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1.0 OVERVIEW

Given the multicore microprocessor revolution, the architecture research community needs a
dramatic increase in simulation capacity. We believe that architecture-level FPGA emulation
will provide a critical modeling framework for future multiprocessor architecture research. In
this report, we introduce the terms FAME, for FPGA Architecture Model Execution, and
SAME for Software Architecture Model Execution, to distinguish between conventional
simulation techniques from emerging FPGA based methods. We evaluate FPGA emulation
approaches against conventional simulation techniques, and determine the missing
capabilities that will require further development. In particular, we compare the various
possible modeling approaches and evaluated their capabilities in terms of model fidelity,
emulator performance, and design effort. We also investigate techniques to incorporate
energy, power, and thermal models into architecture-level FPGA emulation frameworks. To
help clear up misconceptions, we propose a FAME taxonomy to distinguish the cost-
performance of variations of these ideas. We show that FAME simulators can increase the
number of useful architecture research experiments per day by a factor of 100 over SAME
simulators.



2.0 INTRODUCTION

Computer architects have long used software simulators to explore instruction set architectures,
microarchitectures, and approaches to implementation. Compared to hardware prototyping, their
low capital cost, relatively low-cost of implementation and ease of change have made them the
ideal choice in the early stages of research exploration. Architects can explore many variations
of a design simply by changing software simulator parameters, and in the era when
uniprocessor performance was doubling every 18 months, simulation speed correspondingly
doubled every 18 months without any special programming effort.

The recent abrupt transition to multicore architectures [7], however, has both increased the
complexity of the systems architects want to simulate and removed the straightforward path to
simulator performance scaling.

This report surveys the evolution of simulators as architectures increased in complexity
and argues that architecture research now faces a crisis in simulation because of the new
requirements and the consequences of the multicore revolution. We label the two paths forward
in multicore simulation as Software Architecture Model Execution (SAME) or FPGA (Field-
Programmable Gate Array) Architecture Model Execution (FAME). While SAME certainly
merits continued investigation, we and others in the Research Accelerator for Multiple
Processors (RAMP) project [49] are excited by the progress and the potential of FAME.

In discussions with architects outside the RAMP community, there has been confusion about
the different approaches and goals of the various RAMP projects. Inspired by the original five
RAID levels [36], this report proposes a four-level taxonomy of increasingly sophisticated
FAME levels that attempts to capture the progress that has been made by the whole RAMP
community in the last few years.

The report concludes with a fallacies and pitfalls section, followed by a conclusion section
with recommendations for future directions.



3.0PROTOTYPING

We begin by briefly reviewing the role of prototyping in architecture research and how
prototyping is different from simulation. The goals of an architecture research prototype are
quite different from that of a simulator. A research prototype is a working implementation that
provides insight into the implementation issues behind a proposed new architecture or new
architectural mechanisms. A simulator, on the other hand, is a model of a machine, and can be
highly parameterized and quite abstract, to allow rapid exploration of a large design space of
possible options.

Hardware prototyping has a long history, reaching back to the very first computers built in
universities, such as the Harvard Mark-1 and EDSAC. In the 1980s, many researchers would
build prototype chips to illustrate the value of their architectural innovations. For example, the
case for RISC architectures was substantially strengthened by the prototype RISC chips built at
Berkeley [37] and Stanford [23], which ran programs faster than commercial machines despite
being produced by small academic teams. Similarly, the later Stanford DASH [30] and MIT
Alewife [3] projects provided considerable insight into the implementation and viability of
large-scale directory-based cache-coherent shared memory architectures. More recent
prototyping efforts include Raw [46], TRIPS [39], Imagine [4], and Scale [27].

The process of constructing a working architectural prototype is usually far more valuable
than the end result, helping inventors understand how a new architectural idea can be
implemented. When completed, a successful prototype will provide a credible proof-of-concept
to help explain the idea and convince practitioners to adopt the technology.

Although prototypes are sometimes justified as a way to gather evaluation data on
much larger and longer programs than possible with software simulators, usually this is (or
becomes) a secondary concern. In our experience, few computer architecture prototypes
support extensive parameterization and instrumentation due to the additional design effort and
resources required. Even when hardware hooks are added, the supporting software
infrastructure to exploit these features rarely materializes, either because of limited project
resources or because experimental needs were not well understood or have changed from
when the prototype design was frozen. Prototyping projects also tend to focus implementation
effort on the novel mechanisms and often make expedient simplifications in other well-
understood areas (e.g., by omitting floating-point hardware or virtual memory), which limits
the kinds of software that can be run. For these reasons, prototyping is not an alternative to
simulation.

Conversely, when the implementation of a mechanism is not well understood, it is by
definition not possible to construct accurate simulator models. Hence, simulation and
prototyping are complementary techniques.

Despite their value, the bar for prototypes has been raised. Shrinking feature sizes have led to
multi- gigahertz microprocessor clock rates and a rapid growth in architectural complexity.
Consequently, the engineering skill, design effort, and fabrication cost required to build a
compelling prototype micro- processor have risen to the point where few researchers now



contemplate such a project. Even when research prototypes are successfully completed, the
quality of implementation is often markedly inferior to production designs, leading to doubts
about the relevance of the prototype. But it is primarily the act of prototyping that yields
valuable implementation insights, and these are often largely independent of implementation
technology. Simulator models can be constructed using the prototype design as a guide, but
then extrapolating to model the effect of a more realistic implementation or an advanced future
technology.

Given that most of the implementation insights are developed during the prototype design
phase and that most of the cost is incurred during fabrication, one viable intermediate approach
is to complete a detailed design using VLSI CAD tools without proceeding to fabrication.
Simulator models can then be calibrated using timing, area, and power data extracted from the
tools. This approach still requires significant engineering skill and design effort using a large
and complex tool set, but is ultimately not as credible (or as satisfying) as a working
prototype.

Given the high cost and long turnaround of prototype chip fabrication, some researchers are
using FPGAs to construct relatively inexpensive and malleable working prototypes. The
timing, area, and power of an FPGA prototype are very different from a production chip
implementation, but the hardware design process is similar enough to yield many of the same
important insights. A promising direction is to combine FPGA prototyping with detailed VLSI
CAD design to provide both a working prototype and believable implementation metrics.

While we believe FPGA prototyping can be a valuable architecture research tool, our
approach and the subject of this report is a very different technology: Using FPGASs to
accelerate the execution of highly parameterized and thoroughly instrumented architecture
simulators. We have found the difference between FPGA prototypes and FPGA simulators to be
one of the main sources of confusion when discussing RAMP with those outside the project,
and our goal in this report is to clarify the difference and provide taxonomy of FPGA
simulation approaches.



4.0 SIMULATION TECHNIQUES

A modern processor running an application workload is a complex system that is difficult to
model analytically; yet building a prototype for each design point is prohibitively expensive, so
software simulators have become the primary method used to evaluate architecture design
choices. We call the machine being simulated the target and the machine on which the
simulation runs, the host. In this section, we present a brief review of the evolution of software
simulator technology. This technology largely followed the sophistication in computer designs
that were enabled by Moore’s Law.

4.1. Uniprocessor Simulators

Much of the architecture research in the 1980s involved in-order processors, and popular
topics were instruction set architectures (RISC vs. CISC), pipelining, and memory hierarchies.
Instruction-set simulators were very slow and so pipelining and memory hierarchy studies relied
on address traces to drive simulators that only simulated the portions of the computer of
interest. Given the common needs of researchers, some shared their trace-driven simulators for
others to use, such as the popular Dinero cache simulator [18]. Although it was time consuming
to collect traces, some generous researchers would share them with the community. Combining
free traces with free simulators helped many architects undertake memory hierarchy research.

Enthusiasm shifted to out-of-order processors in the 1990s. Popular topics included alternative
microarchitectures, branch predictors, and memory hierarchy studies. Address traces were no
longer adequate for microarchitecture or memory hierarchy studies due to the complex out-of-
order nature of the processors. This complication led to the popularity of execution-driven
simulators, which model the internal microarchitecture of the processor on a cycle-by-cycle
basis. Alas, the speedup in host uniprocessor performance did not match the increase in target
architectural complexity, so the simulation of each target instruction took more host clock
cycles. In addition, Moore’s Law enabled much larger and more elaborate memory hierarchies,
so architects needed to simulate more instructions to warm up caches properly and to gather
statistically significant results. Moreover, as computers got faster and had more memory,
programs of interest became bigger and ran longer, which increased the time to simulate
benchmarks [29].

One approach to reduce simulation time is simply to reduce the size of the input data set
so that the program runs in less time. For example, SPEC CPU 2006 offers two input sizes
per benchmark: test run and reference run. The test run of the full suite took 6 minutes to
run natively on the SPEC test bed machine while the reference run took 600 minutes [24].
Although the test run is 100 times shorter, it is designed only to check the program is
working and is not representative of the behavior of the full reference run. By analyzing the
program it is possible to construct a reduced input set that is more representative of the
application behavior. For example, MinneSPEC used this approach for the SPEC CPU 2000
suite [25]. However, this manual approach is time consuming and it is unclear how
representative it is of the original workload.



Another way to reduce the simulation time is to only simulate a small sample of the full
application run in detail. A simple scheme that was widely used was to skip some number
of instructions at the start of a program run, assuming these represented initialization code, and
then simulate the next N million instructions in detail, assuming these represented the steady
state execution in the program. To quickly skip over the initialization code, a fast functional
simulator is used that only maintains architectural state (ISA registers plus memory). At the
start of the detailed sample, the architectural state is copied into a detailed simulator, which is
then run for a period to warm up the microarchitectural state (caches and predictors) before
gathering evaluation data. For large caches, the warm up time can be large and so several
researchers proposed techniques to bound the amount of warmup time required at the start
of each sample [28], [16], [22].

Different programs have very different execution profiles, but surprisingly many studies used
the same initialization time and sample length for all programs in their evaluation. An obvious
guestion emerged “if you can only afford to simulate X% of the program, which segment is the
most representative to simulate?”. SimPoints [42] finds the most representative segments to
model in detail given a constraint on how many separate segments and total instructions to use.
SMARTS [51] models enough small samples of the execution in detail to provide a statistical
confidence bound that the benchmark behavior was faithfully captured. The SMARTS approach
“fast forwards” between samples using a functional simulator that also updates large
microarchitectural state components, such as cache tags and predictor state. At each sample
point, the microarchitectural state is also copied into the detailed simulator, reducing the warm
up time for each detailed sample point.

To get even faster speed up for functional simulation, dynamic binary translation can be
employed to translate target instructions into host instructions with added instrumentation
code. Pixie [2] and Shade [15] instrumented program binaries for MIPS and SPARC to
generate the address traces on the fly, and this technique was later adapted for functional
execution.

The complexity of building an execution-driven simulator, together with the increasing use of
commercial instruction sets, common benchmarks, and a common research agenda led to the
development of shared execution-driven simulator models, of which SimpleScalar is surely the
most widely used example [8]. Architects would either use the standard options provided by
the simulators or make modifications to the simulator to explore their inventions, and use the
precompiled benchmark binaries as a workload. Once again, interesting free simulators let
many architects perform the type of research that the simulator supported.

4.2. Multiprocessor Simulators

Another popular topic in the late 1980s and early 1990s was multiprocessors, with popular
research topics including memory hierarchies, consistency models, coherency techniques (bus
snooping vs. directories), and uniform versus non-uniform memory accesses.

Simulating parallel target machines is considerably more complex than simulating
uniprocessors. Part of the added complexity is simply that the target hardware is more complex,
with multiple cores and a cache-coherent shared memory hierarchy. However, another



complexity is that a parallel software runtime must be present to run multithreaded or
multiprogrammed across the multiple cores in the simulated target machine.

For multiprocessor research, trace-driven simulation is still often used despite the inability of
traces to capture the effects of timing-dependent execution interleaving, as developing a full
system environment capable of running large workloads is difficult.

As with uniprocessor simulators, many parallel simulators only modeled user-level activity of
a single application (e.g., RSIM [35]). The SimOS project demonstrated how to run an
operating system on top of a fast software simulator [38]. SimOS supported multiple levels of
simulation detail, and the fastest version of SimOS used dynamic binary translation to speed
target instruction emulation while emulating cache hierarchies in some detail [53]. This research
was later incorporated into the commercial product Simics, which allowed researchers to study
large application programs and the operating system running together. Augmented with detailed
performance models developed by others [32], Simics has become a popular research tool in
the architecture community.

Although techniques such as dynamic binary translation and trace-driven simulation help with
the interpretation of the functional behavior of each instruction, they do not help with the
considerably more compute-intensive task of modeling microarchitecture details of the
processor and memory hierarchy. Surprisingly, it is difficult to parallelize detailed
multiprocessor simulations to run efficiently on parallel host machines. The need for cycle-by-
cycle interaction between components limits the parallel speedup possible due to the high cost
of software synchronization.

As with uniprocessors, researchers have considered using reduced input sets or sampling to
reduce multiprocessor simulation time. Alas, mixed mode simulation and sampling does not
work well for multiprocessor simulations [9]. For uniprocessors, the program execution should
be the same no matter what the underlying microarchitecture, and so the architectural state of
the processor is correct at the beginning of any sample point for any target microarchitecture.
Such is not the case for multiprocessors, because software thread interleavings change
depending on the behavior of the microarchitecture in each core. For example, if you were
interested in exploring the impact of relaxed consistency models on multithreaded programs,
you might never see the interesting events if the functional simulation used sequential
consistency to obtain sample start points. Sampling can give representative results for
multiprogrammed workloads, since processes running on different cores generally do not
interact via shared memory. Others have argued that transaction-oriented software such as
databases are also amenable to sample-based simulation, since any sample is representative of
some legal overlap of independent transactions [52].

4.3. The Static Software Premise

Implicit in many of the techniques used to reduce simulation time (traces, reduced inputs sets,
sampling) was the assumption that software changes slowly and is independent of the target
architecture. Thus, suites like SPEC with two-dozen old programs were reasonable benchmarks
for architectures of the future, as long as SPEC suite changed every four to five years to reduce
gamesmanship by compiler writers and architects. Similarly, research groups would create their



own long-lasting benchmark suites, and some of these became popular, for example, SPLASH
and SPLASH 2 [54] for multithreaded programs. Parsec and STAMP are modern examples of
such parallel benchmark suites [10] [13].

New programs, new programming models, and new programming languages have been largely
ignored. The argument was either that architects should wait for them to prove their popularity
and become well- optimized before paying attention to novel systems—which could take a
decade—or that there was nothing you would do differently for them than you would for old
programs written in the old programming languages. Since benchmarking rules prohibited
changing the program, architects generally treated the programs as static artifacts to measure
without understanding either the problems being solved or the algorithms and data structures
being used. In fact, many architectural studies have simply used precompiled binaries distributed
with the shared simulator infrastructure.



5.0 THE MULTICORE REVOLUTION

As has been widely reported, the end of ideal technology scaling together with the
practical power limit for air-cooled sockets forced all microprocessor manufacturers to switch
to multiple processors per chip [7]. The path to more performance for such multicore designs
is increasing the number of cores every technology generation, with the cores themselves
essentially going no faster.

There are four subtle impacts of the multicore era on architecture simulation. First, simulators
will no longer get faster every 18 months without effort. Like all other programmers, simulator
developers will need to discover how to get more performance from more cores. Second, the
design space of possible future multicore architectures is vast, so it’s much harder to develop a
standard simulator that many can use to do architecture investigation. Third, parallel application
performance can be very non-deterministic and multiple different runs of the same code might
be required to gain confidence in reported performance numbers [5]. Fourth, to cope with power
limits, microprocessors now use many techniques to improve power-performance that will
require extended simulation time. For example, dynamic voltage scaling and frequency scaling
per core means that clock cycles and instructions per clock cycle are no longer accurate
measures of performance. Recent Intel microprocessors even offer “Turbo” modes that will
allow some cores to run at much higher clock rates temporarily if current operating temperature
allows. These modes will be turned on opportunistically by the hardware, without even the
operating system being aware. The time constants for studying power and temperature will
require very long simulations: from 1 to 100 seconds of target time.

Given the multicore revolution, we claim that the biggest architectural research challenges
now deal with multiple processors rather than increasingly sophisticated single processors.
Indeed, there is even a commercial movement towards “manycore” architectures that use many
simpler processors, such as the IBM Cell, Intel Larrabee, and Sun Niagara [21], [40], [26].
Hence, architecture investigations now need to be able to look at many processors in addition
to memory hierarchy and processor design. The number of cores per chip, sophistication of
these cores, and even the instruction sets of the cores are all open to debate. Issues that have
received little recent attention, like on-chip interconnect, are vital. Moreover, power is at least
as important a resource to conserve today as chip area was in the past.

Perhaps the greatest changes will actually be above the hardware, in the new software stack.
Software researchers and practitioners are trying to address the grand challenge of the
multicore revolution: to make it as easy to write programs that are efficient, portable, correct,
and scale as the number of cores per microprocessor increases, as it has been to write
programs for sequential computers [7]. Hence, old programs and operating systems are being
rewritten to be compatible with increasingly parallel microprocessors. New programming
models, new programming languages, and new applications are being invented, and given the
urgency of the multicore challenge, architects cannot ignore them. Creating portable parallel
programs that maintain high-performance has long been a challenge, so techniques like
autotuning are becoming popular [17]. Rather than thinking of the program as a static object,
autotuning adapts the program to the features of the computer on which it is running and
perhaps even to the input data to the program. Such self-adaptation can happen at the time the



computer is announced, at the time software is installed onto a particular example of that
computer—depending on the number of cores, clock rate, amount of memory, and types of
compilers installed—or even during the execution of the program.

In these revolutionary times, we draw four conclusions about the future of simulation:

1. Given software churn, new techniques like autotuning, new issues like temperature and
power, and the increasing number of cores, architecture research in the multicore era
requires simulation of many more target instructions than it did for the uniprocessor
era.

2. Given the natural non-determinism of parallel programs running on a parallel operating
system, to be sure of the significance of any results, architects need to run programs
many times and then use averages with confidence intervals, which again increases the
number of instructions that should be simulated [5].

3. Given our lack of intuition about how new parallel programs will behave on novel
hardware and new metrics like power and absolute time (instead of clock cycles), we’ll
need to simulate this greater number of instructions at a greater level of detail than in
the past.

4. Given this lack of understanding, we also need to run experiments for all portions of the
computer and with added instrumentation, since we don’t yet know what components or
metrics can be safely ignored in novel multicore computers running novel applications.

Multiplying these four conclusions together suggests an upsurge in the demand for
simulation over what can be done with traditional software simulators today by many orders
of magnitude.

To put into perspective how many instructions are actually being simulated per processor
using software simulators today, Table 1 compares the number of instructions simulated per
benchmark run per paper from the 2008 International Symposium on Computer Architecture
(ISCA) to the same conference a decade earlier. Recent papers simulate many more instructions
and more cores if you compare medians, but the number of instructions per core per benchmark
run was just 100 million in 2008 vs. 267 million in 1998. We assume that the authors didn’t
simulate more instructions because they didn’t need more to generate accurate conclusions from
their experiments. However, we see no evidence of the dramatic rise in simulation time that we
argue is needed for the multicore challenge. In fact, it is heading in the other direction: these
numbers correspond to about 0.05 seconds of target execution time in 2008 vs. about 0.50
seconds in 1998.
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Table 1. Number of instructions simulated per core per benchmark

ISCA 2008 ISCA 1998
Total Instructions Total Instructions
Instructions Cores per Core Programs Instructions Cores per Core Programs
150M 16 9M | SPEC2006 100M 1 100M | SPEC95
50M 4 12M | SPEC2000 100M 1 100M | SPEC95
240M 16 15M | SPLASH-2 100M 1 100M | SPEC95, NAS, CMU
500M 16 31M | Traffic Patterns 100M 1 100M | SPEC95
650M 16 40M | SPEC2000 171M 1 171M | SPEC95, SPLASH?2
2300M 32 72M | STAMP+SPLASH 200M 1 200M | SPEC95
100M 1 100M | SPEC2000 236M 1 236M | SPEC95
100M 1 100M | SPEC2000 267M 1 267M | SPEC95
1600M 16 100M | SPEC2000 267TM 1 267M | SPEC95
1000M 8 125M | SPLASH-2, 267TM 1 267M | SPEC95
SPECJBB 267TM 1 267M | SPEC95
2500M 16 160M | Hashtable, Rbtree 325M 1 325M | SPEC95
1000M 4 250M | MinneSPEC 860M 1 860M | OLTP/DB, SPEC95
2000M 8 250M | SPEC2000 900M 1 900M | OLTP/DB
1000M 1 1000M | MinneSPEC 1000M 1 1000M | Synthetic
12000M 1 12000M | SPEC2000 84000M 8 10500M | SPLASH2, Pmake
825M 16 100M | MEDIAN 267M 1 267M | MEDIAN
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6.0 SOFTWARE ARCHITECTURE MODEL EXECUTION (SAME)

As mentioned above, the performance challenge for software simulators is turning the
increasing number of host cores into higher simulated target instructions per second. We
believe the challenge will be far harder for detailed simulation than for functional simulation,
as there is naturally much more communication between components in a target cycle.

Figure 1 demonstrates the impact on simulation speed as the number of cores and level of
detail increases: functional only, functional plus caches, and functional plus caches plus detailed
memory system model on a log-log scale. The MIPS gap between simulating 1 core at
functional level and 64 cores at detailed memory is 150,000. We used an interleaving factor of
3, meaning we simulate 3 instructions of one target core before switching to the next to
improve host cache locality (there was up to a 10% increase in simulation speed between 3