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Abstract

Computer systems are modeled before construction to
minimize errors and performance bottlenecks. A com-
mon modeling approach is to build software models of
computer system components, and use realistic trace data
as input. This methodology is commonly referred to as
trace-driven simulation. Trace-driven simulation can be
very accurate if both the system model and input trace
data represent the system under test. The accuracy of
the model is typically under the control of the researcher,
but little or no trace data is available that accurately
represents current or future workloads. The objective of
this work is to describe the Brigham Young University
Address Collection Hardware (BACH) and illustrate the
types of traces that we can collect and make available to
others. We also provide some cache performance statis-
tics for the SPEC 2000 integer benchmarks. *

1 Introduction

Simulation is an indispensable tool in the design of a com-
puter system and can take many forms. One common
example is trace-driven simulation. This simulation tech-
nique is accurate if both the simulation model and input
trace data faithfully represent the system being evalu-
ated. Researchers have control over the accuracy of their
simulation models, but there is a lack of representative
trace data that is available to the research and educa-
tional communities. The purpose of this work is to de-
scribe the Brigham Young University Address Collection
Hardware (BACH) and illustrate the types of traces that
we can collect and make available to others. We will also

1 This material is based upon work supported by the National
Science Foundation under Grant No. 9807619.

provide some data related to the cache performance of
the SPEC 2000 integer benchmarks.

This paper will proceed as follows. Section 2 describes
our hardware monitoring technique. Section 3 describes
the cache statistics of the SPEC 2000 integer benchmarks.
Finally, Section 4 summarizes our work.

2 Trace Collection Mechanism

The difficulties inherent in trace collection are well known,
and the development of better trace collection, trace-
driven simulation, and execution-driven simulation meth-
ods has been the goal of previous work [1, 2, 3, 4, 5,
6,7, 8,9, 10]. We have used the techniques described
in this section to collect and distribute trace data from
many systems running several operating systems and nu-
merous application workloads. The Brigham Young Uni-
versity Address Collection Hardware (BACH) system is
described and evaluated.

2.1 BACH: BYU Address Collection

Hardware

We have designed and constructed a hardware monitor
which, in conjunction with limited software support, en-
ables the acquisition of very accurate trace data. BACH
traces are extremely long, and contain all operating sys-
tem references, all multitasking activity, and virtually no
time dilation effects.

We have developed several novel techniques that pro-
vide BACH with the advantages of a hardware monitoring
technique with few of the disadvantages. In this section,
the BACH mechanism is described in general terms. The
specific implementation details for an 1486, Intel Pentium,
Motorola 68030 and SPARC based system used to gener-



ate traces for previous studies [5, 11, 12, 13] are presented
in [4, 14].

2.1.1 BACH: Operation and Organization
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Figure 1: Basic Tracing Setup

Figure 1 shows a typical setup that consists of the
machine being traced (TRACEE), BACH, and an ex-
tractor (EXTRACT). When enabled, BACH monitors
TRACEE’s CPU pins, storing desired signal values in
an internal buffer. The collected signals usually include
the processor’s address and data pins, control pins, the
number of cycles between references, and additional in-
formation indicating whether a reference is generated by
operating system or user code. When the buffer fills, EX-
TRACT downloads the trace for storage or processing.

TRACEE BACH EXTRACT
diing

"begin tracing"
open(" /dev/ibach™");

"Buffer full..."

"suspend” "download"

\

Download BACH'sbuffer |

"resume” "resume"

Download complete
1
_________________ [ ——
Repeat as many
times as needed.
"end tracing"
close(" /devibach" );

Figure 2: Tracing Session Flow

Figure 2 shows a typical tracing session. The left col-
umn shows TRACEE’s operation, the middle column is
BACH’s, and the right column is EXTRACT’s. Starting
at the top left in the figure, BACH begins collecting trace
data when TRACEE enables tracing. BACH continues to
monitor the CPU pins, identifying bus transactions and
recording each transaction it is configured to save.

A technique that overcomes the trace length limitation
of previous hardware monitors has been developed. When
BACH’s internal buffer is full it sends a low priority in-
terrupt to TRACEE. The low priority interrupt enables
TRACEE to finish other higher priority interrupts before
responding to BACH. After all other devices have been
serviced, TRACEE enters the BACH interrupt routine,
which spins in a tight loop. While TRACEE spins in an
interrupt loop, with interrupts disabled, BACH’s inter-
nal buffer is emptied by EXTRACT. The buffer contents
may be stored to secondary storage media or processed
while being extracted. When the buffer is emptied, EX-
TRACT signals TRACEE to continue execution. This
process may be repeated as many times as desired, pro-
ducing a contiguous trace. Tracing is completed when
TRACEE disables tracing, as shown in the lower left of
the figure.

2.1.2 BACH Software

The amount of information BACH can extract depends
strongly on what instrumentation software is running on
TRACEE. For BACH to collect basic traces, only a small
amount of required software must be written. We have
developed techniques that permit added information such
as PID numbers, system call usage, and context switch
statistics to be captured by BACH:

Required Software

The software required for BACH’s operation performs two
tasks. First, it asserts signals that begin and end tracing.
Second, it suspends TRACEE while BACH’s trace buffer
is emptied. We have developed and used device drivers
that implement these functions for Mach 2.6, Mach 3.0,
UNIX System V R3.2, UNIX System V R4, SunOS Re-
lease 4.1.2, HP-UX 7.0, MS Windows 95, MS Windows
NT and Red Hat Linux 2.2.

Single-bit Trace Annotation

Signals that are not available at the CPU pins may be
included in the trace record. For example, by setting a bit
on an I/O interface card each time the operating system
is entered and including this bit in the trace record, each
reference can be identified as being generated by a user



process or the operating system. This method has the
advantage that no new trace records are created; it simply
adds extra information to each trace record.

Full Trace Annotation

To provide more information in the trace, extra CPU ref-
erences can be generated. This is done by adding code
that writes useful data to unused memory or I/O loca-
tions. These data writes are collected and stored in the
trace by BACH with no side effects to the system be-
ing traced. This has been used to gather information on
system calls, interrupts, exceptions, and context switch
points.

2.1.3 Evaluation of the BACH System

The advantages and disadvantages of other tracing
methodologies are discussed in [15]. In this section,
BACH and its trace data are evaluated:

+ The traces from BACH are contiguous, since the
traced processor can be halted during the unload-
ing of the trace buffer. After the buffer is emptied,
the traced machine resumes execution at the point
where it was interrupted and tracing resumes. All
such buffers are concatenated, resulting in a complete
trace. The process of collecting and concatenating
buffers can continue indefinitely, resulting in traces
of arbitrary length. Thus BACH permits simulation
studies to be carried out using very long traces as
argued for in [2].

+  BACH captures all bus cycles generated by the CPU
resulting in complete traces, prefetched references
are an example [16].

+ BACH is flexible, capable of collecting traces from
a variety of hardware and software platforms. It
has been used to collect traces from machines run-
ning System V R3.2 and System V R4 UNIX, Mach
2.6 and Mach 3.0 on an 1486 hardware platform.
BACH has also been used to collect traces from a
SUN SPARC 1+ running SunOS Release 4.1.2, and a
Hewlett-Packard 340, 68030-based workstation run-
ning HP-UX 7.0 [4, 14]. BACH has recently been
used to collect trace data from Intel Pentium, Pen-
tium Pro, and Pentium II based systems running MS
Windows 95, Windows NT, and Red Hat Linux [13].
In addition, BACH can trace any application, re-
gardless of whether source or object code is avail-
able, allowing the tracing of important commercial

workloads [17].

- BACH traces suffer from minor dilations caused by
the device driver responsible for halting the system.
While the system is halted other devices may cause
interrupts that must be serviced when execution is
resumed. In typical systems, the only interrupts seen
at these boundaries may be the timer and hard disk
routines. Analysis of trace data shows that a dila-
tion of approximately 1.125% exists [4]. This dilation
adds 1.125% more references than would be gener-
ated if the machine was not being traced. There are
several other sources of trace perturbations due to

BACH:

1. The acquisition of full address traces directly re-
quires that TRACEE’s on-chip cache, if present,
be disabled. This slows execution and may al-
ter the interleaving of processes in a multipro-
gramming workload. Disabling multiple levels
of cache in a modern system will introduce un-
acceptable perturbations, but this is not neces-
sary when capturing complete instruction traces

as described in [18].

2. The interrupt routine which halts TRACEE is
itself traced, resulting in additional trace refer-
ences. These references can be identified and
removed.

3. The references generated by the execution of
the interrupt routine which suspends the traced
machine could displace otherwise useful data in
cache, slightly altering normal system opera-
tion.

2.2 More Recent Trace Collection Efforts

Over the past several years BACH has undergone three
major changes. The first unit was a multiple circuit board
design that was capable of collecting 512 K samples of 96
bits each at a rate of 20 MHz. This system was ade-
quate for a very short time as the clock rates and bus
speeds of processors in the late 1980’s and early 1990’s
increased rapidly. The second major version was a sin-
gle board implementation of the first design which simply
increased the operating speed to nearly 30 MHz. This sys-
tem was used until 1993 when commercial logic analyzers
with deep memory buffers became available. The third
BACH used a Tektronix TLA 520 logic analyzer capable
of collecting 512 K samples of 200 bits each at a rate of
100 MHz. In addition to the benefit of increased speed,
the manufacturer distributes CPU probes for most com-
mercial microprocessors. This relieves our research group
from having to design future CPU probes as we have done
for numerous processors in the past.



It is no longer possible to collect trace data from mod-
ern processors using our TLA 520 logic analyzer because
processor and bus speeds have exceeded its capabilities.
The current trace collection buffer is based around a new
Tektronix TLA 700 logic analyzer. This device is cur-
rently capable of collecting 16 M samples that are each
272 bits wide. Samples can be acquired at 200 MHz.
This device is connected to the SUT from which traces
are acquired using a special purpose CPU probe.

Traced Machine
(SUT)
A

HP Workstation Tape & Disks

Figure 3: Trace collection configuration

2.3 Summary of Previous Work

To collect address trace data from a variety of computer
systems, a hardware based tracing mechanism has been
constructed. BACH uses a combination of hardware and
software to overcome the buffer capacity limitation asso-
ciated with previous hardware monitors. The addition
of annotation software allows useful information to be
placed in the trace data with little overhead or trace per-
turbation. All trace data collected using BACH has been
made available to interested parties.

3 Characterization of SPECInt
2000

We used BACH to evaluate and characterize the SPEC
2000 integer benchmarks. We collected address traces of
the first 100 million reference of each of the integer bench-
marks in the SPEC 2000 suite and conducted cache sim-
ulations. The traces were taken from a Pentium II 450
MHz processor running RedHat Linux 2.2. The caches
were disabled during trace collection so the traces are
unfiltered. The cache configurations which were investi-
gated were cache sizes of 8 Kbytes to 256 Kbytes with a
32 byte line size and associativities from direct-mapped to
8-way. Table 1 lists the references, instructions, reads and

writes for each trace. In cases where there were multiple
input files for a benchmark, we only list information for
the first input file since the results for the other files were
very similar. Figures 4 through 15 show the cache miss
rates for each of the benchmarks. These graphs all have
the same maximum value. Figures 16 through 27 show
the miss rates over time for the benchmarks. Each graph
has a different maximum value in order to give a clear
view of the variation of the miss rates over time. These
graphs are of direct-mapped caches. We found that as
the associativity became wider, the miss rate decreased
but the pattern stayed the same. Table 2 is a chart of
the miss rates of the cache configurations for each of the
benchmarks.

4 Summary

As previously mentioned, simulation is an indispensable
tool in the design of computer systems. Trace-driven sim-
ulation is widely used and is accurate if both the simu-
lation model and input trace data are accurate and rep-
resentative of the system being studied. There is a lack
of representative trace data available to the research and
educational communities. We have presented the BACH
trace collection mechanism and illustrated the types of
traces that we can collect and make available to oth-
ers. We have also provided cache miss rate statistics and
graphs of the miss rates over time for traces of the SPEC
2000 integer benchmarks. For information on available
traces, see our webpage: hitp://traces.byu.edu.
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| Benchmark & Input || References | Instructions | % In || Reads | % Rd || Writes | % Wr ||

bzip2 graphic 7 103961736 69573178 | 66.9% || 21906274 | 21.1% || 12482284 | 12.0%
crafty 103963082 63909470 | 61.5% || 26397183 | 25.4% || 13656429 | 13.1%
eon cook 103964585 61519737 | 59.2% || 23974588 | 23.1% || 18470260 | 17.8%
gap 103961748 73883772 | 71.1% || 19981944 | 19.2% || 10096032 | 9.7%

gee 166 103962637 | 66419086 | 63.9% || 24520192 | 23.6% || 13023359 | 12.5%
gzip graphic 103962580 67530274 | 65.0% || 22878841 | 22.0% || 13553465 | 13.0%
mcf 103961528 72713382 | 69.9% || 23787824 | 22.9% || 7460322 | 7.2%
parser 103962716 66454690 | 63.9% || 24827609 | 23.9% || 12680417 | 12.2%
perl diffmail 103962803 65870781 63.4% || 21229228 | 20.4% || 16862794 | 16.2%
twolf 103962574 | 63974208 | 61.5% || 27868978 | 26.8% || 12119388 | 11.7%
vortex one 103964660 57713337 | 55.5% || 23399288 | 22.5% || 22852035 | 22.0%
vpr place 103962618 64479057 | 62.0% || 28425845 | 27.3% || 11057716 | 10.6%

Table 1: Statistics for each of the SPEC 2000 benchmarks. The input files all have very similar statistics so only one
is displayed. Rounding may cause the percentages to not equal 100%.
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Figure 16: Direct-mapped miss rates over time graph of
the Bzip2 Graphic 7 Benchmark. Each line represents a
different cache size. The working set size is less than 64K.
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Figure 17: Direct-mapped miss rates over time graph of
the Crafty Benchmark. Each line represents a different
cache size. Note that the maximum value of the y-axis is

different for each graph.
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Figure 18: Direct-mapped miss rates over time graph of
the Eon - Cook Benchmark. Each line represents a differ-
ent cache size. Eon has a rather periodic miss rate. Note
that the maximum value of the y-axis is different for each

graph.
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Figure 21: Direct-mapped miss rates over time graph of
the Gzip Graphic Benchmark. Each line represents a dif-
ferent cache size. Gzip has a periodic miss rate. Note
that the maximum value of the y-axis is different for each
graph.
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Figure 23: Direct-mapped miss rates over time graph of
the Parser Benchmark. Each line represents a different
cache size. Parser has a rather random miss rate over
time. Note that the maximum value of the y-axis is dif-
ferent for each graph.
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Figure 24: Direct-mapped miss rates over time graph of
the Perl Diffmail Benchmark. Each line represents a dif-
ferent cache size. The spike at 30 million references in the
Perl graph is probably caused by conflict misses since it
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Figure 25: Direct-mapped miss rates over time graph of
the TWolf Benchmark. Each line represents a different
cache size. Twolf has a very flat miss rate. Note that the
maximum value of the y-axis is different for each graph.
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Figure 26: Direct-mapped miss rates over time graph of
the Vortex One Benchmark. Each line represents a differ-
ent cache size. Vortex takes about 40 million references
to warm up. Note that the maximum value of the y-axis
is different for each graph.
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Figure 27: Direct-mapped miss rates over time graph of
the VPR Place Benchmark. Each line represents a differ-
ent cache size. After an initial startup cost, VPR has a
very flat miss rate. Note that the maximum value of the
y-axis is different for each graph.



|| Benchmark |Assoc || Size: 8K| 16 K | 32 K | 64 K | 128 K | 256 K ||

bzip2 graphic 7 1 3.261% | 2.949% | 1.942% | 0.152% | 0.097% | 0.059%
0.484% | 0.160% | 0.073% | 0.050% | 0.038% | 0.035%
0.174% | 0.067% | 0.047% | 0.040% | 0.035% | 0.033%
0.127% | 0.059% | 0.045% | 0.039% | 0.034% | 0.033%

crafty 10.235% | 7.029% | 4.070% | 3.057% | 1.279% | 0.465%
9.175% | 5.534% | 2.838% | 0.964% | 0.546% | 0.138%

9.125% | 5.111% | 1.963% | 0.538% | 0.147% | 0.093%

9.260% | 5.001% | 1.600% | 0.341% | 0.117% | 0.076%

eon cook 3.854% | 2.868% | 1.572% | 0.781% | 0.447% | 0.398%
2.836% | 1.974% | 1.068% | 0.340% | 0.169% | 0.036%

2.684% | 1.942% | 0.797% | 0.126% | 0.018% | 0.013%

2.660% | 1.961% | 0.678% | 0.038% | 0.016% | 0.012%

gap 3.047% | 1.941% | 1.451% | 0.707% | 0.586% | 0.268%
1.890% | 1.008% | 0.479% | 0.332% | 0.158% | 0.124%

1.590% | 0.728% | 0.273% | 0.152% | 0.129% | 0.115%

1.372% | 0.573% | 0.180% | 0.135% | 0.125% | 0.114%

gee 166 6.950% | 4.983% | 3.054% | 2.101% | 1.266% | 0.624%

5.415% | 3.736% | 2.198% | 1.020% | 0.535% | 0.231%
4.927% | 3.392% | 1.918% | 0.780% | 0.275% | 0.128%
4.810% | 3.298% | 1.799% | 0.680% | 0.230% | 0.101%
2.346% | 1.865% | 1.484% | 1.048% | 0.675% | 0.406%
1.593% | 1.229% | 1.023% | 0.755% | 0.427% | 0.149%
1.375% | 1.190% | 0.983% | 0.727% | 0.393% | 0.117%
1.324% | 1.174% | 0.980% | 0.714% | 0.390% | 0.098%

gzip graphic

mcf 9.584% | 8.760% | 8.261% | 7.863% | 7.530% | 7.214%
8.428% | 8.205% | 7.937% | 7.453% | 6.995% | 6.739%

8.377% | 8.136% | 7.981% | 7.390% | 6.850% | 6.610%

8.375% | 8.116% | 8.001% | 7.335% | 6.742% | 6.588%

parser 3.953% | 2.349% | 1.703% | 1.269% | 0.865% | 0.653%

2.654% | 1.680% | 1.216% | 0.898% | 0.668% | 0.481%
2.246% | 1.528% | 1.082% | 0.831% | 0.636% | 0.443%
2.097% | 1.457% | 1.046% | 0.813% | 0.634% | 0.449%
7.735% | 5.978% | 4.455% | 1.782% | 1.092% | 0.874%
4.631% | 3.292% | 1.817% | 1.151% | 0.792% | 0.650%
4.254% | 2.618% | 1.514% | 0.870% | 0.679% | 0.608%
4.204% | 2.392% | 1.272% | 0.805% | 0.650% | 0.598%

perl diffmail

twolf 6.262% 5.155% | 4.362% | 2.360% | 1.671% | 1.265%
4.985% | 3.187% | 2.521% | 1.990% | 1.472% | 1.106%

4.514% | 2.996% | 2.044% | 1.713% | 1.417% | 1.073%

4.524% | 2.772% | 2.010% | 1.640% | 1.402% | 1.068%

vortex one 7.757% | 5.598% | 3.514% | 2.555% | 1.618% | 1.066%
5.932% 3.975% | 2.331% | 1.258% | 0.766% | 0.471%

5.084% 3.200% | 1.847% | 0.886% | 0.416% | 0.287%

4.785% 2.755% | 1.692% | 0.648% | 0.318% | 0.260%

vpr place 5.281% 3.163% | 2.298% | 1.688% | 1.042% | 0.790%

3.695% | 2.427% | 1.547% | 1.166% | 0.895% | 0.676%
3.554% | 1.931% | 1.384% | 1.059% | 0.847% | 0.652%
3.500% | 1.799% | 1.308% | 1.025% | 0.835% | 0.614%

OO0 =~ N |00 i N — |00 I DN MO0 i DN —|00 = N —| 00 = N —|[ 00 i N —[(00 i N —|00 I N —|00 = N |00 i N — |00 i N

Table 2: Miss rates for the SPEC 2000 integer benchmarks.
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