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Resumen 

	

El procesador súper-escalar trata de explotar el paralelismo a nivel de instrucción (ILP) 
presente en el código; la clave es ejecutar la mayor cantidad de instrucciones por cada ciclo de 
reloj (IPC). Para alcanzar esta meta es necesario implementar algunas técnicas de planificación 
dinámica para identificar instrucciones en vuelo que no tengan dependencia de datos entre ellas y 
que puedan ser ejecutadas en paralelo, técnicas como Predicción de Saltos, Renombrado de 
registros, Ejecución fuera de orden, así como la implementación de colas de instrucciones 
clasificadas por tipo de instrucción (enteros, punto flotante, acceso a memoria, vectoriales, etc.). 
Las instrucciones de acceso a memoria están dividas en dos categorías, “Load” y “Store”, y tienen 
acceso directo a la memoria cache de datos de nivel uno; a causa de que las direcciones de memoria 
son calculadas hasta la etapa de ejecución (una vez emitida la instrucción a la unidad de generación 
de direcciones), es necesario tener un mayor control sobre las dependencias entre las instrucciones 
de acceso a memoria en vuelo, de otra forma la ejecución del programa producirá errores.	

El objetivo de esta tesis es el diseño e implementación de la Cola de instrucciones de acceso a 
memoria para un procesador RISC súper-escalar con ejecución fuera de orden, así como 
implementar un diseño eficiente para la técnica de desambiguación de direcciones de memoria.	
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Abstract 

	

Superscalar processors exploit the instruction level parallelism (ILP) present in the code; the 
key is to execute the maximum amount of instructions per clock cycle (IPC). In order to reach this 
goal are needed to implement several schedule techniques to discover in-Flight instructions without 
data dependencies that can be executed in parallel inside of the execution window, techniques such 
as Branch prediction, Register rename, and out-of-order execution as well as to implement special 
execution engines classified by their kind of instruction (integer, floating point, memory access, 
vector, etc.). Memory access instructions are split into two categories, Load, and Store instructions 
and they have direct access with the L1 Cache Memory; because the memory addresses are 
computed in the execution stage, it is needed to have a greater control with the dependencies 
between the In-Flight instructions, otherwise the executed program will have failures. 	

The objective of this thesis is the design and implementation of the Load Store Queue for a	
Superscalar RISC processor with an out-of-order execution and to design an efficient memory 
addresses disambiguation technique. 
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k?]W?� V<Ccb[g� hc� h?<� ;<bhfc� X<� Abj<gh][UW]ub� <b� ;cadihUW]ub� cZ� h?<� Abgh]hihc� HcC]hsWb]Wc�
FUW]cbUC�cZ�E<l]Wc(�L?<�cVA<Wh]j<�cZ�h?]g�EA;JGK=og�dfcA<Wh�]g�hc�X<g][b�U�0.
V]hg�Kid<fgWUCUf�
JAK;�dfcW<ggcf�k]h?�U�XmbUa]W�gW?<XiC]b[�UbX�cih
cZ
cfX<f�<l<Wih]cb(�L?<�X<g][b�]g�acX<C<X�
Uh�JLD� C<j<C� ]b�#<D�WcX<�ig]b[�gca<�=<9�hccCg&�giW?�Ug�E<bhcf�"fUd?]Wg�EcX<CK]a�UbX�
9Ch<fU�IiUfhig�AA(�

L?ci[?�acgh�cZ�h?<�DU[Ufhc�AA�dfcW<ggcfog�X<g][b�]g�UCf<UXm�Z]b]g?<X&�]h�gh]CC�Xc<g�bch�?Uj<�
U�kcf_]b[�DcUX�Khcf<�Ii<i<&�gc�h?]g�h?<g]g�dfcA<Wh�k]CC�V<�h?<�Z]fgh�X<g][b�cZ�]hg�Wcff<gdcbX]b[�
a<acfm�UWW<gg�Vi]CX]b[�VCcW_(�

L?<�a<acfm�UWW<gg�<b[]b<�]b�U�gid<fgWUCUf�dfcW<ggcf�]g�WcaacbCm�g<dUfUh<X�]bhc�h?f<<�
ZibWh]cbUC�VCcW_g�#UXXf<gg�ei<i<&�CcUX�ei<i<&�UbX�ghcf<�ei<i<$&�k?]W?�?cig<g�gca<�gd<W]Z]W�
Cc[]W� Zcf�a<acfm�UWW<gg� ]bghfiWh]cbg(�L?<�9XXf<gg�Ii<i<4� h?<� ]ggi]b[�UbX�WcadihUh]cb�cZ�
a<acfm�UXXf<gg<g&�h?<�DcUX�Ii<i<4�h?<�Cc[]W�hc�f<UX�XUhU�Zfca�h?<�D+�;UW?<�E<acfm�UbX�
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hc�kf]h<�h?]g�XUhU�hc�h?<�J<[]gh<f�>]C<g&�UbX�Z]bUCCm&�h?<�Khcf<�Ii<i<4�h?<�Cc[]W�hc�f<UX�Zfca�h?<�
J<[]gh<f�>]C<g�UbX�hc�kf]h<�h?]g�XUhU�hc�h?<�D+�;UW?<�E<acfm(�

:<WUig<�U�gid<fgWUCUf�dfcW<ggcf�<l<Wih<g�h?<�]bghfiWh]cbg�]b�Ub�cih
cZ
cfX<f�ZUg?]cb&�h?<�
]X<bh]Z]WUh]cb�cZ�XUhU�?UnUfXg�Wf<Uh<X�Vm�h?<�X<d<bX<bW]<g�V<hk<<b�h?<�]b
ZC][?h�DG9<�UbX�
KLGJ=�]bghfiWh]cbg�V<Wca<g�U�b<W<gg]hm(�Kc&�U�a<acfm�X]gUaV][iUh]cb�h<W?b]ei<�]g�ig<X&�
k?]W?�W?<W_g�h?<�cfX<f]b[�U[<�UbX�a<acfm�UXXf<gg�cZ�<UW?�cZ�h?<�]ggi<X�]bghfiWh]cbg�]bg]X<�
Vch?�h?<�DcUX�UbX�Khcf<�ei<i<g&�]h�UCgc�Xc<g�gca<�XUhU�ZcfkUfX]b[�Zcf�h?cg<�]bghfiWh]cbg�h?Uh�
?Uj<�h?<�gUa<�a<acfm�UXXf<gg�#hU_]b[�WUf<�cZ�h?<]f�U[<�cfX<f]b[�]bg]X<�h?<�ei<i<$(�

L?<�cih
cZ
cfX<f�<l<Wih]cb�hU_<g�UXjUbhU[<�cZ�h?<�gd<WiCUh]cb�h<W?b]ei<&�d<fa]hh]b[�Ub�
<UfCm� <l<Wih]cb� cZ� ]bghfiWh]cbg� h?Uh� Xc� bch� ?Uj<� U� X<d<bX<bWm� k]h?� mcib[<f� ]bghfiWh]cbg(�
>cfkUfX]b[�gca<�XUhU&�giW?�Ug�U�DcUX�h?Uh�#gd<WiCUh]j<Cm$�?Ug�h?<�gUa<�a<acfm�UXXf<gg�cZ�
Ub� <UfC]<f� Khcf<&� h?<� XUhU� h?Uh� kciCX� V<� kf]hh<b� hc� h?<� D+� ;UW?<� E<acfm� Vm� h?Uh� Khcf<�
]bghfiWh]cb� WUb� V<� ZcfkUfX<X� hc� h?<� X<d<bX<bh� DcUX� ]bghfiWh]cb&� h?ig&� WcadC<h]b[� ]h�
V<Zcf<?UbX(�

Ab�cfX<f�hc�Xc�h?]g�gd<WiCUh]j<�<l<Wih]cb&�U�df<X]Whcf�aigh�V<�ig<X(�L?<f<�Uf<�hkc�aUAcf�
_]bXg�cZ�df<X]Whcfg&�h?cg<�h?Uh�ig<�U�pbU]j<r�cf�pVC]bXr�df<X]Wh]cb�k?]W?�UCkUmg�gUmg�h?Uh�h?<�
DcUX�]bghfiWh]cbg�Xcboh�?Uj<�Ubm�X<d<bX<bWm�k]h?�<UfC]<f�Khcf<g&�UbX�h?cg<�h?Uh�Uf<�pXmbUa]Wr�
k?]W?�idXUh<�h?<]f�X<d<bX<bW]<g�hUVC<g�Ug�Ccb[�Ug�h?<f<�Uf<�kfcb[�gd<WiCUh]cbg&�gc&�CUh<f�k]h?�
h?<g<�X<d<bX<bW]<g�hUVC<g�idXUh<X�U�V<hh<f�X<W]g]cb�kciCX�V<�aUX<(�
	

1.1	 PROBLEMATIC	APPROACH	

L?<�dfcVC<aUh]W�Uddc]bh<X�]b�h?]g�h?<g]g�]g�hc�X<g][b�U�DcUX
Khcf<�ei<i<�UVC<�hc�<l<Wih<�
h?<�a<acfm�UWW<gg�]bghfiWh]cbg�]b�Ub�cih
cZ
cfX<f�ZUg?]cb(�L?<�X<g][b�cZ�h?]g�WcadC<h<�ei<i<�
k]CC�V<�g]aiCUh<X�]b�E<bhcf�"fUd?]Wg�EcX<CK]a�gcZhkUf<�UbX�<jUCiUh<X�]b�Ub�>H"9�VcUfX(�
>cf�U�Z]fgh�UddfcUW?&�h?<�X<g][b�k]CC�V<�cbCm�U�g]adC<�DcUX�Khcf<�Ii<i<&�k]h?cih�U�df<X]Whcf�
Vih�k]h?�Ub�U[<�cfX<f]b[�a<acfm�X]gUaV][iUh]cb&�h?<�X<g][b�k]CC�V<�UVC<�hc�giddcfh�h?<�ghcf<

hc
CcUX�XUhU�ZcfkUfX]b[�Cc[]W�Ug�k<CC�Ug�gca<�<b<f[m�gUj]b[�h<W?b]ei<g(�

L?]g�ghcf<
hc
CcUX�XUhU�ZcfkUfX]b[�WUb�V<�Xcb<�k?<b<j<f�h?<f<�]g�U�DcUX�]bghfiWh]cb�k]h?�
h?<�gUa<�a<acfm�UXXf<gg�Ug�Ub�<UfC]<f�Khcf<�]bghfiWh]cb�]b�h?<�ei<i<�#h?<�a<acfm�UXXf<gg�



Chapter	1	 	 3	

Introduction	

]gboh� _bckb� ibh]C� <l<Wih]cb� ghU[<$� Vih� ]b� cfX<f� hc� UW?]<j<� U� ?][?� d<fZcfaUbW<� AH;&� h?<g<�
a<acfm�UWW<gg�]bghfiWh]cbg�aigh�V<�<l<Wih<X�]b�Ub�cih
cZ
cfX<f�aUbb<f&�h?ig&�h?<�a<acfm�
X]gUaV][iUh]cb�aigh�V<�]bWCiX<X�]b�h?<�X<g][b�]b�cfX<f�hc�<bgif<�h?<]f�Wcff<Wh�<l<Wih]cb(�

1.2	 JUSTIFICATION	

FckUXUmg�]b�E<l]Wc�h?<f<�]g�U�?i[<�Zcf<][b�h<W?bcCc[]WUC�X<d<bX<bW<&�h?]g�X<d<bX<bW<�
]g�f<ZC<Wh<X�]b�cVgcC<h<�gcCih]cbg�difW?Ug<X�Uh�?][?�Wcghg�]b�Uf<Ug�Ug�?<UCh?&�ZccX&�<XiWUh]cb&�
<b<f[m�UbX�g<Wif]hm(�:ih�acgh�]adcfhUbh�]g�h?<�_bckC<X[<�X<d<bX<bW<&�acgh�cZ�h?<�]bh<CC<WhiUC�
dfcd<fhm� V<Ccb[� hc� ==MM� UbX� h?]g� WUff]<g� V][� g<Wif]hm� ]ggi<g� Ug� k<CC� Ug� Cck
<bX� []j<b�
h<W?bcCc[m(�

:<WUig<�cZ�h?Uh&�gca<�Wcibhf]<g�giW?�Ug�;?]bU�?Uj<�Vfc_<b�h?]g�VUff]<f�UbX�ZUVf]WUh<X�
h?<]f�ckb� hfighkcfh?m�dfcW<ggcfg&� h?<m�UCgc�dfcach<X� h?<� Zcf<][b� h<W?bcCc[m� ]bj<gha<bh� ]b�
h?<]f�Wcibhfm�UbX�bckUXUmg�h?<m�?Uj<�UWei]f<X�U�[f<Uh�Uacibh�cZ�AL�ZUVg�Ug�k<CC�Ug�pJ<g<UfW?�
UbX�<<j<Ccda<bhr�#J�<$�W<bhf<g(�

L?<�Z]fgh�;?]b<g<�dfcW<ggcf�j<fg]cb�kUg�WUCC<X�pDccb[gcb�+r&�U�-,V]h�EAHK�WcadUh]VC<�
dfcW<ggcf�UbX�]h�kUg�kcf_]b[�Uh�,00E#n&�CUh<f�cb&�h?<m�UW?]<j<X�U�g<WcbX�dfcW<ggcf�WUCC<X�
pDccb[gcb�,r&� ]h�kUg�U�0.V]h�gid<fgWUCUf�dfcW<ggcf�k]h?�cih
cZ
cfX<f�<l<Wih]cb�kcf_]b[�Uh�
+"#n&�UbX� ]h�UCgc� ]bWCiX<X�U�[fUd?]W�UWW<C<fUhcf&� �UZh<f� h?]g�UddfcUW?&� h?<m�Wcbh]bi<X�k]h?�
aiCh]Wcf<� h<W?bcCc[m� UW?]<j]b[� ]b� ,3� Ub� 2
Wcf<� aiCh]dfcW<ggcf� kcf_]b[� Uh� +"#n&�
giVg<ei<bhCm&�UbX�]b�,++�h?<m�Vi]Ch�U�0�UbX�2
Wcf<�aiCh]dfcW<ggcfg�kcf_]b[�Uh�+(,"#n(�O]h?�
h?]g� <ZZcfh� h?<m� Wf<Uh<X� h?<]f� ckb� Cck
Wcgh�H;g&� g<fj<fg&�#][?
d<fZcfaUbW<�H;g&� ]bXighf]UC�
WcbhfcC�<ei]da<bh&�UbX�acgh�]adcfhUbh&�h?<]f�bUh]cbUC�g<Wif]hm�UddC]WUh]cbg(�

LU_]b[� ]bhc� UWWcibh� h?]g� ]adcfhUbh� ZUWh&� h?<� pDU[Ufhc� AAr� k]CC� V<� h?<� Z]fgh� E<l]WUb�
gid<fgWUCUf�dfcW<ggcf&�UbX�]h�k]CC�WUffm�V][�<ZZcfhg�]b�h?<�bUh]cbUC�g<Wif]hm�Uf<U&�Ug�k<CC�Ug�hfm]b[�
hc�X]a]b]g?�h?]g�UWhiUC�h<W?bcCc[m�X<d<bX<bW<5�]h�]g�WC<Uf<X�h?Uh�h?<�[cUC�Zcf�h?]g�V][�dfcA<Wh�]g�
]bgd]f<X�Vm�h?<�a<bh]cb<X�;?]b<g<�giWW<gg�UbX�h?<�X<g][b�cZ�h?]g�dfcW<ggcfog�VCcW_&�h?<�DcUX�
Khcf<�Ii<i<&�k]CC�<bZcfW<�h?<�bUh]cbUC�h<W?bcCc[]WUC�UXjUbW<(�
�
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1.3	 CONSIDERATIONS	

Ab�U�?][?
d<fZcfaUbW<�gid<fgWUCUf�dfcW<ggcf&�h?<�<b<f[m�Wcbgiadh]cb�]g�U�f<UCCm�]adcfhUbh�
W?UCC<b[<� hc� gcCj<&� h?ig&� h?<f<� Uf<� U� Cch� cZ� <b<f[m� gUj]b[� h<W?b]ei<g� ]bWCiX<X� ]b� j<bXcfog�
dfcW<ggcfg&�Vih�h?<g<�h<W?b]ei<g�Uf<�_<dh�]b�dUh<bhg�gc�h?Uh�h?<m�WUboh�V<�ig<X�Vm�Ubch?<f�
dfcW<ggcf�j<bXcf(�9�gcfh�cZ�]adcfhUbh�dfcW<ggcfog�Vi]CX]b[�VCcW_g�h?Uh�g?ciCX�V<�ig]b[�h?<g<�
dck<f� gUj]b[� h<W?b]ei<g� Uf<� h?<� J<[]gh<f� J<bUa]b[� ghU[<&� h?<� OU_<
Md� Cc[]W� ]b� h?<�
AbghfiWh]cb�Ii<i<g�#]bh<[<f&�ZCcUh]b[�dc]bh&�a<acfm�UWW<gg$�UbX�h?<�a<acfm�X]gUaV][iUh]cb�
Zcf�h?<�a<acfm�UWW<gg<g�<l<Wih<X�]b�Ub�cih
cZ
cfX<f�ZUg?]cb(�9g�A�?Uj<�UCf<UXm�ghUh<X&�h?<�
<b<f[m�gUj]b[�]b�U�?][?
d<fZcfaUbW<�gid<fgWUCUf�dfcW<ggcf�]g�U�j<fm�]adcfhUbh�ZUWh�hc�UW?]<j<&�
h?ig&�h?]g�h?<g]g�]g�UCgc�ZcWig<X�]b�h?<g<�<b<f[m�gUj]b[�h<W?b]ei<g&�giW?�Ug�X]gUVC]b[�gca<�
ibb<W<ggUfm�WcadUf]gcbg�Xcb<�Vm�<j<fm�<bhfm�cb�<UW?�cZ�h?<�ei<i<g�]bWCiX<X�]b�h?<�DK�Ii<i<�
#UXXf<gg�ei<i<&�CcUX�ei<i<&�UbX�ghcf<�ei<i<$(�

>cf� f<g<UfW?� UbX� <XiWUh]cbUC� difdcg<g&� h?<� DU[Ufhc� AA� UfW?]h<Whif<� ig<g� h?<� EAHK0.�
AbghfiWh]cb�K<h�9fW?]h<Whif<&�h?ig&�hc�<jUCiUh<�h?]g�X<g][b�h?<�EAHK0.�AK9og�a<acfm�UWW<gg�
]bghfiWh]cbg�k]CC�V<�ig<X(�

1.4	 OBJECTIVES	

1.4.1	 MAIN	OBJECTIVE	

Lc�X<g][b�UbX�]adC<a<bh�U�DcUX
Khcf<�Ii<i<�Zcf�U�gid<fgWUCUf�dfcW<ggcf�k]h?�cih
cZ

cfX<f� <l<Wih]cb� UbX� hc� X<g][b� ]hg� a<acfm� X]gUaV][iUh]cb� a<h?cX� ig]b[� dck<f� gUj]b[�
h<W?b]ei<g(�

1.4.2	 SPECIFIC	OBJECTIVES	

A( Lc�X<Z]b<�h?<�f<ei]f<a<bhg�Zcf�h?<�a<acfm�UWW<gg�]bghfiWh]cbg�<l<Wih]cb(�

AA( Lc�]X<bh]Zm�h?<�X]ZZ<f<bhg�_]bXg�cZ�a<acfm�UWW<gg�]bghfiWh]cbg&�hc�X<g][b�U�X][]hUC�
Cc[]W�hc�X<WcX<�h?cg<�]bghfiWh]cbg�UbX�[<b<fUh<�h?<�b<W<ggUfm�WcbhfcC�g][bUCg(�
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AAA( Lc� X<g][b� h?<� Cc[]W� Zcf� h?<� X]ZZ<f<bh� VCcW_g� ]bWCiX<X� ]b� h?<� DcUX� Khcf<� <b[]b<�
#9XXf<gg�Ii<i<&�DcUX�Ii<i<&�UbX�Khcf<�Ii<i<$�UbX�h?<�g<C<Wh]cb�Cc[]W�]b�cfX<f�
hc�<l<Wih<�h?<�a<acfm�UWW<gg�]bghfiWh]cbg�]b�Ub�cih
cZ
cfX<f�ZUg?]cb(�

AN( Lc�X<g][b�U�a<acfm�X]gUaV][iUh]cb�gW?<a<�UbX�hc�Xc�U�X<g_�<jUCiUh]cb�Zcf�<j<fm�
WcaV]bUh]cb� V<hk<<b� h?f<<� Wcbg<Wih]j<� a<acfm� UWW<gg� ]bghfiWh]cbg� #DcUX� cf�
Khcf<$&�f<giChg�aigh�V<�df<g<bh<X(�

N( Lc� ig<�a]WfcUfW?]h<WhifUC� <b<f[m� gUj]b[� h<W?b]ei<g&� hfm]b[� bch� hc� X<Wf<Ug<� h?<�
cj<fUCC�d<fZcfaUbW<(�

	

1.5	 SCOPE	OF	THIS	THESIS	PROJECT	AND	CONTRIBUTIONS	

9h�h?<�<bX�cZ�h?]g�h?<g]g&�h?<�DU[Ufhc�AA�dfcW<ggcf�k]CC�Z<Uhif<�U�DcUX
Khcf<�ei<i<�UVC<�hc�
f<W<]j<� hkc� ]bghfiWh]cbg�d<f�WmWC<�UbX� hc� ]ggi<�cb<� ]bghfiWh]cb�d<f�WmWC<� ]b�Ub�cih
cZ
cfX<f�
ZUg?]cb&� h?]g� k]CC� V<� UddfcUW?UVC<� k]h?� h?<� ?<Cd� cZ� h?<� a<acfm� X]gUaV][iUh]cb� gW?<a<�
X<g][b<X&� UCgc&� ]h� k]CC� ?Uj<� U� f<XiW<X� dck<f� Wcbgiadh]cb� hU_]b[� ]bhc� UWWcibh� U� df<j]cig�
AbghfiWh]cb�ei<i<�X<g][b�R+S&�h?]g�bcj<C�X<g][b�k]CC�V<�UXUdh<X�hc�h?<�9XXf<gg�ei<i<&�UbX�]h�
ach]jUh<X�h?<�X<g][b�Zcf�Vch?�h?<�DcUX�ei<i<�UbX�Khcf<�ei<i<(�

	

1.6	 ORGANIZATION	OF	THIS	THESIS	

L?]g�h?<g]g�]g�cf[Ub]n<X�Ug�ZcCCckg&�]b�h?<�g<WcbX�W?Udh<f&�UCC�h?<�VUW_[fcibX�]bZcfaUh]cb�
b<<X<X�hc�<ldCU]b�h?]g�h?<g]g�UddfcUW?�]g�X<gWf]V<X&�Ug�k<CC�Ug�?ck�h?<�dfcW<ggcf�kcf_g�UbX�
h?<�ZibWh]cbUC]hm�cZ�]hg�aU]b�Vi]CX]b[�VCcW_g&�]h�]g�UCgc�<ldCU]b<X�gca<�h<fa]bcCc[m(�Ab�h?<�h?]fX�
W?Udh<f&� g<j<fUC� dUd<fg� UbX� f<g<UfW?� dfcdcgUCg� ]b� h?<� ghUh<� cZ� h?<� Ufh� Zcf� h?<� DcUX)Khcf<�
Ii<i<� UbX� E<acfm� <]gUaV][iUh]cb� Uf<� X<gWf]V<X(� L?<b&� h?<� dfcdcg<X� X<g][b� Zcf� h?<�
DcUX)Khcf<� Ii<i<� ]g� <ldCU]b<X� ]b� h?<� Zcifh?� W?Udh<f� df<g<bh]b[� gca<� f<giChg� ]b� h?<� Z]Zh?�
W?Udh<f(�;cbWCig]cbg�Uf<�ghUh<X�]b�h?<�CUgh�W?Udh<f(�

�
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Hfc[fUag�Uf<�bcfaUCCm�kf]hh<b�]b�U�?][?
C<j<C�dfc[fUaa]b[�CUb[iU[<&�giW?�Ug�;�UbX�;%%&�
gc� h?<g<� dfc[fUag� b<<X� hc� V<� hfUbgZ<ff<X� hc� U� gd<W]Z]W� aUW?]b<� CUb[iU[<� ig]b[� h?<]f�
Wcff<gdcbX]b[� Wcad]C<f� hccC� #giW?� Ug� A;;� cf� ";;$� WcbZ][if<X� Zcf� h?Uh� gd<W]Z]W�
a]WfcUfW?]h<Whif<(�L?]g�WcX<�h?Uh�]g�UCf<UXm�]b�aUW?]b<�CUb[iU[<�f<df<g<bhg�h?<�]bghfiWh]cbg�
h?Uh�h?<�dfcW<ggcf�WUb�ibX<fghUbX�R,S�R-S&�h?<g<�]bghfiWh]cbg�Uf<�f<UX�Zfca�]bghfiWh]cb�WUW?<�
a<acfm�#j]U�h?<�><hW?�a<W?Ub]ga$�R.S�UbX�<l<Wih<X�Vm�h?Uh�dfcW<ggcf�#aU_]b[�ig<�cZ�h?<�
XUhU�WUW?<�a<acfm$�(Figure 2-1)(�Ah�]g�WC<Uf�h?Uh�<j<fm�UfW?]h<Whif<�#giW?�Ug�l20&�EAHK&�9Cd?U&�
<hW($� ?Ug� ]hg� ckb� AbghfiWh]cb� K<h� 9fW?]h<Whif<� #AK9$� k?]W?� f<df<g<bhg� h?<� kUm� h?Uh� h?<�
]bghfiWh]cbg�Uf<�X<WcX<X�UbX�<l<Wih<X�Vm�h?Uh�dfcW<ggcf&�Vih�h?<f<�Uf<�hkc�aUAcf�_]bXg�cZ�
AK9&� h?<� ;cadC<l� AbghfiWh]cb� K<h� ;cadih]b[� #;AK;$� UbX� h?<� J<XiW<X� AbghfiWh]cb� K<h�
;cadih]b[�#JAK;$&�Vch?�cZ�h?<a�k]h?�h?<]f�ckb�UXjUbhU[<g�UbX�X]gUXjUbhU[<g(�
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Figure	2-1.	Core	and	its	interfaces	with	caches	

	

	

2.1	 RISC	AND	CISC	ARCHITECTURES	

AbghfiWh]cbg�cZ�JAK;�AK9�Uf<�gaUCC<f�UbX�g]adC<f�h?Ub�;AK;�AK9�Ug�k<CC�Ug�<Ug]<f�hc�X<WcX<�
V<WUig<�h?<�C<b[h?�cZ�h?<]f�]bghfiWh]cbg�]g�h?<�gUa<&�h?]g�Z<Uhif<�UCgc�f<ei]f<�U�V][[<f�Uacibh�
cZ�]bghfiWh]cbg�]b�cfX<f�hc�Xc�h?<�gUa<�AcV�Ug�U�Z<k<f�;AK;�]bghfiWh]cbg&�h?]g�]g�V<WUig<�h?<�
WcadC<l�]bghfiWh]cbg�Xc�bch�?Uj<�h?<�gUa<�C<b[h?�Zcf�<j<fm�]bghfiWh]cb�#bcfaUCCm�jUfm�Zfca�+�
Vmh<�hc�+/�Vmh<g$�bcf�?Uj<�h?<�gUa<�ghfiWhif<(�L?<�;AK;�AK9�]bghfiWh]cbg�Uf<�acf<�gd<W]UC]n<X�
(Figure 2-2)�R/S(�FcfaUCCm&�h?<�;AK;�dfcW<ggcfg�?Uj<�U�gd<W]UC]n<X�<<WcX<f�k?]W?�hfUbgZcfag�
<UW?�]bghfiWh]cb�]bhc�g<j<fUC�g]adC<f�JAK;�]bghfiWh]cbg�k]h?�h?<�?<Cd�cZ�U�pE]Wfc
;cX<�JGEr�
(Figure 2-3)�R0S(�
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Figure	2-2.	x86	Instruction	fields	

 
Figure	2-3.	CISC	architecture	

Ab�Ubch?<f�?UbX&� h?<�JAK;�UfW?]h<Whif<g�?Uj<�U� Z<k� ]bghfiWh]cb� ZcfaUhg&� giddcfh�U� Z<k�
UXXf<gg]b[�a<acfm�acX<g&�UbX�CUW_�cZ�]bghfiWh]cbg�h?Uh�cd<fUh<�X]f<WhCm�cb�a<acfm�cd<fUbXg(�
L?<� acgh� Wcaacb� Z]<CXg� ]b� h?<� JAK;� UfW?]h<Whif<g� ]bghfiWh]cbg� Uf<� h?<� pVUg<� f<[]gh<fr&�
pX<gh]bUh]cb�f<[]gh<fr&�pgcifW<�f<[]gh<fr&�p]aa<X]Uh<�jUCi<r&�pZibWh]cbr&�pcdWcX<r�UbX�p]bX<l�#]b�
gca<�UfW?]h<Whif<g$r(�L?<�h?f<<�aU]b�]bghfiWh]cb�<bWcX]b[g�]b�h?<�JAK;�AK9�Uf<4�L?<�pJ<[]gh<f�
=bWcX]b[�#J
AbghfiWh]cb$r&�h?<�pAaa<X]Uh<�=bWcX]b[�#A
AbghfiWh]cb$r�k?]W?�?Ug�U�+0
V]h�#+2
V]h�
k]h?�,
V]h�C<Zh�g?]Zh$�]aa<X]Uh<�g][b<X�jUCi<&�UbX�h?<�pBiad�=bWcX]b[�#B
AbghfiWh]cb$r�k?]W?�
?Ug�U�,0
V]h� ]aa<X]Uh<�jUCi<�ig<X�hc�WUCWiCUh<�h?<�VfUbW?�hUf[<h�UXXf<gg�]b�cfX<f�hc�Aiad�
ibWcbX]h]cbUCCm(�Ab�Figure 2-4�h?<f<�Uf<�g?ckb�h?<g<�JAK;�]bghfiWh]cb�<bWcX]b[g(�
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Figure	2-4.	RISC	Instruction	fields	

E<acfm�UWW<gg�]bghfiWh]cbg�#DcUX�cf�Khcf<$�ig<�h?<�A
AbghfiWh]cb�<bWcX]b[&�R,4,0S�V]hg�
<bWcX<� h?<� X<gh]bUh]cb� f<[]gh<f� Zcf� DcUX� AbghfiWh]cbg� cf� h?<� gcifW<� f<[]gh<f� Zcf� Khcf<�
AbghfiWh]cbg&�R,/4,+S�V]hg�<bWcX<�h?<�VUg<�f<[]gh<f&�UbX�R+/4S�<bWcX<�U�+0
V]h�cZZg<h(��

DO� h&�l,# [d$� ��DcUX�OcfX�AbghfiWh]cb�


 DcUX�kcfX�Zfca� [d�%�l,�hc� h� �

KO� h+&�l,.# [d$� ��Khcf<�OcfX�AbghfiWh]cb�


 Khcf<�kcfX�Zfca� h+�hc� [d�%�l,.�

�

2.2	 GENERAL	CONCEPTS	OF	A	MEMORY	ACCESS	INSTRUCTION	

L?]g�giVg<Wh]cb�X<gWf]V<g�U�[<b<fUC�<l<Wih]cb�dfcW<gg�cZ�U�a<acfm�UWW<gg�]bghfiWh]cb�]b�
U�gWUCUf�dfcW<ggcf�]b�cfX<f�hc�ibX<fghUbX�?ck�h?<�a<acfm�UXXf<gg�]g�[<b<fUh<X�UbX�<]h?<f�U�
f<UX�cf�kf]h<�cd<fUh]cb�hc�h?<�D+�<UhU�;UW?<�E<acfm�]g�UWWcadC]g?<X(�L?<b&�b<lh�giVg<Wh]cb�
X<gWf]V<g�gUa<�]bghfiWh]cb�<l<Wih]cb�]b�U�gid<fgWUCUf�dfcW<ggcf�acX<C�UbX�h?<�ih]C]hm�cZ�h?<�
DcUX�Khcf<�Ii<i<(��
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Figure 2-5� g?ckg� h?<� VUg]W� XUhU� dUh?� cZ� U� a<acfm� UWW<gg� ]bghfiWh]cb� ]b� U� gWUCUf�
dfcW<ggcf(�Ab�h?<�Z]fgh�ghU[<&�h?<�DcUX�)�Khcf<�]bghfiWh]cb�]g�f<UX�Zfca�h?<�AbghfiWh]cb�E<acfm�
UXXf<gg<X�Vm�h?<�Hfc[fUa�;cibh<f&�CUh<f�cb&�h?]g�]bghfiWh]cb�]g�X<WcX<X�UbX�]X<bh]Z]<X�Ug�<]h?<f�
U�DcUX�cf�U�Khcf<�gc�h?Uh�h?<�WcbhfcC�V]hg�WUb�V<�[<b<fUh<X&�]b�<UW?�cZ�h?<�a<acfm�UWW<gg�
]bghfiWh]cbg&� h?<f<� Uf<� hkc� f<[]gh<f� hU[� Z]<CXg&� h?<� :Ug<� J<[]gh<f� #JK$� UbX� h?<� KcifW<� cf�
<<gh]bUh]cb�J<[]gh<f�#JL$&�]b�Vch?�WUg<g�#DcUX�UbX�Khcf<$�h?<�a<acfm�UXXf<gg�]g�[<b<fUh<X�
Vm� UXX]b[� h?<�<UhU� Zfca� h?<� :Ug<� J<[]gh<f� UbX� h?<� Aaa<X]Uh<� jUCi<� g][b� <lh<bX<X� #h?]g�
a<acfm�UXXf<gg� ]g�<]h?<f� Zcf�J<UX]b[�cf�Of]h]b[� h?<�D+�<UhU�;UW?<�E<acfm$�UbX� h?<�JL�
f<[]gh<f�hU[�]g�ig<X�hc�f<UX�h?<�gcifW<�XUhU�h?Uh�k]CC�V<�kf]hh<b�hc�h?<�D+�;UW?<�E<acfm�#]b�U�
ghcf<�]bghfiWh]cb$�cf�hc�kf]h<�h?<�XUhU�f<UX�Zfca�h?<�D+�;UW?<�E<acfm�hc�h?<�J<[]gh<f�>]C<�#]b�
U�CcUX�]bghfiWh]cb$&�h?<�g<WcbX�ghU[<�]g�Zcf�f<UX]b[�h?<�J<[]gh<f�>]C<�k]h?�h?<g<�f<[]gh<f�hU[g�
UbX�Zcf�g][b�<lh<bX]b[�h?<�]aa<X]Uh<�jUCi<&�h?<�h?]fX�ghU[<�]g�h?<�<l<Wih]cb�ghU[<&�k?<f<�h?<�
a<acfm� UXXf<gg� ]g� Wcadih<X� Vm� UXX]b[� h?<� VUg<� f<[]gh<f� UbX� h?<� ]aa<X]Uh<� jUCi<� g][b�
<lh<bX<X&�h?<�Zcifh?�ghU[<�]g�h?<�E<acfm�9WW<gg�ghU[<&�?<f<�h?<�D+�<UhU�;UW?<�E<acfm�]g�
<]h?<f�f<UX�cf�kf]hh<b&�UbX�h?<�CUgh�ghU[<&�h?<�Of]h<�:UW_�ghU[<&�]g�cbCm�ig<X�k?<f<�h?<f<�]g�U�
DcUX�]bghfiWh]cb�<l<Wih<X&�?<f<�h?<�<UhU�f<UX�Zfca�h?<�D+�<UhU�;UW?<�E<acfm�]g�kf]hh<b�hc�
h?<�J<[]gh<f�>]C<�UXXf<gg<X�Vm�h?<�<<gh]bUh]cb�J<[]gh<f�LU[&�k?]W?�?UX�ZCck<X�h?fci[?�h?<�
ghU[<g�Ug�h?<�]bghfiWh]cb�kUg�V<]b[�<l<Wih<X(�

 
Figure	2-5.	General	memory	access	instruction	data	path	
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2.3	 SUPERSCALAR	PROCESSOR	

L?<�aU]b�difdcg<�cf�[cUC�cZ�U�gid<fgWUCUf�dfcW<ggcf�]g�hc�<ldCc]h�h?<�dUfUCC<C]ga�k]h?]b�
h?<� ]bghfiWh]cbg� ghf<Ua&� ]h� a<Ubg� h?Uh� k?<b<j<f� h?<f<� Uf<� ]bX<d<bX<bh� ]bghfiWh]cbg&� h?<m�
g?ciCX� V<� <l<Wih<X� ]b� dUfUCC<C&� UbX� cZ� Wcifg<&� h?<f<� aigh� V<� <lhfU� WUf<ZiC� k]h?� h?cg<�
]bghfiWh]cbg�h?Uh�Uf<�X<d<bX<bh(�

L?<f<�<l]gh�hkc�]adC<a<bhUh]cbg�cZ�gid<fgWUCUf�dfcW<ggcfg�f<[UfX]b[�h?<�kUm�h?<m�<l<Wih<�
h?<]f�]bghfiWh]cbg&�h?<�cb<�k]h?�Ub�]b
cfX<f�<l<Wih]cb�UbX�h?<�ch?<f�cb<�k]h?�Ub�cih
cZ
cfX<f�
<l<Wih]cb&�Xi<�hc� h?<�gWcd<�cZ� h?]g� h?<g]g&� h?<� ]b
cfX<f�gW?<a<�kcboh�V<�<ldCU]b<X�Vih� h?<�
Kid<fgWUCUf�HfcW<ggcf�k]h?�cih
cZ
cfX<f�<l<Wih]cb(�Ah�]g�X]j]X<X�]bhc�hkc�aU]b�VCcW_g&�WUCC<X�
h?<�:UW_
=bX�UbX� h?<�>fcbh
=bX&� h?<�aU]b�X]ZZ<f<bW<�V<hk<<b� h?<g<�VCcW_g� ]g� h?Uh� ]b� h?<�
>fcbh
=bX� h?<� ]bghfiWh]cbg� Uf<� ZCck]b[� ]b� cfX<f� #g<ei<bh]UCCm$� h?fci[?� ]hg� ghU[<g� #><hW?&�
<<WcX<&�J<bUa<&�UbX�<]gdUhW?$&�k?<f<Ug� ]b�h?<�:UW_
=bX&�h?<� ]bghfiWh]cbg�WUb�ZCck�]b�Ub�
cih
cZ
cfX<f�ZUg?]cb�#Aggi<&�=l<Wih]cb&�UbX�Of]h<�:UW_$&�<lW<dh�Zcf�h?<�;caa]h�ghU[<&�k?]W?�
]g�UCkUmg�<l<Wih<X�]b�cfX<f�<bgif]b[�Wcff<Whb<gg�]b�h?<�dfc[fUa�<l<Wih]cb(�Ab�h?<�>fcbh
=bX&�
h?<� ]bghfiWh]cbg� Uf<� ZCck]b[� g<ei<bh]UCCm� h?fci[?� h?<� ghU[<g&� Vih� UZh<f� h?<m� Uf<� X]gdUhW?<X�
#<bh<f]b[�h?<�:UW_
=bX$�UbX�g<bh�hc�]hg�Wcff<gdcbX]b[�ei<i<&�h?<�<l<Wih]cb�cZ�<UW?�]bghfiWh]cb�
WUb�V<�aUX<�cih
cZ
cfX<f�UbX�]b�dUfUCC<C�k?<b<j<f�h?<f<�Uf<�giZZ]W]<bh�ghfiWhifUC�f<gcifW<g�
#UXX<fg&�Vig&�f<[]gh<f�Z]C<�dcfhg&�a<acfm�dcfhg&�<hW($(�

L?<f<�Uf<�g<j<b�aU]b�ghU[<g�UCcb[�h?]g�gid<fgWUCUf�dfcW<ggcf&�k?]W?�Uf<4�

• ><hW?�

• <<WcX<�

• J<bUa<�UbX�<]gdUhW?�

• Aggi<�

• =l<Wih]cb�

• Of]h<�:UW_�

• ;caa]h�

9Cgc&�h?<f<�Uf<�gca<�aU]b�ghfiWhif<g�]bjcCj<X�]b�h?<�gid<fgWUCUf�dfcW<ggcf�Wcf<�#J<cfX<f�
:iZZ<f&� Abh<[<f� Ii<i<&� >CcUh]b[� Hc]bh� Ii<i<&� 9XXf<gg� Ii<i<&� DcUX� Ii<i<&� Khcf<� Ii<i<&�
:fUbW?�Hf<X]Whcf&�:mdUgg&�J<[]gh<f�>]C<&�>f<<�J<[]gh<f�D]gh&�J<[]gh<f�9C]Ug�LUVC<&�<hW($(�Ab�cfX<f�
hc�ibX<fghUbX�?ck�h?<�dUfUCC<C]ga� ]g�<ldCc]h<X&� ]b�Figure 2-6� R1S� ]g�g?ckb�h?<�WcadUf]gcb�
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V<hk<<b�h?<�Uacibh�cZ�]b
ZC][?h�]bghfiWh]cbg�]b�U�gWUCUf�dfcW<ggcf�UbX�U�gid<fgWUCUf�dfcW<ggcf&�
?<f<�]g�g?ckb�h?Uh�h?<�Uacibh�cZ�]b
ZC][?h�]bghfiWh]cbg�]bg]X<�U�gid<fgWUCUf�dfcW<ggcf�#Zcf�h?]g�
<lUadC<$�]g�XciVC<X�Ug�k<CC�Ug�]hg�<l<Wih]cb�]g�hk]W<�h?<�biaV<f�cZ�<l<Wih<X�]bghfiWh]cbg�]b�
h?<�gWUCUf�dfcW<ggcf�]b�h?<�gUa<�biaV<f�cZ�WCcW_�WmWC<g(�9�XmbUa]W�gW?<XiC]b[�R2S�aigh�V<�
]bh<[fUh<X�UCcb[�h?<�XUhU�dUh?�]b�cfX<f�hc�<ldCc]h�h?<�]bghfiWh]cb�C<j<C�dUfUCC<C]ga�<l]gh<bh�]b�
h?<�WcX<�]b�<l<Wih]cb&�h?]g�XmbUa]W�gW?<XiC]b[�<bgif<g�Wcff<Whb<gg�k]h?]b�h?<�X<d<bX<bW]<g�
UbX�hU_<g�UXjUbhU[<�cZ�dUfUCC<C�<l<Wih]cb�h<W?b]ei<g(�

�

	

Figure	2-6.	Scalar	vs	Superscalar	Execution	in	Pipeline	Processors	

Figure 2-7�]CCighfUh<g�h?<�Vi]CX]b[�VCcW_g�]bg]X<�U�gid<fgWUCUf�dfcW<ggcf(�
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Figure	2-7.	Superscalar	Processor	Architecture	

PC	 =	 Program	 Counter;	 IFQ	 =	 Instruction	 Fetch	 Queue;	 ROB	 =	 Reorder	 Buffer;	 IIQ	 =	 Instruction	 Integer	 Queue;																	
IFQ	 =	 Instruction	 Floating	 Point	 Queue;	 LSQ	 =	 Load	 Store	 Queue;	 Int.	 Reg.	 File	 =	 Integer	 Register	 File;																																									
FP	Reg.	File	=	Floating	Point	Register	File;	Integer	FUs	=	Integer	Functional	Units;	FP	FUs	=	Floating	Point	Functional	
Units	

2.3.1	 DEPENDENCIES	

L?<f<� Uf<� h?f<<� X]ZZ<f<bh� WUh<[cf]<g� Zcf� X<d<bX<bW]<g4� p<UhU� X<d<bX<bW]<gr&� p;cbhfcC�
X<d<bX<bW]<gr�UbX�pKhfiWhifUC�X<d<bX<bW]<gr(�:<WUig<�h?<�aU]b�cVA<Wh]j<�cZ�U�gid<fgWUCUf�
dfcW<ggcf�]g�hc�<ldCc]h�h?<�]bghfiWh]cb�C<j<C�dUfUCC<C]ga�UbX�hc�<l<Wih<�h?<�aUl]aia�Uacibh�
cZ� ]bghfiWh]cbg� ]b� dUfUCC<C&� acgh� cZ� ]hg� Cc[]W� ]g� X<X]WUh<X� ]b� ]X<bh]Zm]b[� UbX� gcCj]b[� h?<g<�
X<d<bX<bW]<g(�

Abg]X<�h?<�<UhU�<<d<bX<bW]<g�WUh<[cfm&�h?<f<�Uf<�hkc�_]bX�cZ�XUhU�X<d<bX<bW]<g�UbX�h?<�
X<d<bX<bW]<g� WUb� V<� <]h?<f� k]h?]b� a<acfm� CcWUh]cbg� cf� ;HM� f<[]gh<fg&� h?<� pLfi<� XUhU�
X<d<bX<bWmr&�k?]W?�WUb�V<�X<Z]b<X�Ug�U�J9O�#f<UX
UZh<f
kf]h<$�X<d<bX<bWm&�?Udd<bg�k?<b�
h?<�f<giCh�cZ�cb<�]bghfiWh]cb�]g�b<<X<X�Ug�Ub�]bdih�cd<fUbX�]b�Ubch?<f�mcib[<f�]bghfiWh]cb&�]b�
cfX<f�hc�Xc�h?<�Wcff<Wh�<l<Wih]cb�Zcf�h?]g�g<ei<bW<&�h?<�mcib[<f�]bghfiWh]cb�aigh�kU]h�hc�h?<�
Z]fgh�]bghfiWh]cb�hc�V<�<l<Wih<X&�UZh<f�h?<�Z]fgh�]bghfiWh]cb�?Ug�[<b<fUh<X�h?<�f<giCh&�h?<�mcib[<f�
]bghfiWh]cb�WUb�dfcW<<X&�ch?<fk]g<&�]h�k]CC�?Uj<�<ffcb<cig�jUCi<g(�

L?<�ch?<f�XUhU�X<d<bX<bW]<g�Uf<�WUCC<X�h?<�p>UCg<�XUhU�X<d<bX<bW]<gr�#UCgc�_bckb�Ug�
pUfh]Z]W]UC�X<d<bX<bW]<gr�cf�pbUa<�X<d<bX<bW]<gr$&�UCh?ci[?�h?<g<�X<d<bX<bW]<g�Uf<�WC<Uf<X�
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k]h?�h?<�J<bUa]b[�Cc[]W&�Zcf�a<acfm�UWW<gg�]bghfiWh]cbg�h?<g<�X<d<bX<bW]<g�Uf<�bch�f<gcCj<X�
ibh]C�h?<]f�a<acfm�UXXf<gg<g�Uf<�_bckb&�h?<g<�Uf<�h?<�O9J�#kf]h<
UZh<f
f<UX$�UbX�h?<�O9O�
#kf]h<
UZh<f
kf]h<$�X<d<bX<bW]<g&�h?<�Z]fgh�cb<�?Udd<bg�k?<b�Ub�cCX<f�]bghfiWh]cb�]g�hfm]b[�hc�
f<UX�Ub�cd<fUbX�Zfca�h?<�J<[]gh<f�Z]C<�cf�Zfca�XUhU�Zfca�a<acfm�CcWUh]cb&�UbX�]h�]g�[c]b[�hc�
V<�idXUh<X�Vm�Ubch?<f�mcib[<f�]bghfiWh]cb(�Ab�cfX<f�hc�<bgif<�Wcff<Whb<gg&�h?<�cCX<f�]bghfiWh]cb�
aigh� f<UX� h?]g� CcWUh]cb� V<Zcf<� h?<� mcib[<f� ]bghfiWh]cb�kf]h<g� ]b� ]h(� L?<� ch?<f� X<d<bX<bWm&�
O9O&� ?Udd<bg�k?<b� hkc� ]bghfiWh]cbg� Uf<� hfm]b[� hc�kf]h<� hc� h?<� gUa<� f<[]gh<f� cf�a<acfm�
CcWUh]cb&� ]b�cfX<f� hc�_<<d� h?<�acgh�UWhiUC�jUCi<&� h?<m�?Uj<� hc�idXUh<� h?]g�jUCi<� ]b�cfX<f&� ]h�
a<Ubg�h?Uh�h?<�mcib[<f�]bghfiWh]cb�aigh�kU]h�hc�h?<�cCX<f�]bghfiWh]cb�hc�kf]h<�]b�h?]g�CcWUh]cb�
(Figure 2-8).�
	

	

Figure	2-8.	True	and	False	Data	Dependencies	

L?<� ;cbhfcC� <<d<bX<bW]<g� Uf<� df<g<bh� ]b� WcbX]h]cbUC� VfUbW?� ]bghfiWh]cbg� ]bg]X<� h?<�
dfc[fUa�]b�<l<Wih]cb&�]h�]g�V<WUig<�h?<�WcbX]h]cbUC�jUCi<�]g�bch�_bckb�ibh]C�h?<�<l<Wih]cb�ghU[<&�
h?<b&�h?<f<�aigh�V<�X<W]X<X�<]h?<f�hc�hU_<�h?<�VfUbW?�cf�bch&�]b�UXjUbW<�hc�h?]g�ghU[<(�

L?<�CUgh�X<d<bX<bW]<g&�h?<�KhfiWhifUC�<<d<bX<bW]<g�cWWif�k?<b�hkc�cf�acf<�]bghfiWh]cbg�
Uf<�f<ei]f]b[�h?<�gUa<�UfW?]h<WhifUC�f<gcifW<&�]h�WUb�V<�Ub�UXX<f&�aiCh]dC]<f&�f<[]gh<f�dcfh&�<hW(&�
]Z�h?<f<�Uf<�bc�UjU]CUVC<�f<gcifW<g&�h?<�]bghfiWh]cbg�?Uj<�hc�V<�<l<Wih<X�g<ei<bh]UCCm(�
	

2.3.2	 MAIN	PIPELINE	STAGES	OF	A	SUPERSCALAR	PROCESSOR	

><hW?�]g�h?<�ghU[<�(Figure 2-9)�k?<f<�h?<�]bghfiWh]cbg�Uf<�Vfci[?h�Zfca�h?<�D+�AbghfiWh]cb�
;UW?<�E<acfm�UbX�ghcf<X�]b�U�ghfiWhif<�WUCC<X�AbghfiWh]cb�Z<hW?�ei<i<&�]b�h?]g�ghfiWhif<�Uf<�
?cig<X� h?<� ]bghfiWh]cbg� UCf<UXm� f<UX� ]b� UXjUbW<� Zfca� h?<� AbghfiWh]cb� ;UW?<� #]b� cfX<f� hc�
df<g<fj<�[ccX�d<fZcfaUbW<�UbX�Cck�a<acfm�UWW<gg�hfUZZ]W&�h?<g<�]bghfiWh]cbg�?Uj<�hc�V<�f<UX�
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ZUgh<f� h?Ub� h?<� h]a<� h?<m� hU_<� hc� <l<Wih<$(� L?<� AbghfiWh]cb� ;UW?<� ]g� f<UX� k]h?� h?<� ><hW?�
UXXf<gg&�k?]W?�WUb�V<�h?<�Hfc[fUa�;cibh<f�jUCi<�#b<lh�g<ei<bh]UC�jUCi<$&�:fUbW?�hUf[<h�jUCi<&�
J<hifb
UXXf<gg�jUCi<�f<UX�Zfca�h?<�ghUW_&�<hW(&�h?]g�Z<hW?�UXXf<gg�]g�Wcadih<X�<j<fm�WmWC<&�
UbX�h?ig&�h?<f<�aigh�V<�<lhfU�Wcbg]X<fUh]cbg�k]h?�h?<�WcbX]h]cbUC�VfUbW?<g&�Aiadg�UbX�Ubm�
]bghfiWh]cb� h?Uh� [c<g� hc� U� gd<W]Z]W� ]bghfiWh]cb� a<acfm� UXXf<gg(� >ifh?<facf<&� V<WUig<� ]b�
WcbX]h]cbUC� VfUbW?� h?<�b<lh� Z<hW?�UXXf<gg� ]gboh� _bckb�ibh]C� h?<� <l<Wih]cb� ghU[<&�9�:fUbW?�
Hf<X]Whcf�]g�b<<X<X�kcf_]b[�]b�dUfUCC<C�k]h?�h?<�Z<hW?�<b[]b<(�

L?]g�:fUbW?�Hf<X]Whcf�]g�cZh<b�Vi]CX�cZ�hkc�df]aUfm�VCcW_g&�h?<�:fUbW?�LUf[<h�:iZZ<f�#:L:$�
k?]W?�[]j<g� h?<� CUgh�UXXf<gg�k?<f<� h?<�VfUbW?�?Ug� Aiad<X&�UbX� h?<�:fUbW?�#]ghcfm�LUVC<�
#:#L$�k?<f<�h?<�VfUbW?�WcbX]h]cb�]g�df<X]Wh<X�k]h?�h?<�?<Cd�cZ�]hg�phU_<br�cf�pbch�hU_<br�?]ghcfm�
f<WcfXg&� ck]b[� hc� h?<� ZUWh� h?Uh� VfUbW?� a]gdf<X]Wh]cbg� WUb� cWWif&� h?]g� VfUbW?� df<X]Whcf� ]g�
idXUh<X�k]h?�Ubm�kfcb[�cf�Wcff<Wh�df<X]Wh]cb(�9�a<W?Ub]ga�Zcf�f<Wcj<fm�aigh�V<�CUibW?<X�
k?<b<j<f� h?]g�?Udd<bg&� ]bghfiWh]cbg
ghf<Ua�cZ� h?<�kfcb[�dUh?�b<<Xg� hc�V<� ZCig?<X�cZ� h?<�
d]d<C]b<�UbX�h?<�Wcff<Wh�dUh?�?Ug�hc�V<�f<
<ghUVC]g?<X�Vm�Z<hW?]b[�h?<�Wcff<Wh�<l<Wih]cb�dUh?(�
L?<f<�aigh�V<�U�f<Wcj<fm�Cc[]W�]bg]X<�h?<�dfcW<ggcf�Zcf�h?]g�Wcff<Wh]cb(�

 
Figure	2-9.	Fetch	stage	

EPC	Registers	=	Exception	Program	Counter	Registers;	ACU	=	Address	Computation	Unit;	Spec-PC:	Speculative	PC	

s	
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<<WcX<�]g�h?<�ghU[<�k?<f<�]bghfiWh]cbg�Uf<�f<UX�Zfca�h?<�AbghfiWh]cb�Z<hW?�ei<i<�UbX�Uf<�
]X<bh]Z]<X�Vm�h?<]f�]bghfiWh]cb�cdWcX<�UbX�ZibWh]cb�Z]<CX&�Vch?�cdWcX<�UbX�ZibWh]cb�UXXf<gg�h?<�
JGEg�(Figure 2-10)�k?]W?�Vf]b[�h?<�cd<fUh]cb�WcbhfcC�V]hg�Ug�k<CC�Ug�ZCU[g�]bX]WUh]b[�]Z�]h�]g�U�
VfUbW?�]bghfiWh]cb&�U�Aiad&�UbX�C]b_�]bghfiWh]cb&�<hW(&�h?]g�WcbhfcC�V]h�dUW_<h�]g�WUCC<X�pf<gcifW<�
j<Whcfgr(�L?<�f<[]gh<f�hU[g�UbX�]aa<X]Uh<�jUCi<�Zcf�<j<fm�]bghfiWh]cb�Uf<�f<UX�]b�h?]g�ghU[<(� 

	

	

Figure	2-10.	Decoder	ROMs	

Ah�]g�b<<X<X�U�X<WcX<f�Zcf�<UW?�]bghfiWh]cb�f<UX�Zfca�h?<�AbghfiWh]cb�><hW?�Ii<i<�]b�h?<�
gUa<�WCcW_�WmWC<�(Figure 2-11). 
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Figure	2-11.	Typical	RISC	decode	stage	

J<bUa<�]g�h?<�ghU[<�k?<f<�h?<�Cc[]W�f<[]gh<fg�Uf<�C]b_<X�hc�d?mg]WUC�f<[]gh<fg�]b�cfX<f�hc�
gcCj<�ZUCg<�X<d<bX<bW]<g�#UCgc�_bckb�Ug�pUfh]Z]W]UC�X<d<bX<bW]<gr�cf�pbUa<�X<d<bX<bW]<gr$&�
h?]g�UCCckg�h?<�]bghfiWh]cbg�#bch�a<acfm�UWW<gg�]bghfiWh]cbg$�hc�V<�<l<Wih<X�Zf<<Cm�k]h?cih�Ubm�
XUhU�?UnUfXg�k?<b<j<f�h?<m�?Uj<�h?<]f�gcifW<�cd<fUbXg�f<UXm�hc�V<�f<UX�Zfca�h?<�f<[]gh<f�
Z]C<g(�AZ�hkc�cf�acf<�]bghfiWh]cbg�Xc�bch�?Uj<�X<d<bX<bW]<g&�h?<b�h?<�ADH�WUb�V<�<ldCc]h<X�Vm�
<l<Wih]b[�h?<a�]b�dUfUCC<C�UbX�cih
cZ
cfX<f(�

Ab�cfX<f�hc�]CCighfUh<�?ck�h?<�f<bUa]b[�dfcW<gg�hU_<g�dCUW<&�U�g]adC<�f<bUa]b[�cd<fUh]cb�
]g� g?ckb� ]b�Figure 2-12� R1S� #D7Dc[]WUC� J<[]gh<fg&� H7H?mg]WUC� J<[]gh<fg$&� ?<f<� h?<� D-� ]g�
f<bUa<X�hc�H0�UbX�]b�h?<�g<WcbX�j<fg]cb�cZ�D-�]g�f<bUa<X�hc�H3&�V<WUig<�]h�kUg�g?Uf]b[�h?<�
gUa<�CcWUh]cb�k]h?�Ubch?<f�]bghfiWh]cb�h?Uh�g?ciCX�bch�V<�X<d<bX<bh�#bUa<�X<d<bX<bWm$&�]h�
?Ug�hc�V<�f<bUa<X�]b�Vch?�h?<�Z]fgh�UbX�g<WcbX�]bghfiWh]cbg�]b�cfX<f�hc�?Uj<�h?<�CUgh�idXUh<X�
jUCi<� Zcf� h?]g� f<[]gh<f(� Ab� h?]g�gUa<�WmWC<&� h?<� Z]fgh�j<fg]cb�cZ�D-#H0$�V<Wca<g�cCX�k]h?� h?<�
g<WcbX�j<fg]cb�cZ�D-#H3$&�h?<b�h?<�jUCi<�cZ�H0�]gboh�b<<X<X�Ubmacf<�]b�h?<�dfc[fUa�<l<Wih]cb&�
h?ig&�]h�WUb�V<�Zf<<X(�AbghfiWh]cbg�-�UbX�.�aigh�df<g<fj<�h?<�hfi<�X<d<bX<bW]<g�k]h?�h?<�CUgh�
j<fg]cb�C]b_�cZ�h?<�f<[]gh<f�D-#H3$(�Ah�?Ug�hc�V<�Wcbg]X<f<X�h?Uh�h?<�Cc[]WUC�f<[]gh<fg�D-&�D.&�UbX�
D/�k<f<�df<j]cigCm�f<bUa<X�hc�h?<�d?mg]WUC�f<[]gh<f�H-&�H.�UbX�H/�f<gd<Wh]j<Cm&�UbX�h?Uh�h?<�
b<k�d?mg]WUC�f<[]gh<fg�H0&�H1&�H2�UbX�H3�Uf<�UjU]CUVC<�Zcf�f<bUa]b[�h?<�Cc[]WUC�X<gh]bUh]cb�
f<[]gh<fg�hU[g(��
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L3	:=	L3	op	L5 (1)

L4	:=	L3	+	1 (2)

L3	:=	L5	+	1 (3)

L7	:=	L3	op	L4 (4)

UN-RENAMED	REGISTER	TAGS

P8	:=	P3	op	P5 (1)

P4	:=	P8	+	1 (2)

P9	:=	P5	+	1 (3)

P7	:=	P9	op	P4 (4)

RENAMED	REGISTER	TAGS

 
Figure	2-12.	Register	renaming	example	

J<[UfXC<gg�cZ�f<[]gh<f�f<bUa]b[&�h?<�hfi<�X<d<bX<bW]<g�aigh�V<�_<dh&�Zcf�<lUadC<&�k]h?]b�
]bghfiWh]cbg�,�UbX�.&�H1�aigh�V<�_<dh�k]h?�]hg�hfi<�X<d<bX<bWm(�L?<�gUa<�?Udd<bg�V<hk<<b�
h?<�]bghfiWh]cbg�+�UbX�,�k]h?�D-�#f<bUa<X�hc�H0$(�L?]g�]g�UWWcadC]g?<X�Vm�h?<�X<d<bX<bWm�
W?<W_�Cc[]W(��

L?]g�f<[]gh<f�f<bUa]b[�UC[cf]h?a�WUb�V<�ghUh<X�k]h?�h?<g<�gh<dg4�

+$ Dcc_�Zcf�UCC�]bghfiWh]cb�]bdihg�#KfW$�UbX�cihdihg�#<<gh$(�
,$ ;?<W_�Zcf�hfi<�X<d<bX<bW]<g�#<<gh]�x�KfWA$(�
-$ <<h<Wh�<UfCm�cCX�X<gh]bUh]cbg�#<<gh]�x�<<ghA$(�
.$ J<bUa<�b<k�X<gh]bUh]cb�#H<<gh$(�
/$ KUj<�h?<�UWhiUC�f<[]gh<fg�Ugg][bUh]cb�#;cbh<lh�gUj]b[$(�

�

>cif�ghfiWhif<g�Uf<�b<W<ggUfm�hc�]adC<a<bh�h?]g�f<[]gh<f�f<bUa]b[�Cc[]W�(Figure 2-13)4�

+$ J<[]gh<f�9C]Ug�LUVC<�#J9L$4�Ah�?Ug�h?<�f<WcfX�cZ�UCC�h?<�f<bUa<X�f<[]gh<fg�Ugg][bUh]cb(�
,$ <<d<bX<bWm�;?<W_�Dc[]W�#<;D$4�AX<bh]Z]<g�UCC�h?<�X<d<bX<bW]<g�]bg]X<�U�[fcid�cZ�

]bghfiWh]cbg�V<]b[�f<bUa<X(�
-$ >f<<�D]gh�J<[]gh<f�#>DJ$4�Ah�?Ug�h?<�f<WcfX�cZ�UCC�h?<�ibUgg][b<X�d?mg]WUC�f<[]gh<fg(�
.$ K?UXck�J<[]gh<f�EUd�#KJE$4�Ah�gUj<g�h?<�ghUh<�cZ�UCC�h?<�Ugg][bUh]cbg�]b�cfX<f�hc�

d<fZcfa�U�df<W]g<�Wcbh<lh�f<Wcj<fm�k?<b<j<f�]h�]g�b<W<ggUfm(�

�
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Figure	2-13.	Register	Renaming	building	blocks�

L?<f<�Uf<�h?f<<�aU]b�f<bUa]b[�gW?<a<g�ig<X�]b�Wcbh<adcfUfm�dfcW<ggcfg�R3S&�h?<�Z]fgh�
cb<� ]g� h?<� pJ<bUa]b[� h?fci[?� h?<�J<cfX<f�:iZZ<fr&�k?<f<� h?<� bcb
Wcaa]hh<X� ]bghfiWh]cbg�
f<giChg�Uf<�ghcf<X�]b�U�J<cfX<f�:iZZ<f&�UbX�cbCm�k?<b�h?<�]bghfiWh]cb�]g�Wcaa]hh<X�h?]g�f<giCh�
]g�kf]hh<b�hc�h?<�J<[]gh<f�>]C<�W?Ub[]b[�h?<�UfW?]h<WhifUC�ghUh<�cZ�h?<�dfcW<ggcf(�L?<�g<WcbX�
cb<�]g�h?<�pJ<bUa]b[�h?fci[?�U�J<bUa<�:iZZ<fr&�]h�]g�j<fm�g]a]CUf�hc�h?<�Z]fgh�gW?<a<&�Vih�]h�
?Ug�U�g<dUfUh<�ViZZ<f�Zcf�cbCm�h?cg<�]b
ZC][?h�]bghfiWh]cbg�h?Uh�[<b<fUh<g�U�f<giCh�jUCi<&�]h�gUj<g�
ghcfU[<�UbX�<b<f[m�]b�WcadUf]gcb�k]h?�h?<�Z]fgh�gW?<a<(�9bX�h?<�h?]fX�gW?<a<�]g�h?<�pE<f[<X�
J<[]gh<f�>]C<r�gW?<a<&�?<f<&�h?<�J<[]gh<f�>]C<�ghcf<g�Vch?�gd<WiCUh]j<�UbX�Wcaa]hh<X�jUCi<g&�
]hg�aU]b�UXjUbhU[<�]g�h?Uh�h?<f<�]g�bc�XUhU�hfUbgZ<f�Zfca�h?<�J<cfX<f�:iZZ<f�hc�h?<�J<[]gh<f�
>]C<(�

9Cgc�]b�h?]g�ghU[<&�<UW?�]bghfiWh]cb�]g�Ugg][b<X�hc�Ub�<bhfm�]b�h?<�J<cfX<f�:iZZ<f�#JG:$&�]Z�
h?<f<�]gboh�Ubm�<adhm�<bhfm�]b�h?<�JG:&�h?<�]bghfiWh]cb�Z<hW?�?Ug�hc�V<�ghUCC<X�UbX�kU]h�Zcf�Ub�
<adhm�<bhfm(�Ab�cfX<f�hc�]X<bh]Zm�k?]W?�d?mg]WUC�f<[]gh<f�WUb�V<�Zf<<X�#]h�a<Ubg�h?Uh�]hg�ghcf<X�
jUCi<�]gboh�b<<X<X�Ubmacf<�UbX�WUb�V<�f<ig<X�Vm�Ubch?<f�ib
f<bUa<X�f<[]gh<f$&�h?<�J<cfX<f�
:iZZ<f�?Ug�hkc�gd<W]UC�<bhf]<g�Zcf�h?Uh�difdcg<&�h?<�Wiff<bh�X<gh]bUh]cb�f<[]gh<f�hU[�UbX�h?<�cCX�
X<gh]bUh]cb�f<[]gh<f�hU[&�gc�h?Uh&�k?<b�h?<�]bghfiWh]cb�]b�h?Uh�JG:�<bhfm�]g�Wcaa]hh<X&�]hg�cCX�
X<gh]bUh]cb�f<[]gh<f�]g�Zf<<X�hc�h?<�Zf<<�f<[]gh<f�C]gh�#Uh�h?]g�dc]bh$�UbX�h?<�acgh�UWhiUC�jUCi<�Zcf�
h?Uh�Cc[]WUC�X<gh]bUh]cb�]g�h?<�Wiff<bh�X<gh]bUh]cb�f<[]gh<f(�L?<�JG:�#UCgc�_bckb�Ug�h?<�pUWh]j<�
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C]ghr$�_<<dg�hfUW_�cZ�<j<fm�X]gdUhW?<X�]bghfiWh]cb�]bg]X<�h?<�:UW_
=bX�VCcW_�cZ�h?<�dfcW<ggcf&�
]h�]g�ig<X�hc�gUj<�h?<�cfX<f]b[�cZ�h?<�]bghfiWh]cbg&�<j<b�]Z�h?<m�Uf<�<l<Wih<X�cih
cZ
cfX<f&�Uh�
Wcaa]h�h]a<&�<j<fm�]bghfiWh]cb�aigh�V<�f<gcCj<X�]b�cfX<f�(Figure 2-14)(�O?<b<j<f�h?<f<�]g�Ub�
<lW<dh]cb�cf�VfUbW?�a]gdf<X]Wh]cb&�h?<�f<Wcj<fm�Cc[]W�f<UX�h?<�acX]Z]<X�jUf]UVC<g�ig]b[�h?<�Ab

>C][?h�LU[�[]j<b�Vm�h?<�JG:�UbX�Vf]b[�h?<g<�jUf]UVC<g�VUW_&�h?<b�h?<�<l<Wih]cb�cZ�h?<�dfc[fUa�
WUb�Wcbh]bi<(�Figure 2-15�g?ckg�h?<�cf[Ub]nUh]cb�cZ�h?<�JG:�#Ug�U�W]fWiCUf�>A>G�ViZZ<f$�R+S(�

L?<�;cbh<lh�J<Wcj<fm�]g�X]ZZ<f<bh�V<hk<<b�h?<�>fcbh
=bX�UbX�h?<�:UW_
=bX�VCcW_g�cZ�h?<�
dfcW<ggcf&� Zcf� h?<�>fcbh
=bX&�UCC� h?<� ]b
ZC][?h� ]bghfiWh]cbg�?Uj<� hc�V<� ZCig?<X�UbX� h?<� Z<hW?�
a<W?Ub]ga�aigh�hU_<�h?<�f][?h�dUh?�]aa<X]Uh<Cm�#h?<�ZCig?�Cc[]W�]g�g]adC<f$&�k?<h?<f�]b�h?<�
:UW_
=bX�#hU_]b[�acf<�WCcW_�WmWC<g�h?Ub�]b�h?<�>fcbh
=bX$&�cbCm�h?<�]b
ZC][?h�]bghfiWh]cbg�h?Uh�
k<f<�X]gdUhW?<X�UZh<f�h?Uh�f<Wcj<fm�dc]bh�?Uj<�hc�V<�ZCig?<X&�UCgc&�h?<�f<bUa]b[�hUVC<g�?Uj<�
hc�V<�acX]Z]<X�k]h?�h?<�Wcff<Wh�<bhf]<g�ghcf<X�Uh�h?Uh�f<Wcj<fm�dc]bh&�UbX�h?<�ei<i<g�<bhf]<g�
h?Uh�k<f<�acX]Z]<X�Vm�h?<�kfcb[�dUh?�?Uj<�hc�V<�f<Wcj<f<X�#>][if<�,
+0$�R3S(�

	

	

	

	

Figure	2-14.	Reorder	Buffer	
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Figure	2-15.	Instruction's	tracking	inside	the	ROB	

	

	

	

Figure	2-16.	Recovery	Logic	in	Front-End	and	Back-End	

	

<]gdUhW?�]g�h?<�ghU[<�k?<f<�<UW?�]bghfiWh]cb�]g�g<bh�hc�]hg�Wcff<gdcbX]b[�ei<i<�#Abh<[<f�
AbghfiWh]cb�ei<i<&�>CcUh]b[�dc]bh�ei<i<&�DcUX�ghcf<�ei<i<&�<hW($�(Figure 2-17)(�L?<�EUdd<f�
]g� ]b� W?Uf[<� cZ� g<C<Wh]b[� h?<� ]bghfiWh]cbg� Vm� h?<]f� _]bX� cZ� cd<fUh]cb� #]bh<[<f&� ZCcUh]b[� dc]bh&�
a<acfm�UWW<gg&�<hW($&�h?<�g<C<Wh<X�]bghfiWh]cb�]bZcfaUh]cb�]g�kf]hh<b�]b�]hg�Ugg][b<X�<bhfm�]b�
h?<�J9E
;9E�ei<i<�ghfiWhif<&�]b�h?<�dUmCcUX�J9E�Uf<�kf]hh<b�h?<�WcadC<h<�cd<fUh]cb�V]hg�
cZ� h?<� ]bghfiWh]cb&� ]hg� gcifW<� cd<fUbXg&� � X<gh]bUh]cb� f<[]gh<f� hU[g&� UbX� ]hg� f<gcifW<� j<Whcf&�
k?<h?<f�]b�h?<�;9E�Uf<�kf]hh<b�h?<�gcifW<�cd<fUbXg�hU[�hc�d<fZcfa�h?<�X<d<bX<bh�]bghfiWh]cbg�
kU_<
id� Vm� <ZZ<WhiUh]b[� WcadUf]gcbg� V<hk<<b� f<giChg� hU[g� UbX� gcifW<� cd<fUbXg� hU[g� cZ�
]bghfiWh]cbg�kU]h]b[�]b�h?<�ei<i<�#ghcf<X�]b�h?<�f<g<fjUh]cb�ghUh]cbg$�(Figure 2-18)(�
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Figure	2-17.	Dispatch	Logic	

	

	

Figure	2-18.	INT	and	FP	Queues	with	Mapper	

Aggi<�ghU[<� ]g�k?<f<� h?<� ]bghfiWh]cbg� h?Uh�Uf<� f<UXm� hc�V<�g<C<Wh<X�#h?Uh� ]g� hc�gUm&� h?Uh�
jUCi<g�cZ�h?<]f�gcifW<�cd<fUbXg�?Uj<�V<<b�[<b<fUh<X�Vm�cCX<f�]bghfiWh]cbg�UbX�h?<g<�jUCi<g�
WUb�V<�f<UX�Zfca�h?<�J<[]gh<f�>]C<g�cf�VmdUgg<X�UWfcgg�h?<�jUCi<�ZcfkUfX]b[�b<hkcf_$&�WUb�V<�
]ggi<X� ]b� Ub� cih
cZ
cfX<f� ZUg?]cb&� Vih� h?<f<�aigh� V<� <lhfU� WUf<� k]h?� h?<�a<acfm� UWW<gg�
]bghfiWh]cbg� #V<WUig<� h?<�a<acfm� UXXf<gg� ]g� gh]CC� ibW<fhU]b$(� Ab� h?]g� Cc[]W� Uf<� ]bjcCj<X� h?<�
OU_<
id�Cc[]W&�J<UXm�Cc[]W&�K<C<Wh]cb�Cc[]W�#k]h?�U�df]cf]hm�cfX<f�Cc[]W$�UbX�;cbh<lh�f<Wcj<fm�
Cc[]W(�L?<�OU_<
id�Cc[]W�]g�]b�W?Uf[<�cZ�pkU_]b[�idr�h?<g<�]bghfiWh]cbg�Vm�Xc]b[�WcadUf]gcbg�
V<hk<<b�h?<�gcifW<�cd<fUbXg�hU[g�ghcf<X�]b�h?<�;9E�UbX�h?<�X<gh]bUh]cb�f<[]gh<fg�hU[g�g<bh�
h?fci[?�h?<�hU[�Vig�Vm�h?<�ZibWh]cbUC�ib]hg&�k?<b<j<f�h?<f<�]g�U�aUhW?&�h?<�J<UXm�V]h�cZ�h?<�
gcifW<�cd<fUbX�]g�g<h�hc�p+r�V<WUig<�]hg�jUCi<�?Ug�V<<b�dfcXiW<X&�h?<b&�k?<b�UCC�h?<�gcifW<�
cd<fUbXg�Uf<�f<UXm&� h?<�K<C<Wh� Cc[]W� ]bX]WUh<g�k?]W?� ]bghfiWh]cbg�WUb�V<� ]ggi<X�hc�h?<�b<lh�
ghU[<(� Figure 2-19� ]CCighfUh<g� U� ;9E� cf[Ub]nUh]cb� ]bg]X<� Ub� AbghfiWh]cb� ei<i<&� k]h?� p_r�
<<gh]bUh]cb�LU[g�UbX�pbr�<bhf]<g�]b�h?<�ei<i<�R+S(�
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Figure	2-19.	Organization	of	the	CAM	Section	in	the	Instruction	Queue	

L?<�X<gh]bUh]cb�f<[]gh<f�hU[g&�h?<�gcifW<�cd<fUbXg�f<[]gh<f�hU[g�UbX�h?<�f<gcifW<�j<Whcf�
cZ�h?<�g<C<Wh<X�]bghfiWh]cb�Uf<�f<UX�Zfca�h?<�dUmCcUX�J9E�UbX�g<bh�hc�h?<�b<lh�ghU[<�(Figure 
2-20)(�L?<�WmWC<g�f<ei]f<X�Vm�Ub�]bghfiWh]cb�hc�Xc�]hg�cd<fUh]cb�X<d<bX�cb�k?]W?�f<gcifW<�]g�
f<ei<gh]b[�#](<(�Ub�UXX<f�k]CC�hU_<�Z<k<f�WmWC<g�h?Ub�U�aiCh]dC]<f�cf�U�X]j]gcf$&�h?ig&�h?<�kU_<

id�g][bUC�Zcf�h?cg<�]bghfiWh]cbg�h?Uh�hU_<�cb<�WmWC<�hc�WcadC<h<�?Ug�hc�V<�g<bh�Uh�h?<�gUa<�
h]a<�]h�]g�]ggi<X�#Vm�h?<�g<C<Wh�Cc[]W$�]b�cfX<f�hc�<ZZ]W]<bhCm�Xc�h?<�VmdUgg]b[�k]h?�Wcbg<Wih]j<�
Wcbgia<f�]bghfiWh]cbg&�k]h?�h?<�]bghfiWh]cbg�h?Uh�hU_<�Ccb[<f�biaV<f�cZ�WmWC<g�hc�WcadC<h<&�
h?<�kU_<
id�g][bUC�b<<Xg�hc�V<�gW?<XiC<X�hc�V<�g<bh�U�Z<k�WmWC<g�V<Zcf<�h?<�<bX�cZ�h?<�9DMog�
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WcadihUh]cb(�Ab�Figure 2-21�R3S�]g�g?ckb�U�WcadUf]gcb�V<hk<<b�hkc�d]d<C]b<g&�cb<�d]d<C]b<�
k]h?�h?]g�kU_<
id�g][bUC�]g�g<bh�Uh�h?<�<bX�cZ�=l<Wih]cb�ghU[<�UbX�Ubch?<f�d]d<C]b<�g<bXg�h?]g�
g][bUC� Uh� K<C<Wh� h]a<&� ]h� ]g� ]CCighfUh<X� h?Uh� k]h?cih� g<bX]b[� h?]g� g][bUC� Uh� K<C<Wh� ghU[<&� ]h�
[<b<fUh<g�#Zcf� h?]g�<lUadC<$� h?f<<�ViVVC<�WmWC<g� Zcf� h?<�b<lh�Wcbgia<f� ]bghfiWh]cb&� h?ig&� ]h�
X<Wf<Ug<g�h?<�cj<fUCC�AH;&�k?<h?<f�]b�h?<�g<WcbX�d]d<C]b<�h?<�XUhU�VmdUgg]b[�]g�d<fZcfa<X(�
	

	

Figure	2-20.	Two-Issue	INT	Queue's	Payload	RAM	Logic	
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Figure	2-21.	Timing	of	the	wake-up	signal	to	support	back-to-back	execution	

L?<�=l<Wih]cb�ghU[<�]g�k?<f<�h?<�]ggi<X�]bghfiWh]cbg�f<UX�h?<]f�gcifW<�cd<fUbXg�Zfca�h?<]f�
Wcff<gdcbX]b[�J<[]gh<f�>]C<g�cf�[<h�h?<�XUhU�VmdUgg<X�Zfca�h?<�<<gh]bUh]cb�:ig�UbX�Uf<�g<bh�
hc�h?<]f�f<ei<gh<X�9DM�f<gcifW<g�#UXX<f&�aiCh]dC]<f&�X]j]X<f&�<hW($&�?<f<&�Ubm�Uf]h?a<h]W�cf�Cc[]W�
cd<fUh]cb� ]g�Wcadih<X�Ug�k<CC�Ug�a<acfm�UXXf<gg<g�Uf<�WUCWiCUh<X(�L?<�Abh<[<f�ZibWh]cbUC�
ib]hg� Wcbg]gh� cZ� UXX<fg&� Cc[]WUC� ZibWh]cbUC� ib]hg&� g?]Zh� ZibWh]cbUC� ib]hg&� WcbX]h]cbUC� VfUbW?�
gcCj<fg&�aiCh]dC]<fg&�UbX�X]j]X<fg(�L?<�>CcUh]b[�Hc]bh�ZibWh]cbUC�ib]hg�Uf<�acf<�WcadC<l�h?Ub�
h?<�Abh<[<f�cb<g&�Uh�Z]fgh&�h?<�jUCi<g�]b�h?<�>H�J<[]gh<f�>]C<�?Uj<�hc�V<�<bWcX<X�Ug�h?<�A===�
1/.� KhUbXUfX� ZcfaUh� Zcf� g]b[C<� UbX� XciVC<� df<W]g]cb&� h?<� cd<fUbXg� [c� h?fci[?� U�
X<Wcadf<gg]cb� cd<fUh]cb� UZh<f� V<]b[� f<UX� Zfca� h?<� >H� J<[]gh<f� >]C<� UbX� [<h� Wcadf<gg<X�
V<Zcf<�kf]h]b[�]b�]h�#<bWcX<X�UWWcfX]b[�hc�h?<�g]b[C<�cf�XciVC<�df<W]g]cb�ZcfaUh$&�<lW<dh�Zcf�>H�
CcUX)ghcf<� cd<fUh]cbg&� h?<� >H� ZibWh]cbUC� ib]hg� Wcbg]gh� cZ� Ub� UXX<f&� U� aiCh]dC]<f&� UbX�
X]j]X<f)geiUf<�fcch�Cc[]W�ib]h&�h?<�UXX<fg�WUb�<l<Wih<�g<j<fUC�cd<fUh]cbg�giW?�Ug�UXX]h]cbg&�
giVhfUWh]cbg&�WcadUf]gcbg�UbX�ZcfaUh�Wcbj<fg]cbg(�

9Zh<f� Z]b]g?]b[� <l<Wih]cb� d?Ug<&� ]b� h?<� Of]h<
:UW_� ghU[<&� h?<� f<giCh� jUCi<g� Zfca� h?<�
ZibWh]cbUC�ib]hg�Uf<�kf]hh<b�VUW_�hc�h?<�J<[]gh<f�Z]C<g�#]bh<[<f�cf�ZCcUh]b[�dc]bh$�Ug�k<CC�Ug�g<bh�
hc�h?<�:mdUgg�F<hkcf_�]b�cfX<f�hc�d<fZcfa�U�XUhU�VmdUgg]b[�hc�mcib[<f�]ggi<X�]bghfiWh]cbg�
(Figure 2-22)�R3S&�UCgc&�h?<�XUhU�f<UX�Zfca�h?<�D+�<UhU�;UW?<�E<acfm�#]b�U�CcUX�]bghfiWh]cb$�
]g�kf]hh<b�hc�h?<�J<[]gh<f�Z]C<g&�h?<�XUhU�]b�ghcf<�]bghfiWh]cbg�f<aU]bg�]b�h?<�Khcf<�ei<i<�ibh]C�
Wcaa]h�ghU[<�#h?<b�h?<�<UhU�WUW?<�WUb�V<�idXUh<X$(�
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Figure	2-22.	An	execution	engine	with	two	functional	units,	without	(left)	and	with	(right)	value	bypassing	

;caa]h�ghU[<&�UCgc�_bckb�Ug�J<h]f<�ghU[<�cf�;cadC<h]cb�KhU[<&�]g�]b�W?Uf[<�hc�acX]Zm�h?<�
gd<WiCUh]j<� ghUh<� cZ� h?<� dfcW<ggcf� hc� Ub� UfW?]h<WhifUC� ghUh<&� h?<� ghfiWhif<� ]b� W?Uf[<� cZ�
Wcaa]hh]b[�h?<�]bghfiWh]cbg�]g�h?<�JG:�#]h�?Ug�h?<�]bghfiWh]cbg�cfX<f�ghcf<X�]b�]hg�<bhf]<g$&�]b�
cfX<f�Zcf�Ub�]bghfiWh]cb�hc�Wcaa]h�]h�aigh�?Uj<�UCC�]hg�d]d<C]b<�ZCU[g�g<h�hc�p+r�#jUC]X
V]h&�]ggi<

V]h&� <l<Wih]cb
V]h&� bc
gd<WiCUh]j<
V]h$&� UCgc&� � h?<� df<j]cig� cCX<f� ]bghfiWh]cbg� aigh� ?Uj<�
Wcaa]hh<X�]b�cfX<f�hc�[iUfUbh<<�h?<�cfX<f]b[�Wcff<Whb<gg�cZ�h?<�dfc[fUa(�O?<b�Ub�]bghfiWh]cb�
Wcaa]hg&� ]hg� cCX� X<gh]bUh]cb� f<[]gh<f� ]g� Zf<<X� gc� h?Uh� ]h� WUb� V<� ig<X� U[U]b� ]b� h?<� f<[]gh<f�
f<bUa]b[� dfcW<gg� (Figure 2-23)&� h?<� Wiff<bh� X<gh]bUh]cb� f<[]gh<f� W?Ub[<g� ]hg� ghUhig� hc� bc�
gd<WiCUh]j<�jUCi<�UbX�h?<�:fUbW?�df<X]Whcf�hUVC<g�Uf<�idXUh<X�]Z�]h�]g�h?<�WUg<(�

	

Figure	2-23.	Recycling	Physical	Registers	at	Commit	Time	

2.3.3	 ADDRESS,	LOAD	AND	STORE	QUEUES	

;cbj<bh]cbUCCm&�h?<�DcUX)Khcf<�ei<i<�]g�X]j]X<X�]bhc�h?f<<�X]ZZ<f<bh�Vi]CX]b[�VCcW_g&�h?<�
9XXf<gg� ei<i<� #9I$&� DcUX� ei<i<� #DI$� UbX� h?<� Khcf<� ei<i<� #KI$(� L?<� DI� ?cig<g� CcUX�
]bghfiWh]cbg�k]h?�h?<]f�a<acfm�UXXf<gg�Wcadih<X�UbX�f<UXm�hc�f<UX�h?<�<UhU�;UW?<&�g]a]CUfCm�
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h?<� KI� ?cig<g� ghcf<� ]bghfiWh]cbg� h?Uh� ?Uj<� UCf<UXm� Wcadih<X� h?<]f� a<acfm� UXXf<gg� Vih�
kU]h]b[� hc� Wcaa]h� ]b� cfX<f� hc� idXUh<� h?<�<UhU� WUW?<�k]h?� h?<� gcifW<� XUhU� f<UX� Zfca� h?<�
J<[]gh<f�Z]C<&�k?<h?<f�h?<�9I�?Ug�h?<�a<acfm�UWW<gg�]bghfiWh]cbg�a]l<X�#CcUXg�UbX�ghcf<g$�
UbX�k]h?cih�h?<]f�a<acfm�UXXf<gg�Wcadih<X&�?<f<�h?<�a<acfm�UWW<gg�]bghfiWh]cbg�Uf<�kU]h]b[�
Zcf�h?<]f�gcifW<�cd<fUbX�hc�V<�f<UXm�]b�cfX<f�hc�V<�g<bh�hc�=l<Wih]cb�ghU[<�]b�cfX<f�hc�Wcadih<�
h?<]f�a<acfm�UXXf<gg�#9XXf<gg�7�:Ug<�f<[]gh<f�%�GZZg<h$(�

:<WUig<�h?<�a<acfm�UXXf<gg<g�Uf<boh�_bckb�ibh]C�<l<Wih]cb�ghU[<&�h?<�]ggi]b[�Cc[]W�Zcf�
a<acfm�UWW<gg� ]bghfiWh]cbg� ]g�U� C]hhC<�acf<�WcadC<l&� h?]g�9I�f<aU]bg�cf[Ub]n<X�Ug�U�>A>G�
ViZZ<f� ]b�cfX<f� hc�aU]bhU]b� h?<�dfc[fUa�cfX<f� gc� h?Uh� h?<�X<d<bX<bW]<g�WUb�V<�Wcadih<X�
<Ug]Cm&�UCgc&�h?<g<�]bghfiWh]cbg�Uf<�_<dh�]b�h?<�ei<i<g�ibh]C�h?<m�Wcaa]h(�<i<�hc�h?<�ZUWh�h?Uh�
h?<� f<bUa<� a<W?Ub]ga� ig<X� Zcf� ]bh<[<f� UbX� ZCcUh]b[� dc]bh� ]bghfiWh]cb� ]g� bch� Z<Ug]VC<� Zcf�
a<acfm�UXXf<gg<g�#h?<f<�Uf<�U�Cch�acf<�a<acfm�CcWUh]cbg�h?Ub�d?mg]WUC�f<[]gh<fg$�R++S&�h?<f<�
aigh�V<�U�a<W?Ub]ga�]b�W?Uf[<�cZ�<bgif]b[�h?Uh�h?<�XUhU�?UnUfXg�Uf<�dfcd<fCm�f<gcCj<X�]b�
cfX<f� hc� d<fa]h� Ub� cih
cZ
cfX<f� <l<Wih]cb&� h?]g� a<W?Ub]ga� ]b� W?Uf[<� cZ� X<h<Wh]b[� UCC�
X<d<bX<bW<�j]cCUh]cbg�]g�WUCC<X�h?<�pE<acfm�<]gUaV][iUh]cb�HcC]Wmr(�L?<f<�Uf<�hkc�_]bXg�cZ�
a<acfm�X]gUaV][iUh]cb�gW?<a<g&�h?<�bcb
gd<WiCUh]j<�gW?<a<&�UbX�h?<�gd<WiCUh]j<�gW?<a<&�
h?<� bcb
gd<WiCUh]j<� gW?<a<� dfUWh]WUCCm� ]ggi<g� h?<� a<acfm� UWW<gg� ]bghfiWh]cbg� ]b� cfX<f&�
k?<h?<f� h?<� gd<WiCUh]j<� ig<g� U� X<d<bX<bWm� df<X]Whcf� hc� ]ggi<� h?cg<� ]bghfiWh]cbg� h?Uh� Uf<�
df<X]Wh<X�Ug�Wc
X<d<bX<bh�cZ�Ub�cCX<f�a<acfm�UWW<gg�]bghfiWh]cb(�

9Ch?ci[?� h?<�bcb
gd<WiCUh]j<� ]ggi<g� ]b� cfX<f&� h?<f<� Uf<� h?f<<� _]bXg�cZ� bcb
gd<WiCUh]j<�
]ggi]b[&�gca<�k]h?�Ub�cih
cZ
cfX<f�<l<Wih]cb&�]b�LUVC<�+�R3S�Uf<�g?ckb�h?<g<�X]ZZ<f<bh�_]bXg�
cZ�a<acfm�X]gUaV][iUh]cb�gW?<a<g(�

�

Table	1.	Memory	disambiguation	schemes	

Name	 Speculative	 Description	

Total	Ordering	 No	 All	memory	accesses	are	processed	in	order.	

Partial	
Ordering	 No	

All	stores	are	processed	in	order,	but	loads	execute	
out-of-order	 as	 long	 as	 all	 previous	 stores	 have	
computed	their	addresses.	

Load	Ordering	
Store	Ordering	 No	

Execution	between	loads	and	stores	is	out	of	order,	
but	 all	 loads	 execute	 in-order	 among	 them,	 and	 all	
stores	execute	in-order	among	them.	

Store	Ordering	 Yes	 Stores	 execute	 in-order,	 but	 loads	 execute	
completely	out-of-order	
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Figure 2-24�R++S�g?ckg�U�Wcbj<bh]cbUC�DcUX�Khcf<�ei<i<�X<g][b�g<dUfUh<X�Zcf�CcUXg�UbX�
ghcf<g�]b�hkc�X]ZZ<f<bh�ei<i<g&�]b�h?]g�gW?<a<&�U�CcUX�UggcW]Uh]j<Cm�g<UfW?<g�h?<�Khcf<�ei<i<�
]b�cfX<f�hc�ZcfkUfX�h?<�XUhU�Zfca�Ub�cCX<f�]b
ZC][?h�ghcf<&�k?<h?<f�U�ghcf<�g<UfW?<g�Zcf�CcUXg�
h?Uh�?Uj<�<l<Wih<X�gd<WiCUh]j<Cm�#kfcb[$�]b�cfX<f�hc�geiUg?�h?<a�Vm�]hg�f<
<l<Wih]cb(�

	

	

Figure	2-24.	Conventional	LSQ	design	

	

2.4	 CACHE	MEMORY	AND	MEMORY	HIERARCHY	

<i<�hc� h?<�jUf]Uh]cb�k]h?� h?<�a<acfm�UWW<gg� CUh<bWm�X<d<bX]b[�cb� h?<�WUdUW]hm�cZ� h?<�
a<acfm&�h?<�WUW?<�a<acfm�giVgmgh<a�]g�?]<fUfW?]WUCCm�X]j]X<X�]bhc�WUW?<�C<j<Cg�#bcfaUCCm�id�
hc� h?f<<� C<j<Cg$&�V<]b[� h?<�D+� h?<�WCcg<f�cb<� hc� h?<�dfcW<ggcf�UbX�k]h?� h?<�gaUCC<f�UWW<gg�
CUh<bWm(� 9Cgc&� h?<f<� Uf<� hkc� _]bXg� cZ� WUW?<� cf[Ub]nUh]cbg&� h?<� ]bWCig]j<� WUW?<g&� UbX� h?<�
<lWCig]j<�WUW?<g&�]b�h?<�]bWCig]j<�WUW?<g�h?<�Cck<f�C<j<C�WUW?<g�?Uj<�dcfh]cb�cZ�XUhU�#hfm]b[�hc�
V<�h?<�dcfh]cbg�Wiff<bhCm�]b�ig<$�Wcd]<X�Zfca�h?<�idd<f�C<j<C�WUW?<g&�k?<h?<f�]b�h?<�<lWCig]j<�
WUW?<g�]h�]g�hc�gUm�h?Uh�h?<f<�]g�cbCm�cb<�Wcdm�cZ�h?Uh�dcfh]cb�cZ�XUhU�k]h?]b�UCC�h?<�WUW?<�C<j<Cg�
#]g�acf<�WcadC<l�hc�?UbXC<$(�L?<�WUW?<�?]<fUfW?]WUC�C<j<Cg�ig<�X]ZZ<f<bh�a<acfm�h<W?bcCc[]<g&�
Zcf�h?<�]bh<fbUC�WUW?<�a<acfm�D+&�D,&�UbX�D-�Uf<�UCkUmg�]adC<a<bh<X�ig]b[�Ub�KJ9E�#KhUh]W�
JUbXca�9WW<gg�E<acfm$�V<WUig<�cZ� ]hg� gaUCC�UWW<gg� CUh<bWm&�k?<h?<f� Zcf� h?<� f<gh�cZ� h?<�
a<acfm�giVgmgh<a�C<j<Cg�Uf<�bcfaUCCm�]adC<a<bh<X�k]h?�<J9Eg�#<mbUa]W�JUbXca�9WW<gg�
E<acfm$(�
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9b�KJ9E�W<CC�#]h�ghcf<g�cb<�V]h$�]g�bcfaUCCm�aUX<�cZ�g]l�;EGK�hfUbg]ghcfg�#0L�KJ9E�W<CC$&�
h?<g<�hfUbg]ghcfg�Uf<�Wcadcg<X�cZ�hkc�UWW<gg�hfUbg]ghcfg�UbX�U�dU]f�cZ�]bj<fh<fg�#ig]b[�hkc�
hfUbg]ghcfg�<UW?$&�k?<h?<f�h?<�<J9E�W<CC�]g�U�Cch�g]adC<f�k]h?]b�]hg�ghfiWhif<&�]h�]g�aUX<�cZ�cb<�
cf�h?f<<�hfUbg]ghcfg�UbX�U�WUdUW]hcf�#b<<X]b[�hc�V<�f<Zf<g?<X�<j<fm�W<fhU]b�d<f]cX�cZ�h]a<�]b�
cfX<f�hc�aU]bhU]b�]hg�ghcf<X�jUCi<$(�Ab�Figure 2-25�UbX�Figure 2-26�Uf<�g?ckb�h?<g<�X]ZZ<f<bh�
a<acfm�h<W?bcCc[]<g(�
	

	

Figure	2-25.	SRAM	cell	

	

Figure	2-26.	DRAM	cell	

L?ci[?�h?<�KJ9E�UWW<gg�]g�U�Cch�ZUgh<f�h?Ub�h?<�<J9E&�ig]b[�cbCm�KJ9Eg�Zcf�h?<�k?cC<�
a<acfm� ]g� ibZ<Ug]VC<�V<WUig<�cZ� Wcgh&� UCgc&� h?]g�a<acfm� h<W?bcCc[m�kUgh<g�acf<�<b<f[m&�
cWWid]<g�acf<�?UfXkUf<�gdUW<�UbX� ]hg� CUh<bWm� ]g� Ccb[(� Ab�cfX<f� hc�WcbW<UCa<bh� h?<�cj<fUCC�
a<acfm�UWW<gg�CUh<bWm&�h?<�XUhU�h?Uh�]g�V<]b[�UWW<gg<X�WcbghUbhCm�]g�ghcf<X�]b�h?<�?][?
gd<<X�
D+&�D,&�UbX�D-�WUW?<�a<acfm�UbX�k?<b<j<f�h?<f<�]g�U�WUW?<�a]gg�#h?<�f<ei<gh<X�XUhU�]g�bch�
ZcibX�]b�h?<�D+�WUW?<�a<acfm$&�h?<f<�]g�Ub�<lW?Ub[<�cZ�XUhU�k]h?]b�idd<f�WUW?<�C<j<Cg(�Ah�]g�
bcfaUCCm�Zcf�h?<�D+�WUW?<g�hc�V<�g<dUfUh<X�]bhc�AbghfiWh]cb�;UW?<�UbX�<UhU�;UW?<&�k?<h?<f&�
Zcf� h?<� idd<f� WUW?<� C<j<Cg&� h?<m� Uf<� igiUCCm� Wcadcg<X� cZ� a]l<X� ]bghfiWh]cb� UbX� XUhU�
]bZcfaUh]cb�#ib]Z]<X�WUW?<$(�
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L?<�WUW?<�a<acfm�WcbhfcCC<f�R.S�]g�]b�W?Uf[<�cZ�h?<�hfUW_]b[�cZ�UCC�h?]g�ghcf<X�]bZcfaUh]cb�
]b� h?<� X]ZZ<f<bh� WUW?<� C<j<Cg&� k?<b<j<f� h?<f<� ]g� U� f<ei<gh� Zfca� h?<� dfcW<ggcf&� h?]g� WUW?<�
a<acfm�WcbhfcCC<f�W?<W_g�]Z�h?<�XUhU�]g�ghcf<X�]b�h?<�?][?
gd<<X�WUW?<&�]Z�<ZZ<Wh]j<Cm�]h�]g�]b�D+&�
h?]g�CcWUh]cb�WUb�V<�UWW<gg<X�]aa<X]Uh<Cm�UbX�h?<f<�kcboh�V<�Ubm�kU]h]b[�WmWC<g&�Vih&�]Z�]h�]g�
bch&�]h�f<giChg�]b�U�a]gg�WUW?<�UbX�h?<�f<ei<gh<X�XUhU�]g�hU_<b�Zfca�idd<f�a<acfm�C<j<Cg�D,&�
D-�cf�EU]b�E<acfm�#<J9Eg$�C<UX]b[�hc�kU]h�WmWC<g�#>][if<�,
,1$�R.S(�
�

	

Figure	2-27.	The	Cache	Memory	concept	

E<acfm�?]<fUfW?]<g�cbCm�kcf_�]Z�h?<�C<j<Cg�WCcg<f�hc�h?<�dfcW<ggcf�?Uj<�ghcf<X�XUhU�h?Uh�
h?<�dfc[fUa�k]CC�V<�f<ig]b[&�]Z�bch&�h?<f<�k]CC�V<�U�Cch�cZ�kU]h�WmWC<g�dfcjc_<X�Vm�h?<�Ccb[�CUh<bWm�
a<acf]<g(�E<acfm�?]<fUfW?]<g�kcf_�Vm� hU_]b[� ]bhc�UWWcibh� h?<� hkc�Ugd<Whg�cZ� h?<� CcWUC]hm�
dfcd<fhm� ]bg]X<�Ub�UXXf<gg�gdUW<&�h?<�Z]fgh�Ugd<Wh� ]g�h?<�L<adcfUC�DcWUC]hm�k?]W?�gUmg�h?Uh�
pL?<�]bZcfaUh]cb�h?Uh�]g�UCf<UXm�]b�ig<�]g�C]_<Cm�hc�V<�ig<X�]b�h?<�b<Uf�Zihif<r&�UbX�h?<�g<WcbX�
Ugd<Wh�]g�h?<�KdUh]UC�DcWUC]hm&�]h�gUmg�h?Uh�pL?<�dcfh]cbg�cZ�h?<�UXXf<gg�gdUW<�k?]W?�Uf<�]b�ig<&�
[<b<fUCCm�Wcbg]gh�cZ�U�ZU]fCm�gaUCC�biaV<f�cZ�]bX]j]XiUCCm�Wcbh][icig�g<[a<bhg�cZ�h?Uh�UXXf<gg�
gdUW<r�R+,S(�
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FcfaUCCm&� h?<� ]bghfiWh]cb� WUW?<�a<acfm�UXXf<gg<g�Ug�k<CC� Ug� h?<�XUhU� WUW?<�a<acfm�
UXXf<gg<g&�Uf<�j]fhiUC�UXXf<gg<g&�h?<f<�aigh�V<�d<fZcfa<X�U�df]cf�hfUbgCUh]cb�]b�cfX<f�hc�cVhU]b�
h?<�d?mg]WUC�UXXf<gg<g(�L?]g�d?mg]WUC�UXXf<gg�]g�h?<�fUb[<�cZ�a<acfm�CcWUh]cbg�h?Uh�WUb�V<�
[<b<fUh<X�UbX�Xf]j<b�Vm�h?<�UXXf<gg�Vig&�k?<h?<f�h?<�j]fhiUC�a<acfm�UXXf<gg�]g�h?<�fUb[<�cZ�
a<acfm�CcWUh]cbg�h?Uh�U�dfc[fUa�WUb�aU_<�ig<�cZ(�L?<�k?cC<�UXXf<gg�gdUW<�]g�X]j]X<X�]bhc�
dU[<g&�UbX�h?<�cd<fUh]b[�gmgh<a�]g�]b�W?Uf[<�cZ�aUdd]b[�h?<a�k]h?�h?<�?<Cd�cZ�]hg�dU[<�hUVC<�
XUhU�ghfiWhif<�ghcf<X�]b�aU]b�a<acfm�(Figure 2-28)(�

	

Figure	2-28.	Memory	hierarchy	

	

	

2.4.1	 CACHE	MEMORY	PARAMETERS	

L?<�WUW?<�a<acfm�WUb�V<�WCUgg]Z]<X�Vm�gca<�dUfUa<h<fg�k]h?]b�]hg�UfW?]h<Whif<�UbX�Vm�
]hg�kf]h<�dcC]Wm&�h?<g<�dUfUa<h<fg�Uf<�bch<X�]b�Table 2(�
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Table	2.	Cache	memory	parameters	

BUS	
UTILIZATION	 ASSOCIATIVITY	 LINE	SIZE	 CACHE	SIZE	 WRITE	POLICY	

Look-through	 Fully-associative	 (Also	known	as	
block	size),	these	
are	the	number	
of	bytes	per	line,	

normally	
32bytes	or	
64bytes	

KB	of	data	in	the	
Memory,	normally	
these	are	32KB	for	
L1	cache	and	

512KB	for	L2	cache	

Write-through	

Look-aside	 Direct-mapped	 Buffered	write-through	

		 N-Way	set-associative	 Write-back	

		 		 		

	

Bus	Utilization	

L?<�WUW?<�WUb�V<�cf[Ub]n<X�UbX�]adC<a<bh<X�Ug�U�Dcc_
h?fci[?�WUW?<�cf�U�Dcc_
Ug]X<�
WUW?<&� <UW?�cb<�k]h?� ]hg� ckb�UXjUbhU[<g�UbX�X]gUXjUbhU[<g(�O?<b<j<f� h?<�Dcc_
h?fci[?�
UfW?]h<Whif<�g<UfW?<g�Zcf�h?<�f<ei<gh<X�XUhU�]b�h?<�D+�WUW?<�]h�ig<g�h?<�CcWUC�Vig&�UbX�]Z� ]h�
kUgboh�ZcibX&�h?<b�]h�[c<g�hc�Ub�idd<f
C<j<C�WUW?<�hc�g<UfW?�h?Uh�XUhU&�h?ig&�]h�k]CC�V<�ig]b[�
h?<�gmgh<a�Vig�Uh� h?]g�dc]bh&� ]h�?Ug� hc�V<�bch<X� h?Uh� h?<�Vig�ih]C]nUh]cb� Zcf� h?<�idd<f
C<j<C�
WUW?<g� ]g�cbCm� f<ei]f<X�k?<b<j<f� h?<f<� ]g�U�WUW?<�a]gg&�Vm� h?]g�kUm� ]h�gUj<g�ibb<W<ggUfm�
g<UfW?<g�hc�h?<g<�Ccb[
CUh<bWm&�]h�UCgc�gUj<g�dck<f
kUgh]b[�idd<f
C<j<C�WUW?<�a<acf]<g�Ug�
k<CC�Ug�ibb<W<ggUfm�gmgh<a�Vig�ih]C]nUh]cb(�Ab�h?<�ch?<f�?UbX&�h?<�Dcc_
Ug]X<�g<UfW?<g�]b�h?<�
D+�WUW?<�a<acfm�Ug�k<CC�Ug�]b�h?<�idd<f
C<j<C�WUW?<g&�h?Uh�]g�hc�gUm&�]h�Xc<g�bch�]gcCUh<�h?<�
CcWUC�Vig�g<UfW?<g�Zfca�h?<�gmgh<a�Vig�g<UfW?<g&�h?]g�kUgh<g�acf<�dck<f�UbX�Xc<g�acf<�
ih]C]nUh]cb�cZ�h?<�Vig�#h?]g�WUb�Xf]j<�hc�a<acfm�UWW<gg�cj<f?<UX$&�Vm�h?<�kUm&�Ub�UXjUbhU[<�]g�
h?Uh� k?<b<j<f� h?<f<� ]g� U� WUW?<�a]gg� ]h� [<hg� h?<� f<ei<gh<X� XUhU� ZUgh<f� h?Ub� k]h?� Ubch?<f�
gW?<a<&�k?]C<�h?<�Dcc_
h?fci[?�Z]fgh�g<UfW?<g�]b�h?<�WCcg<f�C<j<C�WUW?<�UbX�h?<b�hc�h?<�ch?<f�
C<j<C�WUW?<g&� h?<�Dcc_
Ug]X<�g<UfW?<g�UCC�Uh� h?<�gUa<�h]a<&� h?ig� ]h�Xc<g�bch�kUgh<�h]a<� ]b�
kU]h]b[�Zcf�U�WUW?<�a]gg(�

	

Write	Policy	

L?<f<�Uf<�hkc�WcbW<dhg�Zcf�cihXUh<X�XUhU�dfcVC<ag�k]h?]b�h?<�WUW?<�Wcbg]gh<bWm&�h?<�Z]fgh�
cb<�?Udd<bg�k?<b�gca<�a<acfm�CcWUh]cb�?Ug�V<<b�acX]Z]<X�cf�idXUh<X�#]h� ]g�WUCC<X�hc�V<�
pX]fhmr�XUhU$�]b�U�C<j<C�WUW?<�Vih�h?<�cihXUh<X�XUhU�]b�h?<�Ubch?<f�C<j<C�WUW?<�?Ugboh�#]h�]g�WUCC<X�
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hc� V<� pghUCCr� XUhU$&� h?ig&� Ub� idXUh]b[� cd<fUh]cb� aigh� V<� Xf]j<b� ]b� cfX<f� hc� <bgif<� WUW?<�
Wcbg]gh<bWm(�L?<�acgh�Wcaacb�WUg<� ]g�k?<b�h?<�WUW?<�?Ug�V<<b�idXUh<X�#bck� ]g�U�X]fhm�
a<acfm�CcWUh]cb$�k]h?�U�ghcf<�cd<fUh]cb&�k?]C<�h?<�Wcdm�]b�aU]b�a<acfm�]g�cihXUh<X�#?Ug�ghUCC�
XUhU�Zcf�h?Uh�a<acfm�CcWUh]cb$(�L?<�kUm�h?<�dfcW<ggcf�gcCj<g�h?<�WUW?<�Wcbg]gh<bWm�dfcVC<a�
]g�WUCC<X�h?<�pOf]h<�HcC]Wmr&�h?<�<Ug]<gh�]adC<a<bhUh]cb�]g�h?<�Of]h<
L?fci[?�dcC]Wm&�UbX�h?]g�]g�
V<WUig<&�k?<b<j<f�U�ghcf<�cd<fUh]cb�?Ug�V<<b�g<C<Wh<X�hc�idXUh<�h?<�UfW?]h<WhifUC�ghUh<�cZ�
h?<�dfcW<ggcfog�XUhU�WUW?<&�]h�UCgc�idXUh<g�h?<�Wcdm�cZ�h?Uh�a<acfm�CcWUh]cb�]b�]hg�idd<f
C<j<C�
WUW?<&�]h�]g�g]adC<f�hc�]adC<a<bh�Vih�]h�f<giChg�]b�Cck<f�cj<fUCC�d<fZcfaUbW<�V<WUig<�]h�?Ug�hc�
UWW<gg�U� Ccb[
CUh<bWm�aU]b�a<acfm(�9�acX]Z]WUh]cb�cZ� h?]g� gW?<a<� ]g� h?<�:iZZ<f<X�Of]h<

L?fci[?�dcC]Wm&�h?]g�]g�cb<�cZ�h?<�acgh�ig<X&�]h�?Ug�U�ViZZ<f�k?<f<�h?<�ghcf<�cd<fUh]cbg�Uf<�
gUj<X&�UbX�g]aiCUh<g�h?Uh�h?<f<�kUg�U�WUW?<�?]h&�Vih�UWhiUCCm�h?<�cd<fUh]cb�k]CC�hU_<�dCUW<�U�
C]hhC<�CUh<f&�h?]g�dcC]Wm�]g�Ub�]adfcj<a<bh�cZ�h?<�kf]h<
h?fci[?�dcC]Wm(�L?<�Of]h<
:UW_�dcC]Wm�cbCm�
idXUh<g�h?<�idd<f
C<j<C�WUW?<�k?<b<j<f�]h�]g�b<W<ggUfm�#Aigh�h?<�CcWUh]cbg�h?Uh�Uf<�aUf_<X�hc�
V<�X]fhm$&�h?<�idd<f�C<j<C�]g�idXUh<X�cbCm�k?<b�h?<�WUW?<�CcWUh]cb�h?Uh�WcbhU]bg�pX]fhmr�XUhU�]g�
UVcih� hc�V<�cj<fkf]hh<b�Vm�Ubch?<f�a<acfm� CcWUh]cb&� h?<b� h?<�idd<f
C<j<C�WUW?<�?Ug� hc�V<�
idXUh<X�k]h?�h?]g�acX]Z]<X�XUhU(�

	

Associativity	

J<a<aV<f]b[�h?Uh�h?<�aU]b�a<acfm�]g�cf[Ub]n<X�Vm�dU[<g�UbX�h?Uh�h?<�WUW?<�]g�X]j]X<X�
Vm� WUW?<� C]b<g� #UCgc� _bckb� Ug� VCcW_g� cf� g<hg$&� h?<f<� Uf<� h?f<<�aU]b� WcbW<dhg� k]h?]b� h?<�
cf[Ub]nUh]cb�UbX�UXXf<gg]b[� ]bg]X<� h?<�WUW?<&� h?]g�cf[Ub]nUh]cb�WUb�V<�U�>iCCm
9ggcW]Uh]j<&�
<]f<Wh
EUdd<X� cf� Ub� F
OUm� K<h
9ggcW]Uh]j<� WUW?<(� O]h?� h?<� >iCCm
9ggcW]Uh]j<� WUW?<�
cf[Ub]nUh]cb&� h?<�aU]b�a<acfm� ]g�g<<b�Ug�U�?i[<�cbCm� pdU[<r&�gc� h?Uh� ]h� ]g�cbCm�X]j]X<X�Vm�
VCcW_g&�]b�h?]g�cf[Ub]nUh]cb�<j<fm�VCcW_�]b�aU]b�a<acfm�WUb�V<�CcWUh<X�#cf�bch$�]b�Ubm�cZ�h?<�
D+�WUW?<�VCcW_g&�h?ig&�k?<b�U�a<acfm�CcWUh]cb�]g�UWW<gg<X&�h?]g�a<acfm�UXXf<gg�]g�g<UfW?<X�
]b�<UW?�cZ�h?<�WUW?<�X]f<Whcfm�<bhf]<g�]b�cfX<f�hc�_bck�]Z�h?]g�a<acfm�CcWUh]cb�Wcdm�]g�UWhiUCCm�
]b� h?<�D+�WUW?<�cf� ]Z� ]h�aUm�b<<X�hc�V<�hU_<b�Zfca�idd<f
C<j<C�WUW?<g&� h?]g�Xf]j<g�hc� Ccb[

CUh<bWm�kU]h]b[�WmWC<g�]b�h?<�WUg<�cZ�U�V][�D+�WUW?<�#acf<�h?Ub�.C:$&�]h�UCgc�Wcbgia<g�acf<�
dck<f�<b<f[m�V<WUig<�cZ�UCC�h?<�WcadUf]gcbg�]bg]X<�h?]g�;9E�X]f<Whcfm(�L?]g�acX<C�]bWf<Ug<g�
h?<� WUW?<� ?]h� fUh<� Ug�k<CC� Ug� cj<fUCC� d<fZcfaUbW<� Zcf� h?cg<� dfcW<ggcfg� h?Uh� ig<� gaUCC� D+�
WUW?<g(�Ab�Figure 2-29�]g�g?ckb�U�g]adC<�X]U[fUa�cZ�h?]g�WUW?<�cf[Ub]nUh]cb(�
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Figure	2-29.	Fully-Associative	Cache	Organization	

�

;cbhfUfm�hc�h?<�ZiCCm
UggcW]Uh]j<�WUW?<�]g�h?<�<]f<Wh
EUdd<X�WUW?<�cf[Ub]nUh]cb&�cbCm�cb<�
<bhfm�?Ug�hc�V<�W?<W_<X�]b�h?<�WUW?<�X]f<Whcfm�]b�cfX<f�hc�]bX]WUh<�]Z�h?<�a<acfm�CcWUh]cb�Wcdm�
]g�]b�WUW?<�cf�]b�aU]b�a<acfm�#WUW?<�?]h�cf�WUW?<�a]gg$&�]b�h?]g�cf[Ub]nUh]cb�h?<�aU]b�a<acfm�
]g�X]j]X<X�]bhc�dU[<g&�gc�h?Uh�<j<fm�g<h�]b�h?<�WUW?<�WUb�aUd�hc�h?Uh�g<h�cZ�Ubm�cZ�h?<�dU[<g�]b�
aU]b�a<acfm&�h?ig&�]h�]g�g]adC<f�hc�]adC<a<bh�UbX�h?<�CUh<bWm�]b�W?<W_]b[�h?<�WUW?<�X]f<Whcfm�
]g�gaUCC<f�h?Ub�k]h?�h?<�ch?<f�gW?<a<g&�h?<�X]gUXjUbhU[<�k]h?�h?]g�cf[Ub]nUh]cb�]g�h?Uh�h?<f<�
]g� cbCm� cb<� d<fa]hh<X� <bhfm� ]b� h?<� WUW?<� d<f� g<h� ]b� h?<�aU]b�a<acfm&� h?<b� ]h� ZcfW<g� h?Uh�
k?<b<j<f� ]h� ?Ug� hc� V<� UWW<gg<X� h?<� gUa<� g<h� Vih� Zfca� Ubch?<f� dU[<&� h?Uh� g<h� ?Ug� hc� V<�
cj<fkf]hh<b�#]b�h?<�?mdch?<h]W�WUg<�k?<f<�h?<f<�Uf<�jUf]cig�Wcbg<Wih]j<�UWW<gg<g�hc�g<h��Vih�
Zfca�X]ZZ<f<bh�dU[<g&�<j<fm�UWW<gg�k]CC�]bWif�]b�dU[<�a]gg$�(Figure 2-30)(�
�
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Figure	2-30.	Direct-Mapped	Cache	Organization	

Ab�cfX<f�hc�aU_<�]h�dcgg]VC<�hc�?Uj<�]b�WUW?<�acf<�g<hg�cZ�h?<�gUa<�g<h�]b�aU]b�a<acfm�
Vih�Zfca�X]ZZ<f<bh�dU[<g&�Ub�]adfcj<a<bh�cZ�h?<�CUgh�WUW?<�cf[Ub]nUh]cb&� ]g�h?<�F
kUm�g<h

UggcW]Uh]j<� WUW?<&� ]h� WUb� V<� ,
OUm� K<h
9ggcW]Uh]j<&� .
OUm� K<h
9ggcW]Uh]j<&� <hW(&� Ug� ]h�
]bWf<Ug<g�h?<�biaV<f�cZ�pkUmgr&�]hg�UggcW]Uh]j]hm�]bWf<Ug<g(�=UW?�pkUmr�]g�cb<�acf<�dcfh]cb�cZ�
WUW?<�a<acfm�cZ�h?<�g]n<�cZ�U�g]b[C<�dU[<�#.C:&�2C:&�<hW($&�k?]W?�WUb�ghcf<�h?<�gUa<�g<h�Vih�
Zfca�U�X]ZZ<f<bh�dU[<�]b�aU]b�a<acfm&�h?Uh�]g�hc�gUm&�]Z�h?<f<�]g�UCf<UXm�U�g<h�ghcf<X�]b�pOUm�
9r�UbX�Ub�UWW<gg�hc�h?<�gUa<�g<h�Vih�Zfca�U�X]ZZ<f<bh�dU[<�cWWifg&�]h�]gboh�b<W<ggUfm�hc�V<�
cj<fkf]hh<b�h?<�UCf<UXm�ghcf<X�g<h�]b�pOUm�9r&�]h�]g�ghcf<X�]b�Ubch?<f�kUm�#](<(�pOUm�:r$(�L?]g�
gW?<a<�]bWf<Ug<g�h?<�WUW?<�?]h�fUh<�WcadUf<X�hc�h?<�<]f<Wh
EUdd<X�WUW?<�cf[Ub]nUh]cb(�

Figure 2-31� ]CCighfUh<g� U� g]adC<� X]U[fUa� Zcf� h?]g� WUW?<� cf[Ub]nUh]cb� #U� hkc
kUm� g<h

UggcW]Uh]j<�WUW?<�cf[Ub]nUh]cb$(�
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Figure	2-31.	Two-Way	Set-Associative	Cache	Organization	

	

	

2.5	 TAG	AND	DATA	ARRAY	ACCESSES	

=UW?�a<acfm�UXXf<gg�?Ug�h?f<<�Z]<CXg�cZ�]bZcfaUh]cb&�h?<�C�C<Ugh�g][b]Z]WUbh�V]hg�Uf<�h?<�
cZZg<h�V]hg&�k]h?�h?<g<�V]hg�U�gd<W]Z]W�Vmh<�UCcb[�h?<�WUW?<�C]b<�#g<h$�WUb�V<�UWW<gg<X&�h?<�b<lh�
Z]<CX�]g�h?<�]bX<l�Z]<CX&�]h�X<h<fa]b<g�k?]W?�g<h�]b�h?<�dU[<�]g�V<]b[�UXXf<gg<X&�UbX�h?<�CUgh�
Z]<CX� #]b� h?<�acgh� g][b]Z]WUbh� V]hg$� ]g� h?<� hU[&�k?]W?� ]g� ig<X� hc� ]X<bh]Zm� h?<�dU[<� ]bg]X<� h?<�
a<acfm�giVgmgh<a(�L?<�g]n<�cZ�h?<g<�Z]<CXg�]g�bch<X�]b�LUVC<�-(�
	

	

	

	

y	
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Table	3.	Memory	Address	Fields	

Taking	into	
account…	

Block	Size	(in	bytes)	 =	 Q	

Number	of	sets	 =	 S	

Tag	bits	 =	 T	

Offset	bits	(K)	 =	 log2	(Q)	

Index	bits	(M)	 =	 log2	(S)	

Page	Size	(in	bytes)	 =	 S	*	Q	

Memory	address	length	 =	 T	+	M	+	K	

	

:<WUig<�X]ZZ<f<bh�UXXf<gg<g�WUb�aUd�hc�h?<�gUa<�g<h�]bg]X<�h?<�WUW?<�#Vih�]h�V<Ccb[g�hc�
U�X]ZZ<f<bh�dU[<&�h?ci[?$&�h?<f<�]g�U�LU[�9ffUm�h?Uh�g<fj<g�Ug�U�a<W?Ub]ga�hc�pf<j<fg<
aUdr�
h?<g<�]bX<l<g�hc�UXXf<gg<g(�Ah�?Ug�h?<�gUa<�cf[Ub]nUh]cb�Ug�h?<�<UhU�9ffUm&�UbX�Zcf�<UW?�VCcW_�
]bg]X<�h?<�XUhU�UffUm&�h?<�hU[�UffUm�?Ug�ghcf<X�Vch?�h?<�LU[�V]hg�UbX�h?<�ghUh<�V]hg�cZ�h?Uh�VCcW_�
#k?<h?<f�]h�]g�jUC]X&�X]fhm&�WUW?<X&�ibWUW?<X&�<hW($(�L?<f<�Uf<�hkc�_]bXg�cZ�hU[�UbX�XUhU�UffUm�
UWW<gg<g&�h?<�dUfUCC<C�UWW<gg�UbX�g<f]UC�UWW<gg(�

	

2.5.1	 PARALLEL	TAG	AND	DATA	ARRAY	ACCESS	

Ab� h?]g�gW?<a<&� h?<� hU[�UbX�XUhU�UffUmg�Uf<�UWW<gg<X� ]b�U�dUfUCC<C�aUbb<f&� h?<�UWW<gg�
dfcW<gg�]g�h?<�ZcCCck]b[4�L?<�hU[�V]hg�Zfca�h?<�a<acfm�UXXf<gg�Uf<�WcadUf<X�k]h?�h?<�hU[�
V]hg�ZcibX�]b�UCC�h?<�pkUmgr�cZ�h?<�hU[�UffUm�UXXf<gg<X�Vm�h?<�]bX<l�Z]<CX�cZ�h?<�a<acfm�UXXf<gg&�
]Z�h?<f<�]g�U�?]h&�h?<b�]h�gUmg�h?Uh�h?<�a<acfm�CcWUh]cb�Wcdm�]g�]b�WUW?<�#]h�]bX]WUh<g�]b�k?]W?�
pkUmr�cZ�h?<�XUhU�WUW?<�VCcW_g�WUb�V<�ZcibX$&�ck]b[�hc�h?<�ZUWh�h?Uh�UCC�h?<�pkUmgr�cZ�h?<�XUhU�
WUW?<�Uf<�f<UX&�h?<�Wcff<Wh�pkUmr�?Ug�hc�V<�g<C<Wh<X�k]h?�h?<�?<Cd�cZ�U�aiCh]dC<lcf�#h?<�g<C<Wh<X�
pkUmr�]g�]bX]WUh<X�Vm�h?<�hU[�UffUm�?]h$(�AZ�h?<�hU[�]g�bch�ZcibX�]b�h?<�hU[�UffUm&�h?<b�]h�]g�gU]X�
h?Uh�h?<�a<acfm�CcWUh]cb�Wcdm�]gboh�]b�h?<�D+�WUW?<�UbX�]h�?Ug�hc�V<�Vfci[?h�Zfca�idd<f
C<j<C�
a<acfm(�L?]g�gW?<a<�]g�ZUgh�Vm�h?<�ZUWh�h?Uh�]h�f<UX�]b�dUfUCC<C�Vch?�h?<�hU[�UffUm�UbX�h?<�XUhU�
UffUm&� Vih� ]h� ibb<W<ggUfm�kUgh<g�dck<f� <b<f[m� ]b� f<UX]b[�UCC� h?<� pkUmgr� cZ� h?<�XUhU� UffUm�
(Figure 2-32)�R3S(�
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Figure	2-32.	Parallel	Tag	and	Data	Array	Access	

	

2.5.2	 SERIAL	TAG	AND	DATA	ARRAY	ACCESS	

Ab�h?<�ch?<f�?UbX&�k]h?�h?<�g<f]UC�hU[�UbX�XUhU�UffUm�UWW<gg&�Ub�<lhfU�WmWC<�]g�]bhfcXiW<X�
Vih�gca<�<b<f[m�]g�gUj<X&�UCgc&�h?<�UWW<gg�Zf<ei<bWm�]bWf<Ug<g�V<WUig<�h?<�pOUm
Eilr�]g�
bch�b<W<ggUfm�Ubmacf<(�L?<�LU[�UffUm�]g�UWW<gg<X�Z]fghCm�]bX]WUh]b[�]Z�h?<f<�]g�U�WUW?<�?]h�cf�
a]gg�#]Z�h?<f<�]g�U�WUW?<�?]h&�]b�h?]g�d?Ug<�]h�]g�UCf<UXm�_bckb�]b�k?]W?�pkUmr�cZ�h?<�<UhU�UffUm�
h?<�XUhU�WUb�V<�ZcibX$(� AZ�U�?]h&� h?<�XUhU�UffUm� ]g�UWW<gg<X�X]f<WhCm&� ]Z�bch&� h?<b�h?<�XUhU� ]g�
Vfci[?h�Zfca�h?<�idd<f
C<j<C�a<acfm�(Figure 2-33)�R3S(�

	

Figure	2-33.	Serial	Tag	and	Data	Array	Access	
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Ab�Wcbh<adcfUfm�gid<fgWUCUf�dfcW<ggcfg�UCacgh�UCC�X<g][bg� ]bWCiX<� h<W?b]ei<g�giW?�Ug�
ghcf<
hc
CcUX� XUhU� ZcfkUfX]b[� R+-S&� a<acfm� X<d<bX<bW<� df<X]Wh]cb&� gd<WiCUh<X� <l<Wih]cb&�
<hW(&�h?<�Wcbj<bh]cbUC�X<g][b�]g�h?<�cb<�k?<f<�h?<�DcUX�ei<i<�UbX�h?<�Khcf<�ei<i<�Uf<�hkc�
g<dUfUh<X�;9E�ei<i<g�g<UfW?]b[�UggcW]Uh]j<Cm�<UW?�ch?<f�]b�cfX<f�hc�d<fZcfa�<]h?<f�U�XUhU�
ZcfkUfX]b[� cf� U� geiUg?]b[� ]b� h?cg<� CcUX� ]bghfiWh]cbg� <l<Wih<X� df<aUhif<Cm� (Figure 2-24)&�
C<UX]b[�hc�ibb<W<ggUfm�kUgh<X�<b<f[m&�h?ig&�h?<f<�?Ug�V<<b�gca<�DcUX�Khcf<�ei<i<�X<g][b�
dfcdcgUCg�k?]W?�cZZ<f�U� Cck� CUh<bWm�UbX�U�f<XiW<X�dck<f�Wcbgiadh]cb�R+-S�R+.S�R+/S�R+0S�
R+1S�R+2S(�<i<�hc�h?<�b<W<gg]hm�]b�]X<bh]Zm]b[�Ubm�XUhU�X<d<bX<bWm�V<hk<<b�U�mcib[<f�UbX�Ub�
cCX<f�]b
ZC][?h�a<acfm�UWW<gg�]bghfiWh]cb&�h?<g<�f<g<UfW?�dfcdcgUCg�ig<�Z]Ch<f]b[�h<W?b]ei<g�hc�
f<XiW<�h?<�biaV<f�cZ�UggcW]Uh]j<�g<UfW?<g(�

<<gd]h<�cZ�h?]g�f<ghf]Wh]cb&�h?<f<�Uf<�U�Cch�cZ�acX<Cg�k?]W?�cZZ<f�gd<WiCUh<X�<l<Wih]cb�Zcf�
h?<g<� CcUX� ]bghfiWh]cbg� Zf<<]b[� h?<a� Zfca�kU]h]b[� Zcf� h?<�mcib[<f�ghcf<� ]bghfiWh]cb� hc�?Uj<�
h?<]f�a<acfm�UXXf<gg�Wcadih<X&�h?]g�]g�Xcb<�j]U�U�a<acfm�UXXf<gg�X<d<bX<bW<�df<X]Whcf&�
UbX�]h�WUb�V<�U�pbU]j<r�df<X]Whcf�cf�U�acf<�gcd?]gh]WUh<X�pXmbUa]Wr�df<X]Whcf&�h?]g�CUgh�cb<�WUb�
UWhiUCCm�cZZ<f�U�j<fm�UWWifUh<�df<X]Wh]cb�#v30�$&� ]h�UW?]<j<g�h?]g�UWWifUWm�V<WUig<� ]h�[c<g�
C<Ufb]b[�h?<�a<acfm�UXXf<gg�X<d<bX<bWm�dUhh<fbg�Ug�Ccb[�Ug�h?<�dfc[fUa�]g�<l<Wih]b[&�k?<b�
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h?<�dfc[fUa�ghUfhg�]hg�<l<Wih]cb&�h?<�df<X]Whcf�k]CC�hU_<�pbU]j<r�X<W]g]cbg�UbX�ZU]C�cWWUg]cbUCCm�
Vih�UZh<f�gca<�WmWC<g�h?<�UWWifUWm�]bWf<Ug<�Wcbg]X<fUVCm(�

FcfaUCCm&�]h�]g�b<W<ggUfm�Zcf�U�CcUX�]bghfiWh]cb�hc�kU]h�Zcf�Ubm�cCX<f�ghcf<�]bghfiWh]cb�hc�?Uj<�
UCf<UXm�Wcadih<X�]hg�a<acfm�UXXf<gg�]b�cfX<f�hc�<bgif<�Ubm�a<acfm�X<d<bX<bWm�k]h?�h?<g<�
cCX<f�ghcf<�]bghfiWh]cbg(�AZ�U�CcUX�?Ug�U�XUhU�X<d<bX<bWm�k]h?�Ub�<UfC]<f�ghcf<&�h?<�CcUX�<]h?<f�
?Ug�hc�kU]h�Zcf�h?<�ghcf<�]bghfiWh]cb�hc�Wcaa]h�cf�U�ghcf<
hc
CcUX�ZcfkUfX]b[�WUb�V<�Xcb<�]b�
cfX<f�hc�ZcfkUfX�h?<�gd<WiCUh]j<�XUhU�Zfca�h?<�ibWcaa]hh<X�ghcf<�hc�h?<�CcUX(�Khcf<
hc
CcUX�
XUhU�ZcfkUfX]b[�cWWifg�k?<b�h?<� CcUX�j]fhiUC�UXXf<gg�aUhW?<g�k]h?�U�ghcf<�j]fhiUC�UXXf<gg�
UbX�h?<�ghcf<�g]n<�]g�[f<Uh<f�h?Ub�cf�<eiUC�hc�h?<�CcUX�g]n<�R+3S(�FcfaUCCm&�U�CcUX�]bghfiWh]cb�]g�
acf<�if[<bh�hc�V<�<l<Wih<X�h?Ub�U�ghcf<�R,S&�]h�]g�V<WUig<�h?<�XUhU�f<UX�Zfca�WUW?<�a<acfm�
]g� acf<� dfcVUVC<� hc� V<� b<<X<X� Vm� U� WCcg<� mcib[<f� ]bghfiWh]cb&� V<WUig<� cZ� h?Uh&� CcUX�
]bghfiWh]cbg�aUm�?Uj<�df<Z<f<bW<�cj<f�ghcf<�]bghfiWh]cbg&�Vih�h?<f<�aigh�V<�<lhfU�WUf<ZiC�k]h?�
h?<]f� ib
Wcadih<X� a<acfm� UXXf<gg<g&� <l<Wih]b[� cih
cZ
cfX<f� X<d<bX<bh� a<acfm� UWW<gg�
]bghfiWh]cbg�aUm�C<UX�hc�]bWcff<Wh�f<giChg(�

L?<�a<acfm�X]gUaV][iUh]cb�]g�h?<�a<W?Ub]ga�h?Uh�]X<bh]Z]<g�Ubm�X<d<bX<bW]<g�V<hk<<b�
a<acfm� UWW<gg� ]bghfiWh]cbg&� UCCck]b[� h?<g<� ]bghfiWh]cbg� hc� V<� <l<Wih<X� ]b� dUfUCC<C(� 9bm�
dfcW<ggcf�g?ciCX�?Uj<�Ub�<ZZ]W]<bh�a<acfm�X]gUaV][iUh]cb�gW?<a<� ]Z� h?<� AbghfiWh]cb�D<j<C�
HUfUCC<C]ga� ]g� kUbh<X� hc� V<� UW?]<j<X� k]h?� a<acfm� UWW<gg� ]bghfiWh]cbg(� L?<f<� ]g� bc�
X<d<bX<bWm� WcbZC]Wh�k?<b� CcUX� ]bghfiWh]cbg� <l<Wih<� cih
cZ
cfX<f&� h?<� WcbZC]Wh� ]g� [<b<fUh<X�
k?<b�U�CcUX�]bghfiWh]cb�<l<Wih<g�V<Zcf<�cZ�U�X<d<bX<bh�cCX<f�ghcf<&�UCgc&�]b�cfX<f�hc�aU]bhU]b�
h?<�a<acfm�g<aUbh]WUCCm&�]h�]g�b<W<ggUfm�Ub�]b
cfX<f�<l<Wih]cb�k]h?�h?cg<�ghcf<�]bghfiWh]cbg�
UXXf<gg]b[�hc�h?<�gUa<�a<acfm�CcWUh]cb&�h?Uh�]g�k?m�acX<fb�cih
cZ
cfX<f�dfcW<ggcfg�<l<Wih<�
ghcf<g� Uh� Wcaa]h� h]a<(� Ab� Z]fgh�a<acfm� X]gUaV][iUh]cb� ]adC<a<bhUh]cbg� h?]g�kUg�aUX<� Uh�
Wcad]C<
h]a<� R,+S� #WUCC<X� pghUh]Wr$� Vih� ]h� ]g� acf<� gi]hUVC<� ]Z� ]h� ]g� aUX<� j]U� U� WcaV]b<X�
?UfXkUf<)gcZhkUf<�]adC<a<bhUh]cb�cf�Ub�cbCm�?UfXkUf<�]adC<a<bhUh]cb&�h?Uh�]g�Uh�fib
h]a<�
#pXmbUa]Wr�a<acfm�X]gUaV][iUh]cb$(�

:<WUig<� h?<�UfW?]h<WhifUC�ghUh<�cZ� h?<�dfcW<ggcf� #hUC_]b[�UVcih� h?<�XUhU�WUW?<$� ]g�cbCm�
W?Ub[<X�Uh�Wcaa]h�h]a<&�U�ghcf<�]bghfiWh]cb�?Ug�]hg�gcifW<�XUhU�ghcf<X�]b�h?<�ghcf<�ei<i<�cf�
kf]hh<b�]b�U�ghcf<�ViZZ<f&�UCCck]b[�U�ghcf<
hc
CcUX�XUhU�ZcfkUfX]b[�Vm�X<h<Wh]b[�k?<b<j<f�h?<f<�
]g�U�CcUX�X<d<bX<bWm�k]h?�Ub�cCX<f�ghcf<(� �

Kca<�<UfCm�]adC<a<bhUh]cbg�cZ�XmbUa]W�?UfXkUf<�X]gUaV][iUh]cb�R,S�Uf<4�



Chapter	3	 	 41	

State	of	the	art	

• L?<�A:E�Kmgh<a�)�-0�EcX<C�R,,S�q�Ah�?Ug�U�ghcf<�ei<i<�k?]W?�WUb�X<h<Wh�ghcf<

CcUX�X<d<bX<bW]<g(� AZ� ]h� ]g�X<h<Wh<X�U�X<d<bX<bWm�V<hk<<b�U� CcUX�UbX�Ub�<UfC]<f�
ghcf<&�h?<�XUhU�]g�ZcfkUfX<X�Zfca�h?<�ghcf<�hc�h?<�CcUX�]bghfiWh]cb(�

• L?<�#HK�EcX<C�R,-S�
�Ah�ig<g�U�X<d<bX<bWm�aUhf]l�k?]W?�VCcW_g�UCC�h?<�mcib[<f�
CcUXg�cb[c]b[�Ub�ibf<gcCj<X�ghcf<(�

• L?<�9XXf<gg�J<gcCih]cb�:iZZ<f�#9J:$�R,.S�q�Ah�UCCckg�gd<WiCUh]j<�<l<Wih]cb�Zcf�CcUX�
]bghfiWh]cbg� UbX� ]h� X<h<Whg� ]Z� h?]g� <l<Wih]cb� kUg� giWW<ggZiC� #k]h?cih� Ubm�
X<d<bX<bW<$�cf�bch(�Khcf<g�Xc�bch�idXUh<�XUhU�WUW?<�a<acfm�ibh]C�Wcaa]h�h]a<&�
h?]g�]adC<a<bhUh]cb�]g�acf<�WcadC<l�h?Ub�h?<�A:E�Kmgh<a�-0�acX<C�UbX�h?<�#HK�
acX<C(�

�

	

3.1	 RESEARCH	PROPOSALS	FOR	LSQ	&	MEMORY	DISAMBIGUATION	

3.1.1	 TRIPS	

L?<�LJAHK�#L<fU
cd&�J<C]UVC<&�Abh<CC][<bhCm�UXUdh]j<�HfcW<gg]b[�Kmgh<a$�a]WfcUfW?]h<Whif<�
kUg�X<g][b<X�UbX�]adC<a<bh<X�Vm�U�f<g<UfW?�[fcid�]b�h?<�<<dUfha<bh�cZ�;cadih<f�KW]<bW<g�
Uh�h?<�Mb]j<fg]hm�cZ�L<lUg�Uh�9igh]b(�L?]g�X]ghf]Vih<X&�h]C<X�a]WfcUfW?]h<Whif<�dfchchmd<�(Figure 
3-1)�cZZ<fg�?][?<f�]bghfiWh]cb
C<j<C�WcbWiff<bWm�h?Ub�Wiff<bh�]bXighf]UC�dfcW<ggcfg&�<UW?�Wcf<�
WUb�<l<Wih<�id�hc�+0�cih
cZ
cfX<f�cd<fUh]cbg�d<f�WmWC<�UbX�]h�]g�Wcadcg<X�cZ�aiCh]dC<�Wcd]<g�
cZ�Z]j<�X]ZZ<f<bh�hmd<g�cZ�h]C<g�]bh<fWcbb<Wh<X�j]U�a]WfcUfW?]h<WhifUC�b<hkcf_g�R,/S(�
�
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Figure	3-1.	TRIPS	prototype	microarchitecture	

	

=UW?� XUhU� h]C<� #<L$� dUfh]h]cb�aUbU[<g�a<acfm� #CcUX� UbX� ghcf<$� ]bghfiWh]cbg&� d<fZcfag�
UXXf<gg�hfUbgCUh]cb�UbX�dfch<Wh]cb�k]h?�h?<�?<Cd�cZ�]hg�<UhU�LD:&�?Ug�U�E]gg
#UbXC]b[�Mb]h�
k?]W?�WUb�?UbXC<�id�hc�0.�WUW?<�a]gg<g&�hfUW_g�UbX�f<gcCj<g�a<acfm�X<d<bX<bW]<g�V<hk<<b�
CcUX� UbX� ghcf<� ]bghfiWh]cbg� ig]b[� ]hg� DcUX� Khcf<� ei<i<g� (Figure 3-2)&� ]h� ig<g� CcUX)ghcf<�
X<d<bX<bWm�df<X]Wh]cb� ]b�cfX<f� hc�d<fa]h� Ub�cih
cZ
cfX<f�<l<Wih]cb&� UbX�idXUh<g� h?<�XUhU�
WUW?<�k?<b�h?<�f<giChg�V<Wca<�bcb
gd<WiCUh]j<(�
�



Chapter	3	 	 43	

State	of	the	art	

	

Figure	3-2.	TRIPS	Processor's	Data	Tile	

=UW?�CcUX)ghcf<�]bghfiWh]cb�WUb�V<�aUdd<X�]bhc�Ubm�cZ�h?<�+0�<l<Wih]cb�ib]hg&� ]h� ]ggi<g�
k?<b�UCC�]hg�gcifW<�cd<fUbXg�Uf<�UjU]CUVC<�UbX�h?<b�]h�]g�g<bh�hc�h?<�<L�h?fci[?�h?<�b<hkcf_(�
R,0S�O?<b�U�CcUX�<bh<fg�h?<�XUhU�h]C<&�]h�UWW<gg<g�h?<�LD:�hc�Xc�Ub�UXXf<gg�hfUbgCUh]cb&�W?<W_g�
dfch<Wh]cb� Uhhf]Vih<g&� W?<W_g� h?<� <<d<bX<bW<� Hf<X]Whcf� #<HJ$� Zcf� U� ghcf<� X<d<bX<bWm&�
]X<bh]Z]<g�cCX<f�aUhW?]b[�ibWcaa]hh<X�ghcf<g�hc�d<fZcfa�U�ghcf<
hc
CcUX�XUhU�ZcfkUfX]b[�UbX�
]h�UCgc�W?<W_g�h?<�hU[�UffUm�Zcf�U�WUW?<�?]h)a]gg(�L?<f<�Uf<�Zcif�dcgg]VC<�gW<bUf]cg�X<d<bX]b[�
cb�h?<�?]h)a]gg�f<gdcbg<g�Ug�g?ckb�]b�Table 4&�UbX�h?ig&�Ub�cd<fUh]cb�hc�V<�d<fZcfa<X�]b�
<j<fm�gW<bUf]c(�
	

Table	4.	Load	Execution	Scenarios	(X=Don't	care)	

TLB DPR Cache LSQ Action 

Miss X X X Report TLB Exception 

Hit Hit X X Defer load until all prior 
stores are received 

Hit Miss Hit Miss Forward data from cache 

Hit Miss Miss X 
Forward data from L2 
cache, issue cache fill 
request 

Hit Miss Hit Hit Forward data from LSQ and 
cache 
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L?]g�UfW?]h<Whif<�giddcfhg�X]ZZ<f<bh�g]n<g�Zcf�ghcf<
hc
CcUX�XUhU�ZcfkUfX]b[�#2&�+0&�-,�UbX�
0.�V]hg$&�h?ig&�k?<b<j<f�h?<f<�]g�U�p?]hr�]b�h?<�DKI�]bX]WUh]b[�h?Uh�U�ghcf<
CcUX�XUhU�ZcfkUfX]b[�
]g�dcgg]VC<&�h?<�aUhW?]b[�Vmh<g�Uf<�hU_<b�Zfca�h?<�DKI�k?<h?<f�h?<�f<aU]b]b[�Vmh<g�Uf<�hU_<b�
Zfca�h?<�XUhU�WUW?<(�

O?<b�U�ghcf<�]g�g<bh�hc�U�XUhU�h]C<�]h�]g�ViZZ<f<X�]b�h?<�DKI�UbX�bch]Z]<g�hc�h?<�ch?<f�<Lg�
h?Uh�]h�?Ug�V<<b�]ggi<X&�]h�W?<W_g�Zcf�Ubm�X<d<bX<bW<�j]cCUh]cb�]bg]X<�h?<�<Lg�UbX�]Z�U�mcib[<f�
CcUX�k]h?�h?<�gUa<�a<acfm�UXXf<gg�]g�ZcibX�]b�h?<�ei<i<&�h?<b�U�f<Wcj<fm�dfcW<gg�]g�]b]h]Uh<X(�
L?<�X<d<bX<bW<�df<X]Whcf�]g�idXUh<X�k]h?�h?]g�X<d<bX<bW<�a]gdf<X]Wh]cb(�Ab�cfX<f�Zcf�U�ghcf<�
hc�idXUh<�h?<�UfW?]h<WhifUC�ghUh<�cZ�h?<�dfcW<ggcf&�]h�?Ug�hc�Wcaa]h&�h?<b�]hg�ghcf<�XUhU�]g�hU_<b�
Zfca�h?<�DKI&�h?<�WUW?<�hU[g�Uf<�W?<W_<X�]b�LD:�UbX�hU[�UffUm�#]h�]g�UCgc�idXUh<X�h?<�DJM�
UC[cf]h?a�a<W?Ub]ga$&�UbX�]Z� h?<f<� ]g�U�?]h&� h?<�WUW?<)a<acfm�gmgh<a�]g�idXUh<X�k]h?�h?<�
ghcf<�XUhU&�h?<b�h?<�Wcff<gdcbX]b[�WUW?<�C]b<�]g�aUf_<X�Ug�X]fhm(��
�

3.1.2	 TRIPS	(UNORDERED,	LATE-BINDING	LSQ	DESIGN)	

R+/S�R,1S�MbcfX<f<X&�DUh<
:]bX]b[�DKIg�#MD:
DKIg$�g]n<g�Uf<�gaUCC<f� h?Ub�hfUX]h]cbUC�
DKIg&�h?]g�]g�V<WUig<�]h�UCCcWUh<g�h?<�a<acfm�]bghfiWh]cbg�Uh�]ggi<�h]a<&�UbX�h?ig&�]h�f<ei]f<g�
U�X]ZZ<f<bh�UCCcWUh]cb�a<W?Ub]ga(�L?<�UCCcWUh]cb�<bhfm�]g�hU_<b�Zfca�U�dccC�cZ�Zf<<�DKI�gCchg�
]b�WcadUf]gcb�k]h?� h?<� hfUX]h]cbUC�DKIg�k?]W?� ]g�U[<
]bX<l<X&� h?]g�ib
C]b_g� h?<�U[<�cZ� h?<�
]bghfiWh]cb� Zfca� ]hg�cWWid]<X�gCch(�L?<�U[<�cZ�<j<fm�D)K� ]bghfiWh]cb� ]g�ghcf<X� ]b�U�g<dUfUh<�
gd<W]UC�;9E�k?]W?�cihdih� WUb� ]bX]WUh<� h?<� f<giCh�cZ�U� p[f<Uh<f&� C<gg<f�cf�<eiUCr�cd<fUh]cb�
]bgh<UX�cZ�U�paUhW?r�cd<fUh]cb(�Figure 3-3�UbX�Figure 3-4�g?ck�h?<�WcbhfUgh�V<hk<<b�h?<�
hfUX]h]cbUC�DKI�X<g][b�UbX�h?<�MD:
DKI�X<g][b(�
�

	

Figure	3-3.	The	Age-Indexed	LSQ	
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Figure	3-4.	The	ULB-LSQ	Microarchitecture	

O?<b�U�ghcf<�]bghfiWh]cb�Uff]j<g&�]h�W?<W_g�h?<�UXXf<gg�;9E�Zcf�aUhW?]b[�CcUXg&�UbX�h?<�
gd<W]UC�U[<�;9E�Zcf�mcib[<f�CcUXg&�h?<b�ig]b[�Ub�GJ�cd<fUh]cb�V<hk<<b�h?<g<�hkc�f<giChg&�U�
j]cCUh]cb�]g�X<h<Wh<X(�O]h?�h?<�ghcf<
CcUX�XUhU�ZcfkUfX]b[�a<W?Ub]ga&�h?<f<�]g�bc�WcbZC]Wh�k?<b�
h?<f<�]g�cbCm�cb<�aUhW?&�Vih�k?<b�h?<f<�Uf<�aiCh]dC<�aUhW?<g&�]b�h?]g�WUg<&�h?<�U[<�cZ�<j<fm�
aUhW?�Uf<� f<UX� Zfca�h?<�MD:
DKI�#cb<�d<f�WmWC<$�UbX�<bWcX<X� ]bhc�U�d<f
Vmh<�V]h�j<Whcf�
#hU_]b[�aiCh]dC<� WmWC<g� hc� [<b<fUh<� h?]g� j<Whcf$&� h?<g<� V]hg� ]bX]WUh<�k?]W?� Vmh<g� g?ciCX� V<�
ZcfkUfX<X�hc�h?<�CcUX&�aiCh]dC<�ghcf<�ZcfkUfX]b[�]g�ibWcaacb�]b�aUbm�V<bW?aUf_g&�h?ci[?(�

L?]g�dfcdcgUC�UCgc�]bWCiX<g�DKI�Z]Ch<f]b[�cdh]a]nUh]cbg�R,2S&�]b�Wcbj<bh]cbUC�DKIg&�Ug�h?<�
biaV<f�cZ� ]b
ZC][?h� ]bghfiWh]cbg� ]bWf<Ug<g&� h?<�biaV<f�cZ�<bhf]<g� h?Uh�?Uj<� hc�V<�g<UfW?<X�
]bWf<Ug<g�Ug�k<CC&�gc�h?<�biaV<f�cZ�g<UfW?<g�WUb�V<�f<XiW<X�k]h?�h?<�?<Cd�cZ�?Ug?�hUVC<g�UbX�
VCcca�Z]Ch<fg�R,3S�R-S&�<j<fm� CcUX)ghcf<�UXXf<gg� ]g�?Ug?<X�hc�U�g]b[C<�V]h� #k]h?� h?<�?<Cd�cZ�
h?<g<�VCcca�Z]Ch<fg$&�]h�]g�kf]hh<b�#]bWf<a<bh<X$�]b�U�?Ug?�hUVC<&�CUh<f&�k?<b�U�Z]Ch<f<X�CcUX)ghcf<�
UXXf<gg�W?<W_g�h?]g�?Ug?�hUVC<�UbX�]h�]g�UCf<UXm�g<h�h?Uh�V]h&�h?<b�h?<f<�]g�C]_<Cm�hc�V<�U�aUhW?�
]b�h?<�DKI&�]Z�]h�]gboh�g<h&�h?<b�]h�]g�W<fhU]b�h?Uh�h?<f<�]g�bch�Ubm�dcgg]VC<�aUhW?�]bg]X<�h?<�DKI&�
h?]g�g<UfW?�<C]a]bUh]cb�h<W?b]ei<�]g�WUCC<X�:Ccca�Z]Ch<f�df<X]Whcf�#:>H$�(Figure 3-5)(�O?<b�U�
CcUX)ghcf<�]bghfiWh]cb�f<h]f<g&�h?<b�h?<�:>H�<bhfm�]g�f<XiW<X�Vm�cb<(�
�
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Figure	3-5.	BFP	Search	Filtering	

	

3.1.3	 STORE	SETS	

R-+S� Ab� cfX<f� hc� UW?]<j<� U�aUl]aia�d<fZcfaUbW<� ]b� cih
cZ
cfX<f� dfcW<ggcfg&� h?<� CcUX�
]bghfiWh]cbg�aigh�]ggi<�Ug�gccb�Ug�dcgg]VC<&�h?]g�WUb�V<�UW?]<j<X�k]h?�h?<�?<Cd�cZ�a<acfm�
X<d<bX<bWm� df<X]Whcfg� k?]W?� ]bX]WUh<� k?<h?<f� U� CcUX� ]bghfiWh]cb� aUm� ?Uj<� a<acfm�
X<d<bX<bW<�k]h?� gca<�cZ� h?<� ]b
ZC][?h� ghcf<� ]bghfiWh]cbg�cf� ]h� g?ciCX�V<� ]ggi<X� Zf<<Cm&� ]Z� U�
X<d<bX<bW<� j]cCUh]cb� cWWifg&� h?<b� U� f<Wcj<fm� dfcW<gg� aigh� V<� hU_<b� UbX� h?<� a<acfm�
X<d<bX<bW<� df<X]Whcf� ]g� idXUh<X� #XmbUa]W� df<X]Whcfg$&� h?<� g]adC<gh� a<acfm� X<d<bX<bW<�
df<X]Whcf�]g�h?<�pbUtj<r�cb<�#UCgc�_bckb�Ug�pghUh]Wr�cf�pVC]bXr�df<X]Whcf$&�h?]g�df<X]Whcf�]bX]WUh<g�
<]h?<f�h?Uh�Ubm�CcUX�]bghfiWh]cb�aUm�V<�X<d<bX<bh�cZ�Ubm�<UfC]<f�ghcf<�ZcfW]b[�]h�hc�kU]h�Zcf�UCC�
h?<� a<acfm� UXXf<gg<g� cZ� <UfC]<f� ghcf<g� hc� V<� _bckb&� cf� h?Uh� bcb� CcUX� ]bghfiWh]cbg� Uf<�
X<d<bX<bh�cZ�Ubm�ibWcaa]hh<X�ghcf<�UbX�h?<m�g?ciCX�]ggi<�Ug�gccb�Ug�dcgg]VC<(�

Ab�h?]g�f<g<UfW?�dfcdcgUC&�h?<m�UW?]<j<X�Ub�]adfcj<X�a<acfm�X<d<bX<bW<�df<X]Whcf�k?]W?�
ig<g�pghcf<�g<hgr&�U�ghcf<�g<h�]g�h?<�g<h�cZ�h?<�ghcf<g�#]X<bh]Z]<X�Vm�h?<]f�H;$�idcb�k?]W?�U�CcUX�
?Ug�<j<f�V<<b�X<d<bX<bh(�L?<m�hU_<�Ug�U�VUg<C]b<�h?<�Uggiadh]cb�h?Uh�?]ghcf]W�V<?Uj]cf�cZ�
a<acfm
cfX<f�j]cCUh]cbg�g<fj<fg�]g�U�[ccX�df<X]Wh]cb�Zcf�Zihif<�a<acfm�X<d<bX<bW]<g(�

L?<�UC[cf]h?a�]g�h?<�ZcCCck]b[4�k?<b<j<f�U�dfc[fUa�V<[]bg&�h?<�ghcf<�g<hg�cZ�UCC�h?<�CcUX�
Uf<� WC<Uf<X� UbX� U� bUtj<� df<X]Wh]cb� ]g� h<adcfUCCm� ig<X&� <j<fm� h]a<� U� X<d<bX<bW<� j]cCUh]cb�
cWWifg&�h?<�ghcf<�H;�]g�gUj<X�]b�h?<�ghcf<�g<h�cZ�h?<�]adC]WUh<X�CcUX&�]Z�Ubch?<f�X<d<bX<bW<�
j]cCUh]cb�cWWifg�k]h?�h?<�gUa<�CcUX&�h?Uh�ghcf<�H;�]g�gUj<X�]b�h?Uh�ghcf<�g<h�Ug�k<CC&�h?<b&�h?<�
b<lh�h]a<�h?<�CcUX�?Ug�hc�kU]h�ibh]C�h?cg<�ghcf<�]bghfiWh]cbg�]bWCiX<X�]b�]hg�ghcf<�g<h�]ggi<(�AZ�
h?<�CcUX�?Ug�bc�cWWid]<X�<bhf]<g�]b�]hg�ghcf<�g<h&�]h�g?ciCX�]ggi<�Ug�gccb�Ug�dcgg]VC<(�



Chapter	3	 	 47	

State	of	the	art	

:<WUig<� h?<� ]adC<a<bhUh]cb� Zcf� h?]g�ghcf<�g<hg�a<W?Ub]ga� ]g�?UfXkUf<�<ld<bg]j<&� h?<�
acX]Z]<X� ]adC<a<bhUh]cb� ]g� UW?]<j<X� ig]b[� hkc� hUVC<g� (Figure 3-6)&� U� Khcf<� K<h� A<� LUVC<�
#KKAL$�UbX�U�DUgh�><hW?<X�Khcf<�LUVC<�#D>KL$(�:ch?�CcUX�UbX�ghcf<�]bghfiWh]cbg�UWW<gg�h?<�
KKAL�VUg<X�cb�h?<]f�H;�UbX�[<h�U�ghcf<�g<h�]X<bh]Z]<f�#KKA<$&�k?<b�h?<�KKA<�]g�jUC]X�]h�a<Ubg�
h?Uh�h?<�CcUX)ghcf<�?Ug�U�jUC]X�ghcf<�g<h�UbX�k]h?�h?]g�KKA<�h?<�D>KL�]g�UWW<gg<X&�Ub�p]biar�
#?UfXkUf<�dc]bh<f�k?]W?� ]X<bh]Z]<g� Ub� ]b
ZC][?h� ]bghfiWh]cb$� cZ� h?<�acgh� f<W<bhCm� Z<hW?� ghcf<�
]bghfiWh]cb�V<Ccb[]b[�hc�h?Uh�ghcf<�g<h�]g�hU_<b&�h?<b�h?<�a<acfm�UWW<gg�]bghfiWh]cb�aigh�kU]h�
Zcf�h?Uh�ghcf<�]bghfiWh]cb�hc�]ggi<(�O?<b�U�ghcf<�UWW<gg<g�Ub�<bhfm�]b�h?<�D>KL&�]h�idXUh<g�h?Uh�
<bhfm�k]h?�]hg�ckb�p]biar&�CUh<f�cb&�k?<b�]h�]ggi<g&�]h�UWW<gg<g�U[U]b�h?<�D>KL�UbX�]Z�]h�]g�gh]CC�
]hg�ckb�p]biar�h?<b&�]h�WC<Ufg�h?Uh�<bhfm(�
�

	

Figure	3-6.	Implementation	of	Store	Sets	Memory	Dependence	Prediction	

O?<b� U� f<Wcj<fm� dfcW<gg� #VfUbW?�a]gdf<X]Wh]cb&� Aiad�a]gdf<X]Wh]cb� cf�a<acfm� cfX<f�
j]cCUh]cb$�]g�hU_<b&�h?<�UVcfh<X�ghcf<g�Uf<�g]adCm�aUf_<X�Ug�Xcb<�]b�h?<�D>KL(�
	

3.1.4	 STORE	VECTORS	

R+2S�Ah�]g�dfcdcg<X�Ub�]adfcj<X�UC[cf]h?a�Zcf�a<acfm�X<d<bX<bW<�df<X]Wh]cb�#2(+��V<hh<f�
d<fZcfaUbW<� h?Ub� ghcf<
g<hg$� VUg<X� cb� ghcf<� j<Whcfg&� fUh?<f� h?Ub� hfUW_]b[� h?<� dfc[fUa�
Wcibh<fg�cZ�X<d<bX<bh�ghcf<g&�h?<�CcUX
ghcf<�X<d<bX<bW]<g�Uf<�hfUW_<X�VUg<X�cb�h?<�f<CUh]j<�
U[<�cZ�U�ghcf<(�=UW?�ghcf<�j<Whcf�Zcf�Ubm�CcUX�?Ug�h?<�f<CUh]j<�dcg]h]cbg�cZ�UCC�h?<�ghcf<g�h?Uh�
<bZcfW<X� a<acfm� cfX<f]b[� j]cCUh]cbg� ]b� h?<� dUgh� (Figure 3-7)(� L?<f<� Uf<� h?f<<� gh<dg4�
pCcc_id)df<X]Wh]cbr&� pgW?<XiC]b[r� UbX� pidXUh<� Xi<� hc� cfX<f]b[� j]cCUh]cbgr(� L?<� CcUX
ghcf<�
X<d<bX<bW]<g�Uf<�f<WcfX<X�]b�U�XUhU�ghfiWhif<�WUCC<X�pKhcf<�N<Whcf�LUVC<r&�]h�]g�]bX<l<X�k]h?�
h?<�C<Ugh�g][b]Z]WUbh�V]hg�cZ�h?<�CcUXog�H;&�h?<b�h?<�ghcf<�j<Whcf�hU_<b�Zfca�h?<�hUVC<�]g�fchUh<X�
UbX�Wcd]<X�]bhc�h?<�CcUX�gW?<XiC]b[�aUhf]l�#DKE$(�L?<�ghcf<�j<Whcf�]g�fchUh<X�giW?�h?Uh�h?<�
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C<Ugh�g][b]Z]WUbh�V]hg�Uf<�UC][b<X�hc�h?<�acgh�f<W<bh�ghcf<�#f<gcCj<X�ghcf<g�Uf<�WC<Uf<X�]b�cfX<f�
hc�df<j<bh�X<UXCcW_g$&�h?<b&�]h�]g�kf]hh<b�]bhc�h?<�DKE(��

 
Figure	3-7.	(a)	Store-address	tracking	of	dependencies,	and	(b)	Age-tracking	of	dependencies	

L?<�dcg]h]cb�cZ�h?<�V]hg�]b�h?<�ghcf<�j<Whcfg�]bX]WUh<�k?]W?�ghcf<g�Uf<�df<X]Wh<X�hc�?Uj<�U�
a<acfm�X<d<bX<bWm�k]h?�<UW?�CcUX&�h?ig&�<j<fm�CcUX�?Ug�hc�kU]h�Zcf�h?<]f�df<X]Wh<X�X<d<bX<bh�
ghcf<g�hc�V<�f<gcCj<X(�O?<b�U�ghcf<� ]g�f<gcCj<X� ]hg�V]h� ]g�WC<Uf<X�Zfca�h?<�ghcf<�j<Whcfg�#]hg�
Wcff<gdcbX]b[�WcCiab$&�UbX�cbW<�U�CcUX�?Ug�UCC�]hg�ghcf<�j<Whcfog�V]hg�WC<Uf<X&�]h�]g�Wcbg]X<f<X�
Ug�f<UXm&�h?<b�]h�WUb�V<�]ggi<X�(Figure 3-8)(�Ab]h]UCCm&�h?<�j<Whcfg�Uf<�ZiCC�cZ�n<fcg�UbX�U�bUtj<�
df<X]Wh]cb� ]g� ig<X&� h?<�a<acfm� cfX<f]b[� j]cCUh]cbg�k]CC� Z]CC� h?<� Wcff<gdcbX]b[� V]hg� ]b� h?<g<�
j<Whcfg&� h?<�Wcbh<bhg�cZ� h?<�KNL�Uf<�d<f]cX]WUCCm� f<g<h� ]b�cfX<f� hc� WC<Uf�dcgg]VC<� ]b<l]gh<bh�
df<X]Wh<X� X<d<bX<bW]<g� Xi<� hc� W?Ub[<g� ]b� dfc[fUa� d?Ug<g&� XmbUa]W� XUhU� jUCi<g&� <hW(� Ab�
Figure 3-9�]g�g?ckb�Ub�<lUadC<�cZ�h?<�ghcf<�j<Whcfg�cd<fUh]cb�gh<dg(�

	

	

Figure	3-8.	Store	vectors	data	structures	and	interaction	with	a	conventional	load	queue	
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Figure	3-9.	Example	store	vectors	operation	

	

3.1.5	 STORE-TO-LOAD	FORWARDING	VIA	STORE	QUEUE	INDEX	PREDICTION	

R+0S�Ab�h?]g�ghcf<
CcUX�XUhU�ZcfkUfX]b[�dfcdcgUC&�fUh?<f�h?Ub�Xc]b[�UggcW]Uh]j<�g<UfW?<g�
k]h?]b�h?<�ghcf<�ei<i<&�h?<m�]bWcfdcfUh<�U�gd<WiCUh]j<�]bX<l<X�UWW<gg(�L?<�UXXf<gg�;9E�]g�
f<dCUW<X�Vm�U�g]adC<�X<WcX<f�(Figure 3-10)&�]b�cfX<f�hc�Ujc]X�h?]g�UggcW]Uh]j<�g<UfW?�#U�dck<f�
gUj]b[�h<W?b]ei<$&�h?<m�ig<�U�ZcfkUfX]b[�]bX<l�df<X]Whcf�#VUg<X�cb�ghcf<�g<hg$�hc�df<X]Wh�h?<�
acgh�C]_<Cm�ghcf<�]bX<l�hc�V<�X<d<bX<bh�k]h?�U�CcUX&�h?<b�ZcfkUfX�XUhU�Zfca�h?]g�ghcf<�<bhfm(�
>cf� h?cg<� CcUXg� h?Uh�?UX�U�a<acfm�cfX<f]b[�j]cCUh]cb&�U�X<CUm� ]bX<l�df<X]Whcf� ]g�ig<X&� h?]g�
X<CUmg� h?<� <l<Wih]cb� cZ� U� CcUX� ibh]C� UCC� bcb
df<X]Wh<X� ghcf<g� h?Uh� aUm� ?Uj<� U� a<acfm�
X<d<bX<bWm�?Uj<�Wcaa]hh<X(�L?<�df<X]Wh<X�KI�]bX<l�]g�[<b<fUh<X�Xif]b[�h?<�X<WcX<)f<bUa<�
d]d<C]b<�ghU[<g&�]b�h?]g�ghU[<�]g�<]h?<f�]X<bh]Z]<X�U�X<d<bX<bWm�V<hk<<b�U�ghcf<�cf�df<X]Wh<X�U�
bcb
X<d<bX<bWm&� CcUX� ]ggi<g� cbCm� k?<b� ]hg� ]bdih� f<[]gh<fg� Uf<� f<UXm� UbX�k?<b� h?<� ghcf<�
Wcff<gdcbX]b[� hc� ]hg� ZcfkUfX]b[� ]bX<l� ?Ug� <l<Wih<X(� Ab� cfX<f� hc� <bgif<� a<acfm� cfX<f]b[�
Wcff<Whb<gg&�U�CcUX�f<
<l<Wih]cb�df]cf�hc�Wcaa]hh]b[�aUm�V<�aUX<�R+.S�#U�j]cCUh]cb�]g�X<h<Wh<X�
k?<b�U�CcUXog�f<
<l<Wih<X�jUCi<�]g�bch�<eiUC�Ug�h?<�Z]fgh�<l<Wih<X�jUCi<$�Zcf�h?cg<�CcUXg�h?Uh�
<l<Wih<X�k]h?�cCX<f�ibf<gcCj<X�ghcf<g(�
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Figure	3-10.	Store	queues:	(a)	associative,	(b)	indexed	

	

3.1.6	 ADDRESS	INDEXED	MEMORY	DISAMBIGUATION	AND	STORE-TO-LOAD	FORWARDING	

R+1S� :<WUig<� ghcf<
hc
CcUX� XUhU� ZcfkUfX]b[� UbX�a<acfm� X]gUaV][iUh]cb� f<ei]f<� ZiCCm

UggcW]Uh]j<&�U[<
cfX<f<X�g<UfW?<g&�h?]g�m]<CXg�hc�?][?�CUh<bWm�Ug�k<CC�Ug�?][?�XmbUa]W�dck<f�
Wcbgiadh]cb(� Ab� h?]g� dfcdcgUC&� h?<� ghcf<
hc
CcUX� ZcfkUfX]b[� ]g� Xcb<� k]h?� ?<Cd� cZ� U� ghcf<

ZcfkUfX]b[� WUW?<� #K>;$� UbX� h?<� a<acfm� X]gUaV][iUh]cb� ]g� f<gcCj<X� k]h?� U� a<acfm�
X]gUaV][iUh]cb�hUVC<�#E<L$&�Vch?�cZ�h?<a�Uf<�bch�;9E�ghfiWhif<g&�h?<�K>;�]g�UWW<gg<X�Ug�U�
WUW?<&�gd<WiCUh]j<Cm�UbX�cih
cZ
cfX<f&�UbX�h?<�E<L�f<ei]f<g�g<ei<bW<�biaV<fg�]b�cfX<f�hc�
]X<bh]Zm�UbX�f<Wcj<f�Zfca�a<acfm�X<d<bX<bW<�j]cCUh]cbg(�

L?<� K>;� ghcf<g� h?<� jUCi<g� cZ� h?<� ghcf<� ]bghfiWh]cbg� Ug� h?<m� WcadC<h<&� h?<� CcUXg�aUm�
ZcfkUfX�h?<]f�jUCi<g�Zfca�h?]g�K>;�#]h�]g�UWW<gg<X�]b�dUfUCC<C�k]h?�h?<�D+�XUhU�WUW?<$�V<WUig<�
K>;�]g�UWW<gg<X�gd<WiCUh]j<Cm�UbX�cih
cZ
cfX<f&�a<acfm�cfX<f]b[�j]cCUh]cbg�WUb�cWWif&�h?ig&�
E<L�]X<bh]Z]<g�UCC�h?<g<�a<acfm�cfX<f]b[�j]cCUh]cbg&�]Z�<l]gh�U�a<acfm�cfX<f]b[�j]cCUh]cbg&�h?<�
a<acfm�ib]h� ]b]h]Uh<g�U�f<Wcj<fm�a<W?Ub]ga(�L?<f<�]g�UCgc�U�ghcf<�>A>G�k?]W?�f<h]f<g�ghcf<�
]bghfiWh]cbg� ]b� cfX<f� k?<b� h?<m� Uf<� X]gdUhW?<X&� h?<]f� XUhU� ]g� kf]hh<b� hc� h?<� >A>G&� Ug� h?<m�
<l<Wih<&�h?<]f�UXXf<gg�]g�kf]hh<b�hc�h?<]f�UXXf<gg�Z]<CX�]b�h?]g�>A>G&�UbX�k?<b�h?<m�Wcaa]h&�]hg�
<bhfm�]g�WC<Uf<X�(Figure 3-11)(�
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Figure	3-11.	Processor	pipeline,	store	forwarding	cache	(SFC),	memory	disambiguation	table	(MDT)	and	Store	FIFO	

:<WUig<�h?<f<�WUb�V<�a<acfm�cfX<f]b[�j]cCUh]cbg�Xi<�hc�h?<�cih
cZ
cfX<f�UWW<gg<g�]b�h?<�
K>;&�h?<�E<L�hfUW_g�h?<�g<ei<bW<�biaV<fg�#]b
ZC][?h�hU[g$�cZ�CcUXg�UbX�ghcf<g�hc�<UW?�]b

ZC][?h�UXXf<gg&�k?<b<j<f�]h�]g�]X<bh]Z]<X�U�j]cCUh]cb&�U�f<Wcj<fm�a<W?Ub]ga�]g�hf][[<f<X(�Ab�h?]g�
dfcdcgUC&�h?<�ghcf<�g<h�df<X]Whcf�R-+S�]g�acX]Z]<X�]b�cfX<f�hc�f<XiW<�h?<�d]d<C]b<�ZCig?<X�WUig<X�
Vm�a<acfm�cfX<f]b[�j]cCUh]cbg&� h?<�ghcf<�g<h� ]X�hUVC<� ]g�f<dCUW<X�Vm�U�dfcXiW<f�hUVC<�UbX�U�
Wcbgia<f�hUVC<&�UbX�h?<�CUgh
Z<hW?<X�ghcf<�hUVC<�]g�f<dCUW<X�Vm�U�CUgh
Z<hW?<X�dfcXiW<f�hUVC<(�
L?<� idXUh]b[� dfcW<gg� cZ� h?]g� df<X]Whcf� hUVC<� ]g4� pO?<b� h?<�E<L�bch]Z]<g� h?<� dfcXiW<f� g<h�
df<X]Whcf�cZ�U�X<d<bX<bW<�j]cCUh]cb&�h?<�df<X]Whcf�]bg<fhg�U�X<d<bX<bW<�V<hk<<b�h?<�<UfC]<f�
]bghfiWh]cb� #h?<� dfcXiW<f$� UbX� h?<� CUh<f� ]bghfiWh]cb� #h?<� Wcbgia<f$� Vm� dCUW]b[� h?<� hkc�
]bghfiWh]cbg�]b�h?<�gUa<�dfcXiW<f�g<hr(�E<f[]b[�dfcXiW<f�g<hg�]g�j<fm�g]a]CUf�hc�a<f[]b[�ghcf<�
g<hg(�L?<�E<L�]g�UXXf<gg
]bX<l<X&�]Z�U�CcUX)ghcf<og�g<ei<bW<�biaV<f�]g�CUh<f�h?Ub�h?<�cb<�
ZcibX�]b�h?<�E<L�<bhfm&�cf�]Z�h?<f<�]g�bc�jUC]X�CcUX�g<ei<bW<�biaV<f&�h?<b�h?<�<bhfm�hU_<g�h?<�
g<ei<bW<� biaV<f� Zfca� h?]g� CcUX)ghcf<(� Gh?<fk]g<&� ]Z� ]h� ]g� <UfC]<f&� h?<b� U�a<acfm� cfX<f]b[�
j]cCUh]cb�]g�]X<bh]Z]<X(�
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Chapter 4  

�/�������� �����/������������	��

	

L?<�aU]b�Wcbhf]Vih]cb�cZ� h?<�h?<g]g� ]g� h?<�X<g][b�cZ�U�DKI�Zcf� h?<�DU[Ufhc� AA�dfcW<ggcf�
k?]W?�Z<hW?<g�hkc�]bghfiWh]cbg�d<f�WCcW_�WmWC<�(Figure 4-1)&�U�Wcbj<bh]cbUC�DcUX)Khcf<�Ii<i<�
k]h?�]b
cfX<f�<l<Wih]cb�X<g][b�kUg�ig<X�Ug�U�VUg<�acX<C�UbX�]g�X<gWf]V<X�]b�X<hU]C�]b�h?<�Z]fgh�
giVg<Wh]cb�cZ� h?]g� W?Udh<f&� h?<b�U�acX]Z]<X�X<g][b�k]h?�Ub�cih
cZ
cfX<f�<l<Wih]cb�UbX� h?<�
<b<f[m�gUj]b[�h<W?b]ei<g�]adC<a<bh<X�]g�X<gWf]V<X�]b�h?<�g<WcbX�giVg<Wh]cb(�

	

4.1	 LOAD/STORE	UNIT	WITH	IN-ORDER	EXECUTION	

L?]g�Z]fgh�X<g][b�cZ�U�DKI�k]h?�]b
cfX<f�<l<Wih]cb�kUg�hU_<b�Ug�U�VUg<�acX<C�]b�cfX<f�hc�
V<� acX]Z]<X� hc� h?<� cih
cZ
cfX<f� X<g][b&� Vch?� X<g][bg� [<h� Zfca� <]gdUhW?� ghU[<� id� hc� hkc�
]bghfiWh]cbg�d<f�WmWC<�UbX�WUb�]ggi<�id�hc�cb<�]bghfiWh]cb�d<f�WmWC<(�L?<�aU]b�Vi]CX]b[�VCcW_g�
]b� h?]g� Z]fgh� X<g][b�Uf<� h?<� pJ<UXm�:]h�J<[]gh<fr&� pOU_<Md�Dc[]Wr&� pK<C<Wh�Dc[]Wr&� pJ<[]gh<f�
>]C<gr&�p9XXf<gg�;cadihUh]cb�Mb]hr&�pLU[�:igr&�p<<gh]bUh]cb�:igr&�p:mdUgg�Dc[]Wr&�p>cfkUfX�
Dc[]Wr&� pJ<cfX<f� :iZZ<f� #<]gdUhW?&� Aggi<� �� =l<Wih]cb� ZCU[g$r� UbX� h?<� pE<acfm� 9WW<gg�
a<W?Ub]gar�(Figure 7-3)(�
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Figure	4-1.	Lagarto	II	Microarchitecture	

	

4.1.1	 IN-ORDER	ADDRESS	COMPUTATION	PIPELINE	

L?<�k?cC<� d]d<C]b<� cZ� h?]g� DcUX)Khcf<�Mb]h� ]g� X]j]X<X� ]bhc� 9XXf<gg� ;cadihUh]cb� #UCgc�
_bckb�Ug�h?<�9XXf<gg�Ii<i<$�UbX�E<acfm�9WW<gg�#UCgc�_bckb�Ug�h?<�DcUX)Khcf<�Ii<i<$&�
h?<�9XXf<gg�;cadihUh]cb�g<Wh]cb�]g�k?<f<�h?<�]bghfiWh]cbg�kU]h�Zcf�h?<]f�gcifW<�cd<fUbXg�hc�
V<�f<UXm�]b�cfX<f�hc�<]h?<f�VmdUgg�h?<]f�gcifW<�cd<fUbXg�jUCi<g�Zfca�h?<�:mdUgg�b<hkcf_�cf�
f<UX� h?<a� Zfca� h?<�J<[]gh<f�>]C<g&� h?<b� h?<�9XXf<gg�;cadihUh]cb�Mb]h� WUb�WUCWiCUh<� h?<]f�
a<acfm�UXXf<gg<g�UXX]b[�U�VUg<�cd<fUbX�UbX�U�g][b<X�]aa<X]Uh<�jUCi<�(�
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9b�]bghfiWh]cb�]g�kf]hh<b�]bhc�h?<�DKI�k?<b�]hg�<bhfm�?Ug�V<<b�Ugg][b<X�]b�h?<�ei<i<�#h?<�
LU]C�Hc]bh<f�Ugg][bg�h?]g�<bhfm� ]b�h?<�JG:$�UbX�]g�X]gdUhW?<X�#]hg�ZCU[� ]b�h?<�<]gdUhW?
JG:�
<bhfm�]g�h?<b�g<h�hc�p+r$�Zfca�h?<�>fcbh
=bX&�]hg�gcifW<�f<[]gh<fg�W?<W_�h?<�J<UXm�V]h�j<Whcf�
f<[]gh<f�#U�Vi]CX]b[�VCcW_�k?]W?�_<<dg�hfUW_�cZ�h?<�jUCi<�[<b<fUh]cb�Zcf�<j<fm�f<[]gh<f$�]b�cfX<f�
hc�_bck�]Z�h?<]f�jUCi<g�?Uj<�V<<b�UCf<UXm�[<b<fUh<X�Vm�<UfC]<f�]bghfiWh]cbg&�h?<�J<UXm�:]hg�Zcf�
h?<�f<UXm�f<[]gh<fg�Uf<�g<h�hc�p+r�UbX�kf]hh<b�]b�]hg�Wcff<gdcbX]b[�]bghfiWh]cb�ei<i<�<bhfm&�]Z�
h?<]f�jUCi<g�Uf<boh�[<b<fUh<X�m<h&�h?<b�U�pr�]g�kf]hh<b�(Figure 4-2)(�9Cgc&�h?<�Aaa<X]Uh<�jUCi<&�
h?<� WcbhfcC� V]hg� UbX� h?<� d?mg]WUC� f<[]gh<f� hU[g� Uf<� ghcf<X� ]b� h?<� ei<i<� #h?<� gcifW<� UbX�
X<gh]bUh]cb�hU[g�Uf<�kf]hh<b�]b�h?<�E<acfm�9WW<gg�g<Wh]cb$(�

	

Figure	4-2.	Ready	Bit	Assignment	Example	

L?<�UggcW]Uh]j<�OU_<Md�]g�Xcb<�Vm�WcadUf]b[�h?<�ib
f<UXm�VUg<�f<[]gh<f�hU[�Zfca�<UW?�
<bhfm�]b�h?<�ei<i<�k]h?�h?<�f<[]gh<f�hU[g�g<bh�h?fci[?�h?<�LU[�:ig�<j<fm�WmWC<&�]Z�h?<f<�Uf<�Ubm�
aUhW?<g&�h?<�Wcff<gdcbX]b[�f<UXm�V]hg�Zcf�h?cg<�f<[]gh<fg�Uf<�h?<b�g<h�hc�p+r�(Figure 2-19)(�
L?<�K<C<Wh�Dc[]W�kU]hg�ibh]C�h?<�ei<i<�<bhfm�dc]bh<X�Vm�h?<�#<UX�Hc]bh<f�(Figure 4-3)�?Ug�]hg�
VUg<�f<[]gh<f�pf<UXmr� ]b�cfX<f� hc� ]ggi<�h?Uh� ]bghfiWh]cb�#h?<�#<UX�Hc]bh<f� ]g� ]bWf<a<bh<X� ]b�
cfX<f� hc�dc]bh� hc� h?<�b<lh� ]bghfiWh]cb�UbX� ]hg� ZCU[� ]b� h?<� Aggi<
JG:�<bhfm� ]g�g<h� hc� p+r$&� h?<�
Abh<[<f�J<[]gh<f�>]C<�]g�f<UX�UbX�h?<�:mdUgg�b<hkcf_�]g�UWW<gg<X&�h?<b�h?<�a<acfm�UXXf<gg�
]g�Wcadih<X�Vm�UXX]b[�h?<�VUg<�f<[]gh<f�XUhU�k]h?�h?<�g][b
<lh<bX<X�]aa<X]Uh<�jUCi<�(Figure 
4-4)(�L?<�[<b<fUh<X�a<acfm�UXXf<gg�]g�h?<b�ghcf<X�]b�]hg�Wcff<gdcbX]b[�<bhfm�]b�h?<�E<acfm�
9WW<gg�g<Wh]cb�cZ�h?<�DKI(�
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Figure	4-3.	Head	Pointer	and	Tail	Pointer	

	

	

	

Figure	4-4.	Select	Logic	and	Address	Generation	Unit	

	

4.1.2	 IN-ORDER	MEMORY	ACCESS	PIPELINE	

Ab�h?]g�g<Wh]cb�cZ�h?<�DKI�Uf<�ghcf<X�h?<�a<acfm�UXXf<gg&�h?<�DcUX)Khcf<�V]h�#]h�g<fj<g�Ug�
U�f<UX)kf]h<�<bUVC<�Zcf�h?<�;UW?<�E<acfm$&�h?<�KcifW<�XUhU�#h?<�XUhU�hc�V<�kf]hh<b�hc�WUW?<�
a<acfm�Vm�U�ghcf<�]bghfiWh]cb$&�h?<�<<gh]bUh]cb�f<[]gh<f�hU[�#h?<�f<[]gh<f�hc�V<�idXUh<X�k]h?�
h?<�XUhU�f<UX�Zfca�WUW?<�a<acfm�Vm�U�CcUX�]bghfiWh]cb$�UbX�h?<�<<gh]bUh]cb�XUhU�#h?<�XUhU�
f<UX� Zfca� h?<� WUW?<�a<acfm� Vm� U� CcUX� ]bghfiWh]cb$� Zcf� <j<fm� X]gdUhW?<X�a<acfm� UWW<gg�
]bghfiWh]cb5�UCgc&�h?<�WUW?<�a<acfm�]g�UWW<gg<X�Vm�h?<�a<acfm�UWW<gg�]bghfiWh]cbg�g<C<Wh<X�
hc�V<�<l<Wih<X(�O?<b�U�ghcf<�]bghfiWh]cb�]g�X]gdUhW?<X�UbX�<bh<fg�h?<�DKI&�]hg�gcifW<�f<[]gh<f�
hU[�#]h�dc]bhg�hc�h?<�d?mg]WUC�f<[]gh<f�WcbhU]b]b[�h?<�XUhU�h?Uh�k]CC�V<�kf]hh<b�hc�WUW?<�a<acfm$�
UWW<gg<g�h?<�J<[]gh<f�>]C<&�h?<�:mdUgg�F<hkcf_�UbX�h?<�J<UXm�V]h�J<[]gh<f�]b�cfX<f�hc�_bck�]Z�
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Register

File
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]h� ?Ug� V<<b� UCf<UXm� [<b<fUh<X&� ]Z� ]h� ?Ug&� h?<� XUhU� hU_<b� Zfca� h?<� J<[]gh<f� >]C<� #Abh<[<f� cf�
>CcUh]b[�Hc]bh$�cf�h?<�:mdUgg�b<hkcf_�?Ug�h?<�b<k<gh�jUCi<�Zcf�h?Uh�d?mg]WUC�f<[]gh<f&�h?<b�]h�
]g�kf]hh<b�hc�]hg�Wcff<gdcbX]b[�<bhfm�]b�h?<�E<acfm�9WW<gg�g<Wh]cb�cZ�h?<�ei<i<&�]Z�]h�?Ugboh�
V<<b�[<b<fUh<X&�U�pr�]g�kf]hh<b�]b�h?<�f<UXm�V]h�Z]<CX�cZ�h?Uh�gcifW<�f<[]gh<f�UbX�h?<�gcifW<�hU[�
]g�ghcf<X�]b�h?<�>cfkUfX�Dc[]W�;9E&�h?]g�;9E�]g�g]a]CUf�hc�h?<�OU_<Md�;9E&�h?<�ib
f<UXm�
f<[]gh<f� hU[g� ]b� h?<� >cfkUfX� Dc[]W� ;9E� Uf<� WcadUf<X� k]h?� h?<� hU[g� g<bh� h?fci[?� h?<�
<<gh]bUh]cb�:ig&�UbX&�k?<b�h?<f<�]g�U�aUhW?&�h?<�gcifW<�XUhU�]g�ZcfkUfX<X�hc�]hg�Wcff<gdcbX]b[�
XUhU�Z]<CX�<bhfm�cZ�h?<�ei<i<�(Figure 4-5)(�

	

	

Figure	4-5.	Forward	Logic	Example	

	

L?<�a<acfm�UXXf<gg<g�[<b<fUh<X�]b�h?<�9XXf<gg�;cadihUh]cb�g<Wh]cb�cZ�h?<�ei<i<�Uf<�
ghcf<X�]b�h?<�pa<acfm�UXXf<ggr�Z]<CX�cZ�h?]g�E<acfm�9WW<gg�Ii<i<�g<Wh]cb&�h?<�g<C<Wh�Cc[]W�
W?<W_g�h?<�<bhfm�dc]bh<X�Vm�h?<�#<UX�Hc]bh<f�UbX�g<bXg�hc�<l<Wih]cb�U�CcUX�]Z�]h�?Ug�]hg�a<acfm�
UXXf<gg�UCf<UXm�Wcadih<X&�h?<�ghcf<g�Uf<�g<bh�hc�<l<Wih]cb�cbCm�Uh�Wcaa]h�WmWC<�UbX�]h�]g�UCgc�
b<<X<X�]hg�gcifW<�XUhU�hc�V<�UCf<UXm�ZcfkUfX<X&�hU_<b�Zfca�h?<�J<[]gh<f�>]C<g�cf�VmdUgg<X(�Ab�
cfX<f�hc�UWW<gg�h?<�WUW?<�a<acfm&�h?<�D)K�:]h�g<fj<g�Ug�U�J<UX)Of]h<�<bUVC<�Zcf�h?<�WUW?<�
a<acfm&�]b�h?<�WUg<�cZ�U�CcUX&�h?<�XUhU�CcUX<X�]g�g<bh�h?fci[?�h?<�<<gh]bUh]cb�:ig�UbX�kf]hh<b�
]b�h?<�Wcff<gdcbX]b[�J<[]gh<f�>]C<�#UWW<gg<X�Vm�]hg�<<gh]bUh]cb�J<[]gh<f�hU[$&�UbX�Zcf�U�ghcf<&�
h?<�KcifW<�<UhU�]g�ghcf<X�]b�WUW?<�a<acfm�UWW<gg<X�Vm�]hg�a<acfm�UXXf<gg�#]h�]g�kf]hh<b�Z]fgh�
]b�h?<�ghcf<�ViZZ<f�]b�cfX<f�hc�Xcboh�[<b<fUh<�kU]h]b[�WmWC<g�Xi<�hc�WUW?<�?]h�a]gg<g$(�Figure 
4-6�UbX�Figure 4-7�g?ck�h?<�a<acfm�UWW<gg�Zcf�Vch?�DcUX�UbX�Khcf<�]bghfiWh]cbg(�
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Figure	4-6.	Memory	Access	(Load)	

	

	

Figure	4-7.	Memory	Access	(Store)	
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4.2	 LOAD/STORE	UNIT	WITH	OUT-OF-ORDER	EXECUTION	

Ab
cfX<f�DKI�X<g][bg�f<ei]f<g�C<gg�WcadC<l�Cc[]W�Xi<�hc�h?<�]b
cfX<f�g<C<Wh�a<W?Ub]ga�
k?]W?�cbCm�W?<W_g�h?<�<bhfm�dc]bh<X�Vm�h?<�#<UX�Hc]bh<f&�UbX�g]bW<�h?<f<�]g�bc�cih
cZ
cfX<f�
<l<Wih]cb&�a<acfm�X<d<bX<bWm�j]cCUh]cbg�WUboh�cWWif�#U�a<acfm�X]gUaV][iUh]cb�gW?<a<�]gboh�
b<W<ggUfm$&� Vih&� h?<� XfUkVUW_� ]g� h?Uh� f<UXm� bcb
X<d<bX<bh� ]bghfiWh]cbg� WUboh� ]ggi<� bcf�
<l<Wih<�]Z�h?<f<�Uf<�<UfC]<f�]bghfiWh]cbg�h?Uh�?Uj<boh�]ggi<X)<l<Wih<X�m<h&�C<UX]b[�hc�Ub�cj<fUCC�
Cck�d<fZcfaUbW<(�

L?]g�dfcdcg<X�DKI�X<g][b�Wcadf]g<g�U�dck<f
<ZZ]W]<bh�a<acfm�X]gUaV][iUh]cb�gW?<a<�
ig]b[�U�#Ug?�hUVC<�UbX�:Ccca�Z]Ch<fg�R-S�Ug�k<CC�Ug�U�bcj<C�Cck�XmbUa]W�dck<f�Wcbgiadh]cb�
ghcf<
hc
CcUX� XUhU� ZcfkUfX]b[� UbX� a<acfm� UXXf<gg� X]gUaV][iUh]cb� ig]b[� pFcb)Hcgg]VC<�
<<d<bX<bW]<g�N<Whcfgr&�h?<�DKI�]g�X]j]X<X�]bhc�h?f<<�Cc[]WUC�ei<i<g&�h?<�9XXf<gg�Ii<i<&�h?<�
DcUX�Ii<i<�UbX�h?<�Khcf<�Ii<i<�(Figure 4-8)&�V<]b[�h?<�9XXf<gg�Ii<i<�h?<�g<Wh]cb�#9XXf<gg�
;cadihUh]cb�g<Wh]cb$�k?<f<�h?<�]bghfiWh]cbg�f<aU]bg�]b�h?<]f�f<g<fjUh]cb�ib]hg�ibh]C�h?<]f�VUg<�
f<[]gh<fg�Uf<�f<UXm� ]b�cfX<f�hc�Wcadih<� ]hg�a<acfm�UXXf<gg<g� ]b�h?<�9XXf<gg�;cadihUh]cb�
Mb]h�#9;M$�#UCgc��_bckb�Ug�h?<�9XXf<gg�"<b<fUh]cb�Mb]h$&�k?<h?<f�h?<�DcUX�Ii<i<�UbX�Khcf<�
Ii<i<�V<Ccb[�hc�h?<�E<acfm�9WW<gg�g<Wh]cb&�]b�h?<�DcUX�UbX�Khcf<�Ii<i<g�Uf<�WUff]<X�h?<�
a<acfm� UWW<gg<g&� h?<� ghcf<
hc
CcUX� XUhU� ZcfkUfX]b[� UbX� h?<� a<acfm� X]gUaV][iUh]cb�
a<W?Ub]ga(� L?<� AbghfiWh]cb�Ii<i<� ig]b[� U� :CcW_�EUdd]b[� LUVC<� R+S�kUg� UXUdh<X� hc� h?<�
9XXf<gg�Ii<i<�]b�cfX<f�hc�f<XiW<�h?<�biaV<f�cZ�WcadUf]gcbg�WUff]<X�Vm�h?<�OU_<Md�Dc[]W&�
]h� UCgc� ]bgd]f<X� h?<� ]X<U� cZ� h?<� Fcb)Hcgg]VC<� <<d<bX<bW]<g� N<Whcfg� X<g][b� f<XiW]b[� h?<�
Uacibh�cZ�WcadUf]gcbg�WUff]<X�Vm� h?<�E<acfm�<]gUaV][iUh]cb�KW?<a<�UbX� h?<�Khcf<
hc

DcUX�>cfkUfX]b[�Dc[]W(�
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Figure	4-8.	Proposed	LSQ	General	Pipeline	

	

4.2.1	 UNKNOWN/KNOWN	MEMORY	ADDRESS,	BLOCK	MAPPING	TABLE	&	ADDRESS	GENERATION	

=j<fm�a<acfm� UWW<gg� ]bghfiWh]cb� ]g� WCUgg]Z]<X� ]bhc� Ubm� cZ� h?<g<� hkc�a<acfm� UXXf<gg

ghUhig�WUh<[cf]<g&�U�_bckb�UXXf<gg�cf�Ub�ib_bckb�UXXf<gg&�V<]b[� h?<�9XXf<gg�Ii<i<�h?<�
Cc[]WUC�ghfiWhif<�k]h?�h?<�ib_bckb�UXXf<gg�]bghfiWh]cbg�ghcf<X�]b�]h&�k?<h?<f�h?<�]bghfiWh]cbg�
Uf<�ghcf<X�]b�<]h?<f�h?<�DcUX�cf�h?<�Khcf<�Ii<i<(�K]bW<�U�a<acfm�UXXf<gg�]gboh�_bckb�ibh]C�
V<]b[� Wcadih<X� Vm� h?<� 9XXf<gg�"<b<fUh]cb�Mb]h� #<UW?� ]bghfiWh]cb�kU]hg� ]b� ]hg� f<g<fjUh]cb�
ghUh]cbg�ibh]C�]h�?Ug�]hg�VUg<�f<[]gh<f�pf<UXmr�hc�V<�f<UX�Zfca�h?<�Abh<[<f�J<[]gh<f�>]C<�cf�hc�V<�
VmdUgg<X� Zfca� h?<�<<gh]bUh]cb�:ig$&� h?<f<�aigh�V<�<lhfU� WUf<ZiC�k]h?� h?<�a<acfm�UWW<gg�
]bghfiWh]cbg�<l<Wih<X�cih
cZ
cfX<f&�h?ig&�U�a<acfm�X]gUaV][iUh]cb�gW?<a<�aigh�V<�ig<X�]b�
cih
cZ
cfX<f�X<g][bg(�
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L?<�9XXf<gg�Ii<i<� ]adC<a<bh<X� ]b� h?]g� h?<g]g�dfcA<Wh�ig<g�Ub�UXUdh]cb�cZ� h?<� pDck

=b<f[m�AbghfiWh]cb�OU_<id�E<W?Ub]gar�R+S&�h?<�k?cC<�ei<i<�]g�X]j]X<X�]bhc�Zcif�VCcW_g�UbX�
h?<�WcadUf]gcbg�WUff]<X�cih�V<hk<<b�<j<fm�VUg<�f<[]gh<f�hU[�cZ�h?<�pibf<UXmr�<bhf]<g�UbX�h?<�
f<[]gh<f�hU[g�g<bh�h?fci[?�h?<�hU[�Vig&�Uf<�X]f<WhCm�<bUVC<X�cf�X]gUVC<X�Vm�U�:CcW_�EUdd]b[�
LUVC<� #:EL$(�Figure 4-9�g?ckg�Ub�<lUadC<�cZ� h?<�:CcW_�EUdd]b[�LUVC<� ZibWh]cbUC]hm&� h?<�
pibf<UXmr�gcifW<�cd<fUbXg�Zcf�h?<�h?f<<�]bghfiWh]cbg�Uf<�aUf_<X�]b�h?<�:EL�#U&�V&�W$�]b�h?<�
aca<bh� h?<m� Uf<� ghcf<X� ]b� h?<� ;9E
:CcW_g� UbX� h?<� jUCi<� Zcf� h?<]f� gcifW<� cd<fUbXg� Uf<�
pibf<UXmr&� h?]g�:EL� ]bX]WUh<g�k?]W?�VCcW_g� f<ei]f<� h?<�d?mg]WUC� f<[]gh<fg�g<bh� h?fci[?� h?<�
LU[� :ig&� h?<b&� k?<b<j<f� U� f<[]gh<f� hU[� ]g� f<W<]j<X&� h?<� :EL� <bUVC<g� cbCm� h?<� f<ei]f<X�
WcadUf]gcbg�UbX�X]gUVC<g�h?<�f<aU]b]b[�VCcW_g�#X$(�

Figure 4-10 ]CCighfUh<g�?ck�h?<�9XXf<gg�Ii<i<og�;9Eg���J9Eg�Uf<�cf[Ub]n<X�UCcb[�h?<�
:EL(�

	

Figure	4-9.	Block	Mapping	Table	Functionality	Example	

O?<b�Ub�]bghfiWh]cb�Z]fgh�<bh<fg�h?<�DcUX)Khcf<�Mb]h�#9XXf<gg�Ii<i<&�DcUX�Ii<i<���Khcf<�
Ii<i<$&�]h�gh]CC�Xc<g�bch�?Uj<�]hg�a<acfm�UXXf<gg�WUCWiCUh<X&�h?ig&�]h� ]g�g<bh�hc�h?<�9XXf<gg�
Ii<i<&�V<Ccb[]b[�hc�h?<�ib_bckb�UXXf<gg�ghUhig&�]h�]g�Ugg][b<X�Ub�<bhfm�]b�h?<�DcUX�cf�Khcf<�
Ii<i<�Ug�k<CC(�Ab�cfX<f�hc�]adC<a<bh�#Zcf�Vch?�;9E���J9E$�Zcif�g]b[C<
dcfh�a<acf]<g&�h?<�
<bhf]<g�UCcb[�h?<�ei<i<�Uf<�cf[Ub]n<X�Ug�g?ckb�]b�Table 5&�b<<X<X�hc�V<�]bWCiX<X�gca<�kf]h<�
<bUVC]b[�WcbhfcC�UbX�aiCh]dC<l<fg�]bh<bX<X�Zcf�giddcfh]b[�h?<�Cc[]WUC�hkc
]bdih�dcfhg�Zcf�h?<�
hkc�]bdih�]bghfiWh]cbg�#Table 6$(�L?]g�Cc[]W�WcbhfcC�aU_<g�ig<�cZ�h?<�LU]C�Hc]bh<f�]b�cfX<f�hc�
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X<h<fa]b<� ]b� k?]W?� VCcW_� h?<� ]bghfiWh]cbg� Uf<� ghcf<X&� Ujc]X]b[� hc� ]adC<a<bh� aiCh]
dcfh�
a<acf]<g(��

	

	

Table	5.	Entries	Organization	inside	the	Queue	

	

	

	

Table	6.	4	Blocks-RAM/CAM	write	enables	and	multiplexers	between	two	input	instructions	

Tail	

Pointer	

Enable	

Block	0	

Enable	

Block	1	

Enable	

Block	2	

Enable	

Block	3	

Instruction	0/1	

Block	0	

Instruction	0/1	

Block	1	

Instruction	0/1	

Block	2	

Instruction	0/1	

Block	3	

00	 1	 1	 0	 0	 0	 1	 0	 0	

01	 0	 1	 1	 0	 0	 0	 1	 0	

10	 0	 0	 1	 1	 0	 0	 0	 1	

11	 1	 0	 0	 1	 1	 0	 0	 0	

BASE	

POINTER	
ENABLES	 MUX	

�
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Ab�h?<�:EL�Uf<�aUf_<X�cbCm�h?<�pibf<UXmr�cd<fUbX�hU[g�b<<X<X�Vm�<j<fm�VCcW_&�UbX�Uf<�
WC<Uf<X�<j<fm�h]a<�h?<�cd<fUbX�hU[g�Uf<�f<W<]j<X�Zfca�h?<�LU[�:ig(�
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Figure	4-10.	Address	Queue	(inside	the	L/S	Unit)	&	the	Block	Mapping	Table	
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L?<� ]adC<a<bh<X� X<g][b� Zcf� h?<�Ii<i<og�J<UXm�:]h� Dc[]W� ]g� g?ckb� ]b�Figure 4-11(� Ah�
f<XiW<g�h?<�XmbUa]W�dck<f�Vm�g<hh]b[�h?<�ibb<W<ggUfm�WcadUf]gcbog�f<[]gh<f�hU[g�hc�pr�gc�
h?Uh�]h�kcboh�W?Ub[<�ibh]C�h?<�f<UXm�V]h�]g�idXUh<X�k]h?�U�b<k�X]gdUhW?<X�CcUX)ghcf<�]bghfiWh]cb(�
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Figure	4-11.	Queue's	Ready	Bit	Logic	

	

	

4.2.2	 OUT-OF-ORDER	SELECT	LOGIC	

Ab�cfX<f�hc�df<j<bh�X<UXCcW_g�UbX�hc�giddcfh�Ub�cih
cZ
cfX<f�g<C<Wh]cb&�]h�kUg�UXUdh<X�U�
D<UX]b[�Q<fc�;cibh<f�R-,S&�UW?]<j]b[�U�ZUgh�Cck�dck<f�df]cf]hm�cfX<f�g<C<Whcf�(Figure 4-12)(�
L?]g�W]fWi]h�]g�]adC<a<bh<X�Zcf�Vch?�pcCX<gh�Z]fghr�UbX�pmcib[<gh�Z]fghr�f<ei]f<X�df]cf]hm�cfX<f�
g<C<Whcfg&�h?<�pcCX<gh�Z]fghr�a<W?Ub]ga�]g�ig<X�]b�h?<�K<C<Wh�Dc[]W�Zcf�h?<�9XXf<gg�Ii<i<�UbX�
DcUX�Ii<i<� #h?<�K<C<Wh�Dc[]W� Zcf� h?<�Khcf<�Ii<i<� ]g� WUff]<X�Vm� h?<�;caa]h�a<W?Ub]ga$&�
k?<h?<f�h?<�pmcib[<gh
Z]fghr�a<W?Ub]ga�]g�ig<X�]b�h?<�Khcf<
hc
DcUX�<UhU�>cfkUfX]b[&�h?]g�
]g�V<WUig<�]h�]g�b<<X<X�hc�ZcfkUfX�h?<�acgh�idXUh<X�XUhU�jUCi<�#CcUX�]bghfiWh]cb
f<CUh]j<$�Zcf�
<j<fm�a<acfm�CcWUh]cb�k?<b<j<f�h?]g�a<W?Ub]ga�]g�ig<X(�L?<�W]fWi]h�ig<X�]b�cfX<f�hc�d<fZcfa�
h?]g� cih
cZ
cfX<f� g<C<Wh]cb� ]g� ]CCighfUh<X� ]b�Figure 4-12&� UbX� h?<� k?cC<� g<C<Wh]cb� d]d<C]b<�
#]bWcfdcfUh]b[� h?<� 9XXf<gg� Ii<i<&� h?<� 9XXf<gg� "<b<fUh]cb� Mb]h&� UbX� h?<� Hcgg]VC<�
<<d<bX<bW]<g�[<b<fUh]cb$�]g�g?ckb�]b Figure 7-5 in Appendix-A(�
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Figure	4-12.	Leading	Zero	Counter	as	a	Priority	Selector	(oldest-first)	–	32bits	
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4.2.3	 MEMORY	DISAMBIGUATION	&	STORE-TO-LOAD	DATA	FORWARDING	MECHANISM	

L?<�a<acfm�X]gUaV][iUh]cb�UbX�ghcf<
hc
CcUX�XUhU�ZcfkUfX]b[�a<W?Ub]ga�dfcdcg<X�]b�
h?]g� h?<g]g�Uf<�Wcbgh]hih<X�Vm�pbcb)dcgg]VC<�X<d<bX<bW]<g�j<Whcfgr&� p?Ug?� hUVC<�UbX�VCcca�
Z]Ch<fgr�R,3S�R-S(�

A) Non/Possible	Dependencies	Vectors	

L?<� bcb)dcgg]VC<� X<d<bX<bW]<g� j<Whcfg� Uf<� XmbUa]W� j<Whcfg� ig<X� hc� <bUVC<)X]gUVC<�
g<j<fUC�a<acfm�UXXf<gg�WcadUf]gcbg�WUff]<X�V<hk<<b�h?<�]ggi<X�CcUXg�UbX�ghcf<g&�h?<�pib

fchUh<Xr�g<C<Wh]cb�V]hg�[]j<b�Vm�h?<�K<C<Wh�Dc[]W� ]b�h?<�9XXf<gg�Ii<i<�Uf<�ig<X�hc� ]bX<l�U�
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Figure	4-13.	Non/Possible	dependencies	vector	generation	
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Figure	4-14.	Example	for	the	Memory	Disambiguation	&	Store-to-Load	data	forwarding	using	the	proposed	Non/Possible	
Dependencies	Vectors	&	Hash	Table	(a)	

	

Figure	4-15.	Example	for	the	Memory	Disambiguation	&	Store-to-Load	data	forwarding	using	the	proposed	Non/Possible	
Dependencies	Vectors	&	Hash	Table	(b)	
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Figure	4-16.	Example	for	the	Memory	Disambiguation	&	Store-to-Load	data	forwarding	using	the	proposed	Non/Possible	
Dependencies	Vectors	&	Hash	Table	(c)	

	

	

Figure	4-17.	Example	for	the	Memory	Disambiguation	&	Store-to-Load	data	forwarding	using	the	proposed	Non/Possible	
Dependencies	Vectors	&	Hash	Table	(d)	

	

	

Figure	4-18.	Example	for	the	Memory	Disambiguation	&	Store-to-Load	data	forwarding	using	the	proposed	Non/Possible	
Dependencies	Vectors	&	Hash	Table	(e)	
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Figure	4-19.	Example	for	the	Memory	Disambiguation	&	Store-to-Load	data	forwarding	using	the	proposed	Non/Possible	
Dependencies	Vectors	&	Hash	Table	(f)	

	

	

Figure	4-20.	Example	for	the	Memory	Disambiguation	&	Store-to-Load	data	forwarding	using	the	proposed	Non/Possible	
Dependencies	Vectors	&	Hash	Table	(g)	

	

	

Figure	4-21.	Example	for	the	Memory	Disambiguation	&	Store-to-Load	data	forwarding	using	the	proposed	Non/Possible	
Dependencies	Vectors	&	Hash	Table	(h)	
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Figure	4-22.	Example	for	the	Memory	Disambiguation	&	Store-to-Load	data	forwarding	using	the	proposed	Non/Possible	
Dependencies	Vectors	&	Hash	Table	(i)	

	

	

Figure	4-23.	Example	for	the	Memory	Disambiguation	&	Store-to-Load	data	forwarding	using	the	proposed	Non/Possible	
Dependencies	Vectors	&	Hash	Table	(j)	

	

	

Figure	4-24.	Example	for	the	Memory	Disambiguation	&	Store-to-Load	data	forwarding	using	the	proposed	Non/Possible	
Dependencies	Vectors	&	Hash	Table	(k)	
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Figure	4-25.	Example	for	the	Memory	Disambiguation	&	Store-to-Load	data	forwarding	using	the	proposed	Non/Possible	
Dependencies	Vectors	&	Hash	Table	(l)	
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:(�
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<bhf]<g� ]g� ]bWCiX<X� ]b� h?<� CcUX�ei<i<&�k?<b�U�>cfkUfX]b[�a<W?Ub]ga� ]g�<l<Wih<X�Vih� h?]g�
gcifW<�XUhU�]g�bch�f<UXm&�h?<�<bhfm�cZ�h?<�f<ei]f<X�ghcf<og�gcifW<�XUhU�]g�ghcf<X�]b�h?]g�kU]h]b[�
;9E&�h?<b�U�ZcfkUfX]b[�]g�d<fZcfa<X�k?<b<j<f�h?<�Khcf<�Ii<i<og�KcifW<�<UhU�>cfkUfX�Dc[]W�
(Figure 4-5)�g<bXg� h?<� ZcfkUfX<X�XUhU� h?fci[?� h?<�p<<CUm<X�KcifW<�<UhU�DcWUC�:igr&� h?<�
X<g][b�]g�g?ckb�]b�Figure 7-2(�

	

	

	



Chapter	5	 	 72	

Results	

	

	

	

Chapter 5  

/������

	

L?]g� X<g][b� ?Ug� V<<b� ]adC<a<bh<X� UbX� g]aiCUh<X� ig]b[� h?<� 9Ch<fUog� IiUfhig� AA� =<9�
gcZhkUf<�[<hh]b[�Ub�cj<fUCC�kcf_]b[�Zf<ei<bWm�cZ�22(13E#n�(Figure 5-1)�aU_]b[�ig<�cZ�h?<�
9Ch<fUog�<=,
++/�>H"9�VcUfX&�h?<�>fcbh
=bX�XUhU�dUh?�UCgc�]g�]bWCiX<X�]b�cfX<f�hc�d<fZcfa�
h?<g<�g]aiCUh]cbg(�L?<�f<giChg�Uf<�df<g<bh<X�Ug�ZcCCckg&�h?<�g]aiCUh]cb�cZ�h?<�>fcbh
<bX&�h?<�
[<b<fUh]cb�cZ�h?<�Hcgg]VC<�<<d<bX<bW]<g�N<Whcfg&�h?<�g<C<Wh]cb�Cc[]W&�h?<�h<ghg�k]h?]b�h?<�:CcW_�
EUdd]b[�LUVC<�UbX�h?<�k?cC<�JLD�X]U[fUa�Zcf�h?<�]adC<a<bhUh]cb(�
	

	

Figure	5-1.	Maximum	Overall	Frequency	
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Figure	5-2.	Decoder	

�

L?<�<<WcX]b[�W]fWi]h�f<UXg�h?<�VUg<&�gcifW<�UbX�X<gh]bUh]cb�f<[]gh<fg&�]h�UCgc�[<b<fUh<g�
h?<�WcbhfcC�V]hg
j<Whcf�ig<X�hc�<l<Wih<�h?<�CcUX)ghcf<�]bghfiWh]cb�h?fci[?�h?<�k?cC<�XUhUdUh?(�
Ab�h?]g�g]aiCUh]cb�hkc�]bghfiWh]cbg�#AbhfiWh]cbTAb��UbX�AbghfiWh]cbTAb+$�Uf<�X]gdUhW?<X&�h?<m�
Wcff<gdcbX�hc4�D:� J+6
.# J$�UbX�KO;+� J+
82# J$�f<gd<Wh]j<Cm(�
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Figure	5-3.	Integer	Ready	Bit	Register	-	Test	1	

9b�]adC<a<bhUh]cb�UbX�g]aiCUh]cb�cZ�h?<�J<UXm�:]h�J<[]gh<fg�#AFL���>H$�]g�Xcb<�]b�cfX<f�
hc�W?<W_�Uh�X]gdUhW?�h]a<�]Z�U�gcifW<�d?mg]WUC�f<[]gh<f�]g�f<UXm�hc�V<�f<UX�Zfca�h?<�J<[]gh<f�
>]C<g�cf�hc�VmdUgg<X�Zfca�h?<�:mdUgg�b<hkcf_&�]b�h?<�h<gh�+�(Figure 5-3)�U�d?mg]WUC�f<[]gh<f�
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,.�]g�W?<W_<X�UbX�]h�]g�ZcibX�]b�h?<�<<gh]bUh]cb�:ig&�gc�U�f<UXm�V]h�g<h�hc�p+r�]g�g<bh�hc�h?<�
9XXf<gg�Ii<i<(�Ab�h?<�h<gh�,�(Figure 5-4)&�U�.�]g�f<ei]f<X�UbX�]h�]g�UCgc�ZcibX�]b�h?<�<<gh]bUh]cb�
:ig( 

	

	

Figure	5-4.	Integer	Ready	Bit	Register	-	Test	2	
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Kca<�g]aiCUh]cbg�Uf<�aUX<�Zcf�h?<�>H�J<UXm�:]h�J<[]gh<f�(Figure 5-5)(�
	

	

Figure	5-5.	Floating	Point	Ready	Bit	Register	-	Test	

�

L?<�WcbhfcC�Cc[]W�cZ�h?<�#<UX�Hc]bh<f�UbX�LU]C�Hc]bh<f�]g�]adC<a<bh<X�UbX�g]aiCUh<X&�]b�
h<gh�+�(Figure 5-6)&�]h�kUg�<ld<Wh<X�hc�[<h�U�pIi<i<�>iCCr�g][bUC�]b�cfX<f�hc�ghUCC�h?<�d]d<C]b<�
UbX�]b�h?<�Wcbh<lh�f<Wcj<fm�a<W?Ub]ga�h<gh�(Figure 5-7)&�h?<�J<Wcj<f<X�LU]C�Hc]bh<f�]g�V<]b[�
hU_<b� Zfca� U� J<Wcj<fm�E<acfm� UbX� ]h� idXUh<g� h?<� UWhiUC� LU]C� Hc]bh<f� UZh<f� h?<� f<Wcj<fm�
a<W?Ub]ga( 
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Figure	5-6.	Pointer	Control	Logic	-	Test	1	

	

	

Figure	5-7.	Recovery	Mechanism	

>cf� Ub� cih
cZ
cfX<f� ]ggi]b[&� U� df]cf]hm� cfX<f� g<C<Wh]cb� Cc[]W� ]g� ]adC<a<bh<X&� h?<� ph<gh�
g]aiCUh]cb�+r�(Figure 5-8)�]b]h]Uh<g�k]h?�U�#<UX�Hc]bh<f�cZ�p,3r&�<ld<Wh]b[�hc�V<�g<C<Wh<X�bc�
<bhfm� #h?Uh� ]g� hc� gUm� h?Uh� U� NUC]X� K<C<Wh]cb� :]h� ]g� g<h� hc� pr$� V<WUig<� h?<f<� Uf<� bc� f<UXm�
]bghfiWh]cbg�hc�V<�]ggi<X&�]b�ph<gh�,r�(Figure 5-9)&�h?<�b<lh�UjU]CUVC<�]bghfiWh]cb�hc�V<�]ggi<X�
]g�h?<�p<bhfm�-r&�g]a]CUfCm&�]b�ph<gh�-r�(Figure 5-10)&�h?<�g<C<Wh<X�]bghfiWh]cb�]g�h?<�p<bhfm�0r(�

	

	

Figure	5-8.	Selection	Logic	-	Test	1	
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Figure	5-9.	Selection	Logic	-	Test	2	

	

	

Figure	5-10.	Selection	Logic	-	Test	3	

�

9�kf]h<)f<UX�cd<fUh]cb�hc�h?<�9XXf<gg�Ii<i<�]g�g]aiCUh<X�]b�Figure 5-11&�]h�]g�W?<W_<X�]Z�
h?<�.
VCcW_<X�9XXf<gg�Ii<i<�]g�UWhiUCCm�ghcf]b[�h?<�Wcff<gdcbX]b[�XUhU�]b�]hg�Wcff<gdcbX]b[�
VCcW_g&�Ug�k<CC�Ug�h?<�f<UX]b[�cZ�h?<�VCcW_g�h?fckg�h?<�Wcff<Wh�]ggi<X�]bghfiWh]cb(�
	

	

Figure	5-11.	Address	Queue's	Write/Read	Test	
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L?<� :CcW_�EUdd]b[� LUVC<� Zcf� h?<� 9XXf<gg� Ii<i<og� kU_<
id� a<W?Ub]ga� ]g� h<gh<X� ]b�
Figure 5-12&�]h�]g�h<gh<X�<ld<Wh]b[�U�J<[]gh<f�LU[�,2&�]h�]g�[chh<b�Zfca�h?<�Zcifh?�f<[]gh<f�g<bh�
h?fci[?�h?<�LU[�:ig&�h?ig&�h?<�WcadUf]gcb�]g�<bUVC<X�Zcf�h?Uh�LU[�:igog�]bdih(�
	

	

Figure	5-12.	Block	Mapping	Table	Test�

L?<� bcb)dcgg]VC<� X<d<bX<bW]<g� j<Whcf� [<b<fUh]cb� ]g� g]aiCUh<X� hU_]b[� gca<� X<g_�
<jUCiUh]cbg�]b�cfX<f�hc�_bck�k?Uh�j<Whcfg�?Uj<�hc�V<�[<b<fUh<X(�L?<�ph<gh�+r�(Figure 5-14)�
g]aiCUh<g�h?<�Z]fgh�WUg<�(Figure 5-13)&�k?<f<�U�p+r�j<Whcf�
]g�<ld<Wh<X�UZh<f�h?<�Z]bUC�fchUh]cb&�h?<�g<C<Wh<X�]bghfiWh]cb�]g�U�ghcf<&�h?ig&�h?]g�FH<N�]g�kf]hh<b�
hc�h?<�Khcf<�Ii<i<�UbX�]h�aUf_g�h?<�ib
]ggi<X�CcUXg�h?Uh�Uf<�bch�dcgg]VC<�hc�V<�X<d<bX<bh�
k]h?�h?Uh�ghcf<(�

	

	

Figure	5-13.	Possible	dependencies	vector	-	Desk	evaluation	1	
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Figure	5-14.	Possible	Dependencies	Vector	-	Test	1	

L?<�g<WcbX� h<gh� #Figure 5-15$� g]aiCUh<g�Ubch?<f� WUg<�k?<f<�U� CcUX� ]g� g<C<Wh<X� hc�V<�
]ggi<X�UbX�h?<�ib
]ggi<X�ghcf<g�h?Uh�WUb�V<�dcgg]VC<�a<acfm
X<d<bX<bh�k]h?�h?Uh�CcUX�Uf<�
aUf_<X�Ug�p+++r�(Figure 5-16)(�

	

	

Figure	5-15.	Possible	dependencies	vector	-	Desk	evaluation	2	

	

	

Figure	5-16.	Possible	Dependencies	Vector	-	Test	2	
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h?<�<bhfm�,�cZ�h?<�Khcf<�Ii<i<�#h?<�jUCi<�]g�bch�[<b<fUh<X�m<h&�h?ig&�h?<�<bhfm�cZ�h?<�X<d<bX<bh�
ghcf<�]g�kf]hh<b�]b�h?<�kU]h]b[�hUVC<$&�Uh�h?<�gUa<�h]a<�h?]g�ghcf<�?Ug�U�a<acfm
X<d<bX<bWm�
k]h?�h?<�<bhfm��cZ�h?<�DcUX�Ii<i<�Vih�h?<�a<acfm
X<d<bX<bWm�Zcf�h?]g�<bhfm�ZcibX�]b�h?<�
ghcf<
hc
CcUX�XUhU�ZcfkUfX]b[�V<Ccb[]b[�hc�Ub�UggcW]Uh]j<�UWW<gg�Zfca�U�df<j]cig�]ggi<X�CcUX�
#a<acfm
X<d<bX<bh�k]h?�h?<�<bhfm�.�cZ�h?<�Khcf<�Ii<i<$�?Ug�h?<�acgh�idXUh<X�jUCi<�Zcf�h?Uh�
a<acfm
X<d<bX<bWm&�h?ig&�h?<�a<acfm
X<d<bX<bWm�k]h?�h?<�<bhfm�,�]g�][bcf<X�UbX�h?<�ghcf<

hc
CcUX�XUhU�ZcfkUfX]b[�k]h?�h?<�<bhfm�.�]g�<l<Wih<X�#ZcfkUfX]b[�h?<�XUhU�p0/.r$(�L?<�Khcf<�
Ii<i<og�<bhfm�,�]g�g<bh�h?fci[?�h?<�Vig�]b�h?<�ZcCCck]b[�WCcW_�WmWC<g�C<hh]b[�h?<�DcUX�Ii<i<og�
<bhfm�/�hc�ZcfkUfX�h?]g�XUhU�#p+,r$(�L?<�CcUXg�#<bhf]<g�/�UbX�$�Uf<�g<bh�hc�<l<Wih]cb�]b�cfX<f�
hc�<bgif<�h?Uh�h?<]f�XUhU�jUCi<g�?Uj<�V<<b�ZcfkUfX<X�#]b�p<UhUTK<bhr$(�

	

	

Figure	5-17.	Store-to-Load	Data	Forwarding	-	Test	
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Figure	7-2.	Store-to-Load	Forwarding	Logic	including	the	Delayed	Source	Data
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Figure	7-3.	Load/Store	Queue	with	In-Order	Execution	
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Figure	7-4.	Incorporation	of	the	proposed	Load/Store	Unit	to	the	processor	
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Figure	7-5.	Select	Logic,	Address	Generation	&	PDVs	pipeline	
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