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30/360 day count convention 241
A-stable numerical methods, concepts 120–5,

180–3
absolute error criterion, concepts 113–17
Abstract Data Type (ADT)

see also generic programming
concepts 304–6

Abstract Factory pattern
concepts 229, 234–7, 256, 389–94, 489–92,

494–509
definition 229, 234–5
payoff classes 389–94, 494–509

Abstraction PAC component 226–41, 244–79
acceptance-rejection methods 75, 581–2, 583–8,

593–9
Access Control Systems (ACS), concepts 204–15,

223–41
accuracy issues 111–17, 125–6, 167, 172–6,

180–3, 203, 206–15, 219–20, 239–40, 633–5,
682

Active Template Library (ATL)
architecture 686–93
background information 686–93
BSTR 688–709
concepts 686–709
data structures 686–93
definition 686
HRESULT 687–709
interfaces 686–93
project structures 688–91, 693–5
SAFEARRAY 688–709
VARIANT 688–709

actual/360 day count convention 241
actual/actual day count convention 241
ad-hoc polymorphism, concepts 550–2
Adams-Bashforth scheme 110, 129
Adapter design pattern

see also wrapper. . .
concepts 256, 266, 278, 331–4, 383–94
definition 256, 266

add 384–94, 404–25, 463–5
add-ins, Excel 449–54, 685–709

additive noise, stability property of the FDM 180–3
AddMenuItem 705–9
ADT see Abstract Data Type
advanced finance models, numerical methods

167–88
affine stochastic volatility models

see also stochastic volatility models
concepts 427–59

agents, PAC 226–9, 244–70
aggregation techniques 219–41, 334
Ahrens-Dieter method 586
Alexander, Christopher 255
algebraic (constructive) fixed point theorems

see also iteration (successive) approximation
procedure

concepts 59, 62–72
algorithm structures, multi-threaded programming

627–8
Allocate 454
almost sure convergence, concepts 50
Altiplano options

see also mountain range options
concepts 389–94, 475, 478–87
definition 478

Amdahl’s law, parallel programming concepts
623–5, 634, 644–63

American options 91–3, 381–3, 403, 511–29,
607–15

see also early exercise
analysis of the method and improvements

521–5
C++ 513–29
CEV models 91–3
concepts 91–3, 511–29, 607–15
definition 511
dual methods 511–12, 525–9
linear least squares regression 511–29, 607–15
Longstaff and Schwartz method 511, 516–29,

601–15
optimal stopping problem 511–29
step-by-step example 520–1

AmericanOption 513–29
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analytic formula, Brownian Bridge construction
141–3

analytic solutions, affine stochastic volatility
models 455–7

Anderson’s QE method 117, 399–401, 427, 432–4,
435–41, 443–51, 458–9, 481–7, 665–83

anonymous objects, concepts 560–2
Antithetic Variate method

see also Variance Reduction Methods
barrier options 416–18
concepts 263–5, 395, 400–1, 416–18

any 364–6, 375, 394
Any library, Boost C++ library 363–6, 375,

394
AnyOldThing 308–10
AnyType 382–94, 402–25, 448–51, 467–87
APIs see application programming interfaces
append 343–5
application programming interfaces (APIs) 449–54,

456–7, 459, 617–35, 637–63
ApplicationPtr 694–5, 700–9
applications, configuration 229–41, 630–5
approximating the expectations of the Ito process

109–13
approximations 9–10, 59, 62, 66–8, 70–1, 107–35,

137–66, 167, 179–83, 245–79, 405, 414–15,
466–9, 642–4, 665–83

see also finite-difference method
Asian options 405
barrier options 414–15
computational results 126
lookback options 420–1
optimal stopping problem 519–20
spread options 466–8, 482
Taylor schemes 167, 179–83

Archimedes 38
architectures

see also domain. . .

ATL 686–93
Monte Carlo method 203–15, 217–41
multi-threaded programming 629–33

archive 369–70
arithmetic averages

see also Asian options
concepts 160–2, 165–6, 401–12, 422–4, 496–7,

681–2
arithmetic fixed point problems, concepts

67–8
arr 324–31
array 366–7, 375
arrays

see also matrices; vectors
Boost C++ library 366–7, 374–5, 543, 562–4
bounds exceptions 320–3, 324, 327–8
concepts 14–23, 221, 299–301, 319–23, 324–31,

338–9, 342–3, 366–7, 374–5, 543, 562–4,
638–44

FDM 322–3
uses 319–23, 324–31, 342–3, 563–4

arrival rates
concepts 79–80, 168–71
definition 79–80

ASCII 373, 632
Asian options 126, 160–2, 165–6, 279, 305, 375–6,

389–94, 395, 400, 401–12, 424, 496–509,
674–83

see also exotic. . .
approximation formulae 405
concepts 160–2, 165–6, 389–94, 395, 400,

401–12, 424, 496–509, 674–83
Control Variates 406–11
definition 160–1, 401–2
the Greeks 501–9
mapping onto the framework 402–5
payoffs 389–94, 401–12, 424, 674–83
stochastic volatility 165–6, 674–83
types 401–2

AsianOption 402–12
Assembly-Parts category, Whole-Part

decomposition 223–41, 245–79
asset-or-nothing options 278
assignment operator, strings 340–1
associative matrices

concepts 93–6, 290, 320–3
definition 93

AssocMatrix 94–6
assumptions, Black-Scholes model 1–2, 168
asymptotic behaviour, concepts 49–50, 131–2
at-the-money options 522
ATL see Active Template Library
Atlas options

see also mountain range options
concepts 475, 480–7
definition 480

ATL NO VTABLE 690–709
auto-callable products, concepts 413
Automation add-ins

concepts 241, 685–6, 695–709
test case 701–6

auto ptr 354, 566–8
average strike Asian options 402–12

backward difference estimator, definition 490–1
backward induction, concepts 511–29
ball-and-socket UML notation 218–20, 630–1
Banach Fixed Point Theorem

concepts 58–9, 62–72
definition 58–9
proof 69–71
uses 64, 65–6, 69, 72

Banach spaces
see also functional analysis; norms
concepts 53, 57, 62–72, 167, 172–6, 609–15
definition 57
SDEs 62, 63–4

band matrices 299–301, 371
Barone-Adesi & Whaley formula 528–9
barrier 645–51
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barrier options 26–7, 88–93, 126, 160–2, 164,
382–94, 395, 411–19, 424–5, 681–2

see also down. . .; up. . .

Antithetic Variate method 416–18
approximation formulae 414–15
concepts 160–2, 164, 395, 411–19, 424–5, 681–2
definition 411–13
Importance Sampling 415–18, 425
mapping onto the framework 413–14
numerical results 417–19
payoffs 389–94, 411–18, 681–2
types 160, 411–12

BarrierOption 382–94, 413–18
barriers, thread synchronisation 629, 644–53, 660–3
barriertype 414–18
Base 312–14, 359–61
base classes

concepts 304–18, 357–61, 379–94
payoffs 388–91

basic data types, concepts 452–3
basic string 340–5
basis functions

concepts 516–29
selection issues 522–5

basket options
see also mountain range. . .; multi-asset. . .
concept 145, 386–94, 461, 462–6,

469–87
definition 469–70
distributions 472–4
payoffs 386–94, 461, 462–6, 469–87

Bates stochastic volatility model
cliquet options 448–9
concepts 427, 432, 441–59, 591, 609, 610–15,

682
distributions 442
implementation issues 443–6, 455–7, 610–15,

682
paths 442

BBMediator 657–60
Beckett, Samuel 665
begin 331, 385–94
Behavioural patterns

see also Chain. . .; Command. . .; Interpreter. . .;
Iterator. . .; Mediator. . .; Observer. . .; State. . .;
Strategy. . .; Template Method. . .; Visitor. . .

concepts 256–7, 270–6, 367–8, 400–1, 657–63
definition 256–7, 270–1
types 256–7, 270–6

Beppo Levi theorem see Monotone Convergence
Theorem

Bermudan options
concepts 511–29, 615
definition 511
optimal stopping problem 511–29
upper bounds 525–9

Bernoulli distribution
concepts 35–7
definition 35

Bessel processes
CEV 74, 86–93
concepts 73–4, 86–7, 102–3, 441, 532–3
definition 73–4

Beta 76–9, 439, 482, 533–9, 562, 671–83
beta distribution

C++ 76–9, 99–102
concepts 74, 75–9, 99–102
definition 75

betaCEV 88–93
bias free simulation scheme, Heston stochastic

volatility model 441
bill-of-materials, concepts 225–6
binary (digital) options

concepts 278–9, 389, 427–9, 446–51, 507–8,
672–83

implied volatility skew/smile 427–9
Bind library, Boost C++ library 367, 374
binomial distribution, concepts 35, 598
Bisection method 70, 133
bivariate normal/Gaussian rv, concepts 38
Bjersund & Stensland formula 528
black boxes, concepts 204, 222–41, 334, 391, 633–4
Black-Scholes model

assumptions 1–2, 168, 442
concepts 1–2, 26, 81–93, 153, 164–5, 179,

244–79, 395–425, 429–41, 442–51, 461–87,
493–509, 529, 549–52, 611, 708

definition 245–55
Excel 708
multi-asset options 461–87
parameters 245–55, 396

Blackboard system pattern 206–15, 309–10, 657–63
BlackScholes. . . 246–79, 467–9
block-banded matrices 299–301, 641–2
BLOCK SIZE 641–4
blueprints, software design issues 203–15, 217–41
bonds 241, 379–94
Boolean relationships between sets 332
boost 36–7, 353–76, 563–6
Boost C++ library 36–7, 73, 74, 75, 77, 87, 95–6,

97–105, 115, 128, 239, 241, 287, 294–5, 298,
313, 319–20, 323, 339, 344, 353–76, 385, 394,
441, 459, 543, 562–8, 574, 583, 587, 634

Any library 363–6, 375, 394
Array library 366–7, 374–5, 543, 562–4
Bind library 367, 374
concepts 353–76, 385, 441, 459, 543, 562–8,

583, 587, 634
Date and Time library 372
discriminated unions 362–3
Excel 459
Filesystem library 370–1
Function library 374
homogeneous/heterogeneous data modelling

361–7, 375, 387
Interval arithmetic library 374
introduction 353–76
Lambda library 367, 374
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Boost C++ library (cont.)
performance issues 543, 562–8
pointers 270, 313, 353–61, 543, 563
property maps 365–6, 563
Random Number Library 294–5, 543, 562–6,

574, 583, 587, 597–8
Regex library 344, 373
scoped pointers 354–7, 361
Serialisation (archives) library 368–70
shared pointers 313, 354, 357–61,

566–8
Signals library 367–8
smart pointers 270, 353–61, 543, 563, 566–8
Spirit library 373
statistical distributions 97–102
strings 344, 373
Thread library 374
Tokenizer library 373
Tuples 361–2, 374–5
uBLAS (linear algebra) library 371, 376
variants 362–3, 375
XLW framework 459

boundary options 91–3
Bounded Convergence theorem

concepts 43, 195–6
definition 43

bounds exceptions, arrays 320–3, 324,
327–8

Box-Muller random number generator
concepts 1, 5–8, 17–19, 20–3, 25, 108, 146,

206–15, 233–4, 238–9, 272–6, 321–3, 376,
583, 643–4

critique 25
BoxMuller 7–8, 17–19, 20–3, 146, 275–6, 321–3
Bridge design pattern 243, 256, 258–65, 279,

305–6, 612–15
concepts 243, 256, 258–65, 279, 305–6, 612–15
critique 265
definition 256, 258–65
run-time version 262–5
template version 258–62

Broker system pattern 206–15
Brouwer’s fixed point theorem, concepts 58
Brownian Bridges

concepts 140–3, 162, 425
FDM 142–3

Brownian Interpolation, concepts 424–5
Brownian motion 3–4, 10–19, 39, 53–72, 73–4,

80–1, 84, 85–93, 139–43, 147–66, 168–71,
207–15, 304–6, 328–31, 399–425, 430–41,
461–87, 518–19, 529, 531–9, 588–99, 667–83

see also diffusion term; random walks; Wiener
process

BSPde 244–65
BSTR 688–709
Build 237–9
Builder pattern

see also Manufacturing Systems
C++ 237–9, 360–1, 557, 657–63, 708–9

concepts 10–23, 208–15, 229, 237–41, 243, 256,
267, 270, 279, 308, 314, 360–1, 375–6, 557,
629–35, 657–63, 708–9

critique 270
definition 229, 237–9, 270

building blocks 79, 326–31, 379–94
BuildPart 237–9
Bulirsch-Stoer method, concepts 122–5
BullSpread 346–8
bump functions, concepts 167, 176–7
business conventions, date classes 339
business days, date classes 339

C++ 217–41, 243–79, 281–318, 319–51, 353–76,
379–94, 395–425, 489–509, 543–70, 601–15,
637–63, 685–709

see also Boost. . .; matrices; template. . .
Abstract Factory pattern 229, 234–7, 256,

389–94, 489–92, 494–509
adapters for STL containers 331–4
advanced templates 286–94
American options 513–29, 607–15
ATL 686–709
beta distribution 76–9, 99–102
Builder pattern 237–9, 360–1, 557, 657–63,

708–9
CEV models 88–93, 188
Chi-squared distribution 79, 99–102
CIR model 229–34, 240, 267
data structures in MC 319–51
date and time classes 289, 308–10, 319, 334–9,

348, 372
delta 91–3, 157–9, 219, 268–70, 533–9
Excel 10, 18–19, 93–6, 132, 135, 211–15, 240,

244–5, 254–79, 319, 376, 430–2, 449–54,
455–7, 459, 612–15, 632–5, 679, 685–709

exception handling 18–19, 385, 391–4, 543,
557–8, 615, 694–5, 709

exponential distribution 74–5, 99–102
Factory Method pattern 229–34, 248–55,

267–70, 380–94
function modelling 543–52
gamma 78–9, 91–3, 268–70
geometric distribution 80
GOF class-level design patterns 243–79, 281–318
the Greeks 489–509
Heston stochastic volatility model 153–9, 166,

267, 305–10, 356–7, 369–70, 397–401, 480–7,
610–15, 665–83

implementation issues 125–6, 137–66, 203–15,
219–41, 262–5, 281–318, 376, 383–94, 432–4,
437–41, 443–6, 455–7, 461–87, 494–7

interest-rate modelling 229–41
LCGs 294–301, 316–18, 571, 572–4, 593–4, 597
mathematical/numerical tools 138–43, 601–15,

697
memory leaks 270, 353–61
Merton interest-rate model 229–34, 240,

397–401, 591–3
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Monte Carlo application 1–27, 88–93, 137–66,
637–63, 665–83, 685–709

multi-threaded programming 617–35, 637–63
NIG 532–9
Normal Mean Variance Mixture models 532–9
optimisation issues 26–7, 125–6, 152–3, 163–4,

206–15, 220, 243–79, 290, 324, 334, 543–70,
637–44

performance issues 10, 21–3, 26–7, 125–6,
163–4, 187, 206–15, 220, 239–40, 277, 290,
306, 324, 334, 543–70, 637–44

pointers 270, 313, 353–61, 544–52
Poisson distribution 80, 99–102, 579, 587–93
PWM 494–7
random number generators 5–8, 10–19, 20–3, 25,

158–9, 167, 177–9, 186–7, 191, 206–15,
221–2, 233–4, 238–9, 272–6, 294–301,
314–18, 320–3, 396–425, 464–5, 543, 562–6,
571–99, 643–4, 669–83

SDE/C++ mapping 328–31
semi-analytical prices 611–15, 680–1
software design issues 125–6, 137–66, 203–15
Student’s t-distribution 79, 100–2
temporary objects 560–2
theta 91–3, 157–9, 231–41, 262, 369–70

C# 241
C 167, 449–54, 456–7, 459, 637, 685–709

ANSI function rand 167
Excel API 449–54, 456–7, 459, 685–709

cache
see also memory
concepts 618–19, 638–44, 651

CAD see computer-aided design
cadlag functions, definition 171
calcST. . . 400–11, 533–9
calculateDiffusion 231–4, 330–1, 643–4
calculateDrift 231–4, 330–1, 643–4
calcVPath 438–41
calendars 319, 339
calibrations, Heston model parameters 679
call options 2, 9, 22–7, 86–93, 126, 146–66, 167,

245–79, 346–8, 381–94, 396–425, 427–59,
469–87, 495–509, 527–9, 611–15, 658–63,
666–83, 708–9

call-by-value mechanism, performance issues
554–7

callbacks 367–8
CallBuy 347–8
calling sequences 660
callOption 22–3, 26–7
CallWrite 347–8
canonical class 260–2
caps 241, 422–4, 448–51, 667–83
Cartesian systems 569–70
case studies

Excel 697–709
numerical schemes for the Heston model 665–83

cash flows, future values 241
casting features, performance issues 543, 554

catch, concepts 392, 557–8, 694–5, 709
Cauchy sequences

concepts 48–9, 56–7, 69–71, 74, 79, 167, 170–1
definition 48–9, 56–7

Cauchy-Euler scheme, definition 170–1
CAUTO999Module 701–9
CComp999 703–9
CCP 591
cdf see cumulative distribution function
central difference estimator

see also finite-difference. . .
definition 490–1

Central Limit Theorem
concepts 113–17, 189, 191–9
confidence intervals calculations 193–4
definitions 192–3

centred-difference approximations, concepts 9–10
CEV see Constant Elasticity of Variance
CGM see Conjugate Gradient Method
Chain of Responsibility design pattern, concepts

257
ChangingElement 453–4
char 339–45
characteristic boundary 82–4
characteristic equation of a difference scheme

concepts 127–8
definition 127

characteristic function, concepts 427, 430–41,
610–15

characteristic polynomials, concepts 127–8
Cheng’s method, concepts 77–8
Cheyette Model, concepts 54–5
Chi-squared distribution

C++ 79, 99–102, 104–5
concepts 74, 79–80, 86–7, 99–102, 104–5
definition 79

ChiSquared 79
Cholesky 145–6, 595–6, 601–15
Cholesky decomposition

see also covariance. . .
concepts 140, 144–6, 214–15, 376, 485–7, 518,

595–6, 601–15, 637–44
definition 144–5, 601–2
test programs 605

CholeskyDecomposition 602–15
CIR see Cox-Ingersoll-Ross interest-rate model
CIRFactory 230, 235–41
CIRSde 230–4, 235–41
CIRSdeFactory 232–4
class diagrams 11, 213, 220–41
Class and Interface Discovery phase 219–20
classes 10–19, 22–3, 75–9, 163–4, 187–8, 207–15,

220–41, 319–51
hierarchies 10–19, 22–3, 187–8, 209–15, 229–41,

305–18, 345–8, 379–94, 402–5
MC data structures 319–51
Sobol numbers 578–80
strings 339–45
traits classes 76–9, 281, 286–7, 294–306, 314–16
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Clear 292, 333–4
clients

see also servers
concepts 10–19, 237–9, 282–318, 329–31,

375–6, 632–5, 695–6
simple one-factor MC framework 10–19, 632–5

cliquet options
Bates stochastic volatility model 448–9
C++ implementation 423, 674–83
concepts 383–4, 395, 422–4, 427–9, 446,

448–51, 457, 674–83
definition 395, 422–3
implied volatility skew/smile 427–9
numerical results 424, 675–83
payoffs 422–4, 446, 448–51, 674–83
types 395, 422, 449

clone 413–14, 584–5, 594–6
closed-form solutions 61–2, 139

see also Black-Scholes. . .
CMOS 618–19
CMyATLComp 699–709
CMyATLProjModule 697–709
Cobol 361
coercion 551
cohesion concepts 278
coin-tossing experiments 31–4, 50–1
CoInitialize 694–709
Collection 293–4
Collection-Members category, Whole-Part

decomposition 223–41
collective communications, multi-threaded

programming 629–35
colon syntax, performance issues 554–7
column-major order arrays 638–44
COM interface 449, 685–709
ComAddinUtils 689–709
Combiners, definition 368
COM INTERFACE ENTRY. . . 690–1
Command design pattern, concepts 256, 257, 314,

349
CommandBarButtonPtr 694–709
commonValue 358–9
compare 342–3
compensation/compounding, Poisson processes

590–3
Comp Heston Integrated JK 612–15
compile-time factors 282–94, 319, 324–31, 400–1,

558–9, 621–2, 637–63
error messages 290–4, 320–4, 327–8, 355–7
matrices 327–31
pragmas 621–2, 644–63, 698–704
templates/inheritance considerations 282–6,

558–9, 569
vectors 324–31

complementary functions, concepts
119–25

complete metric spaces, definition 57
Complex 560–2, 566–8, 606–7, 638–44
complex coefficients, SDEs 185–6

complex numbers 55–7, 560–2
complex objects, building 229–41, 270
component design system patterns

see also POSA
concepts 203–15, 217–41

component diagrams 283–318
components

see also policy-based designs
definition 301–2

Composite design pattern 96, 221, 229–41, 243,
256, 257, 270, 305–6, 310–14, 345–8

CompositeClass 312–14
CompositeProperty 332–4, 346–8
composition techniques 257–79, 283–318, 331–4

see also object-oriented programming
compound options, concepts 393
compound Poisson processes, concepts 55, 169–71,

590–3
computational finance, FDM design and

implementation issues 137–66, 203–15,
219–41, 281–318

computational tools, concepts 69–71, 107, 126,
138–43

Computer-Aided Design (CAD) 204, 224–5, 255–6
concatenation operator, strings 341
concave functions, definition 46
ConcreteBuilder 238–9
concurrent programming

see also multi-threaded. . .

concepts 374, 619–35
definition 622

confidence intervals
for absolute error 113–17
calculations 193–4

configuration, applications 229–41, 630–5
congruential random number generators

see also random. . .

concepts 294–301, 316–18, 571, 572–4, 593–4,
597

Conjugate Gradient Method (CGM) 562
connection points, concepts 687–709
conservative systems, Lyapunov exponents 123–5
consistency issues 109–13, 128–9, 173–6, 618–19,

651
ConsoleFactory 235–41
ConsoleInstrumentFactory 248–79,

382–94
consolidation algorithms 211–15
const cast 554
Constant Elasticity of Variance (CEV)

American options 91–3
Bessel processes 74, 86–93
C++ 88–93, 188
concepts 74, 84, 85–93, 103–5, 188, 279, 428–9
hedging 91–3
Monte Carlo method 87–93, 188
solutions 86–93
tests 92–3, 188
volatility smiles 428–9
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constant-coefficient scalar SDEs 139–40
constructors 150–3, 209–15, 251–79, 311–14,

332–5, 340–1, 355–6, 382–94, 400–1, 554–7,
567–8, 658–63

Container. . . 291–4, 360–1
Container-Contents category, Whole-Part

decomposition 223–41
continuity, definitions 57–8
continuous averaging process, definition 161
continuous case Gronwall’s inequality, definition

45–6
continuous random variables

concepts 34–7
definition 34

continuous sample spaces
concepts 31–4, 63–4
definition 31

continuous-parameter (time) processes, definition
59

continuous-state random processes, definition 59
continuously-defined quantities, discretisation tools

8–9, 10–19, 22–4, 25–6
contraction

see also Lipschitz continuous functions
concepts 58, 170–1
definition 58

Contraction Mapping Theorem, concepts 53
Control PAC component 226–41, 244–79
Control Variates 395, 401, 406–11

see also Variance Reduction Methods
Asian options 406–11
concepts 406–11
definition 406–7

ControlComposite 310–14
convection-diffusion equations, concepts 81–4,

214–15, 245–79, 655–6
convergence in distribution, definition 50
convergence with probability one, definition

50
convergence property of the FDM 111–17, 128–9,

175–6
convergence of a sequence of functions, concepts

48–9, 56–7, 66–8
convergence theorems, concepts 43–5, 48–9, 56–7,

66–8, 167, 172–6, 492–509
Conversion agent 244–5, 251–79
convertDateArray 338–9
convex functions

see also Jensen’s Inequality
concepts 46, 52
definition 46

convolution, concepts 177
Copy 313–14
copyin 650–1
copyin clause 650–1
CopyValue 555–7
core process of systems, concepts 220–41
corr 464–5
corrector drift function, definition 24, 118

CorrelatedNormalMatrix 322–3
correlation 38, 51, 144–6, 154–66, 322–3, 440–1,

455–7, 462–5, 480–7, 595–9, 601–15,
666–83

definition 51
cost-of-carry 165
countable sets

concepts 31–4, 143–4, 171–2
definition 31

cov 407–11
covariance

see also Cholesky decomposition
concepts 51, 140–3, 144–6, 406–11, 485–6,

531–9, 601–2
definition 51, 145–6, 407

CovarianceMatrix 145–6
Cox-Ingersoll-Ross interest-rate model (CIR)

C++ 229–34, 240, 267, 538–9
concepts 83–4, 229–34, 240, 267, 538–9
Feller condition 84

cpp files 398, 455–7, 690, 694, 697–9, 704
CPUs 10, 618–35, 646
crack spread options 147–53, 466–9
Crank Nicolson implicit finite-difference method

13, 121, 279
CreateInstance 694–709
CreateMertonSde 235–8
CreateOption 382–94
CreateOptionData 248–79
Creational Patterns

see also Abstract Factory. . .; Builder. . .;
Factory. . .; Prototype. . .; Singleton. . .

concepts 229–41, 243–4, 256, 266–70, 302–6,
307–10, 389–94, 556–7

definition 229–41, 256, 266–7
performance issues 556–7

critical sections, concepts 648–51
cross gammas

concepts 491–509
definition 491

CSV files 241
cubic splines 707
cumulative distribution function (cdf)

see also random variables
concepts 34–8, 51, 77–8, 87, 100–5, 430–2,

582–8
definition 34

CumulativeNormal 415, 469, 482
currSet 337–9
custom deleters 360–1

d 403–25, 666–83
see also dividend yields

dangling pointers 353
data decomposition, concepts 220–41, 627–35,

637–63
data dependency graphs 634–5
data flow aspects, Builder pattern 237–9
Data Repository pattern 309
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data structures 10–13, 20–3, 93–6, 138, 205–15,
220–41, 247–55, 259–60, 266, 281–318,
319–51, 543–52, 627–35, 686–93

see also arrays; matrices; vectors
ATL 686–93
concepts 220–41, 266, 281–318, 319–51,

543–52, 627–35, 686–93
finance application examples 221
Monte Carlo method 319–51
types 220–1

Datasim Excel 10, 18–19
DatasimClock 464–5, 551–2
DatasimDate 289, 308–10, 335–9, 348,

375
DatasimException 18–19, 392, 557–8
date classes

basic functionality 335
Boost C++ library 372
calendars/business-days/business-conventions

319, 339
concepts 289, 308–10, 319, 334–9, 348, 372,

381–94
mesh points 338–9
sets 335–9

DateCollection 336–9, 348
DateOffsetUnit 336–9, 348
Dates 381–94
Date time 372
day count conventions 210–15, 241
DCT see Dominated Convergence Theorem
De Morgan’s laws, definition 52
debugging 164
decision-support systems 211–15, 631–5
Decode 579–80
Decomp 595–6
decomposition of systems 206–15, 217–41, 627–35,

637–63
see also Whole-Part. . .

Decorator design pattern 96, 187–8, 208–15, 256,
305–6

concepts 256, 305–6
default constructors 554–7
default values for template parameters 286–7
degrees of freedom, concepts 79, 86–7, 101–2
delegation mechanisms 243–79, 284–5, 367–8
delete 353–61, 552, 641
delta

see also gamma; Greeks
C++ 91–3, 157–9, 219, 268–70, 533–9
concepts 9–10, 26, 91–3, 157–9, 211–15, 219,

268–70, 493–509, 533–9, 663, 667–83
definition 9–10

denumerable sets 171–2
dependence of the absolute error on step size,

concepts 113, 115–17
Derivative-Free finite-difference scheme, concepts

13, 17–19, 22–3, 90, 182–3, 187
derivatives see instruments
Derived 359–61, 551–2

derived classes, concepts 5–8, 239, 284–318,
359–61, 551–2, 571

design patterns
see also Behavioural. . .; Creational. . .; GOF. . .;

Structural. . .
concepts 10–19, 126, 138, 159, 187–8, 203–15,

219–20, 239–40, 243–79, 281–314, 357–61,
367–8, 380–94, 489–509, 627–35

critique 257
generic programming 306–10, 314, 634
historical background 255–6
instrument hierarchy 380–94
OOP 306–10, 634
overview 255–66
performance issues 552, 556–7
template classes 306–10

Destroyer 307–10
destructive testing, definition 50
destructors 209–15, 311–14, 359–60
Detailed Design phase, concepts 203, 220–41,

243–79
deterministic integral equations, definition 59
Dewdney, K. 601
diagonal matrices 299–301
difference estimators

see also finite-difference. . .
concepts 489–509

differential evolution algorithm 679
diffusion 89–93, 150–3, 305–6, 588–96, 708–9
diffusion term

see also Brownian motion; jump. . .; stochastic. . .
concepts 3–4, 12–19, 22–4, 53–72, 80–4, 89–93,

150–3, 154–9, 179, 184–5, 208–15, 230–4,
246–79, 305–6, 323, 329–31, 545–52, 588–9,
630–5, 643–4, 655–6, 708–9

definition 3
digital options see binary (digital) options
Dirac measure 198, 436, 592, 671–83
direction numbers, concepts 576–80
Director object, Builder pattern 237–9
Dirichlet boundary 214–15, 245–55
DiscountFactors 515–29
discounting 2, 19–23, 89–93
discrepancy, concepts 195–9
discrete averaging process, definition 161
discrete case Gronwall’s inequality, definition 46
discrete Fredholm equation, definition 63
discrete random variables

concepts 34–7
definition 34

discrete sample spaces
concepts 31–4
definition 31

discrete variate generation
see also geometric. . .; Poisson. . .

concepts 79–80
discrete-parameter (time) processes, definition 59
discrete-state (chain) random processes, definition

59
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discrete-time simulation
see also finite-difference method
concepts 107–35
ODEs 109–13
SDEs 113–17

DiscreteBC 655–6
discretisation tools 8–9, 10–19, 22–4, 107–35,

245–79, 427, 436–41, 463–87, 503–9, 642–4,
665–83

see also approximations; predictor-corrector
finite-difference scheme

discriminated unions, Boost C++ library 362–3
DispEventAdvise 691–3, 700–9
DispEventUnadvise 691–3, 700–9
DISPID 695–6
dispinterface 695–6
Display agent 244–5, 254–79
dissipative systems, Lyapunov exponents 123–5
distance function

see also metric spaces
concepts 53–72

distributed memory models, concepts 617–19,
629

distribution 36–7, 582–3, 584–8, 595–9
distribution function see cumulative distribution

function
distributions

basket options 472–4
Bates stochastic volatility model 442, 591
Heston stochastic volatility model 430–2,

442
random number generators 571–2, 579–99

Divide 557–8
dividend 398–425, 433–41, 455–7, 462–87
dividends 8–9, 84–93, 148–66, 396–425, 433–41,

455–7, 461–87, 533–9, 666–83
dJ 588–93
dll files 452, 457, 685–709
DllCancelUnloadNow 698–709
DllGetClassObject 698–709
DllMain 698–709
DllRegisterServer 689–91, 698–709
DllUnregisterServer 689–91, 698–709
do-while loops 152–3
domain architectures

see also design patterns; software design issues;
system patterns

advantages 204–6
concepts 203–15, 217–41, 243–79, 633–5
definition 223–4
subsystems 205–15, 218–41, 244–79, 633–5
Whole-Part decomposition 205–15, 222–41,

244–79, 307, 310–14, 334, 345–8, 361, 633–5,
651–3, 657–63

Dominated Convergence Theorem (DCT),
definition 44–5

double dispatch polymorphism 552
double exponential distribution see Laplace

distribution

down-and-in barrier options 160–2, 413–18
concepts 160–2, 413–18
definition 160, 413

down-and-out barrier options
concepts 26–7, 88–93, 160–2, 164–5, 413–19
definition 160, 413

downcasting 554
DRAM 618–19
draws

see also simulations
concepts 2, 9

drift 89–93, 150–3, 305–6, 398–425, 433–41,
462–87

drift term
concepts 3–4, 12–19, 22–4, 53–72, 80–1, 89–93,

130, 150–3, 154–66, 179, 208–15, 230–4,
246–79, 305–6, 323, 328–31, 398–425,
433–41, 462–87, 533–9, 545–52, 630–5, 643–4

definition 3
dual methods, concepts 511–12, 525–9
duo-core processors, concepts 618–21, 646
dW 658–63
dynamic casting 543, 554
dynamic programming relations, concepts 513
dynamic schedule, OpenMP 656–7
dynamic sparse matrices 288–9, 320–3, 371

early exercise 1, 91–3, 211–15, 511–29,
607–15

see also American options; Bermudan options
analysis of the method and improvements 521–5
concepts 511–29, 607–15
dual methods 511–12, 525–9
linear least squares regression 511–29, 607–15
Longstaff and Schwartz method 511, 516–29,

601–15
optimal stopping problem 511–29
step-by-step example 520–1

EDA see electronic design automation
EE 667–83
EETransform 669–83
effective dimension, concepts 196
efficiency issues 10, 21–3, 26–7, 125–6, 163–4,

187, 206–15, 220, 228–9, 239–40, 277, 306,
324, 394, 543–70, 621–35, 637–63

see also performance. . .
parallel programming 624–5, 644–63

eigenvalues/eigenvectors, concepts 601–15,
697

electronic design automation (EDA) 654–6
Element 453–4
elementary events see sample points
elliptic PDEs 81–4
embarrassingly parallel applications 652
Empty 333–4
empty loops 661
encapsulation 220, 222, 262–5, 294–306, 345–8

see also traits. . .
end 331, 385–94
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ensemble
see also paths
definition 59

enumeration 336–9
epsilon 157, 262, 309–10, 369–70, 667–83
equities 379–94, 666–83
Equity 381–94
equity interest rate hybrids, concepts 482–7
Erlang distribution 99–102
ERRNO 557–8
error codes 557–8
error estimates 68, 98–9, 113–17, 133, 167
error messages 18–19, 290–4, 320–4, 327–8,

355–7, 392, 557–8
see also exception handling
compile-time factors 290–4, 320–4, 327–8,

355–7
Euclidean space 37–8, 53, 54–72, 176–7, 221–2,

310
Euler 399–401
Euler method

see also finite-difference method
concepts 10, 13, 14–19, 22–3, 80–1, 89–93,

102–3, 105, 108–35, 142–3, 146–66, 170–2,
181–3, 233–41, 245–79, 323, 399–401, 427,
432–7, 444–51, 492–4, 643–4, 665–83

fully truncated Euler scheme 434–5, 444–51,
668–83

Heston stochastic volatility model 143–9, 432–7,
665–83

Euler-Maruyama scheme 108–9, 117–18
see also Milstein. . .

European options 1–27, 86–93, 147–66, 381–94,
403–25, 427–59, 468–87, 499–509, 528–9,
609–15, 666–83

CEV models 86–93
EvaluationType 381–94, 403–25
evenlonger 578–80
event handler 694–5
event ordering, multi-threaded programming

628–35
event-based coordination 628–35
Exact 399–401
ExactSDE 12–19
Excel 10, 18–19, 93–6, 132, 135, 211–15, 240,

244–5, 254–79, 319, 376, 430–2, 449–54,
455–7, 459, 612–15, 632–5, 679, 685–709

add-ins 449–54, 685–709
ATL 686–709
Automation add-ins 241, 685–6, 695–709
Boost C++ library 459
C API 449–54, 456–7, 459, 685–709
case studies 697–709
COM interface 449, 685–709
concepts 449–54, 456–7, 459, 685–709
Function Wizard 452, 455–7, 693–5
mathematical utilities 697
Monte Carlo method 685–709
registry 685, 688–95, 697–709

solvers 697
STL integration 697, 708
test cases 697–709
useful utilities 696–7, 704–6
uses 449–54, 685–6, 696–7, 707
utilities 696–7, 699–706
versions 685–6
worksheets 685–709
XLW framework 452–4, 456–7, 459, 685–709

Excel Visualiser 104–5, 132, 135, 211–15, 254–79
EXCEL BEGIN 456–7
ExcelDriver 244–79
EXCEL END 457
EXCEL EXPORT 456–7
ExcelImports 694–709
ExcelRangeTo. . . 706
ExcelUtils 699–709
exception handling

see also error. . .
concepts 18–19, 385, 391–4, 543, 557–8, 615,

694–5, 709
performance issues 543, 557–8

excess kurtosis
see also kurtosis
concepts 84–93, 101–2

exercise boundaries 522–9
ExerciseSchedule 514–29
ExerciseType 381–94, 403–25
exotic options 388–94, 457, 666–83

see also Asian. . .; barrier. . .; lookback. . .

payoffs 388–94, 666–83
exp 75
expected 583
expected continuation value, concepts 512–39
expected values see mean values
experiments

concepts 31–4
definition 31

expiry data 244–79
explicit Euler method

see also finite-difference method
concepts 13, 14–19, 22–3, 80–1, 89–93, 102–3,

105, 108–35, 151–3, 154–9, 172, 210–15,
233–41, 245–79, 323, 643–4, 665–83

Heston stochastic volatility model 155–9, 665–83
explicit strong Taylor approximations, concepts

182–3
ExplicitEuler 13, 14–19, 210–15, 323
exponential 75
exponential distribution

C++ 74–5, 99–102
concepts 74–9, 99–102
definition 74
uses 75

exponential function 569, 642–4
exponential rvs, definition 51
exponentially fitted schemes, concepts 119–25
expression templates, concepts 371–2, 561–2
extended data types, concepts 452–3
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extensions, Heston model parameters 679
Extensions patterns

see also Behavioural. . .
concepts 257

extern 456–7
Extrapolation 669–83
extrapolation techniques 117, 131–2, 172–6
Extreme 419–22

F distribution 99–102
Facade design pattern 243, 256, 258–66

concepts 243, 256, 258–66
definition 256, 258

Factory 244–79, 302–6
Factory Method pattern

C++ 229–34, 248–55, 267–70, 302–6, 375–6,
380–94, 631–5

concepts 229–34, 240–1, 248–55, 256, 267–70,
302–6, 375–6, 380–94

definition 229, 267–8
far field boundaries 91–3, 249–55
Fast Fourier Transform (FFT) 615
fast transient, concepts 119–25
fat tails

see also kurtosis; skewness
concepts 84–93

Fatou’s Lemma, definition 43
FDM see finite-difference method
FDM 244–5, 251–79, 375–6, 657–63
FDMDirector 244–5, 251–79
FDMTypeDBuilder 22–3, 657–63, 708–9
FDMVisitor 13–19, 20–3, 209–15, 323, 657–63
Feedback Shift Register (FSR) 574–6
Feller condition

concepts 73, 81–4, 666–83
definition 84

Feller-Levy Central Limit Theorem, concepts 192–3
FFT see Fast Fourier Transform
Fibonacci 290–1, 565–6
Fibonacci numbers 8, 56–7, 71, 108, 128, 206–15,

290–1, 565–6, 597–8
Fichera function

concepts 73, 81–4, 103–4
definition 82–4
uses 81–2

filesystem 370–1
Filesystem library, Boost C++ library 370–1
filtered probability spaces, definition 190
filtration, definition 189–90
final conditions 81
FinalConstruct 699–709
FinalRelease 700–9
financial instruments see instruments
find 394
finite subcovers, concepts 57
finite-difference method (FDM)

see also Euler method; Numerical Simulator
Systems

absolute error criterion 113–17

accuracy issues 167, 172–6, 180–3, 203, 206–15,
219–20, 682

Brownian Bridges 142–3, 162
case study of numerical schemes for the Heston

model 665–83
CEV models 87–93, 188
characteristic equation 127–8
computational results 126, 675–83
concepts 9–23, 56, 73, 87–93, 102–3, 107–35,

137–66, 167, 206–15, 217–41, 245–79, 318,
322–3, 338–9, 375–6, 432–4, 489–92, 500–9,
549–52, 629–35, 642–4, 654–6, 665–83

confidence intervals for absolute error 113–17
consistency property 109–13, 128–9, 173–6
convergence property 111–17, 128–9, 175–6
Crank Nicolson implicit method 13, 279
dates 338–9
dependence of the absolute error on step size

113, 115–17
the Greeks 489–92, 500–9
hedging 91–3
Heston stochastic volatility model 143–9, 153–9,

432–7, 665–83
implementation issues 125–6, 137–66, 203–15,

219–41
jump-diffusion models 169–71, 184–5, 588–93
LRM 503–9
notation 107–9
ODEs 109–13, 119–25, 127–35
payoff functions 19–23, 278–9, 672–83
SDEs 107–9, 113–35, 137–66, 175–6, 322–3,

642–4
spread options 151–66
stability property 109–13, 128–9, 180–3
stiff systems 119–25, 183
uses 107, 489–92, 504–9
Whole-Part decomposition 245–79,

657–63
First-order Runga Kutta with Ito coefficient (FRKI),

concepts 13, 17–19, 22–3, 183, 187, 683
firstprivate 649–51, 658–63
Fischer kurtosis formula 84–93
Fishman’s method, concepts 77–9
fixed point theorems

see also algebraic. . .; Banach. . .; topological. . .
concepts 58–72
numerical methods 69–71
types 59, 62

fixed strike lookback options, definition 161
fixes, negative values 90–3
Flavell 241
floating strike lookback options, definition 161
floors 241, 422–4, 448–51, 667–83
flush construct, concepts 619, 629, 651
Flyweight design pattern

see also shared pointers
concepts 256, 357–61, 556–7

Fokker-Planck equation see Kolmogorov forward
equation
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foreign exchange markets 666–83
foresight bias, definition 522
fork calls, threads 625–6, 645–6
Fork/Join program structure pattern 628–35, 645–6
Fortran 563, 637–9
forward difference estimator, definition 490–1
forward start options

see also cliquet. . .
concepts 395

forward volatility surface 427–59
forwards 68
foundations of the Monte Carlo method 189–99
Fourier transform, concepts 143–4, 427, 437, 596,

608–15, 680–1
frameworks, Monte Carlo method 203–15
Fredholm SIEs

concepts 39, 62–3, 70
definition 39, 62–3

free boundary, smooth pasting conditions 92–3
FreeMemory 457
friend 333–4, 364–6
FRKI see First-order Runga Kutta with Ito

coefficient
FSR see Feedback Shift Register
FTCS scheme 245–79
Fubini’ Theorem, definition 45
FullArray 299–301
FullMatrix 299–301
fully truncated Euler scheme 434–5, 444–51,

668–83
func1 546–7
func22 546–7
Function library, Boost C++ library 374
function objects, concepts 290, 349, 374, 544–52,

561–2, 570
function pointers, concepts 544–52, 570
function signature, concepts 543–4
function spaces

see also functional analysis
concepts 38, 54–72, 544–52, 608–15
random variables 38, 608–15

function templates 281–318
Function Wizard, Excel 452, 455–7, 693–5
functional analysis

see also Fourier. . .; function spaces; Hilbert. . .
concepts 24–5, 374, 601, 608–15, 635
definition 608

FunctionClassThing 547–52
functions

concepts 24–5, 37–8, 54–72, 281–318, 329–31,
349, 374, 515–29, 544–52, 601, 608–15, 635

performance issues 543–59
template functions 94, 281, 286–94, 544–52

FunctionWrapper 305–6, 328–31, 544–52
futures 241

Galois fields 574–6
Gamma 78–9, 584–8
gamma

see also delta; Greeks
C++ 78–9, 91–3, 268–70
concepts 9–10, 91–3, 211–15, 268–70, 491–509,

663, 669–83
definition 9–10

gamma distribution
concepts 74, 75–9, 99–102, 441, 579, 581–2,

583–8, 594–9
definition 77
random number generators 579, 581–2, 583–8,

594–9
Gamma, Eric 255
gamma function

concepts 44–5, 75–9, 87, 97–8, 642–4
definition 75, 97

Gamma patterns see GOF class-level design
patterns

Gamma processes, concepts 74
Gang Of Four patterns see GOF. . .

GaussLegendreRule 612–15
GaussLobAdaptRule 612–15
GaussLobattoRule 612–15
Gaxpy operations 562, 642–4, 656
GBM see Geometric Brownian Motion
GBMRandomWalk 18–19, 139–40, 642–4
General Convergence Principle, concepts 173–6
Generalised Feedback Shift Register (GFSR) 574–6
GenerateCorrelationGaussian 463–5,

595–9
GenerateGammaVariates 594–9
GenerateGaussianVector 443–4, 534–9,

594–9
GenerateIGVariates 594–9
GeneratePoissonianVector 443–4, 594–9
generateUniformNumber 682
GenerateUniformsMatrix 594–9
GenerateUniformsVector 594–9
GenerateVariatesMatrix 594–9
GenerateVariatesVector 532–9, 589–99
generating polynomials 110–13, 277–8, 577–80,

615
generic composite structures

applications 314
concepts 310–14, 345–8
hierarchical data structures 345–8

generic duo-core processors, concepts 618–19, 646
generic functions

see also scalar. . .; vector. . .
concepts 544–52

generic programming 220, 257, 281–318, 345–8,
634

see also parametric polymorphism; template. . .
concepts 281–318, 634
definition 304–6
design patterns 306–10, 314, 634
OOP 281–6, 304–6, 634
Singleton pattern 307–10, 391

GenericC. . . 285–6, 311–14, 318, 346–8
GenericFunction 547–52
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Geometric 80
geometric averages

see also Asian options
concepts 160–2, 165–6, 401–12, 422–4,

681–2
Geometric Brownian Motion (GBM)

concepts 18–19, 54–5, 84, 90–3, 139–40,
147–66, 168–71, 207–15, 304–6, 399–425,
464–87, 518–19, 529, 535–9, 642–4, 667–83

critique 54–5
Geometric Decomposition pattern, concepts 221–2,

627–35
geometric distribution

C++ 80
concepts 79–80
definition 79–80

geometric interpretation, uniform distributions
196–8

German DAX index 427–41
get. . . 362, 398, 533–9, 706
GetDates 381–94
GetFactory 303–6
GetFDM 659–63
GetIDOfNames 696
GetInstrumentFactory 250–5
GetNoOfU 583–5
getNormal 6–8, 17–19, 21–3, 273–6, 643–4
GetProduct 237–9
GetRandomNumber 573–4, 575–6, 595–9,

670–83
GetSpotValues 381–94
GetTypeInfo. . . 696
getUniform 5–8, 273–6
GFSR see Generalised Feedback Shift Register
GKM1 method 586–7
GOF class-level design patterns

see also Behavioural. . .; Creational. . .;
Structural. . .

C++ 243–79, 281–318
concepts 126, 138, 205–15, 217, 219–20, 223,

227–9, 237, 239, 241, 243–79, 281–318,
367–8, 380–94, 552, 556–7, 627–35

critique 257
historical background 255–6
instrument hierarchy 380–94
OOP 306–10, 634
overview 255–66
performance issues 552, 556–7
POSA evolution 257
selection issues 244–55
template classes 306–10
types 243–79

the Golden ratio 57, 566
Gragg’s formula, concepts 122–3
Gray Code 577–8
the Greeks 9–10, 26, 91–3, 157–9, 211–15, 375–6,

489–509, 663
see also delta; gamma; rho; sensitivities; theta;

vega

Asian options 501–9
concepts 9–10, 489–509, 663
FDM 489, 500–9
LRM 489, 497–509
Monte Carlo method 489–509
multi-asset options 500–9
OpenMP 663
path-dependent options 500–9
PWM 489, 492–7, 500–9

Gregorian 372
Gronwall’s inequality

concepts 45–6
definitions 45–6

GSL 320
GUI controls 310–14, 368
guided schedule, OpenMP 656–7
Gustafson-Barsis law, parallel programming

concepts 623–5

h files 455–7, 492, 699, 701, 704–5
Haken applications 267–8
Halton sequence, concepts 197–9, 576, 579
hazard functions 100–2, 104–5
heap 145, 270, 301–6, 350, 353–61, 625–35,

638–44
see also Builder pattern

HeapFactory 302–6
heap sort 350–1
hedge sensitivities see sensitivities
hedging 91–3, 207–15, 379, 402, 462–87

CEV models 91–3
FDM 91–3

Hermite polynomials, concepts 134–5, 371, 516,
609–10

Heston. . . 455–7, 611–15, 668–83
Heston model with jumps (HSVJ) see Bates

stochastic volatility model
Heston PDE 84, 680–1
Heston SDE 117, 153–9, 258–62, 267, 305–10,

356–7, 369–70, 399–401, 427, 432–4, 435–41,
665–83

Heston stochastic volatility model 54, 84, 102–3,
117, 126, 132, 137–8, 145, 153–9, 166,
258–62, 267, 305–10, 356–7, 369–70,
397–401, 427, 429–41, 443–51, 455–7, 480–7,
503, 609–15, 665–83

bias free simulation scheme 441
C++ 153–9, 166, 267, 305–10, 356–7, 369–70,

397–401, 480–7, 610–15, 665–83
case study of schemes for the Heston model

665–83
concepts 153–9, 258–62, 305–10, 356–7,

369–70, 427, 429–41, 443–51, 455–7, 480–7,
503, 610–15, 665–83

critique 665–83
discretisation of spot price process 436–7,

666–83
discretisation of variance process 436–7, 666–83
distributions 430–2, 442
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Heston stochastic volatility model (cont.)
Euler method 143–9, 432–7, 665–83
FDM 143–9, 153–9, 432–7, 665–83
implementation issues 432–4, 437–41, 455–7,

610–15, 665–83
lessons learned 678–9
Monte Carlo method 432–41, 665–83
multi-asset options 480–7
parameters 679
paths 432, 435
performance issues 665–83
QE scheme 117, 399–401, 427, 432–4, 435–41,

443–51, 458–9, 481–7, 665–83
results 675–83
SDE 153–9, 258–62, 267, 305–10, 356–7,

369–70, 429–41, 665–83
test scenarios 665–83

HestonNamespace 157–9
HestonSDE 259–62
HestonStruct 259–62, 309–10, 356–7, 369–70
heterogeneous data modelling 361–7, 375, 386–94,

465–87
Boost C++ library 361–7, 375, 387

Heun finite-difference scheme, concepts 16–19
hierarchy of classes 10–19, 22–3, 187–8, 209–15,

229–41, 305–18, 345–8, 379–94, 402–5
high peaks

see also kurtosis; skewness
concepts 84–93, 168–71

Hilbert spaces
concepts 608–15
definition 609

Himalaya options
see also mountain range options
concepts 475, 480–7
definition 480

hit-or-miss Monte Carlo method, concepts 221–2,
263–5

HitorMissMonteCarlo 264–5
Hölder’s Inequality, definition 47
homogeneous/heterogeneous data modelling, Boost

C++ library 361–7, 375, 387
hook functions, concepts 272–6
Horner’s method 278
hot spots 214–15
Householder algorithm, concepts 606–7
hpp files 398, 690, 694, 697–9, 704–6
hqr2 606–7
HRESULT 687–709
Hull-White interest-rate model 229–34, 240
human error 166
HWSde 230
hybrids, equity interest rate hybrids 482–7
hyperbolic PDEs 81–4

IBM 360 295
icdf 583–5, 587–8
IDerivative 219–20
IDispatch 686–709

IDTExensibility 686–709
implicit Euler method 117, 121–2, 129, 132, 142–3,

154–9, 174–6, 246, 665–83
see also finite-difference method

implicit Milstein finite-difference scheme
see also Milstein. . .

concepts 118, 154–9, 183, 187, 665–83
definition 118
Heston stochastic volatility model 154, 156–9,

665–83
implicit strong Taylor approximations, concepts 183
ImplicitMilstein 669–83
implied volatility

see also volatility smiles
concepts 84–93, 427–59, 496–509

Importance Sampling
see also Variance Reduction Methods
barrier options 415–18, 425
concepts 395, 415–18, 425

improper Riemann integral, concepts 48
in-the-money options (ITM) 522–5
inclusion polymorphism see subtype (inclusion)

polymorphism
incremental parallelism, concepts 646
independent events

concepts 32–4
definition 32

index sets, concepts 59
indicator functions, definition 41–2
induction 57
inequalities between functions, concepts 45–6
Information Hiding principle, concepts 222–41,

334, 391
inheritance techniques 219–41, 243–79, 281–318,

331–4, 380–94, 539, 543, 558–9, 569
see also object-oriented programming
performance issues 558–9, 569
template classes 282–6, 558–9, 569

inhomogeneous forcing term, concepts 2–3
initial value problems (IVPs) 2–3, 25–6, 71,

109–13, 122–5, 128–9, 174–6
initialiseData 357
InitSeed 296–301, 316–18
Initv 579–80
inline 454, 553–4, 594–5
inlining processes 454, 553–4
inner classes, nested templates 287–9
Insert 333–4, 337, 343–5
Instance 457
Instrument 380–94
InstrumentData 248–55
InstrumentFactory 248–55, 380–94
instruments

see also futures; option. . .; swaps
concepts 379–94, 395–425, 665–83
hierarchy 379–83, 402–5
types 380, 666–7

Instrument type 381–94
integrated series variant of the DCT, definition 44–5
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integration
concepts 38–45
historical background 38–9

Integratorimp 613–15
Inter Process Communication (IPC), concepts

228–9, 625–35
interest rates 8–9, 26, 84–93, 129–30, 153–66, 207,

244–79, 379, 430–41, 455–7, 483–7, 657–63
see also rho
risk-free rates 84–93, 396–425, 433–41, 461–5,

666–83
stochastic interest rates 482–7

interest-rate futures 241
interest-rate modelling 24, 54–5, 83–4, 207, 220,

229–41, 379, 483–7, 667
C++ 229–41
CIR 83–4, 229–34, 240, 267, 538–9
Hull-White interest-rate model 229–34, 240
LMM 24, 220
Merton interest-rate model 229–34, 240,

397–401, 432, 591–3
Vasicek interest-rate model 229–34, 240, 486,

487
interest-rate options 241
Interface Generator 452–4
interfaces

ATL 686–93
Automation add-ins 241, 685–6, 695–709
concepts 301–18, 686–93

interpolation schemes, concepts 132–3, 241, 707
Interpreter design pattern, concepts 239, 257
Intersects 333–4
Interval arithmetic library, Boost C++ library 374
invasive approach, STL algorithms 331
inverse transform method

concepts 74–5, 581–2
random number generators 581–2

InverseCumulativeNormal 671–83
Invert 520–9, 607–8
Invoke 695–6
iostream 369–71, 373, 565–6
IPC see Inter Process Communication
IPersist. . . 686–709
IrSde 230–41
IrSdeAbstractFactory 235–41
IrSdeFactory 230–41
Isoefficiency metric, parallel programming concepts

623–5
iterated integrals, concepts 45
iteration (successive) approximation procedure

see also algebraic (constructive) fixed point
theorems

concepts 59, 62, 66–8, 70–1
Iterator design pattern, concepts 256
ITM see in-the-money options
Ito Formula

concepts 59, 64–6, 68–9, 72, 139–40
definition 68

Ito stochastic integral

see also stochastic. . .
concepts 4, 22–3, 31, 38–9, 41–2, 45, 54–5, 59,

68–9, 109, 113
definition 38–9, 41–2
historical background 38–9

Ito-Doobs SIEs, concepts 64–6
Ito-isometry 485–6
Ito-Taylor scheme, concepts 182–3, 187
IUnknown 686–709
IVPs see initial value problems

Jacobian matrix 121, 516
Jensen’s Inequality

see also convex functions
concepts 46
definition 46

Jöhnk’s method, concepts 75, 77–9
joint cdf, concepts 37–8
joint pdf, concepts 37–8
Joshi, Mark 452–3
jump measures, concepts 592–3
jump-diffusion models

see also Brownian. . .; Poisson. . .

concepts 84, 167, 168–71, 184–5, 588–93, 598
FDM 169–71, 588–93
stimulations 593

jumps
see also Bates stochastic volatility model;

Poisson. . .

concepts 51, 55, 75, 167, 168–71, 184–5, 277,
427, 533–9, 588–93

k-step method, concepts 109–13
Kakutani’s fixed point theorem, concepts 58
kappa see vega
Karhunen-Loéve expansion, concepts 143–4, 209,

631–5
Karp-Flatt metric, parallel programming concepts

623–5
Kirk approximation formula 466–8
Kloeden, P.E. 53–4, 109, 113, 118, 125, 126,

129–30, 139–43, 167, 181–6, 294–5
knock-in options 160, 413–18

see also barrier. . .
knock-out options 160, 413–18

see also barrier. . .
KnownExpectation 407–11
Koksma-Hwlaka inequality

concepts 195–9
definition 195

Kolmogorov backward equation, definition 81
Kolmogorov forward equation 40–1, 59, 80–1

concepts 80–1
Kronecker delta, concepts 134–5, 503,

609–10
kurtosis

see also fat tails; high peaks; skewness
concepts 84–93, 101–2, 104–5
definition 84–5
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L2-basis 609
lagged Fibonacci random number generators 8, 108,

565–6, 597–8
Laguerre polynomials 609–10, 615
lambda 104–5, 367, 374, 414–15, 589–90,

655–6
Lambda library, Boost C++ library

367, 374
Lampson, Butler 281
Langevin SDE, concepts 80–1
Laplace distribution, concepts 85
Last In First Out data structures (LIFO), concepts

266
lastprivate 649–51
law of large numbers

concepts 189, 190–9
definition 190–1

Lax Equivalence Theorem, concepts 174–5
Layers pattern, concepts 258, 266–7
LCGClient 296–301
LCGs see linear congruential pseudo-random

number generators
LCG traits 295–301, 316–18
LCM see Lifetime Systems and Models
leapfrog finite-difference scheme 110, 129
least squares regression 511–29, 607–15
Lebesgue integral

applications 43–5
concepts 4, 38–9, 41–2, 43–5, 46–7, 48, 54–5,

492–3
convergence theorems 43–5, 492–3

Legendre polynomials, concepts 134–5, 455–7,
516–17, 609–10, 612–15

leptokurtic distributions, concepts 85–93, 168–71
Levy stochastic processes

concepts 55, 74, 171–2, 207–15, 304–6, 504,
531–9

definition 171–2
LFBGS 679
Libor Market Model (LMM), concepts 24, 220
libraries 36–7, 214–15, 254, 266, 294, 298, 320,

562–8, 617, 637–63
see also Boost. . .; Excel Visualiser; OpenMP;

Standard Template. . .
Lifetime Systems and Models (LCM), concepts 204
LIFO see Last In First Out data structures
Likelihood Ratio Method (LRM)

concepts 489, 497–509
critique 506
definition 497–8
FDM 503–9
the Greeks 489, 497–509
Proxy Simulation Scheme 503–9

limits 298–301, 316, 492
Lindberg-Feller Central Limit Theorem, concepts

192–3
linear congruential pseudo-random number

generators (LCGs), concepts 294–301,
316–18, 571, 572–4, 593–4, 597

linear least squares regression 511–29, 607–15
basis functions 516–29
concepts 516–21, 607–15
errors 521–5

Lipschitz continuous functions
see also contraction
concepts 57–60, 71, 170–1
definition 58

list 364–5, 558–9
LMM see Libor Market Model
load imbalance, concepts 652–3
Lobatto Quadrature 612–15
LocalCap 423–4, 674–83
LocalFloor 423–4, 674–83
locality of data, concepts 618–19
log 414–15, 671–83
logarithmic returns, critique 427–9, 498
Logical Design, concepts 218–41
lognormal distributions

concepts 74, 79, 84–93, 427–9, 591–3
types 74

Longstaff and Schwartz method 511, 516–29,
601–15

lookback options
approximation formulae 420–1
concepts 160–2, 395, 411–12, 418–22
definition 161, 411–12, 418–19
numerical results 421–2
payoffs 418–22
types 161, 411–12, 418–19

LookbackOption 420–2
lookup tables 93–6
Loop parallelism program structure pattern 628–35,

646–63
loop-level optimisation, concepts 621–2, 637–63
loops

concepts 148–53, 159, 552, 621–35, 637–63
empty loops 661
fission/fusion techniques 639–40
interchange technique 638–9
Monte Carlo method 642–4
nested loop optimisation 654–6
OpenMP 646–63
performance issues 552, 615, 621–35, 637–63
scheduling in OpenMP 656–7
tiling/blocking techniques 641–2, 654–6
unrolling/unwinding techniques 640–1

low discrepancy numbers, Quasi Monte Carlo
simulation 195–9

lower-case/upper-case conversions, strings 345,
349

lower-diagonal matrices 299–301
LPDISPATCH 691–5, 700–9
LPSTR 688–709
LPXLOPER 456–7
LRM see Likelihood Ratio Method
Lyapunov exponents

concepts 123–5
definition 123–5
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m-dimensional Bessel process, definition 73–4
magic numbers 248, 294–5, 561–2
main 244–79, 288–91, 303–6, 335, 337–8, 344–5,

355, 362–73, 381–3, 463–5, 514–16, 551–2,
556–8, 565–8, 620–1, 708–9

maintainability issues in software design 125–6,
211–12, 220, 277, 334, 634

make tuple 362, 375
Malliavin calculus 497, 503, 511

see also Likelihood Ratio. . .

MANAGED 698–709
Management Information Systems (MIS), concepts

204–15, 223–41, 629–35
Manufacturing Systems (MAN)

see also Builder pattern
concepts 204–15, 223–41, 629–35

map 289, 320–3, 331–4, 345–8, 383–94, 697–709
mapping patterns 53, 63–4, 281–318, 402–5
marginal cdf, concepts 37–8
Market Model Systems

see also stochastic differential equations
concepts 207–15, 630–5

Markov processes
see also Brownian motion
concepts 4, 54–5, 75

martcorrection 398–425, 433–41
Martingale 520, 527
martingale correction, definition 535–6
martingales 190–9, 398–425, 433–41, 443–4, 459,

462–87, 518–20, 525–9, 533–9, 682
concepts 190–9
definition 190

Master/Worker program structure pattern 628–35
math 36–7, 130
Mathematica 87
mathematics

concepts 31–52, 53–72, 107, 138–43, 189–99,
601–15, 697

SDEs 53, 55–72, 107
tools 69–71, 107, 126, 138–43, 601–15, 697

Matlab 87
matrices 93–6, 121, 145–6, 221, 274–6, 288–9, 290,

299–301, 317–18, 319–23, 324–31, 389–94,
400–1, 452–4, 462–87, 514–29, 554, 561–2,
579, 595–9, 601–15, 637–44, 654–63, 697–709

see also vectors
Cholesky decomposition 140, 144–6, 214–15,

376, 485–7, 518, 595–6, 601–15, 637–44
compile-time factors 327–31
concepts 93–6, 145–6, 221, 288–9, 290, 299–301,

317–18, 319–23, 324–31, 371, 400–1, 554,
561–2, 601–15, 637–44, 654–63, 697–709

definition 327–31
eigenvalues/eigenvectors 601–15, 697
inversion 517–18, 601–15
mathematical background 601–15
multiplication code 327–8, 517–18, 561–2,

601–15, 662–3
performance issues 638–44

SDE/C++ mapping 328–31
singular value decomposition 601, 607–15
spectral decomposition 140, 601, 603–15
uBLAS (linear algebra) library 371, 376
uses 319–23, 324–31, 400–1, 561–2

Matrix 299–301, 327–31, 371, 601–15
matrix algebra 299–301, 317–18, 517–18, 601–15,

642–4
matrix-valued functions, concepts 37–8, 329–31,

544–52
MatrixMultiplication 562
MatrixVectorSpace 327–31
maturity 398–425, 433–41
maxbit numbers 576–80
MaxIndex, concepts 320–3, 325–31, 339, 417–18,

435–41, 463–5, 479–80, 591–3, 643–4, 656–63
MC see Monte Carlo. . .

MCBlackScholes 397–425
MCBlackScholesMulti 397–425, 462–5
MCEngine 237–9, 375–6, 631–3, 635
MCEulerFull 434–5
MCExactGeoBrownian 399–425
MCExactGeoBrownianMulti 464–87
MCHeston 397–401, 433–41
MCJumps 443–4
MCMediator 19–23
MCMerton 397–401
MCModel 396–425
MCMonteCarlo 396–425
mc myset asian. . . 404–12
mc myset multi 463–87
MCNigScheme 533–9
MCNumberGen 595–9
mcprice. . . 400–1, 404–25
mcprice2. . . 400–1, 404–25
MCQE 437–41
MCSampleScheme 396–425
MCSim 658–63
MCT see Monotone Convergence Theorem
mean

concepts 35–8, 49–50, 71–2, 77–9, 84–93,
101–2, 114–17, 221–2, 263–5

definition 35, 49–50
mean error, definition 116–17
mean reversion 147–53, 154–66, 455–7, 666–83
mean-square convergence

concepts 50, 170–1, 180–3, 185
definition 50

MeanMixture 399–401
MeanVarianceMixtureModels 539
measurable functions, concepts 39–41, 49–50
measurable spaces, concepts 39–41
measure theory, concepts 31, 32–4, 38–41, 63–4
median 104–5
Mediator design pattern 10–11, 19–23, 206–15,

222–41, 257, 279, 657–63, 708–9
concepts 257, 279, 657–63
OpenMP 657–63

Memento design pattern, concepts 257
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memory 270, 319, 353–61, 617–35, 646–63
see also heap; multi-threaded programming;

stack
cache 618–19, 638–44, 651
consistency problems 618–19, 651
distributed memory models 617–19, 629
errors 270, 353–61
leaks 270, 353–61
page tables 618–35
shared memory models 617–19, 629–35,

637–63
utilisation issues 646
virtual memory 618–35

memory fence, concepts 629
merge sort 350–1
merging algorithms 211–15
Mersenne-Twister random number generator,

concepts 8, 25, 108, 191, 206–15, 238–9,
272–6, 297, 376, 400–12, 464–5, 565–6,
574–6, 579–80, 589–96, 672–83

MersenneTwister 575–6, 589–93, 672–83
Merton interest-rate model 229–34, 240, 397–401,

432, 591–3
Merton, Robert 168

see also jump-diffusion models
MertonFactory 230
MertonSde 230, 235–41
MertonSdeFactory 234
mesh 642–4
mesh points

concepts 9, 14–19, 67–8, 105, 107–35, 139–66,
174–6, 180–3, 210–15, 238–9, 252–79, 318,
322–3, 338–9, 630–5, 642–4

date classes 338–9
definition 107–8

mesokurtic distributions, concepts 85–93
Message Passing Interface (MPI), concepts 256–7,

617–19, 629–35
metamodels

see also domain architectures
concepts 204–15, 223–4

metric spaces
see also distance function
concepts 47, 53–72, 608–15
definitions 55, 57

Microsoft IDE 693–5
Microsoft random number generator rand s

186–7, 316–18
Milstein 668–83
Milstein finite-difference scheme

see also Euler. . .
concepts 13, 16–19, 22–3, 90, 117–18, 131,

132–3, 154–9, 181–3, 187, 240, 665–83
Heston stochastic volatility model 154–9, 665–83

min/max options
see also multi-asset options
concepts 462, 466, 471–87
definition 471–2
payoffs 471–87

MinIndex, concepts 320–3, 325–31, 339, 417–18,
435–41, 463–5, 479–80, 591–3, 643–4,
656–63

Minkowski’s Inequality, definition 47–8
MIS see Management Information Systems
mode 101–2, 104–5
model problems 110–11, 119–20, 126
Model-View-Control pattern (MVC), concepts

227–41
modular systems 138, 220
mollifiers, concepts 167, 176–7, 185–6, 507–8
moment-matched Euler scheme 459
moneyness issues 428–34, 522
Monotone Convergence Theorem (MCT), definition

43, 45
Monte Carlo application, one-factor problems 1–25,

107, 209–15, 219–20, 245–79, 323, 388–94,
397–425, 437–41, 629–35, 642–4, 657–63,
708–9

Monte Carlo estimator, concepts 189–99
Monte Carlo method

see also Pricing, Hedge and Risk Systems
architectures 203–15, 217–41
CEV models 87–93, 188
class diagrams 11, 237–9
concepts 1–27, 56, 73–96, 126, 137–66, 167–88,

189–99, 203–15, 217–41, 245–79, 308–18,
319–51, 379–94, 395–425, 432–41, 459,
489–509, 524–9, 532–9, 629–35, 637–8,
657–63, 685–709

critique 24–5, 177–9
data structures 319–51
definition 2, 8–9, 189
essence 2, 8–9, 189
Excel 685–709
foundations 189–99
frameworks 203–15
the Greeks 489–509
Heston stochastic volatility model 432–41,

665–83
hierarchy of classes 10–19, 22–3, 187–8, 209–15,

229–41, 379–94, 402–5
hit-or-miss Monte Carlo method 221–2, 263–5
instruments and payoffs 379–94
introduction 1–27
loop optimisation 642–4, 654–6
Market Model Systems 207–15, 630–5
mathematical concepts 31–52, 189–99, 697
multi-asset options 461–87
multi-threaded programming 629–35, 637–8,

657–63
Numerical Simulator Systems 207, 209–15,

630–5
OpenMP 637–8, 657–63
options pricing calculations 1–2, 8–9, 19–23,

137–66, 167–88, 207–15, 219–41, 395–425,
657–63

overview 1–2, 8–11
PAC model 278–9
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path-dependent options 160–2, 395–425, 478–87,
500–9, 672–83

paths for the one-factor option example 10–19,
22–3, 187–8, 209–15, 388–94, 397–425,
437–41, 629–35, 642–4, 657–63, 708–9

Pricing, Hedge and Risk Systems 207, 211–15
problems 24–5, 177–9
Quasi Monte Carlo simulation 189, 194–9
sample mean Monte Carlo 221–2, 263–5
simple version 1–2, 8–9, 396–401
smart pointers 361
software architectures 207–15, 217–41
steps for pricing one-factor options 1–2, 8–9,

396–401, 657–63
tips for improving performance 568–9
weighted Monte Carlo method 263–5

MonteCarloPath Pricing 514–29
MonteCarloPath Regression 514–29
motivating random (stochastic) processes 59
mountain range options

see also Altiplano. . .; Atlas. . .; Himalaya. . .
concepts 466, 475–87
definition 475
payoffs 475–87
types 475, 478–80

MPI see Message Passing Interface
MSSecureRandGenerator 17–19, 20–3
MT see Mersenne-Twister random number

generator
multi-asset options

see also basket. . .; min/max. . .; mountain
range. . .; quanto. . .; spread. . .

Black-Scholes model 461–87
concepts 461–87, 500–9
definition 461
the Greeks 500–9
Heston stochastic volatility model 480–7
implementation issues 461–87
modelling 461–5
Monte Carlo method 461–87
payoffs 383, 388–9, 461–87
types 466–80

multi-dimensional NIG 536–8
multi-dimensional VG 536–8
multi-factor models 1, 53–72, 107–35, 137–66,

304–6, 328–31, 388–94, 397–425, 461–87
multi-threaded programming

see also parallel programming; threads
algorithm structures 627–8
application lifecycles 627–9
C++ 617–35, 637–63
collective communications 629–35
concepts 374, 376, 559, 562, 617–35, 637–63
decomposition issues 627–35, 637–63
definition 617
examples 621–2
implementation mechanisms 628–9, 637–63
model architectures 629–33
Monte Carlo methods 629–35, 637–8, 657–63

OpenMP 241, 376, 617–35, 637–63
performance issues 559, 562, 617–35, 644–63
shared memory models 617–19, 629–35, 637–63
speedup factors 623–5, 634, 644–63
suitable applications 626–7, 644–63
supporting structures/models/patterns 628
units of execution 626, 628–35
uses 617, 637–63

multi array 563–4
MultiFactorNonPathDependent 389–94
MultiFactorPathDependent 389–94
multimap 349
multiple random variables, concepts 37–8
multiplication code, matrices 327–8, 517–18,

561–2, 601–15, 662–3
multiplicative and additive noise, stability property

of the FDM 180–3
multistep scheme 112–13
multivariate transform method, concepts 75
mutually exclusive events, concepts 32–4, 626,

629–35
MVC see Model-View-Control pattern
MyClass 551–2
myclock 465, 551–2
MyCollection. . . 291–4
MyContainers 453–4
MyRandom 565–6
myset 385–94, 404–25, 561–2

n-factor SDEs 54–72, 140–66, 179, 304–6, 328–31,
462–5, 642–4

n-variate normal distribution, concepts 38
name-value pairs, concepts 365–6
namespace uses 88–93, 126, 157–9, 187–8, 246–55,

269–70, 335–9, 344–5, 455–7, 562, 563–4, 651
near boundaries 91–3
Neave effect, random number generators 25, 146,

198
negative values, fixes 90–3
Nelder-Mead-Powell method 679
nested loop optimisation, OpenMP 654–6
nested templates, concepts 287–9
neutron transport problem 222
new 353–61
Newton-Raphson method, concepts 23, 70, 118,

183, 665–83
NFactorModel 397–401, 462–5
NIG see Normal Inverse Gaussian dynamic
nigsubordinator 533–9
NIG 532–9
no-arbitrage theory, concepts 189–90
non-anticipating processes, concepts 190
non-uniform mesh, definition 107
noncentral Chi-squared distribution 86–7,

104–5
noninvasive approach, STL algorithms

331
nonlinear solvers 23–4, 61–2, 69–72,

117–26
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NoOfBatches 404–12, 465
NoOfPaths 404–12, 465
normal (Gaussian) distributions

concepts 38, 84–93, 99–102, 115–17, 168–71,
416–18, 427–9, 435–41, 443–4, 455–7, 485,
531–9, 579, 583, 594–9, 670–83

random number generators 579, 583, 594–9,
643–4, 670–83

Normal Inverse Gaussian dynamic (NIG)
concepts 379, 397–401, 531–9
multi-dimensional case 536–8

Normal Mean Variance Mixture models
see also Normal Inverse Gaussian. . .; Variance

Gamma. . .
C++ 532–9
concepts 531–9
multi-dimensional cases 536–8

normal random number generators, concepts 4–8,
17–19, 20–3, 26, 233–4, 237–9, 272–7, 643–4

NormalD 593
NormalGenerator 6–8, 17–19, 20–3, 233–4,

274–6, 375–6, 643–4
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concepts 47, 49, 57, 64, 608–15
definition 47, 49

Notifications patterns
see also Behavioural. . .
concepts 257

nowait 653
nowait clause, OpenMP 653
npos 344–5
NSIM 20–3, 113–17, 126, 132, 148–53, 159, 166,

179, 321–3, 517–18, 551–2, 564, 658–60,
671–83, 708–9

NumberOfAssets 514–29
NumberOfDates 514–29
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NumberOfExerciseDates 514–29
NumberOfPaths 514–29
NumberOfPricingPaths 514–29
NumberOfRegPaths 514–29
NumberOfRegressors 513–29
NumberOfUniforms 584–8
numerical methods

see also finite-difference. . .; Monte Carlo. . .

advanced finance models 167–88
case study of schemes for the Heston model

665–83
CEV 86–7, 188
concepts 9–10, 24–5, 66–8, 69–71, 86–7,

107–35, 138–66, 167–88, 262–5, 665–83
fixed point theorems 69–71
lessons learned 678–9
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SIE approximations 66–8

numerical quadrature method, concepts 66–8, 134,
262–5, 455–7, 612–15

Numerical Simulator Systems

see also finite-difference method
concepts 207, 209–15, 630–5

numeric limits 298–301, 316, 492
NumericMatrix 274–6, 320–3, 389–94, 452–4,

462–87, 514–29, 561–2, 579, 595–9, 601–15,
662–3, 705–9

NumIntegrator 263–5, 613–15

object construction, performance issues 554–7
object design patterns

see also design patterns; GOF. . .

concepts 203–15, 219–20, 239–40, 243–79
object lifecycle, concepts 255–6, 266–7, 375–6
object-oriented programming (OOP) 126, 138,

147–8, 159, 188, 217, 220, 257, 262–5,
281–318, 375–6, 379–94, 558–9, 634, 679

see also abstraction. . .; composition. . .;
encapsulation. . .; inheritance. . .;
polymorphism. . .

concepts 281–318, 558–9, 634, 679
definition 304–6
design patterns 306–10, 634
generic programming models 281–6, 304–6, 634

ObjectManager 302–6
Observer design pattern, concepts 257, 367–8
ODEs see ordinary differential equations
omp 621–2, 645–6, 647–63
omp set num threads 648–51
OnAddInsUpdate 691–709
OnBeginShutdown 701–9
OnConnection 691–5, 700–9
OnDisconnection 691–709
one-dimensional Brownian motion 73–4
one-dimensional Ito Formula, definition 68
one-dimensional random processes, concepts 59–62
one-factor problems 1–25, 53–5, 68, 107, 117–26,

179–83, 219–20, 245–79, 323, 388–94,
397–425, 437–41, 629–35, 642–4, 657–63,
708–9

one-step marching schemes
concepts 117–26, 154–9, 181–3
definition 117

OneFactorModel 397–425, 437–41, 532–9
OneFactorNonPathDependent

389–94
OneFactorPathDependent 389–94
OneFactorSDE 11–19, 20–3, 209–15, 323,

657–63
OneFactorSDEVisitor 11–19, 209–15
OnStartupComplete 691–709
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concepts 241, 376, 617–35, 637–63
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critical sections 648–51
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the Greeks 663
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main features 644
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Monte Carlo method 637–8, 657–63
nested loop optimisation 654–6
nowait clause 653
overview 644
parallel regions 644, 651–3
performance benefits 637–63
pragmas 621–2, 644–63, 698–704
reduction operations 649–51
scheduling 656–7, 660–3
section constructs 652–3, 663
sequential (serial) programming 644–6
shared memory models 646–63
threadprivate directive 650–1
threads 644–63
work-sharing constructs 651–7

operator 325–31, 333–4, 393–4, 413–18, 423,
496–509
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operator overloading, concepts 325–31, 342–3,

371–2, 548–52, 560–2, 565–6
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see also early exercise
approximations 519–20
concepts 511–29

optimisation issues 26–7, 125–6, 152–3, 163–4,
206–15, 220, 243–79, 290, 324, 334, 543–70,
621–35, 637–44
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Option 380–94, 402–25
OptionData 19–23, 26, 88–93, 164–5, 246–79,

663
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OptionPrice Upper 514–29
options 1–27, 73–105, 126, 137–66, 207–15, 241,

245–79, 305–18, 379–94, 395–425, 429–41,
461–87, 511–29, 601–15
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395–425, 461–87, 535–9
options pricing 137–66, 167–88, 207–15, 219–41,

245–79, 305–18, 379–94, 395–425, 429–41,
511–29, 539, 601–15, 642–4, 657–63

concepts 395–425, 511–29
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Option Strike 385–94
OptionType 381–3, 403–25
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OptStopRule 519–20
OptValues Current 527–9
order of accuracy, concepts 111–17
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concepts 2–3, 24–5, 70–1, 109–13, 174–5, 326
definition 2–3
discrete-time approximation foundations 109–13

FDM 109–13, 119–25, 127–35
solution 109–13
stiff ODEs 119–25

Ornstein-Uhlenbeck process, concepts 86
orthes 606–7
orthogonal polynomials 127–8, 134, 516–29,

609–10, 615
Oseledets’ Multiplicative Ergodic Theorem 125
ostream 621–2, 648–51
outcomes of experiments, concepts 31–4
outer classes, nested templates 287–9
overloaded classes 325–31, 342–3, 371–2, 550–2,

561–2, 565–6
overloaded functions 100–2, 548–52, 565–6

PAC see Presentation-Abstraction-Control models
Padé approximants 569
page tables, concepts 618–35
pair 361–2
Par 440–1
parabolic PDEs 81–4, 246–79

see also Kolmogorov. . .

ParabolicPde 246–65
ParaDFunction 529, 612–15
parallel 645–63
parallel programming 10, 559, 562, 617, 619–35,

637–63
see also multi-threaded. . .

concepts 559, 562, 617, 619–35, 637–63
definition 622
efficiency issues 624–5, 644–63
embarrassingly parallel applications 652
OpenMP 241, 376, 617–35, 637–63
performance issues 559, 562, 623–5, 644–63
SPMD 628–35, 651–3
suitable applications 626–7, 644–63
tests 646

parallel regions, concepts 644, 651–3
parameters

Heston stochastic volatility model 679
sets 59

parametric polymorphism 281, 304–18, 543, 550–2
see also generic programming

Park-Miller random generator 672
partial differential equations (PDEs)

see also Black-Scholes. . .; Kolmogorov. . .

concepts 73, 80–4, 172–6, 221, 244–79, 326,
489, 654–6, 680–1

SDEs 81–4
partial template specialisation, concepts 290–1
partial sort 350–1
particular integrals, concepts 119–25
path-dependent options 1, 26–7, 126, 160–2,

209–15, 383, 386, 388–94, 395–425, 448–9,
478–87, 500–9, 672–83

see also Asian. . .; barrier. . .; lookback. . .

the Greeks 500–9
Monte Carlo method 160–2, 395–425, 478–87,

500–9, 672–83
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path-dependent options (cont.)
payoffs 383, 386, 388–94, 395–425, 448–9,

478–87, 500–9, 672–83
types 160–1

path-generation algorithm, concepts 8–9, 17–19,
139–40, 630–5

paths
see also ensemble; sample function
Bates stochastic volatility model 442
definition 59
Heston stochastic volatility model 432, 435

paths for the one-factor option example, Monte
Carlo method 10–19, 22–3, 187–8, 209–15,
388–94, 397–425, 629–35, 657–63, 708–9

pathwise approximations, concepts 109–13, 489,
492–7, 504–9

Pathwise Method (PWM)
C++ 494–7
concepts 489, 492–7, 500–9
critique 506
definition 492–3
the Greeks 489, 492–7, 500–9

pattern languages, concepts 271
PayOff 385–94, 396–425, 440–1, 448–51,

464–87, 495–509, 657–63
payoff classes 362, 383–94, 395–425, 465–6, 486,

657–63
PayOff Altiplano 389–94, 478–87
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PayOff Basket 389–94, 470–87
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PayOffCliquet 423–4
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PayOff Digital 389–94, 448–51
PayOffFactory 390–4, 404–25, 464–5
PayOffFunction. . . 672–83
PayOff Himalaya 486
PayOffOption Properties 385–94
PayOffPtr 400–12
payoffs

Abstract Factory pattern 389–94, 494–509
Asian options 389–94, 401–12, 424, 674–83
barrier options 389–94, 411–18, 681–2
base classes 388–91
basket options 386–94, 461, 462–6, 469–87
C++ modelling 383–94, 395–425
cliquet options 422–4, 446, 448–51, 674–83
concept 19–23, 278–9, 375–6, 379–94, 395–425,

440–1, 489–509, 665–83
exotic options 388–94, 666–83
extensions 386
lookback options 418–22
min/max options 471–87
mountain range options 475–87
multi-asset options 383, 388–94, 461–87
non path-dependent options 388–94, 672–83

path-dependent options 383, 386, 388–94,
395–425, 448–9, 478–87, 500–9, 672–83

quanto options 468–9
spread options 389–94, 461, 466–9
stochastic volatility models 383, 665–83

PayOff Spread 389–94, 467–9, 471–87
PayOff Value 413–18, 495–509
PayPathDependent 389–94
PBDs see policy-based designs
PCS see Process Control Systems
PDEs see partial differential equations
pdf see probability density function
Pearson kurtosis formula 84–93
pentagonal band matrices 299–301
performance issues 10, 21–3, 26–7, 125–6, 163–4,

187, 206–15, 220, 239–40, 277, 290, 306, 324,
334, 394, 543–70, 621–35, 637–44

Boost C++ library 543, 562–8
bottlenecks 552–9, 562
case study of numerical schemes for the Heston

model 665–83
casting features 543, 554
concepts 543–70, 637–44
Creational Patterns 556–7
design patterns 552, 556–7
exception handling 543, 557–8
functions 543–59
Heston stochastic volatility model 665–83
inheritance techniques 558–9, 569
inlining processes 553–4
load imbalance 652–3
loops 15, 552, 621–35, 637–63
multi-threaded programming 559, 562, 617–35,

644–63
object construction 554–7
OpenMP benefits 637–63
parallel programming 559, 562, 623–5, 644–63
polymorphism 550–2
precomputed constants values 559
STL uses 559, 560–1, 566–8
template classes 558–9
temporary objects 560–2
tips for improving MC performance 568–9,

637–46
virtual functions 550–2

permanent bindings 265
permanent/historical databases 211–15
persistent data, concepts 368–70, 686–709
phases, software design issues 218–20
pimpl 355–7, 360–1
Pipes and Filters pattern 628–35
Platen, E. 53–4, 109, 113, 118, 125, 129–30, 141–3,

167, 181–6, 294–5
platykurtic distributions, concepts 85–93, 168–71
pmf see probability mass function
Point 354–61, 363–7
pointers 270, 313, 353–61, 543, 544–52, 563,

638–44
Boost C++ library 270, 313, 353–61, 543, 563
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concepts 353–61, 400–25, 543, 544–52, 563,
638–44

scoped pointers 354–7, 361
shared pointers 313, 354, 357–61, 556–7, 566–8
smart pointers 270, 353–61, 543, 563, 566–8
types 353–61, 544–5

Poisson 80, 579, 587–93
Poisson distribution

C++ 80, 99–102, 579, 587–99
concepts 79–80, 99–102, 587–99
definition 79–80, 587–8
random number generators 579, 587–99

Poisson processes
see also jump. . .

compensation/compounding 55, 169–71, 590–3
concepts 51, 55, 169–71, 184–5, 207–15, 304–6,

441–59, 579, 587–99
definition 51
random measures 591–3
simple generalisations 590
simulations 589–90

PoissonDist 589–93
Polar Marsaglia random number generator

concepts 1, 4–8, 25, 108, 146, 238–9, 272–6,
321–3, 583

critique 25
PolarMarsaglia 321–3
policies

see also servers
concepts 100–2, 286–7, 294, 301–6
definition 294

policy-based designs (PBDs)
concepts 219–20, 286–7, 294, 301–6
definition 294, 301–2

Pólya, Georg 243
polymorphism

see also parametric. . .; subtype. . .
concepts 233–4, 257–79, 281, 304–18, 319,

550–2
definition 550–1
performance issues 550–2
types 281, 304, 550–2

polynomials
concepts 110–13, 127–8, 134–5, 173–6, 277–8,

516–29, 569, 574–5, 577–80, 609–10, 615
multiplication methods 277–8, 517–18

portfolios 93–6, 225–6
POSA system patterns

see also Presentation-Abstraction-Control. . .;
system patterns; Whole-Part. . .

concepts 203, 205–15, 217–41, 257–8, 309, 353,
367–8, 627–35

GOF evolution 257
postfix operators, concepts 560–2
power reverse duals 665–83

see also swaps
power set, concepts 33–4, 51
pragma 621–2, 645–63, 698–704
pragmas 621–2, 644–63, 698–704

precompiled headers 695
predictor-corrector finite-difference scheme

see also discretisation tools
concepts 23–4, 117, 118, 121, 131, 132–3,

151–3, 154–9, 163–4, 437, 463–5, 665–83
definition 23–4, 118
Heston stochastic volatility model 154, 156–9,

437, 665–83
PredictorCorrector 669–83
prefix operators, concepts 560–2
Preprocessor agent 244–79
Presentation-Abstraction-Control models (PAC)

advantages 227–9
agents 226–9, 244–70
components 226–9
concepts 205–15, 222, 226–41, 244–58, 270,

278–9, 361
critique 227–9
disadvantages 228–9
Monte Carlo method 278–9

price 20–3, 448–9, 513–16, 658–63
Pricing, Hedge and Risk Systems, concepts 207,

211–15, 630–5
primitive polynomials 277, 574–5, 577–80, 615
Principle of Substitutability, concepts 304–6
print functions, Visitor design pattern 351
private memory, shared memory models 646–51
probability density function (pdf) 4–8, 34–8, 74–5,

85–93, 100–5, 430–2, 582–3
concepts 34–8, 74–5, 85–93, 100–2, 430–2
definition 34

probability mass function (pmf)
concepts 34–7, 51, 79–80
definition 34–5

probability measure theory, concepts 31, 32–4,
40–1, 49–50, 63–4

probability spaces
see also stochastic processes
concepts 31, 40–3, 189–99
definition 40–1
stochastic processes 40–3, 189–99

probability theory, concepts 31, 40–1, 189–99
Process Control Systems (PCS), concepts 204–15,

223–41
processes

see also heap; stack
concepts 625–35
definition 625

Product, Builder pattern 237–9
product families 234–7
ProgID 689–91
Property 331–4, 345–8, 365–6, 384–94
property class, concepts 365–6
property maps, concepts 365–6, 563
Property pattern, concepts 331–4, 345–8, 376
Property Sets 331–4, 345–8, 351, 365–6, 379–94,

463–87, 494–509
PropertySet 463–87, 494–509
PropertyThing 332–4, 346–8, 383–94
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Prop Strike 385–94
Prototype pattern 208–15, 240, 249–55, 256, 302–6,

556–7, 634
PrototypeFactory 302–6
PrototypeInstrumentFactory 249–55
provides-requires metaphor 282–318, 633–4
Proxy design pattern, concepts 256, 314, 503–9
Proxy Simulation Scheme, concepts 503–9
pseudo random number generation

see also random. . .

concepts 571–6, 579, 589–93
definition 571–2

PseudoRandGen 589–93
Psi 570–83
Pthreads library 628, 644–6
Publisher-Subscriber pattern, concepts 257, 367–8
pure virtual functions, concepts 5–8, 284–6,

304–18, 358–61, 380–94
pure-diffusion SDEs, definition 179
pure Poisson 589–90
put options 26–7, 86–93, 126, 245–79, 381–94,

402–25, 455–7, 527–9, 611–15, 672–83, 708–9
put-call parity, concepts 26, 126, 167
PW Greeks ArithAsian Vega 496–7
PW Greeks Call Delta 495–7
PWM see Pathwise Method

QE see Quadratic Exponential scheme
QE 669–83
QL algorithm 606–7
Quadratic Exponential scheme (QE), concepts 117,

399–401, 427, 432–4, 435–41, 443–51, 458–9,
481–7, 665–83

QuadraticExponential 399–401
quantile 193–4
quantiles 100–2, 193–4
quantitative finance 189–99, 214–15, 221, 601, 685
quanto options

see also multi-asset. . .
concepts 461, 468–9
definition 468–9
payoffs 468–9

Quasi Monte Carlo simulation
concepts 189, 194–9
definition 195

quasi random number generation
see also random. . .

concepts 571–2, 576–8
definition 571–2

r 403–25, 461–5, 547–52, 666–83
see also risk-free rates

race condition
concepts 626, 629–35, 645–8
definition 626

Radom measure 592
Ran2 572–4, 593–4, 596–9
rand 6–8, 20–3, 25, 167, 177–9, 186–7, 273–6,

297–301, 316–18, 320–3, 679–83

RandGen 399–411, 434–41, 443–4, 464–87,
533–9, 594–6

random experiments
concepts 31–4
definition 31

random number generators
see also Box. . .; Mersenne-Twister. . .;

normal. . .; Polar Marsaglia. . .; uniform. . .

acceptance-rejection methods 581–2, 583–8,
593–9

C++ 5–8, 10–19, 20–3, 158–9, 167, 177–9,
186–7, 191, 206–15, 221–2, 233–4, 238–9,
272–6, 294–301, 314–18, 320–3, 396–425,
464–5, 543, 562–6, 571–99, 643–4, 669–83

concepts 1, 4–8, 10–19, 20–3, 25, 36, 108–9,
146, 158–9, 167, 177–9, 186–7, 191, 206–15,
217–41, 272–6, 294–301, 314–18, 320–3,
396–425, 436, 464–5, 543, 562–6, 571–99,
630–5, 643–4, 669–83

congruential random number generators
294–301, 316–18, 571, 572–4, 593–4, 597

critique 25, 177–9, 186–7, 273–6, 297, 316–18
distributions 571–2, 579–99
gamma distribution 579, 581–2, 583–8, 594–9
inverse transform method 581–2
LCGs 294–301, 316–18, 571, 572–4, 593–4, 597
Neave effect 25, 146, 198
normal (Gaussian) distributions 579, 583, 594–9,

643–4, 670–83
Poisson distribution 579, 587–99
problems 25, 146, 167, 177–9, 186–7, 273–6,

297, 316–18
pseudo random number generation 571–6, 579,

589–93
quasi random number generation 571–2, 576–8
random variables 581–8
ratio of uniforms method 582, 584, 593–9
shift register random generators 571, 574–6,

593–6
Sobol numbers 195–9, 277–8, 576–81, 598
spectral test 596
templates classes 593–6
tests 596–7
X2 test 596

Random Number Library, Boost C++ library 294–5,
543, 562–6, 574, 583, 587, 597–8

random processes
see also stochastic processes
concepts 53–72
motivating 59
one-dimensional random processes 59–62

random variables
see also cumulative distribution function;

stochastic processes
categories 34–7
concepts 31, 32–8, 41–3, 51, 189–99, 531–9,

581–8, 601–15
definitions 31, 32–4, 51, 189–90
function spaces 38, 608–15
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multiple random variables 37–8
random number generators 581–8

random variate generation
see also statistical distributions
concepts 74–80

random walks 18–19, 139–43, 215
see also Brownian motion

RandomNumberGen 11–19
RandomNumberTemplate 396–425
rand s 186–7, 316–18
Range 305–6, 317–18, 329–31, 545–52, 583,

595–9, 708–9
RanGen 399–411, 434–41, 443–4, 464–87, 533–9,

594–6
RAT see Resource Allocation and Tracking Systems
ratio of uniforms method, random number

generators 582, 584, 593–9
rational functions 569
raw materials

concepts 204, 237–9
MAN 204–15, 223–41

realised continuation value, concepts 512–39
recurrence relationships 57, 577–80, 615
recursive data structures, concepts 221, 224–41,

270, 296–301, 310–14, 345–8, 627–35, 705
recursive decomposition, concepts 217–41, 270,

296–301, 310–14, 345–8, 627–35
reduction 645–6, 649–51
reduction operations, OpenMP 649–51
refactoring pattern 243–79

see also Template Method pattern
reference counts, concepts 357–61, 567–8
references 711–17
Reg. . . 518–29
RegCoeff 519–29
RegCoeffLater 519–29
Regex library, Boost C++ library 344, 373
regions of absolute stability, concepts 120–5
RegisterCOMAddin 689–91, 698–709
RegisterPayoff 390–4
RegisterSpread 468
registry, Excel 685, 688–95, 697–709
Regress 513–29
regression, American options 511–29, 607–15
regression later, definition 518–19
regularisation see mollifiers
RegValueslater 519–20
reinterpret cast 554
Relation 331–2, 349
relational databases 241
relative frequency, concepts 32–4
Remove. . . 311–14, 333–4, 384–94, 701–9
Replace 333–4
reproductive property 77–9
Resource Allocation and Tracking Systems (RAT),

concepts 204–15, 223–41, 629–35
result 417, 621–2, 645–6, 659–83
result anti 417
return value optimisation, concepts 560–2

Reuters Powerplus 241
reverse cliquet options

see also cliquet. . .
concepts 395, 422–4, 449

reverse engineering 185
rfind 344
rg 532–9
rho

see also interest rates
concepts 26, 262, 309–10, 356–7, 369–70,

434–41, 455–7, 467–9, 668–83
definition 26

Richardson extrapolation techniques 117, 131–2,
665–83

Riemann integral, concepts 38, 40, 42, 48, 170–1
Riesz-Fischer Theorem, definition 48–9
risk management 207, 461–87, 631–5
risk-free rates 84–93, 396–425, 433–41, 461–5,

666–83
robust models 161–2, 187–8, 206–15
robust schemes for stiff systems 121–5
Rodriques formula 134
Rolle’s theorem, concepts 133
root composite objects, deletions 313–14
Root Condition Theorem, definition 111–12
round-off errors, concepts 115–17, 126
row-major order arrays 638–44, 654–63
RTTI see run-time type information
run-time factors 262–4, 282–6, 319, 364–5, 385–94,

466–87, 543, 554, 557–9, 569, 638–44
run-time type information (RTTI) 364–5, 385, 388,

466–87, 543, 554, 557–8
run-time version, Bridge design pattern 262–5
running max/min, options 411–12, 425, 462
runtime schedule, OpenMP 656–7
rvs see random variables

SABR model 132
SAFEARRAY 688–709
sample function

see also paths
definition 59

sample mean
concepts 114–17, 221–2, 263–5
Monte Carlo method 221–2, 263–5

sample points
concepts 31–4, 39, 143–4
definition 31

sample spaces
concepts 31–8, 59
definition 31

sample variance, concepts 114–17
Saxpy operations 562, 642–4
scalability of parallel systems, concepts 624–5
scalar functions 515–29, 544–52
ScalarFunction 515–29
scale 88–93
scale models, concepts 206–15, 544–52, 562
ScaleFactor 515–29
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Schauder’s fixed point theorem, concepts 58
scheduling in OpenMP 656–7, 660–3
Schrage’s method 314–18
Schwarz’s Inequality, definition 47
scoped pointers

concepts 354–7, 361
definition 354–5
usage guidelines 357, 361

scoped ptr 354–7
score functions

see also Likelihood Ratio. . .

concepts 497–509
SD 659–63, 672–83
SDE 207–15, 305–6, 323, 329–31, 375–6, 396,

545–52, 643–4, 657–63, 708–9
SDEControl 267
SDEData 267
SDEDefinition 89–93
SDEInput 267
SDEs see stochastic differential equations
SdeThing 305–6, 328–31
SDEVisitor 328–31
SE 659–63, 672–83
Secant method 70
section constructs, OpenMP 652–3, 663
security issues 206–15, 239–40
Seed. . . 573–6
semantically neutral transformations 646
semi-analytical prices, C++ 611–15, 680–1
semi-implicit Euler finite-difference scheme

concepts 16–19, 22–3, 154–9, 210–15, 665–83
Heston stochastic volatility model 154, 155–9,

665–83
sensitivities

see also Greeks
concepts 9–10, 26, 91–3, 157–9, 211–15, 375–6,

489–509, 663
sequential equivalence, parallelism concepts 646,

654–6
sequential (serial) programming

concepts 619–22, 644–6
OpenMP 644–6

serial fractions 623–5, 644–63
Serialisation (archives) library, Boost C++ library

368–70
serialize 369–70
servers

see also clients; policies
concepts 10–19, 282–318, 632–5, 688–9, 695–6
simple one-factor MC framework 10–19

Set. . . 331–6, 384–94, 454, 561, 697, 706
SetCell. . . 706
SetDates 381–94
setDiffusionComponent 329–31,

545–52
SetDiscountFactors 513–29
setDriftComponent 329–31,

545–52
SetExerciseSchedule 513–29

setpath 404–25
SetPricingPaths 516–29
SetRandomArray 14–23, 659–63
SetRegressionPaths 513–29
SetRegressors 513–29
sets

concepts 31, 32–4, 39–40, 331–4, 345–8
date classes 335–9

SetSeed 573–4, 579–80, 594–6, 658–63, 672–83
SetSpotValues 381–94
setsubordinator 533–9
setValueColumnOrder 639–44
setValueRowOrder 638–44
SFEM see Stochastic Finite Element Method
shadow path, definition 417
Shape 310–14
ShapeComposite 310–14
shared 647–63
Shared data program structure pattern

628–35
shared memory models

see also multi-threaded programming; OpenMP
concepts 617–19, 629–35, 637–63
OpenMP 646–63
private memory 646–51

shared pointers 313, 354, 357–61, 556–7, 566–8
see also Flyweight design pattern
concepts 357–61, 556–7, 566–8
definition 357–8
usage guidelines 360–1

shared ptr 358–61, 566–8
shares see equities
shift register random generators

see also Mersenne. . .; random. . .

concepts 571, 574–6, 593–6
short rates 27, 667
shout options 278
SIDE see stochastic integrodifferential equations
SIEs see stochastic integral equations
SIETransform 669–83
sig 88–93
sigma 403–25, 463–9

see also volatility
sigma algebras, concepts 31, 39–46, 49–52,

189–90, 231–41, 268–70
signals 367–8
Signals library, Boost C++ library 367–8
silent corruption of data 292
SimplePropertySet 332–4, 345–8, 382–94,

402–25, 448–51, 467–87
SimpleVector 286–7, 289–90
Simulated Annealing 679
simulations

see also draws
concepts 2, 9, 22–3

Single Responsibility Principle (SRP) 241, 258, 278
Singleton 307–10
Singleton pattern

concepts 256, 257, 279, 307–10, 391, 556–7
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generic programming 307–10, 391
template classes 307–10
thread-safety issue 310

singular value decomposition (SVD)
concepts 601, 607–15
definition 607–8

sink maps 690–1
Size 333–4
skewness

see also kurtosis; volatility smiles
concepts 84–93, 153–4, 427–9, 447–51

Skorohod integral 497
slow transient, concepts 119–25
small sampling theory 114–17
small software options pricing framework

161–2
smart pointers

see also scoped. . .; shared. . .

Boost C++ library 270, 353–61, 543, 563, 566–8
concepts 270, 353–61, 543, 550–2, 563,

566–8
Monte Carlo method 361

Smart ptr 354
smooth pasting conditions, free boundary

92–3
smoothing payoff functions, mollifiers 167, 176–7,

185–6, 507–8
Sobol 578–80, 598
Sobol numbers

classes 578–80
concepts 195–9, 277–8, 576–81, 598
definition 195, 576

SobolNumbers 579–80, 598
software design issues

see also domain architectures
blueprints 203–15, 217–41
compile-time factors 282–94, 319, 324–31,

400–1, 558–9, 621–2, 637–63
concepts 125–6, 137–66, 187–8, 203–15, 217–41,

243–79, 281–318, 375–6, 543–70, 617–35
critique 217
generic programming 220, 257, 281–318, 345–8,

634
large software systems 633–4
lifecycle 206, 220–41, 255–6, 266–7, 375–6
main requirements 125–6, 205–15, 219–20,

239–40, 243–79, 281–318, 324, 334, 375–6,
543–70, 633–4

major components 125–6, 138
Market Model Systems 207–15, 630–5
multi-threaded programming 374, 376, 559, 562,

617–35, 637–63
Numerical Simulator Systems 207, 209–15
OOP 126, 138, 147–8, 159, 188, 217, 220, 257,

262–5, 281–318, 375–6, 558–9, 634, 679
optimisation issues 26–7, 125–6, 152–3, 163–4,

206–15, 220, 243–79, 290, 324, 334, 543–70,
637–44

PBDs 219–20, 286–7, 294, 301–6

performance issues 10, 21–3, 26–7, 125–6,
163–4, 187, 206–15, 220, 239–40, 277, 290,
306, 324, 334, 394, 543–70, 637–44

phases 218–20
policy-based designs 219–20, 286–7, 294, 301–6
Pricing, Hedge and Risk Systems 207, 211–15,

630–5
sequential (serial) programming 619–22, 644–6
small software options pricing framework 161–2
stakeholders 211–12, 225–6
steps of analysis and design 633–4
traits classes 76–9, 281, 286–7, 294–306, 314–16

software processes, selection issues 125–6
software volatility, concepts 243–4
solve 251–79
solvers, Excel 697
sort 350–1
sorting algorithm, concepts 349–51
sparse matrices 288–9, 299–301, 320–3, 371
Spec 605–15
Spec Decomp 605–15
specialisation issues, template classes 290–1,

307
spectral decomposition

concepts 140, 601, 603–15
definition 603–4
test programs 605

spectral test, random number generators 596
speedup factors, parallel programming concepts

623–5, 634, 644–63
Spirit library, Boost C++ library 373
SPMD 628–35, 651–3
Spot 381–94, 398–425, 433–41, 448–51, 455–7,

462–87, 495–509
spot prices 381–94, 396–425, 436–41, 444–51,

455–7, 461–87, 533–9, 666–83
spotvalues 381–94
spread options

see also multi-asset. . .
approximation formulae 466–8, 482
concepts 54–5, 137–8, 145–66, 305, 346–8, 376,

389–94, 422–3, 461, 466–9, 482–3, 486–7,
497

definition 146–7, 466
numerical results 468, 482–3
payoffs 389–94, 461, 466–9, 482

spread spread options 147–53
SQP 679
square-integrable functions, concepts 47–8, 55–6,

63–4
square-root process, concepts 86, 147–53
SRAM 618–19
SRP see Single Responsibility Principle
ST 417, 435–41, 462–87, 534–9
stability property of the FDM 109–13, 128–9,

180–3
stable sort 350–1
stack 145, 266, 625–35
stakeholders, software design issues 211–12, 225–6
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standard deviations 84–93, 101–2, 149–53, 194,
289, 659–63, 672–83

standard error 289, 408–11, 419–20, 445–51,
476–7, 483, 517–18, 659–63, 672–83

Standard Template Library (STL) 266, 287–8, 298,
310–18, 319–51, 357–62, 368–9, 374, 383–94,
448–9, 548–52, 559, 560–1, 566–8, 634,
645–6, 697, 708

adapters 331–4
Excel utilities 697, 708
function objects 549–52
performance issues 559, 560–1, 566–8

State design pattern, concepts 256, 271
state space of the random process, concepts 59, 511
static casting 543, 554
static schedule, OpenMP 656–7
statistical distributions

see also discrete variate generation; random
variate generation

Boost C++ library 97–102
concepts 74–80, 85–93

St Constants 438–41
STDAPI 689–709
STDAPICALLTYPE 689–91
STDMETHOD. . . 691–5, 700–9
std::pair 361–2
steady-state solutions component of stiff systems,

concepts 119–25
Steffensen’s method 23
step functions, definition 41–2
step sizes, dependence of the absolute error on step

size 113, 115–17
stiff ODEs, concepts 119–25
stiff SDEs, concepts 119, 123–5, 183
STL see Standard Template Library
stochastic analysis, concepts 46–50
stochastic backward equations 511
Stochastic Clocks 538–9
stochastic differential equations (SDEs)

see also Ito. . .; Market Model Systems
alternative SDEs 73, 84–105, 305–6
Banach spaces 62, 63–4
CEV 428–9
common schemes 117–26
complex coefficients 185–6
concepts 1–27, 31, 38–9, 53–72, 73–105,

137–66, 175–6, 204–15, 217–41, 267–70,
304–6, 326, 375–6, 396–425, 428–41, 480–7,
492–3, 544–52, 588–99, 629–35, 642–4

critique 24–5, 665–83
definition 3–4, 8
discrete-time approximation foundations 113–17
examples 3–4, 10–23, 305–6
FDM 107–9, 113–35, 137–66, 175–6, 322–3,

642–4, 665–83
Heston stochastic volatility model 153–9,

258–62, 267, 305–10, 356–7, 369–70, 429–41,
480–7, 665–83

integral types 38–9

literature survey 53–5
mathematics 53, 55–72, 107
multi-asset options 461–87
multi-factor models 1, 53–72, 107–35, 137–66,

304–6, 328–31, 388–94, 397–425, 461–87
n-factor SDEs 54–72, 140–66, 179, 304–6,

328–31, 462–5, 642–4
numerical methods that fail 167
one-dimensional random processes 59–62
one-factor problems 1–25, 53–5, 107, 117–26,

179–83, 209–15, 219–20, 267–70, 323,
397–425, 437–41, 642–4, 657–63, 708–9

PDEs 81–4
pure-diffusion SDEs 179
solution 3–4, 69, 107, 109, 129–30, 212
spread options 145–66, 305, 482
stiff SDEs 119, 123–5, 183
swing options 267–70
transformation into the Ito Formula 68
two-factor SDEs 137–66, 268–70

Stochastic Finite Element Method (SFEM) 209
stochastic integral equations (SIEs)

see also Ito. . .

classes 62–3
concepts 39, 53–4, 60, 62–3, 64–72, 159, 170–1
definition 39, 54
numerical approximations 66–8
solution 62–6, 69–71
uniqueness results 63–4

stochastic integrodifferential equations (SIDE)
concepts 63–4
definition 63
solution 63–4
uniqueness results 63–4

stochastic interest rates 482–7
stochastic mesh methods 511
stochastic processes

see also martingales; random variables
alternative stochastic processes 84–105
concepts 3–4, 40–3, 53–72, 81–105, 189–99
definition 41, 62–3, 189
motivating 59
probability spaces 40–3, 189–99

stochastic volatility with jumps (SVJ)
see also Bates stochastic volatility model
concepts 427

stochastic volatility models 54–5, 84, 102–3, 117,
126, 132, 137–8, 145–66, 258–62, 267,
305–10, 346–8, 356–7, 369–70, 376, 379–94,
397–401, 427–59, 480–7, 536–9, 601–15,
665–83

see also Bates. . .; Heston. . .
analytic solutions 455–7
Asian options 165–6, 674–83
binary options results 446–51, 672–83
cliquet options results 446–51, 674–83
concepts 54–5, 137–8, 145–66, 258–62, 305–10,

346–8, 356–7, 369–70, 376, 379–94, 427–59,
480–7, 601–15
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European options results 444–6
numerical results 444–9, 675–83
payoffs 383, 665–83
QE scheme 117, 399–401, 427, 432–4, 435–41,

443–51, 458–9, 481–7, 665–83
spread options with stochastic volatility s 54–5,

137–8, 145–66, 305, 346–8, 376, 466–9, 482,
486–7, 497

StochasticVolatilityLibrary 455–7
Strategy pattern

concepts 243, 256, 271–6, 277, 290, 301–6, 314,
376, 400–1

definition 256, 271–2
stratified sampling method, concepts 221–2
Stratonovich integral 42, 118, 124–5
Stratonovich SDEs 124–5, 268–70
Strike 385–94, 448–51, 455–7, 468–87, 495–509
strike prices 244–79, 385–94, 412–25, 444–51,

455–7
string 340–5, 365–6, 385, 386–94, 410–25,

463–5, 495–509
strings

assignment operator 340–1
Boost C++ library 344, 373
comparisons 342–3, 345
concatenation operator 341
concepts 339–45, 365–6, 373, 688–709
constructors 340–1
conversions 344–5, 348–9
extracted characters/substrings 342–3
lower-case/upper-case conversions 345,

349
modifications 343–5
searches 343–4

stringstream 344–5, 348–9
strong convergence, definition 50
strong Taylor approximations, concepts

179–83
strong/weak convergence, concepts 116–17, 125–6,

154–9, 175–6, 209
struct uses 88–93, 247–55, 259–60, 284–6,

290–1, 295–301, 355–6, 364–5
Structural patterns

see also Adapter. . .; Bridge. . .; Composite. . .;
Decorator. . .; Facade. . .; Flyweight. . .;
Proxy. . .; Whole-Part. . .

concepts 256, 257–66, 310–14, 331–4, 345–8,
612–15

definition 256, 257–8
types 256, 257–66

Student 79
Student’s t-distribution

C++ 79, 100–2
concepts 74, 79, 100–2, 113–17, 132
definition 79

subcontractor factories 239
subordinated Brownian motion, concepts 74
subordinator 534–9
SubordinatorDist 532–9

subscribers, Publisher-Subscriber pattern 257,
367–8

Subset 333–4
subsystems, domain architectures 205–15, 218–41,

244–79, 633–5
subtype (inclusion) polymorphism 281, 304–18,

543, 550–2
see also object-oriented programming

successive approximation procedure see iteration
(successive). . .

SUD see system under discussion
SumCallValue. . . 659–63
SumOptionValue. . . 672–83
super-share options 278–9
Superset 334
SVD 607–8
SVJ see stochastic volatility with jumps
swaps 241, 466–9, 666–83
swing cliquet options

see also cliquet. . .
concepts 267–70, 395, 422–4

Swing2DFactories 268–70
SwingSDE 269–70
switch statements, concepts 414–15, 612, 695–6
symmetric matrices 299–301, 371
synchronisation/scheduling issues, threads 626,

628–35, 644–63
system patterns

see also POSA. . .;
Presentation-Abstraction-Control. . .;
Whole-Part. . .

concepts 203–15, 217–41, 309–10, 367–8,
627–35, 657–63

system under discussion (SUD) 205–15, 218–41,
630–5

TAlloc 293–4
Tanh-rule 614–15
TARNs 667–83
task decomposition

concepts 220–41, 627–35, 637–63
definition 220–2, 627

Taylor schemes
see also Ito. . .

concepts 167, 179–83, 187
Tchebycheff polynomials, concepts 128, 134, 198
template 285–7, 290–4, 298–9, 302–18, 321–31,

332–4, 344–8, 356–7, 363, 365–6, 369–70,
381–94, 400–1, 407–11, 417–18, 443–4,
513–16, 533–9, 544–52, 560–2, 582–8, 595–9,
601–15, 661–3

template baggage classes, concepts 294–301
template classes 75–9, 163–4, 207–15, 258–62,

281–318, 321–34, 344–8, 356–7, 363, 365–6,
369–70, 381–94, 400–1, 407–11, 513–16,
533–9, 544–52, 558–9, 560–2, 569, 582–8,
593–9, 601–15

see also generic. . .
advanced C++ templates 286–94
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template classes (cont.)
concepts 76–9, 281–318, 345–8, 400–1, 513–16,

544–52, 558–9, 569, 593–6
default values for parameters 286–7
design patterns 306–10
implementation issues 281–3, 306–10, 383–94
inheritance considerations 282–6, 558–9, 569
nested templates 287–9
OOP 283–318, 634
partial template specialisation 290–1
performance issues 558–9
random number generators 593–6
Singleton pattern 307–10
specialisation issues 290–1, 307
template template parameters 291–4, 307–14
traits classes 76–9, 281, 286–7, 294–306

template functions
advanced C++ templates 286–94
concepts 94, 281, 283–318, 326–31, 332–4, 362,

369–70, 400–1, 544–52
template member functions

concepts 283–318, 326–31, 332–4, 362, 369–70,
400–1

definition 283, 289–90
Template Method pattern

concepts 5–6, 206–15, 243, 256, 271–6, 279, 376
definition 256, 271–2

template template parameters, concepts 291–4,
307–14

temporary objects, performance issues 560–2
tensors 319, 326, 564
terminal value problem (TVP), concepts 2–3
TerminalValue 20–3, 658–63
TerribleRandGenerator 6–8, 20–3, 233–4,

273–6
test functions 50
TestAmerican 516
tests 50, 92–3, 187–8, 596–7, 665–83

case study of numerical schemes for the Heston
model 665–83

CEV models 92–3, 188
Cholesky decomposition 605
Excel test case 697–709
parallel programming 646
random number generators 596–7
spectral decomposition 605

TGFSR see Twisted Generalised Feedback Register
Generators

TheoreticalPrice 393, 403–25
theta

see also Greeks; time horizons
C++ 91–3, 157–9, 231–41, 262, 369–70
concepts 26, 91–3, 157–9, 211–15, 231–41, 262,

369–70, 663, 667–83
definition 26

theta method, concepts 119–25
Thread library, Boost C++ library 374
thread-safety issue, Singleton pattern 310
threadprivate 650–1

threadprivate directive, concepts 650–1
threads

see also multi-threaded programming
barriers 629, 644–53, 660–3
communications 626, 628–35, 660
concepts 617–35, 644–63
definition 617, 625–6
fork calls 625–6, 645–6
lifecycles 625–6, 627–9
OpenMP 644–63
synchronisation/scheduling issues 626, 628–35,

644–63
throw, concepts 18–19, 392, 557–8, 694–5, 709
time classes

Boost C++ library 372
concepts 334–9, 372

time horizons 26, 91–3, 430–41, 455–7, 462–87,
533–9

see also theta
time to maturity 26, 91–3, 430–41, 455–7, 462–87,

533–9, 666–83
time variable, stochastic process definition 41, 62
Timesteps 404–12, 465
‘tiny matrices’ 145–6
TLB see Tranlation-Lookaside Buffer
Tocher 272
tokenizer 373
Tokenizer library, Boost C++ library 373
Top-Level agent 244–5, 254–79
topological fixed point theorems, concepts 59
toupper 345, 349
traits classes

see also encapsulation. . .

concepts 76–9, 281, 286–7, 294–306, 314–18
definition 294–5
matrix algebra 299–301, 317–18
tips 297–8

Tranlation-Lookaside Buffer (TLB), concepts
618–19

transformed explicit Euler method, Heston
stochastic volatility model 154, 156–9, 665–83

transformed semi-implicit Euler finite-difference
scheme, Heston stochastic volatility model
154, 155–9, 665–83

transient solutions component of stiff systems,
concepts 119–25

Transpose 520–9
TransposeNoTilingOpenMP 654–6
trapezoidal rule 16, 23–4, 66–8, 110–13, 118, 129
tred2 606–7
triangle inequality, concepts 47–8
tridiagonal band matrices 299–301
trigger events, barrier options 411–18
truncated Euler scheme 434–5, 444–51,

668–83
try, concepts 392, 457, 557–8, 694–5, 709
tuple 362
Tuples, concepts 361–2, 374–5
Turnball-Wakeman approximation, concepts 405

htt
p:/

/w
ww.pb

oo
ks

ho
p.c

om



P1: JYS
ind JWBK392-Duffy August 11, 2009 22:39 Printer: Yet to come

Index 749

TVP see terminal value problem
Twisted Generalised Feedback Register Generators

(TGFSR) 574–6
two-factor SDEs 137–66, 268–70
TypeRegistry 453–4

ublas 371
uBLAS (linear algebra) library, Boost C++ library

371, 376
UCM 322–3
UI 244–5, 250–79
UML see Unified Modeling Language
uncountable sets, concepts 143–4, 171–2
underlying 381–94, 403–25
underlyings 1–27, 73–105, 126, 137–66,

379–94, 395–425, 461–87, 511–29, 535–9,
630–5

concepts 380–94, 511–29, 535–9, 630–5
multi-asset options 461–87

Unicode 340
Unified Modeling Language (UML) 10–12, 22–3,

126, 203–15, 218–41, 244–79, 283–314, 332,
347, 375–6, 380, 384, 389–90, 396–9, 494,
612–15, 630–5, 687

ball-and-socket notation 218–20
concepts 203–15, 218–41, 244–5, 332

uniform distributions
concepts 35–7, 100–2, 196–9
definition 35
geometric interpretation 196–8

uniform mesh
concepts 107–35
definition 107

uniform random number generators, concepts 4–8,
238–9, 272–7, 571–99, 643–4, 669–83

UniformGenerator 5–8, 20–3, 272–6, 375–6
uniformly continuous functions, definition 58
units of execution

concepts 626, 628–35
definition 626

universal polymorphism
see also inclusion. . .; parametric. . .
concepts 550–2

UNIX 625
UnRegisterCOMAddin 689–91, 698–709
up-and-in barrier options

concepts 412–18
definition 413

up-and-out barrier options
concepts 413–18
definition 413

upcasting 554
upper bounds, Bermudan options 525–9
upper-diagonal matrices 299–301
use count 358–61
UV1 438–9
UV2 438–9

valarray 319–20

valuelater 527–9
van den Bergh, Thijs 569
vanna

see also delta
concepts 491–509

variables, concepts 31, 32–8, 41–3, 51, 189–99,
531–9, 581–8, 601–15

variance
CEV 74, 84, 85–93, 103–5, 188, 279, 428–9
concepts 35–8, 77–9, 101–2, 104–5, 147–66,

436–41, 455–7, 583, 666–83
definition 35
volatility of variance 147–66, 434–41, 455–7,

462–87, 666–83
variance gamma processes (VG)

concepts 304–6, 531–9, 588–9
multi-dimensional case 536–8

Variance Reduction Methods, concepts 194, 222,
263–5, 395, 400–1, 406–11, 415–18

variant 363, 375, 688–709
variants, Boost C++ library 362–3, 375
Variations patterns

see also Behavioural. . .
concepts 256–7

Vasicek interest-rate model 229–34, 240, 486, 487
VasicekSde 230
VBA 685, 708
Vector 319–23, 330–1, 338–9, 360–1, 376,

386–94, 399–425, 435–41, 443–4, 452–4,
461–87, 511–29, 533–9, 545–52, 559, 583,
586–7, 589–90, 593–9, 606–15, 642–4,
647–63, 697

vector SDEs, concepts 54–72
vector spaces 305–6, 324–31
vector-valued functions, concepts 37–8, 329–31,

544–52
VectorCollection 95–6
VectorFunction 548–52
vectors

see also matrices
compile-time factors 324–31
concepts 37–8, 54–72, 286–7, 289–90, 305–6,

319–23, 324–31, 338–9, 359–60, 371, 376,
386–94, 400–1, 461–87, 559–62, 601–15,
637–44, 645–6, 647–63, 697–709

definition 324–31
function input arguments 326
performance issues 638–44
SDE/C++ mapping 328–31
uBLAS (linear algebra) library 371, 376
uses 319–23, 324–31, 400–1, 561–2

VectorsAndMatrices 705–9
VectorSpace 305–6, 324–31, 366–7, 376,

545–52, 657, 667–83
vega

see also Greeks; volatility; volga
concepts 26, 157–9, 231–41, 262, 356–7,

369–70, 455–7, 496–509, 663, 667–83
definition 26
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VG see variance gamma processes
views, concepts 225–6
virtual 284–6, 311–14, 358–61, 380–94, 543,

550–2, 558–9, 693
virtual functions

see also subtype (inclusion) polymorphism
concepts 5–8, 284–6, 304–18, 358–61, 380–94,

543, 550–2, 558–9
definition 551–2
performance issues 550–2

virtual memory, concepts 618–35
Visitor design pattern 13–19, 131–2, 206–15, 243,

257, 271–6, 277, 301–6, 314, 328–31, 351,
362–3, 376, 552, 657–63

concepts 257, 271–6, 277, 301, 305–6, 314,
328–31, 351, 362–3, 552, 657–63

definition 257, 271
print functions 351

Visual Studio 685, 694–5
VNew 670–83
vol 398–425, 433–41
volatility 8–9, 26, 85–93, 147–66, 244–79,

396–425, 427–59, 461–87, 533–9,
667–83

see also implied. . .; vega
volatility smiles

see also implied volatility
CEV 428–9
concepts 84–93, 427–34, 447–51,

667–83
definition 427–9
moneyness issues 428–34

volatility smirks, concepts 84–93
volatility surfaces 93–6
volatility of variance 147–66, 434–41, 455–7,

462–87, 666–83
VOld 670–83
volga

see also vega
concepts 491–509

Volterra integral equation of the second
kind

see also stochastic integral equations
concepts 3, 39, 54, 62–3, 70–1

Volterra SIEs
concepts 62–3
definition 62

Volterra-Fredholm SIEs, concepts 62–3
vomma see volga
von Neumann, John 571, 581–2
Vt 438–9, 481–2
vtable 690–1, 695–709
Vt Constants 438–41

wchar t 340–5
weak/strong convergence, concepts 50, 116–17,

125–6, 154–9, 175–6, 209
Weibull distribution 100–3
weighted Monte Carlo method 263–5
WeightedSpot 470–87
weights 465–87
white noise process 588, 591–2
Whole-Part decomposition

see also Assembly-Parts. . .;
Collection-Members. . .;
Container-Contents. . .; Structural. . .

concepts 205–15, 222–41, 244–57, 270, 307,
310–14, 334, 345–8, 361, 627–35, 651–3,
657–63

FDM 245–79, 657–63
OpenMP 657–63
processes 223–6, 240

WI. . . 668–83
Wiener, Norbert 39
Wiener process

see also Brownian motion
concepts 3–4, 8–9, 10–19, 39, 53–72, 85–93,

108–9, 114–17, 124–5, 141–3, 147–53,
154–66, 168–72, 175–6, 181–3, 329–31, 642–4

Wilde, Oscar 427–9, 531
WINAPI 698–709
work-sharing constructs, OpenMP 651–7
Workbook. . . 694–5
Worksheet. . . 694–5, 706
worksheets 685–709
Wrapper 386–94, 403–25, 463–5, 469–87
wrapper classes

see also Adapter design pattern
concepts 266, 305–6, 328–34, 344–8, 383–94,

403–25, 453–4, 463–5, 469–87, 544–52
wstring 340–5

X2 test, random number generators 596
XlfExcel 457
XlfOper 453–4, 456–7
XLFunctionRegistrationHelper 455–7
XLL 449–54, 685–709
xll files 452–4, 685–709
XLRegistration 455–7
XLW framework 452–4, 456–7, 459, 685–709
XML 239, 241, 271, 276–7, 368–9, 632
XOR operator 577

yield curves 241

zero divide situations 557–8
zero-coupon bonds 83–4, 484–7
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