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Abstract

This work investigates convex expectations, mainly in the setting of uncertain processes with countable state
space. In the general setting it shows how, under the assumption of downward continuity, a convex expec-
tation on a linear lattice of bounded functions can be extended to a convex expectation on the measurable
extended real functions. This result is especially relevant in the setting of uncertain processes: there, an
easy way to obtain a convex expectation on the linear lattice of finitary bounded functions is to combine
an initial convex expectation with a convex transition semigroup. Crucially, this work presents a sufficient
condition on this semigroup which guarantees that the induced convex expectation is downward continuous,
so that it can be extended to the set of measurable extended real functions. To conclude, this work looks
at existing results on convex transition semigroups from the point of view of the aforementioned sufficient
condition, in particular to construct a sublinear Poisson process.

Keywords: downward continuity, Daniell-Kolmogorov Extension Theorem, sublinear Poisson process

1. Introduction

This article is part of the recent push towards generalising the theory of (continuous-time) Markov
processes from the measure-theoretic framework [IH5] to the two closely-related frameworks of nonlinear
expectations and imprecise probabilities, which both intend to model uncertainty in a (more) robust manner.

The framework of nonlinear—sublinear or even convex—expectations was initially put forward by Peng
[6], and has gained a lot of traction in the setting of robust (mathematical) finance. It dealt with Markov
processes from its conception, and since then the following (and quite possibly more) Markov processes have
been generalised to this framework: those with finite state space [7], countable state space [§] and R¢ as
state space [6], Lévy processes with R? as state space [9HII] and Feller processes with a Polish state space
[12]. Most authors only consider bounded functions on the set of all paths that are measurable with respect
to the product o-algebra, which is a domain that is not very rich. Neufeld and Nutz [I0] are a notable
exception to this; while they do assume cadlag paths, they essentially never go beyond functions of the state
in a single time point.

The theory of imprecise probabilities, which is actually a collection of frameworks including those of
coherent lower /upper previsions and sets of (coherent conditional) probabilities, was popularised by Walley
[13]. This theory often comes with a subjectivist interpretation in terms of betting behaviour, but can also
be thought of as allowing partial specification of linear (or precise) uncertainty models. In this framework
much has been done for Markov processes with finite state space [I4HI8|, but to the best of my knowledge,
the only work regarding a non-finite state space is mine on the Poisson process [19].

This work builds on and continues the aforementioned work by investigating convex expectations for
countable-state uncertain processes in general and Markov processes in particular, with a particular focus
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on the usefulness of their domain. On the one hand, it builds on and extends some of the results in the
framework of nonlinear expectations, while on the other hand it essentially extends the approach in [I7]
from the finite-state and sublinear setting to the countable-state and convex one. The remainder of this
work is structured as follows.

Section [2|rids the extension results in [20, Section 3| for downward continuous convex expectations from
the restriction that all functions in the extended domain are bounded. The key result there is Theorem
which improves on Theorem 3.10 in [20]. Theorem [2| the final result in Section [3] establishes a more
useful version of the robust Daniell-Kolmogorov Extension Theorem [20, Section 4] in the specific case of
a countable state space: the domain is changed from the bounded measurable functions on the set of all
paths to the much richer set of extended real measurable functions on the set of cadlag paths.

Section [4| investigates how to construct a ‘consistent collection of finite-dimensional (downward continu-
ous) convex expectations’, which forms the starting point in Theorem This then leads to the final result in
Theorem [ that given an initial downward continuous convex expectation and a convex Markov semigroup
that has uniformly bounded rate, there is a corresponding convex expectation on (a large part of) the set
of extended real measurable functions on the set of cadlag paths.

The present article is a significantly extended version of an earlier conference contribution by the au-
thor [21]. Section is largely the same as its counterpart in the conference contribution, although the proofs
there were hidden away in the Supplementary Material. In contrast, Sections [3] and [4] differ significantly
from their counterparts in [21I]: instead of being limited to sublinear expectations, all results now deal with
the more general convex expectations. Section[5]has been expanded to incorporate some of my recent results
on uniformly continuous semigroups of transition operators [22], which in its turn allowed me to simplify
the exposition in Section [6]

2. Nonlinear expectations and their extensions

A (linear) expectation is a linear, normed and order preserving real—or even extended real—functional
on a suitable domain. Examples include the Lebesgue integral with respect to a probability measure [4]
Chapter 8] and (linear) previsions in the style of de Finetti [23]—see also [24]. A nonlinear expectation,
then, generalises this notion by relaxing the requirement of linearity. Two examples of such classes of
functionals are the convex expectations that appear in (robust) mathematical finance [6] and the coherent
upper previsions that are at the core of the theory of imprecise probabilities [I3], 25]; see [26] and references
therein for connections between the two. In Section [2.I] we will formally introduce these well-known notions
for domains that may include unbounded and even extended real functions, while Section deals with
extending these nonlinear expectations in such a way that their properties are (partially) preserved. First,
however, we introduce some necessary terminology and notation.

Consider some (non-empty) sets ), Z. We denote the set of all maps from ) to Z by ZY. For any
real-valued function f on ), we let

I flloo = sup|f| = sup{|f(y)|: y € V},

and we say that f is bounded whenever | f]loc < +00. We collect the bounded real-valued functions on Y
in L(Y) C RY. The bounded real-valued functions on ) include the indicator functions: for any subset ¥’
of Y, the corresponding indicator 1y € L£()) maps y € Y to 1 if y € Y and to 0 otherwise; for any y € Y,
we shorten 1,3 to 1.

Fix some non-empty subset D of RY. An (extended real) functional ® (on D) is an extended real map
on D. We call a functional & positively homogeneous if ®(uf) = p®(f) for all f € D and p € R>¢ such
that puf € D, and homogeneous if the same equality holds for all f € D and p € R such that uf € D.
Furthermore, we call a functional ® convex if ®(Af + (1 —X)g) < AP(f) + (1 — X\)®(g) for all f,g € D and
A € [0,1] such that Af + (1 —X)g is meaningfuﬂ and in D and A®(f)+ (1 —A\)®(g) is meaningful, subadditive

2We follow the standard conventions in that the sum or difference of two extended reals is meaningful if it does not lead to
(400) — (+00) or (+00) 4+ (—oo)—see for example [25, Appendix D], [4 Definition 4.8] or [27, Table 8.1].
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if ®(f +g) < O(f) + ®(g) for all f,g € D such that f + ¢ is meaningful and in D and ®(f) + §(g) is
meaningful, and additive if this inequality always holds with equality whenever it is meaningful. Finally, ®
is said to be order preserving (sometimes also ‘monotone’ or ‘isotone’) if ®(f) < ®(g) for all f,g € D such
that f < g.

We are especially interested in the behaviour of (order-preserving) functionals with respect to monotone
sequences. A sequence (f, )nen of extended real functions on ) is said to be monotone if it is either increasing
or decreasing, where the sequence is increasing if f, < fp41 for all n € N and decreasing if f, > fn41 for
all n € N. Any monotone sequence (f,,)nen converges pointwise to a limit lim, 40 frn € RY; (fu)nen ' f
denotes an increasing sequence with pointwise limit f, while (f,,)nen \( f denotes a sequence that decreases
to f.

Now consider a functional ® on D. If ® is order preserving, then for any monotone sequence (f,,)nen €
DN, the derived sequence (®(f,))nen is also monotone, and therefore converges to a limit; if furthermore
the pointwise limit f of (f,)nen belongs to the domain D, then

. . ) S
RETOC(I)(]C") inf{®(f,): n € N} > &(f).

We call the (not necessarily order-preserving) functional ® downward continuouﬂ on C C D if for all

CY 3 (fu)nen N\ f € C, lim, 100 ®(fn) = ®(f), and simply downward continuous if it is downward

continuous on D. Similarly, we call ® upward continuouﬁ on C C D if for all CN > (fu)nen N f € C,

limy, s 100 D(frn) = ®(f), and simply upward continuous if it is upward continuous on D.

2.1. Nonlinear, convez, sublinear and linear expectations

A nonlinear expectation is a functional & whose domain D, a subset of RY, includes all constant real
functions on Y and which is order preserving and constant preserving (or ‘normalised’), meaning that
D(u) = pﬂ for all 4 € R. Due to its properties, any nonlinear expectation ® dominates the infimum and is
dominated by the supremum; hence, a nonlinear expectation ® with domain D C £(}) is a real functional.

This contribution exclusively deals with nonlinear expectations that are convex, sublinear or even linear.
A convex expectation is a convex nonlinear expectation, a sublinear expectation is a sublinear—so subadditive
and positively homogeneous—nonlinear expectation and a (linear) expectation is a nonlinear expectation that
is, well, linear; we will always denote convex, sublinear and linear expectations by (variants on) FE,FE and E,
respectively. Clearly, any linear expectation is a sublinear expectation as well, and any sublinear expectation
is also a convex one. While these notions are well-established in the theory of nonlinear expectations—see
for example [6, Section 2.2], |20} Section 1] or [8, Section 2]—they are, to the best of my knowledge, always
stated for domains D of bounded real functions.

Example 1. For all examples in this section, we’ll assume Y = N = {1,2,...} and consider the set of
bounded functions for the domain D := L(N). For any natural number n, we define the corresponding real
functionals

E.: L(N) = R: f s sup{f(m): m € Nym <n}U{f(m) — arctan(m): m € N,m > n},
E,: LN) = R: f > sup{f(m): m € Nym < n}

and
E,: LN) = R: f— f(n).

These are clearly constant and order preserving, and therefore nonlinear expectations. Furthermore, it is
not difficult to verify that F,, is convex, E,, is sublinear and F,, is linear, so these -are COnvex, sublinear and
linear expectations, respectively. Note that for all n € N and f € L(N), E,,(f) < E.(f) < E.(f).

3The term ‘continuous from above’ is also used frequently.
4Some authors prefer the terminology ‘continuous from below’.
5 We identify any u € R with the corresponding constant function ‘u’ on ) whose range is {u}.
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Instead of a convex or sublinear expectation £ on D, it may be more convenient or appropriate to
investigate the corresponding conjugate functional ® on —D = {—f: f € D}, defined by the conjugacy
relation

®(f) = —FE(—f) forall fe-D.

Clearly, the conjugate functional of a convex expectation is a nonlinear expectation that is concave instead
of convex, while that of a sublinear expectation is a nonlinear expectation that is superlinear instead of
sublinear.

If the domain D of the sublinear expectation E is a linear space of real functions, its properties make it
a ‘coherent upper prevision’ﬁ Coherent upper previsions have an interesting interpretation (and definition)
in terms of rationality requirements on supremum selling prices of bets, but pursuing this would lead us too
far astray; I invite the interested reader to consult the excellent manuscripts by Walley [13] or Troffaes and
de Cooman [25], see also [28] for a more gentle introduction. In the context of this article, the following
definition in terms of three coherence properties will suffice [25, Theorems 4.15 and 13.34]; note that for this
definition, it is essential that the domain D is a linear space of real functions.

Definition 1. Let D C ]Rz be a linear space. A coherent upper prevision E (on D) is a sublinear real
functional on D such that E(f) <sup f for all f € D.

Lemma 1. Let D CRY be a linear space that contains all constant functions. A real functional E on D is
a sublinear expectation if and only if it is a coherent upper prevision.

PRrROOF. That any coherent upper prevision is a sublinear expectation follows immediately from [25, Theo-
rem 4.13 and Theorem 13.31].

For the converse implication, assume that E is a sublinear expectation. Then E is a coherent upper
prevision because it is sublinear and bounded by the supremum because E is order and constant preserving:

E(f)<E(supf) =supf forall feD.

Example 2. Since £(N) is a linear space that contains all constant functions, for all n € N the sublinear
expectation F,, as defined in Example|l|is a coherent upper prevision by Lemma Another example is the
so-called vacuous coherent upper prevision [13), Section 2.3.7], which in general is given by

D—R: frsupf.

In the remainder of this section, we fix some linear space D C L()) that contains all constant real
functions. Recall from before that this means that any convex expectation E on D is real valued. Moreover,
it turns out that a convex expectation is then always convergent with respect to uniform convergence—for
proofs, see |25 Theorem 4.13 (xiii)| and [8, Lemma 2.5]|.

Lemma 2. Suppose D C L()) is a linear space that includes all constant functions, and consider a convex
expectation E on D. Then for any sequence (fn)nen € DV that converges uniformly to some f € D, meaning
that limy,— 4 oo || frn — flloo = 0, ] )
lim F = E(f).
Jm E(fa) = E(f)

Pointwise continuity is equivalent to uniform continuity whenever Y is finite, so in that case Lemma [2]
implies that any convex expectation ¥ on D is downward and upward continuous. Things are more com-
plicated when Y is infinite, but then we can resort to a necessary and sufficient condition for downward
continuity; to state it, we need to introduce some additional notation. Let Ep be the set of all linear
expectations on D. With any convex expectation E on D, we associate the conjugate function

E*:Ep — Rsq U {+00}: E v sup{E(f) — E(f): f € D},

61ts conjugate functional is what is known as a ‘coherent lower prevision’. Note that for many reference works in the field
of imprecise probabilities, including [13} 25] 28], ‘coherent lower previsions’ are the primal object under study.

4



and we collect all linear expectations on D whose image under this conjugate function is real in
By = {F € Ep: E*(E) < +00}.

This conjugate function E* and the derived set E 5 play an important role in the following two results.
The first result, taken from [20, Lemma 3.2], links the downward continuity of a convex expectation E

to the downward continuity of the linear expectations F in E;—so those with E*(E) < 4-00; Miranda and

Zaffalon [29, Proposition 5.1.2] give a similar result for the particular case of sublinear expectations.

Lemma 3. Suppose D C L(Y) is a linear space that includes all constant functions. A convex expectation E
on D is downward continuous if and only if every linear expectation E € Ey is downward continuous.

Lemma [3|is crucial in the proof of Theorem 3.10 in [20], and consequently also in our extension of it. We
will see why in due course.

The second result in which we encounter Ej is the following representation result, taken from [20)]
Lemma 2.4]; for sublinear expectations, it is known as the Upper Envelope Theorem |25, Theorem 4.38].

Lemma 4. §uppose D C L(Y) is a linear space that includes all constant functions. For any convex
expectation E on D, 3 5
E(f) =max{E(f) — E*(E): E€Ep} forall f €D.

Moreover, for any sublinear ezpectation E on D,
E(f) = max{E(f): Ee EE} for all f € D,
where now - -
Er={FcEp: E (F)=0}={FEecEp: (VfeD) E(f)<E(f)}

Lemma [ leads to the sensitivity analysis interpretation of convex and sublinear expectations. On this
interpretation, we assume that our uncertainty can be accurately modelled by a linear expectation, but we
do not have enough information to determine or specify this expectation exactly. For a convex expectation F,
we can then think of £*(E) as a penalty which indicates our degree of belief that the linear expectation E
is the ‘correct’ one. For a sublinear expectation E, then, we can think of E% as the set of all ‘feasible’
linear expectations. Note that we can also go the other way around: we can define a sublinear (or convex)
expectation by specifying some set £ C Ep of linear expectations (and some penalty function a: € — R>g)—
as we effectively did in Example [I} For more details, I refer the interested reader to [I3, Section 3.3], [25]
Section 4.6] and [30] Section 4.2].

Example 3. Fix some n € N. Then for all m € N with m <n,

En(f) = En(f) < En(f) — Em(f) =0 for all f € L(N),
and therefore E*(E,,) = 0 < 4oco. Similarly, for all m € N with m > n,
Em(f) = Eu(f) < En(f) — En(f) + arctan(m) = arctan(m) for all f € £(N),

whence in this case E(FE,,) = arctan(m) < +oc. So for all m € N, E,, € E; . In fact, in this case it even
holds that Ez = E. . To see why, fix any £/ € Ez ). Then for all f € L'( ) and € € R, there is some
k € N such that 0 <sup f — f(k) <, and therefore

E(f)*En(f) SsupffEn(f%

if k < n, then E(f)—E,(f) <sup f—f(k) < ¢, while if k > n then E(f )VfEV (f) <sup f— f(k)+arctan(k) <
€+ 5. Since f € L(N) and € € R were arbitrary, we conclude that E}(E) < 7, so indeed £ € Ej; .
<n

Similarly, it’s easy to see that E. (E,,) = 0 for all m € N with m . In contrast E,(E,) = 4o for
m € N with m > n, as al,, € L(N) for any o € Ry and

E,.(aly,) — Ey(aly) = al,,(m) —sup{al,(k) e NNE<n}=a—-0=a.
5



Here too, it is possible to determine the set Eg : we leave it to the reader to verify that

Eg, = {ZakEk5ak€R207Zakl} CEcny =Eg, - (1)

Now any E = Y7, ax By, € E is downward continuous: for any L(N) 3 (fi)men N\ f € L(N),

n
ml_lg_looE(fm) = ml_lg_loo];akEk(fm) = ml_lg_loozakfm Zakf )
Hence, it follows from Lemmas [3| and 4] that E,, is downward continuous. In contrast, E,, is not downward
continuous, as Ep = E,y) definitely contains expectations that are not downward continuous—for but
one example, see [31, Examples 2.1.3 (8)]. Alternatively, take the sequence (fi)reny € L(N) where f maps
m € N to fy(m) =2m"%if m <k and fx(m) = 2 otherwise. Then for all k € N,

Bu(fi) = sup{fu(m): m € Nym < n} U {fk<m> L menms n}

:sup{Qm_k: mgn,k‘}u{2: E<m<n}

U {2™ % —arctan(m): n < m < k} U {2 — arctan(m): n,k < m}
7r
>2——.
22—
Since (fi)ren 0 € L(N) but
lim B, (fi) 22~ >0=E,(0),

k—+oo

this also shows that E,, is not downward continuous.

2.2. Extending convex expectations

For the remainder of this section, we assume that the linear subspace D of £()) not only includes all
constant functions, but is also closed under pointwise minima (and then maxima), meaning that for all
f,9€D, fAg €D (and then fVvg=—((—f)A(—g)) € D); this makes D a linear lattice [25, Definition 1.1].
We let o(D) denote the smallest o-algebra ¥ in ) such that every f € D is X/B(R)-measurable—see, for
example, [32], Definition 1.5 b)].

Due to our assumptions, the Daniell-Stone Theorem [32, Theorem III.35] establishes that if a linear
expectation £ on D is downward continuous, then there is a unique probability measure Pg on ¢(D) such
that

E f):/fdPE for all f € D.
This means that we can extend F to the domain of the Lebesgue integral with respect to Pg. In this work
we’ll use the Lebesgue integral as defined by Fristedt and Gray [4], Definition 4.8 and Definition 8.2, so the

domain of the Lebesgue integral with respect to a probability measure P on o(D) is the set of P-integrable
functions

Z(P) = {f € M(D): /fJr dP — /f* dpP meaningful},

where M (D) collects all extended real functions on ) that are o(D) /B(R)—measurable the integral is
allowed to take the values +00 and —oo, and is real-valued on the set of absolute P-integrable functions

A(P) = {fe/\/l /f*dP/f dP<+oo} {fe/\/l /|f|dP<+oo}

7"B(R) denotes the Borel o-algebra generated by the ‘usual’ topology on R; for more details, see |4, Chapter 2 and Ap-
pendix C.2| or [27, Chapter 8|.



It is easy to verify [see [I7, Lemma 24] that the set Z(P) of P-integrable functions definitely includes those
extended real functions f on ) that are o(D)/B(R)-measurable and either bounded below, meaning that
inf f > —o0, or bounded above, meaning that sup f < +oo. For this reason, we collect all o(D)/B(R)-
measurable extended real functions on Y that are bounded below in My, (D) and those that are bounded
above in MP(D). Note that My(D) N MP(D) includes

D5,b = {f € [’(y) (H(fn)nEN € DN) (fn)nEN \l f}

Example 4. Note that £(N) is a linear lattice that includes all constant functions, and that o(£L(N)) = p(N)
is the power set of N. Then for any n € N, P, := Pg, is the Dirac measure on {n}, given by

P,(A) = Pg,(A) =14(n) forall A€ p(N).

. =N . . . . .
Consequently, any function f € R is P,-integrable, while the absolute P,-integrable functions are exactly
those functions f € R for which f(n) is real-valued.
The following extension result generalises the extension result in Theorem 3.10 of Denk et al. [20] by
extending the domain of the extension from bounded measurable functions to—most but not all—extended-

real measurable functions. The proof remains largely the same, which is why I’ve chosen to relegate it to
Append A

Theorem 1: Let D C L(Y) be a linear lattice that includes all constant functions, and consider a convex
expectation E on D that is downward continuous. Let

I(E) = () Z(Pg) 2 My(D) UM"(D)
E€Eg

and

EO:T(B) » R: frs BO(f) = sup{/fdPE _B'(E): Ee EE}.

Then E® is a convex expectation that extends E, is downward continuous on Ds, and upward continuous
on

IuC(E) = {f S I(E): (VE € EE‘) /fdPE > —OO} ) Mb(D)
If E is a sublinear expectation, then so is E©.

Example 5. Fix some n € N. Since the sublinear expectation E,, is downward continuous [Example 3],

we can use Theorem [If to obtain the sublinear expectation ES on Z(E,). With the help of Eqn. (1)) in
Example [3] the reader will have no difficulty in verifying that

T(En) = {f €R': f(1),..., f(n) < +oofU{f €R: f(1),.... f(n) > —o0}

and
EL(f) = sup{f(m): m € Nym <n} for all f € Z(E,).

The continuity properties in Theorem [1| are relevant because they often allows us to determine E®(f)
for functions f € Z(E)\ D without resorting to its definition. Indeed, we can derive E®(f) ‘directly’ from F
in at least two cases: (i) f is bounded below and the pointwise limit of a decreasing sequence (f,,)nen € DV;
and (ii) f is the pointwise limit of an increasing sequence (f,,)nen € PV. In both of these cases,

O£ 1 O 1 5

EY(f) = nBI_I‘_looE (fn) = HETOOE(JCH)
We can, of course, continue this scheme, but now with functions f that are the pointwise limit of increasing
sequences (f,)nen of functions for which we have determined E®(f,), and so on.
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Example 6. We again fix some n € N and consider the downward-continuous sublinear expectation E,,
on L(N) from Exampleand its extension ES from Example|5| For all k € N, let f, € £(N) be the function
given by fr(m) = k Am for all m € N. Then (fx)ren is clearly increasing, and its pointwise limit is the
identity function f: N — N: m — m, which is not bounded but is bounded below, that is, which is not

in £(N) but is in My (D) C Z(E,). As per the explanation above,

Eg(f): lim Eg(fk): lim En(fk):kgriloosup{k/\m:mGN,mgn}: lim kAn=n.

k—+o00 k—+o00 k—+o00
. . =0 . .
Alternatively, from the expression for £, in Example [5[it also follows that
Ef(f) =sup{f(m): m e N;m <n} =sup{m: m € Nym <n} =n.

The extension E® in Theorem [1]is the unique one with the given properties, at least when we restrict
its domain to the bounded below functions. This follows almost immediately from Theorem 3.10 in [20]. In
our ‘generalisation’ of this result, we write DY 3 (f,,)neny (< f to mean any decreasing (f,)nen € DV such
that lim, 1o fn < f.

Lemma 5. Consider a convex expectation E on My (D) that is downward continuous on Dsy, and upward
continuous. Then for all f € My (D),

E(f) = sup{ m  E(fa): D 3 (fa)nen (< f}.

n—-+oo

PROOF. From Theorem 3.10 in [20]—or the functional version of Choquet’s Capacitibility Theorem, see [33]
Proposition 2.1]—it follows that for all f € My, (D) N MP(D) = M(D) N L(Y),

B st B(1): D" 3 (e N5 1 - 2

It remains for us to prove the equality in the statement for all f € My (D)\ MP(D), so let us fix any such f.
Then (f Ak)ren is an increasing sequence in My, (D) N MP(D) that converges pointwise to f, and therefore

E(f)= lm E(fAk)=sup{E(fANk): k€N}.

k——+oco
Because f Ak € My(D) N MP(D) for all k € N, it follows from this equality and Eq. that

B(f) =sup{ i B()s b €803 (funen < f Ak

= SuP{nEIEoo E(fn) DN > (fn)nGN \,IS f}7

as required.

3. Countable-state uncertain processes

With Theorem [I] under our belts, we can move from the general setting of convex expectations to the
more specific setting of convex expectations for uncertain processes, that is, ‘systems’—or phenomena—that
assume a state in each point in time. A ‘subject’ is uncertain about the state as it evolves over time, and
we want to model their uncertainty by means of a convex expectation.

As announced by the title, we will focus on uncertain processes whose state takes values in a countable
state space Z . An outcome or realisation of such an uncertain process is a map from the time set T to 2,
which we call a path.



In the discrete-time setting it is customary to choose T = N, which leads to 2N as set of paths (and
hence outcome space). The set of bounded real functions on 2N that depend on the state of the path in
a finite number of time points then form a linear lattice of bounded functions that includes the constants.
To construct a convex expectation on this linear lattice, one can follow the approach in [20, Example 5.3],
which leads to a ‘convex Markov chain’—see also [34H36] for the finite-state sublinear case. It is not all
too difficult to obtain a sufficient condition under which the constructed convex expectation is downward
continuous, but we will not pursue this matter. That said, in the particular setting of sublinear expectations,
it would be interesting to compare the resulting extended sublinear expectation to the sublinear expectation
as defined in the game-theoretic framework of Shafer and Vovk [37]; T’Joens [36] has essentially done so in
the particular case of a finite state space.

Things get more involved in the setting of continuous time, though, and this will be our main focus in the
remainder. Henceforth, we assume that time is indexed by the positive real numbers: T = R>p. We make—
or our subject makes—the common assumptions that (i) after it transitions to a new state, the system stays
in its new state for some time; and (ii) the number of state transitions in every bounded interval is finite.
This is equivalent to assuming that the outcomes are cadlag paths, meaning that they are continuous from
the right and have left-sided limits—see, for example, |2, Chapter 3, Section 5] or [4, Section 31.1]. Thus,
our outcome space is the set of all cadlag paths, which we denote by © C 2®=0. As will become clear at
the end of this section, the assumption of cadlag paths ensures that the domain of the constructed convex
expectation is sufficiently rich.

Our starting point will be a convex expectation on the set of bounded functions on 2 that are finitary,
meaning that they only depend on the states that a path w € €2 assumes in a finite set of time points. To
formalise this, it will be convenient to introduce some notation.

For all U CV C Rsq, we let 171 27V — 2°U be the projection that maps any 2 -valued function on V
to its restriction to U [see[3], Section I1.25]; if V' = R>¢, we simply write myy and moreover restrict the domain
of my to @ € 27 B20. Let % be the set of finite subsets of R>g. Then given some U = {t1,...,t,} € %, we
will sometimes identify z = (2;);cy € 2V with the n-tuple (z1,...,2,) = (z(t1),...,2(t,)) € 2™ of its
values.

With this notation, we can formally define the set of finitary bounded functions on :

9 ={fory:Ue,feL(2)}. (3)

One easily verifies that 2 C £() is a linear lattice that includes all constants, so the results in Section
apply.

Before we get down to using Theorem [2, we should establish that a convex expectation E on 2 is in
one-to-one correspondence with a ‘consistent collection of finite-dimensional convex expectations’; especially
in Section [£.2] further on, it will be more convenient to work with the latter. This notion, essentially
taken from [20, Definition 4.2|, is the counterpart of the well-known notion of a ‘consistent collection of
finite-dimensional distributions’ for probability measures [3, Section II1.29].

Definition 2. A collection of finite-dimensional convez/sublinear/linear expectations is a collection (Ey)vew
such that for all U € %, Ey is a convex/sublinear/linear expectation on £(2'V). Such a collection is con-
sistent if for all U,V € % with U C V,

Ey(f)=Ev(fony) forall fec(2v).

Proposition 1. Consider a consistent collection (Ey)yeca of finite-dimensional convex/sublinear/linear
expectations. Then there is a unique convex/sublinear/linear expectation E on 2 such that

E(fory)=Ey(f) foralUecu,fecL(ZY).
Conversely, if E is a convex/sublinear/linear expectation on 9 and for all U € % we let
Ey: L(2Y) = R: [ Ey(f) = E(f omy),
then (Ey)yea is a consistent collection of finite-dimensional convex/sublinear/linear expectations.

9



PROOF. The first part of the statement follows almost immediately from the consistency of the collec-
tion (Fy)uew—see for example the proof of Proposition 4.4 in [20]. The second part of the statement
follows immediately from the properties of convex/sublinear/linear expectations.

Example 7. In all the examples in this section, we’ll assume 2" = Z>¢ = {0,1,2,...} and we’ll fix some
sequence (wy)nen € QN of cadlag paths—take, for example, wy,: R>g — 2 : t + n. For any U € %, we
define the corresponding finite-dimensional convex expectation

Fy: L(Z2Y) = R: f—sup{[f om](w,) —n+1:n €N}

The resulting collection (Ey)yes of finite-dimensional convex expectations is clearly consistent: for all
UV ew withU CV and f € L(ZY),

Ey(f) =sup{[f o mv)(wn) —n+1:n €N} =sup{[(for})) omv](wn) —n+1: n € N} = Ey(fom)).

Hence, it follows from Proposition [1f that there is a unique convex expectation E on 2 corresponding
to (Fu)uea , and one can readily see that this is given by

E(f) =sup{f(w,) —n+1:neN} forall fc 2.

Our aim is to use Theorem [I] to extend the convex expectation E on the set 2 of finitary bounded
functions to (as much of) the set M(2) of 0(2)/B(R)-measurable functions (as possible). To this end, we
need to check whether the convex expectation E on 2 is downward continuous. Let us do so for the convex
expectation obtained in Example

Example 8. To verify that E is downward continuous, we fix any 2V 3 (fi)ren \¢ f € 2, and set out to
show that

lim B(f) = B(f). (4)

k— 400

Since f1 > fo > -+ > f are all bounded, there is some m € N such that sup f; — inf f + 1 < m. Then for
allk e Nand n > m, fr(w,) —n+1<supfr—n+1<supfi —n+1<inff < fr(w1), whence

E(f) = sup{fr(wn) —n+ 1: n € N} = max{fy(wn) —n+1:n€N,n <m}.
A similar argument shows that
E(f) =sup{f(w,) —n+1:n € N} = max{f(w,) —n+1:n € N,n<m}.
Since (fx)ken converges pointwise to f, the limit statement in Eqn. follows from these two equalities.

While we can directly check downward continuity for simple convex expectations as the one in Example|[7]
this approach becomes quite unwieldy for more complex convex expectations. For this reason, we set out to
find a sufficient condition for downward continuity that is easier to verify, and we’ll find this in the realm of
measure theory.

3.1. The classical measure-theoretic setting

Rather than a (convex) expectation on a sufficiently large set of functions on {2, the measure-theoretical
approach aims to obtain a probability measure on the o-algebra generated by the cylinder events, which
we'll introduce now. A subset F' of Q is a cylinder event [3| Definition II.25.4E| if there are some U € %
and A C 2V such that

F=n;"(A) ={weQ: myw) e A}.

8In general, this definition assumes A € XU, where X is a o-algebra on 2. Since 2 is countable, X = p(2) and
XV = p(2Y).
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We collect all cylinder events in .%, and note that this can also be found as the trace o-algebra on €2 of the
product o-algebra on 2 F=o0.

The reader who is familiar with (measure-theoretic) stochastic processes will probably wonder whether
the o-algebra 0(2) generated by & is equal to o(%), the one generated by the cylinders. It is easy to verify
that

F ={Fep):1r €2}, (5)

and that .# is an algebra of subsets of ; since 2 is a linear space, this implies that
span({lp: F € Z}) C 2.

Let us now verify that indeed

o(F) =a(P). (6)
Due to Lemma 8.1 (and Lemma 8.3) in [27], 0(2) is generated by the collection of level sets

C={{weQ: flw)>a}: f€Z,acR}.

Hence, it follows from Eq. that every cylinder F' € # belongs to C, and therefore also to o(2). Conse-
quently, o(.%) C 0(Z). To prove that o(2) C o(.%), it suffices to verify that any level set in C is a cylinder.
To this end, we fix any f € 2 and « € R. By definition of 2, there are some U € % and g € £(2'Y) such
that f = gomy. Let A== {z € ZY: g(z) > a}. Then clearly

{weQ: flw) >a}={weQ: my(w) € A}, (7)

so this level set is indeed a cylinder.

There even is a third way of getting to o(Z): since the countable set 2" equipped with the discrete metric
is a Polish space, 2 equipped with the so-called ‘Skorokhod metric’ is a Polish space, and the Borel o-algebra
induced by this metric space is precisely o (%) = 0(2); the interested reader may consult Section 31.1 in [4]
or Section 5 in [2, Chapter 3] for the details.

Rather than extending a (convex) expectation on the set of finitary bounded functions, the measure-
theoretical approach seeks to extend a probability charge P—in the sense of [31] Definition 2.1.1], often also
called a finitely additive probability measure—on the cylinders, which is equivalent to a collection (PY)yeq
of “finite-dimensional charges’ [38, Sections 2.2 and 2.3|, where PU is a probability charge on p(2°Y). If we
were to use the set of all paths 2 ®>0 as possibility space instead of the set of cadlag paths (2, then this
probability charge P can be extended to a probability measure on the o-algebra generated by the cylinder
events if and only if for all U € %, the corresponding probability charge PU: p(2'Y) — [0,1]: A —
P(r;;' (A)) is countably additive. This result is known as the Daniell-Kolmogorov Extension Theorem [3),
Theorem I1.34], see also [38, Theorem 2|.

With the set of cadlag paths §2 as possibility space, things are more difficult though, and this problem has
been studied intensively. For example, Billingsley [39], Section 13] treats this issue thoroughly, although they
consider R as state space and [0,1] as time axis, and Stroock and Varadhan [5, Chapter 2] treat a related
issue with R? as state space and R>g as time axis but continuous rather than cadlag paths. Here too, one
needs that the probability charge P on the cylinders (for the set of all paths) is countably additive, and uses
Caratheodory’s Extension Theorem to extend it to a probability measure P’ on the o-algebra generated
by the cylinders on the set of all paths. The final and crucial step, then, is to construct a modification of
the canonical coordinate process that does have cadlag sample paths (P’ almost surely); alternatively, it
suffices to show that the set of cadlag paths Q has P’ outer measure 1] as this then allows one to obtain a
probability measure P on 0(Z) = o(%) |5, Lemma 2.1.1].

A more direct way of showing that the probability charge P on .# is countably additive (and therefore
extendable to a probability measure on o(.%#)), without the need to first construct a probability measure

9That is, for any sequence (Fp)nen of measurable subsets of the set of all paths such that Q C U, ey Fn, X ey P/(Fn) = 1.
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on the set of all paths, can be found in [38]. Again, it’s necessary but not sufficient that for all U € %,
the corresponding finite-dimensional charge PV is downward continuous. For sufficiency, there is an extra
condition which essentially requires that the finite-dimensional charges agree with the cadlag nature of the
paths [38, Theorem 10]. However, for the sake of simplicity, here we will rely on the sufficient (but not
necessary) condition in |38, Corollary 13]—comparable to the condition in what is known as Kolmogorov’s
Continuity Theorem, see [39, Theorem 13.6] or [5, Corollary 2.1.5]. The next result contains a translation
of this result to the context of the present article, with the help of Proposition 1, Eq. (5) and Theorem 10
in [38]. In it, as well as in Theorem [2| further on, we avail ourselves of the following notation: for all
U= {t1,ta} € %, let dﬁ € L(Z'Y) be defined for all z € 2V by d[f(x) =1if z(t1) # x(t2) and dé(m) =0
otherwise; similarly, let D?]'ﬁ ={rx e ZY: 2(t;) # z(t2)} and note that dzé, = 1D§.

Lemma 6. Consider a probability charge R: % — [0,1]. If

(i) for all U € %, the derived set function
RY: p(2Y) = [0,1]: A R(r;'(A))
1s countably additive; and
(ii) for all n € N, there is some A\, € R>o such that

Ritsy (D7
lim sup M

<X, forallte[0,n];
s—t |57t|

then R is countably additive.

Rather than from a probability charge on %, we start from a linear expectation E on 2. In order to
avail ourselves of results in the measure-theoretical literature, we focus on the induced set-function

Rp: Z —[0,1]: A Rp(A) = E(14). 8)

It is not difficult to verify that this derived set-function is a probability charge. With a bit more work,
one can show that E is downward continuous if and only if Rp is countably additive. This result follows
relatively easily from standard measure-theoretical results, but I could not immediately find a reference for
it; I give a formal proof here for the sake of completeness.

Lemma 7. Consider a linear expectation E on 2. Then the derived set function
Rg: % —[0,1]: F— E(1p)

is a probability charge. Furthermore, E is downward continuous if and only if Rg is countably additive;
whenever this is the case, Rg = Pg|g#, where Pg is the probability measure corresponding to E according
to the Daniell-Stone Theorem.

Proor. That R is positive and finitely additive with Rg(£2) = 1 follows immediately because E is a linear
expectation. Hence, we focus on the second part of the statement.

First, we assume that E is downward continuous. Then it follows immediately from the Daniell-Stone
Theorem [32, Theorem II1.35] that Rp = Pgl|#, and therefore Rg is countably additive.

Second, we assume that Rp is countably additive. Then it is well known—see for example Proposition 9
in [4, Chapter 7] or Lemma 4.3 in [3, Chapter II]—that for any decreasing (F},)neny € -#—meaning that
F, D Fyyq for all n € N—with (), .y Fn = 9,

lim Rg(F,) = 0. (9)

n—-+o0o
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To show that F is downward continuous, we fix any f € D and any decreasing sequence (f,,)nen € 2% that
converges pointwise to f. Then

E(fn) —E(f)=E(fn—f)>0 forallneN. (10)

Obviously, (f, — f)nen is a decreasing sequence in 2 that converges pointwise to 0.

Fix any € € R>g, and let 8 = ||f1 — flloo = sup fi — f. Then for all n € N, we let F,, == {y €
Y: fuy) — f(y) > €}; since this is a level set for a function in &, we know from around Eqn. that
F, € #. This way, (Fp)nen is a decreasing sequence in .# with (), = 9, and for all n € N,
fn— f < e+ Blg, and therefore

E(fn—f) e+ E(BlE,) = ¢+ BRp(F,).
It follows from this and Eq. @ that

limsup E(f, — f) < lim e+ BRp(F,) = e

n—-+o0o

Since this inequality holds for any strictly positive real number €, we infer from it and the one in Eq.
that

lim E(fn) = E(f),

n—-+oo

as required.

3.2. Back to convex expectations

It is time to return to convex expectations after our little excursion to the land of measure theory.
Recall that our starting point is a consistent collection (EU)Ue% of finite-dimensional convex expectations
that are downward continuous. The question at hand is whether we can use Theorem [I] to extend the
unique corresponding convex expectation £ on 2 of Proposition [l or equivalently, whether E is downward
continuous.

To check this, we essentially follow the same strategy as the one Denk et al. [20] use to prove their
Theorem 4.6: by Lemmas [4] and [3] it suffices to show that every linear expectation E € Ez—so any F € Ep
with E*(F) < +oo—is downward continuous. The path forward is clear: we will show that every £ € Ej
is downward continuous with the help of Lemmas [7] and [6]

Theorem 2. Consider a consistent collection (Ey)yea, of finite-dimensional convex expectations that are
downward continuous. If for all n € N there is some A\, € R>q such that

d#
lim sup Ev{&t} tsth ) <z, for all t € [0,n],
s—t |3 - t‘

then the corresponding convex expectation E on 2 of Proposition is downward continuous.

PROOF. To prove that E is downward continuous, we recall from Proposition [1f that E is a convex expecta-
tion, and from right after Eq. that its domain 2 is a linear lattice of bounded functions that includes the
constants. By Lemmas [4] and [3] it suffices to verify that every E' € E;—so every linear expectation £ on &
with E*(E) < +oo—is downward continuous. So fix any E € Ej, and consider the induced set function

Rg: % — [0,1]: F — E(1p).
We know from Lemma [7] that R is a probability charge, and that E is downward continuous if and only

if Rp is countably additive. In its turn, Proposition [6] provides a sufficient condition for the countable
additivity of Rg, which we set out to verify.
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For the first part of the condition, fix any U € %, and let
Ey: L(ZY) - R: g— E(gony).
Then Ey is a linear expectation [Proposition , and it is easy to see that its corresponding set function is
R%Z p(%U) — [0, 1]1 A EU(lA) = E(].A ¢} 7TU) = RE(’ITI}I(A))
Furthermore, it follows from the definition of Fy and Eq. that
Ej(Ey) =sup{Ey(9) — Eu(9): g€ 277}
=sup{E(gomy) — E(gomy): g 2V}
<sup{E(f) - E(f): f € 7}
— B(B)
< +o0.
Since Ey is downward continuous by the assumptions in the statement, it follows from this inequality
and Lemma [3| that Ey is downward continuous. It now follows from Lemma With Y = 2V and
D = L(ZY)—that RY, is countably additive.

For the second part of the condition, we fix some n € N and ¢ € [0,n] Then for all s € Rx¢ \ {t}, it
follows from the preceding that

R{t S}(D7£ s ) E{t s} (d s ) d s d;é s =
{ts}/ _ {t,s} = FEy.q {t,s} {t o {t,s} +E~>{t,8}(E{t’S}).

|s — ] |s — ] |s — 1| |s — |

We have shown before that E{t s (Eesy) < < E*(E) < 400 for all s € Rxq \ {t}. Hence, it follows from the
(E

preceding inequality, and with X/, := A, + E*(E) € R, that
R{t s} (D7é ) d#
lim sup O (1) 4 < limsup E{t s} e) + E{t s}(E{t 8}) >‘
st |s —t s—t s - |

which verifies the second condition in Lemma [6] and finishes our proof.

I would like to emphasise that while the assumption that the outcomes are cadlag paths makes it more
difficult to prove downward continuity, it is also crucial to ensure that the ‘domain’ M) (2) U MP(2)
of the extensions is sufficiently rich. Indeed, it is well-known—see, for example, [38, Section 3.2| or [3]
Lemma IL.25.9]—that with the set 2®20 of all paths as outcome space, the o-algebra o(%) = o(F)
generated by the cylinder events only contains events that depend on the state of the system in a countable
subset of R>g. This then implies that M, (2) U MP(2) essentially only contains functions that depend on
the state of the system in a countable subset of R>q, excluding important functions like stopping times and
time averages.

Let us use Theorem [2] to check whether the convex expectation obtained in Example [7] is downward
continuous.

Example 9. If all of the paths in the sequence (w,)nen are constant, then for all s, € R>g and n € N,
wp(t) = wy(s) and therefore [di 0 ° T(s}y)(wn) = 0. Hence, for all s,t € R>q with s # ,

d7é [d;"é OT{s ](wn>
o {s,t} — sup {s,t} {s:t} —n+1l:neN) =sup{-n+1:neN}=0,
Esny |s — ¢ |s — |

so it follows from Theorem |§| that E is downward continuous.
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If on the other hand there is some path w, that is not constant, then there is some time point ¢ € Ry
and ¢ € ]0, ¢ such that for all s € [t —6,t[, w,(t) # wy(s) and therefore [dét} om s3] (wn) = 1. Consequently,
for all s € |t — 4,1,

d7 (A7, 4y © Tsup) (wn)
= {s,t} {s,t} st} \®n .
E{s,t}<|s_t|>=sup{ P —n+1l:neNy>

- 1.
s—g "7

Taking the limit superior for s ¢, we learn from this inequality that the condition in Theorem [2] cannot
be satisfied. However, the condition in Theorem [2|is only a sufficient one, so this does not mean that F
cannot be downward continuous. In fact, we’ve already done so in Example [8]

4. Constructing a collection of finite-dimensional convex expectations

Up to now, we’ve gone about constructing a consistent collection of finite-dimensional convex expectations
in a very weird, technical and rather unnatural manner. A more natural and elegant way to construct such a
collection is to glue together an ‘initial convex expectation’ and a ‘convex Markov semigroup’. This approach,
which was essentially put forward by Denk et al. [20] and is also used by Nendel [7, [§], is inspired by and a
generalisation of the well-known construction method for Markov processes, where an ‘initial distribution’
is glued to a ‘Markov semigroup’ to end up with a consistent collection of finite-dimensional distributions
(and then a probability measure)—see, for example, [3| Section II1.7] or [, Chapter 31| for more details.

We will get to this construction method in Section further on, but only after we have discussed
operators in general and convex Markov semigroups in particular in Section [£.1]

4.1. Convexr Markov semigroups

To simplify our notation, let us write .Z = L(Z"). An operator A is a map from .Z to &, or differently
put, a transformation of .Z. One important operator is the identity operator 1, which maps any f € £ to
itself.

We extend (almost) all of the terminology regarding properties of functionals to operators in the obvious
‘componentwise’ manner; for example, an operator A € O is called subadditive if for all x € 27, the
corresponding component functional

[Ae](z): £ = R: f— [Af](z)
is subadditve.

Definition 3. A convex transition opemto T is an operator that is order preserving, constant preserving
and convex, or equivalently, such that for all z € 27, the corresponding component functional [TO](x) on.?
is a convex expectation. Sublinear transition operators and (linear) transition operators are defined in a
similar manner.

The identity operator I is a trivial example of a (convex/sublinear/linear) transition operator. We will
be particularly concerned with convex transition operators that are downward continuous, of which the
aforementioned identity operator I is the easiest example. Recall from Lemma [2] that this requirement of
downward continuity is always satisfied whenever the state space £ is finite.

We’ll never investigate a convex transition operator by itself, but will always consider a family of con-
vex transition operators indexed by R>q. Families of operators indexed by R>q have been investigated
thoroughly, usually in the following setting [41H46]: a semigroup is a family (S;):er., of operators such that

SG1. Ss4t = SsS; for all s, € R>p, and

10The term ‘convex transition operator’ is a combination of the terminology for two related notions: the ‘(upper) transition
operators’ as introduced by Whittle |24, Chapter 9] and generalised by de Cooman and Hermans [40] Section 8] and the ‘convex
kernels’ as preferred by Denk et al. [20, Definition 5.1].
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SG2. So =1

We're only concerned with semigroups (T;):er-, of convex/sublinear/linear transition operators, which we’ll
briefly call convex/sublinear/linear transition semigroups; in this context, the semigroup property [] is
often called the ‘Chapman-Kolmogorov Equation.” A convex/sublinear/linear Markov semigroup | then,
is a convex/sublinear/linear transition semigroup (T)icr., such that for all ¢ € Rsg, T; is downward
continuous. B

It is customary to impose a notion of continuity on semigroups, and we will to the same. The most
prevalent notion—see for example [44, Chapter 3|, [45, Chapter III| or [47]—is strong continuity, in the
sense that

lLH%||szfStf\|w =0 forallteRso, fe.Z;

another common notion is that of uniform continuity, meaning that

lim||Sy — S¢|| =0 for all £ € Rso,
s—t -

where ||e|| is an operator norm—see for example [22, Section 2.1]. That said, we mainly need a—at least at
first sight—different requirement.

Definition 4. A convex transition semigroup (Tt)teRzo has uniformly bounded mt if

limsupsup{ {T,(l - 1”5)](9;): ve %} < foo.

+\0 t

The condition of uniformly bounded rate might seem rather strong, but we are not the first to encounter
its usefulness and/or necessity. The strength of this condition will become clear in Section [5| further on,
where we go over some examples of linear, sublinear and even convex Markov semigroups that satisfy this
condition

4.2. From convex transition semigroup to finite-dimensional convex expectations

Now that we have properly introduced the necessary concepts, we can get down to glueing an initial
convex expectation to a convex transition semigroup in such a way that we end up with a consistent
collection of finite-dimensional convex expectations.

Proposition 2. Consider a convex expectation Eq on £ and a convex transition semigroup (Tt)teRzo-
Then there is a unique consistent collection (EVU)erg/ of finite-dimensional conver expectations such that

(i) Eroy(f) = Eo(f) for all f € L(Z); and
(ii) for all U = {s1,...,8,} € %, t € R>q such that s; < -+ < s, <t and f € L(ZVVH)
Eyon(f) = Eu(Ti—s, f),
where Tt_snf € L(ZY) maps x = (25)sev € XY to

[Tt,sn f(z) = [”,V[‘t,snf(xs17 ... ,$5n7')] (zs,)-

PROOF. The argument is the same as in the first part of the proof of Theorem 5.6 in [20]. The collec-
tion (Ey)yea is constructed recursively, and the semigroup property ensures that the constructed
family satisfies the condition for consistency in Definition [2]

1 This definition generalises the notion of a ‘Markov semigroup’ in [3} Section III.3] to the convex case.
12 After Anderson [48, Chapter 2, Eqn. (2.35)].
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The consistent collection of finite-dimensional convex expectations in Proposition [2| corresponds to a
unique convex expectation E on 2 due to Proposition Now the question naturally arises whether E
is downward continuous, because then we can invoke Theorem [I] to extend E to a domain that includes
My (2) N MP(2). With the help of Theorem [2| we get the following sufficient condition, which I believe to
be one of the main results in this article

Theorem 3. Consider a downward continuous convex expectation Ey on £ and a convex Markov semi-
group (T¢)ier., with uniformly bounded rate. Then the unique corresponding sublinear expectation E on 9
induced by Propositions[q and[1] is downward continuous.

ProOF. With E the convex expectation of Proposition |1} it suffices to verify that the corresponding con-
sistent collection of finite dimensional convex expectations (Eyr)yes [Proposition [1] satisfies the conditions
in Theorem [21

First, we prove that for all U € %, Ey is downward continuous. For U = {0}, Ey = Ey by Proposi-
tion so Ey is downward continuous because Ej is downward continuous as per the assumptions in the
statement. Next, we fix any U = {tg,t1,...,tn} € withn>1land 0 =ty <t; < -+ < ty.

For all h € L(2Z'Y), it follows from repeated application of Proposition and a single application

of Proposition that - -
Ey(h) = Eo(g0), (11)

where the sequence go,..., g, is derived recursively from the initial condition g, = h and, for all k¥ €
{0,...,n—1}, gp € £L(Z {tort}) is defined recursively for all z = (g, ..., x;) € 2 (ot} by

91(@) = [Tty o1 —t0) Ihr1 (@0, - -, T, )] (). (12)

Fix any L(ZU)N 5 (fo)een N\ f € L(Z'Y). Then by Eq. for h = f, Eu(f) = Eo(go) with
(9o, - - -, gn) the sequence as defined in Eq. (12); similarly, for all ¢ € N, Ey;(f¢) = Eo(ge.0) With (ge0,-- -, 9e.n)
defined as in Eq. with initial condition g, = f¢. Then for k = n — 1, and subsequently for k =n — 2
to k = 0, it follows from the downward continuity of T(tk+1—tk) that (ge.x)een \v gr- From this and the
downward continuity of Ey, we infer that

lim Ey(fe) = lim Eo(geo) = Eo(9o) = Euv(f),
£—+o00 L——+o00
as required. Finally, for all U = {t1,...,t,} € % with 0 < ¢; < .-+ < 5, the downward continuity
of E{gyuy—which we have just proved—implies that of Ey because (Ey)ycs is consistent.
Second, we set out to prove that for all n € N, there is some A,, € R>¢ such that

#

5 d
lim sup Fy, A ) <)\, forallte [0, n]. (13)
s—t ‘3 - t|

Since (Tt)teJRzo has uniformly bounded rate, it follows from Definition {4 that for all ¢ € R>,
. T 1- ]-z
A = lim sup sup{ [T|S_t| ()] (x): x € 3&”} < +00. (14)
s—t IS —t

For all t1,ty € R such that ¢; < ty and (z4,,24,) € Z {tt2},

dil’tz}(xtl’xh) _ L= 19“1 <xt2)

to —t1 to —t1

)

so it follows from Proposition [I] that, with A = ¢, — ¢4,

oo (252 = (1 (7 2 o [ (52 )
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Since Ty, and Ej are bounded above by the supremum, it follows more or less immediately from the preceding

equality and Eq. that
+

. = d{s,t}
limsup Egg ) | —— | <A forallt € Rxo.
s—t |5 - t|

So for all n € N, Eq. holds with \,, = A.

By combining Theorem [3] with Theorem [T] and Lemma [5] we get what I believe to be the second main
result in this article. In order to highlight the similarity to [20, Theorem 5.6], |7, Theorem 2.5] and [8|
Definition 5.5], for all t € R>q we let X;: Q@ — 2 be the projector that maps w € Q to w(t). To simplify the
statement, we denote the set of 0(Z)/B(R)-measurable functions that are bounded below by ., == M, (2)
and the set of those that are bounded above by .#" == MP(2); furthermore, we also let .# = ., U .#".

Theorem 4. Consider a convex expectation Ey that is downward continuous and a convex Markov semi-
group (Tt)tGRzo with uniformly bounded rate. Then there is a convex expectation E on .# such that

(i) for all f € L(Z), E(f(Xo0)) = Eo(f);
(ii) for all U ={s1,...,8,} € R>g and t € Rxq such that s; < -+ < s, <t and all f € L(Z™T),

E(f(Xsys o, X5, X)) = E([Tos, A1 Xsys oo, X5))5

(iii) E is downward continuous on Dsy; and
(iv) E is upward continuous on A,

Moreover, the restriction of E to ., is the unique convex expectation that has these four properties.
PRrROOF. Follows from Theorem [3| Propositions [2] and [I, Theorem [[] and Lemma

In comparison to Theorem 5.6 in [20], Theorem [4| has a more limited scope, since the former involves a
Polish space as state space and a ‘two-parameter semigroup’. Theorem [ is more useful though, since the
domain ./ of the convex expectation in this result is much richer than the one in [20, Theorem 5.6]—which
only includes bounded functions on the set of all paths that are measurable with respect to the (for many
purposes inadequate) product o-algebra. A similar comparison can be made between Theorem 4 on the one
hand and Theorem 2.5 in [7] and Section 5 in [8]—which rely on Theorem 5.6 in [20]—on the other hand,
the difference with before being that all of these results assume a countable state space and start from a
one-parameter semigroup.

5. Constructing convex Markov semigroups

Theorem [4| is only useful if we can actually construct and/or determine a convex, sublinear or linear
Markov semigroup. Fortunately, there are plenty of existing results which allows us to do exactly that.

5.1. Linear Markov semigroups

Consider a (linear) Markov semigroup (Tt)ier.,, and fix some ordering (1, 72, .. .) of the state space 2.
Then it follows from our assumptions—and the Daniell-Stone Theorem—that the matrix representation
(with respect to the obvious basis {14,, ls,,.-.}) of (T¢)er.,, given by

Ty(x,y) = [T¢1,](x) forallt € Ry, z,y € 2,

is in one-to-one correspondence with what is known as a transition (matrix) function—sometimes also
‘transition matrix’, see [48] § 1.1], [3, Example I11.3.6], [41 Section 23.10] and [I, Part II, §1]. The semi-
group (T¢)ser., has uniformly bounded rate if and only if it is uniformly continuous—see for example [41]
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Section 23.11] or [I, Section II1.19, Theorem 2]—and under this condition, the Markov semigroup (Tt)teRzo
is generated by some operator Q, in the sense that

n 400
t Q"
— otQ — hd —
T, =e"™ = nEr-&)iloo <I + nQ> = nE:O . for all t € Rxg. (15)

This operator Q is unique and given by

moreover, it is (i) linear; (ii) downward continuous; (iii) bounded, in the sense that

1Q/floc
[1flloo

1l =sup{ ] ei”,f#o} < 4o (16)

and (iv) a rate operator, meaning that
R1. Qu =0 for all x4 € R;
R2. [Qf](z) <0 for all f € £ and x € 2 such that f(z) =sup f > 0.

Conversely, any bounded linear rate operator Q—so a linear operator satisfying|(R1)| and Eq. (16))—
generates a semigroup (6tQ)teR20 of transition operators that has uniformly bounded rate. Finally, it can

be verified that (etQ)t€R>0 is a Markov semigroup—or equivalently, that for all ¢ € R, e!Q is downward
continuous—if (and then only if) Q is downward continuous. For more details regarding linear (uniformly
continuous) semigroups and exponentials of bounded linear operators, we refer the reader to [41l 46] and
references therein.

5.2. Convexr Markov semigroups with a finite state space

Suppose that the state space 2 is finite. Under this condition, Nendel [7, Theorem 2.5] shows that a
convex operator QQ is a rate operator—so satisfies and if and only if there is a convex transition
semigroup (T)¢er., such that

for all f € Z. (17)

Whenever this is the case, the semigroup (Tt)teRzo is strongly continuous because for all f € .Z, T, f: R>o —
& is the unique solution in C!(Rx¢,-%) to the initial value problem

g'(t) = Qg(t) for all t € Ry,
9(0) = f.

Since the solution to this initial value problem remains bounded, it can be approximated numerically by
means of Runge-Kutta methods [7, Remark 2.6.(g)]. Nendel also shows the following analogon to Lemma

Lemma 8. An operator Q is a convez rate operator if and only if there is some set Q of linear rate operators
and a family (aq)qeg € L2 with ag > 0 for all Q € Q and ag = 0 for some Q € Q such that

[Qf](2) = sup{[Qf)(z) — aq(z): Q€ Q} for all f € Z. (18)

Of course, the question now is whether such a convex transition semigroup (Tt)tekzo (i) is Markov,

meaning that T; is downward continuous for all ¢ € Rsg; and (ii) has uniformly bounded rate. Since 2 is
finite, pointwise convergence in .Z is equivalent to uniform convergence, so T, is downward continuous due
to Lemma Answering the second question isn’t as easy, unfortunately. From Eq. , we infer that

o [Tl = L))(@)

lim - =[Q(1 —1,)](z) < 400 forall z € 2. (19)
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Unfortunately, the lack of positive homogeneity does not allow us to use this to draw conclusions about

()

That said, we can use Nendel’s Lemma 4.5 [7] to obtain the following nice result.

Proposition 3. Consider a convex rate operator Q, denote the corresponding convex Markov semigroup by
(Tt)ters, and let Q and (aq)qeg be as in Lemma @ If

sup{[laqe: Q € Q} < 400,

then Q 1is bounded in the sense that
sup{[Q[l: Q € Q} < +ox,

and (Tt)teleo has uniformly bounded rate.

ProoF. Nendel [7, Remark 4.3 proves that Q is bounded, so it remains for us to prove that (Tt)teRzo has
uniformly bounded rate. To this end, note that for all t € Ry and x € 27,

[ (7)o = [ (5 - [ < () - ()L

Because (aq)qeo is bounded by the assumptions in the statement, it follows from Lemma 4.5 in [7] that
for allt € Ryg and x € 2

() - (55| < ref o) oo

Using some properties of norms, we see that for all t € Ry and € 27, and briefly using different notation
for the supremum,

:QGQ}.

’ oo

1-1 1-1
anlo5) -] <egn(o(152)] o)
QeQ t ~  QeQ t o
1-1,
<tsup|Q +t sup [|aq|w
QeQ t o  QeQ
1-1,
<tsup|Q +t sup [|aql|e
Qeo t Jlo Qec

< sup [|Q[ + ¢ sup [lag||so-
QeQ QeQ

From all this, we infer that for all ¢ € R+,

sup{ | 1:(152 )| @10 € 2} <swlall: e @) + tsuplaglles Q€ 0.

Since sup{||ag|le: Q € @} < 400 by the assumptions in the statement and sup{||Ql|: Q € Q} < +o0 by
the first part in the statement, it follows that

limsupsup{ [Tt(l _tlw)](a:) x € 3&’} <sup{||Q|: Q € O} < +o0,
N0

so (Tt)ter, does indeed have uniformly bounded rate.
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We can get stronger results if we consider the sublinear instead of the convex case. In fact, all of the
aforementioned results in the linear case carry over to the sublinear case. In my doctoral dissertation [49]
Theorem 3.75 and Lemma 3.76], I show that a sublinear transition semigroup (T;)icr., has uniformly
bounded rate if and only if it is uniformly continuous, and in that case -

is the unique sublinear rate operator such that

_ t_\"
T, = !9 := lim (I + Q) for all t € R>g,
n >

n—-+oo

where the limits are with respect to a norm on the set Opp, of ‘bounded’ positively homogeneous operators
given by

[ASf
[1f[lso

Conversely, for any sublinear rate operator Q, the corresponding family of exponentials (etQ)teR>0 is
a sublinear Markov semigroup that has uniformly bounded rate (and therefore is uniformly continuous)
[[4HI6]. The latter also follows from Proposition [3| and the following analogon to (the sublinear part of)
Lemma |4} while this result is taken from [16], Propositions 7.5 and 7.6], it can be seen as a consequence of
Lemma [§] as well.

o||:Dph—>R>0:An—>sup{ :fe.ﬁf,f;é()}.

Lemma 9. An operator Q is a sublinear rate operator if and only if there is some bounded set Q of linear
rate operators such that

[Qf](z) = sup{[Qf](x): Q€ Q} forall f€ L x € X.

Consider a sublinear rate operator Q, and let Q be a bounded set of linear rate operators as in Lemma @
Then Nendel [7, Theorem 2.5] shows that (¢'?);cg., is the pointwise smallest semigroup such that '@ f <

e'Qf for all Q € 2 and t € Rs.

5.83. Convex Markov semigroups with a countably infinite state space

The case that 2 is countably infinite has received less attention. To the best of my knowledge, no
work has been done on convex transition groups; sublinear transition semigroups have been studied, though
[8, 19, 22].

Nendel [8, Section 5] constructs a strongly continuous sublinear transition semigroup (S;);er., as follows.
His starting point is a set {(T%);er.,: i € Z} of (linear) Markov semigroups, from which he constructs the
induced Nisio semigroup (gt)t6R>0. He shows that this Nisio semigroup (gt)te]R>o is a sublinear transition
semigroup, and the pointwise smallest semigroup that dominates each of the Markov semigroups (T%):er- -
Further on, he mentions that since .2 is infinite, establishing that S; is downward continuous ‘is not trivial
and leads to restrictions’ on {(T%)icr.,: i € Z}.

In the special case that (T%);er-, has uniformly bounded rate for all i € Z, we collect their generators in

R = {Qi = limTt_I:ieI}.
tNO T
Under the assumption that this set is bounded, in the sense that sup{||Q’||: i € T} < oo, Nendel [8,
Remark 5.6] shows that
limwzﬁf for all f € &, (20)
t\0 t
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where R is the pointwise upper envelope of the (bounded) set Z of generators of the Markov semigroups,
and that for all f € %, Sef: R>o — £ is the unique solution in C'(Rx0,-%#) to the initial value problem
g'(t) =Rg(t) for all t € Rx,
9(0) = f.
He does not investigate whether the Nisio semigroup (gt)te]Rzo has uniformly bounded rate, but this is easy
to show using Eq. (20).

Lemma 10. Consider a uniformly bounded set Q of linear rate operators that are downward continuous.
Then the Nisio semigroup (S¢)ter, corresponding to {(etQ)tERZO: Q € Q} has uniformly bounded rate.

PROOF. First, observe that for all t € R>g and z € 27,
—(1-1, ~[Se(1 = 1)](2)
5 (5o - B
[Se(1 = 1,))(x) — [1 - 1,](x)
t

t

gt(]- - ]-m)t_ (1 - 1&:) o E(l o 11)

Su&uumwumm>

‘ o0

+ IR = 1) loc-

oo

|

Second, fix some z € 2" and € € Ryg. Then there are some y € 2" and Q € Q such that

RO = 1) loe = § < RO - 12)(9) and RO~ L)) — [0 ~ L)) < 5.
from which we infer that

IR(1 = 1o)lloe — € < [[Q(L = 1o)](y)] < IQ(L = 1o)lle < [IQI-

Since this inequality holds for arbitrary € € R, we can conclude from it that

IR(1 — 1) ]loe < sup{[|Q[|: Q € Q}.
Finally, it follows from our preceding two observations and Eq. that

limsupsup{ {St<1 — 1x>] ():xz € 3&”} <sup{||Q]: Q € Q}.
N0 i

Since @ is bounded, this proves that the Nisio semigroup (gt)teRzo has uniformly bounded rate.

More recently, I've shown that as in the linear case and the sublinear finite-state case, (i) uniform
continuity is necessary and sufficient for a sublinear transition semigroup to be generated by a bounded
sublinear rate operator; (ii) this semigroup is Markov if and only if the corresponding bounded sublinear
rate operator is downward continuous; and (iii) uniform continuity is equivalent to uniformly bounded rate.
The interested reader can find the details in [22], but here I'll summarise the more salient points. More
formally, Theorem 1 there establishes that a sublinear transition semigroup (T;);er-, is uniformly continuous

if and only if there is a bounded sublinear rate operator Q such that

n—-+o00

_ — t-\"
T, =eQ = lim (1 + Q) for all n € N.
n
Furthermore, from Proposition 24 in [22] we learn that the family (etQ)teRE , is a sublinear Markov semigroup—

meaning that the sublinear transition operator ¢'Q is downward continuous for all ¢ € R>o—if and only if Q
is downward continuous. To establish the equivalence between uniform continuity and uniformly bounded
rate, we simply need to string together a couple of results in [22].
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Lemma 11. A sublinear transition semigroup (Tt)te]gzo is uniformly continuous if and only if it has uni-
formly bounded rate.

PROOF. Proposition 19 in [22] tells us that (T;)¢cr., is uniformly continuous if and only if

limsupsup{ H( )fH fe, f#0}<+oo
0 11l

It therefore suffices to observe that for all £ € Ryq,

(G s ez o} =asu{[ (B Ja- 1] @i e}
_ 2sup{(Tt _1)<1 ‘tl”>(m): ve 3&”}
_ QSup{Tt<1 _tl’)(m): ve 55}

where for the first equality we used Proposition 9 in [22], which is relevant since (T; —1I)/t is a (bounded) sub-
linear rate operator for all ¢ € R [22] Lemma 10], for the second equality we used the positive homogeneity
of Ty — I and for the third equality we used that [1 — 1;](z) =0 for all z € 2.

To compare these results with the aforementioned results by Nendel, I would like to mention that in [22]
Proposition 28, Lemma 31 and Proposition 18] I show that a sublinear rate operator is ‘bounded’ if and only
if it is the pointwise upper envelope of a uniformly bounded set or rate operators, and that e®*Q: R>o —

Lt e@f is the unique solution in C'(Rx¢,-%) to the initial value problem

{g’(t) = Qg(t) for all t € Ry,

Hence, the Nisio semigroup (S¢)¢cr.,—corresponding to {(etQ)teRED : Q € Z} with Z a uniformly bounded
set of rate operators that are downward continuous—coincides with the sublinear transition semigroup (etR)teRZ 0

generated by the pointwise upper envelope R of % ’; consequently this Nisio semigroup is a sublinear Marko-
vian semigroup if and only if this upper envelope R is downward continuous.

6. The sublinear Poisson process

To wrap things up, let us revisit my initial approach towards constructing/defining sublinear Poisson
processes in [I9] with the novel results that we have at our disposal now. Henceforth, we let 2" := Z>(, and
we fix some rate interval A := [\, A\] C R>o. We define the sublinear Poisson generator G: ¥ — £ for all
feZby

Gf:Zso— R: z= max{\(f(z +1) — f(2)): A € A}

It is easy to verify that G is a sublinear rate operator that is downward continuous. Additionally, it is
obvious that the sublinear Poisson generator G is the pointwise upper envelope of a bounded set of bounded
rate operators, for example the sets {Gy: A € A} and {Gy, G} of Poisson generators, where for all A € R>g,
the corresponding Poisson generator G is the linear rate operator that is defined for all f € £ by

Gaf:Zso > Rz A(f(z+1) — f(2)).

I leave it to the reader to check that |G|l = 2); with this equality, we see that the sets {Gy: A € A} and
{Gy, G5} are uniformly bounded by 2X, so G is ‘bounded’.
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Thanks to these properties of G and the aforementioned general results, we know that (etG)t€R>0 is a
sublinear Markov transition semigroup that has uniformly bounded rate. Note that in this particular case,
this was essentially already shown by Erreygers and De Bock [19, [50]. There, we defined a sublinear version
of the Poisson process in the setting of a sensitivity analysis: we (i) consider the ‘set of all counting/Poisson
processes that are consistent with A’ and (ii) define the sublinear expectation as the upper envelope of the
expectations corresponding to the processes in this set. In Section 6 there, we then explain how we can
use (e!%);er., to determine the upper/sublinear expectation of any function of the form f(X;), but we do
not go beyond that. While the results in Section [ allow us to deal with more involved variables, note that
there’s a crucial difference between the approach there and the one here: there the (conditional) sublinear
expectations are a derived notion and can be conditional, while here we construct a sublinear expectation
directly.

To construct the sublinear Poisson process by means of Theorem [d] we define the initial sublinear
expectation

Ey: & = R: f— Eo(f) = f(0),

and recall that (eta)t@R>0 is a sublinear Markov semigroup with uniformly bounded rate. Theorem [4| now
tells us that there is a unique corresponding sublinear expectation E on /.

If A\ = X =\, then (etG)teR>0 = (etGk)te]RNJ is a Markov semigroup and E is linear. It is essentially
well-known—see for example [50, Proposition 69] or [51], Section 2.4]—that

[ f](z) = Zf(y)dut(y —2) forall fe ¥, z€Zso.

y>z

It follows from this equality and the construction in Proposition [2| that E is a linear expectation that
coincides with the one that is obtained through the classical definition—for example in [52, Section 2.1]—in
terms of the distributions of the increments X;, — X, for s; <t; < sy <t <--- <5, <tp.

If A < A, then E can be thought of as a sublinear Poisson process. Besides the similar construction as
the Poisson process, the rate interval [\, \] has a similar interpretation as the rate A of the Poisson process.
For example, for all s,t € R>o with s < ¢,

E(X; — X)) = Mt — s);

this is because

E(f(Xs, X)) = E([e"99f](X,)) with f(Xs, X;) = X; — X,

by Theoremand [e(t=9)Qf](X,) = X(t — s) by [19, Theorem 15 and Corollary 18]. For the Poisson process,
we also have that 1/) is equal to the expected time between two arrivals/events. To investigate this for F,
one could use the construction and monotonicity properties of E. As this would lead us too far, we’ll not go
into this here; note, though, that it should be feasible by combining the results in [19, Sections 5.3 and 5.4]

regarding the computation of e'C with the approach used to approximate hitting times in [49, Section 6.3].
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Appendix A. Proof of Theorem

ProOF OF THEOREM [Il As F is downward continuous, Lemma [3| guarantees that every F € E 5 is down-
ward continuous. Consequently, it follows from the Daniell-Stone Theorem that for all E € Ej, E = E®|p
with

E®:I(Pg) > R: g~ /gdPE.

It follows immediately from this and Lemma || that E© is well defined and extends E.
On several occasions, we will need that for all f € Z(E) and F € Eg, E*(E) € R (due to Lemma |4)) and

E®(f) < E°(f) + E*(B). (A1)

Next, we show that E® is a convex expectation. The extension E® is a nonlinear expectation: (i) Z(E)
includes all constant real functions because D C Z(E) and D includes all constant real functions; (ii) E© is
order preserving because the Lebesgue integral is order preserving [4, Theorem 4.2 (iv) or Theorem 8.5 (iv)];
and (iii) E© is constant preserving because it extends £ and E is constant preserving. To verify that
E® is convex, we fix some f,g € Z(E) and A € [0,1] such that f + g is meaningful and in Z(E) and
AEO(f) 4 (1 — M) E®(g) is meaningful. If A = 0 or A = 1, clearly EO(\f + (1 — \)f) = AEO(f) + (1 —
A)EQ (g9); hence, without loss of generality we may assume that 0 < A < 1. Due to symmetry, and because
AE®(£)+(1—-X)E®(g) is meaningful, we need to distinguish three cases: (i) E®(f) = 400 and E®(g) > —o0;
(ii) E©(f) and E®(g) both real; and (iii) E®(f) = —oo and E®(g) < 4oco. In the first case, the required
inequality holds trivially. In the second case, it follows from Eq. that for all E € B, E®(f) < +00 and
E®(g) < 400, s0 AE®(f) + (1 — A\)E®(g) is meaningful and, due to the linearity of E® [4, Theorem 4.9 (i)
or Theorem 8.5 (i)], equal to E®(Af + (1 — X)g). Similarly, in the third case, it follows from Eq. that
for all E € Ep, E9(f) = —oc0 and E®(g) < +00, so AE®(f) + (1 — \)E®(g) is meaningful and, due to the
linearity of E®, equal to E®(A\f + (1 — \)g). Consequently, in the last two cases,

BOO + (1 - Ng) = sup{ E°(\f + (1 — \)g) — B*(E): E € B}
— sup{ABS(f) + (1 — \E®(g) — B*(E): E € B}
< Asup{E®(f) — E*(E): E €E;}
+ (1= A sup{E®(g) — E*(E): E€E}
S AEC(f) + (1 - NE(g),
as required. 3
Denk et al. [20, Theorem 3.10] show that the restriction of E© to My, (D)NMP (D) is downward continuous
on Dsy,. Since Dsp, € My, (D) N MP(D), this implies that E® is downward continuous on Dy, as well.

Proving the upward continuity on Z,.(E) is straightforward. To this end, we fix any (Z..(E))N 3
(fr)nen 2 f € Zue(E). For all E € E, E® is upward continuous on

{f € Z(Pg): E®(f) > —o0} 2 My(D)
due to the Monotone Convergence Theorem—see for example [4, Corollary 4.13]—and therefore
lim Ee(fn) = sup EQ(fn) = Ee(f)

n—-+oo neN
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From this it follows that, since E® is order preserving,

lim E9(f,) =sup{E®(f,): n € N}

n—-+oo
= sup{sup{E®(f,) — E*(E): E€Eg}: n € N}
= sup{sup{E®(f,) — E*(E): n € N}: E € E;}
— sup{E®(f) - EB*(E): F € B}
=E°(f),

as required.

To prove the second part of the statement, we assume that F is sublinear. Recall from Lemma [4] that
E*(E) =0 for all E € Ej and that E is the set of dominated linear expectations (on D). Hence, to see that
E® is positively homogeneous, it suffices to additionally realise that E® is homogeneous [4, Theorem 4.9 (i)
or Theorem 8.5 (i)] for all E € Ez. That E® is subadditve follows immediately from its convexity and
positive homogeneity.
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