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Abstract 

Many experimental performance evaluations depend on 
accurate measurements of the cost of executing a piece of 
code. Often these measurements are conducted using infras­
tructures to access hardware performance counters. Most 
modern processors provide such counters to count micro­
architectural events such as retired instructions or clock 
cycles. These counters can be difficult to configure, may 
not be programmable or readable from user-level code, and 
can not discriminate between events caused by different 
software threads. Various software infrastructures address 
this problem, providing access to per-thread counters from 
application code. This paper constitutes the first comparative 
study of the accuracy of three commonly used measurement 
infrastructures (perfctr, perfmon2, and PAPI) on three com­
mon processors ( Pentium D, Core 2 Duo, and AMD ATHLON 
64 X2). 

1. Introduction 

No serious time keeper would time a competitive 100m 
sprint using a stop watch: The short duration of the race 
(below 10s) and the miniscule differences between runners 
(1/lOOs) rule out stop watches as an accurate measurement 
tool. On the other hand, a stop watch might be an appropriate 
tool for timing a marathon race, with durations above 2 hours, 
and differences between runners above ls. In our discipline, 
the quantitative evaluation of computer system performance, 
the athletic marathon corresponds to measuring the end-to­
end behavior over an entire benchmark execution (billions of 
instructions), whereas the sprint corresponds to measuring the 
behavior of short segments of code (hundreds or thousands 
of instructions). Such short segments may correspond to a 
set of relevant functions, system calls or signal handlers, 
optimization phases in just-in-time method compilations, in­
dividual garbage collection phases, time spent in spin-locks, 
or application-level program phases. 

Performance analysts often use the hardware performance 
counters available on many modern processors for measuring 
duration (cycle counts), instruction count, or other microar­
chitectural event counts. These counters can be difficult to 
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configure, may not be programmable or readable from user­
level code, and can not discriminate between events caused 
by different software threads. Various software infrastruc­
tures address these problems, providing access to per-thread 
counters from application code. However, such infrastructures 
incur a cost: the software instructions executed to access a 
counter, or to maintain a per-thread counter, may perturb that 
same counter. While this perturbation is presumably small, 
its significance depends on the specific measurement: it may 
be irrelevant for a marathon-length measurement, but it could 
significantly perturb the measurement of a sprint. 

1 c==~~-1 I 8>---------1 
I I I I I I I I 

0 500 1000 1500 2000 2500 0 5000 1 0000 15000 20000 

(a) User mode (b) User+kernel mode 

Figure 1. Number of overcounted instructions 

This paper provides a comparative study of the accuracy of 
three commonly used measurement infrastructures on three 
common processors. Figure 1 highlights the magnitude of 
the possible measurement error. The figure consists of two 
violin plots' [1]. The x axes show the measurement error as 
the number of superfluous instructions executed and counted 
due to the measurement infrastructure. Following our athletic 
anology, this error corresponds to the time between a sprinter 
crossing the finish line and the time keeper pushing the 
button of his stop watch. Each violin summarizes the error of 
over 170000 measurements performed on a large number of 
different infrastructures and configurations. In the left violin 
plot, the error only includes instructions executed in user­
mode, while the right plot shows user plus kernel mode 
instructions. While the minimum error is close to zero, a 
significant number of configurations can lead to errors of 
2500 user-mode instructions or more. When counting user 
and kernel mode instructions, we observed configurations 
with errors of over 10000 instructions. These plots show that 
it is crucial to select the best measurement infrastructure and 
configuration to get accurate short-duration measurements. 

I. A violin plot corresponds to a box plot that additionally shows (in gray) 
the density of the sample's distribution. 
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The remainder of this paper is structured as follows:

Section 2 provides background information on hardware

performance counters and on infrastructures that access them.

Section 3 describes our evaluation methodology. The follow-

ing three sections present our results. Section 4 evaluates the

measurement error due to counter accesses. Section 5 studies

how the error depends on measurement duration. Section 6

demonstrates the problem of evaluating the accuracy of cycle

counts. Section 7 discusses the limitations and threats to the

validity of our study. Section 8 compares this study to related

work, and Section 9 concludes.

2. Background

This section introduces the relevant background on hard-

ware performance counters and the software used to configure

and use them.

Hardware Performance Counters. Most modern pro-

cessors contain hardware performance counters [2], special-

purpose registers that can count the occurrence of micro-

architectural events. Often these counters are programmable:

They can be enabled or disabled, they can be configured to

cause an interrupt at overflow, and they can be configured to

count different types of events. Commonly supported events

include the number of committed instructions, clock cycles,

cache misses, or branch mispredictions. As processors differ

in their micro-architectures, they necessarily differ in the

type of countable events. The number of counter registers

also differs greatly between different micro-architectures. In

addition to programmable counters, some processors also

support fixed-function counters which provide limited pro-

grammability (i.e. they always count the same event, or they

cannot be disabled).

Configuring & Accessing Counters. Processors provide

special registers to configure the hardware performance coun-

ters (e.g. to enable or disable a counter, or to determine which

event to count). They also provide special instructions to

access the counter and the counter configuration registers.

For example, on processors supporting the IA32 instruction

set architecture, the RDPMC instruction reads the value of a

performance counter into general purpose registers, RDTSC

reads the value of the time stamp counter (a special kind

of fixed-function performance counter), and RDMSR/WRMSR

read/write the value of any model-specific register (such the

time stamp counter, a performance counter, or the registers

used to configure the counters).

All the above mentioned IA32 instructions can be executed

when in kernel mode. RDMSR and WRMSR are unavailable in

user mode. Whether RDPMC and RDTSC work in user mode

is configurable by software and depends on the operating

system.

Per-Thread Counters. Hardware performance counters

count events happening on a given processor2. The counter

2. On multi-core processors each core usually contains its own set of
counters.

register does not distinguish between different software

threads that run on its processor3. Performance analysts often

need to know the number of events incurred by specific

threads. To support this per-thread counting, the operating

system’s context switch code has to be extended to save and

restore the counter registers in addition to the general purpose

registers.

Software Support for Hardware Counters. The fact

that some of the counter configuration or access instructions

require kernel mode privileges, and the need to provide

per-thread counts, have lead to the development of kernel

extensions that provide user mode applications access to the

counters. For Linux, the two frequently used kernel extensions

are perfctr [3] and perfmon2 [4].

These kernel extensions are specific to an operating system.

Thus, measurement code using these extensions becomes

platform dependent. Moreover, even when using the same

kernel extension, configuring counters for different processors

requires processor-specific code. For this reason, many per-

formance analysts use PAPI [5], a higher level API to access

performance counters. PAPI provides a platform (OS and

processor) independent programming interface. It achieves

OS-independence by providing a layer of abstraction over the

interface provided by kernel extensions that provide access to

counters. It achieves processor-independence by providing a

set of high level events that are mapped to the corresponding

low-level events available on specific processors. PAPI also

provides access to the machine-specific low-level events. To

allow an even simpler programming model, PAPI provides a

high level API that requires almost no configuration.

User and Kernel Mode Counting. Many processors sup-

port conditional event counting: they only increment a counter

while the processor is running at a specific priviledge level

(e.g. user mode, kernel mode, or either of the two). Whether

a specific counter counts events that occur during user mode,

kernel mode, or user+kernel mode, can be specified as part of

that counter’s configuration. Thus, if a counter is configured

to count user mode events, as soon as the processor switches

to kernel mode (e.g. due to a system call or an interrupt), it

immediately stops counting.

In this paper we study the accuracy of event counts cap-

tured during user mode and of event counts captured during

user+kernel mode. Depending on the type of performance

analysis, analysts may be interested in only user-level counts,

or they may want to include kernel-level counts. We do not

study kernel-only event counts. Performance analysts who

exclusively focus on kernel performance do not have to use

the user level counter access infrastructures we evaluate in

this paper.

3. On cores supporting hyper-threading, some counters can be configured
to count events of specific hardware threads.

24
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Table 1. Processors used in this study 

Counters 
Processor GHz µArch fixed prg. 

PD f\lntium D 925 3.0 NetBurst O+l 18 
CD Core2 Duo E6600 2.4 Core2 3+1 2 
K8 Athlon 64 X2 4200+ 2.2 K8 O+l 4 

USR libc 

OS Linux kernel perfctr 

I processor with performance counters 

Figure 2. Counter access infrastructure 

3. Experimental Methodology 

In this section we present the methodology we use for our 
study. 

Hardware. We use three state-of-the-art processors that all 
implement the IA32 instruction set architecture (ISA). They 
have significantly different micro-architectures and different 
performance counter support Table 1 shows the three pro­
cessors, their micro-architectures, and the number of fixed 
and programmable counters they provide. The number of 
fixed counters includes the time stamp counter (TSC), which 
is specified in the IA32 ISA and is available on any IA32 
processor. 

Operating System. We run kubuntu Linux with kernel 
version 2.6.22. At the time of this writing, this kernel is 
the most recent kernel supported by both kernel extensions 
we study (perfmon2 and perfctr). To prevent the processor 
clock frequency from changing during our measurements, 
we disable frequency scaling by setting the Linux scaling 
governor to "performance". This causes the processors to 
continuously run at its highest frequency (the frequencies are 
shown in Table l). 

Counter Access Interfaces. Figure 2 presents the in­
frastructures we analyzed in this study. We created two 
patched versions of the Linux 2.6.22 kernel: one with the 
perfmon2 2.6.22-070725 kernel patch, and the other with the 
perfctr 2.6.29 patch. While these patched kerne ls allow user­
level access to per-thread hardware counters, the protocol to 
interact with these kerne l extensions is cumbersome. For this 
reason, both kernel extensions come with a matching user­
space library that provides a clean API. The library supporting 
perfmon, libpfm, is available as a separate package. We use 
libpfm version 3.2-070725. The library supporting perfctr, 
libperfctr, is included in the perfctr package. 

We use two builds of PAPI, one on top of perfctr, the other 
on top of perfmon. At the time of this writing, the released 
version 3.5.0 of PAPI does not build on all our configurations, 
and thus we use the most recent version of PAPI from CVS 
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asm ____ vo l at i l e __ ("mov l $0 , o/tfl'oeax \ n" 
" . loop : \ n \ t" 
"add l $1 , o/tfl'oeax \ n \ t" 
"cmpl $"MAX" , o/tfl'oeax \ n \ t" 
" j ne . loop " 
: : : "eax ") ; 

Figure 3. Loop micro-benchmark 

(from " 16 Oct 2007 0:00:00 UTC"). We build PAPI on top 
of libperfctr 2.6.29 and also on top of our version of libpfm 
3.2-070725. PAPI provides two APis for accessing counters. 
The low-level API is richer and more complex, while the 
high-level API is simpler. 

Based on this infrastructure, we evaluate the accuracy of 
the six possible ways for accessing performance counters 
shown in Figure 2: directly through libpfm (pm), directly 
through libperfctr (pc), through the PAPI low-level API on 
top of libpfm (PLpm) or libperfctr (PLpc), or through the 
PAPI high-level API on top of libpfm (PHpm) or libperfctr 
(PHpc). 

Benchmarks. In this paper we assess the accuracy of 
performance counter measurement approaches by comparing 
the measured counter values to the true event counts. How can 
we know the true counts? We could use accurate simulators of 
the respective processors, but no such simulators are generally 
available. For this reason we use micro-benchmarks, short 
pieces of code for which we can statically determine the exact 
event counts. 

We want to measure two kinds of cost that affect mea­
surement accuracy: the fixed cost of accessing the counters at 
the beginning and at the end of the measurement, and the 
variable cost of maintaining per-thread counts throughout 
the measurement We expect the variable cost to change 
depending on the duration of the measurement 

To measure the fixed cost, we use a null benchmark, an 
empty block of code consisting of zero instructions. We know 
that this code should generate no events, thus any event count 
different from zero constitutes inaccuracy. 

We measure the variable cost using the loop benchmark 
shown in Figure 3. We wrote this loop in gee inline assembly 
language, so it is not affected by the C compiler used 
to generate the benchmark harness (the measurement code 
containing the loop). This code clobbers the EAX register, 
which it uses to maintain the loop count. The number of 
iterations is de fined by the MAX macro at compile time and 
gets embedded in the code as an immediate operand The 
loop takes 1 + 3 MAX instructions to execute. 

Counter Access Patterns. Each interface in Figure 2 
provides a subset of the following functions: read a counter, 
start a counter, stop a counter, and reset a counter. To 
read a counter, the infrastructure ultimately needs to use the 
RDPMC instruction. To start or stop a counter, the infrastruc­
ture enables or disables counting using WRMSR. Finally, the 
infrastructure can reset a counter by setting its value to 0 
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with WRMSR. Note that some of these instructions can only

be used in kernel mode, and thus some functions incur the

cost of a system call. Moreover, since the infrastructures

we study support “virtualized” (per-thread) counters, the

above functions require more work than just accessing or

configuring a hardware register. We expect these differences

to affect measurement accuracy.

The above functions allow us to use four different mea-

surement patterns. We define these patterns in Table 2. All

patterns capture the counter value in a variable (c0) before

starting the benchmark, then run the benchmark and capture

the counter’s value after the benchmark finishes in variable

c1. Thus, c∆ = c1 − c0 provides the number of events that

occurred during the benchmark run.

Table 2. Counter access patterns

Pattern Definition
ar start-read c0=0, reset, start . . . c1=read

ao start-stop c0=0, reset, start . . . stop, c1=read
rr read-read start, c0=read . . . c1=read

ro read-stop start, c0=read . . . stop, c1=read

Not every interface supports all four patterns. In particular,

the PAPI high-level API does not support the read-read and

read-stop patterns, since its read function implicitly resets the

counters after reading.

Compiler Optimization Level. To run our measurements,

we embed the given benchmark code in a measurement

harness (that is, we surround it with the library calls required

by the given counter access pattern). We use gcc version

4.1.2 with the default options (except for the optimization

level, which we explicitly specify) to compile the resulting

C file. Because the benchmark code is written in gcc’s

inline assembly language, gcc does not optimize that code.

However, gcc can optimize the surrounding measurement

code. To determine the impact of the different compiler

optimization levels on the measurement error, we compile

the C file using each of the four optimization levels provided

by gcc (O0 to O3).

4. Measurement Error

Figure 1 gave a high-level picture of the error caused by

hardware counter accesses. Most notable is the significant

variability of that error – the inter-quartile range amounts to

about 1500 user-level instructions. In this section we study the

factors that affect this error by measuring event counts for the

null benchmark. We expect these counts to be zero (as there

are no instructions in this benchmark), and we assume that

every deviation from zero constitutes a measurement error.

4.1. Best Infrastructure and Pattern

We have described six different counter access infras-

tructures and four different counter access patterns. Which

configuration should a performance analyst use to get the

most accurate measurements? Figure 4 breaks down the

over 340000 measurements underlying the two violins of

Figure 1 according to the most important factors. The left

half of the figure shows the error when counting only user-

mode events, and the right shows the error in user+kernel

mode counts. Each half is broken down into four columns,

one column for each counter access pattern. The figure is

vertically partitioned into groups by the tool used to access the

counters (high level PAPI, low level PAPI, or no PAPI) and

the kernel extension used for counter virtualization (perfctr

and perfmon). One group, perfctr without PAPI, is further

subdivided: perfctr provides the option to also capture the

TSC (time stamp counter) register along with the other

performance counters, and given that this option significantly

affects measurement error we include this additional factor.

Moreover, we split each group into multiple rows, one for

each machine (CD, K8, and PD). Because the read call of

high-level PAPI resets the counters, the read-read and read-

stop patterns do not apply to high-level PAPI, and the corre-

sponding cells in the figure are empty. Each cell in the figure

contains a chart showing the measurement error along the x-

axis. The x-axis only extends to 4000 instructions to enable

the visual comparison of the more desirable configurations

(the configurations with smaller errors). This crops a few bars

that range higher (the maximum error is 23124 instructions).

Each individual bar summarizes at least 40 measurements4.

Unlike a traditional bar chart, where bars range from 0 to

some value, our bars do not start at 0, but they range from

the minimal to the maximal error observed for that specific

configuration. The label next to each bar shows the minimum

and maximum value (the smallest and largest error observed

for that configuration).

The figure shows that the measurement error differs drasti-

cally between configurations. Performance analysts interested

in user mode counts should use perfmon with the read-stop or

start-stop pattern (error of 32 to 41 instructions). If an analyst

has to use perfctr, she should make sure the TSC is enabled

and use the start-read pattern (55 to 136 instructions). Using

PAPI instead of the perfctr or perfmon APIs incurs an extra

cost: The best low-level PAPI configuration is to run on top

of perfmon and to use start-read (134 to 135 instructions).

High-level PAPI costs around 236 instructions.

When counting user+kernel mode events, the optimal con-

figuration differs: perfctr with enabled TSC and the read-

read pattern is the overall winner (64 to 226 instructions).

Switching to perfmon incurs a significant cost: The best

perfmon configuration is read-stop (492 to 4098 instructions).

Low-level PAPI on top of perfctr makes use of perfctr’s TSC

optimization and thus gets a relatively low error with the

read-read pattern (185 to 280 instructions). Finally, high-level

4. Each bar represents an aggregation of between 40 and 12800 mea-
surements. Our experiments include additional factors (such as the number
of enabled registers, or which of the enabled registers we retreived the
measurement from). The number of levels of some of these factors varies
between configurations. We conducted 5 measurements for each possible
combination of levels.

26
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Mode I Pattern 

user use.r+kernel 

PAPI KernelEx t Tse Machine read-read read-s top start-read start-s top read-read read-s top start-read stan-s top 

h igh perlco NA CD 1236 - 237 1256 - 257 1333 - 340 1353 - 360 

K8 12211 - 236 1245 - 256 1334 . 3511 1354 - 378 

PD 1236 - 237 1256 . 257 1338 - 360 1359 - 380 

perfmon NA CD 1236 - 237 1239 - 240 - 755 . 1206 - 758 - 1208 

K8 1236 - 237 1239 - 240 I 843 . 116() 1846 . 863 

PD 1236 - 237 1239 - 240 3966 • 15305 3969 - 5237 

low perlco NA CD I 186 - 230 1 195 - 239 I 152 - 152 11 61- 161 1 186 - 230 I 185- 238 1249 - 255 1258 - 264 

K8 I 186 - 278 I 185- 288 I 143 - 151 11 51 • 160 I 186 - 280 I 185- 288 1249 • 274 1258 - 283 

PD I 185 - 210 I 194 • 279 I 152 - 152 11 61- 161 1 185 - 270 1255 - 275 1264 - 284 

perfmon NA CD 1 184 - 26 1 1 183 - 270 1134 • 135 l,43 . 144 - 852 - 1631 - 861 - 1640 . 653 - 1104 · 662 · 1113 

K8 1 184 - 26 1 1 183 - 270 1134 • 135 l,43 . 144 ■ 720 - 1021 ■ 729 • 1030 1 74 1- 858 I 750 - 867 

PD 1 184- 223 1 193 - 232 1134 • 135 l,43 . 144 • 827 • 1375 . 936 - 1384 3864 • 4 148 3873 - 4157 

no ne perfctr off CD - 301 - 788 .,67 - 2263 1103 - 104 11 569 - 1569 - 221 - 2174 m ~ 1388 - 442 l,943 . Hl95 

K8 ■310 - 683 . 776 - 2148 I 110 • 111 11 576 - 1576 - 1196 - 1942 ~ 1399 - 460 11939 - 201 5 

PD - 310 - 1179 ~ - 2644 I 110 • 111 11 576 - 1576 - 413 - 1537 ~ I 110 . 164 llliils - 2594 

on CD 1 75 - 144 I 1578 - 1612 166 - 135 11 569 - 1569 1 75- 144 . 1 163 - 284 

K8 1 64 - 141 I 1593 . 1643 155 - 117 11576 - 1576 164 - 141 I 1013 . 1959 I 162 - 268 11971- 2027 

PD 173 - 194 I 1582 . 1701 167 - 136 11 576 - 1576 1 75 - 226 !iiiJ · 2651 1 67 - 193 i:lm7 - 2625 

perfmon NA CD 36 . 49 33 - 41 37 . 49 33 - 4 1 - 725- 1811 - 572 - 1322 - 574 - 1227 - 564 - 2164 

K8 36 . 49 32 - 41 37 . 49 32 - 4 1 ■572 - 821 ■ 482 • 837 1 644 -830 I 509 - 572 

PD 36 . 49 33 - 41 37 . 49 33 - 4 1 -
OK 1K 2K 3K 4K OK 1K 2K 3K 4K OK 1K 2K 3K 4K OK 1K 2K 3K 4K OK 1K 2K 3K 4K OK 1K 2K 3K 4K OK 1K 2K 3K 4K OK 1K 2K 3K 4K 

fnstructions Instructions Instructions Instructions Ins tructions Instructions Ins tructions fnstructions 

Figure 4. Error depends on infrastructure and pattern 

PAPI is best used with start-read on top of perfctr (333 to 360 
instructions). 

Besides the above recommendations for which infrastruc­
ture to use in which situation, we would like to point out 
three interesting aspects. 

(1) Difference between machines. A quick glance at the 
figure shows that in most cases the error for a given configu­
ration is similar across all three machines. For configurations 
with differences between machines, the Pentium D (PD) is 
usually the outlier. To some degree this is due to its large 
number of performance counters on the Pentium D. Each 
additional enabled counter adds to the error (Section 4.2), 
and the bars for PD summarize measurements with up to 
eight enabled counters. 

(2) Time stamp counter with perfctr. Perfctr enables 
the TSC by default A performance analyst who wants to 
improve measurement accuracy may decide to disable the 
TSC when there is no need to measure the time stamp 
count. Our data shows that this "optimization" significantly 
degrades accuracy. This is surprising, because enabling the 
TSC implies maintaining an additional counter. The reason 
for the benefit of enabling the TSC is that perfctr, whe n the 
TSC is enabled, can read counters from user mode without 
calling into the kernel. It needs the TSC in order to ensure 
that no context switch happened between the start and the 
end of the user-mode readout. 

(3) Difference between user+kernel and user mode. 
The error for user+kernel mode is significantly higher than 
for user mode-only measurements. When counting only user 
mode events, the CPU immediately stops counting when 
transitioning to kernel mode for starting, reading, or stopping 
the counters. Thus the cost of the calls to start, read, or stop 
does not include the instructions spent in the corresponding 
system calls. Because the read-read pattern on perfctr with 
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TSC does not transition to kernel mode, the error for user 
mode is the same as the error for user+kerne l mode in that 
case. 

4.2. Number of Enabled Counters 

Figure 4 left out one significant factor: As Figure S shows, 
the measurement error also depends on the number of enabled 
counter registers. The figure focuses on the Pentium D 
because this processor has the largest number of registers'. 
The top of the figure shows results for user mode instruction 
counts, the bottom shows user+kernel mode. The left half 
of the figure shows the perfmon tool, and the right shows 
perfctr (-:Vith enabled TSC for reduced error). In each graph, 
the x-axis shows the number of enabled counter registers5 

(1-8), and the y-axis shows the measurement error in number 
of instructions. The y-axes vary between graphs to allow 
quickly spotting configurations that depend on the number of 
enabled registers (graphs with slopes). Each graph consists of 
multiple (possibly overlapping) lines: each line represents the 
register (one of the enabled registers) from which we took the 
instruction count (all enabled registers counted instructions). 

The error for perfmon in user mode (top left), does not 
depend on the number of registers, unlike for user+kerne l 
mode (bottom left). This is because perfmon uses system 
calls to read, start, or stop counters, and the user mode error 
basically corresponds to the cost of entering and leaving the 
kernel (the processor stops counting immediately when it 
enters kernel mode). When counting user+kernel instructions, 
the count varies with the number of enabled registers, because 

~- The ~ ntium D has 18 counter registers (plus the TSC), but not every 
register can count every kind of event. We limit ourselves to the 8 registers 
that can count the events we were interested in for these experiments. 
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Figure 5. Error depends on number of enabled counter registers 

each additional register that needs to be maintained adds an 
extra cost 

Perfmon in user+kernel mode (bottom left) shows two 
surprising phenomena. First, the graphs for all patterns but 
read-read show a reduction in error when moving from 4 
to 5 enabled registers. We do not have an explanation for 
this dip: the phenomenon is repeatable, and none of our 
controlled factors correlate with the dip. It could be caused 
by a difference in behavior in perfmon's read system call 
when more than 4 registers are enabled. The second surprise 
is that all graphs except for read-read show multiple lines, 
and thus the error depends on which of the enabled registers 
we take the instruction count from. E.g. for start-read, two of 
the registers lead to an error of 1000 to 2000 instructions, and 
the other registers lead to an error around 4000 instructions! 
Given that the only pattern unaffected by this phenomenon 
is read-read, we believe that the cause lies in the behavior of 
perfmon's start and stop system calls. 

Perfctr behaves differently: its error depends on the number 
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of enabled registers even in user mode (not for start-stop, but 
in every pattern involving a read). This is due to perfctr's 
user-mode read function, which reads out the counters without 
system call, and thus loops through each counter while user­
mode counting is still enabled. 

Overall, this data shows that the measurement error signif­
icantly depends on the number of enabled counter registers, 
and, more surprisingly, even on the specific register used for 
counting the given event. 

5. Error Depends on Duration 

In the prior section we studied the error due to the overhead 
of accessing the counters at the beginning and the end of 
the measurement That information was particularly relevant 
for measuring short sections of code. In this section we 
evaluate whether the measurement error depends on the 
duration of the benchmark. For this purpose we use our 
loop microbenchmark with a varying number of iterations. 
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We expect the measured data to fit the model ie = 1 + 3l 
(where ie is the number of instructions, and l is the number 
of loop iterations). We consider any deviation from that model 
a measurement error. 

The figures in this section show data for up to l million 
loop iterations. We verified that longer loops (we performed 
up to l billion iterations) do not affect our conclusions. 

We expect the error for user+kernel measurements to 
depend on the benchmark duration because of interrupts (such 
as the timer interrupt or i/o interrupts). The interrupt handlers 
are executing in kernel mode, and the events that occur during 
their execution may be attributed to the kernel event counts of 
the currently running thread. Thus, the longer the duration of 
a measurement, the more interrupt-related instructions it will 
include. We expect that the error in user mode instructions 
does not depend on the benchmark duration. 
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pm Plpm PHpm pc 
(a) User+kernel mode 
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Figure 6. Extra instructions per loop iteration 

In our first experiment we studied the user+kernel mode 
instruction error. We computed the error i t:i. by subtracting 
the expected instruction count ie (based on our model) from 
the measured count im. To determine how the error i t:i. 
changes with increasing loop iterations l , we determined the 
regression line through all points (l, it:i. ) , and computed its 
slope (it:i. / 0. Figure 6 (a) shows the results. The x-axis 
shows six groups of bars, one group for each measurement 
infrastructure. Each group consists of three bars, one bar 
for each micro-architecture. The y-axis shows the number of 
extra instructions per loop iteration (it:i. / l), which corresponds 
to the slope of the regression line. The figure shows that 
the slopes of all the regression lines are positive. This 
demonstrates that the error depends on the duration of the 
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benchmark; the more loop iterations, the bigger the error. 
For example, for perfrnon on the Athlon processor (K8) we 
measure 0.001 additional instructions for every loop iteration 
executed by the benchmark. As Figure 6 (a) shows, the error 
does not depend on whether we use the high level or low level 
infrastructure. This makes sense, as the fact that we use PAPI 
to read, start, or stop counting does not affect what happens 
in the kernel during the bulk of the measurement. 

In our second experiment we computed the same regression 
lines for the user instruction counts. Figure 6 (b) shows that 
the error is several orders of magnitude smaller. For example, 
for perfrnon on K8 we measure only 0.0000004 additional 
instructions per loop iteration. In general, the slopes of the 
regression lines are close to zero; some are negative while 
others are positive. 
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Figure 7. Kernel mode instructions by loop size (pc on 
CD) 

To crosscheck the above results, we conducted an experi­
ment in which we only measured the kernel-mode instruction 
count. Because the benchmark code does not directly cause 
any kernel activity, the entire number of measured kernel 
instructions can be attributed to measurement error. Figure 7 
presents the resulting measurements for a Core 2 Duo pro­
cessor using perfctr. Each box represents the distribution of 
instruction count errors it:i. (y-axis) for a given loop size l 
(x-axis). Note that the boxes are equally spaced along the 
x-axis, but the loop sizes are not (a linear growth in error 
will not lead to a straight line in the figure). A small square 
within each box indicates the average error for that loop size. 
Because interrupts (the prospective cause of this measurement 
error) are relatively infrequent events, and thus the probability 
of a short loop being perturbed by an interrupt is small, we 
use a large number of runs (several thousand) for each loop 
size. 

Figure 7 shows that we measure an average of approx­
imately 1500 kernel instructions for a loop with 500000 
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iterations, and approximately 2500 kernel instructions for a

loop with 1 million iterations. This leads to a slope of 0.002

kernel instructions per iteration. The regression line through

all the data underlying Figure 7 confirms this. It has a slope

of 0.00204 kernel instructions per loop iteration, the exact

number we report in Figure 6 (a) for Core 2 using perfctr.

We conclude that there is a small but significant inac-

curacy in long-running measurements of user+kernel mode

instruction counts using current performance counter infras-

tructures.

6. Accuracy of Cycle Counts

In the prior sections we have studied the accuracy of

instruction count measurements. In particular, we measured

the number of non-speculative instructions. This count is

easy to model analytically: it is independent of the micro-

architecture and only depends on the instruction set architec-

ture. Every execution of a deterministic benchmark should

lead to the exact same count. Moreover, our loop benchmark

provides us with the “ground truth”: it allows us to create

a straightforward analytical model of instruction count based

on the number of loop iterations.

Besides instructions, hardware performance counters can

count many other types of events. The one event that most

succinctly summarizes system performance is the number

of cycles needed to execute a benchmark. All other events

directly or indirectly affect this cycle count. We thus focus

on investigating the accuracy of the measured cycle counts.

Figure 8 (a) shows the cycle measurements for loops of

up to 1 million iterations. It consists of a matrix of six scatter

plots. It includes plots for all three processors (rows “K8”,

“PD”, and “CD”) for perfctr and perfmon. The x-axis of each

plot represents the loop size, and the y-axis represents the

measured user+kernel cycle count. We can see that for a given

loop size the measurements vary greatly. For example, on

Pentium D, we measure anywhere between 1.5 and 4 million

cycles for a loop with 1 million iterations. Is this variation

all attributable to measurement error? Is the measurement

instrumentation indeed affecting the cycle count by that much

for such a long loop?

To answer this question, Figure 8 (b) focuses on the data

for perfmon on the Athlon processor (the “K8” “pm” plot at

the top right of Figure 8 (a)). It shows that the measurements

are split into two groups. We include two lines in the figure

to show two possible models for this cycle count: c = 2i and

c = 3i (where c is the cycle count and i is the number of

loop iterations). The figure shows that these lines bound the

two groups from below (i.e. in each group, a measurement is

as big as the line or bigger).

Figure 9 shows a breakdown of the same data based on two

factors, measurement pattern (rows “start-stop”, “start-read”,

“read-stop”, and “read-read”) and optimization level (columns

“-O0”, “-O1”, “-O2”, and “-O3”). This figure explains the

reason for this bimodality. We can see that the points in each

(a) Overall

(b) With pm on K8

Figure 8. Cycles by loop size

of the 16 plots form a line with a different slope. The figure

shows that neither the optimization level nor the measurement

pattern determines the slope, only the combination of both

patterns allows us to separate the data into groups with

specific slopes. The explanation for this strange interaction

is simple: Since a change in any of these two factors leads

to a different executable, the loop code (which is identical

across executables and does not contain any loads or stores)

is placed at a different location in memory. We have verfied

this and found that all the instructions making up the 3-cycles

per iteration loops straddle a 8-byte boundary, but the 2-cycles

per iteration loops fit within an aligned block of 8 bytes. This

straddling of an 8-byte boundary could affect the performance

of a branch predictor, i-cache, i-TLB, or a more sensitive

microarchitectural optimization like a trace cache or a loop

stream detector [6], and thus can lead to a different number

of cycles per loop iteration.

The fact that a cycle measurement can be off by such

a large factor is worrysome. This problem cannot solely

be attributed to the performance counter measurement in-

30

Tool 
Machine oerfctr oerfmon 

4M 

3M I I 

KS ,M • I I 
I 

I • • . 
1M 

l~~ I . . I 

..... . 
OM 
4M 

I I I 3M 

I I PO 

I 
,M 

I I 1M I I 
OM ..... ;..ti 
4M 

I 3M 

CD ,M .s . 
~ 1M 

) .... : • I . 
I 

OM ! . ... u : . I 

OK 500K 1000K OK 500K 1000K 
Loop siZe Loop siZe 

3200K 

3000K 

2800K 

2600K 

2400K 

2200K 

2000K 

i 1800K 

.s 1600K 

~ 1400K 

1200K 

1000K 

SOOK 

SOOK 

400K 

200K 

OK 

OK 100K 200K 300K 400K 500K SOOK 700K BOOK 900K 1000K 
Loop size 

Petitioner Samsung Ex-1012, 0008



Figure 9. Cycles by loop size with pm on K8 for different

patterns and optimization levels

frastructure: any change in environment (e.g. the use of a

different compiler, or a different optimization level) could

affect the cycle count in the same way. We strongly believe

that such drastic external influences on micro-architectural

performance metrics dwarf the direct influence any reasonable

performance measurement infrastructure could possibly have

on measurement accuracy.

7. Limitations

This section identifies the limitations and threats to the

validity of the results presented in the three previous sections.

Platforms. Our experiments focused exclusively on Linux

on the IA32 architecture. This enabled a direct comparison of

all the six counter access interfaces we studied. Because some

of these interfaces do not exist on other operating systems

or on other hardware architectures, the question how they

would compare on other platforms is a hypothetical one.

With this study we raise the general issue of accuracy of

hardware performance counter measurements, we show that

the measurement error on the prevalent platforms can range

over two orders of magnitude (from tens to thousands of

instructions) depending on the measurement approach, and

we encourage performance analyst to take the accuracy of

their specific infrastructure into consideration.

Benchmarks. While our microbenchmarks (null and loop)

are definitely not realistic applications, we have a good reason

to use them: In order to determine the error of using perfor-

mance counters, we need benchmarks for which we know the

ground truth, that is, where we can analytically determine

the exact number of events that have to occur. Moreover,

our loop benchmark, while admittedly simple, is not entirely

unrepresentative: Even some real-world benchmarks (such as

SPEC CPU’s bzip2) are dominated by a single tight loop.

Micro-architectural counts. In this paper we studied the

error for instruction and for cycle count measurements. We

discovered that the cycle count measurements are drastically

perturbed by aspects (i.e. code placement) that are not directly

attributable to the measurement infrastructure. Because cycle

counts represent the result of all micro-architectural activity

(e.g. they are affected by cache miss counts, branch mispre-

dicts, stalls, . . . ), we expect similar perturbation of various

individual micro-architecural event counts. Because we do not

have a precise model of the three micro-architectures we used,

we do not have a ground truth to compare our measurements

to. The order of magnitude of the cycle count perturbation

completely overshadows the errors we would expect due to

the measurement infrastructure.

8. Related Work

Researchers in the PAPI group have previously studied the

accuracy of their infrastructure. Moore [7] reports the cost

for start/stop and for read as the number of cycles on five

different platforms. On Linux/x86, she reports 3524 cycles

for start/stop and 1299 for read, numbers which lie in the

range of our results. However, as we show in this paper,

cycle counts can drastically vary, even when measuring the

exact same block of code (e.g. just due to the fact that the

code is located at a different memory address). Moore’s work

does not mention the specific processor or operating system

used, does not report the exact measurement configuration

(PAPI high level or low level API, compiler optimization

level, how many registers used), and it does not mention

the number of runs executed to determine that value. It just

reports one single number. Also in the context of PAPI,

Dongarra et al. [8] mention potential sources of inaccuracy

in counter measurements. They point out issues such as

the extra instructions and system calls required to access

counters, and indirect effects like the pollution of caches

due to instrumentation code, but they do not present any

experimental data.
Korn et al. [9] study the accuracy of the MIPS R12000 per-

formance counters using micro-benchmarks. They compare

the measured event counts to analytical results (the expected

event counts of their micro-benchmarks) and to results from

simulating their micro-benchmarks on SimpleScalar’s sim-

outorder micro-architectural simulator. They use three micro-

benchmarks: a linear sequence of instructions (to estimate

L1 cache misses), a loop (they vary the number of iterations,

like we do), and a loop accessing a large array in memory

(to estimate d-cache and TLB misses). They use a single

infrastructure (libperfex on SGI’s IRIX operating system) to

access the counters. Maxwell et al. [10] broaden Kron et

al.’s work by including three more platforms. Neither paper

explores the space of possible measurement configurations.

Our results show that many of the factors not controlled in

these two studies can drastically affect measurement accuracy.
Based on Maxwell et al.’s work, Araiza et al. [11] propose

to develop a suite of platform-independent micro-benchmarks
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to allow the comparison of measured performance counts

and analytically determined counts. In this paper we use

two trivial micro-benchmarks, the empty null benchmark for

which we expect an event count of 0, and the loop benchmark

for which we can analytically determine the expected number

of instructions. We believe that the refinement of such bench-

marks to allow the analytical determination of counts for any

micro-architectural event requires special consideration of the

sensitivity of modern processors to initial conditions such

as the memory layout (Mytkowicz et al. [12]). Najafzadeh

et al. [13] discuss a methodology to validate fine-grained

performance counter measurements and to compensate the

measurement error. They propose to measure the cost of

reading out counters by injecting null-probes at the begin-

ning of the code section to be measured. They indicate

that this placement would lead to a more realistic context

for measuring the cost of reading. They do not include a

quantitative evaluation of their idea. Weaver and McKee [14]

compare measured instruction counts with counts gathered

using binary instrumentation. They investigate the overall

variability of marathon timings, while we study the factors

impacting the measurement of sprints.

Mytkowicz et al. [15] study measurement accuracy when

the number of events to measure is greater than the number

of the available performance counter registers. They compare

two “time interpolation” approaches, multiplexing and trace

alignment, and evaluate their accuracy. Their work does

not address the measurement error caused by any software

infrastructure that reads out and virtualizes counter values.

9. Conclusions

Accurately measuring sprints is difficult. We evaluate the

accuracy of a range of measurement infrastructures on differ-

ent processors, and we identify the factors of the measurement

setup that can lead to inaccuracies of several thousand in-

structions. For future studies involving sprint measurements,

we recommend to control these factors, to evaluate their

impact in the specific setups used (e.g. using our simple mi-

crobenchmarks), and to report their levels in the experimental

methodology.

Acknowledgments

This work has been conducted in the context of the Binary

Translation and Virtualization cluster of the EU HiPEAC

Network of Excellence. It has been funded by the Swiss

National Science Foundation under grant number 200021-

116333/1.

References

[1] J. Hintze and R. Nelson, “Violin plots: A box plot-density trace
synergism,” The American Statistician, vol. 52, no. 2, pp. 181–
184, May 1998.

[2] B. Sprunt, “The basics of performance monitoring hardware,”
IEEE Micro, vol. 22, no. 4, pp. 64–71, 2002.

[3] M. Pettersson, “perfctr,” http://user.it.uu.se/˜mikpe/linux/perfctr/.

[4] S. Eranian, “perfmon2: A flexible performance monitoring
interface for linux,” in Proceedings of the Linux Symposium,
July 2006, pp. 269–288.

[5] S. Browne, J. Dongarra, N. Garner, K. London, and P. Mucci,
“A scalable cross-platform infrastructure for application per-
formance tuning using hardware counters,” in Proceedings of
the 2000 ACM/IEEE Conference on Supercomputing (SC’00),
Dallas, Texas, November 2000.

[6] Intel, “Intel 64 and IA-32 Architectures Optimization Refer-
ence Manual, Section 3.4.2.4: Optimizing the Loop Stream
Detector,” http://www.intel.com/products/processor/manuals/.

[7] S. V. Moore, “A comparison of counting and sampling modes
of using performance monitoring hardware,” in Proceedings of
the International Conference on Computational Science-Part II
(ICCS’02). London, UK: Springer-Verlag, 2002, pp. 904–912.

[8] J. Dongarra, K. London, S. Moore, P. Mucci, D. Terpstra,
H. You, and M. Zhou, “Experiences and lessons learned with
a portable interface to hardware performance counters,” in
Proceedings of the 17th International Symposium on Parallel
and Distributed Processing (IPDPS’03). Washington, DC,
USA: IEEE Computer Society, 2003, p. 289.2.

[9] W. Korn, P. J. Teller, and G. Castillo, “Just how accurate are
performance counters?” in Proceedings of the IEEE Interna-
tional Conference on Performance, Computing, and Commu-
nications (IPCCC’01), 2001, pp. 303–310.

[10] M. Maxwell, P. Teller, L. Salayandia, and S. Moore, “Ac-
curacy of performance monitoring hardware,” in Proceedings
of the Los Alamos Computer Science Institute Symposium
(LACSI’02), October 2002.

[11] R. Araiza, M. G. Aguilera, T. Pham, and P. J. Teller, “Towards
a cross-platform microbenchmark suite for evaluating hardware
performance counter data,” in Proceedings of the 2005 confer-
ence on Diversity in computing (TAPIA’05). New York, NY,
USA: ACM, 2005, pp. 36–39.

[12] T. Mytkowicz, A. Diwan, M. Hauswirth, and P. Sweeney, “Pro-
ducing wrong data without doing anything obviously wrong!”
in Proceedings of the international conference on Architectural
Support for Programming Languages and Operating Systems
(ASPLOS), 2009.

[13] H. Najafzadeh and S. Chaiken, “Validated observation and
reporting of microscopic performance using pentium ii counter
facilities,” in Proceedings of the 4th international workshop on
Software and performance (WOSP’04). New York, NY, USA:
ACM, 2004, pp. 161–165.

[14] V. Weaver and S. McKee, “Can hardware performance counters
be trusted?” in Proceedings of the International Symposium on
Workload Characterization (IISWC’08), Sept. 2008, pp. 141–
150.

[15] T. Mytkowicz, P. F. Sweeney, M. Hauswirth, and A. Diwan,
“Time interpolation: So many metrics, so few registers,” in Pro-
ceedings of the International Symposium on Microarchitecture
(MICRO’07), 2007.

32

Petitioner Samsung Ex-1012, 0010




