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1.1 What Are Branch Instructions and Why Are They
Important? Some History

The branch instruction is the workhorse of modern computing. As we will
see, resolving branches is the essence of computing.

According to the von Neumann model of computing, instructions are fetched,
and then executed in the order in which they appear in a program. The ma-
chine that he built in Princeton at The Institute for Advance Studies during
World War 2 (which we will call the ”IAS machine”) did exactly this [1] [2].
Modern processors might not actually do this (fetch and execute instructions
in program order), but when they don’t, they generally ensure that no outside
observer (other processors, I/O devices, etc.) be able to tell the difference.

A program is a static sequence of instructions produced by a program-
mer or by a compiler. (A compiler translates static sequences of high-level
instructions (written by a programmer or by another compiler) into static
sequences of lower-level instructions. A machine (processor) executes a dy-
namic sequence of events based on the static sequence of instructions in the
program.

Programs comprise four primary types of instructions:

1. Data movement instructions (called ”Loads” and ”Stores”),

2. Data processing instructions (e.g., add, subtract, multiply, AND, OR,

0-8493-0052-5/00/$0.00+$.50
c© 2001 by CRC Press LLC 9
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etc.),

3. Branch instructions, and

4. Environmental instructions.

The first two categories (movement and processing) is what the average per-
son conceives of as ”computing.” It is what we typically do with a pocket cal-
culator when we balance our checkbooks. In fact, Echert and Mauchley built
ENIAC (slightly before IAS) using only these instructions. ENIAC comprised
Arithmetic-Logic Units (ALUs), which operated on data using ALU control
information (i.e., Add, Subtract, etc.) [3]. The calculations to be done were
configured ahead of time by a human operator who connected the right units
together at a patch-panel to create the desired dataflow.

ENIAC was used to generate ”firing tables” for field artillery being pro-
duced for the War. Specifically, it was used to generate and print solutions to
simple (linear) polynomials for specific sequences of inputs covering relevant
operational ranges for the artillery (each cannon barrel is slightly different
because of the process variations inherent to the manufacturing of things this
large).

The kind of computation done by ENIAC is still done today, but today
we don’t normally think of these applications as ”computing.” For example,
digital filters do exactly this - for a sequence of input data, they produce a
corresponding sequence of output data. A hardwired (or configurable) filter
doesn’t execute ”instructions.” It merely has a dataflow which performs op-
erations on a data stream as the stream runs ”through” the filter. Although
this is very useful, today we would not call this a ”computer.”

What von Neumann featured in his programing model was the ability for
a program to change what it was doing based on the results of what it was
calculating, i.e., to create a dynamic sequence of events that differed from
the static sequence of instructions in the program. Prior to von Neumann, a
”computer” (like ENIAC) merely had dataflow. There had been no working
notion of a ”program.”

Clearly, Alan Turing had had a similar notion, since without the ability to
make conditional decisions, a Turing machine would only run in one (virtual)
direction. Godel is famous for a remarkable proof that there are meaningful
functions that cannot be computed in a finite number of steps on a Turing
machine, i.e., whether the machine will halt is not deterministic [4]. This is
called ”The Halting Problem.” Any finite-length program without conditional
decision points certainly would be deterministic (i.e., whether it halts could
be determined).

Many claim that others - such as Charles Babbage - had had similar notions
(conditional control) in the mechanical age of calculation [5].

Von Neumann conceived a ”program” as comprising two orthogonal sets of
operation that worked in conjunction:

1. A dataflow which did the physical manipulation of the data values, and
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2. A control flow, which dynamically determined the sequence(s) in which
these manipulations were done.

Together, these two things allowed a much more complex (today, we might say
”capricious”) set of calculations. In fact, von Neumann conceived this kind
of computing with the goal of solving a set of nonlinear differential equations
(from Fluid Dynamics) for the purpose of designing the detonation means for
atom bombs. The War ended before the machine was fully operational.

The control flow of a program is implemented by instructions called branch
instructions.

Recall that a (static) program is a sequence of instructions. When the
program is loaded into memory so that it can be executed, each instruction in
the sequence is physically located at a specific address. (In the vernacular of
Computer Science, ”address” means ”location in memory.”) Since the program
is a static sequence, the addresses of its instructions are sequential as well.
For example, a program that is loaded at address 100 will look like this in
memory:

LOCATION INSTRUCTION

100 Instruction #1

101 Instruction #2

102 Instruction #3

and so on. If no instruction was a branch instruction, the execution of the
program (dynamic flow of instructions) would be exactly the static sequence:
Instruction #1, Instruction #2, Instruction #3, and so on.

A branch instruction causes the flow of the program to divert from the
next sequential instruction in the program (following the branch instruction)
to a different instruction in the program. Specifically, it changes the flow of
addresses that are used to fetch instructions, hence it changes the instruction
flow.

Recall that von Neumann conceived two essential (and orthogonal) aspects
of a computation: a dataflow, and a control flow. The IAS machine embodied
these concepts in separate ”engines,” which today are called the ”Instruction
Unit” (IU) and the ”Execution Unit” (EU). Machines today can have a plu-
rality of each of these; both real (for high instruction-level parallelism) and
virtual (for multiple threads).

Conceptually and physically, the IAS machine looks like the diagram in
Figure 1.1. In addition to the IU and EU, there is a memory (M) which
holds the data to be operated on by the IU and EU, an Input/Output device
(I/O) for loading data into M, and an operator’s Console (C) that allows the
operator to initiate I/O and subsequent execution.

By today’s standards, this is an extremely primitive system, although it
is considered to be the first ”stored program computer”, so called because it
is the first machine having an actual program that was stored into memory
where it was operated upon. This machine is primitive in two important ways.
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MemoryConsole

Instruction
     Unit

Execution
     Unit

Input /
Output

FIGURE 1.1: Von Neumann’s IAS Machine.

First, the machine and its programming model (the way in which a program-
mer conceives of its operation) draws no distinction between an instruction
and an operand (a datum to be operated on). To this machine, they are both
just ”data.” Whether the content of a memory location is interpreted as an
instruction or as an operand depends entirely on the context in which it is
fetched.

When the IU issues an instruction fetch to the memory, the data that is
returned is considered to be an instruction. The IU decodes that data, and ini-
tiates actions based on the values of the bits in the (predetermined) positions
containing the operation code (called the ”opcode field” of the instruction).
When the IU issues an operand fetch to the memory, the data that is returned
is sent to the EU, where it is subsequently processed. Since the machine draws
no distinction between instruction data and operand data, instructions in a
program can be (and were) operated on by the EU, and changed by the pro-
gram as the program ran. Indeed, in those days, this was the programmer’s
concept of how to implement control flow (which would be anathema to any
programmer today - in fact, this idea would probably not even occur to most
students of Computer Science today).

The second important way in which the IAS machine is primitive is that
there is no notion of virtual anything. While today, we have virtual systems,
virtual processors, virtual processes, virtual I/O, and virtual everything else
(all outside the scope of this chapter), a very basic concept appearing in
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commercial processors (well after IAS) was virtual memory. The concept of
virtual memory was first used in the Atlas computer [6]. The basic notion of
virtual memory is that the logical addresses (as used logically by a program)
did not need to be in direct correspondence with specific physical locations in
the memory. Decoupling the logical from the physical enables three things:

1. The amount of logical memory (as conceived of by the program) can be
much larger than the amount of real storage in the machine - providing
that there is a dynamic way of mapping between the two as the program
runs.

2. Programs can be written without specific knowledge of where they will
reside in memory when they are run. This allows multiple coresident
programs to use the same logical addresses although they are referring
to different parts of the physical storage, i.e., it allows every program
to ”think” that it begins at address 0, and that it has all of memory to
itself.

3. It allows parts of programs to be moved into and out of the memory
(perhaps coming back to different physical locations) as they run, so
that an operating system can share the available real memory between
different users as multiple programs run concurrently.

Without virtual memory, programs written for the IAS machine could only
refer to real locations in memory, i.e., a program was tightly bound to a
specific physical entity in those days. (In modern programming, the logical
and the physical are deliberately decoupled so as to allow a program to run
on many different machines.)

In the IAS machine, this means that the program and its data is constrained
to not exceed the size of the real memory. The IAS memory system has 1024
words in total. Can you imaging solving nonlinear differential equations using
1024 words total? Programs written to do this were exceedingly abstruse,
with instructions changing each other’s contents as the program ran. This is
mind-boggling by today’s standards.

A branch instruction has the form ”If <condition> Then GoTo <address,”
where <condition> specifies some bits that can be set by other (temporally
prior) instructions, and <address is the address of a place in the program to
which instruction sequencing is diverted if <condition> is true. This allows
the sequencing of instructions in a program to be dynamically altered by data
values that are computed as the program runs (e.g., ”If <end of record> Then
GoTo <program exit>”).

If the specified <condition> is the constant value ”true,” then the branch
is always taken. This is called an unconditional branch, and it has the ab-
breviated semantics ”GoTo <address.” Branches for which <condition> is a
variable (i.e., for which <condition> may or may not be true - depending on
the results of certain calculations) are called conditional branches. As we will
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see later, there is a big difference in the ability to predict conditional branches.
(Hint: unconditional branches are always taken.)

As should be evident, adding branch instructions to a program increases the
flexibility of the program (literally) infinitely. It enables a completely new di-
mension (called control flow) to be part of a calculation. More than any other
thing (except perhaps virtualization), this simple concept has enabled com-
puting machines to undertake tasks of previously unimaginable complexity -
for example, financial modeling, engineering simulation and analysis (includ-
ing the design of computers), weather prediction, and even beating the world’s
best chess player.

Without the branch instruction, computing would probably not have ad-
vanced beyond mundane calculations, like simple digital filters. With the
branch instruction, we (humans) have enabled an infinitely more complex sys-
tem of filters to evolve - called data mining - which is a proxy for ”intuiting”
(i.e., it has a nearly psychic overtone).

Today, user programs comprise (primarily) movement instructions, pro-
cessing instructions, and branch instructions. Above, we had also mentioned
”environmental instructions” as a fourth category. Today, this last category is
primarily limited to privileged operations performed by the Operating System,
and not usually allowed by user programs. These are mainly used to facilitate
aspects of virtualization - to manage and administer physical resources via
the manipulation of architected state that is ”invisible” to the computer user.
This state includes page tables and other kinds of system status, interrupt
masks, system timers and time-of-day clocks, etc.

As applications become increasingly complex, some of this state is becom-
ing subject to manipulation by certain applications in a very controlled way.
Today, this ”state” corresponds to tangible entities. On the horizon, some
of this state will become genuinely abstract. Four such examples of abstract
state are:

1. What is the parallelism in a sub-sequence of instructions? What can
be done out of order, and what must be rigorously in order? What
are the predictable future actions of the program at this point? This
sort of information can be used by hardware (if it exists) to get more
performance out of a program.

2. What level of reliability is required for this calculation? Do we need
this to be right, or do we just need it to be fast? This can influence
the hardware and algorithms brought to bear on an abstract semantic
construct.

3. How hot (temperature) is it? Should we run certain units differently
and/or shift part of the load around the processor so as to maintain
a lower ambient temperature? This targets energy efficiency and long-
term product reliability.
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4. Will this code cause power transients as it is run? Is there a better set
of controls, or other switching that can be brought to bear to keep the
voltage stable?

These last categories can be thought of as ”green” instructions because they
target efficient energy usage and product reliability.

For the most part, this ”green” category does not yet exist in any commer-
cial instruction set, but as systems are becoming more power limited, these
things will emerge. We will not discuss environmental instructions further;
instead, we will focus on the branch instructions. We will argue that branch
instructions are the most important instructions from a performance perspec-
tive, because they are the primary limiters to instruction-level parallelism [7]
[8] [9] [10].

1.2 Why are Branches Important to Performance?

Computation is all about changing state, where state comprises the observ-
able data within a system. A computer operates on state by fetching it (so
that the computer can observe the state), and by storing it (so that the com-
puter can alter the state). Therefore, at first blush, computing is all about
fetching and storing, and there is an important duality between these two
operations.

While the following illustrations sound trivial, understanding them is vital
to the concept of coherency among (and within) processes.

First, imagine a computer that can only fetch, but cannot store. Such a
computer can only observe state; it cannot alter it. Hence the state is static,
and no ”computation” is ever manifest - which is not distinguishable from no
computation ever being done. Hence, this is not really a computer.

Next, imagine a computer that can only store, but cannot fetch. (This is
the dual of the above.) This computer continually changes the state, but is
unable to observe any of these changes. Since the state is not observable, the
state need not change - or even exist. This is also not distinguishable from no
computation being done, hence this is not really a computer either.

For a computer to do anything meaningful, it must be able to observe state
(fetch) and to change state (store). What makes any particular computation
unique and meaningful is the sequence in which the fetches and stores are
done. In the absence of branch instructions, the order of the fetches and
stores would be statically predetermined for any program - hence the result of
any calculation would be predetermined, and there would be no philosophical
point to doing a computation.

The branch instructions create unique and dynamic orderings of fetch and
store instructions, and those orderings are based on the observation of state
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(via the ”If <condition>” clause) as the state is changed by running processes.
Ergo, computation is essentially all about resolving branches.

Then, from first principles, the maximum rate of instruction flow is gated
by the ability to resolve branches. Minsky’s Conjecture is that the maximum
parallelism in a program is O(log N) where N is the number of processing
elements [11]. My fancied interpretation of this (which was not necessarily
Minsky’s, although valid nonetheless) is that each unresolved branch splits the
processing into two speculative threads, which creates a speculation tree that
can be no more than log N deep, if N is the number of processing elements.

In addition to branches being the essence of computation, their frequency
(static or dynamic) is dominant among all instructions [12]. For typical appli-
cations, branches comprise between one-third and one-fifth of all instructions,
more-or-less independent of the specific instruction-set architecture, and of
the program. In the ensuing examples, we will assume that on average, one
in every four instructions is a branch. By frequency alone, it is clear that
branches are crucial to performance.

In addition, branches gate performance in several other fundamental di-
mensions. These dimensions have to do with common performance-enhancing
techniques used in microarchitecture to improve Instruction-Level Parallelism
(ILP). ILP is usually measured (in the literature) in Instructions Per Cycle
(IPC), although we find it much more convenient to work with its inverse:
Cycles Per Instruction (CPI) [13].

The prevalent techniques that improve ILP are called pipelining, superscalar
processing, and multithreading. Each of these is discussed below so as to make
the relevance of branches clearer.

Figure 1.2 progressively illustrates the concept of pipelining. Figure 1.2.a
shows the phases of instruction processing as previously discussed for a von
Neumann computer. Simply, an instruction is fetched, decoded and dis-
patched, and executed. The machine that von Neumann built did these three
things sequentially for each instruction prior to fetching a next instruction.

Pipelining is basically an assembly-line approach to instruction processing
in which multiple instructions can simultaneously be in different phases of
processing. For example, suppose that the instruction fetch process fetches
instructions continually (without waiting for resolution signals from the other
end of the processor), and that the three major blocks shown are run au-
tonomously (with respect to each other) with queues in between them (to
decouple them) as shown in Figure 1.2.b. In this figure, at least three instruc-
tions can be active simultaneously. Hence the arrangement in Figure 1.2.b
has the potential of running a program three times faster (assuming that the
logical phases are all equal in time).

The phases in Figure 1.2.b can be partitioned further, as shown in Figures
1.2.c and 1.2.d. The finer the partitioning, the greater the rate at which
instructions can enter the pipeline, hence the greater the ILP. Note that par-
titioning the pipeline more finely does not alter the latency for any given
instruction, but it increases the instruction throughput. (In fact, partitioning
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FIGURE 1.2: The Pipelining Concept: a) Phases of instruction process-
ing; b) Decoupling the phases by the insertion of queues; c) Pipelining the
phases; and d) Using a deeper pipeline structure.
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the logic requires the insertion of latches between each new partition, hence
the latency actually increases with the degree of pipelining.) Therefore, the
pipeline in Figure 1.2.d has a longer latency, but potentially higher throughput
than the pipeline in Figure 1.2.c.

Note that combinational logic (the Decode, Execute, and Branch blocks)
can be finely partitioned by inserting latches between smaller numbers of
logic levels. The number of resulting partitions is called the number of pipeline
stages, or the length (also called the depth) of the pipeline. The memory blocks
in the pipeline (Instruction Fetch, and Operand Fetch and Store) cannot have
latches inserted into them because they are (basically) analog circuits. The
pipeline ”stages” in a memory path are conceptual, which is why they are
denoted by dotted lines in Figures 1.2.c and 1.2.d. Hence, the memory must
have enough banks (which enable concurrent accesses to be in progress) to
support the flow implied by the degree of pipelining.

Given enough memory banks, and given no disruptions to the instruction
flow, the pipeline can be made very deep, and can achieve very high through-
put (hence, ILP). The largest inhibitor of pipeline flow is the branch instruc-
tion - recall that we had said that roughly one in four instructions is a branch.
As shown in Figure 1.2.a., the branch is (nominally) resolved at the end of the
pipeline, and if taken, will redirect instruction fetching. When this occurs,
the entire contents of the pipeline must be invalidated, and instruction flow
must be reinitiated. If there are N pipeline stages, this costs (approximately)
N cycles.

In fact, all pipeline disruptions revolve around the major functional phases
of instruction processing shown in Figure 1.2.a, and are temporal - indepen-
dent of the degree of pipelining. Hence, the average number of cycles required
to process an instruction (called ”Cycles Per Instruction,” or CPI) is linear in
N, since each disrupting event causes a fixed number of stages to be invalidated
[13].

In commercial programs, roughly two out of three branches is taken, hence
there is a taken branch every six instructions. Therefore, there is a nominal
delay (due to branches alone - before including any of the actual execution) of
N/6 CPI for an N-stage pipeline. All high-performance processors today are
pipelined. Up until this year, the trend had been to make pipelines deeper and
deeper [14] to achieve high frequency (which is related to 1/N). It appears
that this trend is reversing as it is becoming much more important to make
processing more energy efficient [15].

Superscalar processing is another technique used to achieve ILP. ”Super-
scalar” merely refers to processing multiple simultaneous instructions per
stage in the pipeline. That is, a superscalar processor decodes (and executes)
at least two instructions per cycle. Many machines try to do four per cycle,
and there are advocates of as many as sixteen or even thirty-two instructions
per cycle [16] [17]. With an N-stage pipeline running M-way superscalar,
there can be as many as MN active instructions in the processor.

What superscalar processing also does is that it puts interlocked events
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(like branches and dependencies) closer together in the pipeline so that their
resulting delays appear to be longer. And with a branch occurring every four
instructions, a four-way superscalar processor should expect to encounter a
branch instruction every cycle. That is, using the model described by Fig-
ure 1.2, a four-way superscalar processor should expect an N-cycle delay after
every decode cycle.

A sixteen-way superscalar processor should expect to see four branches per
cycle. This is philosophically disturbing, since the relevance of each of these
branches (i.e., their very presence) depends on the outcomes of the predecessor
branches - with which it is coincident in time.

It should be obvious that branch instructions severely inhibit the potential
benefits of superscalar processing.

The last pervasive ILP technique is multithreading. In multithreaded pro-
cessors, multiple independent instruction streams are processed concurrently
[18]. There are many variations on the specifics of how this is done, but the
general idea is to increase the utilization of the processor (especially given
the ample delays present in any stream), and the aggregate processing rate of
instructions, although each stream may run slower. Multithreading is men-
tioned in this context because it is the dual of superscalar - its general effect
is to spread out the distance (in pipeline stages) between interlocked events.

In pipelined processors, instruction fetching can be made autonomous with
respect to the rest of the machine. That is, instruction fetching can be made
to drive itself, and to stage what is fetched into instruction buffers - which are
(autonomously) consumed by the instruction decoder(s). This is sometimes
called ”instruction prefetching.” (Note that the word ”prefetching” is used
in many different contexts in a computer. Be sure to understand what it
does and does not connote in each context.) As we will see later, enabling
the autonomy of instruction prefetching is a precondition of achieving high
performance [19].

If there were no branch instructions, then instruction prefetching would
be exceedingly simple. It would merely involve fetching sequential blocks of
instructions starting at the beginning of a program. This can be done by
loading a ”Prefetch Address” register with a starting address, and repeatedly
fetching blocks of instructions, putting them into an instruction buffer, and
incrementing the Prefetch Address register. This is shown in Figure 1.3.a.
(A simple interlock is also needed that stops prefetching when the instruction
buffer is full, and resumes prefetching when it is not.)

Because there are branch instructions, this autonomy breaks down. When
any instruction in the instruction buffer is found to be a taken branch in-
struction, then generally: 1) the instructions that were prefetched into the
buffer following this instruction are useless, and 2) the instructions that are
actually needed (the branch target instruction and its successors) have not
been prefetched, and are not available for decoding following the branch. As
already discussed, this causes a penalty proportional to the length of the
pipeline. Thus, branches inhibit the ability to prefetch instructions.
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FIGURE 1.3: Instruction Prefetching: a) Sequential prefetching in the
absence of branches; and b) Augmenting the prefetching with a branch pre-
dictor.
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The key to achieving high ILP is to preserve the autonomy of instruction
prefetching. This requires that the branch instructions in the running program
be anticipated, and be predicted correctly so that instruction prefetching can
fetch the correct dynamic sequence of instructions to be executed [20] [21].
Figure 1.3.b shows the prefetching process augmented with a branch predictor
which attempts to redirect the prefetching as appropriate.

In the remainder of this chapter, we will explore the dimensions and con-
sequences of various branch prediction methods.

1.3 Three Dimensions of a Branch Instruction, and When
to Predict Branches

As explained in the introduction, a branch instruction causes the instruction
flow to be diverted to a non-sequential address in the program depending
on the program and the system state. There are three dimensions to this
diversion of flow:

1. Does the diversion occur, i.e., is the branch taken or not?

2. If the branch is taken, where does it go? I.e., what is the target address?

3. If the branch is taken, what is the point of departure? I.e., what should
be the last instruction executed prior to taking the branch?

Most of the literature focuses on the first dimension - whether the branch
is taken. In real machines, and depending on the Instruction-Set Architecture
(ISA), it may be necessary to deal with the second dimension (target address)
as well. This depends on when (in the pipeline flow) the branch is to be
predicted. The predictor in Figure 1.3.b implicitly handles this dimension,
since it shows the branch being predicted prior to its actually having been
seen. (The branch is predicted at the same time that it is being prefetched.)

The third dimension is seldom discussed, since in all machines today, the
point of departure is the branch instruction itself. Historically, there have
been variations on branches in which the branch instruction is not the last
instruction in the sequential sequence in which it acts. For example, the
801 processor - the first Reduced Instruction Set Computer (RISC) - has a
”Delayed Branch” instruction [22] [12].

The delayed branch instruction causes instruction flow to be diverted after
the instruction that sequentially follows the delayed branch instruction. I.e.,
if the delayed branch is taken, then the next-sequential instruction (following
the delayed branch) is executed prior to diverting the flow to the branch target
instruction.
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The 801 has a two-stage pipeline: Instruction Decode; and Execute. If an
instruction is found that can be migrated (by the compiler) past the branch
instruction, the delayed branch completely hides the delay associated with
diverting the instruction fetching. What would have been an empty stage
in the pipeline (following a normal branch) is filled by the execution of the
migrated instruction as the branch target instruction is fetched.

In practice, the delayed branch has limited application, since statistically,
most branch groups (the set of instructions following a branch and ending with
the very next branch) are very short, and the ability to migrate instructions
is limited. While this still provides some benefit in a two-stage pipeline, the
delayed branch has fallen out of use as pipelines have become longer.

Before discussing how to predict branches, it is important to understand
when to predict them. Consider the pipeline abstraction shown in Figure
1.4.a. This is an RS-style pipeline, which is typical of IBM 360 machines
[23]. In this pipeline, instructions are fetched sequentially, and put into an
instruction buffer. Then they are decoded, and an address is generated by
adding the contents of general-purpose registers. For a branch instruction,
the address generated is a branch-target address which is sent back to the be-
ginning of the pipeline. For a load or store instruction, the address generated
is an operand address, and an operand fetch is done. Next, the instruction
is executed. For branch instructions, execution is when the branch outcome
(taken or not taken) is determined.

In this pipeline, the decode stage is the first stage to actually ”see” the
branch instruction. Prior to decode, instructions are merely unidentified data
being moved through buffers. When the decoder first ”sees” a branch instruc-
tion, what should it do? These are the various options and their consequences:

1. Assume that the branch is not taken. Leave the target address in an
address buffer, but keep fetching and decoding down the sequential path.
If the branch is not taken, no cycles are lost. If the branch is taken, this
is discovered at execution time, and the target instruction can be fetched
subsequently, using the buffered target address. The penalty for being
wrong is the entire latency of the pipeline.

2. Assume that the branch is taken. Save the sequential instructions that
have already been fetched into the instruction buffer, but redirect fetch-
ing to the branch target address. If the branch is taken, then redirecting
is the right thing to do, and the cost of the branch is the inherent latency
of instruction fetch, decode, and address generation (i.e., the beginning
of the pipeline). If the branch is not taken (which is discovered in ex-
ecution), then it was a mistake to redirect the stream, and the prior
sequential stream (which was saved in the instruction buffer) can re-
sume decoding. The cost of being wrong is the latency of the pipeline
not including the instruction fetch.

3. Do one of the above with hedge fetching. Specifically, follow one of the
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Prediction: a) Without branch prediction; b) With decode-time branch pre-
diction; and c) With prefetch-time branch prediction.
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paths, but do some instruction-fetching down the other path to enable
decoding to resume immediately if the guess is wrong [24] [25] [26] [27] [28] [29] [30].
In this case, we lose less when the guess is wrong, but we risk losing some
cycles (due to sharing the fetch-bandwidth between the two paths) when
the guess is right.

4. Fetch and execute down both paths [31] [32]. Again, we lose less when
the guess is wrong, but we also lose performance unnecessarily when the
guess is right.

5. Stop decoding. This is the simplest thing to do (because it does not
require pipeline state to be subsequently invalidated). In this strat-
egy, we concede a startup penalty (essentially, a delay until the branch
executes) to every branch instruction, but the downside (the penalty
for being wrong) can be smaller, and the design is simpler, since there
cannot be wrong guesses.

Which of these strategies is best? It depends on:

1. The various penalties for being right, wrong, or partially right/wrong as
described (e.g., for hedge fetching, following both paths, or stopping),
and

2. The probability of being right or wrong in each case.

The penalties depend on the specific details of the pipeline - with larger penal-
ties for deeper pipelines [33]. The interesting variable is that the probability
of being right or wrong is not the same for all branches [34] [35] [36] [37] [38].
Many real machines have used combinations of all of the above strategies
depending on the individual branch probabilities [39].

Figure 1.4.b shows a branch predictor that works in conjunction with the
decoder. In this case, the ”when” is at decode-time. These predictors can be
very simple. A big advantage of predicting at decode time is that we know
that the instruction is a branch because the decoding hardware is looking at
it [40] [41] [42]. (This will not be the case for certain other predictors.) Also,
generally these predictors do not have to predict a target address, since the
processor will calculate the address in concert with the prediction.

All that these predictors need to do is to examine the branch instructions
and guess whether they are taken. Optionally in addition, the predictors can
make estimates as to the confidence in their guess for each given branch, and
select one of the five courses of action listed above (calculated as a function
of the penalties and the certainties of the guesses). The processor need not
follow the same course of action for every predicted branch. After the branch
instructions execute, their outcomes can be used to update information in the
predictor.

Note that when predicting at decode time, there is always a penalty for
taken branches, even when the prediction is right. This is because the target
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instruction has not yet been prefetched. The predictor does not know that a
branch instruction is in the sequence until it is seen by the decoder. For this
configuration, this is the earliest point at which there can be an inkling that
instruction fetching needs to be redirected.

Therefore, when there is a taken branch, there will always be a penalty at
least as large as the time required to fetch an instruction. Since the latency
of a fixed-size SRAM array (where the instructions are stored) is fixed, as
the pipeline granularity increases, the number of cycles for a fetch (hence
the penalty for a taken branch) grows. As we said in the previous section,
typical programs have taken branches every six instructions. Thus, branch
delays fundamentally remain significant for decode-time predictors, even if
the predictors are very accurate.

To completely eliminate branch penalty requires that branch instructions
be anticipated (i.e., before they are ”seen” by decoding logic), and that branch
target instructions be prefetched early enough to enable a seamless decoding
of the instruction stream. Specifically, to eliminate all penalty requires that
branches be predicted at the time that they are prefetched [20] [21]. This
arrangement is shown in Figure 1.4.c.

Predicting branches at prefetch-time is much more difficult to do for two rea-
sons. First, the instruction stream is not yet visible to the hardware, so there
is no certainty that branches do or do not exist in the stream being prefetched.
The prefetch mechanism must intuit their presence (or lack thereof) blindly.
Second, it is not sufficient to predict the branch action (taken or not taken).
To eliminate all penalty requires that the target addresses be predicted for
branches that are taken. The target address needs to be provided by the pre-
dictor so that prefetching can be redirected immediately, before the branch
has actually been seen.

The increased complexity and difficulty of predicting at prefetch-time is
evident in Figure 1.4.c. Note that there are now three ways in which the
predictor can be wrong (shown as three feedback paths to the predictor in
Figure 1.4.c) as opposed to just one way for decode-time predictors (shown
as a single feedback path in Figure 1.4.b). These three ways are:

1. The predictor can be wrong about the presence of a branch, which will
be discovered at decode time. That is, the predictor will not be aware
of a branch that is in the stream, and the error will be discovered when
the decoder encounters a branch instruction. Or, the predictor could
indicate the presence of a taken branch in the stream, and the decoder
could find that the instruction that was predicted to be a branch is not
a branch instruction. (This will happen because of hashing collisions
if full address tags are not used, and because of page overlays if the
predictor uses virtual addresses.)

2. The predictor can be wrong about the branch target address for correctly
predicted taken branches. This will be discovered at address-generation
time if the processor generates a target address that is different than the
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predicted target address [43]. When this happens, it is usually because
the branch instruction changes its target - as for a subroutine return.
It can also be caused by hashing collisions and page overlays (as in the
previous case) when the collision or overlay happens to have a taken
branch in the same location as what it replaces.

3. The predictor can be wrong about whether the branch was taken - as
for a decode-time predictor.

Thus for prefetch-time predictors, the number of ways of being wrong, and
the number of recovery points further fragment the various penalties involved.
Note that these predictors can be wrong in more than one way, which can
cause more complexity in the recovery processes. For example, the predictor
could predict a branch to be taken, but predict the wrong target address. The
processor can redirect the fetching following address-generation, and shortly
thereafter (when the branch executes) discover that the branch isn’t taken,
which must trigger a second recovery action for the same branch.

The various complexities of these elements of prediction are discussed in
the following sections.

1.4 How to Predict Whether a Branch is Taken

The very first predictors made ”static guesses” based on the branch opcode,
the condition specified, the registers used in the address calculation, and other
static state [44] [45]. For example, unconditional branches are certainly
taken. Looping branches (like ”Branch on Count”) are usually taken, and can
be predicted as such with high certainty. These predictions were eventually
augmented by static predictions made by compilers [46] [47] [48] [49]. This
required more branch opcodes (to denote ”likely taken” or ”likely not-taken”
branches). The compiler’s guess was used in conjunction with a guess made
by the hardware to determine the overall best guess and pipeline strategy to
use for each branch instruction.

Not long thereafter, branches were predicted using dynamic information of
various sorts. Specifically, the past execution of branches was used in several
different ways to predict the future actions of branches. The basic variations
are:

1. Any branch is assumed to behave (be taken or not) in accordance with
the behaviors of other recently executed branches, i.e., a ”temporal av-
erage behavior” is assumed for branches.

2. Each specific branch (identified by its address) is assumed to do (to be
taken or not) the same thing that it did the last time.
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FIGURE 1.5: Simple State-Machines for Branch Prediction: a) A 1-bit
state-machine; and b) A 2-bit state-machine.

3. Each specific branch (identified by its address) is assumed to be taken
or not based on some pattern of its own behavior exhibited in the past.
This is an evolution of variation 2.

4. Each specific branch (identified by its address) is assumed to be based on
its past actions, and on the actions of other recently executed branches.
This is a mixture of all of the above variations.

The first variation is the simplest, since it does not require much state. It
merely requires a few bits to record the actions of the last several branches via
a state machine that generates predictions. The other three variations involve
predicting actions for specific (by address) branches, which require tables to
store past actions by branch address. The last variation requires both of these
mechanisms.

Figure 1.5 shows state-transition diagrams for two very simple state-machines
that track recent branch behavior in a program. The first (Figure 1.5.a.),
is just a saturating one-bit counter. It records the action of the last branch
(”Taken” or ”Not Taken”), and it predicts that the next branch will do the
same thing. The second (Figure 1.5.b) is only slightly more complex, and
requires a two-bit up/down counter that saturates both high and low.

The state-transition diagrams for both figures are symmetric. Each state
records the past history of branches (e.g., ”Taken Twice”), and what the next
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prediction will be (e.g., ”Predict Taken”). The state transitions (shown as
arcs) are labeled with the next branch outcomes (”Taken” or ”Not Taken”)
and whether the prediction (from the originating state) is ”Right” or ”Wrong.”

What the state machine in Figure 1.5.b does is to stick with a particular
guess (”Taken” or ”Not Taken”) until it has been wrong twice in succession.
This particular predictor first appeared in a CDC patent [50]. The CDC
environment was predominantly a scientific computing environment in which
many of the branches are used for loops. The basic idea is to not change the
”Taken” prediction for a looping branch when it first falls through [51] [52]
[53].

In addition, in that time period, flip-flops were very precious. Distinct
branch instructions were allowed to alias to the same state-machine so as
to provide an ”average group behavior” of the branches in a program. As
mentioned, recording state transitions for individual branches requires tables
(i.e., a record of state for each branch instruction).

There were a number of papers in the literature at that time that made
obvious extensions to this (three-bits, four-bits, etc.). Instead of counting
(which has intuitive basis), many of these devolved into what is essentially
profiling [54] [55] [56] [57] [58] [59] [60] [61] [62] [63]. For example, if the state
comprises ten bits, then there are 1024 possible sequences of branch actions,
and the appropriate prediction for each sequence can be predetermined by
profiling a trace tape. (E.g., when the sequence ”1001101100” occurs in the
trace, measure whether ”1” or ”0” occurs most often as the next branch action
in the trace, and use this as the prediction.)

Each such prediction defies intuitive rationalization - it is just based on
measurement. In some of these studies, the prediction was run (again) on the
very same tape that was used to generate the profiles. While (quite unsur-
prisingly) the ”guesses” get better as the number of bits is increased because
some of the unusual patterns essentially identify specific branch occurrences
(which certainly happens when the sequence only occurs once) in the profiling
trace. What was not shown in these studies was whether the profiling statis-
tics result in robust prediction. I.e., does it work well on a different execution
trace?

Therefore going beyond two or three bits of state is probably not that useful
in this particular context. More recently, it has become useful in a different
context to be discussed later. There are even more exotic finite-state machines
(using more bits) - including neural networks and Fourier analysis - that have
been used to predict branch outcomes [64] [65] [66].

Getting high predictive accuracy requires predicting the branches individu-
ally, and relying on the behavior of each individual branch rather than a group
average. This is easy to understand, since some of the individual branches
in a program tend to be taken almost always (e.g., looping branches), or al-
most never (e.g., exception handling), and the ”group average” filters out this
information.

Note that the worst possible predictive accuracy is 50%, because 50% in-
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FIGURE 1.6: Decode-Time Branch Predictors: a) Using the branch ad-
dress; and b) Using the branch address together with the last global actions.

dicates that there is no correlation between the prediction and the branch
action. If the accuracy is <50%, and this is monitored, the predictor can be
made to work at >50% accuracy by continuing to use the same algorithm, but
inverting the prediction. Therefore, 50% accuracy should be a lower bound.

Maintaining state for each individual branch requires a table - with an entry
for each branch. Since the state stored for a branch is small (e.g., one bit),
it is inefficient to make the table rigorously discriminate addresses by storing
tags (the addresses). In practice, the table is implemented by performing a
hash function on the branch address, and using the hash to address a bit
vector. The most straightforward hash (requiring no circuitry) is truncation
- the elimination of high-order bits.

Figure 1.6.a shows a simple predictor that is used in many real machines.
This method was first disclosed as a ”Decode History Table” (called a ”DHT”
in parts of the industry) because it worked at decode time [67] [68] [69],
but has become to be known as a ”Branch History Table” (BHT) in most of
the literature today. In Figure 1.6.a, the low-order log(n) bits of the branch
address are used to access the n-entry table that contains state information
for the branches. Branches whose addresses share these low-order bits will
hash to the same entry.

The smaller the table, the more hashing collisions will result, and the more
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potential for error because of this. Therefore, when there are a fixed number
of bits to be used for prediction, it is always useful to assess whether the
predictor benefits more from making the state more complex, or from having
more entries. (E.g., would you rather have n one-bit predictors, or n/2 two-bit
predictors?) In commercial code where the working-sets are large, it is almost
always better to have more entries [70] [71].

The branch address is a discriminator which uniquely identifies a particular
branch instruction. A hash of that address is also a discriminator - with some
aliasing. As the hashing becomes cruder, the discriminator does a poorer job
of uniquely identifying branches [72] [73] [74] [75] [76]. (In the first predictor
discussed, there was no hash function - all branches aliased to the same state
machine.)

Recall that when we were discussing profiling using n-bit sequences, we had
said that long unique strings were (essentially) uniquely identifying particular
branch occurrences on a profiling tape. In this sense, a string of branch
outcomes is also a discriminator for the next branch in the sequence, since
it correlates to the path that was traversed (through the code) in reaching
this branch [59]. The longer the discriminating string, the better it does at
discriminating.

The fourth prevalent prediction technique (described in the opening para-
graphs of this section) uses both discriminator types in tandem. That is,
for each particular branch address (the first discriminator), the unique se-
quences of branch outcomes preceding this branch (the second discrimina-
tor) are recorded, and a prediction is made based on past history for this
branch when it was preceded by the same sequence of global branch outcomes
[77] [78] [79] [80] [81] [82] [83].

Conceptually, the rationale behind this is that some of the unique branches
(by address) are not very predictable (e.g., they have accuracies closer to 50%
than to 100%), although when those branches are reached by taking particular
paths through the program, they are relatively predictable for each particular
path. The first discriminator (branch address) identifies the branch, and the
second discriminator (current sequence of global branch actions) correlates to
the path being followed. When used in conjunction, the two discriminators
achieve a higher accuracy than either could by itself.

In principle, this could be implemented as a table of tables involving a
sequence of two lookups. In real machines, the problem with cascades of
lookups is that they take too much time. A branch predictor needs to provide
a prediction in the cycle in which it must predict [84]. It does the machine
little good to have a correct prediction that is later than this.

Thus, realizations of this kind of predictor are best made by hashing both
discriminators together into a single lookup as shown in Figure 1.6.b. In this
figure, the ”Global Branch Actions” register records the actions of the last n
branches as a sequence of ones and zeros. Whenever a branch executes, its
action (taken or not) is shifted into one end of the register as a zero or one.
The lookup into the history array is done by merging the low-order bits of the
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branch address with a portion of the Global Branch Actions register.

A caveat with algorithms that use the ”last branch actions” in real machines
is that the ”last” actions might not yet have occurred at the time that the
prediction needs to be done. For example, if there is a branch every four
instructions, and the pipeline between decode and execution is longer than
this, then at decode-time for each branch, its immediately preceding branch
can not have executed yet, hence the ”last branch outcome” is unknown. A
state register that tracks ”last outcomes” (as in Figure 1.6.b) will be out of
phase by one or more branches.

Therefore, a predictor that is designed based on studying statistics from an
execution trace might not behave as well as anticipated in a real machine. In
this case, the trace statistics will be based on the actual ”last actions” of the
branches, but the real machine will be using a different (phase-shifted) set
of ”last actions.” One way of dealing with this is to use the ”Global Branch
Predictions” (not shown, but obvious to conceive of) instead of the ”Global
Branch Actions.” This will align the phases correctly, although some of the
bits may be wrong - which is likely academic.

Finally, there are compound (hybrid) prediction schemes. We had previ-
ously mentioned that hardware could monitor the predictive accuracy for a
given branch, and change the prediction if appropriate. In that example, we
had said that if the accuracy fell below 50%, we would invert the predictions
from that point on.

This basic idea can be used in a more general way. Specifically, we can
build multiple independent prediction mechanisms, and dynamically monitor
the accuracies of each of them for each branch. We can achieve the best of all
of them by using the monitored data to dynamically select the best predictor
for each individual branch [35] [85] [86] [87] [88] [37] [89].

In a hybrid scenario, some of the branches are predicted by using one-bit
counters, while others are predicted using two-bit counters, and others using
global branch information. While this is not the most efficient use of bits, it
achieves the highest accuracy - assuming that the working-set is adequately
contained.

1.5 Predicting Branch Target Addresses

Branch target addresses are predicted at prefetch time so as to facilitate the
redirection of instruction prefetching so as to eliminate all delay for correctly
predicted taken branches. As mentioned previously, this drives additional
complexity.

The simple part of target prediction is that the future target address of a
branch is usually whatever the historical target address was. This must be
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recorded for each branch instruction.
In addition to whatever state is required to predict branch action, we now

need to store a target address (e.g., thirty-two bits for a thirty-two-bit address
space). Therefore, the amount of state for a branch prediction entry is much
larger in this environment than what we discussed in the previous section.
The point is that branch-target prediction done at prefetch-time is a much
more costly proposition than branch-action prediction done at decode-time,
although doing it well is essential to achieving high performance [20] [21].

Since we predict target addresses to facilitate the redirection of instruc-
tion prefetching, it is necessary to understand what we mean by ”instruction
prefetching.” In the first place, the quanta being fetched are not instructions.
They are generally some larger fixed data-width that can be accommodated by
the busses and buffers, and that provide ample instruction prefetching band-
width. In many machines, ”instruction prefetching” is the act of prefetching
quadwords (sixteen bytes) or double-quadwords (thirty-two bytes) aligned on
integral boundaries (sixteen-byte boundaries for quadwords, and thirty-two-
byte boundaries for double-quadwords) [90] [91] [92] [93]. For the remainder
of this discussion, we will use quadwords as the unit of fetching, although the
discussion easily generalizes to other widths.

The quadwords that are fetched contain multiple instructions, one or more
of which can be a branch. For example, if the length of an instruction is
a word (four bytes), then a quadword contains four instructions, and (as
many as) four of them can be branches. For variable-length instruction-sets,
a quadword need not contain an integer number of instructions, and some
instructions (including branches) will span quadword boundaries.

Therefore, two halves of a single branch instruction can reside in consecutive
quadwords. A taken branch can leave the middle of a quadword, and can
branch into the middle or end of a different quadword. Or a branch can branch
into the quadword containing itself. These realities drive further complexity.

Basically, a prefetch-time predictor is a table of entries, where each entry
corresponds to a specific branch instruction, and contains the address of the
branch-target instruction and some other state information. The table must
be organized to be compatible with the instruction prefetch width (e.g., a
quadword) so that it can be searched on behalf of each instruction prefetch.
The other state information in an entry includes state to predict whether
the branch is taken, state having to do with the organization of the table
itself, and state that enables the hit-logic to find the right branches within
the quadwords.

Since we are now putting more at stake by redirecting instruction prefetch-
ing, it is more important to discriminate branches correctly. Therefore instead
of merely hashing entries, branch tags are generally used. (But since the entry
already needs to hold a full target address, the overhead for a tag is relatively
less than it was in the previous section.) Since a quadword can contain mul-
tiple branches, the table should be set-associative so as to avoid thrashing
between branches contained in the same quadword.
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When originally disclosed, this was called a ”Branch History Table” (BHT)
[94] [95] [96] [97] [91] [98] [99] [100] [101], but has come to be called a ”Branch
Target Buffer” (BTB) by many [102] [103] [104]. Recall that the recent
literature uses ”Branch History Table” (BHT) to denote the table of prediction
bits described in the previous section - which was originally called a Decode
History Table (DHT). This can sometimes lead to confusion in discussions, so
one must always take pains to make the context clear.

A BTB is sketched in Figure 1.7.a, and the fields within a BTB entry are
depicted in Figure 1.7.b. The fields shown are:

1. Valid - A bit that indicates that this is a real entry, and not uninitiated
state.

2. Action - The state bits that are used to predict whether the branch is
taken. This corresponds to the state described in the previous section.
(In some implementations, the Valid bit is interpreted directly as an
indication that the branch is taken, and there is no explicit Action field.)

3. Tag - The high-order address bits of the branch instruction (used by the
hit-logic to match an entry to the correct quadword).

4. Offset - The low-order address bits of the branch instruction (the byte
address within the quadword) that is used by the hit-logic to locate the
branch within the quadword.

5. Target Address - The address of the branch-target instruction.

6. Length - A bit used to indicate whether the branch instruction spills
into the next quadword. If it does, then the next-sequential quadword
needs to be fetched prior to redirecting fetching to the target address,
or the processor will not be able to decode the branch instruction.

7. Special T - A field to indicate how the Target Address field is to inter-
preted for this entry. In some implementations, the penalty (in complex-
ity) can be severe for predicting the target address incorrectly. Special
T can simply be used to alert the predictor not to trust the Target Ad-
dress field, and to tell the processor to stop decoding when it encounters
this branch, pending verification of the target address by the address-
generation stage in the pipeline. Or it can be used more elaborately to
create hints about branches that change their target address. This is
discussed in the next section.

8. Check bits - Parity or other check bits to detect array errors - these
would generally be in any real product.

The BTB works as follows. The Prefetch Address (shown in Figures 1.3
and 1.4) is used to search the BTB at the same time that the corresponding
quadword of instructions is prefetched. In particular, the BTB can be the
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FIGURE 1.7: The Branch Target Buffer (nee, ”Branch History Table”):
a) The BTB structure and lookup; and b) The field within a BTB entry.

”Autonomous Prefetch Engine” shown in Figure 1.4.c. Referring now to
Figure 1.7.a, the low order four bits of the prefetch address (the byte within
quadword) are sent to the hit-logic. The next set of bits (the log of the
number of rows in the BTB) is used to select a congruence class within the
BTB. In this case, the BTB is shown as four-way set-associative table, so four
candidate entries are read out. The remaining high-order bits of the prefetch
address are sent to the hit-logic for a tag comparison with each of the four
candidate entries.

The hit logic determines the presence of a branch within a quadword by do-
ing the following four evaluations on the entries within the selected congruence
class of the BTB:

1. If the entry does not have the Valid bit set, then it is removed from
consideration.

2. If the Tag field in the entry does not match the high-order bits of the
prefetch address (which comprise the Tag portion of the address shown
in Figure 1.7.a), then the entry denotes a branch in a different quad-
word, and it is removed from consideration.

3. If the Offset field in the entry is less than the low order bits (byte
within quadword) of the prefetch address (see Figure 1.7.a), then the
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entry denotes a branch that resides in a lower part of the quadword
than the point at which instruction flow enters the quadword, and it is
removed from consideration. For example, if flow enters this quadword
at the end of the quadword (due to a branch), then the processor will
not encounter the branches that are at the beginning of the quadword.

4. If more than one entry passes the first three tests, then we choose the
first entry (the one with the smallest Offset field) that will be predicted
as taken (by the Action field). The taken branch with the smallest
Offset (greater than the Offset in the Prefetch Address Register - as
determined in Step 3) is the first taken branch that will be encountered
in the flow. This is the ”hit” that is sought.

If a ”hit” is encountered, then instruction prefetching will be redirected to
the address specified in the Target Address field of the entry that caused the
hit. Note that if the corresponding Length field indicates that the branch spills
into the next quadword, then the next-sequential quadword is prefetched prior
to redirecting the prefetching to the target address. (Care must be taken to
suppress BTB results during the prefetching of the next-sequential quadword
in this case.)

If no ”hit” is encountered, then prefetching (and BTB searching) continues
with the next-sequential quadword.

We have stated that the BTB search must be done on the same quantum
boundaries as the instruction prefetching. This is not an absolute requirement,
but the BTB should (at least) keep up with the prefetching, or the prefetching
cannot be redirected in a timely manner. It is equally acceptable to organize
the BTB on double-quadwords if the instruction fetching is on quadwords.
This may actually be preferable, because it allows sufficient BTB bandwidth
to enable timely updates. This is discussed later.

As mentioned in a previous section, we can predict the target incorrectly
for three reasons:

1. If full address-tags are not used, we can hit on a coincident entry from
an aliased quadword which generally will have a different target address.

2. Since we are not doing address translation prior to the BTB search,
we are searching with a virtual address. When the operating system
performs page overlays, we may (coincidentally) have an entry for a
branch at a location that also contains a branch in the new page, but
the target address will likely be different.

3. Some branches really do change their target addresses. This is discussed
in the next section.
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FIGURE 1.8: The Subroutine Call and Return: a) The call-and-return
structure: and b) The same structure annotated with stack operations.

1.6 The Subroutine Return - A Branch That Changes
Its Target Address

Most branches in a program always branch to the same target instruction. A
canonical exception to this is the branch used for returning from a subroutine.
A subroutine is a generic procedure that can be called from different places in
programs. When a subroutine is called from procedure A, upon completion
it should return to procedure A (typically, at the instruction immediately
following the calling instruction). When it is called from procedure B, it
should return to procedure B. Figure 1.8.a shows this structure.

A problem arises in prefetch-time predictors (BTBs) that treat the subrou-
tine return as any other branch. While some Instruction-Set Architectures
(ISAs) have explicit Call and Return instructions - and the subroutine return
can be recognized by the decoding hardware (and tagged as such in the Spe-
cial T field of the BTB), other ISAs implement these primitives with standard
branch instructions, and the decoding hardware is oblivious to the call-return
primitive.

When the BTB is unaware that a particular branch is a subroutine return
branch, it always predicts the target address to be whatever it was last time



Branch Prediction 37

(the historical return point). When a subroutine last returns to procedure A,
it remembers the return point in A. When the subroutine is next called from
procedure B, the BTB predicts the returning branch as returning to procedure
A. This is an incorrect prediction, since we know that the correct return point
is in B.

In this section, we explain how the branch predictor is made sensitive to
the call-return primitive so as to correctly predict subroutine return branches
at prefetch time [105] [106] [107] [90] [108] [109] [110] [111] [112]. First, so
as to make the explanation as simple as possible, we explain how to do this
in the context of an ISA having explicit Call and Return instructions, and we
augment the prefetch-time predictor to include a stack.

In this scenario, whenever the decoder encounters a Call instruction, the
address of the instruction that sequentially follows the Call instruction (i.e.,
the return point) is pushed onto the stack in the predictor hardware. When
a Return instruction is first encountered, it is unknown to the BTB, and it is
mispredicted. When a BTB entry is created for the Return instruction, the
”Special T” field is set to indicate that this is a Return instruction.

Now in future predictions, whenever the BTB encounters a hit in which the
”Special T” field is set to indicate a subroutine return, the Target Address
from the BTB entry is not used. Instead, the address on the top of the stack
is used as the return point. Figure 1.8.b is annotated with the corresponding
stack actions to illustrate this behavior.

Now, consider ISAs that do not have explicit Call or Return instructions.
The question is how to recognize that a particular branch instruction is imple-
menting a subroutine return? Although ISAs may not have an explicit Call
instruction, they generally have a particular kind of branch that tends to be
used for subroutine calls.

For example, the Branch And Link (BAL) is a branch that stores the address
of its successor instruction (the return point) into a general purpose register
as it branches. While being used for subroutine calls, it can also be used for
other things (e.g., it performs the ”load context” primitive, which enables a
program to know its current location in storage).

If there is no explicit Return instruction, then we need to use clues that a
branch instruction is a subroutine return instruction. There are a few such
clues:

1. If the BTB predicts the target address incorrectly, the corresponding
branch could be a subroutine return.

2. If the target address of a branch is specified as being the contents of the
same register used by a preceding BAL instruction, then this branch
could be a subroutine return.

3. If the target address of the branch happens to be an address that imme-
diately follows the address in which a BAL is stored (which should be
on top of the call-stack), then the branch could be a subroutine return.
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A predictor can be made sensitive to one or all of these things. The first clue
is already provided for us in the existing structure - we just need to observe
that the BTB makes a wrong target prediction. The second clue requires
more hardware to keep track of specific register usage. The third clue is the
most interesting, because it allows us to use a trick that is an artifact of how
the BTB is organized.

Recall that instruction prefetching is done on a quadword or double-quadword
basis, and that the BTB is organized around this width (or around an even
larger width). When a branch target is mispredicted, and the processor re-
covers and redirects prefetching to the correct target address (clue 1), the first
thing that is done is that the BTB is searched to see if there are any branches
at the new target address.

While the hit logic is looking for branches at or after the new target address
(the entry point into the target quadword), it sees entries for all branches
within the target quadword, i.e., it sees the branches that are located before
the entry point into the quadword (unless the entry point is 0 - the beginning
of the quadword).

Within this context, we can do the following things:

1. Whenever we encounter a branch that could be a subroutine call (e.g., a
BAL), in addition to pushing the next instruction address onto the stack,
when we create the BTB entry for the branch, we indicate ”Probable
Calling Branch” in the Special T field for the entry.

2. Whenever we have a target address misprediction, and redirect prefetch-
ing to a new address, then when we do the BTB lookup in the new
quadword, we notice whether there is a ”Probable Calling Branch” im-
mediately prior to our entry point into the quadword. If there is, we
assume that the branch that was just mispredicted is a subroutine re-
turn, and we indicate ”Subroutine Return” in its Special T field.

3. Whenever we get a BTB hit with ”Subroutine Return” indicated in the
Special T field, we use the address on the top of the stack instead of the
address in the Target Address field of the BTB.

Finally, the algorithm described above can be implemented directly in the
BTB without the use of a stack [90]. This requires a new Special T state that
indicates that an entry is a subroutine entry point. This works as follows:

1. Whenever we encounter a branch that could be a subroutine call (e.g., a
BAL), then when we create the BTB entry for the branch, we indicate
”Probable Calling Branch” in the Special T field for the entry.

2. Whenever we have a target address misprediction, and we redirect prefetch-
ing to a new address, then when we do the BTB lookup in the new
quadword, we notice whether there is a ”Probable Calling Branch” im-
mediately prior to the entry point into the quadword. If there is, we
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assume that the branch that was just mispredicted is a subroutine re-
turn, and we indicate ”Subroutine Return” in its Special T field.

(a) In addition, the Target Address field of the Probable Calling Branch
in the target quadword specifies the address of the subroutine en-
try point (i.e., the beginning of the subroutine), and we know the
address of the returning branch (it is the address of the branch
that was just mispredicted - for which we are currently doing the
BTB search).

(b) Create a new entry in the BTB at the subroutine entry point. We
set its Special T field to indicate ”Subroutine Entry Point,” and we
set its Target Address field equal to the address of the returning
branch. I.e., a Subroutine Entry Point entry does not indicate
the presence of a branch instruction. It is merely a pointer to the
returning branch - the branch for which we are doing the search.

3. Whenever we get a BTB hit with ”Subroutine Entry Point” indicated
in the Special T field, we do not redirect prefetching, since this is not a
branch. However, we do a BTB update. Specifically, we take the Target
Address field (which points to the returning branch), and we update the
entry corresponding to the returning branch. Specifically, we change its
Target Address field to the address of the instruction that sequentially
succeeds the branch that generated the current BTB hit, i.e., we set it
to point to the sequential successor of the calling branch. (Remember
that the branch that generated this hit is the calling branch.)

4. Whenever we get a BTB hit with ”Subroutine Return” indicated in
the Special T field, its Target Address should be correct, since it was
updated to the correct return point in Step 3.

This algorithm will work for subroutines having one or more entry points,
and a single return point. If there are multiple return points, this algorithm
can have problems unless each entry point correlates to a specific return point.

1.7 Putting it All Together

A number of points are made in this section about the operating envi-
ronment (the context) of a predictor relative to the size of the instruction
working-set, and of the statistical accuracy of predicting branches. Consider-
ing these things motivates (or not) the use of even more exotic mechanisms,
and it relates branch prediction to instruction prefetching.

We have said that (roughly) one in four instructions is a branch. While this
was a statement about the dynamic frequency of branches, it is also roughly
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true of their static frequency. Since the job of the BTB is to remember the
branches in a program, the BTB is attempting to remember the same context
as the instruction cache [113]. Therefore, it is interesting to consider which
of these (the BTB or the instruction cache) remembers more context, and
whether one of them can prefetch for the other.

If the average instruction size is one word (four bytes), and there is one
branch per four instructions, then on the average, each quadword contains
one branch. (This is primarily why we have discussed instruction prefetching
in units of quadwords.) Therefore, a BTB that contains N branch entries holds
(roughly) the same context as an instruction cache having N quadwords. To
compare these two (in bytes) requires an estimate of the size of a BTB entry.

For the sake of putting down some approximate numbers, let’s assume that
we are working with 32-bit addresses, and that we are using full address
tags. Next, we approximate the size of an entry in a 4K-entry, four-way
set-associative BTB. Recall that an entry can have eight fields. With these
assumptions, the size of each field is:

1. Valid - one bit.

2. Action - one or two bits.

3. Tag - If there are 4K entries and four sets, then ten bits are used for
the congruence class selection (i.e., not needed in the tag). Since the
tag discriminates at the quadword granularity, the low-order four bits
of the address are not part of the tag. Thus, for a branch address, the
tag is 32-10-4 = eighteen bits.

4. Offset - The low-order branch-address bits (the byte address within the
quadword). For a quadword, this is four bits.

5. Target Address - The address of the target instruction - thirty-two bits.

6. Length - one bit.

7. Special T - one or two bits.

8. Check bits - between zero and eight bits.

The total is in the range of 58-68 bits. So that we can work with round
numbers, we’ll call this eight bytes, which is half of a quadword.

Therefore, for an N-entry BTB to hold the same context as an N-quadword
cache, it requires half the capacity of the cache in bytes. In practice, it would
be unusual to make a BTB this large. In the first place, it is desirable to be
able to cycle the BTB quickly - so that on a hit, the very next lookup can be
done on the target address provided by the hit. (When the BTB cannot cycle
this fast, one can then explore whether it is worthwhile to do ”hedge-BTB
lookups” in the event that a hit turns out to have been wrong.) Therefore,
BTBs typically do not remember as much context as the instruction cache.
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However, if a BTB remembered more than the instruction cache, then run-
ning the BTB well ahead of the instruction stream would provide a vehicle
for prefetching for the instruction cache [114] [115] [116] [117]. Since imple-
mentations usually have these relative sizes reversed, it is possible to consider
multilevel BTBs (i.e., a hierarchy of pageable BTBs), and to use the cache
miss process as a trigger to prefetch BTB information down the (posited)
BTB hierarchy [118] [119] [120].

We should mention that it is possible to economize on the size of BTB
entries by assuming that target addresses are physically proximate to branch
addresses, which is usually true. If we assume that a target instruction will fall
within one Kilobyte of the branch instruction, then we can shorten the Target
Address field to eleven bits. We can also eliminate many of the high-order
bits from the Tag without losing much [121] [122] [123]. There have been a
number of proposals like this, which can cut the size of an entry appreciably
without losing much accuracy.

Since we have demonstrated that a BTB entry already requires lots of stor-
age (eight bytes), it is then reasonable (in a relative sense) to add even more
information for some of the branches if that will improve the predictive ac-
curacy further. Most of the branches in a program are very predictable (e.g.,
99+% accurate), and the BTB will do just fine by remembering the last action
and target address for these. In real commercial code, BTBs will be found to
have accuracies in the 75-90% range.

Suppose that we achieve an accuracy of 90%. It is not the case that each
branch in the program is 90% predictable. More likely, we will find that 80%
of the branches in the program are nearly 100% predictable, and 20% (or so)
are predicted with very poor accuracy (50% or so). This tells us that the way
in which we are trying to predict these 20% does not work for these particular
branches. Then increasing our aggregate accuracy from 90% to a much higher
number requires doing something even more exotic for this (relatively small)
subset of the branches.

On a side note, since it is a relatively small percentage of the branches
that are apparently intractable, a very small cache can be used to store the
alternate paths for only these branches. Since the cache is not used to store
the alternate paths of the predictable branches, it can be very small, hence
fast. Such a cache enables quicker recoveries when these intractable branches
are mispredicted [124] [125] [126].

On the other hand, a branch outcome is not a random event. It is the result
of a calculation or a test on the state of an operand [127] [128] [129] [130] [131].
Many of the least-predictable branches depend of the test of a single byte, and
frequently the state of that byte is set (by a store) well ahead of the test (e.g.,
hundreds of cycles). In addition, it is sometimes possible to predict the values
of the operands themselves [132] [133]. There have been proposals for addi-
tional tables that maintain entries (indexed by the addresses of the relevant
test-operands) that contain a pointer to the branch instruction affected by the
test-operand, the manner in which that test-operand is tested to determine
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the outcome of the branch, and the previous outcome of that branch [127]
[128] [134].

When the address of a store operand hits in this table, the operand being
stored is tested (by the prediction hardware) in the manner described in the
table, and if the new (determined) branch outcome differs from the historical
outcome, an update is sent to the affected branch entry in the BTB. If the
store occurs enough ahead of the instruction prefetch (which is typically the
case), then the BTB will make a correct prediction.

There are another subset of unpredictable branches that cannot be pre-
dicted in this manner because the operand that is tested is not always fetched
from the same address. The test instruction that determines the branch out-
come may test different operands at different times. For many of these in-
structions, there is a strong correlation between the operand that is tested
and the branch outcome. (Generally, the operands being tested are statically
defined constants.)

When this is the case, the branch is very predictable once it is known which
of the operands is to be tested. Since the branch outcome (taken or not taken)
depends on the branch itself (discriminated by the branch address) and on the
operand that is tested (discriminated by the operand address), this method
is called an ”Instruction cross Data” (IXD) method.

Unfortunately, the correct operand address is not generally known until the
test instruction (which immediately precedes the branch instruction) performs
address generation (i.e., this instruction generates the operand address that
we need to know). This is too late to influence the instruction prefetching,
so this technique is more applicable at decode-time [135]. Since this table
is used at decode time to predict branch action, its entry is small (one bit).
The table is indexed by a hashing of the instruction address with the operand
address. It looks very much like predictor shown in Figure 1.6.b, except that
an operand address is used instead of the ”Global Actions” that are shown in
the figure.

In real machines, since prefetch-time mechanisms are costly, and (there-
fore) cannot remember much context, and since decode-time mechanisms are
simple, and can remember lots of context, and since the two operate at dif-
ferent points in the pipeline, we generally use both mechanisms in tandem
[136] [137] [138] [139] [70]. For example, with eight bytes per entry, an eight
Kilobyte BTB remembers one Kilobranches, which corresponds to a sixteen
Kilobyte working set. With one bit per entry, an eight Kilobyte BHT remem-
bers sixty-four Kilobranches, which corresponds to a one Megabyte working
set.

It will frequently be the case that the instruction decoder encounters branches
in the instruction stream that the BTB did not know were there (this is not
a distinguishable event if the Valid bit is used as a Taken indicator - hence
the use of these distinct fields). Then, although the instruction prefetching
had not been redirected by the BTB, it is at least still possible to predict the
branch as ”taken” (if it is) at decode time if we are also using a BHT (a.k.a.,
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DHT). This allows us to mitigate some of the penalty associated with the
BTB miss (assuming that the branch is taken).

Thus, in a real machine, there is nothing as simple as ”the branch predic-
tor.” There will typically be several mechanisms at work (both independently
and in tandem) at different points in the pipeline. There will also be different
points at which recovery is done (based on branch presence or target or action
becoming known, or based on a more reliable predictor supplanting the guess
made by a less reliable predictor). There will also be different opportunities
to hedge (do BTB searches and instruction prefetches) down alternate paths,
depending on the bandwidth available, and the complexity of the buffering
that we will want to deal with.

Predicting a branch is not a single event. It is an ongoing process as branch
information makes its way through a pipeline. Although quoting some theo-
retical accuracy (derived from an execution trace), and some nominal penalty
for a wrong guess is helpful in getting a rough idea about branch performance,
simulation in a cycle-accurate timer (which includes modeling all table lookups
and updates explicitly) is needed for an accurate picture of processor perfor-
mance [140].

As we have already mentioned, ”accuracy” as derived from an execution
trace can be wrong when prediction mechanisms depend on ”last” branch
action, because in a real machine, the ”last” action has not yet happened at
the time that the prediction is made.

Another crucial aspect of prediction that we have not yet mentioned is
whether the required updates (to our various tables) have been able to occur
by the time that they are needed. When doing analysis from trace tapes,
it is generally assumed that the updates magically get done, and that if the
information in the table is correct, that the branch will be predicted correctly
in a real machine. This is not always the case [141].

For example, we have seen comparative simulations in which higher per-
formance is achieved by making the caches smaller. Why this occurs is as
follows. If the BTB search has priority over the BTB update, then in branch-
laden code, the BTB is constantly being searched, and the updates to it do
not get done. Because the BTB does not get updated, the branches are re-
peatedly guessed wrong (although in an execution trace analysis, they would
be counted as ”right,” since the updates should have occurred). When the
cache size is reduced, cache misses cause the processor to stall, and when the
instruction prefetching stops, the BTB updates get made. Then, although the
processor takes an occasional cache miss, the branches get predicted correctly,
and the overall effect is that the processor runs faster.

Therefore, it is important to consider how updates to the BTB are prior-
itized relative to searches. It is also important to make sure that there is
adequate update bandwidth. (This is why we had mentioned that it can be
advantageous to organize a BTB on double-quadwords when the instruction
prefetch is a quadword.)

Another phenomenon worth mentioning is that because of the dynamics of
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searching and updating a BTB simultaneously, in some configurations (mean-
ing the read-write priorities on a finite number of ports) it is possible for
a running program to create multiple entries for the same branch instruc-
tion with predictions that disagree. After this happens, the hit-logic may
encounter coincident hits with opposite predictions for a given branch.

Some prediction algorithms require much more update bandwidth than oth-
ers, and this needs to be taken into account when comparing them. For ex-
ample, an algorithm that requires knowing the last N actions for a specific
branch requires updating the table each time the branch executes. A simpler
algorithm may only require an update when the action changes (from taken
to not taken). An execution-trace analysis may show that the first algorithm
achieves higher accuracy. In a running machine, the update bandwidth may
interfere with the ability to search the table in a timely way, and the sim-
pler algorithm - although less accurate - may achieve higher performance.
Therefore, better accuracy does not necessarily imply better performance.

In the section on predicting branch action, we had mentioned that predic-
tors that take more than a cycle (such as those involving two-stage lookups,
or for large BTBs) are problematic. At that time, we had not yet gotten into
the details of instruction prefetching, and had just said that it was not useful
to get a correct prediction too late. In fact, this is particularly damaging for
prefetch-time predictors.

When a predictor takes more than a single cycle to predict, the prediction
must be done out of phase (and ahead of) instruction prefetching, otherwise it
cannot drive the prefetching correctly. When the first wrong prediction occurs,
prefetching is redirected to the correct target address (as determined by the
processor), and a quadword of instructions are prefetched. If no prediction
is available by the end of the next cycle (and none will be, because we are
assuming that the predictor takes more than a single cycle), then instruction
prefetching has no choice but to fetch the next sequential quadword blindly.

It is very likely that each quadword of instructions contains a branch. Since
the prefetch mechanism cannot respond within a cycle, instruction prefetching
is always done blindly following a wrong prediction (and if at a quadword
per cycle rate, usually incorrectly) until a branch prediction (pertaining to a
branch in the first quadword that was prefetched) becomes available. Since
the prediction comes later than when its associated prefetch should have been
initiated, the prediction is (de facto) ”wrong” even when it is factually correct,
because it came too late to redirect the prefetching to the correct target
address.

This will trigger another recovery action, and for the same reason, the next
branch prediction is also (likely) missed. Hence, because of timing, a single
wrong prediction can snowball into a sequence of ”wrong” predictions, even
when the predictor has the correct information about all branches subsequent
to one that is guessed wrong.

It is very important to keep the timing of the prediction mechanism to
one cycle. In high-frequency designs where the pipeline stages are very lean,
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this can be problematic, since tables may have to be kept very small, hence
inherently inaccurate.

1.8 High ILP Environments

Throughout the 1990s, processor complexity was increased in an effort to
achieve very high levels of Instruction Level Parallelism (ILP). Doing this
requires decoding and executing multiple instructions per cycle.

In the late 1970s, the first ”Reduced Instruction Set Computer” (RISC)
machine, the 801 [12], decoded and executed a very specific four instructions
per cycle. By doing a fixed-point operation (to manipulate loop indices), a
load (or a store), a floating-point operation, and a branch (e.g., a loop), the
801 could do vector processing in superscalar mode. When running this kind
of program at full speed, the 801 encounters a branch every cycle.

By the mid 1990s, people were talking about eight-at-a-time superscalar
machines, and by the end of the 1990s the ante was up to sixteen-at-a-time,
and even more [16]. With a branch occurring every four instructions, decoding
more than four instructions per cycle requires predicting more than one branch
per cycle [142] [143] [144] [145] [146] [147] [148] [17], as well as doing multiple
disjoint instruction prefetches per cycle [142] [143] [149]. The complexity of
this is considerable.

Basically, this requires that BTB entries contain monolithic information
about sequences of branches (including multiple <branch address; target ad-
dress pairs), and that it generate multiple instruction prefetches (at each of
the predicted target addresses) each cycle. If the amount of information in
a BTB grows too large (say it becomes a quadword - the same size as the
instruction sequence it is predicting), then one needs to question the efficacy
of using a BTB (and very high ILP techniques) against simply making the
caches larger. In this regime, ILP techniques like trace-caches start to make
a lot more sense [150].

Currently, the quest for higher ILP has abated as the efficient use of power
has become paramount [15], and modern designs are becoming much more
energy-concious. At the same time, multithreading is a growing trend, and
this requires multiple disjoint instruction streams in flight simultaneously.

Multithreading has some of the same aspects as very wide-issue superscalar.
It requires doing BTB (if it is used) lookups on behalf of multiple instruction
streams. While these lookups might be simultaneous (requiring multiple banks
or ports) or not, there is another aspect to this that is problematic. If the
instruction streams are not disjoint, they nonetheless can operate on different
data, and the same branch (in two streams, say) may have different outcomes.
Thus, each stream will damage the predictive accuracy of the other streams.
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If the instruction streams are disjoint, since BTB lookups are done with
virtual addresses, the BTB (as it is) cannot distinguish the streams, so it can
provide one stream with (erroneous) branch predictions that are generated
by different streams. (E.g., the BTB will find branches that don’t exist.)
This can be fixed by adding ”stream tags” to the BTB. However, since the
required number of branch entries per virtual quadword is roughly equal to
the number of streams, the set-associativity needs to be increased accordingly,
or thrashing will greatly reduce the accuracy of predictions - even with stream
tags.

Although a highly set-associate (hence more complicated) BTB would be
able to discriminate between streams because of the tagging, the overhead of
doing this is less reasonable in a BHT (a.k.a., DHT), where an entry is 1 bit.
Hence the likely use of a BHT is to allow all of the streams to update and
use the BHT in mutual collision. This will tend to randomize the predictions,
and reduce their accuracy. The alternative is to use stream tags ( essentially,
to have a separate BHT for each stream). While this works, remember that
for a fixed number of bits, dividing them among the streams means that
each stream will remember much less context - hence have a lower predictive
accuracy.

It costs a lot to run fast. And many of the mechanisms required to do this
start breaking down as certain thresholds are exceeded. We had made the
case in Section 1.2 that ILP is very fundamentally limited by the branches.
Many of those limitations in high ILP environments and in highly pipelined
machines are due to complicated second-order effects which go well beyond
the scope of Minsky’s conjecture.

Running fast requires resolving sequences of branches as quickly as possible
so as to facilitate the correct supply of instructions to the execution end of
the pipeline at a high rate. There have been (and continue to be) proposals
for ”runahead threads” which attempt to run the branch portion of the in-
struction stream speculatively ahead of the canonical instruction processing
so as to resolve the branches early [7] [8] [151] [152] [10] [153].

1.9 Summary

The branch instruction is the workhorse of modern computing. Proces-
sor performance is fundamentally limited by the behaviors of the branch in-
structions in programs. Achieving high performance requires preserving the
autonomy of instruction prefetching [19], which requires that the branch in-
structions be accurately anticipated, and predicted correctly.

Conceptually, predicting branches is simple. The vast majority of branches
usually do exactly the same thing each time they are executed. Predictors



Branch Prediction 47

based on this principle are fairly straightforward to implement, and do a
reasonably good job. To do an even better job of predicting branches requires
much more complexity. Also, the details of implementation in a real machine
can make the realities of branch prediction more complex still. We touched
on some of those details in this chapter.

Because of the complexity of operations within a real pipeline, we empha-
sized that getting a true picture of the efficacy of branch prediction requires
simulating it in a cycle-accurate timer model in which the details of the pre-
diction mechanism (including updating it) are modeled explicitly [140]. We
also tried to make clear that in a real machine, there is no such thing as
”the prediction mechanism.” Branch prediction involves interaction between
the states of several mechanisms (including the processor itself) at different
stages in the pipeline.

Since there are several ways in which a prediction can be wrong, and these
become manifest in different stages of the pipeline, there are many different
penalties involved. For this reason, it is not particularly meaningful to talk
about ”the accuracy” of an algorithm. ”The accuracy” usually refers to some
abstract analysis performed on an execution trace. This number does not
necessarily transfer to a real machine in a direct way.

While the complexity and the details of branch prediction can appear
daunting, there are two saving graces. First, simple algorithms work pretty
well. Many complex algorithms can outsmart themselves when actually im-
plemented.

Second, a prediction is just that: a prediction. It does not have to be right.
In this sense, predicting branches is simpler than operating the rest of the
machine. In our algorithms, we can make approximations, take shortcuts,
and shave-off lots of bits, and still do pretty well. The things that we are
predicting (branches) are capricious - there is no point in obsessing excessively
over predicting something that has inherent unpredictability.

It can be very interesting to ponder evermore clever prediction strategies,
and to extrapolate their theoretical limits. It is equally interesting and chal-
lenging to ponder the complexities of a real environment (threads, ILP, tag
aliasing, virtual/real aliasing, overlays, pipelining, changing operand state,
register pointers, etc.), and the ways in which the vagaries and vicissitudes of
that environment can foil a prediction mechanism. When all is said and done,
our predictors will still generate predictions that can be wrong for multiple
reasons, or that can be right by fortuitous accident.

While achieving high predictive accuracy is necessary for running very fast,
adding too much complexity (to achieve that accuracy) can (ironically) hurt
the accuracy because of second-order effects. If adequate performance suffices,
the complexity should be kept small. If truly high performance is required,
the added complexity needs to be modeled in detail to be sure that it works
in a real machine.

While doing good branch prediction is essential in modern computers, many
of the more exotic schemes conceived, while boons to deipnosophists, may yet



48 Title text goes here

be a step or two away from implementation. When designing a predictor for
a real machine, the most important thing to practice is practicability.
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