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Abstract

In this paper, we deal with the solutions of systems of PDEs with bilateral inter-connected obstacles of min-
max and max-min types. These systems arise naturally in stochastic switching zero-sum game problems. We
show that when the switching costs of one side are regular, the solutions of the min-max and max-min systems
coincide. Then, this common viscosity solution is related to a multi-dimensional doubly reflected BSDE with
bilateral interconnected obstacles. Finally, its relationship with the the values of a zero-sum switching game is
studied.

Keywords: Switching zero-sum game; variational inequalities; PDEs with obstacles; oblique reflection; reflected
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1. Introduction

Let us consider the following two systems of partial differential equations (PDEs) with bilateral inter-connected
obstacles (i.e., the obstacles depend on the solution) of min-max and max-min types: for any (i,5) € T't x I'?,
(t,z) € [0,T] x R¥,

min{ % (t,2) — L (7) (¢, %) ; max{ 9 (¢, 2) — UV (5 (¢, 2);
—0,0 — LX(59)(t, x) — 9t @, (05 (t, 7)) oy s o (t, 2) T Dy (2, ;v))}} —0; (1.1)
v9(T,z) = hi(z)
((.)7 is the transpose) and
max{yij (t,x) — U (D)(t, x) ;min{yij (t,z) — LY (D)(t, )
—0™ — LX (v (t, ) — fU(t, 2, (VFU(¢, T)) (k,1)ert x12, 0 (t, x) T Dv" (¢, :C))}} =0; (1.2)
VI (T, ) = i ()
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where
(i) T'! and I'? are finite sets (possibly different);
(ii) For any (t,z) € [0,T] x R*, (¢, z) = (v*(t, )k er: xr2 and for any (i,5) € I'' x T'?,

LY9(%)(t,z) = maxk€p11k¢i{vkj (t,z) — g, (t2)}, U () (t,z) = minyer2 pos {v7 (£, ) + Gjp(t, )} (1.3)
(iii) £X is a second order generator associated with the following diffusion process X** satisfying:
Vse[t,T], Xi®=x+ [Jb(r, XE")dr + [ o(r, XE")dB,; XP* =, s € [0,1)]. (1.4)

The required properties on b and ¢ will be precised later.

The systems ([LI)) and (IZ) are of min-max and max-min types respectively. The barriers L¥(v), U () and
L' (%), U (%) depend on the solution o = (0%); jyerixr2 and & = (v¥)(; jyerixre of (LI) and (L2) respectively.
They are related to zero-sum switching game problems since actually, specific cases of these systems, stand for

the Hamilton-Jacobi-Bellman-Isaacs equations associated with those games.

Switching problems have recently attracted a lot of research activities, especially in connection with mathe-
matical finance, commodities, and in particular energy markets, etc (see e.g. 3,123, 4, 15,11, (1,19, 18, (10, 115, 16, 18,
20,122, 124, 125, 126, 121, 130, 127, [28] and the references therein). Several points of view, mainly dealing with control
problems, have been considered (theoritical and practical [3, 23, |5, 19, [10, [15, [18, 126], numerics [4, [15], filtering
and partial information |22]). However, except [19, 120], problems related to switching games did not attract that
much interest in the literature.

In []], by means of systems of reflected backward stochastic differential equations (BSDEs) with inter-
connected obstacles in combination with Perron’s method, Djehiche et al. have shown that each of the systems
(1) and (C2Z) has a unique continuous solution with polynomial growth, under classical assumptions on the
data f%, g, 9y and h¥. The question of whether or not these solutions coincide was conjectured as an open
problem, leaving a possible connection of the solution of system (LI) and (L2) with zero-sum switching games
unanswered. The main objective of this paper is three-fold: (i) to investigate under which additional assumptions
on the data of these problems, the unique solutions of systems (1) and (2] coincide; (ii) to make a connection
between this solution and the associated system of reflected BSDEs with bilateral inter-connected obstacles; (iii)
to study the relationship with the value function of the associated zero-sum switching game.

We show that if the switching costs of one side (or player), i.e. either (gi;) jjert xr2 or (gij)(iﬁj)eplxlﬂ, are
regular enough, then the solutions of the systems ([L1]) and (L2) coincide, i.e., v = v*, for any (i,5) € I'' x '
The strategy to obtain these results is to show that the barriers, which depend on the solution, are comparable
and then thanks to a result by Hamadeéne-Hassani [14] (see Theorem [6.3]in appendix (A2)) on viscosity solutions
of standard min-max and max-min PDE problems and uniqueness of the solutions of (II)) and (L2), we obtain
the equality of those latter.

Next, with the help of this common solution, we have proved existence and uniqueness of quadruples
(Y, 721, K'9%); »erixre solution of the following system of reflected BSDEs with inter-connected obstacles:
V(i,j) €Tt x T2, Vs € [t,T],

Y = W(XGE) + [ XE, Y, 20 )dr + (K — K%)= (K™ = Ki) = [ Z7dB, ;

YH <UY((Y)and Y > LI(Y) ; (1.5)

[H(YE — Ui (V)dK5~ = 0and [ (LY(Y) - YH)dKP+ = 0.



The component (Y*); ;yeri «r2 has the following Feynman-Kac representation:
V(i,j) €Tt xT? and s € [t,T], Y7 = 0% (s, X1). (1.6)

In this Markovian framework of randomness, this result improves substancially the one by Hu-Tang [19] on the
same subject. Uniqueness is even new.

Finally at the end of the paper, we deal with issues related to the link of the solution of systems (LI]) and
([2) and the value function of the zero-sum switching game. In some particular cases, we show that they are
equal and a saddle-point for the game is obtained.

To the best of our knowledge, these issues have not been addressed in the literature yet.

The paper is organized as follows. In Section 2, we fix some notations and, for sake of completeness, recall
accurately under which conditions each of the systems (ILI]) and (I2)) has a unique solution. Note that these
results are already given in [§]. In Section 3, we show that if mainly the switching costs gi;, (i,) € I'! x I'?, are
C'? then the unique solutions of (II)) and (I2) coincide. Next the link with the unique solution of system (L)
is stated. The proof of this result is postponed to Appendix, given in the end of the paper. In Section 4, we
first describe the zero-sum switching game problem. Then, under some additional conditions on the two families
(fij)(iﬁj)eplxl‘ﬁ and (hij)(iyj)erlxl‘ﬁ, we show that this game has a value which is given by the unique solution
of (LI) and ([T2) and thus in terms of the solution of (A as well, due to relation (L6). We also provide a

saddle-point of this game. The relationship of Y% and the upper and lower values of the game are also studied.

2. Notations and first results

Let T (resp. k, d) be a fixed positive constant (resp. two integers) and I'! (resp. I'?) denote the set of switching
modes for player 1 (resp. 2). For later use, we shall denote by A the cardinal of the product set I' := I'! x I'2
and for (i,7) € T, (I") ™" := I = {i} and (I?) 7 := T2 — {j}. For § = (y")nerixr= € RY, (i,j) € I' x T2,
and y € R, we denote by [(ykl)(kﬁl)el“lXFQ,{iﬁj},y] the matrix obtained from the matrix i = (ykl)(kﬁl)erlxl‘ﬂ by

replacing the element 3%/ with y.
For any (i,7) € I'" x I'?, let

b: (t,r) €[0,T] x R* = b(t,z) € R¥;

o: (t,z) €[0,T] x RF s o(t,z) € RF*4;

fi9 0 (t,2,,2) €[0,T] x RFHAT oy fii(¢ 2 47, 2) €R;
g, © (L,x) €[0,T] x R* =g, (L) ER;

gji: (t,x) € [0,T) x R* 5 gj(t,z) € R ;

R : 2z € R¥ — h¥(z) € R.

A function ® : (t,2) € [0,T] x R* — ®(¢,z) € R is called of polynomial growth if there exist two non-negative
real constants C' and  such that
(t,2)| < C(1+[2["), ¥(t,2) € 0,T] x R".

Hereafter, this class of functions is denoted by II,. Let C12([0,7] x R¥) (or simply C'?) denote the set of real-
valued functions defined on [0, 7] x R¥, which are once (resp. twice) differentiable w.r.t. ¢ (resp. ) and with

continuous derivatives.

The following assumptions (HO)-(H4) on the data of the systems (IL1]) and (2] are in force throughout the

paper. They are the same as in [§].



(HO) The functions b and o are jointly continuous in (¢, ) and Lipschitz continuous w.r.t. = uniformly in ¢,

meaning that there exists a non-negative constant C' such that for any (t,x,2') € [0, 7] x R** we have
lo(t, ) — ot ') + b(t, @) — blt, ') < Clw — o).

Thus they are also of linear growth w.r.t. z, i.e., there exists a constant C' such that for any (¢,x) €
[0,T] x R,
[b(t, x)| + |o(t, 2)| < C(1+ |z]).

(H1) Each function f%
(i) is continuous in (¢,2) uniformly w.r.t. the other variables (¢, z) and, for any (¢,x), the mapping
(t,x) — f¥(t,,0,0) is of polynomial growth.
ii) is Lipschitz continuous with respect to the variables (¥ := (y"/)(; jyer, xr,, 2) uniformly in (¢, z), i.e.
V (t,x) € [0,T] x R, V (71, %2) € R* x RA, (21, 22) € RY x RY,

|fij(t,$,:lj1,21) - fij(t,ZC,:ljg,Zg)l < C(l?jl _372| + |Zl _22|)7

where |¢] stands for the standard Euclidean norm of 3 in R,

(H2) Monotonicity: Let ¥ = (y*)( nerixrz. For any (i,j) € I'' x I'? and any (k,1) # (i,j) the mapping
y* — fi(s, ¥, 2) is non-decreasing.

(H3) The functions h%/, which are the terminal conditions in the systems (LT and (L2)), are continuous with

respect to x, belong to class Il and satisfy the following consistency condition:
Y (i,7) € ' xI'? and z € R¥, maxje(r1)—i (hkj (x) — gik(T, 3:)) < hY (z) < minge(pz)- (h” () + g(T, 3:))

H4) The non free loop property: The switching costs ¢g., and g; are non-negative, jointly continuous in (¢, x),
y g in 9j & J y

belong to II, and satisfy the following condition:
For any loop in I't xI'?| i.e., any sequence of pairs (i, j1), .- ., (in, jn) of It xT'2 such that (in,jn) = (i1, 1),
card{(i1,71),...,(in,jn)} = N —1 and any ¢ = 1,..., N — 1, either igy1 = iq or jg41 = jg, we have:
Y(t,x) € [0,T] x R¥,

D G, ta) #0, (2.1)

q=1,N—1
Where) V q = 17 ctt N - ]‘5 <P7;qjq (t5 I) = _giqiq+1 (t5 I)]]‘iq;éiq+l + gjqjq+1 (t7 x)]qu;éjq+l *
This assumption implies in particular that

N-1

Y (ir,...,in) € (T")N such that iy =1y and card{i1,...,in} =N —1, »_ Giins, >0 (2.2)
p=1

and

N-1

Y (j1, ..., 9n) € (T?)N such that jy = ji and card{ji,...,jn} = N — 1, Z Girjusr > 0. (2.3)
p=1

By convention we set g;; =g, = 0.

Conditions ([Z2]) and (23]) are classical in the literature of switching problems and usually referred to as the non

free loop property.

We now introduce the probabilistic tools we need later. Let (2, F,P) be a fixed probability space on which
is defined a standard d-dimensional Brownian motion B = (B;)o<<r whose natural filtration is

(FQ := 0{Bs,s < t})o<i<r. Let F = (Fi)o<i<r be the completed filtration of (F{)o<;<r with the P-null sets of



F, hence (Fi)o<i<r satisfies the usual conditions, i.e., it is right continuous and complete. On the other hand,

we denote by P be the o-algebra on [0, 7] x £ of F-progressively measurable sets.

Next, let us fix ¢ in [0,7] and let us define

(1) Hf’é (¢ > 1) be the set of P-measurable and R‘-valued processes w = (w;)se[o,7] Such that
B[, |ws|2ds] < oo;

(ii) S7 (resp. S7;) be the set of P-measurable continuous (resp. RCLL) processes w = (ws)sefo,r] Such that
Efsup,< < |ws]?] < 00 ;

(iii) A7, be the subset of S7 of non-decreasing processes K = (K)s¢[o,r) such that Ky = 0 (and then K, =0
for s <t);

(iv) The sets g, 83, S, and A2 ; will be simply denoted by #, §2, S and A2.

For (t,z) € [0,T] x R¥, let X** be the diffusion process solution of the following standard SDE:

Vs e [t,T], Xt®=a+ [Jb(r,XE%)dr + [ o(r, Xb®)dB,; X1® =z for s € [0,1]. (2.4)

S

Under Assumption (HO) on b and o, the process X*® exists and is unique (|29], Theorem 2.1 pp.375). Moreover,
it satisfies the following estimates: For all p > 1,

E[sup | X;*|P] < C(1 + |z[?). (2.5)
s<T

Its infinitesimal generator £X is given, for every (¢,z) € [0, 7] x R* and ¢ € C12, by

k
£X6(62) 1= § 3 (007 (0)i0 00:2) + Cima s blls )04, 2) 0
rloa

= 3 T(t,2)D2,¢(t,x)] + b(t,z) " D, o(t, ).

Under Assumptions (H0)-(H4), we have
Theorem 2.1. ([8], Theorems 5.4 and 5.5) There exists a unique continuous viscosity solution in the class I1,
(ﬁij)(i)j)eplxrﬂ (resp. (Qij)(i)j)eplxrﬂ) of the following system: V(i,j) € Tt x T'2,
min{ (59 — L(5))(t, 2); maz{ (59 — U (@) (t,);
—00" (t, ) — LX) (t,2) — f9(t, @, (0" (¢, @) (et xrz, 0" (6 3) Dy (8, x))}} =0, 27
v9(T, ) = h¥ (x)

(resp.
max{(v - UY(%))(t, x); mm{( U(t,x) — LY(0))(t, x);
— (@) = £XWY) (@) — F (w04 0) gpers e, ot @) T D (La)) =0, (29)
v9(T,z) = h¥(z))
where the obstacles UY and LY are defined in (I.3). |

In order to obtain the solutions of the systems (27) and (2.8) respectively, Djehiche et al. (|]]) introduced the
following sequences of backward reflected BSDEs with inter-connected obstacles: Vm,n > 0, V(i,j) € I't x T'?

yim e 82 Zim e H2d and K9™ € A?;
Vi = B (X5 4 [T 9, X0 (VR s, Z5)dr 4 [T ARSI — [T Z8mAB,, s < T
V7™ > maxye - {Ykim 9. (8, XM s < T
ST — e ooy V297 — g, (5, X0 PR = 0
(2.9)



and
Xijm c 527 Zijm c H2’d and Kijm c A2 .
YU = pid (XET) 4 [T (i, X5 (YE) e sz, 297 dr — [T 29MdB, — [T dKP", s < T;

YU < ming e pay— (Yil’n + gji(s, X% )), s <T; ' (2.10)
Jo (L™ = minyg gy (Y7 + g (s, X07) IS
where, for any (i,7) € T x I'?, n,m > 0 and (s, z, ¥, 27),
Frm (s, a,g,27) = f9(s,x, (ykl)(k,l)erl xr2,27) — m(yij — min;¢ 2y (v + gji(s, x)))+ (2.11)
and
£ (s, 2,7, 27) = (s, 2, (4" )(k Derixrz, 27) + n(y? — maxke(w)fi(ykj - gik(s,x)))_. (2.12)

Under Assumptions (H0)-(H4), it is shown in [16] (see also [5] or [17]) that each one of the systems (2.9) and
(ZI0) has a unique solution (Y¥™, Z4m Kim) and (Y™, 7™ K“%™) respectively. In addition, they enjoy

the following properties:
(i) For any m,n >0 and (i,5) € I'! x I'?

?ij,m > }_/ij,m—i-l > Yij,n-i—l > Yij,n- (213)
(ii) For any n,m > 0 and (i,j) € I'! x I'?, there exist deterministic continuous functions ™ and v*'" such
that, for any (t,x) € [0,7] x R* and s € [t,T], we have

YIm = 597 (5, X07) and YU = (s, X07).
Moreover, from ([Z.I3) we easily deduce that, for any n,m > 0 and (i,j) € T't x I'?
FIm > midmAl s igntl S din (2.14)

Finally, for any m > 0 (resp. n > 0), Uy, = (’Dij’m)(iyj)erlxl‘ﬁ (resp. w,, = (yij’n)(iﬁj)eplxp2) is the unique
continuous viscosity solution, in the class II;, of the following system of PDEs with inter-connected obstacles:
V(i,j) € T x T2, V(t,x) € [0,T] x R,

min{ (v L”(ﬁm)( z);
) = LY@ (6) O (P 1) ers s, o 62)TDa0 ()} =0,
o (T, ) = hil(z)

(resp.

max{ (" — U (@,))(t, )
—0In () — £X (W) (1) — 7, (W1, 2)) e e, 0 () Do ()} = 0,
v (T, x) = h(x)).
(iii) For (i,5) € T'' x I'? and (¢,z) € [0,T] x R*, let us set

79t x) ;= lim \,09™(t,x) and Y (t,z):= lim So7"(t, ).

m—o0 n—o0
Then, using Perron’s method, it is shown that (’Dij)(iyj)el“lxl‘ﬂ (resp. (Qij)(iﬁj)eplxlﬂ) is continuous, belongs to
I1, and is the unique viscosity solution, in class II,, of system (Z7) (resp. (Z38))). Finally, by construction and in
view of (Z.I4)), it holds that, for any (i,j) € ' x I'?,

v < g, (2.15)



3. Equality of the solutions of min-max and max-min systems. Related system of reflected BSDEs.

In [§], the question whether or not for any (i,7) € I'* x I'?, v = 9% was left open. This was mainly due to

the fact we have not been able to compare the inter-connected obstacles neither in ([2.7) nor in (ZF]).
Actually, had we known that
() Wij) €T xT2, LU(@) < U (D)
or (3.1)
(i) V(i,j) e x I LY (G) < UY (D)
then we would have deduced, from the general existence result obtained in Hamadéne-Hassani [14] (see Theorem
63in appendix (A2)) and the uniqueness of the solution of Z.7) or (28], that for any (i,j) € T x I'?, 7% = ¢,
In this section, we are going to investigate under which additional regularity assumptions on the data of the

problem, one of the inequalities in ([B.1)) is satisfied to be able to conclude that v%/ = v%, for any (i,j) € I'* x I'?,
i.e., the solutions of (27) and (28] are the same.

For this objective, let us introduce the following additional assumption.

(H5):

(i) For any (i,j) € I'" x I'?] the functions g;; are C''? and, D,g;;, D2,g;; belong to II,. Furthermore, for any
j17j27j3 S F2 such that |{j17j27j3}| = 37

Gjris (s,2) < Gj1ja (s,2) + Gjajs (s,2), V(s,x) € [0,T] x R*.
(i) For any (i,j) € I'' x T'?] the function f%¥ verifies the following estimate:
[ (s, 2,4, 29)] < C(1+ [2fP), Y(s,2,7,2Y) € [0,T] x RMAT,

for some real constants C' and p.
Remark 3.1. Note that by Ité’s formula, for any (i,7) € T x I'?,

gij (Sv X?z) = gij (tv :E) + ftS ‘CX (gij)(Ta Xi,x)d,r. + fts Drgij (Tv Xﬁﬁz)a(h Xﬁﬁz)dBTa s € [ta T]

and

Gij(s, X0%) = gij(s,z), s <t
Hereafter and to ease the reading of the Ito-Tanaka formula in Step 2 below (proof of Theorem [3.2), we denote
by o and B9, (i,7) € T x T'2, the following processes:

'l (s) == LY(gi3) (5, X07), BY(5) = Dagiy(s, X )o (s, X3%), s < T.

We now provide the main result of this section.

Theorem 3.2. Under Assumptions (H0)-(H5), for any (i,j) € T* x I'2, it holds that

o =Y.

We derive this last equality after the following four steps.
Step 1: Another approximating scheme for system (2.7)).

For any m > 0, (i,7) € I'* x I'? and (¢,7) € [0,T] x R¥, let us consider the system of reflected BSDEs with
one interconnected obstacle:
yiim e §2 zim ¢ H2d and K9™ € A2 ;
Y = W () [ F e X0 (Y eer are 29 dr 4 [ KT — [T 2 dB, s < T
Y7 > maxge(rny - {YSI™ = g, (s, X07)} s < T
Jo (Vi3m — mascpe - {YE™ — g (s, X0)})AK ™ = 0,
(3.2)



where,

f™ (s, 2,7, 29) = f(s, 2,7, 27) —m Z (y7 — " — gj(s,z)*. (3.3)

le(r2)=7

This generator is (slightly) different from f%™ given by (ZIT) in Section 2. We mention that this new penalized
generator is more convenient both for the application of the It6-Tanaka formula and obtention of the estimate
() (in Step 2). On the other hand, note that for any (i,5) € T'' x I'? and (k,l) # (i,j) the mapping
geR e 9™ (s, 2, [(y") (rg)ert x2— (k1) U], 27) is non-decreasing.
By Corollary 2, in [16], the solution of this system exists and is unique and there exist deterministic continuous

functions (’Uij’m)(iyj)erl x1r2, which belong also to II; such that, for any ¢,j and m > 0, it holds that
Vs € [t,T], Y™ =ydm(s, X0"). (3.4)

Moreover, the family of functions @, := (v"™)(; j)ert xr2 is the unique continuous solution in viscosity sense in

11, of the following system of PDEs with obstacles:
min (U — L3(5,) (1, 2);
0 1) — £X (09 (1) — P, (0 (8 2)) s pers sre, o (8, 2) T Dan (1)) } =0,
v (T, z) = h¥ (z).
Finally, by the Comparison Theorem (see [16], Remark 1) and using that f7m+1 < fim and fidllalm < fidm <
fi7m we deduce: ¥(i,j) € I'' x I'? and m > 0,
yimtl < yizm  anq yinllelm < yism < yim,
which implies that, for any (i,7) € 't x I'? and m > 0,
pidmAl < iim gnq i Talm < idm < gidm
Then, for any (i,5) € I'* x I'?, the sequence (v*9'™),,> is decreasing and converges, by Dini’s theorem, uniformly
on compact subsets of [0, 7] x R¥, to % since lim,, s 07™(t, z) = 0% (t, x), for any (t,x) € [0,T] x R,
Step 2: The following estimate holds true: For any t < T, (i,j) € I'* x I'> and m > 0,
T ij,m il,m = T
E{m J}7 Sierays (Y57 = Y™ — gu(s, X07)Yds b < OO+ [a]), (35)
and
T ij,m il,m = T
E{m2 [ Sy ey (V57 = Y — (s, X1)))2ds } < O(1 + Jaf2), (36)
where p and the generic constant C' are independent of m and =x.
For later use, we first give a representation of Y™ as the optimal payoff of a switching problem. Indeed, let
d := (Tn, (n)n>0 be an admissible strategy of switching, i.e.,
(a) (Tn)n>0 is an increasing sequence of stopping times such that P[r, < T,¥n > 0] = 0;

(b) ¥n >0, ¢, is a random variable with values in I'! and F, -measurable;
(c) If (A%)s<r is the non-decreasing, F-adapted and RCLL process defined by

5 _ ta 5 _ i A8
Vs e [0,T), Al= Zﬁcnqcn (T, X7y <y and AT = 5113% A2,

n>1

then E[(A%)Q] < 0o0. The quantity A5T stands for the switching cost at terminal time 7" when the strategy J is

implemented.



Next, with an admissible strategy ¢ := (7,,(n)n>0 We associate a piecewise constant process a = (as)se[o,1]
defined by

)

ag 1= Col{m}(s) + ZCj_ll]Tjith](S), s<T. (3.7)

j=1
For any s > 79, as is the mode indicator at time s of the system which is subject to control strategy 0. Note that
there is a bijection between the processes a and the admissible strategies §, therefore hereafter we indifferently
write A% or A%. This notation a for the indicator process shall be used in Section 4 to deal with the zero-sum
switching game (see Theorem [LT]).
Finally, for any fixed i € I'! and a real constant 6 € [t,T], we denote by A} the following set:

é = {(5 = (Tn, Cu)n>0 admissible strategy such that 79 = 6 and (o = z}

Now, for any § = (7, an)n>0 (or equivalently a) which belongs to Aj, let us define the pair of processes
(U™ Vaim) which belongs to S x H*? and which solves the following BSDE (which is of non standard form):

T T
U;ljﬁm = haTj (XT) + / 1{7‘270}faj7m(’ra X;?mv U;ljﬁma ‘/Taj,m)dr - / ‘/rajﬁmdBT - (A% - A(sl)v s < Tv (38)
where, for any s > 7o and (g,2) € R4 faim(s, Xte 5 2) (resp. f% (s, X%, 9,%)) is equal to

ffj,m(s, X?mv [(vkl,m(& X?I))(k,l)ef‘l xI2—{(£,5)}> g]v 2)

(resp.
flj (57 X?za [(,Ukl,m(S’ X?z))(k,l)ef‘l xIT2—{(¢,5)}> g]a 2))

if at time s, a(s) = ¢. Let us point out that since a is admissible and then E[(A$)?] < oo, the solution of equation
[B8) exists and is unique by an immediate change of variables. Furthermore, we have the following representation

of Y™ (see e.g. |16, [18] for more details on this representation):
V7 = ess supaeAé{U;’j’m —AGHt<0<T. (3.9)

The equality ([B9) differs from the one given in [18] and some other papers including [16]. However there is
a lack in the previous papers which we correct here. Note that this is a minor point which does not affect the
results in those papers ([, [16, 18] etc.). The accurate relation is given in ([9], equation (9), pp. 2757) in the
particular case when the generators do not depend on the components (¢, z) but this fact is irrelevant.

Finally note that the function f**™ depends only on (7,%). However the representation (3.9) for Y™ still
holds since the solution of system of reflected BSDEs (3.2)) is unique and by (3.4)). It follows that, for any j,1 € I'2
and 0 < T,

(V7™ = Ya'™ = gu(0, Xg™)) ™ < ess sup,e ai (Ug?™ — Ugh™ — g;u(6, X)) (3.10)

We now examine the quantity (U57™ — U™ — g;1(8, X)) . Define the set Bj; as follows:
Bji = {(s,w) € [0,T] x Q, such that U™ — yeb™ _ g, (s, X1%) > 0}

and, for any s € [0,T],
Wsa,jl,m — U;zj,m _ U;zl,m _ gjl(st?z)- (311)



Then, by It6-Tanaka’s formula, we have, for every s € [0, T,

a,jl,m T a,jl,m T a,ji”’ ,m a,lj’ ,m
(WS It )+ + % fs dLTJl’ + mfs dr{Z]”;&J 13]'1(7“) (Wr e )+ - Zj”;él 1le (T)(W’r T )+}
= ST 0, (L4 (r, X2 UE™) — f, X7, U™ — o' (1)}

— [ 1, () (Ve — Vel - 5 (r))dB

where, the process L»75™ is the local time at 0 of the semimartingale W®J75™  Splitting the difference

Aa,jl,m =m Z ]‘B;z Wa,]] ,m —m Z ]_le (Wa 1" ,m)—i—
G £ T

as

Aa;jlﬂn(r) = mlle(T)(WTll’jl’m)+ - 13]‘1 (r)(Wg7lj7 + m Z 18]], WGJJ ,m) - (Wra,lj",m)-i-},
3" #5

the previous formula can be rewritten as follows: Vs € [0, T,

(Wedtmyt 4 g [ AL m [ L, () (Wedb) b
= L () (P, X U Vi) — el (o, X, U, Vi) — o (n))dr -+ m [ L, () (Wi

T aj,m al,m j T a,j”’ ,m a,lj”,m
= Jo 1, () (Vo™ = Vb — BI(r) ) dBr —m [ dr{3 0 ;5 1s, ) (Wi )+ — (W5 m)+ ]
(3.12)
But by (H5)-(i), one has g;i(t, ) + gi;(t, ) > g;;(t,x) = 0. Thus, we obtain that, for every (¢,z) € [0,7] x R¥,
{y e R™, yj —yi—gu(t,x) 20N {y €eR™, yi —y; — gi(t,x) = 0} =0,

from which we deduce that
1, (r)(WeEH™* =0, vr € [0,T). (3.13)

Relying next on the elementary inequality a™ —b" < (a — b)* (a,b € R), it holds
L, [(W 77+ — (W7 )] < g () (U™ = U™ = Gigo (r, X2°) + Gy (r, X07)) T (3.14)
Using here that the family of penalty costs satisfies: g,;» < g + g;; we deduce that
{y eR™, yj —y— gu(t,x) 20} N {y € R™, yy —y; — gijr (t,2) + gjjv (t,2) = 0} =0
which therefore yields
i

Vr € [9, T], 181-1(7“) (Ugl,m — U;}j’m — glj” (T‘, Xﬁ’w) —+ gjj” (T‘, Xﬁ’m)) =0. (315)

Going back now to ([B.12), applying Itd’s formula to e~™(W2IL™)+ and taking into account of (B.13), (B.14)
and (BI0) to obtain: Vs € [0, T],

(Wedtmys < [T 1, (r)e™ =) (fo (r, X 1o, Ugim, Voim) — fal(p, X1, gebm, vabm) — o7t (r)dr

. fST 1le (’f‘)e_m(T_S) (V;ﬂaj,m _ V'Tal,m _ ﬁjl (T))dB
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Making now use of the estimates given in Assumptions (HO)-(H5) (namely the polynomial growth of both the

drivers f% and of the penalty costs g;;) and taking the conditional expectation, we obtain: Vs € [0, T],

Wetmys < CE[[T 15, (r)e) (1+ | XE#17)dr | ]

< SE[(L 4 sup,<p [ X127 [P)|F).
Recall now BI0) and BII) to obtain

m(Yyh™ — Y™ — g (0, Xy T < CE[(1 + sup | X 5%|P)| Fol. (3.16)

Taking expectation in both hand-sides and integrating in 6 € [¢t,T] to obtain (8X). Next by squaring each side
of the previous inequality, taking expectation and finally using Doob’s inequality ([29], pp.54) we obtain:

mE{ Y (VT =Y = g0, X))} < CQA+lal), WO <T (3.17)
I#j

since X** has moments of any order by ([ZH). Now as 6 is arbitrary in [t,T] then, once more by integration with

respect to 6 in the previous inequality, we obtain (B.G]).

Step 3: We now prove that for any (tg,z0) € [0,T] x R¥ and (i, j) € T'! x I'2
Lij(’ﬁ)(to,l'o) < jSj(to,xo) < Uij(’ﬁ)(to,l'o). (318)

We just need to check the property for ¢ty < T since by the consistency condition (see (H3)), those inequalities
hold true for tq =T

We first claim that v (to, z9) > L% (7)(to, o) holds. Indeed, by construction of the sequence U, := (™) ; j)erixre
(proof of Theorem [Z1] Section 2), one has 9™ (ty, z0) > LY (T,,)(to, 7o). Therefore, taking the limit w.r.t. m,
we obtain ’L_)ij (to, Io) > Lij (5) (to, Io).

We now show that 9% (¢, z¢) < U ()(to, o). First, assume that % (tg,z0) > LY (9)(to,z0). Then, relying on

the viscosity subsolution property of 7% yields

min{(@ia‘ —L¥ @)(to,xo);max{(aij — U (®))(to, z0):
—040% (to, wo) — LX(09)(to, mo) — f¥ (to, zo, (0¥ (o, o)) (ke ><F27U(t07x0)TDw6ij(t07x0))}} <0,

which implies that
maX{(T)ij — UY(9))(to, z0); —0¢0" (to, z0) — L (07)(to, x0) — [ (to, w0, (0" (to, o)) (k,l)er? ><F2))} <0.

Hence, (0% — U (0))(tg, z0) < 0.

Suppose now that, at (to,zo), we have: % (ty,z¢) = L¥(0)(to,z0). Proceeding by contradiction we suppose in
addition that
Je>0, (09 —UY(0))(to, o) > e. (3.19)

Using both the continuity of (¢,z) + 9% (¢,z) and (t,x) — U%(0)(t,z) as well as the uniform convergence on
compact subsets of (v¥™),,>0 to ¥, we claim that for some strictly positive p and for mg large enough it holds
that

VYm > mo, V(t,z) € B((to,x0),p), (0™ — U (5,,))(t,x) >

DN
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with B((to, x0),p) = {(t,z) € [0,T] x R¥ s.t. [t —to| < p, |x — 20| < p}.
Without loss of generality we can now assume [to,to + p] C [to,T]. Let (¢,z) € B((to, o), p). By the definition
of U (#,,) and as I'? is finite, there exists one index Iy # j (which may depend on (t,z)) such that

Uij’m(t, .’L‘) _ (vilo’m(t, T) + Gilo (t, CL‘)) >

N

By summing over | € (1"1)71—, we deduce that for any (¢,z) € B((to, %0), p),

17,mM il.m - + 17, m ilog,m -
ST @I — vt = ga) () = 0T — 00 4 g, )Y () > < (3.20)

le(r2)=—J

DO

Let us now introduce the following stopping time 7x:

Tx = inf{s > to, X% & B((to,20),p)} A (to + p).

We then have, for all m > my,

TX . .
mE{ / Z{v”’m(s,Xgo’zo) - (v”’m(s, Xlowo) 4 gjl(s,Xgo’zo))}ers} > TI’L%E(TX —t9) — 00, (3.21)
o iz

as m — oo. But, this is contradictory to [B.5). Then 9% (tg,z9) < U%(9))(to, z0) and the proof of the claim is

complete.

Step 4: Finally, using inequality (8:I8) and Theorem 6.2 in [14] (Theorem in appendix (A2)), we deduce

that for any fixed (i, ) € I'* x T'?, 99 is continuous and of polynomial growth and also a viscosity solution of

max{ (% — U (@) (t, «); min{ (59 — L9 (@) (8, 2);
0 (¢, @) — LX (09)(t, ) — F (2, (098, 2)) pers xre, ot 2) D00 (1) ) =0, (322)
v9(T, x) = h¥(x)).

Thus (’Dij)(iyj)GFIXFZ is also a solution for the multi-dimensional system (2.8)) and then, by uniqueness of the

solution of ([Z.8) in I1,, we have v/ = v for any (i, ) € I'' x I'?, which completes the proof.

Remark 3.3. The result of Theorem[3.2 is still valid if (HO)-(H4) are in force and the functions (gij)(i7j)erl><r‘2
verify (H5) since, by symmetry, one can go through the decreasing scheme (Z3) to the increasing one (Z10) and
conversely. |

Next, let us introduce the following family of processes (Y% )(i,j)ert xr2 defined through the common solution

(v7) (i j)er1 xr2 of the min-max and max-min systems as follows: Vs < T and (i,j) € I'' x I'?,
Y =0 (s Vi, XE5). (3.23)
We are going to show that the backward SDE counterpart of system ([2.7) (or (2.8])) has a unique global solution.

Actually, we have:

Theorem 3.4. Assume that Assumptions (HO)-(H5) are fulfilled. Then there exist processes (Zij)(i)j)epler,
(Kij’Jr)(i)j)er‘l <12 and (Kij’i)(i)j)epl <12 which belong respectively to ’Hf’d, A? and A? (which depend on (t,z) and
which we omit to precise) such that the family (Y%, Z4 K9+, Kij’i)(i)j)er‘lxrﬁ is a solution of the following
doubly reflected BSDEs (DRBSDE in short) with bilateral interconnected obstacles: For any (i,7) € I'* x I'? and
s € [t,T],

dY 9 = — [ (s, Xb® Yy, Z1)ds + dKP~ — dK9+ — Z9dB, ; Y = i (X5");

Y3 <US(Y) and Y9 > LI(Y) ; (3.24)
JE(YE — U (Y)dK~ =0 and [ (LY (Y) — Y7)dKP+ =0
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where, for each (i,7) € T* x I'2, the lower (resp. upper) interconnected obstacle L (Y) (resp. U (Y)) is defined
by: Vs € [t, T,

LI(Y) = magy,g oy { Y = g, (s, X7)} (resp. UP (V) = mimye pay-s {Y" + gju(s, X0)}).

This solution is unique in the following sense: If (Yij,Zij,f(ij’*,R’ii*’)(i)jEpXm is another solution of
(3-24) then for any (i,7) € T, Y9 =Y¥ 74 = 7% qnd K" — K9~ = KW+ — K,

Proof: It is postponed to Appendix (A1) relegated to the end of this paper.

4. The min-max (or max-min) solution as the value of the zero-sum switching game

In this section, our objective is to study the link of the solution (v"/)(; j)er: xr2 of both the min-max and max-
min system with the values of an explicit switching game. To do this, we shall deeply rely on the representation
(B:23) in terms of the solution (Y)(; jyerixrz of the general DRBSDE given in Theorem 3.4

So once for all in this section, we suppose that Assumptions (HO)-(H5) hold. On the other hand we assume
that:

(H6):
For any (i,7) € I't x I'2] the function f¥ does not depend on (7, 27).

4.1. Description of the zero-sum switching game

Assume we have two players w1 and 7o who intervene on a system (e.g. the production of energy from several
sources such as oil, cole, hydro-electric, etc.) with the help of switching strategies. An admissible switching
strategy for m (resp. m2) is a sequence § := (o, &n)n>0 (vesp. v := (Tn, Gy )n>0) where for any n > 0,

(i) oy, (vesp. T,) is an F-stopping times such that P-a.s., 0, < opp1 < T (vesp. T < Tpy1 < T) ;

(i) &, (resp. () is a random variable with values in I'' (resp. I'?) which is F,, (resp. F,,)-measurable ;

(iii) Plop, < T,¥n > 0] =P[r,, <T,Vn > 0] =0 ;

(iv) If (A%)s<7 and (BY)s<r are the F-adapted RCLL processes defined by:

5 _ ta 5 _ T AS
Vselt,T), A= Zﬁgnq&n (00, Xg ) 6,<s) and A7 = SIEI%AS,

n>1

and

VseltT), B = glgCnflCn(TnaXf—f)l[TnSS] and  Bp = 51% B;

then E[(A%)? + (B%)?] < co. For any s < T, AS (resp. BY) is the cumulative switching cost at time s for m

(resp. m2) when she implements the strategy ¢ (resp. v).

Next let (i,7) € ' and ¢ € [0,T] be fixed. We say that the admissible switching strategy ¢ := (opn,&n)n>0
(resp. v := (Tn,{n)nz0) of w1 (resp. m2) belongs to AL (t) (resp. AL (1)) if oo =t, & =i (vesp. 70 =t, (o = j).
Given an admissible strategy ¢ (resp. v) of m; (resp. m2), one associates a stochastic process (as)s<7 (resp.

(bs)s<r) which indicates along with time the current mode of 7y (resp. m2) and which is defined by:

Vs <T, as = 501{00}(8) + Z fn_ll]gnilygn](s) (resp. bs = CO]‘{T()}(S) + Z Cn—ll]rn,l,fn](s))' (4.1)

n>1 n>1

Let now § = (0p,&n)n>0 (resp. v = (T, Cn)n>0) be an admissible strategy for w1 (resp. m) which belongs
to AL (t) (resp. A2, (t)). The interventions of the players are not free and generate a payoff which is a reward

(resp. cost) for 7 (resp. m2) and whose expression is given by

Ji(6,v) = E[hertr (X57) 4+ [T farte (r, X0%)dr — A%, + By|F) (4.2)
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When the system is in (4, 7) at the initial time ¢ € [0,T], we define the upper (resp. lower) value of the game by
V7 = ess infueAer(t)ess SUDse A7 (1) Je(0,v) (resp. V) = ess SUPse s (105 infueAer(t)Jt(zS, v)).

The game has a value if f@ij = yf;j and finally, we say that the game has a saddle-point if there exists a pair of
admissible strategies (6*,v*) € A% (t) x AL (t) such that for any 6 and v, it holds

Jt(é, V*) < Jt(é*, V*) < Jt(é*, V). (43)

As previously mentionned, we are going to study the link between the solution (’Uij)(iyj)el“lxl‘ﬁ of [27)) and

the upper and lower values f@ij , yf;j of the zero-sum switching game.

Theorem 4.1. Suppose that Assumptions (H0)-(H6) are in force. Then the processes (Y¥) jerixre of the
unique solution of the doubly reflected BSDE (3.24) satisfy

V<Yl =oi(te) < VY. (4.4)

Proof: Let us consider two families of auxiliary processes (U7/%7) jer2 and (U™);em associated with admissible
strategy 6 € A% (t) and v € AJ_(t) and defined by: Vj € I'?,

U% € 82,, 27 e HP?, KO e A2

U9 = herd (Xp®) + [ ford (r, XE7)dr — [ 229dB, — (A} — AD) = (Kgh™ = K¥7), s € [t,T;

Vs € [th]v Ugj < minl?&j (Ugl + le(SaXﬁ’m)) and ftT{Ufj - minl?’fj{UEl + le(?‘, Xﬁ’m)}}dkgj’_ =0.
(4.5)

and for any i € T'!

U™ €82, Z" e H}!, Kt € A2 ;

U» = Wir(XE") [T e (r, XEm)dr — [1 ZdB, + (BY. — BY) + (K" — K*), s € [t, T

Vs € [t,T], UY > maxy {UF — 9., (8 X5y} and ftT (ﬁfj — maxy {UF — 9., (7, X,’fx)}) dKT =0.
(4.6)

These equations are actually not of standard form, but once more by a change of variables, one verifies that

both (T7%7 — A%) jer2 and (U™ 4 BY);cr solve standard multi-dimensional RBSDEs system which have a unique

solution. On the other hand, let us point out that thanks to the connection between the standard switching

problem and multi-dimensional RBSDE with upper (resp. lower) interconnected obstacles (see e.g. [9] or [18])

the family (U% — A%) cpe (vesp. (U™ + BY);er1) of processes verifies:

UY — A? = ess infueAZrz(t)Jt(‘Sv v) (resp. U + BY = ess supéeAil(t)Jt(é, v))
and then
U = ess infueAZ,Z(t){Jt((S’ v) 4+ A2} (resp. Uj¥ = ess supéeAzl(t){Jt(é, v)— BY}). (4.7)

In order to prove [, it is enough to establish the following:
Vae Al (t), ve Al (t) UY — A2 <Y} <UY + BY, (4.8)
which equivalently means that

~rdg 17 . v v
ess sup{(;eA;l(t)}{UtJ — AN <Y <ess lnf{ueAZ,2(t)}{Ut + By},
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and the result follows by (@.7]).

In the sequel, we only prove the first inequality in (L8] since the second one can be obtained by symmetry
comparing ij to Uf¥ + BY for an arbitrary v.

So let us consider, on the time interval [t,T], the penalized decreasing scheme introduced in ([B2]). The

processes
(Yij’m, Zij,m7Kij,m)(i1j)€F1 x1r2, m > 0, verify: V(i,5) € 'l x 2,

yim e 82 zidm e ’H?’d and K9 e A2, ;
YIm = p (X5 4 [T fm e, X5 (V™) oyerxre )dr + (K™ — Kivmy — [T ziimdB,. s e [t, T);
Y™ > maxye oy { Y — g, (s, X0T)}, Vs € [t, T;
S (V™ — maxgeony - (Y™ — g (s, XET)AK D™ =0
(4.9)

where, we recall that
17,m T = iJ T ij 7 - T +
f]7 (SvX? 7y) :f](st? )_m Z (y] - (yl""gjl(SvX;) ))) .
le(r2)—J

As already mentioned, we know that, for any (i,5) € It x I'2, Y¥™ — Y% in S2.

Next fix (ig,jo) € I'' x I'2 and let us show that Y0 > U2 — A? for any & = (07,&)i>0 in A (t). So let us

define the processes (Y%9™) cp2 and (U%™);cp as follows:

(i) vj € I'?,
Vseft,T), YIm=> Y8, o, and YT =hoTI(XET),
>0
where,
Vs e [t,T], YSIm =3 YU gy, (4.10)

qgerlt
The process Y™ is well defined since the sum contains only finitely many terms as the strategy § is admissible
and then Plo; < T,Vl > 0] = 0. On the other hand, at time 0 < o; < T, Y%»™ has a jump which is equal to
Y;L‘j’m _ Yo?ll—ljvml
1
(ii) The processes ([7%3m) jer» are defined as the solution in 87 of the following non standard multi-dimensional
BSDE: Vj € I'?,

Ugj,m — hoTi (X;@) + fST {f(r, X?i’ ar,j) _ le;éj(Ugj7m _ Ufl,m _ gjl)+}d7'
(4.11)
—(A} — A%) — [TVsimaB,, s € [t,T].

Note that (%™ 4 A9 )jerz is a solution of a standard multi-dimensional BSDE whose coefficient is Lipschitz.
As those latter processes exist, then so are (U%5™) jerz. On the other hand, as for the system given in (4.9)), the
sequence of processes ((U‘sj””)jepz)mzo converges in Sﬁd toward (Uéj)jelﬂ.

We now prove the following: for any m > 0 and j € I'?,
yrm > g, (4.12)

For any j € T'?, let us define K% and Z%™ as follows: Vs € [t, T],

50 fi 5 SAOI 41 €

mo,__ ,m mo__ ,m

Z0m =" 28 g <oy, and KPP = / dK§I™,
1>0 1>0 7 SN0
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where, Z57™ and K$9™ are defined in the same way as in (I0). Once more, there is no definition issue of those

processes since § is admissible. Therefore the triple of processes (Y™, Z%:m K[s‘j’m)jelﬂ verifies: Vs € [t,T),

}/Séj,m _ }/téj,m _ fts {farj (T, Xﬁ’z)dT + leyéj (Yréj,m _ Yrél,m _ sz(r, X:,z))ﬂLdT + ij’mdBT _ dKijm}
+ 2121 (Yaﬁlzj,m _ thzliuﬁm)]l[glgs]
= Y [ KB Y (VR = VI gy, XE)) e + 209 dB, — dKS

— Yoy (Y™ — ygim 4 e, e, (T X)) i <o + A2,

Next, let us define A% by:
A0j,m —1j,m j,m T 107 . 267
AP = Z(Yff R 9, e (01, X0 p,<g for se[t,T) and Aj = SIEI%ASJ, (4.13)
1>1
which is an adapted non-decreasing process. As the strategy J is admissible, then writing backwardly between s

and T the equation for the process Y%/™ we obtain: Vj € T'2,

Yséj,m — pori (Xéfﬂ) + J"ST {f‘”j (7‘, Xﬁ’m)d'r _ le;éj (yTéj,m _ Yrél,m _ gjl(’f", X:’I))—’_dT

) ) e . 4.14
_ZBdB, + AR — (Af - AD) + (A~ A, Vs € [1,T] e

This equation implies also that E[(A%"™)2] < co.

Let us now introduce the sequence of processes ((Y 7m0k, Z03:m:k) . 1o), o (m is fixed) defined by Picard type
iterations as follows:
(a) For any j € T2 and s € [1,T], (Y25m0, Z8:m0) = ({7im V8im)
(b) For k > 1, (Y%mk Z0:m:k), s is the solution in &7, x H>% of the following multidimensional BSDE:
VjeT?

ygimk - — pari(xhy 4 fsT {farj (r, X0 dr —m Y, (V9 — yobm k=t — gy (r, Xﬁ’m))+dT

_ 708j,m,k _ § _ A6 dj,m _ y-85.m i%im _ isim (415)
Zy B, (AT A7) + (KT K29m) + (AT A%m) Ys e [t,T]

First note that those backward equations are decoupled and the processes (Y %5™F 7%m:F) are well defined by
an obvious change of variables. Next by the one dimensional comparison theorem [13] one has Y51 > Uéim
and Y5k > yoimk=1 k> 1 and j € I'2. This last inequality is obtained by induction since for any ¢ # 7, the
mapping yq € R —m 3, (y; —yi—gau(r, Xﬁ*””))jL is non-decreasing when the other variable are fixed. Finally
since the coefficients of the BSDEs of (ZI5) are Lipschitz then for any j € T'2, the sequence (Y %3m0k Z0im.ky, - o

converges in Sﬁd X Hf’d to a limit (Y™, Z%™) which satisfies: Vj € T'2,

Y;Sj,m — poarJ (Xéfﬂ) + J"ST {fa'r'j (7.7 Xﬁ’z)dr‘ _ le;éj (Kéj,m _ Kél,m _ sz(r, Xﬁ’m))—i_dr

_ s _ s o (4.16)
~ZPmaB, Y — (A4 — A3) + (K™ — KP4 (A7~ A, Vs € [17]
But the solution of (@I4)) is unique then for any j € I'?,
Yéj,m _ }75j,m — lim Yéj,m,k > Uéj,m
k—o0 -
which ends the proof of the claim.
Taking now the limit w.r.t. m, we obtain that
Y7 = lim V7™ = lim {Y;7™ — A%} > lim {UP™ — A} = U — A, VjeT?
m—00 m—00 m—00
which therefore yields
Y} > ess supse (t)(Ufj — A?) = ess supgess inf,J; (6, ). (4.17)
1

=V

t
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Similarly as above and introducing first the sequence (U**™),,>o such that, for any n, U**" is obtained from U™

(defined in ([@4)) by penalization of the lower barrier, one can prove that
Yer<upt VseltT,

by comparing the two penalized equations solved by Y™ and U®™. Next, relying on the fact that (Xij Y s

related to the increasing penalized scheme (converging to Y*/) one gets
Y7 =limY " = lim{Y{"" + By} < lim{U;"" + BY} := U{" + By.
n n n
Taking the infimum over all admissible strategies v and reminding the interpretation of U 4+ B, one obtains

V7 < ess infueAzm(t)(Uti” + BY) = ess ianeAZr2 (+)©58 SUDse ;| ) Je(6,v). (4.18)

=V

which achieves the proof. |

The point now is which kind of additional assumptions should we add in order to have equalities in ([£.4]) and
then the game has a value. The response to this question is affirmative if we moreover assume that the utilities

fi; and h;; are separated with respect to ¢ and j, i.e., if they satisfy the following assumption:
(H7): the two families (fij)(iyj)GFIXFZ and (hij)(iyj)erlxl‘ﬂ of functions satisfy, for any (i,7) € I'! x I'?
f9 = fi+ f] and h7 := hi + hJ.

Once more we recall that we work under the assumptions (HO0)-(H7). So let us consider the following system

of reflected BSDEs with one interconnected lower (resp. upper) obstacles associated with

((fDiery, (B)iery, (g, )ikers) (vesp. ((f9)iers, (hd)jers, (1) j0er,)): Vi € T (resp. j € T)

AY} = — fi(s, Xb%)ds — dK — ZVdB,, s € [t,T] and V" = hi(Xr);
(4.19)
i 1a% x T 1a% ij i
yhi> LL(Y) = maxke(pl)ﬂ(Ysl’k —gik(s,Xg’ ), s € [t,T] and ft (LLYY(Y) = Yi)dKL =0

(resp.

dY27 = —f1(s, X1®)ds + dK27 — Z2IdB,, s € [t,T] and Y7 = hi(X7r);

Y27 S UZI(Y) 1= mingg pay-s (Y24 + (s, X07)), s € [T and [ (Y29 = U2I(V))dE27 = 0).
(4.20)

Under assumptions (H3)-(H4), equations (A19) and (£20) have unique solutions (see e.g. [16], Prop. 5.1, pp.188).

We then have:
Proposition 4.2. Suppose Assumptions (H0)-(H7) are satisfied. Then for any (i,j) € T'* x I'?,

() YU = Yli 4 y2i

(ii) Vi) =V =¥ (t,z) and the game has a saddle-point (6*,v*).
Proof: Let us first deal with the first point. For (i,5) € T'' x I'?, let YU = ybipy2d 7l = zLi 4 723
K%*" = K% and K~ = K?J. Then by @I9) and @20) it is easily seen that (Y*,ZY KY* K% 7) is also a
solution for the DRBSE ([B:24)). As the solution of this latter is unique then Y% =YY = Y'1i 4 Y2,

We now focus on the second point. First note that under the condition of separation of the utilities f% and
hi, for any 6 € AL (t) and v € AL (t) we have

Ji(6,v) = JH(O) + JE(v) (4.21)
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where

JH(8) == B[RS (XE™) + [ for (r, XE)dr — AG|F,) and J2(v) = E[RST (X5") + [ f2(r, X27)dr + BY|Fy).
(4.22)

Therefore we obviously have

vy =V = SupéeA?Tl(t)Jtl@) + inf JE).
veAL, (t)

and by @A) we obtain V¥ = V7 = Y7 = v (t,z).
Next the link between the solution of the BSDE ([19) (resp. (#20)) and the standard switching problem
implies that (one can see [16] or Step 2 of the proof of Theorem for more details):

Y= sup JY6) and Y2 = inf J2(v).
SEAL, (1) vEAL, ()

Finally let us define the strategies 6* = (o}, &/ )i>0 (resp. v* = (77, (] )i>0) as follows:

oy =1, & =1 (resp. 75 =1, (5 =7)
and for any [ > 1,

. e
of i=inf{s > o7y, ViU = maxpne (VI —g,. (s XOOPFAT
and (4.23)
* k * s
& = argmax{k # &, Yall* ~ e l,k(Ul ,X;lm)}

(resp.
. 2,67 . _
= infls >y, VU = mingag (Y24 g (s, X0 AT

and (4.24)
G =argmin{g # ¢y, Y2+ g, o(7 X00)}

Then &6* (resp. v*) is admissible and optimal i.e., belongs to A% (t) (vesp. AL (t)) and verifies

Y"'= sup J}(6)=JH(8) and Y = inf  JE(v) = JF (V")
SEAL () ve AL, (t)

(see [16] for more details). Therefore

Je(6,v7) = JH(0) + JE (V) < JHOT) + JEWT) = J(67,v7) < J{(87) + JE(v) = Ji(67,v)
for any 6 € A% (t) and v € AJ, (t), which means that (6*,*) is a saddle-point for the zero-sum switching game.
Remark 4.3. Under (H0)-(H7), we also have the following relation: V(i,j) € T'* x T'?,

v (t,x) = SUPseas (1) ianeAZr2 ) E[J:(0,v)] = infueAZ% (t) SWsc.ai0 (1) E[J:(0,v)]. & (4.25)

5. Conclusion

In this paper, we have given appropriate conditions on the data of both the min-max and max-min systems
so that their respective unique viscosity solutions coincide. These unique continuous viscosity solution have
been constructed by means of a penalization procedure in the recent paper [8]. The main difficulty faced in
that paper is that the two obstacles are interconnected and therefore not comparable. For this reason and

without the comparison of the two barriers, we cannot apply the classical relationship between doubly reflected
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BSDEs, system of PDEs with lower and upper obstacles and the underlying game (see e.g. [14]). By providing
appropriate regularity conditions so that comparison holds, the viscosity solutions of the min-max and max-nin
systems coincide. Finally, under further conditions on the drivers, this unique solution of the doubly reflected

BSDE (B24) is related and interpreted as the value function of a switching game.

Since we also make use of the uniqueness of the viscosity solution of both the max-min and min-max systems
to justify the uniqueness for the doubly reflected BSDE (B.24]), our analysis deeply relies on the Markovian setting,
therefore it seems quite natural to ask whether one can study the switching game in the general non-Markovian

case. We leave this question for future research.

6. Appendix

(A1): Proof of Theorem 3.4
Let us recall that for any m > 0, the quadruple (Y™ Ziim [ijm+ Kij’m’_)(iﬁj)eplxlﬂ of (B2)) verifies the
following system of reflected BSDEs with one interconnected obstacle: Vs € [0,T7,

yiim ¢ 82 ziim ¢ 2d and Kiimt ¢ A2
Vi = B (X)X, (V) s, Z9)dr + [T ARt — [T i — [T zimaB,
Y7 > maxge oy - {Y,0™ — AC XN
foT(Ysij’m — maxye(rn) - { Y™ — 9, (55 X7 HdEZ™ =0
(6.1)
where for any s € [0,T], Ki9™~ = mfoS{Ezawm (Yiim —yitm — ga(r, XE7)t }dr
dKi3m=

Let (i,4) in I'; x I'? be fixed. For m > 0 and s € [0, 7], let us set ™ := y
s

BE) we have

11 71(s). Then by estimate

E[f," |o¥ ™ ds] < Cia, (6.2)
where C}, is a constant which may depend on ¢ and x. Therefore there exists a subsequence which we still denote
by {m} such that the sequence (a’¥"™),,>o converges weakly to o’/ in H*!. Also for s < T let us set

kij’_ _ sVt
S

ij
= [, afdr

Therefore the process k%~ is continuous non-decreasing F-adapted and E[(k77)?] < co. But by the represen-

tation property for any stopping time 7 € [t,T], the sequence (f,” @™ ds)m>0 converges weakly in L?(2, dP).

S

Next, the sequence (Y%™),,~ converges in S7 to Y. Actually, this stems from the uniform convergence
of (v¥9™),,>0 to v in compact sets of [0,T] x R¥, the definition [FZ3) of Y, estimate (ZH) and finally the
polynomial growth of v%™ and 9% which comes from inequalities (2.14]).

Now and using a classical method (see e.g. [12], proof of Theorem 5.2 in Section 6) and since (a™),,>¢ is
uniformly bounded in H? then using It6’s formula twice, respectively with (Y%™)2 and (Y™ — Y#4:m)2 ) we
deduce that:
(i)
T
E| / |23 2ds + (KF™)?] < Cy., and
t

T
IE[/ |Zi3m — Z972ds] 5 oo 0.
t
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Thus, the sequence (271}, 71(.))m>0 converges in H;** to a limit which we denote by Z%. Finally and for any
s € [t,T], let us set

e R / P, X5 (V) gener, Z7)dr + (k9T — k) = / ZJdB, (note that k™" = 0).
t t
Therefore, for any stopping time 7, the subsequence (K¥™ — K/7™), - converges weakly in L2(dP) to kidt,

Thus, the process k%' is non-decreasing and belongs to S2. It follows that for any s € [t,T],
.o .. T .. .. .o L. .. .. T .o
VI =R + [0 X (Y er, Z0dr 4 (6 = 09) = 6 - k0) - [ 20aB, (63)

Henceforth the barriers (maxj; (Y. — 9.,.(8,X5%)))sepe,r) and (ming; (Y + gu(s, X5®)))sep,r verify the so-

[t

called Mokobodski assumption (see e.g. [7]), since Y% is in between, which is well-known in the two reflecting

barriers BSDEs framework. Consequently, the double barrier reflected BSDE associated with
{fij(sa X£7m7 (}/skl)(k,l)erv Z)v h (X%z)a (Hlan;,gi (}/skj “ Y (Sv X?z»)se[t,T]v (minl?éj (}/s” =+ gjl(sa X?m)))se[t,T]} has
a solution, i.e., there exist a quadruple of processes (Y7, Z% K;'j’i)se[t;p] such that : Vs € [t,T],

Vi SUP(Y)and V9 > LY(Y) (6.4)
S (V7 = U (V)AKP~ = 0and [/ (LY (V) = Vj7)dKP+ =0

AV = — 9 (s, X1*, (Y o pyer, Z9)ds + dK9~ — dK9T — Z9dB, ;Y = b9 (X3");

(see [7] for more details). On the other hand, since we are in the Markovian framework of randomness (recall the
representation [3:23) for (Y*)( er), there exists a continuous deterministic function with polynomial growth
such that

Vs e [t,T], Y =" (s, Xb").

Moreover the function 9% is the unique viscosity solution in II, of the following PDE with two obstacles:

min{(f)ij — LH(9))(t, z), max{(f)ij — UH(@))(t,2),
—0 () — L5 (@) (t,2) = F(t, @, (M (1, 2)) gepyeri xre, 0T (42) Dy (L) } =0, (65)
09(T, ) = h¥ (x)

(see [14], pp. 261-262 or appendix (A2)). But v¥ is also a solution of this latter, thus v = 9% since the
continuous solution with polynomial growth of (@3] is unique. This uniqueness is due to polynomial growth of
f¥(t,z,0,0) and (’l}ij)(i7j)el"l><1"2, and the continuity of (¢,2) — f¥ (¢, x,vy,2) unifromly w.r.t. (y,z). Then and
for any s € [t,T], Y29 = Y. Comparing now equations (6.3) and (64), we deduce that Z% = Z¥ for any
s € [t,T] which means that the quadruple (Y9, Z%, ki3-%) c, 7y verifies: Vs € [t, T,

AY7 = —f9(s, X027, (V) wnyer, Z8)ds + dk ™ — dkt — Z7dB, ; Yy = b (Xg");
Y <UY(Y)and Y > LI(Y) ; (6.6)
ST (@ — Ui (V)dRP~ =0and [ (LY (Y) - Yi)dKF+ =0.

But we can do the same for the other indices (i1, j1) € . Therefore, the processes ((Y;9, Zi k%) cip. 1) i.j)er

is a solution of system (6.4)).
We now deal with the issue of uniqueness of the solution of @4). So let (Y7, Z¥, K¥%) 1, 71) (i jyer be another
solution of ([34). We are going to show that for any (i,5) € T and m,n > 0 we have, Y7 < V¥ < Yim,

5 € [t, T], where Y™ (resp. Y") are defined in (Z9) (resp. (ZI0)).
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So let p > 1 and (Y#%™mP zump KimP) he the processes defined recursively by: V(i,j) € I' and m,p > 0,

yimptl ¢ 82 zigmptl ¢ 924 gng giametl ¢ A2,

t,2

Yameth = pii (X5 + [T (e, X107, [(YFmP) o per—, Y2 mp ] Zidmp ) gr 4 ST diEmpt
—m [ (Yt mine rz)— {1 4 g (r, XE7)}) Tdr — [T zigmp 4B, t < s <T;

ypmertt > maxye - { Y0P — gik(st?z)}’ t<s<T;

S —mas e o= (YR — g, (s, XET) AR =0

(6.7)
where for any (i,j) € T, we initialize the scheme as follows: Y#%™0 = Y  First note that for any fixed
(i,j) € T and p > 0, (Y¥mptl Zijmp+l [rijmptl) exists since it solves a standard reflected BSDE. Next
and by comparison of solutions of reflected BSDEs [12], we have for any (i,7) € I, Y¥™1 > Y.  Indeed,
this holds true since (Y, Z%, K'%); o verifies B24) and m(Y¥ — minge poy— {Y + gju(s, X%)})T =0 for
any s € [t,T]. Thus, to conclude, it is enough to apply It6-Meyer’s formula with ((Y¥ — Y#m:1)¥)2 to get
(Y —yimhH)2 =, s € [t, T], which implies the desired result.
Next, since for any (g,7) € T~(%/) the mapping

yI" € R fil(t,x, [(ykl)((kJ)eF—(i,j) 2y)s 2) —m(y —min e p2)-i (y"+g;q(t,)))T is non-decreasing when the other
variables are frozen, then one can show by induction that for any (i,5) € ', Y¥™P < Y@mp+l (for p = 0 this
inequality holds true). Referring then to equality (19), Section 4 in [9], the family (Y*"™P); 1 is identified with
the value of a standard switching problem with triple of data (f¥™ h%, (9,,)ki) when only p switchings at most

are permitted, i.e.,

. opNT )
Yl = ess SUP{5=(oy, Ek)kzoEAfrl(t),apﬂ:T}E[/ Z fﬁkil]’m(sv Xs)lo,_ <s<onds
b k=l | (6.8)
-2 e 6 (O Xo ) Lo ey A Y2 V1o oy + W (X)L, =1} | Fi]-
k=1,p
Taking now into account both the representation (6.8]), Assumption (H5)-(ii) satisfied by f¥ and the fact that
the penalty costs are non negative, one obtains the existence of a stochastic process W% such that for any (m, p)
it holds
Yijﬂn,p < }_/ij,m < Wz_]
Actually, it is enough to take
ij T T %
W =E[f; COL+ |Xp2P)dr + 3 per sWPseps, 1y [V | 7], s € [t,T)

where C is a constant appropriately choosen. Next in the same way as in ([18], Theorem 2.1), one can show that
the sequence of processes ((Y™"P, Zi:mp KHMP) ;oo p2)p>o converges to (Y9, Z0m UMY G o op e
which implies that Y™ > Y% for any (i, ) € I'' x I'2. But, in a symmetric way, one can show that Y% > yin
for any (i,7) € I'. Take now the limit w.r.t to m and n in the previous inequalities to obtain Y% > Y# > Y
since Y% = lim,, Y™ = lim,, Y™, Thus for any (i,j) € I, Y = Y. Next, comparing the martingale parts
in the equation (6.6) solved by Y and Y, we deduce that Z% = Z% and finally K*'* — K~ = K4+ — KU~
for any (¢,7) € I'. Thus the solution of (6.6]) is unique.

Remark 1. Since the interconnected barriers U (Y) := minz; {Y + gji(s, X2®)} and
Li(Y) = mazyzi{ Y +9y, (5, X5®)} are not completely separated, then one cannot infer that the processes K+
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and K%~ of (6.8) are unique. But if we moreover require that dK“ and dK"~ are singular then they are
actually unique. Indeed, dK*t —dK"'~ is a signed measure which has a unique decomposition into d\+—d\¥>—,
ie., dK7t — dK¥W~ = X9t — dXD ™ where dAPT and AN are non-negative singular measures. Therefore
dKF 4+ d\U~ = d\9F + dK%~. Then d\VF << dK%F and d\'~ << dK*~ which implies that d\¥+ =

a Pt dKST and dNI— = o dK9~ . It follows that (Y3 — L (Y))dN9+ = (Y — LU(Y))aP+dKP+ = 0
and similarly (Y~ —UY(Y))d 9~ = (Y —UY(Y))a¥~dKY~ = 0.

(A2): PDEs with bilateral obstacles
Let (t,7) € [t,T] x R¥ and (X5*)s<7 be the solution of the standard SDE given in (Z4]) where the functions

b and o satisfy Assumption (HO). Let us now consider the following functions:

g: zeRFr—g(@)R

f: (tz,y,2) €[0,T) x RFHIFD s £t 2y, 2) €R
H: (t,z)€[0,T) xRF — H(t,x) €R

L: (t,z)€[0,T) xRF — L(t,x) €R

We assume that all those functions are continuous and satisfy the following assumptions (A1)-(A2).
(A1): Vte[0,T], z € R* y, o/ €R, 2,2' € RY,
(i) lg(@)[ + [f(t,2,0,0)[ + [H(t, )| + [L(t, 2)| < C(1 + |2[7),

(i) [f(t 2y, 2) = f(t 2,9, 20 < Clly = ' + |2 = 2)),
(iii) L(t,z) < H(t,z) and L(T,z) < g(x) < H(T, x),

where C' and p are some positive constants.

(A2): For each R > 0, there is a function ®g from R* to RT satisfying ®r(s) — 0 as s — 0 and such that
[f(t2,y,2) = f(t,2,y,2)| < PR((1+|2])|2 — 2']) (6.9)
for all t € (0,7T), |z|, |2'], |y| < R and z € R

The follownig lemma gives a link between Assumptions (A2) and (H1)-(i).

Lemma 6.1. If the function (t,x) € [0,T] x R* s f(t,z,y,2) € R is continuous, uniformly w.r.t. (y,z), i.e.,
for any (t,x) € [0,T] x R*, for any ¢ > O there exists Nz > 0 such that if |(t',2') — (t,x)| < Nze then
lf( 2"y, 2) — f(t,x,y,2)| < e, then assumption (A2) is satisfied with ®g, for any R > 0, given by

Vy > 0,®p(y) := sup |f(t,z,y,2) = f(t, 2"y, 2)]|
|t—t/ | +]o—a’|<v,t,t'€[0,T], 2,2’ €B' (0,R),|y| <R,€R?

where B'(0, R) := {x € R |z| < R}.

Proof: Let R > 0 and (¢,z) € [0,T] x B'(0,R). Let ¢ > 0. By definition, there exists 7 5. > 0 such that if
(t',2") € B((t,2),mt.2.) (the open ball in [0, 7] x R¥ with center (¢,x) and radius 7, .) then

[f(#, 2y, 2) = f(t,2,y,2)| <e.

0.7)xBORCc ) Blta), 5
(t,z)€[0,T]xB'(0,R)

then by compacity one can find finitely many points (¢1, 1), ...., (tm, Tm) such that

0,7]x B'(0,R) ¢ | B((ti,xi),mi’;i’s).

1=1m
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(i) First note that the function v € Rt — ®g(y) is non-decreasing and ®r(0) = 0. Next let us set n =

ltnimizl,mM Then 1 > 0 and we claim that ®r(n) € RT.

Indeed let z € R%, |y| < R and (¢,z), (¢',2') elements of [0,7] x B’(0, R) such that [t — /| + |z — 2’| < .
Then there exists ¢ € {1,...,m} such that (¢,z) € B((t;, i), u) It follows that

|(t/,$€/) - (tivxi)l < |(t/,$€/) - (t,$)| + |(t,$€) (tlvxl” <n+ ntl;“ < Mtiwie

which implies that (¢/, ") belongs also to B((t;, i), Mt; z;.c)- Then by continuity we have

|f(t7$73/az) - f(tluxluyazﬂ < |f(t7$73/az) - f(tiuxiuyazﬂ + |f(t17xl7yuz) - f(t/7$17yuz)| < 2e.
Taking the supremum to obtain that ®r(n) < 2e.
(ii) As @ is non-decreasing then ®r(y) < 2¢ for any v < n. Note that this property implies also that ®(v) —
0=®r(0) as v — 0.

(iii) For any 71 and 72 in R, ®p(y1 +72) < @r(71) + Pr(72)-
Indeed let z € R, |y| < R and (¢,z), (t',2') elements of [0, 7] x B'(0, R) such that [t — /| + |z — 2'| < 71 + 2.
Then there exists (¢,z) € [0,7] x B’(0, R) such that |(¢,z) — ({,Z)] <y and |(¢,Z) — (¥, 2")| < ¥2. Therefore

|f(t7$7y72) - f(tl7x/7yuz)| S |f(t7$7y72) - f(ﬂi.uyaz)' + |f(t_7i.7yuz) - f(t/7$17y72)| S (I)R(Vl) + (I)R(/72)

which implies that Pr(v1 +12) < Pr(11) + Pr(Y2).

(iv) For any v € Rt, ®r(y) € Rt and ®g(.) verifies (69).
Indeed by induction and (iii), for any v € RT and n > 1, ®g(ny) < n®g(y). On the other hand, by (ii) and
(iii), for any v € R one can find an integer n such that ®r(y) < n®g(n) which implies that ®z(y) € R. Finally

(69) is obviously satisfied since ®g(.) is non-decreasing and

|f(t,$,y,2) - f(tv'r/ayvz” < (I)R(|I - I/D

for all t € (0,7), |z|, |2'], |y| < R and z € R

Remark 6.2. This property of continuity of the function (t,z) € [0,T] x R*¥ s f(t,z,y, z) € R, uniformly w.r.t.
(y, 2), is needed to get uniqueness of the viscosity solution of the PDE (6.11]). However one can obtain uniqueness
of (6I1]) with a substantially weaker condition than the previous one. |

Now for (t,z) € [t,T] x R¥, let Y := (Y/")¢[0,77 be the local solution of the BSDE associated with the

s ]
quadruple (f(s, X5%,y, 2), g(X3¥), L(s, X5%), H(s, X5®)) (see |14] for more details) and let us set u(t, z) = Y;»*.
Then u(t, z) is an R-valued deterministic function of (¢, 2) which is morever of polynomial growth and continuous.

Furthermore it satisfies:
Y (t,z) € [0,T] x R*, Vs € [t,T], YI" = u(s, X1). (6.10)

Let us now consider the following PDE with two obstacles of min-max type whose solutions will be considered

in viscosity sense:
min{v(t, x) — L(t,z); max|v(t,x) — H(t,x);
—Ow(t,z) — LXv(t, z) — f(t,z,v(t,z),0(t,x) " Dyvl(t, ;v))] } =0; (6.11)
(T, x) = g(x).
For the definition of the viscosity solution of equation (G.IT), which is standard, we refer the reader to [14].

The link between PDE (G.I1)) and the process Y* through the function u defined in (610 is:
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Theorem 6.3. [14]: Under (H0),(A1) and (A2) we have:
(i) The function u is the unique continuous viscosity solution of (6.11) with polynomial growth ;

1) The function u is also a unique continuous viscosity solution, in the class I1,, of the following maz-min
g
problem:

max{v(t, x) — H(t,x) ; min|v(t,x) — L(t, z);
—du(t, ) — LX(t,x) — f(t,z,0(t,2), 0(t,2) T Dyv(t, a:))} } —0; (6.12)
(T, z) = g(x).
The proof of (i) is similar to the one given in [14]. However, we should point out that in [14], the barriers L
and H are assumed to be completely separated (i.e. L < H) while in our framework they only satisfy L < U.
This fact is irrelevant and does not rise a major issue. As for (ii), the construction of the function u (see [14])

implies that w = —u is the unique viscosity solution in the class II, of the following system:

min{w(t, x) + H(t,z), max [w(t, x) + L(t, z),
—Ow(t,z) — Lw(t,z) + f(t,z, —w(t,z), —o(t,z) " Dywl(t, :C))] } =0; (6.13)
w(T,z) = —g(x).
Thus —w = u is the unique solution in the class II,; of system ([6.12) (see e.g. 2], pp.18). |
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