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St.age Br anch Resol ution Systemin a G¥fHaeed
Priocessor 5 1. -Field of the Invention: Thi s

i nvention relates to the field of mcroprocessor architecture.
Specifically, the invention relates to a hranch instruction handl i ng

mechani sm that resol ves m croprocessor branch instructions at 10 four

different stages in a m cro%%%%ﬁ Rg’@gr 'tﬁse g{isﬂ?%smg aArt Background:

Early m croprocessors gener t al5 tine.
Each instruction was processed Yages: instruction
fetch, instruction decode, exec % dﬂd‘ gropter rP'E?—?BﬁEk Wt hin such

m croprocessars, different dedicated | ogic bl ocks performed each different
processi ng stage. Each logic block waited until all the previous |ogic

bl ocks 5 1. Field of the Invention:

This invention relates to the field of microprocessor
architecture. Specifically, the invention relates to a branch instruction
handling mechanism that resolves microprocessor branch instructions at

10  four different stages in a microprocessor pipeline.

Early microprocessors generally processed instructions one at a
15 time. Each instruction was processed using four sequential stages: instruction
fetch, instruction decode, execute, and result writeback. Within such
microprocessors, different dedicated logic blocks performed each different
processing stage. Each logic block waited until all the preQious logic blocks
complete operations before beginning its operation.
20
To improve efficiency, mxcroprocessor designers overlapped the
operatxons of the fetch, decode, execute, and wnteback Ioglc stages such that
the mlcroprocessor operated on several instructions simultaneously. In
operation, the fetch, decode, execute, and" writeback logic stages concurrently
25 process different instructions. At each clock tick the result of each processing
stage is passed to the following processing stage. Microprocessors that use the

technique of overlapping the fetch, decode, execute, and writeback stages are



conpl ete operations before beginning its operation. 20

To inmprove efficiency, mcroprocessor designers overl apped the '
operations of the fetch, decode, execute, and witeback |ogic stages such
t hat . the m croprocessor operated on several instructions
si-mul t aneously. In operation, the fetch, decode, execute, and
writeback | ogic stages concurrently 25 pr xess different instructions. At

each ol ock {1 kbR ds05bdntly SARIOBIASERS "ome micrBpllesicis RARREH difdehe

fol l ow ng processings croprocessors ni-que of

overlappi ng t hgxch§irobessHRCQHEe iRbaBsRged st WM ditiSRAGFerfirauRgear €
-2- known as ™ pi pel ined”™ m croprocessors. Some m croprocessors further

di vi de eimtproyeneass Sngh firogessorst aresefestaygsad tdeepiyd pipaired™
per for mance I nprovenent. Such processors are referred to as "deeply
pi pel i ned" MicIAPLYEHIABEessor s. 5

5

In order for a pipelined microprocessor to operate efficiently, an
instruction fetch unit at the head of the pipeline must continually provide
the pipelihe with a stream of microprocessor instructions. However,
conditional branch instructions within an instruction stream prevent the

10 instruction fetch unit from fetching subsequent instructions until the branch
condition is fully resolved. In pipelined microprocessor, the branch
condition will not be fully resolved until the branch instruction reaches an
instruction execution stage near the end of the microprocessor pipeline.
Accordingly, the instruction fetch unit will stall because thefunresolved

15 branch condition prevents the instruction fetch unit from knowing which

instructions to fetch next.

To alleviate this problem, many pipelined rhicroprocessors use

branch prediction mechanisms that predict the existence and the outcome of
20 | branch instructions within an instruction stream. The instructibn fetch unit

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

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

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

Prediction, The 24th ACM/IEEE Intefnational Symposium and Workshop on
25  Microarchitecture, November 1991, pp. 51 - 61) The Yeh & Patt branch



In order for a pipelined mcroprocessor to operate efficiently, an
instruction fetch unit at the head of the pipeline nust continually provide
t He pipeline with a stream of m croprocessor instructions. However,

condi tional branch instructions within an instruction stream prevent the

10 instruction fetch unit fromfetching subsequent instructions until the

branch condition is fully resolved. -1 B pi pelined m croprocessor, the
branch condition will_not he fully resolved until the bran(ih
i nstruction r B&edHedon mechanism makes hranch predicionsrbased jwparetivo develerl of

the m croprocessor pipeline. Accordingly, the instruction fetch unit
wll stall beE%‘E"scée‘fhE“lfﬁrqyéEﬂf%e.d 15 branch condition prevents the

instruction fetch unit from knowi ng which ' instructions to fetch next.
To alleviate this problem many pipelined mcroprocessors use branch

predi ction mechani sms tWeHenPd ®grich bRli@idrsirRoR&nisMdpiedects the otcodhe 3P a
branch instructions within an instruction stream The instruction fetch

uni t -5 us bsartcheinbtrandbn pnddihet mioreptazesser echectibs eghsequenh sistnctiooss .
For exampl e, along the predicted path, the microprocessor is said to have "speculatively
executed" along the predicted instruction path. During speculative execution
the microprocessor is performing useful processing if the branch prediction
mechanism made a correct prediction. However, if the branch prediction
10 mechanism mispredicted the branch, the microprocessor is accomplishing
' nothing. When the microprocessor eventually detects a miépredicted branch,

the microprocessor must flush the instruction pipeline and restart execution

at the correct address.

~
" ’

15 Since the microprocessor accomplishes nothing when a
misprediction is made, it is desirable to correct branch mispredictions as soon
as possible such that the microprocessor can restart execution at the correct
address as soon as possible. It is especially desirable to correct branch |
mispredictions qdickly in deeply pipelined microprocessors where a long

20 pipeline will be flushed each time a misprediction is made.



Yeh & Patt introduced a highly accurate two-1evel adaptive branch

prediction : mechani sm (See Tse Yu Yeh and Yale N. Patt, Two-Level
Adaptive Branch Predi ction The 24th ACM | EEE I nternati onal Synposium
and Workshop on 25 Mcroarchitecture, Novenmber 1991, pp. 51 - 61) The Yeh
& Patt branch - 3-

predi ction nmechani sm makes branch predi ct'i'olhs' based upon two | evel s of

col | ected branch history. §U§E!M9R§,ﬁ QETHE ;MWNﬁﬁganch prediction
mechani sm predi cts the outco n rnstruction and the
m croprocessor executes subsequent instructions al ong the predicted
path, the m croprocessor is said to have "specul atively execut ed"”
al ong the predicted i nshtiisithdéreforpanhobjéatrdfithe present anverdiomxecprcivide a t he
m croprocessor is performng useful processing if the branch prediction
mechani sm nadbranchoieselaxtion: merhanism thaswesalyes micrapsoensseicArascdi cti on

5 instructions at several different processing stages wherein each processing

stage uses the information available to.resolve the branch instruction.

It is a further object of the present invention to correct branch
mispredictions as soon as possible so little processor time is spent

10 speculatively executing down an incorrect path. .

These and other objectives are accomplished by the four stage
branch instruction resolution system for a pipelined processor of the present
invention. A first stage predicts the existence and outcome o’f branch

15 instructions within an instruction stream such that an instruction fetch unit
can continually fetch instructions. A second stage decodes all the instructions
fetc.hed. If the decode stage determines that a branch instruction predicted by
the first stage is not a branch instruction, the decode stage flushes the pipeline
and restarts the processor at a corrected address. The decode stage verifies all

20  branch predictions made by the branch prediction stage. Finally, the decode
stage makes branch predictions for branches not predicted by the branch
prediction stage. A third stage executes all the branch instructions to
determine a final branch outcome and a final branch target address. ‘I‘he.
branch execution stage compares the final branch outcome and final branch

25 target address with the predicted branch outcome and predicted branch target

address to determine if the processor must flush the front-end of the



10 nmechani sm ni spredicted the branch, the microprocessor i s acconplishing
"not hi ng. When the m croprocessor eventually detects a m spredicted branch,
the m croprocessor nust- flush the instruction pipeline and restart

execution at the correct address. 15 Since the
m cr opr ocessor acconplishes not hing when a m sprediction is made, it
is desirable to correct branch m spredictions as soon as possible

such that the m croprocessor can restart execution at the correct
address as soon as possible. It is especially desirable to correct branch
m spredi ctions quickly in deeply pipelineg m croprocessors where a | ong 20

pi peline will be flushed each tinme a m sprediction is nade.
-4- microprocessor pi{)eline and SRR OborrelbtedNVdYEESNA final branch
It is therefore an object of the present invention to provide a

resolution stage retires all branch instructions. The retirement stage ensures
that any instructions fetched after a mispredicted branch are not committed

into permanent state.



branch resol uti on nechani smthat resolves m croprocessor branch 5
instructions at several different processing stages wherein each processing
stage uses the information available to resolve the branch instruction.

It is a further object of the present invention to correct branch

m spredi ctions as soon as possible so little processor tine is spent 10
‘specul atively executing down an incorrect path. These
and ot her objectives are a i.shed t[@gr J branch

i nstruction resol ution sys?&?ﬁbﬂ; 14uieiNS ‘Fj L Jéégguﬁ%gst he present
invention. A first stage predicts the existence and outcome of branch 15
instructions within an instruction stream such that an instruction fetch

uni t - can conti nualth¥ doficed) fedtatdsiditd @a%anthgeL6P K paaent Hreades al
the instructions fetched. If the decode stage determ nes that a
branch i nstr uctilldre pppatieat xlobs skilled intthe aft, ks viest afj¢he follmring dwetaibeh
instruction, the decode stage flushes the pipeline and restarts the
processor at aleseripiéen endidwings inmmyhicdhecode stage verifies all 20  branch
predi cti ons made by the branch prediction stage. Finally, the decode

FIGURE 1 is a block diagram of a deep microprocessor pipeline

for processing microprocessor instructions.

10 FIGURE 2 is a flow diagram that explains the four stages of

branch resolution the deep pipeline illustrated in Figure 1.

FIGURE 3 is a block diagram of the different circuit blocks in a
microprocessor that implements the deep pipeline illustrateq in Figure 1.
15 | | |
| FIGURE 4 is a diagram of a reorder buffer that stores the results

of executed micro operations.

FIGURE § is a diagram of a Branch Instruction Pointer Table that
20  stores information about the branch instructions currently within the

microprocessor.

FIGURE é6a is a diagram illustrating how the branch execution
unit handles a correctly predicted first branch followed by a mispredicted

25 second branch.



stage makes branch predictions for branches not predicted by the branch
prediction stage. A third stage executes all the branch instructions to
déterm ne.a final braneh outconme and a final branch target address. The
branch execution stage conpares the final branch outcone and final branch
25 target address with the predicted branch outconme and predicted branch

t ar get address to determne if the processor nust flush the front-end
of the -7 - -5- m croprocessor
pi peline and restart at a corrected address. A final branch resolution
stage retires all brancFHGUBEricisiaodiegrafhéliusitatingveow the ganadnexecutiont hat

any instructions fetched after a m spredicted branch are not commtted
i nto per manentnihangles a correctly predicted second branch followed by a mispredicted

first branch.

5 FIGURE 6c is a diagram illustrating how the branch execution
unit handles a mispredicted second branch followed by a mispredicted first

branch.

FIGURE 6d is a diagram illustrating how the branch execution
10  unit handles a mispredicted first branch followed by a mispredicted second

branch.



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

The objects, features and advantages of the present invention w il be
apparent to one skilled in the art, in view of the follow ng detailed 5
description and drawi ngs in which: FIGURE 1 is a block

di agram of a deep microprocessor pipeline - 8 - for processing
That oxpl ai ns the four  sdEEeILED DESCRIFTION O THEINSENTIONG oL U P07 o
illustrated in Figure 1. :
A four stage branch prediction and resolution mechanism for a
pipelined for microprocessor is disclosed. In the following description, for
5 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. Furthermore, well known circuits

and devices are shown in block diagram form in order not to obscure the

10 present invention unnecessarily.

In a deeply pipelined processor, the major stages of a pipelined
processor such as instruction fetch, instruction decode, and instruction
execute, are divided into several different substages such that each processing

15 stage is pipelined. This results in a long instruction pipeline. For example,
Figure 1 illustrates a set of pipeline stages that defines one particular deeply
pipelined processor. In the instruction. pipeline of Figure 1, the instruction

processing is divided into 11 pipeline stages.
20 Four Stage Branch Instruction Processing

To process branch instructions in a microprocessor containing a
deep pipeline such as the pipeline illustrated in Figure 1, the present
invention proposes a four stage brarch resolution mechanism. The goal of

25 the four stage branch resolution mechanism is to predict and resolve branch

instructions within the stream of microprocessor instructions. The four stage



FIGURE 3 is a block diagramof the different circuit blocks in a

m croprocessor that inplenments the deep pipeline illustrated in Figure 1.
15 FIGURE 4 is a diagramof a reorder buffer that stores
the results of executed m cro operations. - FI GURE

5 1is a diagramof a Branch Instruction Pointer Table that 20 stores
i nformati on about the branch instructions- c&rrently W thin the

m croprocessor | Haflly Pro dicl 5;}3 ofde NOW
t he branch exebchPCh zesolution meChaﬂlsﬁldFes a n‘gﬁr é@ta?@ Sr edi ct eé Pgr rg%ch
followed by a IAEBuRDNT 8Fedh be@eRIAstPli@ENwithin the stream of microprocessor

instructions. The four stage branch resolution mechanism then attempts to
resolve each predicted branch instruction as fast as possible such that the

5 proceésor does not waste time speculatively executing instructions down a
wrong path due to a branch misprediction. Figure 2 illustrates the four

branch resolution stages proposed by the present invention.

The first stage is a branch prediction stage. The branch
10  prediction stage predicts the existence of branch instructions within the
instruction stream. The branch prediction stage also predicts the outcome of
the predicted branch instructions using only the current instruction pointer.
By predicting the existence of branch instructions within the instruction
stream, the microprocessor can fetch a stream of instructions without waiting

15 for each instruction to execute.

The second stage of the branch resolution mechanism is a
branch instruction decode.stage. The branch instruction decode stage decodes
each branch instruction verifies the branch predictions made by the branch

20 prediction stage. The branch instruction decode stage also makes branch
predictions for branch instructions that were not predicted by the branch
prediction stage. The branch instruction decode stage stores information
about each branch instruction into a cache that will be accessed after the
branch instruction is executed.

25



-7- FIGURE 6b is a diagramillustrating how the branch

execution unit handles a correctly predicted second branch foll owed
by a m spredicted -first branch. 5 FIGURE 6¢C is a
diagramillustrating how t he branch execution unit handles a

m spredi cted second branch foll owed by a m spredicted first br anch.
FIGURE 6d is a diagramillustrating how thgaobranch execution 10 wunit
pand es a m spredicted f f 3t PLaas br the bianch rebofitlbn RS Hriimgs 32t -

execution stage. The branch execution stage executes each branch instruction
such that a final branch outcome and a final branch target address are
determined. If either of the two previous branch processing stages

5 mispredicted a branch, the branch execution stage flushes the front-end of the
microprocessor and causes the instruction execution unit to start fetching

instructions from the corrected address.

The fourth and final stage of the four branch resolution
10  mechanism is a branch retirement stage. The branch retirement stage is
responsible for retiring each branch instruction and ensuring that no
instructions fetched after a mispredicted branch are executed and committed

into permanent state.
15 A Microprocessor With A Four Stage Branch Resolution Mechanism

To implement the four stage branch resolution mechanism of
Figure 2, several distinct logic circuits are required. Figure 3 illustrates, in
block diagram form, the major logic-circuits of a microprocessor that
20 implements the deep pipeline illustrated in Figure 1 and the four stage
branch resolution mechanism of Figure 2. In the microprocessor system
depicted in Figure 3, branch instructions are handled by four different logic
circuits: the Branch Target Buffer Circuit 40, the Branch Address Calculator 50,
- the Branch Execution Unit 92, and the Retirement Circuit 85. In order to
25 minimize pipeline stalls, each of those logic circuits uses the information that

it has available to predict and resolve a branch instruction within the



DETAI LED DESCRI PTI ON OF THE | NVENTI ON . A four stage
branch prediction and resol ution nmechanismfor a pi pel i ned for

ni croprocessor is disclosed. In the follow ng description, for 5 purposes
of expl anation, specific nonenclature is set forth to provide a

t hor ough under standi ng of the present invention. However, it will be
apparent to one skilled in the art that thekle Specific details are not

requited i instry B Slirdath, PUAE bl 68D B IHE REBopr SRS Aftictfaiid B FIBUR

‘well known circul and devices-are s ock diagramformin

order not to @hs ?%ﬁdbh%ﬁﬂQollamaw a depged idescriftis 66 8&dh byanch resolution
In.a deeply pipelined processor, the major stages of a pipelined

processor suchktags. i nstruction fetch, instruction decode, and instruction
execute, are divided into several different substages such that each
processing 15 stage is pipelined. This results in a long instruction

proel e Eor examble, ot e gt e bibhd 83k S8 e BMBHRSY B3 °0°
Instruct Or_‘ p'LBElc' 3 Blle ﬂe%'(;& &’Bx}s%éipﬁ fs"’fetsbBHsible for loading information

into the microprocessor and outputting information from the

microprocessor. The Memory & Bus Logic 35 usually first attempts to load or
store from a high speed cache memory. If the cache memory cannot be used
10  (perhaps due to a cache "miss"), the Memory & Bus Logic 35 instead accesses a

main memory over an external bus.

Coupled to the Memory & Bus Logic 35 is an Instruction Fetch

Unit 30. The Instruction Fetch Unit 30 is responsible for continually fetching

15 new microprocessor instructions (also known as macro instructions) and
operands for the microprocessor to execute. The Instruction Fetch Unit 30
uses an instruction pointer (IP) to maintain the current fetch address. The
fetched instructions are fed into the head of the instruction pipeline. Simple
unconditional branch instructions within the instruction stream prevent the

20 Instruction Fetch Unit 30 from simply fetching instructions along a sequential
path. Furthermore, conditional branch instructions within the instruction
stream prevent the Instruction Fetch Unit 30 from simply fetching |
instructions along a predefined path since the condition must be resolved to
determine the path. To help fetch the correct instructions, the Instruction

25  Fetch Unit 30 consults a Branch Target Buffer Circuit 40. The Branch Target

Buffer Circuit 40 is a branch prediction mechanism and thus comprises the



processing is divided into 11 pipeline stages. 20

Four Stage Branch Instruction Processing To process
branch instructions in-a mcroprocessor containing a deep pipeline
such as the pipeline illustrated in Figure 1, the present lnvention

proposes a four stage branch resolution nechanism The goal of 25 the
four stage branch resolution mechanismis i@ predi ct and resol ve branch

| nStructions gst Biageld¥qhs Fo&AERRE bﬂ&h%ﬁ&%ﬁ%ﬁ%edﬁ%%ﬁn‘x‘cEAfQéTSfethb@%
stage . ranch

resol ution nepbRALES fthe Ths@titeemw FetchQUAR GOr peseésyeqrhedsirtictione texnst ence
and outcone of each branch instruction within the stream of m croprocessor

i nstructi ons.In$hractionDesoder6br anch resol uti on nmechanismthen attenpts to
resol ve each predicted branch instruction as fast as possible such that the
5 processor does not waste time specul atively executing instructions down

a 5 The Instruction Decoder 60 is responsible for determining what

type of microprocessor instruction is received and breaking down the
microprocessor instruction into one or more micro-operations (hereinafter
referred to as micro-ops) with associated micro-operands. The one or more
micro-ops corresponding to a microprocessor instruction perform the
10 function of the corresponding microprocessor instruction. If the Instruction
Decoder 60 determines that a received microprocessor instruction is a branch
instruction, then the Instruction Decoder 60 passes certain information about
the branch instruction to a Branch Address Calculator 50 for special
treatment. The Branch Address Calculator 50 further processes each branch
15 instruction using the information provided in the instruction and the
operand. For example, if the Branch Target Buffer Circuit 40 made a branch
prediction, the Branch Address Calculator 50 attempts to verify the branch
- prediction. Thus, the Instruction Decoder 60 and the Branch Address
Calculator 50 form the second stage of the four stage branch resolution

20 ‘'mechanism.

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

25 resources necessary to execute each micro-op. In the preéent embodiment, the

microprocessor is a superscalar processor that may execute the micro-ops out



wong path due to a branch m sprediction. Figure 2 illustrates the four
branch resol uti on stages proposed by the present invention. :

The first stage is a hranch prediction stage. The branch 10 prediction
-stage predicts the existence of branch instructions within the
instruction stream The branch prediction stage al so predicts the outcone
of the predicted branch instructions w3ifag only the current

Instruction pg t?%ec{ri%ﬂal pr¢ ¥axW<§‘r% of ! RV, ﬁ?@xﬁﬁﬁ'af«%s@vehfﬁ! must be

instructions W ruc stream thé mcroprocessor can
fetch a streagyiedd inehe Hﬁgirﬁ!ﬂ?r&%ﬁah‘@éidéﬁﬁbtpraperlﬁ exbdite ¢he boinpsiteruct i on to -
execut e. he” second stage of the branch resol ution
mechani smi s program. branch instruction decode.stage. The branch instruction
decode stage decodes each branch instruction verifies the branch
predi cti ons made by the branch 20 predi ction stage. The branch

I nstructi on decode sta al so 7Branch

instructi ohs that were {“ab?téﬂ}ng'tee‘a“%?afﬁéo%?ghgﬁﬁr' fre IRH@clgtgfl on st age
The branch i naiocgpetsl nelﬂg)‘;cac @EFFEHQ{ﬁ deg&fl eyl icHaer lo‘§rxc @ﬂggm ggach

branch instruction’in accessed aft
instruction igsa¥eqyigsratéPa reorder buffer. The reorder buffer 83 of Flgure 4

branch

comprises a circular buffer that contains n entries wherein each entry stores
the results of executed micro-ops. Since each entry in the reorder buffer 83

10 provides a destination where the micro-op result data can physically be put,
each reorder buffer 83 is referred to as a physical destination (pDst). The pDsts
within the reorder buffer 83 are numbered 0 through n-1. Referring to Figure
4, each pDst in the reorder buffer 83 contains fields for a valid bit that
indicates whether or not the micro-op result is valid, a micro-op result, a set

15  of flags affected by the micro-op, a mask for the flags, a code that indicates’

what the results mean, and fault data.

For each micro-op, the Allocator 70 allocates the next available
pDst in the reorder buffer 83. By sequentially allocating the pDsts in the
20 reorder buffer 83 in the same order that the micro-ops are received, the

original program order of the micro-op results will be maintained.

- When the Allocator 70 allocates a pDst in the reorder buffer 83
for a micro-op associated with a branch instruction, the Branch Target Buffer
25  Circuit 40 allocates a matching entry in a cache called the Branch Instruction-

Pointer Table (BIT) 43. The Branch Target Buffer Circuit 40 stores a "fall-



-

- 10 - The third stage of the branch resol ution nechani sm

I's a branch execution stage. The branch execution stage executes each
branch instruction -- such that a final branch outconme and a fi nal
branch target address are determned. If either of the two previous
branch processing. stages 5 m spredi cted a branch, the branch execution
stage flushes the front-end of the _ nié?obrocessor and causes the
instruction exgeeijloNaddyets fst Gedranéletsdtit@ion and pra@bdoratateriarfdroitidme
corrected address. The fourth and final stage of the
four branch r eiswo tiheé BranchdnstrreibaiPlosmier Tableb(BAR43.r Fhe falkttoughaardreThe
branch retirement stage is’ responsi ble for retiring each branch

i nstruction aneprsissuef the addresnef the instrugten immmediatelefallpwingrthebranch

i spr edi nch.ar X n ' Linto, perganen :
m spredi cted birn%tr%ctign.e eeiC ér%iat?org stCo?gén irtxttﬁg Branch Inst}uoctx%%-lggn?ertﬁ%lg te

5 (BiT ) 43 is later used by the Instruction Fetch Unit 30, the Branch Address
Calculator 50, and the Branch Target Buffer Circuit 40.

Referring back to Figure 3, the Allocator 70 also allocates an entry
in the reservation station 81 for each micro-op. The reservation station 81
10  entry stores a valid bit that indicates if the entry is valid, the micro-op
instruction code, two source data fiélds, two valid bits for the source data
fields, two physical source fields that indicate where the source data will come
from if the source data is not valid, and a physical destination of the result of
the micfo-op. After the Allocator 70 allocates a reservation station entry and
15  a pDst in the reorder buffer 83, each micro-op waits af the reservation station

81 entry until it is executed.

Each micro-op in a reservation station 81 entry remains at the
reservation station 81 entry until all the source data required to execute the
20 micro-op has been obtained and an execution unit for executing the micro-op
is ready. When all the source data required for a micro-op is ready and an
execution unit is available, the reservation station 81 dispatbhes the micro-op
to the execution unit in the execution cluster 90. In the present embodiment,
there are four execution units (EU1 91, EU2 92, EU3. 93, and EU4 94) in the
25  execution logic circuit 90. After an execution unit executes a micro-op, the

execution unit writes the result data, the architectural flags, and any fault



15 " A Mcroprocessor Wth A Four Stage Branch Resol uti on Mechani sm
To inplenent the four stage branch resol ution mechani sm of Fi gure 2,
several distinct logic circuits are required. Figure 3 illustrates, in

bl ock diagramform the major logic circuits of a mcroprocessor that 20
i npl ements the deep pipeline illustrated ingrigure 1 and the four stage

branch resol ution nmechanismof Figure 2. In_the mcro roces
depi cted in Finformation intartba rew@ﬁr buffen 83 phst th%FrFHPeA& QePQr %?‘%f%fg)?ﬂ

| ogi c circuits: the Branch Target Buffer Crcuit 40 t he Branch
Addr ess Cal cuthg BHCIOwp- t he Branch Execution Unit 92, and the
Retirenment Crcuit 85. In order to 25 mnimze pipeline stalls, each of
those logic circuits uses the information that it has available to

predict and resolve a binoehprefiditiestiddihett,dkebutidiunit 92 is designated as a
| 5 Branch Execution Unit 92. The Branch Execution Unit 92 executes all branch
micro-ops lto determine the final branch outcome and the final branch target

address. Thus the Branch Execution U;ﬁt 92 comprises the third stage of the

branch resolution mechanism.

10 ' Finally, a Retirement Circuit 85 retires the results that are stored
in the reorder buffer 83 pDsts from each executed micro-op. The Retirement
Circuit 85 retires the Reorder Buffer 83 pDsts by sequentially going through
the pDsts in the Reorder Buffer 83 in the same order that the Allocator 70
allocated the pDsts. The Retirement Circuit 85 retires pDsts by transferring

15 the micro-op results into a Real Register File (RRF) 84 that stores the current
committed architectural state. Since the Allocator 70 allocated the reorder
buffer 83 pDsts in original program order and the Retirement Circuit 85 -
retires the micro-op results in the reorder buffer 83 pDsts in the same order,
original program order is maintained even though micro-ops may be

20 executed out of the original program order.

Referring to Figure 4, to retire a micro-op, the retirement circuit
tests the valid bit 201 of a reorder buffer pDst entry to see if the pDst contains a
valid executed micro-op result. If the valid bit 201 for the pDst is set, the
25 retirement circuit checks the fault field 206 of the pDst to see if a fault must be

handled. If the reorder buffer pDst entry contains a valid executed micro-op



i nstruction stream An overview of the mcroprocessor illustrated in Figure
3 is provided and foll owed by a detailed description of each branch

resol ution st age— 5 At the top of the block diagram
of Figure 3 is Menory & Bus Logic 35. The Menory & Bus Logic 35 is
responsi bl e for | oading information into the m croprocessor and
outputting information fromthe m creptecessor. The Menory & Bus Logic

35 usual Iy fi rgdulPhA@TRErR i§ ol faaH SYoblem, thefiltRE @xéduRED #ibicdBp SRARHIcache
menory. |If the cache nmenory cannot” be used 10 (perhaps due to a cache

"mss"), the Nommiited tBuserntayient AbchitestiralistatecirsthesRenl Registentile (RBFpBY.
over an external bus. Coupl ed to the Menory & Bus Logic
35 is an Instruction Fetch Unit 30. The Instruction Fetch Unit 30 is

responsible for continually fetching 15, new_ nicroprocessor ipstructions
(al go known as Macro i ng\{bq)g'bfheoﬂgt)ire%m\t Circuit 85 attem%ts to ret?re a Qrancﬂ

5 micro-op, the Retirement Circuit 85 tests the fault field 206 of the pDst entry
to see if the branch micro-op was mispredicted. If Retirement Circuit 85 |
detects that the .micro-op was mispredicted, the Retirement Circuit 85 flushes
the remainder of the instructions in the reorder buffer 83 since those
instructions were fetched after a branch misprediction. Thus the Retirement

10  Circuit 85 comprises the final stagé of the four stage branch resolution

mechanism.
Stage 1 - The Branch Target Buffer Circuit |

15 The first logic unit in the microprocessor depicted in Figure 3
that works to resolve branch instructions is the Branch Target Buffer Circuit
40. Since the Branch Target Buffer Circuit 40 is at the very head of the
instruction pip'eline, the only piece of information the Branch Target Buffer
Circuit 40 has to work with is the current instruction pointer (IP). The Branch

20  Target Buffer Circuit 40 predicts the existence of branch instructions Within
the instruction stream, and the outcome of those branch instructions using
only the current instruction pointer (IP) and an internal cache of information

about branch instructions that have previously been executed.

25 To predictions branch instructions, the Branch Target Buffer

Circuit 40 maintains a buffer containing information about branch



operands for the nicroprocessor to execute. The Instruction Fetch Unit 30
uses an instruction pointer (IP) to maintain the current fetch address. The
fetched instructions are fed into the head of the instruction pipeline.

-Sinpl e uncondi tional branch instructions within the instruction
stream prevent the 20 Instruction Fetch Unit_30 fromsinply fetching
I nstructions along a sequenti al pat h” ¥irtnhernore, conditional branch

i nstructions %étp&&iéﬁql_lj\%pfﬁee{ gﬁ%ﬂ#gpopgssor.t%rﬁg{ | gﬁé’ S'%Itcuu&e. Ash 'ﬂ%&" on

Fetch 'Unit 30 fromsinp i 'nst ong a predefi ned

path since theoagiifing B BRfith REFOERSAbN 36 réferred to astitib Brahae Tahgetiffer To
help fetch the correct instructions, the Instruction 25 Fetch Unit 30

consul ts a Br &eche Bar dichBirhé arbréhele instruétion T eesBivaadcly e gé¢roproces®uf f er
Circuit 40 is a branch prediction nechanismand thus conprises the

- 12 - f ithe BranchgEarget Buder Gincuisiigecerdaitbe branch targes addeessandsthe
T et B R0 gp the biaeh 5Kk 8on 1Ehd BEFdrgh BShE Chld aPfoPasses
future reference.

~ Each entry in the Branch Target Buffer Cache 41 is indexed by the
address of the last byte of the branch instruction. Indexing each entry by the
10  address of the last byte of the branch instruction allows the Branch Target
Buffer Circuit 40 to look up previously seen branch instruction using the
instruction pointer. The Branch Target Buffer Circuit 40 makes branch
predictions for previously executed branch instructions using the branch
history collected within the Branch Target Buffer Cache 41.
15
When the Branch T'arget Buffer Circuit 40 finds an upcoming
branch instruction in the Branch Target Buffer Cache 41, the Branch Target
Buffer Circuit 40 predicts a taken or not-taken branch outcome for the branch
instruction. If the Branch Target Buffer Circuit 40 predicts the branch
20  instruction will be taken, then the Branch Target Buffef Circuit 40 also

predicts a branch target address.

25



| nstructi on Decoder 60. 5 The I nstruction Decoder 60 is

responsi bl e for determ ni ng what type of m croprocessor instruction
i's received and breakinhg down the m croprocessor instruction into one
or nore m cro-operations (hereinafter referred to as mcro-ops) with
associ ated micro-operands. The one or nore 18 - nicro-ops corresponding to
a mcroprocessor igstrugty f he [él fRNCt i dé spondi ng
m croprocessor ins faﬁﬁbiﬁgyﬁuggéﬁgﬁépﬁép [ ‘lP(t)l}le ﬁg“d‘%@e‘%s eraglé%?%{e)?er m nes
that a received mcroprocessor instruction is a branch i nstruction,

then the Instruction Decoder 60 passes certain information about t he
branch instruction to aRBfeafiag tdFigers3, Gfiee thelmstrizbtiohFetcdptinited0 fetches

treatnment. The Branch Address Cal cul ator 50 further processes each branch
15 instructi en insirngtiemetherdhstrneti¢rofieichdyniti 8@ passeshtdeiinstruction dmthend t he
or cd cti ons. t ReStBRGHgiy Daeker<&8. CRinepithe Srensdh GargeBuber Glrgur b preditor anch
prediction. Thg ., bORi(IS! fdEcAn 79§ FIShcO heliibR ot ARG ASE Feih Uit
30 marks the instruction as a predicted.branch and passes the marked branch
instruction and the Branch Target Buffer Circuit's prediction to the
Instruction Decoder 60.
10
The Instruction Decoder 60 decodes each microprocessor
instruction received to determine what type of microproéessor instrucfion it
is. The Instruction Decoder 60 breaks down each microprocessor instruction
into one or more micro-operations (hereinafter referred to as micro-ops) with
15  associated micro-operands. The one or more micro-ops corresponding to a

microprocessor instruction perform the function of the corresponding

microprocessor instruction.

If the Instruction Fetch Unit 30 passes an instruction that is
20 marked as a predicted branch instruction, the Instruction Decoder 60 verifies
that the received instructioﬁ actually is a branch instruction. When the
Branch Target Buffer Circuit 40 predicts a branch instruction at a location
were no branch instruction exists, it is‘referred to as a "bogus” branch. The
Branch Target Buffer Circuit 40 .occasionally predicts bogus branches due to
25 outdated information or aliasing caused by compressed tags in the Branch

Target Buffer Cache 41.



Cal cul ator 50 formthe second stage of the four stage branch resol ution '20j

mechani sm After breaking down the mcroprocessor
instruction into a set-of m cro-ops, the Instruction Decoder 60
passes the m cro-ops and associ ate operands to an Allocator 70. The

Al'l ocator 70 allocates the processor 25 reﬁiurces necessary to execute
each micro-op. .In the present enbodinent,”t - m croprocessor is a

superscal ar processor tgpgf Wr&eﬁﬁ%%S%}dZ? 60 Ft R8s Pt the Branch Target
- 13 - of the origi nar program order. However, the m cro-ops

eventual | y mughffee Circuit 40 iddi@ed iabbfs BragtiaheR the Lt utider Décodek @per |y -
- execute the conputer program
notifies the Branch Address Calculator 50. The Branch Address Calculator 50
5 flushes the microprocessor pipeline if the predicted branch instruction was
predicted taken. To prevent the same misprediction from occurring again,
the Branch Address Calculator 50 instructs the Branch Target Buffer Circuit 40
to deallocate the Branch Target Buffer Cache 41 entry that made the
misprediction.
10
If the Instruction Decoder 60 determines that the received
microprocessor instruction is a branch instruction, then the Instruction
Decoder 60 passes certain information about the Branch instruction to.a
Branch. Address Calculator 50 for special treatment. Specifically, the
15 Instruction Decoder 60 tells the Branch Address Calculator 50 what type of

branch instruction has been received, the branch's displacement, and the

Branch Target Buffer Circuit's outcome and target address prediction.

The branch instruction may be one of four types of branch
20 instructions: Unconditional Relative Jump/Call, Unconditional Register
Indirect Jump/Call, Conditional Jump, or Return from Subroutine. Each type
of branch instruction is handled differently by the Branch Address Calculator
50. The Branch Address Calculator 50 also handles each type of branch
instruction differently depending if the Brar_'tch' Target Buffer Circuit 40 -

25 predicted the existence of the branch instruction or not.



5 | To maintain the original programorder, the Allocator 70
allocates an entry in a reorder buffer 83.in an Qut of Order logic circuit

80. Figure 4 illustrates a reorder buffer. The reorder buffer 83 of
Figure 4 . conprises a circular buffer that contains n entries wherein
each entry stores the results of executed mcro-ops. Since each entry

in the reorder buffer 83 10 provi des a-d2&t+ nation where the m cro-op

result data can physi calgb%(é%&(‘g }"abl.fhexlﬁ%sﬁ?ters%%r»g%e PKQ'IC 8 a8drdss referred

to as a physical destin the reorder
buffer 83 aredy

pDst in the reo?l"g}2 g%fo ferﬂaggéjg%rlﬁrkg%ﬁﬁ ?lfr %ﬁ%ﬂsﬁfﬂg&l@ga\l/g\rlf? ttl)}etBrtaﬁg}? magét

i ndi cat es wheBpgfer Tirdift 40 Peeditrethe pbrafciirstiustivaland, the IndteuctiorpDeesddrt , a
set 15 of flags affected by the mcro-op, a mask for the flags, a code

t hat i ndi cat e$0 verifiedwhat thehpredicted bsanmbainstractior actuallyds a branch

For each mcro-op, the Allocator 70 allocates the_next avail able pDst
in the reoPdeinsitiction. ds stytedcaaskien Ffatlhleﬁn&tlrvﬁ&ﬁ PrepdereOpetermines that a 20
reorder buffer 8

d h
original progPX ‘5?93el?ra5‘f:ﬁ?‘g§tr'r?r‘gtbqer{)‘%‘b° re iﬁnlcg '191‘88%" %?th{t% ﬁ:ﬁ%/f‘ec the

Address Calculator 50 flushes the microprocessor pipeline)

Table1
Branch Type Branch Address Calculator Action
(As decoded by ID)
Validation of the BTB Validation of the
Branch Outcome Branch Target Address
Unconditional Relative | Yes, taken ' Yes, target calculated
Jump or Call _ from IP and branch
displacement
Register indirect Jump | Yes, taken . No, just use BTB
or Call address prediction
Conditional Jump No, condition Yes, target calculated
unknown from IP and branch
displacement
Return from subroutine | Yes, taken Yes, from BAC return
stack buffer

10
When the Branch Address Calculator 50 receives an
Unconditional Relative Jump or Call instruction that was predicted by the
Branch Target Buffer Circuit 40, the Branch Address Calculator 50 validates
both the predicted branch outcome and the predicted branch target address.
15  Since the branch is unconditional, the Branch Target Buffer Circuit 40 |
validates the branch outcome by ensuring the branch was predicted taken.

The Branch Address Calculator 50 validates the branch target address by



When the Allocator 70 allocates a pDst in the reorder buffer 83 for a
m cro-op associated with a branch instruction, the Branch Target Buffer 25
Crrcuit 40 allocates a-matching entry in a cache called the Branch

I nstruction- Poi nter Table (BIT) 43. The Branch Target Buffer G rcuit
40 stores a "fall- - 21 - - 14

nf or a1 o -Cledifie B Iibiruchigh RS del PR il AR sRL A ng W
fall-through éﬂﬁiﬂﬁ?& branch %?g%isa?d?es@fwftﬂ ) ?ﬁ%éx%@?ctéﬁ bHH%h}tQﬁée@ WaBFRs. If

I medi ately follow ng the I nst lon. The information stored

i n the Brancheithes the btarihr Retcoderor tarlhéh tdrgéttiddredswiese hreispredicted) thy t he

I nstruction Fetch Unit 30, the Branch Address Cal cul ator 50, and the
Branch Tar getBrBotl ekddiiess (atculidtor 50 flushes the pipeline andRe$tartsithe nivshiing at
Figure 3, the Allocator 70 also allocates an ent in the reservation

station 8P fdhesaprciedcadsdress. Sinee thesBrapgh Mdrsss;éalshlaéqr §@fullyepalidates or es
a valid bit tb%"%ﬂ tf.\en %i&&%t%é birfanéhhgutecgfnrey arildS th\éaplvriegictcgc:‘1 grarpxlcﬁrt(a)fg%? address for -
Unconditional Relative Jump or Call instructions, such branch instructions
are fully executed. Thus, the Branch Execution Unit will not need to perform
any work on such instructions.
10
When the Branch Address Calculator 50 receives an
Unconditional Register Indirect Jump or Call instruction that was predicted
by the Branch Target Buffer Circuit 40, the Branch Address Calculator 50
validates the predicted branch outcome. Since the branch is unconditional,
15 the Bfanch Address Calculator 50 validates the predicted branch outcome by
ensuring the branch instruction was predicted taken. The Branch Address
Calculator 50 cannot validate the branch target address since the value within
the register is not known at this stage in the microprocessor pipeline. The
Branch Address Calculator 50, therefore, makes no adjustment to the branch
20  target address predicted by the Branch Target Buffer Circuit 40. The Branch
* Execution Unit must verify the branch target address predicted by the Branch

Target Buffer Circuit 40.

When the Branch Address Calculator 50 receives a Conditional
25 Jump instruction that was predicted by the Branch Target Buffer Circuit 40,
the Branch Address Calculator 50 validates only the branch target address.



instruction code, two source data fields, two valid bits for the source

dat a

data wil |

fields, tw physical source fields that indicate where the source

cone

fromif the source data is not valid, and a physical

destination of the result of the mcro-op. After the Allocator 70
al l ocates a reservation station entry and 15 a pDst in the reorder buffer
83, each mcro-op waits at the reservation 32ation 81l entry until it

i S execut ed.
entry renmains

The Brpaeh Addrpss ColouBRS SV AP b b RERIEIABRLEHEC 0T O

data required fo, R %Brgﬁch?%rge{@d‘dr@sé’i’nd‘@ém?gﬁ%QhE%Eféﬁ@hté‘ﬂ'%rﬁﬁch

execution unit

source data r

avai |l abl e, the
executi on uni Caleulatoe 5Oxdoest natrvalidatd the Banch putdome sirsethe entbaxthewht |
there are four

25

m cr o- op,

execu®i ohransdi conglitieniis ngp

t he

archi tectural

15 -

for exXecuting the“m cro-op ady. Wen all the

edriget £didies watHie predivted birHtampet address. The®Btanch Addlrasyi t i s

reservation station 81 di spatches the mcro-op to the

execution units &EUl 91, EU2 92, EU3 93, and EU4 94) in the
knawneat this €rge in thmmisiopresassen-es a
execution unit wites the result data, the

flags, and any fault

When the Branch Address Calculator 50 receives a Return from

Subroutine instruction that was predicted by the Branch Target Buffer Circuit

40, the Branch Address Calculator 50 validates both the predicted branch

10 outcome and the predicted branch target address. Since a Return from

Subroutine instruction is unconditional, the Branch Target Buffer Circuit 40

validates the branch outcome by ensuring the branch instruction was

predicted taken. The Branch Address Calculator 50 validates the branch target

address by accessing a buffer called the Return Stack Buffer 51.

15

The Return Stack Buffer 51 operates by monitoring all "Call

subroutine” and "Return from subroutine” branch instructions. When the

Branch Address Calculator 50 detects a "Call subroutine” branch instruction,

the Branch Address Calculator 50 pushes the address of the next instruction

20 onto the Return Stack Buffer 51. A Top of Stack Pointer 53 marks the top of

the Return Stack Buffer 51. By pushing the address immediately following

each "Call subroutine” instruction onto the Return Stack Buffer 51, the

Return Stack Buffer 51 will contain a stack of return addresses. When the

25

Branch Address Calculator 50 later detects a "Return from subroutine" branch
instruction, the Branch Address Calculator 50 pops the top return address off

of the Return Stack Buffer 51 to verify. the return address predicted by the



information into the reorder buffer 83 pDst that the Allocator 70

all ocated for the m cro-op. In the present
embodi ment, execution unit 92 is designated as a 5 - Branch Execution Unit
92. The Branch Execution Unit 92 executes all branch m cro-ops to

determ ne the final branch outcone and the final branch target
address. Thus the Branch Execution Unit Q22gonprises the third stage of the

branch resol uti on nechani sm 10 Finally, a Retirenent
Circuit 85 retires the results that are stored in the reorder buffer
83 pDsts from each executed m cro-op. The Retirenent’ Crcuit 85
retires the Reorder Buffer 83 pDsts by sequentially going through t he

pDsts in the Reorder Buffer 83 in the sane order that the Allocator 70

al | ocat ed t heg R Tarcdi BUReIH CRREIRYgoC rcuit 85 retires pDsts by :
transferring 15 the mcro-op results into a Real Register File (RRF) 84

that stores the current committed architectural state. Since the
Al l ocator 70 al | ocat edlf te méenogeocessor engountess BBrasobtigsiruciien ghatthe
program order and the Retirement Circuit 85 | .
microprocessor has never seen or a branch instruction that had
corresponding data purged from the Branch Target Buffer Cache 41, the
Branch Target Buffer Circuit 40 will not predict the branch instruction. The
10 following Table 2 illustrates how the Branch Address Calculator 50 handles
each type of branch instruction when the Branch Target Buffer Circuit 40 did
not predict the branch instruction but the Instruction Decoder 60 determined

that the instruction is a branch instruction.



retires the mcro-op results in the reorder buffer 83 pDsts in the sane
or der, original program order is maintained even though m cro-ops nay
be 20 executed out of the original program order.

Referring to Figure 4, to retire a mcro-op, the retirenent circuit

tests the valid bit 201 of a reorder buffer pDst entry to see if the pDst
contains a valid executed micro-op redalt. If the valid bit 201 for
the pDst is set, the 25 retirenent cir:i.u'b}l &hecks the fault field 206 of
the pDst to see if a fault nust be R2®Ked. If the reorder buffer pDst
entry contains_a_valid executed mcro-op

- 16 - esult and there is ho fault problem then the executed
mcro-op resylt isBranch Typenitted to pePramebiddnesy CatalatogiAdiione in the
Real Registef Fi I(@.s(dilaﬁa]egﬁgy VWién the Retirenent
Grcuit 85 aft amsiractién hidoder)a pr arBianch Outcome Branch Target Address
Prediction/Calculation | Prediction/Calculation

IP Relative Jump or Call | Taken, since Calculated from IP and
unconditional branch |branch displacement

Regis.ter Indirect Jump |Taken, since Predict next sequential
or call unconditional branch |address

Conditional jump Predict taken Calculate from IP and
(backward) branch displacement
Conditional jump Predict not taken Calculate from IP and
(forward) branch displacement
Return from subroutine | Taken, since Pop return address off of

unconditional branch return stack buffer

5 As stated in Table 2, when the Branch Address Calculator 50
receives an Unconditional Relative Jump or Call instruction that was not
predicted by the Branch Target Buffer Circuit 40, the Branch Address
Calculator 50 calculates both a branch outcome and branch target address. The
Branch Address Calculator 50 sets the branch outcome as taken for

10. Unconditional Relative Jump or Call instructions. The Branch Address
~ Calculator 50 calculates the branch target address using the Instruction Pointer
and the branch displacement provided by the branch instruction. The Branch
Address Calculator 50 then flushes the microprocessor pipeline and restarts
the machine at the calculated branch target address. Thus, the Branch
15 Address Calculator 50 effécti_vely fully executes Unconditional Relative Jump

or Call instructions.



5 micro-op, the Retirenment Circuit 85 tests the fault field 206 of the pDst
entry to see if the branch mcro-op was m spredicted. |If Retirenent
Crcuit 85 detects that the mcro-op was m spredicted, the Retirenent
Circuit 85 flushes the remai nder of the instructions in the reorder
buffer 83 since those |nstruct|ons We#i fetched after a branch

m spredi ction. Thus the Retirenent urt 85 conprises the final
stage of the four stagéVNbearthé Bresch Atdcbess Calculatecﬁ@meegwes an

Stage 1 - The Branch Target Buffer Crcuit: The first

| ogi ¢ unit |nUﬂ€@1dﬁl@rlébﬁ©3'é?§dﬂdtféﬁﬁ harep qrrCail gmt@cyon that “M’-iafEOf\Aorks to

resol ve branch inst t he Branch Tar uf 40.
Since the Br aW@F?“’f%‘ﬁ §¥tt B &?&?&%P?ébql’écu 40[ B}é b g‘héé ISF the _
i nstructi onI of a
Buf f er ¥ p@?giat& % oﬁa?'sp {%! %Sﬁe Wifrf'nclh ‘Rf‘grggcag ;}?% ﬁl‘gﬁr% En-i} égi%ﬁ?)ssnt er
(I'P). The BrangRuiior 50 ééﬂ%t &%ﬁﬁédg fifdli braftéh PJrE@ é‘dcﬁ-ewﬁn@é kivd GREe dif
branch instructions wth he instruction Stream and the outcone of
those branch thesegisedriie ﬁﬁ)t kdloth at this stage in the microprocessor pipeline. The

Branch Address Calculator 50 simply predicts the branch target address to be

next sequential address since the Instruction Fetch Unit 30 has already been

10 fetching those instructions. An intelligent compiler that knows of this
propensity can make the next sequential address the most frequently used

branch target address in Unconditional Register Indirect Jump or Call

instructions.

15 When the Branch Address Calculator 50 receives a Conditional
Jump instruction that was not predicted by the Branch Target Buffer Circuit
40, the Branch Address Calculator 50 predicts both a branch outcome and a
branch target address. The Branch Address Calculator 50 calculates the branch .
target address using the Instruction Pointer and the branch 'displacemerit

20 provided by the branch instruction. The Branch Address Calculator 50
predicts the branch outcome based upon whether the branch instruction

jumps backward or forward.

If the Conditional Jump instruction jumps backward, then the
25 Branch Address Calculator 50 predicts the branch outcome of branch

instruction as t_aken. The Branch Address Calculator 50 therefore flushes the



only the current instruction pointer (I1P) and an internal cache of

I nformati on about branch instructions that have previously been
execut ed. 25 —_ To predictions branch instructions, the
Branch Target Buffer Circuit 40 maintains a buffer containing
i nformati on about branch ' _ _ :

. . : 26 :
- 17 - instructions that the mcroprocessor has previously executed.
The buffer  jnstR@ition pipeliné Radbresiifies leREQITOH 4Othel calditdtedradntiv taget he
Branch Target Buffer Cache 41. Each time a branch instruction is

resol ved by t laddnéssveleroadmaskward Conditidral Pumvpcinstractjen isBdéteetedCi rcui t 40
records the branch target address and the 5 outcone of the branch
instruction in the Branch Target Buffer Cache 41 for future

reference. If the Conditional Jump instruction jumps forward, then the

5 Branch Address Calculator 50 predicts the branch outcome of branch
instruction as not-taken. Although the branch target address may not be
needed, the Branch Address Calculator 50 still calculates the branch target
address since it will be needed if the Branch Address Calculator 50 mispredicts
the branch instruction.

10

When the Branch Address Calculator 50 receives a Return from

Subroutine instruction that was not predicted by the Branch Target Buffer
Circuit 40, the Branch Address Calculator 50 predicts both a branch outcome
and a branch target address. Since a Return from Subroutine instruction is an

15 unconditional branch, the Branch Target Buffer Circuit 40 predicts the branch
outcome for the branch instruction as taken. The Branch Address Calculator
50 predicts the branch target address by popping off a return address off of the
Return Stack Buffer 51. Since the return address predicted by the Branch
Address Calculator 50 may be wrong, the Branch Execution Unit 92 must later

20  verify the predicted return address.

After the Branch Address Calculator 50 completes its
calculations, the Branch Address Calculator 50 returns the processed branch
information to the Instruction Decoder 60. The Instruction Decoder 60 passes

25  the instruction to an Allocator 70. When the Instruction Decoder 60 passes

the branch micro-op to the Allocator 70, the Allocator 70 assigns the next



Each entry in the Branch Target Buffer Cache 41 is indexed by the
address of the last byte of the branch instruction. |Indexing each entry by
the 10 address of the last byte of the branch instruction allows the

Branch Tar get Buffer Grcuit 40 to | ook up previously seen branch

I nstruction using the I nstruction pointer. The Branch Target Buffer
Circuit .40 nmakes branch predi ctions-f @7 previously executed branch

i nstructions [+ I i I L.t O h
Target bt f or “CAILRLE BPsPeqH§In the reordle? blfir 88\t BErE tndkistliz driie BEAR
Buffer G rCUihﬁéﬂbeﬂdS an upcom ng branch instruction in the Branch
Target Buffer Cache 41, the Branch Target Buffer Grcuit 40 predicts
a taken or not-taken branch outcone for the branch instruction. If

the Branch Target Buffer Circuit 40 predicts the branch 20 instruction
will be taken, then theWbrearths Allogter Hhalecatey 2 plist in thextensder buffer 83i ct s
a branch target address; . . . )
for a micro-op associated with a branch instruction, the Branch Target Buffer
Circuit 40 allocates a matching entry in a cache called the Branch Instruction-
Pointer (IP) Table 43 using the same pDst entry number. The Instruction
Decoder 60 then writes information about the branch instruction into the
assigned entry in the Branch IP Table 43. Specifically, the Instruction Decoder
10 60 writes a fall-through address and processor state information into the

assigned entry in the Branch IP Table 43.

Figure 11 illustrates the Branch IP Table 43 of the present
invention. The Branch IP Table 43 comprises a buffer containing n branch
15 information entries (0 to n - 1) wherein n equals the number of entries in the
Reorder Buffer 83. Each branch information entry within the Branch IP Table
43 comprises a fall-through address field and a processor state information

field.

20 The fall-through address field of the Branch IP Table 43 stores
_ the address of the instruction that follows the branch instruction associated
with the branch micro-op. The Instruction Fetch Unit 30 uses the fall-
through address when a branch is mispredicted taken when the branch
should not have been taken. The fall-through address is also used to index
25 into the Branch Target Buffer Cache 41 when updating the Branch Target

Buffer Cache 41 with new information. When updating the Branch Target



25

- 18 -

Stage 2 - Instruction Decoding and the Branch Address Cal cul ator
Referring to Figure 3, after the Instruction Fetch Unit 30 fetches
the Instruction Fetch Unit 30 passes the instruction to the
5 Instruction Decoder 60. When the Branch Target Buffer Circuit 40 predicts
that a particular instruction is a braneh28nstruction, the Instruction
30 marks the instruction as a predicted branch and passes

i nstruction,

Fetch Unit

t he mar ked branch

predi ction topLffer Cache 41 WK HEW iaforReftiAC thébfall-thtbugh address is .
I nstruction Decoder 60 decodes each m croprocessor

10

15

25

decremented by one to produce the address of the last byte of the branch
instruction. The Branch Target Buffer Circuit 40 uses the decremented fall-
through address value (the address of the last byte of the branch instruction)

to index into the Branch Target Buffer Cache 41.

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

a Top of Stack pointer from the Branch Address Calculator 50.

The branch information stored in the Branch IP Table 43 is later

accessed after the associated branch micro-op has executed. .

Stage 3 - The Branch Execution Unit

When all the data required to execute a branch micro-op waiting
in the reservation station is available, the reservation station issues the

branch micro-op to the Branch Execution Unit 92. The Branch Execution

an

i nstruction and the Branch Target Buffer Circuit's

The



instruction received to determ ne what type of m croprocessor instruction
It I's. The Instruction Decoder 60 breaks down each m croprocessor
instruction into -ene or nore mnicro-operations (hereinafter referred
to as mcro-ops) with 15 associ ated micro-operands. The one or nore
m cro-ops corresponding to a m cropro@®sor instruction performthe

function of t . A ' ) o1l rk NSt '

If the Instrugﬁlggéﬁgf%%g%ilﬂﬁi g’dfblggrsgé%{:an ?%s ruc F%ﬁ [‘ﬁ;%dclﬂsr}haEBlé mar ked
as a predi ct eBrRh@NERedtRId Uit 97 deldihiheStHeGAAIBraReR QRieéorRE (takehidrefor
that the received instruction actually is a branch instruction. Wen the

Branch Tar get tike) @ndGhedinad béshdd Regettatidredst anch instruction at a location
were no branch instruction exists, it is referred to as a "bogus" branch.

The Branch Target Buffer Crcuit 40 occasionally predicts bogus
branches due to 25 out dat ed i nformatiaon or aliasing caused by conpressed
tags in thé Branch The firgach Barges Budies{drapit 40 monitors the bus used to

send branch micro-ops from the reservation station 81 to the branch
execution unit 92. When the Branch Térget Buffer Circuit 40 notices the
reservation station 81 issue a branch micro-op to the branch execution unit
92, the Branch Target Buffer Circuit 40 notes which stt entry number in the

10 reorder buffer 83 will be used to store the branch micro-op result. While the
Branch Execution Unit 92 executes the branch micro-op, the Branch Target
Buffer Circuit 40 reads out the entry in the Branch IP Table 43 having the
same entry number as the reorder buffer 83 entry. In this manner, the branch
information associated with the branch micro-op being executed will be

15  available when the branch micro-op is resolved. Specifically, the fall-through
address for the branch instruction is available such that the microprocessor
can restart at the fall-through address if the branch instruction was

mispredicted as taken.

20 To keep the Branch Target Buffer Cache 41 updated, the Branch
- Execution Unit 92 usually passes the final branch outcome and the branch
target address information to the Branch Target Buffer Circuit 40 so the
Branch Target Buffer Circuit 40 can update the Branch Target Buffer Cache 41.
However, if an older mispredictéd branch has been detected, the Branch
25  Execution Unit 92 does not pass the final branch outcome and the branch

target address information to the Branch Target Buffer Circuit 40 since the



- 19 - | If the Instruction Decoder 60 determni nes that the

Branch Tar get Buffer Grcuit 40 predicted a "bogus" branch, then the
I nstructi on Decoder 60-- notifies the Branch Address Cal cul ator 50. The
Branch Address Calculator 50 5 flushes the mcroprocessor pipeline if
the predicted branch instruction was predi cted taken. To prevent the
same m sprediction fromoccurring again, _ o - he Branch Address

Cal cul ator 50 instructs the Branch Target Iguffer Crcuit 40 to

deal | ocate t hbrdifchﬁﬂbtrﬂiaﬁgﬂtwﬁuéﬁeeuteﬁa@llminﬁtpecnﬂatjvé bedcutiptiedéwa a wrong
m sprediction. 10 I f the Instruction Decoder 60

det ermi nes t hpatlt.he recei ved m croprocessor instruction is a branch
instruction, then the Instruction '

The Branch Execution Unit 92 compares the final branch
5 outcome and correct branch target address with the predicted branch outcome
and branch target address to determine if the branch was predicted correctly or
mispredicted. If the branch instruction was predicted correctly by the Branch
Target Buffer Circuit 40 or the Branch Address Ca_lculatbr 50, then the
' microprocessor resumes execution along the current path. If the branch
10 instruction was mispredicted, then the Branch Execution Unit 92 will likely
flush the front-end of the microprocessor and restart the microprocessor at
the correct address. However, if there was an older mispredicted branch that
already caused the Branch Execution Unit 92 to flush the froht—end of the
microprocessor, the Branch Execution Unit 92 will not flush the
15 microprocessor a-gain. The handling of mispredicted branches is explained in
greater detail after the following explanation of how the Branch Execution

Unit 92 processes each type of branch instruction.



Decoder 60 passes certain information about the branch instruction to a
Branch Address Cal cul ator 50 for special treatnment. Specifically, the 15
I nstruction Decoder 60-tells the Branch Address Cal cul ator 50 what type of
branch instruction has been received, the branch's displacenment, and the
Branch Target Buffer Circuit's outcone and target address prediction.

The branch instruction may be one of four Bpes of branch 20

i nstructions: Unconditional Relmkusngmaﬁ@amstrme@di ti onal Register

I ndirect Junp/Call, Conditional Junp, or Return from Subroutine. Each type
of branch instruction is handled differently by the Branch Address

Cal cul at or 50. The Branch Address Cal cul ator 50 al so_handl es each
type of branch i nFhedetlpwing Table 8rillustratepdom He BranchdExgcation Uait get
Buffer Crcuit 40 25 g}rledi cth t he .exi stence of the branch instruction or
not . 92 executes each type of branch instruction.
_ 5
Table 3
Branch Execution Unit Action
Branch Type
Calculation of Branch | Calculation of Branch
Outcome Target Address
Relative Jump or Call | No action needed No action needed
Register indirect Jump | No action needed Target address from
or Call address pointed to by
register operand
Conditional Jump Yes, from flags No action needed
Return from subroutine | No action needed Target address from
architectural stack

As stated in Table 3, the Branch Execution Unit 92 need not
10 perform any processing on Relative Jump or Call instructions. The Branch
Execution Unit 92 performs no processing on Relative Jump or Call
instructions since the Branch Address Calculator 50 aiready fully executed
those types of branch instructions. If there is no older mispredicted branch,
the Branch Execution Unit 92 passes the final branch outcome and the branch
15  target address to the Branch Target Buffer Circuit 40 so the Branch Target
Buffer Circuit 40 can update the Branch Target Buffer Cache 41.

To execute Register Indirect Jump or Call instructions, the

Branch Execution Unit 92 obtains the value of the register designated in the



- 20 - The followng Table 1 illustrates how the Branch

Addr ess Cal cul ator 50 handl es each type of branch instruction when
t he Branch Target -Buffer Grcuit 40 predicted the branch instruction
and the Instruction Decoder - 60 verified that the predicted branch

I nstruction actually is a branch '5 instruction. (As stated earlier, if
the Instruction Decoder 60 determi nes that a predi cted branch
instruction is not a branch instruction, Th&h the Branch Addr ess
Cal cul at or 50ppdrafil@nd! then Fets BRI faee HedMichPiapgdti dtkiress from a branch table
Table 1 Branch Type Branch Address Cal cul ator
Acti on usifigthel eegistied vialue. OThe Branch Execution Unit 92 passes the branch

Val i dation of the BTB Val i dation of -the L
Branch Qut contarget addeesgrierthe Brgaeh Aarges Suffer CircuiyAdspithe Branichdarget ve

yes, 1aken - putter Circuit 40 can update $he BEARCH it Butfer CAHI 4L THE Branch

di spl ace "%}3 Executigrﬁetgil% :99 rcohppdairése file HWargeY%ﬁdrés? 9B the predicted targdéglg

just use
prediction  address to determine if the Branch Target Buffer Circuit 40 correctly predicted

ress

the branch. If the branch was predicted correctly execution resumes along the
current path. However, if the Branch Target Buffer Circuit 40 mispredicted
the branch, then the Branch Execution Unit 92 must flush the pipeline and

10  restart the processor unless there is an older nonretired mispredicted branch.

To execute a Conditional Jump micro-op, the Branch Execution
Unit 92 tests the designated condition to determine thé branch outcome. The
branch target address does not need to be resolved since the Branch Address
15  Calculator 50 has fully caléulated the target address. The Branch Execution
Unit 92 determines the branch outcome by obtaining the current architectural
flags and tests for the designated ﬂag. The branch outcome is then compared
with the prediction made by the Branch Target Buffer Circuit 40. If the
Branch Target Buffer Circuit 40 correctly predicted the branch, then execution
20 resumes along the current path. However, if the Branch Target Buffer Circuit
40 mispredicted the branch, then the Branch Execution Unit 92 must restart
the pipeline unless there is an older nonretired mispredicted branch. In
either case, the Branch Execution Unit 92 then determines if there is an older
mispredicted branch. If there is no older misprediéted branch, the Branch

25  Execution Unit 92 passes the final branch outcome and the final branch target



Condi tional Junp No, condition Yes, target cal cul ated
unknown from I P and branch

di spl acenent Return from subroutine Yes, taken Yes,
from BAC return

stack buffer 10 - When t he_Branch Address Cal cul ator 50
recei ves an Uncondi ti onal Rel ati ve'JéF}p'or Call instruction that was

predi cted byaddiess to thelBraneh Taegdd BufRuidieduifo evithe BeanchiTFarBeaBalfeAddr ess
Cal cul ator 50 val i dates both the predicted branch outcone and the

predi ct ed brGinakit 46 cgeupddty tesBrahth TargetBuffer Cachedl. i s uncondi tional, the
Branch Target Buffer Crcuit 40 val i dates the branch outcone by
ensuring the branch was predicted taken. The Branch Address

O S al aul ati e Brenth degution s B ipciier Retvmn fram Subiowing s and
g?gﬁg[}' ,? %r Bgﬁlcga-gpa ?S/algcﬁﬁlngtgqge %}9 SIhel G 9F tnPEhfRRuMI RadiCof (B PFedi cted
microprocessor. The Branch Execution Unit 92 then compares the value
popped off the top of the architectural stack with the return address predicted
by the Return Stack Buffer 51 in the Branch Address Calculator 50. If the two
addresses match, the microprocessor can resume execution along the current
10 paih. However, if the two address.do not match, the Branch Execution Unit

92 must flush and restart the microprocessor pipeline unless there is an older

nonretired mispredicted branch.

Handling Mispredicted Branch Instructions
- 15
When the Branch Execution Unit 92 executes a branch micro-op
and determines that the branch was mispredicted by the Branch Target Buffer
Circuit 40 or the Branch Address Calculator 50, the Branch Execution Unit 92
usually flushes the front-end of the microprocessor (the Instruction Fetch
20  Unit 30 to the Allocator 70), stalls the Allocator 70, and restarts the Instruction
Fetch Unit 30 at the corrected address. However, if Branch Execution Unit 92
recently flushed the pipeline due to an older nonretired mispredicted branch,
the Branch Execution Unit 92 should not flush the pipeline again. Thus the
Branch Execution Unit 92 should only flush the pipeline if the mispredicted

25 branch is the oldest nonretired mispredicted branch. This concep"t is



either the branch outcone or branch target address were m spredicted, the
Branch Address Cal cul ator 50 flushes the pipeline and restarts the machi ne
at 5 the corrected address. Since the Branch Address Cal cul ator 50 fully
val i dat es both the predicted branch outcone and the predicted branch
target address for Uncondi ti onal Reta34ve Junp or Call instructions,

Beccuti on Uni Presehied ek paingFiggres b dhuough ¢gribat Sictigre 45oRt8brancn

i nstructions. V\hen t he Branch Address Cal cul ator 50
receives an ml}&e&l‘:tlor\rﬂﬂtug 13ps: Regi ster Indirect Junp or Call instruction
that was predicted by the Branch Target Buffer Crcuit 40, the Branch
Addr ess Cal cul ator 50 val i dat es t he predicted branch outcone. Since

the branch is unconditi R@ﬁkmn%lé Fig ﬁr #gh afel ee Prafetiee that 6¢cu®0
val i dates the predicted branch outcone by ensuring the branch

i nstructi of wsequendidllgtindhe abeputdiheods: BratchAtldndBranch 2. Galtrhaleaaamplé@f
cannot validate the branch target address since the value w thin he

regi ster is nbigutadanBeanchhl is ewagtedufmtm wag mgd@tﬁds@wreqﬁhypéﬂexte&m

2 is executed and the Branch Execution Unit 92 determines that Branch 2 was
mispredicted. Since the Branch Execution Unit 92 determines that Branch 2 is
the oldest nonretired mispredictéd branch, it marks Branch 2 as mispredicted

10 and performs the full branch misprediction recovery procedure.

The full branch misprediction recovery procedure consists of
simultaneously stalling the Allocator 70, flushing the front-end of the
microprocessor, and restarting the Instruction Fetch Unit 30 at the corrected

15 branch target address. The Branch Execution Unit 92 stalls the Allocator 70
such that the Allocator 70 will not allocate reorder buffer entries or
reservation station entries. By stalling the Allocator 70, the Branch Execution
Unit 92 prevents any new instructions in the front-end of the processor from
entering the Out-Of-Order section 80 of the microprocessor. The Branch

20  Execution Unit 92 flushes the front-end of the fnicroprocessor (the Instruction
Fetch Unit 30 to the Allocator 70) such that all the instructions in the front-
end of the microprocessor that were fetched after the branch misprediction
are discarded. (Note that other instructions that were fetched after the branch
misprediction may still be in the Out-Of-Order section 80 of the

25 microprocessor or in other execution units.) The Branch Execution Unit 92

restarts the Instruction Fetch Unit 30 at the corrected branch target address.



>

'Branch_Address Cal cul ator 50, therefore, nmakes no adjustnent to the branch
20 target address predicted by the Branch Target Buffer Crcuit 40. The

Br'anch Execution-Unit must verify the branch target address predicted
by the Branch Target Buffer Circuit 40. When t he
Branch Address Cal cul ator 50 receives a Conditional 25 Junp instruction
that was predicted by the Branch Target Bufggr-Circuit 40, t he Branch
Address Cal cul ator 50 validates only the branch target address.

- 22 - The Branch pigdi€$b prabenits #hosinaliorevhdal g deléndbagsdh t ar get
addr ess by cal cul aling the branch target address and conparing the

cal cul at ed br¢Brahch 2) is exeeutgdtfiratiang swasvpretictdibcquredtiyc tiad the frsttbraachyet
address. The Branch Address L
(Branch 1) is executed second and was mispredicted. In this situation, the
5 Branch Executioh Unit 92 determines that Branch 1 is the oldest nonretired
mispredicted branch and therefore marks Branch 1 as mispredicted and

performs the full branch mispredictionrrecovery procedure.

Figure 6¢c presents the situation where the second branch

10 (Branch 2) is executed first and Was mispredicted; and the first branch (Branch
1) is executed second and was also mispredicted. When the Branch Execution
Unit 92 first executes Branch 2, the Branch Execution Unit 92 determines that
Branch 2 is the oldest nonretired mispredicted branch and therefore marks
Branch 2 as mispredicted and performs the full branch misprediction

15  recovery procedure to start fetching instructions at a corrected target address.

| (Note that Branch 1 is not the oldest nonretired mispredicted branch when
Branch 2 is executed because Branch 1 has not yet been executed.) After
executing Branch 2, the Branch Execution Unit 92 then executes Branch 1 and
determines that Branch 1 has been mispredicted. Since Branch 1 is older than

20 Branch 2 (Branch 1 occurs first in the program order), Branch 1 is the oldest
nonretired mispredicted branch. Thus, the Branch Execution Unit 92 again
performs the full branch misprediction recovery procedure to start fetching

instructions at a corrected target address.

25 Figure 6d presents the situation where the first branch (Branch 1)

is executed first and was mispredicted; and the second branch (Branch 2) is .



Cal cul ator 50 does not validate the branch outconme since the outcone of 5
branch condition is not known at this stage in the m croprocessor. )
Wien the Branch Address--Cal cul ator 50 receives a Return from
Subroutine instruction that was predicted by the Branch Target Buffer
Crcuit 40, the Branch Address Cal céétor 50 validates both the
predi cted branch outcone and the pre t'ed branch target address.

Since a Ret Uré}g&?t?ﬁ‘se ond Slﬁamgyusa%isgﬁﬁtd zétga' QRhbA tHE BPRH Eszéalnmwe

Branch Tar get tes the branch outcone
ensuring the Whianelexetstes Behhd1 @ Branch EreQeticr thhif ok eletermtifestadtch

Address Cal cul ator 50 validates the branch target address by accessi ng
a buffer cal |Brdnting iR¢heioidest ackrdired enispedicted branch The Branch ExeGintion
Return Stack Buffer 51 operates by nonitoring all " subroutl ne"
and "Return fUmwsabmé@nermarl@rﬁmﬁhﬂna migpredicted mr?erfﬂsms the full anch
Addr ess Ic I 50 detects a "Call aroutgn 5»%][1 Cl} gnstr t|on

t he Branc “'C‘ﬁﬂ’r@ﬁll'cé’c%"r TesOVeRYSRESeR S ifxk & Branehy Exerytiofct i on

DRt vt S s A R
fol oW ng  Branch 2 is not the oldest nonretired mispredicted branch since Branch 1 is an
older nonretired mispredicted branch. Thus, the Branch Execution Unit 92
does not perform the branch mispredicﬁon recovery procedure.
10 Furthermore, the Branch Execution Unit 92 does not send branch outcome or
branch target address information to the Branch Target Buffer Circuit 40 since
the branch instruction should not have executed. Note that if the Branch
Execution Unit 92 performed the branch misprediction recovery procedure,
the microprocessor would have started executing the wrong instructions

15 since Branch 2 itself never should have been executed.

Thus, in summary, the Branch Execution Unit 92 executes all
branches to determine the final branch outcome and the final branch target
address of each branch. The final branch outcome and final branch target

20 address are compared with the branch outcome and branch target address
predicted by the Branch Target Buffer Circuit 40 or the Branch Address
Calculator 50. When the Branch Execution Unit 92 detects a mispredicted
branch, the Branch Execution Unit 92 tests to see if the mispredicted branch is
the oldest nonretired mispredicted branch. If the mispredicted branch is the

25 oldest nonretired mispredicted branch, the Branch Execution Unit 92 flushes

the entire front end of the microprocessor, restarts the front-end of the



each "Call subroutine" instruction onto the Return Stack Buffer 51, the
Return Stack Buffer 51 will contain a stack of return addresses. \Wen the
Branch Address Cal cul ator 50 | ater detects a "Return from subroutine”
branch 25 instruction, the Branch Address Cal cul ator 50 pops the top

return address off of the Return Stack,Buffer 51 to verify the return
address predicted by the
- 23 - microBk6destor Tatr ihetcobtect @ddfdss,canid pAents any new micro-ops frohf the

m croprocessor encounters a branch instruction that the

m cr opr ocessoenteriagrtbe @utsferder sectionadcof thesmiaroprasassondy sialding the
correspondi ng data purged fromthe Branch Target Buffer Cache 41, the
Branch Tar get ABGF8F.78 rcuit 40 will not predict the branch instruction.-
The

5 Stage 4 - The Retirement Circuit

The final stage in branch resolution is performed by the
Retirement Circuit 85. The Retirement Circuit 85 is responsible for retiring
the micro-ops executed by the execution units in the microprocessor. The
10  Retirement Circuit 85 prevénts instructions fetched after mispredicted |

branches from being committed into permanent state.

As stated in the previous section, when the Branch Execution

Unit 92 detects a mispredicted branch that is the oldest nonretired

15 mispredicted branch, the Branch Execution Unit 92 flushes the entire front
end of the microprocessor. However, there may be number of instructions
fetched after the branch misprediction that are still in microprocessor. Other
instructions that were fetched after the branch misprediction may still reside
in other execution units or in the reservation station 81 and reorder buffer 83.

20 To prevent these instructions that never should have been fetched from
being committed into permanent architectural state, the Retirement Circuit
85 flushes these remaining instructions when a mispredicted branch micro-

op retires.

25 To flush the micro-ops corresponding to instructions fetched

after a mispredicted branch that remain in the microprocessor, the



10 following Table 2 illustrates how the Branch Address Cal cul ator 50

handl es each type of branch instruction when the Branch Target Buffer
Crcuit 40 did not predict the branch instruction but the Instruction
Decoder 60 determ ned t hat the instruction is a branch instruction.

- 24 - Table 2 Br anch
Type Branch Address Cal cul at 8? Action (As decoded
by | nRetivermient CheadtdsS $lears £ thecénttias dwbhe reorder Baffercd3 thatfollow

Addr ess . Prediction/Cal cul ation

Pr edi ct i on/ CAhe peqrdephuffer 83 eppryreanszining thennispredicted branch migraQp

Cal cul ated fromIP and condi t.i gnal br.anch
branch di spl &d8fcHe WSPredﬁé@ branch migre-op; rediges, A‘f‘ﬁké arxgigr&ueawe reorder

Predi ¢t next butier 83" n?nes after the reorcier buffer 83 entry contaﬂﬁlﬁg R ngﬁz%ldié%&?mh

addr ess
5 branch micro-op, the Retirement Circuit 85 restarts the Allocator 70 that was

stalled when the Branch Execution Unit 92 detected the mispredicted branch.
By restarting the Allocator 70, the Branch Execution Unit 92 allows the new
micro-ops from instructions that were fetched using the corrected fetch
address to enter Qut-of-order section 80 of the microprocessor.

10

For example, referring to Figure 3 and Figure 6b, when the

Branch Execution Unit 92 executes Branch 2, the results are stored into the
reorder buffer 83. Next, when the Branch Execution Unit 92 executes Branch
1, the Branch Execution Unit 92 flushes the front end of the machine thereby

15 clearing the Instruction Fetch Unit 30, the Instruction Decoder 60, the Branch
Address Calculator 50, and the Allocator 70. However, Branch 2 (an
instruction fetched after the mispredicted Branch 1) remains in the Reorder
Buffer 83. When the Retirement Circuit 85 retires Branch 1, the Retirement
Circuit 85 notices that Branch 1 was mispredicted. Since Branch 1 was

20 mispredicted, the Retirement Circuit 85 clears all the reorder buffer 83 entries
after the mispredicted Branch 1. Thus Bfanch 2is cleared from the
microprocessor and it never affects the microprocessor's permanent

architectural state.

25 The foregoing has described a four stage branch instruction

resolution mechanism. It is contemplated that changes and modifications



Condi ti onal junp Predict taken . Cal cul ate fromIP and

(backwar d) : branch di spl acenent
Condi ti onal junp - Predict not taken Cal cul ate fromIP and
(forward) branch di spl acenent

Return from subroutine Taken, since Pop return address off of
uncondi tional branch return stack buffer 5 As stated in
Tabl e 2, when the Branch Address Cal cul ator 50 receives an

Uncondi tional Relative Junp or Call instB8ction that was not predi ct ed

35 car cul BPIoS BAR P Setdr rdifishy sidflinihe arf B The HitelRl ana Bl culater
B anch. AdgSRBef bR eMmBAIO8! thd Bl 1A MOR WRNAT: LAERIALTIA

Uncondi ti ona ative I nstructions. e Bran ress
Cal cul at ofhed8e Phd esvdliforpr anch target address using the Instruction

Poi nt er and the branch displacenent provided by the branch instruction.
The Branch Address Cal cul ator 50 then flushes the m croprocessor
pi peline and restarts the machine at the cal cul ated branch target

address. Thus, the Branch 15 Address Calculator 50 effectively fully
executes Unconditional Relative Junp or Call instructions.



- 25 - : Wien the Branch Address Cal cul ator 50 recei ves an
Uncondi ti onal Register Tndirect Junp or Call instruction that was not
predi cted by t heThE SivedHad BéegBEpld3ef f er Circuit 40, the Branch Address 5

Cal cul ator 50 onl {3 branch outcone as taken. The Branmch—Address
Cal cul at or 50 canﬂ«*ﬂ i ia a final. lyganch target. _a:m' ' .
val ue of th i ot known at this stage i Mﬂ!’ﬂ"[dﬂ"iﬁﬁ"
m croprocessor pipeline. The BramaiMAddr ess Cal cul at'or €50t si sy
predicts the branch target address to be next sequential address
since the Instruction Fetch Unit 30 has already been 10 fetching those
instructions. An intelligent conpiler that knows of this propensity
can make fhe next sequential address the nost frequently used branch
target address in Unconditional Register Indirect Junp or Call

I nstructions. 15 . : Wien the Branch Address Cal cul ator 50
recei ves a Conditi onal _Junp_instructjon that was, not predicted by the
Branch Target Buff erAdrpeeh instructiop pro¢assmgasysiend §iskBranghcinstgustiono

predi cts both a, branch outconge d a, . hranch, {t arget address. The
Branch Ad@FESESSER éYﬁtSPbFeS‘f?gW@ﬁa&ﬂ“&l‘éE‘stfHéhBFérYt‘,%{‘m 3 stream of computer

instructions, said branch instruction processing system comprising

a branch instruction prediction mechanism, said branch instruction
prediction mechanism predicting a subset of said branch
instructions;

a branch instruction decode mechanism, said branch instruction
decode mechanism decoding said branch instructions;

a branch instruction execution mechanism, said branch instruction
execution mechanism executing said branch instructions; and

a branch instruction retirement mechanism, said branch instruction

retirement mechanism retiring said branch instructions.

2. The branch instruction processing system as claimed in claim 1
wherein said branch instruction prediction mechanism predicts the existence
of said subset of said branch instructions and predicts a branch outcome and a
branch target address for each branch instruction in said subset of said branch

instructions.




target address u—si—ng—l—he lnstructiaon Pointer and the,brm

provi ded by the br ) I’UCIOn The Branch Address

predicts the bran € ceGpon whet her the br anc m’@@MIm
junps backward or f L If the Oon’dl tqd ona .

i nstruction junps b : he 25 Branch Address Cal cul at or

predi cts the branch outcone of branch - 41 instruction as taken. The
Branch Address Cal cul ator 50 therefore flushes the

- 26 - i N r uctThebpampehl irseruntidnr processing systent as chimeédin alaim 2t ed
branch target ' address when a backward Conditional Junp instruction is

det ect ed. wherein said branch instructionhpredoctiion nvechianismprediats said swbgeimfs
forward, then the 5 Branch Address Cal cul ator 50 predicts the branch
out cone ofsals} bragich instructions using a branch target buffer.

4. The branch instruction processing system as claimed in claim 2
wherein said branch instruction decode mechanism verifies the branch

prediction made by said branch instruction prediction mechanism.

5. The branch instruction processing system as claimed in claim 4
wherein said branch instruction decode mechanism makes branch
predictions for branch instructions not predicted by said branch instruction

prediction mechanism.

6. The branch instruction processing system as claimed in claim 1
whereéin said branch instruction execution mechanism executes said branch
instructions from said stream of computer instructions and determines a

final branch outcome and a final I;ranch target address.

7. The branch instruction processing system as claimed in claim 3
wherein said branch instruction execution mechanism updates said branch

instruction prediction mechanism with said final branch outcome and said

THIS SHEET FAG BREN
REPLACED . |

final branch target address.




i‘nstruction as -taken. Al though the branch target address may not be
needed, the Branch, Address tor 50 still calculates the branch target
address since it it Bag g t he Branch Address Ca,"ll “ﬂﬂ

m spredicts m 39 ‘{uct ion. 10 I Iﬁ"l" llllt“’lul

Branch Address Cal j%el ves a Return from dut "nes *
I nstruction that was no 8L ed by the Branch Target Buffer G rcwt
40, the Branch Address Cal cul ator. 50 preédi2cts both a branch outcone

and a branch target address. Since a Return_from Subr oucg.ne 'nst%uct\jéon S
an 15  uncondi®& i on&hebeansh insHucCHPRRIPCESHDS SYHEM 85 IFIE"L# 0 46158 2di ct s

t he branch outcone for the braqqg lLnstru tlon as ‘&%re %lg}e Branch
Addr ess Cavhkerein srid bl‘anog'o“}ﬁﬁréﬁh@‘!‘sl”f chipn, Rer aé'l‘%jBtu asal iﬂn ng
off areturn a ss off o Ret urn St ff e the

return add?%ﬂ’b\fédl‘%’tt ¢ Ebﬁ%ﬂ“tmmea '(§E§ EEPE C&%Irggb may be
wrong, -t he gsnscpecgi(veeci‘l I‘ro%rf sl Brgr%clﬂjr{s g¥u$i] %; cutio é‘\décl‘\a}lt%épr edi ct ed

return add@ Fanch ress Cal cul at or
conpletes its cal cul ati ons, the Branch Address Cal cul ator 50 retur ns
t he processed branch information to the Instruction Decoder 60. The

I nstruction Decoder 60 passes 25 the instruction to an Allocator 70. Wen
the Instruction Decoder 60 passes the branch mcro-op to the

Al locator 70, tdhe ATIREBEMHch/ thsBttioRSpidiesdifigisystem as claimed in claim 3

wherein said branch instruction execution mechanism flushes said branch

instruction prediction mechanism and said branch instruction decode
mechanism when said branch instruction execution mechanism detects a

mispredicted branch instruction.

10.  The branch instruction processing system as claimed in claim 1
wherein said branch instruction retirement mechanism flushes all

instructions fetched after a mispredicted branch instruction.

11. A method of resolving branch instructions in a computer |
processor, said method comprising the steps of:
predicting a subset of said branch instructions within a stream of
computer instructions such that said processor can continually fetch

said stream of instructions;




<

- 27 - avai | ablm,sggé;He tr |n t'he reorder buffer 83 to store the
results of the branc Hlmml“mu lmu"'
Atl ocator 70 all ocat #‘m e reorder buffer 83
associated with a br the Branch Target Biffér * "

Circuit 40 all ocates a matching en ry I+ 43 €ache called the Branch

| nstructi on- Poi nt er IP Tabe43U|n t he. sa nunber .
The Instructi Ondecocﬁng)é@ 32 q%ﬁ I&W&tqnﬁﬁorg%ow%ét %d Br anch

i nstruction |nto slgned entry in the Branch I P Table 43. :
Speci fically, th Pr%ﬁfaﬁﬁ Decoder 10 60 wites a fall -through addr ess:
.and processor s Is | ranch

éféc%tfr&f Hig%raR8fh 1|H_%tgﬂc?tz@rlsltol f?l ?é areefal h %&Pﬁ\%

| P Tabl e 43. rates the Branc able
43 of the present

and final branch target address; and
retiring said branch instructions to commit said branch instructions

into a permanent state.

12, The method of resolving branch instructions in a computer
processor as claimed in claim 11 wherein said step of predicting a subset of
said branch instructions within a stream of computer instructions comprises
predicting the existence of said subset of said branch instructions and
predicting a branch outcome and a branch target address for each branch

instruction in said subset of said branch instructions.

13.  The method of resolving branch instructions in a computer
processor as claimed in claim 12 wherein said step of predicting a subset of

said branch instructions is performed ueing a branch target buffer.

14.  The method of resolving branch instructions in a computer
processor as claimed in claim 12 wherein said step of decoding said branch
instructions further comprises verifying the branch predictions made by said

step of predicting a subset of said branch instructions.




i nvention. The Br ' prises a buffer containing n branch—
15 information ent rhgShdePiads Bedd Repldckd Wer €i N n equal s the nunber of entries

in the Reor der branch ‘i nformation e
Branch | P Tabl e WWHIIEFM]a fall-through addr esmm“mm!m “lmﬂm
processor state infor i eld. 20 Y the B
fall-through address field of the Branch IP Table 43 stores t he
address of the instruction that foll ows 4 hg branch instructi on associ at ed
wi th the branch mcro-op. The Instruction Fetch Unit 30 uses the fall-

t hr ough addr ess Mhen Eheometbhdi ef resopriagi braaghtinkisHclings 1B ReCOHMPNESF

shoul d not have been taken, The fall-through address is also %fgd tQ i ndex
25 into tREOERssAEAS Thaimed Butlpitn awherein S\M@ﬁtqppﬂé@? Ipgsate QRRIFNTar get
Buf fer Cache 41 with_new i nfornation. Wen u%dati ng Ehe Br arach Tar&et

- 28 - instructions further comprises predicting a branch dutcome and a bran

target address for branch instructions not predicted by said step of predicting a

subset of said branch instructions.

16. The method of resolving branch instructions in a computer
processor as claimed in claim 13 wherein said step of executing said branch
instructions further comprises updating said branch target buffer with said

final branch outcome and said final branch target address.

17.  The method of resolving branch instructions in a computer
processor as claimed in claim 13 wherein said step of executing said branch
instructions further comprises flushing a front end of said computer
processor when said step of executing said branch instructions detects a

mispredicted branch instruction.

18.  The method of resolving branch instructions in a computer
processor as claimed in claim 11 wherein said rétiring said branch
instructions further comprises flushing all instructions in said computer

processor fetched after a mispredicted branch instruction.




Buf fer Cache 4TI wWith Tew ufurrraH{')n, the fall-through address is

decrenent ed by ongisisRe t he laddress of the |ast byt he br
i.nstruction. The R G ol G fer Gircuit 40 uses t%e de ‘\“\m\\\\
t hrough address v;[mglngm’ ll ss of the last byte of th w s T
instruction) 5 to e Branch Target -Buf fer Cac .v

The processor state information field.ofsthe Branch IP Table 43 is

used to store any state information that may be corrupted when the

m Cr Opr 0cessor ghegi ARk thtrlivBos protdssiy Sdtém, ¥atd bearkctbimsinictidh
prediction. |f the mcroprocessor i$ speculatively executing down the wong

path due ﬁx%céssmg@?&em $85c10lirGt bedhch figtiictionsnoithirs arstedaan efi adfoputeri on
can be restofed fromthe Branch | P Table 43 when the m sprediction is

det ect ed.instructiohs) daié braasie ihsteadtich pratessirigesystemopoopeising st at e
information field stores a Top of Stack pointer fromthe Branch

Addr ess Cal culabeandinstfuction prediction mechariibm, isaithbnaneh dnstauctéon st or ed
in the Branch IP Table 43 is |ater accessed after the associ ated
branch i cro- op pradiaticecoteehanism predicting a subset of said brangl age 3 - The

Branch Execution Unit - ", . - .
instructions, said branch instruction prediction mechanism

generating a predicted branch outcome and a predicted branch target
address for said subset of said branch instructions;

a branch instruction decode mechanism, said branch instruction
decode mechanism decoding said stream of computer instructions,
said branch instruction decode mechanism generating a predicted
branch outcome and a predicted branch target address for branch
instructions not within said subset of said branch instructions
predicted by said branch instruction prediction mechanism;

a branch instruction execution mechanism, said branch instruction
execution mechanism executing said branch instructions to
determine a finél branch outcome and a final branch target address
for each of said branch instructions, said branch instruction
execution mechanism compares said final branch outcome and said
final branch target address with said predicted branch outcome and
said predicted branch target address for each branch instruction to
determine branch mispredictions; and

a branch instruction retirement mechanism, said branch instruction
retirement mechanism retiring said branch instructions executed by

said branch instruction execution mechanism.




When all the data required to execute a branch micro-op waiting 25 in the
reservatl on station is avail abl e, the reservatl on statl on—pssueS—t—he—————
ch micro-op- mssmefﬂﬁwgﬂe@cﬂb ti Unit 92. ranch Execu

bra
 c THRAEEA - AR T

out cone (taken or not taken) and the final branch target addr'ess.

5 The Branch Target Buffer Circuit 40 nonitors the bus used
to send branch m cro-ops fromthe-rd$er-~vation station 81 to the
branch execution unit 92. Wen the Branch Target Buffer Crcuit 40
notices the 20. I eTieviataineh insErtiction Protessireg aystermas claimed pckaimt 1
branch execution unit 92, the Branch Target Buffer Circuit 40 notes

whi ch pDst waherein saidblerarich instruction execution mechanism flushes said branch
instruction prediction mechanism and said branch instruction decode
mechanism if a mispredicted branch is the oldest nonretired mispredicted

branch instruction in said microprocessor.

21.  The branch instruction processing system as claimed in claim 20
wherein said branch instruction execution mechanism flushes said branch
instruction prediction mechanism and said branch instruction decode
mechanism if a mispredicted branch is the oldest nonretired mispredicted

branch instruction in said microprocessor.

22. A branch instruction prediction system, said branch instruction
prediction comprising

a branch target buffer circuit, said branch target buffer circuit predicting
a subset of said branch instructions, said branch instruction
prediction mechanism generating a predicted branch outcome and a
predicted branch target address for said subset of said branch
instructions;

a branch instruction decode mechanism, said branch instruction

- decode mechanism decoding said branch instructions, said branch




10 reorder bufHfer—83—wll-be used to store the branch m
Wil e the This 0 ai} utli on Unit 92 executes the branch mcro-o

| Aero-opresult.
_ LR e , the
Branch Tar get Elit 40 reads out the'entrimu HI I ﬂi!l““
Tabl e 43 havi ng jﬂg H entry nunber as the reordéef} e ninly
In this manner, “information associated with the branch

m cro-op being executed will be 15 available when the branch mcro-op is
resol ved. Specifically, the fall-thromg¥? = address for the branch

i nstruction i s aval I Dy L l,G L C estart at
the fall-thr oug%ngyélr%ggg‘ ?#&%e’%#%%@%ﬂg{lmégiscgj?\&\%ggset of B?n{hs%‘r edicted as
taken. 20 instructions &Jﬁiclfé'daﬂyﬁﬁfdt %@{lﬁﬂa ﬁt%ﬂff&“éif-&ﬁ ;cache 41

updat ed, the Branc ecution suafly passes the final branch
out cone and t he branch target address information to the Branch Target
Buffer Grcuit 40 so the Branch Target Buffer Crcuit 40 can update
the Branch Target Buffer Cache 41. However, if an older m spredicted

branch has been detected, the Branch 25 Execution Unit 92 does not pass
the final brangh ouTherbranok ihsteutticmphocessing $ystamt anddimed innflainm®2i on to

the Branch Target Buffer Circuit 40 since the
wherein said branch instruction decode mechanism generates a predicted
branch outcome and a predicted branch target address for said subset of said
branch instructions predicted by said branch instruction prediction

mechanism.

24. A computer processor, said computer processor comprising:
a front-end unit, said front-end unit comprising

an instruction fetch unit, said instruction fetch unit fetching a
stream of computer instructions into said computer processor,
said stream of computer instructions including branch
instructions;

a branch instruction prediction mechanism, said branch
instruction prediction mechanism predicting a subset of said
branch instructions within said stream of computer
instructions;

an instruction decode mechanism, said instruction decode
mechanism decoding said stream of computer instructions;

an allocator, said allocator allocating resources needed to execute

said computer instructions;




- 30 - W\Nas execut ed during specul ati ve execution

down a Wrong Ty e, pat h. The BranchrExecution Unit 92

conpares the fipg " h!lﬁepza@dtcorre and correct branch
and branch target addm mn m““‘ i f
S ect ly or m spredi ct ed. rich *

the predicted b
the branch was ¥%

I nstruction was predict ed rectly by the Branch Target Buffer
Circuit 40 or the Branch Address Cal cul-atk@r -50, then the

he h 10
st ructi on wedrrUEERIatoat FriA enecbpiisd fuf Bthffiihe srid B, 1 y
flush the front- erpsqr&){% &efcm&efq:ﬂ lﬁg‘eaﬁar and restart the m croprocessor at
We

the correct address ver fe Was an ol der mspredl cted branch

t hat al re%ﬂefs‘?‘bsr‘?eduts@ﬂxéﬁo%”&bé’fﬁﬁuﬁ finsda fgf%ch% é*b%lihtﬁngtgumt

front-end of t M Cr opr ocessor the ranch ecution Unit w || not

flush the 15 m Si’cé’&ﬁﬂ?%%ﬁ c%ﬂ?u_@?r i2eritaiems! ?ﬂdoifnsfﬂuiﬁb?tdéfécﬁ@low gaghes

is explained in ater after the' | owm ng expl anation of how

t het Br atnch EXGCUH'u@ng all ddthpull? iREROEESRS IfasHd froRe-ept BAhRMERaid
I nstruction.

execution unit detects a branch misprediction.

25.  The computer processor as claimed in claim 24 further
comprising:
an instruction retirement unit, said instruction retirement unit
detecting mispredicted branch instructions, said instruction |
retirement unit flushing all computer instructions in said out-of-
order unit fetched after a mispredicted branch instruction when said

execution unit detects said mispredicted branch instruction.

26. A computer processor, said computer processor comprising:

means for predicting a subset of branch instructions within a stream of
computer instructions such that said processor can continually fetch
said stream of instructions;

means for decoding said computer instructions, said means for
decoding said computer instructions determining a branch type and
a branch operand for branch instructions within said stream of

computer instructions;




- 31 - _ ' | : Execut i ng Branch Instructions
The fol |l owi ng TmbsiretIat BdenRéplaatdes how t he Branch Execution Unit

execut es each. t t tion. 5
e S VAR e

mCcu
Branch  Cal cul ati on of Branch - 49 -
Qut cone Tar get Address Rel ative Junp or Call No
action needed meantidor@xecutingsdiz computeRigitsuationspdideneansdpr  No
action needed Target address from or Call :
addr ess poi nted texdmpting said computer instructions calculating a final branch
regi ster operand Condi tional Junp Yes, fromflags . No
action needed outcema andffinghbrapeb darges adsiress fasrbrass éagtruchonsr ar get

address from . . . .
architectural stawithin said stream of computer instructions; and

I

at ron of

means for retiring said computer instructions, said means for retiring
said computer instructions committing said executed branch

instructions into a permanent processor state.

27.  The computer processor as claimed in claim 26 wherein said
means for predicting a subset of said branch instructions within a stream of
computer instructions predicts the existence of said subset of said branch
instructions and predicts a branch outcome and a branch target address for

each branch instruction in said subset of said branch instructions.

28. The computer processor as claimed in claim 27 wherein said -
means for predicting a subset of said branch instructions comprises a branch

target buffer.

29.  The computer processor as claimed in claim 27 wherein said
 means for decoding said computer instructions verifies the branch
predictions made by said means for predicting a subset of said branch

instructions.




As stated in Table 3, the Branch Execution Unit 92 need not 10 perform any

processi ng on Rm I nstructions. The

Execution Unit 92TheSHeaHaBBRERMIQGESSI N on Rel ative Ju r Call

i nstructions si nce’“,‘mmm ’ﬁr ess Cal cul ator 50 al r%ﬂl{“’uﬁuﬂc’mﬂ:d
t hose types of bra 'i s; If there is no ol der : .
branch, the Bra i Unit 92 passes the final br anch”out cotre
and the branch 15 target address to the Branch Target Buffer Circuit 40 so
t he Branch Target Buffer Circuit 40 can update the Branch Target

Buf fer Cache 41. To exggute Register Indirect Junp or

Call instructions, the Branch Execution Unit 92 obtains the val ue of
the regi ster de80gnaflbée domphter processor as claimed in claim 30 wherein said

- 32 - operand and then gets the final branch target address froma
branch t abmeans for deradingsaidecgraputeriiastjuctions Pppdisna PLaneh OHCURPt 92
passes the branch tar%et ad ri)ss, t.o,the Branch Taraet g}ffer. Crcuit
40 so the sRdadpranghdarget address repch instrugiang Nt Jysfcted Oysaldch Tar get

Buf fer Cache 41. The nch - . .
means for pregirc%ng a subset of said branch instructions.

31. The computer processor as claimed in 'claim_ 28 wherein said
means for executing said computer instructions updates said branch target

buffer with said final branch outcome and said final branch target address.

32.  The computer processor as claimed in claim 26 wherein said
retiring said computer instructions further comprises flushing all
instructions in said computer processor fetched after a mispredicted branch

instruction.




5 Execution Unit 92 conpares the final target address with the prédicted

t ar get
correctly predicted

execution resunmes along the
Target Buffer Circuit 40 m spredicted
Execution Unit 92 nust flush the pipé

unl ess there is an ol der
To execute a Conditional
tests the designated cordi
branch target address doeq
15 Calcul ator 50 has full
Execution Unit 92 det
current architectural

branch outcone is then cor

address to-determne if the Branch Target Buffer

Crcuit 40
If the branch was predicted correctly
current path. However, if the Branch
t he branch, then the Branch

fne and 10 restart the processor
retirled m spredicted branch.
i dro-op, the Branch Execution
determ ne the branch outcone. The
t neged to be resol ved since the Branch Address
alcyl ated the target address. The Branch
er#i nes| t he branch out cone by obtaining the
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25 Execution Unit 92 passes the final branch outconme and the final branch
t ar get - 33 -

address to the Branch_Target Buffer Circuit 40 so the Branch Target Buffer
Circuit 40 can update the Branch Target Buffer Cache 41.

The Branch Execution Unit 92 executes turn from Subroutine 5 mcro-ops
by popping the top value off of the archi tyral stack of the

m croprocessor. The Branch Execution Unn conpares the val ue
popped off the top of the architectural ack »#fth the return address

predi cted by the Return Stack Buffer 5§ in the Branch Address

Cal cul ator 50. If W\ﬁ-B g?e%ui SSES mat ch, the m croprocessor dan
resune execution a Eéﬁagﬁ e Eﬂ?‘f’t}e npath However, if the two addrijess do
not match, the Bra Execut ni_t |ush and restart |t he
m croprocessor pi pgl ﬂ‘ée ﬁ'ﬁ’lgelg iy Wghitgrgfﬁbgﬁﬁlé%émz :

' Information available: current instruction pointer (IP) and a buffer

containing information about some previously executed branch
instructions -

| Branch processing: predict branches in instruction stream

v

Stage 2 - Branch Decode
Processing Unit: Instruction decoder and branch address calculator

Information available: decoded instruction, operand, instruction
pointer, Branch Target Buffer prediction

Branch processing: verify Branch.Target Buffer predictions when
possible, make predictions for branch instructions missed by
Branch Target Buffer. Write Branch information into Branch IP
table.

v

Stage 3 - Branch Execution
Processing Unit: Branch execution unit

Information available: all information needed to fully execute the
branch

Branch processing: execute branches, verify and correct previous
predictions, update and allocate Branch Target Buffer entries.

v

Stage 4 - Branch Retirement
Processing Unit: Retirement logic

Information available: Executed branches and branch
misprediction information

Branch processing: purge instructions fetched after a mispredicted

branch

Figure 2
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nonretired m spredicted branch. . Handl i ng

M spredi cted Branch Instructions 15 : When the Branch
Execution Unit 92 executes a branch m cro-op and determ nes that the
branch was m spredicted by the Branch Target Buffer: Circuit 40 or the
Branch Address Cal cul ator 50, the Branch Execution Unit 92 usual I'y
flushes the front-end of the microprocedéddbr (the Instruction Fetch 20 Unit
30 to the Allocator 70), stalls the Allocator 70, and restarts the.

Instruction. ~ Fetgh Unit 30 at the @seémal Bdsaddress. However, i f Branch
. Execution Unit 92 ¢ Fecently T1rushed the prpelrne due to_an o%}r ,
naonretired m spredic¥ed branch, t he ch Execution Unit 92" shoul d

not flush the pipeline again. Thus the - Branch Execution Unit 92 should
only flush the pipeline3¥f the mispredictefi|25 branch.is the ol dest -

nonretired m spredipfe AT, T greEPT TS present ed

clearly using Figuf® PEIC| | ustrate 4 possible brafkh

m spredi ction si t upti ons.

Instruction
Fetch
Unit - 30
[
Branch J1
Target Branch 41 EUL
Buffer |Jlarget F’ -91
Circuit Buffer _Cache _
< | PIEU2[< 92 ™ 1.9
Branch ++ 43 ‘
Instruction , EUS -93
‘ Pointer Table | |- 40
S—
= EU4 Y
50- 2
_,| Branch Return 51
Address |Stack ‘,' RS
Calculator |Buffer | 53 -81
! 1
. - 60 - 70 -
gf::g::l om Allocator > ROB .83 80
RRFj- 84
Retirement
Logic
85

Figure 3



Referring to Figure 6a, there are two branches that occur 5 sequentially
in the conmputer code: Branch 1 and Branch 2. In the exanple of Fi gure
6a, Branch 1 is executed first and was predicted correctly. Next, Branch

2 is executed and the Branch Execution Unit 92 determnes that Branch 2
was m spredi cted. Since the Branch Execution Unit 92 determ nes that
Branch 2 is the ol dest nonretireg,m spredi cted branch, it marks Branch
2 as mspredicted 10 and perforns tﬁe full branch nlsprediction recovery
procedure. The full branch m sprediction recovery
procedure consi sts of simul taneously stalling the Al ocator 70,
flushing the front-end of the m-croprocessor, and restarting the
Instruction Fetch Unit 30 at the corrected 15 branch target address. The
Branch Execution Unit 92 stalls the Allocator 70 such that the

Al'l ocator 70 will not allocate reorder buffer entries or reservation
station entries. By stalling the Allocator 70, the Branch Execution

Unit 92 prevents any new instructions in the front-end of the processor
from entering the Qut-O -Order sectlon 80 of the mcroprocessor. The

Branch 20 Executi on Uni t—9p—ftusirestte—fmomt&emdiott he m cr opr ocessor
(the Instruction £
e
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Fetch Unit 30 to the Allocator 70) such that all the instructions in the

front- end of the mcroprocessor that were fetched after the branch
nt spredi ction are-di scarded. (Note that other instructions that were
fetched after the branch m sprediction may still be in the

b QUt-OF-Order section 80 of the 25 m croprocessor or in other execution
units.) The Branch Execution Unit 92 5,7 restarts the Instruction Fetch
Unit 30 at the corrected branch target address.

- 35 - Figure 6b presents the situation where the second:
branch (Branch 2) is executed first and was predicted correctly; and
the first branch (Branch 1) is executed second and was m spredi cted.
In this situation, the 5 Branch Execution Unit 92 determ nes that Branch
1 is the oldest nonretired m spredi cted branch and thereforgg$arks
Branch 1 as m spredicted and perfornms the full branch m spr tion
recovery procedure. :
BIT |
Entry Fall-Through - Processor State
Number Address Information
0
1
2
3

<
<..0

Branch Informatibn Table (BIT)

Figure 5

il ==




Fi gure 6¢c presents the situation where the second branch 10 (Branch 2) is
executed first and was m spredicted; and the first branch (Branch 1)
iss executed second and was al so m spredi cted. Wien the Branch Execution
Unit 92 first executes Branch 2, the Branch Execution Unit 92 determ nes

t hat Branch 2 is the ol dest non ired m spredicted branch and

t herefore marks Branch 2 as niséf%dicted and perforns the full branch
m-sprediction 15 recovery procedure to start fetching instructions at a
corrected target address. Zkbte that Branch 1 is not the ol dest

nonretired m spredicted branc 1 Branch 2 is executed because
Branch 1 has not yet been executed.) After executl ng Branch 2, the
Branch Execution Unit 92 then exefutes (Ezecuted finst & det er mi nes t hat

Branch 1 has been mi spredicted. nce Bofrecblylpredietedy than 20 Branch 2

(Branch 1 occurs first in the programorder), Branch 1 is the ol dest
nonretired m spredicted brancBrﬂ'iwh 2the Branch Execution Unit 92 again

. performs the full branch m sprz AP recovery. procedure to start fetching
.instructions at a corrected 25 Fi gure 6d
presents the situation where 'l(lEIgee&f,gﬁlgacdﬂd& i s executed

first and was m spredicted, . rﬂﬁﬁﬁr&ﬁﬁﬁé@h 2) is.

flush pipeline)

Figure 6a

_Branch 1
(Executed second &
mispredicted,
/ flush pipeline)
/Branch 2/
// (Executed first,
predicted correctly)
Y.

Figure 6b
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- 36 - execut ed second and was al so m spredicted. Wen the Branch
Execution Unit 92 executes Branch 1, the Branch Execution Unit 92
~determ nes that Branch 1 is the ol dest nonretired m spredicted branch.
The Branch Execution Unit 92 therefore marks Branch 1 as m spredicted
and perfornms the full 5 branch m sprediction recovery procedure. Next,
when the Branch Execution Unit 92/txecutes Branch 2, the Branch
Execution Unit 92 determ nes that Branch 2 is not the ol dest
nonretired mspredicted branch sinde Branch 1 is an ol der nonretired
m spredi cted branch. Thus, the &.3 ecution Unit 92 does not
performthe branch m spredictig Z,‘yer, procedure. 10 Furthernore, the
Branch Execution Unit 92 does 75 455 anch out cone or branch

target address information to g(gg(Buff r O'r%u't 40 since
o tla&Kecuted 566andi € ¢ he Branch

the branch instruction should . 1
Execution Unit 92 perforned t 4 spredi misprediatedery procedure,
flush pipeline)

(Executed first &
mispredicted,
flush pipeline)

(Executed first &
mispredicted,
flush pipeline)

(Executed second &
mispredicted,
do not flush
pipeline)

Figure 6d
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the m croprocessor would have started executing the wong instructions 15
since Branch 2 itself never shoul d have been executed.

Thus, in summary, the-Branch Execution Unit 92 executes all branches
to determine the final branch outcone and the final branch target

address of each branch. The final branch outcone and final branch target 20
address are conpared with the branch outconme and branch target address
predi cted by the Branch Target Buffer ABSTRACT 40 or the Branch Address
Cal cul ator 50. Wen the Branch Executton Unit 92 detects a mispredicted

branch, the Brangh cuti;on_Unit,k 92 sts to see. i.f the-m spredicted
pranch is  tHBBPRe pondRederr ey ggpigaﬁeggﬁtgfggggggwi gggge

m spredi ct ed branch 8 thec2b t8Pd8LE “RontEt Pr & %spre roFES ranch, the
Branch Execution Unit 92.fl ushes the entire front end of the

m croprocessor, restarts the front-end of the

- 37 - m'croprocess?r at the correct address, and rev%nts ang,new
i cro-ops from A four stage branch instruction resolution system for a pipélined

processor is disclosed. A first stage of the branch instruction resolution
5 system predicts the .existence and outcome of branch instructions within an

instruction stream such that an instruction fetch unit can continually fetch
instructions. A second stage decodes all the instructions fetched. If the
decode stage determines that a branch instruction predicted by the first stage is
not a branch instruction, the decode stage flushes the pipeline and restarts the

10  processor at a corrected address. The decode stage verifies all branch _
predictions made by the branch prediction stage. Finally, the decode stage
makes branch predictions for branches not predicted by the branch prediction
stage. A third stage executes all the branch instructions to determine a final
branch outcome and a final branch target address. The branch execution stage

15 compares the final branch outcome and final branch target address with the
predicted branch outcome and predicted branch target address to determine if
the processor must flush the front-end of the microprocessor pipeline and
restart at a corrected address. A final branch resolution stage retires all branch
instructions. The retirement stage ensures that any instructions fetched after

20 a mispredicted branch are not committed into permanent state.

(Figure 1)



) : i %O 2%5GQ2 _—7..
entering the out-of-order section 80-of the mcroprocessor by stalling the

Al | ocator 70. 5 Stage 4 - The Retirenent
Crcuit The final stage in branch resolution is
perfornmed by the Retirement Circuit 85. The Retirement Circuit 85 is
responsible for retiring the mcro-ops execut Sdbstitutasheescut®/9€ni t s
in the microprocessor. The 10 Retirenent Circuit 85 prevents

i nstructions fetched after m spredicted branches from being conmtted
i nto permanent state. ' As stated in the previous
section, when the Branch Execution ~Unit 92 detects a m spredicted
branch that is the ol dest nonretired 15 m spredi cted branch, the Branch
Execution Unit 92 flushes the entire front end of the m croprocessor.
However, there may be nunber of instructions fetched after the branch
m sprediction that are still in mcroprocessor. O her I nstructions
that were fetched after the branch m sprediction may still reside in .
ot her execution units or in the reservation station 81 and reorder buffer
83.

[0
«
Se
2 2R
P
B
N w
S
EN
°F m -
S2] S
ﬁ'nz S~
& ™
)
Om g &
° .
38 e )
= =~
& bn
Q .N
< e h
] > S N
5 =
N
88
o
7s]
=
[+
2.
<&
> »
. ¢
2 B2 -
o e E o = N ;% W é
Q;ﬂé

REPLACEMENT ‘SHEET

20 SEP 1996

mls SH I -‘,.
IS SHEET HAS .BEEN |
| REPLACED l




20~ Tosprevent these instructions that never -should have been fetched from
being commtted into permanent architectural state, the Retirenent CGrcuit
85 flushes these remaining instructions when a m spredicted branch mcro-

op retires. 25 To flush the m cro-ops corresponding to

i nstructions fetched -after a mspredicted braSuobstitee sheeti-8/9/98e

m croprocessor, the _ - 38
- Retirement Circuit 85 clears all the entries in the reorder buffer
83 that follow the reorder buffer 83 entry containing the

m spredi cted branch m cro-op when the m spredicted branch m cro-op
retires. After clearing all the reorder buffer 83 entries after the

reorder buffer 83 entry containing the mspredicted 5 branch m cro-op,
the Retirenment GCircuit 85 restarts the Allocator 70 that was

43
BIT
Entry Fall-Through Processor State
Number Address | Information
0
1
2
3
n-1

Branch Information Table/BIT

Figuré 5
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stal | ed when the Branch Execution Unit 92 detected the m spredicted branch.
By restarting the Allocator 70, the Branch Execution Unit 92 allows the new
m cro-ops frominstructions that were fetched using the corrected fetch
address to enter Qut-of-order section 80 of the mcroprocessor. 10

For exanple, referring to Figure 3 and Figure 6b, vBelnstitate sheet - Bi818(96
Execution Unit 92 executes Branch 2, the results are stored into the-
reorder buffer 83. Next, when the Branch Execution Unit 92 executes Branch
1, the Branch Execution Unit 92 flushes the front end of the nmachine

t hereby 15 clearing the Instjruction Fetch Unit 30, the Instruction
Decoder 60, the Branch Address Cal cul ator 50, and the All ocator 70.
However, Branch 2 (an |r& éﬁl(‘{[ion fetched after the m spredicted
Branch 1) remains in the Reorder Buf fer 83. When the Retirenent
Circuit 85 retires Branch 1, tlhe Ret iEge@&fited first & rcuit 85 notices that

Branch 1 was m spredicted. Sirce B_rmcﬂay\?%a%tedm spredi cted, the
e u

Retirenment Circuit 85 clears |” the reor er 83 entries after
the mspredicted Branch 1. Blayielpanch 2 is cleared fromthe
m croprocessor and it ney the m croprocessor's permanent
architectural state. 29 The foregoing has described a four
stage branch instruction ti mechari sm It i s contenpl at ed
that changes and modifi cdi/ Oﬁxequlf'e& second &

mispredicted,

flush pipeline

Figure 6a

'

Branch 1

Executed second &
mispredicted,
flush pipeline

Executed first,
predicted correctly
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-39 -.smay be nmade by one of ordinary’'skill in the art, to the materials
and " arrangenments of elenents of the present invention w thout departing
fromthe scope of the invention. , 40
CLAIMS 1. A branch resolution nechanism in a pipelined
processor, said pipelined processor resolving brancBubstitute sheet - 18/9/96

Executed second &
mispredicted,
flush pipeline:

Executed ﬁrsﬁ &
mispredicted,
flush pipeline

Executed first &
mispredicted,
flush pipeline.

/ Executed second &
mispredicted,
do not flush
~ - pipeline
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cenputer instructions, sald instructicons within branch resol uti on mechani sm
coipri si ng; a branch instruction prediction mechani sm (40), said
branch_instruction prediction nechani smpredicting a subset of said branch’
instructions included in said streamof conputer instructions, said
branch instruction prediction nechani smgenerating a predicted branch

out cone and a predicted branch targéf7addr$gisstitate sheet s29sNovefbeail®96
branch instructions using a branch target buffer 40; an '
instruction decode nechanism (60), said instruction decode nmechani sm
coupl ed to said branch instruction predlctlon mechani sm (40), said
instruction decode nmechani sm (60) verifying branch predictions fromsaid
branch instruction prediction mechanism (40), said instruction decode
mechani sm (60) correcting detected branch m spredictions; an

i nstruction execution nmechani sm (92), said out- of-order instruction
execution nechani smcoupled to said instruction decode nechanism (60),
sai.d out-of-order instruction execution nechanism (92) executing said
branch instructions out of an original programorder to determne a final
branch outcome and a final branch target address for each of said branch
instructions, said out-of-order branch instrucdsi on executi on nmechani sm (92)

conparing said final prafch|oufcofe andjsaifd ¥ branch target address
with said predicted bfpp¢h ¢ut ¢ome ampd gai g pred ct¢d branch target
addr ess: r each=2®tedicted [branch irstructipn |to deternmine branch
m spredi cti ons, saléo t-pf - brder Wranch |instructi o executi on mechani sm
(92) flushing a front-enq_ol_s&i dipipelilned proceskor lwhen a
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ni~spredi cted branch is detected and sai d mspredl cted branch is the ol dest
m spredicted branch instruction in 41 said
out - of - ordér execution nechani sm and an instruction retirement
mschanl sm (85), said instruction retirenment mechani smcoupled to said
out-of- order branch instruction execution nmechanism (92), said
instruction retirenment mechani sm%85) retiS8ubstitubesshaet + @39sNpwember d 386 ng
conmmitted into a pernmanent architectural state, said instruction retirenent
mechani sm fl ushi ng sai d out-of-order instruction execution mechani sm when
said instruction retirenment nechanismdetects a m spredicted branch. 2.
The branch resol ution nmechanismas clained in claim11, wherein said branch
target buffer (40) conprises an instruction pointer (43) and a branch
target buffer cache (41). 3. The branch resol uti on nmechani sm as
claimed in claim1l, wherein said instruction decode nechani sm (6(23. verifies

BIT _ '

Entry Fall-Through -~ Processor State
Number Address Information

0

1

2

3

V V
n-1

Branch Information Table/BIT
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a~ mspredicted branch from said branch instruction prediction
mechanism and flushes (50) said pipeline processor upon detection of a
m sprediction.. 4. The branch resol ution mechanismas clained in claim
3, wherein said instruction decode nechani sm (50, 60) instructs said branch
target buffer (40) to deallocate an entry in said branch target buffer (40)
causing said msprediction. 56/7 The br8ubstitués shaet o29Nolembem 1:896
claimed in claim2, wherein said out-of-order instruction execution
mechani sm (92) passes said final branch outconme and said final branch
target address to said branch target buffer (40) for updating said branch
target buffer cache (41) if anjol der m spredicted branch has not been
det-ect ed. Y 42 6. The branch resol ution
mechani sm as clained in cl aBgahchMerein said out-of-order instruction
execution nechanism (92) stallg entry of new instructions fromsaid
Executed first &

correctly predicted

\ 2
Branch 2

N

Executed second &
mispredicted,
flush pipeline

Figure 6a

Executed second &
mispredicted,
flush pipeline

_Exécﬁted first,
predicted correctly
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front-end of said pipelined processor into said out-of- order exeéecution
“mechani smuntil flushing of said out-of- order-instruction execution
mechanj sm (92) . 7. The branch resol uti on nechanismas clainmed in
claim®6, wherein said out-of-order instruction execution nechanism
(92) resunes execution at a corrected branch target address subsequent to
flushing of said out-of-order instructipn Bubstituitesheet h29 Novédiber 1996
The branch resol ution nmechanismas clained in ¢claiml, wherein sai d
out-of-order instruction execgution nmechanism (92) resunes entry of new
instructions i-n front- end of 3? d pipelined processor subsequent to
flushing of said front-end of id ﬁi pel i ned processor by said out-of-
order instruction execution ilsm 9 A nmet hod of resolving
branch instructions in a ocessor, said nethod conprising the -
steps of: predicti subset of said branch

instructions within a stre iEbiéélh'féd g@éoﬁao&] an i nstruction
sai d stream of conputer i

fetch unit (30) such that j ‘ proGe eéont' nual ly fetch
b ' %&{ﬁfﬁ ni d branch :
instructions in a decoder 4 erm ne RHR pe and a branch .

oper and; executi ng AR & i nstructions out of an

Executed first &
 mispredicted,
flush pipeline

o - o

Figure 6c

Executed first &
mispredicted,
flush pipeline.

// 1 Executed second &
mispredicted,
do not flush

pipeline

Figure 6d
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original programorder in an out-of-order unit (92) to calculate a final
b;ranch out come and a final branch target address for each branch
i nstruction; flushing at |east said instruction fetch unit (30) and
sai d decoder (60) when said out-of-ordg® unit (92 icted
branch insgruction that is the ol dest m spredict ed br struction in
sai d out-of-order 'j uuﬂ’j'uuu Luu
retiring ipstructions in said original pr.o ramorde nt
unit (85) {o conmit a result of said |n§’Pf* ions into a pernanen state if
said branch instructions are not m spredicted; and fl ushi ng sai d

- - dé 9 85) det t
(r)nugp(r)fed?gt =(rjlgpiaﬁlc£1 %st%?:’t i ondré&ijo‘i@fgﬂThe 'Iﬁé?{’lbﬁ of %‘rnggo?sv?ﬁéj«‘?ﬁ?‘éﬂﬁﬂ
i nstruct i ohsPrecesdrpusaidrpipetbneds priogiessdr resalvitg bhrersin mabf
step of predishpiged SYRSELuRE ieRisd br@dl@ :ﬁfé&f&éﬂféﬁswwtﬂlﬁ Shigam Of

conputer ifistTuciions conprises predicting t
resolution mechanism comprising:

_ a branch instruction prediction mechanism (40),
said branch instruction prediction mechanism predicting a
subset of said branch instructions included in said stream
of computer instructions, said branch instruction
prediction mechanism generating a predicted branch outgcome
and a predicted branch target address for said subset of.
said branch instructions using a branch target buffer 40;

an instruction decode mechanism (60), said
instruction decode mechanism coupled to said branch
instruction prediction mechanism (40), said instruction
decode mechanism (60) verifying branch predictions from
said branch instruction'_prediction mechanism (40), said
instruction decode mechanism (60) correcting detected
branch mispredictions; ' -

an instruction execution mechanism (92) ., said out-
of-order instruction execution mechanism coupled to said
instruction decode mechanism (60), said - ocut-of-order
instruction execution mechanism (92) executing said branch
instructions out of an original program order to determine
a final branch outcome and a final branch target address
for each of said branch instructions, said out-of-order
branch instruction execution mechanism (92) comparing said
firal branch outcome and said final branch target address
- with said predicted branch outcome and said predicted
branch target address for each ©predicted branch
instruction to determine branch mispredictions, said
out-of-order branch instruction execution mechanism (92)
_flushing"é front-end of said pipelined processor when a
mispredicted branch is detected and said mispredicted
branch is the oldest mispredicted branch instruction in
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existence of said subset of said branch instructions and préaTETTﬁﬁ*a**———~———_
Rranch outcone and a branch target address for each branch in

sai d subset of said branch instructions. 11. The net hod mmﬂm!&‘@””m
branch instructions in a conputer procdabkor as clained in claiml0

- said step,of predicting a subset of said branch |nstruct|ons I's perforned

usi ng a brlangdy 4 a5 geloBubEaer( dRkour 1b7 mecnbi o resol ving branch -
instructidns 1n nput er Erocessor as clained I n ¢ |n110 wher ei n said
step of ddcoding salﬂnbrbﬂﬁ rPﬁ§FPBctFGﬁ§rFﬂFFﬁérWﬁﬁﬁﬂQE%% vE8kyi ngRide

branch preadi pistnsctbor hetsiadnerepmethprddinct cogpiedulset safidsabdc begnch
i nstructi e .nethod ,of resolvi br anch, |nstrucgkggs in a

: 13. h
conput er pz%%%%f)r bra r%ﬁ-;é FEPEEEGHIAT, £Xe & nMEShAREER, ecoth
sai d branch 1msmrmmtLonsréuurbaentompchaaiqmwﬂﬂiﬁ|nq;2rmmanEMSmmmcbnenand
a branch tiar Pd%esﬁeﬁﬂé b%&%ﬁi‘ttﬁét riyeld ogs Oﬁghgﬁéﬂtc%ﬁcﬂté&&épp

of predictj a subset o pranch i nstructi
state, said instruction retirement mechanism flushing said

out-of-order instruction execution mechanism when said
instruction retirement mechanism detects a mispredicted
branch.

2. The branch resolution mechanism as claimed in claim
1, wherein said branch target buffer (40) comprises an
"instruction pointer (43) and a branch target buffer cache
(41) .

3. The branch resolution mechanism as claimed in claim

1, wherein said instruction decode mechanism (60) verifies

a mispredicted branch £from said branch instruction

prediction mechanism and flushes (50) said pipeline
processor upon detection of a misprediction.

4. The branch resolution mechanism as claimed in claim
3, wherein said instruction decode mechanism (50,60)
instructs said branch target buffer (40) to deallocate an
entry in said branch target buffer (40) causing said

misprediction.
5. The branch resolution mechanism as claimed in claim
2, wherein said out-of-order instruction execution

mechanism (92) passes said final branch outcome and said
final branch target address to said branch target buffer
(40).for updating said branch target buffer cache (41) if
an older mispredicted branch.has not been detected.
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44. « 14. The nethod of resolving branch instructions in a conputer

processor as clainmed in claim1l, wherein said step of ' mﬂ‘
branch instructions further conprises updating said braﬁlﬁm‘mllgmﬁ |II|
with said final branch outcone and sai #&2i nal branch target¢address.s *15.
The net hod of resolving branch instructions in a conputer processor as

claimed in cgaim9, wharehpafahd §é§@1@éi$ﬁush!n%g:h%q{&ﬂut§é)f Qadfled'Nih
(92) conprfses flushing all ,instructions in s conput er processor fetched
after msp e‘af%{"@d Tor aWBRTRAL: r 3R1F 0 PUWRTC ‘é’rrgree‘ f LOSRENG AT PREEREEPRON

fetch unit| (fé¢haniismai($®2decoriell$68nhtry of new instructions from said
front-end of said pipelined processor into said out-of-
order execution mechanism until flushing of said out-of-
order instruction execution mechanism (92).

7. . The branch resolution _mechanism as claimed in claim
6, wherein . said out-of-order instruction execution
mechanism (92) resumes execution ‘at a corrected branch
target address subé'equent: to flushing of said out-of-order
- instruction execution mechanism (92). |

8. The branch resolution mechanism as claimed in claim
1, wherein said out-of-order instruction execution
mechanism (92) resumes entry'of new instructions in front-
end'of said pipelined processor subsequent to flushing of
said front-end of said pipelined processor by said out-of-
order instruction execution mechanism.

°. A method of resolving branch instructions in a
computer processor, said method comprising the steps of:

predicting (40) a - subset of said branch
instructions within a stream of computer instructions from
an instruction fetch unit (30) such that said computer
processor can continually fetch said stream of computer
instructions; |

decoding said branch instructions in a decoder (60)
to determine a branch type and a branch operand;

executing said branch instructions out of an
original program order in an -out-of-order unit (92) to
calculate a final branch outcome and a final branch target
' address for each branch instruction; '

flushing at least said instruction fetch unit (30)
and said decoder (60) when said out-of-order unit (92)
~detects a mispredicted branch instruction that is the
oldest mispredicted branch instruction in said out-of-order
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unit (92); S

retiring instructions in said original program
order with a retirement unit (85) to commit a result of
said instructions into a permanent state if said branch
instructions are not mispredicted; and .

flushing said out-of-order unit (92) when said
retirement unit (85) detects said mispredicted branch
Ainstruction. '

10. - The method of resolv:.ng branch 1nstruct:|.ons in a
computer processor ‘as claimed in claim 9, wherein said step
of pred:r.ct:.ng a subset of said branch instructions within a
stream of computer instructions comprises predicting the
existence of said subset of said branch insti'uctions and
predicting a branch outcdme and a branch target address for
each branch instruction in said subset of saJ.d branch
instructions.

11. The method of resolving branch instructions in a
computer processor as claime_d in claim 10, wherein said
. step of predicting a subset of said branch instructions is .
performed using a branch target buffer (40).

12. The method of resolving branch instructions in a
computer processor as claimed in claim 10, wherein said
step of decoding said branch instructions further comprises
verifying the branch predictions made by said étep of
predicting a subset of said branch instructions.

13. The method of resolving branch instructions in a
. computer processor as claimed in claim 12, wherein said
- step of decoding said branch instructions further comprises’
: predicting a branch outcome and a branch target address for
' branch instructions not predicted by said step of
predicting a subset of said branch instructions.




AR A0 O ;

14. The method of resolving branch instructions in a
computer processor as claimed in claim 11, wherein said

44

-step of executing said branch instructions further
comprises updating said branch target buffer with said
final branch outcome and said final branch target address.

15.  The method of resolving branch instructions in a
computer processor as claimed in claim 9, wherein said step
of flushing said out-of-order unit (92) comprises flushing -
all instructions in said computer processor fetched after
mispredicted branch instruction but before flushing said
instruction fetch unit (30) and said decoder (60). .
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