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Abstract. We present PerfMiner, a system for the automated collec-
tion, storageand presentation of hardware performance metrics gathered
per thread via PAPI, across an entire cluster. In PerfMiner, every sub-
process/thread of an application is measuredwith essentially zero over-
head. Furthermore, the collected metrics are preciseper thread measure-
ments that are una�ected by other kernel or user processes.PerfMiner
correlates this performance data with metadata from the batch system
in a scalable database to provide detailed knowledge about numerous
aspects of the system's performance. Through a command line and Web
interface, queries to this database can quickly and easily answer ques-
tions that range from high level workload characterization to low level
thread performance. Other monitoring systemsmerely provide an overall
view of the system by reporting aggregatesystem-wide metrics sampled
over a period of time. In this paper, we describe our implementation of
PerfMiner as well as present sample results from the test deployment
of PerfMiner across three di�eren t clusters at the Center for Parallel
Computers at The Royal Institute of Technology in Stockholm, Sweden.

1 In tro duction

The desireto understand the behavior of applications and their performanceon
large scalesystemshas always existed. As long as unlimited computing power
is not freely available, large systems must be carefully managed in order to
allow scientists and engineersto perform their computations within a given time
frame. In most modern supercomputing installations, the cost of the machines,
softwareand maintenanceis passedalong to theseusersin terms of allotted time.
This time is either directly purchasedby the useror applied for and granted by a
central authorit y; usually the sameagencythat funds the purchaseand operation
of the machine. This processis designedto balancea budget, basically equating
allocated CPU hours of computational sciencewith the cost of installation and
operation of a large machine. Given that the lifetime of modern processorsis
three to four years before being made obsolete via Moore's Law, we �nd the
above processto be wholly unsatisfactory as it makes no attempt to optimize
the useof either �nancial or computational resources.Compute time from user



to user, group to group is treated equally, even though the amount of work
that can be accomplished during each CPU hour can di�er by many orders
of magnitude. For example, a user with a large allocation and a tremendously
ine�cien t code can easily 'steal' otherwise available resourcesfrom less well-
funded research groups. The allocation is not based on actual computational
'work' nor e�ciency , but rather a rough estimate on the number of hours that
can be purchasedwith a given budget. Given the samebudget, it is conceivable
that this very sameuser could solve problems on a much larger scalewith an
optimized code. The conversedoes not necessarilyhold, as a user with a small
budget and a large problem must strive to achieve some degreeof e�ciency
in order to complete his work in the allotted time. If the allocation policy was
biasedtowards demonstratedcomputational demandor towards the e�cien t use
of resources,aggregatethroughput of the systemwould rise and more CPU hours
would be available to the scienti�c communit y as a whole. The above dilemma
represents only one small pieceof the problem regarding the understanding the
actual usageof these large systems.Consider theseother cases:

Purchaseof a New Computing Resource. Procurements are often run in two dif-
ferent modes;either the customer submits a set of benchmarks to be optimized
and run by the vendor or the vendor provides accessto hardware resourceson
which the customerruns the benchmarks. Thesebenchmarks run the gamut from
microbenchmarks that measureparticular machine parametersto full-blown ap-
plications. However, benchmarks by their very nature, attempt to represent a
very large code basewith a very small one. If hardware performancedata could
be collected for every application and correllated with data from the batch sys-
tem, speci�c criteria that bound application performancecould be usedto guide
the procurement process.For example, answers to questions like \Do the ma-
jorit y of our applications demonstrate high level 2 cache hit rates and thus are
sensitive to cachesizeand front sidebus frequency?"provide speci�c information
about what kind of hardware should be purchased.

Improving the Software DevelopmentCycle. While there aremany excellent open
sourceperformanceanalysistools available[TAU][SvPablo][Paradyn][Mucci], vir-
tually all of them require the user to changehis environment, Make�les or source
code. While simple for computer scientists, this processis fraught with potential
error for scientists and engineerswho are focusedon getting their research done.
One or two failed attempts at using a tool is enoughto permanently deter a sci-
entist from making further e�orts to characterize or understand his application.
If the monitoring system could itself provide a completely transparent mecha-
nism to measureimportant performancecharacteristicsand the usercould access
that information quickly and easily, the processof application understandably
could becomesecondnature to the user and part of the software development
processitself.

Performance Focused System Administration. As mentioned above, by having
accessto performancedata about all applications, system administrators could



systematically addressapplications and their usersthat make ine�cien t use of
compute resources.Centers with application specialist teams could deploy sta�
on the basisof low performanceand high CPU hour consumption. This type of
targeted optimization e�ort has the potential of optimizing a sites heavy users
and reap continued bene�ts through successive generationsof machines as the
big users' applications receive the attention they deserve.

1.1 The Design of PerfMiner

In order to meet the above needs,a performance collection system must be
carefully designed.First and foremost, it must be focusedon the simplicit y of
it's user interface and the speed of which it operates. As the system could be
running on many clusters acrossa site and measureevery job through the sys-
tem, the amount of data could grow quite large. The system has four basic
components: Integration into the user'senvironment and/or batch system.This
must be completely transparent to the user, but yet facilitate conditional ex-
ecution of monitoring for debugging and other purposes.Collection of the job
and hardware performance data. This must also be completely transparent to
the userwith no modi�cations to the user's job. Post-processingof the data and
insertion into a database.The databasemust be carefully designedto support
queries that may span tables with ten's of millions of rows. Furthermore, the
schemashould facilitate the rapid development of reasonablycomplex queriesin
order to accommodate the demandsof its user base.Presentation of the data to
the users,system-administratorsand managers.This interfacemust be assimple
aspossibleto guarantee maximum acceptanceinto a daily usagecycle. Complex
functionalit y should be hidden from the main interface yet remain accessible
to those wishing to dig deeper. The interface should facilitate rapid drill-do wn
investigation from widest granularit y down to the thread level.

PerfMiner is an perfomance monitoring system that attempts to meet the
above goals. It is being actively developed at the Center for Parallel Computers
(PDC) at the Royal Institute of Technology in Stockholm, Sweden.To test our
initial implementation, we deployed PerfMiner for a subset of users for three
weeksacrossall three of PDC's clusters, Roxette, a cluster of 16 dual Pentium
II I nodes, Lucidor, a cluster of 90 dual Itanium 2 systems,and Beppe, a 100
processorPentium IV cluster that is one of the six SweGrid clusters spread
acrossSweden. All systemshave gigabit ethernet as an interconnect, with the
exception of Lucidor which also contains Myrinet-D cards in every node.

In the next four sections,we describe each of the components of the PerfMiner
system in detail. Working our way from the integration into the batch system
to the Web interface presented to the user. In Section 6, we present the results
of a few queries and the resulting data's relevance to the various users of the
PerfMiner system. We then discusshow PerfMiner relates to previous work in
Section6 and make someconclusionsand discussour future plans for PerfMiner
is Section 7.



2 In tegration of PerfMiner in to the Easy Batc h System

One of the challengesof the implementation of PerfMiner at PDC was how to
managethe integration into the batch system. PDC runs a modi�ed version of
the Easy[Easy] scheduler.At it's core,Easy is a reservation systemthat works by
enabling the user'sshell in /etc/passwd on the computenodes.The useris freeto
login directly to any subsetof the reservednodes.There is no restriction on using
MPI asa meansto accessthesenodesfrom the front end. In this way, Easyserves
the needsof PDC's data processingcommunit y who frequently submit ensembles
of serial jobs, often written in Perl or Bourne shell. Given this, we could not
count on mpirun as our single point of entry to the compute nodes. This left
us with only onemeansto guarantee the initiation of the collection process:the
installation of a shell wrapper as the user's login shell, pdcsh.sh (PDC Shell).
The reader may wonder why we didn't choose to use a system shell startup
script. Unfortunately , the Bourne shell does not execute the system scripts in
/etc when started as a non-login shell (C-Shell does). By the installation of a
wrapper script, every process,whether started via ssh,kerberized telnet/rsh or
MPI wasguaranteed to be executedin our environment. Due to the designof the
Easy scheduler, this modi�cation was rather trivial to perform. Easy maintains
two password �les, password.complete and passwd. The former contains valid
shells for all users.The latter contains valid shells only for that user who has
reserved the node. This �le is constructed on the 
y by Easy when the job has
cometo the top of the queue.

The steps for job execution and �nalization occur as follows:

First, a preamble script is initiated by Easy: (pdcsh-pre.sh)

1. Check if the cluster, charge group, user and host were enabledfor usewith
PAPI Monitoring. If not, bail out.

2. Verify the existenceof the output directory tree.
3. In the above directory, create two �les:

{ BUSY, which is a zero length �le that indicates that this job is running and
that monitoring is taking place.
{ METADATA, which contains job information that is cross referencedwith
that from PapiEx. It contains the following �elds: cluster name, job ID,
username,number of nodes reserved, charge group (CAC), start time and
the �nish time of the job. The �nish time is �lled in by the postamble script
described below.

Second,Easy conditionally modi�es the user's shell on all the nodes passwd
�les: (adduser.py)

1. Check if the cluster, charge group, user and host were enabledfor usewith
PDCSH. If not, bail out.

2. Give the user PDC shell as his login shell on all reserved nodes.



When any job is started on any node, it will run under PDC shell and all
subprocessesand threads will be monitored. (pdcsh.sh)

1. Execute a common cluster wide setup script. (for other administrativ e pur-
poses)

2. Determine the following:
{ Whether or not we are a login shell.
{ The user's actual shell from passwd.complete.

3. If the cluster, chargegroup, userand host are enabledfor PAPI Monitoring,
executethe PAPI monitoring script.

4. Execute the user's actual shell appropriately. (as a login shell or not)

The PAPI monitoring script performs the following: (papimon.sh)

1. Check for the �le that contains the prepared arguments to PapiEx.
2. Check that thesearguments are correct.
3. Verify the existenceof the output directory tree.
4. Set the output environment variable to PapiEx.
5. Set up the library preload environment variables.

At this point, the user's job runs to completion. The only processesnot mon-
itored are those that are either statically linked or they accessPAPI or the
hardware performancemonitors directly. Upon completion of the job, a postam-
ble runs on the front end. This script doesthe following: (pdcsh-post.sh)

1. Check if the cluster, charge group, user and host were enabledfor usewith
PAPI Monitoring. If not, bail out.

2. Append the job �nish time to the METADATA�le.
3. Remove BUSY�le .
4. Schedule the parsing and submission of collected data to the PerfMiner

databaseand remove/backup the original �les.

3 Collecting Hardw are Performance Data Transparen tly
with PapiEx

At the lowest level, PerfMiner can use any mechanism to collect application
performance data. However, other mechanisms such as requiring the user to
link with a library or use custom compilation scripts are prone to user error
and causegeneral confusion. For our setup, we wished to have a system that
would becompletely transparent to the user.This would require no modi�cations
to user's Make�les, their application code or any dependent run-time libraries.
Existing binaries would continue to run as they did prior to the deployment of
the software. To accomplish this, we dediced to use PapiEx, a tool based on
the PAPI[PAPI ]. PapiEx can run unmodi�ed dynamically linked binaries and
monitor them with PAPI. It transparently follows all spawned subprocessesand
threads. In PerfMiner, the output of PapiEx is directed to a �le, which is then
parsedby a perl script for insertion into the databaseupon job completion.



4 Scalable Database Design

For the current implementation of PerfMiner system, we have chosen to use
Postgresas our databaseback end. The primary reason for choosing Postgres
was prior experiencewith it's operation and the support for kerberized authen-
tication. Care has been taken to avoid the use of any nonstandard SQL that
could prevent the use of Mysql, Oracle or another SQL95 compliant database.
Furthermore, accessto the databasehasbeenabstracted through the useof both
Perl and PHP's DBI interface, providing further 
exibilit y. Much work hasbeen
done to keep the PerfMiner databaseas robust and as self contained as possi-
ble. In an early implementation of PerfMiner, we rather hastily built a database
schema around a common set of querieswe were hoping to run. We quickly re-
alized that this was neither general nor robust enough to support cluster wide
queriesspanning millions of rows. Thus a new databasewas designed,focusing
on 
exibilit y, extensibility and easyof implementation of sophisticated queries.
Our goal was to have as much of the query processingbe done by the database
server itself instead of the client. Thus queriesprocessingvast quantities of data
can be done acrossslow links as well as performed on underpowered clients.

4.1 Direct Measuremen ts

There are only two truly static items of knowledge in the database. First, all
measurements have a target (or scope) that is one of cluster, job, node, process
or thread. Secondly, there is an assumedhierarchy, that a cluster contains jobs,
which contain nodes,which contain processes,which contain threads. Thesecon-
tainments can can be regardedas one to many mappings and naturally produce
keys for addressingthe collected data. For instance, a speci�c threads measure-
ments are accessedby specifying cluster, job, node, processidenti�er and pos-
sibly thread identi�er as the primary key. Sinceno assumptionsof existanceof
any speci�c measurement are made, it is not possibleto minimize the tables by
putting all measurements of thread scopein the table that speci�es which threads
exist. This is, of course,unlessyou are prepared to accept null valuesand that
the underlying databaseis able to insert columns in preexisting tables. Instead,
each measurement residesin a separatetable. The databasealso contains addi-
tional tables that describe the scope, type and meaning of each of the collected
measurements. This ensuresthat no measurement is stored di�eren tly from any
other. The primary advantage of this approach is that it makes it possible to
combine measurements and construct reports in a uniform way. In PerfMiner,
this meansthat any changein the data collected from PapiEx or from the batch
system,results in the creation of a table and associated metainformation. Thus,
no changesneedbe made to the databaseor to the query engine.

4.2 Deriv ed Measuremen ts

The measurement 
oating point operations per second(or FLOPS/S) is an ex-
ample of a derived measurement having thread scope. It combines the direct



measurement, 
oating point operations, with the derived measurement, dura-
tion, which in turn is derived from clockrate and total cycles.The databaseis
designedto store information about the derived measurements in the sameway
that it storesthe direct measurements. The query author doesnot have to know
if a derived or direct measurement is being referencedin his query.

4.3 Problems with the Curren t Approac h

Putting the measurements in di�eren t tables can be perceived as discarding the
fact that they are collectedsimulatenously and belongto the samethread. When
the data is harvested,the application knows that a certain value of total cyclesis
associated with a certain value of total 
oating point operations. The only way
to reconstruct this information is by joining the two tables, an O(n2) operation.
This can be mitigated by instructing the databaseto build indexesfor the �elds
of every metric table that serve as keys. This reducesthe cost of the join to
O(nl ogn) or lessdepending on the method used for indexing. However, adding
indexesaggravatesanother problem causedby the nature of the measurements.
Since the target of most measurements is threads, and the key for addressing
a certain thread is made up of cluster, job, node, process,thread (of which
three are TEXT-�elds), the key component will strongly dominate the storage
demand for most tables. A solution to this, which will be implemented, is to
create synthetic keys for tables where this is a problem.

5 The PerfMiner User In terface

For the current implementation of PerfMiner, the front end runs on an Apache
web server with PHP and JpGraph[JpGraph] installed. JpGraph is an open
source graphing library built upon PHP and the GD library . The user is pre-
sented with a simple interface through which he can construct queries to be
visualized. The resulting graph is dynamically generated with JpGraph along
with a corresponding image map, such that the user can click on a correspond-
ing portion to drill-do wn to more interesting data. The presentation layer of
PerfMiner is arguably the area with the most potential for development. As de-
velopers,we are presented with the canonicalproblem of balancing functionalit y
with interface complexity. For our initial implementation, we chosea small sub-
set of the available data as targets of our queries.We choseto present a query
interface that speci�ed the logical and of any four items present in the job's
METADATA�le: four on which to scope the queriesand 1 choiceby which to group
Cluster, Charge Group, User and Job ID. Each column is updated from the
selectionsto it's left. Should the user choosea combination that results in the
availabilit y of a single job ID, an additional dialog is presented with the names
of all the processesin that job.



Fig. 1. PerfMiner Graph of Instructions Per Cycle of a Serial Job

6 Evaluation

The goal of PerfMiner wasto be able to support three di�eren t audiences(users,
systemadministrators and managers)through a common information collection
infrastructure. For the usercommunit y, we wish to be able provide a simple way
of providing performance information about recently submitted jobs without
any changesto the user's application or environment. This information could
contain the e�ciency of various components, the overall processingtime of each
component or more details hardware performancemetrics. The ultimate goal is
to not only provide performance information but to provide information as to
why the components of that job are performing a certain why. In Figure 1, we
have usedPerfMiner to plot instructions per cycle against the executablename
to seeif we can identify which executablesare running e�cien tly . This particular
user has apparently submitted a shell script to perform a run of Gamess,an ab-
initio quantum chemistry package.Here we �nd that Gamesswas far from the
most e�cien t executablein this particular job.

For the administrator and support sta� communit y, wemay not besointerested
in actual processperformance,but rather the throughput of the systemand the
users' jobs. In Figure 2, we have chosena query to �nd out which usersof our
Itanium 2 cluster performance of the system as a whole. For this particular
query, we have asked the system to plot the averagelevel 1 data cache hit rate
of jobs and sort the results by user. Not surprisingly, the user with the highest
miss rate is utilizing the most compute cycles.This kind of query is extremely
powerful when aiming to maximize the throughput of a particular system. It's
not hard to envision a scenariowhere application specialists approach the user
in question and o�er help to optimize the user's code.

Lastly, PerfMiner's goal is to be able to facilitate a good understanding of ex-
actly how the systemsare being usedby the various usercommunities. By doing
so, they can plan appropriately for future procurements. The central idea here



Fig. 2. PerfMiner Graphs of Level 1 Data Cache Miss Rates and Total Cycle Con-
sumption by User

being that they can focustheir procurements on having the type of hardware ap-
propriate for the problems being solved. Should the user workload demonstrate
high cache hit-rates and counts of 
oating point instructions, perhapsa system
with a similar size cache but a higher core clock frequency and deeper 
oating
point pipeline would be an appropriate upgrade. Should the workload demon-
strate low processorutilization and low TLB-miss rates, perhapsan upgrade of
the I/O subsystemwould be more appropriate than a processorupgrade. The
key hereis to removethe guesswork involved in the procurement process.Instead
of focusing next generation purchaseson either arti�cial benchmark suites or a
select group of applications, the procurement could be basedon exactly what
the user communit y has demonstrated a needfor.

7 Related Work

There arenumeroussystemsin existencethat do cluster-wide performancemoni-
toring. Many of them likeGanglia[Ganglia], SuperMon[SuperMon], CluMon[CluMon],
NWPerf[NWPerf] and SGI's Performance CoPilot[PCP ] are extensible frame-
works capable of just about any metric. All these systems gather their met-
rics only on a system wide basis through a daemon processthat scrapes the
/proc �lesystem. PerfMiner is most closely related to (and inspired by) the
pioneering work done by Rick Kufrin et al at the National Center for Super-
computing Applications[Kufrin1 ]. In that work, a locally developed PAPI based
tool PerfSuite[PerfSuite] is usedto collect information on jobs sent through their
batch system.The primary di�erences betweenour work are the collection mech-
anism, the designof the databaseand the user interface. Through personalcor-
respondencewith the authors we have learned that there is an internal Web
interface through which they make queries,but that form and function of inter-
face remains unclear. In contrast, PerfMiner's audienceand usagemodel drives
the implementation, with rapid deployment, easeof use and clarit y of the pre-
sented data being our primary objectives.
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