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INTRODUCTION TO PERFORMANCE 
ENGINEERING

Allen D. Malony 

Performance Research Laboratory

University of Oregon
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Performance Engineering
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Performance Optimization Cycle
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ÅExpose factors

ÅCollect performance data

ÅCalculate metrics

ÅAnalyze results

ÅVisualize results

ÅIdentify problems

ÅTune performance

Instrumentation

Presentation

Measurement

Optimization

Analysis



Parallel Performance Properties
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ÅParallel code performance is influenced by 
both sequential and parallel factors?

ÅSequential factors

ïComputation and memory use

ïInput / output

ÅParallel factors

ïThread / process interactions

ïCommunication and synchronization



Performance Observation
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ÅUnderstanding performance requires 
observation of performance properties

ÅPerformance tools and methodologies are 
primarily distinguished by what observations 
are made and how

ïWhat aspects of performance factors are seen

ïWhat performance data is obtained

ÅTools and methods cover broad range



Metrics and Measurement
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ÅObservability depends on measurement

ÅA metric represents a type of measured data

ïCount, time, hardware counters

ÅA measurement records performance data

ïAssociates with program execution aspects

ÅDerived metrics are computed

ïRates (e.g., flops)

ÅMetrics / measurements decided by need 



Execution Time
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ÅWall-clock time
ïBased on realtime clock

ÅVirtual process time
ïTime when process is executing
Åser time and system time

ïDoes not include time when process is stalled

ÅParallel execution time
ïRuns whenever any parallel part is executing

ïGlobal time basis



Direct Performance Observation
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ÅExecution actionsexposed as events
ï In general, actions reflect some execution state
Åpresence at a code location or change in data
Åoccurrence in parallelism context (thread of execution)

ïEvents encode actions for observation

ÅObservation is direct
ïDirect instrumentation of program code (probes)

ï Instrumentation invokes performance measurement

ïEvent measurement = performance data + context

ÅPerformance experiment
ïActual events + performance measurements



Indirect Performance Observation
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ÅProgram code instrumentation is not used

ÅPerformance is observed indirectly
ïExecution is interrupted
Åcan be triggered by different events

ïExecution state is queried (sampled)
Ådifferent performance data measured

ïEvent-based sampling(EBS)

ÅPerformance attribution is inferred
ïDetermined by execution context (state)

ïObservation resolution determined by interrupt period

ïPerformance data associated with context for period



Direct Observation: Events
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ÅEvent types
ïInterval events (begin/end events)
Åmeasures performance between begin and end
Åmetrics monotonically increase

ïAtomic events
Åused to capture performance data state

ÅCode events
ïRoutines, classes, templates
ïStatement-level blocks, loops

ÅUser-defined events
ïSpecified by the user

ÅAbstract mapping events



Direct Observation: Instrumentation
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ÅEvents defined by instrumentation access

ÅInstrumentation levels

ïSource code ςLibrary code

ïObject code ςExecutable code

ïRuntime system ςOperating system

ÅDifferent levels provide different information

ÅDifferent tools needed for each level

ÅLevels can have different granularity 



Direct Observation: Techniques
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ÅStatic instrumentation
ïProgram instrumented prior to execution

ÅDynamic instrumentation
ïProgram instrumented at runtime

ÅManual and automatic mechanisms

ÅTool required for automatic support
ïSource time: preprocessor, translator, compiler

ïLink time: wrapper library, preload

ïExecution time: binary rewrite, dynamic

ÅAdvantages / disadvantages



Direct Observation: Mapping
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ÅAssociate 

performance data 

with high-level 

semantic 

abstractions

ÅAbstract events at 

user-level provide 

semantic context



Indirect Observation: Events/Triggers
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ÅEvents are actions external to program code
ï¢ƛƳŜǊ ŎƻǳƴǘŘƻǿƴΣ I² ŎƻǳƴǘŜǊ ƻǾŜǊŦƭƻǿΣ Χ

ïConsequence of program execution

ïEvent frequency determined by:
ÅType, setup, number enabled (exposed)

ÅTriggers used to invoke measurement tool
ïTraps when events occur (interrupt)

ïAssociated with events

ïMay add differentiation to events



Indirect Observation: Context
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ÅWhen events trigger, execution context determined 
at time of trap (interrupt)

ïAccess to PC from interrupt frame

ïAccess to information about process/thread

ïPossible access to call stack
Årequires call stack unwinder

ÅAssumption is that the context was the same during 
the preceding period

ïBetween successive triggers

ïStatistical approximation valid for long running programs



Direct / Indirect Comparison
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ÅDirect performance observation
J Measures performance data exactly

J Links performance data with application events

K Requires instrumentation of code

L Measurement overhead can cause execution intrusion 
and possibly performance perturbation

ÅIndirect performance observation
J Argued to have less overhead and intrusion

J Can observe finer granularity

J No code modification required (may need symbols)

L Inexact measurement and attribution



Measurement Techniques
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ÅWhen is measurement triggered?
ïExternal agent (indirect, asynchronous)
ÅƛƴǘŜǊǊǳǇǘǎΣ ƘŀǊŘǿŀǊŜ ŎƻǳƴǘŜǊ ƻǾŜǊŦƭƻǿΣ Χ

ïInternal agent (direct, synchronous)
Åthrough code modification

ÅHow are measurements made?
ïProfiling
Åsummarizes performance data during execution
Åper process / thread and organized with respect to context

ïTracing
Åtrace record with performance data and timestamp
Åper process / thread



Measured Performance
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ÅCounts

ÅDurations

ÅCommunication costs

ÅSynchronization costs

ÅMemory use

ÅHardware counts

ÅSystem calls



Critical issues

Parallel Performance Evaluation Tools for HPC Systems: ICCS ó09

21

ÅAccuracy
ïTiming and counting accuracy depends on resolution
ïAny performance measurement generates overhead
ÅExecution on performance measurement code

ïMeasurement overhead can lead to intrusion
ïIntrusion can cause perturbation
Åalters program behavior

ÅGranularity
ïHow many measurements are made 
ïHow much overhead per measurement 

ÅTradeoff (general wisdom)
ïAccuracy is inversely correlated with granularity



Profiling
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ÅRecording of aggregated information

ï/ƻǳƴǘǎΣ ǘƛƳŜΣ Χ

ÅΧ ŀōƻǳǘ ǇǊƻƎǊŀƳ ŀƴŘ ǎȅǎǘŜƳ ŜƴǘƛǘƛŜǎ

ïCǳƴŎǘƛƻƴǎΣ ƭƻƻǇǎΣ ōŀǎƛŎ ōƭƻŎƪǎΣ Χ

ïProcesses, threads

ÅMethods

ïEvent-based sampling (indirect, statistical)

ïDirect measurement (deterministic) 



inclusive

duration

exclusive

duration

int foo() 

{

int a;

a = a + 1;

bar();

a = a + 1;

return a;

}

Inclusive and Exclusive Profiles
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ÅPerformance with respect to code regions

ÅExclusive measurements for region only

ÅInclusive measurements includes child regions



Flat and Callpath Profiles
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ÅStatic call graph
ïShows all parent-child calling relationships in a program

ÅDynamic call graph
ïReflects actual execution time calling relationships 

ÅFlat profile
ïPerformance metrics for when event is active
ïExclusive and inclusive

ÅCallpath profile
ïPerformance metrics for calling path (event chain)
ïDifferentiate performance with respect to program execution 

state
ïExclusive and inclusive



Tracing Measurement 
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void master {

...

send(B, tag, buf);

...

}

Process A:

void slave {

...

recv(A, tag, buf);

...

}

Process B:

void worker {

...

recv(A, tag, buf);

...

}

void master {

...

send(B, tag, buf);

...

} 58 A ENTER 1

60 B ENTER 2

62 A SEND B

64 A EXIT 1

68 B RECV A

...

69 B EXIT 2

...

1 master

2 worker

3 ...

trace(ENTER, 1);

trace(SEND, B);

trace(EXIT, 1);

trace(ENTER, 2);

trace(RECV, A);

trace(EXIT, 2);

MONITOR



Tracing Analysis and Visualization

Parallel Performance Evaluation Tools for HPC Systems: ICCS ó09

26

1 master

2 worker

3 ...

58 A ENTER 1

60 B ENTER 2

62 A SEND B

64 A EXIT 1

68 B RECV A

...

69 B EXIT 2

...

main

master

worker

58 60 62 64 66 68 70

B

A



Trace Formats

Parallel Performance Evaluation Tools for HPC Systems: ICCS ó09

27

ÅDifferent tools produce different formats

ïDiffer by event types supported

ïDiffer by ASCII and binary representations

ÅVampir Trace Format (VTF)

ÅKOJAK (EPILOG)

ÅJumpshot (SLOG-2)

ÅParaver

ÅOpen Trace Format (OTF)

ïSupports interoperation between tracing tools



Profiling / Tracing Comparison

Parallel Performance Evaluation Tools for HPC Systems: ICCS ó09

28

ÅProfiling
J Finite, bounded performance data size
J Applicable to both direct and indirect methods
K Loses time dimension (not entirely)
L Lacks ability to fully describe process interaction

ÅTracing
J Temporal and spatial dimension to performance data
J Capture parallel dynamics and process interaction
K Some inconsistencies with indirect methods
L Unbounded performance data size (large)
L Complex event buffering and clock synchronization



Performance Problem Solving Goals
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ÅAnswer questions at multiple levels of interest
ïHigh-level performance data spanning dimensions
Åmachine, applications, code revisions, data sets
Åexamine broad performance trends

ïData from low-level measurements
Åuse to predict application performance

ÅDiscover general correlations
ïperformance and features of external environment

ï Identify primary performance factors

ÅBenchmarking analysis for application prediction

ÅWorkload analysis for machine assessment



Performance Analysis Questions
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ÅHow does performance vary with different compilers?

Å Is poor performance correlated with certain OS features?

ÅHas a recent change caused unanticipated performance?

ÅHow does performance vary with MPI variants?

ÅWhy is one application version faster than another?

ÅWhat is the reason for the observed scaling behavior?

ÅDid two runs exhibit similar performance?

ÅHow are performance data related to application events?

ÅWhich machines will run my code the fastest and why?

ÅWhich benchmarks predict my code performance best?



Automatic Performance Analysis
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Performance

database

Build

application

Execute

application

Simple

analysis

feedback

72%

Faster!

build

information

environment /

performance

data

Offline

analysis



Performance Data Management
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ÅPerformance diagnosis and optimization involves 
multiple performance experiments
ÅSupport for common performance data management 

tasks augments tool use
ïPerformance experiment data and metadata storage
ïPerformance database and query

ÅWhat type of performance data should be stored?
ïParallel profiles or parallel traces
ïStorage size will dictate 
ïExperiment metadata helps in meta analysis tasks

ÅServes tool integration objectives



Metadata Collection
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ÅIntegration of metadata with each parallel profile
ïSeparate information from performance data

ÅThree ways to incorporate metadata
ïMeasured hardware/system information
Å/t¦ ǎǇŜŜŘΣ ƳŜƳƻǊȅ ƛƴ D.Σ atL ƴƻŘŜ L5ǎΣ Χ

ïApplication instrumentation (application-specific)
ÅApplication parameters, input data, domain decomposition
ÅCapture arbitrary name/value pair and save with experiment

ïData management tools can read additional metadata
Å/ƻƳǇƛƭŜǊ ŦƭŀƎǎΣ ǎǳōƳƛǎǎƛƻƴ ǎŎǊƛǇǘǎΣ ƛƴǇǳǘ ŦƛƭŜǎΣ Χ
ÅBefore or after execution

ÅEnhances analysis capabilities



Performance Data Mining
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ÅConduct parallel performance analysis in a 
systematic, collaborative and reusable manner
ïManage performance complexity and automate process
ïDiscover performance relationship and properties
ïMulti-experiment performance analysis

ÅData mining applied to parallel performance data
ï/ƻƳǇŀǊŀǘƛǾŜΣ ŎƭǳǎǘŜǊƛƴƎΣ ŎƻǊǊŜƭŀǘƛƻƴΣ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴΣ Χ
ïLarge-scale performance data reduction

ÅImplement extensible analysis framework
ïAbstraction / automation of data mining operations
ïInterface to existing analysis and data mining tools



How to explain performance?
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ÅShould not just redescribeperformance results
ÅShould explain performance phenomena
ïWhat are the causes for performance observed?
ïWhat are the factors and how do they interrelate?
ïPerformance analytics, forensics, and decision support

ÅAdd knowledgeto do more intelligent things
ïAutomated analysis needs good informed feedback
ïPerformance model generation requires interpretation

ÅPerformance knowledge discovery framework
ï Integrating meta-information
ïKnowledge-based performance problem solving



Metadata and Knowledge Role

Parallel Performance Evaluation Tools for HPC Systems: ICCS ó09

36

Performance Knowledge

Source

Code

Build 

Environment

Run 

Environment

Performance Result

Execution

You have to 

capture these...

...to understand 

this

Application Machine

Performance 

Problems

Context Knowledge



Performance Optimization Process
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ÅPerformance characterization
ïIdentify major performance contributors
ïIdentify sources of performance inefficiency
ïUtilize timing and hardware measures

ÅPerformance diagnosis (Performance Debugging)
ïLook for conditions of performance problems
ïDetermine if conditions are met and their severity
ïWhat and where are the performance bottlenecks

ÅPerformance tuning
ïFocus on dominant performance contributors
ïEliminate main performance bottlenecks



POINT Project
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ÅάIƛƎƘ-Productivity Performance Engineering (Tools, 
aŜǘƘƻŘǎΣ ¢ǊŀƛƴƛƴƎύ ŦƻǊ b{C It/ !ǇǇƭƛŎŀǘƛƻƴǎέ

ïNSF SDCI, Software Improvement and Support

ïUniversity of Oregon, University of Tennessee, National 
Center for Supercomputing Applications, Pittsburgh 
Supercomputing Center

ÅPOINT project

ïPetascale Productivity from Open, Integrated Tools

ïhttp://www.nic.uoregon.edu/point



Motivation
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ÅPromise of HPC through scalable scientific and 
engineering applications

ÅPerformance optimization through effective 
performance engineering methods

ïtŜǊŦƻǊƳŀƴŎŜ ŀƴŀƭȅǎƛǎ κ ǘǳƴƛƴƎ άōŜǎǘ ǇǊŀŎǘƛŎŜǎέ

ÅProductive petascale HPC will require

ïRobust parallel performance tools

ïTraining good performance problem solvers



Objectives
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ÅRobust parallel performance environment

ïUniformly available across NSF HPC platforms

ÅPromote performance engineering

ïTraining in performance tools and methods

ïLeverage NSF TeraGrid EOT

ÅWork with petascale applications teams

ÅCommunity building



Challenges
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ÅConsistent performance tool environment

ïTool integration, interoperation, and scalability

ïUniform deployment across NSF HPC platforms

ÅUseful evaluation metrics and process

ïMake part of code development routine

ïRecording performance engineering history

ÅDevelop performance engineering culture

ïtǊƻŎŜŜŘ ōŜȅƻƴŘ άƘŀƴŘ ƘƻƭŘƛƴƎέ ŜƴƎŀƎŜƳŜƴǘǎ



Performance Engineering Levels
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ÅTarget different performance tool users
ïDifferent levels of expertise

ïDifferent performance problem solving needs

ÅLevel 0 (entry)
ïSimpler tool use, limited performance data

ÅLevel 1 (intermediate)
ïMore tool sophistication, increased information

ÅLevel 2 (advanced)
ïAccess to powerful performance techniques



POINT Project Organization
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Testbed Apps

ENZO

NAMD

NEMO3D


