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Abstract| We illustrate the sensitivity of trace driven

simulation results to the completeness of the input trace data.

This is done by comparing cache simulation results obtained

using traces similar to many found in the published literature

with those obtained using a hardware monitor which we have

developed. Cache miss rates from single process traces with-

out operating system references are shown to be in error by

as much as a factor of 50. Published synthetic multiprogram

workloads are then shown to result in simulated cache miss

rates which are in error by factors that range from 0:9 to

110. Finally, it is shown that errors of this magnitude yield

misleading performance estimates.

Introduction and Background

Trace driven simulation has been used for many years
to predict the performance of computer systems. This
method of simulation may provide useful estimates of
system performance, but is dependent on the qual-
ity of both the simulation model and the input trace
data. While the generation of complete address traces
has been the subject of previous work [ASH86], lit-
tle has been done to compare simulation results us-
ing them with those obtained using the incomplete
and suspect [Gai91] traces used in published studies
[OMB91, WHK91].

We have constructed a hardware monitor capable of
producing long and complete traces on a variety of hard-
ware and software platforms. Using these highly ac-
curate traces we quantify the error in system perfor-
mance predictions which result from the use of incom-
plete trace data. For this study, we de�ne complete ad-

dress traces to be those traces containing all CPU gener-
ated references including those produced by interrupts,
system calls, exception handlers, other supervisor activ-
ities, and user processes.

First, we describe our trace gathering technique and
its advantages over other reported methods. We also
discuss and quantify the dilation e�ects present in our

traces. We then examine traces resulting from the exe-
cution of a single process by itself. We demonstrate that
not only does the cache miss rate vary widely from one
portion of a program to another (as previously reported
in [BKW90]), but that the majority of cache misses in
large sections of the program are due to system code
such as interrupts and system calls and that user code
is insigni�cant in these sections. We show that miss
rates predicted from our complete traces are as much as
50 times higher than those predicted from \user code
only" traces, similar to those used in many previously
published studies.

We then turn to multiprogram trace generation. Us-
ing complete multiprogram traces collected with our
monitor we demonstrate that proposed synthetic trace
generation methods for multiprogram workloads may
give results little better than those obtained by sim-
ply concatenating a collection of single-process traces
together. Indeed, we show that more complex schemes
which attempt to accurately model context switch inter-
vals are no better than simpler methods and may result
in cache miss rate predictions in error by as much as a
factor of 110. Finally, we use a simple memory hierar-
chy performance model to demonstrate how small miss
rate prediction errors can result in substantial errors in
the estimation of e�ective access times.

Trace Gathering Technique

The most accurate way to collect address and data ref-
erence streams is to use a hardware monitoring device.
Limitations of this technique as pointed out by Agarwal
et al. [ASH86] are its complexity and limited capacity.
We have built a hardware monitor which, in conjunction
with limited software support, overcomes these limita-
tions. It is capable of collecting traces which include
all references generated by the CPU: user references,
system call references, interrupt routine references, ex-
ception handler references, instruction prefetches, and
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special bus cycles. For each CPU reference the address,
data values, and control signals are captured, provid-
ing su�cient information to identify speci�c reference
sequences. Furthermore, we can identify the exact in-
terrupt routine or system call made.

This hardware monitor has been used to collect traces
from machines running UNIX SysV R3.2, UNIX SysV
R4, Mach 2.6, and Mach 3.0. It can be used to trace
any application, since neither source nor object �les are
required. This allows tracing of many commercial ap-
plication for which source code is not available.

Unlike previously published monitors it can be used
to trace a variety of hardware platforms. It consists of 3
major parts: a trace bu�er capable of holding 500; 000
references, a module which downloads the trace bu�er
contents to mass storage, and a processor-speci�c probe
module to capture the desired signals. As a result, it is
relatively simple to adapt to di�erent CPUs. To date, it
has been used on i486 and MC68030 based workstations
and a SPARC interface is currently being constructed.
For this study, traces collected on the i486 running Mach
2.6 were used.

Single Process Workload Results

The programs traced were taken from a variety of ap-
plications areas: (i) system utilities such as grep, sort,
sed, and nro�, (ii) numerical codes including Gaussian
elimination, �t, integration, and determinant, (iii) CAD
tools such as esim, eqntott, and cnet, and (iv) a LISP
routine solving the 4 queens problem and a simple jigsaw
puzzle benchmark.

Each application was traced without other user pro-
cesses running. This resulted in 13 traces containing sin-
gle applications and operating system references. Each
application was traced from the beginning of its execu-
tion until its normal termination.

The characteristics of these traces are presented in
Table 1. From the table it can be seen that the percent-
age of operating system references in the traces varies
from 12% to 28%. Note that the last three columns of
the table do not total 100% | CPU bus cycles such
as interrupt and other special bus cycles make up the
remaining references.

Operating System References and Cache Miss Rates
To demonstrate the impact of operating system refer-
ences on system behavior, a simulator was used to eval-
uate cache miss rates in a number of ways.

We �rst observe that many studies have been based
on traces lacking operating system references. To com-
pare our complete traces with these, we created user-
only traces similar to those used in [BKW90, Inc88] by

removing the operating system references from our nro�
trace. These were then used in a set of cache simula-
tions. The resulting miss rates were compared to those
obtained using the complete trace and the error com-
puted as

EF =
MRactual

MRsubtrace

(1)

where EF is the error factor, MRactual is the miss rate
predicted using the full trace andMRsubtrace is the miss
rate predicted using the subtrace containing only user
references. The results for a number of cache con�g-
urations are presented in Table 2. For small caches,
the miss rates are high enough that the cache interfer-
ence due to operating system references is comparable
to the interference from user references within the same
process. For large caches, more of the process and sys-
tem code �t into the cache and the miss rate improve-
ment due to increased associativity diminishes for the
user-only trace, reducing the error factor. For mid-sized
caches, the bene�ts of associativity are overemphasized
for the user-only trace, producing optimistic user-only
miss rates.
To demonstrate the contribution of the various oper-

ating system components to the overall miss rate, we
then created Figure 1 by �rst applying a user-only ref-
erence trace to a 64 KByte direct-mapped uni�ed cache
with 16 byte lines. The remaining trace components
(system calls, exceptions, and interrupts) were then in-
crementally added to the reference stream for each sub-
sequent cache simulation in order to determine the con-
tribution of each trace component. Note that for most
of the trace, the major contributor to the miss rate is
the operating system. In particular, the contributions
made by the exception handlers and interrupt routines
are signi�cant.
Finally, we completed similar simulation runs for a

number of test programs. For these runs, however, we
used eight subtraces, representing combinations of user
and system code components:

u User references only
ui User references and interrupt routines
ue User references and exception handlers
us User references and system calls
uie User references, interrupts, and exceptions
uis User references, interrupts, and system calls
ues User references, exceptions, and system calls
eis System references only

Additionally, we traced the same applications using
an instruction modi�cation or inlining technique which
yields user-only traces similar to [BKW90, Inc88]. The
di�erence between the inline and u traces are that the u



Name References % OS % User % Ifetches % Reads % Writes

cnet 5,989,097 14.62% 85.38% 73.97% 15.45% 10.39%
grep 12,557,619 20.34% 79.66% 81.78% 11.77% 6.25%
nro� 14,613,781 17.73% 82.27% 80.85% 12.44% 6.51%
sed 13,628,111 15.12% 84.88% 81.20% 14.31% 4.24%
jigsaw 15,214,820 14.93% 85.07% 76.14% 13.62% 10.14%
det 8,142,566 14.25% 85.75% 69.35% 20.06% 10.51%
�t 12,091,984 12.30% 87.70% 66.95% 18.56% 14.41%
gauss 6,834,097 13.41% 86.59% 75.12% 15.35% 9.45%
int 6,080,158 16.13% 83.87% 58.68% 25.78% 15.44%
sort 5,682,538 22.28% 77.72% 75.65% 18.27% 5.84%
eqntott 7,299,706 26.30% 73.70% 76.44% 14.52% 8.95%
queen 19,376,617 13.19% 86.81% 74.70% 15.72% 9.51%
esim 13,239,488 28.00% 72.00% 74.76% 17.07% 7.99%

Table 1: Single process trace characteristics

traces also contain references generated by the instruc-
tion prefetch unit, the inline traces do not.

All 117 subtraces were used in a simulation study of
a 64 Kbyte direct-mapped uni�ed data and instruction
cache with 16 byte lines. The miss rates were applied to
Equation (1) with the resulting error factors presented
in Figure 2. Note that given two subtraces, one is not
consistently better in predicting miss rate and that all of
the subtraces gave optimistic miss rate estimates. Sub-
trace eis, the system references alone, produced very
pessimistic results (4 times the error factor of other sub-
traces) and is not shown in Figure 2. In summary, the
data shows that neither operating system nor user ref-
erences alone are accurate predictors of miss rate.

Multiprogram Workloads

It is generally accepted that in order to accurately model
system behavior, traces containing multiprogram work-
loads are required [OMB91, WHK91, BKW90, MB91].
Due to the lack of (generally available) long and contigu-
ous multiprogram traces that include both user and sys-
tem references, researchers have proposed several meth-
ods of synthetically generating such workloads. In this
section we compare these with our multiprogram traces
by evaluating how well they predict cache miss rates.

Our Multiprogram Traces
The multiprogram traces we collected were created by
running combinations of the programs described above.
Table 3 gives the characteristics of these workloads.

Synthetic Workloads

We created the following synthetic workloads for this
study:

CAT: Each single-process trace was stripped of all op-
erating system references to approximate trace data
such as in [Inc88]. These traces were then concate-
nated together.

ICAT: Similar to CAT but used the inline traces.

RR50, IRR50, IRR500: RR50 was implemented
by interleaving traces at �xed 50,000 reference in-
tervals in a round-robin fashion (the original trace
was �rst stripped of operating system references).
IRR50 and IRR500 used the inline traces and were
switched at 50,000 and 500,000 reference intervals,
respectively.

RR500S: RR500S is a variation of RR50 method in
which the time slice was increased to 500,000 ref-
erences and a context switch was made on every
system call. This corresponds to the method de-
scribed in Olukotun et al. [OMB91].

RR500SOS: This is identical to RR500S except that
it includes all operating system references. It
is created by switching between single process
traces (containing all user and system references)
at 500,000 reference intervals and at system calls.

MPUSER: Finally, MPUSER, was produced by strip-
ping an actual multiprogram trace of all sys-
tem references, producing a user-only multipro-



Size= 4K 8K 16K 32K 64K 128K 256K

Assoc=1 6.89% 3.95% 2.31% 1.28% 0.69% 0.44% 0.28%
Assoc=2 4.21% 2.48% 1.53% 0.88% 0.48% 0.26% 0.16%
Assoc=4 3.43% 2.00% 1.29% 0.74% 0.37% 0.19% 0.13%
Assoc=8 3.17% 1.91% 1.19% 0.69% 0.29% 0.15% 0.13%
Assoc=16 3.07% 1.89% 1.17% 0.69% 0.25% 0.15% 0.13%

a) Complete Trace Miss Rates

Size= 4K 8K 16K 32K 64K 128K 256K

Assoc=1 6.11% 2.84% 1.31% 0.52% 0.12% 0.05% 0.04%
Assoc=2 3.19% 1.45% 0.56% 0.17% 0.07% 0.04% 0.04%
Assoc=4 2.32% 0.95% 0.35% 0.08% 0.04% 0.04% 0.04%
Assoc=8 2.08% 0.88% 0.25% 0.06% 0.04% 0.04% 0.04%
Assoc=16 2.02% 0.88% 0.23% 0.05% 0.04% 0.04% 0.04%

b) User-Only Trace Miss Rates

Size= 4K 8K 16K 32K 64K 128K 256K

Assoc=1 1.1 1.4 1.8 2.5 6.0 9.1 6.7
Assoc=2 1.3 1.7 2.7 5.1 6.7 6.5 4.0
Assoc=4 1.5 2.1 3.7 9.2 8.6 5.0 3.5
Assoc=8 1.5 2.2 4.8 10.8 7.2 3.9 3.3
Assoc=16 1.5 2.2 5.1 13.1 6.3 3.8 3.3

c) Error Factors (EF = MRactual

MRsubtrace

)

Table 2: Complete and User-Only nro� Trace Results

grammed trace, similar to those used by Wood et
al. [WHK91].

When these synthetic workloads were generated syn-
thetic process identi�ers were concatenated to the ac-
tual addresses to eliminate the problem of duplicate ad-
dresses. Also, note that for all synthetic workload gen-
eration techniques, the additional O/S references due to
multiprogram overhead are absent.
These traces were used in the simulation of a 64 Kbyte

direct-mapped cache with 16 byte lines. The result-
ing miss rates are shown in Table 4. Also shown at
the bottom of Table 4 is the average error factor for
each workload generation technique as computed using
Equation (1). The average error factors at the bottom of
Table 4 can be used to make several interesting observa-
tions. The best synthetic workload generation technique
is RR500SOS which requires long traces containing all
user and operating system references for each applica-
tion. Obtaining this type of trace data is di�cult and
was the major driving force in the creation of our hard-

ware monitor. As with our tracing mechanism, if this
type of trace can be produced it is also easy to gener-
ate the real multiprogram trace. In this case, creating a
synthetic workload would be pointless.

The MPUSER trace was generated by removing the
supervisor references from the multiprogramtrace which
left all context switch points intact. As Figure 1 demon-
strate, removing the supervisor references from a trace
reduces the associated cache miss rate, accounting for
the MPUSER error factor.

RR50 is one of the simplest methods, lacking realis-
tic context switch intervals and system references. Yet,
it performed better than more sophisticated schemes.
This is not due to a better choice of context switch
times, additional references, or more realistic process
ordering. Rather, the short run of each process (50,000
references) reduces the locality of the trace data. This
increases the cache miss rate, reducing the overall error
factor. Further reducing the run length results in even
smaller error factors, but this decrease in time slice has
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Figure 1: Miss rate contributors and variation in the nro� trace using a 64 K direct-mapped cache

no relationship to real system behavior.
Finally, all of the techniques based on inlining gave

poor results. We attribute this to their lack of oper-
ating system references and the large number of fetches
made by the instruction prefetch unit which they cannot
capture.

Effects on System Performance

Comparing ratios of miss rates as in Tables 2 and 4 may
be misleading without examining the actual miss rates
and their e�ect on system performance. Speci�cally, for
cache con�gurations where the miss rates are already
very small, accurately predicting those same miss rates
may have little impact on the accuracy of the resulting
performance measure.
One measure of system performance is e�ective mem-

ory access time which may be calculated from:

teff (T ) = tcache +m(T ) � tmiss (2)

where tcache, m(T ), and tmiss are the cache hit time,
cache miss rate for a trace T , and cache miss time re-
spectively. Note that for a given con�guration the e�ec-
tive access time varies only with the miss rate.
It is interesting to examine what impact the incorrect

miss rate predictions shown in Table 4 would have on

e�ective access time. Consider the case of a memory
hierarchy with a 64 Kbyte direct-mapped cache where
tmiss = 30 and tcache = 1. Using the csn trace gener-
ated from the MPUSER synthetic workload model, the
estimated e�ective memory access time is:

teff (CSNMPUSER) = 1:0 +m(CSNMPUSER)� 30

= 1:0 + 0:2%� 30

= 1:06

If the real multiprogram csn trace were used in this anal-
ysis the actual e�ective access time would be:

teff (CSNactual) = 1:0 +m(CSNactual) � 30

= 1:0 + 3:3%� 30

= 1:99

Thus the estimate of average memory access time is
o� by a factor of 1.88 for this illustration; similar errors
can be computed for di�erent cache miss times. Since
memory access time is often the limiting factor in the
performance of a system, an e�ective doubling of mem-
ory access time would lead to a comparable degradation
in system performance.

Conclusions

We have illustrated the sensitivity of trace driven sim-
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ulation results to the accuracy of the input trace data.
This was done by comparing cache simulation results
obtained using traces similar to many found in the lit-
erature with those obtained using a hardware monitor
which we have developed.

Using traces of single processes we have shown that
the major contributors to cache miss rate are the in-
terrupt and exception portions of the operating system.
Traces without these two components result in cache
miss rate estimates in error by as much as a factor of
50.

Synthetic workload generation schemes similar to
those proposed in the literature were also evaluated and
the corresponding cache simulation errors were quanti-
�ed. These errors range from a factor of 0:9 to more
than 110.

Finally, we have shown that errors of this magnitude
in miss rate prediction can result in performance predic-
tion errors in the range of 12% to 36% for systems with
cache miss times between 5 and 15 cycles.

These results indicate that operating system refer-
ences as well as realistic multiprogram workloads are

essential to cache simulation studies. Since perturba-
tions to the input trace data have a signi�cant impact
on simulation results, the error introduced by incom-
plete traces should be quanti�ed for the results to be
meaningful. In the future we plan to extend this work
to a variety of hardware platforms and operating sys-
tems. We are particularly interested in the applicability
of the results to UNIX SysV R4 and Mach 3.0 on both
RISC and CISC machines.
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