N

N

Neural networks-based backward scheme for fully
nonlinear PDEs

Huyen Pham, Xavier Warin, Maximilien Germain

» To cite this version:

Huyen Pham, Xavier Warin, Maximilien Germain. Neural networks-based backward scheme for fully
nonlinear PDEs. SN Partial Differential Equations and Applications, 2021, 2, 10.1007/s42985-020-
00062-8 . hal-02196165v3

HAL Id: hal-02196165
https://hal.science/hal-02196165v3
Submitted on 10 Dec 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02196165v3
https://hal.archives-ouvertes.fr

Neural networks-based backward scheme for fully nonlinear PDEs *

Huyén PHAMT Xavier WARIN ¥ Maximilien GERMAIN $

This version: December 7, 2020

Abstract

‘We propose a numerical method for solving high dimensional fully nonlinear partial differential equations
(PDEs). Our algorithm estimates simultaneously by backward time induction the solution and its gradient by
multi-layer neural networks, while the Hessian is approximated by automatic differentiation of the gradient
at previous step. This methodology extends to the fully nonlinear case the approach recently proposed in
[HPW20] for semi-linear PDEs. Numerical tests illustrate the performance and accuracy of our method
on several examples in high dimension with non-linearity on the Hessian term including a linear quadratic
control problem with control on the diffusion coefficient, Monge-Ampere equation and Hamilton-Jacobi-
Bellman equation in portfolio optimization.
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1 Introduction

This paper is devoted to the resolution in high dimension of fully nonlinear parabolic partial differential equations
(PDEs) of the form

{atu + (., yu, Dyu, D?u) =0,  on [0,T) x R?, an

W(T,.) =g, on R,

with a non-linearity in the solution, its gradient D,u and its hessian D2u via the function f(¢,,y, z,v) defined
on [0,T] x R* x R x RY xS? (where S is the set of symmetric d x d matrices), and a terminal condition g.

The numerical resolution of this class of PDEs is far more difficult than the one of classical semi-linear PDEs
where the nonlinear function f does not depend on ~. In fact, rather few methods are available to solve fully
nonlinear equations even in moderate dimension.

e First based on the work of [Che+07], an effective scheme developed in [FTW11| using some regression
techniques has been shown to be convergent under some ellipticity conditions later removed by [Tan13].
Due to the use of basis functions, this scheme does not permit to solve PDE in dimension greater than 5.

e A scheme based on nesting Monte Carlo has been recently proposed in [Warlg]. It seems to be effective
in very high dimension for maturities 7" not too long and linearities not too important.

e A numerical algorithm to solve fully nonlinear equations has been proposed by [BEJ19] based on the
second order backward stochastic differential equations (2BSDE) representation of [Che+07] and global
deep neural networks minimizing a terminal objective function, but no test on real fully nonlinear case is
given. This extends the idea introduced in the pioneering papers [EHJ17; [HJE18], which were the first
serious works for using machine learning methods to solve high dimensional PDEs.

e The Deep Galerkin method proposed in [SS18] based on some machine learning techniques and using
some automatic differentiation of the solution seems to be effective on some cases. It has been tested in
[AA+1§| for example on the Merton problem.
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In this article, we introduce a numerical method based on machine learning techniques and backward in
time iterations, which extends the proposed schemes in [VSS18] for linear problems, and in the recent work
[HPW20| for semi-linear PDEs. The approach in these works consists in estimating simultaneously the solution
and its gradient by multi-layer neural networks by minimizing a sequence of loss functions defined in backward
induction. A basic idea to extend this method to the fully nonlinear case would rely on the representation
proposed in |[Che+07]: at each time step ¢, of an Euler scheme, the Hessian D?u at t,, is approximated by
a neural network minimizing some local Lsy criterion associated to a BSDE involving D, u at date t,,41 and
D2u. Then, the pair (u, D,u) at date t,, is approximated/learned with a second minimization similarly as in
the method described by [HPW20]. The first minimization can be implemented with different variations but
numerical results show that the global scheme does not scale well with the dimension. Instability on the D2u
calculation rapidly propagates during the backward resolution. Besides, the methodology appears to be costly
when using two optimizations at each time step. An alternative approach that we develop here, is to combine
the ideas of [HPW20| and the splitting method in [Bec+19| in order to derive a new deep learning scheme
that requires only one local optimization during the backward resolution for learning the pair (u, Dyu) and
approximating D?u by automatic differentiation of the gradient computed at the previous step.

The outline of the paper is organized as follows. In Section 2] we briefly recall the mathematical description of
the classical feedforward approximation, and then derive the proposed neural networks-based backward scheme.
We test our method in Section [3]on various examples. First we illustrate our results with a PDE involving a non-
linearity of type uD?u. Then, we consider a stochastic linear quadratic problem with controlled volatility where
an analytic solution is available, and we test the performance and accuracy of our algorithm up to dimension
20. Next, we apply our algorithm to a Monge-Ampere equation, and finally, we provide numerical tests for
the solution to fully nonlinear Hamilton-Jacobi-Bellman equation, with non-linearities of the form |D,u|?/D?u,
arising in portfolio selection problem with stochastic volatilities.

2 The proposed deep backward scheme

Our aim is to numerically approximate the function w : [0,T] x R? — R, assumed to be the unique smooth
solution to the fully nonlinear PDE under suitable conditions. This will be achieved by means of neural
networks approximations for u and its gradient D,u, relying on a backward scheme and training simulated data
of some forward diffusion process. Approximations of PDE in high dimension by neural networks have now
become quite popular, and are supported theoretically by recent results in [Hut+18] and [DLM20| showing their
efficiency to overcome the curse of dimensionality.

2.1 Feedforward neural network to approximate functions

We denote by dy the dimension of the input variables, and d; the dimension of the output variable. A (deep)
neural network is characterized by a number of layers L + 1 € N\ {1,2} with my, £ = 0,..., L, the number of
neurons (units or nodes) on each layer: the first layer is the input layer with mg = d, the last layer is the output
layer with m;, = di, and the L — 1 layers between are called hidden layers, where we choose for simplicity the
same dimension my =m, ¢ =1,... L — 1.

A feedforward neural network is a function from R% to R? defined as the composition

reRY— ApopoAp_j0...000A(z) € R. (2.1)

Here Ay, ¢ = 1,..., L are affine transformations: A; maps from R%® to R™, A,, ..., A;_1 map from R™ to R™,
and A;, maps from R™ to Rdl, represented by

Ai(z) = Wex + s,

for a matrix Wy called weight, and a vector (5, called bias term, o : R — R is a nonlinear function, called

activation function, and applied component-wise on the outputs of Ay, i.e., o(x1,...,2m) = (o(x1),..., 0(xm)).
Standard examples of activation functions are the sigmoid, the ReLu, the Elu, tanh.
All these matrices W, and vectors B¢, £ = 1,..., L, are the parameters of the neural network, and can be

identified with an element § € RV where N,, = ZL:_OI me(14+mer1) = do(L+m)+m(14+m)(L—2)+m(1+dy)

is the number of parameters. We denote by Ny, 4,.,m the set of all functions generated by (2.1)) for 6 € RN,

2.2 Forward-backward representation

Let us introduce a forward diffusion process

¢ ¢
X =Xp +/ (s, Xs)ds +/ o(s, Xs)dWs, 0<t<T, (2.2)
0 0



where 4 is a function defined on [0, T] x R? with values in R?, o is a function defined on [0, 7] x R? with values
in M the set of d x d matrices, and W a d-dimensional Brownian motion on some probability space (Q, F,P)
equipped with a filtration F = (F;)o<;<7 satisfying the usual conditions. The process X will be used for the
simulation of training data in our deep learning algorithm, and we shall discuss later the choice of the drift and
diffusion coefficients p and o, see Remark [2:3]

Let us next denote by (Y, Z,T') the triple of F-adapted processes valued in R x R? xS?, defined by

Y; = u(t,Xs), Z; = Dyu(t,Xy), Ty = D?u(t,X;), 0<t<T. (2.3)

By Itd’s formula applied to u(¢, X+), and since u is solution to (1.1]), we see that (Y, Z,T') satisfies the backward
equation:

T
1
Y, = g(XT)—/ (15, X2).Zs 4 (007 (5, X)) = f(5, X, Vs, 23, T ds
t
T
- / o7 (5, Xs) ZsdWs, 0<t<T. (2.4)
t

Remark 2.1 This BSDE does not uniquely characterize a triple (Y, Z,T") contrarily to the semilinear case
(without a non-linearity with respect to I') in which proper assumptions on the equation coefficients provide
existence and uniqueness for a solution couple (Y, Z). In the present case at least two options can be used to
estimate the I' component:

e Rely on the 2BSDE representation from [Che+07] which extends the probabilistic representation of [PP90]
for semilinear equations to the fully nonlinear case. It is the approach used by [BEJ19] with a global large
minimization problem, as in [HJE18].

e Compute the second order derivative by automatic differentiation. This is the point of view we adopt in
this paper together with a local approach solving several small optimization problems. In this way, we
provide an extension of [HPW20] to cover a broader range of nonlinear PDEs.

2.3 Algorithm

We now provide a numerical approximation of the forward backward system —, and consequently of
the solution u (as well as its gradient D,u) to the PDE (L.I)).

We start from a time grid 7 = {t;,i =0,...,N} of [0,T], with tg =0 < t; < ... <ty =T, and time steps
Aty :=t;y1—t;, 1 =0,..., N —1. The time discretization of the forward process X on 7 is then equal (typically
when p and o are constants) or approximated by an Euler scheme:

Xt = Xti —|—/.L(t“th)Atz—|—0’(t“th)Ath, i:O,...,N— 1,

i1
where we set AW;, := W,,,, — W;, (by misuse of notation, we keep the same notation X for the continuous
time diffusion process and its Euler scheme). The backward SDE (2.4 is approximated by the time discretized
scheme

Y~ Y

i+1

1
— I:/J,(t“ th)Zt1 + itr(O'O'T(ti, Xtirti) - f(tz, Xtm thi? Zti s Ftl)] AtZ - O'T(ti, Xti)Zti .AWti,
that is written in forward form as

Yt = F(tiaXtm)/tiaZt717Ft717Ati7AWt7j)7 izoa"'aNilv (25)

i+l
with
F(t,z,y, 2,7, hA) == y— f(t,x,y,2,7)h + 27o(t,2)A, (2.6)

f(t7x7y7277) = f(t7m7y7257) - ,U(LI)Z - %tI'(O'O'T(t,SC)’y).

The idea of the proposed scheme is the following. Similarly as in [HPW20], we approximate at each time
t;, u(t;,.) and its gradient D u(t;,.), by neural networks x EARd = (Ui(x;0), Zi(x;0)) with parameter 0 that
are learned optimally by backward induction: suppose that U1 = Ui11(507 1), Zit1 = Ziy1(30;,,) is an



approximation of u(t;y1,.) and Dyu(t;t1,.) at time ¢;41, then 7 is computed from the minimization of the
quadratic loss function:

N ~ N 2
Li(0) = EUiy1 — F(ti, Xy, , Ui (X4,30), Z2i(X4,30), DZi1 (T (X4, ), Ats, AWS,)

where T is a truncation operator such that 7 (X) is bounded for example by a quantile of the diffusion process
and DZH_l stands for the automatic differentiation of ZH_l The idea behind the truncation is the following.
During one step resolution, the estimation of the gradient is less accurate at the edge of the explored domain
where samples are rarely generated. Differentiating the gradient gives a very oscillating Hessian at the edge
of the domain. At the following time step resolution, these oscillations propagate to the gradient and the
solution even if the domain where the oscillations occur is rarely attained. In order to avoid these oscillations,
a truncation is achieved, permits to avoid that the oscillations of the neural network fit in zone where the
simulations propagate scarcely to areas of importance. This truncation may be necessary to get convergence on
some rather difficult cases. Of course this truncation is only valid if the real Hessian does not varies too much.

The intuition for the relevance of this scheme to the approximation of the PDE is the following. From

and ( - the solution u to (1.1]) should approximately satisfy
u(ti+17 XtH»l ) ~ F<t’u Xti ) U(t“ Xti)) D:Eu(t’u Xti>7 Diu(tza Xti)7 Atu AWQ)

Suppose that at time t; 1, Uj11 is an estimation of u(t;41,.). Recalling the expression of F' in (2.6)), the quadratic
loss function at time t; is then approximately equal to

Ll(G) ~ E"U,(t“th) — Z/[’L(Xtu 9) + (ngu(t“ th) - Zl(Xti,e))TO'(tz,th)AWtb
_ _ ) 2
— At [f(ti, X, ults, Xy,), Dou(ti, Xy,), Diu(ts, X4,)) — f(ti, X, U, (tha9)7Zi(Xti;0)7Dzi+1(T(Xt7;+1)))]‘

By assuming that f has small non-linearities in its arguments (y, z, ), say Lipschitz, possibly with a suitable
choice of p, o, the loss function is thus approximately equal to

Li(0) ~ (1+ O(At:)E|ulti, Xe,) — Ui(X,,:0)|" + O(AL)E|Dyults, Xp,) — Z(X,,50)|” + O(| At ).

Therefore, by minimizing over # this quadratic loss function, via stochastic gradient descent (SGD) based on
simulations of (Xy,, Xy,,,, AW;,) (called training data in the machine learning language), one expects the neural
networks U; and Z; to learn/approximate better and better the functions u(¢;,.) and Dyu(t;,) in view of the
universal approximation theorem for neural networks. The rigorous convergence of this algorithm is postponed
to a future work.

To sum up, the global algorithm is given in Algo [1| in the case where g is Lipschitz and the derivative can
be analytically calculated almost everywhere. If the derivative of g is not available, it can be calculated by
automatic differentiation of the neural network approximation of g.

Algorithm 1 Algorithm for fully non-linear equations.

1: Use a single deep neural network (Un(.;0), Zn(.;0)) € Na1+d,L,m and minimize (by SGD)

Atn_ 2
g LE|Zxn(Xiy;0) — Dg(Xey)

f/N(G) = ElUN(Xiy:0) — 9(Xiy) i +

0% € arg min Ly(6).
0eRNm

: LA{N = Un(;0%), and set Z,?N = Zn(50%)

3: for t1=N-1,...,0do

4: Use a single deep neural network (U;(.;0),2;(:;0)) € Ngitarm for the approximation of
(u(ti,.), Dyu(t;,.)), and compute (by SGD) the minimizer of the expected quadratic loss function

[\

2

L(G) = Ez:{\i+1(Xt — F(tl,qu,L{Z(th,ﬂ),Zl(th,ﬂ) DZz_A'_l(T( 7+1)) At,,AWf )

i)
’ (2.7)
0 € arg min L;(6).

HeRNm

5: Update: U; = U;(.;07), and set Z, = Z;(.;07).

Remark 2.2 Several alternatives can be implemented for the computation of the second order derivative. A
natural candidate would consist in choosing to approximate the solution u at time t; by a neural network U;



and estimate I'; as the iterated automatic differentiation D2l;. However, it is shown in [HPW20] that choosing
only a single neural network for v and using its automatic derivative to estimate the Z component degrades the
error in comparison to the choice of two neural networks I/, Z. A similar behavior has been observed during our
tests for this second order case and the most efficient choice was to compute the derivative of the Z network.
This derivative can also be estimated at the current time step ¢; instead of ¢;11. However this method leads to
an additional cost for the neural networks training by complicating the computation of the automatic gradients
performed by Tensorflow during the backpropagation. It also leads numerically to worse results on the control
estimation, as empirically observed in Table [5| and described in the related paragraph ”Comparison with an
implicit version of the scheme”. For this reason, we decided to apply a splitting method and evaluate the
Hessian at time ¢;,1. For this reason, we decided to apply a splitting method and evaluate the Hessian at time
ti+1 . O

Remark 2.3 The diffusion process X is used for the training simulations in the stochastic gradient descent
method for finding the minimizer of the quadratic loss function in , where the expectation is replaced by
empirical average for numerical implementation. The choice of the drift and diffusion parameters are explained
in Section 3.1l O

3 Numerical results

We first construct an example with different non-linearities in the Hessian term and the solution. We graphically
show that the solution is very well calculated in dimension d = 1 and then move to higher dimensions. We
then use an example derived from a stochastic optimization problem with an analytic solution and show that
we are able to accurately calculate the solution. Next, we consider the numerical resolution of the Monge-
Ampere equation, and finally, give some tests for a fully nonlinear Hamilton-Jacobi-Bellman equation arising
from portfolio optimization with stochastic volatilities.

3.1 Choice of the algorithm hyperparameters

We describe in this paragraph how we choose the various hyperparameters of the algorithm and explain the
learning strategy.

e PARAMETERS OF THE TRAINING SIMULATIONS: the choice of the drift coefficient is typically related to the
underlying probabilistic problem associated to the PDE (for example a stochastic control problem), and should
drive the training process to regions of interest, e.g.., that are visited with large probability by the optimal state
process in stochastic control. In practice, we can take a drift function u(.) equal to the drift associated to some
a priori control. This choice of control could be an optimal control for a related problem for which we know
the solution, or could be the control obtained by the first iteration of the algorithm. The choice of the diffusion
coefficient o is also important: large o induces a better exploration of the state space, but as we will see in most
of examples below, it gives a scheme slowly converging to the solution with respect to the time discretization
and it generates a higher variance on the results. Moreover, for the applications in stochastic control, we
might explore some region that are visited with very small probabilities by the optimal state process, hence
representing few interest. On the other hand, small 0 means a weak exploration, and we might lack information
and precision on some region of the state space: the solution calculated at each time step is far more sensitive
to very local errors induced by the neural network approximation and tends to generate a bias. Therefore a
trade off has to be found between rather high variance with slow convergence in time and fast convergence in
time with a potential bias. We also refer to [NR20] for a discussion on the role of the diffusion coefficient.

In practice and for the numerical examples in the next section, we test the scheme for different o and by
varying the number of time steps, and if it converges to the same solution, one can consider that we have
obtained the correct solution. We also show the impact of the choice of the diffusion coefficient o.

® PARAMETERS OF TRUNCATION: Given the training simulations X, we choose a truncation operator 7, indexed
by a parameter p close to 1, so that 7,(X,) corresponds to a truncation of X, at a given quantile ¢,. In the
numerical tests, we shall vary p between 0.95 and 0.999.

e PARAMETERS OF THE OPTIMIZATION ALGORITHM OVER NEURAL NETWORKS: In the whole numerical part,
we use a classical Feedforward network using layers with m neurons each and a tanh activation function, the
output layer uses an identity activation function. At each time step the resolution of equation is achieved
using a mini-batch with 1000 training trajectories. The training and learning rate adaptation procedure is the
following:

e Every 40 inner gradient descent iterations, the loss is checked on 10000 validation trajectories.

e This optimization sequence is repeated with 200 outer iterations for the first optimization step at date
ty =T and only 100 outer iterations at the dates t; with ¢ < V.



e An average of the loss calculated on 10 successive outer iterations is performed. If the decrease of the
average loss every 10 outer iterations is less than 5% then the learning rate is divided by 2.

The optimization is performed using the Adam gradient descent algorithm, see [KB14]. Notice that the
adaptation of the learning rate is not common with the Adam method but in our case it appears to be crucial to
have a steady diminution of the loss of the objective function. The procedure is also described in [CWNMW19]
and the chosen parameters are similar to this article. At the initial optimization step at time ty = T, the
learning rate is taken equal to 1F — 2 and at the following optimization steps, we start with a learning rate
equal to 1E — 3.

During time resolution, it is far more effective to initialize the solution of equations with the solution
(U, Z) at the next time step. Indeed the previously computed values at time step ¢; 11 are good approximations
of the processes at time step ¢; if the PDE solution and its gradient are continuous. All experiments are achieved
using Tensorflow [Aba+15]. In the sequel, the PDE solutions on curves are calculated as the average of 10 runs.
We provide the standard deviation associated to these results. We also show the influence of the number of
neurons on the accuracy of the results.

3.2 A non-linearity in uD?u
We consider a generator in the form

[t x,y,2,7) = ytr(y) + % + 2% — 2y4ef(T7t)7

d

and g(x) = tanh ( =L

T4

), so that an analytical solution is available:

u(t,z) = tanh

(Z%xz)e_Tz—t

We fix the horizon 7' = 1, and choose to evaluate the solution at ¢ = 0 and = = 0.5% (here T; denotes

the vector in R? with all components equal to 1), for which u(t,z) = 0.761902 while its derivative is equal to
1.2966. This initial value x is chosen such that independently of the dimension the solution is varying around
this point and not in a region where the tanh function is close to —1 or 1.

The coefficients of the forward process used to solve the equation are (here I, is the identity d x d-matrix)

a :ilda n= 0,

Vd

and here the truncation operator is chosen equal to
E(X?’I) = min { max[z — oVtpy, X272z + a\/fgbp},

where ¢, = N 7!(p), with N is the CDF of a unit centered Gaussian random variable.

In the numerical results, we take p = 0.999 and m = 20 neurons. We first begin in dimension d = 1, and
show in Figure [1| how u, D,u and D?u are well approximated by the resolution method.

On Figure [2) we check the convergence, for different values of 6 of both the solution u and its derivative
at point x and date 0. Standard deviation of the function value is very low and the standard deviation of the
derivative still being low.
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Figure 2: Convergence in 1D of the case one, number of neurons par layer equal to 20, 2 layers, p = 0.999.

7



As the dimension increases, we have to increase the value of 6 of the forward process. In dimension 3, the
value 6 = 0.5 gives high standard deviation in the result obtained as shown on Figure 3] while in dimension 10,
see Figure [4] we see that the value & = 1 is too low to give good results. We also clearly notice that in 10D, a
smaller time step should be used but in our test cases we decided to consider a maximum number of time steps
equal to 160.
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Figure 3: Convergence in 3D of the case one, number of neurons par layer equal to 20, 2 layers, p = 0.999.
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Figure 4: Convergence in 10D of the case one, number of neurons par layer equal to 20, 2 layers, p = 0.999.

On this simple test case, the dimension is not a problem and very good results are obtained in dimension
20 or above with only 20 neurons and 2 layers.



3.3 A linear quadratic stochastic test case.

In this example, we consider a controlled process X = X* with dynamics in R? according to
dXt = (A.Xt + Bat)dt + Datth, 0 S t S T‘7 XO = x,

where W is a real Brownian motion, the control process « is valued in R, and the constant coefficients A € M¢,
B e R? D e R® The quadratic cost functional to be minimized is

T
J(a) ZE{ /O (X7 QX, + afN)dt + X}PXT],

where P, () are non negative d X d symmetric matrices and N € R is strictly positive.
The Bellman equation associated to this stochastic control problem is:

2
% + inf [(Az + Ba).Dyu + %tr(DDTDgu) +27Qx + Na?] = 0, (t,)€[0,T) xR?,
ac

uw(T,z) = =" Pz, zeR%,

which can be rewritten as a fully nonlinear equation in the form (1.1f) with

ft,z,y,2,7) = 27Qr + Ax.z — lﬂ
e 2tr(DD7v) 4+ 2N

An explicit solution to this PDE is given by
u(t,z) = 2" K(t)x,
where K (t) is non negative d x d symmetric matrix function solution to the Riccati equation:

KBB'K

K+ATK+ KA - =
+ + +Q N+DTKD ’

K(T) = P.

We take T'= 1. The coeflicients of the forward process used to solve the equation are

ag
o :7]: y t,{r = ALE
NG 4, p(t,z)

In our numerical example we take the following parameters for the optimization problem:

1
A=14, B=D =1, Q:PzaId, N=d
and we want to estimate the solution at =z = 1.
In this example, the truncation operator (indexed by p between 0 and 1 and close to 1) is as follows:

T (XY) = min{max[xeAt—g ﬁd) XI] xeAt+g &—i(ﬁ}
T 2A Pt b 24 138

where ¢, = N=1(p), A is a vector so that A; = A;;, i = 1,...,d, 1is a unit vector, and the square root is taken
componentwise.

On Figure [5| we give the solution of the PDE with d = 1 using 6 = 1.5 obtained for two dates: at t = 0.5
and at t close to zero. We observe that we have a very good estimation of the function value and a correct one
of the T" value at date ¢t = 0.5. The precision remains good for I' close to t = 0 and very good for u and D, u.



u(x)
u(x)

u(x)

Y at date t = 0.5.

u(x)

12 ulx) analytic

u(x)

Y at date t = 0.006125.

20 Dyu(x)

analytic Dw(x) analytic

Deur(x)

Z at datet = 0.5

Dyu(x)
16 Dyui(x) analytic

Dyur(x)

0.8 10 12 14 0.6 0.8 10 12 14

Z at date t = 0.006125

8 Dulx)

D2u(x) analytic

I' at date t = 0.5

11.225 DR

11.200 DZu(x) analytic
11.175

11.150

11.125

)

11.100
11.075 £
11.050

11.025

0.6 0.8 10 12 14

I" at date t = 0.006125

Figure 5: Test case linear quadratic 1D using 160 time steps, & = 1.5, p = 0.999, 100 neurons.

On Figure [6] we give the results obtained in dimension d = 1 by varying 6. For a value of & = 2, the

standard deviation of the result becomes far higher than with 6 = 0.5 or 1.
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Standard deviation of u

Figure 6: Convergence in 1D of the linear quadratic case, number of neurons par layer equal to 50, 2 layers,
p = 0.999.

On Figure [7 for d = 3, we take a quite low truncation factor p = 0.95 and observe that the number of
neurons to take has to be rather high. We have also checked that taking a number of hidden layers equal to 3
does not improve the results.
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neurons, truncation p = 0.95.
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Convergence in 3D of the linear quadratic case, 2 layers, testing the influence of the number of

On Figure |8 for d = 3, we give the same graphs for a higher truncation factor. As we take a higher
truncation factor, the results are improved by taking a higher number of neurons (100 in the figure below).
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Figure 8: Convergence in 3D of the linear quadratic case, 2 layers, testing the influence of the number of
neurons, truncation p = 0.99.

On Figure [9] we observe in dimension 7 the influence of the number of neurons on the result for a high
truncation factor p = 0.999. We clearly have a bias for a number of neurons equal to 50. This bias disappears
when the number of neurons increases to 100.
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Figure 9: Convergence in 7D of the linear quadratic case, 2 layers, p = 0.999.
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On Figure for d = 7, we check that influence of the truncation factor appears to be slow for higher
dimensions.
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Figure 10: Function value convergence in 7D of the linear quadratic case with 2 layers, 100 neurons, testing p,
using 6 = 2

Finally, we give results in dimension 10, 15 and 20 for p = 0.999 on Figures [II] [2] We observe that the
number a neurons with 2 hidden layers has to increase with the dimension but also that the increase is rather
slow in contrast with the case of one hidden layer as theoretically shown in . For 6 = 5 we had to take
300 neurons to get very accurate results.
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Figure 11: Function value convergence in 10D and 15D of the linear quadratic case with 2 layers, p = 0.999.
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Figure 12: Function value convergence in 20D of the linear quadratic case with 2 layers, p = 0.999.

3.4 Monge-Ampere equation

Let us consider the parabolic Monge-Ampere equation

u(T,2) = g(a), 3.1)

where det(D2u) is the determinant of the Hessian matrix D2u. It is in the form (1.1]) with
[tz y) = det(y) — h(z).

{8tu+det(D§u) = h(z), (t,z)€0,T] xR,

We test our algorithm by choosing a C? function g, then compute G = det(D2g), and set h := G — 1. Then,
by construction, the function

u(t,x) = g(x)+T —t,

is solution to the Monge-Ampere equation (3.1). We choose g(z) = cos(Y, #;/v/d), and we shall train with
the forward process X = zy + W, where W is a d-dimensional Brownian motion. On this example, we use
neural networks with 3 hidden layers, d + 10 neurons per layer, and we do not need to apply any truncation
to the forward process X. Actually, we observe that adding a truncation worsens the results. For choosing the
truncation level, we first test the method with no truncation before decreasing the quantile parameter p. In the
Monge-Ampere case the best results are obtained without any truncation. It may be caused by the oscillation
of the Hessian.

The following table gives the results in dimension d = 5, 15, and for 7' = 1.

Dimension d | Averaged value | Standard deviation | Relative error (%) | Theoretical solution
5 0.37901 0.00312 0.97 0.382727
15 0.25276 0.00235 1.17 0.255754

Table 1: Estimate of u(0,z¢ = 15) on the Monge Ampere problem (3.1)) with N = 120. Average and standard
deviation observed over 10 independent runs are reported.

3.5 Portfolio selection

We consider a portfolio selection problem formulated as follows. There are n risky assets of uncorrelated price
process P = (P!,..., P") with dynamics

AP} = Plo(VH[N(V)dt+dW)], i=1,...,n,

where W = (W1, ... ,W") is a n-dimensional Brownian motion, b = (b',...,b") is the rate of return of the
assets, A = (Al,...,\") is the risk premium of the assets, o is a positive function (e.g. o(v) = e¥ corresponding
to the Scott model), and V = (V1,... V") is the volatility factor modeled by an Ornstein-Uhlenbeck (O.U.)
process

dVi = k0; — Vi]dt + 1,dBE, i=1,...,n, (3.2)
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with k;,0;,v; > 0, and B = (B!,..., B") a n-dimensional Brownian motion, s.t. d < W% BJ > = §;;p;;dt, with
pi = pii € (—1,1). An agent can invest at any time an amount oy = (o}, ..., a}) in the stocks, which generates
a wealth process X = X' governed by

dx, = Zat V) [N (V) dt + dwy].

The objective of the agent is to maximize her expected utility from terminal wealth:
E[U(Xf)] <« maximize over o

It is well-known that the solution to this problem can be characterized by the dynamic programming method
(see e.g. [Pha09]), which leads to the Hamilton-Jacobi-Bellman for the value function on [0,7) x R x R™:

1 (Oxu)? & Oxudi, u 1 (02,,u)?
Opu + Z ki (0; — ;)0 u + 1/262 ul = iR(U) 22 + ; [PMi(W)WW + 50?”12%]
(T,X,’U) - U( )7 XGR,’UGR”,
with a Sharpe ratio R(v) := |A(v)|?, for v = (v1,...,v,) € (0,00)". The optimal portfolio strategy is then given
in feedback form by o} = a(t, X, V;), where @ = (ay,...,a,) is given by
1 Du 02y, u

ait,x,v) = — ) (t,x,0 = (v1,...,v)) € [0,T) x R x R",

= (nte Uil gey T PVige

for i = 1,...,n. This Bellman equation is in the form (1.1)) with

n 1 1 22 - 2070 1 (70i)?
t7£E, y %y = R (92 —Vi)Zi + Vi%Yii| — —~R(v ol 7,)\7, V; )V + - 3V12 s
Jty,zm) = 37 (il = v+ gvi] = RO S =3 (o= 4 5pfvf =]

i=1 Yoo o

Rn+1 Rn—i—l

for © = (x,v) € , 2= (20y--.,2n) € .7 = (Vij)o<ij<n € S™T!, and displays a high non-linearity in

the Hessian argument ~.
The truncation operator indexed by a parameter p is chosen equal to
Tp(X"") = min { max[z + pt — oVtby, XM, @ + pt + a\/fgbp},

where ¢, = N 71(p), NV is the CDF of a unit centered Gaussian random variable. We use neural networks with
2 hidden layers and d + 10 neurons per layer. We shall test this example when the utility function U is of
exponential form: U(x) = —exp(—nz), with > 0, and under different cases for which closed-form solutions
are available:

(1) Merton problem. This corresponds to a degenerate case where the factor V', hence the volatility o and
the risk premium X are constant, so that the generator of Bellman equation reduces to

1 2
gl
with explicit solution given by:

2
u(t,z) = ef(Tft)%U(z)7 a; = —.

We train with the forward process

X1 = Xi + MAty, + AW, k=0,...,N, Xg = xo.

(2) One risky asset: n = 1. A quasi-explicit solution is provided in [Zar01]:

u(t,x,v) = U)w(t,v), with w(t,v) = Hexp(—% /t ' R(V;t7”)ds>’

r1-p2

where V1** is the solution to the modified O.U. model

dv, = [n(& — VS) — pl/)\(VS)]ds 4+ vdB,, s>t, V, = .

15



We test our algorithm with A(v) = Av, A > 0, for which we have an explicit solution:

2

w(t,v) = exp ( - ¢(t)5 —p(t)v — X(t))’ (t,v) € [0,T] x R,

where (¢, 1, x) are solutions of the Riccati system of ODEs:
¢ —2fp— 12 (1—p*)p* + N> = 0, ¢(T) = 0,
Y — (R+ 21— pH)p) + kbp = 0, »(T) = 0,

2
X+ R — (= + (1= p)?) = 0, X(T) = 0,

with & = k + prA, and explicitly given by (see e.g. Appendix in [SZ99])

1)

9 sinh

—
~| x>

R(T —1t))

) + Esinh(&(T —t))
cosh(R(T —t)) — 1

&3 kcosh(R(T —t)) + Rsinh(&(T —t))’

—(T-1)]

with & = \/k2 + 2pv Ak + 12)2. We train with the forward process

X1 = X + MOAt, + AWy, k=0,...,N—1, Xy=xo,
Vk+1:Vk+I/ABk, k=0,....N—1, Vj = 0.

(3) No leverage effect, i.e., p; = 0,4 = 1,...,n. In this case, there is a quasi-explicit solution given by

u(t,x,v) = UX)w(t,v), with w(t,v) = ]E{exp(f ;/tT R(Vst’“)ds)], (t,v) € [0,T] x R, (3.4)

where V%7 is the solution to (3.2)), starting from v at time t. We test our algorithm with Ai(v) = Ajvg, A
>0,i=1,...,n,v = (v1,...,0,), for which we have an explicit solution given by

n

V2
w(t,v) = exp ( =3 (Bt + vl + Xl-(t)]>7 (t,0) € [0,T] x R",

i=1

() = 22 sinh(%;(T —t))
dilt) = A ki sinh(#;(T —t)) + &; cosh(&;(T —t))
2 Kibi cosh(kR;(T —1t))—1
" Ry kisinh(R;(T —t)) + &; cosh(k (T —t))

Pi(t) = A
xi(t) = % In [cosh(i; (T —t)) + Z—jsinh(ki(T —1)] - %m—(T — 1)

(ribi)?

£2
7

[ sinh(#;(T —t))
Ricosh(k;(T —t)) + K, sinh(R; (T —t))
e (ki0;)%k; cosh(k;(T —1t)) —1

k3 Rycosh(Ri(T —t)) + kisinh(Ri (T —t))’

- A2 —(T-1)]

K=

with #; = v/k? + v2A\2. We train with the forward process

X1 = X+ AW, k=0,...,.N—1, Xy = xo,
Viei= Vi+uyAB,, k=0,....,N-1, Vj =0,

with < W, B* >, = 0.
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Merton Problem. We take n = 0.5, A = 0.6, T =1, N = 120, and o(v) = e¢”. We plot the neural networks
approximation of u, Dyu, D?u, « (in blue) together with their analytic values (in orange). For comparison with
Figures [6] and [7] we report the error on the gradient and the initial control. In practice, after empirical tests,
we choose p = 0.98 for the truncation.

Averaged value | Standard deviation | Theoretical value | Relative error (%)
u(0,29 = 1) -0.50561 0.00029 -0.50662 0.20
D,u(0,29 = 1) 0.25081 0.00088 0.25331 0.99
a(0,z9 = 1) 0.83552 0.02371 0.80438 3.87

Table 2: Estimate of the solution, its derivative and the optimal control at the initial time ¢ = 0 in the Merton
problem (3.3). Average and standard deviation observed over 10 independent runs are reported.
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Figure 13: Estimates of the solution and its derivatives on the Merton problem (3.3]) using 120 time steps.
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Figure 14: Estimates of the optimal control « on the Merton problem (3.3]).

One asset (n = 1) in Scott volatility model. We take n = 0.5, A = 1.5, 0 = 04, v = 04, k = 1,
p = —0.7. For all tests we choose T' = 1, N = 120, and o(v) = €”. In practice, after empirical tests, we choose
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p = 0.98 for the truncation.

Averaged value | Standard deviation | Relative error (%)
-0.53431 0.00070 0.34

Table 3: Estimate of u(0,xo = 1,6) on the One Asset problem with stochastic volatility (d = 2). Average and
standard deviation observed over 10 independent runs are reported. The exact solution is —0.53609477.

No Leverage in Scott model. In the case with one asset (n = 1), we take n = 0.5, A = 1.5, § = 0.4,
v =0.2, k = 1. For all tests we choose T'= 1, N = 120, and o(v) = e¢". In practice, after empirical tests, we
choose p = 0.95 for the truncation.

Dimension d | Averaged value | Standard deviation | Relative error (%) | Theoretical solution
2 -0.49980 0.00073 0.35 -0.501566
5 -0.43768 0.00137 0.92 -0.441765
8 -0.38720 0.00363 1.96 -0.394938
10 -0.27920 0.05734 1.49 -0.275092

Table 4: Estimate of u(0,xo = 1, 8) on the No Leverage problem (3.4]). Average and standard deviation observed
over 10 independent runs are reported.

Inthecasewithfourassets(n:4,d:5),Wetake77:0.5,)\:(1.5 1.1 2. 0.8),9:(0.1 02 0.3 0.4)7
v=(02 015 025 031), k= (L. 08 11 13).

In the case with seven assets (n = 7, d = 8) Wetaken:0.5,)\:(1.5 1.1 2. 08 05 1.7 ().9)7
6= (0.1 02 03 04 025 015 0.18),r=(02 015 025 031 04 035 0.22),
k=(1. 08 11 13 095 099 1.02).

Inthecasewithnineassets(n:9,d:10),Wetake77=O.5,/\:(1.5 1.1 2. 08 05 1.7 09 1. 0.9)7
92(0.1 0.2 0.3 04 0.25 0.15 0.18 0.08 0.91),1/2(0.2 0.15 0.25 031 04 035 022 04 0.15),
K‘,:(].. 0.8 1.1 1.3 095 0.99 1.02 1.06 1.6).

Hamilton-Jacobi-Bellman equation from portfolio optimization is a typical example of full-nonlinearity in
the second order derivative, and the above results show that our algorithm performs quite well up to dimension
d = 8, but gives a high variance in dimension d = 10.

Comparison with an implicit version of the scheme. As explained in Remark an alternative
option for the estimation of the Hessian is to approximate it by the automatic differentiation of the current
neural network for the Z component. It corresponds to the replacement of D2, (T (X, 1)) by DZi(T(Xy,)):0)
in . An additional change has to be made to the method for it to work. At the last optimization step (for
time step top = 0), we notice empirically that the variable I'y is not able to properly learn the initial Hessian
value at all. Therefore for this last step we use variables Yj, Zy and an explicit estimation of the second order
derivative given by DZ;(T(X;,)). We see in Table that the results for the Merton problem are very similar to
the ones from Table [2] for the splitting scheme but with a worse estimation of the Hessian and optimal control
(the error is multiplied by around 1.5). When we tested this implicit scheme on the Monge Ampere problem
we also faced computational problems during the optimization step of Tensorflow. The numerical computation
of the gradient of the objective function for the backpropagation step, more precisely for the determinant part,
often gives rise to matrix invertibility errors which stops the algorithm execution. For these two reasons, we
focused our study on the explicit scheme.

Average Std True value Relative error (%)

u(0, 20 = 1) -0.50572  0.00034 -0.50662 0.18
Dyu(0,20 =1) 0.25091  0.00067 0.25331 0.95
a(0,z9 =1) 0.85254  0.01956 0.80438 5.99

Table 5: Estimate of the solution, its derivative and the optimal control at the initial time ¢ = 0 in the Merton
problem (3.3 with implicit estimation of the Hessian. Average and standard deviation (Std) observed over 10
independent runs are reported

Comparison with the 2BSDE scheme of |[BEJ19]. We conclude this paper with a comparison of
our algorithm with the global scheme of [BEJ19], called Deep 2BDSE. The tests below concern the Merton
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problem but similar behavior happens on the other examples with stochastic volatilities. This scheme was
implemented in the original paper only for small number of time steps (e.g. N = 30). Thus we tested this
algorithm on two discretizations, respectively with N = 20 and N = 120 time steps, as shown in Figure
for T = 1 where we plotted the learning curve of the Deep BSDE method. These curves correspond to the
values taken by the loss function during the gradient descent iterations. For this algorithm the loss function to
minimize in the training of neural networks is defined as the mean L? error between the generated Yy value
and the true terminal condition g(Xy). We observe that for this choice of maturity T = 1 the loss function
oscillates during the training process and does not vanish. As a consequence the Deep 2BSDE does not converge
in this case. Even when decreasing the learning rate, we noticed that we cannot obtain the convergence of the
scheme.

However, the Deep 2BSDE method does converge for small maturities 7', as illustrated in Table [6] with
T = 0.1 and different values for the number of time steps N. Nevertheless, even if the value function is well
approximated, the estimation of the gradient and control did not converge (the corresponding variance is very
large), in comparison with our scheme whereas the gradient is very well approximated and the control is quite
precise. We also have a much smaller variance in the results. Table[7]shows the results obtained by our method
with 7'= 0.1 in order to compare it with the performance of [BEJ19]. It illustrates the limitations of the global
approach and justifies our introduction of a local method.

Validation loss function through gradient descent iterations Validation loss function through gradient descent iterations
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Figure 15: Learning curve in logarithmic scale for the scheme [BEJ19] on the Merton problem (3.3)) with N =
20 times steps on the left and N = 120 time steps on the right. The maturity is T =1
. 10000 gradient descent iterations were conducted.

N | Averaged value | Standard deviation | Theoretical value | Relative error (%)

u(0, 20 = 1) 5 -0.60667 0.01588 -0.59571 1.84

u(0, 29 = 1) 10 -0.59841 0.02892 -0.59571 0.45

u(0,z9 = 1) 20 -0.59316 0.04251 -0.59571 0.43
Dyu(0,20=1) | 5 0.09668 0.25630 0.29786 67.54
Dyu(0,20 =1) | 10 0.03810 0.44570 0.29786 93.36
D,u(0,290 =1) | 20 0.07557 0.55030 0.29786 74.63

a(0,z9 =1) 5 -0.15243 0.61096 0.80438 118.95

a(0,z0 =1) 10 0.59971 1.97906 0.80438 25.44

a(0,z0 =1) | 20 0.28385 0.43775 0.80438 64.71

Table 6: Estimate of the solution, its derivative and the optimal control at the initial time ¢ = 0 in the Merton
problem (3.3) with maturity 7 = 0.1 for the [BEJ19] scheme. Average and standard deviation observed over

10 independent runs are reported.
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N | Averaged value | Standard deviation | Theoretical value | Relative error (%)
u(0,29 = 1) 5 -0.59564 0.01136 -0.59571 0.01
w(0,z9 = 1) 10 -0.59550 0.00037 -0.59571 0.04
u(0,20=1) |20 -0.59544 0.00054 -0.59571 0.04
D,u(0,z0 =1) | 5 0.29848 0.00044 0.29786 0.21
D,u(0,20=1) | 10 0.29842 0.00084 0.29786 0.19
D,u(0,20 =1) | 20 0.29785 0.00054 0.29786 0.001
a(0, zo ) ) 0.82322 0.01014 0.80438 2.34
a(0,zo=1) | 10 0.85284 0.07565 0.80438 6.02
a(0,z0=1) | 20 0.84201 0.09892 0.80438 4.68

Table 7: Estimate of the solution, its derivative and the optimal control at the initial time ¢ = 0 in the
Merton problem (3.3) with maturity 7" = 0.1 for our scheme. Average and standard deviation observed over 10
independent runs are reported.
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