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ABSTRACT

Nowadays, interval training method becomes a well known exercise protocol which helps

strengthen and improve one’s cardiovascular fitness. It was first described by Rein-

dell and Roskamm and was popularized in the 1950s by the Olympic champion, Emil

Zatopek. Swedish physiologist Per Oløf Astrand’s study in 1960 was the first scien-

tific study on interval training. Since then, it has been the basis for athletic training

programs for many years.

This thesis aims to develop an effective training protocol to improve cardiovascular fit-

ness based on modeling and analysis of Heart Rate (HR) and Oxygen Consumption

Rate (VO2) dynamics. VO2 and HR are key indicators of functional health status.

Thus, investigating VO2 and HR is important when building an effective training pro-

tocol because observing these two factors can help predict the amount of energy spent

during training protocols which mainly used to determine goals such as fat burning or

cardiovascular system improvement.

The first part of this thesis has considered conducting a certain number of experiments

to investigate the dynamic characteristics of cardio-respiratory responses to the onset

and offset exercises. The key device for this study is a portable gas analyzer (K4b2,

iv



Cosmed). This versatile portable device can measure HR and oxygen consumption

both in field and lab environments.

Two different training protocols have been established for two different age groups. Each

protocol has been tested separately. Observing the original data for each subject has

clearly helped us to identify some important facts about HR and VO2 profiles. It has

been concluded that for each individual subject, steady state gain of offset is smaller

than steady state gain of onset for both HR and VO2. Based on the modelling results,

it can be seen that the time constant of offset is larger than the time constant of onset

for both HR and VO2 in each group.

The second part of the thesis was all about building sensible interval training protocol

based on the experimental results. Determining an actual HRmax is the key to construct-

ing a well-designed training program. Our training protocol has targeted the aerobic

zone which aims to develop the exercisers cardiovascular system. The third part in this

thesis is to use the identified time constants and the steady state gains of VO2 and HR

for both the onset and offset of exercises to build a model to simulate the VO2 and HR

responses to the proposed interval training protocol. A switching RC circuit has been

constructed to simulate the proposed interval training protocol.

The proposed interval training protocol is based on the established average model. How-

ever, for an individual exerciser the proposed protocol might need to be adjusted in order

to achieve the desired exercise effects. A hybrid system model has been presented to

describe the adaptation process and a multi-loop PI control has been developed for the

tuning of interval training protocol. This thesis showed under modest assumptions that

the special hybrid system can be simplified as a simple discrete time system. Based on

that, we show how we can design a discrete time multi-loop PI controller to adjust the

duty cycle and the period of the proposed square wave type exercise protocol.
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We believe that the self-adaptation feature in the controller gives the exerciser the

opportunity to reach his desired setpoints after a number of iterations. It should be

emphasized that the proposed multi-loop PI control algorithm only performs one time

between two training experiments. Therefore, it is very easy to be implemented in

low cost portable devices which have limited computation power, and that is the final

phase of this thesis. The control technique has been implemented and tested on eZ430

Texas Instrument programmable watch. Although further investigation is required and

more subjects need to be recruited for the validation of this study, we believe that it

will be useful in the modeling and regulation of interval training exercise in free living

conditions.

vi



Table of Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 The objectives of the study. . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 The methodology of the research. . . . . . . . . . . . . . . . . . . . . . . 5

1.3 An outline of the thesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Thesis contributions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Cardiovascular Fitness . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1 Definition of cardiovascular fitness. . . . . . . . . . . . . . . . . . . . . . 11

2.2 Levels of fitness measurements. . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Indicators of human cardiovascular fitness. . . . . . . . . . . . . . . . . . 14

2.4 Heart rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.5 Oxygen consumption. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.6 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3 Concept and Definition of Interval Training . . . . . . . . . . . . . . 21

3.1 Nature and definition of interval training. . . . . . . . . . . . . . . . . . . 21

3.2 Health benefits due to the contribution of interval training. . . . . . . . . 24

3.3 Advantages and disadvantages. . . . . . . . . . . . . . . . . . . . . . . . 25

3.4 Variables of interval training protocol. . . . . . . . . . . . . . . . . . . . 26

3.5 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4 Tools and Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.1 Motor-controlled treadmill. . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.2 Portable gas analyzer K4b2. . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.3 Monitoring and recording software and PC. . . . . . . . . . . . . . . . . 33

4.4 eZ430 Texas Instrument programmable watch. . . . . . . . . . . . . . . . 35

4.5 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

vii



5 Subjects Characteristics and Experiments Preparation . . . . . . . 38

5.1 Characteristics of the subjects. . . . . . . . . . . . . . . . . . . . . . . . . 38

5.2 Experiments location. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5.3 Physiological and environmental factors. . . . . . . . . . . . . . . . . . . 41

5.4 Pre and post experiment preparation. . . . . . . . . . . . . . . . . . . . . 42

5.5 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

6 Modelling and Analyzing of Dynamic Characteristics . . . . . . . . 48

6.1 Training protocols setup. . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

6.2 First-order process structure and parameters. . . . . . . . . . . . . . . . 50

6.3 VO2 and HR profiles and raw data. . . . . . . . . . . . . . . . . . . . . . 53

6.4 Onset and offset running protocol modelling. . . . . . . . . . . . . . . . 55

6.5 Evaluating steady state gains and time constants. . . . . . . . . . . . . . 61

6.6 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

7 Approaches to Creation of Interval Training Protocol . . . . . . . . 64

7.1 Training zones, exercise intensity levels and HRmax equation . . . . . . . 64

7.2 Interval training protocol setup. . . . . . . . . . . . . . . . . . . . . . . . 65

7.3 Developing exercise protocol to improve cardiovascular system. . . . . . 67

7.4 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

8 A Switching RC Circuit Model for the Simulation of Exercise Proto-
cols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

8.1 First order RC Circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

8.2 RC simulation circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

8.3 RC simulation and experimental results. . . . . . . . . . . . . . . . . . . 77

8.4 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

9 Controller Design and Simulation Study . . . . . . . . . . . . . . . . 79

9.1 Individualized adaptation for the proposed interval training protocol. . . 79

9.2 Multi-loop PI controller. . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

9.3 Hybrid system model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

viii



9.4 The adaptation framework. . . . . . . . . . . . . . . . . . . . . . . . . . 89

9.5 Controller design and simulation study. . . . . . . . . . . . . . . . . . . . 91

9.6 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

10 Experimental Verification for the Proposed Adaptation Approach . 96

10.1 Experiment location and setup. . . . . . . . . . . . . . . . . . . . . . . . 96

10.2 Pre and post experiment preparation and subjects characteristics. . . . . 98

10.3 Controller implementation on eZ430 programmable watch. . . . . . . . . 100

10.4 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

11 Conclusion and Future Work . . . . . . . . . . . . . . . . . . . . . . . 111

11.1 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

11.2 Future work. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

ix



List of Figures

2.1 ECG Trace. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.1 Serial Mode Required Parts. . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.2 CPET Software User Interface. . . . . . . . . . . . . . . . . . . . . . . . 34

4.3 Control Panel Dialogue. . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.4 Texas Instruments eZ430-Chronos Watch. . . . . . . . . . . . . . . . . . 35

4.5 eZ430-Chronos Control Center User Interface. . . . . . . . . . . . . . . . 36

5.1 Illustration of the Equipment. [1] . . . . . . . . . . . . . . . . . . . . . . 42

5.2 Subject Being Seated to Rest for Five Minutes Prior to the Exercise. . . 43

5.3 Subject Standing up for Two Minutes on the Treadmill Edges. . . . . . . 44

5.4 Subject Starts to Participate into the Experiment. . . . . . . . . . . . . . 45

5.5 Training Protocol Real-Time Monitoring. . . . . . . . . . . . . . . . . . . 46

6.1 Group A Experimental Protocol. . . . . . . . . . . . . . . . . . . . . . . 49

6.2 Group B Experimental Protocol. . . . . . . . . . . . . . . . . . . . . . . 49

6.3 Response of a First-Order System to Step Change in the Input. . . . . . 51

6.4 Effect of Static Gain on the Response of First Order System. . . . . . . . 52

6.5 Effect of Time Constant on the Response of First Order System. . . . . . 52

6.6 Raw Data of HR for all Subjects in Group A. . . . . . . . . . . . . . . . 53

6.7 Raw Data of VO2 for all Subjects in Group A. . . . . . . . . . . . . . . . 53

6.8 Raw Data of HR for all Subjects in Group B. . . . . . . . . . . . . . . . 54

6.9 Raw Data of VO2 for all Subjects in Group B. . . . . . . . . . . . . . . . 54

6.10 Raw Data Sample Before and After Getting Affected by a Median Filter. 57

6.11 Curve Fitting Results of HR for Onset and Offset Running Protocol for
Subject No.1 in Group A. . . . . . . . . . . . . . . . . . . . . . . . . . . 58

x



6.12 Curve Fitting Results of VO2 for Onset and Offset Running Protocol for
Subject No.1 in Group A. . . . . . . . . . . . . . . . . . . . . . . . . . . 58

6.13 Curve Fitting Results of HR for Onset and Offset Running Protocol for
Subject No.1 in Group B. . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6.14 Curve Fitting Results of VO2 for Onset and Offset Running Protocol for
Subject No.1 in Group B. . . . . . . . . . . . . . . . . . . . . . . . . . . 59

7.1 Group A’s Proposed Interval Training Protocol. . . . . . . . . . . . . . . 67

7.2 Group B’s Proposed Interval Training Protocol. . . . . . . . . . . . . . . 68

8.1 Series RC Circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

8.2 RC Circuit Response Curve. . . . . . . . . . . . . . . . . . . . . . . . . . 71

8.3 Designed Simulation Circuit. . . . . . . . . . . . . . . . . . . . . . . . . . 72

8.4 RC Circuit in Onset Mode. . . . . . . . . . . . . . . . . . . . . . . . . . . 73

8.5 Voltage Across C in the Onset Mode. . . . . . . . . . . . . . . . . . . . . 74

8.6 RC Circuit in Offset Mode. . . . . . . . . . . . . . . . . . . . . . . . . . 74

8.7 Voltage Across C in the Offset Mode. . . . . . . . . . . . . . . . . . . . . 75

8.8 Heart Rate and Oxygen Uptake Responses Simulation. . . . . . . . . . . 76

8.9 HR and VO2 Experimental Results for New Subject 1. . . . . . . . . . . 77

8.10 HR and VO2 Experimental Results for New Subject 2. . . . . . . . . . . 78

9.1 Three Different Representations of the PID Controller. . . . . . . . . . . 80

9.2 Inputs and Outputs of a Feedback Loop PID Controller. . . . . . . . . . 80

9.3 Characterization of a Step Response in the ZieglerNichols Step Response
Method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

9.4 MIMO (2x2) Process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

9.5 MIMO (2x2) Controller Structure. . . . . . . . . . . . . . . . . . . . . . . 86

9.6 HR Response During Interval Training Protocol. . . . . . . . . . . . . . . 90

9.7 Controller Structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

9.8 Detailed controller structure. . . . . . . . . . . . . . . . . . . . . . . . . . 91

9.9 y(t4) Output Signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

9.10 y(t5) Output Signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

9.11 Continuous Controller Output. . . . . . . . . . . . . . . . . . . . . . . . . 93

xi



10.1 Staircase Measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

10.2 Walk-Climb-Walk Interval Training Protocol. . . . . . . . . . . . . . . . . 98

10.3 Controller Structure Implementation. . . . . . . . . . . . . . . . . . . . . 100

10.4 Subject 1’s HR Response After the First Iteration. . . . . . . . . . . . . . 102

10.5 Subject 1’s HR Response After the Second Iteration. . . . . . . . . . . . 103

10.6 Subject 1’s HR Response After the Third Iteration. . . . . . . . . . . . . 104

10.7 Subject 2’s HR Response After the First Iteration. . . . . . . . . . . . . . 105

10.8 Subject 2’s HR Response After the Second Iteration. . . . . . . . . . . . 105

10.9 Subject 2’s HR Response After the Third Iteration. . . . . . . . . . . . . 106

10.10Subject 3’s HR Response After the First Iteration. . . . . . . . . . . . . . 107

10.11Subject 3’s HR Response After the Second Iteration. . . . . . . . . . . . 108

10.12Subject 3’s HR Response After the Third Iteration. . . . . . . . . . . . . 109

xii



List of Tables

2.1 Exercise Intensity Levels that Coincide with HRmax. . . . . . . . . . . . . 17

2.2 Relationship Between HRmax and VO2max. . . . . . . . . . . . . . . . . . 19

2.3 Exercise Intensity Levels that Coincide with VO2max. . . . . . . . . . . . 19

3.1 Interval Training Categories and Variables. . . . . . . . . . . . . . . . . . 23

3.2 Interval Training Energy System. . . . . . . . . . . . . . . . . . . . . . . 23

3.3 Interval Training Major Effects. . . . . . . . . . . . . . . . . . . . . . . . 23

3.4 Different Types of Interval Training Classification. . . . . . . . . . . . . . 26

5.1 Group A Physical Characteristics. . . . . . . . . . . . . . . . . . . . . . . 39

5.2 Group B Physical Characteristics. . . . . . . . . . . . . . . . . . . . . . . 39

6.1 Raw Data Before Interpolation. . . . . . . . . . . . . . . . . . . . . . . . 56

6.2 Raw Data After Interpolation. . . . . . . . . . . . . . . . . . . . . . . . . 56

6.3 Estimated Time Constants and Normalized Steady State Gains of HR
Response for Group A. . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

6.4 Estimated Time Constants and Normalized Steady State Gains of VO2

Response for Group A. . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6.5 Estimated Time Constants and Normalized Steady State Gains of HR
Response for Group B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

6.6 Estimated Time Constants and Normalized Steady State Gains of VO2

Response for Group B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

7.1 Relationship Between VO2max, HRmax and Exercise Intensity Levels. . . . 65

8.1 Group A’s Averaged Values of Time Constants and Steady State Gains. . 72

8.2 New Subjects Physical Characteristics. . . . . . . . . . . . . . . . . . . . 77

9.1 The Effects of Increasing Kp and Ki on the Controller Output. . . . . . . 83

xiii



9.2 PID Controller Parameters Obtained for the ZieglerNichols Step Re-
sponse Method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

10.1 Physical Characteristics of the Subjects Participated in Climbing Exer-
cise. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

10.2 Exercisers Age and Their Corresponding 60-80% of Maximum Heart Rate
Values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

10.3 Watch and Controller Parameters Values. . . . . . . . . . . . . . . . . . 102

10.4 Watch and Controller Parameters Values After the First Iteration. . . . 102

10.5 Watch and Controller Parameters Values After the Second Iteration. . . 103

10.6 Watch and Controller Parameters Values After the Third Iteration. . . . 104

10.7 Watch and Controller Parameters Values. . . . . . . . . . . . . . . . . . 104

10.8 Watch and Controller Parameters Values After the First Iteration. . . . 105

10.9 Watch and Controller Parameters Values After the Second Iteration. . . 106

10.10Watch and Controller Parameters Values After the Third Iteration. . . . 106

10.11Watch and Controller Parameters Values. . . . . . . . . . . . . . . . . . 107

10.12Watch and Controller Parameters Values After the First Iteration. . . . 107

10.13Watch and Controller Parameters Values After the Second Iteration. . . 108

10.14Watch and Controller Parameters Values After the Third Iteration. . . . 109

xiv


	Title Page
	Acknowledgments
	Abstract
	Table of Contents
	List of Figures
	List of Tables

