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reflection and related recursive optimal control problems

Ying Hu * Jianhui Huang Wengiang Li*
November 9, 2022

Abstract

We introduce a new type of reflected backward stochastic differential equation (RBSDE) for which
the reflection constraint is imposed on its main solution component, denoted as Y by convention,
but in terms of its conditional expectation E[Y;|G;] on a general sub-filtration {G;}. We thus term
such equation as conditionally reflected BSDE (for short, conditional RBSDE). Conditional RBSDE
subsumes classical RBSDE with a pointwise reflection barrier, and the recent developed BSDE with a
mean reflection constraint, as its two special and extreme cases: they exactly correspond to {G:} being
the full filtration to represent complete information, and the degenerated filtration to deterministic
scenario, respectively. For conditional RBSDE, we obtain its existence and uniqueness under mild
conditions by combining the Snell envelope method with Skorokhod lemma. We also discuss its
connection, in the case of linear driver, to a class of optimal stopping problems in presence of partial
information. As a by-product, a new version of comparison theorem is obtained. With the help of this
connection, we study weak formulations of a class of optimal control problems with reflected recursive
functionals by characterizing the related optimal solution and value. Moreover, in the special case of
recursive functionals being RBSDE with pointwise reflections, we study the strong formulations of
related stochastic backward recursive control and zero-sum games, both in non-Markovian framework,
that are of their own interests and have not been fully explored by existing literature yet.

Keywords: Conditionally reflected BSDE, partial information, optimal stopping, backward recursive
reflected control problems, weak-formulation equivalence, zero-sum stochastic differential games.

1 Introduction

Reflected backward stochastic differential equations (RBSDEs) were firstly introduced by El Karoui,
Kapoudjian, Pardoux, Peng and Quenez in [8] for which the solution is an adapted triple processes
(Y, Z, K) satisfying the following backward stochastic system in an integral form

T T
Y, =§+/ (s, Ys, Zo)ds + Kr — K, —/ ZdW,, 0<t < T, (1.1)
t t
subject to a pointwise constraint
Y1 > 85, 0<t<T, (1.2)

for a given barrier process S. The term K of the solution is used to push the main solution component
Y to satisfy the constraint (1.2) in a minimum energy way, i.e., fOT(Y} — S1)dK; = 0. In [8], the authors
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show the well-posedness of the solution (Y, Z, K) of the above equation for a given terminal condition &,
a Lipschitz generator (driver) f, and a continuous barrier process S. They also establish its connection to
both optimal stopping problems and related obstacle problems. Due to its interesting structure, RBSDESs
have been extensively applied, among others, into the problems such as pricing of the American option
[9], and dynamic recursive portfolio problems [10, 28].

Recently, Briand, Elie and Hu [5] introduced BSDEs with mean reflection, which is a type of
reflected BSDEs satisfying (1.1) but subject to a constraint condition in terms of the expectation as

E[((t,Y;)] >0, 0<t<T, (1.3)

for some given loss function ¢. In contrast to the pointwise reflection constraint (1.2), condition (1.3) is
described in sense of the distribution of the term Y; at each instant time ¢. In [5], the authors construct
a unique solution (Y, Z, K) with the deterministic K under appropriate conditions on the data (&, f, /).
Using BSDEs with the above mean reflection, they studied the related super-hedging of a claim under
a given running static risk management constraint. Since then, many extension works on BSDEs with
mean reflection have been studied, among others, [15, 16] with quadratic growth in z of the generator f,
[23] with BSDEs driven by G-Brownian motion, and [6] with the related particles systems.

In this paper, we study a new type of reflected BSDEs, which is called conditional RBSDFEs, for
which the reflection barrier is defined via a general conditional expectation operator, that is, system (1.1)
is subject to a constraint of the form:

E[Y; — S;|Gi] >0, 0<t<T (1.4)

for some generic G, C F;,0 <t < T, so the sub-filtration G = {G, }o<t<r (see Section 2 for more details)
stands for partial information that is common for various real decision making applications. It is worth
to note that both the constraints (1.2) and (1.3) (with linear loss function £) can be seen as the special
case of condition (1.4). In fact, reflection condition (1.2) (resp., (1.3)) corresponds to the full information
(resp., (degenerated) deterministic scenario) situation in (1.4) when G; = F; (resp., G = Fo), 0 <t < T.

Condition (1.4) is strongly suggested by portfolio selection problems subject to some state con-
straints but in the context of partial information. On one hand, notice that the partial-information
feature in portfolio investments have been extensively studied by many mathematical finance works such
as [3, 14, 21, 29, 30]. Roughly speaking, in these studies, investors are often posed in a situation where
only part of the overall information of the market can be accessed; for instance, the driving noise infor-
mation available to the investor is often incomplete due to some observation or measurement limitations,
so the investors can only observe a subset of underlying noise components but not all. This is typical for
various commonly-seen real situations, especially when some latent factors are indispensable to drive the
dynamic evolution but cannot be accurately and instantaneously calibrated. On the other hand, due to
some regulation criteria or behavior pattern, investors (e.g., fund managers) should make sure the state
(fund account) to be controlled or steered to meet some constraint (e.g., above some market benchmark
or average level) for the purposes such as principal evaluation or stimulus mechanism. This brings some
obstacle constraint on the underlying state evolution. Together, some constraint portfolio selections with
partial information is hence suggested. For illustration, we present two examples below to formulate our
BSDE (1.1) with constraint (1.4), and motivate related optimal control problems.

Ezample 1.1. (Pricing American options with partial information) Denote G as a generic partial
information a representative agent can access from the market information sources. The pricing to an
American contingent claim at each time ¢, consists of the selection of a stopping time 7 and a payoff
S, on exercise. It is natural to restrict that both the stopping time 7 and stopped (truncated) process
S = {§T} to be G-adapted because they are both constructed upon the information available to a specific
decision maker (i.e., agent) from the market. We denote by S the payoff of the American claim for
an idealized agent who may access the full information of the market. Then, for a realistic agent with
only partial information, it is reasonable and more practical to only anticipate the conditional, unbiased
payoff: S; = E[S{|G:], 0 <t < T, in current information capacity.

It is well known that for each selection on 7, there exists a unique strategy (y”, z7) to replicate the
payoff S, where (y7, 27) is the unique solution of the BSDE

—dy] = f(t,y7,2])dt — zfdW,, yI = Sy,



for some convex and Lipschitz generator f. Then the optimal pricing of the American contingent claim
S with partial information at each time ¢, is given by

Ye 1= esssup  E[y/ |G
T€[t,T):G-adapted

Similar to the full information context studied in [8], we may expect (in fact, we verify the case when the
generator f is linear in (y, z) in Section 3) that the value process y can be characterized as follows

ye =E[Yi|G], 0 <t <T,

where (Y, Z, K) is the solution triple of conditional RBSDE (1.1) along with (1.4). Condition (1.4) means
that the term Y is always required to be larger than the payoff S at each time t, in terms of conditional
expectation on the available information {G;}. Then we can use conditional RBSDE (1.1) and (1.4) to
price American options with partial information. Indeed, when all agents are symmetric in their infor-
mation (i.e., all access the same sub-filtration {G;}), some equilibrium on supple-demand condition will
be achieved by game-theoretic analysis, and the market price will be thus formalized on such partial
information basis. Specifically, in one extreme and idealized case when agents can all access full informa-
tion, the above result will reduce to the pricing results studied by El Karoui, Pardoux and Quenez [9].
Another extreme case is when all agents only access trivial filtration (i.e., cannot observe any realization
of stochastic scenarios), then an optimal (deterministic time) stopping arises to get an expected payoff
evaluated by the agent, see Example 3.1.

Ezample 1.2. (Recursive reflected utility maximization with partial information) We consider an
optimal portfolio selection problem in a market consisting of a risk-free bond and d risky assets. The
bond is assumed to be zero interest rate and the discounted (by the bond) individual risky asset price V'
at time ¢ has the following form

dv;’
Vti

=bidt +oldWi, i=1,2,--- d. (1.5)

Here, b%,0%,i = 1,2,--- ,d, are given return and volatility rates, respectively, and W = (W1, ... W) is
a standard d-dimensional Brownian motion. An investor only observes the (public market) price of listed
risky assets (e.g., stocks) 1,2,--- ;m (with 1 < m < d) since, for instance, the prices of some unlisted
risky assets are latent as described in principle-agent situation with partial information or hidden actions
by Williams [27]. Then the partial information available to the investor in public market is

Gi=o{Vi0<s<t i=12---,m}, 0<t<T,

which is same to o {W?,0 < s <t, i =1,2,--- ,m} when both b’ and ¢, i = 1,2, --- ,m, are deterministic.
Let m; = (m}, -+ ,7¢) be the proportion of the amount invested in risky assets at time ¢, which should
be G-adapted. Then the wealth process X at time ¢ with the proportion 7 should satisfy

d
AXT = m X[ [bjdt + oidW;].

i=1

Such portfolio model with partial information has been studied by Nagai and Peng [24] when addressing
a type of risk-sensitive optimization problems on infinite time horizon.

The expected utility of the investor is of recursive utility, denoted by Y{, which can be described
by the solution of classical BSDE according to [11]. Moreover, let the constant a be the minimum utility
threshold acceptable to the investor, i.e., YJ” > a, for all admissible investment proportion 7. In fact, we
can consider a stronger dynamic constraint as follows, which depends on the evaluation of the utility at
each time ¢t based on the partial information G, i.e.,

E[Y/|G] > 8, 0<t<T,



where S is G-adapted with Sy = a. Combining the above two factors, we obtain a recursive reflected
utility Y{", which is defined by the solution of the following controlled conditional RBSDE

T T
Y = ®(X7T) +/ f(s, XX YT, ZT)ds + KT — K[ —/ ZTdWs, 0 <t < T,
~ t t
E[Y"|Gi] > S, 0<t<T,

where ® and f represents the terminal and running utility, respectively. The aim of the investor is to
choose an admissible proportion 7 to maximize the recursive Y using the available information G only.

Inspired by the above examples, we aim to study the well-posedness of conditional RBSDE consist-
ing of (1.1), (1.4), and associated backward recursive reflected control problems with partial information.
We also address the counterpart of control problems in full information case which may admit more
explicit results under more relaxed assumptions. In order to guarantee the uniqueness of the solution
(Y, Z, K), we consider the case that K is required to be G-adapted as explained in Remark 2.1. Similar to
classical RBSDE studied in [8] and BSDEs with mean reflection in [5], the form of conditional RBSDEs
involves in a flat condition: fOT E[Y; — Si|Gi]dK; = 0 besides (1.1) and (1.4). It is worth to point out that,
when studying the well-posedness of the solution, the partial information is only required to satisfy the
usual filtration condition and the additional left-quasi-continuous condition (to ensure the conditional
expectation E[-|G;] is continuous in t). For related backward recursive reflected control problems with
partial information, we consider the partial information constructed by a subset of components of driv-
ing Brownian motion noises, which is motivated by Erample 1.2. We emphasize that this construction
approach includes a large class of partial information models, as explained in Remark 3.1.

The rest of this paper is organized as follows. Section 2 formulates the conditional RBSDE on a
general sub-filtration along with necessary assumptions. We then study the well-posedness (including the
existence and the uniqueness as well as a prior estimate) of the solution of conditional RBSDE. Section 3
is devoted to the connection between conditional RBSDE and a new class of optimal stopping problems
in presence of partial information. As a byproduct, a related comparison theorem is also derived that
has its own interests in theoretical analysis. Section 4 considers two types of backward recursive reflected
control problems with partial information in case of the driver for recursive functional being linear and
convex, respectively. Section 5 continues to study the strong formulations of nonlinear backward recursive
reflected functionals for which both stochastic control and zero-sum game problems in non-Markovian
framework are examined. Some equivalence between strong and weak formulations is also established.

2 Conditional reflected BSDEs

2.1 Preliminary

Let T' > 0 be a finite time horizon. Suppose that {W;, s € [0,7T]} is a d-dimensional standard Brownian
motion defined on a probability space (2, F,P). We denote by E the (conditional) expectation under the
probability measure P and by F = (F;)s>0 the complete filtration generated by Brownian motion W. Let

G C F, t€10,T],

be a given sub-filtration of F; satisfying the following basic assumption':

(i) the usual condition (i.e., non-decreasing and right-continuous);

(ii) left-quasi-continuous (i.e., left-continuous with respect to stopping times).

We denote this sub-filtration by G = (G;)o<i<r and refer it as partial information (rvesp., F as full
information) inspired by examples in Introduction. The trivial o-field is denoted by H, i.e., H = Fo = Go,
which is referred as (degenerated) deterministic scenario. We introduce the following spaces of processes:

e S2(0,T;R) = {cp’cp : Q2 x [0,T] — R is F-adapted and continuous: ||¢[|%. £ E[ sup [¢/?] < +oo}.
te[0,T]

IThe condition (i) is essential and classical for the information filtration and the condition (ii) is introduced to ensure
the continuity property of conditional expectation E[-|G;] in t.



T

o 1%(0,T;R?) = {(p‘(p : Q0 x [0,T] — R? is F-predictable: |[¢]|3,; £ E[/ \got|2dt] < —1—00}.
0

o A%(0,T;R) = {gp’gp € 8%(0,T;R), ¢ is nondecreasing, ¢o = 0}.

o A%(0,T;R) = {cp’cp € A%(0,T;R), p is G—adapted}.

For all these spaces, we write S%,H?, A%, AZ when there is no confusion hereafter. We are interested in
the following conditional RBSDE associated with parameters: the terminal condition &, the generator f
and a barrier process S:

T T
Y:f:§+/ f(S7Y9725)dS+KT_Kt_/ ZSdWSa tE[O,T],
t t

]ED/t - St‘gt] 2 0, P—a.s., 0 S t S T‘7 (21)
T
/ E[}ft — St|gt]th = O7 P-a.s.
0

It is clear that conditional RBSDE (2.1) will reduce to the classical RBSDE introduced by El Karoui,
Kapoudjian, Pardoux, Peng and Quenez [8] when G; = F;, and to BSDE with linear mean reflection
studied recently by Briand, Elie and Hu [5] when G, =H, 0<¢ < T.

Definition 2.1. 4 solution of conditional RBSDE (2.1) is a triple of processes (Y, Z,K) € 8% x H* x A%
satisfying (2.1).

Remark 2.1. As the example displayed in the Introduction of [5] shows that, we can not expect to obtain
the uniqueness of the solution if we allow K € A%. As a result, we restrict ourself to find the term K of
the solution in the space A% instead of A*.

We introduce the basic assumptions of parameters (&, f,S) of conditional RBSDE. Let the mapping
f:Ox[0,T] xRxR - R,

be P ® B(R) ® B(R?) -measurable, where P stands for the o-algebra of F-progressive subsets of Q x [0, 7).
Suppose that these parameters satisfy

(i) There exists a constant y > 0 such that, for all (t,w) € [0,T] x Q, (y,2), (v/,2") € R4,

[f(ty,2) = f(t, 4, 2] < wlly —y'| + |2 = 2]), P-as.,
and
H1
(H1) E[f) |£(t,0,0)]%dt] < .
(ii) The barrier process S is in S2.
(iii) The terminal condition £ € L?(Q, Fr,P) such that E[¢ — Sr|Gr] > 0, P-a.s.

The remainder of this section is devoted to the study of the well-posedness of the solution of conditional
RBSDE (2.1) under the Assumption (H1).

2.2 The uniqueness of the solution

Since the term K of the solution is required to be G-adapted (see Remark 2.1), we first derive its expression
in terms of the conditional expectation with respect to partial information G by using Skorohod lemma.

Proposition 2.1. Suppose that (Y, Z,K) € 8% x H? x A% is a solution of conditional RBSDE (2.1).
Then the term K has the following representation: for t € [0,T] and each w € €,

T s
(K~ K0)(w) = sup (B[EI0r) +B[[ 1Y, Z0)drlGr) ~E[| (.Y, 2,)arlG.]
t<s<T 0 0 (2'2)

s T
+1E[/0 ZTdWT|QS]—E[/O ZTdWTIQT]—JE[SSIQS]) (w).



Proof. From (2.1), we get

t t
BYilg) =(¥o ~BL| f(s.Y. Z)asG + Bl [ ZawG]) - Ki 0<t<T.

which implies that
E[Y;|G:] — E[¢]gr]

T t t T
:(]E[/O f(s,Ys,Zs)ds|gT]—]E[/O f(s,Ys,Zs)ds|gt]+E[/O stws|gt]—E[/O ZSdWs|gT]>+KT—Kt.

(2.3)
By putting

T T—t
Ty :(]E[§|QT] +]E[/0 f(s,Ys, Zs)ds|Gr] — E[/O f(s,Ys, Z)ds|Gr—i]

+ E[/OT_t Z.dW.|Gr] — lE[/OT Z,dW.|Gr] — ElSr—i|Gr—1]) @),

Yt :E[YT% - STft‘ngtKW)a ky = (KT - KTft)(w)v

we have from (2.3) that y; = z; + k¢, t € [0,T]. Moreover, the reflection and flat conditions in (2.1)

mean that y; > 0, fOT yrdky = 0. Note that xz; is continuous with respect to ¢ € [0,7] and z¢ > 0, from
Skorohod Lemma, we get ki = supg<g<; Ty, i-e., (2.2). O

Remark 2.2. When the available information G is chosen to be full, i.e., G = F;, 0 < t < T, then the
representation (2.2) will reduce to Proposition 2.2 in [8]. When the available information G is chosen to
be deterministic scenario, i.e., G = H, 0 < t < T, the expression (2.2) has been used to construct the
solution of BSDEs with linear mean reflection in [5] (see Subsection 3.3 therein).

With the help of Proposition 2.1, we get the following a priori estimate of the solution.

Theorem 2.1. Fori=1,2, let (Y',Z!, K*) € 8% x H? x A2 be a solution of conditional RBSDE (2.1)
associated with parameters (£, f1,S%) satisfying the Assumption (H1). Then there exists a constant C
only depending on T and p such that, for any t € [0,T),

T
B sup [VI-YZP [120- Z2Pds e sup |(K} - KD - (65~ K]
0

0<s<T 0<s<T

T
<CE[lgt -~ €1+ [ 171, Y2,22) = PUs. Y2, Z)Pds + sup [} S2P].
0 0<s<T

Proof. For simplicity of the notations, we denote
(AY,AZ,AK)
Af(s)

(Yl - Y27zl - Z27K1 - KQ)) Af = fl _§2a
(s, Y2, Z2) — f3(s,Y2,Z2), AS = S' — §%

Step 1. We show that

T
E[|Am2+/ IAY,)? + |AZ,2ds + |AKT — AK,[? gt]
t

T
gCEDAf\Z—i-/ Af@Pds + sup [ASP[G]. ¢ € 0.7, Pas
t

t<s<T



For any 8 > 0, applying Itd’s formula to e®*|AY;|? we get

T
PUAY;[? + / S (BIAYL[? + |AZ[)ds
t
T T
=T AL +2 / eBAY, - (s, Y Z2) — (s, Y2, Z2)]ds + 2 / PSAY, - Af(s)ds
t t
T T
+2 / P AY AAK, — 2 / ePEAY,AZ AW, (2.5)
t t
T 1 T T
<e"T|ALP + / e |Af(s)[*ds + 3 / | AZ |2 ds + (1 + 2 + 8?) / | AY, |2 ds
t t

t

T T
+ 2/ e AY,dAK, — 2/ e AY,AZdW,.
¢ ¢
Choosing 8 = 2 + 2u + 842, it follows from (2.5) that

T T
eﬁfEnAmsz[/ eﬁsmmdswmgw/ 5| AZ,2ds|Gy)
t t
T T
<E[c*T|AEPIG] + E] / 5| A f(s)|2ds(Gi) + 2E] / % AY,dAK,|G,]
t t

T
1
<Be"T|ACPIG) + B[ e af()Pdsig) + ¢ (ZE sup |AS.FIG) + EIAKr ~ AKiPIG]),
t

s€[t,T]
(2.6)
where the last inequality follows from
T T T
2F| / P AY,AAK |G| = 2E] / ePI(AY, — AS,)AAK,|G] + 2E| / ePSAS AAK,|G]
tT t . t
:2E[/ P RB[AY, — AS,|GJdAK,|G,] + ZE[/ P ASAAK |G (2.7)
t t

T
1
§2E[/ P ASAAK,|G < eﬁT(gE[ sup |ASy|?|Gi] + eE[|[AKy — AKt|2|gt]).
t set,T]

Since AKr — AK; = AY, — A6 — [ fY(s, Y1, Z) — f1(s,Y2, Z2) + Af(s)ds + [} AZ,dW,, we get
E[|[AKT — AK,[?|G:]
T T
SC(T,u)(EHAYtIQ\Qt] +E[|A¢|G] +E[/ |AY, P + |AZ, P ds|Gi] +E[/ IAf(s)Istlgt])-
t t

Substituting (2.8) into (2.6), choosing & small enough, we get

T
E[|AY*|G:] + E[ / |AY, |2 + |AZ,*ds|Gi] + E[|AKT — AK*|G]
t

T
gCE[|A§|2+/ [Af(s)Pds + sup [AS,2|,].
t

s€[t,T)
Step 2. We show that

T
E[ sup |AY;[] +E[ sup \AKT—AKt|2]§CIE[|A£\2+/ IAf(s)2ds + sup |AS,?
0<t<T 0<t<T ¢ t€[0,T]

From Proposition 3.1, we have, for : = 1,2,

T
Kp~ K= swp (BIE1Gr 4 B[ 1! Z0ariGe] B[ £ vE Z0)ario)
0

t<s<T

s T _
+8([ Ziaw,ig.) < B[ ziaw,|or] - EISig.))
0 0



which implies that
T T

MKy — AK,| <E[|A€||Gr] + 1E[ / AY,| + |AZ,|dr|Gr] + E| / |AF(r)]dr|Gr]
0 0

T T
4 sup E[/ IAY,| + |AZ|dr|G:] + sup E[/ \AF(r)]dr|Gs]

0<s<T 0<s<T

+ sup E[ sup / AZdW,||Gs] + E[] / AZdW,||Gr] + sup E[ sup |AS||G].
0<s<T O<s<T 0<s<T 0<s<T
(2.9)

Thus, from (2.9), Doob’s martingale inequality and Burkholder-Davis-Gundy inequality, there exists a
constant C' only relying on T" and p such that

E[ sup |AK7p — AK;|?]
0<i<T
) T T ) (2.10)
<CE[|A¢| ]+CE[/ |AY,|? + \AZT|2dr]+C’IE[/ |Af(r)[?dr] + CE[ sup |AS,|’]
0 0 0<s<T
Then, it follows from (2.4) and (2.10) that
2 r 2
E[ sup |AKr — AK|*] < CE[|A¢] —|—/ IAf(r)[Pdr+ sup |AS]7]. (2.11)
0 0<t<T

0<t<T
On the other hand, since
T
AY, = E[A¢| R + E[/ .Y Z0) = (s, Y2, Z2) + Af(s)ds| F] + E[AKT — AK|F],
t
from (2.4) and (2.11) we have
T
E[ sup |AY;[?] < CE[|A¢]* + / AF(r)Pdr+ sup [AS["]
0<t<T 0 0<t<T
Finally, combining Step 1 and Step 2 we get the desired result. O

Similar to the proof of Theorem 2.1, we have the following result.

Corollary 2.1. Let the Assumption (H1) hold and (Y, Z,K) € 8% x H? x A% be a solution of conditional
RBSDE (2.1). Then there exists a constant C only depending on T and p such that, for any t € [0,T],

T T
B[Vl [ VP + 1Z7ds + 1r ~ Kil?|Gi] < CE[leP + [ 176,0,0)Pds + sup 15.7]i]. s,
t t t<s<

and

T T
E[ sup |Yt|2—|—/ 2Pt + K] SC]E[|§|2+/ F(5.0.0)%ds + sup_|,P°]
0<t<T 0 0 0<t<T

As a byproduct of Theorem 2.1, we obtain the following uniqueness result directly.

Theorem 2.2. Let the parameter (€, f,S) satisfy the Assumption (H1). Then conditional RBSDE (2.1)
has at most a solution (Y, Z, K) in 8% x H* x A%.

2.3 The existence of the solution

We first focus on the particular case when f do not depend on (y, z), i.e., f(s,y,2) = f(s). In this
case, we construct explicitly the unique solution via Snell envelope approach, i.e., an associated optimal
stopping problem with partial information. For each t € [0,T], we denote by 7T; 1 the set of G-adapted
stopping times of values in [t,T].



Proposition 2.2. Let the parameter (&, f,S) satisfy the Assumption (H1) and f(s,y,z) = f(s). Then
conditional RBSDE (2.1) has a unique solution (Y,Z,K) € 8% x H? x A%.

Proof. For each t € [0,T] and 7 € T, we denote by (y7,z") € 82 x H? the unique solution of the
following BSDE

yr = [§I{T:T} + STI{T<T}] +/ flrydr —/ zrdW,, s € [t,T].
Then we consider an optimal stopping problem: for each ¢ € [0, 7],

Yy = esssup E[y; |Gi] = esssupIE“fI{T:T} + S’TI{T<T}] —|—/ f(s)ds
t

TET:, T T€T, T

a. (2.12)
Obviously, the value process Y of the optimal stopping is G-adapted. It follows from (2.12) that

t T
Y, JrIE?[/O f(s)ds|G,] = eSSSUP]E“H{T:T} + Se I cmy] +/0 f(s)ds

TETe, T

G|
Thus, {Y; + E[f(f f(8)ds|G¢] }rejo, 1) 1s the Snell envelope of the process {Hy}ie[o,), where

t
H, = E[Ef{t:T} + Selyemy +/ f(S)dS‘gt]v
0

that is, it is the smallest continuous G-supermartingale that dominates the process H. The continuity
property of Y follows from the fact that the process H is continuous on [0,T) and the jump at T is
nonnegative. Then it follows from the Doob-Meyer decomposition theorem that, there exists a continuous
process K € A% and uniformly integrable G-martingale M such that

¢ T
Y+ JE[/ f(s)ds|G:] = E[¢ +/ f(s)ds|Gr| + Kr — Ky — (Mp — M,). (2.13)
0 0
Since Y is G-adapted, from (2.13) we get

On the other hand, it follows from (2.12) and the classical optimal stopping theory (see, for example,
Proposition B.11 in [20] or Theorem D.13 in [19]) that Y; > E[S;|G,], t € [0,T], and

T T, t t
/0 (Vi — E[S;|Ge])dK; = /0 (Yt —|—IE[/O f(s)ds|G:] — E[S; —|—/O f(s)ds|Gi])dK: = 0. (2.15)

Along with the process K obtained above, the following BSDE
T T
Y, = g+/ f(s)ds + Kr — K, _/ Z.dW,, t € [0.T), (2.16)
t t

has a unique solution (Y, Z) € 82 x H2. Notice that Y; = E[Y;|G;] because of (2.14) and (2.16), combining
(2.16) with (2.15) we show that (Y, Z, K) is a solution of conditional RBSDE (2.1). The uniqueness follows
from Theorem 2.2. O

We now turn to the general generator case and show the existence of the solution combining
Proposition 2.1, Proposition 2.2 and contraction arguments.

Theorem 2.3. Suppose that the parameter (&, f,S) satisfies the Assumption (H1). Then conditional
RBSDE (2.1) has a unique solution (Y,Z,K) € 8* x H* x A%.



Proof. We only need to prove the existence of the solution since the uniqueness has been obtained in
Theorem 2.2. For any given (U, V) € S§? x H?2, it follows from Proposition 2.2 that the following equation

T T
Yt=s+/ f(s,US7v;>ds+KT—Kt—/ ZodW,, t € [0,T],
t t

. (2.17)
E[Y; — Si|Gi] = 0, ¥ £ € [0,T], as., / E[Y; — Si|Gi|dK, =0,
0
exists a unique solution (Y, Z, K) € §% x H? x A%. Moreover, using Proposition 2.1 it holds
Kr— ko= s (816001 +BL[ 0,0 v)irige) L[ 100, Viarig,)
rsest (2.18)

+ E[/O Z,dW,|G,] — E[/OT Z,AW,|Gr] ~ EIS,|G.])
Thus, using (2.18) and (2.17) we may define a mapping from Banach space S? x H? to itself as
o (U,V)—=(Y,2),
and only need to show that it is a contraction mapping. For (U, V1), (U?,V?) € 82 x H?, we denote
(Y'zYhY =eU" VY, (Y? 2% =o(U? V?),
AY =Y' Y% AZ=2'-27? AU=U'-U? AV =V'-V? AK =K'—- K2
Classical arguments suggest that, for any 5 > 0, we have

T T
E[eBt|AYt|2|Qt]+E[/ 6655|AY5|2ds+/ 75| AZ, 2ds(G,]
t t

T T
B[ 2P AY. (15, UL V) = F(s.URV2))dsIG] + B[ | 267 AY.AAK.(G)
- k (2.19)
SE[/ 207 AY (f(s, UL VY — f(s,U2,V2))ds|G:] (from (2.7) with AS = 0)
' T 1 T
§4u2E[/ ¢P5|AY, [2ds|G] + 51@[/ A (AL + |AVL ) ds|Gy).
t t

By choosing 3 = 42 4 1, we have

T T
E[eﬁ’tmm?\gt]HE[/ eﬁS|AYS|2ds+/ eP5|AZ,|2ds|Gy]
t t

. (2.20)
1
<[ (AU + [AV.P)dsig)
t
which implies that ® is a strict contraction mapping on H2 x H? with the norm
T
(0223 =E [ e nf+ |z
On the other hand, from (2.18) we have
T T
AKp — AK| g,m«:[/ (AT, + |Am)dr‘gT] +u sup ]E[/ (AT, | + AV, )dr|.]
0 0<s<T
(2.21)
+ sup E[ sup | AZdW|gS —|—]E }
0<s<T lLo<s<T Jo

10



Since AY; = E[ftT f(s, UL V) — f(s,U2,V2)ds|F] + E[AKr — AK|F], from (2.21) we have
T T
AYi| < [ [ (80 + 8V ds| 7] + w51 [ (AU + AV aslr] 7]
0 0

T
+uE[ sup E[/ (|AU.| + [AV;])dr|Gs]
0<s<T

ft}ﬂE{ sup E[ sup |/ AZ.dW,||G.]
0<s<T 0<s<T

] (2.22)

+ E[EH A AstWsHQT]’ft] :

Then it follows from Doob’s martingale inequality, (2.22) and (2.20) that
T
E[ sup |AY;]?] < CE[/ |AU,|* + |AV,|?ds)].
0<t<T 0

As a result, ® is continuous from S? x H? to itself. Combining with (2.20), ® has a unique fixed point
(Y,Z) € 8% x H?. The existence of K follows directly from (2.17) and (2.18). O

Remark 2.3. We obtain the well-posedness of the solution of conditional RBSDE (2.1) when the reflec-
tion condition is linear in y. It seems more interesting to consider such equation with nonlinear reflection
condition similar to the study of BSDFEs with general mean reflection in [5] (see, Section 4 therein). In
fact, we can extend Theorem 2.3 to the general nonlinear conditional reflection situation

with some increasing (iny) continuous function £. The proof is similar to Theorem 9 in [5] by introducing
an operator Ly defined as

Ly : L2(Gr) — L2(Gp;RY), Li(X) = essinf {7] :n > 0,a.s.,Gr-measurable, £(t, X +n) > 0}.

For the study of BSDEs with another general nonlinear conditional reflection condition E[¢(t,Y}:)|G:] >
0, 0 <t < T, we will leave it for the future research.

3 The connection between optimal stopping problems and linear
conditional RBSDEs

In this section, we study the connection between conditional RBSDE (2.1) and the related optimal
stopping problems when the generator f(t,y, z) is linear in (y, z). First of all, from the proof of Proposition
2.2, we get the following connection when the generator f does not depend on (y, 2), i.e., f(s,y,2) = f(s).

Corollary 3.1. Let (Y, Z, K) be the solution of the following conditional RBSDE
T T
Y, = g+/ F(s)ds + Kr — K, —/ Z,dW,, t € [0,T],
t t

T
E[Y; — Si|Gi] > 0, V ¢ € [0,T], a.s., / E[Y, — Si|Gi|dK, = 0.
0
Then, we have, for all t € [0,T],
E[Y;|Gt| = esssup E[y; [G¢],

T€Ti,T

where, for each 7 € Ty, (y7,27) is the unique solution of the following BSDE

yl = [fl{T:T} + STI{T<T}] + f(r)dr —/ zrdW,., s € [t,T].
Moreover, the optimal stopping 7 € Ty 1 is given by
=inf {s € [t,T] : E[Y; — S,|Gs] = 0} AT\

11



In particular, if partial information G is chosen to be deterministic scenario, i.e., G = H, 0 <
t < T, in Corollary 3.1, then we get the following connection between BSDEs with mean reflection and
deterministic stopping time problems. In this case, the set of G-adapted stopping times T; 1 = [t, 1.

Example 3.1. Let (Y, Z, K) be the solution of the following BSDE with mean reflection
T T
Y, = §+/ f(s)ds+ Kr — K —/ ZdWs, t €10,T],
t t
T
E[Y; — S >0, Vte[0,T], a.s., / E[Y; — Si]dK; = 0.
0

Then we have, for all t € [0,T],

E[Y] = SEPT] E[y7],
TE(L,

where, for each T € [t,T], (y7,27) is the unique solution of the following BSDE
o7 = (6l + STpery] + [ g = [z, s e e,

and the optimal time 7 € [t,T] is given by 7 = inf {s € [t,T] : E[Y,] = E[S,]} A T.

We now generalize Corollary 3.1 to the linear generator case, in which we specify a class of partial
information G. For simplicity, the underlying Brownian motion is chosen to be two-dimensional, i.e.,
W = (W', W?) and recall that the filtration F is generated by W. Let

(M A
(R,
be a constant orthogonal matrix (i.e., UUT is the identity matrix). Then the process W = (W', W?2)

defined as o
WELWHT =U- (WL WwAHT = MW+ XW2 AW + \WHT,

is also a Brownian motion. It is easy to check that the filtration generated by W is still F. Let G be the
sub-filtration generated by W' (i.e., ;W1 4+ X\oW?2).

Remark 3.1. When the Brownian motion W is d-dimensional, one can similarly construct a new Brow-
nian motion W through a dxd constant orthogonal matriz. Then the sub-filtration G is generated by some
components of this new Brownian motion W. We consider two dimensional situation only to simplify the
notations. On the other hand, it is easy to check that the number of such orthogonal matriz is infinity,
which means that our results can be applied to a large class of partial information problems.

Suppose that the generator f has the following linear form
f(s,y,2%, 2%) = asy + Mbsz" + Xabo2® + s = asy + bs (A1, A2) - (21, 28)T + ¢,
where both a and b are G-adapted and bounded processes, the process c is F-adapted and belongs to H?2.
Theorem 3.1. Let (Y, Z',Z% K) be the unique solution of the following conditional RBSDE

T T
Yt:§+/ [asYerbs()\l,/\z)'(Zsl,Zf)T+cs]ds+KTfKt7/ (zY, Z%) - dwr,wHT teo,T),
t t

T
E[Y; — /|G >0, V t € [0,T); / E[Y; — $;|G/|dK, = 0.
0

(3.1)
Then, we have, for all t € [0,T],
E[Y;|Gt| = esssup E[y; G¢], (3.2)

TETe, T

12



where, for each T € Ty, (y7, 257, 2%7) is the unique solution of the following BSDE

yr = [§I{T:T}+STI{T<T}]+/ [ary:—i—br()\l,Ag)-(zrl’T,zf’T)T—i-cr]dr—/ (z}’T,zf’T)-d(Wl,WQ)?, s € [t, 7]

(3.3)
Moreover, an optimal stopping T € Te 1 is given by

0 =inf {s € [t,T] : E[Y, — 5,|G,] =0} A T. (3.4)

Proof. Let t € [0,T] be arbitrarily fixed. In order to show (3.2) and (3.4), we only need to show that
(i) For all 7 € Ty 1, E[Y;|G:] > E[y] |G4];
(ii) With 7 given in (3.4), it holds E[Y;|G:] = E[y,* |G¢].

(i) For each 7 € T 7, from (3.1) and (3.3), (AY,AZ',AZ?) := (Y —y7, 2" — 2V, Z% — 227) satisfies
AY; = AY; +/ [asAY; +bs(A1, A2) - (AZY, AZ2)Tds + K, — K, — / (AZL AZZ) - d(Wt, WwHT
t t

with the terminal condition AY, = Y, — [§I{T:T} + STI{T<T}]. Let T' be the unique solution of the
following SDE

(3.5)

{ Ty =a,Tyds + bsTs (A, \)d(WE, W2)T = a,Tyds + b,TdW?, s € [t,T],
Ft :1

Then we have I's = exp{[;’ (a, — 1b2)dr + [ b dWl} € G, s € [t,T). Using Ito’s formula to T, AY, we
have

AY; = E[l.AY, + / 1K, F] > E[DAY,|F, (3.6)
t
which implies that

E[AY,|G) > B[, AY,|G;] = E[E[T, AY;|G,]IG,] = E[,E[AY/[G,]iG:]. (37)
Notice that E[Y, — S,|G,] > 0, s € [0,T], we have E[Y, —&Ijs—1y — Ssl{s<7}|Gs] > 0, from which it holds

E[AY:[G;] = E[Y: — &l (=1} — S+ Iz <1}|G-] > 0.

Then it follows from (3.7) that E[AY;|G:] > 0, i.e., E[Y;|G:] > Ely] |G:].
(ii) From (3.4) we can check

E[AY:: 1G] = E[(Yr; = Srp) - Irp ey + (Yo =€) - Lrp=ry 1G] = 0. (3.8)

Combining (3.8), noting that inequalities (3.6) and (3.7) with 7 = 7;° turn to be equalities since K+ = K,
we get E[Y;|G,] = Ely," |Gi]. N

Remark 3.2. From Corollary 3.1 and Theorem 3.1, we conclude that the link between conditional RB-
SDFEs and optimal stopping problems can be obtained in two special cases:

(1) When f(s,y,z) = f(s), partial information G needs no requirement except the basic assumption;

(2) When f is linear in (y, z), partial information G may need some specific structure as given above.
The study of the link between conditional RBSDFEs and optimal stopping problems with general nonlinear
driver f and partial information G is left for the further research.

With the help of Theorem 3.1, we can show that comparison theorem holds for linear conditional
RBSDE (3.1).
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Corollary 3.2. (Comparison Theorem) Suppose that (&;,S%), i = 1,2, satisfy the Assumption (H1). Let
(Yi, Z} K, i = 1,2, be the unique solution of conditional RBSDE

T T
Y'ti = 51 + / [aSY;‘i + bS(Ah >‘2)Z‘Zz + ci]ds + K’} - Ktl - / szWSa te [07T]7
t t
. . T . . .
E[Y) — S;|G:] >0, Vt€0,T); / E[Yy — S;|G:|dK; = 0.
0

If the following conditions hold:
(1) For the terminal conditions & and &, E[&1|Gr] > E[&|GT],
(2) For the processes c* and %, Elct|Gi] > E[¢?|Gy], for t € [0,T],
(3) For the barriers S' and S?, E[S}|G:] > E[S?|Gy], for t € [0,T),
then for each t € [0,T], we get

E[Y2(G] > E[V2|G/), P-as.

Proof. From Theorem 3.1, we get, for ¢t € [0,T], i = 1,2,

E[Y}|G¢] = esssup E[y;|G:], (3.9)
T€T,T

where (%, 2*) is the unique solution of the following BSDE

b= [6lirery + Silgrem) + [ langh +5.0u da)s) + lldr = [ sl s € [t
Similar to the proof of Theorem 3.1, we get

E[Ay:|G:] = E[I'- Ay, +/ [ Acyds|Gy], (3.10)
¢
where T is the solution of SDE (3.5), Ay, = y} — 7, Ayr = (& — &) r=ry + (St — S2) (<7} and
Acs = ¢l — 2. Since

E[T, Ay, |G = B[, E[Ay, [G,]G)] > 0, E[ / I\ Acyds|Gi] = E| / I E[Ac,|G.)ds|G] > 0,
t t

it follows from (3.10) that
Ely;|Ge] > E[y7|Ge), for each 7 € Ter,

from which we can conclude the desired result by using (3.9). O

Remark 3.3. As the Ezample 3.3 in [15] shows that we can not expect to compare Y and Y2 pointwisely
in Corollary 3.2. It seems reasonable to compare these two terms under the conditional expectation with
respect to the partial information G.

4 Backward recursive reflected control problems with partial
information

In this section, inspired by Example 1.2 in Introduction, we consider backward recursive reflected control
problems with partial information (BRR problems, for short), where the payoff is given by controlled
conditional RBSDEs. Throughout this section, we adopt the partial information G introduced in Section
3. For simplicity of notation, we choose the orthogonal matrix U to be an identity matrix (i.e., Ay =
A4 =1, Ay = A3 = 0) and thus the partial information G is generated by the first component W1 of the
Brownian motion W = (W', W?2). Let V be a nonempty compact subset of R¥. An admissible control
v:[0,T] x Q — V is an G-adapted process such that

]E[/OT \vt|2dt} < 00,
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and we denote by V the set of all admissible controls. Herein, G represents the information available to
the controller, which is usually incomplete in most situations.

We consider two types of weak formulations of BRR problems: linear case and convex case, for
both the state equation is described by the following SDE

t
Xy =g +/ 0(S7Xs)dW57 te [OaT]a To € R2, (41)
0

where the coefficient o : [0, T] x R? — R?*2 is Lipschitz in « and o (¢, 0) is uniformly bounded with respect
to t € [0,T]. It is well known that SDE (4.1) has a unique solution X € S2.

Remark 4.1. If we choose

U(tv (xth)T) = ( Uloxl 0'20172 ) ’
with o1 and oo are two given constants, then SDE (4.1) can be applied to model the price of two stocks
with zero return rate (see equation (1.5)), namely, X; = (X}, X?) stands for the price of the first and
second stocks at time t. In this situation, G represents the price information of the first stock, which is
the only one observed by the investor.
On the other hand, the structure of this partial information G can be linked to the large-population
problems (see, e.g., [1, 2, 12, 17]) with representing the information of common noise.

Let the function b : [0,T] x R? x V — R be uniformly bounded and continuous with respect to v.
For each given v € V, we define a probability measure P¥ on (£2, Gr), which is equivalent to P and whose
density function is given by

T

dPV T 1
:exp{/ b(t,E[Xt|gt],vt)thlff/ |b(t,E[Xt|gt],vt)|2dt}. (4.2)
Gr 0 2 0

dP

Herein, we assume that the controller will use the probability measure PV instead of P to measure the
performance of the related payoffs. It seems natural that the probability measure P¥ chosen by the
controller should rely on the available information G and the conditional unbiased estimate of the state
E[X,|G] based on this information.

Remark 4.2. When considering the weak formulations of optimal control and game problems with full
information, it is common to introduce the probability measure PV similar to (4.2), such as [7] and [13].
However, such structure (4.2) with partial information is still totally new.

Thanks to Girsanov Theorem, the process

thv N < b(t,E[X5|gt],Ut) )dt-l—th, te [O,T}, (43)

is a Brownian motion under the probability measure PY. Next, we introduce the payoffs of linear and
convex BRR problems in Subsection 4.1 and Subsection 4.2, respectively.

4.1 Weak formulation of linear BRR problems
We first introduce the following linear conditional RBSDE

T

T
Ve = 0(Xr) + [ [0V B gl BIXLIG) 0lds + K7 - K7~ [ (230 Z20awe, te 0.7)
t

t
T
E[Y? — h(t, X,)|G,] > 0, ¥ ¢ € [0,T], as., / E[Y? — h(t, X,)|GJdK? = 0,
0

(4.4)
where the mappings

a:Ox[0,T] =R, :0x[0,T] =R, g: QOx[0,T|xR*xV =R, h:Qx[0,T]xR* - R, &: OQxR? - R,
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are measurable and satisfy the following condition

(i) The processes o and (3 are G-adapted and uniformly bounded;

(ii) For each (z,v), g(-,z,v) is G-adapted; g is continuous in v and satisfies
lg(t, z,v)| < C(1 + |z]), P-as., for all t € [0,T7;

(H2) < (iii) For each x, h(-,z) is F-adapted; h is continuous in (¢, z) satisfying
|h(t,z)] < C(1+ |z|), P-as., forall t € [0,T];

(iv) For each z, ®(x) is Fp-measurable; ® is continuous in x and satisfies
()| < C(1+ [2), BIR(T,)|Gr] < E[d(z)|Gr], = € 2.

For each given v € V, we can check from Theorem 2.3 and (4.3) that conditional RBSDE (4.4) has a
unique solution (Y, Z%, K¥) in 8% x H? x A2 under the Assumption (H2). The payoff of linear BRR
problem with admissible control v is defined as Yy and the aim is to maximize this recursive payoff over
all admissible controls v € V), i.e.,

(Linear BRR) sup Yy . (4.5)
veV

From (4.4), we see that Yy’ > h(0,zo), for all v € V, which implies that linear BRR problem (4.5) is a
type of optimization problems with an inequality-type constraint.

—T,v

From Theorem 3.1, it holds that Yy = sup ¢ . Uo - As a result, we only need to consider the
following mixed control problem, which is equivalent to linear BRR problem (4.5),

—T,v
sup Supyo s
7€To, 7 vEV

where, for each (v,7) €V x Tor, (¥7",27") € 8% x H? is the unique solution of BSDE
—dy;" = [Oét?tm) + B2 T+ 7T (L BIX G, o) + gt BIXG |G, o) | dE — (270, 7 T0)dW, t € [0,7],
57" =[@(Xr) Iy + b, X)) Iy
which can be rewritten as the following filtered BSDE
—dE[g;"|G] :[OétE[?tT’U|gt] + BEE TG + E[Z TG - bt EIXG G, ve) + (8, BIX |G, v) | di
—E[z7"|G)dW}, t € [0,7],
Ey7*G:] =E [q)(XT)I{T:T} + (7, Xo ) ir ey

g.|.
Using the classical comparison theorem and the stable property of BSDE, we get the results as follows.
Lemma 4.1. Under the Assumption (H2), it holds, for each fized T € Tor,
sup Yo" =Yg
where (y7,zY7) is G-adapted and the unique solution of the BSDE
iy =|auiif + G(LEIXG.),57)|dt - 1 7awy, e [o,7],

yr =E [@(XT)I{T=T} + h(7, X7 ) (7 <1} QT}’

where

G(ta 37721) = Btzl + sup {21 : b(t, l’,'U) + g(t7.’L',U)}.
velU

Moreover, an optimal control has the following feedback form
’U: = ’D(t’ Ztl’TJE[thgtDv

where 9(t, 2', x) = argmaz,cu {z1 - b(t, ,v) + g(t,z,v)}.
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Combining Lemma 4.1 and the classical result on relationship between RBSDEs and optimal
stopping problems (see, e.g., Theorem 3.3 in [25]), we obtain the characterization of the value of linear
BRR problem (4.5) as follows.

Theorem 4.1. Suppose that Assumption (H2) holds. Then it holds

Supyov(: sup SUP?S’U = Ssup %)27307
veEY T€To, 7 VEV T€To, T

where (P, Q, K) is the solution of the following filtered RBSDE
T T
Py = E[®(X7)|Gr] + / 0Py + G(s, BIX,G.], Q)| ds + Koy — K, - / Q.dW}, t€[0.7],
t t
T
Py —E[h(t, X,)|G] > 0, ¥ t € [0,T], a.s., / P, — E[h(t, X,)|GiJdK, = 0.
0

Moreover, an optimal stopping is given as 7 :=inf{t > 0: P, — E[h(t, X¢)|G:] = 0} A T.

4.2 Weak formulation of Convex BRR problems

In this subsection, we extend the above linear BRR problems to convex case. The goal is described by

(Convex BRR) supYy, (4.6)
veV

where the payoff Y/ is given by the following convex conditional RBSDE

T T
Y;:v = (I)(XT) +/ f(st[XS|gS]7YsU»Z;,vaS)dS + K% - Ktv - / (Z;7U7Z§7v)dW:v te [OvT]v
t t
. (4.7)
E[Y,’ — h(t, X,)|G)] >0, V¢t €[0,T], as., / E[Y)" — h(t, X,)|G|dK} =0,
0

and X is the solution of SDE (4.1), P¥ and W7 is given in (4.2) and (4.3), respectively. We assume that

the terminal ® and the barrier h satisfy the Assumption (H2), and the generator f satisfies

(H3) (i) f is Lipschitz (with Lipschitz constant p) and convex in (y, z), uniformly in (¢, z,v).
(ii) f(s,0,0,0,0) is G-adapted; |f(t,2,0,0,v)] < C(1+ |z|+|v|), ¥Vt € [0,T].

Notice that equation (4.7) has a unique solution (Y'V, Z?, KV) for each v € V, since it is equivalent to
T T
Y = o(Xr) +/ O(s, E[Xs|Gs], Y, 23" vs)ds + K — K */ (23", Z27)dWs, t € [0,T],
¢ ¢

T
E[Y” — h(t, X:)|G:] >0, V€ 1[0,T], as., / E[Y)” — h(t, X3)|G:]dK} = 0,
0

where
o(t,x,y,z1,v) = f(t,z,y, 21,v) + b(t,x,v) - 21.
It is easy to check that ¢ satisfies (H3). Using Fenchel-Moreau Theorem, we have

o(t, E[X1|Ge), y, 2", vp) = (CSS)SUP {owy + Biz" — F(t,E[X4|Gi, o, B, ve) ), (4.8)
a,B)eAG

where A% := {(a, 8) : G-predictable, [—pu,p] x [—p, p]-valued and ]EfOT |F(t, o, By, ve)|?dt < oo} and

F(t,z,a,B8,v):= sup {ay+ Bzt — b(t, x,y, zl,v)}.
(y,2')ERXR

We first establish the relationship of the solution of conditional RBSDEs between convex and linear
generators.
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Lemma 4.2. For each v € V, it holds,
Yy = sup Yov’a’ﬂ, (4.9)
(a,)€AC
where (Y”’Q’B, ZveB KB s the unique solution of the following linear conditional RBSDE

T
Y = 9(Xr) + / |,y 0P 4 ,Z10 5 — F(s B[X,[G.), o, B, 05) | ds
t

T
I Ky = [ (gt 2 Raw,, te 0.7) (410)
t

T
E[i/tma’ﬁ — h(t,Xt)lgt] > O7 Vite [O,T], / E[}/t’“’a’ﬁ — h(t,Xt)‘gt]dKf’a’ﬁ =0.
0

Proof. We denote
1, B) = 8(5 E[X|G.], Y2, 25 0) — 0¥ — BuZI, (o) i= —F(5, ELX, |G, e, B 0s).
For each («, 8) € A®, from (4.8) we have c!(a, ) > ¢2(a, 3). Then using Corollary 3.2 we obtain
Yy > Y| for each (a, 8) € A°. (4.11)

On the other hand, from (4.8) there exists (af, 3%) € A® (see, e.g. Lemma 3.1 in [22] for the construction
of such (a?, 5¢)) such that

¢(5,E[XS|QS],y,zl,vs) < O‘iy + Bg '— F(SvE[XS|gS]aa§76§vUSD +e.

Then using Theorem 2.1, we get

T
E[ sup Y-V o P+ / 120 — 2007 Pds + sup (K — KY) — (K% — Koot 52| < ce?,
0<s<T 0 0<s<T

from which we conclude that Y < YOU’QE’BE +Ce2. Combining this and (4.11), we finally show (4.9). O

Using Lemma 4.2, the convex BRR problem (4.6) can be transformed to the supremum of a family
of linear BRR problems

supYy =sup sup YO”’O"B: sup (SquO”’O"ﬁ). (4.12)
vEY veV (a,B)EAC (o,8)€AE MvEV

For each fixed (a, 8) € A%, we get from Corollary 3.2 and Theorem 2.1 that
sup Yo = 7o, (4.13)
veY

where (704,577(!,/3’?(1,6) is the unique solution of the following linear conditional RBSDE

T
Vo= a(tn) + [ 0¥t 4 620 - Fs BIX.IG.) 0, 6)] ds + By - K
t

S

T
_/ Z>? Z22Pyaw,, t € 0,1,
t

T
E[Y;" = h(t, X,)|Gi] > 0, V t € [0,T); / EY" - h(t, X,)|GldE" = o,
0

and F(S, x, o, B) = inquU F(Sa z,, 57 1)).
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Remark 4.3. Compared with Theorem 4.1, the proof of the conclusion (4.13) seems more direct since
the term involving in z of the generator in (4.10) does not depend on the control v, different from the
situation considered in (4.4). As a result, we can use the comparison theorem of conditional RBSDEs
(Corollary 3.2) directly.

Combining with (4.12) and (4.13), similar to the proof of Lemma 4.2, we obtain the following
characterization of the value of convex BRR problem (4.6) via the associated convex conditional RBSDE.

Theorem 4.2. The value of conver BRR problem (4.6) has the representation

supYy =Y,
veV

where (Y, Z, K) is the unique solution of the following convex conditional RBSDE
T 1
O(Xr) + / fs]E[X |Gs], Yg,Z)derKTfKt / (Z,,Z,)dW,, t €[0,T],
t
T — [—
h(t, X0)[G] > 0, ¥ ¢ € [0, TT; / E[Y, — h(t, X,)|Gi]dK; = 0,
0

and the convex generator f is defined as follows

?(taE[Xﬂgt]a Y, Zl) = (ess)sup {ogy + 5t21 - F(t,E[Xt‘gt],Oétaﬁt)}
a,B)e A&

5 Backward recursive reflected control and zero-sum stochastic
differential game problems with full information

In contrast to the study of weak formulations of linear and convex control problems in Section 4, strong
formulations of the general (requiring neither linear nor convex) BRR problems and a class of zero-sum
stochastic differential games will be considered respectively in this section, but under full information
framework, i.e., G = F. Moreover, for both cases the state equations are driven by controlled stochastic
functional differential equations, and both payoffs are described by the solution of the related RBSDEs.

For BRR problems, we show the value of the strong formulation is the same to that of weak
ones. Such idea was firstly introduced by Bouchard, Elie, Moreau [4] to address a type of linear control
problems without any constraints on the recursive payoffs. Combining with nonlinear Snell envelope
theory, we generalize the equivalent result between strong and weak formulations obtained in [4] to a
type of nonlinear control problems with constrained payoffs. Then we characterize the value of strong
formulation of BRR problems via the associated RBSDEs. Moreover, we extend the study of the general
BRR problems to a type of zero-sum stochastic differential games and obtain the closed form of the saddle
point with the help of the solution of the corresponding RBSDE under the well-known Isaacs condition.

In this section, the underlying probability space (2, F,P) is chosen to be a Wiener space, namely,
Q = Co([0, T); RY) is the set of all continuous functions from [0, T] to R? with value 0 at initial time, F is
the complete Borel o-field on €2, P is the Wiener measure such that the canonical processes W (w) = w(s),
s €0,7T], w € Q, is a d-dimensional standard Brownian motion.

5.1 Strong formulation of BRR problems with full information

We formulate the strong version of BRR problems with full information. In this situation, the set )V of
admissible controls in Section 4 turns out to be

T
Vr = {v‘v is V-valued F-adapted process such that E[/ |vt|2dt} < oo}. (5.1)
0

We denote by X the space of continuous functions from [0,7] to R¢ endowed with the uniform norm
[ X[l = supg<ycs|Xel, t € [0,T). Let the measurable functions b : [0,7] x X x V. — R* and o :
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[0, T] x X — R4*4 satisfy

(i) For each v € V and continuous progressively measurable process z, (b(t, z,v))o<t<r and
(o(t,x))o<i<r are progressively measurable.
(ii) There exists a constant C' > 0 such that, for every t € [0,T], z,2' € X, v €V,
|b(t, x,v) = b(t, 2", v)| + |o(t,x) —o(t,2")| < C|lx — 2||;.
(iii) b is continuous in v and uniformly bounded.
(iv) o is uniformly bounded and invertible, and its inverse o1 is also uniformly bounded.

(A1)

The controlled state is described by the following stochastic functional differential equation (SFDE)
t t
XV = 2 +/ b(s, X*, vs)ds +/ o (s, X)W, t € [0,T]. (5.2)
0 0

Under the condition (A1), it is well known (see, e.g., Theorem 2.1 in [26] (Page 348 therein)) that SFDE
(5.2) exists a unique solution XV € &2 for each v € V.

Remark 5.1. Noting that the coefficients b and o at each time t depend on the entire path of the state
XY from O to t rather than only the current time t, such SFDE is non-Markovian.

On the other hand, the boundedness assumption of b, o and o~ can be relaxed to the linear growth
condition, such as |b(t,z,v)| < C(1+||z|¢), (t,x,v) € [0, T|xXxV. We impose those stronger assumption
as in (A1) in order to avoid more technique details and focus on the novelty of our approach.

We introduce the associated constrained recursive payoff. Let
0TI xXxRxRIxV R, h:[0,T] xX =R, :X =R,
satisfy

(i) For each (y,2,v) € R x R? x V and continuous progressively measurable process =,
fG,z,y,2z,v), h(-,z) and ®(z) are progressively measurable;
(ii) f is continuous in (¢,v) and there exists a constant C' > 0 such that, for all ¢t € [0,T], v € V,
(A2) v, 7' €X, (y,2),(y,2) € R x RY,
|f(taxa Y, Z,’U) - f(tvxlvylv Zlvv)| < C(H.’E - :E/Ht + |y - y/‘ + |Z - Z/|)7
(iii) h is continuous in (¢,x) and there exists a constant C' > 0 such that |h(t,z)| < C(1 + ||z||¢);
(iv) There exists a constant C' > 0 such that, |®(z)] < C(1+ ||z||7); h(T,x) < ®(x), x € X.

The constrained payoff Y} with the admissible control v is described by the following controlled RBSDE
T T
Yy = o(X"Y) +/ fls, XU, Y2, Z2 vs)ds + K — K} —/ Z2dWs, t €[0,T],
t t
T
Y7 > h(t, X7), V£ € [0,T], as., / VY — h(t, X")]dK? = 0,
0

where ® and f stands for the terminal and instantaneous payoff, respectively, h is the constraint condition
of the payoff. The functionals @, f and h are allowed to rely on the entire history state rather than only
the current value, which seems more realistic. For each v € Vp, it is clear that there exists a unique
solution (Y, Z¥, K¥) € 82 x H? x A? under the condition (A2). The aim of the controller is to maximize
this payoff Y’ over all admissible controls, i.e.,

(Strong BRR-F) sup Yy (5.3)
vEVF

In order to address the strong BRR-F problem (5.3), we introduce the weak formulation of this
problem and then show their values coincide. We denote by X the unique solution of the following SFDE

t
X, =z +/ o(s, X)dWs, t € [0,T]. (5.4)
0
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It is clear that E[|| X ||| < C(1+ |zo[?), for all p > 2. For each given admissible control v € Vg, we define
a probability measure P¥ on (2, ), which is equivalent to P and whose density function is given by

dP? T 1 (T
zexp{/ a’l(t,X)b(t,X,vt)th—f/ o1 (¢, X)b(t, X, v,)|2dt).
d]P) Fr 0 2 0

Thanks to Girsanov Theorem, the process
AW} = —o 1 (t, X)b(t, X, vs)dt + dWy, t € [0,T],

is a Brownian motion under the probability measure PY. Moreover, X is the weak solution of the following
SFDE

¢ t
X, =0 —|—/ b(s, X, vs)ds—i—/ o(s, X)dW?, t €[0,T].
0 0
The aim of this weak formulation of BRR-F problem is given by

(Weak BRR-F) sup V!, (5.5)
vEVR

where (Y, Z¥,K") is the solution of the following controlled RBSDE
T T
VP =9(X) —|—/ fls, X, 7, 2% vg)ds + K — K —/ Z2dW?, t €10,T],
t t
T
V2 bt X), Ve 0.7], as, [V~ h(t X))} =0
0

Then we have the following relationship between the strong BRR-F problem (5.3) and weak ones (5.5).
Theorem 5.1. Under the Assumptions (A1)-(A2), it holds

sup Y§ = sup Yy .
vEVR vEVR

Proof. We denote by 7;I’FT the set of F-stopping times with values in [¢,T]. It follows from the nonlinear
Snell envelope theory (see, e.g., Theorem 3.3 in [25]), for each v € Vy, t € [0,T],

Y = esssupy,’”’, (5.6)
T€7;E:T

where, for each 7 € 72FT, (y™¥, 2™?) is the unique solution of the following BSDE

y;,v = (I)(XU)I{T:T} + h(T, XU)I{T<T}i| +/ f(?“, Xv7y:,U,Z:7U,vr)d’l° —/ Z;—’Ude S € [t7T}.
s s

From (5.6), we have

Yy = swp g (5.7)
7'ETOF,T
Similarly, we get
Yo = sup Yy, (5.8)
TE%E:T

T,V TV
3

where, for each T € TOEZT, (¥™?,z™") is the unique solution of the following BSDE

?;,v = [(I)(X)I{T=T} + h(TvX)I{T<T}} +/ f(sava;’U,zgv,vs)ds */ fz’vdW:7 te [037_]'
t t

Step 1. We show that for each (7,v) € Tg'p X Vi, there exist (1,v1), (T2,v2) € Tg'p X Ve such that

—=T1,V1 =T, __ _ T2,VU2 (5 9)

T,
Y =Y > Y =Y )
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where V; C Vr is the set of simple processes v, i.e.,

N—-1
w) = Z Gi(w)  Igr,<i<tipnys (5.10)

where 7 = {0 =tg < t1 < --- < ty =T} is a partition of [0,T7], (; is F;,-measurable bounded V-valued
random variable, ¢ = 0,1,2,--- , N — 1.

For each v € V; with the form (5.10), we identify {; as a Borel measurable function w — (;(w) =
Ci(w.at; ), and we define

N—-1
U1 <t7w) = Z Ci(wc) ! I{ti<t§ti+1}7
i=0
where w¢ is defined recursively as follows, for i = 0,1,2,--- , N — 1, t € (t;,t;11],
te+1 ¢ t ¢
Wo =0, Wb =w — Z/ X)b(s, X, Ck(wtk))ds—/ o (s, X)b(s, X, (i (wy)))ds. (5.11)
ti

It is easy to check that v; € Vp. Comparing SFDEs

t t
Xp = X{ +/ b(s, XV, G(Wint, ))ds+/ o(s, XV)dWs, t € [ti, tis1],
t t;

with . .
X, = X, + / b(s, X, C(W, ))ds + / o (s, X)dW™, ¢ € [t tisa],
ti 123
we obtain the law of (X”, v, W) under P and that of (X, vy, W) under P** coincide from the uniqueness
of the weak solution of SFDE (see, e.g., Theorem 4.2 of Chapter 4 in [18]). For each 7 € 76%, we define

1 (w) == 7(w°), (5.12)

where w® is given in (5.11). Since w — 7(w) = 7(W.) can be identified as a Borel measurable function,
then 71 (w) = 7(W?") is a stopping time, i.e., 71 € 76E:T. Using the discrete-time approximation (see, e.g.,
Lemma A.4 in [4]) for the following BSDEs with h(t,z) := Q(x) L=y + h(t, x) Ifpamy,

T T
Yo" =h(r, X") +/ Tgpary - (X0, y0%, 207 0(t))dt —/ Iip<ry - 20 AW,
0 0

T T
ygl,vl h(’Tl,X) +/ I{t<7—1} f(t X yT1,v1 77'1,1)17 1(t))dt _/ I{tﬁﬁ} . Ez—lﬂh thUl,
0 0
we get
ygw _ hm yg TU, yglﬂ)l = lim *g Tl’vl’ (513)

n—oo

where (y™7?,z™™Y) and (g™™v,z™7") is defined recursively, respectively, as follows, for i = n —
1,---,0 (with 7 :=4ZL)

(25
y;lT v E[ytnnTU + / I{tST(W)} . f(t,X%yl;TU Z;LnT v,Ci(Wt/\t?))dt‘ft?L
q
Ztnnr v (t?+1 ) I{t”<7—(W)} ]E[yfrf{v(wtﬁl — Wt7)|ft:7]7

i

T = Een g + / Ljnsrwonyy - f( X G 2™ GIWE ) dE Fig ),
t ,

n

=1,7T1,V1
Zt'll

= ( i+t1 ) I{t”<T(Wv1)} EIP"”] [ 'ﬂnTlﬂ)l (Wt’%«il _ Wt’?})

Fin].

i
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Noting that the law of (X, W) under the probability measure P is the same to that of (X, W) under
the measure P¥*, we obtain y;""" = yy"""". Then it follows from (5.13) that the first equality in (5.9)
holds, i.e., yy'* =7yg""".

Similarly, we can show that the second equality in (5.9) holds. In this case, for each v € V; with

the form (5.10), we define
UQ(va) = Ci(wg/\ti)a S (ti,ti+1]a

where w¢ is defined recursively as follows: for i = 0,1,2,--- ,n — 1, wg =0,
i—1 tht1 s
WS = ws + Z/ a‘l(t,X"?)b(t,X”?,Ck(wfk))dt+/ o7 (t, XU2)b(t, X2, Gi(ws))dt, s € (i, i)
k=0"tk ti

For each 7 € Ty, we define 7, € 7'y similar to the definition of 7 given in (5.12). Using the same

arguments as above, it holds y5" = yg"’”’?.
Step 2. We show that
T, —T,v
sup sup y, = sup sup Yy . (5.14)
veVr 7T 1 vEVF T€T] 1

For each v € Vp, there exists a sequence v € V; such that E fOT |vs — v |2ds — 0, as n — oco. Then from
the classical arguments, we get E[|| X" — X*"||2] — 0. Moreover, from the stability property of BSDE,

we get yo'¥ = lim,, o y57vn. Then it holds

sup sup yy’ = sup sup y;"’. (5.15)
vEVF TeTOFI vEV TGTUF,T
Similarly, we have
sup sup g, = sup sup Y, . (5.16)
vEVF TE%]tT vEV: TET&T
Using the result of Step 1 (i.e., (5.9)), (5.15) and (5.16), we obtain (5.14).
Finally, combining (5.7), (5.8) and (5.14), we get the desired result. O

From Theorem 5.1, we address the strong BRR-F problem (5.3) via the weak BRR-F problem
(5.5). For this, we introduce the following Hamiltonian functional

F(t7 x? y’ Z7U) = f(t7 x? y’ Z7/U) + 2071(t7 x)b(t7 x’ IU)’ (t7 1:7 y7 Z7 v) E [O’ T] X X X R X Rd X V

Under the Assumptions (A1)-(A2), F is Lipschitz in (y, z), uniformly with respect to (¢,z,v) and there
exists a constant C' > 0 (independent of v) such that

[E(t,2,y,2,0)] < OO+ [l + |yl + |2])-

We denote

G(t,z,y,2) := sup F(t,z,y,2,v), (t,2,y,2) €[0,T] x X x R x R%,
veV

Since F is continuous on the compact space V, there exists a measurable mappings o : [0, T]x X xRxR¢ —
V such that
G(t,xz,y,z) = F(t,z,y, z,0(t,2,y, 2)). (5.17)

Then using comparison theorem of RBSDEs (see, for example, Theorem 4.1 in [8]) and Theorem 5.1, we
get the results as follows.

Theorem 5.2. Suppose that the Assumptions (A1)-(A2) hold. Then the value of the strong BRR-F
problem (5.3) can be characterized as follows

sup Yy = P,
vEVF
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where (P, Q, K) is the solution of the following RBSDE
T T
Pt:(I’(X)—‘r/ G(S,X,Ps,Qs)dS-i-KT—Kt—/ QSdWS, te [O,T],
t t
T
Py > h(t,X), Vtel0,T]; / [P; — h(t, X)]dK; = 0.
0

Moreover, an optimal control v* € Vg has the following feedback form
UZ( = @(t7X7 Pt7 Qt);
where the function v is given in (5.17).

Remark 5.2. When strong BRR-F problem (5.3) is of Markovian type, namely, all the involving coef-
ficients b,o, @, f and h (at time t) rely on X} rather than (XY )o<s<t, such optimal control problem has
been studied by Wu and Yu [28] by using dynamic programming principle approach. Compared with their
work, the advantage of our approach is that it will allow to address such strong BRR-F problems within
non-Markovian framework. On the other hand, our approach can be applied directly to solve zero-sum
stochastic differential games as shown in the next subsection.

5.2 Zero-sum stochastic differential games with full information

In this subsection, we generalize the strong BRR-F problem (5.3) to zero-sum stochastic differential game
case. For this, let U be a nonempty compact subset of R™. The admissible control space for Player 1 is
denoted by U, which is defined similarly to the admissible control space Vr (see (5.1)) for Player 2 with
V replacing by U. We formulate the model of the game problem. The controlled state is driven by the
following SFDE

¢ ¢
X" =z +/ b(s, XV ug,vs)ds +/ o(s, X" dWs,, t € [0,T].
0 0

The payoff J(u,v) is defined by
J(u,v) =Yy"", (5.18)

where (Y*¥, Z"v K*%") is the solution of the following controlled RBSDE
T T
Y, = e(X™Y) +/ [, XWV YV Z00 ug,vg)ds + K — K" — / ZEvdWy, t € [0,T],
t ¢
T
YU > h(t, X7), ¥t € [0,T); / V5 — h(t, XU)]dK ™ = 0.
0

Herein, J represents the cost for Player 1 and the gain for Player 2. Thus, Player 1 aims to minimize
J(u,v) by using the control u, while Player 2 wants to maximize J(u,v) via the control v. For such
zero-sum games, we want to find a saddle point (u*,v*) € Ur X Vg, i.e., for all admissible control pair
(u,v) € Up X Vg, it holds

Jw*,v) < J(u,v*) < J(u,v"). (5.19)

The coefficients b, o and f, @, h satisfy the same conditions of those (A1) and (A2) in Subsection 5.1 with
the control v replacing by a pair of controls (u,v). It is clear that the above SFDE and RBSDE exist a
unique solution (X™v,Y*v Zwv K™V for each admissible control pair (u,v) € Up X V.

In order to find the saddle point of (5.18), we introduce an auxiliary weak formulation of this game
problem and then show that its saddle point exists, which is also a saddle point for original problem
(5.18). The state equation of the auxiliary game problem is still described by SFDE (5.4). For each given
admissible control pair (u,v) € Up X Vg, we define an equivalent probability measure P*? on (€, F):

AP
dP

T T
1
:eXp{/ a’l(t,X)b(t,X,ut,vt)th—7/ lo =1 (t, X)b(t, X, uz, v;)|2dt}.
Fr 0 2 0
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Then the process W,"" := — fot o (s, X)b(s, X, us,vs)ds + Wy, t € [0,T], is a Brownian motion under
the probability measure P*¥ . The payoff J(u,v) of the auxiliary game problem is given by

T (u,v) = V™", (5.20)
where (Y*v, Z%? K*") is the solution of the following controlled RBSDE

T T
VU =o(X) + / Fs, X, 087, 20 ug, v0)ds + K — K — / ZBr AW, t € [0, 1],
t t
T
VI > h(t, X), ¥t € [0,T]; / V2 — h(t, X)|dK™" = 0.
0

We have the following equivalent relation for these two game problems.

Theorem 5.3. The upper values (resp., the lower values) of game problems (5.18) and (5.20) coincide,
i.e.,

inf sup J(u,v) = inf sup J(u,v), sup inf J(u,v)= sup inf J(u,v).
ueupvew ( ’ ) "GUFUEVF ( ’ )7 UEVFUGUF ( ’ ) Ueywuelxlp ( ’ )

We omit its proof since it is similar to that of Theorem 5.1.
From Theorem 5.3, we address the original game problem (5.18) via the equivalent auxiliary game
problem (5.20). For this, we introduce the following Hamiltonian functional

F(t,z,y,z,u,v) = f(t,z,y,2,u,v) + 20 L (t,2)b(t, z,u,v), (t,z,y,2,u,0) € [0,T] x X xR xR x U x V.

Similar to most researches on stochastic differential games, we assume that the following Isaacs condition
holds:

G(t,z,y,2) := inf sup F(t,z,y, z,u,v) = sup inf F(t,z,y,z u,v), (t,z,y,2) € [0,T] x X x R x R%
uel yev veVv uel

Obviously, G is Lipschitz in (y, z), uniformly with respect to (¢, 2) and there exists a constant C' > 0 such
that |G(t,z,y,2)| < C(1+ ||z||+ + |y| + |2]). Since F is continuous on the compact space U x V, there
exist two measurable mappings @ (resp. ¥) : [0,T] x X x R x RY — U (resp. V) such that

G(t,z,y,z) = F(t,z,y, z,a(t,x,y, 2), (t, z,y, 2)). (5.21)
Moreover, for all (u,v) € U x V, it holds
F(t,z,y, z,a(t, z,y,2),v) < F(t,z,y,z,a(t, z,y,2),0(t, 2,y,2)) < F(t, 2,9, z,u,0(t, 2, y, 2)).
Then using comparison theorem of RBSDEs and Theorem 5.3, we get the results as follows.

Theorem 5.4. Suppose that the Isaacs condition holds. Then the value of the game problem (5.18)
exists, which can be characterized as follows

sup inf J(u,v) = inf sup J(u,v) = P,
veVy WEUR u€Ur yeVy

where (P,Q, A) is the unique solution of the following RBSDE
T T
P, =9(X) +/ G(s,X,P;,Qs)ds + Apr — A, —/ QsdWs, t €10,T),
t t
T
Ptzh(t,X), Vite [O,T], a.s., / [Pt*h(t,X)}dAt:()
0

Moreover, the saddle point (u*,v*) € Ur X Vi has the following form
u;fk = a(tha Pt7 Qt)a /U;tk = T)(t7X7 Pt> Qt)7

where the function (u,v) is given in (5.21).
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