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1. Introduction

The stochastic control theory is a potent paradigm to model and analyze the decision-making prob-
lems under random dynamics. This theory first appeared in the 1960s for linear state dynamics and
the quadratic cost function. This problem is also called the linear stochastic regulator. The problem
of optimal stochastic control began to be applied in finance and management in the 1970s, notably
with the publication of Merton’s paper on portfolio allocation [1]. Subsequently, many authors have
generalized Merton’s model and results; see [2,3]. The two major powerful ways and crucial methods
of solving stochastic optimal control problems are well known as Pontryagin’s maximum principle [4]
and Bellman’s dynamic programming principle [5]. These principles have greatly influenced the de-
velopment of stochastic control theory and have been extended to solve many complex problems in
contemporary science and technology. Another option for solving stochastic control problems is to use
numerical approaches such as classical numerical methods, e.g., finite differences, which are commonly
used to approximate the partial differential equations (PDEs) associated with control problems. How-
ever, these methods suffer from exponentially increasing complexity with respect to the dimensionality
of the state space, while the Markov chain approximation method approximates the original controlled
process with a controlled Markov chain on a finite state space [6]. Then, Monte Carlo methods, in
particular backward Monte Carlo approaches, estimate the solution by simulating many stochastic tra-
jectories. But these classical approaches still suffer from high computational cost and potentially slow
convergence. In the past few years, deep learning approaches have been rapidly developed and have
shown great success in high-dimensional problems in many application domains [7], and they really
pave the way for reducing the curse of dimensionality. In fact, the deep learning method has proven
successful in the realm of stochastic optimal control problems, as well as in solving (backward) forward
stochastic differential equations (FBSDE) for some highly dimensional problems [8-10]. Due to the
favorable results concluded in [8], this type of problem attracted attention, and the research commu-
nity has proposed many neural network-based algorithms to address such problems, especially the deep
learning-based algorithms that can be used from both paradigms: stochastic maximum principle and
dynamic programming, such as e.g., [11-15].
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A good number of these algorithms are based on a forward-backward stochastic differential equation
(FBSDE) obtained through a stochastic characterization of the solution to the Hamilton—Jacobi-
Bellman (HJB) equation, taking advantage of links between PDEs and BSDEs given by nonlinear
Feynman—Kac type results. However, these techniques become intractable as soon as one also controls
the diffusion of the state process, since they do not solve for the second derivatives of the value
function, which are necessary to determine optimal control. For overcoming this problem and building
a diffusion control formulation, the authors in [11] have developed a deep BSDE algorithm, and the
corresponding FBSDE satisfy the stochastic maximum principle (SMP), which they have named the
Deep SMP-BSDE.

This work presents an approach using the maximum principle for a stochastic control problem where
the dynamics are given by a diffusion process with jumps, which are often more realistic than the non-
jump-only background models. The principle of maximum was initially introduced by Pontryagin et
al. for the deterministic case [16]. The analogous maximum principle for Ito diffusions was established
by [17] and later extended by [18], and others. A sufficient maximum principle has recently been
established for jump diffusions by [19]. The rest of this work is organized as follows. In Section 2
we provide some preliminaries about stochastic optimal control problems with jumps and recast our
stochastic optimal control problem as a new variational problem. In Section 3 we derive our numerical
algorithm for solving this last problem, and we give different neural network architectures. In the
final section, we illustrate the numerical results and make a comparison of the results achieved by the
proposed algorithms.

2. Preliminaries and problem formulation
2.1. Notations and preliminaries

In this section, we first introduce the necessary notations and formalize the underlying assumptions
that govern our framework. We then establish preliminary results that will play a central role in the
subsequent analysis. Afterwards, we rigorously formulate the stochastic control problem with jumps
along with its associated adjoint processes and finally derive the corresponding stochastic maximum
principle.

We consider a complete filtered probability space (2, F, F;, P) for all ¢t € [0,T], where T' < .
(F)i=0 is the natural filtration generated by a d-dimensional Brownian motion (B;) € R? and the
Poisson random measure £(dt,dz) € R! such that the initial o-algebra Fo includes all P-null sets in
F, and that the filtration {F;};>0 is right-continuous.

Assume that p(dz), the o finite Levy measure associated with the Poisson random measure
L(dt,dz), satisfies the following conditions:

F(dt,dz) = £(dt,dz) — p(dz)dt  and / 12 2u(dz) < .
"o\ {0)

The second condition signified that the Poisson random measure £ does not have many big jumps;
however, this does not imply that they do not occur, but rather that the probability of their occurrence
is low. The term u(dz) dt is referred to as the compensator associated with the Poisson random measure

L(dt,dz).
We define (L;) the component that models jumps in terms of the Poisson random measure £ within
a Lévy process as follows:

t
Vo<t T, L, ::/ / z L(ds,dz). (1)
0 JR™\{0}

And for all t > 0 AL; := Ly — L;_. Also, we define, the Poisson random process IV; in terms of a

Poisson random measure £ by
¢
Ny := / / L(ds,dz).
0 JR™\{0}

(N¢) has the intensity A\t where A = f]R”\{O} p(dz) < oo.
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In this work, we are interested in solving a stochastic optimal problem when the state system is
described by a diffusion process with jumps. Precisely, we consider the following problem.
Find u* € A that maximizes the performance criterion J such that

T
J(’LL) =F |:/ f(tvl'taut) dt+g(xT):| )
0
that means finding u* € A that satisfies

J (u) = sup J(u), (2)
ueA
where f: [0,7] x R® x U — R is a continuous function and g: R” — R is concave and is C'. Suppose
that the state system X () is defined in R™ as a diffusion process with jumps, and it is given by

dXt = b(t, Xt, Ut) dt + C(t, Xt, ut) dBt + / ’Y(t, th y Up— Z) ﬁ(dt, dZ),
R™\{0} (3)
X(O) =220 € Rn,
where
b: [0,T] x R" x U — R", ¢:[0,T] x R" x U — R™? ~:[0,7] x R" x U x R" — R

are given continuous functions, and

I [/OT £ (8 X0 ) dt +g_(XT)] < 0.

The process u € U € R™ is our control. Note that A is the set of all admissible controls; this set
contains each adapted and caglad control u such that equation (3) has a unique strong solution X*".
So, the next step is to give the Hamiltonian function and the associated adjoint system for the above
problem; finally, we give the various assumptions for the existence of the solution to different problems.
Now, we impose the following assumption.

Hypothesis 1.
1. The functions b, ¢, and g are locally bounded and Borel-measurable functions.
2. There exists a constant K > 0 and a deterministic positive function ¢, such that
Y(t,v,v', X, X", 2) € [0,T] x U? x R?" x R"\ {0} and for ¥ = b, ¢, the following holds:
o 10(t, X, 0) — Wi, X', 0)| < K (X = X'+ Jo— o)),
b "Y(uXvU?Z) - ’Y(th/ﬂ/v Z)’ < 90(2) (’X - X/‘ + ‘U - 1)/‘),
o 10t X,0)] < C(1+[X]+ o),
o [y(t, X, v, 2)| <. (L+ X[+ [v]).
3. Furthermore, we impose that A is a compact subset of R™. In addition, we assume that,

/ exp {p(2)} u(dz) < oo.
R™\{0}

As stated in [20], under assumptions 1, for any admissible control u(-) € A and initial state zy € R",
the system (3) admits a unique strong solution. Furthermore, according to [19], the Hamiltonian
function associated with this problem is written as follows:

H(t, X,u, P,Q,r) = f(t,X,u) + Pb"(t, X, u) + tr (" (¢, X, ) Q)

I n
+ ZZ/ Vi (b, X u, 25) rig (8, 25) py(dzg),  (4)
j=1 i=1 /R\{0}

H:[0,T] xR® x U x R"* x R"*% x F — R, where F is the set of functions defined in R"*! with values
in R™*! provided that the integral of the Hamiltonian H converges. From now on, we assume that H
is differentiable from X.

For any admissible pair (X", u), we define the corresponding adjoint system as the following back-
ward stochastic differential equation (BSDE):
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AP, = —V o H(t, Xy, up, Py Qp,re()) dt + Qu dB(2) +/ ri(2) £(dt, d=),
R\ {0}
Pr =Vxg(Xr),

The unknown processes of this system are P € R, Q@ € R™*? and r € R"*!. Now, we consider the
following hypotheses.

(5)

Hypothesis 2

1. For all (X,v,Y,Z,7), (X', v, Y',Z',v'") € R" x U x R™ x R™¢ x F, there exists a constant C' > 0
such that the following holds:
o [VxH(t,X,0,Y,Z,1)— Vo H(t, X' 0, Y", Z' ")+ |Vg(X) - Vg(X")| < O+ |X|+|X'] + o] +

WNIX = X'+ o =) + Y =Y +|Z = Z'| + |r — 1)),

o [VxH(t,X,v,Y,Z,r)|+|Vg(X)| <C(1+|X]?+ [v+ Y]+ |Z] + |r]).

2. The function r — Vx H(t, X,v,Y, Z,r) is increasing for all (¢, X,v,Y,Z) € [0,T] x R" x U x R™ x
R™ 4 and 0 < r(t,Z) < O(1+ |Z|) for all (t, Z) € [0,T] x R**¢.

Based on assumption (2) and by [20], the adjoint system (5) admits a unique solution, (P, Q, R)
and from the assumptions (1)—(2), the cost function (2) is well defined.

Before giving the maximum stochastic principle for our problem, we assume that the forward system
with jumps 3 and its adjoint System 5 satisfied respectively to two conditions

E[/ <00‘ +Z/\{0} Iy (t, X¢, u, zj)| M(d@))dt} <oo YueA,
E[/o <QQT+Z/\{0} |75(t, z)| M(d@))dt} < 00

The integrability of the terms in the first condition guarantees well-defined and controllable system
trajectories, while the second condition ensures that the adjoint equation has a stable solution.
Theorem 1 (Ref. [19]). Let @ € A such that (Xy, 10y is the solution of (3) and suppose there exists a
solution (Py, Q;,7(+)) of the corresponding adjoint equation (5) satisfying assumptions (6). Moreover,
suppose that

H(t7Xt7uAt7Pt7 Qt)ft(')) = SugH(t,Xt,'U, pta Qt,ft('))
ve

for all t € [0,T], and suppose that the function
(X,U) _>H(t7Xav7Pt7Qt7ft(')) (7)
is concave for all t € [0,T]. Then u is optimal control of the problem (2).

The proof is based on a lemma 3.6 in [21], which provides a formula for integration by parts; she is
also referred to as the It6 formula.

2.2. Problem formulation
It is clear that, according to the theorem 1, any optimal control @ associated with an optimal trajectory
Z is also the solution of a Hamiltonian system plus a maximization condition of a function H. In our
case, the system is in the form of an FBSDE plus a maximization condition,
( R “ " “ R R “ R ~
dpt = _VZ‘H(t7 Tty Uty Pty Gt s Tt(')) dt + qt dBt + / \{ } Tt(Z) E(dt7 dZ)
R7\{0

dity = b(t, &, Gy) dt + c(t, &y, 4;) dB(t) + v (t, &y, Gy, 2) L(dt, d2), .
R\ {0} (8)

#(0) = w0, pr = Vag(2r),
H(tjbat)ﬁt)qta’f't(')) = %leal}(H(tjt)Uvﬁtv (jbft(')) Vt.

Using an extension of the approach discussed in [10] and [22] for solving an FBSDE, we consider the
following new control problem, referred to as the associated variational problem, related to the previous
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problem,
inf E [[ph 0" - Vgl )] 9)
Po,qt,Tt
subject to
¢

t
l’fo’q’rzl'()‘i‘/ b(ijgo,q,rju;go,qw) d3_|_/ c(ijgo,q,Tjulé’Oy%?") dBS
0

0
t ~
—I—// v(s,xgo,’q’r,uig’q’r,z) L(ds,dz),
0 JR™\{0} .
pfo’q’r—po—/ Vo H (t, 200" ugo,q,r7p§o,q,r7qurs(,))ds+/ qs dBq (10)
0

/ / L(ds, dz)
R”\{O}

WPOTT — argmaxveUH(t PO U,pfo’q’r,qt,rt(')) Vt.

Now, we give an important proposition, which will play an important role later on.

Proposition 1. Under assumptions (1)—(2) and (6), the variational control problem (9) satisfied

inf F “ppo’qr Vag(ah® T’)ﬂ = 0.

Po,qt,T't

Moreover, the corresponding quintuple (a:fo’q’ ,ubot" pfo’qr,qt,rt(-)) is the unique solution of FB-

SDE (8) and u}”%*" is the unique solution of problem (2).

Proof. If the assumptions (1)-(2) and (6) hold, then by Theorem 1, the Hamiltonian system (8) has
a unique solution. So, by regarding (po; q:;7¢) as the control of the variational problem (9)—(10), and
observing that the dynamics constraint is satisfied. Since we have pp = V,g(x7) p — a.s. Then

B[ = Vealap )] =0,

and the corresponding quintuple (z8%" wt*?" pP>%" g, 7y (-)) is the unique solution of the Hamilto-
nian system (8). Indeed, if the assumptions (1)—(2) and (6) hold, the solution is unique. [

Lemma 1. Under the assumptions (1)—(2)—(6), and if there exists (z*,u*, p*, ¢*,7*(+)) solution of (10)
satisfying,

E It - Vag(er) ] = 0.
Then (z*,u*, p*, ¢*,r*(+)) is the unique solution of (8) and the criterion performance J can be calculated
by

Jw') = E [/OT Ft 2t ul) dt —I—g(:E})} .

Remark 1.

— The previous proposition shows that, under the same assumptions as in the SMP theorem (1), the
variational problem (9)—(10) admits a unique solution, while the lemma demonstrates that this
solution is also the solution to the original control problem (2).

— It is important to highlight the significance of this transformation. The benefit of the new problem
lies in the fact that we are working with a cost function that is quadratic.

3. Numerical algorithms and Neural network architectures

3.1. Numerical algorithm 1

In Section 2, we provided a brief introduction to the Stochastic Maximum Principle (SMP) in the
context of our control problem and reformulated it as a new variational problem equivalent to the
associated Hamiltonian system. In this section, however, we introduce three algorithms based on deep
learning to solve this reformulated variational problem.
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As a first step, we discretize the problem 10. Given a positive integer N and a fixed T > 0,
we consider that the time interval [0,7] is partitioned as follows: tg = 0 < t; = to + At < ty =
to + 2At < ... <ty = tog+ NAt = T assuming that the grid is uniform with a constant step size
At =tn41 —t, = & for each n € {0,1,...,N —1}. AB,, = B, — By, denote the increments of
the Brownian motion such that AB;, ~ N(0,v/At,), and ANy, = Ny, — Ny, denote the increments
of the Poisson random process such that AN, ~ P(0, \Aty,). (ALY)req,...an,,} the k-th jump of
the process (L;) (see relation (1)), which occurs on the time interval |t,,¢,+1]. And each element of
(ALY)kequ,....an,,y is sampled from a distribution @1[@\{0}.
Then, the Euler-Maruyama scheme of the problem 10 can be expressed as
~ ~ ~ ~ ~ ~ dN, ~ ~
Ir L =Ip + b(tn, ZF ,Uf ) Aty + c(tn, T, uf, ) ABy, + > " y(tn, ZF ,4f , ALY)
- f[[gn\{(]} V(tm fi?n ) ’[Lgﬂ Z) :u(dz) Atna

~ ~ ~ ~ ~ JU ~ ~ dN,

p?—n+1 = pgn - VxH(tn’ x?n7ugl7pgl’qgn7rzrn) Atn + qz.".n ABtn + rzrn Zk:tln ALZ (11)
i SN (AL AL,

jg = 20, 158 = ﬁ()v

bt S ST T ST ov/[ 8
af = arg Iileal}( H(tn,Zf ,u,pf ,Gf 7L ).

Remark 2. The numerical approximation of the two integrals of the system above can be carried
using various methods, such as the Monte Carlo simulation method.

For the adjoint process p,, we used a discretization method different from the one applied to
the process z;,. This approach allows us to eliminate the second component of the function ry,,
meaning that in this discretization, ry, only depends on t,. Consequently, the use of deep learning
to approximate the process r;, becomes more feasible. A similar discretization method was used by
Agram et al. in [23].

{af Yo<n<n and {77 }o<n<n are considered as two controls of the variational problem (9). These
two control are feedback controls of the state Z7 , pf and assume it satisfies, respectively,

@, = NNY (. 77, . 57,),

P, = NNY (tn, 57, 7, ).
NN (iq and NN gq are two feedforward neural networks. In our work, we use the same neural network
in all discrete instants. Unlike other works that use a neural network at each time step (see, for
example, [10]).

Since both neural networks N\ ?q and NN gr have the same structure, we only develop, for example,
the feedforward neural network NN (iq. For that, we consider NN (iq the neural network that serves to
approximate the process ¢ . Denote by s the input dimension and by s; the output dimension. The
total number of hidden layers is specified by a fixed integer L (not counting input and output layers).
We define s to be the number of neurons on each hidden layer and s represent the uniform number of
neurons in all hidden layers.

NN ?q is defined as a succession of affine transformations and nonlinear activation functions. Specif-
ically, we have:

NN =T 00,00,0-00,0W; 00,0 Wy,
where o, is an activation function, for instance ReLLU, tanh, sigmoid, ELU, ...; ¥y is a function from

R% to R®, and for [ =1 to L, ¥; is a function defined on R* to R®. ¥y, is a function from R® with
values in R*%!. Each affine transformation ¥; is expressed in the form

Uy(z) = Aiz + B,
where A; represents a weight matrix and §; denotes a bias vector.

The NN (fq has parameters 6, which consist of all the weights and biases associated with the affine
functions W, i.e., 0, = (Ai; Bi)oci<ri1-
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The total number of parameters is
Nrisossi = (so+1)s+ L(1+s)s+ (s+1)sq,
The neural network NN ?q is then trained by searching for the parameters 6, that minimize the
cost function J(pg,q,r) = E U POOT — Vg T)P]. This can be accomplished using a standard

training algorithm, such as stochastic gradient descent or its variants, with the ADAM algorithm [24].
The cost functional J(pg, q,r) can be approximated by

j 2
pr — Vag(@57)

J(po,q,r)

M denotes the total number of Monte Carlo samples. We treat t, z,, and p, as inputs; therefore, the
dimensions of the input and output layers for NN (iq are 2n+ 1 and n X m, respectively. Now, we recall
the following universal approximation theorem.

Theorem 2 (Ref. [25]). Assume that the nonconstant function o, is bounded and continuous. The
neural network NN is then dense in C'(R™) with L > 2.

The architecture of Algorithm 1 is as follows.

() U1 UN—-1
q ||| o a ||| m gN—1 ||| TN=1 lpn — Vag(an)|?
H, ||| H, H, H,
\ uo, 4o, 7o \ UN-2, qN—-2, TN—-2 UN—-1, dN—-1, TN—-1
Zo po to T, p1, i — - —|TN_1, PN-1, IN-1 TN, DN, tN
AW, AN, AW AN | (AW, | AN,
ALtoke{l, dNo} ALtN 2ke{l,...,dNn_3} ALtN 1kef{l,....dNy_1}

Figure 1. The architecture for Algorithm 1.

M, and H, represent the hidden layers associated with the two networks NN (iq and NN gr
spectively. The weights biases of the hidden layers (Hq, 6,) and pg, are trainable parameters. 1, is a
function of (t,, Zn, Pn,Gn, Tn)- G¢n and 74, represent the outputs for NN (fq and NN g*, respectively, at
each time step.

The neural network described above is employed at all time steps. However, the main
problem with Algorithm 1 is that solving an extremum problem requires calculating u;r’l’]
m,l,J

5l J
arg max H(tn, 3" u, by

for high-dimensional problems and functions with multiple variables. In high dimensions, an explicit
solution for these problems is often unavailable. However, there are several approximation methods
that address this challenge, such as the BFGS algorithm [26]. Therefore, using this algorithm demands
significant computational effort. Next, we present the pseudocode for Algorithm 1.

7F,l,]

1 Gy ST ’l’] ) at each time step, which is not straightforward, especially
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Algorithm 1 Algorithm with 2-NNs.

Require: Initial parameters (9 69; ]5?0”) zo and 7 a learning rate;

~l,7 ~l7r ~l,7 ~l7r ~l7r
Ensure: (:Ct Y N N Bk

1: for [ =0,.. MaxIter

2:  for j = 1, e M

3: Generate AWt" based on N (0, Aty,);
4: Generate ANt based on P(AAt,,);
5

Generate AL';" based on “(f\lz)an\{o} for each k = 1,...,dN;" where p(dz) = exp(—v||z|)dz
z e R™\ {0};

l ~ 71,5 ~
xtHJ—xO ’pto _pOTrl;
forn=20,...,N—1

a™ —NJ\/ (tn, 317, B, 0L);

l VT NNG (tmj;rnl 7,]5;%7 91)
10: uf”*argmag](H(tn,:rﬂjupflj,qf” ~’T”),

ue

11: F0M = G0 4 bt 30, AT Aty + et 330 G0 ABy, + S A(te, G0 4 ALY
~,l,
fRn\{o}”Y(tmx:n 7 ) ldz) At
~ ~ ~ ~ ~ ~ ~ ~ j dN,
12: mn = o = VeH(te, 5 UZl”vp?”vQZL”a ) Aty + G ABy, + 7 SN ALY

~m,l,j dNy, n
=M S T B(ALR) Aty ,
~m,l,7 7,1, .
13: loss = 57 ZJ 1 [ptN T —Vag(Z7), J)} ;

= N-1 ~m g~ L
1 () = S [ S (e 35 A5 G
15: (B4, 0550, g ) = (61,61, 50°") — NV 1oss

3.2. Numerical algorithm 2

To overcome the difficulty of Algorithm 1 and avoid solving the maximization problem at each time
step, we propose a new algorithm based on three neural networks. This algorithm assumes that all
coefficients of the Hamiltonian system (8) are continuously differentiable in u. These conditions insure
that the control domain U = R"™ and the optimal control % are located on the boundary of the control
domain, and then the maximization condition implies

Hy(t; &40 P13 G) = 0, Vu, Vte[0,T], as.

Therefore, this modification of the constraints leads to a change in the cost function of the new
variational problem to be solved. The cost function of the new problem is as follows:

T

E |[p5" = V,g(325)]" + a / H (6 88 s 05 Gy, 70) 2t (12)
pm{gt} {Tt} {te} 0
« is a hyperparameter. Using the same approach as in the proof of Proposition 1, it is clear that if the
cost function (12) tends to 0, then the (2" a; pi™"; G, 7¢) converges to the optimal solution of the
problem (8). Compared to Algorithm 1, thls time, it is necessary to construct a new neural network
NN gu that allows us to simulate 4y,. This new network has (1 + 2n)-dim in the input layer and a
k-dimensional output layer. For the hidden layers, NN g“ has the same structure as NN ?q and NN

These three networks are trained according to the following cost function:

N 1

~7T7l7.7 7T7l7.7 7T7l7.] 7T7l7.] ~7T7l7.7 ~’7T,l,] 7T7l7.7

M E [ ptN Z‘g(xtN )) + a_ § : v H tn"rt utl 7ptn 7qtn T tn )) :
n=0

Thus, the pseudo—code for Algorithm 2 is as follows.
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Algorithm 2 Algorithm with 3-NNs.

Require: Initial parameters (90 69,6% p po ™), xo™, 1 as learning rate and the hyper-parameter «;

lr ~lm ~lm ~l7r ~l7r
Ensure: (:Ct Uy D, 5 Gy, )

1: for [ =0,..., MaxlIter
2: forj:l,...,M
3: Generate AW} ~ N(0,At,), AN;* ~ P(AAt,) and ALY, ~ “(fz)an\{o} for each k = 1,...,dN;"
where u(dz) = exp(— V”ZH)dZ z e R™\ {0};
F =@, H=0, pi;" = po”
forn=0,...,N—1
L, ~m,l,j ~m,l,j
Qtn ! NNl (tnv 77ptn & el)
lﬂ'J NNG (tn ~7rl,7 ~7rl,7 9l)
uif’? NN (tn,f;:f”,ﬁ;:f” 0,);
jﬂ',l,] _ ~7r l,_] + b(tn, ~7rl_] ~7r l,])At + C(tn, ~7rl_] ~7r l,])ABtn + ZZ ;n W(tnu ~7rl_] ~7r l,_] AL”)
~7'rl ~7rl
{Rn\{O} V(tn; ’ e J7 ) (l )Atrlu 1, l 1, 1,j 1,j ~—dN.
10: sl o= =V H(tm” agtd gt i) Aty + Gn Y ABy, + N SN ALY
it S NG B (AL AL, .
11: H=H+(V, H(tn,f?“a;’”,ﬁ?”,q?“,f?”>),
M ~,l 1,
12: loss = ﬁzg'ﬂ [(ptN o Vag(Z7), J)) +04H}'

~ N—1 ~m,l, ~m,l, L,
13: J(a™) = &30 [N Sonco fltn, 200 a0 ") + h(E J)},
i1 :
14 (OLFL 04 oLt pr ) = (92;95;9#190 ) = NV loss:

4. Numerical results

In this section, we will test our algorithms on a mean-variance portfolio selection problem in a financial
market with two different assets: one risky asset priced at P; and one risk-free asset priced at Py. Given
that the market is self-financing, i.e., a small change in the wealth process x; is necessarily due to a
change in Py or P;. The problem consists of

supE [—%(z7 — a)2]

veEA
subject to

dry = (uwy + (Bt — ap)vp) dt + ky vy dBy + vy /\{ }’yl (t, ) L(dt,dz), (13)
R\{0

where g € R is known and a = E[z7] the expected wealth at the terminal time T. B; and L(dt,dz)
represent, respectively, a Brownian motion and a compensated random Poisson measure.

The control v; = xy — Pymy is the amount invested in the risky asset at instant ¢. Here my represents
the number of units invested in the free asset. [3; (resp. o) is the expected return of the risky asset
(resp. of the risk-free asset). However, the term k;v,dB; models continuous movements in the price
of the risky asset due to Brownian motion and the last term v;- fR\ oM (t,z)L(dt,dz) represents the
jump component, which models discontinuous movements in the price of the risky asset due to jumps.
This problem can be viewed as special case of our initial problem, where

f(taxhut) :07 g(.ﬁl’) :_%(‘T_a)za
b(t7 Tty Ut) = Oy + (/Bt - Oft)?)t, U(t7 Tty Ut) = kt?}t, ’Y(t7 T, U, Z) = U(t*)’yl(ta Z)’
We suppose that ¢ <— fR\ o Y2(t, ) u(dz) is locally bounded. wv; is admissible control and we

write v; € A if 2, = 2} is the solution of (13) and E[(2%)?] < oc. The investor aims to determine
v € A that maximizes the objective function

J(v) =E |—1 (zp — a)z] .
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It is well known that this problem, even in the case of a single risky asset, does not admit a closed
form analytical solution. A semi-analytical solution exists only under highly restrictive and simplified
assumptions. In what follows, we address the problem using both algorithms and compare the numerical
results with those obtained from the semi-analytical method provided by by Sulem et al. in [21]. This
semi-analytical solution is provided by the following set of formulas,

o — (o = Be) (prwe + )
b el

T
1
Yt = —€eXp </ <(045_58)2F _2a8> dS)a OétéT,
t s

T
Yt = aexp (/ ((as_ﬁs)2ri_as> ds), 0<t<T,
t s

=i+ [ R )
R\{0}

As a first step for solving the problem using our approach, we provide the Hamiltonian and the
corresponding adjoint process associated with this problem. The Hamiltonian H gets the form

)

such that

H(t,z,v,p,q,7) = (qux + (B —at)’u)p—l—ktvq—kv/\{ }’Yl(t72’)7"t(2)ﬂ(d2)~
R\{0

And, the adjoint equations is

dp; = —ay py dt + q; dBy +/ re(z) L(dt,dz), t<T,

R\{0}
pr = —(zr —a).
So, the variational problem associated to the algorithm 1 is
inf E[ P0.q,T P0,q,T 2} 14
iy, B = a) o (14)

subject to

t t t
2P0 = mg + / (asaPo" (B — )P 0T) ds + / kP97 d B, +/ / VPO (s, 2) L(ds, dz),
0 0 0 JR\{0}

t t t
pfo,q,T’ =Dpo— / Qg pgo’q’rds + / qs dBs + / / Tt(z) E(dS, dZ),
0 0 0 JR\{0}

P0,q,T __ P0,q;7 D0,q,T
v = argmax, e H (8, 2,0, v, 000" g, e (1)) VA

The following table shows the optimal value of J(v*) obtained by Algorithm 1, along with the relative
error compared to the semi-analytical method, for different iterations: MaxIter = 1000, 3000, and
5000.

Table 1. The value of J(v*) obtained by algorithm 1 and by the semi-analytical method

Results AlLgl Analy Method ALgl Analy Method ALgl Analy Method
J(v*) —0.009725 —0.012001 —0.01051 —0.01187 —0.010863 —0.01198
Iterations 1000 — 3000 — 5000 —

Relative Error | 2.276 x 1073 | 2276 x107% | 1.36 x 1073 | 1.36 x 103 | 1.12x 1073 | 1.12x 1073
Time (s) 2420 — 3100 — 3524 —

To compare the two solutions one obtained using our approach based on Algorithm 1 and the other
using the semi-analytical method, we plot the evolution of Jug1 and Jypayy over the iterations (see
Figure 2).

We also plot the evolution of the mean of 7 over the iterations to observe its behavior with respect
to the target value a (see Figure 3).
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Figure 2. The evolution of J4;41 and Jgpnqiy over the iterations.  Figure 3. The evolution of the mean of z7
relative to the target a over the iterations.

And for ensuring the convergence of our algorithm, we plotted the loss function against the number
of iterations (see Figure 4).

0.251 —— Loss

0.201

0.151

0.101

0.051

0.00

0 500 1000 1500 2000 2500 3000
Iterations

Figure4. The loss function of Algorithm 1 against the number of iterations.

It is clear that this method is convergent and provides results with an accuracy on the order of 1073.

Now, we solve this problem using Algorithm 2. This will require 3 neural networks instead of 2, but
it allows us to avoid computing the argmax function, which is computationally expensive. However,
this also involves a change in the loss function, making it in the form

MZ P (5 =) 3 (V)P 1

where 7 is a hyperparameter.
The following table presents the values of J(v*) obtained using Algorithm 2, along with the relative
error compared to the semi-analytical method, for different iterations: MaxIter = 1000, 3000, and 5000.

Table 2. J(v*) obtained using Algorithm 2, along with the relative
error compared to the semi-analytical method for different iterations.

Results ALg2 Analy Method ALg2 Analy Method ALg2 Analy Method
J(v*) —0.012287 —0.011561 —0.01203 —0.01155 —0.01192 —0.01147
Iterations 1000 — 3000 — 5000 —
Relativ Error | 7.26 x 1074 7.26 x 1074 6.3 x 10~* 6.3 x 10~* 4.5 x 1074 4.5 x 1074
Time (s) 840 — 1260 — 1680 —

To compare the two solutions obtained by our approach based on Algorithm 2 and the semi-
analytical method, we plot the evolution of Jyjg9 and Jgpnary over the iterations (see Figure 5).
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Figure 5. The evolution of Jy42 and Jupnaiy over the iterations. Figure 6. The behavior of E[z7] with
respect to the target value a over itera-

tions.
We have also ensured the convergence of the second algorithm and plotted the evolution of the
mean of x over the iterations to observe its behavior with respect to the target value a; see Figures 7
and 6, respectively.

— Loss

0.4+

0.3

0.2

0.1+

v pow ) Ldastahons

0.0

0 250 500 750 1000 1250 1500 1750 2000
Iterations

Figure 7. The loss function for Algorithm 2 over iterations.

5. Conclusion

In this work, we have proposed two algorithms to solve a stochastic optimal control problem driven by
a diffusion process. We validated our approaches through a financial case study specifically, the mean-
variance portfolio selection problem, where the wealth process is modeled by a backward stochastic
differential equation (FBSDE) with jumps. This problem does not admit a fully analytical solution,
but only a semi-analytical one based on simplifications and approximations.

Our approach relies on deep neural networks combined with the Stochastic Pontryagin Maximum
Principle. Numerical results show that our methods converge toward the semi-analytical solution of
the problem. For comparison, we observed that Algorithm 2 is more stable and converges faster than
Algorithm 1. The relative error for Algorithm 1 is on the order of 1073, while for Algorithm 2 it
reaches 10™4. This improvement is attributed to the fact that Algorithm 1 requires solving an arg max
optimisation problem, which, in our case, involves an additional auxiliary algorithm (FBGS algorithm).

In conclusion, Algorithm 2 is preferable when the conditions stated in Section 3.2 are met. However,
Algorithm 1 remains a valuable alternative, especially for this type of control problem involving jumps
and multiple financial assets, where analytical methods are not available.
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HoBsuin nigxip A0 po3B'si3aHHA CTOXAaCTUYHOI 3a4a4i KepyBaHHSA,
WO BU3HAYaeTbca Andy3iiHMM npouecom 3i cTpubkamm

Vaprazi I

Jlabopamopis IMIA, xomanda A2MSDS, xagedpa mamemamuru, daxysvmem Hayx i Mernixu,
Ynisepcumem Myaas Iemaina 6 Mexnect, a/c 509, Bymaaamin, Ep-Pawudis 52000, Mapoxxko

CrarTst 30cepe/KeHa Ha YUCEJIbHOMY PO3B’si3aHHI HAraTOBUMIPHUX 3aJ/1a9 ONTUMAJIHLHOTO
CTOXaCTUYHOI'O KePYBaHHs, CTAHU CUCTEM B dKHUX MOJEJIOIOTHCA K Ipolecu audysil 3i
crpubkaMu. BuKoprcTOByOUM NPUHINI MAKCUMYMy Ta IJIHOOKI HEMpPOHHI Mepexi, mepe-
GbOopMyILOBAHO BUXIIHY 3ajady KepyBaHHs SK BapialiifHy 3a/Jady Ta BIPOBAJKEHO CIIe-
miaJi30BaHi aJrOPUTMU JJIsi PO3B’sI3aHHS IIHOI0 HOBOrO popmysoBanss. [IpencraBieno
caMi aJITOPUTMU, & TAKOXK Pi3HI apXiTeKTypH, 0 OyJIu 3acTOCOBaHI. 3a1ada BUOOPY MOPT-
desst 3a KpuTepieM “cepenHe—auciepcis’ Ha HiHAHCOBOMY PHUHKY, IO CKJIAIAETHCS 3 TBOX
BUJ/IB aKTHUBIB y MexKax mporiecy audysil 3i crpubkaMu, miarBep/Kye eeKTUBHICTD 3a-
[IPOTIOHOBAHUX AJITOPUTMIB.

Knw4osi cnoBea: npamo-3eopommi cmoracmuuhi upepenyiasvhi DIGHAHHA 31 CmpubKa-
MU; CTMOTACTNUNHUT NPUHUUN MAKCUMYMY; 2AUOOKT HETPOHHT MEPENCT; ONMUMANDHE CTNO-
TacmuyHe Kepysarns; Judysii 3i cmpubkamu; 3adavwa 6ubOPY nopmPensd 36 KpUMeEPIEM
“cepedne—aducnepcis’.
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