
FEDERAL UNIVERSITY OF PERNAMBUCO

CENTER OF INFORMATICS

PROGRAM OF POST-GRADUATION IN COMPUTER SCIENCE

“An automated approach for systems performance
and dependability improvement through

sensitivity analysis of Markov chains”

By

Rubens de Souza Matos Júnior

Master’s Dissertation

Recife, February 2011





FEDERAL UNIVERSITY OF PERNAMBUCO

CENTER OF INFORMATICS

PROGRAM OF POST-GRADUATION IN COMPUTER SCIENCE

Master’s Dissertation

“An automated approach for systems performance and dependability
improvement through sensitivity analysis of Markov chains”

Dissertation presented to the Program of

Post-Graduation in Computer Science, Center

of Informatics, Federal University of Pernam-

buco, as a partial requirement for the achieve-

ment of Master’s degree in Computer Science.

.

Student: Rubens de Souza Matos Júnior

Advisor: Prof. Dr. Paulo Romero Martins Maciel

Recife, February 2011



Dedicatory

To my family: father, mother, sisters and fiancee. These two years of hard work would not be

successful without their support and comprehension.

i



Acknowledgement

Thanks for all colleagues in UFPE, my advisor prof. Paulo Maciel, and for prof. Trivedi and

his students at Duke University, for the valuable help and guidance.

ii



Abstract

Computer systems are in constant evolution to satisfy increases in the demand, or new user

exigences. The administration of these systems requires decisions that are able to provide the

highest level of performance and dependability metrics with minimal changes to the existing

configuration. It is common to carry out performance, reliability, availability and performability

analysis of systems via analytical models, and Markov chains represent one of the most used

modeling formalisms, allowing to estimate some measures of interest, given a set of input

parameters. Although, sensitivity analysis, when done, is executed simply by varying the set of

parameters over their ranges and repeatedly solving the chosen model. Differential sensitivity

analysis allows the modeler to find bottlenecks in a more systematic and an efficient manner.

This work presents an automated approach for sensitivity analysis that aims to guide the

improvement of computer systems. The proposed approach is able to speed up the process of

decision making, regarding software and hardware tuning, besides acquisition and replacement

of components. Such methodology uses Markov chains as formal modeling technique, and

differential sensitivity analysis of these models, fulfilling some gaps found in the sensitivity

analysis literature. Lastly, the sensitivity analysis of some chosen distributed systems, that is

conducted in this work, shall highlight bottlenecks in these systems and provide examples on

the accuracy of the proposed methodology, as well as illustrate its applicability.

Keywords: Sensitivity analysis, Markov chains, Systems optimization, Dependability

and Performance Modeling

iii



Contents

List of Figures iv

List of Tables vi

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Justification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Aimed contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.5 Structure of the dissertation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Foundations 8

2.1 Markov chains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.1 Markov Reward Models . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1.2 Performance and Dependability Modeling using Markov Chains . . . . 14

2.2 Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.1 “One parameter at a time” approach . . . . . . . . . . . . . . . . . . . 19

2.2.2 Correlation and Regression Analysis . . . . . . . . . . . . . . . . . . . 20

2.2.3 Factorial Experimental Design . . . . . . . . . . . . . . . . . . . . . . 21

2.2.4 Differential Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . 22

2.2.5 Sensitivity Analysis Methods for Performance and Dependability Eval-

uation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Related work 29

3.1 Differential S.A. on Queueing Systems . . . . . . . . . . . . . . . . . . . . . . 30

i



3.2 Differential S.A. on Markov Chains . . . . . . . . . . . . . . . . . . . . . . . 31

3.3 Differential S. A. on Petri Nets . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4 A methodology for systems optimization using differential sensitivity analysis 35

4.1 Methodology description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.2 Methodology steps for constrained optimization . . . . . . . . . . . . . . . . . 39

4.3 Decision support for the use of scaled sensitivity functions . . . . . . . . . . . 41

4.4 A comparison with existing approaches . . . . . . . . . . . . . . . . . . . . . 44

5 Computer support for the proposed methodology 45

5.1 Development of S.A. features in the SHARPE tool . . . . . . . . . . . . . . . 46

5.1.1 Sensitivity of steady-state probability . . . . . . . . . . . . . . . . . . 48

5.1.2 Sensitivity of expected steady-state reward rate . . . . . . . . . . . . . 48

5.1.3 Sensitivity of transient state probability . . . . . . . . . . . . . . . . . 49

5.1.4 Sensitivity of expected transient reward rate . . . . . . . . . . . . . . . 49

5.1.5 Sensitivity of cumulative state probability . . . . . . . . . . . . . . . . 50

5.1.6 Sensitivity of expected cumulative reward . . . . . . . . . . . . . . . . 50

5.2 Programming aspects of sensitivity functions development . . . . . . . . . . . 51

5.3 Example of SHARPE utilization for sensitivity analaysis . . . . . . . . . . . . 54

6 Case Studies 58

6.1 Composite Web Services: Performance and Reliability Analysis . . . . . . . . 58

6.1.1 Creation of models and definition of parameters for composite web ser-

vices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6.1.2 Assignment of values and sensitivity scaling decision . . . . . . . . . . 61

6.1.3 Results from sensitivity ranking analysis . . . . . . . . . . . . . . . . 61

6.2 Redundant networks: Availability Analysis . . . . . . . . . . . . . . . . . . . 65

6.2.1 Creation of models and definition of parameters for the network archi-

tectures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.2.2 Assignment of values and sensitivity scaling decision . . . . . . . . . . 69

6.2.3 Results from sensitivity ranking analysis . . . . . . . . . . . . . . . . 70

6.3 Virtualized Servers: Availability Analysis . . . . . . . . . . . . . . . . . . . . 74

ii



6.3.1 Creation of model for VMs subsystem availability . . . . . . . . . . . 75

6.3.2 Definition of parameters and assignment of values . . . . . . . . . . . 76

6.3.3 Sensitivity scaling decision . . . . . . . . . . . . . . . . . . . . . . . . 77

6.3.4 Sensitivity analysis results . . . . . . . . . . . . . . . . . . . . . . . . 79

6.3.5 Sensitivity analysis with cost information . . . . . . . . . . . . . . . . 83

7 Conclusion 88

7.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

A Syntax reference of SHARPE sensitivity functions 92

A.1 The function stvalue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

A.2 The function sctvalue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

A.3 The function sprob . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

A.4 The function sexrss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

A.5 The function sexrt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

A.6 The function scexrt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

B Parameter values for cost functions 95

References 103

iii



List of Figures

2.1 Simple Markov model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Simple CTMC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Types of Markov chains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4 Birth-death CTMC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.5 Single server queueing system . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.6 Types of parametric sensitivity analysis . . . . . . . . . . . . . . . . . . . . . 19

2.7 Example of plot for one parameter at a time S.A. . . . . . . . . . . . . . . . . 20

2.8 Plot for non-linear and non-monotonic function . . . . . . . . . . . . . . . . . 25

4.1 Flowchart for the proposed systems optimization methodology . . . . . . . . . 37

4.2 Example of sensitivity reduction in an availability analysis . . . . . . . . . . . 39

5.1 Overview of automated sensitivity computation . . . . . . . . . . . . . . . . . 46

5.2 Markov reward model for a single server queueing system . . . . . . . . . . . 56

6.1 Travel agent process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6.2 CTMC for the composite Web service with restarts . . . . . . . . . . . . . . . 60

6.3 CTMC for the composite Web service without restarts . . . . . . . . . . . . . . 61

6.4 Plot of overall response time according to each component response time . . . 64

6.5 Plot of R vs. each component reliability . . . . . . . . . . . . . . . . . . . . . 65

6.6 Network without redundancy . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.7 Network with link redundancy . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.8 Network with router redundancy . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.9 Markov chain for the availability of non-redundant network . . . . . . . . . . . 67

iv



6.10 Markov chain for the availability of link-redundant network . . . . . . . . . . . 68

6.11 Markov chain for the availability of router-redundant network . . . . . . . . . 69

6.12 Effect of each link MTTF on system availability (3rd scenario) . . . . . . . . . 71

6.13 Effect of each router MTTF on system availability (3rd scenario) . . . . . . . . 72

6.14 Effect of each component MTTR on system steady-state availability (3rd scenario) 73

6.15 Architectures of non-virtualized two hosts system . . . . . . . . . . . . . . . . 74

6.16 Architecture of virtualized two hosts system . . . . . . . . . . . . . . . . . . . 74

6.17 Virtualized system availability model . . . . . . . . . . . . . . . . . . . . . . . 75

6.18 VMs Availability Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

6.19 Effect of each failure parameter on MTTFVMs . . . . . . . . . . . . . . . . . 80

6.20 Effect of each recovery parameter on MTTFVMs . . . . . . . . . . . . . . . . 80

6.21 Effect of each failure parameter on COAVMs . . . . . . . . . . . . . . . . . . 82

6.22 Effect of each recovery parameter on COAVMs . . . . . . . . . . . . . . . . . 82

v



List of Tables

5.1 Sensitivity functions developed for SHARPE . . . . . . . . . . . . . . . . . . 54

5.2 Sensitivity results from example of Listing 5.2 . . . . . . . . . . . . . . . . . . 56

5.3 Metrics results from example of Listing 5.2 . . . . . . . . . . . . . . . . . . . 57

6.1 Parameter values for Travel Agent models . . . . . . . . . . . . . . . . . . . . 62

6.2 Ranking of sensitivities for πComplete(t) . . . . . . . . . . . . . . . . . . . . . 63

6.3 Ranking of sensitivities for R . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6.4 States of CTMC Model with link redundancy . . . . . . . . . . . . . . . . . . 67

6.5 States of CTMC Model with link redundancy . . . . . . . . . . . . . . . . . . 68

6.6 States of CTMC Model with router redundancy . . . . . . . . . . . . . . . . . 70

6.7 Sensitivity of Availability for scenario with router redundancy . . . . . . . . . 71

6.8 Sensitivity of Availability for scenario with link redundancy . . . . . . . . . . 73

6.9 Sensitivity of Availability for scenario with no redundancy . . . . . . . . . . . 74

6.10 Nomenclature of states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6.11 Input parameters for VMs model . . . . . . . . . . . . . . . . . . . . . . . . . 78

6.12 Ranking of sensitivities for MTTFVMs . . . . . . . . . . . . . . . . . . . . . 79

6.13 Ranking of sensitivities for COAVMs . . . . . . . . . . . . . . . . . . . . . . 81

6.14 Ranking of scaled sensitivities for COAVMs, varying MTTFh = 1/λh . . . . 83

6.15 Ranking for MTTFVMs sensitivity considering costs . . . . . . . . . . . . . . 86

6.16 Ranking for COAVMs sensitivity considering costs . . . . . . . . . . . . . . . 87

vi



Listings

5.1 The developed code of symbolic differentiation using GiNaC libraries . . . . . 52

5.2 A script for sensitivity analysis of a simple model using SHARPE and its new

functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

vii



Glossary

COA Capacity Oriented Availability. 75–77

CTMC Continuous-Time Markov Chain. 8, 32, 35, 46, 53

DEDS Discrete Event Dynamic System. 25

DSPN Deterministic and Stochastic Petri Net. 11, 13, 33

DTMC Discrete-Time Markov Chain. 8, 35

GSPN Generalized Stochastic Petri Net. 5, 13, 32

MRM Markov Reward Model. 12, 28, 35, 46

MTTA Mean Time to Activate. 64

PA Perturbation Analysis. 25

pmf Probability mass function. 9

S.A. Sensitivity Analysis. 16, 17, 23, 32, 46

SAN Storage Area Network. 72

SPN Stochastic Petri Net. 11, 13

SRN Stochastic Reward Net. 5, 13

viii



Chapter 1

Introduction

The process of systems modeling commonly deals with many different input parameters.

Modern computer systems are complex, due to the amount of hardware and software compo-

nents, and the various interactions between them. Distributed and parallel systems are typical

examples of such complexity. In order to describe such systems, and manage them properly, the

models that predict their behavior often need to include a large number of variables or parame-

ters. Given that each parameter has a distinct impact on performance, availability and reliability

measures, the required knowledge of the influence order of model parameters is critical for

deciding on the appropriate attention that should be paid to each individually.

Parametric sensitivity analysis is an efficient method for determining the order of influence

of parameters on model results. According to [Hamby 1994], models are prone to two kinds of

influence from their parameters. The first kind is related to the variability, or uncertainty, of an

input parameter, that may cause a high variability in the model’s output. The second kind is the

actual correlation between an input parameter and model results, so that small changes in the

input value may result in significant changes in the output. There are different types of analysis

to deal with each kind of parametric sensitivity.

The relative importance of each parameter, as stated in the second kind of sensitivity, is

mainly used to elaborate a list of the input parameters sorted by the amount of contribution each

one has on the model output. This is a usual case when parameters have little uncertainty to

propagate to the results, or when the variability of results is assumed to be a minor concern.

When dealing with analytic models, parametric sensitivity analysis is a particularly impor-
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tant technique used to find performance and reliability bottlenecks in the system, thus guiding

the optimization process [Blake et al. 1988, Abdallah and Hamza 2002]. It can also guide the

exclusion of parameters without significant effect to the results. Large models, with dozens of

rates, may be drastically reduced by using this approach.

There are many ways of conducting parametric sensitivity analysis. Some of them can be

properly used in analytical models, whereas other approaches are better suited to experimen-

tal measurement based analysis. The simplest method, in a conceptual view, is to repeatedly

vary one parameter at a time, while keeping the others fixed. When applying this method, the

sensitivity ranking is obtained by noting the corresponding changes in the model output. This

method is commonly used in conjunction with plots of input versus output, and it is likely the

predominant in performance and dependability analyses found in the literature.

Although, varying one parameter at a time is less useful in some opportunities. When the

amount of parameters is large, the analysis of scatter plots becomes harder, mainly due to the

proximity of curves. The difference in magnitude orders is another possible complicating factor,

since all parameters cannot be visualized in the same plot, forbidding accurate interpretations

about the differences among parameters influence. Due to such cases, methods that are based

on numerical sensitivity indexes should have preference in spite of “one parameter at a time”

approach.

Differential sensitivity analysis, also referred to as the direct method, is the backbone of

many other sensitivity analysis techniques [Hamby 1994]. It may be performed in an efficient

computational manner on analytic models commonly used in performance and dependability

analyses. This method provides a single sensitivity coefficient, that denotes the amount of

change in the output that is produced by an incremental change of a given input. It is performed

by computing the partial derivatives of the measure of interest with respect to each input pa-

rameter. In [Frank 1978], these partial derivatives are referred to as sensitivity functions, since

there may be other parameters involved, that are not part of the differentiation (e.g., a time

parameter).

The main performance and dependability modeling techniques for computer systems can

undergo a differential sensitivity analysis. Sensitivity functions may be computed for Markov

chains, queueing networks, stochastic automata networks, and stochastic Petri nets, for instance.
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The derivative of equations that solve these models, as well as the adaptations in corresponding

algorithms has been published in the literature. Although, the use of differential sensitivity

analysis is neither widespread among the research community of performance and dependability

modeling nor in the computer systems industry.

A likely reason for this lack of usage of formal sensitivity analysis techniques is the scarcity

of such features in modeling software tools. The process of differential sensitivity analysis, and

even other related techniques, may be hard without the proper computational support. Despite

the existence of a number of software packages that allow the fast creation and solution of

analytical models, few tools include features to perform sensitivity analysis in these models.

Specifically, no Markov chain tool is known to support differential sensitivity analysis.

There are some systems to which closed-form equations can be written to compute their

performance or dependability metrics, demanding minimal computer support. But even for such

systems, the analyses found in literature rarely include sensitivity indices due to the absence of

a well-defined methodology for sensitivity analysis in stochastic modeling.

This work proposes an automated sensitivity analysis methodology, aiming to provide a effi-

cient, objective and unambiguous way to perform system optimization and model enhancement.

Such methodology uses Markov chains as formal modeling technique, and fulfills some gaps

found in the sensitivity analysis literature.

1.1 Motivation

The majority of performance and dependability analyses do not include the computation of

quantitative sensitivity indices. Sensitivity analysis, when done, is executed simply by varying

the set of parameters over their ranges and repeatedly solving the chosen model. Formal or

differential sensitivity analysis is not commonly used, what makes the determination of bottle-

necks more difficult. Subsequently, system optimization is usually performed in a inefficient

and manual process.

This work was motivated by the absence of an automated methodology for sensitivity anal-

ysis focused on performance and dependability improvement of computer systems. Some ex-

isting techniques may be gathered and organized in order to provide a sequence of well defined

3



and automated steps for systems optimization through analytic modeling. The well founded

background about computation of sensitivity functions in Markov chains is another motivating

factor. It was seen an opportunity to contribute in speeding up the decision about improvements

in computer infrastructures, by easing the process of sensitivity analysis. Such process would

be more efficient by means of specific features in a complete modeling tool, able to provide

proper ways to model specification and a full range of solving methods.

Commonly, the computation of expenses in system improvement and estimates of budget

gains is left to the last analysis phase, using this information in a fragmented manner. This kind

of evaluation process is not proper for scenarios where optimization actions have very different

costs, or when there is doubts about the trade-off between improvement of a given metric and

the efforts spent on such optimization. There is a need to integrate cost information to the

sensitivity analysis, in order to find the most cost effective point of optimization, considering

all model parameters and a reasonable trade-off between measure enhancement and investments

in system modifications.

Moreover, there is a gap in the sensitivity analysis approaches, related to the scaling (nor-

malization) of the sensitivity index. No guidance is found about which cases require the use

of scaled sensitivities, nor what are the proper normalization methods for the performance/de-

pendability metrics that are usual in computer systems analysis. The present work aims to solve

this problem, which will help in more accurate sensitivity analyses.

1.2 Objectives

The main objective of this work is to propose an automated methodology for systems opti-

mization using sensitivity analysis of Markov chains. This approach is focused on performance

and dependability aspects of computer systems. Additional, and more specific, objectives are

listed below:

• Present clear guidelines to the decision about the use of scaled or unscaled sensitivity

functions

• Allow the correct interpretation of each parameter’s importance even when there are dif-

ferent orders of magnitude involved

4



• Propose an approach to perform cost-based constrained optimization using sensitivity

analysis

• Develop a software to support the activity of sensitivity analysis of performance and de-

pendability models

• Propose optimizations in selected distributed systems by using the proposed approach

1.3 Justification

Definition of importance order in analytical models is often not trivial, due to the existence

of many parameters, or differences in orders of magnitude between one parameter and another.

Especially, in performance and dependability models, some rates may be defined in seconds,

while other ones are measured in hours, for example, what makes difficult the correct interpre-

tation of graphical plots and similar analysis means.

In the optimization of complex systems, it is important to follow a methodology that accu-

rately defines which parameters are the bottlenecks, and which do not deserve attention during

improvements of a specific performance or dependability aspect. The usual approach of repeat-

edly varying one parameter at a time and compare the respective model outputs is not feasible

or efficient in many situations. A methodology based on differential sensitivity analysis fits bet-

ter the requirements of analytic models commonly used in the evaluation of systems behavior.

This methodology is based on quantitative sensitivity indices, and can be adapted to include

constrained optimization with little effort and avoiding subjective interpretation of the results.

Although tools already exist for the differential sensitivity analysis of GSPNs (Generalized

Stochastic Petri Nets) and SRNs (Stochastic Reward Nets), there is a need for implementing

such features for Markov chains, since there are many systems described in a simple but ef-

fective manner by this model type. Besides, the existing tools for other models present some

restrictions, such as amount of parameters, and symbolic definition of rates as functions of pa-

rameters. The aimed implementation shall allow the analysis of a wide range of models in a

flexible way, without those restrictions.
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1.4 Aimed contributions

The proposed approach will benefit researchers and systems administrators, by showing a

precise methodology to be followed in the enhancement, acquisition and replacement of com-

ponents for computational infrastructures. Performance tuning through adjusts in software and

hardware parameters should also be undergone in a agile and efficient manner, using the meth-

ods and tools presented here.

This work also intends to fulfill a gap in the sensitivity analysis literature, providing guide-

lines about the use of scaled or unscaled sensitivity functions in scenarios of performance and

dependability modeling. These guidelines will help in the accurate identification of the impor-

tance of each parameter to system behavior.

The possibility to include costs definition and constrained optimization during the sensitivity

analysis is also expected. The proposed methodology shall allow optimizations based not only

on direct financial costs, but energy consumption, working time, and similar expenses. General

constraint-oriented improvements of computer systems may find in this work a useful guide.

The sensitivity analysis of some chosen distributed systems, that is carried out here, shall

highlight bottlenecks in these systems and provide examples on the accuracy of the proposed

methodology, as well as illustrate its possible uses.

1.5 Structure of the dissertation

The remaining of this dissertation is structured as follows. Chapter 2 presents the main

theoretical aspects that are the foundation for this work, regarding Markov chains and sensitivity

analysis. Chapter 3 describes briefly some related works that have been found in the literature

about sensitivity analysis of analytic models. Chapter 4 presents the main contributions of the

present master’s dissertation, explaining the proposed methodology for systems optimization.

Details about the methodology automation are found in Chapter 5, that described the computer

support developed for the sensitivity analysis of Markov chains. Chapter 6 is composed by the

description of three case studies regarding sensitivity analysis of different systems, providing

examples on the accuracy of the proposed methodology, and illustrating its possible uses in

systems improvement. Chapter 7 states the final considerations of this work, pointing out the
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reached contributions as well as some future works.
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Chapter 2

Foundations

This chapter presents the theoretical basics over which the present Master’s dissertation was

developed. First, Markov chains are introduced, from its mathematical concepts to the appli-

cation in performance and dependability modeling. Afterward, sensitivity analysis definitions

and methods are disclosed, completing the necessary knowledge to understand the methodology

proposed in Chapter 4.

2.1 Markov chains

Markov models are the fundamental building blocks upon which most of the quantitative an-

alytical performance techniques are built [Kolmogorov 1931, Trivedi 2001]. Such models may

be used to represent the interactions between various system components, for both descriptive

and predictive purposes [Menascé et al. 2004]. Markov models have been in use intensively in

performance and dependability modeling since around the fifties [Maciel et al. 2011]. Besides

computer science, the range of applications for Markov models is very extensive. Economics,

meteorology, physics, chemistry and telecommunications are some examples of fields which

found in this kind of stochastic 1 modeling a good approach to address various problems. In

this section, the formalism of Markov models, and more specifically Markov chains, is pre-

sented with focus on the performance and dependability analysis that can be executed using

such analytical approach.

A Markov model can be described as a state-space diagram associated to a Markov pro-

1Stochastic refers to something which involves or contains a random variable or variables
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Figure 2.1: Simple Markov model

cess, which constitutes a subclass of stochastic processes. A definition of stochastic process is

presented:

A stochastic process is defined as a family of random variables {Xt : t ∈ T} where

each random variable Xt is indexed by parameter t ∈ T , which is usually called

the time parameter if T ⊂ R+ = [0,∞), i.e., T is in the set of non-negative real

numbers. The set of all possible values of Xt (for each t ∈ T ) is known as the state

space S of the stochastic process [Bolch et al. 2001].

Let Pr{k} be the probability of a given event k occurs. A Markov process is a stochas-

tic process in which Pr{Xtn+1 ≤ si+1} depends only on the last previous value Xtn , for all

tn+1 > tn > tn−1 > ... > t0 = 0, and all si ∈ S. This is the so-called Markov property

[Haverkort 2002], which, in plain words, means that the future evolution of the Markov pro-

cess is totally described by the current state, and is independent of past states [Haverkort 2002].

Figure 2.1 shows a simple Markov model, that represents the daily behavior of weather in a

city. There are only three states, so the state space is defined as S = {Sunny, Cloudy,Rainy}.

According to the Markov property, given that in a moment tn the weather is found in Sunny

state, the probability of transitioning to Rainy state in moment tn+1 does not depend on which

states have been visited before. The same is true for all other states and transitions. Also, the

time spent in current state does not influence the transition probability.

In this work, there is only interest on discrete (countable) state space Markov models, also

known as Markov chains, which are distinguished in two classes: Discrete-Time Markov Chains

(DTMC) and Continuous-Time Markov Chains (CTMC) [Kleinrock 1975]. In DTMCs, the

transitions between states can only take place at known intervals, that is, step-by-step. Systems
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where transitions only occur in a daily basis, as the example of Figure 2.1, or following a

strict discrete clock are well represented by DTMCs. If state transitions may occur at arbitrary

(continuous) instants of time, the Markov chain is a CTMC. The Markov property implies that

the time of transitions is driven by a memoryless distribution [Bolch et al. 2001]. In the case

of DTMC, the geometric distribution is the only discrete time distribution that presents the

memoryless property. In the case of CTMC, the exponential distribution is used.

As shown in [Bolch et al. 2001], when dealing with DTMC, the process’s one-step transition

from state i to state j at time n, pij(n), has a particular conditional probability mass function

(pmf) that can be written with the following shorthand notation:

pij(n) = P (Xn+1 = sn+1 = j|Xn = i). (2.1)

Given that for each state i ∈ S,
∑

j pij = 1 and 0 ≤ pij ≤ 1, a stochastic transition matrix

P is used to summarize all transition probabilities of a DTMC. For the DTMC of Figure 2.1,

considering a equivalent state-space S = {0, 1, 2}, the matrix P is:

P =


p00 p01 p02

p10 p11 p12

p20 p21 p22

 =


0.6 0.3 0.1

0.7 0.1 0.2

0.2 0.6 0.2


The transition matrix has a key role in the computation of the state probability vector π.

This vector yields the information about the probability of the system being in a given state,

either in a specific number n of steps (see Equation 2.2) or in steady-state, when n → ∞ (see

Equation 2.3). It is important to highlight the need for the previous knowledge of initial state

probabilities, π(0), in case of time-dependent probabilities, whereas steady-state probabilities

do not depend on the system’s initial condition. From the state probability vector, nearly all

other main metrics can be derived, depending on the system that is represented.

π(n) = π(0)P n (2.2)

π = πP (2.3)

10



Figure 2.2: Simple CTMC

When dealing with CTMCs, such as the availability model of Figure 2.2, the transition

matrix is referenced as infinitesimal generator matrix, since in this case transitions occur with a

rate, instead of a probability, due to the continuous nature of this kind of model. Considering the

CTMC availability model, the rates are measured in failures per second, repairs per second, and

detections per second. The generator matrix Q is composed by components qii and qij , where

i 6= j and
∑

qij = −qii. Using the availability model that was just mentioned, considering a

state-space S = {Up,Down,Repair} = {0, 1, 2} the Q matrix is:

Q =


q00 q01 q02

q10 q11 q12

q20 q21 q22

 =


−0.001 0.001 0

0 −2 2

0.2 0 −0.2


Equation 2.4 and the system of Equations 2.5 describe, respectively, the computation of

transient (time-dependent) and steady-state (stationary) probability vector.

π′(t) = π(t)Q, given π(0). (2.4)

πQ = 0,
∑
i∈S

πi = 1 (2.5)

Detailed explanations about how to obtain these equations may be found in

[Haverkort and Meeuwissen 1995, Bolch et al. 2001].

Other important measure for which there exist well-known computation methods is the cu-

mulative transient probability, which may be used to measure cumulative accomplishments dur-

ing a given interval of time [0, t), and is described as:
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L(t) =
∫ t

0
π(u)du. (2.6)

Vector L(t) encompasses the total expected time spent in each state of the CTMC during

that interval of time. Equation 2.7, resulting from integration on both sides of Equation 2.4 is

commonly used in the solution of cumulative measures.

dL(t)

dt
= L(t)Q+ π(0), L(0) = 0 (2.7)

In the model of Figure 2.2, L(8640) may be used to compute the time in which the sys-

tem was found in Down, Up, or Repair state, after 1 year (8640 hours) of operation. The

vector components LDown(8640), LUp(8640), and LRepair(8640) provides this information for

each corresponding state of the Markov chain. Other useful metric for this model may be the

throughput of repairs, i.e., the mean amount of repair actions executed per hour, or per month.

This information is useful in dimensioning the repair team and related resources. Therefore,

throughput of repairs may be defined as R = πrepairµr, where πrepair is the steady-state proba-

bility of finding the system in state Repair, and µr is the repair rate, the inverse of mean time to

change from Repair to Up state.

Markov chains as a whole (DTMCs and CTMCs) may also be classified according to how

their states are reached over time. In an irreducible chain, every state can be reached from

every other state, so all states are recurrent2 in this kind of model. If, once the system leaves

any state, that state can not be visited anymore, the Markov chain is acyclic. If the chain

is neither acyclic nor irreducible, it is classified as phase-type [Sahner et al. 1996]. It will

eventually reach an absorbing3 state, but while this does not happen, the chain passes by one

or more transient4 states. Figure 2.3 show examples of the three types of chains. For further

details on this classification, see [Sahner et al. 1996].

DTMCs and CTMCs enable the analysis of many kinds of systems, with proper

accuracy and modeling power. Other modeling formalisms, such as queueing net-

works [Kleinrock 1975, Chandy and Martin 1983], stochastic Petri nets (SPNs) [Molloy 1982,

2A state is called recurrent if the system returns to this state infinitely often [Sahner et al. 1996].
3A state is absorbing if once it is reached, the chain stays there forever [Sahner et al. 1996].
4A state is transient if, during an infinitely long time period, the system visits this state only finitely often

[Sahner et al. 1996].
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Figure 2.3: Types of Markov chains

Ajmone Marsan et al. 1984, Marsan et al. 1987], and deterministic stochastic Petri nets

(DSPNs) [Marsan and Chiola 1987, German and Mitzlaff 1995], may be considered as high-

level specification techniques for generation of Markov chains [Bolch et al. 2001]. Due to broad

usage in computer systems performance and dependability modeling, CTMCs are the main fo-

cus of this work, together with Markov Reward Models (MRMs) [Smith et al. 1987], which are

an extension to the fundamental models just explained in this section.

2.1.1 Markov Reward Models

Markov reward models (MRM) are commonly used to obtain combined measures, providing

for instance performance and reliability integrated analysis. In order to build a MRM, a constant

reward rate ri is attached to each state i of a CTMC. It is also possible to associate reward rates

with the transitions of the CTMC [Trivedi et al. 1994], and in such case they are known as

impulse rewards. In general, the reward associated with a state denotes the performance5 level

given by the system while it is in that state [Sahner et al. 1996, Abdallah and Hamza 2002].

Using again the model depicted in Figure 2.2, if the reward rates are defined as the vector

r = (r1, r2, r3) = (5, 0,−2), representing the revenue obtained (or lost) in each state, the

expected instantaneous reward rate of system at time t is:

E[X(t)] =
∑
i∈S

riπi(t) = 5πup(t) + 0πdown(t) +−2πrepair(t). (2.8)

5The word “performance” here is used in a broad sense, meaning any measurable aspect of system’s behavior
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E[X(t)] may be considered as the expected revenue rate obtained by the system operation

at time t. Other types of rewards may be used in Markov reward models, such as computational

power, system availability status and job completions per time unit. Regardless of which reward

rate, ri, is adopted, the expected reward rate in steady-state, and the accumulated expected

reward in the interval [0, t) may be computed using Equations 2.9 and 2.10, respectively.

E[X] =
∑
i∈S

riπi (2.9)

E[Y (t)] =
∑
i∈S

riLi(t) (2.10)

For the previous example model, E[X] and E[Y (t)] provide particularly useful informa-

tion, since they show, respectively, the mean revenue rate obtained when the system reaches

a stationary state, and the total revenue obtained in a given period of time. Due to the possi-

bility of computing such kinds of measures, Markov reward models have been widely adopted

in performability studies, which combine performance and dependability aspects in a unified

framework [Trivedi et al. 1992].

As Markov chains may be generated from SPN models, Markov reward models may also be

generated and analyzed through an extension of SPNs, such as Generalized and Stochastic Petri

nets - GSPNs [Ajmone Marsan et al. 1984], Deterministic and Stochastic Petri nets - DSPNs

[Marsan and Chiola 1987], and Stochastic Reward Nets - SRNs [Ciardo et al. 1993]. In a SRN,

reward rates are associated to the markings, that constitute each state of the underlying Markov

model. In its turn, reward impulses are associated to the transitions between markings. For

more details about the GSPN, DSPN, and SRN formalisms, see [Ajmone Marsan et al. 1984],

[Marsan and Chiola 1987], and [Ciardo et al. 1993], respectively.

2.1.2 Performance and Dependability Modeling using Markov Chains

Performance and dependability modeling of computer systems enable one to represent the

behavior of a system and compute measures which describe, in a quantitative way, how the

service is provided and how much confidence can be put on the system operation. The measures

of interest and the purposes of the performance evaluation may influence the choice of modeling
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technique to be employed. The two major types of scientific models (simulation and analytic

models) encompass tens of techniques which have advantages and drawbacks.

According to [Barcellos et al. 2006], simulation allows a variable degree of abstraction,

from simple to detailed, depending on the model built and of the corresponding source code.

Although, models that are based in mathematical formalisms (analytic models) such as Markov

chains, are less expensive to construct and, in general, tend to be computationally more efficient

to run than simulation models [Menascé et al. 2004]. A drawback of analytic models is the dif-

ficulty in representing certain complex systems, what it is determined by the modeling power

of each specific formalism, and the characteristics of interactions between system components.

In performance evaluation studies, some metrics which usually deserve interest are: re-

sponse time, job completion rate (throughput) and level of resource utilization, because these

metrics are directly related to the user perception of system performance and they may also

highlight the need for changes. Among other models, stochastic Petri nets, queueing networks

and Markov chains have been used, in both academy and industry, in order to compute metrics

such as those just mentioned. These models provide good abstraction of real world problems,

and have well established solving methods and tools, that ease the analysis of a huge variety of

systems.

Since stochastic Petri nets (SPN) and queueing networks (QN) may be converted to Markov

chains, the latter one has a distinguished importance for the field of stochastic modeling. By

employing the proper abstraction level, Markov chains may provide a large set of measures for

the system under analysis. For example, the CTMC of Figure 2.4 is a classical representation of

a queueing system, in which there is a single server, with capacity for 3 jobs, at maximum. That

model type is well-known as a birth-death process, since transition can only occur to neighbor

states. The arrival of a new job (or client) is a birth, and has a exponentially distributed rate

λ. The departure of a job (due to service completion) is a death, which happens with rate µ,

that is also exponential. Birth-death models just like that of Figure 2.4 are equivalent to M/M/1

queueing systems [Bolch et al. 2001], as that one depicted in Figure 2.5, and may be used in

their solution. It is important to state that, for the queueing system being stable, λ < µ.

In Figure 2.4, state 0 represents the idle condition, in which there is no job in the system.

After a job arrival, the system is found in state 1, when there is one job being processed. If
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Figure 2.4: Birth-death CTMC

Figure 2.5: Single server queueing system

the service is completed before a new job arrives, the system goes to state 0 again, else it goes

to state 2, that indicates one job is being processed and other job is waiting in the queue. In a

similar way, state 3 denotes the presence of 2 jobs in the queue. No job arrival is allowed when

the queue is full (i.e., in state 3). This Markov chain may be used to compute the utilization

level of the server, by means of Equation 2.11, which computes the probability of having at

least one job in the system, when it enters in a stationary state.

U = π1 + π2 + π3 = 1− π0 (2.11)

Other interesting measure that could be computed for the CTMC of Figure 2.4 is the mean

number of jobs (J) in the system, that includes that ones in waiting queue and the job being

processed. Equation 2.12 describes the computation of this metric for the steady-state case.

J = 1 · π1 + 2 · π2 + 3 · π3 (2.12)

In fact, U and J could also be computed as the steady-state expected reward of a corre-

sponding Markov reward model. In order to do this, a reward vector r = (0, 1, 1, 1) should

be assigned to the CTMC of Figure 2.4, for computing the utilization, whereas for the average

number of jobs, the reward vector should be r = (0, 1, 2, 3).

Besides performance, dependability aspects deserve great attention for the assurance of

the quality of the service provided by a system. Dependability studies look for deter-

mining reliability, availability, security and safety metrics for the infrastructure under anal-

ysis [Malhotra and Trivedi 1994]. Reliability block diagrams [Shooman 1970], fault trees

[Watson 1961] and Petri nets are, as well as Markov chains, widely used to capture the sys-
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tem behavior and allow the description and prediction of dependability metrics.

The CTMC of Figure 2.2 represents the most basic availability aspects of a system, which

may be applied to computational and non-computational environments. Failure and repair

events bring the system to different configurations and operational modes, and these changes

are expressed by the transitions from one state to another in the Markov chain. The steady-state

availability is a common measure extracted from this kind of model and, in this case, it can be

computed as the steady-state probability of being in state Up: πUp. The downtime D in a given

period T can also be obtained in a straightforward manner: D = (1− πUp) · T .

The combined analysis of performance and dependability aspects, so-called performability

analysis, is other frequent necessity when dealing with computer systems, since many of them

may continue working after partial failures. Such gracefully degrading systems [Beaudry 1978]

require specific methods in order to achieve an accurate evaluation of their metrics. As men-

tioned in previous section, Markov reward models constitute an important framework for per-

formability analysis. In this context, the hierarchical modeling approach is also an useful al-

ternative, in which top-level MRMs may be used to model the dependability relationships of

the system, and the performance results from lower-level CTMCs provided the rewards for

each state in the top-level Markov reward model. An example of such approach is found in

[Ma et al. 2001]

For all kinds of analysis using Markov chains, an important aspect must be kept in mind: the

exponential distribution of transition rates. The behavior of events in many computer systems

may be fit better by other probability distributions, but in some of these situations the exponen-

tial distribution is considered an acceptable approximation, enabling the use of Markov models.

It is also possible to adapt transition in Markov chains to represent other distributions by means

of phase approximation, as shown in [Trivedi 2001]. The use of such technique allows the mod-

eling of events described by distributions such as Weibull, hypoexponential, hyperexponential,

Erlang and Cox.

17



2.2 Sensitivity Analysis

Sensitivity analysis (S.A.) is a method of determining the most influential factors in a sys-

tem [Frank 1978, Hamby 1994]. The effect of changes in data distribution or the impact caused

by changes in parameters are examples of study subjects for sensitivity analysis. According

to [Hamby 1994], many authors consider that models are sensitive to input parameters in two

distinct ways: (1) the variability, or uncertainty, of a sensitive input parameter has a large con-

tribution to the overall output variability, and (2) there may be a high correlation between an

input parameter and model results, so that small changes in the input value result in significant

changes in the output. These two types of parametric sensitivity are handled using different

types of analysis.

Figure 2.6 shows the context of sensitivity analysis for a given model used for prediction of

the system behavior. Through this picture, it is possible to distinguish the focus of each type

of parametric sensitivity analysis. A comprehensive set of approaches for the first case (related

to uncertainty analysis) is found in [Saltelli et al. 2004], where sensitivity analysis is defined

as “the study of how the uncertainty in the output of a model (numerical or otherwise) can be

apportioned to different sources of uncertainty in the model input”. Similar approaches can

be found in [Galdino et al. 2007] and [Galdino and Maciel 2008]. Figure 2.6 shows that errors

and uncertainty in the modeling may be due either to simplifications of real world made during

the model construction or to errors and inaccuracy during the measurement of input parameter

values. In contrast to this uncertainty-oriented analysis, there are scenarios in which parameters

are already known with reasonable accuracy and precision, thereby having little uncertainty

to add to the output, matching the second form of sensitivity cited previously, focused on the

relative importance of each parameter. For such cases, which are the focus of this work, S.A.

is mainly used to elaborate a list of the input parameters sorted by the amount of contribution

each one has on the model output.

When dealing with analytic models such as Markov chains, parametric sensitivity anal-

ysis is a particularly important technique for computing the effect on the measures of in-

terest caused by changes in the transition rates. This approach may be used to find per-

formance or reliability bottlenecks in the system, thus guiding the optimization process

[Blake et al. 1988, Abdallah and Hamza 2002]. Another benefit of sensitivity analysis is the
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Figure 2.6: Types of parametric sensitivity analysis

identification of parameters which can be removed without significant effect to the results.

Large models, with dozens of rates, may be drastically reduced by using this approach.

2.2.1 “One parameter at a time” approach

There are many ways of conducting parametric sensitivity analysis. Some of them can be

properly used in the analytical models like Markov chains, whereas other approaches are better

suited to experimental measurement based analysis. The simplest method, in a conceptual view,

is to repeatedly vary one parameter at a time, while keeping the others fixed [Hamby 1994].

When applying this method, the sensitivity ranking is obtained by noting the corresponding

changes in the model output. This method is commonly used in conjunction with plots of input

versus output. Such plots enable graphic detection of non-linearities, non-monotonicities, and

correlations between model inputs and outputs [Marino et al. 2008]. Unexpected relationships

between input and output variables may also be revealed with this approach, triggering the need

for further investigations, based on different approaches [Hamby 1994]. A given percentage

of the parameter’s mean value may be used as the increment for the cited approach. Each

parameter may also be increased by a factor of its standard deviation, in case this information

is known [Downing et al. 1985].

Figure 2.7 shows a simple example of plot, in which a hypothetical measure Y is plotted

against its input parameters: α, β and γ. In this case, the impact caused by each parameter

variation is clearly distinguished among them. The result from sensitivity analysis using this
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Figure 2.7: Example of plot for one parameter at a time S.A.

approach should be a sensitivity ranking with the following order: {1st: γ, 2nd: α, 3rd: β}.

Therefore, γ is considered to be the input parameter that cause the major influence on the

measure Y .

Although, varying one parameter at a time is less useful in some opportunities. When the

amount of parameters is large, the analysis of scatter plots becomes harder, mainly due to the

proximity of curves. The difference in magnitude orders is another possible complicating factor,

since all parameters cannot be visualized in the same plot, forbidding accurate interpretations

about the differences among parameters influence. Due to such cases, methods that are based

on numerical sensitivity indexes should have preference in spite of “one parameter at a time”

approach.

2.2.2 Correlation and Regression Analysis

Correlation analysis and regression analysis are two important approaches to find how much

a given variable has its variability associated to a single parameter. Pearson’s correlation co-

efficient, also known as Pearson’s r, is one of the most used indexes to measure correlation.

According to [Ross 2010], considering data pairs (xi, yi), i = 1, ..., n, sample correlation coef-

ficient is defined by Equation 2.13, where x̄ and ȳ denote the sample mean of the x values and

the sample mean of the y values, respectively.

r =

∑n
i=1(xi − x̄)(yi − ȳ)√∑n

i=1(xi − x̄)2
∑n

i=1(yi − ȳ)2
(2.13)
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Notice that a paired set of observed values of x and y is needed to compute the correlation

coefficient. When r > 0 the sample data pairs are said to be positively correlated, and when

r < 0, they are negatively (or inversely) correlated. r is always between -1 and 1, and the larger

is its value, stronger is the correlation between x and y.

The use of correlation coefficients in sensitivity analysis requires the assumption of linear

relationships between the measure of interest and model’s input parameters, what may not rep-

resent properly the behavior of the system under analysis. A possible correlation between input

parameters would also difficult accurate interpretations of Pearson’s r for sensitivity analysis.

According to [Hamby 1994], regression methods are often used to replace a highly com-

plex model with a simplified “response surface”, i.e., a regression equation that approximates

model output using only the most sensitive model input parameters. A simple linear regression

relationship is given by E[Y ] = a + bX , that supposes a straight-line relationship between the

mean value of the response Y and the value of the input variable X [Ross 2010]. Equation 2.14

presents a multiple linear regression equation, in which n input variables are considered.

E[Y ] = a+
n∑
i

biXi (2.14)

The coefficients a and b must be estimated from experimental data. Coefficient a is the

“Y-intercept” and it can be interpreted as the value predicted for Y if Xi = 0, ∀i ∈ {1, ..., n}.

bi is the regression coefficient, which represents the difference in the predicted value of Y for

each one-unit difference in the input variable Xi. Therefore, a sensitivity ranking can be de-

termined based on the relative magnitude of the regression coefficients. Standardization meth-

ods may be used to remove the influence of units and place all parameters on an equal level

[Saltelli et al. 2004]. Non-linear regressions (e.g., quadratic, logarithmic) are also possible, and

they may be transformed into linear regressions using E[Y ] = a+bZ, where Z is any non-linear

function f(x).

2.2.3 Factorial Experimental Design

Another well-known technique is the factorial experimental design [Jain 1990]. In a full

factorial design, every possible combination of configuration and workload is examined. In a

given system, that have its performance affected by k factors (parameters), and each factor have
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n possible levels (values), the number of experiments would be nk. This method enables finding

the effect of every factor, including the interactions among them. Although, this comprehensive

study usually takes too much time and spend substantial resources.

The number of levels for each factor can be reduced as a strategy to deal with a large amount

of factors. [Jain 1990] considers the 2k factorial design as a popular approach, in which only

two levels are evaluated for each factor. Since very often the effect of a factor is unidirectional,

a good initial analysis may be done by experimenting at the minimum and the maximum level

of the factor. This helps to decide if the difference in performance is significant enough to

justify detailed examination. Also, after finding out which factors are relevant to the measure

of interest, the list of factors may be reduced substantially and it becomes feasible to try more

levels per factor.

A fractional factorial design is another alternative to the full factorial design. It avoids

running all the experiments, by selecting a subset that contains a fair combination of main

levels for the factors. Despite how much levels or factors are tested, factorial experimental

design assumes that the system may be changed to perform some tests, what it is not always

possible.

2.2.4 Differential Sensitivity Analysis

Differential analysis, also referred to as the direct method, is the backbone of many other

sensitivity analysis techniques [Hamby 1994]. It may be performed in an efficient computa-

tional manner on analytic models commonly used in performance and dependability analysis.

This method provides a single sensitivity coefficient that denotes the amount of change in the

output that is produced by an incremental change of a given input.

Differential sensitivity analysis is based on the existence of an algebraic equation that de-

scribes the relationship between the measure of interest and the input parameters. Differential

sensitivity analysis is performed by computing the partial derivatives of the measure of interest

with respect to each input parameter. In [Frank 1978], this derivatives are referred to as sensi-

tivity functions. Subsequently, the sensitivity function of a given measure Y , which depends

on a parameter λ, is computed as in Equation 2.15, or 2.16 for a scaled sensitivity.
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Sλ(Y ) =
∂Y

∂λ
(2.15)

SSλ(Y ) =
∂Y

∂λ

(
λ

Y

)
(2.16)

In Equation 2.16, other scaling methods can be used, depending on the nature of input

parameters, the measure of interest and the need for removing the effects of units. Sλ(Y ) and

SSλ(Y ) are also referred to as sensitivity coefficients [Hamby 1994], whose ordered values

produce the ranking that is used to compare the degree of influence among all parameters.

Independence of input parameters in relation to each other is often expected, but

[Frank 1978] shows some cases and conditions for which dependences among the parameters

can be considered. Among these cases are:

1. The parameters, λ1, λ2, ..., λn, are functions of a single variable, say a. Then Y may be

considered as a function of a: Y = f(a). The total derivative of f with respect to a may

be obtained.

2. The parameters, λ1, λ2, ..., λn, are functions of another set of independent variables, say

a1, a2, ..., am. Then Y may be considered as a function of the aj’s: Y = f(a1, a2, ..., am).

The partial derivatives of f with respect to a1, a2, ..., am may be obtained.

3. The parameters, λ1, λ2, ..., λn−1, are functions of λn. Then Y may be considered as a

function of λn only: Y = f(λn). The total derivative of f with respect to λn may be

obtained.

Frank [Frank 1978] also demonstrates that the product rule and quotient rule hold for any

two functions, Y and Z, since their derivatives exist. This relations are expressed in Equations

2.17, and 2.18, respectively.

Sλ(Y.Z) = Y.Sλ(Z) + Z.Sλ(Y ) (2.17)

Sλ(Y/Z) =
Z.Sλ(Y )− Y.Sλ(Z)

Z2
(2.18)

If Y = f(β) and β = g(λ), then the chain rule holds, as shown in Equation 2.19.
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Sλ(Y ) = Sβ(Y ).Sλ(β) (2.19)

For scaled sensitivities, also referred to as relative sensitivities [Frank 1978], the same rela-

tions are described by Equations 2.20, 2.21, and 2.22.

SSλ(Y.Z) = SSλ(Y ) + SSλ(Z) (2.20)

SSλ(Y/Z) = SSλ(Y )− SSλ(Z) (2.21)

SSλ(Y ) = SSβ(Y ).SSλ(β) (2.22)

Therefore, if there exists some kind of relationship among the parameters, and the relations

cited in [Frank 1978] are not considered, the sensitivity analysis results may lead to inaccurate

interpretations, invalidating the importance assessment. Such fact is not a problem for most

of Markov models created to analyze computational performance and dependability aspects,

because rate transitions are often defined as functions of independent parameters, and the sen-

sitivity analysis is performed with respect to each of those parameters. When this does not

happen, the existing relationships are included in those cases previously cited.

Another important consideration is that the function describing the measure of interest must

be differentiable in the analyzed point. It is important to highlight that, if the measure Y behaves

like a linear (first-order polynomial) function of λ when all the other parameters are fixed, Sλ(Y )

will be a constant, valid for all values of λ. This is the case of measure Y , expressed by Equation

2.23. Figure 2.7 shows the changes in Y , according to changes in each one of the three input

parameters, while keeping the others fixed. Equations 2.24, 2.25 and 2.26 show the sensitivities

of Y with respect to α, β and γ, respectively. The parameter γ has the biggest effect on the

measure Y , followed by α and β, and due to the linear nature of the measure Y with respect to

all parameters, the sensitivity ranking remains unchanged for all input values.

Y = 3α+ 2β + 4γ (2.23)

Sα(Y ) =
∂Y

∂α
= 3 (2.24)
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Figure 2.8: Plot for non-linear and non-monotonic function

Sβ(Y ) =
∂Y

∂β
= 2 (2.25)

Sγ(Y ) =
∂Y

∂γ
= 4 (2.26)

Differential S.A. is closely related to the approach in which one parameter at a time is

changed and plotted against the result in the measure Y . The sensitivity coefficient may be

understood as the slope of the corresponding line for a specific point in the plot. From this

view, it is possible to notice that interpretation of analysis results must be more careful if the

parameters can be far removed from the base values, mainly if the function is not linear or not

monotonic. An example of a non-linear and non-monotonic function is Z = (α − 3)2 + (β −

4)2 + (γ − 2)2, depicted in Figure 2.8, in which the slopes of curves vary in each point of the

analysis, so the sensitivity of Z with respect of each parameter quantify the impact of changes

just in regions close to that analyzed point.

When carrying computer performance and dependability analyses, it is common looking for

incremental improvements in system configuration, so the localized range of sensitivity results

is well fitted in this context.

Besides computer performance evaluation, sensitivity functions based on partial deriva-

tives are widely used in areas such as signal processing, economics, chemistry and physics

[Saltelli et al. 2004, Hamby 1994]. In such fields, the improvement of model accuracy is of-

ten the major goal, through additional measurements of parameters with the highest sensitivity
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coefficients.

2.2.5 Sensitivity Analysis Methods for Performance and Dependability

Evaluation

The main performance and dependability modeling techniques for computer systems can

undergo a differential sensitivity analysis. This is due to the existence of algebraic equations

that provide exact solutions, or at least approximate estimates to many of the metrics commonly

found in such studies. The derivative of equations, as well as the adaptations in corresponding

algorithms, has been published by some researchers, that used various types of systems to vali-

date their accomplishments.

There are further approaches, similar to the differential sensitivity analysis, that have been

proposed in the field of performance and dependability evaluation. Perturbation Analysis (PA)

is one of the related methods. It calculates the parametric sensitivity of discrete event dynamic

systems (DEDS). It can be used to determine the perturbed performance value (i.e. the perfor-

mance after a change in system’s input parameters) without the need of actually carrying out

the experiment in which the parameter values are changed (perturbed experiment) [Ho 1985].

Perturbation Analysis recognizes the timing of events as the most basic element in the descrip-

tion of a DEDS. Therefore, considering a dynamic system, the calculation of sensitivities for

a performance measure, hereafter called PM, is given by Equation 2.27, that assumes the exis-

tence of two kinds of events: events i, which have their timing directly affected by the change

of a system parameter θ, and events k, which have their timing affected by the change in the

timing of events i. So, ∂ti
∂θ

is the change in timing of events i caused by a change in the value

of a system parameter, θ, ∂tk
∂ti

is the change in the timing of events k caused by a change in the

timing of a event i, and ∂PM
∂tk

is the change in system performance caused by a change in the

timing of a event k.

∂PM

∂θ
=
∑
i

∂PM

∂tk

∂tk
∂ti

∂ti
∂θ

(2.27)

The method of Perturbation Analysis is also employed in simulation studies which search

for estimates of measures derivatives. In the context of simulation of DEDS, the likelihood ratio
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[Reiman and Weiss 1989] is another method that was proposed. Highly dependable systems, as

well as generic queueing systems, are some application fields for which this approach was

already validated.

Other sensitivity analysis method that may be used for DEDS is based on combining a

original and a perturbed Markov chain, to construct an augmented chain, and further a reduced

augmented chain [Cassandras and Strickland 1989]. Given a parameter change, the state proba-

bility sensitivities for the original system may be expressed as simple linear combinations of the

reduced augmented chain state probabilities. This approach was shown to be useful in finding

performance measures sensitivities for various queueing systems.

In the context of reliability modeling, one approach to sensitivity analysis is to use upper and

lower bounds on each parameter in the model to compute optimistic and conservative bounds on

system reliability. [Smotherman et al. 1986] shows that conservative and optimistic reliability

models can be derived from more complex models, reducing the state space and the amount

of transitions. Subsequently, this pair of models may have their parameters changed one at a

time to determine those ones that bring the biggest variation to the reliability computed from

the original model.

Reliability importance indices, such as Birnbaum’s Component Importance

[Birnbaum 1969] and Component Criticality Importance [Wang et al. 2004], are in fact

differential sensitivity analysis techniques. Equation 2.28 defines Birnbaum’s Component

Importance, where IBk (t) is the reliability importance of the kth component, RS(t) is the system

reliability at time t and Rk(t) is the reliability of component k at time t.

IBk (t) =
∂RS(t)

∂Rk(t)
(2.28)

According to [Wang et al. 2004], whereas the Birnbaum importance provided the probabil-

ity that a given component would be responsible for the failure at time t, Component Criticality

Importance can be used to determine the probability that the given component was responsible

for system failure before time t. This measure is given by Equation 2.29 for a system S, where

FS(t) is the system unreliability and Fk(t) is the unreliability of component k at time t.

ICk (t) =
∂RS(t)

∂Rk(t)
· Fk(t)

FS(t)
= IBk (t) ·

Fk(t)

FS(t)
. (2.29)
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Structural importance is another measure for ranking components based on their influence

on overall system reliability. Such metric does not use partial derivatives, but it uses the dif-

ferences between system state when the chosen component is up and when that component has

failed. Details about the calculation of structural importance are found in [Kuo and Zuo 2003],

which also states that the structural importance actually measures the importance of the position

of the component. It is independent of the reliability value of the component under consider-

ation. Structural importance and Birnbaum’s component importance are among the most used

reliability importance indices [Fricks and Trivedi 2003].
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Chapter 3

Related work

In the fields of performance and dependability evaluation, it is possible to find a number

of researchers that have already demonstrated how to perform parametric sensitivity analy-

sis in some analytic models. One of the most outstanding papers in this topic is found in

[Blake et al. 1988], which presents the foundations for transient sensitivity analysis in contin-

uous time Markov chains (CTMC) and Markov reward models, and shows how the sensitivity

functions can guide system optimization, model refinement and the detection of reliability/per-

formability bottlenecks.

The development of differential S.A. methods followed similar ways for all modeling for-

malisms, mainly when only state-space models are considered. The correctness and utility

of such approach in each of the studied models is well founded, but little guidance is found

about whether scaled or unscaled sensitivities should be used. In [Blake et al. 1988], scaled

sensitivities are used only for model refinement. By contrast, [Sato and Trivedi 2007] and

[Muppala and Trivedi 1990] use scaled sensitivities for system optimization and bottleneck de-

tection purposes, whereas [Xing and Dugan 2002] and [Bondavalli et al. 1999] do not employ

any scaling factor to the sensitivity functions they use to enhance reliability and dependability

metrics of the systems under analysis. An important consideration to be done is that, in opti-

mization studies such as those just cited, the benefits of using scaled or unscaled sensitivities

are not justified, as far as was seen in the literature.

The following sections present some related works based on analytic models, focusing on

Markov chains, their derived MRMs, and other similar formalisms.

29



3.1 Differential S.A. on Queueing Systems

Queueing system is one example of analytic model whose sensitivity analysis has been

described in literature. Yin [Yin et al. 2007] give sensitivity formulas for the performance of

M/G/11 queueing systems, which are described by semi-Markov processes. They show that

the embedded Markov chain of a M/G/1 model may be used to provide the desired steady-

state sensitivity measures. This is possible because the semi-Markov process has always the

same steady-state probabilities as the embedded Markov chain. In [Yin et al. 2007], the sensi-

tivity analysis of M/M/1 and M/C2/1
2 queueing systems is also discussed, since they can be

considered as specialized versions of the M/G/1 case.

Opdahl [Opdahl 1995] presents sensitivity functions for the performance of open queue

networks3, in a combined analysis of hardware and software performance. The software per-

formance models are directly derived from design specifications annotated with performance

parameters to minimize additional modeling effort. A bank example is used to demonstrate the

approach, and sensitivity measures are validated by means of plots of the predicted residence

time for different parameter values.

An approach for sensitivity estimation in closed queueing networks is found in [Cao 1996].

It is based on Perturbation Analysis [Ho 1985] and Likelihood Ratio [Reiman and Weiss 1986]

methods. Instead of actual differentiation of the performance measure of interest, the algorithm

proposed in his work uses a sample path of the model to estimate the derivative of the steady-

state probability vector. Networks with general service time distributions may be analyzed using

those sensitivity estimates.

No scaling or normalization methods are used in that paper. This is a characteristic of most

works it was possible to read in the literature about sensitivity of queueing systems, except

by [Liu and Nain 1991], that propose general formulas to quantify the effects of changing the

model parameters in open, closed, and mixed product-form queueing networks. These formulas

encompass the derivative of the expectation of known functions of the state of the network with

respect to any model parameter (i.e., arrival rate, mean service demand, service rate, visit ratio,

1A queue M/G/1 has a service time that follows an arbitrary (general) distribution, in contrast to the exponen-
tial nature of service time in a queue M/M/1 [Kleinrock 1975].

2A queue M/C2/1 has a service time that follows a two-stage Coxian distribution [Yin et al. 2007]
3Queueing networks whose operations all have transaction workload intensities are open, while other queueing

networks are closed or mixed [Opdahl 1995].
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traffic intensity). The sensitivity functions for the throughput and queue length are presented in

that paper, which also demonstrates an example of cost-based optimization.

3.2 Differential S.A. on Markov Chains

Stages of the differential sensitivity analysis of Markov chains include computing the deriva-

tive of the rate generator matrix and the differentiation of equations used in the solution meth-

ods (presented in Section 2.1), or even the development of new solution methods. Marie

[Marie et al. 1987] presents a sensitivity analysis method regarding transient and cumulative

measures in acyclic Markov chains. The ACE (Acyclic Markov Chain Evaluator) algorithm is

used to find the state probabilities of an acyclic CTMC as a symbolic function of t, and it is

adapted to the compute the respective sensitivity functions.

[Blake et al. 1988] show how to compute the same measures of the [Marie et al. 1987]

work, but using the uniformization technique [Heidelberger and Goyal 1987], which allows the

analysis of more general models, with cycles. The sensitivity functions are applied in a relia-

bility/performability study, which also introduces the sensitivity of expected reward rate and a

specific sensitivity function for the mean time to failure (MTTF) of a system.

The analysis in [Blake et al. 1988] uses a cost-scaled sensitivity to find performability bot-

tlenecks in three models of multiprocessor systems, constructed from processors, shared mem-

ories and a interconnection network. The cost function is based on three parts: the amount

of copies of a given component, its failure rate, and the unitary cost of that component. The

transient sensitivity analysis of the unreliability shows that there are specific moments when the

importance of a component becomes critical. It also reveals the difference in the order of com-

ponents importance, according to the architecture under analysis. Parameter-scaled sensitivity

is only employed to model refinement, finding the most effective way to improve the accuracy

of model outputs.

Another related study is shown in [Ou and Dugan 2003], that developed an approximate

approach for the computation of sensitivity analysis in acyclic Markov reliability models, re-

ducing the computation time for large models. That approach is used for solving a dynamic fault

tree and hence assessing the importance of each component according to its failure probability.
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The method is compared to Birnbaum’s reliability importance index [Birnbaum 1969], but the

algorithm presented in [Ou and Dugan 2003] considers situations when components have indi-

vidual failure behavior, and when there is some dependency between the operational state of a

component and the failure of other components, that is the case of spare parts. That work also

presents the computation of sensitivities for modules of some components, that can be combined

to produce the system level sensitivities. A chain-rule approach is used to calculate sensitivity

measures for the separate modules, and to combine them hierarchically for higher-level results.

A different method to deal with the sensitivity computation of the expected accumulated

reward is found in [Abdallah and Hamza 2002]. The work proposes an approach based on the

uniformized power (UP) technique presented in [Abdallah 1997], as an alternative to the stan-

dard uniformization (SU) method. This method aims to save computation time if the state space

size is moderate and the mission time is long. Other objective of this approach is to reduce the

computation time for stiff models, that is the case of life critical systems for which the failure

rates are much smaller than the repair rates.

Continuous time Markov reward processes are also studied in [Grassi and Donatiello 1992].

They evaluate a closed-form expression for the derivative of the cumulative reward probability

distribution over a finite time interval, thus enabling a sensitivity analysis in the framework of

performability evaluation of fault-tolerant systems. Both transition rates and reward rates are

assumed to be function of a given system parameter, reflecting how a design change can have an

impact on system reliability (transition rates) as well as on system performance (reward rates).

The computational complexity of the analytical expression is shown to be polynomial in the

number of processes states and reward rates. Hence it is a good substitute to other approaches,

considering the scope of fault-tolerant systems.

[Haverkort and Meeuwissen 1992] also presents a study related to Markov reward models,

but in that paper sensitivity analysis is used to deal with uncertain parameters and is compared

to a Monte Carlo based uncertainty propagation. They analyze the uncertainty in coverage

factors of failures in a specific computer system. Since the performability metric was defined

as a function of failure rates, they uses the chain rule to obtain the sensitivity with respect to the

coverage parameter. Stochastic Petri nets were used to analyze indirectly the underlying Markov

reward model, by means of the SPNP [Hirel et al. 2010] package. This analysis allowed to
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detect that an increase in the bus coverage yields a higher system dependability but, surprisingly,

a lower system performability, due to certain reward configurations.

In [Sato and Trivedi 2007], Markov chains were created for a travel agent system. They

performed a sensitivity analysis of response time and reliability metrics with respect to each

parameter. Despite using Markov chains for computing the metrics of interest, closed-form

equations are found for both measures, and the differential sensitivity analysis is carried out

using these equations. The authors highlight that closed-form equations can not be found for all

systems, so a model-based sensitivity analysis would be helpful for a broader range of situations.

3.3 Differential S. A. on Petri Nets

Among some models derived from Petri nets, generalized stochastic Petri net (GSPN) is

one of the most flexible approaches, providing useful modeling mechanisms to represent con-

currency, parallelism and synchronization in complex systems. They are an extension of the

stochastic Petri nets formalism [Molloy 1982], and allows both immediate and timed (exponen-

tially distributed) transitions.

[Muppala and Trivedi 1990] introduce a process to compute sensitivity functions of GSPNs.

Since the reduced reachability graph of a GSPN is a continuous-time Markov chain, it is pos-

sible to translate the process of S.A. in CTMCs to a GSPN-based sensitivity analysis. In order

to accomplish this task, sets of vanishing markings (V) and tangible markings (T) are identi-

fied. Therefore, the probabilities and rates of transition between markings are used to obtain the

generator matrix of the underlying CTMC.

[Muppala and Trivedi 1990] demonstrate the derivative of equations for steady-state, tran-

sient and cumulative measures in their work, which also includes the implementation of sensi-

tivity analysis features in the SPNP package [Hirel et al. 2010] and the analysis of a processor

cluster system, to show the applicability of the approach. They compute normalized (scaled)

sensitivities for the probability of rejection of jobs with respect to each parameter, therefore

detecting the performance bottleneck of that system.

In [Ciardo et al. 1993], the definition of Stochastic Reward Nets is complemented by the

demonstration of sensitivity formulas for that model. It follows a process that is similar to that

33



for GSPN models, in which tangible and vanishing markings shall be identified first, as well as

the transitions that may occur in these sets of markings.

[Choi et al. 1993] constitute the first work to elaborate a method for parametric sensitivity

analysis of deterministic and stochastic Petri nets (DSPNs) [German and Mitzlaff 1995], which

are an extension to GSPN models. DSPNs allow the association of a timed transition either with

a deterministic or an exponentially distributed firing delay. Some characteristics of the solution

for GSPNs, found in [Muppala and Trivedi 1990], are used in that work, but the analysis of

a DSPN requires additional steps, since other stochastic processes (semi-Markov process and

non-Markov DSPN process) are involved in this type of model. The usefulness of the sensitivity

functions for DSPNs is shown in the optimization of a polling system with vacation, by finding a

point where the derivative of the measure of interest is zero, i.e., that value of a given parameter

maximizes the system performance.
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Chapter 4

A methodology for systems optimization

using differential sensitivity analysis

Sensitivity analysis is a common demand for anyone who creates and uses analytic mod-

els. The majority of performance and dependability analyses do not include the computation of

quantitative sensitivity indices. Sensitivity analysis, when done, is executed simply by varying

the set of parameters over their ranges and repeatedly solving the chosen model. Formal or

differential sensitivity analysis is not commonly used, what makes the determination of bot-

tlenecks more difficult. Hence, system optimization is usually performed in a inefficient and

manual process.

It is worth observing that such scenario had no modifications in spite of important devel-

opments on differential sensitivity functions, mentioned in the last chapter. A likely reason

for this lack of usage of formal sensitivity analysis techniques is the absence of a well-defined

methodology for S.A. in computer systems stochastic modeling. Moreover, there is a gap in the

S.A. approaches, related to the scaling (normalization) of the sensitivity index. No guidance is

found about the proper normalization methods for the performance/dependability metrics that

are usual in computer systems analysis. In few cases, the use of scaled, or unscaled, sensitivities

is based on a formal approach.

This chapter presents the main contributions of this dissertation. The first one is an iterative

methodology for S.A., that is supported by a modeling tool, aiming to provide a efficient and

unambiguous way to perform system optimization and model enhancement. Such methodology
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uses Markov chains as formal modeling technique, and enables cost-constrained optimization

of computer systems. The second contribution of the current work is to present directions about

the decision of scaling sensitivity indices. The formal basis for the proposed decision criteria is

also presented here.

4.1 Methodology description

Based on the study of many research papers and reports about performance and depend-

ability analysis, some common steps were found regarding the improvement of a given system,

despite numerical sensitivity indices are rarely used. Besides, as stated before, the choice be-

tween using scaled or unscaled sensitivity indices is always made in a arbitrary manner. Figure

4.1 depicts the flowchart of the proposed methodology for systems optimization through sensi-

tivity analysis. It uses some of the common steps of analytic modeling solutions and fulfills the

mentioned deficits. The focus of that approach is to find bottlenecks and guide optimization of

specific measures, defined by the system administrator. Such optimization shall be conducted

by incremental changes in the parameters. If structural changes are executed, the process returns

to its beginning, since the model should be redefined.

The dashed rectangles represent activities exclusively related to constrained optimization.

Subsequently, they would be executed only if cost information is available and is considered as

relevant for the current analysis. All activities that compose this methodology are described as

follows.

Creation of model: The definition and creation of the model for the system under analysis is

required before any other step. Since Markov chains are the mathematical formalism cho-

sen here, global states must be identified and enumerated, as well as the transitions which

may occur between certain states. The system characteristics and subsequent modeling

decisions will determine if CTMCs, DTMCs or MRMs is used.

Definition of parameters: Given the created model, transition and/or reward rates must be

defined as expressions using independent parameters. It is important to employ here all

parameters, including those ones which are thought to have minimal influence on results,

with no formal argument supporting such belief.
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Figure 4.1: Flowchart for the proposed systems optimization methodology

Definition of cost function: The analyst may define a cost function, based on both Markov

model parameters and other cost-specific parameters, which constitutes a constraint for

the system optimization.

Assignment of values: Estimated or accurately known values are assigned to the model pa-

rameters. In this methodology, all parameters have their values defined with acceptable

accuracy, so that S.A. works as an strict system optimization technique, where uncertainty

propagation is not the focus.

Sensitivity scaling decision: Based on the parameters values, assigned in the previous step,

the analyst decides between using unscaled or scaled sensitivity.

Compute unscaled sensitivity: Parameters with the close orders of magnitude can be com-

pared without sensitivity index scaling or normalization. Strict performance and pure
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reliability analyses are often found in such situation.

Compute scaled sensitivity: Parameters with the different orders of magnitude should be com-

pared using scaled sensitivity indices. This is a common case for availability and per-

formability analysis, which are known by the merge of fast and slow events, reflecting in

parameter values.

Constrained optimization method: A mathematical optimization method may be employed

here, using the defined cost function and the sensitivity indices computed in the previous

step. This optimization method produces a cost-aware sensitivity ranking.

Sensitivity ranking analysis: The sensitivity ranking must be analyzed in a direct way, look-

ing to the parameters on the top and on the bottom. Parameters having similar sensitivity

indices should be considered with equivalent effect on the measure of interest, and other

criterion may be employed to distinguish them in the ranking.

Action on high priority parameters: System administrators must concentrate in the enhance-

ment of parameters with high sensitivity indices, either to achieve system optimization, or

to perform model refinement. The last parameters in sensitivity ranking may be removed

from the model, if model simplification is a goal.

After the necessary actions on high priority parameters, the result of such changes on the

measure of interest is analyzed and, if required, a new sensitivity analysis iteration is executed,

using the changed values of parameters. Such analysis may result in a sensitivity ranking that is

different from the previous one, because the parameters which were improved have lost impor-

tance, i.e., their respective sensitivity indices were reduced, while other ones became the current

bottlenecks for the optimization of the measure of interest. It is also possible that no changes

occur in the sensitivity ranking from one iteration to another.

An example of the sensitivity reduction situation just described may be found in an avail-

ability analysis, when the repair rate (inverse of mean time to repair) of a given component A

is increased until it reaches an optimal condition, so changes in the repair of other components

cause higher impact on overall reliability than an additional change in A. Figure 4.2 illustrates

this behavior in a plot of component repair rates versus system availability, characterized by the
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reduced slope near to the current value of component A repair rate, while changes in the current

repair rate of component B are able to increase more effectively the system availability. In such

case, a repair rate may be closely related to the number of people allocated to the repair of that

component, so human resources planning is a possible achievement from this analysis.
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Figure 4.2: Example of sensitivity reduction in an availability analysis

4.2 Methodology steps for constrained optimization

It is common to ignore financial costs when a performance or dependability model is built.

So, the computation of expenses in system enhancement and estimates of budget gains is left

to the last analysis phase, using these pieces of information in a fragmented manner. This kind

of evaluation process is justified for some scenarios, in which all possible optimization actions

have similar costs, or when the improvement of a metric of interest always bring benefits that

are bigger than the efforts spent on such optimization.

However, if cost information is available in early phases of performance and dependability

analysis, the steps related to cost definitions and constrained optimization should be followed, in

order to find the most cost effective point of optimization, considering all model parameters and

a mathematically justified trade-off between measure enhancement and investments in system

modifications.

The cost function will likely depend on some of the parameters for that model, but other

specific parameters may appear in this step. One can notice that this methodology is not re-

stricted to direct financial costs, but energy consumption, working time, and similar expenses
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may be the main constraint to be considered when defining the cost function.

Some constrained optimization methods may be employed in the proposed approach, what

constitute another flexible point, adjustable to the system characteristics as well as to the analyst

knowledge or preferences. In [Avriel 2003], there is a comprehensive list of methods, just to

mention some of the most known: penalty function, reduced gradient, quadratic programming,

and Lagrange multipliers.

A point that is always present, whatever be the chosen method, is the formulation of the

optimization problem. A common way to describe this problem is:

Maximize: Y

Subject to: C ≤ Max cost ,

where Y is the measure of interest, C is the cost function, and Maxcost is the maximum

acceptable cost defined for the system under analysis.

In this work, the classical method of Lagrange multipliers is suggested, due to its well-

known optimization capabilities, ease of use and proximity to differential sensitivity analysis.

Basically, this approach leads one to assume that, considering the measure Y and parameters

θi, optimal values of θi satisfy the Equation 4.1, where k is a constant, and C is the system cost

for the given value of θi.

∂Y

∂θi
= k

∂C

∂θi
(4.1)

The same equation can also be described as:

(
∂C

∂θi

)−1

· Sθi(Y ) = k. (4.2)

So, the system bottleneck, regarding measure Y , may be stated as the parameter θ∗, that

satisfies Equation 4.3, based on unscaled sensitivity of measure Y , and unscaled sensitivity of

the cost function C. θ∗ is the parameter θi that maximizes the relation
∣∣∣∣Sθi

(Y )

Sθi
(C)

∣∣∣∣. Changes in θ∗

have the best trade-off between improvements on measure Y , and impact on costs. Besides this

way of finding the optimal parameter, this work proposes an adaption that takes into account
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the scaling decision step of the methodology presented in this chapter. If the use of scaled

sensitivities is suggested in the methodology, due to the measure and parameters characteristics,

so the Equation 4.4 should be considered, and θ? should be the parameter deserving higher

priority in its improvement.

θ∗ = argmaxθi

∣∣∣∣∣ 1

Sθi(C)
· Sθi(Y )

∣∣∣∣∣ . (4.3)

θ? = argmaxθi

∣∣∣∣∣ 1

SSθi(C)
· SSθi(Y )

∣∣∣∣∣ . (4.4)

Following the proposed methodology, a sensitivity ranking shall be generated, by listing the

results of
∣∣∣∣Sθi

(Y )

Sθi
(C)

∣∣∣∣, or
∣∣∣∣SSθi

(Y )

SSθi
(C)

∣∣∣∣, for all parameters θi under analysis. The subsequent actions on

high priority (and cost-effective) parameters will lead to other iteration, in which the system

cost was already changed, as well as the chosen parameters. As previously mentioned, this

iterative process stops when no enhancement is considered to be necessary for the system, but

other possible reason for the stop is when cost restrictions can not be satisfied anymore. In

such a situation, structural changes in the system may be necessary, leading to changes in the

corresponding model, what would restart the process that is proposed here.

4.3 Decision support for the use of scaled sensitivity func-

tions

The decision about employing scaled or unscaled sensitivity indices deserves special atten-

tion in this methodology. A scaled (also called relative) sensitivity function should be employed

to remove the influence of big differences in absolute values of the parameters. The use of scaled

sensitivities when all parameters have no big differences in their values may generate incorrect

sensitivity rankings. Also, for models which comprehend distinct orders of magnitude, by scal-

ing the sensitivity indices, one removes unfair influences of very large or very small units.

This property may be explained by the indirect relation between scaled sensitivity functions

and logarithms, mentioned in [Frank 1978] and shown in Equation 4.5.
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∂ ln Y

∂ ln λ
=

∂ Y

Y
∂ λ

λ

= Sλ(Y )
λ

Y
= SSλ(Y ) (4.5)

There may be a case in which the application of logarithm in the measure Y is not proper,

because it is already a logarithmic measure, for example. For such situation, the logarithm

may be applied only in the parameters, so the scaled sensitivity will be described by Equation

4.6. In this kind of scaling, the sensitivity is multiplied only by the parameter, instead of the

ratio between parameter and measure of interest.
︷︸︸︷
SSλ(Y ) is also referred to as a semi-relative

sensitivity function.

︷︸︸︷
SSλ(Y ) =

∂ Y

∂ lnλ
=

∂ Y

∂ λ/λ
= Sλ(Y )λ (4.6)

Despite the mentioned relations between scaled sensitivities and natural logarithm, it was

not possible to find in the literature similar uses for logarithms of other bases. The property

of change of base can be applied in this context, so for the usual base 10: log10Y = ln Y
ln 10

.

Therefore, the relation between scaled sensitivities and base 10 logarithms can be stated as in

Equation 4.7, which shows that scaled sensitivities also represent the derivative of ∂ log10 Y
∂ log10 λ

.

∂ log10Y

∂ log10λ
=

∂

(
ln Y

ln 10

)

∂

(
ln λ

ln 10

) =

1

ln 10

∂ Y

Y
1

ln 10

∂ λ

λ

=
λ · (ln 10) · ∂ Y
Y · (ln 10) · ∂ λ

=
λ ∂ Y

Y ∂ λ
= Sλ(Y )

λ

Y
= SSλ(Y )

(4.7)

Due to the property of change of base, the same relation holds for any logarithmic base.

Such characteristic enables the use of scaled sensitivities for a range of scenarios that is broader

than those seen in the literature by the moment. Therefore, this kind of analysis is proper for

scenarios where the application of logarithm in the measure and its parameters is an acceptable

method to counterbalance parameter values disparity. This depends on which measure is under

analysis and what is the nature of input parameters.

Considering the usual scenario of computer systems availability analysis, there are recovery-

related parameters, defined in a range of minutes or a few hours at most, and failure parameters,

which commonly have thousands of hours as a minimum value. In an analytical model, all
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values must be defined in the same unit, so in case of having all parameter in hours, this kind of

analysis may handle a ratio r = 103/10−1 = 104 between parameter values, justifying the need

for use logarithmic scale to compare their influences to the measure of interest.

It is also important to highlight that availability in real computer systems may also be mea-

sured with logarithmic metrics, such as number of nines [Marwah et al. 2010, Yu et al. 2006],

what demonstrates that applying logarithm in availability analysis scenarios is a valid approach.

So, a scaled sensitivity of availability will indirectly measure the impact that changes in a pa-

rameter have on the number of nines. But if the metric under analysis is already the number of

nines, semi-relative sensitivity functions should be used, in order to avoid applying a logarithm

on other logarithm.

For performability analysis, availability - or reliability - metrics are combined with perfor-

mance measures. This combination may be direct, in specific formulas, or indirect, by means

of composite and hierarchical models, as in [Ma et al. 2001]. Despite some differences in those

approaches, again there is a need for repair and failure rates, and moreover, there are job com-

pletion rates - or similar parameters - which result in even bigger differences in the orders of

magnitude. So, a relative sensitivity function, based on logarithms, as in Equations 4.5 and 4.7,

fit the impact of each parameter on the performability metric.

In its turn, strict performance or pure reliability models often have parameters with similar

ranges of values. For instance, in the usual case of performance studies, the maximum differ-

ence between parameters is from seconds to minutes, or hundreds of milliseconds to seconds.

Therefore, in performance and reliability analysis, unscaled sensitivities fit the needs of com-

parison between the parameters. It is important to remember that this is just an indirect relation,

and the main point in the decision is the actual scenario of parameter values.

The formal basis just presented and the analysis of some case studies suggest that a differ-

ence of three orders is a sufficient threshold for the scaling decision. Some of these case studies

are presented in Chapter 6, and perform a cross-validation using graphical plots to reinforce the

correctness of the decision support provided here.
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4.4 A comparison with existing approaches

The methodology proposed in this work gathers existing modeling and evaluation tech-

niques for computer systems performance and dependability analysis. The methodology in-

troduces a structured vision of the entire process of systems improvement through differential

sensitivity analysis, and it addresses some open topics in this area.

Since the sensitivity analysis is performed directly on Markov chains, there is no need

to find closed-form equations that describe the system’s behavior, as it was required in

[Sato and Trivedi 2007]. This is an advantage because closed-form equations can not be found

for all systems. The focus on analytic solution of the Markov chains also enables a more

efficient computation of results, in comparison to simulation-based approaches, which is the

case of Perturbation Analysis and Likelihood Ratio [Cao 2003], [Nakayama et al. 1994], and

[Ho 1985].

While [Sato and Trivedi 2007], [Xing and Dugan 2002], [Bondavalli et al. 1999],

[Opdahl 1995], and [Muppala and Trivedi 1990] use unscaled or scaled sensitivities with-

out presenting any criterion, a clear point of decision is introduced here. Such decision is

mainly based on the range of parameter values, and the characteristics of the measure of

interest. This work also indicates relations between the type of analysis (availability, reliability,

performance, or performability) and the most proper kind of sensitivity function. Such kind of

relation is not found in any of the approaches already proposed.

The methodology also presents the adaption of Lagrange Multipliers method for using

scaled sensitivities. This is an extension to the approach seen in [Blake et al. 1988], where

only unscaled sensitivities are employed in the cost-aware optimization of a system. In this

way, when the system is analyzed using scaled sensitivities, the same values can be used in the

constrained optimization, in order to find the most cost-effective point to improve the system.
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Chapter 5

Computer support for the proposed

methodology

The automation of the process presented in Chapter 4 is very important to speed up the sys-

tem evaluation and improvement through the sensitivity analysis. There is a number of software

packages that allow the fast creation and solution of Markov chains, making the initial steps of

the proposed methodology easier, so the modeler is able to concentrate in the observation of

“real world” system, and in the correct translation of its characteristics to the model. Although,

few tools include features to perform sensitivity analysis in the models. Specifically, no Markov

chain tool is known to support differential sensitivity analysis. Therefore, the development of

differential S.A. features in a Markov chain tool has arisen as a valuable step to the success of

the proposed methodology.

Figure 5.1 shows an overview of the sensitivity computation process in a Markov chain

modeling tool, planned and executed as part of this master’s work. The upper dashed rectangle

represents the user view and the lower dashed rectangle denotes the software backend view. A

modeler who intends to perform a sensitivity analysis must build a Markov chain and define

the transition rates of this chain in the form of symbolic parameters, such as p, q, r, s, and t,

or mathematical expressions using these parameters. After the model creation and parameters

definition, parameters values have to be assigned and a measure of interest must be chosen, in

order to solve the model and compute the sensitivities of this measure with respect to each input

parameter. It may be observed that this user interaction with the modeling software is closely
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related to the proposed methodology, depicted in Figure 4.1. These steps are also very similar

to an usual interaction with modeling tools, without sensitivity analysis features. This simi-

larity shows how much transparent is the integration of S.A. activity in the routine of systems

modeling.

The backend steps, not visible to the user, begin with the creation of internal data structures

for the Markov chain representation. The Q matrix is stored in a symbolic form, allowing its

differentiation with respect to one of model parameters (e.g., q in Figure 5.1). The result of

differentiation is the V matrix, corresponding to ∂Q
∂q

, essential to computation of transient and

steady-state probability sensitivity. This process is the basis for determining sensitivity of all

other measures. In Figure 5.1 the user requests only the sensitivity of π(3), the probability of

being in state 3, but it is important to highlight that the complete sensitivity vector, S(π) is

computed at once, despite only the information for the specific requested state is shown.
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Figure 5.1: Overview of automated sensitivity computation

5.1 Development of S.A. features in the SHARPE tool

SHARPE (Symbolic Hierarchical Automated Reliability and Performance Evaluator)

[Trivedi and Sahner 2009] is a tool for specifying and analyzing performance, reliability and
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performability models. It provides a specification language and solution methods for most

of the commonly used model types for performance, reliability and performability modeling.

Model types include combinatorial and state-space ones. Steady-state, transient and interval

measures can be computed. A partnership with SHARPE developers allowed us obtaining its

source code and implementing the desired S.A. features.

Note that SPNP [Hirel et al. 2010] package, a modeling tool for Stochastic Reward Nets,

can implement sensitivity, but for them the derivatives of the underlying generator matrix may

only be computed if the user supplies the rates in a very restricted form, and only the simple

multiplication of parameters is permitted. Additions, subtractions and more complex functions

cannot be used for the rates in SPNP. In its turn, SHARPE stores the generator matrix entries in

a symbolic form, whereas the majority of tools store the entries in a numerical form. SHARPE

therefore affords the opportunity to automate the whole process, without the limitations of other

tools.

A set of representative metrics was chosen in order to implement their respective sensitivity

functions in SHARPE. An important aspect of this decision was selecting both transient and

steady-state metrics, as well as focusing on functions which would be helpful for CTMC and

MRM evaluation. These criteria allowed the scope reduction whereas fulfilled a fair range of

performance, dependability and performability modeling possibilities. The selected metrics

were:

• Steady-state probability of the system being in state i;

• Expected steady-state reward rate of the system;

• Transient probability of the system being in state i at time t;

• Expected transient reward rate of the system at time t;

• Cumulative state probability over the interval (0, t);

• Expected cumulative reward over the interval (0, t).

These metrics are widely adopted to capture useful information about a variety of systems,

and also serve as basis to compute other specific measures. As mentioned in Chapter 3, some
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authors had already showed how to compute the sensitivity of each one of these metrics. The

following subsections describe such procedures to find the chosen sensitivity functions, besides

the programming-level aspects of the software development.

5.1.1 Sensitivity of steady-state probability

In order to compute the sensitivity of steady-state probability, the derivative of the following

set of equations is required:

πQ = 0 (5.1)

∑
i

πi = 1 (5.2)

In Equations 5.1 and 5.2, Q denotes the CTMC generator matrix and π represents the steady-

state probability vector. After differentiation with respect to a parameter θ, the corresponding

set of equations is obtained, as seen in Equations 5.3 and 5.4.

∂π

∂θ
Q = −π

∂Q

∂θ
(5.3)

∑
i

∂πi

∂θ
= 0 (5.4)

Details related to the solution of these equations using the Successive Over Relaxation

(SOR) method are given in [Ciardo et al. 1993] and [Stewart 1994]. This solution was im-

plemented in the SHARPE package in order to support the methodology proposed in this work.

The developed features enable the computation of sensitivity of steady-state probability with

the same computational complexity as the steady-state probability vector is already computed

in SHARPE.

5.1.2 Sensitivity of expected steady-state reward rate

In a similar manner, in order to compute the sensitivity of E[X], the expected steady-state

reward rate, the derivative of Equation 5.5 is required. If the reward rates, ri, associated with

the model states are functions of the parameter θ, the sensitivity is expressed by Equation 5.6.

If reward rates do not depend on this parameter, then the respective sensitivity is computed by

48



Equation 5.7. Both cases were considered in the function implemented in SHARPE.

E[X] =
∑
i

riπi (5.5)

∂E[X]

∂θ
=
∑
i

∂ri
∂θ

πi +
∑
i

ri
∂πi

∂θ
(5.6)

∂E[X]

∂θ
=
∑
i

ri
∂πi

∂θ
(5.7)

5.1.3 Sensitivity of transient state probability

For the transient (time-dependent) probability, the sensitivity computation is based on the

uniformization method [Heidelberger and Goyal 1987]. The probability vector is found in an it-

erative process defined by Equation 5.8, where t is the time of interest, P (t) is the transient-state

probability vector, q is selected so that q > maxi|qii|, and Q∗ = Q/q + I . The differentiation

of Equation 5.8 with respect to θ is expressed by Equation 5.9 where Π(i) = Π(i − 1)Q∗ and

Π(0) = P (0).

P (t) =
∞∑
i=0

Π(i)e−qt (qt)
i

i!
(5.8)

S(t) =
∂

∂θ

∞∑
i=0

Π(i)e−qt (qt)
i

i!
=

∞∑
i=0

Π(i)′e−qt (qt)
i

i!
(5.9)

5.1.4 Sensitivity of expected transient reward rate

The reward rate of a system for a specific time t and its sensitivity are other useful metrics

for performance, dependability and performability analysis. In order to compute the sensitivity

of E[X](t), the expected reward rate at time t, the derivative of Equation 5.10 is required.

Similarly to the correspondent steady-state measure, if the reward rates, ri, associated with the

model states are functions of the parameter θ, the sensitivity is expressed by Equation 5.11. If

reward rates do not depend on this parameter, then the respective sensitivity is computed by

Equation 5.12. Both cases were considered in the function implemented in SHARPE.

49



E[X](t) =
∑
i

riπi(t) (5.10)

∂E[X](t)

∂θ
=
∑
i

∂ri
∂θ

πi(t) +
∑
i

ri
∂πi(t)

∂θ
(5.11)

∂E[X](t)

∂θ
=
∑
i

ri
∂πi(t)

∂θ
(5.12)

5.1.5 Sensitivity of cumulative state probability

As mentioned in Chapter 2, the cumulative state probabilities of a CTMC are represented

by vector L(t) that satisfies the system of Equations 5.13.

dL(t)

dt
= L(t)Q+ π(0), L(0) = 0 (5.13)

As demonstrated in [Reibman and Trivedi 1989], the uniformization method, used in the

computation of transient probabilities, can also be used to calculate the vector L(t), as shown

in Equation 5.14, where Π(i) is the same vector of Equation 5.8.

L(t) =
1

q

∞∑
i=0

Π(i) ·
∞∑

j=i+1

e−qt (qt)
j

j!
(5.14)

Equation 5.15 is an extension to the uniformization method, which allows computing
∂ L(t)

∂ θ
without solving the ordinary differential equation that results from the partial derivative of Equa-

tion 5.13 with respect to θ.

∂L(t)

∂θ
=

1

q

∞∑
i=0

∂Π(i)

∂θ
·

∞∑
j=i+1

e−qt (qt)
j

j!
(5.15)

5.1.6 Sensitivity of expected cumulative reward

The last measure to be presented is the sensitivity of expected cumulative reward. Since

Equation 5.16 describes how to compute the expected cumulative reward, its derivative with re-

spect to parameter λ is shown in Equation 5.17. As seen in these equations, L(t), the cumulative
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probability vector and its sensitivity are required to compute this measure.

E[Y (t)] = r · L(t) (5.16)

E[Y (t)] =
∂r

∂θ
· L(t) + r · ∂L(t)

∂θ
(5.17)

5.2 Programming aspects of sensitivity functions develop-

ment

To implement the sensitivity functions previously described, an essential step is the symbolic

differentiation of the generator rate matrix entries, as well as reward rate entries. These symbolic

computations were possible due to the use of GiNaC framework [GiNAC 2010]. It is a set of

C++ libraries for manipulating symbolic mathematical expressions, that has support for linear

algebra, including symbolic matrices and vectors.

The efficient integration of C++ functions, developed using GiNaC, with the C code of

SHARPE was an important reason for choosing GiNaC among a number of mathematical

packages and computer algebra systems available. Another positive aspect was that include

the GiNaC libraries within SHARPE’s code did not lead to a significant increase in the size of

the final executable file.

The main features of GiNaC framework used for the development of sensitivity functions

were the symbolic differentiation and symbolic to numerical evaluation. The sample code listed

in Listing 5.1 shows how these features are employed in a function (named symbolic diff, line

20) that calculates the partial derivative of a given vector or matrix with respect to one parameter,

param argument in the function. The generator rate matrix is defined as the q matrix, which have

symbolic entries, i.e., defined as character strings. A vector containing the names of all model

parameters, also defined as character strings, is other argument for symbolic diff, as well as

other vector with their values. These two vectors are converted to GiNaC lists between lines 45

and 48 of the code. Between lines 53 and 63 the derivative of matrix q is computed, all symbols

are assigned to their values and the resulting expressions are evaluated, in order to obtain a
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Listing 5.1: The developed code of symbolic differentiation using GiNaC libraries
1 # i n c l u d e <i o s t r e a m>

# i n c l u d e <s t d i o . h>
3 # i n c l u d e <c s t d i o >

# i n c l u d e <s t r i n g . h>
5 # i n c l u d e <s t d e x c e p t>

# i n c l u d e <g i n a c / g i n a c . h>
7 # i n c l u d e <g i n a c / c o n t a i n e r . h>

us ing namespace s t d ;
9 us ing namespace GiNaC ;

11 e x t er n ”C” {void s y m b o l i c d i f f ( i n t a r r a y s i z e , char q [ ] [ 8 0 ] , double ∗v , char ∗param , i n t nsymbols ,
char names [ ] [ 8 0 ] , double ∗ v a l u e s ) ; }

13
/∗ ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ ∗ / /∗ ∗

15 ∗ @brie f T h i s f u n c t i o n p e r f o r m s s y m b o l i c d i f f e r e n t i a t i o n o f an a r r a y .
∗ @ d e t a i l s The i n p u t a r r a y i s q parame te r . T h i s f u n c t i o n r e t u r n s i t s d e r i v a t i v e

17 ∗ array , f o r a s u p p l i e d v a l u e .
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ ∗ /

19
void s y m b o l i c d i f f ( i n t a r r a y s i z e , char q [ ] [ 8 0 ] , double ∗v , char ∗param , i n t nsymbols , char names [ ] [ 8 0 ] ,

21 double ∗ v a l u e s )
{

23
p a r s e r r e a d e r ;

25 ex e [ a r r a y s i z e ] ;

27 t r y {
i n t i ;

29 /∗ S t o r e each r a t e as a GiNaC e x p r e s s i o n ∗ /
f o r ( i =0 ; i<a r r a y s i z e ; i ++){

31 e [ i ] = r e a d e r ( q [ i ] ) ;
}

33
/∗ Get a l l s ymbo l s ( p a r a m e t e r s ) i n t h e r a t e s ∗ /

35 symtab t a b l e = r e a d e r . g e t s y m s ( ) ;

37 /∗ Look f o r t h e parame te r and c o n v e r t i t t o a GiNaC symbol ∗ /
symbol x = t a b l e . f i n d ( param ) != t a b l e . end ( ) ? e x t o<symbol>( t a b l e [ param ] ) : symbol ( param ) ;

39 i n t j ;
ex temp ;

41 double d ;
l s t l names , l v a l u e s ;

43
/∗ Cre a t e one l i s t f o r t h e symbol names , and a n o t h e r t o t h e symbol v a l u e s ∗ /

45 f o r ( i =0 ; i<nsymbols ; i ++){
l n a m e s . append ( r e a d e r ( names [ i ] ) ) ;

47 l v a l u e s . append ( v a l u e s [ i ] ) ;
}

49
/∗ For each e x p r e s s i o n ( r a t e i n t h e m a t r i x ) , d i f f e r e n t i a t e w i t h r e s p e c t t o

51 ∗ t h e parame te r ( x ) , and t h e n s u b s t i t u t e t h e symbol names f o r t h e i r v a l u e s
∗ /

53 f o r ( j =0 ; j<a r r a y s i z e ; j ++){
temp = e v a l f ( e [ j ] . d i f f ( x ) . su bs ( l names , l v a l u e s ) ) ;

55
/ / e x t o<numeric> i s an u n s a f e c a s t , so check t h e t y p e f i r s t

57 i f ( i s a <numeric >( temp ) ) {
d = e x t o<numeric >( temp ) . t o d o u b l e ( ) ;

59 v [ j ]= d ;
} e l s e {

61 c o u t << ” E r r o r i n c o n v e r s i o n sy m b o l i c −> numer ic ” << e n d l ;
}

63 }
}

65 ca tch ( e x c e p t i o n &p ) {
c e r r << p . what ( ) << e n d l ;

67 }
}
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numeric derived matrix, that is the v matrix. The v matrix will be used in SHARPE for the

computation of the sensitivity functions previously described.

Since SHARPE already allowed the user to enter symbolic expressions to the transition rates

of Markov chains, only little adaptations were needed during the integration of differentiation

functions and the corresponding specific sensitivity function of each chosen measure. One

of these adaptations was the inclusion of data structures for storing the reward rates in the

symbolic form. Before, reward rates defined in a symbolic form were immediately evaluated

and converted to their numerical form, so those symbolical expressions were not stored. That

change was necessary in order to implement the sensitivity function described in Equation 5.7.

Another existing behavior of SHARPE package that was also modified is related to succes-

sive analyses of the same model. Before this work, SHARPE only analyzed the system if any

of the following conditions hold:

1. The values of system parameters are different from last time;

2. The system has never been analyzed;

3. Variable bindings have changed since the last analysis;

4. The chain under analysis has absorbing states and either the new analysis is for rewards

and the last was not or vice versa;

5. The requested analysis is a transient analysis and either the system has never been ana-

lyzed or the time is different from last time.

Preceding inclusion of sensitivity functions, described in this work, those conditions were

used in SHARPE to avoid unnecessary computations. From now on, there is another possible

situation in which the system must be analyzed: a sensitivity function is called and the input

parameter, or time, for such function is not the same from the last analysis. This new condition

appears because a distinct derivative matrix is computed depending on the parameter that is

passed as an argument for the sensitivity function. Only the last computed derivative matrix

is stored in order to save memory space, so to obtain the sensitivity with respect to a different

parameter a new computation process is necessary.
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Table 5.1: Sensitivity functions developed for SHARPE

Sensitivity function Description Related function
sprob Sensitivity of steady-state probability prob
stvalue Sensitivity of transient probability tvalue
sexrss Sensitivity of expected steady-state reward rate exrss
sexrt Sensitivity of expected reward rate at time t exrt
sctvalue Sensitivity of cumulative state probability -
scexrt Sensitivity of expected cumulative reward at time t cexrt

Finally, new elements were added to the syntax accepted in SHARPE input scripts. The

keywords associated to the sensitivity functions are similar to the related steady-state and tran-

sient analysis functions that already existed in SHARPE. Table 5.1 shows these keywords, their

description and corresponding related functions. Only the cumulative state probability is not

available for computation in the SHARPE package. Such measure may be indirectly calculated

by means of the cumulative reward at time t, if all reward rates were defined as equal to 1.

The complete syntax of the developed functions is found in Appendix A, where the argu-

ments required by each function are explained in detail.

5.3 Example of SHARPE utilization for sensitivity analaysis

An example of how the sensitivity functions can be used is presented in Listing 5.2, that

shows a script for analysis of a simple Markov model using SHARPE. This model, named

queue, is shown in Figure 5.2, and it is based on the birth-death CTMC model of Figure 2.4.

Reward rates were included, turning it into a Markov reward model for the single server queuing

system, previously mentioned in Section 2.1.2. There are four states (Q0, Q1, Q2, and Q3),

representing the amount of jobs in the system (including jobs being serviced and jobs waiting in

the queue) and its transition rates depend on two parameters, namely λ, and µ. Reward rates are

assigned to states in which there is at least one job waiting in the queue, as a penalty associated

to the wait.

Between lines 24 and 34 of Listing 5.2, the following measures, and their sensitivities, are

assigned to variables, for posterior computation: steady-state probability that the queue is full;

probability that the queue is full after 2 minutes from system startup; and steady-state reward
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Listing 5.2: A script for sensitivity analysis of a simple model using SHARPE and its new
functions
∗Markov c h a i n d e f i n i t i o n

2 markov queue
Q0 Q1 lambda

4 Q1 Q2 lambda
Q2 Q3 lambda

6 Q3 Q2 mu
Q2 Q1 mu

8 Q1 Q0 mu
reward

10 Q0 0
Q1 0

12 Q2 10
Q3 20

14 end
Q0 1 . 0

16 end

18 ∗B i n d i n g o f v a l u e s ( i n j o b s / min ) t o model p a r a m e t e r s
bind

20 lambda 3
mu 5

22 end

24 ∗Measures s e l e c t e d f o r a n a l y s i s
var p r o b F u l l prob ( queue , Q3)

26 var sensFu l lLambda sprob ( queue , Q3 , lambda )
var sensFu l lMu sprob ( queue , Q3 , mu)

28 var p r o b F u l l 2 m i n t v a l u e ( 2 ; queue , Q3)
var sensFul l2minLambda s t v a l u e ( 2 ; queue , Q3 , lambda )

30 var sensFul l2minMu s t v a l u e ( 2 ; queue , Q3 , mu)
var cos tQueue e x r s s ( queue )

32 var sensCostLambda s e x r s s ( queue , lambda )
var sensCostMu s e x r s s ( queue , mu)

34

36 ∗P r i n t i n g r e s u l t s f o r a l l measures :

38 ∗P r o b a b i l i t y o f queue i s f u l l i n s t e a d y−s t a t e
expr p r o b F u l l

40
∗ S e n s i t i v i t y o f p r o b F u l l w i t h r e s p e c t t o lambda

42 expr sensFu l lLambda

44 ∗ S e n s i t i v i t y o f p r o b F u l l w i t h r e s p e c t t o mu
expr sensFu l lMu

46
∗P r o b a b i l i t y o f queue i s f u l l 1 hour a f t e r s t a r t u p

48 expr p r o b F u l l 2 m i n

50 ∗ S e n s i t i v i t y o f probFul lHour w i t h r e s p e c t t o lambda
expr sensFul l2minLambda

52
∗ S e n s i t i v i t y o f probFul lHour w i t h r e s p e c t t o mu

54 expr sensFul l2minMu

56 ∗E x p e c t e d s t e a d y−s t a t e c o s t due t o j o b s w a i t i n g i n t h e queue
expr cos tQueue

58
∗ S e n s i t i v i t y o f cos tQueue w i t h r e s p e c t t o lambda

60 expr sensCostLambda

62 ∗ S e n s i t i v i t y o f cos tQueue w i t h r e s p e c t t o mu
expr sensCostMu

64
end

rate of the system (i.e., the expected cost due to queue penalties). The sensitivities are computed

with respect to both parameters, λ and µ. For example, sensFullLambda is the sensitivity of

steady-state probability of system being is state Q3 (queue is full) with respect to changes in λ,

and it is computed through sprob(queue,Q3,lambda) - see line 26. The correspondent sensitivity

with respect to changes in µ is associated to the variable sensFullMu in the code, and it is

computed through sprob(queue,Q3,mu) - see line 27. The sensitivity of probability of queue is

full at 2 minutes with respect to changes in λ is computed through stvalue(2;queue,Q3,lambda)

- see line 29. The expected steady-state reward rate is associated to a variable named costQueue,
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and its sensitivity with respect to changes in λ is computed through sexrss(queue,lambda) - see

line 32. Between lines 39 and 63 of the code, all the defined metrics are evaluated and printed

though the keyword expr. This evaluation considers the last values that were bound for the

parameters λ and µ - see lines 20 and 21.

Figure 5.2: Markov reward model for a single server queueing system

The sensitivity analysis results, shown in Table 5.2, indicate that for the parameters config-

uration shown in Listing 5.2 (λ = 3, µ = 5), incremental changes in job arrival rate, λ, will

affect all measures in a higher extent than changes in service rate, µ, do. This analysis is valid

for values near to the current ones. For a different configuration (see Conf. 2 in Table 5.2), the

order of importance of these parameters may be swapped. It is important to highlight that the

signal of the sensitivity index only means that there is an inverse relation between parameter

and metric of interest: when one grows, the other is reduced, and vice-versa.

Table 5.2: Sensitivity results from example of Listing 5.2

Configuration Param. sprob [ ∂πQ3

∂param.
] stvalue [ ∂πQ3(2)

∂param.
] sexrss [ ∂E[X]

∂param.
]

Conf. 1: λ = 3, µ = 5
λ 0.069 0.068 1.991
µ -0.042 -0.040 -1.195

Conf. 2: λ = 6, µ = 5
λ 0.068 0.069 1.490
µ -0.082 -0.081 -1.788

Note that, by analyzing metrics results, in Table 5.3, together with sensitivity results, in Ta-

ble 5.2, important decisions may be made. When the system is found in Configuration 1, a sys-

tem administrator may not need to perform any improvement action, because the πQ3 = 9.9%,

so the queue will hardly be full. By contrast, an action for system’s performance enhancement

is likely required in Configuration 2, since it presents 32.2% for the same metric. In this case,

as parameter µ has the biggest impact on the probability of the queue is full, the administrator

should try to improve the service rate (reducing the service time), instead of trying to reduce

the arrival rate of new jobs, for example.
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Table 5.3: Metrics results from example of Listing 5.2

Configuration prob [πQ3] tvalue [πQ3(2)] exrss [E(X)]
Conf. 1 0.099 0.098 3.640
Conf. 2 0.322 0.321 9.121

In the example provided here, unscaled sensitivities are used, since the parameter values

are close to each other. The functions implemented in the SHARPE package return unscaled

sensitivities. When the user needs to scale the sensitivity, he can use the normal arithmetic

expressions supported by SHARPE. For a complete reference on SHARPE’s syntax (without

sensitivity functions), see [Sahner et al. 1996].
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Chapter 6

Case Studies

This chapter presents three case studies regarding parametric sensitivity analysis of different

systems. The analyses presented here follow the methodology that was proposed and discussed

in Chapter 4. The case studies encompass performance, reliability and availability modeling

of systems. They are carried out to highlight bottlenecks in the respective systems, as well as

provide examples on the accuracy of the proposed methodology, and illustrate its possible uses

in systems improvement.

In Sections 6.1 and 6.2, the proposed methodology is used without the steps of constrained-

optimization, since it is assumed that no cost function is available for those systems. Section 6.3

shows the analysis of the same system with and without cost-constrained optimization, enabling

the comparison of the approaches. All case studies are conducted for only one iteration of

the sensitivity analysis methodology, since the possible next iterations are straightforward, and

would not add significant value to the understanding of the proposed approach.

6.1 Composite Web Services: Performance and Reliability

Analysis

The first system analyzed was a travel agent process presented in [Sato and Trivedi 2007].

Such a system is composed of multiple Web services requiring individual steps to complete a

travel reservation. In Figure 6.1, adapted from [Sato and Trivedi 2007], a UML activity diagram

of this process is presented.
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Initialization

Query on Airline 1 Query on Airline 2

Airline reservation

Hotel reservation

Reply to customer

Figure 6.1: Travel agent process

The process of travel reservation, first, simultaneously searches for vacancy on two different

airlines. When they respond, one is chosen based on some criterion such as fare or schedule.

If one of the airlines fails to respond, the other is selected, and in the case of both failing to

respond, the travel agent gives up and aborts. Other steps include effective airline invocation

for reservation (after the selection), hotel reservation and success notification to the consumer.

Any individual Web service may fail to respond, from which the system attempts to recover by

means of a restart, except by the concurrent airlines searches.

6.1.1 Creation of models and definition of parameters for composite web

services

A CTMC for this system is shown in Figure 6.2. This model, originally shown in

[Sato and Trivedi 2007], was developed for computing performance and reliability of Web ser-

vices and for detecting bottlenecks, by a formal sensitivity analysis based on closed-form equa-

tions.

The translation from the UML model activities to the Markov chain states is almost direct,

but some states were added. RIni, RAresv, RHt, and RRep represent the states of Web service

restart after a failure. For example, when the Initialization service fails, the model goes to RIni
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Figure 6.2: CTMC for the composite Web service with restarts

state, from where there is 2 possible next states: a) Initialization, if there was a covered failure,

that could be solved with the restart; and b) Failed, if the failure was not covered by the restart,

so the overall system fails. The other restart states have similar interpretation.

The parameters mrspi, mrspa1, mrspa2, mrspai, mrspht and mrsprep are the mean re-

sponse time of the following web services, respectively: initialization, query on airline 1, query

on airline 2, airline reservation (invocation), hotel reservation and reply to customer. The other

parameters follow a similar notation. Notice that some transition rates are equal to the inverse

of the mean response time of the Web service (mrspx), weighted by the probability of that tran-

sition occurs, i.e, the reliability of the respective Web service (rx). In case of any web service x

fails, the transition is equal to 1−rx
mrspx

. The transition rates outgoing from restart states are equal

to the inverse of mean restart time (mrx), weighted by the coverage factor of failures for that

Web service (Cx) in case of successful restart. If the restart of that web service is unsuccessful,

the model transitions to the Failed state, with a rate 1−Cx

mrx
.

Another model was also developed to represent the process without restarts. In the CTMC

of Figure 6.3 any failure causes the process to abort. It is a pure reliability model, since repair

actions are not represented, nor the response times of each Web service. The notation for
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Figure 6.3: CTMC for the composite Web service without restarts

parameters in the transition rates is similar to the previous model.

6.1.2 Assignment of values and sensitivity scaling decision

The base values defined for all parameters of both models are shown in Table 6.1. They

are the same ones defined in [Sato and Trivedi 2007], that in its turn obtained the values from

experimental measurements. For the first model, one can see a mix of time values, defined as

few seconds, reliability and coverage values, defined as probabilities in a [0..1] range. In spite

of differences in units, the orders of magnitude are close on to each other (the difference is

less than 3 orders), so according to the proposed methodology, this justifies the use of unscaled

sensitivities. For the second model, the situation is similar, just removing the parameters related

to coverage and restart times, so unscaled sensitivities are also appropriate.

6.1.3 Results from sensitivity ranking analysis

The sensitivity analysis carried out was based on two measures, one for performance and the

other for reliability. The performance measure was the probability of response time to be less
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Table 6.1: Parameter values for Travel Agent models

Component Reliab. (r) Resp. time (mrsp) Coverage (C) Rest. time (mr)
Initialization (init) 1.0 1 s 1.0 0.15 s
Airline 1 (a1) 0.9 2 s - -
Airline 2 (a2) 0.9 2 s - -
Airline invocation (ai) 0.9 1 s 1.0 0.15 s
Hotel (ht) 0.9 2 s 0.0 0.15 s
Reply to customer (rep) 1.0 1 s - 0.15 s

than or equal to time t: Pr[Resp ≤ t]. The reliability measure was the probability of eventually

reaching the state “Complete”: R = πComplete, i.e. the probability of success in a travel agent

invocation. For the performance sensitivity analysis, the first model, with restarts, was used.

For the reliability sensitivity analysis, the second model, without restarts, was used.

The model in Figure 6.2 was used to compute the probability of system being in state

“Complete” by a given time t (πComplete(t)). The value of πComplete(t) is equivalent to the

probability of response time to be less than or equal to time t: Pr[Resp ≤ t], whose sensitivity

is wanted. The time t = 8.36s, that is the mean response time for this system, was computed

with SHARPE, and for this time, πComplete(t) = 0.558.

Table 6.2 presents results for the sensitivity of πComplete(t) with respect to some parameters.

It is assumed that in this analysis only strict performance parameters deserve attention, so re-

liability and coverage parameters are not included now. Notice that negative sensitivity values

indicate an inverse relation between changes in the parameter and corresponding changes in the

metric of interest, so when the response time of a given Web service decreases, πComplete(t)

increases, since it is more likely the process has been completed by the time t = 8.36s.

The results show that πComplete(t) is more influenced by the response time of airline invo-

cation than it is by other web services. This sensitivity ranking matches the results found in

[Sato and Trivedi 2007], where scaled sensitivities were computed directly by the derivatives of

closed-form solutions and validated by real experiments. In that paper, it was shown that hotel

reservation (Ht) has a bigger impact on the overall response time than the airline 1 query (A1)

and the airline 2 query do. Only those three parameters were considered in the comparison in

[Sato and Trivedi 2007].

Since the sensitivity with respect to mrInit and mrRep is null, these parameters can be re-

moved from the model without affecting the accuracy of results. Although, if πComplete(t) is not
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Table 6.2: Ranking of sensitivities for πComplete(t)

Parameter θ Sθ(πComplete(t))
mrspAi -0.12546
mrspRep -0.11360
mrspInit -0.11360
mrspHt -0.11204
mrspA1 -0.08035
mrspA2 -0.08035
mrAinv -0.01262
mrHt -0.01104
mrInit 0.00000
mrRep 0.00000

the unique metric of interest for this model, the cited parameters should be kept.

It is possible to compare the differential sensitivity results with the approach of varying one

parameter at a time, while holding the other ones fixed. Figure 6.4 shows a plot with the overall

response time computed for a range of values of the response time parameters. The response

time of each web service was changed from 1.0 second to 1.9 seconds. The lines corresponding

to airline 1 and airline 2 are fully overlapped, as it was expected by looking in the respective

sensitivities in Table 6.2. The same occurs for the Web services initialization and reply to

customer. One can also notice that the slopes of lines corresponding to the response time of

airline queries are the smallest ones among all the lines, confirming that changes on them have

less contribution to changes in overall response time than other web services do.

If the values in Table 6.2 were scaled, or normalized, their new order would not match

the order seen in the plot. For example, the impact of Ai would be considered lower than the

impact of A1, what it is not true. Therefore, the plot is also useful to confirm the criterion of

the proposed methodology, about using unscaled sensitivities in this case.

In spite of some similar conclusions taken from the plot and from the sensitivity ranking, the

benefits of using the sensitivity functions are highlighted by looking at the lines of parameters

Ht, Ai, Init and Reply. It is not easy to distinguish between the impact of changes in hotel

reservation and in airline invocation, for example. The use of numerical indices, as shown in

the sensitivity ranking, is a more reliable way to identify what parameter deserve priority in its

improvement, in order to have the highest improvement in the overall response time.

The sensitivity analysis of the reliability metric R = πComplete has produced another rank-
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Figure 6.4: Plot of overall response time according to each component response time

ing, presented in Table 6.3. Is important to highlight that, since the model is acyclic, πComplete

represent the probability of eventually reaching the state “Complete“, in steady-state. The re-

sults show that the reliabilities of airline invocation and hotel reservation are the ones which

have the biggest impact on R, while the sensitivities with respect to airline 1 and airline 2

queries (rA1, rA2) are the lowest ones. Such behavior is consistent with the redundancy pro-

vided by the concurrent queries to two airlines, that reduces the impact of a failure in one of

the airline Web services. This also matches results in the cited paper [Sato and Trivedi 2007],

which uses unscaled sensitivities too. Table 6.3 also shows that, for the adopted metric, the reli-

abilities of airline invocation and hotel reservation are equally important, what does not happen

for the response times in the previous analysis.

Table 6.3: Ranking of sensitivities for R

Parameter θ Sθ(R)
rAi 0.8099
rHt 0.8099
rReply 0.7290
rInit 0.7290
rA1 0.4049
rA2 0.4049

In the same way as done for the performance analysis, the parameters values were also

changed one at a time and plotted against R. This plot, in Figure 6.5 it is possible to confirm
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that changes in rAi have the same impact as changes in rHt, since theirs lines are fully over-

lapped, and subsequently have equal slopes. The plot also confirms that SrReply
(R) = SrInit

(R),

and SrA1
(R) = SrA2

(R). But, again, the numerical ranking generated by the differential sensi-

tivity analysis allows a faster decision about which parameters are able to provide the biggest

improvement in the measure of interest.
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Figure 6.5: Plot of R vs. each component reliability

6.2 Redundant networks: Availability Analysis

This case study presents the availability analysis of a network, including the use of re-

dundant components. Failure, recovery and reconfiguration events are considered, for three

architectures with different levels of redundancy.

The first architecture represents a system without any redundancy, and it is illustrated by

Figure 6.6. It is composed of two machines, a switch and two routers connected by a single

link. The second architecture, shown in Figure 6.7, has aspects of fault-tolerance based on link

redundancy. It is composed of two machines, a switch and two routers that are connected by

redundant links (L0 and L1). When the main link (L0) fails, the spare link (L1) assumes the

role of the main one. After main link restoration, the system returns to the initial condition.

The third scenario has router-level redundancy. It is composed of two machines, a switch,

three routers, and two links, as seen in Figure 6.8. One link connects router R0 to router R2,
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Figure 6.6: Network without redundancy

Figure 6.7: Network with link redundancy

whereas the other link connects routers R1 and R2. The system uses fault-tolerance based on

warm-standby redundancy. When one of the primary components (R0 or L0) fails, the spare

components (R1 and L1) assume the role of the primary components. This switchover process

takes a time for the spare components to start operation, named Mean Time to Activate (MTTA).

After restoration of the primary components, the system returns to the initial condition.

Figure 6.8: Network with router redundancy

6.2.1 Creation of models and definition of parameters for the network

architectures

Three CTMC (Continuous Time Markov Chain) availability models were developed to an-

alyze the architectures described. In Figure 6.9, the Markov chain represents the first scenario,

which is the simplest one, with no redundancy. There is only one link, named L0, connect-

ing router R0 and router R1. In this model, the normal operation of a component is denoted

by the label U (up), and a failed component is represented by label D (down). A state in the

Markov chain is defined by a sequence of labels, representing router R0, router R1 and link L0,

respectively. The failure and repair time of each component are assumed to be exponentially
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distributed. λR0, λR1 and λL0 are the respective failure rates of R0, R1 and L0. In a similar

notation, µL0, µR0 and µR1 are the respective repair rates of each system component. Once any

component (R0, R1, or L0) has failed, the overall system is in a down state and subsequently

no additional failures occur until the component is repaired. In Table 6.4, a description of each

state is given. For this model, the system is up and running only in the state UUU. All the other

states are shaded gray in Figure 6.9, representing the system down states.

Figure 6.9: Markov chain for the availability of non-redundant network

Table 6.4: States of CTMC Model with link redundancy

State Description
UUU The System is UP
DUU Down state, Router R0 failed
UDU Down state, Router R1 failed
UUD Down state, Link L0 failed

Figure 6.10 shows the Markov chain for the system with redundancy only at the link level.

The notation is similar to the previous model. A state in the Markov chain is also defined by a

sequence of labels, representing router R0, router R1, link L0, and link L1, respectively. The

ideal condition for this system is denoted by state UUUU, in which all components are in non-

failed condition. In states shaded gray, the system has failed, due to a failure in one of the

routers, or a failure in both links. In those states, it is assumed that no additional failures can

occur, since the remaining components are in an idle condition. Another assumption for this

model is that there is a repair policy, that prioritizes the repair of link L0 over link L1, when

both are failed. There is no priority in the repair of routers because it is not possible in this

model to have both routers down. In Table 6.5, a description for each state is given.
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Figure 6.10: Markov chain for the availability of link-redundant network

Table 6.5: States of CTMC Model with link redundancy

State Description
UUUU The System is UP
DUUU Down state, Router R0 failed
UDUU Down state, Router R1 failed
UUDU The System is UP, Link L0 failed
UDDU Down state, R1 and L0 failed
DUDU Down state, R0 and L0 failed
UUDD Down state, L0 and L1 failed
UUUD The System is UP, L1 failed
DUUD Down state, R0 and L1 failed
UDUD Down state, R1 and L1 failed

In Figure 6.11, a Markov chain represents the system illustrated in Figure 6.8. The

failure and repair rates of each component are represented by λX and µX , where X ∈

{R0, R1, R2, L0, L1}. Rates αR and αL are the inverse of mean time to activate the spare

router and the spare link, respectively.

Some simplifications were also made here, but they do not significantly affect the results

obtained from the analysis. One of the assumptions is that there is a priority in the repair of

components. Router R2 has the higher priority, followed by router R0, link L0, router R1, and

link L1, in descending order. Consider also that no failure is possible when a component is in

waiting condition.

As in the other two models, the nomenclature of states is based on the current condition of
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Figure 6.11: Markov chain for the availability of router-redundant network

each system component, in the following order: router R0, link L0, router R2, router R1, link

L1. A letter U indicates the up condition, when component is active. Letter D denotes a down

condition for that component, meaning that it has failed, and that a repair is needed. Letter W

represents a waiting condition, in which the component is not being used, but is ready to enter

in active mode, as soon as it is needed. Therefore, state UUUWW denotes router R0, link L0,

and router R2 are active, router R1 and link L1 are on waiting condition.

For an active state, the system must present one of the following combinations: UUUWW,

DWUUU, WDUUU, UUUDW or UUUWD (see Figure 6.11). Particularly, in the DWUUU

state, router R2 with spare router and link (R1 and L1) are active, while R0 is in down state and

L0 is waiting, since it only works together with R0. A similar situation happens in WDUUU

state, where R2, R1 and L1 are active, but L0 is down, leaving R0 in a waiting condition. Table

6.6 lists the system availability condition for each state of this Markov chain.

6.2.2 Assignment of values and sensitivity scaling decision

The MTTFs of components used in the three architectures are respectively: 131,000 hours

for routers and 11,988 hours for links. The mean time to repair (MTTR) is equal to 12 hours,

for all components. The mean time to activate the spare components (MTTA) is equal to 10

seconds, or 0.0027 hours. Those values shall be considered as the base case throughout this

section, unless another value is specified in each specific analysis. Notice that all λi in the
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Table 6.6: States of CTMC Model with router redundancy

State Description
UUUWW The System is UP
DUUWW Down state, Switchover Started
UDUWW Down state, Switchover Started
UUDWW The System is Down
DWUUU The System is UP
WDUUU The System is UP
DWUDU The System is Down
DWUUD The System is Down
DWDUU The System is Down
WDDUU The System is Down
WDUDU The System is Down
WDUUD The System is Down
UUUDW The System is UP
UUUWD The System is UP
DUUDW The System is Down
UDUDW The System is Down
UUDDW The System is Down
DUUWD The System is Down
UDUWD The System is Down
UUDWD The System is Down

models are equal to 1/MTTFi, all µi are equal to 1/MTTRi, and all αi are equal to 1/MTTAi.

In fact, the model was parameterized in function of the time parameters, instead of the rates.

The rates are shown in the figures only due to their compact form, that ease the understanding

of the model.

The values assigned to the parameters have big differences in their magnitudes. The ratio

between router MTTF and router MTTR is about 10,000, for instance. There is a similar ratio

between a MTTR parameter and a MTTA parameter. So, according to the proposed methodol-

ogy, scaled sensitivities should be used to elaborate the sensitivity ranking in this case.

6.2.3 Results from sensitivity ranking analysis

First, the results of parametric sensitivity analysis for the architecture modeled by Figure

6.11 will be shown. Sensitivity analysis of steady-state availability is carried out here by

computing SSMTTFi
(A) as the scaled sensitivity of availability with respect to MTTFi, and

SSMTTRi
(A) as the corresponding measure with respect to MTTRi. In the base case, using

the values previously mentioned, the steady-state availability is 0.999906968.
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Table 6.7: Sensitivity of Availability for scenario with router redundancy

Parameter k SSk(A)
MTTFR2 9.159× 10−5

MTTRR2 −9.159× 10−5

MTTRL0 −2.182× 10−6

MTTFL0 1.317× 10−6

MTTFL1 1.091× 10−6

MTTRR0 −1.997× 10−7

MTTFR0 1.205× 10−7

MTTFR1 9.985× 10−8

MTTRL1 −1.190× 10−9

MTTRR1 −1.089× 10−10

The sensitivity analysis results are shown in Table 6.7. Parameters MTTFR2 and MTTRR2

assume the greatest importances in system steady-state availability, since they have the highest

sensitivity values. Any change in these parameters will have a major impact on system avail-

ability, but in opposite directions. Sensitivity with respect to MTTFR2 is positive, since the

availability increases when this parameter increases. In contrast, SSMTTRR2
(A) is negative,

because a smaller repair time of R2 implies on an increased availability. In Table 6.7, one can

also notice that time to repair spare components (MTTRR1 and MTTRL1) have the smallest

impact on the system availability. This result matches the established repair policy, since failed

spare components are repaired only after main components have returned to normal operation.
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Figure 6.12: Effect of each link MTTF on system availability (3rd scenario)
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Figure 6.12 confirms that efforts in expanding the time to failure of link L0 have more

impact on system availability than increases in MTTFL1 do. Figure 6.13 also validates the

results from sensitivity ranking. If MTTFR2 is increased, the benefits will be much higher

than those resulting from enhancements on either R0 or R1 MTTFs. Although, the difference

between the impact of changes in MTTFR0 and MTTFR1 is not visible in the plot, due to the

large range of changes in the availability caused by MTTFR2. Another plot with only those two

parameters would be necessary to notice this difference, while the sensitivity ranking already

allows to state clearly the order of importance between them.
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Figure 6.13: Effect of each router MTTF on system availability (3rd scenario)

Figure 6.14 shows the system availability as a function of each component MTTR. Router

R2 is the component whose time to repair causes the biggest effect on the steady-state avail-

ability, followed by link L0. This information is the same as one obtained comparing the corre-

sponding parameters in Table 6.7, which also highlights other differences in parameter impor-

tance not seen in the plot. Another benefit of differential sensitivity analysis here is the ability

to compare repair and failure parameters, what can not be made only with plots.

The next step in this analysis is to measure the impact of R0 and L0 MTTFs on the system

availability in different redundancy schemes (i.e., different architectures). These parameters

were selected because they are the only ones that exist in all three architectures.

Comparing the results presented in Tables 6.9 and 6.8, an expected behavior is noticed: the

link redundancy mechanism makes the system availability less sensitive to failures of primary
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Figure 6.14: Effect of each component MTTR on system steady-state availability (3rd scenario)

link (L0), while the sensitivity of availability with respect to MTTFR0 is almost the same in

both scenarios (with no redundancy and with link redundancy). Comparing the results presented

in Tables 6.8 and 6.7, one sees that availability in the third scenario is less affected by increases

in MTTFL0 and in MTTFR0 than it is affected in the second scenario. This kind of comparison

can be done even if there is a larger number of parameters in the model, or a large number of

models to be compared. This constitutes another advantage in using the proposed methodology.

Table 6.8: Sensitivity of Availability for scenario with link redundancy

Parameter k SSk(A)
MTTFR0 9.158× 10−5

MTTFR1 9.158× 10−5

MTTRR0 −9.158× 10−5

MTTRR1 −9.158× 10−5

MTTFL0 1.000× 10−6

MTTRL0 −1.999× 10−6

MTTFL1 9.998× 10−7

MTTRL1 −9.998× 10−10
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Figure 6.15: Architectures of non-virtualized two hosts system

Figure 6.16: Architecture of virtualized two hosts system

6.3 Virtualized Servers: Availability Analysis

As a third case study, it is presented a virtualized system for an application hosting provider.

It is composed of two hosts, in which each host has one virtual machine (VM) running on a

virtual machine monitor (VMM). This system was first analyzed in [Kim et al. 2009], but in

that paper no formal sensitivity analysis is carried out. Figures 6.15 and 6.16 show all hardware

and software parts of the system, with and without virtualization, respectively. Figure 6.15 il-

lustrates a non-virtualized system, in which the operating system of each server directly uses

the underlying hardware. In Figure 6.16 the virtualized version is represented, in which one

VMM is running in each host. The VMMs are responsible for providing the access to hardware

Table 6.9: Sensitivity of Availability for scenario with no redundancy

Parameter k SSk(A)
MTTFL0 9.998× 10−4

MTTRL0 −9.998× 10−4

MTTFR0 9.149× 10−5

MTTRR0 −9.149× 10−5

MTTFR1 9.149× 10−5

MTTRR1 −9.149× 10−5
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resources for the guest operating systems that may be running on top of the VMMs. The fol-

lowing hardware components were modeled in each host: CPU, memory, power, network card

and cooling subsystem. Both hosts share a common SAN (storage area network), that helps to

support VM live migration. Using this configuration, in case of some failures at VM or host

level, the VM may be migrated to the other host, keeping the access to the data that it was

handling before the failure. This mechanism reduces the downtime and helps in keeping data

consistency. The same kind of application is running in Host1 and Host2. The application App1

is the instance originally running in Host1/VM1, and similarly, App2 is the application instance

originally running in Host2/VM2. This is called an active/active configuration in a virtualized

system [Loveland et al. 2008].

Figure 6.17: Virtualized system availability model

Figure 6.17 is a top level fault tree model for the system illustrated by Figure 6.16. At

the leaf nodes of this fault tree are the components whose availabilities are computed us-

ing underlying Markov chains. All the Markov sub-models are described in more detail in

[Kim et al. 2009]. For further information about dependability analysis using fault tree, please

see [Sahner et al. 1996].

6.3.1 Creation of model for VMs subsystem availability

This case study performs a parametric sensitivity analysis of VMs subsystem availability,

represented by the Markov model shown in Figure 6.18. The other models for the fault tree’s

leaf nodes are not considered here, allowing a more focused analysis. The nomenclature for
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Figure 6.18: VMs Availability Model

states was based on the current condition of each component: VM, Host and Application. For

example, state UUxUUx represents, from the left to right, host1 is up, VM1 is up, host1 has

capacity to run another VM (in short, x), host2 is up, VM2 is up, host2 has capacity to run

another VM.

The meaning of some of the states is explained in Table 6.10. The other states are easily

understood, as they have similar meanings of those in Table 6.10, but with the host number

changed, e.g., state FUUUxx is the opposite of state UxxFUU, so in state FUUUxx the host H2

is up, H1 failed when VM1 and VM2 were running on it. In the shaded states of Figure 6.18,

the system is down because both applications are not working properly.

6.3.2 Definition of parameters and assignment of values

After model creation, the next step in the methodology proposes that the parameters must

be defined and their values shall be assigned. Table 6.11 shows the input parameters, with

their descriptions and values. Some of these values were obtained from experimental studies

and other ones were “estimated guesses”, since some parameters values are not available, or

are confidential. Note that in Table 6.11, rate parameters, such as λh, are presented as mean

time parameters, i.e. the inverse of the rates, because their values may be better shown and

interpreted in this way.
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Table 6.10: Nomenclature of states

State Description
UUxUUx VM1 running on H1, VM2 running on H2
UUxf UUx App1 failed, both VMs and Hosts are up
UUxd UUx App1 failure is detected
UUxp UUx App1 failure is not covered.

Additional recovery step is started.
UFxUUx H1 up, VM1 failed, VM2 running on H2
UDxUUx VM1 failure is detected
UMxUUx VM1 to be moved to Host2
UxxUUR VM1 is restarting on H2
UxxUUU VM1 and VM2 are running on H2
FUxUUx H1 failed, VM2 running on H2
DxxUUR H1 failure is detected, VM1 is restarted on H2
DxxUUU H1 is down, VM1 and VM2 running on H2
UxxFUU H1 up, H2 failed when VM1 and VM2 were running

on it
UxxDUU H2 failure is detected and two VMs are on H2

6.3.3 Sensitivity scaling decision

The sensitivity analysis of the system represented in Figure 6.18 was based on the following

measures: Equivalent Mean Time to Failure of VMs subsystem (MTTFVMs), and Capacity

Oriented Availability [Heimman et al. 1990] of VMs subsystem (COAVMs). The first measure

(MTTFVMs) is computed by the Equation 6.1, where Tfailure represents the throughput of

failure transitions, computed by Equation 6.2, and UP denotes the set of up states in the VM

availability model.

MTTFVMs =

∑
i∈UP

πi

Tfailure

(6.1)

Tfailure = (πUxxUUU · λh) + (πUUUUxx · λh) (6.2)

In order to find the sensitivity of MTTFVMs to parameter λh, one needs to compute the

derivative of Equation 6.1 with respect to λh. This partial derivative is expressed by Equations

6.3 and 6.4.
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Table 6.11: Input parameters for VMs model

Parameter Description Value
1/λh Mean time to Host failure 2654 hr
1/λv Mean time to VM failure 2880 hr
1/λa Mean time to Application failure 336 hr
1/δh Mean time to Host failure detection 30 sec
1/δv Mean time to VM failure detection 30 sec
1/δa Mean time to App failure detection 30 sec
1/mv Mean time to migrate a VM 5 min
1/rv Mean time to restart a VM 5 min
1/µv Mean time to repair a VM 30 min
1/µ1a Mean time to App first repair (covered case) 20 min
1/µ2a Mean time to App second repair (not covered case) 1 hr
cv Coverage factor for VM repair 0.95
ca Coverage factor for Application repair 0.9

Sλh
(MTTFVMs) =

∑
i∈UP

∂πi
∂λh

∗ Tfailure −
∑
i∈UP

πi ∗
∂Tfailure

∂λh

T 2
failure

(6.3)

∂Tfailure

∂λh

=

(
∂πUxxUUU

∂λh

· λh

)
+ πUxxUUU +

(
∂πUUUUxx

∂λh

· λh

)
+ πUUUUxx (6.4)

The sensitivities of this measure to other parameters were also computed in a similar way,

so their respective equations are not shown here.

The measure COAVMs denotes how much service the VMs subsystem actually delivers, as-

suming that the available amount of resources depends on the number of VM(s) on a host server.

This metric is computed by assigning reward rates, ri, to each state i of the VMs availability

model, so it becomes as Markov reward model. Reward rate 1 is assigned to states where one

VM is running on each host (e.g., UUxUUx); reward rate 0.75 is assigned to states where two

VMs are running on a single host (e.g., UUUUxx, UUUDxx); reward rate 0.5 is assigned to

states where only one VM is running (e.g., UUxFxx, UUxDxx); zero reward rate is assigned to

all the other states. Thus, COAVMs is the expected steady-state reward rate of the VMs Markov

chain, and it is described in Equation 6.5. Since in this case the reward rates do not depend on
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any system parameter, Sλh
(COAVMs) was computed as shown in Equation 6.6. The sensitivity

of COAVMs with respect to other parameters was computed in a similar way.

COAVMs =
∑
i

riπi (6.5)

Sλh
(COAVMs) =

∂COAVMs

∂λh

=
∑
i

ri
∂πi

∂λh

(6.6)

Using the values listed in Table 6.11, MTTFVMs and COAVMs were computed, as well

as their scaled sensitivity indices. Scaled sensitivities were used because the ratio between

parameter values has more than 4 orders of magnitude (e.g., the mean time to a failure of a host

is measured in thousands of hours, whereas a failure detection takes a few seconds). Besides,

both measures MTTFVMs and COAVMs have characteristics that justify the use of scaled

sensitivities, according to the concepts described in Section 4.3.

6.3.4 Sensitivity analysis results

The scaled sensitivities of the mean time to failure of VMs subsystem, SSθ(MTTFVMs),

with respect to six parameters are shown in Table 6.12. The remaining model parameters were

excluded from Table 6.12 due to the sensitivity with respect to them is very small, and in order

to simplify the presentation of results. It is important to highlight that parameters are ordered

according to absolute values of scaled sensitivities. A negative sensitivity indicates only that if

the parameter value increases, the measure of interest decreases. A positive sensitivity indicates

that an increase in the parameter value causes an increase in the measure of interest.

Table 6.12: Ranking of sensitivities for MTTFVMs

Parameter θ SSθ(MTTFV Ms)
λh -1.95624
mv 0.99993
λv -0.04370
λa 0.00262
µv -0.00035
rv -0.00007

This decreasing ranking of sensitivities shows that the host failure rate, λh, is the most
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important among all parameters, when MTTFVMs is the measure of interest. Table 6.12 also

shows that the migration rate, mv, is the most important among the “recovery parameters”

(mv, µv, rv). Both conclusions can be compared to the observation of plots in Figures 6.19 and

6.20, in spite of they present the mean times associated to each rate of Table 6.12. Failure and

recovery parameters were separated due to scale differences, since the unit for failure events

is hours, while that for recovery actions is in minutes. In both plots, all parameters were fixed

to their base value, expressed in Table 6.11, and only one parameter was changed at a time,

checking the corresponding change in MTTFVMs.
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Figure 6.20: Effect of each recovery parameter on MTTFVMs

Notice that the slopes of lines in Figure 6.19 match the order of parameters in Table 6.12,
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Table 6.13: Ranking of sensitivities for COAVMs

Parameter θ Sθ(COAV Ms)
λa -0.001308
λv -0.000179
µv 0.000173
λh -0.000120
rv 0.000033
mv 0.000018

confirming the ranking of sensitivities for MTTFVMs. The slope of the line corresponding to

host failure is higher than the slope of VM failure. In its turn, the line of VM failure is a bit

more inclined than the line of Application failure. This order is the same seen in Table 6.12.

Similarly, the slopes of lines in Figure 6.20 match the order of recovery parameters presented

in Table 6.12.

For capacity oriented availability (COAVMs), the ranking of sensitivities is presented in

Table 6.13. This ranking is very different from that one in Table 6.12. Notice that for COA, the

most important parameter is the failure rate of the application. This is an important conclusion

since it shows that software failure is a major concern for the COA whereas host failure rate

(λh) is most important for steady-state availability (MTTFVMs).

Figures 6.21 and 6.22 confirm these results. The COA decreases faster when application

failure rate, λa, increases than when host or VM failure grows. A line representing the “Current

COA“ was added to Figure 6.22, in order to ease the comparison of their results with the sensi-

tivity ranking. The points where this line intersects the parameter lines correspond to the values

of each parameter that was used in the differential sensitivity analysis. Therefore, by looking at

the points (µv = 2,mv = 12, rv = 12), Figure 6.22 shows that the increase in VM repair rate,

µv, has more influence on COAVMs than VM migration or VM reboot rates have, in the current

scenario. Such a kind of graphical interpretation becomes difficult, and even unfeasible if the

amount of parameter is large. It is important to highlight that this is other example where the

differential sensitivity analysis provides a faster way to identify the parameter which deserves

priority in its improvement.

Section 4.1 mentions the possibility of sensitivity reduction after iterations and subsequent

improvements on some parameters. Table 6.14 shows how much the sensitivity of COA may
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Figure 6.22: Effect of each recovery parameter on COAVMs

change depending on the host failure level. In order to analyze this, the sensitivity of COA was

computed using 6 different MTTFs for host, from 1440 hours (2 months) until 8640 hours (12

months), with intervals of 2 months for each time. The sensitivity with respect to λa, λv, and

µv does not have significant changes, with the increase of host MTTF. Although, for migration

(mv) and reboot (rv) rates, the COA’s sensitivity is bigger when the time to host failure is small.

As host (hardware and VMM) becomes more reliable, COA becomes less dependent on the

time for migration or reboot.

The order of parameters is the same for all host MTTFs. This table shows that, in this

system, changes in hardware reliability do not affect the importance order of those parameters
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Table 6.14: Ranking of scaled sensitivities for COAVMs, varying MTTFh = 1/λh

MTTFh |SSλa| |SSλv | |SSµv | |SSrv | |SSmv |
1440 hrs −1.307× 10−3 −1.791× 10−4 1.726× 10−4 5.900× 10−5 3.085× 10−5

2880 hrs −1.307× 10−3 −1.792× 10−4 1.727× 10−4 3.023× 10−5 1.651× 10−5

4320 hrs −1.308× 10−3 −1.792× 10−4 1.727× 10−4 2.063× 10−5 1.172× 10−5

5760 hrs −1.308× 10−3 −1.792× 10−4 1.727× 10−4 1.584× 10−5 9.336× 10−6

7200 hrs −1.308× 10−3 −1.792× 10−4 1.728× 10−4 1.296× 10−5 7.900× 10−6

8640 hrs −1.308× 10−3 −1.792× 10−4 1.728× 10−4 1.104× 10−5 6.943× 10−6

to capacity oriented availability.

6.3.5 Sensitivity analysis with cost information

Here is presented an example of how to use the adapted version of the proposed method-

ology for cost-constrained optimization, considering the virtualized system that was previously

described and analyzed. Only the steps related to “Definition of cost function”, “Constrained

optimization method”, and “Sensitivity ranking analysis” will be presented, because there is no

changes in the other steps, already shown in the previous analysis.

The improvement of parameters involved in the virtualized system availability have finan-

cial costs, which may be estimated by step-wise or continuous functions. The derivative of

continuous functions is computed in a easier manner, so they should be preferred when using

optimization methods such as Lagrange multipliers [Avriel 2003].

The cost of improvement of a failure rate may be thought as inversely proportional to that

rate, so to get a lower failure rate, a bigger financial investment is needed. For repair, reboot and

migration rates, the relation is directly proportional, since to obtain higher repair rates (lower

time to repair) involve higher costs.

The costs of improvements in failure, repair, reboot and migration rates are summarized by

the Equation 6.7. Cλh
, Cλv and Cλa are the costs of improvements in host, VM, and application

failure rates, respectively. Cµh
,Cµv , Cµ1a and Cµ2a are the costs of improvements in host, VM,

application 1 and application 2 repair rates, respectively. Cmv is the cost of improvements in

the VM migration rate, while Crv is the cost related to the improvement of VM reboot rate. The

approximated cost functions for each component of Equation 6.7 are detailed further.
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Cimprove = Cλh
+ Cλv + Cλa + Cµh

+ Cµv + Cµ1a + Cµ2a + Cmv + Crv (6.7)

Host failure rate The failure rate of a host server depends on the reliability of the devices

and their configurations in the host server. The reliability of the host server can be improved by

installing more reliable devices and dedicated tuning. The cost related to procure more reliable

devices and perform a tuning is related to the failure rate of host server. It is assumed that the

following cost function approximates the relationship between the required costs and the failure

rate of a host server:

Cλh
=

Kλh

λ
αλh
h

+Kλh0
(6.8)

where Kλh
, Kλh0

and αλh
are constants. Kλh0

is the fixed part of cost, independent of the

rate λh. In other words, Kλh0
is the minimum cost of improvements in the failure rate of a host.

αλh
is an exponent of λh, and Kλh

represents a proportional cost to 1/λ
αλh
h , i.e., the unitary cost

per decrement in the host failure rate.

VM and Application failure rate The reliability of software component can be improved

by conducting software test and debug. However, such test and debug process requires manual

operations and related laboring costs. The amount of costs invested in software test directly

affects the failure rate of software component. The costs related to the failure rates of VM and

application are approximated with the following cost functions:

Cλv =
Kλv

λ
αλv
v

+Kλv0 (6.9)

Cλa =
Kλa

λ
αλa
a

+Kλa0 (6.10)

where Kλv , Kλv0 , αλv , Kλa , Kλa0 and αλa are constants. Kλv0 and Kλa0 are the minimum

cost of improvements in the VM and application failure rates, respectively. αλv and αλa are

exponents for λv and λa, respectively. Kλv and Kλa represent the proportional costs to 1/λ
αλv
v

and 1/λ
αλa
a , i.e., the unitary cost per decrement in VM and application failure rates.
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Host, VM and Application repair rates Similarly, the recovery rates for host servers and

software components can be improved by investing in organizing system administrations. The

more investment in administration group enriches their administrative operations and hence it

improves the failure recovery rates. The cost related to the recovery rates of host, VM and

application is approximated with the following cost functions:

Cµh
= Kµh

µ
αµh
h +Kµh0

(6.11)

Cµv = Kµvµ
αµv
v +Kµv0 (6.12)

Cµ1a = Kµ1aµ1
αµ1a
a +Kµ1a0 (6.13)

Cµ2a = Kµ2aµ1
αµ2a
a +Kµ2a0 (6.14)

where Kµh
, Kµh0

, αµh
, Kµv , Kµv0 , αµv , Kµ1a , Kµ1a0 , αµ1a , Kµ2a , Kµ2a0 and αµ2a are con-

stants. Kµh0 is the minimum cost of improvements in the host repair rate. αµh
is an exponent

of µh and Kµh
represents a proportional cost to µ

αµh
h , i.e., the unitary cost per increment in the

host repair rate. Similar meanings are assigned to the other constants in Cµv , Cµ1a and Cµ2a .

VM reboot and migration rates The reboot rate (inverse of mean time to reboot) may be

reduced by means of software tunings. Similar adjustments, besides network investments, may

be performed in order to reduce the migration time (improving the migration rate). The cost

function for migration and reboot rate are approximated as follows:

Cmv = Kmvm
αmv
v +Kmv0 (6.15)

Crv = Krvr
αrv
v +Krv0 (6.16)

where Kmv , Kmv0 , αmv , Krv , Krv0 and αrv are constants. Kmv0 and Krv0 are the minimum costs

of improvements in the migration and reboot rates, respectively. αmv and αrv are exponents of

mv and rv. Kmv and Krv represent proportional costs to mαmv
v and rαrv

v , i.e., the unitary costs

per increment the migration and reboot rates.

The values used for all new parameters, related to the cost functions, were based on experts

experience, and are presented in Appendix B.
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After defining the cost function, is important to highlight that the objective of this analysis is

to find the most cost-effective point to make an incremental investment, aiming the optimization

of MTTFVMs and COAVMs measures. The scaled sensitivities previously computed can be

used as an input for the constrained optimization method of the methodology. The method

of Lagrange multipliers, presented in Section 4.2, will be used here, and the system bottleneck

from the MTTFVMs point of view may be stated as the parameter θ?, that satisfies the following

relation:

θ? = argmaxθ

∣∣∣∣∣SSθ(MTTFVMs)

SSθ(Cimprove)
·
∣∣∣∣∣ . (6.17)

A similar reasoning can be given to find the bottleneck from the COAVMs point of view.

Therefore, Table 6.15 shows the ranking for MTTFVMs, considering costs. The corresponding

ranking for COAVMs is shown in Table 6.16.

Table 6.15: Ranking for MTTFVMs sensitivity considering costs

Parameter θ

∣∣∣∣∣SSθ(MTTFV Ms)

SSθ(Cimprove)

∣∣∣∣∣
mv 3.4× 102

λh 3.4× 101

λv 7.6× 10−1

λa 7.9× 10−2

rv 2.2× 10−2

µv 1.4× 10−2

In Table 6.15, one may notice that θ? = mv, so the migration rate of VMs is the param-

eter which has the better balance between improvements on MTTFVMs and impact on the

cost function. mv and λh are, respectively, the first and the second parameters when consider-

ing MTTFVMs. Therefore, according to this approach, those parameters are the optimization

points to be considered in the virtualized server environment of this case study. In the previous

analysis, these two parameters were also the most important for MTTFVMs, but in the inverse

order. Table 6.16 shows that λa and rv are the first and second of ranking regarding COAVMs.

Note that the VM reboot rate was one of the last parameters in the ranking for COAVMs, when

the cost function was not considered. The low cost of improving such parameter has put it as a

good cost-effective optimization point.
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Table 6.16: Ranking for COAVMs sensitivity considering costs

Parameter θ

∣∣∣∣∣SSθ(COAV Ms)

SSθ(Cimprove)

∣∣∣∣∣
λa 3.4× 10−4

rv 9.8× 10−5

µv 6.2× 10−5

mv 5.3× 10−5

λv 2.7× 10−5

λh 1.8× 10−5

Another interesting aspect to highlight in this analysis is that, for both measures, there are

significant differences between the importance order obtained from the first approach (with-

out cost-based optimization) and those achieved from this second one (based on improvement

cost). The optimization using a cost function helps in distinguishing parameters which have

similar impact on the performance/dependability measure. In this case, a higher priority will

be assigned to the parameter that causes the smallest changes to the cost function. This second

approach may also put a parameter down in the ranking, if the improvement of such param-

eter implies in an increase to costs that is not compensated by the enhancement of systems

performance/dependability.

The results presented here show that, if a cost function is available, the methodology steps

related to constrained optimization shall be used, in order to obtain a improvement guide that

is coherent with the existing restrictions. The approach without cost-based optimization, seen

in this case study and in the previous ones in Sections 6.1 and 6.2, remains valid for the cases

when the values of all parameters can be changed with similar costs, when the cost function

is difficult to be determined, or even if there is no kind of restriction to the system tuning.

Finally, all analyses presented in this chapter helped to highlight bottlenecks in their respective

systems. They were also useful to provide examples on the proposed methodology, illustrating

its possible uses in systems improvement.
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Chapter 7

Conclusion

Computer systems are usually evolving to satisfy increases in the demand or new user ex-

igences. The administration of these systems requires decisions that are able to provide the

highest level of performance and dependability metrics with minimal changes to the existing

configuration.

It is common to carry out performance, reliability, availability and performability analysis

of systems via analytical models, and Markov chains constitute one of the most used modeling

formalisms, allowing to estimate some measures of interest, given a set of input parameters.

Although, the most used method of sensitivity analysis is the simple variation of the set of pa-

rameters over their ranges, in order to repeatedly solve the chosen model. Formal or parametric

sensitivity analysis allows the modeler to find bottlenecks in a manner that is more systematic

and efficient than that variation of one parameter at a time.

This work presented an automated methodology for sensitivity analysis that aims to guide

the improvement of computer systems. The proposed approach is able to speed up the process

of decision making, regarding enhancements in computer infrastructures, such as software and

hardware tuning, besides acquisition and replacement of components. This methodology is

based on analytical modeling through Markov chains, and differential sensitivity analysis of

these models. Systems which need a constrained optimization can be handled by following

specific steps of the proposed methodology.

The methodology was validated by means of some case studies, that focused on bottleneck

detection and system tuning. Three case studies were presented, encompassing performance, re-
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liability and availability modeling of distributed systems and computer networks. Both steady-

state and transient measures were considered, as well as many types of Markov chains were

used to avoid biased conclusions.

The first case study considered the performance and reliability evaluation of composite web

services. The analysis results showed that the airline invocation web service is the component

with major impact on the overall response time. By contrast, some parameters were identified

as almost irrelevant, so they could be removed from the model without problems to the accuracy

of results. For the same case study, but considering the reliability, the airline invocation is also

a bottleneck, but it has the same impact as the hotel reservation has on system reliability. The

results obtained match the results of closed-form equations presented in the literature.

The second case study analyzed a fault-tolerant computer network. The methodology

pointed out the router without redundancy as the component deserving highest priority in its

improvement, considering both MTTF and MTTR parameters. By contrast, the time to repair

of the spare components was shown to be the least important for the availability of the system.

This case study also demonstrated how to use the sensitivity ranking to compare the importance

of a given parameter in different system architectures. Redundancy mechanisms was shown to

make the system availability less sensitive to failures of the primary components.

The third, and last, case study presented the analysis of two availability-related measures of

a virtualized servers system. The proposed approach was important to show how the measures

may have quite different sensitivities: software failure is a major concern for the capacity-

oriented availability, whereas host failure is most important for system availability. The analy-

sis using the methodology steps for constrained optimization showed sensitivity rankings with

significant differences from the approach without cost function. Parameters that have small

contribution to the improvement of the availability showed to be interesting optimization points

due to their small costs. This demonstrated the benefit of using the steps related to constrained

optimization, if cost functions are available.
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7.1 Contributions

This work contributes to the field of systems optimization by presenting a precise method-

ology that enables a formal model-based way to perform improvements by means of changes

in components of a computational infrastructure. It can benefit researchers and systems admin-

istrators, with an automated and efficient manner to make decisions in tuning performance and

dependability metrics through adjusts in software and hardware parameters. It can also be used

to compare models for different versions of a system, with structural changes, even if there is a

large number of parameters in the model or a large number of models to be compared.

The integration of a constrained optimization technique to the sensitivity analysis makes

the proposed methodology helpful in analyzing performance and dependability aspects while

considers also financial cost or energy consumption, for instance. Such characteristic allows

finding a reasonable trade-off between measure enhancement and increases in costs due to sys-

tem tuning.

This work also proposes guidelines about the use of scaled and unscaled sensitivity func-

tions. The difference between orders of magnitude in the parameters under analysis is the main

point to decide which kind of sensitivity function will be used. A difference bigger than 3 or-

ders raises the need for a scaling (normalization) of the computed indices. The characteristics

of most performability and availability models are better represented by scaled sensitivities,

while unscaled sensitivities are proper, in general, for pure performance and reliability models.

The indication of the relationship between model type and sensitivity function type is other

contribution of this work.

The implementation of sensitivity analysis features in the SHARPE package is another use-

ful contribution. The use of such tool can make the process of model-driven engineering more

efficient, enabling the optimization of many systems which are described by Markov chains,

even if the rates and functions are defined through complex relations of input parameters. The

automated sensitivity analysis of models with many parameters, such as the virtualized system

model, is especially important since it may take a long time to check one parameter at a time in

order to calculate the extent that changes influence the model’s results. The features developed

for SHARPE were essential for the analysis of the case studies presented here.

The bottlenecks identified through the case studies shall be useful in the improvement of
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those systems, as well as in stimulate the adoption of the proposed methodology for the analysis

and optimization of similar kinds of systems.

7.2 Future work

An investigation on the sensitivity analysis of hierarchical models is intended. Properties

of sensitivity functions presented in [Frank 1978], such as chain rule and product rule, may be

used in a future definition of S.A. techniques for models that are composed of sub-models of the

same formalism, or even when there are different kinds of models involved in the same analysis.

The integration between differential sensitivity analysis and other techniques that generate

numerical indices, such as structural importance, correlation and regression analysis is another

subject to be handled in future works. This would ease the analysis of composite and hierarchi-

cal models, as well as allow the mix of uncertainty-oriented and importance-oriented sensitivi-

ties.

The functions that were developed for the SHARPE package can provide a basis for future

instantiations of the methodology using stochastic Petri nets or queueing networks, since both

models are solved by means of underlying Markov chains. The development of similar func-

tions for those models would enable the analysis of systems for which it is difficult to create

Markov chains directly.
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Appendix A

Syntax reference of SHARPE sensitivity

functions

A.1 The function stvalue

The function stvalue provides transient sensitivity result with respect to a system parameter,

for a single value of t. It uses the iterative algorithm known as standard uniformization. It is the

sensitivity correspondent to the tvalue function.

The function stvalue is valid only with Markov chains. The syntax is:

stvalue (t; system name, state eword, param name {;arg list})

A.2 The function sctvalue

The function sctvalue provides cumulative sensitivity result over (0,t), with respect to a

system parameter. It uses the iterative algorithm known as standard uniformization.

The function sctvalue is valid only with Markov chains. The syntax is:

stvalue (t; system name, state eword, param name {;arg list})
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A.3 The function sprob

The function sprob provides sensitivity of probabililty for a given state, with respect to a

system parameter. It is the sensitivity correspondent to the prob function.

The function sprob is valid only with Markov chains. The syntax is:

prob (system name, state eword, param name {; arg list})

For an acyclic or phase-type Markov chain, sprob gives the sensitivity of probability that

the given state was ever visited. For an irreducible Markov chain, sprob gives the sensitivity of

steady-state probability for the given state.

A.4 The function sexrss

The function sexrss provides sensitivity of the expected steady-state reward rate with respect

to a system parameter, for Markov reward models. It is the sensitivity correspondent to the exrss

function. The syntax is:

sexrss (system name, param name {;arg list})

A.5 The function sexrt

The function sexrt provides sensitivity of the expected reward rate at time t with respect to

a system parameter, for Markov reward models. It is the sensitivity correspondent to the exrt

function. The syntax is:

sexrt (t; system name, param name {;arg list})

A.6 The function scexrt

The function scexrt provides sensitivity of the cumulative expected reward over (0,t), with

respect to a system parameter, for Markov reward models. It is the sensitivity correspondent to

the cexrt function. The syntax is:
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scexrt (t; system name, param name {;arg list})
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Appendix B

Parameter values for cost functions

Parameter name Value

αλh
0.3

αλv 0.3

αλa 0.3

αµh 0.5

αµv 0.5

αµ1a 0.5

αµ2a 0.5

αmv 0.2

αrv 0.2

Kλh
2 $/h0.3

Kλv 2 $/h0.3

Kλa 2 $/h0.3

Kµh 4 $ · h0.5

Kµv 4 $ · h0.5

Kµ1a 4 $ · h0.5

Kµ2a 4 $ · h0.5

Kmv 1 $ · h0.2

Krv 1 $ · h0.2

Kλh0
10 $

Kλv0
5 $

Kλa0
5 $

Kµh0 3 $

Kµv0 3 $

Kµ1a0 3 $

Kµ2a0 3 $

Kmv0 1 $

Krv0 1 $
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