CS 239, Fall 1999 Lecture14

Page 1

U ndersta nding Perfo rmance in

Operating System s

C S239

A dvanced Operating S ystem s

D ecem ber 7 , 1999

D r. Richa rd Gu y

CS 239, Fall 1999 Lecture14

Page 2

Source Materials

¯ Th e Art of Computer System s Performance

Analysis , by Jain, 19 91.

¯ UCLA School of Hard Knocks, 1979-1999.

CS 239, Fall 1999 Lecture14

Page 3

Outline

¯ Im portance of operating systems perf orm an ce

¯ Major issues in understanding o perating s ystems perfo rmance

¯ Is sues in experiment des ign

CS 239, Fall 1999 Lecture14

Page 4

Importance of OS Perform ance

Performance isalmost alwaysa key issue in operating systems

˘ File sy stem res earch

˘ OS tools for multimedia

˘ Practically any OS area

Sinceeveryone uses the OS (sometimes heavily), everyone is impacted by its performance

A solution tha t doesn´t perform well is n´t a s olution at all

CS 239, Fall 1999 Lecture14

Page 5

Importance of Understanding

OS Perfo rm ance

Great, sowe work on improving OS performance

Howdo we tell if wesucceeded?

Successful research must prove its performance characteristics toa skeptical community

CS 239, Fall 1999 Lecture14

Page 6

So What?

Proper performance evaluation is difficult

Knowing whatto study is tricky

Performance evaluationstake alot of careful work

Understandingthe results is hard

Presentingthemeffectively is challenging

CS 239, Fall 1999 Lecture14

Page 7

For Examp le,

An idea - save power from aportable computer´s batteryby using its wireless card to execute tasks remotely

Maybe that´s a good idea, maybe it isn´t

Howdo we tell?

Performance experiments to validate concept

CS 239, Fall 1999 Lecture14

Page 8

But What Experim ents?

¯ What tasksshould we check?

¯ What should be theconditions of the portable computer?

¯ What should be theconditions of the network?

¯ What should be theconditions of the server?

¯ Howdo I tell if my result is statistically valid?

CS 239, Fall 1999 Lecture14

Page 9

Issues in U ndersta nding

OS Perfo rm ance

¯ Tech niques for understandin g OS perf.

¯ Elements of performance evaluatio n

¯ C ommon mis takes in performance eval.

¯ C hoos ing proper performance metrics

¯ Workload design/selection

¯ Monitors

¯ Softwar e measurem ent too ls

CS 239, Fall 1999 Lecture14

Page 10

Techniques fo rUnd erstand ing

OS Perfo rm ance

¯ Analytic modeling

¯ Simulation

¯ Measurement

Which technique is right for agiven situation?

CS 239, Fall 1999 Lecture14

Page 11

A nalytic Modelin g

+ Sometimes relatively quick

+ Within limitations of model, testing alternatives usually easy

˘ Mathematical tractabilitymay require simplifications

˘ Not everything models well

˘ Questionof validity of model

CS 239, Fall 1999 Lecture14

Page 12

Simula tion

+ Great flexibility

+ Can capturean arbitrary level of detail

˘ Oftena tremendous amount of work to write and run

˘ Testing a new alternativeoften requires repeating a lot of work

˘ Questionof validity of simulation

˘

CS 239, Fall 1999 Lecture14

Page 13

Experimentatio n

+ Lesser problems of validity

+ Sometimes easy to getstarted

˘ Can bevery labor-intensive

˘ Oftenhard to perform measurement

˘ Sometimes hard to separate out effects you want to study

˘ Sometimes impossible togenerate cases you need tostudy

˘

CS 239, Fall 1999 Lecture14

Page 14

Elemen ts of Perfo rmance

Evalua tion

¯ Performance metrics

¯ Workloads

¯ Proper measurement technique

¯ Proper statistical techniques

¯ Minimization of effort

¯ Proper data presentation techniques

CS 239, Fall 1999 Lecture14

Page 15

Perfo rmance Metrics

The criteria usedto evaluate the performance of a system

E.g., response time, cache hit ratio, bandwidth delivered, etc.

Choosing the proper metrics is keyto a real understanding of system performance

CS 239, Fall 1999 Lecture14

Page 16

Workloads

The requests users makeon asystem

If you don´tevaluate with a proper workload, you aren´t measuring what real users will experience

Typical workloads - stream of filesystemrequests set of jobsperformed byusers list of URLs submitted to a Web server

CS 239, Fall 1999 Lecture14

Page 17

Proper Performa nce

Mea surement Techniq ues

Youneed at least two components to measureperformance

1. Aload generator

Toapply a workload to the system

2. Amonitor

Tofind outwhat happened

CS 239, Fall 1999 Lecture14

Page 18

Proper Statistical Techniques

Computer performance measurements generally not purely deterministic

Most performance evaluations weighthe effects of different alternatives

Howto separate meaningless variations fromvital datain measurements?

Requires proper statistical techniques

CS 239, Fall 1999 Lecture14

Page 19

Minimizing Your Work

Unless youdesign carefully, you´ll measurea lot more than you need to

A careful design can save youfrom doinglots of measurements

Should identifycritical factors

Anddetermine the smallest number of experiments that givesa sufficiently accurateanswer

CS 239, Fall 1999 Lecture14

Page 20

Proper Data Presentation

Techniques

You´ve got pertinent, statistically accuratedata that describes your system

Nowwhat?

Howto present it -

˘ honestly

˘ clearly

˘ convincingly

CS 239, Fall 1999 Lecture14

Page 21

Why Is Performance A nalysis

D ifficult?

Becauseit´s an art - it´s not mechanical

You can´t just applya handful of principles andexpect good results

You´ve got tounderstand your system

You´ve got toselect your measurement techniques and tools properly

You´ve got tobe careful andhonest

CS 239, Fall 1999 Lecture14

Page 22

Some Com mon Mistakes in

Perfo rmance Evalu ation

¯ No goals

¯ Biased goals

¯ Unsystematic approach

¯ Analysis without understanding

¯ Incorrect performance metrics

¯ Unrepresentative workload

¯ Wrong evaluation technique

CS 239, Fall 1999 Lecture14

Page 23

More Common Performance

Evalua tion Mista kes

¯ Overlookingimportant parameters

¯ Ignoring significant factors

¯ Inappropriate experiment design

¯ No analysis

¯ Erroneous analysis

¯ No sensitivity analysis

CS 239, Fall 1999 Lecture14

Page 24

Y et More C ommon Mistak es

¯ Ignoring input errors

¯ Improper treatment of outliers

¯ Assuming static systems

¯ Ignoring variability

¯ Too complex analysis

¯ Improper presentation of results

¯ Ignoring social aspects

¯ Omittingassumptions/limitations

CS 239, Fall 1999 Lecture14

Page 25

C hoosing Proper Performan ce

Met rics

Three types of common metrics:

˘ Time (responsiveness)

˘ Processing rate(productivity)

˘ Resource consumption (utilization)

Can also measure various error parameters

CS 239, Fall 1999 Lecture14

Page 26

R esponse Time

Howquickly does systemproduce results?

Critical for applications such as:

˘ Time sharing/interactivesystems

˘ Real-time systems

˘ Parallel computing

CS 239, Fall 1999 Lecture14

Page 27

Processing Rate

Howmuch workis doneper unittime?

Importantfor:

˘ Determiningfeasibility of hardware

˘ Comparing different configurations

˘ Multimedia

CS 239, Fall 1999 Lecture14

Page 28

R esou rce Consumptio n

Howmuch does the work cost?

Used in:

˘ Capacity planning

˘ Identifying bottlenecks

Also helps toidentify the ^next~ bottleneck

CS 239, Fall 1999 Lecture14

Page 29

Typical Erro r Metrics

¯ Successful service (speed)

¯ Incorrect service (reliability)

¯ No service (availability)

CS 239, Fall 1999 Lecture14

Page 30

C haracterizing Metrics

Usuallynecessaryto summarize

Sometimes means are enough

Variability is usuallycritical

CS 239, Fall 1999 Lecture14

Page 31

Essentials of

Sta tisti ca l Evaluation

¯ C hoos e an appropriate summ ary

˘ mean, median, and/or mode

¯ R eport measu res o f variation

˘ standard deviation, range, etc.

¯ Provide confidence intervals ( ³ 95%)

¯ Use confidence intervals to compare means

CS 239, Fall 1999 Lecture14

Page 32

C hoosing What to Measure

Pick metrics based on:

¯ Completeness

¯ (Non-)redundancy

¯ Variability

CS 239, Fall 1999 Lecture14

Page 33

D esig nin g Wo rkload s

¯ What is a workload?

¯ Synthetic workloads

¯ Real-Worldbenchmarks

¯ Application benchmarks

¯ ^Standard~benchmarks

¯ Exercisers anddrivers

CS 239, Fall 1999 Lecture14

Page 34

What is a Workload?

A workload is anything a computer is askedto do

Test workload : anyworkload usedto analyzeperformance

Real workload : any workload observed during normal operations

Synthetic workload : any workload created for controlled testing

CS 239, Fall 1999 Lecture14

Page 35

R eal Workloads

+ They represent reality

˘ Uncontrolled

¯ Can´t be repeated

¯ Can´t be described simply

¯ Difficult toanalyze

Nevertheless, often useful for ^final analysis~ papers

CS 239, Fall 1999 Lecture14

Page 36

Synthetic Work loa ds

+ Controllable

+ Repeatable

+ Portableto other systems

+ Easilymodified

˘ Can never be surereal world will be the same

CS 239, Fall 1999 Lecture14

Page 37

What Are Synthetic

Workloads?

Completeprograms designedspecifically for measurement

May doreal or ^fake~ work

May beadjustable (parameterized)

Two major classes:

˘ Benchmarks

˘ Exercisers

CS 239, Fall 1999 Lecture14

Page 38

R eal-World Benchmarks

¯ Pick a representativeapplication and sample data

¯ Runit on system to betested

Modified Andrew Benchmark, MAB, is a real-world benchmark

+ Easyto do, accuratefor thatsample application anddata

˘ Doesn´t consider other applications anddata

CS 239, Fall 1999 Lecture14

Page 39

A ppl ication Benchm arks

Variation on real-world benchmarks

Choose most important subset of functions

Write benchmarkto test those functions

+ Tests what computer will be usedfor

˘ Need to be sure it captures all important characteristics

CS 239, Fall 1999 Lecture14

Page 40

^Standard~ Benchm arks

Oftenneed to comparegeneral-purpose systems for general-purpose use

Should I buy aCompaq or a Dell PC?

Tougher:Mac or PC?

Need an easy, comprehensive answer

People writingarticlesoften need to compare tensof machines

CS 239, Fall 1999 Lecture14

Page 41

^Standard~ Benchm arks

(cont´d)

Oftenneed comparisonsover time

Howmuch faster is this year´s

PentiumPro than last year´s

Pentium?

Writingnew benchmark undesirable

Could be buggy or not representative

Want to compare many people´s results

CS 239, Fall 1999 Lecture14

Page 42

Exercisers and Drivers

For I/O, network, non-CPU measurements

Generate a workload, feed to internal or external measuredsystem

I/O on localOS

Network

Sometimes uses dedicated system, interface hardware

CS 239, Fall 1999 Lecture14

Page 43

A dvantagesand Disadvanta ges of Exercisers

+ Easyto develop, port

+ Incorporates measurement

+ Easyto parameterize, adjust

˘ Highcost if external

˘ Oftentoo small compared toreal workloads

CS 239, Fall 1999 Lecture14

Page 44

Workload Selection

¯ Services Exercised

¯ Completeness

¯ Levelof Detail

¯ Representativeness

¯ Timeliness

¯ Other Considerations

CS 239, Fall 1999 Lecture14

Page 45

Services Exercised

What services does system actually use?

Speeding up response tokeystrokes won´t help afile server

What metrics measure these services?

CS 239, Fall 1999 Lecture14

Page 46

C omp leteness

Computer systems arecomplex

Effect of interactions hard topredict

So must be sureto test entire system

Importantto understand balancebetween components

CS 239, Fall 1999 Lecture14

Page 47

Level of D etail

Detail trades off accuracy vs. cost

Highestdetail is complete trace

Lowest is onerequest,usually most the common request

Intermediate approach:weight by frequency

CS 239, Fall 1999 Lecture14

Page 48

R epresenta tiveness

Obviously, workload should represent desired application

Again, accuracy and cost trade off

Need to understand whether detail matters

CS 239, Fall 1999 Lecture14

Page 49

Timeliness

Usage patterns changeover time

File size grows to matchdisk size

If using^old~workloads, must be sure user behavior hasn´t changed

Even worse, behavior maychange after test, as result of installing newsystem

^Latent demand~ phenomenon

CS 239, Fall 1999 Lecture14

Page 50

Oth er Considerations

¯ Loadinglevels

˘ Full capacity

˘ Beyondcapacity

˘ Actual usage

¯ Repeatability of workload

CS 239, Fall 1999 Lecture14

Page 51

Monitors

A monitor is a tool used to observe systemactivity

Proper use of monitors is key to performance analysis

Also useful for other system observation purposes

CS 239, Fall 1999 Lecture14

Page 52

Event-Driven Vs. Sampl ing

Monitors

¯ Event-driven monitors notice every time a particular type of event occurs

˘ Idealfor rareevents

˘ Require low per-invocation overheads

¯ Sampling monitors check the state of the system periodically

˘ Goodfor frequent events

˘ Can afford higher overheads

CS 239, Fall 1999 Lecture14

Page 53

On-Line Vs. Batch Mo nitors

¯ On-line monitors can display their information continuously

˘ Or, atleast, frequently

¯ Batch monitors save itfor later

˘ Usuallyusing separate analysis procedures

CS 239, Fall 1999 Lecture14

Page 54

Issues in Monitor Design

¯ Activation mechanism

¯ Buffer issues

¯ Data compression/analysis

¯ Priority issues

¯ Abnormal events monitoring

¯ Distributed systems

CS 239, Fall 1999 Lecture14

Page 55

A ctivation Mechanism

When do you collect thedata?

Several possibilities:

˘ When an interesting event occurs, trap to data collection routine

˘ Analyzeevery step takenby system

˘ Go to data collection routinewhen timer expires

CS 239, Fall 1999 Lecture14

Page 56

Buffer Issues

Buffer sizeshould be bigenough to avoidfrequent disk writes

Butsmall enough tomake disk writes cheap

Use at least two buffers, typically

Oneto fill up,oneto record

Must think about buffer overflow

CS 239, Fall 1999 Lecture14

Page 57

D ata Comp ressio n or An aly sis

Data can beliterally compressed

Or can bereducedto a summary form

Bothmethods save space

But at thecost of extra overhead

Sometimes can use idletimefor this

Butidle time might be better spent dumping data to disk

CS 239, Fall 1999 Lecture14

Page 58

Priority o f Mon itor

Howhigh a priority should themonitor´s operations have?

Again, trading offperformanceimpact against timelyand complete data gathering

Not always a simple question

CS 239, Fall 1999 Lecture14

Page 59

Monitoring Abnorm al Even ts

Often, knowing about failures anderrors more importantthan knowing about normal operation

Sometimes requires specialattention

System may not be operating very wellat the time of the failure

CS 239, Fall 1999 Lecture14

Page 60

Monitoring Distributed

Systems

Monitoring a distributedsystem is not dissimilar to designing a distributed system

Must deal with:

˘ Distributed state

˘ Unsynchronized clocks

˘ Partial failures

CS 239, Fall 1999 Lecture14

Page 61

Tools Fo r Software

Mea surement

¯ Code instrumentation

¯ Tracingpackages

¯ System-provided metrics andutilities

¯ Profiling

CS 239, Fall 1999 Lecture14

Page 62

C ode Instrumenta tion

Adding monitoring codeto thesystem under study

+ Usuallymost direct way to gather data

+ Completeflexibility

+ Strong control over costs of monitoring

˘ Requires access to thesource

˘ Requires strong knowledgeof code

˘ Strong potential to affect performance

CS 239, Fall 1999 Lecture14

Page 63

Typical Types of

Instrumentatio n

¯ Counters

+ Cheap and fast

˘ Butlow level of detail

¯ Logs

+ Moredetail

˘ Butmore costly

˘ Require occasional dumpingor digesting

¯ Timers

CS 239, Fall 1999 Lecture14

Page 64

Traci ng Packages

Allowdynamic monitoring of code that doesn´t havebuilt-in monitors

Akinto debuggers

+ Allows arbitrary insertion of code

+ No recompilationrequired

+ Tremendousflexibility

+ No overhead whenyou´re not using it

˘ Somewhat higher overheads

˘ Effective use requires access tosource

˘

CS 239, Fall 1999 Lecture14

Page 65

System-Provided Metrics and

U tilities

Many operating systemsprovide users accessto some metrics

Most operating systems also keep some formof accounting logs

Lots of information canbegathered this way

CS 239, Fall 1999 Lecture14

Page 66

Profilin g

Many compilers provideeasy facilities for profiling code

+ Easyto use

+ Low impact on system

˘ Requires recompilation

˘ Provides very limited information

CS 239, Fall 1999 Lecture14

Page 67

Introduction To Experiment

D esig n

¯ Youknowyour metrics

¯ Youknowyour factors

¯ You´ve got your instrumentationand test loads

¯ Nowwhat?

CS 239, Fall 1999 Lecture14

Page 68

Goals in Experiment Design

¯ Obtain maximuminformation with minimumwork

˘ Typically meaningminimum number of experiments

¯ Moreexperiments aren´t better if you have to perform them

¯ Well-designed experiments are also easierto analyze

CS 239, Fall 1999 Lecture14

Page 69

Experimental Replications

A run of the experiment with aparticular set of levelsandother inputsis a replication

Often, you need to domultiple replications with a single set of levels andother inputs

For statistical validation

CS 239, Fall 1999 Lecture14

Page 70

Interacting Factors

Some factors have effectscompletely independent of each other

˘ Double thefactor´s level, halve the response, regardlessof other factors

Butthe effects of somefactors depends on the values of other factors

˘ Interacting factors

Presenceof interacting factors complicates experimental design

CS 239, Fall 1999 Lecture14

Page 71

Basic Prob lem in Designin g

Experiments

Your chosen factorsmay or may not interact

Howcan youdesign an experiment that captures thefull rangeof thelevels?

Withminimumamount of work

CS 239, Fall 1999 Lecture14

Page 72

C omm on Mistakes in

Experimentatio n

¯ Ignoring experimental error

¯ Uncontrolledparameters

¯ Not isolating effects of differentfactors

¯ One-factor-at-a-time experiment designs

¯ Interactionsignored

¯ Designs require toomany experiments

CS 239, Fall 1999 Lecture14

Page 73

R eview guide

¯ Understand ing OS performance is im portant because�

¯ Th e major is sues to unders tanding OS perf orm an ce are�

¯ Th e primary experimental d es ign issues are...