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ABSTRACT

Application-specific instruction set extensions are an ef-
fective way of improving the performance of processors.
Critical computation subgraphs can be accelerated by col-
lapsing them into new instructions that are executed on
specialized function units. Collapsing the subgraphs si-
multaneously reduces the length of computation as well
as the number of intermediate results stored in the regis-
ter file. The main problem with this approach is that a
new processor must be generated for each application do-
main. While new instructions can be designed automat-
ically, there is a substantial amount of engineering cost
incurred to verify and to implement the final custom pro-
cessor. In this work, we propose a strategy to transparent
customization of the core computation capabilities of the
processor without changing its instruction set. A con-
figurable array of function units is added to the baseline
processor that enables the acceleration of a wide range of
dataflow subgraphs. To exploit the array, the microar-
chitecture performs subgraph identification at run-time,
replacing them with new microcode instructions to con-
figure and utilize the array. We compare the effectiveness
of replacing subgraphs in the fill unit of a trace cache ver-
sus using a translation table during decode, and evaluate
the tradeoffs between static and dynamic identification of
subgraphs for instruction set customization.

1. INTRODUCTION

In embedded computing, a common method for pro-
viding performance improvement is to create customized
hardware solutions for particular applications. For exam-
ple, embedded systems often have one or more application-
specific integrated circuits (ASICs) to perform computa-
tionally demanding tasks. ASICs are very effective at im-
proving performance, typically yielding several orders of
magnitude speedup along with reduced energy consump-
tion. Unfortunately, there are also negative aspects to
using ASICs. The primary problem is that ASICs only
provide a hardwired solution, meaning that only a few
applications will be able to fully benefit from their func-
tionality. If an application changes, because of a bug fix
or a change in standards, the application will usually no
longer be able to take advantage of the ASIC. Another
drawback is that even when an application can utilize an
ASIC, it must be specifically rewritten to do so. Rewrit-
ing an application can be a large engineering burden.

Instruction set customization is another method for
providing enhanced performance in processors. By creat-
ing application-specific extensions to an instruction set,
the critical portions of an application’s dataflow graph
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(DFG) can be accelerated by mapping them to specialized
hardware. Though not as effective as ASICs, instruction
set extensions improve performance and reduce energy
consumption of processors. Instruction set extensions
also maintain a degree of system programmability, which
enables them to be utilized with more flexibility. An ad-
ditional benefit is that automation techniques, such as
the ones used by ARM OptimoDE, Tensilica, and ARC,
have been developed to allow the use of instruction set ex-
tensions without undue burden on hardware and software
designers.

The main problem with application specific instruction
set extensions is that there are significant non-recurring
engineering costs associated with implementing them. The
addition of instruction set extensions to a baseline pro-
cessor brings along with it many of the issues associated
with designing a brand new processor in the first place.
For example, a new set of masks must be created to fab-
ricate the chip, the chip must be reverified (using both
functional and timing verification), and the new instruc-
tions must fit into a previously established pipeline timing
model. Furthermore, extensions designed for one domain
are often not useful in another, due to the diversity of
computation causing the extensions to have only limited
applicability.

To overcome these problems, we focus on a strategy
to customize the computation capabilities of a processor
within the context of a general-purpose instruction set,
referred to as transparent instruction set customization.
The goal is to extract many of the benefits of traditional
instruction set customization without having to break
open the processor design each time. This is achieved
by adding a configurable compute accelerator (CCA) to
the baseline processor design that provides the function-
ality of a wide range of application-specific instruction set
extensions in a single hardware unit. The CCA consists
of an array of function units that can efficiently imple-
ment many common dataflow subgraphs. Subgraphs are
identified to be offloaded to the CCA and then replaced
with microarchitectural instructions that configure and
utilize the array.

Several different strategies are proposed for accomplish-
ing transparent instruction set customization. One strat-
egy, a fully dynamic scheme, performs subgraph identi-
fication and instruction replacement in hardware. This
technique is effective for preexisting program binaries.
To reduce hardware complexity, a static strategy per-
forms subgraph identification offline during the compi-
lation process. Subgraphs that are to be mapped onto
the CCA are marked in the program binary to facilitate
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