;N " ae3eb2dpl 46j Tv_. 13 March 2002 - L Method and Apparatus for

| pl ementing A Branch Target Suffer In ClSC Processor 1 Field of the

I nvention: This invention relates to the field of m croprocessor
architecture. Specifically, the invention relates to a Branch Target Buffer
Grcuit that predicts branch instructions within an instrudcd Mﬁﬁcb&r% 2.
Art Background: Early m croprocessors. generally processed instructions one
at a time. Each instruction was processed using four sequential stages:
instruction fetch, instruction decode; execute, and result witeback.

W thin such mcroprocessors, different dedicated |ogic bl ocks perfornmed
each different procesdilathad age.AppamtusgociBpberenbinged unti | ﬂm ulml“l
previ ous | ogi c bl ocks &®@rphelt &aogerEat ifenk 8é6 Grizrobegsionni ng | ts”ﬂﬂm ul

To inprove efficiency, mcroprocessor designers overlapped the opefgihons
of the fetch, decode, execute, and witeback |ogic stages such that the

m croprocessor operated on several instructions sinultaneously
operati on, tHkéeldeplcthe havastiniexecut e, and writeback | ogic Stjgwmﬂmlﬂ““"w
concurrently process different instructions. At each clock ti su
of each processing stage is passed to the follow ng processing st dtfgles*

M croprocessors that use the techni que of oveflapping the fetch, decode,
execute, and wri tgg‘é‘ctkméetrﬁbgébraflgesk otie Held Bi puF c?1%‘%"*‘91*’1510&oprocessors.

fsg?ea?ag{qgg%gffr%Z%%%cmr%Eye,rthgiir\{{/gr?tigr?%gla%sotcoesslSérggcl'sltlaaqgel gtu?fe?UbSt ages

Circuit that predicts branch instructions within an instruction stream.

2. Art Background:

Early microprocessors generally processed instructions one at a
time. Each instruction was processed using four sequential stages: instruction
fetch, instruction decode, execute, and resul* writeback. Within such
microprocessors, different dedicated logic blocks performed each different
processing stage. Each logic block waited until all the previous logic blocks

complete operations before beginning its operation.

To improve efficiency, microprocessor designers overlapped the
operations of the fetch, decode, execute, and writeback logic stages such that
the microprocessor operated on several instructions simultaneously. In
operation, the fetch, decode, execute, and writeback logic stages concurrently
process different instructions. At each clock tick the result of each processing
stage is passed to the following processing stage. Microprocessors that use the
technique of overlapping the fetch, decode, execute, and writeback stages are
known as "pipelined” microprocessors. Some microprocessors further divide

each processing stage into substages for additional performance



13 March 2002 inprovenment. Such processors are referred to as "deeply

pt pel i ned" m croprocessors. In order for a pipelined nmcroprocessor to
operate efficiently, an instruction fetch unit at the head of the pipeline
nust continually provide the pipeline with a stream of m croprocessor
instructions. However, conditional branch instructions witld Maggh 2002
instruction stream prevent the instruction fetch unit fromfetching
subsequent instructions until the branch condition is Fully resolved. In
pi pel i ned m croprocessor, the branch c7ondi tion will not be fully resol ved
until the branch instruction reacheS &n 7 nstruction execution stage near
the endiQf dNenBhET IRERGRESYsoR PRI m@fre&%ogadrd@d@b pipelinggt ruction fetch
unit will*stall because the unresol ved branch con |{| on prevents the

i nstruckiiofpdekedtougi t from know ng which instructions to fetch next To
alleviate this problem nmany pipelined m croprocessors use branch

predi ction nmechani sns that predict the exi stence and the outconme of branch
instructions within an instruction stream The instruction fetch unit uses
the branch predi cii ondet forfeepgtelisebismigreptodasstr tebpenste dticieaxigmmhe, Yeh &
Patt introduced a highly accurate t<NO- | evel adaptive branch prediction
mechaniisstruCgee feseh vadtyaththendeadhoé the Papeljnédrwoudtesce(ti ddalpy iprevBreanch
Prediction, The 2=Ith ACM.| EEE International Synposium and Wrkshop on

M cr oartéRi pigetine ayitRoy eifgem Pboucropsocessor ipdtyuqthensyefl®vPaet br anch
prediction _r_rechaBi sm nmakes branch predictions based upon two | evel s of

col | ect@abianghD R bifstrUCHPRSNFERN ZO0MSI W AtTBREhEREpeRdinet i on
mechani.sm predi cts the.}ogtco of a hbranch instruction anq .ﬁnhe

i croprBEESSEPNdRedutBY SHBL EGRINE FYRTAYENT SR TAFORES tiElphediiéned pat h,
the m cropr ocessgr l‘i,s Soji ddt%aha\Lel." sgecul ativel exgc ted" al ong the

pr edi ct@GHNSE fR L EAHAIVRY: Ditrk RG! 18R FDICAP PR 285U UEF SHAPAR ni cr opr ocessor
is perform.ng useful, K praocessing. if. the hranch instruction wa redi cted
corr ectcloﬁ.dlﬁl-gvve‘\//lzlr ?Of Eeﬁﬁgybrregﬁlgﬁdplﬁ@(ﬂ% &ei %WWCHQH%%% 5%5@8?59% t he
branch ;j action.,., & e crap, LS o ' ._executing

i nstrucd %%EEEH%%\EA%QT%%&\?MEEI% Iﬁggtrhtrhgn%&?ﬁﬁ@% (IJIIr1 %rg‘rggo&%ﬁﬂsﬁg%%ﬁgt hi ng. Wen

the m %&Wraﬁ?gﬁzﬁfheelﬁﬁ@nt&@ﬂohyfe Gl SwhitdT] éeéaqﬁéecmdug}%@vhed the

m cr opr ocessor st ush all the specul atively executed iInstructions and

restar b, gxee Wohatidl grifearineGhs @ddriBasetcl 088 trBeh WAJORIOGAIPN
acconpl i shes not hing when a branch instruction is mspredicCted, it is

desi r abhartericects adtehyngatedi ct branch instructions. This is especially
true for deeply pipelined m croprocessors wherein a long instruction
pipeline will be flushed each tine a branch m sprediction is made.
To alleviate this problem, many pipelined microprocessors use
branch prediction mechanisms that predict the existence and the outcome of
branch instructions within an instruction stream. The instruction fetch unit

uses the branch predictions to fetch subsequent instructions. For example,

Yeh & Patt introduced a highly accurate two-level adaptive branch prediction

mechanism. (See Tse Yu Yeh and Yale N Patt, Two-Level Adaptive Branch
Prediction, The 24th ACM/IEEE International Symposium and Workshop on
Microarchitecture, November 1991, pp. 51 - 61) The Yeh & Patt branch
prediction mechanism makes branch predictions based upon two levels of

collected branch history.



13 March 2002 SUVWWARY OF INVENTION It is therefore an object of the present
i'nvention to provide a branch prediction nmechanismthat accurately predicts
t he existence of branch instructions within an instruction stream It is a
further object of the present invention to accurately predict, the branch
outconme of all the branch instructions predicted within tﬂ@ M?é‘?'?@&q%on
stream It is yet another object of the present invention to accurately
predict a branch target address for all the branch instructions predicted
that are predicted taken. These and ot her objectives are acconplished by
Branch Target Buffer Circuit of the péesent invention. The Branch Tar get
Buffer Crcuit ofWe preesech pcaud&mionomechapisirs gsedidi ahe loutesaetofBuf f er
Cache. The Branch Target Buffer Cache stores information about previously
execut édahclannbtruogonuwetd dres miTheprocessoh exaf wesstliboagstnt adtiuctidie Branch
Target Buffer Cache is addressed by the |last byte of etch branch

i nst r uelomg thalpeadiched pash,rtihet oo Fedaels nistsaf @tte Hesven "dgeaalatofel y
instructions it sends the Branch Target Buffer Crcuit the instruction

poi nt eexeBatedd adpng he Aradicted tngnugsimpeth. Theimg spehulpdivpes xeButiber
Circuit looks in the Branch Target Buffer Cache to see if any of the

i nst r udhe GRSTPRIAWES Y ScReBRITRG FEbiHbPrPeesaing Endie Prastdtustvistionhen t he

Sk B S0 e SRR st o1 10 e
aroui tinforas. A0 § oSt IUCHIRN, R e Rl o b LESRONSLEL S, f00. ) 2t chi ng
executing instructions down the wrong path and therefore accomplishes
nothing. When the microprocessor eventually detects the mispredicted
branch, the microprocessor must flush «ll the speculatively executed

instructions and restart execution at the correct address.

Since the microprocessor accomplishes nothing when a branch
instruction is mispredicted, it is desirable to accurately predict branch
instructions. This is especially true for deeply pipelined microprocessors
wherein a long instruction pipeline will be flushed each time a branch

misprediction is made.



13 March 2002 BRI EF DESCRI PTI ON OF THE DRAW NGS The objects, features and
advant ages of the present invention will be apparent to one skilled in the
art, in view of the follow ng detail ed description and drawi ngs i n which:
FIGURE 1 is a block diagram of a deep m croprocessor pipeline for
processing m croprocessor instructions. FIGURE 2 is a bl ockd Margha2®@2 t he
different circuit blocks in a mcroprocessor that inplenents the deep
pipeline illustrated in Figure 1. FIGURE 3 is a diagram of a reorder buffer
that stores the results of executed & cro operations. FIGURE 4 is a di agram
of a menory map where theyaddress Spages hps/peanaivi ded into 16 byte
menory bl ocks. FIGURE S 1s a block diagramthat iTTustrates how the Branch
Target Buffer Circuit interacts with other logic circuits in the
m croprocessor depicted in Figure 2. FIGURE 6 is a diagramillustrating the
cc:jont ents of the Brapcherkdogetn Bofdcenf Caghreianitine cBranch Fas@ee Buf fer

rcuit.

branch prediction mechanism that accurately predicts the existence of branch

instructions within an instruction stream.

It is a further object of the present invention to accurately predict
the branch outcome of all the branch instructions predicted within the

instruction stream.

It is yet another object of the present invention to accurately
predict a branch target address tor all the branch instructions predicted that

are predicted taken.

These and other objectives are accomplished by Branch Target
Buffer Circuit of the present invention. The Branch Target Buffer Circuit of
the present invention comprises a Branch Target Buffer Cache. The Branch
Target Buffer Cache stores information about previously executed branch
instructions. The branch information stored in the Branch Target Buffer
Cache is addressed by the last byte of each branch instruction. When the
Instruction Fetch Unit fetches a block of instructions it sends the Branch
Target Buffer Circuit the instruction pointer. Based on this instruction
pointer, the Branch Target Buffer Circuit looks in the Branch Target Buffer
Cache to see if any of the instructions in the block being fetched is a branch
instruction. When the Branch Target Buffer Circuit finds an upcoming

branch instruction in the Branch Target Buffer Cache, the Branch Target



13 March 2002 FIGURE 7 is a diagramillustrating the contents of each
branch entry in the Branch Target Buffer Cache. FIGURE 8 is a flow diagram
expl aining the steps perforned by the Branch Target Buffer Circuit when
searching Branch Target Buffer Cache to male a branch prediction. FIGJRE 9a
iTlustrates how the Branch Target Buffer Circuit uses addriddMarchnz@02
accessing the Branch Target Buffer Cache. FIGURE 9b illustrates a first
hashi ng mechani smthat reduces 21 bit tags into 9 bit hashed tags. FI GURE
9c illustrates a second hashi ng nechani smthat reduces 21 bit tags into 9
bit hashed tags. FIGURE 10a illustrates a 4 bit branch history indexing
into a 16 entry pattern table wherein egch entry is a 2 bit state val ue.
FIGURE 10b is a state diagramthat illustiates the state changes for each 2
bit st at eBudfenreCirnui ibfamoh apalint guatibabfeech EIMGUREatLE fespanditdgriam
illustrating the contents of the Branch IP Table (BIT) in the Branch Target
Buf f er C fetohing future instructions.



13 March 2002 _ g _ FIGURE 12 is a flow diagram that describes the steps
performed by the Branch Target Buffer G rcuit when updating the Branch
Target Buffer Cache. FIGURE 13 is a diagramthat illustrates how the 3
cycle update to the Branch Target Buffer Cache can be aborted. FIGURE 14 is
a flow di agram that expl ains how the Branch Target Buffer & March 2@02cts
one of the Branch Entries in a set when allocating a Branch Entry for a new
branch instruction. 13 March 2002 _ _ DETAI LED DESCRI PTI ON OF THE

| NVENTI ON Met hods and apparatus for irgpl enmenting a Branch Target Buffer
Circuit in a conputer processor are di'sclosed. In the follow ng

description, for purgeses of PPN @R TISRESR vG 10 nclature is set
forth to provide a t%ﬁ—ugéﬂro unz%—ers%rmle‘ng—@?_r%‘e—‘p'r‘eggt i nvention.
However, it will be apparent to one skilled in the art that these specific
details are not required in order to practice the present invention.
Furthernore, wel |TH@@W{;&<:§§, 'featitr8s aRd ABMIrEeSeAbE tBhWBsd it Rl RRkodl agram
formin order not to obscure the present invention unnecessarily. A

Pi pel i neitl Sepepacaitato dhetipledcigsg@rart, in view of the following detailed

description and drawings in which:

FIGURE 1 is a block diagram of a deep microprocessor pipeline

for processing microprocessor instructions.

FIGURE 2 is a block diagram of the different circuit blocks in a

microprocessor that implements the deep pipeline illustrated in Figure 1.

FIGURE 3 is a diagram of a reorder buffer that stores the results

of executed micro operations.

FIGURE 4 is a diagram of a memory map where the address

space has been divided into 16 byte memory blocks.

FIGURE 5 is a block diagram that illustrates how the Branch
Target Buffer Circuit interacts with other logic circuits in the microprocessor

depicted in Figure 2.

FIGURE 6 is a diagram illustrating the contents of the Branch

Target Buffer Cache in the Branch Target Buffer Circuit.



In a deeply pipelined processor, the nmajor stages of a pipelined processor
such as instruction fetch, instruction decode, and instruction execute, are
divided into several different substages such that each processing stage is
pi pelined. This results in a long instruction pipeline. For exanple, Figure
T illustrates a set of pipeline stages that defines one pdid Marthr2Q@2pl y
pi pel i ned processor. In the instruction pipeline of Figure 1, the
instruction processing is divided into 11 pipeline stages. Referring to
Figure 1, the first two pipeline stages_are used to fetch instructions.

Pi t 3 f ti Lengt h Decodi | LD). . | ndi vi dual
o onr gcessor | HOGTURE bieS o Sfrrg n oty i otER b LTLEERD ang s

The next 3 pipelne stages i st.er, Rename, Scheduling, and Di spatch)
pr epar Snfrﬁs“?} Eh:et PB‘H%C%T g%@@)&ggﬁ%roﬁadﬁnal ly, the microprocessor 13 March
2002 - 10 executes instructions at pipeline stage 9. The last two pipeline

stages retire instructions that have been executed. To operate the
m croprocessor efdiigiigitd ¥, HB& & jastructi on,f | el ages in
Figure 1 nust corﬁ ib(r:lltjjapl yly’lf]et gﬁ’ a trr ea%%%lhm%goﬁ%?g?segf&: ns% rﬁ%cti ons.

Each fg&&'@%&'fnmgtw@eé giratt vaehyse%%&%&%aaeﬁ!#ar'gtet BeAEheS, dpePel | ne

st age the execution stage Branch instructfions wthin the instruction

st reamott g g]ibrrgﬁ@htpla@dmi@ﬁpprocessor to begin executing instructions at a
nonsequential address called the branch target address. \Wen a pipelined

m cr oprocessor encounters a branch instruction, the instructio n fetch s to
ges cannot imediatel y re act tothe b r inch since the branch
instruction has FOGUYRE daecitlustecasdectyathe Braauh ddrgdhBsaffebiGinmtit st ruct i ons
can cause a deeply pipelined mcroprocessor to specul atively execute down

t he w addrgsa¢hwherhadchsting tibe MiranoplecegdhufferuSachaat er flush the

specul atively executed instructions and restart at a corrected address. To
prevent such situations, many pipelined m croprocessors enploy a branch
predi ction nmechani smthat predicts branch instructions within the

i nstruction stre&h URE el ivstratessaéins ibrapheng precdiacsorthabesdniesmd predi ct
the outconme and branch target address of such branch instructions. To

pr edi chitBranEHo SRt Péébt‘ffcgﬁési n a m croprocessor containing a deep pipeline
such as the pipeline illustrated in Figure 1, the present invention
conprises a Branch Target Buffer G rcuit that predicts the existence of

branch i nstruct i pfs i 108, LS E4BhHILRIAG BTG B 36 DT 0ge!

21 bit tags into 9 bit hashed tags.

FIGURE 10a illustrates a 4 bit branch history indexing into a 16

entry pattern table wherein each entry is a 2 bit state value.

FICURE 10b is a state diagram that illustrates the state changes

for each 2 bit state value in a branch pattern table.

FIGURE 11 is a diagram illustrating the contents of the Branch IP

Table (BIT) in the Branch Target Buffer Circuit.



13 March 2002 - 11 Buffer Grcuit of present invention is disclosed vv:thm
the context of a deeply pipelined superscala r mcroprocessor. However, it
will be apparent to those skilled in the art that individual features of
the di scl osed Branch Target Buffer G rcuit Cl11 be inplenented in other

n croprocessors within different architectures. Figure 2 i13 Mareht2Q02in

bl ock diagramform the major logic circuits of a deeply pipelined
superscal ar m croprocessor that inplenents the deep pipeline illustrated in
Figure 1. An overview of the m croprocessor illustrated in Figure 2 is

provi ded) followed by a detailed description of the Branch Target Buffer
Grcuit 40 that predicts the existenge _of branch instructions ~ithin the

i i . f ,the_ bl di f Fi [

Bus Logi ¢ 35, Thet BB LR e Rodiie 38 18 Fespone Weetrer bragarg
i nf ti Lnto,t ' - t i.nf ' f th

m o7 oprtk B B i ey e et ege vl TPl TS | oaa or

store Qfg K] hi gh speed cache nmenory. |If the cache nenory cannot be used
(perhaps due to a cache "m ss"), the Menory & Bus Logic 35 instead accesses
a main menory over an external bus. Coupled to the Menory & Bus Logic 35 is
an Instruction Fetch Unit 3D. The Instruction Fetch Unit 30 is responsible
for continually fETORBANBYY HiGrORNOELHRRLABShEHCEHONS v LRI $OI4BOYN_as
macro instructions) and operands for the m croprocessor go execute. The

| nst r ughi @rafet ThrgMNiBufBd Os&® a@m bogbouedi on pointer (1P) to naintain the
current fetch address. The 13 March 2002 - 12 fetched m croprocessor
instructions are fed into the head of the instruction pipeline. Sinple
uncondi tional branch instructions within the instruction stream prevent the
I nstruction Fet clFIGIWRE3D fsrooffowsi diplgyarhethehenglaims hpucthoBsamiiong a
sequential path. Furthernore, conditional branch instructions w thin the

i nst r udticger Buffeafrisreveiects pae|aidhe Freneln Eretien i $et3ghepaMosr ipBy
fetching instructians alon% a predefined path since the branch condition
nust b@ PesehvEdTY dotatianbsanehinsteicti®path. To help fetch the correct
instructions, the Instruction Fetch Unit 30 consults a Branch Target Buffer
Circuit 40. The Branch Target Buffer Circuit 40 predicts the existence of
branch instructions within the instruction stream and predicts the outcone
of each predicted branch instruction. The Branch Target Buffer Crcuit 40
passes its branch prediction information back to the Instruction Fetch Unit
30 such that the Instruction Fetch Unit 30 can fetch the proper
instructions. After the Instruction Fetch.Unit 30 fetches each

m croprocessor instruction, the Instruction Fetch Unit 30 passes each

m croprocessor instruction to an Instruction Decoder 60. If the Branch
Target Buffer Circuit 40 made a branch prediction for an instruction, the
Instruction Fetch Unit 30 al so passes the Branch Target Buffer Circuit's
branch prediction on the instruction. The Instruction Decoder 60 is
responsi bl e for determ ni ng what



type of mcroprocessor instruction is received and breaki ng down the 13
March 2002 - 13 microprocessor instruction into one or nore

m cro-operations (hereinafter referred to as mcro-ops) with associated

mi cro-operands. The one or nore mcro-ops corresponding to a m croprocessor
instruction performthe function of the correspondi ng m crbpMarebs2a002
instruction. If the Instruction Decoder 60 determ nes that a received

m croprocessor instruction is a branch instruction, the Instruction Decoder
60 passes information describing the) branch instruction to a Branch Address
Cal cul ator 50 for OB . Buffer Crcuit 40
made a branch pred ' KU LN QR IHE P LB 4B Branch Address
Cal cul ator 50 verifies the branch prediction if possible using the branch
information received fromthe Instruction Decoder 60. If the Branch Target

Buf f a it 4Q did t di the b h inst i h h

Addr 655 Cal oul at orfo S iaked “E B F A ot e B o S RBUBIERER | not ruct i on
[ h..i. nf [ ' b I hon . d 60.

A tor ool Gacn A SR A R G T L P A B ASRE R g of Che

Oranch JUSEEHGH! R o bfisBE BReRoAtdges spRLEU AUREnaAIIRI W bii @ ocessed

branch | o'the Instruction er the I'nstruction

Decodeb, 60 £aksrSlomn uadet GhARIOLES SR rbsttURLERRohNt Qo SR, R
m cro-ops, the Instruction Decoder 60 passes the m cro-ops and associ at ed

oper andglitte app#ienecatoor sklled e thé hocatdthd@ ldcacatieailshaepiqcessor
resources necessary to execute each mcro-op. I'n the present enbodi nent,
the m esqrirad éssotet so Pracier Eeapessept dceasiyn.t Fattiaynaxgewdle t he

m cro-ops out of the original program order. 13 March 2002 - 1=+

Howev eknotireciexg@ituted davicas- opsshoyvst ip\éntludldgrabefomt iinestdien rolheo or i gi nal
programorder to properly execute the conputer program To nmaintain the
ori gi nabsquregihanpmsdnt intddian crogresesispr uses a reorder buffer 83 that
stores mcro-op result data in the original program order.

A Pipelined Superscalar Microprocessor

In a deeply pipelined processor, the major stages of a pipelined
processor such as instruction fetch, instruction decode, and instruction
execute, are divided into several different substages such that each processing
stage is pipelined. This results in a long instruction pipeline. For example,
Figure 1 illustrates a set of pipeline stages that defines one particular deeply
pipelined processor. In the instruction pipeline of Figure 1, the instruction

processing is divided into 11 pipeline stages.

Referring to Figure 1, the first two pipeline stages are used to
fetch instructions. Pipestage 3 performs Instruction Length Decoding (ILD).
Individual microprocessor instructions are then decoded at pipeline stages 4
and 5. The next 3 pipeline stages (Register Rename, Scheduling, and

Dispatch) prepare instructions for execution. Finally, the microprocessor



Figure 3 illustrates the reorder buffer 83. The reorder buffer 83 of Figure
3 conprises a circular-buffer that contains n entries wherein each entry is
used to store the results of executed m cro-ops. Since each entry in the
reorder buffer 83 provides a destination, where the mcro- resul t data
can physically be put, each reorder buffer 83 is referred’ Cﬁzé)r%ical
destination (pDst). The pDsts within the reorder buffer 83 are nunbered O
through n-1 Referring to Figure 3, each pDst in the reorder buffer 83
contains fields for a valid bit that jindi cates whether or not the mcro-op

resul t ol L@ UrGTAPBCliRS Uldpe 8 L 100 & AOR, AL SCLEd DY, 1
fPa in d&%agf \Mgu %f

ro-op, a nask t he code 't hé results
maan a0e- f s ttﬁl%g %avg%ee‘%@@@c@'tﬂo op, the Al ocator 70 al locates the
next avail able pDst in the reorder buffer 83 to store the mcro-op result.
By sequentially allocating the pDsts in the reorder buffer 83 in the sane
order that the mcroops are received, the original program order of the
m cro-op resul t sTwidperhe: fid aii aﬂd]ﬂdLe%be@fﬁlﬁ@nAM acaten iFdmaldieeat es a pDst
in the reorder buffer 83 for a branch m cro-op associated with a branch
i nstr ufetdropipaimeastapenin Enguse 1 snadtsorainuadiyt fedet a sardaufi foér cal | ed the
Branch I P Table (BIT) 43 located mthe Branch Target Buffer Crcuit 40. The
| nst r urt¢roprGexsede inBO.athers. pasdesettiwd instBudvbrchs 2002uHy kxecBranch Tar get
Buffer Grcuit 40 the address of the instruction that imediately foll ows
t he bremichitiraseirascpipghingnidage Br bresstsutisnaitegoaltirenciThasBuariehs Tar get
Buffer Grcuit 40 wites the address of the instruction that i mediately
fol | owsithire the ARTRUGHHR BHEENDAMEAFIFHE the CRESSBFOWEaR R Y BEEE i nto t he

Branch | P Tabl.e ( This information store n.the Branch | P Tabl e
(BIT) %§C?§“Bdf‘e~rfuh%é‘a5 éf?é?oqsﬁguﬁ?%ﬂc#‘%}?é\%&?}i%‘ﬂt‘lﬁlbtralﬁ%é %Bgééut ed the
| ocat.es a

br anch cro 9 5 to E
Peane B LS stﬁt%ﬁ pel fEE Aopecintofterithen Ahrneh i b iCaper and
data fQr ;686N €10 AR, EACH, 1 RSETNALI QD5 );%Agf}o%%\e%n%hst Q5 val i d

bit tha |ca @ Téservation's entry i1s va

i Cr o nwmt% {EOTRS LB SOUECEIIRLR LEELS, +HO: alindabi ts for the

source physi¢al "source i'Cate where the
sourc Fass @98sd b UB P &f z@%t &30P s et a physi cal
desti Eggt?%ﬁt%é; %e re%u%t oip}fk em Cro- OE) I‘?tcerot he Elélk%calt%r 70 all ocates

ar es%rx\é@ﬁt'eoﬂ‘o@haﬁx'e%r@ﬁggé tRRACR tRESEhd i @H@rb@&%gﬁrmgﬁf f20&r B3sheach
mcro-op waits at the re3érvation station 8L entry until it is executed.

Each nhekpe@platileldy &RTQIMRIMDMSETONs Y Fbrantat i dRp@itas Rldebe reservation
station 81 entry until all the source data required to execute the mcro-op
has been obtained and an execution unit for executing the mcro-op is
ready. Wien all the source data required for a mcro-op is ready and an
execution unit i® gpvaidrdbdush siheatiesemvany pnpelized onicgdpdicepaemshes t he

m cro-op to the execution unit in the execution cluster 90. In the present
enbodiemtploy a herrcrapeedistipnenedianion har psedEty Pranch mygrogtiomm3 93, and

EWM 94) in the 13 March 2002 ,
within the instruction stream. Furthermore, such branch prediction

mechanisms predict the outcome and branch target address of such branch

instructions.

To predict branch instructions in a microprocesscr containing a
deep pipeline such as the pipeline illustrated in Figure 1, the present
invention comprises a Branch Target Buffer Circuit that predicts the existence

of branch instructions within the instruction stream. The Branch Target



- Ir; _ execution logic circuit 90. After an execution unit executes a

m cro-op, the execution unit wites the result data, the architectural
Flags, and any fault infornmation into the reorder buffer 83 pDst that the
Al l ocator 70 allocated for the mcro-op In the present enbodi nent,
éxecution unit 92 is designated as a Branch Execution Uni 13 Mascie20Qh
Execution Unit 92 determnes the final branch decision outcone and the
final branch target address for each branch mcro-op. The Branch Execution
Unit 92 conpares the final branch outcome and target address with the

predi cted branch outconme and targefl address. If the Branch Execution Unit
92 det egtifenONtcaRr 68betRat b pntthon theisBrapahvExacuhé @BntdittofG2dbdbili ates a
set of actions that vvill correct the branch m sprediction. Thus 't he Branch
Execut i pipeliniet s9peconmpai sesophecdshor. dishageerptt &hie blor gnedteheseoltinbdeon
mechanism Finally, a Retirenment Circuit 85 retires the results that are

st or ed dkilledhen therdethdunfieridga! pietisesf ofotheedhlosrdciitaedthnTargaet op. The
Retirement Circuit 85 retires the Reorder Buffer 83 pDsts by sequentially
goi ng thwfbegkitche pDsbe inplemenRedriderthBubiiero@®cessarhe shame dofferentt hat t he
Al'l ocator 70 allocated the pDsts. The Retirenent Circuit 85 retires pDsts
by trarfSEBiteFiHgethe micro-op results into a Real Register File (RRF) 84
that stores the current commtted architectural state. Since the Al ocator
70 allocated the reorder buffer 83 pDsts in original programorder and the
Retirement Circuit, 8~ r,,e.lili res . the mcro-op results in the reorder buffer 83
pDsts in that sarfd88F8erlUSIRESnAT DSy Bisr B a&r M <L Neamatodi 198 even t hough
m cro-ops may /have been execyted out ,of the original, programorder.

Nbr ch 35621596+ CRRP T PIEYTED THRsr S, G ORBPFTE0s (i cPBPENeR e
retirengnt. circuit, fests theevalid bi,t 201 of a rxa:der buffer pDst entry
to see #pt%lgegﬁgtluégtﬁ%%idng zFaI&/uarIeijld é)?e((g:\(ﬁré/déﬁ’iocf;t leog‘lTlgsoJPfeﬁs?Pt he valid
bit 201,f LS t retir iL.GUl a ul t
field %lé%ﬂg?ttelaﬁgp@%?% “tlg sg\ém{é ,é@l;i%wg arr&aggﬁhgg ﬁgn%%%& }O?%?%e reor der

buf f er gaBRLL §AtsH BOMEACIRLA JRIHA HEERY Btk BLGIRORS3WLE and there is no
fault problem Then the executed mi‘cro-op resuit is commtted to permanent

ar chi t egdttidiosd atiehinntHehmnsReadtidregirsher File (1, R F) 84. Wen the
Retirement Circuit 8~ attenpts to retire a branch m cro-op, the Retirenent
Circuit 85 testy the fault field 206 of the pDst entry to see if the branch
mcro-op was mspredicted. If Retirenent Crcuit 85 detects that the

m cro-op was m spxtedecoed! thhd&et digrent oCFiguuret2 BSMdmisiyeé& Ble renai nder
of the instructions in the reorder buffer 83 since those instructions were
f et chellogid 39. Zhbridactoryids Prediagic 8a.is BespwtsiTlarfgetloBdidgeinfGrmetioh Over vi ew
As described in t~. e preceding m croprocessor overview, the Instruction

Fet ch Uit theomiigropssprsnst BRe PP YtEnghinder MAseR e?F oM i nto t he

m croprocessor. The_|ns tructi O@Fe ch Unit 3Q oF,_the m Croprocessor in

Fi gur eTICKARIRECTRE &J\%W%Mr% ShAglE SsUstiachi fedtattiBls W 1GARF 16 byte
bl ocks sucE t hat, t he Instru%tion Fetc Hr}ist_ 30 fetches instructigins and
oper andi©TF hOMB el S NEIBENE Y ilf MRt ALLC RS A RS Rk t he
addresg_spa is,split.int Li gne 6. by bl S.~=The lhstruction Fetch
Unit 3 edgéégéiﬁleitésaf (r:aucgtei 8?1‘5%&1 %}%elgfef%b gﬁ‘%{ﬁq%ﬁ ](Fjlgglﬁe3°cﬁ}srteeancf % SreH %ddress.

When nain IRe MBEG 2204 external bus.

oRc

Coupled to the Memory & Bus Logic 35 is an Instruction Fetch
Unit 30. The Instruction Fetch Unit 30 is responsible for continually fetching
new microprocessor instructions (also known as macro instructions) and
operands for the microprocessor to execute. The Instruction Fetch Unit 30

uses an instruction pointer (IP) to maintain the current fetch address. The



- jg _ branch instructions are encountered wthin the code, the Instruction
Fetch Unit 30 fetches instructions and operands by sequentially fetching
adj acent 16 byte blocks. . To predict the presence of branch instructions
within the instruction stream the m croprocessor of Figur &/@? | oys
Branch Target Buffer Crcuit 40. The Branch Target Buffer 1% Eﬁzdp as a
Branch Target Buffer Cache 41 that contains informa |ion about branch
instructions that the m croprocessor has previously executed. The Branch
Target Buffer Circuit 40 uses the imflgrmation in the Branch Target Buffer

Cache Afitied %@%@%ew&nmrw@@w@w PRBiABA RIS the iRSan&thn
instruction outcome. The Branch Target Buffer Circuit 40 also maintains a

Br anch j?_)e'[gtél_e (BIT) 43 that contains information about branch
instructions that are currently within the m croprocessor. The information
in the Branch IP Table 43 is used to correct m spredicted branch instr
actions and maintain the Branch Target Buffer Cache 41 after the branch
instructions has beeplexecotadiondi dgurecls inttrustioas egitaibltbek di agram t hat
generally illustrates how the Branch Target Buffer Crcuit 40 interacts

Wi th otinerrunﬁpmstretﬁghcpr@weeumcsImﬁrqménmg@&cbpwotteé@dromfsiﬁi;glure 2. The
Instruction Fetch Unit 30 requests informtion about upconi ng branch

i nst r udetdnagfiperpians Blong gerapantiah pah: clretheomprepgeadisPad i nstructi on

pointer, to the Branch Target Buffer Crcuit 40. The instructi~: n pointer
hassed GanERANEIHABANTAT RN BIR (S USHARUF Koo BETYRY V6 IHEURSi8ry bl ock

t bei tched by the lnst ti Fetch Unit  30. 13 March 2002
CurTenil R0 00D het By, B O FSLER U 90 1 ch 2007
Cach f i nf ti t b h. i nst ti Adn.th bl ock
Coch? kol LS o UL et DSLEACH ORE AR SR egpEu Bl ook

currenci§ Bel Hed by L e |
Cocat ed 1 ¥ eehasm v Bt B R Fy - eh gty LA o AR L8R f on”

Fetch irLe?’QuEfE?ftei? é?ﬁ.@f'ﬂg érgnéﬁqaﬁ;é{%?rratgﬁhit% F%digﬁsc@l% 41. The

Branch TaPget rcuit 40 passes?t he branch predtction information to
the I ngbhdichéonr 58fdh WRituBQat hentBhY tH it B@emssﬁ&'rfﬁaeemfetch Uni t

30 about any branch instructions in the nmenory block currently being

f et chedhByul:bemb st ddedt prodtidred Gla MH Ins3flictibh. MEhBtBYan chE (BeaBCkefar get
Buf fer Cache 41 and the Branch I P Table 43, the Branch Target Buffer

G rcui Cidkuit eoeiavess taibeinat pentittiomisfeveradlonob he td oigé tnettti@d s in the

m croprocessor. Referring to Figure 5, the Instruction Decoder 60 sends

br anch FerdroUnmit 3®ruth dhet dheBratrcltidarfpeth Biufif 80 cGhrfetdtt the-Propdre br anch
information sent by the Instr uction Decoder 60 includes the address of the
i nst ructs$tonciionedi ately following the branch instruction. The Branch Tar

get Buffer Circuit 40 stores the address of the instruction i mrediately
followi ng the branch instruction into the Branch |IP Table 43 for |ater use.

The Branch address. Cal cu] ator 50 validates hranch predictions
After the fnstruct;on Pyetch_ nit 30 l?etches ek m?croprocessor

instruction, the Instruction Fetch Unit 30 passes each microprocessor
instruction to an Instruction Decoder 60. If the Branch Target Buffer Circuit
40 made a branch prediction for an instruction, the Instruction Fetch Unit 30
also passes the Branch Target Buffer Circuit's branch prediction on the

instruction.

The Instruction Decoder 60 is responsible for determining what

type of microprocessor instruction is received and breaking down the



made by the Branch Target Buffer Circuit 40. If the Branch Address

Cal cul ator 50 determ nes that the Branch Target Buffer Circuit 40 nmade a
branch 13 March 2002 prediction for a nonexistent branch, the Branch
Address Cal cul ator 50 instructs the Branch Target Suffer Circuit 40 to
deal | ocate an entry in the Branch Target Buffer Cache 41 dénMareh 29Q%e
nonexi stent branch instruction. The Allocator 70 is responsible for

all ocating a reorder buffer 83 entry for each mcro-op. 1,-Vhen the

Al l ocator 70 allocates a pDst entry_i{Pthe reorder buffer 83 for a branch
mcro-op, the Allocator 70 provides the pDst entry nunber to.the Branch
Tar get TBGFPRICEPTUUITE ‘AT HOPhE ' BrU e RF Far eW‘B‘iﬁ‘PB%‘@?%ﬂ‘erﬁﬁ‘ s the pDst
entry nunber,to_allocate corresponding entry in, the Branch | P Table 43.
The CofPIESHONER Ay RIS 9PRh i He  BRARATH FBCTABIPE IS GhEcORtPBIMEE on about

the bra.nch m t he branch m

cro-op v:~hile | 'cr,(?-o is vvi%)hinhhe
mi or opPYEEEE8P COFFPRESE % &7 PoR S PRI Tis 84 it E)Lf‘géo%p@rr IGhdGai ting to
f . LCr O (0 C isin th
i or op T A R B OB i3t ches & branch
mcro-op to the Branch Execution Unit 92, the reservation station 81
inforr:ls the Branch Target Buffer G rcuit 40 of the pDst entry for the

branch i cro- op. 1fffe BisaehohaneeldeBulol @steGica thAG respeads by reading
out the corresponding entry for the branch instruction in the Branch

| P. TabirécdDroddsot nhsroatidos & eadncuindfudthen, efbrvstouctibe Beasgdr 4P Tabl e
43 is used after the branch m cro-op executes. The Branch Execution Unit 92

execut passks dnfdrnmi tésro depritfiog thbé ranch destocassoto aVBemdhhaddragch Execution
Unit 92 executes a branch m cro-op, the Branch Execution Unit 92 provides
t he br@alkhulates @0ufor spetiat rerahémn If she Bea BriafehgdtaB gfer Bufduer 4@Ci rcuit 40.
The Branch Target Buffer 13 March 2002 - 21 Gircuit 40 uses the branch
resol uniade d hforahaprashiction dpdtiteebramcexinstringorntlrey Branch Address

Calculator 50 verifies the branch prediction if possible using the branch

information received from the Instruction Decoder 60. If the Branch Target

Buffer Circuit 40 did not predict the branch instruction, the Branch Address

Calculator 50 makes a branch prediction for the branch instruction using the

branch information received from the Instruction Decoder 60. After the

Branch Address Calculator 50 completes its processing of the branch

instruction, the Branch Address Calculator 50 returns the processed branch

information to the Instruction Decoder 60.

After the Instruction Decoder 60 breaks down a microprocessor
instruction into a set of micro-ops, the Instruction Decoder 60 passes the
micro-ops and associated operands to an Allocator 70. The Allocator 70

allocates the processor resources necessary to execute each micro-op.

In the present embodiment, the microprocessor is a superscalar

processor that may execute the micro-ops out of the original program order.



in the Branch Target Buffer Cache 41 or allocate a new entry in the Branch
Target Buffer Cache 4T. The Branch Target Suffer Cache The Branch Tar get
Buffer Grcuit 40 maintains a Branch Target Buffer Cache 41 to predict the
presence of branch instructions within an instruction streamand the

out cone of those branch instr uctions. The Branch Target B Marcle2Q2 41
contains information about branch instructions that the m croprocessor has
previ ously executed. Figure 6 illustrates the organi zation of the Branch
Target Buffer Cache 41. The Branch-Target Buffer Cache 41 is

set - as3RGl, 8Lk Y @he 3xBeu IR ISIPs S rh Qs VB AN OMEi RHARCI I HSLIMEL T ONnS
| ocated In main nmenory. In the present enbodinhent, the Branch Target Buffer

Cache 4losienesdeptoprabean akoute M@thmtbmgrh%S Tiomb2taiiMehei dual
"sets" "of "branch information. Each set of branch information in the Branch
Tar get oByl &€rp/Cache dddpriiantisroprobsaoe usentrieesd whien gen sgabht fivanch entry
contains information about a single branch instruction tha t the

m cr oprdcessprrehal grtevinainel origret preghankactieset of branch entries within

t he Branch Target Buffer Cache 41 also includes a branch pattern table 421
and a pair of Pseudo-Least Recently Replaced (PLRI Z) bits 420. The Branch
Target Buffer Circuit 40 uses the branch pattern table 421 for predicting
the outcone of c&ighite daldystbrtanéte rerydenbuitlendsi nl heearster diufler #AcH
entries, The Branch Target Buffer Circuit 40 13 March 2002 uses the
Pseudof 1286813 FRRTEREY aR@ﬁMééBU?IPLﬁPaL§OIHWss AZOHES SENBEIN 82 BNEK entry
in the set when information fabout a new branch. . w || \_E\e Wi t.teg into the set
of bralicirednts $1958 URY Geie 5708 $1eGLIhFUET A RBS hPEHERC AR SR 4RI 18R st or ed

i thi h f h ff h

1 st R PTGt R B S rihe R R a0 g eos
401, t 402, 2 4 h, history 404,
specul PRt braRCh fitdt oy ioet s’ KR kBt RS VAR G aor”
and a pranghotar gt agds et 408 g, hesbed L yg, AdLleos 40, N he bl oc

of f set are to | ify a nenory address o i'nstruction
associ ALt R a ¢k K [ 9 bit
conpr elgé%gn}rq%pt?e%gﬁ{g?i g%%o?mtspeh tzh-P‘ﬁeDoE?&t;ISgnfr??gg%ﬁt%?l?sffkg%s !tf??eﬁaddr ess of
the branehpimglat Yalic@res et asknof freeiivlys 404 indagat asmidis-dyte.
offset wwthin the 16 byte nenory bl ock address of the branch instruction's
| ast byskelt, BseooChagnsfretied ibgnseantrougenataby féhed Asgs, bydiestah t hat
e~-ery byte of a branch instruction that crosses a bl ock boundary will be
f et chaddbeftey eshmkhagesuls aneah, pnédiuattidata. For exanple, referring again to
the nenory map of Figure 4, a four byte long branch instruction is
illustrated at the hexadecimal address I|E to 21. After being executed, the
four byte branch instruction will be placed into an entry in the Branch
Target Buffer Cak®reearh anercagpodicatrBacator i/ alhecatrsxHfedpiatvaibidiess 21.

Thus the bl ock offset 40~ :n the brﬁnch, entry for that branch instruction
will RPgdn thg reorder buffer 83 to store the micro-op result. By sequentially

allocating the pDsts in the reorder buffer 83 in the same order that the micro-
ops are received, the original program order of the micro-op results will be

maintained.

When the Aliocator 70 allocates a pDst in the reorder buffer 83
for a branch micro-op associated with a branch instruction, a matching entry
is also allocated in a buffer called the Branch IP’ Table (BIT) 43 located in the

Branch Target Buffer Circuit 40. The Instruction Decoder 60 then passes the



13 March 2002 If the branch instruction was instead i ndexed by the first
byte (hexadeci mal address |E), the Branch Target Buffer G rcuit 40 woul d
instruct the Instruction Fetch Unit 30 to fetch fromthe branch target
address before all the bytes conprising the branch instruction had been
fetched. Thus, the Instruction Decoder 60 and Branch Execut3 dfarchi2002
4voul d not be able to verify the branch instructcon since the entire branch
instruction was not fe tched. The branch type field 403 in each branch
entry specifies what type of branch instruction the branch entry
icientifies. The following Table 11ilsts the different types of branch
i nst r uchiaonk. Taralt EutfeBr@ncht %9 pbe GodeBrsaolctheType@@Condittatonal br anchOL
| Return From SubroutinelOCall SubroutinellUnconditional branch The Branch
Tar get iBuhkdiat@iyr liawsthaibesahhimstnuatioh arype friosksho403akeheni ugakig a
branch prediction since different branch prediction nechanismis used for
differ e?ﬁiantrbpl"éaraﬁt Bréfee b irqut Aloyqies. theadderemel the bisérBrtiprcthatar get Buf f er
Crrcuit 40 predicts the outcone of conditional branch

immediately follows the branch instruction and the processor state value into

the Branch IP Table (BIT) 43. This information stored in the Branch IP Table

(BIT) 43 is later used after the Branch Execution Unit has executed the branch

micro-op.

The Allocator 70 also allocates an entry in the reservation station
81 that stores the micro-op instruction and operand data for each micro-op.
Each reservation station 81 entry stores a valid bit that indicates if the
reservation station 81 entry 1s valid, the micro-op instruction code, two
source data fields, two valid bits for the source data fields, two physical source
fields that indicate where the source data will come from if the source data is
not valid, and a physical destination of the result of the micro-op. After the
Allocator 70 allocates a reservation station entry and a pDst in the reorder
buffer 83, each micro-op waits at the reservation station 81 entry until it is

executed.

Each micro-op in a reservation station 81 entry remains at the
reservation station 81 entry until all the source data required to execute the
micro-op has been obtained and an execution unit for executing the micro-op
is ready. When all the source data required for a micro-op is ready and an
execution unit is available, the reservation station 81 dispatches the micro-op
to the execution unit in the execution cluster 90. In the present embodiment,

there are four execution units (EU1 91, EU2 92, EU3 93, and EU4 94) in the



tnstruction based upon the branch instruction's history, but the Branch

Tar get 13 March 2002 _ ?~ _Buffer Grcuit 40 always predicts an

uncondi tional branch instruction as taken. The true branch history Field
404 in Figure 7 maintains the taken or not-taken history aof the branch
instruction as determ ned by the Branch Execution Unit o-~.13riareR #O0¢ anch
history field 404 stores branch history for the |ast 4 executions of the
branch instruction usin g 4 bits where "0" designates not-taken and "1"
designates taken. The 4 bits of takengr- nottaken history are used to index
into a tter te. I i rediction. This is
based orEHa R BhEr et e "N iR e Al AR RS EsBhS e She oi't "a06

dth : i-ve, i fi el d k
and t eﬁ@ﬁﬁpég&gvarﬂ@@@ﬁ@r&m any, el c}ﬁpéhﬁ‘fafr’iﬁr%%f gglabr ' PadpKe

pr edi cti'ons ranch i nstructions w thout wai nstructions
L0 exeGUk&mtiteh SRECHealeby S5 @MENS NI LYK AT HE) ﬁll%@?%drr’?d:hﬂg&ﬁecz (gR! ntai ns
the "specul ative™ taken or not-taken'history of the branch rnstruction for
the | aghe4mbirangh predictions made by the Branch Target Buffer Circuit 40.
The specul ation 'bit 406 is set when the specul ative branch history field
405 contains valid specul ative history. The 4 bits of specul ative branch

hi story 405 are used to index into the pattern state table when cal cul ati ng
a branch predi ctilanthangtetdre spbodimatiiprxblutiodnil 82 SetdesigRatdaaea
information on predicting branch instructions using the specul ative branch
hi st or \Brasele Fxkeutopdhait.nd fpaBentchappddudatn bimit' Spebatbative Hisfionly
h-techanismin a Branch Target Buffer", Serial ~lo. 05062, 012, filed May
14, 19%3andthdesiaidndowticomeoand g siapkbragrét eget dédinsardoh eaoh byarant ai ns
valid branch informatiagon. ~rVhen_the Branch Target BuFfer Circuit 40 13
Mar ch 20GO-8P ot E52 RHEXReqY o H sk kA2 KoBMRaLRS tgﬁélrmla‘?@wcfrfa@lgté@msuf fer

Circuit 40 sets the valid bit 407 for the entry thereby indicating that the
entry éﬁéttéf%?é aglgress ‘Bftérﬂ?ﬁ H"ﬁ‘#’b}t ’Pﬁﬂ?g QHfRme Wigﬁ:‘rtgﬁéaggé‘?féh Inddr ess

Cal cul at or, SO.deal | ocates.t branch entry,. the valid bit, 407 for the

deal | 02121? bﬂa Crh%e‘i' = @Sgr‘tegfd‘? f é?\‘éﬁr%/%‘Féeéfb‘aadM§ge;qféf‘8h409 in Figure

7 he b AL ddi . f he b h i i if th
[ S0 €2aLben AN ALAEL, RO SELOL bAE AT, L ruetign exeept 11 e
Tar get ﬂ%g&;eeji A4 s AR, Fﬁrgﬂ&k?t}a%gwﬁo}??@@i(f@z' %hgﬁ&%?ﬂe ?ﬁ.ﬁggﬁﬁ%@ I with

t he branch eniry i s taken, e address in the arge ss field

408 cagybg. passed tihhen!AstrHgtion Fetch Unit 30 to informthe
| nstructi 0?1. FethhrUnit 38 where the next instructions should be fetched

From (However, the branch target address field 408 is not always used to
aredict the target address.) The upper 28 bits of the branch target address
field 408 sel ect Finallg, ByRe&idehack Tihatit BEeretingd thecidsailtshgtaeAr&Bidred0 shoul d

fetch if the branch is taken. The | owest 4 bits of the branch target
addr esm fheetabrd@B8bsEbe8s pilees bydre eanh telvecf eticinédobd p.c KTehBe grdrhent
m cr opr ocessor shoul d resune execution. Predicting Branch Instructions
usi ng Cheubr&mehrFathpeRe@ulet duffeaddepDsts by sequentially going through
the pDsts in the Reorder Buffer 83 in the same order that the Allocator 70
allocated the pDsts. The Retirement Circuit 85 retires pDsts by transferring
the micro-op results into a Real Register File (RRF) 84 that stores the current
committed architectural state. Since the Allocator 70 allocated the reorder
buffer 83 pDsts in original program order and the Retirement Circuit 85
retires the micro-op results in the reorder buffer 83 pDsts in that same order,

original program order is maintained even though micro-ops may have been

executed out of the original program order.



The Instruction Fetch Unit 30 requests information about upcom ng branch
instructions by passing an instruction pointer to the Branch Target Buffer
Circuit 40 Figure 8 illustrates the steps performed by the Branch Target
Buffer Crcuit 40 when searching the Branch Target Buffer g e 41 for
upconi ng branch instructions. At step 101, the Branch Tar det Margh 202
2002 Buffer Circuit 40 receives the instruction pointer fromthe
Instruction Fetch Unit 30. At step 1? the branch Target Buffer Circuit
=10 reads out a set of branch four~ énch entries fromthe Branch Target

Buffer Cache 41 “RLIIE? %G’ d f‘%ﬁ.{ Ecst 19N RO DL Ero-L9) %@rﬂe}:%eh\%théH?uﬁr anch

Target Buffer Circu use instruction pol nter

11ustig t@%hhh%n'dngnvsb@lwl a ok 8e00ukBeoBE: b ta%géqpt»;@pd%?'ce Ginggdr ess

as use e Branch Tar get Bu fer e 41 ent i the address of a

branch uamﬁ EXELOA m ERE-opPRE L1128 f Bhd sapa bﬁh?oﬁﬁﬁfﬁx%s D@tar!;téefrytr?e menory
bl ock. The a |l east significant bits of an address deS| gnate an of f set

| ocati qadmmfeﬁnm@xrl&eby; ehdFngkfielh2boher Bﬂ@FmtT@rsg@Ef Buifem&ache 41,
each entry contains an block offset 402 that locates the |ast byte of the
associ dtaedildd adtthd netrdecbutier wilsientsy ddnthidsea bhiidkexctheadippiero-88 bits of
an address identifying a nenory bl ock can be divided into two separate
sect i omssulTheduiipee nosib 2Lltbptadléi tserl the hremghedhiceppsentlt & tag that is
associ ated with each branch entry in the Branch Target Buffer Cache 41. The
reman ghvmiied t¢ ermanknt Rodykectoyal statetingthesibealbRegistarhBile (ABAE By a set
of branch entries within the Branch Target Buffer Cache 41. The Branch
Target Buffer Circuit 40 indexes into the Branch Target Buffer Cache 41

usi ng the seven Ee;\ﬁbi&%néblts 4 though 10O of the instruction pointer to
sel ect a set of BYARBHIENRe EEnenty lfBﬁAérﬁé’haW@& tpaeHes adReght 40 then

2?2851%%%%% ‘Féﬁe'i] FRtePmra Gareush ?E?Zs%f L g dii%%ﬁ%nfég fﬁ%tf%‘tﬁ‘ﬁ;braaéh
|
ot 1§ 620 B PRFOR Rl B LRGBS -”ﬁsltqf;affﬁ%fﬁt CHEE#S o byte bl ock
i T
But 1 or CeIRiT b Riripares 8t SlmdrB it e T R aRE %21 bi 1
of the, ﬁ&?é{t\uﬁideq PRl E@Eru@ﬁ%%%ﬁt b0, i e Hl?fs{} ?3 Ef’}gce Iigld 401 wi thin

each branc o el I mna ran entries o) no match To reduce

the di ?nﬂf@&xcfr%qwet@@ett:ﬁefgmt%?rau&tantcﬂ%ﬁﬁj‘?@&ﬁahgﬁrget Buf fer Cache 41, each

branch entry in the Branch Target Buffer Cache 41 stores a conpressed tag
address. In the prefers ed enbodinent, the full 21 bit tag value is run
t hrough a hash nechani smthat reduces the tag to 9 bits. The conpression of
the tag address | oses Braneh iTfrgetnBt ffon Candiit Owerciawses sone aliasing. The
al i asing created by the conpressed tag occasionally causes branch
m spredi ctions. F-io~ever, any branch m spredictions are eventually cured
by the Branch Address Cal cuI ator 50 or the Branch execution Unit 92 in the
m croprocessor. As described in the preceding microprocessor overview, the

Instruction Fetch Unit 30 is responsible for fetching instructions into the

microprocessor. The Instruction Fetch Unit 30 of the microprocessor in

Figure 2 views the memory address space as a collection of aligned 16 byte

blocks such that the Instruction Fetch Unit 30 fetches instructions and

operands in 16 byte blocks. Figure 4 illustrates memory map where the

address space is split into aligned 16 byte blocks. The Instruction Fetch Unit 30

uses an instruction pointer to maintain the current fetch address. When no



The Branch Target Buffer Logic 40 of the present invention uses two

di fferent hashing nechanisns to conpress the tag address. Both hashing
mechani snms reduce the ful( 21 bit tag address into a 9 bit hashed tag. A
machi ne specific register (MSR) in the mcroprocessor selects one of the
two types of hastung nechani sns. Figure 9b illustrates theldpdarmthi 2002f the
first hashing nechanism The first hashing nmecha ni smconcatenates the 2
nost 13 March 2002 _ 2g _ significant bits (bits 30 and 31) of the full
tag address with the 7 | east significaﬂt bits (bits Il though 17) of the
full tag address to create a 9 bit has &d tag. This First hashing mechani sm
wor ry wedahchadnspruagpasmre atoustekbd ywjthip thocatbytsutdsttbatort Fetdhow se~. ~en
bits are useful, but occasionally junp to an Operating Systemroutine far
away suChittItafetties insorurbions singind péraads Dy $es1ueene allyefetithingi ayplje eerAcl6
illustrates the operation of the second hashing nechanism The second

hashi ngpytebhankissm concat enates the 2 nost significant bits (bits 30 and 31)
of the full tag address, a 4 bit exclusive-OR (XOR) conbi nation of the next
|6 bits in the full tag address (bits 14 though 29), and the 3 Least
significant bits (bits 11 though 13) of the full tag address to create a 9
bit hashed tag. The PAegict tagArgmgnre- R ERER) NeEHBIARS voithisthy eat ed by

mbi ni.ng t ther the mddle 16 bit jts 14 thqugh 29) | ff
o 1| UEPEHERRT SEio B G e P TRES Lot B e AT HIBERAAPERR vORES: nel | for
hat.. | Bt [ I bi t
oo THHEH CoMGHGIA: Foh CrRGT e Tohe THL 2oLk O it F1CARE AT EChi 15 30
and 3L)g A5 LARCHYHMlal Fo QLA B ASHERL Rl 2ah0n GRELALLRAAS kst a0 T outi nes
that are tar away romt%e curren{ acf I ess. en exam ni ng fhe fanch

Target rﬁ%&ﬁéﬁfec@é‘é‘d}%a@ gﬁxﬁ@uﬁ el kA Qﬁ%}%‘ﬂ&flﬁ{ g';?%étCBﬂﬁeF s Jingo ”gper 21

bits of t current 1 n ct1on polnter throug shi ng nmechani sm an

conpar ggel hige hARREM RSt U BOIhPOTMRE BlafeC 2GRl BBlotlgofsbed tag fiel ds
401 cn the four branch entries of thé selected set. The Branch Target

Buf f er g:08iie 4 @dtidAsNah@SpreARsahbanath indiBudBs €l 200Re: 29 entries
havi ng a hashed tag field 401 that does not match the val ue of the current

hashed instruction pointer. At step 104, the Branch Target Buffer Logic 40
elimnates the branch entries in the selected set that identify branch

i nstructions | ocdafredBhafar €atgee Baufarebircuingraist iromi rpeinst & Brafkadr [I@xanpl e,
referring to again to the nenory map of Figure 4, a four byte | ong branch
i nst r udtabbn(BE)i43! thett rcanéad natinfdren dexaalewd npta radidingssesions thet 2de  The
branch instruction at hexadeci nal addresses |E to 21 is placed into a

br anch ceprenylyi withie tBeanidiorerqgetomut ferinagkdiofn inmbe SygochdPebablet h t he
hexadcci ma! address 21 since that, is the address of the |ast byte of the
br anch 18 S HEARHP G ToEh R SPREC B1SGC TG a 6 RF BPaS 408 BRIRRE BRanch ent ry
will be set to 1. |f..the current instruction pointer points to the
Pexadedr Ml SREREILIER Coith ] AGhanEH ) Gor HSOPPE ARG 55 Brdr nat es
all branch entries that have values less than 3 in the block offset field
402 such that the branch entry for the branch instruction at hexadeci nal

address 21 is no Flié’meg ifQNE1 e h ok diagram that generally illustrates how

the Branch Target Buffer Circuit 40 interacts with other major logic circuits in
the microprocessor of Figure 2. The Instruction Fetch Unit 30 requests
information about upcoming branch instructions from Branch Target Buffer
Circuit 40 by passing an instruction pointer to the Branch Target Buffer
Circuit 40. The instruction pointer passed to the Branch Target Buffer Circuit
40 points to the memory block currently being fetched by the Instruction Fetch

Unit 30.



The remai ning branch entries describe branch instructions within the to
byte bl ock pointed to by the current instruction pointer and are | ocated
after the current instruction pointer. At step 10~, the Branch Target
Buffer Logic 40 orders the renmining branch entries using _the bl ock offset
field 402 of the remaining branch entries. The Branch Tar d@twﬁﬁﬁh@roq_%gi c
40 then selects the first "taken" branch instr uction fromthe remaining
ordered branch entr ies if there is a "taken" branch instruction. To sel ect
the first taken branch instruction frogythe remai ni ng ordered branch
entries, the Branch 13 March 2002 - 30 “Target Buffer Logic 40 nust make

branch out cone pr?ﬂé%Eﬂﬂgﬁa?%%a{kJlff&PEiJc%Y'PJM‘EQ&cRE@Er‘}QQ B‘??B%ﬁ?&é} the

sel ected set. Predicting Bran Qut cones and Branc ar ge esses To

ke a dach ok Q3R RREMLIHAN 1bSL: BRELIPININ cridie fY @ctudigpget Buf fer

Circuit 40 first reads the branch type field 403. The Branch Target Buffer

Gircui th|4& bandhes thagheanet wy ek cidrandidf Fercanthit siepenRdimgntpon what
type of branch instruction is predicted. The branch type field designates

i f the Targed BLffdr ITianah 40nshkescs beandispeediendhtfbpaal brancHnasnrditisonal , a
Call Subroutine, or a Return From Subroutine branch instruction. Note that

al t hougbcatad lin Shbrmatriorg tdadk RetnenilyFreing Setvhedtliynehd hsdtruaioofstchr e
specific types of unconditional branch instructions, those rwo instructions
ar e maflked 3@shdt ifeedotintyipethe BhrrecBrEarght BafigetCabef£r. ThediratcH0 mar ks
Call Subroutine and P~eturn From Subroutine instructions as different types
si nce {lheg®rBuntar Tarqet 4Bprpegs berzaineh 4uegetfory irdospetioal toofher at i ons when
those two types of branch instruction are predicted. 13 March 2002 - 31
The folngk¢P TSI PrdlAfdhedy HéArmHe Braheuraaiqedetch Unit 30

about any branch instructions in the memory block currently being fetched by

the Instruction Fetch Unit 30.

To maintain the Branch Target Buffer Cache 41 and the Branch
IP Table 43, the Branch Target Buffer Circuit 40 receives information from

several other logic circuits in the microprocessor.

Referring to Figure 5, the Instruction Decoder 60 sends branch
information from to Branch Target Buffer Circuit 140. The branch
information sent by the Instruction Decoder 60 includes the address of the
instruction immediately following the branch instruction. The Branch Target
Buffer Circuit 40 stores the address of the instruction immediately following

the branch instruction into the Branch IP Table 43 for later use.

The Branch Address Calculator 50 validates branch predictions
made by the Branch Target Buffer Circuit 40. If the Branch Address Calculator

50 determines that the Branch Target Buffer Circuit 40 made a branch



Buffer Grcuit 40 predicts branch outconmes and target addresses for the
f'our ty pes of branch instructions stored within the Branch Target Buffer
Cache 41 Table 2 Branch Tar et Buffer Circuit ActionBranch TypeBranch

Qut comeBr anch Target AddressPredictionPredictionUnconditional BranchPredict
t akenPredi ct branch targetlnstructi on(CQ her thanaddress frbinManche2002
fieldCall Subroutine orin Branch Target BufferReturn
FromCacheSubr out i ne) Condi ti onal BranchPredict branch outconePredict branch
targetlnstructionusing branch historyaddréss fromtarget fieldand branch

pattern glg?d%ﬁ'%ﬂ (B anedhelaiget b BUchet{aahalal L SubtoetingR
I ct

ket
t akenPr ranch targetlnstructionaddress fromtarget FI e%dl n Branch

Target ButfgrCacheRetdl Tafgee g @ﬁrc&ahpnt% gelitdcats am &Ry ASHbr outi ne

InstructionRegister if ReturnRegister valid bit set elsepredict fromr~SB
usi ngBTE 1R Doigtt BurAs Cghd 0T ktBnidinabliee RonakistdH@apethdingtskMgtibans ot her
than conditional” branch instructions are predicted taken. To predict the
outcone of a conditional branch instruction) the Branch Target Buffer
Circuit 40 uses the Yeh & Patt two-|evel adaptive branch prediction

mechani sm (See T¥he Yi!debomhdisYadspohsibRafdr, allowatingyeredctdqath Wée:B3nch
Predi ction. The 24th 13 March 2002 _ ;p _ ACMIEEE International Sy

m~aosi umtapdor~vath ashupopn Whiesrtbarthiaéet 4e @)loNpeertpDsi @atsy ppthe51 - 61)
Th~~ two-!e~~el Yeh & 1'att branch prediction nechani smdynamcally

mai nt ai ieereer heffpeddfer abrapdnencp-epoing. Alfpeatpr 78tpiasides dfie pPahch history
mai ntai ned in the two-1evel aptiye pr ich prediction nechanismis the

t aken CANtAHIRRENIDHENBRERstoEet Brbee IW%IEﬂH- dth Beaaslt Aasgrtry. For

exanpl e "not -t aken, taken, taken, nqt-takep” branch history is

repr ese%‘t‘fg%lf @chglnﬁq)us_esl tﬁ‘et 5t&'ﬁ%ﬁ¥”§?ﬁ§o@i ﬁgorﬂ”e ?vﬁ?fwr/“ésrpﬁr\ﬁi‘\% Sftihe
branch .hi st r red. true branch histor. nd.a spe afj ve branch
i ot or Yt PR ERGR TR LR i 063 TRBPES RhET Yl TP ST L BGaL 541 he
branch instruction.as det 1 ped t.he Bran ecutiaon Unit 92. The
specul at?ve llg“f%trrrf‘?:‘:Flh(?ﬁ1 5?%?5@% gf‘égc‘ He-1°a3y 't ‘glﬂ? l%%t CFS%E BPHE b anch

i nst ruct,j.aF i the Branch Target Buffer Crcuit 40. The
specul E‘Htw‘ ﬁlﬁ%%‘%bﬁg‘tﬁg%e "to get around the problem of predicting branch
instructions -ithin small (or "tight") |oops since the true history ;night
not be updated f~ st enough. This docunment will concentrate on the true

branch history, hoveyeervAHH $ia60al 81 foesRlitRNopOUE e te BRI at | ve
branch history can be found in the copendi ng patent appl1cation

" Speculagid M%Fbli@te@rryad{y/ﬁieﬁd@a b soneixBewtidn amels haghgeiniBjreréssoBeri al No.
08/ 062,012, filed ?viay 14, 1993. The second | e~~el of branch history

mai nt ailWednithe trhgetvatiohetatiomdaptispetcheanditaprednidrberp rechariranchs t he
branch pattern history. The branch pattern history indicates the likely
out coa;Bxeofitian By ain A2, ithe resgeyatoim badiod Sborforie fheeBrouch Besgath out cones of
the branch instruction with identical branch hjstories. The branch pattern
hi st or PUfferstigeeld d90fthe\pRygiantry for the branch micro-op. The Branch

Target Buffer Circuit 40 responds by reading out the corresponding entry for
the branch instruction in the Branch IP Table 43. The information read out of

the entry in the Branch IP Table 43 is used after the branch micro-op executes.

The Branch Execution Unit 92 executes branch micro-ops for the
microprocessor. When the Branch Execution Unit 92 executes a branch
micro-op, the Branch Execution Unit 92 provides the branch resolution

information to the Branch Target Buffer Circuit 40. The Branch Target Buffer



13 March 2002 - 33 state value for each possible branch history pattern.
Since the present enbodi nent stores 4 bits of branch history, there are 16
state values for the 16 possible branch history patterns as illustrated in
Figure 10a. The hn~o-bit state value classifies branch patterns into
strongl y taken, weakly taken, weakly nottaken, and stronglwmmha%éa2as
illustrated in Figure 10b. The branch pattern history is created from
previ ous occurrences of the same branch pattern. Each tine a conditional
branch instruction is resol ved, the brédnch pattern table is updated using
t he LeeCiéciBrulOhussat tthu@abnanghupé@lu\m@ncmﬁmranL.as tbluprsd teatredxisyinghentsat e
transition arrows in Figure 10b. A branch prediction exanple is provided
with refeherfrentb TRrgar Bsff¢O4.acRefddroi nigotade Bi maw ertOain 4hdiBrsndf branch
history store a "nottaken, taken, taken, not-taken" ("0110") pattern for a
condi t iTangét BeHechathesétuction. The 4 bit branch pattern is used to index
into a branch pattern table that stores branch pattern history state val ues
for each branch pattern. In Figure 10a, the "0110" branch pattern indexes
to a "10" state val ue that represents the "weakly taken" state. The branch
predi ction mechani sm wi | FherndrecBriargeelnéferGret ‘b’fr anch will be taken. Wen
the branch instruction is resolved by the Branch Execution Unit 92, the
Branch Execution Unit 92 updates both the branch history for the branch and
t he appropriate te I ntr, pattern_t ter the
Branch Tar get Bufséh%r n‘%@ﬁ? gg% %‘é @Lra‘égqphe B Eheh e oth a@&ﬂeﬁ\’frg?‘all condi

Li onal gheaneh, Jnasiy UCLEQRS: bk p.tg%eg&gsr% 2581 o BB AN TRLget Buff er

G rcui sear ches ranc ruction no 13

Mar ch a%(t)glct‘ﬁxt C%Q{jﬁng tH?etCE&'ﬂ@ t‘?lro?e@rgﬁkﬁtlﬁﬁrﬁﬁhoﬁg’ 'l{l'ltéef?rat f

| nstruction ni t es the next sequentla

Howevefrg dd Bd'f?éreC'aéh@Ll&aclé%'Pal?kE QHﬁﬂ}rﬂﬂﬁdrY WSbLOBrd ALH ﬂ%tﬁ?&t%ﬁgﬁﬁet then

the Branch Target Buffer Crcuit 40 predicts a branch target ress for

tB hfeffl E%et rﬂlé@?o@és%ﬂ?}habﬁb%ff\&tslyogxecmeFZgQ?eSGHI ibegah@wrkhe Branch Target
urrer rcult

organization of the Branch Target Buffer Cache 41.

The Branch Target Buffer Cache 41 is set-associative cache that
stores information about branch instructions located in main memory. In the
present embodiment, the Branch Target Buffer Cache 41 stores information
about branch instructions in 128 individual "sets” of branch information.
Each set of branch information in the Branch Target Buffer Cache 41 contains
4 branch entries wherein each branch entry contains information about a

single branch instruction that the microprocessor has previously executed.

Each set of branch entries within the Branch Target Buffer Cache
41 also includes a branch pattern table 421 and a pair of Pseudo-Least Recently
Replaced (PLRR) bits 420. The Branch Target Buffer Circuit 40 uses the branch
pattern table 421 for predicting the outcome of conditional branch

instructions in the set of branch entries. The Branch Target Buffer Circuit 40



predicts a branch target address for each type of branch instruction as
indicated in the branch type field 403 when the branch instruction is

predi cted taken. As stated in Table 2 The Branch Target Buffer Circuit 40
‘handl es unconditional, conditional, and Junp T~ Subroutine_hranch
instructions by predicting a branch to the address provi dia WMareheOfanch
target address field 408 of the Branch Target Buffer Cache 41 entry.
However, Return From Subroutine instructions are handled differently. Wen
the Branch Target Buffer Circuit 40 predicts a taken Return From Subroutine
instruction, the Branch Tar get Buffer - Grcuit 40 pred| cts a return addr ess
from auRet dthRegli@ﬂ@ﬁStoR“qEF‘(ﬂm Beraeed 0 ISRBe kIBIEOEP SRiedind RENBr anch
Address Cal cul ator 50. The Branch Target Buffer uit 40 passes the

pr edi ceattybimathsetavgen iatRImaon gb bpYRa (&Y Pﬁet‘%wlr@‘e e A HER 1B ¢

I nstruction Fetch Unit 30 then fetches the next menory bl ock using the

pr edi csedobbraitdh eRFigEt addr ess. 13 March 2002 - 35 The Branch
Instruction Pointer Table In addition to the Branch Target Buffer Cache 41,
the Branch Target Buffer Circuit 40 al so maintains another cache called the

eranch It ruct | o, Poj gty (LB) Tahle 43 The BA0chLA Tablhe cicf otores

i nformati on abou anc mcro psS curren within the
m crop{ocessor te Q 1hé%§ t;\ese LI%&%GQ&Q‘H’F he 6,
i nf or mB{4Y ttgP/ 3 éf%?cﬁht%gggﬁgrﬁ a%hTa e 43 |ls retrieved To update the

Branch u 4ha9%ed €8¢ aRlrdsha0n §POROEESSOL02, 8 the case of
a brangéura{mggg‘pr}@d%@ﬁ Cgﬂ&gﬁbgurg 1623L il cTust;ast es the Branch I P Table 43 of the

presentg,. H%egsdeoiba TheuBbanedh hiBdrghioa, 43 peonpriveesaachuiit @iy @osf ai ning n

branch entri ton - 1) wherein n equals t he nunber of entries in the

Reor deg &Ul&ﬁén%& sfah hrawie o nd-otf rathodh Bngeyaddtdssd0Bhe Branch | P Tabl e
corrp$| ses a Next Linear Instruction Pointer (iVLIP) address field and a

processor state information field. The Next Linear Instruction Pointer
(NLI P) address field stores the address of the instr action i medi ately
fol | owi ng the branehhdshetirtag tiddme ss¥dcirat 8tk hiock affret BAArch uskdk@- op. The
Instr action Fetch Unit 30 uses the Next Linear Instruction Pointer

(i \i Ll Pleratifgr £ ssemben addbass arfche ibgantls preoi diataswiceatedhert e branch
shoul d not have been taken. The Next Linear |nstructi og Poi nt er (NLIP)
addr esbramschagrlsyusde hashed tag address 401 is a 9 bit compressed representation

of the 21 most significant bits of the address of the branch instruction.

The block offset value 402 indicates the byte offset within the 16
byte memory block address of the branch instruction’s last byte. Branch
instructions are indexed by the last byte such that every byte of a branch
instruction that crosses a block boundary will be fetched before making a
branch prediction. For example, referring again to the memory map of Figure
4, a four byte long branch instruction is illustrated at the hexadecimal address
1E to 21. After being executed, the four byte branch instruction will be placed
into an entry in the Branch Target Buffer Cache 41 and associated with the

hexadecimal address 21. Thus the block. offset 402 in the branch entry for that

branch instruction will be set to 1.



to index into the Branch Target Buffer Cache 41 when allocating new branch
13 March 2002 - 36 entries or updating the branch history ii~ ormation in
exi sting branch entries. Wen allocating a new branch entry or updating an
exi sting branch entry, the Next Linear Instruction Pointer (NLIP) adds ess
i's decrenellted by one to produce the address of the |ast byMarech 20@2
branch instruction. The address of the last byte of the branch instruction
is used by the Branch Target Buffer Crcuit 40 to index into the Branch
Target Buffer Cache 41. The processor State information field is used to
store state information that may be corrupted when the m croprocessor

begi ns specul ati vE terdraniomsafuctionmeiss igstaabriadexedbedhetfironbydef t he

m croprocessor i s speculatively executing down the wong path due to a
branch (fespdedivet iaguiresshkt )s tke 8ramdtol argdt dhuféanClieuitet proedd finemmutthe Branch
| P Tabl e 43 when the msprediction is detected. In the present enbodi nent,
t he mi chegnezeston fetel éﬁilhﬁ%rﬁ%é(tfﬁbrfﬂﬂﬂem Bragrcbgargast epbbefoee atlor t he
Return Stack Buffer in the Branch Address Cal culator 50. As stated in the
ni cr oprtbe &ydey comerisivgvihahamahesrycsieat brd peeadeichrg. al pwstthentry in the
reorder, buffer 83 for a brapch m cro-op, a_corresponding entry in the

Br anch Inptreghpa ey fa@sﬂiFgﬂﬁa@mfhéw%t%é{%ﬁ Py dero e Ph%ot@ms t he
Branch :I'arfgeg;1 gjuffer Circuit 40 about the assi gln.ed pDst entry, the

pr ocesSGTHEREPIPAFDARREPETON HF S 1 FRKE PiaNSar NP HUCHRE Y8R T96i nter (NLI P)
addrersTZ. Thg Branch Target buffer Crcuit 40 wites the processor state

i nfor ?ECS‘F‘ and the Next Linear Instruction Pointer (NLIP) address into a
corresponding entry in the Branch I P Table 43. a 13 March 2002 Updati ng
the Branch Target Buffer Cache Referring to Figure 2, each branch
_or.icro-op remimg GladkRGybEFRIY LS 0 oSt R IBenR YIS hal dydehe

source data required to e ute the branch mcro-op”“h een o ned and

the Brapghafkxecidthaniddite SAnch ava) lahligiesWeRe theow ol aapaygidiequired to
execute the branch mcro-op is ready, the reservation station 81 sends the

br anchtm@qge%tttopégﬁ@f BrandhirExeeubhon Unit 92. The Branch Target Buffer
Circuit 40 nonitors the bus used to send micro-ops fromthe reservation
station 81 to the Branch Executio l,éit 92. Upon seeing the reservation
station 81 issue a branch rricro-oah“’[ (r)l[et]ne Branch Execution Unit 92, the
Branch Target Buffer_QC ] I ry nunber in the
reorder buffer 83 will be used to store the branch mjcro-op result. As the
Branch Execution Unijt Hraestecutes t hdBirahchyrd croop,| the Branch Target
Buffer Circuit 40 re¢aflgpolpdan entry in the Branch IR Table 43 having the
sane entry nunber a$ the reorder buffer 83 pDst entry. In this mariner, the
stored branch inforipatiod) associ at€dnuitidnalheralpeanch [m croop bei ng execut ed
will be avail able wheén tThe brgnch m cro-op 1S resolved. The Branch

Execution Unit 92 executgs the RaNeh Froeh GurobYine

10 Call Subroutine

11 Unconditional branch

The Branch Target Buffer Circuit 40 uses the branch type field
403 when making a branch prediction since different branch prediction
mechanism is used for different type of branch instruction. For example, the
Branch Target Buffer Circuit 40 predicts the outcome of conditional branch

instruction based upon the branch instruction’s history, but the Branch Target



-determning a final branch target address and a final branch outcone (taken
or not-taken). The Branch Execution Unit 92 conpares the final branch

13 March 2002 J ~S outcone of the branch with a predicted branch outcone to
see if the branch prediction was correct. If the branch pr g%ction S
correct, then the processor continues along the predicted1§ ﬁfch{%&ﬁaer i f
the branch prediction was wong, the Branch Execution Unit 92 nust flush
the front-end of the mi croprocessor pipeline and restart the m croprocessor
at the cor rect address. If the brabhéh-instruction was predicted taken and
t he final . branch. oyt cone S j.nstea 4. 1 Gl Qcessor nust
resune@%%%%dﬁvbﬂmé#)?%@”ﬁ fgggbg ?ﬂgﬂﬁﬁégﬁggpf%ﬂg}gkgﬁggpg}§§folIomﬁng

t he br? ch instruction. The Branch >rxecution Unit 92 handles this

si tuat FOR By Flushing the front-end of the microprocessor pipeline and
instructing the Instruction Fetch L'nit 30 to resune execution at the Ne~:t
Li near Instruction Pointer (NLIP) address as provided by the Branch IP

Table 43. After tfie BranghnExegubiohielnign193 fegnge@.aamtaﬁ@ﬁm MKeiho- op,
the Branch Target Buffer Circuit 40 nust allocate a new entry or update an

exi sti pg elthNeh hittoey BranerTacgetstBuftfer ad bietdionaeeess thh@preper set in
the Branch Target Buffer Cache 41, the Branch Target Buffer G rcuit 40 nust
have t Beeadds€35niof2t MEhd Bk thyheh distbhefibicaneh siares tuethtlomistFoy éad cul at e
the | ast byte of the branch instruction, the Branch Target Buffer G rcuit
40 decttenkit ¢ ¢xeeuNexs dfithedrahastinyctitom Reing ébi(sNivinRye dddr ess obt ai ned
fromthe Branch I P Table 43. To provide information For the updating the
Br anchd@siggetesBus tF ke Cartte " U 1desigrea By atein. EXBe vt bidhobnakeroer npémsfers

i nformati on about the resolved branch instruction to the Branch Target

Buf f er taGienchiistoraoareSpeeh 1o iedierynta pdapean Sktexakls WS R EUl08NE ¥ or s t he
Branch Target Buffer 13 March 2002 - 39 Circuit 4 whaﬁ t%/JJe, of branch
i nst r ubransh peeslietieeufldds IPRTeRe?” thie PRRREALRRN T AkOR2BFN RBTUW AN, and
the branch target address. The Branch Target Buffer Circuit 40 uses the
resol ved branch information to update the Branch Target Buffer Cache 41.

Aeh LEnézm}q'ekuﬁégi‘fi{e?%tC?fﬁﬁ 8% A, B e e BRRA G FRREREI 01 (e
o nt o0 R0 ot el hEs bedloBER FPchiR R g VBhokPRISHEL PR | e
addr esfor%raﬂ‘ltaﬁ i ?ﬁ{é’cgﬁh? tDeaRGNe! Aol Loy el BearBh ﬁ&@&fﬁé&e&oﬁm fer

Circui uses ress of the last byte branch instruction to index

into tp%@ea’?gﬁ .@ﬁiﬂgtthgugé@{ulQ@@é‘eta‘ﬁén oM n&t-eke30RistdReoBtianeha @l get

ai ) .
Buf f er rcurt 40 indexes 1nto the Branch Target Buffer Cache 41 to see if

a branghy:qidon &):r@adysexbsdsch prddi@idisanchieTey ged BBuhfleTataai®uddr for the
branch instruction. Specifically, the Branch Target Buffer G rcuit 40

i ndexegiicnioad. hehBrspachlaliangst 48611 et \Cachehd Spurtlativeebsethbiistorpf t he
cal cul ated branch instruction address |ooks for a branch entry with a

mat chi figlchashedntains Vaktdpaodlating Histock dieskbitsiodlspeqolrtivefbranghBr anch
Target Buffer Grcuit 40 cannot find a branch entry in the Branch Target
Buf f er hisamtyed 0Bl afonsecheo brdarcinte Hg paiet sidte takdn Winen Brlgnédiingag get Buffer

Circuit 40 uses an allocation polijicy .to ge,ci de Ef t he branch instr uct~on
shol: | Branshapicpstiction fRE Branehtiriogetit BiPrieseEalRe ™9 FHETERIIBR & on

policy is explained lLater in thi.s ecificatiaon, Alter.nativel if the
Br anchP18Hgeng %\.ﬂaf‘él’r‘ ”("f!‘F‘éﬂiqns4‘(‘f‘f‘5§8§ SBeb‘FlﬁhéﬁrberﬁFFbei?l E%[rﬁes tifeh Tar get
copending patent application "Speculative History Mechanism in a Branch

Target Buffer”, Serial No. 08/062,012, filed May 14, 1993.

The valid bit 407 indicates whether the branch entry contains

valid branch information. When the Branch Target Buffer Circuit 40



13 March 2002 _ wp _ Buffer Cache 41 for the branch instruction, then the
Br anch Target Buffer G rcuit 40 proceeds to update the branch entry
starting at step 31U. Updating an Existing Branch Entry in the Branch
Target Buffer Cache The entire process of updating an existing branch entry
in the Branch Target Buffer Cache 41 requires 3 machine cyd@ March 20Q&hdat e
to an existing branch entry in the Branch Target Buffer Cache 41 can be
aborted by the Branch Target Buffer Circuit 40 if it ~is determ ned that
the branch entry should not be updated25Referring to step 310 of Figure 12,
the Branch Target Buffer Crcuit 40 conpares the branch target address in
t he br adlogatestand fillsh briedbremen tharbyencadaregssBedreGlisgud 4B ygetshdeBr anch
Execution Unit 92 unless the branch is a Return From Subroutine

| nst r uctalignbit 407t fies thegnérit Hiejeby audicegsadhab tpentmtemtaike/ aichnch
Execution Unit 97 updates the branch_target address at step 311. Referring
to steﬁ’f?ﬂg‘ é)‘PfOFF@JfCé"1§F‘tetfhé”B3r”ah“@hB’Pé‘rc ef‘d%ﬁ?qseéa@“rl%ﬁ?ift%40 exani nes the

branch e provjded_ by the Branch.Executjon Uni 2. 1f the hranch type is
an uncéi‘?\éﬁPF%ﬁé?{hﬁgéﬁ%‘ﬁ“ FRYYT E%fgbﬁ,él&ﬂﬁnpqrhtgeéeéi@?afﬁéjr BREYBYUf fer Gircuit
40 is dge%e é{lpdating t he branch entry. If the branch instruction is a
condi t i*6/¥4f“branch i nstruction, then, the Branch Target Buffer Circuit 40
proceeds to update the branch pattern table a branch history. 13 March
2002 At step 316, the Branch Target Buffer G rcuit 40 updates the branch
pattern Labl e 12HObed iR (8 AL ko LoNLR A IEiNBNCNOPH fik belgnbr anch pa

stern table 421 is update exing into t ranch pattern table 421

with t Pﬁg@%hé&&é‘ﬁ fok YBe Draneh i dd: 810K é@@ﬁ@ﬁ‘ﬂtk@h@ﬁ%cﬂ@ﬁﬁshﬁc%ﬁti aval ue

usi ng |l at'est branch result according to the state transition table as

i |l ust Rateth Fromi Yubs @ ukQe inkheidBibanch tpatBenehtebbet 42l fayusi-clie 4opdat e
before the true branch history field 404 is updatéd since the current

hi st or prédictshiget breechriaseiichibatagsacidtie! @ihOthei IsrapneRoedr ¢s tal@dex that o the
branch pattern table 421. After updating the branch pattern table at step
316, thédBrsaninith#drgeth Bufgbend@iase tietd 408 upddtegsastbe torthe Ihstanctiomi st ory
field 404 at step 318. The Branch Target Buffer G rcuit 40 updates true

br anchFeicst dnit 30 ¢b dnZoa blye Shitfudtiog. Fétehl dnigsi0 brrwretheutexdone of t he
conditional branch instruction as cal cul ated by the Branch Execution Unit
92 i nt sthetiongeshordadte fetdrask rom elldowsger, thiedranapltergss adesest anch entry
updating for a conditional branch instruction, The Branch Target éuffer

G r cui teltbgn st Ryl UsedHePreRict (aiarBat B Aeeh) THRY BPPBOEE Sits@iche 4l

t hi I f t B h bi Unit, 92 .h ted th

or anchi T B8 qe SR G Geet Ght 1A TPt SO R G SRR BPY si nce t he

i o BRGRaU ) THE G LG ha BPag aniso dar, Thecorsmch TaPhiteurrer -
Greul E)ra‘%‘%&‘lgrg‘)[géjtpa%r%sg h@loBﬁ@éqgaect%\g%Bft@M Y retaee o iiOhe A e ori gt nal

progr am or
microprocessor should resume execution.

Predicting Branch Instructions using the Branch Target Buffer Cache

The Instruction Fetch Unit 30 requests information about
upcoming branch instructions by passing an instruction pointer to the Branch
Target Buffer Circuit 40 Figure 8 illustrates the steps performed by the
Branch Target Buffer Circuit 40 when searching the Branch Target Buffer

Cache 41 for upcoming branch instructions. At step 101, the Branch Target



7 3 March 2002 In nost cases, updating the Branch Target Buffer Cache 41
out of the original programorder causes no problens T-iuwever, when the
Branch >rxecution Unit 92 detects a branch rnisprediction while executing a
branch after a later branch had already executed, the later branch would
have been updated with invalid history. To help remedy thil3 Maraht3Q@2 t he
Branch Target Buffer Crcuit 40 may abort the update of a branch entry if
the Branch Target Buffer Circuit 40 | earns that the branch shoul d not have
been executed within the next 2 cycles, An exanple of this situation is
explained wth reference to Figure 13.< “Gonsi der four branch instructions
named Bp@feBClircuBr 20 raneivBs 3heé hattrappea@poimtet HatmothdeInsar tdtion Betchnput er
program In the mcroprocessor illustrated by Figure 2, the associated
branch bmirdd- ops nmay executed in any order. In Figure 13, the four branch
instructions are executed the followng order Br3, Brl, Br2, and finally
BrO Referring to pipe x of Figure 13, the Branch Execution Unit resolves

Br3. At the next |pe i)%e x+1l, the BranchF Execution Unit resolves Brl and
the Branch Tar get Bé\“—fPe 0 P%Lﬁr?“%Té‘f%ertt%u {ﬁj'o(é‘tfk‘ﬁg’ dheeagsaith ehofy for

Br3. At pipe x-~7, ion sol ves Brl V\/mIe at the sane
tinme tHEaBFRACH *Pé‘? eBhfeP &'O@j %Fu%mtmi’o %‘ic&t‘t tERs, PF% tH@”Eﬁ Hch entry

f Br | d d h h +3, th

b anch B BLE PR UNEE: 1 BEorRe G iR Eraneh Toreets et Letind0 BRahen Tar get
Buf f 4 t d t h

dpdat | gt et rr dnR ani s TR e R Rk i R e Phnen entry
for Br nstr%c']tgo%@o?&e?qgi%res .a§ uédefd Eﬂet'hgrB‘?Qﬁ& =g el{tﬂh?ﬂ J‘t(i%e QE&)S” m nes

t hat branc was m spredicte Then the subseguent branch i ~78tructions

shoul d , ngt i Hagrses RNERBs SXEWHaREh ShiEE:HdIe m%@@%@@@%@g of the Bdress

specul at1 vel'y executing do4vn the wong path. " ~~tore inportantly, the br
anch hi;géifves r{hoBf BIEAY. i Tisd & Uedsh QNniBEant B 20f aNGdBIr3sShosba B0t be
updat ed sinCe these ‘branch i nstructi ons shoul d not have been &xecuted thus
any nezn\ofyednsdntiisthvariinwoud dybeblackngn tb@natdte TBeancBu fxecdthong Uni t
detects the m sprediction, the Branch Execution Unit instructs the Branch
Tar get Bt betryG@ortwirts #4Oblozkatféret 4ab ltha hiecaipd ahe sast yrtenifltte be processed.
Thus the Branch Target Buffer Circuit 40 aborts the updates for branch

i nst r uatscateBriraand iBs2uason Mitistrat @t ytablicjure 13. Since the update for
Br3 had al ready conpl eted when the m sprediction was detected, it cannot be
prevented. However, the ability to abort branch entry updates during the 2
cycl es before co letion of the update wi|l handle the majority of such
cases. Allocati ngp Fer PR ThbHs 66 aprpddies Bragaeihy Mar yEreBarY Slotasite

Ref i back 302 of F f h h. T Buf f

Oy eul bRtV s e R sapan duser H%ST%H%%%@? ?@?wéasé hm‘ifa?rget

Buf f he 41 f b h h ff

ot oot 2 e ol Mt AR B i e FARDIE BEEncRar ol Burter
Cache 414014, be. ablopaiedy T ok orm Re. el B%aoeaﬁnp@targ glhgsate a

branch’e Cr Opr ocess bran€ | 0cat i on

pol i Cyy; St Pr%grlgggm%ﬂgfé@%f'b J\&U@H&u{:shx’@i mrﬁﬂ?é‘gg{ﬁc{rﬁg%téé;rﬁgwfé’ﬁ policy of

t he Branch nply stat entry
al I ocatiyeRe ppl i cy of the present

The Branch Target Buffer Circuit 40 indexes into the Branch
Target Buffer Cache 41 using the seven set bits (bits 4 though 10) of the
instruction pointer to select a set of branch entries. The Branch Targat Buffer

Circuit 40 then reads out the selected set of branch entries.



13 Mach 2002 invention is to allocate a branch ec;try for all branch
i'nstructions mspredccted by the Branch Address Cal culator 50 and all taken
branch instructions. Referring to Figure 2, the Branch Address Cal cul at or
50 perforns static prediction on branch instructions not predicted by the
Branch Target Suffer Circuit 40 The static prediction is bhSddamh 20020n
the informa:ion encoded within the branch instruction itself such that the
Branch Address Cal culator 50 will always nmake the sanme prediction for a

gi ven branch instruction. Thus, when.thg Branch Address Cal cul ator 50

m spredicts a bra i ucti en, a ] edi.ct,on W i | ,repea ted
over and over agagﬁgﬁﬂﬁﬁb?'?ﬁegﬁ¥§h2ﬁ”§n€§8ﬂ%§@%aﬂﬁgé?fa 5“%?53§ht this
situatign | _hranch. i rugti ons..m neted. by . . he Addr ess

oL Ut R SRR, LU, ansh b GOLELEEY LR Roppehodress
at Stepbz%%hoéntﬁ'egL&Bﬁtzli%zin?&%_ﬁ'ié‘ﬂ%'&ol@%gﬁian@%lfiﬁgﬁu@%if)ﬁ“ﬂnttlffbolé B3t IT the
branch 1 nstruction was mspredicted. If the branch was m spredicted, the Br

arch Taggek gaihief thS%QHEtin&@u&'id@%%irﬂ%r.asgééi'ﬁ%ﬁll@,nFHé’BP&EcH frgrdypanch
instruction witl-un the Branch Target Buffer Cache 41 If the Branch Address

Cal cul ag@ffeQifRiLEO4E tSMpAREs 2 olyianeH prasteucbdn o iHe BPpePR1 bakeyr and the
branch prediction is correct, no delay results. Alternatively, when the
Branch tAddneasc@ah qdiataaradalteps editctise hhetedatdy Aakh40Dstithit barh Wil | be

t aken, the Branch Address Cal cul ator 50 nust still Flush the front-end of
t he mi dropcherdsoto ahdhisheer brarvd dmisies bt dn et mhatdni t 30 fetching from
the branch target address. Thus, if a branch ins:ruction is taken, there
will be a 5 cycle delay whether or not the Branch Address Cal cul ator 50
correctly predicts the branch instruction's outconme. To prevent 13 March
2002 - 45 this si?Geduemtie oin 3eaupaiigy torersiast thadrgaceh Bargar CGrcuit

40 al l ocates_a branch try wthin the Branch_ Target Buffer Cache 41 for
Al 1t aUH T GAHE § hetachdiBRs SNSALIE %@Péﬁr?%@e? éuégéé%fé@ b stergfure 12,

{aken, A fOTREBRarEh AFASTRud IR HIAE (SkERDOCHBoEs dher vt DL (88T For

o e velng 2t G52 G RBRE iS5 Bbet B BARTREBT V bk TR L0 ot o
0. uons AR RS RULERY KRS bR R R B O o
CPLRR ed B AR R Re e R Rl e P GRS RN el Boet
recent 'b\faﬁ@rp'n%eﬁgedimoﬁgl erdSeldie alazasmhcﬁ%rgpré@icm%ssﬂee@&&@@@ , the

Branch Target Bufter Crcuit 40 reads the Pseudo-Least Recently Repl aced

(PLRR) chirts b42GetfraindR Sedect athlsehtdsh bheme Beddawsxtheibf anchogenhry
allocation policy illustrated in Figure 14. The branch entry allocation

pol i cy thetreigpbprd@sentoi d destroyi ng existing branch entries for branch
instructions in the current nenory block. At step S01, the Branch Target
Buffer Grcuit 40 sets a counter to zero. At step 503, the Branch Target
Butter Circuit 40 tests the branch entry to see if its hashed tag field 401
equal s t he hashed fteaBragfcht Fargst Bndéierilingie détafoheheiesgnalhvandioadusdst t he
tzvo hashed tags do not match, the Branch Target Buffer Circuit 40 proceeds
to stepwsodifigseriehashingnaduduiRatc SPERIRS BT (A8 ARHERsSy eBPlachadiifGe branch

. th h ffer Grcuyi i do-
Rocont FYFRIBISEOEE] ERRY ol B0 Ar155h (807 SrIE APREER Hed nor ement ed
P do- L t R tly Repl PLP' R). bits back _int h A 13 March
2002 e SPRC D het g HATob S G DSk ReltBraRoR SFAPGA OBut for

G rcui Eypes of hastung mechanisms.

Figure 9b illustrates the operation of the first hashing

mechanism. The first hashing mechanism concatenates the 2 most



40 proceeds to s tep S11 where the Branch Ta rget Buffer Cr cui t 40 tests
_the counter to see if all four branch entries have been tested. If all four
branch entries have been tested, then the Branch Target Buffer G rcuit 40

. proceeds to step 50S 4vhere it replaces the branch entry;fqhtcpdatozby the
. Pseudo- Least Recently Replaced (1'LRR) bits 420 as originally read out of
the branch set. Referring back to step 511, if t~*.e all four branch
entries have not yet been tested, the Branch Target Buffer Circuit 40
proceeds to step 513 where the count’t 7and the Pseudo- Least Recent |y

Repl aced (PLRR) bits are ingre . ; 1 hesBranch Tar get
Buf f ersignificgaf 1t§(§b‘r‘%9@1raﬂéirtﬁé Oﬁgé?g%éfétgapéé%q{?ﬁg]{ﬁeext b?anch entry. After

a branch entry in the Branch Ta I, $8Ehes 4 chagehekbitdakred ed, the
Br ar cﬂagrnémﬂae?”ﬁs&?lrfsé?t%"r‘&;’{g%%%%é’eds to . ill in the da to fields
of the selected branch entry. L LBrafnechot Bedgraehd ematwasudlpken, the

Br anchtagar b it P@Ph’&qg\ﬁfg{i%éhsg{}’g £ he tr%ephigstory field 404 t' o "1011".

Otherwise, if the N0ty drakad ard hee B ARchotarsienalBufdrep ti rcui t 40
sets tiHE&K #‘E@lhi %“fcg{rwgh}ég%@'. The speculation bit :106 ibs reset

i ndi cat i th , LahbWer Rivatosgctyetateke stve frarst shgrificamcdhitent ry. The
specul%ﬂ?ﬁ’eerﬁﬁég%ﬁ%}?gﬁd 405 is \ng?g nodi fi ed during the branch entry

al l oca rte Lilé)é?l—lgi nce it ~.vill la ter be set when speculative history is
gener at'ed" '3 March 2002 - 47 The hashed tag field 401 and the bl ock
offset field 402 are set using address that points to the |ast byte of the
branch instruction. The hashed tag field 401 is set by rL{{}ni ng the uppernos
t 21 bits of thefadsheessilusatatgoie sperationeo] Hetspre B#sHRE branch
instruction through the sel ected hashing function. Tt}g bl ock ,of fset field
402 i sysehafsimng THeesdameshashibgtsedtatip@d 69 ArdH HEaress: %4 Branch Tar get
Buffer Circuit 40 sets the branch type field 403 usin 2 b ch type

i nf or ngkhcare beisveds Blomd h Cértﬁﬁcfhﬁliﬁ?(%é‘gtdif%??' EJr"Tliuchtﬁg.CMI} \eéjmnch Tar get
Buf fer Circuit 40, gets the brangh target @ﬂdrea S'ffgsebﬂtsd'g@t ing the

br anch(X®R) cucttioatien drtgeneabile 85§ 134 BAHEUPRASE BY tHe Branch Execution
Unit 92. Finally, the valid bit 407 for, the Al Yad §d8RLsst® 1 ndicate
t hat t bg), Andnidie %h@ﬁS/SlgﬁﬁtcéPﬁblté ‘Fﬁtﬁfl?ﬁlf‘%‘f‘%%?lggﬁpg}goﬂ%ﬂ aa%)r anch
instruction. Future ogcurrences, .of the. br HASLE e h oomiid kréeedor edi ct ed
by thecBrihel? h’érb@élﬂe@lﬁ?g'e? &4r%1gief‘&2fgl.\nggﬂko%a?i ng Branch Entries in the
Branch Target, Buffer che Re rig:l oyiH QU h bheiBgadeps Affress

Cal cul BYiOBRINRS it‘?geéggf ﬂée I@)%{igqeeinégglt% al | bra‘;ngch i ﬁst r'guctﬂlyson?mpredi ct ed
by the Branch Target. Buffer fld ciish4QasHEnE rheshandsihhe oBramctil Far get Buf fer
Cache 2% ‘ﬁﬁ%ltfatﬁg{ ‘?‘0%1 u%epggi n.ltqto valid brahch instructions may cause the

Bra nch_Target . Buf. UG dredf the apidediscpatersexdesalénag i tarieh taken
instr ué’tri)%ﬁis.£ R JL%P =hy < P

into consideration. Note that the 2 most significant bits (bits 30 and 31) are

preserved in order to detect calls to Operating System routines that are far

away from the current address.

When examinung the Branch Target Buffer Cache 41, the Branch

Target Buffer Logic 40 runs the upper 21 bits of the current instruction pointer

] i C c 5 tl shed instruction pointer
through hashing mecharusm and compares the has p

value against the hashed tag fields 401 1n the four branch entries of the

selected set. The Branch Target Buffer Logic 40 eliminates those branch



13 March 2002 - 48 There are several reasons way a branch entry in the
Branch Target Buffer Cache 41 may no | onger Foist to valid branch
instruction. Self nodifying code can charge a branch instruction such that
the entry in the Branch Target Buffer Cache 41 is no |ong ccyr )
Purtherrnore, the hashed address tag field 401 causes ali iél'ﬁar%h?hgtzh at
nore than one address maps into each branch entry. Wen the Branch Address
Cal cul ator 50 determ nes that the Branch Target Buffer Circuit 40 nade a
branch prediction for a nonexistent braach instruction, the inaccurate
branch entry in the Branch Tar Buffer Cache 41 shoul d pe deal | ocat ed.
When t h8VBEnh At £es ?glt%flgﬁ)#ggéhﬁe‘%%%t%Otamﬁlt%h&lhe KPB'tﬁ %?ﬁ@n for a
nonexi st ent Eranﬁh i.ns%‘ru tion,. tthﬂe Branch Address Cal cul ator SO sends the
Br anch. “HPREC BUFT S G BAM PHO ™Y pointer to the first byte of the

non- branch instruction. To deall ocate the bogus branch entry, the Branch
Target Buf Fer Circuit 40 deallocates all the branch entries in the set

defined by the paa%g,@%ggqg)ﬂ,te@% BAChR. Ll Borey | B0, S8 Atbanch entri es.

Both the set define assed pointer and tHe oW ng's of branch

entries I | \’ Rohy AnRE T [ I is placed
Thto e B anCR Tar et BurT o Cache A1 by he Sdr eetdPs AL oyt e, may

exi sts pdford thekuefedt IRstt W& bSiRbr DFraneha gipiE | @%er 0; €8alharas endranch
entries in a set, the Branch Target Buffer Gircuit 40 Teset’s all the valid

bi ts 40ReaforyheabreiEipuweaty aedur byee foelgaintg inasudasearis hRdstgeer

r. ~~et hods and apparatus for inplenenting a Branch Target BuFFer Circuit
t hat prtédiletxederanghaddstsasciE omgl. TH: Bdanch i2002ctiod-at_hewatibtimaan
instruction stream It is contenplated that changes and nodifications may
be nmudexduresyes i toRdiinatacedkntd aibmandheemiry inttbe Braschidtege B sffand
arrangenents of elenents of the present invention wthout departing from
t he scdpachef4l padiaseesieiegnwith the haxpdhcippdzddres U Ainvs that i theanch
instruction prediction mechanism said branch_instruction Fr edi ction
mechaniasiargseal &9 gt Pie pPhifilmnchrritvattisr Ahpr Grablesk effserfslen
instnictions within a streamof conputer instructions, said, branch

instr _u@toizo?f %\eet_ﬁﬁaé‘lcf‘c?ﬁ‘%b’ﬁ Resipt é‘g_ﬁprfé}i‘%ﬁ‘:méﬁt ST Yeheqt BRITPBT nter for
dentif oint AR R R gggrregssi&l thef the Branch Target Buffer Logic 40
eliminates all branch entries that have values less than 3 in the block offset

field 402 such that the branch entry for the branch instruction at hexadecimal

address 21 is no longer considered

The remaining branch entries describe branch instructions
within the 16 byte block pointed to by the current instruction pointer and are
located after the current instruction pointer. At step 105, the Branch Target
Buffer Logic 40 orders the remaining branch entries using the block offset
field 402 of the remaining branch entries. The Branch Target Buffer Logic 40
then selects the first "taken" branch instruction from the remaining ordered
branch entries if there is a "taken" branch instruction. To select the first taken

branch instruction from the remaining ordered branch entries, the Branch



menory, said instruction pointer having a set of branch target buffer set
address bits and a set of branch target buffer tag address bits; a branch
target buffer cache, said branch target buffer cache conprising a plurality
of branch set entries, each of said branch set entries conprising a set of
branch instruction entries, each branch instruction entry $8dvard 2002

i nformati on about an associ ated branch instruction including a position
with a menory block, all branch instruction entries within a particul ar
branch set entry storing branch instructions having identical branch target
buffer set address bits; and . a brapgh-target buffer circuit, said branch
target buffer circuit receiving [anJ said instniction pointer, said branch
target BafgeerBwiferciupgicidddexishgna ke brasandowlicamehptedigeondbdf ell thache with
said set of branch target buffer set address bits of said instniction

poi nt er ramaigengdrancibedtiess getheptlegtedssitd branch target buffer circuit

sel ecting at | east one branch instruction entry in said branch set entry
usi ng said branch target buffer tag address bits of said instruction

poi nter. 2. The branch instrugtion predi,ction chanismas clainmed in claim
1 wherein said 5%8{Rg bB?f‘cﬁbf)ﬁ‘tt%‘?m biaﬁfigértaé‘cgrfﬁrgékp‘dm‘ﬁé?ﬁ?ry and said
branch target buffer circuit selrches for a first upcom ng branch
instruction entry in said block of menory pointed to by said instruction
poi nter. 13 Mar 02 .- . -] ruct, redi gtion

mechani sm as claiﬁgdggﬁgéﬁggéfq%)té&ﬁfﬁﬁgggﬂ“%gﬁg %@%bgﬁﬁgeg%%ggﬁgﬁ

i nstruct) L0t i er hel ed in said
branchOP%%%%?hgﬁfggﬁa%gﬁﬁghg%ng Eﬁgg§§%%§gqﬁg£§S%§§§§o$h52%ﬁhgésociated

branch m:%gs BOEPTirduit DRI PRAHCS dea (i di GE 4PN yTBE 'riggccl ai med

in claim?Z® wherein each said branch instruction entry 1n’sad h target
buf fer eache/ 1GAMPPE T BraAch aktAddisE pledlideda branch target address; and a
o ; ;

val i d 5. The branch instruction prediction nmechanismas clained iii
claim4 wherein said tag address field conprises a conpressed tag address
The branch type field designates if the predicted branch

instruction is a conditional, an unconditional, a Call Subroutine, or a Return

From Subroutine branch instruction. Nota that although Call Subroutine

and Return From Subroutine instructions are specific types of unconditional

branch instructions, those two instructions are marked as different types. The

Branch Target Buffer Circuit 40 marks Call Subroutine and Return From

Subroutine instructions as different types since the Branch Target Buffer

Circuit 40 performs special operations when those two types of branch

instruction are predicted.



field that is smaller than a full tag address. 6. The branch instruction
predi cti on mechanismas claimed in claim5 wherein said a conpressed tag
address field conprises a subset of nobst significant bits from said full
t.ag address concatenated with a subset of |east signifi ca Mts f sai d
full tag address. 7. The branch instruction prediction rrec ﬁ{‘aip@ai med
in claim5 wherein said a conpressed tag address field conprises a first
subset of nost significant bits fromsaid full tag address, an exclusive or
conbi nati on of a second subset of bitd fromsaid full tag address, and a

third subset of '?ﬁ?tfo p\%m'ﬂé bl S fa o, S84, ¢ y'érahgﬂﬂqgéﬁss 8. The

branch i nstruction pre anl smas clained in c wherein each

sai d br 1 t further
o B0 GRS RSLTln SR Y SR R 0 LA g opehe

instr U%EQQ oPedhat lr%rt‘rl.f[‘?i“@rr‘\@rb'@mda@xt(Pu'@'tH@@rbﬂcf@ rat 8 8s wher @a@w@@@h sai d
branch fhstruction entry in said branch target buffer cache further
conprises a block offset field thaf. %e&tlfles an offset of a |last byte of
sai d associ ated branch instruction. l? The branch instruction prediction
mechanismas clained in claim9 wherein each said branch instruction entry
in said branch target buffer cache further conprises a branch histary
field.| 11. The branch instfuctionBnediirgehBrbtsidnirenitasctédmi med ijn clai m
10 wherei n @aahckdlygebranch instruction entry {n said branch target] buffer
cache [further conprises a gpecBlatdho@ubtdmand a Bpewhl Attpee Aatdrrsh |hi story
field.] 12. A nmethod of updating epr@d;@ﬁ@h targe1 buffque@a@;h@—i sai d /net hod
conpri[sTg—the Steps of T eRecuti Ny a pranctr TnstTuctTom To determine a

final 1ABSAAQUEANEANA & Pl Rkanch target p iES5rRh atdd branch
|nstru sPructlon Lng f’ha set entry in sai 5 anc rc;nqrtggge Léféé!l’ cache;
Call Subroutine or in Branch Target Buffer
Return From Cache

Subroutine)

Conditional Branch Predict branch outcome | Predict branch target
Instruction using branch history address from target field
and branch pattern table | in Branch Target Buffer

Cache

Call Subroutine Predict taken Predict branch target

Instruction address from target field
in Branch Target Buffer
Cache

Return From Predict taken Predict from Return

Subroutine Instruction Register if Return

Register valid bit set else
predict from RSB using
BTB TOS pointer

As set forth in Table 2, all branch instructions other than
conditional branch instructions are predicted taken. To predict the outcome
of a conditional branch instruction, the Branch Target Buffer Circuit 40 uses
the Yeh & Patt two-level adaptive branch prediction mechanism. (See Tse Yu

Yeh and Yale N. Patt, Two-Level Adaptive Branch Prediction, The 24th




finding a branch instruction entry associated with said branch instruction
in said branch set entry; updating a branch target address in said.branch
instruction entry associated with said branch instruction using said final
Branch target address; updating a branch pattern table associated with said
branch set entry in said branch target buffer if said branthMarehn2@®@2on is
a conditional branch instruction; and updating a branch history associ ated
with said branch instruction entry if said branch instruction is a
condi tional branch instruction. - 53, 13. The nethod of updating a branch
target buffer as claimed in claim12 ®herej n said step of finding a branch
i nst r ucfiCoyl/ EREE ynisysatipatledy Winds! wai anbrAAEH Nops o R Ui o rchigtitsns 13
March 2002 indexing into said branch target buffer cache using an address
of a | abOVBRREIIPISaPE b aAbh Tttt iedn e Fathdrapempgedictigpdat i ng a
branch target. buffer cache as clainmed jn clajm 13 wherein said step of
fi ndi ngmécg?%lﬁt'fhdéﬁf’wcajgégb‘?laf‘léas \}ifl”tohlleéSdeO}bE]&hW PREPFXrcti on furt her
conpri ses
The first level of branch history maintained in the two-level

adaptive branch prediction mechanism is the taken or not-taken branch

history stored within each branch entry. For example, a "not-taken, taken,

taken, not-taken” branch history is represented by "0110". In the present

embodiment, two versions of the branch history are stored: a true branch

history and a speculative branch history. The true branch history stores the

last four outcomes of the branch instruction as determired by the Branch

Execution Unit 92. The speculative branch history stores the last four

outcomes of the branch instruction as predicted by the Branch Target Buffer

Circuit 40. The speculative history is used to get around the problem of

predicting branch instructions within small (or "tight") loops since the true

history might not be updated fast enough. This document will concentrate

on the true branch history, however, additional information about the

speculative branch history can be found in the copending patent application

"Speculative History Mechanism in a Branch Target Buffer"”, Serial No.

08/062,012, filed May 14, 1993.

The second level of branch history maintained in the two-level
adaptive branch prediction mechanism is the branch pattern history. The
branch pattern history indicates the likely outcome of a branch instruction
based upon the previous branch outcomes of the branch instruction with

identical branch histories. The branch pattern history 1s stored as a two-bit



mat chi ng a subset of nost significant bits fromsaid address of a |ast byte
of said branch instruction with a tag field in said branch entry. 15. The
met hod of updating a branch target buffer cache as clained in claiml4
wherein said step of matching a subset of nobst significant bits fromsaid
address of a last byte of said branch instruction further E%ﬁ%@m%@%OOZ
generating a hashed version of said subset of nobst significant bits from
said address of a last byte of said branch instruction; and natching said
hashed versi on of said subset of npst38ignificant bits fromsai d address of

| ast f i ~1,nst i ith hed field i id
2, L2t By o SR B HER A PRLCHEL LR g hoshed has el [n sald
EO”D“ Sézﬂ?o&ﬂ%eﬁi S&ﬁe?h Hi gl* ¥t h%?(o???&dééﬁ'%trél’f‘ts't% &agugﬁ&r ﬁ'e“ﬁs a final
ranch oufcone an a Tlna ranc tar ge aadar ess or sal ranc

instru ééawlefar@%nquﬁow?amrﬁm @%@%QFﬁch{éEg??ﬁﬂe%@ﬁn.sitﬂﬁtrucuOn

W
in a set of branch entries in said br~. nch targe er; updating a branch

target adds @$sssiflesSBihdBl patedrrENhty s@6805/ alled, Wdhlk]p al b branadyidit ruction
using said final branch target address; updating a branch pattern table

associ ahkéh Wahd ss@ing | ¢ elot-edkdit andhuentted €8 Higusalgbbranch target buffer if
said branch instruction is a conditional
The branch pattern history is created from previous occurrences
of the same branch pattern. Each time a conditional branch instruction is
resolved, the branch pattern table is updated using the Lee & Smith saturating

up/down counter as illustrated by the state transition arrows in Figure 10b.

A branch prediction example is provided with reference to
Figures 10a. Referring to Figure 10a, 4 bits of branch history store a "not-
taken, taken, taken, not-taken” ("0110") pattern for a conditional branch
instruction. The 4 bit branch pattern is used to index into a branch pattern
table that stores branch pattern history state values for each branch pattern. In
Figure 10a, the "0110" branch pattern indexes to a "10" state value that
represents the "weakly taken” state. The branch prediction mechanism will
therefore predict the branch will be taken. When the branch instruction is
resolved by the Branch Execution Unit 92, the Branch Execution Unit 92
updates both the branch history for the branch and the appropriate state value

entry in a branch pattern table.

After the Branch Target Buffer Circuit 40 determines the branch
outcome for all conditional branch instructions in the ordered set, the Branch

Target Buffer Circuit 40 searches for the first taken branch instruction. If no
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Table 2 describes how the Branch Target Buffer Circuit 40
predicts a branch target address for each type of branch instruction as indicated
in the branch type field 403 when the branch instruction is predicted taken.

As stated in Table 2 The Branch Target éuffer Circuit 40 handles
unconditional, conditional, and Jump T> Subroutine branch instructions by
predicting a branch to the address provided in the branch target address field
408 of the Branch Target Buffer Cache 41 entry. However, Return From

Subroutine instructions are handled differently.

When the Branch Target Buffer Circuit 40 predicts a taken
Return From Subroutine instruction, the Branch Target Buffer Circuit 40
predicts a return address from a Return Register or from a Return Stack

Buffer within the Branch Address Calculator 50.

The Branch Target Buffer Circuit 40 passes the predicted branch
target address to the Instruction Fetch Unit 30. The Instruction Fetch Unit 30

then fetches the next memory block using the predicted branch target address.
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the address of the instruction immediately following the branch instruction
associated with the branch micro-op. The Instruction Fetch Unit 30 uses the
Next Linear Instruction Pointer (NLIP) address when a branch is mispredicted

taken when the branch should not have been taken,

The Next Linear Instruction Pointer (NLIP) address is also used

to index into the Branch Target Buffer Cache 41 when allocating new branch
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entries or updating the branch history information in existing branch entries.
When allocating a new branch entry or updating an existing branch entry, the
Next Linear Instruction Pointer (NLIP) address is decremented by one to
produce the address of the last byte of the branch instruction. The address of

the last byte of the branch instruction is used by the Branch Target Buffer

Circuit 40 to index into the Branch Target Buffer Cache 41.

The processor state information field is used to store state
information that may be corrupted when the microprocessor begins
speculative execution after making a branch prediction. If the microprocessor
is speculatively executing down the wro.ng path due to a branch
misprediction, the state information can be restored from the Branch IP Table
43 when the misprediction is detected. In the present embodiment, the
microprocessor state information field stores a stack pointer for the Return

Stack Buffer in the Branch Address Calculator 50.

As stated in the microprocessor overview, when the Allocator 70
assigns a pDst entry in the reorder buffer 83 for a branch micro-op, a
corresponding entry in the Branch IP Table 43 is assigned. The Instruction
Decoder 60 informs the Branch Target Buffer Circuit 40 about the assigned
pDst entry, the processor state information, and the Next Linear Instruction
Pointer (NLIP) address. The Branch Target Buffer Circuit 40 writes the
processor state information and the Next Linear Instruction Pointer (NLIP)

address into a corresponding entry in the Branch IP Table 43.
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Updating the Branch Target Buffer Cache

Referring to Figure 2, each branch micro-op remains at the
reservation station 81 entry until all the source data required to execute the
branch micro-op has been obtained and the Branch Execution Unit 92 is
available. When the source data required to execute the branch micro-op is

ready, the reservation station 81 sends the branch micro-op to the Branch

Execution Unit 92.

The Branch Target Buffer Circuit 40 monitors the bus used to
send micro-ops from the reservation station 81 to the Branch Execution Unit
92. Upon seeing the reservation station 81 issue a branch micro-op to the
Branch Execution Unit 92, the Branch Target Buffer Circuit 40 notes which
pDst entry number in the reorder buffer 83 will be used to store the branch
micro-op result. As the Branch Execution Unit 92 executes the branch micro-
op, the Branch Target Buffer Circuit 40 reads out an entry in the Branch IP
Table 43 having the same entry number as the reorder buffer 83 pDst entry. In
this manner, the stored branch information associated with the branch micro-

op being executed will be available when the branch micro-op is resolved.

The Branch Execution Unit 92 executes the branch micro-op by
determining a final branch target address and a final branch outcome (taken

or not-taken). The Branch Execution Unit 92 compares the final branch
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outcome of the branch with a predicted branch outcome to see if the branch
prediction was correct. If the branch prediction was correct, then the processor
continues along the predicted path. However, if the branch prediction was
wrong, the Branch Execution Unit 92 must flush the front-end of the
microprocessor pipeline and restart the microprocessor at the correct address.
If the branch instruction was predicted taken and the final branch outcome
was instead not-taken, the microprocessor must resume execution at the
address of the instruction immediately following the branch instruction. The
Branch Execution Unit 92 handles this situation by flushing the front-end of
the microprocessor pipeline and instructing the Instruction Fetch Unit 30 to

resume execution at the Next Linear Instruction Pointer (NLIP) address as

provided by the Branch IP Table 43.

After the Branch Execution Unit 92 executes a branch micro-op,
the Branch Target Buffer Circuit 40 must allocate a new entry or update an
existing entry in the Branch Target Buffer 41. To access the proper set in the
Branch Target Buffer Cache 41, the Branch Target Buffer Circuit 40 must have
the address of the last byte of the branch instruction. To calculate the last byte
of the branch instruction, the Branch Target Buffer Circuit 40 decrements the

Next Linear Instruction Pointer (NLIP) address obtained from the Branch IP

Table 43.

To provide information for the updating the Branch Target
Buffer Cache 41, the Branch Execution Unit 92 transfers information about
the resolved branch instruction to the Branch Target Buffer Circuit 40.

Specifically, the Branch Execution Unit 92 informs the Branch Target Buffer
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Circuit 40 what type of branch instruction was executed, whether the branch

was taken or not-taken, and the branch target address. The Branch Target

Buffer Circuit 40 uses the resolved branch information to update the Branch

Target Buffer Cache 41.

Figure 12 illustrates the steps the Branch Target Buffer Circuit 40
performs when updating the Branch Target Buffer Cache 41. At step 301, the
Branch Target Buffer Circuit 40 decrements the Next Linear Instruction
Pointer (NLIP) address read out of the Branch IP Table 43 to calculate the
address of the last byte branch instruction. The Branch Target Buffer Circuit

40 uses the address of the last byte branch instruction to index into the Branch

Target Buffer Cache 41.

At step 302, the Branch Target Buffer Circuit 40 indexes into the
Branch Target Buffer Cache 41 to see if a branch entry already exists in the
Branch Target Buffer Cache 41 for the branch instruction. Specifically, the
Branch Target Buffer Circuit 40 indexes into the Branch Target Buffer Cache
41 with the set bits of the calculated branch instruction address looks for a

branch entry with a matching hashed tag field 401 and block offset field 402.

If the Branch Target Buffer Circuit 40 cannot find a branch entry
in the Branch Target Buffer Cache 41 for the branch instruction, then the
Branch Target Buffer Circuit 40 uses an allocation policy to decide if the
branch instruction should be added to the Branch Target Buffer Cache 41. The
allocation policy is explained later in this specification. Alternatively, if the

Branch Target Buffer Circuit 40 finds a branch entry in the Branch Target
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Buffer Cache 41 for the branch instruction, then the Branch Target Buffer

Circuit 40 proceeds to update the branch entry starting at step 310.
Updating an Existing Branch Entry in the Branch Target Buffer Cache

The entire process of updating an existing branch entry in the
Branch Target Buffer Cache 41 requires 3 machine cycles. An update to an
existing branch entry in the Branch Target Buffer Cache 41 can be aborted by

the Branch Target Buffer Circuit 40 if it-is determined that the branch entry

should not be updated.

Referring to step 310 of Figure 12, the Branch Target Buffer
Circuit 40 compares the branch target address in the branch entry with the
branch target address calculated by the Branch Execution Unit 92 unless the
branch is a Return From Subroutine Instruction. If the two target addresses

do not match, the Branch Execution Unut 92 updates the branch target address

at step 311.

Referring to step 312 of Figure 12, the Branch Target Buffer
Circuit 40 examines the branch type provided by the Branch Execution Unit
92. If the branch type is an unconditional branch instruction, then the Branch
Target Buffer Circuit 40 is done updating the branch entry. If the branch
instruction is a conditional branch instruction, then the Branch Target Buffer

Circuit 40 proceeds to update the branch pattern table a branch history.
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At step 316, the Branch Target Buffer Circuit 40 updates the

branch pattern table 421 for the set that contains the branch entry. The branch
pattern table 421 is updated by indexing into the branch pattern table 421 with
the existing true branch history 404 and changing the state value using latest
branch result according to the state transition table as illustrated in Figure 10b.
The branch pattern table 421 must be update before the true branch history
field 404 is updated since the current history in the true branch history field

404 is needed to index into the branch pattern table 421.

After updating the branch pattern table at step 316, the Branch
Target Buffer Circuit 40 updates the true branch history field 404 at step 318.
The Branch Target Buffer Circuit 40 updates true branch history field 404 by
shifting the latest branch outcome of the conditional branch instruction as
calculated by the Branch Execution Unit 92 into the true branch history field
404. This completes the branch entry updating for a conditional branch

Instruction.

The Branch Target Buffer Circuit 40 updates each branch entry in
the Branch Target Buffer Cache 41 two machine cycles after the Branch
Execution Unit 92 has executed the branch micro-op associated with the
branch instruction. However, since the microprocessor containing the
Branch Target Buffer Circuit 40 can execute micro-ops out of the original
program order, the Branch Target Buffer Circuit 40 may update the Branch

Target Buffer Cache 41 out of the original program order.
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In most cases, updating the Branch Target Buffer Cache 41 out of
the original program order causes no problems However, when the Branch
Execution Unit 92 detects a branch misprediction while executing a branch
after a later branch had already executed, the later branch would have been
updated with invalid history. To help 'remedy this situation, the Branch
Target Buffer Circuit 40 may abort the update of a branch entry if the Branch
Target Buffer Circuit 40 learns that the branch should not have been executed

within the next 2 cycles. An example of this situation is explained with

reference to Figure 13.

Consider four branch instructions named BrO, Brl, Br2, and Br3
that appear in that order within a computer program. In the microprocessor
illustrated by Figure 2, the associated branch micro-ops may executed in any

order. In Figure 13, the four branch instructions are executed the following

order Br3, Brl, Br2, and finally BrQ

Referring to pipe x of Figure 13, the Branch Execution Unit
resolves Br3. At the next pipe, pipe x+1, the Branch Execution Unit resolves
Brl and the Branch Target Buffer Circuit 40 starts updating the branch entry
for Br3. At pipe x+2, the Branch Execution Unit resolves Brl while at the
same time the Branch Target Buffer Circuit 40 starts updating the branch
entry for Brl and continues updating the branch entry for Br3. At pipe x+3,
the Branch Execution Unit resolves Br0 while at the same time the Branch
Target Buffer Circuit 40 starts updating the branch entry for Br2, continues

updating the branch entry for Brl, and finishes updating the branch entry for

Br3.
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If the Branch Execution Unit determines that branch Br0 was
mispredicted, then the subsequent branch irstructions should not have been
executed since the microprocessor was speculatively executing down the
wrong path. More importantly, the branch histories for branch instructions
Brl, Br2, and Br3 should not be updated since these branch instructions
should not have been executed thus any new branch history would be wrong.
When the Branch Execution Unit detects the misprediction, the Branch
Execution Unit instructs the Branch Target Buffer Circuit 40 to abort all the
updates currently be processed. Thus the Branch Target Buffer Circuit 40
aborts the updates for branch instructions Brl and Br2 as illustrated in Figure
13. Since the update for Br3 had already completed when the misprediction
was detected, it cannot be prevented. However, the ability to abort branch

entry updates during the 2 cycles before completion of the update will handle

the majority of such cases.
Allocating Branch Entries in the Branch Target Buffer Cache

Referring back to step 302 of Figure 12, if the Branch Target
Buffer Circuit 40 does not find an existing branch entry in the Branch Target

Buffer Cache 41 for the branch instruction, the Branch Target Buffer Circuit 40

-must determine if a new branch entry in the Branch Target Buffer Cache 41

will be allocated. To determine whether or not to allocate a branch entry, the

microprocessor implements a branch entry allocation policy. Steps 303 and
305 implement the branch entry allocation policy of the Branch Target Buffer

Cache 41. Simply stated, the branch entry allocation policy of the present
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invention is to allocate a branch entry for all branch instructions mispredicted

by the Branch Address Calculator 50 and all taken branch instructions.

Referring to Figure 2, the Branch Address Calculator 50 performs
static prediction on branch instructions not predicted by the Branch Target
Buffer Circuit 40 The static prediction is based only upon the information
encoded within the branch instruction itself such that the Branch Address
Calculator 50 will always make the same prediction for a given branch
instruction. Thus, when the Branch Address Calculator 50 mispredicts a
branch instruction, the same misprediction will be repeated over and over
again (until the branch outcome changes). To prevent this situation, all
branch instructions mispredicted by the Branch Address Calculator 50 are
allocated into the Branch Target Buffer Cache 41. Thus, at step 303 of Figure
12, the Branch Target Buffer Circuit 40 tests if the branch instruction was
mispredicted. If the branch was muspredicted, the Branch Target Buffer

Circuit 40 allocates a branch eniry for the branch instruction withun the

Branch Target Buffer Cache 41

If the Branch Address Calculator 50 predicts that a branch
instruction will not be taken and the branch prediction is correct, no delay
results. Alternatively, when the Branch Address Calculator 50 predicts that a
branch instruction will be taken, the Branch Address Calculator 50 must still
flush the front-end of the microprocessér and start the Instruction Fetch Unit
30 fetching from the branch target address. Thus, if a branch instruction is
taken, there will be a 5 cycle delay whether or not the Branch Address

Calculator 50 correctly predicts the branch instruction's outcome. To prevent
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this situation from recurring, the Branch Target Buffer Circuit 40 allocates a
branch entry within the Branch Target Buffer Cache 41 for all taken branch
instructions at step. Referring to step 305 of Figure 12, the Branch Target
Buffer Circuit 40 tests if the branch instruction was taken. If the branch
instruction was taken, the Branch Target Buffer Circuit 40 allocates a branch

entry for the branch instruction within the Branch Target Buffer Cache 41.

To select a brarch entry from the selected set in the Branch
Target Buffer Cache 41, the Branch Target Buffer Circuit 40 uses a pair of
Pseudo-Least Recently Replaced (PLRR) bits 420 in the Branch Target Buffer
Cache 41 set. The Pseudo-Least Recently Replaced (PLRR) bits 420 indicate
which branch entry in the set has been least recently replaced. To selects the
branch entry in the selected set, the Branch Target Buffer Circuit 40 reads the
Pseudo-Least Recently Replaced (PLRR) bits 420 of the selected set and then
follows the branch entry allocation policy illustrated in Figure 14. The branch
entry allocation policy attempts to avoid destroying existing branch entries for

branch instructions in the current memory block.

At step 501, the Branch Target Buffer Circuit 40 sets a counter to
zero. At step 503, the Branch Target Buffer Circuit 40 tests the braknch entry to
see if its hashed tag field 401 equals the hashed tag of the branch instruction
being allocated. If the two hashed tags do not match, the Branch Target Buffer
Circuit 40 proceeds to step 505 where it replaces that branch entry. After
replacing the branch entry, the Branch Target Buffer Circuit 40 increments the
Pseudo-Least Recently Replaced {(PLRR) bits 420 at step 507 and writes the

incremented Pseudo-Least Recently Replaced (PLRR) bits back into the set.
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If the two hashed tags do match, the Branch Target Buffer Circuit

40 proceeds to step 511 where the Branch Target Buffer Circuit 40 tests the

counter to see if all four branch entries have been tested. If all four branch

entries have been tested, then the Branch Target Buffer Circuit 40 proceeds to

step 505 where it replaces the branch entry pointed to by the Pseudo-Least

Recently Replaced (PLRR) bits 420 as originally read out of the branch set.

Referring back to step 511, if the all four branch entries have not yet been

tested, the Branch Target Buffer Circuit 40 proceeds to step 513 where the

counter and the Pseudo-Least Recently Replaced (PLRR) bits are incremented.

After step 513, the Branch Target Buffer “Circuit 40 returns to step 503 to test

the next branch entry.

After a branch entry in the Branch Target Buffer Cache 41 has

been selected, the Branch Target Buffer Circuit 40 proceeds to fill in the data

fields of the selected branch entry.

If the branch instruction was taken, the Branch Target Buffer

Circuit 40 sets the true history field 404 to "1011". Otherwise, if the branch

was not taken, the Branch Target Buffer Circuit 40 sets the true history to

"0100",

The speculation bit 406 is reset indicating that no speculative

history yet exists for the branch entry. The speculative history field 405 is not

modified during the branch eniry allocation since it will later be set when

speculative history is generated.
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address.

The Branch Target Buffer Circuit 40 sets the branch type field 403
using the branch type information received from the Branch Execution Unit
92. The Branch Target Buffer Circuit 40 sets the branch target address field 408
using the branch instruction’s target address as calculated by the Branch

Execution Unit 92.

Finally, the valid bit 407 for the branch entry is set to indicate
that the branch entry contains valid information about a branch instruction.
Future occurrences of the branch instruction will be predicted by the Branch

Target Buffer Circuit 40.
Deallocating Branch Entries in the Branch Target Buffer Cache

Referring to Figure 2, the Branch Address Calculator 50 verifies
the existence of all branch instructions predicted by the Branch Target Buffer
Circuit 40. Entries in the Branch Target Buffer Cache 41 that no longer point
to valid branch instructions may cause the Branch Target Buffer Circuit 40 to

predict nonexistent branch instructions.
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branch instruction, the inaccurate branch entry in the Branch Target Buffer

Cache 41 should be deallocated. When the Branch Address Calculator 50

detects a branch prediction for a nonexistent branch instruction, the Branch

Address Calculator 50 sends the Branch. Target Buffer Circuit 40 a pointer to

the first byte of the non-branch instruction. To deallocate the bogus branch

entry, the Branch Target Buffer Circuit 40 deallocates all the branch entries in

the set defined by the passed pointer and the following set of branch entries.

Both the set defined by the passed pointer and the following set of branch

entries must be deallocated since the branch instruction, which is placed into

the Branch Target Buffer Cache 41 by the address of the last byte, may exists in

either of the two sets of branch entries. To deallocate branch entries in a set,

the Branch Target Buffer Circuit 40 resets all the valid bits 407 of the branch

entries.

The foregoing has described several methods and apparatus for

implementing a Branch Target Buffer Circuit that predicts branch instructions
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modifications may be made by one of ordinary skill in the art, to the materials
and arrangements of elements of the present invention without departing

from the scope of the invention.
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said branch instruction prediction mechanism comprising:

an instruction pointer for identifying an instruction address in a
memory, said instruction pointer having a set of branch target buffer set
address bits and a set of branch target buffer tag address bits;

a branch target buffer cache, said branch target buffer cache
comprising a plurality of branch set entries, each of said branch set entries
comprising a set of branch instruction entries, each branch instruction entry
storing information about an associated branch instruction including a
position with a memory block, all branch instruction entries within a
particular branch set entry storing branch instructions having identical
branch target buffer set address bits; and

a branch target buffer circuit, said branch target buffer circuit receiving
[an] said instruction pointer, said branch target buffer circuit indexing into
said branch target buffer cache with said set of branch target buffer set address
bits of said instruction pointer to select a branch set entry, said branch target
buffer circuit selecting at least one branch instruction entry in said branch set

entry using said branch target buffer tag address bits of said instruction

pointer.

2. The branch instruction prediction mechanism as claimed in
claim 1 wherein said instruction pointer points to a block of memory and said
branch target buffer circuit searches for a first upcoming branch instruction

entry in said block of memory pointed to by said instruction pointer.
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4, The branch instruction prediction mechanism claimed in
claim 1 wherein each said branch instruction entry in said branch target buffer
cache comprises:

a tag address field;

a branch target address; and

a valid bit,

5. The branch instruction prediction mechanism as claimed in
claim 4 wherein said tag address field comprises a compressed tag address

field that is smaller than a full tag address.

6. The branch instruction prediction mechanism as claimed in
claim 5 wherein said a compressed tag address field comprises a subset of
most significant bits from said full tag address concatenated with a subset of

least significant bits from said full tag address.

7. The branch instruction prediction mechanism as claimed in
claim 5 wherein said a compressed tag address field comprises a first subset of
most significant bits from said full tag address, an exclusive or combination of
a second subset of bits from said full tag address, and a third subset of least

significant bits from said full tag address.

8. The branch instruction prediction mechanism as claimed in
claim 4 wherein each said branch instruction entry in said branch target buffer

cache further comprises a branch type field.
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history field.

12. A method of updating a branch target buffer cache, said
method comprising the steps of:
executing a branch instruction to determine a final branch outcome
and a final branch target address for said branch instruction;
finding a branch set entry in said branch target buffer cache;
finding a branch instruction entry associated with said branch
instruction in said branch set entry;
updating a branch target address in said.branch instruction entry
associated with said branch instruction using said final branch target address;
updating a branch pattern table associated with said branch set entry in
said branch target buffer if said branch instruction is a conditional branch
instruction; and
updating a branch history associated with said branch instruction entry

if said branch instruction is a conditional branch instruction.
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13. The method of updating a branch target buffer as claimed in
claim 12 wherein said step of finding a branch instruction entry associated
with said branch instruction comprises

indexing into said branch target buffer cache using an address of a last

byte of said branch instruction.

14. The method of updating a branch target buffer cache as claimed
in claim 13 wherein said step of finding a branch entry associated with said

branch instruction further comprises

matching a subset of most significant bits from said address of a last

byte of said branch instruction with a tag field in said branch entry.

15. The method of updating a branch target buffer cache as claimed
in claim 14 wherein said step of matching a subset of most significant bits
from said address of a last byte of said branch instruction further comprises
generating a hashed version of said subset of most significant bits from
said address of a last byte of said branch instruction; and
matching said hashed version of said subset of most significant bits

from said address of a last byte of said branch instruction with a hashed tag

field in said branch entry.

16. A method of updating a branch target buffer, said method
comprising the steps of:

resolving a branch instruction to determine a final branch outcome and
a final branch target address for said branch instruction;

finding a branch entry associated with said branch instruction in a set
of branch entries in said branch target buffer;

updating a branch target address in said branch entry associated with
said branch instruction using said final branch target address;

updating a branch pattern table associated with said set of branch

entries in said branch target buffer if said branch instruction is a conditional

branch instruction; and
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updating a branch history associated with said branch entry if said branch

instruction is a conditional branch instruction.

17. The method of updating a branch target buffer as claimed in

claim 16 wherein said updating steps are aborted if an earlier mispredicted branch

is detected.

18. The method of updating a branch target buffer as claimed in
claim 17 wherein said step of updating a branch pattern table comprises:

indexing into said branch pattern table with said branch history to select

a branch prediction state value; and

setting said branch prediction state value using said final branch outcome.

19. The method of updating a branch target buffer as claimed in
claim 16 wherein said step of finding a branch entry associated with said branch
instruction comprises indexing into said branch target buffer using an address

of a last byte of said branch instruction.



