, €3e0F0dj f V6TFctc 17 Decenber 2002 COVPUTER PROCESSOR W TH A REPLAY SYSTEM
5 CROSS- REFERENCE TO RELATED APPLI CATIONS This application is a
continuation-in-part of U 'S, Patent No. 5,966,544. FIELD OF THE | NVENTI ON
"The present invention is directed to a conputer processor. Mre
particularly, the 10 present invention is directed to a compbdiberpdo@Cessor
wth a replay systemthat replays instructions. BACKGROUND OF THE | NVENTI ON
The primary function of nobst conputer processors is to execute conputer 15
instructions. Mst processors execute instructions in the progranmed order
that they are recEOMBUTERPROCESSOR WITHNA REPLAYSSYSTEMIch as the
PentiunD Il processor fromlintel Corp., are "out-of order" processors. An
out - of order processor can execute instructions in any order as the data
and execution units required for each instruction becones avail abl e.
Therefore, with an out-of order processor, execution units within the 20
procéssor t hatROSBREFERENGY T REUATEIAAPPEIGATEONS i ciently utilized. Wth
either type o essor, del ays can occur u ependent "

i nstructions. {*Agaetﬁ@ﬁ%rms aﬁ?g{lgl&?&opdﬂ-l)a{tﬁf{}\r/\gg‘?ﬁt ﬁé’xé’é’ggé“ orrectly, -1
WO 00100886 i 7 D E C 2002 PCT/ US99/ 13655 requires a val ue produced by
anot her instruction that has executed correctly. For exanple, consider the
fol | owi ng setwm,ﬁ Load nmenory-1 -~ register-X; 2) Addl
register-Xr -~.register-7, 5 3 d2 rels r- Yre Z --~
Fegi ster-w TR piErf ivaRtor 8 hsher G a do et BeERPr o Mire Rt STt tng
regi @t erprésent MveRS6P RAditdeddr t4Cd Etip@etdsrob&8oCRIth @NepRly @@t@insﬂhﬁtr repldy® the
cont ent of regi ster-Y and stores e result in register-Z The third

i nst ructingiucligds the content of regl ster-Y to the content of register-Z and
stores the result in register-W In this set of 10 instructions,
instructions 2 and 3 are dependent instructions that are dependent on

instructi on IBACKSGGROUNDDOFIHE IMVENTIOMendent on instruction 2). In other

words, if register-X |s not | oaded with the proper value in instruction 1
before instru lgq Prignapy function of most computer processors is to execute computer

15  instructions. Most processors execute instructions in the programmed order that they are
received. However, some recent processors, such as the Pentium® II processor from
Intel Corp., are "out-of-order" processors. An out-of-order processor can execute
instructions in any order as the data and execution units required for each instruction
becomes available. Therefore, with an out-of-order processor, execution units within the

20 processor that otherwise may be idle can be more efficiently utilized.
With either type of processor, delays can occur when executing "dependent”

instructions. A dependent instruction, in order to execute correctly,
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and 3 are executed) instructions 2 and 3 will likely gener atefyncu%q ?ﬁﬂz
results. Dependent instructions can cause a delay in known process ]
because nost wn processors typically do not schedul e ﬂﬁm

i nstruction Wrbt@fogﬁey know that the instruction that the de%en en?ﬁf&g -
instruction depends on will produce the correct result. Referring nowin
detail to the gquives@svalhgroidad byk@othar instrsutidn dies ihgs axezdted\cokrekdy .r Eoer ence
nunmeral s throughout, Fig. 1 is a block diagramof a processor 20 pipeline
and timng di agxamplel rensideathefglipwingcet efyingtaictiens: by dependent instructions
in nost known proce rs, tn Fig. _1, schedul er 10 schedul es instructions.
The instructions priii‘é’gdt’rﬁeﬂ]ﬁoﬁﬁﬁ 5% rggigtgﬁ "on unit pipeline that includes

pi peline stages 12, 234 ddlGegid@r-X2Rgistet-Yandh dpisiBlit Ng each pipeline stage a
processing step is executed. For exanple, at pipeline stage 12 the
instructions s di spd)ddeid. redistelY registpe-Z14-+t tegistansWr ucti on i s decoded and
source registers are _read., At stage 16 a nenory address is genecated (for a
menory i nstruction) er(;‘F f?fﬁ‘ ‘QFW‘WRBS?@S Mfg(ioet%hp{memﬂm )‘“@d‘ég‘é'tef'éﬁ &Qe
executed (for is Al oo i ) dat a
is read and a ?%c())gu 65%&%%% a?ésadﬁglgglﬁfﬂgnﬁﬁé%ﬁgﬂs?:}é %ﬁqrgétﬁ%?f%%ﬁ[%a?rﬁ d
performed. At sioagethe@edulieinaagifier-Zadlhiexthiré anktruéiorsadigah® 2omentidf regisier-yi gnal
is 30 generated as a result of the Tag read. The hit/m_ss siagnal I ndi cat es
whet her the - 210 the conteny ofyagisgesed ands'0ws traweulpomeesysr Wacnghigsst eed dat a

was found in the cache (i , ta r fr ache at stage
6 wae the Wor PseBRHRR, pehero¥iic) aleEptteft EARoRS Meh B GBERGr o
typically geneggtetiéd 1 ginsiri@ioded R allsd deBarlient oS ind@cticn) 2)D iR VISQAS! @t 1 NQ
the hit/mss signal requires the additional steps of TLB | ookup and Tag -

read. 5 The ti megiglerdXagmanloadedrvigh the propersvatuet is gngtivetiph Jdieifore ingtostions 2 wo
i nstructions: aﬁgﬁm)r% I o%ﬁ i nstruct izond(" La}o} nd an add instruction
("Add"). The mBROAHE BEEUHs IPEECHAN 48092 ¥ -‘%@%E%“ﬁrﬁgt‘P‘Ej’éfﬁchﬁsF he add
Instruction | Sf]?}p&{&nﬁﬁﬁirﬁctid?ﬁ tcﬁh'@ﬁdpsf 'ﬁid_eﬁ?qrd tk?_@wﬁ%godegﬁrﬁ BedauS mb§t

dependent on t  oad instruction. ime=0 (i.e., the first clock cycle)

Ld i s schedifl ednawnl pridcepsore typitallpidpaiot sehedwle stdependen) instridetioni ymgil tiey tinme =

2 and time = 3, Ld ves.to pipelin tages 14, 16 and 1 respectively. At
Ciod Tai s b st RS B o fRn g liod deperdl sh B FTIRES: o

hit/m ss signal,d Seepadsaiied. Schedul er 10 receives this signal. Finally at
time=6, assumng a hit signal is received indicating that the data was
correct, schedul er Refecinhgaoiveas dathd tb chesdragingh? whetein bke gantoatei designattd

stage 24, | S which is an additional pipeline stage. The add_operation is
event ual | y per pyiikedeigrrace Aagerals Qlf%ﬁage%.l ROVRIOSH diagram of § PRRCEESOR i ss

T PSRl SRS DUl
hi erarchy. in most known processors. In Fig. 1, a scheduler 10 schedules instructions. The
instructions proceed through an execution unit pipeline that iﬁcludes pipeline
stages 12, 14, 16, 18, 20, 22 and 24. During each pipeline stage a processing step
is executed. For example, at pipeline stage 12 the instruction is dispatched. At
25 stage 14 the instruction is decoded and source registers are read. At stage 16 a
memory address is generated (for a memory instruction) or an arithmetic logic unit
("ALU") operation is executed (for an arithmetic or logic instruction). At stage 18
cache data is read and a lookup of the translation lookaside b—uffér ("TLB") is
performed. At stage 20 the cache Tag is read. At stage 22 a hit/miss signal is

30 generated as a result of the Tag read. The hit/miss signal indicates whether the



As shown in the timng diagramof Fig. 1, Add, because it is ﬂqpﬁggeﬁﬂ on
20 Ld, cannot be scheduled until tinme=b, at the earliest. Alate 2an
instruction may be defined as the tine fromwhen its input operands nust be
ready for | WQ¥W8¥cute until its result is ready to be usedTYVIAdeeer
instruction. Therefore, the latency of Ld in the exanple of Fig. 1 is six.
Further, as s i r 0,%5};&9 t
recei ves the EQ%ME%%éfg?Sg@ﬁm%g'ﬁle(rig#r%r(él 25 evetrtlhﬁs‘fsdif%éh? for?ﬂé%}éje%ﬁ 'él%j to
read data frog@aFe ¢8o¥ms thiecoreds Gata) Ak showr pvEig. ¢atbdittmeish signalgis typibaly

| atency of Ldwi remain at six because it is dependent on the hit/mss
signal. " Redgenaratet Aier te skt is seadrat stage 4 hichecawss sepcraling Bieduimissisignal

_SOI’T'E'[I MesS necessar é‘% %dﬁgd’gﬁﬁgt 3(86[ JO%gggd %Q??Qld()f a processor. For

exanpl e, supp(S%Gé”t ogr m-contains a sequence of N
instructions) I,, Ifhe tin%ngdx&gram of Eig. ,1 il Ste pipeline fow_of twb 7 DEC 20D2
WO 00/00886 PCT/US99113655 In+, requires, as part of its inputs, the result
of ~, , for alinstucfiprsm 2 memony fad Tirstrmicyer ¢'Lef) andearpadégnamm (5Add")cont ai n

any ot her |nstruct| ons. ram cannot. be execut ess.tiare than T
2N OLTED L e Thertory todd Retibants FRORte RERETEh o e i ctinn £ g 1 -

for all n fromné chQethsthubridRGhnd oY &1Y inferddi®n i§ BGRAGM offifie (AR I RicAbn S
executing a very farge nunbér of instructions in parallel, T remains a

| ower bound f @yt tinke=0i(ne, tlmﬁmedud:}ecycﬂn)sl,qoxarsthadbleﬂhmd dimpagrhedr(pipidinee t o
execute this programfaster it will qL;Lti mat be essential to shorten the

| at enci es U’f SHEE 1Akt AL EmesHs tnese and Hme e ‘B@Yﬁsr'@p‘ 18¢ atages nlbed for
a conput er 0 an dul £4i sp L ent
i nstructi ons ‘gilse;es%’%%%lg Alstﬁjag g?%gégéjg? fﬁgre oﬂr’@brédg'?ggqghe

| at enci es of ftstage 20%hd diod hiondiss WuﬁﬁteﬂHESdhwﬁw‘lmcaves diibeighaient of

the present invention is a conputer Processor that includes a nmultiplexer
havi ng a firstFinallyat [mb?‘s@«o%ﬁﬂﬂﬁﬂgr?dﬂ sighad igreceiyed indjcagpg that the dah S| er

coupl ed 10t NSofULL LBRKET 16 LGRk Il Ay o TS, B5 GRA20R chlithlisto gL yes an

execut i on uni 8§t exer ut'pu processor rurther

i ncl udes ajy eRitAdh ﬁ%ﬁl’fa@mthﬂ‘dl pigelate smgkpurhcqardmpefhtfbﬁ i¢ B&n&ﬁ@l@ rfduintd pl exer
i nput and an input coupled to the scheduler. 20 BRI EF DESCRI PTI ON OF THE

DRAW NGS Fi g. wihensAdd is|ap stegelil 6giaweayer.df pirtimoe =82 mis é@@éls!érfe%ﬂwpéh ne and

timng diagram,|| at..n s in
nmost known préﬁféeélgg?slb ‘19:” ‘galga‘?g‘ hB’IYeo WH%%gOflr%or%ﬂo& 81@93{3%1 ‘?aa ‘%gé"’ i ne
and timng di qgra%ﬁéﬂsiﬁ Zﬁeﬁ@mmwmhwcidmemﬁamodl ment of the present
invention. Fig’” 3 is bl ock di agram of a&gocessor in accordance with one

enbodi nent of the pﬁnseé@wm mrtheentmumdlaﬂagw lgslaASdohqsaeﬁeagtSedﬂpcnqlmpnatu ng

| accor daPlie Wb CRAERGe IR et BhR efteh, A Rboft oah Wyusy=t e

may be defined as the time from when its input operands must be ready for it to

exécute until its result is ready to be used by another instruction. Therefore, the

latency of Ld in the example of Fig. 1 is six. Further, as shown in Fig. 1,

scheduler 10 cannot schedule Add until it receives the hit/miss signal. Therefore,
25 even if the time required to read data from a cache decreases with improved cache

technology, the latency of 1.d will remain at six because it is dependent on the

hit/miss signal. -

Reducing the latencies of instructions in a processor is sc;metimes necessary
to increase the operating speed of a processor. For example, suppose that a part of

30 a program contains a sequence of N instructions, 1, I, I, . . ., Iy. Suppose that
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17 D E C 2002 WD 001 00886 PCT/US99/13655 Fig. Sis a block digqg Bfgo? 02
processor in accordance with another enbodi nent of the present inv nq n.
Fig. 6 is a block diagramof a nenory |oad unit pipeline and nenor )
subsyst em of WR8YH88%essor, and the parallel stages of the re?ﬁwsséﬂéf-‘ém
and an 5 ALU unit in accordance with one enbodi nent of the present

i nvention. DETAI DES e | t tagl7NV: ion is
a processor th-a[t”lsrg@gagé%%%gs&c%gﬁl {efig(}?ér\];gfdrf ul'b'iP ﬁgro%f;ﬁ'aﬂra‘?fﬁ%e%tl\lilhc?@ées a
replay system phheofrthepeopram shaynalsbconeiim aysothasinsietionn s Thé progean eamsst
executed correctly when they were initially dispatched to an execution

unit. Further, betexeewsed irylessime thaprlesbrvbstLite - or irdinn hese bois dhpulateacy efler

f the inst t.i o Firg.e 2 b dj f. i pel, d
Tt i ng i agr ammairEsep I iatal it LR hORRn et i eirBES ke B AR AT, O
In Fig. 2, & sehediingra \le'igl:i%ﬁfé almest SFSnétARIOACH fafflel, O RinRAhd £ fovdrawaad 12,

14, 16) 18, 20, 22 and 24 ich are identical in function to the stages
shown in Fig. I[for thErténe tvexegutdithig parnofthisprpgrami Henea tosgxgsuta thispregrame Ld
foll owed by a qne-cycl d. Schedul er 30 specu] afi vel hedul es. Add

i thout wen t§ naness Yol Bl BF gaisrtal o ahciien s aleBFisy of SRaG o dul ed
at tinme=2, so that I r i .1930@&. se Ld
is a two-cycle inst %Jg%@gﬁttﬁeg@a&:oisﬁg:@%ﬁ% &afﬁ@fhggfe?:ﬁﬁ%ﬁg% ti néeggﬁth\%gﬁpi t
arrives at stagehetale instradtions, especiallycdependene instrdetjpas f fasws tHah&knowahe read at
stage 18. - - By specul ativel¥ schedul i n([i; Add, schedul er 30 assunes that Ld
will execut¥ coreessary, and therefore geduges We fateneies ofjthe ingEUGHORS. fr om t he cache
at stage 18). A 25 conparison of Fig. 2 with Fig. 1 illustrates the

advant ages of specul atively scheduling Add. Specifically, in Fig. 1, the
Add instruction was SUMMARYAF AR INVENTION = 6, thus Ld had a | atency of

six. In contrast, in Fig. -2. the Add instruction was scheduled at tine =
2, thus Ld had a | at@cgmbgdimentyof thgopresent ingnHON BPACAPRARET ITECAsson thatri g, 1.

Furth hedul 30 in.Fid. h | qt. i | abl 3 hedul
L 1T onar 1 o indiigedth iipidker B iEa Hrftitnl £ sedBh Tph®, gt AR Brdp 10 1
-S 17 D gL %Q&bauterw&x@eb 0P 8RB iR RSSO k8 /PRt FTBe prbcédsr ftiRr ithwiek ¥in

|

schedul e one add instruction by tine=6. Therefore, the present invention,
by specul at i velexeantioadmiti aaypled sol thegnultiplexemowtpety Bie prasesseiciurdasinghndes 8

abl e to schedul e .and process nore- instructions than t ri.or art.
Cowever . the. prrcalan ey BRvREAm e SRNHELD 6 Redohd Rup iRk Rbuet =, 5
instruction is iﬁ@ﬁ%{,lﬁgay@hﬁ eyl ed assuming that it will be executed
correctly, but eventually is not executed correctly (e.g., in the event of
a cache mss). The present invention resolves this problemby having a

repl ay systze(snF The rﬁjv%?é@k@@fb?iﬁaﬁggﬁ I\E(lilgti ons that executed

incorrectl y*Fig. 359 _ ath puter processor in
accor dance wi th one . PROPHiRR Alaghim 'oPS priof SR Brobdd¥irpibélihe ahtinfingCessor
50 is included in a conputer

diagram illustrating the delay caused by dependent instruetions in most known

processors.
Fig. 2 is a block diagram of a processor pipeline and timing diagram in
25 accordance with one embodiment of the present invention.
Fig. 3 is a block diagram of a processor in accordance with one
embodiment of the present invention. o
Fig. 4 is a block diagram illustrating the stages of an execution unit and the
parallel stages of a replay system in accordance with one embodiment of the

30 present invention.



system 99. Processor 50 is coupled to other conponents of conmputer 99, such
as a menory device (not shown) through a system bus 98. ProceskpriBD 2[][]2

i ncl udes an instruction queue 52. Instruction queue 52 feeds i nstructions

i nt o schedul w0 ®®088n one enbodi nent, the instructions are " PCIUSIVEIESS

operations. " M cro-oper ati ons are generated by translating corrpl ex -
instructions into skgl |lx d.l en&loq? i nstructions for ea(§ executi on.
Schedul er 30 di spat 154 Blofk ingram g A RIAESSAL AP ACORHAIRG 7 ' queue 52

when t he resouglséggd,ﬁ{ efir YAk pAdikR ihedfgfcut € the instruction and when
yt

sour ces needed Instruction are I ndicated to be ready . Schedul er 30
is coupled to a 20 §¢g)rﬁeisaarld:16diagr8nmfalmamdryﬂdad undi piptlee dridememani ness of
each source (i.e., each register) processor 50. In ope enbodi nent,

scor eboard 54 wbswamé%f ‘B%EFOSF%SOE @ndélxcwra%ﬁ@g@rof B EeP1dy ysemand ans o 1

t he register, nl Nstructions
Jased on th sz‘&wgggﬁ%g&& P@wﬂtﬁ%ﬂg em%%‘i?r%“{&rthggf_%glﬁgg\?#g e, 25 suppose
a "Ld X -~ Reg-3" instruction (i.e., load the value in nmenory |ocation "X"
to register 3) is followed by an "Add Reg-3 -~ Reg-4" instruction (i.e. )
add the value in reMﬁMﬂMe in register- 4 and store it in
register-4). The Ad nstbr ction h’s S[L’):endent on the [r;hs ructjan because
Reg- 3 nust be ready “BEFGE Wﬁé“ﬂ& i EEPLY P, '§a8§°§8ff95 SPFURIVEY 30

will first SCh?ﬁHh@leE @ erkiBticte ahasﬁa&mlsdeear%mhmst&n amw@eéqwéﬁ
i nstruction. duler 30 will then check 7 i ~ oEC zooz WD 00/ 00886
PCTIUS99/ | 3855 reptaysebsiarctiopsithenwerzatot eyamedtcorrd@t}ewht'm@ey fweRe ipitiallys r eady.

Scoreboard 54 will not indicate that ady until the second cycl e,
e, oot it oot B

because Ld is HI1SPHEL/ 04 SRR nE UIBIET ¢ %“’s? UBYRIEEETEE Ul er 30

checks scorebog}:gd: a0 on that Reg-3 is now ready,

and schedul es t@f}lgmiﬂsé I nstl’reg?t?ﬁrgfrgﬁe f'tnﬁﬁil%&@‘%:ycl e. Therefore, through the

use of scoreboard 5Fig.srizeachlbek didgrasofabp@ctssorspipelihel anditimsing didgramsdni n t he

correct order with proper spacin Schedul er 30, specul gﬁl vel y schedul es
i nstructi ons beewwrdance Hath epet iTAgTS of the RIECBLARVERIIQf IR Eigs g p scheduler
i ndi cated t 91‘39136 I h e t
det erm ne et ﬁgrs a s})egﬁgsgﬁllg{slg%ﬁgfpgpé%e sagwgzgflgf Zglggjschga%&d%g g’rlll%

instructi on neggd kgntidaé irs funtien toFthe sﬁgmbem iR Fighad Thestimiwg diagrammyf Big. a
two-cycle instruction. This may nean that the correct data is | oaded into a

regi ster in twad idywrases %H‘tﬁ“:)@éﬂjh@ ifollpwadebycn epsaeycle Afdr Seheswiest39ge) if the
correct data ig cg @lgc dfu'lers %d‘{@?{ﬁ‘!’“‘q"a‘ [Y Hithms y’sxgxta”rB{?\tLA evel cache

hit). Scor eboal es t e sou IS rea WO cycl es.
However, if thﬁ[‘h@ﬂﬂfd&x@ﬁ:hddai gchtBulé@at i@k =Robd that A twh etafe GRtanke idkn DA igrenory
(e.g., afirst level cache mss), the source is actually not ready after

t Wo cycl es. 2(Howmeaietpined heeaysohd 43 @ Fworeyelel imruction.  Add is eventually executed at

time=4 when it arrives at stage 16, which is one cycle after Ld performs the cache

read at stage 18. —
N By speculatively scheduling Add, scheduler 30 assumes that Ld will
execute correctly (i.e., the correct data will be read from the cache at stage 18). A
25 comparison of Fig. 2 with Fig. 1 illustrates the advantages of speculatively
scheduling Add. Specifically, in Fig. 1. the Add instruction was not scheduled
until time=6, thus L.d had a latency of six. In contrast, in Fig.”2 the Add
instruction was scheduled at time=2, thus Ld had a latency of only two, or four
less than the Ld in Fig. 1. Further, scheduler 30 in Fig. 2 has slots available to

30 schedule additional instructions at time=3 through time =6, while scheduler 10 in



schedul er 30 will specul atively schedule the instruction any\/\ﬁ)?. Eﬁhfﬁﬂl er
30 outputs the instructions to a replay nultiplexes 56. The o tpg o]

mul ti pl exes i upl ed to an execution unit 58. Execution IJ&HH?

execut es recvzi%vdg?imi%r?structi ons. Execution unit 58 can be an arit sﬁ%e%?
logic unit ("ALU'), a floating point ALU, a nenory unit) etc. Execution
unit 58 is coupigd was adgisory sciedulatune addinstrutteon poiime e16s  Dherpfoosghsor 50.
Execution unit 58 | gads and stores data . in registers 60 when executing

i nstructions. PresedaYNtoN, by snepulatiyehy sehadiding, redyces the Jatenagy, ofgnstricHpay

system 70 25 r VSl i , . t rectly after

they were sch_eg‘%# %ﬂ%@%ﬁgﬁ% Qe’rﬁbs%%@@s%{é%ﬁ éﬁ‘ S{s}géstfoem%, tﬁ?ipﬁfé;ggécuti on unit
58, receives instrugdwaver,kt prébent i@hticidmast adtdunt Pdrake sinklionRetignan system
70 includes two staging sections. One staging section includes a plurality

of stages 80- 8strup@onisHpeculativglyragherdidad assuming ¢hay dewilkbegeesurd corgedys.
Therefore, instructions are staged 30 through.replay system 70 .in rall el
to being stageh“tcﬁvref}ﬁ‘@ﬁy é&%%ﬁf?‘g‘ﬁedu?ﬂqecg%&'g’ﬂﬁ{% q%m %Sl'—_"cf%ﬁ?“% 8‘8\300886
PCT/ US99/ 13655 ;Fééenﬂw@%n%soﬁzeamRﬁ%&ébyﬂwnganan Bgstan. iR r@gi'raynt of

st agi ng desi reg I n each execution channel.” Replay system 70 furth
i ncl udes a chesystem Téplayshakinstructidng thacexcested irsorrectiy.ons from st age 83 and

determ nes whet her each jnstruction has executed 5 correctly. If the
instruction has exeCif edis@dHeckdip SIOBIPULES IRCeSIT dB aceprdancs Witheeneon

"replay safg" ?ﬂgg dlpfﬁﬂ{e ?fltrhll:: #%sieﬁr]{\@/é"rxti%ﬂ.r %E$%jcbegé?)r .OriI g+crh?d05%31‘1a Ifpufie

where it isretir g rnstructions i's benefic rocessor 50

because it fregepstenp 9pr recssur S06s coupledstoadiieralonponeds df topader DOSduchi@t hons
to start execution. If the instruction has not executed-correctly, checker
72 replays or MmEmMoRydeyies (nokshovm)ithroughasysembps 98ndi ng the instruction to
replay mul tipl exes I 3 ] tgig A i;ng the
.replayed instructi o?ﬁgc})égsﬁégf)gl%ﬁ%?épp ex§§°‘5}é‘,§b“c%ﬁ52c?§$ {bsn\é%tsts}e gf?%tdgp

schedul er” si gpatruéorisdn®aaBsiulee 3030n ohk @mbedinem tBe ist@Babns/dre i"migent at

| east one clock cycle in advance of the replayed instruction 15 arriving at
repl ay nul tliSpl ereretigng. " |Micsorepesatingiaie aeneraedpy srapdatingeonsplgk anstrastions| | s
schedul er 30 to_not S tructtjoon on.the Elext clock cycle. In

chfed l.e n.ips .
ot her enbodi ner‘ﬂtg,sméq?)’p”?léﬂg IpsugEtions, forease Of eXCCUUARG I 'er 30 not to

schedul e an i nstrucktiauRh 3bRfspalcRé<arcsirnectiahtreteivdderromihstth @k quvsd §2 or
the clock cycle after that, etc., depending on how far in advance of the

repl ayed i nstr onhien the rehaurkesrarg availablegagzeaohedosinigtivn and ivhiealsomses Thi s
creates an open s for.the replayed instruction at, i s autput from
replay nultipl é‘ﬁﬁggg’éﬁ ,tg%lﬁﬁ“ﬁ?}&ncfge ﬁ@%‘?@?r‘ﬁcﬁ‘%ﬁsggéﬁdﬂtfrpﬁdﬁgo‘f%e‘{?pz} ay
mul ti pl exesyh6 sQitelbdabd SAMBchiehEAFd SHGhéicates the rbatfihdsy GF fh SHRYced RC Wash

incorrectly for nany reasons. The nbst comon reasons are a source
dependency or aegister)én peicessopb@y condition. A 25 source dependency can

het uctton.  Bxampl LB TFOUES ASIERGER 39 ALorHsa i Fii w90k ref e B if

the bit is a "1" the register is indicated to be ready. Scheduler 30 schedules
ir—xstructions based on the scoreboard's status of the registers. For example,

25 suppose a "Ld X — Reg-3" instruction (i.e., load the value in memory location
"X" to register 3) is followed by an "Add Reg-3 — Reg-4" instruction (i.e., add
the value in register-3 to the value in register-4 and store it in register-4). The
Add instruction is dependent on the Ld instruction because Reg-3 must be ready
before the Add instruction is executed. Scheduler 30 will first schedule the Ld

30 instruction, which is a two-cycle instruction. Scheduler 30 will then check
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‘mss, incorrect forwarding of data (e. g. , froma store buffe17t9§90%m2d),
hi dden nmenory dependencies, a wite back conflict, an unknown datarla Ss
and serializj i ructions. -8- i 7 D EC 2002 WO OO/OWf

PCTI US99/ 13%@%@%& 72 may determ ne that an instruction shou 539%36655
repl ayed based on an external signal (replay signal 78). Execution unit 58
sends repl ay siaqneboaiB54 oncheodyele (62leteRapmed/ Reg-§rinkeady. iSedrebaardsS4mmdt her an

i nstruction has executed correctly or not. Replay, signal .Is staged so
that it arriveBobipdicedhaReg igreadyungl thesecond gycle, Ili’g‘fa“%gﬁi“n%t“f’ﬂfg‘?lﬁn in

guestion arrive .che e )2l | | O estion
Is a Ld, repl ayl%glﬁ%tﬁ(g{) @ggflies;ego%{%ﬂ% S)S(Q'sﬂ‘l;@lkgg‘rn?’zﬂ &heﬁ'%gsctg&%ﬂgﬁ%%ﬂd %elé’sg
staged in repl gy indizheéon that Rep-3 hnhow keady | antechaduleshie Weid id@natioh loa thatme
time that the hit/mss signal for that Ld instruction is generated by
execution ufit cgde. Tiheredgrsy dirouphabk use afscerehoardidds sehedulan @ fiserble &0 r epl ay
the Ld instructi on l(:I‘?O sg%fgﬁd o.niﬁhe re ei(i,/ed .Elict/ m SsS_si gnal . Checker 72 is
al so coupl ed ¢ §cheduledp PO HAGAPILEET OFqek LG PREGRAY B4, i ndi cates whi ch
registers have vali gckldiufer 30ShaQaRelyLRRIuTES iffstruefiBrBdcarlse thhstab@dny ne
that an instruction has not executed correctly because the data in the
requi red regi sterschedulesdt when 4 dourfois indicatpd &g be feady byl storsboard 5o Howeves,

m ss) and the 15 Bef(t 'gstruction recei ved b,%’, checke{ 72 1S an Add

i nstruction th&the ge&éﬁ RERPA d5teTmIRe Yhethen 2 SOUESE; IS ) TaChBRRLPEREE by ysing
scor eboard {4, Wehhi; A& : NS ' [

correctly gécaﬁéﬂgh%‘%ﬁé&%ﬁa | nlo}t‘n%&rh?a1 iﬁlsef%?rdr?éelg(gé& %{9‘9{2’ F]g l%%d;ﬁl%tr@ rﬁ)&(ﬁ‘ ?%n S
not valid. In taa teokydiersituctipn.oThEsniy man thaatheldotiectodeta isdbaduddawss or .
Each 20 channel includes all of the ponﬁé)n.ents shown in Fig.. 3. However)
the execution gESeHA WHCYElE At Kanmie the dispefch pad qe@éﬁ's@ﬁ%ﬁﬁlﬂ& CULESE Ut i on
unit 58 for on S Lt | '

anot her channe a@\nngr&g&ei lﬁﬁﬁ dar?thtg %%’?ﬁ%&n?’ K?’k'e’tacﬁgge\leghl %Egéjnﬁg ?%(g%tg&(%% its

own replay systerndifated thaothe seuroo i redy aftgiriaoassies. Howeven ifithetdortebr dataed
processor. In this 25 enbodi nent, checker 72 causes sone of the threads to
be retired Mhi Was@ohiuad in ghefisst leyelpf mameory(eie, 2 fFs i} cache amisputhe
execution unit 58 r f.i Cl I ed y. ' is a
bl ock di agram is?‘l"ﬁés?sr%tﬁfa% [}%ﬁggag# égtgg{wo¥cy§§eéc ul?%{%%%ghﬁs%gﬁgﬁ%feg agd r%f al | el
stages of repl aynediRt 80will spetudkivelyddigRileMHe inanrtierangvagrnt of the

Scheduler 30 outputs the instructions to a replay multiplexer 56. The

output of multiplexer 56 is coupled to an execution unit 58. Execution unit 58

20 executes received instructions. Execution unit 58 can be an arithmetic logic unit
("ALU"), a floating point ALU, a memory unit, etc. Execution unit 58 is coupled
to registers 60 which are the registers of processor 50. El_;acution unit 58 loads
and stores data in registers 60 when executing instructions.
_ Processor 50 further includes a replay system 70. Replay system 70

25 replays instructions that were not executed correctly after they were scheduled by
scheduler 30. Replay system 70, like execution unit 58, receives instructions
output from replay multiplexer 56. Replay system 70 includes #wo staging
sections. One staging section includes a plurality of stages -8(')-8:3. The other
staging sections includes stages 84 and 85. Therefore, instructions are staged

30 through replay system 70 in parallel to being staged through execution unit 58.
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30 present invention. Fox exanple, an instruction at decode si a?gg émﬁ?
execution _g_ WD 00100886 ~ 7 DEC 2002 PCT/ US99/ 13655 unf t g , in

paral lel, be_at st A (i.e., stage 80) of replay system 70._Furthe an
instruction g‘fo?ﬂ/‘){(‘%&ess stage 22 of execution unit 58 will, iPr’FTﬁwgﬁl_#‘;éP. be

at checker 72 of replay system 70. For sinplicity purposes, the replay

system whose st@gesude of Ma¥ss 80085V aty dpdRfR diPthe amBlikidst KiANEdeskeand F
(i.e., stages 84 5 and 85) of replay system 70 of Fig. 3. erefore,

i nstructions tleath exeeutieptizapeel. by checker 72 are re-di spatched at replay
mul tipl exer 56 on t next clogk_cycle w thout '

ei aged,_ Fig. 4 also
illustrates a tinmi ngREAIHGYARMH{0 ef Picludi ﬁ@hgcggr‘gg &h‘%‘gﬁeﬁg?irﬁﬁ%‘{esw th the

LAddoon Add- s adinv R S ke T HHIAARARS WHRGROCHDAARNEOhad Ohkckiba
i nstructionss ("degrectigr & thadnstyctien hasexedindéd corteceindchebleeratdddchsés thet i ons

("Add") are one cycle instructions. As shown, Addl is dependent on Ld 1,
Add2 i s dependdnstrustiondeeplay safed anddhe nsirugjionds forwardedita @ 1grsggmentuBl 68i g. 4)

at tinme=0 Ld1 is, di hed. tlme=1, . Ldl. Ves. d st age. of
execution unit ‘%‘%ﬁ)re iﬁgt‘g‘frg‘g-e Rg{na%lg 5%5%%/0"%8 gé;%eﬁgﬁi %O‘gj rS%fssﬁ #gg?au%dﬁl S
schedul ed, becausg vpProtessor redrdey ahe allo\ed fddfidraN insSuEidm b ¥iartdxebhiiz3 and
4 Add2 and Add3 are schedul ed, respectively. At tine=5, Ldl is at hit/mss

stage 22 and atif dieciskieuctipf ho$ notlexecused egrrenyiyt ehackexsBureplays or se-exdcytealthd s
received at time =5 . The msg signal. (which is replay_signal 78 of Fig.
S F s Tecel Vb myriio bk ebng tedbitBitionto sl Rubblney & vk daged By dad

determ nes thatgsd dl executed incorrectly and replays Ldl at -10 17 DE C
2002 WO 00l 00886 " PCT/ US99/ 13655 ti me=5. Checker 72, also at tinme=5, sends a
st op schedul er si gndh cébjuncticnchithl sdreding3the wiplayedsingnetion se hepday moltiplexep not

hedul [ { ti t th t C(i.e., ' =6), At ti =6,
Ll retur ns t ot SRSRNENTE pends o1 SoPrephedieha bbb EhediiTA Sonseheiradul o
an instruction g, k8% &nbaSiBast BAE clobk byM@th 2dVaficd &F ME FERNydd iRshRERA

15 arriving at replay multiplexer 56. In one embodiment, stop scheduler signal 75

tells scheduler 30 to not schedule an instruction on the next clock cycle. In other
embodiments, stop scheduler signal 75 tells scheduler 30 not to schedule an
instruction on the clock cycle after the next clock cycle, or the clock cycle after
that, etc., depending on how far in advance of the replayed instruction checker 72
20 sends stop scheduler signal 75. This creates an open slot for the replayed
instruction that is output from replay multiplexer 56, and avoids two instructions
being input to replay multiplexer 56 on the same clock cycle.
i An instruction may execute incorrectly for many reasons. The most
common reasons are a source dependency or an external replay condition. A
25 source dependency can occur when an instruction source is dependent on the result
of another instruction. Examples of an external replay condition include a cache
miss, incorrect forwarding of data (e.g., from a store buffer to a load), hidden

memory dependencies, a write back conflict, an unknown data/address, and

serializing instructions.



slot. At tine=7, Adds is scheduled and Addl is at checker &egggl@gf
usi ng scoreboard 74, determnes that Add 1 executed |ncorrectl Add

1 was dependgm 1. Because Ld 1 executed incorrectly, ‘BRS& 74
L W ?oﬁ@ ﬂasg . ( r@% 5

i ndi cates that ta in the register needed by Addl is |nv
Therefore) checker 72 replays 10 Addl at tine=7, while sending another stop

schedul er signal 75 (El&cBﬂl‘inuh)edet&&:m«SiHﬂ Iaﬁidsbtuctiﬁn shonld2 ephgédbaséd on
repl ays Add2, at time=9 checker 72 re Add3, and at tine=10 checker 72
repl ays Add4. An exierpal-signal (replay signg) @é Moawnar?@oﬂ@eqls replaysignal 78 e

checker 72 recei v hi naI i.n e L ect |
Therefore, at 35272 &p?ag Zéggr'dﬁ%%q;u@{e&hgﬁgn&g;}%u%ﬁgrgﬁggy% 8‘%yéchecier
72 at tinme=11, c%?ﬁé@ﬁﬁb?ho@%@;ﬂz{}' ik B)s &@8 %Itﬁathdzrrwayht ¢hekRer! egtshean be
in the pipeline at the sane tine). MeanwhilTe, Ldl noves to retirenent unit

62- - Fur t her , 5 atsamerpeint 2hat cheeipkinctiod in gnestion aesves laa chetlas 75 x Eouexample, if
incorrectly because Adds is dependent, on Ldl r.ef check 72 replays
Adds. at | em1h PUAFQN AuSIonAnAd 4, SFlmhsina) TR 18 o st SR TAGA° s ae
checker 72. Thi GOGedANin TEnAPLRIH 76 Jestat RKEGE 99 oF e/ il ¥
because scor ebogr@c%ﬁ?inl nﬁl%:gtlgsgp %g%ﬁté#e rgg?}g?grd%ﬂaess val1d dataél EH,g:\t'()‘?ighlteme
=14) Add6 is ditimatimhee Midiss sighalfo that 2AGAstMCEON N HBARAed T bisdaidBaRD Add

lis retired. At times =15 through tines = 20) the repaining.instructions
in the pipel i no8xEbgielore sheeker /4 camdeterraine U’QFWWTE{%’@Pk‘i’f ¢ &QiipERCtgR shown

in Fig. 4, Q}e%?e%hgqe&rlf@rmﬁﬁdégfg pstructl ons are always preserved by

repl ay syst exanpl e dd2 and Add3 always 5 execute after

Ld 1 and Add 1 al wayShecReTEi2ns also@otplad &S a Redietdrd 04 Ivhidtnikestorebeqrday,
system 70) through stog schedul er signal 75) inserts recﬁl ayed i nstructions

in enpty slots i ?tefs‘&/ whurgistenthaye aalih datas disinpuscorehoardé4.robegkes 2 cang. 5
s 2 bl ock di aqramel. uPLORERRGn hA0ub e AEE01 SARER AN SR Bk s fRo0 ont

of the present ion

execution unit r%&nﬁe‘d fegidter & A&t vauarermwxérﬁﬁe R iktdc@RcRasi agss, ahd ke
menory load unit is shown. Further, Fig. illustrates sone corrponents of a

menory subsy§t enexhinsuetiopyr C@m\éedn‘ﬁ‘nmkﬁfda?dls @hniAdd Wt@nﬁhﬁdﬁ dependent on
nstruction | gl gk byl SRa YL et et
Add instruction did not execute correctly because the data in the register needed by
the Add instruction is not valid.
In one embodiment, processor 50 is a multi-channel processor. Each
20 channel includes all of the components shown in Fig. 3. However, the execution |
unit 58 for each channel will differ. For example, execution unit 58 for one
channel will be a memory unit, execution unit 58 for ano;t;er channel will be an
arithmetic unit, etc. Each channel includes its own replay system 70.
In one embodiment, processor 50 is a multi-threaded processor. In this
25 embodiment, checker 72 causes some of the threads to be retired while others are
replayed. Therefore, checker 72 allows execution unit 58 to be more efficiently
used by many threads. -
Fig. 4 is a block diagram illustrating the stages of execution unit 58 and the
paralle] stages of replay system 70 in accordance with one embodiment of the

30 present invention. For example, an instruction at decode stage 14 of execution



15 to the nenory load unit and replay system 70. In the nmenory_|load unit,
the instruction is first decoded and source registers are re d?iDE@zﬁ ode
unit 110. A nmenor ddress is generated by an address generation uni 12.
The gener at eﬁ'%@@?‘%@s is sent to a TLB unit 114) which perf o8 P8eRep of
the TLB and generates a physical Tag address. The generated address is al so
sent to LO cachg; 8. C i € ol f processor
100, and thereP glrt égpvr}%lgil%gés?agﬂégﬁﬂ%%%&f (gé(}ég%gt? g‘?)néfgggk%%ﬂﬁgght, LO
cache 128 i s ofFutther,sanestdictionat ut/oisssage 220 . exddueiod amit S8ewill, @vpataleloie LO
cache 128 based on the zgepergt ed add7res iS sent to the register in
registers 60 speehieckeid’7 pf Tepkay|sysiem; /0st Frcmplicity purposes,._the Teppaysysiem 2002 WO
00/ 00886 PCT/ U i 63! ugy is
%ﬁl%éel%?gés a-.FE Sh&APy ?;Heﬁ 34%% ﬁ&smaﬁ atgéesrgi rrgl?/dyﬁk‘?%’ E'fa&es

sent to Tag nenory e cac g read from isTSent to
H t1Mss | 0gicajd85) shiephydsbemm0ssFighs! ekrefdrel msuacions Mhd aﬁHrem'a?éd oy LO
cache 128. The hit or miss determ nation is sent to checker 72 on [ine 78
whi ch funct i onsheeker {2 arers-digpached gheeplayonuleinlsaery6 gethemext eleek cyde t her e
was an LO cache .&128 Er‘i.SS) hi&zl m ss logic 118 determ nes whether there is a
hit or miss of "HoPt P¥BERBEYS4 for the physical address. L1 cache 124 is a
second | evel cache gfig pf QREHRIrackd] (ARNHg WEREARLF Whel BHOR IS stOofl iR (BAs,| ONY
to access conpared Wl%h LO cache 128. Ih one enbogl ment, LI cache 124 is on
t he same chi p adthphedeldewing tependBncdies:i s repri eved from L1 cache 10 124 and

sent on a refi | H—path—t+eo—a—+retitH—buer—3i26—and then is stored in LO cache
128. 1f thee wasPgrdmd Qrdehe |124 Depefidendiek equest buffer requests the data
fromthe next et—of —Tenory, [ t2—Ttache 22—t cache 122 is external to

processor 100, | hdtl requires adqcess to an extermal bus. 1n the event of an
L2 cache 122 m add115 the dat g onilldl be retrieveéd from other external nenory
124 which incl ngl‘gazmai n menor y,ondA&dl drives, apd all ot her nenory external
to processor 1DQgqfccessing datg Lggm L2 cache[122 or other external nenory
124 typi caII:% 1% 3 at | east 4 @&dfes as Ionﬁﬁ to access conpared to L1
cache 124. ta r%tri eved from cache 122 or |other external nmenory 124
refills L1 cacné‘d 24 and LO cdche, 128 via a 20frefill path not shown in
Fig. 5. In oneAd8bodi ment of M‘&%or 100, stages 80-85

st age~i nstruct { &dd6t hr ough reglaAddstem 70 sojthat it is optimized for a
menory | oad instruction.

20 The load instructions ("Ld") are two-cycle instructions and the add

instructions ("Add") are one cycle instructions. As shown, Add1 is dependent on
Ld1, Add2 is dependent on Addl, etc.
Referring to the timing diagram of Fig. 4, at time=0 Ld1 is dispatched. At

time=1, Ld1l moves to decode 14 stage of execution unit 58, and stage A of replay
25 system 70. Attime=2, Addl is scheduled, because Ld1 is a two-cycle

instruction. Similarly, at time=3 and 4 Add2 and Add3 are scheduled,

respectively. At time=5, Ldl is at hit/miss stage 22 and at cheeker 72 of the

replay system. Assume a miss signal is received at time=35. Tile miss signal

(which is replay signal 78 of Fig. 3) is received by checker 72. Checker 72, based
30 on the miss signal, determines that Ld1 executed incorrectly and replays Ldl at

-10- N



Specifically, in this enbodi nent nost nenory |oad instructions
(approximately - 13 - - 17 D E C 2002 WO 001 00886 PCT/ Usodt 73BE6 20029 )

recei ve an %3@,@&@6128 hit, and therefore the memory | oad ipg{-mg,;,iggggvm Il
e,

not be repl aye the nenory load instructions that received an LO cache
128 m ss, nost of these instructions (approximtely 70 % of the 10 %
remai ni ng i nstiimestborSeckacii, uBo antiine =5q cérels B3bphicheduldresigafabi7® Yo r epl ay
system 70 is 5 optim zed for an LO cache 128 nmiss and an L1 cache 124 hit.

The effect of fhifuaPI0 WhitRkiglAs isshddblel 3016 hechdtuld £ inStrudtioh atfhd fexd bl ock
di agram of the nmenory |oad unit pipeline and nenory subsystem of processor

100, and the par Id.el §ta es..of replay system 70 and an ALU unit. For
-exanpl e) a rrer?gFG L Gadtit _rq}cti on is at the address generation stage 112
of the nenory |load 10 pipeline, while in parallel the instruction is at
stage B (i.e., staghhtmgeéuddBIgunss tp dispaigh stage &2 7AJote|that selgduies 30t didt he
-pi peline stages shown in Fig. 4, the nenory load unit pipeline of Fig. 6

i ncl udes the sicpgetredafe dnlinstaiion aedimesis sbaBlat ILdl wacdide toemdupy the vatafti t/ mi ss
indication 118, L1 return 126 (i.e., the data is returned from Ll cache 124

to refill buffgyg 1&ghm@_6} Qa5 HLficliild bhd Ad igs;*eghétcggﬂt P2 Bhelligr s 15 1 n

t he pipeline correspond tb e conponent i's I nplemenhting the
stage function.  Fig. al illustrates i mng diagramof a two-cycle

| oad i nstruct i‘@Wg{sg:ﬂEf’%f’a'idzﬁ’&ﬁ}@H“B’S?S é!‘aaéﬁéi&é?&“%gquﬁsm E’E?Q‘Bﬁ%did‘ﬂ“) f or
the common situation of a LO cache 128 miss and a LI cache 124 hit. At

ti me=0, Ld is dtpepdenthed.dby Beoause Addexequt@bincarreatlyrscoreboartl 74 indicatesctbate 110
of the menory load unit, and at stage A (i.e.) stage queue 80) of replay

system 70. At thé GBEadn tRekgister GedRatoyhRed1 Atintalide-Thesefored chéckeAN résislys :
advance through their respective pipelines. At - 14 - - 17 QE C 2002 WO

001 00886 Pﬁ;?&?c?lﬁ%t‘zigﬁé:w wﬁffésenﬁﬂ\gi ahoftfer %QS(\SEﬁerduFeg siggg'leﬁ(ﬁ)r schéddi&50.Ves a

m ss signa

Similarly, at time=_8 checker 72 replays Add2, at time=9 checker 72 replays
Add3, and at time=10 checker 72 replays Add4.
At time=11, L.d1 is once again at checker 72. This time checker 72

receives a hit signal indicating that Ld1 executed correctly. Therefore, at

15 time=12, since no instructions were replayed by checker 72 at time=11,
scheduler 30 can finally schedule Ld2 (multiple loads can be in the pipeline at the
same time). Meanwhile, Ld1 moves to retirement unit 62— Further, at time=12,
ch;:cker 72 determines that AddS executed incorrectly because AddS5 is dependent
on Ld1. Therefore, checker 72 replays AddS at time=12.

20 At time=13, AddS5 returns to dispatch 12, and Addl1 is at checker 72. This

time checker 72 determines that Add1 executed correctly because scoreboard 74

indicates that the register has valid data. At time=14, Addé is dispatched and

-11 -



(because of the LO cache 128 m ss) and therefore replays Ld. ] , Ld
is.at stage E (i.e., staging queue 84) of replay system 70 and at request
buffer 120 pgmory | oad unit performng an LI cache 12 r

(because the%é)tdv@g an LO cache 128 mss). At tinme=7, Add is ﬁ’éﬁfw’%@gﬂ%
checker 72 and Ld is at stage F (i.e., staging queue 85), and the nmenory

subsyst em per f adas ieretiked. r 2e8mds2415 Airodghnmnés =10] thé rentaising padiaideons ndlet he
menory | oad systemperforms a L1 cache hit/mss 118. Also at tinme=8, an L1

cache hit |s Ir\/g@gmee%ewﬁtco{.r gﬁrandgéveﬁﬁ%)atﬁ%dall'ﬁut at decode x10 and at

stage A . rrermry subsystem an return 126 is al so
per f or med at time = 9. At t| ched again and an LO
refill 128 is perfoﬁ?éao‘ﬁgl“t 18- ﬁt?r Aﬂ%’hﬁdy‘gg n&a'jll: "ESFrHE“‘irﬂ:")a"E&F‘Y@'Sat LO
cache 128 read. O course) because LO cache 128 refill was perforned at the

previ ous cycl epteerved bp repld) systehre7@.0Hoe examae 2Add 1, | Adi2vandeAddd alwaysed from
LO cache 128 and stored in the register. 1 S Therefore ) at tinme =13 an LO

cache 128 hist Wkdchitebfftef mqelaﬁ@stday a8 BMaife 1RO dtakls ¥ébind DAY FRrten! ay
safe. At time=14) 15, and 16, Ld and "Add are subsequently retired. As shown

the LO catho. B, (ot i0pheb i fer AL s B enEioq Pl eiB T °

cache read the second tine around Ld then ets an LO cache hit, and does
not - have to B@PHeSIOta i sghednler PP dognotyschsdiesth IMSYEIONAGt opti mi zed, Ld
may performan LO cache read before LO cache is refilled. Ld will then have
to be repl ayed agai Fig.\shis atblebkl diygramhef acprocessdr Hdleimuiccardande with anath@r event s
other - 15 - - WD 00100886 17 D E C 2002 PCTI US99/ 13655 threads from

usi ng resour cegmpdfitnt SEME Et’cséﬁ%ﬁ‘éﬁu@ﬂ 'ﬁ%_oﬂlldglréﬁgﬁﬁm%&xﬁﬁéﬁ?1rF9/ﬁichC°mm”
replay situation, an LO cache mss and 1 cache hit as to be

repl ayed only once the CeSFOL. 1 1 Act rdanc one
eboal ment 161 Bregting St SROLRRE Gris ador MRS IBET Ry dhy G58HERE 58 AEmPED) ays
instructions. Replay system 70 signals scheduler 30 to not schedule an
instruction soled ung igskewne Hurhesy FigorS illusiEates saneacorepsingpispfiammemorst i on.
Therefore the original schedul ed order of the instructions is preserved.
Furt her) repl ayutsysitrameéded tyy thptmemagdogbuniben t he nost

When a memory load instruction is scheduled, or dispatched, by scheduler

30 in Fig. 5, the instruction is output by replay multiplexer 56 and sent in parallel

15 to the memory load unit and replay system 70. In the memory load unit, the
instruction is first decoded and source registers are read in a decode unit 110. A
memory address is generated by an address generation unit 112. The generated
address is sent to a TLB unit 114, which performs a lookup of the TLB and
generates a physical Tag address. The generated address is also sent to LO cache

20 128. LO cache 128 is the first level cache of processor 100, and therefore provides
the quickest access. In one embodiment, LO cache 128 is on th; same die as

processor 100. The data retrieved from LO cache 128 based on the generated

address is sent to the register in registers 60 specified in the load instruction.

-12 - -



comon menmory |oad instruction replay situation occurs (i.~. kﬁ
12810 m ss and an L1 cache 124 hit) the instruction is repl aﬁnD 2@@
one tinme. Se 'o§‘z§b°d' ments of the present invention are spgql @i %
illustrated and/or described herein. However, it will be appr ecl ate at
nodi fications and variations of the present invention are covered by the

above teachings and Vbt Iphpsitd)adiress/gemerardd HyhELBARNA4ds sémitorTagvinieneory
departing fromthe spirit and intended 15 scope of the invention. - 16 -

17 Decenber 2043 V\%-Efc%rélsc%%ﬁ?fﬂo gnﬁg‘smﬁﬁkeﬁ BIERAAL: RATPLIST NO: a

mul ti pl exes having a an out pu

schedul er coupl ed t sai.d nu | exes first inpu fi nlt
coupl ed to sai dVigh ‘WQ@SW%%%%JPW’% aé“?%‘p‘i“%? Egrgtcé&f gﬁ gﬁ%ﬁ‘tGGt put

coupled to said second nultiplexes input and an_input coupled to said
schedul er; whemsisndefeiminati iagers e cheokenihon ting 78 which ﬂumtsqnssnsalga replayect i on
coupl ed to said nultiplexes output; and a checker coupled to said first

stagi ng secty oRjgnaPfodl cREREKTZ. Faithél) ittheRPVAYanSlal €achel 128 misy) hitPmiss RO
out put coupl ed to said nultiplexes second input. 2. The processor of claim

that has not _cdtp Beryinay Shefel hl B F of St S afl Laact 14 ?02.%43@%‘ % '53.”d

schedul er and sendlng said first instruction to said multiplexes.
processor of clrddress LigachsilR4dnp gecond densl e&chaeégrqeeﬁsoaul%aﬂ%wpepaéléém

instruction for at Ieast one clock cycle in response to receiving said stop
schedul er si gnak16 @fmeslas [ohg ipamesssonipacdd with L cachent2®. eimorzagmbddiment, 1.1
instruction is dispatched in place of said second instruction. 5. The

processor of cl.aipd b4 i 8h thd SRleahip ¥SpRER s 1HET DHANP FdiBib R fr&ﬁ 12 &ReENd
staging section coupled to said replay output and said nultiplexes second
Input. - 1710 124 and sent on a refill path to a refill buffer 126 and then is stored in LO cache
128.
If there was an L1 cache 124 miss, a request buffer requests the data from
the next level of memory, L2 cache 122, L2 cache 122 is external to processor
100, and requires access to an external bus. In the event of an .2 cache 122 miss,
15 the data will be retrieved from other external memory 124 which includes main
memory, disk drives, and all other memory external to processor 100. Accessing
data from Li cache 122 or other external memory 124 typically takes at least 4-16
t—i.mes as long to access compared to L1 cache 124. Data retrieved from L2 cache
122 or other external memory 124 refills L1 cache 124 and LO cache 128 via a
20 refill path not shown in Fig. 5.
. In one embodiment of processor 100, stages 80-85 stagc"—hinstructions

through replay system 70 so that it is optimized for a memory load instruction.

Specifically, in this embodiment most memory load instructions (approximately

-13-



17 Decenber 2002 6. The processor of claim1, further corrprisiggg a
retirement unit coupled to said replay safe output. 7. The pro J&C 2002
claiml, sai q',(%d;&)%ﬁsor conprising a plurality of registers, é%&ssai d
‘replay systemconprises a scoreboard that indicates a status of sai
plurality of registers. 8. The processor of claim1, wherein said execution
unit is a nmenpYp%)ozdeiveran L0 acHs. 128Hst, pnd desefore thé mehmwiryridad infiacdon wili d
checker is adapted to receive a replay signal fromsaid execution unit. 10.
The processor by gt filvaa, WHAHE iRy o RGN it rkodiPecPad B RAche| 198
unit, said processor further conprising: 15 a nenory subsystem sai'd nenory
subsystem conprising: a.first |evel cache.coupl tqQ sajd nenory |oad unit;
and a second | &¥&5. rgg&%)étl@%msgﬁcq%sgmpaoxflmptgfy ﬁ%é’? u@akﬂ%;”%ﬁ%‘?’@i n said
menory subsystemincludes a first delay tine to generate a hit/m ss signal
for said first ihsmstiopabesiveaandl hcache d a4 hitel Bheraforee repday syfstem 7@ ési d fi r st

| evel cache 20 from said second | evel cache; and wherein said replay system

i's such thats aopaiized fopanl IONSEReUTAS fiRs hiid AL icuélé 14 1l d checker at a
third delay tinme that is approximately equal to said first delay tinme. 11.

The processor of cl w&fé%m{sea ﬂnﬁ?aggnﬁseﬁiué%aédﬁ{?{%'s.s ﬁg?lﬁiéi‘ﬁ{mﬁa' d 25
menory | oad instruction, en re;gl ayed, i's recelved sai @ executi1on unit
at a fourth delay tinme that is approximately equal to or greater than said
second del ay t idifgrams the mempgycloagh Bpit ppgtine ond MSEOR; HIUSKYEM AHPreAEsio 1,
wherein said replay systemreplays a plurality of instructions and
preserves an ori0fj axl the pacdiletsthged ob refday fstezai’d apd em ALY yninf Fonskxamplej ons
by havi ng an equal nunber of pipeline stages as said execution unit. 5 13.

The processor @fentdrdi1BAdlinstrbdtionas aﬁlﬁh%&dr@és‘&@n@ra“ti@oh%&g&h‘@ﬁ%?khe%ﬁ&n@r ReNd -
channel ; said f rst channel conprising said nultiplexer, said scheduler,

sai d executjon_unk: i ) ; id. s nd chanpal
conpri si ng 0 s ®E5 ehﬁpﬁ?[ﬁﬂ agglﬁeﬁ%aéatg%cﬁléﬁg%ﬁtgg%e??',(l.%, ?L%g'sngc uﬁ% g@eo ution
unit, and a second repl a\y7gsystem 14. The processor. of claim1, wherein

sai d schedul er replay sYS¢mVE| yn edditign t the pipeline stages shown in Fig. 4, the memory
load unit pipeline of Fig. 6 includes the stages of L1 cache request 120, L.1 cache
read 124, L1 hit/miss indication 118, L1 return 126 (i.e., the data is returned from
L1 cache 124 to refill buffer 126) and LO cache refill 128. The indicator numbers
15 in the pipeline correspond to the component of Fig. 5 that is implementing the
stage function.
Fig. 6 also illustrates a timing diagram of a two-cycle load instruction
(“-Ld ") followed by a dependent add instruction ("Add") for the common situation
of a LO cache 128 miss and a L.1 cache 124 hit. At time=0, Ld is dispatched by
20 scheduler 30. Attime=1, Ld is at decode 110 of the memory load unit, and at

stage A (i.e., stage queue 80) of replay system 70. At time=2, Add is dispatched.

At time=3 and 4, Ld and Add advance through their respective pipelines. At



plurality of instructions. 15 15. The processor of claim2, ppeyEe rzgggi d
first instruction has not correctly executed because of an external

condi ti on. rocessor of claim2, wherein said first Lan‘tJ iQn has
not correct %ol@gﬁ ed because of a source dependency. 20 17'% érrdeéﬁh% of

processing a conputer instruction conprising the steps of: (a) dispatching
the instructi ge=v$ierdisntichecken$.r Chedken 72 Secebes a\nsiss ignalat dmeetf i on uni t
and, in parallel, a replay system having a checker; (b) determ ning whether

the instructi C C lay€Ygconprising the steps
of : (b-1) recg&&?ﬁﬁ (g{tﬁéei% g:;%age‘l fgjrﬁpﬁé)ré‘o{riﬁecpﬂgﬁgé;g uaallgon unit; and (b-2)
staging the instruction i i.d repl .System bef or he instructi IS
-recei ved by the ché%‘l%é?e’sg’ f‘aé& a‘tsﬁ'@e%Qte)r/ﬁi‘ﬂl%q‘?eéw%éi:@ﬁ?é’g"yb‘}'s‘teﬁbs)@hecker
at approximately the sane tinme as the replay signal is received by the

checker; and 2a6d atyequeg daffiend2q oftbe pemary loddeunitperfompingom Wl daghet12dxecut e
-correctly. -19 17 Decenber 2002 18. The nethod of claim 17, wherein step

(c) conpri ses rtdiRscibeRtisOtlierd %asin POCRtHe 1280nisE)e ANGhe=T! AAR ié Replayed by
retirenent unit if the checker determ nes that the instruction executéd

cut put i g a hogeCpatdS sl dpdstf0 €' ek ol $ i bR PT o

determ nes that the instruction did not execute correctly. 19. The net hod
of claim 17, FuPYREM RSFFMsSANTg tepd 134 o pAtdime=8 . fbisi 1eslispatched.rand thef i r st
| evel cache having a first delay tinme to generate a 10 hitlm ss signal for
said first | ewsdmagdost systear perforaisepl.] bache hitdroispd i &.e Aldoha timesp8.0dn Ell agi ng
the instruction so that the instruction is received by the checker at a

third delay tigghetfids reSeivdddr AX{IMBLS! Yeised!Ld B af aécddé it16 tndlal @x%é Ame. 15
20. The nmethod of claim 19, further conprising the step of: refiTling the

I R A e e T e S
TN O o Trme . £0. Add 15 Gispatched again and an LD refil 128 i performed * -«
by the memory subsystem. At time=11, Ld is at LO cache 128 read. Of course,
because LO cache 128 refill was performed at the previous cycle (at time=10), the
correct data will now be retrieved from LO cache 128 and stored in the register.
15 Therefore, at time=13 an LO cache 128 hit will be received by checker 72 and Ld
will now be replay safe. Attime=14, 15, and 16, L.d and Add are subsequently
retired. -
As shown in Fig. 6, stages E and F delay Ld's re-dispatch two cycles.
This enables the 1O cache refill to occur just in time for the Ld to perform an LO
20 cache read the second time around. Ld then gets an LO cache hit, and does not
have to be replayed again. If replay system 70 was not optimize;, Ld may

perform an LO cache read before LO cache is refilled. Ld will then have to be

replayed again, which delays the correct execution of Ld and prevents other

-15- -



.by said execution unit a second tine at a fourth delay tinme thatpg
approximately greater 20 than or equal to said second del ay tfﬂeﬂEglzﬂﬂ%
conput er sys{,8uba6use’ i Sing: a bus; -20 17 Decenber 2002 a pefpkyo 358! ed
"to said bus and storing a plurality of instructions; and a processor

coupled to said bus, said processor conprising: a nmultiplexes having a
first input, ahsmadedrbm nging resawndesanThus;, peplay sysiemhitisloptimizaduocior the mastd

mul tipl exes first input; 5 an execution unit coupled to said multiplexes
output, said exfgHbh 9§p155nsitqaa&a,mnemb ERhE BERINE ahNA dabke Bltl LA hed to be
instructions fromsaid nultiplexes; and a replay system havi ng an out put
coupled to said _second ti plexes input and an i nput coupled to said
schedul er; mhe?@ﬁ e@%ﬂﬁ”ﬁ%ﬁ1ay system conprises: 10 a first staging section
coupled to said multiplexes output; and a checker coupled to said first
stagi ng section, saifd desrsirérthe RIQCAFOR i aePrepnceaith gug prnbodimentof pissens

out put coupled to said nultiplexes second input. 15 22. The conputer system
of claim 215 wheestion imaiudes £fephiy syytemeTd that raplapd mstractionsplReplay systest 70
instruction that has not correctly executed by sending a stop schedul er

signal to said; i i i i i id
g %gﬂFﬁgéHeﬁﬁleﬁﬁ'@ téﬁ&quufeadnqn&wcﬁgn k& \aA);n fH&ehiy éug fof

mul tipl exes. 2 e conputer system of claim 22, erein sald schedul er

does not dispatch.a 20 second instruction for at .leas ne, cl.ock cle in
response to re@EUPAG rgglig)ﬁed;'f'ffﬁucilc‘?ﬂeiheée?orgi(%lb%%rllg.mééff:ﬂefﬁ%edc%‘?ﬁﬁ?fe&ésyst em
of claim 21, wherein said first instruction is dispatched in place of said
second i nst r ucinsouctions ippreseryes. cButher ereplay sysamol0 is loptimized sovihencthe naest d
execution unit is a nmenory load unit, said processor further conprising: a
Menory subsyst@mméeRintbniteiivad ifdthr)ich edplaosiaici o@urs(ife. r s L0 exale 1x8che
coupled to said nenory load unit; and -21 17 Decenber 2002

10 miss and an L1 cache 124 hit) the instruction is replayed at most one time.
Several embodiments of the present invention are specifically illustrated
and/or described herein. However, it will be appreciated that modifications and
variations of the present invention are covered by the above teachings and within

the purview of the appended claims without departing from the spirit and intended

15 scope of the invention.



a second | evel cache coupled to said first |evel cache; wherein said nenory
subsystemincludes a first delay tine to generate a hit/mss signal for
said first |level cache, and a second delay tine to refill said first |eve
‘cache fromsaid second | evel cache; and 5 wherein said replay systemis
adapted so that a nmenory |load instruction is received by sap@.ehRCker at a
third delay tine that is approxinmately equal to said first delay tine. 26.
The conputer system of claim 25, wherein said replay systemis 10 adapted

so that said WRFIVSQEQI%%FS'P“ on, when replayed, is received by said
execution uni time that is approximately greater than or
equal to said second delay tine. -22 .AL,.AH3L. Al nF% As5F. Al . Ar. AH

I . . .
_2‘;?% ﬁl ;L / 'S}FT/EAAAcchnEpufgr p'IA'\ocAessFor compné%gA (y AT A@ AS AT

} xsni d_ZU] ca] sﬁhﬁ@le;adrﬁahﬁghqﬁhqaﬂ&ad E&Lﬁ@ir%ﬁﬂ en@hsalipad;cal call c: a] cRaj ca] ¢
aJ c”a] ca] ca] ca] c*a] ca] c*a] caU] ca] ca] ca] cal

llewgqsfy] Ac]ZJ zijpmmu\ﬂ]a]cta]pd:@i]toa]nda]l@lapba]rcﬁr]stlaplﬂa] ]ca] ]ca] c‘a]c _(I:_\a/\]gga] c/ aV]c a
c a]ca]ca]calcalgcalca a alca cal , Q%
{vgkfa\ W] ca] &%}’&%ﬁ]"ﬁ e Télgf?]tfégl]%fé‘]?@é%é a(]“lpé](%1 ca] ca] ca] ca(LqJ] calcalc
a] ca] ca] ca] Cak?ﬁl Py }@ﬁ:h@ﬁd\@ﬁ’é @tﬁb@tghtcﬁiu &H t%saud second multiplexer input and an

'EI'S! I'n! C*** J+++&, 0, -{vqglgb] X]]]ca]ca]ca] ca]ca]ca]c

a] ca] ca] m}lt:%qwéﬂd]t@égldéy%ed) uler;
" l--4.r../\///001J2

glzgglzg%gﬂ Zi%%%%@#&%&? Y ﬁ%?gcgﬂzgﬂ:g] 211]:211]:211]:2a] caj (r:a] caljca]calc

a] Cai(ta] cal] caU] caj ﬁrst]stagingabaa]mhp&hcakadhﬁaﬁ;ﬂe:]@ahqm] cajica] ca! 8N888B999:

........ <<<

J cal c*al] ¢ Iy W@%Qﬂhﬁﬁb&@bﬁ&hﬁ&h‘%@Lﬁ&hﬁﬁ&ﬁé&é}%&%%ﬁ@mﬂDOD} oD

DD4EEE) F| FF(CGu
L] L{vqgl gb] X]]] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caj ca] ca] ca] ca]calca]caJca]calc

Q00 oS GBS TBRT O L L] BOFUS B ST 1R PO R EHIEA ca) cal

ca] cfd cafieRitsahieddCRhCrRs Gt G@xlracff@]éieé\%&b sending a stop scheduler signal to said
aU] ca] ca] ca] ca] ca] cal } TTT5UUUSW g(X

YDYYY2Z5 FbENEEY ea{hpgfsmxi\fmtpkﬂawpql ]Q:s.il]ctml]lhm]lw] ca] ca] ca] ca] cal] caUl] ca] c"
al] c" a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]ca]jca]jcal\H]]*"
ANK =7 &3aAaMa\ aaa9bbblccc#dzdddekee{vql gb] X]]]] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] galmR]atdssct it 2] widr6ialsarl Snk&adCales abe als ah@ a]seadri@a] ca] ca
] cal ef f f gcgghhh(h7hhh$iniii G j ’>kkk8| |1l Srm#nunn{vql gb] X] ca] ca] ca] calca
] ca] ca] cHsERGtoa fenptdagst aljutalpclawéq WAPPPNEBIcTagaENE a@qiémsc ler signal.

ajc a] ca] ca] ca] ca] ca] ca! nnnnn@} oopepppDqqgq5rrr %s{ssstjttuTuuuuuu(vtv| wrl
ga\ 3@?] ca] caU] ca] c"alU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caJ ca] ca] ca
] ca] ca] ca] Ca] ¢ a|The]predesso]of @) aima, Gelletain St fivwecimxteudioyiVis dispatched in place
zz+z?zczz h{{{{ (g | 9} {}} (~+~~~| wnhc”Y]]]]ca]ca] ca] ca]ca] ca]ca]ca]ca]calca
] ca] ca] 08 e&pe ]%Waqttoal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal ~~~~4;
DU ky>%

/% *}xsnid_Z]]]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calca]ca]ca]ca]ca]c
a] ca] ca] ca] ca]Scallca]aca]soa]nﬁfa]ima],aa]djaplaalsys&em[fuﬁm,éﬁammlmgl d Z]]]]]ca]ca]ca

ca cal ca ca ca cal] cal cal ca] ca
] ca} ] ca} ca} & &% Bbréta% %ﬂ“ﬁi’?@%(f‘]l%if ‘]yc ]a{:1 ]Sﬁlb ‘l}fﬁ%]‘@] c!a] c!a] c
a] ca] ca] gmpheal ca] ca] cal ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caI Af i T] nQu'
j +0>7A| wrnhc”Y] | 1] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca] ca]ca; ei HH10%®& ()-z Y GLO%d& ()-Y
GLOY$& ()-f&f 109%& ()-"SS10%& ()-L' 10%& ()- M&1O%&' ()- M cA*10%&! X! $10%&' () -!
$10%&' ()-P$109%&R ()-910%& ()-$109& ()-10%& ()-zstuyz{| avk@o%n 10 10 10I;
10%&' ()-"96109& ()-#.109%& ()-!f!$109%& ()-!$109% ()-|}~aBVK@0%n
IF10%@&' ()-#3 10% & ()-& #3 10%& () - &y10%@& () - &10%a& () - M &10%& ()-M G |
dEVK@ 0%n Y10%@&' () - 10%@& () - S10%@&' () - @AO0%& ()- 10%&&' ()-nmlOo%& ()-1G
DAEVK@L0%n
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-109%@& () -y10%@& ()- 10%@& ()- ! 10%@& ()- S10%@& ()- 10%@& ()- 1E7 dEVK@LO%n
& 10%@&' ()- s$L0%@E ()-"nmlO%@& ()- & 109%@& ()-1 10%@& ()- 10%@& () -7

z! dEVK@0%n S510%@&' ()- 1- 10%@& ()- 90 10%@& ()-. 10%@& ()-' 10%@% ()-
10%@8& () - gnopg~bC1l0%m f #109%&' () - 10%&' () - $F10%& ()- 10@ 10@ 10@3: 10%&& () -7
109%@& () - Aca?bCl0%n | g&10%& ()- 3 10%& ()-!'110%}& ()- L 10Q@edeher RIDYE' () -
9s 10%&' ()-cZJdEbC10% ! 109& ()-  S109%&' ()-Y 109%& () -

LMLO%&' () - LL10%&' ()- LMLO%& ()-Jf dEbC10% s' 10%p& () -1 S& 10%&' () - L$10%& ()- s
#10%& () - sL! 1@‘V«&fhé}>ro°cé&6&ofélalmliia§i&9r‘%ﬁ Y& ()-5S 10%& ()-

(10%& () -, 2109%& ()-s0: 10%& ()-.1"10%&" () - bCL0%M $109%&' () -

109& () - s&lOfV&'regt)remmem%ﬁup dFo 9:0d 1eplayOsaf0o@pyt) - 95aBbCLO%M ° 109%& ()-Y!
109%& () - Y10%& ()-fF

1109 () - 10%& () - F10%& () -, qdEbC10%n f &10%&' () - 109%&' () - Z! 10%&' () -1 109%& ()
-109%& () - 109 (Dhep roc%ér@ﬁ)@&i%”ﬁyﬂ@lﬁedeks& cofhpridididla Slutalityof rébisters,

109%& é;) 7' &z 10%& ()- +GLO%& 9

| Bl C!'D! Ewdereimsaidnapliey1SysiEst c(ornprggs)mrﬂ)oawbavxm&w@yes B stegusief said plurality

101 : 10%&. E% g 0%&' ()-n!!""""A#z[ 9bC10! 109ZZ& () -- 109%Z& ()-: 109%&Z& ()-"!&10
o0& ()-127 5Bl %) Z! 2109278 () - Z##* $$O. } [ 9bCLO! , , #4( 10%&! ()-: 1 #, #4(10% @
Y@ ()-:1! 109 ()-!! 10%ICHCE () - 109%Z& () - F109Z&' ()-'M 7)))))))zodY: 10! &51
0%] & () - 1oz 10Z 10ZY, ;

1092Z& () - ! n, #8( The@rqcpssor of ¢laim boghqryin:saidexequimg ynjt is § memory lopgamit1 01 @ 0|
& ()-910%| & () 10%| & ()- 10%] & () -

10 9. The processor of claim 1, wherein said checker is adapted to receive a replay

signal from said execution unit.

10. The processor of claim 5, wherein said execution unit is a memory load unit,
said processor further comprising:
15 a memory subsystem, said memory subsystem comprising;:
a first level cache coupled to said memory load unit; and
a second level cache coupled to said first level cache;
wherein said memory subsystem includes a first delay time to generate a hit/miss
signal for said first level cache, and a second delay time to refill said first level cache
20  from said second level cache; and
wherein said replay system is such that a memory load instruction is received by

said checker at a third delay time that is approximately equal to said first delay time.
11. The processor of claim 10, wherein said replay system is such that said

25 memory load instruction, when replayed, is received by said execution unit at a fourth

delay time that is approximately equal to or greater than said second delay time.
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" 10% | <
| & () -F 109%& () - F*J+++& 0, , dEAY: 10! "1 10%1| & ()-410%}| & () - MLO%}| & () - F&10
V| & ()-10%| & ()-@ 10%| & ()-,F---4.r..dEdY: 10! ! Z10%| & () - Y10%| & () -
1094 & ()-10%}| & () - S10%}| & ()-10%}| & ()-./\///00dEdY: 10! +@0%}| & ()-f)T10%
4] & ()-"s10%}| & ()-& 10%| & ()-$ 10%t| & ()-"f10%| & () - 01J2B22ar25aEbCL0! $
10028 ()-Y 104] 104] 104| :10%| & ()-610%| & ()- &010%4| & () -1 .

1094 & () - 2223n834dBmbCL0! ! (' 109& () - 109&Z& () - 109@Z& () - 109@Z& () - #109&Z& () -

y109%Z&' () - 4\ 447 Tho pRsHREsbP 'of PN Wiherdif ¥ %ﬁ%@%&n(r)eg}a sa I_Plurahty of
1098 ()11 10%s8 (1. 10 (). oyooi rr 18de 10028 1) -

109Z&' () ins@edtigng pn @m&fv@; an m (syheﬂ@mrdgr-mgsBQqumﬁmmmw&' ()-F
@10%&'@3h 1092& 1% 00F& () - " 1097& t) 9:i::N,;;aBrbC10! 6
100&& () 25518 ‘%‘%‘ f%%“‘e %Wést“% Y1098 ()-; ;5 <<
<n<uV7 10% & () -#10% & () 10% & ()-&$10% & ()- 10 10

10! AYl : 109%& () - n<<<=j =>?dEuV7" z 10% & ()- 10% & ()-3 ~10% & ()-

y10%% () - zlo% &Thyp -pragsgag; of)clainn dclughen Borvpriging @o4ist channel ag &'segondg

10% & () o FAO0% & ()-  10% & ()-10 S 10%-+& () - A{ BC* CCKDeDAEUV7Y

510% & (52" 10% & ()-F "0310% & ()- @' 10% & ()-3 ' 10%& ()-3 '

10% & () eDl Dedith Bedpk RiRebES i 1 daid MR ef,)saiiddédulor; §did 8R6cktion unit, 10/ 10/
10/ : > 10% & () - D4EEE) F| FFA?bC  YI0%G&' () -!\f&10%& () - 3y

10968 () 2nd sad repbay systemy avdee: () - 10968 () - F( QUGGTHHHaBbC

said second channel comprising a second multiplexer, a second scheduler, a

10  second execution unit, and a second replay system.

14. The processor of claim 1, wherein said scheduler speculatively schedules a

plurality of instructions.

15 15. The processor of claim 2, wherein said first instruction has not correctly

executed because of an external condition.

16. The processor of claim 2, wherein said first instruction has not correctly
executed because of a source dependency.
20
17. A method of processing a computer instruction comprising the steps of:
(a) dispatching the instruction, wherein the instruction is received by an execution
unit and, in parallel, a replay system having a checker;
(b) determining whether the instruction executed correctly at the checker,
25  comprising the steps of:
(b-1) receiving a replay signal from the execution unit; and
(b-2) staging the instruction in said replay system before the instruction is
received by the checker so that the instruction is received by the checker at
approximately the same time as the replay signal is received by the checker; and

30 (c) repeating step (a) if the instruction did not execute correctly.
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109638 ()- f'1096& ()-! 10%6G& ()-° 1096G& ()- 109%G& () -

10%G&' ()-H3I111=JJdELC, & ! 109G, () - $109%G& ()- "10%3& ()- ! 109X ()-
YL109GE' () -, ;! 10%3&' ()-JJ, Kr KK L] LdEbCF

8&0109G& ()-@ . ! 10938 () -, 109%6& ()-3 +10%3& ()- 3 f) 109k () -

'f10%G&' () -] LsLLMaVvhM M McMaVK@ 10G 10G 10G &10%G8 () -f 62 110 Ya8inthey 2002Y
@10%:8 ()-! 3m(10%e& ()- F 1f 10%5&' () - kMMM NNOCaBVK@

@! 10%| & ()-Y!' @! 10% ) & ()-Ys10%4| & ()-s10%4& ()-#10%| & ()-y10%| & ()-00-~
OOPP PPaBVK@ 18, The method of claim 17, wherein ste (c) comprises the ste sof
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15 20. The method of claim 19, further comprising the step of:

refilling the first level cache from a second level cache, said second level cache
having a second delay time to refill said first level cache; and

staging the instruction output from said checker so that said instruction is received
by said execution unit a second time at a fourth delay time that is approximately greater

20  than or equal to said second delay time.

21. A computer system comprising:

a bus;
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15 22. The computer system of claim 21, wherein said replay system is adapted to
replay a first instruction that has not correctly executed by sending a stop scheduler signal

to said scheduler and sending said first instruction to said multiplexer.

23. The computer system of claim 22, wherein said scheduler does not dispatch a

20  second instruction for at least one clock cycle in response to receiving said stop scheduler

signal.

24. The computer system of claim 21, wherein said first instruction is dispatched
in place of said second instruction.
25
25. The computer system of claim 24, wherein said execution unit is a memory
load unit, said processor further comprising:
a memory subsystem, said memory subsystem comprising:

a first level cache coupled to said memory load unit; and
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