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ABSTRACT

Fast instruction decoding is a challenge for the design of
CISC microprocessors. A well-known solution to overcome
this problem is using a trace cache. It stores and fetches
already decoded instructions, avoiding the need for decoding
them again. However, implementing a trace cache involves
an important increase in the fetch architecture complexity.
In this paper, we propose a novel decoding architecture
that reduces the fetch engine implementation cost. Instead
of using a special-purpose buffer like the trace cache, our
proposal stores frequently decoded instructions in the mem-
ory hierarchy. The address where the decoded instructions
are stored is kept in the branch prediction mechanism, en-
abling it to guide our decoding architecture. This makes
it possible for the processor front-end to fetch already de-
coded instructions from memory instead of the original non-
decoded instructions. Our results show that an 8-wide su-
perscalar processor achieves an average 14% performance
improvement by using our decoding architecture. This im-
provement is comparable to the one achieved by using the
more complex trace cache, while requiring 16% less chip area
and 21% less energy consumption in the fetch architecture.

Categories and Subject Descriptors

C.1.1 [Processor Architectures]: Single Data Stream Ar-
chitectures—RISC/CISC, VLIW architectures

General Terms
Design, Performance
Keywords

Instruction decoding, branch predictor, complexity-effective

1. INTRODUCTION

Several current microprocessors, like the Intel Pentium
family [11], implement CISC instruction set architectures.
Processing these CISC instructions requires higher design
complexity than processing simple fixed-size RISC instruc-
tions. A widespread strategy to deal with CISC instructions
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is to decode them into simple RISC micro-operations, which
can be efficiently managed and executed by the processor
back-end. In this context, fast instruction fetch and decod-
ing becomes critical for feeding the processor back-end with
enough instructions to keep the execution engine busy, and
thus achieve high performance.

However, it is not easy to design a fast decoding mecha-
nism for CISC microprocessors. CISC instructions can have
variable length, and a complex logic is required to decode
instructions that can start at any byte address and can be
translated into one or several micro-operations. The decod-
ing mechanism of the Intel P6 architecture is a clear ex-
ample [29]. A complex instruction that produces multiple
micro-operations can only be decoded when it is the first
instruction decoded in a cycle. This means that the decod-
ing logic stalls when it finds a complex instruction that is
not in the first decoding slot. The decoding process cannot
continue until the next cycle, when the complex instruction
reaches the first decoding slot after all the preceding instruc-
tions have been decoded. On average, we have found that
18% dynamic instructions are complex instructions in our
benchmark programs. Consequently, this decoding strategy
seriously limits the decoding speed. Therefore, although the
fetch architecture of a CISC processor provides high instruc-
tion fetch bandwidth, it could be not enough if decoding the
fetched instructions becomes a bottleneck.

A well-known mechanism to overcome this problem is the
trace cache [19, 23]. The trace cache fetch architecture pro-
vides high fetch performance by buffering and reusing dy-
namic instruction traces. These traces are portions of the
dynamic program execution that may contain multiple ba-
sic blocks, that is, several branches regardless of them being
taken or not. Traces are dynamically built after their in-
structions have been decoded. Thus, the instructions stored
in the trace cache are already decoded, so there is no need to
decode the instructions fetched from it. As a result, the com-
plexity of decoding instructions is removed from the critical
path most of the time, since the instructions should only be
decoded when there is a trace cache miss.

Figure 1 shows the performance slowdown caused by the
P6 decoding strategy in a processor implementing a trace
cache fetch architecture similar to the one described in [24].
These performance results, measured in micro-operations
per cycle, are obtained using the superscalar processor model
described in Section 4. Data is provided for several programs
from the SPECint2000 benchmark suite, compiled using the
x86 instruction set architecture, and for two different proces-
sor widths. The baseline processor uses an ideal decoding
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Figure 1: Performance slowdown against ideal de-
coding of a superscalar processor implementing a
P6-like decoding strategy and a trace cache. Full
bars assume that the trace cache stores non-decoded
instructions; shadowed bars assume that the trace
cache stores decoded instructions.

mechanism able to decode as many instructions per cycle
as the processor width. Each full bar shows the slowdown
caused by the P6 decoding strategy when the trace cache
stores non-decoded instructions, while the shadowed part of
each bar shows the performance slowdown when the trace
cache stores already decoded instructions.

It is clear that the decoding bottleneck is a serious per-
formance limiting factor due to the frequent appearance
of instructions that should be decoded to multiple micro-
operations. If the trace cache does not store already decoded
instructions, a 4-instruction wide processor suffers from an
average 8% performance degradation, which ranges from 3%
in 175.vpr to 25% in 176.gcc. This bottleneck becomes more
harmful for a wider processor, since it requires more instruc-
tions per cycle to keep its execution engine busy. An 8-
instruction wide processor suffers from an average 17% per-
formance degradation, which ranges from 6% in 300.twolf
to 59% in 253.perlbmk. Nevertheless, if the trace cache is
able to store already decoded instructions, the performance
slowdown is greatly reduced. This technique sets the av-
erage performance slowdown below 1% for both processor
setups.

Therefore, the trace cache fetch architecture is an effec-
tive way for overcoming the instruction decoding bottleneck.
However, this is obtained at the cost of increasing the com-
plexity of the fetch architecture. The trace cache needs
more area and suffers from higher temperature and energy
consumption than simpler fetch architectures based on ba-
sic blocks. Fetching instruction traces requires not only a
special purpose storage —the trace cache— but also a sec-
ondary fetch mechanism for fetching instructions in case of
a trace cache miss.

This paper proposes an alternative for exploiting the ben-
efits of fetching already decoded instructions, while avoiding
the increase in the fetch engine complexity caused by a trace
cache. Our proposal is to store already decoded instruc-
tions in a special memory area allocated by the operating
system for the program being executed. This memory area,
namely the Decoded Instruction Area (DIA), is managed us-
ing the branch prediction architecture. DIA contains blocks
of already decoded instructions that correspond to the fetch

blocks used as basic prediction units. When a new block
of decoded instructions is introduced in DIA, the branch
prediction mechanism is informed about the address where
the decoded instructions are stored. Thus, when the branch
prediction mechanism provides the address of a fetch block
containing already decoded instructions, the fetch engine
will be able to fetch decoded instructions from DIA instead
of the original non-decoded instructions.

The operating system involvement lets our proposal take
advantage from the hardware TLB translation and the op-
erating system paging mechanism, just requiring to modify
the operating system loader. In this sense, DIA is not like
traditional code caching designs implemented in software.
The main difference between DIA and other software code
caching techniques, such as Dynamo [3] and Code Morph-
ing [6], is that the branch predictor is used to guide the
mechanism. Consequently, DIA does not require any soft-
ware overhead, since no code fragments are created beyond
the basic prediction units. Moreover, these code fragments
do not require to be rewritten in any way because they are
linked at run time by the branch predictor itself.

Our decoding architecture can be implemented in con-
junction with any branch prediction architecture. In this pa-
per, we describe how to combine our proposal with the Fetch
Target Buffer (FTB) branch prediction architecture [21].
Our results show that the FTB-DIA combination is able
to provide already decoded instructions most of the time,
which allows our decoding architecture to achieve an im-
portant performance improvement over a processor imple-
menting the P6 decoding strategy. On average, an 8-wide
processor using our decoding architecture achieves 14% per-
formance improvement. This improvement is comparable to
the improvement achieved by a trace cache, but requiring
lower implementation cost and complexity, since the fetch
engine used by FTB-DIA requires 16% less chip area and it
consumes 21% less energy.

The remainder of this paper is organized as follows. Sec-
tion 2 presents our decoding architecture. Section 3 explains
how to combine our decoding architecture with the FTB
branch prediction architecture. Our experimental method-
ology is described in Section 4. Section 5 evaluates the
FTB-DIA decoding architecture. We discuss previous re-
lated work in Section 6. Finally, Section 7 presents our
concluding remarks and future research lines.

2. THE DECODED INSTRUCTION AREA

Our proposal is based on storing already decoded instruc-
tions in the memory hierarchy. In order to do this, we use a
fixed-size memory area called the Decoded Instruction Area
(DIA). DIA is allocated for the program being executed.
When the operating system loads the program, it allocates
DIA just like it allocates other segments. The DIA size is
determined by the operating system loader for each partic-
ular machine implementation. The operating system com-
municates the DIA size to the processor by storing it in a
special-purpose register.

Figure 2 shows a simplified view of the structure of the
memory allocated for a program using our decoding archi-
tecture. Like for the other segments, the loader assigns a
number of pages in the logical address space for DIA. This
means that DIA pages go through TLB translation, have the
same operating system protection mechanisms, and can be
swapped out just like any other memory page. Therefore,
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Figure 2: Simplified view of the structure of the
memory allocated by the operating system for a pro-
gram using the DIA decoding architecture.

the operating system just requires slight modifications in the
loader. It does not involve any compatibility problem with
legacy codes because, after updating the operating system,
there is no need to modify the code of any application.

2.1 Interaction with the Branch Predictor

The storage of decoded instructions in DIA is guided by
the branch prediction mechanism. Modern branch predic-
tion architectures are organized to use sequences of instruc-
tions as basic prediction units [31, 21]. Each one of these
sequences of instructions constitutes a full fetch block fi-
nalized by a branch instruction. The starting address of a
fetch block is used as index to access the branch prediction
tables. Then, the branch predictor generates a prediction,
which provides all the information required to fetch the full
sequence of instructions and determine the starting address
of the next fetch block.

Our decoding architecture takes advantage of the fact that
the branch predictor is updated during the commit stage,
when all the instructions belonging to a fetch block have
committed. At this point, all these instructions are already
decoded, and thus our decoding architecture is able to store
them in DIA. Therefore, the branch predictor is updated not
only with the information required to predict the fetch block
in the future, but also with the memory address where a de-
coded version of the fetch block is stored. The next time this
fetch block is predicted, the fetch architecture will search for
the decoded version instead of the original non-decoded ver-
sion, avoiding the need for decoding the instructions again.

The fetch blocks are stored in DIA following the order in
which they are decoded. When a program starts execution,
a pointer to the beginning of DIA is kept. As shown in
Figure 2, this pointer indicates the first free memory position
of DIA where a decoded fetch block can be stored. When
a new decoded fetch block is stored in memory, the pointer
is advanced to the end of the fetch block, that is, the new
beginning of the free space.

The pointer never goes backward. DIA is flushed if the
pointer reaches the end of the memory space assigned to
DIA, that is, all the decoded fetch blocks stored in DIA are
invalidated. Invalidating the fetch blocks stored in memory
does not require to modify the memory contents. It is only
necessary to return the DIA pointer to the beginning of DIA,
as well as to invalidate the starting addresses of the decoded
fetch blocks in the branch predictor. After that process, DTA
is ready again to store new decoded instructions.

2.2 Interaction with the Memory Hierarchy

Figure 3 shows the block diagram of our decoding archi-
tecture. As for the Pentium 4 processor [11], the pipeline has
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Figure 3: The DIA decoding architecture.

two paths: the fast path and the slow path. The fast path
assumes that the instructions are already decoded, while
the slow path is the emergency path containing the complex
CISC decoders. The instructions in the fast path must not
arrive to rename before any older instruction that is still
in the slow path. Nevertheless, the fast path does not use
the CISC decoders, which are energy-intensive and a perfor-
mance bottleneck.

Our cache model is virtually indexed as well as physi-
cally tagged. Physical tags avoid the problem of synonym
aliasing, while virtual indexes enable fast access to caches.
Therefore, TLB accesses are not required to start cache ac-
cesses, but they are required to check the tags. This means
that a TLB access is needed to update DIA contents during
commit. Fortunately, DIA just needs a few pages in the log-
ical memory space, and thus the number of TLB conflicts
does not suffer from a significant increase. Furthermore, a
very small TLB could be included in the commit stage. This
commit TLB would be a low-cost solution to avoid driving
signals from the commit stage to the instruction TLB, which
could be laid out far away in the chip.

It is interesting to note that our proposal is absolutely
transparent to the first level instruction cache, and thus no
changes are required to the interface between this cache and
the rest of the pipeline. The decoded fetch blocks are stored
in the second level cache. Our second level unified instruc-
tion/data cache uses a write-back policy. According to this
policy, the decoded fetch blocks are stored in memory only
when they are replaced from the second level cache, mini-
mizing the off-chip memory traffic.

It is also important to note that our second level cache
model has a single access port, which is shared by both the
instruction and data first level caches. This means that
our decoding architecture does not need an extra access
port. Every new decoded fetch block is introduced in a write
buffer. The decoded fetch block will be stored in the second
level cache when the access port is free. Both instruction
and data accesses are prioritized over storing decoded fetch
blocks in the second level cache.

2.3 Consistency of the Decoded Instructions

The decoded instructions stored in DIA must always be
consistent with their associated original non-decoded ver-
sion, but programs that modify themselves during execu-
tion change this relationship. Modern processors feature
some kind of mechanism to invalidate instruction cache en-
tries when a change in the code is detected. In the HP



PA-RISC architecture [16], the program is expected to ex-
plicitly invalidate the instruction cache contents, forcing the
cache to be refilled from memory. Other architectures, like
the Transmeta Crusoe [6] or the Intel Pentium [11], feature
some write-protecting mechanism of the memory pages be-
ing used by the programs. Self-modifying code is detected
when a store tries to write in a protected page.

Our proposal can profit from any of these synchronizing
techniques. Whatever the technique used, DIA is flushed
when the instruction cache is invalidated. This strategy has
the particular advantage that there is no need for detecting
accesses to the memory pages assigned to DIA, which would
be problematic because they are not write-protected. More
efficient techniques could be developed, but it is out of the
scope of this work, since our benchmark programs do not
modify their code during execution. Nevertheless, as flush-
ing DIA is a very conservative model, it completely assures
consistency.

3. COMBINING DIAWITH THE FTB

The Fetch Target Buffer (FTB) branch prediction archi-
tecture [21], which is shown in Figure 4.a, is composed of
four elements. These four elements constitute a fully au-
tonomous prediction engine, capable of following a specula-
tive path without further assistance. Each cycle, the branch
predictor generates the fetch address for the next cycle, and
a fetch request that is stored in a Fetch Target Queue (FTQ).
The instruction cache is then driven by the requests stored
in the FTQ, effectively decoupling branch prediction from
the memory access.

3.1 FTB Design

The FTB itself is a buffer that stores fetch blocks com-
posed by a sequence of instructions starting at a branch
target, and ending in a strongly biased taken branch. This
mechanism allows strongly biased not taken branches to be
embedded within a fetch block, increasing the fetch width
without increasing implementation cost, as such not taken
branches can be easily predicted by simply ignoring them.

Given a fetch address, the FTB provides the length of
the fetch block starting at that address, that is, the num-
ber of instructions belonging to the fetch block. The FTB
also provides the type of the branch instruction finalizing
the fetch block. If it is a conditional branch, then a condi-
tional branch predictor is used to decide whether the branch
is taken or not. Our model uses one of the most accurate
state-of-the-art conditional branch predictors: the percep-
tron predictor [14]. If the branch finalizing the fetch block
is a return instruction, a Return Address Stack (RAS) is
used to obtain its target address [15]. Finally, if the branch
instruction is an indirect branch, a special-purpose indirect
branch predictor is used to obtain its target address [4]. All
together, these four structures determine the destination of
the branch finalizing the fetch block, which will be used as
fetch address in the next cycle.

Combining DIA with the FTB branch prediction architec-
ture is straightforward. As described in Section 2, the FTB
should keep not only the information required to provide a
fetch block, but also the address where the decoded version
of the fetch block is stored. Storing the information of de-
coded fetch blocks requires adding new fields to the FTB,
which are shown in Figure 4.b: the address where the de-
coded fetch block is stored, the decoded fetch block length
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Figure 4: The FTB branch prediction architecture.

(measured in bytes, since instructions may have different
sizes), and a bit that indicates whether this information is
valid or not. This bit is set to one when the data of a new
decoded fetch block is introduced in the FTB. The valid bit
is reset to zero if the fetch block is replaced from the FTB or
after a DIA flush. We have checked using CACTI [28] that
adding the new fields does not increase the number of cycles
required to access the FTB and obtain a prediction. In ad-
dition, the increase in the branch predictor area is less than
30%, since the tag array is unmodified and no additional
access port is required.

3.2 Decoded Fetch Block Selection

It is not necessary to store in DIA all the fetch blocks
that appear during the execution of a program. Most pro-
gram execution is concentrated in a reduced number of fetch
blocks. In particular, we have found that 14% of the static
fetch blocks that appear during the execution of our bench-
mark programs are responsible for 90% of the whole execu-
tion. Therefore, in order to efficiently use DIA, only those
fetch blocks that are frequently executed should be stored.

To achieve this, we have added a hysteresis counter to each
FTB entry, as shown in Figure 4.b. The hysteresis counter
is used to decide whether a fetch block should be replaced
from the FTB. When the predictor is updated with a new
fetch block, the corresponding counter is increased if the new
fetch block matches with the fetch block already stored in
the selected entry. Otherwise, the counter is decreased and,
if it reaches zero, the whole predictor entry is replaced with
the new data, setting the counter to one. If the decreased
counter does not reach zero, the new data is discarded.

A fetch block is stored in DIA only when the counter
saturates, that is, when it reaches its maximum value. If
the counter saturates, the decoded fetch block is stored in



DIA and the data required to access it are stored in the
FTB, setting the valid bit to one. We have found that 4-bit
hysteresis counters, increased and decreased by one, provide
the best results. Therefore, a decoded fetch block is not
introduced in DIA until it is executed at least 15 times.
This number could be higher if a different fetch block tries
to use the same table entry and decrements the hysteresis
counter before it saturates.

If a decoded fetch block is replaced from the FTB, the ad-
dress where its decoded version resides is lost and it cannot
be accessed again. It does not mean that the decoded fetch
block is removed from DIA. The decoded fetch block re-
mains in DIA and becomes garbage, since its memory space
cannot be reused until DIA is flushed. In case the fetch
block is decoded again, it should be stored a second time in
DIA, using a new memory position, and thus wasting mem-
ory space. Fortunately, this situation happens a negligible
percentage of the time, since our FTB hit rate is usually
over 98%.

4. EXPERIMENTAL METHODOLOGY

The results presented in this paper have been obtained us-
ing trace driven simulation of a superscalar processor. Our
simulator uses a static basic block dictionary to allow sim-
ulating the effects of wrong path execution. This model in-
cludes the simulation of wrong speculative predictor history
updates, as well as the possible interference and prefetching
effects on the instruction cache. Wrong-path instructions
are never introduced in DIA| since they never commit.

We simulate ten SPEC 2000 integer benchmarks®. Al-
though we were not able to include data for programs with
larger footprints, using SPECint2000 is not necessarily the
best scenario for our proposal. Larger footprints will stress
DIA more than integer programs, but they will also stress
the trace cache. The advantage of DIA is that its size could
be adjusted to find the optimal value for a particular type of
programs, while the trace cache size is fixed by hardware de-
sign. Thus, larger footprints would highlight that DIA is still
able to provide similar performance than the trace cache, as
we show in Section 5 for the benchmark 186.crafty.

We have compiled our benchmarks using the gcc 3.3.2
compiler with -O2 optimization level in an Intel Pentium 4
server under Red Hat Linux 7.1. A better compiler using
code layout optimizations would have provided a higher-
quality code. However, as shown in [25], this kind of opti-
mizations are less beneficial for the trace cache than for the
FTB architecture, since the trace cache dynamically lays out
the code together.

The x86 traces were collected from these benchmarks us-
ing the PIN instrumentation tool [5]. These traces contain
300 million x86 instructions obtained executing the refer-
ence input set. We have analyzed the distribution of basic
blocks as described in [27] in order to find the most represen-
tative execution segment for each benchmark. Finally, since
the actual x86 micro-operation model is not available for
us, we translate the x86 instructions into micro-operations
using a decoding scheme based on the model provided by

"We do not simulate the benchmark 252.eon because we
have been unable to instrument it. In addition, we excluded
181.mcf because its performance is very limited by data
cache misses, being insensitive to changes in the fetch and/or
decoding architecture.
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Figure 5: The trace cache fetch architecture.

the rePLay transmogrifier tool [1], which leads to a sce-
nario where just 18% dynamic instructions generate multiple
micro-operations.

4.1 The Trace Cache Fetch Architecture

Our simulator models the combination of our decoding ar-
chitecture with the FTB branch prediction architecture [21]
described in Section 3. For comparison purposes, we also
model a well-known mechanism for providing high fetch and
decode bandwidth: the trace cache. We do not model a
real trace cache design, like the one used by the Intel Pen-
tium 4 processor [11], because not all implementation details
are public. Instead, we model the generic trace cache fetch
architecture originally described in [24], which is shown in
Figure 5. In order to approximate the public details known
about the Pentium 4 fetch architecture, we completely sub-
stitute the first level instruction cache with a trace cache,
and thus trace cache misses are attended by the second level
cache. In addition, we have enhanced this model by adding
a Fetch Target Queue (FTQ) [21] to decouple the next trace
predictor from the trace cache. We faithfully implemented
the trace predictor described in [12], including alternate pre-
diction.

Trace predictions are stored in the FTQ, which feeds the
trace cache with trace identifiers. An interleaved Branch
Target Buffer (BTB) and a RAS are used to build traces in
the case of a trace cache miss. The BTB uses 2-bit saturat-
ing counters to predict the direction of conditional branches
when a trace prediction is not available. This mechanism
makes it possible to obtain instructions from the memory
hierarchy and build new traces at a fast rate.

The FTB branch prediction architecture uses a RAS [15]
to predict the target address of return instructions. How-
ever, the trace cache fetch architecture only uses the RAS
during the trace building process. Instead of using a RAS,
the trace predictor manages return instructions using a Re-
turn History Stack (RHS), which keeps the trace history be-
fore the corresponding function call [12]. The trace predictor
does not use a history of previous trace starting addresses,
but a history of previous trace identifiers, and thus the RHS
is more efficient for trace prediction than a RAS. All to-
gether, the trace prediction mechanism is able to provide
branch prediction accuracy close to the FTB architecture
using a perceptron predictor.

4.2 Simulator Setup

We simulate two processor setups, a 4-wide and an 8-wide
superscalar processor, both having 20-stage pipeline. All
micro-operations are supposed to be 4-byte long when they



Table 1: Processors setup.

fetch width
rename/commit width
int & fp issue width
load/store issue width

4/8 instructions
4/8 instructions
4/8 instructions
2/4 instructions

int & fp issue queue
load/store issue queue
reorder buffer

32/64 entries
32/64 entries
128/256 entries

integer & fp registers

96/160

fetch target queue

4 entries

FTB

2048 entry 4-way FTB
256-entry perceptron pred.

2048 entry 4-way indirect pred.

32-entry overriding pred.

next trace predictor

1st level: 2048 entry 4-way
2nd level: 4096 entry 4-way

predictor latency

3 cycles

RAS and RHS

32 entries

L1 instruction cache

64Kb, 2-way, 1 port, 3 cycle

trace cache

512 traces, 4-way

maximum trace size
L1 data cache
L2 unified cache

32 micro-op (10 branch)
64Kb, 2-way, 2/4 port, 3 cycle
1Mb, 4-way, 1 port, 16 cycle

main memory latency 350 cycles
page size 8KB
TLB 64-entry instruction TLB

128-entry data TLB
8-entry commit TLB

are stored in DIA or in the trace cache. We assume that, in
order to drive the corresponding signals, decoding requires
3 stages no matter whether the processed instructions are
already decoded or not. This strategy also assures that the
instructions already decoded do not arrive to rename be-
fore any older instruction that must be decoded using the
CISC hardware decoders. The main values of our simulation
setups are shown in Table 1.

The first level instruction cache has a single access port
and 64KB hardware budget. The trace cache fetch archi-
tecture replaces the instruction cache with a 64KB trace
cache. The trace predictor, as well as the separate indirect
branch predictor needed by the FTB architecture, are in-
dexed using the Depth-Older-Last-Current (DOLC) scheme
described in [12]. We have explored a wide range of setups
for all the evaluated prediction structures, and selected the
best one found. The prediction tables modelled have a real-
istic 3-cycle access latency, which has been calculated using
CACTT [28] for a 0.10pum technology. The overriding pre-
diction technique [13] is used for tolerating the FTB access
latency. The trace predictor does not need an overriding
predictor due to the long size of traces [26]. In addition,
all predictors are decoupled from the corresponding instruc-
tion fetch mechanism using a 4-entry FTQ. We have found
that a larger FTQ does not provide additional performance
improvements for the evaluated fetch models.
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Figure 6: Amount of memory (kilobytes) required
to store all the dynamically decoded fetch blocks.

5. FTB-DIA EVALUATION

In this section, we evaluate the FTB-DIA decoding archi-
tecture. First of all, we explore the impact of our architec-
ture on the memory hierarchy. Then, we measure and an-
alyze the amount of already decoded instructions provided
by our mechanism. Finally, we evaluate the performance
of FTB-DIA and we compare it with the trace cache, also
providing data about chip area and energy consumption.

5.1 Impact on the Memory Hierarchy

Storing decoded instructions in DIA avoids the need for
decoding them again the next time they should be fetched.
The first time a decoded fetch block is requested by the fetch
engine, there should not be a compulsory miss in the second
level cache because new decoded fetch blocks are always in-
troduced in the second level cache. However, this first access
causes a compulsory miss in the first level instruction cache,
which limits the achievable benefit.

The increase in the number of instruction cache misses is
closely tied to the amount of additional information intro-
duced in memory. Figure 6 shows the total memory space
required to store all the fetch blocks dynamically decoded
by our mechanism (both 4-wide and 8-wide processor setups
require similar memory space). We have evaluated a wide
range of DIA sizes for FTB-DIA and we have found that
64KB DIA achieves the best performance. Most bench-
marks require less than 64KB to store all their decoded
fetch blocks. If the hysteresis counters are not used, the
memory space required would be six times higher due to
the waste caused by storing infrequently executed instruc-
tions. The memory space required by benchmarks 175.vpr
and 256.bzip2 is even less than 10KB. Only the bench-
marks 186.crafty and 197.parser require more than 64KB,
forcing to occasionally flush DIA. Nevertheless, in spite of
the high amount of memory space required, the benchmark
186.crafty just flushes DIA every 42 million executed in-
structions, while the benchmark 197.parser flushes it every
119 million executed instructions.

Figure 7 shows the total number of misses in the instruc-
tion cache (measured in millions). Data is shown for the
4-wide processor setup, since the 8-wide setup has similar
behaviour. The bars are divided according to the cause of
each miss. The lower part of each bar shows instruction
misses, that is, instruction cache misses caused by the origi-
nal non-decoded instructions. These misses would also hap-
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Figure 7: Instruction cache misses using FTB-DIA.

pen in a similar processor not using DIA, since we have found
that the additional amount of instruction misses caused by
conflicts with the decoded instructions is negligible when us-
ing FTB-DIA. The higher part of each bar shows decoded
instruction misses, that is, cache misses caused by fetching
already decoded instructions from DIA.

As expected, storing decoded instructions in memory in-
volves an increase in the total number of instruction cache
misses. This increase is especially high for the benchmark
186.crafty. This benchmark flushes DIA several times, forc-
ing FTB-DIA to start again the process of decoding instruc-
tions and storing them in memory, which causes more in-
struction cache misses. There is also a high increase for
the benchmark 255.vortez due to the fact that the original
non-decoded instructions already cause a high number of
cache misses when DIA is not used. On the contrary, the
benchmark 197.parser suffers from a relatively low number
of cache misses. Although this benchmark requires a high
amount of memory to store all the decoded instructions,
there is just a small subset of them that are frequently exe-
cuted, thus limiting the amount of cache misses caused.

The increase in the number of instruction cache misses
has little impact on the dynamic energy consumption of the
instruction cache. Although the number of instruction cache
misses is higher using DIA, it remains relatively low when
compared to the total number of instruction cache accesses.
We have measured, using CACTTI [28], that the average in-
crease in the instruction cache energy consumption is less
than 2% for a 0.10m technology. This slight increase in en-
ergy consumption is compensated by the reduction in both
static and dynamic energy consumption achievable due to
our simpler design, as we show in the next subsections.

Moreover, the impact of our technique on the second level
cache is minimal, both in terms of cache misses and dynamic
energy consumption. Data are the most important source
of write-backs in the second level cache, and thus the ad-
ditional write-backs generated by DIA have no significant
impact. Furthermore, data misses are by far the most im-
portant cause of second level cache misses. There is just a
slight increase in the number of second level cache misses due
to DIA. These misses are not compulsory, since every new
decoded fetch block is introduced in the second level cache.
Therefore, the additional misses are caused by conflicts with
the data or original non-decoded instructions stored in the
second level cache. Nevertheless, this increase in the num-
ber of second level cache misses is absolutely negligible when
compared with the number of misses caused by data.
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Figure 8: Percentage of correct-path instructions
that were fetched already decoded (coverage).

5.2 Decoded Instruction Coverage

Figure 8 shows the decoded instruction coverage for F'TB-
DIA and the trace cache. Data are shown for the 4-wide
processor setup because the 8-wide processor setup has sim-
ilar behaviour. We call coverage to the percentage of correct-
path executed instructions that were fetched already de-
coded. In spite of the increase in the number of instruction
cache misses caused by our proposal, FTB-DIA provides a
high percentage of already decoded instructions. Indeed,
the percentage of already decoded instructions provided by
FTB-DIA is close to the one provided by the trace cache.

The trace cache fetch architecture is faster, having a higher
fetch bandwidth due to its ability of fetching beyond a taken
branch during a single cycle. However, FTB-DIA has slightly
better branch prediction accuracy due to the perceptron al-
gorithm. Therefore, although the trace cache would supply
a higher number of decoded instructions per cycle, there is
also a higher number of those instructions that are squashed
after branch mispredictions. Both factors compensate each
other, allowing FTB-DIA to provide almost as much de-
coded instructions as the trace cache.

It is interesting to note that FTB-DIA provides a cover-
age close to the trace cache for the benchmark 186.crafty.
Although there is a great amount of instructions that should
be decoded for this benchmark, they are more problematic
for the trace cache than for DIA because the total num-
ber and size of traces in the trace cache is limited by the
hardware implementation. Since the maximum trace size is
fixed, part of the available space in the trace cache is wasted
due to traces that are shorter than the maximum size, while
all the DIA space can be exploited to store decoded instruc-
tions. These data make us think that FTB-DIA would still
provide close coverage to the trace cache when executing
benchmarks with larger workloads.

5.3 Processor Performance

FTB-DIA fetches already decoded instructions from mem-
ory. This makes it possible to bypass the decoding logic,
which improves performance and saves energy. However,
the disadvantage of our technique is that it increases the
total number of instruction cache misses, limiting the per-
formance gain. Figure 9 examines this trade-off. It shows
the performance achieved by FTB-DIA, as well as the per-
formance achieved by our trace cache model as relative com-
parison point. Data is measured in micro-operations per cy-
cle (UPC) and provided for both the 4-wide and the 8-wide
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Figure 9: Processor performance for FTB-DIA and
the trace cache (micro-operations per cycle).

processor setups. The shadowed part of each bar shows the
performance achieved by any of the fetch architectures when
the decoding capabilities are disabled, i.e., when all fetched
instructions must always be decoded.

FTB-DIA provides important performance improvements.
The average improvement of adding the DIA decoding ca-
pabilities to the FTB is 6% for the 4-wide processor setup,
which is similar to the improvement achieved using a trace
cache. The improvement provided by our decoding archi-
tectures is higher for the 8-wide processor setup. The bot-
tleneck caused by decoding instructions is a more limiting
factor for this wider processor, which requires a higher num-
ber of instructions to keep its execution engine busy. On
average, the improvement of adding decoding capabilities
to the 8-wide processor is 14%. Omnce again, this perfor-
mance improvement is similar to the improvement that can
be achieved using a trace cache. Furthermore, these im-
provements are very close to an ideal decoding mechanism
(not shown in the figures). On average, FTB-DIA and the
trace cache suffer from less than 1% slowdown against an
ideal decoding mechanism able to decode as many instruc-
tions per cycle as the processor width.

Overall, FTB-DIA achieves performance close to our trace
cache model. On average, FTB-DIA provides performance
only 2% lower than the trace cache, but at much lower com-
plexity. Decoded fetch blocks are mapped sequentially in
memory, and thus FTB-DIA does not require any redun-
dant and/or complex storage like the trace cache, since it
can use the instruction cache as the only source of decoded
instructions. In addition, the need for a secondary fetch

engine is removed. The only structure that remains in the
critical path is the branch prediction mechanism.

5.4 Chip Area and Energy Consumption

Providing already decoded instructions makes it possible
to save energy consumption, since the decoding logic is un-
used most of the time. We do not provide energy results of
the CISC decoders because their layouts depend on particu-
lar machine implementations and not all details are public.
Nevertheless, since both FTB-DIA and the trace cache pro-
vide already decoded instructions over 95% of the time on
average, it seems clear that using any of them will involve
an important reduction in the energy consumption of the
decoding hardware.

We have used CACTI [28], configured with 0.10pum tech-
nology parameters, to model all the structures required by
the fetch engine of both FTB-DIA and the trace cache. We
modified CACTI to model tagless structures and to work
with setups expressed in bits instead of bytes. This tool
allows us to estimate the area and energy consumption of
all fetch structures, including the prediction tables, the in-
struction and trace caches, the FTQ, etc. Other structures
such as the L2-cache, the write buffer, and the TLB suffer
from minimal variation in area and consumption, and thus
they have no significant impact.

Although our tool is not able to model interconnection
wires between these structures, we consider that they would
require more area and energy for the trace cache model due
to its higher complexity. Trace cache complexity comes
mainly from the need for a second fetch engine to build
traces. When there is a miss in the trace cache, instruc-
tions must be fetched, decoded, and packed into a trace
from a secondary source. This second fetch engine increases
cost, complexity, and area compared to a system that always
fetches instructions from the same location, like the FTB.
Overall, according to our estimations, the fetch engine of
FTB-DIA requires 16% less chip area than the trace cache.
Moreover, the fetch engine of FTB-DIA consumes 21% less
energy than the trace cache. Since FTB-DIA is less complex
and provides similar performance, it becomes an interesting
complexity-effective alternative to the trace cache.

6. RELATED WORK

The trace cache fetch architecture is the result of a two-
decade evolution. The fill unit [17] is one of the first at-
tempts on dynamically collecting already decoded instruc-
tions and store them in a special-purpose cache. A lot of
research effort has been devoted to enhance the design of
this special-purpose storage, leading to strategies like the de-
coded instruction cache [29], the micro-operation cache [30],
or the trace cache itself [19, 23]. Finally, this evolution has
made it posible an actual physical implementation in the
Intel Pentium 4 processor [11]. Although the trace cache
does not eliminate the complex instruction decoder from the
processor design, it lets remove instruction decoding from
the critical path, also allowing the decoder to be simplified.

Our decoding architecture exploits the same idea: already
decoded instructions are fetched from DIA, allowing to by-
pass the decoder. Although removing the complex decod-
ing logic from the critical path is not a new approach for
the design of CISC microprocessors, we propose an inno-
vative and straightforward implementation. The main ad-
vantage of our proposal is its simplicity, since it requires



minimal hardware/software support. DIA uses hardware
mechanisms already existing in current processor designs,
not needing complex additional structures. Our proposal
just requires adding some fields to the branch prediction ta-
bles, as well as to modify the L2 bus arbiter and include the
DIA pointer, whose management logic is simple.

In general, DIA requires less hardware implementation
cost than the trace cache. We do not need a special-purpose
buffer to store the decoded instructions, since they are se-
quentially stored in memory. As a consequence, we do not
need a secondary fetch engine for fetching instructions in
case of a miss in the special-purpose cache. This involves
reducing chip area and energy consumption, also avoiding
problems with the chip temperature, since the trace cache
is a well-known hot spot.

Techniques for code caching have not only been imple-
mented in hardware. Dynamo [3] is a dynamic optimization
system that is implemented entirely in software. Frequently
executed instruction sequences are detected and stored in
a fixed-size memory area. These instructions, namely the
hot code, are processed by an optimizing mechanism to cre-
ate optimized sequences of instructions, called fragments.
Fragments are stored in memory by a linking mechanism,
which also connects fragment exit branches to other frag-
ments in memory if possible. Dynamo could benefit from
our proposal, since DIA management does not suffer from
any software overhead. Our architecture is guided by the
branch prediction mechanism, and thus the instruction se-
quences are naturally linked by the program control flow,
relying on the inherent capability of the branch predictor
and the instruction cache to detect instruction locality and
keep the most frequently executed instructions.

The Transmeta Crusoe processor [6] uses a software layer,
namely Code Morphing, for enabling x86 instructions to be
executed in a VLIW hardware core. Code Morphing trans-
lates the instructions and stores them in memory, making it
possible to reutilize them and, at the same time, enabling
dynamic optimization. There are several proposals similar
in spirit, like DAISY [8], DELI [7], and BOA [2], each one
having its own particularities. The advantage of our pro-
posal is that DIA is not allocated in a fixed architecture-
specified address. DIA is allocated by the operating system
for the program being executed. The operating system in-
volvement makes it possible for our architecture to use the
hardware TLB translation and benefit from the operating
system paging mechanism, just requiring to modify the op-
erating system loader. Therefore, our technique does not
need a software layer to manage DIA. Combining DIA with
Code Morphing or DAISY would not allow to entirely re-
moving the software layer, but it would allow to simplify it
and reduce the overhead.

Dynamic code optimization is a common feature of all
these techniques. Both Dynamo and Code Morphing can dy-
namically optimize the instruction sequences stored in mem-
ory. The trace cache functionality can also be expanded to
include dynamic code optimization [10], but without suffer-
ing from software overhead. The rePLay [18] architecture
uses a front-end derived from the trace cache to generate
long traces, called frames, which are dynamically optimized.
Frames are stored in a frame cache and treated as atomic
regions, potentially increasing the aggressiveness of the op-
timizations. PARROT [22] is a more recent proposal that
gradually optimizes instruction traces, using a selective ap-

proach to apply complex mechanisms only upon the most
frequently executed traces. This allows not only to improve
the processor performance, but also to reduce the trace cache
energy consumption.

In-pipeline dynamic optimizers [9, 20] do not require any
additional special-purpose storage; they just need a table-
based hardware optimizer. These techniques do not divide
the program into traces or frames, but do continuous op-
timization, considering the full program as a whole, and
thus improving the quality of the optimizations performed.
However, in-pipeline optimizers are on the critical path of
the processor. Although it is out of the scope of this paper,
dynamically optimizing instructions sequences before stor-
ing them in DIA is an interesting research topic for future
work. DIA could be used to combine the best of the two
worlds: optimizations are done out of the critical path, in
the commit stage like in trace cache architectures, but with-
out needing a hardware trace cache to store the optimized
code. Continuous optimization techniques can also be used
to improve the quality of the optimized code stored in DIA.

7. CONCLUSIONS AND FUTURE WORK

Although instruction decoding is a well-known problem,
this paper proposes a novel design that requires less imple-
mentation cost and complexity than previously proposed ap-
proaches. Our proposal takes advantage of hardware mecha-
nisms already existing in the processor, not requiring special-
purpose storage, like the trace cache, and yet it provides a
competitive performance. Using the FTB branch predic-
tion architecture, we have shown that DIA provides 14%
performance improvement in an 8-wide processor, which is
comparable to the improvement achieved by using the more
complex trace cache, while requiring 16% less chip area and
21% less energy consumption in the fetch architecture.

Furthermore, this is only a first step in this research line.
Although we focus on storing decoded instructions, our pro-
posal enables a plethora of future possibilities. It is possible
to apply dynamic optimizations before storing the instruc-
tions in memory, in a similar way as done by rePLay with
frames [18], but without needing a special-purpose frame
cache. It is also possible to apply continuous optimization
techniques [9, 20] out of the critical processor path. In ad-
dition, the instructions can be rescheduled to increase the
available instruction-level parallelism and remapped to im-
prove the performance of the fetch engine. These alterna-
tives can be implemented using our architecture in isola-
tion or combining it with existing systems like DAISY [8],
Dynamo [3], and Code Morphing [6]. Our technique can
contribute to the design of such systems with a straightfor-
ward way of selecting frequently executed instructions and
managing control transfers between them. All these possi-
bilities, along with the relatively low implementation cost
required, turn our proposal into a worthwhile complexity-
effective front-end architecture.
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