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Abstract the outcome is far from clear, what seems clear is that an ex-
tensive rethinking of processor design has begun.

Along with design alternatives for the microarchitecture
and system architecture, we believe it is also important to
rethink the instruction set architecture- software’s sole
Interface to the processor. Traditional processor instruction
sets are a strait-jacket for both hardware and software. They

A virtual instruction set architecture (V-ISA) imple-
mented via a processor-specific software translation layer
can provide great flexibility to processor designers. Re-
cent examples such as Crusoe and DAISY, however, havi

used existing hardware instruction sets as virtual I1SAs, | - - ’ '
which complicates translation and optimization. In fact, provide little useful information about program behavior

there has been little research on specific designs for a vir- 1© the execution engine of a processor, they make it diffi-
tual ISA for processors. This paper proposes a novel virtual CUlt for hardware designers to develop innovative software-
ISA (LLVA) and a translation strategy for implement- contro_lle(_j mechanlsms or modify instruction sets, apd_they
ing it on arbitrary hardware. The instruction set is typed, Make itdifficultfor compiler developers to design optimiza-
uses an infinite virtual register set in Static Single Assign- 1ONS that require hardware support beyond what can be ex-

ment form, and provides explicit control-flow and dataflow
information, and yet uses low-level operations closely
matched to traditional hardware. It includes novel mech-
anisms to allow more flexible optimization of native code,
including a flexible exception model and minor con-
straints on self-modifying code. We propose a translation 1.1. Virtual Instruction Set Computers
strategy that enables offline translation and transparent of-
fline caching of native code and profile information, while

pressed via machine instructions. The fundamental problem
is that the same instruction set (the hardware ISA) is used
for two very different purposes: as the persistent represen-
tation of softwareand as the interface by which primitive
hardware operations are specified and sequenced.

As a step towards loosening these restrictions, several
. . research and commercial groups have advocated a class
remaining completely OS-independent. It also supports OP"f architectures we term Virtual Instruction Set Comput-

t|m|z_at|0ns d|rectl_y on the representat_mn at install-time, ers (VISC) [9, 14, 23, 32]. Such an architecture defines a
runtime, and offline between executions. We show ex-

. o . virtual instruction set (called the V-ISA in Smith et al.’s ter-
perimentally that despite its rich information content, . . .
) . . S ! minology [32]) that is used bwll user and operating sys-
virtual object code is comparable in size to native ma-

. . : . . tem softwargas illustrated in Fig. 1. An implementation
chine code, virtual instructions expand to only 2-4 ordinary . .
! . ; of the architecture includes both (a) a hardware processor
hardware instructions on average, and simple transla-

X Do with its own instruction set (the implementation ISA or I-
tion costs under 1% of total execution time except for very . . .
Short runs. ISA), and (b) anmplementgtlon—spguﬁsoftware transla-
tion layer that translates virtual object code to the I-ISA.
Because the translation layer and the hardware processor
are designed together, Smith et al. refer to this implemen-
tation strategy as eodesigned virtual machini@2]. Fisher
has described a closely related vision for building families
In recent years, traditional superscalar processors andf processors customized for specific application areas that
compilers have had to resort to increasingly complex de- maintain compatibility and performance via software trans-
signs for small improvements in performance. This has lation [15].
spurred a wide range of research efforts exploring novel At the most basic level, a VISC architecture decouples
microarchitecture and system design strategies in search othe program representation (V-ISA) from the actual hard-
cost-effective long-term solutions [5, 21, 29, 31, 33]. While ware interface (I-1ISA), allowing the former to focus on cap-

YF]',F.
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1. Introduction



1.2. Our Contribution: Design for A Virtual In-

Application Software struction Set
Operating System Although virtual architectures have been discussed for a
' Kernel Ysix'g}_ISA) long time and real implementations exist (viz., IBM S/38
‘._ N and AS/400, DAISY, and Transmeta’s Crusoe), there has
P "’”;ﬁj,‘,’s’;ljgf”ﬁ‘ been little research explorirdgsign optiongor the V-ISA.
AN i
Both DAISY and Crusoe used traditional hardware ISAs as

Implementation . X .
Hardware Processor ISA (I-ISA) their V-ISA. The IBM machines do use a specially devel-

oped V-ISA, but, as we explain in Section 6, it is also ex-
tremely complex, OS-dependent, requires complex OS ser-
vices for translation. Furthermore, as we explain in Sec-
tion 4.1, the OS-dependent design enables a translation
strategy integrated with the OS, which is impractical with
OS-independent designs.

turing program behavior while the latter focuses on soft-  We believe a careful design for the V-ISkiven by the

Figure 1. System organization for a virtual ar-
chitecture. This is similar to Fig. 1(c) in [32]
and Fig. 5 in [24].

ware control of hardware mechanisms. This brings fuve needs of compiler technologyet “universal” enough to
damentalbenefits to the hardware processor design and itssupportarbitrary user and OS software, is crucial to achieve
software translation layer: the full benefits of the virtual architecture strategy. A com-

1. The virtual instruction set can include rich pro- mon question is whethgr Java, bytecode (as suggested by
gram information not suitable for a direct hard- Smith et al. [32]) or Microsoft's Common Language In-
ware implementation, and can be independent of mostfrgstructure (CLI) could be used as a V-ISA for processors.
implementation-specific design choices. Since a processor V-ISA must suppaﬂtextern_al user soft-

) i ware and arbitrary operating systemae believe the an-

2. The I-ISA and its translator provide &uly co-  gyeris “no”. These representations are designed for a cer-
operative hardware/software design: the transla- (4in class of languages, and are not sufficiently language-
tor can provide information to hardware through jnqependent for a processor interface. They include com-
implementation-specific mechanisms and instruc- piex runtime software requirements, e.g., garbage collec-
tion encodings, while the hardware can expose novel o and extensive runtime libraries, which are difficult to
microarchitectural mechanisms to allow coopera- jmnlement without operating system support. Finally, they
tive hardware/software control and also to assist the 4re generally not well-suited for low-level code such as op-
translator. erating system trap handlers, debuggers, and performance

These two fundamental benefits could be exploited in po- monitoring tools.

tentially unlimited ways by processor designers. Prior  This paper proposes a virtual ISA called Low-level Vir-

work [14, 32, 11] has discussed many potential hard- tual Architecture (LLVA), and an accompanying translation

ware design options enabled by the VISC approach, whichstrategy that does not assume patrticular hardware support.
are impractical with conventional architectures. Further- More specifically, this work makes three contributions:
more, I-ISA instruction encodings and software-controlled
mechanisms can both be changed relatively easily with each
processor design, something that is quite difficult to do for
current processors. Cooperative hardware-software tech-
niques (including many examples proposed in the litera-
ture) can become much easier to adopt. Finally, external
compilers can focus on machine-independent optimiza- e It carefully defines the behavior of exceptions and self-
tions while the translator serves as a common back-end modifying code to minimize the difficulties faced by

customized for the processor implementation. previous translators for DAISY [14] and Crusoe [11].
The cost of this increased flexibility is the possible over-

head of software translationf (it must be done “online”).

Nevertheless, recent advances in dynamic compilation, pro-

gram optimization, and hardware speed can mitigate the

performance penalty, and could make this idea more vi-

able today than it has been in the past. Furthermore, hard-

ware mechanisms can be used to assist these tasks in marip other work, we are developing a complete compiler

e It proposes a V-ISA design that is rich enough to sup-
port sophisticated compiler analyses and transforma-
tions, yet low-level enough to be closely matched to
native hardware instruction sets and to support all ex-
ternal code, including OS and kernel code.

e It describes a translation strategy that allows offline
translation and offline caching of native code and pro-
file information (unlike DAISY and Crusoe), by using
an OS-independent interface to access external system
resources.

ways [14, 11, 19, 35, 27, 30]. framework for link-time, install-time, runtime, and offline
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(“idle-time™) optimization on ordinary processors, based 1. To ensure that the hardware processor can evolve (i.e.,
on essentially the same code representation [26]. We dis- both the I-ISA and its implementation details visible to
cuss how the translation strategy proposed here can directly  the translator can be changed), without requiring any

leverage those optimization techniques. external software to be recompiled.
The virtual instruction set we propose uses simple RISC- 2 Tg ensure that arbitrary operating systems that con-
like operations, but is fully typed using a simple language-  form to the V-ABI can run on the processor.

independent type system, and includes explicit control flow , ,
graphs and dataflow information in the form of a Static Sin-  Because the primary consumer of a V-ISAis the software

gle Assignment (SSA) representation. Equally important is ranslation layer, the design of a V-ISA must be driven by
what the V-ISA doesiotinclude: a fixed register set, stack 20 Understanding of compiler technology. Most non-trivial
frame layout, low-level addressing modes, limits on im- optimization and code generation tasks rely on information
mediate constants, delay slots, speculation, predication, o@P0Ut global control-flow, dataflow, and data dependence
explicit interlocks. All of these are better suited to the I- properties of a program. SUCh properties can be extremely
ISA than the V-ISA. Nevertheless, the V-ISA is low-level difficult to extract from native machine code.
enough to permit extensive machine-independent optimiza- 1 he challenge is to design a V-ISA that provides such
tion in source-level and link-time compilers (unlike Java Nigh-level information about program behavior, yet is ap-
bytecode, for example), reducing the amount of optimiza- ProPriate as an architecture interface & external soft-
tion required during translation from V-ISA to I-ISA. ware, including applications, libraries, and operating sys-
The benefits of a V-ISA design can only be determined tems. We propose a set of design goals for such a V-ISA:

after developing new processor design options and the soft- 1. Simple, low-level operations that can be implemented

ware/hardware techniques that exploit its potential. Our without a runtime systemlo serve as a processor-
goal in this work is to evaluate the design in terms of its level instruction set for arbitrary software and enable
suitability as a V-ISA. We have implemented the key com- implementation without operating system support, the
ponents of the compilation strategy for SPARC V9 and Intel V-ISA must use simple, low-level operations that can
IA-32 hardware processors, including an aggressive link- each be mapped directly to a small number of hard-
time interprocedural optimization framework (which op- ware operations.

erates on the V-ISA directly), native code generators that 5 Ng execution-oriented features that obscure program
can be run in either offline or JIT mode, and a software behavior: The V-ISA should exclude ISA features that

trace cache (for the SPARC V9) to support trace-based run-
time optimizations. With these components, we address two
questions:

make program analysis difficult and which can instead
be managed by the translator, such as limited num-
bers and types of registers, a specific stack frame lay-
out, low-level calling conventions, limited immediate

e Qualitatively, is the instruction set rich enough to en- fields, or low-level addressing modes.

able both machine-independent and dependent opti-

mizations during code generation? 3. Po_rta_bility across some_family of_processor designs:
It is impractical to design a “universal” V-ISA for
e Experimentally, is the instruction set low-level enough all conceivable hardware processor designs. Instead,
to map closely to a native hardware instruction set, and a good V-ISA design must enable some broad class
to enable fast translation to native code? of processor implementations and maintain compati-
bility at the level of virtual object code for all proces-
2. Design Goals for A Virtual ISA sors in that class (key challenges include endianness

. . and pointer size).
Figure 1 shows an overview of a system based on a P )

VISC processor. A VISC architecture defines an external 4- High-level information to support sophisticated pro-

instruction set (V-ISA) and a binary interface specification gram analysis and transformationSuch high-level
(V-ABI). An implementation of the architecture includes a information is important not only for optimizations
hardware processor plus a translator, collectively referred ~ butalso for good machine code generation, e.g., effec-
to as the processor We use ‘external softwareto mean tive instruction scheduling and register allocation. Fur-
all software except the translator. The translator is essen-  thermore, improved program analysis can enable more
tially a compiler which translates “virtual object code” in powerful cooperative software/hardware mechanisms
the V-1SA to native object code in the I-ISA. as described above.

In our proposed system architectusd], external soft- 5. Language independend@espite including high-level
ware may only use the V-ISA. This rigid constraint on ex- information (especially type information), it is essen-
ternal software is important for two reasons: tial that the V-ISA should be completely language-
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