Contents

1 Introduction
1.1 Basic System Elements . . . . . ... ..
1.2 Problems in a Queueing System . . . . .
1.3 A Historical Perspective . . . . ... ..
1.4 Modeling Exercises . . . . .. ... ...
2 System Element Models
2.1 Probability Distributions as Models . . .
2.2 Identification of Models . . . . . .. ..
2.2.1 Collection of Data . . .. .. ..
2.2.2  Tests for Stationarity . . .. ..
2.2.3 Tests for Independence . . . . . .
2.3 Distribution Selection . . .. ... ...
2.4 Review Exercises . . . . .. .. ... ..
3 Basic Concepts in Stochastic Processes
3.1 Stochastic Process . . . ... ... ...
3.2 Point, Regenerative, and Renewal Processes . . . . . . . ... ..
3.3 Markov Process . . . . . ... ... ...
3.4 Renewal Process . ... ...... ...
4 Simple Markovian Queueing Systems

4.1 A General Birth and Death Queueing Model . . . . .. ... ..

4.2

4.3
4.4
4.5
4.6
4.7

The Queue M/M/1 . . . ... ... ...
4.2.1 Departure Process . . .. .. ..
The Queue M/M/s . . . ... ... ...
The Finite Queue M/M/s/K . . . . ..
The Infinite Server Queue M/M/co . .
Finite Source Queues . . . . . . ... ..
Other Models . . . . .. ... ... ...
471 The M/M/1/1 System . . . ..
4.7.2 Markovian Queues with Balking

4.7.3 Markovian Queues with Reneging

12

15
15
20
20
20
21
21
22

25
25
26
26
31

37
37
42
49
o1
60
66
67
71
71
73
(0]

xi



xii

4.7.4 Phase Type Machine Repair . . . . . . . . ..
4.8 Remarks . . ... ... ... oL

4.9 Exercises

Imbedded Markov Chain Models
5.1 Imbedded Markov Chains
5.2 The Queue M/G/1
5.3 The Queue G/M/1

5.3.1 The Queue G/M/1/K
5.4 Exercises

Extended Markov and Renewal Models

6.1 The Bulk Queue M) /M/1. . .. ... . ... ...
6.2 The Bulk Queue M/M&) /1. .. ... ... ... ..
6.3 Imbedded Markov Chain Analysis of Bulk Queues ...

6.4 The Queues M/E}/1 and Ej,/M/1
6.5 The Bulk Queues M/G¥ /1 and GK /M/1
6.6 The Queues E/G/1 and G/E/1

6.7 The Queue M/D/s . . . ... ... ... ... ....

6.8 The Queue M/M/1 with Priority Disciplines

6.9 Renewal Process Models . . . . . . ... ... ....

6.10 Exercises

Queueing Networks

7.1 Introduction. . . . . . . . . ... ... ... ...,

7.2 The Markovian Node Network
7.3 Queues in Series
7.4 Queues with Blocking

7.5 Open Jackson Networks
7.6 Closed Jackson Networks

7.7 CyclicQueues . . . . . . ... ... L.
78 Remarks . . ... . ... ... ... ... ... ...

7.9 Exercises

Matrix-Analytic Queueing Models

81 Introduction. . . . . . . . . ... ... ... ...

8.2 Phase Type Distributions

8.3 Markovian Arrival Process . . . . . . . ... .. ...
8.4 Analysis of Queueing Models Using MAM . . . . ..

8.5 Numerical Examples

8.6 Simulation of MAP . . . . . . . ... ... ...

8.7 Exercises

CONTENTS



CONTENTS

9 The Queue G/G/1 and Approximations
9.1 Bounds for Mean Waiting Time . . . . . . . ... ... ... ...
9.2 Little'sLaw L=AW . . . . . . .. ... .. .. . ...
9.3 Approximations . . . . . .. ...
9.4 Diffusion Approximation . . . . . . . ... ...
9.5 Fluid Approximation . . . . . . . . .. ... ... ... ... ..
9.6 Remarks . . . . . . . . . .. ...

10 Statistical Inference
10.1 Introduction . . . . . . . . . . ...
10.2 Birth and Death Process Models . . . . . .. ... ... .....
10.3 Imbedded Markov Chain Models for M/G/1 and G/M/1 . . .
10.4 The Queue G/G/1 . . . . . .. ...
10.5 Other Methods of Estimation . . . . . . .. .. ... ... ....
10.6 Tests of Hypotheses . . . . . . . .. ... ... ... .. .....
10.7 Control of Traffic Intensity in M/G/1 and G/M/1 . . . . .. ..
10.8 Remarks . . . . . . . . . .

11 Decision Problems in Queueing Theory
11.1 Introduction . . . . . . . . . . ...
11.2 Performance Measures for Decision-Making . . . . . ... .. ..
11.3 Design Problems in Decision-Making . . . . . .. ... ... ...
11.4 Control Problems in Decision-Making . . . . .. ... ... ...

12 Queueing Theory Applications in Manufacturing Systems
12.1 Introduction . . . . . . . . . ..
12.2 Modeling a Flexible Manufacturing System ... . . ... ... ..
12.3 Assembly Lines with Finite Buffers . . . . . . ... ... .. ...
12.4 A Supply Chain with Multiple Suppliers . . . . . . ... ... ..

13 Computer and Communication Systems
13.1 Modeling Computer Systems . . . . . . . . .. ... ... ....
13.2 Modeling Communication Systems . . . . ... . ... ... ...
13.3 Modeling and Analysis using Computational Tools . . . . . . ..
13.4 Remarks . . . . . . . ..
13.5 Exercises . . . . .. Lo e

14 Simulating Queueing Systems
14.1 Using MATLAB . . . . . . ... .
14.2 Other Tools for Simulating and Analyzing ... . . .. .. ... ..
14.3 Remarks . . . . . . . . . . ..
14.4 Exercises . . . . . . . . e e

xiii

201
201
206
207
210
213
214

215
215
217

. 222

223
225
227
228
230

233
233
234
234
237

239
239
243
246
250

255
256
259
260
271
272



xiv

CONTENTS

APPENDIX A

Poisson Process Properties and Related Distributions 295
A.1 Properties of the Poisson Process . . . . . ... ... ... .... 295
A.2 Variants of the Poisson Process . . . . . ... ... ... ..... 297
A.3 Hyperexponential Distribution (HE) . . .. .. ... ... .... 299
A4 Erlang Distribution (Eg) . . . . . . .« .o oo 300
A5 Mixed Erlang Distributions . . . . ... .. ... ... ... 301
A.6 Coxian Distributions; Phase Type Distribution (PH) . . . . . .. 302
A.7 A General Distribution . . . . . ... ... 0000 302
A.8 Some Discrete Distributions . . . . . ... ... ... ... ..., 303
APPENDIX B
Markov Process 305
B.1 Kolmogorov Equations . . . . . . .. ... ... ... ... ... 305
B.2 The Poisson Process . . . . . .. .. ... ... ... .. ..... 306
B.3 Classification of States . . . . . . ... ... ... ... ... .. 308
APPENDIX C
Results from Mathematics 311
C.1 Reimann-Stieltjes Integral . . . . . . . . ... .. ... ... ... 311
C.2 Laplace Transforms . . . . . . . .. ... ... ... ... ..... 312
C.3 Generating Functions . . . . . . .. ... .. ... L. 314
References 317
Index 335



2 Springer
http://www.springer.com/978-0-8176-8420-4

An Introduction to Queueing Theory

Modeling and Analysis in Applications

Bhat, LN,

2015, XM, 339 p. 18 illus., & illus. in color., Hardcowver
ISEN: 978-0-8B176-8420-4

A product of Birkhauser Basel



	Contents



