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SPECULATI VE, H STORY MECHANI SM I N A BRANCH TARGET BUFFER. BACKGROUND OF THE
| NVENTI ON 1. Field of the Invention: 5 This invention
relates to branch prediction nmechanisns for m croprocessors. Mre
specifically to a branch prediction mechhnt sm t hat stores "specul ative
hi story" when a bran ' r history is
I mredi atel y avallablé§sggiA g; q?h@F?B@§F§§§§§&[$¥ ?%éﬁleoops 10 2.
Art Background: Early nru.{ - peesset—+nstructi ons one
at a time. Each |nstruct|014$ggi§§bucaoc ~u317@ Jﬁ?Iocquentlal st ages:
instruction fetch, instruction decode, execute, and result witeback.
Wthin such 15 mcroprocessors, different dedicated | ogic blocks perforned
each differept pﬁﬁﬁgﬁ&iﬂﬂLﬁﬁgﬂﬁﬂ_EaCh |l ogic block waits until all the
previ ous | ogi'c bl"ocks conpl ete operations before beginning its operation.
To inprove efficiency, mcroprocessor designers overlapped the 20

operations of the fetch, decode, execute, and witeback stages such that
t he 5 This invention relates to branch prediction mechanisms for

microprocessors. More specifically to a branch prediction mechanism that
stores "speculative history" when a branch prediction is made such that branch

history is immediately available for branch instructions within small loops.

10 2. Art Background:

Early microprocessors generally processed instructions one at a
time. Each instruction was processed using four sequential stages: instruction
fetch, instruction decode, execute, and result writeback. Within such

15 microprocessors, different dedicated logic blocks performed each different
processing stage. Each logic block waits until all the previous logic blocks

complete operations before beginning its operation.

To improve efficiency, microproceésor designers overlapped the
20 operations of the fetch, decode, execute, and writeback stages such that the
microprocessor operated on several instructions simultaneously. In operation,
the fetch, decode, execute, and writeback stages concurrently process different
instructions. At each clock tick the results of each processing stage are passed to
the following processing stage. Microprocessors that use the technique of
25 overlapping the fetch, decode, execute, and writeback stages are known as

"pipelined” microprocessors.
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m croprocessor operated on several instructions sinultaneously. In
operation, the fetch, decode, execute, and witeback stages concurrently
process different instruoctions. At each clock tick the results of each
processi ng stage are passed to the follow ng processing stage.

M croprocessors that use the technique-of 25 overlapplng t he fetch,
decode, execute, and witeback stages are known as "pipelined"

M Cr opr ocessors. - An qrdenfarcr pipglingd BRISEARIAERSSOR tqemretee@féswntlw, @J‘ber ate
efficiently, ,an instruction fetc t he..head el i n
continual |y HF%SRHCHQntfﬁEE‘dFBEM Hﬁhﬂﬁ%°%8'§t?‘é’§”f‘6fmﬂ PSBP%%?IO
condi tional btanch | | n C eRLRE event an
i nstruction ngeé’ﬁ‘eu‘ﬁ #%5’“9?2 X%}Ml'gaﬂng H&% f#é ‘?rt'lglrlrélf etching the
correct instg c% Ynthih 4 &s?ﬁi&ﬁbﬁ's%ahﬁ f@%alr\éﬁoinsfiha@@n Ften Gpdht | on
wi |l not be reso ve unt|I urther down the p| peline, the instruction fetch
uni t canngt tied héad bEapipélite froft fetcting e correct instructions until the condition

is resolved. Since the condition will not be resolved until further down the

pipeline, the instruction fetch unit cannot fetch the proper instructions.

To alleviate this problem, many pipelined microprocessors use
10  branch prediction mechanisms that predict the outcome of branch instructions,
and then fetch subsequent instructions according to the branch prediction. For
example, Yeh & Patt introduced a highly accurate two-level branch prediction
mechanism. (See Tse Yu Yeh and Yale N. Patt, Two-Level Adaptive Branch
Prediction, The 24th ACM/IEEE International Symposium and Workshop on
15 Microarchitecture, November 1991, pp. 51 - 61) When the branch prediction
mechanism mispredicts a branch, the instructions which should not have been

fetched are flushed out of the instruction pipeline.

Most branch prediction mechanisms, such as the two-level branch
20 prediction mechanism disclosed by Yeh & Patt, operate by dynamically
maintaining the outcome history of branches. The branch predictions are then

made based upon the stored branch history.

When a small loop is executing in a deeply pipelined processor,
25 several occurrences of the same branch instruction can be in the instruction
pipeline at the same time. In such a situation, the earlier branches are

unresolved. Therefore, no history for the earlier branches will be available to



To alleviate this problem many pipelined mcroprocessors use 10 branch
predi cti on nmechani sns that predict the outconme of branch instructions, and
then fetch subsequent instructions according to the branch prediction. For
exampl e, Yeh & Patt introduced a highly accurate two-|evel branch

predi cti on mechanism (See Tse Yu Yeh and Yale N. Patt, Two-Level Adaptive
Branch Prediction The 24th ACM I EEE I nternational Synposium and Wrkshop on
15 Mcroarchitecture, Novenber 1991, pp: 3T - 61) Wwen the branch
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based upon branch history often mispredicts branches in small loops.



-3- the branch prediction nmechanism Since the branch history for the
br-anch instructions farther down the pipeline is not available to the later
occurrences of the branch instruction, the branch predictions for the later
branch instruction will be made using outdated history. Therefore, in a
deeply 5 pipelined processor, a branch-pgediction nmechani smthat nakes
predictions based upon branch history often n1spred|cts branches in small -
| oops. -4- SUWARY OF THE e.an object of the
present invention to provide % Wehi sm t hat nakes

predi ctions based upon "speculatlve

It is therefore an object of the present invention to provide a
branch prediction mechanism that makes predictions based upon "speculative
5 history” of branches that are still in the instruction pipeline. The speculative
branch history consists of the previous branch history plus recent branch

predictions for the branch.

This and other objectives are accomplished by the branch

10 prediction mechanism of the present invention that maintains a specﬁlative
history and an actual history for each branch instruction in a branch target
buffer. The actual branch history contains the branch history for fully resolved
occurrences of the branch instruction. The speculative branch history contains
the actual history plus the "history”-of recent branch predictions for the branch.

15 = If the speculative branch history contains any recent predictions, then a
speculation bit is set. When the speculation bit is set, this indicates that there is
speculative history for a branch. Therefore, when the speculation bit is set the
speculative history is used to make branch predictions. If a misprediction is
made for the branch, the speculation bit is cleared since the speculative history

20  contains inaccurate branch history.



5 history" of branches that are still in the instruction pipeline. The
specul ative branch history consists of the previous branch history plus
recent branch predictions for the branch. This and ot her objectives are
acconpl i shed by the branch 10 prediction mechani smof the present

I nvention that maintains a specul ative hTs?dTy and an actual history for
each branch instruction in a branch target buffer. The actual branch

hi story contains the branchBRIERDBESCR I R rences of the

branch instruction. The specul ative branch history contains the actual
history plus the "history" of recent branch predictions for the branch. 15
I f the specul ative bran hi_.st or

y. cont ai ny recen redi ctions,  then,.a
specul ation bit is set. AWePIgd TeHLESS aé'quﬁav%ft?g‘?sso B{)e, Preferd inygntion wll
that there is L ve Wi st : [ Ther L she
specul ati on bil?éaigé‘sgste{[& h%ms%zel%gg{l %eegtﬁ’lbigta{’c}rggr ?fs&gs@gig{”gn%gg%ﬂs{rianch
predictionsg |fec3riBtidRriaGvRichon is made for the branch, the speculation bit
is cleared since the speculative history 20 contains inaccurate branch
hi story.

FIGURE 1 is a block diagram of a deep pipeline for processing

instructions.

10 FIGURE 2a is a simple pseudo-assembly language program that
has a tight loop.

FIGURE 2b is a trace of the instructions in the program in FIGURE
2a going through the deep instruction pipeline illustrated in FIGURE 1 for a
15 system that fetches one instruction at a time and does not use speculative

history.

FIGURE 3 is a block diagram of a branch target buffer entry for a

branch prediction mechanism that uses speculative history. -

20
FIGURE 4 is a flow diagram that lists the steps required to update
the speculative history fields in the branch target buffer when a branch
prediction is made.
25 _FIGURE 5 is a flow diagram that lists the steps required to update

the appropriate fields in the branch target buffer when a branch becomes fully

resolved by the processor.



-5- BRI EF DESCRI PTI ON OF THE DRAW NGS The objects, features and advant ages
of~.the present invention will be apparent to one skilled in the art, in
view of the following detailed 5 description in which: FIGURE 1 is a bl ock
di agram of a deep pipeline for processing instructions. 20

FIGURE 2a is a sinple pseudo-assenbly | anguage programthat has a tight

| oop. FIGURE 2b is a trace of the instructions in the programin FI GURE 2a
goi ng through the deep instruction pipql%ng illustrated in FIGURE 1 for a
15 systemthat fetches one instruction at a tine and does not use

specul ative history. F kS I I 0, . ffer
entry for a branch pregl cli g‘ﬁﬁ iﬁeacﬁ%%icgggﬁaﬁg?%g@ss é‘ﬁgé sgrtgﬁgxé'&ﬁ:icg?%a&?% 20
' branch prediction based upon the speculative history fields in the branch

-target buffer.

FIGURE 7 is a trace of the instructions in the program in FIGURE
2a going through the deep instruction pipeline illustrated in FIGURE 1 for a

system that makes predictions based on speculative history.

10 FIGURE 8 is a block diagram of a computer system using the

teachings of the present invention.



FIGURE 4 is a flow diagramthat lists the steps required to update the
specul ative history fields in the branch target buffer when a branch

prediction is nade. 25 ~ FIGURE 5 is a flow diagramthat lists
the steps required to update the appropriate fields in the branch target
buf fer when a branch becones fully resolved by the processor. . -6- FI GURE

6 is aflowdiagramthat |ists the steps r7equi red to make a branch

predi cti on based upon the specul ative history fields in the branch target
buffer. 5 FIGURE 7 is a tracNQTATHON AND NOMENCEATURE pr ogram i n FI GURE
2a goi ng through the deep instruction pipeline illustrated in FIGURE 1 for
a systemthat nmmkes predictions based on specul ative history.

The detailed descriptions which follow are presented largely in
-terms of display images, algorithms, and symbolic representations of
5 operations of data bits within a computer memory. These algorithmic
descriptions and representations are the means used by those skilled in the
data processing arts to most effectively convey the substance of their work to

others skilled in the art.

10 - An algorithm is here, and generally, conceived to be a self
consistent sequence of steps leading to a desired result. These steps are those
requiring physical manipulations of physical quantities. Usually, though not
necessarily, these quantities take the form of electrical or magnetic signals
capable of being stored, transferred, combined, compared, selected, chosen,

15 modified, and otherwise manipulated. It proves convenient at times,
principally for reasons of common usage, to refer to these signals as bits,
values, elements, symbols, characters, images, terms, numbers, or the like. It
should be borne in mind, however, that all of these and similar terms are to be
associated with the appropriate physical quantities and are merely convenient

20 labels applied to these quantities.

In the present case, the operations are machine operations
performed in conjunction with a human operator. Useful machines for
performing the operations of the present invention include general purpose

25  digital computers or other similar devices. In all cases, there should be borne
in mind the distinction between the method operations of operating a

comphter and the method of computation itself. The present invention



10 FIGURE 8 is a block diagramof a conputer system using the
t eachi ngs of the present invention. -7- NOTATI ON AND NOVENCLATURE The
detail ed descriptions wiich follow are presented largely in terns of

di spl ay i nages, algorithms, and symbolic representations of 5 operations
of data bits wthin a conputer nmenory. These al gorithm c descriptions and
representations are the neans used by t-ha@se skilled in the data processing
arts to nost effectively convey the substance of their work to others

skilled in thg,8dito thethod steps for opera?f?lgad &Qﬁ#ahwi“ainﬁ ﬁl%&é‘ssit?‘ﬁe&?ﬂ?f élly,

conceived to be a self consi'stent”sequence of steps leading to a desired

resul t. Thesethéepttysidat sighakaorgaeiaté btheplesired phyricaluigadls.ons of physi cal
guantities. Usually, though not necessarily, these quantities take the form
of electrical or magnetic signals
The present invention also relates to apparatus for performing
5 these operations. This apparatus may be specially constructed for the required
purposes or it may comprise a general purpose computer selectively activated
or reconfigured by a computer program stored in the computer. The
algorithms presented herein are not inherently related to any particular
computer or other apparatus. In particular, various general purpose machines
10 may be used with programs in accordance with the teachings herein, or it may
prove more convenient to construct more specialized apparatus to perform
the required method steps. The required structure for a variety of these
machines will appear from the description given below. Machines which may
perform the functions of the present invention include those manufactured by

15 the Assignee, Intel Corporation, as well as other manufacturers of computer

systems.



capabl e of being stored, transferred, conbi ned, conpared, selected, chosen,
15, nodified, and otherwi se mani pulated. It proves convenient at tines,
principally for reasons~of common usage, to refer to these signals as bits,
val ues, elements, synbols, characters, images, terns, nunbers, or the like.
It should be borne in mnd, however, that, all of these and simlar terns
are to be associated with the appropriate physical quantities and are
nmerely convenient 20 |abels applied to these guantities. In the present
case, the operations ar 2EhAHE2 DESINPIH oMby NN BN IENN] unction with a
human operator. Useful machines for perforn1ng the operations of the
present invention include general purpose 25 digital conputers or other

simlar devices. In all Exaea?xg E&%ﬁg %'é)clllll H.FQ? tRRY fﬂgkég.'bfgr{&wrgﬁmbons

di stinction between the ne opera ons of operating a uter and the
met hod of compudflibeR shéafhfive BRAACRTEREHA] is! dIVA@BIdRNIn the-Bllowing

5 description, for purposes of explanation, 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. In other instances, well known
circuits and devices are shown in block diagram form in order not to obscure

10 the present invention unnecessarily.
Branch Prediction In Deeply Pipelined Processors

In a deeply pipelined processor, the major stages of a pipelined
15  processor such as fetch, decode, and execute, are divided into several substages
such that each major stage is pipelined. This results in a long instruction
pipeline. For example, Figure 1 illustrates a set of pipeline stages a deeply
pipelined processor. In the instruction pipeline of Figure 1, there are 11
pipeline stages. '
20
Located at the head of the instruction pipeline illustrated in
Figure 1 are two instruction fetch substages. (Fetch 1 and Fetch 2) The two
instruction fetch substages are responsible for continually fetching new
instructions for the instruction pipeline. Unconditional branch instructions
25 within the instruction stream prevent the fetch substages from simply fetching
sequential instructions. Furthermore, conditional branch instructions in the

instruction stream prevent the fetch substage$ from simply fetching



relates-to nethod steps for operating a conputer and processing el ectrical
or ot her physical signals to generate other desired physical signals. The
present invention also relates to apparatus for performng 5 these
operations. This apparatus nay be specially constructed for the required
purposes or it may conprise a general purpose conputer selectively
activated or reconfigured by a conputer ppogramstored in the conputer. The
al gorithns presented herein are not inherently related to any particul ar

conputer or Qqther atus. | 1. cul vari gus I [ POS
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apparatus to performthe required nmethod steps. TIiTe required structure for
a variety of ﬁrbgﬁﬁm pegdihges wil |l appear fromthe description given bel ow
Machi nes which may performthe functions of the present invention include
t hose manufactured by 15 the Assignee, Intel Corporation, as well as other
manuf acturers of conputer systens. .
5 To fetch future instructions, the fetch substages at the head of an

instruction pipeline are implemented with a branch prediction mechanism.

The branch prediction mechanism predicts where branch instructions exist in

the instruction stream and the outcome of these branch instructions. The

instruction fetch unit then fetches the stream of instructions as predicted by the

10 branch prediction mechanism.

Most branch prediction mechanisms predict the outcome of a
branch instruction based upon the outcome of prior occurrences of the branch
instruction. Each time a branch instruction is resolved, the branch prediction

15 mechanism stores the branch outcome in a branch history buffer. Upon
subsequent occurrences of the branch instruction, the branch prédiction
mechanism makes a branch prediction based upon the collected branch history.
Very high branch prediction rates have been achieved with such branch
prediction mechanisms. For example, the Yeh & Patt two-level adaptive

20  branch prediction mechanism achieves prediction rates with over 97%

accuracy. (See Tse Yu Yeh and Yale N. Patt, Two-Level Adaptive Branch

Prediction, The 24th ACM/IEEE International Symposium and Workshop on

Microarchitecture, November 1991, page 60)

25 Deeply pipelined processors can complicate the branch prédiction
process. Specifically, in deeply pipelined processors the branch instructions in

a short program loop are often mispredicted by branch prediction mechanisms



-9- DETAI LED DESCRI PTI ON OF THE | NVENTI ON A branch prediction nechani sm
that nmakes branch predictions based upon specul ative branch history is
di'sclosed. In the follow ng 5 description, for purposes of explanation,
speci fic nonmenclature is set forth to provide a thorough understandi'ng of
t he present invention. However, it wll be apparent to one skilled in the
art that these specific details are not d&quired in order to practice the
present invention. In other instances, well known circuits and devices are
shown in bl othatdusedrranch bisteryrtoanalee prestictiansob4niiHestidtion bf thgs peahiem is

i nvention unnecessarily. Branch Prediction In Deeply Pipelined Processors
In a deeply prpentedewithretegenssto Figuresd; 2 ard 8Bes of a pi pel i ned 15
processor such as fetch, decode, and execute, are divided into several
subst ages such that each najor stage is pipelined. This results in a |ong

ROl o s A e T
1, there 8re aldembly language is listed. The program in Figure 2a comprises a very short

loop. The first line of the program consists of a load instruction that loads a
first register (R1) with the absolute value 3. The second line of the program
contains an add instruction that adds the value of the first register (R1) to a
second register (R2). The first register (R1) is then decremented in the third

10 line of the program. In the fourth line of the program, the program branches
back to the second line of the program if the zero flag has not been set. Thus if
the first register (R1) does not yet contain the value 0, the program will loop
back to the second line. Finally, in the fifth line of the program, the value in
the second register (R2} is stored to memory.

15

Since the absolute value of 3 is loaded into first register (R1), the

"branch if not zero" instruction located after the decrement R1 instruction will
twice loop back to the second line. Upon the third pass of the loop, however,
the first register (R1) will be decremented to zero. Therefore, the third time the

20 program reaches the "branch if not zero" instruction, the program will fall
through to the fifth line of the program which stores the second register into
memory. Thus the branch instruction in the fourth line will produce a branch -
history of taken, taken, not-taken (TTN). If this program is re-executed, since
the first register (R1) is always loaded with the absolute value 3, this branch

25  will always repeat this pattern thereby generating a branch history of
"TINTINTINTIN . . ." for the branch ihstruction located in the fourth line
of the program. .



pi peline stages. 20 Located at the head of the instruction pipeline
ill.ustrated in Figure 1 are two instruction fetch substages. (Fetch 1 and
Fetch 2) The two instruction fetch substages are responsible for
continually fetching new instructions for the instruction pipeline.

Uncondi tional branch instructions 25 w_thi,n the instruction stream prevent
the fetch substages fromsinply fetching sequential instructions.

Furt hernore, conditional branch instructions in the instruction stream
prevent the fetch substages fromsinply fetching - 10 - instructions

al ong a predefined pat hAnﬁféurﬁ%tbFiIg\i predidicarmechanisigeanpdentifihthief or e

i i,ng exactly where the pr
NP

fetch future instructions W thout kno 8 ogrami s
going. 5 repeating brgnhpafien g Be HiE tepErtvs ranchepaterntb ke B at

the head of aR ., nen predictions. For example an ideal implementation of the two-level
5 adaptive branch prediction mechanism disclosed by Yeh & Patt would identify
this pattern and then always correctly predict the outcome of future
occurrences of the branch instruction. However, problems' can occur when the
branch prediction mechanism is implemented in a real processor with a deep
pipeline.
10
Figure 2b illustrates the contents of the instruction pipeline stages
for the instruction pipeline of Figure 1 as the instructions in the program in’
Figure 2a flow through the processor. The instruction flow illustrated in
Figure 2b assumes that instructions are fetched one-by-one and that there are
15  no pipeline stalls. Furthermore, the instruction flow assumes that the branch
prediction mechanism has built 2 "TTNTTINTIN . . ." branch history for the
branch instruction in the fourth line of the program wherein T represents
taken, N represents not-taken, and the rightmost letter represents the outcome
of most recent occurrence of the branch instruction.
20
In first clock cycle illustrated in Figure 2b, clock cycle N, the load
instruction is first fetched. At clock cycle N+1, the load instruction moves to
the fetch substage 2 and the first fetch substage fetches the Add instruction
from the second line of the program. The processor proceeds to sequentially
25 load instructions from memory into the instruction pipeline until the end of

clock cycle N+3.



instruction pipeline are inplenented with a branch prediction nmechani sm
THe branch prediction nechani sm predicts where branch instructions exist in
the instruction stream and the outcone of these branch instructions. The
instruction fetch unit then fetches the stream of instructions as predicted
by the 10 branch prediction nechanism N% t branch prediction nmechani sns
predi ct the outcone of a branch instrucfi 3 based upon the outcone of prior

e T

resol ved, the branch pf anismstores cone in
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I nstruction, the bfanch prediction nmechani sm nakes a branch prediction
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from memory into the instruction pipeline until the end of clock cycle N+6.

" At the end of clock cycle N+6 the first fetch substage must again

10  predict the outcome of the branch instruction in order to fetch subsequent
instructions. At the end of clock cycle N+6, the first occurrence of the branch
instruction has reached the fourth pipestage, decode 1. Thus the first
occurrence of the branch instruction has not yet been fully resolved. This
means that the branch history still contains "TINTTINTTN . . .", since the

15 branch history can not be updated until the branch instruction is fully
resolved. Using the outdated history "TTNTTNTIN .. ." the fetch substage
again predicts (correctly) that branch will be taken. This amounts to a lucky
guess since the branch prediction mechanism was actually predicting the first
taken branch after the non-taken branch in the repeating pattern. So at clock

20  cycle N+7 the instruction fetch unit again goes back to the second line to fetch
the Add instruction. Once again, the processor then proceeds to sequentially
fetch instructions from memory into the instruction pipeline until the end of

clock cycle N+9.

25 At the end of clock cycle N+9 the first fetch substage must once
again predict the outcome of the branch instruction in order to fetch

subsequent instructions. At the end of clock ¢ycle N+9, the first occurrence of



25 Deeply pipelined processors can conplicate the branch
prediction process. Specifically, in deeply pipelined processors the branch
instructions in a short—-program | oop are often m spredicted by branch

predi cti on mechani sns that use branch history to nmake predictions. An
illustration of this problemis presented with reference to Figures 1, 2a
and 2b. Referring to Figure 2a, a shoft *programwitten in a pseudo- 5
assenbly |l anguage is listed. The programin Figure 2a conprises a very
short | oop. thedrandsinstruntonthas neached ghaseventk ipipestage tschedwding) sinduthei on
that | oads a first register éRl wi th the, absol ute val ue 3. The second |ine
of the progreeeerdacairrencgof the branshinstregion has I%B%dlﬁl‘ﬁa fuythy RiRSFtagRe fir st
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contain tfie yahskerHat tﬁé‘Brﬁ{cﬂ%&@ty\ﬂshh dofiins "TTNTTNTIN . . .". Therefore,

the branch prediction mechanism will again predict that branch will be taken.

However, this time its luck has run out since this prediction will eventually

prove to be incorrect. At clock cycle N+10 the instruction fetch unit yet again

goes back to the second line to fetch the Add instruction. When the processor

10 eventually detects the misprediction, the Add instruction and all subsequent

instructions will need to be flushed from the pipeline.

| The problem that occurred in the previous example was that the
loop in the program was so small that the branch history was not updated fast
15 enough. Therefore, the branch prediction mechanism could not "keep in
sync” with the repeating branch pattern. Specifically, the outcome of earlier
branches could not be used since the earlier branches were still in the
instruction pipeline at stages where the branch instruction was not yet fully
resolved. Thus in order to more accurately predict the outcome of the branch
20 instruction, the history of previous occurrences of the branch instruction that
are still in the pipeline must be made immediately available. However, it is
impossible to provide a "real" branch history for branch instructions still in the
midst of a deeply pipelined processor since the outcome of the branch
instructions .have not been fully resolved.
25
In order to overcome this problem, the present invention stores a

“speculative history" for each branch by assuming that each branch prediction
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back to the second line. Finally, in the fifth Iine of the program the
value in the second register (R2) is stored to nenory. 15 Since the
absol ute value of 3 is toaded into first register (Rl), the "branch if not

zero" instruction |ocated after the decrement Rl instruction will twce
| oop back to the second line. Upon the third pass of the | oop, however, the
first register (RL) wll be decr ement 6d1Po-zero. Therefore, the third time

t he 20 program reaches the "branch if not zero" instruction, the program
will fall th &Wéeﬂfh@fchf't#) the faansin PIREIGHOBLASHTARNTelF IS8 EnP¥RIs ccond

or aduce a br NCIPeRns PP Rlch pRREA pohd SR bibhes B0 O

| S 1e-execut gday sbdjsSwith 4 agéﬁzlgrlﬁg%%%{gﬁ&aso&.s al ways | oaded with the

absol ute value 3, t'his branch | ways repeat this pattern thereby
generating a branch history of "TTNTTNTTNN .. ." for the branch
I nstruction |ocated in the fourth line of the program

5 The Branch Target Buffer with Speculative History Fields

Figure 3 illustrates a branch target buffer entry for a branch
prediction mechanism that stores speculative history. The first three fields in
the branch target buffer entry of Figure 3 store information about the branch

10  instruction used by the branch prediction mechanism. The first field of the
branch target buffer entry is the tag address field 21. The tag address field 21
stores an address that identifies where the branch instruction is in memory.
The actual history field 22 stores the branch history for all fully resolved
occurrences of this particular branch. The Precalculated Prediction field 23

15  stores a branch prediction for the next occurrence of the branch based upon the
branch history information stored in the Actual History field 22. The
Precalculated Prediction field 23 in Figure 3 is an actual taken or not-taken
branch prediction based upon the actual branch history field 22. The
Precalculated Prediction field 23 is calculated whenever the actual history field

20  is updated in order to reduce the time required to make a branch prediction

from 2 cycles to 1 cycle.

The next three fields in the branch target buffer entry of Figure 3
contain information required to maintain and use speculative history for each
25 branch in the branch target buffer. The Speculation Bit 24 is set when the
branch prediction mechanism of the present invention makes a branch

prediction using this particular branch target buffer entry. Whenever a branch
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- 12 - An accurate branch prediction nmechanismcan identify this repeating
branch pattern and use the repeating branch pattern to nake future branch
predi ctions. For exanpte an ideal inplenmentation of the two-level 5
adaptive branch prediction nechani smdisclosed by Yeh & Patt would identify
this pattern and then always correctly predict the outcone of future
occurrences of the branch instruction. Hokewver, problens can occur when the
branch prediction nechanismis inplenented in a real processor with a deep
pi pel i ne. 10 pEedigtion1p mdde,she hrasshtpredisbongnechasismirdse mpdatesithen pi pel i ne
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." branch ry for
5 predicton for the next occurrence of the branch based upon the speculative

branch history stored in the Speculative History field 25.

_The remaining fields in the branch target buffer entry of Figure 3
store information commonly used in branch target buffers. The Return Bit
10 field 27 is set when the branch instruction is a "return from subroutir{e"
instrucion. When the Return Bit field 27 is set, the branch prediction

mechanism should pop a value off a return stack buffer (RSB) which

specializes in predicting return addresses. The target address field

28 stores the address where the instruction fetch unit should fetch

instructions from if the branch prediction mechanism predicts that
15 the branch will be taken.

Updating the Speculative History Fields in the Branch Target Buffer

Figure 4 illustrates the method of updating the speculative history
20 fields in the.branch target buffer of the present inventic;n. The process of
updating the speculative history fields begins whenever the branch prediction
mechanism makes a branch prediction that is based upon the branch's history
as indicated by step 101 in Figure 4. Any type of branch prediction mechanism
that is based upon the branch history can be used in the present invention.
25  Therefore, the exact details of the branch prediction process are not presented
here. In the preferred embodiment, a variation on the Yeh & Patt Two-Level

Adaptive Branch Prediction method is used. At step 102, the condition of the
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branch instruction in the fourth line of the programwherein T represents
taken, N represents not-taken, and the rightnost letter represents the
out cone of nobst recent occurrence of the branch instruction. 20 In first
clock cycle illustrated in Figure 2b, clock cycle N, the load instruction
is first fetched. At clock cycle N+1, +He |-oad instruction noves to the
fetch substage 2 and the first fetch substage fetches the Add instruction

fromthe secaond line of the pro ram T rocess ceeds, to sequeptially
25 | oad .nstpaeelam%ftr%ﬂﬁsﬁs#s §0 5 1 e B seeraetbopirader fa BRER ¢ ne
end of clock. c eqo - 13 - At the end of clock cycle N+3 the first
fetch substa I}‘rake a branch prediction to | oad the next |nstruct|on

Since the branch history pattern for the branch contains "TTNTTNTTN .
the fetch substage predicts

If the Speculation Bit 24 is not set, this indicates that the

5 information in the Speculative History field 25 is outdated, or has never been
set. When the Speculation Bit 24 is not set, the method moves to step 103
which sets Speculation Bit 24 to indicate that the branch target buffer entry will
now contain speculative history. Next, at step 104 the Actual History field 22 is
copied into the Speculative History field 25 to provide a starting point for the

10  Speculative History. Finally, at step 104 the Precalculated Prediction 23 is

shifted into the Speculative History field 25 thereby providing the first bit of
"Speculative History" since it is only a prediction that may eventually turn out

to be wrong.

15 Referring back to step 102, if the Speculation Bit 24 is set, this
indicates that earlier branch predictions have been made for this branch target
buffer entry and that the Speculative History field 25 contains the history of
those earlier predictions. Therefore, when the Speculation Bit 24 is set, the
update process moves to step 105 which shifts the Precalculated Speculative

20 Prediction Bit 26 into the Speculative History field 25 thereby adding another
bit of "Speculative History" to the Speculative History field 25.

- After updating the Speculative History field 25, the Precalculated
Speculative Prediction Bit 26 should be recalculated using the new speculative
25 history in the Speculative History field 25. At step 106, the system checks if the
branch is a conditional branch or an unconditional branch. If the branch is

unconditional then the Speculative Precalculated Prediction bit 26 is set at step



(correctly) that branch will be taken. So at clock cycle N+4 the
instruction fetch 5 unit goes back to the second |line of the program and
fétches the Add instruction. Again, the processor proceeds to sequentially
fetch instructions fromnenory into the instruction pipeline until the end
of clock cycle N+6. At the end of clock I&yele N+6 the first fetch substage
must again 10 predict the outconme of the branch instruction in order to

fetch subseqy@iinkd tie BiahkR Roalwilys tiene Nl thé bedReNs GirfcbRdMbRal @ ther st
occurrence of the branch instrucfion has reached the fourth pipestage,

decode 1. Thhncherédictibn aevhanisncealaflateba prredivtion foatthe drardh besed ngony et
been fully resolved. This neans that the branch history still contains

"TTNTTNTTN . the newlysupdated fpecdative HistoryHfi@dd &5y Tamnenstbraechipregictionist i |
the branch instruction is, fully resqlvedq. .Using the, outdat hi story, :
"TTNTTNTTN then"l?la?%W%%gzﬁ%ﬁﬁé’ggfaﬁfg?%aﬁde’gﬁeé@l%w ?’@ﬁj%)ﬁs gt3t8d Br anch

will bet ker}.e gpts anmounts to a | ucky guess since the branch prediction
mechani snt wa¥¢B ally predicting the first taken branch after the

non-taken branch in the repeating pattern. So at clock 20 cycle N+7 the
I nstruction fetch unit again goes back to the second line to fetch the Add

instruction Once appdatingfite AERGEHESOrY PRIMDIOERBIANLR Taegi BUffer | Y

After making a branch prediction, the branch instruction
10 continues along the instruction pipeline. Near the end of the instruction
pipeline, the branch instruction for which a prediction was made eventual
becomes fully resolved. When the branch instruction is fully resolved the
branch prediction is verified against the result of the actual resolved branch
instruction.
15
If the branch pre.diction was correct, then the processor continues
normally. However, if the branch prediction was wrong, then the processor
must clear out every instruction in the instruction pipeline located after the
mispredicted branch since the instruction fetch unit should not have loaded

20 these instructions.

Furthermore, if a branch is mispredicted, then the speculative
history is the branch target buffer is wrong. Therefore, the speculative history
for the branch should not be used to make any additional branch predictions.

25 To prevent any more predictions after a misprediction is detected, the

Speculation bit 24 in the branch target buffer is cleared as illustrated in Figure 3.



fetch instructions fromnenory into the instruction pipeline until the end
of clock cycle N+9. 25 At the end of clock cycle N+9 the first
fetch substage nust once again predict the outcone of the branch
instruction in order to fetch subsequent instructions. At the end of clock
cycle N+9, the first occurrence of = = {4 - the branch instruction has
reached the seventh pi pestage (scheduling) and the second occurrence of the

branch instruction hasr{g%aefsqﬁu&daﬂeéwmpeiggeﬁraﬁa WwH&¢t adftandh in'EﬁlC-]'x%tiaﬁ the

end of clock cycle N+9, "neither the first oCcurrence nor the secon
occurrence ofevefifually deebmes Sillyedsohredhast stepr3ol uh IFjguress) tkebranthi s 5 neans
that the branch history still contains TINTTNTTN . . .". Therefore, the
branch predi dns$toactioachecoman fully resajued therebly providing brined hakgn or pet-takean.
However, this tine its luck has run out since this prediction,

Ll
eventual |y prsdRch euisemenddieneat step302) Brewresglved baaach PHE"W‘FS‘?%H%H“? et ch
unit yet 398 fe actual history field 22. At step 303, the type of branch is examined. If the

branch is unconditional, then the prefetched prediction bit 23 is set as stated in
_ step 305. If the branch is unconditional, then the branch prediction
mechanism calculates a branch prediction using the actual history in the actual
history field 22 and places the prediction in the prefetched prediction bit 23 as
10 stated in step 304. Finally, at step 306, the branch prediction made for the
branch is compared with the actual resolved branch outcome. If the branch
prediction was correct, the update is complete and the processor continues
along normally. However if the prediction was correct, the speculation bit 24 is
cleared to prevent any further predictions using the incorrect speculative

15 history in the speculative history field 25.
Making Predictions Based Upon the Speculative History Fields

" Figure 6 illustrates how a branch prediction mechanism based
20 upon a branch target buffer with speculative history fields uses the speculative
history information to make predictions. The first step, step 201, is to search
the branch target buffer to see if there is a branch target buffer entry. If there is
no branch target buffer entry then the branch target buffer can not be used to
make a branch prediction. Therefore the branch prediction mechanism must

25 make a static branch prediction as stated in step 203.



goes back to the second line to fetch the Add instruction. Wen the
processor 10 eventually detects the m sprediction, the Add instruction and’
al’l subsequent instructions will need to be flushed fromthe pipeline. The
probl emthat occurred in the previous exanple was that the loop in the
programwas so snall that the branch htsZ®ry was not updated fast 15

enough. Therefore, the branch prediction nechani smcould not "keep in sync"

with the repeating br q@g}l;%gqg ggr&cﬁgggéé#ﬁug%} %ar/b' tﬁﬂgragl%?e;g%ﬁg{,?earl i er

branches could not be used since t anches we in the

instruction R{cRRAKiIBA BHenSdhR8IRS theh@nQitidieop tNfdtutbitr27Cinl e afftopAitey et
fully resolved. Thus in order to nore accurately predict the outcone of the

branch 20 i bsinchdbigehbuffeeentry abstgp @04.pHdhe cetarn bit7rie set indifatirigethat anch
instruction that are still in the pipeline nmust be nade |mediately

avai | abl e. HiweRm@nchiis a; 'setusp SEam Fubreying” Jostgaction, than the brandh ni st ory for
branch i ngtructj.ons st

1] .md £, L peli
si nce the’ouP 18} n{ehgarb\%xg\n% gﬁﬁﬁ%@?ﬁtﬁigﬁiy%%%ﬁggﬁﬁ§? ; glrved.
25 In order [0 QNGRS M BrddlthgPfeblleBdrbdies BE S56Y id Q¥FBbEON Stores a

If the return bit 27 is not set, the branch prediction mechanism
then checks the condition of the Speculation bit 24 in the branch target buffer
10 entry at step 206. This test determines whether the branch prediction
mechanism should use the Precalculated Speculative Prediction 26 or the

normal Precalculated Prediction 23.

If the Speculation bit 24 is set, then the Precalculated Speculative
15  Prediction bit 26 is used to select a branch prediction as shown at step 210. If the
Precalculated Speculative Prediction bit 26 is set, the branch prediction
mechanism will predict a jump to the target address as shown in step 212; else

the branch prediction mechanism predicts a fall-through at step 211.

20 If the Speculation bit 24 is not set, then the normal Speculative
Prediction bit 23 is used to select a branch prediction as shown at step 207. If the
Speculative Prediction bit 23 is set, the branch prediction mechanism will
predict a jump to the target address as shown in step 208; else the branch
prediction mechanism predicts a fall-through at step 209.

25

After making the branch prediction, the instruction fetch unit

fetches instructions along the predicted instruction stream. The branch



"specul ative history"” for each branch by assum ng that each branch
prediction - 15 - that is made is correct. If the branch prediction
accuracy rate is high enough, this technique inproves the branch prediction
accuracy rate for branches in small |oops within a deeply pipelined
processor. 5 The Branch Target Buffer with Specul ative Hi story
Fields Figure 3 illustrates a branch target buffer entry for a branch

predi cti on nechani smthat stores specul &% ve history. The first three

fields in thgdfieiiimedhsidbmbiiéd akescNernev brindiipRdictidrofceupadterti@t i on
about the branch 10 instruction used by the branch prediction nmechani sm

The first fi gpetubdtivieltdstbrafiekistaastpted bustepr218ntry is the tag address field
21. The tag address field 21 stores an address that identifies where the
branch instruction is in rrermry The actual hi story field 22 stores the

branch history for all fuI resol veqg occurren this particular
branch. The Precal cul aﬁ‘SB' dlpstegt %anF ©nergg o o the Mistruttion "Pipeline stages

5 for the instruction pipeline of Figure 1 when the program in Figure 2a is run
in a processor that uses speculative history. The instruction flow illustrated in
Figure 7 assumes that instructions are fetched one-by-one, that there are no
pipeline stalls, and that the branch prediction mechanism has built a
"TTINTINTIN . . ." branch history for the branch instruction in the fifth line

10  of the program.

For the first 4 clock cycles (N through N+3), the processor
sequentially loads instructions into the instruction pipeline as illustrated in
Figure 7. At the end of clock cycle N+3, however, the first fetch substage must

15 make a branch prediction to load the next instruction. Since the branch history
pattern for the branch contains "TTNTINTIN . . .", the fetch substage predicts
(correctly) that branch will be taken. At this time, the Speculation bit for the
branch entry will be set and the "branch taken" prediction will be shifted into
the speculative history. Thus the speculative history will contain

20 "TINTINTINT ...". Since the branch prediction mechanism predicted the
branch to be taken, the instruction fetch unit goes back to the second line of the
program at clock cycle N+4 and fetches the Add instruction. The processor
then proceeds to sequentially fetch instructions from memory into the
instruction pipeline until thé end of clock cycle N+6.

25

- At the end of clock cycle N+6 the first fetch substage must again

predict the outcome of the branch instruction in order to fetch subsequent
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ch history information stored in the Actual History field 22.

ated Prediction field 23 in Figure 3 is an actual taken or
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20 is updated in order to 22duce the tine required to make a

tion from2 cycles to 1 cycle. The next three fields in the
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use specul ative history for each 25 branch in the branch

instihustispdwaaireadhed tBe fouzth pipestagentecodenb Thusithe frsédi cti on
i nvention makes, a branch prediction ﬂiggg this

é?&%%ﬁé&%h% branch ipsrpcHon fasaQteyetpegn fiytll resolve
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history was updated using the predicted branch such that the speculative
branch history now contains "TTNTITNTTINT. . .". Since the speculation bit is
set, the branch prediction mechanism in the fetch substage uses the
"TTNTTINTINT. . ." speculative history to predict (correctly) that branch will
be taken. So at clock cycle N+7 the instruction fetch unit again goes back to the
second line to fetch the Add instruction. Then the processor proceeds -to
sequentially fetch instructions from memory into the instruction pipeline

until the end of clock cycle N+9.

At the end of clock cycle N+9, the first fetch substage must once
again predict the outcome of the branch instruction in order to fetch
subsequent instructions. At the end of clock cycle N+9, the first occurrence of
the branch instruction has reached the seventh pipestage (scheduling) and the
second occurrence of the branch instruction has reached the fourth pipestage
(decode 1). Thus at the end of clock cycle N+9, neither the first nor the second
occurrence of the branch instruction has been fully resolved. This means that
the branch history still contains “TTNTTNTIN . . .". However, the
speculative branch history contains "TTNTTINTINTT. . .". Since the
speculation bit is set, the branch prediction mechanism will predict (correctly)
that the branch should not be taken. So at clock cycle N+10 the instruction
fetch unit fetches the Store instruction after the branch instruction. As can be

seen in the instruction trace of Figure 7, the branch prediction mechanism of

branch history field 22.



Specul ative History field 25 and the Precal cul ated Prediction field 23. The
Specul ative History field 25 is updated to include the result of the branch
predi ction. The Precal cul ated Specul ative Prediction 26 stores a branch 5
prediction for the next occurrence of the branch based upon the specul ative
branch history stored in the Speculative Hi story field 25. The remaini ng
fields in the branch target buffer entry,of Figure 3 store information
comonly used in branch target buffers’ %%e'Return Bit 10 field 27 is set

when the br an@‘gf,%re%\rt g};&&&ﬂﬂ @a?tu%éese%{h ftfv%%%%?{/ Quily! &?;eﬁgg.sﬁn%ﬁ&h pen.  Vhen

the Return Bi I'S Set, nch prediction mec i'sm shoul d pop

a val ue of f aotede bf Prardhed #h f tqggig) whi ch specializes in predicting
return addresses. The target address field 28 stores the address where the

instruction fetch unit should fetch instructions fromif the branch
predi cti on nmechani smpredicts that 15 the branch will be taken. Updating
t he Specul at-i ve Hi st or Figirel&histratdsghapaesent invepdionmsfysed ifjajtypical
illustrates the nethod of updating the speculative history 20  fields in
the brancl® t aﬁog&utsnfmﬁmofﬂmerw%wn A0 SRMRSIses Prirapel paedictien

apparatus located within a processor. The branch prediction apparatus is used
to fetch the proper instructions for the processor from the cache memory or the

main memory.

10 The foregoing has described a branch prediction mechanism with
a branch target buffer that stores speculative history. The speculative history
improves the accuracy of branch predictions for small loops executing in
processors with deep pipelines. It is contemplated that changes and
modifications may be made by one of ordinary skill in the art, to the materials

15 and arrangements of elements of the present invention without departing

from the scope of the invention.



updating the specul ative history fields begins whenever the branch

predi cti on nmechani sm makes a branch prediction that is based upon the
branch's history as indircated by step 101 in Figure 4. Any type of branch
predi ction mechanismthat is based upon the branch history can be used in
the present invention. 25 Therefore, the e? act details of the branch
predi cti on process are not presented here. i the preferred enbodinent, a
variation on the Yeh & Patt Two-Level Ad e&' Branch Predlctlon

used. At step 102, the condition of thé 17 - Speg ‘ﬂﬁt
tested to see if there is speculative history for the

If the Speculation Bit 24 is not set, this indicates t hat the 5
information in the Speculative History field 25 is outdated, or has never
been set. Wen the Speculation Bit 24 is not set, the nethod noves to step
103 which gts Speculation Bit 24 to indicate that the-branch target buffer
entry wll

1. In a computer processor, said computer processor coupled
to a memory, a branch prediction apparatus for predicting a stream of processor
instructions to fetch, said branch prediction apparatus comprising the elements
of:

10 a branch target buffer comprising N branch prediction entries, each of said
N branch prediction entries associated with a branch instruction in said
stream of processor instructions, each of said N branch prediction entries
comprising

an actual branch history field, said actual branch history field storing

15 a final resolved branch outcome of the last K occurrences of said

associated branch instruction;

a speculation bit, said speculation bit set when a prediction is made
for said associated branch instruction;
a speculative branch history field, said branch speculative history

20 field storing K bits of speculative branch history comprising final

resolved branch outcomes of said associated branch instruction

and branch predictions of recent occurrences of said associated
branch instruction;
a target address field, said target address field comprising a target

25 _address tag identifying where said associated branch instruction

jumps to when said associated branch instruction is taken; and



now contain specul ative history. Next, at step 104 the Actual History field
22 is copied into the Speculative History field 25 to provide _a starting
point for the 10 Speculative History. Finally, at step 104 the

Precal cul ated Prediction 23 is shifted into the Spec ' ' ield
25 thereby providing the first bit of "Speculative I-nmnmmlﬁﬂmm S
only a prediction that may eventually turR out to be twdhgt 18 s *

Referring back to step 102, if the Specul‘ation Bit 24 is set, this

i ndicates that earlier branch predictions have been nmade for, this branch
target buffer eﬁ&?‘&hﬂ’qdl‘ﬁi’c‘mt mecharsmy said\Rrapsl psedichipn mredunisgh USINgs ¢ he

2471 5 Set, the updBiEarddEanr hisRl e MEheth Bid iR REF ' O 1
Precal cul at ed Spe%hléahéff&h Bg_is Elefiefde! AW B dnchSpreiQidn e dPafsth Usingsaid
Hi story field 25 thereby addi ng another bit of ™Speculative Hstory" to the

Specul ati ve .Hi st ospedulstive BfanchAfhigtoryupoimakea ﬁﬂaﬁcﬁgeédﬂcﬁbxh wehdr sidry field
25, the Precal cul ated Specul ative Prediction Bit 26 should be recal cul at ed
usi ng t he Snew specpeatlation Bl is fétst ory in the Specul ative History field 25.
At step 106, the systemchecks if the branch is a conditional branch or an
uncondi tional branch. If the branch is

2. The branch prediction apparatus as claimed in claim 1,
wherein said speculation bit in a branch prediction entry is cleared when a

10  misprediction is made for said associated branch instruction.

3. The branch prediction apparatus as claimed in claim 2,
wherein said speculative branch history field in a branch prediction entry is

15 updated when a prediction is made for said associated branch instruction.

4. The branch prediction apparatus as claimed in claim 3,
wherein each branch prediction entry in said branch target buffer further
20 comprises
a precalculated branch prediction, said precalculated branch
prediction comprising a branch prediction based on said actual
branch history field; and
a precalculated speculative branch prediction, said precalculated
25 speculative branch prediction comprising a branch prediction

based on said speculative branch history field.



uncondi tional then the Specul ative Precal culated Prediction bit 26 is set
at step -18- 108 since the branch is always taken. If the branch is
uncondi'tional then the branch prediction nechani smcal cul ates a prediction
for the branch based upon the new y updated Specul ative History field 25.

The new branch prediction is then placed into the Specul ed
Prediction bit field 26 as stated in 5~ Ztep 107. Updaf E‘“@ E!ﬂmmﬂﬂmt
Hi story Fields in the Branch Target Buffer After maki ng

prediction, the branch instruction 10 continues along the instruction

pi pel i ne. Near the end 59f tﬁbelbﬁ@%@ﬂéﬁﬁloﬁlﬁfma%@s asicdaipeghiarclaimdy uct i on
f whi ch di ¢t d t f | d Wh th
br anch. | nst r CERPEIR Sald TaCyBREE BTG HRerp FeLs wanird ohlie 148 er 11 od |
against the rgaibfcuftted B?an%ﬁtpv@mcﬁ&?ms\s&ﬂsﬁmmd BiEld Yl Ofe said

5 speculative branch history field is updated using said precalculated speculative

branch prediction if said speculation bit is set.

6. The branch prediction apparatus as claimed in claim 5,
10  wherein said actual branch history field in said branch prediction entry is
updated an actual branch outcome when said associated branch instruction is

fully resolved.

15 7. The branch prediction apparatus as claimed in claim 6,
wherein said branch prediction mechanism comprises a variation of the

adaptive two-level branch prediction mechanism.

20 8. The branch prediction apparatus as claimed in claim 7,
wherein each branch prediction entry in said branch target buffer further
comprises a return bit, said branch prediction apparatus using a prediction

from a return stack buffer if said return bit is set.

9. The branch prediction apparatus as claimed in claim 8,

wherein said branch prediction apparatus further comprises a static branch



15 If the branch prediction was correct, then the processor-continues. _ _.
normal Il y. However, if the branch prediction was wong, then the processor

must clear out every instruction in the instruction pipeli mmmﬂm, mﬂ
the m spredicted branch since the instruction fetch unit s ﬁ"'
| oaded 20 these instructions. Furthernmorgg if a branch is ms re‘dr *
then the specul ative hi story Is the branch target buffer is wrong

Ther ef or e,
make any addr i on &Lrﬁ{a#c{ pr ed’%ttlhé{r)rg stagtgbp#%;ékeaw r‘g}%r}.ore pr edl ct i ons
after a m sprgadiGin propridR! Bl buffeh enPaneh sdidtat brafth f}e&heoxbranch

target buffer is cl red as ilTustrated in Figure 3. Figure 5
i Il ustrates thecharps isarsedrivadakea brandhr predictiorst r uct i on eventual |y
beconmes fully resolved. At step 301 in Figure 5, the branch

10.  The branch prediction apparatus as claimed in claim 9,
wherein said branch prediction apparatus is implemented in a processor with a

deep instruction pipeline.

10

11.  In a computer processor, said computer processor coupled
to a memory, a branch prediction apparatus for predicting a stream of processor
instructions to fetch, said branch prediction apparatus comprising the elements
of: .

15 branch target buffer means comprising N branch prediction entries, each of
said N branch prediction entries associated with a branch instruction in
said stream of processor instructions, each of said N branch prediction
entries comprising

actual branch history means, said actual branch history means storing

20 a final resolved branch outcome of the last K occurrences of said

associated branch instruction;

speculation bit means, said speculation bit means set when
predictions have been made for said associated branch instruction;
speculative branch history means, said branch speculative history

25 " means storing K bits of speculative branch history comprising

final resolved branch outcomes of said associated branch

3



I nstruction becones fully resolved thereby providing a final taken or
not -t aken branch outcone. Then, at step 302, the resolved branch out core -i-s

shifted into 5 the actual history field 22. At step 303, t branch
is exanmined. If the branch is unconditional, then the pr ejmﬂ!ﬁ’m!ﬁmmumr
bit 23 is set as stated in step 305. IL phe_branch is unc [ "

the branch prediction mechani smcal cul ates a branch prediction using the

actual history in the ggtuaiodhd Brindi Sledictoral retet @Rciend¥sftisald on in
the prefetched prediction bit 23 as 10 "stated in step 304. Finally, at

step 306, the branch passdtieteddbranellénstauctione branch is conpared with the
actual resolved branch outcone. |If the branch prediction was correct, the
update is conpl ete daget hddresouwsnssasbtargetrskiredsdag meansadentifyiaguerhere | f

t he prediction was correct, the sgecul ation bit 24 is cleared to prevent
any further predicti onti¢i3psogiaterk branch ipsizuctigneiumps to,when said assgriptady t he
specul at ::ge history field Predi cti,ons Based Upon the Specul ative

5. Makin .
Hi story el ds Figure %'af‘f:%ﬁ%stt?‘hc(nggqﬁéw‘eé"ﬁpgnch predi cti on mechani sm based
20 upon a br ; 1§ ' | I Yeik s the
specul ative hi gdt}g?g/ﬁ ?ﬁﬁ%ﬁ%ﬁﬁ?’\gﬁ?ﬂﬁﬁﬁf gitc}ﬁgﬂgh §£Ir%e&/s]g llf‘$ g%ﬂz?%%ﬁ step
201, is to searchbranch history means to make a branch prediction when said
speculation bit is clear, else said branch prediction mechanism using said
speculative branch history means to make a branch prediction when

10 said speculation bit is set.

12.  The branch prediction apparatus as claimed in claim 11,
wherein said speculation bit means in a branch prediction entry is cleared

15 when a misprediction is made for said associated branch instruction.

13.  The branch prediction apparatus as claimed in claim 12,
wherein said speculative branch history means in a branch prediction entry is

20 updated when a prediction is made for said associated branch instruction.

14.  The branch prediction apparatus as claimed in claim 13,
wherein each branch prediction entry in said branch target buffer means

25  further comprises



t he branch target buffer to see if there is a branch target buffer entry.
If there is no branch target buffer entry then the branch target buffer can

not be used to nmake a -branch prediction. Therefore t | ction
mechani sm nmust 25 mneke a static branch prediction a m, m !ﬁ g” 203.
- 20 - If there is a branch target buffer hit, the branc

mechani smt hen checks the condition of th&9return bit 27 in the appropriate
branch target buffer entry at step 204. If the return bit 27 is_set
i ndi cating that the presaldulated pranch preglictionrmeans; said precalculated bransh, t hen

the branch 5 prediction chani sm obt ai ns ;a pr.edigtion,fromthe.retuyrn
stack buffer that speci%’gsic@gni’ﬂea&smrﬁﬁgra&rﬁ?ﬁ‘ RErflicdn based o sgidy

step 205. If the retur ' .S { branch prediction nechani sm
t hen checks the condit%&ﬁh%fb;grﬁéel‘ g%{e};géflﬁg%?rgﬁgﬁclit 24 in the branch target

buf 1; er : 10 entry at ppé@Rudfibd spbérdati$é braiRhPretiieasnhedne aidsrebdlamnated
predi ction
5 speculative branch prediction means comprising a branch

prediction based on said speculative branch history means.-

15.  The branch prediction apparatus as claimed in claim 14,
10  wherein saia speculative branch history means is updated using said
precalculated branch prediction means if said speculation bit means is clear;
else said speculati\;e branch history means is updated using said precalculated

speculative branch prediction means if said speculation bit means is set.

15
16.  The branch prediction apparatus as claimed in claim 15,
v;rherein said actual branch history means in said branch prediction entry is
updated using an actual branch outcome when said associated branch
instruction is fully resolved.
20

17.  The branch prediction apparatus as claimed in claim 16,
wherein said branch prediction means comprises a variation of the adaptive
two-level branch prediction mechanism.

25



mechani sm shoul d use the Precal cul ated Specul ative Prediction 26 or the
normal Precal cul ated Prediction 23. |If the Speculation-bit 24 is set, then

t He Precal cul ated Specutative 15 Prediction bit 26°is used
branch prediction as showmn at step 210. If the Precal cul W“ﬁﬁ ﬂﬂm‘\
Prediction bit 26 is set, the branch prediction rrechanl

junp to the target address as shown in Sté% 212; else the branch pred| ction

mechani sm predicts a fall-through at step.211. 20 If the
Specul ati on bit 24 i s nbt sekthe prasgh PR xﬁtwwpmmwavgeww%vm bi t

Specul at fve PHOTRER AN gsP T Gisr: ST I AHopPR i BE] BN om vi |
predict a Jumgp %rfspfa é&gﬁ%xﬁﬂ%ﬁ‘ﬁ??aﬂﬁbéﬂ rédlcibRBpgain Llgfglhe branch

prediction mac Ismpredicts a rough®at step er maki ng

the branch pr gdéditliom frohle refieh istiekitaiffer of sdid weturnftit gleafis ishgdtr uct i ons
al ong the predicted instruction stream The branch

5

19.  The branch prediction apparatus as claimed in claim 18,
wherein said branch prediction apparatus further comprises a static branch
prediction means such that if said branch prediction apparatus cannot find an

10  appropriate target buffer entry then said static branch prediction means is used

to make a branch prediction.

 20.  The branch prediction apparatus as claimed in claim 9,
15 wherein said branch prediction apparatus is implemented in a processor with a

deep instruction pipeline.

21. A computer system, said computer system comprising the
20 elements of:
a system bus;
a main memory, said main memory coupled to said system bus;
a computer processor, said computer processor having a branch target buffer
for predicting a stream of processor instructions to fetch, said branch
25 target buffer comprising N branch prediction entries, each of said N

branch prediction entries associated with a branch instruction in said

<



- 21 - prediction nechanismal so uses the new branch prediction to update

the speculative history fields as stated in step 213. Figure 7 illustrates
the contents of the insttuction pipeline stages 5 ~—for-the iﬂstruction

pi peline of Figure 1 when the programin Figure 2a i SOr
that uses specul ative history. The |nstruct|on row I[I“Blm&a gure 7
assunes that instructions are fetched one-Rhy-one,

pi peline stalls, and that the branch pred| c [ on mechanl sm has bUI I t a
"TTNTTNTT . . ." branch history for the bran st,r he fifth
line 10 of the pr¥h o PG?CengE' ‘F‘Fﬁ’g‘fn%‘scﬁﬁ fjetglcb(r 1qq+¢§)tne§ he

processor sequenti Mﬁ{ l_lgi%s I nstructions into the | nstruct | on pi pel i ne as
illustrated in Figure p the end of clock cycle N+3, however, the first

fetch substage nmust 13n acHR Bréndi B8Ry Bleftlisald 88tubPblaRH Hidtér ﬁélH storing
I nstruction. Since the branch history pattern for the branch contains

"TINTTNTTN . . .", the fefinkl resdlved $eamsheoitcbme(sfcthedastiK peduredndes ansdidwi | |
be taken. At this tine, the Speculation bit for the
5 assocxated branch instruction;

a speculatton bit, said speculation bit is set when predictions have
been made for said associated branch instruction;
a speculative branch history field, said branch speculative history
storing K bits of speculative branch history comprising final
10 resolved branch outcomes of said associated branch instruction
and branch predictions of recent occurrences of said associated
branch instruction;
a target address, said target address tag identifying where said
associated branch instruction jumps to when said associated
15 branch instruction is taken; and
a branch prediction mechanism within said computer processor, said
brancit prediction mechanism using said actual branch history field to
make a branch prediction when said speculation bit is clear, else said
branch prediction mechanism using said speculative branch history field

20 to make a branch prediction when said speculation bit is set.

22.  The computer system as claimed in claim 21, wherein said
speculation bit in a branch prediction entry is updated when a misprediction is

25 made for said associated branch instruction.



branch entry will be set and the "branch taken" prediction will be shi-fted

into the specul ative history. Thus the specul ative history i ' Q
"TTNTTNTTNT...". Since the branch prediction nechanism preﬂjymmm) [TW’M
to be taken, the instruction fetch unit goes back to the s i S
program at clock cycle N+4 and fetches the3Add instruction. The processor -
then proceeds to sequentially fetch instructions fromnmenory into the

i nstruction pipeline untZBl tAhesothmitersystemapailaimedsin ddainni22; whesin seid
clock cycle N+6 the first fetch substage nust agajn_ predict the outcone of
the branch i nstResulatiyg brangh H@Foryélg‘é%ﬁ brapchopirdiction entry js clegrediwhen aons.

st ruct on habrRRiTus TGS s rithessrhRteBENh i Rton Thu The 1 r st

occurrence of. the branch instruction has not yet been fully resol ved and

5

24.  The computer system as claimed in claim 23, wherein each
branch prediction entry in said branch target buffer further comprises
a precalculated branch prediction, said precalculated branch
- prediction comprising a branch prediction base-d on said actual
10 branch history fiéld; and
a precalculated speculative branch prediction, said precalculated
speculative branch prediction comprising a branch prediction

based on said speculative branch history field.

15
25. The computer system as claimed in claim 24, wherein said
speculative branch history field is updated using said precalculated branch
prediction if said speculation bit is clear; else said speculative branch history
field is updated using said precalculated speculative branch prediction if said

20  speculation bit is set.

26. The computer system as claimed in claim 25, wherein said
actual branch history field in said branch prediction entry is updated using an
25  actual branch outcome when said associated branch instruction is fully

resolved.



therefore the branch history has not been updated. However, the specul ative
57 hi story was updated using the predicted branch such that the specul ative
branch history now contains "TTNTTNTTNT. . .". Since the.speculation bit is
set, the branch prediction nechanismin the fetch substage uses the

"TTNTTNTTNT..." specul ative history to predict (correc”rmmﬂ tI ﬂﬂ }uml |
be taken. So at clock cycle N+7 the instrd2tton fetch m "ﬂgl g ck
to the 10 second line to fetch the Add instruction. Theh tthe‘pr8cedsor
proceeds to sequentially fetch instructions fromnmenory into the
instruction pipeline until the end of clock cycle N+9. At the end .of clock

cycle N+9, the first feteh s%?%ﬁ“ﬁ?ﬁﬂ’s%ﬂbés @sxma%amﬁlam\e%ﬁ Mhereia sgig corre

f the b h d f h subse
end of ol ock BYATD RiEs e PheTom i BRseaes o shEAURHEd BRIl nas

reached the s uling) and the second occurrence of the
§¥| on wﬁ&%@%‘%&g‘tﬁﬁéﬁg i

branch instru as reac ourth pi pestage (decode 1). Thus at the
end of clogk cycle N+9, neither the first nor the second 20 occurrence of
the branch instruction has been fully resolved. This nmeans that the branch
history still contains "TTNTTNTTN . . .". However, the

28. The computer system as claimed in claim 27, wherein each
branch prediction entry in said branch target buffer further comprises a return
bit, said processor using a prediction from a return stack buffer if said return bit

10  is set.

29.  The computer system as claimed in claim 28, wherein said
branch prediction apparatus further comprises a static branch prediction
15 mechanism such that if said processor cannot find an appropriate target buffer
entry then said static branch prediction mechanism is used to make a branch

prediction.

20 30. The computer system as claimed in claim 29, wherein said

processor comprises a deep instruction pipeline.

31 A computer system, said computer system comprising the
25 elements of:
a system bus;

a main memory, said main memory coupled to said system bus;



specul ati ve branch history contains "TTNTTNTTNTT. . .". Since the
sﬁgcul ation bit is set, the branch prediction nmechanismw || predict
(correctly) that the branch should not be taken. So at clock cycle N+10 the

instruction 25 fetch unit fetches the Store instructy nch
instruction As can be seen in the instruction trace OFIIHIEMIZ'H”’mrﬂglgr anch
predi cti on nmechani sm of - 23 - the present inventioh thatt ugess +
specul ative history will correctly preditt34tre outcome of branches in tight

| oops. Figure 8 i I j j { YR
p g d éabhRk n?éeeﬁrpgﬁa%ahgmgggsg@m 2 B{hg%f‘ g%(lfggg] Bluser

conput er system The pres I nvention
apparatus | ocated wniebhs) comptisingsNGrandhpredietivrh eiiizg) €dchast DA Bidithi S

used to fetch the proper instructions for the processor fromthe cache
menory or the nain prediction dftries associated withTabrdnnheigoirngtioraén daidostidagdof
branch prediction nechanismwth . L .
' processor instructions, each of said N branch prediction entries
5 comprising
actual branch history means, said actual branch history means storing
a final resolved branch outcome of the last K occurrences of said
associated branch instruction;
speculatidn bit means, said speculation bit means set when
10 predictions have been made for said associated branch instruction;
speculative branch history means, said branch speculative history
means storing K bits of speculative branch history comprising
final resolved branch outcomes of said associated branch
instruction and branch predictions of recent occurrences of said
15 associated branch instruction;
target address means, said target address tag means identifying where
said associated branch instruction jumps to when said associated
branch instruction is taken; and
branch prediction means within said processor, said branch prediction
20 means using said actual branch history means to make a branch
prediction when said speculation bit is clear, else said branch prediction

mechanism using said speculative branch history means to make a

branch prediction when said speculation bit is set.

25



a branch target buffer that stores specul ative history. The specul ative

hi story inproves the accuracy of branch predictions for -sn°a|| 1 oops-
eXecuting in processors-with deep pipelines. It is conte

changes and nodifications may be nmade by one of ordi nar ﬂ’m

to the materials 15 and arrangenents of el enents of th n

W t hout departing fromthe scope of the invention. - 24 - CLAI MS 5
In a conputer processor, said corrputer prdressor coupled to a nenory, a

branch prediction appargf us [ ‘wf'gé}'ﬂ?mo SHULERM E}Lcﬁ{xﬂc\'ﬁsaﬁkrexn Sgid

i nstructions to fetch, said N apparatus conpfi

el ements of . ;geculanorabé@mxwtﬁ%hdbpiécﬁ&n&paa&y% ERaPPRRRAR predl ction
entries, each sal d

misprediction is made for said associated branch instruction.

33. The computer system as claimed in claim 32, wherein said
speculative branch history means in a branch prediction entry is updated when

a prediction is made for said associated branch instruction.

10
34.  The computer system as claimed in claim 33, wherein each
branch prediction entry in said branch target buffer means further comprises

precalculated branch prediction means, said precalculated branch

prediction means comprising a branch prediction based on said
15 actual branch history means; and

precalculated speculative branch prediction means, said precalculated

speculative branch prediction means comprising a branch

prediction based on said speculative branch history means.

20
35.  The computer system as claimed in claim 34, wherein said
speculative branch history means is updated using said precalculated branch
prediction means if said speculation bit means is clear; else said speculative
branch history means is updated using said precalculated speculative branch

25 prediction means if said speculation bit means is set.



N branch prediction entries associated with a branch_ instruction in said
stream of processor instructions, each of said N branch prediction entries
conprising an actual branch history field, said actual branch history field

storing 15 a final resolved branch outc llmumlﬂ“mm‘”ma
occurrences of said associated branch instruction; a sam Mhi d

specul ation bit set when a prediction is de for said assdci &t ell btanch .

i nstruction; a speculative branch history field, said branch specul ative

hi story 20 . field storing K bits of specul ative branch .

hi story conprising finatb-r esBiecmputensysteny asoriaianes ins ghaim A5 ydhexeidfaist anch
I nstruction and byanch, pr.edi cti ons,of .rnecent occurrences of said.,associated
br anch i not r uBFVBhOTICh BTy IMAARE L SHHG ATt R ary ety Baatep iotae

conprising a LA 96dal %?an ?1(1)tcome when sﬁgq{sg&?at[eg%rgﬁé{"{r{shﬂgﬂgn%?r sai d

! e
associ ated branch 1nstruc n junps to when sald assocl ate ranc .
i nstruction i sedol@); and

5
37. The computer system as claimed in claim 36, wherein said
branch prediction means comprises a variation of the adaptive two-level
branch prediction mechanism.
10

"38. The computer system as claimed in claim 37, wherein each
branch prediction entry in said branch target buffer further comprises a return
bit means, said processor using a prediction from a return stack buffer if said

15 return bit means is set.

39. The computer system as claimed in claim 38, wherein said
processor further comprises a static branch prediction means such that if said
20  processor cannot find an appropriate target buffer entry then said static branch

prediction means is used to make a branch prediction.

40.  The branch prediction apparatus as claimed in claim 9,

25 wherein said processor comprises a deep instruction pipeline. -



- 25 - a branch prediction nechanism said branch prediction nmechani sm
using said actual branch history to make a branch prediction when. sai-d
specul ation bit is clear, else said branch prediction nechani smusing said
specul ative branch history to make a branch predi ctlttlllmmmmnﬁum\“ﬂe
specul ation bit is set. 2. The branch prediction a s Y taig
claim1, wherein said speculation bit in_agpranch predi cfi oh €nt ry is

cl eared when a 10 msprediction is nade for said associated branch
i nstruction. 3. The br ancg predi ction appar at ua as clainmed in cl

aim.2,
wherei n sai d specul ati V& br dRECINBYIEF Presessef. 4 éoﬁ?palﬁﬁﬁpb?‘@ﬁoétcptihwént ry

Is 15 updateg whe redi gt i fo ' | at.

i nstruction 4?0 4 %qgggggn%ﬁ&&@&x&%F%xﬁgg Sag;traetagks g%lg?((?ﬁ%g%o%e}ggﬁrﬁé%}%?% 3,
wherei n each kiR chidhRhed bOMpeRidg/the sty F: branch target buffer further
20 conprises

din

providing a branch target buffer, said branch target buffer comprising N
5 branch prediction entries, each of said N branch prediction entries
associated with a branch instruction in said stream of processor
instructions;
storing an actual branch history in each branch prediction entry in the
branch target buffer, said actual branch history comprising the fully
10 resolved branch outcome for K most recent occurrences of said
associated branch instruction;
storing a speculative branch history in each branch prediction entry in the
branch target buffer, said speculative branch history comprising K bits of
resolved branch outcomes of said associated branch instruction and
15 branch predictions of recent occurrences of said associated branch
instruction;
storing a speculation bit in each branch prediction entry in the branch target
buffer; |
setting said speculation bit when a branch prediction has been made for said
20 associated branch instruction;
predicting a branch instruction outcome using said actual branch history
when said speculation bit is clear, else predicting a branch instruction
outcome using said speculative branch history when said speculation bit
is set.

25



a precal cul ated branch prediction, said precal cul ated branch prediction
conprising a branch prediction based on said actual branch history field;
and a precal cul ated specul ative branch prediction, said precal cul ated 25
specul ati ve branch prediction conprising a branch predrttron'based on said

specul ative branch history field. -26- 5. The br
apparatus as clained in claim4, wherein said specul ati mum Hmr
field is updated using said precal cul ated branch predi c

specul ation bit is clear; else saidXb53g speculative branch history f| eI dis-

updat ed using said precalculated specul ati ve branch prediction if said

specul ation bit is get ne as clainmed in
claim5, 10 wher sa‘ﬁ?ﬁe fﬁ{ﬁ{]ﬁdﬁﬁig s&&éﬁ@?ﬁﬁ%ﬁ@%‘ﬁd branch _
predi cti guieMddnd & fetch as claxmed in claim 41, wherein said method further

comprises the step of clearing said speculation bit when a branch prediction

- made for said associated branch instruction is incorrect.

//u/l///lm////m;fii?“"



updat ed an actual branch outcone when said associated branch instruction is
fully resolved. 15 7. The branch prediction apparatus as
claimed in claim6, wherein said branch prediction nechani sm conprises a
variation of the adaptive two-1evel branch prediction nmechanism 20

8. The branch prediction apparatus as clained in claim7, wherein each
branch prediction entry in said branch target buffer further conprises a
return bit, said branch prediction apparatus using a prediction froma

return stack buffer if sajd retuqn bit is set. 25 9. The branch
predi cti on apparatus as~cC aﬁhed ijln claim8, wherein said branch prediction
apparatus further conpﬂfs Sstatic branch - 27 - prediction nechani sm
such that if said branch i ctijon apparat us cannot
2
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find an appropriate target buffer entry then said static branch prediction
nmechani smis used to nake a branch prediction. 5 10. The branch prediction
apparatus as clainmed in-claim9, wherein said branch’ prediction apparatus
is inplemented in a processor with a deep instruction pipeline. 10 11. 1In
a conputer processor, said conputer processor coupled to a nenory, a-branch
prediction apparatus for predicting a stream of processor instructions to

fetch, said branch prediction app an> ¢onfpr§ sfng elellengnysJof : 15
branch target buffer nmeans conpris N Brdnch prddiktford ent ids, each of
said N branch prediction entries qn atted th d branch ihs1gtction I n
said stream of processor instructigds,|edch sai{d br dnch prigdi cti on
entries conprising actual branch stofy ans. Isdi di act yal agch history
means storing 20 a fipgl fegoljved br dnch Dutcoye off the last K
occurrences of said ° 2|=
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associ ated branch instruction; speculation bit neans, said specul ation bit
means set when predictions have been nade for said associated branch

i nstruction; specul ative branch history neans, said branch specul ative

hi story 25 means storing K bits of specul ative branch history
conprising final resolved branch outcones of said associated branch - 28
- instruction and branch predictions of recent occurrences of said

associ ated branch instruction; target address neans, said target address.
tag neans identifying where said associated branch instruction junps to

when said associated 5 branch instruction is taken; and branch
predi ction neans, said branch predictjon neans using said actual branch
hi story neans to nake a branch| pgehi clion when said
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specul ation bit is clear, else said branch prediction nechani smusing said
specul ati ve branch history nmeans to nmake a branch prediction when 10
said speculation bit is set. 12. The branch prediction apparatus as
clainmed in claim11l, wherein said speculation bit nmeans in a branch
prediction entry is cleared 15 when a msprediction is made for said
associ ated branch instruction. 13. The branch prediction apparatus as
claimed in claim112, wherein said specul ative branch history neans in a
branch prediction entry is 20 updat ed when a prediction is nade for said’
associ ated branch instruction. 14. The branch prediction apparatus as '
claimed in claim 13, wherein each branch prediction entry in said byanch

target buffer means 25 further conprises - 29 - precal cul ated branch
prediction means, said preggLaltiof Bragthanch
Prediction Update
Make Branch

Prediction — 101

102
No Set Copy actual

Speculation speculation }—» history into
bit set bit speculative history
Histo
Update Yes 103 . 104
Shift prefetched Speculative Shift prefetched
prediction into —105 Predlcf.lon into |— 109
\ speculative history Speculative History
J
106
(/ No
Conditional
Prefetched branch
Speculative :
Prediction
Update
Compute prefetched Set prefetched
speculative prediction [—107 speculative |—108
K based on speculative prediction bit
history (taken)
Done

Figure 4
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predi ction means conprising a branch prediction based on said actual branch
hi story nmeans; and precal cul ated specul ati ve branch prediction neans, said
precal cul ated 5 - specul ati ve branch prediction neans conpri sing
a branch prediction based on said specul ative branch history neans. 15.

The branch prediction apparatus as clainmed in claim114, 10 wherein said
specul ative branch history neans is updated using said precal cul ated branch
predi ction nmeans if said speculation bit nmeans is clear; else said
specul ati ve branch history neans i s updated using said precal cul ated
specul ati ve branch prediction Specul ation bit neans is set.
15 16. The branch predictiont ajResolreBranch| in claim15, wherein
sai d actual branch history neans instractiohr an¢gh prédiction entry is updated
usi ng an actual branch outco i ated branch instruction is

fully resolved. 20 17. e branch prgdiction apparatus as clainmed in claim
16,
Actual
Branch Shift branch
Histo outcome into —302
U;,dag Actual Branch History
/ Conditional No
Branch
Prefetched
Prediction 304 305
Update ! / /
Compute Prefetched Set Prefetched
prediction bit based on Branch Prediction Bit
K Actual Branch History (always taken)
307
306
/ /7
was ]
Speculation the branch Clear Spgculatlon
Bit Update mispredicted Bit
?
This Sheet Has Been Re

LTI

Il

Figure 5



wherein said branch prediction neans conprises a variation of the adaptive
tawo- | evel branch prediction nmechanism 25 18. The branch prediction
apparatus as clainmed in claim17, wherein each branch prediction entry in
said branch target buffer further conprises a return bit means, said branch
predi ction apparatus using a prediction froma return stack buffer if said
ch predlctlon appar atus as cl ai ned

return bit means is seg‘
in claima1l8, V\herelnso@’i@i‘&w
s sugh that

static branch prediction

nean [

apparat us further conprises a
f said branch prediction

apparatus cannot find an{ 10 appropriate tjarget buffer entry then said
static branch predictionl nERaminé BIE Tag8 [Teke a branch prediction. 20.
The branch prediction appagatddsrént sddiedsd 8021 ai m 9,
Perform Static
Prediction
N\
203
Get prediction
from RSB
\
205
Speculative Yes
history bit
set
206
210
7/
Prediction Specu_laf:ive
bit set prediction
9 bit set
Not Taken Not Taken
208 209 211 212
Yy / / / Y/
Predict Predict Predict Predict
target address fall through fall through target address
I i l 1 |
Update Speculative
History for BTB Entry —213
Thls Sheet Has Been

Figure 6
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15 wherein said branch prediction apparatus is inplenented in a processor
With a deep instruction pipeline. 21. A conputer system said conputer
system conprising the 20 elenents of: a systembus; a nmain nenory, said
mai n menory coupled to said system bus; a conputer processor, said conputer
processor having a branch target buffer for predicting a stream of

processor instruciions—to-fetc sai-dbranch 25 target buffer
conprising N branghq p edigtipn eﬁtr|e>, eachloff daid N branch prediction
entries associatefgw,{hla [orangh i nistfugtijpon|ghegaid -31- stream of
processor instrucfgong, fedchf ol daifd N hr nc{% idqdi ction entries conprising
an actual branch stopry fliefd] qaid pcfuadll brandh history field storing
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&

a final resolved branch outcone of the |ast K occurrences of said 5

associ ated branch instruction; a speculation bit, said speculation bit is
set when predictions have been made for said associ ated branch instruction;
a specul ative branch history field, said branch specul ative history storing
K bits of specul ative branch history conprising final 10

resol ved branch outcones of said associated branch instruction and branch
predi ctions of recent occurrences of said associated branch instruction; a
target address, said target address tag identifying where said associ ated
branch instruction junps to when said associated 15 branch
instruction is taken; and a branch prediction nechanismwthin said
conmput er processor, said brAnch predi cti on nechani sm using said act ual

branch history field to makp a branch prediction when sai d specul ation bit
is clear, else said branch prediction mechani smusing said specul ative
branch history field 20 to make a branch prediction when said
specul ation bit is set. 5
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22.¥ The conmputer systemas clainmed in claim21l, wherein said speculation
bit-in a branch prediction entry is updated when a m sprediction is 25
made for said associ ated branch instruction. - 32 - 23. The conput er
systemas clainmed in claim22, wherein said specul ative branch history
field in a branch prediction entry is cleared when a prediction- is nade for
sai d associ ated branch instruction. 5 24. The conputer system as cl ai ned

in clairm 23, wherein-each branch predic}i ry in said branch target
buffer further conprises a precal cul at BeTRAE prediction, said

recal cul at ed branch pregheti £ B dj ct4 ased on
gai d actual 10 P fﬁgﬁ%ﬁg@gﬁgﬁgyﬁ?%g@f%%ﬁf p%%@g?%m at ed

specul ati ve branch predictriom, Sard precatcutated
A branch prediction mechanism that maintains both speculative

history and actual history for each branch instruction in a branch target buffer.
5 The actual branch history contains the branch history for fully resolved
occurrences of the branch instruction. The speculative branch history contains
the actual history plus the "history” of recent branch predictions for the branch.
If the speculative branch history contains any recent predictions, then a
speculation bit is set. When the speculation bit is set, this indicates that there is
10  speculative history for a branch. Therefore, when the speculation bit is set the
speculative history is used to make branch predictions. If a misprediction is
made for the branch, the speculation bit is cleared since the speculative history

contains inaccurate branch history.

(Figure 6)



speculatlve branch prediction conprising a branch prediction based Wit
spepuratlve branch history field. 15 25. The conputer system as clainmed
in claim?24, wherein said speculative branch history field is updated using
sai d precal cul ated branch prediction if said specul ation bit is clear; else
sai d specul ative branch history field is updated using said precalculated
specul ative branch prediction if said 20 specul ation bit is set. 26.

The conput er systemas clained in claim25, wherein said actual branch
history field in said branch prediction entry igibdPAietsHéat 0 @et&gr 1996
actual branch outcone when said associated branch instruction is fully
resol ved. - 33- 27. The conputer systenB8s-clainmed in claim26, wherein
sai d

42.  The method for predicting a stream of processor
instructions to fetch as claimed in claim 41, wherein said method further

comprises the step of clearing said speculation bit when a branch prediction

- made for said associated branch instruction is incorrect.
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branch prediction nechani smconprises a variation of the adaptive two-1evel
branch prediction nechanism 5 28. The conputer systemas clainmed in claim
27, wherein each branch prediction entry in said branch target buffer
further conprises a return bit, said processor using a prediction froma
return stack buffer if said return bit 10 is set. 29. The conputer system
as clainmed in claim 28, wherein said branch predi cti on appar atus further
conprises a static branch prediction 15 rrecha l{l%’i:—if ogg&gr 1996
processor cannot find an appropriate target buf er entry then salrd static
branch prediction nechanismis used to nake a branch prediction.

30. The conputer systemas gtarmedyin claim29, wherein said processor
conprises a deep instructi on i eling. 31. A conputer system said

conput er system conpri si ng whe $3N e|enents of: a system bus;
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a main nmenory, said main nenory coupled to said system bus; - 34 - a
conput er processor, said conputer processor having a branch target buffer
means conprising N branch prediction entries, each of said N branch
prediction entries associated with a branch instruction in said stream of
processor instructions, each of said N branch prediction entries 5
conprising actual branch history neans, said actual

branch hj st or meig%
storing a final resolved branch outcanme of thesqbéi‘xi—t‘}%eo%%tf'%(%&xﬁ‘
associ ated branch instruction; specul ation bit nean

) s. _said specylation bit
means set when 10 predictigps hdvd Hedn |mape|f ¢r |sdi
associ ated branch instruction; specul ati?_ve brianic Hi sit of yi{ nmgans,{3iai d
branch specul ative history neans stori r§ﬁ bilt 4 gf |specul atiive draAnch
hi story conpri sing
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final resolved branch outconmes of said associated branch instruction and
branch predictions of recent occurrences of said 15 associ at ed
branch instruction; target address nmeans, said target address tag neans '
i dentifying where said associated branch instruction junps to when said
associ ated branch instruction is taken; and branch prediction neans wthin
sai d processor, said branch prediction 20 nmeans using said actual
branch history nmeans to nmake a branch _prediction when said specul ation bit
is clear, else said branch prediction :ﬁechani sm3vbshitubgi Sheepetl Ogtoher 1996

branch history means to nmake a branch prediction when said specul ation bit

is set. 25 35 32. The conputer systemas clainmed in claim3l, wherein
sai d
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specul ation bit means in a branch prediction entry is cleared when a
msprediction is nade for said associated branch instruction. 5 33. The
conput er systemas clained in claim32, wherein said specul ative branch

hi story means in a branch prediction entry is updated when a prediction is
made for said associated branch instruction. 10 34. The conputer system
as clainmed in claim 33, wherein each branch prediction entry in said branch
target buffer means further conprises precal cul ated branch prediction
nmeans, said precal culated branch prediction nmeans conprising a branch
predicti on based on said 15 4  act ualSubstituote [fheetorll Qetober 139§
precal cul at ed specul ati ve branch predictlon nmeans, said precal cul ated
specul ati ve branch predlctlon ing a br anch predi ction based on
sai d specul ative branch hlStOFM&&ﬁaﬂﬁ %22;5 The conputer system as
clainmed in claim34, wherein sa

Make Branch
Prediction —101
102
No Set Copy acf.ual
Speculation speculation }-—>» history into
bit set bit speculative history
Speculative | l |
Histo
Updats Yes 103 . 104
Shift prefetched Speculative Sprhleﬁdipz'efet?h:;l —109
prediction into —105 ol ¢ "”;;9
speculative history Speculative History
< J
/ No
Conditional
Prefetched branch
Speculative !
Prediction {
Update
Compute prefetched Set prefetghed
speculative prediction |—107 speculative  {—108
\ based on speculative prediction bit
history (taken)
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specul ati ve branch history neans is updated using said precal cul ated branch
predi-ction nmeans if said speculation bit neans is clear; else said
specul ati ve branch history neans is updated using said precal cul ated

specul @tive branch 25 prediction neans if said speculation bit nmeans is
set. - 36 - 36. The conputer systemas clainmed in claim35, wherein
said actual branch history neans in said branch prediction entry is updated
usi ng an actual branch outcome when said associated branch instruction is
fully resolved. 5 37. The conputer system as ghiciBstd Bhédtal N Reobd12Heé N
said branch prediction neans conprises a variation of the adaptive

two-1 evel branch prediction nmechanism 10

Resolve Branch —301

Instruction
ﬁ:atgi Shift branch
History outcome into —302
Update Actual Branch History
Conditional No
Branch
Prefetched
Prediction 304 305
Update ‘ / /
Compute Prefetched Set Prefe};cl:xed ]
prediction bit based on Branch Prediction Bit
K Actual Branch History (always taken)
307
306 /
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Speculation the branch Clear Speculation
Bit Update mispredicted Bit
?

Done
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38. The conputer systemas clained in claim37, wherein each branch
predi.ction entry in said branch target buffer further conprises a return
bit means, said processor using a prediction froma return stack buffer if
said 15 return bit means is set. 39. The conputer systemas clainmed in
claim 38, wherein said processor further conprises a static branch
prediction means such that if said 20 © processbstitutet Skidetidlh@ctober 1996
appropriate target buffer entry then said static branch prediction neans is
used to make a branch predi ctio@DM&eBﬁﬁrmnpr edi cti on apparatus as
claimed in claim9, 25 wherein said processor_conprises a deep

I nstruction pipeline. - 37 - 44 I n a conputier processor, said
conput er . processor coupled to a npriamineBEB(TagE (f o, predicting a stream of

'

processor instructions to fetch, psdorcursemaddressiri’sing the steps of:

Perform Static
| Prediction

N
203

Return

Get prediction
bit set ‘

from RSB

N -
205

Speculative
history bit
set

Speculative

Prediction prediction

bit set

Not Taken
212
/208 211 y
Predict Predict Predict Predict
target address fall through fall through target address
L l I |
Update Speculative | 213
History for BTB Entry
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providing a branch target buffer, said branch target buffer conprising N5
braneh prediction entries, each of said N branch prediction entries
associated with a branch instruction in said stream of processor

i nstructions; storing an actual branch history in each branch prediction
entry in the branch target buffer, said actual branch history conprising
the fully 10 resol ved branch odt cone f8ubskitutst Sheatcdl Qrtober dAes
of said associated branch instruction; storing a specul ative branch history

in each branch prediction entyylip he pranchltarget buffer, said
specul ative branch historygecohpripipgl K bfts pf respsyed branch outcones of
sai d associ ated branch in$gruct|on and {15 Bi&nch predictions of
recent occurrences of sai ¢™asgsoti pt pdi bf apch | nstfu¢tiion; storing a
specul ation bit in each bfamcirpregcripnent Ty T @ branch target
buffer; setting said specyijatf oh pif wheni a b'anghqpéediction has been nade
for said 20 associgt®d pranchiinsirpc ibg;g o :
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predi,cting a branch instruction outcome using said actual branch history
when- said speculation bit is clear, else predicting a branch instruction
out cone using said specul ative branch history when said speculation bit is
set. 25 -38 - 42. The nethod for predicting a stream of processor
instructions to fetch as clainmed in claim4l, wherein said nethod further
conprises the step of clearing said speculation bit when a branch

predi ction nmade for said associated branch instruction is incorrect.
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