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MISPREDICTION OF PREDICTED TAKEN
BRANCHES IN A DATA PROCESSING
APPARATUS

TECHNICAL FIELD

The present disclosure relates to data processing. In
particular, the present disclosure relates to branch prediction
in a data processing apparatus.

DESCRIPTION

A data processing apparatus which executes instructions
which include branch instructions may be arranged with the
capability to predict in advance (i.e. before execution and
branch resolution) whether a branch will be taken or not.
This allows the prefetching capability of the data processing
apparatus to retrieve instructions from memory in advance
of those instructions being required for execution (in order
to avoid the latency associated with retrieval of these
instructions from memory), despite the fact that the instruc-
tions include branch instructions which can cause the execu-
tion flow to deviate from sequential instruction execution
when jumping from a branch instruction to a (possibly
significantly separate in program order) target instruction
thereof. Generally such branch prediction can operate with
a relatively high level of accuracy, but it is inevitable that on
occasions a branch prediction will be incorrect. When this
happens it is then required for the branch prediction mecha-
nism (and the instruction fetch mechanism) to redirect itself
to the correct next instruction, i.e. not that which was
originally predicted.

SUMMARY

In one example embodiment described herein there is an
apparatus comprising: instruction fetch circuitry to fetch a
block of instructions from memory; and branch prediction
circuitry to generate branch prediction indications for each
branch instruction present in the block of instructions,
wherein the branch prediction circuitry is responsive to
identification of a first conditional branch instruction in the
block of instructions that is predicted to be taken to modify
a branch prediction indication generated for the first condi-
tional branch instruction to include a subsequent branch
status indicator, wherein when there is a subsequent branch
instruction after the first conditional branch instruction in the
block of instructions that is predicted to be taken the
subsequent branch status indicator has a first value, and
otherwise the subsequent branch status indicator has a
second value.

In one example embodiment described herein there is a
method of branch prediction in a data processing apparatus
comprising: fetching a block of instructions from memory;
generating branch prediction indications for each branch
instruction present in the block of instructions; identifying a
first conditional branch instruction in the block of instruc-
tions that is predicted to be taken; and modifying a branch
prediction indication generated for the first conditional
branch instruction to include a subsequent branch status
indicator, wherein when there is a subsequent branch
instruction after the first conditional branch instruction in the
block of instructions that is predicted to be taken the
subsequent branch status indicator has a first value, and
otherwise the subsequent branch status indicator has a
second value.
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In one example embodiment described herein there is an
apparatus comprising: means for fetching a block of instruc-
tions from memory; means for generating branch prediction
indications for each branch instruction present in the block
of instructions; means for identifying a first conditional
branch instruction in the block of instructions that is pre-
dicted to be taken; and means for modifying a branch
prediction indication generated for the first conditional
branch instruction to include a subsequent branch status
indicator, wherein when there is a subsequent branch
instruction after the first conditional branch instruction in the
block of instructions that is predicted to be taken the
subsequent branch status indicator has a first value, and
otherwise the subsequent branch status indicator has a
second value.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be described further, by way of
example only, with reference to embodiments thereof as
illustrated in the accompanying drawings, in which:

FIG. 1 schematically illustrates a data processing appa-
ratus comprising branch prediction circuitry in one example
embodiment;

FIG. 2 schematically illustrates in more detail the branch
prediction circuitry in one example embodiment;

FIG. 3A illustrates an example sequence of instructions
including branch instructions for which branch predictions
are made:

FIG. 3B schematically illustrates storage for branches
predicted as taken and further indicating whether a predicted
taken branch follows in example embodiments:

FIG. 4 schematically illustrates branch prediction cir-
cuitry in example embodiments;

FIG. 5 schematically illustrates blocks of instructions for
which branch prediction is carried out in prediction pairs in
example embodiments;

FIG. 6 shows a sequence of steps which are taken
according to the method of one example embodiment
according to which branch predictions for predicted taken
branches are additionally labelled to indicate whether,
within the block which contains that predicted taken branch,
there is a further predicted taken branch; and

FIG. 7 is a flow diagram showing a sequence of steps
which are taken in the method of one example embodiment
according to which, when branch resolution indicates that a
predicted taken branch has been mispredicted, the additional
information stored with that taken prediction is examined to
determine how the branch prediction should continue.

DESCRIPTION OF EXAMPLE EMBODIMENTS

Before discussing the embodiments with reference to the
accompanying figures, the following description of embodi-
ments is provided.

In accordance with one example configuration there is
provided an apparatus comprising: instruction fetch circuitry
to fetch a block of instructions from memory; and branch
prediction circuitry to generate branch prediction indications
for each branch instruction present in the block of instruc-
tions, wherein the branch prediction circuitry is responsive
to identification of a first conditional branch instruction in
the block of instructions that is predicted to be taken to
modify a branch prediction indication generated for the first
conditional branch instruction to include a subsequent
branch status indicator, wherein when there is a subsequent
branch instruction after the first conditional branch instruc-
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tion in the block of instructions that is predicted to be taken
the subsequent branch status indicator has a first value, and
othervise the subsequent branch status indicator has a sec-
ond value.

The branch prediction circuitry of the apparatus enables
the instruction fetch circuitry to fetch blocks of instructions
from memory in an order which may deviate from a sequen-
tial sequence of blocks. This happens when the branch
prediction circuitry encounters a branch instruction in a
block of instructions for which its prediction is that the
branch will be taken and this can then enable the instruction
fetch circuitry to be redirected to fetch a next block of
instructions from memory which contains the target instruc-
tion of that predicted taken branch instruction. The instruc-
tion fetch circuitry is arranged to fetch blocks of instruction
from memory (rather than for example individual instruc-
tions) because this brings efficiencies in terms of both the
memory transactions required and the prediction generations
performed by the branch prediction circuitry.

In this context the inventors have realised that, where the
branch prediction circuitry generates predictions for each
branch instruction in a block of instructions currently under
consideration, branch predictions for branch instructions
which follow the first predicted taken branch in the block are
originally generated, but typically then lost when an earlier
branch instruction present in the block of instructions is
predicted as taken. The present techniques address this by
provided branch prediction circuitry which modifies a
branch prediction indication generated for the first condi-
tional branch instruction within the block to include a further
indication relating to the status of subsequent branches in the
block. This subsequent branch status indicator is arranged,
when there is a branch instruction which follows the first
predicted taken branch in a block of instruction and it is
predicted to be taken, to have a first value and otherwise to
have a second value. This information associated with the
branch prediction for the predicted taken branch may be
variously used, but in particular may be of benefit when
subsequent branch resolution reveals that the predicted taken
branch was mispredicted, i.e. in fact that branch was not
taken. This then means that the instruction flow should in
fact not jump out of this block of instructions (to the target
of the branch instruction when taken), but rather should
continue sequential instruction execution within the block. It
is then beneficial to know, as early as possible, whether that
sequential execution flow continues to the end of the block
or whether within the remainder of the instructions within
the block there is another predicted taken branch which will
also cause the instruction flow to jump out of the block. The
subsequent branch status indicator provides this informa-
tion.

In order to make use of the information captured in the
subsequent branch status indictor, the apparatus may com-
prise various further components, but in some embodiments
the apparatus further comprises branch resolution circuitry
to determine a resolution status for branch instructions, and
the branch prediction circuitry is responsive to a not-taken
resolution status determined by the branch resolution cir-
cuitry for the first conditional branch instruction in the block
of instructions to proceed with generating branch prediction
indications: from a first instruction of a next block of
instructions which subsequently follows the block of
instructions, when the subsequent branch status indicator
has the second value: and from a first instruction of a target
block of instructions to which the subsequent branch instruc-
tion leads, when the subsequent branch status indicator has
the first value.
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Accordingly the branch prediction circuitry then receives
information from the branch resolution circuitry on the
definitive outcome of execution of branch instructions for
which it generated a taken prediction. In particular the
branch prediction circuitry receives information from the
branch resolution circuitry relating to branch instructions for
which it generated a taken prediction, but it turned out that
the branch was in fact not taken. Under these circumstances
the branch prediction circuitry then makes reference to the
subsequent branch status indictor associated with that pre-
dicted taken branch to determine how the flow of the
instruction fetch and the branch prediction should then
proceed. In the event that the indicator has the second value,
i.e. indicting that no further branches were predicted as
taken in the remainder of the block, then on that basis the
branch prediction can continue from the next block of
instructions which subsequently follows the block of
instructions in which the mispredicted taken branch is
found. This avoids the need to regenerate a branch predic-
tion for these subsequent branches in the block, when this
action has already been carried out and has determined that
none of them are predicted as taken (and thus do not lead to
an instruction flow jump). Moreover, where the instruction
fetch circuitry is arranged to fetch instructions in blocks
from memory (with the efficiencies generally associated
therewith) this further avoids the inefficiency of fetching
only a partial block containing the subsequent instructions
(or indeed fetching the entire block containing the subse-
quent instructions). Conversely, when the indicator has the
first value this indicates that a subsequent branch instruction
in the remainder of the block is predicted as taken and the
instruction fetch and branch prediction should jump to the
target of that subsequent predicted taken branch. The sub-
sequent branch status indicator may be variously configured,
but in some example embodiments it is provided by a single
bit indicating either the first value or the second value. This
then means that this additional information to be captured
with respect to predicted taken branches can be done so
efficiently and with a minimum of additional storage
required.

In order to be able to efficiently and quickly provide target
addresses to which predicted taken branches are predicted to
jump, the apparatus may be provided with branch target
storage, for example as a dedicated storage component or for
example in the form of a branch target buffer (BTB),
possibly comprising several hierarchical levels of storage.
Hence in some example embodiments the apparatus further
comprises branch target storage, wherein the branch predic-
tion circuitry is further responsive to the identification of the
first conditional branch instruction in the block of instruc-
tions that is predicted to be taken, when there is the
subsequent branch instruction after the first conditional
branch instruction in the block of instructions that is pre-
dicted to be taken, to cause a target address of the subsequent
branch instruction to be stored in the branch target storage.
Accordingly, to further support the efficient redirection of
the branch prediction circuitry when it is found that the first
predicted taken branch in the block was mispredicted, the
target address of a subsequent predicted taken branch can be
caused to be stored in the branch target storage. Choosing
whether to do this or not is an implementation choice,
because assuming that the prediction of the first branch
instruction as taken is correct then this target address of the
subsequent branch instruction is not expected to be used (at
least at this specific point in instruction flow).

For example, the choice of whether to cause the target
address of a subsequent predicted taken branch to be stored
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in the branch target storage may be based on how reliable the
prediction as taken of the first branch in the block is
considered to be. Accordingly in some example embodi-
ments the branch prediction circuitry comprises branch
prediction confidence circuitry to generate a prediction
confidence indication in association with each branch pre-
diction indication which it generates, and wherein storage of
the target address of the subsequent branch instruction in the
branch target storage is dependent on a value of the predic-
tion confidence indication. Thus where the prediction con-
fidence indication shows a relatively high confidence in the
taken prediction of the first branch instruction in the block
(e.g. based on a history of consistent taken status for that
branch) then it may be considered not to be worthwhile to
cause the target of a subsequent predicted taken branch in
the block to be stored in the branch target storage (and use
up valuable storage space therein). Conversely where the
confidence in the prediction of the first predicted taken
branch in the block is relatively low, then it may be deter-
mined that storage of the target address of the subsequent
predicted taken branch in the block is indeed worthwhile.

The generation of confidence indications in association
with branch predictions may be variously configured, and
the assessment associated therewith of what is considered to
be a more confident prediction versus a less confident
prediction as well. However, in some example embodiments
the branch prediction circuitry is responsive to the value of
the prediction confidence indication not being above a
predetermined threshold value to cause the target address of
the subsequent branch instruction to be stored in the branch
target storage.

Conversely in some example embodiments the branch
prediction circuitry is responsive to the value of the predic-
tion confidence indication being above a predetermined
threshold value to prevent the target address of the subse-
quent branch instruction from being stored in the branch
target storage.

Further the branch prediction circuitry may be arranged to
treat its predictions for certain branches as being associated
with a high confidence that they are correct and accordingly
in some embodiments the branch prediction confidence
circuitry is responsive to an unconditional branch to gener-
ate the prediction confidence indication in association with
the unconditional branch with a value above the predeter-
mined threshold value.

The prediction confidence which the branch prediction
confidence circuitry generates in association with each
branch prediction may alternatively, or in addition, be based
on other factors as well. For example in some embodiments
storage of the target address of the subsequent branch
instruction in the branch target storage is dependent on a
relative priority of an agent executing the block of instruc-
tions. Accordingly within an apparatus which allows various
agents to execute instructions, those agents may be given
varying levels of respective importance or priority, and
whether or not to store the target address of the subsequent
branch instruction in the branch target storage can be made
dependent on that relative priority. For example, this then
means that certain agents (associated with a high priority)
can more often (even frequently, or always) have such target
addresses stored in the branch target in storage to ensure that
when this prediction of a first branch instruction as taken
within a block of instructions occurs any delays associated
with redirecting the fetch and branch prediction mechanisms
can be reduced, and the speed with which the execution of
instructions can accurately continue is improved.
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There are various contexts in which the apparatus may
allow different agents to execute instructions, but in example
embodiments the agent executing the block of instructions is
a thread within a multi-threaded execution environment.
Accordingly the storage of the target address of the subse-
quent branch instruction in the branch target storage can be
made dependent on which thread is currently executing,
giving some threads this preferential additional use of the
branch target storage, but not others.

One mechanism by which the storage of the target address
of subsequent branch instructions which are predicted to be
taken can be implemented is by the use of the above
mentioned branch prediction confidence, and accordingly in
some example embodiments the branch prediction circuitry
comprises branch prediction confidence circuitry to generate
a prediction confidence indication in association with each
branch prediction indication which it generates, and the
branch prediction circuitry is responsive to the relative
priority of an agent executing the block of instructions when
generating the value of the prediction confidence indication,
and the branch prediction circuitry is responsive to the value
of the prediction confidence indication being below a pre-
determined threshold value to cause the target address of the
subsequent branch instruction to be stored in the branch
target storage.

The instruction fetch circuitry may be arranged to perform
its fetching of instructions, and in particular the groups of
instructions which it fetches, in a variety of ways, but in
some example embodiments the instruction fetch circuitry is
arranged to fetch a pair of blocks comprising the block of
instructions from memory, and the branch prediction cir-
cuitry is arranged to generate branch prediction indications
for each branch instruction present in the pair of blocks of
instructions.

Further, the manner in which the branch prediction cir-
cuitry processes a block of instructions fetched by the
instruction fetch circuitry may be variously configured, but
in some example embodiments the branch prediction cir-
cuitry is arranged to generate branch prediction indications
for each branch instruction present in the block of instruc-
tions in a single processing cycle. In other words, the branch
predictions for each branch prediction in the block is par-
allelised, such that a prediction for each instruction retrieved
in a single block may be generated in a single processing
cycle.

As mentioned the grouping of instructions into a block
may be variously defined according to the requirements of
the system implemented, but in some embodiments the
block of instructions is aligned to a predefined multiple-byte
boundary in memory. For example such blocks of instruc-
tions may be a 32-byte aligned.

In accordance with one example configuration there is
provided a method of branch prediction in a data processing
apparatus comprising: fetching a block of instructions from
memory; generating branch prediction indications for each
branch instruction present in the block of instructions;
identifying a first conditional branch instruction in the block
of instructions that is predicted to be taken; and modifying
a branch prediction indication generated for the first condi-
tional branch instruction to include a subsequent branch
status indicator, wherein when there is a subsequent branch
instruction after the first conditional branch instruction in the
block of instructions that is predicted to be taken the
subsequent branch status indicator has a first value, and
otherwise the subsequent branch status indicator has a
second value.
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In accordance with one example configuration there is
provided an apparatus comprising: means for fetching a
block of instructions from memory; means for generating
branch prediction indications for each branch instruction
present in the block of instructions; means for identifying a
first conditional branch instruction in the block of instruc-
tions that is predicted to be taken: and means for moditying
a branch prediction indication generated for the first condi-
tional branch instruction to include a subsequent branch
status indicator, wherein when there is a subsequent branch
instruction after the first conditional branch instruction in the
block of instructions that is predicted to be taken the
subsequent branch status indicator has a first value, and
otherwise the subsequent branch status indicator has a
second value.

Particular embodiments will now be described with ref-
erence to the figures.

FIG. 1 schematically illustrates an example of a data
processing apparatus 2 having a processing pipeline com-
prising a number of pipeline stages. The pipeline includes a
branch predictor 4 for predicting outcomes of branch
instructions and generating a series of fetch addresses of
blocks of instructions to be fetched. A fetch stage 6 fetches
the blocks of instructions identified by the fetch addresses
from an instruction cache 8. A decode stage 10 decodes the
fetched instructions to generate control information for
controlling the subsequent stages of the pipeline. A rename
stage 12 performs register renaming to map architectural
register specifiers identified by the instructions to physical
register specifiers identifying registers 14 provided in hard-
ware. Register renaming can be useful for supporting out-
of-order execution as this can allow hazards between
instructions specifying the same architectural register to be
eliminated by mapping them to different physical registers in
the hardware register file, to increase the likelihood that the
instructions can be executed in a different order from their
program order in which they were fetched from the cache 8,
which can improve performance by allowing a later instruc-
tion to execute while an earlier instruction is waiting for an
operand to become available. An issue stage 16 queues
instructions awaiting execution until the required operands
for processing those instructions are available in the regis-
ters 14. An execute stage 18 executes the instructions to
carry out corresponding processing operations. A writeback
stage 20 writes results of the executed instructions back to
the registers 14.

The execute stage 18 may include a number of execution
units such as an ALU (arithmetic logic unit) 22 for perform-
ing arithmetic or logical operations, a floating-point unit 24
for performing operations using floating-point operands, and
a load/store unit 26 for performing load operations to load
data from a memory system to the registers 14 or store
operations to store data from the registers 14 to the memory
system. In this example the memory system includes the
level one instruction cache 8, a level one data cache 30, a
level two cache 32 which is shared between data and
instructions, and main memory 34, but it will be appreciated
that this is just one example of a possible memory hierarchy
and other implementations can have further levels of cache
or a different arrangement. The load/store unit 26 may use a
translation lookaside buffer 36 to map virtual addresses
generated by the pipeline to physical addresses identifying
locations within the memory system. It will be appreciated
that the pipeline shown in FIG. 1 is just one example and
other examples may have different sets of pipeline stages or
execution units. For example, an in-order processor may not
have a rename stage 12.

10

15

20

25

30

35

40

45

50

55

60

65

8

FIG. 2 schematically illustrates some components of an
apparatus 50 in one example embodiment. The selection
circuitry 52 on the left of the figure provides the starting
address of the next block of instructions for which the
branch prediction circuitry should generate branch predic-
tions. This indication of the block of instructions is received
by the branch prediction storage 54, which may for example
be in the form of a global history buffer (GHB), by the
branch target storage 56 (which may for example be in the
form of a set-associative branch target buffer (BTB)), and
the fetch queue 58 which forms part of instruction fetch
circuitry to retrieve this next block of instructions from
memory. The branch prediction storage 54 and the branch
target storage 56 are each arranged to perform look ups in
parallel for each instruction in the block of instructions. A hit
in the branch prediction storage 54 indicates that the cir-
cuitry has encountered one or more of the branch instruc-
tions in this block before and the branch prediction storage
54 then outputs one or more branch prediction indications
generated for each of the branch instructions present in the
block of instructions. This information is temporarily buff-
ered in the clocked stage 58. Similarly a hit in the branch
target storage 56 indicates that a target address for this
branch instruction (or these branch instructions) in the block
of instructions is found and as a result the branch target
storage reads out the stored target address (or addresses)
which are temporarily buffered in the clocked stage 60. It
will be understood by one of ordinary skill in the art that
when a miss occurs in either of the branch prediction storage
54 or the branch target storage 56 further mechanisms are
provided to provide a default prediction in the case of the
branch prediction storage 54 and to determine any required
target addresses in the case of the branch target storage 56,
but these mechanisms are not explicitly illustrated here
merely for clarity of illustration. Further circuitry is then
provided in the form of the predicted taken branch control
62, which receives the output from the clocked stages 58 and
60). Firstly, when there is at least one branch instruction
predicted to be taken in the block of instructions, the
predicted taken branch control passes the target address for
this predicted taken branch instruction to provide one of the
inputs to the selector 52. Accompanying this, the predicted
taken branch control circuitry 62 also passes the taken
prediction back to the selector 52 as a control over the
selection which the selector 52 makes. Note that a further
input to the selector 52 is the 32-byte addition block 64,
which receives the starting address of the current block of
instructions as an input and adds 32 bytes to it to provide as
an input to the selector the starting address of the next block
of instructions which sequentially follows the current block
of instructions. This forms the default output of the selector
52, i.e. unless a branch is encountered which is predicted to
be taken or a mispredict occurs and the branch prediction
and instruction fetch need to be redirected (discussed below)
then this is the output given by the selector 52.

The predicted taken branch control circuitry 62 comprises
predicted taken branch storage 66. This is used to store a
record of branches which have been predicted as taken, for
each of which an additional indicator is stored, referred to
here as a “subsequent branch status indicator” which is used
to indicate whether there are any further branches in this
block which are predicted to be taken by the branch predic-
tion mechanism. When this is the case the indicator is given
a value to indicate this. In this example embodiment the
indicator is provided by a 1-bit value and the value indicat-
ing that there is a subsequent predicted taken branch is given
by setting this bit (but it will be recognised that this choice
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is arbitrary and equally an unset bit could indicate this
status). Otherwise the indicator has an alternative value,
which in this instance is an unset bit. These stored indica-
tions of predicted taken branches are held by the predicted
taken branch storage 66 until the corresponding branch is
resolved. Finally, FIG. 2 also shows execution unit 70 which
comprises a branch resolution unit 72, which determines the
outcome of branch instructions and on resolution of a branch
passes an indication of the outcome of that branch back to
the predicted taken branch control 62. A look up is then
performed in the predicted taken branch storage 66 to
determine if this branch was predicted as taken, yet in fact
was not taken, i.e. was mispredicted as taken. When this
happens the additional indicator stored in association with
that branch is examined. If the additional bit is not set this
indicates that there were no predicted taken branches fol-
lowing this mispredicted taken branch in the block of
instructions and therefore the branch prediction circuitry can
continue its branch prediction from the next block of instruc-
tions which sequentially follows the block of instructions in
which the mispredicted-as-taken branch is to be found. The
predicted taken branch control 62 controls the selector 52
and provides the corresponding starting address as an input
to the selector 52 to cause this to happen. Alternatively, if the
indicator shows that at least one predicted taken branch
followed the mispredicted-as-taken branch in the block of
instructions then the target address of that subsequent pre-
dicted-as-taken branch should be used to determine the next
block of instructions, i.e. the block of instructions which
comprises that target address. A number of approaches to
implement this are proposed. In one example, the predicted
taken branch control causes a lookup to be performed in the
branch target storage 56 in order to retrieve the correspond-
ing target address (if stored there, or via the supporting
mechanism if not the above mentioned supporting mecha-
nism if not). In another example the predicted taken branch
storage can be used to store additional information relating
to the target address (of the subsequent predicted-as-taken
branch in the block). This additional information can com-
prise the target address itself, though this involves a non-
trivial amount of storage space (for example in a 64-bit
system, this could require storage of (a 49-bit virtual address
and its location). Alternatively the additional information
can comprise an indication of the location of the target
address, such as the index and way of the BTB, when the
target address has been stored there. Storing these possibly-
required branch target addresses in the BTB can be relatively
reliable, since the BTB replacement rate is generally low,
and a given BTB entry is relatively unlikely to victimized in
the short period between branch prediction generation and
resolution. When the dedicated storage 66 does store the
corresponding index/way, the branch predictor doesn’t need
to track the whole target address, since the index part can be
calculated based on the branch address of the resolved
branch, and thus, only way information is required to be
stored. Depending on which of the above approaches is
taken, the predicted taken branch control 62 determines the
starting address of the block containing that target address
and passes this as an input to the selector 52 and causes that
input to be provided as the output of the selector.

FIG. 3A shows an example sequence of instructions for
which the branch prediction circuitry might perform branch
prediction. Block boundaries are shown indicating that the
blocks of instructions for which the branch prediction is
performed are 32-byte aligned, with the first example
instruction address of the block fully shown being 0x100
and the starting address of the subsequent block being
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0x120. For each branch instruction in the block the predic-
tion generated by the branch prediction circuitry is shown in
brackets and thus it can be seen that it is for the BEQ
instruction at 0x110 that the first prediction of taken occurs.
The arrow indicates that it is therefore expected that the
instruction flow will branch to the target address defined for
the BEQ instruction. Further, note that two further branch
instructions BNE at 0x118 and BGT at 0x11C are predicted
as not-taken by the branch prediction circuitry. Referring
then to FIG. 3B showing example content of a predicted
taken branch storage such as item 66 is FIG. 2, it can be seen
that an entry is created by the predicted taken branch control
circuitry (such as item 62 in FIG. 2) for the predicted taken
branch BEQ and indicating that there are no branch instruc-
tions behind this predicted taken branch which themselves
are predicted to be taken. Were at least one of the BNE or
BGT branch instructions predicted to be taken then the
indicator associated with the BEQ entry in FIG. 3B would
be set (i.e. 1). The additional “branch target info” column is
not always implemented, but as discussed above can be
provided to store additional information relating to the
branch target of a branch instruction behind this predicted
taken branch (in this example the 0x110 BEQ) which itself
is predicted to be taken. As discussed above, this may
comprise the target address itself, sufficient information to
reconstruct the target address, or an indication of the loca-
tion of the target address.

FIG. 4 schematically illustrates some more detail of
branch prediction circuitry in one example embodiment.
Here the branch prediction circuitry (which in the example
of FIG. 2 may be considered to comprise the branch pre-
diction storage 54, the clock stage 58, and the predicted
taken branch control 62) may be considered to comprise a
branch prediction generator block 80 and predicted taken
branch control 82. Further, the branch prediction generator
80 is arranged to process two blocks of instructions in
parallel and hence the input to the branch prediction gen-
erator 80 is an indication of the next two blocks for which
the branch predictor should generate its predictions. These
are received by a global history buffer 84, which on the basis
of previous observations of the resolution of branch instruc-
tions provides a prediction for whether each branch instruc-
tion in these two blocks will be taken, or not taken in a
manner with which one of ordinary skill in the art will be
familiar. The output of the global history buffer providing
this prediction is received by a prediction confidence gen-
erator 86 which also forms part of the branch prediction
generator 80. A prediction confidence is thus generated in
association with the branch prediction. This prediction con-
fidence may solely be based on the observed history of this
branch, for example in the manner of strongly taken, weakly
taken, weakly not taken, strongly not taken, yet in this
example is further based on additional information, namely
an indication of the current execution agent which the
prediction confidence generator 86 receives. More particu-
larly, in this example the indication of the execution agent is
an indication of a thread which owns the instructions cur-
rently being executed. The prediction confidence generator
can then vary the prediction confidence it generates in
dependence on the owning execution agent, in order to
influence the likelihood of a target address for a predicted
taken branch behind the first predicted taken branch in the
block being caused to be stored in the branch target storage
(see below). The predicted taken branch storage (66 in the
example of FIG. 2) is provided in the predicted taken branch
control 82 in the example of FIG. 4 by a table 88 comprising
entries which associate a predicted taken branch (PTB) with
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information on (any) PTBs behind that first PTB. This
comprises a one-bit value which is set when at least one
branch behind the predicted token branch is itself predicted
to be taken. When the predicted taken branch control 82
creates a new entry in the predicted taken branch storage 88
it also makes use of its target storage control 90 which
controls whether a branch target for a predicted taken branch
behind the first predicted taken branch in the block is caused
to be stored in the branch target storage. Here the “branch
target storage” may be a separate system component (such
as the BTB) or may be part of the information stored in table
88. Control arrows from target storage control 90 in FIG. 4
show control may be exerted over either or both. In one
variant of the example shown in FIG. 4 this is done on the
basis of the confidence value generated by the prediction
confidence generator 86, by comparison of this value with a
threshold value (TH) 92 to which the target storage control
90 makes reference. Thus if the prediction confidence asso-
ciated with a branch prediction is below the threshold then
the branch target for a predicted taken branch behind it will
be caused to be stored in the branch target storage (since the
likelihood is higher that this may be needed in the event that
the predicted taken branch is mispredicted). Alternatively,
when the prediction confidence generated in association
with a predicted taken branch is at or above the threshold
then the target storage control 90 suppresses the storage of
the branch target (since the likelihood is lower that it will be
required). In an alternative for the example shown in FIG. 4
the indication of the execution agent may be passed directly
(dashed line) to the target storage control 90 and the target
storage control in this example is arranged to base its control
over whether a branch target for a predicted taken branch
behind the first predicted taken branch is caused to be stored
in the branch target storage alternatively or in addition
directly on the basis of the indication of the execution agent.
For example, amongst the execution agents which are active,
the target storage control can be arranged to suppress storage
of such additional branch targets entirely for a given execu-
tion agent, to always cause storage of such branch targets for
a given execution agent, or to base the control on the
confidence value associated with the branch prediction (pos-
sibly further biased up or down on the basis of the given
execution agent). In this manner preferential use of the
branch target storage can be granted to some execution
agents over others, thus improving the likelihood that when
branch misprediction of predicted taken branches is encoun-
tered that the necessary restart thereafter can happen faster.
The predicted taken branch control 82 also has an output to
the fetch control such that when the branch resolution
information is received (as described above with reference
to FIG. 2) it can cause the fetch control and branch predic-
tion to be restarted as required.

FIG. 5 illustrates a set of example instructions for which
branch prediction is carried out in block pairs. In the
example of FIG. 5 each block is 32 bytes, such that a
prediction pair spans 64 bytes of address space. At the first
address shown in FIG. 5 of 0x00 this forms the first
prediction address and two adjacent blocks respectively
starting at 0x100 and 0x120 form one prediction transaction
(a prediction pair). 0x140 and 0x160 then form the next
prediction transaction. In this example the first predicted
taken branch (BEQ) is encountered at Ox170 and is predicted
to be taken to 0x228. Thus, the control flow is changed after
0x170 to 0x228. Where instruction address 0x228 belongs to
a 32 byte aligned block starting at 0x220, the first predicted
address is started at 0x220 and accordingly 0x220 and 0x240
form the starting addresses of the two blocks which pair
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together to form a prediction transaction. In the event that
subsequently it is found that the taken prediction for the
BEQ instruction at 0x170 was incorrect, i.e. the BEQ was
actually not taken, then it is necessary for the branch
prediction and fetch mechanism to be returned to the instruc-
tions which follow the mispredicted BEQ instruction. How-
ever, where, as described above, the fetching and branch
prediction mechanism is arranged to operate on the basis of
32 byte aligned blocks of instructions, this means that absent
the approach described here the next prediction transaction
would have to be restarted at 0x140. However, as described
above the branch resolution information, i.e. in this example
the true outcome of the BEQ instruction at 0x170, is
received by the branch prediction mechanism (e.g. by the
predicted taken branch control of the examples of FIG. 2 and
FIG. 4) and the storage of the information about the branch
prediction for the branches behind the first predicted taken
branch instruction in the block can be used to determine if
branch prediction for the remainder of the block is in fact
required. In the example of FIG. 5 this therefore applies to
any branch instructions at addresses 0x174, 0x178, 0x17C.
In the event that there were no predicted taken branches
within these instructions in the example of the FIG. 5 then
the control flow is redirected to start directly from the next
block i.e. beginning at 0x180. Alternatively in the event that
the BEQ predicted-as-taken (but in fact not taken) instruc-
tion was stored in the predicted taken branch storage with an
indication that there are predicted taken instructions follow-
ing it within the same block (i.e. that which begins at 0x160)
then the branch prediction should restart to immediately
follow the BEQ instruction at 0x170.

Note that in some examples the target address of a
predicted taken branch behind the BEQ instruction at 0x170
is not stored, whereas in other examples the target address is
cached in addition to the indication that a further predicted
taken branch does follow the mispredicted branch. Depend-
ing on which variety is implemented then if the target of the
predicted taken branch is cached in the predicted taken
branch control then branch prediction predictor can directly
skip to the block comprising that target address, but when
this is not the case (i.e. when only the 1-bit indicator is
stored), then the mispredicted restart address and its sequen-
tial address are pushed into the fetch address queue and the
predictor will predict from the sequential address of the
BEQ instruction. After the prediction for this sequential
address is completed then the branch predictor pushes the
corresponding target address into the fetch queue and the
process continues so that branch prediction continues from
the block comprising that target address.

FIG. 6 shows a sequence of steps which are taken in one
example embodiment when operating branch prediction
circuitry in order to perform branch prediction and store
information associated with predicted taken branches within
a block to indicate what follows them within that block. The
flow can be considered to begin at step 100 where a next
block of instructions is fetched from memory. Then at step
102 it is determined if there are any branches in the block.
If there are not then the next block to be predicted will
simply follow sequentially (step 104) and the flow returns to
step 100. When there are branches in the block the flow
proceeds to step 106 where it is determined if there are any
predicted taken branches within the block. If there are not
then the flow returns via step 104 to step 100. When there is
at least one predicted taken branch in the block then at step
108 it is determined if there are any predicted taken branches
behind a first predicted taken branch in the block. If there are
not then the flow proceeds to step 110, where an entry is



US 11,086,629 B2

13

made in the predicted taken branch storage and marked ‘no’
i.e. indicating that there are no predicted taken branches
behind the first predicted taken branch in the block. The flow
proceeds to step 112 where the target address of the first
predicted taken branch in the block is used to determine the
next block for branch prediction and the flow returns to step
100. Returning to a consideration of step 108, if there are
predicted taken branches behind the first predicted taken
branch in the block then at step 114 an entry in the predicted
taken branch storage is made for the first predicted taken
branch and marked ‘yes’, indicating that a predicted taken
branch does follow within the block. The flow proceeds to
step 116 where in this example it is determined if the
confidence of the prediction for the first predicted taken
branch is above a preset threshold. If it is not then the flow
proceeds via step 118 where the target of a predicted taken
branch behind the first predicted taken branch is caused to be
stored in the branch target storage (whatever form this takes,
i.e. within the predicted taken branch storage, within sepa-
rated dedicated storage, within a BTB, etc.). The flow then
proceeds to step 112. Note that the question posed at step 116
might be different in an alternative example embodiment, for
example as mentioned above with respect to FIG. 4, the
determination of whether to store a target address of a
predicted taken branch behind the first predicted taken
branch may instead, or in addition, be based on an indication
of the execution agent. In such an example embodiment
whether to store the target at step 118 is then dependent on
the indication of the execution agent.

FIG. 7 shows a sequence of steps which are taken in one
embodiment when branch resolution information is received
by the predicted taken branch control from the branch
resolution unit within the execution unit of the data pro-
cessing apparatus. The flow can be considered to begin at
step 150 where it is determined if the branch resolution
outcome indicates that there has been a misprediction as
taken of a branch (i.e. it was in fact not-taken). If this is not
the case then the flow proceeds to step 152 where the entry
for this first predicted taken branch in the block can be
marked as ‘complete’, i.e. invalidating the entry, such that
the further process of populating this table with new entries
can overwrite this entry since it is no longer needed. The
flow then returns to step 150. If however it is determined at
step 150 that a misprediction as taken has occurred, then the
flow proceeds to step 152 where the corresponding entry in
the table is found and it is determined if it is marked ‘yes’
i.e. the bit is set indicating that there is a predicted taken
branch behind this first predicted taken branch in the block.
If this is not the case then the flow proceeds to step 156
where the fetch and branch prediction mechanism is redi-
rected to the block of instructions sequentially following the
block comprising the mispredicted-as-taken branch. The
flow then proceeds to step 152 for the entry to be invalidated
and then returns to step 150. If however, at step 154 it is
found that the indication in the table shows that there is a
predicted taken branch behind the mispredicted-as-taken
branch, then the flow proceeds to step 158 where the
instruction fetching and branch prediction mechanism is
redirected to the block comprising the target of the first
predicted taken branch behind the mispredicted-as-taken
branch. As described above this may comprise a direct
provision of that target address (and hence the block that
contains it) when this target address has been cached, but
otherwise comprises the subsequent address to the mispre-
dicted-as-taken branch being pushed into the fetch address
queue. The flow then proceeds via step 160 for the table
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entry for the mispredicted-as-taken branch to be marked as
“complete” i.e. the entry is invalidated and the flow returns
to step 150.

In brief overall summary an apparatus and a method of
operating the same is disclosed. Instruction fetch circuitry is
provided to fetch a block of instructions from memory and
branch prediction circuitry to generate branch prediction
indications for each branch instruction present in the block
of instructions. The branch prediction circuitry is responsive
to identification of a first conditional branch instruction in
the block of instructions that is predicted to be taken to
modify a branch prediction indication generated for the first
conditional branch instruction to include a subsequent
branch status indicator. When there is a subsequent branch
instruction after the first conditional branch instruction in the
block of instructions that is predicted to be taken the
subsequent branch status indicator has a first value, and
otherwise the subsequent branch status indicator has a
second value. This supports improved handling of a mis-
prediction as taken.

In the present application, the words “configured to . . .
are used to mean that an element of an apparatus has a
configuration able to carry out the defined operation. In this
context, a “configuration” means an arrangement or manner
of interconnection of hardware or software. For example, the
apparatus may have dedicated hardware which provides the
defined operation, or a processor or other processing device
may be programmed to perform the function. “Configured
t0” does not imply that the apparatus element needs to be
changed in any way in order to provide the defined opera-
tion.

Although illustrative embodiments of the invention have
been described in detail herein with reference to the accom-
panying drawings, it is to be understood that the invention
is not limited to those precise embodiments, and that various
changes, additions and modifications can be effected therein
by one skilled in the art without departing from the scope of
the invention as defined by the appended claims. For
example, various combinations of the features of the depen-
dent claims could be made with the features of the indepen-
dent claims without departing from the scope of the present
invention.

We claim:

1. Apparatus comprising:

instruction fetch circuitry to fetch a block of instructions

from memory; and

branch prediction circuitry to generate branch prediction

indications for each branch instruction present in the
block of instructions,

wherein the branch prediction circuitry is responsive to

identification of a first conditional branch instruction in
the block of instructions that is predicted to be taken to
modify a branch prediction indication generated for the
first conditional branch instruction to include a status
indicator for subsequent branch instructions in the
block of instructions,

wherein when there is a subsequent branch instruction

after the first conditional branch instruction in the block
of instructions and the subsequent branch instruction is
predicted to be taken the status indicator has a first
value, and otherwise the status indicator has a second
value.

2. The apparatus as claimed in claim 1, further comprising
branch resolution circuitry to determine a resolution status
for branch instructions,

and the branch prediction circuitry is responsive to a

not-taken resolution status determined by the branch
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resolution circuitry for the first conditional branch
instruction in the block of instructions to proceed with
generating branch prediction indications:
from a first instruction of a next block of instructions
which subsequently follows the block of instructions,
when the status indicator has the second value; and

from a first instruction of a target block of instructions to
which the subsequent branch instruction leads, when
the status indicator has the first value.

3. The apparatus as claimed in claim 1, wherein the status
indicator is a 1-bit value.

4. The apparatus as claimed in claim 1, further comprising
branch target storage, wherein the branch prediction cir-
cuitry is further responsive to the identification of the first
conditional branch instruction in the block of instructions
that is predicted to be taken, when there is the subsequent
branch instruction after the first conditional branch instruc-
tion in the block of instructions that is predicted to be taken,
to cause a target address of the subsequent branch instruction
to be stored in the branch target storage.

5. The apparatus as claimed in claim 4, wherein the
branch prediction circuitry comprises branch prediction con-
fidence circuitry to generate a prediction confidence indica-
tion in association with each branch prediction indication
which it generates,

and wherein storage of the target address of the subse-

quent branch instruction in the branch target storage is
dependent on a value of the prediction confidence
indication.

6. The apparatus as claimed in claim 5, wherein the
branch prediction circuitry is responsive to the value of the
prediction confidence indication not being above a prede-
termined threshold value to cause the target address of the
subsequent branch instruction to be stored in the branch
target storage.

7. The apparatus as claimed in claim 5, wherein the
branch prediction circuitry is responsive to the value of the
prediction confidence indication being above a predeter-
mined threshold value to prevent the target address of the
subsequent branch instruction from being stored in the
branch target storage.

8. The apparatus as claimed in 6, wherein the branch
prediction confidence circuitry is responsive to an uncondi-
tional branch to generate the prediction confidence indica-
tion in association with the unconditional branch with a
value above the predetermined threshold value.

9. The apparatus as claimed in claim 4, wherein storage of
the target address of the subsequent branch instruction in the
branch target storage is dependent on a relative priority of an
agent executing the block of instructions.

10. The apparatus as claimed in claim 9, wherein the agent
executing the block of instructions is a thread within a
multi-threaded execution environment.

11. The apparatus as claimed in claim 9, wherein the
branch prediction circuitry comprises branch prediction con-
fidence circuitry to generate a prediction confidence indica-
tion in association with each branch prediction indication
which it generates, and the branch prediction circuitry is
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responsive to the relative priority of an agent executing the
block of instructions when generating the value of the
prediction confidence indication, and the branch prediction
circuitry is responsive to the value of the prediction confi-
dence indication being below a predetermined threshold
value to cause the target address of the subsequent branch
instruction to be stored in the branch target storage.

12. The apparatus as claimed in claim 1, wherein the
instruction fetch circuitry is arranged to fetch a pair of
blocks comprising the block of instructions from memory,

and the branch prediction circuitry is arranged to generate

branch prediction indications for each branch instruc-
tion present in the pair of blocks of instructions.

13. The apparatus as claimed in claim 1, wherein the
branch prediction circuitry is arranged to generate branch
prediction indications for each branch instruction present in
the block of instructions in a single processing cycle.

14. The apparatus as claimed in claim 1, wherein the
block of instructions is aligned to a predefined multiple-byte
boundary in memory.

15. The apparatus as claimed in claim 14, wherein the
block of instructions is 32-byte aligned.

16. A method of branch prediction in a data processing
apparatus comprising:

fetching a block of instructions from memory;

generating branch prediction indications for each branch

instruction present in the block of instructions;
identifying a first conditional branch instruction in the
block of instructions that is predicted to be taken; and
modifying a branch prediction indication generated for
the first conditional branch instruction to include a
status indicator for subsequent branch instructions in
the block of instructions,

wherein when there is a subsequent branch instruction

after the first conditional branch instruction in the block
of instructions and the subsequent branch instruction is
predicted to be taken the status indicator has a first
value, and otherwise the status indicator has a second
value.

17. Apparatus comprising:

means for fetching a block of instructions from memory;

means for generating branch prediction indications for

each branch instruction present in the block of instruc-
tions;

means for identifying a first conditional branch instruction

in the block of instructions that is predicted to be taken;
and

means for modifying a branch prediction indication gen-

erated for the first conditional branch instruction to
include a status indicator for subsequent branch instruc-
tions in the block of instructions,

wherein when there is a subsequent branch instruction

after the first conditional branch instruction in the block
of instructions and the subsequent branch is predicted
to be taken the status indicator has a first value, and
otherwise the status indicator has a second value.
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