; e3el 41 001$242N>46t 4T4Ya72~u SCHEDULI NG OPERATI ONS USI NG A DEPENDENCY
MATRI X FIELD 5 The present invention relates to the scheduling of™ FEB j
operations in a processor. Mre particularly, the present |nvent|on relatg§
to a method and apparatus for scheduling operations using a dependency
matrix. 10 BACKGROUND A prinmary function of a processor is to performa
stream of operations) such as a stream of conputer instruction

processors are designed to conpletely performone operation in mwﬁmﬂmwmﬁmm,
before 15 beginning to performthe next operation. Wth these -
processors, the result of one operation is correctly used by | at er *166166*
operations that "depend" on it. Consider the follow ng instructions: Load
menory-1 --> register-X Add register-X register-Y -> register “m m&
first instruction |oads the content of nenory-1 into register ﬁmmmﬂm mm d
instruction adds the content of register-X to the content of registghs:Y and
stores the result in register-Z The second |nstruct|on s a "Chl|d"
operation that depends on the first instruction, or "parent" operation. If

the 25 result of the first IHSUHEIDUQINGSOPERAS'FIQJW in register-X before
the second instruction is executed, an incorrect result will be stored in

register-Z. Note 1 USING A DEPENDENCY MATRIX

FIELD

The present invention relates to the scheduling of operations in a
processor. More particularly, the present invention relates to a method and

apparatus for scheduling operations using a dependency matrix.

10 BACKGROUND

A primary function of a processor is to perform a stream of
operations, such as a stream of computer instructions. Some processors
are designed to completely perform one operation in the stream before

15 beginning to perform the next operation. With these “in-order” processors,
the result of one operation is correctly used by later operations that “depend”
on it. Consider the following instructions:

Load memory-1 — register-X
Add register-X register-Y — register-Z.

20
The first instruction loads the content of memory-1 into register-X. The
second instruction adds the content of register-X to the content of register-Y
and stores the result in register-Z. The second instruction is a “child”
operation that depends on the first instruction, or “parent” operation. If the

25 result of the first instruction is not stored in register-X before the second

instruction is executed, an incorrect result will be stored in register-Z. Note
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'~ 5 F' E3 a;~,n,3 that a single operation nmay have nore than one parent,
nore than one child, and may be both a parent and a child with re“§d£d~"t£p;9p3
different operations. To inprove a processor's performance, operations ca{rzr'
be perforned 5 "out-of-order.” For exanple, if data for one instruction in
a streamis not ready at a particular time, the processor nmay execute

anot her instr L QF 130 I j g er" can
Chedul e { nst L ae oBerpibr! 8y Mol § e o tnd B rre IR Eer o, e
before its patdid{ andshawbeiboth a Parent anu avedd pithaespect tpalifferemince because
the processor does not 10 remain idle until the first instruction's data is
r eady. Corrputcé?er?ﬁ‘%’t’?'ucti ons are not the only operations that have such
dependenci es. For Xafipldve dTBIREYsSREpE PRI YpBRtRNERE 8 pERoRE]
information is stored into a nenory |ocation before information Is read
from t hat frerfoutrof-oudari’ohobgxamplet rdadeEeraarieoimstractie inex strpaesisinot| ude 15

schedul i ng operations based on Ijmted execution resources,. nof

Tesour ces, 1 dGPAY & RAGTELMes s PEOSFTATRY BeiE AN GNPt . By
way of exanplgtertimehe sthestl 11Adhilcalk Ca OsRRILME 888 scBedde iRGNictidhs sROPs” or
"uops,” wWll be used herein to describe known scheduling techniques. FIG 1

i s an overvi éhaba chilginsincigs wihnobbe pedeased hgferadtsrRrrenbinstractiemd uops.
The system i : i i e i at decodes
an instructi g‘fﬁ 'gﬂﬁ é%&r{ln)éisrf{} ééééﬁgélp ggg;’ﬁ%ﬁ?engg?%@%%%spéﬁg%gﬁe#%s@}t t he data
flow of the irestaimaile antisthedmstindtngctiom dafetisoasdy.an be decoded, for

exanple, into uops with tw |ogical sources and one, | ogjcal destination.
The uops are "i SSWPP%h?%tH@%Pﬂ%@f%EPT@W? v&weﬁwrﬁ%ahéa%sg%i ne 110
to a renamn ReAtH /Ry HM 8 ; Xk t ed
nunber of ph%s??’c%gld%bgg?stpers%,xgt IE?ae’r]rﬁn?rcrﬂlgagﬁ%f&g\lg?ﬁ%ép?%%hggﬂéd%gofhﬁ%aps

| ogi cal regi shfermatibrisestoesd into pimemoay lacatjps tbefonedhtarmation .is Térd flops ar e
then sent to 6\ schedul e 30, V\h|a\3h storﬁs sa/tﬁral en inﬁ Kqgs and sel ects
fromthis grdi@t MEMOTY o'y lateoRgrfigps Ghst e OR9% TEY Eerfor med
next. The;scherebglingldferaBbRS base@ s IR EXadutdnaesbdroe8pmsinhérynot be
perfornmed before its parent uop. That is, the scheduler 130 decides if
every sour ce resQlireesregisder egporrcgspsios availabjlity or pais pvadability. Bywsy f S F
E B 2~~3 the ' r ; 8 ) ug | LeSOULCES, are

avai | abl e, tﬁggdh@ge,ﬁggssgﬁﬁ fi@lgfg 6@?1%310?%2%1{'&” ’)cé?s;b %’b(cge{gﬁta ?o’ﬁ%%s@rur ce 140
wher e the opénaps,dwill lse psed dersd to dessribeikpswarsehddatig tdobdiduased on dat a

fl ow constraints resource agvailability, not the original ordering of
the st roam -5 KnoTiCs (e aITEE SN ! prewh Fy i Lol RsAceTaIng staspos

schedul eryg Fl@g ops? THOSYstEraBERBES anSHERU&IHP RS hAd HelkedE <, anesl'ﬂg@ﬁ two
i ssued uops, Addl and Add2, that have been received by a schedgl er 200.
Each uop has thatdenodes @ inptiucticnestréamtintora sedes of iuotsier ppsdbat ent s of

register 1 (r1) with th nt e f r2.. The resu is staored in r3. Add2
Sums the 10 comeerptbras Wb Prdhbitgh Srdt The A EbEIdR dahbFesult i n
r4. As can beegogdd, fBHexXaMPRENS LWPs Vil twé IddIealcddiuréeind Hadl logithE
schedul er 200 includes _a ten-bit scoreboard 210 that is used to keep track
of whi ch regidestnatial: eThenaps amdesyrd” fraptee dpteiciiondgichtand deeere f or
exanpl e, Q" 1di e : I o 1 L P

i ndi cat esﬁt hgp glr%e}i ftg{ggq %tréﬁgbr%\ar ggéd%& l%lnfuritdg?q hﬁ%gﬁog}@%éﬁﬂ%gém ed,
the bit assodimtedchumbbdr ofphysicahregisters lbardnarhihg and atlotaticrunit 12di cat i ng
that r3 is not read?/. An active schegul r 220 uses the scoreboard 210 to
det er mi ne i f MPRRIRI[CE! Pe&é%?r Felpremcen AP PRYSical reislRpreferanesact i ve 220
schedul er | ooks a i } 1 d i dering
Add2. If the scorggrgggj Z%rééﬁté)ﬁ?gpﬁfecg?g%ﬁa%kﬁg?g' %hﬂﬁr}é\éekg%aérzgé\?éerggy, t he
active schedpeadirg2oopsi aphselkeots froro thispgrbap, ex&uetiephthel oot heps thatrce i s

t ilable, th i i d. Aft t.h i , th
Coor abonr il 251 be Perblined est , EheREheEr 130/ Betn topaiichafiaf S3hid” "
illustrates gopGHilnbYbaperohmbs betbieitdpd Mo Hedtasuherschdbgrr3aga uop
is witten, or allocated, into the Tomasul o scheduler, its sources are read

from t he scodebidesdf evEDY spErceregister esrshby a2uep isndiashitede wsed.t Hallsfur ces
are ready, the uop is ready to schedule. Sources that are ready in the
scoreboard 210 are marked ready in the sghedul er. Sources that are not
ready will nonitor the result bus. The value of a pending uop's source

regi ster 310 is matched agai nst the value of 30 conpl eted uops on the
destination, or result, bus using a group of conpares 320. The outputs from
the group of conpares 320 are input to a wide OR 330, and the output of the
wide ORis stored as a ready bit 340 for the first source.



3 - 5F ~ Q2003 Simlar loyc (not shown in FIG 3) is perforned to
generate a ready bit for the pending uop's second source. \Wen alJr(Sf fée .
pendi ng uop's sources are ready, as determ ned by the output of the |§§i 2003
gate 350, the uop is ready for dispatch. This logic is repeated for each
pendi ng uop, such as entries 1 to n. If multiple uops are 5 ready to

di spatch, prigd Lby's|REir€es38@ RaUGI Ahd FexvBitdh HERUrEdd alecavdilBBR, ¢hed. A

| ookup is performed to determ ne the destination register 370 of the

di spat chi ng uop,is &aadt. ohi'dispalchedi’do @rexasntion resqurse 1¥0wkerethe Tomasul o

schedul er uses a.,'tight” duhing . i Fl For each
pendi ng uop, of’ﬁ%at'soijh'gg)tﬁrfg?ﬁ%@hﬁtho Su#ﬁi%p@éﬁﬁg&g&g l%hsgd%\ égﬁp@\%s t he
destinati on ebhn&ix&iats &0l veasirvé bhaitdilitpanstithg ovighat ofdBireesf the stkim Next ,
the schedul er perforns ready determnation |ogic 420 to determ ne the

. ( L
di spat ch Peadi nes&newn eh e tapicallyohasededry the Urareaside dsHieduy. pendi ng
uop, the resyghts,0 [=Yolp) I 4 8 ; . The
results for e#é(éhzsé)g?&(}z( dé?g%?rﬁ]'gﬁg%&rggjog@é%%%%@ef Sgoiwéetg'\?gl%flﬁe;’%ur ce is
ready does thepschddtlbed At timatteaviehsder leeeiven hysasehdyguleol00i Hasheh.
Several uops rra;Z(@ge reaéj}éﬁf or dispatch at one tinme. If nore than one uop is

ready, priorHPPZ i § &3 B .Sé'f‘aﬂ?)@- Mddeﬁ%?ﬁr}?ec‘%?‘\tpe# %ffregﬁerr eady
uops shoul d e fiviRirdeshtbhfsSsr 2Pl felultidstoped it f NaR2 istindltndi spat ched
at 460. Wien a uop is dispatched, the scheduler repeats the actions

descri bedOaboortentselitd Witly thencemtents ofi2 aychsldies thg lesof in ht ASatasy e nes

when pendi ng_uops, are ,ready for_execution., There,a a nu r of

i endban ngostoRn@iLAeB8s nB i Britlein ot B The S EBRRL DRoi 0. ¢ he
basi ¢ noti vajjcRtiesod terbi easichdatd 2¢6 1174t i UeEH 20 Keep tiztkist wisignce
instruction | atency. Suppose that a part of a program contains a sequence
of N i nstructegsiers argrepgy. Each bit repxesemis @ iggisten ndhormx@giriam add” al so
contain an o I i . I Aat. i i
Coquiros astakes RS keqlRy cHBRRARY HIAR. 3 TR infReles S8k i tddiler |
progr am gannigtrebdyexfekdd £Has mot Been eixgeutedathelbir absodialed with r3 in the LN, 30

where L~ is the |Jate of instryction |~ even if the processor was
capabl e of eX&UEPPR @h/é?%ﬁtltarée ”?d]?ﬁ’}mg thet Fiésc F%@?HMS in parallel.
Hence, the only way écﬂvéé%ﬁ!_e’&%el; D20 Ris8g tREsESpRlard 21D 'RAsFHnE s

| atencies of the 4 -- 5 r3 ~0~13 instructions. Moreover, when each
uop in a streeps radyfendispatobn Rarexamepleotne actiye 226 sthetivler looks@at per f or m

one full itegat,i.on of e ti.ght, sc uling laop for h,.di spat ched uop.
Thi s becorrestrhtel‘fﬂpsn?ﬁo dw '%erhcipd1§jwh88%oa8 _erlggﬁigfa{fgh%)?c%e 249p nmay
be defined as10 hefidctdrhat both vheek age iréddl, th@SIcENd Schedulepadyp until its
result is ready to be used by another uop. Additionally, the snp‘)eed of an

i nstruction @RPBGHAS thR upDIfel exgadiens JEeithgrsrsiipe inel ayailable; the Mopds by

t he speed of t i f ﬁ%ﬁﬁ | 4 . i e
speed of a pw’é)t?ﬁg@é&?ﬁ‘}@% ﬁg%ﬁhpeegépsécon ) %(rj ﬂgtékg’ccatt)rrlé %é@%fdggs@dd ajtagdlgz P/ L,
where P is tiedleavibinbgas pawaieldyi smand L is the average uop latency in

seconds. A key ad tage of a scheduler is that it increases the value P,
whi ch i nproves th'\'ell%'npr%@@%‘é%tres@rﬁé&yo"i‘m@é?d MAtE3 domashlosseBediistonVhsR t i s

typi cal | ysab, “gﬁ%qlug 1SR ; | tency
that is ?%sséftu:?#a% t he fa"?aengig/t g’,}m{ér}EQ?Paﬁ%\ﬁgék}éﬁgﬁinlgﬁo%g%ga ltgrgc}a gbg, t he
use of the sthhechrtteard? Hb lif derseabsartli2d Ovadivsteothat thewbinehs hrentddy, tHee

processor's performance. -Faor exanpl e, corrpari_ng the destjnation regjster of

di spat ched uéps's fEdx e shstileesowresinpt 4 feadidn Hipisorrbpatdald) aie P i ne,
such as fro I . InSv il Lt eady
determ nati oni]rtl3 (ib{)lglitge %e%ﬂgﬁgg&?g e'afig%rnogmég gvs'}l,ll?? e Eﬁl}egr@flilf}%%spﬁg{r? whi ch
may take anotdherofla gndidgg@bassoarnd reldsiet BiHd isanattlbakigaimst the vatuedbfgat es -

results in a tight loop that takes from8 to 13 gate operations. Moreover,
the sched®l efompisted HORS qughggestingtion of feaylly b using 3 grasptol cegaresd28s, whi ch

i ncreases thﬁnégews QBH%%D%BLB%%EH gg mlt?#éggsgg]{o% THde JRS 39 oW ng

nunber of registers use I ocessors, € 1 ncreasing
frequenci es aid fhreomdpsbof thperidei@R is shkedtasea cemdiebit 389 $oethe ditst sotedul i ng
operations inpractical.
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SUMMARY 30 In accordance with an enbodi ment of the present

the 5 ~ F ~ B zoos received operation is dependent on the conptél

I nvention, an
operation to be scheduled in a processor is received. ft is determned if

i ¢hpx

parent operation, and the received operation is schedul ed after the parent
operation. BRI EF DESCRI PTI O\I OF THE DRAWNGS 5 FIG 1 is an overview of a

known syst emg r{?ﬂiarﬁ&ﬂgﬁﬂ E}ﬁf:% 32 soélﬁfo?rﬂgd h&o@fﬁf:ra@ aGl'eaay bRt £6r 1Bk OCk

di agram of a known at sche

es operations In

processor. 1@erfdifg u@p's i;dcusd s@air@s Whercall 6f the poisding ade slsovrtds aae Isadv,sasl 0
scheduler. FIG 4 is_a flow diagramof a known nethod of scheduling
oper ati ons nﬁ@!eﬁ?’@é@%é‘?e oytput of Enedpgigeats 3 WF%OE%@W@F a@&@hdﬁﬁﬁ to an

rbodl TNt iolodd'E rREERATL: LONSRRNRR wod 3ufl S8 1010 WhHEEIRR 4

of a dependen to sc | Oneaccordi

0o an e

Qe use
I 'ment of

the present reudynto dispatchGoriotity $ogic Edi@@é(exﬁhﬂ@hﬂlﬁib@ﬁoﬁ&ﬂﬁiduHisp@cﬁéd’. cAlitry
according to an enbodinent of the present invention. FIG 8 illustrates a
five stage piqekpp ireperprmad F\Qﬂ@?‘?%@%ﬁ’éd’ﬁﬁtéﬁ‘la’é&Eﬂ%‘?rﬁﬁozﬁ theodigpateingupment of
t he present m(yglntl uelsElIri%engna§es%It |, ow di agram of a nethod of scheduling

1S va
oper ati ons

The Tomasulo scheduler uses a “tight” scheduling loop as shown in

FIG. 4. For each pending uop, the scheduler monitors the result bus and

10 compares the destination of executed uops with the pending uop's sources

at 410. Next, the scheduler performs ready determination logic 420 to

determine the dispatch readiness of the pending uop. For every source

used by the pending uop, the results of the comparison performed at 410
are ORed at 430. The results for each source are then ANDed at 440. Only

15 if every source is ready does the scheduler determine that the uop is ready

for dispatch.

Several uops may be ready for dispatch at one time. If more than

one uop is ready, prioritization is performed at 450 to determine which of the

ready uops should be dispatched first. Finally, the pending uop is

20 dispatched at 460. When a uop is dispatched, the scheduler repeats the

actions described above, resulting in the tight scheduling loop that

determines when pending uops are ready for execution.

There are a number of disadvantages, however, to known scheduling

techniques. For example, the basic motivation for increasing clock

25 frequencies is to reduce instruction latency. Suppose that a part of a

program contains a sequence of N instructions, 14, 15, . . ., Iy. This part of

the program may also contain any other instructions, Suppose also that

each instruction requires, as an input, the result of the previous instruction.

Such a program cannot be executed inless timethan T=L, + L, +. .. + Ly,

30 where L, is the latency of instruction I, even if the processor was capable of

executing a very large number of instructions in parallel. Hence, the only

way to execute the program faster is to reduce the latencies of the

4



according to an enbodi nent of the present invention. DETAILED DESCRI PTI ON
25 An enbodi nent of the present invention is directed to a nethod Zg}](} oy
apparatus for scheduling operations using a dependency matrix. Ref r'iEanU[B
now in detail to the drawings wherein |like parts are designated by |ike
reference nunerals throughout, FIG 5 shows a matri x schedul er 500 30
accordi ng toinstruetisli rent of the present invention. Each uop that enters
the matrix schedulgr 500 i Iac%d into a gosi.tion, gﬁr3 ent{t?/'e;i in.a

schedul i ng queue eOMHe WREN GNP A SIreaRdRNEPRNEH O thgRreXiQlse
entries, 6 | ,ppdakcnedaiern@bgkAErm @netfall ‘.‘téFéii_oﬁaé:fhh@ﬂghmr_réaunﬂgzo@p valid
bit indicating whether or not there is a uop in that position. i ndi cat ed
by a "V' in far@ach,dipeaichednop. dove beemaspime mininwim 'latenayneéesclyoapt hat

"V' could_represent. for ex | g, i t, hayi a.value of "1 " Simlarly,
posi tion 3 cgh?i?e‘ﬁE%ng\ lﬁjr@nn%?S‘éet(?ecfﬁ? Oa%%gzgtﬁnﬁ f??%‘”i'ﬁ’ﬂt@f MPUE “schedul | ng
queue 510 al gpefaielsisteseady ntilitkatesan is REMB Bbd Bse® B¢ AnBIHe Lopand t he
coll ection of destination regl sters is referred to as a "destination

register filAdditingalindtip speefiofansnstrytiondbpughotheuppll-sipoe siyetepn aced in
register 1 (gﬁgwﬁﬂ‘fiﬁ@% riseﬁrﬂltéd Bg tH@gﬁe% lolfttpeeslgh%%?gnfl,nof"éveaiggt&ri £am of
entering uopS 1S in-order, so a parent Of an entering I'0 uop IS elther
pendi ng i nsi ghethetuhaimt ri x schedul er 500 or has al ready been di spat ched.
That is, a parent_uop will never enter the matrix schedul er 500 after its

child. |#0dependehb® &BCBERERCERIFAdR UCRSCE-SEEABHLP BgCYUBBe 510 are
easily setu i t 0 i 1 ynm schedul i n
y Pedis88d A5 & D¢ (hsrd P@t@ﬁ?&%&%ﬁ@iﬁ%h?éna L dﬂ_é. hﬁ% 9

| oop) as described wth respect to FIG I'm nate Accordi ng
t o an enbodi aseragefuophstencysesecomise nfikey, advaintagesotlasehedilayisghdtjpendency
matri x 520. Each bi tth or eI,grreEI .in the dependency, matri x 520 corresponds
to the depenB&APESHNG VIS FnWBItE IGREONES T RTOGHSSY SPIEYMaANEnot her queue
position. FoHoReRER M exdtaitioR unitls typiedily Sk 4gexdclitech eaipsort 08h, $udtdh uop in
20 entry 1, or uopB) is dependent on the result produced by the uop in

entry 3, 1&r apppaddquithislatenpBhatisdesnéhancths latgnayrofdhe digphschrdulivg as a
source. It w t "I r X le, a bit
havi ng a vawaébb%ex%?%ghg(&%g ‘;a}qh%ﬁgc‘ﬁﬁ%t gl?é’g@{ﬁ%%gﬁgﬁ'?ésg'%’r“% @aq'gh box

al ong t he diwpiehdimitsf thehmrodegsndepesfornmincex 520 is marked with an "x." Note

that while a 25 dependency nmatri x havi "rows" and "colums" with a
specific rel ati on'g | eXargPligepemAaHeY & eBgSU@gpr}.‘@g&tﬁr agd'éﬁa@k‘& QPS ot her

structures, uafsdiods BREN bEnif Wi mb)take5Bng LR SBBA AsaRHn 6 2" e

swi tched, may be used i nst uop enters the schedul i ng queue
510, al | aeatgate dpegatiord0 This eimiaddiiontpdhe aeady dbtezmpmatian logicskbichd be

(ot shoan' iMakke 530 et heliioiERios Wier BindRRagthetal B 7dE
agai nst the glasiéaidtion 166IFBHER of 3 gates - results in a tight loop that takes from
8 to 13 gate operations. Moreover, the scheduler may have to monitor a
number of different result buses, which increases the amount of comparing
25 that must be performed. The growing number of registers used in
processors, as well as the increasing frequencies of processor operation,

make the current system-of scheduling operations impractical.

SUMMARY
30
In accordance with an embodiment of the present invention, an

operation to be scheduled in a processor is received. It is determined if the

5



~J ~ ¢ ~~~file using conpar e (CAM ports (also not shown in FIG 5?FBA2003
mat ch between an entering uop's source and a pending uop's desti natro

i ndicates that the entering uop is dependent on the pending entry, and a
"D' is stored at the appropriate position in the dependency matri x 520. 5
In this way, the dependency matrix 520 reflects which uops are ready to

di spatch. A pageived bpanwlode@daplemmmbjrtthsettonmletnommif1a Havent dgerptornt
associated with that hit to dispatch. As shown in FIG 5, uopAis ready to
di spat ch, be@Rddke r@eskeqd epgtatiops sphedied aftsythe pRigTt SPREIONeady because

it nust wait for its dependency on uopA to resolve, as shown by the "D' in
row 10 1, colum 3. The dispatch status of each entry in the matrix
schedul er 508RIEE [DES NHYF Te HNBiShati on | ogic, may be stored as

a dispatch logic bit 530. If a nunber of uops are ready for dispatch at one
time, priogrity logic may be used to determne which uop will be dispatched
first. Finally, degsl 9¢abh@ehadh©f @SR Q@ﬁeﬁﬂo?lﬁbr&fgsrsir@smbﬂuét'i@ls _

schedul i ng queue 510 15 need to be "deall ocated,” or which positions in the
queue are noandmepPg. and ready to be used again. Wien a uop dispatches, the

correspondi ng col n trix cIe cause any
bit that was set Hna ?Ié%ggi?%gg'%?ﬁgﬁﬁgyf '{gm%sH gfj?%g ependent on
t he di spat chgghatfles 3pergionbona dmg@g‘soatrrow in FIG 5, colum 3 will be
cl eared when uopA_di sgatches This clears the "D' .in row 1, colum 3 and

sets thel8tage foflGopBlusyatfsspauitry ?%Q%eﬁé&@h ayl@reasuipsghedulehe
hedul I f
tS(r:agl 'ltjl Lﬂgl %ﬁasﬁf 0 s&gerg%f%r %@(ﬁﬁgéq{nﬁ?ﬁ@eﬂg@ey %%%Jé@ é%rr?agl onﬁ ookup

shown in Fl Gn & phaoassbot h 25 been el i m nat ed. The ready determ nation

| ogi c, which nerely.checks to see if an entire.rowis clear, can_be

i npl emented as a EY%?@RW§@J’1 X316 Eﬁr@qcﬁrﬂﬂ%t‘ﬁ@nl%Bped'hﬁmﬁ’fg‘%i rcuit
can be desi gprdeat infRh¥ohi gh frequencies. FIGS. 6A to 6C illustrate how
uops run through a schedul er having a dependency matrix 620 according to an
embodi nedt of t heFEpEsBAto 8C illusteateitbe usafshdependermy@nabix totsecbeduleedul er

from 0" to ooty SRR ELH shbsalifbfy Rtielhrese ™ Blbf8EC Dosi i Gn'in-

the schedul i ng quELE Bis a Wock' diagranTof scf?edijhﬁ?(bll@ﬁntﬁaétfor@ln\gablﬁ ty
i ndi cation and infornation about the uop, including the uop™s destination.

At tinme T = embréimenLfihe piesant investionhas five entries with a vali d| ty bit
set to "V." Thus, sition
1% Contai ns an ont FivheR o MHELEORITRERRY G d MoRRihdllieduieall® ()

i n the depenidestemimidimant@the gresspondantiam.a position in the schedul i ng

queue 610. Each c t he,.dependgen S ass iated with a
dependency on a ngciy{q]@rP ﬂﬂwtdﬁ%grg‘ ﬁﬁ %%@BSLPJ&&%%H"”%PB P&, because a
uop cannot d%@lngﬁo'drﬁ@*nbodﬁ@eﬁhd?QPfe@'ré&&wttlﬁ\ﬁér&and' agonal of the
dependency matrix 620 is marked with an "Xx. D' at row 1, colum 7
indicates that the uop in queue position 1 depends on the uop in queue
position 7. i on in queue position 1 is the child of the
operation i 6 ILE lﬁ@ CRIE RS the five entries in the scheduling queue
610, onlygsthe entry in queue p05|t|on 7 does not depend 15 on any ot her

entry. Thus, only the entry in gqueue posjition 7_is |abeled "ready" and can
be di spatched by AREMRadimsntef theRiesensinyeptionds disartedite amethashand hat are

ready to be pl @&sﬂ]mrgéﬁeﬂ@d@%&ﬁ%ﬁ&eyﬂ 618e gﬁ&eﬁw&?}@?uﬁ‘éfer% the

first uop (S~ I'S register e sec nd s regi s?er 2.
The desti natnhom |mﬁetd1ietofthesirawmgszrﬂ1€(r9|fbIlkespaﬂglase destg?xat%ﬂay like, the first

t 11 t t hat t
Lo et i+ deistnre upmiakaniiant s angws & Meyhosdictiter adh Soond.
source (882)a4&r8M 't§ta%rer%goéiﬂr%r¥tr&ﬁtﬁ@??éé@{t'lﬁvrbr(t% ESch ﬁgﬁt%ﬁeﬂt@rs fThe

schedul i ng queue 610 and dependenc rix 620 shown in use
illustrati onthpunptmxheduaj@@ﬂswlanedpn&emnthmar emrycema scbeddling wo uops

si nmul taneousl%_:éme g}eé hiﬁ%&ﬂ%@é S\I\ﬁﬁg l%fr, sﬁﬁ@nbl% FE\H %c teg SUC Oenttrr?gs schedul er,

and two uops
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c’ycl e. The first uop is being placed into queue position 0, although it
coul d i nstead have been placed in queue position 3, for exanple. TheSsEﬁgng}%
uop is being placed into queue position 6. 30 Referring nowto FIG 6B, at
time T =1 the entry in queue position 7 has been dispatched and the
position is now enpty. Note that colum in the dependency matrix 620

associ ated wi eHe it id BIes A b o~ al so
been cl eared '%Q‘?Jgghg T’CB%S'aiéaggme;ntrngﬁgegy%‘;vag'dbeend?:g% éN(Petqlﬁ[fgtari@abecause
any child openatd iera tbpin thepeoditionn Ashiedidiaggrhby BeW¥” iroplGOS | mosigon meeds to
wait for that destination to beco ready. Thus, each ting an entry in the
queue is di sFREHBE UOR -QF\N"“ée €6 ﬁﬁ?ltpq(ﬂ%laﬁe\l)n‘é?‘r"g){e%%ﬁefvzi?'éﬂx@m & A t hat

entry is cleagy : A WA in
Fows’ 1 and 4 i GeyiRe Ve BF TISRE PGS SBhGins LBA A SRR or
dependencys i andeZz areledhpty. fThe scbedulofg gheval 8pe atkmningludesra dedtittatioBi nce t he

uop that was placed in_queug position as register 11 as a .source,, the
bt 1 -t he. miEPRISHet BaPaeaay L it eocklfetlan 55 SReieAfion g B geleed i s
i's because qygyg PUdstinaflor rétfister AR 'S R shbwritih FIG 3188é réailf NGBl will

therefore the uop in position 0, which needs to use the value of register

11, shoul d ndre peceein srgister bhdf Drand the resplt phuppAiwill be placethi Pop t hat was
entered into queu 0S/ 1] h eqi rce no entry
in the queue has ?re*ge. gtkéeér'ﬂg)fgg?%ﬁ%e% Sn%’t'ﬁ'oc%&g{rﬁéragﬁ%fe@?%Tgﬁtq{]ég@iﬁ ue in
regi ster @ i sioplisetter pehdidg ingide Mige denandensyules500 eahad alndadl beespect to
the uop that was entered into queue position 6, the boxes in columms 2 and
4 are flaggedigratelad That igepoammdproniimeyes ester the matgx sehedulepS80; vel .
Time T =2 ' j glrg}u i 0 have
been di spatc%ﬁ?ﬁgﬁg“?’hgOt%\%ﬁggpgﬂr%%s&ég\ggggi%gte @mtpﬁ%ltc gggﬁrggr@?geséﬂgve
been cl ear ed ardeasiyopetupaindvaeinibineddthentimeeoaspoing comparésint ther ef or e

dy for dispatch,_ Th t hat was.pl aced i ition 5. and 6,
however - sti FERORIINEOENaE HES SRS With SRt 1 E1EL fomey b efRiRt hey ' need
to use the valddBrdifg t6ahEnbodite® oftHEopieaent ®9eNabS, thias dohefusinger scal ar

processor, where 2 uops can arrive at the schedul er sinultaneously, care
must be takedepanderey aabir 82@. arrives in one channel at the same tine its

child arrives in Rt . ' chi uop will
not find its par eﬁé%?’n%q{’ g@?c}ﬁg'lgum ﬁ'& %éﬁewéo%%%&rﬁ%ﬁg%é&?%pooﬁ#& Pon is
still neededthe@dependaidyyofsetiop in bee deipepdR3ition3d aabpiix apdtherlqueuei s case,
it is necessary to perform dependency checks between concurrent uops as

they are pl a€8itiPA.- ok exapwididhey Dnift Fo% 1690lummé indisglestnat e UGRIHY ant ees
that onl ynath t4e BS; t Aca i to the
earlier %.Iﬁ(())p' g”ﬁs"t’ :bﬁgtBPgnissg%gt Ee nglg%ggge%%ggroﬁo%ceﬁ;bgd&fouﬁgnﬁ%ﬁfg?’med
bot h ways. TbeuppAulThabfs,tuopEcesesathe, destinatno wf uepédy obird, acasouhen te

factored in wh set,ti t.he,depgndenc rix 620. F 7.1s a block
i agram of | stllbbeenHgrased that " SERENaPReart toh ke PENRVEIS e Rellsr esent
invention. The«rt IBadaukk d (6 BARRoISIRNRNEE ¥ "@ddH Box albrgotel Bbgb®ald
ready determination unit 720. The ready determ nation unit 720 defects if

al | of the bbpfthe dependancymeateixfRleg markednwith andy.” dNete tatahilera unit 720
detects at | I w_ar.e. . [ oci at ed
wtht ha?gr O%@béné’%%% g‘rxt rc?fli\}s"g%ﬁ 851'& \ﬂﬁgn c%ﬁ@%{%%lﬁé%p%%ﬁc%ﬂa&%&%@ ation
is ready, pritodépondargics iddbedeieren asanwxathplef othee straatrespsiich 49 as

shoul d be schedul ed. The dispatched operatjons also clear the associated
col umm in t hEaldpEnWBicAhRder s “rews, apdc sakERs e SWYitaheds may PeHge® need
to wait for H%?eéu spatched entry. Referring nowto FIG 8, which
illustrates a five stage pipeline for a 15 matrix schedul er according to an
enbodi ment of theWhersamew nopentars the sehédulgty qguege 540, ahecatiopdbgite

al | ocates uops, to,.queue. positions in.the schedul er. ty slots are

et or mi nd DRSPS HEIHEHAIBBR: PSR SBRURLIS HEC S n THRETIPED9 968 By cl e,

and it is deﬁiéﬂﬁﬂriﬁ@ﬂ‘ﬁﬂ@@b{atmﬁ&ﬁﬂsihg mitbgycgtsedmﬂshowm RICE By Rghguops are

assigned to free positions in the quele an ppropriate

the sources of the entering uop are matched against the destination register
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20 wite vectors are produced to be used in the next stage of the pipeline.
In the second stage of the pipeline, the sources of incom ng uops are
conpared to the existing destination register file and the resul t.'é%othrif?né‘DDS
conpares are stored for use in the next stage. Sinultaneously, the
destinations are witten into the allocated entries using the wite vectors

25 generated,duri.ng the | a age, Sjince.the vali itsfor.the newy
witten destf"ﬁéﬁ'%&gomée E@@%@%ﬁtw,stot%%%?&ﬂ'&é%} é\ortnaf)@ conpar ed
agai nst new Metifddr 8R ehbSing@dp' 9BBurdeand @ pehidind Séteeiesiinatish RidReltése,
conpare results are used to setup the matrix for the newly witten entries.

The valid bithathe entInowoR isederandeot endbe ecadmaentnemngra tReisreisdk i n

t he next cyc T. h. st . t i i I e schedul i ng | oop.
Any col umm C%ﬁ@&%@ﬁﬂéﬁ? %@4“3‘%%‘2‘?’&%@6&(‘)’%&3’ Qfa eth%r5 tggagat ed to the matrix
bits. Each 11 ! |n this ayl the daperaidniegmatvial52at refieéisrwiieadiopssse reddyp uop
is not ready, the evaluation will be perfornmed again in the next cycle. If
a uop is rea®ydispatchs Aupgwith ary dgpandgicydihest rpeayailfysthedaranspat ch.
Once the uop,i : ; j : i Vi i

register fi I%éfbo&%gﬁwpﬁteﬂrt\%@gé?gs}pyﬁ?}ﬂf %E%t% iulc?n'ﬁgjlg'lg ' t§| gﬁﬁgglr{e%%%tbg t he
entry. This dispatahr, beuaese these gabd "Dhat row 8abst udpB onotaspdypdiecguselitumms i n

th trix, all i hi | , d dent .t f
di'spatch | h SuSCBGIA L PEPRaErNor PRRIGraRave(aY RaowS pUIRaD o (G
deal | ocatponq odqith Pr ?HleQii%iéfcl%?a‘?@é 6h69cr¢ehfry]§\$ufer RIBtHNScIRENREUEGS - Thi s

stage al so simultaneously reads necessary iInformation froma register

file to be sentetasmimed by seady detenminationThgici mfayrbmsioned agya disphtotte, for

Cdenti 1 or o toBtcot 530 A g heR of dRtrs e EAHL I Bonr e it BEGHELT ons
accordi ng tooglt eahed usst toodetehaine whientudpWiinid @ipatdhieti fak. yFinklly,i s 15

determ ned which entries in the scheduler are enpty, or available to store
an i nconi ng dRAflocation jegie detarminewhichtenteesqiy the sghaduling | atleues? tspond to

the first.st 2] ' e : ; ri ' G 9,
t he sourt(I:Ses 0 nggwb%o%%ag)?: %k%d;ngg\pgma%%nﬁiq% 'ggg?ﬁjgﬁ%oér{g%o@ggmtgggﬁtri es
al ready in tleadydbéeaulsetyagmpiaue at 920) 20 and the conpare results, or

hits, are |l ogged for further processing. As indicated at 922, the
destination, or _r\é\g'\ﬂntej UPBd‘%‘Faé? Sai'ée gPE’SSW’i‘ 'Fgﬁoﬁﬁf‘ﬁ "fﬁ’ée al | ocat ed
entry. Thesed@ﬁ%r!dé’i‘féyfmé(tri&(yzoeﬁweaCbefcﬁﬁsé%‘hgrﬁt ha?0RsPetifndti pel i ne
shown in FIG 8. The matrix is then setup at 930, and the valid bits are

witten at 9Sumpsiaitespeaded te @uerutiiay wasngepentent o, theldispatsbed oep. may 25

correspoggl g Lpg il gh SI-agR:94cl e OLASLLNG SAME-I BLG, BpaThe Ml 11

is evalu n y'noni toring depéendency i in the

dependency ngispatshescThizyclears the “@”lin kaw s, icolumniGrard seX the stagd forl ear, the
eval uation continues. If al|l bits in a_row are clear, the uop Is ready to

be di spat chetPREEP gispaiantindheingxt Fycipe hiss isdhe schedplingripopsier thp matrix

di spat ched 4 aongdi tri
Clonred T, et B0 AR IAGCF tharPlrie BacitiBnal FornsRaR RS [ 1 7 ¢
conpri se a dwuadskithg coowares aaddesgynatiormaioakuipatiaovenin BIG.thbat@ both 5 F ~
~3 LO03 toi t] , d dtpot f t t f th

oy pel eSS AVARelSS: BT B oS R AR TabRo ek Mo bh 95 ety o
bit is resetjadlehid v I@le8Nidar BOinMSichfrits®ds A SinfiIewitdieOR shastehed

uop's information is read out for issue to the execution unit. This may
correspond 5ntdemine l9gict Sushaaeireit carebpidasignes ahwew high Fleguesciesl t hough

vari ous embodi ne r .51 l,l i|llustrated and descrjbed herein, it

w1 %he aonreci ardiSeh TG I<Be hol LRSS b fitoRER S B Adtg

i nvention ardepemdeney nitrik B2 Ocdioedihg as Rin@rmbadinent &fithe tdresemtr vi ew of the
appended cl ainms without departing fromthe spirit and 10 intended scope of

the invedRi dAVEriN. A8 8PPWN iRIFGo GG the setrrdilerinciusies an out-of-order
scheduling queue 610 with eight positions, labeled from 0" to “7,” but any

number of positions can be used. Each position in the scheduling queue
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uops was used to illustrate an enbodi nent of the present invention,5ifgrw,l I
be appreciated that schedulers for other types of operations will also'f a0§3
within the scope of the invention. It should simlarly be appreciated that
the particular architectures described above are illustrative only. O her
matri x 15 schedul er architectures wll also fall within the scope of the

W th 1ot or oncd O b Bs R Poldi oo B QP AR i Fra TR T RBe BEAIRG ' oy

nunber of al ttge Naplyv@edtireiivhe@tuingsT =aD thevsthedulingdrievers 1) aofive
m cro-architectures within each. Fi palnl_'y], al t hough software or. hardware are
descri bed t o edies withzpvalidity hitsetdacYi ohkus. Jacexdmple: neade pastive Qisr f or med

usi ng either : r : i i t d war e,
as 19 vel | kaiRY i auO B8 Gn Hicdy Rl AR LB Ry o o Dl on
rre::li um SLB:h(d%sxinétwn.exarrplhe,fa har]g or floppy di skdor adCorrpgct D sk Rgag
Only Menory (CD- W bnt rm of instructiqQns adapt to be _execute y
a processor. The%r}’d’(‘!‘flno §q%&?”§§”53é"§’ct6¥ éé8§ﬁ"@ﬁ88ﬂ§ﬁt%ﬁﬂ°ﬁ't'8n In
conpressed apgé %h@@@lmgoig@é 61 TR EachRTMRRA iMBlcCdéherddpch Ak 62adapt ed to

be executed by a process I's neant to enconpass instructions stored in a
conpr essed amdsociatactwitptacdefendency onsa pesitionsn thsschastulingsjuenet6thve to be

conpiled or installed by an installer fore bei executed by.the

o ocessor | 14 bétorf babhuR8 & 5k Banriat PRt AP sEG Bbclomgfenn

oper ati ong N dfadyrt OF &Y deSEiBRNcS Makix 6208k ha%ked Wilgh a%." OThd D'bst

schedul ed; determning if the received operation is dependent on a parent
operation; stewihgoluian 7dedicatesghattieduere tred e yeapPoition d cdrrandsmy thee

recei ved ope i | ea i A | t.5: j a ready
determ nat i ogf%hr{ﬁ?'uggra gﬁkrnrr?n?ha{ ﬂ|g1‘ Hﬁépé%gépb@guégéﬁgﬁlgﬂu?%qﬁgady for
di spat ch; andhid béthd operation patjabueipotitienrzcef tregficentriesan tiiecording to a

priority logic unit. 2. Th thod of claim1, wherei aid storing, further
conpri ses: sﬁS?‘?%'W?‘@ng&;’HYt PR 81 BHEBES AN e TIBpARRAT
matrix; gnd Wﬂi’gfe&(ﬁ'é%gt'ﬁghﬁ%l oMY the eh fiﬁb%gemﬁﬁnoﬁié BbefeRt i on

stored in the ndency tnx. 3. A nmethod of sc ng an operation in a
processor, ctmgadysang candeeiispatghadbyrtbe scpedaleron t o be schedul ed; pl aci ng

an entry corresponding ta the first .operation.in a schedulin ueue;
compar i ng the 1 r Novbpebderofia ek ERE Lo 1 o AT bERRERE Guee 1o
determ ne if tangéMRIulingiqueUem 102SPRE HhstisducePaf BRLfirePEsRIS AN idfedidter f i1 st
operation; storing the result of said conparison in a ependencf\;r mat ri x;

S

schedul i ng t A& aneithg sacond sosEsretRiy) vgeqisde? bdbedestinatier of the et toppon on

the 20 (D,)isregister 17. That s, the first uop uses registers 11 and 2 to create a

value that is placed in register 17. The first source of the second uop (S,4)
is register 14, the second source (S,,) is register 12 and the destination (D,)
is register 19. The scheduling queue 610 and dependency matrix 620
shown in FIG. 6A use, for illustration purposes, a superscalar processor that

25 can process two uops simultaneously. In this way, two uops can be
allocated into the scheduler, and two uops can be scheduled, in any one
cycle. The first uop is being placed into queue position 0, although it could
instead have been placed in queue position 3, for example. The second
uop is being placed into queue position 6.

30 Referring now to FIG. 6B, at time T = 1 the entry in queue position 7
has been dispatched and the position is now empty. Note that column in the

dependency matrix 620 associated with queue position 7, or column 7, has

9



I nformation stored in the dependency matrix; using a ready determ nation
unit for determning if the scheduled entry is ready for dispatch; and
schedul i ng di spatch of the schedul ed entry according to a priority DogE8 2003
unit. -14 n-a~E-~c~~t.3 4. The nethod of claim3, wherein the
dependency matri x has rows and col ums, each row corresponding to an entry
in the schedsd begn glezred and tbadh” et mvent and 4heave beknmemosed edhénidi ng to a

dependency ,on an entry.in the.scheduling, queue. 5. e t hod of claim4,

Wher el ' saitFeete Ay CURRRSCEISTERE PROTHS R i dRPae o G BRAIRT | n 1 he
row associ gicisWbtwait 148 that' ddstinBBbmtd BEcAHE réfdy CPhusMeatshpkaired Wi th the
parent operation. 6. The nethod of claimb5, wherein said scheduling

conpri ses srtdolthegugneds dispatahedHbe soliegiadlumn gubaenatrixtassociaedissoci at ed.

with the_entry, contain egent. indicati ndency.. 7. The net hod of
o aim 3.5 AR BB S otRese. BRGee CU R D BeS RBERTRSbo finPe

schedul i ng dhigainvioans 1 hﬂdopﬁrre&id\@i’eétgsﬁﬁﬂ@p%tbm th the dispat ched. entry
has been performed; and clearing the colum in the dependency matri x

associ ated wi t h When & uerieniess thspeshadulal, dependrnayds fieeprgeddn #ien 3, wher ei n
the operatighs opiifs db58RaeMy RatriR E20, %inIQ%éTEBQQH%R{Jagg?Ac%% %&L&her
g ready hedul I'n

conprising: prioritrzin entries Inthe s gueue When nore
than one emdasitions) hesdggitterdd ascaeduicedthe bilth the metroassucistedediil i ng a

o1 0-oper AL L0 b Pl ST 0. MRS Mekali S U1

use queue posﬁion 1 has register
11 as its destination and therefore the uop in position 0, which needs to use
the value of register 11, should not be performed before the uop in position
1. The uop that was entered into queue position 0 also has register 2 as a
source, but no entry in the queue has register 2 as a destination. Therefore,

15 the value in register 2 is already valid, and no depender:ncy is created. With
respect to the uop that was entered into queue position 6, the boxes in
columns 2 and 4 are flagged to note the dependency on registers 14 and 12,
respectively.

Time T = 2 is shown in FIG. 6C. The uops in queue positions 1 and 4

20 have been dispatched, and the two columns associated with those entries
have been cleared. The uop that was placed in queue position 0 is
therefore ready for dispatch. The uop that was placed in queue position 5
and 6, however, still depends on the entry in queue position 2, because they
need to use the value in register 14 as a source.

25 Note that in a superscalar processor, where 2 uops can arrive at the
scheduler simultaneously, care must be taken in case a parent arrives in
one channel at the same time its child arrives in another channel. In this
case, the entering child uop will not find its parent in the scheduling queue
610, but this information is still needed to correctly setup the dependency

30 matrix 620. In this case, it is necessary to perform dependency checks
between concurrent uops as they are placed in the dependency matrix 620.

The program order guarantees that only the later uop’s sources must be
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operation having a source and a destination, conprising: allocating the

m cro-operation to an entry in a scheduling queue; conparing the spg[pe of
the all ocated nmicro-operation with destinations of pending mnicro-op i hal i 2603
in the scheduling queue; setting up a dependency matrix row associ ated with
the entry of the allocated mcro -15 - ~ C- ~t ~3 operation based on the

results of saldh,ComgRea tRERarRAUBLHENhIBN! 56 tHCBSREERCHoERhbE HedlEidT
associated with an entry in the scheduling queue; and using a ready

det er mi nat i orbeupetfofroed dettewaysi nyeiresulhef tiel carapare, of concwpsIeytbib cans
ready for dispatch based . on the infor lon in the dependency matrix row
associ at ed wtﬁﬁnt%r?a}t)ac (HFW/” W&ﬁ& Sgémgﬁﬁfﬁ%ggpapé%%%lﬁgﬁ ‘for the

al | ocated ni cro- opeiRt7 R BRERAHIENT 6f schedufhdg titclingigecbiding io bn The

met hod of claim 10, further conpri si n%: di spatching the allocated

nm cr o- oper &t i ghbediment«d the resent yuientigat dihgi Aeauitbhingbides @ derendencyt he

all ocated m cl.Q; | LSAT f l: - ard colum in the
dependency na%%&pg{s@%%?@? ggova\nﬂ?%}ﬁm(e&%?@ﬁ%rﬁg%n Z%g'r ;ﬂ%grr?ra\t/}ﬁen t he

di spat ched op®stetmipatibamNite20 getetwrifrallof tecbiteial 4 anabragleahed elftthy i n the
schedul i ng queue associated with _ the dispatched operation. 12. The net hod

th
of claim 10, "®ACY Setergunatiorerait vRHidetedn dhatiallrfitbribits inadomepresiearaghen any
operation is : 3 ' : M | er,
conpri si ng: é5§%§3%'§ig&q%%gaﬁﬂwskg&ylgéjnﬁer yofgj;sg’r?@ralf%fé \M’re%ﬁﬂﬁ I ng
oper ati ons) ahdeesidglecypearation is feadynprioriywdogie 80 delerncioes edpcmdf the t o an

AL I ER AN AT RN R e A LG RS o R
3 g:ogﬁ; : ng; rerg!tqéaivr Xthe ax8bbiatedesUhine tHEIePehasfEy AThtix790NBécARE dther Sai d
entries no longer need to wait for the dispatched entry.
Referring now to FIG. 8, which illustrates a five stage pipeline for a
15 matrix scheduler according to an embodiment of the present invention, the
first stage of the pipeline allocates uops to queue positions in the scheduler.
Empty slots are determined based on the deallocation of positions in the
previous cycle, and it is decided how many uops can be allocated, if any.
Incoming uops are assigned to free positions in the queue and appropriate
20 write vectors are produced to be used in the next stage of the pipeline.
In the second stage of the pipeline, the sources of incoming uops are
compared to the existing destination register file and the results of the
compares are stored for use in the next stage. Simuitaneously, the
destinations are written into the allocated entries using the write vectors
25 generated during the last stage. Since the valid bits for the newly written
destinations have not been written, sources may not be compared against
newly written destinations. -
In the third stage of the pipeline, compare results are used to setup
the matrix for the newly written entries. The valid bits are then written to
30 enable evaluation of the matrix in the next cycle.
The fourth stage of the pipeline is the scheduling loop. Any column

clears, caused by dispatched uops, are propagated to the matrix bits. Each
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14. The matri x schedul er or claim 13, wherein said scheduling unit selects

an entry in said scheduling queue when the row in said dependency nmetrfgn 700)
associated with that entry does not contain an indication of dependeihcy on
another entry in said scheduling queue. -16 7 r. 15. The matrix schedul er
of claim 13, wherein the operations are m cro-operations having a source

and a desti ”%Wi'&théﬁfév%u]‘aitéé?or.qesgi%&é’.”lftahé‘ép 'iéaﬁottr%%dg%tei SRR PRiIR

second operation as Its source is dependent on the second operation. 16. A
nmet hod of scheslpkifognegegain iortbe wextbyde elfd sppiclheadyi it icpdbetizedconpri si ng:

updati ng a dependency nmatrjx based on erations dispatch I n the previous
cycl e; detern&h”?'ﬂ@I Q/%FEFFaé*(thésf%fH'sga e@ﬂ?? HBB&%T%‘&%&QW%BE‘ .
di spat ch basegsgmchRReihdaant Bapendgreer fildtd tead MathdbesBaRCiptdithalRar at i ons
associated wth the entries that are ready. 17. The nethod "of claim 16,

wher ei n onf y and imtlealiibaaterthe entfy.ehbisialso prasudesgasighathbhisledrsthea priority

Clearing a coimerenalicoauptidhis e kg Bng ot okBrRiedn”

di spat ched opgip, k®@prefate fdh@ispaIchad sabsédwrinclBleswher ein sai d det ermining
conprises evaluating every r n the dependency matrix to determne if the

ow 1 n tne ! .
row is clear of anlNeiffiestrasceidse ppeling s dhe depBocationsefdbadyrayieusiynpri si ng
a conputer-r I [ t | ' pted to be
executed by a ro%gggg?‘kﬁﬁﬁgﬁﬁggtgr%&??@%g m{sgﬂ,gg%ag’l&%@ét%ﬁ %8,ag|?ause t he
processor1G o reatiedecessaryopferraatiom froyn a regisierifitgtcabe apat &t iherexezution

schedul ed; determ_i ng. that. the rec?i‘yec} 0 erat" on i s dependent on the
conpl eti on of“f‘&tspar I%fgﬁéart@pi rgay include, for example, operands, sources,

destination registers, immediate values and identifiers.

FIG. 9 is a flow diagram of a method of scheduling operations

according to an embodiment of the present invention. Initially, it is

15 determined which entries in the scheduler are empty, or available to store an
incoming uop, as indicated at 910. This may, for example, correspond to
the first stage of the pipeline shown in FIG. 8.

Referring again to FIG. 9, the sources of new uops are compared

against destinations of valid entries already in the scheduling queue at 920,
20 and the compare results, or hits, are logged for further processing. As

indicated at 922, the destination, or result, registers are also written into the

allocated entry. These actions may correspond to the second stage of the

pipeline shown in FIG. 8. The matrix is then setup at 930, and the valid bits

are written at 932, using these previously computed bits. These actions may
25 correspond to the third stage of the pipeline shown in FIG. 8.

The matrix is evaluated as indicated at 940 by monitoring
dependency bits in the dependency matrix eachtycle. If all bits in a uop's
row are not clear, the evaluation continues. If all bits in a row are clear, the
uop is ready to be dispatched and prioritization is performed at 942. The

30 uop is dispatched at 944 and corresponding columns in the dependency
matrix are cleared. This in turn may allow other uops to dispatch. These

actions comprise a scheduling loop according to an embodiment of the

12



scheduling the recei ved operation based at |east in part upon said FER 2003
determ ning; using a ready determnation unit for determning if "tﬁe Lo ¢
recei ved operation is ready for dispatch; and scheduling dispatch of the
recei ved operation according to a priority logic unit. -17 - ~F~ 1
2~~3 21. The article of claim 20, wherein determ ning further conprises;

storing the r i ' | hi 51?;.9@ | Mineand
wherei n sai dpz%%ergmﬁné%ﬁ’sg%gﬁﬁén%ﬁgggdbo%éfn or%%??% t@fgggde&nfan t he
dependency nshowx.in F2G. Bn Nt theeiopfis misallbcated rae 966raumd thienglid bit is

conput er -readabl e medi um havin tored there ILhstructions adapted to be
execut ed by ée?f’rto@&’é'ﬂg%? ﬁaiwﬁg UGER ‘S&é%h,th‘%\ﬂlﬁﬁ’am%? cause the
processor 1o {ehRdibIPisHealRRR 3 9L tHeBSRIVtiBA udit! Thid &G dspdnio be
schedul ed; placing an entry corresponding to the first operationin a
schedul i ng qtethe fittlsiagei ofghe pépdlinesthowseindtliCoB. wi t h ot her entries in the
schedul i ng queue tg, determ.ne if another entr rresponds to par ent
operation of the AMNGHIBYENGNs SMOSRBEls e reeeEaly THPteBd A mar i son i n
a dependency dgsérithed heedtlvilng: appretiatyd tHat hhedifdtRid! dritbvatitRigmshsfsed on
the information stored in the dependency matrix; using a ready

det er mi nat i othaipfasenbinvgetien AiaraYETEA hbesbovadrachings epdiwthiedly f or
di spat ch; a“ﬁgﬁﬁ&ﬁ%ﬁ"tﬁél‘gpﬂéﬁé’éé ERirfd WithBuPEESHHhE IRt sfEQRE N9 to a

p;\b%/(l) }A\K -llﬁﬁ%mltéggék;isbdﬁe_ ofthedhvéstidn. A orAS%ahsplél alffidugh AséhéduléP fior>V1?&w2
uops was used to illustrate an embodiment of the present invention, it will be
appreciated that schedulers for other types of operations will also fall within
the scope of the invention. It should similarly be appreciated that the
particular architectures described above are illustrative only. Other matrix

15 scheduler architectures will also fall within the scope of the present
invention. In addition, although the invention has been described with
reference to a specific processor architecture, it is useful in any number of
alternative architectures, and with a wide variety of micro-architectures
within each. Finally, although software or hardware are described to control

20 certain functions, such functions can be performed using either software, hardware
or a combination of software and hardware, as is well known in the art. As is also

known, software may be stored on a medium, such as, for example, a hard or

floppy disk or a Compact Disk Read Only Memory (CD-ROM), in the form of
instructions adapted to be executed by a processor. The instructions may
25 be stored on the medium in a compressed and/or encrypted format. As
used herein, the phrase “adapted to be executed by a processor” is meant
to encompass instructions stored in a compressed and/or encrypted format,
as well as instructions that have to be compiled or installed by an installer

before being executed by the processor.
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receiving a first operation to be scheduled;
placing an entry corresponding to the first operation in a scheduling queue;
comparing the first operation with other entries in the scheduling queue to determine if
another entry corresponds to a parent operation of the first operation;
storing the result of said comparison in a dependency matrix;
_ scheduling the entry in the scheduling queue based at least in part upon on the
information stored in the dependency matrix;
using a ready determination unit for determining if the scheduled entry is ready for
dispatch; and
scheduling dispatch of the scheduled entry according to a priority logic unit.
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5. The method of claim 4, wherein said storing comprises storing an indication of
dependency in the row associated with the first operation and the column associated

with the parent operation.

6. The method of claim 5, wherein said scheduling comprises scheduling an entry in the
scheduling queue if the row associated with the entry contains no element indicating

dependency.

7. The method of claim 3, further comprising:
removing a dispatched entry from the scheduling queue when the operation associated
with the dispatched entry has been performed; and

clearing the column in the dependency matrix associated with the dispatched operation.

8. The method of claim 3, wherein the operations are micro-operations.

9. The method of claim 3, further comprising:
prioritizing ready entries in the scheduling queue when more than one entry is ready to be

scheduled.

_ 10. A method of scheduling a micro-operation in a processor, the newly issued micro-
operation having a source and a destination, comprising:
allocating the micro-operation to an entry in a scheduling queue;
comparing the source of the allocated micro-operation with destinations of pending
micro-operations in the scheduling queue;

setting up a dependency matrix row associated with the entry of the allocated micro-
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etermining if the allocated micro-operation is ready for dlspatc based on the information in the

dependency matrix row associated with that entry; and
scheduling a dispatch order for the allocated micro-operation according to a priority logic

unit.

11. The method of claim 10, further comprising:

dispatching the allocated micro-operation for execution if said determination determines
that the allocated micro-operation is ready for dispatch;

clearing the column in the dependency matrix associated with the dispatched operation
when the dispatched operation has been performed; and

deallocating the entry in the scheduling queue associated with the dispatched operation.

12. The method of claim 10, wherein said determining and dispatching are repeated when

any operation is removed from the scheduling queue.

13. A matrix scheduler, comprising:

a scheduling queue having a number of entries for holding operations;

a dependency matrix having rows, each row corresponding to an entry in said scheduling
queue, and columns, each column corresponding to a dependency on an entry in said scheduling
queue; and

a scheduling unit that selects an entry in said scheduling queue based on information in

_ said dependency matrix.

14. The matrix scheduler or claim 13, wherein said scheduling unit selects an entry in said
scheduling queue when the row in said dependency matrix associated with that entry does not

contain an indication of dependency on another entry in said scheduling queue.
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determmmg which entries in a schedulmg queue are ready to dlspatch based on the

updated dependency matrix; and

dispatching operations associated with the entries that are ready.

17. The method of claim 16, wherein only a limited number of entries are dispatched

based on a priority criteria.

18. The method of claim 16, wherein said updating comprises clearing a column in the

dependency matrix to remove dependencies on a dispatched operation.

19. The method of claim 16, wherein said determining comprises evaluating every row in

the dependency matrix to determine if the row is clear of any dependencies.

20. An article of manufacture comprising a computer-readable medium having stored
thereon instructions adapted to be executed by a processor, the instructions which, when
executed, cause the processor to schedule an operation by:

receiving an operation to be scheduled;

determining that the received operation is dependent on the completion of a parent
operation;

scheduling the received operation based at least in part upon said determining;

using a ready determination unit for determining if the received operation is ready for
dispatch; and

scheduling dispatch of the received operation according to a priority logic unit.
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thereon instructions adapted to be executed by a processor, the instructions which, when
executed, cause the processor to schedule an operation by:

receiving a first operation to be scheduled;

placing an entry corresponding to the first operation in a scheduling queue;

comparing the first operation with other entries in the scheduling queue to determine if
another entry corresponds to a parent operation of the first operation;

storing the result of said comparison in a dependency matrix;

scheduling an entry in the scheduling queue based on the information stored in the
dependency matrix;

using a ready determination unit for determining if the scheduled entry is ready for
dispatch; and

scheduling dispatch of the scheduled entry according to a priority logic unit.
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