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Method and Apparatus for Implementing
A Four Stage Branch Resolution
System in a Computer Processor

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

four different stages in a microprocessor pipeline.

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

To improve efficiency, microprocessor designers overlapped the
operations of the fetch, decode, execute, and Writgséck Iogié_ stages such that
the micrbprocessbr operated on several instructions simultaneously. In
operation, the fetch, decode, execute, and" writeback logic stages concurrently
process different instructions. At each clock tick the result of each processing
stage is passed to the following processing stage. Microprocessors that use the

technique of overlapping the fetch, decode, execute, and writeback stages are
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known as "pipelined" microprocessors. Some microprocessors further divide

each processing stage into substages for additional performance
improvement. Such processors are referred to as "deeply pipelined”

microprocessors.

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
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
branch condition prevents the instruction fetch unit from knowing which

instructions to fetch next.

To alleviate this problem, many pipelined microprocessors use

branch prediction mechanisms that predict the existence and the outcome of

branch instructions within an instruction stream. The instruction fetch unit
uses the branch Predictions to fetch subsequent instructions. For example,
Yeh & Patt introduced a highly accurate two-level adaptive branch prediction
mechanism. (See Tse Yu Yeh and Yale N. Patt, Two-Level Adaptive Branch
Prediction, The 24th ACM/IEEE Intefnational Symposium and Workshop on
Microarchitecture, November 1991, pp. 51 - 61) The Yeh & Patt branch
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prediction mechanism makes branch predictions based upon two levels of

collected branch history.

When a branch prediction mechanism predicts the outcome of a

branch instruction and the microprocessor executes subsequent instructions

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

mechanism mispredicted the branch, the microprocessor is accomplishing

nothing. When the microprocessor eventually detects a mispredicted branch,

the microprocessor must flush the instruction pipeline and restart execution

at the correct address.

~
° ’

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

pipeline will be flushed each time a misprediction is made.
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SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide a
branch resolution mechanism that resolves microprocessor branch
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

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
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
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
target address with the predicted branch outcome and predicted branch target

address to determine if the processor must flush the front-end of the
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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 a mispredicted branch are not committed

into permanent state.
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BRIEF DESCRIPTION OF THE DRAWINGS

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

description and drawings in which:

FIGURE 1 is a block diagram of a deep microprocessor pipeline

for processing microprocessor instructions.

FIGURE 2 is a 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 illustrated in Figure 1.
. ’

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
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

second branch.
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FIGURE 6b is a diagram illustrating how the branch execution
unit handles a correctly predicted second branch followed by a mispredicted

first branch.

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
unit handles a mispredicted first branch followed by a mispredicted second

branch.
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DETAILED DESCRIPTION OF THE INVENTION

A four stage branch prediction and resolution mechanism for a
pipelined for microprocessor is disclosed. In the following description, for
purposes of explanation, specific nomenclature is set forth to provide a
thorough understanding of the present invention. However, it will be
apparent to one skilled in the art that these specific details are not required in
order to practice the present invention. Furthermore, well known circuits
and devices are shown in block diagram form in order not to obscure the

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

instructions within the stream of microprocessor instructions. The four stage
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branch resolution mechanism first attempts to accurately predif:t the existence
and outcome of each branch instruction within 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
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
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

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
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.
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The third stage of the branch resolution mechanism is a branch -

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
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
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.
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
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

minimize pipeline stalls, each of those logic circuits uses the information that

it has available to predict and resolve a branch instruction within the
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instruction stream. An overview of the microprocessor illustrated in Figure

3 is provided and followed by a detailed description of each branch resolution

‘stage.

At the top of the block diagram of Figure 3 is Memory & Bus
Logic 35. The Memory & Bus Logic 35 is responsible for loading information
into the microprocessor and outputting information from the
microprocessor. The Memory & Bus Logic 35 usually first attempts to load or
store from a high speed cache mémory. If the cache memory cannot be used
(perhaps due to a cache "miss"), the Memory & Bus Logic 35 instead accesses a

main memory over an external bus.

Coupled to the Memory & Bus Logic 35 is an Instruction Fetch
Unit 30. The Instruction Fetch Unit 30 is responsible for continually fetching
new microprocessor instructions (also known as macro instructions) and
operands for the microprocessor to execute. The Instruction Fetch Unit 30
uses an instruction pointer (IP) to maintain the current fetch address. The
fetched instructions are fed into the head of the instruction pipeline. Simple
unconditional branch instructions within the instruction stream prevent the
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
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
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first stage of the four stage branch resolution mechanism. After fetching each

instruction, the Instruction Fetch Unit 30 passes each instruction to an

Instruction Decoder 60.

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
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
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

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

microprocessor is a superscalar processor that may execute the micro-ops out
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of the original program order. However, the micro-ops eventually must be

retired in the original program order to properly execute the computer

program.

To maintain the original program order, the Allocator 70
allocates an entry in a reorder buffer 83 in an Out of Order logic circuit 80.
Figure 4 illustrates a reorder buffer. The reorder buffer 83 of Figure 4
Eomprises 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
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
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
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
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-
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through" address fof the branch instruction and processor state information

into the Branch Instruction-Pointer Table (BIT) 43. The fall-through address
consists of the adaress of the instruction immediately following the branch
instruction. The information stored in the Branch Instruction-Pointer Table
(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
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
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
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
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



10

15

20

25

- 15 -
information into the reorder buffer 83 pDst that the Allocator 70 allocated for

the micro-op.

In the present embodiment, execution unit 92 is designated as a
Branch Execution Unit 92. The Branch Execution Unit 92 executes all branch
micro-ops to 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.

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
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

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, fhe
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
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result and there is no fault problem, then the executed micro-op result is

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

When the Retirement Circuit 85 attempts to retire a branch
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
Circuit 85 comprises the final stagé of the four stage branch resolution

mechanism.

Stage 1 - The Branch Target Buffer Circuit |

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
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.

To predictions branch instructions, the Branch Target Buffer

Circuit 40 maintains a buffer containing information about branch
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instructions that the microprocessor has previously executed. The buffer
containing the branch information is referred to as the Branch Target Buffer
Cache 41. Each time a branch instruction is resolved by the microprocessor,
the Branch Target Buffer Circuit 40 records the branch target address and the
outcome of the branch instruction in the Branch Target Buffer Cache 41 for

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

~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.

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
instruction will be taken, then the Branch Target Buffef Circuit 40 also

predicts a branch target address.
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Stage 2 - Instruction Decoding and the Branch Address Calculator
Referring to Figure 3, after the Instruction Fetch Unit 30 fetches
an instruction, the Instruction Fetch Unit 30 passes the instruction to the
Instruction Decoder 60. When the Branch Target Buffer Circuit 40 predicts
that a particular instruction is a branch instruction, the Instruction Fetch Unit
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.

The Instruction Decoder 60 decodes each microprocessor
instruction received to determine what type of microproéessor instruction it
is. The Instruction Decoder 60 breaks down each 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 function of the corresponding

microprocessor instruction.

If the Instruction Fetch Unit 30 passes an instruction that is
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
outdated information or aliasing caused by compressed tags in the Branch

Target Buffer Cache 41.
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If the Instruction Decoder 60 determines that the Branch Target
Buffer Circuit 40 predicted a "bogus" branch, then the Instruction Decoder 60
notifies the Branch Address Calculator 50. The Branch Address Calculator 50
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.

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
Instruction Decoder 60 tells the Branch Address Calculator 50 what type of
branch instruction has been réceived, 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
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 -

predicted the existence of the branch instruction or not.
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The following Table 1 illustrates how the Branch Address

Calculator 50 handles each type of branch instruction when the Branch Target
Buffer Circuit 40 predicted the branch instruction and the Instruction Decoder
60 verified that the predicted branch instruction actually is a branch
instruction. (As stated earlier, if the Instruction Decoder_ 60 determines that a
predicted branch instruction is not a branch instruction, then the Branch

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

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.
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
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calculating the Instruction Pointer relative target address and comparing the
calculated branch target address with to the predicted branch target address. If
either the branch outcome or branch target address were mispredicted, the
Branch Address Calculator 50 flushes the pipeline and restarts the machine at
the corrected address. Since the Branch Address Calculator 50 fully validates
both the predicted branch outcome and the predicted branch target 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.

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,
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
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
Jump instruction that was predicted by the Branch Target Buffer Circuit 40,
the Branch Address Calculator 50 validates only the branch target address.
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The Branch Address Calculator 50 validates the branch target address by
calculating the branch target address and comparing the calculated .branch
target address with the pfedicted branch target address. The Branch Address
Calculator 50 does not validate the branch outcome since the outcome of

branch condition is not known at this stage in the microprocessor.

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
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.

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
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
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
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Branch Target Buffer Circuit 40.

If the microprocessor encounters a branch instruction that the
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
following Table 2 illustrates how the Branch Addréss 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.
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Table 2

Branch Type
(As decoded by
Instruction Decoder)

Branch Address Calculator Action

Branch Outcome
Prediction/Calculation

Branch Target Address
Prediction/Calculation

IP Relative Jump or Call

Taken, since
unconditional branch

Calculated from IP and
branch displacement

Regis.ter Indirect Jump
or call

Taken, since
unconditional branch

address

Predict next sequential

Conditional jump
(backward)

Predict taken

Calculate from IP and
branch displacement

Conditional jump
(forward)

Predict not taken

Calculate from IP and
branch displacement

Return from subroutine

Taken, since
unconditional branch

Pop return address off of
return stack buffer

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

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

Address Calculator 50 effécti_vely fully executes Unconditional Relative Jump

or Call instructions.
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When the Branch Address Calculator 50 receives an

Unconditional Register Indirect Jump oi Call instruction that was not
predicted by the Branch Target Buffer Circuit 40, the Branch Address
Calculator Sb only predicts the branch outcome as taken. The Branch Address
Calculator 50 cannot calculated a final branch target address since the value of
the register is not known 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
fetching those instructions. An intelligent compilér 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.

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
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
Branch Address Calculator 50 predicts the branch outcome of branch

instruction as t_aken. The Branch Address Calculator 50 therefore flushes the
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instruction pipeline and resumes execution at the calculated branch target

address when a backward Conditional Jump instruction is detected.

If the Conditional Jump instruction jumps forward, then the
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.

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
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

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
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
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available pDst entry in the reorder buffer 83 to store the results of the branch

micro-op.

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
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
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
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.

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
into the Branch Target Buffer Cache 41 when updating the Branch Target

Buffer Cache 41 with new information. When updating the Branch Target
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Buffer Cache 41 with new information, the fall-through address is
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
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Unit 92 is responsible for fully executing branch micro-ops such that the
Branch Execution Unit 92 determines the final branch outcome (taken or not

taken) and the final branch target address.

The Branch Target Buffer Circuit 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
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
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.

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
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
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branch instruction was executed during speculative execution down a wrong

path.

The Branch Execution Unit 92 compares the final branch
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
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
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.
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Executing Branch Instructions

The following Table 3 illustrates how the Branch Execution Unit

92 executes each type of branch instruction.

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
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
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
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operand and then gets the final branch target address from a branch table

using the register value. The Branch Execution Unit 92 passes the branch
target address to the Branch Targef Buffer Circuit 40 so the Brar\ch_ Target
Buffer Circuit 40 can update the Branch Target Buffer Cache 41. The Branch
Execution Unit 92 compares the final target address with the predicted target

address to determine if the Branch Targét Buffer Circuit 40 correctly predicted

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

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
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
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

Execution Unit 92 passes the final branch outcome and the final branch target
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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 Return from Subroutine
micro-ops by popping the top value off of the architectural stack of the
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
paih. However, if the two address.do not match, the Branch Execution Unit
92 must flush and restart the rhicroprocessor pipeline unless there is an older

nonretired mispredicted branch.

Handling Mispredicted Branch Instructions

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
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

branch is the oldest nonretired mispredicted branch. This concep"t is
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presented clearly using Figures 6a through 6d that illustrate 4 possible branch

misprediction situations.

Referring to Figure 6a, there are two branches that occur
sequentially in the computer code: Branch 1 and Branch 2. In the example of
Figure 6a, Branch 1 is executed first and was predicted correctly. Next, Branch
2 is executed and the Branch Executionr 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

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

restarts the Instruction Fetch Unit 30 at the corrected branch target address.
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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 mispredicted. In this situation, the
Branch Execution 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

(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
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
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.

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

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

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

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
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

oldest nonretired mispredicted branch, the Branch Execution Unit 92 flushes

the entire front end of the microprocessor, restarts the front-end of the
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microprocessor at the correct address, and prevents any new micro-ops from
entering the out-of-order section 80 of the microprocessor by stalling the

Allocator 70.
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
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
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.
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.

To flush the micro-ops corresponding to instructions fetched

after a mispredicted branch that remain in the microprocessor, the
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Retirement Circuit 85 clears all the entries in the reorder buffer 83 that follow

the reorder buffer 83 entry containing the mispredicted branch micro-op
when the mispredicted branch micro-op retires. After clearing all the reorder
buffer 83 entries after the reorder buffer 83 entry containing the mispredicted
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.

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
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
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.

The foregoing has described a four stage branch instruction

resolution mechanism. It is contemplated that changes and modifications
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may be made by one of ordinary skill in the art, to the materials and

arrangements of elements of the present invention without departing from

the scope of the invention.
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processing system resolving branch instructions within a 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.
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3. The branch instruction processing system as claimed in claim 2
wherein said branch instruction prediction mechanism predicts said subset of

said branch 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 HAS BREW
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final branch target address.
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wherein said branch instruction prediction mechanism updates said branch
target buffer with said final branch outcome and said final branch target

address received from said branch instruction execution mechanism.

9. The branch instruction processing system 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;




_\'

- This'Sheet Has B

LT LLLE Ll

'clecoding said branch instructions to determine a branch type and a
branch operand;

executing said branch instructions to calculate a final branch outcome
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 uéing 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.
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15. The method of resolving branch instructions in a computer

N O 0

processor as claimed in claim 14 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.

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.
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19. A branch instruction processing system, said branch instruction
processing system resolving branch instructions within a 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, 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.
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20.  The branch instruction processing system as claimed in claim 19
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.

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
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instruction decode mechanism verifying said subset of branch

instructions predicted by said branch target buffer circuit;

23.  The branch instruction processing system as claimed in claim 22
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;
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an out-of-order unit, said out-of-order unit scheduling said computer
instructions for execution; and
af least one instruction execution unit, said instruction execution unit
executing said computer instructions, said instruction execution unit
flushing all computer instructions in said front-end unit if said

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;
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executing said computer instructions calculating a final branch
outcome and final branch target address for branch instructions
within said stream of computer instructions; and

means for retiring said computer instructions, said means for retiring
said computer instructions cominitting 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.
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30. The computer processor as claimed in claim 30 wherein said

_—

means for decoding said computer instructions predicts a branch outcome
and a branch target address for branch instructions not predicted by said

means for predicting 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.




