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Abstract

We introduce, for the first time, a family of algorithms for solving general high-dimensional nonlinear
parabolic partial differential equations with a polynomial complexity in both the dimensionality and the
reciprocal of the accuracy requirement. The algorithm is obtained through a delicate combination of the
Feynman-Kac and the Bismut-Elworthy-Li formulas, and an approximate decomposition of the Picard fixed-
point iteration with multi-level accuracy. The algorithm has been tested on a variety of nonlinear partial
differential equations that arise in physics and finance, with very satisfactory results. Analytical tools
needed for the analysis of such algorithms, including a nonlinear Feynman-Kac formula, a new class of
semi-norms and their recursive inequalities, are also introduced. They allow us to prove that for semi-linear
heat equations, the computational complexity of the proposed algorithm is bounded by O(d 67(4+6))
d > 0, where d is the dimensionality of the problem and & € (0, c0) is the prescribed accuracy.

for any

1 Introduction and main results

High-dimensional partial differential equations (PDEs) arise naturally in many important areas including quan-
tum mechanics, statistical physics, financial engineering, economics, etc. Yet developing efficient and practical
algorithms for these high-dimensional PDEs has been a long-standing problem and indeed one of the most
challenging tasks in mathematics. The difficulty lies in the “curse of dimensionality” [4], i.e., the complexity
of the problem goes up exponentially as a function of dimension, which is a well-known obstacle that is also at
the heart of many other important subjects such as high-dimensional statistics and the modeling of many-body
systems.

For linear parabolic PDEs, the Feynman-Kac formula establishes an explicit representation of the solution of
the PDE as the expectation of the solution of an appropriate stochastic differential equation (SDE). Monte Carlo
methods together with suitable discretizations of the SDE (see, e.g., [32, [31], 29] 28]) then allow to approximate
the solution at any single point in space-time with a computational complexity that grows as O(E_(2+6)) for
any 6 > 0 where d is the dimensionality of the problem and ¢ is the accuracy required (cf., e.g., [21] 19, 23] 24]).

In the seminal papers [34] B8] [33], Pardoux & Peng established a generalized nonlinear Feynman-Kac for-
mula that gives an explicit representation of the solutions of a nonlinear parabolic PDE through the solution
of an appropriate backward stochastic differential equation (BSDE). Solving the BSDEs numerically, however,
requires in general suitable discretizations of nested conditional expectations (see, e.g., [7,[39]) and the straight-
forward Monte Carlo method applied to these nested conditional expectations results in an algorithm with a
computational complexity that grows polynomially in d but exponentially in e~!. Other discretization methods
for the nested conditional expectations proposed in the literature include the quantization tree method (see [3]),
the regression method based on Malliavin calculus or based on kernel estimation (see [7]), the projection on
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function spaces method (see [20]), the cubature on Wiener space method (see [12]), and the Wiener chaos
decomposition method (see [§]). None of these algorithms meets the requirement that the computational com-
plexity grows at most polynomially both in d and e~! (see [I6, Subsections 6.1-6.6] for a detailed discussion of
these approximation methods).

Another probabilistic representation for the solutions of some nonlinear parabolic PDEs with polynomial
nonlinearity has been established in Skorohod [38] by means of branching diffusion processes. Recently this
classical representation has been extended to more general analytic nonlinearities [25] 27, [26]. This probabilis-
tic representation has been successfully used to obtain a Monte Carlo approximation method for semi-linear
parabolic PDEs with a computational complexity that grows polynomially both in d and e~!. However, not
only is this method only applicable to a special class of PDEs, it also requires the terminal/initial condition to
be quite small (see [16, Subsections 6.7] for a detailed discussion).

In this paper we propose a new family of numerical algorithms for general high-dimensional semi-linear
parabolic PDEs (and BSDEs) with a computational complexity that grows polynomially in d and e~!. Indeed
for simple diffusion, we prove that the complexity of our proposed algorithm is O(de~(4*9)) for any § > 0 under
suitable assumptions. The algorithm, which we will call “multi-level Picard iteration”, is a delicate combination
of the Feynman-Kac and Bismut-Elworthy-Li formulas, and a decomposition of the Picard iteration with multi-
levels of accuracy. The efficiency and accuracy of the proposed algorithm has been tested on a variety of
nonlinear parabolic PDEs that arise in physics and finance. These details are presented in [16]. To get a feeling
about the performance of the algorithm: To evaluate u(1,0) for the solution of

du=tAu+u—u? (1)

with d = 100,¢ = 0.01,u(0, z) = (1 +max{|z1|?, ..., |z100|?) ! requires 10 seconds of runtime on a 2.8 GHz Intel
i7 processor with 16 GB RAM.

We also introduce the tools needed to analyze these high-dimensional algorithms. Some of these tools are
quite non-standard (e.g. the semi-norms (I8) and the recursive inequality (54]) involving different semi-norms).
Using these tools, we are able to establish rigorously the bounds for the computational complexity mentioned
above.

1.1 Notation

Since the proposed algorithm relies heavily on the Feynman-Kac formula, we will adopt the notations and
conventions in stochastic analysis. In addition, we frequently use the following notation. We denote by
I : (UnenR™) — [0,00) and (-,-): (Upen(R™ x R™)) — [0,00) the functions that satisfy for all n € N,
v=(v1,...,0,), w=(w1,...,w,) € R" that [jv]| = [ X1, |vz-|2]1/2 and (v,w) = Y1 v;w,;. For every topo-
logical space (E, &) we denote by B(E) the Borel-sigma-algebra on (E,&). For all measurable spaces (A,.A)
and (B, B) we denote by M(A, B) the set of A/B-measurable functions from A to B. For all metric spaces
(E,dg) and (F,dp) we denote by Lip(F, F') the set of all globally Lipschitz continuous functions from E to
F. For every d € N we denote by IR‘IinXVd the set of invertible matrices in R4*¢. For every d € N and every
A € R¥™? we denote by A* € R?*? the transpose of A. For every d € N and every z = (11,...,24) € R? we
denote by diag(z) € R4*? the diagonal matrix with diagonal entries z1, ..., z4. For every T € (0, 00) we denote
by Qr the set given by Q7 = {w: [0,7] — R: w=1(R\{0}) is a finite set}. We denote by |-]: R — Z and
[]T: R — [0,00) the functions that satisfy for all x € R that |x] = max(Z N (—o0,z]). and [z]T = max{z,0}.
We denote by 2, 0 0o, and 0° the real numbers given by 2 =0, 0- 0o =0, and 0° = 1.

2 Multi-level Picard iteration for semi-linear parabolic PDEs

2.1 A fixed-point equation for semilinear PDEs

Let T >0,d e N, let g: R - R, f: RxR? = R, u: [0,7] x R —» R, p:[0,7] x R* - R? and
o= (01,...,04): [0,T] x R* = R{*? be sufficiently regular functions, assume that u(T, z) = g(z) and

du+ f(u,0"Vu) + (u, Vu) + 1 Trace(co™ Hessu) = 0, (2)

for t € [0,T), z € RY, let (Q,F,P,(F¢)e0,7]) be a stochastic basis (cf., e.g., [36, Appendix E]), let W =
(W ..., W%:[0,T] x Q — R be a standard (F¢);e[o,7)-Brownian motion, and for every s € [0, 7], z € R let
X7 [5,T] x Q — R and D*: [s,T] x @ = R be (F;),c(s,77-adapted stochastic processes with continuous
sample paths which satisfy that for all ¢ € [s,T] it holds P-a.s. that

t d t
xem=wt [tz s Y [ Xz aws,
S ]_1 5

t d t
D} = Tnaat [ (G X2 D dr 4+ [ (o) X2%) D aw
s Jj=1
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(cf., e.g., [30, Chapter 5], [22], or [2] for existence and uniqueness results for stochastic differential equations of
the form (@))). For every s € [0,7] the processes D*%, 2 € R?, are in a suitable sense the derivative processes
of X*% x € RY, with respect to x € R?. Using the Feynman-Kac formula, we have from (2]

u(s, ) = Elg(X7")] +/ E[f (u(t, X;%), [o (8, X" (Vu) (8, X)) dt (4)

for all (s,z) € [0,7) x R% In (@) the derivative of u appears on the right-hand side and, therefore, (@) does
not provide a closed fixed point equation. To obtain such a closed fixed point equation we now bring the
Bismut-Elworthy-Li formula into play (see, e.g., Elworthy & Li [I7, Theorem 2.1] or Da Prato & Zabczyk [13]
Theorem 2.1]). This gives us

(s, 2)]* (V) (s, ) = E[g(X3) 2 T [o(r, X227) 7 D3] "aw |
T
+/ E[f(u(t,Xf’””), [o(t, X)) (V) (8, X)) 202l 1 (o, X32) 1 Dpe]" dWT} dt,

(5)

for all (s, z) € [0,T)xR% Now let u™® € Lip([0, T]xR?, R*¢) be defined by u™(s,z) = (u(s,z), [o(s, 2)]* (Vu)(s,

for all (s,z) € [0,T) x R%. Let ®: Lip([0,7] x R4 R*9) — Lip([0, T] x R4, R!*?) be defined by

(9(v)(s.2) = E[g(X5") (1752 [ o, X377 D7) awy ) |

+ /TE[f(v(t,X;w)) (1, lete2d” 1t T, X:aw)—lpj,w}*dwr)} dt. ©
for all v € Lip([0, T] x R4, R**9), (s,2) € [0,T) x RY. Combining (@) with @) and (&) gives
u® = ¢ (u®). (7)
Next we define a sequence of Picard iterations associated to (@),
(s, ) = (P (ug-1))(s; ) (8)

€ R?. The Banach fixed-point theorem ensures that for all s € [0,7), z € R? it

for all k € N, s € [0,T),
,z) =u*(s,z). Observe that for all k € N, s € [0,T), € R? it holds that

holds that limg_ e ug(s

k—1 k—1
we(s, ) = wis,2) + Y [ (5, 2) — s, 2)] = (B(wo))(s,2) + > [(B(w))(s,2) — (@(w1))(s,)]
=1 =1

= E[g(x3") (L7 T o, Xp) 7 D3] "aW, )|

+Z/ Flu(t, X07) — In(l) flwor (8, X)7))) (1, 22t [U(T,Xf@)*lpivf]*dwr)} dt.
(9)

Next we incorporate a zero expectation term to slightly reduce the variance when approximating the expectation
involving g by Monte Carlo approximations. More precisely, for all k € N, s € [0,T), € R? it holds that

wi(5,7) = (9(2),0) + E[(9(X5") — g(2)) (1, 22 T [o(r, X3%) 7 D3] aw, )|
T

+z / E[(F(w(t, X)) = In() (o (6 X07) (1, 225 1 [0, X2) 71D " awy,) | dt.
(10)

In this telescope expansion, we will apply a fundamental idea of Heinrich [23] 24] and Giles [18] and approximate
the continuous quantities (expectation and time integral) by discrete ones (Monte Carlo averages and quadrature
formulas respectively) with different degrees of accuracy at different levels of the Picard iteration. Since for
large | € N the difference between w; and w;_; is small, say p~', it suffices to approximate the expectation and
the time integral with lower accuracy, say p~(*=9 at level I € {0,...,k — 1} for the k-th approximation. More

precisely, we denote by (qf’p)keNo,pe(Om),se[O,T) C Qr a family of quadrature formulas on C([0, T],IR) that we
employ to approximate the time integrals LT ...dt, s € [0,T], appearing on the right-hand side of (I0). We
denote by ©® = U,cNIR™ a set that allows to index families of independent random variables which we need for the
Monte Carlo approximations. We denote by (Mg ,)reNy,pe(0,00) a0d (M, p)keNy,pe(0,00) € N families of natural
numbers that specify the number of Monte Carlo samples for approximating the expectations involving g and
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f on the right-hand side of (I0). In Section Bl we will take my , = my,, = p* for every k € Ny, p € (0, 00) and
we take ¢** as the GauB-Legendre quadrature rule with |p| nodes Furthermore, for every k € Ny, p € (0, 00),
0 €0, (s,z) € [0,7] x R? we denote by (X} p(s z,1))efs,r) and (I} p(s x,1))1e(s,1) the stochastic processes that

we employ to approximate the processes (X;"")ie(s,r) and (1, [U(tsj?] [ [o(r, X2®) "1 D ﬂ dw, )te( P More
speciﬁcally, we choose for every k € No, p € (0,00), 8 € ©, (s,z) € [0,T] x R? the processes (Xk’p(s, T,1))tels,1]

and (Z} p(s x,t))te(s,m) such that for all ¢ € (s, T7,

X,ip(s,z,t) ~ X"

o\S,T — * (11)
0 (s, ) m (1,182 [ [o(r, X207) 71 D] dW).

2.2 The approximation scheme

Let T € (0,00),d € N, © = UpenR™, let g: R — R, f: R™*! - R, p: [0, T]xR? — R%, 0: [0, T] xR — RiEX4
be measurable functions, let (¢57)ren,,pe(0,00),5€(0,7) S Q75 (Mip)keNo,pe(0,00)> (Mik,p)keNo,pe(0,00) © N, let
(2, F, P, (Ft)icjo,1)) be a stochastic basis, let W00, T] x Q — R%, 6 € ©, be independent standard (Ft)eeo, 1)
Brownian motions with continuous sample paths, for every | € Z, p € (0,00), § € ©, 2 € R%, s € [0,7),
te[s,T] let Xfp(s,z,t): Q — R? and Iﬁp(s,x,t): Q — R be functions, and for every 6§ € ©, p € (0, 00) let

Ui,p: [0,7] x R? x Q — R, k € Ny, be functions that satisfy for all k € N, (s,2) € [0,T) x R? that

Mg p
6,0,— 6,0,—1
UL, (s.0) = (9(),0) + Y 5= (" (5,0, 7)) = g(@)] "7 (5,2, T)
i=1
— = ) [ (gOlit) (p 3 (0.L) ; (12)
+ ’mk ip f Lp (, k—L,p (s, 2, ))

1=0 i=1 ¢€[s,T)
,—1,1, 0,1,i 0,1,i
— () F (U0 (6000 (s,2,0) ) | T (s, ).

Observe that the approximation scheme (I2)) employs Picard fixed-point iteration (cf., e.g., [B]), multi-
level /multi-grid techniques (see, e.g., [23, 24,19, [11]), discretizations of the SDE system (3)), as well as quadrature
approximations for the time integrals. The numerical approximations (I2]) are full history recursive in the sense

that for every (k,p) € N x (0,00) the full history Ug)p, Ug )p, .. U,(v) 1, Deeds to be computed recursively in

order to compute Ug)p. In this sense the numerical approximations (I2]) are full history recursive multi-level
Picard approximations.

2.3 Numerical simulations of high-dimensional nonlinear PDEs

We applied the algorithm (I2)) to approximate the solutions of several semilinear PDEs from physics and financial
mathematics such as

(i) a PDE arising from the recursive pricing model with default risk due to Duffie, Schroder, & Skiadas [I5],

(ii) a PDE arising from the valuation of derivative contracts with counterparty credit risk (see, e.g., Burgard
& Kjaer [9] and Henry-Labordere [25] for derivations of the PDE),

(iii) a PDE arising from pricing models for financial markets with different interest rates for borrowing and
lending due to Bergman [6],

(iv) a version of the Allen-Cahn equation with a double well potential, and
(v) a PDE with an explicit solution whose three-dimensional version has been considered in Chassagneux [10].

We took d = 100. All simulations are performed on a computer with a 2.8 GHz Intel i7 processor and 16 GB
RAM. We refer to [16] for the simulation results, MATLAB codes and further details concerning the numerical
simulations. These results suggest that the proposed algorithm is high efficient and quite practical for dealing
with these high-dimensional PDEs.

3 Convergence rate for the multi-level Picard iteration

In this section we establish the convergence rate for semi-linear heat equations in the case where the nonlinearity
is independent of the gradient of the solution and satisfies the Lipschitz-type condition (I3]) below and when
the Gaufl-Legendre formula is used as the quadrature rule.



3.1 Setting

Let T,L € (0,00), d € N, g € C>(R%R), © = UpenR?, let (Q, F,P, (Ft)tefo,r)) be a stochastic basis,
let W2:[0,7T] x @ — R% 6 € O, be independent standard (Ft)tefo,7)-Brownian motions with continuous
sample paths, let F': M(B([0,T] x R?), B(R)) — M(B([0,T] x RY), B(R)) satisfy for all ui,uz € M(B([0,T] x
R%),B(R)), r € [0,T], y € R? that

[(F(u1) = F(u2))(r,y)] < Llua(r,y) —ua(r,y)l, (13)

let u™ = (u™(r,9)) (ry)cio,7]xRE € C12([0,T] x R4, R) satisfy for all 7 € [0,T], y € R? that u™(T,y) = g(y)
and

0,u(r,) + 5 (Byu)(r,) + (F(@™)(r,y) =0, (14)

for every n € N let (c}')ieq1,...ny € [—1,1] be the n distinct roots of the Legendre polynomial [~1,1] > 2
L 47 [(z2—1)"] € R, for every n € N, a € R, b € [a,00) let ¢™[*?: [a,b] — R be the function which satisfies

2nn! dzn

for all ¢ € [a,b] that

b 2z—(b—a)c] —(a+b) . 2t—(a+b) n n
n.la a H i e}y B (h—a)e” —(atd) d.fC . (a < b) and “b—a S {C goee ,Cn}
e = 3 o | ety 3=6=net = &5 b))

0 : else,

let (§™9)n,en, C Qr satisfy for all n,Q € N, t € [0,T] that g%%(t) = Lo (t) and

7)) = > ¢ 9s) ¢, (16)
s€0,t]

n

that Uf  o(t,2) = 0 and

let (U yr o)narqez.oeeo © M(B([0,T] x RY) @ F, B(R)) satisfy for all n, M,Q € N, 0 € ©, (t,z) € [0,T] x R?

MTI,
1 0,0,—i 0,0,—i
Ug,M,Q(tvx) = Zg(fc + W} = Wt( ))
=1
n—1 Mt
. Z Z @ T () Z (F(U(e,z,i,s)) (D F( ) 0L _ @) 17
Ry I,M,Q N (D) F( 1-1,M,Q ))(s,x + W t ), (17)

Mn—t
1=0 s€[t,T] i=1

for every n,@ € No let |||, o : M(B([0,T] x R%) ® F,B(R)) — [0, 00] be the function which satisfies

Vo= Z qmot) l sup sup sup \/E“V(s,erWB)H] (18)
+€[0,T] s€(t, T] ue0,s] zeR4

for all Ve M(B([0,T] x R?) ® F, B(R)).

3.2 Sketch of the proof

Throughout this subsection assume the setting in Subsection Bl and let N, M, Q € N. Theorem B.IT] provides
an upper bound for the distance between the approximation UR,V ¢ and the PDE solution 4> measured in the

semi-norms |||, q, 7 € Ny, given in (I8). We establish this bound by splitting the global error [|[U}, 1y o —u||n.@

into the Monte Carlo error U s o — E[UR 11.0llln.q and the time discretization error [[E[UR y; o] — u™|ln.q-
To analyze the time discretization error, we employ the Feynman-Kac formula to obtain
T
w(s,0) =B+ Wh_ )+ [ (P (ta+ WL, )de (19)
S

for all s € [0,7T],z € R? (see Lemma [3.I0 below). Moreover, the approximations admit the following Feynman-
Kac-type representation

E[UR mo(s2)] =E|gl@+Wp_)+ Y q@T@)(FUR 1w o)tz + W) (20)
te(s, T



for all s € [0,7],2 € R (see Lemma [39] below). This, (T9) and the Lipschitz-type assumption (I3) show that
the time discretization error is bounded from above by the error of the (N — 1)-th approximation [UR_; 5 o —
U || 41,0 and the error of the Gauf-Legendre quadrature rule applied to the function [s,T] 3 ¢t — E[F(u™)(¢, 2+
Wi—s)] € R (see (52) below). Combining this with the established bound for the Monte Carlo error (see (G0)
below) results in the recursive inequality for the global error (B4]) that can be handled using a discrete Gronwall-
type inequality. The error representation for Gauf-Legendre quadrature rules allows to further simplify the
global error under suitable regularity assumptions (see Corollary B.14] below). In Section we provide upper
bounds for the number of realizations of scalar standard normal random variables and for the number of function
evaluations of f and g required to compute one realization of UR,V m,o(t, @) for a single point (¢, z) € [0, 7] x R4
in space-time. This and Corollary [3.14] prove that the complexity of our proposed scheme grows linearly in the
space dimension d and polynomially in the inverse accuracy ¢! (see Corollary B.I7 below).

3.3 Preliminary results for the Gau3-Legendre quadrature rules

Lemma 3.1 (GauB-Legendre over different intervals). Assume the setting in Subsection [31] let n € N, s €
[0,T), t €0,s], and let ¢: [0,T] — [0, 00] be a non-increasing function. Then we have

S @) < S ¢ tTE) ). (21)

re(s,T] re(t,T]

Proof. Note that (IF) and the integral transformation theorem with the substitution [s,T] 3 @ + (z—s) ==L+t €
[t,T] show that

Z 1[sT] Zq sT T— 5n+T;s)w(%c?+%)

' 11 2(w—s)—(T—s)c] —(T—s) dx
, (T=s)e +(T+5)—(T—s)c; —(T+3)
1 s je{l,...,n}\{i}

_ T—s T 2%76?71 d T—s n T+s 29
- Z T—t cp—cy y (e + 50) (22)
1 JE{1,.. 7"}\{1}

’ 2y—t)—(T—t)er —(T—1)
—u)—d=t)c;, == T—s n T+s
< (T—t)c?-i—(T-i—t)—(Tj—t)c;l—(T+t)) dy] V(I + H2)
Je{1,...,n}\{i}

.....

P(Lgeep + L)

n
=Y F= IR + T u(Te + T,

Observe that the fact that ¢ < s and the fact that Vi € {1,...,n}: ¢ € [-1,1] ensure that for all i € {1,...,n}
it holds that %cf + % > %cf + % This and the fact that ¢ is non-increasing imply for all ¢ € {1,...,n}
that (I52er + L82) < (Lt + L), Combining this with @), (I5), and the fact that 2=2 < 1 proves
that

Yo @) <Y ¢ BT ERG + Y (Tt + T = 0 ¢ P w(r). (23
i=1

re(s,T] relt,T]
O
Lemma 3.2. Assume the setting in Subsection [l and let Q € N. Then, for all n € Ny, k € NoN[0,2Q —n)

we have
n,Q ) (T—)* _ pntk
> 0O S = G (24)
t€[0,T

Proof. First, note that the fact that the Gauf-Legendre quadrature rule C([0,T],R) > ¢ ~
Zte[O,T] @ T(t)p(t) € R integrates polynomials of order less than 2Q exactly implies that for all s € [0, 77,
k € NgN0,2Q) it holds that

s, T T— t)k T— t) _ (T—s)kt?
I Qb)) E0 / (oot gy Tt (25)
te(s,T] s

We now prove (24)) by induction on n € Ny. For the base case n = 0 we note that for all k£ € Ny it holds that

_ ke k
T = Y 1) S =T (26)

te[0,T) te[0,T]
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This establishes ([24)) in the base case n = 0. For the induction step Ng 2 n — n+ 1 € N we observe that (23]
and the induction hypothesis imply that for all £ € Ny N [0,2Q — n — 1) it holds that

Z qn+1,Q(t)(T;_!t)k: Z [Z qn’Q(S)qQ’[S’T](t)}(Tk—!t)k: Z —nQ [ Z q ST )

te[0,T] te[0,T] - s€l0,t] s€[0,T] tes,T)
_ =, (T—s)*tt _  priitk
= Z q"9(s) FFD! (iRl
s€[0,T)

(27)

This finishes the induction step Ny 3 n — n+1 € N. Induction hence establishes (24]). The proof of Lemma [3.2]
is thus completed. O

3.4 Preliminary results for the semi-norms

We refer to a [0, co]-valued function as semi-norm if it is subadditive and absolutely homogeneous. In particular,
we do not require semi-norms to have finite values. The proof of the following lemma is clear and therefore
omitted.

Lemma 3.3 (Seminorm property). Assume the setting in Subsection [31] and let k € Ng. Then the function
M(B([0,T] x RY) @ F,B(R)) > U — ||U|lrqo € [0,00] is a semi-norm in the sense that it is subadditive,
nonnegative, and absolutely homogeneous.

The following lemma implies that Monte Carlo averages converge in our semi-norms with rate 1/2.

Lemma 3.4 (Linear combinations of iid random variables). Assume the setting in Subsection[31), let k € Ny,
n,QEN, r,....,rn €R, and let Vi,...,V,, € M(B([0,T] x RY) @ F,B(R)) satisfy for all (s,z) € [0,T] x R?
that Vi(s,x), ..., Vu(s,x) are integrable random variables which are independent and identically distributed and
which are independent of W°. Then

n

> Vi — E[Vi])

=1

n

Z|7"i|2 < HVlHkQ

=1

n

> i

=1

= [I(Vi = EVi]lly.q
kQ

(28)

Proof. The definition (I8) of the semi-norm and the fact that for all (s,z) € [0,7] x R¢ it holds that
(Vi(s,2))ieq1,....ny are independent of WO and are independent and identically distributed imply that

n

> (Vi —E[Vi))

i=1

k,Q

n 2

= Z g ?(t) | sup sup sup E|E ( (5,2 +W2) — [W(S,Z+W3)|W0])
_sE[t,T] u€l0,s] zeR4

[

te[0,T] im1
_ . ;
= Z (jk»Q(t) sup sup sup E|Var Z riVi(s,z + W8)|WO
te[0,T) | s€[t,T] u€[0,s] z€R4 =

N[

= Z 7"9(t) | sup sup sup E
te[0,T] | s€[t,T] u€l0,s] zeR4

n
D> Irif?
i=1

Z 7] Var(Vl(s 24+ WD)

w )H (29)

Vi —E[Villlx o

W=

IN

Z goe(t) [ sup sup sup E|:E|:“/1(S,Z+W3)
t€[0,7) s€[t,T) ue(0,s] zeR4

)|

= Vil

O

Lemma 3.5 (Lipschitz property). Assume the setting in Subsection [31), let k € Ny, Q € N, and let U,V €
M(B([0,T] x RY) ® F,B(R)). Then

IEWU) = F(V)llke < LIU = Vl|xq- (30)
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Proof. The definition (I8) of the semi-norm and the global Lipschitz property (I3]) of F' imply that

1
2

IEU) = FW)lke = Y a*°@) l op e Seuﬂgd]E[l(F(U))(S,Z + W) = (F(V)(s,2 + WS)IQ}]

t€[0,T]
3 (31)
PR () l sup sup sup L’E[|U(s, 2+ W,)) = V(s, 2z + W,)]
te0.T] s€[t,T] ue[0,s] zeR?
=L||U = V|-
O

Lemma 3.6. Assume the setting in Subsection[31, let k € N, Q € N, and let U € M(B([0,T]xRY) & F, B(R))
satisfy for all (s,x) € [0,T] x R? that U(s,z) and WO are independent. Then

[0,7] x R > = Y P OUE W W) ER|| < (U]t (32)
tels,T) k,Q

Proof. The definition (8] of the semi-norm, the triangle inequality, independence, Lemma 3], and the defini-
tion (6] of g"*1? yield that

‘[OT]XIRd = Y ¢@ETUr 2+ W - W) e R
rels,T) k,Q
- 2 1
= Z q~ sup sup sup |E U Z ¢ (r, 2 + WO+ W2 —W0) }
te[0,T] s€[t,T] u€[0,s] zeR? rels,T)

< Z g“9(t) | sup sup sup Z [Tl (e < “U rz4+ W2+ WP — WO)
€[0,T] | €L TIuel0,s) z€R o
21]? (33)
< Z q" sup Z @By | sup  sup sup E[’U(U,ZﬁLWS) ]
t€[0,7) se[t T) r€ls,T] ve[r,T] ue[0,v] zER?

zﬂi

— Z 7 9t) Z g@ T () [ sup sup sup E“U(U,Z-"-Wg)
te[0,T] relt,T] ve[r,T]ug[0,0] zeR?

1

il

Lemma 3.7 (Monotonicity). Assume the setting in Subsection [31), let k € Ny, Q € N, let G C F be a
o-algebra, and let U,V € M(B([0,T) x R?) ® F,B(R)) satisfy |U| < |V|. Then

IE[UNG 0 <10l < Vg (34)
Proof. The definition (I8) of the semi-norm, Jensen’s inequality, and the hypothesis that |U| < |V| imply that

Z F9(r) | sup sup sup EUU(’U,Z + W)
r€[0,T] ve[r,T] u€l0,v] z€R4

1Ulk+1.0-
O

‘ - 27\ 4
HEHUHQ HkQ Z " sup sup supd (IE E[|U(s,z+W3)|‘gH })
t€[0,7T] sE[t,T] u€[0,s] zER L
[ r 27\ 3
> @2%t) | sup sup sup (E U(s,z+ W) D = Ullyq (35)
t€[0,7) _sE[t,T] u€[0,s] zeR? L
. [ r o2 3
S Q) | sup sup sup (E Vs, 2+ WP) ]) — Vllo-
t€[0,7) _sE[t,T] u€[0,s] zeR? L
O

The following lemma specifies the values of our semi-norms of constant functions. It follows directly from
the definition (I8) of the semi-norms and from Lemma Its proof is therefore omitted.
Lemma 3.8 (Seminorm of constants). Assume the setting in Subsection[31 and let @ € N, k € NoNI0,2Q —1].

k
Then |[1l;.q = I



3.5 Error analysis for multi-level Picard iteration

Lemma 3.9 (Approximations are integrable). Assume the setting in Subsection [31, let = € RY, M,Q € N,
and assume for all s € [0,T], t € [s,T] that E[|g(z + W)| + |(F(0))(t,z + W?)|] < oo. Then

(i) for alln € Ng, 0 € ©, s € [0,T], t € [s,T] it holds that

U MQtZ‘f'WO“f" nMQ))(taZ‘f'WsO)H<OO (36)
and

(ii) for alln € No, 0 € ©, s € [0,T] it holds P-a.s. that
E[Ug-l-l,]\/f,Q(sa 2)} =K g(Z + Wg 5 Z q ls T (Ue ))(ta z+ Wto—s) . (37)
te(s, T

Proof. We prove () by induction on n € Ny. For the base case n = 0 we note that for all § € ©, s € 0,77,
t € [s,T] it holds that

B[00 arqt 2 + WO + | (F(US ar.0)) (2 + WO)|| = E[[(F(0)(t, 2 + WP)]] < o. (38)

This establishes (i) in the base case n = 0. For the induction step Ng > n -+ n+1 € N let n € Ny and
assume that ([{) holds for n =0, n =1, ..., n = n. The induction hypothesis and (7)) imply that for all § € ©,
s€10,T],t € [s,T] it holds that

[| ¢ ot Z+W0)ﬂ SE[|g(z+W$_t+s)|]

Q.6 T)( M"“71 _
+Z 3 an+1 Y Y max E[[(FOGE) e+ W] <o (39)
1=0 re[t,T] =1 kefioLinng IS

Combining this with ([I3]) proves for all # € ©, s € [0, T}, ¢ € [s,T] that

EU (F(U'S—',-LM,Q)) (t,z + WS)”

<E|[(FU911.00,0)) (b2 + WD) = (FO0) (1,2 + W) | +E[|(F(0)) 8,2 + WD) (40)

< LE[[Uf 1 anqt 2+ WO +E[[(F(0) ¢,z + WD) | < oo.
This finishes the induction step Ng 3 n — n+ 1 € N. Induction hence establishes (). Next we note that
(@@, the fact that (Ugﬁ M.Q)neNy; 0 € O, are identically distributed, and a telescope argument yield that for all
n € Ng, 8 € ©, s € [0,T] it holds that

E[UgH,M,Q(Sa Z))] - ]E[g(z + ngs)}

=3 > @ETNWE|(F(U.0) - InOF (UL a0)) (02 + WE = WY)]

=0 ve(s,T]
= > @ETE[(FUS00)) (0,2 + WE = WD) (41)
v€E(s,T]
=E| Y o2 T) (FU v@) (0,2 + W)
v€E(s,T]
This establishes (). The proof of Lemma [3.9is thus completed. O

Lemma 3.10 (Nonlinear Feynman-Kac formula). Assume the setting in Subsection[31, let = € R?, and assume
for all s € [0,T] that

T
E| sup |u™(t,z+ W )| —|—/ |(F(0))(t, 2+ W )| dt| < oo. (42)
tels,T] s

Then



(i) for all s € [0,T] it holds that

T
E | sup |[u™(t,z4+ W — W2)] +/ |(F(u™))(t, 2z + WP — W0 dt] < 00 (43)
tE[S,T] S

and

(i) for all s € [0,T] it holds that

(s, 2) —E[g(z + WP_,)] =E

/T(F(um))(t, 2+ WL,) dt] - (44)

Proof. Note that (I3) and [@2) imply (7). Next It6’s formula and the PDE ([I4) ensure that for all s € [0,T],
t € [s,T] it holds P-a.s. that

u™(t,z + WP = W) —u>(s, 2)

t t
:/ (gufxw%Ayum)(r,ﬁwf—wg)dw/ (Vyu®)(r,z + W2 — W2, dW?) (45)
t t
:_/ (F(u‘x’))(r,z—i—Wf—WSO)dr—i—/ (Vyu®)(r, 2z + W2 — W2), aw?).

This and (#3) show that for all s € [0,7] it holds that E[ sup,c(, 7 | f;((Vyuoo)(r, 24+ W2 —=WP), dw?)|] < oco.
This ensures that E[f (Vyu®)(t,z + WP = W?2), dW)] = 0. This and (@) prove for all s € [0,T] that

u™(s,z) = Elg(z + Wp_,)] = u(s,2) = E[u™(T, 2+ Wp — W) =E

/T(F(um))(t,erWtOs)dt] - (46)

This finishes the proof of Lemma 310l O

Theorem 3.11. Assume the setting in Subsection[31), let M,Q € N, N € NN[L,2Q — 1], 0 € ©, and assume
for all z € RY, s € [0,T) that

E t:ﬁ%]yuooa,wwﬁ,s)} +/Ty(F(o))(t,z+W£S)} dt] < 0. (47)
Then we have
0800 =1l < (200 H{E s s ()
Lty ] 2 e W+ T IO+

T
+eT sup ]E[ S @ Ts) (P oo+ W) = [ (P2 W2 ) s WB] }
telo.T], SE[L,T] ¢ L2(P;R)
rel0,t], ’
zeR4

Proof. Throughout this proof assume w.l.o.g. that the right-hand side of (8] is finite, assume w.l.o.g. that
6 = 0 (the case 0 # 0 follows from the case 8 = 0), let € € [0,00) be the real number given by

T
c— sup  sup E{ S q@ T (s) (F(u™)) (s, 2 + W y) — / (Fu™))(s,z + W2, _, ds‘WO} ,
te[O,Y;], u€0,t] s€[t,T] t L2(P;R)
z€R

and let (en)neqo,1,....n1 € [0,00] be the extended real numbers which satisfy for all n € {0,1,..., N} that

en:sup{vM*jHUg,M,Q ,jGINO,kwL]wLn*N}. (49)

u[lig

First, we analyze the Monte Carlo error. Ttem () of Lemma 3.9 shows for all n € Ny, (¢,2) € [0,T] x R4,
s € [O t] that E[|U}) 1 o(t, 2 + WQ)|] < oo. The triangle inequality, independence, Lemma 3.4, Lemma 3.7
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Lemma [3.6], Lemma 3.8 and Lemma imply that for all n € N, k € Ny it holds that
[Un a0 —E[Un el [l o

0. 7] x RY 3 (t,2) = MY (9= + W0 = w0070 —E[g(z + w070 - W 0)]) e R

k,Q
n—1
+ 3 |10, 7] x RY > (¢, 2)
1=0
M l
n 6,l,i,r 6,—1,i,r i 6,l,1
MY @I (FUsY) — InOF U)oz + WO — wih)
=1 relt,T]
M"™ l
—n 0,l,i,r 6,—1,i,r i 0.,
-M TN qQ*[t*T](r)E[(F(Ul(,M,Q))—]l WFU D) ry 2 + Wb — >)} eR
i=1 reft,T) k.Q
< A= 0. T xR 3 (t,2) = g(z + WP - W) € R|,
n—1
I TR [RARS RY I S ]
=0 relt,T)
(FOSES) - nN(z)F(Ul<f*1jJ@}g>))(r, 2+ WO W) eR
k,Q
(0,1,1,0) 0,— H
< su U, HF (U,
= ‘/erngdse[OT] ( lMQ ) () ( - 1MQ ) 1.0
< _1 W F(0 ,0) U(07110)H
= ﬁzsuugdéesng]Hg z+ HLQ(P]R) + \/—H (0 )||k+1 lMQ 1-1,M,Q k41,0
< —— sup sup |lg(z+W? i + ﬁsup sup F(0))(r,z + W?) _ T
M™ R4 se(0,T) H HL2(P’]R) o 2€R4 7,5€[0,T) H( ( ))( HLQ(IP’JR) (k+1)!
1o, (1) LIE ) )
+LZ (3 + 25®) 00010 = 010
(50)

Next we analyze the time discretization error. Ttem () of Lemma B.9 and Ttem (i) of Lemma [3.I0] ensure that
for alln € N, s € [0,7], z € R it holds P-a.s. that

B[S (s 2)] ~ w(s2) =E| 3 q@ETO(FU ar)) 2+ WE) — [ (Pt + WL, )de
te(s,T] s
(51)

This, the triangle inequality, Lemma B.7, Lemma [3.6] Lemma 3.5 and Lemma demonstrate for all n € IN,
k € NoN[0,2Q — 1] that

[E[Un a0l —u™,0 (52)

IN

[OaT] X Rd S Z —E Z q [s T (US—LM,Q) - F(uoo))(taz + Wto—s)

tels,T] EQ

+ |0, T) xR > (s,2) = E| > @) (Fu™))(t 2 + W) - / T(F(u*))(t,wwf_s)dt

te(s,T] k.Q

IN

[0, 7] xR 5 = > PO (FU ) — F™)(tz+ W) +eltlne (53)
te(s, T k,Q

< HF(US—LM,Q) - F(“OO)HIH-LQ + e[|k,
<L|Un 1 aq— uoo||k+1,Q + ETk_I!C'

In the next step we combine the established bounds for the Monte Carlo error and the time discretization error
to obtain a bound for the global error. More formally, observe that (B0) and (52) ensure that for all n € N,

11



k € NogN[0,2Q — 1] it holds that

1Un s =0 < 1Unae —ElUn ol + [E[Un el — v, 0

< Amr| s sup 1o+ Wy + T g, st IO+ WD) e

k

+ LZ (\};\;:)El 1 1(\;;2::117)50) HUZ?M,Q - “OO||k+1,Q +L HUS%,M@ - UOOHJH-LQ +elr

(54)
:—n sup sup |lg(z + WO, 4 pmy + T sup  sup ||(F(0))(r,z + W), .0. ]
A [, s 4 W)+ T s | o
n—1
lu™1l) 14, 1 0 0 Tk
+ L \/%Q + QLZ N HUZ,M,Q —u Hk+1,Q + e
=1
Hence, we obtain that for all j € Ny, n € N, k € No N [0,2Q — 1] it holds that
L] ‘ =
s 0 ) u 1 T \/T 0 o)
VMANUD g = ||, o S~ + ens +2LZ M==mH 5 0P o = ™l
(55)
+ n[sup sup gz+W ) +Tsup sup (F(O))(T,erWg) . }
e[, s e 4 W)y 7 s, s | -
This shows for all n € {1,2,..., N} that
o n—1
en <L sup MMJ‘V%E? +eel +2L Z e (56)

ke{0,1,...,.N—-1} -1

T 0
i [ie{o,ls,lf?zv_l} W} [ SeRA selorT] oGz + Wl ooy + seRi rael0T] [N =+ W“)HN(P;R)]

Combining this with the discrete Gronwall-type inequality in Agarwal [T, Corollary 4.1.2] proves that

- w1l
U? —u> =eny < (1+2L)N 1{L sup < —=2 t¢
|UN 1.0 oo el VA

Jr{ sup Z}[sup sup gz+WsO ommy 1 SUD  sup F(0 T,Z+W3 2 (. ]}
o™y AT op o M2 @om) i A o [(F(0))( Mz @m)
(57)

This completes the proof of Theorem [B.111 O

In the proof of the following result, Corollary[3.12] an upper bound for the quadrature error on the right-hand
side of (4]) is derived under the hypothesis that the solution of the PDE is sufficiently smooth and regular.

Corollary 3.12. Assume the setting in Subsection[31, assume that u™ € C>=([0,T] x R%, R), assume for all
k€ Ny, z € R%, t € [0,T] that
El sup ‘((% + %Ay)ku‘x’)(s,x + Wso_t)‘] < 00, (58)

s€t,T]

and let M,Q € N, N € NN[1,2Q). Then it holds for all 6 € © that

Uf A+20)V L sup lie
H N.M,Q — Ho Q= ie{1.2,..N} VMN—i
+ sup waﬂ sup sup ||g(z + W ymmy + 1 sup  sup H(F(O))(r z+ W

ie{0,1,...,.N—1} v My 2€R4 s€[0,T] H HL (BR) 2€R r,uel0,T] LZ(IF’ R)
o N4 2Q+1
+eT sup | sup sup || sup ’E[ + 1A,)29T ) (s, + wo )] . [(QQQ]QL)[(ZQ),
t€[0,T) | u€[0,t] zeR? || s€[t,T] r=z+W} L2(BR)
(59)

Proof. Throughout this proof assume w.l.o.g. that sup,cpa sup; se(o 7] E [|g(z + W)+ [(F(0))(t, 2+ W2)|] <
o (otherwise the right-hand side of (53) is infinite and the proof of (53) is clear). Observe that (58) and the
dominated convergence theorem ensure that for every k € Ny, € R?, ¢ € [0, T] it holds that the function

t,T]2s = E[((Z +iA,)u®)(s,2+ W,)] €R (60)

12



is continuous. The assumption that u> € C*([0,T] x R4 R) and Itd’s formula imply that for all z € R,
te€[0,T], s €[t,T], k € N it holds P-a.s. that

(G + 38 ) (5,2 + W] = W) = ((F + 38,)"u™) (t.2) (61)
= / ((% + %Ay)k+1“m)(7}a z+ Wg - Wto) dv + / <(vy(% + %Ay)kum)(% T+ WB - Wto)a dW3> .
t t

This and (58) show that for all 2z € RY ¢t € [0,7], k € N it holds that
E[supse[t,T] A ((Vy(& +2A)Fu>®) (v, 2+ W) — WD), dW?) |] < co. This implies that for all z € R,
t€[0,T], s € [t,T], k € N it holds that E[ [* ((V,(Z + 1A,) u>) (v,x + W2 — W?), dW?) | = 0. This, 61,
and Fubini’s theorem show that for all z € R%, ¢ € [0,7], s € [t,T], k € N it holds that
E[((5r + 38y)"u™) (s, + W) = W)] = (5 + 34,)"u>)(t, )
s 62
= / E[((£ + 3A,)" M u®) (v, + W) — WY)] dv. (62)

t

Equation (62) (with & = 1) together with (60) (with k¥ = 2) implies for every x € R, t € [0,T) that
the function [t,T] 3 s — E[((Z + 3A,)u™®) (s,2 + W2 —W?)] € R is continuously differentiable. In-
duction, (60), and ([2) prove that for every 2 € R%, t € [0,7] it holds that the function [t,T] > s
E[((£ + 3A,)u™) (s,x + W2 — W?)] € R is infinitely often differentiable. This, induction, and (62) demon-
strate that for all k € N, z € R%, t € [0,T), s € [t,T] it holds that

k
ZE[((2 + 30,0 s a+ WO — W] = B[((2 + 1AM 1) s + WO - WO (63
Equation ([I4) and the error representation for the GauB-Legendre quadrature rule (see, e.g., [14, Display
(2.7.12)]) imply for all z € RY, ¢ € [0,T) that there exists a real number ¢ € [t, T] such that

T
> @ETSR[(F(u)(s,z + W = WP)] — / E[(F(u™))(s,z + W2 —W)] ds (64)
set,T] t

T
= /t E[((Z + 3A,)u™) (s, + W) = W)] ds — Z g1 (SE[((Z + 3A,)u™®)(s,z + W) — W)
s€(t,T]

o 62Q 9 00 Q! 4 T—¢ 2Q+1
= (FRE(G +38)u™)a+ W -wp))) | BEET

This and (G3]) prove that

T
sup sup 8] 57 @) s 4+ W)~ [P o4 W) ds W2
tE[O,'];],uE[O,t] s€[t,T] t L2(P;R)
z€R

[@U*(T—1)2%*!
(2Q+1)[2Q)1?
L2(P;R)

< sup Ssup sup
t€[0,T) uel0,t] zeR4

sy (g;—Z%E[«g LA ) (s, + WO — WD)
se(t, T

x_z+W3>

z=z+W,

[@*(T—1)2%*!
(2Q+1)[2Q)1?
L2(P;R)

:EI)T] ‘E[((% + %Ay)w“um)(svx + Wf - Wto)} ’

< sup sup sup
te[0,T] uel0,t] zeR4

(65)
Theorem [B1T] together with (G0 implies (B9). The proof of Corollary B2l is thus completed. O

The following result, Corollary [3.13] establishes an upper bound for the L2-error between the solution of
the PDE and our approximations (7)) if the sup-norm of the n-th derivative of the solution of the PDE grows
sufficiently slowly as N 3 n — oc.

Corollary 3.13. Assume the setting in Subsection [31], assume that u™ € C°°([0,T] x R, R), let a € [0,1/4],
and let C € [0, 00] be the extended real number given by

C=1L + {sup |g(x)|} +T

z€R4

sup - |u(t,z))|
(t.2)€[0,T] xR

sup —[(F(0))(t, x)l]

(t,x)€[0,T]x R4

(66)
+TeT | sup sup (k!)”ﬁl |((§ + %Ay)kum)(t,x)}] .
kEN (t,z)€[0,T]xR4
Then it holds for all M,Q € N, N € NN|0,2Q) that
00 2@ ex
sup ||U]%1M1Q(t, x) — u(t, z)HLz(P;R) <C(1+20)N max{ QTMQ , %} . (67)

(t,2)€[0,T]xR4
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Proof. To prove (67) we assume w.l.o.g. that C' € [0,00). Observe that the Stirling-type formula in Robbins
[37, Displays (1)—(2)] proves for all n € N that

2mn [%}n <n! <V2mn [g}nel_g (68)

This together with the fact that /e < 2 and the fact that Vn € N: wesn < 8™ shows for all n € N that

4

2 n+dl —ny L
n29n (204 1))~ ]t n2am ]t n""[ 2mn" T2 e 12

IN

_ = o 22—« 1—% l-i-2no¢2 (2n+ )(2+a)
T S (Dl Ve L e TR ° (69)

l n 1 1
2mne3 227 — qesn(y/e)"27 < mesn273" < 1.

IN

Next note that Lemma 3.2 and (I8)) imply that for all @ € N, i € {0,1,...,2Q — 1} it holds that

%

00 o] —1 00 T
[u>llio < sup  [u(t,)|| | D 9s)| = sup — [u(t,z)|| - (70)
(t,2)€[0,T]xR? 5s€[0.T] (t,z)€[0,T] xR (2

The assumption that C' € [0, 00) allows us to apply Corollary B2 to obtain for all M,Q € N, N € NN [0,2Q)
that

St 2, Whanalt: ) =0 s

< sup sup sup ||Uxaq(t,z+ W) —u>(t,z+ W) HL2P]R) |UN a0 —

u™||
+€[0,T] 2€R< uel0,1] 0.Q

<@+2)NNL sup uc(ta)|  osup T
, E)G[O T]xR4 iefo,1,... N} VMV

+  swp oo sup | sup |g(z + W) oy + T sup [[(FO) 2+ W) apn
il (P;R) (P;R)

i€{0,1,...,N} zeR4 Lse[0,T] u€[0,T]
4 2Q+1
+eT sup sup sup || sup |E +1A,)2H 1) (5,2 + WO [QU*(T—)%9"
t€[0,T) uel0,t] zeR4 || s€[t,T) ’ [( 34) )( t)” o=z W2 || L2(p;R )(2Q+1)[(2Q)!]3

, 4

N 0
=zt {eTT2Q+1< sup (& + 58,297 ) (t,2)| moriiEa

t,z)€[0,T] xR

e ()

L sup  |ue(t,x)|+ sup |g(x)[+T  sup I(F(O))(t,w)I] }

+
VM (t,z)€[0,T]x R4 zERA (t,2)€[0,T] x R4

This, ([©3), and the fact that sup;c(o1, . n} (\/_ L < eTVM imply for all M,Q € N, N € NN [0,2Q) that

U ta) —ue )|,
N ) LAATRICEO R CROL PRTER

N n29n (90 Nl-aq,4
< (2 JTw“[wp sup ww*w«§+lAwkmxtmﬂ[wp (gﬁﬂﬁw[“]
kEN (t,z)€[0,T]x R4 neN

N
T (1+2L) oTVM
VM

L sup  |u®(t,z)|+ sup |g(x)| +T  sup I(F(O))(t,z)ll (72)
(t,z)€[0,T)xR4 z€R4 (t,z)€l0,T] xR

N
< G2y JTm“l“p up @W*W«£+1Awkmxtmﬂ
kEN (t,z)€[0,T]x R4

+ () er

L sup  |u(t,z)[+ sup |g(x)|+T  sup I(F(O))(t,w)ll-
(t,z)€[0,T)x R4 z€R4 (t,z)€l0,T] xR

This establishes ([@7). The proof of Corollary BI3]is thus completed. O

The next result, Corollary 314, provides an upper bound for the L?-error between the solution of the PDE
and our approximations (7)) if the parameters N, M,Q € N satisfy N = M = Q. Corollary BI4] is a direct
consequence of Corollary B.13]
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Corollary 3.14. Assume the setting in Subsection [31}, assume that u> € C>([0,T] x R4, R), let a € [0,1/4],
and let C € [0,00] be the extended real number given by

c-r| s o)l + sl <7| s FO)60)
(t,2)€[0,T) x R4 sER (t,2)€[0,T) x R4 73
+Tel | sup sup (k:!)o‘_1 |((% + %Ay)kuoo)(t,x)‘] .
kEN (t,z)€[0,T]xR4
Then it holds for all N € N that
N
(1+2L)e”
sup Us (t,x) —u™ ()|, 5 < C [7(1 . (74)
(t.2)€[0,T]x R4 1% I (B;R) N?

3.6 Analysis of the computational complexity and overall rate of convergence

In Lemma B.I5 RNy, 2,0 is the number of realizations of a scalar standard normal random variable required to
compute one realization of the random variable Ug motz): @ = R. In Lemma B.I6 FE,, v, is the number

of function evaluations of f and g required to compute one realization of Ug, MyQ(t, z): Q= R.

Lemma 3.15. Assume the setting in Subsection[31] and let (RNy, a1,Q)n,m,0ez C No be natural numbers which
satisfy for all n, M,Q € N that RNo v, = 0 and

n—1

RN, g < dM™ + ) [QM"(d+ RNy arq +In(1) - RNi_1a10)] - (75)
=0

Then for all N € N, we have
RNy v < 8dNZY,

Proof. Inequality (73] implies for all n,Q € N, M € NN [2,00) that

n—1

(M™ RN, mq) <d+ Z [QM_l(d + RNy a0 +1In (1) - RNiZ1a1,0)]
=0 (76)

n—1
<d (1 + 154\4——@1) +(1+37)Q lZ(Ml 'RNl,M,Q)] :
=0

The fact that VM,Q € N: RNy ar,o = 0 and the discrete Gronwall-type inequality in Agarwal [I, Corollary
4.1.2] hence prove that for all n,Q € N, M € NN [2,00) it holds that

(M~ RNnarq) < d (1432 ) (1+ (14 4)Q)"~" < AGrGrene”, (77)

Hence, we obtain that for all N € NN [2,00) it holds that

RNyvn < gg (N + (N + DN = 51+ §)VaN? < 8dN?. (78)
This and the fact that RNy ;1 < 2d complete the proof of Lemma O

Lemma 3.16. Assume the setting in Subsection[3 1l and let (FE, pr,Q)n,m,0ez € No be natural numbers which
satisfy for all n, M,Q € N that FEo 9 = 0 and

n—1

FEnarg < M"+ ) [QM" (14 FE uq +1Ix(D) + In(1) - FE1 01,0)] - (79)
=0

Then for all N € N, we have
FEn n v < 8NZV,

The proof of Lemma is analogous to the proof of Lemma and therefore omitted. In the proof of
Corollary 317 below we combine Lemma and Lemma with Corollary B4 to obtain a bound for the
computational complexity of our scheme (I7]) in terms of the space dimension and the prescribed approximation
accuracy.

The next result, Corollary B.I7 proves under suitable assumptions that if ¢ € (0,00) is the prescribed
approximation accuracy and if d € N is the dimension of the considered PDE, then for every a € (0,1/4]
and every § € (0,00) it holds that the computational effort of the approximation method (number of function
evaluations of the coefficient functions of the considered PDE and number of used independent scalar standard
normal random variables, cf. Section B is at most O(de~(a+9),
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Corollary 3.17. Assume the setting in Subsection [31, assume that u> € C>([0,T] x R4, R), let a € (0,1/4],
d € (0,00), let C € ]0,00] be the extended real number given by

C=16 exp(2a6[eT(1 + 2L)]%g§) L sup [u(t, z)|| + |:SU.p |g(x)|]
(t,z)€[0,T]x R4 zeRd
sy (80)
fT| s JFO)E)| £ T [sup  sup (k) [(2 + é%)kum)(t,x)ﬂ } ,
(t,2)€[0,T] x Re kEN (t,2)€[0,T]x R4
let (RNp a1,Q)n,m,0cz C No be natural numbers which satisfy for all n, M, Q € N that RNg ar,o = 0 and
n—1
RN, <dM™ + ) [QM™H(d + RNy arq +1Ix (1) - RNi_1,01,0)] (81)
=0

(for every N € N we think of RNy n N as the number of realizations of a scalar standard normal random variable
required to compute one realization of the random variable U]Q,7N7N(O, 0): Q= R), and let (FE, a,Q)n,M,Qez C
Ng be natural numbers which satisfy for all n, M,Q € N that FEo .0 = and

n—1

FEnaq < M™+ ) [QM™ ' (14 FE g +1n() + In(l) - FEi_1a1,0)] (82)
=0

(for every N € N we think of FEn y N as the number of function evaluations of f and g required to compute
one realization of the random variable Uy y x(0,0): Q@ — R). Then it holds for all N € N that

RNy nN+FEN NN <Cd sup ||U]%1N1N(t, x) —u™ (83)

(t,2)€[0,T]xR4

—(Ya+6)
(ta ZC) || LZ(IP’;]R)‘|

Proof. We assume w.l.o.g. that C' € [0,00). Throughout this proof let C' € [0, 00) be the real number given by
C = % exp(72a5[eT(1 + 2L)]%§Y§) C. Corollary 314l Lemma B.I5 and Lemma [3I6] prove that for all N € N
it holds that

Yats
(RNwy,n,~ +FEN, N N) [ sup  ||UR o (t2) — u™ (2, 'T)HLz(P.R)]
(t,z)€[0,T]xR4 )

=8(d 4 1)C[(1 4 2L)eT|N /et y=2a0N —(g4)

(14 2L0)eT N/t
N2a :|

< (8AN*N +8N?N) C [

This and the fact that VN € N: NI < NN show that for all N € N it holds that

1/a+d
(RNy N N+FEN N N) l sup HU]%,N,N(tvx) - uoo(tvx)HL2(P.R)‘|
(t,z)€[0,T]xR4 ’
5 [(1r2n)eT] Y (Vorts) - [fner* (558) % [ e (3] 99)
< 16dCH e = 16dC { S } <16dC | Y 0E2he ] o0 o
n=0

1+ad

~ 200 ~ o
— 16dC [exp([(l + 2L)eT]m)} = 16dC {exp(2a5[(1 + 2L)eT]%2§)} = Cd.
This completes the proof of Corollary B.I7 O

The next result, Corollary BI8| specializes Corollary 311 to the case o = 1/4.

Corollary 3.18. Assume the setting in Subsection [}, assume that u™ € C=([0,T] x R%, R), let § € (0, 00),
let C € [0,00] be the extended real number given by

sup — [u (L, @)

C =16 exp(5[eT(1 + 2L)]2+(8/5)) L
(t,0)€[0,T] x R4

+ sl

zeR4

446
(5 + 34y) u™) (¢, 2)]
sup sup s ,
kEN (t,2)€[0,T] x Re (k1)

(86)

+7T sup [(F(0))(t,z)|| + TeT

(t,x)€[0,T]x R4

let (RNy,a1,Q)n,Mm,0e7 € No be natural numbers which satisfy for all n, M,Q € N that RN v, = 0 and

n—1

RNparg < dM™+ Y [QM" ! (d + RN, a g +1Ix (1) - RNi_1a1,0)] (87)
=0
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(for every N € N we think of RNy n. N as the number of realizations of a scalar standard normal random variable
required to compute one realization of the random variable U]Q,7N7N(O, 0): Q= R), and let (FE, a,Q)n,Mm,Qez C
Ng be natural numbers which satisfy for all n, M,Q € N that FE rr,0 = and

n—1

FEn g < M"+ ) [QM" ' (1+FE aq+1In(1) + In(1) - FEi_1 01.0)] (88)
=0

(for every N € N we think of FEn y N as the number of function evaluations of f and g required to compute
one realization of the random variable Uy y x(0,0): Q@ — R). Then it holds for all N € N that

—(449)

RNN,N,N + FEN,N,N < Cd sup ||U]%,N,N(t7 :C) —u® (t, :L') ||L2(IP’-]R) . (89)
(t,z)€[0,T]xR4 ’
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