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Abstract

This thesis studies Constrained Gaussian Process Regression (CGPR) for
option pricing. The study puts the focus on a practical problem in quan-
titative finance where prices and Greeks often have to be computed many
times for the same model. In practice, standard methods such as FFT or
Monte Carlo are commonly used to obtain these prices. However, these ap-
proaches do not always provide a reusable pricing surface and greeks that
can easily be evaluated again. The approach studied here is different be-
cause CGPR uses the Feynman—Kac PDE itself to approximate the pricing
function, by imposing the PDE residual at interior points and the payoff or
boundary conditions at boundary points.

The study begins with the Black—Scholes model, because it gives closed-
form prices and Greeks and therefore provides a clear validation setting.
Then the analysis moves to the Heston model, where the benchmark is
computed with the Carr—-Madan FFT. The framework is then extended
to two additional applications. The first one is a two-asset Heston basket
option, which makes the problem higher-dimensional and requires a Monte
Carlo benchmark. The second one is a GMAB contract, where a mortality
component is added to the financial pricing equation in order to move into
the actuarial (insurance) setting.

Overall, the numerical results remain encouraging for the different appli-
cations considered in the study. In the Black—Scholes case, the CGPR
approximation is very close to the exact benchmark. In the Heston model,
the method remains effective, even if the errors increase when stochas-
tic volatility is introduced. The two-asset extension is more difficult, but
the CGPR prices still follow the Monte Carlo benchmark accuratly. The
GMARB application also shows that the method can be extended to include
a mortality component without modifying the PDE framework. The main
difficulties is observed near the strike, at low variance levels and for short
maturities. These are the regions where the pricing surface changes more
sharply. Overall, CGPR does not replace FFT or Monte Carlo in every
situation, although it remains a practical approach for constructing model-

constrained pricing surfaces together with analytical Greeks. .



Acknowledgements

First and foremost, I would like to express my sincere gratitude to my thesis supervi-
sor, Prof. Donatien Hainaut. I am grateful for his support throughout this work, for
his availability whenever I needed guidance, and for his patience and understanding

during these past two years.

I would also like to thank my friends, who supported me during my studies and
helped me keep going in difficult moments. I am very grateful to my brother and
friend Régis, who has been by my side throughout my academic journey. His advice,

encouragement and presence have been very valuable to me.

I also want to thank my family, especially my parents, for their constant support,
trust and encouragement. Even from a distance, their support always felt close and

comforting in times of need.

Above all, I thank God for His protection, His grace and the strength He gave me
during this journey. "The Lord is my shepherd; I have all that I need." Psalms 23

Note: Generative Al was used for translation purposes.

i



CONTENTS

Abstract i
Acknowledgements ii
List of Figures vii
List of Tables ix
1 Introduction and Literature Review 1
1.1 Introduction . . . . . . . . ... 1

1.2 Literature Review . . . . . . . . . . . ... 3
1.2.1 Gaussian Processes for Machine Learning . . . . . . . . . . .. 3

1.2.2  Application of GPR to Derivative Pricing. . . . . . . . .. .. 3

1.2.3 Constrained Gaussian Process Regression . . . . . . . . .. .. 4

1.3  Framework and Assumptions . . . . . . . . ... ... 5
1.3.1 Market Setting . . . ... ... 5

1.3.2  The Heston Stochastic Volatility Model . . . . . . . . ... .. )

1.3.3 The Feynman-Kac Theorem and the Pricing PDE . . . . . .. 6

2 Mathematical Framework of the CGPR and Application to the
Heston Model 8

2.1 Gaussian Process Regression . . . . . . . ... ... ... ... 8

il



2.1.1 From Linear Regression to Gaussian Processes . . . . . . . .. 8
2.1.2  Definition and Prior Distribution . . . . .. ... .. ... .. 9
2.1.3 Posterior Distribution and Predictions . . . .. ... ... .. 9
2.1.4 Kernel Functions and Hyperparameters . . . . . . ... .. .. 10
2.1.5 Hyperparameter Estimation . . . . . ... ... ... ... .. 11
2.1.6  Analytical Differentiation of the Posterior Mean . . . . . . . . 11

2.2 Constrained Gaussian Process Regression . . . . . . . . . ... .. .. 12
2.2.1 Motivation . . . . . ... 12
2.2.2  Problem Formulation . . . . . ... ... ... ... ... 12
2.2.3 Training Sets and Pseudo-Observations . . . . . . . .. .. .. 13
2.2.4 Basis Function Representation . . . . . . . .. ... ... ... 13
2.2.5 Conditional Distribution of the Weights . . . . . . . . . .. .. 14
2.2.6  Covariance Matrix C' . . . . . . . .. .. ... 15
2.27 CGPR Price Estimator . . . . . . ... ... ... ... .... 16
2.2.8 Estimator of the PDE Residual . . . . .. ... .. ... ... 18
2.2.9 Greeks via Analytical Differentiation . . . . . ... .. .. .. 18

2.3 CGPR Algorithm . . . . . . . ... ... 19
2.4 Application to the Heston Model . . . . . . ... . ... ... .... 20
2.4.1 The Feynman-Kac Operator and Boundary Conditions . . . . 21
2.4.2  Anisotropic Gaussian Kernel . . . . . . . ... ... ... ... 21
2.4.3 First Operator: Lz k(z,Z) . . . . . . ... ... ... .. .. 22
2.4.4 Double Operator: L,Lz k(x,Z). . . .. . ... ... ... ... 22
2.4.5 Expressions for the Greeks . . . . . . . ... ... 23

3 Experimental Framework 24
3.1 Validation in the Black—Scholes Framework . . . . . . . . . .. .. .. 24
3.1.1 Implementation Choices . . . . ... ... ... ... ..... 25
3.1.2  Convergence with Respect to the Training Size . . . . . . . . . 26
3.1.3 Pricing Results . . . . ... .. ... ... . 27
3.1.4  Accuracy of the Greeks . . . . . . . ... ... ... .. .. .. 28

v



3.2 Validation in the Heston Model Framework . . . . . . . .. . ... ..
3.2.1 Implementation Choices . . . . ... ... ... ... .....
3.2.2  Sensitivity to the Regularisation Parameter . . . . .. . . ..
3.2.3 Pricing Results . . . . ... .. ... o0
3.2.4  Accuracy of the Greeks . . . . . . ... ... ... ... ...

4 Extension: Extensions to Multi-Asset and Insurance Products

4.1 Extension to a Two-Asset Heston Model . . . . . .. ... ... ...
4.1.1 Model, Payoftf and Feynman-Kac Operator . . . . . . . . . ..
4.1.2 CGPR Construction and Kernel . . . . . . ... .. ... ...
4.1.3 Implementation Choices . . . . . .. ... ... ... .....
4.1.4 Sensitivity to the Regularisation Parameter . . . . . . . . ..
4.1.5 Pricing Results . . . .. . ... ...
4.1.6  Structure of the Approximation Error . . . . . . . . ... ...
4.1.7 Accuracy of the Greeks . . . . . ... ... ... ...

4.2 Application to GMAB Insurance Contracts . . . . . . . ... .. ...
4.2.1 Product and Analytical Price . . . ... .. ... ... ....
4.2.2 Modified Feynman—Kac Operator . . . . . . . ... ... ...

4.2.3 Pricing Results . . . ... ... o000

5 CONCLUSION

Appendices

A Mathematical Complements to Chapter 2

A.1 Woodbury Matrix Identity . . . . . . ... ... ... ... ... ...
A.2 Posterior Variance of the CGPR Estimator . . . . . . .. .. ... ..
A.3 Kernel Derivatives for the Heston Model . . . . . . . ... ... ...
A.4 Derivatives of beta for the Greeks . . . . . .. ... ... ... ...,

A.5 Sensitivity to Training Size in the Heston Experiment . . . . . . . . .

A.6 Carr-Madan FFT Pricing Algorithm . . . . . ... ... ... ....

36
36
36
37
38
41
42
43
44
46
46
48
49

51

54



A.7T Two-Asset Heston: Covariance Matrix and Kernel Derivatives

A.8 Two-Asset Heston: Kernel Derivatives

A9 GMAB Supplementary Figures and Tables . . . . . . ... ... ...

Bibliography

vi



LIST OF FIGURES

3.1

3.2

3.3

3.4

3.5

3.6

3.7

4.1

4.2

CGPR and Black—Scholes call prices for T =1 (K = 100, r = 5%,
o =25%, m=d=400, 0" = 0.01, Spax = 200). . . .. ... 28

Absolute pricing errors of CGPR against Black—Scholes across matu-

rities and spot values. . . . . . . ..o Lo 28

Comparison of CGPR and Black—Scholes Greeks for T'=1 and K =
100 . o e e 29

Impact of o* on Heston CGPR prices for "= 3 (m = 400, d = 240).
Left panel: small values (¢* € {0.001,0.01}). Right panel: large
values (o* € {0.25,0.50}). . . . ... 31

Left: CGPR and FFT call prices for T = 1, v/V; = 15% (m = 400,
d = 240). The shaded area is the 95% posterior confidence interval.
Right: absolute error over the 20 x 20 validation grid in (S, Vo). . . . 33

Average absolute errors by maturity and initial variance (left) and by
maturity and initial stock price (right) (m = 400, d = 240). . . . . . . 34

CGPR and FFT finite-difference Greeks for 7' = 1, K = 100 and
Vo =15% (m =400, d = 240). . . . . . . 34

CGPR and Monte Carlo prices for the two-asset Heston basket call
(T"=1.0, m = d = 600, * = 0.01). Left: price curve on the slice
S1 =52 = Sp, Vo = 72. Right: relative error on in-the-money options. 43

Mean absolute errors by maturity and Sy (left) and by maturity and
Vi (right) (m =d =600, c* =0.01). . . . . ... ... ... ... .. 43

vil



4.3

4.4

4.5

4.6

Al

A2

A3

Two-asset Heston basket call Greeks: CGPR analytical versus Monte
Carlo finite differences (CRN), 7" = 1.0y, m = d = 600, ¢* = 0.01,
slice S; = Sy = So, Vig = 71, Voo = 72. Vegas in volatility units.
Vertical dotted line: strike K =100. . . . . . ... .. .. ... ...

Decomposition of the GMAB insurance price into survival and death
benefit components (7' = 1.0y, G = 100, § = 2%, xo = 65, Statbel
2024 table). Left: total insurance price for male, female and total
population versus pure financial price (no mortality). Center: death
benefit component Fj - fOT e % u(s) spx ds. Right: mortality loading

(insurance minus financial price). . . . ... ... 0oL

CGPR versus analytical GMAB price (T" = 1.0y, Statbel 2024 —
Total, v/Vo = 15%). Left: price curve with 95% CGPR posterior
interval. Right: absolute error heatmap over the (Fy, /Vp) grid.

CGPR Greeks versus finite-difference approximations of the semi-
analytical benchmark (T = 1.0y, Statbel 2024 — Total, v/V; = 15%).
Left: Delta 0f/OF. Centre: Gamma 9°f/0F?. Right: Vega 0f/9V .
The vertical dotted line marks the guaranteed floor G = 100. . . . . .

CGPR versus semi-analytical benchmark and Monte Carlo (T" = 1.0y,
Statbel 2024 — Total, v/Vy = 15%, 30,000 paths). Left: price curves.
Right: absolute errors against both benchmarks. . . . . . . . . .. ..

GMAB insurance price by maturity (Statbel 2024 — Total, o = 65).
Left: semi-analytical benchmark (dashed) and CGPR (solid) for T" €
{0.5,1.0,1.5,2.0,2.5,3.0}y. Right: absolute error |f — fapal- - . . . .

Error heatmaps (Statbel 2024 — Total, o = 65). Left: MAE by
(T,/Vi). Right: absolute error by (T, Fy). The white dashed line
marks the guaranteed floor G =100. . . ... ... .. .. ... ...

viil

49



LIST OF TABLES

3.1

3.2

3.3
3.4

3.5

3.6

3.7

4.1
4.2

4.3
4.4

4.5

Convergence of the CGPR approximation in the Black—Scholes case

(T'=1,0"=0.01, Spax =200). . . . . .. ... 26
CGPR pricing errors against Black—Scholes closed-form prices (m =
d =400, 0* = 0.01, Spax = 200). . . . . . 27
Numerical setup for the Heston CGPR experiment. . . . . . . . . .. 30
Accuracy and computation times for the Heston CGPR experiment
(T'=1,d=3m/5,0"=0.01). . . ... ... ... .. ... ..... 31
Sensitivity to ¢* in the Heston CGPR experiment (7' = 3, m = 400,
d=240). . . . . 32
Heston CGPR pricing errors and optimized bandwidths by maturity
(m=400,d=240,0*=0.01). . . . . . ... ... 32
Greek errors: CGPR vs FFT finite differences (m = 400, d = 240,
o =0.01). . . .. 35
Numerical setup for the two-asset Heston experiment. . . . . . . . .. 39

Accuracy and computation time for different training sizes (7' = 1.0,
d=m, 0" =0.01). . . ... 40

Sensitivity to o* (T'=2.0,m=d=600). . . . .. ... ... ..... 41

Two-asset Heston CGPR pricing errors and optimized bandwidths
(m=d=0600,0"=0.01). ... ... . ... ... .. 42

CGPR GMAB pricing errors by maturity (G = 100, xy = 65, m =
400, o* = 0.01, Statbel 2024 — Total). . . . . .. ... .. ... ... 50

1X



Al

A2

A3

A4

Sensitivity to m and d in the Heston CGPR experiment (T" = 1,
o* =0.01, bandwidths fixed). . . . ... ... 000000

Heston CGPR with fixed bandwidths (m = 400, d = 240, ¢* = 0.01,

n = average of maturity-specific optima). . . . . . . ... ... L.

Heston CGPR with fixed bandwidths (m = 400, d = 240, ¢* = 0.01,
1 = average of maturity-specific optima). . . . . . . ... ... L.
Gender sensitivity (7" = 1.0y, G = 100, o = 65, m = 400, o* = 0.01).
Fixed bandwidths calibrated on the total-population table. . . . . . .



List of Abbreviations

Ar_fl\/[ : At The Money.

BS : Black-Scholes.

CGPR : Constrained Gaussian Process Regression.
CIR : Cox—Ingersoll-Ross.

CRN : Common Random Numbers.

FFT : Fast Fourier Transform.

GMAB : Guaranteed Minimum Accumulation Benefit.
GP : Gaussian Process.

GPR : Gaussian Process Regression.

ITM : In The Money.

MAE : Mean Absolute Error.

MC : Monte Carlo.

MRE : Mean Relative Error.

OTM : Out of The Money.

PDE : Partial Differential Equation.

X1



CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Pricing a financial derivative sounds like a well-defined problem: given a model
and a payoff, compute an expectation. In practice, however, this computation has to
be repeated thousands of times. Models need to be recalibrated as market conditions
change, risk indicators must be updated within the day, and hedge positions require
continuous monitoring [17]. Each of these tasks demands a fresh evaluation of the

pricing function, often under tight time constraints.

The Black—Scholes model of Black and Scholes [14] provides a natural first bench-
mark for this thesis. Its closed-form formula makes it possible to isolate the numer-
ical error of the Constrained Gaussian Process Regression (CGPR) approximation
from the error of the reference method itself. This is useful at the implementation
stage, because any discrepancy between the CGPR output and the analytical price
can be attributed to the construction of the kernel, the choice of training points,
or the enforcement of the boundary conditions. At the same time, Black—Scholes
remains too restrictive for a realistic pricing study: volatility is constant, the depen-
dence between price and volatility is absent, and, as shown by Rubinstein [16], the
model cannot reproduce the implied volatility patterns typically observed on equity

markets.

This motivates the transition to the stochastic volatility model of Heston [6].. By
introducing a stochastic variance process correlated with the stock price, the Heston
model keeps a clear financial interpretation while producing a richer pricing surface.

The numerical problem is also more demanding. Unlike in the Black—Scholes case,



prices are no longer obtained from an elementary closed-form formula, and they are
usually evaluated through semi-analytical or numerical methods. For vanilla options,
the Fourier-based approach of Carr and Madan [8] provides a natural benchmark,
while Monte Carlo simulation and PDE-based methods can also be used in more
general settings. In the context of this thesis, this distinction is important: Black—
Scholes is used as a controlled validation environment, whereas Heston is the first
setting in which the CGPR must approximate a higher-dimensional pricing function

depending on time, spot and variance.

This is the starting point of this thesis. Rather than solving the pricing problem
from scratch each time, the idea is to learn the pricing function once and then
reuse it. Gaussian Process Regression (GPR) provides a natural framework for this
by treating option pricing as a supervised learning task, fitting a smooth function
to a set of pre-computed prices, and delivering instantaneous predictions at new
parameter values. De Spiegeleer et al. [2] showed that this approach can match the

accuracy of traditional methods while substantially reducing computation time.

However, this use of GPR does not fully solve the problem considered here. It
makes the evaluation of new prices faster, but it still relies on prices that have already
been computed elsewhere, for example by Monte Carlo or FFT. The Gaussian pro-
cess then learns from these numerical outputs, not from the pricing equation itself.
In that sense, the fitted surface may be accurate on the training domain while still
having no explicit reason to satisfy the Feynman-Kac Partial Differential Equation
(PDE), as discussed by Jeanblanc et al. |7].

The CGPR framework introduced by Hainaut and Vrins [1] addresses this di-
rectly. Instead of training on observed prices, it incorporates the Feynman-Kac PDE
as a structural constraint within the regression procedure. The training data are
not market prices or Monte Carlo outputs, they are evaluations of the PDE residual
and the terminal payoff. The resulting estimator is model-driven by construction,
and it comes with a built-in uncertainty measure through the posterior variance of

the Gaussian process.

The thesis is organised progressively. The CGPR method is first tested in the
Black—Scholes model, where closed-form prices and Greeks give a reliable bench-
mark. The analysis then moves to the Heston model, which is the main part of
the numerical study. Finally, two extensions are considered: a two-asset Heston
basket option and a Guaranteed Minimum Accumulation Benefit (GMAB) contract

including mortality risk.



1.2 Literature Review

The application of machine learning techniques to derivative pricing has grown
steadily over the past decade, driven by the computational demands of modern risk
management. This section reviews the main contributions that form the foundation
of this thesis.

1.2.1 Gaussian Processes for Machine Learning

The theoretical framework used throughout this thesis is developed in the refer-
ence textbook of Rasmussen and Williams [3]. A Gaussian process (GP) is a proba-
bilistic model defined over functions: instead of estimating a fixed set of parameters,
it places a prior distribution directly over the space of functions and updates it as
observations arrive. The result is a posterior distribution that provides not only a
point estimate of the unknown function, but also a measure of uncertainty at each

prediction point.

What makes Gaussian processes particularly well suited to option pricing is
this built-in uncertainty quantification. A classical numerical method gives a single
number; a GP gives a number and a confidence level. In a context where model
risk and approximation errors matter, this is a genuine advantage. The technical
details of the GP framework, including the choice of kernel and the estimation of

hyperparameters, are presented in Chapter 2.

1.2.2 Application of GPR to Derivative Pricing

De Spiegeleer et al. [2] show how GPR can be used to speed up derivative pricing.
Their approach starts from a set of prices computed with a standard method, such
as Monte Carlo simulation or FF'T. These prices are then used to train the Gaussian
process on different values of the model and contract parameters. Once this step is
done, the GP can give prices at new points without running the full pricing method

again.

The authors report substantial computational gains across several applications.
For European call options under the Heston model, the average approximation error
remains of order 10~* while speed-ups of one order of magnitude are achieved com-
pared to the FFT method. The most striking gains appear for exotic derivatives:

barrier options priced by Monte Carlo yield speed-ups of several thousands, while



maintaining a comparable level of accuracy. This paper is the direct starting point
of this thesis: it establishes that GPR is a viable alternative to classical pricing
methods, and it motivates the question of whether the approximation can be made

more model-consistent.

1.2.3 Constrained Gaussian Process Regression

The main methodological reference of this thesis is Hainaut and Vrins [1], who
introduce the Constrained Gaussian Process Regression (CGPR) framework. Their
starting observation is that standard GPR is purely data-driven: it learns from
observed prices but has no knowledge of the financial model that generated them.
In particular, nothing guarantees that the fitted surface satisfies the Feynman-Kac

PDE associated with the underlying risk-neutral dynamics.

Hainaut and Vrins [1] take a different route. They do not train the Gaussian
process on prices computed in advance. Instead, they use the pricing equation itself
in the construction of the regression. In practice, the PDE residual is forced to be
close to zero at interior points, while the payoff is imposed at the boundary. The
information given to the model therefore comes from the financial dynamics and

from the payoff condition, rather than from a separate pricing routine.

The result is a pricing function that is consistent with the Feynman—Kac struc-
ture imposed by the model, computationally efficient, and equipped with analytical
Greeks. These three properties make CGPR particularly well suited to the repeated
pricing problems that arise in risk management and model calibration. The full
mathematical derivation of the estimator is presented in Chapter 2, and its numer-

ical performance is assessed in Chapters 3 and 4.

Moreover, since the estimator is a differentiable function of the input variables,
all sensitivities (Greeks) can be obtained by analytical differentiation, without re-
sorting to finite differences. This property is derived in Hainaut and Vrins [1] and

is discussed in detail in Chapter 2.



1.3 Framework and Assumptions

1.3.1 Market Setting

We consider a frictionless financial market defined on a complete filtered prob-
ability space (2, F,F,Q), where Q is the risk-neutral measure and F = (F})i>0
satisfies the usual conditions. The market consists of a risk-free asset growing at
constant rate r > 0 and a risky asset whose dynamics are specified below. The risk-
free rate is assumed constant throughout this thesis for simplicity; this assumption

does not affect the general structure of the CGPR methodology..

The market is driven by p — 1 state variables stored in a vector 3, € RP~!, whose

dynamics under QQ are governed by the stochastic differential equation
dyr = py(t, ye) dt + 2, (¢, yt) dBy, (1.1)

where B, is a (p—1)-vector of independent Brownian motions under Q, s, is the drift
vector and X, is the diffusion matrix. Following Jeanblanc, Yor and Chesney [7], we
assume the standard regularity conditions on p, and >, required to ensure existence

and uniqueness of the solution

We consider a European derivative with payoff P(T,yr) at maturity 7. Under
the absence of arbitrage, its price at time ¢t < T is the risk-neutral expectation of

the discounted payoft:
f(ty) =EC[eTOP(T yr) | F]. (1.2)

The function f : X — R, where X = [0,T] x RP~! is called the pricing function.

We write = (¢, y;) for the p-vector of time and state variables.

1.3.2 The Heston Stochastic Volatility Model

Throughout this thesis, he main underlying model is the stochastic volatility
model introduced by Heston [6]. Under Q, the state vector is y; = (S;, V;) ", where

S; is the asset price and V; its instantaneous variance. Their joint dynamics are

dS, = rS,dt + /V; Sy aw ", )
1.3

dV, = k(v = Vi) dt + o/ Vi dW,?,



where x > 0 is the mean-reversion speed, v > 0 the long-term variance, o > 0
the volatility of variance, and d(W® W®), = pdt with p € [~1,1]. The variance
process follows the square-root dynamics introduced by Cox, Ingersoll and Ross [5].
When the Feller condition 2k7y > o2 holds, the zero boundary is unattainable and
the variance remains strictly positive. The numerical experiments below do not rely
on imposing this condition; the variance domain is instead handled through the

truncated computational domain.

In the notation of Equation (1.1):

bt ) = (Mﬁtm) N

(Stm 0 )
poV, o /Vi(l1=p?) )’

S2V, SV,
so that ZyZJ:( Ve PO t).

poSiV, 0%V,

1.3.3 The Feynman—Kac Theorem and the Pricing PDE

The Feynman—-Kac theorem establishes the link between the risk-neutral expec-
tation in Equation (1.2) and a partial differential equation. It is the result that
underpins the entire CGPR methodology.

Theorem 1.3.1 (Feynman-Kac [7]). Under standard regularity conditions, the pric-
ing function f(t,y;) defined in Equation (1.2) satisfies the PDE

L.f(x) =0, r e X°, (1.4)

subject to the terminal condition f(T,yr) = P(T,yr), where L, is the linear differ-

ential operator

0
o

with V f the gradient and H, f the Hessian of f with respect to y.

1
+ 1, Vo f + étr(EyEJHyf) —rf, (1.5)

Proof. The proof relies on Itd’s lemma applied to the discounted price process
e " f(t,y;). Under the risk-neutral measure, this process is a (Q,F)-martingale,
so its drift must vanish. Setting the drift to zero yields Equation (1.4). We refer to
Jean Blanc |7] for the complete proof. O

This theorem explains why the PDE constraint is used in the CGPR method.
If the pricing function satisfies the Feynman—Kac PDE (1.4) and the terminal con-

dition, it gives the price implied by the model. In the numerical implementation,

6



the residual L, f is therefore required to be close to zero at interior training points,
while the payoff is imposed on the boundary. In this way, the regression is linked to

the pricing equation, instead of being trained only on prices computed in advance.

Applying Theorem 1.3.1 to the Heston model, with z = (¢, s, v) and substituting
{1, and ZyZ‘; into Equation (1.5):

1y Vyf =rs0f + k(v — )0, f,
1 T 1, 1,
§tr(2y2y H,f) = 55 v Ogsf + posv Oy, [ + 39 V Oy f.
The Feynman-Kac operator for the Heston model is therefore

Cof o 0f 1 L0 P 1, P
L.f= at—I—?"s a$+/i(7 v) av—i—st aSQ—I—pavs 880U+20U8U2 rf. (1.6)

The pricing function of a European call with strike K satisfies L,f = 0 in X°
with terminal condition f(T,s,v) = (s — K)*. This is the PDE that the CGPR
will enforce at interior training points in Chapter 2: the operator L, defined here
reappears in the pseudo-observations, in the covariance matrix ', and in the kernel

derivatives of Chapter 2.



CHAPTER 2

MATHEMATICAL FRAMEWORK OF THE CGPR AND
APPLICATION TO THE HESTON MODEL

2.1 Gaussian Process Regression

2.1.1 From Linear Regression to Gaussian Processes

The standard linear regression model assumes that the output f(x) is a linear

combination of the inputs x € R%:

where w € R? is a weight vector and & ~ N(0,02) is an i.i.d. noise term. This model
is simple but restricted to linear relationships, which limits its ability to represent

complex functions such as option pricing surfaces.

A natural way to make the model more flexible is to replace the original input z

by a set of transformed variables ¢ : R — R™. The regression model then becomes

The role of ¢ is to describe the same input in a richer space, so that the model can

represent nonlinear relationships while remaining linear in the weights w.

Placing a Gaussian prior w ~ A(0,%,) on the weights and marginalising over

w, the predictive distribution of f depends only on inner products of the form



(%) "3, p(x'). We can therefore define a kernel function

k(x,x) = 6(x) 'S, ¢(x),
and compute predictions without evaluating ¢ explicitly, even when N is very large.
This is the kernel trick [3].

Taking the limit N — oo, the parametric model disappears entirely and is re-
placed by a prior defined directly over functions. This leads to the Gaussian process

framework.

2.1.2 Definition and Prior Distribution

Definition 1 (Gaussian Process [3]). A Gaussian process (GP) is a collection of
random variables {g(x)}xex such that, for any finite set of points x1,...,x, € X,
the vector (9(x1),...,9(x,))" follows a multivariate Gaussian distribution. A GP
is completely characterised by its mean function m(x) = Elg(x)] and its covariance
function (or kernel) k(x,x’) = Cov(g(x), g(x')).

Throughout this thesis we set m(x) = 0, which is standard practice and involves
no loss of generality since a non-zero mean can always be absorbed into the kernel.

The GP prior over functions is then written

g~ GP(0, k(x,x)) . (2.1)

For any finite collection of input points X = {x1,...,z,} C X, the corresponding

function values follow the joint distribution
-
g = (g(xl)aag(xn» NN(()? K(XaX))> (22>

where K (X, X) is the n X n Gram matrix with entries [K (X, X)];; = k(x;, x;).

2.1.3 Posterior Distribution and Predictions

Suppose we observe noisy evaluations y; = g(x;) +¢;, with ¢; N (0,02), at the

training points X = {zy,...,2,}. We collect these in the vector y = (y1,...,yn)" .



For a new test point ., the joint prior distribution of y and g(z.) is Gaussian:

y K(X, X) +02l, K(X,z.)
[gm)]”v (0[ K(z.,X) k<>]) 2

where K (X, z.) = (k(z,24))i=1,..n is an n-vector. Conditioning on the observed

data y yields the posterior distribution of g(x,), which is again Gaussian [3]:

Elg(x.) | y] = K(., X) [K(X, X) +071] 'y, (2.4)

Var[g(z,) | y] = k(z., 2.) — K(z., X) [K(X, X) + ai[n]_lK(X, Ty). (2.5)

The posterior mean in Equation (2.4) is the GPR estimator of g(z.). The posterior
variance in Equation (2.5) quantifies the uncertainty of this estimate and does not
depend on the observed values y, only on the locations of the training and test

points.

2.1.4 Kernel Functions and Hyperparameters

The kernel k(x,x’) encodes prior assumptions about the smoothness and struc-
ture of the unknown function. A necessary and sufficient condition for £ to be a
valid covariance function is that the Gram matrix K (X, X) is positive semi-definite

for any finite collection of points [3].

In this thesis, we use the anisotropic squared exponential kernel (also called radial

basis function or Gaussian kernel):

k(x,x") = exp (— Z (%_—x])> ;

2
J=1 217j

where 7; > 0 is the length-scale (or bandwidth) in dimension j. The anisotropic
formulation allows each input dimension to contribute differently to the kernel, which
is natural for pricing problems where time and state variables live on very different

scales.

The parameters n = (n,...,nq) are called hyperparameters. Their choice con-
trols the smoothness of the estimated function: a small n; makes the kernel more lo-
cal in dimension j, while a large n; enforces a smoother approximation. The squared
exponential kernel produces functions that are infinitely differentiable, which is im-

portant for the analytical computation of Greeks in Section 2.2.
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2.1.5 Hyperparameter Estimation

2

~ are estimated from the data by

The hyperparameters 1 and the noise level o
maximising the log-marginal likelihood of the observations. Integrating out the

function values g, the marginal distribution of y is
y ~N(0, K(X,X)+o0.1,),
so that the log-marginal likelihood is
logp(y | X,m) = —§y (K—i—anl) y — élog K—anl} — §log27r, (2.6)

where K = K(X,X) for brevity. The first term penalises poor data fit, while
the second term penalises model complexity through the log-determinant of the
covariance matrix. Maximising Equation (2.6) over n therefore balances fit and

complexity automatically.

In the CGPR framework introduced in the next section, the hyperparameters
are instead calibrated by minimising a validation criterion based on the PDE resid-
ual and boundary conditions. This alternative approach is described in detail in
Section 2.2 and in Chapter 3.

2.1.6 Analytical Differentiation of the Posterior Mean

A key property of Gaussian processes is that any linear transformation of a GP
remains Gaussian. In particular, if g ~ GP(0, k) and k is differentiable with respect
to its arguments, then the derivative process dg/0x; is also a GP. Its covariance

with ¢ and its own covariance can be computed by differentiating & [3].

This property implies that the posterior mean of the derivative of g with re-
spect to z; at a test point z, is obtained by differentiating the posterior mean in
Equation (2.4):

Elg(e.) | ) = T

1

[K(X,X)+021,] y. (2.7)

O+

No additional training is required: once the matrix [K (X, X) + 021, 'y has been
computed, all partial derivatives of the posterior mean are obtained by differentiating
only the kernel. This observation extends naturally to linear differential operators,

and it is the starting point of the CGPR construction in the next section.
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2.2 Constrained Gaussian Process Regression

2.2.1 Motivation

The GPR framework of Section 2.1 treats option pricing as a standard regression:
a training set of prices is used to fit a smooth function, and new prices are obtained
by evaluating the posterior mean. The limitation is that the training set must
be generated by an external method (Monte Carlo, finite differences or Fourier
techniques) and nothing in the regression guarantees that the fitted surface satisfies
the Feynman—Kac PDE associated with the underlying model. A purely data-driven
GPR can therefore produce an accurate interpolation while remaining structurally

inconsistent with the model.

The Constrained Gaussian Process Regression (CGPR) framework of Hainaut
and Vrins [1] addresses this by incorporating the Feynman—Kac PDE directly into
the regression. The training data are no longer simulated prices, instead they are
evaluations of the PDE residual at interior points and the terminal payoff at the
boundary. The fitted surface therefore satisfies the pricing equation by construction,

and no external pricing method is needed.

2.2.2 Problem Formulation

Let X C R? be the pricing domain, with interior A° and boundary 0X. The
pricing function f : X — R satisfies

L.f(z) =0, z¢&X°,
(2.8)
f(@)=h(z), T€oX,

where L, is the Feynman—Kac differential operator and h is the boundary function.

The unknown function f is modelled by a GP prior
g9(z) ~ GP(0, k(z, 1)), (2.9)

where k is a differentiable kernel.

12



2.2.3 Training Sets and Pseudo-Observations

Two training sets are introduced. The first is sampled in the interior:
X° = {2}, C A,

At each interior point, the Feynman—Kac equation requires the PDE residual to

vanish. This is incorporated through noisy pseudo-observations
zi = Loog(xf) + €5, ef ~ N(0,0%%), (2.10)

with target values z; =0 foralli =1,... ,m.

The second training set is sampled on the boundary:
X = {7}, cox.
At boundary points, the pricing function is constrained to match h:
hi = h(Z;) + &, g ~ N(0,0%%). (2.11)

The parameter o* has both a statistical and a numerical role. From the GP point of
view, it represents the noise added to the pseudo-observations. From the numerical
point of view, it regularises the covariance matrix. Adding ¢*?I on the diagonal
makes the matrix inversion more stable, especially when the training points are

close to each other. The choice of ¢* is discussed in Chapter 3.

A key difference with standard GPR is that no simulated or market prices appear
in the training set. The vector z = (z;) contains zeros (PDE residual targets) and

h = (h;) contains payoff evaluations. Both are collected in the observation vector

0= (;) c R™™, (2.12)

2.2.4 Basis Function Representation

To derive the CGPR estimator rigorously, we work with a finite basis func-
tion representation of the GP. Without loss of generality, any kernel k£ can be ap-

proximated by a finite sum for a given accuracy, so there exist n basis functions

13



¢(z) = (¢;(x))j=1,.. n such that
k(z,2') = ¢(x) p(a), Va2’ €X. (2.13)

The GP prior g ~ GP(0, k) is then represented as
g(x) =) wig;(x) = w'(x), (2.14)
j=1

where the weight vector w ~ N (0, I,).

Since L, is a linear operator, applying it to g gives
Lyg(z) = ij Ly¢j(x) = w' gp(), (2.15)
j=1

where ¢ () = (Ly¢j(x)) =1, is the vector of differentiated basis functions. This
shows that L,g(x) is a linear combination of Gaussian weights w, and is therefore
itself Gaussian. More generally, any collection of values drawn from {g(z), L,g(z)}
follows a multivariate Gaussian distribution, fully determined by the kernel through

the relations

Cov(g(z), 9(z")) = ¢(x) " (a’) = k(z,2"), (2.16)
Cov(L,g(x), 9(x")) = dr(z) " d(a') = Lyk(z,a"), (2.17)
Cov(Leg(z), Lyg(x")) = ¢r(x) ¢r(2") = LyLyk(z, ). (2.18)

2.2.5 Conditional Distribution of the Weights
Define the m x n matrix ®; and the d x n matrix ® by
(Pr)ij = Laei(25),  (D)ij = ¢().

Conditionally on w, the joint distribution of (Z, H) — the random vectors corre-

sponding to the pseudo-observations in Equations (2.10)—(2.11) is

<Z> w ~ N((éfw> , 0*21m+d) . (2.19)
H dw

Proposition 2.2.1 (Conditional distribution of weights [1]). The posterior distri-
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bution of w given the observations (z, h) is

w |z, h ~ N(pzp, Zon) s (2.20)

where
Sop = (]n o 2T dy + a*—2cI>Tci>> - (2.21)
foh = o* 2 Xoh ((IDIZ + @Th) ) (2.22)

Proof. We apply Bayes’ theorem to the prior w ~ AN(0, I,,) and the likelihood in
Equation (2.19). The posterior density satisfies

1 1
logp(w | 2,h) < —=w w —

1 _
2 ) *2 Hh—(I)wHQ.

20

. 2
z— @LwH -

Expanding and collecting the quadratic and linear terms in w:
Quadratic: w" (In + a*’QézéL + 0*’2@%)) w = wTE;,llw,
Linear: —2w'o*? <QDZZ + CT)Th> .

Completing the square in w identifies the posterior as N(u, 5, X, ) with X, and
ft-p as defined above. O

2.2.6 Covariance Matrix C

The matrix C'is the covariance matrix of the observation vector o. We compute
Cov(o,0) bloc by bloc using Equations (2.16)—(2.18).

Case 1: two interior residuals z; and z;.

Cov(zi, 2;) = Cov(Lxgg(x;’) +e, Lasg(a§) + 6?)
= Lys Lyo k(27 25) + i P

[RRad]

where the noise terms €] are independent of g and of each other.

Case 2: an interior residual z; and a boundary value h;.

Cov(z;, hy) = Cov(Lgog(xy) + €5, g(T;) + &)
= me kZ(ZE;, J_Ij),
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since €} and &; are independent of g and of each other.

Case 3: two boundary values h; and h;.

Cov(hi, hj) = Cov(g(Z;) + &, 9(Z;) + &;)
= k(Z;,7;) + 0 1,

Assembling the three cases gives

k2 (X0 X°) kp(X°, X
C:COV(O,O)ZU*21m+d+ L ( ) ) L(_ ) ) ’ (223)
kL(Xon)T k(XaX)

where 0*21,, 4 collects the diagonal noise contributions from Cases 1 and 3, and the

three blocks are

(k2 (X°,X°)]Z.j = Lo L (x5, 25),

[kL(XOaX)]ij = fo k(.ﬁlﬁ:,fj)7

k(X X))

%)

= k(Z;, 7).

2.2.7 CGPR Price Estimator

We now derive the main result. The CGPR estimator is defined as the condi-
tional expectation of g(z) given the observations (z,h). From the basis function

representation in Equation (2.14):

Elg() | 2,h] = ¢(x)" Elw | 2, 8] = ¢(2) " prz,n. (2.24)
Substituting Equation (2.22):

Elg(z) | 2, h] = * 2 6(2) T S. (CiDZZ + éTh) . (2.25)

This expression involves the inverse of the n x n matrix ZZ_}L Since n can be very
large (infinite in the kernel limit), we use the Woodbury matrix identity to rewrite
it in terms of the (m + d) x (m + d) matrix C, which has fixed dimension. The

Woodbury identity states that for matrices of compatible dimensions:

(I, +UV) ' U =U(Ipa+VU)™", (2.26)
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where the proof is given in Appendix A.1. Applying this identity with

x—1F
U= <a*_1fi>z 0*_1(i>T> , V = (U @L> ,

o 1P

the expression in Equation (2.25) transforms into [1]:

Bl = (P H) o (°
TR wrer) O )
Recognising that ¢(z)T®] = (S p(x))T with (®¢(z)); = Lyok(x7, ), and similarly

(®p(1)); = k(z;,x), gives the following result.

Proposition 2.2.2 (CGPR Price Estimator [1]). Define the (m + d)-vector

Blz)=1|" ~ 7 "l (2.27)

)

The CGPR estimator of the pricing function is

f(z) = Elg(z) | o] = B(x)"C o, (2.28)

with posterior variance

Var(g(z) | 0) = k(w,2) — B(z) C7'B(2). (2.29)
The posterior variance is derived in Appendix A.2.

The vector C~1o is computed once for a fixed model configuration and does not
depend on the prediction point z. This is the costly part of the method, since it
requires solving a linear system of size m 4 d. Once this quantity is available, a new

price only requires the computation of 5(z) and a dot product:
flz) = Bx)"C o,

Thus, for a fixed maturity and fixed model parameters, the expensive computation

is done once, while prices at new points can be evaluated quickly.

Once the system has been solved, the vector C~'o is fixed. This is the expensive
part of the method, since it requires solving a linear system of size (m + d). For

a new point z, the estimator only needs the vector 5(z) and the price is obtained
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from the product B(x)"C~'o. The cost of one new prediction is linear in m + d,
while the costly matrix step is performed only once. This separation explains why

CGPR becomes useful when many prices have to be evaluated.

2.2.8 Estimator of the PDE Residual

The same argument applies to the transformed process L,g(z). From Equa-
tion (2.15):
E[L.g(x) | z,h] = dr(x)" 1z p-

Applying the same Woodbury transformation as above, with ¢ (z) in place of ¢(x),

gives the following result.

Proposition 2.2.3 (PDE Residual Estimator [1]). For x € X°, define the (m + d)-

vector

LyoL, k(z;, x i=1,...,m
N o

~~~~~

The posterior mean of the PDE residual is
E[L,g(z) | o] = a(z)"C o, (2.31)
with posterior variance

Var(L,g(z) | o) = [Lfok:(x,:%)}~ —a(x) Ca(z). (2.32)

If the posterior mean of L,g(z) remains close to zero across the domain, the
fitted surface is consistent with the Feynman—Kac equation. This provides a direct
diagnostic criterion for the quality of the CGPR approximation, independently of

any external benchmark.

2.2.9 Greeks via Analytical Differentiation

The estimator f(z) = B(z)TC 'o is linear in B(x), and C o is fixed after
training. The Greeks are therefore obtained by differentiating G(x) with respect to

the relevant state variable, with no additional computation required. For the Heston
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model, where = = (¢, s,v):

Alz) = %(1’) = % C o, (2.33)
V(z) = %(J;) - aﬂa(f) 1o, (2.34)
O(x) = %(x) - aﬁé‘f) Cc~lo. (2.35)

Since the squared exponential kernel is infinitely differentiable, all partial deriva-
tives of B(z) are available in closed form. The explicit expressions are derived in
Section 2.4 and listed in Appendix A.3.

2.3 CGPR Algorithm

The previous sections derived all the mathematical ingredients of the CGPR
estimator. We now summarise the full procedure. The kernel bandwidths n =

(n¢,ms, ) are calibrated by minimising the internal validation criterion

Ty =5 S (Lafh) 4 5 () -na) (@30

TLEX & eX

where X and X' are validation sets independent of X° and X.
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Algorithm 1. CGPR approximation of f(z) [1].

Offline step — performed once per maturity.

1. Sample m interior points {z{}, C AX° uniformly and set z; = 0.
Sample d boundary points {Z;}}_, C 0X, compute h; = h(Z;), and form
o= (21, 2Zm, h1,...,hg)". Sample two additional validation sets X* and
X'

2. Calibrate »* by minimising J(n) in Equation (2.36) via Nelder-Mead over
log(m).

3. Assemble C in Equation (2.23) using n*, with blocks computed via Equa-
tions (2.41), (2.39) and (2.37). Factorise C' and compute v = C~'o at cost
O((m + d)?).

Online phase — repeated for each prediction point x.

4. Compute B(x) via Equation (2.27) using Equation (2.40), and evaluate

f(x)=B(x)Ty,  Var(g(z) | 0) = k(z,z) = B(z)TC~'B(x),

at cost O(m + d). If Greeks are required:

Alx) = 08x)Ty, V(@) =0,8x)Ty, ©O(x) =08,

using derivatives from Appendix A.4.

The dominant cost is Step 3 at O((m + d)?), performed once per maturity. Each
subsequent price evaluation costs only O(m + d). The sensitivity of the results to

m, d and ¢* is analysed in Chapter 3.

2.4 Application to the Heston Model

We now instantiate the CGPR framework to the pricing of European call op-
tions under the Heston model introduced in Section 1.3. The state variable is
v = (t,s,0) € X = [0,T] x R%, where s denotes the asset price and v the in-
stantaneous variance. The objective of this section is to derive the two quantities
Lzk(z,z) and L,Lzk(z,Z) that enter the covariance matrix C' in Equation (2.23),

and to give the explicit expressions for the Greeks.
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2.4.1 The Feynman—Kac Operator and Boundary Conditions

The Feynman—Kac operator for the Heston model is L, defined in Equation (1.6),
which we recall here:
af af

waza—krsg—l—/{(v—v)

1 ,0%f ’f 1, 8f
TV g TPV 5 e, T 27V g2

of
ov

—TJ.

The pricing domain is truncated to X = [0, T] X (0, Syax] X Ry, where sp,ax is chosen
large enough to contain the full validation range. The boundary OX has three

components, at each of which the boundary function A is defined as follows:

(s — K)* T = (T,s,v), (terminal payoff),
h(z) =10 T =(t,0,v), (option worthless at s = 0),

s— Ke T 7 = (t, 8max,v), (deep in-the-money approximation).

These boundary conditions have a simple interpretation. At maturity, the option
value is equal to its payoff. When s = 0, the stock price stays at zero, so the
call is worthless. At the upper boundary s = spy.y, the call is treated as a deep

in-the-money option and its value is approximated by
S — Ke 7T,

This approximation becomes exact when s — oo.

2.4.2 Anisotropic Gaussian Kernel

For the three-dimensional state vector (t,s,v), we use the anisotropic squared

exponential kernel

k(z,7) = exp (— t—17 (=5 (v— @)2) , (2.37)

2n? 2n? 2n?

with bandwidths 7y, ns, n, > 0. To lighten notation, define the normalised differences

; 2.38
n7 n? 2 (2.38)

The partial derivatives of k with respect to (¢, s,v) are:
@/{: == —5,5]{3, 0516 = —551{5, &)k: == _5vk7
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Dssk = (55 - %) K, Ok = (53 - iQ) k, gk = 0,0,k
n n

S v

Derivatives with respect to (¢, §,7) introduce opposite signs in the first-order terms

since, for example, 0:k = +0,k.

2.4.3 First Operator: L;k(x, 1)

Applying Lz to the kernel (that is, applying the operator in the tilde variable)

gives a product of the form
L; k(z,2) = (2, T) - k(z,2), (2.39)

where /; is a scalar coefficient obtained by collecting all derivative terms.

Proposition 2.4.1 (First operator [1]).

1 1 1 1
Uz = 6,415 6s+K(y—7) 5v+§§2@ (53 — ?> +po3D 535U+§a2@ (53 - ?> —7r. (2.40)

s

Proof. Each term of Lz is applied to k£ using the tilde derivative sign convention.
Since 0;k = +d;k and similarly for § and o, the first-order terms give &; + 755 +
k(7 —10)d,. The second-order terms give £5%0(02 — 1, %) + po 06,0, + 3020(62 — 1, 2).

Summing all terms and factoring out k gives Equation (2.40). O

2.4.4 Double Operator: L,L; k(x,T)

The interior—interior block of C requires applying L, to the product ¢; - k from
Equation (2.39). Using the Leibniz rule on each term of L,:

LoLzk = (3(0k — k) + k 8,05
+ 175k 0slz + Uz Osk) + k(v — v)(k Oplz + Lz Opk)
+ 15%0(k O5sls + 2 05l; Osk + Uz Ossk)
+ 10%0(k Opulz + 20,05 Ok + €z Ok
+ posv(k Ol + Oslz Dok + Dylz Osk + U3 Dgk) . (2.41)

All partial derivatives of ¢; with respect to (¢,s,v) are available in closed form
and listed in Appendix A.3. With Equations (2.39) and (2.41), the three blocks of

C' in Equation (2.23) are fully computable: the interior-interior block uses Equa-

22



tion (2.41), the interior-boundary block uses Equation (2.39), and the boundary—
boundary block uses Equation (2.37) directly.

Once C is assembled and factorised at offline cost O((m + d)?), the vector C~'o
is computed once. Any new price is then evaluated at cost O(m + d) via Equa-

tion (2.28).

2.4.5 Expressions for the Greeks

Since f(z) = B(z)TC'o and C~'o is fixed after training, each Greek reduces
to differentiating B(z). The vector B(z) has two parts: the first m entries are
Bi(w) = Lo (27, x) - k(x7, ) and the last d entries are (3,,1;(z) = k(Z;, v).

We develop the Delta A= Os f explicitly as an illustration. For the last d entries:
Osk(zj,x) = =05 k(Z;, x).
For the first m entries, the product rule gives
0.5:(2) = (0laz ) k(a,) = 8, Loz k(a?, ) (242)

where 0, = (s—s7) /17 and Osl,e is the derivative of £z with respect to s (the non-tilde

variable), evaluated at (x,%) = (z,27). From Appendix A.3:

1
os = (7"5 + 52068, + posi 50). (2.43)
Assembling Equation (A.8) for all 7 and j gives the full vector 9;3(x), and the Delta

is
A 9B(x)"
A p—
(z) ds
The Vega V= 0, f and Theta © = O f follow the same structure, replacing d5 by 9,

or ¢; and using the corresponding derivatives of ¢z from Appendix A.3.

Co.
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CHAPTER 3

EXPERIMENTAL FRAMEWORK

3.1 Validation in the Black—Scholes Framework

The first experiment validates the CGPR implementation in the Black—Scholes
framework. Since exact prices and Greeks are available through the closed-form for-
mula, any discrepancy between the CGPR approximation and the analytical solution
reflects the numerical approximation error of the method itself. This controlled set-
ting also allows us to study the effect of the main implementation choices (training
size, regularisation parameter and kernel bandwidths) before moving to the more

demanding Heston experiment.

In the Black—Scholes model, the stock price follows
dSt = TSt dt + O'St th,

and the pricing function f(¢,s) of a European call with strike K" and maturity T

satisfies L, f = 0 with the two-dimensional Feynman-Kac operator

Cof . of 1 ,,8
L$f_6t+r883+208832 rf:

This is a one-dimensional special case of the general operator derived in Section 1.3,

with v fixed and p = 0. The analytical benchmark is the Black—Scholes formula:

Chs(t,s) = s®(dy) — Ke " T=0d(dy),
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with
In(s/K) + (r + 2o®)(T —t)
di = 2 do=dy —ovVT —t.
! ovVT —t 7 ? e

This formula is used only as a benchmark. The CGPR estimator is trained from

the Feynman—Kac residual and the boundary conditions; no Black—Scholes prices

are used in the training set.

3.1.1 Implementation Choices

Since the stock price is unbounded, the computation is done on a finite domain,
[07 T) X (07 Smax]v Smax = 2007

This domain covers the validation range Sy € [50,150]. The boundary sample X is
split into three parts:

Xo = {(t,O)}, Xmax = {(ta Smax)}a XT = {(T>S)}7

with corresponding boundary values
f(t7 O) = 07 f(t> Smax) = Smax — Ke_T(T_t), f(T, 8) - (S - K)+

The boundary points are placed approximately equally on these three parts. This
allows the CGPR surface to be guided not only by the terminal payoff, but also by

the behaviour at the lower and upper stock-price boundaries.

The regularisation parameter is fixed at ¢* = 0.01 throughout the Black—Scholes
experiment. As discussed in Section 2.3, a smaller value enforces the PDE and
boundary constraints more tightly but risks an ill-conditioned system, while a larger
value improves stability at the cost of a bias in the fitted surface. The value o* = 0.01
provides a good balance in this two-dimensional setting. The same baseline value is

retained in the Heston experiment, where its effect is analysed in Section 3.2.2.

The kernel bandwidths (1, 7;) are calibrated by minimising the criterion J(n)
defined in Equation (2.36) via Nelder-Mead over log(n). The optimisation is per-
formed separately for each maturity. The starting point is (77150), 7750)) = (0.75,14),

based on the values reported in [1] for the Black—Scholes case.

The financial parameters used throughout this section are r = 5%, o = 25% and
K = 100. The validation grid consists of 51 initial stock prices Sy € [50, 150] for
each of the six maturities 7' € {0.5,1,1.5,2,2.5, 3}, giving 306 validation options.
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3.1.2 Convergence with Respect to the Training Size

We first study the effect of the number of training points on pricing accuracy,
fixing the maturity at 7' = 1 and varying m = d from 200 to 600. The objective is to
assess whether imposing the Feynman—Kac constraint and the boundary conditions

on a larger set of points improves the quality of the CGPR approximation.

Table 3.1 — Convergence of the CGPR approximation in the Black—Scholes case
(T'=1, 0% = 0.01, Syax = 200).

m=d MAE MREITM Mean Std. ul s
200 0.0941 0.34% 0.0025  0.8434 23.0119
400  0.0435 0.22% 0.0052  0.3435 12.0764
600  0.0062 0.01% 0.0017  0.2123 20.0860

Both the MAE and the MRE on in-the-money options decrease when m increases.
Between m = 200 and m = 600, the MAE falls from 0.0941 to 0.0062, while the MRE
decreases from 0.34% to 0.01%. This shows that adding more training constraints

improves the approximation of the Black—Scholes pricing surface.

For an at-the-money call option with Sy = K = 100 and T = 1, the Black—
Scholes price is of the order of ten euros under the parameters of Table 3.1. The
relative errors in Table 3.1 therefore correspond to small pricing errors in absolute

terms.

The posterior standard deviation does not decrease monotonically with m. As
explained in Section 2.2, it measures the internal uncertainty of the Gaussian process
posterior. It depends on the location of the training points and on the calibrated
bandwidths. It should therefore not be read as a direct measure of the error against

the Black—Scholes benchmark.

The bandwidth 7; is also non-monotone. It decreases from 23.01 at m = 200 to
12.08 at m = 400, before increasing again to 20.09 at m = 600. This is not surprising,
since the bandwidths are recalibrated for each training set and the criterion J(n)
is not convex. The values of 1 should therefore be interpreted together with the

training configuration used to obtain them.

Although m = d = 600 gives the lowest error in Table 3.1, we retain m = d = 400
in the following experiments as a compromise between accuracy and computational

cost.
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3.1.3 Pricing Results

We now fix m = d = 400 and evaluate the CGPR approximation over the full
validation grid of 300 options, covering six maturities and 50 initial stock prices
So € [50, 150].

Table 3.2 — CGPR pricing errors against Black—Scholes closed-form prices (m = d =
400, o* = 0.01, Syax = 200).
T MAE MREITM  Std. | A ] T err | |Oer| M m
0.5 0.0163 0.05% 0.0037 0.0020 0.000404 0.7365 0.1702 11.9892
1.0 0.0435 0.22% 0.0052 0.0027 0.000512 0.7043 0.3435 12.0764
1.5 0.0621 0.28% 0.0032 0.0024 0.000380 0.3043 0.7591 14.2717
2.0 0.1066 0.41% 0.0131 0.0042 0.000656 1.0981 0.4032 15.0357
2.5 0.1242 0.42% 0.0127 0.0034 0.000520 0.8788 0.4983 16.1106
3.0 0.1132 0.38% 0.0120 0.0021 0.000280 0.6289 0.5734 17.6291

The MRE on in-the-money options stays below 0.42% across all maturities. To
put this in perspective, a MRE of 0.42% on an option worth 10€ represents an
absolute error of about 4 cents; a level of precision that is acceptable for most
practical pricing applications, given that the dominant source of error in a real

setting is model misspecification rather than numerical approximation.

The MAE increases overall with maturity, from 0.0163 at T = 0.5 to 0.1242 at
T = 2.5, before decreasing slightly at 7' = 3. This is mainly due to the fact that
longer-maturity options have larger prices in absolute terms. A similar relative error
can therefore lead to a larger absolute error. The MRE on in-the-money options

remains low across all maturities and never exceeds 0.42%.

The bandwidth 7; also increases with maturity, from 11.99 at 7" = 0.5 to 17.63 at
T = 3. This means that the CGPR fit becomes smoother in the stock-price direction
for longer maturities. This is consistent with the behaviour of call prices, with a
price curve that becomes smoother around the strike when maturity increases. The
time bandwidth 7, is less regular, but it remains of the same order of magnitude

across maturities.
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o = 25%, m = d = 400, o = 0.01, turities and spot values.
Smax = 200).

Figure 3.1 compares the CGPR prices with the Black—Scholes benchmark for
T = 1. The two curves are almost identical over the full range of spot values.
The vertical line marks the strike K = 100, and the title reports a MAE of 0.0435
and a MRE of 0.22% on in-the-money options. The posterior confidence interval is
also very narrow, which shows that the fitted surface is stable in this Black—Scholes

validation case.

Figure 3.2 gives a more detailed view of the absolute errors over the validation
grid. The largest errors appear for high values of Sy and for longer maturities.
These points are closer to the upper boundary s,., = 200, where the call value is

approximated by

f(t> Smax) ™~ Smax — Ke_T(T_t)‘

This suggests that the fitted surface is more affected by the upper boundary ap-

proximation in this region.

3.1.4 Accuracy of the Greeks

We finally assess the quality of the Greeks produced by the CGPR estimator.
As explained in Chapter 2, the sensitivities are obtained by analytical differentia-
tion of the kernel-based estimator. This avoids finite-difference approximations and

provides Greeks that are directly consistent with the estimated pricing surface.
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Greeks: CGPR vs Black-Scholes (T=1.0y, K=100)
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Figure 3.3 — Comparison of CGPR and Black—Scholes Greeks for 7" = 1 and K = 100.

Figure 3.3 compares the CGPR Greeks with the Black—Scholes Greeks for T = 1.
Delta is very close to the benchmark over the full range of spot values. Gamma is
also well reproduced around the strike, where it reaches its highest value. For larger

values of Sy, small differences become more visible.

Theta is less precise than the two others. However, the CGPR curve follows the
Black—Scholes curve up to the at-the-money region, but the difference increases for
high spot prices. This shows that the time derivative is more difficult to approximate

in this experiment, especially near the upper part of the stock-price range.

3.2 Validation in the Heston Model Framework

After validating the CGPR in the Black—Scholes framework, we now apply the
method to the Heston stochastic volatility model. The state vector is now x =
(t,s,v), which makes the problem more demanding in two ways. First, the covariance
matrix C' is built from a three-dimensional kernel with three bandwidths (n, ns, 17,)
instead of two. Second, the Heston price surface depends on the variance level V),
which adds a full dimension to the validation grid. The theoretical framework —
the Feynman—Kac operator, the anisotropic kernel and the analytical expressions

for the Greeks — was derived in Section 2.4.

3.2.1 Implementation Choices

The financial parameters and numerical setup are summarised in Table 3.3. The
Heston parameters are representative of equity markets: a negative correlation p =
—30% captures the leverage effect, the long-term variance v = 0.0225 corresponds
to a long-run volatility of 15%, and the volatility of variance ¢ = 30% produces a

pronounced implied volatility smile.
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Table 3.3 — Numerical setup for the Heston CGPR experiment.

Category Quantity Value
Financial parameters Strike K =100
Risk-free rate r=5%
Mean reversion speed k=0.95
Long-term variance v = 0.0225
Volatility of variance o=30%
Correlation p=-30%
Training domain Stock-price interval s € [10, 300]
Variance interval v e [0,87]
Time interval te 0,7
Training design Interior sample size m = 400

Boundary sample size
Boundary condition
Regularisation parameter

d =240 = 3m/5
f(T,s,0)=(s— K)T
o* =0.01

Kernel calibration

Kernel
Bandwidths
Optimisation
Criterion

Anisotropic Gaussian
N> Mss T

Nelder-Mead on log(n)
J(n) in Equation (2.36)

Validation grid

Spot values
Variance values

20 values in [50, 150]
20 values in [y/5, 57]

Maturities T €{0.5,1,1.5,2,2.5,3}
Total options 2400
Benchmark FFT [8] N = 4096, o = 1.5, spacing

=0.25

FFT benchmark. Since the Heston model does not provide an elementary
closed-form call price, the benchmark is computed via the Carr-Madan Fast Fourier

Transform algorithm [8].. The key ingredient is the Heston characteristic function
¢T(U) — EQ [6iu10gST ’ So,Vo} 7

which is available in closed form [6]. The idea of the Carr—-Madan approach is to
introduce a damping factor e (with k = log K and a > 0) to ensure integrability,
and then to recover the call price via an inverse Fourier transform of a transformed
quantity ¢ (u) involving ¢7. This integral is then approximated numerically using a
standard FFT routine. The full mathematical derivation and the implementation pa-

rameters (N = 4096, o = 1.5, frequency spacing = 0.25) are given in Appendix A.6.

Since the FFT introduces a small discretization error, the reported MAE reflects
the combined discrepancy between the CGPR and the FFT rather than the exact
pricing error of the CGPR alone.
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Boundary conditions and computational structure. Unlike in the Black—
Scholes experiment, the boundary sample is placed only at the terminal date 7T,
with no spatial boundary condition at s = 0 or s = sya.x. The baseline choice
m = 400, d = 240 = 3m/5, gives more weight to the interior PDE constraints while
keeping the covariance matrix manageable. This is a compromise: larger training
sets improve accuracy but increase the optimisation time, as shown in Table 3.4.
Once the system is solved, the validation grid is evaluated in less than one second.
The FFT remains faster for this vanilla benchmark, but CGPR provides a reusable
pricing surface with analytical Greeks and posterior uncertainty. Further sensitivity

results are reported in Appendix A.1.

Table 3.4 — Accuracy and computation times for the Heston CGPR experiment
(T'=1,d=3m/5, " =0.01).

m d MAE MREITM Mean Std. Opt. time CGPR time FFT time

400 240 0.1805 1.47% 0.0064 48.12s 0.60s 0.16s
600 360 0.1118 0.64% 0.0050 192.83s 0.61s 0.14s
800 480 0.0952 0.32% 0.0042 385.10s 0.83s 0.15s

3.2.2 Sensitivity to the Regularisation Parameter

Before analysing the pricing results, we study the effect of the regularisation
parameter ¢* on the CGPR approximation. As discussed in Section 2.2, this pa-
rameter plays two roles: it is the noise level attached to the pseudo-observations
in the Bayesian formulation, and it acts as a Tikhonov regularisation term that

improves the conditioning of the covariance matrix C.

Figure 3 — Impact of 0” on CGPR prices (T =3.0y)
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Figure 3.4 — Impact of o* on Heston CGPR prices for 7' = 3 (m = 400, d = 240).
Left panel: small values (¢* € {0.001,0.01}). Right panel: large values (o* €
{0.25,0.50}).
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In Figure 3.4, the bandwidths are kept fixed in order to isolate the visual effect

of changing ¢*. In Table 3.5, they are re-optimised for each value of o*.

Table 3.5 — Sensitivity to ¢* in the Heston CGPR experiment (7' = 3, m = 400,
d = 240).

o* MAE MRE ITM Mean Std. Nt s Ny

0.001 0.3213 0.67% 0.0011 1.126 31.10 3.171
0.01 0.3534 0.75% 0.0068 1.538 25.78 1.674
0.1 0.7903 2.70% 0.0487 1.909 21.44 2.120
0.25 29361 10.08% 0.0871 2.435 28.55 2.846
0.5 1.9580 5.45% 0.1566 6.163 22.77 1.704

The value ¢* = 0.001 gives the lowest MRE in Table 3.5. However, it also
gives a very small posterior standard deviation, which suggests an overconfident fit.
More importantly, such a small value adds very little diagonal regularisation to the
covariance matrix C', making the inversion more sensitive. For this reason, ¢* = 0.01

is kept as the baseline value.

The comparison between ¢* = 0.25 and ¢* = 0.5 should also be read with care.
Although o* = 0.5 gives a lower MRE than ¢* = 0.25, both values produce much
larger errors than the baseline case. This happens because the bandwidths 7 are
re-optimised for each value of ¢*. Changing ¢* therefore changes both the strength
of the PDE constraint and the bandwidths selected by the optimiser.

For the rest of the Heston experiment, o* = 0.01 is kept as the baseline value. It
does not give the lowest MRE in this table, but it gives a good compromise between

pricing accuracy, posterior uncertainty and numerical stability.

3.2.3 Pricing Results

Table 3.6 reports the pricing errors and optimized bandwidths for the six matu-

rities.

Table 3.6 — Heston CGPR pricing errors and optimized bandwidths by maturity
(m = 400, d = 240, o* = 0.01).
T  MAE MREITM Mean Std. Ns Mo

0.5y 0.1785 1.86% 0.0055 1.070 20.14 0.205
1.0y 0.1805 1.49% 0.0064 0.555 24.09 0.361
1.5y 0.2121 1.57% 0.0076 1.083 26.20 0.256
2.0y 0.3230 0.94% 0.0059 1.090 24.37 1.167
2.5y 0.3459 0.79% 0.0064 1.321 25.10 1.389
3.0y 0.3535 0.73% 0.0067 1.537 25.79 1.675
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The MRE on in-the-money options stays below 2% across all maturities. Com-
pared to the Black—Scholes experiment where the MRE reached 0.42%, the Heston
errors are larger — which is expected since the pricing surface now depends on an
additional state variable Vj that the kernel must approximate simultaneously. To
put the numbers in perspective, a MRE of 1.86% at T' = 0.5 means that on an at-
the-money option worth approximately 5€, the CGPR price deviates by less than
10 cents from the FFT benchmark.

The MRE decreases with maturity, from 1.86% at 7' = 0.5 to 0.73% at T = 3.
Over the same range, the MAE increases from about 0.18 to 0.35. This difference
mainly comes from the scale of the option prices: longer-maturity options are more
expensive, so a similar relative error can lead to a larger absolute error. For this
reason, both the MAE and the MRE are useful to read Table 3.6.

The variance bandwidth 7, increases with maturity, from 0.205 at 7" = 0.5
to 1.675 at T' = 3 and it can be explained by the variance process. For longer
maturities, the variance has more time to move back toward its long-term level ~.
As a result, the option price becomes less sensitive to the initial variance V;, and
a larger bandwidth in the variance direction is selected. On the other hand, the

stock-price bandwidth 7, remains more stable, between 20.14 and 26.20.

Figure 1 — CGPR vs FFT (T=1y, m=400, d =240)
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Figure 3.5 — Left: CGPR and FFT call prices for T = 1, vV, = 15% (m = 400,
d = 240). The shaded area is the 95% posterior confidence interval. Right: absolute
error over the 20 x 20 validation grid in (Sy, Vo).

Figure 3.5 shows the result for "= 1. On the left panel, the CGPR price curve
is close to the FFT benchmark for /V, = 15%, and the posterior band remains
narrow. This band mainly reflects the internal uncertainty of the CGPR estimator,
not a direct error bound against the FFT price. The heatmap on the right shows

that the largest errors occur for low initial volatility levels, especially for low stock
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prices and near the strike. These regions are more difficult because the pricing

surface changes more rapidly there.

Figure 2 — Average error heatmaps (m =400, d =240)
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Figure 3.6 — Average absolute errors by maturity and initial variance (left) and by
maturity and initial stock price (right) (m = 400, d = 240).

Figure 3.6 shows that this pattern is also present across maturities. Errors are
higher when the initial volatility is low, especially for longer maturities. The errors
are also more visible for low stock prices and around the strike region. This suggests
that the approximation is more difficult in regions where the price surface changes

more rapidly.

3.2.4 Accuracy of the Greeks

The CGPR estimator produces analytical sensitivities by differentiating 3(x), as

derived in Section 2.4.

Figure 4 — Greeks CGPR vs FFT (T=1.0y, K= 100, yV, = 15.0%)
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Figure 3.7 — CGPR and FFT finite-difference Greeks for 7' = 1, K = 100 and
VVo = 15% (m = 400, d = 240).

Figure 3.7 illustrates the behaviour of the Greeks for 7' = 1, while Table 3.7
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reports the MAE across all maturities. Delta is the most accurate sensitivity, with
an error below 0.035 in all cases. Gamma also keeps the expected shape: it increases
near the strike, reaches a peak, and then decreases for larger stock prices. However,
the CGPR curve is not perfectly aligned with the FF'T benchmark.

Vega shows a similar situation. Its overall shape is well reproduced, with a clear
increase around the strike followed by a decrease for larger stock prices. The main
difference with the FFT benchmark is again in the level of the curve, which explains
the larger MAE values reported in Table 3.7. .

Table 3.7 — Greek errors: CGPR vs FFT finite differences (m = 400, d = 240,
o* =0.01).

T MAEA MAETD MAE Vega
0.5y 0.02103 0.003736 6.8360
1.0y 0.01770 0.002577 6.5314
1.5y 0.01595 0.002208 6.1175
2.0y 0.02876 0.003087 8.1773
2.5y 0.03067 0.003101 8.1406
3.0y 0.03405 0.002964 8.0508

These limitations are partly attributable to the benchmark itself: the FF'T
Greeks are computed by finite differences, which introduces additional numerical
noise. The reported Greek errors should therefore be interpreted with care, since
they include both the CGPR approximation error and the finite-difference error of
the FFT benchmark.
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CHAPTER 4

LEXTENSION: EXTENSIONS TO MULTI-ASSET AND
INSURANCE PRODUCTS

4.1 Extension to a Two-Asset Heston Model

The previous sections validated the CGPR methodology in the Black—Scholes
and one-asset Heston frameworks. We now extend the method to a basket option
on two assets, each driven by its own stochastic variance process. The state vector
becomes = = (t, Sy, S2, Vi, Vs) € R®, which increases the dimension of the pricing
problem from three to five. This extension tests whether the CGPR construction

remains accurate when several sources of dependence are introduced simultaneously.

4.1.1 Model, Payoff and Feynman—Kac Operator

Under the risk-neutral measure, the two assets follow Heston-type dynamics:

dSiy = 1Sy dt +/Viy S dW?, i=1,2,
AViy = ki(yi — Vig) dt + oo/ Vi dWY, i =1,2. (4.1)

The four Brownian motions are correlated through the matrix

1 p p2 O
1 0
R— P1 PV ’ (4.2)
piz2 0 1 po
0 pv p2 1
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with ordering (W51, WVt W52 WV2). The parameter p; is the leverage effect for as-
set i, p1o is the cross-asset correlation, and py captures a direct dependence between
the two variance shocks — for instance when both assets are exposed to common
market volatility. The positive definiteness of R is verified before running the Monte

Carlo simulation.

The contract is a European basket call option with payoft
h(Sl, SQ) == (OéSl + (1 — 04)52 — K)+ s (43)

with @ = 0.5 in the numerical experiment, corresponding to an equally weighted
basket.

Applying Theorem 1.3.1 to the two-asset dynamics, the pricing function f(¢, S1, Sz, V1, V2)

satisfies L f = 0 in the interior of the pricing domain, where

Lf= af s Slaaéfl +TS285]‘C + Ki(m — ‘/1)5—‘]; + Ka(y2 — Vz)aa—é —r
ERE R e
T 12515 QWagjg& TanSh asajgm P22 2V2as§§w
+ Pv0102\/m83128]}2 (4.4)

This operator is the direct application of Equation (1.5) to the two-asset Heston
dynamics. The last term, proportional to py, arises from the direct correlation
between the two variance processes and introduces a mixed derivative 9 f/0V10V;
that does not appear in the one-asset case. The instantaneous covariance matrix of

the state variables (57, So, Vi, V5) that generates the second-order terms is given in
Appendix A.7.

4.1.2 CGPR Construction and Kernel

The CGPR estimator follows the same construction as in Chapter 2:

f(w)=B(z)' C o

The dimension of the input vector increases from three to five, and the operator

L in Equation (4.4) replaces the one-asset Heston operator (??7). The anisotropic
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Gaussian kernel extends naturally to the five-dimensional state vector:

ky(x, ') = exp (—% Z M) , (4.5)

(=1 e

with bandwidths n= (ntu USIRRIETSRIA%E nV2>‘

The boundary sample is more complex than in the one-asset case. Five compo-
nents are used:
— terminal payoff at t =T: h = (aS; + (1 — a)Sy — K)T,
— lower boundary S; = 0: approximated by a one-asset Black—Scholes call on
(1 —a)Ss,
— lower boundary S = 0: approximated by a one-asset Black—Scholes call on
aSla
— upper boundary S; = Spax: discounted forward approximation of the basket,
— upper boundary Sy = Spac: Symmetric approximation.
Half of the boundary points are placed at maturity, and the other half are split
across the four spatial boundaries. These boundary values are not external prices.
They are used to guide the CGPR surface near the edges of the numerical domain,

where the interior PDE points alone may not be sufficient.

The kernel derivatives required to build C follow the same structure as in Sec-
tion 2.4, with the operator L replaced by Equation (4.4). The explicit expressions
are given in Appendix A.8.

4.1.3 Implementation Choices

The numerical setup is summarised in Table 4.1. The two assets are assigned
different Heston parameters to avoid a degenerate symmetric configuration. Asset 1
is calibrated close to the one-asset experiment of Section 3.2, with a long-term
variance of v, = 0.15? and volatility of variance o, = 0.30. Asset 2 has a higher
long-term variance v, = 0.20? and a lower volatility of variance oy = 0.25. The
cross-asset correlation po = 0.30 and variance correlation py = 0.30 introduce two

distinct dependence channels, as described in Section 4.1.1.

38



Table 4.1 — Numerical setup for the two-asset Heston experiment.

Category Parameter Value
Basket option Strike K =100
Weight a=0.5
Risk-free rate r=5%
Asset 1 Mean reversion k1 = 0.95
Long-term variance 7, = 0.152
Vol. of variance o1 = 0.30
Leverage p1 = —0.30
Asset 2 Mean reversion ko = 0.80
Long-term variance 7y, = 0.20?
Vol. of variance o9 = 0.25
Leverage p2 = —0.20
Dependence Asset correlation p12 = 0.30
Variance correlation py = 0.30
Training Interior points m = 600
Boundary points d = 600
Regularisation o*=0.01
Interior sampling Sobol sequence
Validation Slice S1 =52 = 50, Voo =72
So grid 20 points in [60, 150]
Vi grid 10 points in [y1/5, 5]
Maturities T €{0.5,1,1.5,2,2.5,3}
Benchmark Method Monte Carlo
Paths Ngim = 8,000
Variance reduction  Antithetic variates
Steps per year 100

Three implementation choices differ from the one-asset experiment and deserve

comment.

Sobol sampling. Interior points are generated from randomized Sobol sequence|20]
rather than a uniform distribution. In five dimensions, a Sobol sequence provides
better coverage of the state space than a standard random sample of moderate m,
which reduces the risk of leaving large regions of the domain without PDE con-

straints.

Choice of m = d = 600. Unlike the one-asset Heston case where d = 3m/5, we
use d = m here because the boundary sample covers five components including four

spatial boundaries. Table 4.2 reports the sensitivity to the training size for 7' = 1.0.
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Table 4.2 — Accuracy and computation time for different training sizes (7' = 1.0,
d=m, c* =0.01).
m=d MAE MRE ITM Mean Std Opt. time(s) CGPR time(s) MC time(s)

400  0.4450 1.06% 0.00564 157.9 0.00 0.25
600 0.3113  0.77% 0.00600 239.2 0.00 0.24
800  0.3808 1.12% 0.00423 530.3 0.00 0.24
1000 0.1906  0.50% 0.00524 483.0 0.01 0.25

The accuracy is not monotone in m because going from m = 400 to m = 600
improves both the MAE and MRE, but m = 800 gives worse results than m = 600.
This reflects the non-convex optimization landscape of J(n) where a larger training
set can lead the optimizer to a different local minimum. The best absolute result
is at m = 1000 with a MRE of 0.50%, but the optimization time of 483 seconds
per maturity makes it prohibitive for the full six-maturity experiment. We retain

m = d = 600 as the best compromise between accuracy and computation time.

It is easy to show that Monte Carlo is relatively cheap for one benchmark run,
but it remains simulation-based and must be repeated when new prices, Greeks or
higher precision are required. By contrast, CGPR has a costly offline calibration
step, but once the system has been solved, the fitted pricing surface is evaluated
almost instantly. This is the main computational advantage of CGPR in this higher-

dimensional setting.

Monte Carlo benchmark. Since no simple Fourier or closed-form benchmark
is available for this basket option, the benchmark is computed with Monte Carlo
simulation. The correlation between the Brownian motions is introduced through
the Cholesky decomposition of the matrix R. The variance processes are simulated

with an Euler scheme, while keeping the variance non-negative.

Since the benchmark is itself numerical, the MAE does not measure the exact
error of the CGPR method. It measures the difference between the CGPR price
and the Monte Carlo price. For this reason, the Monte Carlo standard error is also

reported.

Bandwidth calibration. The five bandwidths n are calibrated by minimising
the same criterion J(n) defined in Equation (2.36). The optimisation is performed
in log-space with bounds on each bandwidth to prevent the optimizer from removing

a dimension from the kernel. The bounds are

e € [0.05,2T], ns, € [5, Smax], v, € [0.02,5],
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and the minimisation uses the Powell [15] method with multiple starting points.

4.1.4 Sensitivity to the Regularisation Parameter

Table 4.3 reports the effect of o* for T = 2.0 with m = d = 600.

Table 4.3 — Sensitivity to o* (T' = 2.0, m = d = 600).

c*  MAE MRE ITM Mean Std cond(C)  ny, n
0.001 0.7975 2.05% 0.00129 4.9 x 10® 3.7742 0.6141
0.005 0.4541 0.74% 0.00287 1.0 x 107 4.9997 2.4720
0.010 0.4933 0.90% 0.00572 2.7 x 10° 2.1847 2.6609
0.050 0.3827 0.76% 0.03574 8.7 x 10* 0.2892 1.2099
0.100 0.5987 1.56% 0.04919 1.9 x 10* 0.6902 1.2783
0.250 0.6490 1.48% 0.09705 3.7 x 10® 0.7457 1.1965

The pattern is consistent with the one-asset Heston experiment. At ¢* = 0.001,
the condition number reaches 4.9 x 108, which makes the bandwidth optimisation
numerically unstable. It then explains why the MAE of 0.797 is the worst in the
table despite the tightest constraint enforcement. At o* = 0.25, the larger posterior
standard deviation (0.097) suggests that the PDE and boundary constraints are
imposed less tightly.

The link between ¢* and accuracy is not monotone. The lowest MRE, 0.74%, is
obtained for ¢* = 0.005, but this value also gives a high condition number, equal
to 107. This suggests that the system may be less stable numerically. The lowest
MAE, 0.383, is obtained for ¢* = 0.05, but the Mean Std is much larger than for
0* = 0.01. This means that the PDE constraint is imposed less tightly. Overall,

0* = 0.01 remains a safer choice for the baseline experiment.

The table also confirms the coupling between ¢* and the variance bandwidths:
Ny, ranges from 0.289 to 4.999 across the values tested. This reinforces the con-
clusion from Section 3.2.2 that ¢* and 1 must be understood as jointly determined

hyperparameters.

We retain o* = 0.01 as the baseline, for the same reasons as in the one-asset case:
it provides a good balance between accuracy, posterior uncertainty and numerical
stability, with a condition number of 2.7 x 10° that keeps the optimisation well-
behaved.
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4.1.5 Pricing Results

Table 4.4 reports the pricing errors across the six maturities. The benchmark is
Monte Carlo with ng, = 8,000 paths; the MC standard error is reported alongside
the MAE to quantify the benchmark uncertainty:.

Table 4.4 — Two-asset Heston CGPR pricing errors and optimized bandwidths (m =
d =600, o* = 0.01).
T MAE MREITM MCSE Mean Std 7, 18,578, vy Ve
0.5 0.5431 2.42% 0.0285 0.0040  0.253 77.1,65.8 1.423,3.051
1.0 0.3556 1.06% 0.0494 0.0056  0.992 50.9,79.3 0.571, 1.907
1.5 0.3581 0.67% 0.0659 0.0064  1.269 50.7,88.5 0.611,1.776
2.0 0.4915 0.85% 0.0823 0.0067  1.050 40.8,126.6 2.185,2.661
2.5 0.4378 0.92% 0.0961 0.0067  1.172 47.5,128.4 1.923,1.705
3.0 0.4742 0.79% 0.1095 0.0089  4.831 47.7,54.2 0.477,4.721

Overall, the results remain stable across maturities. The MAE ranges from
0.3556 to 0.5431, while the MRE on in-the-money options ranges from 0.67% to
2.42%. The average MRE is about 1.12%, which remains reasonable given that the

problem is now five-dimensional.

The largest relative error is observed for the shortest maturity, with 2.42% at
T = 0.5. After that, the MRE decreases clearly and remains below 1.1% for all
maturities with 7" > 1.0. This indicates that the short-maturity case is the most
difficult for pricing. In this region, the basket payoff still has a strong kink near the

strike, while for longer maturities the pricing surface becomes smoother.

The MC standard error gives an indication of the precision of the Monte Carlo
benchmark. It increases with maturity, from 0.0285 at 1" = 0.5 to 0.1095 at T' = 3.0
meaning that part of the reported MAE, especially for longer maturities, may come
from the benchmark itself and not only from the CGPR approximation. The mean
posterior standard deviation of the CGPR remains small, between 0.0040 and 0.0089,

which suggests a stable fitted price surface.
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Figure 1 — CGPR vs Monte Carlo (T=1.0y, m=d=600)
Prices | MAE=0.356, MRE(ITM)=1.06% Relative error on ITM options

CGPR 95% band

Basket call price

60 80 100 120 140 100 110 120 130 140 150
So So

Figure 4.1 — CGPR and Monte Carlo prices for the two-asset Heston basket call
(T'=1.0, m = d =600, o* = 0.01). Left: price curve on the slice S; = Sy = Sy,
Va0 = 72. Right: relative error on in-the-money options.

Figure 4.1 shows the result for 7" = 1.0 on the slice S} = Sy = Sy and Vo =
~9. The left panel shows that the CGPR price curve is close to the Monte Carlo
benchmark in absolute terms. The largest visible difference is around the transition

region, close to the strike.

The right panel gives the relative error on in-the-money options. The error is
high just above the strike, reaching about 7% around Sy = 102. This does not
necessarily mean that the absolute error is large: in this region, the option price is
still small, so a small difference in price can give a large relative error. For larger

values of Sy, the relative error decreases quickly and stays around or below 1%.

4.1.6 Structure of the Approximation Error

Figure 2 — Mean absolute errors by maturity
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Figure 4.2 — Mean absolute errors by maturity and Sy (left) and by maturity and
Vio (right) (m = d = 600, c* = 0.01).
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Figure 4.2 breaks down the pricing errors by maturity and state variable. Two

patterns emerge.

The left panel shows that the largest errors are concentrated for Sy € [60, 80] and
long maturities. This is the out-of-the-money region where the basket price is small
but not zero. The difficulty comes from the transition between near-zero values at

low Sy = 60 and the increasing payoff around the strike.

The right panel shows that errors are largest at low variance levels, almost in-
dependetly of maturity. When Viy ~ /5 = 0.0045, the option price becomes
sensitive to small variance shocks. A fixed variance bandwidth calibrated on the full

interval [y1/5, 5y1] may be too wide near the lower end of the variance range.

These two patterns together suggest that the main limitations of the current
configuration are the boundary anchoring at low spot prices and the variance reso-
lution at low variance levels, rather than the overall dimensionality of the problem.
Both could be addressed by adaptive sampling; placing more training points in the

regions where the surface changes most rapidly.

4.1.7 Accuracy of the Greeks

The CGPR estimator produces analytical sensitivities by differentiating [5(z)
with respect to each state variable, using the kernel derivatives derived in Ap-
pendix A.8. Six Greeks are computed: A; = 8f/85i, I, = 62f/05i2, and V; =
(8f/0V;) - 2/Vio for i = 1,2. The Monte Carlo benchmarks use central finite dif-
ferences with common random numbers (CRN). Figure 4.3 shows the results for
T = 1.0y.

Delta. Both A; and A, are reproduced quite well on the full range. For large
values of Sy, both curves converge to the basket weights, which are both equal to
0.5 in this experiment. The fit is slightly less precise below the strike, where the
CGPR curve is a bit higher than the Monte Carlo finite-difference estimate. A

similar effect was already visible in the one-asset Heston case.

Gamma. The CGPR captures the general bell shape of Gamma, but the CGPR
curve underestimates the peak around the strike. The maximum s close to 0.006 for
the CGPR curve, while the Monte Carlo benchmark reaches about 0.009. The differ-
ence becomes smaller for larger values of Sy. This is consistent with the smoothing

effect of the Gaussian kernel near the at-the-money region.
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Figure 5 — Greeks CGPR analytiques vs MC diff. finies (T=1.0y)
Vega en atloo (unités de volatilité)
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Figure 4.3 — Two-asset Heston basket call Greeks: CGPR analytical versus Monte
Carlo finite differences (CRN), T" = 1.0y, m = d = 600, ¢* = 0.01, slice S; =
Sy = So, Vio = 71, Vo0 = 72. Vegas in volatility units. Vertical dotted line: strike

K =100.
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Vega. The Vega curves have the right general shape, but the level difference is
more visible than for Delta. The CGPR reaches a peak of about 6.3 for V; and 7.5 for
Vs, while the Monte Carlo benchmarks reaches about 8.5 and 11.5, respectively. The
method still captures the relative ranking between the two assets, since the second

asset has the larger Vega, which is coherent with its higher long-term variance.

Overall, Delta is the most accurate sensitivity in this experiment. Gamma
and Vega reproduce the main shape of the benchmark curves, but their peaks are

smoother near the at-the-money region.

4.2 Application to GMAB Insurance Contracts

The previous sections applied the CGPR method to purely financial payoffs.
We now show that the same framework extends to life insurance contracts, where
a mortality component modifies the pricing operator. The product considered is a
Guaranteed Minimum Accumulation Benefit (GMAB), a unit-linked contract widely
distributed in the Belgian and European markets (Hainaut (2024)[11]).

4.2.1 Product and Analytical Price

A GMAB (Hainaut (2024) [11]) is a single-premium contract in which the poli-
cyholder invests a lump sum (the single-premium) in a fund F;. At maturity 7, the
surviving policyholder receives max(Fr, &), where G is a guaranteed floor. If the
policyholder dies before T', the beneficiaries receive the current fund value F,.. The
contract therefore combines a financial option (the guaranteed minimum) with a life

insurance component driven by the force of mortality p(t).

Under Heston dynamics [6] with a management fee rate ¢ deducted continuously

from the fund, the fair value of the contract decomposes as
T
fins(F0>‘/b;T) = TPz fpur(FmG;T) +FO/ 6_65 ,U(S) sPx dS, (46)
0

where ;p, = exp(— f(f 1(s) ds) is the survival probability and
fpur = Ge_TT + CHeston(F07 G7 r— 5; T)

is the pure financial GMAB price. The decomposition in Equation (4.6) is itself

analytical: it follows directly from the independence between the financial mar-
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ket and the deterministic force of mortality. However, the Heston call component
CHeston does not admit a closed-form expression and is evaluated numerically via the
Carr-Madan FFT algorithm 8] with drift » — §, exactly as in Section 3.2.1. The
benchmark used throughout this section is therefore semi-analytical: the mortality

decomposition is exact, while the Heston call is an FFT-based numerical evaluation.

Mortality model. Rather than using a standard parametric model such as Gom-
pertz or Makeham [12], we use the official Belgian life table published by Statbel
[13]. It provides annual death probabilities ¢, for integer ages = € {0,...,110},
separately for men, women, and the total population. The continuous force of mor-
tality is recovered as p, = —In(1l — ¢,) and linearly interpolated between integer

ages. For a policyholder of age x( at inception, the hazard rate at time ¢ after issue

Is ,u(t) = Hxo+t-

Figure 2 — GMAB insurance price (T = 1.0y, Belgian table 2024)

Death benefit Fo- [e %usp,ds Mortality loading (insurance — financial)

Death benefit value
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Figure 4.4 — Decomposition of the GMAB insurance price into survival and death
benefit components (7' = 1.0y, G = 100, § = 2%, xo = 65, Statbel 2024 table). Left:
total insurance price for male, female and total population versus pure financial
price (no mortality). Center: death benefit component Fj- fOT e~ u(s) sp, ds. Right:
mortality loading (insurance minus financial price).

Figure 4.4 illustrates the price decomposition for the three demographic groups
of the Statbel table. As expected, the insurance price always lies below the pure
financial price: mortality reduces the probability of reaching maturity, so the insurer
pays less than the financial value of the guarantee alone. Perhaps more surprisingly,
despite their different hazard rates, all three populations yield prices that are visually
indistinguishable on the left panel. At age 65 over a one-year horizon, mortality
remains low enough (1pgs = 98.79% for males and 99.27% for females) that the
gender distinction has virtually no impact on the contract value. This point is

confirmed numerically in Section 4.2.3.

These observations motivate the modified Feynman—Kac operator incorporating
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both the mortality discount and the instantaneous death benefit into the pricing
PDE.

4.2.2 Modified Feynman—Kac Operator

The pricing function f(¢, F, V') satisfies the following PDE:
ALf(E F V) = —p(t)F, (4.7)

where the linear operator A* is defined by

of of Of |0, OAf | 5 O 0% f

wi =2 L L. B Vo RC ANy - Vi M VOt A vt Y
A*f at+(r J) 8F~I—/-€(7 V)av+2 V8F2+20 V8V2+p0 V&F@V
—(r+ut))f. (4.8)

Compared with the standard Heston operator (1.6), two modifications appear. First,
the drift of the fund changes from rF to (r—4)F to account for the management fee.
Second, the discount rate is augmented from r to r + u(t), reflecting the possibility
of death before maturity. The right-hand side —u(t)F represents the instantaneous
death benefit paid to beneficiaries when the policyholder dies.

The terminal condition is
f(T,FV) =max(F,G),

and the spatial boundary conditions are obtained from Equation (4.6), evaluated at
F=0and F = F..

Since u(t) is deterministic, it does not introduce a new state variable. The CGPR
construction of Chapter 2 therefore applies without structural change. The same
Gaussian kernel in (¢, F, V) is used, and the covariance matrix is made with the
modified operator A*. The only difference is in the interior pseudo-observations,

which are set to
zi = —p(t) Fy,

instead of zero as in the purely financial case.
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4.2.3 Pricing Results

The Heston parameters are taken from Table 3.3. The fee rate is 6 = 2%, the
guaranteed floor G = 100, and the policyholder is aged xq = 65 at inception with
mortality from the Statbel 2024 total population table. The CGPR uses m = 400
interior points, d = 300 boundary points and ¢* = 0.01, with bandwidths calibrated
by Nelder-Mead separately for each maturity.

Figure 4.5 shows the CGPR approximation against the semi-analytical bench-
mark for T = 1.0y at v/Vy = 15%. The two curves are visually coincident; the MRE
on in-the-money contracts is 0.17% and the MAE is 0.1964. The heatmap reveals
that the largest errors concentrate around the at-the-money region at low variance
levels (v/Vo < 10%), where the kink in max(Fr, G) makes the surface hardest to
approximate; this is a pattern already observed in the one-asset Heston experiment
of Section 3.2.

Figure 3 — CGPR vs Analytical (T= 1.0y, Statbel 2024 - Total)
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Figure 4.5 — CGPR versus analytical GMAB price (7' = 1.0y, Statbel 2024 — Total,
VVo = 15%). Left: price curve with 95% CGPR posterior interval. Right: absolute
error heatmap over the (£, v/Vp) grid.

Table 4.5 reports the results to six maturities. The MRE stays below 0.55%
throughout, growing from 0.14% at T' = 0.5y to 0.54% at T' = 3.0y. The MAE grows
with maturity, driven by the increasing weight of the death-benefit component and
the larger price scale at longer horizons. The calibrated bandwidths remain stable
overall. In particular np stays close to 22, while 7, increases from 0.234 to 1.297 with

the maturity. This is consistent with the observation in the Heston experiment.
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Table 4.5 — CGPR GMAB pricing errors by maturity (G = 100, xy = 65, m = 400,
o* = 0.01, Statbel 2024 — Total).

T TDa Ana (ITM) MAE MRE (ITM) Meano 1 nF %

0.5y 99.530%  124.3735  0.1580 0.14% 0.0060 0.234 27.13 0.213
1.0y 99.034%  123.6552  0.1964 0.17% 0.0093 0.424 22.02 0.241
1.5y 98.511%  122.8497  0.2942 0.31% 0.0104 0.657 21.46 0.267
2.0y 97.963%  121.9778  0.3547 0.42% 0.0116  0.877 21.37 0.280

2.5y 97.395%  121.0604  0.3940 0.50% 0.0130 1.089 21.32 0.286
3.0y 96.817%  120.1117  0.4032 0.54% 0.0141 1.297 21.44 0.295

As an additional check, the CGPR is compared against a Monte Carlo simulation
(30,000 Euler-Maruyama paths, 52 steps per year), yielding MAE(MC) = 0.2031,
in line with MAE(Ana) = 0.1964. Both benchmarks give consistent results, which
supports the validity of the CGPR approximation (see Appendix A.9, Figure A.1).

Greeks. The Greeks are reported in Figure 4.6. The Figure shows the Delta, Gamma
and Vega of the CGPR estimator against finite-difference approximations of the
semi-analytical benchmark for 7" = 1.0y. Delta is well reproduced across the full
range of fund values. Gamma and Vega reproduce the main shape of the bench-
mark curves. Their peaks are slightly underestimated near the at-the-money region,
which is also where the payoff changes most sharply. This is the same pattern as in
Section 3.2.4: a smooth Gaussian kernel naturally struggles to capture the high cur-
vature generated by the kink in max(Fr, G). Overall, the Greeks remain sufficiently

accurate for hedging purposes.

Figure 4 — CGPR Greeks vs Analytical FD (T = 1.0y, Statbel 2024 - Total, \/V, = 15.0%)
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Figure 4.6 — CGPR Greeks versus finite-difference approximations of the semi-
analytical benchmark (T = 1.0y, Statbel 2024 — Total, /V = 15%). Left: Delta
Of JOF. Centre: Gamma 0°f/0F?. Right: Vega 0f/0V. The vertical dotted line

marks the guaranteed floor G' = 100.

20



CHAPTER 5

CONCLUSION

This thesis studied Constrained Gaussian Process Regression (CGPR) for deriva-
tive pricing under the Feynman—Kac framework. Following Hainaut and Vrins [1],
the pricing function is approximated by using the pricing PDE directly with the
residual imposed at interior points, while payoff and boundary conditions are im-
posed at selected boundary points. The aim was therefore not to learn from a large
database of precomputed prices, but to build a pricing surface that is constrained by
the model itself. This also gives access to analytical sensitivities and to a posterior

uncertainty measure.

The numerical study started with the Black—Scholes model, mainly as a valida-
tion benchmark. Even if this model is too simple for realistic volatility dynamics,
it is useful because exact prices and Greeks are available. The observations were
that the CGPR reproduced the pricing surface well, producing relative error on in-
the-money options below (0.42%) for the baseline configuration. The convergence
test also confirmed that increasing the training size improves the approximation.
For the Greeks, Delta and Gamma were well recovered, while Theta remained less

stable near the upper boundary of the stock-price domain.

The main numerical experiment was the Heston stochastic volatility model. This
was the first real stress test of the method, because the pricing function now depends
on time, the stock price and the variance level. Against the Carr—-Madan FFT
benchmark [8], the CGPR kept relative errors below (2%) across maturities in the
baseline configuration. The timing results also showed that the costly part is the
construction and calibration of the CGPR system, while the fitted surface can then

be evaluated quickly. For this vanilla Heston benchmark, FFT remains faster, but
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CGPR gives a reusable model-constrained pricing surface with analytical Greeks and
a posterior uncertainty measure. The main errors appeared at low variance levels
and near the at-the-money region, where the pricing surface has stronger curvature.
This was also visible in the Greeks where Delta was the most stable sensitivity, while

Gamma and Vega were more difficult to reproduce near the strike.

The two-asset Heston basket option was the most demanding financial extension,
which moved the problem from a three-dimensional to a five-dimensional state space.
This case brought another challenge because classical benchmark methods become
less straightforward in higher dimension. The Carr-Madan FFT used in the one-
asset Heston case is not directly reusable in the same form in a multidimensional
stochastic-volatility framework, while Monte Carlo remains flexible but is affected
by simulation and discretisation error. The largest error (2.42%) was obtained for
the shortest maturity, while the other maturities remained close to or below 1%. The
online evaluation time was essentially negligible once the CGPR system had been
solved, confirming the interest of the offline—online structure in higher dimension.
The largest errors were concentrated in low spot and low variance regions, where the
pricing surface changes more rapidly. This suggests that future improvements should
focus not only on increasing the number of training points, but also on placing them

more effectively in the most sensitive parts of the domain.

The last extension applied the same methodology to a Guaranteed Minimum
Accumulation Benefit contract. This part brought the financial pricing framework
into an actuarial application, since a GMAB combines a financial guarantee with a
mortality component. To do so the mortality was introduced through a determinis-
tic force of mortality in the Feynman—Kac operator, without changing the general
CGPR construction. Only the operator and the interior pseudo-observations were
modified by this added component. The numerical results remained accurate across
maturities, with relative errors below 0.55%. This confirms that the PDE-based
logic can be extended beyond purely financial payoffs on condition that the insur-

ance component can be written inside the pricing equation.

Overall, the results support the relevance of CGPR as a model-constrained pric-
ing method for both derivatives and simple actuarial products. In line with Hainaut
and Vrins [1], its main strengths are its direct use of the Feynman-Kac structure,
its analytical Greeks, its posterior uncertainty measure and its offline-online de-
composition. The main takeaway is not that CGPR uniformly dominates FFT or
Monte Carlo. In simple one-dimensional or semi-analytical settings, classical meth-

ods can remain faster or easier to use. The interest of CGPR is different as it builds
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a reusable pricing surface directly constrained by the model dynamics, while also
providing sensitivities and uncertainty estimates. This makes the method especially
interesting when many prices and Greeks must be computed for the same model con-
figuration, or when the benchmark method becomes harder to implement in higher

dimension.

The choice of the kernel bandwidths is important and the its optimisation can be
very sensitive to local minima. Moreover, The covariance matrix becomes expensive
to invert when the number of training points or the dimension increases. Finally,
general observations show that the approximation is less precise in regions of high
curvature, especially near the strike, at short maturities and for low variance levels.
These limitations do not invalidate the method, but they indicate where future

improvements should focus.

Future research could follow three directions. First, the method could be tested
on more complex products, such as exotic or American options. This would show
whether CGPR can handle payoffs with path-dependence or early exercise features,
as in the penalised approach of Hainaut [18|. Second, the computational cost could
be reduced by using sparse or low-rank approximations of the covariance matrix,
since the matrix inversion becomes expensive in higher dimension [3]. Third, other
kernels could be considered. The Gaussian kernel works well in this thesis, but
Matérn or rational quadratic kernels may be better in regions where the price surface

changes more sharply, such as near the strike [19].
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APPENDIX A

LMATHEMATICAL COMPLEMENTS TO CHAPTER 2

A.1 Woodbury Matrix Identity

The Woodbury matrix identity is used in the derivation of the CGPR estimator
in Section 2.2 to convert an expression involving the inversion of an n X n matrix
into one involving the inversion of the (m + d) x (m + d) matrix C. We state and

prove the version used in this thesis.

Lemma A.1.1 (Woodbury identity). Let U be an n X (m + d) matriz and V a
(m +d) x n matriz such that I,, + UV is invertible. Then

(I +UV) ' U=U(Ipg+VU)™". (A1)
Proof. Post-multiplying both sides by (I,,+q + VU):

(L +UV) ' U (Ipsg+VU) = (I, + UV) (U + UVU)
= (I, +UV) ' (I, + UV)U
= U.

Since (14 + V'U) is invertible (this follows from the invertibility of I, + UV by a

standard determinant argument), dividing both sides on the right by (I1q + VU) ™"

gives Equation (A.1). O
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In the CGPR derivation, the identity is applied with

x—1F
U= <a*_1qo>T 0*_1(i>T> v=|7 q)_L
L ’ o 1P ’

so that I,,1q+ VU = 0*72C up to a constant, which transforms the n x n inversion

into the (m + d) x (m + d) inversion of C.

A.2 Posterior Variance of the CGPR Estimator

We derive the posterior variance formula in Equation (2.29). From the basis
function representation g(z) = w'@(x), the conditional variance of g(z) given (z, h)
1s

Var(g(w) | 2,h) = ¢(x) . (),

where ¥, ), is the posterior covariance of w defined in Equation (2.21). We now

express this in terms of C.

From the Woodbury identity applied to X, p:

Son=1, — (0*_1(i>z a*‘lCI)T> c! (U*_lq)_L> .

o* 1P

Substituting into ¢(z) "X, 5p(z):

Var(g(e) | 2,h) = 6(x)  o(x) - (iq?))) ¢! (qc)pqi())) .

Recognising that ¢(z)" ¢(z) = k(x, r) from Equation (2.13), and that
qo)Léb(JE) N
(5 -

Var(g(z) | 2,h) = k(z,2) = B(z) €' B(x),

which is Equation (2.29).

gives directly
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A.3 Kernel Derivatives for the Heston Model

This appendix collects all partial derivatives of the coefficient ¢;z(x, %) defined
in Equation (2.40), needed to evaluate the double operator L,Lzk(z, ) in Equa-
tion (2.41). We recall the normalised differences from Equation (2.38):

t—1t s— 35 v—0
5t: y 632— 51): 2
Ty

Un n? ’

All derivatives below are with respect to the non-tilde variables (t, s, v).

First-order derivatives of /;

1
ol = —, A2
T (4.2)
L s 2
Oglz; = 77_3 (rs + 5°0 05 + posv 51)), (A.3)
1 i B )
Oplz: = F </<(9 —0) + posvds + 070 (51}). (A.4)

Second-order derivatives of /;

~9 ~

STU

assgri = n_§7 (A5>
%0

awgi - 77_;1’ (A6)
poSv

duts =75 (A7)

A.4 Derivatives of beta for the Greeks

The Greeks in Equations (2.33)—(2.35) require the partial derivatives of 3(z)
with respect to s, v and ¢. Recall from Equation (2.27) that B(z) has two parts:
— the first m entries: §;(x) = Look(f, 7) = lyo (27, ) - k(zf, 7),
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— the last d entries: (,,+,(z) = k(Z;, x).

Derivatives of the last d entries

These follow directly from the kernel derivatives:

%k(ij,x) = -, k(z;,x),
gk(a’: x) = —0, k(Z,x)
ov 7 v
0

Ek(i‘j, J]) = —(St k(ff’j, ZL’),

where 0, 6, 0, are evaluated at (z,7) = (z, Z;).

Derivatives of the first m entries

For the first m entries, using the product rule on £,o - k:

aﬁi . 8&35 ° o
Os - Os k(xzuw)—i_g:rf ‘ask(‘riax>7 (A8>
857« _ aél"? o o
5 = Fo k(x7,x) + Lye - Opk(x], ), (A.9)
aﬂi . aéw? ° °
5% or k(w7 @) + Lyo - Opk(zf, 1), (A.10)

where 0k, 0,k and 0,k are given in Section 2.4, and the derivatives of Exg with
respect to (s, v,t) are obtained from Equations (A.3)—(A.4) after swapping the roles

of x and Z (i.e. replacing Z by =7 and z by the prediction point).
A.5 Sensitivity to Training Size in the Heston Ex-

periment

This appendix reports the sensitivity of the Heston CGPR results to the number
of interior points m and boundary points d, for a fixed maturity 7' = 1 and fixed

bandwidths equal to the average of the maturity-specific optimal values.
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Sensitivity to m and d

Table A.1 — Sensitivity to m and d in the Heston CGPR experiment (7' =1, 0* =

0.01, bandwidths fixed).
m d=3m/5 MAE MREITM d=3m/4 MAE MREITM d=m MAE MREITM

400 240 0.1805 1.47% 300 0.2315 2.01% 400  0.1141 1.08%
600 360 0.1001 0.59% 450 0.0637 0.33% 600  0.0637 0.33%
800 480 0.1068 0.40% 600 0.0830 0.28% 800  0.0805 0.26%

Table A.2 — Heston CGPR with fixed bandwidths (m = 400, d = 240, o* = 0.01, n
= average of maturity-specific optima).

T MAE MREITM Mean Std. s 7,  CGPR time FFT time

0.5y 0.2168 1.20% 0.0037 1.110 24.28 0.842 0.60s 0.16s
1.0y 0.2349 1.06% 0.0043 1.110 24.28 0.842 0.57s 0.16s
1.5y 0.2561 0.97% 0.0053 1.110 24.28 0.842 0.59s 0.16s
2.0y 0.2753 0.95% 0.0065 1.110 24.28 0.842 0.59s 0.17s
2.5y 0.2962 0.95% 0.0078 1.110 24.28 0.842 0.69s 0.18s
3.0y 0.3259 1.03% 0.0096 1.110 24.28 0.842 0.59s 0.16s

Fixed vs optimised bandwidths

Table A.3 compares the accuracy obtained with maturity-specific optimal band-
widths (Table 7 in the main text) against a configuration where a single fixed band-
width triplet — equal to the average of the optimal values across maturities — is

used for all maturities.

Table A.3 — Heston CGPR with fixed bandwidths (m = 400, d = 240, ¢* = 0.01,
1 = average of maturity-specific optima).

T MAE MREITM Mean Std. s 7,  CGPR time FFT time

0.5y 0.2168 1.20% 0.0037 1.110 24.28 0.842 0.53s 0.15s
1.0y 0.2349 1.06% 0.0043 1.110 24.28 0.842 0.52s 0.14s
1.5y 0.2561 0.97% 0.0053 1.110 24.28 0.842 0.51s 0.14s
2.0y 0.2753 0.95% 0.0065 1.110 24.28 0.842 0.61s 0.18s
2.5y 0.2962 0.95% 0.0078 1.110 24.28 0.842 0.68s 0.34s
3.0y 0.3259 1.03% 0.0096 1.110 24.28 0.842 0.54s 0.15s

Using fixed bandwidths eliminates the optimisation cost entirely — the CGPR
system is assembled and solved in under one second per maturity. The accuracy
loss is moderate: the MRE on in-the-money options increases from below 1.86%
(optimised) to below 1.20% (fixed) across maturities, with the fixed-bandwidth con-
figuration actually performing slightly better at short maturities. This suggests
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that the average bandwidth triplet is a reasonable default when computation time
is a binding constraint, for example in a calibration loop requiring repeated CGPR

evaluations.

A.6 Carr—Madan FFT Pricing Algorithm

The Carr—Madan algorithm [8] recovers European call prices from the character-
istic function of the log-price via a Fast Fourier Transform. We summarise the key

steps used in the numerical implementation of Chapter 3.

Characteristic function

Under the Heston model, the risk-neutral characteristic function of log St given

(So, Vo) is available in closed form [6]:
¢r(u) = E¢[e185 | Sy Vo] = exp(C(7,u) + D(r,u)Vp + iulog So),  (A.11)
where 7 =T —t and

& =K — poiu,

d = /€ +o*ulu+ i),

_t—d
9= c+d
—dr
C’(T,u):riu7+§—§{(§—d)7—210g(%)1,
D(T,u)zg_d L—e®

o2 1-— ge~dt’

Damped call price

To ensure integrability of the inverse Fourier transform, Carr and Madan intro-
duce a damping factor e®* where k£ = log K and o > 0. The modified quantity
e Tor(u—i(a+1))

Ylu) = a?+a—u?+i2a+1)u (A.12)

99



is integrable over R, , and the call price at log-strike k is recovered via

e—ak

+oo
C(K) = /0 Re (e ™*p(u)) du. (A.13)

™

Numerical discretization

The integral in Equation (A.13) is approximated by a discrete sum on a uniform
frequency grid u; = jng for j = 0,..., N — 1, where ng is the frequency spacing.
The corresponding log-strike grid is k; = —b+\j with A = 27 /(Nng,) and b = N /2.
The discrete sum is then evaluated via a standard FFT routine. The implementation

uses:
N =4096, a=15 ng =0.25.

The resulting price curve is interpolated at the log-strike of the target option using
linear interpolation. These parameter choices are standard in the literature and
produce FFT prices with a discretization error that is negligible relative to the

CGPR approximation errors reported in Section 3.2.

A.7T Two-Asset Heston: Covariance Matrix and Ker-

nel Derivatives

Instantaneous covariance matrix

The second-order terms of the Feynman—Kac operator in Equation (4.4) are gen-

erated by the instantaneous covariance matrix of the state variables (57, Sq, Vi, V5):

S%V1 p125152v ViVa ,010151‘/1 0
p125152v ViVa 522‘/2 0 /)20252‘/2
A(Slu‘g?a‘/la%) = 9
p10151Vi 0 oV pvo102V/ ViVs
0 P20252V2 PvO102V ViVs U%V2
(A.14)

The diagonal entries generate the pure second derivatives in Lf. The off-diagonal
entries generate the mixed derivative terms: A;y gives the 92 f/05,05, term, Az
gives 02 f /0S10V1, Ay gives 0% f/0S20Vs, and Asy gives 0% f /OV1OVs.
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A.8 Two-Asset Heston: Kernel Derivatives

The construction of the covariance matrix C requires Lzk(z, Z) and L, Lzk(z, T),
where L is the operator in Equation (4.4) and k is the five-dimensional kernel in
Equation (4.5).

First operator: L;k(z,7)
Following the same derivation as in Section 2.4, the first operator factorises as
Lik(z,2) = F(x,2) - k(x,2), (A.15)

where the scalar coefficient F' is obtained by applying L; term by term to k. Defining
the normalised differences
X — Ty

Gp="t T =0, .4,
Uz

with the ordering = = (¢, Sy, S2, V1, V2), and using the sign convention 0z, k = +d/k,

the coefficient is

F(l‘,:f’) = (515 —7r—+ 7’91551 + T52552 -+ Iﬁ(’yl — %)5‘/1 + RQ(’}/Q — ‘72)(5\/2

1 1 1 1
+ 5AH(:%) (5@1 — T) + §A22(5c) (5@2 — >

s, 77_%*2
1 N 1 1 _ 1
3= ) + 3400 (3 5

+ Auo(7) 0,0, + A13(F) 05,0y, + Asa(F) 85,0y, + Asa(7) 0v,0v,, (A.16)

where A;;(Z) denotes the (¢, j) entry of the matrix A in Equation (A.14) evaluated

at z.
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Double operator: L,Lz;k(z, )

Applying L, to the product F' - k via the Leibniz rule gives

L.L; k—%—FHF?—rFk
)
] (s P ] LRy
+ %A11($)(22%k+2§g 551 +F§;"1§> A1

where the ellipsis covers the remaining second-order and mixed-derivative terms,
which follow the same Leibniz structure. The partial derivatives of F' with respect
to (t, S1, 52, Vi, Va) are obtained by direct differentiation of Equation (A.16):

OF 1
ot ntz’

oF 1

= (18185, + A (@)%, + Awa(x)ds, + Ars(2)dvy)

851 7731

oF 1

o = o (15205, + An(2)dy, + Az(2)ds, + Az(r)dvs) |

852 7752

OF 1

—— = - (ki(y = VA)3y, + Ass(2)8%, + Ars(2)ds, + Asa(2)dys)

A% U

OF 1

—— = —(Ka(72 — V2)Oy, + Aua(2)8}, + Aoa(2)ds, + Asa(z)dyy ),
Vs My,

where 07 = 0, -7 /n? = (z¢ — %¢) /7, denotes the second-order normalised difference.

The second-order derivatives follow the same pattern:

82F . AH(I) 82F . AQQ(I)

oSt mg, 083wy,

62F B Agg(.ﬁE) 82F B A44(.17)

ove o Ve o,
82F . Alg(l’) 82F . Alg(.lf)
08108y mgmy, 0810V mgmy,
6’2F . A24(I) 82F . A34(.§L’)
05:0Va — mgni,” OidVa g,
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These expressions are consistent with the implementation in the VecKernel class of
the numerical code, specifically the methods _dF_dS1, _dF_dS2, _dF_dV1, _dF_dv2
and _d2F.

A.9 GMAB Supplementary Figures and Tables

Monte Carlo Validation

Figure 5 — CGPR vs Analytical vs MC (7 =1.0y, Statbel 2024 - Total)

MAE(Ana) = 0.1964 | MAE(MC) = 0.2031 MRE(ITM) = 0.17%
= = Analytical — = |CGPR — Analytical|
<+ MC (30k) 0.30- - |CGPR = MC]|
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Figure A.1 — CGPR versus semi-analytical benchmark and Monte Carlo (T" = 1.0y,
Statbel 2024 — Total, vV = 15%, 30,000 paths). Left: price curves. Right:
absolute errors against both benchmarks.

Multi-Maturity Results

Figure 6 — GMAB insurance by maturity (Statbel 2024 - Total)

Analytical (--) and CGPR (—) Absolute error CGPR vs Analytical
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Figure A.2 — GMAB insurance price by maturity (Statbel 2024 — Total, =, =
65). Left: semi-analytical benchmark (dashed) and CGPR (solid) for T €
{0.5,1.0,1.5,2.0,2.5,3.0}y. Right: absolute error |f — fanal-
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Figure 7 — Error heatmaps (Statbel 2024 - Total)

MAE by (T, Vo) Absolute error by (T, Fo)

20 25 30 60 80 100
Vo (%) I3

Figure A.3 — Error heatmaps (Statbel 2024 — Total, xy = 65). Left: MAE by
(T,+/Vh). Right: absolute error by (T, Fy). The white dashed line marks the guar-
anteed floor G = 100.

Gender Sensitivity

Gender sensitivity. Running the pricer independently for men, women, and the
total-population table (see Appendix A.9, Table A.A.4) shows that the analytical
ITM price differs by less than 0.001 across genders at o = 65, T' = 1y: at this age
and horizon, mortality is low enough that the gender distinction is financially neg-
ligible. The CGPR achieves MRE = 0.17% uniformly for all three tables with fixed
bandwidths, confirming that accuracy is insensitive to the mortality specification

once the kernel geometry is fixed.

Table A.4 — Gender sensitivity (7" = 1.0y, G = 100, g = 65, m = 400, o* = 0.01).
Fixed bandwidths calibrated on the total-population table.
Gender TPz Ana Price (ITM) MAE MRE (ITM) Mean o

Male 98.786% 123.6553 0.1959 0.17% 0.0093
Female 99.272% 123.6550 0.1968 0.17% 0.0093
Total 99.034% 123.6552 0.1964 0.17% 0.0093
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