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Abstract In this paper, we propose a new type of viscosity solutions for fully
nonlinear path-dependent PDEs. By restricting the solution to a pseudo-Markovian
structure defined below, we remove the uniform non-degeneracy condition needed in
our earlier works (Ekren, I, Touzi, N, Zhang, J, Ann Probab, 44:1212—-1253, 2016a;
Ekren, I, Touzi, N, Zhang, J, Ann Probab, 44:2507-2553, 2016b) to establish the
uniqueness result. We establish the comparison principle under natural and mild
conditions. Moreover, we apply our results to two important classes of PPDEs: the
stochastic HIB equations and the path-dependent Isaacs equations, induced from the
stochastic optimization with random coefficients and the path-dependent zero-sum
game problem, respectively.
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Introduction

In this paper, we study the following fully nonlinear parabolic path-dependent PDE
with terminal condition u(7T', w) = &(w):

Lu(t, w) := ou(t,w) + G(t, w, u, d,u, E)Z)wu) =0, (t,w)e[0,T) x Q2. (1)
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Here 2 consists of continuous paths @ on [0, T] starting from the origin, G is
a progressively measurable generator, and the path derivatives 0,u, Oy, Bf)wu are
defined through a functional Itd formula, initiated by Dupire (2009), see also Cont
and Fournie (2013). Such an equation was first introduced by Peng (2010; 2011). Ina
series of papers by Ekren et al. (2014a) and Ekren et al. (2016a; 2016b), we proposed
a notion of a viscosity solution for such PPDEs and established its wellposedness:
existence, comparison principle, and stability. The main innovation of our notion
is that, due to the lack of local compactness of the state space €2, we replace the
pointwise maximum in standard PDE literature with an optimal stopping problem
under certain nonlinear expectation.

Roughly speaking, the strategy in (Ekren et al. 2016a, 2016b) is a combination
of partial comparison, which is a comparison between a classical semisolution and a
viscosity semisolution, and a variation of the Perron’s approach. In particular, when
the PPDE has a classical solution, it is unique in the viscosity sense, as a direct
consequence of the partial comparison. By utilizing certain path-frozen PDE (not
PPDE!), in (Ekren et al. 2016b) we established the comparison in the case that the
viscosity solution can be approximated by piecewise classical semisolutions taking
the form:

Z Hl, le ) (Hl'h a)Hn) 31 a)t) I{H,l§I<H,,+] or Hn<H,,+]:T:t}s (2)

where H,, is an increasing sequence of stopping times with Hy = 0, and the mapping
(t, x) = v, ((t1, x1), -+, (ty, Xy); t, x) is in C'-2. However, in order to obtain such
smooth v,, we need classical solutions of certain PDEs taking the form:

9v+ G, (; v, 3,0, a”v) —0, (t,x)€Q,CI[0,T] xR 3)
For this purpose, in (Ekren et al. 2016b) we have to assume G is uniformly
nondegenerate.

The goal of this paper to is remove this uniform nondegeneracy. We note that
degenerate PPDEs appear naturally in many applications, and we will present two
examples in this paper. The first one is the stochastic Hamiltonian-Jacobi-Bellman
equation, introduced by Peng (1992) to characterize the value function u(t, x, w) for
optimization problems with random coefficients. Peng (1992) solved the problem
when there is only drift control. The general case with volatility control has been
an open problem, see Peng (1999). We may view the stochastic HIB equation as a
PPDE by considering x as a path. This PPDE is by nature always degenerate. We
shall characterize the value function as the unique viscosity solution to this degen-
erate PPDE. We note that in the recent work Qiu (2016) viewed the stochastic HIB
equation as a backward SPDE and proved its wellposedness in the sense of Sobolev
solutions. The second example is the path-dependent Isaacs equations, induced from
the path-dependent zero sum game as in Pham and Zhang (2014). In order to obtain
the smooth v, in (2), (Pham and Zhang 2014) assumes G is uniformly nondegener-
ate and the dimension d < 2. Besides the degeneracy, our work here also allows for
higher dimensions.
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We still follow the strategy in (Ekren et al. 2016b), but rely on the viscosity
solution theory of PDEs, instead of the classical solution theory of PDEs as in
(Ekren et al. 2016b). Namely, we will construct those v, via continuous (not C L2
viscosity solutions of certain path-frozen PDEs (3). However, we will establish the
uniqueness of viscosity solutions in a smaller class. Notice that there is a trade-
off between the regularity of the solution and the solution class for the uniqueness.
If we can establish higher regularity for the solutions (or approximate solutions),
then we can prove the uniqueness within a larger solution class. In our degener-
ate situation, we are not able to obtain smooth v, in (2), but in C 0 only. As a
consequence, we will establish the uniqueness only in this class, namely there is
only one viscosity solution which can be approximated by piecewise Markovian
viscosity solutions in the form of (2). This (piecewise) Markovian structure allows
us to use the comparison principle of PDE, rather than the partial comparison of
PPDE.

There is another major difficulty in the degenerate case. Note that the path frozen
PDE (3) is a local PDE, with the domain Q, induced from the stopping times H,,.
However, in the degenerate case, the H, used in (Ekren et al. 2016a, 2016b) has
very bad regularity, and consequently the PDE (3) in O, typically does not have a
continuous viscosity solution. Strongly motivated by the recent work Bayraktar and
Yao (2016), we shall use some slightly modified stopping times H,, which enjoy all
the desired properties.

We remark that the present strategy, as in (Ekren et al. 2016b), relies heavily on
the path frozen PDEs and the related PDE results. In particular, it uses indirectly the
very deep regularity results for parabolic PDEs. In the (possibly degenerate) semi-
linear case, Ren et al. (2016a) and Ren (2016) studied the regularity for PPDEs
directly. The more recent paper Ren et al. (2016b) established the comparison for
fully nonlinear degenerate PPDEs, by introducing a regularization operator which can
be viewed as the counterpart of the sup-convolution in the PDE literature. Roughly
speaking, the strategy in (Ekren et al. 2016b) and the present paper is to approxi-
mate the PPDE by certain PDEs and use the solution of the latter to approximate
the solution of the original PPDE. While the strategy in (Ren et al. 2016a; 2016b)
is to approximate the solution of the PPDE directly and show that these approx-
imations are solutions of certain PDEs which are close to the original PPDE in
certain sense. The comparison principle in (Ren et al. 2016b), however, is also in
a smaller solution class by requiring a somewhat stronger regularity on the solu-
tions, and consequently, the coefficients of the PPDE should also have the same
stronger regularity. So there is a tradeoff between (Ren et al. 2016b) and the present
paper: (Ren et al. 2016b) requires stronger regularity while this paper requires cer-
tain piecewise Markovian structure. It will be indeed desirable if one could combine
the two techniques and obtain the complete results, which will be left for future
research.

Finally, while we focus on viscosity solutions for PPDEs, there have been dif-
ferent notions of solutions in the literature. First, with the smoothness in terms of
Dupire’s path derivatives, classical solutions were obtained by Dupire (2009) for
linear PPDEs (which he called functional PDEs) and by Peng and Wang (2016)
for semilinear PPDEs. Cont and Fournie (2013) extended the path derivatives to
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weaker ones which immediately provides weak solution (in the spirit of Sobolev
solution) for linear PPDEs. Peng and Song (2015) studied Sobolev solutions for
path-dependent HIB equations. Moreover, Cosso and Russo (2016) introduced the
so called strong-viscosity solution for semilinear PPDEs as the limit of approximat-
ing classical solutions. While all the notions are consistent with classical solutions
when the solutions are smooth, we emphasize that in the path-dependent case even
the heat equation may not have a classical solution. Our notion of viscosity solution
is a local property, thus the viscosity property can be easily verified in applications.
Of course, the challenge lies in the comparison principle, which is the main focus
of this paper as well as our earlier works. The Sobolev solution of (Peng and Song
2015) is a global solution and involves norm estimates, thus it is easier for unique-
ness but more difficult for existence. Indeed, for the path-dependent Isaacs equations
which is a typical example in our approach, it is still not clear what is the appro-
priate norm under which one may obtain Sobolev solution. See Pham and Zhang
(2013) for a study in this direction. The strong-viscosity solution of (Cosso and Russo
2016) involves a combination of local and global properties, and is easier for unique-
ness but more difficult for existence. Roughly speaking, it transforms the difficulty
in our uniqueness to their existence. To the best of our knowledge, the existence
of a strong-viscosity solution of (Cosso and Russo 2016) is not proven in the fully
nonlinear case.

The rest of the paper is organized as follows. In “Preliminaries” Section we review
the basic materials concerning PPDEs. In “Pseudo-Markovian viscosity solutions”
Section we introduce pseudo Markovian viscosity solutions, and in particular the
new hitting times inspired by (Bayraktar and Yao 2016). The comparison principle is
proved in “Comparison principle” section, and “Existence” section is devoted to exis-
tence. In “Stochastic HIB equations” sections and “Path dependent Isaacs equation”
we present two applications: the stochastic HIB equations induced from the opti-
mization problem with random coefficients and the path-dependent Bellman-Isaacs
equations induced from the zero sum stochastic differential games. Finally, some
technical proofs are in the Appendix.

Preliminaries

In this section, we recall the setup in (Ekren et al. 2016b) and explain why the non-
degeneracy requirement is crucial in the uniqueness proof there.

The canonical setting

Let Q := {a) e C([0, T], Rd) Twy = 0}, the set of continuous paths starting from
the origin, B the canonical process, F' = {F;}o<;<r the natural filtration generated by
B, Py the Wiener measure, 7 the set of F-stopping times, and A := [0, T] x 2. Here
and in the sequel, for notational simplicity, we use 0 to denote vectors, matrices, or
paths with appropriate dimensions whose components are all equal to 0. Moreover,
let S? denote the set of d x d symmetric matrices, and
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d
x-x = Zi:l xix| forany x,x' e RY, y 1y’ :=trlyy’] forany y,y’ €S

We say a probability measure [P on Fr is a semimartinagle measure if B is a P-
semimartingale. For every constant L > 0, we denote by P, the collection of all
semimartingale measures [P whose drift and diffusion characteristics are bounded by
L and \/i, respectively. Denote Py, := Ur~oPL.

We next discuss regularity of random variables and processes. First, define a semi-
norm on £2 and a pseudometric on A as follows: for any (¢, w), (t', ®') € A,

lwll == sup losl, do ((t, @), (', )) = |t—t’|%+||wﬁ,—wfm,

O<s<t

@

For a generic Euclidian space E, let L%Q:; E) denote the set of Fr-measurable
random variables &, CY%Q: E) (resp. UC(L2; E)) the subset of those & continuous
(resp. uniformly continuous) under || - ||7. Similarly, let LO(A; E) be the set of F-
progressively measurable processes u, C O(A; E) (resp. UC(A; E)) the subset of
processes continuous (resp. uniformly continuous) in (¢, w) under doo. We use the
subscript ;, to indicate the subset of bounded elements; and we omit the notation E in
the spaces when E = R. For classical solutions of PPDEs, we need further regularity
of the processes. The following definition through the functional It6’s formula is due
to (Ekren et al. 2016a) and is inspired by (Dupire 2009).

Definition 2.1 We say u € C"2(A) ifu € C%(A) and there exist d;u € CO(A),
dpou € COUA,RY, af)wu e CY%A, S such that, for any P € Ps, u is a
P-semimartingale satisfying:

1
du = d,udt + dyu - dB, + Ea}uwu :d(B),, 0<t<T, P-as. 5)

We remark that the path derivatives o;u, d,u and 83,wu, if they exist, are unique.
We finally introduce the shifted spaces. Let0 <s <t < T.

~ Let Q' = {w e C(It, T],RY) : v = 0} be the shifted canonical space and
define B", F', P, A", T", P}, Pk, etc. in an obvious sense. In particular, A’ :=
[, T] x Q. Define || - ||% on €' and d5, on A’ in the spirit of (4), and the sets
LO(A’; E) etc. in an obvious way.

— PForw € Q° and o’ € Q, define the concatenation path w ®; w’ € Q° by:

(0 ® &) (r) == o150 (r) + (0 + @) 1, 71(r), forall r € [s, T.

— Let& e LO%Q%) and X € LO(AY). For (t, w) € A®, define £¢ e L.O(Q") and
X" e LO(AY) by:

£ () = (w® o), X'0) =X (0® &), forall o € Q'

It is clear that, for any (f, w) € A and any u € C°(A), we have u>® € CO(A’). The
spaces introduced above enjoy the same property.
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Viscosity solution of PPDEs

Our PPDE takes the form of (1) with a terminal condition u(T, w) = &(w). We say
u € CH2(A) is a classical solution (resp. supersolution, subsolution) of PPDE (1) if

Lu(t,w) = (resp. <,>)0, V(t,w)€[0,T) x Q.

The definition of viscosity solution is more involved. First, for any £ € Lo(Q?)
with appropriate integrability, we introduce the following nonlinear expectations:

=L . =L

/161 := sup E'[£] and £][¢]:= inf E'[5] = —E [-£]. (6)
PeP) PePL

Next, for any ¢t € [0, T] and ¢ > 0, we define a hitting time:

H,:=inf{s >7:[B|>e)A(t+e)AT. (7

&

Now for u € LL°(A) with appropriate integrability, we introduce the following classes
of test functions: for any L > O and (¢, w) € [0, T) x €,

ALu(r, w):={<p e Cch2(AY): (¢ — u”w),=0=ri€117§l o [((p — u”"’)mﬁ;] for some & > 0} ,

zLu(t, a))::{(p e Clh2(AN: (¢ — u”‘“)l:0: sup E,L [(go — u”"’)mﬁx] for some & > 0} .
TeT! ¢
(8)

Definition 2.2 Ler u € LY(A) with appropriate integrability and L > 0. We
say u is a Pr-viscosity subsolution (resp. supersolution) of PPDE (1) if, for any

(t,w) € [0, T) x Qand any ¢ € ALu(t, ) (resp. ¢ € ./_4Lu(t, w)):
LY(t,0) == i9(t,0) + G (-, 9. 39, 0y 9)(t.0) > (resp. <) 0.

We say u is a P -viscosity solution of PPDE (1) if it is both a Py -viscosity sub- and
supersolution.

We remark that to establish the viscosity theory certain semi-regularity is required
for semisolutions, as introduced in (Ekren et al. 2016a, 2016b). Moreover, the
smooth test processes ¢ in 8 can actually be restricted to parabolas, and thus the
definition can be rewritten in terms of semi-jets, see (Ren et al. 2014).

Viscosity solution of PDEs

In this subsection, we consider the following PDE on an open domain Q C [0, T') x
RY:
Lv(t, x) :=9;v(t, x) + g(t, x, v, 0xv, 0xxv) =0, (t,x) € Q. )

We shall introduce two notions of viscosity solutions, one is adapted from
Definition 2.2, and the other is the standard one in PDE literature, see e.g. (Crandall
et al. 1992) and (Fleming and Soner 2006).

Definition 2.3 Let v : Q — R be measurable with certain integrability.
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(i) For some L > 0, we say v is a Py -viscosity subsolution of PDE (9) if, for any
(t,x) e Q,

Lo(t,x) >0, Ve ALv(t,x), where

A, x) = {go e CY2(Q):3e > 0s.t. [p —v](t,x) =0 (10)
= inf _ & [l —vi(r.x + BH]}.
teT‘:rgHL

(ii) We say v is a Crandall-Lions viscosity subsolution of PDE (9) if, for any
(t,x) € Q,

Lo(t,x) >0, Vo e Av(t,x), where
Av(t,x) == {p € C1*(Q):3e > 0s5.t. [p —v](1,x) =0 = [ — v1(s, »)}.

(11)
(iii) We define the corresponding viscosity supersolution and the viscosity solution
in an obvious way.

inf
(s,y)eQ:|s—t|+|y—x|<e

Remark 2.4 (i) When ¢ > 0 is small enough, we have (s, x + B!) € Q for all
s < fl; Thus the AL v(t, x) in (10) is well defined.

(ii) It is clear that Av(t,x) C ALv(t, x). Then a Pr-viscosity subsolution
is a Crandall-Lions viscosity subsolution. In general, these notions might not be
equivalent.

(iii) Due to (ii), formally it could be easier to prove the comparison principle for
Pr-viscosity semisolutions than for Crandall-Lions viscosity semisolutions. It will be
interesting to explore such a possibility. |

The degeneracy of G

In this subsection, we explain why the non-degeneracy requirement is crucial for the
comparison principle in (Ekren et al. 2016b), and how we overcome the difficulties
in this paper.

A key element in the strategy of (Ekren et al. 2016b) is the following path frozen
PDE (not PPDE!): for fixed (f, w) € [0, T) x Q and ¢ > 0,

v+ G (5, WA, U, 040, 0xx0) =0, (5,%x) € étg =[t,t+e)AT)x{x € R? x| < e}.
(12)
We emphasize that at above the path w in G is frozen at ¢ and thus the equation is
a (deterministic) PDE. Moreover, the domain @2 is induced by the hitting time ﬁi,
indeed, we have (s, B!) € Q' fors < H,.
In order to construct smooth test functions, we let G, be a smooth mollifier
of G and require the following mollified path frozen PDE (with smooth boundary
condition) has a classical solution:

0V + Ge(S, W.Ar, U, 0x0, 0xxv) =0,  (5,x) € @2- (13)

) Springer Open
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In the PDE literature, one typically needs uniform non-degeneracy of G, in terms of
y, namely there exists a constant ¢ > 0 such that

Gs (Y +7) = Ge,y) = cotr (¥'), Yy, ¥ € S? withy’ > 0. (14)

Moreover, for Bellman-Isaacs equations, one may obtain classical solution only when
d <2, even if G, is uniformly non-degenerate.

We note that the classical solution of (13) is used to prove the partial comparison
principle, namely the comparison between a classical semisolution and a viscosity
semisolution. Our first observation is that, since we are utilizing PDE results, we can
use the comparison principle for viscosity solutions of PDE directly. We note that by
doing this we are using the regularities of PDEs indirectly, because the comparison
principle in PDE literature relies on the regularities through a regularization proce-
dure. Nevertheless, this allows us to use the viscosity theory rather than classical
solutions of PDEs. However, this requires our viscosity semisolutions to have cer-
tain piecewise Markovian structure, which we will call pseudo-Markovian, thus our
comparison principle will be within a smaller class than that in (Ekren et al. 2016b).

There is another difficulty in the degenerate case, even for the viscosity theory of
PDEs. Notice that the PDEs (12) and (13) are on a bounded domain Q, not on the
whole space. As we see in the following example, in the degenerate case such a PDE
with a smooth boundary condition may not have a continuous viscosity solution.

Example 2.5 Consider the following degenerate PDE:
dv =0, (t.x)e Q%  wt.x)=t, (t.x) €0’
= {(t,x) t=¢,|x| <€ ort<eg,l|x| :8}.
Then clearly the candidate solution should be: v(t, x) = 81@0 (t,x) + tlaéo (t, x),

which, unfortunately, is discontinuous on {(t,x) : t < &, |x| = &}.

Inspired by (Bayraktar and Yao 2016), we overcome this difficulty by modifying
the hitting times. While we will study the new hitting time in details in next section,
we present a special case here to see how it helps overcome the difficulty in the
example above. Consider the following hitting time:

H; :=inf{t > 0: ¢+ |B;| > ¢}, (15)
which would induce a domain, changing from a cylinder to a cone:

Qe i={(t,x) €[0,8) x RY : 1 + |x| < e}, 16)
30, :={(t,x) €[0,8) xR 11 + |x| = ¢}.
Example 2.6 Consider the following degenerate PDE:
3,1):0, (t,x)ng; U(t7x):t1 (t,x)ean.

Then the solution is: v(t,x) = & — |x|, which is continuous on the whole domain

Qs UdQ,. u
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Pseudo-Markovian viscosity solutions

Our PPDE of interest is (1) with a terminal condition u(7T, w) = &(w). We shall
assume the following standing assumptions.

Assumption 3.1 (i) The PPDE is parabolic, namely G is non-decreasing in y;
(i) G is uniformly Lipschitz continuous in (y, z, y) with Lipschitz constant L;
(iii) G is continuous in (t, w), G(-, 0, 0, 0) is bounded, and & € Cg(Q).

Throughout the paper, for notational simplicity we denote: for any process ¢ and

s <t,

Li:=L+1, @5 =9 —¢s. (17
Hitting times

As explained in Subsection “The degeneracy of G”, we shall introduce a new type of
hitting time, strongly motivated by the recent work (Bayraktar and Yao 2016). Given
R > 0,7 e[0,T)andx € R? with |x| < R, define

H R (B :=inf{s > ¢:|x+ Bl + Li(s —t) > R} AT. (18)

This hitting time enjoys certain useful properties.

Lemma 3.2 For any (¢, x, R), t€T" with t<H"*R and § > 0, we have
Ht’x’R(B.[) — H‘[,x-i-Bé,R—L(r—t)(Bf o B.{.), (19)
suppepr P (HOF < (1 +8) AT) < Cré. (20)

Moreover, H>*'R is increasing in R, and has the following regularities:

=L
gt [|Hz,xl,R1 _ Ht,xz,Rz|] <|x1 — x|+ |R1 — Ro|, 21
lx1] < Ry, |x2] < Ry;

gtL [ Ht,x,R(Bt) _ HI,X,R (Bt _ Bé)

| =& [ve=1,

0<r<t<H R |x| <R

(22)

Proof First, (19) and the monotonicity of H"*R in R are obvious. Next, for any
§ > 0,if L1§ > % then (20) becomes trivial. Now assume L5 < %. For any

PeP;,

R
IF’(H"O’R<(I+8)/\T) SIP’( sup |B§|+L182R)§]P’( sup |B§|25)

1<s<t+$ 1<s<t+38

4
= —E°[ swp |BI?] < Cao,
R t<s<t+8
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Page 10 of 34 I. Ekren, J. Zhang

By the arbitrariness of P, this implies (20)_. Moreover, (22 follows directly from (19),
(21), and the following simple estimate:F [|BL|] < C&F [T —1].

To prove (21), we assume without loss of generality that ¢ = 0 and denote 7; :=
HORi = 1,2, and Ag = @2 — ¢ for ¢ = x, R, 7. On {1] < 1} € Fy, and
under each P € Py, we have

|x1 + By |+ Liti =Ry, |x2+Bp|+Lin <R
= AR > E [x2+ By, | + L172] — [|Ix1 + By | + L171]
> |x2 + B} [Br, 1| — Ix1 + By, | + L1Ef, [At]
> L1E; [At] — |Ax| — [E] [By, 1]
> L1EL [At] — |Ax| — LE; [At] = E [At] — | Ax|
= EL [At] < |Ax|+ |AR].
This implies that
E” [(m2 =ty <o}] < [1AX] +|ARNP(z1 < ).

Similarly, we have EF [(1:1 — 72)1{r2<r1}] < [|Ax|+ |AR|]P(t; < 1t1). Then
EF[|AT|] < [|Ax| + |AR|], and (21) follows from the arbitrariness of P € P;. O

Remark 3.3 (i) The regularities (21) and (22) are in L'-sense. The hitting time
ﬁ; in (7) shares these properties in the uniformly non-degenerate case, but does not
in the degenerate case. The work (Bayraktar and Yao 2016) introduced a different
hitting time which has stronger regulairty:

Hf :=inf{t > 0:7+ sup |Bs| > ¢}. (23)
0<s<t
One can easily show that H}; is Lipschitz continuous in w in the pathwise sense:
H; (0) — He (&)] < llo — &ll7.
However, H} does not share the Markovian property in the sense of (19):
HY #H "B fort < H., where ﬁ:’t’x = inf{s >t:s+ tiug |x + Bl| > 8}.
<r<s

In this paper, we need both the regularity and the Markovian structure, in order to
utilize the viscosity theory of PDEs.

(ii) The regularities (21) and (22) are under nonlinear expectation. Under
standard (linear) expectation, such regularities have been well understood, see
e.g. (Mikulevicious 1987, Mikulevicius and Rozovskii 1999).

(iii) For any ¢ > 0, there exist 0 < €1, &2 < € such that

H, <H"%¢, w02 <H. (24)
Then clearly Definition 2.2 remains equivalent if we replace the ﬁ; in (8) with H-0¢,
Moreover, the optimal stopping problem, which is required in (Ekren et al. 2016a,

2016b) and proved in (Ekren et al. 2014b), becomes a lot easier if we use H"%¢ due
to the regularities in Lemma 3.2.
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The next property will be crucial to pass the local structure to a global one. Fix
& > 0, define

6:=0, HS, =HW"OB - By)=inflt > HS : By |+ L1(r — HY)
>e} AT, n>0.
(25)
Lemma 3.4 For any ¢ > 0,
£ t) C
({H; <T} =0 and sup P[H, <T] < —. (26)

n>1 PePy, ne

Proof First, clearly H;, is nondecreasing, and thus HS ) := lim, .o H;, < T exists.
Note that,

N <7)c ) {|BHZ,HZH| + Ly (HE,, — HE) =g}.
n>1 n>1

Since limy,_, 5o By = By, clearly the right side above is empty, then so is the left
side.
Next, for any n > 1,

(< Ty () (1B, |+ 0 (G — 1) =
0<k<n

Note that

2
(|BH;,H€ |+ L1 (Hp gy — H,‘i)) = 2|Bug m, | >+ C (Hy,, —Hf).

k+1

Then

(B <7hc () {2iBugng,, P+ C (L, —H) = &)

O<k<n

n—1
§ {Z (218, P+ € (i — 1) | = "82}
k=0

n—1
C {22 | Bug 1, ?P+C> nez} )
k=0

Now for any P € Py,

n—1

1 C
e P 2
P(H, <T) = —E [2 > 1Bug kg, | +Ci| = —
k=0

By the arbitrariness of P € P, we obtain the second claim immediately. O
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Piecewise Markovian processes

For any ¢t € [0, T] and ¢ > 0, denote

0f i={(s,x) e (0, TIx Rt |x| + Li(s — 1) < &};
30 i={(s,x) € 0, TIX R : |x| + Li(s — 1) = &}
U {(T.x): x|+ Li(T —1) <e};
0 == Q5 VIS U{(t.0));
5, ={m, = (ti, X)1<i<n 1 O=to<ti<--- <1, < T, (t;,x;) €0Q;_,1<i<n};

D = {1, x) 17, € TI,, (1, x) € Q\fn};

n

T (w) = (Hf(a)), WHE () — wa—l(w))lfisn .
27
In light of (2), we introduce processes with the following piecewise Markovian

structure.

Definition 3.5 Let ¢ > 0. We say a process u € LO(A) is e-Markovian, denoted as
u € Mg (), if there exist deterministic functions v,, : D; s R, n > 0, satisfying:
(i) (2) holds, namely

oo
j— & . —
u(t, ) = HZ_(:) vn (75 (@)i 1, 0 — Wl () 1 (1 zrb, or <1t =7 (28)

(ii) For all wy = (1, Xi)1<i<n € I} and (¢, x) € 0y , the following compatibility
condition holds

vn(nn;lwx) :U11+1(7Tn7(tax);tso)' (29)
(iii) Each v, n > 0, is continuous in Dfl+]'

Remark 3.6 (i) The continuity of v, and compatibility (29) imply that u is
continuous in time.

(ii) We do not require v, (7,; -) to be continuous on {(t,,x) : 0 < |x| < &}.
However, for any § > 0 small, v, is (uniformly) continuous on the following compact
set

DI} =it x) €Dy it — iy 2 8,0 =1, ,n, andt —t, > 8}. (30)

It turns out that this uniform continuity and the continuity of v, (m,; -) at (t,, 0) is
enough for our comparison result.

(iii) In (Ekren et al. 2016b) we imposed a technical condition Assumption 3.5 to
ensure the constructed v, will be uniformly continuous in D, +1- This condition is not
needed here because of the introduction of our new hitting time. |

Moreover, we may extend all the notations to the shifted spaces: given 0 < < T,
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He, TIL°, wht, Me(A), etc. 31)

n

Pseudo-Markovian viscosity solution
We provide the following notion of viscosity solutions.

Definition 3.7 We say u is a pseudo-Markovian Py -viscosity subsolution (resp.
Crandall-Lions viscosity subsolution) of PPDE (1) at (t, w) € [0, T) x Q if, for any
& > 0, there exists u"®* € M (A") with corresponding {v,, n > 1}, such that

(i) for each 7w, = (t;, Xi)1<j<n € 15, v, (70, +) is a Pr-viscosity subsolution
(resp. Crandall-Lions viscosity subsolution) to the following PDE:

t,w,m, . — . T, 2
L "V (TTns 8, X) 1= 0V (T3 8, %) + G (S» ® ®; 0", Uy, Ox Uy, axxvn)

=0, (s,x)€ 0,

(32)

where ™ is the linear interpolation of (t, 0), (ti, 23:1 xj)1<i<n , <T, Z?:l xj),
(i) u" ¢ < u"® on A" and limeo u"¢(t,0) = u(t, ).
We define a pseudo Markovian viscosity supersolution similarly , and we call u
a pseudo-Markovian viscosity solution if it is both a pseudo Markovian viscosity

subsolution and supersolution.

Remark 3.8 (i) Definition 2.2 is completely local. Definition 3.7 is in between
local and global. The u"®** may depend on (t, w) and we require the convergence
of u*®¢ only at (¢, w). In this sense our definition is local. However, the viscosity
property of u"®¢ and the inequality u>®* < u"® hold on A' and in this sense the
definition is global.

(ii) In Definition 3.7 the v, is required to satisfy the path frozen PDE (32), and
thus this definition relies heavily on the path frozen PDE. We will see in Proposition
3.9 below that, when G is uniformly continuous in w, one can give an equivalent
definition using the original PPDE (1).

(iii) Both (Ekren et al. 2016b) and (Ren et al. 2016b) require the uniform continuity
of G in w, which is not required in this paper. We remark that this uniform regularity
can be violated even in the semilinear case: G = %oz(t, w):y+ flit,w,y,2).

In the following proposition we state an alternative definition which is equivalent
to Definiton 3.7 when the generator G is uniformly continuous in w. The proof is
postponed to the Appendix.

Proposition 3.9 Let Assumption 3.1 hold true, and assume further that G is uni-
formly continuous in w. Then u is a pseudo-Markovian Pp-viscosity subsolution if
and only if, for any (t, ) € [0, T) x , there exist u">** € My(A"), ¢ > 0, such that

(i) for all (', @) € [t, T) x Q', u"®* is a viscosity subsolution of PPDE (1) at
@, 0 ®; );

(ii) u“ ¢ < u>?® on A" and limg_ g u>?¢(t, 0) = u(t, w).
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Comparison principle

The main result of this paper is the following comparison principle for pseudo-
Markovian Crandall-Lions viscosity solutions. Since a Pr-viscosity semisolution
is always a Crandall-Lions viscosity semisolution, it also implies the comparison
principle for pseudo-Markovian Py -viscosity solutions.

Theorem 4.1 Let Assumption 3.1 hold. Assume uy and uy are pseudo-Markovian
Crandall-Lions viscosity subsolution and supersolution of PPDE (1), respectively. If
u(T,) <ux(T,-), thenu; < uyon A.

Proof In this proof, viscosity semisolutions are always in Crandall-Lions sense.
Without loss of generality, we shall only prove u1(0,0) < u3(0,0). For i = 1,2,
let u{ € Mg(A) be the corresponding approximations with corresponding v;. By
Definition 3.7 (ii), it suffices to show that u{(0, 0) < u5(0, 0) for all & > 0. In the

rest of this proof we fix & > 0 and denote w, := v} — v2.

Step 1. We first show that, for any n > 0, m,, = (t;, x;)1<i<n € I1, it holds
w,J[ (Th; 1,,0) < EII; [eL(]'F’")w;r (nn; H, Bg)] where H := Htl"’o"s. (33)

Without loss of generality it is enough to prove the statement for n = 0. That is,
denoting w := wy,

wt(0,0) < - [eLHw+ (H, BH)] where H := HE. 34)

For any 6 > 0 small, by Remark 3.6 (ii), vé, v(z) are uniformly continuous viscosity

semisolutions of the following PDE:

> YXX

8,v+G(t,0, v, 9.0, 02 v) =0, (t,x)e D

Following the arguments in (Ekren et al. 2016b), Lemma 6.1, or following an alter-
native argument in (Barles et al. 1997), Lemma 3.7, one can easily prove that for any
(t,x) € D°,

t,x,e—Lyt
=L L(H —t —L
wt(t, x) < g, [e ( 1 )w+ <H’l)x,s i B]t_[,_x,ELl,)] .

1
In particular, this implies

8.x,6—L18

wt (8, ws) < & [eL(H‘ =8) (H‘]S’“"*’E_L“S, Bi{a,ws“laﬂ . ifH(w) > 6.
1
By the uniform regularity of w, and using (19) we see that

EL [w+(8, Bg)l{}bg}] < EL I:EL(H_‘S)U)+ (H, By) 1{H>8}] < EL [eLHw+ (H, BH)] .
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Then, noting that |w| < C,
wt 0,00 = &" [t (1, By)] = w*(0,0) = £ [wF 6, B)1-]
=L <L
<& [lw" (8, Bs) —wt(0,0)[] + CE [1jn=s]
Ly + +
8, Bs) — 1
[|w (8. Bs) —w*(0,0)| {lesaé}]
+cg [1

—L
ce i 0, asé —0,
{IBa|>5g}j|+ & [ {H>8}]—> asd —

where the first convergence is due to the continuity of w™ at (0, 0), the second one is
due to standard estimates, and the third one is due to (20).
Step 2. We next show that, for any n > 0,

gt [eLHiw,j (n;(B);H;,o)] <z [e mwt, (r, (B); Hn+1,0)]. (35)
Indeed, for any w, by (33) and (29) we have: denoting H;,*, := (H’, pH@se,

— ®, H;
< EHfL(w) I:eLHn+1w;:_+l (ﬂrf(a)), (Hz)_’_gl, Hn+ ) H::):P 0)} )

Now forany § > Oand P € P, by the uniform regularity in Remark 3.6 (ii), it follows
from the arguments in (Ekren et al. 2016b) (5.5) that,

LH + e. gé
nw, (e Hy, 0) Loy (e e »5)

P )/ LHE
< esssup EP [e n+1 w:[H (n}fH(B); Hi+1’ O) ln;‘zl{Hf—Hf,le}‘fo;] , [P-as.
P'ePL(P.HE)

where P (P, Hy) := {P' € P : P = P’on Fy: }. This implies

£ [LH w (e (B): HY, 0) Ty a2
< & [eMf Gy (B) e, Oy e =)

Recall (20) and send § — 0, we obtain (35) immediately.
Step 3. Applying Step 2 repeatedly, we have

wt (0,002 & [eMhuf (i (B); B, 0)| <etTE" [wyf (s (B); H, 0)], Vi = 0.
(36)
Note that w;| (£ (B); H:, 0) = 0 on {H; = T'}. Send n — oo and apply Lemma 3.4,
we have

w*(0,0) < CeTE" [1gsz =1y] — 0.

This completes the proof. O
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Existence
In this section, we provide a generic existence result.
A bounding equation

We first investigate a bounding equation which will be crucial for our existence result:

Lu(t, x) := 3,0(t, x) + g (T, 0,7, dxx ) = O,
g0,z ) =5 sup  [o2:y]+ LIyl +lzll+ Co, 37)
0<o<+2LI;

where the control o takes values in S¢. We start with a local result:

Lemma 5.1 Lettg < T, ¢ > 0, and h € C) (0Q5,). Then the PDE
Lu(, x) =0, (r,x) € Qp;  U(t,x) = h(t,x), (1,x) € 90y,

has a Py -viscosity solution v € Cg(QfO):

—L Hf-x H~* X
E(I, .X') — sup 5[ E/; brdrh (Hl,x’ x + BIt{”) + C()/ efa' brdrds ,
beLld (F1) t
where H'* ;= H-%¢~L10=0) - 19 () := {b € LOGF) : |b] < L}.
(38)

Proof Assume 19 = 0 for simplicity. First, it is clear that [v| < C. For any 0 <
8 < SQ—T, denote
1
050 = {(t,x) e @fo >3},

—e.8 . Lo . .
Note that 9 QN Q(g) is compact, then 4 is uniformly continuous on it. By Lemma 3.2

one may easily show that the v defined by (38) is (uniformly) continuous in ag’a. Pro-
vided this regularity, it follows from standard arguments that v satisfies the dynamical
programming principle, which implies further that v is a viscosity solution of PDE
(37)in OGN a(s)& By the arbitrariness of §, we see that v is continuous in Q5 N9 Qy
and is a viscosity solution of PDE (37) in Q.

It remains to prove the continuity at (0, 0). Let (¢, x) € Qg and denote § := ¢+ |x]|.
Let

H:=H""* H:=inf{s>r:|x+B,—Bi|+Li(s—1)>e—Lit}AT.

Then one can easily see that

L Hp.a H Hp.d
9(0,0) := sup & [efo rdrp (H, BH)—i-Co/ el br ’ds};

beld (F) 0
L Hpar, (6 Hohy
v(t,x) ;= sup & el brdry, (H,x + B, ﬁ) +Cof el brdrgg |
bel9 (F) ’ t
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Let o > 0 be a constant which will be specified later and assume § < §g. Denote

— ‘H H -H
7(0,0) ;= sup - |:e/0 brdry(H v 89, B) + Co / el brd’ds:|;
bell? (F) 0
- SL | Fbdr, (7 H 1% b,dr
vV(t,x) ;= sup & |ett h(HvSo,x+Btﬁ)+CO els r¢ds | .
bel) (F) ' t

Here (89, x) := h(So, gfli‘l‘sox) when |x| > & — L18. Then, for § < £ A 8o, by
(20) we have

[7(0,0) —v(0,0)| < C sup P(H < 8p) < C80; [V'(r,x) —v(t, x)|
PePL

< C sup P(H < 8y) < Ce.
PePL

. . . . —£,4 .
Notice that /4 is uniformly continuous on Qg' °, by Lemma 3.2 one can easily prove
that

[0(0,0) — (¢, x)| < Cps, (&),

where the modulus of continuity function ps, may depend on &y. Thus, for any
8o > 0,

[0(0,0) — v(z, x)| < Cps,(8) + Cso.

This implies ali_n%)W(O, 0) — v(t,x)] < Cgép. Since §y is arbitrary, we obtain
Slirr(l)ﬁ(t, x) = (0, 0). O

We next extend the above construction to a global one on [0, T']. Our construction
is similar to that in (Ekren et al. 2016a), Section “Path dependent Isaacs equation”.

Given (m,,t,x) € D2+1’ define
HOY = HOve b gt g0 (e By.). m=1, (39)

and let B®™"* be the linear interpolation of: denoting 7y := 0,

i n
Y x; : <H£,f‘, D xi+x+ B;W> : (40)
j=I m>1

i=1
We then define

0<i<n

—, — T T T
0° (p;t,x) ;= sup et [ef, brd’g(Bs'”””’x)—i—Co/ els brdrds]. 41)
beld (F") !

Our main result of this subsection is:

Lemma 5.2 For any & € UCp(R2), 5,81 is bounded and continuous in Dle.
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We remark that in general 5,81 may not be continuous on the closure of D 41~ The
proof of Lemma 5.2 relies heavily on the regularity of the hitting times established in
Lemma 3.2. It is quite lengthy and we postpone it to Appendix.

A general existence result
We shall make the following assumption.

Assumption 5.3 Forany e > 0, m, € 1, and h € cg(a Q; ), the PDE (32) with
boundary condition_h has a Pr-viscosity solution (resp. Crandall-Lions viscosity
solution) v,, € C,?(an).

The following lemma is crucial.

Lemma 5.4 Let Assumptions 3.1 and 5.3 hold. Then there exists u® € Mg (A)
with corresponding 6); := v, such that

(i) 05 (mwp; -) is a Pr-viscosity solution (resp. Crandall-Lions viscosity solution) to
PDE (32);

(ii) u* (T, 0) = & (w(HZ’”Hﬁ‘”HZ_.>n>1)_

Proof We follow the arguments in (Ekren et al. 2016b), Lemma 6.3. By Lemmas
5.1 and 5.2 we see that 9;(7[,1; -) is a viscosity solution of PDE (37) in an U 8an,
for any given m, € IT%. Introduce similarly

T T T
05 (pi t, %) = inf £ [eff brdrg (B5Tm) — Co / els br‘”ds] (42)
beld (F) t

which corresponds to the lower bounding equation:

]L_U([, -x) = atﬁ(tv -x) +§(27 8)(27 8)(/\’2) == 07
g(v.z,y):==1 inf _ [6%:y]— LIyl + Izl - Co. 43)
- 0<0<+2LIy

&

For each m > 1, define two functions on Dy, I

0" (s 1, %) 1= Oy (T3 1, %), 05" (s 1, X) 1= 05, (s 1, X).

We next define 8; " (7;; ) € C(Q%) and 85" (i3 ) € €0 (QF )i =m —1,--- 0,
backwardly as the unique viscosity solutions of the following PDE:

dv(s.x) + G (s, o™, v, By, afxv) =0, (s,%) €0, (44)
with boundary conditions 5;:"1 (i, (t,x);1,0) and Qfﬁ (m;, (¢, x); t, 0), respectively.
Here the existence of such viscosity solution is due to Assumption 5.3, while

the comparison principle and the uniqueness of viscosity solutions are implied by

) Springer Open



Probability, Uncertainty and Quantitative Risk (2016) 1:6 Page 19 of 34

Assumption 3.1. Clearly Q;H < 5;“. Sinceg < G(t,w, ) < g,bythe comparison
principle for the PDE (44) we see that

er;m < Q,E,;’n+1 < 5;m+l < gilm
Then, we repeatedly apply the comparison principle for the PDE (44) on Oy,
backwardly in i, to obtain

1 —e,m+1 —e,m —€ .
0f <P <o <" <6, <07, 1<i<m. (45)

Denote w™ := §;" — 6" and recall the notations in (39). Since both ;"
and Qf’m are viscosity solutions of PDE (44) (with different boundary conditions), it
follows from the proof of Theorem 4.1, in particular (36), that

e,m .
0<w; " (m;t,x)

<L t, t, gt
= [w;m (”"’(Hlx’”Bﬁl)’(Hix’Bé;** —Bﬁ;-ﬂ>2 - "H”’X""Oﬂ'
<i<m—i

It is clear that w5, (5t,,; £, 0) = 0 when 7, = T. Then, by Lemma 3.4,

C
0<w!™ (m;t,x) <C sup P(H', <T) < —————5 =0, asm— .
PeP) (m —i)“e
Together with the monotonicity (in m) in (45), this implies the following limits exist

and are equal:
& — 1 =&, m — l e,m
9” ’ mLmOOOn mgnoan ’
where the first limit is decreasing and the second one increasing. Since §Z’m and 65"
are continuous in Dy, then as their monotone limit 6, is both upper semicontin-
uous and lower semicontinuous, and consequently 6, is also continuous in D;_ .
The viscosity property of 8 follows from the standard stability result, and all other
properties can be straightforwardly verified. O

Our main existence result is as follows.

Theorem 5.5 Let Assumptions 3.1 and 5.3 hold, and u® be as in Lemma 5.4. If u®
converges to u uniformly, then u is a pseudo-Markovian P -viscosity solution (resp.
Crandall-Lions viscosity solution) of PPDE (1) with terminal condition &.

Proof Without loss of generality, we may assume G is non-increasing in y. Denote
p(e) = llu® — ulloo, O, =6, + p(e), u*"
=uf 4+ p(e), 657 =65 —p(e), u®™ :=u® — p(e).

Then u®~ < u < u®™, and lim; ,ou®" = u = lim,_ou®~. It is straightforward
to show that Q,f’Jr(nn; ) and 65" (m,; -) are viscosity supersolution and viscosity
subsolution of PDE (32), respectively. This implies that u is a pseudo-Markovian
viscosity solution of PPDE (1). Finally, it is obvious that u (7, -) = &. O
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Stochastic HJB equations

The stochastic HIB equation is introduced in (Peng 1992) to characterize the value
function for an optimization problem with random coefficients. Let U be an arbitrary
measurable set, ' be the set of F’ -progressively measurable and U-valued processes.
Given (t,w,x) €0, T) x 2 x R for some dimension @’ and o € U', consider the
following controlled decoupled FBSDE:

Xy =x+ [0 (r, B[’TX“ ar)dr + [lo"? (r, B, X;, “’)5“95; t<s<T, Pl as.
Yo =g (B", X7) + [, f"°(r, B', Xp. Yr, Zp, ;) dr — [; Z,dBy; 0
(46)
Here Y is a scalar process. b, o, f, and g have appropriate dimensions. b, o, and f
are [F-progressively measurable in all variables, and g is Fr x B(R")-measurable.

‘We shall assume

Assumption 6.1 (i) b(t, w, x, @), o(t,w, x,®), f(t,w,x,0,0,a), and g(w, x)
are bounded;

(ii) b and o are uniformly Lipschitz continuous in x, and f is uniformly Lipschitz
continuous in (y, 7);

(iii) b and o are uniformly continuous in w; and f and g are uniformly continuous
in(w, x);

(iv) b, o and f are continuous in t.

Under the above conditions, it is clear that the decoupled FBSDE (46) has a
unique solution, denoted as (X/®*® yh® .o 7L.o.X.0) We pnow introduce the
optimization problem:

u’(r, w, x) := sup Y/, 47)
ael!

To characterize the above random field u°, (Peng 1992) introduced the following
stochastic HIB equation (in a simpler case) with F-progressively measurable solution
pair (u, g):

1
du(t,w, x) = — sup |:78xxu : (TUT(Z, w,Xx,a)+0vq 0 (t,w,x,a)
aclU

o ub(t,w, x,a)+ f (t,w, x,u,q + dyuo(t,w, x,a), )] +q(t, w, x)dBy;
u(T, w, x) = g(w, x).
(48)
This is a special type of backward SPDE. When o does not depend on «, namely
there is no diffusion control, (Peng 1992) established its wellposedness in Sobolev
solutions sense. The recent work (Qiu 2016) extended the result to the general case
with diffusion control, also in terms of Sobolev solutions.
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We shall view the Eq. (48) as a PPDE, as shown in (Ekren et al. 2016a), Section
“Stochastic HIB equations”:

Lu(t,w,x)=0, u(T,w,x)=g(w,x), where

1 1
Lu(t,w, x) = ou + Etr (Owwlt) + SUPy ey [Eaxxu : o2 (t,w,x,a) + Oyt : 0 (t, w, x, )

+osub(t,w, x,a) + f (t, w, x,u, dpu + oyuo (t,w, x, ), &) |.

(49)
Indeed, if u is smooth, by comparing (48) and the functional It formula (5) and
noting that d(B), = I;dt, Pp-a.s., one may obtain ¢ = d,u and then (49) follows
immediately. In general, of course, # is not smooth. Our goal is to characterize u° as
the unique pseudo-Markovian viscosity solution of (49). We remark that, the Sobolev
theory in (Peng 1992, Qiu 2016) requires the special structure of HIB equation, and
may not be easy to extend to more general cases like Isaacs equations induced from
games. Our viscosity solution characterization, however, can easily be extended as
we will see in next section.

The PPDE (48) is slightly different from (1) due to the involvement of the addi-
tional variable x. In (Ekren et al. 2016a) we view x as the current value of another
path @, namely we increase the dimension of the canonical space with canonical paths
(w, ®), and consider only viscosity solutions in the form u (¢, w., @;). We emphasize
that this PPDE is always degenerate, and thus is not covered by the comparison result
in (Ekren et al. 2016b). The results in this paper apply to this case, and u° is indeed
the unique pseudo-Markovian viscosity solution of PPDE (49).

However, in this subsection we shall treat (49) in an alternative way. Note that the
main feature of our new notion is the Markovian structure. Since the x part is already
Markovian, there is no need to introduce an additional path @& and then discretize
it. So we shall discretize w only and deal with x directly. For notational clarity, we
will use x to denote the variable induced from the discretization of w. Recall the
notations in (25) and (27) corresponding to the discretization of w. Analogous to
Definitions 3.5 and 3.7, we define:

Definition 6.2 Let ¢ > 0. We say u € ]LO(A X Rd,) is e-Markovian, denoted as
u € Mg(A x RY), if there exist deterministic functions v, : DZH x RY - R,
n > 0, satisfying:

(i) (2) holds, namely

o0

u(tv (,(),)C) = Zvn (JT;;:((,()), 1, wr — wHi(w)v-x)
n=0 (50)

I{H;(w)ngzH (@) or H (@) <HE | (w)=r=z}'

(ii) Forall Ty = (4, xi)1<i<n € I} and (¢, x,x) € 9Q; X R, the following
compatibility condition holds

Un (7Tn§t,iax):vn+l (nl‘l’(tvi);tﬂovx)' (51)
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xx . . . /
(iii)  Each v,, n > 0, is continuous in D;EH-] x RY.

Definition 6.3 We say u is a pseudo-Markovian Py -viscosity subsolution (resp.
Crandall-Lions viscosity subsolution) of PPDE (49) at (t, w, x) € [0, T) x Q x R? if
there exist u"“¢ € Mg(A" x RY ) with corresponding {v,,n > 1}, & > 0, such that

(i) for each m, = (ti,Xi)1<i<n € l'[ff, vy (1T, -) is a Pr-viscosity subso-
lution (resp. Crandall-Lions viscosity subsolution) to the following PDE: at
(7.5, %, x) € IT;* x QF x RY,

1 1
L@y, = v, + 53%;1),, 2 Iy + sup |:§Bxxu 102 (fw® @™, x,0) + 0z s 0 (1,0 ® 0™, x, @)
aclU

+oyub(t,w @ @™, x,a) + f(t,w @ &, x,u, dzu, du,a)| =0.
| (52)
where ™ is the linear interpolation of (¢, 0), (t;, lezl X)i<i<n, (T, 27:1 xj),

(ii) u"“¢ <ub®on A" x R? and lim,_ ut e, 0,x) =u(t, , x).

We define a pseudo-Markovian viscosity supersolution similarly , and we call u
a pseudo-Markovian viscosity solution if it is both a pseudo-Markovian viscosity
subsolution and supersolution.

Our main result of this section is:

Theorem 6.4 Let Assumption 6.1 hold and L > 0 be large enough. Then the u®
defined by (47) is the unique pseudo-Markovian viscosity solution (both in Py -sense
and in Crandall-Lions sense) of PPDE (49).

Proof Clearly Assumption 6.1 implies Assumption 3.1, with the state space raised
to (w, x) due to the involvement of x. Then the comparison principle follows the same
arguments as in Theorem 4.1, which implies the uniqueness immediately. So it suf-
fices to verify that u” is indeed a pseudo-Markovian viscosity solution. Without loss
of generality, we shall only verify the viscosity property at (0, 0). We note that, due
to the representation (47), we shall construct the functions 6, in Lemma 5.4 directly,
without referring to Assumption 5.3. We next verify the uniform convergence of the
corresponding ©?, and then the existence follows from Theorem 5.5.

Our construction of the functions 8 is similar to that in Subsection “A bounding
equation”. Fix ¢ > 0, and let (7,, f, X, x) € sz 41 X R4, Recall the notations in 39)
and (40), and denote

Ho:=t,, Hp:=H;" m>1, B:=B>™"% (53)
We then define

Yn,,,t,)?,x,a

05 (7wy; t, X, x) = sup Y, , (54)

ael!
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where (X7 !5%o Yy TnbXx.a 77,1X,X,0) g the solution to the following decoupled
FBSDE on [, T1:

&) -~ -~
Xy =x+ [ Y [b(r, Ban, Xr, )Ly, Hyynd? + 0 (1 Boat, s Xro ) 1, Hnd B

m=0

Y, = g(B, XT)""/:T Z f(ra B.an,s Xr, Yryzr,ar) l[H,,l.H,,,Jrl)dr_fY Z,dBy, ]P’f)—a.s.
m=0

(55)
While it is not completely trivial, it follows from similar arguments in Lemmas 5.1
and 5.2 that 67 satisfies all the requirements in Lemma 5.4. We leave the details to
interested readers.
Moreover, as in (50) we denote

o0

uf(t, w, x) = ZQ; (n,f(w); 1, W — O () x)
n=0 (56)

1{H§(w)§t<]—lfl+l(w) or H;(w)<Hfl+l(w)=T=t}'

It remains to verify that u® converges to u° uniformly. Indeed, for any (¢, ®, x) and
e > 0, fix the n such that H, () <t < Hfl+1(a)). For m,, := 7% (w), we have

o
sup [lo ® B' = ) B.am, L, 1, (Dl = sup  sup

t<r<T m=0 m>0H,, Vi<r<H,4|

”w ¢ Bt - B‘AHm”r <é&.

Since, b and o are uniformly continuous in w, by standard SDE arguments we have
BP0 [ Xt — xtora 3] < Cp (),

for some modulus of continuity function p;. Moreover, since f and g are uniformly
continuous in (w, x), by standard BSDE arguments we obtain

T
EI% |:||Yn,l,t,x,x,zx _ Yt,w,x,ot”%w +/ |Z;T,l,t,x,x,zx _ Zi,w,x,a|2dr:| < Cpa(e),

t

for some modulus of continuity function p,. By the arbitrariness of «, this implies
that

U (1, w, x) — u®(t, 0, x)| < Cpa(e).

Now by Theorem 5.5 we see that u° is a pseudo-Markovian viscosity solution of
PPDE (49). O
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Path dependent Isaacs equation

In this section, we study the path-dependent Isaacs equation, which is the PPDE (1)
with generator:

G(t,w,y,2,7)

: I (57
= infsup |00 ' (t,w,a,B):y+ f(t,w,y,z0 (t,w,a,B),a, B)|,
BeV yeu |2

where U and V are two measurable sets, and o and f are F-progressively measurable.
We shall make the following assumption.

Assumption 7.1 (i) o (t, w, o, B), f(t, 0, 0,0, «, B), and & are bounded;

(ii) o is uniformly Lipschitz continuous in w, and f is uniformly Lipschitz
continuous in (y, 7);

(iii) f and & are uniformly continuous in w;

(iv) o and f are continuous in t.

Under Assumption 7.1, clearly G satisfies Assumption 3.1. Then it follows
from Theorem 4.1 that the path-dependent Isaacs Eq. (1)—(57) has at most one
pseudo-Markovian viscosity solution. We remark that (Pham and Zhang 2014) estab-
lished the comparison principle for viscosity solutions of this PPDE in the sense
of Definition 2.2. However, it followed the approach in (Ekren et al. 2016b) and
requires that: (i) o is uniformly non-degenerate; (ii) o does not depend on w, and
(iii) the dimension d < 2. None of these additional assumptions is needed in this
paper.

The goal of this section is to construct a pseudo-Markovian viscosity solution. It
is well known that Isaacs equation is induced from zero-sum stochastic differential
games. There are three possible formulations for the game problem: (i) control ver-
sus control in strong formulation; (ii) strategy versus control in strong formulation;
and (iii) control versus control in weak formulation. We refer to (Pham and Zhang
2014) for detailed discussions on the three formulations. In particular, under the first
approach the value function does not satisfy the dynamic programming principle and
thus does not provide a representation for the PPDE. As discussed in (Pham and
Zhang 2014), the weak formulation in (iii) has some advantages from practical point
of view. However, when following this approach, it is more difficult to obtain the
desired regularity of the value function. Since our focus here is not the game prob-
lem, but to provide a representation for the solution to the PPDE, we shall use the
strong formulation (ii) which is easier for regularity. This approach was initiated by
(Fleming and Souganidis 1989) for PDEs.

To this end, let ', V' denote the sets of F/-measurable U-valued, V-valued
processes, respectively, and B’ the set of adapted strategies A : V' — U’, here
adaptedness means: for any T € 77,

Lv? eVisuchthatv! =2, r <s <1, theni(v')y =A%), 1 <s <t
(58)

if v
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For any (t,w) € Q and (a, B) € U' x V', consider the following path-dependent
decoupled FBSDEs:

Xy =+ [[o"?(r,X.,ar, By)dBL, .

Y, = 60X+ [T 100X Yy Zsay, o dr — [T Zoapy, TS0 ST Tots
(59)

Under Assumption 7.1, clearly the above FBSDE is wellposed, and we shall denote

its unique solution as (X*@%# yt.o.«f 7zt.0.0B) We then define

u’(t, ) := sup inf ¥/ PP (60)
reBt BEV!

Remark 7.2 In (60), the controls A (B), B) do not depend on the variable w, due
to its strong formulation. Then, given (t, @'), i = 1,2, we have

1 2
|u® (z, a)l) —u0 (z, aﬂ) | < sup sup [Y/ @ AP _yht i B8 (g1
reB! BeVt

and thus the regularity of u® (in w) follows from standard SDE/BSDE estimates.
Under the weak formulation in (Pham and Zhang 2014), the controls o, B are feed-
back type and thus depend on ", w*. Then we don’t have a simple estimate like (61),
and the regularity of u® is indeed more difficult to establish.

Our main result of this section is:

Theorem 7.3 Under Assumption 7.1, the u® defined by (60) is the unique pseudo-
Markovian viscosity solution of PPDE (1)-(57) with terminal condition &.

Proof Similar to Theorem 6.4, it suffices to construct the desired functions 8, and
show that the corresponding process u® converges to u” uniformly. Again, we will
only verify the viscosity property at (0, 0).

Fix & > 0, and let (,,1, x) € D], 41+ Recall (32) that o™ denote the linear inter-
polation of (0, 0, (;, 23:1 Xj)1<i<n,and (T, Z'}:1 x;). For any (e, B), to adapt to

the strong formulation, we define X := X X008 gnd H,, := an”’t’x’a’ﬁ

as follows. First,

recursively

n K
X} : in—i-x—i—/ o(r,a)””,ar,,Br)dBﬁ, t<s<T, Pf)—a.s.
i=1 !

n
Xsl — in

H; = inf{szt:
i=1

+Li(s —1) ZS—Ll(l—tn)} ANT; (62)
X, == X!, t <s <H.
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Next, form > 1,

i
X™ .= linear interpolation of (0, 0), | #, Zx i ,
j=1 1<i<n
(H;, XHi)lsism AT, Xn,) ;

Xm+l —X y vm t t (63)
. = Xn,, + o (r, X", a, ,Br) dB,, H, <5 <T, Py-as.
Hpn

Hyp1 = inf{s >H,, : ’X?’“ — Xy,

+LiGs—Ha) ze| AT
Xy = X"t H, <s <Hp.

Denote Hg := t,, X = lim,, oo X™, and let (Y70 0508 77Tnt.5.2.8) be the unique
solution of the following BSDE:

T 00
Y :E(X)_’_/ Zf(r’ X'/\Hma Y. Z, ap, ,Br)
S om=0 (64)

T
1[Hm,Hm+1)dr—f Z,dBl, Pj-as.
S

We then define

0F (7Tu; 1, x) := sup inf Y/ m' MO (65)

reBt PEV!

In the spirit of (61), combined with standard SDE/BSDE estimates, one may fol-
low the arguments in Lemma 5.2 to show that 6, € CS(DZ +1)- Moreover, provided
the above regularity and by standard arguments, see e.g. (Fleming and Souganidis
1989), one can prove the dynamic programming principle for 6 (7r,,; -), which leads
to the desired viscosity property immediately. We again leave the details to interested
readers.

Finally we prove the convergence of u; = (0, 0) with uniform rate. That is, in
(62) and (63) we shall set n = 0 and (¢, x) = (0, 0). Then we have

Xs= [ Y o (rXau, @ B) I, H,,)()dB,, 0 <5 < T, Po-as. (66)

and, by the construction of the hitting times H,,,
IX — Xlir <e. (67)

Compare (66) with the SDE of X%0%# in (59), it follows from standard SDE
arguments that

EP0 [”X — x00af Hi] < CEN [[[x - ®|7] = ce® (68)
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Moreover, let p denote the modulus of continuity function of f and & in terms of
. Then, compare (64) with the BSDE of Y%0%8 in (59), it follows from standard
BSDE arguments that

Py [”Y _ Y(),(),a,ﬁH2:| < CEPo [’O(H)? _ Xo,o,a,ﬁH )2]
T T

< CEP [p (1% =x], +|x- X°’°’“’ﬁHT)2}s Co'(e).
(©9)

for a possibly different modulus of continuity function o” which does not depend on
the controls (o, 8). This implies that, for the Y corresponding to («, 8) = (A(B), B),

Juf — ugl < sup sup [Yo — Yo" P < Cple), (70)
reB0 geVo
which provides the desired convergence of u, and thus completes the proof. O

We conclude the section with an application on the zero sum game. Denote by .A°
the set of adapted strategies A : U0 — V0.

Corollary 7.4 Let Assumption 7.1 hold and assume further the following Isaacs
condition:

G(t,w,y,2,7) =G, 0,y,2,7)

1
:=sup in{[ [Eaz(t,w,a, B):y+ftwy 0t owap)a ﬁ)} .

acl BE
(71
Then the value of the stochastic differential game exists, namely
ug = u) == inf sup Y0 O.02(@) (72)

reA g

Proof Define i°(t, w) in the same spirit as 120 Following the same arguments as
in Theorem 7.3, we see that i is the unique pseudo-Markovian viscosity solution
of the PPDE (1) with generator G and terminal condition &. Since G = G, by the
uniqueness of the pseudo-Markovian viscosity solution we obtain u° = i°. O

Appendix

Proof of Proposition 3.9

We shall only prove the equivalence at (0, 0). The proof for general (¢, w) follows the
same argument. Let p denote the modulus of continuity function of G in terms of w.

Moreover, by the change variable formula in (Ekren et al. 2016a), Proposition 3.14,
we may assume without loss of generality that

G is non-increasing in y. (73)
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We first assume u satisfies the subsolution property stated at Proposition 3.9
at (0,0). Let u® € M.(A) be the approximation given by this property, with
corresponding {v, : n > 0}. Denote

ué(t,w) = u(t,w) — pe)[T —t],
) (1, ®) (t, 0) — p(e)l 1 (74)
Uy (7Tn; £, X) 1= vy (s 8, x) — p()T —1].
One may straightforwardly check that
it € My(A) with corresponding v, #° < u, and lim,_.qu®(0, 0) = u(0, 0).

Then it remains to prove that v, (7r,,; -) is a P -viscosity subsolution of the PDE (32),
which in this case becomes:

L”’lﬁn(nn; t,x) =00, (y; t,x) + G (S’ @™, Up, Ox Uy, 5)%):“71)

(75)
=0, (t,x)eQ;.
To see this, we fix (7, x) € Qf . Forany ¢ € AL (¢, ™ ) namely
¢ eC2(AY, @(t,0) — by (mp; 1, x) =0
= inf ézL [QbrAH — Up(mp; T AH, Br/\H)] )
TeT!
where we assume without loss of generality that
H<H,:=inf{s >¢:|x+ B+ Li(s—1)>e}AT.
Now denote ¢(s,w) := @(s,w) + p()[T — s]. Then obviously ¢ €

ALy (¢, ™)) and thus

atgp(t, 0) + Gt,a)”"’(t‘x) (l‘, 0, ?, aw(p’ 33)61)‘?) > 0.
Note that
0 =09 — p(), o = 0P Vo = 0, .
and
o(t,0) =¢(t,0) + p(e)T.
Then, by (73) and evaluating ¢, ¢ and their derivatives at (¢, 0), we obtain

3¢ (t,0)+G (t, @™, G, 30, 53,w<p)
89,0 +p@) + G (1,07, 0 = )T, g, 0
_G (ts wnn’(t,X)v §0a aw(Pv 83)w(p) + ,0(8) + G (ta a)nn, (07 aa)(pv 83)w(p)

p(e) = p (o™ =™ ], ) = 0.

This implies that v, (;r,; -) is an P -viscosity subsolution of the PDE (75), and thus
u is a pseudo-Markovian Py -viscosity subsolution at (0, 0).

Similarly, if u is a pseudo-Markovian 7Pp-viscosity subsolution at (0, 0)
with approximation u® € M,(A) in Definition 3.7, one can show that
u satisfies the property in Proposition 3.9 at (0,0) with approximation
ué(t, w) :=uft,w) — pE)[T —1t].

v

v
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Proof of Lemma 5.2

Our proof here relies heavily on the regularity results in Lemma 3.2. Notice that the
time regularity (22) requires a shift of canonical process. To facilitate our proof, we
extend the canonical space to 2 := {w € C([0, 2T], R : wy = 0}, and still denote

B, FF, and Py, etc. in an obvious sense. Given (7, t, X) € Dﬁﬂ, define

H :=inf{s >t :|x+Bs_/|+Li(s—t)>e—Li(t—t)} AT,
Hyqi:=inf {s = Hy © |BH,+@7—H).s+7—Hp| + L1(s —Hp) = e} AT, m=1;
N :=inflm >1:H,, =T}.
(76)
and let B? (r,, t, x) be the path which is the linear interpolation of

(, Xi)OSiSn; Hs X’H’m)mZ] , where 1y :=0;

i ) 77
X = ijl x;,0<i<n; Xpyym:=Xy+x+Bu—+ Brr+n,-H,,m > 1.

One can easily show that the function 52 defined at (41) also satisfies

0 (tpit,x) = sup & [eftrzfd’E(B,S(n,,,t,x))+CoftTerTzrd’ds], (78)
beld (F)

where by = by_ 1y 1) () + brr—w, Ln, 7y ().

Fix (mn, t, x) € Dy . For arbitrary (7, 1/, x") € Dy _ |, define H,,, l_)/, and N’ in
the obvious way. The advantage of (76)-(78) is the fact that under this representation

one may easily check that,

biyr =byyr, 0<r < (H —1) A (H] —1);
bu+r = by, 4, 0 <7 < (T —H) A (T — H));
Bﬁ1,H1+r(7Tn, tax) = BI?I/I’H/l_i_r (7'[;“ t/s x/) , = (HN—I - Hl) A (H;\]_] - H/]) i
H,41 —HmzH:nH—H;n, l1<m<NAN =2

N’ <Non{H; <H}}, N <N’ on{H| <Hj}.

(79)
Denote

§:= max [|t: — ]|+ x —=x{I] \/ [lt=¢1+1x—x"]. (80)

1<i<n

and for notational simplicity,

A :=H —¢, H:=H - T:=T-H, T :=T-H. @)

Note that Hy = (t +HOe~1iG—)) A 7 H, = (r’ +H°»x'»8*Ll(’/*fr@)) A T. By
Lemma 3.2,
gt [[Hi —Hj|] = €8, whichimplies  sup IP<|H1 —H}| > x/§> < CVs.

PePy,
(82)
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Now let p denote the modulus of continuity of £. By (78) we have

0 (rpit,x) — 08 (st %'
n n n

<C sup [Ii(b)+ L(b) + I3], (83)
bel? (F)
L(b) =E" Hefférdr _ oSl Bar ] ;

T T .
/ els brr g —/ els brdr g
!

1 t

where

Lb) = E&" [

} : (84)

=& [p (| B Guut.) = B* (w1, %) | )]

Recall (80). Note that, by (79) and (82),

I T _ T_,
L) <C¢& [ f bydr —/ b.dr ]
t t

T G P T
=C¢& / b,+rdr - / bt/+rdr + / le+rd}’ - / bH/ +rdr
0 0 0 0 !

<ce" Uﬁ, _ﬁ;\+\f_f/

|

| = c& =1+ 1 -1y < c5;

l:l] T = l:l/ — T T - T’ T i
L) =" / eliss b’d’ds—/ Ll brd’ds—i—/ el brdr g —/ s g
0 0 0 0
H AH, _ .,
< gt |: / 1AH] [e(fri:brd’ _ efr,Tﬂb,dr] ds + ‘ﬁl _H’l’
0
TAT' P T o
0
=L
<Cs+C&
Al | pT T TAT'| pT T,
/ / brdr—/ b,dr|ds+/ / b,dr—/ b,.dr|ds
0 t+s t'+s 0 Hi+s H|+s
= (s,

where the last estimate follows similar arguments as for /1 (b). Then

G, (73 1, ) — 8, ()51, x)| < C8 + CLs. (85)

ne

The estimate for /3 is more involved. We first consider the case that ¢ > ¢,,. Denote
8o := lmin [ti —ti ][t —1,] >0, (86)
and let §; < %80 which will be specified later. Consider § < &1, then
min [/ —t/_ || A [t —1;] = 1.

I<i<n
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For any m > 1, by Lemma 3.4 we see that

. C
sup IP’(Q,‘n) < £
PePr m
. !/ |le,S2|
where Q,i=(N < m} V(N <m}n{  sup  —2 < m) ([ Bllar < m),

0<s51<52=2T (59 — §1)3
(87)

and the constant C; is independent of (w,, 7, x) and (,, ¢, x"). Moreover, by (20)
we have

sup [P(Hip1 —H; <81, Hip1 <T)+P(H,, —H <é,H,, <T)]<Ce1, i>1
PePL
(88)
This implies

N
sup P [U ,+1—H,-<61}ﬂ{N§m}i|U U{Hl+l H. <81} N {N' < m}

PePL

< Cem

Thus, by (82) and assuming Vs <6,

1
sup P (Q, 81) <C, [— +m61:| . where
PePL m

N-2
Q5 = ﬂ{|H1 — H)|<V$) ﬂ (ﬂ {Hiy1—H; > 51}) ﬂ ﬂ {H,,, —H, > 51}

i=1

(89)

Denote 79 :=0, 1, :==1;,1 <i <n, 1,4; == H;, 1 <i < m, and define tl.’ similarly.

Note thatt — 1, > 81,¢' —1, > §;,and H; —H; = H; —H|, 1 <i < N A N/, thanks

to the third line of (79). Then, assuming m > Y_7_, [Ix;| + |x/|] + |x| + |x| 4+ n, on
€25, it holds that

inf [1',- - ‘L',',l] > 8y, inf [‘L’i/ - Ti/—l] > 81, sup It — /| < 8
1<i<n+N 1<i<n+N’ l<i<n+NAN’
1
sup |X;| <2m, sup | X}| < 2m, sup |X; — X!| < Cmés.
1<i<N 1<i<N’ 1<i<n+NAN'

(90)

We now estimate IS3 | B (7, t x) — Bi(m,, t', x")| on the set 2, 5,. Without

loss of generality we assume NE < 7, H/l < Hj and thus N < N’. We estimate IS3
in several cases.
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Case l. s € [t; + V3, Tit] — «/3] for some 0 <i <n+ N — 2. Then, noting that
Itj — 7:]’.| </8forj=ii+1, wehaves e [t/ r,.’+1] and thus

Sl ST e oy - ST oy
Io= X+ Tigl — T (Yo = Xi] = X] At [Xi = Xi]
, s — 'L'i/ / /
= [X,' —X,-]-Fﬁ[(xz#l _Xi)_( i+1 _Xi)] O
Ty~

s—T s—1] s—1] s —1
+ - + - 7| X — Xl
Tyl — T T4l — T Titl =T T —

Now by (90) we can easily see that 153 < Cmss + Ca—’l" 3.
Case 2. |s — 1i| < +/8 forsome 0 <i < n+ N. Then |s -1/ < 24/8, and

I} < |BE(ra.t,x) — BE (ma. t.x)| + | Xi — X]| + ‘Bf{ (), 1, x") = BE (m), 1, X')
92)

Case 2.1. Assume 0 < i < n. Then (92) and (90) lead to
C C
1= S0 [ls =i+ ls = o/l] + Cmat < Cmst + =V
1 1
Case 2.2. Assume n < i < n + N. Note that, when s > T;,

S =T S —T
[Xiv1 — Xi| <

1 1 1
|Bz, (7tn, t, X)| = m(Tip1 — )3 <m(s —1)3 < més.

Ti+1 — T Ti+1 — T

Similarly we have the other related estimates. Then (92) and (90) lead to 1 53 <C mS% .

Case 3. s € [tyan—1 + /8, Tland T — 1,4 n_1 < 5%. Then s — ThaN—1 < 851
and 0 < s — t,/l+N_] < 8% + /5 < 28%. When N’ = N, then of course s €
[Tr/z-i-N—l’ 7, n]. When N < N’, then 7, — r’2+N,_1 > §; and thus we still have
s € [rr/LJerl, t,’l+N] whenever 25 < 8. Following the arguments in Case 2.2, by
(92) and (90) we can easily see that IS?’ < Cm8117.

Case4.s € [tyyn—1 + Vs, Tland T — tyn—1 > 8%. Denotei :=n+ N — 1
for notational simplicity, then 7,41 = T. Similar to (79), by (76) one can easily see
that 7/ = 7/ > 741 — 7;. Then, together with (90) we have

/ /

Tit1 — T

1
I I
i >2T —1 268%, 41— Ty

<t-t<V5 T —t<T-15+s.

93)

Case4.1. Assume s € [ri’ , T/ 1] Then, by (91), (90), and the first two inequalities

1

of (93), we have I3 < Cmss + €2./5 < Cmé3.

5%
Case 4.2. Assume s ¢ [rl./ , rl.’ Jrl]. In this case, we must have N’ > N and thus
Ti/+l — 7/ > 81. By the second inequality of (93) we see that 7 — ti’+] < /8 < 81,
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then we must have N’ = N + 1 and thus s € [t/

iy Ii’+2]. By (90) and (93) again we
can see that

T—528-V8 0<s—t, <T-1,,<v8 T-s<T-1/,=<6,

1

Then, recalling the notations in (81),

/
. _T—S - - _ X _ B~ . _S_ri+lB__ -
+n T T g T AT i T+ T'+t, T Ti/+l T+, T'+T

I} = |X; + B

1 T—s , 1
=Cmds + o By g fr |+ Bfor for — By gy [ HCMIT =7y 1P
1

Vs
81— /8

Combining all the cases together, we have

1
iy |7i —r[-’|% + |T—ri’+]|%j| < Ccmss +Cm§.

< Cmss +Cm ;
1

+CU~—?’

8

Is3 < CmS% + Cm5£ on £, 5, N {H/l < Hy}.
1

We may get the same estimate on 2, 5, N {H; < H/l}. Plug this and (89) into (85),

we obtain

NG

c
< CS+ =5 +Comby +Cms™ + Cm3=.
m 1

n n’

52(71,1; tx)—0. (71/ t, x/)

Set 81 := # A %0 Then, whenever § < m%g,

C —I—Cgm3<31]72 < E

d . o YA
Hn(nn,t,x)—é’n (7T t,x) ; "

ns =

Since m > 1 is arbitrary, we see that 5,8, is continuous at (7,, t, x), in the case that
t>t,.
In the case t = t,, and thus x = 0, we modify (86) as

o := min [t; —t;_1] > 0.

1<i<n

Note that, in this case the inequality |x’| < § holds and one can easily see that (88)
still holds true for i = 0. Following almost the same arguments as in previous case
we may prove that 92 is continuous at (77, ;;, 0).
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