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CLOCKS BACKGROUND OF THE I NVENTION Field of the Invention The present

i nvention relates generally to cache nenories, and specifically to a data
cache whose data storage and tag logic and hit/mss logic are split across
mul tiple clock domains. Background of the Prior Art Fig. 1 illustrates a
m croprocessor 100 according to the pri 0{) art. The m croprocessor includes
an 1/Oring which operates at a first clock frequency, and an execution
core which operates at a second cl ock frequenc For exanpl e, the

| nt el 486DX2 maPATARAFHEWEE %Tﬁ&Ta’EA%METg%O#W& DIFFERENT GLOFKS ot 66MHz
for a 2:1 ratio (1/2 bus), the IntelDX4 may run its I/Oring at 25M4z and
its execution core at 75MHz for a 3:1 ratio (1/3 bus), and the Intel
Pentiunferr] OverDrive[err] processor may operate its I1/Oring at 33MHz and
its execution core at 82. 5MRAGKGRQUNDIOH THEIINYENSIONbus). A distinction
may be nmade between "1/ O operations”. and "execution operations". For
exanple,_ in the DX2, the 1/0 ring perfornms I/O operations such as

buf f eri iigld gf e davention  receiving, parity checking, and other operations
associated with comrunicating with the off-chip world, while the execution
core perfor execut i. De
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" pr oc es shagg' datmstorage and t8g éoglcmé hit/mise logisrarg gadit myssopulndn glack domainyide a
clock multiplier. In this node, the processor can automatically set the

speed of its executign core according to an external, slower clock provided
to its @ﬂ§ﬂ¥¥g4£$&?§ﬂﬁkgﬂreduce t he nunber of pins needed. Al tematively,
the processor may include a clock divider, in which case the processor sets
the 1/Oring v
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sui t abl e. eader
sel ect e&x‘:’fl’f °'bf°6$/ %’1{] %fafzr (Y)Mrrr%"toh(cei nﬁﬁqufem# ggjmdlég %%here ore
speci f i ctsckmkordm at FiMHo forick b\mt%s(lﬁdmb. ambmaémteh Rentivn® Overbitive® processor

mul ti pl ingtdp eﬂtea&dué |l ik 9‘.‘§MHWath it§ @iecb&rﬁ?&% R8sz Forat2 31 eddio (572 bus).
Furthernore, the WD 98/ 2

PCT/ US97/ 14024 2 cl ock nul t/d| v units need not necessarily be limted to
i nteger mul t iApbistindtivaksay beitmadabetpeer tifOhopemgtion” mnd [“exscutingy oferatimhs’™y Fot he
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parity checking, and other operations associated with communicating with the off-chip world, while
. the execution core performs execution operations such as addition, multiplication, address
generation, comparisons, rotation and shifting, and other “processing” manipulations.

The processor 100 may optionally include a clock multiplier. In this mode, the processor can
automatically set the speed of its execution core according to an extemal, slower clock provided to
its I/O ring. This may reduce the number of pins needed. Alternatively, the processor may include a
clock divider, in which case the processor sets the I/0 ring speed responsive to an external clock
provided to the execution core.

These cldck muliiply and clock divide functions are logically the same for the purposes of
this invention, so the term *‘clock mult/div” will be used herein to denote either a multiplier or
divider as suitable. The skilled reader will comprehend how external clocks may be selected and
provided, and from there multiplicd or divided. Therefore, specific clock distribution networks, and
the details of clock multiplication and division, will not be expressly illustrated. Furthermore, the



cl ocki ng, but can, in sone enbodi nents, be flexible, asynchronous, and/or.
progr ameab 08 g&} as |n providing a P/ Q clocking schene. Tp Rﬁﬁ/ﬁo4
notivation Tofr increasing clock frequencies in this manner 1S 10 reduce

i nstruction |latency. The execution |atency of an instruction may be defined
as the time fromwhen its input operands nust be ready for it to execute
until its result is ready to be used by another instruction. Suppose that a
part of a program contains a sequence of N instructions, 1f[err], 1f[err],
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the resul telpgk 'P["é’Pl‘] um Feda'nt nfcesss S’ "111“?‘8"‘ fntegef mu ‘ngr?h‘il‘ﬁ Rt &arp gr’arns
may al so cmﬂtcmcmng.rmnﬂt)hme clork trsulddiv onits. neddheot noecssaily evea teliintitet! o fragionad lbasn

cannot be .
Tl Torr] - G Bt ol 3o ciBBalidtB, be nquivie seymchmonous, ndfor programgble, such s in
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G N (Alerr]lerr]Alerr][err]Alerr][err]...[err]Alerr]). Let f[err] be the
nunber of instructions that are in fllght during cycle j. W can then
defi ne the par aMednaxigpipatibe sare hingfragea ﬁlﬂ’iﬂ@rﬂlfgﬁmﬂtmw ofctiewri2efing that pryht

}‘\Ig { t het Er ita&ft@ﬁbm i/ a4 ﬁtghe’rfedn[a G{ert]]crﬁé @al & refuirks & M@eralﬂse:brb]efréaay fuhtil the time
ice tha r “ »
Alerr][er r W["[ ’JAT(éet rLe" r{t]:y L Xﬁ]' '§E§P‘]ﬁ{°§1 %gicgi]o "% 'f’ g’eéﬁﬁrgt f'bﬂ‘ggﬁ' dora
ways of colength ngnmp I-t..=|=nb..*ﬁlmlm¢ Apis thy latency,ias definied laboves of Incbut dhis time expressed in

flight, whgerEncidhd ¢ aéixﬁucﬂétqrﬁog”rﬁnﬁ ekéhuie‘ N%Htmbttbn@ aﬂh%%@ aﬁd’ fak@M tdeles” or
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PCTI US97/ 14024 3 W may then easily see that P L*B. In this forrrula Lis

the average latency for a program B is its average bandwidth, and Pis its
aver age Par al | eThesaHerage datency san be canvertionally defined ae N da ket lohetly) =

C/IN*(Ay+Az+Ast...+Ay). Let §j be the number of instructions that are in flight during cycle j. We
can then define the parallelism P as the average number of inst_ruc_'.tions in flight for the program or
l/M*(f1+f2+f3+...+fm).

Notice that fy+fy4+f3+... 4+ = Aj+Ax+ At +Ay. Both sides of this equation are ways of
counting up the number of cycles in which instructions are in flight, wherein if x instructions are in -
flight in a given cycle, thal cycle counts as x cycles.

Now define the “average bandwidth” B as the total number of instructions executed, N,
divided by the time used, M*C, or in other words, B = N/(M*C).



program It.is instructions per second. If the programhas N instructions,
It takes WwWoBsagssends to execute it. The goal of a faster [PROICESY3M4024S
exactly the goal of getting B higher. W now note that increasing B
requires either increasing the parallelismP. or decreasing the average
latency L. It is well known that the parallelism P. that can be readily
exploited for a programis limted. Wereas, it is true that certain

cl asses of prograns have | arge expl oitabl £ par allelism a |large class of
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executio own as '“control ‘specul ation because the
processor guesses mhlch way contr ol (branchlng) |nstruct|ons will go. Sone
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place. Fig. 2 illustrates a conventional data hierarchy. A mass storage
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PCT/ US97/exepmtian’ This is also known as “control speculation”, because the processor guesses which way
- control (branching) instructions will go. Some processors perform speculative fetch, and others, such
as the Intel Pentium Pro processor, also perform speculative execution. Control speculating
proéessors include mechanisrhs for recovering from mispredicted branches, to maintain program and

data integrity as though no speculation were taking place.

Fig. 2 illustratcs a conventional data hierarchy. A mass storage device, such as a hard drive,
stores the programs and data (collectively “data™) which the computer system (not shown) has at its
disposal. A subset of that data is loaded into memory such as DRAM for faster access. A subset of
the DRAM contents may be held in a cache memory. The cache memory may itself be hierarchical,
and may include a level two (L2) cache, and then a level one ¢1) cache which holds a subset of the
data from the L2. Finally, the physical registers of the processor contain a smallest subset of the data.
As is well known, various algorithms may be used to determine what data is stored in what levels of
this overall hierarchy. In general, it may be said that the more rccently a datum has been used, or the
more likely it is 10 be nceded soon, the closer it will be held to the processor.



The presence or absence of valid data at various points in the hrerarchrcal
st or age sgﬁaggy*ﬁbhas i mpl i cations on anot her drawback of L Y Y
processors, including control specul ating processors. The various
conponents within their execution cores are designed such that they cannot
perform "data specul ation", in which a processor guesses what val ues data
w Il. have (or, nore precisely, the processor assunes that
present|y-avail abl e data val ues are correct and identical to the val ues
that will ultimately result, and uses t hode val ues as i nputs for one or
nore operations), rather than which way branches will go. Data specul ation
may invol ve spé‘bmprasmmgmt dhaence| of validrdatacat vanjous paintsaip|the hierrehigalcsiorhge strugture
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breaki ng them down jnto mcro-insgructions. For purposes of "t he Erese

i nvent i onWith gdnicreasehiteciue which juggg-di ?reurct%éree‘tﬁ'rsteﬂéqr Jarous ROFHARS of Hie expcutipn
of these emdwameUVMMARY OF THE | NVENTI ON A cache nmenory with a data storage
uni t operating at a first clock frequency, and a tag unit and hit/niss

| ogi ¢ operati nlg a second clock frequency different than the first clock
frequency. The tdwell-smwra@et qYeRy naeressar ispdanied tp epeculd ipstrustionspftits paxtiewlar t he
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cache i n 31 'B,S‘rp('ﬁ"é{é’glé‘f)f“ac 's%]é?ﬁ“éﬁ/ T"ﬁ processors, such as the Pentium Pro processor,
decode those “macro-instructions” down into “micro-instructions” or “uops”, which may be
thought of as the machine language of the micro-architecture and which are directly executed by the
processor’s execution units. It is also well-known that other processors, such as those of the RISC

variety, may directly execute their macro-instructions without breaking them down into

micro-instructions. For purposes of the present invention, the term “instruction” should be
considered to cover any or all of these cases.

SUMMARY OF THE INVENTION

A cache memory with a data storage unit operating at a first clock frequency, and a tag unit
and hit/miss logic operating at a second clock frequency different than the first clock frequency. The
data storage may advantageously be clocked faster than the tag and hit/miss, such as 2X faster. This



one which has plural execution core sections operating at the different

cl ock fregoeseiess. BRI EF DESCRI PTI ON OF THE DRAW NGS Fi g. HCT/gs9a/1iizeck
diagramillustrating a prior-art processor having an I1/O ring and an
execution core operating at different clock speeds. Fig. 2 denonstrates a
hi erarchi cal nmenory structure such as is well known in the art. Fig. 3 is a
bl ock diagramillustrating the processor of the present invention, and
showing a plurality of execution core segtl ons each having its own cl ock
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the sub-core is not nested as shown in Fig 4. Flg 6 is a block diagram
illustrating a partitioning &W "ﬁ"ﬂ} 7 is a block
diagramillustrating one en‘gﬁicr nt o he rep ay arc |Stecture of the
present invention, which permts data speculation. Fig. 8 illustrates one
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i ncl udes the nost | atency i ntol erant port| ons of the particular
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exanple, in an [htel Arc Itecture process certarn arit ic and | ogic
functions, as well "as data cache access, may be the nost unforgiving of

execution | at Bigcs is £bloek di‘agumt:umanng/\hm ‘{‘ah)cés"ser ofthe Ffése%&ﬁﬁedﬂoueaﬂd%hsmg gt ion
| at ency, erant execution core
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transcendent al s e refegated to t sl ower ore
processo?“%s%?ﬁ’iﬁﬁw@dfsé%”%?%fﬁ‘lée'?"ést of the system(not shown) via the
I/Oring 215. If the 1/0Oring operates at a different clock frequency t han
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to any s&howatinEFigrdnner and conventional neans. Because the
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than the rest gof g ) af MY LA « SAREOLER: B2'SechiS coe

Fig. 7 is a block diagram ijllustrating one embodiment of the replay architecture of the
present invention, which permits data speculation.

Fig. 8 illustrates onc embodiment of the checker unit of the replay architecture.
DETAILED DESCRIPTION OF THE INVENTION

Fig. 3 illustrates the high-speed sub-core 205 of the processor 200 of the present invention.
The high-speed sub-core includes the most latency-intolerant portions of the particular architecture
and/or microarchitecture employed by the processor. For example, in an Intel Architecture
processor, cerfain arithmetic and logic functions, as well as data cache access, may be the most
unforgiving of execution latency.

Other functions, which arc not so sensitive to execution latency, may be cbntaine_d within a
more latency-tolerant execution core 210. For example, in an Intel Architecture processor, execution



there may be a nechanism 225 for providing a different clock frequency to
the | aten erant execution sub-core 205. In one nod a cl ock
mul t/ div m%s%lg%g Fig. 4 illustrates a refinenent of theell‘%lfllgéng?{lg(%“sh

in Fig. 3. The processor 250 of Fig. 4 includes the 1/Oring 215, clock
mult/div unit 220, and | atency-tol erant execution core 210. However, in

pl ace of the unitary sub-core (205) and clock mult/div unit (225) of Fig.

3, this inproved processor 250 includes a Iatency i ntol erant execution

sub-core 255, and AN ey at en executi o up-c 260, wi th
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of which includes those units which nust operate at | east as fast as the
respective sub,{-#ore Ievgé The skil leglg reader, wi || further appreciate that
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needed t exequéomsub-aire 205 Inbnprasde, divisla dockomudiidiy unit 235.desi gn nmay be
sinplified by including it in a nore inner sub-core that is strictly
necessary. For_exanple, it may be nmore efficient to nake twice as fast a
register file K t4h‘nH§Tafeséﬁwnb?fr‘b%m"?"ﬂah shqvreinFig. ¥ The proggssar 250 of Figt the
pr ocessoringhedek orermo ﬁﬁg MSDc!daE Aty uriit 2300 énd Ya@néy-laﬂ-,rﬂlﬂ exedhitidn@rd 210, BbREer,
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the first reSult to produce a secon resu atency’ C
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- register file; although, for reasons including those stated above concerning Fig. 2, the register file

might not technically be needed to opcrate at the highest clock frequency, its design may be

simplified by including it in a more inner sub-core that is strictly necessary. For example, it may be

more efficient to make twice as fast a register file with half as many ports, than vice versa,

In operation, the processor performs an I/0 operation at the /O ring and at the 1/O clock
frequency, such as to bring in a data item not presently available within the processor. Then, the
latency-tol‘erant execution core may perform an execution operation on the data item to produce a
first result. Then, the latency-intolerant execution sub-core may perform an execution operation on

- the first result to produce a second result. Then, the latency-critical execution sub-core may perform
a third execution operation upon the second result to produce a third result. Those skilled in the art
will understand that the flow of execution need not necessarily proceed in the strict order of the
hierarchy of execution sub-cores. For example, the newly read in data item could go immediatcly to



265, 270. However, in this enbodinent the |atency-critical execution
sub-core MeP965%0t nested within the | atency-intol erant ePEIHSIDNM02r e
255. In this node, the clock nult/div units 265 and 270 perform different
ratios of nmultiplication to enable their respective cores to run at

di fferent speeds. In another slightly different node (not shown), either of
these cores mght be clock-interfaced directly to the I/Oring or to the
external world. In such a node, clock nult/div units may not be required,
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may not hnultipticatién factors might not remain constant over time. For example, in some modes, the clock
multiplication applied to the innermost sub-core could be adjusted up and down, for example
between 3X and 1X or between 2X and 0X or the like, when the higher frequency (and therefore
higher power consumption and heat generation) are not needed. Also, the processor may be
subjected to clock throttling or clock stop, in whole or in part. Or, the /O clock might not be a
constant frequency, in which case the other clocks may either scale accordingly, or they may
implement some form of adaptive P/Q clocking scheme to maintain their desired performance level.

Fig. 6 illustrates somewhat more detail about one embodiment of the contents of the
latency-critical execution sub-core 260 of Fig. 4. (It may also be understood to jllustrate the contents
of the sub-core 205 of Fig. 3 or the sub-core 255 of Fig. 4.) The latency-tolerant execution core
210 includes components which are not latency-sensitive, but which are dependent only upon some
level of throughput. In this sense, the latency-tolerant components may be thought of as the
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decode instructions or renane registers, for exanple, is significantly |ess

critical than td\freht &8 in high PhASmiafcCeRiptie® dedigh (¢ thdPeéntium Pro processor) already
éxploits most of the readily e_xplbitable parallelism in a large class of important low P programs, It
becomes extraordinarily difficult or even practically impossible to greatly increase P for these

programs. In this case there is no alternative to reducing the average latency if it is desired to build a

processor to run these programs faster.

On the other hand, there are certain other functions such as for example, instruction decode,
or register renaming. While it is essential that these functions are performed, current art has it
arranged that the lapscd time for performing these functions may have an effect on performance
only when a branch has been miss predicted. A branch is miss predicted typically once in fifty
instructions on average. Hence one nanosecond longer to do decoding or register recnaming provides
the equivalent of 1/50 nanoseconds increase in average instruction execution latency while one
nanosecond increase in the time to execute an instruction increases the average instruction latency by



There are still other functions that nust be perfornmed in a processor. Miny
of these WM@RSZL6Ms are even nore highly | everaged t han dechOimgozraoz4

regi ster renanm ng. For these functions 1 nsec increase in the tine to
performthem may add even | ess than 1/50 nanoseconds to the average
execution latency. W may conclude that the tine it takes to do these
functions is even less critical. As shown, the other ALU functions 305 can
be relegated to the | ess speedy core 210.,Further, in the nbde shown in

Fig. 6, Qiihk)ﬁaﬁosﬁéﬂhﬂ eWeQﬁaytébﬁclﬁ&ﬁtlﬂﬂ (heaRle 1t%t9kel§?o Héb%tiéiﬁls{rﬁlﬁioﬁybr fefinfe refiSters,
|Ilustratfe i the'?‘ﬁ? g@ 2ﬁ,tr]‘ﬁ,lqn 310 thecce|_5|n5|'3 B
sub- corc, wFﬁ“ ‘%lhes'%' ba % ‘d@ t £ 4 “alF'écs t‘hc’f%lé“’é'i'%fm&ore 210.
This is in contrast to the conventional w sdom WhICh is that the hit/m ss

signal is nee Qr@*{retsﬁﬁo nt:l'idm (P Fﬁ@teocd&% h%ﬁﬁ@ées%@gﬁgn | SFhdsgd that

the hlt/mss Si mting ctor on cac trn, Todd M
"Stream i Hﬁ‘%‘@“i)&f?&v%m@ ma@&é@emf%mmgemmw@é se&mrcremmmz; For tiRsofincticns

N. Pneunat mdéatrﬁﬁeaseanaﬁdhﬁafto ﬁrfo‘ﬁﬁhllem M G@PeVen I8ss Qliantlb;ﬁ] t?a%@éi coHAB ¥Pthe average
| nt ernati o Ar chi Sessli on

m on ter fecture 1995,
B No. - 1 SRR IRRT, WE S ey o i e ord e sk T e et
and nore time-consumng than the sinple matter of reading data contents

Lo cache | 0RS &iBa; pE ¢iHPRLY ifiohd' 885 U5 ok WL LAANG 1ok SROHord 76, °

entirely in the core 210, such The

i nst r uct ifYFheFainfhe mode shawn infig, S enly éé“@ﬁ@tfdl"h‘éﬂcb%mﬁds FOtbﬂi rgsmm&e isuistare sAs of

Ibr an(r:] h pl‘imﬁktmn‘eﬂ Conly the ﬂaﬁd;lmige\mﬁi’oﬁ 30 of fhe @uehefis inkide ﬂngﬁB‘B&bV\hﬁnk e htt&ﬂé} t he
cache- i 0 ranc

ot hods (e BRPAECagth lSIcNaRkdte Slo, THiks B SR R s ioaa vt ik in g

t he inst rlhR:l!lt/@ws signaliip neededhafite samrc tisnecds the datt. Aordceng papee tippliet ¢t thedit/ngiec he

is not | %tgaam ﬁﬁﬂﬂﬁi‘uhg Yator 3R ‘éaé?ﬁ%ﬁél-ﬁ iAmfneTmM siwamﬁﬁﬂg fﬂafdr Aietle WBAs with

| at ency- 0 r ate [ ower_ c equency
portion W gglﬂ‘ﬂ‘ﬂﬂ" &“H" Hg Pd'r%a'ne%affﬁeﬁaaeéwrs |SP§‘ePf°°E’<S‘!ﬂga 05!!“‘- 22nd
| at ency- s’emualtlmcmaueml iSympasitinal obcompgtandmenimdalme 824 21908 SSessivh BENG. 1B I N

the ?Lni?ﬁoéﬁ Engoriaa B ofRTmariin o sford ARG A€ e bbb ot UE,
dat a whi SHIBIE mattey of feading dra F%&“ﬁff@‘héa%mswfﬁf erarchy of Fig. 2, that is,

the data which is stored in the registers. However, as is |Ilustrated I n
b- core, but

Fig. 6, ther need .o nt ai ed V\Athl t he

may, instead, %}%gﬁ%ép‘a th"%f'th ﬁqeﬂslsé‘gt s‘ﬂg‘é@ rﬂ??'r Giirely i ﬁ'& °8r8t238251’5h thafthe o

node of KEake 31@ stgres onlyt data. Theinstreation ichche ifisgchbxis siceessed spevulativelnflt isibe tusiness

sections o?Qénleﬂx@dxct?&ﬁo pp&fiot vihereShe fidw of ﬁlcﬁﬁéérérﬁ %ﬁ‘go SRR 1R i€ ﬁghboxf‘s

shown in Fll%ﬁlﬁ t he rgaa_sor}%r ﬁaﬂf{]e regi ster 'S not require

within t g &F thiat predigtign,; Brangh-predigtion ?‘H’WPE‘H"’F‘B’S‘EPQ taday ﬁ?’bb"éﬂla't Pregrem

per f or medow withbuOére? ddeirfg the instructions in the Icache. If such a method is used, then the Icache is

PCT/ USQ?QW&&C%SRWQ and becomes more bandwidth-constrained than latency-constrained and can be
relegated to a lower clock frequency portion of the execution core.

The branch prediction itself could be latency-sensitive, so it would be a good candidate for a
fast cycle time in one of the inner sub-core sections. )

| At first glance, one might think that the innermost sub-core 205, 255, or 260 of Fig. 6 would
therefore hold the data which is stored at the top of the memory hierarchy of Fig. 2, that is, the data
which is stored in the registers. However, as is illustrated in Fig. 6, the register file need not be
contained within the sub-core, but may, instead, be held in the less speedy portion of the core 210, In
- the mode of Figs. 3 or 4, the register file may be stored in any of the core sections 205, 210, 255,
260, as suits the particular émbodiment chosen. As shown in Fig. 6, the reason that the register file is
not required to be within the innermost core is that the data which result from operations performed
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performs data speculation, it will be appreciated that the replay architecture may be used with a wide
variety of architecturcs and micro-architccturces, including those which perform data speculation and
those which do not, thosc which pcrl‘ohn control speculation and those which do not, those which
perform in-order cxecution and those which perform out-of-order exccution, and so forth.

Fig. 7 illustrates one implementation of such a replay architecture, generally showing the
data flow of the architecture. First, an instruction is fetched into the instruction cache.

From the instruction cache, the instruction proceeds to a renamer such as a register alias
table. In sophisticated microarchitectures which permit data speculation and/or control speculation, it
is highly desirable to decouple the actual machine from the specific registers indicated by the
instruction. This is especially truc in an architecture which is register-poor, such as the Intel
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looked up in the high speed data cache. In this mode, this partial address is used with the highest
priority to retricve data from the data cache, and only as a sccondary priority is a complete virtuat
address, or in the case of the Intel Architecture, a complete lincar address, generated and sent to the
TLB and cache TAG lookup logic.

Because the critical ALU functions and the data cache are in the innermost sub-core — or
are at least in a portion of the processor which runs at a higher clock rate than the TLB and TAG
logic and the hit/miss logic — some data will have already been obtained from the data cache and the
processor will have already speculatively executed the instruction which necded that data, the
processor having assumed the data that was obtained to have been correct, and the processor likely
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is, of course,.the_schedul
' The buffer umet prov%es lat&\mg of the copied instruction, 10 prevent it from getting lost if it

cannot immediately be handled. In some embodiments, there may be conditions under which it may
not be possible to reinsert replayed instructions immediately. In these conditions, the buffer holds
them — perhaps a large number of them —- until they can be reinserted. One such condition may be
that there may be some higher priority function that could claim execution, such as when the
TLB/TAG unit needs to insert a manufactured instruction, as mentioned above. In some other
embodiments, the buffer may not be necessary.

Earlier, it was mentioned that the scheduler’s output was provided to the execution core
indirectly, through a multiplexor. The function of this multiplexor is to select among several possible
sources of instructions being sent for execution. The first source ts, of course, the scheduler, in the
case when it is an original instruction which is being sent for execution. The second source is the
buffer unit, in the case when it is a copy of an instruction which is being sent for replay execution. A



case when it is an original instruction which is being sent for execution.
The seconwoss21€s® is the buffer unit, in the case when It petassogppof an
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such sensiti veé??gé'r‘"é{t'?%wc 1n igfro ‘é\?f’% therg; 4re, things i seplay,is 8 gamplgyThere is a
certain probability the new instruction will be independent and some work will get done. On the
other hand, there is a certain probability that the new instruction will be dependent and will also need
to be replayed. Worse, there may be a number of instructions to follow that will be dependent on the
new instruction, and all of those will have to be replayed, too, whereas if the machine had waited until
the replays were resolved, then all of these instructions would not have to execute twice.

In one mode, a manufactured instruction may have higher priority than a replay instruction.
This is advantageous because these manufactured instructions may be used for critically important
and time-sensitive operations. One such sensitive operation is an eviction. After a cache miss, new
data will be coming from the L1 cache. When that data arrives, it must be put in the data cache (LO)
as quickly as possible. If that is done, the replayed load will just meet the new data and will now be
successful, If the data is even one cycle late getting the data there, the replayed load will pass again
too soon and must again be replayed. Unfortunately, the data cache location where the processor is
going to put the data is now holding the one and only copy of some data that was written some time
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drop it on the floor and request the store address instruction to be

repl ayed. As anot her exanple, the Page M ss Handl er (not shown) may be
busy. | n this @themstalhlikeuses eansermaiis@f theatplay svhiteetwen Fer cxample, assumethisa $toredo

a page Vedtiresinbirdction! hidstidih (RUFLIE eithe? @ah RavibiPfe 1icar AESR 16 PRCES SnEYRRg
' the proper entry in the TLB, the processor can just drop it on the floor and request the store address
instruction to be replayed. As another example, the Page Miss Handler (not shown) may be busy. In
this case the processor does not even remember that it needs to do a page walk, but finds that out
over again when the store address comes back.

Most cases of running out of resources occur when there is a cache miss. There could well be
no fill buffer left, so the machine can’t even request an L1 lookup. Or, the L1 may be busy. When a
cache miss happens, the machine MAY ask for the data from a higher level cache and MAY just
forget the whole thing and not do anything at all to help the situation. In either case, the load (or
store address) instruction is replayed. Unlike a more conventional architccture, the present invention
does not NEED to remember this instruction in the memory subsystem and take care of it. The
processor will do something to help it if it has the resources 1o do something. If not, it may do
nothing at all, not even remember that such a instruction was secn by the memory subsystem. The
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- cannot readily be repaired with a replay. A replay can only execute exactly the same instructions
over again. If a branch was mispredicted, the processor has likely done many wrong instructions and

needs to actually execute some completely different instructions.

To summarize: A instruction is replayed either: 1) because the instruction itself was not
correctly processcd for any rcason, or 2) il the input data hat this instruction uses is not known to be
correct. Data is known to be correct if it is produced by a instruction that is itself correctly processed
and all of its input data is known to be correct. In this definition, branches are viewed not as having
anything to do with the control flow but as data handling instructions which simply report interesting
things to the front end of the machine but do not produce any output data that can be used by any
other instruction. Hence, the correctness of any other instruction cannot have anything to do with



fact that this branch was replayed any nunber of tinmes nmakes no difference.
A m spreqdi§bgsheds anch cannot readily be repaired with a rq,r&?!y so7Aud2EP! ay
can only execute exactly the same instructions over again a branch was
m spredi cted, the processor has |likely done many wong instructions and
needs to act uaI | y execute sone conpletely different instructions. To
sunmari ze: Ainstruction is replayed either: 1) because the instruction
itself was not correctly processed for an reason, or 2) if the input data
that this instructionu I S rrect

Cort et i Tha 5sh ks 6 B urdi et POREERoY R feRbL Sl By SR Burvien”®
pr ocessegf merd eatdutiod and seplayput data is known to be correct. In this
definition, branches are viewed not as having anything to do with the
control flow but as data handling instructions which sinply report
i nteresting tFign$#lusisatesyaoreabot tagehegfer upid AEthar\%s"BERmdémwﬂg’ffoHu&E’aW
out put dﬁb@eséeh%nmy BE2)us Risélinpitydatt thais hditsinbbmttdb wcorl-denmesetms condmons
correctness of P hie i nst.ru t|on anntoﬁ1 ﬁ\ Be Al g % dt WO
08/ 2165981V a 00 division for dlscussmg e operation of the checker rs con tion depends on
PCT/ US9 7¢veriitiing that tdedsrto Gehdonedor &eum&menoof An}'tbmgommeahachimmhat seddartaided by a

nighe!  aiidiehing i SRk ex@ﬁ&e {H8 AR X BN 10 FBRPar 6 Sifhd1 A0 1R WheiBP i e

Fig. 8 | strates no the ¢ c uni t ,.a Instructron IS
repl ayedgqofﬁd The figst fenditinsis M@@é@!ﬂ'“&épﬁ"éétﬂ‘ﬁls come jnto fhe checker. ippisntiallyat o
that is fiéh ndh9Whacks) thet sapr1 gobfed bAGKIS ifstctivm(1Ui ti ons give a good divi sion
for discussing the operation of the checker unit. The first condition

depends on everything that needs to be done for the instruction. Anything
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even be used for hardware errors (circuit goofs). Regardless the cause, whenever the processor

doesn’t do exactly what it is supposed to do, and the goof is detected, the processor’s various units

can request a replay by signaling to the checker.

The second condition which causes replays — whether data is known to be cormrect — is
entirely the responsibility of the checker itself. The checker contains the official list of what data is
known to be correct. It is what is sometimes called the “scorcboard”. It is the checker's
‘responsibility to look at all of the input data for cach instruction execution instance and to determine
if all such input data is known to be correct or not. It is also the checker’s responsibility to add it all
up for each instruction execution instance, to determine if the result produced by that instruction

* execution instance can therefore be deemed to be “known fo be correct”, If the result of a
instruction is deemed “known to be correct”, this is noted on the scoreboard so the processor now
has new, known-correct data that can be the input for other instructions.



the time, im which case it will signal when it goofs a floating point
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detected, the processor's various units can request a replay by signaling
to the checker. The second condition which, causes replays - whether data is
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The one or two register operands for the instruction currently being checked (as indicated by
OP1 and OP2) are looked up in the scoreboard to see if they are known to be correct, and the resuits
are output as scoreboard values SV1 and SV2, respectively. An AND gate 350 receives the first
scoreboard value SV1 and the first operand valid signal OP1V. Another AND gate 355 similarly
receives signals SV2 and OP2V for the second operand. The operand valid signals OP1V and OP2V
cause the scoreboard values SV1 and SV2 to be ignored if the instruction does not actually require
those respective operands.

The outputs of the AND gates are provided to NOR gate 360, along with an external replay
request signal. The output of the NOR gate will be false if either operand is required by the
instruction and is not known to be correct, or if the extemnal replay request signal is asserted.
Otherwise the output will be true. The oulput of the NOR gate 360 is the checker output



The regi ster renaner, described above, allocates these registers. At-the -
time a phyﬁhﬁ@bnggglster is allocated to hold the result ofp mﬂ«n4

i nstruction, the renamer sends the register nunber to the chec er

mul ti pl e- brt signal CLEAR. The scoreboard sets to O the scoreboard brt
which is addressed by CLEAR The one or two regi ster operands for the

I nstruction currently being checked (as indicated by OP1 and OP2) are

| ooked up in the scoreboard to see if they are known to be correct, and the
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result datdt?layll TQ‘n hlch is w]nntless Simﬁarfy, ar? instruction that docs not have a real destination register
will specify a latency vector of all zeros. It is further assumed that at startup, this unit runs for several
cycles with no valid instructions arriving, so as to fill the delay line with zeros before the first real
instruction has been allocated a destination register, and hence before the corresponding bit in the

scoreboard has been cleared. The scoreboard needs no additional initialization.

Potentially, this checker checks one instruction per cycle (but other embodiments are of
course feasible). The cycle in which an instruction is checked is a fixed number of cycles after that
instruction began execution and captured the data that it used for its operands. This number of
cycles later is sufficient to allow the EXTERNAL REPLAY REQUEST signal for the instruction to
atrive at the checker to be processed along with the other information about the instruction. The
EXTERNAL REPLAY REQUEST signal is the OR of all signals from whatever parts of the machine
may produce replay requests that indicate that the instruction was not processed correctly. For
example it may indicate that data returned from the data cache may not have been correct, for any of
many reasons, a good exaniple being that there was a cache miss.



In this design, it is assuned that no instruction has physical register
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instruction in sonme cycle, the latency vector for that cycle will be all
zeros. This will effectively enter physical register zero with the | ongest
possible latency into the delay line, which is harmess. Simlarly, an
instruction that does not have a real destination register will specify a
| at ency vector of all zeros. It is furth assunmed that at startup, this
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exanpl e, although it has been suggested that certain features may be

rel egated to the outernost core 210, it nmay be desirable that certain of
these reside in a md-level portion of the core, such as in the

| al ency-intolerant core 255 of Fig. 4, between the outernost core 210 and
the innernost core 260. It should al so be appreciated that although the

i nvention has been described with reference to the Intel Architecture
processors, it is useful in any nunber of alternative architectures, and
with a wide variety of mcroarchitectures within each. Wile the invention
has been described with reference to specific nodes and enbodi nents, for
ease of explanation and understanding, those skilled in the art wll
appreciate that the invention is not necessarily limted to the particul ar
features shown herein, and that the invention may be practiced in a variety
of ways which fall under the scope and spirit of this disclosure. The
invention is, therefore, to be afforded the fullest allowable scope of the
clainms which foll ow.




WD 98/ 21659 CLAIMS W claim 1. A cache nenory conprising: a data

st orage ug| ating at a first clock frequency;, and a tggrgizfia@Rerating
at a secoﬁgg%@ggig frequency different than the first clock frequency.

The cache nenory of claiml wherein the first clock frequency is an integer
mul tiple of the second cl ock frequency. 3. The cache nenory of claiml

further conprising: hit/mss |logic operating at a third 4,
The cache nenory of claim 3 wherein: the first clock frumﬁuur“ﬁﬂﬂmﬂm
integer nmultiple of the second clock fre@lency; and the thitd cl &cks *

frequency is equal to the second cl ockcw*%ency. 5. The cache nenory of
claim4 wherein the cache nenory is a conponent of a nonolithic
m croprocessor chip. 6. The cache nenory of claim5 wherein the cache

menory i Veclgl¥ a cache not an instruction cache, and the m croprocessor has
first and second execution core sections coupled to operate at the first
and second clo %%rﬁﬂfi Eespectively. 7. A processor conprising:. a
first exgéut [ o‘ﬁié%%]r&e I nc ﬁ |?|n_£,€gsr'reans for performng |atency-critical ALU
functions, a dolde YeRERURIhPRETIGE a&?@ﬁ‘ﬁ’@dﬂﬁ?‘ﬁ’,"“ﬂ’naﬂ‘ﬂeans for operating the
first executi qitagQhie opérating itra¥ecohdakock fiequeroy diffesntithan thecfirsticleckefoaguensy. cor e
i ncl udi ng, nmeans for performng | atency-tolerant ALU functions, tag neans
for performng tag functions upon the data cache unit, and neans for

oper at i n@.t he Becactt momery tof clainy hjwherein the Siest Glogk Ereguency: is ap dupgey mtinie of the

di f ferent thamdRerddubmidy, C! ock frequency. 8. The processor of claim?7
wher ei n tsﬁe secon? g(eliégt I on core further includes: WO 98121659
I

3. The cache memory of claim 1 further comprising:

hit/miss logic operating at a third clock frequency.

4., The cache memory of claim 3 wherein: ,
the first clock frequency is an integer multiple of the second clock frequency; and
the third clock frequency is cqual to the second clock frequency.

S. The cache memory of claim 4 wherein the cachc memory is a component of a monolithic.

microprocessor chip.

6. The cache memory of claim 5 wherein the cache memory is a data cache not an instruction
cache, and the microprocessor has first and second execution core sections coupled to operate at the
first and second clock frequencies, respectively.

7. A processor comprising:
a first execution core including,
means for performing latency-critical ALU functions,
a data cache unit for storing data, and _
means for operating the first execution core at a first clock frequency; and
a second execution 'ébi'é including,
means for performing latency-tolerant ALU functions,
tag means for performing tag functions upon the data cache unit, and
means for operating the second execution unit at a second clock frequency which is
different than the first clock frequency. '

8. The processor of claim 7 wherein the second execution core further includes:



21 TLB nmeans for perforning translation [ookaside functions upon the data
cache uniw0 9821659 The processor L1 | N the seckCmiusgvAdes4i on
core further includes: hit/mss ,muﬂsml"“lﬂ(ummm ni ng whet her requested
data is stored in the data cache *uni¢t. t10% s A#net hod of perform ng data
cache operations in a processor, the nethod conprising the steps of:
witing data into, and reading data from a data storage unit of the
processor at a first clock frequency; an%ézerform ng tag | ookup on the data
at a second c ' .'gqpan' el t | :
frequency. 11%%&%‘1?(’%{3%?&3[3 cl aiklrﬁr%léljl.liolfov\,heiragiﬁrxrﬁét&ﬁlclgzg ‘%‘?’?s‘{lé g?%giéh??g’é'uency

I s higher than the second cl ock frequency. 12. The nmethod of claimll
ghereiln bhe fﬁhﬁfprdcbmkof'ﬂeﬂuemxarghsmbislgimd exdoation duee Reherincladest k }‘reguency
y at least 1 L 13, The net! | .m,. rein . [st,cla
frequency is gﬁ}éi“ﬁ% %’S@l’s f?’rﬁ‘f 9 |rg’%|:)¥'8{lﬁe§ r%g'rg%gndl a‘ét‘?%cs%r?dr %‘Eﬁ%ﬁ%‘y“%“ﬁ“g at

| east 2. 14.- The nmethod of claim 10 further conprising the step of:

per form g, hi t4 Kefda %?b@(f%%ﬂ?@% 448 cithe bpétatitt ! 2prdcbRorS BeORéhnéd &nkprising the

frequency. 15 The meth claim 14 wherein the first clock frequency
is an i nt€BY nul tiple of the second clock frequency and is at |east 2.
writing data into, and reading data from, a data storage unit of the processor at a first clock

s

frequency; and
performing tag lookup on the data at a second clock frequency which is different than the
first clock frequency.

11, The method of claim 10 wherein the first clock frequency is higher than the second clock
frequency. ' ' '

12, The method of claim 11 wherein the first clock frequency is higher than the second clock
frequency by at least 1.5X.

13. The method of claim 11 wherein the first clock f rcquéncy is an inicger multiple of the
second clock frequency and is at least 2. '

14..  The method of claim 10 further comprising the step of: |
performing hit/miss determination on the data at the second clock frequency.

15. The method of claim 14 wherein the first clock frequency is an integer multiplé- of the
second clock frequency and is at least 2.



