãj��3k�x g �
kìj�tvru�
k � �Fn(o�j�y(nZt g �Fn9o{§>ú�n(�{j�� j�tvo�r¥�9ru�F�/thxFl
n � �¸j �O� �Fn(lFj � j
�{ju���Fn g o��Fr ��g �ìj+��n9w;xFn9o � o � j � n g �#�/Õ!�/tvn

t
§ g ~ n�~h§

¬d$.line � fill.reqt ∧ ¬d$.write � back.reqt

���Ñr � �Fn/�£ú
ru��l
o{§�ú
nVj���n g �Ño�ruy(n�y(n/y(ru�3Õdo � j � n�§;¦
x � �Fr �
g �¥j�� g � gh�3g j�t�ru�Fn
g �¥�/Õ��/tvn

t
~�i£�;xFo{§!ú
n���n/ymj g � g � j'¦
xFo3Õmo � j � n g �¥�/Õ!�/tvn

t + 1
g �Pj��FlÍru�
thÕ g �

reqpt �Frutvl
oqú�� g ���ì�9ru�F�/thxFl
n9o � � g o��{juo�nOr�� � �Fn��/t]j g y ~
�!~q«En �

¬busyt �Frutvl>~�� gh� � � �Fn g �Fl!xF� �3g ru�#�JÕQ��r � �Fn9o g oË§!ú
n2�9ru�F�/thxFl
n � �¸j � ú
n
j���n g �2�Fru�Fnªr�� � �Fn
o g SV¦
xFo3ÕOo � j � n9o g �'�/Õ!�/tvn

t
~�ø��9�9ru��l g �
k � rqn9wJx¸j �3g ru� æ �!~��bç�§

busyt+1 �Frutvl
o g 	 requestt
�Frutvl
osú�� g ��� n9wJx¸j�tvo

reqt ¦�n9�{j�xFo�n'r�� ¬busyt ~¤
��ruy n9wJx¸j �3g ru� æ �!~h|�abç�§�ú�n � �Fn/�Í�9ru�F�/thxFl
n
reqt = i$.reqt ∨ d$.reqt ú�� g ���tvn{jul
o � r

busyt+1 ⇐⇒ i$.line � fill.reqt ∨ d$.line � fill.reqt∨
d$.write � back.reqt

ø��9�9ru��l g �
k � r � k�x
��n'�!~��!§ � �Fn�o � j � n+j)� � n/�sru�Fn�r�� � �Fn'j�¦�r{þ�n � �
��n9n2��n9w;xFn9o �
o � j � n9o g oqru�ìr�� � �FnOo g SÍ¦
xFo3ÕÍo � j � n9o�ú�� g ���ì�9ru�F�/thxFl
n9o � �Fn��/t]j g y ~

ut

µ �>¡(¡#�#�}G�¬ìG�¬ �0ÛdÝ�Þ!×3g�hbg/îv×�ØBæ�Ý�×R&qÝ�Þ!×s×/Û@ç'Ú3æ�Ø�ðm×�ð(Ú1&Th'Øbg�g�×�Ù�Ù�mPÝ�Þ!×sØuß�Ý Ú�ð Ø�Ý ÚuÛ
Ü6ÙOÜ6ÛãÚuÛ�×+ÚBæ2Ý�Þ!×

last
Ù/Ý Ø�Ý�×0Ù�m�ÜwI�×hIÈm

∀t ∈ N
+ [

(brdyt ∧ ¬reqpt) ⇐⇒ (d$.line ú fill.lastt+1∨

d$.write ú back.lastt+1∨

i$.line ú fill.lastt+1)

°e�L�A�<¤BÕ i£�Fnì�/t]j g y g of�
��r{þ�n9l ¦JÕ g �Fl!xF� �3g ru� ru�
t
~ ä g �F�9n gh� xFo�n9o � �Fnìo�j�y(n

j��3k�x
y(n/� � omjuo � �Fn �
��r;r��Vr�� � �Fn �
��n/þ g ruxFoZtvn/y ymj!§�ú�n¥ruy gh� ��x
� � �Fn/� l
n � j g tvo g �
� � g o � �Fn9o g o{~

utVsrËú2§�ú
nq�;�FrËú � �¸j � �FrOy(n/y(ru�3ÕZ��n9wJxFn9o ��g o�tvr�o � ¦�n9�{j�xFo�n � �Fn/��n g o��FrV��n9w;xFn9o �
r��£jÑ¦
xFo3Õ y(n/y(ru�3Õ�~+i£� g o g o2j�� g y ��ru� � j�� � o � n�� g �E�
��rËþ g �
k � �FnZ�9ru�3��n9� � �Fn9o�o�r��
� �Fn2¦
xFoU�
��r � r;�9rut g y �
tvn/y(n/� � j �3g ru�E~

øso�j �FnTS � o � n��E§
ú
nOú£j�� �s� r(o3�Fr{ú � �¸j �q� �Fn g ���
x � k�n/�Fn/��j � n9l¥�<ru��lFj � j)��j��Fl
g �Fo � �3xF� �3g ru�m�{ju���Fnq��x
t � thtvo8�
��n9l g �{j � n

valid � input?
ju�9�9ru��l g �
k � rOl
n � � gh�3g ru�Í�!~��!~��

ru�*�¸j�k�n��"R!~�Vsr � n � �¸j �
g �mru��l
n/� � r$�
��rËþ�n
valid � input?

§�ú
n�ju� � x¸j�ththÕ+�Fn9n9l*�¸j�� �
r�� � �Fnª¦
xFo1�
��r � r��9rut!�9ru�3��n9� � �Fn9o�o g �+ru��l
n/�Ï�<ru�Pj�t g �Fn � tht � r�¦�n��9ruy �
tvn � n�ju�9�9ru��l g �
k
� r

valid � input?
~
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µ �>¡(¡#�#�}G�¬ìG � �6æ¥Ý�Þ!×¥Ü�Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛ g�Øbg�Þ!×#Ü6ÙÍÛ�×�Ü�Ý�Þ
×'&¥Ü6ÛSÙ�Ý Ø�Ý�×

i$.idle
Û�Ú1&ÍÜ6Û

Ù/Ý Ø�Ý�×
i$.linv

m�Ý�Þ!× Ü�Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛÈðm×�ð(Ú1&Th &3×�Ø�ç#Ù0Ü Ë Û@ØuîPÜ6Ù Øbg{ÝLÜZi�×ÑØuÛ�ç Ý�Þ!× Ù0Ü Ë Û@Øuî\Ù
Ø�Ý>Ý�Þ!×£Ü�Û
Ù�Ýl&�ß�g9ÝLÜLÚ�Û�ñ!Ú1&/ÝU×|k/ß
ØuîFÝ�Þ!×¢i�Øuî\ßF×0Ù�Ý�Þ!×ThVÞ�ØJç2Ø�Ý>Ý�Þ!× H × Ë Ü�ÛFÛFÜ�Û Ë Ú3æ
Ý�Þ!×�Øbg�g�×0Ù0Ù�mÜuI�×hIªm
∀t ∈ N

+ : ¬i$.idlet∧¬i$.linvt =⇒ imrt∧{pc, imr}t = {pc, imr}lasti$.crd(t)

°e�L�A�<¤BÕ � n2o3�Fr{ú � �FnO�/t]j g y ¦JÕ g �Fl!xF� �3g ru�ìru�
t
~

�;���1���"�c���<�bÖ1����� ×
t = 1 Ù z!��� gh�3g j�ththÕ�§ � �FnVj�x � ruymj � ru� g o g �¥o � j � n i$.idle ú�� g ���� � g þ g j�ththÕÑ��x
t � thtvo � �Fn2�/t]j g y ~

�;���1���"�c���<�q�;���>²þ×
t → t + 1 Ù zu«En � ¬i$.idlet+1∧¬i$.linvt+1 �Frutvl>~Ï� n � �Fn/�

�¸j{þ�n � r(o3�FrËú

imrt+1 ∧ {pc, imr}t+1 = {pc, imr}lasti$.crd(t+1)

g � ru��l
n/� � r �9ru�F�/thxFl
n � �FnO�/t]j g y ~ª� nOo��
t gh� �{juo�n9oqru�
i$.idlet ~

|�~q«En �
i$.idlet �Frutvl>~ � gh� � � k�x
��n#�!~ [F§�ú�n � �Fn/� �9ru�F�/thxFl
n

¬d$.snoopt ∧
¬i$.hitt ∧ imrt ~(i£� g o � � g þ g j�ththÕãtvn{jul
o � r lasti$.crd(t + 1) = t

~(�£n9�{j�xFo�n
r���n9w;x¸j �3g ru� æ �!~h|{�bç�§�ú
n¥�{j��D�9ru�F�/thxFl
n

ibusyt j��Fl � �;xFo{§�¦�n9�{j�xFo�nÍr�� � �Fng ���
x � o � j�¦ g t gh� ÕÍ�L��ruy l
n � � gh�3g ru� |�~��!~h|'ru�]�¸j�k�nm|�a!§Fú�n��¸j{þ�n
{pc, imr}t =

{pc, imr}t+1 j��Fl � � g oq�{juo�n g oU�
��r{þ�n9l>~
�!~q«En �

¬i$.idlet �Frutvl>~O� nZ�9ru�F�/thxFl
n ¬i$.linvt ∧ ¬i$.line � fill.lastt

����ruy � k�x
��n��!~ [mj��Fl � �JxFoË§ � �Fn g �Fl!xF� �3g ru�X�
��n/y g o�nOk�x¸j���j�� � n9n9o
imrt ∧ {pc, imr}t = {pc, imr}lasti$.crd(t).

ä g �F�9n
ibusyt �Frutvl
o£ju�9�9ru��l g �
k � r�n9w;x¸j �3g ru� æ �!~h|{�bç�§�ú
nsxFo�n�l
n � � gh�3g ru�ã|�~��!~h|g �¬ru��l
n/� � rÑ�9ru�F�/thxFl
n

{pc, imr}t = {pc, imr}t+1 ~�ä g �F�9n lasti$.crd(t + 1)n gh� �Fn/��n9w;x¸j�tvo
t
ru�

lasti$.crd(t)
§ � � g oq�9ru�F�/thxFl
n9o � �FnO�/t]j g y ~

ut

µ �>¡(¡#�#�}G�¬ìG�¦ p�Þ!×+ç�Ø�Ý ØWg�Øbg/Þ!×�ñ!Ú1&/ÝªÙ0Ü Ë Û@Øuî\Ù
dbusy

æ�&3Úuð¢Ý�Þ!× H × Ë Ü�ÛFÛFÜ�Û Ë ÚBæ2Ý�Þ!×Øvg�g�×0Ù0Ù+ÚuÛ;m�ÜuI6× Iªm
∀t ∈ N

+ [
¬d$.idlet ∧ (mwlastd$.crd(t) ∨ mrlastd$.crd(t)) =⇒

{adr, din,mw,mr,mwb}t = {adr, din,mw,mr,mwb}lastd$.crd (t)∧
∀t′ ∈ [lastd$.crd(t) : t[ : dbusyt

°e�L�A�<¤BÕ � n2o3�Fr{ú � �FnO�/t]j g y ¦JÕ g �Fl!xF� �3g ru�ìru�
t
~

�;���1���"�c���<�ÌÖ����c�ä×
t = 1 Ù zÈä g �F�9n � �Fn�j�x � ruymj � ru� g o g � gh�3g j�ththÕ g �mo � j � n d$.idle §� �Fn g �Fl!xF� �3g ru� ¦¸juo�nO�Frutvl
o � � g þ g j�ththÕ�~

�;���1���"�c���<� Ö1�����d×
t → t + 1 Ù z «En �

¬d$.idlet+1 j��Fl
mwlastd$.crd(t+1) ∨

mrlastd$.crd(t+1) �Frutvl>~�� nOo��
t gh� �{juo�n9oqru� d$.idlet ~
|�~q«En �

d$.idlet �Frutvl>~Ñ� n � � g þ g j�ththÕÄ�9ru�F�/thxFl
n lastd$.crd(t + 1) = t
~Íä g �F�9n

ú
nd�¸j9þ�n
mwt ∨ mrt § d$.idlet §Pj��Fl ¬d$.idlet+1 §Ïú
nmk�n � dbusyt ú gh� �� k�x
��nm�!~�� j��Fl n9w;x¸j �3g ru� æ �!~h|{�bç�~di£� g o2�9ru�F�/thxFl
n9o � �Fnm�/t]j g y ú gh� �Èl
n � � g �

�3g ru�È|�~��!~h|�~
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�!~q«En �

¬d$.idlet �Frutvl>~�� n � � g þ g j�ththÕO�9ru�F�/thxFl
n lastd$.crd(t+1) = lastd$.crd(t)j��Fl#j\���
thÕ � �Fn g �Fl!xF� �3g ru�#�;Õ>��r � �Fn9o g o g �#ru��l
n/� � r ru¦ � j g �
{adr, din,mw,mr,mwb}t = {adr, din,mw,mr,mwb}lastd$.crd (t)∧
∀t′ ∈ [lastd$.crd(t) : t[ : dbusyt

ä g �F�9n
¬d$.idlet+1 �Frutvl
oË§�ú
ns�9ru�F�/thxFl
n dbusyt ú gh� � � k�x
��n��!~���j��Fl(n9w;x¸j)��3g ru� æ �!~h|{�bç�~�i£� g oq�9ru�F�/thxFl
n9o � �FnO�/t]j g y ú gh� � � �FnV�Fn/t��#r��Pl
n � � gh�3g ru� |�~��!~h|�~

ut

�e�<�L�+³£³ ���L¢��}G�¬ÇG�· �6æ(Ý�Þ
×dçJØ�Ý�× g�Øbg�Þ!× Øuß�Ý Ú�ð Ø�Ý ÚuÛ ñF×'&6æ9Ú1&�ð+ÙdØ#î Ü�Û�×�(ªî6îÛm�Ø g�Øbg�Þ
×
� &�ÜLÝ�×�mªÚ1&VÜ]ÙVÜ6Û¬ÚuÛ�×'ÚBæ�Ý�Þ
×VÙTh�Û+g�Þ8&3ÚuÛFÜ z{Ø�ÝLÜ<ÚuÛ¥Ù/Ý Ø�Ý�×0Ù

wait4mem
ØuÛ@ç

wait4snoop
m

Ý�Þ
×qðm×�ð(Ú1&Th¨&�×3Ø�ç(Ú�& � &0ÜLÝ�×qÙ0Ü Ë Û@Øuî � ØuÙqØvg9ÝLÜZiu×VØ�ÝUÝ�Þ
× H × Ë Ü�ÛFÛFÜ�Û Ë ÚBæ�Ý�Þ!×�Øbg�g0×0Ù�ÙOØuÛ@çÝ�Þ
×sÜ6Ûuñ�ß�ÝPÚuÛ¥Ý�Þ!×Vç�Ø�Ý Ø�ñ
Ú1&�ÝUÞ�ØuÙ¬&3×�ð(ØuÜ�Û�×3çZÙ�Ý Ø H îv×�Ù0Ü�Û<g�×�Ý�Þ
×�Û0I À Ú1&�ð(Øuî6î h�m � ×qÞ�Ø1iu×
∀t ∈ N

+ [
d$.wait4snoopt ∨ d$.wait4memt ∨ d$.cache ú writet ∨ d$.line ú fillt =⇒

(mwt ∨ mrt) ∧ ¬i$.wait4dinitlasti$.crd(t)∧

{adr, din,mw,mr,mwb}t = {adr, din,mw,mr,mwb}lastd$.crd (t)∧

∀t′ ∈ [lastd$.crd(t) : t[ : dbusyt′

°e�L�A�<¤BÕ � �
(mwlastd$.crd(t) ∨mrlastd$.crd(t))∧¬i$.wait4dinitlasti$.crd(t) �Frutvl
o{§

tvn/y ymjb�!~ [F~�a �{j�� ¦�n¬j\���
t g n9l j��Fl � ruk�n � �Fn/�dú gh� � l
n � � gh�3g ru� |�~��!~h|�§ � �Fn#�/t]j g y
g o¥�9ru�F�/thxFl
n9l>~ � n � �Fn/��n��<ru��n o�n �

l := lastd$.crd(t)
j��Fl ru�
thÕ �¸j{þ�n � rDo3�FrËú

� �¸j �
(mwl ∨mrl)∧¬i$.wait4dinitl �Frutvl
oË§ g ~ n�~h§!ú
n2juo�o3x
y(n ¬mwt ∧¬mrt ∨

i$.wait4dinitl j��FlZ�9ru�Fo � �3xF� � js�9ru� � ��jul g � �3g ru�E~�� n
���Fr{ú � �¸j �
d$.idlel �Frutvl
o

ú�� g tvn
d$.idlet l
r;n9o£�Fr � �Frutvl>~�ø��9�9ru��l g �
k � r � k�x
��n2�!~��!§ � �FnVru�
thÕmú£j9Õ � r'tvn{j{þ�n

o � j � n
d$.idle

ú gh� �Frux � n gh� �Fn/��ju� �3g þ�n
mw

ru�
mr

o g k��¸j�tvo g oV¦JÕãn/� � n/� g �
kìo � j � n9o
d$.linv

ru�
d$.write � back.req ~���r{ú�n/þ�n/�{§ g � d$.linvl+1 �Frutvl
o{§�ú
n+�9ru�F�/thxFl
n

d$.idlel+2 ú�� g ��� g o�j �9ru� � ��jul g � �3g ru�Äju�9�9ru��l g �
k � r tvn/y ymjm�!~��!~��Z¦�n9�{j�xFo�n ∀t′ ∈
]lasti$.crd(t) : t[ : ¬d$.idlet′ �Frutvl
o{~ «En �¥� �Fn/��n��Lru��n

d$.write � back.reql+1

�Frutvl>~Ï��� � � g oP�{juo�n�§�tvn/y ymjs�!~ [F~���n/�Fo3x
��n9o � �¸j �
i$.line � fill.reql+1 j�tvo�r��Frutvl
o{~

ä g �F�9ndú
nÑ�¸j{þ�n
¬d$.write � backt § � �Fn/��n g o'o�ruy(nd�/Õ!�/tvn t′ ∈ ]l : t[

o3xF��� � �¸j �
d$.write � back.lastt′ �Frutvl
o{~Í� gh� �Ètvn/y ymj¬�!~ [F~��!§Ïú
nÍjul
l gh�3g ru�¸j�ththÕÈ�9ru�F�/thxFl
n
i$.line � fill.lastt′ j��Fl � �JxFoË§

d$.idlet′+1 �Frutvl
o'ú�� g ��� g oZj �9ru� � ��jul g � �3g ru�
� rZtvn/y ymjd�!~��!~�� o g �F�9n

d$.idlet′+1 �{j��
�Fr � �Frutvl>~ ut

µ �>¡(¡#�#�}G�¬ìGÈÍ �6æ¥Ý�Þ!×¥Ü�Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛBg�Øvg�Þ!×#Ü]ÙÍÜ�Û ØÈî\Ü�Û�×ÍÜ�Û¼i)Ø�î\Ü<ç�Ø�ÝLÜ<ÚuÛ Ù/Ý Ø�Ý�×�mZÝ�Þ!×
Ü�Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛkg�Øbg�Þ
×(Ø�ç�ç�&3×0Ù0Ù ×|k9ß!Øuî\Ù Ý�Þ!× Ø�ç�ç�&3×0Ù0ÙZØ�Ý£Ý�Þ!×_g�hbg/îh×mÚBæ'Ý�Þ
× H × Ë Ü�ÛFÛFÜ�Û Ë Ú3æÝ�Þ
×2Ü�Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛ(ñ
Ú1&�Ý�Øbg�g�×�Ù�Ù�m�ÜwI�×hIÈm � ×2Þ�Ø1i�× ∀t ∈ N

+ [
i$.linvt ∨ i$.linv2t =⇒ i$.adrt = i$.adrlasti$.crd(t)

°e�L�A�<¤BÕ «En �
i$.linvt ∨ i$.linv2t ~Ï� n � � g þ g j�ththÕm�9ru�F�/thxFl
n lasti$.crd(t) = t− 1j��Fl

d$.snoopt−1 ����ruy � k�x
��n(�!~ [F~�� gh� �Än9w;x¸j �3g ru�Fo æ �!~h|{�bçVj��Fl æ �!~h|{�bç�§Eú
n(jul��
l gh�3g ru�¸j�ththÕÑ�9ru�F�/thxFl
n

d$.wait4snoopt−1 j��Fl
d$.line � fill.reqt ~�i£�JxFoË§�n9w;x¸j)�

�3g ru�Fo æ �!~h|�|cçqj��Fl æ �!~h|{�bçqn/�Fo�x
��n
i$.adrt = d$.adrt j��Fl i$.adrt−1 = d$.adrt−1 ~
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��Õ'j\���
thÕ g �
kOtvn/y ymjO�!~ [F~PZ��<ru�U¦�r � � �/Õ��/tvn9o

t−1
j��Fl

t
§uú
n��9ru�F�/thxFl
n

d$.adrt−1 =
d$.adrt j��Fl � �JxFo{§ � �Fn$�
��r;r�� g o � � g o3�Fn9l>~ ut

µ �>¡(¡#�#�}G�¬ìG�§ p�Þ!×qÜ6Ûuñ�ß�Ý�Ú3æqÝ�Þ!×�Ü�Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛWg�Øbg�Þ!×�æ�ß;î (�î�î^ÙqÝ�Þ!×Ç(�&0Ù�ÝEÝ�Þ8&�×�×sÜLÝ�×�ð+Ù
Ú3æ�ñ3&3×�çuÜ£g�Ø�Ý�×

valid ú input?
m�ÜuI6×hIÈm � ×OÞ�Ø1i�× [

Ï7I
i$.clear0

Ñ,I
∀t ∈ N

+ : i$.vwt ∧ i$.val ú int =⇒ i$.twt

: I ∀t ∈ N
+ : i$.vwt ∨ i$.twt ∨ i$.dwt ∨ ∃l ∈ ZB : i$.cdwbt[l] =⇒

i$.adrt =s i$.adrlasti$.crd(t) ∧ ¬i$.clearlasti$.crd(t) ∧ ¬i$.$rdt

°e�L�A�<¤BÕ i£�Fn � ��o �Zgh� n/y § g ~ n�~h§
i$.clear0 g o � � g þ g j�ththÕÄ�Lx
t � thtvn9l o g �F�9n

i$.clear =
clear

�Frutvl
oªj��FlZl
n � � gh�3g ru�#|�~��!~h|£k�x¸j���j�� � n9n9o
clear0 ~�ä g y g t]j��3thÕ�§ � �Fn£o�n9�9ru�Fl gh� n/y�{j�� g y y(n9l g j � n/thÕÈ¦�n(�9ru�F�/thxFl
n9l ����ruy n9wJx¸j �3g ru� æ �!~h|{�bç�~ i£�JxFoË§�ru�
thÕ � �Fn � � g ��l

gh� n/y ��n9w;x g ��n9o ��n{j�t��9ru�Fo g l
n/��j �3g ru�E~D«En �
i$.vwt § i$.twt § i$.dwt §ªru� i$.cdwbt[l]�Frutvl��<ru�Ïo�ruy(n

l ∈ ZB
~Uø��9�9ru��l g �
k � r�n9w;x¸j �3g ru� æ �!~h|{�bç�§ � �Fn g �Fo � �3xF� �3g ru�Z�{ju���Fn�j�x!�

� ruymj � ru� g o�n gh� �Fn/� g �(o � j � n
i$.line � fillt §

i$.linvt §�ru�
i$.linv2t ~Ï�sn/�F�9n�§�ú
n

�{j�� � � g þ g j�ththÕV�9ru�F�/thxFl
n
¬i$.$rdt ~E� n�o�n � l := lasti$.crd(t)

j��FlOú gh� ��tvn/y ymjq�!~��!~h|�§
ú�n jul
l gh�3g ru�¸j�ththÕ k�n �

¬i$.clearl ~¢i£�JxFoË§Oú
n ru�
thÕ �¸j{þ�n � r o��Fr{ú
i$.adrt =s

i$.adrl ~
|�~q«En �

¬i$.line � fillt �Frutvl>~P� ns�{j�� � �Fn/�¥j\���
thÕ tvn/y ymj'�!~ [F~�} g �dru��l
n/� � r
�9ru�F�/thxFl
n

adrt = adrl ú�� g ��� � � g o3�Fn9o � � g o��{juo�nOr�� � �Fn��/t]j g y
�!~q«En �

i$.line � fillt �Frutvl>~s� n+j\���
thÕ#tvn/y ymjÑ�!~ [F~�� g �ãru��l
n/� � rÑ�9ru�F�/thxFl
n
pct = pcl ~ � gh� � tvn/y ymj �!~��!~h|�§�ú
nãjul
l gh�3g ru�¸j�ththÕSk�n �

i$.wait4dinitl ~
� �

i$.linv2l+1 �Frutvl
o{§�ú
n � � g þ g j�ththÕS�9ru�F�/thxFl
n
i$.wait4dinitl+2 ú�� g ���

g o2jÑ�9ru� � ��jul g � �3g ru� � rÑtvn/y ymj¥�!~��!~h|�~+�sn/�F�9n�§�ú�nZ�;�FrËú
i$.line � filll+1

�Frutvl
o j��Fl � k�x
��nÍ�!~ [ãj��Fl n9wJx¸j �3g ru� æ �!~h|{�bç�n/�Fo3x
��n � �¸j �
d$.allowl �Frutvl
oj��Fl � �JxFo{§

d$.idlel ~���r{ú�n/þ�n/�{§ � � g o£tvn{jul
o � r ¬i$.snoopingl ju�9�9ru��l g �
k � rn9wJx¸j �3g ru� æ �!~h|{�bç2j��Fl � �JxFo{§Ïn9w;x¸j �3g ru� æ �!~h|�|cç2n/�Fo3x
��n9o2¦�r � �
i$.adrl = pclj��Fl

i$.adrt =s pct ú�� g ��� � � g o��Fn9o � �Fn��
��r�r��B~ ut

µ �>¡(¡#�#�}G�¬ìG��WÓ p�Þ!×(Ü�Ûuñ@ß!Ý�ÚBæ Ý�Þ!×dç�Ø�Ý Øqg�Øbg�Þ!×�æ�ß;î (�î�î^Ù Ý�Þ!×¬(�&0Ù�ÝqÝ�Þ8&�×�×dÜLÝ�×�ð+Ù Ú3æ
ñ0&3×3ç�Ü£g�Ø�Ý�×

valid ú input?
m�ÜwI�×hIÈm � ×VÞ!Ø1i�× [

Ï7I
d$.clear0

Ñ,I
∀t ∈ N

+ : d$.vwt ∧ d$.val ú int =⇒ d$.twt

: I ∀t ∈ N
+ : d$.vwt ∨ d$.twt ∨ d$.dwt ∨ ∃l ∈ ZB : d$.cdwbt[l] =⇒

d$.adrt =s d$.adrlastd$.crd(t) ∧ ¬d$.clearlastd$.crd(t) ∧ ¬d$.$rdt

°e�L�A�<¤BÕ i£�FnZj��3k�x
y(n/� � oV�<ru�Vo��Fr{ú g �
k � � g oV�/t]j g y j���n�þ�n/�3Õ¬o g y g t]j�� � r � �Fr�o�nZr��
tvn/y ymjm�!~ [F~�R^! � �Fn/Õ j���n � �Fn/��n��Lru��n'ruy gh�3� n9l g � � � g o � �Fn9o g oË~

ut
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clk

state

req

reqp

brdy

badr

bcnt

-/.2.01
,2,
-/.0.21

,0,
-/.2.01

,2,
-/.0.01

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.0.01

,0,
-/.

324/5052525052506/52525052505050505050505050506/5050505050506/5050505050506/5050505050506/5050505050506/5050505050506/5050505050507
req wait mem wait mem wait mem last

,
-/.0.2.2.0.2.01

,2,2,0,2,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
,2,0,2,2,0,2,0,2,

-/.0.2.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.01
,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,

,2,0,2,2,0,2,0,2,2,0,2,0,0,0,0,0,
-/.0.0.0.0.0.01

,0,0,0,0,0,
-/.0.0.0.0.0.01

,0,0,0,0,0,
-/.0.0.0.0.0.0.0.0.0.0.0.0.0.01

,0,0,0,0,0,0,0,323032323032303232303230303030303030303030303030304/5050505050507/3030303030304/5050505050507/3030303030304/5050505050506/5050505050507
0 1 2 3

3230323230323032324/505250505050505050505050505050505050505050506/50505050505050505050505050506/50505050505050505050505050506/5050505050507
0 1 2 3

¤ g k�x
��n'�!~�}!zª©�ru�3��n9� � �Fn9o�o�r�� � �FnO¦
x
��o � ¤�ä��

���Ñru��l
n/� � r'o3�Fr{ú � �Fn���n/ymj g � g �
k gh� n/y(o�r��
valid � input?

§;ú
ns�¸j9þ�n � r � j���n�j
tvr�ru�#j ��� �Fn��9ru�3��n9� � �Fn9o�oOr��
j(y(n/y(ru�3Õìju�9�9n9o�o{~s���q�¸j�� �3g �/x
t]j��{§�ú
n+�¸j9þ�n � rdo��Fr{ú
� �¸j �s� �Fn�jul
l!��n9o�o�n9osk�n/�Fn/��j � n9l ¦;Õ � �Fn��9ru� � ��rut g �ìru��l
n/� � rmju�9�9n9o�o � �Fn��{ju���Fn9o g �
j y(n/y(ru�3ÕÄ¦
x
��o � ju�9�9n9o�o�ymj � ��� � �FnÑjul
l!��n9o�o�n9o+o���n9� g�� n9lÈ¦JÕ � �Fnm¦
xFoe�
��r � r��9rut ~
� � g o � �Fn/�Sn{juo�Õ � r o3�FrËú � �¸j � j��;Õ t g �Fn � tht g o(�9ruy �
tvn � n o g �F�9n#j¬¦
x
��o � ju�9�9n9o�o
g oV�9ruy �
tvn � n ju�9�9ru��l g �
k � r � �Fn�¦
xFo��
��r � r��9rut�j��Fl gh� ju�9�9n9o�o�n9oVj�tht�jul
l!��n9o�o�n9o g �Äj
�{ju���FnOt g �Fn�~

µ �>¡(¡#�#�}G�¬ìG��<� Î2ß5&�Ü�Û Ë Ø ç�Ø�Ý Økg�Øbg�Þ!×#î Ü6Û�×f(�î�î¤m�Ý�Þ!×Zñ¸Þvh�Ù�Ü£g�Ø�î�ðm×�ð(Ú1&ThÄÜ6Ù¥Øbg;w
g0×0Ù�Ù{×3ç Ü6ÛDÙ/Ý Ø�Ý�×0Ù

d$.line ú fill.mem ØuÛ@ç
d$.line ú fill.last $ Ý�Þ!×'&�×#Ø1&�×¬×|��wØvg9ÝLî h

2s Ù0ß�g�Þ Øbg g�×0Ù�Ù{×0Ù Ø�Ù Ù ñ
×�g/Ü (£×3ç H h¬Ý�Þ!× H ß;ÙOñ3&3Ú�Ý Ú�g�Ú�îÈI À Ú1&0ð(Øuî�î ham � ×Wg/îhØuÜ6ðæ9Ú1&�ØuÛ�hfg�hbg/îv×
t ∈ N

+ [
d$.line ú fill.lastt =⇒ ∃lastreq(t) ∧ lastd$.crd(t) < lastreq(t)∧

d$.line ú fill.reqlastreq(t) ∧ ∃g : Z2s → ]lastreq(t) : t] :
g(2s − 1) = t ∧ ∀i ∈ Z2s−1 : g(i) < g(i + 1)∧
∀i ∈ Z2s : badrg(i) = 2s · 〈adrlastreq(t)[a − 1 : s]〉 + i∧

mem.doutg(i) = memg(i)[badrg(i)]∧
∀t′ ∈ ]lastreq(t) : t[ : t′ ∈ g(Z2s−1)?

d$.line ú fill.memt′ :d$.line ú fill.waitt′

°e�L�A�<¤BÕ ¤ g k�x
��n
�!~�}ql
n�� g � � o � �Fn �3g y g �
k�r��¸j£¦
x
��o � ju�9�9n9o�o � ruk�n � �Fn/��ú gh� �Zj�x � ruymj)�
� ru�do � j � n9o
j��Fl � �Fn�þuj�thxFnsr��

badr mod 2s j��Fl � �JxFo g ththxFo � ��j � n9o � �Fn�ymj g �*�¸j�� � r��� �Fn�tvn/y ymj^� o£�/t]j g y ~�«En �
d$.line � fill.lastt �Frutvl>~P� nVj\���
thÕ tvn/y ymj'�!~h|�~�� g �



Ú;¾]ð!¾ ÓU©lÊ,Ê « Ó É ª « è
èYþ@Ê�©$©lÈ R!|
ru��l
n/� � r � �Flmo�ruy(nq�/Õ��/tvn

t′ < t
ú gh� �

d$.line � fill.reqt′ j��Fl ∀t′′ ∈ ]t′ : t−1]
§

ú�nO�¸j9þ�n

waitt′′ ∧ (t′′ = t′ + 1 ∨ ¬brdyt′′−1) ∨ memt′′ ∧ brdyt′′−1 ∧ reqpt′′−1

��n/�F�9n�§Fú�nO�¸j9þ�n
reqt′ j��Fl#tvn/y ymjm�!~ [F~��Zk�x¸j���j�� � n9n9o ¬busyt′ ~�ø�l
l gh�3g ru�¸j�ththÕ�§@ú
n�9ru�F�/thxFl
n

¬reqt′′ �Lru�Vj��JÕ t′′ ∈ ]t′ : t − 1]
ú gh� �ìtvn/y ymjuoO�!~ [F~h|Zj��Fl¬�!~ [F~��!~�i£�JxFo{§

lastreq(t) = t′
�Frutvl
oOj��Flìú
n+�{j��Äj�tvo�rm�9ru�F�/thxFl
n

lastd$.crd(t) < t′
~��£n9�{j�xFo�n+r��

d$.line � fill.lastt �Frutvl
o{§�tvn/y ymj2�!~ [F~ [2k�x¸j���j�� � n9n9o acc � endt−1 j��FlZú�nq�9ru�!��/thxFl
n
nextacc t end(t

′) = t − 1
~�i£�Fn�¦
xFo,�
��r � r��9rutÏju�9�9ru��l g �
k � r(n9w;x¸j �3g ru� æ �!~�Rbç

� �Fn/�#k�x¸j���j�� � n9n9o � �Fn2nTS g o � n/�F�9nOr��Po�ruy(n
f : Z2s → ]t′ : t[

ú gh� �

f(2s − 1) = t − 1 ∧ ∀k ∈ Z2s−1 : f(k) < f(k + 1)∧
∀k ∈ ]t′ : t − 1[ : reqpk ∧ (brdyk ⇐⇒ k ∈ f(Z2s−1))∧

∀k ∈ Z2s : badrf(k)+1 = 2s · 〈mem.adrt′ [a − 1 : s]〉 + k∧

(¬mem.mwt′ =⇒ mem.doutf(k)+1 = mem � outf(k)+1)

V�r � n � �¸j � o g �F�9n
d$.line � fill.reqt′ �Frutvl
o{§�ú
nª�{j��Zj\���
thÕOtvn/y ymj��!~ [F~h| g �'ru��l
n/�

� rì�9ru�F�/thxFl
n
¬i$.line � fillt′ j��Fl � �JxFoË§Pú
nÍj�tvo�r �¸j{þ�n mem.adrt′ =s adrt′ ~� nml
n � �Fndjd�Lx
�F� �3g ru�

g : Z2s → ]t′ : t]
¦;Õ

g(i) := f(i) + 1
�Lru�+j��JÕ

i ∈ Z2s

~
i£� g o��Lx
�F� �3g ru� � � g þ g j�ththÕã��x
t � thtvo

g(2s − 1) = t ∧ ∀i ∈ Z2s−1 : g(i) < g(i + 1)j��Flãj�tvo�r
∀i ∈ Z2s : badrg(i) = 2s · 〈adrlastreq(t)[a − 1 : s]〉 + i

~s¤Fx
� � �Fn/�3y(ru��n�§
mem.mwt′ l
r;n9oZ�Fr � �Frutvl ú�� g ��� tvn{jul
o � r

mem.doutg(i) = mem � outg(i) =
memg(i)[badrg(i)]

~�� n�j�tvo�r �;�FrËú
brdyt′′−1 g 	 t′′ ∈ g(Z2s−1)

ju�9�9ru��l g �
k � r � �Fn
j�¦�r{þ�n+n9w;x¸j �3g ru�E~�i£� g o�n{juo g thÕ tvn{jul
o � r

d$.line � fill.memt′′ �<ru� t′′ ∈ g(Z2s−1)j��Fl
d$.line � fill.waitt′′ r � �Fn/�3ú g o�nOú�� g ���ì�9ru�F�/thxFl
n9o � �Fn2�/t]j g y ~ uti£�FnZ�LruthtvrËú g �
k � ú
r#tvn/y ymjuo'o � j � n � �Fnmju�9�9ru��l g �
kì�/t]j g y �Lru�'jÑt g �Fnmú�� gh� n g �

� �FnÍlFj � j¬�{ju���Fn j��FlDj#t g �Fn � tht g � � �Fn g �Fo � �3xF� �3g ru� �{ju���Fn�§���n9o���n9� �3g þ�n/thÕ�~ ä g �F�9n
� �Fn g �,�
��r;r��<o�j���n�j�thy(r�o ��g l
n/� �3g �{j�t � r � �Fn2ru�Fn2r�� � �Fn$�
��n/þ g ruxFoqtvn/y ymj!§ � �Fn/Õ¥j���n
ruy gh�3� n9l g � � � g o � �Fn9o g o{~

µ �>¡(¡#�#�}G�¬ìG���� Î2ß5&�Ü�Û Ë ØÑç�Ø�Ý Øfg�Øbg�Þ
×'î\Ü�Û�× � &0ÜLÝ�×�m�Ý�Þ!×£ñ¸Þvh�Ù0Üyg�Øuî>ðm×�ð(Ú1&Th(Ü6ÙOØbg;wg0×0Ù�Ù{×3ç Ü�ÛÍÙ�Ý Ø�Ý�×�Ù
d$.write ú back.mem ØuÛ�ç d$.write ú back.last $�Ý�Þ!×'&�×2Ø�&3×'×|��wØvg9ÝLî h

2s Ù0ß�g�Þ Øbg g�×0Ù�Ù{×0Ù Ø�Ù(Ù ñF×�g/Ü (�×3ç H hãÝ�Þ!× H ß;ÙOñ3&3Ú�Ý Ú�g�ÚuîÈI À Ú1&0ð(Øuî�î ham � ×Wg/îhØuÜ6ðæ9Ú1&�ØuÛ�hfg�hbg/îv×
t ∈ N

+ [
d$.write ú back.lastt =⇒ ∃lastreq(t) ∧ lastd$.crd(t) < lastreq(t)∧

d$.write ú back.reqlastreq(t) ∧ ∃g : Z2s → ]lastreq(t) : t] :
g(2s − 1) = t ∧ ∀i ∈ Z2s−1 : g(i) < g(i + 1)∧
∀i ∈ Z2s : badrg(i) = 2s · 〈ev ú adrlastreq(t)[a − 1 : s]〉 + i∧

mem.ding(i) = d$.doutg(i)∧
∀t′ ∈ ]lastreq(t) : t[ : t′ ∈ g(Z2s−1)?

d$.write ú back.memt′ :d$.write ú back.waitt′



R�� Ó1õ�Ð{þ É1« Ê�Ú;¾DÐ ÓÏÐ�Ó1õ « â « â�©lÊ3÷ Ç ª É1« Ê,È!Ð�Ó «
µ �>¡(¡#�#�}G�¬ìG��^� Î2ß5&�Ü�Û Ë ØuÛÈÜ6Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛ(g�Øvg�Þ!×mî\Ü�Û�×�(�î6îÛm�Ý�Þ!×sñ¸Þ>h)Ù�Ü£g�Øuî�ðm×�ð(Ú1& h
Ü6Ù(Øbg�g�×0Ù0Ù9×3ç Ü6ÛÈÙ�Ý Ø�Ý�×�Ù

i$.line ú fill.mem ØuÛ@ç
i$.line ú fill.last $VÝ�Þ!×'&�×ÍØ1&3××B��Øbg9ÝLî h

2s Ù�ß^g�ÞìØvg�g�×0Ù0Ù9×0Ù Ø�ÙVÙ ñ
×�g9Ü (�×�ç H hdÝ�Þ
× H ßJÙ£ñ3&3Ú�Ý Ú�g�ÚuîÈI À Ú1&�ð(Øuî�î h�m � ×Gg/îhØuÜ6ðæ9Ú1&�ØuÛ�hfg�hbg/îv×
t ∈ N

+ [
i$.line ú fill.lastt =⇒ ∃lastreq(t) ∧ lasti$.crd(t) < lastreq(t)∧

i$.line ú fill.reqlastreq(t) ∧ ∃g : Z2s → ]lastreq(t) : t] :
g(2s − 1) = t ∧ ∀i ∈ Z2s−1 : g(i) < g(i + 1)∧

∀i ∈ Z2s : badrg(i) = (d$.hitlastreq (t) ∧ d$.dirtylastcrd(t))?

2s · 〈ev ú adrlastreq(t)[a − 1 : s]〉 + i :

2s · 〈pclastreq(t)[a − 1 : s]〉 + i∧

i$.ding(i) = (d$.hitlastreq(t) ∧ d$.dirtylastcrd(t))?

d$.doutg(i) :memg(i)[〈badrg(i)〉]∧
∀t′ ∈ ]lastreq(t) : t[ : t′ ∈ g(Z2s−1)?

i$.line ú fill.memt′ :i$.line ú fill.waitt′

Vsr � n � �¸j �O� �Fn j�¦�rËþ�nZtvn/y ymj¥ju� � x¸j�ththÕ#tvr�ru��oOo�ruy(n/ú��¸j � l g 	�n/��n/� � ����ruy � �Fn
�
��n/þ g ruxFo � ú
rstvn/y ymjuoPo g �F�9n gh� �¸juo � r � j���nª¦�r � �'o�rux
���9n9oE�<ru�Ïj�� g �Fo � �3xF� �3g ru�+�{ju���Fn
t g �Fn � tht g � � r+ju�9�9rux
� � § � �FnqlFj � jO�{ju���Fn�j��Fl � �FnU�
�;Õ�o g �{j�t@y(n/y(ru�3Õ�~��srËú
n/þ�n/�{§ � � g o
l
r�n9oÏ�Fr � jL	�n9� �P� �Fn£r{þ�n/��j�tht��
��r�r���j��3k�x
y(n/� � o{§�¦
x � ùBxFo �Pg � � ��r�l!xF�9n9oªj��(jul
l gh�3g ru�¸j�t
�{juo�nOo��
t gh� ~
µ �>¡(¡#�#�}G�¬ìG��Q¬ Î2ß5&�Ü�Û Ë Ø î\Ü�Û�×¨(�î�î�Ü�ÛSÝ�Þ!×¬ç�Ø�Ý Økg�Øbg/Þ!×�mmØuÛ¸h H h�Ý�× Ü6Û ØuÛ¸hÈØ�ç"w
ç�&3×0Ù0ÙmÜ�Û Ý�Þ
×Wg/ß5&'&�×�Û¸Ý�g�Øbg/Þ!×Ñî Ü6Û�×mÜ6Ù � &0ÜLÝ<Ý�×�Û ×|�JØbg9ÝLî hãÚuÛ+g�× � ÜLÝ�Þ çJØ�Ý Øä&3×�Ø�çZæ'&BÚuð
Ý�Þ
× g�Ú1&'&3×�Ù ñ!ÚuÛ�çuÜ6Û Ë Ø�ç�ç�&3×0Ù0Ù'Ü�ÛÄÝ�Þ!×�ñ¸Þvh�Ù�Ü£g�Ø�îUðm×�ð(Ú1&Th8I À Ú1&�ð Ø�î6î h�m � ×+ß;Ù9×ZÝ�Þ
× []sÛ�Ú�Ý Ø�ÝLÜ<ÚuÛ�æ'&BÚ�ð çJ×J(ªÛFÜ�ÝLÜ<ÚuÛ Ñ,IZÏ8IZÏdØuÛ@ç�æ/Ú�&�ØuÛ¸h

t ∈ N
+ m � ×OÞ�Ø1i�× [

d$.line ú fill.lastt =⇒

∀ad ∈
[

d$.adrlastreq(t)
]

s
∃t′ ∈ ]lastreq(t) : t]∃i ∈ Z2s :

d$.adrt′ = ad ∧ d$.cdwb = 1s ∧ badrt′ = 〈adrlastreq(t)[a − 1 : s]〉 · 2s + i∧

badrt′ = 〈ad〉 ∧ mem.doutt
′

= memt′ [〈ad〉]∧

(d$.line ú fill.memt′ ∨ d$.line ú fill.lastt′)∧

d$.bcntt
′

= ad[s − 1 : 0]∧

∀t′′ ∈ ]t′ : t[ : 〈d$.bcntt
′′

〉 > 〈d$.bcntt
′

〉∧

∀t′′ ∈ ]lastreq(t) : t′[ : (d$.line ú fill.memt′′ ∨ d$.line ú fill.lastt′′)

=⇒ 〈d$.bcntt
′′

〉 < 〈d$.bcntt
′

〉

°e�L�A�<¤BÕ � n�j\���
thÕdtvn/y ymjm�!~ [F~h|�| g � ru��l
n/� � r(�9ru�F�/thxFl
n

∃lastreq(t) ∧ lastd$.crd(t) < lastreq(t)∧
∃g : Z2s → ]lastreq(t) : t] : g(2s − 1) = t ∧ ∀i ∈ Z2s−1 : g(i) < g(i + 1)∧

∀i ∈ Z2s : badrg(i) = 2s · 〈adrlastreq(t)[a − 1 : s]〉 + i∧

mem.doutg(i) = memg(i)[badrg(i)]∧

∀t′ ∈ ]lastreq(t) : t[ : t′ ∈ g(Z2s−1)? d$.line � fill.memt′ :d$.line � fill.waitt′



Ú;¾]ð!¾ ÓU©lÊ,Ê « Ó É ª « è
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V�r � n � �¸j �

d$.bcnt.clrlastreq(t) j��Fl d$.bcnt.cet′ ⇐⇒ t′ ∈ g(Z2s)
�Frutvl
oª�Lru�£j��JÕ

t′ ∈ ]lastreq(t) : t]
~di£�JxFo{§�ú
nd�9ru�F�/thxFl
n �<ru��j��JÕ

i ∈ Z2s
� �¸j �

〈d$.bcntg(i)〉 =
i
ú�� g ��� ju� � x¸j�ththÕ ��n9wJx g ��n9o¬j o�n��¸j���j � n g �Fl!xF� �3g ru� �
��r�r�� g � ���Oä�~q� nÄ���Fr�r�o�n

i := 〈ad[s − 1 : 0]〉
j��Fl

t′ := g(i)
~ã¤Fru� � � g o'�/Õ!�/tvn

t′
§Ïú
n � � g þ g j�ththÕ �9ru�F�/thxFl
n

d$.bcntt
′

= ad[s−1 : 0]
§
d$.adrt′ = adrt′ [a−1 : s] ·d$.bcntt

′ §Jj��Fl
d$.cdwbt′ =

1s ~��£n9�{j�xFo�nsr�� ad ∈
[

d$.adrlastreq(t)
]

s

§;ú
nOj�tvo�r'�¸j9þ�n
ad =s adrlastreq(t) ~U� gh� �

�9ru��rutht]j��3ÕÄ�!~ [F~PZm�<ru���/Õ!�/tvn9o
lastreq(t)

j��Fl
t′
§�ú
n �9ru�F�/thxFl
n

adrlastreq(t) = adrt′ ~� n � �Fn/� �¸j9þ�n

badrt′ = 2s · 〈adrlastreq(t)[a − 1 : s]〉 + i

= 2s · 〈ad[a − 1 : s]〉 + 〈ad[s − 1 : 0]〉

= 〈ad〉

j��Flìj�tvo�r

d$.adrt′ = adrt′ [a − 1 : s] · d$.bcntt
′

= adrlastreq(t)[a − 1 : s] · bin(i)

= ad[a − 1 : s] · ad[s − 1 : 0]

= ad.

� gh� �
d$.bcnt.cet′ ⇐⇒ t′ ∈ g(Z2s)

�Lru�mj��;Õ
j ∈ Z2s

§ªú
n j���n j�tvo�rÄj�¦
tvn � r
�9ru�F�/thxFl
n � �FnVt]juo �q� ú
r �
��r���n/� �3g n9osj��Fl � � g o�� � �FnO�/t]j g y ~

ut¤Fru�Vj(t g �Fn � tht g � � �Fn g �Fo � �3xF� �3g ru�¬�{ju���FnZj��Fl � �Fn2ú�� gh� n/¦¸ju���#r��
j t g �Fn g � � �Fn
lFj � j��{ju���Fn�§ � �Fn/��n�j���n£ru�F�9n£j�kJj g � o g y g t]j��Ptvn/y ymjuoPú��Fn/��n�o�ruy(n
o � j � n9o�j��Fl+o g k��¸j�t
�¸j�y(n9oOj���nZo3x
¦Fo �3gh� x � n9lìú gh� � j�thy(r�o ��g l
n/� �3g �{j�t8�
��r�r��Lo{~�i£�Fn/��n��<ru��n�§�ú
nZru�
thÕ t g o �
� �Fn2tvn/y ymjuoqú gh� �Frux � �
��r�r��U�<ru�U�
��r���n/� g �Fo � j�� �3g j �3g ru�ìt]j � n/��ru�E~
µ �>¡(¡#�#�}G�¬ìG���� Î2ß5&�Ü�Û Ë ØÑî\Ü�Û�× � &�Ü�Ý�×'Ü�ÛÄÝ�Þ!×Zç�Ø�Ý ØYg�Øvg�Þ!×�m�ØuÛ¸h H h�Ý�×'Ü�ÛÄØ�Û¸hÑØ�ç"wç�&3×0Ù0ÙqÜ6ÛÍÝ�Þ!×{g/ß,&�&�×�Û¸Ý8g�Øvg�Þ!×sî Ü6Û�×qÜ6Ù � &�ÜLÝ<Ý�×�Û¥×B��Øbg9ÝLî hZÚ�Û<g�×�Ü6ÛÍÝ�Þ!×�ñ¸Þvh�Ù�Ü£g�Ø�îFðm×�ð(Ú1& h
� ÜLÝ�Þìç�Ø�Ý ØÄ&�×3Ø�ç2æ�&3Úuð Ý�Þ!× g�Ú�&�&�×0Ù ñ
ÚuÛ@çuÜ�Û Ë ØJç�ç1&�×0Ù�ÙZÜ6ÛÄÝ�Þ!×(ç�Ø�Ý Ødg�Øvg�Þ!×hI À Ú1&�ð(Øuî6î h�m
æ9Ú1&�ØuÛ�h

t ∈ N
+ m � ×VÞ�Ø�i�× [

d$.write ú back.lastt =⇒

∀ad ∈
[

d$.adrlastreq(t)
]

s
∃t′ ∈ ]lastreq(t) : t]∃i ∈ Z2s :

d$.adrt′ = ad ∧ mem.mwbt′ = 1s∧

badrt′ = 〈ev ú adrlastreq(t)[a − 1 : s]〉 · 2s + i∧

badrt′ = 〈ad〉 ∧ mem.dint′ = d$.doutt
′

∧

(d$.write ú back.memt′ ∨ d$.write ú back.lastt′)∧

d$.bcntt
′

= ad[s − 1 : 0]∧

∀t′′ ∈ ]t′ : t[ : 〈d$.bcntt
′′

〉 > 〈d$.bcntt
′

〉∧

∀t′′ ∈ ]lastreq(t) : t′[ : (d$.write ú back.memt′′ ∨ d$.write ú back.lastt′′)

=⇒ 〈d$.bcntt
′′

〉 < 〈d$.bcntt
′

〉



R\[ Ó1õ�Ð{þ É1« Ê�Ú;¾DÐ ÓÏÐ�Ó1õ « â « â�©lÊ3÷ Ç ª É1« Ê,È!Ð�Ó «
µ �>¡(¡#�#�}G�¬ìG��^¦ Î2ß5&�Ü�Û Ë ØÑî\Ü�Û�×�(�î�î>Ü6ÛÄÝ�Þ!×'Ü�Û
Ù�Ýl&�ß�g9ÝLÜLÚ�ÛEg�Øbg�Þ!×�mqØuÛ¸h H h�Ý�×'Ü6Û ØuÛ¸hØJç�ç1&�×0Ù�ÙOÜ�ÛìÝ�Þ!×:g/ß,&�&�×�Û¸ÝÂg�Øbg�Þ
×2î Ü�Û�×VÜ6Ù � &�ÜLÝ<Ý�×�Ûã×|�JØbg9ÝLî hÑÚuÛ<g0× � ÜLÝ�ÞÍç�Ø�Ý Ø.&�×3Ø�çsæ'&BÚuð
Ý�Þ
×Wg�Ú1&'&3×0Ù�ñ!ÚuÛ@ç�Ü6Û Ë Ø�ç�ç1&�×0Ù0ÙdÜ�Û Ý�Þ
×�ñ¸Þvh�Ù0Üyg�Øuî
ðm×�ð(Ú1& hÄÚ1&ÑÝ�Þ!×Íç�Ø�Ý ØEg�Øvg�Þ!×hI À Ú1&Tw
ð(Øuî�î ham
æ9Ú1&�ØuÛ¸h

t ∈ N
+ m � ×OÞ�Ø1iu× [

i$.line ú fill.lastt =⇒

∀ad ∈
[

i$.adrlastreq(t)
]

s
∃t′ ∈ ]lastreq(t) : t]∃i ∈ Z2s :

i$.adrt′ = ad ∧ i$.cdwb = 1s ∧ badrt′ = 〈ad〉∧

badrt′ = (d$.hitlastreq (t) ∧ d$.dirtylastreq(t))?

〈ev ú adrlastreq(t)[a − 1 : s]〉 · 2s + i :

〈pclastreq(t)[a − 1 : s]〉 · 2s + i∧

i$.dint′ = (d$.hitlastreq (t) ∧ d$.dirtylastreq(t))? d$.doutt
′

:memt′ [〈ad〉]∧

(i$.line ú fill.memt′ ∨ i$.line ú fill.lastt′)∧

i$.bcntt
′

= ad[s − 1 : 0]∧

∀t′′ ∈ ]t′ : t[ : 〈i$.bcntt
′′

〉 > 〈i$.bcntt
′

〉∧

∀t′′ ∈ ]lastreq(t) : t′[ : (i$.line ú fill.memt′′ ∨ i$.line ú fill.lastt′′)

=⇒ 〈i$.bcntt
′′

〉 < 〈i$.bcntt
′

〉

�e�<�L�+³£³ ���L¢��}G�¬ÇG£�¸· ÎOß,&�Ü6Û Ë Ø¥î Ü�Û�×:(�î�îÏÜ6ÛÈÝ�Þ
×mç�Ø�Ý ØXg�Øbg/Þ!×�m�Ý�Þ
×_g/ß,&�&�×�Û¸Ý�g�ÚuÛ@Ý�×�Û¸Ý
Ú3æ(Ý�Þ!×Oñ¸Þvh�Ù0Üyg�Øuî�ðm×�ð(Ú1&Th#Ü6Ù � &0ÜLÝ<Ý�×�Û Ý Ú#Ý�Þ
×fg�Ú1&�&�×0Ù�ñ!ÚuÛ@çuÜ�Û Ë ØJç�ç1&�×0Ù�Ù(Ü�ÛbÝ�Þ
×dçJØ�Ý Ø
g�Øbg�Þ!×hI À Ú1&�ð(Øuî6î h�m � ×OÞ!Ø1i�× ∀t ∈ N

+ [
d$.line ú fill.memt ∨ d$.line ú fill.lastt =⇒

〈d$.adrt〉 = badrt ∧ d$.dint = memt[〈d$.adrt〉]

°e�L�A�<¤BÕ «En �
d$.line � fill.memt ∨ d$.line � fill.lastt �Frutvl>~ � n j\���
thÕ

tvn/y ymj �!~h|�~�� j��Fl �!~h|�~��!§2��n9o���n9� �3g þ�n/thÕ�§ g � ru��l
n/� � r � �Fl o�ruy(n �/Õ!�/tvn
t′
ú gh� �

d$.line � fill.reqt′ j��Fl
d$.line � fill.memk ∨d$.line � fill.waitk �<ru��j��JÕ

�/Õ!�/tvn
k ∈ ]t′ : t[

~Z� gh� �Ätvn/y ymj#�!~ [F~��!§Eú
ndjul
l gh�3g ru�¸j�ththÕã�9ru�F�/thxFl
n
¬busyt′ j��Fl

busyk �<ru�dj��;Õ �/Õ!�/tvn
k ∈ ]t′ : t[

~ �sn/�F�9n�§£ú�n ���Fr{ú
lastreq(t) = t′

j��Fl � �Fn
¦
xFo �
��r � r��9rutOk�x¸j���j�� � n9n9o � �¸j �Í� �Fn¬¦
x
��o � ju�9�9n9o�oÍo � j�� � n9l g � �/Õ��/tvn

t′
n/�Fl
o g �

o�ruy(n �/Õ��/tvn
m > t′

ú gh� �
lastreq(m) = t′

§
brdym ∧ ¬reqpm §£j��Fl � �JxFoÑj�tvo�r

lastreq(m + 1) = t′
~�� gh� �¥tvn/y ymjm�!~ [F~ [F§
ú
n2�9ru�F�/thxFl
n

d$.line � fill.lastm+1∨d$.write � back.lastm+1∨i$.line � fill.lastm+1

�srËú
n/þ�n/�{§£tvn/y ymj �!~ [F~h| n/�Fo�x
��n9o
¬i$.line � fillt′ j��Fl � �JxFo{§�ú�n �{j�� xFo�n

tvn/y ymjm�!~ [F~h|{�(j��Fl#�!~ [F~h|{� g �#ru��l
n/� � r �9ru�F�/thxFl
n

¬d$.write � back.lastm+1 ∧ ¬i$.line � fill.lastm+1

ú�� g ���Ätvn{jul
o � r
d$.line � fill.lastm+1 ~�i£�Fn/��n��<ru��n�§>ú
n �9ru�F�/thxFl
n m + 1 ≥ tj��Fl¬j\���
thÕ¥tvn/y ymjd�!~ [F~h|�[ � rm�/Õ!�/tvn

m + 1
j��Flìjul
l!��n9o�o

d$.adrt ~£i£�JxFo{§@ú
n � �Fljã�/Õ!�/tvn
k′ ∈ ]t′ : m + 1]

ú gh� �
d$.adrk′

= d$.adrt § d$.adrk′

= badrk′ §
j��Fl
d$.dink′

= memk′

[〈badrk′

〉]
~£��� r � �Fn/��ú
ru��l
oË§Fú
n'ru�
thÕÍ�¸j9þ�n � rdo3�Fr{ú

k′ = t
g �



Ú;¾]ð!¾ ÓU©lÊ,Ê « Ó É ª « è
èYþ@Ê�©$©lÈ R��
ru��l
n/� � r � � g o3� � �Fn2�/t]j g y ~����#�{juo�n�r��

k′ > t
§Ftvn/y ymjd�!~ [F~h|�[Íjul
l gh�3g ru�¸j�ththÕ k�x¸j��B�

j�� � n9n9o
d$.bcntk

′

> d$.bcntt
ú�� g ��� g o'jÍ�9ru� � ��jul g � �3g ru� � r

d$.adtt = d$.adrk′ ~
ø��9�9ru��l g �
k�thÕ�§

k′ < t
�{j��
�Fr � �Frutvl¥o g �F�9n

d$.bcntk
′

< d$.bcntt
g oqjZ�9ru� � ��jul g � �3g ru�

� r
d$.adtt = d$.adrk′ ~�i£� g o � � g o3�Fn9o � �FnO�/t]j g y ~

utä g �F�9n � �Fn¥�<ruthtvr{ú g �
k � ú�r �9ru��rutht]j�� g n9od¦¸juo g �{j�ththÕSj���n#¦¸juo g �{j�ththÕ¬ù´xFo �m� �Fn t g �Fn
ú�� gh� n'j��Fl � �Fn g �Fo � �3xF� �3g ru�#�{ju���Fn2þ�n/��o g ru�ìr�� � �Fn$�
��n/þ g ruxFoqru�Fn�§ � �Fn g �,�
��r;r��<o�j���n
ruy gh�3� n9l g � � � g o � �Fn9o g o{~
�e�<�L�+³£³ ���L¢o�}G�¬ÇG£�WÍ ÎOß,&�Ü6Û Ë Ø¬î Ü�Û�× � &0ÜLÝ�×mÜ6ÛDÝ�Þ!×Íç�Ø�Ý Øqg�Øbg�Þ!×�m�Ý�Þ
×Wg/ß5&'&�×�Û¸Ý�g�ÚuÛ�w
Ý�×/Û¸ÝªÚBæOÝ�Þ!×�ç�Ø�Ý Ø g�Øbg�Þ!×�Ü6Ù � &�Ü�Ý<Ý�×/ÛìÝ Ú(Ý�Þ
×�g�Ú1&'&�×0Ù ñ!Ú�Û@çuÜ�Û Ë Ø�ç�ç1&�×0Ù�ÙOÜ�ÛìÝ�Þ!×�ñ¸Þvh�Ù0Üyg�Øuî
ðm×�ð(Ú1&Th8I À Ú1&�ð(Øuî6î h�m � ×OÞ!Ø1i�× ∀t ∈ N

+ [
d$.write ú back.memt ∨ d$.write ú back.lastt =⇒

〈d$.adrt〉 = badrt ∧ mem.dint = d$.doutt

�e�<�L�+³£³ ���L¢o�}G�¬ÇG£�^§ ÎOß,&�Ü6Û Ë Ø+î\Ü�Û�×ì(�î�î¸Ü�ÛÍÝ�Þ
×sÜ6Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛXg�Øbg/Þ!×�m
×�ÜLÝ�Þ!×'&VÝ�Þ!×VÚuß!Ý£w
ñ�ß�Ý£ÚBæ2Ý�Þ!×+ç�Ø�Ý ØWg�Øvg�Þ!×ZÚ1&�Ý�Þ
×:g9ß5&'&3×/Û¸ÝUg�ÚuÛ¸Ý�×�Û@Ý�ÚBæ2Ý�Þ
×£ñ@Þvh�Ù0Üyg�Øuî�ðm×�ð(Ú1&Th(Ü6Ù � &0ÜLÝ£w
Ý�×/Û Ý ÚZÝ�Þ!×$g�Ú1&'&�×0Ù ñ!Ú�Û@çuÜ�Û Ë Ø�çJç1&3×�Ù�ÙsÜ�Û¥Ý�Þ!×�Ü�Û
Ù�Ýl&�ß�g9ÝLÜLÚ�ÛYg�Øbg�Þ!×hI À Ú1&�ð Ø�î6î h�m � ×sÞ�Ø�i�×
∀t ∈ N

+ [
i$.line ú fill.memt ∨ i$.line ú fill.lastt =⇒

〈i$.adrt〉 = badrt∧

i$.dint = (d$.hitlastreq (t) ∧ d$.dirtylastreq(t))? d$.doutt :memt[〈i$.adrt〉]

µ �>¡(¡#�#�}G�¬ìG �SÓ p�Þ!×VÜ6Ûuñ�ß�Ý�ÚBæVÝ�Þ!×�ç�Ø�Ý Ø*g�Øbg�Þ!×�æ0ß�î (�î6î\Ù�ñ0&3×3ç�Ü£g�Ø�Ý�×
valid ú input?

I
°e�L�A�<¤BÕ i£�Fn � ��o �+� �
��n9n gh� n/y(o r��{�
��n9l g �{j � n

valid � input?
j���nÍj�th��n{jul!Õb�9ru�!�

�/thxFl
n9l¬¦;Õ#tvn/y ymj¥�!~ [F~h|{�!~2��n/�F�9n�§�ú
nZru�
thÕ#�9ru�Fo g l
n/� � �Fn+t]juo ��� �
��n9n gh� n/y(o{§ g ~ n�~h§
∀t ∈ N

+ z
[F~

d$.twt =⇒ d$.vwt ∧ d$.val � int

�!~
d$.vwt∧d$.val � int =⇒ ∃j ∈ ]lastd$.crd(t) : t[ : d$.vwj∧¬d$.val � inj∧
(∀k ∈ ]lastd$.crd(t) : j[ : ¬vwk) ∧ (∀k ∈ ]j : t[ : ¬d$.vwk) ∧
(∀ad ∈

[

d$.adrt
]

s
, b ∈ ZB : ∃t′ ∈ ]j : t] : d$.bw(ad, b)t′ )

a!~
∃l ∈ ZB : d$.cdwbt[l] ∧ ¬d$.hitlastd$.crd(t) =⇒
∃j ∈ ]lastd$.crd(t) : t[ : d$.vwj ∧ ¬d$.val � inj

� n2ú g thtA�
��r{þ�n � �Fn � �
��n9n gh� n/y(oqo�n��¸j���j � n/thÕ�~
[F~qi£�Fn � ��o �Vgh� n/y §

d$.twt =⇒ d$.vwt ∧ d$.val � int g y y(n9l g j � n/thÕ¬�LruthtvrËúqo����ruy n9wJx¸j �3g ru� æ �!~h|{�bç�~
�!~q«En �

d$.vwt ∧ d$.val � int �Frutvl>~s� n'�9ru�F�/thxFl
n d$.line � fill.lastt j��Fl
j\���
thÕ tvn/y ymj �!~ [F~h|�| g � ru��l
n/� � r ru¦ � j g �

d$.line � fill.reqlastd$.req(t) ~
� nZo�n �

j := lastd$.req(t)
~��
Õìtvn/y ymjÍ�!~ [F~h|�|�§>ú
n+�¸j9þ�n

¬d$.vwk �Lru�Oj��JÕ
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k ∈ ]j : t[
o g �F�9nãn gh� �Fn/�

d$.line � fill.memk ru�
d$.line � fill.lastk

�Frutvl
o{~2¤Fru�2�/Õ!�/tvn9o
k ∈ ]lastcrd(t) : j[

§>ú
nZ�9ru�F�/thxFl
n+�L��ruy � k�x
��n(�!~��Ñj��Fl
n9wJx¸j �3g ru� æ �!~h|{�bç � �¸j �

d$.vwk �{j�� ru�
thÕì�Frutvl g � �{juo�n r��
i$.line � fillk

j��Fl
d$.write � back.lastk ~ª��r{ú
n/þ�n/�{§@ú
n � �Fn/� �¸j9þ�n

d$.idlek+1 ú�� g ���
g o�jZ�9ru� � ��jul g � �3g ru� � r tvn/y ymj(�!~��!~��mj��Fl � �JxFo{§

¬d$.vwk �Frutvl
o{~
� nd�9ru�F�/thxFl
n

d$.adrt =s d$.adrlastreq(t) ¦JÕ j\���
thÕ g �
kãtvn/y ymjì�!~ [F~h|{� � r�/Õ��/tvn9o
t
j��Fl

lastreq(t)
! � �JxFo{§ [

d$.adrt
]

s
=

[

d$.adrlastreq(t)
]

s

� � g þ g j�ththÕ
�Frutvl
o{~d� gh� � tvn/y ymj¬�!~ [F~h|�[F§Uú
n � �Flbj¥�/Õ!�/tvn

t′ ∈ ]j : t[
�<ru�'jul
l!��n9o�o

adú gh� �
d$.adrt′ = ad

j��Fl
d$.cdwbt′ [b]

§ g ~ n�~h§
d$.bw(ad, b)t′ ~Pi£� g o
�9ru�F�/thxFl
n9o� �Fn$�
��r�r��Pr�� � �Fn2o�n9�9ru�Fl gh� n/y ~

a!~q«En �
d$.cdwbt[l]

�FrutvlÍ�<ru�qo�ruy(n
l ∈ ZB

j��Fl
¬d$.hitlastd$.crd(t) ~�� ��g o�o3x^m �

� g n/� �
� r � �Fl(o�ruy(nq�/Õ!�/tvn
t′ ∈ ]lastd$.crd(t) : t[

ú gh� �
d$.line � fill.reqt′ ~

¤
��ruy
d$.cdwbt[l]

§�ú
n£�9ru�F�/thxFl
n�n gh� �Fn/�
d$.$writet′ §

d$.line � fill.memt′ §
ru�

d$.line � fill.lastt′ ~���� � �Fn�t]j �3� n/� � ú
r��{juo�n9o{§)tvn/y ymj��!~h|�~��q�9ru�F�/thxFl
n9o
� �Fn��/t]j g y ~Ï«En �E� �Fn/��n��<ru��n

d$.$writet′ �Frutvl>~U�£n9�{j�xFo�n�r�� ¬d$.hitlastd$.crd(t) §ú
nq�9ru�F�/thxFl
n
d$.line � fill.lastt−1 j��Fl ú
nqj\���
thÕZtvn/y ymj2�!~h|�~�� � rO�/Õ!�/tvn

t − 1
g � ru��l
n/� � r � � g o3� � �Fn2�/t]j g y ~

ut

µ �>¡(¡#�#�}G�¬ìG �A� p�Þ!×2Ü�Ûuñ@ß!Ý
ÚBæ2Ý�Þ!×�Ü�Û
Ù�Ýl&�ß�g9ÝLÜLÚ�Û g�Øvg�Þ!×
æ�ß;î (�î�î^Ù
valid ú input?

I
i£�Fn$�
��r;r���r�� � � g oqtvn/y ymj g oqruy gh�3� n9l g � � � g o � �Fn9o g oso g �F�9n gh� j�thy(r�o � nTS
ju� � thÕ

ymj � ���Fn9o � �FnÄj�¦�r{þ�nE�
��r�r����<ru� � �FnÄlFj � j �{ju���Fn�~ i£�JxFoË§�o g �F�9nì¦�r � � g ���
x �¥� r
g �Fo � �3xF� �3g ru�Sj��FlblFj � jã�{ju���FnÑ��x
t � thtÂ�
��n9l g �{j � n

valid � input?
§P¦�r � �D�{ju���Fn9omj���n

j�tvo�r �9ru�Fo g o � n/� � ~


�ò�ó�ò�� L �ì�èø�	
øa�1
3���=�¿	
��� � ÷8	 � ���
ø�o'j �FnTS � o � n��E§Ïú
n g � � ��r�l!xF�9n � �Fnmymj g �b�9ru�Fo g o � n/�F�/Õ g �Jþ�j�� g j�� � �<ru� � �Fnm�{ju���Fn
y(n/y(ru�3Õ g � � n/�B� ju�9n�~#i£� g o g �Jþ�j�� g j�� � ¦¸juo g �{j�ththÕÈ�9ru�Fo g o � o�r�� � �
��n9nf�¸j�� � o{§ g ~ n�~h§Pú
n
�¸j{þ�n
jl�¸j�� �3g j�t g �Jþ�j�� g j�� � �Lru�En{ju���'r�� � �Fn � �
��n9n�y(n/y(ru� g n9o{~�ä g �F�9n�ú�n�ú�j�� ��� rqo��Fr{ú
� �Fn��{ju���Fn2y(n/y(ru�3Õ g � � n/�B�<ju�9n � r g y �
tvn/y(n/� � jZy(n/y(ru�3Õ g � � n/�B� ju�9n�§Fú
n'�/t]j g y � �Fn
� �
��n9nqy(n/y(ru� g n9o � rO�9ru� � j g � � �Fnq�9ru� � n/� � r�� � �Fn�y(n/y(ru�3Õ g � � n/�B�<ju�9n�x
�Fl
n/�ª�9n/� � j g �
�9ru�Fl gh�3g ru�FoË~����!�<ru�3ymj�ththÕ�§�¦�r � �¥�{ju���Fn9o��9ru� � j g � � �Fn�y(n/y(ru�3Õ g � � n/�B�<ju�9nO�9ru� � n/� ��g �
�{juo�n�r��>js� gh� §�ú�� g tvn � �FnÂ�
�JÕ!o g �{j�t
y(n/y(ru�3ÕZ�9ru� � n/� � n9wJx¸j�tvo � �Fn£y(n/y(ru�3Õ g � � n/�B� ju�9n
�9ru� � n/� �sg �#�{juo�n � �Fn2lFj � j �{ju���Fn2l
r�n9o��Fr � �Frutvl l g � � ÕÍlFj � j!~ª¤Fru�3ymj�ththÕ�§Fú�nO�¸j9þ�n�z

mif � consistency :=
(i$.hit =⇒ i$.dout = MI [〈i$.adrt〉])∧
(d$.hit =⇒ d$.dout = MI [〈d$.adrt〉])∧
(¬(d$.hit ∧ d$.dirty) =⇒ ∀ad ∈ [d$.adr]s :

mem[〈ad〉] = MI [〈ad〉])

æ �!~h|cZ"ç

Vsr � n � �¸j � �<ru� � �Fn��<ruthtvr{ú g �
k+tvn/y ymjuo{§�ú
nsxFo�n � �Fns�{ju���Fn{�
��r���n/� �3g n9o � �¸j � rux
�
�{ju���Fn9ol�
��r{þ g l
n g �Íjul
l gh�3g ru� � r'�{ju���Fn��9ru�Fo g o � n/�F�/Õdju�9�9ru��l g �
k � r�l
n � � gh�3g ru� �!~��!~��!~
���Y�¸j�� �3g �/x
t]j��{§Fú gh� � � �Fn9o�n��
��r���n/� �3g n9oË§ gh�qg oqn{juo3Õ � r �
��r{þ�n � �¸j �
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|�~ g �#o � j � n

d$.write
§ � �FnOlFj � j �{ju���Fn�o g k��¸j�tvo�j+� gh� §

�!~ql!x
� g �
k'j�t g �Fn � tht § g ~ n�~h§
d$.line � fill ru� i$.line � fill §�lFj � jVru� g �Fo � �3xF����3g ru�#�{ju���Fn�§¸��n9o���n9� �3g þ�n/thÕ�§Fo g k��¸j�tUj+y g o�oË§

�!~ g �ìj+t g �Fn g �;þuj�t g lFj �3g ru�¬o � j � n�§¸jZ�{ju���Fn'o g k��¸j�tvo�j+� gh� §
[F~ g �#o � j � n

d$.write � back § � �FnOlFj � j �{ju���Fn'o g k��¸j�tvo�j l g � � ÕÑ� gh� ~
� nZruy gh�V� �Fn9o�nG�
��r�r��LoV�Fn/��nZo g �F�9n � �Fn/Õ¬j���n j�� g y y(n9l g j � n �9ru�Fo�n9w;xFn/�F�9n r�� � �Fn
�
��r���n/� �3g n9oªju�9�9ru��l g �
k � rVl
n � � gh�3g ru�d�!~��!~��Vj��Fl � �Fn���n{j�t gh� j �3g ru�mr�� � �Fn��9ru�3��n9o���ru�Fl��
g �
kÑj�x � ruymj � j+�Lru� g �Fo � �3xF� �3g ru�ìj��Fl lFj � j �{ju���Fn�~
µ �>¡(¡#�#�}G�¬ìG �<� Î2ß5&�Ü�Û Ë ØÈî Ü�Û�×f(ªî6î�Ü�Û Ý�Þ
× Ü�Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛ g�Øbg�Þ!×'mmÝ�Þ!×'&�×Ä×|�uÜ6Ù�Ý�ÙìØ
g;h"g9îh× � Þ!×R&3×�Ý�Þ!×VçJØ�Ý Ø�g�Øbg�Þ!×VÜ]Ù�Øbg�g0×0Ù�Ù{×3çmÚuÛ¥Ý�Þ!×�Ø�çJç1&3×�Ù�Ù�ÚBæsÝ�Þ!×�Ü6Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛdg�Øbg�Þ
×
î Ü�Û�×è(�î�îÏØuÛ@ç ×/Ü�Ý�Þ!×R&�Ù�Ü Ë Û�Øuî6îv×3ç¥ØdÞJÜLÝ�Ú1& � Ø�Ù�Ü�Û¼i)Øuî ÜLçJØ�Ý�×3ç8If)�ç�çuÜLÝLÜLÚuÛ�Øuî6î h�m�Ý�Þ!×(ç�Ø�Ý Øg�Øbg�Þ!× � ØuÙmÛ@Ú�ÝsÜ6ÛbÙ/Ý Ø�Ý�×

d$.write H ×/Ý � ×�×�ÛSÝ�Þ!×mÙ/Ý Ø1&�ÝOÚBædÝ�Þ!×dÜ6ÛFÙ�Ýl&�ß^g9ÝLÜ<ÚuÛog�Øbg/Þ!×
Øvg�g�×0Ù0Ù+ØuÛ@çÑÝ�ÞJÜ6Ù$g;h"g9îh×hI À Ú1&�ð(Øuî6î h�m � ×OÞ!Ø1i�× ∀t ∈ N

+ [
(i$.line ú fill.memt ∨ i$.line ú fill.lastt) =⇒

∃t′ ≥ t : lasti$.crd(t
′) = lasti$.crd(t) ∧ i$.line ú fill.lastt′∧

∃k ∈ [lasti$.crd(t) : t′] : d$.adrk =s i$.adrt∧
(¬d$.hitk ∨ d$.vwk ∧ ¬d$.val ú ink)∧

∀k′ ∈ [lasti$.crd(t) : k] : ¬d$.$writek′

∧

∀k′ ∈ [lasti$.crd(t) : t′] : ¬d$.line ú fillk′

°e�L�A�<¤BÕ � n2o�n �
l := lasti$.crd(t)

~
��Õ � �Fn�o0j�y(n�j��3k�x
y(n/� � oOjuo g � � �Fn$�
��r;r���r��
tvn/y ymjm�!~ [F~h|cZ�§Fú
n � �Fl#jZ�/Õ��/tvn

t′ ≥ t
ú gh� �

i$.line � fill.lastt′ § lastreq(t) =
lastreq(t

′)
! g ~ n�~h§ g �±�¸j�� �3g �/x
t]j��{§

l = lasti$.crd(t
′)
~ � gh� � tvn/y ymj �!~ [F~h|{�!§2ú�n

�9ru�F�/thxFl
n
i$.line � fill.reqlastreq(t) j��Fl

i$.line � fillk′ �Frutvl
o��<ru�sj��JÕ
k′ ∈

[lastreq(t) : t′]
~Ï� n � �Fn/��n��Lru��ns�9ru�F�/thxFl
n

l = lastreq(t)−1
j��Fl

i$.wait4dinitl ~
��� �¸j�� �3g �/x
t]j��{§ � � g o�tvn{jul
o � r

d$.idlel j��Fl tvn/y ymj2�!~ [F~h|�jul
l gh�3g ru�¸j�ththÕ k�x¸j���j�� � n9n9o
¬d$.line � fillk′ �Lru�Íj��JÕ

k ∈ ]l : t′]
ú�� g ��� � � g o3�Fn9o � �Fn#t]juo � �
��r�r���ru¦
t g kJj)�

�3g ru�ão g �F�9n
d$.idlel j�tvo�rm�Frutvl
o{~�V�r � n � �¸j � o g �F�9n i$.cdwbt = 1B �Frutvl
o{§ gh� n/y �

r��
valid � input?

jul
l gh�3g ru�¸j�ththÕìk�x¸j���j�� � n9n9o
i$.adrt =s i$.adrl ~'ä g �F�9n � �FnZlFj � j�{ju���Fn g o2o��Fr;r���n9l g �È�/Õ!�/tvn

l
§�ú
nmj�tvo�r¥�¸j9þ�n

i$.adrl =s d$.adrl ~(� n � �Fn/��n��<ru��nru�
thÕÑ�¸j9þ�n � r � �Fl#jZ�/Õ!�/tvn
k
ú gh� � � �Fn2l
n9o g ��n9lY�
��r���n/� �3g n9o{§ g ~ n�~h§

d$.adrk =s d$.adrl ∧ (¬d$.hitk ∨ d$.vwk ∧ ¬d$.val � ink)∧

∀k′ ∈ [l : k] : ¬d$.$writek′

���
¬d$.hitl

�Frutvl
o{§ � �Fn �
��r;r�� g o � � g þ g j�ththÕ � � g o3�Fn9lbú gh� �
k := l

~#� n � �Fn/��n��<ru��n
juo�o3x
y(n

d$.hitl
j��Fl o��
t gh� �{juo�n9oqru�

d$.dirtyl ~
|�~q«En �

¬d$.dirtyl �Frutvl>~�i£� g o£tvn{jul
o � r d$.linvl+1 ~8V�r � n � �¸j � i$.adrl+1 =s

pcl+1 j��Fl i$.adrl =s pcl �Frutvlãj��Fl ¦�n9�{j�xFo�n+r���þuj�t g l g ���
x � ju�9�9ru��l g �
k � r
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d$.line fill.last

i$.hitad

t
′′

i$.line fill.last

<

d$.wait4snoop

k
′′

t
′

d$.$write

< t<

¬d$.hitad

k
′

<

d$.hitad

l ≤

¤ g k�x
��n��!~�R!zª©�ru�3��n9� � �Fn9o�oVj��3k�x
y(n/� � oq�Lru���
��r�r���r��Ïtvn/y ymj(�!~ [F~����
l
n � � gh�3g ru�Ñ|�~��!~h|�§uú�n
j�tvo�r��¸j9þ�n

pcl = pcl+1 ~�ä g �F�9n d$.adrl+1 =s i$.adrl+1 §
d$.vwl+1 §�j��Fl ¬d$.val � inl+1 j�tvo�r2�Frutvl
oË§ � � g o��{juo�n g o � � g o3�Fn9l(ú gh� � k :=
l + 1

~
�!~q«En �

d$.dirtyl �Frutvl>~Vi£�Fn g �Fo � �3xF� �3g ru�ã�{ju���Fn g o � �Fn/� � thtvn9lì�L��ruy � �FnZlFj � j
�{ju���Fn�§ g ~ n�~h§Ïú
nm�¸j9þ�n

d$.write � back.lastt′ §
d$.write � backk′ �<ru�'j��JÕ

k′ ∈ ]l : t′[
§
lastd$.crd(t

′) = l
§uj��Fl

ev � adrt′ = d$.adrl ~�i£�Fn��/t]j g y g o��9ru�!�
�/thxFl
n9l ú gh� �

k := t′
o g �F�9nO¦�r � �

d$.vwt′ ∧ ¬d$.val � int′ j��Fl d$.adrt′ =s

ev � adrt′ �Frutvl>~ ut

µ �>¡(¡#�#�}G�¬ìG ��� �6æ�Ý�Þ!×�Ü6Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛ g�Øbg�Þ!×�Ù�Ü Ë Û�Øuî^ÙqØ2ÞJÜ�ÝJmEÝ�Þ!×�Ù ñF×�g/Ü (ng�Ø�ÝLÜ<ÚuÛÍðm×�ð�w
Ú�& h çuÜ<çÍÛ@Ú�ÝUg�Þ!ØuÛ Ë × Ù0Ü�Û<g�×ZÝ�Þ
×_g�hbg/îv×(ÚBæZÝ�Þ!× î¡Ø�Ù/Ý � &0ÜLÝ�×ZÝ Ú¥Ý�Þ
×'ÞJÜLÝqØ�ç�ç1&�×0Ù�ÙhI À Ú1&Tw
ð(Øuî�î ham � ×2Þ�Ø1iu× ∀t ∈ N

+∀b ∈ ZB
[

i$.hitt =⇒ M t
I [〈i$.adrt〉] = M

lasti$.bw(i$.adrt,b)

I [〈i$.adrt〉]

°e�L�A�<¤BÕ ä g �F�9n+ú
nZj���n+k�r g �
k � rÍj��3k�xFn+¦�rux � o g S#l g 	>n/��n/� � �/Õ!�/tvn9o g � � � g o{�
��r�r��B§
� k�x
��nD�!~�R o�n/�3þ�n9oÄjuoÄj þ�j�thx¸j�¦
tvn g ththxFo � ��j �3g ru�E~ «En �

i$.hitt
�Frutvl>~ � nbo��Fr{ú

� �Fnì�/t]j g y ¦;Õ �9ru� � ��jul g � �3g ru�E§ g ~ n�~h§£ú�nìo�n �
l := lasti$.bw(i$.adrt,b)

j��Fl juo�o3x
y(n
M t

I [〈i$.adrt〉] 6= M l
I [〈i$.adrt〉]

~ �sn/�F�9n�§�ú�n � �Fl j �/Õ��/tvn
t′ ∈ [l : t[

ú gh� �
MI .bw(i$.adrt, b)t

′ ~����Y�¸j�� �3g �/x
t]j��{§
d$.$writet′ § i$.adrt = d$.adrt′ §!juo£ú�n/thtUjuo

d$.hitt
′ �Frutvl>~$V�r � n � �¸j � ¦�n9�{j�xFo�n+r��

i$.bw(i$.adrt, b)l
§
i$.line � fill.meml ∨

i$.line � fill.lastl j��Fl i$.adrt = i$.adrl j�tvo�r(�Frutvl
o{~£��n/�F�9n�§¸ú�n��{j��¬j\���
thÕtvn/y ymjb�!~ [F~���� � r �/Õ��/tvn
l
g �Sru��l
n/� � r � �Fl jÈ�/Õ��/tvn

t′′ > l
ú gh� �

i$.adrt′′ =s

i$.adrt § i$.line � fill.lastt′′ § lasti$.crd(t
′′) = lasti$.crd(l)

j��Flìj+�Lx
� � �Fn/�s�/Õ;�
�/tvn

k ∈ [lasti$.crd(l) : t′′]
�Fr � nTS^�
t g � gh� thÕ t g o � n9l g � � �Fn g ththxFo � ��j �3g ru�Är�� � k�x
��nZ�!~�R

ú gh� �
d$.adrk =s i$.adrl ∧ (¬d$.hitk ∨ d$.vwk ∧ ¬d$.val � ink)∧

∀k′ ∈ [lasti$.crd(l) : k] : ¬d$.$writek′

∀k′ ∈ [lasti$.crd(l) : t′′] : ¬d$.line � fillk′

���`�¸j�� �3g �/x
t]j��{§ � � g oZtvn{jul
o � r
t′ > k

¦�n9�{j�xFo�nÍr��
d$.$writet′ ~EVsr � n¥j�tvo�r � �¸j �

¦�n9�{j�xFo�n�r��
i$.hitt

§ � �Fnq�9ru� �3g �;xFruxFo�� gh� �
��r���n/� � Õ�§ g ~ n�~h§ gh� n/y aOr��>l
n � � gh�3g ru�Ñ�!~��!~��!§
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èYþ@Ê�©$©lÈ R"R
�<ru� � �Fn g �Fo � �3xF� �3g ru�ì�{ju���Fn2k�x¸j���j�� � n9n9oq�<ru�qo�ruy(n2�/Õ!�/tvn

m ∈ [l : t[

∀k′ ∈ [l : t] : (i$.adrk′

=s i$.adrt =⇒ (i$.hitk
′

⇐⇒ k′ ≥ m))∧

∀k′ ∈ [m : t[ : ¬(vwk′

∧ adrk′

=s adrt) ∧ (k′ < m − 1 =⇒ ¬twk′

)

æ �!~h|{}bç
V�r � n � �¸j � ¦�n9�{j�xFo�n+r��

i$.twt′′ ∧ i$.vwt′′ j��Fl i$.adrt′′ =s i$.adrt ú�n+�{j��ã�9ru�!��/thxFl
n
m = t′′ +1

~����mr � �Fn/��ú
ru��l
o{§ � �Fn g �Fo � �3xF� �3g ru�Ñ�{ju���Fn�ú£juoª� gh� �9ru� �3g �;xFruxFo3thÕ
ru� jul
l!��n9o�o

i$.adrt �L��ruy �/Õ!�/tvn
t′′ + 1

ru� j��Fl � �Fn/��n��Lru��n#�Fr �dg �;þuj�t g lFj � n9l ru�
� � g oÑjul
l!��n9o�o g � � �Fn o�j�y(n g � � n/�3þ�j�tsú�� g ���Sú�n#ú g tht�n/y �
tvr{Õ g � �9ru�Fo � �3xF� �3g �
k j
�9ru� � ��jul g � �3g ru�E~

ä g �F�9n
¬d$.hitk ∨ d$.vwk ∧ ¬d$.val � ink �Frutvl
o¬juoìú
n/thtZjuo

d$.hitt
′ j��Fl

d$.adrt′ =s d$.adrk §�ú
nd�{j�� xFo�n gh� n/y×ZÑr���l
n � � gh�3g ru� �!~��!~��Í�<ru���/Õ!�/tvn9o
k
j��Fl

t′
g �Èru��l
n/� � r � �FlÈjÍ�/Õ!�/tvn

k′ ∈ [k : t′[
ú gh� �

d$.twk′

∧ d$.adrk′

=s d$.adrt′ ~
��� �¸j�� �3g �/x
t]j��{§

d$.line � fill.lastk′ � �Fn/�Í�Frutvl
oqj��Fl � �JxFo{§
k′ > t′′

o g �F�9n � �Fn/��n
�{j��Ñ¦�n��Fr'o g y�x
t � j��Fn9ruxFo�t g �Fn � tht g �m¦�r � � g �Fo � �3xF� �3g ru�Íj��FlÑlFj � j��{ju���Fn�~8VsrËú2§�ú
n
� �FlZj��+jul
l gh�3g ru�¸j�t!�/Õ!�/tvn

k′′ < k′ g � � �Fn�o�j�y(n
�{ju���Fn£ju�9�9n9o�o{§ g ~ n�~h§ lastd$.crd(k
′′) =

lastd$.crd(k
′)
ú gh� �

d$.wait4snoopk′′ §
d$.line � fill.reqk′′+1 §)j��Fl d$.adrt′ =s

d$.adrk′′ ~¥i£�;xFo{§ � �Fn g �Fo � �3xF� �3g ru� �{ju���Fn g o'o��Fr;r���n9l g � �/Õ!�/tvn
k′′ j��FlÈú
n(�¸j{þ�n

¬i$.line � fillk′′ j��Fl
i$.adrk′′

=s d$.adrt′ ! � �Fn/��n��<ru��n�§ k′′ > t′′
�Frutvl
o juo

ú�n/tht ~Í�sn/�F�9n�§Uú
nd�{j�� �9ru�F�/thxFl
n
i$.hitk

′′ ú gh� � n9w;x¸j �3g ru� æ �!~h|{}bç�~Íi£� g o�tvn{jul
o � r
i$.linvk′′+1 ru�

i$.linv2k′′+1 j��Fl i$.vwk′′+1 ∧ i$.adrk′′+1 =s d$.adrt′ ú�� g ���g osjZ�9ru� � ��jul g � �3g ru� � r(n9wJx¸j �3g ru� æ �!~h|{}bç�j��Fl � �JxFo � � g o3�Fn9o � � g oU�
��r�r��3~
ut

µ �>¡(¡#�#�}G�¬ìG �¸¬ �0Û Ø î\Ü�Û�×f(�î6î�Ü�ÛSÝ�Þ!×ÍÜ�Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛBg�Øvg�Þ!×#Ü6ÛBg�hbg/îh×
t
m H Ú�Ý�Þ Ý�Þ
×

ñ@Þvh�Ù0Üyg�ØuîFðm×�ð(Ú1&Th
mem

Ø�Û@ç�Ý�Þ
×�Ù�ñ
×�g/Ü (ng�Ø�ÝLÜLÚuÛ¥ðm×�ð(Ú1&Th
MI

Ø1&3×sÛ�Ú�ÝUØuî¡Ý�×'&�×3ç�æ'&BÚuð
Ý�Þ
× H × Ë Ü�ÛFÛFÜ�Û Ë ÚBæ�Ý�Þ
×VØbg�g�×0Ù0ÙVÚuÛ¥Ý�Þ!×�Ü�Û
Ù�Ýl&�ß�g9ÝLÜLÚ�ÛYg�Øbg�Þ!×OØJç�ç1&�×0Ù�ÙOÚBæ,g�hbg/îv× t

Ü æqÝ�Þ
×'&3×
� ØuÙ�Û@Ú¥çuÜJ&�Ý£hdÞJÜLÝ�Ü6Û Ý�Þ!×(ç�Ø�Ý ØYg�Øbg/Þ!×mØ�Ý�Ý�Þ
× H × Ë Ü�ÛFÛFÜ�Û Ë Ú3æ'Ý�Þ!× Øvg�g�×0Ù0Ù/I À Ú1&�ð(Øuî6î h�m� ×2Þ�Ø�i�× ∀t ∈ N

+ [
(i$.line ú fill.memt ∨ i$.line ú fill.lastt)∧

¬(d$.hitlasti$.crd(t) ∧ d$.dirtylasti$.crd(t)) =⇒

M t
I [〈i$.adrt〉] = M

lasti$.crd(t)
I [〈i$.adrt〉]∧

memt[〈i$.adrt〉] = memlasti$.crd(t)[〈i$.adrt〉]

°e�L�A�<¤BÕ � nOo�n �
l := lasti$.crd(t)

~�«�n � n gh� �Fn/�
¬d$.hitl

ru�
¬d$.dirtyl �Frutvl j��Fl

i$.line � fill.memt ∨ i$.line � fill.lastt ~ ��Õ � �Fn¥o�j�y(n j��3k�x
y(n/� � odjuo g �
� �Fn��
��r�r���r��Utvn/y ymj(�!~ [F~h|cZ�§!ú�n � �Fl jZ�/Õ��/tvn

t′ ≥ t
ú gh� �

i$.line � fill.lastt′ §
d$.line � fillk �Lru�qj��;Õ k ∈ ]l : t[

§Fj��Fl
lastreq(t) = lastreq(t

′)
! g ~ n�~h§ g �Y�¸j�� �3g ���

x
t]j��{§
l = lasti$.crd(t

′)
~'ä g �F�9n � �Fn/��n+ú£juoO�FrÍl g � � Õ#� gh� j �V� �Fn+¦�n/k g �
� g �
k r�� � �Fn

�{ju���Fn+ju�9�9n9o�o{§ � �Fn g �Fo � �3xF� �3g ru�¬�{ju���Fn���n{jul
o gh� o�lFj � jZ�L��ruy � �Fn2y(n/y(ru�3Õ�§ g ~ n�~h§@ú
n
�9ru�F�/thxFl
n

¬d$.write � backk �<ru�Vj��;Õì�/Õ!�/tvn k ∈ [lasti$.crd(t) : t′[
~O���]�¸j�� �3g �/x!�

t]j��{§
¬mem.bw(ad, b)k �Frutvl
oV�<ru�(ØuÛ¸hãjul
l!��n9o�o

ad
j��Fl j��JÕ¬¦JÕ � n

b
~'��n/�F�9n�§Eú�n

j�th��n{jul!ÕÍ�¸j{þ�n2o3�Fr{ú��
memt[〈i$.adrt〉] = memlasti$.crd(t)[〈i$.adrt〉]

~
� n(�Fr{ú juo�o3x
y(n

M t
I [〈i$.adrt〉] 6= M

lasti$.crd(t)
I [〈i$.adrt〉]

j��Fl � �Fl j#�9ru�!�
� ��jul g � �3g ru� g �#ru��l
n/� � r � � g o3� � �Fne�
��r;r��3~�� n � �Flìj �/Õ!�/tvn

k ∈ [lasti$.crd(t) : t′[
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ú gh� �

MI .bw(i$.adrt, b)k
�<ru��o�ruy(n

b ∈ ZB
~8V�r � n � �¸j �

d$.hitk
§
d$.writek §!j��Fl

d$.adrk =s i$.adrt �Frutvl g �d�¸j�� �3g �/x
t]j��{~
|�~q«En �

¬d$.hitl
�Frutvl>~U� gh� � gh� n/y/Z�r��>l
n � � gh�3g ru�Ñ�!~��!~��V�Lru�ª�/Õ!�/tvn9o

l
j��Fl

k
§�ú�n

� �Fn/� � �FlÈj �/Õ��/tvn
k′ ∈ ]l : k[

ú gh� �
d$.twl′ § g ~ n�~h§ d$.line � fill.lastk′ ~

i£� g o g o�j��9ru� � ��jul g � �3g ru� � r�tvn/y ymj+�!~ [F~h|s¦�n9�{j�xFo�nsr��
i$.line � fillk′ j��Fl

� �JxFo � � g o3�Fn9o � � g o��{juo�nOr�� � �Fn2�/t]j g y ~
�!~q«En �

d$.hitl
�Frutvl>~ i£� g oìtvn{jul
o � r

¬d$.dirtyl j��Fl �Fn/�F�9n�§
d$.linvl+1 §

d$.adrl+1 =s i$.adrt §qj��Fl d$.vwl+1 ∧ d$.val � inl+1 ~ � nì�{j�� � �Fn/��n��
�Lru��nZj\���
thÕ gh� n/yrZmr��
l
n � � gh�3g ru� �!~��!~��(�<ru�V�/Õ��/tvn9o

l + 1
j��Fl

k
g �ãru��l
n/� � r

� �Fl#jZ�/Õ!�/tvn
k′ j��Fl � � g o3� � �FnO�{juo�n£ùBxFo � t g ��n � �Fn�j�¦�r{þ�n��{juo�n�~ ut

µ �>¡(¡#�#�}G�¬ìG �<� �6æ�Ý�Þ!×�ðm×�ð(Ú1&Th'Ü�Û¸Ý�×'&�æ/Øvg�×VÜ6Ù{g�ÚuÛFÙ0Ü6Ù�Ý�×�Û¸ÝPßËñ¬Ý Ú g�hbg/îv×
t
mPÝ�Þ
×_(�&0Ù�Ý

Ü�ðsñ@î Ü£g�Ø�ÝLÜLÚuÛÄÚBæ2Ý�ÞJÜ6Ùeg�ÚuÛ
Ù�Ü]Ù/Ý�×�Û<g�hÍØuî\Ù/Ú(Þ�Úuîhç�ÙOÜ6ÛEg�hbg/îv×
t + 1

m�ÜuI6×hIÈm
∀t ∈ N

+ [

(∀t′ ∈ [1 : t] : mifú consistencyt′) ∧ i$.hitt+1 =⇒
i$.doutt+1 = M t+1

I [〈i$.adrt+1〉]

°e�L�A�<¤BÕ «En �
i$.hitt+1 �Frutvl>~U� n��¸j{þ�n � rVo3�Fr{ú i$.doutt+1 = M t+1

I [〈i$.adrt+1〉]g � ru��l
n/� � r � � g o3� � �Fnì�/t]j g y ~ � n � S j�� j��3¦ gh� ��j��3ÕS¦;Õ � n
b ∈ ZB

j��Fl ru�
thÕ
o��Fr{ú � �Fn��/t]j g y �Lru�s¦JÕ � n

b
r�� � �Fn'j�¦�r{þ�n+lFj � jmú
ru��l>~�ø�l
l gh�3g ru�¸j�ththÕ�§�ú�n�xFo�n � �Fn

o��Fru� � �¸j��Flì�Fr � j �3g ru�
ad := d$.adrt+1 g � � �Fn2�<ruthtvr{ú g �
kW�
��r�r��B~Vä g �F�9n � �Fn g ���
x �r�� � �Fn g �Fo � �3xF� �3g ru�Ä�{ju���Fn���x
t � thtvo3�
��n9l g �{j � n

valid � input?
§¸ú
n+�{j��ãj\���
thÕ �{ju���Fn

�9ru�Fo g o � n/�F�/Õm�L��ruy¢l
n � � gh�3g ru�b|�~��!~�� g � ru��l
n/� � r(�9ru�F�/thxFl
n
∣

∣i$.doutt+1
∣

∣

b
=

∣

∣

∣
i$.dinl

∣

∣

∣

b

�<ru�(�/Õ!�/tvn
l := lasti$.bw(ad,b)(t + 1)

~ «En/y ymjÈ�!~ [F~����Èjul
l gh�3g ru�¸j�ththÕDk�x¸j���j�� � n9n9o
M t+1

I [〈ad〉] = M l
I [〈ad〉]

~ �£n9�{j�xFo�n r��
i$.bw(ad, b)l §2ú�n �{j��öj�tvo�r �9ru�F�/thxFl
n

i$.line � fill.meml ∨ i$.line � fill.lastl ~+� gh� �Ätvn/y ymj �!~ [F~h|�RÑ�<ru�O�/Õ��/tvn
l
§

ú�n2�9ru�F�/thxFl
n
〈i$.adrl〉 = badrl j��Fl#j�tvo�r

i$.dinl = (d$.hitlastreq (l) ∧ d$.dirtylastreq(l))? d$.doutl :meml[〈i$.adrl〉]

j��Fl2ú
n�ru�
thÕ��¸j9þ�n � r�o3�Fr{ú
i$.dinl = M l

I [〈ad〉]
~Ï� n�o��
t gh� �{juo�n9oEru�

d$.hitlastreq (l)∧
d$.dirtylastreq(l) ~

|�~q«En �
d$.hitlastreq (l) ∧ d$.dirtylastreq(l) �Frutvl>~ i£� g o¬tvn{jul
o � r

i$.dinl =
d$.doutl

§
d$.write � back.meml ∨ d$.write � back.lastl j��Fl d$.hitl ∧

d$.dirtyl ~Ï� n£xFo�n£tvn/y ymj2�!~ [F~h|{} g �mru��l
n/� � rO�9ru�F�/thxFl
n 〈d$.adrl〉 = badrl §g ~ n�~h§
d$.adrl = i$.adrl ~���n/�F�9n�§ mif � consistency

�Lru�q�/Õ!�/tvn
l
k�x¸j���j�� � n9n9o

d$.doutl = M l
I [〈i$.adrl〉]

j��Fl � � g o��{juo�n g oq�9ru�F�/thxFl
n9l>~
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�!~q«En �
¬(d$.hitlastreq(l) ∧ d$.dirtylastreq(l))

�Frutvl>~Ñi£� g o2tvn{jul
o � r
i$.dinl =

meml[〈i$.adrl〉]
~ � n �{j�� j\���
thÕDtvn/y ymj �!~ [F~��\[ � r �/Õ!�/tvn

l
g �Sru��l
n/� � r

�9ru�F�/thxFl
n

M l
I [〈i$.adrl〉] = M

lasti$.crd(l)
I [〈i$.adrl〉]∧

meml[〈i$.adrl〉] = memlasti$.crd(l)[〈i$.adrl〉].

��x �3�3g �
kÑj�tht � � g o � ruk�n � �Fn/�{§Fú�n2ru�
thÕd�¸j{þ�n � r(o3�FrËú

M
lasti$.crd(l)
I [〈i$.adrl〉] = memlasti$.crd(l)[〈i$.adrl〉].

ä g �F�9n
i$.cdwbl = 1B �Frutvl
o{§ gh� n/y ��r��

valid � input?
k�x¸j���j�� � n9n9o

i$.adrl =s

i$.adrlasti$.crd(l) ~E� gh� �
mif � consistency

�<ru���/Õ!�/tvn
lasti$.crd(l)

§�ú
nª�;�FrËú

memlasti$.crd(l)[〈i$.adrl〉] = M
lasti$.crd(l)
I [〈i$.adrl〉]

j��Fl � � g o�tvn/y ymj g o � � g o3�Fn9l>~
ut

µ �>¡(¡#�#�}G�¬ìG ��¦ �6æVÝ�Þ!×�ðm×�ð(Ú1&Th Ü6Û@Ý�×'&6æ9Øbg�×OÜ]Ù$g�ÚuÛ
Ù�Ü]Ù/Ý�×�Û¸ÝPßËñãÝ Úfg�hbg/îh×
t
m�Ý�Þ!×�Ù{×�g�w

Ú�Û@ç(Ü�ðsñ@î Ü£g�Ø�ÝLÜLÚuÛÄÚBæ2Ý�ÞJÜ6Ùeg�ÚuÛ
Ù�Ü]Ù/Ý�×�Û<g�hÍØuî\Ù/Ú(Þ�Úuîhç�Ù2Ü6Û g�hbg/îv×
t + 1

m�ÜuI6×hIÈm
∀t ∈ N

+ [
(∀t′ ∈ [1 : t] : mifú consistencyt′) ∧ d$.hitt+1 =⇒

d$.doutt+1 = M t+1
I [〈d$.adrt+1〉]

°e�L�A�<¤BÕ «En �
d$.hitt+1 �Frutvl>~�� n��¸j9þ�n � rqo��Fr{ú d$.doutt+1 = M t+1

I [〈d$.adrt+1〉]g �¬ru��l
n/� � r � � g o3� � �Fn'�/t]j g y ~�� n � Sìj��ãj��3¦ gh� ��j��3Õ ¦
x �,� S
n9l ¦;Õ � n
b ∈ ZB

j��Fl
ru�
thÕÑo3�Fr{ú � �FnO�/t]j g y �<ru�£¦JÕ � n

b
r�� � �FnVj�¦�r{þ�nOlFj � j+ú�ru��l>~�ø�l
l gh�3g ru�¸j�ththÕ�§Fú�nVxFo�n

� �Fn�o3�Fru� � �¸j��Fl¥�Fr � j �3g ru�
ad := d$.adrt+1 g � � �FnV�<ruthtvr{ú g �
k*�
��r;r��3~

|�~q«En �q� �Fn/��nO¦�nOo�ruy(n2�/Õ!�/tvn
l ∈ [1 : t]

ú gh� �
∣

∣d$.doutt+1
∣

∣

b
=

∣

∣

∣
M l+1

I [〈ad〉]
∣

∣

∣

b
∧ ∀t′ ∈ ]l : t] : ¬d$.bw(ad, b)t′ .

�sn/�F�9n�§qú
nãru�
thÕD�¸j9þ�n � rbo3�Fr{ú
M l+1

I [〈ad〉] = M t+1
I [〈ad〉]

g � ru��l
n/� � r
�9ru�F�/thxFl
n � �Fns�/t]j g y ~P� n � �Fn/��n��Lru��nVjuo�o3x
y(n g �Fn9w;x¸j�t gh� Õdj��Fld�¸j9þ�n � r � �FlÑj
�9ru� � ��jul g � �3g ru�E~��£n9�{j�xFo�n�r��

M l+1
I [〈ad〉] 6= M t+1

I [〈ad〉]
§uú�n � �Fl'o�ruy(n
�/Õ��/tvn

t′ ∈ [l + 1 : t]
ú gh� �

MI .bw(ad, b)t′ ~ªä g �F�9n � � g o g y �
t g n9o d$.bw(ad, b)t′ §!ú
nj�th��n{jul!ÕÍ�¸j9þ�n'jZ�9ru� � ��jul g � �3g ru�ãj��Fl � �FnO�{juo�n g o � � g o3�Fn9l>~
�!~�� n2ru�
thÕÑ�¸j9þ�n � r � �FlìjZ�/Õ��/tvn

l ∈ [1 : t]
ú gh� �

∣

∣d$.doutt+1
∣

∣

b
=

∣

∣

∣
M l+1

I [〈ad〉]
∣

∣

∣

b
∧ ∀t′ ∈ ]l : t] : ¬d$.bw(ad, b)t′ .

g �¬ru��l
n/� � r � � g o3� � �Fn'rËþ�n/��j�thtP�/t]j g y ~Oä g �F�9n � �Fn g ���
x � r�� � �Fn+lFj � jm�{ju���Fn
��x
t � thtvo��
��n9l g �{j � n

valid � input?
ju�9�9ru��l g �
k � rqtvn/y ymj��!~ [F~����!§�ú
n��{j��+j\���
thÕ

�{ju���Fn'�9ru�Fo g o � n/�F�/Õd����ruy¢l
n � � gh�3g ru�b|�~��!~�� g � ru��l
n/� � r(�9ru�F�/thxFl
n
∣

∣d$.doutt+1
∣

∣

b
=

∣

∣

∣
d$.dinl

∣

∣

∣

b
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�Lru� �/Õ!�/tvn

l := lastd$.bw(ad,b)(t + 1)
~ i£� g o �/Õ!�/tvn

l
�Lx
t � thtvo

∀t′ ∈ ]l : t] :

¬d$.bw(ad, b)t′ ju�9�9ru��l g �
k � r �
��r���r�o gh�3g ru� |�~��!~�R!~ ��n/�F�9n�§ªú�n ru�
thÕ �¸j{þ�n
� rÍo3�Fr{ú ∣

∣d$.dinl
∣

∣

b
=

∣

∣

∣
M l+1

I [〈ad〉]
∣

∣

∣

b

g �ãru��l
n/� � r � � g o3� � �FnZ�/t]j g y ~'ä g �F�9n
d$.bw(ad, b)l �Frutvl
o{§
ú�nO���Fr{ú

d$.line � fill.meml ∨ d$.line � fill.lastl ∨ d$.$writel.

g � jul
l gh�3g ru� � r
ad = d$.adrl ~ � n � �¸j�ththÕ o��
t gh� �{juo�n9odru� � �Fnd��r�o�o g ¦
tvn

o � j � n9o g �#�/Õ!�/tvn
l
~

æ jbçÍ«En �
d$.$writel �Frutvl>~¥i£�Fndo���n9� g�� �{j �3g ru� y(n/y(ru�3Õ MI

g o � �Fn/�Èx��!�
lFj � n9lmru�(¦;Õ � n

b
r���jul
l!��n9o�o

ad
ú gh� � � �Fn��/x
�3��n/� � lFj � j g ���
x ��g �m�/Õ!�/tvn

l
§ g ~ n�~h§Fú
n��¸j9þ�n

MI .bw(ad, b)l ~��sn/�F�9n�§¸ú
n'�9ru�F�/thxFl
n d$.dinl = dinl

j��Fl ∣

∣

∣
M l+1

I [〈ad〉]
∣

∣

∣

b
=

∣

∣d$.dinl
∣

∣

b

ú�� g ��� � � g o3�Fn9o � � g oì�{juo�n r�� � �Fn
�/t]j g y ~

æ ¦<çÍ«En �
d$.line � fill.meml∨d$.line � fill.lastl �Frutvl>~Ui£� g oPtvn{jul
o � r

M l+1
I [〈ad〉] = M l

I [〈ad〉]
j��FlÑtvn/y ymj'�!~ [F~h|cZ+jul
l gh�3g ru�¸j�ththÕdk�x¸j���j�� � n9n9o

d$.din = meml[〈ad〉]
~ ä g �F�9n

d$.hitl
l
r�n9o �Fr � �Frutvl>§�ú�n �{j�� xFo�n

mif � consistency
g � �/Õ!�/tvn

l
g � ru��l
n/� � rã�9ru�F�/thxFl
n

meml[〈ad〉] =
M l

I [〈ad〉]
j��Fl � �;xFo � � g o3� � �Fn��/t]j g y ~

ut

µ �>¡(¡#�#�}G�¬ìG ��· �6æ�Ý�Þ
×'çJØ�Ý ØYg�Øbg�Þ
× ç�ÚË×0Ù+Û@Ú�ÝªÙ0Ü Ë Û@ØuîÏØÑç�ÜZ&/Ý£h(ÞJÜLÝ
Ü6Û¬Ù/Ú�ð(×�g;h"g9îh×�m
H ß�Ý � Ø�Ù(Ü�ÛÈÙ/Ý Ø�Ý�× d$.$write Ü�ÛDØ(ñ3&�×'i{Ü<Úuß;ÙWg�hbg/îv×sæ9Ú1&dØuÛ Ø�ç�ç�&3×0Ù0ÙmÜ�Û Ý�Þ
× Ù9Øuðm×
g�Øbg�Þ!×¥î\Ü�Û�×�mOÝ�ÞJÜ6Ùmî\Ü�Û�× � Ø�Ù � &0ÜLÝ<Ý�×�Û H Øbg/ïìÜ�Û H ×/Ý � ×�×�Û"I À Ú�&0ð(Øuî�î h�m � ×dÞ�Ø1iu× ∀t ∈
N

+∀t′ ∈ [1 : t[
[

d$.$writet′ ∧ d$.adrt =s d$.adrt′ ∧ (¬d$.hitt ∨ ¬d$.dirtyt) =⇒
∃m ∈ ]t′ : t[ : d$.write ú back.lastm ∧ lastd$.crd(m) > t′∧

d$.adrm =s d$.adrt

°e�L�A�<¤BÕ «En �
d$.$writet′ § d$.adrt =s d$.adrt′ j��Fl ¬d$.hitt∨¬d$.dirtyt �Frutvl>~�£n9�{j�xFo�nÑr��
d$.writet′ §Pú
nÑ�9ru�F�/thxFl
n d$.hitt

′ §
d$.dwt′ §�j��Fl d$.dtyt′ ~#��n/�F�9n�§ú�nO�{j��ÍxFo�n � �FnO�9ru�Fo g o � n/�F�/ÕÍr�� � �FnOl g � � ÕÑ¦ gh� § g ~ n�~h§ gh� n/y [(r��Ul
n � � gh�3g ru�ì�!~��!~��!§ g �

ru��l
n/� � r � �Fl#j �/Õ!�/tvn
k ∈ ]t′ : t[

ú gh� �
(

d$.dwk ∧ ¬d$.dtyk ∨ d$.vwk ∧ ¬d$.val � ink
)

∧
(

lastd$.crd(k) ≤ t′ ∨ d$.dirtylastd$.crd(k)∧

d$.adrt =s d$.hitlastd$.crd(k)? d$.adrk :d$.evlastd$.crd(k)
)

.

V�r � n � �¸j �
d$.idlet′+1 �Frutvl
o'j��Fl � �JxFo{§ lastd$.crd(k) > t′

~ ��n/�F�9n�§ � �Fnmj�¦�r{þ�n
n9w;x¸j �3g ru�#o g y �
t g�� n9o � r

(

d$.dwk ∧ ¬d$.dtyk ∨ d$.vwk ∧ ¬d$.val � ink
)

∧ d$.dirtylastd$.crd(k)∧

d$.adrt =s d$.hitlastd$.crd(k)? d$.adrk :d$.evlastd$.crd(k).
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���ã�/Õ��/tvn
k
§ � �Fn'l g � � Õì�{ju���FnZt g �Fn g oVn gh� �Fn/� g �Jþ�j�t g lFj � n9lÄru�symj��3��n9lÄjuoV�/tvn{j��E~

��n/�F�9n�§��/Õ!�/tvn
k
g oPn gh� �Fn/�ªjst g �Fn g �;þuj�t g lFj �3g ru�E§�jst g �Fn � tht §�ru� � �Fn£n/�Fl r���jst g �Fn�ú�� gh� n

� �¸j � ú�juo g � gh�3g j � n9l#¦;Õ#j(o3�Fr�r��ìju�9�9n9o�o�r�� � �Fn g �Fo � �3xF� �3g ru�ã�{ju���Fn�~�¤Fx
� � �Fn/�3y(ru��n�§
�Fr � n � �¸j �

d$.linvk �{j��
�Fr � �Frutvl#o g �F�9n � � g o�ú�rux
tvl g y �
thÕ lastd$.crd(k) = k − 1j��Fl
¬d$.dirtyk−1 ú�� g ��� g o�jZ�9ru� � ��jul g � �3g ru� � r � �Fn2j�¦�rËþ�n2n9wJx¸j �3g ru�E~
|�~q«En �

hitlastd$.crd(k) ∧ d$.adrt =s d$.adrk �Frutvl>~ i£� g o¬n{juo g thÕ tvn{jul
o � r
¬d$.line � fillk o g �F�9n(jÑt g �Fn � tht�ru�
thÕ¬r��9�/x
��o2j)� � n/��jÑy g o�o{~�i£�Fn/��n��<ru��n�§
�/Õ��/tvn

k
ú£juo2l!x
� g �
k � �FnZú�� gh� n/¦¸ju��� r���jÍl g � � ÕÄ�{ju���Fn t g �Fn�§ g ~ n�~h§

d$.dwk ∧
¬d$.dtyk ru� d$.vwk∧¬d$.val � ink tvn{jul
o � r d$.write � back.lastk ~Ïi£� g o
�{juo�n g o � � g o��Fn9l¥ú gh� �

m := k
~

�!~q«En �
¬d$.hitlastd$.crd(k) ∧ d$.evlastd$.crd(k) =s d$.adrt �Frutvl>~Ä�£n9�{j�xFo�nÍr��� �Fn¬y g o�o{§q�/Õ!�/tvn

k
ú�juoÑ�Fr � l!x
� g �
k � �Fn¬ú�� gh� n/¦¸ju��� r��Zj l g � � Õ t g �FnÄj��Fl

d$.line � fillk �Frutvl
o{~�ä g �F�9n � �Fn�y g o�o�ú£juo
l g � � Õ�§;�FrËú
n/þ�n/�{§�ú
n � �Fldj��/ÕJ�
�/tvn

k′ < k
g � � �Fnso�j�y(n��{ju���FnVju�9�9n9o�o{§ g ~ n�~h§

lastcrd(k) = lastcrd(k
′)
§;ú��Fn/��n

� �Fn l g � � Õ �{ju���Fn t g �Fn ú�juoãú�� gh�3� n/�ö¦¸ju����§ g ~ n�~h§
d$.write � back.lastk′ ~

ä g �F�9n
d$.adrk′

=s ev � adrk′

= d$.evlastd$.crd(k) j�tvo�rÄ�Frutvl
o{§ � �FnY�
��r�r��g o � � g o3�Fn9l¥ú gh� �
m := k′ ~ ut

µ �>¡(¡#�#�}G�¬ìG �SÍ p�Þ!×:g�Øbg/Þ!×+ðm×�ð(Ú1&Th(Ü6Û@Ý�×'&6æ9Øbg�×
æ�ß�î (�î�î\ÙOÝ�Þ
×:g�ÚuÛ
Ù0Ü6Ù�Ý�×/Û<g�hmÜ�Û¼i)Ø�&0Ü�w
Ø�Û¸ÝJm�ÜwI�×hIÈm

∀t ∈ N
+ : mifú consistencyt I

°e�L�A�<¤BÕ � n2o3�Fr{ú � �FnO�/t]j g y ¦JÕ g �Fl!xF� �3g ru�ìru�
t
~

�;���1���"�c���<�rÖ������ ×
t = 1 Ù z ��� � �Fn g � gh�3g j�t��/Õ!�/tvn�§�¦�r � � �{ju���Fn9o�j���nZn/y � � ÕÄj��Fl

�{j��
�Fr � o g k��¸j�tOjÄ� gh� ! � �JxFo{§ � �Fn � ��o �d� ú�r g y �
t g �{j �3g ru�Fo j���n � � g þ g j�ththÕD�Lx
t � thtvn9l>~
ä g �F�9nVú�n2l
n � �Fn � �Fn g � gh�3g j�tE�9ru� � n/� � r�� � �FnVy(n/y(ru�3Õ g � � n/�B�<ju�9n

MI
juo � �Fn g � gh�3g j�t

�9ru� � n/� � r�� � �Fn:�
�;Õ�o g �{j�tÏy(n/y(ru�3Õ
mem

§ � �Fn � � g ��l g y �
t g �{j �3g ru� g oOj�tvo�rd�Lx
t � thtvn9l
j��Fl � �Fn g �Fl!xF� �3g ru�#¦¸juo�n g o��9ru�F�/thxFl
n9l>~
�;���1���"�c���<� �;���v²�×

t → t + 1 Ù z>«�n �O� �Fn �9ru�Fo g o � n/�F�/Õ g �;þuj�� g j�� � �Frutvlãx�� � r¥�/Õ;��/tvn
t
~ «En/y ymjuo �!~ [F~����bj��Fl �!~ [F~��"a � �Fn/� o3�FrËú � �Fn � ��o �Ñ� ú
r g y �
t g �{j �3g ru�Fo¥r��

� �Fnb�9ru�Fo g o � n/�F�/Õ g �Jþ�j�� g j�� � �Lru�ã�/Õ!�/tvn
t + 1

~ �sn/�F�9n�§'ú
nbru�
thÕ �¸j9þ�n � r �9ru�!�
o g l
n/� � �Fn � � g ��l g y �
t g �{j �3g ru�E~b«En � � �Fn/��n��<ru��n

¬(d$.hitt+1 ∧ d$.dirtyt+1)
�Frutvl>~

� n � SDj��Sj��3¦ gh� ��j��3Õ jul
l!��n9o�o
ad ∈

[

d$.adrt+1
]

s

j��Flbú�n¥ru�
thÕÈ�¸j9þ�n � r¬o��Fr{ú
∣

∣memt+1[〈ad〉]
∣

∣

b
=

∣

∣M t+1
I [〈ad〉]

∣

∣

b

~�ä g �F�9n+ú
n+ru�F�9n+j�kJj g �ã�¸j{þ�n � rÍj��3k�xFn+j�¦�rux �
y'x
t �3g �
tvn��/Õ!�/tvn�§ � k�x
��n��!~h|{� g ththxFo � ��j � n9o � �Fn��
��r�r��B~
|�~q«En �q� �Fn/��nO¦�nOo�ruy(n2�/Õ!�/tvn

l ∈ [1 : t]
ú gh� �

∣

∣memt+1[〈ad〉]
∣

∣

b
=

∣

∣

∣
M l

I [〈ad〉]
∣

∣

∣

b
∧ ∀t′ ∈ ]l : t] : ¬mem.bw(ad, b)t′ .

�sn/�F�9n�§
ú
n#ru�
thÕ �¸j{þ�n � rÄo3�Fr{ú ∣

∣M l
I [〈ad〉]

∣

∣

b
=

∣

∣M t+1
I [〈ad〉]

∣

∣

b

ú�� g ���Sú
n
l
r¥¦JÕÄ�9ru� � ��jul g � �3g ru�E~Ñ«�n � ∣

∣M l
I [〈ad〉]

∣

∣

b
6=

∣

∣M t+1
I [〈ad〉]

∣

∣

b

�Frutvl>~m� n � �Fn/�
� �Fldo�ruy(ns�/Õ!�/tvn�¦�n��<ru��n

t+1
ú��Fn/��ns¦JÕ � n

b
r��Ujul
l!��n9o�o

ad
ú�juo�x���lFj � n9l g �

MI
§ g ~ n�~h§@jm�/Õ��/tvn

t′ ∈ [l : t]
ú gh� �

MI .bw(ad, b)t′ ~�ä g �F�9n d$.$writet′ j��Fl
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<l

¬mem.bw(ad, b)

≤ t′

$write

<

write back

k′

mem.bw(ad, b)k′

k

write back.last

≤

dwt′ ∧ dtyt′ ¬(hitt+1 ∧ dirtyt+1)

t + 1

¤ g k�x
��n��!~h|{�!z�©�ru�3��n9� � �Fn9o�osj��3k�x
y(n/� � oq�<ru�U�
��r;r���r��Ptvn/y ymj(�!~ [F~���}

d$.adrt′ = adrt′ = ad
�FrutvlÍú�� g tvn g � �/Õ!�/tvn

t + 1
§ � �FnO�{ju���FnOt g �Fn g oqn gh� �Fn/�

�Fr�tvru�
k�n/��� gh� ru�
�Fr�tvru�
k�n/�£l g � � Õ�§�ú�ns�{j��Íj\���
thÕ(tvn/y ymj'�!~ [F~��bZ g �dru��l
n/� � r
� �Fl o�ruy(nO�/Õ!�/tvn

k ∈ ]t′ : t]
ú gh� �

d$.write � back.lastk ∧ lastd$.crd(k) > t′ ∧ d$.adrk =s d$.adrt+1.
i£� g o g o g ththxFo � ��j � n9l g � � k�x
��nÍ�!~h|{�!~ i£�Fn(t g �Fndú�� gh� nÑn/�Fl g �
k g � �/Õ��/tvn

k
g o

�9ruy �
tvn � n�§ g ~ n�~h§�j��;Õ jul
l!��n9o�o g � � �Fn¬o�j�y(nìt g �Fn g oÍj�tvo�r ú�� gh�3� n/� ¦¸ju��� � r
� �FnX�
�;Õ�o g �{j�tsy(n/y(ru�3Õ�~ � gh� � tvn/y ymj �!~ [F~h|{� �<ru�Ñ�/Õ!�/tvn

k
§£ú
n � �Fn/��n��<ru��n

� �Fl o�ruy(nd�/Õ!�/tvn
k′ ∈ ]lastreq(k) : k]

ú gh� �
mem.bw(ad, b)k′ ú�� g ��� g oZj

�9ru� � ��jul g � �3g ru�Äj��Fl � �JxFo � � g o3�Fn9o � � g oq�{juo�n2r�� � �FnO�/t]j g y ~
�!~q«En �q� �Fn/��nO¦�nV�Fr(�/Õ!�/tvn

l ∈ [1 : t]
ú gh� �

∣

∣memt+1[〈ad〉]
∣

∣

b
=

∣

∣

∣
M l

I [〈ad〉]
∣

∣

∣

b
∧ ∀t′ ∈ ]l : t] : ¬mem.bw(ad, b)t′ .

� n�o3�FrËú � �¸j �s� � g o��{juo�n'�{j��
�Fr � r��9�/x
��¦JÕ¥�9ru� � ��jul g � �3g ru�E~q� n2o��
t gh� �{juo�n9o
ru�

∃last
mem.bw(ad,b)(t + 1)

~
æ jbçÍ«En �

∃last
mem.bw(ad,b)(t + 1)

�Frutvl>~'� n o�n �
l := lastmem.bw(ad,b)(t + 1)j��Fl¥tvn/y ymj(�!~h|�~h|�k�x¸j���j�� � n9n9o ∣

∣memt+1[〈ad〉]
∣

∣

b
=

∣

∣mem.dinl
∣

∣

b

~�� n
� � g þ g j�ththÕd�;�FrËú

∀t′ ∈ ]l : t] : ¬mem.bw(ad, b)t′ ~Pi£�;xFo{§!ú
nOru�
thÕ(�¸j{þ�n� r¥o3�Fr{ú ∣

∣M l
I [〈ad〉]

∣

∣

b
=

∣

∣mem.dinl
∣

∣

b

g � ru��l
n/� � r � �Fl jÍ�9ru� � ��jul g ���
�3g ru�E~��£n9�{j�xFo�n2r��

mem.bw(ad, b)l §!ú
n2�9ru�F�/thxFl
n ad = badrl j��Fl

d$.write � back.meml ∨ d$.write � back.lastl

j��Fl tvn/y ymjÑ�!~ [F~h|{}(k�x¸j���j�� � n9n9o
〈d$.adrl〉 = badrl j��Fl mem.dinl =

d$.doutl
~Í��n9�{j�xFo�nmr��

d$.hitl
§
mif � consistency

�Lru���/Õ!�/tvn
l
k�x¸j��B�

j�� � n9n9o
d$.doutl = M l

I [〈d$.adrl〉]
ú�� g ��� � � g o3�Fn9o � � g od�{juo�n r�� � �Fn

�/t]j g y ~
æ ¦<çÍ«En �

¬∃last
mem.bw(ad,b)(t + 1)

�Frutvl>~O� nZo�n �
l := 1

j��Fl � � g þ g j�ththÕ#���Fr{ú
memt+1[〈ad〉] = init � mem[〈ad〉]

j��Fl
M l

I = init � mem
~Sä g �F�9n

mem.bw(ad, b)t′ �{j��
�Fr � �Frutvl#�Lru�sj��;Õ t′ ∈ ]l : t]
ú�n��¸j{þ�n+jm�9ru� � ��j)�

l g � �3g ru�ìj��Fl � �Fn2�/t]j g y g oq�9ru�F�/thxFl
n9l>~
ut
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�ò�ó�ò�
 L �Ç÷7÷8
M�,��� 
M���Ç÷��Ø	
�ì��
¼÷n � �W

���#ru��l
n/� � rm�9ru�F�/thxFl
n � �Fn��9ru�Fo g o � n/�F�/ÕW�¸j�� � o�����ruy l
n � � gh�3g ru�b|�~��!~��mr��ªj(�9ru�3��n9� �
y(n/y(ru�3Õ g � � n/�B� ju�9n�§uú
n�¦¸juo g �{j�ththÕ�ù´xFo � �¸j9þ�n � r�o3�FrËú � �¸j � �Lru�3ú£j���l g �
k g � � �Fnª�{ju���Fn
y(n/y(ru�3Õ g � � n/�B�<ju�9n g oq�9ru�3��n9� � ~
µ �>¡(¡#�#�}G�¬ìG ��§ Î2ß5&�Ü�Û Ë Ømî Ü6Û�×�(�î�î�Ü6ÛãÝ�Þ!×'ç�Ø�Ý Ø g�Øbg�Þ!×ZØ�ß�Ý Úuð(Ø�Ý Ú�Û;mªÝ�Þ!×+Ø�ç�ç1&�×0Ù0Ù
Ë ÜZi�×/Û H h adr

Ü6Ù�&�×3Ø�çPæ'&BÚ�ð Ý�Þ!×Eñ¸Þ>h)Ù�Ü£g�ØuîJðm×�ð(Ú1&Th�ØuÛ�ç � &�ÜLÝ<Ý�×�ÛZÜ6Û¸Ý Ú�Ý�Þ!×@æ9Ú1& � Ø1&3çuÜ6Û Ë&�× Ë Ü6Ù�Ý�×R&Z×|��Øvg9ÝLî h¥ÚuÛ<g0×hI À Ú1&�ð(Øuî�î h�m � ×OÞ�Ø1i�× ∀t ∈ N
+ [

d$.line ú fill.lastt =⇒

∃t′ ∈ ]lastreq(t) : t] : adrt′ [s − 1 : 0] = d$.bcntt
′

∧

(d$.line ú fill.memt′ ∨ d$.line ú fill.lastt′)∧

d$.fwdt′+1 = M t′

I [〈adrt′〉]∧
∀k ∈ ]t′ : t] : adrk[s − 1 : 0] 6= ∧d$.bcntk∧

¬d$.wirte ú backk ∧ ¬d$.snoopk

°e�L�A�<¤BÕ � nìo�n �
l := lastreq(t)

j��Fl j\���
thÕ tvn/y ymj �!~ [F~h|�| g �Sru��l
n/� � rÈ�9ru�!�
�/thxFl
n

d$.line � fill.reql j��Fl
d$.line � fillk �<ru� j��JÕ

k ∈ [l : t]
~ö� gh� �

n9w;x¸j �3g ru� æ �!~h|{�bç�§ � � g o£tvn{jul
o � r
d$.adrl =s adrl j��FlÍ¦�n9�{j�xFo�nVr��U�9ru��rutht]j��3Õ¥�!~ [F~PZ�§

adrt =s d$.adrl �Frutvl
oË~ ��n/�F�9n�§qú�nã�{j�� j\���
thÕ tvn/y ymj �!~ [F~h|�[ � rb�/Õ��/tvn
t
g �

ru��l
n/� � r � �Fl�jS�/Õ!�/tvn
t′
�Lru� jul
l!��n9o�o

adrt ∈
[

d$.adrl
]

s

ú gh� �
d$.bcntt

′

=

adrt[s − 1 : 0]
j��Fl

d$.adrt′ = adrt !�jul
l gh�3g ru�¸j�ththÕ�§ � �Fn¥lFj � jã�{ju���Fn j�x � ruymj)�� ru� g o�n gh� �Fn/� g � o � j � n
d$.line � fill.mem ru� d$.line � fill.last g � �/Õ��/tvn t′

§
mem.doutt

′

= memt′ [〈adrt〉]
§Ïj��FlÄ�Lru�'j��;Õãt]j � n/�'�/Õ!�/tvn

t′′ ∈ ]t′ : t[
§�ú
nm�;�FrËú

〈d$.bcntt
′′

〉 > 〈d$.bcntt
′

〉
§ g ~ n�~h§ g �d�¸j�� �3g �/x
t]j��{§

d$.bcntt
′′

6= d$.bcntt
′ ~

ä g �F�9n��/Õ!�/tvn
t′
g o g �¬jZt g �Fn � tht §
ú�n2���Fr{ú

¬d$.hitt
′ ~�� gh� � tvn/y ymjm�!~ [F~���}!§¸ú
n

�¸j{þ�n
mif � consistency

g �m�/Õ!�/tvn
t′
j��Fl � �JxFoË§�ú
ns�9ru�F�/thxFl
n

memt′ [〈d$.adrt′〉] =
M t′

I [〈d$.adrt′ 〉]
~Z��n/�F�9n�§>ú
n �¸j{þ�n

d$.fwd � int′ = M t′

I [〈adrt〉]
ú�� g ���Ètvn{jul
o � r

d$.fwdt′+1 = M t′

I [〈adrt〉]
~���n/�F�9n�§>ru�
thÕ � �FnZ�/t]j g y j�¦�rux �V� �Fn �/Õ��/tvn9oV¦�n � ú�n9n/�

t′
j��Fl

t
��n/ymj g �Fo � r+o��Fr{ú2~�� n � �Fn/��n��<ru��n � SÑo�ruy(nV�/Õ!�/tvn

k ∈ ]t′ : t]
j��FlÑ�¸j{þ�n � r

o��Fr{ú

adrk[s − 1 : 0] 6= ∧d$.bcntk ∧ ¬d$.wirte � backk ∧ ¬d$.snoopk.

� gh� � � �Fn¬j�¦�rËþ�n#ru¦Fo�n/�3þ�j �3g ru�Fo{§£ú
n¬j�th��n{jul!ÕD�;�FrËú
d$.line � fillk j��Fl � �;xFo{§

¬d$.wirte � backk j��Fl
¬d$.snoopk ~ ä g �F�9n

〈d$.bcntk〉 > 〈d$.bcntt
′′

〉
j�tvo�r

�Frutvl
o'ju�9�9ru��l g �
k � r � �Fn(j�¦�r{þ�n(ru¦Fo�n/�3þuj �3g ru�Fo{§ � �Fn(�/t]j g y g o � � g o��Fn9lÄ¦�n9�{j�xFo�n r��
d$.bcntt

′

= adrt[s − 1 : 0]
~

ut

µ �>¡(¡#�#�}G�¬ìG��3Ó �0ÛDÝ�Þ!× g�hbg/îv×¥ØBæ/Ý�×'&dØ¬î Ü6Û�×¬(ªî6î�Ü�Û Ý�Þ!×Íç�Ø�Ý ØEg�Øvg�Þ!×¥Øuß!Ý Úuð(Ø�Ý ÚuÛ¼m
Ý�Þ
×�æ/Ú�& � Ø1&3çuÜ�Û Ë &�× Ë Ü6Ù�Ý�×'&_g�Ú�Û¸Ý ØuÜ�Û
Ù'Ý�Þ!× çJØ�Ý Ø¥Ý Ú H × &3×3ØJçOæ'&BÚuð Ý�Þ!× g�Øbg�Þ!×(ðm×�ð(Ú1& h
Ü�Û¸Ý�×'&�æ9Øbg�×hI À Ú1&0ð(Øuî�î ham � ×OÞ�Ø1iu× ∀t ∈ N

+ [
d$.line ú fill.lastt =⇒ d$.fwdt+1 = M t

I [〈adrt〉]
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°e�L�A�<¤BÕ � gh� �¥tvn/y ymjd�!~ [F~��"R!§
ú
n � �FlìjZ�/Õ��/tvn

t′ ∈ ]lastreq(t) : t]
ú gh� �

d$.fwdt′+1 = M t′

I [〈adrt′〉]∧

∀k ∈ ]t′ : t] : adrk[s − 1 : 0] 6= d$.bcntk ∧ ¬d$.wirte � backk ∧ ¬d$.snoopk

� gh� � �9ru��rutht]j��3Õ �!~ [F~PZã�<ru�d�/Õ!�/tvn
t′
j��Fl

t
§£ú
n¬�9ru�F�/thxFl
n

adrt = adrt′ ~ ä g �F�9n
MI

g o ru�
thÕbx���lFj � n9l g � o � j � n
d$.$write

§
j��Flb�<ru�mj��JÕ �/Õ!�/tvn
k
§
t′ ≤ k ≤ t

§
d$.line � fillk �Frutvl
oË§Pú
nÑ�;�FrËú

M t
I = M t′

I

~ìi£�JxFo{§Pú�nm���Fr{ú
M t

I [〈adrt〉] =
M t′

I [〈adrt′〉]
j��Fl ru�
thÕÍ�¸j9þ�n � rmo3�FrËú

d$.fwdt′+1 = d$.fwdt+1 g �#ru��l
n/� � r � �!�g o�� � �Fn(�/t]j g y ~mø��9�9ru��l g �
k � r#n9wJx¸j �3g ru� æ �!~h|�[>ç�§
d$.fwd

g oO�Fr � ���¸j��
k�n9lÈx
�
tvn9o�o
d$.sw∧eqs(d$.bcnt, adr � d[s−1 : 0])

ú gh� �
adr � d = d$.wirte � back? ev � adr :

adr
�Frutvl
oË~P� n � S¥j��/Õ!�/tvn

k ∈ ]t′ : t]
j��FlÍ�9ru�F�/thxFl
n

adr � dk = adrk ¦�n9�{j�xFo�nVr��
¬d$.wirte � backk !F�Fn/�F�9n�§ adrk[s − 1 : 0] 6= d$.bcntk

n/�Fo3x
��n9o � �¸j �
d$.fwd

g o
�Fr � x���lFj � n9l g � �/Õ!�/tvn

k
j��Fl � �FnO�/t]j g y g o � � g o3�Fn9l>~

ut

µ �>¡(¡#�#�}G�¬ìG��'� p�Þ!×+ç�Ø�Ý ØVñ!Ú�&�Ý�ÚBæ2Ý�Þ!×Gg�Øvg�Þ!×+ðm×�ð(Ú1&ThmÜ�Û¸Ý�×'&�æ/Øvg�×�Ü]Ù:g�Ú�Û
Ù0Ü6Ù�Ý�×�Û@ÝJm
ÜuI�×hIªm � ×2Þ�Ø1iu× ∀t ∈ N

+ [
mrt ∧ ¬dbusyt =⇒ doutt = M t

I [〈adrt〉]
°e�L�A�<¤BÕ «En �

mrt ∧¬dbusyt �Frutvl>~P� nso��
t gh� �{juo�n9o
ru� � �Fn���r�o�o g ¦
tvn�o � j � n9o
r�� � �FnlFj � jÑ�{ju���Fn ¤�ä�� ú��Fn/��n � � g oOo gh� x¸j �3g ru� �{j��Är;�9�/x
�{~eVsr � n � �¸j � ú
nZ�{j�� � � g þ g j�ththÕ
nTS
�/thxFl
n

d$.$writet o g �F�9n mwt �Frutvl
o g � � � g o�o � j � n�ú�� g ��� g o�j'�9ru� � ��jul g � �3g ru� � r
mrt ~

|�~q«En �
d$.idlet �Frutvl>~P� n � �Fn/�m���Fr{ú d$.hitt

§
d$.adrt = adrt §;j��Fl doutt =

d$.doutt
~Ïi£�Fn��/t]j g y

doutt = M t
I [〈adrt〉]

� �Fn/� �LruthtvrËúqo g y y(n9l g j � n/thÕZ�L��ruy
mif � consistency

ú�� g ��� g oqk�x¸j���j�� � n9n9l ¦;ÕÍtvn/y ymj(�!~ [F~���}!~
�!~q«En �

d$.line � fill.lastt �Frutvl>~ì� nÍj\���
thÕ tvn/y ymjã�!~ [F~���� � r¬�/Õ��/tvn t
g �

ru��l
n/� � rd�9ru�F�/thxFl
n
d$.fwdt+1 = M t

I [〈adrt〉]
~q� gh� �ìn9w;x¸j �3g ru� æ �!~h|�[>çsj��Fl

æ �!~h|{�bç�§Fú�n2�¸j9þ�n
d$.fwdt+1 = d$.fwd � int = doutt

j��Fl � �JxFo{§ � �Fn��/t]j g y
g oq�9ru�F�/thxFl
n9l>~

ut

µ �>¡(¡#�#�}G�¬ìG��+� p�Þ!×OÜ6ÛFÙ�Ýl&�ß^g9ÝLÜ<ÚuÛmñ!Ú1&/Ý
ÚBæOÝ�Þ!×:g�Øbg/Þ!×'ðm×�ð(Ú1& h Ü�Û¸Ý�×'&�æ9Øbg�×�Ü]Ù�g�ÚuÛ�w
Ù�Ü]Ù/Ý�×�Û¸ÝJm�ÜuI6×hIÈm � ×OÞ�Ø1i�× ∀t ∈ N

+ [
imrt ∧ ¬ibusyt =⇒ instt = M t

I [〈pct〉]
ä g �F�9n � � g o*�
��r;r��O�<ru� � �Fn g �Fo � �3xF� �3g ru� ju�9�9n9o�o*��ru� � xFo�n9odnTS
ju� � thÕ � �Fnìo�j�y(n

j��3k�x
y(n/� � omjuo � �FnÑj�¦�r{þ�n �
��r�r��q�<ru� � �FnÑlFj � jãju�9�9n9o�oG��ru� � §�ú
nÍruy gh�Zgh�'g � � � g o
� �Fn9o g o{~¥øq� � n/� � �;xFo � � g o3� g �
k¬�9ru�Fo g o � n/�F�/Õ r�� � �Fnm�{ju���Fndy(n/y(ru�3Õ g � � n/�B�<ju�9n�§�ú
n
� �¸j�ththÕO�¸j{þ�n � rU�
��rËþ�nªt g þ�n/�Fn9o�oUju�9�9ru��l g �
k � r�l
n � � gh�3g ru�d|�~��!~���r��¸j��9ru�3��n9� � y(n/y(ru�3Õ
g � � n/�B�<ju�9n�§ g ~ n�~h§!j��JÕ(r�� � �Fn � ú
r2¦
xFo�ÕZo g k��¸j�tvoª¦�n9�9ruy(n9o g �¸ju� �3g þ�n�n/þ�n/� � x¸j�ththÕ�~�� gh� �
¦
xFo��
��r � r��9rut�t g þ�n/�Fn9o�o'juo2j��Èjuo�o3x
y � �3g ru�E§Eú�n ¦¸juo g �{j�ththÕãru�
thÕ#�¸j{þ�n � rÑ�Lr��/xFoOru�
j�¦Fo�n/�F�9n¥r���l
n{jul!tvr����Do gh� x¸j �3g ru�Fo{~ ä;xF���Sjão gh� x¸j �3g ru�E§
n�~ kF~h§��9rux
tvl j�� g o�n g �D�{juo�n
r��Oo g y'x
t � j��Fn9ruxFoÑo��Fr;r��Sju�9�9n9o�o�n9omo g �F�9n¥¦�r � � lFj � jÈj��Fl g �Fo � �3xF� �3g ru� �{ju���Fnìj���n
¦
tvr���� g �
kF~
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°e�L�<²@���c� �c���<�j�}G�¬ÇG ��� �0Û Ý�Þ
×Xg�hbg/îv×ãØBæ/Ý�×'&#ØuÛ Ü6Û�Øbg9ÝLÜJi�×

dbusy
m+Ý�Þ!×ìç�Ø�Ý Øtg�Øvg�Þ!×

Ø�ß�Ý Úuð(Ø�Ý Ú�ÛìÜ6ÙOÜ6ÛìÙ�Ý Ø�Ý�×
idle

m�ÜwI�×hIÈm
∀t ∈ N

+ [
¬dbusyt =⇒ d$.idlet+1

°e�L�A�<¤BÕ i£�Fn �
��r�r��qr�� � � g o��
��r���r�o gh�3g ru� �<ruthtvr{úqo g y y(n9l g j � n/thÕÄ����ruy � k�x
��nd�!~��
j��Fl#n9wJx¸j �3g ru� æ �!~h|{�bç�~

ut

µ �>¡(¡#�#�}G�¬ìG���¬ �6æ#Ý�Þ
×ãç�Ø�Ý Øtg�Øbg�Þ
×¬Ü]Ù Û�Ú�Ý�Ü�Û Ù�Ý Ø�Ý�×
idle

mZÜ�Ý'Ü6Ù¥Ù0ß2�jg/Ü<×/Û¸ÝZÝ Ú
Ù0Þ�Ú � î\ÜJi�×�Û�×�Ù�Ù'ÚBæ2Ý�Þ!×+ç�Ø�Ý ØÑØvg�g�×0Ù0Ù�ñ!Ú1&/Ý¸æ'&3Úuð¢Ý�Þ!×2Ù�Ý Ø�&�Ý�ÚBæ2Ý�Þ!×Gg�Øbg�Þ
× Øbg�g�×�Ù�Ù�m�ÜwI�×hIÈm
∀t ∈ N

+ [
¬d$.idlet+1 ∧ ∃next

¬dbusy(lastd$.crd(t + 1)) =⇒ ∃next
¬dbusy(t)

°e�L�A�<¤BÕ «En �
¬d$.idlet+1 �Frutvlãj��Fl ¬dbusyt′ �<ru�so�ruy(n t′ ≥ lastd$.crd(t + 1)

~
ä g �F�9n � �FnÑ�/t]j g y g o � � g o3�Fn9l g �

t′ ≥ t
j�tvo�r �Frutvl
o{§Pú�nd�{j��Djuo�o3x
y(n

t′ < t
~¥� n

j\���
thÕbtvn/y ymjÈ�!~��!~�� � rÈ�/Õ��/tvn
t + 1

g � ru��l
n/� � r �9ru�F�/thxFl
n
¬d$.idlet′+1 o g �F�9n

t′ + 1 ∈ ]lastd$.crd(t + 1) : t + 1]
�Frutvl
o{~Ä� gh� � tvn/y ymjÄ�!~ [F~����!§ � � g o+tvn{jul
o � r

dbusyt′ ú�� g ��� g osjZ�9ru� � ��jul g � �3g ru�Äj��Fl � � g o3�Fn9o � �FnOtvn/y ymj!~ ut

�e�<�L�+³£³ ���L¢o�}G�¬ÇG �+� ��Ý2Ü6ÙdÙ�ß0�jg9Ü<×�Û@Ý�Ý ÚãÙ0Þ�Ú � î\ÜJi�×�Û�×�Ù�Ù#ÚBæ¥Ý�Þ!×¬ç�Ø�Ý Ø Øbg�g�×0Ù0Ù ñ!Ú1&/Ý
æ'&3Úuð¢Ý�Þ!×2Ù�Ý Ø�&�Ý�ÚBæ2Ý�Þ!×Gg�Øbg�Þ
×ZØbg�g�×0Ù0Ù�m£ÜwI�×hIÈm

∀t ∈ N
+ [

∃next
¬dbusy(lastd$.crd(t + 1)) =⇒ ∃next

¬dbusy(t)

°e�L�A�<¤BÕ �£n9�{j�xFo�n¬r���tvn/y ymj �!~ [F~��\[F§qú�n¬ru�
thÕS�¸j9þ�n � r �9ru�Fo g l
n/�
d$.idlet+1 ~

���
lastd$.crd(t + 1) = t

�Frutvl
oË§ � �Fn¥�/t]j g y g o � � g þ g j�ththÕ �Lx
t � thtvn9l>~b«�n � � �Fn/��n��Lru��n
lastd$.crd(t + 1) = lastd$.crd(t)

�Frutvl>~Íä g �F�9n � �Fn(�/t]j g y g o � � g o3�Fn9l g �
¬dbusyt�Frutvl
oË§�ú
n¥�{j�� jul
l gh�3g ru�¸j�ththÕ juo�o3x
y(n

dbusyt ~ �£n9�{j�xFo�nÍr�� ¬d$.crd
§ � � g o+tvn{jul
o

� r
¬d$.idlet ~�ä g �F�9n

d$.idle1 � � g þ g j�ththÕ¥�Frutvl
o{§�ú
n'�;�FrËú t > 1
j��Flì�{j��Äj\���
thÕ

tvn/y ymjm�!~ [F~��\[ � r(�/Õ!�/tvn
t − 1

g � ru��l
n/� � r � � g o3� � �FnO�/t]j g y ~
ut

µ �>¡(¡#�#�}G�¬ìG��<¦ p�Þ!×ÈÜ�Û
Ù�Ýl&�ß�g9ÝLÜLÚ�ÛÁg�Øvg�Þ!× À ÖWÎ ×'iu×�Û¸ÝLß
Øuî6î h &3×3Øvg�Þ!×0ÙDØuÛöÜ6ÛFÜLÝLÜ<Øuî
Ù/Ý Ø�Ý�×�m�ÜuI6× Iªm

∀t ∈ N
+ [
∃t′ ≥ t : i$.idlet′ ∨ i$.wait4dinitt′

°e�L�A�<¤BÕ «En �
i$.line � fillt ∨ i$.linvt ∨ i$.linv2t �Frutvl#�Lru�Vr � �Fn/�3ú g o�n�§ � �Fn

�/t]j g y g o � � g o3�Fn9l¥ú gh� �
t′ := t

~
|�~q«En �

i$.line � fillt �Frutvl>~P� gh� �¥tvn/y ymj �!~h|�~��Zru��tvn/y ymj �!~h|�~��!§
ú
n � �Fl j
�/Õ��/tvn

k < t
ú gh� �

i$.line � fill.reqk j��Fl
i$.line � fillk′ �Lru��j��JÕ��/Õ!�/tvn

k′ ∈ ]k : t[
~Z� n(�{j��bj\���
thÕìtvn/y ymjì�!~ [F~�� g � ru��l
n/� � r¥�9ru�F�/thxFl
n

¬busyk §g ~ n�~h§
requestk

�Frutvl
oË~�« g þ�n/�Fn9o�o¥r�� � �Fn¬¦
xFo �
��r � r;�9rut2j��Fl � �Fnq�
�JÕ!o g �{j�t
y(n/y(ru�3Õ#ju�9�9ru��l g �
k � rmn9wJx¸j �3g ru� æ �!~�Rbç � �Fn/�#k�x¸j���j�� � n9n9o � �¸j �q� �Fn/��n�nTS g o � o
o�ruy(n

l ≥ k
ú gh� �

acc � endl § g ~ n�~h§ i$.line � fill.lastl+1 j��Fl
i$.idlel+2 ~

� n � � g o3� � � g os�{juo�nVú gh� �
t′ := l + 2

~
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�!~q«En �

i$.linvt ru�
i$.linv2t �Frutvl>~(� n � � g þ g j�ththÕÄ�9ru�F�/thxFl
n

i$.idlet+1 ru�
i$.wait4dinitt+1 j��Fl � �FnO�/t]j g y g o � � g o3�Fn9l¥ú gh� �

t′ := t + 1
~

ut

µ �>¡(¡#�#�}G�¬ìG��A· �6æ(Ý�Þ!×ÍçJØ�Ý Ø g�Øbg�Þ!× Øuß�Ý Ú�ð Ø�Ý ÚuÛ Ü]Ù(Ü�ÛÈÙ/Ý Ø�Ý�×
d$.idle � ÞJÜ6îv×dÝ�Þ!×

Ü�Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛ(g�Øbg/Þ!×ÑØuß�Ý Ú�ð Ø�Ý ÚuÛ Ü6Ù+Û@Ú�Ý£Ü6ÛÄÙ/Ý Ø�Ý�×
i$.wait4dinit

mqÝ�Þ!×mç�Ø�Ý ØXg�Øbg�Þ!×
Øvg�g�×0Ù0Ù�Ü]ÙOî ÜZiu×hI À Ú1&�ð(Øuî�î h�m

∀t ∈ N
+ [

d$.idlet ∧ ¬i$.wait4dinitt =⇒ ∃next
¬dbusy(t)

°e�L�A�<¤BÕ ä g �F�9n
¬i$.wait4dinitt �Frutvl
oË§ � �Fn#lFj � j �{ju���Fn g od�Fr � o��Fr;r���n9l g �

�/Õ!�/tvn
t
~ ��� �{juo�nìr��'jÈ��n{jul ru�dú�� gh� n¬� gh�Ñg � �/Õ!�/tvn

t
§
¬dbusyt ru� ¬dbusyt+1�Frutvl>§;��n9o���n9� �3g þ�n/thÕ�~�i£�JxFo{§;ú
nsru�
thÕ �¸j9þ�n � r2�9ru�Fo g l
n/��y g o�o�n9o{§ g ~ n�~h§

¬d$.hitt
~Pi£�Fn

��n/ymj g � g �
k�j��3k�x
y(n/� � o
j���n�¦¸juo�n9lZru� � k�x
��nq�!~��Vj��Fl+n9w;x¸j �3g ru�Fo æ �!~h|{�bçPj��Fl æ �!~h|{�bç�~
|�~q«En � jm�/tvn{j��ãy g o�o�r��9�/x
� g �Ä�/Õ!�/tvn

t
§ g ~ n�~h§

d$.wait4snoopt+1 �Frutvl
o{~2ä � j � n
d$.wait4snoop

g ostvn�� � juo�o�r;ru�Äjuo � �Fn g �Fo � �3xF� �3g ru�ã�{ju���Fn+��n{ju���Fn9o2j�� g � g �
�3g j�t�o � j � nOú�� g ���#�¸j\����n/�Fo�n/þ�n/� � x¸j�ththÕìju�9�9ru��l g �
k � r tvn/y ymjd�!~ [F~��"a!~
i£�;xFo{§
ú
n � �Fl jÈ�/Õ!�/tvn

t′ > t + 1
ú gh� �

d$.line � fill.reqt′ ~ ø��9�9ru��l g �
k � r
tvn/y ymj �!~ [F~��!§

¬busyt′ �Frutvl
o j��Fl � �JxFo{§+t g þ�n/�Fn9o�oÄr�� � �Fn ¦
xFo �
��r � r��9rut
k�x¸j���j�� � n9n9o+o�ruy(n �/Õ!�/tvn

t′′ > t′
ú gh� �

acc � endt′′ § g ~ n�~h§ brdyt′′ ∧ ¬reqpt′′ ~
i£�Fn/��n��Lru��n�§

d$.line � fill.lastt′′+1 �Frutvl
o{~ö��� �{juo�n¬r��+j ��n{jul ju�9�9n9o�o{§
¬dbusyt′′+1 j�tvo�rÍ�Frutvl
o{§�ú�� g tvnmjÑú�� gh� nmju�9�9n9o�o � j���n9o'ru�Äy(ru��n(�/Õ!�/tvn�§ g ~ n�~h§
¬dbusyt′′+2 �Frutvl
oqú�� g ��� � � g o3�Fn9o � � g o��{juo�nOr�� � �Fn��/t]j g y ~

�!~q«En � jãl g � � ÕDy g o�o(r��9�/x
� g �S�/Õ!�/tvn
t
§ g ~ n�~h§

d$.wait4memt+1 �Frutvl
o{~ ä � j � n
d$.wait4mem

g o�tvn�� � juoVo�r�ru� juo � �Fn g �Fo � �3xF� �3g ru� �{ju���FnZ¤�ä��ýtvn{j{þ�n9oOo � j � n
i$.line � fill ú�� g ���Ñ�¸j\����n/�Fo
n/þ�n/� � x¸j�ththÕ(¦�n9�{j�xFo�n�r�� � �Fnqt g þ�n/�Fn9o�o�r�� � �Fn¦
xFoe�
��r � r��9rut ~¥i£�JxFoË§

d$.write � back.reqt′ �Frutvl
o2�<ru��o�ruy(n t′ > t + 1
~

��Õ � �Fn¥o�j�y(nìj��3k�x
y(n/� � oÍjuo g � � �Fn j�¦�rËþ�n �{juo�nÍ�<ru�
d$.line � fill §ªú�n� �Flìj �/Õ!�/tvn

t′′ > t′
ú gh� �

d$.write � back.lastt′′ j��Fl lastd$.crd(t
′′) = t

~
«En/y ymjZ�!~ [F~��2k�x¸j���j�� � n9n9o � �¸j �

i$.line � fillt′′ l
r;n9o
�Fr � �Frutvldo g �F�9n � � g o
tvn{jul
o � r � �FnO�9ru� � ��jul g � �3g ru�

d$.hitt
~���n/�F�9n�§
ú
nV�¸j{þ�n

d$.wait4snoopt′′+1

j��Fl � � g o3� � �Fn2�/t]j g y juo g � � �Fn2j�¦�r{þ�n��{juo�n�~
ut

µ �>¡(¡#�#�}G�¬ìG��3Í �6æ(Ý�Þ!×ÍçJØ�Ý Ø g�Øbg�Þ!× Øuß�Ý Ú�ð Ø�Ý ÚuÛDÜ]Ù Ü�ÛbÙ�Ý Ø�Ý�×
d$.idle

mVÝ�Þ!×Ñç�Ø�Ý Ø
g�Øbg�Þ!×ZØbg g�×0Ù�Ù+Ü]ÙVî ÜZi�× I À Ú1&�ð(Øuî6î h�m

∀t ∈ N
+ [

d$.idlet =⇒ ∃next
¬dbusy(t)

°e�L�A�<¤BÕ «En �
d$.idlet �Frutvl>~�� � � �Fn/��n�nTS g o � oªo�ruy(n��/Õ��/tvn t′ ≥ t

ú gh� �
d$.idlet′ ∧

¬i$.wait4dinitt′ §Ïú
nÍ�{j��bj\���
thÕÈtvn/y ymjì�!~ [F~��bZ � r#�/Õ!�/tvn t′
g � ru��l
n/� � r¬�9ru�!�

�/thxFl
n � �Fn��/t]j g y ~�� n � �Fn/��n��Lru��nZjuo�o3x
y(n � �¸j �s� �Fn/��n'nTS g o � o�Û@Úd�/Õ��/tvn
t′ ≥ t

ú gh� �
d$.idlet′ ∧ ¬i$.wait4dinitt′ ~
���Y�¸j�� �3g �/x
t]j��{§

i$.wait4dinitt �Frutvl
o{~
��n/�F�9n�§
� �Fn¥lFj � j �{ju���Fn g omo3�Fr;r���n9l g � �/Õ!�/tvn

t
j��Fl

i$.line � fill.reqt+1 �Frutvl
o{~S���
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�{juo�n2r��ªj(o3�Fr�r�� y g o�o{§¸ú
n��¸j9þ�n'jm�9ru� � ��jul g � �3g ru�ã¦�n9�{j�xFo�nO¦�r � �

d$.idlet+1 j��Fl
¬i$.wait4dinitt+1 �Frutvl
o{~���n/�F�9n�§
ú
n2�{j��¬juo�o3x
y(n d$.hitt

~
¤Fru� jÈ�/tvn{j�� � gh� §qú�n#�¸j{þ�n

d$.snoopt+1 j��Fl
d$.idlet+2 ú�� g ��� g oÍj�tvo�rbj

�9ru� � ��jul g � �3g ru�D¦�n9�{j�xFo�n
i$.line � fill.waitt+2 �Frutvl
o{~¥i£�JxFo{§Pú�nm�{j��Djuo�o3x
y(n

j l g � � ÕÄ� gh� § g ~ n�~h§
d$.write � back.reqt+1 j��Fl

i$.line � fill.reqt+1 ~d��� � � g o
�{juo�n�§utvn/y ymjO�!~ [F~�� � ruk�n � �Fn/��ú gh� � � �Fn�¦
xFo��
��r � r��9rut
k�x¸j���j�� � n9n9o � �¸j ��� �Fn/��n£nTS g o � o
o�ruy(n��/Õ!�/tvn

t′ > t + 1
ú gh� �

d$.write � back.lastt′ j��Fl lastd$.crd(t
′) = t

!��Fr � n
� �¸j �

i$.write � back.lastt′ j�tvo�r(�Frutvl
oË~s��n/�F�9n�§
d$.idlet′+1 j��Fl

i$.idlet′+1

¦�r � �¥�Frutvl¥ú�� g ��� g o�jZ�9ru� � ��jul g � �3g ru�ãj��Fl � �Fn��/t]j g y g o � � g o3�Fn9l>~
ut

µ �>¡(¡#�#�}G�¬ìG��<§ p�Þ!×ÍçJØ�Ý Ødñ!Ú1&/Ý2ÚBæÑÝ�Þ!×Yg�Øbg/Þ!×¥ðm×�ð(Ú1&Th¬Ü6Û¸Ý�×R&6æ9Øbg�×ÑÜ6Ùmî ÜZiu×�m2ÜwI�×hIÈm
∀t ∈ N

+ : ∃next
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o � n��E§ � �Fn g �Fo � �3xF� �3g ru�X��r g � � n9l � r(¦JÕ

DPC
g osnTS!n9�/x � n9l>§@¦
x ��� �Fn'�
© x���lFj � n�r��

� �Fn g �Fo � �3xF� �3g ru� ru�
thÕ jL	>n9� � o
PC ′ ~Dä g y�x
t � j��Fn9ruxFo3thÕ�§ � �Fn¥rutvl þ�j�thxFn¥r��

PC ′ g oú�� gh�3� n/� � r
DPC

ú�� g ���#�/��n{j � n9o � �FnOl
n9o g ��n9l¥l
n/t]j9ÕÍo3tvr � ~���n/�F�9n�§
PC ′ j��Fl DPCj���nV¦¸juo g �{j�ththÕ¥j(wJxFn/xFnOr���l
n�� � � � ú�r g � � �Fn2o���n9� g�� �{j �3g ru�E~

���+o3x
y ymj��3Õ�§�jq�Pø�¨ì�¬o���n9� g�� �{j �3g ru�+�9ru� � k�x
��j �3g ru� g oPj3a)� � x��
tvn
(PC ′ § DPC

§
M
§
GPR

§
FPR

§
SPR)

~U� n�xFo�n � �Fn��Fr � j �3g ru�
cS
�Lru��jqo���n9� g�� �{j �3g ru�'�9ru� � k�x
��j �3g ru�

g �Zru��l
n/� � r�l g o �3g �
k�x g o3� gh� ����ruy � �Fn g y �
tvn/y(n/� � j �3g ru�m�9ru� � k�x
��j �3g ru�mt]j � n/�Pru�E~U� n
j�tvo�r g � � ��r�l!xF�9n � �Fn��Fr � j �3g ru�

cn
S

�Lru� � �Fn'o���n9� g�� �{j �3g ru�ã�9ru� � k�x
��j �3g ru� H ×�æ9Ú1&�× � �FnnTS
n9�/x �3g ru� r�� g �Fo � �3xF� �3g ru�
n
~'��n/�F�9n�§

c0
S

l
n/�Fr � n9o � �Fn g � gh�3g j�t��9ru� � k�x
��j �3g ru�bj��Fl
c7
S

§>n�~ kF~h§>l
n/�Fr � n9o � �Fn+�9ru� � k�x
��j �3g ru� j)� � n/�OnTS
n9�/x �3g �
k g �Fo � �3xF� �3g ru�ka!§�¦
x � ¦�n��Lru��n
nTS
n9�/x �3g �
k g �Fo � �3xF� �3g ru�BZ�~ � n¥j�tvo�r g � � ��r�l!xF�9n#j�� j�t � n/�3�¸j �3g þ�n �9ruy �
x � j �3g ru� r��
� �Fnq�
��ruk���j�y y(n/��� o¥y(r�l
n/t � Ü�Ý�Þ�Ú�ß�ÝZÜ�Û¸Ý�×'&'&0ßËñ�Ý�Ù/§ g ~ n�~h§sjbo���n9� g�� �{j �3g ru� � �¸j � ùBxFo �
l
r�n9os�Fr � ��n{ju� ��� r g � � n/�3�3x�� � o{~s¤¸ru�Vjd�9ruy �
x � j �3g ru�ãú gh� �Frux ��g � � n/�3�3x�� � o{§�ú
n+xFo�n
� �Fn��Fr � j �3g ru�

c̃n
S

g �ì�9ru� � ��juo �s� r
cn
S

~���� � �Fn2�LruthtvrËú g �
kF§¸ú�n�ú g tht � ��o � k g þ�n'l
n � j g tvo
ru� � �Fn2�FnTS � o � j � n��9ruy �
x � j �3g ru� �<ru�

c̃n+1
S

§ � �Fn/�#nTS � n/�Fl gh��� r � �Fn��Lx
tht
cn+1
S

~
� n�j�tvo�r g � � ��r�l!xF�9n�o�ruy(n£��x
�F� �3g ru�Fo
ru�mo���n9� g�� �{j �3g ru�d�9ru� � k�x
��j �3g ru�Fo g �mru��l
n/�

� rdj�¦
¦
��n/þ g j � n��Fr � j �3g ru�Fo{~ª� n�o � j�� � ú gh� �ìjZ��x
�F� �3g ru�
IR

��n � x
�3� g �
k � �Fn g �Fo � �3xF���
�3g ru� � �FnO�/x
�3��n/� � �9ru� � k�x
��j �3g ru� g o�o3x�����r�o�n9l � r nTS!n9�/x � n�~@V�r � n � �¸j �q� �FnV�Pøs¨¬�
��n9w;x g ��n9o g �Fo � �3xF� �3g ru�Ñ�Ln � ��� � r�¦�n�j�t g k��Fn9l>§ g ~ n�~h§�ú
n�y'xFo � �¸j9þ�n

cS .DPC mod 4 =
0
~�ä g �F�9n g �#�{juo�n2r��ªjZþ g rut]j �3g ru�E§¸ú
n'l
r �Fr � ú£j�� ��� rÑju�9�9n9o�o � �Fn2y(n/y(ru�3Õ#j � j�tht §
ú�n�ju� � x¸j�ththÕÍ�¸j9þ�n � �FnO�LruthtvrËú g �
kdn9w;x¸j �3g ru�¥�Lru� � �Fn g �Fo � �3xF� �3g ru� ��n/k g o � n/�

IR
~

IR(cS) =

{

cS .M [cS .DPC + 3 : cS .DPC]
g �

cS .DPC mod 4 = 0

032 r � �Fn/�3ú g o�n æ [F~h|cç

V�r � n � �¸j � ju�9�9ru��l g �
k � r � j�¦
tvn¥ø+~�� g � � �Fn¥j\����n/�Fl g S�§
032 ju� � x¸j�ththÕbn/�F�9r�l
n9o(j

Úbåvå�Û�g �Fo � �3xF� �3g ru� ú gh� �ìl
n9o �3g �¸j �3g ru�#��n/k g o � n/���!§ g ~ n�~h§¸j ä^ß"ãdg �Fo � �3xF� �3g ru�E~
�£juo�n9l#ru� � � g o g �Fo � �3xF� �3g ru�¬��n/k g o � n/�

IR
§ � k�x
��n'ø+~h|2ru�]�¸j�k�nm|�a"R g � � ��r;l!xF�9n9o

o�ruy(nÍjul
l gh�3g ru�¸j�t£�Lx
�F� �3g ru�FoZt g ��n
RD

�9ru� � j g � g �
k � �Fn g �Fl
nTSbr�� � �FnÑl
n9o �3g �¸j �3g ru�
��n/k g o � n/� g �bj ��n/k g o � n/� � tvn�~¥¤ g �¸j�ththÕ�§ � j�¦
tvn9o+ø+~h| � r#ø+~�a n/�F�9r�l
n � �Fnm�FnTS � o � j � n
r�� � �FnX�
��ruk���j�y y(n/��� oÍy(r;l
n/t � Ü�Ý�Þ!Úuß�Ý'Ü�Û¸Ý�×'&'&0ßËñ�Ý�Ù�~ � n¬juo�o�x
y(n � �¸j � ú�n#�¸j{þ�n
jq�
��n9l g �{j � n#ru�Sj�� g �Fo � �3xF� �3g ru� ú
ru��lD�Lru�mj��;Õ g �Fo � �3xF� �3g ru� ju�9�9ru��l g �
k � r � �Fn9o�n
� j�¦
tvn9oË§;n�~ kF~h§

add?(IR)
�Frutvl
o g 	¥¦�r � �

IR[31 : 26] = 06 j��Fl IR[5 : 0] = 105 �Frutvlju�9�9ru��l g �
k � r � j�¦
tvn(ø'~��!~ ��� jul
l gh�3g ru�E§�ú�nZ�¸j9þ�nÑj �
��n9l g �{j � n_Õ ãT��� �<ru�mØuî�î
¤����
� Õ>��n g �Fo � �3xF� �3g ru�Fo2ju�9�9ru��l g �
k � r � j�¦
tvn'ø+~��!§�j��Fl¬j_�
��n9l g �{j � n ê Ý êM� �<ru��y(n/y(ru�3Õ
g �Fo � �3xF� �3g ru�Fo�r���� �
j��Fl ¤P��� � ÕQ��n��L��ruy � j�¦
tvn9o�ø+~h|2j��Fl ø+~ [F~

� n2�Fr{ú �<ru�3ymj�ththÕ l
n � �Fn+j ����j�k�y(n/� � r���ru�Fn+�9ruy �
x � j �3g ru�¬o � n�� g � � �Fn��
��r��
k���j�y y(n/��� osy(r�l
n/tEú gh� �Frux ��g � � n/�3�3x�� � o{~ÂVsr � n � �¸j � ú
n2xFo�n$�
� g y(n9l¥�Fr � j �3g ru�ì�Lru�
� �Fns�FnTS � o � j � nsú gh� �Frux �
g � � n/�3�3x�� � o{§ g ~ n�~h§

c′S
l
n/�Fr � n9o � �Fnso � j � nsru�Fns�9ruy �
x � j �3g ru�

o � n��bj)� � n/�
cS
§�j��Fl j�tht��Lx
�F� �3g ru�FoZj��Flb�9ruy ��ru�Fn/� � o ru� � �Fnd� g k�� � � �¸j��Fl o g l
nÍjuo

ú�n/tht£juo
RD

��n��Ln/� � r � �Fn(x
���
� g y(n9l o � j � n
cS
~XV�r � n � �¸j � y(n/y(ru�3ÕÈr���n/��j �3g ru�Fo

�¸j{þ�n�j��#nT	>n9� �3g þ�nOy(n/y(ru�3Õ jul
l!��n9o�o

ea(cS) := cS .GPR[RS1(cS)] + imm(cS)
æ [F~��bç
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j��Fl jÍú g l � �Èr��
d
¦JÕ � n9o'juo g � � ��r�l!xF�9n9l g � � j�¦
tvn9o'ø'~h|(j��FlÈø'~ [F~dø�l
l gh�3g ru�¸j�ththÕ�§

y(n/y(ru�3Õmju�9�9n9o�o�n9oªj���n���n9w;x g ��n9l � rO¦�n�j�t g k��Fn9l>§ g ~ n�~h§�ú�n�l
n/ymj��Fl
ea(cS) mod d =

0
~V��� � � g o��9ru�Fl gh�3g ru� g os�Fr � ��x
t � thtvn9l>§�o � ru��n9oOj���nsùBxFo ��g k��Fru��n9l j��Flìtvr�jul
o��¸j9þ�n(�
juosj+��n9o3x
t �qg � � �Fn$�
��ruk���j�y y(n/��� osy(r;l
n/t�ú gh� �Frux �qg � � n/�3�3x�� � o{~

c′S .GPR[RD(cS)] =































































cS .GPR[RS1(cS)] + imm(cS)
g �
addi?(cS)

cS .GPR[RS1(cS)] − imm(cS)
g �
subi?(cS)

cS .M [ea(cS) + d − 1 : ea(cS)]
g �
lw?(cS)∧

d |ea(cS)

032 g �
lw?(cS)∧

d 6 |ea(cS)~~~ ~~~
cS .GPR[RD(cS)]

r � �Fn/�3ú g o�n

æ [F~��bç

i£�Fn�nTS � n/�Fo g ru�ìr�� � � g osnTS
j�y �
tvn � rdj�thtÏo3x�����ru� � n9l g �Fo � �3xF� �3g ru�FoVj��Fl � �Fn2��x
tht
o���n9� g�� �{j �3g ru�(�9ru� � k�x
��j �3g ru� g o�o � ��j g k�� � �<ru�3ú�j���l>~@V�r � n � �¸j � ú�n£�¸j9þ�n � r � j���n��{j���n
g �¥ru��l
n/� � rZn/�Fo3x
��n � �¸j � ��n/k g o � n/���Zj�thú�j{Õ�oq��n � x
�3�Foq�!~��sn/�F�9n�§

cS .GPR[RS1(cS)]ju� � x¸j�ththÕ l
n/�Fr � n9oÑ� g � �{juo�nìr��
RS1(cS) = 0

! � �Fnìo�j�y(n#ru¦;þ g ruxFo3thÕS�Frutvl
o(�<ru�
RS2(cS) = 0

~����#jul
l gh�3g ru�E§@j�tht g �Fo � �3xF� �3g ru�Fo�r�� � �FnO�Pøs¨¬�D�¸j{þ�n � �Fn2nT	>n9� �

c′S .PC ′ = cS .PC ′ + 4

c′S .DPC = cS .PC ′

x
�
tvn9o�oÑnTS^�
t g � gh� thÕS�Fr � n9l r � �Fn/�3ú g o�n g � � �Fnã�9ru�3��n9o���ru�Fl g �
k � j�¦
tvn9o¥ø'~h| � r ø'~��!~
��n/�F�9n�§

cS .PC ′ g o g �F�/��n/y(n/� � n9lÄx
�
tvn9o�osú
n+�¸j9þ�n jm¦
��j��F���Äru�ªùBx
y � g �Fo � �3xF� �3g ru�ru� j�� à Õ^Ýãj��Flbru�
thÕbj�� à ÕQÝ¬�{j�� ju�9�9n9o�o � �Fn
cS .DPC

l g ��n9� � thÕ�~ i£�JxFoË§ à Õ^Ý g o
¦¸juo g �{j�ththÕdj2o���n9� g j�t�ùBx
y � g �Fo � �3xF� �3g ru� � ÜLÝ�Þ�Úuß!Ý�çJ×�îhØ�h+Ù0îhÚ�Ý<~8V�r � nqú
nsú g tht¸�Fr � k g þ�n
jZ��x
thtEþ�n/��o g ru�ìr�� � �FnV�<ru�3ymj�tUo���n9� g�� �{j �3g ru� g � � � g o � �Fn9o g o�l!xFn � r gh� oqtvn/�
k � �E~
� n
��n��<n/� � r � �Fn¥o�n/y g �<�<ru�3ymj�t�o���n9� g�� �{j �3g ru� g � � �Fn � j�¦
tvn9omj�t � �Frux
k�� j��Fl � �FnÑ�Lx
ththÕ
�<ru�3ymj�t gh� n9l o���n9� g�� �{j �3g ru� g � ���Oä�~

� n��{j��Ñ�Fr{ú ��n9�/x
��o g þ�n/thÕ(l
n � �Fn�j��9ruy �
x � j �3g ru�Íú gh� �Frux �
g � � n/�3�3x�� � o£ú gh� �Ñj��
g � gh�3g j�tU�9ru� � k�x
��j �3g ru�

cinit
S

j��Fl � �Fn$�
� g y(n9l �Fr � j �3g ru� �L��ruy¢j�¦�rËþ�n2¦JÕ

c̃0
S := cinit

S

c̃n+1
S := c̃n

S
′.

øso(jì�FnTS � o � n��E§�ú�nÍú�j�� �m� rÄl
n � �Fn¥o���n9� g�� �{j �3g ru� �9ruy �
x � j �3g ru�Fo(ú gh� � g �!�
� n/�3�3x�� � oË~#� n � �Fn/��n��Lru��n g � � ��r�l!xF�9n � ú�rãjul
l gh�3g ru�¸j�t��Lx
�F� �3g ru�FoZru�bo���n9� g�� �{j �3g ru�
�9ru� � k�x
��j �3g ru�FoË§ g ~ n�~h§

CA(cS)
j��Fl

EData(cS)
§ � �¸j � ��n � x
�3� � �FnOnTS
�9n�� �3g ru� �{j�xFo�n

j��FlãlFj � jÑr�� � �Fn+o���n9� g�� �{j �3g ru� �9ru� � k�x
��j �3g ru�E§>��n9o���n9� �3g þ�n/thÕ�~2iUj�¦
tvnG[F~h|Zo3x
y ymj)�
� gh� n9l � �Fn2o3x�����ru� � n9l nTS!�9n�� �3g ru�¬�{j�xFo�n9o g � � �Fn2�Ïø�¨ì�Ï~�V�r � n � �¸j �

reset
�
t]j{Õ�o�j

o���n9� g j�t>��rutvn�juosj�� g � � n/�3�3x�� � o g �F�9n gh�qg o'×|��Ý�×'&0Û�Øuî ~ªi£�Fn
ill

nTS
�9n�� �3g ru� g o�juo�o�n/� � n9l
g �

IR(cS)
l
r;n9oZ�Fr � l
n9�9r�l
nÍj��;Õ g �Fo � �3xF� �3g ru�Sju�9�9ru��l g �
k � r � j�¦
tvn9o ø+~h| � r¬ø+~��!~
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���Fl
nTS VVj�y(n i�ÕQ��n ¨ãjuo3�uj�¦
tvn ��� � n/�3�3x�� �
�

reset
��n���n{j � �Fr ��n9o�n �

|
ill

��n���n{j � �Fr g thtvn/kJj�t g �Fo � �3xF� �3g ru�
�

mal
��n���n{j � �Fr y g o�j�t g k��Fn9l y(n/y(ru�3Õ ju�9�9n9o�o

�
ipf

��n���n{j � �Fr �¸j�k�nV� j�x
t � ru�Í�Ln � ���
[

dpf
��n���n{j � �Fr �¸j�k�nV� j�x
t � ru�¥tvr�julS2�o � ru��n

�
trap

�9ru� �3g �JxFn �Fr � ��j\� g �Fo � �3xF� �3g ru�
a

ovf
�9ru� �3g �JxFn Õ�n9o � S!n9ld��r g � � r{þ�n/�Bû¸rËú

Z
OVF

�9ru� �3g �JxFn Õ�n9o û¸r�j �3g �
k*��r g � � rËþ�n/�Bû¸r{ú
}

UNF
�9ru� �3g �JxFn Õ�n9o û¸r�j �3g �
k*��r g � � x
�Fl
n/�Bû¸rËú

R
INX

�9ru� �3g �JxFn Õ�n9o û¸r�j �3g �
k*��r g � �qg �FnTSFju� � ��n9o3x
t �
|{�

DIVZ
�9ru� �3g �JxFn Õ�n9o û¸r�j �3g �
k*��r g � � l g þ g o g ru� ¦;Õ � n/��r

|�|
INV

�9ru� �3g �JxFn Õ�n9o û¸r�j �3g �
k*��r g � �qg �;þuj�t g l#r���n/��j �3g ru�
|{�

UNIMP
�9ru� �3g �JxFn �Fr û¸r�j �3g �
k*��r g � � x
� g y �
tvn/y(n/� � n9l

iÏj�¦
tvn�[F~h|�z
ä;x�����ru� � n9l g � � n/�3�3x�� � o g � � �FnV�Pøs¨¬�

i£�Fn/��n+�{j��#¦�n � ú
rd��n{juo�ru�Fo��Lru�Vj y g o�j�t g k��Fn9lìy(n/y(ru�3Õìju�9�9n9o�o{§�j y g o�j�t g k��Fn9l g �!�
o � �3xF� �3g ru� �Ln � ���

imal(cS)
ru�(lFj � jãy(n/y(ru�3ÕDju�9�9n9o�o

dmal(cS)
~ i£�Fn/��n��<ru��n�§
ú�n

�¸j{þ�n � �FnV�<ruthtvr{ú g �
kÑn9wJx¸j �3g ru�¥�<ru��y g o�j�t g k��
y(n/� � z

CAS(cS)[mal] = imal(cS) ∨ dmal(cS)
æ [F~ [>ç

imal(cS) = cS .DPC mod 4 6= 0
æ [F~��bç

dmal(cS) = ea(cS) mod d 6= 0
æ [F~�abç

ä g �F�9n�ú
n��¸j{þ�nq�Fr�jul
l!��n9o�o � ��j��Fo3t]j �3g ru� g � � �Fn��Ïø�¨¬�U§u¦�r � �
ipf

j��Fl
dpf

j���n
�3g n9l � rÍ�!~�i£�Fn

trap
nTS!�9n�� �3g ru� g os��j g o�n9l#ru� � �Fn'o���n9� g j�t Þvà�Ù�ãÍg �Fo � �3xF� �3g ru�E~$Os�

j��mj�� gh� �
y(n �3g �sr{þ�n/�Bû¸rËú r��Ej�� g �Fo � �3xF� �3g ru� � �¸j � l
r�n9o��Fr � o3x����
��n9o�oªr{þ�n/�Bû¸r{úqo
t g ��n
Ùbèvèn� l
r�n9o{§

ovf
g o�o g k��¸j�tvn9l>~Pi£�Fn g � � n/�3�3x�� � o@Z Ò |�|�j���nª��j g o�n9l'juoU��n9w;xFn9o � n9l2¦;Õ � �Fn

�´�����Do � j��FlFj���lÑru�Ñû¸r�j �3g �
k���r g � � r���n/��j �3g ru�Fo{~�i£�Fn
UNIMP

nTS!�9n�� �3g ru�E§ � �¸j�ththÕ�§
g o2��j g o�n9lã�<ru� g �Fo � �3xF� �3g ru�FoeÕ Ú v à>Þ j��Fl#Õ à Ý ê o g �F�9n � �Fn9o�nmj���nZ�Fr � o3x�����ru� � n9lÄ¦JÕ
� �Fn'�Pøs¨¬� j������ gh� n9� � x
��n�~O�Vn���n/�Fl g �
kÍru� � �Fn g � � n/�3�3x�� � § � �Fn+nTS
�9n�� �3g ru�ãlFj � j g o
�9ruy �
x � n9l¬juo£�<ruthtvr{úqo{z

EData(cS) :=































cS .DPC
g �

imal(cS) ∨ ipf(cS)

imm(cS)
g �
trap?(cS)

ea(cS)
g �
mem?(cS)

FPUresult(cS)
g �
fpu?(cS)

032 r � �Fn/�3ú g o�n

æ [F~PZ"ç

Vsr � n � �¸j �sg � � �Fn+j�¦�r{þ�n'n9wJx¸j �3g ru�E§�ú
n'xFo�n9l � �Fn�o3�Fru� � �¸j��Fl
FPUresult

�Lru�
� �Fnm��n9o3x
t � r���jÍû¸r�j �3g �
kq��r g � ��g �Fo � �3xF� �3g ru�E~¥��n � j g tvo'ru� � �Fnd�9ruy �
x � j �3g ru�br���j
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���Fl
nTS VVj�y(n ¤
x
�F� �3g ru�
�

SR
ä � j � xFoq��n/k g o � n/�{~�©�ru� � j g �Fo g � � n/�3�3x�� � osymjuo3�d¦ gh� oË~

|
ESR

��S!�9n�� �3g ru�bo � j � xFoO��n/k g o � n/�{~Íä!j9þ�n9o
SR

g � �{juo�n r���j�� g �!�
� n/�3�3x�� � ~

�
ECA

��S!�9n�� �3g ru�Z�{j�xFo�nª��n/k g o � n/�{~Pä!j{þ�n9oPnTS!�9n�� �3g ru�Z�{j�xFo�n g �+�{juo�n
r���j�� g � � n/�3�3x�� � ~

�
EPC

��S!�9n�� �3g ru�
PC

~ªä!j{þ�n9o
PC ′ g � �{juo�n2r���j�� g � � n/�3�3x�� � ~[

EDPC
��S!�9n�� �3g ru�

DPC
~ªä!j{þ�n9o

DPC
g � �{juo�n�r���j�� g � � n/�3�3x^� � ~

�
EData

�8S!�9n�� �3g ru� lFj � j!~ýä!j{þ�n9oÍjul
l gh�3g ru�¸j�t2nTS
�9n�� �3g ru� lFj � j g �
�{juo�n2r���j�� g � � n/�3�3x�� � ~

a
RM

��rux
�Fl g �
k y(r�l
n�~ ���F�9r;l
n9oÈ�/x
�3��n/� � thÕ xFo�n9lö��rux
�Fl g �
k
y(r�l
nV�Lru��j�thtEû¸r�j �3g �
k_��r g � � r���n/��j �3g ru�Fo{~

Z
IEEEf

�´����� û@j�k�o���n/k g o � n/�{~W��n9w;x g ��n9l ¦JÕ � �Fnd�����ª� o � j��FlFj���l
� rmju�9�/x
y'x
t]j � n2û¸r�j �3g �
k_��r g � ��g � � n/�3�3x�� � o{~

}
FCC

¤Utvr�j �3g �
k ��r g � � �9ru�Fl gh�3g ru�¬�9r;l
n�~l��o�n9l � rmo � ru��nO��n9o3x
t � r��
û¸r�j �3g �
k*��r g � � �9ruy �¸j�� g o�ru�Fo{~

iUj�¦
tvne[F~��!z
ä>��n9� g j�t��
x
����r�o�nV��n/k g o � n/��o�r�� � �FnO�Ïø�¨¬�

RM [1 : 0]
��rux
�Fl g �
k

��� � r{ú�j���l � n/��r
�!| � r �FnTS � n/þ�n/�
|{� � r{ú�j���l

+∞|�| � r{ú�j���l
−∞

IEEEf
� gh� ¤Ïtvr�j �3g �
k_��r g � �qg � � n/�3�3x�� �

� r{þ�n/�Bû¸rËú
| x
�Fl
n/�Bû¸r{ú
� g �FnTS
ju� � ��n9o3x
t �
� l g þ g o g ru�¥¦JÕ � n/��r
[ g �Jþ�j�t g l r���n/��j �3g ru�

iÏj�¦
tvn$[F~��!z
©�r�l g �
kmr�� � �Fn2��n/k g o � n/��o
RM

j��Fl
IEEEf
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èA©lÊ
��n9o�x
t � r���jãû¸r�j �3g �
kk��r g � �dg �Fo � �3xF� �3g ru� ju�9�9ru��l g �
k � r � �Fnì���ª��� o � j��FlFj���l j���n
k g þ�n/� g ��I �Jju�{����jLK�~2ø�� � n/� g � � ��r;l!xF� g �
k

CA
j��Fl

EData
§@ú�n+�¸j9þ�n(jmtvr;ru�ìj �V� �Fn

o���n9� g j�t��
x
����r�o�n#��n/k g o � n/� � tvn�~ i£�Fn¬��n/k g o � n/� � tvn g � � �Fn¬�Pøs¨¬� �9ru� � j g �Fo o g S
��n/k g o � n/��oªl
n{j�t g �
k2ú gh� � g � � n/�3�3x�� � o�j��Fl � �
��n9n�juo���n9w;x g ��n9l(¦JÕ � �Fnq�´�����bo � j��FlFj���l
�<ru��û¸r�j �3g �
kG��r g � � r���n/��j �3g ru�Fo�ju�9�9ru��l g �
k � r � j�¦
tvn,[F~��!~8Vsr � n � �¸j �ª� �Fns�9r;l g �
k��Lru�
��n/k g o � n/��o

RM
j��Fl

IEEEf
g oqk g þ�n/� g � � j�¦
tvn$[F~��!~

i£�Fn/��n g oZru�FnÑl
n � j g t�r�� � �FnÍo���n9� g�� �{j �3g ru� ú gh� �Frux �Zg � � n/�3�3x�� � o(ú
nÑ�¸j9þ�nÑ�Fn��
k�tvn9� � n9lÑo�rV� j��ªo g �F�9n gh� �Fn9n9l
o � �Fn�l
n � � gh�3g ru�Ír��

CA
~Pi£�Fns�����ª�bo � j��FlFj���lXI ���Fo�}��LK

��n9w;x g ��n9o � �¸j � n/þ�n/�3Õdû¸r�j �3g �
ku����r g � � r���n/��j �3g ru� �9ruy �
x � n9os�+nTS
�9n�� �3g ru� ¦ gh� o æ n�~ kF~h§
rËþ�n/�Bû¸r{ú j��FlÑx
�Fl
n/�Bû¸rËú3ç�§
ú�� g ���#j���nOju�9�/x
y�x
t]j � n9l g �Ño � j � xFo�û@j�k�oË~��ªju���Íû@j�k g o
o�n � ú��Fn/�Fn/þ�n/� � �Fn£�9ru�3��n9o���ru�Fl g �
kVnTS
�9n�� �3g ru� r;�9�/x
��oË§�j��Fl gh�Ïg oÏ��n9o�n � ru�
thÕ � �
��rux
k��
nTS^�
t g � gh� ú�� gh� n9o � r � �FnVo � j � xFo�û@j�kF~���� � �Fn��Pøs¨¬�U§ � �FnO�+o � j � xFo�û@j�k�oqj���nVo � ru��n9l
g � � �Fn(o���n9� g j�t@�
x
����r�o�nZ��n/k g o � n/�

IEEEf
æ ���3~ � j�¦
tvn [F~��bç�§Uú�� g ��� g oOx���lFj � n9l j)���

� n/�sn/þ�n/�3ÕÍ¤P�@� g �Fo � �3xF� �3g ru�E§�j��Fl¥ú�� g ���¬�{j�� ¦�nOú�� gh�3� n/�¬j��Fl¥��n{jul#nTSQ�
t g � gh� thÕÍ¦JÕ
y(n{j��FoPr��¸y(rËþ�n9oÏ¦�n � ú
n9n/� � �Fn

SPR
j��Fl

GPR
~U��n/�F�9n�§uú
n���n{j�ththÕ2�¸j{þ�n � �Fn��<ruthtvr{ú£�

g �
km��n/t]j �3g ru� �<ru�qo���n9� g j�t��
x
����r�o�n2��n/k g o � n/�{Z æ
IEEEf

ç g �ì�9ruy �
x � j �3g ru�Fo�ú gh� �Frux �
g � � n/�3�3x�� � o{z

c′S .SPR[7] =























cS .GPR[RS1(cS)]
g �
movi2s?(cS)∧

SA(cS) = 7

cS .SPR[7][31 : 5](cS .SPR[7][4 : 0]∨
r � �Fn/�3ú g o�n

CA(cS)[11 : 7])

æ [F~�}bç

Vsr � n � �¸j � ú
n�l
r2�Fr � �¸j9þ�n � r�nTS^�
t g � gh� thÕ(��n��<n/� � rOû¸r�j �3g �
kG��r g � ��g �Fo � �3xF� �3g ru�Fo
g � � �Fn�j�¦�rËþ�n�n9w;x¸j �3g ru�do g �F�9n � �Fn�o���n9� g�� �{j �3g ru�mk�x¸j���j�� � n9n9o � �¸j �ª� �Fn9o�n � þ�n g � � n/�B�
�3x�� � o£�{j��Íru�
thÕ(¦�nqk�n/�Fn/��j � n9lÑ¦JÕ û¸r�j �3g �
k���r g � �£g �Fo � �3xF� �3g ru�Fo�j��JÕ�ú�j{Õ�~ª��n/�F�9n�§ g �
ú�n��¸j{þ�n+�Fn gh� �Fn/�Vj��ãnTSQ�
t g � gh� ú�� gh� n'¦JÕ ê�ß14<Û16QÚ ú gh� �ãl
n9o �3g �¸j �3g ru�ã��n/k g o � n/��ZZ�Fru�
j'û¸r�j �3g �
kf��r g � � r���n/��j �3g ru�E§ � �Fn�j�¦�r{þ�n2n9w;x¸j �3g ru� ùBxFo � n/þuj�thx¸j � n9o � r(j�� g l
n/� �3gh� Õ�~

� n��Fr{ú(�
��r;�9n9n9lOú gh� � � �Fn g � � n/k���j �3g ru�Zr�� g � � n/�3�3x�� � o{~Pi£�Fn�o � j � xFo���n/k g o � n/�
SRg o£xFo�n9l � rZymjuo��d�9n/� � j g � g � � n/�3�3x�� � o�ju�9�9ru��l g �
k � r � j�¦
tvn�[F~h|�~@V�r � n � �¸j � ú�nOo3x��!�

��ru� � ¦�r � �ì��n���n{j � j��Fl¬�9ru� �3g �JxFn g � � n/�3�3x�� � o{§ g ~ n�~h§�j)� � n/���¸j��Fl!t g �
k � �Fn g � � n/�3�3x�� � §
n gh� �Fn/� � �Fn g � � n/�3�3x�� � n9l g �Fo � �3xF� �3g ru� g o�nTS!n9�/x � n9l j�kJj g � ru� � �FnZ�FnTS �Vg �Fo � �3xF� �3g ru�
j)� � n/� gh� ~���� �{juo�n2r��Py�x
t �3g �
tvn g � � n/�3�3x�� � o g � � �Fn2o�j�y(n g �Fo � �3xF� �3g ru�E§ � �Fn2ru�FnOú gh� �
� �FnOo�ymj�thtvn9o ��g �Fl
nTS g oqxFo�n9l g � ru��l
n/� � r l
n9� g l
nOú��Fn � �Fn/�sj�� g � � n/�3�3x�� �qg oqr�� � Õ>��n
��n���n{j � ~�� nVú g thtE�Fr � �<ru�3ymj�ththÕ¥l
n � �Fn � �Fn g � � n/�3�3x�� � tvn/þ�n/t�juo � �Fn2o�ymj�thtvn9o � �{j�xFo�n
g �Fl
nTSÄjuoVú�juoOl
ru�Fn g ��I ¨¬�ª���LK��Lru� � �FnZ�V«A& o g �F�9n � � g o g � � n/�3�3x�� � tvn/þ�n/t g o�xFo�n9l
ru�
thÕ �Lru� � �Fn+��n���n{j � l
n9� g o g ru� g �Äo���n9� g�� �{j �3g ru�E~$V�r � n�§��Fr{ú�n/þ�n/�{§ � �¸j �V� �Fn g � � n/�B�
�3x�� � �¸j��Fl!tvn/�Zo�r�� � ú�j���n g o'j�tvo�rìo3x�����r�o�n9l � r#ru�
thÕ ��n{ju� �+� r � �Fn g � � n/�3�3x�� � ú gh� �
� �Fndtvr{ú�n9o �Zg �Fl
nTS�§ g ~ n�~h§ � r¬�9ruy �
x � n � �Fn g � � n/�3�3x�� � tvn/þ�n/t ~¬¤¸ru� � �Fn � ÕQ��nÑr�� � �Fn
g � � n/�3�3x�� � §Fú�n � �Fn/��n��Lru��n�o g y �
thÕÍ�¸j9þ�n

repeat(cS) :=
i<5
∨

i=0

CA(cS)[i].
æ [F~�Rbç
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���mru��l
n/� � r2l
n � n9� � j�� g � � n/�3�3x�� � §;ú�nq�¸j{þ�n � r � j���n � �Fn g � � n/�3�3x�� � ymjuo���oP�<ru�3y

��n/k g o � n/�
SR

g � � r(ju�9�9rux
� � ~�� n � �Fn/��n��<ru��nOl
n � �Fn � �FnVymjuo3��n9lÍ�{j�xFo�nV��n/k g o � n/�qj��Fl
¦¸juo�n � �Fn2l
n9� g o g ru�#ru� ú��Fn � �Fn/��j�� g � � n/�3�3x�� � r;�9�/x
��oqru� � � g o���n/k g o � n/�{~

MCA(cS) := λi∈Z32

{

CA(cS)[i] ∧ cS .SR[i]
g �

i ≥ 6 ∧ i 6= 12

CA(cS)[i]
r � �Fn/�3ú g o�n æ [F~h|{�bç

JISR(cS) := MCA(cS) 6= 032 æ [F~h|�|cç
Vsr � n � �¸j � �Lru� � �Fn��9ruy �
x � j �3g ru�¬r��

repeat(cS)
§
ú
n'�{j��#o g y �
thÕÍ��n��<n/� � r

CAg �Fo � n{jul#r��
MCA

o g �F�9n
MCA(cS)[4 : 0] = CA(cS)[4 : 0]

�Frutvl
o�j��JÕ�ú�j{Õ�~����#�{juo�n
r��

JISR(cS)
§!jO�9ruy �
x � j �3g ru�Íú gh� � g � � n/�3�3x�� � o£�{j�thtvo�j�� g � � n/�3�3x�� � o�n/�3þ g �9n���rux �3g �Fn

o � j�� �3g �
kDj � j � S!n9l jul
l!��n9o�o
SISR

j��Fl o�j{þ�n9o¥o�ruy(nÄjul
l gh�3g ru�¸j�tOþuj�thxFn9oÑú�� g ���
ú�nOú g tht�l
n � �FnOt]j � n/�sru�E~@Vsr � n�§!�FrËú
n/þ�n/�{§ � �¸j � ú gh� �Frux �

JISR(cS)
§¸�9ruy �
x � j �3g ru�

o � n��Fo�ú gh� � g � � n/�3�3x�� � o�j���n�n9wJx¸j�t � r � �Fr�o�nªú gh� �Frux � § g ~ n�~h§�ú
n
�¸j9þ�n
¬JISR(cn

S) =⇒
cn+1
S = cn

S
′ ~�i£�Fn/��n��Lru��n�§ � �FnV�LruthtvrËú g �
k_�
��r���r�o gh�3g ru� � � g þ g j�ththÕÑ�Frutvl
oË~

°e�L�<²@���c� �c���<�o¬ÇG£�SG£� )VÙ'îhÚuÛ Ë Ø�Ù'Û@Ú¥Ü6Û¸Ý�×R&�&�ß{ñ�ÝqÚ�g�g/ß,&�Ù�m H Ú�Ý�ÞìÙ ñ
×�g/Ü (lg�Ø�ÝLÜ<ÚuÛtg�Úuð�wñ�ß�Ý Ø�ÝLÜ<ÚuÛ
Ù�Ø1&�×Z×|k/ß
ØuîÛm
ÜuI6×hIÈm
∀n ∈ N

[

(∀m ∈ Zn : ¬JISR(c̃m
S )) =⇒ c̃n

S = cn
S

Vsr � n+j�tvo�r � �¸j � Õ�rux¬�{j��ìnTS
���¸j��
k�n
¬JISR(c̃m

S )
g � � �Fn2tvn�� � � �¸j��Fl#o g l
n�r�� � �Fn

j�¦�r{þ�n%�
��r���r�o gh�3g ru�2¦JÕ
¬JISR(cm

S )
ú�� g tvn@�
��n9o�n/�3þ g �
k � �Fn
�9ru�3��n9� � �Fn9o�o�r�� � �Fn�� g k�� � �

�¸j��FlÑo g l
n�~Pi£�Fn/��n��<ru��n�§;ú�nsru�
thÕ �¸j{þ�n � r�k g þ�n�j�l
n � � gh�3g ru�Ñr��
cn+1
S

�<ru� � �Fn
JISRn�{juo�n�~1V�r � nqj�tvo�r � �¸j � ú�n���n��<n/� � r

cn
S
′ g � � � g oªl
n � � gh�3g ru�E§ g ~ n�~h§ � �Fnq�FnTS � o � j � nqj)� � n/�

cn
S

g �#j �9ruy �
x � j �3g ru�#ú gh� �Frux �sg � � n/�3�3x�� � o{~�¤Fru� � �Fn�j�thtU�9ruy ��ru�Fn/� � o�j\�¸j�� � �<ru�3y
SPR

§ � �FnOl
n � � gh�3g ru� g oqo � ��j g k�� � �Lru�3ú£j���l>z

cS .DPCn+1 = SISR

cS .PC ′n+1
= SISR + 4

cS .Mn+1 = repeat(cn
S)? cn

S .M :cn
S
′.M

cS .GPRn+1 = repeat(cn
S)? cn

S .GPR :cn
S
′.GPR

cSFPRn+1 = repeat(cn
S)? cn

S .FPR :cn
S
′.FPR

��� � �Fn
SPR

§
ú�n#o�j{þ�n � �Fn#ymjuo3��n9l nTS
�9n�� �3g ru� �{j�xFo�nìj��FlSlFj � jÈjuomú
n/thtVjuo
� �FnZ�
©�oOr�� � �Fn g �Fo � �3xF� �3g ru�Äú
n j���nZo3x�����r�o�n9l � rd��n � x
�3� � r¥j)� � n/���¸j��Fl!t g �
k � �Fn
g � � n/�3�3x�� � ~�ø�tht g � � n/�3�3x�� � oìj���n#ymjuo3��n9l ú��Fn/� n/� � n/� g �
k � �Fn g � � n/�3�3x�� � o�n/�3þ g �9n
��rux �3g �Fn�~WV�r � n � �¸j � ú��Fn/�bo�j9þ g �
k � �Fn g � � n/�3�3x�� � ymjuo3��oË§Eú
nÑj�tvo�r¥�¸j{þ�n � r o0j9þ�n
� �FnÑymjuo3� � �¸j �Z� �Fn g �Fo � �3xF� �3g ru�Sj)� � n/� � �FnÑ��n � x
�3� �L��ruy � �Fn g � � n/�3�3x�� � �¸j��Fl!tvn/�
g o�o3x�����r�o�n9l � rdo�n9n�§ g ~ n�~h§ g �¬�{juo�n�r���jd�9ru� �3g �;xFn g � � n/�3�3x�� � §>ú
n'�¸j9þ�n � rÑo�j9þ�n � �Fn
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�
� g y(n9l þ�n/��o g ru�#r��

SR
~

cS .SPRn+1 = λi∈Z9



















































032 i = SR

repeat(cn
S)? cn

S .SPR[0] :cn
S
′.SPR[0] i = ESR

MCA(cn
S) i = ECA

repeat(cn
S)? cn

S .PC ′ :cn
S
′.PC ′ i = EPC

repeat(cn
S)? cn

S .DPC :cn
S
′.DPC i = EDPC

EData(cn
S) i = EData

repeat(cn
S)? cn

S .SPR[i] :cn
S
′.SPR[i]

r � �Fn/�3ú g o�n

æ [F~h|{�bç

i£� g os�9ruy �
tvn � n9o � �FnO�<ru�3ymj�tUl
n � � gh�3g ru�ãr�� � �Fn��
��ruk���j�y y(n/��� oVy(r�l
n/t ~
� �Fn/�
�
��rËþ g �
k � �Fn¥�Ïø�¨¬� g y �
tvn/y(n/� � j �3g ru� �9ru�3��n9� � t]j � n/�Ñru�E§ªú�n¥ú g tht�o3�FrËú � �¸j �(gh�
o g y�x
t]j � n9o � �Fn'j�¦�rËþ�n$�
��ruk���j�y y(n/��� o�y(r�l
n/t ~

íj�?> � 2  ` 5@26587,�+�Â�3AB!�7
��y �
tvn/y(n/� � j �3g ru� j��FlS�<ru�3ymj�tVþ�n/� g�� �{j �3g ru� r�� � �Fnìû¸r�j �3g �
k���r g � � x
� gh� o¥r�� � �Fn
�Pø�¨ì� j���n'k g þ�n/�¬¦;Õì�Jju�9ru¦ g I �Jju�{����jLK�~�ø,�¸j�� � �L��ruy � �FnZi�ruymjuo�x
tvr¥�9ru�3��n9� � �Fn9o�o
�
��r�r��3§�pV���u� g �
k*I pV���bR"R!§]pV�����!|TK>j�tvo�rVl
n/þ�n/tvr���n9lmj�� g � gh�3g j�t
x
�;þ�n/� g�� n9l(�Pøs¨¬� g yZ�
�
tvn/y(n/� � j �3g ru�ìú gh� �Frux � y(n/y(ru�3ÕÍx
� gh� ú�� g ���¬o�n/�3þ�n9l#juo�j(o � j�� �3g �
k_��r g � � �<ru�qrux
�
ú�ru�3��~8V�r � n�§!�Fr{ú�n/þ�n/�{§ � �¸j � ú
n��¸jul � r � Sd�Jx
y(n/��ruxFoq¦
x
k�o g � � � g o g y �
tvn/y(n/� � j)�
�3g ru�#¦�n��<ru��nVú
nOú�n/��n�j�¦
tvn � r �
��rËþ�n gh� oq�9ru�3��n9� � �Fn9o�oË~

ø � Õ>� g �{j�tn� g ��n/t g �Fn9l g �!��ru��l
n/�2y g �/��r��
��r;�9n9o�o�ru�'o��
t gh� o g �Fo � �3xF� �3g ru�ÈnTS
n9�/x �3g ru�
g � � rd�Lrux
���
�¸juo�n9o{§��¸j�y(n/thÕ g �Fo � �3xF� �3g ru�ã�Ln � ���E§>l
n9�9r;l
n�§>nTS
n9�/x � n�§Ej��Fl¬ú�� gh� n/¦¸ju����~
��x
� g �
k g �Fo � �3xF� �3g ru�Ñ�<n � ���E§ � �Fn g �Fo � �3xF� �3g ru� g o�tvr�jul
n9ld�L��ruy � �Fnsy(n/y(ru�3Õ+!
l
n9�9r�l
n
��n{jul
o � �Fn o�rux
���9nÄr���n/��j��Fl
o r�� � �Fn g �Fo � �3xF� �3g ru� �L��ruy � �Fnã��n/k g o � n/� � tvn�~ i£�Fn
nTS
n9�/x � n��
�¸juo�n��9ruy �
x � n9o � �Fn2��n9o3x
t � r��
j�� g �Fo � �3xF� �3g ru�ìú�� g ��� g o�ú�� gh�3� n/� � r � �Fn
��n/k g o � n/� � tvn#l!x
� g �
k ú�� gh� n/¦¸ju����~ øsoÑjÄ�9ru�Fo�n9w;xFn/�F�9nìr�� � � g od�/t]juo�o g �{j�t,� g ��n/t g �Fn
o � �3xF� � x
��n�§ g �Fo � �3xF� �3g ru�Ñl
n9�9r;l
n£�¸juo � r2¦�n�o � j�thtvn9lZx
� �3g t�j�thtFo�rux
���9n�r���n/��j��Fl
o�r��Ej��
g �Fo � �3xF� �3g ru�ìj���n2j9þ�j g t]j�¦
tvn�~ªø�o£tvru�
kmjuo � �FnOnTS
n9�/x � n��
�¸juo�nV�¸juo�jZ�9ru�Fo � j�� � o3ymj�tht
t]j � n/�F�/Õ�§�r{þ�n/��j�tht{��n/�B�<ru�3ymj��F�9n g om�¸j���l!thÕ jL	>n9� � n9l ¦JÕ � � g oÑo � j�tht g �
kF~ ��r{ú�n/þ�n/�{§
� �FnVnTS
n9�/x � n{�
�¸juo�n � Õ>� g �{j�ththÕÑ�¸juo�j'þ�n/�3Õ(ú g l
n���j��
k�n�r�����r�o�o g ¦
tvnst]j � n/�F� g n9oË§J�L��ruy
o g y �
tvn o g �
k�tvn����/Õ!�/tvn#r���n/��j �3g ru�Fo � rÄy(n/y(ru�3ÕSju�9�9n9o�o�n9o(ú gh� �S�{ju���Fn y g o�o�n9o � �¸j �
ymj{Õ � j���n��Jx
�Fl!��n9l
o�r����/Õ!�/tvn9o{~Ï��� � � g o
�{juo�n�§"��n/�B�Lru�3ymj��F�9n�ymj9ÕZ�Fr � j�¦
thÕ g �F�/��n{juo�n
¦;Õ g � � ��r;l!xF� g �
k rux � ��r��Zru��l
n/�ÍnTS
n9�/x �3g ru�E§ g ~ n�~h§q¦JÕ j�thtvr{ú g �
kSj�� g �Fo � �3xF� �3g ru� � r
rËþ�n/� � j���n�j��
��n/þ g ruxFo g �Fo � �3xF� �3g ru� � �¸j � o �3g thtFú�j gh� o
�<ru�ªr���n/��j��Fl
oË~%Os�Fn�r�� � �Fnq¦�n9o �
���Fr{ú�� rux � ��r��'ru��l
n/�¥nTS
n9�/x �3g ru� o����Fn/y(n9o g o � �Fn¬o�r����{j�thtvn9l i�ruymjuo�x
tvrBI iUruy*abZcK
j�thk�ru� gh� �
y � �¸j � ú�juo g �Jþ�n/� � n9lãj��FlY�¸j � n/� � n9l g � |�R"abZ�~
ó�ò��Oò�ñ � ��� � ø1�è�)� � �<�N�Ç÷8	u� � �
i£�Fn�¦¸juo g ��iUruymjuo3x
tvrÍj�thk�ru� gh� �
y j�tvo�rdj�thtvr{úqo g �Fo � �3xF� �3g ru�Fo � r(tvn{j9þ�n � �Fn�� g ��n/t g �Fn
rux � ��r��2ru��l
n/�{~ �srËú
n/þ�n/�{§£y(r�o � y g �/��r��
��r��9n9o�o�ru�Ño3x�����ru� �mg � � n/�3�3x�� � o{§ g ~ n�~h§£juomj
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PC environment

192192192
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128 64

Producers

EX
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128Common Data BusC
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Reorder Buffer

32
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IF

WB

GPR FPR SPR

IR

FPU1 FPU3

CDB

ROB

MU FPU2XPU

PC ′ DPC RS RS RS RS RS

PPPPP

¤ g k�x
��n$[F~h|�z�i£�FnO�Pøs¨¬� lFj � j��¸j � �Fo

��n{ju� �3g ru� � r#o�ruy(nmn/þ�n/� � o{§Po�n9w;xFn/� �3g j�tn�
��ruk���j�y nTS
n9�/x �3g ru�Èymj{Õ¬¦�n g � � n/�3�3x�� � n9l
j��Fl jÍo�r����{j�thtvn9lã�¸j��Fl!tvn/�2��rux �3g �Fn g oO�{j�thtvn9l>~Zø � o�ruy(nZt]j � n/�2�/Õ!�/tvn�§ � � g oV�¸j��Fl!tvn/�
ymj{Õ � n/�3y g �¸j � n¥j��Fl o�n9w;xFn/� �3g j�t�nTS!n9�/x �3g ru�Dr�� � �Fn g � � n/�3�3x�� � n9lD�9r�l
nÍ�9ru� �3g �;xFn9o
ú gh� � � �Fn2�FnTS ��g �Fo � �3xF� �3g ru�E~����#ru��l
n/� � r g y �
tvn/y(n/� ��� � g os¦�n/�¸j9þ g rux
�{§ g � � n/�3�3x�� � o
�¸j{þ�n � rm¦�ne�
��n9� g o�n�§ g ~ n�~h§ g ��o�ruy(n g �Fo � �3xF� �3g ru� g o g � � n/�3�3x�� � n9l>§ � �Fn/� j�tht��
��n/þ g ruxFo
g �Fo � �3xF� �3g ru�FoPj���n£j�th��n{jul!Õ�nTS
n9�/x � n9l>§u¦
x � �Frst]j � n/� g �Fo � �3xF� �3g ru�Z�¸juo�¦�n9n/�+nTS
n9�/x � n9l>~
��n/�F�9n�§��<ru�
jOo��9n/�¸j�� g rOú gh� �*�
��n9� g o�n g � � n/�3�3x�� � o{§ � �Fn�iUruymjuo3x
tvr'j�thk�ru� gh� �
y g o�xFo3x!�
j�ththÕDn/�
�¸j��F�9n9lS¦JÕSjÄo�r����{j�thtvn9lØ&3×�Ú1&Bç;×'& H ß'Ôs×'& � �¸j � n/�Fo3x
��n9o � �¸j �dg �Fo � �3xF� �3g ru�Fotvn{j{þ�n � �FnW� g ��n/t g �Fn g � ru��l
n/�{§�j�t � �Frux
k�� � �Fn/ÕÈymj9Õb�¸j9þ�nÍ¦�n9n/�DnTS!n9�/x � n9lDrux � ��r��
ru��l
n/� g �Fo g l
n � �Fn�� g ��n/t g �Fn�~���� � �FnO�<ruthtvr{ú g �
kF§�ú
n � �Fn/��n��Lru��n+l
n9o��/� g ¦�n � �Fn�iUruymj)�
o�x
tvrÑj�thk�ru� gh� �
y ú gh� �ã��n9ru��l
n/�O¦
x^	>n/�Ojuo g y �
tvn/y(n/� � n9l g � � �Fn+�Pøs¨¬� ju�9�9ru��l g �
k
� r � k�x
��ne[F~h|�~

���ãru��l
n/� � r g y �
tvn/y(n/� � rux � ��r���ru��l
n/�VnTS
n9�/x �3g ru�E§Ej(o�r����{j�thtvn9l ñ0&BÚ{ç�ß^g�×R&mÝ Ø H îv×
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g o2jul
l
n9l � r � �FnZ��n/k g o � n/� � tvn�~Zi£� g o$�
��r�l!xF�9n/� � j�¦
tvn �9ru� � j g �Fo2�Lru�2n{ju��� ��n/k g o � n/�
jbþ�j�t g l ¦ gh� j��Fl j � j�kF~ ø�� ju� �3g þ�n þuj�t g l ¦ gh�¥g �Fl g �{j � n9o � �¸j � �Fr g �Fo � �3xF� �3g ru�
�/x
�3��n/� � thÕ g � � �Fnn� g ��n/t g �Fn�ú�� gh� n9o � r � �Fn£�9ru�3��n9o���ru�Fl g �
kV��n/k g o � n/�{§ g ~ n�~h§ � �Fn���n/k g o � n/�
� tvn+�9ru� � j g �Fo � �Fn����9ru�3��n9� ��� lFj � jÍj�� g �Fo � �3xF� �3g ru� �/x
�3��n/� � thÕ#¦�n g �
k¥l
n9�9r;l
n9l¬ymj9Õ
ú£j�� ��� r ��n{jul>~����#�{juo�n2r��ªj�� g �Jþ�j�t g l#��n/k g o � n/�{§ � �Fn/��n g oso�ruy(n g �Fo � �3xF� �3g ru� g � � �Fn
� g ��n/t g �Fn � �¸j � ú�� gh� n9o � � g oP��n/k g o � n/��! � � g o g �Fo � �3xF� �3g ru� g o g l
n/� �3g�� n9l ¦JÕ � �Fn � j�ks�L��ruy
� �Fn��
��r;l!xF�9n/� � j�¦
tvn�~

���Fo � �3xF� �3g ru�bl
n9�9r;l
n g o�o��
t gh�'g � � r Ý � Úd�
�¸juo�n9oË§��¸j�y(n/thÕ g o�o�xFnmj��FlÈl g o��¸j � ���E~
�´o�o3xFn g o g � � n/k���j � n9l g � � r � �Fn���rutvl �2g �Fo � �3xF� �3g ru�Äl
n9�9r�l
n+j��Fl � �JxFoVo �3g thtÏr;�9�/x
��o g �
ru��l
n/�{~���x
� g �
k g o�o�xFn�§�j�tht>r���n/��j��Fl
o � �¸j � j���nOj9þ�j g t]j�¦
tvn2j���n���n{julA!;�Lru� � �Fnsy g o�o g �
k
ru�Fn9oË§ � �Fn+�9ru�3��n9o���ru�Fl g �
k � j�k(�L��ruy � �Fn'��n/k g o � n/� � tvn g o g �Fo�n/� � n9lìo�xF��� � �¸j � t]j � n/�
ru�E§ � �Fn£ju� � x¸j�tFlFj � j�¦�n/tvru�
k g �
k � r � � g o � j�k�ymj{Õ�¦�n�jul
l
n9l>~Pi£�Fn g �Fo � �3xF� �3g ru� ú gh� �
j�tht gh� o�o�rux
���9n r���n/��j��Fl
o Ô n gh� �Fn/�'juo�ju� � x¸j�tªlFj � jÍru�Oy(n/��n � j�k�o Ô g o$�¸juo�o�n9l � r j
�Fn/ú lFj � jmo � �3xF� � x
��n'�{j�thtvn9lÆ&3×�Ù9×'&'i)Ø�ÝLÜ<ÚuÛÄÙ/Ý Ø�ÝLÜLÚ�Û¸§@j(�Fn/ú � j�k g o���n9o�n/�3þ�n9l#�<ru� � � g o
g �Fo � �3xF� �3g ru�E§ � �Fn l
n9o �3g �¸j �3g ru�Ä��n/k g o � n/�2r�� � � g o g �Fo � �3xF� �3g ru� g o�ymj��3��n9lÈjuo g �Jþ�j�t g l
j��Fl � �Fn � j�kÄo�n �Z� r � �Fn g �Fo � �3xF� �3g ru�'� o � j�kF§ªj��Fl j#�Fn/ú n/� � �3Õ g o jul
l
n9l � r � �Fn
��n9ru��l
n/��¦
x^	�n/�qú�� g ��� g o£¦¸juo g �{j�ththÕ+ùBxFo � jZ¤ g �Lr w;xFn/xFn�~

��� jÄ��n9o�n/�3þ�j �3g ru� o � j �3g ru�E§ g �Fo � �3xF� �3g ru�FoÑú�j gh� x
� �3g t2j�tht � �Fn g �Ír���n/��j��Fl
oÍj���n
j{þuj g t]j�¦
tvn�~ªi£� g o g oqju�9�9ruy �
t g o3�Fn9lÍ¦JÕ H ßJÙVÙ�Û@Ú{Ú0ñ@Ü�Û Ë § g ~ n�~h§Fj�tht���n9o�n/�3þ�j �3g ru�¥o � j �3g ru�Foo��Fr;r��Íru� � �Fn�g�ÚuðZð Ú�Û¬ç�Ø�Ý Ø H ß;Ù��<ru��lFj � j � �¸j ��g ol�¸j g ��n9lÍú gh� � � �Fn � j�k � �Fn/ÕÑj���nnTS^��n9� �3g �
k¬lFj � j#�L��ruy ~ìi£�FnÍju� � x¸j�t�o�rux
���9n9oZr���lFj � jìj��Fl � j�kãru� � �FnÑ�9ruy y(ru�
lFj � j ¦
xFo�ú g thtE¦�n g � � ��r�l!xF�9n9l t]j � n/�{~

øso¥o�r�ru� juo#j�� g �Fo � �3xF� �3g ru� g � j ��n9o�n/�3þ�j �3g ru� o � j �3g ru�Fo �¸juo j�tht gh� o¥o�rux
���9n
r���n/��j��Fl
o j9þ�j g t]j�¦
tvn�§ g �Fo � �3xF� �3g ru� l g o��¸j � ��� ymj9Õ r;�9�/x
� rux � ��r��Zru��l
n/�{~ ��x
� g �
k
l g o��¸j � ���E§Fj�� g �Fo � �3xF� �3g ru�¥tvn{j9þ�n9osj���n9o�n/�3þuj �3g ru�¥o � j �3g ru�#j��FlÍn/� � n/��oqj��¥nTS
n9�/x �3g ru�
x
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init?(cI) : ⇐⇒ ¬cI .S1.full ∧ cI .ROBcount = 0 ∧
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(∀x ∈ Z9 : cI .SPR[x].valid)

¡2Ú�Ý�×sÝ�Þ�Ø�Ý � ×�ç�Ú'Û@Ú�Ý�Û�×�×3ç empty?(cI .XPU)
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æ'&3Úuð ØuÛÑÜ6Û¸Ü�ÝLÜ<Øuî!Ü6ðsñ@îv×�ðm×�Û¸Ý Ø�ÝLÜLÚuÛWg�ÚuÛh( Ë ß5&3Ø�ÝLÜ<ÚuÛ0I�p�ÞJÜ6Ù�æ�ß�Û<g9ÝLÜ<ÚuÛ+n�ß;Ù�ÝEÝ Ø�ï�×0ÙsØuî�îFÝ�Þ!×
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Ø1&�Ý�Ù�æ'&3Úuð¢Ý�Þ!×�Ü�ð�ñ�îh×�ðm×�Û@Ý Ø�ÝLÜLÚ�Û;m�ÜwI�×hIÈm � ×VÞ�Ø�i�×+Ý�Þ!× D w�ÝLßËñ@îv×
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spec ú conf(cI).PC ′ = cI .PC ′

spec ú conf(cI).DPC = cI .DPC

spec ú conf(cI).M = cI .M

spec ú conf(cI).GPR = λx∈Z32cI .GPR[x].data

spec ú conf(cI).FPR = λx∈Z32cI .FPR[x].data

spec ú conf(cI).SPR = λx∈Z9cI .SPR[x].data
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n�ru� g �Zo�ruy(n���n9o�n/�3þ�j �3g ru�FoPo � j �3g ru�E~Ï� n � �Fn/��n��<ru��n g � � ��r�l!xF�9n � �Fn��9ru�F�9n�� � r��
o����Fn9l!x
t g �
ks��x
�F� �3g ru�FolI ¨ì�
���!§ �£��p + ���LK�~Uø o����Fn9l!x
t g �
ks�Lx
�F� �3g ru��ymj\�FoPjU� g ��n/t g �Fn
o � j�k�n g � o�ruy(n£�/Õ!�/tvn � r � �Fn g �Fl
nTS'r�� � �Fn g �Fo � �3xF� �3g ru�mju�9�9ru��l g �
k � r � �Fn�o�n9wJxFn/� �3g j�t
�
��ruk���j�y y(n/��� oqy(r;l
n/t ~����

k
g o£o�ruy(n�o � j�k�n g � � �FnO©��@� j��Fl

t
g o�j'�/Õ��/tvn�§

sI(k, t)��n � x
�3�Fo � �Fn g �Fo � �3xF� �3g ru� � �¸j �mg o g �So � j�k�n
k
g � �/Õ!�/tvn

t
juomj¬�¸j � x
��j�t��;x
y�¦�n/�{~
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��n/�F�9n�§Po����Fn9l!x
t g �
k¬�Lx
�F� �3g ru�Fo+j���nÑo�ruy(nm� g �Fl r�� g � � � gh� n � j�k�o{~#ä g �F�9n � �Fn/ÕÈj���n
ru�
thÕÑxFo�n9l g � � �Fn��
��r�r��Lo�r�� � �FnOl
n9o g k��E§!�Fr{ú�n/þ�n/�{§ � �Fn2ju� � x¸j�t>�¸j���l!ú�j���n���n/ymj g �Fo
�Lx
ththÕÍo3Õ;� � �Fn9o gh� j�¦
tvn�~

� nÑl g o �3g �
k�x g o3� � ú�rã� g �Fl
o r��so����Fn9l!x
t g �
kã�Lx
�F� �3g ru�Fo{§ � �Fr�o�nd�<ru� � �FnÍþ g o g ¦
tvn
��n/k g o � n/��o{§ g ~ n�~h§Ï��n/k g o � n/��o � �¸j � j���nÑj�tvo�rX�¸j�� � r�� � �Fn_�
��ruk���j�y y(n/��� o(y(r;l
n/t §�j��Fl
� �Fn g �Jþ g o g ¦
tvn(��n/k g o � n/��o{~d¤ g ��o � r��qj�tht §Utvn � xFo'�9ru�Fo g l
n/�'o����Fn9l!x
t g �
k#�Lx
�F� �3g ru�Fo��Lru�
g �;þ g o g ¦
tvnZ��n/k g o � n/��oOú gh� �Frux �2g � � n/�3�3x�� � o{§ g ~ n�~h§Uo����Fn9l!x
t g �
k¥�Lx
�F� �3g ru�FoO¦¸juo�n9lÄru�

c̃t
I�9ruy �
x � j �3g ru�FoË~��Vn � � gh�3g ru� r�� � �Fn9o�nso����Fn9l!x
t g �
kZ�Lx
�F� �3g ru�Fo g o£o � ��j g k�� � �Lru�3ú£j���l>zª���

j�� g �Fo � �3xF� �3g ru� g ��o � j�k�n
k
g ���/Õ��/tvn

t
�
��r;�9n9n9l
o � r�o � j�k�n

k′ §)l
n/�Fr � n9l'¦JÕ ue.k′ → k
§

ú�n(o�n �
sI(k′, t + 1) := sI(k, t)

ú�� g tvn(r � �Fn/�3ú g o�n�§ � �Fn þ�j�thxFn r�� � �Fnmo����Fn9l!x
t g �
k
�Lx
�F� �3g ru� ��n/ymj g �Fo�x
�F���¸j��
k�n9l>~�øso g � gh�3g j�tEþ�j�thxFn�§
ú�n2���Fr�r�o�n

−1
~

sI(k, 0) := −1

sI(k, t + 1) :=

{

sI(k′, t)
g �

ue.k′ → k

sI(k, t)
r � �Fn/�3ú g o�n

æ [F~h|{�bç

i£� g o+�9r{þ�n/��o j�tht£�{juo�n9o'j\�¸j�� � �L��ruy � �FnÑl
n9�9r;l
ndo � j�k�n�~#i£�Fn/��n�§Ïú
nd�Fn9n9l j��bjul��
l gh�3g ru�¸j�tql
n � � gh�3g ru�EzÑi£�FnÍo����Fn9l!x
t g �
kã�Lx
�F� �3g ru� �<ru� � �FnÍl
n9�9r�l
nÑo � j�k�n�§ g ~ n�~h§ � �Fn
S1

��n/k g o � n/��o{§ g o g �F�/��n/y(n/� � n9l g 	 j¬�Fn/ú g �Fo � �3xF� �3g ru� g oZ�<n � ���Fn9lA!�r � �Fn/�3ú g o�n�§ gh�
��n/ymj g �Fosx
�F���¸j��
k�n9l>~�i£� g oq��n�û¸n9� � o � �FnO� ju� ��� �¸j ��g �Fo � �3xF� �3g ru�ìl
n9�9r�l
n�r��9�/x
��o g �
ru��l
n/�{~ª�sn/�F�9n�§ � �FnOl
n9�9r�l
n2o����Fn9l!x
t g �
k(�Lx
�F� �3g ru� ��n � x
�3�Fo

−1
¦�n��<ru��n � �Fn � ��o ��g �!�

o � �3xF� �3g ru�d�¸juo
n/� � n/��n9l � �Fn g �Fo � �3xF� �3g ru�Ñ��n/k g o � n/��!!r � �Fn/�3ú g o�n�§ gh� ��n � x
�3�Fo � �Fn g �Fl
nTS
r�� � �Fn g �Fo � �3xF� �3g ru� g � � �Fn g �Fo � �3xF� �3g ru�#��n/k g o � n/�{~

��� ru��l
n/� � rÈ�Lru�3ymj�t gh� n � � g oÑl
n � � gh�3g ru� �<ru� � �Fn¬l
n9�9r�l
n#o � j�k�n�§�ú�n � ��o �mg �!�
� ��r�l!xF�9n � �FnÑx���lFj � n¥n/�¸j�¦
tvn¥o g k��¸j�tvo

ue.0
j��Fl

ue.1
�Lru� g �Fo � �3xF� �3g ru� �<n � ���Sj��Fl

l
n9�9r�l
n�§£��n9o���n9� �3g þ�n/thÕ�~ ä g k��¸j�t
ue.0

l
n/�Fr � n9o � �¸j � j�� g �Fo � �3xF� �3g ru� g om�/x
�3��n/� � thÕ
¦�n g �
k+�Ln � ���Fn9l g � � r � �Fn g �Fo � �3xF� �3g ru�#��n/k g o � n/��!

ue.1
l
n/�Fr � n9o � �¸j ��� �Fn g �Fo � �3xF� �3g ru�

g � � �Fn g �Fo � �3xF� �3g ru�È��n/k g o � n/� g oO¦�n g �
k g o�o3xFn9l g � � r o�ruy(n ��n9o�n/�3þuj �3g ru�Fo'o � j �3g ru�Èru�
l g ��n9� � thÕ g � � r � �Fn2��n9ru��l
n/�V¦
x^	>n/�{~,V�r � n � �¸j � ju�9�9ru��l g �
k � r � �Fn+i�ruymjuo3x
tvr¥j�thk�r��
� gh� �
y § g �Fo � �3xF� �3g ru� g o�o3xFnm�¸juo � r#¦�ndo � j�thtvn9lÈru� � ú
r¬�9ru�Fl gh�3g ru�Fo{§P�¸j�y(n/thÕ g � � �Fn
��n9ru��l
n/�d¦
x^	�n/� g o �Lx
tht�j��Fl �FrÄú�� gh� n/¦¸ju��� r;�9�/x
��odru�{§�o�n9�9ru�Fl!thÕ�§ g �Vú
n#ú�j�� �m� r
g o�o3xFn g � � r'o�ruy(n���n9o�n/�3þ�j �3g ru�Ño � j �3g ru�E§�¦
x � �Fn gh� �Fn/��j��Ñn/y � � Õ(��n9o�n/�3þuj �3g ru�Ío � j �3g ru�
ru�Zru�Fn�ù´xFo � ¦�n9�9ruy g �
kÄn/y � � ÕÈ¦JÕÈl g o��¸j � ��� g �
k g o+j{þuj g t]j�¦
tvn�~ãi£�Fn9o�nd�9ru�Fl gh�3g ru�Fo
j���ns�<ru�3ymj�t gh� n9l g �EI pV�����!|TK¥!
ú
nVl
n/�Fr � n2j+o g k��¸j�t>�9ruy �
x �3g �
k � �Fn9o�nV�9ru�Fl gh�3g ru�Fo�¦JÕ
tom � issue � stall

~
���#jul
l gh�3g ru�E§
ú�nO�¸j9þ�n � r o � j�tht g �Fo � �3xF� �3g ru�Fo�l g ��n9� � thÕ g o�o3xFn9l g � � r � �FnO��n9ru��l
n/�

¦
x^	>n/� x
� �3g t � �Fn g �(r���n/��j��Fl
oZ¦�n9�9ruy(n j9þ�j g t]j�¦
tvn�~b�´o�o3x g �
kÄl g ��n9� � thÕ g � � r � �FnÑ��n��
ru��l
n/�m¦
x^	�n/�mr��9�/x
��o(ru� j�� g �Fo � �3xF� �3g ru� �<n � ��� ú gh� � n gh� �Fn/�(y g o�j�t g k��
y(n/� � ru�dj
�¸j�k�n �<j�x
t � !Ïjul
l gh�3g ru�¸j�ththÕ�§ g thtvn/kJj�t g �Fo � �3xF� �3g ru�Fo{§ Þ>à^Ù"ã#g �Fo � �3xF� �3g ru�Fo{§ÏjuoOú
n/tht�juo �
ru�¡� Ùvå2g �Fo � �3xF� �3g ru�Fo£j���n g o�o3xFn9l g � � r � �Fnq��n9ru��l
n/�ª¦
x^	>n/� � Ü�Ý�Þ!Úuß�ÝP�Fn9n9l g �
k � rO��n{jul
j��;Õdr���n/��j��Fl
o{~����Ñ�9ru� � ��juo � § � �FnV��n/ymj g � g �
k ¦
��j��F���#j��Fl'ùBx
y � g �Fo � �3xF� �3g ru�Fo�j��Fl
ê�ß14<Û16QÚ j�tht���n{jul

GPR[RS1]
§ ê¸ß�4¸Ú�6�Û ��n{jul
o

SPR[SA]
§Fj��Fl à Õ^Ý'��n{jul
o

SPR[ESR]g �ãru��l
n/� � rd�9r��;Õ gh��g � � r
SPR[SR]

~Vi£�Fn9o�n g �Fo � �3xF� �3g ru�Fo2j���nZj�tht g o�o3xFn9l g � � r � �Fn
��n9ru��l
n/��¦
x^	>n/��ú�� g tvnqju� � x¸j�ththÕ��Fn9n9l g �
k � rs��n9n9l o�ruy(n�r���n/��j��FlA! � �Fn/ÕZj���n�o3x
y ymj)�
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� gh� n9l ¦JÕ � �Fn2o g k��¸j�t

issue � R
juo g � � ��r�l!xF�9n9l g � � �FnO�LruthtvrËú g �
kdn9w;x¸j �3g ru� æ [F~h|�[>ç�~

����jul
l gh�3g ru�E§�ú
nªl
n/�Fr � n�¦JÕ
source � op[0].valid

� �¸j �E� �Fn � ��o � o�rux
���9nªr���n/��j��Fl
ru¦ � j g �Fn9l(¦JÕ i�ruymjuo3x
tvr2�Lru�3ú£j���l g �
k2�Frutvl
o�þ�j�t g l lFj � j^!�ru�F�9n�j�kJj g �E§��<ru�ªjVl
n � j g tvn9l
l
n � � gh�3g ru�ì�<ru�

source � op
§Fú�n2��n��<n/� � rXI pV�����!|TK�~����#o3x
y ymj��3Õ�§@ú
n��¸j9þ�n � r(o � j�tht

g �Fo � �3xF� �3g ru� g o�o3xFn g �
issue � R

�Frutvl
o{§¸¦
x �
source � op[0].valid

l
r;n9o��Fr � ~ªø�oqú
n
�¸j{þ�ndj�th��n{jul!Õãy(n/� �3g ru�Fn9l>§Prux
��o���n9� g j�t g y �
tvn/y(n/� � j �3g ru�Dr��

IEEEf
�<ru���9n9o2xFo � r

o � j�tht�j��JÕ ê¸ß14�Ú�6�Ûs� �¸j � ��n{jul
o
IEEEf

x
� �3g t � �Fnq��n9ru��l
n/��¦
x^	�n/� g oªn/y � � Õ�~ª¤ g �¸j�ththÕ�§
à ÕQÝVj�tvo�r���n{jul
o

SPR[EPC]
j��Fl

SPR[EDPC]
g �Zru��l
n/� � rV�9r��JÕ � �Fn/y � r

PC ′ j��Fl
DPC

§;��n9o���n9� �3g þ�n/thÕ�~P� n � �Fn/��n��<ru��nso � j�tht à Õ^Ý�x
� �3g t � �Fn9o�n � ú
rZo�rux
���9ns��n/k g o � n/��j���n
þ�j�t g lÍju�9�9ru��l g �
k � r � �Fn g �l�
��r;l!xF�9n/� � j�¦
tvn�§ g ~ n�~h§�ú
n�l
r��Fr � n/y �
tvr{Õ � �FnsiUruymjuo3x
tvr
�<ru�3ú�j���l g �
kÈj�thk�ru� gh� �
y g �Dru��l
n/� � rãru¦ � j g � � �Fn9o�nÑr���n/��j��Fl
o{~Èi£�FnÑrËþ�n/��j�thtqo � j�tht
o g k��¸j�tvoqr��Po � j�k�n2l
n9�9r;l
n�§

stall.1
g oqo�x
y ymj�� gh� n9l g �#n9w;x¸j �3g ru� æ [F~h|{�bç�~

issue � R = (beqz? ∨ bnez? ∨ jr? ∨ jalr? ∨
æ [F~h|�[>ç

rfe? ∨ movi2s?∨ movs2i?)(S1.IR)

stall.1 = S1.full ∧ (tom � issue � stall ∨
æ [F~h|{�bç

issue � R ∧ ¬source � op[0].valid ∨

rfe?(S1.IR) ∧ ¬(SPR[EPC].valid ∧

SPR[EDPC].valid) ∨

movs2i?(S1.IR) ∧ SA(S1.IR) = IEEEf ∧

¬eq4(ROBcount, 04))

ue.1 = S1.full ∧ ¬stall.1
æ [F~h|�abç

ue.0 = ¬ibusy ∧ ¬stall.1
æ [F~h|cZ"ç

S1.full0 = 0
S1.fullt+1 = ue.0t ∨ stall.1t

æ [F~h|{}bç
� gh� � � �Fn�j�¦�r{þ�n'l
n � � gh�3g ru�Fo{§ � �Fn'l
n9�9r;l
n�o����Fn9l!x
t g �
km��x
�F� �3g ru� g o�n{juo g thÕÍl
n/� g þ�n9l
¦;Õ�ùBxFo ��g �F�/��n/y(n/� �3g �
k gh� ru�

ue.0
~

sI(dec, 0) := −1

sI(dec, t + 1) :=

{

sI(dec, t) + 1
g �

ue.0t

sI(dec, t)
r � �Fn/�3ú g o�n

æ [F~h|�Rbç

Vsr � n � �¸j �m� �Fn o����Fn9l!x
t g �
kÈ��x
�F� �3g ru�FoÍjuo g � � ��r;l!xF�9n9l j�¦�rËþ�nìj�thú�j{Õ�od��n � x
�3�
� �Fn g �Fl
nTS r���j�� g �Fo � �3xF� �3g ru�D�/x
�3��n/� � thÕ g �bo�ruy(n g �;þ g o g ¦
tvnÑ��n/k g o � n/��!ªÕ�rux y g k�� �
� �Fn/��n��<ru��n£�{j�tht � �Fn/y�&�× Ë Ü6Ù�Ý�×'&Tw H Ø�Ù9×3ç�~ª¤Fru�Pþ g o g ¦
tvnª��n/k g o � n/��o{§uú
n g � � ��r�l!xF�9n£l g 	�n/��n/� �o����Fn9l!x
t g �
k¬��x
�F� �3g ru�E~ã���sj¥þ g o g ¦
tvnd��n/k g o � n/�

R
g o�x���lFj � n9lDj �'� �FnÑn/�Flbr���o�ruy(n

o � j�k�n
k
juo g �Fl g �{j � n9lÍ¦JÕÍj�o g k��¸j�t

ue.kt g � j��¸j�tvruk�Õ � r ue.0t j��Fl ue.1t §�ú�ns�¸j{þ�n
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� �Fns�<ruthtvr{ú g �
kml
n � � gh�3g ru�Í�<ru� � �FnOo����Fn9l!x
t g �
k(��x
�F� �3g ru�¥r�� � � g o£þ g o g ¦
tvn���n/k g o � n/�

R
z

sI(R, 0) := 0

sI(R, t + 1) :=

{

sI(k, t) + 1
g �

ue.kt

sI(R, t)
r � �Fn/�3ú g o�n

æ [F~����bç

i£� g odl
n � � gh�3g ru� g omo � ��j g k�� � �<ru�3ú�j���l o g �F�9n
sI(k, t)

g o � �Fn g �Fo � �3xF� �3g ru� g �So � j�k�n
k
j��Fl g �

ue.kt �Frutvl
o{§ sI(k, t)
x���lFj � n9o � �FnÑþ g o g ¦
tvn(��n/k g o � n/�(j��Fl � �Fn/��n��Lru��n�§ g �

�/Õ!�/tvn
t + 1

§s��n/k g o � n/�
R
�9ru� � j g �Fo � �Fn¬þ�j�thxFn � �¸j �Ñ� �Fn Û�×|��Ý g �Fo � �3xF� �3g ru�E§ g ~ n�~h§

sI(k, t) + 1
§ g o�o�x�����r�o�n9l � r ��n{jul>~dV�r � n � �¸j �'� � g o g oZj¥k�n/�Fn/��j�t gh� j �3g ru�Dr�� � �Fn

o����Fn9l!x
t g �
k �Lx
�F� �3g ru�FoO�<ru�Oþ g o g ¦
tvn ��n/k g o � n/��o g � � ��r�l!xF�9n9l g �oI pV�����!|TK�~mi£�Fn/��n�§ � �Fn
��n/k g o � n/� � tvn g o � �Fn¥ru�
thÕ þ g o g ¦
tvnÑ��n/k g o � n/��! gh� o o����Fn9l!x
t g �
kã��x
�F� �3g ru�

sI(wb, t)
g o

g �F�/��n/y(n/� � n9l g ��j#ú�� gh� n/¦¸ju��� r;�9�/x
��o ju�9�9ru��l g �
k � r¬n9wJx¸j �3g ru� æ [F~��!|cç�~ ��r{ú�n/þ�n/�{§
pV���u� g �
kmju� � x¸j�ththÕ �
��r{þ�n9o � �¸j ��g �Í�{juo�n�r���j'ú�� gh� n/¦¸ju����§ � �FnVo����Fn9l!x
t g �
k �Lx
�F� �3g ru�
sI(wb, t)

n9w;x¸j�tvo � �FnÑru�FnÑr�� � �Fn g y �
tvn/y(n/� � j �3g ru�D��n/k g o � n/�Zj �+� �Fnd�Fn{jul r�� � �Fn
��n9ru��l
n/�P¦
x^	>n/��!��Fn/�F�9n�§

sI(wb, t)
�9rux
tvl j�t � n/�3�¸j �3g þ�n/thÕ'¦�n
l
n � �Fn9l+ú gh� �Zrux � þ g o g ¦
tvn

��n/k g o � n/��o����Fn9l!x
t g �
km��x
�F� �3g ru�¬ju�9�9ru��l g �
k � r n9w;x¸j �3g ru� æ [F~����bç�~

sI(wb, 0) = 0

sI(wb, t + 1) =

{

sI(wb, t) + 1
g �

writebackt

sI(wb, t)
r � �Fn/�3ú g o�n

æ [F~��!|cç

¤Fru� � �Fn2��©�osjuoqþ g o g ¦
tvnO��n/k g o � n/��o{§Fú�n����Fr�r�o�n � �Fn g o�o3xFn2o����Fn9l!x
t g �
km�Lx
�F� �3g ru�
�L��ruyöpV���u� g �
kGI pV�����!|TK¸juoUk g þ�n/�+¦;Õ2n9wJx¸j �3g ru� æ [F~����bçUj��Fle�
��rËþ�n�t]j � n/�Ïru� juoÏj,�¸j�� �
r��Ptvn/y ymj�[F~��!~h| � �¸j �qgh� o�l
n � � gh�3g ru�ìju�9�9ru��l g �
k � r pV���u� g �
kÑn9wJx¸j�tvo�rux
�q�Fr �3g ru�ìr��
j+þ g o g ¦
tvnO��n/k g o � n/��o����Fn9l!x
t g �
km��x
�F� �3g ru�E~

���Íjul
l gh�3g ru�E§;ú�n g � � ��r;l!xF�9nOj2o����Fn9l!x
t g �
k'��x
�F� �3g ru�d�Lru� g �Fo � �3xF� �3g ru�m�<n � ��� � �¸j �
��n � x
�3� � �Fn g �Fl
nTS#r�� � �Fn(Û�×|��Ý g �Fo � �3xF� �3g ru� � r ¦�nV�<n � ���Fn9l g � � r � �Fne� g ��n/t g �Fn�~
� n
ú g thtqru�
thÕ xFo�n � � g o(o����Fn9l!x
t g �
kÄ��x
�F� �3g ru� g �Dru��l
n/� � rÄ�/t]j g y �9ru�3��n9� � �Fn9o�omr�� � �Fn
��© ú
nãju� � x¸j�ththÕDxFo�nìl!x
� g �
k g �Fo � �3xF� �3g ru� �<n � ���E~ i£� g oÑo����Fn9l!x
t g �
k ��x
�F� �3g ru� g o
g � gh�3g j�t gh� n9l ú gh� �

0
�Lru�

t = 0
j��Fl g �F�/��n/y(n/� � n9lSru�

ue.0
ù´xFo � t g ��n � �Fn¥l
n9�9r;l
n

o����Fn9l!x
t g �
k �Lx
�F� �3g ru�E~ i£�Fn/��n��<ru��n�§Vú
n �{j�� � � g þ g j�ththÕ �9ru�F�/thxFl
n
sI(fetch, t) =

sI(dec, t) + 1
~ ��� � �Fn¬�LruthtvrËú g �
kF§Oú
nÈnTS
j�y g �FnÄ�FrËú � �Fn l
n9�9r�l
n o����Fn9l!x
t g �
k

�Lx
�F� �3g ru� ��n/t]j � n9o � r g �Fo � �3xF� �3g ru� �<n � ���ìj��Fl g o�o3xFn�~
ø��9�9ru��l g �
k � r � �Fn(l
n � � gh�3g ru�Èr��£pV���u� g �
kF§ � �Fn g o�o�xFn+o����Fn9l!x
t g �
k¥�Lx
�F� �3g ru� g o

g �F�/��n/y(n/� � n9l(ru�
ue.1t ~Uø�oPj,�¸j�� � r�� � �Fn
�<ruthtvr{ú g �
k$�
��r�r��B§uú�n�ú g tht
ju� � x¸j�ththÕ+þ�n/� g �LÕ� �¸j �Z� � g oZo����Fn9l!x
t g �
kã��x
�F� �3g ru� n9wJx¸j�tvo � �FnÑk�n/�Fn/��j�t£þ g o g ¦
tvnm��n/k g o � n/� o����Fn9l!x
t g �
k

�Lx
�F� �3g ru�¥�<ru� � �Fn2�
©�o�juo g � � ��r�l!xF�9n9l g � � � g o � �Fn9o g o{~

sI(issue, 0) := 0

sI(issue, t + 1) :=

{

sI(issue, t) + 1
g �

ue.1t

sI(issue, t)
r � �Fn/�3ú g o�n

æ [F~����bç
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µ �>¡(¡#�E¬ÇG �ÇG�� )�ÝÏØ�Û¸h:g�hbg/îv×

t
mÏÝ�Þ!×Uæ/Ú�î6îhÚ � Ü�Û Ë &�×�îhØ�ÝLÜ<ÚuÛÍÞ�Úuîhç�ÙEæ9Ú1&�Ý�Þ!×�Ù;g�Þ!×3çuß�î Ü6Û Ë

æ�ß�Û<g9ÝLÜ<ÚuÛ
Ù�æ/Ú�&�æ9×/Ý�g/Þ7m
çJ×�g�ÚËçJ×�mqØuÛ@çdÜ]Ù0Ù0ßF× [

sI(issue, t) =

{

sI(dec, t)
Ü æ

S1.fullt

sI(dec, t) + 1
Ú�Ý�Þ
×'& � Ü6Ù9×

sI(issue, t) =

{

sI(fetch, t) − 1
Ü æ

S1.fullt

sI(fetch, t)
Ú�Ý�Þ!×'& � Ü]Ù{×

°e�L�A�<¤BÕ V�r � n � �¸j � o g �F�9n
sI(fetch, t) = sI(dec, t) + 1

�Frutvl
oË§ � �FnÄo�n9�9ru�Fl
n9w;x¸j �3g ru� g y y(n9l g j � n/thÕ(�LruthtvrËúqo��L��ruy � �Fn � ��o � ! � �Fn/��n��<ru��n�§ gh�
g oªo3x^mm� g n/� �ª� r�o��Fr{ú
� �Fn � ��o � n9wJx¸j �3g ru�#¦JÕ g �Fl!xF� �3g ru�E~
�;���1���"�c���<��Ö1������×

t = 0 Ù z¬��� gh�3g j�ththÕ�§Jú
n£�¸j9þ�n sI(issue, t) = 0 = sI(dec, t)+1j��Fl
¬S1.full0

ú�� g ��� � � g o��Fn9l � �Fn g �Fl!xF� �3g ru�#¦¸juo�n�~
�;���1���"�c���<�o�;���v²q×

t → t + 1 Ù zD� nO�¸j9þ�n � r o3�Fr{ú

sI(issue, t + 1) =

{

sI(dec, t + 1)
g �

S1.fullt+1

sI(dec, t + 1) + 1
r � �Fn/�3ú g o�n

� n o��
t gh� �{juo�n9o2ru� g �Fo � �3xF� �3g ru� g o�o3xFn(j��Fl g �Fo � �3xF� �3g ru�Ä�Ln � ��� g � �/Õ!�/tvn
t
§ g ~ n�~h§Uru�

� �Fn2þuj�thxFn9l¥r��
ue.0t j��Fl ue.1t ~

|�~q«En � �Fn gh� �Fn/� g �Fo � �3xF� �3g ru� �<n � ��� �Fru� g o�o3xFnmr;�9�/x
� g � �/Õ��/tvn
t
§ g ~ n�~h§

¬ue.0t ∧
¬ue.1.t

~�� n � �Fn/� �¸j{þ�n
sI(issue, t + 1) = sI(issue, t)

§
sI(dec, t + 1) =

sI(dec, t)
§�j��Fl

S1.fullt+1 = S1.fullt
~Di£�Fn¥�/t]j g y g o � �Fn/�S�9ru�F�/thxFl
n9l

ú gh� � � �Fn g �Fl!xF� �3g ru� �;Õ>��r � �Fn9o g o{~
�!~q«En � ¦�r � � g �Fo � �3xF� �3g ru�¥�<n � ���#j��Fl g o�o�xFnOr;�9�/x
� g � �/Õ!�/tvn

t
§ g ~ n�§

ue.0t ∧ ue.1t ~� n � �Fn/� �¸j9þ�nÄ¦�r � �
S1.fullt+1 j��Fl

S1.fullt
j��Fl ú�nÄ�{j�� j\���
thÕ � �Fn

g �Fl!xF� �3g ru�#�;Õ>��r � �Fn9o g o g �#ru��l
n/� � r �9ru�F�/thxFl
n

sI(issue, t + 1) = sI(issue, t) + 1 = sI(dec, t) + 1 = sI(dec, t + 1)

�!~q«En ��g �Fo � �3xF� �3g ru� g o�o�xFnsr��9�/x
�{§!¦
x � �Fr+�Ln � ��� g �¥�/Õ!�/tvn
t
§ g ~ n�~h§

ue.1t ∧¬ue.0t ~i£� g o�tvn{jul
o � r
¬S1.fullt+1 j��Fl S1.fullt

!uú�nª�9ru�F�/thxFl
n�ú gh� � � �Fn g �Fl!xF� �3g ru�
�JÕQ��r � �Fn9o g o � �¸j �
sI(issue, t + 1) = sI(issue, t) + 1 = sI(dec, t) + 1 = sI(dec, t + 1) + 1

[F~q«En �@� �¸j�ththÕ g �Fo � �3xF� �3g ru�d�<n � ���(ú gh� �Frux ��g o�o3xFn�r��9�/x
� g �m�/Õ!�/tvn
t
ú�� g ���dy(n{j��Fo

ue.0t ∧ ¬ue.1t ~mi£� g o2tvn{jul
o � r S1.fullt+1 j��Fl ¬S1.fullt
!�ú gh� � � �Fn g �!�

l!xF� �3g ru�#�;Õ>��r � �Fn9o g o{§!ú�nO�¸j9þ�n

sI(issue, t + 1) = sI(issue, t) = sI(dec, t) + 1 = sI(dec, t + 1)

j��Fl � �Fn$�
��r�r�� g o � � g o3�Fn9l>~
ut
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¤ g �¸j�ththÕ�§¸ú
nO�¸j{þ�n � r g � � ��r;l!xF�9n � �Fn2o����Fn9l!x
t g �
km�Lx
�F� �3g ru�¥�<ru� � �FnOt]juo � þ g o g ¦
tvn
��n/k g o � n/�{§ � �FnZy(n/y(ru�3Õ�~(��� � �FnZ�Ïø�¨¬�U§�ú�n �¸j9þ�nmjÑy(n/y(ru�3ÕÄo � j�k�n

mem
g �Fo g l
n

� �Fn�y(n/y(ru�3Õ+x
� gh�
MU

ú gh� � gh� oP�9ru�3��n9o���ru�Fl g �
k2o����Fn9l!x
t g �
kO�Lx
�F� �3g ru�
sI(mem, t)

~
i£� g o£ru¦;þ g ruxFo3thÕ g o£j'o����Fn9l!x
t g �
k'�Lx
�F� �3g ru�Ñ�Lru� g �Jþ g o g ¦
tvn���n/k g o � n/��o{~���� � �Fnsymj��
�Fn/�
g � � ��r;l!xF�9n9lÈ¦JÕÄn9w;x¸j �3g ru� æ [F~����bç�§�ú�n(�{j��Èl
n/� g þ�nmj o����Fn9l!x
t g �
k#��x
�F� �3g ru�Ä�<ru� � �Fn
þ g o g ¦
tvnmy(n/y(ru�3ÕÄ����ruy gh� ~#ä g �F�9nm�Fr � j�tht g �Fo � �3xF� �3g ru�Fo+n/� � n/� � �Fnmy(n/y(ru�3Õ x
� gh� §
� �FnVj\���
��r�ju��� r���pV���u� g �
k � �¸j � ru�
thÕ g �F�/��n/y(n/� � o � �Fnsþ g o g ¦
tvn���n/k g o � n/��o����Fn9l!x
t g �
k
�Lx
�F� �3g ru�ìl
r�n9o��Fr � ú
ru�3�Ñ�Lru�srux
��þ g o g ¦
tvnVy(n/y(ru�3Õ�~£�sn/�F�9n�§¸ú
n2�¸jul � r g � � ��r�l!xF�9n
� �Fnmy(ru��nmk�n/�Fn/��j�t�þ g o g ¦
tvn(��n/k g o � n/�Zo����Fn9l!x
t g �
kì�Lx
�F� �3g ru�E~ i£�Fndx���lFj � n9lbn/�¸j�¦
tvn
r�� � �Fn¥þ g o g ¦
tvnÍy(n/y(ru�3Õ g o k g þ�n/� g �2j�� ju� � x¸j�tqy(n/y(ru�3Õ ju�9�9n9o�o � � g o��Fn9o g � � �Fn
�/x
�3��n/� � �/Õ��/tvn�§ g ~ n�~h§�y g o�j�t g k��Fn9l ju�9�9n9o�oqj���n g k��Fru��n9lÑ�<ru� � �FnVo����Fn9l!x
t g �
k �Lx
�F� �3g ru�E~
� n � �Fn/��n��Lru��nO�¸j{þ�n

sI(MI , t + 1) :=

{

sI(mem, t) + 1
g �

(mwt
I ∨ mrt

I) ∧ ¬c̃t
I .M.dbusy

sI(MI , t)
r � �Fn/�3ú g o�n æ [F~����bç

��� � �Fn��Ïø�¨¬�U§ � �Fn/��n g o�ru�
thÕdru�FnV��n9o�n/�3þuj �3g ru�¥o � j �3g ru�Í�<ru� � �Fnsy(n/y(ru�3ÕÑx
� gh� ~
� ��g o�n{juo3Õ � r��
��r{þ�n � �¸j ��� � g o g o�o3x^mm� g n/� ��� rOk�x¸j���j�� � n9n g �(ru��l
n/��y(n/y(ru�3Õ(ju�9�9n9o�o{§
g ~ n�§

sI(mem, t)
g o g �F�/��n{juo g �
k'ru�

t
~�ä g �F�9nq�Fr g �Fo � �3x
� �3g ru�Ñ�{j��mn/� � n/� � �Fnqy(n/y(ru�3Õ

x
� gh�O� ú g �9nZ¦JÕ � �FnZ�9ru�3��n9� � �Fn9o�o2r�� � �Fn iUruymjuo3x
tvr¥o����Fn9l!x
tvn/�{§Eú
n(j�tvo�rd���Fr{ú
i ≥

sI(mem, t)+ 1
g � g �Fo � �3xF� �3g ru�

i
n/� � n/��o � �Fnsy(n/y(ru�3Õ(x
� gh�
g �Í�/Õ!�/tvn

t
¦;Õml g o��¸j � ���

�L��ruy � �FnOy(n/y(ru�3Õ
RS

~���n/�F�9n�§
sI(MI , t)

g o�j�tvo�r g �F�/��n{juo g �
kmru�
t ∈ N

~
���#ru��l
n/� � r(�/t]j g y �9ru�3��n9� � �Fn9o�o�ú gh� � g � � n/�3�3x�� � o{§@�Fr{ú�n/þ�n/�{§@ú�n'j�tvo�r(�Fn9n9l � �Fn

l
n � � gh�3g ru�Dr���o�ruy(nÑo����Fn9l!x
t g �
kì�Lx
�F� �3g ru� ru�
ct
I

~#i£�Fn/��n��<ru��n�§�ú�n g � � ��r;l!xF�9nÍru�Fn
jul
l gh�3g ru�¸j�t�o����Fn9l!x
t g �
k#�Lx
�F� �3g ru�b¦¸juo�n9l ru� � �Fndju� � x¸j�t

cI
� �¸j � ��x
ththÕ g � � n/k���j � n9o

g � � n/�3�3x�� � o{§ g ~ n�~
sI(inst, t)

g o g �F�/��n/y(n/� � n9l g �>n gh� �Fn/�
j�ú�� gh� n/¦¸ju��� ru�ªj�� g � � n/�3�3x�� �
r��9�/x
��o�! gh��g o g � gh�3g j�t gh� n9lÍú gh� � �!~���� � n/�3y(o£r�� � �FnOj�¦�r{þ�nVl
n � � gh�3g ru� r��Uo����Fn9l!x
t g �
k
�Lx
�F� �3g ru�Fo��Lru�qþ g o g ¦
tvnO��n/k g o � n/��o{§ � �Fn�x���lFj � n'n/�¸j�¦
tvnO�<ru� � �Fn2þ g o g ¦
tvn2��n/k g o � n/� � tvn9o
ú gh� � g � � n/�3�3x�� � o��9ruy �
� g o�n9oq¦�r � �¥�Fru�3ymj�tEú�� gh� n/¦¸ju���#j��Fl g � � n/�3�3x�� � o{~

sI(inst, 0) = 0

sI(inst, t + 1) =

{

sI(inst, t) + 1
g �

writeback(ct
I ) ∨ JISR(ct

I)

sI(inst, t)
r � �Fn/�3ú g o�n

æ [F~��\[>ç

°e�L�<²@���c� �c���<�o¬ÇG �}G � Å Û¸ÝLÜ�îPÚuÛ�× g�hbg/îv×Íj)� � n/�(Ý�Þ!×�(�&0Ù�Ý£Ü�Û¸Ý�×'&'&0ßËñ�ÝJmqÝ�Þ!×+Ù;g�Þ!×3ç�ß;î Ü6Û Ë
æ�ß�Û<g9ÝLÜ<ÚuÛjg�Úuß�Û¸ÝLÜ�Û Ë Ü�Û
Ù�Ýl&�ß�g9ÝLÜLÚ�Û
ÙÑØuÛ@çÄÜ6Û¸Ý�×R&�&�ß{ñ�Ý�ÙÍØuÛ@çãÝ�Þ
× � &0ÜLÝ�× H Øvg�ïìÙ;g�Þ!×3ç�ß;î Ü6Û Ëæ�ß�Û<g9ÝLÜ<ÚuÛãØ�&3×Z×|k/ß
ØuîÛm
ÜuI6× Iªm

∀t ∈ N
[

(∀k ∈ Zt−1 : ¬JISR(ck
I )) =⇒ sI(inst, t) = sI(wb, t)

°e�L�A�<¤BÕ � n2o3�Fr{ú � �FnO�/t]j g y ¦JÕ g �Fl!xF� �3g ru�ìru�
t
~

�;���1���"�c���<�ØÖ����c� ×
t = 0 Ù z>��� gh�3g j�ththÕ�§�ú
n �¸j{þ�n c0

I = c̃0
I

j��Fl
sI(inst, 0) = 0 =

sI(wb, 0)
j��Fl � �Fn g �Fl!xF� �3g ru�ì¦¸juo�n g o � � g o��Fn9l>~

�;���1���"�c���<� �;���v²ß×
t → t + 1 Ù z�«En � ∀k ∈ Zt : ¬JISR(ck

I )
�Frutvl>~2ø��9�9ru��l g �
k � r

�
��r���r�o gh�3g ru�d[F~��!~h|�§Fú
n2�{j��#�9ru�F�/thxFl
n
ct
I = c̃t

I

~�� nOo��
t gh� �{juo�n9o�ru�
JISR(ct

I)
~
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|�~q«En �

JISR(ct
I)
�Frutvl>~+ä g �F�9n

ct
I = c̃t

I

�Frutvl
o2j��Fl
JISR(ct

I)
g oOru�
thÕ#��j g o�n9l g �

� �Fn g y �
tvn/y(n/� � j �3g ru�Äú gh� �Frux �sg � � n/�3�3x�� � o���n/�B�<ru�3y(oVj(ú�� gh� n/¦¸ju����§�ú
n+�9ru�!�
�/thxFl
n � �¸j �

c̃t
I

��n/�B�<ru�3y(oOj(ú�� gh� n/¦¸ju����~O��n/�F�9n�§�ú
n+�¸j9þ�n
sI(inst, t + 1) =

sI(inst, t) + 1
j��Fl

sI(wb, t + 1) = sI(wb, t) + 1
~ � n � � g o3� � �Fnm�{juo�n

ú gh� � � �Fn g �Fl!xF� �3g ru� �;Õ>��r � �Fn9o g o{~
�!~q«En �

¬JISR(ct
I)
�Frutvl>~ã�£r � �

sI(inst, t + 1)
j��Fl

sI(wb, t + 1)
j���n � �Fn/�

g �F�/��n/y(n/� � n9l g 	�j ú�� gh� n/¦¸ju��� r��9�/x
��o{~ ä g �F�9n � �Fn g �Fl!xF� �3g ru� �JÕQ��r � �Fn9o g o
k�x¸j���j�� � n9n9o

sI(inst, t) = sI(wb, t)
§ � �Fn��
��r�r�� g o � � g o3�Fn9l>~

ut

ó�ò�
Oò�� L �Ç÷7÷8
M�,�7��
Sø1ø x ��� � ÷8	 � ���
��� � � g o+o�n9� �3g ru�E§�ú
n g � � ��r;l!xF�9n¥�9ru�3��n9� � �Fn9o�o g �;þuj�� g j�� � oZ�<ru�'¦�r � �D�9ruy �
x � j �3g ru�Fo
ú gh� �¬j��Fl ú gh� �Frux ��g � � n/�3�3x�� � o{~�i£�Fn��9ru�F�9n�� � r����9ru�3��n9� � �Fn9o�osú gh� �Frux ��g � � n/�3�3x�� � o
ú g tht
ru�
thÕì¦�nZxFo�n9l g � g � � n/�3y(n9l g j � n_�
��r�r���k�r�j�tvo{§�ú��Fn/��n{juo��9ru�3��n9� � �Fn9o�o�ú gh� � g �!�
� n/�3�3x�� � o�ju� � x¸j�ththÕ¥�{j\� � x
��n9o � �Fn2rËþ�n/��j�thtU�9ru�3��n9� � �Fn9o�os�/� gh� n/� g ru�E~
E �8F��1� �c���<�o¬ìG �}G � í ×kg�Øuî6î�Ø $�)L-WÌ Ü6ðsñ@îv×�ðm×�Û¸Ý Ø�ÝLÜ<ÚuÛÁg�ÚuÛh( Ë ß5&3Ø�ÝLÜ<ÚuÛ �9ru�3��n9� �
ú gh� �Frux ��g � � n/�3�3x�� � oZÜ�Û g�hbg/îv×

t
m�ÜuI6× Iªm

corr?(t)
m�Ü Ô Ý�Þ!×ªæ/Ú�î6îhÚ � Ü�Û Ë ÜLÝ�×�ð+ÙVÞ�Úuîhç [

Ï7I
c̃t
I .M = c̃

sI(MI ,t)
S .M

Ñ,I
c̃t
I .PC ′ = c̃

sI(issue,t)
S .PC ′

: I
c̃t
I .DPC = c̃

sI(issue,t)
S .DPC

ü3I
sI(dec, t) ≥ 0 =⇒ c̃t

I .S1.IR = IR(c̃
sI(dec,t)
S )∧

c̃t
I .S1.imal = imalS(c̃

sI(dec,t)
S )∧

c̃t
I .S1.ipf = ipfS(c̃

sI(dec,t)
S )

�8I
∀x ∈ Z32 : c̃t

I .GPR[x].data = c̃
sI(wb,t)
S .GPR[x]

D I
∀x ∈ Z32 : c̃t

I .FPR[x].data = c̃
sI(wb,t)
S .FPR[x]

H I
∀x ∈ Z9 : c̃t

I .SPR[x].data = c̃
sI(wb,t)
S .SPR[x]

¤Fru� � �FnsnTS � n/�Fo g ru� � r g � � n/�3�3x�� � o{§Jú�ns�/t]j g y tvn9o�oªo g �F�9n�§Jn�~ kF~h§ � �Fn��
©D��n/k g o � n/��o
ymj{ÕÍ�¸j9þ�n2þ�j�thxFn9oq�Fn/þ�n/��n/�F�9rux
� � n/��n9l g � � �Fn2o���n9� g�� �{j �3g ru�#ú gh� � g � � n/�3�3x�� � o{~�� n
�{j��Dru�
thÕb�/t]j g y l
n � � gh� nÍþuj�thxFn9o+�<ru�Z¦�r � � �
©�o(j��Fl � �FnÍy(n/y(ru�3Õ g � � �FnÑ�/Õ!�/tvn
g y y(n9l g j � n/thÕÈj)� � n/�'j�� g � � n/�3�3x�� � ~døstvo�rÍ�Fr � n � �¸j � ú
n(ru�
thÕã��n��<n/� � r

sI(inst, t)o g �F�9nV�Fr(r � �Fn/��o����Fn9l!x
t g �
k(�Lx
�F� �3g ru� g oql
n � �Fn9l rËþ�n/� g � � n/�3�3x�� � o�n9w;xFn/�F�9n9o{~
E �8F��1� �c���<�o¬ìG �}G�¬ í ×kg�Øuî6î�Ø $�)L-WÌ Ü6ðsñ@îv×�ðm×�Û¸Ý Ø�ÝLÜ<ÚuÛÁg�ÚuÛh( Ë ß5&3Ø�ÝLÜ<ÚuÛ �9ru�3��n9� �
ú gh� � g � � n/�3�3x�� � oZÜ�Ûqg�hbg/îv×

t
m�ÜuI6× Iªm

corr ú i?(t)
mªÜ Ô Ý�Þ!×ªæ/Ú�î6îhÚ � Ü�Û Ë ÜLÝ�×�ð+Ù�Þ!Úuî¡ç [

Ï7I
(t = 0 ∨ JISR(ct−1

I )) =⇒ ct
I .M = c

sI(inst,t)
S .M
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VAMP impl w/o interrupts
c̃I

VAMP spec w/o interrupts
c̃S

Tomasulo impl Tomasulo spec1

23

corr?

¤ g k�x
��n�[F~��!znOsþ�n/�3þ g n/ú r�� � �Fn$�
��r�r��Pú gh� �Frux ��g � � n/�3�3x�� � o

Ñ,I
(t = 0 ∨ JISR(ct−1

I )) =⇒ ct
I .PC ′ = c

sI(inst,t)
S .PC ′

: I
(t = 0 ∨ JISR(ct−1

I )) =⇒ ct
I .DPC = c

sI(inst,t)
S .DPC

ü3I
∀x ∈ Z32 : ct

I .GPR[x].data = c
sI(inst,t)
S .GPR[x]

�8I
∀x ∈ Z32 : ct

I .FPR[x].data = c
sI(inst,t)
S .FPR[x]

D I
∀x ∈ Z9 : ct

I .SPR[x].data = c
sI(inst,t)
S .SPR[x]

Vsr � n � �¸j �
corr � i?

j��Fl
spec � conf

j���n2¦;Õ � �Fn g ��l
n � � gh�3g ru�ã��n/t]j � n9l g � � �Fn
�<ruthtvr{ú g �
kdú�j{Õ�z

(t = 0 ∨ JISR(ct−1
I )) ∧ corr � i?(t) =⇒ spec � conf(ct

I) = c
sI(inst,t)
S

æ [F~����bç
i£� g o�n9w;x¸j �3g ru�¥ú g tht�j�tvo�r+¦�n9�9ruy(n g y ��ru� � j�� � ú��Fn/�¥ú
n g � � n/k���j � n g � � n/�3�3x�� � o g � � r
� �Fn��9ru�3��n9� � �Fn9o�o��
��r�r��B~
ó�ò�
Oò�
 � ÷!�B�N  �M�ì
S÷���	u
J¢
i£�FnOrËþ�n/��j�thtU�9ru�3��n9� � �Fn9o�o��
��r;r���r�� � �FnO�Pø�¨ì� g y �
tvn/y(n/� � j �3g ru� g o�o��
t gh��g � � r � ú�r
ymj)ù3ru�%�¸j�� � oË§J�9ru�3��n9� � �Fn9o�o
ú gh� �Frux � j��Flmú gh� � g � � n/�3�3x�� � o£juo
�{j\� � x
��n9lm¦;Õ � �Fn � ú�r
l
n � � gh�3g ru�Fo
�L��ruy � �Fn,�
��n/þ g ruxFo�o�n9� �3g ru�E~P� ns�Fr{ú ú�j�� ��� r�k g þ�n�j��Ñr{þ�n/�3þ g n/ú r{þ�n/�
� �Fn9o�n � ú�r(o � n��Fo{~P� n � ��o � �¸j9þ�n'j+tvr�ru�¥j � �9ru�3��n9� � �Fn9o�oqú gh� �Frux ��g � � n/�3�3x�� � o{~

i£�Fnsymj g � g l
n{j��<ru��o��Fr{ú g �
k(�9ru�3��n9� � �Fn9o�o£ú gh� �Frux ��g � � n/�3�3x�� � o{§ g ~ n�~h§Q�
��n9l g �{j � n
corr?

§ g o � rU�
��r���n/�3thÕ g �Fo � j�� �3g j � n � �Fnªi�ruymjuo�x
tvrs�9ru�3��n9� � �Fn9o�o��
��r�r����L��ruy|I pV�����!|TK�~
��r{ú�n/þ�n/�{§ � � g oÂ�
��r�r�� g oÂ�¸j���j�y(n � n/� gh� n9l#j��FlÑk�n/�Fn/��j � n9o gh� o�rËú�� i�ruymjuo3x
tvr(o���n9� g �
� �{j �3g ru�ãj��Fl g y �
tvn/y(n/� � j �3g ru�ì�L��ruy gh� oU�¸j���j�y(n � n/��o{~
�sn/�F�9n�§ � �Fn��
��r;r���r��

corr?g o
ju� � x¸j�ththÕ(o��
t gh��g � � r � �
��n9nU�¸j�� � o{§ � �Fn�i�ruymjuo3x
tvre�
��r;r���j��Fl � ú
r��
��r�r��<o � �¸j ��� �Fn
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iUruymjuo3x
tvr(o���n9� g�� �{j �3g ru�ìj��Fl g y �
tvn/y(n/� � j �3g ru�ìymj � ��� � �Fn g �q�9rux
� � n/���¸j�� � o g � � �Fn
�Pø�¨ì�Èú gh� �Frux �
g � � n/�3�3x�� � o{~�i£� g o g o g ththxFo � ��j � n9l g � � k�x
��n�[F~��!~P� nqú g tht¸�Fr{ú k g þ�n
o�ruy(nVy(ru��n2l
n � j g tvo�ru� � �FnOl g 	>n/��n/� � o � n��Fo{~
|�~qi£�Fn¥��n/Õ g � g �Fo � j�� �3g j �3g �
k � �Fn iUruymjuo3x
tvr#�
��r�r��Ot g n9o g � � �Fn¥� g k�� � o�n � r��
�¸j���j�y(n � n/��o{~¬i£�Fn9o�n_�¸j���j�y(n � n/��o �{j�� ymj g �
thÕ ¦�ndo��
t gh��g � � r � ú
rq�¸j�� � o{§�j
o���n9� g�� �{j �3g ru�¬j��Fl#j�� g y �
tvn/y(n/� � j �3g ru� �¸j�� � ~
i£�Fn'o���n9� g�� �{j �3g ru�X�¸j�� � �9ru�!�
o g o � r��sj �Jx
y'¦�n/�Zr�����n/k g o � n/��o{§Pl
n9�9r;l
nm�Lx
�F� �3g ru�Fo'nTS � ��ju� �3g �
k¬o�rux
���9ndj��Fl
l
n9o �3g �¸j �3g ru�¬��n/k g o � n/� g �Fl g �9n9os�L��ruy g �Fo � �3xF� �3g ru�Fo{§�j��Flìj ��x
�F� �3g ru�¬�9ruy �
x � �
g �
k � �FnVju� � x¸j�t���n9o3x
t � r��Ïj�� g �Fo � �3xF� �3g ru�E~�i£�Fn9o�n3�¸j���j�y(n � n/��oqj���nVo3x^mm� g n/� �
� r k�n/�Fn/��j � n � �Fn2iUruymjuo3x
tvrmo���n9� g�� �{j �3g ru�E~
Os� � �Fn g y �
tvn/y(n/� � j �3g ru�Äo g l
n�§@ú
n��¸j9þ�n'þuj�� g ruxFo���x
�F� �3g ru�FoOjuo,�¸j���j�y(n � n/��o
� �¸j � ��n � x
�3�(�/Õ��/tvn9oÏú
n/��n�§;n�~ kF~h§ g o�o3xFn�§uú�� gh� n/¦¸ju����§Jj��Fl �9ruy �
tvn �3g ru�(r��9�/x
�{§�ru�
��n � x
�3� � �FnV��n9o3x
t � o�r��ÏnTS
n9�/x �3g ru�¥x
� gh� o��<ru��j��;Õm�¸j���l!ú£j���n2�/Õ��/tvn�~�� gh� � � �Fn
�Fn/t��¥r��Uj�tht � �Fn3�¸j���j�y(n � n/��o{§ � �FnVi�ruymjuo�x
tvr g y �
tvn/y(n/� � j �3g ru� g o�k�n/�Fn/��j � n9l>~
�srËú
n/þ�n/�{§ � � g o�iUruymjuo3x
tvr g y �
tvn/y(n/� � j �3g ru�ì�{j��¥ru¦Jþ g ruxFo3thÕÍru�
thÕm¦�n3�
��rËþ�n9l
�9ru�3��n9� � ú gh� � ��n9o���n9� �+� r � �FnÍo���n9� g�� �{j �3g ru� g � � �FnÑj�¦�r{þ�nd�Lx
�F� �3g ru�Fo��Lx
t � tht
o�ruy(nsjuo�o3x
y � �3g ru�Fo{§Jn�~ kF~h§�l g o��¸j � ���d�{j��dru�
thÕ r��9�/x
���L��ruy jV�Lx
thtF��n9o�n/�3þ�j �3g ru�
o � j �3g ru� g �Ïj�tht>r���n/��j��Fl
oqj���n�þ�j�t g l¥j��Fl � �FnVnTS
n9�/x �3g ru�¥x
� gh� l
r;n9o��Fr � o g k��¸j�t
j o � j�tht£�9ru�Fl gh�3g ru�E~#��n/�F�9n�§Pþ�j�� g ruxFo���j � �Fn/�Zo � ��j g k�� � �<ru�3ú�j���l juo�o3x
y � �3g ru�Fo
�¸j9þ�n � rZ¦�n��
��rËþ�n9l g � ru��l
n/� � r g �Fo � j�� �3g j � n � �Fn�i�ruymjuo3x
tvr(�9ru�3��n9� � �Fn9o�o{~
�srËú
n/þ�n/�{§ � �Fn/��nÍj���n¥j�tvo�r¬o�ruy(nÍ�9ruy �
tvnTS juo�o3x
y � �3g ru�Fo g � � �FnÍiUruymjuo3x
tvr
�
��r;r���t g ��n � �Fn��9ru�3��n9� � �Fn9o�o�r���nTS!n9�/x �3g ru�ìx
� gh� osj��Fl r�� g �Fo � �3xF� �3g ru� g o�o3x g �
k
ú�� g ���ãju� � x¸j�ththÕÍ�9ruy �
� g o�n9os�9ru�3��n9� � �Fn9o�osr�� g �Fo � �3xF� �3g ru� �<n � ��� � �¸j ��g o g �Jþ g oB�
g ¦
tvn g � � �Fn(iUruymjuo3x
tvr]�
��r;r��3~(���Èru��l
n/� � rY�
��rËþ�n � �Fn9o�nmjuo�o3x
y � �3g ru�Fo{§Uú
n
ju� � x¸j�ththÕ �Fn9n9lbi�ruymjuo3x
tvrã�9ru�3��n9� � �Fn9o�o(juoZj�� juo�o3x
y � �3g ru�E§�j�t � �Frux
k�� g �bj
�Fru�!��� g ���/x
t]j��
ú£j9Õ�~�i£�Fn/��n��<ru��n�§;ú
n�o g y �
thÕ g �Fo � j�� �3g j � n � �Fnqi�ruymjuo3x
tvr:�
��r�r��
ú gh� �#�9ru�3��n9� � Ø H Ù�Ýl&3Øbg9Ý�nTS
n9�/x �3g ru� x
� gh� o�j��Fl g �Fo � �3xF� �3g ru�¥�<n � ���32 g o�o3xFn � �¸j ���x
t � tht � �Fn9o�nÍjuo�o3x
y � �3g ru�Fo+¦JÕ �9ru�Fo � �3xF� �3g ru�E§�n�~ kF~h§P¦JÕ¥ùBxFo � xFo g �
k � �FnÑ�9ru�B�
��n9o���ru�Fl g �
kmþ�j�thxFn9o��L��ruy � �Fn2iUruymjuo3x
tvrdo���n9� g�� �{j �3g ru�ãjuoq��n � x
�3�¬þuj�thxFn9osr��
nTS!n9�/x �3g ru�mx
� gh� o{~P��� � �Fn � � g ��l �
��r�r��>o � n��E§�ú��Fn/�mo3�FrËú g �
k � �¸j ��� �Fn��Pøs¨¬�
ú gh� �Frux �'g � � n/�3�3x�� � o g o'ju� � x¸j�ththÕÈn9w;x g þ�j�tvn/� �+� r � �FnmiUruymjuo3x
tvr g y �
tvn/y(n/�!�
� j �3g ru�E§ � �Fn9o�nìkJj\�FoÑú g tht � �¸j�ththÕ ¦�n¬�/tvr�o�n9l o g �F�9nìú
nã�{j�� xFo�nìiUruymjuo3x
tvr
�9ru�3��n9� � �Fn9o�o � �Fn/��n�~ª��� � � g o � �Fn9o g oË§!ú
nVú g tht>�Fr � �
��r{þ�n'j��JÕ¥r�� � �FnOo � ��j g k�� � �
�Lru�3ú£j���lìjuo�o�x
y � �3g ru�Fo�j�t � �Frux
k�� � �Fn/Õ¥j���n�j�tht g � ���2ä�~

�!~qøsosjZo�n9�9ru�Fl¥o � n��E§
ú�nO�¸j9þ�n � r��
��rËþ�n�n9w;x g þuj�tvn/�F�9n2¦�n � ú
n9n/�#�Pø�¨ì� o���n9� g �
� �{j �3g ru�#ú gh� �Frux ��g � � n/�3�3x�� � oVj��Fl#iUruymjuo3x
tvrdo���n9� g�� �{j �3g ru�Fo{~
� n � �Fn/��n��<ru��n
g � � ��r�l!xF�9ndjÍymj\��� g �
k#��x
�F� �3g ru� ¦�n � ú
n9n/� j¥i�ruymjuo3x
tvrìo���n9� g�� �{j �3g ru� � �¸j �
ru�
thÕì�9ru� � j g �FoOru�Fn't]j��3k�n+��n/k g o � n/� � tvnZj��Fl � �Fn+�Ïø�¨ì� o���n9� g�� �{j �3g ru�Äú gh� �
� �
��n9n2o�n��¸j���j � nV��n/k g o � n/� � tvn9o�j��Fl¥o3�Fr{ú g �#jZo � ��j g k�� � �<ru�3ú�j���l g �Fo � �3xF� �3g ru�!�
¦JÕ;� g �Fo � �3xF� �3g ru� g �Fl!xF� �3g ru���
��r;r�� � �¸j �Ï� � g oÏymj\��� g �
k2j�thú�j{Õ�oP�Frutvl
oË~U� n
ú g tht
�Fr � k g þ�n�j��;ÕÑl
n � j g tvosru� � � g oU�
��r�r��1�¸j�� �qg � � �Fn2��n9o � r�� � �Fn � �Fn9o g o{~
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DPC PC ′

IR

instruction fetch

Tomasulo
implementation

concrete execution units:
MU , FPUs, XPU

extended RS, ROB

interrupt handling
full VAMP instruction set

(∼ 100 instructions)

VAMP implementation

¤ g k�x
��n$[F~��!z��Pøs¨¬� g y �
tvn/y(n/� � j �3g ru�Äj��Fl¥iUruymjuo3x
tvr g y �
tvn/y(n/� � j �3g ru�

�!~q��� � �Fn � �¸j�t@�
��r�r��£o � n�� �Lru�2�9ru�3��n9� � �Fn9o�o'ú gh� �Frux ��g � � n/�3�3x�� � o{§Uú
n(�¸j{þ�n � r
ymj � ��� � �Fn p¸Úuð(Ø�Ù�ß;îhÚVÜ�ðsñ@îh×/ð(×/Û¸Ý Ø�ÝLÜ<ÚuÛmj�kJj g �Fo �Ï� �Fnª�Pøs¨¬�Ï~LV�r � n � �¸j �Ï� � g o
i�ruymjuo3x
tvr g y �
tvn/y(n/� � j �3g ru� juoZk�n/�Fn/��j � n9l ¦;Õ � �Fn¥i�ruymjuo�x
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tvn/y(n/� � j �3g ru�ão g �F�9n � �FnO�9ru�3��n9o���ru�Fl��
g �
k:�¸j�� � o�j���nVj�¦Fo � ��ju� � n9lÍj9ú�j{ÕÍj��FlÑo g y �
thÕ ��n��
t]ju�9n9lÑ¦JÕ � �Fnso���n9� g�� �{j �3g ru�
þuj�thxFn9oË~
� nDj�tvo�r g � � n/k���j � n9l � �FnÈû¸r�j �3g �
ký��r g � � x
� gh� o¬�L��ruy I �Jju�{����jLK g � � r � �Fn
�Ïø�¨¬�U~n���!�<ru� � x
�¸j � n/thÕ�§ � �Fn#�9ru�3��n9� � �Fn9o�oÑ�/� gh� n/� g jÄ�Lru�3y I �Jju�{����jLKOl
r �Fr �
ymj � ��� � �Fn¬ru�Fn9oÑn/y �
tvrËÕ�n9l g � � �Fn¬i�ruymjuo3x
tvrt�
��r�r��'j��Fl � �FnìnTS � n/�Fo g ru�
r�� � �FnVi�ruymjuo�x
tvr �
��r;r�� � r � �Fn�¤P�@� �/� gh� n/� g j g oqj��JÕ � � g �
k ¦
x � o � ��j g k�� � �<ru�B�
ú�j���l>~�i£� g o g o�l!xFn � r � �Fn�� ju� �P� �¸j ��� �Fn g �Fl!xF� �3g þ�nÂ�
��r;r��>r�� � j�kVx
� g w;xFn/�Fn9o�o
�Lru�3y4I pV�����!|TKE�¸juo � r+¦�n��9ruy �
tvn � n/thÕÑ��n9l
ru�FnVú gh� �¥j'y(r�l g�� n9l g �Jþ�j�� g j�� ��g �
ru��l
n/� � r g �F�9ru����ru��j � n � �Fn�r � �Fn/���9ru�3��n9� � �Fn9o�os�/� gh� n/� g j!~�ä g �F�9n � � g o g �;þ�ruthþ�n9o
��n��
��r{þ g �
k y(ru��n � �¸j��È���Ñtvn/y ymjuo2r�� � �Fn i�ruymjuo3x
tvrY�
��r�r��ª�L��ruy×I pV�����!|TK�§
� �Fn2l
n � j g tvosj���n2j�tvo�r(ruy gh�3� n9l g � � � g o � �Fn9o g o{~

Vsr � n � �¸j �Í� �Fn¬�Ïø�¨ì� ju� � x¸j�ththÕ l
r;n9oÑ�Fr �Íg y �
tvn/y(n/� � jÈo � � g � � iUruymjuo3x
tvr
o����Fn9l!x
tvn/�Ïú gh� ����n9ru��l
n/��¦
x^	>n/�{§�¦
x � jqo�t g k�� � thÕOy(r�l g�� n9l2þ�n/��o g ru�+l!xFn � r gh� o

IEEEfg y �
tvn/y(n/� � j �3g ru� juo(l g o��/xFo�o�n9l g � o�n9� �3g ru�o[F~��!~��!~S��n/�F�9n�§ � �Fn i�ruymjuo�x
tvr#�
��r�r��
�L��ruy � k�x
��nY[F~�� g o(ju� � x¸j�ththÕ j�� nTS � n/�Fl
n9l��
��r�r�� � �¸j � j�tvo�rÄ�9r{þ�n/��o � � g o

IEEEfy(r�l g�� �{j �3g ru�E~�i£� g oP�Fn9�9n9o�o gh� j � n9o�o�ruy(n£jul
l gh�3g ru�¸j�t��¸j���j�y(n � n/��o
j��FlZjuo�o3x
y � �3g ru�Fo
�<ru� � �Fnl�
��r;r��3§u¦
x �P� �Fn�l
n9�9ruy ��r�o gh�3g ru� g � � r��
��r;r���o � n��Fo�juo�o3��n � ���Fn9l(j�¦�r{þ�n g oÏ�Fr �
g �!ûFxFn/�F�9n9lÍ¦;Õ � � g o£nTS � n/�Fo g ru�E~@V�r � n�j�tvo�r � �¸j �£� �FnOjul
l gh�3g ru�¸j�tA�
��r;r��Ïru¦
t g kJj �3g ru�Fo
�<ru� � �Fnm�Fn/ú juo�o3x
y � �3g ru�Fo(j��Fl � �Fnm�Fn9�9n9o�o�j��3Õ y(r�l g�� �{j �3g ru�Fo g � � �Fn g �Fl!xF� �3g ru�
o � n��Ñj���n�ru�F�9n�j�kJj g �Ío � ��j g k�� � �<ru�3ú�j���l>~ª� n�ju� � x¸j�ththÕ*�
��r{þ�n � �Fn

IEEEf
nTS � n/�Fo g ru�

r�� � �Fn2iUruymjuo3x
tvrmj�thk�ru� gh� �
y �9ru�3��n9� �sg � o�n9� �3g ru�d[F~ [F~h|�~
VsrËú � �¸j � ú
n'�¸j9þ�nZ�9ruy �
tvn � n9l � �Fn:�
��r;r��
rËþ�n/�3þ g n/úöú gh� �Frux �Vg � � n/�3�3x�� � oË§�ú
n

ú g tht�k g þ�nÄjÈo��Fru� � rËþ�n/�3þ g n/ú rËþ�n/� � �Fn g � � n/k���j �3g ru� r�� g � � n/�3�3x�� � o � �¸j � ú
n¬ú g tht
l g o��/xFo�o g �Sl
n � j g t g � o�n9� �3g ru�N[F~��!~ i£�Fn#¦¸juo g � g l
n{j g o � �Fn¥�<ruthtvr{ú g �
kFzãø�o tvru�
k
juoV�Fr g � � n/�3�3x�� � r;�9�/x
��oË§�ú
nZl
n/� g þ�n �9ru�3��n9� � �Fn9o�oOú gh� � g � � n/�3�3x�� � o{§ g ~ n�~h§

corr � i?
§

o g y �
thÕ �L��ruy
corr?

~ i£�Fn g � � n/�3�3x�� � o � n�� gh� o�n/t¡� g omþ�n/� g�� n9l o�n��¸j���j � n/thÕ�~ ä g �F�9n
� �FnZ�Pø�¨ì� o � j � n(j)� � n/��j�� g � � n/�3�3x�� ��g o g � gh�3g j�t §Eú�n(ru�F�9n(j�kJj g � g �Fo � j�� �3g j � n � �Fn
�9ru�3��n9� � �Fn9o�o��
��r�r��Fú gh� �Frux ��g � � n/�3�3x�� � ú gh� � � �Fn
ju� � x¸j�t��Ïø�¨¬�ìj)� � n/� � �Fn g � � n/�3�3x�� �
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0 t

t′ ≤ t ⇒ c̃t
′

I
= ct

′

I

init?(c0
I
)

t′ ≤ t ⇒ corr?(t′) ⇒ corr i?(t′)

init?(ct+1

I
)

t′ < t ⇒ ¬JISRI(c̃
t
′

I
)

JISRI(c̃
t

I
)

¬JISRI(c̃I [c
t+1

I
]t

′

)

c̃I [c
t+1

I
]t

′

= c
t
′+t+1

I

corr?[ct+1

I
](t′) ⇒ corr i?(t′ + t + 1)

cycle

interrupt step proof

t + 1

¤ g k�x
��n$[F~ [FznOsþ�n/�3þ g n/ú r�� � �Fn g � � n/k���j �3g ru�ãr�� g � � n/�3�3x�� � o g � � r � �Fn$�
��r�r��

juo g � gh�3g j�t�o � j � n�~�i£� g o g o g ththxFo � ��j � n9l g � � k�x
��nG[F~ [F~,V�r � n � �¸j �s� �Fn'��n � x
�3� � rÍj��
g � � n/�3�3x�� � n9lý�
��ruk���j�y g oÑ�Fr � �9ru�Fo g l
n/��n9l g � � � g oW�¸j�� � r�� � �Fnq�
��r�r��B~öi£� g o g o
l!xFn � r � �FnZ� ju� �2� �¸j ��� � g o���n � x
�3� g o'ju�9�9ruy �
t g o3�Fn9l ¦JÕãy(n{j��Fo'r���j¥o g y �
tvn à Õ^Ý
g �Fo � �3xF� �3g ru�Fo�ú��Fr�o�n£�9ru�3��n9� � �Fn9o�o g o�j�th��n{jul!ÕZn9o � j�¦
t g o3�Fn9l+¦JÕ � �Fn£�9ru�3��n9� � �Fn9o�o8�
��r�r��
ú gh� �Frux ��g � � n/�3�3x�� � o Ô gh��g oqo g y �
thÕ¥jZo���n9� g j�t
ù´x
y � g �Fo � �3xF� �3g ru� �<ru� � � g oU�
��r;r��3~

���Ío�n9� �3g ru�Y[F~��!§�ú
nVú g tht�k g þ�nVo�ruy(nVl
n � j g tvo�ru� � �Fn g � � n/�3�3x�� � o � n��W�
��r�r��B§!n�~ kF~h§
� �¸j ��g � � n/�3�3x�� � o g � � �FnV�Pøs¨¬�Dj���nV��n{j�ththÕf�
��n9� g o�nOj��Fl � �Fn g � � n/�3�3x�� �qg y �
tvn/y(n/�!�
� j �3g ru� ymj � ���Fn9o gh� omo���n9� g�� �{j �3g ru�E~ øq� � n/�3ú�j���l
oË§£ú
n¥ú g tht��Lru�3ymj�t gh� n � k�x
��nd[F~ [F§
g ~ n�~h§ � �FnÑ��n9�/x
��o g þ�n �
��r��9n9o�oZr���l
n9�9ruy ��r�o g �
kÄ�Ïø�¨ì� �9ruy �
x � j �3g ru�Fo g � � r g � � n/�B�
�3x�� � �L��n9nq�¸j�� � o#j��Fl l
n/� g þ g �
k rËþ�n/��j�tht��9ru�3��n9� � �Fn9o�oÑ�L��ruy �9ru�3��n9� � �Fn9o�o¥ú gh� �Frux �
g � � n/�3�3x�� � o�j��Fl � �Fn g � � n/�3�3x�� � o � n��E~

íj�uí C !U�+��58�'�<7G58���£crA
� � ! . �ûA�73�<5��<� .  e�<�
��� � � g o�o�n9� �3g ru�E§@ú
n'ú g thtE�<r;�/xFosru� � �Fn+nTS � n/�Fo g ru�Fo�r�� � �Fn�iUruymjuo3x
tvrÍ�9ru�3��n9� � �Fn9o�o
�
��r�r�� � r � �Fn¬��n{j�t��Pø�¨ì� j������ gh� n9� � x
��n ú gh� �Frux �Ñg � � n/�3�3x�� � o{~ýi£� g oÍnTS � n/�Fo g ru�
�9ru�Fo g o � oVr�� � �FnZo���n9� g j�t

IEEEf
g y �
tvn/y(n/� � j �3g ru�E§ � �Fn g � � n/k���j �3g ru� r���jdy(n/y(ru�3Õ

x
� gh� ú gh� �#lFj � j(ju�9�9n9o�o,��ru� � j��Fl g �Fo � �3xF� �3g ru� �<n � ���¥�L��ruy � �Fn g �Fo � �3xF� �3g ru�ãju�9�9n9o�o
��ru� � r�� � �Fn#y(n/y(ru�3Õ x
� gh� �9ru�Fo g l
n/� g �
k o�n/t¡�6� y(r�l g�� �{j �3g ru�E~ö� n¬¦¸juo g �{j�ththÕ ú g tht
o��Fr{ú � �Fn g �Fl!xF� �3g ru� o � n�� �Lru� � �FnÍ�Pøs¨¬� �9ru�3��n9� � �Fn9o�o ú gh� �Frux �mg � � n/�3�3x�� � om�Lru�
� �Fn'j�¦�rËþ�nOy(n/� �3g ru�Fn9lX�¸j�� � o{~

� n
�FrËú g � � ��r�l!xF�9n � �Fn£ymj g � � �Fn9ru��n/yö�<ru�P�9ru�3��n9� � �Fn9o�o�ú gh� �Frux ��g � � n/�3�3x�� � �Lru�
t]j � n/�
xFo�n�~�ä g �F�9n � � g o�ú��Frutvnso�n9� �3g ru�dnTS
�/thxFo g þ�n/thÕ l
n{j�tvo�ú gh� � � �Fn g y �
tvn/y(n/� � j �3g ru�
c̃I
j��Fl � �FnOo���n9� g�� �{j �3g ru�

c̃S
ú gh� �Frux �qg � � n/�3�3x�� � o{§
ú
nOruy gh��� �FnOnTSQ�
t g � gh�

c̃
g � � � g o

o�n9� �3g ru�E~ª��� � �FnV�LruthtvrËú g �
kdo�n9� �3g ru�¬j�¦�rux �q� �Fn g � � n/k���j �3g ru�ãr�� g � � n/�3�3x�� � o{§¸ú�nOú g tht
j�kJj g �#ymj���n � �Fn2l g o �3g �F� �3g ru� ¦�n � ú�n9n/� � �Fn � ú
rdl g 	�n/��n/� � þ�n/��o g ru�Fo�nTS^�
t g � gh� ~

µ �>¡(¡#�E¬ÇG�¬ìG�� p�Þ!×�$�)L-WÌÈÜ6ðsñ@îv×�ðm×�Û¸Ý Ø�ÝLÜLÚuÛ+Ü6Ùng�Ú1&'&3×�g{Ý � Ü�Ý�Þ!Úuß�Ý@Ü�Û¸Ý�×'&'&0ßËñ�Ý�Ù/I À Ú1&Tw
ð(Øuî�î ham � ×2Þ�Ø1iu× ∀t ∈ N

[

synced ú code? =⇒ corr?(t)
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Ü�Û
Ù{×�g9ÝLÜ<ÚuÛ ü3I¤ü3I : � Þ!×�ÛEg�ÚuÛFÙ0Ü<çJ×'&�Ü6Û Ë Ü�Û
Ù�Ýl&�ß�g9ÝLÜLÚ�Û'æ{×/Ý�g�ÞWI
��� � �Fn¥i�ruymjuo3x
tvrÄ�9ru�3��n9� � �Fn9o�o g �Jþ�j�� g j�� � ju�9�9ru��l g �
k � r�I pV�����!|TK�§�jìy�xF��� y(ru��n
�9ruy �
tvnTS g �Jþ�j�� g j�� � �Frutvl
o � �¸j � j�tvo�rb�/t]j g y(oìj o���n9� g j�tV� g �Fl r��Z�9ru�3��n9� � �Fn9o�o g �
��n9o�n/�3þuj �3g ru�Ño � j �3g ru�Fo{§b�
��r�l!xF�9n/��o{§;nTS!n9�/x �3g ru�dx
� gh� o{§;j��Fl � �Fn���n9ru��l
n/�ª¦
x^	>n/��ú�� g tvn
�Fr ��� j�� g �
k'y(n/y(ru�3Õ g � � r ju�9�9rux
� � j � j�tht ~8Vsr � n � �¸j � ú
n��{j��dxFo�n � � g o�jul
l gh�3g ru�¸j�t
iUruymjuo3x
tvrV�9ru�3��n9� � �Fn9o�o g �Jþ�j�� g j�� � t g ��n � �Fn g �Fl!xF� �3g ru�Z�;Õ>��r � �Fn9o g o g �+ru��l
n/� � rso��Fr{ú
� �Fn g �Fl!xF� �3g ru�#o � n��E~

ó�ò�ó�ò�ñ x¤�����  ¨	<� õè��
M� 
S��� � �7	)���
���kI pV�����!|�§<�E~q���\[ Ò �����LK�§@pV���u� g �
kÑk g þ�n9oVj(o3��n � ���ìr�� � �Fn�iUruymjuo3x
tvrÑ�9ru�3��n9� � �Fn9o�o
�
��r�r��Eú gh� � � �Fn

IEEEf
g y �
tvn/y(n/� � j �3g ru� ú�ns���Fr�o�n g � � �Fns�Pøs¨¬�U~���r{ú
n/þ�n/�{§ � � g o

o���n � ���b�¸juo'o�ruy(nm�Jx
k�ndkJj\�Fo Ô gh� ru�
thÕã�Lr��/xFo�n9o�ru�bú�� gh� n9o � r
IEEEf

ú�� g ��� j���n
y(ru��n
ru��tvn9o�oUo � ��j g k�� � �<ru�3ú�j���l>§u¦
x �Ug k��Fru��n9o � �Fnªy�xF���'�¸j���l
n/� � rU�
��r{þ�n
��n{jul
o>�L��ruy
IEEEf

� �¸j � ��n9w;x g ��n � �Fnqjul
l gh�3g ru�¸j�t¸o � j�tht g �
kOy(n9���¸j�� g o3y ú
n£�¸jul � r g � � ��r;l!xF�9n�juo
j(�Fn/ú juo�o�x
y � �3g ru�E~��Vj9þ g �
kdl
ru�Fn � �Fn2�9ru�3��n9� � �Fn9o�o{�
��r�r���ú gh� �

IEEEf
�<ru�3ymj�ththÕ

g �Z���2ä�§�ú
n�j���n � �Fn/��n��<ru��n�j�¦
tvn � r�k g þ�n�j�� ju�9�/x
��j � n�rËþ�n/�3þ g n/ú r�� � �Fn%�
��r�r��B~�ä g �F�9n
j�¦�rux � ����l
n � � gh�3g ru�Foªj��FlZtvn/y ymjuo�j���n g �Jþ�ruthþ�n9l g �(jul
l g �
k � � g o

IEEEf
nTS � n/�Fo g ru�

� r � �Fn��
��r;r��3§!ú
nOú g thtUru�F�9n�j�kJj g �#ru�
thÕ¥o3��n � ��� � �FnV� g k��
t g k�� � o{~
¤ g ��o � r���j�tht §>ú
n g � � ��r;l!xF�9n(jÑ�Fn/ú�o���n9� g�� �{j �3g ru� ymju��� g �Fn�~+i£� g oVymju��� g �Fn g o

n9w;x¸j�t � r � �FnÍrutvlbiUruymjuo3x
tvrÄymju��� g �Fn#j\�¸j�� � ����ruy o�ruy(nÍo���n9� g j�t£��n/k g o � n/� ú gh� �
g �Fl
nTS

idxieeef
~�i£� g os��n/k g o � n/� g osx���lFj � n9l g � j��JÕì�9ruy �
x � j �3g ru� o � n�� � �¸j � l
r�n9o

�Fr � �¸j9þ�n
idxieeef

juo�l
n9o �3g �¸j �3g ru�d��n/k g o � n/�
¦;Õ � �Fnq��n9o3x
t � r��Eo�ruy(n���x
�F� �3g ru�
fieeefru� � �Fn�rutvl þuj�thxFn�r�����n/k g o � n/�

idxieeef
j��Fl � �Fn£��n/k�x
t]j��
��n9o3x
t � o�r�� � �Fn g �Fo � �3xF� �3g ru�E~

V�r � n � �¸j � �<ru� � �Fn��Ïø�¨¬�Ä�{juo�n�§ � � g oP�Lx
�F� �3g ru�
fieeef

g oPk g þ�n/�m¦JÕ � �Fnqo�n9�9ru�Fl��¸j�� �
r���n9w;x¸j �3g ru� æ [F~�}bç
�L��ruy � �Fn2l
n � � gh�3g ru�ìr�� � �Fn$�
��ruk���j�y y(n/��� osy(r;l
n/t ~

i£�Fnd�Fn/ú g y �
tvn/y(n/� � j �3g ru� ru�
thÕÈl g 	>n/��o+�L��ruy � �FnÍo � j��FlFj���lDiUruymjuo3x
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ru��lSru�3kJj�� gh� n9lo[ üV�ýy(n/y(ru�3Õ�§ g ~ n�~h§
j¬y(n/y(ru�3Õ
g � � n/�B�<ju�9n�ú gh� �

B = 8
j��Fl

a = 29
~

µ �>¡(¡#�E¬ÇG�¬ìG � )sÛ¬Øuî Ü Ë Û�×3çmðm×�ð(Ú1& hmØvg�g�×0Ù0Ù�Ý ÚmØuÛãØ�ç�ç1&�×0Ù�Ù
ea ∈ Z232

Ü]Ù�Ù0Ü�ðsñ@î h
Ø�Û#Øbg�g�×0Ù0ÙVÝ Ú H h�Ý�×0Ù ea mod 8

Ý Ú
(ea mod 8)+d−1

ÚBæsÝ�Þ
×Vç�Úuß H îh× � Ú1&3ç(Ø�ç�ç1&�×0Ù0Ù
ea div 8

I
°e�L�A�<¤BÕ � n � � g þ g j�ththÕ¥���Fr{ú

8 · (ea div 8) + (ea mod 8) = ea
~
�£n9�{j�xFo�n'r�� � �Fn

t gh�3� tvn���n/�Fl g j�� y(n/y(ru�3ÕÄru�3kJj�� gh� j �3g ru�E§ � �Fn(¦JÕ � nmj � jul
l!��n9o�o
ea

�{j��È¦�n+�<rux
�Fl j �
¦;Õ � n

ea mod 8
g � � �Fnml
rux
¦
tvn(ú�ru��l j � jul
l!��n9o�o

ea div 8
~d� n � �;xFo�ru�
thÕã�¸j9þ�n

� rão3�FrËú � �¸j � j�tht
d
¦;Õ � n9oZ�¸j{þ�n � �FnÍl
rux
¦
tvnÍú
ru��l jul
l!��n9o�o

ea div 8
§ g ~ n�~h§ � �¸j �

� �FnÑju�9�9n9o�o�l
r�n9oO�Fr � o��¸j�� � ú�rìl
rux
¦
tvnmú
ru��l
o{~Í�£n9�{j�xFo�ndr��
ea mod d = 0

§Uú
n
�9ru�F�/thxFl
n

d|ea
j��Fl � �JxFoË§!�Lru��j��JÕ

j ∈ Zd
§!ú
n��¸j9þ�n

(ea + j) div d = ea div d

j��Fl#o g �F�9n
d|8

�Frutvl
o{§ � � g oqtvn{jul
o � r

(ea + j) div 8 = ea div 8
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j��Fl � �Fnq�
��r;r�� g o � � g o3�Fn9l o g �F�9nãj�tht

d
¦JÕ � n9od�¸j{þ�n � �Fnìl
rux
¦
tvn¬ú�ru��l jul
l!��n9o�o

ea div 8
~

uti£�Fn2lFj � j g ���
x � j��Fl rux � �
x � r��ªj l
rux
¦
tvn�� ú�ru��lìru�3kJj�� gh� n9lìy(n/y(ru�3Õ g o�ru¦Jþ g �
ruxFo�thÕYa\[d¦ gh� oqú g l
n�~£���#ru��l
n/� � rdn/y�¦�n9l y(n/y(ru�3Õ#ju�9�9n9o�o�n9o�r���ú g l � �

d < 8
§ � �Fn

lFj � j � rZ¦�n�ú�� gh�3� n/� �¸juo � rZ¦�n�o�� g � � n9l � r � �FnO�9ru�3��n9� � ¦;Õ � n���r�o gh�3g ru� g �#j+l
rux
¦
tvn
ú�ru��l r�� � �FnÑy(n/y(ru�3Õ g � � n/�B�<ju�9n�~ ø��9�9ru��l g �
k � r � �Fn¥j�¦�r{þ�nÑtvn/y ymj!§ � �FnÍ�9ru�3��n��
o���ru�Fl g �
k¥o3� g � � l g o � j��F�9n n9wJx¸j�tvo

ea mod 8
¦JÕ � n9o{§ g ~ n�~

8 · (ea mod 8)
¦ gh� o{~2� n

�{j�tht�jÑ� g ���/x gh� o3� g � �3g �
k lFj � j
ea mod 8

¦JÕ � n9o � r � �FnZtvn�� � Ù0ÞJÜ æ/ÝÈü!Ù/Ý Ú1&3×9~2øýo g y g t]j��
o�� g � �3g �
k¥�¸juo � r ¦�nZl
ru�FnZ�<ru�O��n{julÈju�9�9n9o�o�n9oË§ g ~ n�~h§ � �Fn(�9ru�3��n9� � ¦JÕ � n9oO�¸j9þ�n � r ¦�n
nTS � ��ju� � n9lZ�L��ruy � �Fn�a\[2¦ gh� lFj � jOú
ru��l(r�� � �Fn�y(n/y(ru�3Õ g � � n/�B� ju�9n�~�i£�JxFo{§�jV� g ���/x gh�
o�� g � �3g �
kìj l
rux
¦
tvn ú
ru��l

ea mod 8
¦;Õ � n9o � r � �Fn � g k�� � j��Fl ru�
thÕã��n � x
�3� g �
k � �Fn

d
� g k�� � y(r�o � ¦;Õ � n9oZr�� � �Fnd��n9o3x
t �+g o'�{j�thtvn9lSÙ�ÞJÜ æ/ÝÈü
î¡ÚËØ�ç�~ìä g �F�9nÑ¦�r � � o g k��Fn9l j��Fl

x
�Fo g k��Fn9lDtvr�jul
omj���n¥o3x�����ru� � n9l>§ªú�n¥�¸j9þ�n � r ��n/�B�<ru�3y o g k��!��nTS � n/�Fo g ru�Sru� � n/��r��
nTS � n/�Fo g ru�ãr��ªtvr�jul
n9lÄlFj � j!§���n9o���n9� �3g þ�n/thÕ�§�ú�� g ��� g oVju��� g n/þ�n9lã¦JÕ¬� g ���/x gh� o+Ù9×|��Ý�ru�
z)×|��Ý<~Oi£�Fn9o�nZ� g ���/x gh� oO�{j��¬¦�n g � � n/k���j � n9l g � � rìÙ�ÞJÜ æ/ÝÈü
î¡ÚËØ�ç�§ g ~ n�~h§�l
n���n/�Fl g �
k ru�Äj��
jul
l gh�3g ru�¸j�t g ���
x � §�Ù�ÞJÜ æ/ÝÈü
î¡ÚËØ�çÑ��n � x
�3�Foqn gh� �Fn/� � �FnOo g k��!�ªru� � n/��r���nTS � n/�Fl
n9l o3� g � � n9l
lFj � j!~

¤Fru�'o � ru��nmr���n/��j �3g ru�Fo{§Uú
nÑjul
l gh�3g ru�¸j�ththÕÄ�¸j9þ�n � r¥k�n/�Fn/��j � n � �Fnm�9ru�3��n9� � ¦JÕ � n
ú�� gh� n'o g k��¸j�tvo

mwb
�Lru� � �Fn2y(n/y(ru�3Õ g � � n/�B� ju�9nZju�9�9n9o�o{~�� n��{j�thtPj(� g ���/x gh� k�n/�Fn/�B�

j �3g �
k � �Fn'¦JÕ � n�ú�� gh� nZo g k��¸j�tvos�<ru��¦JÕ�n9o
ea mod 8

� r
(ea mod 8) + d − 1

g � � �Fn
y(n/y(ru�3Õ g � � n/�B�<ju�9n Ë ×�Û H � ~
E �8F��1� �c���<�o¬ìG�¬ÇG � í ×�(�&�Ù/ÝPÙ ñF×�g/Ü æ h#o�� g � � [�tvr�jul ØuÛ@ç#o3� g � � [�o � ru��n�æ9Ú1&

d ≤ 4
I

sh4s′(d, off, din) := din[8 · (4 − off)− 1 : 0]din[31 : 8 · (4 − off)]

sh4l′(s, d, off, din) :=

{

sext(din[8 · (off + d) − 1 : 8 · off ])
Ü æ

s = 1

zext(din[8 · (off + d) − 1 : 8 · off ])
Ú�Ý�Þ!×'& � Ü]Ù{×

À Ú1&�ØuÛ@çÑØ1& H ÜLÝl&BØ1&Th d ≤ 8
m � ×2Ù9×/Ý off ′ := off mod 4

Ø�Û@ç

din′ := off div 4 = 0? din[31 : 0] :din[63 : 32]

Ø�Û@çÈÞ�Ø1i�×¬Ý�Þ!× Ë ×�Û�×'&3ØuîsÙ ñ
×�g9Ü (ng�Ø�ÝLÜLÚ�Û
Ù'æ9Ú1&#Ý�Þ!× g9ÜZ&�g/ß�Ü�Ý�ÙÄo3� g � � [�tvr�jul0m�o3� g � � [�o � ru��n�m
Ø�Û@ç¥k�n/�;¦JújI

sh4s(d, off, din) :=

{

din
Ü æ

d = 8

sh4s′(d, off ′, din′)sh4s(d, off ′, din′)
Ú�Ý�Þ
×'& � Ü6Ù9×

sh4l(s, d, off, din) :=

{

din
Ü æ

d = 8

sh4l(s, d, off ′, din′)sh4l(s, d, off ′, din′)
Ú�Ý�Þ!×'& � Ü]Ù{×

genbw(d, off) := λi∈Z8i ≥ off ∧ i < off + d

µ �>¡(¡#�E¬ÇG�¬ìG�¬ íÍÜ�Ý�ÞÍÝ�Þ!×OÞ!×�î ñÈÚ3æVÝ�Þ
×�Ø H Ú1i�×ZçJ×J(ªÛFÜ�ÝLÜ<ÚuÛ
Ù�m � ×eg�Ø�Û &�×�ñ@îhØbg�×ZØ H h�Ý�×Ú�&0Ü ×�Û¸Ý�×3ç ðm×�ð(Ú1& h � ÜLÝ�Þ Ø ç�Úuß H îv× � Ú�&Bç ðm×�ð(Ú1&Th8I À Ú1&0ð(Øuî�î ham(îv×/Ý ß;Ù g�ÚuÛ
Ù0Ü<çJ×'&
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Ø�ÛSØuî\Ü Ë Û�×�çãðm×�ð(Ú1& hãÜ�Û
Ù�Ýl&�ß�g9ÝLÜLÚ�Û � Ü�Ý�Þb×JÔs×�g9ÝLÜZiu×¥ðm×�ð(Ú1&ThãØJç�ç1&�×0Ù�Ù ea ∈ Z32

m�Ø
H huÝ�× � Ü<ç�Ý�Þ#ÚBæ d ∈ {1, 2, 4, 8}

m
s := lb? ∨ lh?

Ø�Ù�E£Ø Ë æ/Ú1&+ØdÙ0Ü Ë Û�×3ç¥Øbg g�×0Ù�Ù�m�Ø�Û@ç
m := M [8·(ea div 8)+7 : 8·(ea div 8)]

Ý�Þ
×�ç�Úuß H îv× � Ú1&3ç�Ø�çJç1&3×�Ù�Ù9×�ç H h ea div 8
I

p�Þ
×:&�×0Ù0ß�î ÝPÚBæqØuÛ¸hOîhÚ{Ø�ç+Ú0ñ
×R&BØ�ÝLÜ<ÚuÛ Øbg�g�Ú1&Bç�Ü6Û Ë Ý Ú'Ý Ø H îv×0Ùè)±IJÏ2ØuÛ�ç+)±I¤ü(Ü6Ù�Ý�Þ!×�Û Ë ÜZiu×�Û
H h sh4l(s, d, ea mod 8,m)

IöÖ¸Ü6ðZÜ�î¡Ø�&0î h�m � &�Ü�ÝLÜ�Û Ë H h�Ý�×0Ù genbw(d, ea mod 8)
ÚBæ

sh4s(d, ea mod 8, data)
Ü6Û Ý�Þ!×Íç�Ú�ß H îv× � Ú1&3çÄØ�ç�ç�&3×0Ù0Ù ea div 8

Ü6ÙmÝ�Þ!×mÙ ñ
×�g/Ü (£×3ç
×lÔs×�g9Ý�ÚBæ�ØuÛ Øuî Ü Ë Û�×3çmÙ�Ý Ú1&�×+Ú0ñ
×'&3Ø�ÝLÜ<ÚuÛ0I
°e�L�A�<¤BÕ � n2o��
t gh� �{juo�n9oqru� � �Fn � ÕQ��n2r�� � �FnVy(n/y(ru�3Õ¥r���n/��j �3g ru�E~
|�~q«En � xFoV�9ru�Fo g l
n/��jdtvr�jul g �Fo � �3xF� �3g ru�E~'¤¸ru�

d = 8
§�ú�nZ�¸j9þ�n

ea mod 8 = 0¦�n9�{j�xFo�n2r�� � �Fn2j�t g k��
y(n/� � j��Fl �Fn/�F�9n�§
8 · (ea div 8) = ea

~�i£� g oqtvn{jul
o � r

sh4l(s, d, ea mod 8,m) = m

= M [8 · (ea div 8) + 7 : 8 · (ea div 8)]

= M [ea + 7 : ea]

j��Fl �9ru�F�/thxFl
n9o � �FnÑ�{juo�n
d = 8

~¬¤Fru�
d ≤ 4

§Pú�nÑj���nÑru�
thÕ g � � n/��n9o � n9l g �
� �Fn*[ìtvr{ú�n9o � ¦JÕ � n9o'r��

sh4l
~XV�r � n � �¸j �

(ea mod 8) div 4 = 0
�Frutvl
o g 	

ea div 4 = 0
~����#jul
l gh�3g ru�E§Fú
nO���Fr{ú

4 · (ea div 4) =

{

8 · (ea div 8)
g �

ea div 4 = 0

8 · (ea div 8) + 4
r � �Fn/�3ú g o�n

�sn/�F�9n�§ � �Fn
din′ g ���
x � r�� sh4l′

§ g ~ n�~h§
ea div 4 = 0?m[31 : 0] :m[63 : 32]n9wJx¸j�tvo

m′ := M [4 · (ea div 4)+3 : 4 · (ea div 4)]
¦;Õ � �Fnsl
n � � gh�3g ru�¥r��

m
~

sh4l(s, d, ea mod 8,m)[31 : 0] = sh4l′(s, d, ea mod 4,m′)

��ÕÑnTS^�¸j��Fl g �
k � �FnOl
n � � gh�3g ru�¬r��
sh4l′

§!ú
nOk�n �

=

{

sext(m′[8 · ((ea mod 4) + d) − 1 : 8 · (ea mod 4)])
g �

s = 1

zext(m′[8 · ((ea mod 4) + d) − 1 : 8 · (ea mod 4)])
r � �Fn/�3ú g o�n

ä g �F�9n
ea = 4 · (ea div 4) + (ea mod 4)

� � g þ g j�ththÕ �Frutvl
o{§�ú�nãj�tvo�r �¸j9þ�n
m′[8 · ((ea mod 4) + d)− 1 : 8 · (ea mod 4)] = M [ea + d− 1 : ea]

ú�� g ���
n9wJx¸j�tvo � �FnZl
n � � gh�3g ru� r�� � �FnZnT	>n9� � r���jmtvr�jul g �Fo � �3xF� �3g ru� g �Äj\����n/�Fl g Sãø
j��Fl � � g oq�{juo�n g o � � g o3�Fn9l>~

�!~q¤Fru�do � ru��n r���n/��j �3g ru�FoË§£ú
n ruy gh�d� �Fnd�
��r�r��Vl!xFn � r gh� omo g y g t]j�� gh� Õ � r � �Fn
j�¦�rËþ�n2�{juo�n2r��Ptvr�jul r���n/��j �3g ru�Fo{~

ut

i£�Fn l
n9o g k�� r���� g ���/x gh� o g y �
tvn/y(n/� �3g �
k Ù?üFîªú gh� � g � � n/k���j � n9lDÙ9×|��ÝOj��Flkz)×|��Ý<§PÙ�ü!Ù�§
j��Fl Ë ×/Û H � ju�9�9ru��l g �
k � r � �Fn j�¦�r{þ�nZo���n9� g�� �{j �3g ru�Fo g oVo � ��j g k�� � �<ru�3ú�j���l j��Fl � �Fn
�9ru�3��n9o���ru�Fl g �
km�9ru�3��n9� � �Fn9o�o��
��r�r��Loqj���n�j�tvo�r n{juo3Õ�~�ø o�j�y �
tvn g y �
tvn/y(n/� � j �3g ru�ãr��
� �Fn9o�n2� g ���/x gh� oq�{j�� ¦�n��Lrux
�Fl g �#I ¨ì�ª���!§¸�E~nZu} Ò }�}LK�~
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i£�FnVy(n/y(ru�3Õdx
� gh� r�� � �FnV�Pøs¨¬�b¦¸juo g �{j�ththÕÍ�9ru�Fo g o � o�r�� � �FnV� g ���/x gh� oqo���n9� g�� n9l g �
� �Fn+t]juo � �¸j���j�k���j\�
�E§Eru�Fn:� g ��n/t g �FnZo � j�k�n�§Ej��Flãjdy(n/y(ru�3Õ g � � n/�B�<ju�9n juoVl
n�� g � � n9l
g � � k�x
��nW[F~��!~(Os�Dl g o��¸j � ���E§ � �FnÍnT	>n9� �3g þ�n¥jul
l!��n9o�o

ea
g o �9ruy �
x � n9lb�L��ruy � �Fn

g �Fo � �3xF� �3g ru�b��n/k g o � n/�Zj��Fl � �FnÑjul
l!��n9o�o g � � �Fnm��n9o�n/�3þ�j �3g ru� o � j �3g ru� j��Fl ú�� gh�3� n/�
g � � r � �Fnªy(n/y(ru�3Õ2o � j�k�n � ruk�n � �Fn/�Ïú gh� � � �Fn�lFj � j�o3� g � � n9lO�Lru��o � ru��n9o{§ � �Fnªk�n/�Fn/��j � n9l
¦;Õ � n#ú�� gh� n o g k��¸j�tvo{§ � �Fn � j�kÈ����ruy � �Fn¥��n9o�n/�3þ�j �3g ru� o � j �3g ru�E§�j��FlSo�n/þ�n/��j�t�û@j�k�o
n/�F�9r�l g �
k � �Fn � ÕQ��n£r��¸y(n/y(ru�3Õ ju�9�9n9o�o{§�j��Fl � �Fn�ju�9�9n9o�oÏú g l � �

d
~Ïi£�Fn g �Fo � �3xF� �3g ru�

g � � �Fn�y(n/y(ru�3ÕZo � j�k�n��{j�� � �Fn/�mju�9�9n9o�o � �Fn£y(n/y(ru�3Õ g � � n/�B� ju�9n Ô x
�
tvn9o�o � �Fn/��n£ú£juo
j'y g o�j�t g k��
y(n/� � j��FlÍ�Fr+y(n/y(ru�3ÕÍju�9�9n9o�o g o£�Fn9n9l
n9l j � j�tht ~8V�r � n � �¸j � o � ru��n9oqj���n
��n9w;x g ��n9l � rmú�j gh� ú gh� � � �Fn g �sy(n/y(ru�3Õ#ju�9�9n9o�oqx
� �3g t � �Fn g � � j�kdn9w;x¸j�tvo

ROBhead
~

i£�Fn ju�9�9n9o�o � r � �FnÍy(n/y(ru�3Õ g � � n/�B�<ju�9n¥ymj{Õ � j���n¥o�n/þ�n/��j�tq�/Õ��/tvn9o{~b��x
� g �
k � � g o
�3g y(n�§ � �Fn�y(n/y(ru�3Õ o � j�k�n g o�o � j�thtvn9ldj��Fl

stall � out
g oªo g k��¸j�thtvn9l � r � �FnqiUruymjuo3x
tvr

o����Fn9l!x
tvn/� g � ru��l
n/� � rão g k��¸j�t � �¸j � � �FnÍx
� gh� �{j�� �/x
�3��n/� � thÕDju�9�9n�� � �Fr¬�Lx
� � �Fn/�
g �Fo � �3xF� �3g ru�Foq¦JÕ¥l g o��¸j � ���E~

� �Fn/� � �Fn#y(n/y(ru�3Õ g � � n/�B� ju�9n � �¸j�ththÕ o g k��¸j�tvo � �Fn n/�FlSr�� � �Fn#ju�9�9n9o�o(ú gh� �
¬cI .M.dbusy

§ � �Fn/��n�j���n � ú
rG��r�o�o g ¦ g t gh�3g n9o{~P� gh� �Fn/� � �Fn�i�ruymjuo3x
tvr+o����Fn9l!x
tvn/��o g ku�
�¸j�tvoV¦;Õ

stall � in
� �¸j �Ogh� �{j��Ä�/x
�3��n/� � thÕÄju�9�9n�� � �FrÍrux � �
x � o��L��ruy � �Fn+y(n/y(ru�3Õ

x
� gh� ru� gh� l
r�n9o£�Fr � ~����Í�{juo�n�r��
¬stall � in

§ � �Fn g �Fo � �3xF� �3g ru� tvn{j9þ�n9o � �FnVy(n/y(ru�3Õ
x
� gh� j��Fl n/� � n/��o � �FnÂ�
��r�l!xF�9n/����n/k g o � n/�{~P��� �{juo�n£r���j�tvr�jul g �Fo � �3xF� �3g ru�E§ � � g o�jul
l g �
�3g ru�¸j�ththÕÍy(n{j��Fo � �¸j �q� �FnOlFj � j rux � �
x �

dout
r�� � �FnOy(n/y(ru�3Õ g � � n/�B� ju�9n g oU�¸juo�o�n9l

� r¥� g ���/x gh� Ù0ÞJÜ æ�ÝÈü
îhÚ{Ø�çÄj��Fl � �Fn rux � �
x � § � �Fn(ju� � x¸j�t���n9o3x
t � r�� � �Fn g �Fo � �3xF� �3g ru�E§ g o
ú�� gh�3� n/� � r � �FnU�
��r�l!xF�9n/�ª��n/k g o � n/�{~P���B§Jru� � �Fnqr � �Fn/�ª�¸j��Fl>§

stall � in
�Frutvl
o
j ��� �Fn

n/�Flìr�� � �Fn2y(n/y(ru�3Õ#ju�9�9n9o�oË§@jZû@j�k g � � �Fn�y(n/y(ru�3Õ o � j�k�n g oVjuo�o�n/� � n9lìo g k��¸j�tht g �
k
� �¸j �s� �Fn g �Fo � �3xF� �3g ru� g � � �Fn�y(n/y(ru�3Õ¥x
� gh� j�th��n{jul!Õ ju�9�9n9o�o�n9l � �Fn2y(n/y(ru�3Õ¥x
� gh� §
¦
x �ªg o�ru�
thÕ'ú£j gh�3g �
k2�<ru�

stall � in
� rO¦�n�l
n{ju� �3g þ�j � n9l>~����(�{juo�nqr��Ej���n{julmju�9�9n9o�o � r

� �Fn+y(n/y(ru�3Õ g � � n/�B� ju�9n�§ � �Fn+lFj � jd��n � x
�3�Fn9lã¦;Õ � �Fn'y(n/y(ru�3Õ g � � n/�B� ju�9n g oVo � ru��n9l
g � � �Fn

data
��n/k g o � n/��r�� � �Fnqy(n/y(ru�3ÕZo � j�k�n�~Ïø�o�o�r�ru�mjuo

stall � in
g o�l
n{ju� �3g þ�j � n9l>§

� �Fn g �Fo � �3xF� �3g ru�¥tvn{j9þ�n9o � �FnVy(n/y(ru�3ÕÑx
� gh� !��Lru�£tvr�jul g �Fo � �3xF� �3g ru�FoË§
data

g oÂ�¸juo�o�n9l
� rÑÙ0ÞJÜ æ�ÝÈü
îhÚ{Ø�ç g �#ru��l
n/� � r �9ruy �
x � n � �FnV��n9o�x
t � r�� � �Fn g �Fo � �3xF� �3g ru�E~

ø�l
l gh�3g ru�¸j�ththÕ�§ g �Fo � �3xF� �3g ru� �<n � ��� g o,��n/�B�<ru�3y(n9l g � � �FnOy(n/y(ru�3Õ x
� gh� ~£i£�Fn/��n��
�<ru��n�§ � �Fn/��n g oOj��Äjul
l gh�3g ru�¸j�t g ���
x �

PC
ú�� g ��� g o�ju� � x¸j�ththÕìxFo�n9l �<ru� g �Fo � �3xF� �3g ru�

�<n � ���E~Äø¢l
n � � gh�3g ru� r�� � � g o
PC

ú g tht�¦�ndk g þ�n/� g � � �Fnm�LruthtvrËú g �
k o�n9� �3g ru�t[F~ [F~��
j�¦�rux ��g �Fo � �3xF� �3g ru�È�<n � ���E~#ä g �F�9nmú
n(�¸j{þ�nÑj#l
rux
¦
tvn�� ú
ru��lbú g l
n(y(n/y(ru�3Õ g � � n/�B�
� ju�9n�§>ú�n xFo�n

PC[2]
g �Èru��l
n/� � r o�n/tvn9� � ú�� g ��� �¸j�t¡��r�� � �Fnfa\[¥¦ gh� lFj � jÍú
ru��l g o

��n � x
�3�Fn9l g � ru��l
n/� � r ¦�nOo�j9þ�n9l � r � �Fn g �Fo � �3xF� �3g ru� ��n/k g o � n/�{~
Vsr � n � �¸j � ú
n2�¸j{þ�n � r k�x¸j���j�� � n9n2þ�j�t g l g ���
x ��� r � �FnOy(n/y(ru�3Õ ju�9�9ru��l g �
k � r

l
n � � gh�3g ru�D|�~��!~h|�~V� ��g oVn{juo3Õ � rdk�x¸j���j�� � n9n � �¸j � ru� � �Fn+lFj � jf��ru� � §
mr

j��Fl
mwj���nZ�Fn/þ�n/����j g o�n9lÄo g y�x
t � j��Fn9ruxFo�thÕ�~ �����
x � o � j�¦ g t gh� Õ¬�Lru� � �Fn nT	>n9� �3g þ�nmjul
l!��n9o�o g �

� �Fn�y(n/y(ru�3ÕÍo � j�k�n g o�j�tvo�rZn{juo3Õ � r+k�x¸j���j�� � n9n g � � �FnOj�¦Fo�n/�F�9nOr�� g � � n/�3�3x�� � o{~nOs�
j�� g � � n/�3�3x�� � §E�Fr{ú�n/þ�n/�{§ � �Fn �
© ymj9Õì¦�n'�<ru���9n9l � rÍjm�Fn/ú�þ�j�thxFn g � � �FnZy g l
l!tvn
r���j��ìju�9�9n9o�osj��Fl � �FnOy(n/y(ru�3Õ¥o � j�k�n g o£ûFxFo3�Fn9l>~

¤Fru� � �Fn y(n/y(ru�3Õ o � j�k�n�§ � � g o��
��ru¦
tvn/y g o2n{juo3Õ � r o�ruthþ�n�~(� ndjul
lÈj�� jul
l g �
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cI.M.mw

mw mr JISR

rollback

cI .M.mr cI .M.dbusy

stall out mem.fullmem.I s

¤ g k�x
��n�[F~�a!z
ä � j�¦ g t gh�9g �
kd� g ���/x gh� �<ru��jZlFj � j(ju�9�9n9o�o g � � �Fn
MU

�3g ru�¸j�t>�9ru� � ��rut>¦ gh�
rollback

� r � �Fnsy(n/y(ru�3ÕÍo � j�k�n � �¸j �£g o£ru�
thÕÑjuo�o�n/� � n9lmú��Fn/� j
JISR(cI)

r��9�/x
��o�ru�Äj*��n/�Fl g �
kÑy(n/y(ru�3Õ¬ju�9�9n9o�oVju�9�9ru��l g �
k � r � k�x
��ne[F~�a!~=<Äi£�Fn
y(n/y(ru�3Õì��n{jul���j��Flìú�� gh� n g ���
x � oOr�� � �Fn+y(n/y(ru�3Õ g � � n/�B� ju�9n(j���n � �Fn/� j�tvo�r¥ju� �3g �
þ�j � n9lmru�Íj��Ñju� �3g þ�n

rollback
o g k��¸j�t�! � �Fn � ÕQ��n�r�� � �Fnsju�9�9n9o�o g oªn/�F�9r�l
n9l g �Ñj

I� s¦ gh� ú�� g ��� g o�ju� �3g þ�n��<ru�
o � ru��nsr���n/��j �3g ru�Fo{~�i£�Fn
rollback

�9ru� � ��rut�¦ gh� o � j9Õ!o�ju� �3g þ�n
x
� �3g t � �FnZy(n/y(ru�3Õ g � � n/�B� ju�9n(o g k��¸j�tvo

¬cI .M.dbusy
~Z��� � � g o2�{juo�n�§ � �FnZy(n/y(ru�3Õ

o � j�k�n g o�ùBxFo � ûFxFo3�Fn9lmj��Fl � �Fn g �Fo � �3xF� �3g ru� g � gh� ç�ÚË×0Ù�Û�Ú�ÝEîv×3Ø1i�×OÝ�Þ!×sðm×�ð(Ú1& h'ß;Û¸Ü�Ý<~
��� jul
l gh�3g ru�E§ � �FnVy(n/y(ru�3ÕÍx
� gh� �¸juo � r o g k��¸j�t

stall � out
juo�tvru�
kmjuo � � g o��9ru� � ��rut

¦ gh�'g o+juo�o�n/� � n9l>~ i£�Fn �<ruthtvr{ú g �
kÄn9w;x¸j �3g ru�FoZo3x
y ymj�� gh� n � �Fn9o�nm�9ruy �
x � j �3g ru�Fo(juo
l
n�� g � � n9l g � � k�x
��n$[F~�a!~

rollback′ = ((mrI ∨ mwI) ∧ JISR(cI) ∨ rollback) ∧ cI .M.dbusy
stall � out = mem.fullI ∨ rollback
cI .M.mr = mrI ∨ rollback ∧ ¬mem.I� s
cI .M.mw = mwI ∨ rollback ∧ mem.I� s

æ [F~��bZ"ç

¤Fru� � �Fn
PC

§£ú
n¬�¸j9þ�n � r jul
l j�� jul
l gh�3g ru�¸j�tV��n/k g o � n/�
mPC

� �¸j � o � ru��n9o
� �Fnd�
© j �'� �Fn � ��o � �/Õ��/tvndr��qj�� ju�9�9n9o�o'ju�9�9ru��l g �
k � r � k�x
��nf[F~PZQ! � �Fn(y(n/y(ru�3Õ
g � � n/�B�<ju�9n g oZju�9�9n9o�o�n9lbú gh� �

mPC
�L��ruy � �FnÑo�n9�9ru�Flb�/Õ��/tvnÑru�E~ã� � � �Fndy(n/y(ru�3Õ

g � � n/�B�<ju�9ndo g k��¸j�tvo
¬cI .M.ibusy

§�ú�n(�9ruy �¸j���n � �Fn(�/x
�3��n/� �
PC

ú gh� �
mPC

~(���
�{juo�nsr��Un9w;x¸j�t gh� Õ�§�ú�n3�¸juo�o

¬cI .M.ibusy
� r � �Fn g �Fo � �3xF� �3g ru�Í�Ln � ���'!!r � �Fn/�3ú g o�n�§!ú
n

o g k��¸j�t
ibusy

� r � �Fn g �Fo � �3xF� �3g ru�ì�<n � ���Äj��Fl#o � j�� � j(�Fn/ú �<n � ���ìú gh� � � �Fn+�/x
�3��n/� �
PC

g � � �Fns�FnTS � �/Õ!�/tvn�~Ïi£� g o�jul
l gh�3g ru�¸j�t���n/k g o � n/� g �dru��l
n/� � r2��n9n�� � �Fn��
© g ���
x �
� r � �Fn g �Fo � �3xF� �3g ru�Íy(n/y(ru�3Õdo � j�¦
tvn g o��Fr � ��n{j�t gh� n9l g �qI ¨¬�ª���LK>ú�� g ��� ru�F�9nOj�kJj g �
o��Fr{úqo � �Fnm�Fn9�9n9o�o gh� ÕÈr����<ru�3ymj�ththÕE�
x �3�3g �
kãj�tht � �Fnf�
��r;r��<o � ruk�n � �Fn/� g � ru��l
n/� � r
��n{j�ththÕ ru¦ � j g �ãr{þ�n/��j�thtP�9ru�3��n9� � �Fn9o�o{~,Vsr � n � �¸j ��� � g o�l
r;n9os�Fr ��g y �¸ju� � ru�#�Pøs¨¬�
t g þ�n/�Fn9o�o'o g �F�9n � � g oZjul
l!��n9o�oZ���¸j��
k�nÍ�{j��bru�
thÕ r��9�/x
�Zru� j

JISR(cI)
j��Fl � �Fn/��n

s ç ��vu�0vut1�BvW{"�"{Ç�]­]­ �R�?�u��©=§�­¤��vu�?�¼���èvut���v¼�lvu���u�"�������?�w�w���3�������a��v¼���3�¤�/vu�?�w�u�axavu�|���/§
JISR(cI)

�
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istalled

mPC

ibusy

1 0

imr

cI .M.pc cI .M.ibusy

1

eq
2
9

PC[31 : 3]

cI .M.imr

¤ g k�x
��n$[F~PZ�z
PC

o � j�¦ g t gh�9g �
kÑ� g ���/x gh�3Ë ×�Û^Ì u

�{j��m¦�n��Fr � ú
r+�/Õ!�/tvn�ú��Fn/��n
JISR(cI)

g o�ju� �3g þ�n�ú gh� �Frux � j � tvn{juo � ru�Fn g �Fo � �3xF� �3g ru�
�<n � ���S�¸j\����n/� g �
k g �S¦�n � ú
n9n/�E~Si£�Fn¥�LruthtvrËú g �
kÈn9wJx¸j �3g ru�Fo2ù´xFo � o3x
y ymj�� gh� n � �Fn
o����Fn/ymj �3g �9o��L��ruy � k�x
��n$[F~PZ�~

istalled′ = (imr ∨ istalled) ∧ cI .M.ibusy

mPC ′ =

{

PC[31 : 3]
g �

cI .M.ibusy ∧ ¬istalled

mPC
r � �Fn/�3ú g o�n

cI .M.imr = imr ∨ istalled

cI .M.pc =

{

mPC
g �

istalled

PC[31 : 3]
r � �Fn/�3ú g o�n

ibusy = cI .M.ibusy ∨ istalled ∧ ¬eq29(PC[31 : 3],mPC)

æ [F~���}bç

�e�<�L�\�v�b�c���>���_��¤��c���q¡#�>¡k���L¢o���1� �
� n+�¸j{þ�n � rÍo3�Fr{ú � �¸j �O� �Fn+y(n/y(ru�3Õão � j�k�n g � �/Õ��/tvn

t
�
��r�l!xF�9n9o2juoOrux � �
x �O� �Fn

�9ru�3��n9o���ru�Fl g �
kÍ��n9o3x
t � ����ruy � �Fn:�
��ruk���j�y y(n/��� oOy(r;l
n/t § g ~ n�~h§ � �Fn+�9ru�3��n9� � lFj � j g o
��n{jul g � �{juo�n¥r��Vj¬tvr�julDr���n/��j �3g ru�E~Dø�l
l gh�3g ru�¸j�ththÕ�§
ú�nÍ�¸j9þ�n � rÄo��Fr{ú � �¸j � � �Fn
y(n/y(ru�3Õ g � � �Fn��<ruthtvr{ú g �
kZ�/Õ��/tvn

t+1
o �3g thtF�Lx
t � thtvo � �Fn��9ru�3��n9� � �Fn9o�o g �;þuj�� g j�� � § g ~ n�~h§

� �FnZ�9ru�3��n9� � �Fn9o�o�r���o � ru��n�~2���ã¦�r � � � �Fn9o�nG�
��r�r��LoË§@ú�n �{j�� juo�o3x
y(n
corr?(t)

j��Fl
iUruymjuo3x
tvrZ�9ru�3��n9� � �Fn9o�o
x�� � r'�/Õ��/tvn

t
~Pøson�¸j�� � r�� � �Fn�i�ruymjuo�x
tvr'�9ru�3��n9� � �Fn9o�oË§;ú�n

�¸j{þ�n��9ru�3��n9� � �Fn9o�o
r�� � �Fn�r���n/��j��Fl
o�j��Fl � �Fn g �Fo � �3xF� �3g ru�(��n/k g o � n/��o g � � �Fn�y(n/y(ru�3Õ
��n9o�n/�3þuj �3g ru�Ío � j �3g ru�E~P� �
g o � �Fn/��n��<ru��nsn{juo�Õ � r'l
n/� g þ�ns�9ru�3��n9� � �Fn9o�o��<ru� � �Fn���n/k g o � n/��o
g � � �Fn(y(n/y(ru�3Õão � j�k�n�§ g ~ n�~h§ � �Fn(nT	>n9� �3g þ�nmjul
l!��n9o�oË§Eo�n/þ�n/��j�t�û@j�k�o{§Ïj��Fl � �Fn(lFj � j
� rZ¦�n2o � ru��n9l>~

¤Fru� � �Fnì�9ru�3��n9� � �Fn9o�o¥r��2tvr�jul
oË§qú
nãru�
thÕD�<r��/xFodru� � �Fnì�/Õ!�/tvnãj tvr�jul ju� � x!�
j�ththÕ �9ruy �
tvn � n9oË~ì����rËþ g �
k � �¸j �+� � g o'lFj � j g o'o � ru��n9l g � � �Fnmy(n/y(ru�3ÕÈo � j�k�ndj��Fl
�¸juo�o�n9l � r � �Fne�
��r;l!xF�9n/�st]j � n/�sru�ìj��ìju� �3g þ�n

stall � out
r�� � �Fn2iUruymjuo3x
tvrÑo����Fn9l��

x
tvn/� g o�o � ��j g k�� � �Lru�3ú£j���l>~����ìjul
l gh�3g ru�E§�ú
n'ru�
thÕÍ�Lr��/xFo�ru�ìj�t g k��Fn9lãju�9�9n9o�o�n9oso g �F�9n
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� �Fn¬�9ru�3��n9� � �Fn9o�o r��'j y g o�j�t g k��Fn9l ju�9�9n9o�o g oÍn{juo3Õ � r o3�FrËú2~ö� nìo � j�� � ú gh� � j
�Fn/t���n/��tvn/y ymjmo � j �3g �
k � �¸j ��� �Fn'o���n9� g�� �{j �3g ru�ãy(n/y(ru�3Õ � �¸j ��� �Fn g �Fo � �3xF� �3g ru� g �
� �FnZy(n/y(ru�3ÕÄo � j�k�n o�n9n9o�j �O� �Fn(n/�FlÄr��qj��Èju�9�9n9o�o g o�ju� � x¸j�ththÕ � �Fn o���n9� g�� �{j �3g ru�
y(n/y(ru�3Õ¥r�� g �Fo � �3xF� �3g ru�

sI(MI , t)
~

µ �>¡(¡#�E¬ÇG�¬ìG � �6æ�ØuÛÍÜ6ÛFÙ�Ýl&�ß^g9ÝLÜ<ÚuÛÍÜ�ÛÍÝ�Þ
×qðm×�ð(Ú1&Th�ß�ÛFÜLÝUÝ�×R&0ðZÜ�Û@Ø�Ý�×0ÙqÜLÝ�ÙsØbg�g�×�Ù�ÙsÜ�Û
g;h"g9îh×

t
m�Ý�Þ!×�Ù�ñ
×�g/Ü (ng�Ø�ÝLÜ<ÚuÛìð(×/ð Ú�& h£æ9Ú1&�Ý�Þ
×VÜ�Û
Ù�Ýl&�ß^g{ÝLÜLÚuÛ¥Ü�Û Ý�Þ!×Oð(×/ð Ú�& hZß�ÛFÜ�Ý�Ø�Û@ç

Ý�Þ
×VÚuÛ�×VÚBæ�Ý�Þ
×sÜ6Û
Ù/Ýl&0ß�g9ÝLÜ<ÚuÛÍÜLç;×�Û¸ÝLÜ (�×3ç H hZÝ�Þ!×+i{Ü6Ù0Ü H îh×sðm×�ð(Ú1&Th�&3× Ë Ü]Ù/Ý�×'&�Ù;g�Þ!×3ç�ß;î Ü6Û Ëæ�ß�Û<g9ÝLÜ<ÚuÛãØ�&3×�Ü<çJ×�Û¸ÝLÜyg�Øuî�I À Ú1&�ð(Øuî�î h�m � ×2Þ�Ø1i�×

(mwt
I ∨ mrt

I) ∧ ¬c̃t
I .M.dbusy =⇒ c̃

sI(MI ,t)
S .M = c̃
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� n9l(�<n � ���E§!ú�n���n9w;x g ��n � �¸j �
� �Fn/��n g o£j Ú\ávä Ö g �Fo � �3xF� �3g ru� g �d¦�n � ú�n9n/�E~�i£� g o
o�ruthx �3g ru� g o2j������ gh� n9� � x
��n�� g �Fl
n���n/�Fl
n/� � j��Fl¬��n9wJx g ��n9oVþ�n/�3Õ t gh�3� tvnZ�¸j���l!ú£j���n
r{þ�n/�3�Fn{jul>~£ä g �F�9n � ÕQ� g �{j�tE�9ruy � g tvn/��o�l
rZ�Fr � �
��r�l!xF�9n2o�n/t¡��� y(r;l g �LÕ g �
kZ�9r�l
n�§
�9ruy � g tvn9lE�
��ruk���j�y(oOxFo3x¸j�ththÕ#��x
t � tht � �Fn

sync
�/� gh� n/� g ru�Ä¦JÕãl
n��<j�x
t � ~'�£juo g �

�{j�ththÕ�§ � �Fn�ru�
thÕ � � g �
k j��dr���n/��j �3g �
k+o3Õ!o � n/y �¸juo � r�k�x¸j���j�� � n9n � �Fn/� g o � �¸j �
j#o�ú gh� ���D¦¸ju��� � rãj#xFo�n/� � �
��n{jul ru�
thÕÈr��9�/x
��oZj)� � n/�(j Ú\ávä Ö g �Fo � �3xF� �3g ru�E~
� n � �Fn/��n��<ru��nV�Lr��/xFo�ru� � � g oqo�ruthx �3g ru�¥�Lru�qo�n/t¡�6� y(r�l g ��Õ g �
km�9r�l
n�~

«�n � xFoqjuo�o3x
y(n � �¸j � j ÚLávä Ö g �Fo � �3xF� �3g ru� g � � �Fn'©��@� �¸juo � �FnV�<ruthtvr{ú g �
kmnT	>n9� � o{z
|�~q¤
��ruy � �Fn$�
��ruk���j�y y(n/��� osþ g n/ú2§¸j ÚLá>ä Ö g �Fo � �3xF� �3g ru�#¦�n/�¸j9þ�n9oqt g ��n2j ä^ß�ã ~
�!~3Os� � �Fn g y �
tvn/y(n/� � j �3g ru�Èo g l
n�§>j Ú\ávä Ö g �Fo � �3xF� �3g ru� �
��ru� g ¦ gh� o2j��JÕ �Lx
� � �Fn/�
g �Fo � �3xF� �3g ru� �<n � ���ìx
� �3g tPj�tht g �Fo � �3xF� �3g ru�Fo�o�n9wJxFn/� �3g j�ththÕÍ¦�n��<ru��n � �Fn Ú\ávä Ö g �!�
o � �3xF� �3g ru� �¸j{þ�n2tvn�� ��� �Fn$� g ��n/t g �Fn�~

øsoªú
nVj�th��n{jul!Õmo3��n � ���Fn9l g �do�n9� �3g ru�f[F~ [F~h|�§ � �Fn/��n g o£j�th��n{jul!Õdj�o���n9� g j�t@þ�n/��o g ru�
r��Vj ê�ß14�Ú�6^Û#g �Fo � �3xF� �3g ru� g � � �FnÍ�Ïø�¨ì� �Lx
t � tht g �
k � �Fn9o�nÍ�/� gh� n/� g j^!£ú
n¥�{j�thtvn9l gh�
o g y �
thÕ ÚLá>ä Ö;~ ¤ g ��o � r��'j�tht §�ú�n �<ru�3ymj�t gh� n � �Fnãj�¦�r{þ�n g l
n{j r��2��n9w;x g � g �
k ÚLávä Ö
g �Fo � �3xF� �3g ru� ¦�n��<ru��nOy(r�l g�� n9lÍ�<n � ���Fn9o{~
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S1.full

DPC

1
0

0
32

1 0

0
1

rfe

PC ′

EDPC

ue1

reset

JISRI

PCI

¤ g k�x
��n$[F~�}!z�¤¸n � ���
PC

g y �
tvn/y(n/� � j �3g ru� g � � �FnV�Pøs¨¬�

E �8F��1� �c���<�o¬ìG�¬ÇG�Í í ×*g�Øuî6î�Ø�Ù�Ù{×�ð H î hqg�Ú{çJ× synced ú code?
Ü ÔSæ9Ú1&mØuÛ¸h¬Ø�ç�ç1&�×0Ù�Ù

ad
Ý�Þ!×'&�×dÜ6ÙdØ�¨!©nª�«#Ü6ÛFÙ�Ýl&�ß^g9ÝLÜ<ÚuÛ H ×/Ý � ×�×�ÛSÝ�Þ!×sæ{×/Ý�g�Þ ÚBæ

ad
ØuÛ�çìÝ�Þ
×(îhØ�Ù/Ýsð(Ú{ç�Ü (@w

g�Ø�ÝLÜLÚ�Û ÚBæ(Ø�çJç1&3×�Ù�Ù
ad
IDí ×(Ü�Û¸Ýl&3Ú{çuß�g�×ÑØZñ
Ø1&BØ�ð(×9Ý�×'&0Ü zË×�ç ñ0&3×3ç�Ü£g�Ø�Ý�×

writead
ÚuÛDØ

Ù�ñ
×�g/Ü (ng�Ø�ÝLÜLÚuÛdg�Ú�Ûh( Ë ß,&BØ�ÝLÜLÚuÛ
cS

Ý�Þ!Ø�Ý>Þ�Ú�î¡ç�Ù£Ü Ô Ø � &�ÜLÝ�×qÝ Ú'Ø�ç�ç1&�×0Ù�Ù ad
Ú�g�g/ß,&�ÙqÜ�Û

cS
m

ÜuI�×hIªm�Ý�Þ
×Ñ×lÔs×�g9ÝLÜJi�×¥Ø�ç�ç�&3×0Ù0Ù(ð(Ø�Ý�g�Þ!×3ç
ad

Ø�Û@ç¬×/Ü�Ý�Þ!×R&dØ¥Ù/Ý Ú1&�×dÚ�&mØ�E�Ú{Ø�ÝLÜ�Û Ë ñ!ÚuÜ�Û¸Ý
Ù/Ý Ú1&�×'Ú�ñ
×'&3Ø�ÝLÜLÚ�ÛÄÚcg�g/ß,&/I À Ú1&�ð(Øuî6î h�m � ×�Ý�Þ;ßJÙOÞ�Ø�i�×

writead(cS) : ⇐⇒ (ea(cS) = ad mod 8) ∧ (store?(cS) ∨ fstore?(cS)).

¡�Ú�Ý�×+Ý�Þ�Ø�Ý
Ù�Ü6Û<g0×
writead

Ü]Ù+Ø�ñ0&3×3ç�Ü£g�Ø�Ý�×(ÚuÛÈØYg�Ú�Ûh( Ë ß,&BØ�ÝLÜLÚuÛ¼m � × g�ØuÛÈØ0ñ�ñ@î h¥çJ×�æTw
Ü�ÛFÜLÝLÜLÚ�Û Ï8IÈÑ,I�Ò¥Ü�ÛÈÚ1&3çJ×'&(Ý Ú Ø1& Ë ßF×(Ø H Úuß�ÝsÝ�Þ!×+îhØ�Ù�Ý � &�ÜLÝ�× ÚBæ Ødg�Úuðsñ@ß!Ý Ø�ÝLÜ<ÚuÛ0I Ö¸Ü6Û+g�×� ×Zç�Ü]Ù/ÝLÜ6Û Ë ß;Ü6Ù�Þ Ý � ÚÍçuÜ Ôs×'&3×/Û¸Ý�g�Úuðsñ@ß!Ý Ø�ÝLÜ<ÚuÛ
Ù+çJ×�ñ
×�Û@çuÜ�Û Ë Ú�Û � Þ
×/Ý�Þ!×'& � ×±&3×3Øvg9ÝqÝ Ú
Ü�Û¸Ý�×'&'&�ß{ñ�Ý�Ù�m � ×sÞ�Ø1i�×2Ý Ú ß;Ù9×2Ý�Þ!×ªñ3&�×J(�� cS

Ú1&
c̃S

Ü6Û#Ú�&BçJ×R&VÝ ÚdçuÜ6Ù�ÝLÜ�Û Ë ß�Ü]Ù0Þ H ×/Ý � ×�×�ÛÝ�Þ
×�Ý � ÚOñ!Ú�Ù0Ù0Ü H îv×2Ü�Û
Ù/Ý ØuÛ¸ÝLÜ<Ø�ÝLÜLÚ�Û
Ù/I)ïg�Úuðsñ@ß!Ý Ø�ÝLÜ<ÚuÛ � ÜLÝ�Þ�Úuß!ÝPÜ6Û@Ý�×'&�&�ßËñ�Ý�ÙUæ�ß;î (�î�î^ÙVÝ�Þ!×sÙTh�Û+g�g�ÚuÛ@ç�Ü�ÝLÜ<ÚuÛ¥Ü æ�Ý�Þ!×Pæ/Úuî�îhÚ � w
Ü�Û Ë g�ÚuÛ@ç�Ü�ÝLÜ<ÚuÛìÞ�Úuîhç�Ù [

synced ú code? : ⇐⇒ ∀n ∈ N : c̃S .∃last
writec̃n

S
.DPC

=⇒

∃m ∈ ]c̃S .lastwritec̃n
S

.DPC
: n[ :

sync?(c̃m
S )

À &3Úuð Ý�Þ!×Ði{Ü<× � ÚBæ ØuÛ ØuÙ�Ù9×/ð H î hÑñ3&3Ú Ë &3Øuð�mZÜ6Û¸Ý�×R&�&�ß{ñ�Ý�Ù¥Ø1&�× Ü6Û Ë ×�Û�×'&3ØuîqÛ@Ú�Û¸wç;×/Ý�×'&�ð+Ü�ÛFÜ6Ù�ÝLÜyg'm�×hI Ë Iªm�ÝLÜ6ðm×'&Tw�Ü�Û¸Ý�×'&'&�ß{ñ�Ý�ÙhI�p�Þ!×R&3×�æ9Ú1&�×�m � × ç�Ú¥Û@Ú�ÝqçJ×�ð(ØuÛ�ç¥Ý�Þ�Ø�ÝqØ�ÙTw
Ù{×�ð H î h£ñ3&3Ú Ë &3Øuð+Ù�æ0ß�î (�î6îFÝ�Þ
×£ÙTh�Û+g3g�Ú�Û@çuÜLÝLÜLÚuÛ¥ØbgR&3Ú�Ù0ÙqÜ6Û¸Ý�×R&�&�ß{ñ�Ý�g�Øuî�î\Ù�m H ß!ÝPÚuÛFî h�Ý�Þ�Ø�ÝÝ�Þ
×dÙ huÛ<gYgR&�ÜLÝ�×'&0Ü<ÚuÛ � ÜLÝ�Þ�Úuß!Ý�Ü6Û¸Ý�×R&�&�ß{ñ�Ý�Ù H ×Væ�ß�î (�î�îv×3çZæ9Ú1&dØuÛ¸hìÙ�Ý Ø�&�ÝLÜ�Û Ë Ù�Ý Ø�Ý�×ÍÝ�Þ�Ø�Ýg�ØuÛ H ×j&3×�Øbg�Þ!×3ç¥Ü6ÛãÝ�Þ!×OÙ ñ
×�g9Ü (ng�Ø�ÝLÜLÚ�Û � Ü�Ý�ÞÍÜ6Û@Ý�×'&�&�ßËñ�Ý�Ù/I

synced ú code ú i? : ⇐⇒ ∀n ∈ N : synced ú code?[cn
S ]

��n��<ru��n2ú�n'o � j�� � ú gh� � � �Fn'ju� � x¸j�tP�9ru�3��n9� � �Fn9o�o�tvn/y ymj �<ru� g �Fo � �3xF� �3g ru�ì�<n � ���E§
ú�n g � � ��r�l!xF�9nZjdo g y �
tvn'tvn/y ymjmo � j �3g �
k � �Fn+�9ru�3��n9� � �Fn9o�oVr�� � �Fn+�
© xFo�n9l g � � �Fn
�Pø�¨ì� �<ru�m�<n � ��� r���n/��j �3g ru�Fo{~�i£� g oÑú g thtOj�¦Fo � ��ju� �Ñ� �Fn¬ymj g � �
��r�r��2����ruy � �Fn
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l
n/t]j{Õ�n9lS�
© j������ gh� n9� � x
��n�~S� n � ��o � l
n � �Fn#jì�Lx
�F� �3g ru� � �¸j � ju� � x¸j�ththÕ ��n � x
�3�Fo
� �Fn ��© xFo�n9l g � � �Fn g y �
tvn/y(n/� � j �3g ru� �<ru� g �Fo � �3xF� �3g ru�ã�<n � ��� ú�� g ��� g oV¦¸juo�n9lÄru�
I pV�����!|TK�~ª¤ g k�x
��n�[F~�} o3�Fr{úqo � �FnO�9ru�3��n9o���ru�Fl g �
kdo����Fn/ymj �3g �9o{~

PC(cI) :=











cI .SPR[EDPC]
g �

cI .S1.full ∧ rfe?(cI)

cI .PC ′ g �
cI .S1.full ∧ ¬rfe?(cI)

cI .DPC
r � �Fn/�3ú g o�n

æ [F~��"Rbç

µ �>¡(¡#�E¬ÇG�¬ìG�§ Ä�×/Ý�Ý�Þ!×Âg�Ú1&�&�×�g9ÝLÛ�×0Ù�Ù£Ü6ÛSi)Ø1&�ÜLØuÛ@Ý¸Þ!Úuî¡ç�Ü�Û_g�hbg/îv×
t
ØuÛ@çOØUæ{×/Ý�g�Þ+Ú�g g/ß5&hI

p�Þ
×�æ{×/Ý�g�ÞfÌ u Ü]Ù2Ý�Þ!×�Û#g�Ú�&�&�×�g9ÝJm�ÜwI�×hIÈm � ×VÞ�Ø�i�× ∀t ∈ N
[

corr?(t) ∧ ¬stall.1t =⇒ PC(c̃t
I) = c̃

sI(fetch,t)
S .DPC.°e�L�A�<¤BÕ � n2o�n �

i := sI(fetch, t)
j��Fl o��
t gh� �{juo�n9oqru�

S1.fullt
~

|�~q«En �
S1.fullt

�Frutvl>~Oi£� g o�tvn{jul
o � r
sI(dec, t) = i − 1

j��Fl
sI(issue, t) =

i−1
~���ÕZnTSQ�¸j��Fl g �
k � �Fn�l
n � � gh�3g ru�mr��

PC(c̃t
I)
§�ú�n � �Fn/��n��Lru��n�ru�
thÕ'�¸j{þ�n � r

o3�Fr{ú
c̃t
I
′.DPC = c̃i−1

S
′.DPC

~mä g �F�9n
S1.fullt

j��Fl
¬stall.1t ¦�r � �Ä�Frutvl>§ú
nZ���Fr{ú � �¸j � j�thtÏ�Lru�3ú£j���l
n9l o�rux
���9nZr���n/��j��Fl
o2r�� � �Fn g �Fo � �3xF� �3g ru� g � � �Fn

l
n9�9r;l
n�o � j�k�n�j���n��9ru�3��n9� � ¦;Õ � �Fn�i�ruymjuo3x
tvr'�9ru�3��n9� � �Fn9o�o g �m�/Õ!�/tvn
t
§ g �_�¸j��B�

�3g �/x
t]j��
c̃t
I .EDPC = c̃i−1

S .EDPC
§Uj��Fl

corr?(t)
jul
l gh�3g ru�¸j�ththÕÄk�x¸j���j�� � n9n9o

c̃t
I .IR = c̃i−1

S .IR
j��Fl

c̃t
I .PC ′ = c̃i−1

S .PC ′ ~¬� nÑ�9ru�F�/thxFl
n � �Fn*�
��r�r���¦JÕnTSQ�¸j��Fl g �
k � �Fn2l
n � � gh�3g ru�ìr�� � �Fn$�
� g y(n9l¥þ�n/��o g ru�FoË~

c̃i−1
S

′.DPC =

{

ci−1
S .SPR[EDPC]

g �
rfe?(ci−1

S )

ci−1
S .PC ′ r � �Fn/�3ú g o�n

c̃t
I
′.DPC =

{

ct
I .SPR[EDPC]

g �
rfe?(ct

I)

ct
I .PC ′ r � �Fn/�3ú g o�n

�!~q«En �
¬S1.fullt

�Frutvl>~ýi£� g oÍtvn{jul
o � r
sI(issue, t) = i

j��Fl ¦�n9�{j�xFo�nãr��
corr?(t)

§!ú�n2�{j��#�9ru�F�/thxFl
n

PC(c̃I)
t = c̃t

I .DPC = c̃i
S .DPC

j��Fl � � g o3� � �FnOtvn/y ymj!~
ut

� gh� � � �Fn¬�Fn/t�� r�� � � g oÑtvn/y ymj!§�ú�nãj���n g �Fl
n���n/�Fl
n/� � r�� � �Fn¬l
n/t]j{Õ�n9l �
©
j������ gh� n9� � x
��n2�<ru� � �Fn2�LruthtvrËú g �
kf�
��r�r��Po g �F�9n2ú
n��¸j9þ�n � �Fn��9ru�3��n9� � �Fn9o�osr�� � �Fn'�
©
xFo�n9lÑ�Lru� g �Fo � �3xF� �3g ru�#�Ln � ���E~
µ �>¡(¡#�E¬ÇG�¬ìG��WÓ ÄU×/Ý>Ý�Þ!×.$1)o-YÌÑæ0ß�î (�î6î!Ý�Þ!×Ug�Ú1&�&�×�g9ÝLÛ�×0Ù�ÙqÜ�Û¼i)Ø1&�Ü<ØuÛ¸Ý�Ü�Û*g�hbg/îh×

t
Ø�Û@ç

îv×/ÝsÝ�Þ!×
sync

g�ÚuÛ�çuÜ�ÝLÜ<ÚuÛ ÚuÛ Ý�Þ!×dØ�Ù0Ù9×�ð H îv×'&fg�ÚËçJ×(Þ�Úuîhç8I p�Þ!×(Ü6ÛFÙ�Ýl&�ß^g9ÝLÜ<ÚuÛÆ&3× Ë Ü]Ù/Ý�×'&ñ
Ø1&�Ý�ÚBæ Ý�Þ!×fg�Ú1&'&3×�g{ÝLÛ�×0Ù�ÙdÜ6Û¼i�Ø1&0Ü<ØuÛ¸Ý�Ý�Þ
×�ÛÈÞ!Úuî¡çuÙ+Ü�Û`g�hbg/îv×
t + 1

mqÜuI�×hIªm � × Ù9×/Ý i :=
sI(dec, t + 1)

Ø�Û@ç Þ!Ø1i�×
∀t ∈ N

[
synced ú code? ∧ corr?(t) ∧ i ≥ 0 =⇒
c̃t+1
I .S1.IR = IR(c̃i

S)∧
c̃t+1
I .S1.imal = imal(c̃i

S) ∧ c̃t+1
I .S1.ipf t+1 = CA(c̃i

S)[3]



ð!¾]ð!¾ ÓU©lÊ,Ê « Ó É ª « è
è ¿qÇ9É õ�©GÉ É`Ç ª É1« Ê3Ê�É�þ É è |{���

°e�L�A�<¤BÕ «�n �
synced � code?

§
corr?(t)

§�j��Fl
i ≥ 0

�Frutvl>~O���ª�Fr(�<n � ���Är��9�/x
��o g �
�/Õ!�/tvn

t
§ g ~ n�~h§

stall.1t ∨ ibusyt §
ú
n��¸j9þ�n i = sI(dec, t)
§
c̃t+1
I .S1.IR = c̃t

I .S1.IR
§

c̃t+1
I .S1.imal = c̃t

I .S1.imal
§
c̃t+1
I .S1.ipf = c̃t

I .S1.ipf
§�j��Fl � �Fn �
��r;r�� g o � �!�

g o��Fn9l ¦�n9�{j�xFo�n r�� � �Fn g �Fo � �3xF� �3g ru�ö��n/k g o � n/�q�¸j�� � r��
corr?(t)

�Frutvl
o{~ �sn/�F�9n�§
ú�nDjuo�o3x
y(n � �¸j � jD�<n � ����r��9�/x
��o{§ g ~ n�~h§

¬stall.1t ∧ ¬ibusyt ~ i£� g oãtvn{jul
o � r
i = sI(dec, t) + 1

j��Fl
i = sI(fetch, t)

~�� gh� �Ätvn/y ymj [F~ [F~�R!§>ú
n(jul
l gh�3g ru�¸j�ththÕ
n/�Fo�x
��n � �¸j �

PC(c̃t
I) = c̃i

S .DPC
�Frutvl
o{~�� �

c̃i
S .DPC

g o
y g o0j�t g k��Fn9l>§ � �Fn{�
��r;r�� g o
� � g þ g j�ththÕ � � g o3�Fn9l>~(ä g �F�9n � �Fn/��n g oV�Fr jul
l!��n9o�o � ��j��Fo3t]j �3g ru� g � � �FnZ�Ïø�¨ì�Ï§��¸j�k�n
� j�x
t � o'j���n �3g n9l � rì�!~Ñ��n/�F�9n�§�ú�nmru�
thÕÄ�¸j9þ�n � r#o3�FrËú � �Fndj�¦�r{þ�nd�/t]j g y �<ru� � �Fn
g �Fo � �3xF� �3g ru�#��n/k g o � n/� gh� o�n/t¡�3~

«En � xFo � �Fn/��n��<ru��n�juo�o3x
y(nqj��mj�t g k��Fn9lm�
©�§ g ~ n�~h§�ú�n��¸j9þ�n
c̃i
S .DPC mod 4 = 0

~
V�r � n � �¸j �P� �Fn g �Fo � �3xF� �3g ru� ��ru� � r�� � �Fn�y(n/y(ru�3Õ g � � n/�B� ju�9n g o�ju�9�9n9o�o�n9lZru�(jul
l!��n9o�o
pc := PC(ct

I) div 8
j��FlDl
n���n/�Fl g �
kÈru�

PC(ct
I) mod 8

§�n gh� �Fn/� � �FnÍx�����n/�(ru�
tvrËú
n/�Uú
ru��l g oUo�n/tvn9� � n9l�juo g ���
x �E� r � �Fn g �Fo � �3xF� �3g ru�'��n/k g o � n/�{~Ï��n9�{j�xFo�n�r��

¬ibusyt §l
n � � gh�3g ru�b|�~��!~�� r���jZ�9ru�3��n9� � y(n/y(ru�3Õ g � � n/�B� ju�9n�§@j��Fl
corr?(t)

§!ú
nO�¸j{þ�n

c̃t+1
I .S1.IR =

{

c̃t
I .M [8 · pc + 7 : 8 · pc + 4]

g �
c̃i
S .DPC mod 8 = 4

c̃t
I .M [8 · pc + 3 : 8 · pc + 0]

r � �Fn/�3ú g o�n
= c̃t

I .M [8 · pc + (c̃i
S .DPC mod 8) + 3 :

8 · pc + (c̃i
S .DPC mod 8)]

= c̃t
I .M [c̃i

S .DPC + 3 : c̃i
S .DPC]

= c̃
sI(MI ,t)
S .M [c̃i

S .DPC + 3 : c̃i
S .DPC]

ä g �F�9n
IR(c̃i

S) = c̃i
S .M [c̃i

S .DPC + 3 : c̃i
S .DPC]

�Frutvl
o{§ � �Fn'�/t]j g y g o � � g o3�Fn9l
g �

c̃
sI(MI ,t)
S .M [c̃i

S .DPC + 3 : c̃i
S .DPC] = c̃i

S .M [c̃i
S .DPC + 3 : c̃i

S .DPC]

�Frutvl
oË§�j��FlÄú
n �{j��bjuo�o3x
y(n g �Fn9w;x¸j�t gh� Õ g � ru��l
n/� � r¥�9ru�Fo � �3xF� � jÍ�9ru� � ��jul g � �3g ru�E~
V�r � n � �¸j � o g �F�9n g �Fo � �3xF� �3g ru�

i
g oÑ�<n � ���Fn9l g � � r � �Fnq� g ��n/t g �Fn g � �/Õ!�/tvn

t
§

i ≥
sI(MI , t)

�Frutvl
o£ú�� g ���#ju� � x¸j�ththÕd��n9w;x g ��n9oqj+o�n��¸j���j � n g �Fl!xF� �3g ru�d�
��r;r��Ïú�� g ���¥ú�n
ruy gh� l!xFn � r gh� o
o g y �
t g � gh� Õ�~�ø��9�9ru��l g �
k � r�l
n � � gh�3g ru� [F~ [F~�}!§�ú
n � �Fn/��n��<ru��n � �Fldj��
g �Fo � �3xF� �3g ru�

j
ú gh� �

sI(MI , t) ≤ j < i
j��Fl

writec̃i
S
.DPC(c̃j

S)
§ g ~ n�~h§

c̃S .∃last
write

c̃i
S

.DPC�Frutvl
oË~P� n�o�n �
l := c̃S .lastwritec̃n

S
.DPC

j��FlÍú�nOjul
l gh�3g ru�¸j�ththÕÑ�¸j{þ�n
l ≥ sI(MI , t)

~
i£�;xFo{§

synced � code?
k�x¸j���j�� � n9n9o

sync?(c̃k
S)
�<ru�qo�ruy(n

k ∈ ]l : i[
~

��n9�{j�xFo�nmr��
k < i

§ g �Fo � �3xF� �3g ru�
k
�¸juo'j�th��n{jul!ÕÄ¦�n9n/�Ä�<n � ���Fn9l>~ ä g �F�9ndj¥�Fn/ú

g �Fo � �3xF� �3g ru� g o(�Ln � ���Fn9l g � �/Õ��/tvn
t
§ g ~ n�~h§

¬stall.1t ∧ ¬ibusyt �Frutvl
o{§ � � g o ÚLávä Ög �Fo � �3xF� �3g ru�
k
�¸juo£n gh� �Fn/��j�th��n{jul!Õmtvn�� � o � j�k�nVl
n9�9r;l
nVru� g oqj�¦�rux �£� r+l
rZo�r
~��srËú£�

n/þ�n/�{§ � �Fn g y �
tvn/y(n/� � j �3g ru� r�� � �Fn ÚLá>ä Ö g �Fo � �3xF� �3g ru�bk�x¸j���j�� � n9n9o � �¸j � n gh� �Fn/�+r��
� �Fn � ú
r(�{juo�n9oq�{j�� ru�
thÕÑr��9�/x
� g �Pj�tht g �Fo � �3xF� �3g ru�Fo��
� g ru� � r � �Fn Ú\ávä Ö g �Fo � �3xF� �3g ru�
k
�¸j{þ�ndj�th��n{jul!ÕÄtvn�� �2� �Fn � g ��n/t g �Fn g �È�/Õ!�/tvn

t
~m���#�¸j�� �3g �/x
t]j��{§ � �Fn t]juo � o � ru��n g �!�

o � �3xF� �3g ru�
l < k

�¸juo�j�th��n{jul!Õ¥tvn�� ��� �Fn:� g ��n/t g �Fn g �ì�/Õ!�/tvn
t
~�ä g �F�9n

l
g o�j(y(n/y(ru�3Õ

g �Fo � �3xF� �3g ru�E§ gh� �{j��
�Fr � �¸j9þ�n�n/� � n/��n9lìj��;ÕÑnTS
n9�/x �3g ru� x
� gh� ¦
x ��� �FnOy(n/y(ru�3ÕÑx
� gh�
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j��FlÍo g �F�9n g �Fo � �3xF� �3g ru�

l
�¸juoqj�th��n{jul!Õdtvn�� ��� �Fn{� g ��n/t g �Fn�§ gh� �¸juo � �Fn/��n��<ru��nVj�tvo�r'tvn�� �

� �Fn2y(n/y(ru�3ÕÑx
� gh� ~
�sn/�F�9n�§
ú
n � �Fl jã�/Õ��/tvn

t′ < t
ú��Fn/��n g �Fo � �3xF� �3g ru�

l
� � g o��Fn9l gh� o y(n/y(ru�3Õ

ju�9�9n9o�o{§ g ~ n�~h§
sI(mem, t′) = l

j��Fl
sI(MI , t

′ + 1) = l + 1
�Frutvl>~ ä g �F�9n � �Fn

o����Fn9l!x
t g �
k(�Lx
�F� �3g ru�¥�<ru�qo � j�k�n
MI

g o g �F�/��n{juo g �
kmru�
t
§!ú
n2�;�FrËú

sI(MI , t) ≥ sI(MI , t
′ + 1) = l + 1 > l

ú�� g ��� g o�j �9ru� � ��jul g � �3g ru� � r
sI(MI , t) ≤ l

j��Fl � �;xFo�o3�FrËúqo � �FnO�/t]j g y ~
ut

íj��� C !U�+��58�'�<7G58���£crA
� � A�73�<5��<� .  e�<�
��� � � g o�o�n9� �3g ru�E§@ú
n+nTS � n/�Flì�Ïø�¨¬�S�9ru�3��n9� � �Fn9o�o � rdj�tvo�rm�9r{þ�n/� g � � n/�3�3x�� � oË~�ø�osj
� ��o � o � n��E§Ïú
nmú g thtª�<r��/xFo�ru� � �FnÑju� � x¸j�t g � � n/�3�3x�� � �/Õ��/tvnÑj��Flk�
��rËþ�n g � � n/�3�3x�� � o
� r¬¦�n*�
��n9� g o�n�~Èi£�Fn/�E§�ú�nÑú g tht£�9ru�F�/thxFl
n#r{þ�n/��j�thtq�9ru�3��n9� � �Fn9o�oZ¦;Õ l
n9�9ruy ��r�o g �
k
j��3¦ gh� ��j��3Õ¥�9ruy �
x � j �3g ru�Fo g � � r(���Jx
�
�!o�ú gh� �ìru�Fn � �¸j�t g � � n/�3�3x�� � n{ju���E~
ó�ò��Oò�ñ � ÷7
��;	�ø�
Æ	
�ì��
¼÷8÷8��õ���ø
��� � � g oqo�n9� �3g ru�E§¸ú
n2l
n/� g þ�n��9ru�3��n9� � �Fn9o�o�ú gh� � g � � n/�3�3x�� � o�����ruy �9ru�3��n9� � �Fn9o�osú gh� �!�
rux �¥g � � �Fn j�¦Fo�n/�F�9n r�� g � � n/�3�3x�� � oìj��Fl �
��r{þ�n � �FnÈju� � x¸j�t g � � n/�3�3x�� � �/Õ!�/tvn � r
�
��n9o�n/�3þ�n2�9ru�3��n9� � �Fn9o�oqú gh� � g � � n/�3�3x�� � o{~
µ �>¡(¡#�E¬ÇG �}G�� $�)L-WÌsg�Ú�&�&�×�g9ÝLÛ�×�Ù�Ù � ÜLÝ�ÞÈÜ6Û@Ý�×'&�&�ßËñ�Ý�ÙdÞ!Úuî¡çuÙÑßËñ Ý ÚÄÝ�Þ
×dg�hbg/îv×#Ú3æ
Ý�Þ
×�(�&�Ù/Ý�Ü�Û¸Ý�×'&'&0ßËñ�ÝJm�ÜuI6×hIÈm

∀t ∈ N
[

(synced ú code ú i? ∧ ∀t′ ∈ Zt : ¬JISR(ct′
I )) =⇒ corr?(t) ∧ corr ú i?(t)

°e�L�A�<¤BÕ «En �
synced � code � i?

�Frutvl j��Fl
∀t′ ∈ Zt : ¬JISR(ct′

I )
~kV�r � n � �¸j �

synced � code?
� �Fn/�ãj�tvo�r �Frutvl
o�¦JÕ¥l
n � � gh�3g ru�][F~ [F~�}!~
� n�j\���
thÕ¥tvn/y ymj_[F~��!~�� g �

ru��l
n/� � r��9ru�F�/thxFl
n
sI(inst, t) = sI(wb, t)

~�«En/y ymj$[F~ [F~h|�j�tvo�r�n/�Fo�x
��n9o
corr?(t′)�<ru��j��JÕ

t′ ≤ t
j��Fl

c̃t
I = ct

I

�Frutvl
oÏju�9�9ru��l g �
k � rÂ�
��r���r�o gh�3g ru��[F~��!~h|�~�ä g �F�9n
sI(wb, t)g o g �F�/��n{juo g �
kÄru�

t
§Ïú
nÑ���Fr{ú

¬JISR(cj
S)

�<ru�Zj��;Õ
j < sI(wb, t)

j��Fl(�
��r���r�o g �
�3g ru�f[F~h|�~h|�n/�Fo3x
��n9o

c̃i
S = ci

S

~P��n/�F�9n�§;j�tht � �Fn���n/k g o � n/� � tvn,�¸j�� � oªr��
corr � i?(t)

j���n
j�th��n{jul!Õ �9ru�F�/thxFl
n9lÄj��Flìú
n'�{j��ãjuo�o�x
y(n

t = 0 ∨ JISR(ct−1
I )

�<ru� � �Fn'��n/ymj g � g �
k
gh� n/y(oË~U�£n9�{j�xFo�n£r��

¬JISR(ct′

I )
�Lru��j��JÕ

t′ < t
§ � � g oÏ�{juo�n��{j��Z¦�nª��n9l!xF�9n9l � r

t = 0
~

ä g �F�9n � �Fnqo����Fn9l!x
t g �
k���x
�F� �3g ru�Fo��Lru�
issue

§
MI

§�j��Fl
inst

j���n�j�tht g � gh�3g j�t gh� n9lmú gh� �
0
§
corr � i?(0)

�LruthtvrËúqo��L��ruy
corr?(0)

j��Fl � �Fn��
��r�r�� g o � � g o��Fn9l>~
ut�sn/�F�9n�§u�9ru�3��n9� � �Fn9o�oÏú gh� �Frux �Ïg � � n/�3�3x�� � o g y �
t g n9oÏ�9ru�3��n9� � �Fn9o�oÏú gh� � g � � n/�3�3x�� � o{~

� nV�FrËú �<r;�/xFo�ru� � �Fn2�/Õ��/tvn2j)� � n/�sj�� g � � n/�3�3x�� � ~
µ �>¡(¡#�E¬ÇG �}G � $�)L-WÌNg�Ú1&'&3×�g{ÝLÛ�×0Ù�Ù � Ü�Ý�Þ+Ü6Û@Ý�×'&�&�ßËñ�Ý�ÙsØuî\Ù/Ú2Þ�Úuîhç�Ù�Ü6ÛÍÝ�Þ!×3g�hbg/îh×sÜ�ð�w
ðm×3ç�ÜLØ�Ý�×/î hÍØBæ�Ý�×R&2Ý�Þ!×�(�&�Ù/Ý�Ü�Û¸Ý�×'&'&0ßËñ�Ý�I À Ú1&0ð(Øuî�î ham � ×2Þ�Ø1iu× ∀t ∈ N

[
(synced ú code ú i? ∧ ∀t′ ∈ Zt−1 : ¬JISR(ct′

I )) =⇒ corr ú i?(t)
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Vsr � n � �¸j �Vg �¬�{juo�n+r��
¬JISR(ct−1

I )
§+�
��r���r�o gh�3g ru� [F~��!~h| g o�o3x^mm� g n/� �O� rdo3�FrËú

� �Fn(j�¦�r{þ�n(tvn/y ymj!~ � n � �Fn/��n��Lru��nmru�
thÕ¬�9ru�Fo g l
n/�
t > 0

j��Fl
JISR(ct−1

I )
g � � �Fn

��n/ymj g � g �
kÑo�n9� �3g ru�E~
��� � �Fn��Pø�¨ì� g y �
tvn/y(n/� � j �3g ru�E§ g � � n/�3�3x�� � o£j���n � � g k�k�n/��n9lml!x
� g �
k'ú�� gh� n/¦¸ju����~

ø�l
l gh�3g ru�¸j�ththÕ�§ g �Fo � �3xF� �3g ru�FoVtvn{j9þ�n � �Fne� g ��n/t g �Fn g �¬ru��l
n/��¦�n9�{j�xFo�n'r�� � �Fn+��n9ru��l
n/�
¦
x^	>n/�{~Ñ�sn/�F�9n�§��
��n9� g o�n/�Fn9o�o+r�� g � � n/�3�3x�� � o'ú gh� �È��n9o���n9� ��� r � �Fn ��n/k g o � n/� � tvn9o g o
n{juo�Õ � rÄju��� g n/þ�n�~ ��r{ú
n/þ�n/�{§ g � ru��l
n/� � rãn/�Fo3x
��nW�
��n9� g o�n/�Fn9o�o r�� g � � n/�3�3x�� � o(�Lru�
� �FnZy(n/y(ru�3Õ�§Pj ÚLÞ�ß�à Ý g �Fo � �3xF� �3g ru� g oO�Fr � j�thtvrËú
n9l � r¥o � j�� �Ogh� oOy(n/y(ru�3Õ ju�9�9n9o�o
x
� �3g t gh�'g o � �Fndrutvl
n9o ��g �Fo � �3xF� �3g ru� g � � �FnÍ©��@�+~Ui£� g o'n/�Fo3x
��n9o � �¸j � ru�
thÕ � �Fr�o�n
Ú\Þ^ß"à Ý g �Fo � �3xF� �3g ru�Fo � �¸j � j���nÍ�Fr � ûFxFo3�Fn9l ¦JÕ g � � n/�3�3x�� � om¦�n/k g � � �Fn g � y(n/y(ru�3Õ
ju�9�9n9o�o{~'i£�Fn o � j�tht g �
k g o2ju��� g n/þ�n9lÄ¦;Õ¬�9ruy �¸j�� g �
k � �Fn � j�k r�� � �Fn g �Fo � �3xF� �3g ru� g �
� �Fn2y(n/y(ru�3ÕÑx
� gh� ú gh� � � �Fn � j�kdj �q� �FnV�Fn{julìr�� � �Fn2��n9ru��l
n/�q¦
x^	�n/��j��Fl o � j�tht g �
k
o � ru��n9o�x
� �3g tÏn9wJx¸j�t gh� ÕÑ�Frutvl
oË~
µ �>¡(¡#�E¬ÇG �}G�� �0Ûog�Ø�Ù9× Ý�Þ!×+(�&0Ù�Ý�Ü�Û¸Ý�×'&'&0ßËñ�ÝOÚ�g�g/ß,&0Ù�m'Ý�Þ!×mÙ�ñ
×�g/Ü (ng�Ø�ÝLÜLÚuÛ ðm×�ð(Ú1& h
Ú3æ(Ý�Þ!×dÜ6ÛFÙ�Ýl&�ß^g9ÝLÜ<ÚuÛbÜ6Û Ý�Þ!×

MI
Ù/Ý Ø Ë ×ÑØuÛ@ç¬Ý�Þ!×mÜ�Û
Ù�Ýl&�ß^g{ÝLÜLÚuÛDØBæ/Ý�×'&mÝ�Þ!×ÑÚuÛ�×(Ü�Û Ý�Þ!×

� &�ÜLÝ�× H Øbg�ï Ù/Ý Ø Ë ×ZØ1&�×Z×|k/ß
ØuîÛm
ÜuI6×hIÈm ∀t ∈ N
[

(synced ú code? ∧ ∀t′ ∈ Zt : ¬JISR(ct′
I )) ∧ JISR(ct

I) =⇒

c̃
sI(wb,t)+1
S .M = c̃

sI(MI ,t)
S .M

°e�L�A�<¤BÕ «En �
t
¦�n � �Fn � ��o ��g � � n/�3�3x�� � �/Õ!�/tvn�~�� nV�¸j{þ�n � r o3�FrËú

c̃
sI(wb,t)+1
S .M =

c̃
sI(MI ,t)
S .M

~WVsr � n � �¸j �
sI(MI , t)

�{j�� ¦�n ¦�r � �È¦�n k���n{j � n/�Zj��FlÈo3ymj�thtvn/� � �¸j��
sI(wb, t)+1

~����m�{juo�n gh�ªg oªk���n{j � n/�{§�ú
nq�¸j{þ�n � r'o3�Fr{ú � �¸j �ª� � g o��{j��m¦�nqru�
thÕ(l!xFn
� rZtvr�jul g �Fo � �3xF� �3g ru�Fo�o g �F�9nOo � ru��n9oqú�j gh� x
� �3g t � �Fn/ÕÍj���n � �FnOrutvl
n9o ��g �Fo � �3xF� �3g ru� g �
� �FnG� g ��n/t g �Fn�~2���ã�{juo�n gh�Vg oOo3ymj�thtvn/�{§�ú�n'�¸j{þ�n � r¥j��3k�xFn � �¸j � j�tht�o � ru��n9o{�
� g ru� � r
sI(wb, t) + 1

�¸j9þ�n�ju� � x¸j�ththÕÍ¦�n9n/�#nTS
n9�/x � n9l>~
|�~q«En �

sI(MI , t) > sI(wb, t) + 1
�Frutvl>~ � n � �Fn/� � �Fl j�� g � � n/�3y(n9l g j � n

o � ru��n g �Fo � �3xF� �3g ru�
i
§
sI(wb, t) + 1 ≤ i < sI(MI , t)

~ìä g �F�9ndy(n/y(ru�3Õ g �!�
o � �3xF� �3g ru�Fodj���n¥nTS
n9�/x � n9l g �Sru��l
n/�{§�o � ru��n

i
�¸juomo � j�� � n9l gh� oZy(n/y(ru�3Õ ju���

�9n9o�o g �Èo�ruy(n �/Õ��/tvn
t′ ≤ t

ú gh� �
sI(mem, t′) = i

~dä g �F�9nmo � ru��n9o2ru�
thÕÄju���
�9n9o�o � �Fn�y(n/y(ru�3Õ ú��Fn/� � �Fn/Õ#j���n � �Fn�rutvl
n9o �sg �Fo � �3xF� �3g ru� g � � �Fn�� g ��n/t g �Fn�§
ú
nd�9ru�F�/thxFl
n

i = sI(wb, t′)
~Ñ�Ä� gh� n/¦¸ju���Èr��9�/x
��o g � ru��l
n/�{§ g ~ n�~h§Uú
nm�;�FrËú

sI(wb, t′) ≤ sI(wb, t)
~�i£� g osÕ g n/tvl
o

i < sI(wb, t) + 1
ú�� g ��� g o�j(�9ru� � ��j)�

l g � �3g ru�¬j��Fl � � g o3�Fn9o � � g oq�{juo�nOr�� � �Fn2�/t]j g y ~
�!~q«En �

sI(MI , t) < sI(wb, t)+ 1
�Frutvl>~P� n � �Fn/� � �FlÑj�� g � � n/�3y(n9l g j � nOo � ru��n

g �Fo � �3xF� �3g ru�
i
§
sI(MI , t) ≤ i < sI(wb, t) + 1

~{V�r � n � �¸j � o g �F�9n
JISR(ct

I)�Frutvl
o{§Fú�n��9ru�F�/thxFl
n � �¸j ��� �Fn g y �
tvn/y(n/� � j �3g ru�ãú gh� �Frux ��g � � n/�3�3x�� � osú�rux
tvl
��n/�B�<ru�3y j2ú�� gh� n/¦¸ju��� g �d�/Õ!�/tvn

t
§ g ~ n�~h§

sI(wb, t+1) = sI(wb, t)+ 1
~ªä g �F�9n

ú�� gh� n/¦¸ju��� r��9�/x
��o g � ru��l
n/�{§�ú
n � �FlSjã�/Õ!�/tvn
t′ ≤ t

o3xF��� � �¸j �mg �Fo � �3xF���
�3g ru�

i
g omú�� gh�3� n/� ¦¸ju���Sj��FlDtvn{j9þ�n9o � �FnY� g ��n/t g �Fn�~�£ ���o�¸j�� �3g �/x
t]j��{§�o g �F�9n

¥ ç ��vu�_vut1�BvÇ�]�L�|���w����©
sI(wb, t) = i

» {"�O���?vu����­]­�§o�a���|��vuta�����w�w�a«�xavu�]�'�
JISR(ct

I)
�]�L����� �?�vu�:���'�a��­]�1� �_vut1�Bv��]�a�lvw�u���?vu�]�'�

i
�]�Ç{}�u��vwvu���L�1���
é¬�]�o�
§a�?­¤�

t′ = t
���1������vì­¤��vu�
�|�
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� �Fnmo � ru��n g �Fo � �3xF� �3g ru�

i
tvn{j9þ�n9o � �Fn_� g ��n/t g �Fn g �b�/Õ��/tvn

t′
§�ú�n � �Flbj�� n{j��B�

t g n/�O�/Õ��/tvn
t′′ < t′

ú��Fn/��n � �FnZo � ru��n ju� � x¸j�ththÕ � � g o3�Fn9l gh� oVy(n/y(ru�3Õãju�9�9n9o�o{§
g ~ n�~h§

sI(mem, t′′) = i
j��Fl

mwt′
I ∧ ¬ct′

I .M.dbusy
�FrutvlSú�� g ��� tvn{jul
o � r

sI(MI , t
′′ + 1) = i + 1

~ ä g �F�9n � �FnÑy(n/y(ru�3Õbo � j�k�n g oG�¸juo�o�n9l g � ru��l
n/�{§
g ~ n�~h§

sI(MI , t)
g o g �F�/��n{juo g �
kÈru�

t
§
ú
nì�{j�� xFo�n

t ≥ t′′ + 1
g � ru��l
n/� � r

�9ru�F�/thxFl
n
sI(MI , t) ≥ sI(MI , t

′′ + 1) = i + 1
ú�� g ��� g o2jÍ�9ru� � ��jul g � �3g ru�

� r
sI(MI , t) ≤ i

j��Fl � �;xFo��9ru�F�/thxFl
n9o � �Fn2�/t]j g y ~
ut

µ �>¡(¡#�E¬ÇG �}G�¬ �0Û]g�Ø�Ù{×�Ú3æOØ�Û Ü6Û@Ý�×'&�&�ßËñ�ÝJm�Û@Ú � &�Ü�Ý�×OÝ Ú(Ý�Þ!×'ç�Ø�Ý Ø(ð(×/ð Ú�& hZÜ6Ù�g/ß,& w&�×�Û¸ÝLî hmÜ�Û ñ0&BÚ Ë &3×0Ù0Ù�m
∀t ∈ N

[
(∀t′ ∈ Zt : ¬JISR(ct′

I )) ∧ JISR(ct
I) =⇒ ¬mwt

I

°e�L�A�<¤BÕ � nqjuo�o3x
y(n
JISR(ct

I)
j��Fl

mwt
I

j��FlZ�¸j9þ�n � r � �FldjV�9ru� � ��jul g � �3g ru�E~��£n��
�{j�xFo�n�r��

mwt
I

§@ú
n+�9ru�F�/thxFl
n � �¸j ��� �Fn/��n g o�j�� g �Fo � �3xF� �3g ru� g � � �Fn'y(n/y(ru�3Õ x
� gh�
ú gh� �

sI(mem, t) = sI(wb, t)
~Í�sn/�F�9n�§ � �Fn(rutvl
n9o ��g �Fo � �3xF� �3g ru� g � � �Fn_� g ��n/t g �Fn

g o g � � �Fn y(n/y(ru�3Õãx
� gh� ~fOs� � �Fn(r � �Fn/�2�¸j��Fl>§
JISR(ct

I)
�{j�� ru�
thÕÄr;�9�/x
� g � � �Fn

g y �
tvn/y(n/� � j �3g ru�#ú gh� �Frux �qg � � n/�3�3x�� � oqú�rux
tvlY��n/�B�<ru�3y j+ú�� gh� n/¦¸ju����§ g ~ n�~h§ � �FnOrutvl��
n9o � g �Fo � �3xF� �3g ru� g � � �FnY� g ��n/t g �Fn g omju� � x¸j�ththÕ g � � �FnÍ��n9ru��l
n/�m¦
x^	>n/�{~Di£� g o g o(j
�9ru� � ��jul g � �3g ru� o g �F�9n � �Fn¥rutvl
n9o � g �Fo � �3xF� �3g ru�S�{j��Dru�
thÕ ¦�n g � ru�FnÑr�� � �Fn9o�n � ú�r
o � j�k�n9o{~

ut

µ �>¡(¡#�E¬ÇG �}G � Ä�×/Ý£Ý�Þ!×è(�&�Ù/ÝªÜ�Û¸Ý�×'&'&0ßËñ�Ý�Ú�g�g9ß5&ZÜ�Û g�hbg/îv×
t
I p�Þ!×�ðm×�ð(Ú1&Th2ñ
Ø1&�Ý�ÚBæ

corr ú i?(t + 1)
Ý�Þ
×�Û¬Þ�Úuîhç�Ù�m�ÜuI6× Iªm � ×2Þ�Ø1i�× ∀t ∈ N

[
(synced ú code ú i? ∧ ∀t′ ∈ Zt : ¬JISR(ct′

I )) ∧ JISR(ct
I) =⇒

ct+1
I .M = c

sI(inst,t+1)
S .M

°e�L�A�<¤BÕ � nÍo�n �
i := sI(inst, t + 1) − 1

~Ä� gh� �btvn/y ymjq[F~��!~ [F§�ú
nÍ�9ru�F�/thxFl
n
¬mwt

I

j��Fl � �;xFo{§
ct+1
I .M = ct

I .M
~È����r���r�o gh�3g ru��[F~��!~h|Ín/�Fo3x
��n9o

c̃t
I = ct

I

~ ��Õ
tvn/y ymjj[F~ [F~h|�§2ú�nÈ���Fr{ú

corr?(t)
§ g ~ n�~h§ g �±�¸j�� �3g �/x
t]j��{§

ct
I .M = c̃

sI(MI ,t)
S .M

~
«�n/y ymjW[F~��!~�� jul
l gh�3g ru�¸j�ththÕÄk�x¸j���j�� � n9n9o

c̃
sI(MI ,t)
S .M = c̃

sI(wb,t)+1
S .M

~(�£n9�{j�xFo�n
r��

JISR(ct
I)
§2ú
n j�tvo�r �¸j{þ�n

i − 1 = sI(inst, t)
~ ����r���r�o gh�3g ru�±[F~��!~�� � �¸j�ththÕ

n/�Fo�x
��n9o
sI(inst, t) = sI(wb, t)

~ �sn/�F�9n�§ gh� ru�
thÕb��n/ymj g �Fo � r o��Fr{ú
c̃i
S = ci

S

~
����r���r�o gh�3g ru�E[F~h|�~h|+k�x¸j���j�� � n9n9o

c̃i−1
S = ci−1

S

~'ä g �F�9n
JISR(ci−1

S )
�Frutvl
o{§�ú�nZ�;�FrËú

ci
S .M = ci−1

S .M
¦JÕ � �FnZl
n � � gh�3g ru�Èr�� � �Fn��
��ruk���j�y y(n/��� o�y(r;l
n/t�!�jul
l gh�3g ru�¸j�ththÕ�§

ú�n��¸j{þ�n
c̃i
S .M = c̃i−1

S .M
o g �F�9n � �Fn'�FnTS � o � n��ì�Lx
�F� �3g ru�¬r�� � �Fn'y(n/y(ru�3Õ g � � �Fn

�
��ruk���j�y y(n/��� o�y(r;l
n/tPú gh� � g � � n/�3�3x�� � o g �Ä�{juo�nZr��£j�� g � � n/�3�3x�� �'g oVn9wJx¸j�t � r � �Fn
ru�Fn2ú gh� �Frux �qg � � n/�3�3x�� � ~
i£� g o��9ru�F�/thxFl
n9o � �Fn��/t]j g y ~

ut¤Fru� � �Fn@�
��r�r��
r��!tvn/y ymj�[F~��!~��!§Ëú�n � �;xFo�ru�
thÕV�¸j9þ�n � rqo3�Fr{ú � �Fn��9ru�3��n9o���ru�Fl g �
k
n9w;x¸j �3g ru�Fo��<ru� � �FnO�
©�o�j��Fl � �FnV��n/k g o � n/� � tvn9o�ju�9�9ru��l g �
k � r l
n � � gh�3g ru�X[F~��!~ [F~
°e�L�A�<¤BÕ æ r��>tvn/y ymj$[F~��!~��bç�«�n �

synced � code � i?∧∀t′ ∈ Zt−1 : ¬JISR(ct′

I )
�Frutvl>~

� n'�¸j9þ�n � rÑo3�Fr{ú
corr � i?(t)

~����ì�{juo�n'r��
t = 0

ru�
¬JISR(ct−1

I )
§�tvn/y ymjf[F~��!~h|

� � g o��Fn9o � �Fn �
��r�r��B~ã«En �Z� �Fn/��n��<ru��n
t > 0

j��Fl
JISR(ct−1

I )
�Frutvl>~ã� nÑo�n �

i :=
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sI(inst, t − 1)
~jV�r � n � �¸j � ¦�n9�{j�xFo�n r��

JISR(ct−1
I )

§
i + 1 = sI(inst, t)

j�tvo�r
�Frutvl
o�j��FlW�
��r���r�o gh�3g ru�d[F~��!~�� n/�Fo3x
��n9o

i = sI(wb, t − 1)
~

«En/y ymj$[F~ [F~h|£k�x¸j���j�� � n9n9o
�9ru�3��n9� � �Fn9o�oªú gh� �Frux ��g � � n/�3�3x�� � oË§ g ~ n�~h§
corr?(t−1)

§
j��Fl

c̃t−1
I = ct−1

I

j�tvo�r#�Frutvl
o2¦JÕE�
��r���r�o gh�3g ru�([F~��!~h|�~¥���#�¸j�� �3g �/x
t]j��{§ � � g o�y(n{j��Fo
ct−1
I .SPR[SR]=ci

S .SPR[SR]
~��£n9�{j�xFo�n2r�� � �Fn2�9ru�3��n9� � �Fn9o�o�r�� g �Fo � �3xF� �3g ru�#��n9o3x
t � o

g � � �FnV��n9ru��l
n/��¦
x^	>n/��¦JÕ � �FnOi�ruymjuo�x
tvrmj�thk�ru� gh� �
y g �¥�/Õ!�/tvn
t − 1

§!ú�n�j�tvo�r+�¸j9þ�n
CA(ct−1

I ) = CA(ci
S)

j��Fl
EData(ct−1

I ) = EData(ci
S)
~(� n � �Fn/��n��Lru��n � � g þ g j�ththÕ

�9ru�F�/thxFl
n
repeat(ct−1

I ) = repeat(ci
S)
§
MCA(ct−1

I ) = MCA(ci
S)
§¸j��Fl

JISR(ci
S)
~

� ndo3�FrËú � �FnÑl g 	�n/��n/� � �¸j�� � o+r��
corr � i?(t)

ju�9�9ru��l g �
k � r#l
n � � gh�3g ru�t[F~��!~ [
o�n��¸j���j � n/thÕ�~
|�~

ct
I .M = ci+1

S .M
~�i£� g o g oU�
��rËþ�n9l ¦JÕÑtvn/y ymj�[F~��!~��!~

�!~
ct
I .PC ′ = ci+1

S .PC ′ j��Fl ct
I .DPC = ci+1

S .DPC
~¬ä g �F�9n

JISR(ct−1
I )

j��Fl
JISR(ci

S)
¦�r � �¬�Frutvl>§Eú
nZ�¸j9þ�n

ct
I .DPC = SISR = ci+1

S .DPC
juoVú�n/thtªjuo

ct
I .PC ′ = SISR + 4 = ci+1

S .PC ′ j��Fl � � g o,�¸j�� �qg o � � g o3�Fn9l>~
�!~

ct
I .GPR[x].data = ci+1

S .GPR[x]
j��Fl

ct
I .FPR[x].data = ci+1

S .FPR[x]
~�� n

�;�FrËú
repeat(ct−1

I ) = repeat(ci
S)
~ ���ö�{juo�nÈr��

repeat(ci
S)
§�¦�r � � g yZ�

�
tvn/y(n/� � j �3g ru� j��FlÈo���n9� g�� �{j �3g ru� tvn{j9þ�n � �Fn ��n/k g o � n/� � tvn9o'x
�F���¸j��
k�n9l j��Fl
� � g o��{juo�n g o � � g o3�Fn9l>~(«En � xFo � �Fn/��n��Lru��nÑjuo�o3x
y(n

¬repeat(ci
S)
~(��r{ú�n/þ�n/�{§

ú
n � �Fn/� �¸j{þ�n
ct
I .GPR[x].data = ct−1

I
′.GPR[x].data

j��Fl
ci+1
S .GPR =

ci
S
′.GPR

j��Fl � �FnÍ�9ru�3��n9� � �Fn9o�o r�� � �Fn �
� g y(n9lbþ�n/��o g ru� �¸juo j�th��n{jul!ÕÈ¦�n9n/�
n9o � j�¦
t g o3�Fn9ldl!x
� g �
k � �Fn g �Fl!xF� �3g ru�do � n��Z�Lru� � �Fnq��n/k g o � n/� � tvn�ú gh� �Frux ��g � � n/�B�
�3x�� � oPú�� g ���Zú
n£ruy gh�3� n9l g � � � g o � �Fn9o g o{~E� n£�{j�� j\���
thÕ � � g o g �Fl!xF� �3g ru�(o � n��
�Fn/��n'o g �F�9n+j�tht gh� oVjuo�o3x
y � �3g ru�Fo�j���n��Lx
t � thtvn9l>§ g �]�¸j�� �3g �/x
t]j�� � �Fn'iUruymjuo3x
tvr
g �Jþ�j�� g j�� � j � �/Õ��/tvn

t − 1
~�i£�Fn2o�j�y(nV�Frutvl
o � �3xFnV�<ru� � �Fn

FPR
~

[F~
ct
I .SPR[x].data = ci+1

S .SPR[x]
~ª¤Fru� � �FnOo���n9� g j�t��
x
����r�o�n���n/k g o � n/� � tvn�§!ú
n

ju� � x¸j�ththÕì�¸j{þ�n � rÍo3�Fr{úöy(ru��n � �¸j��¬�Lru� � �FnZr � �Fn/� � ú�rÍ��n/k g o � n/� � tvn9oVo g �F�9n
o�n/þ�n/��j�tVþuj�thxFn9o¥j���n¬o�j9þ�n9l g � o���n9� g j�ts��n/k g o � n/��o g � �{juo�n¬r��'j�� g � � n/�3�3x�� � ~
ø��9�9ru��l g �
k � rdn9wJx¸j �3g ru� æ [F~h|{�bç�§ � �Fn'o���n9� g j�t���n/k g o � n/��o�ú�� gh�3� n/� g � � � g osú�j9Õ
j���n

SR
§
EData

§
ECA

§
ESR

§
EPC

§Fj��Fl
EDPC

~8V�r � n � �¸j � �<ru��j�tht�r � �Fn/�
��n/k g o � n/��o{§ � �FnOj��3k�x
y(n/� � o�j���n g l
n/� �3g �{j�t � r � �Fn�ru�Fn9o��<ru� � �FnVr � �Fn/�£��n/k g o � n/�
� tvn9osj��Fl j���n � �Fn/��n��<ru��n2ruy gh�3� n9l g � � � g o��{juo�n�~
æ jbç

SR
~ýi£�FnÄo � j � xFoÍ��n/k g o � n/�

SR
g o+ùBxFo � �<ru���9n9l � r � �Fnãþ�j�thxFn

032 g �
¦�r � � g y �
tvn/y(n/� � j �3g ru�Èj��Flìo���n9� g�� �{j �3g ru�¬ú�� g ���ìymj���n9o � � g os��n/k g o � n/�
j��#n{juo3Õ �
��r;r��Pk�r�j�t ~

æ ¦<ç
ECA

j��Fl
EData

~Pi£�Fnq�9ru�3��n9� � �Fn9o�oªr��
ECA

j��Fl
EData

g o�o � ��j g k�� � �
�Lru�3ú£j���l(o g �F�9n

MCA(ct−1
I )

j��Fl
EData(ct−1

I )
§J��n9o���n9� �3g þ�n/thÕ�§�j���n£ú�� gh� �

� n/� g � � r � �Fn9o�n � ú
r¬��n/k g o � n/��o g � � �Fn g y �
tvn/y(n/� � j �3g ru� j��Fl � �FnÑ�9ru�B�
��n9� � �Fn9o�omr�� � �Fn9o�n � ú
rk�¸j�� � o g omj�th��n{jul!ÕDn9o � j�¦
t g o3�Fn9l ¦JÕ � �Fn#j�¦�r{þ�n
j��3k�x
y(n/� � o{~
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æ �cç

ESR
~Ï�
Õ2nTS^�¸j��Fl g �
k � �Fn�l
n � � gh�3g ru�(r��

ci+1
S .SPR[ESR]

§�ú
n£ru�
thÕ2�Fn9n9l
� r �
��r{þ�n

ct
I .SPR[ESR] = repeat(ci

S)? ci
S .SPR[0] :ci

S
′.SPR[0]

���ã¦�r � � �{juo�n9o{§ � �Fn(j�¦�r{þ�n(��n{juo�ru� g �
k#j�¦�rux �O� �Fnmr � �Fn/�O��n/k g o � n/� � tvn9o
�{j�� ¦�n2j\���
t g n9l#j��Fl �9ru�F�/thxFl
n9o � � g os�{juo�n�~

æ l�ç
EDPC

j��Fl
EPC

~q��Õ � �Fn'o�j�y(nZj��3k�x
y(n/� � o2juo��<ru� � �Fn+�9ru�3��n9� � �Fn9o�o
r�� � �Fndl
n9o �3g �¸j �3g ru�b��n/k g o � n/� g �Fl
nTS g � � �Fnd��n9ru��l
n/�+¦
x^	>n/�{§Ïú
nÑ���Fr{ú
l!x
� g �
k g �Fo � �3xF� �3g ru� ú�� gh� n/¦¸ju��� � �¸j �+� �Fnm�
©�o g � � �Fnm��n9ru��l
n/�'¦
x^	>n/�
o �3g thtF�Frutvl � �Fn�þuj�thxFn9oªú�� gh�3� n/�dl!x
� g �
k g �Fo � �3xF� �3g ru� g o�o�xFn g �mo�ruy(nq�/Õ!�/tvn
k < t − 1

ú gh� �
sI(issue, k) = i

~ �£n9�{j�xFo�n
corr?(k)

�Frutvl
o{§ � �Fn9o�n
�
©�oZj���n g �k�¸j�� �3g �/x
t]j��+�9ru�3��n9� � § g ~ n�~h§

ck
I .PC ′ = ci

S .PC ′ § ck
I
′.PC ′ =

ci
S
′.PC ′ §Fj��Fl ju�9�9ru��l g �
k�thÕÍ�Lru� DPC

~
ä g �F�9n
repeat(ct−1

I )
g o��9ru�3��n9� � §

� �Fn2�9ru�3��n9� � �Fn9o�osr��Ï¦�r � � nTS!�9n�� �3g ru�¬�
©�o g oU�
��rËþ�n9l>~
ut

i£�JxFo{§!ú�ns�¸j{þ�nO�9ru�3��n9� � �Fn9o�o£ú gh� � g � � n/�3�3x�� � o£�<ru� � �Fn��Ïø�¨ì�bx�� � r � �Fn��/Õ!�/tvn
j)� � n/� � �Fn � ��o ��g � � n/�3�3x�� � ~
i£�Fns�LruthtvrËú g �
k+tvn/y ymj � �¸j�ththÕmo � j � n9o � �¸j �£g � � �Fns�/Õ!�/tvn
j)� � n/��j�� g � � n/�3�3x�� � § � �FnO�Pøs¨¬� g oqn/y � � Õ�~
°e�L�<²@���c� �c���<�o¬ÇG �"G ¦ �0Û¸Ü�ÝLÜ<Øuî�î h(ØuÛ@çmÜ�Û#Ý�Þ!×Gg�hbg/îv×'Ø3æ�Ý�×'&2ØuÛ¬Ü�Û¸Ý�×'&'&0ßËñ�ÝJmªÝ�Þ!× $�)L-WÌ
Ü�Û¬Ø�Û¬Ü�ÛFÜLÝLÜLØ�î@Ù/Ý Ø�Ý�×'Øbg�g�Ú1&3çuÜ�Û Ë Ý ÚÑçJ×J(�Û¸Ü�ÝLÜ<ÚuÛ ü3IÈÑWIÈÑ,I À Ú1&0ð(Øuî�î ham � ×2Þ�Ø1iu× ∀t ∈ N

[
(t = 0 ∨ JISR(ct−1

I )) =⇒ init?(ct
I)

i£�Fn��
��r�r�� � �¸j � ru�Èj�� g � � n/�3�3x�� ��g � � �FnZ�Ïø�¨¬�U§Ej�thtP��n9o�n/�3þ�j �3g ru�Èo � j �3g ru�Fo{§>nTS
n��
�/x �3g ru�Ñx
� gh� o{§>�
��r;l!xF�9n/����n/k g o � n/��o{§ � �Fnq��n9ru��l
n/��¦
x^	>n/�{§�j��Fl � �Fn�l
n9�9r�l
nso � j�k�nsj���n
n/y � �3g n9lÑj��Flmj�thtF��n/k g o � n/�£j���nqo�n ��� r2¦�n�þ�j�t g l g � � �Fn��
��r;l!xF�9n/� � j�¦
tvn9o
juo���n9w;x g ��n9l
¦;Õ

init?(ct)
g o�o � ��j g k�� � �<ru�3ú�j���l>~Ñ� n �Fr{ú ¦¸juo g �{j�ththÕã�¸j9þ�ndn/þ�n/�3Õ � � g �
k g �#�
t]ju�9n

g � ru��l
n/� � r(�9ru�F�/thxFl
n2r{þ�n/��j�thtU�Ïø�¨¬� �9ru�3��n9� � �Fn9o�o{~

ó�ò��Oò�� �¬�ì
¼÷ � �������Ç÷7÷8
M�,�7��
Sø1ø
���Zru��l
n/� � rVnTS � n/�Fl � �Fn£�9ru�3��n9� � �Fn9o�oPú gh� � g � � n/�3�3x�� � o�ru� g � � n/�3�3x�� � �<�L��n9n�o�n9w;xFn/�F�9n9o
� rÄj��3¦ gh� ��j��3Õb�Ïø�¨¬���9ruy �
x � j �3g ru�Fo{§ªú�nÍ�Fn9n9l � �Fn

[cinit]
�Fr � j �3g ru� g � � ��r�l!xF�9n9l

¦�n��<ru��n�~�� não � j�� � ú gh� � � �Fnã�9n/� � ��j�t2tvn/y ymjÈ�Lru�¥�9ru�3��n9� � �Fn9o�oÍú gh� � g � � n/�3�3x�� � o
� �¸j � ¦¸juo g �{j�ththÕ¥o � j � n9o � �¸j � �9ru�3��n9� � �Fn9o�o g � o�ruy(n2�/Õ!�/tvn

t′ + 1
�{j�� ¦�n2��n9l!xF�9n9l � r

�9ru�3��n9� � �Fn9o�o g � � �Fn2�/Õ!�/tvnOr�� � �Fn2t]juo ��g � � n/�3�3x�� � ¦�n��<ru��n
t′
~P� nOú g tht � �Fn/�#xFo�n � � g o

tvn/y ymj g � � �Fn g �Fl!xF� �3g ru�ìo � n�� r�� � �Fn � �¸j�t � �Fn9ru��n/y ~
µ �>¡(¡#�E¬ÇG �}G · �6æ � × Þ�Ø1iu×mØqg�hbg/îv× t

ØBæ/Ý�×'&mØuÛÈÜ�Û¸Ý�×'&'&�ß{ñ�Ý � Ü�Ý�Þ corr ú i?(t)
ØuÛ@ç

Ø�ÛSÜ�Û¸Ý�×'&'&0ßËñ�Ý£w^æ'&�×�×ìÜ6Û@Ý�×'&�i�Øuî�ß;Û@ÝLÜ6î£Ù9Úuðm×Xg�hbg/îv×
t′ ≥ t

m+Ú1i�×'&3Øuî�î3g�Ú1&'&�×�g9ÝLÛ�×0Ù0Ù � ÜLÝ�Þ
Ü�Û¸Ý�×'&'&�ß{ñ�Ý�Ù�Øuî\Ù/ÚmÞ�Ú�î¡ç�ÙOÜ�Û g;h"g9îh×

t′ + 1
I À Ú1&0ð(Øuî�î ham � ×OÞ�Ø1iu× ∀t ∈ N

[
synced ú code ú i? ∧ corr ­ i?(t) ∧ (t = 0 ∨ JISR(ct−1

I )) =⇒

∀t′ ∈ Z≥t : (∀t′′ ∈ [t : t′[ : ¬JISR(ct′′

I )) =⇒ corr ú i?(t′ + 1)
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synced � code � i?∧ corr t i?(t)∧ (t = 0∨ JISR(ct−1
I ))

�Frutvl>~8V�r � n
� �¸j �

init?(ct
I)
�LruthtvrËúqo�l g ��n9� � thÕì�Lru�3yr�
��r���r�o gh�3g ru�E[F~��!~�a!~m��wJx¸j �3g ru� æ [F~����bçOj�tvo�r

n/�Fo�x
��n9o
spec � conf(ct

I) = c
sI(inst,t)
S

~ � n¬j\���
thÕ l
n9�9ruy ��r�o gh�3g ru� g � ru��l
n/� � r
�9ru�F�/thxFl
n

ct′+1
I = cI [c

t
I ]

t′−t+1 j��Fl

sI(inst, t′ + 1) = sI(inst, t) + sI[ct
I ](inst, t′ − t + 1).

i£�Fn/��n��<ru��n�§£ú
n¬j�tvo�rÄ�¸j{þ�n
c
sI(inst,t′+1)
S = cS [ct

I ]
sI[ct

I ](inst,t′−t+1) ~ i£� g omy(n{j��Fo
� �¸j �

corr � i?[ct
I ](t

′ − t + 1) = corr � i?(t′ + 1)
�Frutvl
o�j��Fl � �JxFo{§�ú�n�ru�
thÕ¥�¸j9þ�n

� r+�9ru�F�/thxFl
n
corr � i?[ct

I ](t
′ − t +1)

~
ä g �F�9n
∀t′′ ∈ [t : t′[ : ¬JISR(ct′′

I )
�Frutvl
o�j��Fl

g o�n9wJx¸j�t � r
∀t′′ ∈ Zt′−t : ¬JISR(cI [c

t
I ]

t′′)
§
tvn/y ymj�[F~��!~�� � � g o3�Fn9o � �Fn��
��r;r��3~

ut

­:���>���\�>¡¨¬ìG �"G�Í ÄU×/ÝEÝ�Þ!×�Ø�Ù�Ù{×�ð H î h�g�ÚËçJ×>æ�ß�î (�î�î!Ý�Þ!×
Ù huÛ<g,g�ÚuÛ@çuÜLÝLÜ<ÚuÛ0I±p�Þ
× $�)L-WÌÜ6Ù2Ý�Þ!×�ÛEg�Ú1&'&3×�g9Ý�I
synced ú code ú i? =⇒ corr ú i?(t)

°e�L�A�<¤BÕ «En �
synced � code � i?

�Frutvl>~�� n2o��Fr{ú
corr � i?(t)

¦JÕ g �Fl!xF� �3g ru�ìru�
t
~

�;���1���"�c���<� Ö������û×
t = 0 Ù z i£�Fn g �Fl!xF� �3g ru�D¦¸juo�n g o � � g þ g j�t�o g �F�9n

corr � i?(0)�Frutvl
o�¦JÕÍl
n � � gh�3g ru�E~
�;���1���"�c���<� �;���v²�×

t → t + 1 Ù z � nZ�¸j9þ�n � r¥o��Fr{ú
corr � i?(t + 1)

~Z� n o��
t gh�
�{juo�n9oqru� ú��Fn � �Fn/�sj�� g � � n/�3�3x�� � r��9�/x
�3��n9lY�
� g ru� � r �/Õ!�/tvn

t
ru���Fr � ~

|�~q«En �
¬cI .∃

last
JISR(t)

�Frutvl>~(i£� g o2y(n{j��Fo
∀k ∈ Zt : ¬JISR(ck

I )
ju�9�9ru��l g �
k � r

l
n � � gh�3g ru�#|�~��!~�}Vr��
∃last ~�ä g �F�9n£ú
n��¸j{þ�nqj�th��n{jul!ÕZo��Fr{ú�� corr � i?(0)

g � � �Fn
g �Fl!xF� �3g ru�¥¦¸juo�n�§�ú
nV�{j�� j\���
thÕ(tvn/y ymjG[F~��!~PZ � r'�/Õ!�/tvn9o

0
j��Fl

t
g �Íru��l
n/� � r

�9ru�F�/thxFl
n
corr � i?(t + 1)

j��Fl � � g o3� � � g oq�{juo�n�~
�!~q«En �

cI .∃
last
JISR(t)

�Frutvl>~U� nªo�n �
l := cI .lastJISR(t)

j��Fl�¦JÕ2l
n � � gh�3g ru�Í|�~��!~�}�r��
last

§uú
nqj�tvo�rV�¸j9þ�n
l+1 ≤ t

§
JISR(cl

I)
§Jj��Fl

¬JISR(ck
I )
�Lru��j��;Õ

k ∈ [l+1 :
t[
~���Õ g �Fl!xF� �3g ru� �JÕQ��r � �Fn9o g o{§

corr � i?(l + 1)
j�tvo�r+�Frutvl
o{~ª�sn/�F�9n�§!ú�nO�{j��

j\���
thÕ#tvn/y ymj*[F~��!~PZ � rd�/Õ!�/tvn9o
l + 1

j��Fl
t
j��Flã�9ru�F�/thxFl
n

corr � i?(t + 1)
~

i£� g o � �¸j�ththÕ � � g o3�Fn9o � �Fn#t]juo �m� �Fn9ru��n/y�j��Flj�
��r{þ�n9o � �Fn �Pøs¨¬�ý����n9nìr��
n/�3��ru��o{~

ut

i£� g oq�9ru�F�/thxFl
n9o��9ru�3��n9� � �Fn9o�osr�� � �FnO�Pø�¨ì� ¦¸juo�n9l#ru� � �Fn�) g � � n/� g yd�Fy(n/y(ru�3Õ
l
n � � gh�3g ru�

cI .M
~�� nVú g tht'�
thx
k g � � �Fn��
��r;r���r��

MI
g � � �FnV�LruthtvrËú g �
kmo�n9� �3g ru�E~

íj�<a � 2  ` 5@26587,�+�Â�3AB!�7 !�7 �,7d°ä��±Á�
ä�r¬� j��{§�ú�n �9ru�Fo g l
n/��n9l �9ruy �
x � j �3g ru�Fodo � j�� �3g �
k g �Sj�� g � gh�3g j�t�o � j � n�~b��r{ú�n/þ�n/�{§
�¸j���l!ú£j���n¬xFo3x¸j�ththÕDl
r;n9od�Fr � �¸j{þ�nìj � S
n9lSo � j � n#ru�j��r{ú�n/�dx��'! � �Fn/��n��Lru��n�§qú
n
g � � ��r;l!xF�9nÑj

reset
o g k��¸j�t ~mi£� g o+o g k��¸j�t g � gh�3g j�t gh� n9l � �Fnmy(n/y(ru�3Õ g � � n/�B� ju�9n�§ g ~ n�~h§

cache � reset := reset
§ g �Íjul
l gh�3g ru� � r � �Fn�nT	>n9� � r���j

JISR
ú�n�l
n9o��/� g ¦�n9l g � � �Fn

g y �
tvn/y(n/� � j �3g ru�E~2��n/�F�9n�§�j
reset

g � gh�3g j�t gh� n9o H Ú�Ý�Þ � �Fn+�Pøs¨¬� j��Fl gh� o�y(n/y(ru�3Õ
g � � n/�B�<ju�9n�~nVsr � n � �¸j �

reset
j�tvo�r o�n � o � �FnO�9ru�3��n9o���ru�Fl g �
k(¦ gh� � g � � �FnOnTS!�9n�� �3g ru�
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vamp reset ¬vamp reset

reset
¬reset

read/ write for host read only for host

t

vamp computation

¤ g k�x
��n$[F~�R!z��Ïr{ú�n/�B� x��Äo�n9wJxFn/�F�9nOr�� � �FnO�Pøs¨¬�

�{j�xFo�n
o3xF��� � �¸j �U� �Fn g � � n/�3�3x�� � �¸j��Fl!tvn/���{j�� � �Fl+rux �Ï� �¸j �Ïgh� ú�juo��{j�thtvn9lZru�:��r{ú�n/�
x��¥��j � �Fn/� � �¸j�� x���ru�#j�� g � � n/�3�3x�� � ~

«En �V� �Fn/��n��Lru��n(�d¦�n � �Fn+t]juo � �/Õ!�/tvn+ú��Fn/��n
reset

ú£juo2ju� �3g þ�n�~2� n � �Fn/�ã�¸j9þ�n
init?(c1

I)
j��Fld�{j�� g �Fo � j�� �3g j � nOj2�9ru�3��n9� � y(n/y(ru�3Õ g � � n/�B� ju�9nOju�9�9ru��l g �
k � r'l
n � � g �

�3g ru� |�~��!~��Ño g �F�9n
ct
I .M.clear = (t = 0)

�Frutvl
oË~����¬jul
l gh�3g ru�E§
cI [c

1
I ].M

t = M t+1
I�Frutvl
oVj��Flìú
n+�{j��X�
thx
k g � � �Fn'y(n/y(ru�3Õ g � � n/�B� ju�9n+j��Fl gh� o��9ru�3��n9� � �Fn9o�o,�
��r�r�� g �

ru��l
n/� � r �9ru�F�/thxFl
n
corr � i?[c1

I ](t)
�<ru�sj��JÕ

t ∈ N
~

¤Fru� � �Fn g y �
tvn/y(n/� � j �3g ru� ru� � �Fn¥��©��'¦�r�j���l>§
ú
n ú�rux
tvlDt g ��n � rÄ�¸j{þ�n � �Fn
��r�o�o g ¦ g t gh� Õ � rDju�9�9n9o�o � �Fn¬�Ïø�¨ì� y(n/y(ru�3Õ g � ru��l
n/� � r ú�� gh� n]�
��ruk���j�y(o g � � r
� �Fn y(n/y(ru�3Õ j��Fl ��n{jul � �Fn g � ��n9o3x
t � o#¦¸ju��� ����ruy y(n/y(ru�3Õ�~ ä g �F�9n � �Fn �{ju���Fn
y(n/y(ru�3Õ g � � n/�B�<ju�9nm�Ln{j � x
��n9o�ú�� gh� n/¦¸ju���E��rut g �/Õ�§ � �Fn_�
�JÕ!o g �{j�tªy(n/y(ru�3Õ l
r�n9oO�Fr �
�Frutvlã�9ru�3��n9� � lFj � j g �ãk�n/�Fn/��j�tªjuo�ú
n(j�tvo�rÑo3�Fr{ú�n9l g � � �Fn �9ru�Fo g o � n/�F�/Õ g �;þuj�� g j�� �
mif � consistency

g �Äo�n9� �3g ru�È�!~ [F~��!~�i£�Fn/��n��<ru��n�§ gh� ymj���n9oOo�n/�Fo�n � �¸j �O� �Fn+�Fr�o �
ju� � x¸j�ththÕ ju�9�9n9o�o�n9o � �FnÍ�{ju���FnÑy(n/y(ru�3Õ g � � n/�B�<ju�9n¥r�� � �Fnm�Pøs¨¬� g �Fo � n{jul r�� � �Fn
�
�;Õ�o g �{j�tEy(n/y(ru�3Õ�~

� n � �Fn/��n��<ru��n(l
n9o g k��Fn9l j�� j�thy(r�o �O� � g þ g j�t�nTS � n/�Fo g ru� r�� � �FnZ�{ju���Fn y(n/y(ru�3Õ
g � � n/�B�<ju�9n � �¸j � j�thtvrËúqo(�<ru�#Ý � Ú lFj � jÈju�9�9n9o�o*��ru� � oË~BV�r � n � �¸j �dg � �9ru� � ��juo �m� r
� �Fn � �3x
thÕY�¸j���j�thtvn/t g �Fo � �3xF� �3g ru�Äj��FlìlFj � j_��ru� � §¸ru�
thÕ ru�Fn+r�� � �Fn � ú
rÑlFj � j_��ru� � o
g o o�n/�3þ�n9l j � j��;Õ �3g y(n�~ i£� g o g o(ju��� g n/þ�n9lD¦JÕby(n{j��Fo(r��Vj¬o g y �
tvnÑ� j g �(j��3¦ gh� n/�
j��FlDjìy�x
t �3g �
tvnTS
n/� � �¸j � n gh� �Fn/� �¸juo�o�n9o � �Fn¥ju�9�9n9o�o+�L��ruy lFj � jX��ru� � ø¢ru� lFj � j
��ru� � � � r � �FnZy(n/y(ru�3Õ g � � n/�B�<ju�9nmj��Fl � j���n9o��{j���n � �¸j � ��ru� � � g oOo g k��¸j�tvoO¦
xFo�Õ
ú�� g tvn_��ru� � ø g o2o�n/�3þ�n9lÈj��Fl þ g �9nZþ�n/��o�j!~m��þ�n/� � �FnZ�<ru�3ymj�t8�
��r;r�� � �¸j � �<ru� � � g o
nTS � n/�Fo g ru�E§�¦�r � �ãlFj � j*��ru� � o��Lx
t � tht � �Fn'�9ru�Fo g o � n/�F�/Õ¬j��Fl¬t g þ�n/�Fn9o�oV�/� gh� n/� g ru� r��
j
�9ru�3��n9� � y(n/y(ru�3Õ g � � n/�B�<ju�9n g o2o g y �
tvn�~ V�r � n g �E�¸j�� �3g �/x
t]j�� � �¸j � ¦�n9�{j�xFo�n r�� � �Fn
� j g �3�Fn9o�oVr�� � �Fn j��3¦ gh� n/�{§>t g þ�n/�Fn9o�oOr�� � �Fn+lFj � jÍju�9�9n9o�o���ru� � ø g o��Fr � jL	�n9� � n9l¬¦JÕ
�9ru� �3g �JxFruxFo�ju�9�9n9o�o�n9o � r+lFj � j:��ru� � � j��FlÑþ g �9nsþ�n/��o�j!§!ru�
thÕ*��n/�B�Lru�3ymj��F�9nVo3x^	>n/��o{~

� n � �Fn/� g � � n/k���j � n9l � � g oPnTS � n/�Fl
n9l �{ju���Fn�y(n/y(ru�3Õ g � � n/�B�<ju�9n g � � r � �Fn��Pøs¨¬�
j��Fl��9ru�
�Fn9� � n9l gh� oEo�n9�9ru�Fl�lFj � jÂ��ru� ��� r � �Fn��Fr�o � �
©�~Ë���'jul
l gh�3g ru�E§)ú
n g � � ��r�l!xF�9n9l
j o�n9�9ru�FlÄ��n9o�n � o g k��¸j�t

vamp � reset
� �¸j � ÚuÛ¸î h¬��n9n��Fo � �Fn �Pø�¨ì� g �bj�� g � gh�3g j�t

o � j � n�§Jú�� g tvn � �Fn��{ju���Fnsy(n/y(ru�3Õ g � � n/�B�<ju�9n g o�x��Íj��Flm�3x
�
� g �
kF~ªä g �F�9n � �Fnq�Pøs¨¬�
g � gh�3g j � n9oÍ�Fr ��n9w;xFn9o � o(�<ru� � �Fnì�{ju���Fnìy(n/y(ru�3Õ g � � n/�B� ju�9n¬ú�� g tvn g � ��n9o�n � o � j � n�§
� �Fnd�Fr�o � �
©ý�¸juoZnTS!�/thxFo g þ�nÑju�9�9n9o�o � r � �Fnd�Ïø�¨ì� y(n/y(ru�3Õ�~ ø�� � n/� � �FnÍo g k��¸j�t
vamp � reset

g oVl
n{ju� �3g þ�j � n9l>§Eú
nZru�
thÕãj�thtvr{ú ��n{julÄju�9�9n9o�o�n9o��L��ruy � �FnZ�Fr�o � �
©�~
i£� g o���rËú
n/�B� x��ìo�n9wJxFn/�F�9n g o g ththxFo � ��j � n9l g � � k�x
��n$[F~�R!~

���¬o3x
y ymj��3Õ�§�ú
n ju� � x¸j�ththÕ þ�n/� g�� n9l � �Fn2�<ruthtvr{ú g �
k¥�/t]j g y �Lru� � �Fn'�Ïø�¨ì� g yZ�



ð!¾³²Ë¾oÊ «�Î Ð É1« ø ¿ ©lÊ�� |�a!|
�
tvn/y(n/� � j �3g ru�Ez�«En � j�� g � gh�3g j�t

reset
¦�nO�<ruthtvr{ú�n9l¬¦JÕ#j��Äj��3¦ gh� ��j�� g thÕ tvru�
kf��n/� g r�l

ú��Fn/��nZru�
thÕ
vamp � reset

g oVju� �3g þ�n(j��Fl � �Fn+�Fr�o � ��n{jul
oOru�Vú�� gh� n9o � �Fn'y(n/y(ru�3Õ
juo��Fn+���Fr�r�o�n9o{~Vø�oso�r�ru�Äjuo

vamp � reset
g o�l
n{ju� �3g þuj � n9l>§ � �Fn+�/x
�3��n/� � y(n/y(ru�3Õ

�9ru� � n/� �2� �FnZ�Fr�o � o�n9n9oVþ g j � �Fn l
n � � gh�3g ru� r���jÑy(n/y(ru�3Õ g � � n/�B�<ju�9n ¦�n9�9ruy(n9o � �Fn
g � gh�3g j�t¸y(n/y(ru�3Õ(�9ru� � n/� � r�� � �Fnqo���n9� g�� �{j �3g ru�dj��Fl ¦�r � � g y �
tvn/y(n/� � j �3g ru�¥�9ruy �
x!�
� j �3g ru� j��FlÈo���n9� g�� �{j �3g ru� �9ruy �
x � j �3g ru�bo � j�� � ~YVVj � x
��j�ththÕ�§ � �Fn g y �
tvn/y(n/� � j �3g ru�
g os�9ru�3��n9� � ú gh� �¬��n9o���n9� ��� r � �Fn�o���n9� g�� �{j �3g ru�E~�V�r � n � �¸j ��� �Fn��Fr�o � �{j��]��n/�B�<ru�3y
j��3¦ gh� ��j��3Õd��n{julÑju�9�9n9o�o�n9o£ru� � �Fnsy(n/y(ru�3Õ g � � n/�B� ju�9nVl!x
� g �
k � �Fns�9ruy �
x � j �3g ru�E~
���
�¸j�� �3g �/x
t]j��{§ � �Fn9o�nÑ��n{jul
oZymj9Õ �{j�xFo�nÑú�� gh� n/¦¸ju��� g �D�{juo�nÍr��Vj¬l g � � ÕÈy g o�o ru� g �!�
þ�j�t g lFj �3g ru� g � � �Fn g �Fo � �3xF� �3g ru�ã�{ju���Fn l!x
� g �
k¥o3�Fr;r�� g �
kF~��srËú
n/þ�n/�{§ � �Fn��Lru�3ymj�ththÕ
þ�n/� g�� n9l#t]j9Õ�n/�Vr�� � �Fn2y(n/y(ru�3Õ g � � n/�B� ju�9n2k�x¸j���j�� � n9n9o � �¸j � �Pøs¨¬�S�9ru�3��n9� � �Fn9o�o g o
�Fr � jL	�n9� � n9l>~

íj��´ b 5 ` �Â�<58Fdcþ!U�fe
i£� g o�o�n9� �3g ru� g o�¦¸juo�n9l#ru�#I ���Jp + ���!§@ä�n9� � ~q|TK�~i£�FnP�Lru�3ymj�tJþ�n/� g�� �{j �3g ru�+r��Fj�i�ruymjuo�x
tvr�o����Fn9l!x
tvn/��o�ú gh� �2��n9ru��l
n/�U¦
x^	�n/��o g o>¦JÕ
�Frsy(n{j��FoÏ�Fn/úýI ���nRbZ�§h�Vä
ü$R"R!§h¨¬�9¨ R�}!§]ä��{R�}LK�~���S^�
tvr gh�3g �
k2o3Õ�y y(n � � g n9o{§�¨¬�9¨ g t¡�
t]j��ýI ¨¬�9¨qR�}LKq�¸juo o��Fr{ú�� � �FnÍ�9ru�3��n9� � �Fn9o�o(r��OjX��r{ú�n/�B��x
tsi�ruymjuo3x
tvrÄo����Fn9l!x
tvn/�
ú gh� � j#��n/ymj��3�uj�¦
tvnÍl
n/k���n9nÍr���j�x � ruymj �3g ru�E~#��o g �
k � �Fn9ru��n/yM�
��r{þ g �
kF§
ä!j9ú£julFj
j��Fl �sx
� � I^ä��{R�}LKqo3�FrËú � �Fnd�9ru�3��n9� � �Fn9o�o r��Vj��bn/� �3g ��n¥rux � ��r��6��ru��l
n/� �
��r��9n9o�o�ru�{§
�
��n9� g o�n g � � n/�3�3x�� � o{§Pj��FlÈjÍo � ru��nZ¦
x^	>n/�V�Lru� � �FnZy(n/y(ru�3Õãx
� gh� ~ i£�Fn/ÕÄj�tvo�r¥�9ru�!�
o g l
n/��o�n/t¡��� y(r;l g �LÕ g �
kd�9r;l
n�¦JÕÍy(n{j��Fosr���j Ú\ávä Ö g �Fo � �3xF� �3g ru�E~£��r{ú�n/þ�n/�{§¸�Fru�Fn'r��
� �Fndj�¦�rËþ�nmj�x � �Fru��o g � � ��r;l!xF�9n9o � �FnZt gh�3� tvn g �3��n/k�x
t]j�� gh�3g n9o g � � �Fn(i�ruymjuo�x
tvrìj�thk�r��
� gh� �
y ú�nZj�thtvrËú2§ g ~ n�~h§���n/k g o � n/�V� g � � �Fn

GPR
j�thú�j{Õ�oV��n � x
�3�FoO�Ñj��Fl � �Fn

IEEEfg y �
tvn/y(n/� � j �3g ru�ìú�� g ���#¦
��n{j��¥o � j��FlFj���l iUruymjuo3x
tvrZ�<ru�3ú�j���l g �
kF~
¤Fru�Zjìl g o��/xFo�o g ru� r�� � �Fnd��n/t]j � n9lÈú�ru��lÈ�<ru� � �Fnmû¸r�j �3g �
kq��r g � � x
� gh� o+r�� � �Fn

�Pø�¨ì�Ï§Ïú
nÑ��n��Ln/� � rãr � �Fn/���
x
¦
t g �{j �3g ru�Fo g � � �FnÑ�Ïø�¨ì�
�
��r�ù3n9� � I ��n/���!|�§��£�J�!|�§
�;ju�{����j!§��;ju�{����¦^KZú��Fn/��n � �Fn ju� � x¸j�t g y �
tvn/y(n/� � j �3g ru� j��Fl þ�n/� g�� �{j �3g ru� r�� � �Fn
¤P�@��o g o�j�tvo�r l
n9o��/� g ¦�n9l>~

�
��r����Oj��Fl2�sx
� � ��n���ru� �E� �FnÏ�<ru�3ymj�t�þ�n/� g�� �{j �3g ru�'r�� � �Fn�o g y �
tvn�§)�Fru�!��� g ��n/t g �Fn9l
¤P¨ R����!|%�
��r��9n9o�o�ru�ÂI �£�sp�R\[�K!ú��Fr�o�n��9ruy �
tvnTS gh� Õ g oP�/tvn{j��3thÕO� j��U¦�n/tvr{ú � �Fn
�Ïø�¨ì�Ï~
ø3�¸j�� � �L��ruy � � g o�¤P¨ R����!|$�
��r��9n9o�o�ru�sj��Fl rux
�s�Ïø�¨¬���
��r�ùBn9� � §�Û@ÚuÛ�×�r�� � �Fn$�¸j)�
��n/��o+wJxFr � n9lbj�¦�rËþ�ndo � j � n9o � �¸j ��� �Fnmþ�n/� g�� n9l l
n9o g k��bju� � x¸j�ththÕ �¸juo'¦�n9n/� g y �
tvn��
y(n/� � n9l>~j)sî�î���n9o3x
t � oOrux � o g l
n � �Fn��Pø�¨ì�B�
��r�ù3n9� � nTS
�9n�� � I �£�sp�R\[�K�xFo�n+o�n/þ�n/��j�t
o g y �
t g�� �{j �3g ru�Fo�j��Fl j�¦Fo � ��ju� �3g ru�FoËz
|�~qi£�Fn ��n{j�t gh� n9l g �Fo � �3xF� �3g ru� o�n �Og oO��n9o � � g � � n9l>z2j�thú£j9Õ!o g �F�/thxFl
n9l j���n � �Fn o g S
g �Fo � �3xF� �3g ru�Fo��9ru�Fo g l
n/��n9l g �fI �£�$R\[�K�zUtvr�jul�ú�ru��l>§�o � ru��nªú�ru��l>§/ùBx
y �E§)¦
��j��F���
n9wJx¸j�t � n/��r
§
ø�«'� ��n/k g o � n/�£r���n/��j �3g ru�Fo{§
ø�«'� g y y(n9l g j � n2r���n/��j �3g ru�Fo{~�¤ g þ�n
� ÕQ� g �{j�t�nTS � ��j g �Fo � �3xF� �3g ru�Foìj���n � ��j\�E§���n � x
�3� ����ruy�nTS
�9n�� �3g ru�E§�y(r{þ�n � r
j��Flb����ruy o���n9� g j�t£��n/k g o � n/��o{§�j��Flbo�Õ;�F� I^ä���R�}LK�~Èi£�FnÍ¦
��j��F��� n9wJx¸j�t � n/��r
g �Fo � �3xF� �3g ru� g oPk�n/�Fn/��j�t gh� n9l g �YI �������LK
¦JÕZj��Zx
� g � � n/���
��n � n9l � n9o � n/þ�j�thx¸j �3g ru�
��x
�F� �3g ru�E~ ¨¬r�o � �Fr � j�¦
thÕ � �FnÍþ�n/� g�� �{j �3g ru� r��symju��� g �Fn9omú gh� � tvr�julS2�o � ru��n



|�a�� Ó1õ�Ð3þ É1« Ê�ð!¾ É õ « � Ðsâqþ â Ç Ó1Ê�©lþ@Ê�©OÓ « è
èA©lÊ
r���n/��j �3g ru�Fosru� �¸j�t¡�Pú
ru��l
osj��Fl ¦JÕ � n9o��¸juo�j\���¸j���n/� � thÕ¥�Fr � ¦�n9n/� ��n���ru� � n9l>~
���`I ���UR"RLK � �Fn+j�x � �Fru��o���n���ru� � j��ãj �3� n/y � �V� r(�¸j��Fl!tvn � �Fn9o�n g �Fo � �3xF� �3g ru�Fo
¦JÕ�j�x � ruymj �3g ��y(n � �Fr�l
o�ú�� g ���'ú£juo�x
�Fo3xF�9�9n9o�oB��x
t�l!xFn � rsy(n/y(ru�3Õ2r{þ�n/�Bû¸rËú2~

�!~sä�ruy(n �3g y(n9o{§>�Fru�!� g y �
tvn/y(n/� � j�¦
tvnd�9ru�Fo � �3xF� � o2j���n+xFo�n9l g � � �Fn��
��r��9n9o�o�ru��o{z
n�~ kF~h§;��r�o�j�¦�n �3� xdn � ~�j�t ~<I �Vä
ü$R"RLK�xFo�n � j�k�oª����ruy j�� g � � � gh� nso�n � ~@Os¦Jþ g ruxFo3thÕ�§
� � g o g o��Fr � l g ��n9� � thÕ g y �
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{B|~} °�(?�)(���� c��
��e
>TºÄ·�Ë½¼GÆYÅÄÅB¸#¹�¼ÚÒJÀVÇ=ÇYÉÌ»ðÒJÀV¼½»V¼Á·T¸V¼½ÂlºÄ·l¸#¹Jº^»ð¸#¹�¼½»#º^»ð×y¼ÁÀV¼/ÂJ¼ Î ¼ÁÅ^ÇZÒÊ¼½ÂlºÄ·n¸V¼ÁÀ�ÆZËÁ¸#º Î ¼ÁÅÄÍlºÄ·ö ôB>f¾NÇZ·�¼�Â�ºÄÀV¼½ËÁ¸#º^ÇZ·ñÇYÉ¡ÉÌØJ¸#ØJÀV¼G×yÇZÀ#à|º^»FÇZÙ Î º^ÇZØ�»�n�íì¼�·�¼½¼½ÂÏÆÜ¸#¹�¼½ÇZÀV¼ÁÃ ÒJÀVÇ Î ºÄ·JÝ»VÍ=»#¸V¼ÁÃ ×ÈºÄ¸#¹�ºÄ·n¸V¼ÁÝ�À�ÆY¸V¼½Â�ÒfÇ¤×y¼ÁÀ�ÉÌØJÅ�ÆYØJ¸VÇZÃ�ÆY¸V¼½Â�¸VÇTÇZÅ^»¤Ðêí�ºÄ¸#¹æ»#Ø�ËV¹�Æ|Ë½ÇZÃ/ÒJÅ^¼Á¸V¼
»VÍ=»#¸V¼ÁÃâ¾T×y¼îÙÊ¼ÁÅÄº^¼ Î ¼�Æ »#Òf¼½¼½Â�ØJÒÜÇYÉN¸#¹�¼ Î ¼ÁÀ#º¯ïMË¿ÆY¸#º^ÇZ·áÙTÍG¸#¹�¼�ÉoÆZËÁ¸VÇZÀpÇYÉN¸<×¡ÇÚÇZÀ¡ÃGÇZÀV¼Ë½ÇZØJÅ^ÂÚÙÊ¼¡ÆZË�¹Jº^¼ Î ¼½Â/»#ºÄ·�Ë½¼yÃ�ÆY·nÍFÇYÉ�¸#¹�¼yÒJÀVÇ=ÇYÉMÝ!Ç!ÆYÅ^»�ÆYÀV¼¡¸V¼½Â�º^ÇZØ�»�ÆY·�ÂFÇYÉf»#ØTG�ËÁº^¼Á·n¸#ÅÄÍ»VÃ�ÆYÅÄÅNË½ÇZÃ/ÒJÅ^¼2ä=ºÄ¸;Í¬ºÄ·âÇZÀVÂJ¼ÁÀ�¸VÇ�ÆYÅÄÅ^Ç¿×£ÉÌÇZÀîÆYØJ¸VÇZÃ�ÆY¸V¼½ÂßÒJÀVÇTÇYÉo»¿Ð

ò�ÇZÀ ¸#¹�¼�ÃG¼ÁÃGÇZÀ#Í|ºÄ·n¸V¼ÁÀ�É)ÆZË½¼�¾�ÇZ·�¼�Ë½ÇZØJÅ^ÂÞºÄÃ�ÆYÝ�ºÄ·�¼áÆâÃG¼ÁÃGÇZÀ#Íì¹Jº^¼ÁÀ�ÆYÀVËV¹TÍ!¾�º)Ðè¼�ÐÄ¾
¸#¹�¼�ºÄ·�»#¸#À#Ø�ËÁ¸#º^ÇZ·áÆY·�ÂGÂ�ÆY¸�Æ�Ë¿ÆZËV¹�¼½»pÆYÀV¼�Ë½ÇZ·J·�¼½ËÁ¸V¼½ÂG¸VÇ Æ�ØJ·Jº¯ïM¼½Â�»V¼½Ë½ÇZ·�Â=Ô)Å^¼ Î ¼ÁÅ�Ë¿ÆZË�¹�¼×È¹Jº^Ë�¹�ºÄ·�¸#ØJÀ#·æÆZË½Ë½¼½»V»V¼½»�¸#¹�¼áÃ�ÆYºÄ·�ÃG¼ÁÃGÇZÀ#Í!Ð�.îÇ¤×y¼ Î ¼ÁÀ¿¾y¸#¹Jº^»/ÂJÇT¼½»�·�ÇZ¸/ºÄ· Î ÇZÅ Î ¼ÆY·TÍÞ·�¼Á×�ÆYÀ#Ý�ØJÃG¼Á·n¸V»GºÄ·Ï¸#¹�¼áÒJÀVÇ=ÇYÉ�n�ò�ÇZÀ�¸#¹�¼Gï�ÀV»#¸�Å^¼ Î ¼ÁÅÈË¿ÆZËV¹�¼½»¤¾�ÇZ·JÅÄÍì¸#¹�¼ÜÂ�ÆY¸�Æ
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¸#À�ÆY·�»VÃ/º^»V»#º^ÇZ·ÚÒJÀVÇZ¸VÇTË½ÇZÅ=Ùf¼Á¸;×y¼½¼Á·Úï�ÀV»#¸BÆY·�ÂF»V¼½Ë½ÇZ·�ÂFÅ^¼ Î ¼ÁÅ�Ë¿ÆZËV¹�¼½»Ö¹MÆZ»�¸VÇ�Ùf¼¡ÆZÂ�ÆYÒJ¸V¼½ÂÉÌÀVÇZÃ�¸#¹�¼ ÙJØ�»�ÒJÀVÇZ¸VÇ=Ë½ÇZÅ�ºÄ·ßË�¹MÆYÒJ¸V¼ÁÀ � ¸VÇ�Æ Î ¼ÁÀV»#º^ÇZ·ßÃGÇZÀV¼F»#ØJºÄ¸V¼½ÂÜÉoÇZÀ�¼2G�ËÁº^¼Á·n¸ðÇZ·�ÔË�¹JºÄÒ/Ë½ÇZÃ/Ã ØJ·Jº^Ë¿ÆY¸#º^ÇZ·NÐ�Ñp¹�¼ÈÆYÀ#Ý�ØJÃG¼Á·n¸V»�ÉÌÇZÀÖ¸#¹�¼p»V¼½Ë½ÇZ·�ÂÚÅ^¼ Î ¼ÁÅ=ºÄ¸V»�¼ÁÅ¯ÉfÆYÀV¼�;�Ø�»#¸�Æ Î ¼ÁÀ#ÍÃFØ�ËV¹Ü»#ºÄÃ/ÒJÅÄº¯ïM¼½Â Î ¼ÁÀV»Vº^ÇZ·�ÇYÉÛ¸#¹�¼ÈÒJÀVÇTÇYÉÛºÄ·�Ë�¹MÆYÒJ¸V¼ÁÀ � Ð ã »�ÆðÃ�ÆY¸#¸V¼ÁÀ¡ÇYÉÊË½ÇZØJÀV»V¼�¾T¸#¹Jº^»
Î ¼ÁÀ#º¯ïMË¿ÆY¸#º^ÇZ·�º^»�ÆYÝnÆYºÄ·ÚÒÊ¼ÁÀ�ÉoÇZÀ#ÃG¼½Â�ºÄ·ÚÅÕÆ¿Í!¼ÁÀV»¿¾!º)Ðè¼�ÐÄ¾!¸#¹�¼¡»�¼½Ë½ÇZ·�Â�Å^¼ Î ¼ÁÅ�Ë¿ÆZË�¹�¼Èº^» Î ¼ÁÀ#º¯ïM¼½Â»V¸�ÆY·�Â=Ô;ÆYÅ^ÇZ·�¼îÆY·�ÂG¸#¹�¼Á·�ºÄ¸V»�Ë½ÇZ·�»#º^»V¸V¼Á·�ËÁÍ/ÆY·�Â�ÅÄº Î ¼Á·�¼½»V»�º^»�ºÄ·n¸V¼ÁÝ�À�ÆY¸V¼½Â�ºÄ·n¸VÇ ¸#¹�¼�ÒJÀVÇ=ÇYÉÉoÇZÀÈ¸#¹�¼�»#ÒJÅÄºÄ¸pï�ÀV»V¸�Å^¼ Î ¼ÁÅ)Ðã ÉÌØJÀ#¸#¹�¼ÁÀ ¼2ä�¸V¼Á·�»#º^ÇZ·ìÇYÉpÇZØJÀFË¿ÆZËV¹�¼/ÃG¼ÁÃGÇZÀ#ÍlºÄ·n¸V¼ÁÀ�É)ÆZË½¼�»V¸V¼ÁÃG»ðÉ³ÀVÇZÃ ¸#¹�¼/ÉoÆZËÁ¸
¸#¹MÆY¸ÚØJÒÊÇZ·ÏºÄ·T¸V¼ÁÝ�À�ÆY¸#ºÄ·JÝ|ºÄ¸FºÄ·T¸VÇçÆßÃG¼ÁÃGÇZÀ#ÍìØJ·JºÄ¸¿¾�ÆY·TÍÏÆZË½Ë½¼½»V»ÚÇZ·Ï¸#¹�¼áÂ�ÆY¸�Æ�ÒfÇZÀ#¸
º^»áÙJÅ^Ç=ËVà=ºÄ·JÝ�¾�º)Ðè¼�ÐÄ¾ÈºÄ· Ë¿ÆZ»V¼çÇYÉFÆÞÃ/º^»V»á×È¹Jº^ËV¹éÃ/ºÄÝ�¹n¸â¼Á·T¸�ÆYºÄÅ�¸#¹�¼�×ÈÀ#ºÄ¸V¼ÁÙMÆZËVàéÇYÉÚÆ
Â�ºÄÀ#¸;Í¬ÅÄºÄ·�¼FÆY·�Âß¸#¹�¼�Éo¼Á¸VËV¹lÇYÉB·�¼Á×zÂ�ÆY¸�Æ�¾M·�Ç�ÇZ¸#¹�¼ÁÀ�ÆZË½Ë½¼½»V»îË¿ÆY·�ÙÊ¼�ÒJÀVÇ=Ë½¼½»V»V¼½Â¬ØJ·T¸#ºÄÅ
¸#¹�¼âÒJÀV¼ Î º^ÇZØ�»�ÆZË½Ë½¼½»�»/¸V¼ÁÀ#Ã/ºÄ·MÆY¸V¼½»�¼ Î ¼Á·æº¯É�¸#¹�¼Ü·�¼Á×�ÆZË½Ë½¼½»�»/ÒJÀVÇTÂ�Ø�Ë½¼½»áÆl¹JºÄ¸�ÆY·�Â
Ë½ÇZØJÅ^Â�¸#¹�¼ÁÀV¼2ÉoÇZÀV¼ ÙÊ¼�ÒJÀVÇ=Ë½¼½»V»V¼½ÂâºÄ·lÇZ·�¼ ËÁÍ�ËÁÅ^¼�Ð�.�Ç¿×¡¼ Î ¼ÁÀ¿¾�¸#¹�¼ÚË½¼Á·n¸#À�ÆYÅBË½ÇZ·�»#º^»#¸V¼Á·�ËÁÍºÄ· Î ÆYÀ#ºÕÆY·T¸ mif � consistency

×y¼�»V¹�Ç¿×y¼½ÂÏºÄ·ÏË�¹MÆYÒJ¸V¼ÁÀ � ÉÌÇZÀ ÇZØJÀÚË¿ÆZËV¹�¼�ÃG¼ÁÃGÇZÀ#Í
ºÄ·T¸V¼ÁÀ�ÉoÆZË½¼ð¼Á·�»#ØJÀV¼½»pË½ÇZÀ#ÀV¼½ËÁ¸pÂ�ÆY¸�Æ�ºÄ·á¸#¹�¼�Â�ÆY¸�Æ Ë¿ÆZË�¹�¼�ÇZ·¬Æ�¹JºÄ¸¿Ð�Ñp¹TØ�»¿¾=º¯ÉN×y¼�ÀV¼ÁÒJÅÕÆZË½¼
¸#¹�¼îÂ�ÆY¸�Æ?O ãîõ ÇYÉÛ¸#¹�¼�Â�ÆY¸�Æ�Ë¿ÆZË�¹�¼�×ÈºÄ¸#¹ÜÆ�Â�ØMÆYÅ¯Ô)ÒÊÇZÀ#¸V¼½Â�Â�ÆY¸�Æ�O ã�õ ×È¹Jº^Ë�¹ÜÆYÅÄÅ^Ç¤×�»
ÉoÇZÀ�Æ�»V¼½Ë½ÇZ·�Â�ÀV¼¿ÆZÂçÆZË½Ë½¼½»V»�ÇZ·|ÆZÂJÂ�ÀV¼½»V»

adr′
ÆY·�ÂçË½ÇZÒnÍß¸#¹�¼ Ë½ÇZÃ/ÒJØJ¸�ÆY¸#º^ÇZ·ìÇYÉ

doutÆY·�Â
hit

ÉoÇZÀ�¸#¹Jº^»�»�¼½Ë½ÇZ·�ÂlÀV¼¿ÆZÂlÒfÇZÀ#¸¿¾Ê¸#¹�¼/Ë½ÇZ·�»#º^»V¸V¼Á·�ËÁÍßºÄ· Î ÆYÀ#ºÕÆY·n¸FÇYÉy¸#¹�¼�ÃG¼ÁÃGÇZÀ#ÍºÄ·T¸V¼ÁÀ�ÉoÆZË½¼�¼Á·�»VØJÀV¼½»¡Ë½ÇZÀ#ÀV¼½ËÁ¸ÈÂ�ÆY¸�Æ ÉoÇZÀB�Mo:����¸#¹�¼½»V¼ðÆZË½Ë½¼½»V»¡ÒfÇZÀ#¸V»pÇZ·âÆ ¹JºÄ¸yÒJÀ�ÆZËÁ¸#º^Ë¿ÆYÅÄÅÄÍ
×ÈºÄ¸#¹�ÇZØJ¸�ÆY·nÍ¬¼2ëÊÇZÀ#¸¿Ð

.î¼Á·�Ë½¼�¾J×¡¼�;�Ø�»V¸�Ë½ÇZ·J·�¼½ËÁ¸�¸#¹�¼�ÆZÂJÂ�ºÄ¸#º^ÇZ·MÆYÅNºÄ·JÒJØJ¸
adr′

ÆY·�ÂÜ¸#¹�¼�¸<×¡Ç�ÆZÂJÂ�ºÄ¸#º^ÇZ·MÆYÅ
ÇZØJ¸#ÒJØJ¸V»

hit′
ÆY·�Â

dout′
Â�ºÄÀV¼½ËÁ¸#ÅÄÍl¸VÇÜ¸#¹�¼/ÃG¼ÁÃGÇZÀ#ÍlØJ·JºÄ¸¿Ð�å�Ç¿×�¾ÖÆY·nÍlÀV¼¿ÆZÂ|ºÄ·|¸#¹�¼

ÃG¼ÁÃGÇZÀ#ÍæØJ·JºÄ¸�¸#¹MÆY¸�ÒJÀVÇ=Â�Ø�Ë½¼½»¬Æ
hit′

ÇZ·�¸#¹�¼çÆZÂJÂ�ÀV¼½»�»�ÒÊÇZÀ#¸
adr′

Ë¿ÆY·�Ç Î ¼ÁÀ#¸�ÆYà!¼ÆY·TÍæÒÊ¼Á·�Â�ºÄ·JÝêÆZË½Ë½¼½»V»ÜÇZ·�¸#¹�¼çÀV¼ÁÝ�ØJÅÕÆYÀâÆZË½Ë½¼½»V»áÒfÇZÀ#¸¿Ð�Rî·�¸#¹�¼lÇZ¸#¹�¼ÁÀÜ¹MÆY·�ÂÛ¾îÆY·nÍ
×ÈÀ#ºÄ¸V¼/ÇZÀ�Ã/º^»�»�»#¸#ºÄÅÄÅ�×yÇZØJÅ^Âì¹MÆ Î ¼/¸VÇÜ×pÆYºÄ¸ðÉÌÇZÀ�¸#¹�¼Úï�ÀV»#¸�ºÄ·�»V¸#À#Ø�ËÁ¸#º^ÇZ·ì¸VÇÜ¸V¼ÁÀ#Ã/ºÄ·MÆY¸V¼ºÄ¸V»îÃG¼ÁÃGÇZÀ#Í�ÆZË½Ë½¼½»V»¤Ð�¶;·çÆZÂJÂ�ºÄ¸#º^ÇZ·N¾fº¯É�ÇZ·�¼ ×¡ÇZØJÅ^ÂßÅÄºÄà!¼F¸VÇ�à!¼½¼ÁÒU6�O < ÀV¼ÁÒJÅÕÆZË½¼ÁÃG¼Á·T¸
»V¸#À�ÆY¸V¼ÁÝ�Í!¾�ÇZ·�¼á×yÇZØJÅ^Âñ¹MÆ Î ¼Ü¸VÇ�ºÄ·n¸V¼ÁÝ�À�ÆY¸V¼¬»#Ø�Ë�¹êÆY·ñÇZØJ¸�Ô<ÇYÉ³Ô<ÇZÀVÂJ¼ÁÀ�ÆZË½Ë½¼½»V»ÚºÄ·n¸VÇç¸#¹�¼¹Jº^»V¸VÇZÀ#Í}Ë½ÇZÃ/ÒJØJ¸�ÆY¸#º^ÇZ·NÐ Ñp¹�¼ßÒJÀVÇTÇYÉ�¼2ëÛÇZÀ#¸GºÄ· Î ÇZÅ Î ¼½Â�ºÄ·æ¸#¹Jº^»�¼2ä=¸V¼Á·�»Vº^ÇZ·ê×ÈºÄ¸#¹�ÇZØJ¸¸#¹�¼�6�O < ºÄ·n¸V¼ÁÝ�À�ÆY¸#º^ÇZ·�º^»ÚË½ÇZÃ/ÒMÆYÀ�ÆY¸#º Î ¼ÁÅÄÍÞÃGÇ=ÂJ¼½»#¸¿Ð�Ñp¹�¼�¹MÆYÀVÂ�×pÆYÀV¼áË½Ç�»V¸¿¾�ÇZ·Þ¸#¹�¼ÇZ¸#¹�¼ÁÀ¡¹MÆY·�ÂÛ¾=À#º^»V¼½»¡Â�À�ÆZ»#¸#º^Ë¿ÆYÅÄÅÄÍGÙnÍ�ÀV¼ÁÒJÅÕÆZËÁºÄ·JÝÚ¸#¹�¼�Â�ÆY¸�Æ ÃG¼ÁÃGÇZÀ#Í�ÇYÉ+Æ Ë¿ÆZË�¹�¼�×ÈºÄ¸#¹âÆ
Â�ØMÆYÅ¯Ô)ÒÊÇZÀ#¸V¼½Â Î ¼ÁÀV»#º^ÇZ·NÐ�Rî·�¼�×yÇZØJÅ^Âl¹MÆ Î ¼/¸VÇáºÄ· Î ¼½»#¸#ºÄÝnÆY¸V¼G¸#¹�¼�Òf¼ÁÀ�ÉoÇZÀ#Ã�ÆY·�Ë½¼�ÙfÇ=Ç�»#¸ÇYÉB¸#¹Jº^»ÈºÄÃ/ÒJÅ^¼ÁÃG¼Á·T¸�ÆY¸#º^ÇZ·çÙTÍá»VºÄÃ ØJÅÕÆY¸#º^ÇZ·ßºÄ·�ÇZÀVÂJ¼ÁÀ�¸VÇ/ÂJ¼½ËÁº^ÂJ¼�×È¹�¼Á¸#¹�¼ÁÀ�ºÄ¸ÈÒMÆ¿Í=»îÇYëBÐ

Ñp¹�¼âÃG¼ÁÃGÇZÀ#Í}ØJ·JºÄ¸�ÇYÉð¸#¹�¼¬ô ãîõçö º^» Î ¼ÁÀ#Í�»#ºÄÃ/ÒJÅ^¼�Ð�¶;¸GË¿ÆY·�ÇZ·JÅÄÍ}¹�ÇZÅ^ÂêÇZ·�¼ºÄ·�»V¸#À#Ø�ËÁ¸#º^ÇZ·�ÆY¸BÆî¸#ºÄÃG¼�Ð�Rî·�¼¡Ë½ÇZØJÅ^Â/¼¿ÆZ»VºÄÅÄÍ�ºÄÃ�ÆYÝ�ºÄ·�¼ÈÆ�ÃGÇZÀV¼pË½ÇZÃ/ÒJÅ^¼2äÚÃG¼ÁÃGÇZÀ#Í ØJ·JºÄ¸
×È¹Jº^Ë�¹çË¿ÆY·çÒJÀVÇ=Ë½¼½»V»�»V¼ Î ¼ÁÀ�ÆYÅÖºÄ·�»#¸#À#Ø�ËÁ¸#º^ÇZ·l»#ºÄÃ ØJÅÄ¸�ÆY·�¼½ÇZØ�»VÅÄÍ!¾MÉo¼¿ÆY¸#ØJÀV¼½»�»#¸VÇZÀV¼�ÙJØ�ëÛ¼ÁÀV»¿¾ÆY·�ÂGÆYÅÄÅ^Ç¤×�»�ÀV¼½ÇZÀVÂJ¼ÁÀ#ºÄ·JÝ ÇYÉfºÄ·�»#¸#À#Ø�ËÁ¸#º^ÇZ·�»¿Ð�.îÇ¤×y¼ Î ¼ÁÀ¿¾n¸#¹Jº^»�×yÇZØJÅ^Â�ÀV¼��TØJºÄÀV¼�ÆZÂJÂ�ºÄ¸#º^ÇZ·MÆYÅ¼2ëÛÇZÀ#¸�ºÄ·â¼Á·�»#ØJÀ#ºÄ·JÝ�¸#¹�¼�ÒJÀV¼½ËÁº^»V¼Á·�¼½»V»�ÇYÉBºÄ·n¸V¼ÁÀ#À#ØJÒJ¸V»¤Ð

� ØJÀ#ÀV¼Á·n¸#ÅÄÍ!¾¡×y¼¬¹MÆ Î ¼â»V¼ÁÒMÆYÀ�ÆY¸V¼ÜÅÄº Î ¼Á·�¼½»V»GÒJÀVÇTÇYÉo»/ÇYÉ�¸#¹�¼¬Ñ+ÇZÃ�ÆZ»#ØJÅ^Çì»VË�¹�¼½Â�ØJÅ^¼ÁÀÆY·�ÂìÆYÅÄÅBºÄ¸V»�¼2äJ¼½ËÁØJ¸#º^ÇZ·|ØJ·JºÄ¸V»¿Ð � Å^¼¿ÆYÀ#ÅÄÍ!¾ÛºÄ¸�×yÇZØJÅ^ÂlÙÊ¼�ÂJ¼½»#ºÄÀ�ÆYÙJÅ^¼�¸VÇáÉÌÇZÀ#Ã�ÆYÅÄÅÄÍçËÁÅ^Ç�»V¼
¸#¹�¼�ÀV¼ÁÃ�ÆYºÄ·JºÄ·JÝ�ÝnÆYÒßÆY·�Ââ»#¹�Ç¤×£ÅÄº Î ¼Á·�¼½»V»�ÉÌÇZÀÈ¸#¹�¼ðô ãîõçö ÐÑp¹�¼ Î ¼ÁÀV»#º^ÇZ·}ÇYÉ�¸#¹�¼�ô ã�õ�ö ×y¼�ÒJÀV¼½»V¼Á·T¸V¼½ÂÞ¹�¼ÁÀV¼�¹MÆZ»Ú·�Çâ¹MÆYÀVÂ�×¡ÆYÀV¼Ü»#ØJÒJÒÊÇZÀ#¸
ÉoÇZÀ¡ÆZÂJÂ�ÀV¼½»�»y¸#À�ÆY·�»VÅÕÆY¸#º^ÇZ·NÐQ.îÇ¤×y¼ Î ¼ÁÀ¿¾JË½ÇZÃ/ÃGÇZ·ÜÇZÒf¼ÁÀ�ÆY¸#ºÄ·JÝ/»#Í�»#¸V¼ÁÃG»yÀV¼��nØJºÄÀV¼îÒMÆYÝ�ºÄ·JÝÆY·�ÂâÆZÂJÂ�ÀV¼½»�»È¸#À�ÆY·�»#ÅÕÆY¸#º^ÇZ·ßÇZ·¬¸#¹�¼ð¹MÆYÀVÂ�×pÆYÀV¼�ºÄ·âÇZÀVÂJ¼ÁÀÈ¸VÇ�Ý�º Î ¼�¼¿ÆZË�¹âØ�»V¼ÁÀpÒJÀVÇZÝ�À�ÆYÃºÄ¸V»FÇ¿×È· Î ºÄÀ#¸#ØMÆYÅ�ÃG¼ÁÃGÇZÀ#Í!ÐÜønÆYà!Ç Î 4�ÆYÅÄºÄ·JÝ!¼ÁÀFËÁØJÀ#ÀV¼Á·n¸#ÅÄÍÞ×yÇZÀ#à�» ÇZ·ÏÆZÂJÂ�ºÄ·JÝlÆâ»#ºÄÃ�Ô
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ÒJÅ^¼�ÃG¼ÁÃGÇZÀ#ÍlÃ�ÆY·MÆYÝ!¼ÁÃG¼Á·T¸ ¹MÆYÀVÂ�×¡ÆYÀV¼�¸VÇÜ¸#¹�¼/ô ãîõçö ÷A4�ÆYÅÕù � û<Ð ã ÒMÆYÀ#¸ðÉÌÀVÇZÃ ¸#¹�¼
ºÄ·T¸V¼ÁÝ�À�ÆY¸#º^ÇZ·ñÇYÉpºÄ·n¸V¼ÁÀ#À#ØJÒJ¸V»¤¾+¹Jº^» ×yÇZÀ#àlº^»�ï�·Jº^»V¹�¼½ÂÛÐ�.�Ç¿×y¼ Î ¼ÁÀ¿¾ÖºÄ·ÏÆZÂJÂ�ºÄ¸#º^ÇZ·Ï¸VÇ¬¸#¹�¼¹MÆYÀVÂ�×pÆYÀV¼�¾n¸#¹�¼p¹MÆY·�Â�Å^¼ÁÀV»yÇYÉ�¸#¹�¼ÈÒMÆYÝ!¼¡É)ÆYØJÅÄ¸�ºÄ·n¸V¼ÁÀ#À#ØJÒJ¸V»�ºÄ·�»VÇYÉÌ¸<×pÆYÀV¼�ÆYÀV¼pºÄÃ/ÒfÇZÀ#¸�ÆY·T¸
»VºÄ·�Ë½¼pÃG¼ÁÃGÇZÀ#ÍÚÃ�ÆY·MÆYÝ!¼ÁÃG¼Á·T¸¡»VÒMÆY·�»�ÙfÇZ¸#¹/¹MÆYÀVÂ�×pÆYÀV¼îÆY·�ÂG»VÍ=»#¸V¼ÁÃ�»�ÇYÉ³¸;×¡ÆYÀV¼�Ð õ ÆYÀ#à
.îºÄÅÄÅ^¼ÁÙJÀ�ÆY·�Â|Ý�º Î ¼½»FË½ÇZÀ#ÀV¼½ËÁ¸#·�¼½»V»�ÒJÀVÇ=ÇYÉÌ» ÇYÉ¡ÃG¼ÁÃGÇZÀ#ÍlÃ�ÆY·MÆYÝ!¼ÁÃG¼Á·n¸�»#ÒMÆY·J·JºÄ·JÝâÙÊÇZ¸#¹¸#¹�¼½»�¼ðÅÕÆ½Í!¼ÁÀV»Ú÷A.�ºÄÅÕù� %û<Ð

Rî·�¼FºÄÃ/ÒÊÇZÀ#¸�ÆY·n¸ ÀV¼½»#ØJÅÄ¸�ÇYÉy¸#¹Jº^»�¸#¹�¼½»#º^»ðÅÄº^¼½»�;�Ø�»#¸îºÄ·l¸#¹�¼�ÒJÀVÇZÝ�À�ÆYÃ/ÃG¼ÁÀ¿ýè»�ÃGÇ=ÂJ¼ÁÅ
ÇYÉÖ¸#¹�¼�ô ã�õ�ö »VºÄ·�Ë½¼ðºÄ¸ÈÆYÅÄÅ^Ç¤×�»pÉoÇZÀ¡¸#¹�¼ Î ¼ÁÀ#º¯ïMË¿ÆY¸#º^ÇZ·�ÇYÉBÆYÀ#ÙJºÄ¸#À�ÆYÀ#Í¬ÆZ»V»V¼ÁÃ ÙJÅ^¼ÁÀ�Ë½Ç=ÂJ¼�ÐOî¼½Ë½¼Á·n¸�×yÇZÀ#àlÆY¸�ÇZØJÀ�ºÄ·�»#¸#ºÄ¸#ØJ¸V¼/ÆYÅ^»VÇáÂJ¼ Î ¼ÁÅ^ÇZÒf¼½Â|Æ�ÅÕÆ½Í!¼ÁÀ�ÇZ·�¸VÇZÒlÇYÉ�¸#¹�¼FÒJÀVÇZÝ�À�ÆYÃ�ÔÃG¼ÁÀ¿ýè» ÃGÇTÂJ¼ÁÅ�¸#¹MÆY¸F¼¿ÆZ»V¼½»�Ë½Ç=ÂJ¼ Î ¼ÁÀ#º¯ïMË¿ÆY¸#º^ÇZ·�ÆY·�ÂìËÁÅ^Ç�»V¼½Â|¸#¹�¼GÝnÆYÒÞÙÊ¼Á¸<×y¼½¼Á·Ï¸#¹�¼½»V¼¸;×yÇ�ÅÕÆ½Í!¼ÁÀV» ÷ ö ÆYÀ�ù � ¾�>T¹JÃ�ù � û<Ð

.îÇ¤×y¼ Î ¼ÁÀ¿¾�¸#¹�¼ÁÀV¼�ÆYÀV¼ »#¸#ºÄÅÄÅN»V¼ Î ¼ÁÀ�ÆYÅÛÅÕÆ½Í!¼ÁÀV»îÇZ·¬¸VÇZÒâÇYÉ�ÆZ»�»V¼ÁÃ ÙJÅÄÍÜË½ÇTÂJ¼ðÙÊ¼2ÉoÇZÀV¼ð×y¼ÀV¼¿ÆZË�¹�¸#¹�¼¬ÆYÒJÒJÅÄº^Ë¿ÆY¸#º^ÇZ·êÅÕÆ½Í!¼ÁÀ�ÆY·�Â}Ë¿ÆY·�ËÁÅÕÆYºÄÃ Ë½ÇZÀ#ÀV¼½ËÁ¸#·�¼½»V»GÇYÉ�Æ�¸;ÍTÒJº^Ë¿ÆYÅ�»#Í�»#¸V¼ÁÃâÐ
ã »�ÆìÒMÆYÀ#¸�ÇYÉ�¸#¹�¼âô�¼ÁÀ#º^»VÇYÉÌ¸���ÒJÀVÇ�;#¼½ËÁ¸GÉÌØJ·�ÂJ¼½Â�ÙnÍ�¸#¹�¼ � ¼ÁÀ#Ã�ÆY·êÉo¼½ÂJ¼ÁÀ�ÆYÅ�Ý!Ç Î ¼ÁÀ#·�ÔÃG¼Á·T¸¿¾n×¡¼îÆYÀV¼È¸#¹�¼ÁÀV¼2ÉoÇZÀV¼�Ë¿ÆYÀ#À#Í=ºÄ·JÝ ¸#¹�¼�¹Jº^¼ÁÀ�ÆYÀVËV¹Jº^Ë¿ÆYÅfÒJÀVÇTÇYÉ�ÆYÒJÒJÀVÇ!ÆZË�¹á»V¼ Î ¼ÁÀ�ÆYÅf»#¸V¼ÁÒ�»ÉÌØJÀ#¸#¹�¼ÁÀ�nÖíì¼�ÆZÂJÂ�Æ�ÉoÇZÀ#Ã�ÆYÅÄÅÄÍ Î ¼ÁÀ#º¯ïM¼½ÂGË½ÇZÃ/ÒJºÄÅ^¼ÁÀî÷ ö ¼Á¸�ù � ûÛÇYÉÛÆ�»VØJÙ�»V¼Á¸�ÇYÉÊ¸#¹�¼ � ÅÕÆY·�ÔÝ�ØMÆYÝ!¼á÷A6N¼ÁºÕù � û�ÆY·�Â�Æ�»#ºÄÃ/ÒJÅ^¼ ÇZÒÊ¼ÁÀ�ÆY¸#ºÄ·JÝá»VÍ=»#¸V¼ÁÃ ÷ � ÆYÀ�ù � ¾�@pÇZÝnù � û~`NÆY¸î¸#¹�¼�¸VÇZÒN¾�×y¼
À#ØJ·ßÆY·â¼ÁÃ�ÆYºÄÅNËÁÅÄº^¼Á·T¸¿¾�»VÇZÃG¼�»#ºÄÝ�·MÆY¸#ØJÀV¼�»�ÇYÉ³¸;×¡ÆYÀV¼�¾MÆY·�Â¬Ñ �¡ö�� ¶ ö Ô)ÒJÀVÇZ¸VÇ=Ë½ÇZÅ+»#ØJÒJÒÊÇZÀ#¸
ÆZ»�ÆYÒJÒJÅÄº^Ë¿ÆY¸#º^ÇZ·�»¿ÐFÑp¹�¼/ÆYÃ ÙJºÄ¸#º^ÇZØ�»�Ý!Ç!ÆYÅBº^»�¸VÇ�»�¼¿ÆYÃ/Å^¼½»V»#ÅÄÍßºÄ·T¸V¼ÁÝ�À�ÆY¸V¼GÆYÅÄÅB¸#¹�¼½»V¼�Â�º¯É�Ô
Éo¼ÁÀV¼Á·n¸�ÅÕÆ½Í!¼ÁÀV»�ºÄ·T¸VÇ�ÇZ·�¼Ú»#ºÄ·JÝ�Å^¼ÚË½ÇZÀ#ÀV¼½ËÁ¸#·�¼½»V»ð»#¸�ÆY¸V¼ÁÃG¼Á·n¸�¸#¹MÆY¸�»VºÄÝ�·JºÄ·JÝÜÆY·�Âç»V¼Á·�Â�ºÄ·JÝ
ÇZÀFÀV¼½Ë½¼Áº Î ºÄ·JÝ|ÆY·�ÂÞË�¹�¼½ËVà=ºÄ·JÝçÇYÉ�¸#¹�¼�»#ºÄÝ�·MÆY¸#ØJÀV¼�¾BÀV¼½»#ÒÊ¼½ËÁ¸#º Î ¼ÁÅÄÍ!¾�ÆYÀV¼�Ë½ÇZÀ#ÀV¼½ËÁ¸Wogxw���T��g���W� ugzMs2�¡rt�~�Ms��t1�zM�½Ð�Ñp¹�¼ÁÀV¼2ÉoÇZÀV¼�¾p»V¼ Î ¼ÁÀ�ÆYÅîÆZÂJÂ�ºÄ¸#º^ÇZ·MÆYÅîÅÕÆ½Í!¼ÁÀV»�×ÈºÄ¸#¹�ÆYÒJÒJÀVÇZÒJÀ#ºÕÆY¸V¼ÙJÅÕÆZË�à�ÙÊÇ½äJ¼½»�Ùf¼Á¸;×y¼½¼Á·ìºÄ·�»V¸#À#Ø�ËÁ¸#º^ÇZ·ì»V¼Á¸�ÆYÀVËV¹JºÄ¸V¼½ËÁ¸#ØJÀV¼GÅ^¼ Î ¼ÁÅ�ÆY·�Â|ÆYÒJÒJÅÄº^Ë¿ÆY¸#º^ÇZ·Þ»�ÇYÉ³¸�Ô×pÆYÀV¼�ÆYÀV¼îºÄ·�¸#¹�¼�ÒJÀVÇTË½¼½»�»yÇYÉNÙÊ¼ÁºÄ·JÝFÂJ¼ Î ¼ÁÅ^ÇZÒÊ¼½ÂÛÐ�íì¼�ºÄ·T¸V¼Á·�Âá¸VÇFÆZËV¹Jº^¼ Î ¼�¸#¹�¼½»V¼�Ý!Ç!ÆYÅ^»ÙTÍ�Ã/º^Â�ú�ù�ù � Ð

¶<·ÚÇZÀVÂJ¼ÁÀ+¸VÇ�Ë½ÇZÃ/ÒJÅ^¼Á¸V¼¡¸#¹�¼yËÁºÄÀVËÁÅ^¼�¾ZÅ^¼Á¸ÖØ�»+ÇZ·�Ë½¼pÆYÝnÆYºÄ·�ÀV¼Á¸#ØJÀ#·F¸VÇ�. ã 6 E ù�ù�ùÈÉÌÀVÇZÃ
¸#¹�¼�ºÄ·T¸#ÀVÇTÂ�Ø�ËÁ¸#º^ÇZ·NÐy¶<·Ü¸#¹Jº^»p¸#¹�¼½»#º^»¿¾=×¡¼�Ë½Ç Î ¼ÁÀV¼½Â¬¸#¹�¼ðË½ÇZÀ#ÀV¼½ËÁ¸#·�¼½»V»�ÇYÉBÆFË½ÇZÃ/ÒJÅ^¼2ä � ú%ÔÙJºÄ¸�Ã/º^ËÁÀVÇZÒJÀVÇ=Ë½¼½»V»VÇZÀ¿ÐñÑp¹�¼áô�¼ÁÀ#º^»VÇYÉ³¸�ÒJÀVÇ�;#¼½ËÁ¸/ÙJØJºÄÅ^ÂJ»GÆY·�ÇZÒf¼ÁÀ�ÆY¸#ºÄ·JÝì»#Í�»#¸V¼ÁÃ ×ÈºÄ¸#¹
ÆY·Ü¼ÁÃ�ÆYºÄÅÛËÁÅÄº^¼Á·n¸�ÇYÉ�¸VÇZÒÜÇYÉ�¸#¹�¼�ô ãîõçö ÆY·�ÂGÉoÇZÀ#Ã�ÆYÅÄÅÄÍ Î ¼ÁÀ#º¯ïM¼½»ÈÇ Î ¼ÁÀ�ÆYÅÄÅNË½ÇZÀ#ÀV¼½ËÁ¸#·�¼½»V»¿Ðã ÅÄ¸#¹�ÇZØJÝ�¹ ÆY· ¼ÁÃ�ÆYºÄÅ�ËÁÅÄº^¼Á·n¸¬º^»¬ÆZÂ�Ã/ºÄ¸#¸V¼½Â�ÅÄÍé·�ÇZ¸¬¼ Î ¼Á·£ËÁÅ^Ç�»V¼ç¸VÇÏ¸#¹�¼lË½ÇZÃ/ÒJÅ^¼2ä�ºÄ¸<Í
ÇYÉ�. ã 6�¾+ºÄ¸ÚÂJ¼½ËÁÀV¼¿ÆZ»V¼½»�¸#¹�¼áÀV¼ÁÃ�ÆYºÄ·JºÄ·JÝlÝnÆYÒ}¸VÇß¸#¹�¼�ÉoÇZÀ#Ã�ÆYÅ Î ¼ÁÀ#º¯ïMË¿ÆY¸#º^ÇZ·êÇYÉS. ã 6Â�À�ÆZ»V¸#º^Ë¿ÆYÅÄÅÄÍ!Ð=Rî·JÅÄÍ�Æ�Ë½ÇZÃ/ÒMÆYÀ�ÆY¸#º Î ¼ÁÅÄÍá»#Ã�ÆYÅÄÅfÆYÃGÇZØJ·T¸pÇYÉ�»V¸V¼ÁÒ�»�ÀV¼ÁÃ�ÆYºÄ·á×È¹Jº^ËV¹¬Ë½ÇZØJÅ^ÂÙÊ¼È¸�ÆYà!¼Á·�ºÄ·G¸#¹�¼�·�¼2ä�¸�ÂJ¼½Ë¿ÆZÂJ¼�ÇZÀ�¸<×yÇJÐ�íì¼È×ÈºÄÅÄÅ�ËÁÅ^Ç�»V¼�¸#¹Jº^»�¸#¹�¼½»#º^»�×ÈºÄ¸#¹G¸#¹�¼?¢ Â�Í=ºÄ·JÝ�ý
»�ÇZ·JÝ�ÇYÉD. ã 6 E ù�ù�ùÜÉÌÀVÇZÃ ÷A#ðØJÙ ÿ "%ûpºÄ·ìÉÌØJÅÄÅ Î º^¼Á× ÇYÉ�¸#¹�¼�É)ÆZËÁ¸ ¸#¹MÆY¸ ºÄ¸Ú×yÇZØJÅ^ÂÏ·�ÇZ¸
¹MÆ Î ¼�¸�ÆYà!¼Á·âÒJÅÕÆZË½¼�×ÈºÄ¸#¹âÉÌÇZÀ#Ã�ÆYÅ Î ¼ÁÀ#º¯ïMË¿ÆY¸#º^ÇZ·NÐ
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ä å æ ç�èêéìëNíÉîêï�ëÉç�ðñè éFòóë

Ñp¹�¼yô ãîõçö ºÄ·�»#¸#À#Ø�ËÁ¸#º^ÇZ·/»V¼Á¸�º^»Ö¸�ÆYà!¼Á·FÉ³ÀVÇZÃ_÷A#ðÀ-,!ù þ ûJ×ÈºÄ¸#¹FÃ/ºÄ·JºÄÃ�ÆYÅ�ÃGÇ=Â�º¯ïMË¿ÆY¸#º^ÇZ·�»¿Ð

I−type

R−type

J−type
26

FI−type

FR−type

RD

FunctionSARDRS2

55

RS1

6

Opcode

6

Opcode

6 5 5 16

63

PC Offset

6 55

Opcode RS1 FD Immediate

Opcode FS1 FD

5

00 Fmt Function

Opcode

6

RS1

5 5 16

Immediate

FS2

5 5 6

òÖºÄÝ�ØJÀV¼ ã Ð þ n�¶<·�»V¸#À#Ø�ËÁ¸#º^ÇZ·¬ÉÌÇZÀ#Ã�ÆY¸V»îÇYÉÖ¸#¹�¼ðô ã�õ�ö
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þµ� ù ��\Q\Q� � K ��ô �P
öõT�S÷U\ ���7� �	] �
� � �����_� �S�

IR[31 : 26]
õ ·�¼ÁÃâÐ

d
m�ëÊ¼½ËÁ¸

õ ¼ÁÃGÇZÀ#Í¬ÇZÒf¼ÁÀ�ÆY¸#º^ÇZ·�»¤¾
ea = RS1 + immþ ù�ù�ù�ù�ù i�ø þ

RD = sext(M [ea + d − 1 : ea])þ ù�ù�ù�ù þ i�f ú
RD = sext(M [ea + d − 1 : ea])þ ù�ù�ù þ�þ igù �
RD = M [ea + d − 1 : ea]þ ù�ù þ ù�ù igø¡ú þ
RD = 024M [ea + d − 1 : ea]þ ù�ù þ ù þ igf¡ú ú
RD = 016M [ea + d − 1 : ea]þ ù þ ù�ù�ù c�ø þ
M [ea + d − 1 : ea] = RD[7 : 0]þ ù þ ù�ù þ c�f ú
M [ea + d − 1 : ea] = RD[15 : 0]þ ù þ ù þ�þ c¦ù �
M [ea + d − 1 : ea] = RDã À#ºÄ¸#¹JÃG¼Á¸#º^Ë�¾�Å^ÇZÝ�º^Ë¿ÆYÅ+ÇZÒf¼ÁÀ�ÆY¸#º^ÇZ·

ù�ù þ ù�ù�ù û�h�hdü
RD = RS1 + immù�ù þ ù�ù þ û:h¡hdü¦ú
RD = RS1 + imm

j³·�ÇGÇ Î ¼ÁÀ�óMÇ¤×Slù�ù þ ù þ ù c¦ú�ø'ü
RD = RS1 − immù�ù þ ù þ�þ c�ú¡ø'ü¦ú
RD = RS1 − imm

j³·�ÇGÇ Î ¼ÁÀ�óMÇ¤×Slù�ù þ�þ ù�ù ûgý�hdü
RD = RS1 ∧ immù�ù þ�þ ù þ þgÿ ü
RD = RS1 ∨ immù�ù þ�þ�þ ù � þ�ÿ ü
RD = RS1 ⊕ immù�ù þ�þ�þ�þ igf��dü
RD = imm016Ñ+¼½»#¸îÆY·�Ââ»�¼Á¸�ÇZÒf¼ÁÀ�ÆY¸#º^ÇZ·�»

ù þ�þ ù�ù�ù �gi ÿ ü
RD = 032ù þ�þ ù�ù þ c�� ÿ ü
RD = 031(RS1 > imm)ù þ�þ ù þ ù c����dü
RD = 031(RS1 = imm)ù þ�þ ù þ�þ c��	�Tü
RD = 031(RS1 ≥ imm)ù þ�þ�þ ù�ù c�iTc�ü
RD = 031(RS1 < imm)ù þ�þ�þ ù þ c¦ý
�Tü
RD = 031(RS1 6= imm)ù þ�þ�þ�þ ù c�i��Tü
RD = 031(RS1 ≤ imm)ù þ�þ�þ�þ�þ c����'ü
RD = 0311� ÇZ·T¸#ÀVÇZÅ+ÇZÒÊ¼ÁÀ�ÆY¸#º^ÇZ·

ù�ù�ù þ ù�ù ø	����

PC ′ = PC ′ + 4 + (RS1 = 0? imm :0)ù�ù�ù þ ù þ ø¡ý
��

PC ′ = PC ′ + 4 + (RS1 6= 0? imm :0)ù�ù�ù þ�þ ù � ÿ
PC ′ = RS1ù�ù�ù þ�þ�þ ��û�i ÿ
R31 = PC ′ + 4;PC ′ = RS1

ÑÖÆYÙJÅ^¼ ã Ð þ n�¶)Ô)¸;ÍTÒÊ¼ðºÄ·�»#¸#À#Ø�ËÁ¸#º^ÇZ·âÅÕÆ¿Í!ÇZØJ¸



þµ�=þ

IR[5 : 0]
õ ·�¼ÁÃâÐ m�ëÊ¼½ËÁ¸

>T¹Jº¯ÉÌ¸�ÇZÒÊ¼ÁÀ�ÆY¸#º^ÇZ·�»
ù�ù�ù�ù�ù�ù c:i¡iJü

RD = RS1 � SAù�ù�ù�ù�ù þ c:i¡ûJü
RD = RS1 � SA

joÆYÀ#ºÄ¸#¹NÐXl
ù�ù�ù�ù þ ù c ÿ iJü

RD = RS1 � SAù�ù�ù�ù þ�þ c ÿ ûJü
RD = RS1 � SA

joÆYÀ#ºÄ¸#¹NÐXl
ù�ù�ù þ ù�ù c�i�i

RD = RS1 � RS2[4 : 0]ù�ù�ù þ ù þ c�i�û
RD = RS1 � RS2[4 : 0]

joÆYÀ#ºÄ¸#¹NÐXl
ù�ù�ù þ�þ ù c ÿ i

RD = RS1 � RS2[4 : 0]ù�ù�ù þ�þ�þ c ÿ û
RD = RS1 � RS2[4 : 0]

joÆYÀ#ºÄ¸#¹NÐXl
4�ÆY¸�Æ�¸#À�ÆY·�»�Éo¼ÁÀ
ù þ ù�ù�ù�ù � þ bdc:eTü

GPR[RD] = SPR[SA]ù þ ù�ù�ù þ � þ b'ü�e�c
SPR[SA] = GPR[RS1]ã À#ºÄ¸#¹JÃG¼Á¸#º^ËFÆY·�ÂÜÅ^ÇZÝ�º^Ë¿ÆYÅÖÇZÒf¼ÁÀ�ÆY¸#º^ÇZ·�»

þ ù�ù�ù�ù�ù û�h�h
RD = RS1 + RS2þ ù�ù�ù�ù þ û:h¡h¡ú
RD = RS1 + RS2

j³·�ÇGÇ Î ¼ÁÀ�ó�ÐXlþ ù�ù�ù þ ù c¦ú�ø
RD = RS1 − RS2þ ù�ù�ù þ�þ c�ú¡ø�ú
RD = RS1 − RS2

j³·�ÇGÇ Î ¼ÁÀ�ó�ÐXlþ ù�ù þ ù�ù ûgý�h
RD = RS1 ∧ RS2þ ù�ù þ ù þ þgÿ
RD = RS1 ∨ RS2þ ù�ù þ�þ ù � þ�ÿ
RD = RS1 ⊕ RS2þ ù�ù þ�þ�þ igf��
RD = RS2[15 : 0]016Ñ+¼½»#¸îÆY·�Ââ»V¼Á¸�ÇZÒÊ¼ÁÀ�ÆY¸#º^ÇZ·�»

þ ù þ ù�ù�ù �gi ÿ
RD = 032þ ù þ ù�ù þ c�� ÿ
RD = 031(RS1 > RS2)þ ù þ ù þ ù c����
RD = 031(RS1 = RS2)þ ù þ ù þ�þ c��	�
RD = 031(RS1 ≥ RS2)þ ù þ�þ ù�ù c�iTc
RD = 031(RS1 < RS2)þ ù þ�þ ù þ c¦ý
�
RD = 031(RS1 6= RS2)þ ù þ�þ�þ ù c�i��
RD = 031(RS1 ≤ RS2)þ ù þ�þ�þ�þ c����
RD = 0311

Ñ+ÆYÙJÅ^¼ ã Ð úTnQO�Ô)¸<Í=Òf¼ðºÄ·�»V¸#À#Ø�ËÁ¸#º^ÇZ·âÅÕÆ½Í!ÇZØJ¸
���������������

IR[31 : 26] = 06
�������� "!#��$������&%�'� (��$�)�*+��%��,'� -%.'/����%0 -�1��2����3��'��4�����5��6"�

%0���7'���%8!#9:�;2��<���.�=��'4>5�,�.)��?�,!
true

6@%8���BA��,'��
false

6@%.���DC�E

IR[31 : 26]
õ ·�¼ÁÃâÐ mBëÛ¼½ËÁ¸

ù�ù�ù�ù þ ù �
PC ′ = PC ′ + 4 + immù�ù�ù�ù þ�þ ��û�i
GPR[31] = PC ′ + 4

`
PC ′ = PC ′ + 4 + immþ�þ�þ�þ�þ ù � ÿ ûga

trap = 1
`
EData = immþ�þ�þ�þ�þ�þ ÿ�F �

SR = ESR
`
PC ′ = EPC

`
DPC = EDPC

Ñ+ÆYÙJÅ^¼ ã Ð � n�ø�Ô)¸<Í=Òf¼�ºÄ·�»V¸#À#Ø�ËÁ¸#º^ÇZ·âÅÕÆ½Í!ÇZØJ¸
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IR[31 : 26]
õ ·�¼ÁÃâÐ

d
mBëÊ¼½ËÁ¸

õ ¼ÁÃGÇZÀ#ÍÜÇZÒf¼ÁÀ�ÆY¸#º^ÇZ·�»¤¾
ea = RS1 + immþ�þ ù�ù�ù þ i þ û�hHGMc �

FD[31 : 0] = M [ea + d − 1 : ea]þ�þ ù þ ù þ i þ û�hHG~h "
FD[63 : 0] = M [ea + d − 1 : ea]þ�þ�þ ù�ù þ c�� þ�ÿ �@G-c �
M [ea + d − 1 : ea] = FD[31 : 0]þ�þ�þ�þ ù þ c�� þ�ÿ �@G�h "
M [ea + d − 1 : ea] = FD[63 : 0]� ÇZ·n¸#ÀVÇZÅ+ÇZÒÊ¼ÁÀ�ÆY¸#º^ÇZ·�»

ù�ù�ù þ�þ ù F ø
����

PC ′ = PC ′ + 4 + (FCC = 0? imm :0)ù�ù�ù þ�þ�þ F ø�ý	��

PC ′ = PC ′ + 4 + (FCC 6= 0? imm :0)

ÑÖÆYÙJÅ^¼ ã Ð � n�òB¶)Ô)¸;ÍTÒÊ¼ðºÄ·�»#¸#À#Ø�ËÁ¸#º^ÇZ·ßÅÕÆ¿Í!ÇZØJ¸

IR[5 : 0] IR[8 : 6]
õ ·�¼ÁÃâÐ mBëÛ¼½ËÁ¸

ã À#ºÄ¸#¹JÃG¼Á¸#º^ËÚÆY·�Â¬Ë½ÇZÃ/ÒMÆYÀV¼ ÇZÒÊ¼ÁÀ�ÆY¸#º^ÇZ·�»
ù�ù�ù�ù�ù�ù F û�h¡h

FD = FS1 + FS2ù�ù�ù�ù�ù þ F c¦ú¡ø
FD = FS1 − FS2ù�ù�ù�ù þ ù F ��úTi
FD = FS1 ∗ FS2ù�ù�ù�ù þ�þ F hdüµb
FD = FS1 ÷ FS2ù�ù�ù þ ù�ù F ý	���
FD = −FS1ù�ù�ù þ ù þ F ûgødc
FD = abs(FS1)ù�ù�ù þ�þ ù F c����
FD = sqrt(FS1)ù�ù�ù þ�þ�þ F¡ÿ ���
FD = rem(FS1, FS2)þ�þ

c[3 : 0]
F �IGJ� þ ý�h

FCC = (FS1 c FS2)4�ÆY¸�Æ�¸#À�ÆY·�»�Éo¼ÁÀ
ù�ù þ ù�ù�ù ù�ù�ù F � þ bHG-c

FD[31 : 0] = FS1[31 : 0]ù�ù þ ù�ù�ù ù�ù þ F � þ bHG�h
FD[63 : 0] = FS1[63 : 0]ù�ù þ ù�ù þ � F eTü
GPR[FD] = FPR[FS1][31 : 0]ù�ù þ ù þ ù ��üge F
FPR[FD][31 : 0] = GPR[FS2]� ÇZ· Î ¼ÁÀV»#º^ÇZ·þ ù�ù�ù�ù�ù ù�ù þ �¦b��HG-c"G�h
FD = cvt(FS1, s, d)þ ù�ù�ù�ù�ù þ ù�ù �¦b��HG-c"G%ü
FD = cvt(FS1, s, i)þ ù�ù�ù�ù þ ù�ù�ù �¦b��HG�hKG-c
FD = cvt(FS1, d, s)þ ù�ù�ù�ù þ þ ù�ù �¦b��HG�hKG%ü
FD = cvt(FS1, d, i)þ ù�ù þ ù�ù ù�ù�ù �¦b��HG%üIG-c
FD = cvt(FS1, i, s)þ ù�ù þ ù�ù ù�ù þ �¦b��HG%üIG�h
FD = cvt(FS1, i, d)

Ñ+ÆYÙJÅ^¼ ã Ð! Tn�ò�O�Ô)¸<Í=Òf¼ðºÄ·�»#¸#À#Ø�ËÁ¸#º^ÇZ·�ÅÕÆ½Í!ÇZØJ¸
���,���������5�

IR[31 : 26] = 010001
�������� "!#�,$������
%�'� (��$�)�*+��%��,'� -%.':����%� -�1��2����,E



þµ�g�

� ÇZ·�Â�ºÄ¸#º^ÇZ· Oî¼ÁÅÕÆY¸#º^ÇZ·�» ¶;· Î ÆYÅÄº^Â� Ç=ÂJ¼ õ ·�¼ÁÃGÇZ·Jº^Ë � ÀV¼¿ÆY¸V¼ÁÀ 6N¼½»V» mQ�nØMÆYÅ < ·�ÇZÀVÂJ¼ÁÀV¼½Â º¯É
c

ÑNÀ#Ø�¼ òMÆYÅ^»V¼
> < = L ØJ·�ÇZÀVÂJ¼ÁÀV¼½Â

ù�ù�ù�ù ò Ñ ù ù ù ù
ù�ù�ù þ < å R�O ù ù ù þ
ù�ù þ ù mHM å�mHM ù ù þ ù
ù�ù þ�þ < mHM R � 6 ù ù þ þ
ù þ ù�ù R�6=Ñ <B� m ù þ ù ù å�Ç
ù þ ù þ < 6TÑ R � m ù þ ù þ
ù þ�þ ù R�6�m <B� Ñ ù þ þ ù
ù þ�þ�þ < 6�m R � Ñ ù þ þ þ
þ ù�ù�ù >=ò >=Ñ ù ù ù ù
þ ù�ù þ å � 6�m � 6Âm ù ù ù þ
þ ù þ ù >�mHM >=å�m ù ù þ ù
þ ù þ�þ å � 6 � 6 ù ù þ þ
þ�þ ù�ù 6=Ñ å�6TÑ ù þ ù ù N�¼½»
þ�þ ù þ å � m � m ù þ ù þ
þ�þ�þ ù 6�m å�6�m ù þ þ ù
þ�þ�þ�þ å � Ñ � Ñ ù þ þ þ
Ñ+ÆYÙJÅ^¼ ã Ð ÿ n�òÖÅ^Ç!ÆY¸#ºÄ·JÝZÔ)ÒÊÇZºÄ·n¸�ÀV¼ÁÅÕÆY¸#º^ÇZ·MÆYÅÖÇZÒf¼ÁÀ�ÆY¸VÇZÀV»�ÉÌÇZÀÈ¸#¹�¼ F � ºÄ·�»V¸#À#Ø�ËÁ¸#º^ÇZ·
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å�ÆYÃG¼ðºÄ· ö ôB> åîØJÃ ÙÊ¼ÁÀ
Ã Ø�ä � ¸#ÀV¼½¼ � ÀV¼½Ë � Ë½ÇZÀ#ÀV¼½ËÁ¸ þ Ð � Ð �
Ã Ø�ä � ¸#ÀV¼½¼ � ØJ·MÆYÀ#Í � »V¼ÁÅ^¼½ËÁ¸ � Ë½ÇZÀ#ÀV¼½ËÁ¸ þ Ð � Ð �
ÒJÒ � Å^¼ÁÃ/Ã�Æ þ Ð � Ð ÿ
¼Á·�Ë2É � Å^¼ÁÃ/Ã�Æ � þ Ð � Ð!"
¼Á·�Ë2É � Å^¼ÁÃ/Ã�Æ þ þ Ð � Ð E
¼Á·�Ë2É � Å^¼ÁÃ/Ã�Æ�ú þ Ð � Ð þ ù
Ñ+ÆYÙJÅ^¼?@ðÐ úTnQ6�¼ÁÃ/Ã�ÆZ»�ºÄ· ö ô?>áË½ÇZ·n¸V¼2ä�¸DøJû�c�ü��:c

åðÆYÃG¼ðºÄ· ö ô?> å�ØJÃFÙf¼ÁÀ
Â�Ã � Ë¿ÆZË�¹�¼ � ËÁÀV¼¿ÆY¸V¼ � ¹JºÄ¸ ú�Ð � Ð þ
Â�Ã � Ë¿ÆZË�¹�¼ � ËÁÀV¼¿ÆY¸V¼ � ¹JºÄ¸ � ºÄÃ/ÒJÅÄº^¼½» � Î × � ÆY·�Â � Î ÆYÅÄº^Â ú�Ð � Ð ú
¼2ä�º^»#¸V» � ÅÕÆZ»#¸ � ×ÈÀ#ºÄ¸V¼ � ÙÊ¼2ÉoÇZÀV¼ � ¹JºÄ¸ ú�Ð � Ð �
ÙTÍT¸V¼ � Ë�¹MÆY·JÝ!¼ � º^» � Ë½Â�×ÈÙ � ºÄ·�Â ú�Ð � Ð �
Â�Ã � Ë¿ÆZË�¹�¼ � Ë½ÇZ·�»#º^»#¸V¼Á·�ËÁÍ � ºÄ·�Â�Ø�ËÁ¸#º^ÇZ· � »#¸V¼ÁÒ � ¹�¼ÁÅÄÒf¼ÁÀ ú�Ð � Ð! 
Â�Ã � Ë¿ÆZË�¹�¼ � ·�Ç � ¸�ÆYÝ � ËV¹MÆY·JÝ!¼ � Æ%ÉÌ¸V¼ÁÀ � »�ÆYÃG¼ � »V¼½ËÁ¸ � ¹JºÄ¸ ú�Ð � Ð ÿ
Â�Ã � Ë¿ÆZË�¹�¼ � ·�Ç � ¸�ÆYÝ � ËV¹MÆY·JÝ!¼ � Æ%ÉÌ¸V¼ÁÀ � ¹JºÄ¸ ú�Ð � Ð �
Â�Ã � Ë¿ÆZË�¹�¼ � ·�Ç � Î ÆYÅÄº^Â � Ë�¹MÆY·JÝ!¼ � ×ÈºÄ¸#¹�Ç�ØJ¸ � Î × � ºÄ·�Â ú�Ð � Ð!"
Ë½Â�×ÈÙ � º^» � ¹JºÄ¸ � ÇZÀ � ·�ÇZ¸ � Î ÆYÅÄº^Â ú�Ð � Ð E
¹JºÄ¸ � »�ÆYÃG¼ � ÅÄºÄ·�¼ � Ë½Â�×ÈÙ � º^» � »�ÆYÃG¼ � ¸�ÆYÝ ú�Ð � Ð þ ù
Â�Ã � Ë¿ÆZË�¹�¼ � Ë½ÇZ·�»#º^»#¸V¼Á·�ËÁÍ � ºÄ·�Â�Ø�ËÁ¸#º^ÇZ· ú�Ð � Ð þ�þ
Â�Ã � Ë¿ÆZË�¹�¼ � ·�Ç � ÅÄºÄ·�¼2ï�ÅÄÅ � Æ%É³¸V¼ÁÀ � ÅÕÆZ»#¸ � ×ÈÀ#ºÄ¸V¼ ú�Ð � Ð þ ú
Â�Ã � Ë¿ÆZË�¹�¼ � ÅÕÆZ»#¸ � ×ÈÀ#ºÄ¸V¼ � º^» � ¹JºÄ¸ � ÇZÀ � ÅÄºÄ·�¼2ï�Å^Å ú�Ð � Ð þ��
Â�Ã � Ë¿ÆZË�¹�¼ � ·�Ç � ËÁÅ^¼¿ÆYÀ � Æ%É³¸V¼ÁÀ � ÅÕÆZ»#¸ � ×ÈÀ#ºÄ¸V¼ ú�Ð � Ð þ��
Â�Ã � Ë¿ÆZË�¹�¼ � Î × � Î ÆYÅÄº^Â � º^» � Ã/º^»V» ú�Ð � Ð þ  
Â�Ã � Ë¿ÆZË�¹�¼ � Ë½ÇZ·n¸#ºÄ·nØ�ÇZØ�» � ¹JºÄ¸ � Æ%É³¸V¼ÁÀ � Å�ÆZ»V¸ � ×ÈÀ#ºÄ¸�¼ ú�Ð � Ð þ¿ÿ
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�µf
�

åðÆYÃG¼�ºÄ· ö ô?> å�ØJÃFÙf¼ÁÀ
ÒJÒ � ºÄ·JÒJØJ¸ � Ë½ÇZÀ#ÀV¼½ËÁ¸ ú�Ð � Ð þ��
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¹�»V¼ÁÅ � Ù � ÃFØ�ä � Ë½ÇZÀ#ÀV¼½ËÁ¸ ú�Ð � Ð þµ�
·�¼2ä�¸ � ¹Jº^»#¸VÇZÀ#Í � ÃG¼½¼Á¸V» � »#Òf¼½Ë ú�Ð � Ð þ "

Ñ+ÆYÙJÅ^¼�@ðÐ � n�6N¼ÁÃ/Ã�ÆZ»�ºÄ· ö ôB>ÜË½ÇZ·T¸V¼2ä=¸Df'ü:c�� þ�ÿ�W
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åðÆYÃG¼�ºÄ· ö ô?> å�ØJÃFÙf¼ÁÀ
·�Ç � ËV¹MÆY·JÝ!¼ � ×ÈºÄ¸#¹�ÇZØJ¸ � Ë¿ÆZË�¹�¼ � À�Â ú�Ð � Ð ú
»�Æ � Ë¿ÆZË�¹�¼ � ×¡Æ½Í � ÀV¼ÁÝ � ¹MÆYÅ¯É � Ë½ÇZÀ#ÀV¼½ËÁ¸ ú�Ð � Ð �
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