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Abstract. Performance evaluation tools enable analysts to shed light on
how applications behave both from a general point of view and at con-
crete execution points, but cannot provide detailed information beyond
the monitored regions of code.

Having the ability to determine when and which data has to be
collected is crucial for a successful analysis. This is particularly true
for trace-based tools, which can easily incur either unmanageable large
traces or information shortage.

In order to mitigate the well-known resolution wvs. usability trade-off,
we present a procedure that obtains fine grain performance information
using coarse grain sampling, projecting performance metrics scattered
all over the execution into thoroughly detailed representative areas.

This mechanism has been incorporated into the MPItrace tracing
suite, greatly extending the amount of performance information gath-
ered from statically instrumented points with further periodic samples
collected beyond them.

We have applied this solution to the analysis of two applications
to introduce a novel performance analysis methodology based on the
combination of instrumentation and sampling techniques.

1 Introduction

Performance evaluation tools are able to characterize the behavior of an applica-
tion using different mechanisms. However, the details obtained by these tools are
strictly limited to the monitored regions of code. In order to identify the precise
behavior of the application, it is required to add more and more monitors, with
the consequent overhead and larger volume of data generated.

Instrumentation and sampling are two different mechanisms used to monitor
applications. Instrumentation allows injection of monitors in specific points of the
target application simply modifying the source code, compiling the application
with special flags or specific libraries, or by using instrumentation packages like
Dynlnst [7]. On the other hand, sampling can be used to trigger monitors at
intervals or by external events and it is not related to any specific application
point.

H.X. Lin et al. (Eds): Euro-Par 2009 Workshops, LNCS 6043, pp. 185 2010.
© Springer-Verlag Berlin Heidelberg 2010



186 H. Servat et al.

We are confident that performance analysis using traces is the best approach
to detail time and space variations of the behavior of applications, which can be
easily masked out by profilers while summarizing information. In addition, trace
visualizers provide further qualitative and quantitative analysis [I715].

Most performance tools based on traces [22IT9IT2] rely on instrumentation to
detail performance characteristics of the applications. Such tools cannot provide
information beyond the instrumented points, and the granularity and size of the
resulting trace strictly depends on the application structure.

Our main objective is to use basic instrumentation and coarse grain sampling
so as not to increase the execution overhead and the amount of data to be
analyzed, while obtaining highly detailed information. To achieve this objective
we first extend the MPItrace tracing package with sampling mechanisms, and
then apply a process that improves the granularity of the obtained samples, if
needed.

MPItrace is a trace-based instrumentation tool that collects performance in-
formation about parallel applications. The resulting combination provides more
data of the application by gathering information from uninstrumented regions
of code, independent of the application structure.

The rest of this paper is structured as follows: Section 2] provides informa-
tion about the implementation of the sampling mechanism combined with the
MPItrace instrumentation package. Section [ introduces the methodology used
to analyze traces containing information gathered by the instrumentation and the
sampling mechanisms. This methodology is evaluated in section[dl Section[lgives
an overview of related work. Finally, we plot the conclusions and future trends in
Section [0l

2 Instrumentation and Sampling Mechanisms

MPItrace is an instrumentation tool that collects performance information of
parallel MPT applications automatically through the MPI profiling interface [11].
It also provides information of OpenMP constructs and some pthread calls by
replacing the references to the runtime found in shared libraries by using dynamic
library interposition mechanisms and allows the user to add his owns events in
the resulting trace manually.

The sampling mechanism added to the MPItrace instrumentation package
is built on top of PAPI [6] because it provides a flexible and precise way
to determine the sampling rate [I4]. This library provides a method called
PAPI_overflow to setup the sampling frequency based on a hardware counter
and a threshold. Once the selected counter reaches the given threshold, it trig-
gers an exception that is captured by PAPI and forwarded to a callback func-
tion. The programmed callback collects processor performance metrics and the
address within the process that was being executed. We consider henceforth a
sample as the set of data containing the performance metrics on a specific time
and the process address.

The utility of this framework, which extends with sampling the typical traces
obtained with MPItrace, is shown in Figure [I] of the Paraver visualization tool.
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Paraver represents on the y-axis the application’s threads while the x-axis repre-
sents time. On both images, Paraver is configured to draw the number of floating
point operations. In the left image, the number of floating points operations are
drawn at instrumentation points, whereas in the right image the number of float-
ing point operations are drawn at sampling points using a fine resolution. It is
noticeable that the Figure plots performance information not only on the
default instrumented points (MPI routines in this case), but along the iteration.
The figure on the right improves the quality of the analysis by detailing the
achieved floating operation performance in a finer way than the figure on the
left. Details that can be observed in the image on the right are: a) variance at
the very beginning and end of each iteration, and, b) that every iteration has
three separated regions of code that deliver a high number of floating point op-
erations, and that each of those three regions has a short and sharp decrease of
performance in the middle of the region.
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Fig. 1. Paraver windows showing information captured by instrumentation with and
without sampling mechanism

3 Analysis Methodology

The procedure we follow to characterize applications focuses on selecting the
most time consuming routines, avoiding library internals and inline or intrinsic
routines. We want to provide detailed performance metrics, the number of invo-
cations, the time they need to execute and their variation across the iterations
for the selected routines. This methodology requires the user to know in advance
which routines are important, possibly by previously analyzing the application
with profilers. We know that this is a limitation of the methodology and we
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are currently working on a more automatic way to make it easier to apply. In
this paper we aim to increase the details of the selected routines by using both
instrumentation and sampling mechanisms.

The first step consists of obtaining a trace using the MPItrace instrumentation
package with sampled information. Then the analyst will evaluate the applica-
tion afterwards using Paraver. This tool provides quantitative and qualitative
analysis of the traces using timelines and histograms and also contains a set of
predefined windows to conduct the analysis and facilitate the characterization
of the target application. Among them, there are several related windows that
provide information for user routines and performance metrics.

As the knowledge about the target application may be limited, choosing a
proper sampling rate to detail the application enough is a blind process. In case
the selected rate results in too few metrics scattered all over the execution, they
can be combined to produce highly detailed representative areas using a process
that we call folding.

The folding process is suitable for applications based on iterative methods,
which is a representative part of the applications found in high performance
computing environments. For the rest of applications, a new trace could be
generated with finer sampling resolution.

To proceed with the combination, the process can work at three different
granularities: full iteration, instrumented user routines and running bursts (i.e.
intervals between MPI calls).

The full iteration granularity provides a detailed view of a single iteration.
Using this behavior each sample that is run within the main application loop is
treated equally, independent from where it was emitted. The second granularity
focuses only on user code that has been instrumented by the analyst and ignores
the rest. Finally, the last option allows working separately on different intervals
delimited by MPI calls. This granularity grants working only on user code and
its results are not interfered by MPI calls.

We detail the folding process for full iterations in section Bl Applying the
folding process to the rest of granularities just implies splitting the iteration
every time an instrumented function or a MPI call is found.

Concerning the implementation, little modifications of the source code are
required to perform the iteration folding. The user just needs to instrument the
main loop so as to delimit the beginning and end of each iteration and gather
the performance counter values at these points, and optionally, instrument the
interesting user functions.

3.1 Folding Iterations

If the chosen sampling rate is too coarse, the performance metrics will not be
precise enough to characterize any region of code. We are interested in how to
obtain precise information under these circumstances. Our objective is to build
a synthetic trace to provide information of the behavior of an iteration per MPI
task with high precision. The subsequent analysis procedure must only target
the resulting iteration and then extrapolate the results to the rest. The ability of
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treating each task independently allows spotting performance differences across
tasks.

To properly obtain fine grained information relative to the performance coun-
ters we apply a two-step procedure within each task: migration of samples into
a single iteration and hardware counter interpolation. To proceed with the last
step, the user must indicate the desired number of output samples. Requesting
more samples yields more detailed results.

Hardware Counters Folding. We define folding an iteration (source) into
another (destination) as the operation that migrates samples from source to
destination preserving the offset of source iteration and converts its performance
counter values so as they are relative to the beginning of the iteration they orig-
inally belong. Figures and illustrate an example. The top figure shows
a timeline of a program that runs 3 iterations of its main loop and the bottom
figure shows the same timeline after folding the second and third iterations into
the first one.

Considering applications that have a regular and iterative control and data
flow and dedicated systems with low external interferences (such as preemptions,
interrupts, network and memory contention, etc...), the resulting set of iterations
conform to an ergodic system. This is to say, any iteration matches up with the
typical iteration and, thus, samples can be migrated from one to another without
altering the gathered values of the performance metrics.

In practice, executions are non deterministic. Even using dedicated systems,
applications face different interferences each run, which may result in slight per-
formance variations on each iteration. Considering the duration of the iteration
as a normally distributed variable, we can safely remove those iterations that last
more than twice the standard deviation. After this removal, we are still work-
ing with a representative set of iterations because we are keeping the iterations
that their duration are within the interval of confidence of the 95% of the whole
samples.

Concerning the output resolution, folding all the iterations into a single
one results in a single iteration that contains all the samples scattered across
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Fig. 2. Flags in those figures represent points where information is located before |(a)|
and after @ folding all iterations. The superindices and colors of flags on Figure |(b)|
show which was their original iteration.
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Instruction counter evolution for the BT class B benchmark
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Fig. 3. Evolution of graduated instructions for the BT benchmark within an iteration

iterations, or in other words, the resolution of the folded iteration is proportional
to the number of iterations folded.

Hardware Counters Interpolation. Once the hardware counter metrics have
been folded into a single iteration, we take as many equidistant samples from
this set of data as the user requested. Since hardware counters information is
punctual in time, we build a continuous function that closely fits the set of data
to estimate all the hardware counters values across the whole folded iteration.

This process is known as interpolation and in order to apply it we explored
several approaches: polynomial fitting, Bézier curves [5] and Kriging [21] inter-
polation. Polynomial fitting requires choosing the grade of the polynomial and
this cannot be done independently from the data. In addition, choosing a low
order polynomial will give soft but inaccurate fitting, while a high order poly-
nomial will fit better but will result in big fluctuations. Bézier curves do not
require additional data but the points themselves. Bézier fitted well on our tests
but on the stationary points. The Kriging interpolation is a general version of
the Bézier curve typically used in contouring. Kriging algorithm works with the
sample points plus some interpolation parameters (including fitting strictness).
After some tests, we found a typical combination of parameters that fitted the
samples well even in stationary points.

Although performance counters are monotonically increasing in a single iter-
ation, it may not be completely monotonic when considering the whole set of
samples. Consider the case shown in Figure Bl This figure plots the graduated
instructions across time. There are several points with more graduated instruc-
tions than near points in the future due to variations of performance counters
values on each iteration. Even though this effect was previously minimized by
the outlier removal and by the tendency of the interpolation function to ignore
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spurious values, they can still appear. Whenever this happens, they are just
ignored.

This process must be repeated for each task present in the tracefile and con-
cludes reintroducing the values of the interpolated performance counters into
the trace.

4 Case Study

This section shows how the folding process and the combination of instrumented
and sampled performance information contributes to improve the detailed
analysis of real applications.

Table 1. Characteristics of the system used for the evaluation

Experimental systems characteristics

Processor family Intel Itanium 2
Processor frequency 1.6 GHz
PAPI version 3.6.2
Linux kernel 2.6.16.46-0.12

Compilers (C/Fortran) icc and ifort 11.0

Table 2. Setup of the different experiments

Application NAS bt.B Alya
Number of processors used 16 4
Sampling frequency (in million cycles) 50 1000
Average duration per iteration 183ms  18.2s
Samples per iteration 5-6 28-29
Number of timesteps 200 100
Runtime overhead 1.5% 3%

To perform our analysis using the folding process we choose bt.B from
the NAS MPI Parallel Benchmark Suite 3.2 [3], and Alya [12], a computa-
tional mechanics simulator that is typically run in our production environment.
Table [[ describes the characteristics of the system used in this study and table
provides information about the setup of the different experiments. The overhead
row in table 2l comprises the overhead of the sampling mechanism plus the MPI
instrumentation and the manually added events used to identify the iterations.

We request a thousand samples in the target folding iteration regarding the
performance metrics. This is equivalent to set a sampling frequency 200 and
35 times higher in bt.B and Alya respectively with the proportional increase of
overhead. In addition to that, we use the user function granularity of the folding
process in order to improve the understanding of the results by providing detailed
information of representative functions.
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Fig. 4. Evolution of completed instructions for the 1st task in bt.B benchmark in the
instrumented routines after applying the folding mechanism

4.1 NAS bt.B

Previous experience on this benchmark has shown that the interesting routines
are: copy_faces, x_solve, y_solve, z_solve and add.
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Figures plotted in Figure @ show the evolution of the completed instruction
performance counter among each of the five routines in the first task. The x-axis
represent the time (normalized from 0 to 1) in the routine, the left y-axis is used
to show the value of the counter (normalized from 0 to 1) within the routine
and the right y-axis is used to range the slope of the interpolation. Each plot
presents three types of information:

— Samples gathered during instrumentation and folded into the chosen itera-
tion and within the user functions that were taken. Samples are shown by
crosses.

— Interpolation of the gathered samples. It is shown by a segmented line.

— Slope of the interpolation of the gathered samples. It is shown by a segmented
line with crosses.

The slope of the interpolation facilitates the location of hot-spots (or even cold-
spots). For example, in Figure three different behaviors exist. First, a small
section, which lasts about the first 10% of time, aggregates completed instruc-
tions very slowly. Then comes a region with a higher instruction completion rate.
And finally, a long region that has four peaks separated by valleys. Looking at
the source code of the routine, we find that this behavior corresponds with the
execution of a loop in the subroutine compute_rhs that is executed four times.

Routines x_solve, y_solve and z_solve, which are shown in Figures
and respectively, present a very similar pattern. There is a region
that lasts approximately the 80% of time with four peaks that accumulate more
than the 90% of the completed instructions. The remaining count of completed
instructions come from the remaining 20% of time.

Finally, Figure shows the behavior of the add routine. It starts by accu-
mulating a high number of completed instructions and then it decreases slowly.
At 75% of the routine time it increases again to decrease at the end of the
routine.

4.2 Alya

Alya developers helped us locating the most time consuming routines. These
routines are: nsi_elmope, gmrpls and cgrpls. We focus on the second task
because the parallel computation is done in all tasks except the first, which
synchronizes the parallel computation.

Figures plotted in Figure [l show the evolution of the stalled cycles perfor-
mance counter among each of the three routines in the second task. The stalled
cycles performance counter provides information of the amount of time that the
CPU has been waiting for resources to execute an instruction. Such counter is
useful to locate code region with bottlenecks that prevents the application going
at full speed.

Although there are three instrumented routines, one of them is executed twice
in an iteration and thus we present two different plots for it (one for each ex-
ecution). As seen in the BT example, x-axis represent the time in the routine, the
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Stalled cycles for routine nsi_elmope (1st call) Stalled cycles for routine nsi_elmope (2nd call)
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
1 T T T T — 2 1 T T T —— 2
A ’
g 08f A 5 2 g 08 s 2
E 7 ] s 3
8 8 5} - o)
£ osf A 2 g 08 M, £
3 . 1, &8 & o, o LA R
@ @ @ X 35265 . Py
S S S o % S
S 04f + 5 § 04} N " §
E - EE - : E
S A S S S
= e h= b= £
) - 105 o S o
o o2f A o . o2f S o
Samples  + o Samples
A Curve fitting 7 Curve fitting -
o ) ) Cuwg fitting slop‘e o o ) ) Curvﬁe fitting slop‘e -
o 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(a) (b)
Stalled cycles for routine gmrpls Stalled cycles for routine cgrpls
[ 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
1 T T T f 2 1 T T T T 2
o 08F o o 08 o
3 11 & 3 115 &
s @ g @
g g g g
S 06 g € 06 5
5 %W%% H H H
S ) 41 S S 1 3
«Q «Q Q @
<] <] <] <3
§ 04r § § 04f ]
E E E E
2 2 2 2
o) 105 o S 405 o
o 02 a a 02 - a
Samples  + Samples  +
Curve fitting Curve fitting -------
o ) ) Cuw? fitting sIopF o o ) ) Curvt? fitting slop‘e X o
[ 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(c) (d)

Fig. 5. Evolution of stalled cycles for the 2nd task in the Alya in the selected routines
after applying the folding mechanism

left y-axis ranges the value of the counter within the routine and the right y-axis
delimits ranges the slope of the interpolation. Each plot presents three types of
information: samples gathered, interpolation and the slope of the interpolation.

First of all, it is noticeable that the two calls of nsi_elmope behave differ-
ently. This routine does the assembly of the continuity and momentum matrices.
Regarding its performance, the first call plot is shown in Figure The plot
presents a steady behavior across the execution except for the margins. However,
the second call, which is shown in Figure accumulates most of the cycles
stalled at the beginning of the run and it suddenly decreases at the 80% of the
routine after a peak at that position.

The gmrpls routine implements an iterative gmres solver for nonsymmetric
matrices. We see in Figurethat the slope of the evolution of the performance
counter behaves as a wave with small amplitude and with a wavelength of 20%
of the routine duration.

Finally, the plot in Figureshows the performance behavior of the the rou-
tine cgrpls, which implements a conjugate gradient method. It behaves steadily
across the whole execution.
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5 Related Work

In this section we summarize the approaches done to combine both instrumenta-
tion and sampling mechanisms in the performance analysis area, and how they
differ with our work.

The widely known gprof [I0] exploits both sampling and instrumentation
mechanisms to emit functions call count and estimated spent time. Gprof re-
quires the application to be compiled with a special flag that is responsible for
instructing the compiler to add counting monitors in the user routines. Gprof
also uses sampling mechanisms to attribute time to the user routines during
the execution. The visualization tool echoes to the standard output the fraction
of time spent when a routine directly called another one and the number of
invocations for each routine. The main difference with our work is that gprof
is a performance tool based on profiling whereas our tool is based on tracing.
Gprof just provides summaries for simple and concrete function metrics. The
solution we propose combines information gathered by tracing and instrumenta-
tion to generate a trace with timestamped details that makes the analysis more
detailed and precise.

The Sun Studio Performance Analyzer [I3] comprises a set of tools for
collecting and viewing application performance data using tracing and profiling
mechanisms. Its collecting tool is able to trace information relative to synchroniza-
tion calls, heap allocation and deallocation, OpenMP constructs, MPI routines,
data-race and deadlock detection, and counting the number of times each instruc-
tion was executed. Furthermore, it uses sampling clock-based or hardware counter
overflow mechanisms to profile the target application. Its visualization tool is a
multifunctional window that presents the data collected in a wide variety of fla-
vors, including: flat routine profile (similar to gprof), calling and called routines,
link to source and disassembly, and a timeline window. It exploits the sampling
to accumulate the execution time for different routines, and, identify which parts
of the user program are responsible for cache or floating point inefficiencies. Al-
though being a powerful set of tools, it needs to collect again the performance
data if the results are not detailed enough. This is not an issue for the solution we
propose if the application matches a set of requirements described in section 311

Azimi, Stumm and Wisniewski present in [?] an online performance anal-
ysis tool that gathers counter values periodically or after a designated num-
ber of hardware counter occurrences. This tool presents the evolution among
the selected counters in a timeline and provides accurate information on which
micro-architecture components are stressed using a model called Statistical Stall
Breakdown. To provide information for all performance counters it multiplexes
counters taking advantage of the underlying functionalities provided by the oper-
ating system. Although they offer some instrumentation capabilities, their work
is just focused on the sampling mechanism to characterize the whole system and
not applications.

SimPoint [20] and SMARTS [23] use sampling in a different context so as
to accelerate detailed micro-architecture simulations. Their primary goal is to
reduce long-running applications down to tractable simulations. The authors of
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both frameworks met this goal by statistically sampling the instruction mix of a
running serial application to determine where the application spent time. They
combine instrumentation and sampling to collect a sequence of instructions each
time the sampling mechanism fires up. The result they obtain is a collection of
instruction traces related to each sampling point. These traces will be simulated
independently to get detailed performance on the simulated micro-architecture.
Our approach, however, combines performance information gathered at different
timesteps into a single timestep and the coarse grain sampling produces low
overhead penalty in the application run.

A tracing package with some sampling capabilities is presented in [16]. Its
functionality is closely related to SimPoint but combining pSiGMA [I8] and
Dynlnst [7] instrumentation. Their approach works identifying the timesteps
of the application using special instrumentation calls and fully instrumenting
the application using the SIGMA toolkit. A DynInst-based tool instruments the
special calls added to check whether the executed timestep matches a list of
timesteps given by the user to enable or to disable the pSiGMA instrumenta-
tion. The fully instrumentation inflicts large overhead penalty when gathering
performance data, although it can be greatly reduced by sampling a small set of
iterations. Our approach, however, is to take few samples along the application
execution and then construct an ideal iteration from the data collected.

6 Conclusions and Future Work

We have explored the possibility of combining both sampling and instrumenta-
tion mechanisms to generate more detailed traces.

Our main contribution is the design and implementation of a process called
folding that provides detailed performance information using coarse grain sam-
pling. It provides detailed performance information at three different levels: it-
eration, user routines and running bursts. It is suitable for applications based
on iterative methods, which is a representative part of the applications found
in HPC environments. For the rest of applications, a finer sampling resolution
should be chosen to obtain a trace with more details.

To demonstrate its utility we have extended the MPItrace instrumentation
package with a sampling mechanism using hardware counters to record perfor-
mance information across the whole execution. The combination of instrumen-
tation and sampling produces traces containing performance information from
both instrumented and uninstrumented regions of code.

The additional performance information provided by the sampling, and the
ability to project it into representative areas, brings a new methodology into play
that has proven useful for the detailed analysis of real applications. In particular,
we have shown detailed performance analysis for the representative routines of
the NAS BT benchmark and the Alya application.

Finally, we believe that some of issues in the methodology are still open.

First, provide a way to automatically determine which are the interesting and
representative user routines to be analyzed without using a profiler. Samples
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could also store the stack trace, in addition to the performance counter values
and the address of the instruction that triggered the sample, in order to provide
information of the executed routines.

Second, automatically identify the application iterations structure using pe-
riodicity or application structure detectors like [8] and [9]. These detectors work
directly with Paraver traces and the reported information could be used as input
of the folding mechanism to delimit the regions to be folded instead of adding
manually events into the application source code.

Finally, we would like to study the impact of the sampling rate and the number
of sampled timesteps on the folding results.
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