
Contents 

1 Introduction 1 
1.1 Motivation and Objectives 1 
1.2 Outline 9 

2 Option Pricing with Monte Carlo Methods 11 
2.1 Options, Markets and Prerequisites 12 

2.1.1 European Double-Barrier Options 13 
2.2 Brownian Motions and Stochastic Processes 18 

2.2.1 Continuous and Discrete Stochastic Processes 19 
2.2.2 Wiener Process or Brownian Motion 19 
2.2.3 Geometric Brownian Motions 21 

2.3 Market Models 21 
2.3.1 The Black-Scholes Model 22 

2.3.2 The Heston Model 24 
2.4 Monte Carlo Methods 27 

2.4.1 Introduction and Background 27 
2.4.2 Variance Reduction Techniques 30 
2.4.3 Monte Carlo Simulation of Stochastic Processes 32 
2.4.4 The Multilevel Monte Carlo Method 33 

3 Design Space and Benchmarking 37 
3.1 Design Space 37 

3.1.1 The Design Space of an Option Pricing System 38 
3.1.2 Cross-Domain Parameter Dependencies 39 

3.2 The Need for Fair Benchmarks 41 
3.3 A Benchmark for Option Pricing Systems in the Heston Model 43 

3.3.1 The Benchmark Settings 43 
3.4 Summary 45 

http://d-nb.info/1063681545

http://d-nb.info/1063681545


vi Contents 

4 Hardware Efficient (Parallel) Random Number Generation 47 

4.1 Uniform Random Number Generation 48 

4.1.1 Pseudo Random Number Generation 49 

4.1.2 Related Work 52 

4.1.3 Test and Validation 54 

4.2 Obtaining Non-Uniformly Distributed Random Numbers 55 

4.2.1 Theoretical Background 55 

4.2.2 Related Implementation Work 60 

4.2.3 Test and Validation Strategies for Non-Uniform Random Numbers . 63 

4.3 An Area Efficient Hardware Architecture for Non-Uniform Distributions 
with Arbitrary Precision 64 

4.3.1 Floating-Point Based Inversion 65 

4.3.2 Generating Floating-Point Random Numbers 69 

4.3.3 Evaluation and Comparison to State-of-the-Art 71 

4.4 Parallel Random Number Generation for Distributed Monte Carlo Simula­
tions 76 

4.4.1 Generating Parallel Random Number Streams 77 

4.4.2 Mersenne Twister Sub Stream Analysis 80 

4.4.3 Analyzing Inter-Stream Correlations 81 

4.4.4 Comparing Parallelization Schemes on Architectural Level 82 

4.5 Summary 86 

5 A First Hardware Architecture for Option Pricing in the Heston Model 87 

5.1 Related Work 87 

5.1.1 Hardware Architectures for Monte Carlo Option Pricing 88 

5.1.2 Other Applications and Architectural Studies 89 

5.2 A Classic Monte Carlo Architecture for European Double Barrier Pricing 
in the Heston Model 90 

5.2.1 High-Level System Characteristics 91 

5.2.2 Implementation Details 92 

5.2.3 Results and Evaluation 95 

5.3 Summary 98 



Contents vii 

6 Interface Concepts for Hardware Accelerators 101 
6.1 The Need for Abstract Hardware Interfacing Mechanisms 102 

6.2 Related Work 103 

6.3 Loopy - An Open-Source TCP/IP Rapid Prototyping and Validation Frame­
work 105 

6.3.1 Features and Framework Structure 105 

6.3.2 The Generation Process 108 
6.3.3 Evaluation Ill 

6.4 Summary 112 

7 A Multilevel Monte Carlo Option Pricing Architecture 113 
7.1 Multilevel Monte Carlo Enhancements of the Classic Acclerator Architecture 114 

7.1.1 AXI4-Stream Based Data Paths 115 
7.1.2 AX14-Stream Correlator Core 116 

7.1.3 Accumulator and Cyclic Data Path 117 
7.1.4 Step Generator Core 118 

7.2 Results and Evaluation 120 

7.2.1 FPGA Results 120 
7.2.2 ASIC Results 122 

7.3 Summary 124 

8 A Design Methodology Proposal for Heterogeneous HPC Systems 127 
8.1 A Precise Terminology for the Design Process 128 

8.2 A Proposed Methodology for Problem-Layer System Design 129 

8.3 Summary 131 

9 Conclusion and Outlook 133 

10 Zusammenfassung 137 

A Random Number Generation 143 
A.l Detailed Synthesis Results for Parallel Random Number Generator Com­

parison 144 

A. 1.1 Area Consumption 145 

A. 1.2 Timing and Throughput 147 
A.2 Data from Published Implementations 149 
A.3 MT19937 Sub Stream Analysis Results 150 



viii Contents 

B Architecture Details 151 

B.l Energy and Throughput Measurements for the Classic Monte Carlo Archi­
tecture 152 

B.2 Resource Demands for the Multilevel Monte Carlo Architecture 156 

B.3 Detailed Architectures for the ASIC Implementation 158 

Symbols 163 

Acronyms 165 

Bibliography 171 

List of Figures 183 

List of Tables 187 

List of Algorithms 189 


