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ON NONLINEAR EXPECTATIONS AND MARKOV CHAINS
UNDER MODEL UNCERTAINTY

MAX NENDEL!

ABSTRACT. The aim of this work is to give an overview on nonlinear expec-
tation and to relate them to other concepts that describe model uncertainty
or imprecision in a probabilistic framework. We discuss imprecise versions
of stochastic processes with a particular interest in imprecise Markov chains.
First, we focus on basic properties and representations of nonlinear expecta-
tions with additional structural assumptions such as translation invariance or
convexity. In a second step, we discuss how stochastic processes under nonlin-
ear expectations can be constructed via primal and dual representations. We
illustrate the concepts by means of imprecise Markov chains with a countable
state space, and show how families of Markov chains give rise to imprecise
versions of Markov chains. We discuss dual representations and differential
equations related to the latter.
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1. INTRODUCTION

Model uncertainty appears in many scientific disciplines, when, for example,
due to statistical estimation methods, only a confidence interval for certain pa-
rameters of a model is known, or when certain aspects of a model cannot be
determined exactly. In this context, one often speaks of imprecision or polymor-
phic uncertainty. In mathematical finance, model uncertainty or ambiguity is a
frequent phenomenon since financial markets usually do not allow for repetition,
whereas, in other disciplines, experiments can be repeated under similar condi-
tions arbitrarily often. The most prominent example for ambiguity in mathemat-
ical finance is uncertainty with respect to certain parameters (drift, volatility,
etc.) of the stochastic process describing the value of an underlying asset. This
leads to the task of modelling stochastic processes under model uncertainty.

In mathematical finance, model uncertainty is often being described via nonlin-
ear expectations, introduced by Peng [29]. Some of the most prominent examples
of nonlinear expectations include the g-expectation, see Coquet et al. [10], de-
scribing a Brownian Motion with uncertainty in the drift parameter, and the
G-expectation or G-Brownian Motion introduced by Peng [30],[31], describing a
Brownian Motion with uncertain volatility. There is a close connection between
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g-expectations, backward stochastic differential equations (BSDEs) and semilin-
ear partial differential equations. We refer to and Coquet et al. [10] and Pardoux
and Peng [27] for more details on this topic. We also refer to Cheridito et al.
[5] and Soner et al. [32],[33] for the connection of the G-expectation to 2BSDEs
and fully nonlinear partial differential equations. Moreover, there is a one-to-one
relation between sublinear expectations and coherent monetary risk measure as
introduced by Artzner et al. [I] and Delbaen [13],[14]. Another related concept
is the concept of a (Choquet) capacity (see e.g. Dellacherie-Meyer [15]) leading
to Choquet integrals (see Choquet [6]).

On the other side, there is a large community working on similar questions
related to model uncertainty in the field of imprecise probability. Here, the cen-
tral objects are upper and lower previsions introduced by Walley [37]. In the
sublinear case, there is a one-to-one relation between sublinear expectations and
coherent upper previsions, which creates a huge intersection between the commu-
nities working on nonlinear expectations and upper/lower previsions. Within the
field of imprecise probability, many work has been done in the direction of defin-
ing, axiomatizing, and computing transition operators of, both, discrete-time and
continuous-time imprecise Markov chains, see e.g. De Bock [11], de Cooman et
al. [12], Krak et al. [23], and Skulj [34],[35]. Concepts that are related to impre-
cise Markov chains include Markov set-chains, see Hartfiel [22], and, in the field
of mathematical finance, BSDEs on Markov chains, see Cohen and Elliott [$],[9],
and Markov chains under nonlinear expectations, see Nendel [24] and Peng [29].

The aim of this paper is link and compare the concepts and results obtained in
the fields of imprecise probability and mathematical finance. Since Markov chains
under model uncertainty form the largest intersection between both communities,
we put a special focus on the latter. The paper is organized as follows: In Section
2, we start by introducing nonlinear expectations, and discussing basic properties
and relations to upper/lower previsions, monetary risk measures and Choquet in-
tegrals. In Section 3, we present extension procedures for pre-expectations due
to Denk et al. [16]. Here, we focus on two different extensions, one in terms of
finitely additive measures, and the other in terms of countably additive measures.
In Section 4, we discuss Kolmogorov-type extension theorems and the existence
of stochastic processes under nonlinear expectations due to Denk et al. [16]. We
conclude, in Section 5, by constructing imprecise versions of transition operators
for families of time-homogeneous continuous-time Markov chains with countable
state space. Here, we use an approach due to Nisio [26], which has been used
in various contexts to construct imprecise versions of Markov processes, such
as Lévy processes, Ornstein-Uhlenbeck processes, geometric Brownian Motions,
and finite-state Markov chains, see Denk et al. [17], Nendel [24] and Nendel and
Rockner [25]. We conlcude by comparing the Nisio approach to the approaches
used for continuous-time imprecise Markov chains in the field of imprecise prob-
ability.



ON NONLINEAR EXPECTATIONS AND MARKOV CHAINS 3

2. NONLINEAR EXPECTATIONS AND RELATED CONCEPTS

In this section, we give an introduction into the theory of nonlinear expecta-
tions, and discuss related concepts. Throughout this section, let 2 be a nonempty
set, and F C 2% be an arbitrary o-algebra on 2, where 2 denotes the power set
of . We emphasize that, throughout this section, F = 2 is a possible choice
for F. We denote the space of all bounded F-B(R)-measurable random variables
X:Q — R by L2, F), where B(R) denotes the Borel o-algebra on R. The
space L(£2, F) and subspaces thereof are endowed with the standard norm ||| s,
defined by

Xl = sup|X(@)] (X € £=(2.F).

For a € R, we make use of the notation a := alg, and, for M C L>®(Q, F), we
write R C M instead of {alg: a € R} C M. Here, 1,4 stands for the indicator
function of A C Q2.

We write ba(Q2, F) for the space of all real-valued and finitely additive mea-
sures on (€2, F) with finite total variation, and ca(2, F) for the subspace of all
o-additive signed measures on (€, F). The subsets ba} (Q, F) and cal (Q,F)
stand for all positive elements p € ba(Q2, F) and p € ca(Q, F) with u(Q) = 1,
respectively. Using the identification ba(Q2, F) = (L>(Q, F))' via upX = [, X dp
for p € ba(Q,F) and X € L>(Q,F) (cf. [18, p. 258]), every monotone linear
functional E: £L2(Q, F) — R with E(a) = «, for all a € R, is the expectation
of a finitely additive probability measure p € bal (2, F). This motivates the
following definition, which is due to Peng [29].

Definition 2.1. Let M C £>*(Q, F) with R C M. A (nonlinear) pre-expectation
& on M is a functional £: M — R with the following properties:

(i) Monotonicity: £(X) < E(Y) for all X,Y € M with X <Y.
(ii) Constant preserving: £(a) = « for all « € R.

A pre-expectation on L£>(Q, F) is called an expectation.

Definition 2.2. Let M C £>(Q, F) with R € M, and £: M — R be a pre-
expectation on M.

a) [ M+R:={X+a: XeM acR}CMand E(X+a)=E(X)+a
for all X € M and o € R, we say that £ is translation invariant.

b)) M+M:={X+Y: X, YeM}CMand E(X+Y) <EX)+EY)
for all X, Y € M, we say that & is subadditive.

c) If M is convex, i.e. AX + (1 =AY € M for all XY € M and X € [0,1],
and EAX+(1-XY)) < AE(X)+(1-=N)Y forall X, Y € M and A € [0, 1],
we say that £ is conwvex.

d) If [0,00) - M :=={AX: A >0,X € M} C M and E(AX) = AE(X) for all
A>0and X € M, we say that & is positive homogeneous (of degreee 1).

e) If M is a convex cone, i.e. M is convex and [0,00) - M C M, and & is
convex and positive homogeneous, we say that &£ is sublinear.
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f) If M is a linear subspace of L*(Q, F), i.e. AX +Y € M for all A € R and
X, YeM,and EQAX+Y) =X(X)+E(Y) forall A € Rand X,Y € M,
we say that £ is linear.

Remark 2.3. Assume that M is a convex cone. Then, X +Y = 2(%X+ %Y) eM
for all X,Y € M, and therefore, M + M C M. Since 0 € M, any two of the
following three conditions imply the remaining third:
(i) € is convex,
(ii) & is positive homogeneous (of degree 1),
(ili) € is subadditive.

Remark 2.4. A concept that is very much related to nonlinear expectations is
the concept of an upper or lower prevision as introduced by Walley [37]. The
latter are very prominent in the context of imprecise probabilities. Walley [37]
defines a lower prevision as a real-valued functional P: M — R on an arbitrary
set of gambles M C L£>(€, F). A nonlinear pre-expectation can thus be seen
as a lower prevision prevision that is monotone and preserves constants. The
concept of a sublinear expectation is equivalent to the concept of a coherent lower
prevision. More precisely, if £ is a sublinear expectation, which is defined on a
linear subspace M of £L>(§2, F) with R C M, then P(X) := —&(—X), for X € M,
defines a coherent lower prevision. Moreover, if £ is a convex expectation, which is
defined on a linear subspace M of £L>(€2, F) with R C M, then P(X) := —£(—X)
is a convex lower prevision, cf. Pelessoni and Vicig [28, Theorem 3.1].

In this work, we mainly focus on expectations that are translation invariant.
Prominent examples for such expectations are Choquet integrals, see Choquet [6]
and (monetary) risk measures, see e.g. Follmer and Schied [20]. We start with
some observations that help to verify translation invariance.

Lemma 2.5. Let M C L>®(Q,F) with R C M, and let £: M — R be a pre-
expectation on M.
a) If € is translation invariant, then & is 1-Lipschitz, i.e. |E(X) —E(Y)] <
| X = Y| for all X, Y € M.
b) Let M + R C M. Then, the following three statements are equivalent:
(i) & is translation invariant,
(i) EX 4+ a) <EX)+a forall X € M and all o € R,
(ili) E(X +a) > E(X) +a forall X € M and all o € R.
c) If € is subadditive, then &£ is translation invariant.
d) If € is convex, then & is translation invariant.

Proof.
a) Assume that £ is translation invariant. Then,

EX)—EY) <EV + X =V]w) =€) = [X = Y]l

for all X,Y € M. By a symmetry argument, we obtain that |E£(X) —
EY)| < ||IX =Y for all X,Y € M.
b) First assume that £(X + a) < E(X) + a for all X € M and all o € R.
Then,
EX)=¢((X4+a)—a) <EX +a)—a
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Now, assume that (X + «a) > E(X) + a for all X € M and all a € R.
Then,
EX+a)—a<&(X+a)—a)=EX).
c¢) This follows directly from part b).
d) Assume that £ is convex. Let X € M and a € R. Then, for all A € [0, 1),
EX +a) <AX)+(1-NEX +1%)
S AEX) + (1= NE(IX Nl + 125)
=AE(X) + (1= V)| X« + a.
Letting A — 1, we obtain that £(X + a) < £(X) + a. By part b), it

follows that &€ is translation invariant.
O

Remark 2.6. Since every convex pre-expectation £ is translation invariant, p(X) :=
E(—X) defines a convex monetary risk measure, cf. Follmer and Schied [19] and
Frittelli and Rosazza Gianin [21]. If £ is sublinear, i.e. convex and subadditive,
then p is a coherent monetary risk measure as introduced by Artzner et al. [1],
see also Delbaen [13], [14].

As in the theory of risk measures, random variables with positive expectation,
play a special role, and we refer to them as acceptable positions.

Definition 2.7. Let M C £*(Q2, F) with R C M.

a) A set A C M is called an acceptance set of M if
(i) infla e R: a € A} =0,
(ii) for all X € Aand all Y € M with Y > X we have that Y € A,
(iii) A is a closed subset of M.
Let £: M — R be a pre-expectation. Then, the set

Ae ={X e M: E(X) >0}

is called the acceptance set of £.

b)

In the field of imprecise probability, acceptable positions are called desirable
gambles, and acceptance sets are called sets of desirable gambles. Translation
invariant expectations are uniquely characterized via their acceptable positions.
This is a well-known fact within the theory of risk measures and imprecise prba-
bilities, and directly carries over to translation invariant expectations. For the
reader’s convenience, we state the result and provide a short proof.

Proposition 2.8. Let M C L>®(Q,F) with R C M and M + R C M. Then,
the mapping € — Ag¢ is a bijection between the set of all translation invariant
pre-expectations on M and the set of all acceptance sets of M. More precisely,
the following holds:

a) Let £: M — R be a translation invariant pre-expectation. Then, Ag is an
acceptance set in the sense of Definition 2.7 a), and

EX)=sup{aeR: X —a € A¢}
for all X € M.
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b) Let A C M be an acceptance set. Then,
EX):=sup{faeR: X —ae A}, for X € M,
defines a translation invariant pre-expectation £: M — R with Ae = A.

Proof.

a) Since £ is translation invariant, for all X € M,
E(X)=sup{faeR: E(X) > a}=sup{lacR: E(X —a) >0}
=sup{a € R: X —a € Ag}.

Clearly, A satisfies the properties (i) and (ii) in Definition 2.7. Since £
is translation invariant, it is a 1-Lipschitz continuous map M — R, and
therefore A = £71([0, 00)) is a closed subset of M.

b) One readily verifies that £ defines a translation invariant pre-expectation
on M. By definition, A C Ag. On the other hand, for X € Ag, there
exists a sequence (ay,)pey C (—00,0] with X — a,, € A and «a,, — 0 as
n — o0o. Since A is a closed subset of M, it follows that X = lim,,_,.o X —
a, € A.

O

We now specialize on the case, where £ is a convex expectation on a linear
subspace of L*(Q, F). Let M C L>*(Q, F) be a linear subspace of £>(Q, F)
with R € M. For a convex function £: M — R, we write £* for its conjugate
function or Fenchel-Legendre transform, i.e. we define

E(p) = sup p X~ E(X)

for all linear functionals p: M — R. Note that the conjugate function £* may
take the value +oo. In the following proposition, we will see that, for a convex
pre-expectation £ on M, its conjugate function £* is concentrated on the class of
linear pre-expectations on M. That is, £* is finite only for linear pre-expectations
on M. As every linear pre-expectation on M is continuous, we therefore obtain
the representation
E(X) = sup puX —&(n) (X € LZ(Q,F))
pneM’

for all convex pre-expectations £ on M. Again, this type of representation is well-
known for convex risk measures, and the proof relies on a collection of several
well-known facts from convex analysis and duality theory. In order to keep this
manuscript self-contained, we nevertheless state the proof below.

Proposition 2.9. Let M C L>(,F) be a linear subspace of L>(§, F) with
RC M.

a) Let £: M — R be a convex pre-expectation. Then, every linear functional
p: M — R with £ (1) < 0o is a linear pre-expectation on M and therefore,
€ M" with ||p||ar = 1, where || - ||ar denotes the operator norm on M.
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Let £: M — R be a convex pre-expectation, and let Pe denote the set of
all linear functionals p: M — R with £*(u) < oo. Then, for all X € M,

E(X) = max pX — & (p).

Moreover, the map £*: P — R is convex and weak® lower semicontinuous
with
min £ (u) =0

neEPe
Let P C M’ be a set of linear pre-expectations, and o: P — R be a map
with inf ,ep a(p) = 0. Then,
E(X):=supuX —o(p), forX e M,
neP

defines a convex pre-expectation on M. It holds P C Pg and E*(u) < o(u)
for all p € P.

Let p: M — R be linear with £*(u) < co. Then, for all A > 0,
L= A (p) = =N E(=N) + E(n)
< AT (=A) = pl = A ()
SATHEN) +E (1) =1+ A1 ().
Letting A — oo, we obtain that ul = 1. Moreover, for A > 0 and all
X,Y € M with X <Y,
X =Y) = 2u(AMX - Y)) S ATHENX = Y)) + & ()]
<A () =0, A — oo
This shows that p: M — R is a linear pre-expectation on M. Therefore,
Lemma 2.5 a) and ¢) imply that 4 € M’ with ||u|a < 1. Since pl =1,
it follows that |||/ = 1.
Let X € M and &(Y) = E(X +Y) — &E(X) for all Y € M. Then,
E: M — R is convex and &(0) = 0. By the extension theorem of Hahn-
Banach, there exists a linear functional p: M — R with pY < &(Y) for
all Y € M. That is,
pY = E(Y) < pX — E(X)
for all Y € M. Therefore, by definition of the conjugate function,
E(X) = pX —&(n).

One readily checks that Pe C M’ is convex. Hence, for fixed X € M, the
map
Pe =R, pu—puX —E(X)

is convex and weak* continuous. Taking the pointwise supremum over all
X € M, we see that the mapping Pz — R, p — supyep pX — E(X)
is convex and weak* lower semicontinuous. As 0 € M with £(0) = 0, it
follows that £*(u) > 0 for all u € Pe. Again, as 0 € M, there exists some
p € Pe with £ (u) = u0 — £(0) = 0.
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¢) The map £ is monotone and convex, as it is a supremum over monotone
affine linear maps. Moreover,

E(a) =suppa —o(p) =a — inf o(u) = a.
ueP HeP

Therefore, £ defines a convex pre-expectation on M. Let v € P. Then,

vX —E(X)=vX —suppuX —o(u) <o(p)
neP

for all X € M. Hence, £*(v) < o(v) and, in particular, P C Ps.
0J

The set Pe from the previous proposition can be used to characterize sublin-
ear and linear pre-expectations. In the field of imprecise probability or, more
precisely, for coherent upper previsions the set Pg is called the credal set.

Lemma 2.10. Let M C L>*(Q, F) be a linear subspace of L>(Q, F) withR C M,
and let £: M — R be a convex pre-expectation.

a) & is sublinear if and only if Pe = {pn € M': £*(n) = 0}.
b) & is linear if and only if #Pg = 1. In this case, Ps = {E}.

Proof.

a) First, assume that £ is sublinear. Let u € Ps and X € M be arbitrary.
Then,

ApX = E(X)) = p(AX) = EAX) < E%(u) < o0

for all A > 0, and therefore, uX — £(X) < 0. Taking the supremum over
all X € M, we obtain that £*(x) < 0. By Proposition 2.9 b), this implies
that £*(u) = 0.

Now assume that Pe = {u € M': £ () = 0}. Then, for all X € M and
all A > 0 we have that

ENX) = I;{lezg{u()\X) = )\Iileag(,uX = NE(X).

b) Assume that £ is linear and let p € Pg. Then, by part a), £*(u) = 0, and
therefore, uX < E(X) for all X € M. As £ is linear, we thus obtain that
p = E. This shows that P = {£}.
Now let #P =1 and let u € P. Then, by Proposition 2.9 b), £*(u) =0
and therefore, £ = p is linear.

b

O

Proposition 2.9 together with Lemma 2.10 yields the following characterization
of sublinear pre-expectations.

Proposition 2.11. Let M C L®(Q, F) be a linear subspace of L>®(Q, F) with
R C M. Then, the map € — Pg is a bijection between the set of all sublinear
expectations and the set of all nonempty, convex and weak* compact sets of linear
pre-expectations. More precisely, the following holds:
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a) Let £: M — R be a sublinear pre-expectation. Then,
X) = X.
£(X) = max

Moreover, the set Pg is nonempty, convex, and weak® compact.
b) Let P be a nonempty set of linear pre-expectations. Then,

E(X) :=maxpX, forX e M,
neP

gives rise to a sublinear pre-expectation on M. If P is conver and weak*
compact, then P = Pg.

Proof.
a) By Lemma 2.10, Pe = {u € M": £*(u) = 0}. Therefore, by Proposition
2.9 b),
E(X) = max puX.

HEPe
Clearly, P¢ is convex and, by Proposition 2.9, nonempty. Since

Pe = ﬂ {pe M X <E(X)}

XeM
is closed, and Pe C {u € M': ||u||rr < 1}, we obtain that Pg is weak*
compact by the Banach-Alaoglu Theorem.

b) One readily verifies that £ defines a sublinear pre-expectation on M. As-

sume that P is convex and weak* compact. Then, by Proposition 2.9 ¢),
P C Pe. In order to prove the other inclusion, let v € M’ \ P. Then, by
the separation theorem of Hahn-Banach, there exists some X € M with

E(X) = sup uX <vX,

HEPe

where we used the fact that the topological dual of M’ (endowed with the
weak™ topology) is M. Hence, £*(v) > 0 and therefore, by Lemma 2.10
a), v ¢ Pg. This shows that P = Ps.

O
Example 2.12. Let ¢: F — [0,1] be a capacity, i.e. function with ¢(f}) = 0,

c(2) =1, and ¢(A) < ¢(B) for all A, B € F with A C B. Then, c gives rise to a
translation invariant expectation £: £L>*(Q, F) — R via

E(X) = /Xdc ::/ (X >z)dx, for X € L2(Q,F) with X >0,
0

and £(X) == [ X dc:= E(X+||X]|e) — || X || for X € £(Q, F). The nonlinear
expectation & is called the Choquet integral of X w.r.t. ¢, see Choquet [6]. By
definition, £ is positive homogeneous, translation invariant, and satisfies £(14) =
c(A) for all A € F. Assume that c is 2-alternating, i.e.

c(AUB)+c(ANB) <c(A)+c¢(B) forall A BeF.

Then it is well-known that £ is subadditive and thus sublinear. By definition,
pX < E(X) for all X € £2(Q,F) and every linear expectation u € bal (Q, F)
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with u(A) < ¢(A) for all A € F. Recall that linear expectations can be identified
by finitely additive measures via u(A) := ply, for A € F. This implies that

Pg = {ILL € bai(Q,J—'.) VA e F: /L(A) < C(A)}a

and thus £(X) < £(X) for all X € £>(Q,F) and every sublinear expectation
E: L, F) — R with £(14) < ¢(A) for all A € F. That is, £ is the largest
sublinear expectation with £(14) < ¢(A) for all A € F. The following corollary
shows that a sublinear expectation that coincides with a finitely additive measure
on all F-measurable sets is already linear.

Corollary 2.13. Let £: L*(Q, F) — R be a sublinear expectation and p be a
finitely additive measure with £(14) < u(A) for all A € F. Then, £(X) = pX
for all X € L2, F) and therefore, £ is a linear expectation.

Proof. Let v € Pe. Then, v is a linear expectation, i.e. a finitely additive measure,
with v(A) < E(14) < u(A) for all A € F. Hence, pn = v, i.e. Pg = {u}, which,
by Lemma 2.10 b), implies that & = u. OJ

For sublinear expectations, the following version of Jensen’s inequality holds.

Lemma 2.14. Let £: L>(), F) — R be a sublinear expectation and h: R — R
be a convex function. Then, for all X € L>(, F),

h(E(X)) < E(h(X)).
Proof. Since h: R — R is convex, h is continuous, and therefore, h(X) € L>(8, F)
for all X € £>(Q, F). Moreover,
h(z) = max Ax — h*()), for all z € R,
AeU
where h*: R — R is the conjugate function or Fenchel-Legendre transform of h
and U :={X € R: h*(\) < oo}. Now. let X € M and A € U. If A > 0, then
AE(X) — h*(N) = EAX = h* (V) < E(h(X)).
If A <0, then
AE(X) — h*(N) < ENX) — R (A) = E(AX — h* (V) < E(h(X)),

where, in the first inequality, we used the sublinearity of £. Taking the supremum
over all A € U yields the assertion. 0

As in the linear case, one can define the concept of a distribution for nonlinear
expectations.

Remark 2.15. Let M C L>®(Q,F) with R € M and £: M — R be a pre-
expectation. Moreover, let S # () be a set and T:  — S be an arbitrary map.
Then, N :={Y € £>(S,2%): YoT € M} contains all constant functions S — R,
and one readily verifies that

EoT ' N—-R, Y=EYoTl)
defines a pre-expectation on N. We call £ o T~! the distribution of T under

€. Note that if M = L*(Q,F), then N = L£*(S,.%), where . := {B €
2%: T=YB) € F}. In particular, N C L>(S,.7) for all M C L>(Q, F).
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Now, if M is, additionally, a linear subspace of £>(Q, F) and £ is sublinear, then,
N is a linear subspace of £>(5,.%) and £ o T~! is sublinear expectation. In this
case,

Peor-1 ={v e N': (EoT ) (v) <o} ={poT " pePe} =PeoT "

In fact, as the map M’ — N’ p+ po T~ is linear and weak* continuous, the
set Pe o T~ is convex and weak* compact. Moreover, for all Y € N,

(EoT HY)=EY oT) =maxpu(Y oT) = max (o T™HY = max vY.
nePle

HEPs vEPgoT—1

By Lemma 2.11 b), it follows that Peop-1 = Pg o T

3. EXTENSION OF PRE-EXPECTATIONS

Let M C L>®(Q,F) with R € M. Given a pre-expectation £: M — R, we
are looking for extensions of £ to an expectation on £>(2, F). Here, the main
challenge is to preserve monotonicity. We start with the extension of linear pre-
expectations.

Remark 3.1. Let M C L£>*(2, F) be a linear subspace of £L*(Q2, F) with 1 € M.
We denote by bafr(M ) the space of all linear pre-expectations on M. A natural
question is if the mapping

bal (Q, F) = bal (M), v vy (3.1)

is bijective. The following theorem by Kantorovich shows that this mapping
is surjective, i.e. any linear pre-expectation on M can be extended to a linear
expectation on £2(2, F). For the reader’s convenience, we state this theorem
and provide a short sketch of the proof. For more details we refer to [36, p. 277].
However, in Example 3.15, we will see that, in general, the mapping in (3.1) is not
injective, not even if F = (M), i.e. even if F = (M), a linear pre-expectation
on M usually admits various extensions to an expectation on £>(2, F).

Theorem 3.2 (Kantorovich). Let M C L>(§2, F) be a linear subspace of L>(§2, F)
with 1 € M and p: M — R be a linear pre-expectation on M. Then, there exists
a linear expectation v: L2(Q, F) — R with v|y = p.
Proof. Let

a(X) :=inf{uXo: Xo € M, X, > X}
for all X € £>°(Q, F). Then, pi: £L2(Q, F) — R is a sublinear expectation with
i|pr = p. By the extension theorem of Hahn-Banach, there exists a linear func-
tional v: L>(Q2, F) — R with v|y = p and vX < pu(X) for all X € L>(Q, F).
Thus,

VX — Y = (X —Y) <H(X —Y) < fi(0) = 0
for all X, Y € £L>(Q, F) with X <Y. O



12 M. NENDEL

In the proof of the previous theorem, before applying the Hahn-Banach Theo-
rem, the linear pre-expectation p: M — R is extended to a sublinear expectation

p: L2, F) = R via
[/Z(X) = mf{,qu X() c M, XO Z X} (X S £OO(Q,F))

The idea for the first extension procedure therefore is, to extend a pre-expectation
E:M —Ron M C L*Q,F) with R C M via

E(X) :=inf{E(Xo): Xo € M, Xo> X} (X € LX(Q,F)).

The following proposition is due to Denk et al. [16], and shows that £ is an expec-
tation with £|y; = €. Moreover, if M is assumed to be convex or a convex cone,

then convexity or sublinearity of £ carry over to the extension £ , respectively.
For related extension results on niveloids, we refer to Maccheroni et al. [4]. In

the context of lower previsions, for F = 29, the extension £ is usually referred to
as the natural extension, cf. Walley [37, Section 3.1].

Proposition 3.3. Let M C L>(), F) with R C M and £: M — R be a pre-
expectation on M. Further, let

E(X) == inf{&(Xo): Xo € M, Xp > X}
for all X € L2(Q, F). Then, the following assertions hold:
a) £: L2(Q, F) = R is an expectation with E|y = E.
b) If £ is translation invariant, then & is translation invariant.

)
c) If € is conver, then £ is conver.
d) If € is sublinear, then & is sublinear.

Proof.
a) Let X € £L2(Q,F). As R C M, we have that || X || € M with || X/ >
X. Thus, the set {E(Xo): Xo € M, Xy > X} is nonempty. Since X, >
—[| X || for all Xy € M with X, > X, we obtain that

E(Xo) Z E(=[Xloe) = =Xl

for all Xo € M with Xo > X. Hence, £: £2(), F) — R is well-defined.
Further, if X € M we have that £(X) < £(Xp) for all X, € M with

X, > X and, therefore, £(X) = £(X). Since R C M, we thus obtain that
E(a) = afor all @ € R. Now, let X,Y € £L2(Q, F) with X <Y. Then,

Yy > X for all Yy € M with Yy > Y and, therefore, £(X) < E(Y).

b) Assume that M + R C M and that £ is translation invariant. Let X €
L2, F) and a € R. Then, for all Xy € M with Xy > X + « we have
that Xg — a > X and therefore,

E(Xo)=EXp—a)+a>EX) +a.

Taking the infimum over all X, € M with X, > X 4+ « yields that
E(X+a) > E(X)+a, which, by Lemma 2.5 b) implies that & is translation
invariant.
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c) Assume that M is convex and that £ is convex. Let X|Y € L>(Q,F)
and A € [0,1]. Moreover, let X, Yy € M with Xy > X and Yy > Y. Since
M is convex, AXy + (1 — )Yy € M with

AXg+ (1= A)Yy > AX + (1= \)Y.

Due to convexity of £, we thus obtain that

~

EQX + (1= NY) < ENXo + (1= N\)Yy) < AE(Xo) + (1 — NE(Yp).

Taking the infimum over all Xy, Yy € M with Xy > X and Yy > Y, we
get that

EMX + (1= NY) <AEX) + (1= NEY).
d) Now assume that M is a convex cone and that £ is sublinear. Then, & is

convex and part b) yields that £ is convex as well. Moreover, as A Xy € M
for all Xq € M and A > 0 we have that

~

— inf{\E(X0): Xo € M, Xo > X} = AE(X)

for all X € £>(Q,F) and all A > 0. Hence, £ is convex and positive
homogeneous, and therefore sublinear.

O

Remark 3.4.

a) Let M C L>(Q,F) with R C M and £: M — R be a pre-expectation
on M. Let £: L*(Q,F) — R be an expectation with €|y, = £ and
X € £°(Q, F). Then,

E(X) < E(Xo) = E(X)

for all Xy € M with )go > X. Taking the infimum over all X, € M with
Xo > X, we see that £(X) < g(X) That is, £ is the largest expectation,
which extends &.

b) Let M C £L>(2, F) with R C M and £: M — R be a pre-expectation on
M. For X € M, let

E(X) :=sup{&(Xo): Xo € M, Xy < X}
Then, one readily verifies that £: £2°(Q, F) — R is the smallest expec-

tation, which extends . However, convexity of £ usually does not carry
over to €.

Lemma 3.5. Let M C L®(Q, F) withR C M and let £: M — R be a translation
mwvariant pre-expectation on M. Let

Ae = {X € L0, F): Xy € Ag for all Xy € M with X, > X}.
Then, ./Zl\g = Az, i.e. ./Zl\g 1s the acceptance set of é\, and therefore,

~

5(X):sup{a€R:X—a€¢Zg} (3.2)



14 M. NENDEL

for all X € L>®(Q, F). Thus, (3.2) provides a second extension procedure for £,
which is extending € via its acceptable positions Ag.

Proof. Let X € Ag, i.e. £(X) > 0. By definition of &, it follows that 5(X0) >0

for all Xg € M with Xg > X, ie. X € .Ag Now assume that X & Ag, ie.
E(Xp) >0 for all X9 € M with Xy > X. Then,

E(X) =inf{&(Xo): Xo € M, Xo> X} >0,
ie. X € Az. Now, (3.2) follows directly from Proposition 2.8. O

Although Proposition 3.3 implies the existence of an extension & for every
pre-expectation £: M — R, this extension is not neccessarily unique. However,
as translation invariant pre-expectations are 1-Lipschitz by Lemma 2.5 a), the
extension is uniquely determined on the closure M of M for translation invariant
pre-expectations.

Proposition 3.6. Let M C L>(), F) with R C M and £: M — R be a transla-
tion wnvariant pre- expectatwn Then, there exists exactly one translation invari-

ant pre-expectation E: M — R with 5!1\/1 = &£. Here, M denotes the closure of M
as a subset of L*(Q, F) and £ is giwven as in Proposition 3.5. If £ is convex or
sublinear, then & is convexr or sublinear, respectively.

Proof. As M +R C M it follows that M + R C M. Hence, by Proposition 3.3,
there exists a translation invariant pre-expectation £: M — R with £ v = €E.
Since, by Lemma 2.5 a), every translation invariant pre-expectation on M is
1-Lipschitz, it is uniquely determined by its values on M. (]

Lemma 3.7. Let M and N be two linear subspaces of L>(2, F) with R C M C
N, and let £: N — R a convez pre-expectation. Then,
{pweM: (Elm)(p) <oo} ={vin:vePe}
and, for all € M" with (€|p)* (1) < oo,
Eln)* () = min _ E(v).

VEPe v pm=p
Proof. By Proposition 2.9 ¢),
{peM: (Elm)(p) <o} D{vu:veN, &)<}

and (&))" (v|m) < EF(v) for all v € Pg. Therefore, let p € M’ with (E]x)* (1) <
00. Then, we have that

§X < E(X) — € ()
for all X € M. Hence, by the extension theorem of Hahn-Banach, there exists a
linear functional v: N — R with v|y; = p and

VX < E(X) +E ()
for all X € N. Therefore, £5(v) < (&|m)* (1), i.e. v € Pe with v|y = p and
E () = (Elm)"(p). [

We apply Lemma 3.7 to the case N = L£>(, F) and obtain the following

corollary.
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Corollary 3.8. Let M be a linear subspace of L>®(Q), F) with R C M and

E: M — R be a convex pre-expectation. If £: L2, F) — R be a convez expec-
tation, which extends &, then,

Pe = {vlu: v € Pg}
and, for all i € Peg,

E(w)= min & (v).

vEPg V| m=p

In view of Proposition 2.9 and Corollary 3.8, another natural approach to

extend a convex pre-expectation & on M would be to consider Pg := {v €
bal (Q, F): v|ar € Pe}, and to define £: L2(Q, F) — R by
g(X) = sup vX — E*(v|m) (3.3)
1/6735

for all X € £(€2, F). By Proposition 2.9 ¢) and Theorem 3.2, E: L2, F) =R
is an expectation with £|y; = £. In the following proposition, we will prove that
& = £ and that the supremum in (3.3) is attained.

Proposition 3.9. Let M be a linear subspace of L>(2, F) with R C M and
E: M — R be a convex pre-expectation. Further, let

Pe = {v € bal (, F): v|a € Pe},
Then, P = Pz and E*(v) = E*(v|y) for all v € Pe. In particular,
E(X) = maxvX — E*(v|y) (X € L2(Q,F)).

vEPg
Proof. By Corollary 3.8, Pz C Pe and E*(v) > E*(v|y) for all v € Pz. Proposi-
tion 2.9 c), thus implies that Pe = Pz with £*(v) = £*(v|y) forallv € P O

Corollary 3.10. Let M be a linear subspace of L>(2, F) with R C M and
E: M — R be a sublinear pre-expectation. Then, Pe = Pz, and therefore,

(X) =maxvX forall X € L2, F).

vEPg

™)

Corollary 3.11. Let M be a linear subspace of L>(2, F) with R C M and
E: M — R be a sublinear pre-expectation. Then, there exists a convexr weak™
compact set P C bal (Q, F) such that

E(X)=maxpX forall X € M.
HEP

We return to the setting of Theorem 3.2. For a given linear pre-expectation
w: M — Ron M, we consider the sublinear expectation jz: £2(€2, F) — R which
extends p. Then, for every v € M’ we have that p*(v) = 0 if and only if v = p.
With the previous results, we therefore obtain the following corollary, which states
that 7 is the pointwise maximum of all linear expectations v € bai(Q,f ) that
extend pu.
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Corollary 3.12. Let M be a linear subspace of L>®(2, F) with R C M and
w: M — R be a linear pre-expectation. Further, let

P={ve bal, (Q, F): vy = u}.
Then, P = {v € ba(Q, F): i*(v) = 0}, and therefore,
A(X) =maxvX forall X € L2(Q, F).

veP

Let £: M — R be a convex pre-expectation. Considering the sublinear expec-
tation g, which extends p € Pg, one could also think of

E(X) := sup i(X) — E(n), for all X € L2(, F), (3.4)
nEPe
as another possible extension of £. Clearly, we have that £ |r = € and therefore,
£ (o) = a for all @« € R. Moreover, as fi is monotone for all ;1 € Pg, we also have
that £ is monotone. Hence, £ is an expectation which extends €. In the following
proposition, we will use Corollary 3.12 to show that the expectation & coincides
with £ and that the supremum in (3.4) is attained.

Proposition 3.13. Let M be a linear subspace of L>(, F) with R C M and
E: M — R be a convex pre-expectation. Then,

E(X) = max fi(X) = £'(n) for all X € LX(2, F).

Proof. Let X € £2(Q, F) and £: £2(, F) — R be given by (3.4). We have
already seen that &: L>(, F) — R is an expectation that extends £. Remark
3.4 thus yields that £(X) < £(X). By Proposition 3.9, there exists a linear
expectation v € bal, (Q, F) which satisfies p := vy € P and E(X) = vX—E*(n).
Hence, by Corollary 3.12, we get that

E(X) =vX =& () <p(X) - & (n) < E(X) < E(X).
This shows that g(X) =vX —E(pu) = pu(X) —E(n). O

Remark 3.14. Let £: M — R be a convex pre-expectation on M. In Lemma
3.5, Proposition 3.3, Proposition 3.9 and Proposition 3.13, we have seen that the
following four extension procedures all lead to the same (maximal) expectation
extending &.

(i) €&,

(i) € — Ag = Ag — [X»—)sup{aE]R: X—aeﬁg}},

(iii) & = (P, &%) = (P, [v+ E(v|m)]) = [X > max, 5 vX — E(v|u)],

(iv) €= (P,E) = ({i: p € P}, EY) = [X — max,ep AX — E* (1))
Example 3.15. Let Q := R, F be the Borel g-algebra on R, and M := C,(Q2)
be the space of all bounded continuous functions 2 — R. Let §y be the Dirac

measure with center 0, £ := dg|p; be the restriction of the Dirac measure to M,
and X := 1(9 ). Then,

EX)=imf{Y e M:Y > X} =1,
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while 6o(X) = 0. This shows that Pz # dy, i.e. £ admits several extensions in
terms of finitely additive measures.

The previous examples shows that the extension g , already in the linear case,
ususally does not reslut in uniqueness of any kind. In order to obtain unique-
ness, one therefore needs additional continuity properties of the expectation as
an analogue of g-additivity in the linear case

Definition 3.16.

a) Let M C L>(Q,F) with R C M and £: M — R be a pre-expectation.
Then, we say that & is continuous from above or below if £(X,) — X as
n — oo for all sequences (X, )ney C M with X,, > X1 or X, < X, 11
for all n € N and X :=lim,,_,o, X,, € M, respectively.

b) Let £: L>®(2,F) — R be a convex expectation. Assume that there exists
a set P of probability measures, i.e. linear expectations, which are con-
tinuous from above, and a function p: P — R with inf,cp p(1r) = 0 such
that

E(X) =supuX — p(u), forall X € L2(Q,F),
neP
then, we say that (2, F, &) is a convex expectation space. If £ is sublinear
or linear, we say that (2, F,&) is a sublinear or linear expectation space,
respectively.

Notice that every linear expectation space is a probability space and vice versa.

Let £: M — R be a convex pre-expectation on a linear subspace M of £L>(£2, F)
with R € M. Then, one can show that the following statements are equivalent:

(i) &€ is continuous from above.
(ii) Every u € Pg is continuous from above.

Remark 3.17. Assume that M is a Riesz subspace of £>(2, F), i.e. a linear
subspace of L*(Q,F) with X VY € M and X AY € M for all X,Y € M,
with R C M. Then, by the Daniell-Stone Theorem, every linear pre-expectation
on M, which is continuous from above, can uniquely be extended to a linear
expectation i on L% (Q, o(M )), which is continuous from above. Now, assume
that £ is a convex expectation, and assume that there exists a set P C M’ of
linear pre-expectations, which are continuous from above, and a map p: P — R
with inf,ep p(1) = 0. Then,
E(X) :==suppX — p(p), for X € L2(Q,0(M)),

HeEP
defines a convex expectation, which extends € to £>(Q,0(M)) (see Bartl et
al. [3]). If £: M — R is continuous from above, using a modification of Choquet’s
capacibility theorem [7], one can show that

E(X) = sup {inf E(Xn): (Xp)nen € MY, X, > X1 (n €N), X > inf Xn}

neN neN
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for P = P¢ and p := £*, and that uniqueness within a certain class of expectations
can be achieved. We refer to Bartl [2] and Denk et al. [16] for more details on
the uniqueness of this extension.

4. STOCHASTIC PROCESSES UNDER NONLINEAR EXPECTATION

In this section, we apply the extension results of the previous chapter to a
Kolmogorov-type setting. That is, given a consistent family of finite-dimensional
marginal expectations, we are looking for an expectation on a suitable path space
with these marginals.

Throughout this section, let I # @ be an index set, 5 := {J C I: |J| € N}
the set of all finite, nonempty subsets of I and (5,.”) be a measurable (state)
space. For each J € 7 let M; C L£L>2(S7,B?) be a linear subspace with 1 € M,
where B” is the product o-algebra on S7. For all K C J C I let

pry: ST = ST (wi)ics = (Ti)iex
and pr; := pr;;. Throughout this section, we assume that
Mg opr;x = {fOPI"JK3 fe MK} C M,
for all J, K € 2 with K C J. Typical examples for the family (M) e are:
(i) the space L£>(S7) := £>(S7,B7) of all bounded B’-B(R)-measurable
functions, where B’ denotes the product o-algebra on S”,
(i) the space Cy(S”) of all bounded continuous functions S/ — R, where S’
is endowed with the product topology,

(iii) the space BUC(S”) of all bounded uniformly continuous functions S7 — R
w.r.t. a fixed metric, which generates the topology on S.

Let J K € 5 with K C J. For a pre-expectation £;: M; — R we then
denote by &; o pr}}( the restriction of the distribution (see Remark 2.15) of &;
under pr;; to Mg, i.e.

Eyopryg: Mg =R, f = &;(fopryg).

In [29], Peng defines a consistency condition for nonlinear expectations and
proves an extension to the subspace

M:: {fOpI'JZ JE%,JCEEOO<SJ7BJ)}

of £L>(ST,B"). Here B! denotes the product o-algebra of B, i.e. the o-algebra
generated by the sets of the form pr;'(B;) with J € # and B; € B’. In the
sequel, we use the same notion of consistency as Peng and apply the extension
results from the previous section in order to obtain an extension to £(S7, BY).

Definition 4.1. For all J € 57 let £;: M; — R be a pre-expectation. Then,
the family (€;) e is called consistent if, for all J, K € 5 with K C J,

Ex(f) = Es(fopryg) forall f e Mg,

ie. ifEg =E&;0 pr;}(.
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Remark 4.2. For all J € 5 let £;: M; — R be a pre-expectation. Then, the
family (€;) e is consistent if and only if

Ex = £ 0 prk

for all J,K € 2 with K C J and |J| = |K|+ 1. In fact, assume that &x =
Ejoprjy forall J,K € 5 with K C J and |J| = |K| + 1. We prove that

Ex =Eyjoprij

for all J € 2 with K C J by induction on n = |J| — |K| € Ng. For n = 0 the
statement is trivial. Now, assume that there exists some n € Ny such that

Ex =Ejopryg
for all J € 5 with K C J and |J| = |K|+n. Let J € 2 with |J| = |K|+n+1,
J' = J\{i} for some i € J\ K and f € Mg. Then, we have that g := fopr,x €

M with gopr;; = fopr;g. Therefore, by the induction hypothesis, we have
that

Ei(fopryk) =Es(gopryy) =Ep(g) =Er(fopryk) = Ex(f).

The following theorem due to Denk et al. [16] is a finitely additive and nonlinear
version of Kolmogorov’s extension theorem.

Theorem 4.3. Let (€5)jen be a consistent family of pre-expectations Ey: My —
R. Then, there exists an expectation E€: L>(S!, B) — R such that

g(foprJ) =&;(f) forall J e A and all f € M.

If the pre-expectations ;5 are translation invariant, convex or sublinear for all
J € FC, then & is translation invariant, convexr or sublinear, respectively.

Proof. Let M := {f opry: fe My, Je ,%”} Then M is a linear subspace of
L>(ST,B") with 1 € M. For every J € 5 and f € My let E(f opry) := E;(f).
Since the family (€;)jer is consistent, the functional £: M — R is well-defined.
Moreover, £: M — R is a pre-expectation on M. The assertion now follows from
Proposition 3.3. O

In Theorem 4.3, we proved the existence of an extension without any continuity
properties and any structural assumptions. The following theorem due to Denk
et al. [16] can be viewed as a continuous and convex version of Theorem 4.3.

Theorem 4.4. Let S be a Polish space and . be the Borel o-algebra on S.
For all J € A let My be a Riesz subspace of L®(S7 B”) with o(My) = B’
and E5: Mj; — R be a convex pre-expectation, which is continuous from above.
If the family (£7) e is consistent, then there exists a convex expectation space

(7. B,€) with
E;f)=E(fopry) forallJ € and f € M.

If the pre-expectations £; are sublinear or linear for all J € S, then € is sublinear
or linear, respectively.
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Proof. Let M :={fopr,: f € M;, Je€ #}, and define E(f opr;) := E;(f) for
all f € My and all J € 5. Since the family (£,) e is consistent, £: M — R
defines a convex pre-expectation on M. Let p € M’ with £*(u) < oo. We
will first show that p: M — R is continuous from above. Let u; := p o pr;’'
for all J € . Then, &5(us) < E*(n) < oo, and therefore, py: M; — R is
continuous from above. By the theorem of Daniell-Stone, there exists a unique
vy € cal (S7,B7) with vy|y, = py for all J € . Let J K € J# with K C J
and f € Mg. Then,

prcf = ps(fopryg) =vs(fopryg) forall fe My
and therefore,
vicf =vi(fopryg) forall fe £S5 BX)

as the extension of pugx to a probability measure is unique. By Kolmogorov’s
extension theorem, there exists a unique v € cal (S’, B') with v(f opr;) = v, f
for all J € 2 and f € £>(S7,B7). Hence, we get that v|y = p, which implies
that p: M — R is continuous from above as well. Using Remark 3.17, we thus
obtain that there exists an expectation £: £L>(Q,0(M)), which extends £ and
results in a convex expectation space (SI, (M), 5_),

It remains to show that B! = o(M). It is clear that B! D o(M). In order to
show the inverse inclusion, let J € 2 and B; € B’. Then, by assumption,
Bj € o(Mj) and therefore, we obtain that pr;'(B,) € o(Mjopr;) Co(M). O

In the situation of Theorem 4.4, considering the canonical process (pry;;)ics on

the convex expectation space (S I B, 2), we obtain the following two corollaries
on the existence of stochastic processes under nonlinear expectations.

Corollary 4.5. Let S be a Polish space and . be the Borel o-algebra on S. For
all J € A let My be a Riesz subspace of L£>(S7,B7) with o(M;) = B’ and
Er: My — R be a convex pre-expectation which is continuous from above. Then,
the following two statements are equivalent:
(i) The family (1) e is consistent,
(ii) There ezists a convex expectation space (2, F,E) and a stochastic process
(Xi)ier with
E(f(Xg)) =&5(f)
forall J € A and f € My, where X := (X;)icy.

Corollary 4.6. Let S be a Polish space and . be the Borel o-algebra on S.
For all J € 5 let My be a Riesz subspace of L>(S”,B”) with o(M;) = B’
and E5: Mj; — R be a sublinear pre-expectation which is continuous from above.
Then, the following two statements are equivalent:
(i) The family (E)jen is consistent,
(ii) There exists a sublinear expectation space (2, F,E) and a stochastic pro-
cess (X;)ier with
E(f(Xy) = &)
forall J € A and f € My, where X := (X;)icy-
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We conclude this section with the following example on discrete-time Markov
chains, which is taken from Denk et al. [10].

Example 4.7. Let S be a finite state space and .7 := 25, so that £>°(S, B) = R®.
Let

P: LS, B) = LS, B) and pg: L2(S,B) = R

be convex, constant preserving, i.e. P(a) = « and ug(a) = « for all a € R,
and monotone, i.e. P(f) < P(g) and po(f) < uo(g) for all f,g € L>(S,B) with
f < g. For every k,l € Ny with k£ < [, we define

Era( -, f):=PF(f) forall fe LS, B).

Let 7 := {J C Ny: #J € N} be the set of all finite, nonempty subsets of Nj.
For k € Ny we define

Ewy(f) = uo(PH(f)) for all f € £2(S,B),

where P is the identity. For n € N, ky,..., k.11 € Ng with k; < ... < k,,; and
f e Le(S™ B ) we now define recursively

g{kl ,,,,, kn+1}(f) = g{k‘l ..... kn}(g)

where g(21,...,2n) = &y kpiy (Tns f(21,. .., 2p, -)) for all z1,...,2, € S. Then,
E;: L2(S7,B7) — R is a convex expectation and, therefore, continuous from
above since S7 is finite for all J € . By Remark 4.2, the family (£;)cr
is consistent. Hence, Theorem 4.4 or, more precisely, Corollary 4.5 implies that
there exists a convex expectation space (€2, F, £) and a stochastic process (X;);en,
with

E(f(X))) = &E5(f)

for all J € 5 and f € M;, where X; := (X;);cs. The process (X;);en, can be
viewed as a convex version of a discrete-time Markov chain. If P is sublinear, the
set

{n e R uf <P(f) for all f € R}

induces a Markov-set chain, see Hartfiel [22], and the operator P coincides with
the concept of a conditional coherent upper prevision or upper transition operator,
cf. de Cooman et al. [12] and Skulj [34].

5. CONTINUOUS-TIME MARKOV CHAINS UNDER NONLINEAR EXPECTATION

In this section, we consider time-homogeneous continuous-time Markov chains
with a countable state space S (endowed with the discrete topology 2°). We
identify (measurable) functions S — R via sequences of the form (u;);cs € R,
and use the notation (> := L (S, 25). We call a (possibly nonlinear) map
P:l>° — 0> a kernel if

(i) Pu < Pu for all u,v € £,
(ii) Pa =« for all a« € R.
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Here and throughout, we use the notation Pu = P(u) for a kernel P and u € £*°.
In this section, we consider an arbitrary familiy of linear Markov chains and con-
struct a sublinear Markov chain, which can be interpreted as an imprecise version
of the familiy of Markov chains. The proofs and statements in this section rely
on an approach proposed by Nisio [26], which has been applied in various settings
in order to construct Markov processes under model uncertainty, see e.g. Denk et
al. [17], Nendel [24], and Nendel and Réckner [25].

Throughout, we consider the following setup: Let A be a nonempty index set.
For each A € A let S, = (SA(t))t>0 be the family of transition probabilites of a

time-homogeneous Markov chain. i.e.
(i) Sx(t);j >0forallt >0andi,jes,
(ii) Zjess,\( Jij=1forallt>0and €S,
(iii) SA(0) = I, where [ is the identity,
(iv) Sx(s)S () Sa(s+t) for all s,t > 0.
For the family (S))xea, we construct a semigroup of sublinear kernels, i.e. a
family (S(t)) 1> Of sublinear kernels £>° — (°° with
(i) 5(0) =1,
(ii) S(s)S(t)u = S(s+t)u for all s,¢ > 0 and u € £>°.
To this end, we consider the set of finite partitions
P:={rC[0,00): 0 €m,|r| < o0}.
For a partition m € P, m = {to,t1,...,tm} with 0 =1ty < t; < ... <1, we set

7|0 := jpax (t; —tj_1).

=1,...,

Moreover, we define [{0}|o := 0. The set of partitions with end-point ¢ will be
denoted by P, i.e. P;:={m € P: maxm = t}. Note that

p=|Jr.
>0
For all h > 0 and u € ¢ we define
Enu = sup S\(h)u,

AEA

where the supremum is taken componentwise. Then, &, is well-defined since

[Sx(h)ulloe < flullo

for all A € A. Moreover, &, is a sublinear kernel as it is monotone and &,a0 = «
for all @ € R. For a partition # = {to,t1,...,t,n} € P with m € Nand 0 =t <
t1 < ...<tly,, weset

gﬂ— = gtl—to Ce gtm—tmfl'

Moreover, we set £y := &. Then, &, is a sublinear kernel for all 7 € P as it is
a concatenation of sublinar kernels. We define

S (t)u := sup Eru

WEPt
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>0 the Nisio semigroup or (upper)

for all w € ¢ and ¢t > 0, and call ((t))

semigroup envelope of (Sy)aea. Note that A (t): £>° — (> is well-defined and a
sublinear kernel for all ¢ > 0 since &, is a sublinear kernel for all = € P.

For hl, hg > 0,
Enythyt = sup Sx(hy + ho)u = sup Sx(h1)Sx(he)u
qeP qeP
< sup Sx(h1)Enyu = &, Epyu,
qeP

which implies the inequality
Enmu < Eu (5.1)
for m,m € P with m C my. The following lemma shows that . (¢) can be

obtained by a pointwise monotone approximation with finite partitions letting
the mesh size tend to zero.

Lemma 5.1. Let u € £ and t > 0. Then, there exists a sequence (T,)nen C P,
with Ex,u < & u for alln € N and

Eru — L (u  asn — oo.

Proof. For t = 0 the statement is trivial. We therefore assume that ¢ > 0. Then,
for every i € S, there exists a sequence (,)peny C Py with @, C @), for allm € N
and

(Eriu) (i) = (L(H)u) (i) asn — .
Since S is countable, there exists a sequence (S, )nen With S, C S, C S for all
n€Nand S =,y Sn- Let
ES U m

1ESH
for all n € N. Then, 7! C 7, C T, for all n € N and i € S,,, and therefore,
gﬂ% S gﬂn S gﬂ'

n+1
for all n € N and ¢ € S,,, which implies that .7 (t)u = sup,,cy Er, U O
Proposition 5.2. .7 (s +1t) = .%(s).7(t) for all s,t > 0.
Proof. Let u € £*°. If s = 0 or t = 0 the statement is trivial. Therefore, let
s,t >0, my € Psyy and 7w := mo U {s}. Then, 7 € P, with mg C m. Hence, by
(5.1),
Enpu < Eru.

Let m € Nand 0 = t) < t; < ...t,, = s+t with 7 = {to,...,t,n} and k €
{1,...,m} with ty = s. Then, m = {to,...,tx} € P; and w9 := {ty — s,...,t, —
s} € P, with

gm = gt1—t0 e 'gti—ti—l
and

Eny = gti+l_ti o it -
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Therefore,
gﬂou <&u= Stl*to o 'gtm*tm—lu = (Stlfto o 'gti*tifl) (StiJrl*ti o 'Stm*tm—lu)
=Ennu < & L (tu < L (5).7(t)u.
Taking the supremum over all 7y € Py, we obtain that .7 (s+t)u < .#(s).7(t)u.

Now, let (7, )neny C P, with £ u < & uforalln € Nand £ u — 7 (t)u as
n — oo (see Lemma 5.1), and fix my € Ps. Then, for all n € N,

o =mU{s+T1:TEM}E Py
with & = & Ex,. As &, is continuous from below, we obtain that
Ery (S () = lim ErEru= lim Eyu <7 (s + tu.
Taking the supremum over all my € Py, we see that .7 (s). (t)u < L (s+t)u. O

Remark 5.3. The semigroup . is the smallest semigroup that dominates the
family (Sy)xea. In fact, let T' be an upper bound of the family (S))aea, i-e.

Sa(t)u <T(t)u
forall A € A, u € £*° and t > 0. Then,
Sx(h)u < Eu < T(h)u
for all A € A, u € > and h > 0. Since S and T are semigroups, it follows that
Sy(tu < Eu <T(t)u

forall A\ € A, u € £°, t > 0 and m € P,. Taking the supremum over all 7 € P,
we obtain that

Sx(t)u < L (t)u <T(t)u
forall N\ € A, u € >~ and t > 0.

The Nisio semigroup (5” (t)) +>0 D1as been used by various authors in the field of
imprecise probability in order to describe imprecise Markov chains via conditional
upper previsions, cf. Skulj [35] and Krak et al. [23]. In fact, the operator .7 (t)
coincides with the conditional upper prevision over a time interval of the length
t > 0. However, one can actually go one step further and extend the family of
transition operators to a Markov chain on a canonical path space. In [24], this
has been done in the finite-state-case using the Theorem 4.4, which is due to
Denk et al. [16]. However, in the case of infinitely many states, the continuity
from above is not trivial and leads to restrictions for the family of Markov chains
indexed by the set A. Nevertheless, using an explicit dual representation of the
Nisio semigroup one can extend the family of transition operators to a Markov
chain on the canonical path space without requiring the continuity from above.

In the following remark, we start by deriving a dual representation of the Nisio
semigroup by viewing it as the cost functional of an optimal control problem,
where, roughly speaking, “nature” tries to control the system into the worst
possible scenario (using contols within the set A).
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Remark 5.4. For A = (M, ... 2% € AYand t > 0, let S\(¢): £*° — (> be given by
(Sx(t)u), := (Sxi(t)u), (5.2)

for all ug € ¢> and ¢ € S. That is, Sy(¢) is the matrix whose i-th row is the
i-th row of Syi(t) for all i € S. Here, the interpretation is that, in every state
1 € 5, “nature” is allowed to choose a different Markov chain, which is indexed
by A € A. We now add a dynamic component, and define

Qt3:{<)‘k7hk) ..... m € (A% [0,8])™: m €N, th_t}

Roughly speaking, the set @), corresponds to the set of all (space-time discrete)
admissible controls for the control set A. For 0 = (A, hg)r=1,..m € Q; withm € N
and u € (>, we define

.....

Sou := Sy, (h1) -+ - Sy, (hm)u,
where Sy, (hy) is defined as in (5.2) for k =1,...,m. Then, for all u € >,
S (t)u = sup E;u = sup Spu. (5.3)

TeP; 0€Q:
In fact, by definition of Q, it follows that Sx(t)ug < supgeq, Seuo < 7 (t)ug
for all A € A, t > 0 and uyp € R? On the other hand, one readily verifies
that 7 (t)up := suppeq, Souo, for t > 0 and uy € R4, gives rise to a semigroup
(7 (1)) isor Since (1)) 1> 18 the smallest semigroup that dominates the family
(Sx)aea of (P, f), it follows that 7 (t) = .7 (t) for all t > 0.
The explicit dual representation from the previous remark can be used as in

[17, Proposition 5.12] in order to obtain a sublinear Markov chain in the following
sense:

Definition 5.5. A (time-homogeneous) sublinear Markov chain is a quadruple
(Q, F.E, (Xt)tzo), where
(1) (£2,F) is a measurable space.
(17) X;: Q — N is F-measurable for all ¢ > 0.
(13i1) € = (&)ies, where (£, F,&;) is a sublinear expectation space for all i € S
with & (u(Xo)) = u(i) for all u € £>.

(tw) Forall s,t >0,neN, 0<t; <...<t,<sandv € ﬁoo(Sn-l—l’QS”Jrl),
S(UO(th,. .. thaXs—l—t)) == 5 [(S(t)’UO(th,. .. th, ))(Xs)]

with (S(¢)u)(i) = & (w(Xy)) for all u € £ and i € S. The family of
kernels (S (t)) >0 18 called the transition semigroup of the Markov chain

(Q,F, &, (Xe)e0)-

Remark 5.6. Assume that for all A\ € A, there exists an infinite matrix ¢* =
(¢;%)ijes € R such that, for all u € (>

' S,\(h)hu Uy )
Then, for each A € A, ¢* satisfies the following:

—0 ash /0.
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(i) ¢ <Oforallie S,
(ii) ¢;; > 0 for all ¢, 5 € S with i # j,
(iii) > jeq iy = 0 forall i € 5.
Then, the above conditions imply that

Z |G| = —aqii + Z ¢ = —2¢i = 2|qu| < oo. (5.4)
JjES JEN\{:i}

In particular, ¢*: £* — (> is a bounded linear operator if and only if ||¢*| :=
2sup;eg || < oo. If

1
sup sup |q2’\2| =5 up ||qA|| < 00, (5.5)
AEA €S AEA

then, by [25, Example 6.7], it follows that

H%—QUH 50 ashN\0

with Qu := sup,c, ¢*u for all u € (. Moreover, the function v: [0,00) —
>, t+— S (t)u is the unique classical solution to the differential equation

V'(t) = Qu(t), forallt>0, v(0)=mu.

Therefore, . (t)u can be computed by solving the above differential equation. In
the finite-state case, this approach has been used by Skulj [35] and by Nendel
[24] for Markov chains under convex expectations in order to define and compute
the transition operator as a solution to an ordinary differential equation. Krak et
al. [23] use the explicit Euler method in order to discretize the time interval, and
come up with the transition operator as the limit of the Euler approximation.
Both approaches result in the same transition operator as shown in [23] and
[24]. Examples for a family (¢*)aea that satisfies (5.5) are given by ¢* = Aq for
A€ A, AC0,00) compact, and a fixed bounded operator ¢ satisfying the above
conditions (i) - (iii). The operator ¢ could, for example, be the generator of a
Poisson process (with intensity 1). In this case, the Nisio semigroup (.(t)),.
can be viewed as the family of transition operators for an imprecise Poisson
process with imprecision in the intensity of the process.
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