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Abstract

An integrated, hardware / software co-designed CISC
processor is proposed and analyzed. The objectives are
high performance and reduced complexity. Although the
x86 ISA is targeted, the overall approach is applicable to
other CISC ISAs. To provide high performance on fre-
quently executed code sequences, fully transparent dy-
namic translation software decomposes CISC superblocks
into RISC-style micro-ops. Then, pairs of dependent
micro-ops are reordered and fused into macro-ops held in
a large, concealed code cache. The macro-ops are fetched
from the code cache and processed throughout the pipe-
line as single units. Consequently, instruction level com-
munication and management are reduced, and processor
resources such as the issue buffer and register file ports
are better utilized. Moreover, fused instructions lead
naturally to pipelined instruction scheduling (issue) logic,
and collapsed 3-1 ALUs can be used, resulting in much
simplified result forwarding logic. Steady state perform-
ance is evaluated for the SPEC2000 benchmarks,, and a
proposed x86 implementation with complexity similar to a
two-wide superscalar processor is shown to provide per-
formance (instructions per cycle) that is equivalent to a
conventional four-wide superscalar processor.

1. Introduction

The most widely used ISA for general purpose com-
puting is a CISC — the x86. It is used in portable, desktop,
and server systems. Furthermore, it is likely to be the
dominant ISA for the next decade, probably longer. There
are many challenging issues in implementing a CISC ISA
such as the x86, however. These include the implementa-
tion of complex, multi-operation instructions, implicitly
set condition codes, and the trap architecture.

A major issue with implementing the x86 (and CISC
ISAs in general) is suboptimal internal code sequences.
Even if the original x86 binary is optimized, the many
micro-ops produced by decomposing (“cracking”) the
CISC instructions are not optimized [39]. Furthermore,
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performing runtime optimization of the micro-ops is non-
trivial. In this paper, we propose and study an overall
paradigm for the efficient and high performance imple-
mentation of an x86 processor. The design employs a
special implementation instruction set based on micro-
ops, a simplified but enhanced superscalar microarchitec-
ture, and a layer of concealed dynamic binary translation
software that is co-designed with the hardware.

A major optimization performed by the co-designed
software is the combination of dependent micro-op pairs
into fused “macro-ops” that are managed throughout the
pipeline as single entities. Although a CISC ISA already
has instructions that are essentially fused micro-ops,
higher efficiency and performance can be achieved by
first cracking the CISC instructions and then re-arranging
and fusing them into different combinations than in the
original code. The fused pairs increase effective instruc-
tion level parallelism (ILP) for a given issue width and
reduce inter-instruction communication. For example,
collapsed 3-1 ALUs can be employed to reduce the size of
the result forwarding network dramatically.

Because implementing high quality optimizations
such as macro-op fusing is a relatively complex task, we
rely on dynamic translation software that is concealed
from all conventional software. In fact, the translation
software becomes part of the processor design; collec-
tively the hardware and software become a co-designed
virtual machine (VM) [10, 11, 29, 42] implementing the
x86 ISA.

We consider an overall x86 implementation, and
make a number of contributions; three of the more impor-
tant are the following.

1) The co-designed VM approach is applied to an en-
hanced out-of-order superscalar implementation of a
CISC ISA, the x86 ISA in particular.

2) The macro-op execution pipeline combines collapsed
3-1 ALU functional units with a pipelined 2-cycle
macro-op scheduler. This execution engine achieves
high performance, while also significantly reducing
the pipeline backend complexity; for example, in the
result forwarding network.
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3) The advanced macro-op fusing algorithm both priori-
tizes critical dependences and ALU ops, and also
fuses more dynamic instructions (55+ %) than re-
ported in other work [5, 8, 27, 38] (40% or less on
average) for the common SPEC2000int benchmarks.

The paper is organized as follows. Section 2 dis-
cusses related work. The co-designed x86 processor is
outlined in section 3 from an architectural perspective.
Section 4 claborates key microarchitecture details. Sec-
tion 5 presents design evaluation and analysis. Section 6
concludes the paper.

2. Related Work
2.1 x86 Processor Implementations

Decoder logic in a typical high performance x86 im-
plementation decomposes instructions into one or more
RISC-like micro-ops. Some recent x86 implementations
have gone in the direction of more complex internal op-
erations in certain pipeline stages, however. The AMD
K7/K8 microarchitecture [9, 23] maps x86 instructions to
internal Macro-Operations that are designed to reduce the
dynamic operation count in the pipeline front-end. The
front-end pipeline of the Intel Pentium M microarchitec-
ture [16] fuses ALU operations with memory stores, and
memory loads with ALU operations as specified in the
original x86 instructions. However, the operations in each
pair are still individually scheduled and executed in the
pipeline backend.

The fundamental difference between our fused
macro-ops and the AMD/Intel coarse-grain internal opera-
tions is that our macro-ops combine pairs of operations
that (1) are suitable for processing as single entities for
the entire pipeline, and (2) can be taken from different
x86 instructions -- as our data shows, 70+% of the fused
macro-ops combine operations from different x86 instruc-
tions. In contrast, AMD K7/K8 and Intel Pentium M
group only micro-operations already contained in a single
x86 instruction. In a sense, one could argue that rather
than “fusing”, these implementations actually employ
“reduced splitting.” In addition, these existing x86 im-
plementations maintain fused operations for only part of
the pipeline, e.g. individual micro-operations are sched-
uled separately by single-cycle issue logic.

2.2 Macro-op Execution

The proposed microarchitecture evolved from prior
work on coarse-grained instruction scheduling and execu-
tion [27, 28] and a dynamic binary translation approach
for fusing dependent instruction pairs [20]. The work on
coarse-grained scheduling [27] proposed hardware-based
grouping of pairs of dependent RISC (Alpha) instructions
into macro-ops to achieve pipelined instruction schedul-
ing. Compared with the hardware approach in [27, 28],
we remove considerable complexity from the hardware

and enable more sophisticated fusing heuristics, resulting
in a larger number of fused macro-ops. Furthermore, we
propose a new microarchitecture in which the front-end
features dual-mode x86 decoders and the backend execu-
tion engine uniquely couples collapsed 3-1 ALUs with a
2-cycle pipelined macro-op scheduler and simplified
operand forwarding network. The software fusing algo-
rithm presented here is more advanced than that reported
in [20]; it is based on the observations that it is easier to
determine dependence criticality of ALU-ops, and fused
ALU-ops better match the capabilities of a collapsed
ALU. Finally, a major contribution over prior work is that
we extend macro-op processing to the entire processor
pipeline, realizing 4-wide superscalar performance with a
2-wide macro-op pipeline.

There are a number of related research projects. In-
struction-level distributed processing (ILDP)[25] carries
the principle of combining dependent operations (strands)
further than instruction pairs. However, instructions are
not fused, and the highly clustered microarchitecture is
considerably different from the one proposed here. Dy-
namic Strands [38] uses intensive hardware to form
strands and involves major changes to superscalar pipe-
line stages, e.g. issue queue slots need more register tags
for potentially (n+1) source registers of an n-ops strand.
The Dataflow Mini-Graph [5] collapses multiple instruc-
tions in a small dataflow graph and evaluates performance
with Alpha binaries. However, this approach needs static
compiler support. Such a static approach is very difficult
for x86 binaries because variable length instructions and
embedded data lead to extremely complex code “discov-
ery” problems [19]. CCA, proposed in [8] either needs a
very complex hardware fill unit to discover instruction
groups or needs to generate new binaries, and thus will
have difficulties in maintaining x86 binary compatibility.
The fill unit in [15] also collapses some instruction pat-
terns. Continuous Optimization [12] and RENO [34]
present novel dynamic optimizations at the rename stage.
By completely removing some dynamic instructions (also
performed in [39] by a hardware-based frame optimizer),
they achieve some of the performance effects as fused
macro-ops. Some of their optimizations are compatible
with macro-op fusing. PARROT [1] is a hardware-based
x86 dynamic optimization system capable of various
optimizations. Compared with these hardware-intensive
optimizing schemes, our software-based solution reduces
hardware complexity and provides more flexibility for
optimizations and implementation of subtle compatibility
issues, especially involving traps [30].

2.3 Co-designed Virtual Machines

The Transmeta Crusoe and Efficeon processors [29,
42] and IBM DAISY and BOA [10, 11] are examples of
co-designed VMs. They contain translation/optimization
software and a code cache, which resides in a region of



physical memory that is completely hidden from all con-
ventional software. In effect, the code cache [10, 11, 29]
is a very large trace cache. The software is implementa-
tion-specific and is developed along with the hardware
design. The co-designed VM systems from Transmeta and
IBM use in-order VLIW hardware engines. As such,
considerably heavier software optimization is required for
translation and reordering instructions than our supersca-
lar implementation, which is capable of dynamic instruc-
tion scheduling and dataflow graph collapsing.

3. Processor Overview

There are two major components in a co-designed
VM implementation -- the software binary translator/
optimizer and the supporting hardware microarchitecture.
The interface between the two is the x86-specific imple-
mentation instruction set.

A new feature of the proposed architecture, targeted
specifically at CISC ISAs, is a two-level decoder, similar
in some respects to the microcode engine in the Motorola
68000 [40]. In the proposed implementation (Figure 1),
the decoder first translates x86 instructions into “vertical”
micro-ops -- the same fixed-format micro-ops we use as
the implementation ISA (refer to the next subsection).
Then, a second level decoder generates the decoded
“horizontal” control signals used by the pipeline. A two-
level decoder is especially suited to the x86 ISA because
complex x86 instructions need to be cracked into micro-
ops and then decoded into pipeline control signals. Com-
pared with a single-level monolithic decode control table,
the two-level decoder is smaller [40] by breaking the
single monolithic decode table into two much smaller
decode tables. It also yields decode logic that is not only
more regular and flexible, but also more amenable to a
fast clock.

With the two-level decoder, the pipeline can process
both x86 instructions (x86-mode) and fused macro-ops
(macro-op mode). When in x86-mode, instructions pass
through both decode levels; this would be done when a
program starts up, for example. In x86-mode, perform-
ance will be similar to a conventional x86 implementation
(there is no dynamic optimization). Profiling hardware
such as that proposed by Merten et al. [32] detects fre-
quently-used code regions (“hotspots”). As hotspots are
discovered, control is transferred to the VM software
which organizes them into superblocks [21], translates
and optimizes them as fused macro-ops, and places them
in the concealed code cache. When executing this hotspot
code in macro-op mode, the first level of decode in Figure
1 is bypassed, and only the second (horizontal) decode
level is used. Then, the full benefits of the fused instruc-
tion set are realized. ~While optimized instructions are
executed from the code cache, the first-level decode logic
can be powered off.
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Figure 1. Overview of the proposed x86 design

As the processor runs, it will switch back and forth
between x86 mode and macro-op mode, under the control
of co-designed VM software. In this paper, we focus on
the macro-op mode of execution; our goal is to demon-
strate the steady-state performance benefits of the pro-
posed x86 design. The x86 mode is intended to provide
very good startup performance to address program startup
concerns regarding dynamic translation. The full dual
mode implementation and performance tradeoffs are the
subject of research currently underway; this is being done
in conjunction with our migration to a 64-bit x86 research
infrastructure.

3.1 The Implementation ISA

Add-on 16-bit instruction
‘ formats for code density

Core 32-bit instruction formats

‘F| 10b opcode ‘ 21-bit Immediate / Displacement

‘F| 10b opcode ‘16-bitimmediate/Displacement ‘ 5b Rds ‘ m 5b0p | 10bImmd/Disp |

‘F| 10b opcode ‘ 11b Immediate / Disp ‘5b Rsrc ‘ 5b Rds ‘ E 5b op ‘5b Rsrc ‘ 5b Rds ‘

[F] 16-bit opcode [ 5o Rsrc [5bRsre | 5bRds | ‘ F‘ 5b op ‘ 5b Rsrc ‘ 5b Rds ‘

Figure 2. Formats for fusible micro-ops

The implementation instruction set (the fusible ISA)
is shown in Figure 2 and contains RISC-style micro-ops
that target the x86 instruction set.

The fusible micro-ops are encoded in 16-bit and 32-
bit formats. Using a 16/32-bit instruction format is not
essential, but provides a denser encoding of translated
instructions (and better I-cache performance) than a 32-bit
only format as in most RISCs (the Cray Research and
CDC machines [4, 36, 41] are notable exceptions). The
32-bit formats encode three register operands and/or an
immediate value. The 16-bit formats use an x86-like 2-
operand encoding in which one of the operands is both a
source and a destination. This ISA is extended from an
earlier version [20] by supporting 5-bit register designa-
tors in the 16-bit formats. This is done in anticipation of
implementing the 64-bit x86 ISA, although results pre-
sented here are for the 32-bit version.

The first bit of each micro-op indicates whether it
should be fused with the immediately following micro-op
to form a single macro-op. The /ead of a fused macro-op
is the first micro-op in the pair, and the tail is the second,
dependent micro-op which consumes the value produced
by the head. To reduce pipeline complexity, e.g., in the
rename and scheduling stages, fusing is performed only
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