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PCT/ US97/ 184 _ ; "Processor ¥, ay
Ar chi t ect ure%mmm " BACKGROUND OF THW@I\%
Field of the Invention The present invention relates
generally to the field of high speed processors, and nore
specifically to a replay architecture for facilitating

dat a- specul ati ng operati ons. ' Background of the Prior Art

Fig. 1 illustrates a mcroprocessor 100 according to the prior art.

The m croprocessor includes an |/“PrpéelebrMliviriy RMPARNWGuR" 1 rst clock
frequency, and an execution core which operates at a second cl ock
frequency. For exanple, the Intel 486DX2 may run its I/Oring at 33MHiz

and i-ts execution core at 66Miz BACHGRCUND OB THE INVENIIONhe | ntel DX4 may
“run kts 1/0 ring at 25MHz and its execution core at 75MHz for a 3:1 ratio
(1/3 bus), and the Intel Pentiunferr] OverDrive[err] processor nmay operate

its 1/0 r Field ofith@Rivieltiend its execution core at 82.5MHz for a
2.5:1 ratio (5/2 bus) . Adistinction may
be made between "1/ O operatjons” and "execution erations". =
For exanple, in the DX2, tmemmiwgnwmmem@lbwhaﬁe high speed

such as buffering, Mﬂs,n&drﬁ&ﬁ% otifichily I@@ﬁké aydr6itechige frTacikiabifg

operations associ ate uga;g muni cati ng Wlt the of f-chip vvorl d, while
t he execution core pe‘f‘aftﬁr"’m 88 APFBHCper ati ons such as ‘addi tion,

mul ti pI I cation, address generati on, conparisons, rotation and shi fti- ng, and

ot her "processing" m 5 L@ ior. A ' The processor 100
may optionally inclu r. Inthis . node, the
processor can automatically set the speed of its execution. core

-1- _ _ Fig. 1 illustrates a microprocessor 100 according to the prior art.

The microprocessor includes an I/O ring which operates at a first clock
frequency, and an execution core which operates at a second clock
frequency. For example, the Intel486DX2 may run its I/O ring at 33MHz
and its execution core at 66MHz fora 2:1 ratio (1/2 bus), the IntelDX4 may
run its I/O ring at 25MHz and its execution core at 7SMHz for a 3:1 ratio
(1/3 bus), and the Intel Pentium® OverDrive® processor may operate its [/O
ring at 33MHz and its execution core at 82.5MHz for a 2.5:1 ratio (5/2

- bus).

A distinction may be made between “J/O operations” and “execution
operations”. For example, in the DX2, the J/O ring performs I/O operations
such as buffering, bus driving, receiving, parity checking, and other
operations associated with communicating with the off-chip world, wtnle
the execution core performs execution operations such as addition, .
rnultxphcauon address generation, comparisons, rotation and shifting, and
other “processing” manipulations. '

The processor 100 may optionail_y inchide a clock multiplier. In this
mode, the processor can automatically set the speed of its execution core -
_ -
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PCT/ US97/ 184Gid 98121684 - ' according to an external, sl oyef sﬂﬁkﬁ
provided to its I/Oring. This may ' reduce the nunber'lg plns2
needed. Alternatively, the processor may include a clock

di vider, in which case the processor sets the I1/O ring speed:

responsive to an external clock provided to the execution core.

These clock multiply and cl ock divide functions are Ioglcally t he

sane for the purposes of this invention, so the term"clock mult/div" wll

b 9 . Bita
Sﬁl table. The sllilsFI ESJO%ngEOOaAjSR% gg&)@%lp&%ﬁ&gke Uﬁr"n%eﬁgel;%af >

cl ocks may be sel ect tuluanthemumberiofpins needed. Alternatmhr therocessor enayineloge i ed
or divided. Therefor ﬁclo%ﬂ%ﬁérc nGVIREN cébe S rgHésk&%ets the A Innrg slpegd?t wor ks,

and the details of clock rrultlplcatlon an | VI Sion

expressly illustrat e EESPERFYaTRARGKIEMA BlO mptcgf%eed not
necessarily bé limted to integer nulti pI e cI ocks but can performe.g. 2:5
clocking. Finally, the clqgk | t/div uni of naeces rily. eyen be
linited to fractional busq'g’F'?? ulgply ap ﬁl" “’é aﬁﬁﬁ gll «
f1exi bl e, asynchronosame ﬁndhapurpussagoﬂlhmh#muoamdthatermn‘cmchmtﬂt/mg” wilbh® -
clocking schene. Uﬁ%lherem to denote either a gﬁltﬁﬁ&&ﬁ%&éﬁﬁ%ﬁ%ﬁ Yhe! cﬁaS' ng

cl ock frequencies in nstruc
| at ency.. The executi mdcrawrélrwwmn:head howexremal clogkswppy be selected and pmmdd@f i ned

as the tinme from whegnd frém tiée mudislicads diviaeet THé‘rcfo?@@ edif¥é clok bi3mibution

Suppose S re?”é{or%ssyﬁggswﬁs gfq;@qkw%h?&%ﬁmdivgééé‘é%@@?bm

instructions, |[err] expressly illustdt&t. Flmhermore, the clock mult/div drfits'need fopopose t hat
I[err] requires, as ia N uts

t ,of f
froml to N1. This Pz HS‘FY‘?%‘Z'“B Vulgg%uc%"&cﬁ)’tbéﬁtk% i %§ "
i nstructions. Then meloclangsﬁnallyhdtedddcsnlﬂﬂdgnmmnesﬂmmzsmam n less
ti e than T=L{ er ] +LEgtEd ihkRiohirbus HdRir] bur AR if shhE bnbodiinchepb at ency of

instruction I[err], .. even if the
processor was capabl @e:gplceg\ﬁgeghrpnglsaandl/or programmable, sych} agrig proevidinga RRQ

i nstructions in paratloéking $cheftigni Ns a | ower bound for : the time
to execute this part of t%n S program Hence to execute this program
faster, it will ultimately be essential to shorten the latencies of the

i nstructions. The basic motivation for increasing clock frequencies in this manfer

is to reduce instruction latency. The execution latency of an instruction may
be defined as the time from when its input operands must be ready for it to

'I

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, I;, L, L ..,
I. Suppose that I,, requires, as part of its inputs, the result of I, for all n,
from 1 to N-1. This paﬁ of the program may also contain any other
instructions. Then we can see that this program cannot be executed in less
time than T=L,+L+Ly+...+Ly, where L, is the latency of instruction I,, for
all n from 1 to N. In fact, even if the processor was capable of executmg a:
very large number of instructions in parallel, T remains a lower bound for
the time to execute this part of this program. Hence to execute this program
faster, it will ulnmately be essential to shorten the latcncxcs of the -
mstrucnons
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froma sl i.ghﬁ?lg%z’f‘%rent poi nt of view. Define twh%z

instruction I[err] is "in flight" fromthe time that it requires
its input operands to be ready until the time when its result is ready to

be . used by another instruction. Instruction I[err] .is :
therefore "in flight" for a “length of time L[err]=Alerr]*C
where Alerr] is the | atency, as defined above, of In, - but this

time expressed in cycles. Cis-the cycle tine. Let a program execute
N.instructions as above and take M "cycles" or units of tinme to do it.
Looked at from either poi nWeahayloekat the sarse thing fromi d stightip diffezent pomt ofduce
the . exe | l'ﬂﬁnﬁi “ LB . : :
The average | atency gg%#ggetugén@en%lona §#(Ij,g$ii%ggélgsh%fnthennfethatnrequms

| / N* (L[ er r] +L[ er r] +L[ i input operands o be ready until the time when its result is ready to be

N (Alerr]+Alerr] +Al gelilby-anochéy ﬂ§&d&ﬁon.%§uﬁdtﬁhﬂtishﬁ‘er&ﬂ%?e *iH h'ﬂig(t; fora
a

of instructions that are in flight rin ycle J. W can_t ef i t he
parallelismP as the lﬁvgpé’gém?ﬁﬁﬁéﬁg(gﬁhf‘%s&’ﬁéw FFé‘cY’r?s%Fﬁﬁﬂf P ?tﬂ‘g' <
pr ogr am hat f[ " [lm“ttliik ?iﬁ(efebcpfeséedﬁl[l eyolgstlie thelcycle.tinfd, £et § program execute -
Noti ce t hat err]+f[grrl+flerr]+, .+ =5 ” . . .
Alerr]+Alerr]+Alerr] +ﬁ mg_pré(?xﬁa]s aB%‘{%J'@ﬁé‘gsMgfc yflﬁ? r units oftlme to_doé uation
are ways of counting lupoketl at fromigitherpoint € vieav, itris ewtitiically important to reduce the

instructions are in flJ ) ' ' uctions are in flight in a
¢ egimotnhl‘gf}ﬁéfé%béh 45 rﬂogﬁf)lrc. g

given cyc ycl e cou as x cycles.
Now define the "average bandw dth" B as the total nunber of

instructions executed, N, The/dvétudeMterichean bdCorverionally defisdd dsn ot her
words, B [err] N (M ' : g W, may ¢ easi L.y see that
PIL kB, Tn this for M Lutleetlad = IN“(A +Aschal o Lot b e '~
program B is its avesfdgstrusdonbrhattals indlightiuringicyele j. We can then defimetheage .
Parallelism Note th I ' kﬂe\ﬂ '
i nstructions per sec ﬁé&eﬁﬁntﬁ%aggg‘ée%'mb%ﬁlgfﬁéﬁéggﬁ i1 Q{]@gﬁﬁ& a ééng@nB
seconds to execute itor W (Gabs+igt.thwdast er processor is exactly the goal

of getting B higher.. o ' _

_'3 ) | * Notice that f,+£,+f,+...+f,, = A, +A,+A+...+A,. 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, that 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). '

_ We may then easily see that P = L*B. In this formula, L is the
~ average latency for a program, B is its average bandwidth, and P is its
 average Parallelism. Note that B tells how fast we execiite the program. It is
instructions per second. If the program has N instructions, it takes N/B
seconds to eice_cute it. The goal of a faster processor is exactly the goal of
getting B higher. . ' ' A
3-
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requires eit er”fzrllgsrf‘easi ng the -~ parallelismP, or mﬂ ‘'t he
average latency L. It is well known that the - parallelism P,
“that can be readily exploited for a programis |imted. ' '
Whereas, it is true that certain classes of prograns have | arge exploitable
parallelism a large class of inportant prograns has P restricted to quite -
smal | nunbers. One drawback which the prior art
processors have is that their entire execution core is
constrained to run at the sane clock speed. This limts ' sone
conponents within the coreg_in a "weakest |jnk" or, "slowest path"

manner . We nqw, netg dhat tnsteasing 8 requiges citheripereasingthed cent r al

‘processing units in parallelism P, or déétedsihgth8uléragd la@hcpL., Hiswelekn®on Hiapt@sSor
was cl ocked at a fre L.ty in the

ue .gher.th ot her ci.recui,
central processing uﬂ?’?ﬂ%ﬂk&%&?@r@lmﬁﬂgexletchorﬁrmlﬁénﬂ' s were
.constructed of di scr@hersas/ipisnmettisat catdie classesof pograms have large expitieapleat ed

circuits or nonolithj WlLORk : ' - [ s

as co-processors, and/or 8 Heafl%g?a?%;%?w‘?%@a"\t}\gﬁe&ﬁg%héﬁg{%é%?gég\%“{tﬁ t he
mai n pr oFealt sumbensese units shoul d not. be considered as
"sub-cores". _ Anot her feature of sone prior art
processqrs is the ability_to perform .. ) "specu| ative execution".
This is al so known as "cof¥f d%@'&g}\m%?wmpmesm a‘fféé?ﬁ"é einfgure

pr ?)lces's or Sgues ses V\héxebuﬁwcc:cwistdoﬁtmﬁﬁﬁd&ﬁﬁm aﬁfg‘]l)e éaﬁhﬁid‘l&%dsipeaﬁ This limiti1 ]
Wi go. Sone processors perform specul ative fet ‘others. such as the
Intel Pentium Pro pr%o % 6?1?‘.’"87“38‘“@‘8}‘?’8F§§e§§8cm°§¥“1sb§’ﬂ‘e><°écg‘ﬂ”8ﬁ‘.P nt r ol
specul ati ng processomgnnercl ude nechani sns for recovering from

m spredi cted branches, to nmaintairn programand data integrity as though no
specul ati on were taking place. . Iinl-a? 2 illustrates a
conventional data hi erar cHythe A96QsanddP70s there existed central grogegsing whigAn as a
hard drive, stores twWhicRfaGB4l8pEerdndivitik ao-pectiessof Wa eloked at a frequency

higher than other circuitry in the central processing unit. These central
processing units were constructed of discrete components rather than as
integrated circuits or monolithic microprocessors. Due to their construction

as co-processors, and/or the fact that they were not integrated with the main
processor, these units should not be considered as “sub-cores”.

Another feature of some prior art processors is the ability to perform
“speculative execution”. This is also known as “control speculation”,
because the processor guesses which way control (branching) instructions
will go. Some processors peffbrm speculative fetch, and others, such as the
Intel Pentium Pro processor, also perform 's'pec'u_lat.ive execution. Control
speculating processors include mechanisms for recovering from
mispredicted branches, to maintain program and data integrity as though no
speculation were taking place. | '

Fig. 2 illustrates a conventional data hierarchy. A mass storage
_device, such as a hard drive, stores th_é programs and data (collectively
_ . _
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shown) has gﬁaﬁgmafsposal. A o subset of that dat aﬁ’ﬁ%ﬁg@&
into menory such as DRAM f or fa’ster access. : A subset of the
DRAM contents may be held in a cache nenory. The cache menory
may itself be hierarchical, and may include a |level two (L2) cache,

and then a |l evel one (L1) cache which holds a subset of the data fromthe
L2. Finally, the physical registers of the processor contain a snall est
subset : of the data. As is well known, various algorithns may be

used Lo deterni ne v which HEBomfisysibal (0], o) 140l e of 1S

overall hierarchy. In e nore
recently a datum hassubé@rof@b%datad-‘i loaged inta memory SUChKSDRAWQrS'&StCFaWSQ o be

needed soon, the cl og&huble: oﬂhh'Dl@&M&Jniénis%& ¥'6e 19 55 Sehe mezmory. The cache
The presence or absence of us Rpoi.n

val i d_dat.a at
hi er ar chi cal storageW%?’GYé‘sﬁﬁ ‘“ﬁ'ﬁr‘? ’laB @Hﬁ“‘&ﬁéﬁhkﬂew&%&}:wﬁ t he
prior. art pr OtCﬁSSO{ Sand Hen uchvagomm; cdchsmmmamsameﬁﬂﬁatﬁafﬁmwan o;Js
conponents within c n_caores, are i gned suc a no
pem‘)orm "data speculg‘? )iFy’ﬁTf%F rgg'x&c %@5 F'%ﬁffégg%oé"ﬂﬂétm@gﬁ}é gsd" -
wi || have (or, nore gqfitbeidatal s iswell knoveg yanouscadgarithbms niaytbe used to determine
tl | abl ' '
fagfe” ‘y avail a el ﬂﬂ&ﬁadt Ii’aﬁx*g{é@?e&%vlﬁ?i{v@fétﬁgﬁﬂgo@&lﬂh{e&?ﬁ&y g&f‘erédaitues

Ses those V as | nputs
for one or nore .maybesaldwéﬂmm@msscenﬂmﬁéwmhﬁ;rbcmum WeMChes

will go. Data specul mtdlpht i§BYbe needed soon, :hek:rbw:vww@ﬁahaé theGprbdeséordat a
presently avail able froma cache are identical to the true

val ues that those data should have, or that data presently avail able at
the output of some execut Thepreserice ot sbsenkerdfivalid data at Veridus peinwsiniukes t hat

w | ' resul he | utlonULt .CO Iet5| ion,
the like, - Mol sof¥e SR AP it Plichu S O e b BB pEde
recovery mechani sns, pribrtagt processors, mcludmge:ouﬂreltapng:l;nnmews@srﬂlmvme sone
mechani sm f or recoveédn%nf:ﬁtg%thm their execunoﬂ@é!r‘cﬁ‘%e'd%&%ﬁ&?ﬁfchﬁh@%féj@ﬂ ndthat

dat a val ues are correct, to malntain EI‘O ram |ntegr|ty
~as though no data s preaforay date spequlationki ingviyiehhg Brocessprguesses what values data

specul ation is made Wil ikavai(bf, infott preBiéely|@elprédesdor Rbshades Shar age system
Clock frequenct es ﬁm%ﬁﬂ?—éﬁ%l%$ bR el BB O R e
will ultimately result, and uses those values as inputs for one or more -
operations), rather than which way branches will go. Data speculation may
involve speculating that data presently available from a cache are identical to -
the true values that those data should have, or that data presently available at
the output of some execution unit are identical to the true values that will
result when the execution unit completes its operation, or the like.

Like control speculating processors"'_recovex"y r_nechan_isms, data |
speculating processors must have some mechanism for recovering from
having incorrectly assumed that data values are correct, to maintain program
and data integrity as though no data 'spcculation were taking place. Data
speculation is made more difficult by the hierarchical storage system,
especially when it is coupled with a microarchitecture whi-ch'.u'ses different
clock frequencies for various portions of the execution environment.

5.
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PCT/ US97/ 18462 - - . | It is well- known that ever?/
pr ocessor i.sSWSFEH t 0 execute - instructions of i tRCTAESTIIB4SR ar
"architecture”. In other words, every processor executes a

particular instruction set, which is-encoded in a particul ar

machi ne | anguage. Sone processors, such as the Pentium Pro processor,
decode those "macro-instructions” down into "mcro-instructions” or

"uops", which may be thought of as the machi ne | anguage of the

m cro-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 w thout

breaki ng them down into mIﬁE%llQébWthtQﬂ&yﬂF&fesﬂHﬁQﬂﬁﬁﬁd% ekdt@tedr esent

nven n, th rm'.in " n r an |1
 nvention, ‘the Lerm o pet e 0 bl “arieted s, S bR /G ey Ambedbe 2 1
| NVENTI ON executes a particlilae ingtractiont set, mhich is encoded in aparticylacessor

havi ng a repl ay t t ' f
performing data specmag?m&lua"%hg& %8&e$r§ce\§§oégégﬂl ﬁ:‘gggg“" S??{Jgfocg e .
del ay unit foor maki ngecpdedpse Gnaciodnstructions’tdowm into “micro-instructions™ | di ng t he
copy for as long as & s"r\v'iﬁr ﬁia?%tﬁd&?ﬁﬁoftﬁﬂ?é( éiﬁﬁ‘elaﬁ@ﬂgéof e

er 0

checker for determnin th a specu ati1on gus. If the data
specul at.i on was bogu¥HCP e 3adwh “élh%reldi@c the|TEOGESHF Sof t he
instruction back to Ei‘&uﬁdleﬁnits Dris 6186 mixqrnowtﬁm&rlp%bess%rmhéhid Bssy

| ed h
or 1 0i nal i nstruct ) ongt PPRISERASTHDRLAFRA SEof by ooy USRUa oBREC om

t he del ayrealmng theam down inid aticroriastrictions. ot pwipesesiof the/presenti s
other units such as 0 L }Ss Wals)

ori or i Uy schem. - invention, thetera Sisectof? sty Y nfidec2FoNe? o B of
DRAW NGS thesecases Fig. 1 is a block diagramillustrating a
prior art processor having an I/0 ring and an execution core

operatl ng at different clock SpeegijMARYOF’IHEINVENI'ION

-

The present invention is a microprocessor havin'g areplay
architecture with an execution core for performing data speculation in
executing an instruction, a delay unit for making a copy of the instruction
and holding the copy for as long as the instruction takes to execute, anda
checker for determining whether the data speculation was bogus. If the data
speculation was bogus, the delay unit and its buffer.send the copy of the
instruction back to the execution core for re-execution. A multiplexor
coupled to the input of the execution core selects for execution among
original instructions from the instruction cache, replay instructions from the
delay unit, and manufactured instructions from various other units such as
the TLB or tag units, according to a priority scheme.

' BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a block diagram illustrating a prior art processor having an
1/O ring and an execution core operating at different clock speeds.
-6 -
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hi er ar chi cal%aﬁa%]rvstruct ure such as is well : knov{r%'rl nt 846?slrt
Fig. 3 is a block diagramillustrating the processor of the present

I nvention, and showing a plurality of execution core sections each havi ng

Its own clock frequency. Flg 4 is a block diagram
illustrating a node in which the processor of Fig. 3 includes
yet another sub-core with its own clock frequency. _ Fi'g.
5 is a block diagramillustrating a different node in mhlch ‘the

sub-core is not nested as shown in Fig. 4. Fig. 6 is a
bl ock dlagran1lllustrat|ng a partitioning of the execution

core. . F:lgx 2 dervionstrates la| higrarcticalmemory stmsture suchgsdsiwell
enbodi'ment of the rep 5”@ archltecture of the present invention,
whi ch permits data specu atlon ~ Fig. 8 illustrates one
enbodi ment _of the checker unit of the replay architecture.

DETAI LED DESCRI PTI ON OF THE. 3%&@51 ram illustrating the processor &f tHe present
illustrates the high- sgeed S core 2 Eéf %# Erocessor 200 h of
the present inventi ofi*PR9S: ¥} . B GXeFYHAN 9t SceHens fach having .

| at ency-i nt ol er ant pwdwmobcbfreqﬁmcp.art i cul ar architecture and/or.
m croarchitecture enployed by the processor. For exanple, in an intel
Architegture processor, certain arithnmetic and |ogic functions, as well as

data cache access, may beFlu;hélsmﬁocdeiﬂgﬂﬂw Mlustatiog agnedelinivdich ﬁleé}ﬁ@‘iﬁsmf

of Fxg. 3 includes yet another sub-core with its.own clock frequency.

_ Fig. S is a block diagram illustrating a different mode in which the
sub-core is not nested as shown in Fig. 4. -
Fig. 6 is a block diagram illuén'ating a partitioning of the execution
core. - ' '

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

Fig. 8 illustrates one embodnnent of the checker unit of the replay
architecture. '

v&n'

DETAILED DESCRIPTION OF THE INVENTION '

Fig. 3 illustrates the high-speed sub-core 205 of the prqceéSc;r 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, certain arithmetic and logic fu_nctions, as well as
‘data cache access, may be the most unforgiving of execution latency._ '

7-
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so sensitive™Q9%BIEMt i on | at ency, '- may be cont ai nGCTISH18462
nore | atency-tol erant execution core 210. For exanple, in an
Intel Architecture processor, execution of I nf requent | y-execut ed
instructions, such as transcendentals, may be rel egated to the
sl ower part of the core. - The processor 200

comuni cates with the rest of the system (not shown) via the

I/Oring 215. If the I/Oring operates at a different clock

frequency than the | atency-tol erant execution core, the processor nay
include a clock mult/div unit 220 which provides clock division or

mul tiplication according to, any suitabl.e manner and. .convention nmeans.
Because the |atency-intol éﬁ&w{%e%@ew@ﬁh GHOL 3 Sensixe t exeqption a’éf *hi gher

frequency than the raﬁybzfcohﬁmeuahmMio@émemy tdmm&xeamoncc"oﬁelanFot here
nt cloc

may be a ni_Smy2 rovi din ffer

frequency to the ex”f'%& maf‘éf'%ﬁév tﬁ‘ﬁtﬁe@f'dn s%é’xeé‘&{fﬂ °8r?%sub .core 205. In
one node, 'this is a difoayuently-executed instnoctionsdsuch as transe@irdentals, may be «
Fig. 4 illustrates a é@ﬁgq ﬂh?t on shown in Fig. 3. The -
processor 250 of Fi grégédltnc ulgée818 ﬁ!t /dglr‘?ér%éMS clock mult/div unit 220,
and | atency-tol erant execution core 210. However, in place of the unitary
sub-corg (205) and clock I'mb&yféﬂeysommc&&%ﬁhcﬁt&s Fith the3resttdflt§e sym&@d
processor 250 incl udeﬁ a | at ﬁ’gﬁ@l .nt aLﬁ ecutlon sub 5.,and an
even rore | atency- cr PRPERIVIZ g '(I,’BII ’2%01’%%%3[ s“"%‘* pgk
mult/div - frequéncy #an thektieAdP tolerasyexeditioalcgre, the processor may '

The skilled reader =
hi er ar chy of sub- co\rlvtiax{sdlu£&%8&frg§\ﬁdmtr?2p léﬁ Hﬁggggélﬁa% h’%@ %Ia st
operate at |east as ﬂa&@plwsn@m@cwymetgtawem@b&mw andegnvemtippabineansed
reader Wiglekarst! Eel18en@PIRidiGhiteRedufidh shtiore 208 6béraids Qf a MigR&r UNi TS

go how deep into the

(>

frequency than the rest of the latency-tolerant execution core 210, there may
be a mechanism 225 for providing a different clock frequency to the -
latency-intolerant execution sub—core 205. In one mode, this is a clock
mult/dw unit 225.

_ Fig;- 4 illustrates a refinement of the invention shown in Fig. 3. The
processor 250 of Fig. 4 includes the /O ring 215, clock mult/div unit 220,
and latency-tolerant execution core 210. However, in place of the unitary
sub-core (205) and clock rhult/div unit (225) of Fig.' 3, this improved
processor 250 includes a latency-intolerant execution sub-core 255 and an
even more latency-critical execution sub-core 260, with their clock muly/div
units 265 and 270, respectively.

* The skilled reader will appreciate that this is illﬁsu"Aﬁve_ ofa
hierarchy of sub-cores, each of which includes those units which must :
operate at least as fast as the respective sub-core level. The skilled reader
will further appreciate that the selection of what units go how deep into the
hierarchy will be made according to vanous design constraints such as die
area, clock skew sensitivity, desxgn time remaining before tapeout date, and

8-



hierarchy will be.made according to various design constraints such as die

area, clock sitivity, design tine remaining before tapeq
WOMHRIRRS V1Y deston ¢ ining before t aRgoptaiAbie

and

98/ 21684 _

PCT/ US97/ 18462 the like. In one node, an Intel _
Archi ttecture processor nmay advant ageously I ncl ude only its nost
comon i nteger ALU functions and data storage portion of its

data cache in the innernost sub-core. In one node, the :

I nner nost sub-core may al so include the registerfile; although, forreasons
I ncl udi ng those stated,abave concgrni Fig..2 the register .file m ght not
technically be needeg'et@eglﬂé}“ﬁt‘% a'lﬂ’gellﬁrg -“TEP%RSSB’F_E’&&éﬂ‘éﬂmgepggﬂesi gn
may be sinplified byinchileodlyig mosticomemontniegermic fandtionpaml ddrastoragestri ctly
necessary. For exanple.. | mare.effici 0. ' fast a
register file with hé&?‘o}égf@éygggﬁﬁ tﬁéh&@%@%;uho@ﬁoﬁ%%ﬁe, ¢ -

I n gperation, the prinpemaest syecdrommnay also incladetheregistenfilet although/ for réasons

and at the 1/0 cl ock; u‘aﬂigetﬂ E‘ PN L6k i
presently mE{atv,al aﬁ%ées@ma? I n t°h§°°g'?’3€g’sg§%§'e$€%%?* ?ﬁe%&m .not .
| at ency-tol erant exe€ahnigHlycsneeded to operate at thehyighest clgeirfregneagydisidesign -

operation on the datmaybegimplifitd ®uscuding ithi$ h more inner sub-coré tHaviststrictiyen, the
| atency-intol erant executi OI% sub-core rrgy gerfo%? an ake twi ecution
operation on the fir2FCHEHIPFE wdtray be Bergrficicat g pa %Wé?aﬁfg a

| at ency-critical exergistarfilswithdhalfas mapyperts,ahan wice Wemsal executi on operati on
upon the second result to produce a third result. Those skilled in the art
Wi | | understand that the.flow of execution need not necessarily
proceed in the In eperation, the pegcessor perdomsand/@ pperationaithe I/CHing

sub-cores. For exanpyf atthee/OUdck frequenc such as E@!?rﬂxé iA adftAitdrh 861 ﬁ@é&nﬁygo
i medi ately to the inner t uld go from

st, _core, and Eﬁﬁr esu _ GO

there to any of the %V&Flé&g@e{hi"bwg PERCceEPE ﬁc‘Ee i"é".’{cﬂé"lﬂ%‘ fRGgytion core
for witeback. may perform an executiondopefatioh @nshedatetrnds prducebiieds i s h
slightly different t ; ELg. .4 h r r 0
includes the 1/0 ri n‘ggg&?ﬂ%{'ﬁgé }a%%"é‘@&t‘?‘%’%“é?%%%“‘_‘°“ s‘;g &rgr&g%%%,%g%, and
the clock mult/div wKepaticioopepgnzinghe ficshesselt to preduce a second resulti Ehen, the
enbodi ment the | at enaingy tiiticabxedlifgh hibodbre iy pEsm? 8 thiddexeirioh on
within the | atency-intol’erant execution core 255 In this rhoce, he c|.ock
mult/div units 265 $RPNZIOSGERd Bl & prodvee thirdwesydt. Thossskiliegin digarbwilt o
enabl e their respectinderstaidabarithe oW ofbxdtufibenedinod RRekarily proceed in the

strict order of the hierarchy of execution sub-cores. For example, the newly

read in data item could go immediately to the innermost core, and the result

could go from there to any of the core sections or even back to the I/O ring

for writeback.

Fig. 5 shows an embédifnént which is slightly different than that of _
- . Fig. 4. The processor 280 includes the I/O ring 215, the e’:&ec_utiqn cores
210, 255, 260, and the clock mult/div units 220, 265, 270. However, in
this émbodimcnt the latency-critical execdti‘on sub-core 260 is not nested
within the Iatency-imolerant execution core 255. In this mode, the clock
mult/div units 265 and 270 perform different ratios of multiplication to -
" enable their respective cores to run at different speeds. o

-
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PCT/ US97/ 18462 ' _ In another slightly different:
node (not shoW@AP32EBEher of these cores : mi ght be PCT/US97/18462
clock-interfaced directly to the I/Oring or to the external world. In
such a node, clock mult/div units may not be required, if separate clock
signal s areprovided from outside the processor. I t
shoul d be noted that the different speeds at which the various

| ayers of sub-core operate may be in-use, operational speeds. It is known,
for exanple in the Pentium processor, that certain units may be powered
down when not in use, by reducing or halting their clock; in this case, the
processor may have the bulk of its core running at 66MHz while a sub-core

such as the FPU is at substantiall Wi | e t he present_ invention nmay
be used in conbination wi tsltﬂaé‘ﬁ'@ﬁrﬂéﬁgm%tﬁ@I(BW%PW%ﬁq‘?rﬁme“cm
tEplhlni gues, iht_ I s notmightbd elock-intezfacéd diteedy to the 1/0 ring or to the external woddidn

skilled in the art wi rrechate that non-integer rati e .
applied at any of thék’%*bgﬁ%g%éé@& lg'r‘n] s ey nggﬁgreﬂg{r%ﬁg&?%%gg% rati os
bet ween t he vari ous rsigngls are pmivideditfrdm cutside she, pracedserhat di f f erent basel i nes

frequencies could be used at the I/Oring. It is also possible that the ™

cl ock mul tiplication factors m ght not remain constant over
time. For example, in It should besaated thaithe different spesdi atwhich thel vasionsn

applied ¢to the inner s S{HUbCEoperate may be in48¢! dpeRdiondlispsddR It iPkfveh, down,
for exanpl e between and ix Q ween 2X atrld Ox or the like,

. be
when the hi gher freqd@ FPHT t{:ehg?rgpmgocessor,t atc WS may, Yepowered
consunpti on and heat dgemewrkeni monjn asecbynreduciag dehaltidg their ciduk; in this case, the

rocessor may be subj ] t oL A ol e or
n ’ parts GOREr iyt el sliait O g3 SOl MR
whi ch case the such as the HBY i nigwksiantia)ly @MHezWhileithe paesent invergiop, mayt -
they may inplenment S@ERsed in combinatioh Witk sath de&ﬁl & & dirdtiifdg scheme to

mai ntain their desired, performnce, , evel .

Fig. 6 illustrates sdRPRIGNES. s BOdimised tosyehifashe enbodi nent of

the contents of the latency-critical execution sub-core 260 of Fig. 4. (It
may

Those skilled in the art will a;)preciate that rio%gihteger ratios may be-
applied at any of the boundaries, and that the combinations of clock ratios
between the various rings is almost limitless, and that different baseline
frequencies could be used at the I/O ring,. It is also possible that the clock
multiplication 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 betwéen 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. Alsaq, the
p_rocesSor’may be subj‘ected to clock throttling or clock stop, in whole or in
part. Or, the I/O clock mi ght 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.t may .
' 10 -
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PCT/ US97/ 18462 ' : aI so be. underst ood to illTustrate the

contents of t‘ﬂ@%’@lﬁséore 205 of Fig. 3 or t he sub- RGEUSTHSEA2
Fig. 4.) The latency-tol erant execution core 210 i ncl udes

conponents which are not |atency-sensitive, but which are

dependent only upon sone |evel of throughput. In this sense, the

| at ency-t ol erant conmponents may be thought of as the "plunbing" whose

job is sinply to provi de a particular "gallons per mnute" throughput, in
which a "big pipe" is as good as a "fast flow'. For
exanple, in some architectures the fetch and decode unlts may

not be terrbly denmandilsmboundexstond todtustmtesthe gontantd ofithe subirerdi205of Fign3 ohe
| at ency-tol erant cor re 205,
255, -260. Likew se, exﬁé%u?ﬂbé@%%é&?%ﬂ%el?%ﬁ&f%érﬁﬂt%k&f %c H% 0 be in
the sub-core. In sorremgliudmntomnonmts“(lmhawopblateahy-smmpe@atwmmmnost

| at ency- sensitive pi nﬁﬁoﬁl@%p%ﬁ's&&@?éﬂe%f@:%d‘gh LA ih%n?é‘%é he cache.
In . the nodé shown In"Fig

arithmetic/|ogic funcpieaps stolerant °°mP°“°“"%1F@Y(§’éé'Pﬁé’§ﬂE ?feaééh"s mﬁ\‘méing‘nt“f se
| at ency-sensitive thabobiig snmplwtarpr@naesl pimcmuf “gallons per minute!” BeGughue, ih he
sub-core, as illust ratggl’by. ti,cal In some

enbodi ment's, the crityYeq? A @Elﬁeﬁclts aﬁﬁg‘%‘# &t Lfﬂ%t flover s,

subtractors, and logic units for performng AND, OR and the like. In sone’

enbodi nents which use i nd%ie%gﬁke{nsngi@ameg 0| ncré“g,:a Jxﬁtﬁlxtsmay

Architecture, the critical nctions

speci al - pur pose shi f tRa¢t bPW“E’dM?@“&@GE@QS?"@“éW@P&Q‘FW’E}ﬂ@%ﬁ“ﬁ&eﬂ’ﬁb‘mhﬂex
register. In some entigdhopmieanticor RGPt telaRy ISt ub-Gore20s,

Lot enov-erit cal eXeos R Aokt e Mre e SR I o Bl

regi ster file needs. the sub-core. In some architectuiidsdof mivrddrchiecuings)themeosygener al | y

more |atency-sensiti Vge}\ g&tntsi’ﬁ@e pieces are the %ﬂ%ﬁlﬁhb&% f@ﬂc%oh?%th?%ééﬂeoﬂls

which are of a recursive

dependency chain. Exdbemogn Sh@W%lllpFign@ anjaaprbsenf thearithmeHedggic functions

execution tends to beys @dthed tbbe hfAcRARY MencFiEnditird mﬂaﬁm%ﬁn&a&s@u@md

true - dat a. dependenci es bot R bet n d terations and
| ngs_ theanto the sulb-core, as i lustratvc\:ﬁ ycxa'igcal\XL‘? 380I !

In some embodiments, the critical ALU funcuons mclude adders,
subtractors, and logic units for performing AND, OR, and the like. In some
embodiments which use index register addressing, such as the Intel
Architecture, the critical ALU functions may also.include a small,

- special-purpose shifter for doing address generation by 5caling the index
" register. In some embodlments, the register file may reside in the .

' latency-crmcal execunon core, for design convemence, the faster the core
section the register ﬁle is in, the fewer ports the register file needs

The functions which are gencrally more latency-scnsmve than the
plumbmg are those portions which are of a recursive nature, or those which
include a dependency chain. Execution is a prime example of this concept;
execution tends to be recursive or looping, and includes both false and true
data dependencies both between and within iterations and loops.

41 -



-11- WD 96/ 21684

PCT/ US97/ 18 : | Current art in hig ce
conput er deg‘igér?s’(zy.sa. ‘the Pentium . ~ Pro processor) S'#W&%Q
exploits nost of the readily exploitable parallelismin ' a large
class of inportant low P prograns. It beconmes extraordinarily

difficult or even practically inpossible to greatly increase P for these
progranms. In this case there is no alternative to reducing the average

| at ency if it is desired to build a processor to run these
prograns faster. 'On the other hand, there are certain
ot her functions such as for ~exanpl e, instruction decode, or
register renaming. Wile it is essential that t hese functions

are perfornmed, current arCufrerg arttin highapegfednadtatconipater desigrd(e.g. the Pentium ti ne
for performng thes | f ‘e s

only when a branch ﬁ%@%ﬁ%ﬁ@%’( gﬁ’:@{%ﬂ?ﬁﬁg‘r&gﬁ@y %Sfﬂ:%ﬂég@%?@gf%ﬁ%gl
typically once in fi#laygd classiofiropastant low Byeogsares. IHeasomeppxiraoadinarilyond
longer to do decodi ngedulf?@ver fracticaly iHhptssiBletdisf@Rly ifleeE PifyPinged of 1150

nanoseconds i ncrease I n average ins ructlor‘i exeputlic}):glpl;atenc while one <
nanosecond i ncrease PrRZTAMS. Inthis ca3e there s pealignatiye 4o [rapcigg theAvemge daengye

average instruction if atigdesired o bilitd HB0REREO0GUn WesePlogranetasds that the
time'it takes to decode instructions or renanme registers, for exanple, is

significantly less critical than the tinme it takes to execute instructions.
There are still other funOnitienstherthand,there ateeceptainfatherdunétions such as for
processor. Many of tggﬁg L@08 : i-ghl ! AgEiat
decodi ng and register r %%ﬁn%&%b%zdre@%%éggﬁ ﬁ%?&gﬁgggﬂg%%ﬂ%% e_ase&?ﬁ t he
time to perform t herthespfunetipns geerperfomned, gument andap it arangedthat thelapprd

average execut i on | aﬁrﬁ@fdf-pemrrﬁia ;Ké@é\ﬁinblﬁl&ystrh@t hdve @nlefre®t dntpeiﬁhﬁﬁld‘eo do
these functions is evgn L ess . cri ' t he -

cal . . _.As shown,
ot her ALU functions whgp ajprane k‘%@ﬁ‘@&“ﬁﬂ”?ﬂ'@tcﬂe‘és"m"h“.‘mssl’mﬂgt\ﬁl\@edy
core 210. Further, iwpichity omgdn fifkginstiuctidrisdn dveragel Herge snbaaiosedond

the cache needs to bg,lNS) 48 LGy B ERGE rehfining PHSVIBAURE et bF §/5921 2
nanoseconds increase in average instruction execution latency while one
nanosecond increase in the time to execute an instruction increases._th_e
average instruction latency by one nanosecond. We may conclude that the
time it takes to decode instructions or rename régisters, for example, is
significantly less critical than the time it takes to execute instructions.

There are still other functions that' must be performed in a
processor. Many of these functions are even more highly leveraged than
. decoding and register renaming. For these functions 1 nsec increase in the
time to perform them may add even less than 1/50 nanoseconds to the.
average execution latency. We may.conclude that the fime it takes todo
these functions is even less critical. o

As shown, the other ALU functions 305 can be r‘ele.gated.to the less
speedy core 210. Further, in the mode shown in Fig. 6, only a subset of
the cache needs to be inside the sub-core. As illustrated, only the data |
storage portion 310 of the cache is inside the sub-core, while the hit/miss
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st orage portlon 310 of the cache is inside the sub- core, while the hi't/m ss
-12- : VO 98/21684 '

PCT/ US97/ 184W$ 9872 | ogi c and tags are in the sl o%?’“é%’/’é‘%o.
This is in contrast to the conventional w sdom which is that
the hit/mss signal is needed at the sane ' time as the data. A
recent_paper inplied that the hit/mss signal is the limting

factor on cache speed (Austin, Todd M "Streanlining Data Cache
Access with Fast Address Cal cul ation”, Dionisios N Pneumatikatos,
-G andinar S. Sohi, Proceedings of the 22nd Annual |nternational
Synposi um on Conput er Architecture, June 18-24, 1995, Session 8, No.

o 529 90 0L Ot Bt e SR RSP R b R ] i,

contents from cache conventional wisdoowwihinhds that the hit/miss signal is needed at thersame he

instruction cache (ng%a@m@wwm@&ég@eﬂ@% led tat i€higfmiss sigralis " © 210

such that the cache stores onl e Lnstruction cac
(1 cache) is accessedlimiing fagtor oneag cﬁnmﬂ§Avﬁ@=E‘9§¢%s§WHﬂ%9¢W¢ct|on-

to | Predi chosisuanit AH&‘é%sO(f_‘z%lﬁﬁlﬁuw’Ogﬁ&itﬁxw N Patbmaitdhdshe | cache
i s accesse e a i.ction . Branch prediction ™
met hods commonl y use(‘]'*““:h“a"g S‘-’q“’ ro8eEs “lgéﬁ’ tA"B\"SbIr"&?W‘P wi t hout

ever seeing the i nstSymposim dandsrhputer Architecture, Taeec18324, 1995 1S¢ssion8;Nwd | s

used, then the lcachg is Leng sitive CQMEes nore
bandw dt h- constr ai neg p[aﬁgﬁs)ll‘gf %&ﬁg{] rqgtghngxﬁaon 15 more d?fl?ig:uﬁg

rel egated to a | omernmb@okstmmeg]dnnd}e giwpleimatteo bf telaémgrlewaummontscfmmcache

The branch predictiopcideiel f coul d be | atency-sensitive, so it would

be a good candidate for a fast cycle tine in one of the inner sub-core
secti ons. At first glance, one mght think that the

i nnernost sub-core 205, Further, :hexns&ﬁ&nonwac%@xooihdwrgma@ bmhﬁblyhemefore
hold the data which is

r menor erarchy
of Fig. 2, that is, ™ %%@n ‘%\ﬁﬁa{:ﬁe cé°"§t339é&°"?§w°“t‘y Bask/ e ‘“S‘E‘P’Féwf‘)é q&‘t ers.
However, ‘as is il usficacheXisiacceSsed. spéuldtively: &igs thedmusihessof besnth lpmdlcnon to
be contained within 43EssbESS
speedy portion of t h%ﬁ&c?&ﬂﬁ%@?o@%ﬁtﬂé%%&ﬁ%@a%é pithg%a%hégkne r eg‘?st er
file may Wethstbasisaf that pragicven. Branchqredigiion methgdsz%nmga Jused 5
260, as suifs the  todaycan predict program flow without ever seeing the instructions in the

Icache. If such a method is used, then the Icache is not latency-sensitive,
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 latené}"-scnsitive, so it would
be a z,ood candidate for a fast cycle ume 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 reglsters However, as is illustrated in Fig. 6, the register file need not

“be contained within the sub-core, but may, iristead, 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
13-~
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PCT/ US97/ 18 ' _ ~ particul ar enbodi ment chose
Fig. 6, the%?éggﬁﬁ“?hat t he - .register file is not ?’éﬂﬁ?ﬁw be

within the innernbst core is that the data o which result from
operations perfornmed in the critical ALU 300 are : avail able on a
bypass bus 315 as soon as they are cal cul ated. By appropriate

operation of nultiplexors (in any conventional manner), these
data can be nmade available to the critical ALU 300 in the next clock cycle
of the sub-core, far sooner than they could be witten to and

then read from the register file
Simlarly, if data s%ﬂﬁ?l%?'gbp‘\r‘@g'ﬁéﬁ’ﬁ?@t éds}’?‘ﬁ%inﬁg 6,the pegsoncthat the 5| AL
is allowed to perf orregisedrfilé Bnoprquigdo bepeittn e inddrmbstaore i diat yies dakanown

nermoat Do onih bl o8 BpS RS eepfindth SR ML ) o oni

the actual data, whi#&wilableon abypass bus315as sonnsas theyyire caloulated By tags resi de
in a slower portion tefegdar OM
a%%&?#% e fb‘h%f muln?lcxors (xg any Eoﬁw}éhﬁorfﬁ?ﬂﬁng%

t he data cache 310 over an nmuxegd

into the critical ALgata a#mqudeavaﬂabécaqo ‘h&.@%ﬁbpn%oo in the next c‘“k%@r%ft i ons

assum ng those data {he shis-cw] fal sooner than they could be written to2@itehdnighefroff cl ock
cycles later, the hlthF SL@EIC or the tag logic in the outer
core may signal t hat® §‘ fated data is, in fact, invalid. In |

this case, there nust be a neans provided to recover fromthe specul ative

operations which have beegmgﬁf’d&?{fra?ﬁ sggéﬁhﬁﬁoh@%%m:%ﬂnﬁﬁtﬁ%ﬁé&oer aﬁ%Sf ic

operations which used the 1 nco as:1hp but
al so any subsequent §pHewed torgerfomnealculagans wponaperands whichianoaet Yeplseown c

Slbsequent |y been ueSderaid e‘%‘*é'ﬁ'?r“f%f%ﬁéﬁww'ﬁ* fiige sibith OTRACINE

erroneousl y gener at eﬂ’%b‘i?{ SF t’?‘%"\.‘?a%d éﬂtacw'gﬁgﬁ%a@a g’s‘hBPC‘H tae?"é\‘n‘@h

clondl L ion. If the prieianiss Rgidmd rasacma%snekxds e slbwer gottion DEG of theyoleave

al so been errors in oper

o esent 1 nventi on priVtieReiE, fis Fothe Hia che 310 am provided oy an inner B8

from data specul at i o320amdmmuked antoithecdritichk AlLt-aid the critical A:Llhpmﬁ)rtmen
operations assuming those data to be valid.

Some number of clock cycles later, the hit/miss logic or the tag logic
in the outer core may signal that the speculated data is, in fact, invalid. In
this case, there must be a means provided to recover from the speculative
operations which have been performed. This includes not only the specific
operations which used the incorrect, spcculated data as input operands, but
also any subsequent operations which used the outputs of those specific.
operations as inputs. Also, the erroneously generated ou'tputé may have
subsequently been d;ed to determine branching operations, such as if the
erroneously generated output is used as a branch address or as a branch
condition. If the processor performs control speculation, there may have
also been errors in that operation as well. | ' '

The present invention provides a replay mechanism for recovering
from data speculation upon data which ultimately prove to have been
_ 44- _
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PCT/ US97/ 18 ' : I ncorrect. . In one node, the rg A

nmechani sm né?af’g@f‘gé out si de 't he : i nner nost core, becad@ge(”leS' '
not terribly latency-critical. Wile the replay- architecture is
described in conjunction with a nultiple-clock-speed execution
engi ne which perforns data speculation, it will be appreciated

that the replay architecture may be used with a wi de variety of
architectures . and m cro-architectures, including those which
perform data specul ati on and t hose which do not, those which

‘performcontrol specul ation and those . which do not,, those which
perform i n-or der  ex¥eOeSInRg Madssibe fpplaymechanism may resderytside the- of - or der

execution, and so fjhéhnost core, because it is not terribly fatdicy-Crititdl Whils tifSreplag

I mpl enentation of such. a repl rghitecture, . . general,l y show ng
the data i1 ow of t hECHEAlE BReibed  paputRn it 4 meltplsrolPEC e

fetched into the i netecutidn engineaehich performs data speculation, it willlbeappiehiated

I nstructi on cache, ' ;pﬁ%'- . itecturssUCh as
a register alias ta%'?gt.h%l?ﬁﬁ& op *‘%?f“@%@égﬁ%iéﬁﬁﬁ%ec e s%%?l%e? b
permt data specul atidomicaprarchiteqtenss.iotludipg thasewhinh perform laisi sppeujatinssi r abl e - -

to decougi@thbfewRich 48 nollBdik WhidH S driConRELipkt SlatiGiDaRd @bse
i ndi cated by the Thi's i.s especi al true . n an

Co I pstruygtl on Vi .
archi t egture which WQ‘CP@@":?E'éB‘-’SﬁcYE}}‘?h perform in-ordergxefution and thesg which
Archi tecture. Renanperforf eutssfidrdderRedution)ishd socfottht ai | s of t he
renamer are not particularly germane to an understandi ng of the present
i nvention. Any conventional renamer will suffice. It is-desirable that it
be a si ngl e- vHig.Zdlustrates orgjinaplementationcofi sucle a sepday, architdeturbat each

I nstance of a ne@lﬁh&%&g t@%&&tyﬁbm tl_&‘é Lxlchi(’éénéré. ikt Sarihbhftioh s

regi ster, although %%e st ruc . specifies the sane register.
The renaner provi de$tched ipa therastarctipngache. ‘location for each .
different value that each logical register assunes, so that no
such val ue of any logical register is prematurely Jost (i.e. before the
‘programis through with *:ﬁ’é’? ﬁ\?é?%f@'b@'é‘ﬁe’a{ﬂmﬁ%ipﬁ%%e%ﬁ%r&n?)tf‘erti ne.
From t he renamer, tsuehianategisiesabins pblec besbphisticated myitroarnbitecarbewhichr
such as a reservati J mpﬁr ' | : 14 |,nprove
execution efficiency. %us %%uc!u era%F}s&gélﬁﬁé(ﬁisB%&%éﬁtgﬁgé\tﬁ?F glggatb%oe? '
all owed ecouple the actual machine from the specific registers indicated by the

' instruction. This is especially true in an architecture which is register-poor,

such as the Intel Architecture. Renamers are well known, and the details of

the renamer are not particularly germane to an understanding of the present

invention. Any conventional renamer will suffice. It is desirable that it be a
sin gle—valued'and single-assignment renamer, such that each instance of a
given instruction will write to a different register, although the instruction
specifies the same register. The renamer provides a separate storage
location for each different value that each logical register assumes, so that -
- no such value of any logical register is prematurely lost (i.e. before the
program is through with that value), over a well-defined period of time.

From the renamer, the instruction proceeds to an optional scheduler
such as a reservation station, where instructions are reordered to improve

execution efficiency. The scheduler is able to detect when it is not allowed
' A5-
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PCT/ US97/ 184@@?(.‘,98,2'1 to issue further instructi OnSFCFRfSMI 8462
0 0

exanpl e, there may not be any avail able. execution s sin
whi ch a next instruction could be issued. O, another unit may

for sone reason tenporarily disable the scheduler. In sone
enbodinrents, the scheduler may reside in the latency-critical execution
core, if the particular scheduling algorithmcan schedule only single
| at ency generation per cycle, and is therefore tied to the
| atency of the critical ALU functi ons. : "From
the renamer or the opt.ional schedul er he instruyction praceeds . '
to the execution cor ‘%’5?@%}"%&9"@6%“(%" "‘Pfﬁe@}%mﬁﬁg 2 %l?bflf)l exor
to be descri bed bel oeRecutidresietsiinto iwhichxenext atrugtianecoudd besissnedt Bnemotheni t h
its execup,is I : ' (L 1 1 Lon is
Sent to the b fimy 20 Bt rEEkDn S BBl e SROMIBE 1A Wihe 7, L0
| ookup | ogic (TAG) . eamabediments, the schedulemmay residayn e laterny-asitisalsixecutione
address (physi cal Orcdregfﬁﬁlp\mﬁﬁla?séﬁiiﬁin'&algoﬁthmcan@é?ﬁﬂﬁl@%n%iﬁﬁlem&xcy |
instruction requires. From the Tk—? ac&gT 0 |c,§§ﬂe ..aPR}/EcaI 4
address referenced afffcraten PRI CECafN é"eégg"crt e s lpterey, of the,gritic .
cache | ocation accesfimdtionse passed to the hit/mss | ogic, which determ nes
whet her the cache | ocation accessed in fact contained the desired data.
In one npde, if the instruction being executed reads nenory, the
execution | ogic gives theFronythesenamer or theyptionaj sehaduler,the inswraction pyodegds
portion of the addregsne BicufiiPed 20513100885 260 inlRecky A R ohiliblefori O

e, this d dwth {he

.speed data cache. In this npde, artial addre I's -Us
highest oloibs,described belopn; whkre iif sxachisth AREr & XRULAEANS Witha on y
as ‘a secondary execution) &h address assoctatelowith eHednyttuctionis safictbales, or in the

f the Intel Arghi t . | et @ Li . T
Ca o o Tt BB i oty oo o 3 A P
Because the criti caladddssimaydie] fonexample} the addrtss (physieal er logical)tdfa data
:  sub- ' . 3 . i ch
Hns. at-a hi'gher. ol oerit fhilh teifthuclih fegliRes, FRfin Bl 118 oA 2AR5 Rifc, WY °

| ogi ¢ -sonme data wi |Physigekaddrass sefgrenred and phephysisak adgrast Frpressrigd intle and
-16 - cache location accessed are passed to the hit/miss Jogic, which determines

whether the cache location accessed in fact contained the desired data.

In one mode, if the instruction being executed reads memory, the
execution logic gives the highest priority to generating perhapsonlya
portion of the address, but enough that data may be looked up in the high
speed data cache. In this mode, this partial address is used with the highest
priority to retrieve data from the data cache, and only as a secondary
priority is a complete virtual address,'_or in the case of the Intel Architecture,
a complete linear address, generated and sent to the TLB and cache TAG -
lookup logic.

Because the critical ALU functions and th_e'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

-16 -
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PCT/ US97/ 1844 ' ' | the processor wi have alrea
specul atively e%?’ezcl:fﬁ‘ed the instruction which . ' neede?ﬁ’g?’,gggsaz,- _
t he processor having assuned the data that was obtai ned to have

been correct, and the processor |ikely having also executed

addi ti.onal |nstruct|ons using that data or the results of the flrst
specul atively : execut ed i nstruction.

Therefore, the replay architecture includes a checker unit which

receives the output tlfg LFrBE&s&P»leﬂﬁé aﬁ&ﬂ&%ﬁ&hfan@el?‘e%&dt&l e shiseRbash whf&ﬁ

checker Ses. a P f end I.Ng I nstructi on an any
whi ch depended on .@eeded that data, h&r?’%?ﬁi?ﬁ hadpg assumed fhcdaty thapwagebtaiggd 5

resutt of the erronephgvetiba correct, andthep@e&ewlﬂdelmwdgmgbéﬂeukﬂstructlon
was .handed fromthe r@&er%ﬁatlon station

ecution. c
copy of it was forwaf a"sé“’&'é?ws{i’ﬁﬁ’?a‘mﬁaaﬁ the resulfs °P[%°§1>‘<'§5 Ea eI ay
| at ency whi ch mat cheseduked ihstroetibhe | nstruction will take to get
t hrough the execution core, TLB/ TAG and hit/mss units, so that the
copy arrives at the checker at about the sane tine that: the hit/mss |ogic:

a

tells ~ the chederefersathe replaycuehitespeciocideonchogher unitovhigkt . | n
one node, this is recejves the outpd 9P tHé hifiniks I9EiQ P s i ﬂalda&aeme%aé&erl n
Fig. -7, the delay unit is_showy be out si d cker. In -

ot her enbodi nents, pﬁgegyx;;y?agnp{thﬁé);feg@ngmstmcnonanqaﬂé’(ﬂl 6‘?9?1\‘9&8%£°%“part '

of the checker. In &ﬁwmoﬁrmébmameutcbﬁeaheﬁkeaultoftheermneoumwreSI de.
within the |atency- Crltg‘;{’f’ che k|n
'i

al gorithmis tied tPGH 885 e Gyt harddd SonF e rdbbrvation sigign, | e
checker determ nes tdthe edecwion pemua eopyoof itwaras fomwended ta @ delay unit which t he

checker sends the OBRd sy IASIEALRRRAR BRI [Bidion PRl ik

The checker forward e Instructlon uni.t. 1t may
happen as an unrel ag%hmhﬁhqqﬁ?“‘i%mﬁﬁ‘ﬁ@%?? hithgissunitspeo hatther t hat _

the TLB/ TAG i s i nseedp mm&%&wﬁﬁh&ﬂﬁmé%ﬁéﬁﬂwﬂﬁht&ﬁ&xx%ﬂﬁs%ﬁm exs! e.
This information |s]ne%dﬁ ?%t't he, buffer, so the buffer. knows

rei nsert the,daga sPechlaton was iacoreect. J oae mege ’h&’lsﬂﬁ- TLB/ TAG
and t he buffer roughly 112 oldcks of dve iriner sarechhFigr 7, uhedelay apit & shommsert i ng

instructions, so.thgs peing outsPethﬁcﬁnQ@l@x‘lﬂ t@%ﬂ@gﬁ%eéx Au%'o%ﬂﬁt&ﬁuﬁgy be

instruction in that_sane
PCT/ US97/ 18462 mcorporated as a part of the checker. In some embodiments, the checker

may reside within the latency-critical execution core, if the checking
algorithm is tied to the critical ALU speed.

When the checker determines that data speculation was incorrect,

the checker sends the copy of the instruction back around for a “replay”.

- The checker forwards the copy of the instruction to a buffer unit. It may
happen as an unrelated event that the TLB/TAG unit informs the b_tiffer that

' the TLB/TAG is inserting a manufactured instruction in the current cycle.
This information is needed by the buffer so the buffer knows not to reinsert
another instruction in the same cycle. Both the TLB/TAG and the buffer
also inform the scheduler when they are inserting instructions, so the
scheduler knows not to dispatch an instruction in that same cycle. These

-7 -



control signals are not shown but will be understood by those skilled in

the wo 98hiss4 .~ The buffer unit provmggq,gm ng
of the copied instruction,"to prevent it fromgetting lost If it
cannot i mredi ately be handled. In sone . enbodi nents, there may be
conditions under which it may not be possible to reinsert

repl ayed instructions imedi ately. In these conditions, the buffer

hol ds them - perhaps a | arge nunber of them- until they can be
reinserted. One such condition may be that there may be sone higher
priority function that could clai mexecution, such as mhen t he TLB/TAG
unit needs to insert a nuf ctured I nstruct ned oVve.
some ot her enbodi me/fP8IC rf BEt shgyn h’&f H’e&h\&‘gﬁ B0SE SRR the
Earlier, it was nenmnpned that the scheduler S out put mas provi ded

to the execution core indirectly, through a nultiplexor The function of

this mul tiplexor is to select anmong several -possi bl e sources of

i nstructions being The bufferwnit providex iatchingof, therbepi¢d instructions e i s, of
course, the schedul f‘ich‘&ﬁ:{eﬁf@;l if it t infi6diate He%aﬂ&le&rl Goh!
instruction which i Vgrng sen ogéelcﬁm}ngnl T%ﬂa fy 3 econd source

is the buffer unit, cPpodiaents feremay FM@U@S&&Wwshxclaﬁmaymtbeposslbe
i nstruction which l&ohﬁ‘xhﬂ&ﬂrﬁ;ﬁ edfxﬁgtrdcﬁaﬂnﬁm:ﬁeam Jmﬁhesécbhdlhdnsi@w&ﬂ’fdrs

illustrated as bein B/TGunlt er m the agchitecture
Lo oo e Rt Delds e ropemahet rgtHubihet oL BT intd HeREAEPR o ¢ e
i nstruction stream reinserted. One sdéblconﬂmorphny be timt thef® may)be same Highed ogi ¢ many

need to get anot heg]pk‘iﬁhlydfuﬁcnon th?]tcould CIHIQ‘I &mo\‘v)guiéh%%{}vggﬁ'ﬂ{@‘[gfﬁ'cﬁ?(‘}s to

read sone data fro 0 evict
that data, or for r&pitmeedsgoinsertpmnugictusedinstruction, as mentiqngd gbavesIn and t hey

can do this by generséxhb'&%ek@ﬁzbb&iﬁieh&nﬁwe\m&@hnﬂyﬂoﬂfétnecessazy cone from
the real instruction stream and then inserti ng those instructions

back at the nmultiplexor input to the execution core.
The mux control schene nm®Barliernit waenﬁnﬁtaaedltlmltwhthedmﬁmutpm was provided

ST Tor Tt BRSBTS

- 18- WO 98/ 2168apltiplexor is to select among several-possible sources of i mstrucuons eing

PCT/ US97/ 18462 sent for execution. The first source is, 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 itis a copy of an
instruction which is being sent for replay execution. A third source is
illustrated as being from the TLB/TAG unit; this permits the architecture to
manufacture “fake instructions” and inject them into.the instruction stream.
For example, the TLB logic or TAG logic many need tc get another unit to
do some work for them, such as to read some data from the data cache as
might be needed to evict that data, or for refilling the TLB, orother.
purposes, and they can do this by generating instructions which did not
come from the real instruction stream, and then msernng those instructions
back at the multiplexor input to the execution ¢ore.

The mux control scheme may, in one mode, include a priority
scheme wherein a replay instruction has higher priority than an original
instruction. This is advantageous because a replay instruction is probably -
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ol der than the origi nal |nstruction in the original macroinstruction flow,

and : wo ofBiksde 2 “bl ocking” instruction such as. if. the zpéﬁwe
dat a dependency. 1t-is desirable to get replaye
instructions finished as qU|ckIy as possi ble. As long as there
are unresol ved instructions sent to replay, new I nstructions

that are di spatched have a fairly high probability of being
dependent:- on sonet hi ng unresol ved and therefore of just getting added to
the list of instructions that need to be replayed. As soon as it is

necessary to _ oldertHaﬁlﬂieﬁ)thlm msﬁ‘%btﬁétﬁfhltﬂélon Bﬂtmsz?&nsmfdtxbhﬂow;)ﬁnd ends
to grow.-a long train s'r.ructi1onsf ehind it taﬁtgpeféﬁl ows it

around. The pr ocessofnaé’é’ﬁ adil?ilqgﬂng”ér&n'ucuon suc GTFR 1S {Tpgdat

i nstructions are getting executed two or three tines, _ _ and such

a mode may persist for qu'IEx?d@sx%ir? t§ 88 T@ﬁfaﬁ%@fn?&u&ﬁf\gk éisﬁ'&i quicklyas

replayed instructions is very mic gerng
i nstructions. possible. As long as tiemtre wetesolved ingrugtions smtmmniud newi | e

there are things to Exﬁﬂ{;@ﬂoﬂs%hai‘areqxsrpag:hedhamirﬁ'mgﬂgf&ahﬁﬁ anafl sone

probability the new instruction w e
work will get done. €@gpandentonsemehingunresolyed and therefore Of%USt getting ad

probabi lity that t hetiedwt bhimbinsttion®thatnded :beee@mdem scﬁmChs\Mis'neéésﬁﬂyto
need to be replayed. nstru tions t

rse
fol low that will be %IEAPQBW"PW‘H&RF ﬂ'h“‘gPF 'FB‘;? to Zrop AIPREFRROS o i | |
have to be repl ayed, ixtscruq:tqusebchaad iti thattfbldowsit hiouad HEe pmc&ssmi’ qantqitxicktmget

repl ays ver e resol veg a a8 wHkle b AESGIRSIY HAABS DN koo BOlrhAYed ©

execute tw ce. I'n_one np i nstruction
may have hi gher pri offd juch a mode may P?Tﬁﬁ?foé%'é“p?wﬂFMﬂ%WOW s is

advant ageous becauserdplie inseattions is¥ed much preferable tb Rtfoduéinz @g%w My be used
for critically i nportant and tine-sensitive operations. One such

sensitive operation I'STUH¥Viction. After a cache niss, . new data
wi Il be coming fromthe L1 cache. \Wen that data arrives It nust

be put i1 (he data cache Gyl parihaiint ASNASESHIL ferd be iRks eosmsglgys t he

replayed load will just new data an NOW ces
t he gamble. There is a certain probability-the new instruction gvill be -

£ 98/21684  independent and some work will get done. On the other hand, there is a
PCT/ US97/ 18462
_ - 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 thesc instructions would not have to
execute thce ' '

_ In one mode, a manufactured instruction may havc higher priority
than a replay instruction. This is advantageous because these manufactured
instructions may be used foi'_ critically impbrtant 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 (L0) as quickly as possible. If that is done, the
replayed load will just meet the new data and will now _be successful. If the

19~



data is even one cycle late getting the dat a there the replayed | oad will

pass ”mn too soon and-nust again be replayed. Un }[d(?giﬁk%/he

t he data cache | ocation where the processor is going

data is now holding the one . and only copy of sone data that was
witten sone tinme ago. |In other words, the location is "dirty".
It is.necessary to read the dirty data out, to save it before
the new data arrives and is witten in its place. This reading

of the old data is called "evicting" the data. In sone enbodi nents, there
S ~ just actly enou me to conplete the evic fo're
starting to wite t éalse nonec%f%@ﬁgﬁq%tﬁﬁ%gh ; lfh%&i(?@ag?ﬁgﬁfsi S
done with one or noagrimtoowsoas tod sulst again bereplayédaihfmrﬁtnamlns the dats bashear e
hel d up for even on Lk time
to avoid the probl e% g%@c‘?h%rgg& a@x ée%%drg%&ﬂﬁ% cgtr!eed%thls M h?lﬁﬁfg"{ﬁc bt be
gi ven the hi ghest pandesl yyopyofsomedatathntwaswnttenmgnqr@rppggogp@ﬁhe[ecture may

al so be used to enabogis hﬁl&a@iﬁﬁ%s“?ﬁni’olt is necessary to fefd Bief @ty datloat,!to
wi t hout actually sl ow ntgl?q(iiomn t he ecuI i on core,or %arj orm ng
clock throttling orS3VRdt peiere theppgy ‘%P’é“@% isivritiende its place- JFhis

it woul d be necessaofytht oldsdard is chldei “fevicxihghthedac Ir somessmmbiddimems,rthere i avond
oo e Lottt s e Aot SR Ul B the AR peli Bl e o

exanple is where t SOr°s orari run
resources such as avew Hablivits plges (The svictioni emtthwnmom@remuuﬁact@rcd

results.
an upper leghﬁafonwmy%mmbgéﬁeoeﬁs %@ﬁé}ﬁ{n dae§n s

bl ocked, of, el ng p

anot her processor, @COUBHHIEE t%w%themibéea described above, &Hhﬁkﬂy'““s&n
exception occurs, Obe given thekfighest priority. I n such ci rcunst ances,
rather than halt the frontend or throttle the : execution core,
the replay architecture may very sinply be used to send ' back
around for replay all in%he mplayanchiettopanaesiso bsusedud dndble tie lpesossme to

| ost. The executi 0N Gt “W'ﬁ&oﬁ%aﬁl@@iﬂnga?\wmc&Pﬁﬁﬁncﬁﬁedoﬁ here are -

no addi t onal urre or sta front end,
beyond t hose performing @pel @@‘@:‘%Eﬁ’f F‘Wdlkﬁoﬂp}’é? nﬁetsomﬁéﬂm@meémrq 0

give priority tor ei?'»\imld be necessary to sRHtha EbhtBAP atyS ex8Eutibn/tdte, kd\g¥didiCt i ons.
-20 - : WO 98/ 211 .
PCT/ US97/ 18462 osing the results of instructions or to avoid other such problems. One
example is where the processor’s backend temporarily runs out of
resources such as available registers into which to write execution results.
Other examples include where the external bus is blocked, an upper level of
cache is busy being snooped by another processor, a load or store crosses

page boundary, an exception occurs, or the like. .~

In such circumstances, rather than halt the frontend or throttle the -
| execution core, the replay architecture may very simply be used to send
back around for replay all instructions whose resuits would be otherwise - ‘
~ lost. The execution core remains functioning at full speed, and there are no
additional signal paths required for stalling the frontend, beyond those
otherwise existing to permit the multiplexor to give priofity to replay
instructions over ongmal instructions.
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O her staII-I i ke uses can be made of the replay architecture. For
. exanpl. e, %?ﬁgw% it a store address i.nstruction nisses in the TLB. Rather
t han savi ng ar address to process after getting the pFMS%ﬂm in

t he TLB, the processor can just drop it on the floor and

request the store address instruction to be replayed. As

anot her exanple, the Page M ss : Handl er (not shown) nmay be busy.
In this case the processor does not even renenber that it needs:
to do a page wal k, but finds that out over again ' when the store
address cones back. : Most cases of running out of
resources occur when there is a cache m ss. There could wel |l be

no fill buffer left, so t%wumih]ik&useaoartbmadeofthereplayarclnteths’f?oan L1

| ookup. O, the L1 %?%%B@aé’sgﬁ%em\%@h £$eve tion sses the&i%oﬂ&erthe

machi ne MAY ask for k romad CALREEHE
just forget the mho|tlmntsamgtm@mamddmsanym¢essgfmg@mngtmmqsenmmthe

situation. In el tNergase, plBRshdfl @b POF uRANR AR rERTHEHDRN | S

replayed. nor e onve tion ure, the present
i nventi on does not address ‘"SWCUREE‘D"%EFWWS@-M“Q"W@‘?’HBI&@EEH"S%M‘FF the ..

menory subsystem an@analeg (m rsﬂown) may be busyQin this cat® ﬂwﬁ:’r@é‘&m«x%bd eV

sonething to help it.if as. the resources to,.do rrethlng | f
ot 1t ay o not hsTieaberfift e s i ba SrALR o Fads waane gver agh
instructlon was seenvhen thestoreaxidregs sathey/lsdckm The nenory subsystem

by itself, will never do anything for this instance of the instruction.
When the instruction executes again, then-it is considered all
over again. In the Most cases gErupning oy of reserreescassus when there is a cachee

I nzt r Uft i on gast dgl &Y. THedelcouldi vélBbe no fill bufferleftaaﬂhsﬁﬁcﬁﬁehﬁet BRHOT yt |
subsystem and i oesn re.conventi ona
approach m ght be t&@&?q\ﬁﬁg’tlopﬁgklang’tsmdf’ﬁbﬁ e busyyd¥fgn acache miss 4 gny
\% oblhems fr ;)hm her e happeas, the machindoMA$ ukleﬁostl&rdaprﬁndirharlﬁgher tevel cache :u;]d

ich case the neno | is
store address until MA?BQ%%%&% §51r6 tE%Eta &8%(190 a@xg&g@%# aﬂt%%gﬁ%%resent
approach is that theitsationelnsiticrsase.thpload<or stord addressiinstrugtion fsygplaged. does
not have to renenbeUn'hkeitmo%EonJé‘ﬁﬁ&'\! hrchiReciirk) the bﬁséﬂ%ﬁﬁeﬁh@ﬁﬂoém the VO

processor

98/ 21684 ~ NEED to remember this instruction in the memory subsystem and take care
PCT/ US97/ 18462 of i 1t The processcbrswiﬂlﬁiﬂ sorietttng twhei%ﬁliﬁt aﬁkimwesome td deal l'y
because of inabilit ¥ cthl anﬂlnot 'if mi may / do nothing at all, not éven Temein berg-na\f such 4

instruction was seen by the memory subsystem. The memory subsystem,
by itself, will never do anything for this instance of the instruction. When
the instruction executes again, then it is considered-all over again. In the
case of a store address instruction, the instruction has delivered its linear
address to the memory subsystem and it doesn’t want anything back. A
more conventional approach might be to say that this instruction is done,
and any problems from here on out are memory subsystem problerns, in -
which case the memory subsystem must then store information about this
store address until it can get resources to take care of it. The present
approach is that the store address replays, and the memory subsystem does
not have to remember it at all. Here it is a little more clear that the processor - -
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I n one node, when an instructién gets repl ayed, al | dependent _
i nstructi ongoasBesdet repl ayed. This may .include al'l those whicaludssaslethe

repl ayed |nstruct|on S output:as input, all those which are down control

fl ow branches picked according to the replayed instruction, and so forth.
The processor does not replay instructions nerely because they are

control flow dependent on an .instruction that replayed. The thread of
control was predicted. The processor is always following a predicted thread
of control and never necessarily knows during execution if it is going the

right way or not. hsfreplabﬁ@rtﬁélsta@taad&a@kpeaWﬁlly bdeauderofiability $6 hardle iokn i t sel f

IS r epl ?ﬁ/ Thi s b because the processor cannot reliably
determ ne fromthe ememorysu SHtch if the. predi cted thread of control is
right or not, since the input data to the branch was not valid.

No ot her instructi ons g% oﬁgg{oﬁé' %éﬁearn%%-ucnon Fets mplaﬂﬂcﬁpacﬁaeha&tbr anch got

bad data. Eventually - the branch
will be correctly @mgu@t; alsatgetmpbiycql ﬁBus gy m&c\mﬂethosmwhxch used the

wme o 00T o PR G o e g Aok R O Bl P g -
I I i

goes on about its ﬂowbranchesp;gggc;?@ggdmgpt F%eaé‘fs“(’:‘ﬁ??’bé‘f’ﬂ§°§?‘§él cted,"

then there is sinply a branch m spredi ction; the fact that this

branch was repl ayed any gunber o _difference. A
ni spredi cted branch Cam;[gapp(%cgaqorgo%sé\ofgea&yrlgwxmsmerefybecause Y ESlay. A
replay can-only exeontrd flowmaddpegdennen smimstrictiprthattreplagedo¥he thread of

again. If a branch_yas ’
wrong instructions ando nrae%g tg%?%ﬁ ﬁ&sste&)%g%g?’g sfgimd ete%gg %?er ent
i nstructions. of control and "c"ernecFSﬁaE‘ hidrawsAuring exeritipn ét it Er€°i“$ ﬁhépl ayed

ei ther 1) because tight way or not If a brdlfch [gdttad ingiut,3R¢ branels imdetiction it s ¥
processed for any re so

ata that this
i nstruction uses | & Zt%eﬁa‘ﬁgth?d?’?‘éeéfmcw%r?lgg& deidihtnd r{% to be
correct if it is pbnniuhd’cthdnyredlctedshnemtbf controhistrighs or nat adidcedbe inpat data:

-22- " WD 98/2
PCT/ US97/ 18462 € branch was not vaFljld No other mstrgcuqnls ge%re]pl[aged merely data is

known to be correcbegase e dranch igog hﬂd&ﬂta E"emua"y — possiblyafter é@nxmlﬂysev\ed
not as having anyt hi fig BrindhGuit Heh:of-r@&ly:é)d&ﬁt@dl AdtRi¢/ng, it does what all as data

Front end of 1 he. mEPRPHES BT PR K OUEAIEed SOt AR ST s PEREIRS e
- used by any other cors¢ot unhdnorf it Weseerectiy preditteds evergthingofoeay abodtars

I nstruction cannot ,ax& AR MW ity Prddicitd) tBn AR i€ QHpRFA BRRGNOT the
' misprediction; the fact that this branch was replayed any _numbcr of times .
makes no difference. A mispredicted branch cannot readily be repaired with
areplay. A replzy 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. - ' o

To summarize: A instruction is replayed either: 1) because the
instruction itself was not correctly processed for any reason, or 2) if the
input data that 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
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control flow is handled by a higher authority and is not in the purview of

mere executi eplay. o Fig. 8 illust

about the cH&@E@@gunlt Again, a instruction is éﬁﬁéﬁ?ﬁ@ghg
1) it was not processed correctly, or 2) if it used input data that -

I's not known to be correct. These two conditions give a good division for
di scussing the operation of the checker unit. The first condition depends
on everything that needs to be done for the instruction.
Anything in the machi ne that needs to do sonething to
correctly execute the instruc

signal to the checkePWﬁedlapéﬁnggﬁmp?hgm?Fsrlgpw“ tobccorrectﬁtgx&éﬁtﬁ
t herefore tal king abdbminchesureviewedabt axtavirgenytHitg tocdewitie the control flow but

potentially from man t

In sonme enbodi nents, )éf ﬁé&ﬁgg hn?qﬁ#%'%ﬁx o‘?’i“f:gg%rpqgf%%p H{g?egpﬂg h’ﬁﬁ?s tb%
dat a cache to suppl yfmoneermfrtbe:maemwbmdommarqdua@anymmgutldgtasthmnbd by the
hit/m ss |ogic. Anothely d 6PH haqﬁfmicﬁoﬁaﬁéd&emaeoﬁeé:ﬁ&%kxnpmaess a store

address; this would typicall’y resu froma mss on a store address, .
but t her éSERtioRCApnpichave anwbing t g8 withthew Ehesmmamesnelthe t he 14

cache may coﬂ&bllﬂtﬁfxsdﬁh@led bl a GiigheRNutberityting is ket ik theqagtiewasfd be -
used by mstruchons%}] d at contains an ECC error. This would be
si gnal ed qui ckly, oY, gppoution an repiay. corrected as time pernits.

In sonme.fairly rare cases, -the adder cannot correctly add two

nunbers. This'is signal edf‘?%stpﬁs&alté%%&‘é%ﬁut EheckBR, hal, P aesgrer s

I n sone ot her rare cases e-cofrect answer

ndto

when doi meplayed i) 1 ﬂm nopprogessed cmb'eon?agﬁ iguspddnputidstn thathese, -
gg /02 12”8 2 | . is not known to be correct. These two conditions give a gooddivision for VO
PCT/ US97/ 18462 - - -discussing the operationof; the,chgckenymnit; iThe, firsy gonditipn, depsads on

enbodi nents, the fl oavérpthingnthidnesds d be done for the insgugtionoAngingtinehegor r ect
ST T ooy e ot Wil P Es SR8 sdrhedtin ko S8R excee the nsprucdiF 1

goofs a floating poi n operation rinci

mechani sm for nmany t giewedio gpobard tolslgf@blﬂtbeb@chelét&atflbsoﬁﬂbaﬂﬁﬁwﬁ c goofs
and it could even becqififfor Rithdiéor1Rlkengdbod fﬁ A&éﬂwﬁt&&n&iﬁ&itﬁlch&%ﬁrm ess

t he cause, whenever the ssor does 0o e tl | S.supposed to
do, and the goof is. a%&ea@elgﬁomwngrﬁ%%mt sgy,é‘g B%Q‘Jﬂa]i’lﬁénsé%lﬁu?’é’guest a

~ In some et_nbodiments, the most common goof is the failure of the
data cache to supply the correct result for a load. This is signaled by the
hit/miss logic. Another common goof is failure to correctly process a store -
address; this would typically result from a TLB miss on a store address, but -
there can be other causes, too. In some embodiments, the .1 cache may
deliver data (which may go into the LO cache and be used by instructions)
that contains an ECC error. This would be sxgnaled qulckly, and then
corrected as time permits. - : : '

In some fairly rare cases, the adder cannot correctly add two
numbers This is signaled by the flag logic wh:ch keeps tabs on the adders.
In some other rare cases, the logic unit fails to get the correct answer when .
doing an AND, XOR, or other simple logic operation. These, too, are
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“repl ay by signaling to the checker. 3 The second

conditi on wwobgafgses replays. -whether data is = . kKipeiusosnag:
correct --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 sonetinmes called the "scoreboard”. It is the
checker's responsibility to |look at all -of the input data for
each instruction execution i nstance -and to determne if all
such input data is known to be correct or not. It is also the

checker's responsi bi tighaled by thddlag togit./In spmé embodiedentsptiefloating point unit

ti [ t , 1 det if th ' d d.by t fonal { ti
oxecuti on i nat ance. oy PRbARE Mkt shuekal ot she BB R ot dpst ikl ' | 7"
the result of a instwhenitgnofss fibatng gdoihkopssatiano Ibprinoiple atu'ouldse this not ed

th - t

on € Sﬁgémﬁg%fbtr%%n? '3?&?? Bfgﬁ%{lﬁl gé\ﬂ&’b@ﬁ&drﬁ)“’alﬁéa%c%fsec

data that can . I nstructi g
Fig. 8 illustrates ot ibaeusideeanbecised kurhardwarn errass (BecuingnossieBegardless
practicing the archifgehuveEwRéncvBeth® bfotestor HHsR doR/RactBorRatSEs stigpdied @ | s

of t he checker are_nof necessary in order to.,understand the 2
i nvention, a 0, a“Sé*P"‘rﬁﬂoifﬁ cme%éﬁrg‘feésqr%%?\’%‘ﬂ@ﬁ%rm% he
requi-renments for a clephiydy signaling to the chegkér{ i ci ent to nmake the replay system
wor k correctly. In this enbodi nent, one instruction
IS processed per cycle. After an I nstructi on has been execut ed,

it is represented to the Thesskond ¢onditiogrwdiich causes replays — @h¢thedmy/is OP2,
OPV2, DST, and a | atgpgn hi ¢ "gélﬁ’g s ! e uop
by the decoder on the bast}sgﬁtocg ﬁ?% 3%%’*3@?7 ﬁi}e |glr?gft§°8§f\?hg%kcf} fisdf

-24 - WO 98/ 21 6Bhe checker contains the official list of what data is known to be correct. It -

PCT/ US97/ 18462 is what is sometimes ¢JHlé¥ thet@barabsard™) @i eHe chBekerSt r uct i on
i ncludes a first operand

secon . oper.and, .respect.i vely.
The i gnal's OP1 and TesPrstauy o HOF AR gt fogpe daua for SR iAo BRESHRS Y o <
of the first and sedostdnapadandetcrminsifat sucteinput datedis knewn to be correct or :
recei ved at read ad : rabng%g, _ k anal
DST identifies the p o?;/.:l?ésgﬂ?&)t egglfer?a?i on_sre'fglbggtgrrt&%%?gﬁ ?ﬁgﬁié‘gﬁﬁ}&g?ﬁ%e
i nstruction was wri t@x8pution instance, to determine if the resnis prostugedthy thatinsirugtion g |

0's except a 1 in ongeBffdntih§tihce Eftherefore be deemed RBRI“kh&Wn @ bé Strdcrd@not es
the latency of this jnstruction. An |.n§t rucgjon's ¥ s
- 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.

Fig. 8 illustrates one exemplary checker which may be employed in
practicing the architecture of the present invention. Because the details of
the checker are not necessary in order to understand the invention, a
simplified checker is illustrated to show the requirements for a checker

- - sufficient to make the replay system work correctly.

_ In this embodiment, one instruction is processed per cycle. After an
instruction has been executed, it is represented to the checker by signals
OP], OP1V, OP2, OPV2, DST, and a latency vector which was assigned
to the uop by the decoder on the basis of the opcode. The signals OP1V and
' -24 - -



| atency is how many cycles there are after the instruction begins execution
bef or e anot-hewoi9smigsdcti on can use:its result. The scoreboard hesroseBid

of ' storage for each physical register in the nmachine. The bit
is O if that register i's not known to contain correct data and
it is 1if that register is known to ' contain correct data.

The regi ster renaner, described above, allocates these registers. At
the tinme a physical register is allocated to hold the result of sone
i nstruction, the renamer sends the register nunber to the checker as

mul tiple-bit signal Cgph¥ infditareSoRifh a4 iflsiition iftliics B%&‘b@éﬁh&%&'a*@é&ond
whi ch is addressed by CLEAR | ster

t
operands for the inst ORETANG, TeSRGFHvalY- I Theisignaly OP1 and BEZ“PCHE '@RV\S
indicated by OP1 and ghidbe fgistéreoR eh@d first dnd sebond mﬂ@&é@eb@vely, and are

Seorchoard o rciye bRl Bodreer Ry tﬂ"&wﬁ%mﬁvsca R 3 sieasly

receives the first DST identifi esshmphylsmatdhsnnmm r&idtenwhert ke fesulsof theer and
val id signal OP1V. An AND gate 355 simlarly receives
signals SV2 and OP2V S%%hengg%wﬁl en.. : operand. The operand valid-
si gnal' s OP1V and OP2V cause the scoreboard val ues SV 1 and Sv2~

to be ignored if-the instroaheilfBncyQREtol Ras ALY @kéept a 1 in one positiod. ThEi I €

E ggs_e ' e?pe\(;\:)l \ég / g?gg Roggm of the 1 denotes the latency of this instruction. An mstructmn s

PCT/ US97/ 18462 - latency is how many cycles thére abeiafieerttise mﬁtnidmen/bb@n ateration e

provided to NOR gate ex .
request signal. The Oé?@)ﬁﬁl@ﬂ%mstrwncatn use1t¥v}'ésglta'f‘h %nggﬂdﬂaggh?%gof
either operand is reqat:orm fbwaph@hysn@drmﬂontmaﬂsnma'he hnm@nfttbatbeglster

correct, or if the ex
the out i LRnpWERS SR dbieed 83‘?%&?“3 3 ISACERRR: IChRECC e

checker out put Contm"COFRSWdR@CTI ON'OK. “If it is true, the instruction
was conpl eted correctly . and is ready to be considered for

t t. If it is falsemthe.instruct . nust be repl gyed.
,rA\edleIrggerl ne receives the @gﬁqﬁf rSW"P%gﬁ?eéF'éPe‘Wé’H?u oga}tcst%?seaﬁggx %ﬁ%% '
checker' out put | NSTRUGEItENe Qphysidabregister isaliocated hehald sherresdd afisome
currently being CheCkﬁﬁtragtfb% ﬁ""'%ﬁ‘%ﬁi@"é t‘xé[fé‘?; g%;qm@bbsm ROSH A gtﬁd of

regi sters (single cyc e un erstoo that each
multxple—blt 51gnal CLEAR. The scoreboard sets to 0 the scoreboard bit

- which is addressed by CLEAR.

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 results are output as scoreboard
values SV1 and SV2, respectively. An AND gate 350 Ire_ce_ives 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. | |
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register and nux is a nultiple-bit device, or represents nultiple
single-bit woo9s/21684 devices. Those skilled in the art wil ngﬂ@ggﬁfsa&d
that various other types of del ay lines, and therefore
different formats of | atency vectors, could be used.

The DST and I NSTRUCTION OK information is inserted in one

| ocation of the delay line, as determ ned by the value of the latency

vect or. - This information is delayed for the required nunber of
cycles according to the | atency vector, and then it is applied

to the wite port W of tHfheomputsoftheAND@ra&b@fdﬁowab&towoReﬁmwb Ridng
corresponding to the deiﬁtl nati o

instruction is then w %Wt%@&aﬁaﬁ%s&%abghﬁé’“mm Ghthe NUR ga gate will be
| NSTRUCTI ON OK. A val fulse df eithet oystiraml ie sequired by e instaiction andis mbit énowh to be

nave (000 reP RS Mo Bl il RLER SR BB O ERe

to be correct. output will be true. The dutputiof thedORgate 360 is dxmdm@umat no
i nstruction has phys'ﬁﬁmﬁerﬁﬁﬁfox If it is true, the ﬁgﬁ'&btﬁﬁ whs cSﬂJp]éé&fédrFE%%gon or
as a real source ere s no valjd instr

cycle, the |atency vedddsready tq begonsidered mepr%n&ﬂfnz%ﬁabg ‘h?H‘P%mﬁPP‘P
effectively enter phymistde réfigyed er zero wit h t he | ongest possible | atency

into o -26 - - WD
08/ 21684
PCT/ US97/ 18462 A delay line rdeeiveetha destination refgisteh xdesnﬁerrES'Eand the

Simlarly, an i nstrucéh'!E?]% &@SQFR
destination register w @cf Hﬁe?le?llgypl\sé% %?anSPWtﬁezer 0S. l}t S
further assuned that @megtl)a ¢ing c qckccb Theisimplg delay dine sharet isicopsmictad ofi t h no

valid instructions arefeRdicingR cyeleldblayh) dndlrhiedot 3 bl BRdetbtbbd Y Genbef or e
t he first rea cil’]S'[lfUC'[IOI'] een a ocat ed es.tln t.|o_n

regi ster, and hence Tregister and mux ’%‘F‘B’r“@l"fht%d%"é% 8"5598??6?'“@“!5‘?‘%1’ ¢ Singlgit
scor eboar d has been alegiteThoddskilled in the art will usdepstaiichavarioasisthentypes of

additional initializ P tial hecker
checks one instructi ?ﬁi?gfneéfgfiéh%fﬁfe ‘Bffﬁ'gpt formats o?ia%?ncy v&%ég, ﬁg‘haé’s are of
course feasible). Thaisegcle in which an instruction is checked
is a fixed nunber of cycles after that instruction began execution

and captured the data that_it_used for its ope hls nunber of cycles
later is sufficient to al IWQ#@*‘@@%@ ﬁl‘.‘g‘t’@q ysetted igrone

the instruction to anoéaienaf :Hemeh@hmemrdeteambedmomwofah@n@emytvbctbhe

other - This information is delayed for the required number of cycles according to
the latency vector, and then it is applied to the write port WP of the
scoreboard. The scoreboard bit corresponding to the destination register '
DST for the instruction is then written according to the value of
'INSTRUCTION OK. A value of 1 indicates that the instruction did not.
have to be replayed, and a value of 0 indicates .that the instruction did have
to be replayed, meaning that its result data is not known to be correct.

~ Inthis design, it is assumed that no instruction has physical register
zero as a real destination or as a real source. If there is no valid instruction
in some cycle, the latency vector for that cycle will be all zeros. This will
effectively enter physical register zero with the longest possible latency into
26 -



i nformati on about the instruction. The EXTERNAL REPLAY REQUEST

signal is thgo9gneéssdl | signals fromwhatever parts of the nacﬂi_-ﬂgsm&& |
produce replay requests that indicatethat the instruction was not processed

correctly. For exanple it may indicate that data returned fromthe data

cache may not have been correct, for any of many reasons, a
good exanpl e bei ng that there was a cache m ss. -
It should be appreciated by the skilled reader that the particul ar
partitionings described above are illustrative only.-For exanple, although

It has been, suggest ed t.hat certai n, feature e relegated to
t he out er nost the de?ayg%eew%ﬁs\, 15 F}?‘mﬂﬁﬁf SJ‘ém&aé@P %msé'u%tgetec{o[egp of

t hese reside in a nm daveamal destination register will specify aflatervy vectioeof allizdrondtisn
the latency-intolera L ' V. -

Ut ex st sor 6. 210 aloFoie 2SR ik af o hjg i pyns S sl KA dfno

be appreciated that aplidinsactions arrivieg,se antofill thealslayding avithozegoshefore the

ref erence hedH | fnd eful in
any.-nunber of alter nﬁr&%éI BB haébEéHr %%gﬁg?ﬁg&fiﬁgﬁi&fg&?ﬁtﬁrh&g lv%ngi

t|ve _.ar,
vari-ety of .microarc hgﬁ@& te&errisronding bidp the scoreboard has been cleared. The .

-27- WO 98/ 2168oreboard needs no additional initialization. .
PCT/ US97/ 18462 _ Wil e the invention has been
described with reference to specific _ nodes and enbodi nents, for

ease of .expl anati on and u !Pdmnﬁal_tma!iigghe'r.:ktm‘ecks one ir_xstmctic_m pdridybbc(bmt'mthda'e art
L PEne) o " BB SO SAEE TR W i s
practiced in a vari efecked ifniixedimupber of qycles alier thardnsrishan BegrnspeFUtionof.
this di sghdedphired THRIata M hed foSits Spepdris OTHs nlb&ofalEles ded
the fullest all owabl fater is sufficient to allow the IQ)T(TEEﬁACIL ﬁ.’EEEA%&dE%’IL s%vﬁal for
_ ' ' the instruction to arrive at the checker to be processed along with the other
information about the instniction. 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 rerurned from the data cache
may not have been correct, for any of many reasons, a good example being

that there was a cache miss.

It should be appreciated by the skilled reader that the particular .
partitionings described above are illustrative only.-For example, although it
has been suggested that certain features may be relegated to the outermost
core 210, it may be desirable that certain of these reside in a mid-level.
portion of the core, such as in the latency-intolerant core 255 of Fig. 4,
between the outermost core 210 and the innermost core 260. It should also
be appreciated that although the invention has been described with reference
to the Intel Architecture processors, it is useful in any number of alternative

‘architectures, and with a wide variety of microarchitectures within each.
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-28 - WD 98/ 21684

PCT/ US97/ 184840 9ani6ss : , . _ _ mg%‘ A

W claim 8 - 1. A m croprocessor - having a replay E%hl ecétyére
and conpri sing: _ an execution core for performng data
specul ation in executing a first instruction; .

While the invention has been described with reference to specific
modes and embodiments, for ease of explanation and understanding, those
skilled in the art will appreciate that the invention is not necessarily limited
to the particular 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 claims which follow. '
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a delay unit for making a copy of t he first |nstruct|on and for

hol di ng t hat IQ%IT - at least one clock cycle;

checker, cougﬁg Sgéhe execution core, for determ ni ng vvhethe?c'rm‘%""‘18"6‘2
the data specul ati on was erroneous, and coupled to the delay unit for
sending the copy of the first instruction back to the execution core for
re-execution if the data speculati on was erroneous. ' 2. The

m croprocessor of claim1 further conprising:
i nstruction cache for storing and providing the fII‘StW

and a subsequent instruction; a nm dto
the instruction cache to receive the first CLAIMS ’m’mﬂmﬁmumj@! t he
subsequent instruction, and coupled to the checker to * N osfre |ve
the copy of the fi rsR7g struction, and coupled to an input of the _
execution core to sel ‘e prOV|de ei.ther the subsequent instruction or

t he -copy of the first instruction to the execution core for

compr si ng: L. %A micrbiRel] un'%t‘a%éﬂ%#%"%ﬁ*gn dcphoEE: |\
mul ti pl exor ‘and to an |np@pcxecutxoncoreform'fopmg1 mulam@rpmwmgtahe copy
of the first instrucigginsrBiggiet er m ned nunber of clock cycles
| ater, wherein the predeter ned,nunber. of cloc

corresponds approxi mately at‘g"ll"é' ynitfar H’é{“éf} a5PpY A ""Flﬁ"%‘t‘“ﬁq‘l‘g??%ﬁ‘{qc%ﬁ

t hrough .t he executi omomm@chatcopyforatleastonéclockcSFdsle- m cr opr ocessor of claim

Pnetructi ons. f1om the. | netRReE LR o the exssurinn ot o iptinhl Wheifes™™

-29 - WO 98/ 21 @s4data speculation was erroneous, and coupled to the delay unit for
PCT/ US97/ 18462 sendm% the p)tr 8f thé ?ik’si‘Yns'trﬂélE]JnU&xtch Wihe eﬁ&fﬂtﬁ)ﬂ% yerker,
wherein the second priori an the first prlorlty

5. The i cr opr oce&se¥ecy 0%}*‘&\1%1%_!8 FRFFF‘F}E?“ WBHPTPRIONY:
means for manufacturing instructions that are not in an |nstruct-i on

flow fromthe instrugtion. cache, and coupl.ed the nmul ti. I.exor for sending
themto the executi off cor éﬁ"F(B‘F @Pé‘ﬁﬁfs%ﬂpda'm f Rurthef comprisiAg;
' an instruction cache for stormg and providing the first instruction

and a subsequent instruction; _

a multiplexar, coupled to the instruction cache to receive the first
instruction and the subsequent instruction, and coupled to the checker to
receive the copy of the first instruction, and cbu_p‘led to an input of the
execution core to selectable provide either the subsequent instruction or the

* copy of the first instruction to the execution core for execution.
3. The microprocessor of claim 2 further comprising:

- adelay unit coupled to an output of the multiplexor and to an input
of the checker, to provide the copy of the first instruction a predetermined
number of clock cycles later, wherein the predetermined number of clock
cycles corresponds apprdximately to a time delay of the first instruction
through the execution core. '

4. The microprocessor of claim 3 wherein the multiplexor gives a first
priority to original instructions from the instruction cache, a second priority
' 29-



6. The microprocessor of claim5 wherein the nultiplexor gives a | ow
priority to Qjdefdigss | NStructions fromthe Ins ct+on cache, ' 2

penit actur e st ructrons. | JIAWUIEARAIORcesso: "eomri oo™

a first section operating at a first®clbcke frsequency and incl uding,

an execution core; and : a second section operating at a
second cl ock frequency | ower than the first clock frequency and
i ncl udi ng, a checker for determ ni ng whet her an

known to be correct. . L. e processor o erein the
second section furt h&igher than the figsbpigrit¥es a renaner. The
processor of claim8 wherein the renanmer conprises: . a

regi ster allocation table. 10. The processor of claim?7

wher ei n: ' ‘the processor further conprises a plurality of
registers; and - 5.  The micrdpbstessoeofelineD frtlies e@mprising:

-30 - WO 98/ 21684 1 eans for manufacturing instructions that in an insgpct

PCT/ US97/ 18462 or manutacturing instructions tnat ags DAL 4% AR ISEPCHAL, i g«
track of which of thélomeigomithe instmaation cache, and coupleddo theaneltiplenorfor sendingrown -
to be correct, them tq the, execution core for execifliol€! @y 11 ne, coupled to
receive a |latency vector 1ndicating how many cl ock cycl es
after a.irst instruction begins execution can a second

: nstruction use a res:,llzj qfheﬁiri}erobtdcéisof Ofd14iHTS Bereinthe (tjnulltiplexor gives alow

ogl Cc CII’CUItI’y, coupl.ed t.o t.ne scorepoar a o the del.a .

| CheC For indi vati ng PHRARHE cHBRerFREFAGE o e ridiPa ki a BdiERed or the

i'nstructi on needs t opherityapirepladinstructions from the checker, and a highest priority to '
manufactured instructions.

Instruction was to repldy/ iﬂ&ﬁﬁ:ﬁgﬁ’s ﬁ&ﬁﬁ%&ﬂe‘ék&f‘@héﬁﬁﬂh# Eégdg?ﬁ]ﬁiﬁ%igat are
9

7. A processor comprising:
a first section operating at a first clock frequency and including,
an execution core; and :
a second section operating at a second clock frequency lower than
the first clock frequency and including,
a checker for determining whether dn instruction was
processed correctly and used input data that are known to be correct.

8.  The processor of claim 7 wherein the second section further
comprises a renamer.

9. .- The processor of claim 8 wherein the renamer comprises:
aregister allocation table.

10.  The processor of claim 7 wherein: _
the processor further comprises a plurality of registers; and

the checker comprises,
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11. A microprocessor conprisi ng : = an_instructjon cache

for storing @d % I nstructions; \g’%\l\m ~arena méﬁﬂ*h%fd
to the |nstruct|on cache for g ori Instructions
to renane registers |dent|f|ed i jﬂ ctions; '
a schedul er, coupled to the renama @@? ng instructions for -
executd on; ' a rrul tibl ng a first input coupled
to the scheduler to receive dlspatdhed original instructions;
an execution core, coupled to an output of the nultiplexor, for

:)rie,i:ftul ngnhnst ructions, the exe%%&%ozﬁal?&l&é:@@hh‘%lagﬁofwhrch of the registers have .
the execution core perorsents whinhare kaowm i barortestbn dat a which are

specul ated to be present in the,R) @,Cd‘b%?led to receive a latency vector indidalih
| ogic coupled to the execution core for

t rans#at i on
| ookasi de and tag mat BRWTRANY, 6’1‘?%“%?1’% Hétgﬁggpgaegmsexecunoncana

:nstruc]E i onz _ secon%msuucnou us@h&éiﬂlﬁcﬁ'tﬁ@ﬁts@msﬁﬁtﬂﬂrﬁdndﬁ the TLB/tag
ogi'c, for detecting whether ran s ructlons
are or are not present in the dAPECEIRRLY: °°“pled%3t escorgboardanthoafﬂ h

coupl ed to the hit/m #ise,lfomgindicating whetharthe insmyctionevdseorrettty completed or the R
data specul ation was gl 006 eed %Cbe(i*u@%&fj to a second input of the

mul ti pl exor, for replaying an erroneo dat a specul ated instruction.
231 - . \\D 98/ 21684

PCT/ US97/ 18462 11. Am,cmp,oce},gorccm];hgingq cr opr ocessor of claim1l
further conpri sing: del.ay unjt. .coupled to the output

of the multiplexor and to f\ﬁglsn'ucnoncachet%rsggﬂg REginakigftryctignsdi ng a copy of
a given instruction to the a(tdsmniee,rcoupled to the instrucdorb&ichétforimbylifying original

‘simultaneously with ‘é‘ﬂ?@u&tfbﬁs {engpng %glst?& 9de}1§{' {in! tngoﬁgiﬁ@ki%nam igns;

that the specul at ed ¢ache;

and tha S@hﬁdelcercounlpd éq/étetrmnmr,vfendisn@ﬁhmgms@ncmns for
forwarding the copy execution; back through the multiplexor to the
execution core. The cr.oproce im 12 fuyrther
conpri si ng: am““‘PJl‘é?‘QSL}}PY‘ES a[inﬁ?t Bﬁﬁ?léﬁ?@égﬁé‘g‘ﬁg‘f FetodresE e r

and the nul ti pI exor t dispatched original instradtivhs;t he copy for at |east one clock
cycI €. an execution core, coupled to an output of the mulnplexor for
executing instructions, the execution core including

an'ALU, and

a data cache, |
wherein the execution core performs data speculation upon data which are
speculated to be present in the data cache; -

TLB/tag logic coupled to the execution core for performing
translation lookaside and tag matchmg operations on the cxecutcd
instructions; : '

~ hit/miss logic, coupled to the TLB/tag logic, for detecting whether
data operands of the instructions are or are not present in the data cache;

a checker, coupled to the hit/miss logic, for determining whether the
data speculation was erroneous, and coupled to a second input of the
multiplexor, for replaying an erroneously data speculated instruction.
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14. The mi croprocessor of claim 13 wher ei n: ' t he
mul-ti pl exor wovsgng4a l.ow priority.to.instructions com.ng frO'PCTIUs97118462
the instruction cache, and a hi gher pr|or|ty to replay copy i-nstructions

com ng fromthe checker. e rocessor of claim1l14
wher ei n: t he TLB/tag un| t thl rd i nput
- further f.

Ie
of the nmultiplexor and is I”
i nstructi ons which are not fromthelnstructlon* ”i” e and which

are not replay copy instructions; and Itiplexor
assigns a highest priority to the manuf act ur ed |n§truct|ons.

"32 - 12.  The microprocessor of claim 11 further comprising:

a delay unit coupled to the output of the multiplexor and to the
chec_ker, for providing a copy of a given instruction to the checker
substantially simultaneously with when the hit/miss logic tells the checker
that the speculated data was not present or not valid in the data cache; and

the checker replays thé given instruction by forwarding the copy

back through the multiplexor to the execution core.

Y

13.  The microprocessor of claim 12 further comprising:
a buffer unit coupled between the checker and the multiplexor to
latch the copy for at least one clock cycle.

14.  The microprocessor of claim 13 wherein:

the multiplexor assigns a low priority to instructions coming from
the instruction cache, and a higher priority to replay copy instructions
coming from the checker. >

15.  The microprocessor of claim 14 wherein: :

the TLB/tag unit is coupled to a third input of the multiplexor and is
further for manufacturing instructions which are not from the instruction
cache and which are not replay copy instructions; and

the multiplexor assigns a highest priority to.the manufactured

instructions.
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