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Abstract

High-performance computing engines often provide product-defining functionality within
consumer devices. These devices are traditionally implemented using either ASICs or
embedded processors. AS CSare inflexible and require high design cost while embedded
processors provide inadequate compute power and efficiency for specialized
applications.  This work describes the ACRES (Architecture and Compiler for
REconfigurable Systems) platform that combines the flexibility of a programmable
technology and the efficiency of custom hardware without incurring high-cost, high-risk
chip development. The ACRES platform consists of a programmable computing fabric
architecture and an associated spatial compiler. A spatial compilation procedure ties
together novel configurable elements including interconnect, memory and distributed
control. A key compilation feature is early spatial planning that influences subsequent
architectural decisions. Operation scheduling follows and uses accurate latency
information to generate efficient execution schedules. This paper describes the
motivating assumptions, key ideas and technologies advocated in the ACRES platform.
Implementation and evaluation is the topic of future work.
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1 Introduction

As VLSl density increases and cost decreases, we see a trend toward the use of digital
computer systems to support many aspects of our everyday lives. Applications such as
imaging, video, communications, and networking have been revolutionized by
inexpensive and specialized digital processing systems. Embedded digital systems
commonly replace previous generation analog systems to provide lower cost and unique
product enhancing features that were previously impossible. At the core of these
consumer products, custom embedded systems incorporate inexpensive, high-density
circuitry to produce levels of computational power that, for highly specialized
applications, can surpass supercomputer levels of performance. Thisis due, in part, to the
highly parallel nature of these applications. Custom hardware solutions, usually in the
form of application-specific integrated circuits (ASICs), are designed to exploit this
parallelism using specialized hardware circuitry. For very high volume products, ASICs
continue to provide a viable solution. Unfortunately, ASICs require chip development
that is expensive, high risk, and slow to market. While the cost is acceptable for high
volume products with stable functionalities, many products that do not fit these criteria
cannot be brought to market with ASICs.

A common alternate approach for building embedded systems is to employ general-
purpose, embedded processors. This vastly reduces hardware development, replacing it



with software/firmware development which is much less costly, faster to market, and
generaly incurs lower risk because firmware is easily upgraded. General-purpose
processors provide standardized data-paths and powerful instruction units.  With
sophisticated compilers, these processors execute a broad variety of complex algorithms
in software. However, general-purpose processors do not scale efficiently. For some high
performance applications, embedded processors either cannot deliver the required level
of performance, or can only do it with designs that are either too expensive, or consume
too much power. In comparison, ASICs use statically customized control and data-paths
to scale efficiently to levels of performance that cannot be achieved with general-purpose
processors. Highly-parallel hardware is greatly simplified when memory, data-transfer,
arithmetic, and control are statically customized for an application by hardware
designers.

This work is motivated by the following goal: achieve much of the flexibility of a
programmable technology and the efficiency of custom hardware without incurring high
cost and high-risk chip development. The ACRES approach combines high-level
synthesis and compilation technology with architectural innovation that exploits features
from general-purpose processor, ASIC, and FPGA (field programmable gate arrays)
architectures. The goal isto deliver levels of cost, performance and programmability that
were not previously possible. This paper describes key ideas that form a foundation for
the ACRES platform. ACRES' high-level concepts have been carefully designed and
provide an excellent starting point for a next-generation programmable architecture.
However, much of the implementation and evaluation of an ACRES platform remains to
be done. Consequently, this paper will, a times, describe a number of alternative
implementations for which the relative merits remain to be evaluated.

In the rest of this document, Section 2 discusses the motivation and assumptions driving
the ACRES platform design. Section 3 follows with an overview of the ACRES
platform, including the computing fabric, the coordination and control model, and the
gpatial compiler.  Detailed descriptions of ACRES control, interconnect, and
configurable memory technologies follow. First, distributed control is the topic of
Section 4, which focuses on a flexible remote branch model and associated hardware that
enables both tightly coupled VLIW-style parallelism as well as loosely coupled MIMD-
style parallelism. Section 5 describes the pipelined interconnect technology, the tile
abstraction, and how spatial compilation utilizes the abstraction. Section 6 is devoted to
ACRES' reconfigurable memory technology. Section 7 describes related work and
Section 8 concludes with highlights of ACRES' unique features.



2 Background and Assumptions

The ACRES platform is motivated by a number of observations about current technology
trends. The trajectory of chip technology is well understood as device feature size
decreases steadily in a trend that doubles the number of available on-chip transistors
every one and a half to two years. Today's (2003) top-of-the-line microprocessors such
as the Itanium2 6M, incorporate around half a billion transistors. This trend is expected
to continue, in the near term with additional innovation in silicon technology and farther
out with new, more exotic technology such as electronic nanotechnology. While this
provides enormous opportunities, it also raises a number of difficult challenges.

Communication is becoming a primary consideration in micro-architecture. Compared to
transistors, wires are increasingly costly. As chip technology scales down to produce
smaller, faster transistors, overall physical chip size typically remains constant to
incorporate more functions on a single chip. As aresult, the time to send a signal from
one side of the chip to the opposite side, relative to transistor switching time, increases.
Whereas smaller transistors switch faster, thinner wires actually have higher resistance.
Attempts at reducing resistance by making wires taller introduce cross-talk and increased
capacitive loading when parallel wires run in close proximity. As a result, the relative
speed of communication with respect to that of computation is deteriorating. A similar
effect is happening with energy consumption, as the energy consumption for
communication increases relative to that for computation.

The increasing number of available transistors is exposing scaling limitations of
traditional microprocessors. Traditional microprocessors exploit only modest
parallelism. For superscalar architectures, the complexity of coordinating the issue,
execution and retirement of multiple instructions in parallel is a key limiting factor. For
both superscalar and VLIW architectures, several key components including the register
files, the instruction issue unit, and the memory are centralized and do not scale
efficiently. In addition, executing only a single thread of execution on a traditional
microprocessor also limits the degree of sustained parallelism.

It is instructive to contrast difficult-to-scale microprocessors with more readily scalable
ASICs. Unconstrained by the structure of a pre-defined platform, ASICs exploit multiple
forms of parallelism present in specialized applications. Specialization for a particular
application is used to simplify control and data-path elements. The micro-architecture of
an ASIC istailored to efficiently implement its specific computation with specialized and
distributed components for control, memory, interconnect and compute. Centralization is
avoided and replaced by distributed and localized structures that collaborate to implement
overall functionality. It would be very beneficial if these positive attributes of ASICs
could be harnessed in a programmable technology. This work addresses this goal by
integrating and building upon prior reconfigurable, CAD, and compiler research.

A serious challenge for spatial computing — the parallel, distributed and specialized-for-
application style of computation commonly exploited in ASICs — is its design process.
ASICs and reconfigurable systems based on FPGA-style technology are commonly
designed using a complex, low-level hardware design methodology. In contrast to
software design methodology, current hardware design methodology exposes many



detailed design decisions to designers. Examples of low-level manual specifications
include RTL cyclelevel design specifications and chip floor-planning.  These
specifications are tedious and do not port across implementation targets.

Low-level specification also limits the ability of synthesis and compilation tools to
optimize a design. An example is the task of reaching timing closure: because designs
are specified at the clock cycle level, automation tools have limited flexibility in
changing clock cycle boundaries. As aresult, human is kept tightly involved in the loop
and must make manual changes at the specification level as a design iterates towards
timing closure. Had the specification been done at a higher level of abstraction, an
automated tool could potentially automate or assist this iteration process. We believe that
for this and a number of other reasons, raising the level of a design's specification is
crucial to making spatial computing accessible to many more applications.

We are interested in a programmable technology because of important benefits that are
apparent in systems that currently employ embedded processors. A programmable
technology allows the development cost of the actual underlying hardware to be
amortized over many designs. Chip development cost has increased as chip technology
heads towards ever smaller device sizes. Fabrication masks have become increasingly
expensive, and many effects have to be carefully modeled and checked during hardware
design to minimize the chance of problems arising from these effects Programmable
technology typically also incurs shorter development time, and allows easy upgrades or
bug fixes. Our god is to achieve the benefits of programmability while providing the
efficiency and high-performance of spatial computing.



3 Overview of the ACRES Reconfigurable Platform

The ACRES reconfigurable platform consists of the architecture for a programmable
computing fabric as well as an associated spatial compiler. The two work collectively to
deliver the benefits of ACRES. The computing fabric architecture is structured in ways
that facilitate spatial compilation, while the spatial compiler automates the process of
exploiting computing fabric features.

3.1 TheACRES Computing Fabric

A key approach underlying ACRES is the promotion of static distribution and local reuse
of both data and control. This serves two objectives. Firgt, if control and data are stored
close to their use, communication costs decrease, and parallel systems are inherently
more scalable and efficient. Second, localization promotes specialization. Memory and
arithmetic structures that process specific rather than generic data can be specialized to
actual need, such as limiting data-path connectivity, partitioning memory and reducing
bit-width of data transfer and arithmetic structures.
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Figure 1: An ACRES computing fabric.

To facilitate the distribution and localization of data and control, an ACRES computing
fabric is composed of repeating subunits called tiles as shown in Figure 1. Eachtile hasa
collection of heterogeneous components such as compute, logic, memory, interconnect
and control elements that are configurable to varying degrees. As an example, one can
imagine using one of today’'s moderate-size FPGAs as a single ACRES tile. A typical
ACRES chip is composed of multiple identical tiles laid out in a repetitive structure, such
as a two-dimension array. At this coarse level, an ACRES chip appears homogenous.
This organization ensures that any sub-part of a chip larger than atile is self-contained,
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capable of independent execution and control. Interconnection between tiles further
enables multiple tiles to be leashed together either in loose or tight collaboration.

The ACRES hardware is (for now) synchronously clocked across the entire computing
fabric. Synchronous clock distribution is well understood and hardware designers can
synchronously clock very large chips. Synchronous clocking provides important benefits.
VLIW and systolic processors use synchronous clocking to support complex algorithms
with very simple control. Synchronous designs efficiently share logic and wires for
complex algorithms that require a changing pattern of operations from cycle to cycle.
Additional hardware asynchrony can be incorporated into ACRES if that proves essential.

To aleviate long distance communication inefficiency, and to reduce the physical wiring
resources devoted to communication, ACRES adopts a two-tier interconnect model that
pipelines and time-multiplexes long connections. This two-tier interconnect model
distinguishes between intratile and inter-tile communication. All inter-tile
communication is pipelined, with pipeline stages inserted at regular interval. In asimple
model with square tiles, that interval is the linear dimension of atile. Thus, ACRES
introduces a very simple timing model allowing compilation tools to reason about time
without analog modeling and simulation. Specifically, given atarget system clock speed,
each side of a square tile corresponds roughly to the signal propagation distance within
one system clock cycle. Incontrast to inter-tile communication, intra-tile communication
involves source and destinations close enough to complete within one clock cycle.

An ACRES computing fabric’'s decomposition into synchronous tiles with pipelined
interconnect provides a number of advantages. The approach assures that long data
transfer paths support sreams of pipelined operands traversing their length.
Furthermore, combinational nets do not span tiles and thus, timing analysis can be
separately performed within each tile for the intratile nets. Perhaps the biggest benefit of
the decomposition of the ACRES fabric into tiles is that it provides fixed, realistic and
simple geographic timing assumptions that the ACRES compiler uses to shape
application-specific system architectures. Most design systems create a design with little
notion of geography, and then place and route the resulting hardware schematic. In the
ACRES spatial compiler, floor-planning-level information is used to automatically shape
the topology of an application-specific processor’ s data-path and to define the processor’s
execution schedule and control so that they are amenable to the timing limitations that
arise from the geographic constraints of the chosen floor plan.

ACRES incorporates a reconfigurable memory architecture that enables flexible mapping
of logical memory objects to RAM blocks. The underlying assumption is that embedded
applications present opportunities for statically distributing data into distinct memory
structures that can be accessed in parallel. Traditional FPGAs provide RAM blocks with
configurable width and depth via statically configured interconnect. ACRES builds upon
this foundation by augmenting the memory access paths with switch and register
elements that promote the dynamic sharing of these paths. Furthermore, the spatial
compiler deals with assignment, detailed scheduling and timing issues of shared memory
access paths. Using pipelined, time-multiplexed interconnect technology and static
scheduling, ACRES reconfigurable memory technology provides efficient parallel
access to memory objects.



3.2 ACRESControl and Coordination M odel

Spatial computing requires control and coordination beyond that commonly encountered
in compilers for traditional microprocessors. A traditional microprocessor is equipped
with a centralized instruction issue unit, coupled with one or more branch units, to control
computation on the microprocessor. The instruction issue unit issues instructions that
control the cycle-by-cycle operation of the microprocessor’s resources, while the branch
units direct the flow of control to determine a sequence of issued instructions.

As the number of functional units on programmable devices increases, controlling these
devices efficiently and flexibly becomes a problem. A traditional branch unit steers
execution in time, with effect over global spatial scope, i.e. over al of the
microprocessor's resources. Future ACRES devices contain ample resources to
configure a huge number of functional units. A flexible control scheme is needed to allow
these units to be used either separately or collectively in accordance with application
needs. The ACRES platform adopts a control architecture called the Remote Branch
Architecture which extends the notion of branching to include steering execution over
gpace. This allows changes in the amount of resource that are allocated to alogical flow
of control. Used as the target control model by the ACRES spatial compiler, this control
architecture can be efficiently implemented on an ACRES computing fabric.

The remote branch architecture can be viewed abstractly as replacing the single point of
control used in traditional microprocessors with a multitude of spatially distributed
control units, each controlling a small number of functional units in its geographical
vicinity. These separate processing cells are able to operate both independently,
collaborating in a loose manner and collectively, executing in a statically orchestrated,
tightly coupled manner. A processing cell is able to rapidly shift between a loosely
coupled and tightly coupled mode of collaboration with another processing cell.

At any moment in time, ACRES processing cells may be grouped into DVLIW clusters
(Distributed VLIW clusters). A single DVLIW cluster may contain as few as a single
processing cell or as many as all the processing cells within a device. The processing
cells within a single cluster collectively act as a single processor, with tight coupling and
static scheduling employed across them. Separate DVLIW clusters are loosely coupled
and follow independent flow of control. This partitioning of cellsinto DVLIW clustersis
donelogically, permitting rapid and low cost repartitioning of the groupings as illustrated
in Figure 2. Central to this spatial control architecture is the processing cell’s ability to
issue remote branches to a select number of destination processing cells and to
incor porate remotely initiated branches from a number of sources.






