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Abstract:

In order to quickly decide which architectural features are to be included in future processors, we have devel-
oped a simulation approach that uses samples of benchmark program instruction traces. Rather than simulat-
ing a proposed architecture on the entire SPEC92 program suite of more than 100 billion instructions, we
simulate using a set of samples of the SPEC92 suite containing less than 1% of the total instruction trace.
Each of our samples contains a relatively short instruction trace that can be simulated quickly.

The technique described can be applied to existing architectural models to produce significant reductions in
simulation time. Existing simulation tools can be leveraged to implement the trace sampling technique
described.
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1.0 Introduction

The runtime required to simulate new architectures becomes prohibitive with the increasing size
of the industry standard benchmarks such as the SPEC92 suite.The SPEC92 suite requires that
more than 100 billion instructions be simulated on an architectural model. With simulation speeds
on the order of tens of thousands of instructions per second, simulating the entire benchmark suite
could take more than 100 days. This long simulation time would severely restrict the number of
architectural alternatives that could be examined in a normal processor development project.

The technigue we use to reduce architectural simulation times makes use of samples of the bench-
mark programs so that only a small fraction of the entire instruction trace needs to be simulated.
We have found that it is possible to simulate less than 0.5% of the instruction trace of the SPEC92
benchmark suite to obtain accurate performance estimates of future processors. The reduction in
the number of instructions simulated results in a 200-to-1 speedup, but this is not the limit of the
speedup available from sampling. If each of the samples is simulated on an independent proces-
sor, another speedup proportional to the number of samples is available. In our case, with more
than 1000 samples of the SPEC92 benchmarks, we can potentially achieve an additional 1000-to-
1 speed improvement from parallel processing. The total reduction in simulation time could
exceed 200,000-to-1, reducing the turnaround time of architectural simulations from 40 days to
just 17 seconds.

Previous architectural studies [1,2,3] have used a form of sampling to reduce the runtime of the
simulations. The technique used in these studies was to simulate the first N instructions of each of
the benchmark programs for some large value of N. Generally, several tens of millions of instruc-
tions from the beginning of each benchmark were simulated. The limitation of this technique is



twofold: 1) a single large sample might not be representative of the program behavior; and 2) with
only one sample, there is no additional speedup available from using more than one processor per
benchmark by distributing the samples from the benchmark across many processors. The first
limitation is of most concern since it calls into question the validity of the architectural simulation
results. We know that for some of the SPEC92 programs, a single large sample placed at the
beginning of the program’s execution is not representative. For instance, the SPEC benchmark
program 093.nasab is a series of seven kernels that are sequentially executed. Assuming each ker-
nel executed the same number of instructions, then if we were to use the first half of the instruc-
tion trace as our one large sample, it would not include any of the execution of the last three
kernels.

Our approach uses a moderate number of relatively short instruction trace samples. We start by
taking fifty samples of each benchmark program. Each sample contains a trace 250,000 instruc-
tions long. The samples are taken at even instruction intervals in the execution of the benchmark.
For instance, if the program executes a total of 1079 instructions, our initial samples would be
placed every 2*1077 instructions. We then compare a number of measurements (described in
more detail in Section 6.0) of the sample set to measurements of the benchmark program. If the
sample set is not representative, we add to the sample set by taking more samples evenly spaced
between the original samples. We continue to add samples to the sample set until it is representa-
tive.

The use of short samples could lead to large inaccuracies in the simulation of some parts of a pro-
cessor. Martonosi et al. [4] discuss the effect that sample length can have on the simulation accu-
racy of large caches. A major component of the simulation inaccuracy is because the state of the
cache is unknown at the start of the sample instruction trace. Since we are interested in observing
pipeline behavior in the presence of cache misses, the samples must be representative of the miss
behavior of the program. Rather than increasing the sample size until the misses due to the
unknown initial cache state become statistically insignificant, we initialize the cache to the correct
state at the start of the sample instruction trace. This allows us to keep the sample size small and,
consequently, maintain a large speedup. Producing the correct initial cache state at the start of the
sample instruction trace means that we must perform cache simulations during the sampling pro-
cess for the entire execution of the sampled program. Since we don'tlmaevi which cache
configuration will be of interest for our architectural simulations, we use a version of stack simu-
lation [5] to simulate a multitude of caches concurrently. This lets us select a single cache state
from the multitude saved in the sample and use it as the initial cache state for the architectural
simulation.

All of our architectural investigations are based on the SPAR@struction set [8], a fairly typi-
cal RISC instruction—set architecture. The following descriptions of techniques assume SPARC
instruction traces and formats, but should be applicable to other instruction—set architectures.



2.0 Sample Format

Each sample is written to disk as a separate file. The extension of the filename is used to give each
sample a unique name. For instance, the first sample of a set will have filename FILE.O, the sec-
ond FILE.1, etc. We then organize the samples into a directory structure with one directory per
SPEC benchmark that contains all of the samples of that program.

Header

Cache & TLB States

Instruction Trace

FIGURE 1. Trace Sample Structure

Figure 1 shows the structure of a sample file. Each sample contains three components: a header, a
collection of cache and TLB tag states, and the instruction trace. The sample header contains the
following information:

e Time and date stamp
« Starting PC of the instruction trace
« Command line used to create the sample

« Instruction count at start of sample



This header information is used for organizational purposes such as being able to unambiguously
determine from which benchmark any sample was taken.

After the header, the tag state of the caches and TLBs that were simulated during sampling are
stored. We use a version of stack simulation to build the tag state for a large range of caches while
sampling the program. For each range of caches being simulated, a description of the range along
with the state of the cache tags is written to the sample file. For example, one cache range might
be described as 1kb to 64kb, one through four set associative, 16-byte line caches.

The last section of the file contains the instruction trace in an encoded format to minimize the disk
space requirements of saving a set of samples. The instruction trace stored in the sample is used to
stimulate an architectural model in exactly the same way that the SHADE instruction tracer would
stimulate an architectural model.

3.0 Sample Compression

The SPARC instruction tracer (SHADE [6]) produces a 14-byte structure to describe each instruc-
tion traced. For each instruction the following information is provided:

Program counter (4 bytes)

Instruction (4 bytes)

Effective memory address (4 bytes)

« Annulment flag (1 byte)

Branch direction flag (1 byte)

If we were to write this structure to disk, in this format, the instruction trace portion of a 250,000
instruction sample would be 3.5 megabytes. The first step in reducing the space used for a sample
is to more efficiently encode the per-instruction trace data. We do this by recognizing that much of
the data passed by SHADE for each instruction is unnecessary. The Program Counter can be
regenerated from the trace except for computed jumps. The Effective Address is only needed for
memory reference instructions. The Annulment flag can be regenerated by looking at the branch
direction. We only save the instruction word for each instruction in the trace—the effective address
if the instruction references memory—and the branch direction for branch-type instructions. A
future optimization would be to eliminate the instruction itself by saving the entire code image
once for a set of samples, and referring to it to obtain the instructions. The trace would then just
consist of effective addresses, branch directions, and branch target addresses for computed jumps.



After encoding the trace data and writing it to a file, we use the @Nt)(npress utility to further
reduce the sample size. The set of 1200 samples of the SPEC92 programs occupies about 600 Mb.
of disk space, on average, 0.5 Mb. per sample.

4.0 Validation

The speed improvement provided by trace sampling would be useless if the samples were not rep-
resentative of the benchmark programs. We use several metrics to determine when the sample set
is representative. The validation procedure is divided into two components: fast checks to deter-
mine if the sample set is clearly insufficient; and more time consuming checks that are done as a
final check that the sample set is accurate. The fast checks use instruction frequency, function fre-
guency, and cache statistics to determine when we have a sufficient set of samples. The speed of
these fast checks is determined by the time required to collect these metrics on the complete
instruction trace. The speedup from trace sampling allows us to measure the same metrics very
quickly on the sample set.

The slow final validation compares the simulated performance of a set of micro-architectures
stimulated by the samples to the simulated performance of the same micro-architectures stimu-
lated by the complete instruction trace. The time required to simulate the micro-architectures on
the complete instruction traces qualifies this check as the slow final validation. Several of the
SPEC92 benchmark programs require more than one week to perform a micro-architectural simu-
lation on the complete instruction trace.

4.1 Instruction statistics

The first metric we use to test the quality of the samples is the frequency of each instruction type.
We compare the dynamic frequency of each instruction type (Ld, St, Add, Sub, Or...) from the
complete instruction trace to the frequency from the samples. The SPIX utilities [7] provide the
instruction frequency data for the complete trace. A small modification of these utilities enables
them to also function on the samples. Figure 2 shows the dynamic instruction frequencies of the
seventy—seven instruction types used in the SPEC92 benchmark 085.gcc. The samples very
closely reproduce the instruction frequencies of the complete trace. The largest difference in
dynamic instruction frequency is less than 0.5%. In the interest of brevity, each metric is illus-
trated for only one of the benchmarks in the SPEC92 suite.
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4.2 Function histogram

The instruction—frequency statistics may indicate that the samples reflect the correct mix of instruc-
tions, but the instruction sequences or inter-instruction dependencies can still not be accurately
reflected. We compare the percentage of instructions occurring in each sub-routine from the samples
to that of the complete program trace to verify that we are getting a representative set of instruction

sequences.

Figure 3 compares the percentage of instructions executed from the 200 most significant functions of
the SPEC92 benchmark 085.gcc, sorted from most frequent to least frequent function.
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4.3 2I@:a.che statistics

The onlyl dynamic data contained in our instruction traces are the memory-reference addresses. The
architegtural models we use to evaluate trade-offs are stimulated from instruction traces and thus are
indeiﬁ nt of the content of memory or registers. The memory—address trace is required to stimulate
the cachg / TLB / memory subsystem models of the architectural simulation. To verify that the sam-
ples contain representative memory—address traces, we compare the miss rates of a large range of

cachd fi

Figure 4 shows how the miss rates for caches between 4K bytes and 1M byte in size with two differ-
ent line sizes, 16 bytes and 32 bytes per line, compare to the same caches simulate%mg@:e entire
memory address trace. We chose the SPEC92 benchmark 093.nasa6 for the cache— ate compari-
son because it has a significant miss rate for a wide range of caches.
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FIGURE 4. Cache Miss Rates — Samples vs. Complete Trace
4.4 Micro-architecture comparison

The final validation of a sample set is to simulate a number of micro-architectures using the samples
as stimuli, and compare the results to previous simulations of the same micro-architectures on the
complete instruction traces. Figure 5 shows the SPEC92 INT performance of fourteen different
micro-architectures on the trace samples and the complete trace. The horizontal axis spans seven
micro-architectures, beginning with a simple single-issue pipeline on the left and increasing in com-
plexity to a four-issue superscalar pipeline on the far right. The two curves correspond to two laten-
cies for memory-reference instructions, one cycle and four cycles, for each of the micro-
architectures.

The most notable aspect of Figure 5 is that the sample result curves accurately track the complete
trace curves. Since we are interested in using the samples to investigate micro-architectural tradeoffs,
it is most important that the samples accurately reflect the performance ratio of two different micro-
architectures. Even though we are less concerned about the absolute accuracy of the sample simula-
tions than the relative performance, nonetheless, the absolute performance of samples are within 3%
of the performance results of the complete trace.



14—~ — - — Samples 4~ Ld

CPI

Samples 1~ Ld
1.3R. - - — — SPEC92int4~Ld
N SN e SPEC92 int 1~ Ld
NG
0.5 | | | | | | | |
Scalar Width
FIGURE 5. Processor SPEC92 INT CPl — Samples vs. Complete Trace

5.0 Parallel Execution

By distributing the simulation of the trace samples across multiple processors, we are able to achieve
a speedup that is proportional to the number of processors. We typically distribute the simulations
across fifty SPARCstation ELC workstations. Using architectural simulators that simulate 5,000 or
more instructions per second, the entire set of 1200 trace samples is completed in less than thirty min-
utes. Post processing and combining of the results of the simulations of individual samples is done
with AWK scripts. The post processing of the simulation results of 1200 samples is accomplished in a
matter of a few minutes.
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6.0 Limitations

While enabling very fast architectural simulation, our technique does have some accuracy and ease of
use limitations. The sampling—verification—resampling process usually takes several days to a couple
of weeks of elapsed time to construct a representative set of samples. The total elapsed time depends
on the range of caches and TLBs that are simulated while sampling and the number of iterations of
the sample—verify process that must be done. The sampler runs at a speed of about 50,000 instructions
per second on a SPARCstation ELC; most SPEC92 programs can be sampled in a day or less. If only
one or two architectural simulations were required of a particular benchmark, it would be easier and
faster to simulate the entire dynamic instruction trace by stimulating the architectural simulator

directly from the instruction tracer.

Because the method uses the dynamic instruction trace of a program’s execution to stimulate the
architectural simulations, it is difficult to accurately model the behavior of speculative processors. A
speculative machine executes some instructions that are not present in the instruction trace because
they are on speculative paths that will later be discarded. To approximate the speculative instruction
paths, we stimulate the simulation with instructions from the original executable image of the pro-
gram and use randomly generated effective addresses for the speculative memory reference instruc-
tions.

The instruction tracer that we use to generate the trace samples is only able to trace user space instruc
tions. Any activity in system space (system calls, interrupts, traps, etc.) goes unseen, and is therefore
not represented in the samples. For the SPEC92 benchmarks, system activity is a fairly small percent-
age of the execution time; we use analytical methods to adjust the simulation results for the system
activity.

7.0 Conclusions

We have developed a viable technique for accelerating architectural simulation to enable a large num-
ber of architectural tradeoffs to be investigated in a short period of time. The simulation time is now
sufficiently short that the constraining factor becomes the time required to incorporate proposed
architectural features into the simulation model.

Trace sampling enables us to accelerate existing architectural models with only very minor modifica-
tions. The cache and TLB state in the architectural model must be initialized from the corresponding
states in the sample. We have modified more than half a dozen existing architectural models to be
compatible with trace sampling. Typically, the changes are completed in less than one half hour.
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The method described is able to leverage many existing tools:

Instruction tracer

« Cache simulator

Architectural models

« Instruction analyzers

Less than 1000 lines of new “C” code were required to implement the trace sampler, sample compres-
sion, sample decompression, and interface library.
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