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Abstract

Historically, there have been two methods for as-
sessing microarchitectural ideas. Most groups use
cycle-by-cycle simulation in software, but a few pre-
fer to build hardware prototypes. The inexorablein-
crease in scale and complexity of new architectural
features is making both methods more difficult. Sm-
ulations are increasingly difficult to verify, and pro-
totypes are growing costly and more time-consuming
to build. This paper discusses our preliminary ideas
on a middle ground between these two methodolo-
gies. using FPGA-based infrastructure for architec-
ture research. The goal of such an approach is to
reduce the conceptual distance between technologi-
cal constraints and software simulation, but without
the costs of a full-custom prototype.

Our research group is designing and building the
Bathysphere, a large-scale future-generation silicon
emulation system from FPGA components. In this
preliminary status report, we consider some of the
aspects of traditional software simulation that might
be complemented by emulation in FPGAs, aswell as
some of the modeling differences that remain when
FPGAs are used instead of ASICs or full-custom
ICs. We also present some preliminary data that
highlights one of the many challenges in extracting
meaningful data from an FPGA-based implementa-
tion: properly emulating multi-ported memory struc-
tures.

1 Introduction
The increase in microprocessor design complexity

that has accompanied the exponential growthin tran-
sistor density has led to a commensurate increase in

the cost of developing new microprocessors. This
manifests itself in the research community is as an
increasing difficulty in accurately assessing the ben-
efits of new architectural ideas.

Cycle-accurate software simulation is a popular
method for performing these assessments. Con-
structing a simulator forces researchers to explore
some of the complexity of the interactions among,
and to a lesser extent the circuit complexity within,
major architectural features. For the most part, re-
searchers use the simulator to compare the clock cy-
cle time independent performance (the ubiquitous
“IPC”) of the architecture with and without a new
feature. Since they are built for this purpose, they
often do a poor job of assessing the real complexity-
effectiveness of the microarchitecture.

Unfortunately, software smulation has severa se-
rious drawbacks. It is slow, limiting the amount of
data that can be collected and the kinds of compar-
isons that can be made. Second, simulators often
implicitly mask significant global communication,
making “guesses’ of an architecture’s cycle time du-
bious. Finally, its accuracy can be questionable, due
to avariety of factors from simplifying assumptions
to undiscovered bugs.

To make assessment of new designs more accu-
rate, some processor architects have built prototypes.
While building a complete ASIC / full-custom pro-
totype provides valuable insights, it also requires a
significant (and often prohibitive within an academic
setting) time and monetary investment. Field pro-
grammable gate arrays (FPGAS) are seen by many
as a potential vehicle to avoid the costs of “fabbing
achip.” Despite the fact that this has been a popular
notion discussed at many gatherings of architects for
avery long time, few published research studies have
used such a methodol ogy.



Emulation atop an FPGA substrate would allow
the execution of complex experiments that require
more computation than may be reasonably simulated
by a cycle-by-cycle smulator. Furthermore, con-
structing amodel for the behavior of an ASIC imple-
mentation in terms of the behavior of an equivalent
FPGA implementation would allow performance and
efficiency properties of new designs to be more reli-
ably evaluated. It would also allow something that is
simply not possible with a full-custom I1C prototype:
The evaluation of many different design aternatives
in hardware. Researchers rarely, if ever, build sev-
eral version of achip. On an FPGA, however, tuning
a parameter or implementing anew ideais as simple
as recompiling and reloading your design.

Despite these advantages, one cannot blindly use
FPGAs and expect any more accurate results than
cycle-level smulation. Rea concerns, such as lim-
ited configurable logic blocks (CLBS), limited off-
chip pins, and limited flexibility of on-chip memory
structures make using FPGASs problematic. Never-
theless, if a reliable scientific methodology can be
developed that uses FPGAS then there is great po-
tential to solve some long standing problems of con-
ventional architecture simulation. Namely, a degree
of realism will come to designs, since practical con-
siderations such as spatial distribution of microar-
chitecture structures, memory and port requirements,
delays, and long-wire communications will be ac-
counted for. In addition we can begin to study is-
sues that are otherwise difficult to explore, such as
operating system effects. In the rest of this paper, we
highlight our early thinking about and initial results
from devel oping such a methodology.

In the next section we discuss some well-known
drawbacks to conventiona cycle-by-cycle simula-
tion. Section 3 introduces the Bathysphere, the
FPGA-based deep-submicron architecture explo-
ration device we are currently building. Next in Sec-
tion 4 we present our early resultstoward developing
a systematic methodology with which to use FPGAs
for architecture research. In Section 5 we describe
some prior art in thisareaand finally in Section 6 we
conclude.

2 Drawbacks of Simulation

Cycle-by-cycle simulation is, by far, the most widely
used method to evaluate architectural ideas, but it
suffers from some well known problems. We dis-
cuss three of them here: First, software simulators
are slow, and this limits our ability to study long-
running applications and workload/operating system
interactions. Second, simulators are notoriously dif-
ficult to verify, frequently resulting in inaccurate re-
sults. Finaly, the conceptual gap between writing
acycle-level smulator and real hardware makes un-
derstanding subtle issues of microarchitecture, such
as the actua critical path and wire-distance, chal-
lenging. This potentialy leads to false conclusions
about improvementsin instructions-per-cycle aways
equating improvements in real wall-clock time.

Simulation speed: Simulators make it difficult to
perform in depth analysis of the effects of design de-
cisions on long-running computations, because they
can only simulate a very small period of processor
time. They also fail to facilitate study of interaction
between decisions made in the hardware architecture
and those in the OS design. The slowness of sim-
ulation has lead to a number of recent research en-
deavors in choosing a proper sampling of an appli-
cation [11, 17]. Particularly shocking are the results
reported in [12] which demonstrate just how poor a
scientific practice it is to choose an arbitrary subset
of an application and assume it is representative of
the entire benchmark.

Inaccuracies: Writing a model of an architecture
in C is quite different than designing that hardware
for real. It is extremely difficult to verify that such
models accurately reflect real (or even plausible)
hardware structures. Indeed, researchers in [8] at-
tempted to model the Alpha 21264 in detail, and
found many seemingly small implementation details
complicated their efforts. Also in [8] they attempted
to show how such real details lead to inaccurate re-
sults in prior work [6], but they later had to pub-
lish a retraction [9] due to a modeling error! This
simply highlights the difficulty in building accurate
simulators and conveying architectural ideas in short
conference-paper form. Minor implementation de-



tails are not described due to space limitations, lead-
ing to an inability to properly re-implement ideas.

Conceptual-distance: There is no inherently re-
liable mechanism in cycle-accurate simulation
methodol ogies for estimating the effect of architec-
tural changes on the critical path through pipeline
stages. Anaytic models (such as CACTI [16]) are
sometimes used to estimate the cost of changing the
size of memory structures, and in turn to estimate the
cost of changing the complexity of components that
use memories (caches, branch predictors, etc.). Us
ing these models, architects can compute the number
of cycles of delay associated with structures that ac-
cess large, associative memory structures. For data
communications, complex control circuits and com-
putation logic, however, architects are left to making
reasonable estimates. In either case, the conceptual
distance between a software simulation written in C,
and an actual hardware design is quite large. This
distance has limited the ability of architects to prop-
erly gauge pipeline stage depth, wire delay and ar-
chitectural compl exity.

In an effort to overcome the limitations of existing
simulation methodologies, we propose the emula-
tion of architectural designs for future, billion-plus-
transistor processors using arrays of FPGAs. Emula-
tionin FPGAs promises to address many of the prob-
lems posed by traditional simulations, and to com-
plement, but not replace, simulation.

3 Enter the Bathysphere

There will be two early challenges to the viabil-
ity of an architectural analysis methodology based
upon prototyping designs with FPGAs. Thefirst will
be to design an infrastructure capable of emulating
the functionality of devices consisting of of billions
of transistors. The second, and the more thought-
provoking, will be to devise a set of guidelines for
designing prototypes that are neither artificially re-
stricted by limitations unique to FPGAS, nor over-
represent the capabilities of future technology.

To address the first challenge, we are building the
Bathysphere — a deep-sub-micron exploration vehi-
cle. The Bathysphere is a two-dimensiona array of
Xilinx Virtex 1000 FPGAs. Attached to each FPGA
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Figure 2: The tool-chain employed for our correla
tion study.

is 512K words of 32-bit (2 megabytes total) SRAM.
These FPGA / memory units are arranged into a grid
network in which the cost of long-distance commu-
nication (between FPGAS) is exposed to the archi-
tecture and is far higher than that of local commu-
nication (within an FPGA). Each FPGA has lim-
ited, nearest-neighbor connections to other FPGASs
in each of the four cardinal directions, but communi-
cation over longer distances must be routed through
the intervening FPGAS.

Physical design of the board is ongoing, however,
our current plan isto have a custom PCB board with
16 FPGA / memory units by this Fall. Between each
adjacent FPGA is 76 dedicated programmable 1/0
pins, with those FPGAs on the edge of the board hav-
ing asimilar 1/O interface (Figure 1). A distributed
power regulation scheme is used with segmented
power planes within a multi-layer PCB board. Each
of the FPGAs can be programmed individually or
they can al be programmed simultaneously by an ex-
ternal device. We intend to fabricate four of these
boards for a total 64M-gate (approximately 256M
transistor) logic emulation system with atotal of 128
megabytes (6B transistor) memory. After testing this
board we our planning on making the entire design
source files available in the public domain to further
facilitate architecture research.

Despite the flexibility of thislogic emulation sys-
tem for modeling future generation ASICs, there are
serious challenges to using FPGAs for architecture
research. Our ultimate goa is to develop a system-
atic methodol ogy for using the Bathysphere such that
one can target the FPGA directly, and, through a
set of design techniques, pre-packaged parameter-
ized Verilog models, and analytical processes, “un-
factor” the effects of the FPGA targeting to arrive at
reasonable estimates of the equivalent area and delay
within the ASIC process (Figure 2).
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Figure 1: The Bathysphere emulation system.

This goal may not be possible. In this case our
secondary goal is to develop and use a careful Ver-
ilog coding style that alows easy retargeting to the
Bathysphere for emulation and to a standard-cell
ASIC process for area and delay measurements. Our
work is ongoing in this area, but we describe some
initial results in exploring memory structures in the
next section.

4 Emulating Multi-ported Struc-
tures

Most of the details of using FPGAs for architectura
research will need to be explored in future work. In
this section we present our initial investigation into
only one aspect, memory structures. It is one area
were the resource costs between an FPGA and afull-
custom / ASIC is substantially dissimilar.

Using the numerical models from CACTI [16, 10,
13], one can see that the access time and die area of
a small, non-associative memory with one read port
and one write port grow roughly linearly with the
size of the memory (Figures 3 and 4). Synthesizing a
similar memory using the configurable logic blocks
of an FPGA for storage (FPGA LUT RAM in the
graphs), one sees avery similar trend for area, mea-
sured asthe fraction of CLB resources consumed. To
a lesser extent, these is a similar trend for latency.
However, when using the dedicated RAM resources
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Figure 3: Memory Sizevs. Access Time

found on many FPGAs today (denoted FPGA Block
RAM in the graphs), the access time holds relatively
constant, while the total resources required grows
linearly with memory size. Regardless of synthe-
sis technique, though, the amount of memory that
may be synthesized on a single FPGA is quite lim-
ited — only about sixteen kilobytes on a Virtex 1000
FPGA. For this reason the Bathysphere includes 2
megabytes of dedicated SRAM for attached to each
FPGA..

Worse than the limitations on quantity of mem-
ory available in an FPGA are the limitations on the
number of ports that memory structures in the FPGA
can reasonably support. A 16-entry, 64-bit, single-
cycle-latency memory with two write portsand asin-
gle read port consumes over a quarter of the CLB
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Figure 5: Memory Portsvs. Access Time

resources on a Virtex 1000 (which has over 12K
CLBs). A similar memory with a single write port
consumes a mere two percent, and one with three
write ports overwhelms our synthesis tools.

Figures 5 and 6 show how the number of read
and write ports on a memory structure affect its la-
tency and physical resource consumption. Access
time grows very slowly, but linearly, with the num-
ber of access ports, except in the case of write ports
in the FPGA implementation. Here, the access time
grows quickly, though still linearly, as the synthesis
tools produce time-consuming consistency logic that
alowsall writesto be visiblein the subsequent cycle.

Forcing prototypes built atop the Bathysphere to
use single-ported memory structures would be un-
reasonable, because they are available in direct sil-
icon implementations. Finding an alternative solu-
tion is imperative. We are currently considering so-
lutions based upon an emulation clock running at a
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fraction of the speed of the physical clock. This a-
lows single-ported memories to be time-multiplexed,
within asingle emulation clock cycle, giving the ap-
pearance of multi-ported structures. For physical re-
source consumption studies, an analytical model re-
lating portedness to die area could be used.

Though this solution lifts the false barrier restrict-
ing the number of memory ports, it introduces the
possibility of inadvertently implementing prototypes
in a manner that masks the resource costs of other
logic. For example, in a time-multiplexed, multi-
ported cache, it would be easy to accidentally re-use
the tag matching logic in every multiplexing cycle.
This effectively time-multiplexes that logic, requir-
ing that its resource consumption, too, be evaluated
analytically. Our current focusis on the development
of abstractions that will separate the details of em-
ulating multiple ports from the designs that require
multiported structures. We hope that such abstrac-
tions may aso be generalized to the emulation of
wide communication channels, similar to the Virtua
Wires of [3].

5 Related Work

The authors of [2] built a prototype of an extensi-
ble logic emulator and simulation accelerator. They
use a time-multiplexing technique [3] to overcome
the limited pin count of FPGAs. Their emphasis is
primarily on fast functional emulation. Our work
aimsto extend this by using the prototyping substrate
to bring the design complexity and communication
costs to the fore and formally assess them.



There has been a wealth of work in simula
tor design [4, 15], and simulation languages such
as SystemC [1]. While useful, they often suffer
from the conceptual gaps and limitations in measur-
ing compl exity-effectiveness previously described in
Section 2. In the future it would be interesting
to merge simulation design in toolkits such as Lib-
erty [15] with hardware design and prototyping with
the Bathysphere.

In[5] and [7], groups at Berkeley and Stanford as-
sessed the costs of using ASIC processes as opposed
to full custom IC processes in terms of area and de-
lay. The authors of [7] found alarge penalty in area
and a lesser, but significant penalty in delay for us-
ing fully automated place-and-route of standard cells
to implement the microprocessor register fetch stage,
as compared to a full custom implementation. They
aso found that the penalties could be mitigated by
introducing more custom design techniques into the
standard cell ASIC flow.

In [5], the authors explore the causes for the per-
formance gap between ASIC processes and custom
processes. They conclude that al of the performance
penalty of ASIC processes, except for a factor of
2-3x, stems from poor pipelining options in stan-
dard cell libraries and high tolerance for fabrication
process variation leading to conservative design li-
braries.

These efforts are relevant to the Bathysphere, be-
cause they have aready established ASIC to full-
custom correlation, and we hope to establish a sim-
ilar correlation between FPGAs and ASIC designs.
There two consequences for our work: First, some
of the lessons of the work on ASICs apply to FP-
GAs as well. For instance, hand floor planning can
help close the gap between ASICs and full-custom
designs, and the same should hold for FPGA de-
signs. Second, our goad is to quantify the differ-
ences between FPGA-based and full-custom imple-
mentations of the same circuit, and one approach is
to quantify the difference between FPGA and ASIC
implementations and use this related work to extend
the analysis to full-custom designs.

6 Conclusion

Work on the Bathysphere is ongoing. In this pa
per we have described our preliminary efforts and
early results towards correlating this hardware plat-
form based on FPGAs to an ASIC design flow.
In the future we intend to continue our work in
developing techniques allowing us to use FPGAs
for architectural analysis and apply to building a
prototype WaveScalar [14] processor. Ultimately,
our goal is to develope and release a complete
methodol ogical framework that allows researchersto
combine measurements of complexity-effectiveness,
wire-delay, and real area requirements with tradi-
tional instructions-per-cycle measurements.
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