THE ART OF
COMPUTER SYSTEMS
PERFORMANCE ANALYSIS

Techniques for
Experimental Design,
Measurement, Simulation,
and Modeling

RAJ JAIN

Digital Equipmant Corparation
Linleten, Massachusatis

&

JOHN WILEY & SONS, INC.
Mew York | Chichester | Brisbare | Toronto | Singapore



CONTENTS

List of Boxes
List of Case Studles

PART | AN OVERVIEW OF PERFORMANCE
EVALUATION

1 Introduction

L1 Outline of Topics, 3
12 The An of Performance Evaluation, 7
1.3 Professional Organizations, Journals, and Conferences, 8§
14  Performance Projects, 11
Exercise, 12

2 Comman Mistakes and How to Avold Thaem

21 Common Mistakes in Performance Evaluation, 14
21 A Synematic Approach 1o Performance Evaluntion, 22
Exercises, 28

iz

14



i

3 Selection of Techniques and Metrics

31 Selecting an Evaluatinn Techmique, 30

31 Selecting Performance Metrics, 33

33  Commonly Used Performance Metrics, 37

34 Unility Clessification of Performonce Metrics, 40

35 Setiing Performance Requirements, 41
Exercises, 43

Further Reading for Part |

PART Il MEASUREMENT TECHNIQUES AND TOOLS

4 Types of Workloads

4.1  Addition Tnstruction, 48
42 Instruction Miscs, 48
43  Kemels, 49
44  Synmhetic Programs, 50
45  Application Benchmarks, 51
46  Popular Benchemarks, 52
Exercises, 59
5 The Art of Workioad Selection

5.1 Services Exercised, 60

52 Level of Detail, 66

53 Ropesemiativencas, 67

54 Timecliness, 58

£5  Other Considerations in Workload Selection, &9
Exercises, 69

& Workload Characterization Techniques

6.1  Terminology, T

62 Averaging 73

63 Specifying Dispersion, 73

64  Single-Parameter Histograms, 75
65  Multipnrameter Histograms, 76
66 PrincipaComponent Analysis, Th
67  Markov Models, 1



CONTENTS

6.8

Clustering, 83
Esercizes, 91

T Monitora

71
72
73
74
1.5
T4
7.7

Monitor Terminodogy, %4

Monitor Classification, %4

Software Monitoes, 95

Hardware Monitors, 98

Software vers Hardware Monilors, 98
Firmware and Hybrid Monitors, 100
Diistributed-System Monitors, 101
Exercises, 108

8 Program Execulion Monitors and Accounting Logs

Program Execution Monitors, 111

Technigues for Improving Program Performance, 114
Accounting Logs, 114

Analysls and Inierpretaiion of Accoumiing Log Dain, 117
Using Accounting Logs w0 Amawer Commonly Asked
Questions, 119

Exercise, 122

8 Capacity Planning and Benchmarking

a1
9.2
9.3
o4
9.5
9.6
9.7
9.8

Steps in Capacity Planaing and Monagement, 124
Problems in Capacity Planning, 123

Common Mistakes in Benchmarking, 127
Benchmarking Cames, 130

Lowd Drivers, 131

Remote-Terminal Emulagion, 132

Compenents of an HTE, 133

Limitstions of Current KTEs, 136

Ewvercises, 138

10 The Art of Data Presentation

11
0.2
103
104

Types of Variables, 140

Guidelings for Preparing Good Graplie Charts, 141
Common Mistokes in Prepaning Chorts, 144
Picwrial Games, 146

m

123

138



10
10
o7
108

Gantt Charts, 150

Kivist Graphs, 153
Schumacher Charte, 160
Decision Maker's Games, 161
Exercises, 163

11 Ratio Games

111
12
113
114
115
116

Choosing an Appropriaie Base Sysiem, 165
Using an Appropriate Ratio Metric, 167

Using Relative Performance Enhancement, 168
Ratio Games with Perceninges, 169

Sirategies for Winning & Ratio Game, 170
Correct Analysis, 174

Exercises, 174

Further Reading for Part 11

PART Il

PROBABILITY THEORY AND STATISTICS

12 Summarkzing Measured Data

121
122
123
124
L5
126
127
128
129
1Z10

Basic Probability and Sustistics Concegis, 179
Summarizing Data by a Single Number, 152
Selecting amaonyg the Mean, Medion, and Mode, 183
Common Minuses of Means, 186

Cenmetric Mean, 187

Harmonde Mean, 188

Mean of a Ratio, 18%

Sumemarizing Verishility, 192

Selecting the Tindex of Dispersion, 195
Determining Distribution of Deta, 196
Exerciscs, 200

13 Comparing Systams Using Sampls Data

131
132
133
134
133

Sample versus Populotion, 203
Confidenee Imerval for the Mean, 204
Testing for & Zera Mean, 207
Comparing Teo Alcrnsives, 208
What Confidence Level w Use, 212

177

173



136
137
138
139

Hypothesis Testing versus Confidence Intervals, 213
One-Sided Confidence Intervels, 114

Confidence Inervals for Proportions, 213
Determining Sample Size, 116

Exercises, 218

14 Simple Linear Regression Modals

141
14.2
14.3
4
14.3
1.6
147

Definition of & Good Model, 222

Estimation of Model Parameters, 223

Allocation of Varistion, 226

Srandard Deviation of Ermors, 228

Confidence Intervals for Regression Parameters, 229
Confidence Intervals for Predictions, 232

Wisual Tests for Verifying the Regression
Assumptions, 234

Exereises, 241

15 Other Regression Models

151
152
15.3
15.4
133
15.6

Multiple Linear Regression Models, 245
Begression with Camegorical Prediciors, 254
Curvilincar Regression, 257
Transformations, 259

Outliers, 265

Common Mistakes in Regression, 266
Exercises, 270

Further Reading for Part i1l

PART IV EXPERIMENTAL DESIGN AND ANALYSIS

16 Introduction to Experimental Design

161
%
16.3

Terminclogy, 273

Common Mistakes in Experimentntion, 278
Types of Experimental Designs, 279
Exervise, 182



17 2* Factorial Designs

171 2? Faciorial Designs, 284
172 Computstion of Effects, 288
173 Sign Thble Method (or Caleuisting Effects, 286
174 Allocatiom of Varation, 286
17.5 General 2* Factorial Designs, 291
Exercise, 292

18 2*r Factorial Designs with Replications

181 2% Factorial Designs, 193
182 Computation of Effects, 294
183  Estimation of Experimental Errors, 294
184  Alocation of Variation, 205
185 Confidence Intervals for Effects, 295
186 Confidence Intervals for Predicted Responses, 299
187  Visual Tests for Verifying the Assumptions, 302
188 Mubtiplicative Models for 2% Experiments, 303
189  General 2*r Factorial Design, 308

Excreise, 313

19 2¢-* Fractlonal Factorial Designs

19.1  Prepaning the Sign Table for a 27 Design, 316
192  Confounding, 318
193  Alpeors of Confounding, 320
194  Design Resolution, 321
Exercises, 336

20 One-Facior Experiments

W1 Model, 327

M2 Computation of Effects, 328

203  Estimuing Experimental Efrors, 330

204  Allocation of Varintion, 331

205  Analysis of Variance, 332

A6 Visual Diagnostic Tests, 134

M7 Confidence Intervals for Effects, 335

HE  Unequal Sample Skees, 337
Exercise, 341



CONTENTS

21 Two-Factor Full Factorial Design without Replications

L1 Model, 344
21.2  Computation of Effects, 344
113  Estimating Experimental Errors, 346
214 Alocation of Varintion, 347
215 Anolysis of Vidance, 348
216 Confidence Imervals for Effects, 351
21,7 Multiplicative Models for Two-Factor Experiments, 353
118 Missing Observations, 360
Exercises, 367

22 Two-Feclor Full Factorial Design with Replications

21 Model, 368

1.} Computation of Effects, 369

2.3 Computation of Erors, 372

4 Allocation of Variation, 372

215 Analysis of Vanance, 314

216 Confidesce Intervals for Elfects, 374
Exercise, 3719

23 General Full Factorial Deslgns with & Faclors

231 Model, 381
3.2  Amlysis of  General Design, 32
133 Informal Methods, 386

Exercises, 189

Further Reading for Part IV

PART ¥V SIMULATION

24 Introduction to Simulation

241 Common Mistakes in Simulation, 394
242 Other Cones of Simulation Analysis Failure, 393
243  Terminclogy, 398
24 Selecting u Language for Simulation, 401
245  Types of Simuolations, 403
246  Eveni-Set Alporithoms, 408
Exercises, 411

B

ao1



25 Analysls of Simulation Results

51
252
253
54
255
B5

Model Verification Techniques, 413

Model Validation Technigques, 420
Transient Remowval, 423

Terminating Simulations, 428

Stopping Criteria: Variones Estimation, 430
Variance Reduction, 436

Exercises, 436

26 Random-Mumber Generation

EEEBREEEER

Diesired Properties of o Good Generatar, 437
Lincar-Congroential Genermors, 439
“Thusworthe Generators, 44

Extended Fibonscei Gensrators, 450
Combined Generators, 450

A Survey of Randam-Number Genermors, 452
Seed Selection, 453

Myths about Random-Number Generation, 435
Enerciscs, 458

27 Testing Random-Mumber Generalors

ni
22
3
14
FEL
16
7

Chi-Square Test, 461
Kolmogorov-Smimnov Test, $62
Serial-Correlation Test, 465
Two-Level Tests, 466

k-Dimensionsl Uniformity or k-Distribotivity, 467

Serinl Test, 468
Spectral Test, 470
Escroises, 473

28 Random-Variate Generation

21
282
253
184
285

Inverse Transformation, 474
Rejoction, 476
Composition, 478
Convolution, 479
Characierization, 480
Exercise, 452

413

4T4



CONTENTE

20 Commonly Used Distributions

.1
%2
293
294
9.5
9.6
n7
M8
n9
w10
1
2942
2913
314
215
216
17
X8
o B L
20

Bernoulli Distribution, 483

Beta Distribution, 484

Binomial Distribution, 485
Chi-Square Distribution, 486

Erlung Distribution, 487
Exponential Distribation, 488

F Distribution, 489

Gamma Distribution, 490
Geometric Distribution, 491
Lognormal Distribution, 452
Negntive Binomial Distribution, 492
Normal Distribution, 493

Pareto Distribution, 495

Pascal Distribution, 455

Poizsson Distribution, 496

Stadent’s 1 Distribation, 497
Uniform Distribution {Continoous), 497
Uniform Distribution (Discrete), 498
Weibull Distribution, 499
Relationships anamg Distributions, 499
Exercises, 501

Further Reading for Part V

FART VI

Current Areas of Ressarch in Simulation, 503

QUEUEING MODELS

30  Intreduction to Queusing Theory

.l
3oz
L3
304

Queucing Nowion, 507

Rules for All Queues, 510
Linle's Law, 513

Types of Siochastic Processes, 515
Exercises, 518

483



Analysis of a Single Gueue

314  Birth-Desth Proccascs, 519

12 MM/ Queoe, 522

313 MM/m Queoe, 527

114 MAmB Queve with Finite Buffers, 334

115  Results for Other Quewsing Systems, 540
Excrcises, 543

Queueing Networks

321 Open and Closed Crueuelng Networks, 347

322 Produet Form Networks, 548

323 Queneing Network Models of Computer Systems, 552
Exercise, 554

Cperational Laws

331 Utilisstion Lo, 556
332 Forced Flow Law, 557
333 Linle’s Luw, 560
334  General Response Time Law, 561
335  Interactive Response Time Law, 563
136 Bottkeneck Analysis, 563

Fuercises, 568

Wean-Value Analysis and Related Techniques

3.1 Analsis of Open Queneing Networks, 570
342  Mean-Vilue Anolysis, 575
33 Appeoximue MVA, 579
34 Bolaneed Job Bounde, 585
Exerciues, 591

Conwolution Algorithm

351  Distribition of Jobs in a System, 593
352 Comvolution Algorithm for Compating GV ), 395
353} Computing Performance Using G(N), 598
354  Timesharing Systems, 602
Exercises, 607

547



DONTENTS

36 Hierarchical Decomposzition of Large Gueueing Metworks

Ml Load-dependent Service Centers, 608

3.2  Hierarchical Decomposition, 613

3l Limitations of Queveing Theory, 620
Exercises, 622

Further Reading for Part VI
Symbols Frequently Used in Cueosing Analysis, 624

Appendix A Stefistical Tables

Al Aren of the Unit Normal Distribation, 628

A2  Cuanfiles of the Undi Mormal Distribution, 620
A3 Commonly Used Normal Quantiles, 630

A4 Ouantiles of the r Dhwiribution, 631

AS  Crmntiles of the Chi-Square Distribution, 632

Al SW-Percentiles of the Fin, m) Distritution, 634

A7 95-Percentiles of the F{n, m) Distribution, 635

Al ¥-Percentiles of the Fn, m) Distribution, 636
A% Cuantiles of the K-S Disiribution, 637

AlD  Approximation Formulas for Statistical Tables, 638

Solutions to Selected Exarclass
Roferences

Author Index

Sublect Index

627



	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

