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I\/Et hod and Appar atus for |nplenenting A Branch Tar get }’5’&-&‘
Buffer In CI SC Processor 1. Field of the Invention: ' F

g§i s inyention relates ty-the field of mcroprocessor architecture.
Srjemflc‘.aﬂy,. the invent |"oh relates to a Branch Target Buffer Circuit that
predi cts branch instructions within an instruction stream . 2. Art
Background: Early mcroprocessors generally processed
instructions one at a tinme. Each i nstruc]t ion was processed using four

sequential stages: instruqybbd 484 dﬁg%g;{gp,ﬁ) ledesnileg execute, and
result witebadack. Wthin SAI(‘Bt;angﬂ% t%ﬁ?ﬂﬁﬂé&ﬁ%ﬁ@{) dedi cated | ogic

bl ocks performed each different essl ng stage ogi ¢ bl ock waited
until all the previous | ogi ¢ bIocks conpl et e operations before begi nning
its operation. - To i nprove efficiency, mcroprocessor

desi gners over| agRemdi HPehe Invention;

This invention relates to the field of microprocessor
; architecture. Specifically, the invention relates to a Branch Target Buffer

Circuit that predicts branch instructions within an instruction stream.

2. Art Background:

Early microprocessors generally processed instruﬁtiéns one at a
time. Each instruction was-processed using four sequential stages: instruction
fetch, instruction decode, execute, and result writeback. Within such
microprocessors, different dedicated logic blocks performed each different
;;rocessing stage. Ea.ch logic block waited until all the previous logic biocks-

.complete operations before beginning its operation. -

To improve efficiency, microprocessor deéigners 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, deéode‘, 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, anid writeback stages a_i-‘éﬁ
known as "pipelined" microprocessors. Some microprocessors further d'ivi':ae '

each processing sfage into substages for additional performance



operations of the fetch, decode, execute, and witeback | ogic stages such
that the m croprocessor operated on several instructions sinmultaneously.
'y operation, the fetch, decode, execute, and witeback |ogic stages
céncurrently process different instructions. At each clock tick the result
of each processing stage is passed to the foll ow ng processing stage.

M croprocessors that use ,the technique of overl apping the fetch, decode,
execute, arid witeback stages are known zas "pi pelined" m croprocessors.
Some mi-croprocessors further divide each processi ,r,lg st age i{]to subst ages
for additi Oﬁg}prﬁgp%@@ processors are referred to as "deeply pipelined

-2- inprovenent. Such processors are referred to as "deeply pipelined"

m cr opr oces SBFEOProcessors. In order for a pipelined mcroprocessor to
operate efficiently, an instruction fetch unit at the head of the pipeline
must continually provide the pipeline with a stream of m croprocessor

Instructions. However,y, Gopgdicd 9%%e1?ﬁ@%c“}:%&£&%& ?Q%pvéﬂ.rgtgi er}fizciﬂantly, an

i nstruction stream prevent the
instruction fetch unit at the head of the pipeline must continually provide

the pipeline with a stream of microprocessor instructions. However,
conditional branch instructions within an instruction stream prevent the
instruction fetch unit from fetching subsequent instructions until the branch
condition is fully resolved. In 'pipelined microprocessor, the branch
condition will not be fully resolved until the branch instruction reaches an
instruction execution stage near the e.nd of the microprocessor pipeline.
Accordingly, the instruction fetch unit will stall because the unresolved
branch condition prev_ents the instruction fetch unit from knowing which

instructions to fetch next.

To alleviate this prdblem, 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 subsequ'e'nt instructions. For e‘xample,
Yeh & Patt introduced a highly accurate two-level adaptive branch prediction
mechanism. (See Tse Yu Yeh and Yale N. Patt, 'I'y'v -Level Adaptive Branch
Prediction, The 24th ACM/IEEE International Symposium and Workshop on
Microarchitecture, November 1991, pp. 51 -l61) The Yeh & Patt branch

_ prediction mechanism makes branch predictions based upon two levels of

collected branch history.



i mstruction fetch unit fromfetching subsequent instructions until the
branch condition ts fully resolved. In pipelined mcroprocessor, the
branch condition will not be fully resolved until the branch instruction
r@aches an instruction exeeution stage near the end of the m croprocessor
pi peline. Accordingly, the instruction fetch unit will stall because the
unresol ved branch condition prevents the.instruction fetch unit from
knowi ng which instructions to fetch next .3 To alleviate this

probl em many pipelin i croprogessor.s..use hranch prediction chani sns
that predict the exi ste‘&rli‘@é‘ aaﬁgaqqibpaiﬁlsg% ROE W%ﬁc‘ﬁrqdﬁ%ttsrt Et‘?‘gﬁgn\ﬁi ‘Pfﬁ?n
an instructiQn _stre T instruction fetch unit uses, the branch .
oredi ot ons arTaERTuEHE ahEnte lorBRer e Sk S i dRtupions
~introduced ' : Y redictiqn,.
mechani sm %gg“eg ?“é% P %&%ﬁ* g%%{l’\%{e g%{%o@%t% ? é,éoﬁ%? é@@hﬁﬁ pfﬁgé/céﬁﬁ‘\éﬂé' h
Prediction R aﬁg}l}%l i | 0St} :
M cr oar chi t-eE?:t8 ﬁlrgtzeéh Nove tggﬁig%‘ﬁtfgdgg{ét 1 _-0 n%%htejﬁger%n %’%{1552‘?‘35@ tion
predi ction nRehaRksproRRLAS BIFHEningdhsdrlPPRokasiag HRAB BrYRch NS Bbn
col l ected branch history. _ -
was predicted c_orrectly. However, if the branch prediction mechanism
mispredicted the branch instruction, then the microprocessor is speculatively
executing instructions down the wrong path and therefore accomplishes
nothing. Wher_l the microprocessor eventually detects the mispredicted

branch, the microprocessor must flush all 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 acc.urately predict branch
instructions. This is especially true for déeply "pipeliﬁed Mmicroprocessors
wherein a long instruction pipeline will be flushed each time a brénch

misprediction is made.



3% When a branch prediction nmechani sm predicts the outcone of a
branch instruction and the m croprocessor executes subsequent instructions
al ong the predicted path, the m croprocessor is said to have "specul atively
eXecuted" along the predicted instruction path. During specul ative
execution the mcroprocessor is performng useful processing if the branch
instruction was predicted correctly. Howgver, if the branch prediction .
mechani sm m spredi cted the branch i nstruct ion, then the m Croprocessor is
specul atively executing. inSMNMABYSOFJHEIRVENIIOMNAth and therefore
acconplishes nothing. Wen the m croprocessor eventual |y detects the

m spredi cted branch, the m croprocessor nust flush all the speculatively
executed instruction ang restart execution at the, correct address.

Si nce the nicroproces £ i28H¥YeH A h‘l%r‘fgp‘iﬁﬁ%?lt ygndioyto Pﬁ%‘flaﬁd’t ionis
m spredicte It s desirabl 0 at el red anch. . instructions.
This is espBrath prediftiondnechasts Brhar ik rrpaisto Lo Seisteripdh iehe

| ong instr u%ét?uct%r?seW1%nlel lmB‘?uHx&?@?r@aﬂ{"‘Ch time a branch m spredl ction

is made.

It-is a furt.her 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 for all the branch instructions predicted' that
are predicted taken.

~ These and other objeétives are accomplished by Branch Target
Buffer Circuit of the present invention. The Branch Target Buffer Circuit of
the present invention comprises a Branch Targét Buffer Cache. The Branch
Target Buffer Cache stores information about previously executed bra.nch
instructions. The branch information stored in the Branch Target Buffer
Cache is addressed by the last b.ylte- 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



-4- SUVMMARY OF THE | NVENTI ON It is
therefore an object of the present invention to provide a branch

predi cti on mechani smthat accurately predicts the existence of branch

i Astructions within an instruction stream It is a further
object of the present invention to accurately predict the branch outcone
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 for all the branch instructions predicted that are
predi cted taken. These and-ogher objectives are acconplished

by B h T t.. Buff .G it he..pr t .| tion. The | h
T)ellr gre'ii n(I_%uf f 2; g%flf%ru' {r Cgir‘t 1#@%@&%%1‘ "‘I%ng&eméq?%h l%rgﬁgﬁ?tlsnggreapgﬁa i% éI:;ar get
Buf f er CaChe'f§E¥%%§%Uﬁne ﬂgggﬁ&k)gffer Cache stores infornation about

previ ously exe branch rnstructions. The branch information stored in
the Branch Target Buffer



Cache is addressed by the |ast byte.of each branch instruction. Wen the

I nstruction Fetch Unit fetches a block of instructions it sends the Branch
Target Buffer Circuit -the instruction pointer. Based on this instruction
pdi nter, the Branch Target Buffer Circuit |ooks in the Branch Target Buffer
Cache to see if any of the instructions in the block being fetched is a
branch instruction. Wien the Branch Target Buffer Crcuit finds an
upcom ng branch instruction in the Branchg Target Buffer Cache, the Branch
Tar get : , -5- Buffer Circuit
inforns an Instruction FeBRE ' \ : 1 fetching future
I nstructi ons.

The objects, features and advantages of the present invention
will be apparent to one skilled in the art, 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 ina

microprocessor that implements the deep pipeline illustrated in Figure 1.

FIGURE 3isa diagrarh 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.



- 6- BRI EF DESCRI PTI ON OF THE DRAW NGS The

obj ects, features and advantages of the present invention w/ll| be apparent
to one skilled in the art, in view of the follow ng detailed description
and draw ngs in which: FIGURE 1 is a block diagramof a deep

m croprocessor pipeline- for processing m croprocessor instructions.

FIGURE 2 is a block diagramof the different circuit blocks in a

m croprocessor that inplenents the deep-pi’/peline illustrated in Figure 1.
FIGURE 3 is a di agr anFdGURE &ds dediaprdrhdilusirating tthe esnteinés oEsadht brarath
executed m cro operations. FIGURE 4 is a diagram of a nenory
map wher e t eetrgddrtbeBrasphdargetsBbHenCdiche.ded into 16 byte nmenory bl ocks.
FIGURE 5 is a block diagramthat illustrates how the Branch Target Buffer
Circuit interacts with other logic circuits in the m croprocessor depicted

in Figure 2. FIGURE 6 is a diagram.illustrating the contents-
of the Branch FIGURE 8 is a flow diagram explaining the steps performed by

the Branch Target Buffer Circuit when searching Branch Target Buffer Cache

to make a branch prediction.

FIGURE 9a illustrates how the Branch Target Buffer Circuit uses

addresses when accessing the Branch Target Buffer Cache.

FIGURE 9b illustrates a first hashing mechanism that reduces 21

bit tags into 9 bit hashed tags.

FIGURE 9c illustrates a second hashing mechanism that 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 each entry is a 2 bit state value.

FIGURE 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.



Target Buffer Cache in the Branch Target Buffer Circuit.

-7- FIGURE 7 is a diagramillustrating the contents of each
branch entry in the Branch Target Buffer Cache. FIGURE 8.is
a®fl ow di agram expl ai ning the steps perfornmed by the Branch Target Buffer
Crcuit when searching Branch Target Buffer Cache to nake a branch

prediction. FIGURE 9a illustrates how the Branch Target
Buffer Grcuit uses addresses when accessing the-Branch Target Buffer
Cache. ) FIGURE 9b illustrates a first hashi ng mechani smt hat
reduces 21 bit tags into 9 bit hashedt&gs. FI GURE 9c

illustrates a second FESRIRE) 12échdlovsdidgram thetdessibelthiistepsapsrfbrmed9 bi t
hashed t ags. _
by the Branch Target Buffer Circuit when updating the Branch Target Buffer

Cache_.

FIGURE 13 is a diagram that illustrates how the 3 cycle update to
the Branch Target Buffer Cache can be aborted.

FIGURE 14 is a flow diagram that explains how the Branch
Targét Buffer Circuit selects one of the Branch Entries in a set when alloéaﬁng

a Branch Entry for a new branch instruction.



FFGURE 10a illustrates a 4 bit branch history indexing into a 16 entry
pattern table wherein each entry is a 2bit state val ue.

FIGURE 10b is a state diagramthat illustrates the state changes for each
2%bit state value in a branch pattern table. FIGURE 11 is a
diagramillustrating the contents of the Branch IP Table (BIT) in the
Branch Target Buffer Crcuit.

- 8- FIGURE 12 is a flow dr a&ramthat descri bes the steps
performed by the Brang@eTAIED BeSCRIPEIQBUOE THEMNMENTION t he Branch
Target Buffer Cache. “FIGURE 13 is a diagramthat
illustrates how the 3 cycle update to the Branch Target Buffer Cache can
be abort ed. FIGURE 14 is a flow diagramthat explains how
the Branch Target BuMethoGs racul épparates foroimpleim¢rntenBadiaimchrifarges in a

set when all ocating
Buffer Circuit in a computer processor are disclosed. In the following

descrxptxon for purposes of explananon, specific nomenclature is set forth to
provide a thorough understanding of the present invention. 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. Furthermore, well
known circuits and devices are s_hoﬂvn in block diagram form in order not to

obscure the present invention unnecessarily.
A Pipelined Superscalar Microprocessor

In a deeply pipelined processor, the major stages of a pipelined
processor such as instruction fetch, instruction decode, and instruction
e*ecute, are divided into several different substages such that each processing
stage is pipelined. This resulté 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



a=Branch Entry for a new branch instruction.

-9-

DETAI LED DESCRI PTI ON OF THE | NVENTI ON

Met hods and apparatus for inplenmenting a Branch Target Buffer GCircuit

cdnput er

processor are disclosed. In the follow ng description, for
pur poses of explanation, specific nonenclature is set forth to provide a

t hor ough understandi ng of the present invention. However, it wll be
apparent to one skilled in the art that-thgse specific details are not

required i ngQkdeds ﬂhgtrﬂ'&ﬁﬁﬁé ﬁ? m‘%rsQ§§é"9 TReSIRtH Qo ﬁ}fb‘éﬁf’f@& {ARES retifd |

known circuits and devi ces ar shown |

bl ock di agra

obscur e t hejr@tRcaBhs itAYERAVOBebRRREESRAl i | Y. A

Pi pel i ned Superscal ar M croprocessor .
processor,

in

ormin order not to

In a deeply pipelined

the maj or stages of a pipelined processor such as instruction
fetch, instruction decode, and instruction

To operate the microprocessor efficiently, the two instruction
fetch pipeline stages in Figure 1 must continually fetch a stream of
microprocessor instructions. Each fetched instruction is not fully executed
until it reaches pipelif\e stage 9, the execution stage. Branch instructions
within the instruction stream often direct the microprocessor to begin
executing instructions at a nonsequential address called the branch target
addréss. When a pipelined microprocessor encounters a branch instruction,
the instruction fetch stages can not immediately react to the branch since the

branch instruction has not.yet been decoded or executed. Thus, branch

instructions can cause a deeply pipelined microprocessor to speculatively

execute down the wrong path such that the microprocessor must later flush

the speculatively executed instructions and restart at a qorrected address.

To prevent such situations, many pipelined microprocessors
employ a branch prediction mechanism that predicts branch instructions
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 microprocessor 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

a



execute, are divided into several different substages-such that each
processing stage is pipelined. This results in a long instruction _

pi peline. For exanple, Figure 1 illustrates a set of pipeline stages that
défines one particular deeply pipelined processor. In the instruction

pi peline of Figure 1, the instruction processing is divided into 11

pi pel i ne stages. Referring to Figure 1, .the first two
pi peline stages are used to fetch instryqgtions. Pipestage 3 perfornms
I nstruction Length Decoding (ILD). _Individual m croprocessor instructions

are then dedsdar Gircpitgd| prgeendtinyestign iy disdoserhwihénithg contrxtiafer deeplys
(Regi ster Renane, Scheduli n?, and Di spat ci_rl]gwpe)repare I nstructions for

execution. BRGNS SyRersrld &b‘Fb%f%l%ﬁSOf- v;rf ltT ;:'illlbe ?mzarent_to tfllqse
- 10 - ' ti . at. pi i ne sta ..Ihe | peline
st ages ret ?E%ﬁfﬁ‘%ﬁE%%f%ﬁ‘?f'ﬁédf’%@ﬁeﬁeﬁ%ﬁs Qgglaﬁ_ldéﬁloseda_aranc Térget 14
operate t heBerPJrO@frgﬁﬁsc%Wb(.?m\bférﬁgﬁtle&’ in' Qﬁwetrmr%ic'rgg%cue%&%nwith.in different

- architectures.

Figure 2 illustrates, in block diagram form, the major logic
circuits of a deeply pipelined superscalar microprocessor that implements the
deep pipeline illustrated in Figure 1. An overview of the microprocessor
illustrated in Figure 2 is pro_vided,. followed.by a detailed.description of the
Branch Target Buffer Circuit 40 that predicts the existence of branch

instructions within the instruction stream.

At the top of the block diagram of Figure 2 is Memory & Bus
Logic 35. The Memory & Bus Logic 35 is responsible for loading information
into the microprocessor and outputting information from the
microprocessor. The Memory & Bus Logic 35 Iusuall'y first attempts to load or
store from a high speed cache memory. If the cache memory cannot be used
(perhaps due to a cache "miss"), the Memory & Bus Logic 35 instead accesses a

main memory over an external bus.

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



fetch pipeline stages in Figure 1 nust continually fetch a stream of .

m cr oprocessor instructions. Each fetched instruction is not fully execut ed
until it reaches pipeline stage 9, the execution stage. Branch instructions
wi‘'thin the instruction streamoften direct the mcroprocessor to begin.
executing instructions at a nonsequential address called the branch target
address. Wen a pipelined mcroprocessor counters a branch instruction,
the instruction fetch stages can not inhedfafely react to the branch since
the. branch fetdfedusticroprocessoninsyaictivesarddeddatb the brad wif ete ifistsctidm anch
instructions can cause a deeply pipelined mcropgrocessor to specul atively
execut e dowpipeéingr ong path such that the nicroprocessor nust later flush

t he specul atively executed instructions and restart at a corrected address.
To prevent such situati ons many pi pelined mcroprocessors enploy a branch

prediction nmechani smt predicts bra nstructions wthin the
instruction stream F Frﬂb‘f“é’n@ﬂ@ﬁaggm HF%H#QRQ‘@nWl%BHzE‘ﬁl sns predi ct

re otcoms L REBISL Lok ARG B SN eAToR, Lrptpicti

o e st R LOATRY VS 8L M AF ST,

exi stence  pranch instructions within the instruction stream prevent the Instruction
Fetch Unit 30 from simply fetching instructions along a predefined path since
the branch condition must be resolved to determine fhe fetch path. To help
fetch the correct instructions, the Instruction Fetch Unit 30 c_onsults 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 outcome of each predicted branch instruction. The Branch Target Buffer.
Circuit 40 passes its bfanch 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 microprocessor
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



of branch instructions within the instruction stream The Branch Tar get
Buffer Grcuit of present invention is disclosed within the context of
deeply pipelined superscalar m croprocessor. However, it will be apparent
td those skilled in the art that individual features of the disclosed

Branch Target Buffer Circuit can be inplenented in other m croprocessors

within diff
bl ock di agr
super scal ar

provi ded, f
Circuit 40

erent architectures. Figure 2 illustrates,
amform the major logic circuBts of a deeply pipelined

€ m Croprocessor I I gure

i nstruct i onpf§Efde8PY corresponding to a Micrépr@dcbdrahsiretiBhosd feiAdham of
Figure 2 is Menory & Bus _ -

function of the corresponding microprocessor instruction.

If the Instruction Decoder 60 determines that a received

a

in

Hﬁ%&%ﬁ?%ﬁgt{ht n iR GHEY:Smbbe mféf?@ﬁ?ﬁﬁéﬁ?ﬁ%&@iHﬁé@t ed

in Figure 1. An‘overview O

Pl b AR &u@ﬁ@;‘béﬁgitﬁeaggéémftea%i&tyéﬁ&anag.am{b dRE SptmE T er

that predicts the éxistence of branch 1 nstructions wthin the

2

microprocessbr instruction is a branch instruction, the Instruction Decoder 60

passes information describing the branch instruction to a Branch Address
Calculator 50 for special treatment. If the Branch Target Buffer Circuit 40

made a branch prediction for the branch instruction, the 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 branéh instruction using the
branch information received from the Instruction Decoder 6b. After the
Branch Address Calculator 50 complefes 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.

IS



Legi c 35. The Menory & Bus Logic 35 is responsible for |oading information
into the m croprocessor and outputting information fromthe '

m croprocessor. The Menory & Bus Logic 35 usually first attenpts to | oad or
store froma high speed cache nenory. If the cache nenory cannot be used
(perhaps due to a cache "mss"), the Menory & Bus Logic 35 instead accesses
a main nmenory over an external bus. Coupl ed to the Menory &
Bus Logic 35 is an Instruction Fetch Unit430. The Instruction Fetch Unit

30 is respopgpder! tHe G%ttdtékﬂl@ﬁich-UptsQ'thQevélﬂWaﬂ?QfeOth@ﬁSi&Omei GG ginatt i ons
(al so known as macro instructions) and operands for the m croprocessor to

execute. Thgrddahi Bedeom Eﬁﬁp@rlﬁékécﬂé) thelgempltet psdgract. Ao paintaén the P) to
mai ntain the current fetch address. The )

- 12 - fet cheiginnl progrananser, theshiaropiamesscar esesedrdéonter bhéfen8adhaf stones

i nstruction pipeline. Si npl e uncondi tional branch

i nstruct i onminic-bp resilé data in the original program order.

Figure 3 illustrates the reorder buffer 83. The reorder buffer 83 of
Figure 3 comprises a circular buffer that contains n entries-wherein each entry
is used to store the results of executed micro-opé. Since each entry in the
reorder buffer 83 provides a destination where the. micro-op result data can
phys.icallly be put, each reorder buffer 83 is referred to as a physical destination
(pDst). The pDsts within the reorder buffer 83 are numbered 0 through n-1.
Refefring to Figure 3, each pDst in the reorder buffer 83 contains fields for a
valid bit that indicates whether or not the micro-op result is valid, a micro-op
result, a set of flags affected by the micro-op, a mask for the flags, a code that

indicates what the results mean, and fault data.

For each micro-op, the Allocator 70 allocates the next available
pDst in the reorder buffer 83 to store the micro-op result. By sequentially
alIocaﬁng the pDsts in the reorder buffer 83 in the same order that the micro-
opé are received, the original program order of the micro-op results will be

maintained.

“When the Allocator 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



I Astructi on stream prevent the Instruction Fetch Unit 30 fromsinply
fetching instructions along a sequential path. Furthernore, conditional
branch instructions within the instruction stream prevent the Instruction
Fetch Unit 30 fromsinply fetching instructions along a predefined path
since the branch conditi:on nust be resolved to determine the fetch path.
To help fetch the correct instructions, the Instruction Fetch Unit 30
consults a Branch Target Buffer G rcuit 40. The Branch Target Buffer
Circuit 40 predicts the existence of br hth i nstructions within the

i nstructi on Bserelarhasget Briden cirsuitidfetheaddiges of tléea&?tﬁ%"é’d?fbif@ﬂ br anch

t t Th B h, T Buf f G 1t 40 ts b
b odi oF .Bﬁn.lmée%r 18 donark ne quﬁachh%%ff%{q?bﬁndr-aef Segﬁ?srtéé b CHER° TR ¢ ne
| nstruct t f et .
After the | BRI AROR TR iRl vetehEe idieshat e b auion that

et uct i 32“{“511‘"86@“&?%2 I A T ?ﬁaﬁﬁggﬁ%gﬁ r o TR g into
- . .

Fetch nit J0F Sap AP IR JBIPAT) B! Dbl ol a iR il Blunt BfadIP P £ablen
predi ction eprhhes jsl Red kel &ffer 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 is 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



The Instruction Decoder 60 is responsible for determ ning what type of.

m cr opr oces
- 13 - mecr
(hereinafte
one or nore
performthe

| f the Instruction Decoder 60 determ nes 1that a received mcroprocessor

i nstruction
i nformati on

sor instruction is received and breaki ng down the

oprocessor instruction into one or nore mcro-operations

r referred to as mcro-ops) wth associ ated m cro-operands.
m cro-ops corresponding to a m croprocessor instruction
function of the correspondi ng m croprocessor instruction.
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describing the branch instruction to a Branch Addres

The

Cal cul ator 2Qeditiors DA wtitds @vtr@enlt-ddth, (HeearBrabehrdlaflged, JBdf Ay f&dtcui t 40

made a bran

ch prediction for the branch instruction, thé Branch Address

Cal cul at or $fforatatioreints liee becrdleh buffedisst pDst tHatphe Fllb@tssTOglibbstelr faach
received fromthe Instruction Decoder 60. If the Branch Target

i nformati on
Buffer Crc
Addr ess

tih¢ mdi@roldog. not predict the branch instruction, the Branch

In the present embodiment, execution unit 92 is designated as a
.Branch Execution Unit. The Branch Execution Unit 92 determines the final
branch decision outcome and the final branch target address for each branch
micro-op. The Branch Execution Unit 92 compares the final branch outcome
and target address with the predicted branch outcome and target address. If
the Branch Execution Unit 92 detects a mispredicted branch, the Branch. |
Execution Unit 92 initiates a set of actions that will correct the branch
misprediction. Thus the Branch Execution Unit 92 comprises the third stage

of the branch resolution mechanism.

Finally, a Retirement Circuit 85 retires the results that are stored

in the reorder buffer 83 pDsts from each executed micro-op. The Retirement

- Circuit 85 retires the Reorder Buffer 83 pDsts by sequenfially 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 ailocated 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.



Cal cul ator 50 nmakes a branch prediction for the. branch instruction using
the Dbranch information received fromthe Instruction Decoder 60. After the
Branch Address Cal cul ator 50 conpletes its processing of the branch

i hstruction, the Branch Address Cal cul ator 50 returns the processed branch
information to the Instruction Decoder 60. After the
Instruction Decoder 60 breaks down a m cpgprocessor instruction into a set
of mi cro-ops, the Instruction Decoder 60 gasses the mcro-ops and

associ ated operands t ®efsriMgd Wﬂ@he?@-tom@ﬁr(&p‘blrﬁﬁ@&%’g,%ge ratik&sahesirkhr
processor resources necessary to execute each m cro-op. In

the present @bed VBN bit 403 6f £ FUrHOE BEERF pTBt AnfryRerseeal ttie PDIEESSRINS Aat
may execute the mcro-ops out of the original program order.

- 14 - Hovevalid exeeuxiemidrecoprresudt. ofshaualidebientudbt shdopDesels seedthen t he

original programorder to properly execute the conputer program To

mai nt ai n t heetirmeitnatcuypr dgrckstbe denlt fidhé 206 af dhe pist dorseasEs fault enastese

buffer 83 that stores mcro-op result data in the original program order.
handled. If the reorder buffer pDst entry contains a valid executed micro-op
result and there is no fault problem, then the executed micro-op result is

committed to pefmarient architectural state in the Real Register File (RRF) 84.

When the Retirement Circuit 85 attempts to retire a branch
micrlo—op, the Retirement Circuit 85 tests the fault field 206 of the pDst entry
to seé if the branch micro—oé was mispredicted. If Retirement Circuit 85 o
detects that the micro-op was misprediéted, the Retirement Circuit 85 flushes
the remainder of the instructions in the reorder buffer 83 since those

instructions were fetched after a branch misprediction.

Branch Target Buffer Circuit Overview

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 micfop:ocessor 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 il'lustraltes 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



Fkgure 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 mcro-ops. Since each entry
ih the reorder buffer 83 provides a destination where the micro-op result
data can physically be put, each reorder buffer 83 is referred to as a
physi cal destination (pDst). The pDsts within the reorder buffer 83 are
nunbered O through n-1. Referring to Figurgg 3, each pDst in the reorder

the i or o oppasbiestrSedans e o @roepitid The SecBie Tt el BBl oo

bsul s moan Rag TR ipdulibhs o Speforit ¥y fellend MY ARIERE et s

Al | ocat or %?é{)%%ﬁges the next available pDst in the reorder buffer 83 to
store the ero- op Tesult. By sequentially allocating the pDsts in the
reorder buffer 83 in the sane order that the mcro- ops are received, the
original programorder of the mcro-op results will be nmaintained.

Wen-the Allocator 70 pd PEBLLEhp Rd98hcéd Bf bRendHERTsE-1ctidns o lthEB thd or ‘a _
branch m cr.o-op associated wth a branch instruction, a matching entry is

al so al | ocatinstriiction btrehet, tnalmedopmeﬁroarwmgerJ atdrﬂp(o@lsTBra‘hf&ngéed in
the Buffer Circuit 40. The Branch Target Buffer Circuit 40 has a Branch Target
Buffer Cache.41 that contains information about branch instructions that the
microprocessor has previously executed. The Branch Target Buffer Circuit 40
~ uses the information in the Branch Targat Buffer Cache 41 to recognize

branch instructions and predict the branch instruction outcome.

The Branch Target Buffer Circuit 40 also maintains a Branch IP
Table (BIT) 43 that contains information about branch instructions that are
currently within the microprocessor. The information in the Branch IP Table
43 is used to correct mispredicted bfanch instructions and maintain the

Branch Target Buffer Cache 41 after the branch instructions has been executed.

Figure 5 illustrates a'.block'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 Bfanc-h Target Buffér
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. |



Branch Target Buffer G rcuit 40. The Instruction Decoder 60 then- passes the
- 15 - Branch Target Buffer Circuit 40 the address of the instruction th
i mmedi ately follows the branch instruction and a processor state val ue.

Bfanch Target Buffer Circuit 40 wites the address of the instruction,that
I medi ately follows the branch instruction and the processor state val ue
into the Branch IP Table (BIT) 43. This infornation stored.in the Branch

| P Tabl e

(BIT) 43 is later used after the granch Execution Unit has

executed the branch mcro-op. The Allocator 70 al so
allocates an entry in THeBrasérvaigedBusfeatdioruit 80 sehahes the Srahtie Targeto- op
I nstruction and operand data for each mcro-op. Each reservation statio
81 entry st @idferadCactd 41 ot irfoatnatiodi aaiuabrafich hestruesens at ithe ms¢rmbirpn 81
entry is valid, the mcro-op instruction code, two source data fields,
val i d bits bbock herrently deingfetched basthetlnotrphiien dkchsbnit@0. The Branch

Target Buffer Circuit 40 makes a branch prediction for any branch instructions
located in the memory block currently being fetched by the Instruction Fetch
Unit 30 that were found in the Branch Target Buffer Cache 41. The Branch
Target Buffer.Circuit 40 passes the branch prediction information to the
Instruction Fetch Unitl30 thereby infc')rming' the Instruction Fetch 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 B.uffer 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 40. 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

at
The

n

t wo



f+elds that indicate where the source data will cone fromif the source
data is not valid, and a physical destination of the result of the

-m cro-op. After the Al'locator 70 allocates a reservation station entry and
a*pDst in the reorder buffer 83, each mcro-op waits at the reservation
station 81 entry until it is executed. Each mcro-op in a
reservation station 81 entry remains at th reservation station 81 entry
until all the source data required to execEQe the mcro-op has been

obt ai ned am}r@@ ﬁéﬁ%}'a%mastteﬁp&a%ﬁceﬂé BEhddRCARUFESR- @91cuﬂ§tof‘%@dy When
all the source éata required for a mcro-op Is ready and an execution unit

i's avai | abl gnsthli@s 'tRE Br¥adH Thrgel Buiffir Gikcdit Aorocd@didchee dh @neryoih tHeo the
execution unit in the execution cluster 90. In the present enbodi nent,

there are f@unéxTargdtoBufier CacdEW Bhtaikdg Gk nEhexi9fbnt rdnEMnOcliont he
- 16 - 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 '

The Allocator 70 is responsible for allocating a reorder buffer 83
entry for each micro-op. When the Allocator 70 allocates a pDst entry in the
reorder buffer 83 for a branch micro-op, the Allocator 70 provides the pDst
entry number to the Branch Target Buffer Circuit 40. The Branch Target
Buffer Circuit 40 uses the pDst entry number to allocate a corresponding entry
in the Branch IP Table 43. The corresponding entry in the Branch IP Table 43

stores information about the branch micro-op while the branch micro-op is

within the microprocessor.

‘The reservation station 81 stores micro-ops waiting to execute
and dispatches ready micro-ops to execution units in the microprocessor.
When the reservation station 81 dispatches a branch micro-op to the Branch
Execution Unit _92; the reservation station 81 informs the Branch Target
Buffer Circuit 40 of the pDst entry 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



I Aformation into the reorder buffer 83 pDst that the Allocator 70 all ocated
for the mcro-op. I'n the present enbodi nent, execution unit
92 is designated as a Branch Execution Unit. The Branch Execution Unit 92
déeterm nes 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 outconme and target ade%ﬁéxmﬁth t he predicted branch

h

outcone and target address. If the Branc cecution Unit 92 detects a

ni spr edi ct e@itouainéh usenthespransh. resehugion indarmatiendo YpRate Aneexigtingernsry
actions that will correct the branch m'sp-rF]zdi ction. Thus thglgBtisanc%h
Execution Uin theBrarsiplreges Bufteriache &k apalloatednpe &aien 1 &3% PEeT

mechani sm Finally, a Retirement Circuit 85 retires the .
resul ts t hataege Buffsrdepcheils he teorder buffer 83 pDsts from each executed
m cro-op. The Retirenent Circuit 85 retires the Reorder Buffer 83 pDsts by
sequentially going through the pDsts in the Reorder Buffer 83 in the sane

order that the Allocator 70 ’f‘}ln% ggﬂ&d-ﬁﬂ%t%gﬁ Cﬂ:ﬁe Retirement Circuit 85
e -

retires pDsts by transferring m-cro-op results into a Real Register
File (RRF) 84 that stores the current conmtted architectural state. Since
the Allocator 70 allocated the reorder buffer 83 pDsts in original program

order and the Retirengpe fdaneHiTar8& Buffer Circuit 40 maintains a Branch Target
Buffer Cache 41 to predict the presence of branch instructions within an
instruction stream and the outcome. of those branch instructions. The Branch
Target Buffer Cache 41 contains information about branch instructions that
the microprocessor has previously executed. Figure 6 illustrates the

organization of the Branch Target Buffer Cache 41.

The Branch Targét 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 Eranch information in the Branch Target Buffer Cache 41 contains
4 br;anch entries wherein e'acﬁ branch enf;'y contains information aboutl 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



retires the mcro-op results in the reorder buffer 83 pDsts in that sane
order, original programorder is naintained even though m cro-ops nay have
been executed out of the original program order.

-=17 - Referring to Figure 3, to retire a mcro-op, the
retirement circuit tests the valid bit 201 of a reorder buffer pDst entry
to see if the pDst contains a valid executed mcro-op result. If the valid
bit 201 for the pDst is set, the retirgnth_circuit checks the fault field

206 of . the pDst to_see,if a fault t be ed. |f the reorder buffer
oDut entry GoRt HeEsadel et dfseni i daneres. A1 B HolSeRerebiancy f aul
problem then the execyted m.cyo-op. result. is commtte 0 permanent

D ohi tect ur SRty ER6 frtfBeRoStoPrBiony B1ous 4 Beprprcgavill b8 WEMERER they o
the Retirenen jrcuht 85 attenpts to retire a branch mcro-op, the

Ret i r ement éF{BEPfargg ?rgrgeg. the fault field 206 of the pDst entry to see

I f the branch mcro-op was mspredicted. If Retirement Crcuit 85 detects
that the mcro-op was mspredicted, the Retirement Crcuit 85 flushes the

remai nder of the instyehidnsiList-his théYrdhtn Mok Alat3 Hobed WiiREEeach
branch entry of a Branch Target Buffer Cache 41 set. As illustrated in Figure 6,
each branch entry contains a hashed tag address 401, a block offset 402,a
branch type 403, a-true branch history 404, a speculative branch history 405, a
speculation bit 406, a valid bit 407, and a branch target address 408.

The hashed tag address 401 and the block offset 402 are used to
~ identify a memory address of the branch instruction associated with the
branch entry. The hashed tag address 401 is a 9 bit compressed representation

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

The block offset value 402 indicates the byte offset within the 16
byte memofy 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 ble placed
into an entfy 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.



iAstructions were fetched after a branch m sprediction. '

Branch Target Buffer Crcuit Overview As described in the
precedi ng m croprocessor overview, the Instruction Fetch Unit 30 is
responsible for fetching instructions into the mcroprocessor. The
Instruction Fetch-Unit 30 of the mcroprocessor in Figure 2 views the
menory address space as a collection of aligned 16 byte blocks such that
the Instruction Fetch Unit 30 fetches insruections and operands in 16 byte

nto a1 i gned 16 byt e B WEAEAnGR SR VRS et B0 BES ke
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the bytes comprising the branch instruction had been fetched. Thus, the
Instruction Decoder 60 and Branch Execution Unit 92 would not be able to

verify the branch instruction since the entire branch instruction was not

fetched.

-Fhe branch type field 403 in each branch entry specifies what type
of branch instruction the branch entry icentifies. The following Table 1 lists

the different types of branch instructions.

Table 1
Branch Branch Type
Type Code
00 Cohditional branch
01 ] Return From Subroutine
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 instrﬁction. For ex_ampie, the
Branch Target Buffer Circuit 40 predicts the outcome of conditional branch

instruction based upon the branch instruction's history, but the Branch Target .



To predict the presence of branch instructions within the instruction
stream the mcroprocessor of Figure 2 enploys Branch Target Buffer _
Circuit 40. The Branch Target Buffer Circuit 40 has a Branch Target Buffer
Cache 41 that contains information about branch instructions that the

m croprocessor has previously executed. The Branch Target Buffer G rcuit 40
uses the information in the Branch Target Buffer Cache 41 to recogni ze
branch instructions and predict the branch4isnstructi on outcone.

The Branch T e A |.s.0 | -8l [ an P.. le (BIT)
43 t hat cont%@i‘g‘l Fﬁ#g?tn@t ?ggﬁgéb%rg{‘d?g?g?,\aﬁ@r{ﬁl?h@ﬂ grr\ag‘cgh%{g“]élr%o;?a%rrent ly
wi thin the m,gpgprocessor. The information in the-Branch IP Table 43 is
used to correct mspredicted branch instructions and naintain the Branch
Target Buffer Cache 41 after the branch instructions has been executed.

Figure 5 illustrates a block diagramthat generally illustrates how the

Branch Target Buffer Cfhe¢utivde B@nthtestaey Sield 4b4 ohBgu Py thalFirG el talbh S
in the mcroprocessor of Figure 2. The Instruction Fetch Unit 30 requests

i nf or mat i on crhrotttaltpadittogy wfdhe branst insttucivn &s detdnaned _t%}aﬂg@Brﬁw‘H er
Circuit 40 by passing an instruction pointer to the Branch Target Buffer
Circuit 40. ExesutinstWnit92onTwimiedrrapals héstoryfieltbd Bt atvrhs Panmyet hBudfyefor
Circuit 40 points to the menory block currently being fetched by the

I nst ruct i on thedagt 4 executions of the branch instruction using 4%its where "0
designates not-taken and "1" designates taken. The 4 bits of taken or not-
taken history are used to index into a pattern state table when calculating a -

branch prediction. This is based on the branch cutcome at branch execution. -

The speculation bit 406 and the speculative branch history field
405 are used to help make predictions for branch instructions without waiting
for branch instructions to execute. The speculative branch history field 405 in
Figure 7 maintains the "speculative” taken or not-taken history of the branch
instruction for the last 4 branch predictions made by the Branch Target Buffer
Circuit 40. The spécﬁlation bit 406 is set when the speculative branch history
field 405 contains valid speculative history. The 4 bits of speculative branch
. hiﬁory 405 are used to index into the pattern state table .when calculating a -
_branch prediction and the speculation bit 406 is set. For more information on
predicting branch instructions using the speculative branch history, see the
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



Unit 30. .- 19 -

The Branch Target Buffer Crcuit 40 searches the Branch Target Buffer
Cache 41 for information about branch instructions in the nenory block
cUrrently being fetched by the Instruction Fetch Unit 30. The Branch
Target Buffer Circuit 40 makes a branch prediction for any branch

I nstructions located in the nenory block currently being fetched by the
Instruction Fetch Unit 30 that were found2Pn-the Branch Target Buffer

Cache 41. The B h Buf f

nfor mat on Siactae ane AFY AEa B pEfrun s faf‘gﬁQ{ RERLByiehrarnihg) shls e "
| nst ti E t
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{he Branch &gt “Bar L e T e S

ot her | ogi Cd@hnééﬂt&; tRbERNEREPRAOGARIMt 407 for the deallocated entry is

cleared.

The branch target address field 408 in Figure 7 stores the branch
target address for the branch instruction except if the branch instruction is a
Return From Subroutine instruction. If the Branch Target B;uffer Circuit 40
predicts the branch instruction associated with the branch eﬁtry is taken, the
address in the branch target address field 408 can be passed to the Instruction
Fetch Unit 30 to inform the Instruction Fetch Unit 30 where the next
instructions should be fetched from. (However, the branch target address
field.408 is not always used to predict the target address.) The upper 28 bits of
the branch target address field 408 select a 16 byte block that the Instruction
Fetch Unit 30 should fétch if the branch is taken. The lowest 4 bits of the
branch target address field 408 select the byte in the fetched block where the

microprocessor should resume execution.
Predicting Branch Instructions using the Branch Target Buffer Cache

The Instruction Fetch Unit 30 requests information about
upcoming branch instructi_ons by passing an-instrucfion 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 upcbming branch instructions. At step 101, the Branch Target



‘Referring to Figure 5, the Instruction Decodéer 60 sends branch information-
fromto Branch Target Buffer Crcuit 40. The branch information sent by
the Instruction Decoder 60 includes the address of the instruction )
i medi ately follow ng the branch instruction. The Branch Target Buffer

Circuit 40 stores the address of the instruction imediately followng the.
branch instruction into the Branch IP Table 43 for |ater use. _

The Branch Address Cal cul ator 50 vaI | datesydoranch predictions nade by the

Branch Target Buf Crcuit, 40.. If the Branch Ad
det er ni nes PHYE [({féC‘BF éﬂcrﬁc?‘é(ﬁﬁét‘e BOFH REHQH P@H‘?tfgrg [ﬂgtggaljé‘ E’r“‘éh&’ﬂ Fétch
- 20 - predpc {%@ for a nonexistent branch, the Branch Address Cal cul ator
i nst ruct&! Branch Target Buffer G rcuit 40 to deal l ocate an entry in

the Branch Target Buffer Cache 41 containing the nonexistent branch
I nstructi on. : The Allocator 70 is responsible for allocating

a reorder. buffer 83 Atstep 102, the Branch Target Buffer Circuit 40 reads out a set of
| branch four branch entries from the Branch Target Buffer Cache 41 usihg the

instruction pointer. To clarify how the Branch Target Buffer Circuit 40 uses
the instruction pointer, Figure 9a illustrates the individual bits of the 32 bit
instruction pointer address as used by the Branch Target Buffer Cache 41 to
identify the address of a branch instruction. The upper 28 bits of the address
identify a memory block. The 4 least significant bits of an address designate |
an offset location within a 16 byte block. In the Branch. Target Buffer Cache 41,
each entry contains an block offset 402 that locates the last byte of the

associated branch instruction within a 16 byte block.

The upper 28 bits of an address identifying a memory block can
be divided into two separate sections. The uppermost 21 bits (bits 11 though
31) represent a tag that is associated with each branch entry in the Brancﬁ
Target Buffer Cache 41. The remaining 7 bits (bits 4 though 10) are the "set
bits" that identify 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 using the seven set bits (bits 4 though 10) of the
instruction pointer to select a set of branch entries. The Branch Target Buffer

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



entry for each mcro-op. Wen the Allocator 70 all ocates a pDst entry in
the reorder buffer 83 for a branch mcro-op, the Allocator 70 provides
the pDst entry nunber to the Branch Target Buffer Circuit 40. The Branch
Target Buffer Crcuit 40 uses the pDst entry nunber to allocate a :
corresponding entry in the Branch |IP Table 43. The corresponding entry in
the Branch I P Table 43 stores information about the branch mcro-op while
the branch mcro-op is wthin the m croeprdcessor. The

reservation station 8hisidy €63, 'the BraARls Takdti BgéoCicanuiEexanthali teat ches
ready m cro-ops to execution units i'n the mcroprocessor. Wen the

reservat i onfird#da@ah&hteles patidhese aelocedtt betniocd eteompineift ey Bf dhe fiour
Execution Unit 92, the reservation station 81 inforns the Branch Target

Buf f er Ci r chidnchOertttiet enpatinfotmatidrombobieabranch instenctiop.inthe 16rbyteh
Target Buffer Grcuit 40 responds by reading out the corresponding entry '
for the brhiock poistedita bprihe insthectBympointer Fpetificalty, theeBianichrhagebn read
out of the entry in the Branch IP Table 43 is used after the branch

i cro-op exBuffee€ircuit 40 compares a rhit pprapsessest a@ssicarP Uit uRReredleBils 6§

branch mcro-ops for the mcroprocessor. Wien fhe Br h Execution Unit 92
execut es a HieaWSHUCKORRRIBIET G ef} &‘Hé'htlﬁgééﬁcf)l?&ﬁ?ﬁ]g% BHERNgRRch he

branch reso] ution o .
Lranc% entry to eliminate branch entries that do not match.

. To reduce the die area required to construct the Branch Target
Buffér Cache 41, each branch entry in the Branch Target Buffer Cache 41 stores
a compressed tag address. In the preferred embodiment, the full 21 bit tag
value is run through a hash mechanism that reduces the tag to 9 bits. The
cox_npression of the tag address loses some information and thus causes some
aliasing. The aliasing created by the Eompressed tag occasionally causes
branch mispredictions.. However, any branch mispredictions are eventually
cured by the Branch Address Calculator 50 or the Branch Execution Unit 92 in

the microprocessor.

The Branch Target Buffer Logic 40 of the present invention uses
two different hashing mechanisms to compress the tag address. Both hashing
mechanisms reduce the full 21 bit tag address into a 9 bit hashed tag. A. |
machine specific register (MSR) in the microprocessor selects one of the two

types of hashing mechanisms.

Figure 9b illustrates the operation of the first hashing

mechanism. The first hashing mechanism concatenates the 2 most



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

Buf fer "' - 21 - CGrcuit 40 uses
t he branch resolution information to update an existing entry in the
Btanch Target Buffer Cache 41 or allocate a new entry in the Branch Target
Buf fer Cache 41. The Branch Target Buffer Cache
The Branch Target Buffer Circuit 40 maintagns a Branch Target Buffer Cache
41 to predict the presence of branch instructions within an instruction

‘stream and tshgnifivamtobies @fitst3tosed B polthel fagl tagciddrass withetHranaebt Tar get
Buf fer Cache 41 contains information about branch instructions that the

m cr opr oces signifiasnidriey (botssl lythexighul 7 &f the Gull eagadtass tto akeste talebit hashed

organi zati on of the Branch Target Buffer Cache 41. The

Branch Tar gatg.Biiie firgatdshing mechseismssodisavelidor prbgranhathatstsradly

I nformati on about bréanch instructions located in main nmenory. In the

present enbddinpelacally sachrthat hertovgsevaubitsrarcaskbulabus pecassonaltio jurapi ton
an Operating System routine far away such that the two most significant bits

are useful.

Figure 9c illustrates the operation of the second hashing
mechanism. The second hashing mechanism concatenates the 2 most
significant bits (bits 30 and 31) of the full tag address, a 4 bit exclusive-OR
(XOR) combination of the néxt 16 pits 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 4 bit exclusive-OR (XOR) combination is created
by combining together the middle 16 bits (bits 14 though 29) in groups of four
as illustrated in Figure 9¢c. The second hashing mechanism works well for -
programs that jump any where in the address space since all tag bits are taken
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 examining the Branch Target Buffer Cache 41, the Branch
Target Buffer Logic 40 runs the upper 21 bits of the current instruction pointer
thrdugh hashing mechanism and compares the hashed instruction pointer
value against the hashed tag fields 401 in the four branch entries of the

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



about branch instructions in 128 individual "sets" of branch infornation.
Each set of branch information in the Branch Target Buffer Cache 41
contains 4 branch entries wherein each branch entry contains infornmation
about a single branch instruction that the m croprocessor has previously
execut ed. Each set of branch entries wthin the Branch
Target Buffer Cache 41 also includes a branch pattern table 421 and a pair
of Pseudo-Least Recently Replaced (PLRR. bpts 420. The Branch Target h.
Buffer Grcuit 40 uses the pranch_ pattern table 421 fqr predicting the
out cone of CHRERE XIS Bﬂ&fﬁgﬁg %é&effﬁémm Pest M Batchothepyalwerpfeher i es.
The Branch Target, Buffer.Crcuit 40, '

- 22 - uses Cﬂ‘ﬁgerﬁsgm-{gﬁ{u%@&ﬂﬂr&;e@epl aced (PLRR) bits 420 to select a
branch entry in the set when informati on about a new branch will be
witten into the set of branch entries. Figure 7

IITustrates the branchy| pfgryBa! b BrLRhOFL et BLFeF2%]ic 40 eliminates the

branch entries in the selected set that identify branch instructions located
before the current instruction pointer. For example, referring to again to the
memory map of Figure 4, a four byte long branch instruction is illustrated at
the hexadecimal addresses 1E to 21. The branch instruction at hexadecimal
addresses 1E to 21 is pléced into a branch entry in the Branch Target Buffer
Cache 41 and assof:iate'd with the hexadccimal address 21 since that is the |
address of the last byte of the branch instruction. Thus the block offset field
402 of the branch entry will be set to 1. If the current instruction pointer
points to the hexadecimal address 23, then 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 hexadécimal

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” bran&h instruction. To select the first taken

- branch instruction from the remaining ordered branch entries, the Branch



branch entry of a Branch Target Buffer Cache 41 set. As illustrated in
Figure 6, each branch entry contains a hashed tag address 401, a bl ock

of fset 402, a branch type 403, a true branch history 404, a specul ative
branch history 405, a speculation bit 406, a valid bit 407, and a branch
target address 408. The hashed tag address 401 and the bl ock
of fset 402 are used to |dent|fy a nenory address of the branch instruction
associated with the branch entry. The hashed tag address 401 is a 9 bit
conpr essed representation of the 21 nosB0si~gni ficant bits of the address
of the bran

ock off.set val ue 2
"ndi cat os. ¢ nEggt BURF 1089 mvstenaka brangl 8RRt praticERnades BLRE | he
branch instructi.on' s, | as uctlons are indexed by the
| ast byte sUERA'HE® BV&CB %thgs 65 tgef?%eﬁt%fgé Astruction that crosses a
bl ock boundary w Il be fetched before making a branch prediction. For
exanple, referring again to the nenory map of Figure 4, a four byte |ong

branch instruction ipgedicing!Bahed @Etcbﬂ‘?eshﬁi@ﬂ%dm‘ira rpﬁ‘&&resté to 21.
After being executed, the four byte branch instructio be placed into

an entry in the Branch Target Buffer Cache 41 and associ at ed with the :
hexadeci mal address 21. Thus the block offset 402 in the branch entry for
that branch instructiTonvildel a bearsei otittolne pr_ediction for each entry, the Branch

Target Buffer Circuit 40 first reads the branch type field 403. The Branch
Target Buffer Circuit 40 handles the branch prediction differently depending

upon what type of branch instruction is predicted.

The $ranch type field designates if the predicted branch
instruction is a conditional, an-unconditional, a Call Subroutine, or a Return
From Subroutine branch instruction. Note 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.



-+« 23 - If the branch instruction was instead i ndexed by the
first byte (hexadeciml address 1E), 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 Execution Unit
92 woul d not be able to .verify the branch instruction since the entire
branch i nstruction was not fetched. - 31 - The branch type field
403 in each branch entry fsiewidd TabMatsulyP@rizeé Nefaried BrawdH Takgan the
branch entry identifies. The following Table 1 lists the different types
of branch iBgferClitc@Ms40 predicts branch outcomes and target addresses fdtl ghelfour

Br anch Branch Type : Type Code _
00 tygesdiftbraneh ifstardtions stored within the Branch Target Buffer CReltaidh. From
Subrouti ne
Table 2
: Branch Target Buffer Circuit Action
Branch Type
Branch Outcome Branch Target Address
Prediction Prediction
Unconditional Branch |Predict taken Predict branch target
Instruction(Other than address from target field
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
' iri 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



190 o Cal | Subroutine 11
Uncondi tional branch The Branch Target Buffer Crcuit 40
uses the branch type field 403 when nmaking a branch prediction since
different branch prediction nechanismis used for different type of branch
instruction. For exanple, the Branch Target Buffer Circuit 40 predicts the
out come of conditional branch instruction based upon the branch
instruction's history, but the Branch Target_
- 24 - Buffer Gircuit 40 always predicts @an unconditional. brangh
i nst ruct i onAgM/{EK@Anternational Symposiummandy M‘éOfﬂiﬁaﬁErPrhM‘tcé‘P%FC?‘ftéFH“ﬁ04 in
Figure 7 maintains the taken or not-taken histo of, t he, branch.
ih_nst ruct :c onll\fgyedéteéﬂﬁ?heﬁp-bﬁl 1 bbb gp&ﬁé‘f?'@k’étk@f‘éﬁ)b@ﬁﬁ brageh By, ﬂf?ﬂ—: branch
istory field 404 stores hragpch history faor he. | ast executions of the
branch’ i nstﬂ?@b%‘ﬁ%gi)’ﬁ@”ﬂc%r)’t DAk R XU‘OOIGH‘éféi%n%‘ia&hf\%‘lsﬁrgken and "1"
desi gnates taken. The 4 bits of taken or not- '
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 determined 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 préblem'of
pi‘edicting 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

"S;peculative 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 is stored as a two-bit



L

taken history are used to index into a pattern state table when cal cul ating
a branch prediction. This is based on the branch outconme at branch
execution. The specul ation bit 406 and the specul ative
branch history field 405 are used to help make predictions for branch

I nstructions without waiting for branch instructions to execute. The
specul ative branch history field 405 in Figure 7 maintains the

"specul ative" taken or not-taken history 88 the branch instruction for the

ast 4 brangh prafh e IdOORnBOSIBIK triecPhARGH, fangel Sikcbqhe gebagui L 40, The

specul ati on S set en the specul e branch history field 405

contai ns vabifhgfiH: 3tbres 4bisd OF Yranthenidtd?y | thedk as® @6 Ytaak ivabudy fonche 16
hi story 405 are used to index into the pattern state table when cal cul ati ng

a branch ppediibld BrarRchibiey RERUhabs dudtidted G Higusel0a. FOhe twoebit state
informati on"on predicting branch instructions using the specul ative branch

history, segalilteclagsifiesdragcipphrainsaippd istrenghntdkepe ewdakly vakes, syeakly not-

Mechanismin a Branch Target Buffer”, Serial No. 08/ 062,012, filed May 14,
1993. . taken, and stfowglyaldtetaken adQltustnateddndsiguhedfer the branch entry .
contains valid branch information. Wen the Branch Target Buffer Circuit 40

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. Réferring 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 péttern 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 sta.te 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



-»25 - allocates and fills a branch entry, the Branch Target Buffer Circuit
40 sets the wvalid bit 407 for the entry thereby indicating that the entry
contains valid . branch information. Later, when the Branch Address

Cal cul ator 50 deallocates the branch entry, the valid bit 407 for the

deal | ocated entry is cleared. The branch target address
field 408 in Figure 7 stores the branch target address for the branch
instruction except if the branch instructjon is a Return From Subroutl ne

i
L LR il G i
L: '?!sdo?OBt LE‘Srstn 1§n m useed&%i r’gl&e % {lg} gek3g d&#esrst?{c%he‘lﬁpper

the Instruc |%1QQIJIFP%{C%m tégtdd’ u{ gﬁ:‘%te?ﬁéf Fﬂ%{eﬁ?rgﬁgﬁgwg%@gﬁk El'ﬂgt

| owest 4 bits of the branch target address field 408 select the byte in
the fetched bl ock where the m croprocessor should resune execution.

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 Buffer Circuit 40 handles
unconditional, conditional, and Jump T> Subroutine branch instructions by
pfedicting a branch to the address provided in .the branch target address field
408 of the Branch Targét Buffer Cache 41 entry. However, Return Frorh_

Subroutine instructions are handled differently.

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

Buffer within the Branch Addr_ess 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.



Predicting Branch Instructions using the Branch Target Buffer Cache

The Instruction Feteh Unit 30 requests information about wupcom ng branch
i nstructi ons by passing-an instruction pointer to the Branch Target Buffer
Crcuit 40. Figure 8 illustrates the steps perforned by the Branch Target
Buffer Grcuit 40 when searching the Branch Target Buffer Cache 41 for
upcom ng branch instructions. At step 101, the Branch Target

- 26 - Buffer Circuit 40 receives the instruction pointer fromthe
Instruction Fetch Unit 30. : At step 102, the Branch Tar get
Buffer Gircuit 40 reads out a set of hraygh four branch entries from the
Branch Target Buffer Cache ,f& %ﬁ' t he |nstruct|Oﬁ_ B?I nter. To clarify
how t he Branch Target Buffelh&Bransh Ingroctian Pomter dapl¢icti on pointer,
Figure 9a illustrates the individual bits of the 32 bit instruction

poi nter address as.used by the Branch Target Buffer Cache 41 to

In addition to the Branch Target Buffer Cache 41, the Branch
Target Buffer Circuit 40 also maintains another cache called the Branch
Instruction Pointer (IP) Table 43. The Branch IP Table 43 stores information
‘about all unresolved branch micro-ops currently within the microprocessor.
Aftef each branch micro-op h.as been executéd, the information stored within
the Branch IP Table 43 is retrieved to update the Branch Target Buffer Cache

41 or restart the microprocessor in the case of a branch misprediction.

Figure 11 illustrates the Branch IP Table 43 of the present
invention. The Branch IP Table 43 compriées a buffer containing n bfanch
entries (0 to n - 1) wherein n equals the number of entries in the Reorder
Buffer 83. Each branch information entry within the Branch IP Table 43
comprises a Next Linear Instruction Pointer (NLIP) address field -aﬁd a

processor state information field.

The Next Linear Instruction Pointer (NLIP) address field stores
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



identify the address of a branch instruction. The upper 28 bits of the
address identify a nenory block. The 4 least significant bits of an
address designate an offset location within a 16 byte block. In the Branch
Target Buffer Cache 41, each entry contains an block offset 402 that

| ocates the |last byte of the associated branch instruction within a 16
byt e bl ock. The upper 28 bits of an address identifying a
menory bl ock can be divided into two sepérate sections. The uppernost 21

bits (bits dlfd {lgdggi)\ﬁrtﬁ@n:ﬁ§ﬁfﬁ h?stbégim%aiiénﬁﬁsﬁﬁkﬁhgdqr%&ﬂﬂ eRBGEs.
branch entry 1 n the Branc Target Buffeér Cache 41. The remaining.7 bits

(bits 4 thougienl Qlloddteng B&ews Brandh értry tdaaxpdaiaag hifyexistiey bﬁéndhr_amﬂ, the
entries within the Branch Target Buffet Cache 41. The
Branch Tar gBlexBlif&ir Iostraidtion Fdined¢XESP) atldrdshdés BearemhentedrimeonBubf er
Cache 41 using the seven set bits (bits 4 though 10) of the instruction
poi nter to paddande theseddrebs bf treclasebytei afshe Tirendr arsttuctiorgeTheatifleess of
~Circuit 40 then reads out the selected set of branch entries.

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 déwn the wrong path due to a branch
misprediction, the state. information can be restored from the Branch IP Table
43 when the mispredicﬁon 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 Allocatqr 70
assigns a pDst entry in the reofder buffer 83 for a branch micro-op, a
corresponding entry in the Branch IP 'fable 43 is assignea. The Instruction
Decoder 60 informs the Branch Target Buffer Circuit 40 about the assigned
pDst entry, tﬁe 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.



-+ 27 - At step 103, the Branch Target Buffer G rcuit 40

exam nes the four branch entries within the selected set to determne if
any of the four branch entries contain information about a branch
inhstruction in the 16 byte block pointed to by the instruction pointer.
Specifically, the Branch Target Buffer Circuit 40 conpares a 9 bit
conpressed version of the upper 21 bits_057 the instruction pointer address
with the hashed tag field 401 within each™ branch entry to elimnate branch
entries that do not match. To reduce the die area required -
to construct the Branch Target Buffer Cache 41, each branch entry in the
Branch Target Buffer Cache 41 stores' a conpressed tag address. In the
preferred enbodi nent, the full 21.bit tag value is run through a hash
mechani smthat reduces the tag to 9 bits. The conpression of the tag
address | oses sone information and thus causes sonme aliasing. The aliasing
created by the conpressed Updpting b BraaichyTarget BaffeyGardie ni spredi cti ons.
However, any branch m spredictions are eventually cured by the Branch
Address Cal cul ator 50 or the Branch Execution Unit 92 in the

m Cr opr ocessor. ) l1’he Branc arget Buffer Logai,c 40 of the
present invention useReferring to Figure 2, each brarich micro-op remiains 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 ié

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 usea to
send micro-ops from the reserv.ation 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 Targ.et 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 ﬁicro-
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



t o different' hashi ng mechani sns to conpress the tag address. Both hashi ng
mechani snms reduce the full 21 bit tag address into a 9 bit hashed tag. A
machi ne specific register (MSR) in the mcroprocessor selects one of the

tWwo types of hashing nechani sns. _ Figure 9b illustrates the
operation of the first hashing nechanism The first hashi ng nmechani sm
concatenates the 2 npbst ) - 28 -

significant bits (bits 30 and 31) of the T tag address with the 7 |east

si gni fi cant oRicbsnd B tise Barichowgh al predittedhtgraindhloutesmaddrseedf tive braadte a 9
bit hashed tag. This first hashing nmechani smworks well for prograns that
usual Iy j upredicideth Myasseariedthdf thehlpranaiv predimioni was aoereats ¢heh thé pirocessor
occasionally junp to an Operating Systemroutine far away such that the
two nost sigmtingesmlobgtthe predi path. However, if the brapclypredation wast r at es
t he operation of the second hashi n% mechani sm The second hashi ng

mechani sm comeagetha BeandheEzeqydian 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 instéad 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 Ne.;<t 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



significant bits (bits 30 and 31) of the full tag address, a 4 bit

excl usive-OR (XOR) conbi nation of the next 16 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 4 bit _

excl usi ve- OR (XOR) conbination is created by conbining together the mddle
16 bits (bits 14 though 29) in groups of I)fé” as illustrated in Figure 9c. -
The second hashi ng .nmechani smworks wel | T prograns that junp any where

in the addr €ifc8pae evisdtngpe df lbrhAth Mstaudion WQB%Qecdt@HOM@Fﬁéxdﬁ{eaMaﬂQh Not e
.that.- the 2 nost significant bits (bits 30 and 31) are preserved In order

to detect cabdsstakenQuatcaitaken, el te bawchnessdthaldrasse Thé Bramety Thigdp t he
current address. When exam ning the Branch Target ffer

‘Cache 41, t Bafférdlictuit Tangets tBefrésolved girandinfonmation wpppdatklth Bearth t he
current |nstruct|on poi nter through hashi ng nechani sm and conpares the

hashed i nst Targdtdhuffer Gache 4val ue agai nst the hashed tag fields 401 in the
four branch entries of the selected set. The Branch Target Buffer Logic 40

elimnates those branch

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
addr-éss of the last byte branch instruction. The Branch Target Buffer Circuit
40 uses the address of the la.st byte branch instruction to index into the Brancﬁ

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 Cifcuit 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



-+ 29 - entries having 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 instructions |ocated before the current
instruction pointer. For exanple, referring to again to the nmenory nmap of
Figure 4, a four byte long branch instruction is illustrated at the
hexadeci mal addresses 1E to 21. The bra__nchg) i nstruction at hexadeci nal
addresses 1E to 21 is placed into a branch entry in _the Branch Target '
Buf fer .CacBeffen Caghe 4dsfocithe daanth insthuctioox et itheuBranicr FasgetBufifece t hat
is the address of the |last byte of the branch instruction. Thus the bl ock
of fset fi el GircuiiAlopracredpicanpdatentne\pransh emay séarting at step 3ihe current
instruction pointer points, to the hexadeci mal address 23, then the Branch
Target Buffer Logic 40 elimnates all branch entries that have val ues |ess

than 3 in the ock,offset. field 402 _such that, th anch,eptry. for the
br anch instrucﬂ ting ﬁ’é%@ﬁlﬂ&gfan Hﬁ?%é“é[ﬂeit%’aﬂghﬁ%ﬁ%%&‘d&tﬁéﬁféﬁgd_
The remaining branch entries describe branch instructions within the 16
byte bl ock pointed to by the current instruction pointer and are |ocated

after the current |ns{pdehiof pRBLdLs Y gttt %Qétin%h?raﬁ%ﬁmr)]—?ﬁ ¥Re

Branch Target Buffer Cache 41 requires 3 machine cycles. An update to an
“existing branch ehtry 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 'Unit_92 Ltpdates 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.



Buf fer Logic 40 orders the remai ning 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:fromthe renaining
ofdered branch entries if there is a "taken" branch instruction. To sel ect
the first taken branch instruction fromthe remai ni ng ordered branch
entries, the Branch - 30 -
Target Buffer Logic 40 nust nake branch qétcone predictions for all the
remai ni ng branch entries in the selected 5et” Predi cting Branch

Qut comes and Branch TaAﬁbﬁme,r B#SBfanch Target Buffer CiF&liF%%I;ﬁda!?é@H@
outcone prediction for each entry, the Branch Target Buffer Crcuit 40

first reads brhacthpatiebn tate 42l dbel tHOSet thae cBramedthelbrgrh &by eTheibaHik 40
handl es the branch prediction differently depending upon what type of
branch i nst padternriable 4¥lddiupdated by indexing into thleranicarnshtdrablel 4410with
designates if the predicted branch . '
: 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
2R calculated by the Branch Execution Unit 92 into the true branch history field
404. This éompletes 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.



instruction is a conditional, an unconditional, a Call Subroutine, or a
~Return From Subroutine branch instruction. Note that although Call
Subroutine and Return From Subroutine instructions are specific types of
uncondi tional 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 perfor-rr&zspeci al operations when those two

types of branch instruc
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Cache 41. ecution 1 Unit 92 detects a branch mxspre-Eﬁ@tll@n 4vhile executing a branch

Br anch Target Crcuit Action Branch Type

Branch Qut Cefter a later bBaR¢IC Rad all@atyAddeets, 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 shoulci 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 Br0Q, 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 BrO.

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 Targe't Buffer Circuit 40 starts updating the branch -
entry for Brl and continues updating the brénch 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 Eranch entry for
Br3.



Prediction Prediction Unconditional Branch Predi ct taken
Predi ct branch target Instruction(Qher than

address fromtarget field Call -Subroutine or

in Branch Target Buffer Return From

Cache Subroutine) "Conditional Branch Predi ct branch outconme Predict
branch target Instruction : usi ng branch history address from
target field and*Hranch pattern table in Branch
Target Buffer f th . . . ch Cal |
Subrouti ne Pr eIditc% Btraér?(cé\nﬁxecunon Unit ‘rateeélrlné?e%géantq ré 5?9’%@ was

I nstruction mispredicted, then the subsequent branch instru&%s%ﬁo&lrdoﬂbﬁ:glﬁggtbe&hel d
in Branch Target Buffer “Cache et ur n

From . executelr gt € thet M@dprocessor was_s?'e@élia?itvef exR FeRing BosHPrut i ne
| nstruction Regi Ster if Return °

Regi ster vahibry pattet Mdredmportantly, the branch histories for branch instructions
predict from RSB using _ _ I
TOS poi nt er Brl, Br2, and Br3 shsuldetotfter tpdatedTsihte tiesedbdankhdnstructishs uct i ons
other than conditional branch instructions are predicted taken. To predict
t he out cone shofilchnobhdie beerlexerutad Hhius nyurdv dmanetn &iBo e erodldr e v Bokf er
Crcuit 40 uses  the Yeh & Patt two-|evel adaptive branch prediction
nmechani sm (Vébenthe Brgnclydixegutondynit deteeis tthe Taisprredistiondabe iBrenBhanch
iction. _Th 4t :
Prediction Ex'egut%on r?.Jnit 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 risprediction
-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 Ci.rcuit 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 aliocation'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



-+ 32 - ACM I EEE International Synposium and Wrkshop on M croarchitecture,
Novenber 1991, pp. 51 - 61) The two-level Yeh & Patt branch prediction
mechani sm dynami cally nmaintains two | evels of branch history.

The first level of branch history nmaintained in the two-1evel adaptive
branch prediction nechanismis the taken or not-taken branch history
stored within each branch entry. For exanple, a "not-taken, taken, taken,
not -t aken" branch history is represented g "0110". In the present

. enbodi nent, two versions of the branch hi go?y are stored: a true branch

hi story andivespreuisaiol Méodat@raBrahth ety fokhel braectbiranalttivinstratspradieteas
the |last four outcones of the branch instruction as determ ned by the
Branch ExebyttherBrinch ffdred$h€abndatolrH0i ared bllaakén birsndr insstuntiesst he | ast
four outcones of the branch instruction as predicted by the Branch Target
Buffer Circuit 40. The specul ative history is used to get around the

probl em of . predicting branch instructions within small (or "ti aht ") loops
since the true hi sto?\?fﬁ@lgttonﬁﬁuﬁé'zuﬁh%ﬁé@%élddé?ﬁughlﬁumpé5 RATFRIARS

\,Mn:c lor (r:rgtn ?gzgfré%%elﬂreanﬁé}o%eo}’t branch ?r?s%pucrgfo%gor{gt’prgg\{\g\e/g r‘p’y ﬁl%dé}ain%ga{'arget

| 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 mispredictiqn 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 mispredicted, the Branch Target Buffer

Circuit 40 allocates a branch entry for the branch instruction within the

Branch Target Buffer. Cache 41.

If the Branch Address Calculator 50 predicts that a branch
instruction' will not be ta_'ken 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 microprocessor 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



specul ative branch history can be found in the copending patent application
- "Specul ative H story Mechanismin a Branch Target Buffer", Serial No.

08/ 062,012, filed May 14, 1993. The second | evel of branch

hi story maintained in the two-level adaptive branch prediction nechani sm
Is the branch pattern history. The branch pattern history indicates the

li kely outconme of a branch instruction based upon the previous branch
outcones of the branch instruction with™ fdeftical branch histories. The

branch patt ekl $itedtidry fiom seQurethgash@ BruwelbTarget Buffer Circuit 40 allocates a
- 33 - state value for each possible branch history pattern. Since the

present entbrdhakentyt withén 4hdBrandf ThrgetBuffdrsCache 41 Foar &l galeerlbrataht e
values for the 16 possible branch history patterns as illustrated in

Fi gure 10a. imsksuctipnbit stepatfefevinigite step3oisafddghran2thpdirrachsTargeo
strongly taken, weakly taken, weakly not- taken, and strongly not-taken as
i || ust rat ed Buffer Giseuitédhtests if the branch instrpgtion vagtctakeat t1é the éra‘mqhy is

created fro r evi,ous occurrence L.
ThrGtion was ta en, the Branch Target Buffer Circuit 40 allocates a branch

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

To select a branch entry from the selected set in the Branch
Target Buffer Cache 41, the Branch Targe.t 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 feplaced. To selects the
branch entry in the selectled set, the Branch Target Bﬁffer 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 ex.isting branch entries for

branch instructions in the current memory block.

At stép 501, the Branch Target Buffer Circuit 40 sets a counter to
zero. At step 503, the Branch Target Buffe_f Circuit 40 tests the branch 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.



of the same branch pattern. Each tinme a conditional branch instruction is
resol ved, the branch pattern table is updated using the Lee & Snith
saturating . up/down counter as illustrated by the state transition arrows
i'n Figure 10b. A branch prediction exanple 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 4lgi t- branch pattern is used to

Vales. Tor eachnrancht Wt hEHRR SRR GPhoiaR RERDNOR TR a Rt €l 21 ©
| ndexes 10 gy phkect3b S P, HORE 1nd BREERCIA B w@k{%gagﬁgﬁgﬁ% ate.

taken When k , on
e et a4 e, S

the branch amdicshenansapiesrie thmtit Balie Tﬂ&TeE)BdfféréCleE@fB% bl to
tabl e. After the Branch Tar get “Buffer Gircuit 40 determ nes

the branch steptsoenmhésyitakplacesihietbraneh ehtrgnsdintatsto by tthePseudoth@ser der ed
set, the Branch Target Buffer Circuit 40 searches for the first, taken
branch i nst ReddrithnReplaced (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 B_ranch 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 speculativ-e history field 405 is not
modified during the branch entry allocation since it will later be set when

speculative history is generated.



-+ 34 - branch instructions are predicted taken, then the Instruction Fetch
Unit 30 fetches the next sequential nenory bl ock. However, if there is a
taken branch instruction in the selected set, then the Branch Target
Buffer Circuit 40 predicts a branch target address for the first taken
branch instruction. Tabl e 2 descri bes how the Branch Target
Buffer Grcuit 40 predicts a branch target address for each type of branch
instruction as indicated in the branch-t¢pe-field 403 when the branch

instruction is predi Céﬁgsﬁaéﬁgg't%fitﬁlfag# ?gcciitﬂe-g Akeoﬁse-[g'ﬁeégggggﬂ%g@{ get

Buffer Circuit 40 han unco I on ondi'tional’,

Subr outi ne chak t. r,ed [ h a ess

orovi ded | nOYRE R4Sttt BARE Bl blb i TR BHaRER indiuldin A4 CoD

Buf fer Cach t- ' j e
a&ilecﬁ'f’aig HeldHMENQEt b?%H\F/\\hIhe{ftﬁ:%pgé@hr i SUAINSItd BEIHLIEA dR9S tIRA K

handl ed different nch Target Buffer CQrcuit

40 predi ct spgirtak6the RestWye of alte Bebh@UidshRIctdS! fr6hizRNhetseRclicRAGshikar get
Buffer Grcuit 40 predicts a return address froma Return Register or from
a Return StAniction. The block offset field 402 is set using the lowest 4 bits of the branch

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 T.arget 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.



Buffer within the Branch Address Cal cul ator 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 nenory bl ock using the predicted branch target address.
- 35 - : The Branch Instruction Pointer Table
In addition to the Branch Target Buffer Cache 41, the Branch Target Buffer
Circuit 40 al so maintains anot her cache calal ed the Branch Instruction
Pointer (IP) Table 43. The Branch | P Table 3 st or es i nf or mati on
- There are several reasons why a branch entry in the Branch

Target Buffer Cache 41 may no longer point to valid branch instruction. Self

modifying code can change a branch instruction such that the entry in the

Branch Target Buffer Cache 41 is no longer accurate. Furthermore, the

hashed address tag field 401 causes aliasing such that more than one address

maps into each branch entry.

When the Branch Address Calculator 50 determines that the

Branch Target Buffer Circuit 40 made a branch prediction for a nonexistent

. 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 E:ranch
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 instrucfion, which is placed into
the Branch Térge.t 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 instruetions



about all unresolved branch mcro-ops currently within the m croprocessor.
After. each branch micro-op has been executed, the infornation stored within
the Branch I P Table 43 is retrieved to update the Branch Target Buffer
Cache 41 or restart the microprocessor in the case of a branch

m spredi cti on: Figure 11 illustrates the Branch IP Table 43
of the present invention. The Branch I P Table 43 conprises a buffer
containing n branch entries (0 to n - 1) wherein n equals the nunber of
entries in the Reorder Buffer 83. Each branch information entry within the
Branch | P Table 43 conprises a Next Li¥ne8r-Instruction Pointer (NLIP)
address fi - age;.l i L The
Next Lineaﬁkﬁﬁg?gﬂgpfggg gﬁ%ﬁ%ﬁﬁ%h£ﬁ¥5&%§§ﬁ§g¥Q?ﬁEFgk@%%%%gan?he addr ess of
the instruchbaFidshRdiAhelbe thalb ey &g bhgr&han)ﬁlaknpﬁ{ FRECRHO RO tIRS sRtbARR
with the branch mcro-op. The Instruction Fetch Unit 30 uses the Next _
Li near | nstyii hir@mgBiiehtebf eMrhEhtsasiftRs prasan i kv dHtedie by itlso i a@pﬁdiﬁ‘%‘gd

t aken when the branch shoul d not have been taken. The xt

Li near | nstfrost tlensdapendbethd Muditicaddress is also used to index into the
Branch Target Buffer Cache 41 when allocating new branch



-.-36- entries or updating the branch history information in existing branch
entries. Wen allocating a new branch entry or updating an existing brarich
entry, the Next Linear Instruction Pointer (NLI'P) address is decrenented
by one~to produce the address of the |ast 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 i ndexginto the Branch Target Buffer
Cache 41. The processor te informati on”"lﬂl)mmﬂlmm
store state information that may be é%ﬁéﬁgged when t he "nﬂ
begi ns specul ative execution after making a branch predictiont I tlke *

m croprocessor is speculatively executing down the wong path due to a
branch misprediction, the state information can be restored fromthe
Branch I P Table 43 when the msprediction is detected. In the present
enbodi ment, the mcroprocessor staté information field stores a stack

poi nt er for the Return Stack Buffer in the Branch Address Cal cul ator 50.

As stat ed in the m crpprocgssanAvipsielon Yrelidiidh MecAgals, F4ld branch

instruction prediction mechanism predicting a plurality of branch
instructions within a stream of computer instructions, said branch
instruction prediction mechanism comprising the elements of:

a branch target buffer cache, said branch targef buffer comprising a .
plurality of branch entries, each of said branch entries storing
information about an associated branch instruction within said
stream of computer instructions; and -

a branch target buffer circuit, said branch target buffer circuit réceiving
an instruct.ion pointer, said branch target buffer circuit indexing into
said branch target 5uffer cache with said instruction pointer, said
branch target buffer circuit searching for an upcoming branch

instruction based upon 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 an upcoming branch instruction

in said block of memory pointed to by said instruction pointer.

e
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assigns a pDst entry in the reorder—buffer—83—for—a branch mcro-op, a
corresponding entry in the Branch | gned. The Instruction
Decoder 60 inforns the Branch Targeﬂmﬁmg 'ﬁmmllm“ 0 about the assigned
pDst entry, the processor state informaki on, ®nds t e Next Linear
Instruction Pointer (NLIP) address. The Branch Target Buffer Circuit 40

wites the processor state information and the Next Linear Instruction
Pointer (NLIP) address into a corresponddhg-entry in the Branch |IP Table

43. 3. The branch instruction pred1ctror37netharusm as claimed
Updating the Branch Target Buffer Cache Referring to Figure

2, each br afrcblafinct oviogreiresmd duadlityhef braestrerdatieparsbegdrdned inenary unti |
all the source data required to execute the branch mcro-op has been
obt ai ned angluratityBoénets, Eabclk $add setsi corBprising a plurality of branch entries.

4. The branch instruction prediction mechanism as claimed
in claim 3 wherein said branch target buffer cache comprises a set-associative

cache.

5. The branch instruction predictibn mechanism as claimed

in claim 1 wherein each set comprises four set-associative branch entries.

6. The branch instruction prediction mechanism as claimed

in claim 1 wherein each set further comprises a branch pattérn table.

7. The branch instruction prediction mechanism as claimed
in claim 1 wherein each set further comprises a set of Least Recently Replaced

Bits.

8. The branch instruction prediction mechanism as claimed

in claim 1 wherein each said associated branch instruction is stored into said

This Sheet Has Been Replaced -
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avail abl e. When the source data required to execute the branch mcro-op is
ready, the reservation station 81 sends the branch mcro-op to the Branch
Execution Unit 92. The Branch Target Buf umr‘mnm“‘!llumu“‘
nonitors the bus used to send mcro-ops fromthe reseratiiarilikt to
the Branch Execution Unit 92. Upon seeing the reservation station 81 issue
a branch micro-op to the Branch Execution éJnj‘t 92, the Branch Target
Buffer Grcuit 40 notes which pDst entry %unber in the reorder buffer 83
Wi Il be use@rifctsta@gér BufeeriaRe fusing & addpess @fllast Biaetdfgaid assokidtadcut i on
‘Unit 92 executes thé branch mcro- op, the Branch Target Buffer Crcuit 40
reads out abrgmdh ynstoudtben.Branch | P Tabl e 43 having the sanme entry nunber
as the reorder buffer 83 pDst entry. In this manner, the stored branch

i nformation associated with the branch mcro- op being executed will be
avai |l abl e when the branch mcro-op is resol ved. The Branch
Execution Unit 92 executes the branch mcro-op by determning a final

branch target address and a_final branch qutcone, (taken _or not-taken). The
Branch Execution Unit 292 cgr?ﬁali”’é’é‘c &SSP R g ion meChamsm_ as claimed

in claim 1 wherein each said branch entry in said branch target buffer cache

comprises
a tag field;
a branch target address; and

" a valid bit.

10. The branch instruction prediction mechanism as claimed
in claim 9 wherein said tag field comprises a compressed tag field that is .

smaller than a full tag address.

11.  The branch instruction prediction mechanism as claimed
in claim 9 wherein said tag field comprises a compressed tag field that is

smaller than a full tag address.

12.  The branch instruction prediction mechanism as claimed
in claim 11 wherein said a compressed tag 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 .

- This Sheet Has Been Replaced ' .
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-+ 38 - outcome of the branch with a predi cted branch outconme to see. I f the
branch prediction was correct. |If the branch predi ct—i—en—was—eoLLecl_,__Lhen

the processor continues along the predicted path. Ho

pr edi cti on was wong, the Branch Execution Unit 92 V\Elﬂnuuﬁ“ll M
front-end of the mcroprocessor pipeline -and restart r at
the correct address. |f the branch instrgiction was predicted taken and t he
final branch outcome was instead not-taken, the m croprocessor must resune
execution at the address of the instruction inmediately follow ng the
branch instruction. The Branch Execution Unit 92 handles this situatiqn by
fl ushing the front-end3.of Thhé'Jfﬁﬂélﬁ015$t(§lé§t$@é)Pfﬁﬂﬁélqrh@eéaénfsr%tarsu‘élﬂrﬂﬁ t he
Instruction Fetch Unit 30 to  resune executi at the Next. Lin

| nst ruct i onirPdliaimell WReren satfbaég@m%%%@é Ty PHEEBR ixshsy e'f&lgl e 43.
After the Branch Execution Unit 9 cutes.a branch mcro-o Bra ch
Tar get Buff@'\ostﬁﬁﬂf igantopits, rom, pal C@Etag ﬁ‘i%eé?rtarr}%?luﬁﬁ'&a?r g%fﬁ‘blré%
entry in the Brangh Tar Buyffer 4 t

Branch Tar g%tse‘élﬁ %‘r‘bséégﬁi’“ﬁmq‘ﬁgl%r%n ‘?‘Se%? %‘eq‘ Fé s'ru?élE bpl(ﬁ'&rrust

have significant bits from said full tag address .

'14.  The branch instruction prediction mechanism as claimed
in claim 9 wherein each said branch entry in said branch target buffer cache

further comprises a branch fype field.

15.  The branch instruction prediction mechanism as claimed
in claim 14 wherein each said branch entry in said branch target buffer cache
further comprises a block offset field that identifies an offset of a last byte of

said associated branch instruction.

16.  The branch instruction prediction mechanism as claimed
in claim 15 wherein each said branch entry in said branch target buffer cache

further comprises a branch history field.

\ . .
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the address of thetast—byteo0of the branch instrUction. To cal cul ate the

| ast byte of t | ruction, the Branch Target Buffer G rcuit 40

decrenents the IWW’W@MMWMWCHM Poi nter (NLIP) address obtained

fromthe Branch+* Pc Ta e To provide information for the

updating the Branch Target Buffer Cache 41, the Branch Execution Unit 92

transfers informati on about the resol v_edslﬁr_anch instruction to the Branch
t

Target Buffer Circuit 40. Specifically, e Branch Execution Unit 92
inforns the Branch Taddet Biefleranch instruction prediction mechanism as claimed

- 39 - CGrcuit 40 what type of branch instruction was executed, whether
the branch in gaém Hkwheseinrach: s Sranghientay ipsaid hranghytargamies cachee
Br anch Targg[u_é}ﬁ Buffer, Circuit 40 uses the resolved branch inforpatjion to

updat e t he @hcompzisge @ SBEFriatianp@ngha speculative branch histpgy,figld s -

il lustrates the steps the Branch Target Buffer G rcuit 40 perforns when
updating the Branch Target Buffer Cache 41. At step 301, the

18. A branch target buffer cache, said branch target buffer
cache comprising a plurality of branch entries, each of said branch entries
storing information about an associated branch instruction within a stream of

- computer instructions, said plurality of branch entries addresséd_in said |
" branch target buffer cache by an address of a last byte of said associated branch

instruction.

19. 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 from a
set of branch entries in said branch target buffer;

updating a branch térget 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

updating a branch history associated with said branch Ientry if said

branch instruction is a conditional branch instruction.
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Branch Target Buffer G rcuit 40 decrenents the Next Linear Instruction
Poi nter (NLIP) address read out of the Branch IP Table 43 .to cal culate the

address of the last byte branch instruction. The Branch Target Buffer
Circuit 40 uses the address of the |last byte branch msteruiEmllmmmmll
~into the Branch Target Buffer Cache 41. At

Branch Target Buffer Circuit 40 indexes into the Branch Tafget Buffer® *
Cache 41 to see if a branch entry already exists in the Branch Target

Buf fer Cache 41 for the branch instruction. Specifically, the Branch
Target Buffer Crcuit 40 indexes into the Branch Target Buffer Cache 41
with the set bits of 2derieametici eflubtatial d bsinchabrg Bdtsessclaimeid ihor a
branch entry with a matching hashed tag freld 401 and bl ock offset field
402. claim 19 whéfei baidBipdetingf stegetcaBufef dror€id.cui t 40 cannot find a
branch entry in the Branch Target Buffer Cache 41 for the branch
instruction, then the Branch Target Buffer G rcuit 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 CGrcuit 40 finds
a branch entry in the2BrEhecimethpdyef updating a branch target buffer as claimed in

claim 20 wherein said updating steps are aborted if an earlier branch

instruction was mispredicted.

22. The method of updating a branch target buffer as claimed in
claim 19 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.

23. The method of updating a branch target buffer as claimed in
claim 22 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.
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er Cache 41 for the branch_instruction, then the Branch Targe
cuit 40 proceeds to update the branch entlrﬁiﬁstarti ng at step

Updating an Existing Br anch IIII"IH] wl nch Target Buffer
The entire proces exi sting branch

t

e Branch-Target Buffer Cachée 41 reqw res machi ne cycles. An
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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.

25. A method of allocating in 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;
determining if said branch instruction was misprédicted; and
“allocating a branch entry in said branch target buffer if said branch
instruction was mispredicted or if said final branch outcome of

" said branch instruction was taken.

26. The method of allocating in a branch target buffer as claimed
in claim 25 wherein said step of determining if said branch instruction was
mispredicted comprises

comparing said final branch outcome and said final branch target

address to a predicted branch outcome and a predicted branch

ed
0

the



Referring to step 312 of Figure 12, the Br.anch Target Buffer Circuit 40
exam nes the brm—ded——by the Branch Execution Unit 92. If the

gL??gP gyfgu:f ZﬂmmHm!mm'@”I"@anch i nstruction, then the Branch Target

J-the branch entry. If the branch
instruction is a condititonal ®dranch instruction, then the Branch Target
Buffer Circuit .40 proceeds to update the branch pattern table a branch
hi story. , - 57 - - 41 -

At step 316, the Branch Target Buffer O',rculjt ,éq)dup%gtes the hranch
pattern table 421 fortarget adqresy i detssmingdf said WRAAR MMERETHON WAS br anch

pattern table 421 is updated bg I ndexing into the branch pattern table 421
With the existing tr ﬂﬂﬁgﬁgﬁ history 404 and changing the state val ue
using latest branch result according to the state transition table as
illustrated in Figure 10b. The branch pattern table 421 nust 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 tabl e #2Irhe method of allocating in a branch target buffer as claimed
in claim 26 wherein said branch target buffer is organized into sets of branch
entries and said step of allocating a branch éntry in said branch target buffer
further comprises the substeps of:
reading least recently replaced value from a least recently replaced field
associated with a set of braich entries;
replacing a branch entry pointed to by said least recently replaced value
if said first branch entry does not have a matching tag fi-éld;
incrementing said least recently replaced value and repeating said
previous step until all branch entries have been examined; and
replacing a branch entry pointed to by said least recently replaced value
as originally read from said least recently replaced field

~ associated with a set of branch entries.

28. A branch instruction prediction mechanism,
. substantiallyas hereinbefore described with reference to the

. accompanying drawings.

29. A branch target buffer cache, substantially
as hereinbefore described with reference to the accompany

drawings.



After updating the branch pattern tabl Branch Target -
Buffer Grcuit 40 updates the true braﬁiﬂ]"ﬁmmmﬂmuﬁlm4o4 at step 318.
The Branch Target Buffer Circuit 40 updated truetbranch history field 404
by shifting the latest branch outcone of the conditional branch
instruction as calculated by the Br@n%@ Execution Unit 92 into the true
branch history field 404. This conpletes the branch entry updating for a
condi tional branch instruction. : The Branch Target Buffer
Circuit 40 updates each branch entry in the Branch Target Buffer Cache 41
two machi ne cycles after the Branch Executiqgn Unit 92 has executed the
branch micro-op associ aded #i P8 thrd of, AR tiing: Audradch Bek&Fdr, since the
M cr opr ocessqyy fFUH i diiHiG ainftd a 1By aRC hekarigdle fidufel eesCritieidt wikhcan execute
m cro-ops out of the original rgg;anLord r, t.he Branch Target Buffer

Gircuit 40 néf 8 t4% aﬁ&%° A& "€3¢che 41 out of the

ori gi nal program order. - 42 -

31. A method of alloCating'in a branch target
buffer, substantially as hereinbefore described with
reference to the accompanying drawings.



I+ nost cases, updating the Branch Tar
ori gi nal program order causes no probl

get Buffer Cache 41 out of the
ens. However, when the Branch

Execution Unit 92 detects a branch m sprediction while executing a branch

after a later branch had al ready executed,

updated with invalid history. To help

the | ater
remedy this situation,

branch woul d have been
the Branch

Target Buffer Circuit 40 nmay abort the @ppbéte of a branch entry if the
Branch Target Buffer Circuit 40 |earns that the branch should not have

been executed wi thin the next["Z CycTps. An exanple of this situation is
explained with reference tg, Hi oBre 1B. Consi der four branch
i nstructions nanmed BrOQ BrlHEr%‘-‘and Br3 that appear in that order within
a conputer program In the m qréprocepsor illustrated by Figure 2, the
associ ated branch mcro-ops nmgy execujed in any order. In Figure 13, the
four branch instructions arge xeuted{the following order Br3, Brl, Br2,
and finally BrQ WeTferfing to pipe x of Figure 13, the
Branch Execution Unit resol vdsfBr3. Jt the next pi pe, pipe x+1, the Branch
Execution Unit resolves Brl ard {he Branch Target Buffer Crcuit 40 starts
updating the branch entry forj Bg3. A pipe x+2, the Branch Execution Unit
resolves Brl while at the @cane inme [he Branch Target Buffer Circuit 40
starts updating the branch r_g
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entry for Brl and continues updating the branch entry for Br3. At pipe x+3,
t he Branch Execution Unit resolves BrOwhile at the sanme tinme 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. - 43 -
| f the Branch Execution Unit deterninesgymgt branch BrO was m spredicted,
then the subsequent branch instructions should not have been executed
since the m cyoprocessor was specBkternakbBusexecuting down the\ wong path.

‘ b hi st i 0 Br1, Br2,
shoul d not
When t he
Execution Unit

and Br3 shoul™ not be updated since Ese branch instructions
have been executed thus any new brandhf history woul d be w ong.
Branch Executlon -‘lﬁnit det ects the rri o edi cti on, the Branch

I nstructs' t T o6 updat es
currently b MﬂmmssmﬂEmmlﬁus IBrahch Target Buffer G rcuit aborts
t he updatesjfor branch instructions Brl and Br2 as |IIustrate n Figure
Instruction
Fetch
Unit -30
[
' Branch 1L
Branch 41
Target
Buf% er garﬂget " [EUL
— uffer .
Circuit — | blEU2
-90
: TT 43 > EU3
Branch IP :
Table .40
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> Branch Return 51
Address |Stack 4;‘
Calculator |Buffer | 53
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13. Since the update for Br3 had already conpl eted when the m sprediction
was detected, it cannot be prevented. However, the ability to abort branch
entry updates during the 2 cycles before conpletion of the update will
handle the majority of such cases. Al l ocating Branch Entries in
t he Branch Target Buffer Cache Referring back to step 302 of
Figure 12, if the Branch Target Buffer Gfj@iit 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 nust determine if a new
branch entry in the Branch Target Buffer Cache 41 wll be allocated. To
determ ne whether or not to allocate a branch entry, the m croprocessor

i npl enents a branch entry allocation policy. Steps 303 and 305 i npl enent
the branch entry allocation policy of the Branch Target Buffer Cache 41.
Simply stated, the branch entry allocation policy of the present

- 44 - invention is to allocate a branch entry for all branch instructions
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by the Branch Address Cal cul ator 50 and all taken branch instructions.
Referring to Figure 2, the Branch Address Cal cul ator 50 perforns static
predi ction on branch instructions not predicted by the Branch Target

Buffer Grcuit 40. The static prediction is based only upon the information
encoded within the branch instruction itself such that the Branch Address
Cal culator 50 will always nmake the sanegpygdi ction for a given branch

i nstruction. Thus, when the Branch Address Cal cul ator 50 m spredicts a

branch i*nstruction, t| Qn%In4ﬁ¥4uh4a+4wk4w44—4m»4epeatvd evef and over
again (until the bra&:h came changes). To prevent this sipua,Lon, al |
branch instructiong nms i ¢t ed by the Branch Address Caljcullat pr 50 are
all ocated into the}Br| get Buffer Cache 41. Thus, atjsftep! 303 of
Figure 12, the Branch yet| Buffer Circuit 40 tests if tjhe{brphnch
instruction was njsffe ed. If the branch was nispredidted, {®e Branch
Target Buffer G rfui bl llocat es a branch entry for thd_hganth
instruction withinf the [Brangh Target Buffer Cache 41. | f
the Branch Address| G8| cyl ajor| 50 predicts that a branch ijnstruf®i on will
not be taken and tfhe pranch gdrediction is correct, no delay jrebults.
Al ternatively, when the |Braingh Address Cal cul ator 50 predilctg that a
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br anch instruction will be takén, the Branch Address Cal cul ator 50 nust

still
Fetch Unit

ifhstruction is
Branch Address

t ak

out cone. To prevent
this situation fro

all ocates a
t aken branch
Branch Tar ge
I f the branc
all ocates a

Target Buffef

sel ected set

Buffer Circult 40 uses a pair

bits 420 in

Recent |y Reph acg

N
D
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flush the front-end of the m croprocessor and start the Instruction
30 fetching fromthe branch target address.
there wll
Cal cul ator 50 correctly predicts the branch instruction's

Thus, if a branch
be a 5 cycle delay whether or not the

5/16 W a0 P
, the Branch Target Buffer rcuit 40

hin the Branch Target Buff@ Cache 41 for al
step. Referring to step 38§ of Figure 12, the
40 tests if the branch infruction was taken.
s taken, the Branch Targett&pffer Circuit 40
t he branch instruction w n the Branch

To select a bra entry fromthe

in the Branch Target Buffer Cache 41, the Branch Target
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PLRR) pjiftid 420 i ndicate
=
g * & & ‘
&]
= <
28]
<
g .
E? <
g5
259 £8
° & = £%
g A 28 =%
g 2g EE
M g8 =2
= o.=
A g 8&,‘9:
8 [ -~ o
(4] L y fn'; ,2.
| -] —~ -
4 E 588 e 5 g
g | o 2 @ E
(<% I = kg -~ ~ g
o Mo d e = -=
ol © &} 9 o o
@ .2 - g8 = 2
o T y Y . [ 2
+3 0o, ol 5 e R o
7 A 9 S S :
= L
e "S e G <] - + 3]
e 8l o 8 = 5" a 5
S g8 fd& 8 ) B b
m e p-la E M
A 4 /M| o
5
E
o g & . g =
B8 =" F£83 SR [|eRx||88%F
§ s S o — Q > hd):
25 |dg| 2R g gin | [AxD
8 e8| 4 =
o3
U «©
1
A f
'§e2
g 8
ol
m



whi'ch branch entry in the set has been |east recently replaced. To selects
the branch entry in the selected set, the Branch Target Buffer Crcuit 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 attenpts to avoid destroying
exi sting branch entries for branch insg petions in the current nmenory

bl ock. 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 branch entry to see if its hashed tag field 401 equals the hashed tag
of the branch instruction being allocated, 1f the two hashed tags do not
mat ch, the Branch|TaJgdt Bufffer Circuit 44 pfoi eefls ko step 505 where it
replaces that brgychlenqtry. |After . replacirfg thd blanch entry, the Branch
Target Buffer g£#quif 40 [ ndrenents the Pgeuglo-|Leqst] Recently Repl aced
(PLRR) bits 425§ sfed 5p7jand wites the | i pcrlemgntied Pseudo- Least

Recently Repl (PLRR) pitjs back into thg sét.
- 46 - '
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I the two hashed tags do match, the Branch Target Buffer Circuit 40
proceeds to step 511 where the Branch Target Buffer Crcuit 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) hi/j§ 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 Bfanch Tlarget Buffer Circuit 40 proceeds to
step 513 where the counter and flge Psqudo-Least Recently Repl aced (PLRR)
bits are incremented. After steptd13, jthe Branch Target Buffer Circuit 40
returns to step 503 to test the|M@#amdranch entry. After a
branch entry in the Branch Target gr Cache 41 has been selected, the
Branch Target Buffer Grcuit 49 pioadeds to fill in the data fields of the
S Iif the branch instruction was taken,

sel ected branch entry.
the Branch Target Buffer G rcuiisé dts the true history field 404 to

"1011". O herwise, if the branch|{mvas rjot taken, the Branch Target Buffer
Crcuit 40 sets the true historyjto "Q100".

(Sééﬁﬁh

(@)
n

(7))

—+

407

!
- BIT
(1 BIT)

496
BIT
(1 BIT)

4?5

SPECULATION | SPECULATIVE | VALID
HISTORY
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Fig_ure 7

4?4
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i
A Branch entry from the Branch Target Buffer Cache 41
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BLOCK. | BRANCH

402
]
OFFSET
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401
]
HASHED TAG FIELD
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The speculation bit 406 is reset indicating that no speculative history
yet exists for the branch entry. The specul ative history field 405 is not

_nodified during the branch entry allocation since it mnll | at er be set when
specul ative history is generated.
- 47 - The hashed tag field 401 and the block offset field

402 are set usi ng address that pointsgfjgthe | ast byte of the branch

i nstruction. The hashed tag field 401 is set by running the uppernost 21
bits of the address that points to the | ast byte of the branch
instruction through the selected hashing function. The block offset field
402 is set using the lowest 4 bits of the branch addr ess.

The Branch Target Buffjer Crcuit 40 sets the branch type field 403 using
the branch type inforngation, received fromthe Branch Execution Unit 92.

The Branch Target Buff a1§§ PyinkeA RSt 2 get _address field
408 using the branch Igr({?%?é% Stk a§l&9%t K r?.%ss as y-a]lﬁﬂll ated by the
Br anch ns ruc on C 1

.Read out a set of branch entries
from the Branch Target Buffer
Cache using bits 4 through 10 of |- 102
the Instruction Pointer

!

Eliiﬁinaté the branch entries
that do not have matching tags

Eliminate the branch entries

located before the current -104
instruction pointer

- 103

Y

Order the branch entries by offset
and eliminate the branch entries |_ 105
after the first taken branch

Figure 8



Bxecution Unit 92. . Finally, the valid bit 407 for the
branch entry is set to indicate that the branch entry contains valid

i nformation about a branch instruction. Future occurrences of the branch
i‘hstruction will be predicted by the Branch Target Buffer Crcuit 40
Deal | ocating Branch Entries in the Branch Target Buffer Cache

Referring to Figure 2, the Branch Addre@gj&al cul ator 50 verifies the

exi stence of all branch instructions predi cted by the Branch Target Buffer
Circuit 40. Entries in the Branch Target Buffer Cache 41 that no | onger
point to valid branch instructions may cause the Branch Target Buffer
Circuit 40 to predict nonexistent nch instructions.

- 48 - There are seﬂfal re%ons why a branch entry in the
Branch Target Buffer Cache 41 may %@r point to valid branch
instruction. Self & 5

©5
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Set Address
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Upper 28 bits define a memory block

Full Tag (21 Bits) -

—
31




nodi fyi ng code can change a branch instruction such that the entry in the
Branch Target Buffer Cache 41 is no |onger accurate. Furthernore, the
hashed address tag field 401 causes aliasing such that nore than one
address maps into each branch entry. When the Branch
Address Cal cul ator 50 determines that the Branch Target Buffer Circuit 40
made ‘a-branch prediction for a nonexi stgy]g branch instruction, the

i naccurate branch entry in the Branch Target Buffer Cache 41 should be
deal | ocated. Wien the Branch Address Cal cul ator 50 detects a branch
prediction for a nonexistent branch instruction, the Branch Address

Cal cul ator 50 sends the Branchﬁlarget Buffer Grcuit 40 a pointer to the
first byte of the non-branch epst|rlictin. To deal | ocate the bogus branch
entry, the Branch Target Buffef{JJi cgi% 40 deal | ocates all the branch
entries in the set defined by}tHe p% d pointer and the follow ng set of
branch entries. Both the set ¢&|i he® By the passed pointer and the

foll owing set of branch entrigs|npst ge deal | ocated since the branch

he Branch Target Buffer Cache 41 by the
s in either of the two sets of branch
es in a set, the Branch Target Buffer
sg4§7 of the branch entries.

instruction, which is placed i
address of the last byte, may¥¢Xs
entries. To deal |l ocate branch ¢atjr

Circui.it 40 resets all the vali mi
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The foregoing has described several nethods and apparatus for inplenenting
a Branch Target Buffer Crcuit that predicts branch instructions

- 49 - within an instruction stream It is contenplated that changes and
rmodi fications may be nmade by one of ordinary skill in the art, to the
materials and arrangenents of elenents of the present invention w thout
departing fromthe scope of the invenqﬁgT6 -

- 50 - CLAI M5 1. A
branch instruction prediction nechanism said branch instruction prediction
mechani sm predicting the inmnent arrival of a plurality of branch

I nstructions within a stream onpuj er instructions, said branch

i nstruction prediction mechan| $hico i si ng:
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an instruction pointer for identifying an instruction address in a nenory,
said instructiaon 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 inst ion entries, ed@/16ranch i tion entry storing
i nf ormati on about an asgos i at ed bﬁﬁmk@nlnstruct|- :;ncIUo ng a position
with a nmenory bl fck bKanch TNstru T enyl est w i n\a particul ar
branch set entr stﬁér g brnch |nstruct|ons ha m%% tidqal branch target
buf fer set addre |8 branch tirg circuit, said

branch target b sai d
branch target bu
with said set of &
pointer to select B
sel ecting at |east
using said branchg
poi nter. 2.
claim1-wherein g3
sai d branch target
instruction entry
poi nter.
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4. The branch instruction prediction nechanlsn1cla|ned in claim
1 wherein each said branch instruction entry in said branch target buffer
cache conpri ses: a tag address field; a branch target
address; and avalid bit. 5. The branch instruction
predi ction nmechanismas clainmed in claim4 wherein said tag address field
conprises a conpressed tag address fielj@/flsat is smaller than a full tag
addr ess. 6. The branch instruction prediction nechani sm as
claimed in claim5 wherein said a conpressed tag address field conprises a
subset of most siggpi ficant bypgt [igewpai d full tag address concatenat ed

Wwth a subset o east siy@niflc rom sai d addr ess. 7.
The branch i nst HRYon prlg{fit{;'tl E’rﬁé@ﬁ}sm as E; I E#’%(%]estsﬁgg aim5 wherein
said a conpr es&émfm;' addr ess & €8Sconprises DSt

significant bits ?rom said full tag addressf an excl usive or conbfnation of

a second subset o bifS Tromsard Tull tag fddress, and a third spbset of
| east significant+bi t $—+erm-sai-d—ft—tag—afdress- S The
branch instructio® preédiction nechanismas ¢lainmed in claim4 whefein each
sai d branch instrgctign entry in said-branch target buffer cache further
conpri ses abranc type—fTetd: : :
-52-
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Branch IP Table (BIT) 43

Figure 11



% The branch instruction prediction mechanismas clainmed in
claim8 wherein each said branch instruction entry in said branch target
buffer cache further conprises a block offset field that identifies an

of fset of a |ast byte of said associated branch instruction. 10.

The branch instruction prediction mechanismas clainmed in claim9 wherein
each said branch instruction entry in SH./QG@’;U& target  buffer cache
further conprises a branch history field. The branch
instruction prediction nmechani smas cl ai msds-aﬁﬁ 2| ai m 10 wherein each said

branch instruction entry in said branch tar@e ‘Puffer cache further

conprises a speculation bit %Wd 12.

A nmet hod of updating a branch target buffer cache, said nmethod cbnprising

branch outcone and a final bra @garget agdr gss|for said branch

i nstruction; finding a g sef ertrg iph said branch target buffer
[

branch instrucwon in said bra § gt eptry; updating a branch

target address n said branch ctipn entgy-—associ ated with said branch

branch patterngabl e associ at ed i ™h sal d brapoh set entry in said branch

target buffer sai d branch instfructiop is ajconditionmal brdfch

the steps of . executingla brgnch ingtruct{on to determ ne a final
- cache; Nndi ng a branch uctjon |lemxylassociated with said

i nstruction USI§9 said final bran h' tarpet adgiragss; updating a
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-. 53 - 13.. The net hod of updating a branch target buffer as cl ai ned
in claiml1l2 wherein said step of finding a branch instruction entry

associ ated with said branch instruction conprises ' i ndexing into said
branch target buffer cache using-an address of a |ast byte of said branch

i nstruction. 14. The net hod of updating a branch-target buffer

- cache as clained in claim 13 wherein sgigfyjgep of finding a branch entry
associated with said branch instruction further conprises mat ching a
subset of nost _significant bits fromsaid address of a |ast byte of said
“branch i nstructi of—wth—e—tag—f+retd—Trmrsard—rarcihrentry: 15.

The nmethod of ygdating a branch target buffer cache aspclainmed in claim 14
wherein said stép of matching a subset of nost signifiggant bits fromsaid

" address of a | a¥t byte of said branch instruction fy®tger conprises
generating a hahed version of said subset of nost sEgHi ficant bits from
sai d address ofg#a | ast byte of said branch instructifmM@ and .mat chi ng.
sai d hashed ver%'i on of said subset of nobst significantgbits fromsaid
address of a | ast—hbyteof sai i i ; shed tag field

in said branch entry. 16. A net hast of updati @g a branch target
buffer, said néfhod conprising the step &5 Séﬁolving'a branch
instruction to Metermine a final branch tgone and .8 Bj nal branch target
- address for sai® branch instruction; . inding ® Branch entry
associ ated w tRB=said branch instruction et of BrRnch entries in said
branch target ffer; updating a brafch target Mddress in said
branch entry assoeratee—w-—sad—brareh—Rstraet+eon—ustng sai d final B
branch target address; updat i ng a gr&nch pattgrn table associ ated
wth said set branch entri §guﬁ ai d’ targek @uffer if said branch
instruction is ¥ conditional bn i nstr ¥ on; an «© _
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-=54 - - 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 clained in claiml16
wherein said updating steps are aborted if an earlier mspredicted branch
i s detected. 18. The nmethod of updating a branch target buffer
as claimed in claim17 wherein said stepAlig updating a branch pattern table
conpri ses: i ndexing 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 outcone. 19.

The method of updating a bragnch_target buffer as clained in claim16
wherein said step of fingh n Qra h entry associated with said branch
instruction conprises indgxi é? nt ¢/ said branch target buffer u3|ng an
address of a last byte of g¢—bTanch instruction.
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20. . The method of updating a branch target buffer as claimed in claim19
wherein said updating steps can be aborted. 21." The net hod
of updating a branch target buffer as claimed in clairm 20 wherein said
updatl ng steps are aborted if an earlier branch instruction was

m spr edi ct ed. ' 22. The nethod of updating a branch target
buffer as clained in claim19 wherein said step of finding -a branch entry
associated- wth said branch instruction conprises i ndexing into

said branch target buffer using an address of a | ast byte of

sai d" branch instruction. : e nmet hod of updating a
branch target buffer as clained in claﬁn@vgﬁgreln said step of f|nd| ng a

~branch entry associate h i d
mat chi ng a subset of #g:;wob g %
byte of said branch ins BRAMA 1

A Branch Target Buffer Circuit in a computer processor that
predicts branch instructions with a stream of computer instructions is
disclosed. The Branch Target Buffer Circuit 1;ses a Branch Target Buffer Cache
that stores branch information about p'reviéusly executed branch instructions.
The branch information stored in the Branch Target Buffer Cache is addressed
by the last byte of each branch instruction. When an Instruction Fetch Unit in
the.compute.r processor fetches a block of instructions it sends the Branch
Target Buffer Circuit an instruction pointer. Based on the 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 Buffer Circuit informs

an Instruction Fetch Unit about the upcoming branch instruction.




entry. + BB s
24. The net hod of updating a branch target buffer as cl aliRfd ALK iSHER
wherein said step of matching a subset of nost significantybrts—fro d
address of a last byt-e of said branch instruction furthe co%‘{'gﬁﬁsz
generating a hashed version of said subset of nost signififga S GPPO
said address of a last byte of said br¥thch instruction; jpn
sai d hashed version of said subset of ppgling gnificant bjts
fromsaid address of a | ast byte of saird branch instructtFromrwttrea

hashed tag field in said branch entry. -25. A nethod of
allocating in a branch target buffer, said nmefhqQd copprisging the steps of:
resol vi ng a-branch i néthr@l"?‘ilmﬂmé@{wa@“& #1d salsk BIARER out cone

and a finali, oraR6H ptefdith AAHLRSS drlficdf) dle BhAMht AR &G | 0N
plurality of branch instructions within a stream of computer instructions,
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 bfahch target buffer cache, said branch target buffer cache
comprising a plurality of branch set enuieé, 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
~ abranch 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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EMEN .
determning if said branch instruction was m spredicted; angEPLACHPﬂENT SHEEE
allocating a branch entry in said branch target buffer if daild branch
instruction was mispredicted or if said final branch outcore|[of24NOV 2000
sai d branch instruction was taken. - 26. The¢ t hod of
allocating in a branch target buffer as claimed in claim5 wherern sard
step of determning if said branch insbtuetion was m spredicted conprises
conparing said final branch outcome and said final branch target

address to 3 predi ct ebhehramghingmctionprediation nechanismad claimedin
- 57 - . target. address to.deternmne.if said branch instruction
was claim 1 Whe%PgmMssoflategbmch m%—ucuo?ftorﬁ'glt%ql od of allocating
in.a br anc NofaRER gt BUFES cadRe f5!stirE®Hh said branch target buffer using an

address of a last byte of each associated branch instruction.

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 w1th 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.

) R




in €laim26 wherein said branch target buffer is organized int )REBIPACEMEWT SHEE.

branch entries and said step of allocating a branch entry in s$afd branch
target buffer further conprises the substeps of: readi hg! | eBaNOV 2003

recently replaced value froma | east_ regent ly replaced field

associated with a set of branch entries; replacing a branCh=entTy

pointed to Qy sai d | GastrdmeE thtisEPledicion Hidbhirism as claimed in  LL_said first

branch entry does not have a matching tag field;. incrementing said
| east recerfidipn § ehereineeachsniddrancll instyiction enfrysimisgid branch target buffesr evi ous step

ent ry. poi i B EomrsP A BlooR BRRYTR ahideftfes myofpet f ol 19 2 27T

ori gi nal | y gyaagf faiPRssahtdd bRash idstEamd.y repl aced field
associated with a set of branch entri es. 28. A branch

i nstruction prediction nechanism substantiallyas hereinbefore described
with referepce to the_acconpanyi ng draw, ngs. } ) . 29. A
br anch t ar gbY bufferQ@%W%%ﬁ??éq\%?‘%aén%?@?‘ﬁ@éf@@%%cri bed wi th
reference tQaihg v QHRANsaff Bi¥héSRstruction entry in said branch target

buffer cache further comprises a branch history field.

11. The branch instruction prediction mechanism as claimed in
claim 10 wherein each said branch instruction entry in said branch target
buffer cache further comprises a speculation bit and a speculative branch
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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- 58 - 30. A nethod of updating a branch target bu 'RE?LACEMENT SHEE
substanti al | yas herei nbefore described with reference to the agcpnpanyi ng
dr awi ngs. 31. A nethod of allocating in a branch fa 9%4 NOV 2000
buffer, substantially as hereinbefore described with referenceftp the
acconpanyi ng draw ngs.

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

" a———

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 :
* ¢ L B 8§ =




- 54 -
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.
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